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welcome 

Robert G. Jahn 
Princeton University 

It 1s my great pleasure to welcome y~u all 
here to this conference on Partislly Ionized 
Plasm s including the Third Symposium on 
Uranium Plasmas . It is particular pleasure 
first of all because I see so many close personal 
friends and colleagues involved in the program 
and i n the audi ence; colleagues from both other 
academic institut ions and the indu s trial sector, 
and especially our very good body of frie nds 
from the space agency. I also find it a particu­
larly happy occasion to welcome you here because 
of t he quality of the program that has been 
assembled by Karl Thorn and his committee. From 
what could have been a v ry dispsrate and poly lot 
specturm of topics, they have put togeth r a 
meet ing of reat interest and considerable 
coherence. I a looking fo rward to partiCipating 
in it as much as I poasibly can. 

Then. too, it is a meeting which covers a 
field that we here at the School of Engineering 
and Applied Science have _dentifi ed as one of 
t hose relatively few areas in which we are 
going to attempt to have somethin to say. This 
has been the case for many years. A significant 
number of our faculty and a corresponding cadre 
of research staff and graduate students have 
worked in the areas that are the concern of this 
conference for many years, and you will hear from 
some . of them during the course of the meeting. 
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Also, this subject we are discussing over 
the next few days is a particularly appropriate 
one to be aired in an academic institution. It 
is not 8 field that haa enjoyed by any stretch 
of the Unagination the priorities and the high 
pres sure of some other research activities in 
this country . We certainly do not compete with 
the b ig programs of controlled fusion, defense 
systems, e t c. Notwithstanding. it is an area 
which has been ripe for good Icholarlhip, for 
careful and leisurely work, the joy of exploring 
aide avenues and checking allowed alternative 
poss i bilitiel and seeing some substance begin 
to grow out of this nebulous domain in which we 
began many years ago. I have the sense right 
now that the field is comin ripe for some 
very significant develop ent. out of the ba.ic 
science , and I hope we see some of that coming 
to fru ition he r e in the next two or three day •• 

In addition to sati.faction in the mee ting 
and my hope that you will al .hare our interest 
in th is program , I hope you will have . ome fun 
while you are here and take the opportunity to 
enjoy our campus and our town and to see the 
various technical activities here withi the 
.chool. Thank you all for coming. 



Purpose 

J. P. Layton 
Princeton Univer.ity 

During the past several years a number of new 

avenue. of research on par ially ionized pIa ma. 

h.ve opened , particularly in the area of 
f i .aioning and fi •• ion-fragm nt excited pla.m.s 

and in nuclear p~ped laaera. Important progress 

ha. al.o been made in the .cience and technol gy of 

uran i um hexafluoride cavity reactors. Thi. 
conference will review past accompli.hment., survey 

current research, and .xamine future growth of the 

.cience, technology and applications in the. e 
int.re. ting and pot entially bnportant topic areas . 

Workshop discua.iona will concentrate on the 

.tatu. in the va r ioua areaa of this field, 

inc Iud in the ident ification. of new reaearch 
tasks. 

As I have ob.erved the field over some period 

of t im , fission plumas have not received the 

broad fundamental attention which they de.erve. 

Consid rable ground work has been laid, and it is 

to be hoped that in publishing the proceedings of 

thia conference and in future papers, theses, and 

art i clea in archive journals that the topic of 

fi ssion plasmas and ot her partielly- ionbed 

plasmas will begin t o r eceive t he attention that 

ia warranted by t he kinds of applica t ions which 

appear to b offered in a number of future tech­

nologies • 

Some fields suffer f rom too uch physics. I 

am not sur thet , even with aom tongue in cheek, 

I can offer tile fusion field as suffering i n that 

way , bu t perhaps. 5 t bnea engineers over- react 

b'y rushing in to development efforta involvin 

industry spending of tr m ndous sums without an 

adequate technology base or bon i fide applicat i ons. 

So far work in fis.ion plasma hasn't erred in 

either of those directions, and I hope that it 

can be kept from such errora. As I have leen 
research here in th ac.demi thicket at Princeton 

for 2 years , a much clos r working relationship 

between pract i tioners in the basic sciences end 

tho.e employing the engi nee r i ng approach is hi h Y 

desirable. Engineers also have t o ge t a broader 

unders tanding of their overall r esponsibil ities in 

bringing new technologies int o use t han they have 

had in the pas t. 

I have been a misaionary for systems analysis, 

par ticularly of the broad nd param.etric aort, for 

a number of years and hav found there are a 

lot more savages than there re missionaries. How­

ever the way to nirvana is undoubtedly as hard on 

the aavagea as it ia on the missionariea. It ia my 

purpose to urge the need to pursue the overall 

top ic of partially ionized plasmas from both basic 

science and technology standpoints ; but it also 

needs to be tied together in an analytical way 

f r om the sys tems and appl i cat i ons viewpoints. It 

is hoped that this field will move toward its 

appl i catio s with better balance than haa been 

ev i den t in many fields involving sophisticated 

science, high technology and expensive develop­

ments. 
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Backgr ound 

Jerry Grey 
Con ultant 

This conference has two major br nches of 
effort: one i in electrically- enerated pI sm s 
and one is in fission-gener ted plasma. These 
are the subjects of the irst two sessions. A 
third area, not covered t this conference, is 
combustion generated plasm (se ded or not) which 
have been pri~cipally considered for MHO systems. 

Ithough the electric lly-gener ted nd 
fi ssion-generated plasma technologies have enor­
.ausly disparate backgrounds, as Dean Jahn 
mentioned earlier, the modern conc pts dealt 
with in this conference both started bout the 
same time: the late '40's nd e rly '50' • The 
first paper on fission-generated pI smas w 
published by Shepherd and Cleaver in 1951, 
al though there was considerable discussion before 
that time in the '40'. In that field, inciden­
ta lly, the most extensive literature cover e 
appeared in the first two syaposia on uranium 
plasmas, of which this one is the third . Those 
two VOlumes, both of hich came out in the early 
part 0 ·this dec de, constitute n excellent 
background in the field. 

In electrically-gener ted plasmas, there is 
an enormous electrical engineerin literatur, 
dealing primarily with switching arcs. Cl ssical 
texts uch as Cobine were published om time 
ago. The modern science nd technology of the 
sub j ect of this conference, partially ionized 
dense plasm s, came bout with the pro lifer tion 
of thermal rcjets which occurr d sometime in 
the '50's. There was a major growth i n that 
field in the late '50' s nd early '60's. 

In e ch of these two primary br nches th re 
were two jor-sub-branches, iving four almost 
different topics to discuss. In the fission rea, 
there are the open-cycle concept and the closed­
cycle concept. In electric gener tion, we h ve 
steady nd pulsed generation of pI smas. 

Loo ng first t electrically-generated 
pI smas, in the ste dy st t e area, I will deal 
only with relatively modern developments. The 
first real push was in the commercial applications 
of resist.ance-heated gases. Although induction 
heating technology existed at that time, the 
companies in the field such as Giannini, Thermal 
Dynamics, Humphreys, and Linde were principally 
concerned with commercial izing this h w science 
and technology as rapidly as possib te ~ ~ing 
resistance-heated plasma devices. 1~er was a 
fair amount of growth in the fields 0 pI sm 
spraying, weldi ng, and cutti ng (replacing oxy­
acetylene torches), and al so in the development 
of an effective r search tool for those who 
wanted to study very high te~erature parti ally 
ionhed plasu.s . 
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The most advanc d work in this field s 
done principally in the testing area, nd th 
most el bor te tools for gen rattng and studying 
s teady tate arc-heated plasmas w re those 
developed for simul tion of atmospheric reen ry. 
wh ich w s one of the key technical problems in 
the rapidly-growin space program. The only w y 
one could simul te reentry was to generate the 
equivalent st gnation temperatur s, and the 
bes t way to do thi w s with a controlled 
atmosph re usin electrically-heated ases. Some 
el abor t e wind tunnel facilities were built up 
at WP. FB, ABDC, Am s nd other cent rs, culmina­
t i ng in th enormous 50-m gawatt electric tunnel 
developed nd built at Wri ht Fi ld in the 1 te 
'60's. These facilities still exis ; they are 
s t ill quite ctively used and continue to develop. 

Ouring this tim, Iso, there w considerable 
i nterest in continuous rc-j t capabilities for 
space propulsion. Here AVCO was the spearhead, 
al though ome e rly work w s done by Giannini 
and a number of other 1 bor tories, including 
NAS and the Air Force. There s current re­
surg nce of inter st in therm 1 arcjet. for 
propul ion, despite their rela ively low 
eff i ciency comp red to some of the oth rs, and 
whether or not this develops is a matter for 
resolution in the ne r future. 

Most of th work on t hese steady state 
pIa rna g nerators was done in gases. Air 
was particul rly useful for th ~imul tion of 
reentry, but a lot of work w s done in nitrogen 
in the co ercial arc-jets and loin wi nd 
t unnels, as well s argon nd helium for con­
venience in basic research. For propulsion, 
hydrogen w s the principal gas. 

Ouring this tim, how ver, there was some 
i nterest in developing higher conductivities 
by the use of pot ssium and other seeds. Ther 
was Iso fair body of wor in the alkaline 
metals , l ithium in p rticular, at Los Alamos 
and L ngley . Toward the end of this er the 
development of inducttvely-heated plasmas, 
parti cularly useful for simul ting fission 
plasmas, began to accelerate. 

In the pulsed pI sma re, the e rly 
technology w 5 d vel oped by Winston Bostick 
at Stevens Institute of Technology in hi 
plasmoid experiments. A propulsion effort at 
Republ ic Aviation formed the early engineering 
phase of these devices, but by far the bulk of 
the t echnology and the liter ture was developed 
here at Princeton under Dr. Jahn's direction. 

In the f i ssion-generated plasma area, all 
the early work was propul s ion oriented . The 
concept of a new high-thrust, high- speci fic 
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group at United Technologies. This idea of 
using a fused silica cont iner surrounding the 
plas .. regi on and transmit ting energy totally by 
radiation f r om the plasma region to the hydrogen 
was an obvi ous outgrowth of the problems asso­
ciated with t he hydrodynamic and other containment 
probl ems of the coaxial flow concept. The basic 
problem was radiation heating in the fused silica 
and how t o avoid it. One approach, stabilization 
of the vortex f low necessary to produce a convec­
tive separation of the hot gases from the vortex, 
saw a great deal of excellent fluid dyn mics 
research, as wel l as the radiative heat transfer 
work cited earl i er . Recent studies in these areas 
are reported by Krascella, by Bl ue and Roberts, 
and by L vy. 

In addi t ion to the two basic coaxial-flow 
and closed-cycle ("light-bulb") concepts, there 
are also a number of other pproaches. The 
magneti c and electric ody-force containment 
concept was studied very early, by Gross and 
others. The i de of using MHO-driven vortices was 
examined by Romero and several others. There 
was serious consideration for some time of the 
plasma core reactor as a source for ~ruD power. 
Principal studies wer e by Rosa, and more recently 
by J. R. Wil liams at Georgia Tech. There is 
currently a resurgence of i terest in this 
applicati on. 

This leads us i nto the next phase: wh t 
is going on today and what are s are most fruitful 
for exploration? First of all, there see s to 
be a renewal of interest in the whole propulsion/ 
power application for fission pIa mas and for 
electric propulsion. Schwenk provides an intro­
duction 0 and a summary of that subject. 

A major recent effort has been the use of 
fission- generated en rgy for stimulating lasers. 
There are a number of papers on this topic . There 
is also a maj or effort underway in uranium hexa­
floride uti l ization as research tool, the sub­
ject of another series of paper • 

There are a host of potenti l.new applica­
tions. The energy crisis fostered the dragging 
out of all the old dogs to take a new look at 
the. and see if ther are any new applications. 
There are some interesting new applic tions in 
space, as discussed in det il in several p pers. 
These wil l be elaborated upon in the workshop 
sessions, which have the purpose of setting 
t he stage for a whole new era of partial ly 
ionized plasma research and applications based 
upon the growing interest and the active r esearch 
effort that i s going on today in a number of 
new directions . 

ADDITIONAL C<MIEN'!' BY CARL SCHWEN 

Si nce 1973 our program has b ome more 
bas ic. That has been an advantage to us. We 
h ve given the i dea of the UF6 plasma a lot more 

attention because of several f actors. It mi ght 
just be the .ost useful for. of a fissioning 
gas, and it certai .ly is a lot easier to work 

7 

with. In addition to the experimental advantages 
i t gives, it .. y also be a very attractive energy 
source. 

I 
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N7S-26838 
~ nm EMISSI~ ~QtANISM IN HIGH CURRENT HOLLOW CA11f01E ARCS· 

+ M. Krishnan 
Princeton University 

Princeton, Ne. Jersey 

Abstract 

Larae (2 clII-diueter) hollow cathodes have been operated i n a maenetoplasmadynamic (MPD) arc over 
wide ranr.s of current (0.25 to 17 kA) and mas 
flow (10 a to 8 a/sec), with orific current d n­sities and ..,5 fluxes encompassing tho e encoun­tered i n low current steady-state hollow cathode arcs. Detailed cathode interior measunments of current and potential distributions show that maxi­
aIIIl current penetration into the cathod is about one diameter axially upstream from the tip, with 
peak inner surface current attachment up to one 
cathode diameter upstream of the tip. The spon­
tlneous attachment of peak current upstream of the cathode t ip is suggested as a criterion for charac­terist ic hollow cathode operat ion. This empirical criterion is veri fied by exp riment. 

Cathode cavity c nduction processes are commented on briefly; the emission processes at the cathode surface are examined i n some detail. It is hown that thermionic emission cannot account for the observed current i n s uch PO discharges. Field 
• .dssion from micro-spots moving rapidly ov r th cathode surface is shown to be a possible primary emission chanism in uch cathodes. Possible enhancement of th emission due to the photoelectric effect i also investigated. From ord r-of­
aaenitude consid rations, it appears that a form of field-enhanced pho oelectric emission can account for .ast of the obser ved current i n the MPD hollow 
cathode, thus sugaesting a possible novel e.duion .. chanism for other hol low cathodes. The emission .adel preferred has not b en experimentally veri­
fied. 

I. Introduction 

Since th early part of th s century, th precis 
nature of the electron emission from cathocle sur­faces in arc discharges ha been th subject of 
considerable theoretical and exper ntal in sti­gation . Despite th 5 effort, in many types of 
arcs, satis factory theories do not xist for the cathode surfac electron .alssion processes. On such poorly und rstood arc is th hollow cathode arc. 

Hollo~ cathode were first ed to advanta by Paschen ll) as early as 1916 in sp ctroscopic studie where such cathodes r shown to b cap bIe of 
siaultaneously providing hi h electron number d n­sity and relativ ly low t lip ratur ions and neu­trals in an e s ntially fi ld-free cathode cavity. More recently , hollow cathod shave b en ed as electron emitters n dvanced on thrusters where they exhibit Ion er lifeti 5 than oxide coated or liq d tal cathodes.(2) sources 0 dense, 
hish ly on i zed plasma, hollow cathodes ha al 0 been invest i gated at the Oak Ridge ational Labora­
tory and at th Ma achuse tts In ti ute of Tech­nology. These researchers poin t out the i~rtant features of a hollow cathode discharge: (3) 

'This work supported by NASA Grant NGL-3l-00l-005. 
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(a) the dischar cr ates a very pure external 
pl.sma (low contamination by cathode materi­
al,) d nse, (ne"'lOlS-lOHcm-l) and highly 
ionized (up to 95\); 

(b) the cathod enjoys a r asonably long lif -
time, d spite high curr nt d n iUes and high 
cathod wall temperatures (> 2500 0 K). 

An illportant part of hollow cathode research dealt 
with t he study of the noise oscillations of th 
discharg (4), since it was interesting to evaluate the po sibilities of u ing hollow cathode arcs as a sourc of quiet plasma for experimental wor on wave propagat on. Hollow cathode were also stud­ied pxtensively in Eu pe in the nineteen sixties (5,6). Lar hollow cathodes curren ly finding applications in hi h po er la ers(7) and in the 
production of high power neutral beams for plasm heati ng in controlled thermonuclear fusion reactors. 

Despite the fairly exhausti tudies conducted at the e various research establishments on the influence of the various parameters (geo try, gas flow rate, curr nt, ext rnal pressur , axial magnet­ic f ield strength, electrod temp ratur , ~tc.) on the performance of the hollow cathode disch3r as an efficient sourc of dense, highly ionized plasma and as an efficient, long lived electron eaitter. the physics of processes insid the cathode c vity are still poorly unc!erstood. One major rea on for this lack of und rstanding is that the typical 
cathode di nsions of most of th se researches are so smal l (0.1 to 0.3 cm. inner diameter) as to pre­clude d tailed diagnostic probing of the cavity 
in teri or. Such di gnostic probing i es ential to identify the dominant physical proc sses of emis­
sion, ionization and conduction insid the hollow cathode cavity. In th fe instances here lar e hollow cathode hav b en used, the high energy 
level of steady-st t arc dischar are in th m­selves not conducive to the use of simple diaeno -tic . 

here is th refore a strong motivation for th 
deta iled diagnostic stud of a lar diameter hollow cathode in a r lative ly 10 n rgy env ron­Mento 1he MPD arc facil ity at Princeton CFi • 1.) is ideally suit d to such In en avor for t 0 
reasons: 

Ca) the lar e cavity di nsions p rmit th d tail­
ed s udy of the plasma by probin ,photo­
graph c and sp ctroscopic observations. 

(b) the tot 1 enerer cont nt of pulsed, quasi­
steady PD ' schar s s 10 .nou h to per-
mit the of small di gno t ic prob s of 
imple construction, i h no cumberso heat 

shieldin requi d. 

Th paper describes the result of detailed 
lIO&Sure_nts ude inside the cavity of larae (2-ca­
d .. ter) hollow cathodes, over a wi de rlnae of 

+Now at H •• on Labor.tory , y.l. Unlv., New H.v.n, CT. 
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if thermionic emission is to be the major ource of 
electrons in the dischar e. For currents gre ter 
than 4. 7 kA, the maximum thermionic emission, cor­
responding to the bOiling point of tungsten, is 
still not sufficient to ccount for th total em t­
ted current at the c thod surface . For the lower 
currents of 0. 25 and 0.9 kA, the cathode, i~ hot 
enough, could provide the nec ssary mission cur­
rent density . It is th refor instructive to 
estimate the temperatur rise at the hollow ca hode 
surface due to the discharg at the e operating 
condi d ons. 

The discharge is assumed to provide constant 
flux, F , of heat radially to the cathod surface. 
The hea~ i as umed to flo pur ly r dially inside 
the cathode nd the ca hode w 11 is ssumed to be 
infinite in radial thicknes . The problem can then 
be treated as one-dimensional heat conduct ion i n a 
semi-infi ni te slab with a const ant flux , F , i nci­
dent upon it. The solution of ~h~) appropr~ate heat 
diffusion equation i t andard. ll We shall save 
space here by simply showi ng a ketch of the pro­
blem (below) and quoting the result : 

, rare 

r ' 

" 

CONSTANT 
, HEAT FLUX 

I Fo ,I >O 
(CUE TO PLAe:.,A) 

CATHOD€ 
CENTElILtNE 

BOUNDARY CONOITIONS: I' 0 

TI, .. c)·O 
1>0 
FLUX .n. F 

dr 0 

Tlr· ... ·O 

The t emperature anywhere in the cat hode is then 
given by: (1 2) 1 2 

2F - -(r-r ) (r-r ) 
T(r,t) --rr (~)2exp{ 4Xt

C 
}-~ erf 

(r -r ) 
r:;;:c } ], 

2Y.I'It 
r > r c 

where K is the thermal conductivity 
X is i t s thermal diffusivity. 

(2) 

of tungsten and 

The t emperature at the cathode surface (r • rc) is 
2F 

T(rc,t) • T ~)1/2 (3) 

Typical ly, the MPD hollow cathode t es about 10-­
sec to reach a ~uasi-steady state. For thermionic 
ellission t o be significant, th urface temperature 
should theref ore ris to temperatures of or der 
3000 0 K r greater in this time. For t his t i me 
scal e , and for characteristic values of the physical 
onstanU K and)<, Eq. 3 reads: 

T(rc' t) • (2.2 x 10-2) F 0 (OK) 

where Fo is in units of cal/cmi
- ec. 

Typi cally the energy flux to th cathode in an 
arc dischar is only about 10\ of th total energy 
in the discharge . The rest s distribut ed ... ong 
anode heat ing, gas heat i ng, gas flow power , r adia­
ted power and frozen flow power. We shall, however, 
assu.. that all the power in the discharge goes into 
the cathode surface and thereby obtain an esti_te 
of the extn. upper lillit to the e..perature rise 
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at t h c thode surface. 

For t h higher current of 0.9 kA, with a m asured 
termina l volta e of roughly 40 V, th total di s ­
charge power is: 

PrOT L • 8. 6 103 cal/sec 

Experiment h ve shown that the pI sm inside t he 
hollow ca thode for ms over a 1 ngth of typical l y one 
ca thod di meter . The surf ce r of th c thode 
which is directly he ted by the pIa ' i th refor : 

5 • n x 0 x 0 • 11.3 cm2 

wher e 0 is the cathode inner di m ter of 1.9 cm. 
Th average heat flux to the surf c , Fo' is thus : 

PTOTAL 2 2 
F 0 • - 5--· 7. 6 x 10 cal/em -sec 

~~~eth!St~:l~t~!d:o~u!i;c! ~~v~:l; l;~k.r !~~~, 
Eq. 2 show that, on the time scale of 10-~sec, 
heat h s not di ffused more than 0.2 em intQ the 
cathode . Since the cathode w 11 is 0.6 cm thick, 
our e rlier a sumption of the cathode as a semi­
infinite slab is justifiable. t the higher cur­
rent of 4. 7 kA, with terminal voltage round 120 
v, t he surfac flux, Fo' is a factor of 15 higher 
than at 0. 9 kA. Even so, Eq. 3 then gives a maxi­
m.um c thode surface temperature r i se of only 260 oK. 

This simple an lysis shows therefore that due to 
the short duration of the MPD discharge, the cath­
ode is not significantly heated by the disch rge. 
Un iform thermionic emission in the MPD hollow c th­
ode i therefore not likely as the j or source of 
electron. There is, however, the possibi lity th t 
the cathod urface is not heated uniformly but in 
l ocalized spots distributed over the surface . The 
electrons pitted from these local hot spots could 
be scatter~ ~ rapidly to appear to cover the whole 
urf ce; since the m gnetic field asurements were 
de at a distance of 0.15 cm away rom the surface, 

du to th 0.3 cm dimen ion of the probe itself, the 
probe could h ve m asured only a "smoothed out" cur­
rent density near the surface. However, this pos­
sibility c n be negated by a very simple an lysis 
as follows in th next subsection. 

2. Thermionic Emission from Localized Hot Spots 

Le the n er of local hot spot be Let the 
ar ea of each hot spot be A. The aver ge current 
density of each spot is therefore: 

<jSPOT> • J/NA A/cm
2 

where J is the total dischar curr nt. ow in 
gener 1 when a current j of 1 ctrons is emitted 
fr om spot, the ion current, j , r turning to that 
spot long the field lines is saIl r than j • 
This is especially true in an arc where the hath 
drop is 10 (typically 10-20 v), for th n th ioni­
zation efficiency of the emitted electrons is quite 
10 th producing a small r ion current than the 
emitted electron current.(13) This return ion cur­
rent density when multiplied by a volt g drop 
across the sh ath gives tho flux, FSPOT' incident 
upon ch spot . In ar cs in general , the r tio 
(j /j ) varies from as l ow as 10-' up to 1. (13,14) 
For o&r purposes here, we choose the hi ghest pos-
s ble value so as to maximize the heat i nput to 
the cathode spot. The maxillUlll flux, FSPOT ' for a 
typical sheath drop of 40 volts (a large-estimate 
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A SCALING LAW FOR ENERGY TRANSFER 
BY INELASTIC ELECTRON-MOLECULE COLLISIONS IN MIXTURES 

George K. Bienkowski 
Princeton University 

Princeton, N. J. 

Abstract 

Th eq ation governing the electron en rgy 
distri bution i n the presence of a spatially uniform 
1 ct ic ield in a weakly ionized gas has be n re­
o ul ted into an integral equation for the loga­

r i ic slope of the distribution function. For 
gas mix ur s in which the dominant electron energy­
loss c nism is by vibrational excitation of the 
molecules, this equation is suitable for approxi­

te an lys is nd exact numerical solution by iter­
a ion. S per-elastic collisions are easily in­
c1ud d in this formulation, and do not seriously 
ef c e convergence of the numerical scheme. 
h ppro imate analytical results are only qua1 i­
a iv ly correct, but suggest appropriate param­
ters which correlate the exact num .rica1 results 
ry 11. The dis tribution function as well as 

cer ain gross prop rties such as net energy trans­
fer into vibration, mean energy, and drift velocity 
depend primarily on a single non-dimensional param­
eter involving only EIN and the cross sections. 
This parameter can be physically interpreted as the 
energy gained from the fie l d between successive 
i n 1 stic collisio s di vided by the typica l inelas­
tic en gy loss per coll ision . Results for mix­
tur s 0 CO , He, and N2 re presented nd shown to 
corr late mos of t he prop rties. 

I. Introduction 

A c n and very effective way to transfer 
en rgy pre eren ial1y into vibrational states is by 
e1 c ron imp ct in a gas discharge. Many practical 
in - d lasers, such as CO and C02 depend criti­
call y on thi s process. The analysis of the per­
formance 0 such a device depends critically on 
these electron impact excitat ion rates. Nighan1 

h s sho n that using Boltzmann distribution based 
on t ean electron energy can lead to erroneous 
resu1 s. The determinati on of the correct electron 
energy distribution functi on is therefore critical 
to th analysis and design of electrically excited 
molecular lasers. 

In mos t laser codes the electron distribution 
effects the r sults directly through the excitation 
rates: 

i+j ~ Nine~~Sij(£) fe( £ ) £d£ (1) 

wh re i is the number density of the molecule in 
i' h state, ne the electron number density, Sij(£) 
th i nel astic cross sect on for the i to j tran­
sition by electron impact at energy £, and fe( £) 
is the electron distribution function. When quasi­
steady results are desired the significant param­
eter becomes the net· power into vibration which is: 
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(2) 

where 

SvA£ .. ~ (~i)~Sij( £ ) £ ij (3) 

and N is the gas number density, while £ij is the 
energy exchange in the i + j collision. In either 
case the results are sensitive to the behavior of 
the distribution function, because the most rele­
vant cross sectio s tend to be relatively sharply 
peaked at precisely the energy where the distribu­
tion function is varying most rapidly. The vari ­
ation of the distri but ion function i n turn is 
dom:na~od by the behavior of precisely those cross 
sections. 

In mo t previous work2,3 the electron distri­
bution function is computed for a specific electric 
fi eld (E/N) and gas mixture under the assumption 
tha t only the excitations from the ground state are 
important in determining th is distribution. For 
l aSing situations where a large number of higher 
vibrational states may be appreciably populated 
this assumption may need to be relaxed. This has 
been recognized before and some calculations esti­
mating th effect of higher vibrational level popu-
1ations1a2d super-elastic collisions have been pub-
1ished.' The techniques used have generally 
relied on modification of techniques developed for 
zero vibrational te perature and become progres­
sively more difficult to apply as the vibrational 
temperature becomes large. In addition most of the 
previous calculations h ve been made for specific 
mixtures and presented as e~amples with no scaling 
laws proposed. Judd5 showed that the mean electron 
energy u acts as a normaiization parameter inde­
pendent of mixture ratio for the predictiIJ.l of 
rates in C02-N2-He mixtures. Unfortunately to find 
th is pa rameter for a specific mixture ratio one 
must essentially do the entire calculation or at 
least determine a cross plot of u versus the mix­
ture ratio for the specific gases considered. 

This paper re-formulates the equation for the 
electron energy distribution function in a way that 
suggests natural scaling parameters that can be 
computed a priori, and is amenable to numerical 
computation over a very wide range of vibrational 
temperatures. 

II. Basic ssumptions and Formulation 

Formulation 
A standard spherical expansion (up to second 

term) for the electron dis tribution function, in a 
spatially homogeneous weakly ionized gas leads to 



the equation for the spherically symmetric part fo 
as presented by Nighanl : 

dfo(£) 
-IJ(£}~ 

f
£+e:~j 

• J J J 6i s t S~j( t)fo(t)dt 
s i j £ 

where I 

1I(e:) :: 1W!.L. 
3 

(4) 

(5) 

The symbols previously defined which der9nd on 
species have been superscripted with the letter s. 
Qms(£) is the elec tron-molecule momentum exchange 
cross section for fpecies s, 6' is the ratio N'/N 
while 6s = NS/N • 1 N,/N . For convenience fo(e:) 
can be normalized n such a way that 

1f:(£) .J£ de: • 1. (6) 
o 

The second term fl( £) is directly related to the 
derivative of fo and leads to the drift velocity. 
f l must remain small with resp ct to fo in order 
fo r the entire procedure to be justified. 

Equat ion (4) can be changed to a pure integral 
equation by considering the negative of the loga­
rithmic slope of fo as th new variable 

d .tn fo(e:) 
B( e:) .. - de: (7) 

The incorporation of detailed balance on the molec­
ular level (with no degeneracies) 

leads to the equation 

l £+£~j (I£ ) 1J(e;)B(£) • J J J ~·1 exp B(n)dn 
s i j>i E: 

- I5j exp(fB!n)dn\]tS~j(t)dt (9) 
t-tij I) 

This equat10n is suitable both for some approxi ate 
analysis nd for n rical integral iteration. Th 
equation is essentially exact within the standard 
assumptions of slight ionization level, two term 
spherical expansion, and small mass ratio of elec­
trons to neutrals. Any successful analysis of 
Eq . (9) is going to require either complete knot­
ledge of a11 the cross sections and population 
level s, or additional approximations and simplifi­
cations . Since the former is not avai lable we pro­
pose certain simplifications that will retain the 
essential features of tne problem and are not 
drastically inconsistent with the expected cross 
section behavior. 

Additional Approximations 

No experimental and only limited theoretic,'ll 
results6 for electron-impact cross sections with 
vibrationally excited mdlecules exist. Since in a 
laser related situation some estimate of the ~ffect 
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of t h se collisions is better than complete neglec~ 
the following simple assumption is used. The xci­
tation process from level i to i+n is in all re~ 
spects equival ent to the excitation process from 
level 0 to level ni i.e., the inelasti c cross sec­
tions and their associated energy losses depend on 
the level difference n, but not the identity of the 
levels : 

(10) 

The assumption on the energy losses involv s essen­
tial ly th neglect of anharmonicity and its direct 
effect on Equation (9) is not expected to be ser­
ious . Th assumption about the cross sections is 
much more difficult to justify and is undoubtedly 
not true i n detail, th general level of th cross 
sectiQns is, however, consistent with Chen's re­
sults6 for N2 even though the energy dependenc is 
not correct . 

Incorporating the assumpti ons (10) wi th Eq . 
(9 ) reduces the double sum (over i and j) into a 
single one over n • j-i. The resulting equation is: 

where 

"'''"11''01 £ 
-' "'s (1 ) .(<lB(,) • ~ ,s ~ 1 [ex. t B(. )d. 

- C1~ exp ( (~ B( I1) dl1)]~ s~ (~)d~ (11) 
Jt-n e:~l .. 

(12) 

Th effect of the vibrational (and electronic) 
level populations now enters the problem solely 
through the parameter C1~. In a situation where 
vibration 1 excitation 1s dominant and the lowest 
levels can be approximated by a Boltzmann distribu­
tion function at an equivalent vibrational t per­
atur Tvo based on th 0 to 1 population r tio, C1~ 

co. s exp( -ne:gl/kT vo). For typical lasing situ­
ations in CO where the "plateau" region of th§ 
vibrational level distribution is 10-2 to 10- of 
the ground state vibrational population this ap­
proximation is a very good one. Within these 
assumptions Equation (11) can serve as the tarting 
poi nt for deducing effects of mixtur s througH the 
parameters I5 s and S~, and the effect of elevated 
vibrati onal energy through C1~ as determined by the 
parameter Tvo. 

Ill. Approximate Solutions 

Vibrational Collisions 

In th region of en rgies wh re vibrational­
exc itation collisions re dominant, the character­
istic range of integration on the right-hand side 
of Eq. (11) i to a typical vibrational energy 
spacing . Now the logarithmic slope B is assumed 
to be approximately constant vver an energy rang 
£0 and also large enough so that integrals from 
£ + e:o to e: + 2 0 can be neglected compared to 
integrati on from £ to e: + e: . These assumptions 
incorporated into Eq. (11) Vead to an approximate 



equation for a - taB: 

a • M )(l -e-) l -R 8 0) 0)e -~ (13) 
vo 

where 

M( ) (14) 

and 

(15) 

'" while is n n r y valu b tween 0 and 0 which 
defines an v r ge valu of Sy. Formally is 
defined by th relation : 

11
Sy( + oX)( + ox)e- d 

• y( ~) {l-B d (16 

The parameter R( .tol Tvo) e n again b fo lly 
defined IS 

dx 

) I l -B 
t Sy(E ~ ) 0 e d (17) 

- II 
( 18) 

Substitution of E . (18) into Eq. (11) together with 
the assumption th t ~(tm) 1 leads to the fol-
low n9 appro i te solution for e · me (E): 

B ~...!!!. e m 

m", T '" ----..!-!:.------- t 

(- m)-Ei(-ta.m~ l-e 

wh re 

• t l nd 

( 19) 

(20) 

The function Ei() $ th 
gral 

ta ndard exponential inte-

Ei(x) -L t dtt (21) 

The resul t for £ » 1 (a r a onable approximation 
within the xp t d range of val idity) is shown in 
Figure 1. 

ters 

~'" M~t) for vibr tlon 1 exel ion 

'" 1- for leetronie e tation (22) 
m 



numb r of 
ny m1Ktures of CO, 

n bl to straightforward 
cheme of solution. Con­
onn 

(23) 

(24) 

on icon inu d un il 

8(n-l ) (25) 

VI. R 

Scaling P r 

(2 ) 

• E/( 0 



for 100 CO has to be about 8 times 1 rger than for 
5% CO i n order to achieve similar b havior. Th 
fract ion of t h i nput power goi ng nto vi bration is 
shown i n Figure 4 as a funct ion of the param ter a. 
The correlation is e t remely good and indicates 
that 1 is a good i ndi cator wh r energy begi s 
to go i n 0 el ec t ronic tates. All of the results 
for Tvo 1500 are vi rtually indisti ngu ishabl e rom 
the results without uper-elastic coll isions. but 
begin t o deviate ignificantly for higher vi bra­
tiona l t emperature. As can be seen f rom th curve 
for Tvo • 50000 K hi gh lbrational t emp rature pro­
duc s a reduct ion of energy into vi bration at a 
f i ed a . A more detailed examination of the frac­
tional power into each process nvolv ng ( 6V = 1. 
2. 3 • ••• etc. ) change in vibrational energy also 
show r rkably good correlat ion wi th th parilm-
eter . 

Carbon no ide, Nitrogen, and Heli um Hi tur.!. 

In 0 der 0 a s t he importa nce 0 the cross 
s ction shape in the correlation, a seri es of cal­
culati ons for CO- N2 nd CO-N2-H mi t ures were 
performed. Th effect of cross ecti on ha p can 
be primarily repr s n ed by the location of he 
peak and a h 1 -widt h 6 as can be seen rom 
some sgmPle plots of th product of t he cross sec­
tions in Figur 6. Note tha t in spi te of the far 
great er structure in the vibrational cro sec­
tions for N2 the product (Qm 5v) i s not very dif­
ferent i n gross behavior from CO-He results. and 
the major fe tu res can b fi t d airly well by the 
express ion 

Since t he distri buti on uncti on f( ) i nvolves an 
integral ov r t he slope «». any correlation 
for f is going to necessarily involve the cross 
sect10n shape parameters p and . The 

ormal i zation of fur th r compl icates the problem. 
A relatively simpl e correl ation can be obta ined, ho~ 
ver, by noting hat fo a larg part of the range 
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o parameters 

(29) 

Si nce the slope normalized by 6 is more convenient 
for integration. a new parameter 

* .. 0 • -;:::::;::-.::.;,E I;:;:N ::::;:::::;==­
t 06 ~(OmSv)max 

(30 ) 

becomes a more us fu l In sure of the effect of the 
lectric fiel d d f can be shown to be 

f .. f n F(a .x) (31 ) 

where x " (E:-E:p)/6. n can be estimated a number of 
di fferent way. but t h most convenient is 

f .. 1 
n ~ E:p- X06 t p 

(32) 

where 0 is th location 0 th pea of E: f( E: ) nd 
can b ith r esti t d using the correla ion for B 
or mor sim ly a en as a constant. 

Figur 7 shows fl 0 versus or two diff rent 
valu s of a for sev r 1 mi tur s. Th correlation 
withi n t he region 0 vibra ional excitation is r -
m r abl • The curv s separat subst ntially at 
higher valu s of x wh r 1 ctronic excitation is 
im ort nt. This is not surprising as the electronic 
cross secti ns will cert inly not scale with th 
par m ter a ,and r clearly di erent for N2 and 
CO. Figur 8 shows th fraction of the input pow r 
gOing into vibration 1 excitation v rsus the p ram-
t r *. Whil th r i s a notice ble differ nce 

w n N2 is includ d. a ± lOS correla ion ~an still 
b achi ved ov r a significant range of a. Similar 
plot v rsus E/N or diff rent mi ur s would sho 
no apparent correlation. Figur 8 can b used di­
rectl y in pr lim nary d sign of discharg s for 1 ser 
appl ic ions. Scaling rom on mixture to another 
by changing E/N to p a const nt wi ll preserve 
similarity of th pow r input into vibration. 

Figure 9 shows th m an electron energy nor­
malized by t p. and the drift velocity YO normalized 
by 

V • ~ 2 E:p -~ (33) 
N m "~ 

versus ·th param t r a*. Both qu ntit es correl te 
very w 11 or < 1. hil the ddf v 10c1ty is 
c~rr la d a within bout ± lOS ov r th r ng 0 

shown the n nergy hows a subs ntial ys-
tematic spread for a > 1. Whil complet pl-
nation of this f ct has not yet b en obtained 
much gr ater d p ndene of t h m n n. rgy on th 
high n r y portion of th di tribution function 
sugg sts that the di ference in electronic cross 
section i s primari ly responsible. Work 1s 1n pro· 
gress to incorporate the electronic cross sections 
into an additional non-dimensional parilmeter that 
will correlate the behavior at high *. 
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Figure 3. Numerical R sults for th Distribution 
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PULSER- SU TAINER GLOW DISCHARGE OPERATIO IN STATIC CARBON MONOXID LASER MIXTURES 

Daryl J. Mon on nd Craig H. L e 
Am s Research C nt r, NASA, Moffet t Field , Californi 94035 

Abstract 

Theor t ic 1 studies show that fficient opera­
tion of CO electr ic-disch rge supersonic lasers 
requires discharg methods that a llow separ te con­
trol of el ctron density , ne , and reduced el ctric 
field, BIN (or electron energy). To date, external 
ionization by an electron be m has be n successfully 
demons trat d i n these 1 sers. Other promising (but 
unprov n) poss i bilities i nclud ultraviolet photo­
ionization , ionization by nucl ear reaction products, 
and a high r epe t ition r t e s r ies of controlled 
ave-lanch i onization pulses (1. e., pulser-sust iner). 
We wish t o report here succ ssful oper tion of the 
pulser-su tain r concep t i n large-volum static 
room temp rature CO 1 ser mixes. (The concept has 
previously been d monstrat d in small-volume static 
C02 laser mixes . ) High voltage pulses and ultra­
violet spar ks at 33 kHz combined with a separate 
low volt g sust iner electric field produce spa­
tially uniform plasmas in a 3.0 liter volume. Com­
pletely ind pendent control of ne and E/N is d mon­
strated. Th tests are preliminary to testing of 
the concept i n supersonic flow. Rpsults include 
for sev ral pure gases and mixtures the following 
measurements: cathode-fall voltage; s If-sustaining 
E/N; recombination rate coefficient; average plasma 
ne; average di scharge i nput power; and th maximum 
discharge energy l oading without arcing. Modifica­
tions being made to the system to allow higher 
pressures and en r gy loadin~s without arcing , and 
to allow operation in supersonic flow are discussed. 

I. Introduction 

The CO electric-discharge supersonic laser 
shows ~rea t promise for both high efficiency and 
pO\i(er. To achieve this, how ver, will require 
discharg m t hods which uncouple the p __ sma produc­
tion fro t h process of dding energy to the gas. 
In particular, desirable disch rge m thods will 
combine an ext ernal ionization sourc with a low­
vol tag su tain r electric field which "tunes" the 
electrons to n en rgy sufficiently high for effi­
cient vi brational excit tion of CO but not high 
enough for electronic excitation or dditional 
ionization. (Self-sustaining discharges operate 
at high electric fields which produce all three 
effects .) To d t e, external ionization by an elec­
tron be m has been successfully demons tr t d in 
this l as r. 2 Other promi~ing, though unprov n, 
~ossibilities include ultraviolet pho toion ization , 3 
ionization by nuclear reaction products,~ and the 
pulser-sustainer thod. 5,6 

We wi h to report in this paper operation of 
the puIs r -sustainer m thod in large-volume static 
room t mp rature CO laser ixes. Th tests are 
preliminary t o t est{ng of the concept in supersonic 
flow. Basically , tie method applies two discharges 
to th ga. Th first fast hlgh-vo~tage pulse 
creates uni form plasma between the electrodes 
using only small unt of energy. Th n, the 
s cond l ow-voltage sust iner discharge adds en rgy 
to the g s during t h recombinat ion per i od fo l low­
ing the i onizing puIs . R illy5 fir t ppli d th 
method in slowly-flowing C02 laser mixes u ing a 
single ionizing pulse . Then Hi1l6 extend d th 
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m t hod potentially to con tinuous operation by u ing 
tring of ionizing pulses at a high-r petition 

rat uch that only a small amount of r combin tion 
occurred between pulses. He d nstra ted th 
m thod in 0.3-1-volume static C02 las r mixes for a 
period extending to one traversal tim through 
sub onic flow device (i.e., 1 m ec). 

The teat setup used here for CO laser mix s is 
simi lar to that used by Hill and will be d scrib d 
in Section II. Th results of the tes s will be 
d scr ib d in Section III, and the conclusions of 
this study will be given in Sect .~n IV. 

II. Experimental Apparatus 

The electrode geometry used in this s tudy i s 
sketched in Fig. 1. The lectrodes are loc t d 
transv rsely across a supersonic chann I , although 
for purposes of the present tests th channel w s 
bl nk d off and filled with static CO laser m1>:es 

t room temper3ture. The elect rod s are separated 
by 5.5 cm with a discharge volum of 3.0 1 . (This 
is an order of magnitude larger than for Hill's 
initial t sts.) The electrodes are aluminum with 
sand-blasted surfaces and edges that are rounded 
but do not conform to a Rogowski profile. Two 
rows of ten UV spark pins each are located 10 cm 
r e pectively up and downstream of the main elec­
trodes. (Hill located spark pins behind a porous 
cat hode.) A high-repetition-rate high-voltage 
ulse forming network7 is connected to both the 

s park pins and the main anode. The pulser contains 
a 0.002-~F capacitor charged to 23 kV . A fast-rise­
time quenching spark gap switches the charged capac­
i tor into the gas at a repetition rate of 33 kHz. 
Because the spark pins are pointed and the down-

t ream ones re closely spaced from ground, th y 
br ak down a f raction of a microsecond before the 
main electrodes. This produces a background of 
l ow-level preionization for uniform plasma produc­
t ion in the discharge volume. (Each pin is coupled 
thr ough a 0.00005-~F capacitor so that most of the 
pulse energy goes into the m in discharge.) 
Finally , a charged l5-~F sustainer capacitor is 
us ed as a constant -voltag pumpin sourc during 
r ecombinat ion. A l arge induct or i s pI c d i n 
serie with the sustainer capacitor t o isol t i t 
f rom the i onizing puIs s . 

SUPERSONIC 
CHANNEL 

DIMENSIONS 

CHANNEL HEIGHT: 5.5 em 
CHANNEL Dnt 60 em 

DISCHARGE VOLUME, 3.0 li lers 

Fig. 1 Sk t ch of th CO pul~~r-s u t i n r di ch r 
l a""1". 





th c thode-fall volt­
fields, w p r­

puIs r-sust in r dis char e t sta in many of 
the sa e gases t the test conditions previously 
stated in S ction II. Th proc dur w used w s to turn on a burst of the pulser lasting 150 ~sec, and then r i th su tain r voltage to point just 
below the arc-formation limit. This repres nt 
about 6 puls s at th stat d rep tit ion r t nd 
approximately simulates on flow tr v rs 1 ti 
throu h th discharge wh n the 1 r is op rat d wi th auperaonic flow. A typical oscilloscope volt­
a and curr nt trac fro such a t st i shown in Fig. 4. For this x mple, about 90 kW of disch rg 
power is being added to th al. otice that th 
curt: t tr ce takea bout two pula s to build up to a full valu b caus of the inductor in s ri s with 
t he sustain r c pacitor. Th inductor also c us s the slow rise of curr nt after ach r -ionizing 
puls nd th carr spondin drop in th disch rge volta e. A smaller inductor will pe d up th 

th volta and current, but it c nnot 
11 that the 'Puls r curr nt is shunt d into th u t iner cap citor . Th volta droop obset:ved dut:ing the burst is cud by d pI tion of the l5-~F su tainer capacitot: ener y . (Future tests will use a l20o-~F c p citor b nk to allow t sting 

to 1 msec without a volt dro p. ) 

SUS'!: HER IOO~ 
C~=HT, 50 

o 40 80 120 leO 
TIME, JJ.5eC 

Fig. 4 Curr nt and vol tag trac s for po er load in 
in 50 torr 1/2/5, col 21M • 

A summary of th pulser-Iu ainer telt r ults 
for the various s mixtures il ivan in Table 1. 
& sults ar quat d for c" mixture l ' ·:h p ssur 
that ga th maxim ner loadin . Also , mix-tures are list d in order of increasing energy load­
ing. The resultl IhOWD for positiv c lumn 
discharge power are co~uted by subtract in th 

cathod -fall volt 
volt 

s in Fig. 2 from th m a ur d 

R placing p rt of th CO in a mixture by N2 is 
n to hav a desirable eff ct from T ble 1. Th 
sene of N2 allow op ration t consid r bly 
h r pr ssure nd power without arcing. Our 
h st measur ed power of 171 kW was achiev d in 

2.5% CO, 2.5% N2' 95% He mix. Notice th t the 
n rgy 10 ding with N2 is only up slightly, how ver. 

Compar sustain r EI nd correspond in 
listed in Table 1 with the a If-

a giv n in Fig. 3. The pr s nt 
d to b much lower, thu v rifying 
ved independent control of ne and E/N. Th valu s chi v d for el ctron n rgy re 

actually sli htly low r than th optimum r ng of 
0.5-0.7 eV d sir d. 10 

Th aver lectron den iti s chi v d w re 
comput d from th m a ur d curr nts and comput d drift v lociti s11,1 2 for am of the mixtur s. 
Th y at: listed in T ble 1. Th valu s r OS 'from 2-4xlOll cm- 3 with the highest values being for 
mix s with low fractions of CO. This co p r s with 2xl011 c -3 achieved by Hil16 in his pulser-Iustainer 
t t s. 
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fici 
th 

Finally, co f­
fro 

1 

The results of this pap r show th t we have 
achi v d th n r81 loading "thr shold" for on al 

' tim in the CO luperlonic laler but that 
still w 11 short of the ximua d ir d. 
ently kin s v ral d sign ch OS • that 

all ow us to op r te t hi h r pr ssur s, 
volta s and en r y load in. s wi thou rcin. Th 
me t important of these is that we are aaking new 
1 c odes with edges that conform to a Rogowski 

profile. (We hsve n.oticed in our present testa 
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Abstract 

Th e f ct of electron bombard nt 10n thrust­
er magnetic field configurations on th uniformity 
of the plas d ns1ty nd the ion bea current 
densi ty are discussed. The optimu configuration 
is a ri ht circular cylind r wh1ch has sign1ficant 
fields at its outer rad1i and one end but is nearly 
fiel d free within the cylinder and at the extrac­
tion gr1d end. The production and loss of th 
doubl y charg d 10ns wh1ch eff ct sputter1ng damag 
with1 n thrusters are mod 1 d and the mod 1 1s ver­
ified for the m rcury prop llant case. Electron 
bombardment of s1ngly charg d ions is found to be 
the dominant doubl 10n production chanism. The 
low density plasma ( ~106 elec/cm3 ) wh1ch exists in 
the region outside of th am of thrust producing 
ions which are drawn from the discharg chamb r is 
discussed. This plasma 1s modeled by assuming the 
ions contained in it are g ner t d by a charge ex­
change pro ess i n the ion b am its If . Th theo­
retical predictions of this model are shown to 
agree with e p rimental asure nts. 

Introduction 

Ion thrust rs hold promising position in th 
space propulsion program becaus of th ir high ex­
haust v locity c pability. App11c tions for th se 
devices wh ich are of current inter st ran rom 
low tota l i pulse satellite station eping missions 
through the higher total impulse come rendezvous 
and out-of-ecliptic primary propulsion missi ons. 

The basic cylindrical thruster is hown 
schematically in Figure 1. Its op ration c n b 
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unders tood by recognizin~ that electrons r pro­
'duced within th r gion bound d by th cathode pole 
piece and b ffle and that they re drawn from this 
region tow rd th anode through th ap rture d­
j acent to the baffl • Th ~30V potent1al diff r­
ence across th baffl ap rture, wh1ch 1s 1nt in­
ed by th nod, acceler tes th s lectrons to 
sufficiently high energies th t th y can fect 
ionization of propell nt whi ch has b n f d into 
the cham r by th chanism of 1 ctron bombard-
ment. Th gn ts shown in Figure 1 st blish 
magnetic field of th ord r of 50 gauss b t n th 
node and cathod pole pi ces which has a typical 

li ne of force like h critical field lin shown. 
The bul of th high nergy electrons (pri ry 
el ectrons) coming through th baffle pertur r­
side with1n th region defined by th sur ace 0 
revol ution of this critical field line and th 
screen grid and this is th refor th r gion within 
the discharg plasma wh r the bulk of th ions ar 
produced. As t he primary el ctrons h v collisions 
they lose energy and th y, tog th r with th elec­
trons knoc ed from the at~ns, combine to form an 
lec ron group having a xw llian d1stribution. 

Th low energy xwellian 1 ctrons are th n COl­
lected by th anode. Ions are fr e to drift around 
the disch r ch b r und r th in lu nce 0 minor 
elect r c fi ld and diffusiv forces until th y hit 
a conducting surface nd r neutraliz d or un il 
they dr1 t into th vicinity 0 th grids nd re 
extract d from the di,sch rg ch mb r t a high 
veloci y th r by producing thrust. Ion xtr cion 
is acco plish d by lar electrost tic i ld 
establish d b tw n th two grids and h v locity 
of the thrust producing ions c n th r for b con­
troll d by simply djusting h n t po nil dif­
fe rence through which th ion falls in p ssing 
from the disch rg ch r to the ion b po n-
t ial (typically of ord r 10aOV). 

h s n 1 
den 



under the influence of thermal loads from the dis­
charge chamber plasma. 

The low-thrust nature of ion thrusters neces­
sitates long operating times to achieve mission 
objecti ves and this necessitates long component 
lifetimes. , Th downstream (accelerator) grid is a 
crucial component subject to life-limiting er~sion 
as a result of charge-exchange ion sputtering • 
Thi s erosion process occurs when a high velocity 
propell ant ion exiting the grids captures an elec­
tron from a nearby low velocity neutral propellant 
atom. The result of the process is a fast moving 
neutral and a slow ion. The ion is frequently 
drawn back into the accelerator grid because its 
vel ocity is insufficient to enable it to escape the 
adverse electric field and the resulting impact on 
the accelerator grfd causes th sputtering damag • 
The rate of sputter damage is directly proportional 
to the ion current density from the thruster and 
because it is generally highest on th centerline , 
gri d erosion is also greatest on the centerline. 
Since the thru t of the device is directly propor­
tional to ion cut'rent the longest l ifetime will be 
ach ieved in the thruster operating at a given 
thrust level which has the most un i form radial beam 
.ion current density profile. A thruster havi ng a 
uniform ion current density beam should then 
operate and produce thrust as the accel grid erodes 
uni formly. 

Cusped Magneti c Field Thruster3 

The latness of an ion beam curr nt density 
profile is requently defined as the r tio of 
average-to-peak current density--a quantity re­
fer red to as he flatn ss parameter (F). Divergent 
magnetic field ion thrusters like the one shown in 
Fi gur 1 have flatness parameters near 0.5 while a 
va lue of unity would be ideal. It has been argued 
that this quantity is low for the divergent thrust­
er b cause of neutral propellant atom proceeding 
from the upstrea to downstream ends of the thrust­
er is uch more likely to b ionized if it is near 
th thruster centerline than it is if it is near 
the outer radius. This condition exists because 
atoms paSSing near the centerline are exposed to 
ionizing electron region defined by th critical 
fi eld line all th way from the baffle to the grids 
while those with trajectories near the outer radii 
would b exposed over the distance "L" fd ntif1ed 
on Figure 1. 

The cusped magnetic f ield thruster of Figure 2 
is designed to increase th path length of pro­
pellant toms through the ionizing electron region 
at th outer r dii thereby increasing th ion beam 
fl tn ss para ter and hence the 11 ti of the 
grids. As indicated by Figure 2, this is c~om­
p1 1shed through the addition of a center pole piece 
and the installa ion 0 magnets to produce a north­
south-north pole configuration as on proceeds from 
th cathode to cent r to node pole pieces. this 
produc s magnetic lines of force like those sug­
gested by th dotted lines j ining the pole pieces 
and suggests the increa e in tel ngth "L" sug­
gested by Figure 2. A second (rear anode s 
also been dded to this thruster to facilitate uni­
form 1 ctron collection--this rear anode i de­
signed s it can be moved a tally during thruster 
operation to vary tt~ characteristics of the dis­
charge chamber plasma. 

Iron filings maps showing lines of force for 

38 

REAR I 
ANOClE,' 1/, 

/ '/, 

'" / "/ 
/ 'II 

FRONT ANODE 

REAR ELECTROMAGNETS 

Fig. 2 Cusped Magnetic Fi eld Thruster 
Schematic 

the cusped and divergent magnetic field configura­
tions are shown in Figure 3 for th 15 cm diameter 

• CUSPED FIELD GEOMETRy 

tATM()O( 
POLE P'ECE 

.. DW[ T "[LD [0" TRY 

Fig. 3 Iron Filings ps 

thrusters used in this test. Actu "y th div r­
gent field map sh n s obtained using th cusped 
field thruster op rating in th north-north-south 
pole configuration, but th field shape is essen-
ti ally the sa s that observed in thruster not 
having th c nter pole piece. 

Lan ir prob asur nts re de through-
out the disch rge ch m ers of the cusped and di­
vergent field thrusters wh n rcury propellant was 
being used . Thes data re th n analyzed using 
the two electron group th ory of Strickf d nand 
Geiler4. Using Maxwelli n lectron temper tur s, 
primary electron energies nd densities of these 
species tt,e frequency of occurrence of ionizing 
colli sions (v) was calculated at each probing lo­
cation. Figures 4 and 5 present constant col-
lis on frequency contour lines obtai ned from such 
n an~lysis for the cusped and divergent field 

geometries respectively. The contour lines have 
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Fig. 4 Collision Frequency Contour Map 
(Cusped Field Thruster) 

NORMALIZED COLLISION FREQU NCY C TOUR 

ION PRODUCTI GION OU OAR 

fig. 5 Collision Frequency Contour Map 
(Divergent Field Thruster) 

Both th iron filings p of F1 ur 3 and th 
collision fr qu ney contours of F1 ur s 4 nd 5 sug­
gest the c~ nge to the cusped magnetic ield con­
figurat ion should result in a mo e uniform ion 
density profile in the thruster because it facili­
tates more unifonft radial profiles of the ion pro­
duction rate. Figure 6 shows norm.l1zed ion bea~ 
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Multipole Magnetic Field Thruster 

A sketch of the l5-cm d ameter multipole 
thruster is shown in Figure 7. The magnetic polar­
ity of the pole pieces alternates, giving the over­
all field shape shown in Figure 8. (Di fferent 
numbers of pole pieces were used to investigate the 

'. omlc a---- I " 1\ 
01 
01 I, 
" " I, 
" " " " II 

II 

Fig . 7 Multipole Magn tic Field Thruster 
Schematic 

eff cts of discharge chamber length. Figur 7 
shows 4 side or c~l indrical pole pieces, while 
Figure 8 shows 7.) Anodes are located between pol 
pieces so t hat the energetic e1 ctrons mu t pass 
through the fringe magneti c field to reach the 
anodes. Because these fringe fiel ds extend only a 
short distance into th discharge ch er, most of 
the chamber has a very low fie ld strength. This 
low fi eld strength, of cours, esults in uni -
fo distribution of ionizing electron , hence a 
uniform plasma density . The refractory ire loop 
'near the center of the ch mber serves s the ource 
of ioniz i ng electrons in this thruster which is 
pre ently not equipped with the baffl /cathode pole 
piece arrangement shown for the diverg nt field 
thruster of Figure 1. 

The multipole thruster can be cons de red a 
logical extension of th cusped field des ign to 
more pole pieces, i nasmuch as the pole pieces are 
fabricated n a simi lar manner from sheets of soft 
ion, with 1ectromagnets used between adjacent 
pole pieces. But this multi pole design is also 
related t o that f Moore~ and Ramsey6, primarily 
in the large number of pole pieces used and the 
general discharge chamber shape . Moore and Ralllsey, 
however, used permanent magnets as pole pieces with 
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Fig. 8 Iron Filings Map 
(Mu1tipole Thrus ter) 

the magnetization direc i on eith r towards or away 
from the center of the di scharge chamber. If per­
manent magnets were used in the multipole thruster 
stud ied herein, they would replace the electromag­
nets between pole pieces, rather than become the 
pole pieces. 

Performance of a 5.1 cm long discharge chamber 
operating on argon is shown in Figure 9 in terms of 
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on Discharge Loss 



beam ion energy cost (discharge loss) as a function 
of magnetic induction measured at a lotaticn near 
t he pole pieces . Vare is the vol tag difference 
between the emitter wlre and th anodes and I rc 1s 
t he cathode emission curr nt. The propellant flOW 
ra te (lit) L expressed in mill iamps in accordance 
with the onveni nt con ention of assigning on 
electronic chatg to ach neutral tom entering the 
chamber. Th use of eight 1 ectromagnets resu lte<! 
i n curves in Figur 9 that did not quite match 
those obtain d with four at th same magneti c in­
ducti on . The trend of dp.crease<! discharge loss 
with i ncreased magnetic fiel d st ength , though. is 
clear. The high~r magnetic field is presumably 
more efficient because it is more effective in con­
taining energetic electrons. A simplified ~el of 
electron contain.ent is indicated in Figure 10(a), 

Uniform { 
StrenQth 
Field 

r---------------------------------~~~ 

(0) Simpli fied Def lection Confi Qurotlon 

E 
I 

~ .. 
~ 

eV 

(b) Required Flux per Unit Ano de Len Qth as 0 

Fun ction of Elec tron Ene QY 

Fig. 10 El ctron Int raction with Fring 
gnetic F eld above Anode 

wi th th fring ield repr sented by a region with 
un iform field str ngth above the node. Picking 
di r ct10n of motion for th lectron such that the 
el ectron has the deepest p netration of this fri nge 
fi eld. it 1s evident from Figure 10(a) that this 
penetra t ion corresponds to two el ctron cyclotron 
radii . The electron cyclo ron r dius rc (i n m) is 
given by 

rc • 3.37 x 10- e / B, 

where Ee is the electron energy in eV and B 1s the 
.. gnetic field in Tesh. This equation can be 
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rewr tten as 

2rcB • 6.74 x 10- ..t':"' • 

where 2r is depth of th frin fi ld bove th 
anode ana B is the magn tic fiel d in thi re ion. 
The produce 2rcB can be though of s th number 0 
flux lines per unit anod length, nd is plot ed 
against electron energy in Figur 10(b). Th dis­
tribution of th s flux lin s with d1st nc from 
the node is not import nt. For ex mpl • h 1 th 
field str ngth xtend1ng tw1c s ar from th 
anode would have the sa ef ectiveness n d fl c­
t i ng lectrons. This conclusion 1s also v lid or 
the more realistic case of fi ld s reng h v ry1ng 
wi th distance from th nod. which c n b shown 
for increments of deflec ion ngle i nstead of ir­
cular electron orbits. For varying magnetic­
field strength, the integral of magnetic field 
strength 

B::O 
J 'B' x dl 
anode 

is t he prop r qu nti y to use in pl c of 2rcB. In 
this case the integration is carr1ed out to th 
first point of negligibl fi ld str ngth (B=O). 

The fringe field integr 1 w s v 11.1 t d nu­
meri cal ly and was found to vary with loca ion in 
the discharge chamber. The larg st departur s rom 
mean val ues w r found at the two corner anode . 
As shown in F gure 11 for the eight magnet config­
urat i on at 10 mperes magne t current, t he magnet; 
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fi e d drop to ne r zero ; 1 str n h mu h st r 
i n the corner t h n i n the sid 1 c i n ( c 1 of 
the rest of the chamber) . This m r r pid d 
du to the interference of t he two corner fi 1 d . 



The v ria ion of di charge losses with ma net current i hownin Figure 12 for the eight-magnet 
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In h t s des ribed bove. all nodes were flush with the inside edge of he pole pieces (see Figure 7). The containmc, t of electrons can be equalized for all anodes by changing the field 
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streng h of cor r pole piec . A simpler pproach, though, is to use t s m n ic fi ld design for all pole pieces nd to reces the corner anodes. The el c rons r h n required to go a h rt dis­tance beyond th insid dg s of the pole pieces to reach the nod s. It was und in ddition 1 tests tha an nod recess equ 1 to 10 percent of he pole-pi ce spacing v fringe field in gral at the corner anodes tha w s about equ 1 to the s me integral Is wher in th ch mb r. A discharg chamb r with corner anodes r "ces ed in this manner has be n tested and ound to perform well. Tes s with argon, xenon and rcury propellants are pr ently being conducted to determi ne the ion beam flatnes s parameter of this th uster; prelimi nary data sugges flatter ion beams than those observed in the cusped field thr st r. 

r Model 
Th need or long thruster Ii etim s dictates t h need for l~( erosion rates on surfaces exposed to the thrust r disch rg phs, as w 11 s on the accelerator grid. Th plasma contituent which ap-p rs to c use th bul of the erosion on these in­teri.or surfac s is the doubly ch rged ion which is fre uentl y present in signi ican nu bers and which obtai ns tw)ce s ch en rgy as a singly char ed ion passing through the sa she th potential to col­li sion with a surface. The obj cti ve of this model ~as th prediction of doubly ch rged ion densities as a function of thruster design and operating parameters. The nalysis and veri ica ion ha e been carri d out for a m rcury plasma. 

In order to develop model for d t rmining th dou ble ion density in th discharge ch mber only those ionic and atomic sp cies which were consid-red significan in d t rmin;ng the double ion d n­s· .y ere included. The significant sp cies were selec ed as those hich have substantial el ctron impact cross sections of ormation over th elec­tron nergy rang of int rest so that large numbers of thes e cit d atoms or ions will be produced. These stat s also h v sufficiently long ef ective lifetimes so that th y c n par icipate in production processes before they decay. Only those reactions which lead directly or indir ctly to the production of double ions were included. 
Fi gure 13 is a discharge chamber reaction 

Fig. 13 Discharge Chamber Reaction Schematic 

, 



sch ... tic showing these dominant species and the 
reactions in which each specie c n participate. 
The s~bol s used represent the following species: 

HgO 
- neutral ground state rcury 

Hgm _ metastable neutral mercury (63Po and 
63P2 states) 

Hg r _ resonance state neutr 1 rcury 
(6SPl and 61Pl states) 

Hg+ - singly ionized ground state rcury 
Hgm+ _ si ngly ionized metastable rcury 

(6203/ 2 and 6205/ 2 states) 
++ Hg - doubly ionized ground stat rcury 

The arrows in Fig r 13 indicate th variq~s . 
interaction routes considered in the analysis 
Three different types of reactions are indicat ed in 
this figure. The first type of reacti on occurs 
when an electron interacts with an atom or ion pro­
ducing a more highly excited speci . This reaction 
is indicated in Figur 13 by an arrow going fr m 
one sp ci e to another more highly excited specie 
(e.g . the production of doubl ion from singly 
charged ground state ions) . The production of a 
more highly excit d specie also represents a loss 
mechanism for th less excit d specie. The reverse 
reaction in which, for example, an ion captures an 
electron is neglected because of its low probab 1· 
i ty. 

The second typ of process consider d is that 
of an tom or ion going to a plasma boundary. Such 
a boundary could be either the discharge chamber 
wall on which the atom or ion would be de-excited 
or it could be a grid apertur in which case the 
atom or ion would be extracted from the discharge 
region and replaced by an atom from th propellant 
feed system. In either case this represents a loss 
rate for any of the excited states. These losses 
to th boundary are i ndica ted i n Figure 13 by t he 
dotted lines to the wall of t he chamber. The 
large rrow back t o t he neu t ra l ground st ate repre­
~ents the resupply of neutra l ground st ate atoms 
either fro the wa l ls or from the propellant supply 
system. 

A third type of reaction shown in Figure 13 is 
relevant only to the two resonance states. The 
r sonance states differ from m tastable states in 
that they h ve a very short l i etime before they 
d -excite spontan ously by emitting a photon of 
l ight. ~Iowever, the energy of thi s photon is such 
that it is readily absorbed by a ne rby n utral 
ground state atom producing nother resonance state 
atom. Since the tr nsport time of the photon is 
small compared to the excited state lifetime the 
excited state can be considered to exist contin­
uously. Ev ntually the photon can diffuse to a 
boundary wh re it will be lost; this is equivalent 
to the loss of a resonance stat atom. 

B equa ing the production and loss rates of 
each specie on the basis that equilibrium exists 
on can solve for the density of each specie of 
Fi gure 13 in terms of th plasma properties, the 
volume nd surfac area of the region in which 
ioni za tion takes place and ionizat ion and x-
itation cross se tions for he reactions. The 
model was set up so this could be accomplished on 
the digital computer using a plasma described in 
terms of average values of primary electron energy 
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and density and averag valu s of Maxwellian elec­
tron temperature nd density. Th deta ls of the 
model ar d scrib d in Refer nces 7 nd 8. 

In order to v rify th model. several thrust­
ers of differ nt siz s and plasma characteristics 
were operat d whil simul taneous sur nts of 
disch rge plasma properti s and t he double and 
Single 10n compositi on of the thrust beam drawn 
from the thruster were made. Typical plasma prop­
erty information obtained in a 15 cm dia divergent 
~ield thruster are shown in Figure 14. In order to 

Fi ~ . 14 Typical Plasm Properties 

orient these plots, an ion extractic~ grid (scr en) 
and the critical field line are identified. Plasma 
property data like that of Figure 14 re averaged 
using w ighting factors determined to b appropri­
ate for this an lysis and double ion concentrations 
were calculated from these input data. Figure 15 
shows a typical cor.,parison of the measured and cal­
culated double-to-s ing1e Ion density ratio. The 
variable on th abscissa in this plot, propellant 
uti l ization, is the ratio of propell ant that is 
drawn from the truster as ion current to the total 
propellant input to the device. The two plots 
shown were b sed on data from thrusters which used 
two di f ferent types of ion accelerating grid 
systems. Th theoretical data of Figure 15 show 
good agreement with the theory nd therefore con­
f irm the model's validity. 

Detailed examination of the model shows that 
si ngle ion production via the intermedia te meta­
stabl e and resonance states is appreciable but 
t hat double ions are produced primarily by elec­
t ron bombard nt of singly charged ground state 
ions at normal thruster operating conditions. On 
t he b sis of this latter observation one can de­
velop a sim ler model considering only the Singly 
charged ionic ground state to doubly charged ionic 
route for double ion production. The doubly 
charged ion density (n++--m-3) is then given by the 
fo llowing equation for region of uniform plasma 
properti es: 
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where ne • np n 1s th tot 1 1 ctron dens1 y 
--m- 3 

pr 1s th pr1 ry 1 ctron d nsi y-- - 3 

n is th Ha 111 n 1 ctron d ns1ty- -m- 3 

V is the vol of th ionizing el ctron 
r g1on--m3 

A is th sur c r of th ionizin 
1 ctron r g1on--m2 

vpr( t pr i is the v loc1ty of p 1 ry lectron 
having n en rgy t pr-m/sec 

++ 
+ (E) is th cross sec ion for th s1ngly-

to-doubly ion12 d transition at an 
en rgy E - ma 

Ym (E) is th Y locity of el ctrons t n rgy 
E - m/sec 

(d I ) is th x llian d1stribution 
function 

Tmx is th x 111 n el ctron t p r tur - V 
e is th 1 ctron1c ch rg canst nt -

1.6 x 10-1 caul 
mi 1 the mass of n ion - kg 

and Re e nce 8 cant 1ns th requ1r cro s 
sections nd plot of h solution of the 
integral ppearing in this qu ion s 
function of Maxwell ian electron temperature. 

This equation suggests that the double ion 
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Fig. 17 Map of Electron/Ion Density 
Near Thruster 

which was i ntroduce~lby Sellen et al. 9 and verifi d by Ogawa et al .10 , • ne ref ~is equation is the electron dens ity at a focation where th po­tential is defi ned as zero and T is the electron tempera ture. Agre ment with this equation ans that contours of constant ion density are also equipotential contours. Further, the electric field direction i s such th t ch rge- xchange ions are accelerated toward regions of lower plas density . 

he total production r te of ch rge-exchange ions Nc can be calcul ated from the efflux of ions and neutra ls . together with the charge-exchange cross section . Assumi ng for simplicity that all the ions leave along the ax is of the accelerator system. free molecular flow for neutrals gives a total production rate of 

N • 2J~ (l -nu) ace 
C 2-

1I r bnue Vo 

where Jb is the ion b am current in mp res. nu is the propell ant utili zation, ace is th ch rg exchange cross section in m2. rb is t h r di us of the accelerator system (ion beam) in m. e is th magnitude 0 th electronic char in coulombs. and Vo is the av rage neu tral v locity (/8kTo/me) in m/sec. 

A simple i sotropic model can b obtain d by asscming that t h ch rg -exchang ions re dis­tributed un iformly i n 11 directions from an ffec­tive source downstr m 0 the t~rust r. This f­fective sourc is assu d to be one b am radius downstream of the acceler tor syst m. although the exact locat ion wi l l not b import nt at t he usual radial dis tance of a sol ar array. To simpl ify the mode l for plasma d nsity , th minim ion velocity for a stable plas sh ath,l 

v • II<'f';7iiii , 
is used in place of th more complic t d s If­consistent soluti on for char - xch ng ion veloc­ity . (The ch rg -e chan e ion v locity outs id of the ion beam depends on t he local plasma potential, but the plasma poten ial i s determined by ion den­sity. which depends on ion velocity.) The plasma density nce at a radius R from the effective source then becomes 

4S 

1.49 x 1032J~ (l-nu) ac A 
nce • 

rbR2 nu ~ 

where To and T ar th n utral and lectron t -peratur s n 0 nd A is th atom1c 19ht of t propel lant atoms. W1th the furth r substi tutions 01 5000 k for To, 58 ,000 OK (5 eV) for Te, 200 .6 for the A of mercury, nd 6 x 10-1 m~ for ace of mercury at 1000 eV, the plasma density becomes 

Th dens1t1es measured along a radius normal to the ion beam d1rect1on should agr e best w1th the isotropic model s1nce charge-exchan ions h ve free access to that direct10n and yet it is well away from he b am i on trajectories. The theoret­ical varia 10ns of plasma densi ty from the preced­ing equation are hown in Figure 18 together with 

100 110' " " , 
50 

Jb- 0.38 amp "" 7Ju·0. 51 ...... 
............ .. ................... 

e ........ ...... u 
"- 20 --- Theory ci 
z - EIP rimen l 

~ 
• 10 ~------L-------~------~------~ c: .. 
o 
c: 100 
E 
"­
c: e 
u 50 .. 

UJ 

20 

110' 

1 0~·~----~2~0~----~0~----~4~0----~!50 
Radius . em 

Fig . 18 Comp rison of Th oretical nd 
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orma1 to Ion-be • Axial Position 

7.5 cm Downstrea of 15 cm Thruster. 
exper1 ntal d tao Th agr nt b t n the t is good for plas process. The s1 pl1fy1ng a sumpt ions re conserv tive 1n nature (th t is, tending to give higher pl s densities) , so h theory was e pected to g1ve higher densities than the experimental data. 

The charge-exchange plasma is not distributed 



isotropic lly at a given radius. No ions are 
ini tially dir cted in the upstream hemisph reo 
Onl y the electric fields surrounding the ion beam 
serve to deflect charge-exchang trajectories into 
thi s upstream direction. Experimental plasma po­
tential measurem nts show d that the electric field 
outside th beam was nearly antip rallel to the 
beam direction. Using this observation, together 
with the additional observation that the electron 
temperature outside of the beam is about half that 
inside the beam, th pl sma density at n angl e (e) 
between 90 and 180 d gre s from the beam direction 
can be derived as 

nce • nce , 90 exp [-ctn2eJ, 
where nce 90 is the plasma density obtai n d from 
the isotr6pic model for the same radius R. This 
theoretical angul ar varia tion is compared in 
Figure 19 with experimental data for the same ra­
dial distance. The theoretical density is shown as 
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Fig . 19 Comp rison of Theoretical and 
Experi ntal Electron/Ion Densiti es 
at 34 cm Radius and 7.5 em Do -
stre m of 15 cm Thruster. 

un iform for angles less than 90 degrees in 
Figure 19. This is b cause no deflection of ini­
t ial trajectory direction is ne(essary to reach 
t hese directions. The experi nt 1 data should 
be larger than theoretical density at a s 11 
enough ng1 with b am direction b caus b ions 
whi ch will be includ d in th experimental asure­
ments re not consider d in th ode1 . This fail­
ing of the model is not a prob1 b c use th up­
stream direct on is the one of most interest for 
interactions of thrusters with solar arrays and 
other spacecraft components. 

46 

The charg -exchange plasma model describ d 
above is sufficiently accurate for a qu litative 
es imate of interaction effects. More exact esti­
mates, though, will require tests of th specific 
spacecraft configuration. Ex mples of the limita­
tions of this model were obtain d recently using 
cones downstream of th thruster. It was hoped 
that th se cones would collect most of th charge­
exchange ions and thereby gre t1y decrease the 
plasma density upstre m of the thruster. The ex­
perimental reduction was much less than expected . 
It appeared that the charge-exchange ions negoti-
9ted trajectories around th nds of th cones far 
easier than would be exp cted from the angle vari­
ation predicted by the model presented above . 
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Abstract 

A numerical procedure is described that 
f or the first time allows efficient solu­
tion or the three nonlinear and implicit 
equations of state relating the equil ibrium 
pr operties of a partially (and singl y) io­
nized neutral gas . Bnergy , pressure and S~ 
ha equations are encountered when solving 
the conservation l aws of fluid dynamics. 

In the computation , the values f or the 
intensive variables , that is pressure, 
tempera t ure d ionization coefficient , 
are iteratively obtained with a fiven ac­
curacy starting fram assigned values for 
energy and volume per unit mass . Iterative 
computation is performed only when the v~ 
lue f or t he ionizat ion coeffi cient lies 
within the lower and the upper bounds fix­
ed by t he required number of significant 
digi ts ; otherwise the two explicit equ~ 

tion s of state for nonionized or for fully 
. io ized gases re employed . 

This procedure has been applied to the 
tudy of partial ionization produced in 0-

ne-dim sional propagation of strong shock 
waves in hydrogen gas . The peaked shape of 
t he den sity ratio vs . shock strength is 
clearly shown . The same procedure would 
also be sily applica ble to steady or un­
steady multidimensional fl,)ws where non-
uniform i on i zation plays f. substantial ro 
l ee 

I . Introduction 

Probl s occur in g s dyn ics where 
parti 1 ionization of a monatomic ga s has 
a relevant influ ce on the flow characte~ 
istics . ses are offer d by the d in of 
strong shock ves propag tion both in pre 
senc and without m gnet c ,fi e ld 1. Or by­
t he stell r a ospheres with the i nfl uen­
ce 0 par i al ionization on the pul tion 

+ This re earch was su ppor t ed by SURA M 
under contract 10 73 PIPGI 
Also EURATOM JN RC , I spr , It ly 210 20 
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2 phenomena • The theoretical and numerical 
study of this class of problems requires 
the solution of the coupled system of co~ 

stitutive equations and fluid dynamic 
conservation e quations . Notable difficul­
tie s are countered when dealing with 
quilibr i um p r ti 1 ionization a s descr ibed 
by Saha equation . Indeeu the nonlinear and 
i mpl icit dependence o f t emperature and p ~ 
tia l ionization on conserved quantities 
prevent s any direct solution . 

An efficient procedure is there ore pr 
sen t ed fo r solving the three equ tions of 
state of a partially ionized gas as reqU! 
red by the c only used finite differ ce 
schemes of numerical fluid dynamics . 
The ran p,e of applic bility cov r s 
any singly ionizable monatomic gas 
in situations of thermodyn ic equilibrium 
when radiation energy contributions can be 
neglect ed . 

II. ' The egu tions of st te 0 
partially ionized ga s 

First , the general f o of the equations 
of state for a parti lly ionizabl~ perfect 
gas must be established. When radiat ion e -
fects are omitted nd the odynami1 equili­
br i um is taken f or g nted , it is 

B"~ ( l+O!1 kT+N Ti +N ( l 0+ O(w1 , ( 1) 

P-N ( 1 +0() kT Iv , ( 2) 
0<,2 u 1 V 2 1'1'm kT 3/2 Ti 
-- .. 2 - - ( e ) exp( - - ) . (3) 
1- ex: u N h 2 0 

Here N is the number of at s 
mass ; P , T , O(, B and V re the the ic 
v r i a bles , that is p ssure t p ture , 
ionization coe ffiCient , en r gy and vol 
per uni m ss, respectively . Ti is he i 
niza ion t emp ture , u is the 
partit io func on , w is th 1 
c t a t ion energy. Sub cript 0 

n u ral while ub pt 
the ion • 
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t he eval u ion of the various possible ~~ r ch Igor ithm s , we found th t bin r y !le reh beh ve s well when the requirement is or one or t wo significant digit • I n all other cases , ppreciably higher e i -. i encie s can be obtained by dopting the t Is position method . 

gas dynamic ioni 

As a test case for the numerical pro­c:edur e we have considered the probl of ~Iartial ionization produced by pl e ghock w ve5• The one- dimensional l ow h s b en simulated by solving the equa­tions of ga s dynamics in a finit e diffe­renc r..J f. . TI,a . . cl'.l::;iQr ~ f' '. 11"1 " 1't ~ 4'< oi 1 viscosity t e allows oothing Cl f shock di scontinui t ' . 
alues of the thermodynamic Quantitie s t ve be n computed in the downstream re­s:i on for various upstream conditions and c:or.lpared with the exact values . These v lu s h ve be~ obt ined by using H oniot I'e lation for the partially ionized gas . [ us refer by subscripts u and d to the ~pst e nd downstream regions , r e spec-tively . Figure 1 and 2 display down stream ionization coe ficient ad as a function of \..pstream M ch number M • Uu/W • Here U is gas velocity and W·(~p~ saCp/CV(dp/~D)T stays for sound velociifY• ~ Equations '(4 - 6) allow to obtain ~xplicit expressions for dependences of c , C v and ((jp/(jC) upon t and a • Figures 1 and 2 show six dIfferent profiles per­taining to specif ' volumes v .101 , 102, 103 , 104 , 105, 106 • Higher va~ues for Vu correspond with increasingly higher values for • Simil ly , Figures 3 and 4 give the dependence of the density ratio Kuv /v o he e f jlies 0 ups r condi~ d tions . We no in passing that in Figure 3 cur ves mer ge rds th left end where ioniza ion is practically absent . This fact is due to th ell ~nown scaling of the type K - f (td , ) v~~id for a perfect gas wi hout ionizat1on . The values obtain­ed in numerical g s dynam cs simul a ion epresente in he i gures by mean s 0 s . Th agr tong heoretic 1 (c ) v lu ed v l'~s i s ex--t . 

For the cc .pu ion of exact v ' ue s of ad K, th Hugonio relation , 

e - ( ) 

s b e s d ned by 

5 

~ ' . 

(4-6), t o rri ve at the form 

t d ( 1+ d ) K
2
- 2 [2td ( 1+ d) + d- 2tu ( 1+ u )-a.ul K-

- u ( 1+ )-0 . 
Given this , the density ratio K must be obt i ned by iteration . Indeed , assigned the upst ream values (t , ) , equations (9)and (6) express how K epeMds on one of t he t wo v i ble s td or • Let u s fix , for i nst ce , td nd start ~r a tempt tive value or K. Then r el tions (6) provide a v l u fo r whi ch may be introduced in (9 ) 0 gi ve closer ppr oximation for K. C pu t t i on i s r epe ted until satisfactori ly converge t r esul . s r e obt ined . 

V. Conclu sion 

The numerical procedure has been applied wi t h considerable success to the propagation o g s dyn ic ionizing shock wave . Its domain of applicability , however e xten d s t o any ste dy or unsteady multid~en si -na l low where nonunifo ionization has a role . Particular ly , the procedure is tai­l ored for situations where the exact ount of partial ioniza ion has a sensible effect on other physical propertie s . Examples a re given by t he dynamics of pti ca lly thin radiat i ve ga se s with rad i t i on­losse s 0 (0£2) nd by magn et oga sdynamics when electrical conductivity dep nds on v r i a­bl electron density . 
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ANALY IS OF NUCLEAR INDUCED PLASKASt 

• .* Jerry E. Dee.e and H. A. Ba.aan Mechanical and Aero.p.ce !ngin ering Dep.rbD nt North Carolina St.te Univer.ity Ralaigh , orth Carolina 27607 
Ab.tract 

A kinetic model is developed for a plasma en­arated by fillion fragments nd the results are .-ployed to Itudy He pl •• ma generated in • tube coated with tildonable material. Becau.e both the h.avy particle. and electron. play important role. in creatina th plalllla, their effect. are con.ider­ad limultaneou.ly. The calculationa are carri d out for a ra ge of neutron fluxes and pressures. In a.ner ,the predictions of the theory ar i n aood .aralM~nt with available intensity mealure-.. nt.. Moreover, the theory predict. the experi­.. ntally mea.ured inv.r.ions. However, the calcu­lat.d aain coefficients are .uch that la.ing is n.ot exp.cted to t.ke place in a helium pla... enerated by U .. ion fragments. 

Introduction 

Inereased interest in gas core reactor. 1 and the recent demon.tration of direct nu 1 ar pump­ina2-~ focu.ed attention on plasma. enerated by the hi h energy f i8lion fra ents. Such sy.t m. ara r.ther complex and the plasma generated in them i., in general, not in th rmal equilibri~. There­for., before one can predict their performance characteri.tic., one need. to develop a detailed and self-consilt nt kin tic model capable of pre­dicting the behavior of the pl..... generated in th •• e device.. 

Sev r.l author. have analyzed the .pace­dapenden t volumetric production of ion. by fi •• ion fr .... nt. p ••• ing throu h • background a.. Both Laff.rt, .t al. 5 and auy~ and Gro •• man' derived expre .. ion. for the .patial distribution of f18&1on fraam-nt production. In both of the.e analy. e .n en.ray independent empirical value W i. • •• umed for tha llIIIOunt of energy required to produce an ion p.ir . Th. former utilized both linear and .quare anergy-lo •• model. f or th heavy particle., while Nauyen .nd Gro •• man used the Bohr .topping equation for fi •• ion fr.,..nt.. Rather t han raly on em-piric.l con.tant Kiley .nd Thies.',· derived an ex­pra •• ion for the ioniz.tion .nd excit.tion r.te. which t.kesinto .ccount the effect of the energy di.tribution of the incident particlel. uch. c.lcul.tion requires e.timation of the energy de­pandant cro.. .ection for excitation .nd ioniz.tion by he.vy ch.rged particle.. A Bethe-Born type ra­pre.ent.tion .. employed for the c,ase of halLum excit.tion by alpha particle •• nd fi •• ion f r.g-.. nt."', .nd l.ter Guyot et .1.' employed Grylin.ki crol' . ection.1a for helium ionization by alpha particle. and lithium ionl. 

The calculation of the electron enerlY distri­bution function in electric dilcharael d in the ~~.ance of • high energy volumetric lource il • II .nd .• rd procedure . However, thua .ra only • few lIulYlel of distribution. re.ultina frca • flux of hil~ ener gy p.rtielel whara thera il a hiah energy 
tsupport.d, in p.rt, by lIASA Gr.nt NSG 1058. • ..... rch Alliltant. "Prof ••• or. 
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vol tric electron sourc. Calculations using a Monte Carlo method re carried out by W n and Kiley 1 1. Later, Lo 12 and Lo and Mileyl. used a limplified ver.ion of the Boltzmann equation to de­termine the electron ener gy di.tribution in a he­lium pla.ma produc d by a mono- ner tic electron source. More recently, Hassan and D es 1_ pre­sented a mrre laborate Boltzmann quat ion f rmula­tion which took into consideration th primary electron spectrum. 

In g neral, theoretical studies of excit d state densities have ass d the electron distribu­tion funct ion to be a Maxwellian at ao ch racter­istic t mperature. Ru.aell lS used such n ass p­tion i n calculatin excited st te densities in argon. Leffert, et al. 5 and R s, et al. l ' also studied noble gas pla mas assumin the 1 ctron dis tribution function to be Maxw llian. More re­cently Maceda nd Kileyl ' calculat d the number densit i s of the helium excited states u ing the non-Maxwellian distribution. of Lo and Mileyl'; their result. indicate a number of possible inver­sions. 

In addition to the above analy •• , there exists a number of experimental investi at ions d alin with nuclear pumped lasers and la.er nhanc t. Work carried out before 1972 is summarized in Ref. 18 lIhile a summary of the nuclear laser effort at the Univer.ity of Illinois along with an exhaustive list of refer nces on virtually every asp ct of radiation produced noble ga. plssma. is included in the work of Thies. l '. Of particular intere.t here are experiment. studyin individu.l atomic tr n.i­tions at various pressure. and additive concentra­tion under fi.si n fr.gm nt excitation. The earli­est .tudy of fi •• ion fragment excited .pectra i. that of Hor.e, et al. 2o who examined the effect. of fi.sion fr ID8nt radiation on H , Ar , H2, and a r. Guyot2 1 mea.ured the production of helium mets.tables by B 1 0 (n,a) fission fra nts, whil W.ltersll measured the relative inten.ities of the various transitions in both helium and argon. 
a result of the numerous research efforts outlined above, actual nuclear pucped lasing ha. just recently been reported by .everal authors. McArthur and Tollef.rud reporteu 1asin action in carbon monoxide a. a result of nuclear excita ion only. elmick, at al.' demon.trated direct nuclear pumpin in -Xe gal mixtur s. A third ca.e of direct nu=lear pump d l •• ina i. tha of DeYouna' in a neon-nitro n mixture. Obviously the nuclear pumped as la er r ese.rch effort i. atUl in ita early .ta • with the validity of th concept h.ving been demonstrated only rec ntly. Historically experiment.l re.earch wor h.. d n­.trated t he fea.ibility of • p.rticul.r la.er con­cept, with l ub.equent theoretical development directed t rdl under.tandina th actual proce.s­es involv d and optimiz.tion of opera in condi­tion •• 

The obj.ct of thi.. i.nve.tig.tion is the de­velov-ent of a theoretic.l .adel for • pl .... lener.ted by hiah energy U .. ion fra,..nta. 



Th kin.tic ~d.l tr •• t. p.rticl.a in diff.rent 
quantua .t.t.. •• diff.rent p.ci •• end u. the 
.w.tifluid con •• rv.tion quat ion. of ., .,_ntua 
end en.ray to d .crib. th r •• ultina .y.t... It 
t.ka. into con.id.ration th follovina k n tic pro­
C ••••• l ioniz.tion •• x .t.tion and d. xcit.tion. 
radi.tiv. r.coJabin.tiCY.t • • pon~ oue aid .ion ••• -
.oci.tiv. ioniz.ti n and di •• oci.tiv. and colli­
aioaal r co.bination. Bec.u.e both the b .vy p.r­
tiel •• and .lectron. pl.y t.portant role. in creat­
ina the pl ..... th.ir .ff.ct •• r. con.id.r.d .t.ul­
taneouely. '!he r.t .. of e.cti II involvina .l.c­
trona were c.lcul.ted u.ina .1 ctron diatribution 
function. obtained frolil. olution of • Boltz.ann 
equation .pproyr1.t. for pl... aener.t.d by fi -
.ion fr.,..nt. • 

Th • • bov • .od.l i. ~loyed to .tudy • heliua 
pl .... aan.r. ed by U .. ion r.a-nta. Heliua •• 
cho.en b.c.u.e of the .vail.bility of .xp.riMnt.l­
ly _ •• ur.d cru.. a.ctiona and r.te. c.u •• of 
th •• v.il.bili y of in-re ctor .... ur ... nt 11. In 
laner.l. the r •• ult •• how good .'r .... nt with 
periMnt. Moreov.r . they indic.t •• numb.r of po.­
aibla l ••• r tran.ition8; .11 of th a. ow.v.r . are 
in th. III r.,ion. 

An 1X ic.1 Forau1.tion 

Th. y.te .. to b. lDOdeled h r •• r. tho.e .Pllro­
prieta for nuclear p • . d la ra. Typically. they 
eo i.t of tub.. co.t.d with fi •• ion.ble .. teriel 
and fill.d witb , ••• t 80 iv.n pr.8.ur. and t.m-
p.r.ture. The tub i. p1 ced in tb. bi b n.utron 
flux r.,ion of • r cto. Under n.utron oah.rd-
-.Dt fi •• ion fr.... t. r from tbe co.tin, .nd 
ent.r t h s... Th. .uin .rgy tran.fer r.aulu 
in ioniza ion and .xcit tio of th b.ck round g •• • 
A .ch... ic of th .lab g. .etry .mployed in this 
analy.i. i. bOWD n Pi • 1. 

Tr •• tin p rticle. in diff.rent excit.d .tate. 
~ diff.rent .p.ci •• on can utilize the multifluid 
cona.rv.tion equation. to d.acribe t pla... g.n­
• r.ted by the baion fr.gmen.. For the condi­
tion. und.r con.ideration. th ate.dy .tat. approx1-
.. tion i •• ppropri.t.. In this .Pllroxiaation. the 
.fflct. of gr.di.nt •• r • d neg i ible. Thu •• 
the conaervation of p ci ••• quation •• 

n • at • !t. (1) 

raduce. . • a re ult of hi. pproxiaation. to 

1l - 0 • (2) 

In th above q tiona. s is char ed p rticle or 
any quantum t.te of tb b ck round • .nd for 
.p.cies • n. i. th numb.r denaity. ~ 1. th 
velocity d I. nd • are the produ tion rete. p.r 
unit oluae r .ulting roa nuclear .nd kinetic 
.ourc s. r.spectively. 

For v ry low ch number. 
raduc •.• to 

p .. const. 

ntum equation 

(3) 

Were p i. the pre aur., while the en rgy .quation 
talt.a tb. fon 

(4) 

Wer. P i. the power input and Q ia the conduction 
and r.diation lo •• e.. For optic.lly thin hiahly 
conduct in, , ••• Eq. (4) r.duc •• to 
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, • 'i (S) 

vb r ti i. the initi.1 I.. t .r.tur •• 

Th. pr p.rti of t • .l.ctron..r d teratn d 
froa an .1 ctron Boltzmann .quation. Th •• quation 
...,loy d 1& that d.veloped in f. 14. For th 
high pr •• ure. of int.r •• t th pl. • g.ner.t.d by 
the fl .ion fr.amant •• r •• 1iahtly ioniz d. Th.re­
for •• ualna the Lorantz •••• pproxiMtion. the r.­
.ultinl Boltzaaan .quation for • qua.i-.t •• dy pl • • -
aa c.n b. written •• 1-

v a v afo .Ei afo • i a 2 v a 0 - -- (- --+ -"'L"") + ~- [v (--~ 
3 a1l:i "axi 11\1 ~ 31Iv~ av \I «nIi 

.Ei ato af ») + !!.l2... [\lv2 (f + k.t ,...2.») + -.v av: K v2 av 0 C1Y 

+ ! r[v,2 Q {v')f ' 
v L • 0 

+ {afo/at)c - 0 • 
Wer. 

- v2 Q (v)f ) 
• • 0 

! 1IV,2 • ! wrv2 + ! IIV 2 
2 2 2.' 

(6) 

(7) 

v i . the v.locity. e i. tb •• l.ctric ch.r ••• m i. 
the .l.ctronic ., K i. the .... of tbe he.vy 
p.rttcl... • the •• numb.r den.ity. v i. the 
co1li.ion fr.qu cy, 1/2 1IV.2 i. tbe excit.tion 
en ray. Q. i. tb •• xcit.tion eros • ction and 
(afo/at)e i. tb .ource t.rm r •• ulti from pri .. ry 
.nd •• cond.ry ioni •• tion d r.combin.tion. An .x­
plicit expr ••• ion for <afo/at)c tog.tb r witb the 
method of .olution of Eq. (6) .re given in R.f. 14 . 

• quantiti.. t. nd Ra u.t be determined b.­
for. the • ova .y.tem of equation. can b •• olv.d 
for tbe v.rioua .p.ci •• pre .nt. To d.t.rmine I. 
and Ra. on. n •• d. to .p.cify the import.nt k.in.tic 
proc ••••• in th • • yst.m. The .. jor reaction. in­
clud.d ber.. i ch ar. appropriate for noble g ••••• .r . 

1. Fi •• ion fr.gmen excitation 

ff + X ... ltj + ff 

2. 'i •• ion fr. nt ionization 

ff + ... X+ + • + ff 
3. pontan.oue mi .. ion 

Xi ... Xj + 

4. Ioniz.tion .nd r.combination 
+ Xi + • ~ X + e e 

S. EI.ctron excitation nd d -.xcitation 

Xi + e : Xj • 

6. ladiativ. r.combination 
x+ + e ... X h 

7. Excitation tran.f.r 

Xj + X'" Xk 
8. Dis80ciativ. r.combination 

+ X2 +. Xi + X 

9. Colli.ional r.combination 

X+ + X + X + X; + X 



10. A •• ociative ionization 

X+ i X2 + e 

Il. EI.ctron .tabiliz d recombination 
+ X2 + e + Xi + X + e 

12. N.utral atabilized recombinat i on 
+ X2 + e + M Xi +K 

1). Heta.table ionization 
X· + X· + + X + e 

14. Charge ansfer 
X+ + K K+ + X 

15 . P nning ioniz tion 
X· + M + M+ + X + e (8) 

where M r pres.nts a substance other than the back­
ground gal or an impurity. 

The term II i a result of reactions of type 1 
and 2 while is obtained from reactions of type 
)-15. In gen ral, for a reRction of the type 

(9) 

the contributi on to the production r ate of species 
sil 

(10) 

where St ( - i, j, s, t) denotes a s tochio tric 
coefficient . The quantity k is the forward rate 
co.fficient and is iven by 

k - f fi fj ij C1ij dVi dVj (11) 

wher , for I P cies i, f1 i the nerf.( dis~ribution 
funct ion, i is the velOcity, ij - IVi - Vjl and 
0ij iI the collilion cro •• section. If i repre­
sents b sta ionary bsck round as and j a f ission 
fragment or an electron, th n Eq. (11) reduces to 

k - J fj C1 Vj dVj • (12) 

The rate coeffici nt. for r actions involvin 
the back round a. (or ase.) are u ually obtained 
from exp ri nt. On the other hand re ctions in­
volvin the fis ion fra tl and lectronl c n, in 
principle, be calculated accordin to Eq. (12) from 
collision cross sectiona determined from experiment 
or theory and appropriate diatribution functionl. 
In this work the electron diltribution funct ion is 
calculat d from Eq. (6). Unfortunately, the aitua­
tion with re ards to fission fragment 1 is not 11 
understood; this is because the fission fragments 
are characteriz d by initial energies ran in fro 
50 to 115 ev, initial ch rae. fro 16. to 24e and 
...... from 70 to 160 atomic ss units. I addi­
ti n no data i. available on cro.. ..ction. for 
ioni.ation and .xcitation by f il.ion fra nt •• 
Becau.e of th •• e unc:ertaintiel, the contribution of 
the fillion fragment . to excitation and ionization 
wea estimated using two different approximate 
.. thoda. In the fir.t, the proc.dure outlin.d in 
Ref. 6 al u •• d to elttaate the avera en.rgy d.­
po.ited in the ga. per unit volu.. per unit t ime, 
If. The avera.e nuaber of ion. produced p.r unit 
volu.. per unit tt.a i. liven by dividinl If by W, 
the enerlY expanded per ion peir produced. Si.t­
larly, the total nu.ber of excited .tate. produced 
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i. d.t.rmined by dividin f by Wex' the en rgy ex­
p.nded per excited I ta te produc d. Re.I, et al.·' 
det.rmined that the total xci ted particle produc­
tion rate from fi •• ion fra ent is .53 times the 
ion production rate, thus 

Wex - W/.5) • (13) 

This proc dure deterain s only th total number of 
excited states produced b fission fra nts and 
10m model for th distribution of th Ie stat •• 
IlUst b adopt d. B .. cau 'e"f th absenc of a en­
.rally accepted proc dur for th di stribution of 
excited stat I a number of del have b n ploy­
ed here and these a discu ed und r R suIts and 
Discussions. 

Th oth r ppro ch us s th procedur of Thiess 
and Hiley' which is based on a heavy particl dis­
tribut ion function derived from & lemiempirical 
I l owin law to ther with ionization and excitation 
crols s ctions based on th Born or Gryzinski ap­
proximat.ions. To utilize this procedur on needs 
to assume that the fission fra nts fall i nto two 
groups : a light group with an av ra e mass number 
of 96 and an aver ch r of 20 and a heavy 
group with an aver a e mass numb r of 140 and an 
average char e of 22e. 

nd Discussion 

Th above mod 1 is appli d to a study of He 
plasma generated by fission fra nts and the re­
sults af: co par d with the m asur ents of 
Walters who mploy d tube of radius 1.85 c 
coat d with U)08' To conform to th conditionl of 
the experim nt, th calcul tions allow for th pre-
sence 0 a nitro n impurity in th syst For a 
iv n pressure, t peratur, neutron flux and tube 

dimensions, th abov model ia capable of pr dict­
ir.g th number d nsities of the helium excit d 
states, the atomic and molecul r ions and the elec­
trons. From this, on can calcul t the relative 
intensities and ain co ffici nt,. For the calcula­
tions pres nted h re , tha as t mp rature is as~ . 
aumed constant at 300o K, while the pr ssure rang d 
f rom 100-760 Torr, the neutron flux fro 3.8 x 
1011 - 10. 6 neutrons/cm1.sec. and the nitrogen con­
centration fro .001 to 50 parts per million. 

All helium excited states with a princip 1 
quantum number of 5 or less re included in th 
c81c~lations. The rates or cross s ctions fo~ the 
reactions of types (3) throu h (15) i ndicated in 
Eq. (8) w re obtained from Refs. 23-54 while 
Einste n coefficients for spontan 0 s miasion were 
tak.n from Refs. 55 and 56. B caus th xperi­
mental data is incomplete th products or the r tes 
of aome reactions had to b es imat d and th s sr 
diaculsed next. 

At th hi h pressur s of inter st here the re­
combina ion process in noble ases i complic.ated 
by the formation of molecular ions. For pressures 
greater than 5 Torr th r action 

+ + He + 2 He Be
2 

+ He (14 ) 

quickly convertl stomic ion. into molecular ion.1'. 
The .alecular ion reco.bination ia governed by 
three reaction.1~,15 



pressur 
without. 
For the 

e K 2 

+H+ 
2 

R 2 

H 

H 

2 H 

'" R 

H e 

'" It (15) 
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l' th r 

1< H+ + 2 H 2 He (1 ) 

h n th two-bod proc s 
1< 

H + He H 2 (17) 

re. If this process is ind d hr -bod 
its f ctiv n ss will incr s with 



it n 

~ lu . 76 1I 

~- 3lu 5. 7 1I 

Ip _ lu 5.76 1.1 

Ip _ 310 5.761.1 

~ - 310 95.76 1I 

41P lu 216 1.1 

~ - 10 216 1.1 

4~ lu 216 1.1 

4~ - lu 21 1.1 

41P lu 216 1.1 

4 D - 4 P 216 1.1 

IS 21p 7281 A 

on el c~con excitat on 
pidl a hi h r flux 

Table 1 

Excita 
Mod 

.. lp 

21p 

2~ 

2 I,. 

TM 

2~ 
21p 

21p 

2 I,. 

TM 

21p 

TM 

Gain 

100 

760 

100 

760 

760 

100 

760 

100 

760 

760 

100 

100 
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Co 

• 

x 

3. x l Oll 0 .0 0. 7 x 10-11 

1.0 x 1016 0.0 0.1 10-5 

3.8 x lOll 5 x 10-5 O. 2 10- 11 

3.8 x lOll 0.0 0.15 x 10-9 

3. 8 x lOll 0.0 -0. 12 x 10 

3.8 x lOll 0.0 0. 2 10-11 

LOx 1016 0.0 -.1 10 

3.8 x l Oll 5 x 10-5 0 .14 x 10-11 

3.8 x l Oll 0.0 0. 11 x 10-10 

1.0 x 101 0. 0 0.20 x 10- 5 

3 .8 x lOll 0 . 0 0 . 2 x 10 -



inveraion. Siallar concluliona hold en one H­
e_a 

Q(4l X) • 3 Q(43X) • 

.. 18 aean from co.paring Figa. 6 

Concludins rita 

(18 

d 11. 

eonaidering the incompleten ss of available 
cross sections. the predictions of th model are in 
good agreement with available relative intensity 
meaaur t a and me&sur d inversiona. However. 
more c lete rate data ia n ded for the accurate 
predictions of other poaaible inv rlions involvina 
the' higher nate.. The calculated gain coeff1ciantl 
are so s .. ll that. because of cavity loasea. laaing 
18 not expe ted to occur in helium. Thus. heli um 
is not a good candidate for a nuclear pump d laser. 

Appendix: Gain Coeffic1 nt 

The p088ible lasing transitiona in atoalc heli­
um involve el ectronic s t ate transitions. The gain 
coefficient for transition f rom upper level m to 
lower level n i s 

N N 
[....!! - -1!.] C(v) 
'sa 'n 

(Al) 

where G(v) 18 t h shape factor. Nat and Hn the nlJlll­
ber densities of stat es m and n. &m and In are 
the:! r degQJ1~ :acies . Amn is the Einstein coeffi.:ient 
~f epontaneoua emission from level m to level n., 
an.d v 18 the freq~!1cy of the tranaition. 

The shsp f act or s ai!ected by two processea. 
Doppler and pressure broadenillg. In general, for 
preasures greater than 30 Torr, p~essure broadening 
18 dominant. Thus, Doppler broadenl n is neglected 
in thia analyaia. For pressure broadeutng the 
shape factor C(v) ia given by 

2 
G(v) - 1T r v (Al) 

t s t 

where 

2 Ta Tt 1/2 
vst • '3 [2k (- + -)] Zst nt (A3) 

ma mt 

In Eq. (Al), s repres ts t he lasing gas and t re-
presents other gas s pr sent in th syst Wh n 
sw.1ug on t in Eq . (Al), t can be equal t o s. 

The quantities 2.t can be calculat ed f rom the 
Lennard-Jones potentlil parameters of the colliding 
1D01eculea lO - u 

z -at 
d 2 0(2.2)(T* ) 
st at (A4) 

~at - Ida dt 
(AS) 

0\ * 
T t • T/£ ~ (A6) s s. 

* 2 1£: £: ~ 
£ -

(1* + 1*) 
(A7) lOt 

s t 

The quantity 0(2,2)( ) 18 obtained from the empiri-
cal curve fit" 
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0(2,2)(T) _ ~:~:~~~ + 0.52487 exp [-0. 7732 T) + 

2. 16178 exp [-2. 43787 T) -

6.435 x 10-4 TO. 14874 sin (18 . 0323 -
TO.7683 

. 7.27371) • (A8) 

e required par ... ters for helium are ' o,'-

d - 2.576 x 10-8 cm a 

* Is • 24.586 ev • 
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Abstract 

Electron eneT~ distribution functions have 
235 been c lculated in a U -plasma at 1 atmosphere 

for various plasma t6Qperatures (5000 to 80000 K) 
12 16 and neutron fluxes (2 x 10 to 2 x 10 neutrons/ 

(cm2-sec» . Two sources of energetic electrons 
are included; namely fission-fra ent and electron­
impact ionization, resulting in a high-energy tail 
superimposed on the thermalized electron distribu­
tion. Consequential derivations from equilibrium 
collis ion rates are of interest relative to direct 
pumping of lasers and r diation miss ion. Results 
suggest that non-equilibrium excitation can best 
be ach'ieved with n additive gas such as helium or 
i n lower temperature plasmas requiring UF6• 

An approximate analytic model, based on 
cont inuous electron slowing, has be n used for 
surley c lculations. Where more accuracy is re­
qui~ed, Monte Carlo technique is used which 
coribines an analytic representation of Coulombic 
co llisions with a random-walk treatment of in-
e ',astic collisions. The calculated electron dis­
tributions have been incorporated into another 
(:ode that evaluates both the excited atomic state 
lensities within the plasma and the radiative 
flux emitted from the plasma. Only preliminary 
results are avail ble from the latter code at 
this time, however. 

Introduction 

Knowledge of distribution functions is essen­
t~al to understanding radiation-induced plasmas 
and t heir applic tions. Prior to the present 
uranium plasma calculations, workers at Illinois 
considered various noble gases, both as potential 
nuclear-pumped laser candidates nd to gain ex­
perience with an lytic techniques with simpler 

cases. G. Miley(l,2) developed echniques to 
calculate the energy distribution of the primary 

ions. Subsequently, P. Thiess and G. Miley(3) 
reported early c lculations for helium at the 2nd 

Uranium Conference; R. Lo and G. Miley( ) first 
r eported the calculation of a full distribution of 
electron energy in a heli plasma cre ted by 

' nuclear radiation in 1974; and B. Wang and G. 

Miley(s) developed a Monte C rIo simulation model 
t o eluate the distribution function more pre­
cisely for cases both with and without an applied 
electric field. While consuming more computer 
t ime, the Monte Carlo m thod is vie ed as a bench­
mark for testing n lytic techniques which must, 
of necessity, contain many approxim tions. 

Evaluation of the electron nergy distribu­
t ion and the resulting excited state densities in 
uranium-UF6 plasmas are necessary to ccurately 

* 

d termine the radiation emitted from a gaseous-core 
uranium reactor such s is currently under experi­
mental study at Los Alamos Scientific Labora-

tory. (6) A gaseous-core uranium reactor is po­
tential ly import nt ource of radiation for t he 
v rious appl ications such s chem c 1 proc ssing, 
isotope sep ration, and direct pumpin of gas 
lasers . (7) 

While early experiments will use UF6, our 

calculations to date have concentrated on uranium 
plasmas for two reasons: First, an opportunity to 
dev lop the appropriate cross-sections and calcu­
lat ional techniques is afforded while working with 
a simpler , one-component cas, nd secondly, the 
uranium plasma is of ultimate interest for high­
grade power reactors. 

Plasma t mperatures ranging from 50000 K to 
8000 0 K at a pressure of 1 tm (the boiling point 
of uranium is 4407°K at 1 at ) with neutron fluxes 

from 2 x 1012 to 2 x 1016 n utrons/(cm2-sec) are 
considered. The uranium pIa m under study is 
unique in that it is a fissioning plasma. The 
neutron flux within the plasma causes fission­
fragments to be formed. They in turn produce a 
non-Maxwellian electr on flux which excites the 
atoms in the gas, creating r diation emission. 
Two import nt questions result : Are ther any 
inverted energy levels that could lead to lasing? 
Does the line structure that is superimposed on 
the emission continuum cause any unique features 
relative to other uses? 

The study has two distinct aspects: First, 
the effect of fission-fragments on the electron 
energy-distribution function in the plasma is 

evaluated. (8) Parametric studies of the neutron­
flux (a measure of the fission-fragment density) 
and the te perature dependence of the distribution 
function are included as part of this work. 
Second, the excited-st te densities within the 

plasma are studied. (9) Possible inversions are 
sought and the radi tive transport of photons, i.e. 
the pI sm emission spectrum, is considered. 

In determining the rate of occurrence of fis­
sion react ions, the urani is assumed to consist 

entir ly of the u235 isotope. Furthermore, the 
n utrons are ssumed to be in thermal equilibrium 
with the plasm so that th fission cross -section 
can be veraged over the neutron flu distribution 
u.sing an effective neutron te per ture . Some 
allowance for spectrum hardening is de in the 
more strongly a sorbing cases. 

Theoretical Mod Is 

In subsequent 5 ctions we concentrate on the 
el ctron energy distr bution created by fission 

This work is supported by the U.S. NASA Grant NSG-l063. 
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f ragm nt. OV r t tl! dens ty rang 0 int r st, 
1 ctron-~ act xci tat on-ionization dom n t 
v r th contribut on by dir ct fission- fragment 
ol1isions. Cons quently, it is important to 

have th corr ct n rgy- p ctrum for prim ry 
elect~ons produc d by fission-fragment impact, nd 
this i s ca l culat d by techniqu d velop d by Guyot 
and Mil y. (10) 

sm par et rs m ntioned bov , the 

dEl at E • <E>IOSS • t • v (3) 

wher v s the pe of a tes 1 ctron r elative to 
t h rmal electrons and t is t h macroscopic inelas­
t i c cros secti on. Th av rag n rgy l oss per 
colli sion, <E>lo 5 is defin d as 

da~E,E') • E' dE' 
E' var ous plasma const i t uents can be 

pr dicted by th Saha equ tions, and t he d nsities <E>loss= 
da~, E ' ) dE ' 

E' 
are illustr t ed in this Fig. 1. A first ord r 
approxi ation 0 the p rturbation to th se den-
si ie c us d by t h production of fi ssi on-frag-
m nt ner t ed electrons i s only of the ord r of 
1/10\ or case of i nt r est here. Therefor , a 
furth r correction for r adi t ion effect s is 
generally negli5ibl • 

o spite th ir mall number, th high energy 
lectrons i n th t il of the dist ribution m ke 

significant contribution to excit tion reactions, 
henc , this t il is c lcul ted xplicitly. An 
approximate, but useful, nalytic formul tion for 
the di tribution function i s obtain d with the 
assumption of continuous slowing down of el ctrons . 
In an i nfinite, isotropic edi nd. i n th absence 
of xtern 1 forces or fi Ids , th st arly-st.ate 
solution for the distribution function at high 
energies (i . . for ener gies where recombination is 
negligible) i s found to be(11,12) 

feE) E 

GO 

S(E ' ) dE' 

dEl 
CitE 

(1) 

dEl The denominator, (It E' of Eq. (1) gives the 
energy loss r te of an electron at ener y E due to 
Coulombic collisions and inelastic collisions 
(ioniz tion and excitation of neutr l nd s i nglely 
ioniz d ur nium). It is compos d of s of en­
ergy los rat s for each t yp of collision, i . e ., 

de dEl 
(It = (It Coulombic dEl 

+ at i onizat i on 
co l lisions coll is ions 

+ dEl at exci t tion (2) 

011 sions 

dEl Hum rous tr tm nts for Cit Coulombic exi t 

i nt r action 

collisions 
,such s the Fo k r-Planc 

l ectron density in th 

us d, which incorpor t s colI ctiv 

In the ca e of i onizati on and excitat i on, the 
energy loss r ~e may be obtained by 
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- .............. ~. E'dE! 

where E is the energy of t st particle and E' 
i s th energy lost by the test particl as a re­
sult of collision. The microscopic cro s s c­
t ion, aCE) and th nergy tr ns er diff rent i 1 

daCE E' ) cross section, dE: are calcul ted from a 

Gryzinski odel(15) using the d ta of Parks, 
et 1. (16) for ur nium atomic states. 

(4) 

While there re many uncert inties in these 
cross section stirn tes, this pproach is th only 
on feasible in view of the scarcity of experi­
ment 1 d t a or detailed calculations. While 
absolute magnitudes for the resulting dist ribu­
t i ons will r flect this uncertainty, hopefully 
r lativ comp risons ong th v rious c lcula­
t i ons will be ore ccur~te. 

In th numer tor of Eq. (1), the qu nt ity 
SeE') is the electron production r te fro all 
sourc s per uni t spatial volum per unit energy. 
The lectron sources re of two types, categoriz d 
according to their origin; n ely, nascent elec­
trons and second ry electrons. The former el c­
trons are the result of fission-fra ent-induced 
i onization of uranium while the latter re th 
resul t of electron-induced ionization of ur nium. 
Sinc the second ry el ctron source is d p ndent 
u~on th n scent el ctron source and the m nn r i n 
wh ich they therm lite, an expression for the total 
sou?ce, SeE) cannot be known a priori. Con e­
quently, SeE) and th distribution function () 
must b c lc~\l ted i n an iter tive manner. 

Computational Techniqu s 

The starting point in the it r tive sch e is 
t he calculation 0 th na c nt el ctron sourc So 

which r quires a no 1 dg of the ission-fra nt 
nergy distribution . A simpl sti at of this 

di tr ibu ion can b obt in d using h 
of Eq. (1). The source 0 fission-fra 
narro in en r y th t it can b consid r d s 
d Ita function; but two di stin t fis sion-fr gm nts 
r suIt from a in 1 fis sion event at av r ge 
n rgi s of 7 1 and 98 Me and masses of 140 amu 

and 9 amu, r p ctively . Th n, the fis ion- frag­
ment di tri bution i 

(5) 
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8e or uc c lculati ons ar possible, a mod 1 
of tructure is n cessary. (23) Th 

and inverse l i fet im s re ob-
tained usi n da a rom 85(24) and LASL.(2S , 26) 
U i ng th intensity d i n th s r port, n r gy level and inver~e l i f t im s were comput ed and 
norma liz d t o th l if t data of l ose. (27) 

An exampl e of t h n rgy 1 vels and the r ela­
tive i nver se l i f t s d r ived i n this fashion is given in T ble I. These r suIts are obtain d on 
the b sis of a j-j coupl in 5ch e which was se­
lected to b cons i st nt wi th th original an l ysis 
of mea.sur d r diation intensities . It is to be 
not d, for e ampl • th t a spontan ous ission of 
radiat i on 
fi nal s t t 
able than 
620 em-I, 

state 6249 
result s is 

-1 rom an initial state , 1 6 4 em ,to the 
, 0 - I, is at least twice more prob­
transit ion t o higher f inal stat , 

bout f our t es or t han t o the f i nal 
- I , t Furth r discu sion of l~se 

iven i n Ref. 2S. 

Th t im dep ndcnt rat e equ tion for excited state q i 

~= - ~ A 
~qp 

+ ~ (B g(v) p(v) p 
~ p 

- Bqp g(v) p (v) ) - 0 V
2 

q q q 

+ ~ p f $(E) 0pq (E) dE 

q ~ f (E) 0qp (E) dE 

. ( . ) a ( i ' E h) ' 1 1 t 

In our model we ass a steady-state solu-
t ion , hence the t~e derivative is set equ 1 to 
zero. Since t he syst is l ar ge [e.g. about 1-. 
l ong with a I-m di et er b 5 d on an experi n a l 
pI sma design at Los Al os ( )1, we s n in­
f inite di syst wh r di ffusion 10 
negl igi Ie . i th t h s t wo ss p ions , 
reduces t o mat rix equation of t he fo 

B .. C pq q p (9) 

As a test of the validity of this model, ini­
tial calculations wer e done for helium .(9)So e re­
sults f rom this study are repr oduced in Table I1.There, 
exper ' ental values(28) for fission-fra ent ir­
radiat ion of He are compared with the theoret i cal com utat ions for a single st ep (Case I) and 
doubl e st ep (Case II) excitat ion. ("Double 
step" r efer s to excitation collisions or iginating 
fro metastab l e states whereas "single step" 
proc sses star t from the ground state.) Ois­
crepancies ar ise due to the significant contri­
but ion of Maxwellian distribution, expeciaUy 
for t h more realistic conditions of Case II . 
How v r , it is important to notice that ther e are 
i nv r s i ons predicted for the Slp_SIO nd 4lp_4 10 

t t es. These results are described in ore de­
tai l in Ref. 9. Compar isons wi th other data and 
cal ulat ions, to the e t ent possible, sho ed good agr _e ent, lending confidence to the model. 

Radiation from the uranium plasma will con­sist of continu black-body type radiat ion wi t h 
discrete line struct ure supeTimposed. The con­

t i nu will be c lcul ted using conventional t ech­ni ues hile perturbat ions due 0 line structur e 
Table I. Rf lat i ve i nverse lif t im for some st t s of UI b sed on Ref . 24, Ref . 2S 

ru 1 R f . 26. Energi es ar e in em-I * indic tes d t i s from R f. 24. 

FINAL STAn 

~ 620 3801 4276 4453 5762 5991 6249 7006 710< 7126 8119 10686 15721 .001455 ' .ooln' . 000755 .00261> . 00213 .0031 6 .00348 .00103 n 
i 

IS 3 . 00143' .004 ' . 00203' • DOl!;, . 00255 . 00239 . OC356 . 00319 I -• 
1 15632 .00J57· .00101' 00296 .00 13" .00237 . 00 3 '0 . ~0152 

S 
14 4 . 00642' .00211 ' .00157 .001 66 .00047 

e 13463 .0017 • .00094 ' . 00047 . 0016 . (10096 . 00014 

J 
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Table n. Fiss on-Fr. nt Exe1tt.tlon of He. 

SHIPMAN CASE I CASE ]I 

n3,p 
1.7 1.189 0 .693 

n3,o 

93'on3,p 
2.83 1.982 I 1.155 

93'p n3,o 

t--
n,,'p 

1.8 0.855 0.65 
n",o 

94'0 n,,'p 
3.00 1.425 

94,p n,,'o 
1.083 

will be obtain d from th excit d-stat d nsity 

c.alculation described above. A code to do this 

has b n devised that divides th pI ma into dis­

cr te re ions to account for t peratux and 

density variations. An i t eration t chnique is ID­

ployed to account for the radiation and state­

density coupHng, but this connection should only 

be important for a f W stroD lin s. 

Conclusion 

Cross sections, lifeti data, etc. and 

thods have been develop!d for the calculation 

of the electron energy distribution in a £1ss;',,01-

ing uranium pIa a. This is the first time such 

results are available. The thermalized compon nt 

tends to dominate in high-t perature, pure uran­

ium. I t is suggested, however, that high- nergy 

electrons in the tail of the distribution ay be 

very effective in producing non-equilibrium exci­

tat ion in mixtures here the additive gas has a 

relatively high threshold energy for excitation. 

The noble gases are examples of potenti lly at­

tractive additives. 

These thods of analysis are no bing ap­

plied to lower temperature UF6 which is of prime 

i nterest for near-term experim ntal endeavors. In 

addition, radiation iss ion sp ctra fro the ura~ 

ium plas are under 5 udy. 
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Abltract 

Scatt rin of electronl by UFa Il101 .cute wal 
l tudied at i pact ener giel ran in from 5 to 100 eV 
and Il1O ntulll tranlfer, e laltic and in laltic 
lcattering croll lectionl r determir. d. The 

alur ntl allo yi ld d IP ctrolcopic informa­
t ion which mad pollib l e to ext nd the optirl 
ablorption crOll I ct onl f r III 20 OA to 435 . It 
wal found that UF, is a very stron ablorb r in 
the vaCUulIl UV r ion. No transitions were found 
to Ii b low the onl t of the optically detected 
3.0 eV feature. " 

I. Introduction 

Conaiderable n ed hal d velop d recently for 
Ip ctroscopic info tion and lectron collision 
Croll I ction data for U , in conn ction with 
the UP, al core reactor, isotop s paration 
Ich mel and nuclear pu ~d las rs. Th retical 
methods are not exp cted to yield reliable 
predictionl for IUch a campI x 1 cule d el c­
tron impact alUr tI have not b en reported 
in &h literature . 

Ve su rize h re the resultl of our invelti­
gltion concernill3 el ctron scatterin from UF, • 
Some of thele relults have been publilh d or 
lubmitted for publication very rec ntly -3 and 
lome of them are reported for the firlt ti 

The photoablorption IP Ctrulll of UFs has been 
, udi d by lIIIIIIy workers. R c nt ly, DePoorter and 
Ro fer-DePoorter4 obtained d tailed absorption 
spectru and ablolute abaorption cros.S.ectionl 
i n the 2000 to 4200 1'8 ion. bid au aleo de 
ablolut photoab orption ~roll lection asure-

tl in the 1950 to 2500A Ipectral r ion. An 
i nveati ation of the b.orption Ipectru of UF, 
at low t p raturel, in both .olid ang vapor 
phase , W I c ri d out by Lewil 1 bet 
2000 d 4300. No auch ltudi I.reav ilable 

tell than 2000 • 

The techniquel of electron pact apectro­
ICOPY can be utilized ( thigh i ~ct n r iel 
and low Ica t ring a 1 a)7t~ give optical 
I b l' t ion crOll I ctio • - this b Iii 
Huebner ~ -110 have reported pp r nt OIC 1-
l ator Itren th diltributionl or a nu b r of 

molecul I. G nerally their data agr e w 1::' with 
optically lured valuel ev n for incid nt 
electron en rgiel al low al 100 eV. The la 
echnique il utiliz d in th pr I nt inv Iti­

gation to xt nd the PhotOtblorbtion croll 
,ectionl from 20001 to 435 • 

At low incid nt ne i I nd high Icatterin 
a les th 1 ctron impact energy-loss Ip ctra 
are do inat d by optically-forbidd n tr nlitionl 
and yield information ich is not vail ble 
by t he ani of conv ntional optical sp ctro-
lcopy . ll Thil m thod I utiliz d h r to ch 
for optically-forbidd n statel. 

The el ctron Icattering int nsitiel in both 
ener y region. have been no lized to yield 
differential and integral CroSI sections and 
some of thel results are reported here. 
Evaluation of th labor tory lurements are 
still in pro rels and will be reported later . 

II. nd Method 

D taill of the experimental procedures havp. 
been publilhed Is where. 1-3,12,13 Briefly, the 
apparatul conlilts of an electron gun which pro­
duces a collimated, energy-Ielerted be m ~f el c­
t roOl of i pact energy Eo. The electron beam 
crOlles the target UFs b m at 90°. This target 
beam i. enerated by flowing the UF, through a 
cspillary array. Electronl lcattered th rough 
solid an Ie (~ 10-3

11') at an angle 9 with re­
spect to the incid nt electron beam are detected 
and ene y analyz d. An energy-lol. Ipectrum i. 
obtained by uGing pulle counting and multichannel 
scalin techniqu" The n rgy relolution wa s 
about 80 maV (FWHM). The incident energy acale 
was calibrat d againlt the H 19.35 eV r eso­
nance nd the true zero Icatterin ngl s 
d t ined fr the I try of th scattering 
intenlity around the nominal r.ero Icattering 
n Ie . The critical featurel in the pr .ent 
xp ri nt. re hat a . the gun , electron 

opticl, and d tector w l' diff r ntially 
pump d relat ive to the Icattering chamb~r, nd 
b. t he t r get F. beam a condens d on a liq­
uid nitrog n cold tr p placed immediat l y 

boy th sc tt rln r ion. Ev n with th I 
pr ution. h el ctron optici bec me poi-
son d by th UF, after t kl of op r a lon . 

tSupported in part by the Na tional Aeronaut i cs and S c Adminis tration und l' Contrct 
No. NAS7-l00 to the Jet Propulsion Laboratory and in p rt by ERDA Ord l' • LS- 7 -5. 
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III. El 

Th e1aatic Icatt rin int nlity (which 
i nclud a rotation 1 nd vibration 1 contributionl 
with n the inltru ntal relo1ution) val alured a8 a function of scatt ring an Ie at fi~ d i act 
n rgiea r anging fro 5 to 75 V. Und r id ntical c nditions th I procedur w a appli d to He 

and the r tio of th UF. scattering int nsity to H scatterin int naity w a determined. Fro 
t h ae int nsity ratioa abaolute ela.tic acatterin 
croSl a ctiona for UF. r obtained by a "ro-
c dur utilizing H elaatic scatterin crosa 
a ctiona s a cond ry atand rds. The d tails of 
the proc dur are d acrib d in R f . 1. Th 
differential nd int gral stic croaa a ctionl 
aa well as the momentum transf r crosa sections 
ar summarized in Table I. 

.I ' 

IV. 

Th electron impact nergy-loss Ip ctru 
obt i ned at 100 V i pact n rgy and 5° scatter­
in an I e Ihou1d b v ry closely the la e al 
th optical ablorption IP ctru. This ap ctrum 
(Fi • 1) I uti liz d to g t the generalized 
0lci1lator Itren th diatribution or the relative 
optical ablorption croll a ctionl in th 4000 to 
435A region. Th relative valuea re no 1ized 
to the ablolute Ical with the help of th crols 
lecttona of D Poorter nd Rof r-D Poorter at 
2255A (5.5 eV). Por d tail d diaculaion lee 
R f . 2 . The r lulta ar given in Table II nd 
shown in Figa . 2 nd 3. Th re is an exe 11 nt 
gr nt bet n the optical and the 1 ctron 

impact relultl in th overlapping re ion xcept 
at around 3-4. 5 eV eoer y losaea h r t he crOI. 

TABLE I. UP. Differ ntial Elaatic Croaa Sections a(e), (10-80 a lar) . Th perc ntagea contributed by the extrapolationl of aCe) betw n 0° and 20° and betw n 135° nd 1 0° to th elaltic int gra1 and 

Eo ( V) 

S(deg} 

20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
105 
110 
115 
120 
125 
130 
135 

5 

1.60 
1.30 
1.20 
1.10 
0.88 
0.70 
0.52 
0.34 
0.25 
0.16 
0 .16 
0 . 16 
0 . 20 
0.18 
0.18 
0.18 
0. 18 
0.15 
0.13 
0.11 
0. 12 
0.11 
0 . 11 
0 . 12 

4 .3 
(231) 

2 . 4 
(27't) 

me ntum tranafer croaa a ctiona are ahown in p r nthel a . The data reported h re for th 5 V 1 ctron impact ener y h ve been obtained by extrapolatin aCe) valuea t oth r nergi a . 

10 

3.75 
2.90 
2.50 
2.15 
1.75 
1.35 
1.00 
0.68 
0.50 
0.40 
0 .37 
0 .38 
0.40 
0.43 
0 . 44 
0 .44 
0.43 
0.41 
0.40 

' 0.40 
0 .41 
0.41 
0 .43 
0 .45 

9 . 6 
( 251) 

5 .9 
(321.) 

15 

7.00 
5. 60 
4.30 
3 .30 
2 .25 
1.60 
1.15 
0.90 
0.84 
0.98 
1.25 
1.45 
1.40 
1.3 
1.25 
1.15 
0.95 
0.90 
0 . 82 
0 . 78 
O. 2 
1 .• 00 
1.30. 
1. 5 

25 
(391) 

24 
(551.) 

20 

12.50 
8.00 
4.50 
2.60 
1.60 
1.15 
1.09 
1.15 
1.25 
1.35 
1.35 
1.35 
1.2 
1.10 
0 .95 
0 .86 
0 .62 
0 . 58 
0 .57 
0 . 60 
0.66 
0 . 78 
0.90 
1.15 

27 
(431 ) 

19 
46't) 

30 

5.80 
4 .00 
2. 75 
1.0 
1.45 
1.35 
1.25 
1.10 
0 .90 
0.74 
0 . 60 
0.48 
0 . 42 
0 . 3 
0 . 34 
0 . 39 
0 . 47 
O. 0 
0 . 52 
0 . 56 
0 . 64 
O. 0 
1.00 
1.35 

17 
(431) 

13 
(54't) 
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40 

8 .20 
3 .10 
1.50 
1.45 
1.45 
1.30 
1.15 
O. 6 
0 . 68 
0 . 66 
0 . 65 
0 . 54 
0.45 
0.36 
0 . 31 
0 . 30 
0 . 30 
0 .32 
0 . 35 
0 .40 
0 . 58 
O. 2 
1.10 
1. 0 

19 
(551) 

13 
(58t ) 

50 

9 . 40 
3. 50 
2. 15 
1.95 
1.95 
1.40 
1.00 
0 .6 
0 . 52 
0 . 53 
0 . 53 
0 .46 
0 . 38 
0 . 27 
0 .19 
0 .20 
0 . 21 
0 .23 
0 .31 
0 .50 
0 . 74 
1.10 
1.40 
1. 70 

22 
(591) 

13 
(551) 

60 

6.00 
2.10 
1.95 
1.80 
1.45 
0.98 
0.64 
0 .46 
0 . 41 
0 . 50 
0 . 38 
0 . 28 
0 . 21 
0 . 17 
0 .16 
0 .17 
0 . 18 
0 . 22 
0 . 32 
0.53 
0 . 80 
1.10 
1.35 
1. 55 

1 
(601) 

13 
(5 71) 

75 

3 . 20 
2 . 50 
1.95 
1.40 
1.05 
0 . 74 
0 .54 
0 .42 
0 . 35 
0.29 
0.25 
0 . 23 
0 . 22 
0 . 23 
0.23 
0 . 24 
0 . 2 
0 . 33 
0 .41 
0.51 
O. 0 
0. 74 
O. 
0 .94 

9.5 
(3 1) 

.0 
(471) 

- ~ ----------~-----
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Fig . I En rgy-Ioll sp ctr of UP a 5° 
scat t ring angl for 75 V and 100 V 

e lectron imp ct energies. 

TABLE II 

Photo bsorpt ion craBS sect ion pe r 
f the e l ectron TIl 
I so shown . Th 

r ("V) " (nm) de I dE 
(10 - 17 m2 V- 1 ) 

. 0 310 .0 0 .01 
4 . 5 275 . 5 0 .0 6 
5 .0 2 .0 0 . 15 
5 . 5 225 . 5 1.1 5 

.0 20E> . 1. 7 

. 5 1 0 . 8 O. 9 
7 .0 177 . 1 1.15 
7. 5 165 . 3 2 . 4 

. 0 155 .0 4 .0 
8 . 5 145 .9 1. 5 

.0 137 . 8 . 11 
9 . 5 1 0 . 5 2 . 7 

10 .0 124 .0 O. 2 
10 . 5 11 .1 O. 8 
11 .0 112. 7 1. 7 
11. 5 107 . 1. 57 
12 .0 10 . 3 2.30 
12.5 . 2 7 . 6 
13 .0 5 . 4 7 . 17 
13 . 5 91.9 5 . 29 
14 .0 4 . 22 
14 . 5 2 . 
15 .0 3 . 41 
15. 5 2.87 
1 . 0 2 . 99 

75 

aections are I 11 and th e l ectron i act curv 
could ha ao non-optical contribu ons. 

A quantity of inter st for o~ applications 

ia th inte ral croll s ction a I pt for a 

particul r band b t n r y 108 l"fh snd Fe . 
Thia can b obtain d by: 

r. 
atPt - J (dan' ) (1) 

crosl I 

Fe -
spec trum. 
Tabl III. 

E(cV) 

16 . 5 
17 .0 
17 . 5 
18 .0 
1 . 5 
19.0 
1 . 5 
20 .0 
20 . 5 
21.0 
21. 5 
22 .0 
22 . 5 
2 .0 
23 . 5 
24.0 
24.5 
25.0 
25.5 
26.0 
26.5 
27.0 
27 . 5 
2 .0 
28.5 

\( nm) 

75 . 2 
72.9 
70 . 
6 • 
67 .0 

5 . 3 
6 .6 
62 .0 

. 5 
5 .0 
57. 7 
5 . 4 
55 . 1 
5 
52 . 
51. 7 
50 . 
4 

47.7 
46.8 
45 . 
45 . 1: 
44.3 
43. 5 

El 

S 

101 E is 

- 1 ) 

. 7 

.7 
3 

.7 
4 

. 4 

.45 

.2 
3 .37 
3. 14 
3.07 

.45 

. 45 
3 . 26 
3. 26 
2 . 
2 . 
2 . 8 
2.79 
2 . 68 

RrG A 
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WAVEUNGTM. nm 

10'16 
0 "., 3 275.5 

~ . 
r..- 10'17 

! lo"l 
5 
~ 10' 19 , 

'" '" ~ 10· ZO 

10. 21 
2. 0 

CY lOSS. tV 

Fi • 2 

E( V (n ) 

10 . 
10. 5 
11.0 
11 .5 
12.0 
12.5 
13 .0 
1 . 5 
1 .0 
14 . 
1 
1 
1 

A 

\ 

7.0 

• 3 

TA I I 

rp 1 n cr 88 

quiv 1 n t 0 

I( m ) 

x 10-ao 

X 10- 111 

10- 111 

10- 18 

10- 1
" 

10- 1
" 

10-1'1 
10- 1 " 

10- 1
" 

X 10- 1'1 
X 10- 1'1 
X 10- 1

" 

X 10- 1
" 

X 10- 1
" 

X 10-18 

X 10- 16 

X 10- 1 e 

1. X 10-18 

1. 73 X 10- 18 

2.01 X 10- 1 •• 

2 . 26 X 10-18 

1 - 18 

10- 1 

1 - 1 

1 -1 

E(av) 

1 . 5 
17.0 
17 .5 
1 .0 
1 . 5 
1 .0 
1 .5 
20.0 
20 . 5 
21.0 
21.5 
22 . 0 
22.5 
23.0 
23 . 5 
24.0 
24.5 
25 .0 
25.5 
26.0 
26.5 
27.0 
27.5 
2 .0 
2 . 5 

7 

.~ 

' . • • '!;' . 

we n n 
1018 i 

(n ) 

47.1 

•••• , I .. '.' 

.. ~ '.:.;11 • "I , . It 1 

. 5 Vend 

II 
° T(cm ) 

10- 1
" 

X 10-1(· 
10- 1 

10- 1
" 

x 10- 1 6 

10- 1 

X 10- 16 .. 
10- 1 

X 10- 1 6 

10- 1 

10- 11.1 

10- 18 

10- 18 

10- 16 

10- 1 

0- 1 1) 

10- 1 6 

10- 1 

10- 1 6 

X 10- 1 

X 10- 1 6 

10- 1 

10- u 
10- 1 

10- 18 

I-



WAVElENGTH. nm 
N 10. 0 1.55. 0 103. 3 77.5 62. 0 51.7 .... 
e 8.0 

~ 7.0 
9 6.0 
~ 5. 0 
5 4.0 ... 
VI 

III 3.0 III 
0 

2.0 ~ 

g 1.0 
.... 0 4 12 16 20 24 28 

ENERGY LO V 

Fi • 4 s ctions 

V. El 
Int 

In Pig . 5 ar 
t 

snd t 
1350

• 

and E eV s 

tr nsitionl ar below the 
nl t of the firat-det tur at 3.0 eV. 

This is 1 0 confir d (not shown) 
t k n at Eo - 10 V. v n clos r to threlhold. 
Th featur in th 3.0-3 . 6 eV r lIt 

rrelpond to the 1 st triplet and lin 1 t 
ch r -tr afer excitationl from a tluO orbit 1 
c nt r d on th f l ugrine toml to th u 
ur nium Sf orbital . In neral . th variation 
with 9 of p ak intenaitiel in n energy-loaa 
sp ctrum ia known to ive i port nt info tion 
b u th Ipin multiplicity of e l ctronic 

tr nsitions involv d . 'or example. Ipin- nd 
dip l e - 110 d tr nlitionl or Itren ly forw rd 
p k d in 9, while spin- forbidden tr nlitions 
inv Ivin ahQrter-r n xch n forcel t nd to 
b n arly ilotropic . l Th fact th t th r is 
n subatanti 1 ch n in Fig. 5 of th 10 .t-
n r y feature with 9 is v ry lik ly ue ig th 

str ng Ipin-orbit mixing in th Ie .tat I. 
nd /or to contributLon. from overl pping lingl t 
nd triplet vibronic xcit tiona (includi hot 

b nds ) . 6 One also s el in Fi • 1 th t th ratio 
in t he optical spect rum of the (opti lly-

110 d) 5.8 V to th 3 .3 V ( 10 st- n r y) 
f t ur is - 103

, wlt il i n t h 20 sp ctrum 
i t s - SO . Thi f t oints up th ov rsll 
opt i c lly- or bidd n ch r ct r of th 3.3 V 
f tur • 

77 

Fig . 5 En r y-lo88 .p ctra of UPs at 20 eV nd t 
th indic ted n 1.. The elastic p ak 
1s Ih at AE - O. Th optic 1 absorp-
tion sp ctrum of D Poorter nd fer-

Poorter i. Ih for comp ri.on. The 
p k n r ie. in eV for both the 
optical and th e lectron i pact IP ctra 
are indicat d. 

Oth r diff r nc I b t en ,the optical and 
ring lpectra xilt in th 
feature. in the 3.6-5.0 eV 

r ion relativ to the 5.8 eV excitation. First. 
th 4 . 2 eV excitation i. r atly nhanced 
r 1 t i v to th 5.8 V feature in the e lectron­
IC t t rin IP ctra, and i. cle rly • p rat d 0 

fr t h optically-all d transition for 9>20 
This fact indicatel that the 4.2 eV xcitation 
is ptically forbidd n. S con~ J the fairly 

t rong optical ablorption at 4. V il oblerved 
t o "fill in" t e - 200 but 11 practically 
bsent at higher ales. Thil is indicative of 

a k dipol -allo d tranlition. Thil f~ature 
h 8 ind d b en interpr ted al a vibrationically-

11 wed tr nsition. 6 e allo note that the 
atur lobs rved above AE - 6.2 V have not 

pr vi ully b en r ported. 

of the ablolut diff r ntial CroSI 
in laatic excitations can b 

b ained by mealurin in lastic-to- 1 stic inten­
i y ratiol directly from the I pectra (ulin the 
p ropriate lea Ie-chan e factor) and multiplying 

th I ratiol by the no liz d ablo lute e lutic 
DC lilt d in Tab l I. 

Th intecpr tat ion of th UFI Ip ctra or th 
d. t emin t i n of opt i ca l nd 1 ctron i p ct 
cro. 8 ct i n8 in t rm 0 individu 1 t r ns ition 
is quit diff icult. Work is in pr r s a1 n 
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MEASUREME T TECHNIQUES FOR ANALYSIS OF 

FISSIO FRAGME T EXCITED GASES 

R. T. Schneid r , E. E. Carroll , J . F . D vis, R. . D vi , T. C. M f,uir , 
nd R. G. Shi m n 

Univ .r ity of Flor i d 

Abstract 

In pursuit of nucle r pump d lasers, 
exp rim nt 1 fforts h v b en direct d 
t ow rd the m sur m nt of population in­
versions in gases and determination of the 
f ission fragm nt inter ction proc sses 
involved . Spectroscopic nalysia of fis­
sion fragm nt xcited He, Ar, X , N2, Ne, 
Ar-N2, and N -N2 hav been conducted. 
Bol tzmann plot ana l ysis of He, Ar and Xe 
have indicated nonequilibrium, recombin­
ing pl asm ,and popul tion inversions have 
b en found in these g ses . The observed 
rad i ating species in helium have been 
adequately described by a simple kinetic 
mod 1. A more extensive model for argon, 
nitrogen and Ar-N2 mixtures was developed 
which adequately describes the energy flow 
in t he system and compares fa,.,orably with 

xp rimental m asurements. The kinetic 
processes involved in these systems are 
dis cussed . These models have indicated a 
n ed f or t he measurement of the kinetic 
proces ses in fis-sien --agment excited 
s a es . A Cf 252 sourc w s used with a 
pho ton counting system to measure the 
l ife-times and collisional rate coeffi­
cien ts for gases excited by fission 
fragm nts. Experimental measurements of 
t he energy deposition properties of fis­
sion fragments emanating from uranium 
oxid coatings \YCre al so pp.rformed . To 
dev l op efficient nuclear pumped lasers, 
th energy den ity requirements are high . 
These problems are discussed and a fis­
sioni ng uranium plasma energy sour ce is 
indicated. Spectral emission from Ar-N2-
ur t. mixtures have shown that the addition 
o~ JF6 has adverse affects on the emitting 
sp~ ~ies. Further research is clearl y in­
dic t ed 0 under stand the propert i es of 
fis s ion f ragmen t exc ited UF6 and other 
gases which is nec ssary fo r the develop­
ment of high-powered , effi cient, nuclear 
pumped laser systems. 

I . Introduction 

The ~easurement techniques described 
in the following are intended for genera­
tion of design information for the eventual 
construction of an efficient nuclear 
pumped laser. 

The deAire~ information, therefore, 
deals witn the detection of ~opulation 
inversions existing in a fiss~on fragment 
excited gas -- for t he sake of achieving 
la er action -- nd with the expl nation 
of the excitation mechanism i tse l f -- for 
the sake of obtai ning a las er which has an 
efficiency large enough t o be of pract i cal 
interest . 
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usual method of generating fission 
fr n xci ted gas s for research purposes 
i to line a test cell with a uranium oxide 
co ting. Th test cell is then filled with 
th g s of interest nd exposed to a neutron 
f l ux, usually in a nuclear reactor. 

Th usual method of exciting a nuclear 
pump d laser is d pic ted in Fi~u~e 1. The 

Figure 1. Section Drawing of Laser Assembly 

d vice contains two st~6es, an electrically 
excited stage and the nuclear stage . Both 
s t ages are within the same cavity . The 

l ectrical stage serves for alienment pur­
pos s only and is not energized during 
n u t r on irradiation . The nuclear stage is 
surrounded by a polyethelene moderator, if 

f ast burst reactor is used as a neutron 
source. 

Th approach for a practical nuclear 
pumped laser is twofold, namely surface or 
volume excitation. 

Surface excitation would surmise the 
use of a large surface area of solid fissile 
ma terial in form of thin coatings, while 
t he concept of volume excitation would em­
ploy a flssioning gas . 

Both approaches show ~dvantages and 
disadvantages . Since the main advantage of 
nuc l ear pumping seems to be the potentially 
very high input power density, volume exci­
tation seems to have an advantage for lar ge 
devices just on account of geometry . In 
principal, at best 50% of all fission frag­
ments generated will ever enter the laser 
gas in the case of surface excitation, a 
l imitation which does not hold for volume 
excitation . However , the particularities 
of the structure of the UF6 molecule may 
prevent the buildup of laser action in an 
added l aser gas. For this reason , further 
research i n both fields, surface and volume 
excitation,is necessary. 

II . Fi s sion Fragm n Excitat i on 

One of t he purpos es of th research 
de s cribed in t h i s chapt r is to i nvesti gat e 

I 
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proc sses involv d in t h 
xcitation 0 g es. In 

research is im d the 
ulation inversions cr t 
fragments . 

fi i on fr grn nt 
ddit i on, t h 

d tec ion of pop ­
d by fis ion 

Fission fragm nt interaction with 
gases can be distinguish d from other 
charged particles due to their higher mass 
(- 97 for th li~ht fr gm nts and - 138 for 
heavy fragments) and their higher initial 
charge (20 and 22e, resp ctively) . The 
fragments are born with average energies 
of 95 and 67 MeV. It should be noted 
that du to fission fragm nt's higher 
initial charge, many of th primary ions 
produced upon interaction with a gas will 
hav ch rges exceeding unity. These doubl~ 

r iply or ev n higher ionized particles 
will quickly r act with surrounding un-
ch rged particles, forming ions of low r 
charge. TIlerefore, the distribution of 
ions, excited ions and excited neutrals 
produced by fission fr gments is conceive­
ably different that one generated by o t her 
forms of ionizing radi ti on which displays 
1 ss energetic ' interactions. 

To study fission fragment excitation , 
the spectroscopic analysis of the radia­
tion produced in a gas of interest by the 
int raction of chat'!'.ed particles was 
und rtaken . Generally the experimental 
app ratus consists of a cylindrical test 
chamber lined with U 2350a or U2 508 
co ting. This t t to 
10-8 torr before being filled with the 
test gas. The fission fragment excitation 
of the test gas is achi~ved by ins~rting 
the test chamber into the l'niversity of 
Florida Training Reactor. Upon irradia-

ion with neutrons, the uranium oxide 
coating emits a fission fragment flux into 
th test g s . 

If the gas being excited by any m ns 
is in local thermodynamic equilibrium nd 
optically thin, th~ observed radi tion 
intensi y can be described by : 

I - n e-E/kT ~ A. (1) 
o u " 

This relation can be rearr nged as : 

ln (~) - ln c - ;T ~, 
nohc 

wh re c c ____ x constant. 
U 

( 2) 

DO : partial pressur of radiating s p c ies 
g: Atatistical weight 

U: partition function 

E: excitation energy 
T: tempera ure 

A: transition probability 

h: Planck' s C'onst nt 

k: Boltzmann ' s constant 

c : v locity of light 

>.: wav I ngth 
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For a Maxwell-Bol~ distribution of ex­
cited states, a plot of In(~;) vs. exci ta tion 

energy should result in a traight line , 
h ving the slope of - klT' Any d viation 
from straigh n ss indicates over or under 
population. 
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A typica l example is shown in Figure 2 
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Ftqure 2. Nutl or Energy Produced 00- Equilibrum 
of Extl ed .Ions. 

for states of ArII, excited by fission 
fragments .2 Since the gas was close to 
room temperature, it is obvious that the 
slope of the line does not d scrib a 
physically realized temperature . Th ob­
s r ved states arc nowhere n ar a Maxwell­
Boltzmann distribution within the energy 
interval observed. 

A m surement of the relative popula­

tions ( - to the factor ~~) depends on the 

accuracy of the intensity measurement and on 
the accuracy of the knowledge of the tran­
sition probability . While the first is no 
particular problem, the latter certainly is . 
As a rule, only a few gases (e.g . , Hand 
H ) are available for which most transition 
probabilities are known with satisfactory 
ccura~y. Based on this method, the popu­

lation inversion compiled in Table I have 
been detected .] " 

Measurements of the intensity of 
spectrum lines as a function of pressure 
give additional information on the excita­
tion m chani~rn .] The points in Figure 3 
indicate the measured intensity vs. pressure 
fo~ sev ral He l ines xcited by fission 
fragment. The population and depopulation 
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TABLE I. Experimentally Observed Population Inversions 

GAS UPPER LEVEL LOWER LEVEL TRANSITION INVERSION RATIO 

HeI 4 lp 4 In 216p 3.5 (max) 
HeI 3 lp 3 In 95p 1.5 (max) 

(3p)6p4P3/2 
0 

4369A 5.35 
0 

(3p)6p4P3/2 

XeII (3p) 181/ 2 
(3p) 6d4P3/2 XeII 4180A 8.61 

0 

(3p)6p4P3/2 4296A 21. 00 XeII (3p) 7s4P1/2 

~ 

~ 

He I 6678.ll 23.070v 

~ He I 72BI,3l 22,920v f I " ___ - __ '? . He I 5015.7l :23.098V 

I He I 4921.9l 23.740v 

i'"( 
Il: 

I~~~~~~~~~--~~~~--~--~~~~ o 100 200 300 4('0 500 600 700 800 

Pressure (torr.) 

Figure 3. Pressure Dependence of Fiss ion 
Fra~nent Excited Helium Lines 

reactions of the two levels between which 
the transition under observation occurs, 
have to be described by a rate equation 
approach. The solid lines in Figure 3 
were obtained with the following very sim­
ple model. The mechanisms accounted for 
are: 

1) direct formation of an excited state by 
the reactions 

ff + He ->- He'" (n,t) + ff 

e + He + Hei ( (n ,.e.) + e 

2) excitation transfer between levels 

(3) 

(4) 

He'~(n,t) + He ->- He + He'~(n, t') (5) 

and by means of trapped resonance 
radiation. 

3) radiative decay by spontaneous emission 

4) depopulation by collision losses as in 
the reaction 

He* + 2He ->- He2+ + e- + He (6) 

and various other reactions with im­
purities. 

The rate equation for this model is: 

dni 
dt'= fiP + ajiNjP - aijNiP - NiAi - ciNiP (7) 
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(8) 

where f is the formation rate; aij' aji' 
the transfer rates i->-j and j->-i, respec­
tive1Yi' c, deexcitacion by collision; and A, 
transition probability. The rates f, a, and 
c are per unit pressure. 

In this simple model, the energy stor­
age capability of the metastable states of 
the noble gases was neglected. The specific 
energy available in these excited states of 
the rare gases has led to the production of 
many well-known laser systems (e.g., He-Ne, 
He-Xe, Ar-N2)' The collisions between 
metastable argon atoms and nitrogen cause 
excitation of the N2(C 3nu) state which. 
gives rise to the second positive group 
emissions. 

Experiments were undertaken whereby 
various quantities of N2 ~ere added to ar­
gon and the spectral output of the argon 
and nitrogen wp.re monitored.s Fi~ure 4 

10 

. r 
Nitro9:in ~. (N2C/, 1 

" ........ J 1 
1 • T 

Idl i~T I ~. 
I 

Total Pressure = I atm. 

10' 102 . 10 3 104 105 10" 
Nitrogen Concentrotion (ppm) 

Figure 4. Measured Populations of AR 2p Level 
and NzC State vs Nz Concentration 
for Fission Fragment Excitation. 
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indicates the populations of the 2 levels 
of argon (Paschen notation) and th~ N2(C3nu> 
state (designated N2C) versus nitrogen con­
centration for a total pressure of one 
atmosphere. The N2 second positive group 
is a prominent emission in all of the 
spectra containing N2.The red ArI lines 
originating from the 2p levels of argon are 
all strongly quenched by the nitrogen, . 
whereas the ArII lines (e.g., 4545A) are 
not radically affected. This suggests tha~ 
the ArII excitation may be direct while 
for the ArI lines,' it may not. ' 

To evaluate this data, a more sophis­
ticated rate equation model than that used 
for helium was developed. For this study, 
the excited levels of argon were divided 
into six groups as indicated in Table 2. 
Each group was treated as a single excited 
level and assigned a transition probabili.­
ty that was an averag~ over the gA values 
of the levels of that group. As indicated 
earlier, the energy deposition by fission 
fragments in a gas is primarily in the 
production of delta rays, and it is the 
delta rays and their secondary electrons 
that are primarily responsible for the 
excitation of the gas. 

A resonably complete set of discrete 
ionization cross sections for ~rgon exci­
tation by electrons is given by Peterson 
and Allen,6 They used combinations of 
data and theoretical extrapolations of the 

, " .~.I 
.\ ' 

~ ... h r"-" , ,-
t·' 
t 

generalized oscillator strengths. Their 
calculations result in the final popula­
tion for each excited state as a function 
of incidsnt electron energy. These popu­
lations are a re\sul t 0 f the degradation 
of the primary electrons and all genera­
tions of secondary electrons and is 
presented as an efficiency where: 

where, Wi. = threshold of the level i; 
N number of excitations; 

(9) 

E energy of the incident elec-
tron. 

The efficiency versus incident electron 
energy is relatively constant for inci­
dent energies above approximately 8.0 eV. 
In Table 2 are the results of Peterson 
and Allen that correspond to our six 
groups of the atom and for the ion for 
incident electron energies of 100 eV. 

From Platzman,7 the average energy 
loss per ion pair, W, can be related to 
the equation: 

W = E. + E E (g)( Nex(g) ) + 
~ g ex N1 ese, 

(10) 

where, Ei = the energy necessary to produce 
an ion; 

TABLE 2, PROPERTIES OF THE SIX GROUPS OF ARGON 

GROUP. LEVEL REPRESENTED 
AVERAGE AVERAGE £ ENERGY GA (x 10-8 # EXCITED/100EV 

PASCHEN NOTATIO!i) (EV) ABSORBED 

AR(1) Is 11.68 - .08 .685 

AR(2) 2p 13.21 1.3 0.04 .303 

AR(3) 2sJ3s' J3d 14.1 ,0.5 0.04 .284 . , 

AR(4) 3p 14.59 0.055 0.005 .034 

AR(S) 4d 14.77 0.1 0.008 .054 

AR(6) HIGHER LEVELS 15.2 0.021 0.019 .125 

AR* 2 5 2 p P312 15.7 -- 0.56 3.44 
AR* 15.7 -- 0.594 3.79 

(ADJUSTED) 
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the energy for the excited atom 
in state g; 
the energy of the subexcitation 
electrons; 
the ratio of number of excited 
atoms to the number of ions. 

For the noble gases, the quantity Ei exceeds the ionization energy I because of the energy used in producing excited ions and mUltiply charged ions. The ratio of Ei/I for the noble gases is approximately 1.06. This results in the adjusted value in Table 2 for the e of Ar+. Using Eq. (10) and the values in in Table 2, approximately 60% of the deposited energy is used in the Formation of ions, 20% in the formation of 
~, 'n4 '-'~d states and 20'10 of the energy is le:"'-. tn subexcitation electrons. Thus, since a large portion of the deposited energy is used in the formation of ions, the resultant spectrum will, at least in part, be determined by recombination processes. 

For pressures above a few torr, recom­bination in argon will proceed predominately through the molecular ion Ar2 and not the ion Ar+. This is due to the rapidity with which the ion is converted into the molecu­lar ion by the process: 

Ar+ + Ar + Ar .. ~ Ar; + Ar. (11) 

The recombination of the molecular ion has a large rate coefficient and proceeds by the process of dissociative recombination. 

Ar!Cv) + e ~ (Ar~)unstable ~ Ar* + Ar + K.E. (12) 

where, v indicates different levels of ex­citation of the Art. The spectrum emitted in argon afterglowS has indicated that the ' kirid and number of excited species produced by dissociative recombination is defendent upon. the initial energy of the Ar!. Figure 5 shows a single stable potential curve of the molecul&r ion and single repulsive branch of the unst~ble excited molecule. 9 
Higher vibrations levels of the molecular ion will have smaller recombination coef­ficients and dissocia.te upon recombination into higher excited states of the atom. 

To develop the model for the Ar-N2 ,system, the interaction ~f fission frag­ments with a gas was div~ded into three c·ategories. First ist:he excitation of the primary gas, Ar, by the incident fragment and secondary electrons. For the present analysis the argon ion, Ar+, and six groups of excited levels of the atom, Ar(l)-Ar(6) waS considered as discussed above. The second category to be considered'was ef­fects taking .place in the argon after the primary excitation has been producep. An excited level of the atom may be further populated by cascading of higher laying populations into this level. by collisional excitation caused by electrons and atoms, 
and by dissociative recombination into 
this level. Deexcitation takes place via 
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FIGURE 5: DISSOCIATIVE RECOfIBINATlON PROCESS IN ARGQ)I 

collisions with electrons or atoms,' spon­taneous emission and collisional processes leading to formation of molecules (dimers). 

To account for recombination effects, the molecular ion was divided into t~qO 
groups, Art' and Ar!". The Ar2' comprises 
the lowest excited levels of the molecular 
ion which dissociate upon recombination in­
to Ar(l) , Ar(2) and Ar(3). The Ar!" will 
comprise all higher states of the molecular 
ion and will,be assumed to dissociate upon 
recombination into Ar(2) , Ar(3) , Ar(4) , 
Ar(5) , and Ar(6) and will also have colli­
sional losses to form Art' upon collisions 
with argon or impurity gases. 

Two levels of the molecular argon were considered. First, the 3p levels of argon, Ar(4) , will rapidly undergo 3-body colli­sions to produce a molecule Ar2", the Upper o 
level of the 2250A continuum observed in the experimental studies ,10 Secondly, the argon metastable, Ar(l) , will also be con­verted by 3-hody collisions to form an 
argon eximer, Ar2'. Transitions from these dimers to the repulsive ground state will o give rise to the l250A continuum. 

The third category of interactions is due to the additional events caused by the addition of a second gas, in this case nitrogen. The addition of nitrogen will provide a path for collisional transfer of excitation from the argon to the nitrogen. The nitrogen will have two additional ef­fects on the kinetics. First, it will 
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change the electron energy distribution, 
and secondly, it will collisiona11y relax 
the vibrational levels of the molecular 
ion. Both these latter two effects will 
undoubtedly change the excited species 
produced upon dissociative recombination. 

Clearly to describe the system re­
quires the knowledge of a large number of 
reactions. Considered in the present 
model were 89 reactions for 20 species. 
The flow chart in Figure 6 summarizes. the 
reactions considered in the Ar-N2 system. 
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measured populations of the argon 2p level 
and the N2C state from Figure 4. The 
model solutions are within a factor of ten 
of the measured populations (within exper­
imental error) and adequately predict the 
relative change in magnitude of the mea­
sured populations versus nitrogen concen­
tration. 

An experiment by DeYoung ll was recently 
successful in lasinp; an argon 3d-2p transi­
tion by using the 3He(n,p)T reaction to 
excite a 3He-Ar gas mixture. Lasing was 
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FIGURE 6. i<Ii~ETIC mDEL FOR ARGON-lnTROGE~ HIXTURES EXCITED BY FISSION FRAGNENTS 
The population of the species present 

can be found by solving a system of non­
linear simultaneous equations. Initially) 
each species equations ~lTas formed as a 
differential equation in time using all 
the source and sink reactions for that 
species. Then the differential. equation 
is set to zero for the steady state case. 
The equations ,,,e;t;"e solved using a Newton­
Raphson iterative T,ll:ocedure for nonlinear 
simultaneous equations. 

Computer solutions of the excited 
state population densities were obtained 
for a number of cases upon varying the 
nitrogen concentration, pressure, and 
energy deposition form. Figure 7 indica res 
the computer solution for the popUlation of 
the species of interest versus nitrogen 
concentration at one atmosphel;'e total pres­
sure using an energy de-position rate 
gel;'mane to the experimental results. The 
heavy dark lines in Fi&ure 7 indicate the 
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achieved at 1.79 microns in atomic argon 
at a total pressure ranr.ing from 200 to 
700 ton: with 10% argon. The model pre­
dicts this population inversion, Figure e 
indicates the populations predicted by the 
model for various .;ll;'gon species based on 
2 ppm nit:;~o&en. Note that the Ax(3) group 
population (3d levels) exceeds the popt11a~ 
tion of the Al;'(2) group (2p levels). The 
energy deposition rate used. assumes a 
uranium coated tube of 1 0 cm l;'ddius and a 
fission density of l.xl0 12 fissions/cm3~sec 
in the coating, 

Thus. it has been shawn that thia model 
describes the experimental results of fis­
s.ion fragment excitation of Ar-Nz systen) 
with a l,'easonable accuracy. In addition, 
the model has indicated its usefulness by 
predicting a physically l;'ealizable nuclear 
pumped laser. 
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III. Lifetime Measurements 

One shortcoming of the methods de­
scribed so far is the questionable aCC1.I(acy 
in the knowledge of transition probabilities 
(or radiative life-times of the states) and 
collisional life-times. This problem can 
be alleviated somewhat if radiative life­
times of the states are measured at the 
same experiment, where the relative line 
intensities are measured. 

This can be done using a very moderate 
fission fragment flux. In the expet'imentfl 
described in the following, a a Cfl:Jl S01.I(<;F, 
located inside a small vacuum chamber, em·· 
ploying sapphire windows, was used. Cf252 
undergoes spontaneous fission, and the 
source used emitted about 6 x 103 fission 
fragments per second. Figure 9 shows the 
experimental setup. 

:-IGURE 9. 

TO GAS HANDLING AND 
VAcuuM SYSTEM 

~---
PLASTIC-i 

SCINT. 

SYSTEM FOR LIFETIME 
MEASUREMENT 

The birth of a fission fragment is 
signaled by a burst of y-emission, which is 
detected by the plastic scintillator and 
attached photomultiplier. The resulting 
pulse starts the time to pulse height con­
verter. The fission fragment traverses 
the vacuum chamber in a time small com­
pared' to the radiative lifetime of the 
atomic or molecular state under observa­
tion. Therefore, when the transition from 
the excited state to a lower state is 
finally made, a light pulse is emitted and 
observed by photomultiplier number 2 (PM2). 

The time to pulse height converter 
assigns this pulse a certain height, de­
pending on the time passed after, the start 
pulse. The multichannel analyzer will 
then store this pulse according to its 
height in the appropriate channel. The 
resulting distribution of observed pulses 
is an exponential decay as a function of 
channel numbers. The decay constant gives 
the collisional lifetime of the state. 
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An example is given in Figure lOwhich 

Tim. (nalla •• e) 

Avure 10. Decay Curves fO( Nltraven C':nu State 

shows the decay curves for 800 torr N2 and 
100 torr N2. The time resolution of the 
system is 2.5 nsec. The radiative life~ime 
(or transition probability) can be obta~ned 
by measuring the collisional lifetime as a 
function of pressure and extrapolating back 
to zero pressure. Figure 11 shows this for 
the upper level of the 3371 N2 line. The 
measured radiation lifetime is 45 nsec, 
which compares favorably with the litera­
ture values as indicated on the figure. 

In order to apply this technique for 
measurement of population inversions, the 
Ar/N2 system was chosen as a test case. The 
c3rr +B3rr transition has been lased using 

u g 1314 
an electron beam by other research groups. 
A computer model predicting the popt;latior;s 
of the two levels involved was publ~shed ~n 
reference 14. The so predicted populations 
are reproduced in Figure 12. 

From this figure ,. the lifetime of 
N2(B) is 131 nsec and of N2(C) is 18 nsec. 
The result of the measurement of these 
lifetimes using our system is shown in 
Figure 13. Our result is 300 nsee (as 
compared to 131 nsec) and '+0 nsec (as com­
pared to 18 nsec). However, our gas 
pressure was 1 atm as compared to 3 atm. 
A correction for the pressure difference 
would bring the two sets of data to a 
better agreement. 
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The advantage of the method described 
above is that it allows for search of pop­
ulation inversions caused by fission frag­
ment excitation, without having to use a 
reactor, and the resulting complexity of 
the measurement pJ:"ocedures. The question 
which has to be addressed next is the ex­
trapolation of the results obtained with 
these low fission fragment fluxes to 
higher fluxes which are typical for nuclear 
pumped lasers. The one test case described 
above seems to support the scaleability 
towards higher fluxes. However, further 
research is needed. 

IV. Measurement of Fission F1u..xes 
Emanating from Coatings 

As indicated above, it is of interest 
to know: (a) How much energy is deposited 
in the laser gas, (b) Optimum coating 
thicknesses to maximize energy deposition 
and minimize cooling requirements, Cc) The 
ang1,l1ar dist:rib"Ut~on of fi~sion fragm7nts 
emitted from coat~ngs of d~fferent th~ck­
nesses, Cd) The possibility of increasing 
energy deposition by increasing the surface 
area of the coating through surface cor­
rugation. 
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Init.ial measurements use the chamber 
shown in Figure 14. An aluminum chanlber 

Figure 1[,. 

* Neutron 
Source 

Fission Fragment Range and Energy 
betector (FFRED) 

_';tas constructed which could be evacuated or 
filled with gases at various pressures. The 
fission fragmentsource-was a U-235 U308 
coating about 0.5cm x 2cm long made by the 
lacquer painting and firing technique. The 
coating can be rotated for angular distri­
bution measurements. A silicon surface 
barrier detector about 2 cm in diameter de­
tected the eI:llitted alpha particles and 
fission fragments. The detector could be 
placed at various distances from the source 
to vary the geometrical efficiency o;r an­
gular resolution. The entire assembly was 
placed in a polyethylene moderator with a 
10 Ci Pu-Be neut;ron source to p;rovide the 
neutron flux. 

Coatings of various thicknesses of 93% 
enriched U-235 were made and the thickness 

•• 1 
,,/' .~ r.~I·~r 

! f·· "; 
I 

1 
." 

assayed by alpha counting in a 21T-gas flow 
counter and by observation of the 185 keV 
gamma rays from the U-235 decay chain using 
a large Ge(Li) detector. (Host of the alpha 
particles actually were produced by U-234 
decays.) 

Pulses from the surface barrier de­
tector were analyzed in a multichannel 
analyzer and typical spectra for two dif­
ferent thicknesses are shown in Figure 15. 
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Figure 15. Typical Spectra of Fission Frogments From Two 
Different Sour co Thicknesses 

The 4.5 micron coating produced more fis­
sion fragments. but mainly at lm.;er energies 
where they are far less efficient at de­
posting their energy in gases. 
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Figure 16. Fission Fragments Observed vs. Cooling 
Thickness 

observed fission fragments versus the 
number of alpha particles counted. The 
experimental points deviate from a straieht 
line for the larger count rates where the 
coatings are thick enough to allow the 
alphas to penetrate. Some thick coatings 
were made on corrugated surfaces (grooves 
milled in the stainless steel backing 
plates) and the results fell on top of the 
other data indicating no improvement in 
the fission fragment fluxes for those 
geometries and coating thicknesses. 
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Angular distribution measurements on 
the fragments are continuing and measure­
ment of the absolute energies deposited in 
different gases at different pressures are 
being made. 

V. A Spectroscopic 
Study of a Fissioning Gas 

One advantage of nuclear pumping over 
conventional laser excitation methods is 
the potential to obtain higher energy den­
sities in a nucl~dr pumped laser. The 
achievement of high energy deposition into 
the lasing gas is thus of key interest. 

The alternative approach is to employ 
a volume source of fission fragments. Sources 
made of solid fissionable'materials. ~2 ' 

described in the previous chapter, are 
limited by the fact that source thicknesses 
cannot exceed the range of fission frag­
ments in the material. As pointed out, in­
creased energy deposition can be obtained 
only by increasing the source surface area 
(1. e .• many sources) or the neutron flux. 
Because UF6 is the only known uranium bear­
ing gas at physical conditions of intere'st, 
it is the prime candidate to serve as a 
fission fragment source in a nuclear p~d 
laser. Information is thus required on the 
suitability of UF6 as a laser gas itself 
and the compatibility of laser gas mixtures 
with UF6. Therefore, a spectroscopic in­
vestigation of light emitted by fission 
fragment excited UF6 and UF6-Ar-N2 mixtures 
was conducted. 15 

The fission fragment flux supplied by 
the fissioning UF6 wps augmented by a flux 
emitted from a 3 micron thick, 93% enriched 
U02 planar source mounted along the inside 
wall of the gas cell. ArI, ArII, N2 and 

Nt emissions from the gas were spectro- o 

scopically monitored over the 2200-8000A 
range as a function of UF6 concentration in 
a 10:1 Ar-N2 gas mixture at a total gas 
pressure of 760 torr. 

The results indicated in Figure 17 
show that all optical radiation from the 
fission fragment excitation of the 

N! and N2 molecule is severly quenched by 

the addition of UF6 to the gas mixture. 
The radiation coming from ArI is actually 
enhanced by small concentrations of UF6 
and not as severly quenched by higher 
concentrations of UF6. Radiat{ons coming 
from ArII is relatively unaffected by low 
concentrations of UF6 and is moderately 
quenched at higher concentrations of UF6. 
Pure UF6 was found to emit no radiation 
due to fission fragment excitation over 
the spectral region investigated. The 
results of this study suggest that signi­
ficant additional work will be required 
before a satisfactory fissioning laser gas 
mixture is identified. There is no .indi­
cation however, that such a mix:tl.1l:e cannot 
exist. - -
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D!SCUSSION 

D. C. LORENTS: I would like to comment about your 

quenching studies of UF6. There are two pOSSi­

bilities. One is that it is just pure optical 

absorption by the UF6; the other is that it is 

quenching of some excited state in the energy flow 

chain. Did you look at the relative intensities 

of the 1-0 vs the 0-0, in order to isolate that? 

Right in that region, there is a sharp dip in the 

absorption cross-section of UF
6

. 

J. F. DAVIS: We considered absorption because the 

sails we were using were three feet long and the 

active volume was only about 11 inches of that, so 

we feel that a large percentage of quenching was 

by absorption. 

D. C. LORENTS: As far as I can see, the model YOu 

have is exactly the same model we use in the 

ela~tron-beam excitation, but you said that there 

were some differences. 

.' • ,',1 
r ... '( -J""'" (' 

I.," 0 .. : 

J. F. DAVIS: I have tried to take into account 

excitation of the upper state by higher excited 

states of argon collisionally exciting the nitrogen. 

By doing that, I could find agreement with the 

observed intenSity of argon versus nitrogen 

cOncentration and also more adequately describe the 

population of the nitrogen. I was also then able 

to describe the relative trends of the argon 

continuum at 2250 R. Even though a small 

percentage of the energy was flowing through these 

upper excited states of argon, it was the purpose 

of the study to try to describe those states too. 

,Most of the energy is traveling very quickly 

through the metastable states, at a pressure of 

one atmosphere. 

G. H. MILEY: Do you account for a change in 

electron energy distribution in the calculation? 

J. F. DAVIS: No, I didn't take into account any 

change of the Boltzmann electron energy distri­

bution with additional nitrogen. 

G. H. MILEY: So this mixture will last with 

electron beams interacting with any gas or gas 

mixture. 

J. F. DAVIS: When a fission fragment interacts 

with a gas, it is like a small e-beam; and we have 

a lot of small low-energy e-beams corresponding 

to each fission fragment. So I feel e-beam 

excitation and fiSSion-fragment excitation are . 

similar in that respect. 

G. H. MILEY: How many groups of e-beams do you 

need to duplicate fission fragment excition? 

J. F. DAVIS: With fission-fragment excitation, 

you have localized electron ionization, leading 

to polymer recombination effects, but if you 

proceed to a high enough fission fragment flux, 

such localized effects will begin to average out. 

We feel that we have accomplished this in the 

present case. 

M. KRISHNAN: In your model of dissociative 

recombination, you say that molecular ions from 

different vibrationally excited levels result in 

dissociated atoms in different electronic con­

figurations. Since electronic excitations 

involved energies of ~ I e.v. and vibrational 

excitations involve much lower energies ~ 0.1 e.v., 

it appears that the bulk of the energy for 

electronic excitation upon recombination arises 

from the dissociation energy of the molecule. 

If this is so, vibrational excitations should 

not playa major role in this recombination model. 
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THE PUMPING MECHANISM FOR THE NEON-NITROGEN 
NUCLEAR EXCITED LASER 

G.W. Cooper, J.T. Verdeyen, W.E. Wells, G.H. Miley 
Nuclear Engineering Program 

and 
Gaseous Electronics Laboratory 
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The neon-nitrogen laser has generated consider­
able interest having been pumped directly by nuclear 
radiation. Lasing ~asOobse~ed on two tra~sitions 
of atomic N, the 3p P3 + 3s P3 (8629.24 A) and the 

3p2 D~ + 3s2 P
3 

(9392.'9 ~). Tfie Ne-N2 system also 

lases7 in an aflerglow of an electrical discharge, 
which has similar characteristics to a nuclear radi­
ation generated plasma. In order to determine the 
physical processes for pumping this laser, a de­
tailed study of the afterglow system has been per­
formed. The pumping mechanism has been found to be 
collisional-radiative electron-ion recombination. 
Microwave quenching of both the laser and spon­
taneous afterglow light have shown cJhclusive1y 
that a recombination process directly produces a 
nitrogen atom in either the upper laser level or, 
more likely, in a higher lying energy level which 
rapidly de-excites to the upper laser level. 
Studies of the temperature dependence of the recom­
bination coefficient indicates a collisional-radi­
ative process allowing the ~ecombiuing ion to be 
tentatively identified as N. Since this process 
is highly compatible with the reactor produced 
plasma, it is not unreasonable to assume that this 
recombination process is also the pumping mechanism 
in the nuclear excited case. 

I. Introduction 

The e1ectrica1ly-efcited neon-nitrogen laser 
was di~::~vered in 1964 and several subsequent 
papers have appeared. Lasing occurs on several 
transitions of atomic nitrogen during the afterglow 
of an electrical discharge and will hereafter be 
referred to as the afterglow neon-nitrogen laser. 
Last year interest was greatly rev!ved in the neon­
nitrogen laser when DeYoung et aI, succeeded in 
pumping this laser directly with nuclear radiation. 
They observed

2
laoing on fWO transitions 2f atomic 

nitrogen: 3p DS/2 + 3s f3/2 (9392.79 A) and 
2 0 2 0 3p P3/2 + 3s P3/ 2 (8629.24 A). 

The results of a detailed investigation of the 
afterglow neon-nitrogen laser's pumping mechanism 
are presented here. The research was undertaken in 
order to provide a better understanding of. the 
nuclear pumped laser which is necessary to fully 
evaluate the laser's ultimate applicability and to 
help identify possible analogous systems for nucle­
ar pumping. The afterglow system was chosen for 
study because of the difficulty of doing diagnos­
tics in the reactor environment. Since the charac­
teristics of both the afterglow and nuclear-radia­
tion-generated p1asmas

6
are dominated by their low 

electron temperatures, it is quite probable that 
the pumping mechanism in both systems would be the 
same, 
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Fig. 1. Partial potential energy diagram of the N2 
molecule also showin; some levels of ~, 
atomic nitrogen and excited neon speci~s. 

The il'coblem of the pumping mechanism is best 
described by considering the potential energy 
diagram of N2 shown in Fig. 1. Also shown in this 
figure are the lasing levels of atomic nitrogen. 
As can be seen, it requires a minimum of 21.76 eV 
of energy to simultaneously dissociate N2 and ex­
cite atomic nitrogen to the upper laser level. 
Since in neon-nitro§en lasers the neon density is 
typically 103 to 10 times greater than the nitro­
gen's, most of the input energy will go into the 
neon. Thus, the energy to pump the laser must come 
primarily from collisions of nitrogen with excited 
neon species. However, even Ne+ has insufficient 
energy to excite the laser in one step. Therefore, 
the pumping process requires a minimum of two 
steps. 

The fact that the neon-nitrogen laser operates 
in the afterglow strongly suggested that recom­
bination was playing an integral role in the pump­
ing mechanism since it is a major process in after­
glows. Since two recombination processes, dis­
sociative and collisional-radiative are rapid 
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Pil. 2. Sch .. tic of the .icrowave quenching 
experilllenta . 

enough to be of importance and are both inveraely 

proportional to electron te erature, the tech­
nique of 8icrowave quenchinl waa employed. In 
thia techniqu the electrone ara aelectively heated 

by a aicrowave pulae, and, aa a reault, the • ter­

Ilow lilht which ia prilllarily produced by recom­

bining electron-ion paira 1a "quenched." A dia-

Ir of the experilllental aet-up ia ahown in Fil. 

2. The effecta of electron heating on both the 

laaer lilht and the apontaneoua aidelilht were 

monitored. 
The aicrowave quenching experilllents, to be 

deacrib d in part A. of the next aection , have 

ahown that the neon-nitrolen laser ia pumped 
directly by a recombination event. Further micro­

wave quenchinl experimenta deacribed in part B 

of the n xt aection, have ahown ~hat the proceas 

ia moat likely ~olliaional-radiative recombina­

tion and that N ia the r combininl ion. 

II. Reaulta and Discusaion 

A. Microwave Quenching E!Peri nta 

The effecta of microwave heatinl of the elec­

trona on both the laaer ailnal and the apontaneoua 

emiaaion of atomic nitrolen and neon hav been in­

v.atigated. The laser waa found to be pump d 

directly by recombination. Thia concluaion ia 

baaed on the following data. 
Figure 3 showa the effect of microwave heating 

on the laser ita If. The top trace ahowa the laser-

ing in the afterglow in abaence of 8icrowavea. 

The aecond trace showa the laser output aa it w .. 

perturbed by th microwave pulae ahown in th 

bottom trace. The laser intenaity haa obvioualy 

been quenched, indicating the inhibition of some 

proceee by microwave heating. Obviouely, the elec­

trona are not "cooled" by the micrO" ... "ea , hence 

dir ct excitation from a low r stat.' " tl be ruled 

out ; it must be pumped frOlll above. :h'"s , recom­

bination muat be playing an integral role in the 
pumpina proceaa. . 

Now conaider Pig. 4 where the effect of micro­

wav heating on the apontaneoua aidelight of an 

atomic nitrogen laaer tr n ition (9~9J 1) is com­

pa ed to that of a neon line (8654 A). ote that 

the time re,ponaes of th neon and bltrogen after­

glow light to the aicrowave pulse are virtu lly 
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Fil. 3. Effect of microwave heating of tpe elec­
trone on the laser output (9393 A); 
(a) laser output in absence of microwave., 
(b) laser output perturbed by microwave., 
(c) current, (d) microwave pulse. 

11&. 4. Effect of microwave heating of electrons 
on both nitrogen's and neon's apon­
taneous sidelig~t; (a) nitrogen (9393 A) 
(b) neon (8654 A), (c) current, (d) micro­
wave pulse. 

identical. This implies that the role of recom­

bination cannot be an indirect process, but must be 

directly p~Ping the laser. To elaborate, Atkinson 

and Sanders propoaed an indirect pumping scheme: 

+ Ne2 + e ~ Ne (M) + Np. (1) 

(2) 

Here a neon metastable, Ne (M), collides with a 
nitrogen molecule, N7 , that is sufficiently excited 
to llow the molecule to be simultaneiusly dis­

eociated and leave a nitrogen atom, NUL' in the 

upper laaing level. Recombination enters the 

pumpi~g process as a major production mechanism of 

neon m taatables. This or similar pumping schemes 

can account for quenching of the lsser pulse by 

microwava heating since the neon metastables will 

cease to be produced. However, it cannot account 

for the near identical time responses of the neon 
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and ni.trol~en afterglow Ught:. WI\:Ue i.t i.s true 
thnt electron lIeating inhibitEi production of neon 
metastab1es, it leaves those already I.n:oduced un­
affeC!ted. Therefore, since the process it) Eq. (2) 
takes time, the response of the nitrogen aftelig10w 
light to i:he miC!rolmves WOuld be e.';pectl~d to be much 
slowoli t'II.;l" neon's response. Since it nas not. the 
upper lasor level must be being populatE\d dir~ctlJ' 
by a recombinatiol\ event. That is, u process of the 
form 

* NUL + (3) 

Here XN+ represents the ion which ~\pon recombining 
yields atomic Ilitrosen either diroctly in tlle upper 
las:!.ng level or in II 1110re highly Gxci.ted Iltate that 
~Apidly de-exC!ites to the upper lasing level. This 
recombinlltion can be either dissociotive or col­
lisional-radinti.ve. There \~are stlv$ral .f~ndidntes 
f~r the recombini~~ ion; 1::,)+*' NeN , N3 . nnd N. Note that Nt and Nt\\'- must be highly ex­
cited, 111etastable-liko stutes in order to dis­
sociate to the upper lRser level. hPOll recombining • 
• Uthough such states Ilre possible, elley have not 
been observed nn<\ have ala,. probnb:!.l;!.ty at exis­
tence. Similarly NeN+, while enurgeticullJ' pos­
sible, llns not as yet bueu observed. The experi­
ments which 1l11'owed the ion to be identified ns N+ 
are described in the next section. 

n. Sensitivi t:y of the Recombination to Eltmtton 
Temperatm:e 

+* + Of the pl)ssible recombining ions, N2 ,NeN 
+* and N3 !Ill I\lUSt recombine dissocintively to yield 

ntomic nitrugen l.ll:1.lu N+ recombinntion must be 
collisional-radiative. '11\e gheOl.'etiC!al col1isionul­
radintive recombination rute, valiies '\ 'r-9/ 2 -1" 
while dissociative liuCOlnbiuation variesl'l" Te I ~. 
ThllS, N+ could be either inferred 01; eliminated as 
tho recombining ion by UleaSUrel11cllt of the electron 
teulperature dupendencu of the nitrogen ,·eCQUlbination. 
Heasurement of the electron teIuperatu1B depenllence, 
using microlnwo quenching techniques, indicated 
that the 1:0combination lvaS collisional-radiati\'e I 
suggesting that: the recombining ion IoTaS N+. Thus 
Eq. (3) could be \oIdtten 1110ro explicitly us; 

N+ + 21.0 .. >? ** N +e 

N** .. + * NUL + hv 

(4) 

(5) 

Here the doublra-barred*~rrolo1s imply net rather thnn 
direct processes and N repres*nt:$ n,,)' energy level 
above the upper lasing: level, NUL' 

In studying this recombinnt:ian process, the 
absolute tempernture ,,'as not determined. lnstend, 
miC!!:ol"ave quenclling of the neon-nitrogen mL'l:.tut'e 
'''as used tu compare the tempernture dependences of 
the l1e.on nud nitrogen recombil1t\tion coefficients. 
Since the temperature dependeltce of neOll \;'ecom­
binuciol1 is \,.ell knmm, ll,12 such 0 cOl\\!1adson 
could provide ::lnf'O\1nation about the recombil\u.tion 
process in. nitrogen. 

In Fig. 5, the ratio of quenched to unquenched 
l::lSht was plotted as a function of the attenuation 
of 111icro\"ave po\,.er fa\;' both neon, and nit'rogen. The 
ratio of quenched to unquenC!hed light provides a 
measure of the tenlperature-dependent recombination 
coefficient. Although the absolute electron tem~ 
peratm:e cOl'responding to each utiCl:Olo1nve nttenuation 
was nOt knoli'l\, the electron teulpcrntUl:e tv()S COUlman 
to both neon llod n:ltrogen recombination events. 
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Fig. 5. Compal"ison of the electrOl\ temperature 
dependt:t\ce of the recombinatit'n coef­
ficients of neon (\l\d nitrogen at 40 t01.'r 
total n~on pressu~e, 

The data s1l0\~n in Fig. 5 ,~en~ ohtained ilt a 
total neon pressure or 40 torr, a pro1:lsure at \~hich 
till' dQlninant recombination process in neon is dis­
sociative. 13 ,11I,15 Considl'ration of the datil in 
Fig. 5 shO\~s that: the nitrog~'l) spontaneous light 
Ims much morll s(\nsitive to the eloctron temperat.ure 
than that of neon. l'1Iis difference illlplied that 
the recombination process producing eltcited atomic 
nitrogen IMS different f1:01l\ the dissociatiVe 
process I,nown to be domintlllt fOl: ne011 undet· these 
conditions. thus, these results seemed to rule 
out a dissociative rl;'el1mbination process for 
nitrogen, indicating that the 111echanit'1ll mUSt be 
coll;l,sional-rndiativc. Given the probablo :wuil­
ability of N+ as the recombining ion, the suggestion 
of a collisional-radiative mechunism ;01' nitro!i\en 
recombination seemed a reasonablt:! one. 

The SEnsitivity of nllon and n'itrogen recom­
bin(\l:;1on to electron tl~lUperature '"as also measured 
at total neon pressures 01 20 torr and 6 tOl·r. The 
results are shOlm in FiHS. 6 and 7. respectiVely, 
I~hich call bl\ ~Ol1lp:1red with the 40 torr data in 
Fig. 5. The fi!1\\reS shelV that a total neon pressure 
of 20 torr, the tliffQ,rcnce bet\~c.cn the temperature 
depend.mce curves {tn" lW0n ~md nitro1;cn il:l tltlt as 
great ali the differenc.e at 40 tort". At a cotal 
neon pressure of 6 torr, the curves for neon and 
nitrogen are nonrly identical. 

This change in tho teIllperature dependence for 
neon, hld.icat;es a chru\ge in t1le \':'ecombinntiOl) 
mec1mnism wtt\l decreasing pressure. This is tlS 
expected since the dissocj lltive recombination 
pro~ess. ,~hich dOIll.inotes for neon a 1:+ 40 torr I is 
limited by fge IOll\utt:ion linte of NC2 ' \\'1\ich, in 
turn varies as p~. '1- Thus nt 101; pressures the 
fOJ:mntion rate of Ne2 is toO S101", and the 
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Comparison of the electron temperature 
dependence of the recombination coef­
ficients of neon and nitrogen at 20 torr 
total neon pressure. 
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Comparison of the electron temperature 
dependence of the recombination coef­
ficients of neon and nitrogen at 6 torr 
total neon pressure. 
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collisional.-rad;i.atiye mechan:l,sm dominates for both 
neon and nitrogen. 

C. Additional Considerations 

The proposed pumping mechanism can be further 
considered in terms of its ability to account for 
the lasing observed. A first consideration is 
whether the collisional-radiative mechanism would 
be fast enough to produce the observed laser power. 
A recombination coefficient was estimated using the 
peak las~r power (1 mWl. and the electron density 
(1013 cm 3) inferred from earl~er Illicrowave data. 
The estimated value of 5 x 10- COl::! sec-.L seemed 
reasonable in the light of the theoretical values 
for collisional-radiative recoTgination coef-
ficients given by Bates et a1. Thus the esti-
mated recombination coefficient for the neon­
nitrogen laser seemed compatible with a collisional­
radiative mechanism. 

An additional consideration is whether suf­
ficient ~+ can be produced to support a collisional-

~~d!~:!i~1!a::~h::~~a~!~m~ro!~~~~~n80~h~~~ as~~~er 
most of the cross-sections involved are unknown, an 
exact calculation of the rate of ~ formation is 
not possible. Estimates of N+ production by the 
more likely pat2,ways do not rule out the formation 
of sufficient N' to support lasing, al.though the 
kinetics are made somewhat unfavorable by the 

I 
N N-
I 
I 
I 
I 
I _,_-

I 
L_ 

"1 -,N.N. 
I 
I 

I 
1 
I 
I 
I 

I 
IN 
I 
I 
I 
IN 
I 

I 
.-L 

ACTIVE I 
- -- - __ D_liLCHARG E t -- -1-

AFTERGLOW "1 

I 
N. I 

N 

LASES 

I 

I 

I 

I 
I 
I 

--.J 

FLOW CHART FOR PRODUCTION OF N' 

Fig. 8. Flow chart showing possible pathways for 
production of N+. 
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re!lu:b:omont for two col1isiol\s with excited 1\/101\. 

In this regnrd, tho. kinotics of £orl\lntiol\ of nny 

other l)tOPOIlOt\ recolllbinil\8 iOIl would suffer frolll 

oven 1lI0ra serious l>roblollls duo. to the snlllo require­

lIIill\t for two collisions with excited I\eon. How­

over, givon that sufi!:l.ciol\t I\itrosol\ IItOlllS nra 

prosou!: frolll tho nctive dischm:se (nl\(1 I'rior ones). 

tho Penuing rOl\ction of: 1\001\ metastable with ' 

lIit1'OgOI\ ntollls is estimatod to bo quli:o ndeqU/\to 

to In:oduco thn required ~ iOM. 

11\('1 \1I~lium-l\itrogQI\ nnd tIl:gol\-II:!.trosu\\ ilys tal\ls 

ware nlso briofly il\vostigi\Cotl. The. holium­

nitrogoll sr~£ielll !tm'l'reVious1y bUG\\ l.'Ollortad to 
hnVQ lnsed 01\ ehe stllllll tl.'\ltlllitiol\s ns doos the 

I\Qon-\litrogIUl luset. Hicrowuve quonching expori­

ments on tho holiul\I-nltrogel\ 1llse1: shownd thnt this 

system WUG 1.\1130 being pUllil'Cd di-rect1y by Ii racol1l­

hillntioll UVC!!n\!. 'l.·!te Ul:Son~l\itrogel\ ays tem, howilvur, 

could not bu mada to lase. 'rlH.\SQ rQr."\lts tOl\d to 

iill:lmiMt;e NoN'" I,\S the l)Ossible re'::.. .. ,.:.:!.\\:!.ng io~ 
sinca tha existence. of thea (ll\ulogous iOll, HoN is 

ext:roll"lly ~,ll\pl:Obnble und th<l 1~I\owl\ iOI\J.7 Al:N+ does 

not; yield II. lIIsc):. Also if t:hn ll$\lnin~ reuct:iou is 

n mnjor production mechunism ot N (IS susgcsted 

abOVe, the heliul1\ lllat:listuble could uadal.'BO the snme 

rcuction l)ut the nrgoll llioCuatnsl:nble hus il\su£fi­

cient elH~rsy to ionize ground })tl,lte atomic n:l.t1'o­

sen. 'rhuG the hol;Lulll-nitrog~l\ Ulld 1l1:goI1-11itroS(II\ 

l.'osulta nra cOl1lll~ttiblc \~ith tho pumping IlloclluniSI1I 

bOinS collisiollul-rnd:l,utive recombitl:\tJ.on of ~. 

:r.:u. 8u\1\1\\nrv 

dl' 

Hicrol,lIvc qucilching ()Xl'crilllellts lmva nholm that 

the no.oll-Il:ttrogell lI£tOl:Blo\~ l.a901' is pUill)lod dit'ect-

1y by U l:ocombil\tltion e.VC\\C. HOt\S\lrt:!ll1tmts of: tho 

olectron te11ll10l:III:ure depondonco of thl,\ );000111-

binut:!.on coeJ:r:l.o:!.Cl\t have implied that chis process 

iii col1isionul-rndillt:l.vc rocol1lbillllt:iolt. 'rh:!,s 

~1l014!l tho. \;oo0l1lbillins ion to be. idol\t:iHad tiS W. 
'rho lll:OCOSS of: collisiOllnl-rlldintive. 1:e.c0l1lbillllt:l.on 

is highly cOmpntible with the. \\Uclo,'I1:-J:nciintion­

Siil\loruted plns\I\u which hilS high eloccron densities 

at 10'" t011lporuturos. 'l'ho'\:e-fol'e. it is not Unreuson­

able to :l,nfol: thot the \lu\1\I):l.nB mochanism for tho 

l\llc1enr-llUl1Ill0(\ 110on-l\it:J:ogl:l\\ lUser is the SllIlle us 

fo): the nft(:)rsl,()w lnsel.'. It SIlOliltl be pointed out, 

hQ\Je.ve.l:, that tho s tops 1endil\~ to tho. f01'11111tion 

Ot W could bo quittl diff.al'ont: ill the t\~O bse.l's, 

IndQod, initilll inditntlol\$ (l):'i). thut those stel's 

ura diffol:ol)t (lllel resotll~ch is hO:\.\\1> pU1:9uetl in 

I:his urOa. 
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* DIRECT NUCLEAR PUMPED h~SERS USING THE VOLUMETRIC REACTION 

R, J. De YOWlg 
Vanderbilt University, Nashville, TN 

N. W. Jalufka, F. Hohl, and M. D. Williams 
NASA, Langley Research Center, Hampton, VA 

Abstract 

Lasers pumped by energetic charged particles 
created directly by Ijuclear reactions have come 
into existence through the use of either Boron-IO 
or Uranium-235 coatings. A new class of nuclear­
pumped lasers using the 3He reaction has been 
developed at the Langley Research Center. Since 
helium is a major constituent of many gas lasers 
of interest, it is convenient to replace the usual 4He wi th the 3He isotope. In a thermal neutron 
fluX, the 3He (n,p) 3H rl3action dl3posi ts I3nergy 
nearly uniformly throughout thl3 laser volume. The chargl3d particles crl3ated (proton of 0.57 MI3V and 3H of 0.19 MI3V) ionize and excite the gas ml3dia. 
By this method direct nucll3ar pumping of a 3HI3-Ar (10% Ar) lasl3r has been achieved. Results.of 
rl3actor I3xpl3riments arl3 presented \~hich show thl3 
scaling of laser output at 1.79~ (Ar I) with 
neutron flux and total 3He-Ar prl3ssure. Othl3r 
laser systems presl3ntly Wlder study at th~ Lan~ley Research Center includl3 the 3HI3-Ne-02 (8446)( 01) systl3m. Spl3ctra of nucll3ar pumpl3d 3He-NI3-02 
taken at the Aberdeen Army Pulsl3 Radiation Facility 
\~il1 be prl3sented. 11113 above systems are consid­erl3d to bl3 "proof of principle" systems and future morl3 practical nuclear-pumped lasers, using 
exciml3r spl3cies, will be discussl3d. 

I. Introduction 

Attempts at pumping gas lasl3rs by chargl3d 
particll3s created from nuclear reactions have been made for many years. l ,2 Figure 1 shows the major 
nuclear rl3actions uSl3d to pump the laser ml3dium, 
Recl3ntly, however, rapid progress has bl3en accom­plished in dirl3ct nuclear excitation with thl3 
d13v1310pm13nt of nucll3ar-pumped lasers using ei thl3r uranium-2353,4,5 or boron-lOS coatings on the 

.intl3rnal walls of thl3 laser cl3ll. Coatings arl3 
basically inefficient for nucll3ar pumping since 
fissions occur primarily inside the coating and 
most of the charged-particle energy (80%) is lost in the coating, Since all the energetic charged­
particles are created in the wall coating and then travel inward toward the laser cell centerline, homogeneous volume pumping cannot be realized. 
This effect results in such problems as the "gas­focusing effect" at higher pressures. 

A much more efficient means of laser pumping incorporates the 3He(n,p)3H reaction. The 3He 
reaction is initiated by a thermal neutron which is absorbed by the 3He nucleus. The nucleus 
then disintegrates, producing a proton of 0.57 MeV and a triton of 0.19 MeV. Both these charged 
particles ionize and excite the,gas medium 

homogeneously. Thus, homogeneous pumping can be 
achieved even at high pressures assuming no dl3grada­tion of the neutron flux. Since He is a major 
constituent of many gas-laser systems, it is con­
venient (although expensive) to replace 4He with the 3He isotope. The 3He reaction has previous­
ly been investigated with encouraging results but no proof of lasing. 6, 7 We describe here the achiev­
ing, for the first time, of a nuclear-pumped laser using the volumetric 3He reaction. 111is is the 
second most fundamental advancement in nucll3ar­
pumped laser research; thl3 first advancement was the demonstration of nuclear lasing by use of wall coat­ings. These advancements are expected to lead to 
an eVl3ntual self-critical nuclear-pumped laser 
systl3m using UF6' 

I. alo 
(n,ex) Li or U235(n,fl FF 

LASI~G GAS 

n. 

LASING GAS 

Y S NEUTRON 
FLUX 

YS NEUTRON 
FLUX 

¥FLlJX 

REACTOR 

o 
REACTOR 

o 
REACTOR 

o 
Figure 1. Nuclear reactions fol'" direct i\uCll:lar 

excitation'of lasers. 

* This research has been carried out Wlder partial support from NASA Grant NSG-1232. 
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noblo gas laseTS. saturution effects a1111euT soon 
after thresl10ld is ro:,chod. Nevol'tholoSS• tho out­
put 1)01'1

0
1' of tho l\uclol1r-llumpod lusor continues to 

increase with noutron flux ovor tho range investi­
gllted. The highest 1)OWe1' outll\lt at 1. 79\1 WIlS 50 

the dischul.'ge I~hich illtlicatetl that procoSsos slIch 
tiS collisional l'\ldiati ve racolllbin/ltiOl\ ''lore import­
nnt IUld. Insing eli.d I\ot dopend 01\ 11 ver)' glln1'I1 rise­
tilllO excitation lwlS!). 1'ho 1. 27\1 t)"lIn5itiOJl was 
fc)\U\d to 1>e solftl.ll'minotingj losing stoppod inside 
the voltage l>1I1se and the t,);11115:1.tioll \~IIS ruloe! out 
£01' n\lclour ll\ll1\ping. \1urtho1: 1'ostHlrch is noodo

d 
lIt 

tho l'ollctor to tlef,\.nitoly shO\~ that nuclen1'-pumpol! 
lasing is not Oc.c\l1'l.'ing at 1. ~17\1 !lnd 2.31311. 

mW with appTOxil\latoly 105W deposite,' in tho gas 

volume. 

Figure 5 shows the sctll iug of laser output 
l)o\~el' at 1. 79\1 with total Ill·essuro. Horo tho Al' 
concontration was hold constant u~ 10%. Lasing 
took plilce fl'om 200 to 700 '\'01'1' lie-AT. FUTthol' 
studioS aro noodo(\ to deteTllline the minimulII and 
IIlRximum llToss\lros for laser oporation. Also. tho 
gas mixtu1'o of 10% AT in 3Ue used in the expel'i­
I"ents mlly not be optimulII £01' nuclenr p\ullping. It 
is illlportant to nat.o tl\1\t lasing took placo {Lt 700 
'1'ol'r 31Ie-I\:1'. This -is tho highest prOSS\11'O 
l'ouctor-dri ven nliclear-ll\lllll1od 11\ S 01' to dnto. and 
delllonstTates tl)at II llomogoneous discharge Clm be 
producod at high 1)1'055\11'0 \~ith volumetric 
oxcitation. ' 
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!ligu're S. Lasor output pO\~er (n!W) at 1.79U is 
sholm vs. totul 3\IO-Ar Pl'OSS\ll'e with tho Ar 
concontl'ntion hold constunt at 10%. The average 
moderated neutron flux ,~ns hold constant at 
7.6 x 1016 n/cI1l2~sec. 

nI. Electrically pulsed He-AI: Laser 

Using a fast-b\lrst reactor to pump a laser 
medium is a sloW process at best. On. tl1e average, 
only five roactor pulses per day cml be achieved. 
11\\1s. it is desirable to use other 11Ieons to study 
and optimize tl1e laser !larllllloters beforo l\\1cleliT 
pUmpill& is attempted. With the IIQ~AT lnsel' it 
has been found that a higl1-prossure (100 Tor1') 
electric!111Y~llUlse(l Inser could be uso.d. to 01)t:l.-
miza the laser parameters. 

Inactl':!,cal lasing occurs, il\ the laborato'l'Y, 
at tlnee wllvelengths ~ 1. 79l\, 2. 3lp, and 1. 27~1. 
Only the 1.79\1 tl'ajlsition lasos at high l}rossures 
(;,. SO 1'0-':1' He~Ar) Imel in the nftQrg10'~ of tlle 
1>\115

0
d discharge. ThUS, the 1. 79\1 tl:l'l1\sition ,~as 

thought to be the best candidate for nuclOtl1' 
pumping £01' two rO.nSQus: Fil.'st, high-proSS\lre 
eloctl'iclil lasing \~ns achieved which imlicated 
that pressure broadoning of the transition did 
not adversely affect lasing behavior; and~ second, 
olec.trical lnsing took placo ill the aftol.'glow of 

Figlll'o 6. l'iloctl.'icnlly p\\lsod lusor Olltp\lt nt 
1. 79\1 vs. total l)l'OSSUl.'e of lIe-Ar in Tor1' 
£01' vtn:ying concentrations of: At. Blec'tl.':l,clll 
llwllpi.ng (B/P) \ms hold constnnt. 
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Figure 8. Comparison of nuclear and electrically excited 
3He-Ne-02 spectra. TIle nuclear spectra at 600 1'ol.'r 
is 10 times as intense as the spectra at 133 'rOlT. The 
average the11nal neutron flux Ims held constant at 
5 x 1015 n/cm2-sec. 

Figure 6 displays the l'esults of a concentl.'(l­
tion study of lasing at 1. 79\1 versus total pres­
Sure of lIe-Ar. From the U!,'1.lre it appears that 
10% Ar is very near the optimum concentration of 
Ar in He and, thus, this was the concentration 
used ill the reactor e).:periments described earlier. 
Again, further research is needed to confirm that 
the electrically pulsed aftergl?l. optimum concen­
tration of 10% is the same optimum concentration 
under reactor excitation. It is hoped that <'l1ec­
tl'ically pulsed afterglow studies will help pre­
dict other more powerful and efficient nuclear-
pumped lasers. . 

IV. Laser Exci tation ~Iechanisms 

Figure 7 is an enel'gy level diagram of the 
He-Ar laser system. Note that there ioS no db'ect 
matching of energy levels between the helium and 
argon atoms. In the electrically pulsed laser 
experiments, lasing at 1. 79\1 I.,as feund in the 
afterglow, thus, direct electron input excitation 
of the upper laser level should be ruled out. The 
only other process that can ndequately aCC01.Ult for 
lasor Plunping is collisional radiative recombi­
nation of elect:rons Id th argon ions. The argon 

99 

ions can be produced either by Penning ionization 
(by He 23 S metastable) or by direct electron 
impact ionization of argon. Collisional radiation 
recombination then occurs, eventually populating 
the upper laser level, the 3d [1/2]° state.8 
(The excess energy of recombination can be carried 
by either an electron, neutral atom, or molecule.) 
The 1. 79jl tl'ansition probably has a higher gain 
than the 2.313\1 transition and thus effectively 
quenches lasing on 2. 313jl at higher pl'essures. 

The addition of chlorine to the He-Ar laser 
I~as found to produce a subst,mtial improvement in 
laser output9, 10 (factors of2 to 6). 'rhis has 
be,';)n attributed te the depopulatien of the argon 4S 
levels by resonant trans fel' to chlorine. Thus, 
back excitation from the 4S to tho 4P [3/2]1 10\~er 
laser level is reduced and output pOI"er at 1.79jl 
incn\ases. This same process will be attempted in 
the nuclear-pumped laser experiments. 
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V. S He-Ne-OZ 
Spectra by Nuclear EXcitation 

The spectra shown in Fig. 8 is a conlJ.Jarison 

of He-Ne-OZ spectra taken under nuclear and 

electrical pumping. The top trace is the 

He-Ne-02 spectra \~ith lasing occurring at 8446 R 
in 01 under electricall~ pulsed excitation. The 

lower three traces shOl~ He-Ne-02 spectra taken 

with nuclear excitation using the same laser 

cavity and cell used for the electrical excitation 

spectra. Note that nuclear excited lasing at 

8446 1\ is conspicuously missing from the nuclear 

induced spectra. Lasing has not been achieved in 

3ue-Ne-Oz for total pressures from 30 to 600 Torr 

and average thermal neutron fluxes from 8 x 1015 

to 5 x 1016 n/cm2-sec. Although lasing did not 

occur, the spectra of the llUclear and electrically 

pulsed discharges are very similar. The broaden­

ing of the nuclear spectra at high pressures is 

most probably due to the high-intensity light 

spilling over into adj acent cha.nnels of the opti­

cal multichannel analyzer used for recording the 

spectra. 

These results indicate that the electrically 

pulsed dis(.harge at high pressures (>50 Torr) 

may have the same dominant process as the nuclear­

induced discharge. This should help immensely. in 

predicting and optimizing future nuclear-pumped 

lasers. 

THERMAL 

NUCLEAR PUMPED 
FLUX 

LASERS WAVELENGTH PRESSURE THRESHOLD 

(May 1976) 
(TORR) (n/cm2-sec 

Y-Pumped 
HF 1 aser 1.3 
Los Alamos 

y-Pumped 5,200 

Xe Ampl i fi ed 
- 1700 R 

7,800 

spontaneous 10,500 

emission 13,000 

Livermore 15,700 

Fission Fragment 
lOG -5Xl016 

CO Laser 5.1-5.6 pm 
Sandia Labs 

Fission Fragment 3x10 15 
He-Xe Laser 3.0-4.2 )Jm 200 

Los Alamos 

S10(n,a) Li7 8629 ~ 
1Xl015 

Ne-N2 Laser and 75-400 

Univ. of IllinOis 9393 R 

He3(n,p)H~ 1.4x10 16 
He-Ar Laser 1.79 \l 2~0-70Q 

NASA-Lang1 ey 

VI. Summary 

Listed in Table 1 is a summary of all nuclear­

pumped lasers as of ~Iay 1976. The las t four 

nuclear lasers have been pumped with reactors and 

are the most important for practical applications. 

Very ralJid progress is no\~ being made in this ne\~ 

field. The two major means of energy deposition, 

coating and volumetric sources, have been demon­

strated, \~ith tho goal of a self-critical nuclear 

laser still being agressivoly sought. After 

examination of Table 1, it is encouraging to note 

that operating pressures are rapidly increasing. 

This is important if high-power nuclear lasers are 

to become a reality. In the future m01'e attention 

must be paid to higher pressure excimer laser 

systems. Such systems are ideally suited for 

nuclear pumping since they operate at high pressures 

and have high saturation intensities. The lasing 

\~avelengths are approaching the visible region of 

the spectrum \~hich is of maj or interest in laser 

fusion and isotope separation. The duration of the 

lase1' output is also increasing and has reached 

essentially steady-state operation. This is of 

major importance since one of the major advantages 

of the nuclear-pumped laser is that it has the 

potential of being the only practical steady-state 

high-power laser system. Laser power outputs and 

efficiencies have been quite small (except for the 

CO laser) but this has been due to the high-gain 

" 

ENERGY 
DEPDSlTE£ LENGTH OF PEAK POWER PEAK LASER 

(J/l'.) LASER DEPOSITED OUTPUT 

Tlt4E OUTPUT (W/R,) (WATTS) 

PERIOD (J/l'.) 

= 923 12 8 x 1010 5 X 108 
nsec. 

12 nsec 92.3 

5X10~ to 
15x10 31-10 nsec 2.7 x lOll 

171\Sec A. S. E. to 
9 x 1011 

200 50 )Jsec 1:3X106 2 - 6 
150 Ilsec 0.2 

50 235 )Jsec 3.3 X 105 > .01 

2.8 x 10-5 
150 )Jsec 

313 to 3 x 1.0'1 1.5XlO-3 

10aO to 
10 msec 

6 msec 1 X 105 2.4 x 10-5 

24 to 270 1.6 x 105 

150 )1S 
550 )Jsec to 

1.8 x 106 
O.C'S 

Table 1. A table of all published nuclear-pumped laser 

results as of May 1976. The Y-pumped results were obtained 

from underground nuclear explosions; the other lasers are 

reactor-driven. 
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laser systems studied thus far. Future research 

must move in the direction of low gain, high­

saturation-intensity ~aser systems. In this re­

gard, the excimer system appears very encouraging. 

The assistance of the staff of the Aberdeen 

Army Pulse Radiation Facility and of Mr. J. Fryer 

is gratefully acknowledged. 
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DISCUSSION 

ANON: Did you test lasing by detuning the 

cavity? 

R. J. De YOUNG: No, we didn't de tune because of 

the expedmental difficulty involved. However, we 

did, under conditions ideal for lasing, replace 

the 3He with 4Ue in the cavity. We observed no 

lasing. thus concluding that it is quite definitely 

the 3He reaction that is pun1ping the laser and not 

any stray gannnas or fast neutrons. 

101 

.6ft',,. 
., ("-", 'r ~. f"'- rr - ~ 

! ' 
T 

".~ . ; f 
t :i f 

1 (' : . "'-<-->._--, •. ",_,,_,_.1.., •. " ,.: .. , .~. J. 

\ 

I 

0, 

" 

f 

1 

1 
1 
1 
I 
1 

, , 

I , 

• J 



i" 
Ai 

; 

! : 

it" 

, 
" i, 

:' 
, 
" 

I: 
; ,'j 

f \ 

~ . 
~ 
l 

'.j 
q 
I ~ 

I j, 
'I 

\ 

i i 
.' 

I 

J....:~:~.[~ :;;r __ ~::J,'" 
, ~ 

N78 - 26848 
RECENT NUCLEAR PUMPED LASER RESULTSt 

G. H. Miley, W. E. Wells, M. A: Akerman and J. H. Anderson 
Nuclear Engineering Program 

University of Illinois 
Urbana, Illinois 6lS01 

Abstract 

Recent direct nuclear pumped laser research 
at the University of Illinois has concentrated on 
experiments with three gas mixtures (Ne-N2, He-Ne-
O2, and He-Hg). One mixture has been made to lase 
and gain has been' achieved with the other two. All three of these mixtures are discussed with partic­ular attention paid to He-Hg. Of interest for DNP 

o. + work is the 6l50-A ion transition in Hg The 
upper state of this transition is formed directly 
by charge transfer and by Penning ionization. 

Introduction 

Research on radiation-induced plasmas has 
been pursued at the University of Illinois since 
1963. (1-5) In the last decade, work has concen­
trated on plasmas suitable for nuclear la-
sers. (6-13) Previous reviews of this effort were 
presented in Refs. 14-lS. Other experiments have 
dealt with nuclear enhancement of electrically 
pumped gas lasers. (19-23) Also, more recently the 
possible use of nuclear pumping for laser fusion 
applications has been proposed. (24-26) 

Recent Direct Nuclear Pumped (DNP) laser re­search at the University of-Illinois has centered 
on three gas mixtures. The first is neon-nitrogen which has been made to lase in the U. of I. TRIGA 
reactor. (27) The second is helium-neon-oxygen, 
for which gain has been measured. (2S) The most 
recent work has concentrated on helium-mercury, 
in which gain also has been achieved. Work on the 
first two mixtures will be briefly reviewed while He-Hg results will be described in detail. 

The Ne-N2 DNP Laser 

The neon-nitrogen laser is important for 
several reasons. It has the shortest wavelength 
and lowest neutron £lux threshold of any DNP laser demonstrated to date. Also the pumping mechanism appears to lead the way to an important class of recombination driven DNP lasers. 

The electrical pumping mechanism of the neon­nitrogen laser has been shown to be recombination. 
Recent studies by G.· Cooper, et al. (29) indicate 
that collisional-radiative recombination of N+ in­
to the upper laser level is the most probable 
pumping mechanism. The basic question unanswered, 
however, is how N+ is so efficiently formed in the radiation induced plasma. As can be seen from the energy-level diagram of Fig. I, this would require 
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Fig. 1. Energy'level diagram of the Ne-NZ DNPL. 

a two-step process if direct neon-nitrogen col­
lisions are involved because the energy levels of 
Ne+ and lower excited states are too low for one­
step excitation. Further, there is strong evidence that absorption of nitrogen on the laser tube wall plays a role in the process. This has been demon­
strated by the dependence on the previous history 
of nitrogen in the laser cell. We are currently 
pursuing research to understand this very compli­
cated process. 

Since the bulk of electrons in a DNP plasma 
are low energy, recombination can be more effi­
cient than in electric field sustained plasmas 
where the electron temperature is high. (IS) 

In present experiments the laser is placed 
next to the reactor core and external optics are 
aligned to focus laser light on the slits of two 
monochromators and an S-l photomultiplier. This 
is pictured in Fig. 2. A fan, driven by a high 
speed electric motor, alternately unblocks and 
blocks the back mirror so that gain and/or lasing 
can be positively identi£ied. 

t This work was supported by the Physical Science Division of ERDA. 
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REACTOR EXPERIMENTAL SETUP 

NEUTRON 
IONIZATION 
CHAMBER 

/ 
JARRELL-ASH 8~·000 
0,5 METER E8ERT 

Fig. 2. Reactor experimental setup. 

While lasing has been achieved with uranium 
coated tubes in other experiments, (30-32) a 

0.4 mg/cm2 coating of BlO is normally used on the 
inside surface of an aluminum tube which forms the 
laser discharge region. Excitation is then pro­
vided by the reaction: 

onl + 5BlO + 2He4 + 3Li7 + 2.3 MeV 

Figure 3 shows a typical Ne-N2 laser output 

with the neutron flux profile superimposed. The 
o 

top trace shows the 8629-A laser line which tends 
to cut off near the peak of the neutron pulse. 

Ne - N2 DIRECT NUCLEAR PUMPED L4SER 

o 0 
9393A 8629A 

-,~S,E R 'r-, O_U-r
T
_
P

...,U_
T

--r--./.4-(..LAS,ER OUTPUT 

/ 

2.5KI015n/cm2 sec 
PEAK NEUTROt~ 
PULSE 

TOTAL LASER AND 
~--r-SPONTANEOUS 

OUTPUT 
(5-1 PHOTOMULTIPLIER) 

Fig. 3. Oscilloscope trace of Ne-N2 DNPL. Shows 

laser output vs. time. 

t 
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The 9393-A transition· shown on the trace lases 
about two milliseconds past the peak. This dif­
ference in timing is attributed to competition for 
excitation between the upper states. 

Particular attention should be paid to the 
chopping of the signal which is the result of a 
fan inside the cavity (see Fig. 2). This provides 
an easy, but conclusive, proof of lasing even 
though the laser is behind 11 feet of concrete 
shielding.' The same technique provides a sensi­
tive method to measure gain and this will be dis­
cussed later with regard to optimizing He-Ne-02 
and He-Hg mixtures. In addition to these details 
of the Ne-N2 laser, a peculiarity with respect to 

the time history that may hold the key to the Nt 
production mechanism in the reactor should be 
mentioned. When a small amount of N2 is added to 

the normal mixture, lasing almost stops during the 
next pulse. Subsequent pulses where no N2 is 

added yield much larger laser signals. The cycle 
is repeated when another small amount of nitrogen 
is added. This behavior, diagramed in Fig. 4, is 
interpreted as resulting from nitrogen being ab­
sorbed on the wall such that emission during the 

reactor pulse in some way contributes to N+ pro­
duction and subsequent lasing by recombination as 
discussed earlier. 

He-Ne-02 Optical Gain 

Early work with ~, Ne-02 laser utilizing BlO 

h f " h d . (33) as t e source 0 exc1tat10n s owe prom1se. 
However, results were erratic and it was difficult 
to contl'ol the small 02 concentration required due 

to absorption on the tube wall. The discovel.'Y 
that the addition of large amounts of helium made 
high pressure electrical lasing possible was a 
breakthrough. (34) It also made possible the use 

of the He3(n,p)T reaction to produce excitation in 
the reactor, effectively controlled the oxygen 
absorption and provided effective puniping by col-
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lisj,on t1'nlls£er. While Ilctulll lasing wus not 
achieved. extensive choppeu' experiments (using 
tho fnn as previously described to altemntely 
unblock and block the cavity) conclusively dCl1\on~ 

strllted. gnin on the S446~A line (the snme lino 
usod in the electl:icnl He~Ne~02 lasel'). This is 

: 

illustl'ated in Fig, 5 whore the chopped outpUt from 
a a 

8446 A is shown along with two othcu' lines, 7775 A 
o 

nnd 8780 A, With 'helium lll'cssm:es of 700 ton' und 
a 0.2% 02 cOllccntl'ntion, gClin was observed. The 

unblocked to blocked l'atios of the tl~O othe1' lines, 
though within the high l'eflectivity bandwidth of 
tho cavity mil'l'ol'S, nre l'oughl)' two, i. e. nenl' tho 
valUe expocted for spontnllcOlis emission, Since 
neither line is expected to invert,this demon~ 
strates that tha technique is working when COIn-

o •. , 
pared to the 8446 A outllut where l'atJ.OS npprouclung 
5 111'0 observed. Such mens\lrements indicate a gain 
of -0.9% hns been nchieved With a mixtul'e of 0.2% 
02 and 0.52% Ne at pressurc)s up to 1 atm. Optimnl 

mixtures al'e discussed ill SOIllC detail in Ref. 28, 
and it is thought that higher neutron fluxes nnd 
:l'ise time could lead to sufficient gain to make 111\ 
attl'nctivo Inser. If successful this coUld replace 
Ne-N2 ns the shortest \mvelength to date. 

Ho~Bg Optical'Gain 

This mixture differs from the first tl~O mix­
tUl:es in that en erg)' tt'mlsfet's dh'ectl)' f1'l1m 
heliulll ions and Illetnstnbles to the upper lasel' 
leVel vin thermtll-enel'g)' chnl'ge~exchnnge nnd Pen~ 
ning ionization of metastable sttl.tes, respectively. 
(sec Fig. 6) This plUnping mechanism is compatible 
\~ith radintioll~induced plasmas. The potentilli use 

of SHe to t1.chieve II. volume SOUl'ce of excittl.tion nt 

Fig. S. 

!.mOQ<ED-BLOO<l:.D RATIOS FOR 

TRANSITIONS IN OXYGEN a NEON 

B7BOA-Ne 

Unblocked-blocked l'atios vs. time. Shows 
complll'ison between 8446 l\. oxygen tl'an­
sition exhibiting gain, nnd two othel's 
that do not. 
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. 
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. Holnl 

200V -He:inl 

IOoV -

OeV 

.,. ,.~ .,."...~' 
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F;ig. 6. Enel'g)' level dingrrun for t~e helilUlI­
mOl'cu,'y system. The 6150 A-transition ., 
from 'tilt) 7-PS/2 level is sholm, 

high p1'essul'es is nil impol'tnnt fellture of lIe-lIg, 
Fintl.lly, whim it las es , it will pl'ovide lin output 
in the visible rllllge. 

The 61S0-A tl'lInsition lI'as fi:rst mentioned 115 

a possible Di1:ect Nuclear PlUlllled Lnse1' by 

Andrinkhin (35) \~ho reported n lurge light output 
in the visible region of the spectrum whan Ii. lIo~\lg 
laser I~ns ope:l'nted in a pulsed l:euctol'. At the 
Universit)' of Illinois n hoHoN cnthode laser de-

sign (36) Ims adapted to 0llerate IIv~t to the ronc­
tor core. The hollol~ cRthoda I~as 11 60-Cll\ length 
of allUllimulI cylinder 2, S CI1l in dirulletel' Idth IllI 

intel'nal coating of nlO. It serves a dunl pU1'pose 
of being It hollow ORthotic £orthe electrical luse,' 
and providing the nUtlellr reactiolls fOl' the DNP 
Inser. Tho electrodes lI'ere contuinod ill a PY1'e.li: 
tube that I"as II'1'Rl)ped Idth three sections of 
heatel' tnpes. Byhenting the tube, the densit)' of 
mel'eu'!:y within can be contl'olled. Three ch1'ol\\el­
alul1lel thcl'111ocouples nrc usod to lllOllitol' tempel'a­
tures alollg the laser. ~lerCur» is contained in 
two reservoirs which aro maintained at !I tompera­
ture slightly 10wel' than that of the main tube. 

, 
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Again, a chopping fan in the laser cavity 
provide~; unblocked to blocked measurements (see 
Fig. 7). T1\e laser is mounted on an aluminum car­
riage and placed next to the core of the reactor. 

ALUM!NUM 
CARRIAGE 

HELIUM' MERCURY LASER 
HOLLOW CAtHOOe: OISCHARGE 

MEn,URV _I 

MIRROR 98% 
HtFlECTlVE 

TAPES RESEfWOIR STA!lON 

1------" ":-'·'~»--1I6cm _'._".'"'~""_~<1'"'_"'~"""_'" ~ 

Fig. 7. He-Hg laser and carriage used in these 
experiments. 

The placement of the laser is similar to the 
Ne-N2 experimental arrangement shown in Fig. 2. 

The laser is evacuated with a forepump, and then 
filled to the desired helium pressure. When the 
reactor is pulsed, signals such as those shown in 
Fig. 8 are observed. Th,e top trace shows the modu-

Fig. 8. 

F\A'IIO COMPARISON 

6150A Hg n 

TIME ... '---­

GOO TORR HELIUM 
6mTORR Hg 

3.3xlo'5 n-cm2-secl 

Ratio comparison showing 6150-A I1g-II 
transition with gain, and anothel' tran­
sition for which gain is not expected. 
The helium and mercury pressures were 600 
Torr and 6 mTon' respectively. 
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lated 6150-~ signal produced by the chopper fan. 
The middle trace displays the neutron pulse while 
the bottom trace shows the modulated signal with 

the monochromator set at 6560 A. The light thus. 
o 

collected could be fronl the 6560-A lie-II transi-

tion, or the 6563-A H-I transition due to a gas 
impurity. As ·~ith the Ne-N

2 
experiments shown 

earlier, thiS transition should not be inverted. 
It lies within the high reflectivity range of the 
cavity, hence, serves as a reference to demon­
strate that no extraneous effects are occurring, 
As expected, the unblocked-blocked ratio f01' it is 

-2, whereas the 6150-A ratio is -5 providing a 
clear demonstration of gain. 

Unblocked to blocked ratio data from Fig. 8 
are shown as a function of neutron flux in Fig. 9. 

o 
The 6560 A ratios remain at -2 within the accuracy 

of the measurement. The 6l50-A ratios increase 

fronl -2 at 4 x 1014 n/cm2-sec to 4.8 at 3 x 1015 

n/cmZ-sec, suggesting a threshold for gain <1014 

n/cm2-sec. In later experiments, the mirror 
alignment and mercury pressu1'e \~ere optimized and 
even higher ratios. approaching 8 were obtained. 
This is also shown in Fig. 9. 

8' I 6'50 A 

UNBLOCKEo/8LOCKED ~ATlOS CAvlTY 
v$ OPTIMIZED 

NEUTRON FLUX 

/1 1-----1 : r// CAVITY 

~t I I 65GOA 

I 1---- ~oo TORR HELIUM 

6 mTORR MERCURY 

°O~------~------~2~------~3~------~4 

Fig. 9. 

NEUTRON FLUX (X's 1015 ) 

Bottom two curves: Variation of un­
blocked-blocked ratios vs. neutl'on flux 
for Fig. 8. Top CU1've: The 61S0-'&' 
ratios vs. neutron flux fol' more optimal 
conditions. 

The gain can be predict~d from OU1' ullblocked 
to blocked ratios using the apprOXimate 1'a)'­
tracing theory of Ref. 28. In the present case, 
gains up to 1. 5%/m are estimated. Losses for the 
present cavity are ;;5%, but if these losses can 
be reduced some\~hat, the gain may be sufficient 
for lasing, If not, use of a higher neutron flux, 
such as can be obtained with a fast burst reactor, 
may be required. 

Another important variable is the gas Pl'CS­
sure. Preliminary attempts to optimize this al'e 

,shown in Fig. 10 in which the unblocked to blocked 

~'-' 

-~-;:.."~-:--------:~,~~?,, , 

\ 

1 

, 

i 

1 
~ 

.1 
I j 

I j 
.. ~ 
j 



I 

, .... 
, >, 

! 

, 
~, 

, " 

10 

8 -

; , 

r 
t 

UNBLOCKED I BLOCKED RATIO 
0 

AT 6150 A 

1---I, 
0 1----- "I-~ 6 
0: 

41-
MERCURY PRESSURE 

4 mTORR 
2- -
OL-~~~ __ ~ __ ~~~~~~~~~ 

o 100 200 300 400 500 600 700 800 

HELIUM PRESSURE, TORR 

Fig. 10. Ratios vs. helium pressure, showing a 
maximum value around 600 Torr. 

ratio is shown as a function of helium pressure 
for a fixed mercury pressure (-4 mTorr). A broad 
peak is observed near 600 Torr helium pressure. 
A similar curve with mercury pressure as the 
variable shows -4 mTorr to be the optimum mercury 
pressure. 

He-fig Spectra 

A camera compatible with the GCA McPherson 
EU-700 monochromator was constructed to photo­
graph the spectra generated in reactor tests of 
DNP lasers. Figure 11 shows a side view cutaway 
of the reactor thruport, in which the laser plasma 
tube is placed, while the monochromator and camera 
are at the exit. Poloroid 57 film was used 
to photograph the spectra, though the camera is 
compatible with any 4"x5" sheet film. 

Figure 12 is a photograph of the helium-
o 0 (37) mercury spectra between 5450 A and 6400 A. 

The left strip shows the spectra created during a 

I 
L 

i I 
_t __ J 

TO 
VACUUM 

TRIGA REACTOR MONOCHROMATOR 

Fig. 11. 

CORE 

Reactor arrangement for making photo­
graphic spectra measurements (not to 
scale) • 
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HELIUM-MERCURY SPECTRA 

-5461-
-2848-

-6150-

.. 1 
I 

100 TORR 100 TORR 5 TORR 

1 1 t 
NUCLEAR ELECTRICAL 

EXCITATION EXCITATION 

Fig. 12. Spectra for three different conditions: 

On the left the 6150-,8, line is present at 
100 Torr with nuclear excitatioll, while 
tl~O electrical excitation spectra are 
shown at l'ight for comparison. 

neutron pulse at 100 Torr helium pl'essure. The 
right strip shows the same I~avelellgth range at 5 
and 100 Torr, but Idth electrical excitation only. 

It is observed that the 6150-A line is present 
in the 5-Torr electrical case but disappears at 
100-Torr. In the nuclear case it remains clearly 
visible at 100-1'orr, emphasizing that there is a 
difference in pwnping lnechanisms I~hereby high 
pressure operation with nuclear pwnping may be 
uniquely possible. The excitation mechanisms are 
not well understood yet, however, so the details 
of the mechanisms involved must al~ait further 
study. 

There are other differences between the t\~O 
spectra that do not sho\~ up in this reproduction 

of the spectra. Two Angstrom resoluhon has been 
achieved with the camera-monochromator combination 

14 2 and an integrat!'ld neutron flux of 6.6 x 10 n/cm. 

Conclusion 

Several schemes for prodUCing DNP lasers have 
becn described along with the e:-:perimental work 
that has been accOlnplished to date. A nuclear " 
pumped laser operating on th'O wavelengths in the 
near IR 'and two other systems that have nuclear­
induced populatio~l inversions have been discussed. 
One of these, the He-Hg system, potentially offers 
a visible laser. In addition, a simple means of 
identifying gain using a modulated cavity has been 
described. Finally, a means of photogl,'aphing spec­
tra and some results with He-Hg have been de­
scribed. 

DNP laser research at the University of 
Illinois ha.s centered not only on a search for 
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high pressure, high power nuclear lasers, but also 
on a search for the unique mechanisms that will 
allow suitable systems for future applications to 
be predicted. 

Figure 13 lists a summary of nuclear lasers 
(27 30-32 35 38) produced as of May 1976,' " that. 

utilize research reactors and have been described 
in archival literature. Referring to the Illinois 
results, the Ne-N2 laser exhibits the lowest ther-

mal neutron flux threshold, shortest wavelengths,' 
and longest duration of any of the DNP lasers. 
Further, it appears to employ a recombination 
pumping scheme, that could be the precursor of 
other more efficient and powerful lasers. The 
He-Ne-02 and the He-Hg systems are both promising 
in that gain has been observed experimentally. 
They represent a search for suitable lasers that 

utilize 3He as a volume source, i.e., they can 
operate at high pressure, and also have wave­
lengths in or near the visible. 

NUCLEAR 
PUMPED 
LASERS 

~Y1976 

3He - l1g 
MOSCOW 
STATE 

CO 

PUMPING WAVELENGTH THERMAL LENGTH PEAK 
REACTION FLUX OF LASER 

THRESH~D LASER POWER 
(n/cm2-sec) OUTPUT 

3He(n.plT LASING IMPLIED 
BUT UNVERIFIED 

235 

I msec 

SANDIA LABS U(n,F)FF 5.1-5,61' "'5~IOI6 50l'sec 2-6W 

He-Xc, 
LOS ALAMOS 

235U(n,F)FF UNIV, OF 3.51' 3~lo'50 150l'sec >.OIW 
FLORIDA 

------
Ne-N2 6629A 1~ld5 UNIV. OF and (1 

ILLINOIS 9393A 
6msec 1.5mW 

3He- Ar 
1.4~ld6 NASA 3He(n,p)T 1.791' 3651'sec 50mW 

LANGLEY 

Fig. 13. Summary of DNPL experiments performed 

1. 

2. 

3. 

4. 

with research nuclear reactors. 
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NUCLEAR FISSION FRAGMENT EXCITATION 
OF ELECTRONIC TRANSITION LASER MEDIA 

D. C. Lorents, M. V. McCusker, and C. K. Rhodes 
Molecular Physics Center 

Stanford Research Institute, Menlo Park, California 94025 

Abstract 

The properties of high energy electronic transi­
tion lasers excited by fission fragme~ts are 
examined. Specific characteristics of the media 
including density, excitation rates, wavelength, 
kinetics, fissile material, scale size, and medium 
uniformity are assessed. The use of epithermal 
neutrons, homogeneously mixed fissile material, and 
speCial high cross section nuclear isotopes to op­
timize coupling of the energy to the medium are 
shown to be important consideratio.ns maximizing the 
scale size, energy deposition, a •• J medium unifor­
mity. A performance limit point of ~ 1000 j/liter 
in ~ 100 ~sec pulses is established for a large 
class of systems operating in the near ultraviolet 
and visible. spectral regions. It is demonstrated 
that e-beam excitation can be used to simUlate 
nuclear pumping conditions to facilitate the search 
for candidate media. Experimental data for the 
kinetics ofaXeF* laser operating in Ar/Xe/F2/UFS 
mixtures are given. These reactor-pumped systems 
are suitable for scaling to volumes on the order of 
(meters)3. 

I. Introduction 

Pulsed neutron generators are a compact source 
of enormous energy in the form of fast fission 
fragments. The Sandia SPR III reactor,l whose 
operating parameters are summarized in Table I, re­
presents a modern configuration which dissipates 
several megajoules of energy in a single pulse. 
Efforts have been underway for several years to 
realize methods for producing coherent radiant 
energy with a nuclear energy source. 2 The first 
successful efforts to obtain laser oscillation in 
fission-fragment-pumped media were recently report­
ed in several laboratories. 3 In this paper, we will 
discuss the considerations necessary to efficiently 
convert fission fragment energy to coherent radia­
tion. Several critical aspects of this coupling 
will be examined, particularly specific medium 
characteristics such as denSity, wavelength, kine­
tics, fissile material, scale size, energy deposi­
tion, and uniformity. We will show that efficient 
coupling of a pulsed reactor with an appropriate 
gain medium will result in megajoule outputs of 
coherent energy at ultraviolet and viSible wave­
lengths. 
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Table I 

Operating characteristics of SPR III 

Neutron Flux (cavity) ~ 1019 n-sec-l cm-2 

Prompt Neutron Pulse Width - 50 ~ec 

Average Neutron Energy - 200 keV 

Cav;l. ty Volume - 15 liter 

II. Reactor-Medium Coupling 

A. Energy DepoSition, Medium DenSity and Composition 

Optical fission-fragment-excited laser systems 
require efficient coupling of the fission fragment 
energy to the laser medium. The basic fiSSion 
process involving uranium is 

+ U
235 ~f 

n ~ Zl + Z2 + \In (1) 

Which released - lS5 MeV of kinetic energy in the 
two highly ionized fragments. These fiSSion frag­
ments transfer their energy to a host medium by 
several processes, including charge exchange, colli­
Sional stripping, direct ionization, and Auger pro­
cesses, all of which lead to ionization and excita­
tion of the host material. As the considerations of 
Leffert, Rees, and Jamerson4 indl.cate, the energy 
per ion pair produced by fission fragments in rare 
gases, Wff , is close to the corresponding value, 
We, for electrons. This is reasonable physically 
because the ionization and excitation in both cases 
is produced largely by secondary electrons at ener­
gies much lower than that of the primary particle. 
To a good first approximation, then, - 50% of the 
energy deposited in dense rare gases by fission frag­
ments will produce electronic exci~ation, just as in 
the case of e·lectrons. 5 Therefore, we can apply the 
knowledge gained recently from energy transfer stu­
dies of e-beam-excited rare gases and rare gas 
mixtures to the potential fission-fragment-pumped 
media. 

In general, we desire a medium whose properties 
are such that it minimizes the kinetic losses 
through efficient coupling to the upper laser level 
While simultaneously utilizing physical mechanisms 
that are basically insensitive to the kinetic temp­
erature. The main limitations on the optical gain 
include gas heating, optical absorption by all 
species present, and medium inhomogeniety. The li­
mitation due to gas heating arises from the fact 
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that many laser molecules dissociate at elevated 
temperatures. This effect establishes an upper 
limit on the energy deposited in the gas (and 
therefore on energy output), and we can estimate 
that upper limit as follows. The deposited energy, 
Ed' is related to the optical efficiency ~, the 
medium density p, and the maximum permissible 
temperature rise of the medium ~Tg, by the speci­
f:\.c heat equation 

For example, if we restrict ~Tg to ,;; lOOOoK "nd 
assume ~ = 0.10 and a host material consist~~g of 
argon at a density' PAr = 1021 cm-3 (~50 amagats), 
these conditions permit an energy deposition Ed of 
2 x 104 jou;!;os/llter and provide (at the stated 
efficiency) ~ 2 x 103 J/litcr of laser energy. 

At, the high gas density indicated, the fission 
fragment range will be low (Rff < 1 mm).4 This 
imposes the condition that the fissile material be 
homogeneously incorporated into the laser medium 
if we are to achieve uniform deposition over dimen­
sions R »Rff • Homogeneously mixed fissile mater­
ial also insures efficient deposition of the fiSSion 
fragment energy in contrast to configurations in­
volving foils of fissile material located at the 
boundary of the medium, for which only ~ 20% of the 
energy is deposited in the gas. On the other hand, 
it requires the existence of a fiSSile material 
(such as UF6) that is volatile at moderate tempera­
tures. 

The density of fissile material required to 
generate a given energy deposition can be calcula­
ted from the relation 

(3) 

where jn is the neutron flux, < af > is the fission 
cross section averaged over the neut~on energy 
spectrum, T is the neutron pulse dUration, and Sf 
is the energy released per fission. The cavity 
neutron flux typical of current puLsed reactors 
(SPR III) is approximately 1019 n/cm2 -sec in an 
- 50 ~sec pulse as indicated in Table I. In order 
to maximize the fission cross section of the fis­
sile material, the neutrons must be moderated to 
low energies. We assume that this moderation pro­
cess can reduce half the neutrons to En ~ 0.4 eV 
within a pulse length of - 10-4 sec6 (passage of 
the neutrons through 2.5 cm of polyethylene will 
produce this partial moderation). Fission cross 
sections 7,8 for U234 and Am242m as a function of 
neutron energy are presented in Figure 1; these 
curves show the importance of moderating the neu­
tron energi:::s. 

For t'hese conditions, fission-generated energy 
deposition is shown in Figure 2 as a function of 
U235 and Am242m. These estimates were made assum­
ing a flat energy distribution for neutrons over 
the range 0 <En';; 0.4 eV. We see that - 100 torr 
of U235 leads to a deposition of 6 'kj/.e, while the 
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Fig. 1 Fission cross sections af as a function of 
neutron kinetic energy En for U235 and Am242m. 

same energy density can be aChiaved with approxi­
mately one tenth the fissile material density for 
Am242m because of its larger fission cross section 
at these neutron energies. Reducing the neutron 
energies to thermal values would in tUrn reduce the 
amount of U235 required for a given energy deposi­
tion, but it would also increase the pulse length 
and reduce the power density. On the other hand, 
americium has a high fission cross section for neu­
tron energies as high as 1 eV. Other trans plutonic 
materials such as Cm245 which has a fission cross 
section 9,10 and other properties intermediate 11 
between those of U235 and Am242m will be discussed 
in section E. These densities of fiSSile material 
are low enough that they may not interfere with the 
basic kinetics of the excitation process; we ad­
dress this point. later. 

The ability to deposit the maximum permissible 
energy density in a laser gas mixture can be 
achieved with e-beams as well as with this proposed 
fission-fragment-pumping technique. A major advan­
tage of the latter technique is that the pumped 
volume is limited only by the range of low energy 
neutrons, which is on the order of meters, whereas 
e-beam systems are limited by the range of high 
energy electrons, Which is on the order of centi­
meters. Furthermore, the weight and volume of a 
reactor pump is expected to be substantially smal­
ler than that of an e-beam pump of comparable 
energy. 

We conclUde on the basis of the above conSidera­
tions that the laser medium for a high energy 
fission-fragment-pumped laser will consist of a 
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Figure 2 Deposited enorgy Ed ns n ;i;ulletiOIl of 
235 d A 2-12111 :fissile I1Intel'iul donsity Pf for U 0.11 In 

assumillg the pel'fol't1la\ICO clinl'actel'is tics o£ the 
SPR III pulsed 1'0nctol' liS l1o!:od ill the text. The 
VUP01' Pl'ossure o;f UF6 (11l..9 tOl'l') n t 250 c is 
indicll ted, 

large vOllu\le, high dehsity gus (e.g" al'gon) CO\I­
tllining 1I homogeneous l1Iixture 0:1: .,.., 10 to 100 t01'l' 
of n volutile fissile mutel'iul. The uct\lul ln501' 
nlolecule could be un~t of sovel'al c(\IIdidntes ull'eudy 
denlOI\stl'utod with e-bel\lll-excico;tion, o.g., A1'-NZ 1 

Al'-I21 XeQ, Ad', Kl'F, or XeF. It is ossontial thnt 
the luser killetics ullow osselltinlly cw opcl'ntion 
ill order to utilize lIll the excitlltioll fl'Olll the 
1'elu tivoly long pulse of lIe\lt1'o\IS, but this is 
lIppu1'ontly the ollse in the systems sUggostO(\. 

13. Scule DimollsiollS ulld MediulII Unlfol'lli ty 

'l'ho mu;'Ciumlll V01Ul110 thu t cnll bo pumped by nou l;l'ou­
induced £lIssiol1 is sot by the 1'1I1lge of neutrollS ill 
tllo lllodium, which is SC'& ill tUl'uby the scntti)l'ing 
and UbS01'ptiou 1ellgths far the 1Ielltroll5. Tho 
scntl;ol'iug length will ba goverlled by the pi'il1\lu'Y 
constit\lont say Arl which hns 11 totul scuttol'illg 

, . ~4 2 
croSs suction ;Cal' the1,l\ul llIm tl'OuS 0:£ ,... 10 cm 
(A1"tO). For A1' dellsi ties of 1021/C11l3, tllis C01'ros-

, , , 

ponds to (I SOil t tol'illg lC:llIgth of N 10 1110 tUl'S. 'l'hO 
nbso1'ptioll will be duo to tho volutile fissile 
spocio i totul noutron CllptUl'O cross soctions U1'O 1.5 
to 2 times the fissioll cross scctions shown in Fig­
\l1'e 1. '!'ho nbso1'ptiol\ lOllgth w:\.ll ill fuct bo COI\­
tl'ollod by tho energy doposi tion by tho 1'olp,tiotl 

, for ,tho condi t;lOllS doscribod ubovo I this .110 011 thl,} 
order of 3 lIIOtol'S. 'l'hus, tho 11\t1.'i:illllUll d111\QlIlliollS o:t 
the pumped VolUl1\O will bo govorllod by IIbsOl,'ption o,t 
lieu trons. It is this nbi11 ty to uniformly P\II1IP sIlch 
largo VOllUllOS tlln t provides tho 1lI11j 01' s~nlil\!J u(lvtlll­
tuge of this P1'OI)Osod tochniquo. 

'l'he l'UlIgo of the I\Olttl'ollS is s\\:P.ficion tly ltu'go 
t:l1n t the trullsit tilllO 0:1: )nodol'n t(Hl nOllt1'ons through 
tho gns cnn exceed tho iiO\\tl'Ol\ p\11s~ lOllgth. III 
f1lct, f01' 0.2 eV )101\t1'ollS (VIl "" G x lOG em/sec) I tho 

distullco tt'uvo).lod during l\ 100 ,",soc pulse is '" GO 
CUI .k'o).' V01'Y lm'ge, vollUlles I tho. ll(llttl'Oli pulso will 
be ossontinll.y 11 tl'lIvolling oxcitu't.iQ\I Wtwo. 'fhis 
should noe bo 1\ problom if Ullll1'Opl'into ol\tpnt coup­
lillg of tho 1(\$01' enol'gy Cl\\1 bo IIchi(wod. 

It is j,lllpOl'to.llt tho.ttlto llouh'OIl voloci ty bo l(W!~O 
compared to (IOOIlIHie voloci tios; V s I so tIm to lHllSQ­
gellol'tltod distnl'bt\lIcos do not distlll'b ·t:1Io o\)~ielll 

homogonoityof tho tlow,12 Sinco Vs <>i [) ;-: :1.04 em! 
sec. this is ulwn~'s t1'110, J(owevol', ltOOUS tic di$­
tlll'ballCes cO\lld uriso 110 I\).' tho bOlillClm'ios II'\: tho uml 
oJ: a 10llg pulso, silleo Udis t\\l:bn!\co ~ V S • T '" 5 om 
:Co)., 'r :: 10-1 soc. Uso ot'Hss;J.J.c l1mterinls wHh 
lill'gO ;fission cross soctiollS £01' opithol'llml 1I0U'(,l'OIlS 
ullows nlinil\\tI1 pulse longthS I which n150 11Iitlil1\:I.~os 

tho o:t:fects of t:lCeu5tic distlu'bl\l\CCS. 

FiSsioll-frllgIllQl\'t oxoitutioll of dellSO :itomic gllBOS 
oocnrS I (tS tlO tod ot:l;t'lio1' I b~' till. l>1\lnC bll$.1.e 11\ec!m­
nis\11s (IS (lxeitncioll by ollel'gottc cluC\:.I'Ol\S. This 
e1lublos dil'OC't \\'tilizutiol\ of tho tOl\sido1'ublo ltino­
tic 1000Wledgo l\cq\\il'Oc\ ;!.Il studios of Cl()ct\·on~\.)olllll­

Qxei ted lIlatOl.':l\11. 13 In pll~·ticl\lul', cloc tl'Ol\ \,)cnl1ls 
oxcite the rare gnsos 111\(\ pl'oduce 1I1otn~tublo ntollrS 
nnd ('.:\:Ci1l101'5 with (\1\ \.11101'gy efficiency" of '" 50;:', 
III nddit;!.oll, Se\l'Ol'lll o-\.)OUlll-PlUlIpod lnso1' 1110di:~ 1\n\'o 
boon (\Ol\\Ollstl'U ted ill tho visible to 110111' UV 1'1l1\gO 
tho. 1; \l Cilizo energy tl'lIl1S;i;Ol' :I::t'om oxci tad l'lI1'e gns 
dOllor specios to either l\tOll\;!.C N' moloculur IIccopt­
O:I.'S .1'1 1\.\II011g those nl'O Al'lN:a 1 Al,'/I;a I KoO, l'ul'o~gns~ 
hnlides l\lid 1102 + INa' 

It fOllows tJIt\t 'thoso previonSl~' dClIIQ)lstl'uted 
media \\fill f\U\ci;:l.oll proporly tmdcl' axei ttl tio11 by 
fisSio1\ fl'l\[l,11I1mts pl'ovidod thfiC (1\) nt tho dOllsit;!.()S 
l'equhood the :l:issilo IldditiVeS do not il1tol';ful'O 
IIppreciably wi til' tho I,iuotic P1'occssos, (b) tho 
nuutl'on t:l'aIlSpOl.'t, i\pnl't fl'o1ll :£i$si01\, is not nd­
VOl'soly nffactod, (c) t:lllY ndc1itionl\l ollC:l.cnl losses 
n):isillg fr01ll tho f1ssib:t.o addi tivo Ll.l'O su.C:t:lC;!.O}1 tly 
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small', and (d) the laser medium can operate quasi­
cwo Points (a) and (c) will establish an upper 
limit on the fissile additive, and thereby the 
achievable energy deposition as shown in Fig. 2. 
Point (b) is not a limiting factor for the mater­
ials, densities, and scale dimensions under consi­
deration. Issue (c) is examined in section D be-
low. 

It is important to note that the kinetic studies 
that will be required to evaluate candidates for 
fission-fragment excitation can be validly perfor­
med on media excited with electron beams over most 
of the desired parameter space. The comparison 
between e-beam and neutron-induced fission excita­
tion is illustrated in Figure 3. In principle, 
electron beam machines can be used to simulate 
nuclear excitation and demonstrate lasing charac­
teristics within the entj,re space below the limita­
tion established by the foil, which i.ncludes all 
but the highest energy operating points in Fig. 3. 
Reactors such as SPR III can be used to evaluate 
the operational behavior at the limits of the high 
energy performance of media whose kinetic and opti­
cal characteristics had been obtained by simpler 
methods. 
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ORIGINAL PAGE IS 
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Figure 3 Excitation 'rate (p/VJ in watts/cm3 as a 
function of excitation time T for high pressure 
rare gas materials by conventional pulsed electron 
beam devices and fission fragment concepts coupled 
to a pulsed reactor. The electron beam foil limi­
tation is indicated. 

From the kinetic viewpoint, we desire a mini~um 
required fissile additive density Pf' This favors 
the use of .high fission cross section materials 
and high neutron fluence reactor concepts [c.f. 

li2 

Eq.3]. Although many volatile compounds involving 
fissile material are known, UF6 , because of its 
high vapor pressurelS at room temperature and its 
low radioactivity, is an obvious initial candidate. 

To test the feasibility of these suggestions, we 
have made e-beam excitation studies of ~he fluores-

* cence of XeF from mixtures of Ar/Xe/F2 to which 
depleted UF6 was added. Measurements of the fluor­
escence spectrum, fluorescence intenSity, and 
fluorescence decay time of XeF1

( ,.., 3511 A were made 
on the gas mixtures excited with a Febetron 706 
and the results are shown in Table II. We note 
first that the XeF

1
( is nO.t formed in material con­

taining only UF6' In light of the quenching data 
noted below, we conclude that the reaction 

* k * Xe + UF6 ~ XeF + UFS (5) 

is relatively slow, with a rate k ~ 10-11 cm3/sec. 

Ar 

1500 

1500 

1500 

1500 

760 

760 

760 

760 

Table II 

XeF* fluorescence measurements 
in Ar/Xe/F2/UF6 mixtures 

Xe 

10 

10 

10 

10 

40 

40 

40 

40 

(pressures in to~r) 

F2 

4 

4 

o 
o 

4 

4 

4 

4 

o 
4 

4 

100 

0 

4 

10 

50 

XeF Spectra 
Observed 

normal 

normal 

none 

none 

Emission 
Intensity 

1 

1 

0.6 

0.36 

Xenon fluoride emissions are easily seen with 4 
torr of F2 and no UF6 ; when 4 torr of UF6 is added 
to this mixture no change is observed in the spec­
trum intensity, ~ ~rate of the XeF*. For 
mixtures containing 50 torr of UF6 and only 4 torr 
of F2 , the XeF* is approximately one-third as in­
tense as with no UF6 , indicating that Xe* quenching 
by UF 6 is of. t!-,e order of 0.1 tha t of F 2' These 
results indicate that UF6 is quite inert to reac­
tion with electronic excited states, and may be 
added in quantities at least equal to the laser 
additive. These observations have extremely impor­
tant and positive implications for fission fragment 
pumping using UF6. 

D. Medium Optical Characteristics 

Optical losses due to the fissile additive may 
prevent laser action, even when no kinetic inter-
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ference is preSent. For illustrut;!.on, we show in 

Figure 4 the opticul ubsorption cross section of 

UFO as a function of wuvelongth in tho runge 200-

400 nm uccording to tho recent dutu of DePoorter 

und Rofer-DePOol' tel' .10 Nu turally, tho best region 

for osoi11u ti91l in a medium containing UFS is at 

wuvelengths from 400 tun to the infrnred Whel'e the 

nbsol'ptions nre known to be very small. Never-

the less, it mny be possible to opol'n te succossfully 

in tho rl3gion Ilenr the deep ubsorption minimum at 

.... 3iO MI, whioh very closely mn tches the 12* ulld 

XeF trnnsitions. Indeed, it mny be thnt the blUe 

bnlld of XeF* ,., '1200A is u better cnndidl\te since 

UFS nbsorption in thl\t region is extremely low. 

Aguin, the use of 10Wor densities of high fission­

cross section ml\terin1 would 'imdoubtedly mitigute 

this problem. 

'1 
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CI 
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.. 233.1 K 0.l7 \011 

• 263.\ K 7.26 \011 
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• 29&.' K 9\.50 \01/ 
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21100 lOIlO 
WAVELENGTH (A) 

4Il00 

Figul'e <1 Optioul IlbS01'ptiOl'l crass section of UP G 

ill the rllnge 200-·100 nm Ilccordin~ to the duta of 

DePoortel' Ilnd Rofel'-DePool'ter. The positiolls of 

the XQF* (351 nm) nnd 12* (3'12 n1ll) luser trunsitions 

1,l1'e 1l1S0 indicuted. 

E. Specilll Nucleur Mlrtel'iuls 

The pl.'evious discus,!lioll hus shoWn thut nuclellr 

lUnterinls with high fission Cl.'OSS sections, purti-

culnrly 1n the epithermul region, reduce mnny of the 

limitntions which nrise in the considerution of ex­

cltntion of 1nso1' medin by fissioll fl'ugments. Sev­

erul trnnsplutonic muterials represent UII improve­

ment ovel' u235 by up to roughly u fuctor of ten, 

An example of this compul'ison is 111us tru ted in 

Figure 2, Which conlplIl'es the performunce of u235 

with Am242m: Other mntel'iuls such ns Cm245 and 

Cf249 nlso huve very uttl'lIctive properties, The 

mnin parumeters of interest al'e the nucleur life­

times, the resonunce integrills for fission (tnf) 

and neutron cupture (Iny),the nvailubility, und 

the existence of II suitubly volutile compound us u 

cnrrier. 

Tuble III contl\ins the lifetimes und resonnnce 

integrals fOr severnl l1Ucleur lIlU terials. 9,10 Wo 

Obsol've that C1II2'15 hus a lifetime l'oughly one third 

thut of pu239 , decuys solely by O! elnission und hns 

u llll'ge rutio of fission to cllptul'e resonance 1nte­

gruls. ll Although some reusollubly volntile metul­

orgnnic compoundsl7 of the tl'ansplutonics such as 

Ani und Cm ure known to exis t, 18 ihsllfficien \; dn til 

ure currently uvuilnble for u completo eVllluution. 

'1'uble III 

Properties of tl'l\llsplu tonic IIIU tel'ials 

'1'~ (y~') 
t (b) 

t . (b) Isotope In! I 
n'Y 

U235 7 x lOS 275 144 

pu239 2.'1 x 104 301 200 

AlII 
2·12m 152 1570 (200) 

Cm245 S.5 x 103 750 101 

Cf2<l9 350 1610* 625 

*Dominuted by u rOsonunce at En 0.7 eV with un 

uro!!. of 8000 eV-bnrns. 

'" t Ii s J O'i (E) 
dE 

0,5 E 

1 II, COllclus ions 

Estimates of tho porfol'munce limits of fission 

frugmont o.'l:ci ted lusel' sys tems l'udinting in the nen1' 

llltl'nviolet und visible regions indicuto that ex­

trofllely high energy outputs uppollr feusible using 

pulsed l'oUCtOl' neU trOll gellel'a tors, 'l'rnnsvel'se 

sculo dimensions of groatel' than 01113 lIIetel' appeal' 

pructionl. Scale siZe und mediWlI dEmsity considerll­

tiona show thut high density gas phuse lIIediu con­

-taining hOlllogeneously illtogl'ated fissile lIIutorial 

ure supol'iol' to foil collfigul'utiOllS, The \lse of 

:fissile Uliltel'iuls with lUl'ge :£issiol1 cross sections I 

particularly in the epi thCl11\ul l'nnge l increnso the 

lnodiwn scula size und relmc kinetic und opticu), 

consh-uints. Silllull\tion of tho conditions prOduQed 

by ;[issioll frn~n\cnt exai tution CUll be uchievod oVer 

most Q:£ the relevant parameter spnca by studies oJ: 
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c mdida. to modiu \\'i til oxe! ted electron bentns. Sys­
bms of this naturo mny h(wo upplicn tiol\ us photo­
lytic dl'ivars :rOl' the high peak powel' systems 
1'.:Jquil·('!l .tor laser fusion. 

IV. AelmolVlodgomcmts 

'.l.'l!o expert technicAl ussistance of H. Nakano is 
u.:lmOlVledged. In ucld! tioll, we thanl, Richurd K. 
P,ml'son for his gcnerous loun of UF6 matel'iul.. \\'0 
ao:lJmowledgo sovel'ul vorl' i11£o1'l1lO. ti vo COIlVOl'sn tions 
on tl'unsplutonic III 0. torials with J. Browne, including 
llLS unpllblished data 011 fission Cross sections. We 
also thank E. 1\. Hulet fOl' in:Cormntion l'oga1'ding 
t"u11spllltonic compounds. Spociul thanks 1;'01' dis­
cllssions relatod to tho Pl'opurution of tho manu­
S<lript go to D. J. Eckstl'Olil. Finally, wo aclmow­
Indge informative discllssions 011 trl1nsp1utonic 
ma terinls wi th R. Roi tz und I •• Wood. 
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DISCUSSION 

R, V, HESS: Did you pump I~ith noble gas~a1ka'li 
mixtures? 

D, C, LORENTS: No, we have not looked at noble 
gas-alkali systems in our laboratory. lye have 
looked at: Zenon-Nercllry. That system seems to 
be rather complicated, and I would not recommend 
it. 
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DEVELOPMENT OF A HIGHER POWER FISSION-FRAGMENT-EXCITED 
CO LASER* . 

D. A'. McArthur 
Sandia Laboratories 

Albuquerque,. 'New Mexico 87115 

Abstract 

Since our initial observation of lasing 
at A ~ 5~ in cooled, reactor-excited co, 
we have continued to develop this laser in 
a small experimental program. The early 
gain measurements and laser feasibility 
experiments did not use parameters typ­
ical of efficient electrical CO lasers, 
but did show that the CO laser is prom­
ising as a potentially efficient reactor­
excited laser. In our recent experiments, 
we have observed that moderate dilution 
of the CO with Ar lowers the reactor ex­
citation threshold for lasing. We have 
also developed very smooth and rugged 
fission coatings on ceramic substrates, 
to minimize fouling of laser mirrors. 
Finally, a new laser apparatu~ has been 
constructed which more closely resembles 
large electrically-excited CO lasers. 
In initial experiments this new laser has 
produced a laser energy ~ 15 mJ (or ~ 100 
W peak power), which represents a factor 
of 50 increase in laser energy and a mod­
erate increase in efficiency. Measure­
ments of the energy emerging from the 
foils indicate that excitation of the gas 
is still below optimum values. Laser ac­
tion at room temperature has also been 
observed. Modifications to the new ap­
paratus are being made to permit system­
atic variation of parameters, which 
should lead to further efficiency im­
provements. 

I. Introduction 

When the Sandia nuclear pumping pro­
gram began in late 1972, there was no 
clearly demonstrated case of laser action 
using only a laboratory nuclear reactor. 
Because of the relatively high excitation 
rates available from our SPR-II reactor, 
we decided to survey a number of possible 
laser media that had been studied by ear­
lier workers, in an effort to observe at 
least one clear-cut case of lasing. No 
evidence of lasin~ was seen in CO 2 , OF, 
HF, He-Ne, and Ar, although intense 
light emission was often seen. However, 
the emission either decreased when laser 
mirrors were added, or was independent of 
laser mirror orientation. 

Because of the relatively low power in­
put rate available with nuclear pumping, 

it appeared that the ~ 5~ wavelength 
laser operating on the vibrational bands 
of CO might be very suitable for reactor 
pumping. This laser is a very efficient, 
electrically-excited laser, operatinq be­
tween vibrational levels which have very 
long lifetimes even at high pressures. 
Finally, selective excitation is not re­
quired to obtain an inversion, since a 
strongly non-equilibrium population dis­
tribution spontaneously develops in CO if 
the gas is highly excited vibrationally 
yet remains translationally cold. Thus 
the most important uncertainties were how 
much gas heating would be caused by fis­
sion fragment excitation, and what frac­
tion of the fission fragment energy 
would go into vibrational excitation of 
the CO. 

Early in 1974 optical gain was ob­
served in pure CO gas cooled initially 
to 77 K. After making initial studies 
of the gain as a function of wavelength 
and excitation rate, a laser apparatus 
was constructed, and clear evidence of 
lasing was obtain~d. This evidence con­
sisted of a >103-fold increase in the 
signal seen by a distant detector, only 
when highly-reflecting mirrors were 
placed in the apparatus and were properly 
aligned. A small lase'r energy was also 
measured, from which an estimated laser 
efficiency ~ 0.1% was obtained. These 
results, the fi.rst clear demon.stration 
of lasing in a medium excited only by 
fission fragments, were described in an 
internal report in July, 1974,1 and pub­
lished in the literature after a patent 
application was filed. 2 

II. Potential Efficiency of 

Reactor-Excited CO 

The initial series of gain measure­
ments in pure CO showed a factor of ten 
smaller gain amplitude, compared to that 
observed in electrically-excited CO 
lasers. 3 Otherwise, the gain behavior 
was similar to pulsed electrically­
excited CO lasers in overall time depend­
ence and in its dependence on the vibra­
tional band and the rotational quantum 
number within each band. Fig. 1 shows 
measured peak gain in pure CO for. a reac­
tor temperature rise t.TR of 320°C, with 

*This work supported by U. S. Energy Research and Development Administration 
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Fig. 1 Measured Peak Gain in CO and 
Calculated Wavelength 

Dependence of Gain. 

calculated gain curves for various gas 
temperature assumptions. A threshold 
energy deposition was also required to ob­
serve gain: Fig. 2 shows that the gain on 
the A = 5.27 ~ line goes to zero well be­
fore the gas energy deposition (which is 
proportional to 6T ) approaches zero. 
The smaller gain m~gnitude could well be 
caused by the low excitation per CO mole­
cule associated with the undiluted CO gas 
used. Intensity modulation ,of the probe 
laser beam and a pressure rise in the 
gain cell upon excitation both indicated 
the presence of some gas heating by the 
fission fragments. The widths of the gain 
pulses increased slightly for the higher 
-v bands, which may also indicate gas 
heating. 

Fitting the gain measurements with an 
approximate steady-state vibrational dis­
tribution, assuming a transient gas tem­
perature ranging between 80 K and 150 K, 
implies that 25 to 70 percent of the 
depositec'l'fission fragment energy is ap­
pearing as vibrational excitation of pure 
CO.~ Demonstrated physical mechanisms 
which might contribute significantly to 
such high vibrational excitation efficien­
cies are direct vibrational e>tcitation by 
low-energy secondary electrons, and 

l;-+..,="' __ ..;;..."..,., __ ...... ~~,:.~~~1 
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Fig. 2 Dependence of Gain on Energy 
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conversion of electronic excitation of CO 
molecules into vibrational excitation. 
Other possible mechanisms are direct vi­
brational excitation by recoil ions, and 
vibrational excitation resulting from re­
combi~ation of complex ions such as 
(CO) 2 • ~ , 

The Sandia program has continued to 
concentrate on the development of the CO 
reactor-excited laser, because our initial 
measured efficiency with CO is still much 
higher than those of the reactor-excited 
He/Xe or Ne/N2 lasers,s and because of 
the high vibrational pumping implied by 
our initial gain measurements. Prelim­
ina,ry systems and reactor design studies 
also showed that very large lasers (Elaser 
~ 1 MJ) could be built if a high­
efficiency laser medium could be found. 6 

These large lasers would use arrays of 
thin foils to excite the laser medium, 
and could potentially achieve overall ef­
ficiencies ~ 10% with an efficient laser 
medium, in spite of the inherent foil 
losses. Since electrically-excited CO 
lasers have achieved efficiencies> 60%, 
and since the CO wavelength has potential 
applications to laser pellet fusion, the 
laser-heated-solenoid fusion concept, and 
weaponry, further development of the reac­
tor-excited CO laser was undertaken. 

III. Exper,~mental Development Steps 

A. Lasing in CO Diluted with Ar 

One of the first development steps was 
the demonstration that CO/Ar mixtures 
could be made to lase with direct nuclear 
pumping, and the qualitative demonstration 
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that CO/Ar laser mixtures have a lower 

threshold than pure CO. 6 Ar or N2 are 

often used as diluents in electrical CO 

lasers, because they allow a fixed amount 

of excitation energy to be concentrated 

in the vibrational modes of fewer CO mole­

cules. This concentration greatly in­

creases the gain and efficiency of the 

laser. The lower threshold observed with 

nuclear-pumped 50/50 CO/Ar mixtures indi­

cates that this process is also occurring 

to some extent in nuclear pumping. 

B. Foil Coating Developments 

In our nuclear-pumped laser research 

we have chosen to excite the gas with a 

thin fission foil coating, on a substrate 

with high thermal conductivity and spe­

cific heat (alumina). Compared to homog­

eneous excitation with He s or UF6, exci­

tation with a foil allows much greater 

flexibility in choice of laser gas mix­

ture and laser wavelength. We have also 

used uranium oxide coatings rather than 

metallic uranium foils, because the thin 

oxide coatings are chemically stable at 

high excitation densities even in the 

presence of reactive laser gases, and be­

cause the substrate acts as a heat sink 

which reduces the danger of destroying or 

warping the exciter foil at high excita­

tion densities. The reliability of the 

laser apparatus and the amount of excita­

tion of the laser gas are determined by 

the foil coating quality. Therefore, we 

have put considerable effort recently into 

new foil construction methods and into 

methods for measuring the energy output of 

the foil, 'which are described in this sec­

t~on. 

In our previous experhnsnts the energy 

emerging from the fission fOiiGO.!ltings 

(and therefore the excitation energy of 

the gas) was calculated, by using a three­

dimensional neutron transport code to cal­

culate the fission density in the foil 

coating,7 and then assuming a perfect, 

93%-enriched 2SSusoaor 235 U02 coating to 

calculate the fraction of the fission 

fragment energy emerging from the coat­

ing. a The neutron transport calculations 

were checked by measuring the thermal 

neutron fluence at the alumina cylinders 

'::."for a known geometry. I No independent 

chec;:k was made of the parameters which de­

t:exmine the foil energy output and ef­

fi\~~ei1cy (foil thickness, chemical compo­

sitlun, and isotopic enrichment). How­

ever, there were qualitative indications 

(size of laser pulse energy, size of pres­

sure rise in the excited gas) that the 

early foils were emitting the expected 

amount of energy. A severe disadvantage 

of these early foils was that at high ex­

citation densities they released flakes of 

coating material, which fouled the laser 

mirrors and prevented laser action unless 

the mirrors \~ere cleaned or replaced 
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To improve the bonding of the ~oil 

coatings to the substrate, and to improve 

their mechanical quality and uniformity, 

an improved foil coating process was dev­

eloped, ~ which has resulted. .. in very 

smooth, durable U300 foils on A1a03and BeO 

subst~ates. These foils cannot be 

scratched .off the substrates, and the foil 

surface re~licates the init~al smoothness 

of the ceramic substrates, so that high 

optical reflectivity is obtained for high 

angles of incidence. Thus we no longer 

have any problems with foil flaking or 

damage by the neutron irradiation rates 

routinely used. 

However, it appears that ~,ese new 

foils are generating Significantly less 

energy than expected from the measured 

neutron fluence which irradiates them. 

For example, lower laser energies and 

lower pressure rises in the excited gas 

than expected have been observed in ex­

periments using these recently-constructed 

foils. Therefore, measurements have been 

made of both the total energy created in 

the foil (which is related to the foil 

coating enrichment, the total mass of 

uranium, and the neutron fluence which ir­

radiates the foil) and the fission frag­

ment energy emerging from the foils 

(which is related to the fdil structure 

and enrichment). We believe that these 

calorimetric measurements are the first of 

this type for nuclear-pumped lasers, and 

an improved laser efficiency measurement 

should result from data of this kind. 

Figure 3 shows a special calorimeter 

(the Fission Fragment Calorimeter), de­

signed to measure directly the energy 

emerging from the fission foil coating. 10 

The calorimeter element consists of a 1.9 

em diameter cylinder of 3.6 x 10- 3 cm 

thick aluminum, suspended by four 1. 3 x 

10- 2 cm diameter tantalum support wires. 

The element is surrounded by a thick alum­

inum collimator and support structure 

which restricts the length of exposed 

element to about 2.2 cm. The calorimeter 

assembly fits into the 2.7 cm diameter 

alumina fission foil \."ith a small clear­

ance. The element temperature rise is 

measured by a thermopile consisting of 

four chromel-constantan thermocouples ce­

mented to the upper end of the element, 

with their reference junctions heat­

sinked to the calorimeter'support struc­

ture. 

To measure the total energy produced 

in the foil coating:. the alumina cylinder 

is used as a calorh:fater, its temperature 

rise being measured with a ribbon-type 

copper-constantan thermocouple bonded to 

the outside surface of the cylinder at 

its axial center. '1'he reference junctions 

in this case were protected from direct 
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Fig. 3 Diagram of Fission 
Fragment Calorim ter. 
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irradiation by fission fragments, but not 
h t-sinked to any structure. The entire 
alumin cylinder was isolated from the 
stainless st el walls of the vacuum cham­
ber by sm 11 felt pads and a thin plastic 
support. 

Figure 4A shows typical lumina tem­
perature rise signal, which has a small 
negativ background component (which is 
prob bly caused by differ ntial radiation 
heating of the reference junctions and the 
measuring junction). The fission foil 
temperature signal is del yed by thermal 
conduction through the wall of the alumina 
cylinder , and reaches nearly its final 
value in 2 0 . 3 sec for an evacuated laser 
chamber. Th alumina temper ture rise 
m asures the average fission energy/cm2 

retained by the entire cylind r . 

Figure 48 shows a typical Fission 
Fragm nt Calorimeter sign 1 , which in an 
evacu ted 1 er chamber m asures the en­
ergy per cm2 emerging from the fission 
coating over an axial region ~ 2 . 2 cm long 
(after an ~ 30' correction is made for the 
geometrical collection efficiency of the 
calorimeter element) . The background 
signal of the Fission Fragment Calorimeter 
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I"IEASU T OF FISSlotl FOil EFFICIEI Y 

A. FOIL SUI STRATE TEMPERATURE RISE 

1.25 DEG. C/DIV. 
0.5 SEc/DIV. 

B. FISSION FRAG" NT CALORI" TE~ 

0.11 J/O,2 - DIV. 

0.5 SEc/DIV. 

Fig. 4 Typical Alumina 
Temperature Rise and Fissior. Fraqment 

Calorimeter Signals. 

w • m asured to be ~ 5' at the peak of the 
calorimeter signal, by covering the sens­
itive area of the calorimeter at the col­
limator surface with thin sheets of al­
uminum or plastic. 

The axial variation of the fission 
f.ragm nt flux was also measured in two 
ways (Figure 5): (1) The fission frag­
ments emerging from the coating were col­
lected on a strip of thin aluminum, and 
the axial variation of the fragment B 
ctivity was measured;11 and (2) the den­

sity of fission fragment tracks in a 
Lexan target was measured as a function 
of axial position. 12 

The fission fragment activity data of 
Figure 5 were used to calculate the fis­
sion enerqy created per unit area of th ' 
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Fig. 5 Measured Axial 
Variation of Energy Output of 

Fission Foils. 



foil at the same axial position a~: the 
Fission Fragment Calorimeter. The r tio 
of these signals yielded a m asured foil 
efl!iciency of 12 + 2', which is in good 
ag'ceement with the calculated effici ncy 
(12') of a p rfect uso,coating having the 
measured thickness of 5~.· However , the 
mllgni tudes of both energy signals are 
ll)wer (by a factor of '" 3.5) than would e 
expected from the m asured thermal neu­
tron fluenc and the assumption of 3' en­
richment. The simplest resolution of th1s 
Cli crepancy would be to assume that the 
:Eoils are actually about 30' enriched. 
Samples of the coating solution hav b en 
sent for enrichment analysis, but the re-
ults are not yet available. 

One of the recently-constructed alumin 
cylinders was also sectioned, polished , 
and observed under an optical microscope 
(Figure 6). Identification of the size of 
the foil coating is not very precise, be­
cause of surface distortions produced by 
the polishing process, and because some 
slight discoloration extends into the 
alumina substrate. A very thin black 
region of thickness '" 3-5~ appears in the 
sections, but it may be a era instead 
of a coating. Because these optical ob­
servations are not very precise, samples 
are now being prepared for electron 
microprobe analysis, to make a quantita­
tive measurement of the uranium distri­
bution. 

SECT( 011 THROUGH F I SS I 011 FO I L 

A. I N REFLECTED LIGHT 

B. IN POLARIZE" LJl'iT 

Fig. 6 Optical Observation of 
Foil Coating Region 
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If las r 9 s i 
di fer nt ti d P nd nc 

for h lumin subs r e emp r ture 
rise. For an vacu ted ch mb r with the 
fission fr gm nt c lorim t r r moved, 
most of the emi t d :~ gm n nergy will 
b deposited in he opposit surf c of a 
long aJumin cylinder, and the emp r -
ture ri9 will be ch r c ristic of all 
th fi8~ion nergy cre ted in th foil. 
Ho vert with high-pressur 9 s fill, 

11 the mit d ission fr gm !.t energy 
would be depoei d in th 9 s, and could 
contribu 0 h ing of the alumina only 
by thermal transport back to h foil 
surf ce through th gas . Th c lculated 
tim constants or th rm 1 conduction 0 
th foil surf c r nge rom'" 0.15 sec t 
100 Torr CO 0 ~ 0 . 6 s c 400 Torr CO, 
for x m 1 IS The presenc of the gas 
also incr s the hea conduction be-
tween th 1umin cylind r nd he walls 
of the 1 ser chamb r , bu calculations of 
this hea loss show that it is not a 
function of pressure in the range from 
100 to 00 Torr,lS and is very low com­
pared to th time behavior of the alumina 
temper ture. Figure 7 shows the alumina 
temper ture rise for 104 Torr and 00 
Torr of a SO/50 CO/Ar mixture, and the 
temperature difference between the two 
cases. It appears hat the higher-
pres sur gas is absorbing from 10-15' of 
the nergy from the foil (as expec ed 
from the foil efficiency measurement) , 
and is returning almost all of it to the 
foil over about a 5 sec time period, 
which is much long r th n the calculated 
thermal relaxation time of heated CO or 
Ar gas. 11 These data then raise the pos­
sibility that much of the energy deposited 
in the gas is being stored (perhaps as 
vibrational energy) , converted slowly to 
thermal energy, and then conducted bac 
to the relatively cool foil. Further 
experiments with gases which quench vi­
brational excitation, and efforts to re­
duce the background signal, are planned 
to test this hypothesis. 
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Fig. 7 Effect of Gas Pressure on 
Foil Substrate Temperature Rise. 
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C. Folded-Path Laser 
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To obtain a valid laser efficiency 
measurement, the laser must have a high 
total gain and be operating well above 
threshold. The SPR-II reactor produces a 
high neutron flux only over a limited 
region of space, so to obtain a high total 
gain it is necessary to told the excited. 
optical path back and fm:':h in this small 
region. The segment~ of the optical path 
should also be appro;~imate1y horizontal 
so that gas decompositii;>n products do not 
tend to collect on the folding mirrors or 
the Brewster windows. Flna11y, the mirror 
mounts should be designed so that optical 
alignment can be performed after the laser 
excitation chamber is in thermal equilib­
rium at 77 K. An apparatus with these 
features, the Sandia Folded-Path Laser, is 
shown in Fig. 8. Excitation is provided 
by an array of cylindrical fission foils 
surrounding the folded optical path. 
This apparatus scales up the total gain 
by about a factor of 12 (neglecting losses 
in the folding mirrors and differences in 
the average excitation over the larger 
volume) . 

Preliminary data have been taken with 
this apparatus at relatively low excita­
tion levels, because of neutron absorption 
in the complex apparatus and the low en­
ergy output of the new foils. Weak laser 
pulses have been observed as late as 0.6 
to 1.2 msec after the neutron excitation 
pulse, which indicates that energy can be 
stored in the laser medium. To obtain re­
liable lasing it was necessary to align 

... __ t _.< 

the laser mirrors after the apparatus had 
approximately reached thermal equilibrium. 
The measured laser ene~gy has been in­
creased by a factor of ~ 50 to 15 mJ 
(corresponding to '" 100 watts power) ,_e'. 
without optimizing any parameters such as 
gas mixture or output mirror coupling. 
Taking into account the measured lower en­
ergy output of the fission foils, the 
(non-optimized) laser efficiency is ~ 1% 
at 77°K. 

Experimental problems in the apparatus 
have made systematic parameter variations 
difficult: vacuum leaks develop when the 
temperature is cycled, beam distortion 
results from cooling the Brewster windows, 
and the thermal equilibration time of the 
massive apparatus is > 5 hours. Modifi­
catioils are present1y.being made to cor­
rect SOme of these problems. We expect 
furt~er improvements in efficiency and 
energy output as a result of optimizing 
laser parameters. 

IV. Observation of Lasing at 
Room Temperature 

Many experimental problems can be 
avoided, and useful parameter studies 
made, if laser action could be obtained 
at room temperature with this new, longer 
laser. Therefore searches for lasing 
were made in CO/N2 and CO/Ar mixtures at 
a gas temperature'" 300 K. Laser action 
was not observed in 50/50 or 25/75 CO/N2 
mixtures, bur several laser pulses were 
observed in 50/50 CO/Ar (the only mixture 
tried). Figure 9 shows a typical laser 

Fig. 8 Drawing of Sandia Folded Path Laser, Showing Gas Excitation 
Cylinders and Level of Liquid Nitrogen Coolant. 
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Fig. 9 Observation of Laser 
Action in CO/Ar at Room 

Temp rature. 

pulse (solid curve), ~ 50 vsec wide and 
beginning slightly after the pe k of the 
fast neutron pulse from the reactor 
(d shed curve). Data were taken for two 
different thicknesses of polyethylene 
moderator, and with and without Brewster ' s 
Angle Windows (B.A.W.) in the laser cav­
ity . Figure 10 shows that increasing the 
neutron moderation and removing the B. A.W. 
reduce the laser threshold by ~ 30t . The 
laser energy was not measurable with 
laser calorimeter, but was obtained by in­
tegrating the Ge:Au detector signal traces. 

Using reasonable values for the losses 
in the laser cavity mirrors , B.A.W. , and 
the path folding mirrors, the gain coef­
ficient at T - 300 X is a ~ .04 percent/cm, 
or about a factor of 10 lower than meas­
ured previously at 77 X. 

The observation of lasing at 300 X is 
also indirect evidence that an appre­
ciable fraction of the fission fragm nt 
energy is converted to vibrational exci­
tation of the CO gas. The gain measure­
ments at T ~ 77 X discussed in Ref. 4 and 
Section II imply high vibrational excita­
tion efficiency, if vibration-vibration 
(V-V) relaxation is sufficiently fast at 
these low temperatures. However, it has 
be n proposed instead that the observed 
gain might result from a small amount of 
direct excitation to levels with v ~ 12 , 
followed by very slow v-v relaxation out 
of these 1 vels.l~ Since the v-v rates 
vary rapidly with gas temperature, these 
rates are as much as 500 times faster at 
T = 300 X than at T ~ 100 X. If slow v-v 
relaxation were responsible for most of 
the gain observed, it would be expected 
that the gain would drop by a factor 
100 in going from a gas temperature of 
100 X to 300 X. Since lasing is observed 
at 300 X, the gain appears to decrease ' 
by only about a factor of 10 over this 

121 

-'" 
::J 

.!2 
>-
<.!) 

I.LI 

I.LI 
ton 
-oJ 
::::I 

0:: 1 I.LI 
VI 

0 
(.) 

500 

CTOR T P RATU RISE, l1 T
R

(d C) 

Fig . 10 Dependence of Laser 
Energy on R actor Energy Deposition . 

temperature range , which implies that slow 
v-v relaxation is not the domin nt cause 
of the gain observed at T ~ 100 X. 

V. Conclusions 

The physics of the CO excitation pro­
cesses will determine whether a very ef­
ficient (~ SOt) CO reactor-excited laser 
can be made , and also determine exactly 
how the laser must be constructed. The 
most important physics uncertainties are: 
(1) What fraction of the input energy 
goes directly into gas heating, and by 
what paths? (2) What fraction goes 
rapidly into vibrational excitation , and 
by what paths? and (3) How does the ex­
citation change with changes in the gas 
mixture? 

Several experim ntal approaches are 
now being pursued at Sandia to answer 
thes questions. In the limited gain data 
available at present there are no strong 
indications of an unusual vibrational 
distribution. How ver, if more accurate 
gain m asurem nts over a wider wave­
length range were made for various ga9 
mixtures, a much better picture of the ex­
citation process might emerge. Laser n­
ergy and spectrum measurements might 
yield insight into the excitation pro­
cesses , if the focusing effects caused by 
non-uniform gas excitation do not disrupt 
the lasing process too much. An accurate 
method for measuring the gas temperature 
as a function of time during the excita­
tion pulse is also being developed. 

As an example of how the answers to 
these questions may affect the laser 
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construction, if the gain drops primarily 
because of gas heating, it may be pos­
sible to re-cool the gas in an expansion 
and extract the available vibrational en­
ergy as CO laser light. 

l. 

2. 

3. 

4. 

5. 
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REVIEW· OF COAXIAL FLOW GAS CORE~NU~L~ ROCKET FLUID MECHANICS~ 

By 

Herbert Weinstein 
Illinois Instit'ute of Technology 

Chicago, IL 60616 

Abstract 

In a prematurely aborted attempt to demonstrate 
the feasibility of using a gas core nuclear reactor 
as a rocket engine, NASA initiated a number of 
studies on the relevant fluid mechanics problems. 
These studies were carried out at NASA laboratories, 
universities and industrial research laboratories. 
Because of the relatively sudden termination of 
most of this work, a unified overview was never 
presented which demonstrated the accomplishments 
of the program and pointed out the areas where 
additional work was required Jor a full under­
standing of the cavity flow. This review attempts 
to fulfill a part of this need in two important 
areas. 

Introduction 

The concept of a gas core nuclear r~actor 
appears to have first been discuss~d in the open 
literature about 20 years ago. The context in 
which it was discussed was as a rock~t engine. The 
obvious advantages of the proposed engine was that 
the propellant could be heated to very high tem­
peratures, resulting in high specific impulse and 
that high propellant flow rates could be achieved 
resulting in high thrust levels. No other ad­
vanced concept proposed at that time promised this 
highly desirable combination of the requirements of 
manned, interplanetary travel. 

The coaxial flow gas core.reactor concept as 
fi~st proposed, was deceptively simple. l A low 
velocity inner stream of fissioning fuel gas was 
surrounded by a very fast-moving propellant stream. The hot inner gas transferred energy to the outer 
stream by thermal radiation, which was absorbed by 
the propellant because it was seeded with absorbing 
particles. In theory, at least, enough fuel could 
be fed into the cavity to maintain a critical mass~ 
However, there were some economic limitations on 
the rate of fuel loss. The fluid mechanics studies 
which were undertaken to determine the rate at 
which fuel had to be fed into the reactor cavity to make up for the·loss are the subject of this re­
view. 

The early fluid mechanics studies were begun be­
fore extensive nuclear studies had been made. In 
the earliest studies, it had not been apparent that 
the fuel had to be present in a large fraction of 
the cavity diameter and that the cavity length-to­
diameter ratio had to be of the order of one. 
These conditions were necessary in order to keep 
the critical mass requirements within reason. From 
these early studies and the simultaneous nuclear 
studies, the idea of a reactor cavity with samll 
LID and large fuel volume fraction emerged. 

The fluid mechanics studies were redesigned to 
take into account the new picture of the cavity 

* Work performed under NASA Grant NSG7039 

123 

geometry. As further work progressed, it was seen 
that the flow was actually a turbulent, entrance 
region flow, almost totally dependent on the in­
let configuration and conditions. The flow was 
transitional and unique, and the usual assumptions of similarity and self-preservation were not valid 
for analytical studies, making necessary a. large 
experimental program. Furthermore, in the actual 
reactor cavity, extremely large temperature and 
density variations would exist and a fundamental 
understanding of the cavity flow was seriously 
laeking. 

A program was set up by NASA to develop the 
basic understanding for the coaxial flow GCR fluid 
mechanics so that concept feasibility could even­
tually be determined. The program involved several 
laboratories after the initial concept formulation 
at Lewis Research Center. These were Lewis, United 
Aircraft Research Laboratories, Princeton Univer­
sity and the Illinois Institute of Technology. 
Later, Aerojet Nuclear Company and the TAFA Divi­
sion of the Humphreys Corporation were included. 
The experiments and analyses were carried out at 
the installation most suited for the type of work 
involved. 

In January 1973, policy and budgetary factors 
forced the termination of much of NASA's space 
nuclear program. Almost all of the fluid mechanics research in the coaxial flow GCR program ended 
abruptly. A unified overview was never presented 
which demonstrates the accomplishments of the pro­
gram and points out areas where additional work is 
required for a full understanding of the cavity 
flow. This review is an attempt to fulfill a part 
of this need. 

The space limitations on this paper make it 
impossible to discuss all of the work done within 
the program. The two areas where discussion and 
comparison of work is most useful are in the 
a) the factors which influence containment in cold flow studies; and b) the effects of heat generation 
on containment. The work in these areas have not 
received any critical review in the past. There­
fore, this paper will be limited to discussion of 
these two areas. The papers discussed are limited to those from which the author feels a significant 
point can be made. Some important work has been 
neglected because of the space limit. The review 
is structured in such a way as to compare and con­
trast the related work of the program, rather than 
to preserve the chronological order of the work. 
Unfortunately, in such a structuring it often 
happens that a single work is discussed in several 
parts without ever giving the whole. However, it 
is felt that the significant results of the program will be made more clearly visible with this 
approach and apologies are tendered to the authors 
whose works have been so treated. , 
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Factors Influencing Cold Flow Containment 

In order to discuss the factors which influence 
containment of inner stream fluid in a confined 
coaxial flow, it is necessary to describe the 
various sub-regions of flow that exist along with 
their dominant characteristics. Figure 1 is a 
schematic of confined coaxial flow·with the sub­
regions labeled. Starting at the upstream center 
is the inner stream potential core. This region is 
dominated by inertial forces and pressure rather 
than shear forces. The shear forces do, however, 
control its size and for some cases the inner po­
tential core may not exist. Surrounding the po­
tential core is an annular mixing region which 
separates the inner and outer stream potential 
flows. It is a transitional shear layer with a 
rapidly growing turbulence level (for the typical 
turbulent case). It is dominated by the velocity 
difference between potential flows and the shapes, 
of the inner and outer stream velocity profiles at 
the tip of the separating duct. The inner and 
outer stream turbulence levels and scales also 
have a moderate effect on the mixing region. The 
outer fluid potential fiow is also dominated by 
inertial forces and pressure as well as by con­
tinuity effects due to the growing boundary layer 
on the confining duct. The annular mixing region 
thickens downstream to the point where it merges 
with itself and the inner stream potential core 
ends. At this point it can be said that the momen­
tum defect of the trailing edge wake disappears. 
The flow downstream of this pOint is made up of at 
most, three regions. They are the jetlike or wake­
like (depending on velocity ratio) "free" shear 
flow region, the outerstream potential flow and the 
duct boundary layer. For enough downstream, the 
"free" shear flow region and boundary layer will 
merge and eventually fully-developed pipe flow will 
be approached in the duct. 

The regions of interest in this paper are those 
upstream of the merger of the duct wall boundary 
layer and the "free" shear flow as contained by 
the dashed line in Figure 1. The main parameter 
for determining the nature of the flow is the 
velocity ratio of the streams. The Reynolds number 
has a second order effect and only on certain 
regions of the flow. The variation of velocity 
ratios can be broken up into three ranges for pur­
poses of discussion. 

When the velocity ratio is close to one, the 
predominant feature of the flow is the annular 
mixing region separating the potential flows. This 
mixing region is the wake from the trailing edge of 
the separating duct. Its spreading rate is 
affected by the velocity profiles in both streams 
at the trailing edge of the separating duct. the 
velocity difference across the region and by the 
turbulence levels in both streams. The effects of 
the initial turbulence becomes more pronounced as 
the scales become of the order of the mixing region 
thickness or greater, and, possibly, as the fluc­
tuating velocity magnitude becomes of the order of 
the velocity difference or greater. 

These effects are brought out in photographs of 
bromine-air coaxial f+ow ~periments performed at 
Lewis Research Center. 2,3, The experiments were 
performed fora range of velocity ratios and inner 
and outer stream Reynolds numbers. At each set of 
values of the parameters, runs were made with 
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honeycomb inserts in: a) neither duct; b) the i~ner: 
stream duct; c) the outer stream duct; d) both 
ducts. For the outer-stream-to-inner-stream 
velocity ratios of about 0.2 to 2, the mixing 
region appeared laminar for inner jetRe of 2400 
or less. With a honeycomb section inserted in 
the inner stream duct only, the laminar appearance 
remained for almost all inner jet Re achieved, up 
to about 4000. There are two resl.\lting effects of 
this homeycomb which can affect the mixing region 
transition. First, the velocity profile will be 
very flat and the total momentum defect.will be 
decreased substantially. When the inner stream has 
the higher initial velocity, this decrease in 
momentum defect may be the most stabilizing feature 
of the honeycomb. There will also be a decrease in 
the scale of turbulence due to the honeycomb since 
the scale will be bounded by the width of the 
honeycomb passages rather than the duct diameter .• 
The authors 'imply that this is probably the pri­
mary stabilizing effect. When the honeycomb was 
also added to the outer stTeam inlet, the stabiliz­
ing effect was diminished but did not disappear. 
When the honeycomb was present in the outer stream 
only, the mixing region was turbulent over a wider 
range of parameters than with no honeycomb at all. 
Of the conclusions to be reached from all this 
data, the most clearly visible is that the outer 
stream velocity profile has a great effect on the 
mixing region for velocity ratios close to one. 
The thicker it is, the more stable the region is. 
This fact is borne out by the buffer region studies 
which are discussed subsequently. ~he outer stream 
turbulence appears to have a lesser effect on 
transition. Another conclusion from the above is 
that inner stream turbulence has some. effec·t and 
decreasing its scale is stabilizing. However the 
changes in turbulence scale have not been separated 
from changes of the inner stream boundary layer 
thickness and the annular wake momentum defect in 
these studies. It also appears that decreasing 
the momentum defect while only narrowing the ,wilke 
a small amount is stabilizing. When both honey­
combs were present and the wake was very narrow 
the result was destabilizing even though the 
momentum defect was smallest as were the turbulent 
scales. The stllbility of the annular mixing region 
is probably governed by the level of vortiCity in 
the region more than any other factor. The turbu­
lence in both the inner and Quter potential flows 
is decaying and instabilities in the mixing region 
are growing. The local vorticity will affect the 
rate at which the instabilities grow. 

The annular mixing region becomes of decreasing 
importance as the velodty ratio deviates from one. 
As the velocity ratio becomes very small compared 
to one, the flow becomes that of a primary j'et 
entraining a surrounding, secondary stream. Re­
circulation zones can be set up if the secondary 
stream can not meet the entrainment requirements! 
of the primary jet. This recirculation zone is in 
the form of a ring pressed against the outer duct 
wall a few diameters downstream of the initial 
face. S This range of velocity ratios is not the 
one of interest here, and will not be discussed 
further. 

The range of velocity ratios of interest for 
the coaxial flow GCR contains all those above a 
value of about 2 or 3. The most pertinent feature 
of this range is the solid cylindrical wake of the 
inner duct rather than the wake of its thin wall. 
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The 'wake is partially filled by the inner stream 
fluid and for lower values of the velocity ratio 
the wake effect is partially mitigated. This can 
be thought of in terms of there being enough inner 
stream fluid to satisfy the entrainment require­
ments of the outer stream flow. However, as the 
velocity ratio becomes large enough, there is not 
enough inner stream fluid to satisfy the entrain­
ment requirements of the outer stream and some­
thing similar to separation takes place with the 
development of radial pressure gradients and re-6 circulating eddies behind the blunt cylinder end. 
Figure 2 shows the development of the recirculation 
eddie as velocity ratio is increased. As the inner 
stream is entrained or accelerated along its outer 
edge, the streamlines move outward as they come 
closer together. Streamlines close to the center­
line must diverge as a result of the deceleration 
of the fluid in order to satisfy the continuity 
condition. Thus, a region of positive pressure is 
generat~d on the centerline. If the pressure rise 
exceeds the dynamic head at the centerline, rever­
sal of the flow takes place with the formation of 
a recirculation eddy. In this caSe, it is said 
that the inner stream cannot meet the entrainment 
requirements of the outer stream. If, however, the 
momentum of the inner stream is high enough, the 
accelerated outer region will reach the centerline 
before a complete reversal can take place. Here, 
the entrainment requirements are met. 

The velocity is not the only factor in deter­
mining if recirculation will take place in a given 
coaxial flow. As has been mentioned before, the 
outerstream velocity profile is also very important. 
Its effect has been illustrated in terms of the 
flow induced upstream along the centerline by a 
cylindrical vortex sheet downstream of, and at the 
radius of, the inner duct. 6 This vortex sheet 
represents the boundary layers of the inner and 
outer streams. The thinner the dominant outer­
stream bo'undary layer is, the more "concentrated" 
its vorticity and the greater the strength of the 
vortex sheet. When the induced velocity, which 
increases with vortex sheet strength, reaches the 
magnitude of the inner stream velocity, recircula­
tion is incipient. 

The containment of inner stream fluid can now be 
discussed in terms of the r,egimes and types of flow 
possible. It is obvious that recirculation will 
strongly enhance mixing and result in poor contain­
ment because the inner stream will be mixed inter­
nally with recirculated fluid and rapidly acceler­
ated by and mixed with outer stream fluid, usually 
in a highly turbulent process. If recirculation is 
prevented from occurring, then the mixing takes 
place in the annular mixing region followed by the 
cylindrical wake. The containment will be affected 
by the magnitude of the velocity gradients and the 
level of the turbulence. Suppressing the turbu­
lence and maintaining small gradients will increase 
containment and these two conditions can usually be 
accomplished simultaneously. 

It was recognized rather early in the program 
that large velocity gradients in the initial plane 
(narrow outer stream boundary layer on the trailing 
edge) would greatly affect mixing and an analytical 
investigation was performed which demonstratea this. 
The investigation,was on the effects of a mo~entum 
buffer region on the mixing and containment. It, 
was found that there were optimum values of buffer 
region velocity ratio and thickness. The initial 
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profiles of all three streams were taken as plug 
without singulilrities at the ends of the separating 
ducts. The total outer stream flow remained con­
stant while the amount in the buffer region was 
varied. This latter condition caused the outer 
stream to inner stream velocity ratio to increase 
as the buffer region was made t:hiclcer. However, 
the general conclusion that decree.s~ng the velocity 
gradients or vorticity increased cc.ntainment was 
demonstrated for the restricted range of conditions 
studied in this work. 

B In an experimental investigation done at lIT in 
order to study the effects of free stream turbu,­
lence on the mixing, velocity and concentration 
profiles were measured for initial velocity pro­
files which wege different from those in a previous 
investigation. These profiles did not differ 
markedly but it still can be seen from the results 
that when the initial, outer stream boundary layers 
in the second investigation were thicker, higher 
containment was the result. In this investigation, 
a screen was placed in the outer stream upstream of 
the initial face. This resulted in lower turbu­
lence intensities in the outer stream, and a change 
in outer stream initial velocity profile due to 
tripping of the boundary layer on the outside of 
the inner duct. Results with the screen were com­
pared to similar results taken with a boundary 
layer trip device which gave an outer stream pro­
file similar to that with the screen but with 
higher turbulence intensities. Little difference 
in mixing and containment was seen due to the dif­
fering turbulence intensities. llowever, the 
velocity ratio was quite high in most of the cases 
of this investigation and the solid cylindrical 
wake effect was the dominant one. For the cases 
where velocity ratios were high, the existence of 
a recirculation eddy was shown by moving a thread 
of cotton along the centerline and observing it 
being pulled upstream near the exit of the inner 
duct. 

10 11 
A series of experiments performed at UARL ',' 

12 was conducted to determine hOly containment co'uld 
be improved by tailoring initial velocity profiles 
and turbulence levels. In a coaxial flow experi­
ment, Scott industrial foam was placed across the 
entire duct at the inlet plane. It was sholYU that 
recirculation was suppressed up to very high 
velocity ratios. The effect of the foam is clearly 
seen in Figure 3. In frames a and b, no foam was 
present and the inner stream, visualized ,dth 
iodine, shows large scale turbulence on the edge 
and rapid mixing. In frames c and d Hith foam 
present, it is seen that the inner stream has a 
smooth edge and maintains its integrity to a much 
higher velocity ratio. In a parallel investigation 
at lIt, shadowgraphs of a similar ex~eriment were 
obtained and are shown in Figure 4. 1 Scott foam 
was placed at the initial face of the same appara­
tus used in reference as shown in the first frame. 
Pictures were taken at several velocity ratios with 
and without a cone that produced, in a crude way, 
a buffer region bet\yeen inner and outer streams. 
The inner stream was freon 12 and the outer stream 
was air. It can be seen here also, that the inner 
stream maintains its integrity and sho\vs smaller 
turbulence scales with the foam present and that 
the cone provides for a wider inner stream and a 
smaller scale of turbulence. What is most impor­
tant in these tIVO figures is that the inner stream 
decreases in width going through the foam. 
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The rlldial pressure gradiont '~hich is set up by 
the cntl.'ll:!.l\\IlQnt of innel:' stremn fluid and results 
in a high prQssurc rcgion at the upstream end of 
the recirculation eddy \~hcn fOlllu is not present 
causes instead a radial inflo\~ inside the fOllm. 
The initial profile at the do\mstrellm and of the 
foam is ll\uch smoother and monotonically increasing 
fl:'om thtl centcl:'line to the beginning of the outer 
duct boundury lllyer. lle.cuuse th:ts \le\~ initial pro­
file has no minimum surtountled by inflectiol\ 
points, the shear layer generated turbuhlllce, is of 
much &1\11Illor scale and lo\~er intensity. The effect 
of the ,foam on the free stremll turbulence is prob­
nbly of no importance nt nll. The lnuj at' efhct of 
the .foam then is 011 the il\itinl velocit}' profUI!I 
and the elimination of the radial pressure gradient. 
The work at UARL also included detaUed measure­
ments on a coaXitll flol~ wi th a buffer layer m\d the 
Scott foalll and it \~as shOl~n that containment could 
be increased dramatically over a tl~o-strenl1l sys telll 
without foom. 

'rhe investignt;\.on that: initiated \~ork on the 
spherical geometry \"ith coaxial flow '~as carried 
out at Le\vis Research Center. 14 It was noted thnt 
because of pressure vessel design and I"Iill cooling 
requirellltHtts, a sphel:'iclll cnvity shape ,,,ould be 
more l:l.kely than a cylindrical one. The inve.st:tsa­
tion was to determine if the spherical shnpe could 
oe used advantageousl}'for increasing containmEntt, 
In the prOposed des:tgn, pl:opellant \"ould be intro­
duced all alollg the cavity '~all to satisfy the lmll 
coolin!! requirements and also to induce the inner 
streaDl to OCCUP}' a sreatel:' fl:'~tction of the cavity 
volume. The flol. experiment was cllrried out ;\.1\ a 
t\~o-dimensional cavity \~ith flat top il\ld bottom 
and curved Ivalls. The inner stream was smokey air 
introduCnd thl:ough a tlshower~headtl nozzle, Outer 
stream air entered all along the porous cm:ved Side 
walls. Pictures taken through the flat top Ivere 
used to obtain concentration measurements aild for 
flow visualization. The propellant entered the 
cavity Ideh a radially imvard directed velocity 
\"hich \ms adjusted to be fnirly uniform over the 
\"hole length of curved lvull. The results \~ere very 
encouraging. The flolV appeared to be steady ,dell 
11 large voluu\e of dense, s\uokey air in the middle 
of the cavity, Contaimuellt was calculated, based 
on the measured. density of smokey nil' at the 
shOl~e.rhead exit to be very Inrgtl ut: il flow):,1te. 
ratio of 25. These results were understood to be 
of II ve\'y pt'elin\il1ary nlltm:e bec&.use it was a tl~O­
din\ensiol1ill Ulocl~up of a thl:ee~dimel1sionI11 flow· and 
the Reynolds number of 1100 \~aS quite 1.0\~. HOlv­
ever, they indicate.d that further \~ork '~I.lS \~al:'ran­
ted. 

A series of eltpgrimanes were then per,f01.'\l\ed. at 
UARL to detgrmine COlltninnleltt levels in a sphe:dcnl 
cllvity .l5,l In an exploratory st\tdy. vad.ous 
types of fuel or il1ner strewu injection COl1fis.ul'a­
tions were studied saparataly and then the bost 
design was used in lin explol."ntion for the. optimal 
outer stream injection configurntion. The spher­
ical configuration for the "best" caSe containment 
studies is sholm in Figure 5. The inner strea1\\ is 
injected thl:'ough a porous sphere. The outer strewn 
is injected at tha top and bottom of the cavity 
with a tausential velocity C.ollllr'ollent but tha cen­
,eral section gives essentially, only an Ilxial com­
ponent of velocity to the pl:opellmlt:. The renS(;lI\S 
for this design being the "best" for spherical 
geometry is that it COmes closest to the 

cylindrical case in design. Contuinment mensured 
in the spherical geometries at UARL was always 
;t.olVel:' than thllt me.nsul'eu :In cylindrical designs. 
'l'he bllsic problem of ehe sphedcal design is in 
the radial pressure !!radients I~hich exist with 
curving streamlines. The tangential compol\ent of 
the outer stream at tha top of the cavit)' seCs up 
a ruuial pressure gl.'adient \,:l.th a pressure minimum 
at the centerline nUar ehu fuel injection point. 
Tlds pruSSltre gradient nppare\ttly "orks aguinst the 
entrainment of inner stream fluid by the outer 
stream. Ho\,ever, at the dOlmstrenm end of the 
cavity. the im;urd curving strellmlines must begin 
to curve back oue so tllnt the fJ.uid can exit the 
chamber through the nQ:tzle. This ~'everse curva­
ture causes a high pressure area nt the centerline 
near the cavity e..'(haust. This high and 101; Pr<lS­
sure Systl!111 is very fnvorable for the formation of 
large recirculation eddies. These large eddies are 
visible in many of the flOl; visualization r;tudies 
Idtll spherical geometries. Furth,u1110re, the 
pressure fiald set up around the fuel injection 
10C!1 cion is very cOlllple." because of the pressure 
gradients and. may tend to influence the inner 
stream fluid velocity profile. at the injector sur­
faces \;hile the entrainment necessary to "pull" 
the inner stream out to large radius against the 
pressul.'e gradient probably nlso results in in­
creased mixitlg of stre.ams, 

The conclusion that can be drmm from tl\e.se 
contuinment studies at this time is that contain­
ment in cold flOl; studies is greatest when the 
rudial pressure gradients are lllinimized and the 
initial velocity profiles are smooth, monotonic and 
have small velocity gradients. This combination of 
virtues has best been accomplished ill the cylindri­
cal coaxial flow experiments conducted at UARL. 

Effects of Helle Generation on Containment 

Host of the studies done On the containment of 
fissionable material or fuel in the cavity con­
sidered only thu cold flo\, of gases. The effects 
of the very large hent generation l'ate in the fuel 
gas 'vere neglected because of tho dif.fic\lleies 
encounterod in treating them both analytically and 
ell;perilllelltally, 'rhe few studies that have been 
pe1.·formed on "hot £1Ol~SIl do not readily yield 
values fer contu;\.nmill1t but rl.l.ther indicate hOl~ the 
heat release I~ill affect the cOlltnil1l11ent as it is 
determined from cold flOl\l studies. 

The exporimental work done 011 hot flol;s include 
a series of investig!\tions by Grey and cOlVorkers at 
Princeton UniverSity 01\ ~\ ElowinS argol1 plasma and 
cold cOIl.'(ial 5 tream or sevel'al dif rerent sases ,17, 
lS ,19 Cold flol~ data \~as also taken fer comparison. 
Their work also included all analysis of coaxial 
flow mixing, Uoth laminar and turbulent .flolVs 
were investig~lted. The en:L'liur work centered on 
the laminar case, but rlllslllts showed that a 
laminar flow could not be maintained in tiheir ap­
paratus, In the turbulent flOl. stUdies) mups of 
conCentration, velocity and temperature were ob­
tained lVith a cooled probe technique, The .£101.' in 
this system was dominatcd by a "lIke ef.fect which 
the investigators attempted to quantify, and hiah 
inlet !:urbulence leveL Schlieren picturos of the 
flow field sho,~ed tllat the coaxial field fluid 
which issUQd frolll a sectiol\ of tubes maintained its 
individual jet strntification fol:' at lellst one 
inner jet diameter dO\Yl\stream, inhibiting llIilting to 
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some extent. However, the wake effect was, in 
general, so strong that mixing occurred very 
rapidly. The important conclusions that were drawn 
from this work are that the effects of core tl'.lD­
perature on the concentration profiles are not 
large and that containment of argon within a cylin­
der defined by the argon inlet duct diameter is 
essentially complete. Furthermore, the spreading 
rate of the argon appears to be less with the hot· 
flow cases than in similar cold flow cases. These 
conclusions are stated here because they are in 
disagreement with published results from a later • 
series of arcjet studies. 

This later series of hot flow studies was done 
at the TAFA division of the Humphries Corp.zO,2l,22, 
23 TAFA's objective was to develop an induction 
heated plasma simulation of a gas core reactor. 
Data consisting of concentrationA temperature and 
stagnation pressure measurements~O were taken in a 
coaxial flow of argon plasma and air or hydrogen. 
The plasma was induced by a radio-frequency field 
after the arc was started up with a D.C. discharge. 
The air/argon mass flow ratios used were 0.6, 5.55 
and 19.7 and the hydrogen/argon mass flow ratio 
was limited. to one value of 1.67. Both hot flow 
and cold flow runs were performed and it was con­
cluded from a comparison that "the plasma elimin­
ates all turbulent recirculation present in the 
cold flow and appears to behave as if it had a 
definite skim or boundary similar to a gas/liquid 
interface." Some of the hot and col~ flow con­
centration data is reproduced in Figures6- 8• 
Figure 6 shows concentration measurements for cold 
laminar, axial flow of argon and air. Both streams 
have equal volumetric flow rates of 100 SCFH. The 
parabolic lines of constant mole fraction are cited 
as evidence of purely laminar flow. However, the 
data apparently invalidate the concentration 
measuring scheme employed. The mean mixed mole 
fraction of air for this case is 0.50. Yet at two 
diameters downstream, the parabolic flow averaged 
mole fraction of air is at least 0.70. Further­
more, at this axial station the velocity profile 
is probably closgr to plug than parabolic, and a 
plug profile aVLraging would give a mean, mixed 
mole fraction of air of about 0.8. This indicates 
that concentration measurements are accurate to, 
at best, about + 50%. Other data is presented for 
cold and hot flows successively for different mass 
flow rate ratios. In these cases there is a 
tangential or swirl component of the velocity of 
the argon to stabilize the arc. 

The discrepancy between the measured concen­
trations and the mean mixed mole fraction exists 
for the cold flow case of each of the mass flow 
ratios investigated. The equal velocity case, 
Wair/ Wargon .. 0.67, is shOlm in Figures 7 and 8 
for the cold flow and hot flow, respectively. In 
the cold flow case, at 2" downstream the air mole 
fraction is sholm as O.S at the centerline. The 
region off the centerline must have considerably 
higher mole fractions of air yet the mean mixed 
mole fraction of air is 0.451 according to a mass 
balance. Another peculiar feature of the TAFA 
results is visible in Figure 8 for the hot flow. 
At the initial plane of the mixing region the 
argon concentration ranges as high of 0.50 in the 
entering air stream. This peculiarity exists in 
most of the remaining data for both hot and cold 
flow. 

One possible explanation for the disagreement 
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can be based on the measuring device employed. A 
sample of fluid was removed from the flow field 
with an aspirating probe. If the probe sucked in 
fluid at a rate higher than the local flow rate in 
the field, it would perturb the flow field con­
siderably and result in the measurement of a con­
centration averaged over a volume quite large com­
pared to the probe tip. 

Another observation that can be made from these 
data is that the inner stream spreads rapidly 
radially outward past the radius of the argon duct. 
This is in'direct disagreement with essentially all 
oth·er cold coaxial flow experiments with the outer 
stream to inner s~rigm velocity ratio substantially 
greater than one.' The Princeton hot flow 
studies which also had a swirl component to 
stabilize the arc, show a decrease in spreading 
rate from the cold flow to hot flow experiments as 
do the TAFA experiments, but the Princeton measure­
ments also conclude that the argon does not spread 
beyond the inner duct radius. Stagnation pressure 
traverses for both hot and cold flow cases were 
also made at TAFA. The probe used was the samp­
ling probe. However, no attempt to orient the 
probe in the streamline direction was made so that 
pressures reported may not be true stagnation 
pressures. These apparent inconsistencies and dis­
agreement with previous work make it premature to 
base conclusions of high containment on the TAFA 
work. 

A second conclusion drawn from the TAFA work is 
that the plasma has a "hard skin." This is based 
on high speed photographs showing 250 micron 
tungsten particles "bouncing" off the plasma fire­
ball". It is not clear that this conclusion has 
been confirmed by reference to observations made by 
other investigators working with arcs which are not 
in RF fields. An alternate possible explanation of 
the bouncing relates to the Leidenfrost phenomenon 
which explains why a drop of water will bounce off 
a hot frying pan. The. tungsten particle would 
begin to vaporize as it entered the very hot plasma 
region. The high rate of vapor generation would 
then drive the particle back out of the arc. 

It is also true ,that electrostatic fields exist 
in the plasma due to the RF field. Calculations 
of the electrostatic force required to balance the 
gravitational force on §he par~icle indicate {' 
charge equivalent to 10 to 10 electrons on the 
surface of the tungsten is required. It is 
possible tllat a charge of this magnitude could be 
accumulated by the tungsten as it passes through 
the outside fringe of the plasma since tungsten 
would tend to "poison" the arc. These alternative 
explanations for the bouncing particles are also 
not conclusive. However,the existence of" a "hard 
plasma skin" should be lefl .;.pen to question until 
it is confirmed in a plasma without an RF field. 

In a later report covering tests which were 
carried out by TAFA on a curved permeable wall in­
duction torch, the plasma was maintained by vapor­
izing solid material which ionized. 22 After start­
up, the plasma was fed by the vaporized solid with 
no through-put of ionizing gas. The solid to cool­
ant gas mass flow ratio was between 1/1500 to • _ 
1/5000. Because of the very different processes 
taking place, the relationship to containment re­
quirements in a cavity reactor are not clearly 
established. 
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In this report, experiments were also carried 
out with a flowing argon plasma and with a coolant 
gas flow all of which entered the flow field 
r~dially through a porous wall. In these tests, as 
i'll the previous ones, the hot flow conditions were 
said to prevent all recirculation due to wake 
effects. This could be explained as being due 
rather to the rapid expansion of the argon stream 
which in turn is due to its rapid temperature rise. 
In fact, a gas experiencing a temperature change 
from 3000 K to 90000 K would expand in volume by a 
factor of 30. Since the confining walls prevent 
radial expansion of the argon, the axial velocity 
of the argon increases by a factor on the order of 
30. In all the tests performed at TAFA, except one, 
the initial (cold) velocity ratio was about 34 or 
less, and the exceptional case was about 45. If 
these ratios are divided by 30, it is seen that 
actual velocity ratios in the plasma region are 
order one or less, so that the strong wake effect 
which causes recirculation is just not present ,in 
the hot, flow cases. This axial expansion of the 
inner stream is also apparent in the Princeton 
work where velocity traverses are presented. 
However, the incomplete data sets make it difficult 
to demonstrate it quantitatively. Figure 9 shows 
a case with initial velocity ratio of about 1 where 
initial velocities are based on initial plane 
average conditions. However, the centerline tem­
perature at the initial plane of the mixing region 
is 6000 o R, and the centerline velocity is almost 3 
times the coolant gas velocity. The centerline 
temperature decays to 30000 R in two diameters and 
the centerline velocity falls to about half of the 
initial value,indicating expansion and contraction 
take place almost entirely in the axial direction, 
for these experiments where the outer fluid was not 
confined. 

An analytical study of the effects of heat gen­
eration on an ent~tnce region coaxial flow was 
performed at lIT. In this study, the equation 
set was formulated to represent the gross behavior 
of the flow field and to avoid the complexity of a 
more detailed analysis. The field was modeled as 
a ,laminar, confined coaxial flow for which the 
boundary layer assumptions are valid. Only radial 
radiative transport of energy was considered and 
the two fluids were assumed to be immiscible. The 
results for one typical case are shown in Figure 
10. Here z is axial distance made dimensionless 
on outer duct radius times Reynold's number, and 
~ is the location of the interface between the two 
immiscible streams. Subscript ~ is the value of 
the inner stream property at the interface. The 
centerline velocity changes from 1/10 the outer 
stream value at .the initial plane" to 1.4 times the 
'initial value of that of the outer stream. The 
centerline temperature increases very rapidly and 
then actually falls off slightly as the thermal 
radiation becomes dominant. It is also seen that 
the interface location falls rapidly from 0',7 to 
about 0.3 as the centerline velocity increases by 
a factor of 14 and centerline temperature increases 
by a factor of only 3. If the veloc,ity, increase ' 
was due only to thermal expansion axialiy along 
the centerline, the velocity change' 'there would be 
only by about a factor of 3. 'However" the1:'e is 
expansion of all the inner stream due to heat 
generation and the energy radiated to the outer 
stream causes expansion of the'outer stream also, 
and all this fluid expands radially inward to some 
extent, because of the confining wall. This ef­
fect, coupled with the buildup of the wall boundary 
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layer accounts for the additional increase in 
centerline velocity. This type of behavior is 
indicated in the TAFA results for their hot flow 
cases (Figure 8). In all their cases, the lines of 
high constant mole fraction of argon stretch out to 
a considerable extent in a narrow region along the 
centerline. This is consistent with the idea of 
a radially shrinking, axially expanding core of 
argon. 

It is difficult to draw conclusions from the 
relatively small amount of work done on how the 
internal heat generation affects containment. In 
the discussion of the previous section, it was seen 
that cylindrical coaxial flow gave the best cold­
flow containment found to date. However, the 
cylindrical boundary causes large axial accelera­
tion when internal heat generation is present. It 
is possible then, that a spherical cavity outer 
boundary may be desirable for containment with heat 
generation. The key to success would be to use the 
induced radial pressure gradients to force the 
thermal expansion to take place radially instead of 
axially while mixing and entrainment are minimized 
by inducing axial streamlines downstream of the 
expansion. 

It would appear at this time that the most im­
portant work still to be done to evaluate the co­
axial flow GCR concept feasibility is in this area 
of coupling the heat generation to the fluid 
mechanics. Both experimental and analytical 
studies are necessary to detel:'mine optimal cavity 
shape and inlet flow details. The untimely ter­
mination of the major part of the GCR program 
ended several efforts in this area before they 
obtained the definitive results necessary to make 
a realistic 'evaluation of concept feasibility. 
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DISCUSSION 

J. L. MASON: Isn't the analytical modelling of 
this kind of nOW extremely difficult because 
of the need of (;itting flow that requires 
different modeliJ together with complex boundary 
conditions in between? 

H. WEINSTEIN: 'rhe analytical modelling ia very 
difficult. I tried to bring that out when I said 
that this was an entrance region flow and you get 
none of the benefits of similarity or self­
Preservation. You can't characterize the 
t\lrbulence. The turbulences in the mixing 
rilgions are different. We have free-shear 
generated turbulence in the annular mixing region; 
we have boundary layer turbulence decaying in that 
region. We have free-stream turbulence wbi~h has 
only minor interaction with the flow. We have 
turbulence which is bui1di~g in the outer strea',n 
boundary layer. Nobody really knows how to treat 
the .interaction of the different kinds of growing 
turbulence. 

J. L. MASON: You mentioned that there was a 
capability of maintaining laminar fl~ under one 
scheme of interest. 

H. WEINSTEIN: It is not laminar flow. I tried to 
say that the integrity of the streatl is preserved. 
I didn't want to say laminar flow. These are 
unstable flow situations. We can delay transition 
but we can't prevent it. These are transitional 
flows, and we are going to get turbulent transition. 
We would like to delay transition somewhat, because 
the LID ratio is very small, and if we can delay 
transition a little it would be helpful. 
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PROPERTIES OF RADIO-FREQUENCY HEATED ARGON CONFINED URANIUM PLASMAS* 

Ward C. Roman 

Abstract 

Fluid Dynamics 
United Technologies 

Ep.st Hartford, 

An experimental investigation was performed to 
aid in determining the characteristics of uranium 
plasma core reactor~. Pure uranium hexafluoride 
(UF6) was injected into an argon-confined, steady­
state, rf-heated plasma within a fused-silica 
peripheral wall test chamber. Exploratory tests 
conducted using an 80 kW rf facility and different 
test chamber flow configurations permitted selection 
of the configuration demonstrating the best con­
finement characteristics and minimum uranium com­
pound wall coating. The test chamber selected was 
10-cm-long and 5. 7-cm-insi.de diameter; operating 
pressures were up to 12 atm. A UF6 handling and 
feeder system. to provide a controlled and steady 
flow of heated UF6 at temperatures up to 500 K and 
mass flow rates up to 0.21 g/s was employed. 
Follow-on tests were conducted 'lsing the UTRC 1.2 
MW rf induction heater facility at rf power levels 
up to 85 kW and test times up to 41.5 minutes. To 
permit estimating the total uranium atom number 
density radial profile and confined uranium mass 
in the rf uranium plasma, combined plasma emis­
sion and dye laser absorption measurement tech­
niques were employed. A cw single-frequency 
tunable dye laser and optical scanning system 
were adapted to p~eration at the A = 591.54 nm 
uranium (UI-neutral atom) line (laser line half­
width :::: 10-4 nm). The results indicated the total 
uranium atom numb~r density reached a maximum of 
approximately 1016 atoms/cm3 at the centerline of 
the plasma (T~ = 9800 K). To permit a detailed 
post-test analysis of the milligram quantities of 
residue deposited on the different components of 
the test chamber, profilometer, IR spectrophoto­
meter, scanning electron microprobe, x-ray diffrac­
tometer, electron microscope, and Ion Scattering 
Spectrometer instruments were employed. Uranyl 
fluoride (UD2F2) was the principal compound found 
on the test chamber peripheral wall. The overall 
test results demonstrated applicable flOW schemes 
and associated diagnostic te.chniques have been 
developed for the fluid-mechanical confinement and 
characterization of uranium within an rf plasma 
discharge when pure UF6 is injected for long test 
times into an argon-confined, high-temperature, . 
high-pressure, rf-heated plasma. 

Introduction 

Fissioning uranium plasma core reactors (PCR) 
based on the utilization of fissile. nuclear fuel in 
the gaseous state could be used as a prime energy . 
source for many spaee and terrestrial applications. 
In addition to aerosPace propulsion applications, 
several new space power and/or"terrestrial options 

Laboratory 
Research Center 
Connecticut 

are being 
(1) 

(3 ) 

(4) 

considered; these include: 
Direct pumping of lasers by fission 
fragment energy deposition in UF 6 and 
lasing gas mixtures. 
Optical pumping of lasers by therrnul 
and/or nonequilibrium electromagne'~ic 
radiation from fissioning UF6 gas and/or 
fissioning uranium plasmas. 
Photochemical or thermochemical processe.\I . 
such as dissociation 
materials to produce 

of hydrogenous 
hydrogen. 
systems for gener-MHO power conversion 

ating electricity. 
Advanced closed-cycle gas 
electrical generators. 

turbine driven 

Reference 1 discusses the overall status of 
plasma core reactor technology, the various energy 
conversion concepts, conceptual designs of various 
configurations, and a summary of all current 
research directed toward demonstrating the feasi­
bility of fissioning uranium FeR's. 

A principal technology required to establish 
the feasibility of fissioning uranium plasma core 
reactors is the fluid mechanical confinement of the 
hot fissioning uranium plasma with sUfficient con­
tainment to both sustain nuclear criticality and 
minimize deposition of uranium or uranium compounds 
on the confinement chamber peripheral walls. 
Figure 1 is a sketch of one unit cell configuration 
of a plasma core reactor. lbe reactor would con­
sist of one or more such cells imbedded in 
beryllium oxide and/or heavy-water moderator and 
surrounded by a pressure Vessel. In the central 
plasma fuel zone, gaseous uranium (injected in the 
form of UF6 or other uranium compound) is confined 
by argon buffer gas injectea. tangentially at the 
periphery of the cell. In applications in which it 
is desired to couple thermal radiation from the 
fissioning uranium plasma to a separate working 
flUid, the thermal radiation is transmitted through 
the argon buffer gas layer and subs~quently through 
internally-cooled transparent walls to a working 
fluid channel such as shown in Fig. 1. The 
channels would contain particles, graphite fins, 
or opaque gases to absorb the radiation. The mix­
ture of nuclear fuel and argon buffer gas is with­
drawn from one or both endwalls at the axial 
centerline. For other applications in which it is 
desired to extract power in the form of nonequi­
librium,"fission-fragmen~-induced .short wavelength 
radiation emissions; the transparent wall would be 
removed and a medium such as lasing gas mixtures 
would be mixed with either the fissioning uranium 

*Research sponsored by NASA Langley Research Center, Contract NASl-13291, Mod. 2. 

l36 

,I 
1 I' 

i 
" \ 

1 

") 



fuel or buffer gas. The reaSon for this distinction 

is that most transparent wall materials have 

intrinsic radiation absorption characteristics at 

the short wavelengths expected to be emitted from 

the plasma in the form of fission-fragment-1nduced 

nonequilibrium electromagnetic radiation. 

A long-range program plan for establishing the 

feasibility of fissioning gaseous UF6 and uranium 

plasma reactors has been formulated by NASA. 

Reference 2 summarizes the plan which comprises the 

performance of a series of experiments with 

reflector-moderator cavity reactors. A review of 

the past work is contained in Ref. 3. Los Alamos 

Scientific Laboratory (LASL) is currently perform­

ing these cavity reactor experiments. 

Integrated into this plan is the develppment 

of equipment and technique ' to demonstrate operation 

of an argon/UF6 injection, separation, and recircu­

lation system to efficiently separate UF6 from 

argon in a form adaptable to subsequent recycling 

in the rf-heated uranium plasma experiment. Also 

included will be continued experiments to demon­

strate techniques for minimizing the deposition of 

uranium compounds in the exhaust duct systems. 

The uranium plasma experiments described 

herein comprise part of the development of the long 

lead time technologies required to proceed with the 

uranium plasma core reactor experiments. 

other previously reported experiments(4) have 

been conducted on the confinement of argon rf 

plasmas. These tests were directed prUnarily 

toward development of a high-intensity, high-power­

density plasma energy source (equivalent black-body 

radiating temperatures :5 6000 K). Sorne· of these 

initial exploratory tests included direct injection 

of very dilute mixtures of UF6 (typically, 1% UF6 

in an argon carrier-gas) into the argon rf plasma. 

Coating of the fUsed-silica peripheral wall 

occurred but short-time sustained plasma operation 

was demonstrated. 

The study described herein presents some 

recent results of the uranium plasma confinement 

tests with pure UF6 injection and the associated 

diagnostics and measurement techniques as applica­

ble to plasma core reactors. 

Description of Principal Equipment 

The experiments reported herein were conducted 

using the UTRC 1.2 MW rf induction heater system 

operating at approximately 5.4 MHz. The rf output 

was supplied by two power amplifier tubes (440 kW 

output each) Which drive a resonant tank circuit; 

the output of the two power amplifiers was 

resonated by a push-pull resonator. The entire 

resonator section consisted of two arrays of ten 

vacuum capacitors located within a 1.7-m-dia . 

cylindrical aluminum test tank. The rf power was. 

deposited into the plasma by a pair of single-turn 

9-cm-dia water-cooled work coils. The front of 

137 

the test tank was a removable dome containing five 

10-cm-dia windows for observation and/or diagnostic 

equipment access. 

In support of the rf plasma experiments, a UF6 
handlin$ And feeder system to provide a controlled 

and st~~dy flow of heated UF6 at temperatures up to 
500 K was employed. Figure 2 is a schematic dia-., 

gram of the UF6 handling and feeder system. The 
system was designed to provide UF6 mass flow rates 
up to about 5 gls and subsequent possible injection 

of UF6 into test chambers operating at pressures up 
to approxtmately 20 atm. 

The principal components of the system were 

the UF6 boiler, the boiler heat supply system, and 

the UF6 condenser (exhaust) system. The boiler was 

a 2.0 Monel cylinder rated at 200 atm working 

pressure. Monel was selected because of its rellis­

tance to chemic6.1 attack by hot, pressurized UF6. 

A heat exchanger to provide internal heating was 

located in the bottom of the boiler. The thermo­

couple walls, heat exchangers, and UF6 flow lines 

were all fabricated from 6.4-mm-OD Monel tubing. 

As shown in Fig. 2, electrical resistance heater 

tape was wrapped around the majority of components. 

In the tests reported herein, use of the electrical 

heater assembly s~rounding the UF6 boiler was 

sufficient to provide the required flow rates; i.n 

future tests employing higher UF6 flow rates for 

longer periods, electri~ally-heatea gaseous N2 will 

be supplied to the UF6 boiler heat exchanger. 

Based on the results of exploratory UF6 handling and 

flow metering tests, the need for elimination of as 

much contamination as possible from the UF6 supply 

and.flow handling system became apparent. 

A Matheson UF6 calibrated linear mass flow 

meter (Monel transducer) was located in the UF6 

transfer line to provide on-line determination of 

the UF6 mass flow rate prior to entering the uF6 

injector within the test chamber. The exhaust 

from the test chamber, comprised of argon, UF6, and 

other volatile uranium compounds, was collected in 

the UF6 condenser system located downstream of the 

test chamber. A neutralizing trap (NaOH+H20) was 

located downstream of tpe condenser system to 

remove a~v residual uranium or uranium compounds 

which passed through the flow trap shown in Fig. 2. 

Figure 3 is a sketch showing a cross section 

of the basic test chamber configuration employed 

in the 1.2 MW rf induction heater tests with pure 

UF6 injection. For simplicity, only half the 

symmetric chamber is shown. This test chamber 

configuration was selected ba~ed on the results of 

exploratory rf plasma tests Using the UTRC 80· kW 

rf:~'induction heater facility(5). These exploratory 

tests were conducted at an rf frequency of 13.56 

MHz and with the test chamber at atmospheric 

pressure and discharge power levels on the order 

of 10 kW. Four different test chamber flow config­

urations were tested to permit selection of the 

configuration demonstrating the best uranium vapor 

confinement characteristics and minimum wall 
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coating. The test chamber configuration shown in 
F~g. 3 incorporated several features including the 
ability to change: the axial location of the on­
axis UF6 injector, the injection area of the argon 
vortex injectors, and the ability to vary the dis­
tribution of exhaust gas flow and cooling water to 
the different components. The left endwall (not 
shown in Fig. 3) had provision for removing the 
exhal~st gas through an axial bypass annulus located 
on the periphery of the endwall. FigUl'e 4 contains 
a photograph showing details of this test chamber 
configuration with a uranium rf plasma present as 
viewed through the center view port of the test 
tank. The argon vortex was driven from the right 
endwall by a set of eight equally-spaced stainless­
steel vortex injectors located tangent to the 
periphery'of the enawall. In addition to the axial 
bypass provision in the left endwall, both endwalls 
had the option for removing varying amounts of the 
exhaust gas through the on-axis thru-flow ducts. 
As shown in Fig. 3, the UF6 injector, located on­
axis and concentrically within the right endwall, 
was fabricated from a 50-cm-long three concentric 
copper tube assembly and in the majority of tests 
was located with the injector tip extending 2 cm 
into the test chamber. High pressure water (20 
atm) heated to approximately 350 K via a steam heat 
exchanger flowed at 0.14 j/s between the concentric 
tubes of the UF6 injector. This provided cooling 
relative to the hot plasma environment.while still 
maintaining a' high enough temperature in the injec­
tor to permit flowing the pressurized gaseous UF6 
without solidification in the UF6 transfer line/ 
in~<:lctor. A vacuum start technique was used in all 
tests; the rf plasma was ignited at approxllnately 
10 mm Hg usin~ breakdown of the argon gas at a 
resonator voltage of about 4 kV. 

The total power deposited into the uranium rf 
plasma was obtained from an overall test chamber 
energy balance by summing the power lost by radia.­
tion, power deposited into the annular coolant of 
the. peripheral wall, power deposited' into the end­
wall assemblieS, power convected out the exhaust 
ducts, as well as, power deposited into the heat 
exchanger and UF6 injector assembly. 

The power radiated from the uranium rf plasma 
was measured using a specially constructed radio­
meter and chopper wheel assembly. The total power 
radiated from the plasma !ind in selected wavelength 
bands .was calCUlated assuming~1sotropic radiation 
including allowance for blockage dUe to the rf work 
coils. Still pictures (using neutral density 
filters) taken through the various VieW ports ~~re 
used for estimating the discharge diameter and 
shape. 

Figure 5 is a schematic diagram of the optical 
diagnostic system used for the absorption and 
emissioh measurements ,in the rf plasma tests with 
pure UF6 injection. A uranium lamp (hollow cathode 
type) was used as the reference standard. A con­
focal Pabry-Berot spectrum analyZer with a free 
spectral range of 8 GHz (;:::10-2 nm) was used to 
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define and calibrate the tuned wavelength spectrum. 
A power meter (together with a beam splitter) was 
used to permit continuous monitoring of the dye 
laser output power at the particular wavelength line 
selected. A phase-sensitive-detector and lock-in 
amplifier and a dual set of chopper/signal generator 
assemblies (capable of multiple frequency operation) 
were used in the system, as shown in ~ig. 5. A 
pair of fixed front surface mirrors were used to 
direct the approximately 1.5-mm-dia laser beam into 
the aluminum test tank (parallel to the major axis 
of the discharge). A beam expander (1.5-cm-dia 
aperture) and co~limator was located inside the test 
tank. Another fixed front surface mirror was loca­
ted in the test tank approximately 6 cm behind the 
axial midplane of the fused-silica tube test chamber 
at an angle of 45 deg to the discharge major axis. 
The centerline of the expanded and collimated laser 
beam traversed the concentric set of fused-silica 
tUbes which form the test chamber, 0.75-cm-off-axis, 
as shown in Fig. 3. The laser beam exited from the 
alUminum test tank through an aperture ahd the 
central view port. A 10-cm-dia aerial lens (f/l.8, 
focal length = 34.3 cm) was located inside the test 
tank to aid in focussing the laser beam onto the 
slit of the monochromator and to correct for the 
beam divergence through the test chamber. The final 
optical tracking system used for making the chordal 
scans of the plasma emission and absorption, as 
shown in Fig. 5, evolved after several preliminary 
designs, ray tracing analyses, and bench test 
e~eriments. ~le optical system design had to 
account for a certain amount of refraction through 
the test chamber geometry employed. The effect of 
the concentric fllsed -silica tubes was twofold. 
The refractive effects of concenl:ric, right cil:cu­
lar cylinders filled alternately I~ith gas, quartz, 
water, quartz, and air were calCUlated and are 
eas ily pred ictab ie, The second" effect (surface 
imperfections), however, was not smoothly varying 
and Cannot be compensated for in the lens and. 
optical system design. This effect had to be 
calibrated out for each test (i.e., once the 
rotational orientation of the two concentric 
fused-silica tubes was selected, they Were main­
tained in that orientation until completion of that 
particular t~st). The remainder of the optical 
diagnostic system included a fixed front surface 
mirror, a lO-cm-di~, 20-cm-focal length lens, a 
rotating front surface mirror, and a 0.25 (f/3.5 
optics) or 0.5 m (f/8.6 optics) monochromator sys­
tem. The output signal from the photomultiplier 
(S-20 response) was connected to a signal processor 
and displayed on a strip-chart recorder. A 
specially constructed rf shielded signal generator 
and controller system was used for operating the 
mirror motor d.rive. The mirror drive assembly had 
an independent frequency, am:plitude, and. off-set 
control. The system was set-up to image a source 
of cross-sectional radius 1.5 cm without vignetting 
within the monochromator system. Since the sOUrce 
and slit exist in conjugate planes at a magnifica­
tion ratio of 1.57, the 25 Illli square sllit 
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arrangement used in the monochromator represented 
a scanning aperture 39 ~m square at the plane of the 
plasma discharge centerline (both emission and 
absorption). For emission measurements, the dye 
laser beam was blocked and the chopper ussembly 
(85 Hz) located adjacent to the central view port of 
the test tank was used. For absorption measure­
ments, the chopper assembly adjacent to the dye 
laser head was used (650 Hz). Calibration checks 
were included to verify that the dye laser output 
beam ( A = 591.54 nm) power remained essentially 
constan~ for relatively long time periods. Fine 
tuning was accomplished during the actual UF6 rf 
plasma tests by tuning the central frequency con­
trol of the dye laser system to maximum absorption. 
The A= 591.54 nm uranium·line was selected because 
it is a relatively strong uranium I (neutral atom) 
line and appears well-defined in the spectral 
emission scans. The lower state for this line is 
the uranium I ground state. The half-width of the 
laser line at this wavelength was approximately 
At..= 10 -4 nm. 

The signal generator and controller for the 
scanning mirror was set up to provide a different 
scanning rate (approximate factor of 2X) between 
the plasma discharge centerline to t~e 1.5 cm off­
axis location and the return scan from the off-axis 
location back to the discharge centerline. 
Typically 10 s was required for a scan. The optical 
tracking system was checked out first with only an 
argon rf plasma present. This permitted a verifi­
cation of tracking ~eproducibility and isolation of 
the instrumentation from extraneous vibration and/ 
or rf interference effects. 

To permit a detailed analysis of the samples 
of residUe collected from the various components of 
the test chamber after rf plasma tests with pure 
UF6 injection, the following UTRC instrumentation 
was employed. Of these, several have unique 
features. 

1. Profilometer -- permitted quantitative 
determination of the magnitude of surface coating/ 
etching/erosion that may take place on the surface 
of the fused-silica tube. 

2. IR Spectrophotometer -- permitted com­
pound identification using IR spectrophotometric 
absorption measurements (2.5 -40 /-lm wavelength 
range) of reference material. standard compounds 
and small samples of residue removed from test 
chamber components. 

3. Scanning E.lectron Microprobe -­
permitted determination of the elements present in 
the residue samples and also scanning electron 
micrographs. Showed topographical and composi­
tional variations and permitted x-ray mapping of 
the individual elements present. 

4. X-ray Diffractometer -- permitted 
identification of compounds present in the residue 
samples by subjecting them to copper Ka radiation 
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and comparing the resulting x-ray diffraction 
patterns with reference standards. 

5. E.lectron Microscope using selected area 
diffraction (SAD) -- permitted identification of 
compounds present in the residue samples by subjec­
ting them to electron bombardment. Also provided 
indication o~ relative crystallinity of the 
material. 

6. Ion Scattering Spectrometer (ISS)/ 
Secondary (or sputtered) Ion Mass Spectrometer 
(SIMS) -- permitted identification of the.various 
elements and compounds present in the residue 
samples. The unique features of this instrument 
that distingUish it from the other instruments 
described above are (1) it is sensitive to just the 
outer·monolayer of the surface; (2) its sensitivity 
is as high as one part of a monolayer per million; 
(3) it gives positive identification of the com­
pounds; and" (if )it can detect hydrGg~l)., ,and dis­
tingu:Lsh isotopes of uranium. 

Discussion of Test Results 

TABLE I is an example of the typical operating 
conditions obtained in the emission and absorption 
measurement tests conducted in the 1.2 MW rf plasma 
tests with pure UF6 injection using the test con­
figuration shown in Fig. 3. For this particular 
case, the mass flow rate of the injected UF6 was 
3.2 x 10-2 g/s. In other tests, chamber pressures 
up to 12 atm and rf plasma power levels up to 85 kW 
were employed. 

To establish the range of dye laser uranium 
line absorption (I/Io) levels through the plasma, 
several preliminary tests were conducted for 
various mass flow rates of UF6' The dye laser line 
was set at the peak of the A = 591.54 nm line 
(Uranium I-neutral atom) and the 1.5-mm-dia beam 
(typically 50 row) t~aversed the plasma discharge on 
the centerline axis at the axial midplane location 
(see Fig. 3). UF6 mass flOt~ rates employed ranged 
from 1.3 x 10-2 g/s to 8.2 x 10-2 g/s. For refer­
ence, at the UF6 mass flolY rate of 8.2 x 10-2 g/s 
approximately 98% of the incident intensity of the 
591.54 nm dye laser line ,vas absorbed in il single 
pass through the uranium rf plasma. After 
operating for approximately 1.5 minutes at this 
flow rate, the UF6 injector valve was rapidly shut 
off. The signal did not immediately return to the 
initial value because of outgassing of residual 
hot UF6 in the transfer lines and injector assembly. 
Trace amounts of UF6 were still observed entering 
the plasma after approximately 10 minutes. After 
waiting for all the residual UF6 to outgas, the 
signal approached the initial value. indicating a 
very small amount of wall coating had occurred. 
Post-test inspection of the inner fused-silica 
tube verified'this condition. 

The introduction of pure UF6 directly into 
the plasma resulted in a significant increase in 
the total radiation emitted from the plasma (220 
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to 1300 nm range) as measured with the radiometer system; a significant amount of this radiation increase occurred in the visible and near-UV wave­length bandl>. 

Figure 6 shows an example of the radial variation in the uranium rf plasma temperature and transmission as determined from the single wave­length ( A= 591.54 nm) chordal scan measurements,at the axiul 'midplane,of the emission and absorption using the instrumentation shown in Fig. 5. The chordal scan measurements of the emission and absorption by the uranium plasma served as input data to a computer program used to calculate the emission and absorption coefficients. Previously developed analytical techniques for absorption/ emission coefficient determination for optically­thick plasmas were adapted to the UTRC data acquisition system(6,7). Prior measurements con­ducted with similar geometries indicated vortex­confined rf plasma discharges of this type to be rotationally symmetric. Rotational symmetry of the plasma facilitates reduction of the measured chordal emission and absorption data to ccrre~ sponding radial data by means of the Abel inversion procedure. Under conditions of local thermodynamic equilibrium (LTE) and for plasma transmission between approximately 0.2 and 0.8 (Le., 0.2!EI/Io!E 0.8). analyticai techniques have been developed for determining the radial spectral absorption and emission coefficients. Since the absorption and emission coefficients are related via Kirchhoff's law, the radial temperature profile can be deter­mined without knowledge of particle densities or transition probabilities. This is particularly important for uranium -where much data are still unknown. The sketch in the lower portion of Fig. 6 is a simplified cross section of the test chamber apd indicates the location used for the chordal scan measurements. Also shawn for reference in Fig. 6 is a temperature profile determined from an argon-only rf plasma test under similar test condi­tions, but with no injection of UF6' In addition to the centerline maximum temperature peak of about 9800 K, a distinct off-axis temperature peak of about 8700 K is also evident for the uranium plasma case. The introduction of pure UF6 into the Xf plasma resulted in a suppressed temperature profile at the off-~~is position between a radial distance of approximately 0.2-0.8 cm. The off-axis peaks can be attributed primarily to the mechanism of depositing rf power into an annular region. 

To complement these measurements and verify the validity of the results, separate Uranium I ( A = 591.54 nm) absorption line width measurements wete made using the dye laser system shown in Fig. 5. This information was used to calculate an absorption coefficient from Which comparisons were made between the neutral (UI) uranium number den­sity radial distribution as determined from emission calculations and from absorption calcula­tions; reasonable agreement was obta:lmed. 
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To aid in the determination of the total uranium atom number density distribution within the rf plasma discharge, UF6 and/or UF6/Ar equilibrium calculations were made for the current range of test parameters utilizing a computer code based on the procedure described in Ref. 8 (partial pressures from 10-4 to 1 atm and temperatures from 300 to 10,000 K). The following species were included: UF6, UF UF UF - U U+ U++ U+++ -5' !1-' 3' F, F , F2, , , , I and e • Figure 7 is an example of these calculations for the equilibrium composition of UF6 at a partial pressure of 10-3 atm. For all practical purposes, at pressures of approximately 1 atm, complete thermal decomposition of UF6 has occurred at temp­eratures of about 5000 K. Figure 7 illustrates the mole fraction of the various constituents as a function of temperature. Note the very steep slope of the mole fractions of the various fluoride compounds of uranium in the 2000 K regime and that at approximately 7000 K, the concentration of singly-ionized uranium (UII) increases; separate measurements of the rf plasma characteristics indicate that the rf plasma with argon vortex buffer gas injection only has average temperatures in excess of 7000 K for the type of operating conditions reported herein. In all the calcula­tions, local thermodynamic equilibrium was assumed and lowering of the ionization potential was not included. Similar calculations of the variation of the total number density of uranium atoms and ions as a function of UF6 injection partial pressures with equilibrium temperature as the variable parameter have also been completed for UF6/Ar mix­tures at various total pressures. 

It was anticipated that operating the rf plasma with pure UF6 injection at relatively high power and pressure levels may have resulted in significant ~ressure broadening to the width of the uranium, A = 591.54 nm, emission and absorption line. To better estimate the absorption line half­Width, several measurements were made at different pressures corresponding to approximately the same test conditions. CalCUlations of the doppler width for the uranium A = 591.5lt nm line (no pressure broadenirlfr) at 1000 K yields a half ""Width of app~~~imately 0.75 GHz. The doppler line width varies as the square root of tempe~ature. There­fore, at a temperature of approximately 10,000 K, the doppler width would be approximately 2.34 GHz. This compared favorably with the 2.5 GHz experi­mentally measured using the dye laser system and spectrum analyzer. At a chamber pressure of 2 atm, the measurements indicated a line width (at one­half maximum. intensity) of approximately 3.5 GHz. For reference, 8 GHz corresponds to 10-2 nm. 

Additional calculations were complete a using these data, the partition fUnctions fQr Uranium I and II as a function of,temperature(9), the radial distributions of temperature and transmission shown in Fig. 6, and the variation of uranium neutral atom number density with UF6 partial pressure to calculate the neutral uranium atom number denSity as a function of radiUS • 
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Figure 8 shows the results obtained for the radial variation of total uranium atom (UI+UII+UIII) number density as a function of radial distance from the centerline of the rf plasma with pure UF6 injection corresponding to the test conditions given in TABIE I and Fig. 6. The numbers in parentheses are corresponding estimated values of the total uranium species partial pressure in atm. In this particular case, the total uranium atom number6 density reached a maximum of approximately 10 atoms/cm3 at the centerline of the plasma. Based on this plot, an estimate was made of the total con­fined uranium masssbased on these measurements of the neutral uranium species; this value was calcU­lated to be 0.03 rug of uranium. The calCUlations also indicated that a relatively large fraction of the total confined uranium atoms existed at the outer portion of the plasma discharge. 

These results were co~pared to the uranium total number density obtained from independent x­ray absorptJon melltllU'emenils. (10) At cOl)lparable test conditions to those shown in TABLE I and assuming a 23-cm-diagonal path length and a 9.5-cm-diagonal path length, the corres~gnding uranium total number densities were 2.8 x 10 and 6.4 x 1016 atoms/cm3, respectively. The ag:teement is reasonable when one considers that the x-ray measurements included cOn­tributions due to all species (inclUding cold UF6 etc. in the boundary). other x-ray measurement~ at higher UF6 injection mass flow rates (up to 9.3 x 10-2 g/s) resulted in uranium densities up to approximately 4 x 1017 atoms/cm3 • 

The photograph shown in Fig. 9 illustrates the degree of wall coating incurred on various fused­s11i<:a tube peripheral walls after tests with pure UF6 injection. Part of the tests included incor~ poration of different modifications to both the test chamber and floW control scheme to further improve the confinement characteristics of the uranium plasma while at the same time aid in min­imizing the wall coating by uranium compounds. These fUsed-silica tUbes were subsequently analyzed during post-test inspections. The degree of coating extended from a relatively heavy to a fairly light coating as can be seen in the photograph in Fig. 9. The majority of the coating occurred in the central region of the fUsed-silica tubes. Some residue was also observed at both end regions adjacent to the O-ring seal location. A representative example of the IR spectrophotometric absorption measure­ments taken of some of the residUe collected from the inside surface of the fused-silica tube after the plasma tests with pure UF6 injection is shown in Fig. 10. In all cases a thin wafer KBr matrix was used with the Perkin-Elmer IR spectrQphoto­meter to obtain the IR absorbance trace ~s a func­tion of wave1ength. In the majority of the tests the IR spectrophotometric measurements indicated a combination of uranyl fluoride and uranium oxide present on the inside surface of the fuseo.-silica tube; traces of Si~J silicon grease and water vapor were also noted • 

. 
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A follow-on series of long run time uranium rf plasma tests indicated that the addition of silicone ~rease to the a-rings and use of as-received UF6 {i.e., no NaF filter) resulted in a significant contribution to the residue coating on the fUsed­silica tubes. Bart way into the test series it became obvious that the use of silicon O-rings, and unfiltered argon from the labo •• tory bottle farm, also resulted in an increase in the residue depos­ited on the fUsed-silica tubes as a function of test time. To aid in reducing this residue,the O-rings were coated with Kel-F oil. This particular lubricant, arrived at after trying other materials such as hydrocarbons, fluorosilicone, and halo­carbons, provided the seal necessary between the fused-silica tube and the endwall while eliminating the silica gel present in the sili&one f!rease which apparently reacted on the surface and caused additional deposits. With the O-ring lubricant change, filtering the as-received UF6 through a NaF trap to remove the hydrogen fluoride contamination, and filtering the argon through a zeolite trap resulted in a reduction in the residue wall coating by approximately a factor of 2. In a test employing all these modifications, the uranium rf plasma was operated continuously for 41.5 minutes at a UF6 flow rate of 2.2 x 10-2 g/s; 30.4 rug of total residue was deposited on the peripheral wall. Approximately 10 rug of this was attributed to the lubricant initially applied to the O-ring seal which remained or. the fused-silica tU.be. 

In other tests, aimed at determining the range of mass flow rates of injected UF6 possible, greater than an order of magnitude increase in flow rates were achieved (21 x 10-2 g/s) while still maintaining the rf plasma in a confined-steady-stat~ mode. 

ResUlts of measurements using the profilometer indicated the maximum residUe wall coating on the ID of the fused-silica tube to be approximately 1 pm in thickness; detailed analysis of the surface indicated a combination of residue deposition and surface etching had occurred. The electron photo­micrographs and x-ray mappings of the sample residue indicated the predominance of uranium and silicon as compared to flUorine and oxygen. The results from the x-ray and electron diffraction analyses indicated traces of several oxides of uranium. This was also verified by the IR spectrophotometry absorption measurements shown in Fig. 10. Another check on the predominance of U~F2 was obtained from measurements using the secondary ion mass spectrometer (SIMS). Based on the Atomic Mass Units (AMU) between 225 to 300, the presence of various uranium oxide compounds was verified. 

Additional analyses were also conducted of the residue coating on the endwall surfaces, UF6 injec­tor, and exhaust ducts. In general, the following trends were observed. UF4, u~, and UQ2F2 were identified as residue constituents on the endwall surfaces. The same constituents were ldentified as 
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being present on the l.lF6 injector; in addition, 
au~ ,~as also detected. The electron microprobe 
x-ray maps also sho\~ed the distinct presence of Cu 
in quantities comparable to the u. The exhallst 
dllcts contained traces of U~~2' U10a, and l.lF4' 
The electron photomicrographs of the val'iolls samples 
of residue removed from the different components 
each possessed a different crystalline structlll'e. 
Recall that U~F2' U~, SiOa (and a trace of 'YU0:3) 
were identified as l'esidlle constituents on the 
fused -silica tUbe peripheral \~all. 

The analysis techniques developed and applied 
during this portion of the research program will be 
applicable to futul'e experiments ,~hich include 
development of techniques for reconstituting the 
gaseolls compounds in the plasma exhaust mixtUl'e, 
minimizing the wall coating, and conditioning the 
exhaust gas such that it is in a form suitable for 
l'einjection into the plasma (recycled-closed-loop 
operation) • 

Summal'Y and Conclusions 

An expe~-itnentI11 inVestigation was conducted 
using an al'gon vortex confined uranium J.'f plasma 
discharge to aid in developing the technology 
necessary for designing a self-critical fissioning 
uranillm plasma core reactor. Pure UF6 ,~as injected, 
using a specially developed l.lF6 transfer and injec~ 
tion system,. into a 5. 7-cm-ID by 10-cm-long test 
chamber containing the plasma and comprised of a 
watel'-cooled fUsed-silica tllbe periphel'al wall and 
cappel' end,~alls. Complementary diagnostic instru­
mentation and measurement techniques were developed 
which permitted charactel'idng the uranium plasrm 
and traces of the uranium compound residue 
deposited on the test chamber walls. Included was 
an optical scanning method for Ul'anium plasma 
emission and absorption measurements using a cw 
single -frequency tunable dye lasel' system. These 
measurements provided input to a compltter program 
(optically thick case) which calculated the 
spectral emission and absorption coefficients and 
the corresponding radial temperature profile using 
KirchhOff' s la'~. The measurements indicated, at 
chamber pressures of about 2 atm, rf discharge 
powel' levels of about Go kN ,and injected UF6 mass 
flow rates of approximately 3 x 10-2 gis, that 
uranium plasma ternpel'atm.'es of 9800 K occurred at 
the plasma centerline location with a distinct 
off-axis peak (::::8700 K) occurring at an r/R'" 0.6. 
Edge of plasma temperatures were approximately 
6000 K. From these data and additional experi­
mental measurements of the Uranium neucl'al atom 
(UI) absorption line width ("" 3 • 5 GHz at i\ == 591. 54 
nm), the radial variation of total uranium atom 
(UI +UII +UIII t numbel' density wi thin the rf plasma 
was determined. (Approximately 1016 atoms/cm3 at 
the axial midplane centerline of the rf plasma 
discharge.) ~hese atom number densiti~s were 
found to 'be comparable by t,~o independent measure­
ment techniques (x-ray absorption measurements and 
U plasma. emiSSion/absorption measurements). 
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HodificatiOllS made to the test chamber 
configuration and flow contl'o). scheme and eval.uated 
by the various analysis techniques reSUlted in a 
reduction in the residUe material deposited on the 
components of the test chamber. At t1F6 mass flow 
l'ates of 2.2 x 10-2 gis, test times up to 41.5 
milllltes \~el'e achieved with less th,,)). about 20 mg of 
actual Uranium compound residue wall coating. In 
separate tests to maximize the UF6 mass injection 
flow rate, up to an ordel' of magnitude increase was 
achieved (2.1 x 10-1 g/s) while still maintaining 
the plasma in a confined mode of operation. Six 
dUfel'ent complementary analysis techniques were 
employed and uranillm compound l'eferellce standal'ds 
developed at liTRC to permit post -test characteriza­
tion and identification of the l'esidue coatings 
deposited an the peripheral wall of the test 
chamber. The "mist-like\! residue found an the 
inside diameter of the fused -silica tube during 
post"test analysis was identified as primarily 
llranyl i'llloride (U~F2)' 

The overall test results have demonstrated 
that applicable flow schemes and associated 
diagnostic techniqlles have been developed f.'or the 
flUid-mechanical confinement and characterization 
of Uranium vapor within a plasma dischal'ge When 
pure l.lF6 is injected steady-state for long test 
times into an al'gon-confined, high-temperature, 
high-pl'essure, rf-heated plasma. 
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List of Symbols 

Atomic mass unit, ditlle~sionless 

RF operating 'frequency, NHz 

Incident or source intensity, 
arbitral'Y units 

TransmiSsion, dimensionless 

Absorbance, dimensionless 

Liters 

Argon mass :flo\~ rate, sis 

UF6 mass :flO\~ rate, gls 

Number density of neutral uraniwn 
atoms. atoms-cm-3 

Numbel' density of singly-ionized 
uranium atoms, atolns-cm-3 

NUmber density of doubly-ioniZed 
uraniulll atoms, atoms-cm-3 

Total. lltUnbel' density o:f uraniUIll 
a toms. a toms -em-3 

PressUl'e, atm, nun ltg, or t01'l' 

Chamber pressure, atm 

Total rf dishcarse:po~el', kli 

nadius of plastt~, em 

Radial distance, cm 
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T Temperature, des K 

Havelength, lUll 01' miC1'ons 

Hole fl'action or species i, 
dimensionless 

Iva vel.ength band. 111" 

Designat.ion of ,Ufl'el'ent 
c;).'ystallille fol'Uls of' t\l'animl\ 
compounds 

Table I 

SUllUl~l'y of Ope:t·at.it~g Conditions for Chol'dal Scan 
Neasul'ements of Test V Conducted in 1.:3 J:.tv RF 
Induction Heater Hith Rf Plasma and FQ:,t'(t tIF6 

In;j ~r,tior. 

See Fig. 3 :for Sket.ch of Test. Chamt'el' CCnfif(lll'ntiQI) 
See Fig. 5 for Schematic of Diagllostic System Used 

for ahol'dal Scan Meamu'ements. 

Argon Injection ~~ss Flow Rate. 

Argon Injectioll Velocity. 

Percent Axial Bypass Flow 

tq.'6 Injection Mass P10N Rate. 

UF6 Injection Velocity. 

Mass natio •••• 

Chamber Pressure. .' . 
RF Discharge POl'er. 

RF Opel'ating lh'eq\lency. 

~.",8 gls 

.21.6 Illls 

0,7 mill 
0.012 

1.95 ntm 

Powel' Radiated (220-1300 nUl). 

l<):action af Total llischal'e;e 
PoNel' Radiated. • • • • • • • ••• '\0 • 0,34 

2.$ l'm 

2 min 

8.1 Illg 

flischlu'ge DinU\etel' nt lI>:il\l l-ihtplane. 

Test Tillie ••••• 

Residue Deposition. .. 

Working fluid 
ChanllOls containing 
particles, graphite 
fIns or opaque gases 

... ,,, .... ,,.,.'~lntert1ally cooled 
transparent wall 

[-0.50 M-1 

1:'ig. 1 Deta.ils of l.!'lasma Core Reactor trni t Cell, 

It 
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I 
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Pii . 2 sct>. tic 01aara. of UF6 Transfer Syste • • 

Fli . 3 Sketch of Test Chamber Conflauration Used 
in Tests in 1.2 RF Induction Heat r 
With Pure UF6 Injection . 

P • . 4 m Q - 52 f - 5.4778 Hz d - 2. c 

Fi • 4 Pho ograph of RF Argon Plas in 1 .2 
RF Induction Heater Test Chamber With 
Pure UF6 Injection . 

Fi • 5 Sche tic of Optical Diaffnoatic System Used 
far Ab.orp ion and Emillton Measurementl in 
RF Pla ... Teat. With Pure UF6 Inj cUon . 
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Fi • 6 r~ .. ple of Relultl of Radial Variation in 
Temperature and Transmission Obtained With 
Pure JF6 Injection Into RF Argon Plasma . 
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Fig . 7 Equilibrium Compolition of UF6 at a 
etial Pressure of 0 .001 atm. 
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Fig . 8 Radi.l Vari.tion of Total UI'Lnium Atom 
(UII.UII.UIII) Number De sity tor UF6 RF 
Plasma Teat Case V. 

Fig . 9 Photograph of Fused- ilica Tubes Used in 
RF Plasma Tests With Pure UF6 Injection 
and Incorporating Modifications to Test 
Chamber/Flaw Scheme . 
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Fig . 10 Example of IR Spectrophotometry Absorption 
asurements Obtained From Fbst-Test 

Analysis of ReSidue Wall Coating . 

DISCUSSION 

D. H. DOUGLAS-HAHILTON: Wh.t kind of r.di.tion 
int.n.iti •• do you .xp.ct to proP'a.t. throuah 
your qu.rtz window? 

W. C. ROHAN: About 27 kilow.ttl per Iqu.re 
c.ntimeter. 

T. S. LATHAM: Another point we .re di.cover1na 
with UF6 il th.t it i •• v.ry .trona uv .b.orb.r 
which me.n. th.t the r.di.ting Ip ctrum i. v~ry 
much like. bl.ck body .t the e4ae of the fu.l 
cloud •• nd we h.ve Ie •• UV content with ur.nium 
hex.flouride .1 • nucle.r fuel th.n we u.ed to 
c.leul.te for pure ur.nium. So the UV lo.dina 
on the fu.ed .11ic. w.ll. with UF6 fu.l IhOtlld 
be sub.t.nti.lly reduced over wh.t it w •• with 
pure fuel. 
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:N78-26853 
THE EMISSION CHARACTERISTICS OF URANIUM HEXAFLUORIDE+ 

AT HIGH TEMPERATURES 

N. L. Krascella 
United Technologies Research Center 

East Hartford, ct. 

Abstract 

An experimental study was conducted to ascer­
tain the spectral characteristics of uranium 
hexafluoride (UF6) and possible UF6 thermal decom­
pcsition products as. a function of temperature 
and pressure. 

Relative emission measurements were made for 
UF6/Argon mixtures heated in a plasma torch over 
a range of temperatures from 800 to about 3600 K 
OVer a wavelength range from 80 to 600 nm. Total 
pressureS were varied from 1 to approximately 
1.7 atm. Similarly absorption measurements were 
carried out in the visible region from 420 to 
580 r.m over a temperature range from about 1000 
tc 1800 K. Total pressure for these measurements 
weB 1.0 atm. 

The emission results ~xhibited relatively no 
emission at wavelengths below 250 nm over the 
range of temperai.:ures inves·higated. At tempera­
tures in excess of 1800 K an additional emis­
sion band centered at 310 nm appears and becomes 
more well defined at higher temperatures. Essen­
tislly no pressure effect was observed with re­
spect to emission at pressures up to 1.7 atm. 

"Effective" spectral absorption cross-sections 
were determined at five temperatures between 
1000 and 1800 K and in the wavelength region 
between 420 and 580 nm. The cross-sections ranged 
in value from about 9 x 10-20 to 2 x 10-19 cm2 . 

~>, Introduction 

Extensive experimental and theoretical research 
ha's been conducted with respect to various 
aspects of fissioning gaseous plasmas over the 
past two decades. These studies have been general­
lyfiirected toward high performance nuclear 
sp,~ce propulsion systemsl . In addition to space 
applications, the Plasma Core Reactor (PCR) 
concept has been recognized as a possible candi­
date energy source for various terrestrial 
applications2 . The very high operating tempera­
tures generated by fissioning plasmas tend to 
en3ance efficiencies of various thermodynamic 
cycles compared to conventional power generating 
systems or nuclear reactors with solid fuel 

"Research sponsored by ,NASA Langley Research 
Center, Contract NASl-l3291 Mod. 2. 
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elements. Furthermore, the high operating tem­
peratures associated with gaseous fissioning reac­
tors provide a source of very intense electro­
magnetic radiation with a number of possible appli­
cations involving direct coupling of energy by 
radiative processes. 

Although most of the applications of the PCR 
require extensive basic research and technolo­
gical development, the potential benefits from the 
use of these devices warrant continued investi­
gation of the concept. Possible PCR space and/or 
terrestrial applications ar~: 

(1) High-thrust, high-specific-impulse space 
propuls ion systems. 

(2) Advanced high-temperature, closed-cycle' 
gas turbine electrical power generation. 

(3) MHD conversion systems for electrical 
power generation. 

(4) Photochemical and/or thermochemical 
processing. 

(5) Direct pumping of lasers by deposition of 
fission fragment energy in UF6 or other gas mix­
tures. 

(6) Optical pumping of lasers by thermal 
and/or non equilibrium radiation emitted by a 
gaseous fissioning UF6 or uranium plasma. 

A typical unit cavity of a PCR device is 
illustrated in ~igure 1. In the PCR concept a 
high-temperature, high-pressure plasma is sustained 
via the fission process in a uranium gas injected 
as UF6 or other uranium compound. Containment of 
the plasma is accomplished fluid-mechanically by 
means of an argon-driven vortex which also serves 
to thermally isolate the hot fissioning gases 
f:rom the surrounding wall. 

For applications which employ thermal radiation 
emitted from the plasma, an internally-cooled 
transparent wall can be employed to isolate the 
nuclear fuel, fission fragments, and argon in a 
closed-circuit flow loop and permit transfer of 
the radiant energy from the plasma to an external 
working fluid. For applications which employ 
fission fragment induced short wavelength non­
equilibrium radiation emitted from the plasma, 
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the working fluid such as lasing gases can be 
either mixed with fi8sioning gas 01' injected into 
the peripheral buffer gas region such that there 
is no blockage of l'adiation dUe to the intrinsic 
a.bsorption cnaracte:dstics of tl'ansparent 
~terial wavelengths. 

Three fundamental areas of research are re­
quired to demonstrate the feasibility of the PC~ 
concept: (1) nuclear criticality; (2) fluid 
mechanical confinement) and, (3) transf~r of 
enel'gy by radiation processes, Various aspects 
of these areas of ·technology are currently being 
investigated at United Technologies ~esearch Center 
(UTRC) . In addition, cavity reactor experiments 
I~hich employ gaseous UF6 are currently being per­
formed at Los Alamos Scientific Laboratory (LASL) 
as part of the planned NASA program to determine 
the feasibility of plasma core reactors. 

':rhe present repol:t sUUuJlariz.es recent results of 
emission and aosorption measurements in hot UF6/ 
argon mixtill'es at various IHwelengths, temperatures 
and pl'essures. These data are required to p1:ovi,de 
basic absorption data for radiation transpo1:C 
calculations and relative emission data for sub­
sequent comparison of the01;eti,cal cal.ulations I~ith 
expel'imen·t:.al res ~U te . 

II. Test Equipment 

The equipment used in the experimental evalua­
tion of the spect1'al properties of lJli'6 and possible 
UF6 decomposition pl'oductsconsisted of three major 
cOlllponen'cs. These were the pla<lulS, torch-optical 
plenllm as<leDlbly, the monochromator, and the UF6 
transfer sY<ltenl'. A schematic of the overall sys'cem 
is shown in Figure 2; details of these components 
as I~ell as other auxiliary equipment al'e discussed 
in the following sections, 

PlasUlIl Torch-Plenum Assembly 

A plasma torch facility, designed and developed 
by U':rRC, was useCl to provide hot. UF6/argon mixtures 
for all experimental determinations. A cross­
sectional schematic 01' the plasDlIl torch illus­
tl'ating the major torch components is depicted in 
Figure .3. The pl'incipal components of the torch 
al'e a pin -type ca'chode, a hollol~ conically-shaped 
anode, an argon injector, a UFo injector and t,~a 
ex'l;,ernal magnets. The cathode is a hemispherical­
tipped 2 percent thoriated t\mgsten rod 0,1 Clll in 
diauleter and was prOvided with means for indepen­
dent water cooling, The cathode extended par­
tially into the water-cooled conically-shaped 
copper anode as shown in Figure 3. At'gon was 
injected tangentially through eight equally spaCed 
O,Ole-cm-diameter holes located at the base of the 
cathode assembly, The aerodynamiC SWil'l imparted 
by the argon injection system was a1.181nented magne­
tically by means of two external magne~s located 
concentrically about the anode as sho,m in 
Figure 3. 
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A Rapid ElectriC, Model SRV/MAN, 200 lew dc 
po,~er supply was used to provide powel' to the dis­
charge. The external lI'.agnets were supplied by 
Hypel'thel'm, Model H_l~I~4 dc power sUpplies rateu a·t; 

. 16. 2 l<l~ (9G v} 180 A ) with a 60 pel,'cent duty cycle. 
Thelnrge magnet was connected to two paralleled 

• units to provide higher CUl.'rent (360 A) and thus, 
II gl;e~Cer magnetic field. The smallel' magnet Ims 
's~lpplied by one unit, 

'A UF6 injectol' was located iUUJlediately adjacent 
to and downstream Of the anode. Preheated UF6 
was injected into the argon stream heated by the 
torch via two 0.016-cm-diameter holes. ':rhe ae-l'O­
dynamically mixed high tempel'ature gas stream. was 
then intl'od\'!ced into the cylindrical stainless-steel 
plenuul (see Figures 2 and 3) '. The plenum lias 
equipped with six optical P01'ts (3 Oppos:l:tely posi­
tiolled pairs) which enabled viewing the high tem­
perature gas stream ~pectroacopically in absorption 
ox' elilission. ':rhe optical path through the mixed gas 
strealn was 10.2 cm in length. The> hot exhaust gases 
Wel'e subsequently COOled in a heut exchanger COll­
sisting of multiple COppel' coils prior to beillg 
neutralized in a sodium bicarbonate trap system (See 
Figure 2), 

A high pressu!'e (40 attn) water pump was used 
to provide cooling "a tel' 1'01' t:ritical Lot'ell C;UlllpO­
nents, Separate watel.' flo" loops "ere used to cool 
the cathode, anode I external magnets and thE' UF

6 injector. \Vater cooling \~as not provided for the 
optical plenum. Each COOling I~at('>l' flow loop con­
tained a 1'1014 meter to lllopitor 1~ater vohunetric flOlf 
and a thel'lI1ocouple to monitor exit 1fatel' telllpel'a~ 
tuI'e, Inlet 1~a'cer temperature l~as also monitored 
by means of a thermocouple, Thus, pOI~er dissipation 
in vario\,16 components could be. calculated. Simi­
larly a flow meter I~as installed in the argon line 
to the tox'eh to prOvide means for quanti tati vely 
meas\I\'ing argon mass flOl, in thE' sys'teu\. Thl'E'e 
thex'tnocouples Ivere attached t.o the plemun to moni­
tor \Vall temperatures in the viCinity of the optical 
ports as sllOlm in Figill'e 3, A fixed therUiocouple 
was inserted into the hot gtl;') fl"" I.h)lw~tr('>am of 
the plenum and iuunediately p:t:'iOl' tu the heat ex­
changer. In addition, a st:anning thermocouple Systelll 
(tungsten - 5 percent. x·hen~.uul vs tungsten - 86 per­
cent rhenium thermocouple) I~as installed such that 
temperature scans could be made in the UF6/ax'gon 
mixture pal,'allel. to 'bhe optical path, 

The pl('>nuut l~as eqUipped with both a transdUcer 
and a gauge for ll\onito:t:'ing total pl'eSStll'e in the 
system. All ·therlllocOuples associated ,d tIl monitoring 
lola tel' J component and exit-gas temp<'rattlre Ivere 
copper-constantan. Temperat\,lres \vel'e monitored by 
means of an eight channel Sanborn recorder. 

Monochromator 

A NcPherson Model :':!3:" half-meter llcanning lUono­
ch.romat.ot' of the Seya.-Namio!,a type HaG used for all 
spectral measurements, Entl'Mce and exit slit 
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systems contained three slit widthsj 100, 200, 
and 400~. A 1200 G/rom and a 300 G/ffim gratings 
,iere available for use. The 1200 G/mm grating was 
blazed at 150 nm and covered the range from 50 
to about 300 nm. The 300 G/llun grating was blazed 
at 550 nm and covered a wavelength range from 50 
nm to about 1200 nm. Scanning speeds could be 
varied in twelve steps ;f'rom 0.025 tun/min to 
100 nm/min for the 1200 G/rom grating and from 
0.1 nm/min to 400 nm/min for the 300 G/rom grating. 

The radiation detector system consisted of a 
McPherson Model 650 detector assembly and a 
M.odel 790 detector electronic system. The detec­
tor contains a sodium salicylate coated window 
and an EMI Model 9635B "dialkali" coo ted photo­
multiplier. The sodium salicylate-photomultiplier 
system is sensitive from 50 to about 600 nm. 
The 600 nm upper wavelength limit is dictated by 
the photodetector cut-off. The detector output 
was monitored on one channel of a Hewlet-packard 
dual channel recorder. 

A 2.5 cm diameter transition section approxi­
mately 30 cm in length was used to provide an 
enclosed optical path betWeen the plenum and the 
monochronutor. The end of the tranoition piece 
in contract with the inner wall of '''he plenum 
was fitted with a 0.6 x 1.9 cm slit to minimize 
flow of UF6 into the external optical path. 
The transition section was equipped with a window 
mount to permit USe of a lithium fluoride window 
when scanning at wavelengths above approximately 
120 nm. In addition, an argon purge system was 
installed in the transition section to provide a 
slight back-pressure of gas with respect to the 
plenum in order to prevent flow of UF6 from the 
plenum into the monochron~tor or onto the win-
do~s. In addition, the monochromator housing and 
the window assembly used in conjunction with the 
tungsten-halogen source lamp fOr absorption measure­
ments were provided with argon purging to prevent 
possible contamination by UF6 vapors. 

UF6 Transfer System 

The transfer system consisted of a two £ 
Monel supply canister rated at 200 atm w:lth 
appropriate shut-off and metering valves. as 
indicated in Figure 2. Two chromel-alumel thermo­
qouples were installed in the canister to moni­
tor the temperature of the UF6 liquid and gas 
phases. A Matheson linear mass flow meter was 
used to determine UF6 mass flow rates during 
various experiments. The mass flow meter output 
was continuously monitored on the second channel 
of the Hewlet-Packard dual channel recorder during 
all tests involving UF6 flow. The canister, 
valves, mass flow meter and all lin~s in the UF6 
transfer system were electrically heated by means 
of Variac controlled heater tapes. Chromel­
alumel thermocouples 'were placed in various com­
ponents to monitor temperatures at strategic 
locations in the UF6 flow lOop. 
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III. Experimental Procedures 

A series o;f' preliminal'y experiments Were con­
ducted to determine the Operating parameters of 
the plasn~ torch system and to establish cooling 
water flow requirements for the facility. This 
series of tests lias conducted with argon flow 
onlyj no UF6 was used nor were spectral scans 
made. During these tests water flow and tem­
peratures were monitored as well as temperatures 
for various system components. Similarly, gas 
exit temperatures were measured. In addition, 
these tests indicated that run time decreased 
markedly (about 3 minutes) at operating condi­
tions which yielded temperatures above approxi­
mately 2000 K. The limiting ;f'actor was primarily 
attributable to thermal overloading o;f' the exter­
nal magnet power supplies. 

It shoUld be noted that the fl~~ rate of argon 
determines the gas-miXture temperature in the 
plellum to a very large degree. Thus, variation 
of the argon flow to obtain variOUS UF6-to-
argon mass ratios I~as precluded. Changes in UF6-
to-argon mass flow were accomplished by varying 
the quantity of UF6 injected into the gas stream. 

Subsequently, spectral studies Idth flowing 
UF6 were undertaken. Normal procedure involved 
initiating the discharge on argon injected at a 
low flow rate to facilitate start-up. The argon 
flow and discharge current were then increased 
to predetermined values and the system allol,ed 
to equilibrate. Spectral scans were then con­
ducted to determine the emission from argon without 
UF6 flow. Prior to starting, the UF6 transfer 
system was preheated to a temperature o;f' approxi­
mately 430 K. UF6 was not injected until the 
injector tempe;rature was greater than 350 Ie to 
prevent condensation of UF6 in the injector 
ports with resultant clogging o;f' the UF6 injector 
system. After the UF6 injector reached operating 
temperature, UF6 flow Ims initiated and mOni­
tored by means of the lineal' mass flow meter until 
constant flow was obtained.· Constant UF6 flow 
usually was achieved between 30 to 60 seconds 
after flow was initiated. Spectral scans in 
either emission or absorption were commenced 
after equilibration of UF6 mass flow. 

Temperature scans were taken immeaiately a;f'ter 
the spectral scans were completed. The tempera­
ture and spectral scans Were not conducted simul­
taneously because of objectionable photodetector 
noise levels generated by the scanning thermo­
couple drive-motor. 

Spectral data were recorded at a rate of 400 
~m/min when using the 300 G/mm grating and at 100 
nm/min when USing the 1200 G/rom grating. The 
high scan rates were required because of realtively 
short plasma torch operating times at high tem­
peratures and to minimize exposure of the equip­
ment to hot corrosive UF6' Monochromator slit 
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width was constant at 100 ~ for all emission 
and absorption measurements. 

Initial spectral results were of poor quality 
because of high noise levels due to mechanical 

-vibrations. Subsequently, the monochromator 
table was equipped with "isopads" and additional 
mounting support provided for the plasma torch­
plenum assembly. In addition, a metallic bellows 
was installed in the transition section between 
the plenum port and the monochromator entrance 
slit to minimize vibrational coupling between the 
two systems. With these changes the vibration 
was reduced to negligible levels. 

A tungsten-halogen lamp (quartz envelope) 
was used as the radiation source for the absorp­
tion measurements. Absorption measurements were 
conducted as follows. First, a spectral scan 
was made at a given argon mass flow rate and gas 
temperature to determine the emission due to hot 
argon. In all cases investigated no argon emis­
sion could be observed except under very high 
amplifier gain as compared to the lamp or UF6 
emission. Consequently, the incident radiation, 
IOI was measured by irradiating the hot argon 
wi+,h the lamp at the specified operating condi­
tions. Next, a UF6 flow was established and the 
combined radiation, IUF6 + It, (from U~e lamp 
and UF6 emission) was measured. This determina­
tion gives the total radiation emitted by the hot 
UF6 and the quantity of lamp radiation which is 
transmitted through the plasma. Finally, the 
emission due to UF6' i.e., IUF6' was determined 
with the lamp extinguished. Thus the relative 
intensity transmitted through the absorbing 
plasma'was determined and is given by: 

(1) 

Shut-down procedure involved termination of 
UF6 flow followed· by careful purging of UF6 
transfer lines and the UF6 injector system with 
argon preheated to a temperature of approximately 
500 K. Failure to adequately purge the system 
with hot argon invariably resulted in condensa­
tion ot UF6 upon cooling and complete clogging of 
the small ports in the UF6 injector. 

Wavelength calibration of the two gratings was 
periodically effected using a mercury discharge 
lamp placed at the entrance slit to the mono­
chromator. 
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IV. Results and Discussion 

Relative Spectral Emission 

A series of twenty-six separate emission scans 
were made for wavelengths in the region between 
120 to '600 nm. The 300 G/mm grating was used for 
these stUdies along with the lithium fluoride 
~indow. The window was utilized to eliminate the 

'possible contamination of the monochromator com-
ponents by UF6' Experimental parameters inclu­
ding temperature, UF6 and argon mass flow rates, 
the calculated partial pressure of UF6 and the 
UF6-to-argon mass flow ratio are summarized in 
~ble I for these twenty-six runs. The pressu,re 
in the optical plenum was maintained at 1.0 atm 
for all twenty-six cases described in Table I. 

It should be noted that the maximum range for 
a sheathed tungsten thermocouple is approximately 
3000 K. Therefore, the value of 3560 K (scan 
number 26) represents the result of three tempera­
ture estimates. These are: (1) an ex'!.:capola­
tion of the thermocouple calibration curve to 
higher temperatures, (2) heat balance for the 
system w~ich defines an average gas temperature 
and (3) a correlation between observed tempera­
ture profiles (obtained with the scanning thermo­
couple) and an average gas temperature as deter­
mined by the thermocOuple in the partially cooled 
gas stream well downstream of the optical path. 

Three representative gas-mixture (UF6/argon) 
temperature profiles are shown in Figure 4 as a 
function of relative position along the optical 
path in the plenum immediately adjacent to the 
UF6 injector. The profiles are relatively flat 
usually exhibiting a maximum temperature variation 
of less than approximately 100 K. Since a rela­
tively large thermocoup;Le 1~as used (0.32 cm~dia) 
the steep temperature gradient adjacent to the 
walls of the optical p;Lenum are not evident in 
Figure 4. Wall tempel'atures measured at the outer 
surface of the plenum ranged from 800 to about 
1500 K and depended essentially upon the argon 
flow rate and the run duration. There was no 
direct correlation between wall temperatures and 
gas temperature since spectral scans were init­
iated as soon as possible to reduce rUn time and 
exposure to OF6' In essence, equilibrium between 
the gas-mixture and wall temperature was not 
necessarily established prior to spectral scan­
ning. The effect of this thermal nonequilibrium 
of the walls on spectral scans was negligible as 
noted on repetitive spectral scans at nearly iden­
tical gas temperatures but different wall tem­
peratures. 
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Results Qf typical t'l1lission scans al'e 11l1,1S­
tl,'at~ed in FigUl.'e 5 us a f1.Ulction of ",aveleng'l;h 

,,' 

:('01,' sevel'al temperatures betl~een approxinately 
1000 K and 3600 l<:, The relative intensities shown 
in Figure S huve been conected fOl' vaJ.'ious val'ia­
blE' experimelrtal pal'aliletel's such as photodetec:tol' 
l,'esponse and dil'fel'ent, scale factol'S, The emis­
sion due to argon \~l\tl always found 'l~o be negli­
gible cOI1l~n'ed "to UFt) (at least 1 ol'del' of lIlf\gni­
tude less), 'chus no corl'ec'cion for argon elnission 
",as required. In addition, the meastu'ed relative 
emission intensities have been nOl'ualized by 
dividing the corrected intensi'ties by the COl'l'es­
ponding calculated partial pressure 01' UF6' 
Therefore these' results illus·trate the emitted 
intensities pel' unit pressUl.'e (nun lfg) 01' UF6 
injected into the system, 

The long wavelength limit (580 nm) was dic­
tated by the photodetector l'esponse which rapidly 
apPl.'ouched zero bet"een 580 and 600 nm. In all 
caseS eoxpel'imentally investigated, the emitted 
intensity reoacheod negligible levels bet"een 250 
and 300 mn. No sign:i.ficant emission was obsel:ved 
at waveleongths less than abou,t :~50 nm a't all telll­
pel.'e"t,\ll'eS although ",avelength scans were lIIade 
clolm to 'the lithium fluoride cut-off 'at appl'oxi­
mately 120 nm. 

All spectn\l tl'<\ceo sholm in Figure 5 exhibit 
similar dllu'actel'ist,ics partic\ual'ly in the visible 
region between 380 and 580 nm, The fil.'st appearance 
of a nell emission band at U lis'velens'th of about 
310 nm is no'ted a't about 1800 K and becomes lIlore 
proncnIDced I~ith incl'easing 'cempel'!:ltul'e, In 
addi tion thel'e is an enh~\nc emell'\; in eutis siou at 
wavelengths less than about 380 um with an in-
creas e in temperature, 

The spectral emission l'esults of FigUl.'e 5 
"ere integrated betweell 300 and 580 mn to de'her­
mine the variation in relative total emission as 
a function of temperature, These calculated total 
~missiOn results are depicted in Figure 6 as a 
ftUlctiol1 01' tempel'8.ture and are normalized ",ith 
respect to the integrated results at 3560 K, 
No data below 300 nm or above 580 nUL "'ere used 
because 01' the very \Veale signal observed. The 
total intensity bet"een 300 and 580 nm increases 
l'apidly up to a t".'mperatUl.'e of about 1700 K and 
then much less strongly at higher temperatures 
as ::;ho",n in FigUl.'e 6, The e)lliElsion incl'eases 
appl'oximately by nine orders of magnitude between 
800 and 3600 K, A SUlllluary of these l'esults as 
",ell as integrated inten!lities at lower ilempe:l:a­
tures :l,s ahowu :l.n ~ble II, Equivalent inte­
grated blackbody data OVer the same temperature 
l'anse and in the same wavelength l'ange are also 
:l.llustl.'ated by the dashed l:I.ne in FiS\l~'e 0, 

Fl'8.c'tional integrated intensiUes per 40 hlll 

",avelength intervuls were calculated froul the 
resUlts of Fig\lre 6, These calculated resUlts 
are shown in Figure 7 as a functiOn of the ",ave­
length at the center of each 40 nm intervul for 
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four representative telllpel'atUl'es between 1400 
and 3600 K:, The rl!'sults in Fig1ll:o 7 ill\lstl'ate 
the enhallced I!'lllission at wuvelengths belo\~ 11"00 
and 1.50 nUl as the tt'tnpel'atul'e is incl'e~ased and 
the cOl'l'esponding deci'ease in emissiOn wi'tll 
incretlsing telll'pel'fl'ture ti't 10llsel' wavl!;leng'ths, 
Addi'tional calculated fl'uctiOl1/l1 in'tensi t:l.es not 
shown in Figure 7 are 'tabulated in ~ble III 
for all temperp..tures iltvestigated. 

The calculated equilibl'iunl ctlillposit:l.on of !l 

UF(;/argon U1ixtUl.'e is sholm in Fig\lre 8 as a 
function of 'telllpel'atUl.'e at a total pressure of 
one atmosphere and for a partial pressure 01' UF6 
equal to 0.5 lIun Hg. COUlpal'isoll 01' the spectral 
emission results of Figul't' 5 Id'th the compo:;;ition 
data of Figure 8 indicate that the appeal'allct' of 
"the nel~ band (peak A - 310 nm) occurs at about 
1800 K and approximately COincides with the appea­
rance 01' the UFo decom)?o9 itio(l, l)roducts, UFI. and 
Ul!'~ as well as fluorine atOIllS I F. Assignment of 
th€ band to a specific species is not possible 
on the basis of these dattl.. Furthe:t' assessmell't 
of -che spectl'al l'esul ts with specific components 
from the thel'jual decolllposi'\;ion of UF6 al'e pl'e­
oluded because of the uoulplexity 01' 'the cOutpo~ 
s:l:bicn scheme at highet' temperatures, 

n is known frout black-body relationships 
th~1t only abou,'t 0.21 percent of 'the total emitted 
l'udia"tion occurs at \~aVeleug'ths less 'than 300 nm 
f'or a blaclt-body at acelnperature of' 3500 Ie. 
Therefore relatively i.ittle emission of radiation 
was anticipated 1'01' UFI.) and/or its decomposition 
products at the same 1;empe~'ature or at 10Hel' 
temperatUl.'es. Although the pl'eviously desc1'ibed 
expel,'imen'tal results indicated no radiation below 
250 nm at any temperature, a series of t\nee 
emission scans were made to confil'''' these l'e'suli;s -
and to examine the spectral l.'egion belo\~ the 
lithium fluol'ide wavelellgth cut-of::::' at apP1'oxi­
mately J.20 nUl. These scans I~el'e accomplished 
in a \dndoHless mode using the 1200 a/IIUlI gl'a ting 
at tl"mperatul'es 01' 10,0, 1400 and ~280 Ie, 
Addl. tional experimentul. pal'auleters are ellUUlera:ced 
in '!Rble IV. No l'sdiation (line J band or continuum) 
was obseryed in confirmation 01' the previous 
results, Thel'efol:e, additional scans in 'bhe win­
dowless mode I~el'e discontinued. 

11 fillal serieS of six emission studies "ere 
conduc'ced at total plenum pressures up to 1. 7 
atlll 'to ellc'81uine 'bhe e1'feat of pl'essure on the 
emission frOm hot UF6 and its thermal decompo­
sition products, The variOus e>..-pel'imental para­
meters for 'these cases al'e sUIIlIIal'i1/;ed in '!Rble 
V, The result of these tests did not indicate 
an appreciable pressure effect as ShOl~)l by 8 

comparison 01' the relative spectl'al emissions at 
a temperatUl.'e 01' about 211,00 Ie for a total p:t:essure 
of 1.0 and 1.7 attn (see Figure 9), 5 im11a l' 
results were obtained at ethel' temperatul'es and 
pl:esSUl'es, The 'two curves depicted in Figure 9 
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are also indicative of the reproducibility of the 
previous emission results at similar temperatures 
observed in the scans at a total pressure of 
1.0 atm. 

Spectral Absorption 

Finally, a series of five experiments were 
performed to ascertain the absorption character­
istics of UF6 in the visible region and at ele­
vated temperatures. A typical set of transmission' 
results at a temperature of 1270 K are shown in 
Figure 10 as a function of wavelength between 420 
and 580 nm. The figure illustrates the source 
intensity (tungsten-halogen lamp) I o ' the combined 
intensity from the emitting UI<'6 plus the trans­
mitted source intensity (IUF6 + It) as well as 
the emission from the hot UF6' IUF6' 

The relative spectrai transmission derived 
from the results of Figure 10 and similar results 
for other temperatures are shown in Figure 11. 
These data were used to determine an "effective" 
spectral cross-section over the wavelength of 
interest as follows: 

exp - (0' NL) (2) 

where It/lo. 'is the transmission (Figure 11), N, 
the number ~~nsity, L the path length and 0' the 
cross -sectici.. The quantity cr is an "effective" 
cross-sectici . since the UFh may be partially 
decomposed, 1 ,rticularly at higher temperatures. 
Furthermore, ne individual spectral details 
associated wi: \ eacn absorbing species cannot be 
ascertained.. 'he.7.'efore, the particle density 
factor servesi :> define an "effective" cross­
section per uri 1 UF6 pressure. Calculated "effec­
tive" cros~-sel lion results are graphically depic­
ted in Figure J : as a function of wavelength at 
the temperatur~ " studied. 

The magnitu 
varies from abol 
lengths to a mi~ 

cm2 at the long' 
the cross-sectio 
in Table VII for, 
gated. 

I 

\ of the "effective" cross-section 
: 2 x 10-19 cm2 at short wave­
mum of approximately 9 x 10-20 
avelengths. Tabulated values of 
. at 10 nm intervals are summarized 
:he five temperatures investi-

I' Conclusions 

The broad-ban relative spectral emission 
characteristics d ,UF6 and its thermal decom­
position products' iave been experimentally examined 
over a range of w relengths (80 to 600 nm), 
pressures (1.0 to 1.73 atm) and temperatures 
(800 to 3600 K). The "effective" absorption 
cross-sections of UF6 and its thermal decomposition 
products have been determined over the wavelength 
range from 420 to 580 nm and at five tempera-
tures between approximately 1000 and 1800 K. 
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The following conclusions are inferred from 
these experimental investigations: 

1. The total integrated intensity between 
300 and 580 nm increases with temperature between 
800 and 3600 K. The increase in intensity between 
800 and 3600 K is about nine orders of magnitude. 

2. There is no significant emission of 
radiation at wavelengths between 80 and approxi­

'mately 2-50 nm for the temperature regime inves­
tigated. 

3. The appearance of a new emission band 
centered at approximately 310 nm is associated 
with the appearance of substantial quantities of 
UF6 thermal dissociation products at temperatures 
in excess of 1800 K. 

4. The emission of radiation from UF6 
or'its dissociation products does not exhibit 
a measurable press\~e dependence at tptal pres­
sures up to 1.7 atm. 

5. The "effective" absorptillffi cross-sections 
at wavelengths between 420 and 580 nm vary from 
9 x 10-20 to about 2 x 10-19 cmF. 
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Io 

It 

I;\(T) 

It(T) 

I~;\(T) 

Symbols 

Number of lines or grooves/rom of grating 
surface 
Relative intensity for absorption 
measurements, see Fig. 12 - dimensionless 
Relative source lamp intensity or inci­
dent intensity - dimensionless 
Relative transmitted intensity - dimen­
sionless 
Relative spectral emission at tempera­
ture T - dimensionless 
~elative total or integrated emission' 
at temperature T, dimensionless 
Relative integrated spectral emission 
per wavelength interval, - dimensionless 
Path length - cm 
Mass flow rate - g/sec 
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N Number density, cm~3 
p Pressure, atm or mm Hg 

r Relative position ~ dimensionless 
T Absolute temperature - K 
i\ Wavelength - nm or /l 
0- Effective cross-section - cm2 pe:l' It.nlecule 

Of UFi5 
TABLE I 

SUMMARY OF EXPERIMENTAL CONDITIONS 
FOR EMISSION SWDIES 

(1ithiulll Fluoride Window, 120 < A < 600 hill) 

Ptotal a 1.0 atm 

Tentp. mUF6 !hAl' P
UF6 lDuF6/\x, No. _1_\_ .w... ~ nun Hg 

1 810 0.062 0.79 G.8 7.9 xl0-2 
2 1070 0.05G 1.46 3.2 3.8:-<: 10-2 
3 1030 0.016 1.21 1.1 1.3:-<:10-2 
4 1260 0.010 1.08 0.80 9.3~'Cl0-3 
5 1320 0.046 2.49 1.6 1.8:-<:10-2 
6 1330 0.048 1.93 2.2 2.6:-<:10-2 
7 1330 0.035 2.49 1.2 1.4xl0-2 
8 1330 0.050 2.49 1.7 2.0x10-2 
9 1340 0.012 1.46 0.71 8.2x10-3 

10 1360 0.002 1.08 0.16 1.9x10-3 
11 1400 0.065 2.49 2.3 2.6x10-3 
12 1400 0.065 3.16 1.8 2.1xl0-2 
13 1400 0.042 1.47 2.5 2.~xl0-2 
14 1510 0.01!~ 2.49 0.48 5.6:dO-3 
l5 1510 0.011 l.10 0.86 1.0x10-2 
16 1530 0.020 2.49 0.70 8.0xl0-3 
17 lG80 0.12 l.48 6.9 8.1xl0-2 
18 1730 O.ll 3.49 2.7 3.2xlO-2 
19 1810 0.012 1.46 0.71 8.2xl0-3 
20 1860 0.043 3.49 1.1 1.2xl0-2 
21 2060 0.0086 4.71 0.16 1.8xl0-3 
22 2300 0.0084 5.08 0.14 1.7xl0-3 
23 2430 0.0056 5.08 0.10 1.1 x 10-3 
24 2740 0.016 5.46 0.25 2.9 x 10-3 
25 2770 0.026 4.91 9·53 5.3xl0-3 
26 3560-M; 0.013 5.46 0.21 2.4:-<:10-3 

*Estimated value - See text for tliscussion 

TABLE III 

* 

SUNMAl\Y OF.' 'l'OTAL INTENSITIES 
INl'EGIWl'ED l3!i.:lWEEN" 300 AND 580 m1 

Telllp. 
-1L No.* hltl 
810 1 1.03 x 10~4 

1050 a,3 4.12 x :1.0-1 

1260 4 1.38 x 101 

1340 5 tlu'u 10 1.55 x 103 

1400 11, 12, 13 3.78 x 103 

1520 14, 15, 16 6.45 x 103 

,~'(10 17. 18 2.78 x lOll-

~\\4\ '.\ \~ 19. 20 4.43 x lOll-

2060 23 4 7.46 x 10 

2300 22 l.ll x 105 

2J~30 23 1.62 x 105 

27Go 24, 25 2.43 x 105 

3560 26 7.21 x 105 

Denotes l'UUS which were aVeraged. 

WIlVOlol1Sth 
-. s..~RY OF, ~~CTIONAL INmiSI~ES AT VARIOUS TEMP.ERATURES 

Interval. 
... rro.cl;iontLl Intonsities 

lUll 35600K 27401lK e4300K 2300°.1\ 20601l.l\ 1810°)( 17oo"K 1:;00°£ 14000 K 1330°.1\ ~ 105QoK 

300-31\0 4.7<) 3.51' 4.76 3.68 3.47 2.12 1.53 1.67 1.l.'7 0.44 .490 .094 

340-380 8.64 7.15 8.52 7.28 8.56 6.83 5.i2 4.56 11.00 2.09 1.73 ·790 
380-~0 15.5 15.7 14.3 15·2 14.8 U·9 9.19 12·9 9.e6 B.27 10.41 6,88 

420-460 20.3 21.a 21,5 22.2 22.9 20.4 20.S 22.7 2l.,0 23.« 22.4 t23. 11 

460-500 19.3 19·9 20.1 20.5 19.2 22.3 23.1 22.a 24.4 24.11 :n.5 2S.!i 
~oo-~40 17.1 17·9 17.2 17.7 1'7.0 20.2 21.7 19.9 21.4 ll2.n 22.1 l):.0 

54o-SBO ,14.5 l.4.8 13.6 13.4 14.:' 16,9 18.8 16.~ 18.~ 19.7 19.5 ~0.3 
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7.46 

32.1 
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TABLE IV 

SUMMIlliY OF EXPERIMENTAL 
CONDITIONS FOR EMISSION STUDIES 

(Windowless Mode, 80 < A < 300 nm) 

PtotaJ. D 1.0 atm 

Temp. IDuF6 
.iii 

mAr PUF6 • • 
~ ~ '!DJ,JF 6/fnAr K 

27 1050 .043 1.46 2.53 2.5 x 10-2 

28 1400 .044 

.046 

2.49 1.52 1.8 x 10-2 

29 2280 5.10 0.78 9.02 x 10-3 

TABLE V 

SUNMARY OF EXPERIMENTAL 
CONDITION FOR EMISSION STUDIES AT RIGK PRESSURES 

(Lithium Fluoride Window, 120 < A < 600 nm) 

Temp. IDuF6 
No. _K_ .iii 
30 1050 .056 

31 1350 .044 

mAr PUF 
rJ.E. mm ~ inuF6/

m
Ar 

1.46 3.29 3.8x10-2 

1.93 1.96 2.3x10-2 

. 32' 1880 .012 3.49 2.96 3.4x10-3 

33 2030 .043 4.71 0.79 9.1xlO-3 

34 2410 .009 5.08 0.15 1.8x10-3 

'TABLE VI 

SUNMARY OF EXPERIMENTAL CONDITIONS 
FOR ABSORPTION STUDIES 

1.22 

1.37 

1.63 

1.62 

1.73 

(Lithium F~uoride Window, 420 run < A < 580 nm) 

Temp. 
~ _K_ 

A 980 

B 1050 

C 1270 

D 1440 

E 1770 

PtotaJ. = 1.0 atm 

.095 .79 

.107 

.102 1.46 

.099 1.46 

10.0 

6.3 

6.0 

.12 

.12 

.073 

.070 

.068 

," . I r~'-- ~\I. - -,. 
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TABLE VII 

SUMMARY OF "EFFECTIVE" CROSS-SECTIONS 
AT VARIOUS TEMPERA'l'URES 

\,. . 
L ~~ ~ 

Wavelength" Cross-Se~ol1, cm
2 

.-
run T. 980 K 1050 K 1270 K 1440 K 1770 K 
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420 5.75-19 6'.03-J,9 8.54-19 6.02-19 4.82-19 

430 

450 

460 

470 

480 

490 

500 

510 

520 

530 

540 

550 

560 

570 

580 

5.21 

4.71 

4.24 

3.85 

3.51 

3.18 

2.71 

2.55 

2.44 

2.44 

2.53 

5.46 

4.94 

4.45 

4.03 

3.68 

3.33 

3.05 

2.84 

2.67 

2.56 

Thermal radiation 

Nuclear fuel 

7·52 

6.64 

5.82 

5.09 

4.43 

3.84 

3.34 

2.59 

2.26 

2.28 

2.40 

2.66 

3.07 

4.99 

4.06 

3·31 

2.63 

2.17 

1.84 

1.57 

1.36 

1.18 

1.10 

1.02 

4.53 

4.21 

3.92 

3.64 

2.50 

8.10 

1.97 

9.69-20 1.83 

8.91 1.90 

8.91 1.93 

8.91 2.10 

8.91 2.30 

Argon 
buffer gas 

Fig. 1 Schematic of a unit cavity 
of a plasma core reactor. 
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() - Pressure gauge 

0- ThermClcouple 
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.' .. 

Vacuum ...... 
pump " 

r---;,----_--,_ I Na2HC03 scrubber 

-Exhaust 

Fig. e Schematic of UF6 plasma torch system. 

Argon 
Injectors 

Fig. 3 

~ 
01 

X·wall thermocouples 

Schematic of plasma torch assembly. 

(Data taken at optical port 
~djacenl 10 UF 6 injector) 
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Relative position, r 

Typical temperature profiles along 
the optical path in the plenum. 
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Fig. 5 Comparison of the relative spectral 
intensity of UF6 at various tempera­
tures between 1000 and 3600 deg. K. 

Fig. 6 

Fig. 7 
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I black-body at 

temperature, T 

Temperature, T - deg K 

Normalized integrated intensity from 
300 to 580 nm as a function of tempera­
ture. 
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PT"1.0alm 

PUF 6 • 0.5 nvnHg 

Malor specie. nol shown: Argon, N-l0 18 cm·3 

1016r------------/~_---_'_ 
/- _______ ,' F 

.' UF 4 
,'uf-

2000 3000 4000 

Fig. 8 

Temperature, T - deg K 

composition of UF6/argon mixture as 

a function of temperature. 

1.0 --2430K, 1.0 atm 

----2410K, 1.73 atm 

01~2~5-0~~~~3~5~0---4~0~0:--4~5~0~~5~0~0--~5~5~0~ 

Wavelength. A' nm 

Fig. 9 Compa~'ison of l'elat;tve spectral eUlis­
sion at total pressures of 1.0 and 

1.73 atm. 
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Wavelength,A·nm 

Fig. 10 Typical relative intensity results 

for absol'ption measurements. 
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• T _'Ioww-; PUf 
5ym No. 

K Uf8 ,.. IftnH9 

A 810 0,081 0,78 8,e 

0 • 10&0 0,085 0.78 10.0 

~ C 1270 0.107 1.48 8,3 

D 1440 0.102 1.4e"-~ 6,0 

_E 1770 0.088 1.46 5,8 

1.0 

~ 
"i::4-

0.9 

'·1 0.8 

0.7 'i 
c 0.6 

" .. ... 0.5 
400 450 500 550 600 

Wavelength, ,\ -nm 

Fig. 11 Relative spectral transmission at 

various temperatures. 
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URANIUM PLASMA EMISSION AT GAS-CORE REACTION CONDITIONS 

M. D. Williams, N. W. Jalufka, and F. Hohl 
National Aeronautics and Space Administration, Langley Research Center 

Hampton, Va. 

and 

J. H. Lee 
Vanderbilt University 

Nashville, Tenn. 

Abstract 

The results of uranium plasma emis'sion produced 
by two methods are reported. For the first method 
a ruby laser was focused on the surface of a pure 
U238 sample to create a plasma plume with a peak 
plasma density of about 1020 cm- 3 and a tempera­
ture of about 38,600 K. The absolute intensity of 
the emitted radiation, covering the range from 300 
to 7000 ~ was measured. For the second method, 
the uranium plasma was produced in a 20 kilovolt, 
25 kilojoule plasma-focus device. The 2.5 MeV 
neutrons from the O-D reaction in the plasma focus 
are moderated by polyethylene and induce fis~ions 
in the U235. Spectra of both uranium plasmas were 
obtained over the range from 30 to 9000 R. 
Because of the low fission yield the energy input 
due to fissions is very small compared to the 
total energy in the plasma. 

I. Introduction 

Electromagnetic radiation is expected to be the 
prime medium for obtaining high-grade power from 
plasma-core reactors. The same radiation will 
play an important role in the internal transfer of 
energy and steady-state operation of the reactors. 
Effective development of these reactors requires a 
knowledge of their spectral characteristics at 
expected operating conditions. Two experiments at 
the Langley Research Center produce uranium 
plasmas that approximate gas-core reactor condi­
tions and have been used to record segments of the 
spectrum from the x-ray region to'the near infra­
red region. 

II. Plasma-Focus Experiment 

The plasma-focus apparatus l is a coaxial plasma 
gun connected to a capacitor bank. Figur~ I is a 
cross-section~l vie~ .ofthe gun's coaxial eylindri~ 
cal geometry. The center electrode is 5 cm in 
diameter and the inside diameter of the outer 
electrode is 10 cm. Inner and outer electrodes 
are connected to iower and upper collector plates, 
respectively, which are, in turn, connected to a 
capacitor bank through spark-gap ·switches. The 
capacitor bank stores 25 kJ of energy at 20 kV. 
When discharged, a current sheath forms over the 
surface of the insulator at the base of the center 
electrode. The J x B force drives the plasma up 
the annular region between the electrodes. Just 
past the end of the center electr~de the plasma is 
forced toward the gun's axis by the strong self­
induced magnetic field. The plasma reaches the 
focus condition just as the capacitor bank reaches 
a maximum current of one megampere in three micro­
seconds. Deuterium (at -5 Torr pressure before 
the discharge) is swept before the plasma sheath 
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Current sheet 

Figure 1. Plasma Focus Electrode Arrangement 

to the focal position to form a very'hot 
(50 x 106 K) dense (>1019/ c·n3) plasma' which emits 
intense bursts of neutrons, gammas, x-rays, 
,and practically the entire EM spectrum. Simul­
taneously, the end of the center electrode begins 
eroding at its. centerline. A solid uranium sample 
placed at this position is partially evaporated by 
impingement of energetic electron and ion beams . 
emitted from the plasma-focus region. The uranium 
plasma rises about 2 em above the electrode sur­
face in less than 2 microseconds. Neutrons (-109) 
produced by the plasma focus are reflected back 

TO 2M VACUUM UV 
SPECTROGRAPH 

1I'! .• _--i,-URANIUM PLASMA 
PLUfI'l 

I ,. .. ,,"" ~.' \"",.------111 

Figure 2. Experimental Arrangement for the 
Laser Produced Uranium Plasma Experiment 
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into the uranium plasma by a polyethylene moderator 
which surrounds the focus and is about 15 cm away. 
The temperature and pressure uf the uranium plasma 
have been estimated at 1 to 5 eV and 160 to 800 
atmospheres, respectively. 

Thus, the plasma-focus experiment produces a 
uranium plasma which approximates expected ga~­
core reactor conditions, 'including some fission 
action of the uranium 235. 

III. Laser Plasma Experiment 

The laser plasma has been produced by focusing 
the radiation of a Q-spoiled ruby laser onto the 
flat surface of a solid U238 sample. Four to six 
joules of energy were contained in the laser pulse. 
The pulse duration at hal f·-maximum was 20 nano­
seconds. The uraniwn sample was contained in a 
vacuum chamber at the focal point of a quartz lens 
near the entrance slit of a spectrograph. Figure 
2 shows the general experimental arrangement. 
Plasma created by the la,ser's rapid heating of the 
sample e~panded perpendicular to the sample sur­
face. Placement of the sampLe Telative to the 
spectrograph entrance slit made possible the obser­
vation of different cross sections of the plume. 
Each cross section exhibited different plasma 
condi tions. A cross section near the SUI face was 
found to approximate gas-core reactor conditions 
of temperature (-38,600 K) and pressure 
(-500 atm.). 

S-l PIIPlOTOBE 
eo 0.25 nm f"OM SAMPLE .sURF~CE. 
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Figure ~, Spectra of Uranium Plasma and CarbOn Arc 
(a) Calibrated and time-resolved spectrum of 
uraniua plasma 0.25 mm from sample surface; 
(b) Ph \tOtub~l data scaled in volts; 
(c) Urhcaled carbon arc spectrum. . 
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Figut'o 4. Comparison of Uranium Plasma and 

Blackbody Emission. (ai Calibrated uranium 
spoctrum O,S mm from sample surface; 
(b) Spectrum of 38,600 K blackbody. 
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IV. Spectra 

Visible spectra from 3~00 R to 7QOO R and ultra­
violet spectra from 300 X to 1600 X have been ob­
served in the laser plasma experiment. 

The visible spectra2 were recorded with a half­
meter monochromator equipped with a 1200 line/nun 
grating blazed at 5000 ~. Photomultiplier tubes 
were used to observe 8 A portions of the spectrum 
and the resulting electrical pulses were recorded on 
oscillograms. A carbon arc was used to calibrate 
the absolute intensity of the spectrum. The result­
ing data \~ere computer processed and are shOlm in 
figure 3. Figure 4 is a comparison of these data 
with the curve for a 38,600 K blackbody. 

The3UV spectrwn was recorded in a similar experi­
ment. A 2-meter vacuum spectrograph/monochromator 
was used with sodium salicylate-coated ·photomulti­
plier tubes to record the spectra at 25 R intervals. 
TIle data are shown in figure 5. An absolute inten­
si ty calibration of this spectrum was not made due 
to the lack of a good UV standard. Instead, inten­
sity estimates \qere calculated by using the best 
available data on the optical components involved. 
The xorrected spectra shows a continuum peak at 
750 X. This corresponds to a blackbody temperature 
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F:Lgure 5. Time-ReSOlved Ultl'aviolet Spectrum of 

Uranium Plasma Generated Near the Edge of the 
Sample Surface. en) Blackbody curve (38,600 K) 
normalized to the peak of the corrected spectrum; 
(0) Corrected spectrum; (c) Phototube data. 
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of 38 ... 600 K. For the estimated pal'ticle density of 10,0 cnC 3, the plasma pressure was about 500 atmospheres. A spectrogram (Fig. 6) was made to provide better Wavelength resolution. It sholvs tlHl magnitude of line emission and other structure in comparison to the continuum emission. The maximum instantaneous power of the observed plasma ~IaS of the order of lOll W/m2. 

EXPERIMENTAL DATA 

SPECTRUM OF U238 

o SPECTRUM OF U235 

7000 

WAVELENGTH, A 
Figure 7. Absolute Intensity of Uranium Plasma Emission 

Visible and ultraviolet spectra were also ob­served from the plasma-focus e~eriment. Visible measurements ranged from 3500 R to 10,000 R in the near IR. The experimental apparatus was sjmilar to that used in the visible laser plasma measure­ments, i~cludin~ ~ carbon arc calibration source. Both U23 and U 3 were used to generate the ob­sel'vod plasma in an effort to detect any spectral differences caused by fission action. Figure 7 shows the resultant measurements. Each data po:i,nt is the average of many shots due to experimental nonreproducibilities. However, within experimental error, no differences cguld be detected between the spectra of U235 and .023 . Also, no nonthermal radiation peakS could be detected. 

, The search for a spectral difference between plasmas of the tlW isotopes was extended into the extreme ultraviolet spectrum. A one-meter Seya­Namioka spectrograph/monochromator viewed the spectrum from approximately 100 R to about GOO R. A I-meter grazing incidence s'Rectrograph covered the spectral segment from 30 X - 400 R. Both spectrographs were connected to the experiment through a special differentially-pumped vacuum system. First, the Seya-Namioka' spectrograp~ was used. Its spectrogram (Fig. 8) revealed the possi­bility of a spectral difference between the two isotopes at wavelengths less than about 200 R. SO the Seya-Namioka spectrograph was replaced by the grazing incidence spectrograph to provide lower wavelength coverage with greater spectral resolu­tion. The grazing incidence spectrogram (Fig. 9) revealed a radiation peak at about 93 R which varied greatly in intensity from shot to shot. There appeared to be a larger peak £01' the U235 results. However, because of the large intensity variation from shot to shot, no definite difference in the spectrum from the two uranium isotopes 
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could be establiShed. The intensity variation of the peak at 93 R could not be correlated with any 'experimental parameter such as neutron yield and i:; probably due to nonreproducibilities in the observ­ed plasma. Both spectrographs used a Jllatinum­coated grating ruled with 600 lines/nUll at a J. ° blaze angle. At an S5° angle of incidence the blaze wavelength of the grazing incidence spectro­graph was about 93 R. ThIs contributed to the amplitude of the observed peak. No calculations or 
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Figure 8. Comparison of Plasma Focus Produced U-238 and U-235 Plasma in the Region From 100 to 600 Angstroms 

30 90 
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Figure 9. Comparison of Plasma from Produced U-235 and U-238 Plasma in the Region Fron: 30 to 270 Angstroms 

comparison to a UV source were made to establish absolute intensity values. Thre.e factors are be­lieved to be the major contributors to the apparent ,continuum of the spectrograms: (1) Light diffract­ed from the central image; (2) Light scattered by the ruled edges of the grating and a very light film on the grating su:rface; (3) the compacting of many line transitions at some wavelengths. Hence, the spectrogram is primarily due to line transi­tions of uranium and copper (eroded from 
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electrodos). The copper lines \~el'e verified by 
replacing the uranium sample at the end of the 
111asma-focus olectrode b)' n copper sample. tligure 
10 she\~s that indeed somc of the lines observOd in 
thA uranium lliasma were COppOl' lines. It alRo 
shows that most of the l'udintioJl pet\k at 93 l'I was l'cal (not due to the blaze effect) and NilS caused 
hy the ul'an:b,llll plasll1a. 

fl.i.p,urc 10. Comparison of Plasma flocu;; Pl.'oduced 
COppOl' and UraniulII Spoctl.·a 

Illi COPP(R PLASMA 

~'-'- J(I':~ __ ~ __ ~'~~,o./t:._ .. j 
~o w "··· ... ---s.lJ"~" .. · --'-.~.'"... 10.0---

WAVElENcrn, R 

Figure 11. Compnl'isoll of Soft X-Hit)' Spectrum 
from Cop!><-!' and Uranium \'lltsllIas 

A seglltent of the soft x-l'a)' 'spect1'lllil (3R - 9R) 
olllitted by uranium Md cappel' plaslIl!ts' in the p1asllll1 foctls are I'epl'oSQnted in figure 11. These spectl:a 
wore obtained l~ith a bCI1t crystltl spectrograph and recorded on x-ru), film,' The urani\.uII spectrum 
shows n. Significant inCl'C(l.Se in whi to x-ray elltis~ 
sion \~hit:h varies \~.lth the sqllnl'C of the atomic 
nUlJlbcl', It also Sh(MS chm:Uxtoristic lines at 
4.7,4,9. S.6, 8.7,1, tl1ld 8.S l'I. cspecilllly strong 
liztes below the ·1 l\ wuvclcngth mny bt" due to non­thermnl eloctrol1 benms (8 :> 5 KeV) frolll the 
plnslI\!l foclls. The expected lurgo dcnsit>r of highly encl'getic electrons (tssocintcd with fission frug­
ments in 11 gus-core l'CUC;tOl' cOl.lld prolluce simillll' 
hItI'd l'lld:ia tion with deleterious effects on the 
first 1,'C!1ct01' \~all. 
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V. Conclusions 

Spectral segments from the near infrnred to the 
soft lC-ray l'egion have been l'eco'rded lIsing two ex­
poriments which produce ul'nniuin plnsmas thllt simu­
late expec,ted gns-core 1,'ClIlctor conditions. These spectl'u illust:rnte qUlllitlltively und, in the 
Visible region, qUllntitatively tho l'adint:!.on 
chlll.'llctel.'istics thnt mllY be expected £1'0111 gnswcore 
l'Otlc;tOl'S opel'llting at severnl lllUldred atlllospheres pressure and several eV tOlUpel.'utul'O. Line emission nnd athol' st1'Uctul'e were insignificant compa:red to 
continuuliI rndiation from the inf1'81'ed region to 
several hlUlCh'cd nngst1'oms. Intensities nppl'oachod 
those of It bluckbody of tho SIlIllC tempel'llttlre. No lilrge 110nthel'llIt1l l'ndilltion fM.tU1'eS could be found 
at the high plltSll1fi temperatures and pl'essures 
investignted. At wavelengths shorter thnn those 
\~hal'O blackbody l'ncliRtioll is signiHcnnt, line 
1'IIdiation ~ns prevalent, especially at apPl,'oxi­
IIllttal), 93 X. X~rny spectl'a indicate thut line 
omission IdU make nn impol'tlUlt contl'ibution to the total x-ray enel~gy. No l:tldintion effects from 
fission action \~IIS dotected. However, this \~ns 
lu'obabl), due to the low f.i.ssion ),ield availablo in 
the expel'imont. Much highor fission yields mil)' yet provo to be the cntlse of lIonthorl1l01 fCtl.tlll'CS in the radiation spoctrtllll. 
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STUDIES ON COLOR-CENTER FORMATION IN GLASS UTILIZING MEASUREMENTS 

MADE DURING 1 to) MeV ELECTRON IRRADIATION'" 

K. J. Swyler and P. W. Levy 
Brookhaven National Laboratory 

Upton, New York 11973 

Abstract 

The coloring of NBS 710 glass has been studied 
using a new facility for making optical absorption 
measurements during and after electron irradiation. 
The induced absorption contains three Gaussian 
shaped bands. The color center growth curves con­
tain two saturating exponential and one linear 
components. After irradiation the coloring decays 
and can be described by three decreasing exponen­
tials. At room temperature both the coloring 
curve plateau and coloring rate increase with in­
creasing dose rate. Coloring measurements made at 
a fixed dose rate but at increasing temperature 
indicate: 1) The coloring curve plateau decreases 
with increasing temgerature and coloring is barely 
measurable near 400 C. 2) The plateau is reached 
more rapidly as the temperature increases. ~) The 
decay occurring after irradiation cannot ~e de­
scribed by Arrhenius kinetics. At each temperature 
the coloring can be explained by simple kinetics. 
The temperature dependence of the decay can be 
explained if it is assumed that the thermal untrap­
ping is controlled by a distribution of activation 
energies. 

I. Introduction 

The search for materials which will remain 
transparent to light while subjected to intense 
nuclear irradiation requires both engineering and 
basic radiation damage data quite different from 
that generally available from completed studies. 
As is well known, almost every normally transparent" 
substance becomes colored by exposure to radiation. 
Some materials, e.g. photochromic glasses, become 
colored in the process of absorbing completely 
negligible amounts of energy. In contrast, sub­
stances like very pure fused silica or crystalline 
A1203 do not become colored in the visible until 
the radiation has imparted hundreds of joules. 
The coloring of these substances is ~learly attrib­
utable to color-center formation. Unfo">;tunately 
almost all of the available information on radia-

'tion induced color-center formation is not appro­
priate for evaluating materials which must remain 
transparent during energetic particle irradiation. 
In the PSMt almost all studies on the coloring of 
glasses and crystals were made by irradiating the 
samples in an x-ray or gamma-ray source or in a 
reactor and then taking the samples to a spectro­
photometer for measurement at c later time. 
Clearly, if the absorption changes appreciably 
between irradiation and measurement such measure­
ments do not provide data that is applicable dur­
ing irradiation. In particular, if the coloring 
contains a large decaying component, measurements 

"'Research supported by the U.S. Energy Research 
and Development Administration. 
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made in this way will seriously underestimate the 
absorption during irradiation. 

In addition to the uncertainties introduced by 
making measurements sometime after irradiation, 
very little data is available to evaluate effects 
dependent on two other important practical param­
eters, sample temperature and irradiation dose rate 
It is well known that the F-center formation in the 
alkali-halides does not have a simple dependence on 
temperatures. Also, at a given temperature both 
the coloring rate and the maximum coloring increase 
with increasing dose rate. Roughly the same be­
havior is to be expected from fused silica and 
other glasses. However, there is very little data 
available to test this supposition. 

To study the basic physics of radiation in­
duced electronic and atomic displacement processes 

COMPUTER CONTROLLED 
MONOCHROMATOR No.2 

REFERENCE BEAM (TUNABLE OPTICAL 
DETECTOR BANDPASS FILTER) 

Figure 1. The experimental facility for measuring 
optical absorption and luminescence during and 
after 0.5 to 3.0 MeV electron irradiation •. 
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Figure 2. The control and data acquisition 
system for the double-beam spectrophotometer 
shown in Figure 1. 

and to obtain engineering data on radiation effects 
in nonmetals two facilities have been constructed 
at Brookhaven National Laboratory to make optical 
measurements during irradiation. Inasmuch as 
measurements can be made during and after irradia­
tion they are not subject to the inadequacies 
described above.. One of these special facilities 
is used to study the optical properties of samples 
during 60 Ce irradiation. It has provided data on 
the colorin~ of KC1 1 and NaC1 2 at room temperature, 
KCl at 8SK, the effect of strain applied during 
irradiation on KCl,4 the coloring of barium ~lumno­
borate glasses at room temperature,S and the color­
ing, radioluminescence and thermoluminescence of 
natural and synthetic quartz between 80 and 300K. 6 

The barium alumnoborate glass study provided many 
results which will be described in a later section. 

The other facility, which will be described 
briefly .in the next section, is used to simultane­
ously measure the optical absorption and lumines­
cence of substances during irradiation with elec­
trons at any energy between 0.5 and 3 MeV. This 
equipment provides data on the absorption changes 
occurring after irradiation and, in addition, on 
any phosphorescence occurring after irradiation. 
Most importantly, the absorption and luminescence 
measurements are not restricted to a single wave­
length. An entire 256 point absorption spectrum 
and a 256 point luminescence spectrum can be re­
corded every 40 seconds. At the moment, these 
measurements cover the range 200 to 400 nm or 400 
to 800 nm. However, the range can be extended to 
11 microns or more by installing suitable light 
sources and detectors. 

A small number of radiation induced coloring 
studies utilizing measurements made during gamma­
ray irradiation were cited above. Even fewer 
studies using measurements made during electron 
irradiation can be found in the literature. In­
cluded in these is a study of the electron bombard­
ment induced coloring of fused si1ica,7 particular­
ly the absorption at 215 nm with the sample at 
various temperatures between 100 and 500 C. A 
survey of the radiation induced absorption and the 
radioluminescence of optical glasses, A1203' crys­
tal quartz and fused silica produced by 2.5 MeV 
electron irradiation has been reported recent1y.s 
In addition, there are a number of studies on 
radiation effects in fibre optics that contain a 
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large amount of information on the radiation in­
duced coloring of glasses.'-12 Lastly, there are 
previous reports on the radiation induced colorin~ 
of the NBS 710 glass described in this paper. 13- 1 

For corvenience, information in the previous re­
porta which is particularly pertinent for this dis­
cussion is included here. Consequently, the room 
temperature studies at different dose rates and the 
resolution of the growth and decay curves into com­
ponents are described in reference 13. Additional 
studies describing the coloring snd decay at a 
constant dose rate and at different temperatures 
will be described in this paper. 

II. The Facility for Making Optical Measure­
ments During Electron Irradiation 

The equipment used to make optical measure­
ments before, during and after electron irradiation 
is illustrated in Fig. 1. Electrons at any energy 
between 0.5 and 3.0 MeV are produced in a vertical 
electron accelerator. After emerging from the 
accelerator they are magnetically deflected 90 
degrees into a horizontal tube that transmits the 
beam into the irradiation chamber. This tube is 
equipped with a variety of focusing coils, several 
Faraday cups, and a thin gold scatterer. The 
Faraday cups and scatterer can be inserte~ or re­
moved from the beam at will. The thin gold scat­
terer insures that the sample is uniformly irradia­
ted. The beam parameters can be adjusted with the 
sample in place but not exposed to radiation. When 
desired, the irradiation is initiated, or termi­
nated, by a fast acting cup which can be moved in 
or out of the beam within 0.5 seconds. During 
irradiation the beam traversing the sample is 
monitored by a Faraday cup located downstream from 
the sample. The incident electron energy is always 
adjusted to insure that the particles pass through 
the sample. With the arrangement described above 
it is possible to obtain reproducible irradiations 
at known beam currents and avoid all of the diffi­
culties associated with "turning-on" the acceler­
ator. 

BEAM 
OFF I 

Figure 3. F-center growth and radioluminescence 
from single crystal LiF during irradiation. After 
irradiation this sample did not exhibit detectable 
phosphorescence and the radiation induced coloring 
changed very little. 
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NBS 710 GLASS - ABSORPTION MEASURED DURING AND AFTER 1.5 MeV ELECTRON IRRADIATION 

Figure 4. A "3-D" plot of the absorption induced in NBS 710 glass by lo5-MeV electron irradiation and the decay of the absorption after the irradiation has been terminated. Spectra were recorded at 40 second or longer intervals. Every other spectrum has been omitted. 

The simultaneous optical absorption and lum­
inescence measurements are made with the computer controlled double-beam spectrophotometer shown in 
Fig. 1. Monochromstor No. 1 provides a monochro­
matic beam for absorption measurements. The beam 
is chopped, split into sample and reference beams, and focused by the optical system into sample and 
reference images in the target chamber. Both beams are subjected to equal changes in window absorption 
and luminescence, air gloll)' and any other perturba­
tions occurring during and after irradiation. 

After passing through the target area the 
beams are focused on mOllochromators Nos. 2 and 3. 
Monochromator No. 2 serves both as a tunable opti­cal bandpass filter for absorption measurements and 
as an analyzing monochromater for luminescence 
spectrum measurements. When operating in the band­pass mode the monochromators prevent all lumines­
cence from reaching the photo tubes except that in 
specified wavelength regions. In the presence of 
luminescence from the sample this increases the 
signal to noise ratio for absorption measurements 
by orders of magnitude. Actually, for all measure­
ments described in this paper, a bandpass monochro­
mator, No.2, was used only in the sample beam. 
The reference beam was focused directly on the 
photomultiplier. This arrangement is demonstrably 
quite adequate for the glass studies described 
below since they did ~ exhibit strong lumines­
cimce. 

The monochromator is entirely computer con­
trolled. As many as 256 preselected points may be 
measured during each scan. If all 256 points are 
recorded the scans may be repeated every 40 sec. 
or at longer intervals. Scans with fewer po,ints 
require less t.ime and at a single wavelength data 
points may be recorded at millisecond intervals. 
~l'he computer specified wavelengths, time inte.rval 
between scans, number of signal averaging cycles, 
etc. At each wavelength four measurements are 
made to determine the optical absorption and lum­
inescence. They and other functions of the con.trol and data acquisition system are outlined in Fig. 2. 
In the present configuration the sample to refer­
ence beam intensity ratio is determined before 
each irradiation measurement and often checked 
afterwards. Tests over long periods of time and 
day-to-day experience indicate that this ratio 
remains so stable there is not necess~ty to install 
devices to measure this ratio cl:'ring measurements. 
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After each scan the absorption and luminescence data and other information such as sample current, 
beam current, etc., is transferred to magnetic tape. 
In turn, the recorded data is processed on a large 
computer. An absorption and luminescence spectrum 
is obtained for each scan. These spectra are fully 
corrected for absorption and luminesce~ce in the 
target windows, air glow surrounding the irradiation chamber or attributable to exchange gas in the 
sample furnace, etc. It is particularly noteworthy 
that the luminescence spectra may be fully corrected for radiation induced self absorption in the sample. Thus one can determine unequivocally if a change in 
luminescence is real or is caused by self absorption. 

A typical data set for a sample which exhibits strong radioluminescence is shown in Fig. 3. This 
plot shows both the radioluminescence and the F­
center absorption exhibited by single crystal LiF 
during electron irradiation. Spectra are shown at 
40 second intervals. After 450 seconds the elec­
tron beam was "turned-off" by interposing the rapid, acting Faraday cup. During irradiation the lumin­
escence rises rapidly to a constant value, remains 
at that level until the irradiation is terminated, 
and then drops abruptly to a negligible level. 
Concomitantly, the LiF F-center absorption increases monotonicaily and whe~ the beam is interrupted the 
absorption drops negligibly or not at all. LiF is 
the only substance measured to date which, at room 
temperature, does not show large absorption changes 
when the irradiation is terminated. 

The absorption spectra obtained from NBS 710 
glass recorded during and after irradiation is 
.hown in Fig. 4. This plot was made from separate 
measurements in the 200 to 400 and 400 to 800 nm 
regions and "joined" during computer processing. 
It shows both growth and coloring during irradia­
tion and the decay occurring after the irradiation 
was terminated. This glass does not, for all 
practical purposes, exhibit luminescence during 
irradiation nor phosphorescence after irradiation. 
This nata will be used to illustrate many of the 
radiation induced color center growth and decay 
kinetics illustrated in the next section. 
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III. The Kinetics of Radiation Induced Color 
Center Growth 

To begin this discussion of color-center for­
mation during irradiation and the growth or decay 
of center!> af;ter the irradiation, consider the pro­
ce!>s that applies to a single center, or, equiva­
lently, a single absorption band. This may be 
assumed to be formed by trapping of an electron on 
an electron trap. However, with straightforward 
changes in charge (sign) the discussion applies 
equally well to centers formed by hole trapping. 
First, electron traps occur in crystals and 
glasses at points where the normal lattice is 
perturbed. This can occur at lattice sites con­
taining substitutional impurities, at vacancies 
or divacancies, or where interstitial atoms occur 
between the atoms on normal lattice sites. These 
defects may, or may ' .• ot, be in valence or charge 
states different from that associated with the 
normal lattice at the same point. For example, 
if a negative atom is missing from the lattice. to 
form a ne~,ative ion vacancy, the lattice will be 
lacking all electron, i.e. there will be a local. 
charge unbalance. Next, if a radiation-induced 
ionization electron comes close. enough to the 
negative-ion vacancy it will be trapped. In fact, 
an electron trapped on a negative-ion vacancy is 
the well-known F-center. Such centers have many 
c;>r the properties of atoms and molecul~s and im­
part color to the host crystal by uQdergoing 
optional absorption transitions. Similarly, two 
side-by-side vacancies (a divacancy) may trap two 
electrons to become an H-center. Likewise a Ca++ 
ion on a normal Na+ lattice site has a high prob­
ability of being an electron trap since local 
charge. neutrality may be. established by trapping 
a charge of this sign. A very large number of 
different kinds of defects can be electron traps. 
Even neutral substitutional atoms such as a K+ ion 
on a Na+, site may be traps. In certain crystals, 
at low temperatures, charges may be "self-trapped" 
on normal lattice sites. An example is the se1£­
trapped hole which 'forms Vk centers in alkali 
halides. However, for this discussion it is 
necessary to consider only the more common defect 
and impurity related traps. 
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Fi.gure 5. A typical radiation induced absorption 
spectrum for NBS 710 glass. The spectrum has been 
resolved into three Gaussian shaped bands. 
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Each type of trap undergoes a number of dif­
ferent radiation rel.ated processes. The important 
processes will be described below, in turn. Let 
No be the concentration of traps prior to any 
irradiation. Typical values of No are in the lOI~ 
to lOls/cm' ranges. ' Consider first the processes 
that occur during irradiation. Let ~ be the dose 
rate. It can be expressed, in any unit but it is 
convenient to think of it in terms of ion pairs 
per unit time created by the incid~nt radiation. 
Then if N(t) is the concentration of color centers 
which have. already been formed by irradiation at 
time t, the concentration of uncolored centers or 
empty traps is (No-N). The probability that these 
empty traps are converted to centers at time t is 
proportional to the product of (No-N) and the ion­
ization electron concentration ~ or f~(No-N) where 
f~ is simply the fraction of uncolored ce.nten con­
verted to centers per unit time. 

Up to this point it has been assumed that the 
number of traps is fixed, a contention that is 
most appropriate for impurity related tt:aps. How­
ever, in many cases defect related traps may be 
introduced during irradiation. In this case the 
concentration of. traps, both filled and unfilled, 
could be a complicated function of irradiation 
time. In fact, the numerous different color 
center vs. dose, or growth, curves obtained for 
the barium alumnoborate glasses, described in 
refe.renc:e 5, can all be "explained" by different 
trap vs. dose curves. Only the simples possible 
curve will be considered here. That is, it will be 
assumed that the trap concentration can be de­
scribed by the equation P = No + k$t where P is the 
total number of traps at time t. This is equiva­
lent to assuming that the trap concentration 
initially has the value No and increases linearly 
with irradiation time or dos~. In this situation 
the rate of color-cent~'r formation is given by 
f$(No + k~T - N). 
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Figure 6. Growth curve of the absorption at 4.0 eV 
vs. irradiation tinll'l in NBS 710 glassi. The dose 
-rate was 2.2 Hrad/h. The solid line througll the 
data points was computed from the equations in the 
text and contains two saturating exponential and 
one linear components. 
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In add:tion to color-center formation by 
charge trapping there are two important processes 
that reduce the rate of color-center formation 
during irradiation. The first of these is elec­
tron-hole recombination. The probability that a 
trapped electron will encounter a mobile ioniza­
tion produced hole is proportional to the product 
of the trapped electron concentration, N, and the 
mobile or free hole concentration. The latter is 
proportional to the dose rate; more specifically 
it is ~Th, where Th is the hole lifetime. Thus, at any time t, when the trapped electron concen­
tration is N, the probability of recombination is 
given by ~rN. The quantity r includes Th and 
other factors such as the cross-section for re­
combination. 

The other important process which tends to 
reduce the trapped electron concentration is 
thermal untrapping. This is well known and is 
usually called an Arrhenius-type process. The 
probability that a trapped charge can escape from 
the trap by thermal motion is proportional to 
s exp(-E/kT) wher~'s is the "attempt-to-escape" 
frequency, E is the activation energy for untrap­
ping, and k and T have the usual meaning. Thus 
if at time t there are N trapped charges the 
number escaping per unit time is just uN where 
u = s exp(-E/kT). 

So far only thermal untrapping from the color 
centers thermselves has been described. The infor­
mation available now indicates that more than one 
process may contribute to the observed d~cay of a 
given center. For example, part (one component 
of) of the decay can be attributed to untrapping 
from the center and other parts (components) to 
electron-hole recombination with holes thermally 
released by hole traps. Also, as discussed in 
detail below, it would appear that the color center decay processes may be more complicated than the 
simple Arrhenius process. 
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Figure 7. Decay of the absorption at 4.0 eV in 
the NBS 710 glass after irradiation. The solid 
line through the data points was computed from 
the equations in the text anu contains three 
exponential components. 
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Growth of the radiation induced coloring 
in NBS 710 glass at different duse rates. 

The simplest equation which might be expected 
to realistically describe the growth of color 
centers during and after irradiation can be 
obtained by combining the coloring, recombination 
and untrapping processes described above. Namely, 

dN 
dt = f<jJ(No + k~ N) - r~N - uN 

If the sample is uncolored when the irradiation 
is started, i.e. if N=O at t=O, the solution of 
this is 

N 

This can be written 

N 
-a it 

Ai (l-e ) + ctLt 

where 

Ai 
f 

[No - f+r~/<jJ ] f+r+u/<jJ 

ai (f+r)<jJ+u 

~ 
fk~2 
(f+r)~+u 

(1) 

(2) 

(3) 

(4) 

(5) 

This simple treatment predicts that the 
growth curve will, in general, contain a linear 
and saturating exponential component. Also, it 
predicts that the constants in the growth curve 
have explicit dependencies on the dose rate. For 
example equation (5) indicates that the exponen -
tial constant ai is a linear function of the dose 
rate with a non-zero intercept if u 'I O. This 
accurately describes the growth of F-centers in 
KCl at 8SK3 and the coloring of one preparation 
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of b.rium alumnoborate gl •••• ' However, coloring 
cUrves obtained from a large f1:action of the sub~ 
stances studied to date cont.in 2, 3, or occasion­
.Uy 4,. saturating components. There are a large 
number of different ways of extending the treat­
ment given .bove to include more th.n one s.turat­
ing exponential component. These range from simple 
ones, e.g. there could be two types of perCursore 
for. given center; or complicated situ.tions 
which cannot be de.cribed mathematically other than 
by coupled differential equations. 5,11,17 In any 
caso, it appears that appreciable physical insight 
about the radiation induced coloring process can 
be obtained by analyzing data in term. of the 
(.dmittedly) simple treatment described above. 

IV. The Decay of Color Centers After Irradiation 

As mentioned above, thern are very few sub­
st.nces that do not show color-center decay after 
being irradiated at room temperature. In fact, 
the only example in this category that we can cite 
is the F-center coloring of LiF. In terms of the 
model developed above the decay behavior should be 
particul.rly simple, namely, if Do color centers 
are present at the termi~tion of irradiation the 
concentration D at a later time t is D-Doexp(-ut). 
ObViously, a plot of In D vs. t should be linear. 

Most importantly, u-s exp(-E/kT) and a plot 
of In u vs. lIT is the well-known Arrhenius plot 
from which one obtains the activation energy E 
from the slope and a quantity proportional to s 
from the intercept. Decay data at different well­
controlled tempe.raturea is needed to determin~ an 
accurate value of E. 

The currently available data, most of which 
is confined to room temperature, indicates that 
the radiation induced color centers do decay ex­
ponentially at room temperature. However. with 
few ex~eptions. the observed decay consists of 
two or more components. One class of explanations 
for mUltiple components is discussed in ref. 5. 
Here it is sufficient to point out that a center 
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Figu~e 9. Decay of the abso~ption in NBS 710 
glass after the samples were colored at diff~tent 
dose rates. 
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Figure 10. The eXpol\ential growth constant ai' 
obtained from the data shown in Fig. 8. The growth 
kinetics described in the text predicts that this 
quantity will be a linear function ot: dolle rate. 

may decay by thermal untrapping of the trapped 
charge and by recombination with opposite sign 
trapped charges released by other traps. In this 
way any number of decay components may occur. 

There is very little, if any. data available 
to determine if the temperature dependence pre­
dicted by this model is obeyed. One of the prime 
objectives of the study described in th1$ paper ill 
to determine if this model applies to ra.diation 
induced colol;' cEm~'ers in glass. As will be shqwn, 
it apparently does not. 

V. Radiation Induced Color Centet· Formation 
ill NBS 710 Glass 

~tany of the initial measurements on this 
glass, made with the equipment described ubove, 
are given in reference 15. A number of these will 
be desc.ribed here, but only those tl)at are neces­
sary to provide reasonable understanding • 

Experimental Details: All nn~.asurements. 
described. below were made on NllS 710 glass which 
consists at 70.5% 8iQ2, 8.7% Na20, 7.7% ~20, and 
11.6% CaO. Samples were roughly 1 1>)' 2 cm and 
1 mm thick. 'l'he largest surfaces were polillhed and 
accurately l>a1'a11el. The electron beam energy wall 
1.5 ~leV which is mare than sufficient to insure 
that the incident I>articles pass entirely thrQugh 
the sample. This is necessal.'Y to p1:eve!lt charge 
buildup -in the glass. The samples were in:adiated 
in either the "room-temperature" irrad.iato\' 01; in 
a stainless steel furnace. The latter consists of 
a solid staiuless block with two fused silica 
optical windows and two thin "havar" windol~S to 
transmit the electron beam into tl,e fl)rnace, 
through the sample and into 11 Fm:aday cup. Elec­
t.rica.l heaters are contained in the block. The 
sample conta~ns helium at a pressure sufficient to 
insure that the sl\luple remains at the. furnace 
temperature. }!easure!llents indicate that tha glass 
temperature is known to about one degree and 11 

worst case calculation indic~tes that dur~ng 
irradiation. the maximum unce~tainty is 3. or at 
most 4, degrees. The furnace is electron~call)' 
controlled. and remains within a.le of the indicatElq 
temperature. 
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Optical measurements wer.e made before, during 
and after irradiation. Usually, one measurement is 
made, at a given temperature and beam current, in 
the 200 to 400 om range and another in the 400 to 
800 nm range. During processing the data is 
"joined" to produce numerous absorption spectra 
such as is illustrated in Fig. 4. 

The dose imparted to the sample, i. e. the dose rate, is computed from the measured beam current, 
the sample thickness, and published dE/dx tables. 
In the 1 to 3-MeV range dE/dx is almost independent of E which means that energy degradation in the 
gold scattere~:, havar Windows, etc. does not intro­
duce uncertainties. At the moment the absolute 
dose rates given below may be in error by as much 
as 40 or SO percent'. However, the error in the 
relative dose rates is only a few percent. 

Absorption Spectra: An absorption spectra 
recorded at room temperature is shown in Fig. 5. 
Also, this figure shows the resolution of the 
spectrum into Gaussian shaped absorption bands. 
Although it is not illustrated, all spectra record­
ed at higher temperatures can be resolved into the 
same set of bands. This is also true for spectra 
recorded after the irradiation is terminated. 

Growth and Decay at Room Temperature and 
Different Dose Rates: Absorption spectra were 
recorded at room temperature and at dose rates 
ranging from 0.81 to 3.72 Mrad/h. In every case 
the decay was also studied. A typical growth curve 
is shown in Fig. 6. This and all other growth 
curves are accurately repreRented by the equation 

a(t) 
2 

EAi(l-exp(-ait» + ~t 
i=l 

(6) 

The solid line through the data points (most easily 
seen in the 0 to 10 3 sec region) was computed from 
equation (6) after the constants had been deter­
mined with a computerized best fit procedure. More 
explicitly, the growth curves are very accurately 
described by equation (6). 
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Figure 11. The growth of the absorption at 4.0 eV 
in NBS 710 glass at different temperatures and at 
a constant dose rate of approx. 1 Mrad/hour. 
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Figure 12. The decay, following irradiation, of 
the absorption at 4.0 eV for each of the growth 
curves shown in Fig. 11. 

A typical decay curve, obtained after the data 
used for Fig. 6 had been recorded, is shown in 
Fig. 7. Although it is hard to discern, this 
figure contains a curve through the data points 
computed from the equation 

a(t) (7) 

where t' is the time after the irradiation is term­
inated and the constants were obtained by a best­
fit procedure. In other words, the decay occurring 
after irradiation is very accurately represented 
by the sum of three exponential components. 

Growth curves obtained at four different dose 
rates are shown in Fig. 8. Three of the corres-' 
ponding decay curves are contained in Fig, 9, 
After these curves have been fitted to equations 
(6) or (7), data is available to evaluate some of 
the predictions obtained from the "simple kinetic 
treatment" described <i.bove, For example, equation (4) predicts that the exponential constants, the 
ai' should be linear functions of the dose rate. 
That this is observed is shown by Fig, 10, From 
such results one concludes that the simple kinetic 
treatment adequately describes the colo~ing of NBS 
710 glass at room temperature, 

Growth and Decay at a Constant Dose Rate and 
at Different Temperature: Th~ growth of the radia­
tive induced coloring of the NDS 710 glass at diff­
erent temperatures and at a fixed dose rate of 
approx. 1 Nrad/hour is shown in Fig, 11. It is 
apparent that there are two marked dependencies on 
temperature. First, as the temperature inc~eases 
the steady-state or equilibrium level of the color­
ing decreases. However, in contrast, the rate of 
approach to the equilibrium level increases with 
increasing temperature. Also, in the temperature, 
dose rate and irradiation time regimes covered by 
this data there are not any indications that the 
coloring curves contain a maximum, In other words, 
the curves do not increase to a maximum and then 
decrease as the ir~adiation continues. A detailed 
analysiS of the growth characteristics will be 
published elsewhere. 
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Figure 13. An Arrhenius plot computed from decay 

data, for the NBS 710 glass, such as is shown in 

Fig. 12. The activation energies obtained from 

this plot are much too small to attribute the 

temperature dependence shown in Fig. 12 to simple 

Arrhenius kinetics. 

':the decay of the coloring after il:radiation, 

recorded with the samples maintained at the irradi­

ation temperature, is shown in Fig. 12. Although 

not illustrated by plots, all of these CUl:ves can 

be accurately resolved into exponential decay com­

ponents. This is in accol:d with the l:oom tempera­

ture measul:ements and the kinetic theol:Y described 

above. An Al:rhenius plot constructed from the 

decay data is shown in Fig. 13. This plot is not 

in accord with the kinetic theol:Y in two respects. 

First, the points are not linear and, second, when 

it is assumed that the data can be approximated by 

stl:aight lines the activation energies obtained are 

appreciably too low to account for the observed 

decay at the different temperatul:es. Thus one must 

conclude that the decay is not attributable to a 

simple Arrhenius process. MOre specifically, one 

must conclude that the decay cannot be descl:ibed 

by the u = s exp(-E!kT) equation. 

Distribution of Activation Energie~: There 

are a number of physical processes which could 

account for the color-center decay measurements 

made after irradiations. at different temperature. 

':these include tunneling, combinations of tunneling 

and Arrhenius processes, temperature assisted 

tunneling, recombination of so-called geminate 

pairs, and processes involving distributions of 

activation energies. This last mentioned situa­

tion arises when the thermal untrapping process is 

chal:acterized by a distribution of activation 

energies, not by a single energy.8,17 
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~'igure .14. Part of a trap density vs. activation 

energy distribution curve obtained by applying the 

Primak-Holmes analysis to decay data such as is 

shown in Fig. 11. This plot supports th.e conten­

tion that the observed dependence of the decay 

data on temperature can be attributed to a distri­

bution of thermal untrapping energies. 

In probability terms, the usual single valued acti­

vation energy is characterized by a delta-function 

distrib"ution whereas the non-single-valued case is 

characterized by a probability distribution in E 

space. A good example is a Gaussian distribution 

specifying the density of traps with activation 

Energy E. In this case, traps characterized by 

the entire distribution of activation energies are 

filled when the sample is irradiated at low temper­

ature. At an intermediate temperature the shallow 

or low activation energy traps are emptied as soon 

as they trap charges. F:I,nally, if a sample is ir­

radiated at a very high temperature all traps are 

unstable and no trapped charges are retained. 

Because of the random nature of glass lattices 

it is likely that they will exhibit distributions 

of activation ~n~;gies dud other parameters. For 

example, a given defect; in crystal quartz will have 

the same lo~al surroundings wherever it occur.s. 

In contrast, in fused silica the same defect will 

be subjected to local surroundings which vary from 

point to point. Thus the thermal untrapping 

energy, E, will be the same for each trap in crys­

tal. quartz. HOl>'ever. ill glassy quartz the energy 

will be spread out in a distribution. The larger 

the local fluctuations the wider the distribution. 
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A method for determining distributions of 
thermal untrapping energies has been worked out by 
both Primak18 and Holmes. 19 The details are too 
lengthy to reproduce here and can be obtained from 
the original reference~. However, the data shown 
in Fig. 12 is quite suitable for this purpose. 
Figure 14 shows the distr.ibution obtained when the 
method is applied to the 2·6, 67, and 112C curves 
and it is assumed that s .. 10 12 • At such tempera­
tures, the structure in the data to the left of the 
peak could represent the actual distribution, or 
it might be the result of approximations included 
in the analysis, or a combination of these. The 
curve to the right of the peak should be indicative 
of the distribution in the energy region that is 
unstable at the indicated temperature. The exten­
sion of each data set to higher activation energies 
requires decay data for impractically long times. 
In any case, the data is sufficient to indicate 
that the observed dependence on temperature, i.e. 
data in Figs. 11 and 12, can be explained by 
assuming that the activation energy for thermal 
untrapping is not single-valued but can be de­
scribed as a distribution of trapping levels and a 
range of activation energies. Perhaps it need not 
be stated explicitly, but this conclusion does not 
rule out the possibility that this data represents 
still another process; it indicates that the ob­
served dependencies are compatible with the 
assumption that the activation energies are de­
scribed by a distribution. 

VI. Surom .. ~y 

Using recently completed equipment for making 
optical absorption during electron irradiation, the 
radiation induced coloring of NBS 710 glass has 
been studied at room temperature at various dose 
rates, and at different temperatures using a fixed 
dose rate. At room temperature, the coloring 
curves recorded during irradiation and the decay 
of the coloring after irradiation are in accord 
with a simple kinetic theory based on three postu­
lates: 1) the color-centers are formed by charge 
trapping on defects that exist in the sample before 
irrad1i"i~ion and increase linearly during irradia­
tion, J) the color-center concentrations are 
dimilil::;!:led during irradiation by electron hole­
recombination and by thermal untrapping, and 3) 
the decay occurring after irradiation results from 
thermal decay. The measurements made at tempera­
tures between room temperature and 400C indicate 
that the coloring during irradiation is in agree­
ment with the simple kinetic theory but the de­
crease occurring after irradiation is not in accord 
with the postulated Arrhenius type thermal decay. 
These are a number of d:f,fferent physical processes 
that could account for this discrepancy. The data 
obtained to date indicates that the observed decay 
is consistent with the assumption that there is a 
distribution of activation energies for thermal 
untrapping from the observed color-centers, in 
contrast to the single-valued energy usually 
observed. 
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This data, as well as measurements made on 
alkali halides,l-~ indicates that studies on 
irradiation induced coloring are best made by mak­
ing measurements during irradiation. In fact, it 
would appear that this is the only reliable way to 
determine if materials to be used during irradia­
tion will maintain the required characteristics. 
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DISCUSSION 

J, BLUE: In your basic assumption thar. the 
optical effects are only due to trapped electrons, 
is it possible there that the conduction electron 
density gets high enough that there is an inter­
action between the light and electrons in the 
conduction band? 

p, W. LEVY: At some level the effects that I have 
been talking about will perhaps be low, and then 
be comparable to such things as the conduction 
band, or rather the free-carrier absorption in these 
materials. Under the very high dose rates that are 
applicable to this discussion, there is a possi­
bility that there is a free atom contribution to 
the absorption. The data to confirm that is not 
available. I have s~id everything in terms of 
electrons. You can apply this same idea for 
whol~ color centers and mixtures. 
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HEAT TRANSFER EVALUATION IN A PLASMA CORE REACTOR 

Donald E. Smith, Timqthy M. smith and 
Maria L. Stoenescu 

Plasma Physics Laboratory, Princeton University 
Princeton, New Jersey OB540 

Abstract 

Numerical evaluations of heat transfer in a 
fissioning uranium plasma core reactor cavity, 
operating with seeded hydrogen propellant, have 
been performed. A two-dimensional analysis is 
based on an assumed flow pattern and cavity wall 
heat exchange rate. Various iterative schemes were 
required by the nature of the radiative field and 
by the solid seed v~porization. Approximate for­
mulations of the radiative heat flux are generally 
used, due to the complexity of the solution of a 
rigorously formulated problem. The present work 
analyzes the sensitivity of the results with re­
spect to approximations of the radiative field, 
geometry, seed vaporization coefficients and flow 
pattern. The results present temperature, heat 
flux, density and optical depth distributions in 
the reactor cavity, acceptable simplifying assump­
tions, and iterative schemes. The present calcula­
tions, performed in cartesian and spherical 
coordinates, are applicable to any most general 
heat transfer problem. 

Problem Definition 

The complexity of rigorous calculations for 
a general heat transfer analysis in highly radia­
tive media makes the use of approximate formula­
tions particularly attractive. The most appropriate 
compromise between simplicity and accuracy has to 
be determined finally by the purpose of the evalua­
tions. 

The energy conservation for a unit volume of 
a one-component gas in steady state is given by 
Equation (1). The solution of this equation for 
the spatial distribution of the enthalpy requires 
additional information on the flow, the shear 
stress tensor and on conductive and radiative heat 
fluxes. 

Both for the implications it has on the com­
putational procedures and for the setf-consistency 
of equation (1) it is important to know whether the 
heat fluxes are completely described by the para­
meter temperature. 

Three cases are differentiated on Table 1 
for the correlation between the radiative heat flux 
and the temperature: One; in which the radiative 
heat flux in a given point depends on the local 
temperature, valid, as seen further, for a gas in 
local thermodynamic equilibrium (LTE), grey and 
optically thick; the second, in which the radiative 
heat flux depends on the temperatures of all the 
regions in the gas, valid for LTE, and the third, 
in which the radiative heat flux cannot be described 
by the temperature, and data on bound electron and 
atomic velocity distribution functions is necessary. 

Various expressions of the radiative heat· 
flux are shown in relations (2) - (B). The general 
expression of the radiative heat flux is presented 
in relations (2) - (2b) and is illustrated in 
Figure 1. The radiative heat flux calculation 
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requires the knowlt;\rlge of all local emission 
absorption and scattering coefficients, and inte­
gration over directions, at each point in space, 
for every frequency interval. The spectral source 
function, including the scattering source is re­
presented in relation (2c), and may depend on 
temperature for LTE or on atomic distribution 
functions for non-equilibrium (NE). The magnitude 
of the radiative intensity resulting from relation 
(2) may differ considerably from an equilibrium 
black body intensity at the local temperature. If 
the medium would have uniform temperature, includ­
ing the boundaries, the calculated intensity would 
be equal to the source function of the nearest 
element, therefore equal to the black body intensity. 
For a nonuniform temperature medium, the radiative 
heat flux is different from zero and contains, in 
LTE, information on temperatures of various regions 
of the gas. 

r' 

Fig. 1. Variables in radiative heat 
transfer equations. 

Relation (3) is a contracted form of 
relation (2), valid for cases in which the source 
function, absorption coefficient, and boundary 
value of the spectral intensity have a planar 
symmetry (thus the surfaces A and B are parallel 
planes), and the scattering part of the source 
function is negligible. (An equivalent of rela­
tion (3) for a spherically symmetric spatial 
distribution is described in a future publication). 

E'or LTE conditions, the source functions in 
relation (3) depend exclusively upon the local 
temperature, as expressed in relation (4), or in 
relation (5) which represents the analogue of re­
lation (4) for the total radiative flux, if the 
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absorption coefficient is independent of frequency ("grey gas") • 

Further simplifications of relation (5) may be obtained for s~ecific distributions of the properties of the medium. Relation (6) is valin for slo\~ly varying '1'4 with respect to the optical depth; relation (7) is a variant of relation (6) , for large optical depth between the point at which the heat flux is calculated and one of the bound­aries; and relation (8), known as the "diffusion . approximation", represents a similar variant for large optical depth throughout the medium. 

The conductive heat fl~~ for quasi­equilibrium situations and in the absence of diffusion currents, is represented in relation (9) and is therefore a function of the local tempera­ti re ~nd pressure. 

4~ results that for a system in LTE, equa­tion (1), completed with the appropriate relation from (2) - (8) for the radiat~ve heat flux, and with relation (9) for conductive heat flux, and with assumptions concerning the flow pattern and shear stress tensor, constitutes an apparently self-consistent nonlinear, second order differen­tial equation fOl: the unknown temperature. (Complete self-consistency would exist for a flow pattern independent of temperature.) For a systenl in NE additional equations or experi~ental data axe needed far the optical coefficients, 

:rn the present study the shear-stress tensor is considered nec;rligible, and variant (10) of the energy conservation equation is solved nUmerically in two dimensions, in pOlar and cartesian coordi­nates, for a nuclear gas core reactor cavity. };;quation (11) represents the expansion of equation (10) in spherical coordinates. As the heat trans­fer in the present reactor concept is mostly radial, part of the results are given for 11 one­dimensional solution of equation (11), alor.g the radius, for assumed non-radial transfer. 

computational Procedure 

Three separate procedures have been develop­ed to integrate equation (10) and therefore deter­mine the energy distribution and transfer in a Gas Core Nuclear Reactor. 

The first procedure is a radial one­dimensional solution of equation (11) completed with any of the expressions (6), (7) or (8) for the radiative huat flux and with (9) for the con­ductive heat flux. Assumptions are made for the dist.ribution of the polar temperature gradient and,. consistent with the m1\ss continuity equation, for the distribution of mass flow r.ate. Equation (11) is integrated numerically propagating solu­tions eor temperature and heat flux from the cavity \qall to the cavity center, for guessed boundary values of the temperature and heat flux at the wall. Due to the nature of relations (7) and (8) which determine the heat eluxes at given radius as function of temperature and mass flow rate values at larger radii previously considered in the computation (the velocity profile is necessary to determine the stage in the seed vaporization process \~hich contributes to the local opacity) , the solution is completely determined by the boundary and does not require iterations on 
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temperatu:t;e proJ;i1es. The reqllil:ement of zero flux at the cavity centel:' is set to detel:'mine iteratively either the preSSUre or the fuel radius. :rf relation (6) is used for the radiative heat flux instead of (7) or (8), the solution propagation from wall to center becomes iterative on the temp­erature profile itself which greatly complicates the procedure indicated on Table 2 but only slightly alters the solution. For this reason all results shown for the one-dimensional radial analysis are based on eXRression (7) for the radiative heat flux . 
The second procedure is similar to the first, but here ele radiative heat flux is calculated directly from relation (2) t.hrough a numerical integration of the radiatiVe intensities. :rtera­tions on entire temperature profiles are involved. The convergence has been tested on a trial case, however only results from the eirst iteration are presented here. 

The third procedure is developed to model the two-dimensional behavior of the physical parameters in the propellant region. The method consists of an iterative search for a consistent two-dimensional tempel;'ature pl:'oeile. The iteration proceeds by improving the values of certain func­tions and their derivatives with respect to the non-radial direction. The method employs a two­dimensional vel;'sion of equation 7, 9 and 10, and has proven to be rapidly convergent. 

Description of Results 

Figures 2, 3, and 4 show cavity pl'ofiles f.or variations in propellant mass flow rate, cavity pressure, and seed vaporization rate, respectively. In each of these figures., the solid-line profile represents a result for a nominal case, character"" ized by the following parameters: 

l' w 600°1\ 

qw '" 1. 72 x 108 
erg/cm2-s 

p 200 atm 

R 30 cm c 

M '" 0.25 
P 

F 46 g./s. p 

Mf = 0.68 

R 1.0 sv 
IjIth 1.6 x 10

14 
n neutron/cm2 ·s 

Cavity wall temperature 

Total heat flux incident on cavity wall 

Cavity pressure 

Cavity radius 

Propellant seed mass fraction 

Propellant mass flow rate 

Uranium fuel preSsure fraction 

~orma1ized seed vaporization rate 

Thermal neutron fl~~ at the fuel edge 

Values of these parameters for each figure (2) - (4) are nominal unless otherwise indica':ed. :rn each case treated, the fuel radius is adjusted so that boundary conditions are satisfied. 

1:n Firure 5, the total heat flux for the nominal conditions is shown together with its radiative and conductive components. 

Figure Ga shoWS, for the propellant region, the nominal radiative heat flux, which \qaS calcu­lated using relation (7), and also the radiative 
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heat flux found by a numerical integration of ra­
diative intensities using relations (2) and (2b) 
and the nominal temperature and absorption co­
efficient profiles. EqtLi.;Librium values were taken 
for emission coefficier,ts. Relation (7) predicts 
significantly larger values than those predicted 
by (2) and (2b) in the optically thin region of 
the propellant. Figure 6b makes the same com­
parison in the fuel region as does Figure 6a in 
the propellant region, except that, due to large 
values of absorption coefficient in the fuel, far 
greater accuracy was required for the numerical 
integration of intensities. The nominal radiative 
heat flux (relation (7» has the smallest values in 
Figure 6b; successive degrees of accuracy in in­
tegration of intensities (relations (2), (2b» 
produce successive profiles which approach the 
nominal profile from above. 

Concltlsions 

The computational procedures developed have 
the capability of analyzing a general heat trans­
fer problem in one or two spatial dimensions. They 
are able to take into consideration data on LTE or 
non-equilibrium optical coefficients, oFtical 
properties of the boundaries and data on vapori­
zation kinetics of solid particle additives. The 
results provide information on energy transfer and 
distribution in a Plasma Core Fissioning Reactor 
for given boundary conditions and negligible shear­
stress tensor, and constitute a partial analysis 
of a coupled heat-transfer ~ fluid-dynamic 
study. 

The heat transfer analysis is performed 
rigorously, though the presen'ted results are based 
on local thermodynamic equilibrium emission co­
efficients. The diffusion approximation of the 
heat flux was proven inappropriate to describe the 
propellant region, particularly the transparent 
domain containing vaporized seed. 

The conductive heat flux is treated assuming 
negligible diffusion of various componets at the 
uranium-plasma-propellant interface and negligible 
turbulent mixing, as if an ideal perfectly flexible 
and transparall't wall would separate the two media. 
Both assumptions are clearly unrealistic. Though 
the radiative heat flux dominates the heat transfer, 
and is independent of the type of flow for similar 
mass distributions, the conductive and radiative 
heat fluxes have the same order of magnitude in 
regions of high temperature gradients, and errors 
in the conductive heat flux evaluation influence 
the overall results. 

An effort continuation in the study of heat 
transfer and fluid dynamics of highly radiative 
gases is estimated necessary, before reliable 
predictions of advanced concepts performance 
could be made. 
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',rable 1, 

Correlation between Radiative Heat Flux 
and Temperature 

.~ 

~rad (~).;-r T ('f) 

+ 
qrad (i:) - f[T(~),pl ;J:.TE,grey,thick 

+ 
~ad (~) E d'l'(all ~) ,p,boundnr}l radiation) L'l'E 

+ 
qrad (~) -f[bound electrons and atoms ) 

energy distribution functions NE 

Table 2. 

One-Dimensional Heat Transfer Flow Chart 

Input System 
Parameters 

Input lo\~er and upper bound::; for Rf 

DO Rf bounds bracket solution? 

yes 

Guess new Rf using bisection 
method 

propagate values for temperature, 
total heat flux, radiative heat 
flux, conductive l1e<\t flux, and 
optical depth from ca,,:ity wall to 
cavity center. 

Use the following relations for 
propagation 

1110 energy balance 
II 9 conductive heat flux 

either #G, #7, 1/8 radiative hoat 
flux 

O? 

Redefine bOWlds for Rf 

no 

yes 

print 
error 
message 

STOP 

O\,ltput 
solution 

8!l'OP 

Note: Physical properties of 

~~;:~~e~~(o~Rkn~~~'~o~~~ 
properties (T, P, etc.) 
of the plasma. 
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Total energy conservation equation, steady state: 

+ div ~rad = ~ S - ~ Sm 

II -= 
p 

2 2 
+.Y-+E.=~ 

eatomic 2 p P 

II total enthalpy p~r unit volume 

eatomic - internal atomic energy plus kinetic 
atomic ellergy 

P - Inass density 

p - scalar pressure 

~ - average flow velocity 

T - shear stress tensor 

-)-

qo - conductive heat flux 

-)-

qrad radiative heat flux 

ES - sum of energies from all sources 

S - mass source 
In 

(1) 

(la) 

s index ranging over component species of 

gas 

-:r 
V 

S\I 

Spectral radiative heat flux: 

(
2lTflT 

'0 ,r/2 

{
21f1'1/2 

o 0 

B 

fv + 
'tv 

(T,) IA 
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+ £\) 
e; 

=~+J!.. 
a v 4lT 
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+ I \(vl~OSe sine de dp 

* - (TV - TV l It 

S v e dTv 

-'I'v 

It 
-(T - T ) 

* S e V V dT 
\I V 

t I(W' )~ (W' ,W)d(~1 

(2) 

(2a) 

(2b) 
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Spectral radiative heat £lux for planar symmetry: 

qv = 21T .('/2 [:reo 
B 

+ _1_ f,Tvo 
cosO Jr 

Vo 

x cosS sinS d8 = 

2n [ IB \10 E (TB 
3 "P 

B 
It 
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\10 VO 
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d/ ] 
vo 

{"o * * dT* ] S\I(T,,) E2 (1:,,0 - T"o) "0 

En (~) f n-2 exp(- £.) dll - 1I 1I 

Spectral radiative heat flux for planar 

symmetry and LTE: 
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Radiative heat fluy. for planar symmetry, 

LTE, and 'grey' gas: 

A 
q = 21f rad 

IS E
3

(TB 
o 0 

- To) - 21f 10 E3 (To ) 

B 

fo 
T*4 * * + 2(1 E2 (To - To) dT 

0 

0 

(0 
*4 * * 

- 2(1 T E (T - TO) dT 2 0 0 

Radiative heat flux for planar symmetry, 

+ 2(1T
4

[E3 (To ) - E3 (T! - To) ] 

4 
{ (T: -

B 2(1~ T ) E
3

(To - TO) dT 0 
0 

Radiative heat flux for planar symmetry, 

a2T4 B 
LTE, 'grey' gas, aT2 "0, To - To » 1: 

o 

(5) 

if TB - T »1 (7) 
o 0 

Radiative heat flux for LTE, 'grey' gas, 
-a 2

T4 B 
" 0, T - T » 1, T » 1: 

aT2 

4(1 dT4 

qrad = -""3 dT 
o 

if T »1 
o 

(8) 

~ ... ' •• t t r . . ( '. i· ~~. -r - . r ,', ~ 
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Conductive heat flux 

(9) 

Energy conservation, scalar pressure, steady state 

+ . (+ + ) P v cp grad T + d~v qc ... qrad s (10) , J 

Equation (10) in spherical coordinates 

pvc aT L 2..- (r2 q + r2 q ) 
r p ar - r2 ar c,r rad,r 

1 a 
- rsinS as (sinS • qc,s ... sinS • qrad,S) (11) 
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RESEARCH ON PLASMA CORE REACTORS 

G. A. Jarvis, D. M. Barton, H. H. Helmick, William Bernard, and R. H. White 
University of California, Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 87545 

Abstract 

Experiments and theoretical studies 
are being conducted for NASA on critical 
ansemblies "\'lith one-meter diameter by one_ 
meter long low-density cores surrounded by 
a thick beryllium reflector. These assem­
b:.ies make extensive use of existing nu­
c:.ear propulsion reactor components, facil­
ii:ies, and instrumentation. Due to ex­
cessive porositj in the reflector, the 
initial critical mass was 19 kg U(93.2). 
Addition of a l7-cm-thick by 89-cm-diameter 
b~lryllium flux trap in the cavity reduced 
the critical mass to 7 kg when all the 
w'anium was in the zone just outside the 
flux trap. A mockup aluminum UF6 container 
was placed inside the flux trap and fueled 
w;Lth uranium-graphite elements. Fission 
distributions and re~ctivity worths of 

The Los Alamos Scientific Laboratory 
(LASL) has a modest program to acquire ex­
perimental and theoretical information 
needed for the design of a prototype plasma 
core reactor which will test heat removal 
by optical radiation. Experiments are be­
ing conducted on a succession of critical 
assemblies with large 10Vi-density cores 
surrounded by a thick moderating reflector, 
Static assemblies, first with solid fuel, 
then with UF6 in containers, will be fol­
lowed by others with flowing UF6• 

Plasma Core Assembly (PCA) Design 

In the first quarter of 1974, a joint 
• working group formed by NASA from LASL and 

UTRC personnel produced an engineering fea­
sibility design study revealing the possi­
bility of constructing a large beryllium 

fuel and structural materials were measured. 
F:Lnally, an 85,000 cm3 aluminum canister 

reflected 6avity reactor from existing nu­
clear propulSion program materials and con­
trol components. 2 

in the central region was fueled with UF6 
gas and fission density distributions de­
termined. These results will be used to 
guide the design of a prototype plasma 
core reactor which will test energy removal 
b;T optical radiation. 

Introduction 

T. S. Latham and collaborators 1 at 
the United Technologies Research Center 
(UTRC) have recently suggested several 
attractive applications of cavity reactor 
systems aimed at meeting future critical 
energy needs. Uranium fuel in gaseous or 
plasma form permi.ts operation at much 
h:Lgher temperatures than possible with 
conventional solid fueled nuclear reac­
tors. Highsr working fluid temperatures 
iF general imply higher thermodynamic 
ci/c'le efficiencies, which lead to proposals 
for advanced closed-cycle gas turbine 
dpiven electrical generators and MHD power 
conversion systems for electricity produc­
t:Lon. Cycle efficiencies ranging from 50 
to 65 percent are calculated for these 
s;rstems. 

Further, the possibility of energy 
extraction in the form of electromagnetic 
radiation allows consideration ()f many 
photochemical or thermochemical processes 
such as dissociation of hydrogeneous 
materials to produce hydrogen. Lasers may 
be energized either by direct fission 
fpagment energy deposition in uranium 
hexafluoride (UF6) and lasing gas mixtures 
or by optical pumping with thermal or non­
equilibrium electromagnetic radiation 
flowing out of the reactor. 

"!r.-------
~rhiS work was supported by the Research 
Division, Office of Aeronautics and Space 
~rechnology, National Aeronautics and Space 
Administration, NASA Contract No. W-13755. 
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Reactor Component Availability 

Substantial quantities of beryllium 
reflector parts were stored at Los Alamos 
and the Nevada Reactor Development Station 
after the termination of the nuclear pro~ 
pulsion program. Beryllium reflector as­
semblies from 11 Rover/NERVA reactors, re­
presenting an original cost ·of approxi­
mately $5 million, were transferred to Los 
Alamos. Also, four additional beryllium 
reflector assemblies, including a set of 
18 stepping motor driven control drum actu­
ators, were available at Los Alamos,' 

LASL Facilities 

The facilities of the LASL Critical 
Experiments Group include three remotely 
controlled critical assembly laboI'ltories, 
called Kivas, equipped with a variety of 
critical as'sembly r.mchines of varying ~()m-· 
plexity. A central control building'hous­
es control rooms, offices, and laboratory 
space. Parts of these facilities are 
available "for the initial phases of the 
plasma core reactor project. 

The cavity-type assemblies will be on 
the "Mars" critical assembly machine 
(Fig, 1) located in Kiva 1. This machine 
was built early in the Rover program and 
was used for neutronic and core optimiza­
tion stUdies for the Kiwi, Phoebus, and 
Nuclear Furnace reactors. Early b€frylli­
urn-reflected cavity reactor experiments 
were also performed on this machine. 3,4 

Figure 1 shows the Mars machine with a 
Phoebus II reflector installed. The over­
all size is similar to that of the planned 
cavity assemblies. Some of the 18 control 
drum actuators are visible above the 
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reflector. 

The principal features of the Mars ma­
chine are: 

1. A framework that includes a base 
plate for supporting the reflector, an upper 
platform for mounting the existing control 
drums, and a personnel platform. 

2. Provisj.on for removing a fueled 
core from the reflector. The core is sup­
ported on the platen of a hydraulic ~ylin­
der, which is centered beneath the reflector 
and can be retracted as a safety device. 

3. Provision for removing the core 
from beneath the machine. The lowered core 
assembly rests on a cart that may be rolled 
out on guide rails from beneath the re­
flector to provide easy access for altera­
tions to the core. 

Reflector Design 

The crHical assembly reflector design 
mai<es use of beryllium from most of the 
Rover reactor types. Figure 2 shows reflec­
tor parts from several of the Rover reactors 
assembled to form a cross section of the 
cylinderical reflector wall. Fi~ure 3 
identifies major Rover beryllium components 
by location. The end plugs of Nuclear Fur­
nace, Pewee, and Honeycomb reflector pieces, 
shown in Fig. 2 and 3, consist of beryllium 
that averages 90% of normal density. Graph­
ite fillers, 38-mm thick separate these 
from 190-mm-thick NRX and Kiwi B sectors of 
beryllium also at 90% normal density. A 
succeeding graphite annulus 44-mm thick is 
followed by a 203-mm-thick Phoebus II as­
sembly which contains 18 control drums and 
is beryllium at 87.5% normal density. 

All of the Rover beryllium reflector 
components have holes in them required for 
coolant flow, tie rod access, instrumenta­
tion lead channels, reflector density ad­
justment, and control drum containment. 
These lead to loss of neutrons by streaming 
and result in increased critical mass if 
left unfilled.' Calculations indicate a re­
activity loss of about 25~ for each percent 
reduction in the density of the Be reflec­
tor. 

Figure 4 shows the calculated penalty 
for substituting a 50-mm annular zone of 
graphite for beryllium as a function of 
the location of the graphite in the reflec­
tor. In the outer two-thirds of the re­
flector, high purity graphite is a good 
substitute for beryllium but is of little 
help in the inner region. The reflector 
encloses a 1.02-m-diam by 1.05-m-high ~avity 
in which the various sblid and gaseo\'5 ura­
nium fuel cores will be studied. 

Experimental Program 

Core Number 1 

A homogeneous uranium distribution in 
the cavity, sj.mulated by use of uranium 
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metal foils laid on a set of ten equally 
spaced aluminum discs, Fig. 5, had a crit­
ical mass of 19-kg U(93.2). The reactivity 
swing for the 18 control drums was 6.1$. 
Figure 6 gives the Qontrol drum calibration 
curve. Measured reactivity worths of core 
materials are uranium 73¢/kg, aluminum 
-3¢/kg, and graphite 2.5¢/kg. 

Core Number 2 

An early goal for the Plasma Core As­
sem~ly was to operate with a central zone 
of UF6 gas surrounded by a zone of solid 
uranium fuel. To mock up this situation 
core number 2 consisted of uranium metal 
foil attached to a 0.94-m-diam thin-walled 
aluminum cylinder, Fig. 7, centered within 
the cavity. A critical mass similar to 
that for core 1 was indicated by subcrit­
ical comparison. 

The critical mass of about 19 kg is 
more than a factor of two higher than cal­
culated for uniformly distributed fuel in 
an idealized reflector. indicating under­
moderation in the reflector and/or con­
taminants having high thermal neutron ab­
sorption cross sections in the beryllium 
and graphite. Neutron leakage through the 
large number of small straight coolant 
channels in the beryllium also tends to in­
crease the critical mass value. 

The beryllium specification limited 
the iron content to less than 0.18% by 
weight. One-dimensional criticality cal­
culations showed that this amount of iron 
would increase the critical M:.:::'S by about 
9%. Two-dimensional'critica~ity calcula­
tions indicated that two hundred parts per 
million boron containment in the graphite 
would account for the excess critical mass 
if boron alone were the oause. The large 
critical mass is believed to be due to a 
combination of the effects discussed 
above. 

Core Number 3 

The Simplest solution to the neutron 
undermoderation problem was to add a zone 
of beryllium to the cavity. A suitable 
beryllium annulus 0.55-m i.d. by 0.89-m 
o.d. by 1.04-m high. Fig. 8, was formed 
from Pewee and Honeycomb parts. This 
structure had a mean densit~T 85% that for 
normal beryllium and was surrounded by a 
0.g4-m-diam aluminum cylinder to support 
uranium metal foil. The initial critical 
mass with all uranium in the outer fuel 
zone was 6.84-kg U(93.2). 

The reactivity worth of the control 
drums is influenced by the amount of ura­
nium in the core. Since core number 3 
with its added inner beryllium zone sharp­
ly reduced the critical uranium loading, 
the control ,drums were recalibrated, using 
positive period measurements. The reac­
tivity swing for one control drum is 22.4 
cents, giving 4,03$ for the 18 control 
drums. Figure 9 gives the cal:i.bration 
curve for the entire 18 control drums. 
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The contl'ol drum WQl'th is no\~ only t,w 

thit'ds that for the empty cavity con.f.'ig­

u!'ation of COl'es one and t\~O~ but; is oon­

sidered adequate fOl' the planned experi­

ments. 

Table I lists the l'eactivi\:;y wOl'ths or 

Ul'al1iull\, aluminum, and carbon .1.'01' indicated 

posibions in OOI'e munbex' 3. 

It should be noted that the uranium 

\~orth values of Table I imply an apprecia­

bly greatel' fission density in the cemtl'al 

zone than in the outer fuel zone. The 

additional neutron mOliera tion in the fltlX 

tl'ap results in a central ::;one uranium l'e­

aotivity \"ol'th six times that fa!' \ll'/.'ll1ium 

in the outer zone. As the fission density 

in a highly thermalized system val'ies as 

the square roo\:; of the reactivity, UF6 in 

the central zone will benefit from a fis­

sion denSity enhancement of about 2.4 over 

that for Ul'tmium in the driver zone. 

The effects of flux trappin'!; by an 

additional beryllium zone \"ithin a cavity 

surrounded by an undel'model'a\;ing refleotol' 

\'Ias examined using one-dimensional neutl'on 

transport oaloulations on an equivalent 

spherioal mockup of the PCA oylind1'ioal 

geometl.'Y. The calculated fission density 

in the cent1'al zone was ;2.3 times that for 

the outel' 01' d1'i Vel' fuel 150ne. 

OOl'e Numbel' 4 

Core number 4 uses the beryllium flux 

trap of COl'e 3 and lt1'ani\lm-gl'aphite Rover 

.,.. . 

fuel elements in thel outer dl'ivel' r;one, 

Fig. 10. The inner experimental zone is 

pl'ovided \dth a mockup of em altuninul1\ UFS 

oOI)taine~' to be used in later expel'il1tents. 

Lo\~ density uranium-gra.phite fuel elemC'nts 

are used in this region to simulate UF6 

loadings. 

Tabla II gives the l(1(1dine; specifica­

tiOl1S for the ul'aniul\\-gl'aphite fuel ele­

ments. 

Figure 11 sho\\'s the ava:'.lablt;> fuel 

element holes in the drivel' and experimen­

tal zones. Figm'e 12 sho\~s 001'0 No. 4 

positioned to be raised into the PGA re­

flee,tor. 

Natel'ial Reactivity Evaluutinns 

Reactivities fOl' ura.tllum and othel' 

matel'ials ",el'e measul'ed in the central ex­

pel'imental and dl'ivel' zones. Results 

agreed \~ith those found for (:01'e 3. 

As seen in Table 1. \Il'UniUltl has a muol1 

higher l'eactiv;!.t~' \"Ql'th in the imwr ~C!lle 

than in the outer 01' drivel' zone, so that 

the critical mass will decl'euse as uranium 

is added to the oentl'al region of the 

core. Figure 13 shows the mensUl'ed vari­

ation of critical maJ:lS \~ith the fl'action 

of fuel in the innel' zone. 

Fission Density r.1easurements 

F'iss ion density dis tl'ibutions \~el'e 

detel'mined for t\~O different core lQadings 

TABLE I 

REACTIVITY \~ORTHS OF ~lATERIALS IN peA CORE NO.3. 

Natel'ial 

U (93.5%) 

U (93.5\) 

Al 

Al 

Honeyoomb C 

PCA Reflector C 

Element Looation 

Drivel' zone 

Expel'imenta.l zone 

Material location 

On axis 

Neal' end of Al support 

On axis 

At Al S\lPP01't 

On axis 

On axis 

TABLE II 

Uranium Densiey 

400 me; U/cm3 

100 mg U/om3 

180 

Worth in cel1ts/l<g 

+ 3350 

+ 554 

- 10.8 

£.0 

1.4 

UraniUln/Element 

82..8 .g 

20.7 g 

I 

.' 



for the experimental' 'and' 'driver' fuel zones 
by beta scanning U-10aded Al wires irradi­
ated in the central holes of selected fuel 
elements. Figure 14 shows the fuel ele­
ment configuration and wire locations. 
Figure 15 shows the core mid-plane radial 
fission distr.ibution. The fission density 
rises slowly from the center outwards. 
The ratio of the central element to driver 
element fission density values is 2.40" 
in good agreement with the value of 2.~ 
noted in section III-c which was determined 
from uranium reactlvity measurements. Fig­
ure 16 gives fission distributions for two 
central fuel zone axial positions. 

Oore Number 5 

UF6 gas was used as the fuel for this 
core in the inner zone using th,e UTRO dou­
ble walled canister and gas handling sys­
tem. A Be flux trap separated the gas from 
a driver fuel element zone composed of 
lightly loaded uranium - graphite fuel rods 
described in th.e previous section. Figure 
17 is a photograph showing the canister 
mounted on a ram underneath the reflector 
ready for assembly. Two pie sections of 
the lower Be end plug have been removed to 
show the flex lines that connect the can­
ister to the gas handling system in the 
foreground. 

Figure 18 is ~ ~chematic of the gas 
handling system. 3~UFh in the supply bot­
tle is a solid at room temperature. This 
bottle is immersed in a hot water bath and 
heated for one hour at about boiling tem­
perature (88°0). This converts the solid 
to a gas and by suitable valving, a known 
amount of the gas is trapped in the trans­
fer bottle of the same manifold. Verifica­
tion of the amount of gas in the transfer 
bottle is obtained by weighing the bottle 
and contents. The entire gas system and 
canister are next heated to about 66°0 
using heat tapes and hot flowing He gas. 
This requires about three hours. The UFh now remains in the gas phase for critical 
operations. 

Recovery of the 'UF6 is accomplished by 
pumping down the canister and gas system 
through a glass liquid nitrogen (LN) trap. 
Material recovery is evaluated by weighing 

• I ~ .",., 'i." (., 

i' 

the glass trap and contents. After com­
pleting the recovery cycle, we find very 
little residue in the canister, as affir~ed 
by running the reactor at delayed critical. 
However, weighing showed that some UF6 re­
mained in the transfer system. We suspect 
that the majority of this material is in 
the corrugated flex lines linking the gas 
~ystem to the canister. Table III shows 
the results obtained from out two transfer 
operations. 

UF6 ReactiVity EVaTuation 

A lightly loaded Kiwi fuel element 
was placed in the region between the can­
ister and the Be flux trap in order to re­
evaluate the reactivity worth of uranium in 
the central region. A value of 2.95 
cents/g U was obtained which translates 
to 1.99 cents/g UFh• An initial operation­
al limit of one dollar for the gas in the 
core restricts the UF6 to a minimum of 50 
grams. 

Three fission density distributions 
were measured in the gas core along paths 
as indicated in Figure 19. U-loaded Al 
wires were placed on the central axi~ and 
on a parallel line displaced 10 cm radi­
ally from this axis. Another wire was on 
a diameter at the mid-plane of the core. 
The wires were irradiated for 10 minutes 
at a power level of about 70 watts and 
then scanned with a beta counter to obtain 
the data plotted in ~igure 20. We found 
similar distributions for the two core 
loadings of 12 to 24 grams of UFh • The ra­
dial traverse, not shown, is flat to with­
in 0.1%, as expected for such a light ura­
nium loading. An earlier experiment noted 
in section III-c, using 393 grams of ura­
nium in a solid uranium-'graphite fuel mock­
up of the gas core, had a 3% rise in fis­
sion delfsity from the center to the core 
edge, indicating a slight uranium self 
shielding effect. The axial fisSion den­
sity falls off about 8% from the mid-plane 
to the core end. This resltlt~. from holes 
in the reflector end walls for plumbing 
and thinner beryllium in this region. 

ConclUding Remarks 

A beryllium reflected critical 

TABLE III 

SUMMARY OF DELAYED CRITICAL RUNS ON PCA 

UF6 Gas Reactivity UF6 UF6 left UF6 left 

Transferred Change Recovered in canister in lines 
(g) (cents) (g) (g) (g) 

Run 1 12.0 20 3.6 2.2 6.2 

Run 2 24.6 50 14.9 2.5 7.2 
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N78-26858 
PARAMETRIC ANALYSES OF PLANNED FLCMING URANIUM HEXAFLUORIDE CRITICAL EXPERIl4EN:rsit 

R. J. Rodgers, Research Engineer 
and 

T. S. tatham, Chief Project Engineer 
United Technologies Research Center 

East Hartford, Connecticut 

Abstract 

Analytical investigations were conducted to 
determine preliminary design and operating charac­
teristics of flowing uranium hexafluoride (UF6) 
gaseous nuclear reactor experiments in which a 
hybrid core configuration comprised of UF6 gas and 
a region of solid fuel will be employed. The 
investigations are part of a planne~ program 
involving National Aeronautics and Space 
Administration (NASA), Los Alamos Scientific 
Laboratory (LASt), United Technologies Research 
Center (UTRC), and other organizations to perform 
a series of experiments of increasing performance, 
cUlminating in an approximately 5 MW ~issioning 
uranium plasma'experiment. 

The results, indicate that confined flow tests 
of a gaseous UF6-uranium fuel element hybrid core 
configuration appear feasible. A preliminary. 
design is described ~or an argon buffer gas con­
~ined, UF6 ~low loop system for future use in 
flOWing critical experiments. Flowing gaseous UF6 
would be confined within the cavity core canister 
by tangential injection of argon buffer gas to 
produce a radial inflow vortex flow pattern. 
Initial calculations to estimate the operating 
characteristics of the gaseous fissioning UF6 in a 
confined flow test at a pressure of 4 atm, indicate 
temperature increases of approximately 100 and 
moo K in the UF6 may be obtained ~or total' test 
power levels of 100 kW and 1 MW for test times of 
320 and 32 s, respectively. 

Introduction 

Extraction of power from the 'fission process 
with the nuclear fuel in gaseous form allows 
operation at much higher temperatures than those of 
conventional nuclear reactors with solid fuel 
elements. Higher operating temperatures in general 
lead to more efficient thermodynamic cycles and, in 
the case of fissioning uranium plasma core reactors, 
result in many possible applications employing 
direct coupling of power in the form of electro­
magnetic radiation. 

A program plan for establishing the 
feasibility of fissioning UF6 gas and uranium 
plasma reactors has been formulated by NASA and is 
described in Refs. 1 and 2, Brie,fly, the series of 
reactor tests consists of gaseous nuclear reactor 
experiments of increasing performance, culminating 
in an approximately 5 MW ~issioning uranium plasma 
reactor experiment. Initial reactor experiments 

• will consist of low-power, seff-critical. cavity 

reactor configurations employing undissociated, 
nonionized UF6 fuel at near minimum temperatures 
required to'maintain the fuel in gaseous form. 
Power level, operating temperature, and pressure 
will be systematically increased in SUbsequent 
experiments to approximately 1000 kW, 1800 K, and 
20 atm, respectively. The final 5 MW reactor 
experiment will operate with a fissioning uranium 
plasma at conditions for which the injected UF6 will 
be dissociated and ionized in the active reactor 
core. 

Cavity reactor experiments have been conducted to measure critical masses in cavity reactors at 
both LASL and at the National Reactor Testing 
Station (NRTS) in Idaho Falls. Critical mass mea­
surements have been made on both single cavity and 
multiple cavity configurations. In general, 
nucleonics calculations have corresponded to within 
a few percent of the experimental measurements. A 
review of these experiments is contained in Ref. 3. 
These stUdies provide the basis for selecting 
additional experiments to demonstrate the 
feasibility of the p~asma core n~clear reactors. 

Analytical in\'estigations described herein 
were performed to forwulate a preliminary design 
for an argon-buffer-gas-confined UF6 flow system 
loop. This design will be used in future cavity 
reactor experiments in Which hot flowing UF6 is to 
be confined within a cavity core canister by 
tangentially injected argon buffer gas. Calcula­
tions of principal operating parameters for 100 kW 

'and 1 MW cavity reactor experiments with buffer-gas 
-confined flowing UF6 were made to define the con­
trol reqUirements for the gas flow systems and the 
reactor experiments. 

Initial Reactor Series ~ests 

The initial series of planned low-power 
critical cavity reactor experiments has been 
conducted at LASL. These critical' cavity reactor 
experiments consisted of sequential tests on the 
following core loading configurations: (1) distri­
buted uranium foil core loadings in a right circu­
lar cylinder, l-m-dia by l-m-long cavity surrounded 
by a 50-cm-thick beryllium reflector-moderator, and 
(2) hybrid fuel loading. configurations in which the 
central 54-cm-dia by l-m-long po:btion of t:le core 
cavity volume contained an aluminum (Al) canister 
filled with a gaseous UF6-Helium (He) mixture 
Rurrounded by a 17.2-cm-thick annular beryllium 
moderator region surrounded in turn bia r@gion 
containing solid nuclear fuel elements. Results 
of the foil loading tests are described in Ref. 4 • 

*Research sponsored by Los Alamos Scientific La?oratory, contract XP5-54474-1. 
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The tests were conducted to determine critical 
mass loadings, control drum calibrations, and 
overall control drum reactivity worth, reactivity 
worths of the structural AI, and the reactivity 
penalty due to holes required in later experiments 
for introducing increased amounts of gaseous UF6 
and for observing possible fission gragment 
induced electromagnetic radiation emission. 

The second series of planned cavity reactor 
experiments will employ flowing gaseous UF6-He 
mixtures. The experiments will employ a hybrid 
fuel loading geometry in which approximately 
10 percent of the core cavity volume will contain 
a canister similar to that used in the initial 
critical experiments. In the planned experiments, 
gaseous UF6 will be mixed with varying amounts of 
He and cirCUlated within a closed flow loop 
through a canister located in the central region 
of the core. That portion of the total flowing 
UF6 inventory contained in the core canister will 
be included in the total critical mass loading. 
The remaining portion of the flowing UF6 inventory 
will be contained in the flow lines and associated 
hardware external to the cavity volume. UF6 not 
in the canister is not neutronically part of the 
active core except for that UF6 contained in the 
flow lines within the lower section of reflector­
moderator. Initially, most of the fuel loading 
will be comprised of solid fuel in the form of 
distributed uranium foil or solid fuel element$ 
fabricated for earlier Rover programl reactors. 
The flowing UF6 tests will be conducted using 
the canister and gaseous circulation flow system 
described in Ref. 5. These tests will provide 
basic reactor physics and engtneering data for de­
sign of subsequent reactor tests in which flowing 
UF6 wi~l be flUid-mechanically confined away from 
the canister peripheral walls by argon buffer gas. 

Reflector Moderator Configurations 
The basic beryllium reflector-moderator was 

assembled from available materials from the Rover 
program(l). The reflector-moderator configuration 
is shown in Fig. 1. The reflector surrounds a 
right circular cylindrical cavity approximately 54-
cm-dia x I-m-long. The reflector-moderator config­
uration contains an approximately 6.5-cm-wide 
annulus for locating solid fuel or distributed 
uranium foil between the inner Pewee Ueryllium and 
the outer beryllium reflectors. Criticality mea­
surements(4) indicated that a uranium foil loading 
of 6.7 kg was required for criticality with unie 
formly distributed foil in both the gap between the 
inner Pewee beryllium and outer beryllium reflec­
tors, and the central cavity. The reflector-modera­
tor configuration shown l.n Fig. I is well-sUited 
for flowing UF6 critical experiments in which the 
core canister would be located within the approxi­
mately 54-cm-dia x I-m-long cavity. The total outer 
beryllium reflector 'thickness is "'.50 cm. 

The reflector~moderator is mounted on the 
Bajarito Critical Assembly Facility at LASL. This 
facility is described in detail in Ref. 6. The 
critical assembly facUity has a framework which 
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inclUdes a base plate for supporting the reflec~or, 
an upper platfo~m for mounting the control drums, 
and a personnel platform. In addition, provision 
is made for removing the fueled core from the 
reflector by lowering a platen on a hydraulic ram 
centered beneath the reflector. Further provision 
for removing the core from benaath the machine is 
also made. When lowered, the core assembly rests 
on a cart which may be rolled out on guide rails 
from beneath the reflector to provide easy access 
for maintenance and modification of the core 
as!lembly. 

Analyses of Flowing UF6 Experiments 

With Buffer Gas Confinement 

As part of the cavity reactor experimental 
program continuing at LASL, the third phase of the 
planned series will involve performing reactor 
experiments in which flOWing UF6 will be fluid­
mechanically confined in a central volume of a 
core cavity by A or He buffer gas injected 
tangentially from the cavity peripheral walls. 
The bbjective of the cavity reactor experiment 
program is directed toward demonstrating the 
feasibility of fissioning uranium plasma reactors. 
Toward this end, a final approximately 5 ~M 
reactor experiment will operate with a self­
critical fissioning uranium plasma confined by A 
buffer gas at conditions such that the injected 
UF6 will be dissociated and ionized wn the 
reactor core. In examining a near-term series of 
buffer gas confined UF6 experiments, a hybrid 
reactor (driver zone plus a fissioning UF6 gaseous 
core) configurations will be used to determine 
the operating characteristics as well as to obtain 
basic engineering data for plasma core reactors. 
The hybrid fuel and reflector-moderator configura­
tion which is shown in Fig. 1 and which is 
assembled· for flowing UF6 and static UF6 cavity 
reactor experiments, could also be employed in the 
initial buffer gas confined UF6 experiments. 

Core Canister Assembly and Gas Flow Systems 

The results of a preliminary design of an A 
buffer gas confined UF6 canister, UF6 and ~ flow 
system, and a UF6 separation and reprocessing 
system for Use in these future cavity reactor' 
experiments are indicated in sketches of the 
core canister assembly and schematic diagram of 
the flow systems shrnqn in Figs. 2 and 3, 
respectively. The core canister assembly is made­
up of two concentric 6061-0 Al canisters and has 
an apprOXimately 34-cm-ID inner canister. The 
outer canister is 37-cm-dia and is used to provide 
a flow region for thermal control of the inner 
canister, as well as a safeguard against leakage 
of the fuel into the external environment. The 
~verall length of the canister assembly is 
approximately 94 cm. The canister dimensions are 
such that it occupies a volume of approximately 
0.08 m3 • A continuous flow of A buffer gas is 
injected tangentially from a single slot Which 
extends along the entire length of the canister 
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peripheral wall. The tangential injection of A 
buffer gas creates a radial inflow vortex and, 
therefore, a radial pressure gradient within which 
the fuel is contained. Some of the injected A 
flows directly through the buffer gas region and 
prevents the fuel mixture from reaching the periph­
eral wall. This bypass flow is withdrawn through a 
perforated section of the peripheral wall which 
extends along the entire length of the inner canis­
ter and which is just upstream and adjacent to the 
A injection slot. The bypass flOW is then removed 
from the canister assembly via an axial duct loc­
ated behind the perforated section of the peripheral 
wall and between the inner and outer canister walls. 
The ratio of bypass flow to thru-flow is adjusted 
to give the best fuel containment. Some of the A 
buffer gas flows radially inward in the endwall 
boundary layer and is removed from the cavity via 
thru-flow ports located on the centerline in both 
endwalls. 

Continuous fuel injection into the vortex flow 
will be accomplished from one endwall through dis­
crete injectors usually located at a constant radius 
well away from the centerline, typically 75 to 80 
percent of the canister "adius. Some of the injec­
ted fuel is confined within the vortex central 
region. However, a portion of the fuel mixes 
rapidly with the A buffer gas flow in endwall 
boundary layers and exhausts with the A flow. The 
thru-flow exhaust stream typically consists of a 
high concentration of confined fuel and A buffer 
gas. The bypass flow consists of mostly A buffer 
gas with small concentrations of fuel. In addition 
to the canider, the buffer -gas -confined UF6 flow 
systems shown in Fig. 3 consists of the fuel 
repDocessing system, a fuel recirculation system, 
and a buf~er gas recirculation syste~. 

The fuel reprocessigg system is used to treat 
the effluent flow from the cani.ater. Its primary 
purpose is to separate the UF6 from the A buffer 
gas. This is accomplished by cold trapping in a 
continuously sequenced set of heat exchangers. 
After a prescribed de subliming time, each heat 
exchanger will be evacuated to remove the remain­
ing noncondensible gases, then heated to drive the 
pure gaseous UF6 to a condenser where it will be 
liquefied. The minimum UF6 concentration in the 
outlet process gas stream is limited by its temp­
erature and corresponds to the UF6 vapor pres~ure 
at that temperature. The temperature of ttle out­
let process gas stream is approximately 225 K for 
which the corresponding UF6 vapor pressure ~s 
approximately 0.001 atm. The trace UF6 remaining 
in the process gas stream will be removed from the 
gas stream in a NaF absorption-desorption bed. 
Desorption of the NaF bed can be effected sUbse-: 
quent to the reactor test or series of tests. 

The fuel recirCUlation system which is 
composed of a pump, heater, and connecting heated 
flow lines, is used to process liquid UF6 and to 
provide for re-injection of UF6 into the core 
canister in gaseous form. The buffer gas 
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recirculation system which is composed of an A 
pump, heater and connecting flow lines, is used to 

,process the A buffer gas for re -injection into the 
core canister. The buffer gas has been stripped of 
trace UF6 quantities by the NaF chemical trap. A 
more detailed description of the flow systems is 
given in Ref. 7. 

UF6 Contained Mass Calculations 

Extensive experimen'l;s have been conducted to 
determine the containment characteristics of 
radial-inflow vortexes for application to the gas 
core nuclear rocket program(8-11). The results of 
those experiments also have qppli~ation in the 
plasma core reactor program \1,12), as well as the 
buffer gas confined flOWing UF6 cavity reactor 
experiments. In these investigations, a light gas, 
air or He, was used to drive the vortex and a 
heavy gas was injected sepsrately to simulate 
gaceous nuclear fuel to be contained within the 
central region of the vortex test chamber. Fluid 
mechanics experiments have indicated that a radial 
inflow vortex is \OIell-suited for applications which 
require the preferential containment of the heavy 
gas withi~ the light gas created vortex flow. The 
radial-inflow flow psttern is characterized by an 
essentially laminar radial stagnation surface 
across which there is no inward radial buffer gas 
flow. The radial position of this surface is 
nmminally defined to be the edge-of-fuel location; 
that is, the radial location outwardly beyond which 
the density of fuel is assumed to be essentially 
zero. The radial stagnation surface can be located 
as far from the centerline as 80 to 90 percent of 
the total vortex radius. In a fissioning UF6 fuel 
region a negative temperature gradient through the 
buffer gas region to the peripheral wall, insures 
that a positive density gradient exists througn the 
buffer gas region and this shOUld reduce the 
diffusion of fuel radially outward through the 
buffer gas. 

Calculations were performed to determine the 
mass of UF6 which can be confined in the central 
region of an A vortex within a core canister with 
the same vol~me and dimensions as shown in Fig. 1. 
In this configuration, the UF6 is contained within 
a vortex flow and away from the canister wallb~ A 
buffer gas injection tangentially from the periph­
eral wall of the canister. Based on containment 
experiments of isothermal two-component gas 
vortexes (8) , a radial st-agnation surface was 
selected for the calculations at a fuel region to 
cavity radiaa ratio of 0.75, where the cavity 

. radius is 16.92 cm. The cylindrical length of the 
fuel region was taken to be approximately 91 cm. 
Both the A and fuel mixture (UF6 and He) are to be 
injected inttially into the cavity at a temperature 
of app~oximately 400 K. 

Calculations of the amount of UF6 which could 
be contained within the above described fUel 
region were performed with the following assump­
tions: (1) the density at all locations in the 
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l1lel l'eSion is ClOllstnllt alld eq\\l.\l to the tlcnsityof 
A at the l'adinl stnSllt\t1on sUl';t'tHle Which il;! assumed 
to be at n tClIlpel'ntlu'e of 1100 'Kj (2) the 1'11(;l 
l'egioll snseolls cOIlstiiments (W6-ue-J\) nl'e nt n 
ImifOl'm tempeNtillu'e equll.l to 01' Sl'Qutel' tlmn the.A 
bll!'!'el' Sll.S ttlf\pel'u.tlll'C of 1100 Kj (:s) the l'o.tio Qf 
total vol.llnltl-tWC1't\sed 'pul'tiul Pl'QSSl\l'Q of 'chQ fltol 
lIIixhm'e, (W6tHe) in the entil'c cnnilltcl' to the 
buffel' Sua Pl'esslll.'c tIt the pel'1phcl'nl wnll, rp/P.,roT! 
is between 0.3 and 0.11. ~'he l'csnlts of ci\lcltlntions 
of the r.I..'HHl of m"i,) <:.Ontninetl in thc VOl'te~ 1'01' tot.~1. 
ctwi t;\r J,lI'eSS\u'es of 1! 4, and l.Q ntm utld. 1'01' 
teulpe1'ntlll'es bet,~een 400 und flOOO 'K Ul'e sholm in 
Fig. 4. 'l'H'l tIF6 cOntUi!led llI!\SS is l'chti velY 
insenllitive to tel1lpel'!\tlll'e und l'UllgCS 1'l'Olll (IPP1'o."i­
l1lRtely ll~ to 1150 S us the totnl pressul'e ,dthin the 
cllllistel' is \Tnl'ied fi'C!ln 1 to 10 ntm. !l.lles~ I.\l'~ the 
I\p:pl'o.·dnmte l'nuges il1 the v!\}"iuQles ~f pt'essUl'el 
'temj?el'ut\ll'e> and muss of trf6 expectcd in the A 
buffer gM ccnri'ined fl.t)ldllg tIFt) l.ow-'pcwel','cnvit~. 
l'CfictOl' e~pe;t'1mtmts. The J\l ,cnu1stel' '~ill be lo()~ 
t,ted ill a QJ"Undl'icul c!lVitY aPPVCxilll.'\tely :.;11 Clli in 
dit\llIetel' and 100 CIlI in lellgth. The tlF6 tllel con­
taillillent cl.lllistel' ~ hybl'1d fllel uml ussocinted 
l'e£lectOl'-model'td,cll.' configlu'n:l;icll l Ull shclm in Fig, 
1~ \~ill be t\sed in th1a s!l~'ies of 1'tlncto:\' expe;\.'l,­
ments. 

Culculations of opcmlting qhal'ucte:t'isbics of 
this ~'eMtol' con:t'iglu'!\tiQl\ \~el'e .p'll'rCl'met\~ bnsed Ol.\ 
l\ lll..'\ximltm totnl n\llliber of fissions .l1el' tests of 
1 ~ 1018 , This fission lilUit,atiOl.l lms been lIsed to 
confOl'1\l to present Clpel.'tltins :pl'ocedlU'es .rOJ,' cl'itical 
tests at the 1..'\81. fuj!lJ.'i to <;i te, The cl\:lclll,atCd 
cl'itical m~as of 1\ similal' ccm;t'igul'l.lti(m \~as 1~.37 
Kg o;t' lJ (0.935 U~3!;i) ns l'tll1orted in Ref. 12. ,~t\S 
obtuined using a sphet'icn1. l'enutQl' nlQd~l il~ U oue­
dlmen!.1iollnl nelr\;l'on t·l,'nnspol't thec:J.W CQIl\11\\tel' cooe 
C\\lUlllntion. ~'he uulcnlntion also l\S~\Ul\e,l n l'el~\ ~ 
tive tission PQ\H~l.· densUy (specified us 'Nit; of' 
tT-?'3~) fOl' fltel.. in the callister to tl\ut il\ the 
S\U'l'OlllldillS nol.ic~ fuel -bo be ~.3 M Ol\.l,cnl.nted Md 
l'epol..tcd ill Rei'. II. The tIFt, l'issit:'n l'ute l.'lltio is 
n i\U\ution oi' the fillllioll l,loWel' dellsitYl'ntio~ 
~UFQ/<,? SOUP 1 between tIFE>. and soUd i\\el. ithe LIFt; 
111..'Hl.S, loItIF61 cOlltailled ill the cl1nist,Ql' ~ ami c:dhicul 
n~s.sJ Ncl und is given btthe eXPl'QssiQu 

~Uli(i r (MW) )] M u:m; (9~5 
<pSOLlO \!Fs MWUFs .' 

,~hll)l'e the W6 is nSSUliled to be 0.935 U~ .. )'). Tlle 
Y!u:itthiQll of l.lF6 ;{'issiCln rate l'l1tio with QOtlttlined 
I1~SS 01' UF6 is sholm ill 1"ig. l:i. .(rs the fissiCll 
l'Rte :l.'ntiQ val'ies 1'l'OIll 0.0l. to 0.20. the COl.'l.'es­
lloM:t.ng !l\Mil of tTFt; ()t;mtn;\.n~d in ,tlle ()~ni13tel' 
Vtll'len 1'1'011\ upPl'o.'\:imute~' 30 to oS:.s g. 
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'Ille C\Hll'tlcte:).'hticllVtll'iatioll of totul. 
oJ,1!ll'ntina 'pO\~el' with the nS$ocinted 1II1lldlUlUU time 
at whioh the l'Utlct01' expe:l'il1lent cun be opcl'ui;ed at 
that l)owet level s\\ch thnt ~he total. IlUlnbel' at 
flsnion is equal to 1 x 101 is ShOWll in li'iS. ti. 
'.rhe tobtll Powel' l'mlses i'l'om 32 My to 8.89 k\~ as the 
time fit these llQ\~el.' le\'el.s val'ies 1'1'011\ lO to 3600 a, 
l' espectivt\lY. 

A suQst.antinl 1l0l'tioll of the total enel'SY 
l'elctlsed is assooitlted witll the solid~ I;\tntie i'lte1 
region and, therefol'e l an illl.po.l't;tmt fentUl'e of the 
A 1mi'fel.' gUI;\ confined tIFt; i'loHillS expedments is to 
dett:!l'mille the di:rb:dblltion of powel' whicb cun be 
deposited til the tiFt) gUl;\eoun fnel COlIi;nined in the 
cnllistcl'. The vo.):itltions of powel' deposited in the 
tIrb is sho\~u in tiS. 'r f~' total opel'llting tinles 
bet\~eell 1 und :;'6Q II! 'l'he 11\.'I\1I\er ill which the J:)ower 
t'leposited in UF6 \'al'iell rot' 11 ai veil tot!\l opel'uting 
time tIt :pol~el' is ahown M the fissiQll r.'lte :ratio of 
tIFt) to total fissiNl rate vtwies i'l'o!ll 0.01 to 0,20. 
Fel' eX.'\ll\ple. (li; t\ i';l.SsiQll l.'ate 1'l1tio of i).lO. th~ 
pOI~t:l' deposited ill thetIF6 l,'ullges fl'Ql1\ 3.2 loiv to 
8.89 klif tel' a nl..'n:illll\lll o~l~tillg tilue nt fnll 
PQIHll' '~hit'lh \'tu'ies 1'1'0\11 1 to 360 s I l'Nlpectivel~" 
!Is (tiscltssed Pl'Q\riotlS1Y I these l.'mlges of' pOI,'N' nnd 
tillle are detel'llIined bi{ !.\ valli;'! i'01' totnl llllllloel' of 
fissiollS pel.' test ~ql1!\l to 1 x 1018,MIld the enle 
cl\lHed :l.'lltio of f1llsi()1l :po\~el' densit~r of tIFrS '\;0 
s olitl fl\el. (If f.!.3 •. 

t,'lsed on the :pl'obable Vt\lnes of cl\Ilistel' 
diluensions I onfiel' g.'\S ";\'l)jectiOll geolllt:t.:t'~·1 
tempel.'ntm'e J nno. VQl'tQX :flQ\~ 'p-'ll'a.metel's) a lloillimll 
design \'t\ltle 1'01' total. butte1' gns I"eight flo\~ of nao g/SWI\S estil1lnced i'm' th,e Qoni'ined tIF6 flo\~i\lg 
l'eac'hol' t'lxpel'illlent. Also. bMel'l 011 iSbthel'lI\..'ll, 
nuit\ lllechnuics ;t'lo,~ expe1'iments (8) J an J\ bYP~IS!l 
1,'ntio (of o.~ hns. been chosen which shtmld pl'ovi{le 
I;;Qod fnel nli~-t,IU'd COlltnimllent in the cel\tl'al. ):egioll 
of the \'Ol't;;-x i'le\~. ~'his il1i'e:J.'s tlu\'h 0 .. 96 of the 
totn1 injected ~\ i'lO\~ Idll be l,'eJl\oved 1'1'oul the 
ennis'tel' tlu'ough n pel'fonrhed sClltioll of cal!ist~l' 
waU vU the u~illl t\\\c'h located Qehind this section. 
l11e l'tll:ltlining A i'lol~ is. :l.'elU(Wed ;!.)'Cllllthe cMistel' 
,dth t;he i'ne1 mixtlu'e vin the Oll"{lxis thl.'t\~flo\~ 
dlU,ltS. The aVe~'!\ge till\l~ the J\ 1'esides in 'the call­
ister betl~eeil il1jeeticm mId l.'emO'ffil is desiglluted 
ns the II l.'eside~)ee UIlle {lna il:1 estil1l..'1ted t\Sj. TJ\ ... 
~~\I\~A> \~hel'e ~~\ ill 'the IIl!\SS of the A coutained in 
the canistel' nmt ~\ is. 'hhe tQt.'ll A ,~eight flow t 

Cnlcnl.!ltiolls \Hire j,.'e~\fCl'I1\etl in '{hicb the ;f\lel 
1'eshleuce '~ill\e I"US equal. to ocych tme anti five times 
the buff'll.' gus i'esidcllce til1le. :t<'nel \~eight now CRIl 
thell be detel'mined. by the l,'elntiOllsliip between 
1l1!.\!\S, l.'esidellcc tilllil, fiild weight ±'low, As a l'eslll.t 
of the Vtu.'intiQU in fltel weight :fl.Qw J ellel'gy will 
be l'Ell1loved by' convection 1'l'OII1 the fnel mb..4;u~'e in 
the unllistel' ut diffel'Cllt :rates. !rhis effect hus 
been imlluded in 'the l,'es.u1ts Sl!OWll in 1"1g. OJ ,{hel'e 
·t;he vl\l'iation in powel' deposited in UFb> i'0l' -cotnl 
prcsslU'e<l 01' 1. l~, uml 10 atilt {lml :rO).' f\lel to 
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buffer gas residence time ratios, TF!TA' of 1 and 5, are shown as a function~f time at power to reach a given bulk-average fuel mixture temperature. For example, when 60 kW is deposited in the UF6, the reactor could operate at power for 30 and 34 s, respectively, for a total canister operating pressure of 4 ai;m and fuel-to-buffer gas residence time ratios of 1 and 5. The v~riation in the required time at power to reach a given gasbbulk­averaged temperature is shown in Fig. 9 for total pressures of 1, 4, and 10 atm"fuel-to~buffer gas residence time ratios of 1 and 5 and PP/PTOT ratios of 0.3 and 0.4. 

The parametric calculations described above were performed over the ranges of pressure, temperature, power, and gaseous residence time in t the canister, for vortex oontainment geometry and conditions which are expected to exist in the UF6 confined expermments. A relationship exists between the temperature and Gontainment characteristics of the gas in the buffer-gas-confined fuel region. The analytical constraint assumed for containment is to require that from the radial stagnation sUr­face inward, the density at any location be equal to the density of the A buffer gas at the radial stagnation surface. With this constraint and for a given total canister gas pressure, there exists an 'upper limit on the amount of UF6 (which has the highest molecUlar weight) that can be mixed with A and He at a given temperature. Thus, a further increase in the amount of UF6 confined in the fuel region can occur if either the total canister gas pressure increases, or if energy is added to the fuel region gas such that the fuel region tempera­tUre increases while the total canister gas pressure and density in the fuel region remain fixed. In the latter instance, constant density 'is attained by replacing some light gas, He, by an equivalent amount of heavy gas,UF6' 

Summary of Results 

Based on the analytical results presented in Figs. 4 through 9, it appears feasible to conduct initial argon 'buffer-gas ,confined flOWing UF6 tests using a canister geometry similar to that used in the static UF6 tests(4) and'plann~d 'flowing'UF6 tests. Specific operating characteristics for six different tests have been selected from the parametric data in Figs. 4 through 9 and are given in TABLE I. Operating characteristics are shown for power levels of 100 kW ~nd 1 NW, and for total cavity pressures of 1 and 4' atm. This pressure range was chosen for the calculations of the bUffer gas confined flowing.UF6 tests because of the upper limit of 4 atm pressure for the aluminum canisters designed for the static UF6 tests and planned flowing UF6 tests. Hig~er performance bUffer gas confined flowing UF6 tests are planned with canisters designed to operate at a pressure in the range of 10 atm. The results ~ndicate that for a total pressure of 1 atm and total power of 200 kW, small UF6 gas temperature increases of 5 and 27 K are expected in which the fuel residence time is 1 
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and 5 times the buffer gas residence time, respec­tively. A considerably higher total power would be required to bring about a 500 to 1000 K increase in UF6 gas temperature. The small amountRof UF6 con­tained,~40 g, and short residence time of the gases ,at a pressure of 1 atm, do not appear to be conducive to generating a hot UF6 gas. The results in TABLE I, for which the total canister pressure is 4 atm, are considerably more interestin~" Tempera­t ure increases in the UF6 gas of 100 to approxi­rnately 1000 K have been calculated for a total power level between 100 kW and 1 M1, respectively. An important effect to be cognizant of is illustrated by comparing the resUlts for a pressure of 4 atm as the total p01~er is increased. For equivalent gas residence times; the amount of UF6 which csn be contained increases as the gas temperature increases in order to satisfy the conditions of constant total pressure and a constant total density in the fuel region equal to the A bUffer gas density at a temperature of 400 K. Therefore, for an initial UF6 contained mass, as the total power is increased, the power deposited in the UF6 increases proportionately with an accompanying increase in UF6 gas temperature. This alloWS an increase in the contained UF6 mass until a new steady-state level is reached. 
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MUF6 

MVUF6 

MVU-2,35 

IF/PTOT 

List of Symbols 

UF6 fission rate/total fission rate, 

dimensionless 

Critical mass, Kg of U 

Mass of confined UF6, g 

Molecular weight of UF6' g/mole 

Molecular weight of U-235, g/mole 

Ratio of volume-averaged fuel to 
peripheral wall pressure, dimensionless 

Total pres sura, atm 

Total power, W 

Power deposited in contained UF6' W or kW 
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Gas temperature, deg K 

Temperature at ed!!~of-fuel, deg K 

Time of full power, 8 

Time at power to reach tempera'Lure, s 

<lreek Symbols 

Argon residence time in canister, s 

Fuel residence time in canister, s 

Power,density ratio, dimensionless 
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TABLE I 

CALCULATED OPERATING CHARACTERISTICS FOR ARGON 

BUFFER-GAS CONFINED UF6 CAVITY REACTOR 
EXPERIMENTS 

Total Fissions = 1 x 1018 

Power Density in UF6 = 2.3 Power Density 
in Solid FUel 

Total Pressure, 
atm 

Total Power, 
kW 

Power Deposited 
in UF6' kW 

Mass of UF6 
Confined, g 

Tempe:rature 
Increase in 

UF6' K 

Test Time, s 

Fuel Mixture 
Residence Time, 
s 

Argon Residence 
'rime, s 

1 1 4 4 4 4 

100 100 100 100 1000 1000 

1.3 1.3 4.8 5.2 56 65 

37 38 150 162 175 205 

5, 27 20 100 240 1040 

320 320 320 320 32 332 

0.3 1.5 1.2 6.0 1.2 6.0 

0.3 0.3 1.2 1.2 1.2 1.2 
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Cylindrical model 

U fuel elements--l----___ 

Gar> for canister 
In!)ulation a gas piping _..j--;---.1 

Be end plug 

KIWI-B 
Be 
re­

flector re­
flector 

Fig. 1 Reflector-Moderator Configuration for 
Low-Power Critical Experiments. 

Radius of gas volume:::16.92 cm 
Length of gas volume:::94.0 cm 

(a) AXIAL CROSS SECTION 

Thru-flow 
port 

Aluminum 
canister 

walls 

Argon 
---?.!=:::::::::::::;==~===:::::::~l::iin ject ion ::; slot 

(b) CYLl~DRICAL CROSS Si:CTlON 

Argon 
flow 

direction 

Thru­
flow 
port 

Aluminum 
canister walls 

Argon 
injection slot 

Argon 
bypass 

removal 
ducts 

CRnister Injection and Exhaust 
Configuration ~or Buffer pas Confined 
UF6 'Flowing Experiments. 

194 

Core 
canister 

Fig. 3 Preliminary Schematic of Fuel 
Confinement Flow System. 

4 
200 -- - - --------",..;--

100 
1 -------- ------

0
0 500 1000 1500 2000 

TCL-DEG K 

Fuel 
reclrc. 
system 

Fig. 4 Var}ation of UF6 Contained Mass With 
Gas Temperature. 

Me = 4.37 Kg of U 

q,UF6/ q,SOLlD = 2.3 

700~-------~ 

600 

300 

200 

100 

0
0 ~ --;0:--:.0~5'--;;:0-:!. 1""0-"'0-'::. 1""5""0,.-,!.2 0 

FIlUF6 

Fig. 5 Variatio~ of UF6 Contained Mass With 
Fission Rate Ratio. 
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Total fissions =1 x 1018 
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Fig. 6 Variation .of Total Opera til'lg Power In th 
Maximum Time of Operation Between ),0 and 
3$00 Seconds. 
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Total fissions = 1 x 1018 

cl>UFo/cI>SOllD =2.3 
Me =4.37 Kg of U 

0.08 
FRUFe 

Fig. '7 Variation of Po\~er Deposited in m"6 
\~ith Fission Rate Ratio for Ollerating 
Tim~ Between 1 and 360 Seconds. 
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ltig. 8 Variation of Power Deposited in 
,Contf.1.ined l)F6 With Time at Power to 
Reach Temperature. 
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~ig. 9 VAriation of Time at Power for 
contained UFG to Reach Temperature. 
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DISCUSSION 

J. BLUE: If the object of this experiment is to observe the uranium plasma with a fairly high fission density, another way to do this without having the complications of criticality lvould be to take the aluminum can and have it bombarded with 100 microamperes of 500 HEV protons. You could achieve the same kind of fission product power densities without the complications of criticality and it would allow you to do some instrumentation that you are not able to do in a reactor environment lvhere you have to bring diagnostics into a high flux region or else you have to take your instruments so far Blvay that the information obtained is diluted in value. 

R. J. RODGERS: Hhat is the deposition profile of the proton beam in the gas? Does it really simulate energy deposition in the gas? 

J. BLUE: Energy deposition in the gas is the result of the protons causing fission, so when a uranium fission, there is very little difference whether it was fissioned by a neutron or a proton. It is true there is some difference in the energy distribution. The protons themselves also pro­duce ionization of the gas. The ionization caused by the protons is very much like the ionization caused by gamma rays. So it would be unreasonable to expect that the protons would do anything that would be drastically different. The advantage with proton beams is that you can focus them onto the region and you can make the density higher because you make the volume smaller than the volume you are talking about here. 

T. S. LATHAM: He have done years of small-volume simulation with our RF plasma experiments. One of the things lye are striving to do now is to get up to cannister sizes and flolv volumes that are more like full-scale devices. 

H. H. HELMICK: The reason we are doing criticality experiments is that in looking at all the options at LASL, these are the cheapest experiments. To mount an experiment at LANF is a very long lead time job that is pretty expensive because of the large number of people involved in that fac~lity; we know that sooner or later Ive need to do the checkouts _ we are talking about now, and since it is easy to c'onduct this with merely a four-man team, it is a factor of 20 cheaper than equivalent experimental time at LANF. 
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Systems Technology Section, Fluid Dynamics 

United Technoldgies Research Center 
East Hartford, Connectic~t 
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Abstract 

Research J~elated to"determining the 

feasibility' ,-if llroducing continuous power from 

fissile fuel in the gaseous state is presented. In 

addition to high-thrust, high-specific-impulse space, 

propulsion appUcations, development of gaseous 

nuclear reactors could ppen new options for meeting 

future energy needs. Accomplishment of the UF6 

critical cavity experiments, currently mn progress, 

and planned confined flowing ,UF6 initial experiments 

reqUires development of reliable techniques for 

handling heated UF6 throughout extended ranges of 

temperature, pressure, and flow rate. The develop-, 

ment of three laboratory-scale flow systems for 

handling gaseous UF6 at temperatures up to 500 K, 

pressures up to apprOXimately 40 atm, and continuous 

flow rates up to approximately 50 gls is presented. 

A UF6 handling system fabricated for static 

critical tests currently being conducted at Los 

Alamos Scientific Laboratory (LASL)'is described. 

The system was designed to supply UF6'to a double­

walled aluminum core canister assemoly at tempera­

tures between 300 K and 400 K and pressures up to , 

4 atm. A second UF6 handling system designed to 

provide a circulating flow of up to 50 g/s of gas.­

eous UF6 in a closed-loop through a double-walled 

alumiP!lIII .. c,?re canister with controlled temperature 

and pressure is described. This system will be 

useq in planned cavity reactor experiments at LASL 

in whtch UF6 will flow through an active cavity 

reactor core region. Data from flow tests using 

UF6 and UF6/He mixtures with this system at flow 

rates up to approximately 12 g/s and pressures up 

to 4 atm a:t"e presented. A third UF6 handling 

system fabricated to provide a continuous flow of 

UF6 at flow rates up to 5 gls and at prt.ssures up 

to 40 atm for use in rf-heated, uranium plasma 

confinement experiments is described. 

Introduction 

Research to investigate the possibility of 

producing continuous power from fissile fuel in the 

gaseous state is presently being conducted. In 

addi"Gion to high-thrust, high-specific-impulse 

space propulsion applications, development of 

gaseous fueled nuclear reactors could open new 

options for meeting future energy needs, such as: 

(1) magnetohydrodynamic electric generating power 

systems; (2) photochemical or thermochemical 

dissociation of water to produce hydrogen; and 

(3) direct nuclear pumping of lasers by fission 

fragment energy deposition in UF6 and lasing gas 

mixtures. 

Extraction of power from a fission process with 

,nuclear fuel in gaseous form allows operation at 

",~,uch higher temperatures than conventional nuclear 

reactors, leading to more efficient thermodynamic 

cycles. The continuous peprocessing of gaseous 

nuclear fuel leads to a low steady-state fission 

product inventory in the reactor and: limits the 

buildup of 'long half-life trans uranium elements. 

A series of experiments utilizing a beryllium 

reflector-moderator cavity critical assembly has 

been initiated at LASL to establish the feasibility 

of fissioning UFh gas reactorsand/or uranium 

plasma reactors.I The cavity critical assembly, 

shown in the photograph in Fig. 1, has provisio~ 

for raising or lowering a fueled core from the 

reflector and removing the core from beneath the 

reflector assembly. A core canister assembly con­

taining gaseous UF6 is pos:j.tioned within the 

reflector cavity. Cavity configurations of 

systematically increasing complexity will be Used 

to progress from simply distributed Uranium foil 

experiments to the use of flOWing, vortex-confined, 

gaseous UF6 fuel. Future experiments are being 

planned in which an approximately 5 MW self-critical 

fissioning uranium plasma core reactor will be 

operated. 

Accomplishment of the static UF6 critical 

cavity experiments, currently in progress, and 

planned confined flowing UF6 initial experiments 

requires the development of reliable techniques 

for handling heated UF6 throughout extended ranges 

of temperature, pressure, and flow rate. This 

paper describes the development of three 

laboratory-scale flow systems for handling gaseous 

UF6 at temperatures up to 500 K, pressures up to 

approximately 4:0 atm, and continuous flow rates up 

to approximately ~O g/s. 

UF6 Handling System for 

Static Critical Tests 

A UF6 handling system was fabricated for 

static critical tests currently being conducted at 

LASL2. The major components of the static 

handling system are the thermally controlled 4t 
capacity UF6 supply system, the 85 t internal 

volume double-walled aluminum core canister 

*Research sponsored by Los Alamos Scientific Laboratory, Contracts XP4-54459-l and XP5-54474-l. 
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and the N2 flow system used for core canister 
thermal control. The aluminum core canister is 
similar to that used in the flowing Vf6 handling 
system and is described in detail in the following 
sectioll. 

The general arrangement of the static UF6 
handling system is shown in the photograph in Fig. 
2. The system is mounted on a movable frame and is 
attached through stainless steel flexible hoses to 
the doublewwalled aluminum core canister assembly. 
This allows the core callister assembly to be raised 
and lowered into posit~on within the cavity critical 
assembly. Materials in the handliIlg system were 
limited to the use of Monel, stainless steel, and 
aluminum due to the extreme chemical reactivity of 
UF6. Gaseous UF6 is introduced into the canister 
by control of the UF6 supply oven temperature. The 
UF6 is removed from the cavity and returned to the 
supply cylinders by cryopumping and desublimation. 
Also shown in the photograph are connections to 
vacuum alld co~d-trap systems for purging and filling 
of the UF6 handling system. 

The Vf6 supply system is des~gned to supply 
UF6 to the core canister at temperatures between 
300 K and 400 K and pressures Up to 4 atm. The 
system is shown schematically in Fig. 3. This 
system consists of four 1000 ml Monel cylinders 
connected through a manifold to the UF6 supply line 
which is in turn directly connected to the aluminum 
core canister. The cylinders are located within a 
cir~ulating flow oven whose temperature can be 
controlled within approximately ±l C. The oven 
prouides the heat required to vaporize UF6 within 
the supply cylinders and produce the des~red test 
pressure. The supply system is dOUble-valved to 
reduce the possibility of leakage of UF6 into the 
oven environment. Each cylinder is equipped with a 
manual Monel diaphragm shutoff valve. In addition, 
the manifold connecting the four supply cylinders 
is equipped with a stainless steel remotely 
actuated bellows valve. -A copper coil is soldered· 
to the bottom of each cylinder through which liquid 
N2 may be passed to cryopump the UF6 out of the 
capis·cer and into the cylinders. 

Thermal control of the UF6 supply in the core 
canister and flexible ducts connecting the core 
canister to the UF6 supply is provided by flowing 
heated N2 through the flexible ducts and core 
canister assembly. The N2 flow system is also 
shawn in the schematic ill Fig. 2. The major compo­
nents .of the N2 system are the bellows pump, N2 
heater, pressure control system, and N2 flow meter. 
A bellows pump having a 2.4 tis capacity is 
utilized to provide a flow of circulating N2 . 
throUgh the system. The pressure within the N2 
system is automatically adjusted, using a pressure 
control system, to a value greater than the core 
canister pressure. The N2 is heated by a 2500 W 
resistance heater located downstream of the bellows 
pump in the flow system. Also included in the N2 
flow system are a flow meter, pressure gages, 
control valves, and associated equi~ment utilized 
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in tests to determine the flow characteristics of 
the N2 loop. Static pressure alld vacuum leak tests 
were performed on the gas flow system upon comple­
tion of fabrication. The UF6 system was determined 
to be helium leak tight over the range of pressures 
from approximately 5 x 10-9 atm to 10 atm • 

A series of initial tests using this eqUipment 
was conducted to verify the operational character­
istics of the system. Thermal response tests were 
conducted to determine the rate of heatup and cool­
down of each system component. This information 
was necessary for documentation of the transient 
thermal characteristics of the system. The results 
of the thermal response tests indicated that no 
rapid rate-of-change temperature fluctuations are 
likely to occur in the system during the static 
critical tests. 

UF6 Handling System for 
Flowing Critical Tests 

A UF6 handling system was designed and 
fabricated to provide a circulating flow of up to 
50 gls of gaseous UF6 or a UF6-He mixture in a 
closed-loop. with controlled temperature and 
pressure.3 The major components of the flowing UF6 
system are similar to the static UF6 handling sys­
tem except for the addition of a UF6 pump, flow 
loop, and flow and ~;t~ssure instrumentation. 

The UF6 and N2 circulation system including 
the core canister is completely enclosed within a 
Lucite safety enclosure to prevent any possibility 
of UF6 leakage to the surrounding environment. A 
30,000 tlmin airflow is continuously exhausted 
from the safety enclosure to a scrUbber system. In 
the scrubber the airflow is continuously washed by 
a spray of water/sodium bicarbonate solution and' 
then passed through all absolute HEPA filter prior 
to venting to the atmosphere. The HEPA filter 
removes > 99.999 percent of all particles greater 
than 0.3 p.m dia. 

The UF6 circulation sylltem shown in. the 
photographs in Figs. 4 and 3 is mounted on a 
movable frame and is attaci1"d through flexible 
lines to the double~alled aluminum core canister 
assembly. The cirCUlation system eqUipment is 
s.hown in the photographs in Figs. 4 and 5 prior 
to installation of heating tapes and inSUlation 
used during test operation. Gaseous UF6 is intro­
duced into .the cirCUlation system by. increasing the 
UF6 supply oven temperature, thereby creating a 
high UF6 vapor pressure. The UF6 is removed from 
the circulation system by desubliming the UF6 from 
a UF6-He mixtur~ which is continuously pumped 
through one of the oven supply cylinders. The 
cirCUlation system eqUipment is designed for 
operation at test pressure levelS up to 4 atm and 
iemperatures up to 400 K. 

Details of the UF6 cirCUlation system are 
shown in the schematic in Fig. 6. The cirCUlation 
system equipment is comprised of two gas flow 
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systems, the DF6 .supply and flow system and the N2 
flow system. The UF6 supply system consists of two 
1.0 liter volume DF6 supply cylinders which are 
connected through appropriate valving and piping to 
the UF6 flow, or circulation, system. One of the 
cylinders is a single-port Monel cylinder which 
provides a convenient location for additional'DF6' 
storage. The other cylinder, called the transfer 
cylinder, is a stainless steel cylinder designed to 
allow flo>l through the cylinder from the UF6 circu­

'lation system. This design prov~.des for removal of' 
the UF6 froln a UF6-He mixture in the circulation 
system by continuous desubliming of the UF6 as the 
UF6-He mixture flows through the cylinder. The 
cylinder has two close-coupled valves allowing the 
cylinder to be removed from the oven for filling and 
weighing. Weighing of the cylinder before and after 
a UF6 transfer is the method utilized to determine 
the exact amount of UF6 which is either transferred 
in'to or removed from the circUlation system. The 
present accuracy of the weighing procedure is 
estimated to be ±0.5 g. DF6 is transferred into 
both cylinders by cryo-pumping and removed by heat­
ing to produce a high UF6 vapor pressure. A copper 
coil is brazed to the bottom of each cylinder 
through which liquid N2 is passed to cryo-pump or 
desublime the DF6 into the cylinder •• During the 
cryo-pumping or desubliming process the upper 
halves of the cylinders are heated to approximately 
350 K using the supply system oven to prevent 
plugging of the cylinder inlet. tubing with UF6' A 
vacuum connection is provided in the cYlinder flow 
loop to provide for removal of any air that is 
trapped intthe lines when the 'transfer cylinder is 
reconnected into the loop. 

The cylinders are located within an air circula­
ting-floW ov~n whose temperature can be controlled 
within approximately ±l K. The oven provides the 
heat required to vaporize UF6 within the cylinders, 
and produce a desired UF6 vapor pressure. The 
heated UF6 from the SUpply cylinders is used to 
charge the complete circulation syster,1 including 
the double-walled core canister assembly. 

The UF6 flow srrstem consists of a 2.11- .e/s 1 
bellows pump, a Monel venturi and differential· 
pressure transducer assembly, and appropriate 
tUbing, flexible hoses, and valving to aliliow ci:~­
cUlation of DF6 t~rough the double-walled core . 
canister assembly, The bellOWS pump was modified 
for operation at temperatures up to 450 K by 
therma.lly-isolating the motor from the pump bod~' 
and ~eplacing the crank bearings with special high­
temperature versions. The pump is located in a 
sealed enclosure which is pressurized and heated by 
the N2 flow system. This configuration greatly 
increases the efficiency of the pump at high system 
static pressures by eliminating the differential 
static pressure across the bellm~s. 

All components and tubing are wrapped with 
heater tapes and covered with at least 1.3 cm 
thickness of Carborundum "Fiberfrax" in/;lUlation t(J 
maintain the DF6 in a superheated state by reducir..g 
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thermal losses. To p~event condensation on the 
solid surfaces within the cirCUlation system, 
temperatures in the circulation system are main­
tained at least 25 K ,greater than the saturation 
temperatures corresponding to the system ope.ating 
pressure. Thus, at a system pressure of 4 atm, the 
temperatures are maintained at values of approxi­
mately 400 K or higher. 

Pressure measurements of the UF6 circulation 
system were made using three special Monel 6.8 atm 
maximum full-scale absolUte pressure transducers. 
A Monel venturi was used to measure the UF6-He 
mixture flow rate in the DF6 circUlation system. A 
special wet/wet-type 0.34 atm maximum differential 
pressure transducer made of 316 stainless steel was 
usad to measure the differential pressure across the 
venturi assembly. 

Thermal control of the rW6 in the core 
canister assembly and flexible ducts is provided by 
fl~ing heated N2 through the annular regions in the 
core canister assembly and the coaxial flexible 
metal ducts (see Fig. 6). The heated N2 flow sys­
tem consists of two 14,000 rpm centrifugal blowers 
in series, a 750 W resistance heater, and a heater 
temperature controller. The two 140 slm maximum 
centrifugal blowers for circulating the heated N2 
were modified for operation at temperatures up to 
450 K and pressures up to 5 atm by substituting 
viton gasket material and fabricating metal cases 
to replace the original plastic cases. The N2 flow 
rate is maintained constant and is monitored by 
measurement of the pressure difference across the 
blowers. In initial tests of the N2 flow system at 
a system pressure of 1 atm, tests with two different 
fl~meters resulted in an N2 flow rate of approxi­
mately 225 slm with a total differential pressure 
across both centrifugal blowers of 0.22 atm. All 
subsequent tests were conducted without a fl~meter 
in the N2 system to minimize thermal losses and 
with the N2 system differential pressur~ across the 
blowers equal to approximately 0.22 atm. 

The N2 flow system is designed to be main­
tained at a pressure slightly higher than the UF6 
system pressure during UF6 fl~ tests. This serves 
to eliminate any possibility of UF6 leakage into 
the N2 floW loop which would increase the diffie 
cUlty of recovering the UF6" Any UF6 remaining in 
the UF6 circulation system or that has escaped into 
the N2 flow system can ee removed by using the N2 
purge and vacuum system shown in Fig. 6. The 
vacuum system fl~ is first passed through a cold 
trap maintained at liquid N2 saturation temperature l 78 K. The flow then passes through a NaF chemical 
trap before being exhausted from the vacuum pump 
to the scrubber syst'em. 

Core Canister Assembl~ 

The core cani~ter assembly shown in detail in 
Fig. 7 is madeup of two concentric 6061-0 aluminum 
canisters. Alloy 6061 was selected as the primary 
canister material due to its low thermal neutron 
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cross section, strength properties, and weldability. 
The J?hysical dimensions were chosen such that the 
approximate 85 i, volume of UF6 contained Within the 
inner canister will occupy approximatelY 40 percent 
of the volume enclosed by the reflector-moderator 
configuration. The core canister and flexible metal 
hose assembly is designed to be raised and lowered 
into snd out of its operating pos'i tion within the 
cavity cl'itical assembly. The 31f-cm-OD inner can­
ister has provision for positioning fission wires 
at two locations and also has provision for install­
ation of a 13-cm-dia fused-silica window at the top 
of the canister for transmission of possible fission 
fragment-inducedopptical radiation emission which 
may be produced during the cavity experiments. 
Duri.ng the tests described herein, an aruminum plate 
with provision for pressure and temperiture sensors 
was installed in lieu of the fused-silica window. 
The 37-cm-OD outer canister is designed to enclose 
an annular flow region for thermal control of the 
inner canister. During flow tests the inner canis­
ter contains flowing DF6 at a preselected pressure 
and temperature. The heated UF6 fl~ws to and from 
the core canister via heated flexible ducts. Control 
of the UF6 temperature in the core canister assembly 
and coaxial flexirle Qucts is provided by flowing 
heated nitrogen to the annulus in the core canister 
and coaxial floxible ducts. The canister design 
for the 'prese',lt flolqing UF6 cavity reactor experi­
ments is simj,lar to that fabricated for the static 
critical eX~l'iments. However, several changes 
have be",n made in the flOWing UF6 canister design. 
These .include provision for the continuous flow of 
UF6 i.lrto and out of the canister, the addition of 
larg~l' diameter tubing for the inlet and outlet 
flow, and a larger diameter (13 cm) viewport at the 
top of the canister. 

Final assembly leak tests wel'e performed on the 
cote canister assembly both during and upon comple­
tion of fabrication. The inner canister was evac­
uated to ~pproximately 10-5 Torr and leak tested 
using a heliUm leak detector. After completion of 
assembly of the outer canister around the inner 
canister, the outer canister was also evacuated to 
approximately 10-5 Torr and leak tested using a 
helium leak detector. The helium leak detector was 
sensitive to a leak rate of approximately 3.5 x 
10-7 std. cc/s. Static pressure tests up to 6 atm 
were also conducted on the complete core canister 
assembly. No leakage was noted in any part of the 
oanister core assembly during any of these tests. 

lResults of UF6 Circula.tion System Tests 

Initial UF6 circulation system tests consisted 
of vacuum leak tests in which the complete UF6 sys­
tem was sealed-off ahd the rate of pressure rise 
monitored. This test reSUlted in a pressure rate­
of-rise of approximately 3.7 p.m/hr from a base 
pressure of 10-5 Torr over a 72 hour time period. 
Initial UF6 cirCUlation system flow tests consisted 
of flow measurements,with 1 atm pressure of He in 
the system. The three absolute presaure trans'" 
ducers were monitored and indicated pressure pulses 
of less than 1 percent of full-scale at the outlet 
of the bellows pump. However, considerable 
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pulsation at a frequency of 28.2 Hz was noted in 
the oUtPllt of the differential pressure transducer 
at the venturi. These pressure pulsations origin 
nated from the bellows pump. 

The' output of the If pressure transducers was 
measured Using a Honeywell Visicol'der. All 4 trans­
ducel'S ,~ere calibra'Ged in-situ in preliminary test.s 
usillg a Wallace and Tiernan o~6.8 atm maximum full­
scale pressure gage connected to the flow sys·cem. 
Durimg initial operat.ion of t.he flow system, the 
proper heat.el' control settings to provide approxi­
mately uniform temperature around the flow system 
were determined. The flow system ,~as operated at 
temperatul'es up to approximately 360 K and the UF6 
supply oven up to If50 K. Using the inlet and out­
let temperatures at the COl'e canister , it. was cal­
culated that. the total thermal loss to the at.mo,­
sphere from the core canister was approximately 18.1 

\11 at a canister fuel operating temperat.Ul'e of 338 K. 

The UF6' circulation system was operated as 
follows. Beginning with the system initially 
filled with dry He at 1 atm, the N2 flow system was 
filled to 1 atm and all heat.ers, as well as t.he UF6 
bellows pump and N2 blowers, we):e t.llrhed on. The 
heater controllers were ltsually set higher than t.he 
normal opel'ating setting initially and gradually 
reduced d~lring 't;he system heat.up to shorten the 
heatup time. The complete flow loop reached normal 
operating temperatures in less than 1 hour. 

The initial loading of DF6 into the circula­
tion system was accomplished as follows. The com­
plete UF6 circulation system, lath dry He at :l. at.m, 
and the N2 flo\~ system were brought up to the 
desired operating temperature. The bellows pump 
was shutoff and the heated He evacuated from the 
DF6 circlllat.ion system. UF6 f'l'om the supply oven 
at a t.empel'aiatre of approximately 425 K (gl'eatel' 
t.han 10 atm vapor 'Pressure) was then piped to the 
UF6 circUlation system. A tl'ansfer of' 463 g of DF6 
to the cirCUlation system I~as then accomplished. 
For the measured circulation system vo111me of 90.05 
t this quantity of DF6 resuJ:ts in a vapor pressure 
of approximately O.lfl atm at a 'cemperatul'e of 340 K. 

Following the introduc"ion of' the UF6 into the 
circulation syst.em, flow tests were conducted 
using first pure UF6 and sUbsequent.ly' various UF6-
He mixtUre ratios. Additional He was t.hen added t.o 
bring the circulation system to a preselected total 
pressure. He \~as used in the Ci1'Clllation system to 
tailor the tlF6 -He mixt.ul'e density to correspond to 
that of pure tlF6 at the highel.' temperature which 
will e~ist in the planned critical fissioning UF6 
cavity experiments. This provides data enabling 
bettel' sinllllation of the core canister flow condi­
tions expected in fugure tests. 

The resLtlts of initial tests witl. He only, 
UF6 only, and UF6-He mixt.ures are shown in Fig. 8. 
wherein the fuel lUaSS flow rate is plotted ve;l.'SUS 
the total pressure in the cil'culationsystem and 
c ore canister. The three flO1~ loop gas composi-
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tions are delineated as indicated by the three 
types of symbols. The variation in mass flow rate 
at a given total pressure for the He and UF6-He 
data was obtained by throttling the circulation 
system flow using valve No. 2 (see Fig. 6) during 
dynamic tests. 

As would be expected, the mass flow rate 
',!inCreases with increasing gas density, or system 

total pressure and w~th inc~easing gas molecular, 
weight. The maximum mass flow rate obtained was 
,12.5 gls at 3.55 atm pressure. Future tests are 
plapned in which much greater loadings of UF6 in 

'the circulation system at temperatures up to 
,approximately 450 K will be conducted. It should 
ithen be possible to obtain the approximate 50 g/s 
ldesign mass flow rate of the system. 

Dynamic simulation pressure tests of the 
circulation ,s;'llrl;ei.,\ were conducted in which the 
inlet and ~)Ut.let valves (Nos. 2 and 3 i~Fig.: 6) 
were throttled or shut off completely for short 
periods of time with the bellows pump operating. 
In all tests, the pressure changes were slow and 
easily controlled. This is to be expected since 
the core canister volume (85£ ) is large compared 
to the capacity of the bellows pump (2.4 R, Is). 

A special UF6 transfer test using the transfer 
and recovery system in the supply oven was conduc­
ted. Using a transfer bottle containing ~89 g of 
UF6 in the supply oven, 25 g of UF6 was transferred 
to the evacuated and heated circulation system., 
Helium was then added ·\;o bring the circulation sys­
tem up to 1 atm total static pressure. Recovery of 
the UF6-He mixture was then accomplished as follows. 
Referr.ing to Fig. 6, Valve 1, the air-operated 
valve, and the four hand valves in the transfer 
bottle loop in the supply oven were opened. Valve 
2 in the circulation system was throttled almost 
completely closed allowing only a slight bypass 
flow in the main UF6 circulation system. The 
supply oven and, therefore, the upper half of the 
transfer bottle was heated to approximately 350 K. 
Liquid N2 was simultaneously passed through the 
transfer bottle cooling coils thus chilling the 
lower half of the bottle. After approximately one 
hour of operation, measurements indicated that 20 
±o.5 g of the 25 ±0.5 g of UF6 originally trans­
ferred into the circulation system were recovered. 
This was, accomplished using the original transfer 
bottle in the supply 'oven which therefore still 
contained 764 g of UF6 at the start of the,recovery 
operation. Evidence from this test indicates this 
transfer and recovery system will be suitab'le fur 
use in flowing UF6 critical experiments. 

UF6 Handling System for 
RF Plasma Confinement Tests 

~ .Jt' .•• 
. ; , . . " 

the UF6 boiler, the boiler heat supply system, and 
the UF6 condenser system. A schematic diagram of 
the flowing UF6 system is shown in Fig. 9. 

The UF6 boiler was fabricated by electron beam 
welding two 200-atm-rated working pressure, 1 £ 
capacity, Monel gas sampling cylinders to form a 
single 2 £ capacity cylinder. A multi turn coil 
heat exchanger, fabricated from 6.4-mm-dia Monel 
tubing, was installed in the bottom of the UF6 
boiler. Thermocouple wells which'protrude into 
the gaseous or liquid 'UF6 are installed at the top 
and bottom of the boiler. 

TWo 1750 W semicylindrical electrical heaters, 
which surround the boiler, were used to bring the 
boiler to desired equilibrium temperature and 
pressure prior to flowing UF6 from the boiler. 
During flow conditions, gaseous N2 heated by 
electrical heaters may be supplied to the heat 
exchanger in the UF6 boiler. The N2 flow rate and 
electrical power may be varIed to control the 
amount of heat supplied to the heat exchanger in 
the UF6 and, thus, to control the rate of evapor­
ation of UF6 in the boiler. During perioda when no 
UF6 is flOWing, the hot N2 can be bypassed around 
the, boiler. 

During operation of the system, the gaseous 
UF6 flows from the boiler, through a metering 
valve and a Matheson'li,near mass flow meter prior 
to entering the test chamber. The gaseous UF6 is 
collected in the UF6 condenser system located 
downstream of the simulated experiment chamber. 
The condenser consists of two 500 ml capacity 120 
atm stainless steel cylinders immersed in a bath 
of liquid N2' A 6.1 £/s ~acuum pump is used to 
evacuate the system before UF6 flow tests are 
initiated. During tests the vacuum pump was 
isolated from the flow system by a welded bellows 
valve. After completion of a test the trapped 
UF6 was heated and transferred to a NaOH trap for 
removal of UF6 by chemical reaction as Na2U04 or 
Na2U207' 

A number of initial tests were made of the 
high pressure UF6 flow system. All UF6 flow lines, 
valves, and the flow meter were hetted by means of 
electric 'heating tape. Recorders were used to 
monitor thermocouples, pressure transdUcers, and 
floW meter output. At a UF6 boiler temperature' 
of 500 K and a pressure of approximately 40 atm a 
maximum UF6 flow rate of 5.6 g/s was achieved. 

The high pressure UF6 handling system was used 

I 

I 
,~ 

. , 
:,l 
~ 
! 
~ 

~
i' 
I 

. .., , ..•. 

\ ; , 
extensively in rf-plasma confinement tests to 
simUlate flow and thermal conditions expected in 
initial Uranium plasma core reactor experiments. 5 
DUring these tests the system operated reliably ti,;,' \ and satisfactorily met the flow and pressure 
reqUirements of the plasma test program. The }j A high pressure UF6 supply system for rf operating experience gained in the tests with all j' plasma confinement tests was fabricated to su~ply three UF6 handling systems verified the importance I f UF6 to testschambers operating at pressures up to of maintaining uniform system temperature, minimum' I' 20 atm and to provide UF6 at mass flow rates up to water vapor content, and system cleanliness to I. ,( ~i ,~~,~,~,/,"~"~e~in"~l ,_o~nt, of the '~te. m 20l i .. ~e ,~tem ~,r~~noe 'nd nl1'hil:~~ __ ,~ " ___ """I~ ,J 



1. 

2 . 

A. Jarvis J . S . Ken all 
liminal'Y of Pla ma 

R man , W. 
Plusma 
T ehnolo ies Res 
R7 - 1220'), 

ili y. 
Rep r 

Ro ger R. J ., T . 

Rea n s . 
Repor 

RF 

J . F . 

Fig . 1 LASL Cri ieal Cavity Assembly . 

of 

Y 

Fi • 

N2 
SUPPl Y 

Fi . 

- --y--:-- ---

Fho 0 'ro.ph of UF Hall\] in E uil m nt f r 
- 0. i,- T s . 

cp t s UPPlY 

Q) 1 MPlAA rURf M [ASUA~M [NI 

® PRl URl Ml ASUA( M NT 

CANIST( R 
ASSl M8l Y 

- . 

"ch 100\ it· 0 UF
l 

Hall n in~T Equipm n for 

S a ie 'Ie s . 

H AT D N2 U FLOW p 
F OW L P -

Fi • 4 ototlraph of UFl, and N Fl LooPS . 

202 

r 

'. 



Fig . 

\-: ALUMINUM 
\ COR CANIST R 

anis r for 

1 
', IItoll'l,OO" ... ·jII '·tlll " '(O . ... ,"u 

.... ~ ""' ""'t 
, "!Ill ["'f'" t ... i ,. , 

, " ..... 11II"' 1I ... IIoIfA SUf'II ft,ft"'" IUA 

' .. ff lol" "'.'VIIII( ""A l\JM ru,Nl (WA LLI 

>., hl)rna 

for Fl 

Handling Equi pm n 

20 

•. 

"' lI"-,CkAl 

1 ," "'''111' .. . . ..... , ... 

1.01,1 

'·1'1 

"" I"' ,~ .. Ioj 

H, ,,,," ''­...... v. 

.. ... . '.-

_ __ I~tt" 

c"''''''· 'U' 

Fig . 7 ' It h of or ani r A ~em ly . 

.. 
c;; 
't-

~ 
w 
t-
c( 
a: 
~ 
0 
..J 
u.. 
IJ) 
IJ) 
c( 

~ 

Fi . 

SY MBOL fUll COMPOSI I ION 

0 UF • tI. 

0 "" ONLY 
t;. Uf ONLY 

fUll TlMPlRAI URL RANGl 340 K 60 K 
2 

10,0 0 00 
0 0 

<9 
0 0·00 

O 
5 t;. 0 

0 
0 

2 0 
0 
0 0 0 

0 
0 

1.0 
0 

TOTAL PR SUR , PrA TM 

Fig . R pultr of I nitial Fl nl"" 

, h rna i of UF Hs 

f or RF' lssma 

0 

5 

'T' ~ ~ . 

n 

I 

'. 



~, ~ 
I ' 

tJ 
1 1 

i ... ,.1 

~ : r 
• I 

i ~ 

I' , 
.. I 

~ ! 

.. 

t " 

r 
I 
t 
t 
& 

I 
! 

I 

f-
L' 

fl 

':'1 
Ll 
I" 
l:'"' 

I: 
;. 

i 
" 1-; 

J r J L I f 
r , 

J ! f 

,L,_ ~ 
j 

;~., ,_L ~ .-

DISCUSSION 

T. C. MAGUIRE: Do you have to worry about 
decomposition products interacting with the 
aluminum? 

T. S. LATHAM: The answer to the question is "no." 
The UF6 does not react with water vapor that may 
be trapped or other impurities. That is what 
causes the deposition on the materials. 
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N78-26860 
Measurements of Uranium Mass Confined in High Density Plasmas* 

R. C. Stoeffler 
Power Syitems Technology Section, Fluid Dynamics Laboratory 

United Technologies Research Center 
East Hartford, Connecticut 

Abstract 

An x-ray absorption method for measUring the 
amount of uranium confined in high-density, rf­
heated uranium plasmas is described. Preliminary 
tests were conducted to calibrate the measurement 
system using argon, uranium hexafluoride (UF6), and 
mixtures of argon and UF6 at room temperature. A 
comparj,son of measured absorption of 8 keY x-rays 
with absorption calCUlated using Beer's Law 
indicated the method could be used to measure 
uranium densities from 3 x 1016 atoms/cm3 to 
3 x 1018 atoms/cm3. 

Tests were conducted to measure the density of 
uranium in an rf-heated argon plasma with UF6 in­
jection and with the power to maintain the dis­
charge SUpplied by the United Technologies Research 
Center (UTRC) 1.2-MW rf induction heater facility. 
The uranium density was measured as the UF6 flow 
rate through the test chamber was ¥aried. A maxi­
mum uranium density of 3.85 x 1017 atoms/cm3 wa; 
measured. 

The system consisted of an x-ray generator, 
the test chamber for containing the test gases, and 
the x-ray detection components. Eight Kev x-rays 
emi~te~ from the target of a CA 8-S/copper x-ray 
diffraction tUbe were collimated with aO.025-mm­
wide slit and reflected at the Bragg angle from a 
magnesium oxide crystal monochromator before 
passing through the test chamber. The test chamber 
consisted of a 57-mm-ID fused-silica tube with 
metal endwalls having 0.025-mm-thick beryllium 
windows. The x-rays were detected using a Norelco 
scintillation detector. '. A Tennelec TC 216 linear 
ampli~ier and single-channel analyzer was used to 
process the output signal from the scintillation 
detector and to provide an input signal into a 
Tennelec 545 counter-timer and a TC 590 ratemeter. 

I. Introduction 

Research to investigate the prospects for 
producing nuclear power from fissile fuel in the 
gaseous state has been conducted for several years. 
Most of this work waG concentrated on the gaseous 
nuclear reactor technology required for high-per­
formance space propUlsion systems. However, in 
addition to high-thrust, high-specific-impulse 
space propUlsion applications, gaseous ~ueled 
nuclear reactors offer several new options for 
meeting future energy needs. 

Extraction of power from the fission process 
with nuclear fuel in gaseous form allows operation 
at much higher temperatures than conventional 
nuclear reactors. Higher operating temperature, in 
general, leads to more efficient thermodynamic 
cycles and, in the case of fissioning uranium 
plasma core reactors, reSUlts in applications using 
direct coupling of energy in the form of electro­
magnetic radiation. The continuous reprocessing of 
gaseous nuclear fuel leads to a low steady-state 
fission product inventory in the reactor and limits 
the buildUp of long half-life transuranium elements. 

cavity reactor experiments and theoretical 
analyses performed over the past fifteen years have 
demonstrated that available analytical techniques 
for calculating cavity reactor nuclear characteris­
tics are reasonably accuratel • These studies have 
provided a basis for selecting additional experi­
ments to demonstrate the feasibility of plasma core 
nuclear reactors. 

The x-ray absorption method described in this 
paper was developed to provide a method for meae 
suring uranium density in two-component UF6 con­
finement experiments which will be accomplished 
prior to the planned future cavity reactor experi­
ments. The x-ray method can be used to measure 
uranium densities of 1016 atoms/cm3 to 1019 atoms/ 
cm3 expected to be present in these experiments. 
Present optical methods are not well suited for 
meaSUrement of uranium densities greater than 
approximately 1016 atqms/cn~ in the experimental 
configuration used in the tWo-component tests. 

II. System for X-Ray Absorption Measurements 

The system used to make UF6 and argon x-ray 
absorption measurements during calibration and rf­
heated uranium plasma tests is shown schematically 
in Figure 1. The system consists of the x~ray 
generator, the test chamber for containing the test 
gases (argon, UF6 and argon-UF6 mixtures), and the 
x-ray detection components. The x-ray generator 
consists of a Diano Corporation CA 8-S/copper x-ray 
diffraction tube with an XRD-6 x-ray power supply 
and controller supplied by single phase 220 V/40 A 
service through a 7.5 kVA isolation transformer. 
The emitted x-rays from the target pass throUgh a 
collimator with a vertically oriented 0.025-mm­
wide slit and are reflected at thc Bragg angle for 
8 keY ( A = 0.154 nm) x-rays from a magnesium oxide 
crystal monochromator before passing through the 
test chamber. The test chamber consists of a 

*Research sponsored by NASA Langley Research Center Under Contract NASl-13291, Mod. 2. 
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57-rom-ID fused-silica tUbe with metal endwalls. The 
endwalls contain ports for supplying and exhausting 
test gases and x-ray viewing ports baving windows 
which appear almost totally transparent to S keY 
x-rays. The distance between the windmls is 22.4 
cm. The x-rays were detected using a Norelco 
scintillation dettctor (photomultiplier tube with a 
thallium-activated sodium iodide crystal mounted in 
a lighttight enclosure at the window end) with a 
high voltage 0.9 kV regulated dc power supply. A 
Tennelec TC 216 linear amplifier and single-channel 
analyzer is used to process the output signal from 
the 'scintillation detector and to provide an input 
signal into a Tennelec TC .545 counter-timer and a 
TC 590 ratemeter. ~he ratemeter output signal was 
recorded using strip chart recorders. The 
scintillation detector output was also displayed 
using an oscilloscope. The ratemeter and oscillo­
scope signals were used as visual aids during 
alignment of the components of the x-ray measure­
ment system. 

III. Description of Chamber-Crystal-Slit System 
and Procedure Used in Calibration Tests 

Details of the test chamber and the chamber­
crystal-slit arrangement used during calibration 
tests are shown in Figure 2a and the photograph in 
Figure 3. The test chamb~r consists of a 57-rom-ID 
fUsed-silica tube and two copper endwalls. The 
x-ray beam from the x-ray cofulimator (having a 
0.025-rom-wide vertically-oriented slit) was reflec­
ted at the Bragg angle for 8 keV x-rays parallel 
to the chamber axis through 6.35-mm-dia ports 
located in each endwall. The ports were sealed 
using 0.125-mm-thick mylar windows. X-rays trans­
mitted through the detector viewing port are 
detected through a 0.635-mm-wide slit (vertically 

, D . oriented) using the scintillation detector. ur~ng 
these tests, the crystal was loc.ated approximately 
3.S cm from both the exit of the x-ray collimator 
and the source viewing port window and, the 0.634-
mm-wide slit was located approximately 2.54 cm and 
12.7 cm from the detector viewing port window and 
detector, respectively (as measured along the beam 
path). 

Calibration tests were made, using this test 
chamber-crystal-slit system, with pure argon, pure 
UF6, and argon-UF6 mixtures at 300 K in the test 
chamber. DUring tests with pure argon or pure UF6' 
x-ray absorption was determined by comparing tl:!e 
x-ray intensity, 1

0
, obtained with the chamber 

evacuated to the x-ray intensity, I, obtained with 
the chamber at known pressures of argon or UF6" 
Absorption measurements were made for argon 
pressures from 5 rom Hg (1.7 x 1017 atoms/cm3) to 
700 mm Hg (2.4 x 1019 atoms/cm3) and UF6 pressures 
from 5 rom ~ (1.7 x 1017 atoms/cm3 ) to 86 rom Hg 
(2.9 x 1018 atoms/cm3). The follOWing procedure 
was used in calibration tests with UF6-argon mix­
tures. 10 was measured with the chamber evacuated. 
The chamber was filled with UF6 to a known 
pressure (UF6 pressure ranged from 5 rom Hg to 52.5 
mm Hg). Argon was added to the chamber at partial 
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pressures~in steps up to 700 rom Hg. At each step 
the intensity, I, was measured. The absorption by 
UF6 was determined by comparing I for each UF6 and 
argon partial pressure with the intenSity, 10, 
multiplied by 1/10 for the parti. 1 pressure of 
argon as calcUlated from Beer's law. 

IV. Description of Chamber-Crystal-Slit System 
and Procedure Used in RF-Heated Plasma Tests 

Details of the test cha!)1ber and chamber,· 
crystal-slit arrangement Uf;eij during the rf-heated 
plasma tests are shown it! Figure 2b and the photo­
graph in Figure 4. The rf-heated plasma test con­
figuration differs siightly from that used during 
the calibration tests. The system is arranged so 
that the x-ray beam traverses the plasma core 
region diagonally (path length equal to 23.0 cm) 
passing through the chamber axis where the maximum 
uranium density is expected to occur. Accordingly, 
6.35-mm-wide by 19-rom-long x-ray viewing ports are 
located in the brass endwalls, as shown in Figure 
2b, to allow passage of the x-ray~eam. During 
these tests 0.025-mm-thick beryllium windows were 
used to seal the viewing ports. X-rays transmitted 
through the detector viewing port are detected by 
the scintill~tion detector through a 0.635-rom-wide 
vertically oriented slit mounted on the face of the 
detector. The crystal was located approximately 
12.7 cm and 4.4 cm from the exit of the x-ray 
collimator (with 0.025-mm-wide vertically o~iented 
slit) and source viewing port window, respe,ctively. 
The 0.635-rom-wide slit mounted on the face of the 
detector was located approximately 4.6 cm fi~m the 
detector viewing port. 

This test chamber-crystal-slit' system was 
calibrated using pure argon and the procedure 
described previously. Argon absorption meaSUre­
ments were made for argon pressures from 50 rom 'Hg 
(1.7 x 101S atoms/cm3 ) to 1790 mm Hg (5.8 x 1020 

a toms/cm3 ). 

The following procedure was used to determine 
uranium density from x-ray ab30rption measurements 
in an rf-heated argon plasma with UF6 injection. 
The x-ray intensity, 10 , was measured with the test 
chamber evacuated. Argon was injected tangentially 
(through vortex injectors shown in Figure 2b~ into 
the test chamber and exhausts to vacuum through an 
axial thru-flow exhaust and axial bypass exhaust 
ducts.2 The chamber pressure was maintained at 10 
rom Hg until the rf discharge was initiated and then 
increased to a pressure sufficient for operation 
with UF6 injection, approximately 1275 rom Hg (power 
to maintain the discharge was supplied by the UTRC 
1.2-M'l rf induction heater facility). The varia­
tion of x-ray intensity, lA, with amount of rf 
power supplied to the rf-heated argon plasma was. . 
measured (rf power was varied from 30 kW to 56 kW). 
UF6, was injected axially into the test chamber and 
the variation of x-ray intenSity, I, with UF6 flow 
rate was measured (UF6 flow rate was varied from 
0.013 g/s to 0.134 g/s in a series of thirteen 
tests). UF6 denSity was determined by computing 
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the ratio r/IA '" (I/Io)/(IA/Ir) fOl' cbnlparnble l't' 
pOWC1' levcls) nnd llsing Beel' 1 s lnw) IlIa .. e -J..lNiL 
whel'e 11 is the nbsol'ptioll Cl'OI3S Mction fOi' 1l1'llUiullI 
in om2/lltom, (11 '" 1.12 x 1019 cm2/utolll fOi' ltrnnillUl 
unci. 8.0 keY )t~rnysL Ni is the nnmbel' density in 
utom/cnl3 , alld L is the path JJmsth ill cm. 

v. Re~mlts El'om Ou11b1'u1;ioI1 Tests 
With PlU'e ~l':;Qr.\ 

DU'bll obtuil1ed usine; the oill:Lbl'l1tion system und 
the l.'i'-heuted pll.Ulma syateD! I1nd :pure nl'SOn at 300 It 
ure pl'esented ill Figlll'e 5. The l1Ieai:llll'ed Vllritrtibil 
of tl'Mtioll of' X-l'UyS hllbslIIitteu j r/ro' ,d'th ya:d~ 
tltion in urgon pl'essul'e l 1'./11 ill CbtlPi.\l'ed. ,~ith the 
thcol.'etioal vu:dutiol1 cnlcllluted using :et!t~l' 's law 
and the pel'f'ect gUE; lU\~. nutu obtained using the 
culibl'ation system t\l'!;i givell by the oil'oUlul' 
symbols und dutu obtaii1ed using tht! l'r-heuted 
plnsl1ll1 systelll al'e given by the tl.'inngular symbols. 
.J\gl'eement bet'~een expel'iluent unO. the01'Y is good fOl' 
;lll'censity l.'utios up to uPPl'oximutely 1'0-:2 (Ul'gOl1 
Pl'CSSUl'es up to upprolCill\l.\tely 900 IIUIl 118). At 
pl'eSaUl'es I?;l'ei.r!;el' thun 900 II11l1 Ug the a3,'go\1 nppeUl'S 
(elCcl:lpt 1'01' one dut(\ poil1t) lesl'! dellse thUll thut 
pl'edicted usihg Beel' t slaw. rt is possible thnt 
'che X-l'UY bed.11l is not mOllOohl'olllai;ic n~d {;hnt a'u 
lill'ge vulues. of uOso1'ption, I/!a less thun 1O~2, 
the il1tellSit:r of high-enel'gy COlllpoMnts (poasibly 
hill.'IIIOiiics) in the beam becomell important ,1'Hative 
to the intensity of' the pl'illlUl.'Y uamponents 
(absorption deCl'enses with incl.'eusing .'lt~l'ay energy) 
u\Uldng the IlKliH.m:red fil.'gon debsi ty ilJ?petll' less thun 
thut giVell by theol'Y. It wOl~ld be pOll sible to 
opel't\te nt al'gon p:reSSlU'es 5l.'eutel' i:h!ll1 900 111111 He 
und il1tensity l'e.tios gl'eutel.' than, :W-2 by using un 
x·-ruy tUbe huviug a tlllzget such fill luolybdel1um which 
emits x~l'ays hewing energies (1'7.8 keV) greutel' 
thUll those emitted 1'l'om tl. COppel' target x~:l'uy ·lmbe. 
HO\~eVel', meUSUl.'elllent of Ul'uniun\ densities nem.' 
101.6 atollls/omS would be 1l1bl'e difficult (the01'etiolll 
r/lo ~ 0.992 fOl' 17.8 lteV X-:l.'UYS COlllptll'edHith 
0.$174 for (3 keV x-rays). 

V!. ReSlllts From OaJ.:l.bl'u'bion '.rests 
. Wi t11 :Plll'e m'c5 

:ot\.tll obtnined usillg the culibl'~\tion systel\! and 
pure iJ]'6 lrt SOO K al'e l.Jl'esented in ll'iglll'e 6.. !rhe 
llle{\sured vn:l'iatioll ot' tbe fl.'uction of .'ltwl'uys 
tl'nnsllIi tted, r/I'd) \~ith lJli'6 pressure) l:\n~6' is 
oompared. ,~ith theory. 

Dll.:ring these tests it '~t\I'l neo.esstli:Y to 
replenish the t1FG. tll1.Pl>l:y syil'tell\ ,~ith UJ1'6' Datu 
oO'baitled. before theUF6 I~as replenished :\.S itl good 
agreement Hith theol'Y. DUring initiul tests con­
duoted nt'ber the tll!'6 \~1.1.!l l'eplenished, the systellt 
wus contillllifiuted (upparently wit.h 11ll' sihCethe 
qUU:L'tz 'bes't ehuUlbel' unO. pl'esslll'e gUllse gn.ass \~el'e 
etched) und llppt\i'eht Ul'an1.wlI and t'luol.'iM OO\llw 
pOllnds ,~el'e deposited ii1 the system (\1hi te depos:\. 'bs 
oil inside of ql\aJ.'t~ tllbe al'e eviil1:nt :l.n ]\lgnre 3). 

.DUl'~llB: .sllbiSeqliel1t culibl'Utioll tests i'buppeui:ed 
that the ill~eClted tT!!'6 reacted wi ththe con'Ct\\uintlllts 
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ill the sYlltem l'(~al\ltihg in u reductilon of U]16 
density with time und, 'therefol'e, un increuse in 
,lCwl'UY intensity Idth time, !rite duta obttl:tlled dul.'iflg 
these testll htlve been cOl'rected tor the tilUe\~iBe 
dl'ift in x-l'aY' in'Censity. These data Ul'e also in 
good ugl'tHllueht with theol'Yi hOI~e\'el:, the discl'ep­
ullc:l~a between expCl'iUleht and theol'Y lll'e gl'eute!' 
thlll1 those '~hioh ooolll'red bef'Q~'e th<l llystem wns 
oOllt!\luinuted. In gl!!llel'lll j the mgl'<leUlent betwe~m 
until t\l\d the,orY' is gOOd. Hc,wever, for intenSity 
l'n'bios) I/Io_, gl'eutel.' i;h~n UPPi.'O:lt:\.I11utel.y 10-2 (UFo 
pl'esllUl'es g:relltel' thun uPP1'ox:\'1Illitely 60 nUll Hg) the 
Ul~6 (us did Ill'gon) UppelU'1l less de111le tlul.I1 thnt 
predioted. using Deel' 1 s In\~. 

vn! ReSl\l.t~ FrOlU Clll:l.hl'(l1'.i.Oll Il'etrbs 
Hi t11 NilCtlll'ea oi' Al'gOll nnd Uli't') 

batu obtained nsing tht! ~!l.libt'iltion system and 
m:!..ittm.'ell of al'gon t\lld tlF6 al'e pl'eE;ented. in Figul'e 
'{ , Datu obtained before and after appU)~ent con­
tamination of the systelll (open und solid symbols, 
l'espectivelY) l,repl'i!!Sellted for UF6 pIlrtilll. 
pl'essul.'es 1',1.'0111 5 \lun Hg ttp to ,:1. 5 IIll11 Irg nnd ul'gon 
pUl'tial pl'eSSUl'es fl'om 0 '\;0 '700 11Ull ltg. In genel'ul~ 
the datu il'ldicate fail,' ag:l'e<llllen.t \dth theoretical. 
il1tehsityo l.'utios. The dutu nlso indicate thui.; the 
lIleasltl'ed density of' m'G dei!!i'enSes \dth incl'cllSh1S 
!ll'goll pl'eSSl\l'e nm\ thut this differenoe incl'<lus<lS 
\d th illCl'ellsi1l8 UF'6 pl'eSsUl.'e. This be\mviol' \~ollld. 
be expected, bul1ett on :re:3lI1ts obtained for pure 
argon lind pUl'e tJF6, \~hen the pal'tinl l)l'eSliUl'eS of' 
al'gon tU)d tlF6 u:re such thut the totul. i'l'tHltion of 
x -l.'uys tl'al1smitted is lelOll 'Chi.\\) about 10-2 . The 
dl\shed Cl\l'Ye through the dutu in l~iBl\re 7 
COl'l'C!!Spbnds to u to'bal i',l'uctiOIl t)f' lC~l'ays tl'ans~ 
lIli tted equal. to 10-2 • lrOl' duta locuted to the 
l'ight of the d,ushed curve the' total fraction ·tl.'ans· 
mitted is leE;S 'chan 10-2 (md to the left gl'llut.el' 
than low2. 

;an. Results Ii'rom ll'el1{;n 
\-tith Rl~~Heuted Ul'anl..l\l\IPlilS1MS 

X-l.'ay abs~'ll'ption llIiHISUi.'<llllents \~el'e made in u 
sCl'ies of th:l,l'teen t<::sts to detel.'lllille uJ,'nniultJ 
dellsi ty ill l':t'~heated ul'unil\l!\ plasmus. Dlll'ing thes~ 
tests 3,a 8/s of al.'gOll I~el.'e injected tan~elltiully 
Ul'oltnd tl\<:: tJli'6 \~hich \~fis il1jected nxiull..v ttt fhi\~ 
1'utcll bet,~eNl (l.OlS g/s alld 0.134 sIs. 'I'be 
chnmbel' p:t'cssure wns cont:l.'oUedto be l27~ Iml\ Hg 
and the r:r-pO\~el' in tlie pll1sllle. illcl'eused 1'rolll 38 
),\'1 ut a Ul''6 :tlo'~ l'aue of 0.013 gls to 1~) l~if at ll. 
flo\~ rate of' 0.131,. g/s. ~he :flO\~ Ims exhuusted 
thl.'ougll 'bhe th:rU ~i'lOH find Il.){ial bY-PUBS cxhaustll. 

In some tests the l.':t-pol~el' deposited :tn Ute 
pluslttu with m'6 il1jec'bion tius great.el' thau that. 
'~hich coul.d be Itlll.il1tuined '~i til plll'C al'flon bnff'cr 
injection, ..ro (\etel.'luil1c Ul.'l1.\1:tUII\ denl'.l:l.'cy llY Mlll­
J?(l,l'illg Xwl'UY illtel1sities obtnined w:tth fihu without 
tlF'6 injeotioll. it was n~ceallal"Y to iBOlate effects 
of chi.tllges ill l'f~PQWel' lev~l.. ~he vnriation of 
irttehsity l'a'bio) IA/Io' fOl' :PUN! 111'g0\1) with 
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DISCUSSION 

N. D. IHLLIAHS: I noeiced you use a magnesium 
Olc~de crystal for t'cflectors. Hhat is the 
reflectance of that ct'ys\:al? Hhat is the signl1l­
to"noise t'ati01 

R. C. STOEFFLER: Signal-eo-noise t~atio was at 
lenst 100 for the cases where we I~ere measuring 
tilE! maxium dens ities , 

R. T. SCHNlUDER: Hhy did you choose ehe X -t'ay 
tet:hnique as compared to regular t1ucle(lr assay 
techniques? 

. 

T. S. T,ATHAH: \~e haven't looked a t nuclear array 
tec:hniques, We chose the soft X~ray becausEI it 
hat! a significantly different: cross-section from 
th!! argon, (lnd our calculations indicated it 
\~o\lld give us measurements in the t'ange of u:ranium 
to argon. 
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MAGNETOPLASMADYNAMIC THRUSTER APPLICATIONS 

E. V. Pawlik 
Jet Propulsion Laboratory 

Pasadena, California 

Abstract 

Advance study activities within NASA indicate 
that electric propulsion will be required to make 
certain types of potential missions feasible. The 
large power levels under consideration make 
magnetoplasmadynamic thrusters a good candidate 
for the se applicc\tions since this type of electric 
thruster is best lmited to operation at high power 
levels. This pap,~r examines the status of the mag­
netoplasmadynamic t.hruster and compares it to 
the ion thruste,r which also is a candidate. The use 
of these two types of ,electric propulsion devices 
for orbit raising of a l~elf-powered large satellite 
is examined from a cost standpoint. In addition 
the use of nuclear eledr ic propulsion is de scribed 
for use as both a near-earth space tug and for an 
interplanetary exploration vehicle. These pre­
liminary examinations indicate that the magneto­
plasmadynamic thruster is the lowest cost thruster 
and therefore merits serious consideration for 
these applications. 

Introduction 

Planning activities at NASA are presently con­
cerned with using electric propulsion for various 
applications that range from multi watt levels for 
satellite station keeping to multi-megawatt levels 
for orbit raising of a space power station. Pro­
pellant weight savings over long mission lifetimes 
can be obtained by using the high exhaust velocities 
that the electric propulsion devices are capable of 
achieving; These weight savings can make the use 
of electric propulsion economically attractive when 
compared to' the use of chemical propulsion for 
these missions. 

The growing need for high power levels for 
electric propulsion is indicated in the Outlook for 
Space Studies (Ref. 1) and Ref. 2. Commencing 
in the mid-1980's, large payloads such as com­
munications networks and satellite power stations, 
are expected to be placed in geosynchronous earth 
orbit. The transportation of these large payloads 
from shuttle orbit (500 km or 270 nm altitude) to 
geosynchronous orbit (35,806 km or 19,323 nm 
altitude) will require high electrical power levels 
for propulsion. In addition, the exploration of the 
solar system will also require high power levels 
for high energy missions such as sample return 
from the outer planets. Power levels in the range 
of 400 to 1000 kW are currently being examined. 

Presently two thruster types can be considered 
for these primary propulsion applications. These 
are the ion thruster and the magnetoplasmadynamic 
(MPD) thruster. The ion thruster is a highly 
developed device having received a high level of 

continuous funding for the last 15 years with 
several flight tests being conducted. The most 
advanced ion thruster suitable for primary pro­
pulsion has been developed at Hughes Research 
Laborat.ories (Ref. 3). This ion thruster produces 
a 30 cm diameter beam and uses mercury as the 
propellant. It requires about 3 kW input power to 
its power processor and operates at a specific 
impulse near 3000 sec. A near term possible 
application for this device is a high energy solar 
electric propulsion mission such as an out-of­
ecliptic mission described in Ref. 4. Whereas a 
modular approach is visualized when using these 
devices, the present module size is much too 
small for many of the high power missions cur­
rently being studied. Drawbacks for this thruster 
include (1) low thrust density, - large thrust 
areas are required for large power levels result­
ing in large thruster modules and a large number 
of thrusters, (2) a high degree of complexity, -
the operation of a thruster requires 14 power 
supplies and integrate logic built both into the 
power processor and into software for the digital 
computer required to monitor thruster operation, 
(3) high cost, - the ion thruster is labor-intensive, 
containing many areas that are extremely sensitive 
to changes in geometry and fabrication processes, 
(4) limited reliability, - life and flight tests of 
this type of thruster have been plagued with prob­
lems that accent the difficulty in obtaining high 
reliability. 

An attractive alte.rnative to the ion thruster is 
the MPD thruster. This thruster type has never 
advanced beyond initial laboratory tests and there­
fore a comparison between the two devices can 
only be made in terms of ,pl:ojections of the anti­
cipated MPD thruster that ,could be developed 
against a mature ion thruster technology. Whereas 
a long history also exists for the MPD thruster, 
a continuous high support level has- been lacking. 
Furthermore, a focused system activity such as a 
flight demonstration was never initiated. The 
advantages of the MPD thruster are the antithesis 
of the ion thruster drawbacks. These include 
(1) high thrust density, - thrust densities up to 
10,000 times higher than those of the ion thruster 
can be obtained resulting in a small number of 
reasonable size thrusters for a given application, 
(2) simplicity, - thruster operation should require 
only u. single power supply, (3) low cost, - simple 
construction and insensitivity to small dimensional 
changes should result in low cost flight units, 
and (4) high reliability, simple construction and 
minimum number of different power level require­
ments should result in a much more reliable 
thruster than the ion thruster. 

Performance is an additional area of com­
parison between the two thru!;ters. The 

This paper presents the results of one phase of reseal'c.h carried out at the Jet Propulsion Laboratory, 
California Institute of Technology, under Contract NAS 7-100, sponsored by the National Aeronautics 
and Space Administration. 
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performance of the ion thruster when used with 

mercury propellant is well known. Relatively 

high efficiency levels have been demonstrated. 

Earth orbiting applications, however, potentially 

require operation with argon as the propellant in 

order to minimize environment effects. Although 

ion thruster performance with gaseous propellants 

can be projected with a high degree of accuracy, 

limitations exist at low levels of specific impulse. 

The MPD thruster is known to demonstrate its best 

efficiency at high power levels of operation. It 

. 

has also demon.strated relatively efficient operation 

in the low specific impulse region where the ion 

thruster cannot operate on low density gaseous 

propellants. Achievable performance levels of a 

developed MPD thruster over a range of specific 

impulse values can only be approximated by draw­

ing from on-going research activities. 

In this paper, areas where the MPD thruster 

could find application are identified. Clear advan­

tages exist over chemical propulsion. Demon­

strated advantages over the ion thruster will depend 

upon further development of the MPD thruster. 

Thruster Description 

Brief descriptions of the ion 'and MPD thrusters 

are included in this section. Table I presents pro­

j~cted performance data for each thruster type. 

Additional information for the ion thruster can be 

found in Ref. 5. 

Ion Bombardment Thruster - This thruster is 

highly developed to operate with mercury as a 

Table I. Electric Thruster Characteristics 

A. 50-cm Ion Thrusters 

-
Exhaust Velocity 
(km/s) 

60 80 100 

Efficiency 0.63 0.75 0.785 

Power Input 40.5 83 146.5 

(kWe) 

Thrust (N) 0.85 i. 55 2..3 

Mass (kg) 6.5 6.5 6.5 

Temperature 900 950 950 

(OK) 

Cost ($K) 15 15 15 

B. 7.5 MWe MPD Thruster 

Exhaust Velocity 
(km/s) 

10 2.5 50 

Efficiency ,0.5 0.5 0.5 

Power Input 7500 7500 7500 

(kWe) 

Thrust (N) 750 300 150 

Mass (kg) 700 700 700 

Temperature 1700 1700 1700 

(OK) 

Cost ($K) 100 100 100 
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propellant. Operation on other gases such as 

argon, nitrogen, and xenon have also been reported. 

The propellant is metered into an ionization cham­

ber where it is ionized by electron bombardment. 

The ionized propellant is accelerated electrostat­

ically b,y two closely spaced dished grids of very 

precise geometry. A retarding potential applied 

to the exterior grid prevents exhaust plasma elec­

trons from returning to the thruster. The elec­

trons stripped from the propellant are replenished 

hy an ancillary electron source labeled a neutral­

izer. Maximum thrust levels are directly pro­

portional to the 'accelerator grid area. Thruster 

complexity is increased over the simple concept 

described above due to multiple propellant source, 

electromagnetic field, heater, and keeper electrode 

requirements. These are required in order to 

achieve high performance and long lifetimes. 

MPD Thruster - This thruster usually consists 

simply of a central cylindrical cathode and a con­

centric axisymmetric anode. Anode cooling is 

normally required and a high voltage spike is 

required to initiate a discharge. Operation at 

high-current levels provides self-induced magnetic 

fields resulting in a. lighter and more efficient 

thruster than when electromagnets are used. Two 

mechanisms contribute to the plasma acceleration. 

These are (1) an aerodynamic force due to heating 

and expansion of the propellant and (2.) acting of 

j x B volume forces formed by the discharge cur­

rent and the azimuthal self-magne.f;ic field. A 

schematic of a typical thruster experimental test 

setup is shown in Fig. 1. 

MPD Thruster Status 

The MPD thruster was the BubjeC,t of a large 

number of experimental investigations from about 

1960 to 1968 when this work was severely curtailed 

due primarily to a lack of identifiable applications 

for high power level thrusters. The ion thruster 

appeared at that time to be a n;J.ore viable candidate 

for any near term applications. In addition, con­

siderable uncertainties had arisen regarding the 

performance obtainable with the MPD thruster. 

The most serious problem was entrainment of 

ambient low pressure gas into the thruster exhaust 

plume. An excellent review of this early phase 

of the work is described in Ref. 6. 

Fig •. h 'Typical quasi- steady MPD 

research apparatus. 
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During the period dellcribed above, the thrullter 
was initially conceived at! an a)."c jet which imparted 
thermal energy to a propellant flow paslling 
through an arc. ModUications were introduced 
early to utilize j x B forcet! a8 the governing thrust 
producing mechanism. Severnl thruster approaches 
were explored in mainly an empirical fallhion 
toward increasingly higher levelll of thrust effi­
ciency and specific impulse levels. However, 
much of thh ea1'ly performance data is not con­
sidered reliable because of the entrainment prob­
lem and the pOlldbllity of int.eractions between the 
thruster electromagIietlc fields and the vacuum 
tank walls. Mast of these experimental thru8ters 
were designed to operate at a power level between 
ZO to 100 kW. Lifetimell of 50 to 75 hours were 
achieved. 

Efforts to minilnille test: environment inter­
acHont! with the thl'ut!ter resulted in a quui-t!teacly 
t!tate teclmique being evolved (Ref. 7). This 
quad-llteady t!tate concept requires the application 
of a current pulse of sufficient duration and mag­
nitude to allow the arc current and mass flow to 
reach a. steady state. Sta.ble and diffuse current 
patterns can be established in several tens of 
microseconds in a coaxial configuration (Ref. 8). 
These tecluliques resulted in more realistic values 
o! thrustcl' performance being obtained. Maxi­
mum thruster efficiencies wcr e found to range 
trom 10 to 300/0 and specific imp\11se values of 3000 
sec for the heavy propellants to 400 sec for the 
light propellants. Pulse teclmiques offer the addi­
tional attraction of being able to operate at the 
higher power levels during the p\\lse while oper­
ating from a low average power level. The effi­
ciency of the MPD thruster, whlc h has been found 
to increase with power level (Ref. 9), can there­
fore be maintaIned at a highel.' level. In addition, 
varying the duty cycle provides power throttling 
capabilities without any apparent sacl'ifices in 
ovel'all efficiency allowing the thruster output to 
be mah:hed to variations in a power supply during 
a mission. 

Basic 'limitations previously appeared to exist, 
limiting thruster opel'ation because of coupling 
between arc cun'ent and accelerated. mass flow 
rate. As arc currents are increased lor a given 
,propellant flow rate. a point is reached above 
which various undesh'able e£fect.s occur such as 
insulatol' and elech'ode ablal:ion, mas a l'ecil'cula­
tion, and tel'minal voltage flu.ctuations. The onset 
of these effects was taken as an upper limitation 
on arc current for a given flow rate, Recent 
results (Ref. 10) have shown that this limitation is 
associated with cathode phenomena. Modification 
of the cathode area allows these limitations to be 
breached. The higher values of arc CU'l'rent asso­
ciate with larger cathode areas implies greater 
exhaust velocities based on the fundamental sel£­
field thrust relation T n' J2. 

The projected pel'£o;r:mance of this MPD thruster 
is shown in Fig. 2. The existing pel.'iormance and 
trend al'e indicated along with a pel'iormance pro~ 
jection obtained froll'1. Ref. 11. Ion thruster 
projected performance obtained from Ref. lZ is 
also included on the figure for comparison. All 
cost conlparison made in thls paper assume the 
Usc of a 7. 5 MW thruster capable of operating, 
either steady state 01' ill a p\llsed 111ode. 
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Space Power Platforms Applications 

100 110 

With the advent of an operational shuttle vast 
opportunities will open up for the use of space. 
Near earth appHcaHons wiUl'equire increasing 
amounts of electric power for space base support, 
space industrialization and manufactul'e, and 
possibly generation of. power as an electric utility. 
At the present time it is visualized that these plat­
fOl'ms will begin on a moderate scale al}.d that 
increasingly larger space pOWel' platfol'rns will be 
requircd to gcueJ:atc this power, which will be 
transmitted to other satellites or to ctll'th by 
laser or micro\vave transmission. POWell' levels 
uuder consideratiolll'ange frol1'1 100Is of kilowatts 
in the 1985 to 1995 Hme period to 100 I s of mega­
watts after 1995 and eventually gl'owing to 1000ls 
of megawatts, 'rhe orbil: for thcse platforms 
would be ,in geosynchronous earth orbit (GEO) at 
nearly continuous sunlight and at a fixed position 
relative to earth. 

Transportation of the building matcl'ials fOl' this 
power platform il'Om the shuttle low earth orbit. 
CLEO) to GEO is a major consideratioll in the 
economic viability of this concept. Chemical and 
electrical propulsion are both being examined for 
this application. The AV required for impulsive 
transfer from LEO to GEO ill 4300 m/sec. Tho 
electric propulsion option will requh-e a high~r 
enel'gy spiral orbit and thel'e!ore will req\liNl 6zoo 
m/sec with all additional 10% gravity gJ:adiellt 
torques. Useo! electric propulsion would pOl'mit 
the platform to be assembled in LEO and then draw 
upon its electl'ical power for vehicle hansfer to 
the highel" e)l'bit. The low tlu'ust levels of eloctric 
propulsion al'e consistent with this conccpt: since 
tha low thrus.t level thrusters could be distrib\lted 
over the lightweight structure, thereby minimizing 
further shuctural requirements d\lr1n.g orbit 
r~ising. 

A cost analysis of the various transportation 
options is described in Ref. 13, The cost £Ol~ tho 
chemical delivery of payload to GEOis esl:irnatcd 
at $330/kg. Costs \~sing electdc pl'opulsion aru 
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shown in Fig. 3 for a 4000 M W platform. The 
mass to power levels are consistent with flight 
times that range from 10 to 120 days from LEO to 
GEO (Fig. 4). The shorter flight times occur with 
lower exhaust velocities and with smaller mass to 
power ratios. In this analysis it is assumed that 
the full array power is used for propulsion during 
the orbit transfer. The cost advantage that is 
evident for the MPD thruster for this application 
accrue mainly due to the lower exhaust velocity, 
lower power processing mass, and the high thrust 
density advantage that the MPD thruster can pro­
vide. Thruster and power processor weights were 
used to arrive at comparative costs using the same 
cost/kg for each. The cost curves of Fig. 3 in­
crease at lower exhaust velocities due to the 
increased pJ.·opellant consumption. For the same 
power available the 'heavier mass will have a 
higher mass to power ratio requiring longer trip 

. time and propellant resulting in increased costs. 

Based on projected efficiencies and subject to 
the cost estimates used, the MPD thruster appears 
promising as a candidate for this type of applica­
tion. Fu,rther work is required on the MPD 
thruster in order to obtain better performance and 
cost estimates. 

Nuclear Electric Propulsion 
Applications 

Future exploration of the solar system will 
require the use of nuclear electric. propulsion to 
accomplish many of the planned high energy mis­
sions. Work is underway at JPL and ERDA on 
the design of a nuclear electric propulsion (NEP) 
spacecraft capable of accomplishing these missiom 
(Ref. 14). The spacecraft will utilize a fast 
nuclear reactor power source, thermionic conver­
sion of heat to electric power, and electric pro­
pulsion for electric power to thrust. High specific 
impulse thruster operation will be required for 
these missions (near 9000 sec). The large exhaust 
area that ion thrusters, require creates problems 
in incorporating these thrusters into a spacecraft. 
Recently the operation of an MPD thruster opel'..' 
ating from a thermionic converter matrix has been. 
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examined (Ref. 15) for a 400 leW thrust power 
level. A system schematic is shown in Fig. 5. 
The system weights involved were found to be 
comparable'with those of an ion thruster system. 
Power conversion efficiencies of 90% were cal­
culated. The small MPD tlu'uster size makes inte­
gration into the NEP spacecraft a much less com­
plex task. Higher efficiencies, specific impulse 
levels, and lifetimes will, however, be required 
of the MPD thruster before it can effectively 
compete with the ion thruster for this application. 

Another use of the NEP vehicle could be for 
transfer of cargo from LEO to GEO. A drawing 
of an NEP vehicle used as a cargo. transfer vehicle 
is shown in Fig. 6. The cargo would be trans­
ferred in containerized pallets. The container 
would be brought up to LEO in a separate shuttle' 
launch with the sequence of operations being as 
depicted in Fig. 7. A logistics depot would be 
required to maintain separation between the shuttle 
and the nuclear spacecraft. Cargo transfer 
vehicles of this type would be required to supply 
materials for manned GEO satellites, space manu­
facturing and also if a space station were to be 
assembled in GEO. 'rhe economics again deter­
mines the most optimu1n approach. The cost anal­
ysis from Ref. '13 is shown for this nuclear earth 
tu~ application in Fig. 8. The cost of this tug 
usmg the MPD thrusters is much lower than when 
useing the ion thruster. This is because the orbit 
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transfer time is Ie s s with the low specl:fic impulse. In this case a clear optim.\\m is indicated at an 
exhaust velocity of about 20 km/s, in the region 
where MPD thrustel's have recently been operated (Ref. 16), 

Summary 

On the 'basis of cost cOlllpadsons and projected 
pel'iormance, space applications exist for the MPD 
thruster in both the orbit l'aising of a power plat­
f01'01. alld fox a nuc;lenl' cargo tug. Perfo~'mance 
impl'ovements ovor those presently projected for 
this !:hl'Ustel' would also mnl,e the MPD tlu'uster a 
candidate fOl' use on intel'planetary exploration vehicles. An evaluation of !:he potential for Stich 
pel'iormance ~mprovemellt is cUl'l'ently in progress, 

35,800 km 
(19,323 NM) 
SYNEQ ORlm 

500 km 
(270 NM) 
ORBIT 

GROUND 

PAYLOAD 
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In light of these potential uses and recent re­
search that has indicated possible thruster impl'ove­
{nents, it appears highly desirable to initiate an MPD I:hruster development program ill the neal' future. 
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J. P. LAYTON: Have you identified the overall 
thruster system including its feeding, valving, 
tightening, etc.? Some delineation of the over­
all systen that other people could use when they 
are doing concepting for primary propulsion for 
this system would be very usefu1. 

E .. V. PAWLIK: Work hasn I t proceeded that far as 
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MINI-CAVITY PLASMA CORE REACTORS FOR DUAL-~DDE 
SPACE NUCLEAR PO~~R/PROPULSION SYSTEMS~ 

Stanley Chow 
Princeton University 
Princeton, New Jersey 

Abstract 

A mini-cavity plasma core reactor is investi­
gated for potential use in a dual-mode space power 
and propulsion system. In the propulsive mode, 
hydrogen propellant is injectod radially inward 
through the reactor solid r~gions'and into the 
cavity. The propellant is heated b7 both solid 
driver fuel elements surrounding the cavity and 
uranium plasma before it is exhausted Qut the 
nozzle. The propellant only removes a fraction 
of the driver power, the ~emainder is transferre&;i' 
by a coolant fluid to a powor conversion system, 
which incorporates a radiator for heat rejection. 
In the power generation mode, the plasma and pro­
pellant flows are shut off, and the driver elements 
supply thermal power to the power conversion sys­
tem, which generates electricity for primary 
electric propulsion purposes. Neutronic feasibi­
lity of dual mode operation and smaller reactor 
sizes than those previously investigated are shown 
to be possible. A heat transfer analysis of one 
such reactor shows that the dual-mode concept is 
applicable when power generation mode thermal ' 
power levels are within the same order of magni­
tude as direct thrust mode thermal power levels. 
However, adequate uranium plasma retention still 
needs to be demonstrated and mission analyses are 
required to identify the mission capabilities of 
this concept and compare them with alternative 
approaches. 

1. Introduction 

In 1971, Hyland of the NASA Lewis Research 
Center offered an alternative to the much larger 
coaxial plasma core reactor with his mini-cavity 
concept shown in Figure 1. 1 By surrounding the 
cavity with uranium carbide fuel elements, a neu­
tronics analysis showed that a substantial reduc­
tion in size is possible from the all-plasma fuel 
configuration. Hyland has shown that the reactor 
is small enough to be carried in the space shuttle 
cargo bay and would be appropriately sized for 
automated space missions. 

Work on the mini-cavity reactor concept was 
discontinued at the Lewis Research Center follow­
ing the cancellation of the United States nuclear 
rocket program in 1973. The present NASA effort 
is devoted to the lower cost uranium hexafluoride 
program which will contribute enormously to the 
basic understanding of all plasma core concepts. 

Should interest in the mini-cavity reactor be 
revived, an additional benefit of this reactor 
configuration should be considered. Hyland has 
only analyzed his reactor for propulsion purposes. 
By extracting thermal power from the solid fuel 
elements, long-term electric power is available 
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Mini-Cavity Plasma Core Engine 

via a power conversion system. The use of the 
reactor for both electric power generation and 
propulsion purposes is called dual mode operation. 

The idea of a dual-mode space nuclear reactor 
system originated with Beveridge 2 for the solid 
core NERVA (Nuclear Engine for Rocket Vehicle 
Applications) and later at Los Alamos Scientific 
Laborator3 for the SNRE (Small Nuclear Rocket 
Engine). In each case, an electric power con-
version system was tacked on to the engine by 
utilizating its hydrogen-cooled structural elements 
(tie-tubes) as an energy source. Subsequent to 
thrust termination, the power system was designed 
to deliver long-term power: 10 kWe for the SNRE 
and 25 kWe for NERVA. 

The power generated by these two systems was 
intended for use in payload operations, e.g., 
spacecraft communications, attitude cont.l'ol by 
small electric thrusters, etc. However, the real 
advantage of the dual-mode concept lies in its 
ability to generate sufficiently high electric 
power levels (0.1 MWe or greater) for use in 
primary electric propulsion. Thus, the high­
thrust nuclear propulsion mode is employed for 
planetocentric operations, where high thrust-to­
mass ratios are desired, and the low thrust elec­
tric propulsion mode is utilized for heliocentric 
operations, where high effective exhaust velocities 
are optimum. 

It is desirable to see if the mini-cavity plasma 
core reactor is capable of dual mode operation in 
useful propulsion and electric power ranges. The 

* This research was performed for a M.S.E. thesis and was supported by NASA grant NGR-3l-00l-328. 
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dual mode system is shown in Figure 2, including 
the engine and power conversion systems. Either 
a dynamic (Brayton or Rankine) or direct (ther­
mionic) power conversion system may be used. 
The thermionic system may utilize either in-core 
or out-of~core diodes. In addition, heat pipes 
may be used to remove heat from the driver region 
instead of the usual coolant fluid. 

PLASHA CORE /iUCI.,EAR 
ROtKET ENCi 1 riE 

Figure Z Nuclear Fission Plasma Core 
Dual-Mode System Concept 

In the propulsive mode, hydrogen is injected 
radially inward through the pressure shell. The 
propellant absorbs a certain amount of driver 
power as it passes through the solid regions of 
the reactor. It then undergoes further heating 
from the fissioning plasma in the cavity region 
before being exhausted through a nozzle to produce 
thrust. Meanwhile, the excess driver thermal 
power which is not absorbed by the propellant is 
transported away by the coolant fluid to a radia­
tor where it is dissipated into space. 

" In the power generation mode, the hydrogen and 
plasma flows are shut off and the remaining gases 
in the core are exhausted into space. The reac­
tivity of the driver is increas~d to maintain 

reactor cr~t~cality and the driver power level is 
adjusted as dictated by electric power require­
ments. In this mode, the driver thermal power is 
removed solely by the coolant fluid or by heat 
pipes. 

II. Analysis 

A spherical model is adopted to describe the 
mini-cavity reactor and is sholfl1 in Figure 3. 
Only variations in the radial direction are con­
sidered. The use of a one-dimensional model may 
introduce sizable errors, but i5 ~ppropriate for 
this preliminary investigation. 
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Figure 3' Spherical Reactor Analytical Model 

The analysis is based on the use of the general 
energy equation: 

pv . Vh + V . qc + V . qr = S (1) 

where p is the fluid density, v is the fluid 
velocity, h is the fluid enthalpy, qc is the 
conductive heat flux vector, qr is the radiative 
heat flux vector, and S is the internal energy 
generation per unit volume. 

The source term S is the ene~gy generated 
in the plasma core or s.Hid driver region by 
nuclear fission. In order to evaluate this term, 
the neutron flux through the reactor is calculated. 
Again, because of the first-order nature of this 
analysis, the simplest one-group diffusion method 
is used. 

The neutron flux has the general solutions 

El cos(Br) EZ sin(Br) 
-"'---- + 

r r (2) 

for the fueled regions and 
t:' r 
't T 

E3 e E4 e 
--- + -.:---

r r (3) 

for the rema~n~ng regions. Ei are constants 
composed of region radii and material properties, 
B is the buckling, L is the diffusion length, 
and ~ is the radial 'position. 

The pressure shell is essentially transparent 
to thermal neutrons and therefore the neutron 
flux ~6, vanishes for this region. Equations 
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(l}) and (3) are applied to the five remalnl.ng 
regions along with ten boundary conditions which 'J,'equire the flux to remain finite at the center, 
the flux to vanish at the extrapolated boundary, 
and the neutron fluxes and current densities 

(*) to be continuous across, the interfaces. 
The neutron fluxes are then expressed in terms 
of a constant lind the driver buckling 84' 

Specifying the driver power will determine 
the constant. The drivel' buckling must have a 
valu~ such that the reactor is critical. This is accomplished by changing the drivel' reactivity 
until the condition is met. 

The total reactOr power Q is the SWII of 
the plasma core power Qc and the driver power Qd , or 

1'1 f 2· 4rretJo E $1 l' dr + 

Jr4 
Ef $ 1'2 dr] 

1'3 4 

. . where e is the averag,ft energy released per 

(4) 

fission event, Ef is the macl1oscopic fission 
cross section, $1 and $4 are the neutron 
fluxes through the plasma and driver regions 
respectively, 1'1 is the radius of the plasma, 
and 1'3 and 1'4 are the inner and outer radii 
of the driver region respectively. 

Since equation (4) is temperature dependent through the plasma macroscopic fission crosr, 
section, it must be solved an iterative method. An initial temperature distribution is asswned 
throughout the entire reactor and then the neutron flux is calculated in each region for a critical 
reactor. The neutron flux distribution is then 
utilized to calculate a new temperature distribu­
tion by using the heat transfer analysis described in the folloldng paragraphs. The new distribution is compared Nith the old and the entire process 
is repeated until the error between successive 
distributions is reduced to a specified value. 

The heat transfer analysis is appLied to the 
uraniwn plasma, propellant, and solid regions. 
Starting with the stationary, spherically 
symmetric plasma, e'tuation (1) becomes: 

S 

If qc is assumed to be slllall compared to 
qr equation (5) can be readily- integrated: 

(5) 

1 l' *2 * qr '" 2" for S dr (6) 
r 
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The source term S ,can be written as! 

(7) 

where $1 is the plasma neutron flux obtained 
from the neutronic analysis. 

Since the plasma is optically thick, the radia­
tive heat flux can be written as: 

(8) 

where cr is the Stefan-Boltzmo,iUl constant" aR 
is the Rosseland mean absorption coefficient, 
and T is the temperature. 

Since the heat flux vanishes at the cente;!;' and 
the plasma edge temperature is found from the 
propellant heat transfer analysis, equations (6) 
to (8) are used to determine Lhe plasma tempera­
ture distribution. 

The radial component of the energy equation (1) for the propellant region is given by: 

o (9) 

I~here V r is the radial velocity component. 

Calculation of the true radial velocity 
distribution \~ould requil:e the solution of the 
two dimensional Navier-Stokes equations. This 
is not appropriate for this preliminary analysis, and therefore a very simple model is used to 
describe the radial velocity. It is assumed 
that the velocity decreases linearly from the 
cavity wall to a value of zero at the propellant! plasma interface. 

The conductive heat flux is simply 

qc = - K dT cdr 

where Kc is the thermal conductivity. 

The radiative heat flux is written as 

1 t 

(10) 

(11) 

where E ~ f un- 2 e u du 
n 0 

exponential integral 

r * 
1" ~ fo ap dr = optical depth 
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t ap .. nbso:rption coeffic.i.ent of the seeded gas 

lly Sl)ocifying '1'2 and tho il\let }lrOllellnnt _yolocitJ' nt tho \~ull, oquutions (9) to ell) IIro so:tved fo:r tho propellant telllpOl'lltul'O distribution in the COl'e. 

It is nssUllltld that all heat trullsfor in the solid '.I:egions is by conduction, lIud that all llO\~e1' gonol'ated ill the driver l'egion is extracted by the inflo\dng pJ:opellallt or by the wol'l.:ing fluid of the powor convel'sion system, Since solid-gas heat tl'llUSfel' coefficients are unknown, the temperature distributions in the solid, regions ane\ in the propellant in these l'egions are assllmed to be identical, The1'ofol'e, the Poisson equat;\,on is solved f01' the dl'ivel' l'egion lind the Laplllctl equation fOl' the :romnining solid l'egions (reflec­tor, modal'utol', and pressure shell), 
Tile solutions n:l'e 

(12) 

fOl' the drivel' l'ogioll Illld 

'I'=c+:l l,' (13) 

fOl' the remaining l'ogions, a, b, c, and dare cOnstlluts eVllluntod from the boundury oOlic1itions which require tellll,orll tU1'es and hell t £1 uxes to be continuous ucross intel'fuces und temperatures to be specified nt the cavity Imll and at the outer wl~ll of the presSlll'e shell, 

qd is an effective pO\~el' density whicll is e'Valuated in the following mnnnel'. Qd, the drivel' power, is c1istdbuted between the pl'opellant und tho powel.' conversion system wOl'king fluid, The parruneter Ie is defined as the fraction of the dl;ivel' llowe1', delivered to the powel' convel'sion system, Therefore, (1-K) QI} is nbso1'bed by tlle l,ropellant in the driver roglon, and the total propellant po\~er ~ is given by: 

(l4) 

qd is then equnl to (l-K)~/ [4/311'(1'4 3 -1'/)) , 
K is detel'mined from the fuel element opel'ating temperat~lre , 

11lE) analysis used above' descdbes the propulsive mode and provides It method to dotermine reactor power allocations. , The1'ofore, fOl' given l'euctor conditions, the drivel' powel' can be'varied to obtain a ,l'llnge of COI'e .. total pl'opollant, and heat rejec­tIon powers, 

In this mode, the thermlll power KQd extrncted by the powo],' convel,'sion system wOl'king fluid 
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is :l'ej ected into space by the radilltol' (except possibly fOl' Il small amount neoded fol' housekeellillg purposes). 'I'herofore, the powor conversion systom is essentially idle in tho prolllllsive 1II0de, 
In the powe:r gonel'ation mode, the fuel ancl pro­pellant flows 111'0 shut off and all the thennal pOWi)r llrodueed ill tho drivel' :region is delivered to the powe1' cOllvorsion system. The first step in 1\!1Il1yzing the powel' mode is to investigate :rea,;tol' crit'icality. This is accomplished with the neutl'oydcs analysiS developed above, with plasma and propellant densities taken small enough to simulate Illl evacunted cavity, If a reactol' is critical in the powtlr mode, it will also be, cl'itical in the l)1'olmlsive mode, as tho lllUSllla contl'ibutes only a sJllall positive reactivity, 

A heat trunsfor lUlalysis was not performed for tho l'eacl:or opol;atillg in the pOI~er mode; however, conclusic1ns drawn from tho pl'opulsivo 11\0do llnlaysis may bo extl'upolated to detel'mino the gonoral chu1'­actoristics of the dual-mode system, As in the propulsive mode, the thOl'l1Illl POWOl' is [lSSUllled to be delivl~l'od to the Jlol~er conversion system via hent pipes 01' a working fluid. 

If the drivel' £uel ele)ljonts w.o;r,'o Q)?ernted nt the srullO powel' level for both lI\odos, the total enel'SY delivered to the power convorsion syStem would be gl'enter during the l,ower modo, since thero is no propellunt floW to draw off a fruction of the dl'iver power, However, the drivel' power can and should be operated at a lower powel' level in the pOWel' 1II0de, since lifetime roquh:emonts (o,g" soveral years) dictate IOW01' lIlaterial tempel,'atures than in the l'elntively short-te1111 propulsi ve 1110 de • Thus the maximUln d:rl:vtlr JlO\~Ol' il\ the power modo should be K<l.!, tho srune as is absorbed by the working fluid in tho propulsive 1II0de, Then the tempel'lttul'e constl'aints imposed in the propulsive lnode will not be violated in the powel' mode, 'Powel' levels lIIay bo further docl'eased fl'om KQd as nocessal'y fOl' lifetime 'needs, 
The oltlctric power Qe gonerated by the system is then 

whel'e npcs is the efficioncy of the power conve1'sion system [lilt! Qd I is the driver power in the power mode. 

The englile DIass cal\ only be estimated in this proliminnl'y study, It is tho sUln of the l'eacto1', tUl'bupump, no:.zle, control, and s'tl'uctul'al lllaSSes, 'I'he totfil system mass is the sum of tho angina and power convel'sion systen (incltlding radilltor) massos, All except the reactor maSS are cnlculatod by simplo power-dependent scaling, 

It shOUld be noted that the radiator inass is 'ulso dependent on l'/ldiator sink temperature as well, as the amount of heat to be raj ected, It is difficUl t to suy whether the l'a(iiatol' mass is greater in the power or p:ropUls:l.ve mode without a cycle analysis, 'I'he more massivo radiato'l' should be It!lcd :1;01' both modes. 
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III. Discussion of Results 

The accuracy of the model used here is checked 
against the more sophisticated model used by 
Hyland. For a 500-atmosphere reactor with a 
driver power of 19.7 megawatts, a co1.'e po\~er of 
4.95 megawatts is calculated as compared to 
Hyland's value of 4.55 lnegawatts. It is the1.'efore 
concluded that this model is accurate enough for 
a preliminary survey. 

However, this configuration rejects a sizable 
amount of thermal power: 17.7 megalmtts. It is 
clearly desirable to operate. at lower driver power 
levels. In addition, Hyland fixed his reactor 
dimensions to fit in the shut tIe bay. Smallel' 
size reactors should be ~nvestigated. 

The first step is to estimate the minimum size 
reactor which could be critical either with or 
without the core. Accurate definition o:E the true 
minimum size reactor, which would require a 
detailed parrunetric study incorporating variable 
reactor region dimensions and compositions, is 
not considered appropriate for this study. 

Hyland's reactor is again used as the refel'ence 
reactor and various parameters are perturbed. 
ThJ:ee ten)peratures Jljust be fixed in th.e solid 
regions for. the analysis to pl'oceed: the 
maximum solid fuel driver temperature (set at 
2000 K), the reactor inlet temperature (set at 
293 K), and the cavity wall temperature (1523 K). 

A constant Ct is defined as the dimensionless 
new reactor radius (a. = 1 corresponds to Hyland t s 
reactor dimensions), The region sizes of the ne\~ 
l'eactor nre obtained by mul tip lying the COl'l'eS­
ponding dimensions of the reference :reactor by 
a.. Therefore, the dimensions of the regions are 
always' in··the same proportion as Hyland's reactor 
for each reactor examined. 

It is asstUued tlu!.t there is no plas)1la present 
in the cavity and K is al'bitrarily selected 
as 0 .. 5. With K and the temperature constl'aints 
selected, Ct is a function only of ~. There­
fore an a. is generated for each Qd selected. 

Ho\~ever, Ct must also satisfy the criticality 
requirement. For the fuel loading of 2.0 kg of 

233U in the driver region, the reactOr becomes 
subcritical below CI. = 0.708. Table I sho\~s the 
dimensions and mass of this minimum size reactor 
as compared with that of Hyland, indicating a 
considerably smallel' mass than Hyland's, which 
in turn was itself considerably lower than that 
of the all-plasma fuel concepts. This suggests 
that the dual-mode plasma-core engine could 
provide excellent payload perfonnance. 

The calculations al'e then l'epeated with plasma 
in the cavity to detennine the core po\~er. Al­
though the driver fuel provides almost all the 
reactor's reactivity, the pIa,sma contributed a 
small positive reactivity \~hlch can be controlled, 
by increasing neutron absol'ption \dth control 
devices in the driver region, to prevent the 
reactor from becoming supercritical. 
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For this minimum size roactor with K = 0.5, 
the driver powel' wns 2.89 megawatts and the core 
po\~er 0.206 meg(\\~ntts ~ too 10\~ fol.' propulsive 
mode opel'ation. '1'hel'ofore, it is of interest 
to exnmine other drivel' po\~ers for the minimtUn 
size rQo.ctor. 

In order to satisfy the telllpero.ture constraints, 
(l-K) Qd is kept constant as Qa is val'ied. The 
results are presentecl in Figure 'l, which shows K 
plotted against the cora/drivel' rntio Qc/Qd 
for various total powers (StUll of the drivel' and 
core powel's), Q. This map is then used to 
calculate the overall system pe:).,:Eo;l.'lIIance. 

,.o,--,---r---,----..----, 

0.1 U.4 O,S 

FigUl;e 4 Power Level lmd T)istl'il.mtion Map 
for M1.nimtUII-Siz.e PlnS)1l(l. COl'e 

Reactor 

Table 2 shows the In,'enkdolm in pO\~el' alloca­
tions (md mnsses for t\~O vnlues of Qc/Qd' The 
total propellant power 1.S given by equation (14) 
and ·~he electric power by equation (15), with the 
pOI"er conversion system efficienc)' taken to be 
0.25. The engine llInss inCludes reactor, turbo­
plunp, nozzle, control, nild stl.'llcture mnsses. The 
total system mass is obtained by sUlIulling the 
ellgine mass and power conversion system mass, 
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These results are used to plot Figure 5, which 
shOl~s the variation of total system mass versus 
propellant thermal power and electric power for 
various values of Qc/Qd . 
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Figure 5 Total System Mass vs Electric 
and Propellant Thermal POl~ers 

Note that th..e;r;e a,re tw.o cu;r;ves 1;01;' th..e p;r;opell ~ 
ant thermal power, since this quantity is depen­
dent on Qc/Qd' However, the electric power 
curve is quite insensitive to Qc/Qd so that 
only one curve is needed to represent all Qc/Qd values. 

From Figure 5, it can be concluded that for 
the minimum-sized reactor, dual mode operation 
is limited to high elec·tric power requirements 
(greater than 1 MWe). This limitation is imposed by the fact that if interesting levels of propul­sive power are to be utilized, the reactor must 
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be operated at high total power. Therefore, a large amount of dl.'iver power must be delivered to the power conversion system. 

For example, if a dual mode system is requh'ed 
to produce 2. a ~nVt of propellant power at Qc/Qd 
0.1, Figure 5 can be used to find the electl"ic power and the system mass, In this case, the 
system mass is 8000 kg and the electl"ic power 
produced in the power mode is 1. 6 MWe. 

It is observed from Table 2 that the power 
conversion system mass dominates the total system mass at the higher powers. It is beneficial 
to the performance if the power conversion system mass can be reduced, suggesting the use of 
advanced heat pipe, Brayton cycle, and thermionic conversion technology. 

A full map of pOSsible reactor sizes and power 
levels is not explored in the present study; 
clearly this needs to be done before the scale, configuration, or performance specifications for 
reactor models can be selected. 

IV. Conclusions 

The mini-cavity plasma core reactol' \~as found 
to be capable of dual-mode operation. A reference reactor was found to have excess reactivity, and 
as a result the reactor size lI'as substantially 
reduced (about 30%). The resulting reactor \~as 
smaJ.ler than any other plasma core concept pre­
viously investigated. It was critical with or 
\~ithout plasma present in the cavity and therefore was neut).·onically feasible for dual mode operation. 

The fraction of driver power removed to the power conversion system K Ims p,lotted against 
the ratio of core to drivel' powel,' Qc/Qd for several total reactor powers. From this map 
propellant therilial powers, el~ctric powers, 
engine mass, po\~er conversion system mass, and 
total system mass \~ere calculated and used to 
generate a performance map of total system mass 
versus electric or propellant thermal power for 
various Qc/Qd . 

It was observed that this reactor possesses 
characteristics for dual-mode applications which 
require the driver thermal power level during 
the power mode to be of the same order of magnitude 
as the nozzle exhaust power level during the prop­ulsive mode. For example, one dual mode system 
produces 2. a MWt of propellant thel.·lnal power in 
the propulsive mode, 1. 6 MWe of electl;ic pOll'er in the power mode (utilizing a 25% efficient power 
conversion system), and has a total system mass 
of 8000 kg. Such an electl"ic power output can 
be used by Jl!agneto~la.SlI)adrnWl)ic arcjets for 
primary electric propUlsion, 

The analysis is preliminary in nature. The 
neutronics calculations shOUld be redone using a multigroup method (diffusion or transport 
code). Batter representation of the heat transfer ,and fluid dynamics processes occurring in the 
cavity is needed. A two-dimensional heat transfer analysis of the driver region is necessary, 
particularly in the power mode. Systems analyses are needed for the power conversion system 

--T' 
, , 

.,J. 

T 

." , f 

! 
I 
I 
~ 
r 

I 
R. r 
I 
I: 

\ 
I 

I 
1 
j 

! , 

j 
I , 
" 

.1 

'~ .. ! ,1 , , 
· , · ' · , 
i.'.' II. ", 

, ~,l 
:- .,\ 

y 
\ 

I 



r 1 fll!' 
t 

, ~ ~' 

,~ h 
~ 1 

: , 1 

i 
, 

! I , 
{ 

J'r ! 
• , ~\ 1 

~~{: 
1'·\ 

'.' ' , \ ( 

" 

, 
I ttl 
q 

j 
') 
I 
J 

(including l'adiatol') and various subsystems such 
as tho nonle ami tUl'bOPlUllp. rillnlly, a bl'Olld 
l'ango of rOactor sizes and pOWC1'S should be 
oxrullined, 

Aside from this analysis, two critical questions 
must be unswol'od, Tho first is the feasibility , 
of liranitull plasma retention, Nhich should be 
answered by plunned l'eactol' o~'Periments. The 
second concerns the usefulness 0,E the dUlll modo 
concept. Mission analysos (lJ,'e l'cq\lil'ed to dotor~ 
mine what missions are IlPP1'opl'inte for this concept and how it compnres with al tOl'nntive: luethods 
such as a chol1lical~llucloal' elect:dc rocket cOlllbina~ 
tion. 
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DISCUSSION 

F, C. SCHWENK: l-lhat: kind of thrust levels \~ere 
yOll gecting? 

S. CHo\~: 400 NE!\~1:oll;:, 

F. C, scmmNK: So I~hen you 1~(n'Q using the 
propulsive modo I~ith the plasma, it \~OS still /l 
fairly 10\~ thrust mocbille. 

J. GRIW: If YOII look IW)' back in the emily 1960 IS, one felt that tile idenl rocl,eCHoulc1 be one thut 
suve high thrllst to mass l,'nt:ios in the neighbor­
hOod of 11 pllme!: 11nd vel.·Y hiSh specUic impulse 
I~hen not II e <11: a planot;. So I,'e t:herefore snid we 
have been looking ut this dU!.ll lIIode thing fa):' Il 
lons tIme in the solid core configuration, !.Inc! the solid core systclIl constraints ure such chnt you 
set at least 1111 order a,' two of l11ugnitude ratio 
be t\~lHl11 the direct tln'us t and the mnOlil1 t of pOl~el' 
available for electric, because you !.Ire takins"most 
of the hellt out on direct: thrust, This gas core 
systelll uniquely offers an opportunity to have all 
those pOl~er levels Hhere the electric pO\~er is very 
high (the Sll\lle order of mllgnitude) (IS direct thr\lst. 
It turned out t:hel;e were some missions that looked 
vel:ynice I~ith chis I but; we hllven ll: yet; cQmpared 
them Idl:h missions which l\lighl: be done the same 
way Hith, say, a chemical rocket pllls a nuclear 
reactor, Ilnd that: is « comparison chut must be 
made. 
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PLASMA CORE REACTOR APFLICATIONS* 

T. S. Latham, Chief Project Engineer 
and 

R. J. Rodgers, Research Engineer 
Uni te.d Technologies Research Center 

East Hartford, Connecticut 

Abstract 

Analytical and experimental investigations are 
being conducted to demonstrate the feasibility of 
fissioning uranium plasma core reactors and to 
characterize space and terrestrial applications for 
such reactors. Uranium hexafluoride (UF6) fuel is 
injected into core ~ties and confined away from 
the surface by argon buffer gas injected tangen­
tially from the peripheFal walls. Power, in the 
form of thermal radiation emitted from the high­
temperature nuclear fUel, is transmitted through 
fused-silica transparent walls to working fluids 
which flow in axial channels embedded in segments 
of the aavity walls. 

Radiant heat transfer calculations were 
performed for a six-cavity reactor configuration; 
each cavity is approximately 1 m in diameter by 
4.35 m in length. Axial working fluid channels are 
located along a fraction of each ~avity peripheral 
wall. The remainder of the cavity wall is con­
structed of highly reflective aluminUM which 
focuses radiant energy'onto the working fluid 
channels. Results of calculations for outward­
directed radiant energy fluxes corresponding to 
radiating temperatures of 2000 to 5000 K indicate 
total operating pressures from 80 to 650 atm, 
centerline temperatures from 6900 to 30,000 K, and 
total radiated powers from 25 to 2500 MW,. respec­
tively. 

Applications are described for this type of 
reactor such as (1) high-thrust, high-specific­
impulse space propulsion, (2) highly efficient sys­
tems for generation of electricity, and (3) hydro~ 
gen or synthetic fuel production systems using the 
intense radiant energy fluxes. 

. Introduction 

Since 1955, various researchers have 
considered the prospects for utilizing, nuclear 
energy with fissile fuel in the gaseous state. 
Most of this work was concentrated on the gaseous 
nuclear reactor technology required for high-per­
formance space propUlsion systems. The current 
research program on gaseous nuclear reactors 
includes continued consideration of high-thrust, 
high-specific-impulse space propulsion applications 
and, in addition, plasma core reactor (PCR) appli­
cations for meeting terrestrial energy needs. 

Extraction of energy from the fission process 
with the nuclear fuel in gaseous form allows oper­
ation at much higher temperatures than those of 
conventional nuclear reactors with solid fuel 
elements. Higher operating temperatures, in 
general, lead to more efficient thermodynamic 
cycles and, in the case of fissioning uranium 
plasma core reactors, result in many possible 
applications employing direct transfer of energy in 
the form of electromagnetic radiation. The appli­
cations for PCR's require significant research and 
technology development, but the benefits in poten­
tial increases of domestic energy resources and 
utilization, reductions in environmental impact, 
and the development of new highly-efficient techni­
ques for extracting energy from the fission process 
with nuclear fuel in the gaseous or plasma state 
jUstify an investment to establish the feasibility 
of fissioning uranium FCR's as a prime energy 
source. 

Possible applications for plasma core reactors 
are: 

(1) High -thrust, high -specific -imp,ulse space 
propulsion. 

(2) Advanced closed-cycle gas turbine driven 
elect!ical generators. 

(3) MHD power conversion systems for generating 
electricity. 

,(4) Photochhmical or thermochemical processes such 
as dissociation of. hydrogenous materials to 
produce hydrogen. 

(5) Thorium--Uranium-233 thermal breeder 
reactor with gas'turbine driven electrical 
generators. 

(6) Direct nuclear pumping of lasers by fission 
fragment energy deposition in lasing gas 
mixtures·. 

(7) Optical pumping of lasers by thermal and non­
equilibrium electromagnetic radiation from 
fissioning UFE; ·gas and/or fissioning uranium 
plasmas. 

cavity reactor experiments have been conducted 
to measure critical masses in cavity reactors to 
obtain data for comparison with theoretical 

*Research sponsored by NASA Langley Research Center, Contract NASl-13291,. Mod. 2. 
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calculations at both Los Alamos Scientific 
Laboratory (I~SL)and the National Reactor Testing 
Station (NRTS) in Idaho Falls. Critical mass 
measurements have been made on both single cavity 
and multi.ple cavity configurations. In general, 
nucleonics calculations have corresponded to with­
in a few percent of the experimental measurements. 
A review of these experiments is contained in 
Ref. 1. These stUdies provide the basis for selec­
ting additional experiments to demonstrate the 
feasibility of the plasma core nuclear reactors. 

A program plan for establishing the feasibility 
of fissioning UF6 gas and uranium plasma reactors 
has been formulated by NASA and is described in 
Refs. 2 and 3. Briefly, the series of reactor 
tests consists of gaseous nuclear reactor experi­
ments of increasing performance, culminating in an 
approximately 5 MW fissioning uranium plasma reac­
tor experiment. Each reactor experiment in the 
series will yield basic physical data on gaseous 
fissioning uranium and basic engineering data 
required for design of the next experiment. Initial 
reactor experiments will consist of low-power, 
self-critical cavity reactor configurations employ­
ing undissociated, nonionized UF6 fuel at near 
minimum temperatures required to maintain the fuel 
in gaseous form. Power level, operating tempera­
tures, and pressures will be systematically 
increased in subsequent experiments to approximate-. 
ly 100 kW, 1800 K, and 20 atm, respectively. The 
final 5 MW reactor experiment will operate with a 
fissioning uranium plasma at conditions for which 
the injected UF6 will be dissociated and ionized 
in the active reactor core. A review of the 
initial UF6 reactor experiments in the planned 
series"conducted at LASL is given in the Proceed­
ings of this conference and in Ref. 4. Discussions 
of experimentallY realized nuclear pumped lasers 
are also given in the Proceedings of this 
conference (Session III) and in Ref. 5. 

The analytical inves,tigations reported herein 
were performed to examine potentialjy attractive 
applications for gaseous nuclear reactors fueled 
by UF6 and its decomposition products at operating 
temperatures of 2000 to 6000 K and pressures of 
approximately 100 to 650 atm. EmphaSis was placed 
on predictions of performance of this class of gas­
eous nuclear reactors (1) as the primary energy 
source for high-thrust, high~specific-impulse space 
propulsion applications, (2) as the energy source 
for highly efficient systems for generation of 
electricity, (3) as the soUrce of high intensity 
photon flux for heating seeded working fluid gases 
for applications such as hydrogen production and 
MHD power extraction, and (4) in a Thorium--Urani­
um-233 nuclear breeding fuel cycle. Configurations 
to permit the coupling of the intense radiant 
energy fluxes to working fluids are presented. 
Energy conversion systems using the gase~us nuclear 
reactor as the prime energy source were analyzed to 
determine system performance and thermodynamic 
efficiencies. Conceptual designs are presented 
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which indicate the overall features of the applica­
tion systems and the method of integration of the 
principal components with the gaseous nuclear 
reactor energy source. 

Plasma Core Reactor Configurations 

In the Plasma dorerH~~ft9rc~fieB1tconcept a 
high-temperature, high-pressure plasma is sustained 
via the fission process in a Uranium gas injected 
as UF6 or other uranium. compounds. Containment of 
the plasma is accomplished flUid-mechanically by 
means of an argon-driven vortex which also serves 
*0 thermally isolate the hot fissioning gases from 
the surrounding wall. For applications which 
employ thermal radiation emitted from the plasma, 
an internally-cooled transparent wall can be 
employed to isolate the nuclear fuel, fission ,rag­
ments, and argon in a closed-cycle flow loop and 
permit transfer of the radiant energy from the 
plasma to an external working fluid. For applica­
tions which employ fission-fr~gment-induced, short 
wavelength, nonequilibrium radiation emitted from 
the plasma, the working fluid such as lasing gases 
can be either mixed with fissioning gas or injected 
into the peripheral buffer gas region such that 
there is no blockage of radiation due to the 
intrinsic absorption characteristics of transparent 
materials at short wavelengths. The PeR configura­
tions discussed below are for applications based on 
use of intense thermal radiation transmitted 
thrOUgh transparent walls to working fluids; 
closed-loop circulation of gaseous nuclear fuel and 
buffer gas is an intrinsic feature of the config­
urations. 

Geometry of Unit Cells and Reactor 

Concepts for coupling radiant energy from a 
fissioning plasma to working fluids are shown in 
Fig. 1. The unit cell shown at the top of Fig. 1 
is from the nuclear light bulb space propulsion 
concept described in Ref. 6. Energy is transferred 
by thermal radiation from gaseous uranium fuel 
through an internally-cooled transparent wall to 
seeded hydrogen prppellant. The fuel is kept away 
from the transparent wall by a vortex flow field 
created by the tangential injection of buffer'gas 
near the inside surface of the transparent wall. 
The bUffer gas and the entrained gaseous nuclear 
fuel pass out through ports located on the center­
line of the endwall of the cavity. 

An alternate unit cell configuration is shown 
at the lower left of Fig. 1. The fuel and buffer 
gas zone is surrounded by a reflective aluminum 
liner with axial working fluid channels along por­
tions of the periphery of the fuel cell surface. 
The reflective liner would be made of aluminum, 
for example, Which has a reflectiVity of approxi­
mately 0.9 for the spectral distribution of thermal 
radiation emitted from the nuclear fuel. The liner 
materials which are highly reflective to thermal 
radiation reduce heating of the cavity surfaces 
and concentrate the thermal radiation onto the 
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working fluid channels. The working fluid could 
be heated by being passed over graphite fins which 
are not surrounded by fused-silica tubes. Or, the 
graphite fins could be replaced by micron-sized 
particles or opaque gases to absorb the thermal 
radiation from the fissioning plasma • 

A working fluid assembly which consists of a 
series of uncooled U-tube-shaped fused-silica 
coolant passages is shown in the lower right of 
Fig. 1. The tubes have walls sufficiently thick to 
withstand compressive pressure loads should it be 
desirable to operate the working ~luid at a 
pressure significantly lower than that in the 
fissioning uranium'plasma region. Interstitial 
zones surrounding the U-tubes are filled with inert 
gas (argon or helium) at the same pressure as the 
plasma region. Working fluid such as helium passes 
through the fUsed-silica tubes and is heated by 
convection from high temperature graphite fins in­
side the fUsed-silica tubes which absorb thermal 
radiation emitted from tpe plasma. The upper limit 
on working fluid outlet temperature imposed by a 
limit on the fused silica operating temperature 
would be approximately 1200 K. 

A sketch of a conceptual design of a plasma 
core reactor for use in generating electricity is 
shown in Fig. 2. The reactor consists of six unit 
cells which are imbedded in a beryllium oxide 
reflector-moderator and surrounded by a pressure 
vessel. Each of the six unit cells is a separate 
cylindrical unit consisting of a fuel region 
assembly and an outer working fluid assembly. The 
two assemblies can be withdrawn from opposite ends 
of the reactor configuration for periodic main­
tenance and inspection. The fuel assembly consists 
of a plasma fuel zone. with nuclear fuel injected in 
the form of UF6' The uranium Used in the UF6 can 
be either highly enriched U-235 or U-233. Gaseous 
nuclear fuel is confined in the central region of 
the fuel zone by argon buffer gas. The mixture of 
nucl~ar fuel and argon buffer gas is withdrawn from 
one or both endw.alls at the axial centerline.for 
separation and recirculation. 

A cross section of a breeder reactor version 
of a plasma core reactor is shown ,on the,bottom of 
Fig. 2. Results of calculations of breeding 
ratios and doubling times for a plasma core breeder 
reactor are described in a subse.uent secti~n. 

Plasma core reactors which have been discussed 
thus far have working fluid channels close1.y.coupled 
neutronically to the reactor. Applications for 
plasma core reactors are under consideration for 
which it would be more advantageous to locate the 
working fluid channels at positions other than 
those adjacent to the fuel cavity, so that the 
neutron absorbing characteristics of material in 
the working fluid channels will be Unimportant. 
Thus, 9,Ctrai~smission cell must be provided so that 
therw(l radiant energy fluxes can be transmitted 
from ~he nuclear fllel cavity. through the 'moderator 
and ~~haps t~oUgh the pressure vessel,' t~ the 
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working fluid channels. 

A schematic diagram of two possible plasma core 
reactor configurations Which make use of 'trans­
mission cells is shown in Fig. 3. The configura­
tion on the left shows an arEangement in which 
transmission cells are connecte4 to working fluid 
channels within the pressure vessel, but outside 
of the beryllium oxide reflector-moderator, thus 
minimizing the neutronic coupling between the fuel 
cavity and working fluid channel. Potential appli­
cations for this configuration are principally 
terrestrial. The configllration shown on the right 

'in Fig. 3 has a single centralized working fluid 
channel which receives thermal radiant energy from 
each of the surrounding six nuclear fuel cavities, 
and which is outside of the inner pressure vessel 
wall structure. This particular configuration can 
be employed in providing a high temperature gaseous 
propellant stream for space propulsion applications 
or for terrestrial power conversion applications. 
Further, radiant energy deposited in the reflective 
liner as well as neutron and gamma energy deposited 
in the moderator can be extracted to provide on­
board pOlqer for the space vehicle. 

The transmission cell employs series of 
fUsed-silica transparent walls with intermediate 
regions of gaseous hydrogen and/or deuterium gas 
to balance pressure between the fuel cavity region 
and the transmission cell. The hydrogen and/or 
deuterium gas provide a transparent light path for 
the thermal radiation emitted from the plasma. 
The gas also scatters neutrons effectively and, 
therefore, reduces leakage of fast andt.thermal 
neutrons from the system. Thettr!lnsmission cell 
supporting structure is cylindrical in shape and 
the inner cylindrical wall is lined with a highly 
reflective material such as aluminum. The reflec­
tive liner minimizes the loss of radiant energy to 
the wa~ls of the transmission cell as it is trans­
mitted from the fuel cavity to the working fluid 
,channel. The 'fused-silica walls which are compo­
nents of the transmission cells are not completely 
transparent to thermal radiant energy and 
absorption must be inclUded in evaluating the 
transmission cell efficiency. 

A summary of transmission cell performance is 
given in Table r. These results lire calCUlated for 
an outward-directed thermal radiant energy flux 
corresponding to a black-body temperature of 4000 K. 
One component of transmissivity is related to the 
radiant energy absorbed by the fused silica and is 
a function of the wall thickness. This component 
varies from 0.941 to 0.85 for wall thicknesses of 
0.25 and 3.5 cm,'respectively. A second component 
of transmissivity is related to losses from the 
incident beam resulting from multiple wall reflec­
tions within the transmission cell along the path 
ttl the external working fluid channel. The trans­
missivity of a right circular, cylindrical trans­
mission cell with aluminum reflecting walls was 
calCUlated as a fUnction of the cell length-to­
diameter ratio. Based on the Monte Carlo 

I 
t. 'F 

t I ~' 

l~ 
I 

\ 

.. 
;' 

, ., \ 
\ 



;'"' 1 
j 

, I 

•• 
~ 

~I 
1 

technique developed in Ref. 7 in which the trans­
mission of radiation from the diffuse soUrce was 
calculated along a specular reflecting cylinder, 
the transmiscivity at the exit of the cell varied 
from 0.92 to 0.56 as the 1ength-to-diameter ratio 
varied fram 0.5 to 4.0. The t~tal transmissivity 
can be estin~ted, to a first approximation, by 
mUltiplying the two independent transmissivity 
components. " 

Fresnel refle~tion losses for fused silica and 
.gas interfaces were not considered. The trans­
mission celJ. must have a minimum of two fused­
silica walls and thus ~our potentially reflecting 
surfaces. However, not all of the reflected energy 
is lost. Some of the energy will be reflected back 
into the fuel region to be reabsorbed and, sUP­
sequently, re-radiated by the plasma; some will be 
re-reflected within the transmission cell and find 
its way to the working fluid channel. Furthermore, 
reflection losses occurring at the interfaces of 
the fused silica can be reduced within given wave­
length bands by depositing anti-reflection coatings 
on the surfaces. Further analyses or measurements 
are required to quantify the effects of interface 
reflections on overall transmission cell perfor­
mance. 

Criticality and Radiant Heat Transfer 

Calculations of critical mass ,rere perfonned 
using the one-dimensional neutron transport theory 
computer program, ANISN (Ref. 8), ~or the non­
breeder reactor configuration shown in Fig. 2,. 
The volume of each region wai> transformed into 
equivalent-volume spherical zones. A twenty 
group neutron' energy structure was used in the 
calculation for i~hich neutron crOi>S sections were 
obtained from the HRG (Ref. 9), TEMPEST-II (Ref. 10), 
and SOPHIST-I (Ref. 11) computer programs. A 
critical mass of 86.4 kg of U-235 was calculated; 
14.4 kg is in each of the six unit cells. 

Nuclear fuel will be injected into the fuel 
region of plasma core reactors in the form of 
gaseous UF6. Upon entering the plasma zone, the 
UF6 '~ill dissociate such that at high temperatures 
( -8000 K) the total pressure of the mixture will 
consist primarily of contributions from uI'anium 
atoms and ions, free fluorine atoms and ions, the 
corres90nding electrons from ionized species, and 
some argon buffer gas i~hich will mix into the 
plasma zone. The composition of UF6 as a function 
of temperatlll'e and pressure i~ere calculated us;\.ng 
a UTRC computer code described in Ref. 12. The 
following species were inclUded in the analyses: 
UF6, UF5' UF4, UF3, F, F-, F2" UO, W, U+2, U+3, 
and electrons. 11 composite plot df the val'iat;\.on 
of the ratio of Illiorine to uranilim and uranium 
fluoride species is shown as a flmction of tempera­
ture for several total press Ill'es in Fig. 4. ~he 

abrupt increase in fluorine partial pressl~e with 
temperature occurs with the onset of the dissocia­
tion of UFo' A plasma core reactor must by defini­
tion be an ionized gas. If fueled by UFo, the six 
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fluorines and electron partial pressures add to 
those of the uranium s'pecies, reSUlting in operating 
pressures of several hundred atmospheres. 

In calculatine the temperature distribution 
for the fissioning plasma region for a given radiant 
heat flux at the plasma edge, the containment 
characteris'cics in the fuel and buffer-gas region 
must be considered. A reasonable constraint for 
containmen~ is to require that from the edge-of-fuel 
location inward, the local density at any station 
be less than or equal to the density of the buffer 
gas at the edge-of-fuel location. With this con­
straint, and for constant total pressure, there 
exists an upper limit on the amount of uranilim 
(which has a higher mass nlimber) that can be con­
fined with the flUorine and argon at a given local 
temperature. Calculations were performed to deter­
mine the ratios of uranium to fluorine and argon at 
local temperatures in the fuel region such that the 
total pressure is preserved and the total density 
of uranium, fluorine, and argon is equal to or less 
than that of the argon at the edge-of-fuel location. 
The compo~itions of flUorine, argon, and uranium 
as functions of temperature and pressure, including 
the effects of ionization at high temperatures, 
were taken from Refs. 13 and 14, and from the UF6 
decomposition calculations. By using UF6 decomposi­
tion products and argon decomposition products in 
conjunction with the estimated spectral absorption 
cross sections, Rosseland mean opacities were cal­
culatedfor the mixture of argon and UF6 decomposi­
tion species in the fuel region. The estimates of 
the spectral characteristics of UF6 and its dominant 
decomposition products Over the range of pT.es~ure, 
temperature, and wavelength important to the plasma 
core reactor con.cept, were reported in Ref. 15. 
Reslllts of current research on the experimental 
D\eaSl~ement of spectral emission and absorption 
'characteristics by UF6 and its decomposition pro­
ducts is reported in Ref. 16. 

These mixture opacities were used in a 
radiation diffusion analysis to determine the 
temperature distribution required to deliver a net 
heat flux at radial bOUndaries, which are locahed at 
110 cm intervals from the centerline of the fuel 
zone, equal to the total energy release due to the 
fissioning of the nuclear fuel w.ithin each boundary 
(local argon, fluorine, and uranium densities and 
partial pressures were calculated Using the program 
discussed above). The calculation converges when 
the heat flux at the outer boundary corresponds to 
the net heat flux at the edge-of-fuel location and 
the contained uraniwn, based on the imposed density 
and total pressure constraints, equals the critical 
mass. 

Radiant heat transfer calculations were 
performed for the unit cells in the reactor con­
figuration shown in Fig. 2. Temperature distribu­
-tions were ealculated for edge -of-fuel temperatllre.s 
of 2,000 K, 3000 K, 4000 K, and 5000 K, and working 
channel duct to total cavity surface area ratios of 
0.0, 0.1, 0.2, 0.3, and 1.0. The centerline 
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temperatures and total cavity pressures which 
include the resulting UF6 and argon decomposition 
product partial pressures are given in Table II. 
The critical mass was held constant for the differ­
ent operating conditions, so that the charactp.ris­
tic of t~e pressure increasing as the centerline 
temperature increases :I.s indicative of the degree· 
of UF6 dissociation. 

The reflective aluminum liner tends to trap 
photons in the fuel region. A portion of the 
reflected thermal radiation is reabsorbed by the 
nuclear fuel in the edge~of-fuel region which 
causes the local temperature to rise. The 
spectral heat flux incident on the aluminum liner 
was used to calculate an aluminum spectrum-weighted 
average reflectivity \1hich at the liner surface was 
0.909. The effective reflectivity is dtfferent from 
the spectrum·~eighted average reflectivity of the 
aluminum liner because of geometrical factors. 
Diffusely reflected radiation from the liner would 
have a cosine distribution about the inward normal. 
Some of the reflected radiation, therefore, would 
not intercept the fuel cloud but would pass by the 
cloud and reflect Dff another portion of the liner. 

The equations which describe the effective 
reflectivity for a given fuel region and reflective 
liner geometry are derived in Ref. 17. A given 
steady-state outward-directed heat flux and the 
reflected component of the thermal radiation which 
is absorbed by the fuel cloud, are related uniquely 
when the fuel clond is assumed to be a cylindrical, 
optically-thick radiating fuel cloud. The radiant 
energy which is not reabsorbed by the fuel cloud is 
either absorbed by the reflective liner or is 
incident on the working channel duct where it 
represents ene;gy available for an energy extrac­
tion cycle. 1he distribution of radiant energy 
absorbed by the working fluid channel and the re­
flective liner as a function of ratio of the area 
of the workj.ng flnid channel to the total cavity 
surface area is shown in Fig. 5. These energy 
deposition distributions were used to determine the 
radiant ther~l powers deposited· in the liner and 
duct for the parametric series of calculations. 
Calculations were also performed to estimate the 
convective removal of energy from the fuel cavity 
by the flOWing gases as well as the energy deposi­
ted in the moderator by fission neutrons and gammas. 
The model used for the convective energy removal is 
similar to that described in Ref. 18. Using the 
temperature distributions calculated for each 
thermal heat flux condition and with a buffer 
gas residence time of 30 s and a ful residence 
time of Go s, the'total convective energy 
removal, {lCONV, was calculated. In addition. 
the power depos:i.ted in the moderator, QMOD' was 
~alculated to be equal to 0.125·times the total 
reactor pO\1er. The resulting energy balances for 
the cases calculated are given in Table III. 

For the conditions at which the edge-of·-fuel 
tempera3ure is 40v~ K and the working channel dUct­
to-cavity surface area ratio( is 0.2,_.th: ~.alculated 
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radial density distriblttions of the fuel, flUorine, 
and argon within the unit cell is shown in Fig. 6. 
The temperature variation was assumed to be linear 
with radius thrOUgh the argon buffer ~egion. This 
buffel;' gas region '~emperature variation and 
cbrresponding density variation was matched to the 
temperature and density radial distributions 
obtained from the radiation diffUsion analysis of 
the fuel region. The actual temperature and 
density distributioPR in the buffer gas region are 
not as linear as shown in Fig. 6, but this approxi­
mation does indicate the expected steep density 
gradient which shottldresttlt in a strong stable 
vortex flow for containing the'hot fuel gas within 
an outer cool buffer gas layer. 

Plasma Core Reactor Applications 

The salient feature of the plasma core 
reactor applications investigated is the coupling 
of power to working fluids by radiant heat trans.­
fer. The applications studied include high-thrust, 
high-specific-impulse, space propulsion systems, 
electric power generators using closed-cycle helium 
gas turbines, an MHD power conversion concept, and 
photochemical/thermochemical processes £or the 
production o£ hydrogen. In addition, Thorium-U-233 
breeder configurations of plasma core reactors were 
analyzed to determine possible ranges of breeding 
rScios and doubling times. 

High-Thrust, High-Specific-Impulse Space 
Propulsion 

Historically, research on gaseous nuclear 
reactors was focused on high-performance space 
propulsion systems. Research was conducted on two 
major concepts o£ gaseous nuclear rockets: the 
open-cycle; coaxial flow concept and the closed­
cycle nuclear light bulb concept. Comprehensive 
surveys of the ranges of performance of the open­
cycle and nuolear light bulb rocket engines are 
discussed in Refs. 19 and 20, respectively. In 
addition, a vers:l.on of -t:he nuclear light bulb 
engine with size and critical mass redUced by use 
of cold beryllium reflector-moderators (less than 
300 K) backed by cold deuterium-compound moderator 
materials and by use 0-: axial propellant che.nnels 
is described. in Ref. 21. Table IV summarizes the 
performance characteristics of these l?ropulsion 
systems. 

The performance stUdies described below were 
done for closed -cycle gaseous nuclear rocltet 
engines which ell1ploy gaseous UF6 nuclear fuel and 
its decomposition products with radiating tempera­
tures of 6000 K and lower and total pressures of a 
few hundred atmospheres. The resulting systems 
shOUld be considered "first generation" l?lasma 
core reactor thrusters; the higher performance 
systems which shOUld follOW with technological 
improvements and growth having been thoroughly 
modeled and analyzed in earlier studies. 
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Engine perforMance characteristics ~ere 

calculated for a derivative of the reference 

nUclear light bulb engine. Dimenaional character­

istics and cOlJiponent weights for this engine are 

given in Ref. 6. The assumptions employed to 

:determine the, performance of the engines over a 

range of fuel radiating temperatures from 4000 to 

6000 K were as follows: 

(1) Propellant exit temperature assumed to be 8ci 

of fuel radiating temperature. 

(2) Heat loads were assumed to be the same frac:o 

tion of total power as those calculated for 

the reference nURlear light bulb engine in 

Ref. 6. Operating pressure and fuel and 

buffer gas heating were based on the calcula­

tions described/in the"preceding section. 

(3) Specific impulse was redUced to 84i of the 

ideal value to allow for incomplete expansion, 

friction and reccmbination losses, nozzle 

transpiration coolant flow, and for the flow 

of tungsten seeds in the propellant to absorb 

thermal radiation. 

(!l) The total flow passing through the nozzle exit 

was increased by approximately l~ to include 

tungsten seed flow and transpiration coolant 

flow. 

(5) Engine weight was determined by adding the 

reference nuclear light bulb moderator weight 

to the pressure vessel weight calculated using 

a weight factor given by Z = Wpv/pv = 1.125 

kg/atm"1ll3 • 

Performance characteristics for the cases 

considered are given in Table V. For the deriva­

tive of the nuclear light bulb reference engine 

with radiating teIDperatures from 4000 to 6000 K, 
the performance characteristics are: engine mass 

32,700 to 42,900 kg; operating Pl'(~ssure 540 ttl 900 
Iltm; ISp 880 to 1220 s; thrust-to~eight, 0.14 

to 0.47. 

For comparison purposes, preliminary analyses 

based on the techniques described in Ref. 22 were 

conducted of the performance of the engines des­

cribed in Tables VI and V for a mission requiring a 

total V of approximately 853 mls (i.e., low circu­

lar orbit to escape velocity, applicable to supply 

miss:l-ons to synchronQus orbit, for example). Com­

parisons were made in terms of initial mass 

required in earth orbit (IMEO) to a chemical rocket 

employing H2/~ propellant with a sDecific impulse 

of 450 s, a Weight of 1135 kg, and a thrust level 

of 890,000N. 

The missions comprised minimum energy Hohmann 

transfers from'low circular earth orbit (100 

nautical miles) to synchronous orbit and back using 

two rocket burns per transfer. DUe to relatively 

low accelerations, gravity loss correction factors 

were included. The payload was assumed to be four 
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space shuttle payloads, approxmmately 90,000 kg • 

Comparisons were made for two plasma core reactor 

rocket engines; a derivative of the nullear light 

bulb reference engine with UF6 fuel with an lsp of 

1220 s and a thrust-to-weight ratio of 0.47 (see 

column 3 of Table V) and a small nuclear light bulb 

engine with an lsp of 1150 s and a thrust-to~eight 

ratio of: 0.14. 

For the cases calCUlated, the !MEO's for the 

plasma core rocket engines were about 40 to 60 

percent of those for the chemical system. The 

performance advantage increases with increased pay­

load also. These results indicate that the plasma 

core reactor engine with UF6 nuclear fuel with 

"first generation" performance characteristics 

could be a desirable system for ferrying space 

shuttle payloads to selected earth orbits and 

possibly for other operations in cis-lunar space. 

The benefits of performance extension by technology 

growth and improvements to the high-thrust, high­

specific-impulse systems described by the perfor­

mance ranges quoted in Table V from earlier work 

are clear. 

Closed-CYcle Helium Gas Turbine Electrical 

Generators 

Bastt performance analyses of closed-cycle gas 

turbine systems Which could effectively utilize the 

high temperature capability of plasma core reactors 

were performed. The closed-cycle system uses a 

helium-driven, gas turbine coupled to an electrical 

generator with a nominal output of 1000 /Me. Heat 

from the 'reactor can be transferred directly to the 

closed-cycle helium working fluid or can be trans­

mitted through a secondary heat exchanger. The 

cycle under consideration would employ a mUltistage 

turbine connected '1;0 compressor spools. The work­

ing fluid leaving the main turbine would enter a 

second mUltistage turbine directly con~ected to the 

electric generator. Several heat exchangers would 

be incorporated in the system (i.e., a regenerator, 

pre cooler , intercooler) to increase the system 

performance. A schelnatic diagram of the closed 

cycle gas turbine system is shown in Fig. 7. 

l~dditional power generation is also possible by 

utilizing some of the heat from the wOl'$.ing fluid 

at the regenerator and intercooler exhaust ·tempera­

tures to operate supplementary steam or organic 

working fluid power systems to increasing the syst 

tero overall efficiency. These additional systems 

were not investigated in this study. 

The reactor configuration for electrical 

power generation was described in the precedmpg 

section. Sketches of the configuration and unit 

cells for power extraction are shown nn Figs. 1 and 

2. The mechanisms for extracting heat from the 

reactor can be either the system employing fused­

silica U-tubes with graphite fins within the tUbes 

to absorb thermal radiation, or the system with 

axial working fluid channels in which graphite fins 

absorb the thermal radiation without surrounding 

them with fused silica. The fused-silica U-tubes 
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permit a pressure differential between the 
operating pressure of the reactor and the operat~ng 
pressure of the helium gas turbine loop. For 
example. fUsed-silica tUbes under a compressive 
loading of 500 atm would require a ratio of OD to 
ID of 1.19 for a design point compressive stress of 
1.38 x 108 N/M2 (20,000 psi). Due to the tempera­
ture limitation on fused silica. the helium outlet 
temperature for the U-tube system is limited to 
approximately 1200 K. The alternate unit cell con­
figuration with axial graphite fins would operate 
at Working fluid pressures equal to those in the 
reactor fuel region. The working fluid would be 
conducted through a secondary heat exchanger across 
which a pressure arop could be sustained SUch that 
the helium gas turbine system could be operated at 
a desired cycle pressure. Helium outlet tempera­
tures would be limtted only by material limtts in 
other system components. The latter unit cell 
would use less fused silica and structure in the 
reactor core and would be more adaptable to breeder 
reactor configurations where it is necessary to 
minimize parasitic neutron absorbers to maintain a 
desirable breeding ratio. 

Performance \~as optimized by determining the 
system's overall efficiency, electrical power out­
put divided by the total reactor thermal power, for 
a range of pressure ratios across the heliUm com­
pressors and for three turbine inlet temperatures 
of 1098, 1506. and 1922 K. Efficiencies of t~e 
compressors, turbines and regenerator were assumed 
to be 0.9. The generator efficiency was assumed to 
be 0.98. Fractional pressure drops of ~p/p = 0.02 
Were assumed across all heat exchangers and through 
the reactor core. A compressor inlet temperature 
of 322 K was selected to permit use of a dry 
cClo1ing tower for heat rejection (selection and 
evaluation of' specific heat rejection systems was 
not included in the study, however). Based on the 
calCUlated reSUlts, a compressor pressl~e ratio of 
1.75 was selected for cases ldth turbine inlet 
temperatures of 1089 and 1505 K and a compressor 
pressure ratio of 2.0 was selected for the case 
with a turbine inlet temperature of 1922 K. Three 

, operating pressures were considered, 20. 51, and 
153 atm. The overall cycle efficiency was found to 
be re~atively insensitive to cycle pressure over 
the range from 20 to 150 atm. Thus, the principal 
impact of pressure selection would be on eqUipment 
size and cost. 

The variation of overall cycle efficiency with 
turbine inlet temperature is shown in Fig. 8 with 
inlet temperatures noted f9r various blade 
materials and turbine blade cooling schemes. The 
progression of gas turbine technology into the 
1980's is discussed in Ref. 23. With the use of 
cooled molybdenum alloy (TZM) blades and vanes, 
operation with turbine inlet temperatures of about 
1900 K might be feasible by the mid 1980's. The 
cross-hatched region on the plot at working fluid 
temperatures of the order of 2500 K is indicated 
with an MHD label. The description of possible 
concepts which could be us(!d for, MHO system is 
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given in tne following section. 
MHD Power Converslon Concepts 

The high working fluid temperatures avaj lable 
from plasma core reactors make the use of MHD 
power extraction concepts attractive options. A 
compnehensive review of MHD power conversion sys­
tems based on gaseous nuclear reactor technology is 
given in Ref. 24. Plasma core reactors with fuel 
region radiating temperatures sufficiently high 
(4000 to 5000 K) to heat MHD working fluids to 
desired temperatures of 2000 to 2500 K have oper­
ating pressures on the order of 500 atm. Conduc­
tivity of MHD working fluid with alkali metal sieds 
decreases rapidly with increasing pressure (aP-Z­
for thermal ionization, ap-4 for nonequilibrium 
ionization). Therefore, MHD cycle performance for 
a given working fluid temperature tends to favor 
operation at a few atmospheres pressure. In the 
process of conceiving and evaluating configurations 
which might be used to couple MHD power extraction 
systems to plasma core reactors, two principal 
considerations are dominant; (1) the MHD duct 
operating pressllre shOUld be a few atmospheres 
while the reactor operating pressure is of the 
order of 500 atm; and (2) space occupied by MHD 
dUct magnets and electrodes and parasitic neutron 
absorptions by the MHD duct materials whou1d be 
small to minimize their impact on reactor critical­
ity. The transmission cell concepts described in 
the preceding section provide a means to satisfy 
both constraints. 

The configurations shown in Fig.,3 are both 
adaptable for use as MHO systems. In both cases, 
the MHD ducts l~ould be located outside the nuclear 
fuel and moderator zones and essentially neutronic­
ally isolated. The transmission cells with series 
of fUsed-silica ports under compressive load would 
permit operation with the appropriate pressure 
differential between the FeR fuel region and the 
MHD duct. Two modes of operation would be 
possible. The MHO duct could be attached at the 
ends of the working fluid channels shown in Fig. 3· 
Power would be extracted after the fluid was 
heated as in most MHO concepts. A second option 
could be to install the MOO ducts with magnets and 
electrodes in the working fluid channe~s. Power 
would be extracted as the working fluid was 
heated, resulting in a very efficienu cycle since 
the working fluid temperature and conductivity 
would be constant an the MHO duct. The latter 
constant temperature MHO power conversion system 
was first suggested in Ref. 25. 

Preliminary investigations were made of 
possible MHO seeding materials. The most attrac­
tive working fluid and seeding materials identi~ 
fied for a PeR-MHO system were suspensions of 
thermionica11y emitting, particles of barium oxide 
or mixed oxiaes of barium, calcium, and strontium 
in argon gas. The main theoretical advantages of 
an emitter suspension over an alkali metal seeded 
gas are its higher conductivity at temperatures up 
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to about 2000 K (especially at pressures of 10 'atm 

and above) and its relatively small variation in 

conductivity with changes in pressure (ap-0.13). 

The latter property permits conceptual designs of 

MHO systems with operating pressures up' to 50 atm 

'. with the resulting savings in component size. 

Discussions of theoreti<::al and expe~~imental inves­

tigations of the conductivities of gas borne sus­

pensions of thermionic emitters are given in Refs. 

26 and 27. Particle suspensions also tend to be 

broadband absorbers of radiant energy, making them 

ideally suited as PCR working fluids. 

Related analyses of a closed-cycle nuclear 

MHO system using dust suspension described in Ref" 

28 indicate that overall cycle efficiencies up to 

~ 60 percent are theoretically possible with con­

ventional nuclear reactors. Overall cycle analyses 

and identificati:m of system components should be­

performed for a reference PeR-MHO power plant to 

evaluate its potential as an efficient power gen­

eration system. 

R1otodissociation of Halogens to Pt-oduce li.ydrogen 

Plasma core reactors have been proposed as a 

high power SpLlrCe of radiant energy tfor which 

efficient use of high intensity photon fluxes 

emitted from the radiating ionized fuel cloud can 

be employed in thermochemical and ~hotochemtcal 

employing hydrogen as a fuel is attractive be~ause 

it is nonpolluting. Hydrogen may be produced from 

energy s~urces such as nuclear reactors or solar 

radiation to the exclusion of production from 

fossil fuel sources. However, for hydrogen to 

become a viable fup.l, satisfying significant future 

energy requirements, a means of producing vast 

quantities in an economic process ~ust be identi­

fied and demonstrated. 

studies were conducted to evaluate methods for 

producing hydrogen using the intense photon fluxes 

emitted from plasma core reactors. A relatively 

simple concept proposed here for the photolytic 

decomposi ti.on of water in which the unique radia­

tion emission characteristics of the plasma core 

reactor are utilized is shown in Fig.· 9. Three 

sUccessive working fluid,channels are employed in 

the process. The first two channels provide a 

rea~tion site for the two-step, closed-cycle photo­

lytlC decomposition of water and the third channel 

is provided to absorb the residual thermal rad~a­

tion either by flowing particle laden gases or by 

graphite finned rods which transfer the absorbed 

energy to a flowing gas stream by convection. 'The 

concept utilizes radiation and the chemical proper­

ties of halogens and hydrogen halides and the Uni­

que radiation characteristics of the plasma core 

reactor to circumvent ~he problems associated with 

the direct thermal or photolytic decomposition of 

water. The key to the concept depends upon the 

abil~ty of halogens to react with water to form the 

corresponding hydrogen halide and oxygen species. 
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In the concept a series of relatively low 

temperature thermal or photolytic reactions are 

used to effect decomposition of water and to perm~t 

easy separation of reaction products. The cc~bined 

overall reaction describing the process may be 

exprellsed as 
hv 

Br2(G) + 212(G) + ~O(G) :; ~(G) + 

Results of composition calculations indicate 

that molecular bromine (Br2) does not appreciably 

react with water. However, similar composition 

calculations with atomic bromine (Br) and water 

yield hydrogen bromide (HEr) and oxygen (6.2) all the 

principal prodUcts. Thermal dissociation of the 

halogens occurs to an appreciable degree (~50 per­

cent) only at temperatures greater than 1500 K. In 

the concept, the radiant flux is used to induce 

photodissociation of the bromine and iodine mole­

cular species and thermal dissociation is used for 

the hydrqgen iodide and iodine monobromide species. 

Gaseous moleCUlar bromine (Bft2) and water (BeO) are 

allowed to react at approximately 450 K in the 

presence of radiation (365;$ A :$ 535 nm) to yield 

gaseous hydrogen bromide and oxygen. Since HEr is 

not appreciably dissociated at temperatures below 

approximately 1500 K, HEr is then allowed to react 

with iodine (12) at 456 K in the presence of radia­

tion (430;$ A;$ 740 nm) to yield gaseous hydrogen 

iodine (HI) and iodine monobromide (1Br). Cooling 

the reaction mixture below the boiling point of 1Br 

permits separation of riquid 1Br from gaseous HI and 

HEr. Iodine (12) and bromine (Br2) are regenerated 

from IBr at a temperature of about 700 K. The HI­

HBr mixture is heated to about 700 K to thermally 

decompose HI to. hyd1:ogen (H2') and 12' Upon 

quenching to a temperature below 456 K, 12 is 

liquefied and separated from the H2 and HBr. 

Finally, the solubility of HBr in H20'is utilized 

to separate Be from HBr. 

For plasma core reactors with radiating 

temperatures between 4000 K and 6000 K, iodine 

absorbs over a larger fraction of the available 

spectra than bromine and overlaps portions of the 

spectra in Which bromine also absorbs. To maximize 

bromine photodissociation to atomic bromine, the 

bromine region is positioned to intercept the 

incident thermal radiation first and is of SUffici­

ent thickness to reduce the spectral flux to less 

than one percent of its incident valUe. The iodine 

region is located behind the bromine r~gion ~n the 

thermal radiation path and is also of sufficient 

thickness to absorb all but one percent of the 

spectral flUX in its photodissociation wavelength 

range. 

The fractions of radiant energy available to 

induce photodissociation of bromine and iodine are 

0.25, 0.353, and 0.438 for black-body radiat1.ng 

temperatures of 4000 K, 5000 K, and 6000 K, 

respectively. The concept process also requires 
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two other dissociation reactions namely, HI and 
IBr into H2, I2, and Br2' ~he dissociation of HI 
and IBr can be carried out thermally in a consecu·· 
tive sequence of separation chambers. By consider­
ing these photodissociation and thermal dissoc'.a­
tion reactions only, and assuming the higher heat­
ing valUe of water equal to' 68.4 K-Cal!Mole of 
hydrogen consumed, a maximum thermal efficiency of 
0.553 was calculated for the case where recombina­
tion and other t.\l.e;\·mal losses are neglected. The 
other thermal energy reqUirements considered were 
those related to heating the initial species of 
H2O (liquid), oromine (liquid), and iodine (solid) 
from room temperature, to the gaseous state at a 
temperature of 456 K and at which the gaseous 
constituents enter the working fluid channels where 
they are exposed to the incident thermal radiant 
flux. Thermal efficiencies were calculated for 
each spectrum and were approximately 0.41. The 
calcll.latedefficiencies are based on the assumption 
that the~e is no recombination of dissociated 
species and that there is no recovery either of the 
heats of reaction for the closed-cycle process or 
of the energy devoted to initial heating of the 
constituents. Thus in an a'ctual process. the range 
of thermal efficiency would be expected to be 
between 0.41 and 0.55. 

BecaUse of the discriminatory manner by which 
the thermal radiant energy spectra are absorbed in 
the prodUction of hydrogen for the photodissociae 
tion reactions of bromine and iodine, the residual 
energy in the spectra may be a considerable frac­
tion of the total radiant energy available. This 
energy could be utilized for some other energy con­
version system. The actual fraction of residual 
energy available depends upon the radiating 
temperature of the plasma and the spectral flux 
distribution emanating from the fuel region. For 
radiating temperatures between 4000 K and 6000 K, 
approximately 25 and 45 percent, respectively, of, 
the spectral flux is available for use in bromine 
and iodine photodissociation reactions. For a 
plasma core reactor operatin~ over this range of 
radiating temperature, this hydrogen production 
concept could be used as an auxiliary cycle to a 
primary energy conversion system such as the 
closed-cycle helium gas turbine system described in 
a previous aection. The advantages of thL." iual 
energy extraction possibility is that the reactor 
can be operated at normal power during times when 
demand for electric power is not high and hydrogen 
may be produced. The hydrogen could be stored for 
SUbsequent usage. It is also possible to operate 
in a mode such that hydrogen production and the 
helium gas turbine system operate simultaneollsly. 
Here the hydrogen produced could either be con­
sllmed in fUel cells *0 aid in meeting the immediate 
power demand or stored for subsequent use. 

Thorium--Uran1.um-233 Breeder Reactor 

Plasma core reactors have several features 
which are of benefit in terrestrial applications 
in addition to increased thermodynamic cycle 
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efficiency reSUlting from high temperature opera­
tion. One of these featUres involves use of t.he 
Thorium--U-233 breeding cycle. Studies were per­
formed to estin~te the operating characteristics of 
the plasma core reactor configuration shown o~ the 
right of Fig. 2 operating as a therual breeder 
with the ThoDium--U-233 cycle, 

Fuel bred in a fertile blanket can be 
separated on-site and incorporated directly into 
the reactor fuel cycle flowing inventory or stored 
for Use in other reactors. Such on-site repro~ 
cessing of the nuclear fuel would eliminate fuel 
element fabrication cost, and avoid the necessity 
ta transport expended fuel elements to remote 
locations. A thorough stUdy of the safety of 
plasma core reactors has not been conducted; 
however, it is expeC'ced that the consequences of 
an accident in a plasma core reactor would be 
mipimal becauae fission products are separated and 
removed continuously i.11 the on-site reprocessing 
facility. The high pressure, power producing core 
region contains relatively small amounts of 
rnd i08c tive materials which potentially could be 
releaf;ed from the reacto:!' in the event of an 
accident. ~he breeder reactor concept could 
provide high temperature working fluids for 
efficient, closed -cycle gas tm'bine systems. In 
the breeder configUration shown in Fig. 2, struc­
tural neutron poisons are minimized by employing 
heavy-water as the reflector-moderator material 
and by encasing the working fluid and fuel. region 
zones in Zircall.oy tanks. A graphite-lined, 
fertile Thorium breeding blanket surrounds the 
heavy-water moderator. The complete assembly is 
contained within a pressure vessel. ~he reactor 
configuration consists of six l-m-dia by 4.35-m­
long cylindrical fuel cavities embedded in the 
heavy-water reflector-moderator. ~he fertile 
Thorium blanket is composed of a molten salt solu­
tion (ThF4-BeF2-LiF with mole fractions of 0.27, 
0.02, and 0.71, respectively) similar to that 
employed in the molten salt breeder reactor con­
cepts described in R~f. 29. The fissile ~uclear 
fUel·is U-233 which allows exploitation of the 
Th-232 and U-233 breeding cycle. The technology 
required for removing the U-233 produced in the 
molten sdt fertile fho:t.'ium solution is well­
developed and could be employed for a plasma core 
breeder reactor configuration. The unit cells of 
the breeder configuration are similar to those in 
the nonbreeder plasma core reactor configuration. 
However, in the breeder the graphite fins could 
not be enclosed in fUsed -silica tubes due to 
neutron absorption in the fused silica. 

For the breeder reactor configurati on des­
cribed above, the breeding ratio was obtained 
from absorption rates obtained in one-dimensional 
transport theory critical mass search calculations 
using twenty neutron groups. Also, detailed 
analysis of the breeding ratio possibly achievable 
was perf'llrmed. The reactor has a calCUlated 
critical mess of 84.4 kg of U-233, an operating 
fuel partial pressure of 498.atm, and a maximum 
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calculated breeding ratio of 1.080, assuming that 
all Th-232 absorptions in the fertile breeding 
blanket areJconierted to U-233 atoms. However, in 
an operating breeder reactor, the complete conver­
sion and reclaimation of U-233 atoms from the 
Th-232 atoms which absorb neutrons is not possible 
and, hence, the actual achievable breeding ratio is 
somewhat reduced. Included in the model of the 
breeding chain, are the processes by which 
(1) uranium is recla.1'med by fluoridation (UF4+F2 
UF6 gas) and removed from the molten fertile breed­
ing blanket, and (2) protactinium is removed via a 
chemical process. 

The particular leg of the U-233 production 
chain which would maximize the breeding ratio is 

Th232 n'l • Th233 a-
Fa233 ACP '233 • .. Fa 

23.5 m 

a- '233 0/ .. 

27.4 d u, 
1. 62xl05y 

(2) 

where ;\'CP is equivalent to a decay constant 
describing the removal rate of Fa from the fertile 
breeding blanket by chemical proeessing. In the 
presence of a neutron flux field, the isotopes of 
Th, Fa, and U undergo transmutation to other iso~ 
topes in the chain via (n,~) absorption reactions 
or by fission reactions. The only desired neutron 
absor~tion reaction is the transmutation of Th232 
to Th 33 via the· (n,7) reaction. All other neutron 
absorption reactions and fission reactions are loss 
channels which diminish the breeding ratio. A com­
puter program, ISOCRUNCH (Ref. 30~ Which solves,~he 
general differential equation describing the pro­
ductiQn and removal of an isotope in a reaction and 
decay scheme, has been modified and a procedure has 
been implemented to solve the differential equations 
which describe the production and removal of the 
isotopes in the Th-U-233 breeding cycle chain. The 
procedure makes use of the twenty neutron group 
flux distributions from one-dimensional spherical 
critical mass calculations to determine correspond­
ing fission and absorption x~~es for each of the 
isotopes. The fission and a~sorption rates are used 
as input to the ISOCRUNCH comput~r program. 

Breeding ratio results for the previously 
mentioned breeder reactor configuration were calcu­
lated for two different continuous chemical pro­
cessing and fluoridation rates. The independent 
chemical processing and fluoridation rates were 
assumed to be equal for each of the cases. The 
chemical processing and fluoridation halfrlives for 
the two cases are twelve hours and seven days (the 
half-lives are defined as the time reqUired to 
remove half of the desired isotopes from the breed­
ing blanket by the chemical or fluoridation proc­
esses). The calculated breeding ratios asymptotic­
ally approach 1.077 and 1.067 for the chemical pro­
cessing and flUoridation half-lives of twelve. hours 
and seven days, respectively. The concentration of 
Th-232 atoms in the breeding blanket was assumed to 
be constant with time for these calculations. For 
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continuous chemical processing and flUoridation 
half-lives of twelve hours, the breeding ratio is 
greater than 1.06 after approximately seventy days. 
Similarly, for continUoUs chemical processing and 
fluoridation half-lives of seven days, the breeding 
ratio is not greater than 1.06 until approximately 
two years. 

It has been calculated that a plasma core 
breeder reactor operating a'b a thermal power level 
of 2500 MW with a constant breeding ratio of 1.06, 
will have a doubling time of approximately five 
years for a total fuel inventor:; which includes 
fuel in the recirculation system .equal to four 
times the critical mass. To achieve doubling times 
of approximately five years, it is necessary to 
have a time-averaged breeding ratio of 1.06, 
indicating that short chemical processing and 
fluoridation half-lives on the order of twelve 
hours to seven days are necessary to bring the 
system to secular equilibrium as quickly as 
possible and to minimize U-233 losses frmm the 
breeding blanket due to unwanted n~utron reactions. 

Concluding Remarks I 

The investigations des~ribed above have 
indicated that several space and terrestrial 
applications for plasma core reactors appear 
feasible and offer significant advances in perfor­
mance and thermodynami~ cycle efficiency. Progress 
reported in the other sessions of this conference 
on cavity reactor experiments, nuclear pumped laser 
demonstrattmns, uranium plasma expermments, and 
development of UF6 handling technology is also very 
encouraging. Clearly, as soon as plasma core 
re~ctors with capability to provide intense 
radiant energy fluxes become available, the 
applications described above and many others as 
yet not considered will be coupled to them. In our 
judgment, it is most.mpportant ~ press forward 
with the planned cavity reactor experiments and the 
associated development of UF6 handling technology 
and plasma confinement experiments to demonstrate 
the feasibility of plasma core reactors as a 
viable fission energy source for the 1980's and 
beyond. 
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Li,:,t of Symbols 

Ratio of working channel duct-to -
,total cavity surface area, 
dimensionless 

Pressllre, atm 

Fluorine to uraniulb bearing species 
pressure ratio, dimensionless 

Total, pressure, atm 

Cop\:ective po\~er removal by fuel and 
buffer f'lO\~s, lvM/Cel1. 

:Powel' deposited in moderator, 
:1M/Cell 

Radiated thel'mal pO'~er, :1M/Cell 

Radiated therma.l powe:).' to duct, 
!lXi/Cell 

R 

'1' 

( .. ' 
; I • 

Radiated thermal power to liner, 
M'1/Cell 

Total power, M'1/Cell 

Radius, em 

Aluminunl reflectivity, dimensionless 

Temperature, deg K 

(T~)oUT 01' 

~B. 

Bla.)k-body temperature corresponding 
to outward directed radiant f'lux at 
edge-of'-fuel location, deg K 

p 

Centerline tempel'ature, deg K 

Wavelength, microns or om 

Density, g/em3 

TABLE I 

TRANsmSSION CELL PERFORl>!ANCE 

$peet~a~ wei~hted Al Reflectivity - 0.909 
(TBS)OUT - 4000 K 

Cell 'rotal I 

Cell. LID T~ansmissivity Si02 'l'hickness I Transmissivity 
Without S102 em. of 5i02 

O.~ 0.92 0.25 0.941 
1.0 0.83 0.50 0.923 
2.0 0,72 1.0 0.900 
4.0 Q.56 2.0 0,87/, 

3.5 0.850 

'fABLE II 

PERFORMANCE CnARACTERISTICs FOR, UFc,-YUELEO CASEO~s NUCLEAR. REACTORS 

Crllndrica~,~~1~;~t~~~h_ SkUn~~ ~~1~~23S Se. Fig. 2 
See Table III for Energy. Balance 

Black-l\Ody 
Black-BOdy Temperature. Duct-To .. 

f01: Out .... ard Cavity Temperatux:e Centerline Cavity 
Dlrected A.1;'oa lta tia, For Net Tel\l~erature. Pressure 

Rtdiant Flux. AWCD/Ac, Radiant Flux, 1'eL. I'm' (Tps)om" deS.K DimenSionless (T;S) NET ' dog K des K 

2000 0,0 1UO 5500 110 
2000 0.1 1385 6300 95 
2000 0.2 1520 6900 8Q 
2000 0,3 1620 7300 85 
2000 1.0 2000 8900 90 
3000 0.0 U60 10,500 190 
3000 0.1 2075, 12,500 230 
3000 0.2 2280 13,700 255 
3000 0.3 2430 14,600 210 
3000 1.0 3000 18,000 330 
4000 0.0 2345 14,/\00 320 
400Q 0.1 U65 17,200 365 
4000 0.2 3040 18,800 395 
4000 0.1 3Z45 19,900 420 
4000 1,0 4000 24,000 .505 
5000 0,0 2930 18,200 400 
SODa 0,1 3460 21,200 1,65 
5000 0.2 3800 22,SoO 505 
5000 0.3 4055 24,300 530 
5000 1.0 SOOO 29,800 650 

*Equivalent Slack .. Body Radiating Temperature 
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TABLE III 

ENERGY BALANCE R UF -FUElED GASEOUS lEAR REACTORS 

See Table II 

Black~ Body 

Tempera lITe Duc -To-
For Ou ward Cavi ty, Total 

Direc ed Area Ra io, Power, 
Rad i ant Flux, "'wCD/AC' 
(T¥ )O\IT , De g K Dimensionless Mol /Cell 

2000 0 .0 3 .31 
2000 0 .1 .71 
2 0 .2 .51 
2000 0 .3 8 .21 
2 1.0 16 ., 

000 0 .0 1 .2 
3000 0 .1 20 .60 
3000 0 .2 27 .2 
3000 0 .3 .50 

000 1. 0 . 70 

4000 0 .0 3f) .3f) 
4000 0 .1 52 . ?8 
4000 0 .2 72 .80 
4000 0 .3 92 .03 
4000 1.0 201.35 

5000 0 .0 1)4 .30 
5000 0 .1 116 . 
5000 0.2 1 .21 
; 0 .3 212 . 7 
5000 1.0 479 .28 

""Eq uivalen Bla ck-Body Radiating Telllpera ture • 

!AILE tv 

PllJ"O&IoWICE CKAJ.ACTZl ISTICS or CASEOUS truCl.LAJ. aoa.n &tell" • 

I nllna ",-.. , k, 

• t.l Fl • Op.n Cycle P.rlor-nce Pro. let . 19 
Nuc:i u r Lilhl Bulb ,.rtonMonu r ra- h' . 20 
S-11 NYc. lur Lilhl lulb Perfor.&nce Pro- le' . Z1 

INdea r 

C .1.&1 r Io", Nucl •• r 
ttli'll lul b 

ae t e rence 
Open Cycl. L l l hl lulb Inlln. 

40,000· 210,000 29 , 500·'" . 500 31 . nO 

Operu lnl Pr ... ura I a t. 490 ·2000 400-900 >00 

Sp.ctfl c: I..-la. , • ZSOO·6000 1100· 2500 1110 

Thruu - to-Wtll,ht 0 . OS-0 . 20 0 . 3-1.6 l.J 

TAIL! V 

_" cl • • r 
Lt,h( Bulb 

is ,ooo·a ,000 

500-UO 

t2S-lHO 

0 . 14-0.29 

PEItTOllWlC! or MUCI.!AIl L IGIf\' II.'LI lOCUT !lIC I I1E 

WITH uaAN IUK H!X.U'LUOllDl rU&L 

Enaine ,.r .... ter Fuel ~d la tln. Te..,e r a ture 
4000 K ~ooo K 6000 K 

Opeut 1.n, Preuure. at. ~o 720 900 

UunlU1111 Partla l Pr.aaura , at. 60 80 100 

' ower , HIlI 244 ~96 1236 

Propell.,nt [JIlt Telliparature , d., K 3,00 4000 4800 

'rl .. ry Propellant Wetaht rlow, kill ~ . 21 9 . 53 16 . 61 

Corrected Spec iltc l-.pul •• • • 810 1030 1220 

Tht\la t I N 4~ ,000 96 ,~OO 198 ,800 

I n aina Kau , k, 32,700 37 ,900 42,900 

Thruat .to.w.taht .. tio 0.14 0.26 0 . 47 

er 
ed by 

er er and 
To Duc To Liner Buffer Flows , 

~DD' ~DL ' ONV -
Mol /Cell Mol / Cell Mol /Cell 

0 .00 1.? 1 1. 
1.29 1.0 1.77 
2 .51 0·91 2 .2 
3 . 0 .78 2 .7 

10 .27 0 .00 4 .20 

0 .00 . 1 5 . 
J.54 5. .13 

12.72 4 .03 .53 
18.5 .81 
J<!. .02 0 .00 ·09 

0 .00 19 .36 7 .15 
20 .67 16 . 3 8 . 15 

O. lil 14 .63 .8Q 
58 .65 12 .45 . 3 

1 .39 0 .00 11. 79 

0 .00 47.26 9 ·00 
50 .45 1. 2 10.55 

.11 35.71 11. 2 
1 3 .18 30 . 0 12 .51 
01.35 0 .00 18 .02 

Fue l Injection 

T hru · llo w /~~ 

Space pro pu lsion 

Rllll c t l .. 
lin e r 

Particle. , 
graphite 
fins or opaque 

I g •••• 

Tr.n.p.r.nt 
w.1I 

Tr.n.p.rent 
w.1I 

MHO or H2 pro du ction 

1.65 
2.57 

. 41 

. 1 
8.59 

3 .75 
.53 
. 10 

11.50 
25 .17 

8 .04 
14.62 

Nu cl"r lUll 
Bull" g .. 
SI.dld p roplll int 

Fig . 1 Concepts for coupling thermal radiation 
t o working fluids. 
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100 

~ 80 

k 
~ 60 
~ 
5 
6 40 0 
~ 

0 
ci: 

0 

0.1 0.2 0.3 

AWCO/AC 

Fig. 5 Variations of h rmal radiation po r 
eposition for plasma c r e r actor unit 
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Fig. 7 Helium closed-cycle gas turbine system 
with plasma cor e r actor heat sourc . 

0 .7 r----__________________________ ~ 

Cycle 
.fflclency 

0 .8 

0 .5 

0 .4 

0 .3 

0 .2 

0 . 1 

_-- M f 
2500 K, 

1900 K , MHO 
cooled TZM 

1400 K, cooled 
nlckel· base alloy 

1100 K, uncooled 
nlckel·ba.e alloy 

OL--L __ ~~ __ ~-L __ ~~~~~~ 
1000 1400 1800 2200 2600 3000 

Turbine Inl&1 lemperalure, dll9 K 

Fig . 8 Calculated cycle efficiency for helium 
closed-cycle gas turbine syst m with 
plasma core reac t or heat sour ce . 

Fig . Concept f or photochemical/ thermOChemical 
hydrogen pr oduction using thermal r adiation 
f r om plasma core reactor. 
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BROADBAND PHOTOEXCITATION OF LASERS 

R. V. Hess 
NASA, Langley Research Center, Hampton, VA 23665 

A: Javan 
Massachusetts Institute of Technology 

Cambridge, MA 02139 

P. Btockman 
NASA, Langley Research Center, Hampton, VA 23665 

Abstract 

The purpose of this study is to review exist­
ing techniques and to discuss novel approaches for 
broadband photoexcitation of lasers. This subject 
is of interest because of the emergence of future 
intense near-equilibrium and blackbody sources, 
such as the gas-core reactor, 'and electric dis­
charge plasma devices, which are the key to the 
development of intense broadband radiation sources. 
The possible use of radiation from solar concen­
trators in space also fits into this general area. 
The varied uses of photoexcitation of lasers are 
discussed ranging over direct optical pumping, 
photodissociation, and photopreioniz~tion. In 
addition, the new use of lasers for broadband 
photoexcitation of new laser transitions and 
chemical reactions is shown. This is accomplished 
through multiline operation of high-pressure 
tunable lasers which can use the broadband radia­
tion for multiphoton excitation. Acknowledgment 
is made of helpful discussions with D. H. Phillips, 
R. S. Rogowski, and B, D. Sidney at the Langley 
Research Center, and J. Verdeyen (Illinois Univ.), 
D. L. Hess (Hughes Research Labs), C. Wittig 
(Southern Cal. 'Uni v.), and T. Cool (Cornell Uni v .) . 

I. Broadband Photoexcitation 
with Blackbody Sources 

Photoexcitation of lasers requires that the 
spectral range of the radiation source overlap the 
absorption lines or bands of the laser and that the 
power density of the source in this range be suffi­
cient for exceeding the threshold power density for 
lasing. For convenient analysis of these criteria 
Planck's law for the distribution of power/areal 
unit wavelength of blackbody radiation over various 
wavelengths is plotted in Figures 1 and 2 for 
6000 oK, IS,OOOoK, and 20,000oK vs wavelength. 

Potential sources for broadband photoeKcita­
tion are"the gas-core reactor which will be capable 
of radiating at temperatures from 6000 0 K to over 
20,OClOoK, electric discharges which may even ope:::'­
ate at higher temperatures and the Sun. Use ot' 
~olar radiation requires concentration of the 
1.4 x 1O-IW/cm2 radiation intensity in Earth 
orbit. The maximloo concentration of radiant energy 
is limited by the invariant N/n2 where N is the 
radiance in power per unit area peT steradian and 
n is the local index of refraction. In free 
space the maximum possible concentration of black­
body radiation will yield an irradiance equal to 
that found at the surface of the blackbody, \~hich 
at 6000 0 K would be ,..,7000 Watts/cm2. However, in 
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a high index of refraction matel'ial this concentra­
tion is increased by a factor of n'.1.. 'The ,addi­
tional concentration due to the change in index of 
refraction does not change the radiation tempera­
ture, since by Plan,ck' slaw 

a (P/A) ex h~2 v3 

av Co 2 --;eh;-V-;/"""kT:::--_-l 

where cO, is the velocity of light in free space, 
TIlis addltional concentration has been used for 
enhancement in photon counters behind high n 
material. Application to high index of refraction 
laser media would require special considerations. 
As indicated by the large concentration ratios, 
use of large lasing media would require large space 
structures. Use of solar concentrators for Nd:YAG 
lasers is discussed in references 2 and 3. 

Broadband photoexcitation requires a combina­
tion of broadband absorption in the lasing medium 
and sufficiently low thr.eshold power density to 
match the power density of the blackbody source in 
the spectral range of the absorption region. For 
example, both the solid-state Nd:YAG laser and the 
liquid dye laser absorb in the visible spectrum, 
but the Nd; YAG laser has orde'rs of magnitude lower 
power density threshold. A threshold of less than 
20 w/cm3 is quoted in reference 4 for an Nd:YAG 
laser, whereas refer~nce 5 gives a threshold of 
20 kW/cm3 for a dye laser, As a result, the 
Nd:YAG laser can be excited by 6000 0 K blackbody 
sources (Fig. 1), \~hereas, a dye laser would re­
quire a blackbody source somewhat in excess of 
20,000oK (Fig. 2), to yield suff~cient power 
density in the visible spectrum. Since a 20,000oK 
source has its peak power density in the near UV, 
such direct excitation of the dye laser is 
inefficient. 

Broadband photoexcitation of gas lasers offers 
potential advantages over sol;id and liquid lasers 
because material limits are less severe, and large 
uniform lasing media are available. n~o major 
categories of gas lasers are·discussed: photo­
dissociation lasers which have chemical revers­
ibility through regeneration of the initial prod­
ucts, and are sui ted to continuous photoexci tation; 
and other lasers utilizing optical pumping of 
molecular vibrational states in the near infrared, 
which, when operated at high pressures, permit 
broadband pumping because of pressure broadening 
and, overlapping of laser lines. 
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II. Broadband Photodissociution Lasers 

NOC.Q, nnd IBr have been used to l),l'oduce 
chemically l'evol'sible photodissociation Insers. 
For the NOC,!!, system, lasing occurs on the 
vibrntional-rotational transitions of NO at 
5.95-6.30 ].1m (Ref, 6), For the IBr photo­
dissociation system electronic excitation of Bl' 
occurs Idth lnsing nt 2,714 \.lIn (Ref, 7). Early 
flnshlnlllp e~perilllents indicate that the threshold 
fOl' the Noe)!. system may be 101~ enough to allow 
solnl' pumping, hOl~ever, further studies of NOC,S!. 
and IBr lasers nre requil.'ed. The photo­
dissociation 'lasers lIsing organic iodides Cr,3I 
and C3F7I (Re£. S) yield higher gain and power 
for analagous transitions of atomic iodine, III', 
at 1. 315 ].1m,. These lasers have a broad absol'ption 
band from 2500-2900 X which matches the penk 
intensity l'egion of blackbody radiation at 
'V20,0000K and could probably be excited by a gns­
core l'eactor opol'ating at that temperature, 

Figure 3 shOl~s a simplified diagram of an 
el ~ctl'onic-vibration (E- V) energy transfer 
Br -CO? laSin'. This type of Ilhotodissociation 
laser produces electronicall}' excited Br* from 
Br2 molecules which have absorptiOn bands from the 
near UV through the visible, The excited UrII' 
atoms ure, hOI.ever, not used di:l.'ectly fO): Insing, 
but fOl' neal' resonant excitation of vibrational 
molecular states, o.g., CO2, which lases in the 
infrared (Ref. 9). This type of system ma), be 
ver)' important for plUllping IR lasers with solar and 
other high-temperature blackbody SOU1'COS, :;ince 
absorption occurs neal' the lleak of the blackbody 
spectrum (Fig. 1). Several molecules can be used 
in high efficiency IR lasers. These molecules 
should be investigated, to determine if their powel' 
density thresholds are sufficientl)' low to be pumped 
by these blackbody SO\1rCes, ComllllUlicatiolls I~ith 
C, Wittig (Sollthel'll Cal. Uni v.) suggest that 10\~ 
tln:esholds ma)' be llossible. Since tho conversion 
-is from short-to-long \~av0lengths, the enel'gy 
transfer efficiency is reduCed b)- 'the l'atio of the 
wavelengths. 

More efficient t.ransfor could be achieved in 
lasers I~hich radiate at wavelengths shorter than 
the C02 lasel'. Oile such system has been demon­
strated for HCN lasing at 3.85 \1111 (Ref. 10), This 
laser, ho\~ever, requi'l'es intense excitation to 
maintain a steady-stato population inversion due 
to tho short lifetimos of the excited HCN states. 
For efficient E- V photodissociation lasers, 
molecular systems operating at short IR Imvelengths 
and Idth long-lived excited states, such as CO, 
should be ~.l1.vestigated. 

Figure 4 shol~s u typical excimer laser; 
excimers, bound excited molecular states, form by 
the combining of electronically excited atoms \dth 
noble gl).S atoms. Such stateS have been obtained 
for noble gas-hl:llides, noble gas-oxygeil, and noble 
gas-alkali systems. The repUlsive grol1Jld states 
encourage continuous lasing and reversibility. 
Broadband photodissocintion can playa role, e. g, , 
in the CArO) * laser (Ref. 11); however, the 
production of 0" by broadband photodissociation 
OCCUl'S in the fur UV, Photoexcitation, in the 
visible, of noble gas-alkali excimer lasers is be­
ing studied (Refs. 12 and 13), Recent cOllllllunicn­
tions Idth J. Vel'dElyen (Illinois Univ.) indicate 
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that tho absorption of tunable dye lusor radiation 
by cesium in high-pressure xonon gas OCCurs over a 
broader spectral range than tho width of Cs 
absorption lines. The "lasing 'threshold I~as calcu­
latEld to be 3.46 kW/cl1\.:l. COJlulIlUlications Iii th 
L. D. Hess (Hughes Resonrch Labs.) indicate studies 
I~ith flllshlnmp excitation I~hich, hO\~ever. did not 
attain the high efficiencies (up to 10".) thooroti­
cally proj ectod for excimer Insel'S, 

III, Brondband Opticnl Pumping of 
Vibrutional Molecular Luser 
Transitions in tho Infrared 

F01' solar rudintion the radiation intensity in 
the infral'od i5 l1\uch smallel' than at peak intensity 
(Fig. 1), The existence of mallY rotational­
vibl'utional lasel' lines ovor n wide spoctral band 
in the infrared combined I~ith the broadening and 
overlapping of these lines at high pressures allows 
broadband absorption of the available radiation. 

For the present preliminary study, optical 
plullping of the CO molecule Ims studied, because 
of its long V-T relaxation rates, 'Vl,9 x 10-3/sec/ 
Torr, I~hich facilitate buildup of steady-state. 
population inversions even at high pl'essure.;;. 
Since the CO molecule has a small anharmonic 
(lIlers>' defect, the onol.'gy lUlly shift to highor 
vibrational levels lUlless it is l'Olllovod. 111i5 
removal can take place either by cooling 01' by 
energy transfer to other molecules. The feasibili­
ty fOl' optical pumping of the ° ... 1 CO vibra­
tional-rotational band \~ith subsequent near 
resonant V-V enol'gy transfer to C02. oes, N20, 
C2H2 (Fig,S) Ims demonstrated in l'eference 14 
using the second harmonic of the P(24) laser line 
of the 9.6 \1m CO, band, which falls close 'to the 
CO 0 ... 1, P(14) -laser tl'nnsition. 

? For 60000K blackbody l'adintion "'4 Watts,per 
cm- are available axel' nn integrated absorption 
bandl~idth of'V2000 f( (P&R branch) of the 
5 \1111 ° ... 1 CO transition, corresponding to '\,(), 2 
watts pel' clll2 per 100 R at 5 11m (Fig. 1). The line 
absorption coefficients in this region al'e of the 
order of 10/cm, thus tho total power I~ould be 
absorbed over n distance of 'VlO- l cm, yielding a 
pOI~er density of "'-10 watt;s/cIII3 • 

Longer penetration depths may be achieved by 
direct opticlIl plunpillg of the 0 ... 2. CO trnllsition 
using 2,4 \1111 radiation. The absorption coeffi­
cients al'e 'V7 x 10-2/clII and at 2.4 ~1111 concentrat­
ed solar radiation provides 4 Watts/clll2/100 R 
(Fig. 1), and 24 Watts/ cm2 across 600 R ir(tegrated 
nbsorption bandlddth. The power densi t)' absorbed 
in the lasing medium will be 'Vl. 7 Watts per cm3. 

For transfer of the ,,= 2, CO vibrational 
ene'rgy to C02 and other 1II01ecules. v-v transfer 
first occurs to the ,,:: 1, CO state, Calcula­
tions indicate that fOl' several torr of C02 in 
atmosphel'ic CO sufficient gain should occur in C02 
to make this a potelltially llseful laser, The 
actual power output depends on the exact 
vibrational-rotational bandwidth Rvailable for ab­
sorption, Morc detailed calculations and e:l.'Peri­
ments to determine the efficiency of onergy trans­
fer are required, 
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IV. Use of Nul1-- A.Lne Lasel'S for Nul tiphoton 
Pumping of Lasers and Chemical Reactions 

Two-photon pumped lasers have recently been 
demonstrated (Ref. 15) '~here simultaneous pumping 
with both P(12) and P(14) transitions of a C02 
TEA laser were used to obtain lasing in SF6 at 
15.9 lJm (Fig. 6). The desirability of better 
temporal and spatial coincidence, and increased 
po\~er of the t\~O laser pump lines is stated and the 
need for careful tuning is noted. In an article 
(Ref. 16) on stimulation of chemical reactions I~ith 
laser radiat~on it is sholY'Jl that the absoJl)tion of 
a lal'ge number of low-energy quanta rather than one 
high-enel'gy quanttun facilitates considerable devia­
tion of l'esonance mode from the average temperature 
- and that this is vexy important for controlled 
stimulation of chemical l'eactions. A laser has 
been designed and operated by A, Javan, to achieve 
independent simUltaneous operation of 1asel' lines 
and bxoadband tunability (Fig. 7). Tho independent 
lasor linos are obtained by spatially separating 
their production in a laser medium, ,~hich operates 
at'low powel' to achieve optimtun control of fre­
quency and tunability. This lIlultiline laser radia­
tion passes CO-linearly through another lasing 
medium which is forced to opel'ate nn these inj ected 
lines, thus maintaining the high frequency stabil­
ity at considerably higher pO\~el's. Such injection 
locking has been demonstrated in the past for one 
injected laser line (e,g., Ref. 17), but is ne\~ fOl' 
multiline operation. Furthermore, for high­
pressure operation controlled continuous tuning 
over pressure broadened overlapping lines could'be 
achieved. Rapid chirping oVer a wide spectral 
range could approach conditions of an intense 
broadband nonequilibrium source, in contrast to 
equilibrium blackbody sources. 

V. Photopreionization for High Pressure 
Laser Plasmas 

Photopreionization of high-pressure CO2 
electric discharge lasers and othe~' lasers has been 
extensively studied in l'ecent years to provide an 
alternative to electron bemns in the pl'oduction of 
unifol'Jn large volume high-pressure lasers, with 
highly efficient and stable operation. A novel 
technique involves the addition to the lasing 
meditun of a small quantity of organic seed material 
(e. g., tripropylamine 01' trimethylamine) having 
lower ioniz(l.tion potential than the laser meditull. 
Since the lasing media do not absorb at the Imve­
lengths which Ilreionize the seed and, since the 
seed density is 10\~, an increased penetration depth 
is achieved. 11lis technique was originally demon­
strated by A •. Javan" and J. S. Levine (Ref. 18) and 
additional studies have been reported in references 
19 and 20. Figure 8 shol.,s a high-pressure C02 
photopreionized laser operuting at the NASA Langley 
Research Center. The laser designed by A. Javan 
uses flashrods, \~ith opelt spark gaps, \~hich avoid 
contamination buildup by the seed material such as 
might occur l-then using flashlamps. 

1. 

2. 
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F. HOIlL: Wh t s rt tnren ttl s do vou need t o 
pump an exc lm r lo s er ? 

R. V . HES: 1 t is v r ne an pump 
e xclmer las rs by this I!n al ulaled 
a thr sh ld f kil ott c tor nl ble 

as - alkall pumpin whl h is t That ,,'ould 
ne e d flash lamp pumping . But some t her 
1 sers we menti ned - the ph ia t i n 
l ase r s . NO 1. I dine br ide and a l so the brl lin 

nI I ule that has lin e .v. transl tl n, lind .ds 
the CO which has I ng Ii et lmes lnd theret r(' 
threshold s a r p t entlals f r pumpin by this 
meth d. 

K. TH Wh t d y u think ab ut the p sibil ity 
f us III s lor pumping r su h l ase rs ? 

R. V. lIE S: Th Nd-Yag l aser is beln s l or 
pur"p d but that i slid stot I ser. be!n 

nsldered f r -ommunicati ns . The be s t andi -
dates f r s lar pumpin eem b N 1. br mine 
m I ules. IBR. anJ pot ntlolly CO be ause this 
displa s broa dband excitotl n and has D ing 
lL fe time and relotlv I 1 w thresh Id . I, e are 

Il kin m r t t h("(' I' ':lbll itie tght Ill"" . 
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STATUS OF PHOTOELECTROCHEMICAL PRODUCTION OF HYDROGEN 
AND ELECTRICAL ENERGY 

OlarlesE. Byvik and Gilbert H. Walke!' 
NASA Langley Research Center 

Hampton~ Virginia . 

Abstract 

The efficiency for conversion of electromag­
netic energy to chemical and electrical energy 
utilizing semiconductor Single crystals as photo­
anodes in electrochemical cells has been investi­
gated. Efficiencies as high as 20 percent have 
been achieved for the conversion of 330 nm radia­
tion to chemical energy in the form of hydrogen by 
the photoelectrolysis of water in a SrTi03 based 
cell. The SrTi03 photoanodes have been shown to 
be stable in 9.5 M NaOH solutions for periods up 
to 48 hours. Efficiencies of 9 percent have been 
measured for the conversion of broadband visible 
radiation to hydrogen using n-type GaAs crystals 
as photoanodes. Crystals of GaAs coated with 
500 nm'of gold, silver, or tin for surface passi­
vation showed no ~ignificant change in efficiency. 
By suppressing the production of hydrogen in a 
CdSe-based photogalvanic cell, an efficiency of 
9 percent has been obtained in conversion of 
633 nm light to electrical energy. A CdS-based 
photo galvanic cell produced a conversion effi­
ciEmcy of 5 percent for 500 nm radiation. 

I. Introduction 

The utilization of broad band radiation from a 
fissioning plasma or of narrow band laser radia­
tion in space1 requires transformation into other 
energy forms. Idetl.lly, this energy transformation 
should be performed by a device that is (a) effi­
Cient, (b) sensitive over a broad wavelength inter­
val, tC) stable both thermally and chemically, and 
(d). intensity efficient. (especially for the case of 
high photon energy densities characteristic df 
lasers and plasma reactors). Recent research 
has indicated that semiconductors used as photo­
anodes in an electrochemical cell with an aqueous . 
electrolyte can be used to convert photon energy 
to both chemical energy2-8 (in the form of mole­
cular oxygen and molecular hydrogen) and electri­
cal energy.9,10 .The purpose of this report is to 
present trie status of recent research in the elec­
trolysis of water and the production of electrical 
energy by photo electrolytic cells and photogalvanic 
cells where semiconductors have been used as 

. photoelectrodes. 

n. Background 

Electrochemical cells are in wide use today as 
batteries, fuel cells, catalytiC reactors and many 
other applications. The photoelectrolytic and 
photo galvanic cells with semiconductor electrodes 
are of particular interest at NASA-Langley . 
Research Center because they are promising tech­
niques for converting photon energy to chemical 
and electrical energy. 

Early work with semiconductors used as photo­
electrodes in electrochemical cells indicated that 
electrolysis of water could be achieved and elec­
trical energy could be produced at the expense of 
the semiconductor photoelectrode. It was found 
that photon energies greater than the bandgap of 

the semiconductor electrode could enhance the dis­
solution of the semiconductor. 

Fujishima and Honda3 reported results of a 
titanium dioxide-based photoelectrolytic cell which 
indicated that the Ti02photoanode might be stable. 
The photocell used by them is shown schematically 
in figure 1. 
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Fig. 1 Schematic of Photoelectrolytic Cell. 

The overall reaction proposed to be taking place. 
in the cell when light having energy greater than the 
bandgap of Ti02 (3.0 eV) was 

(1) 

where the photon energy is converted to chemical 
energy stored as the free .energy of hydrogen 
(68.3 kcal/mole). 

A simple extension of this photon assisted elec­
trolysis of water in :,l semiconduGtor-based electro­
chemic~l cell is to suppress the hydrogen and 
oxygen production by introducing into the electro­
lyte a suitable redox couple (an ionic couple which 
is oxidized at one electrode and reduced at the 
other without changing the composition of the elec­
trolyte) and utilizing the electrical energy produced 
by placing a load in the external circuit. This is 
ti1e principle of a photogalvanic cell. 

The resl.\lts reported for the Ti02-based photo­
chemical cell indicated that further research was 
needed to (1) establish the nature of the photon 
induced processes at the semiconductor-electrolyte 
interface; (2) determine the energy conversion 
efficiency of the semiconductor-based electro­
chemical cells; and (3) explore the use of other 
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semiconductors as photoelectrodes in both photo­
galvanic and photoelectrolytic cells. The results 
of the NASA sponsored work in this area is the 
subject of this paper. 

ill. Results 

Photoelectrolysis Cells 

A detailed study of the Ti02-based photoelec­
trolysis cell was rnade by Wrighton, et a1. 5 Their 
work concluded that, for a cell with a single elec­
trolyte and UV radiatio'n (351 nrn, 364 nm); 
(1) oxygen is evolved at the photoanode (Ti02) and 
hydrogen at the cathode (pt) in the stochiometric 
ratio of two to one in agreement with equation (1); 
(2) a minimum external voltage of 0.25 volts is 
necessary for the photoelectrolysis to take place; 
(3) the photoelectrolysis reaction does not produce 
dissolution of the Ti02 anode and is therefore a 
catalytic reaction; and (4) optical energy storage 
efficiency of the order of 1 percent can be 
achieved by the production of hydrosen. 

j 

This research was followed by studies of other 
semiconductors used as photoanodes in photoe1ec­
trolytic cells. Table I gives a listing of the selI1~' 
conductors used as photoallod~s in the work to date, 
as well as their efficiencies, the photon sources 
used, anq the need for external power supplies. 

Titanium dioJtide antamony doped tin oJtide, the 
tentalates and strontium titanate have been shown 
to be photochemically stable as photoanodes in 
electrochemical cells. It should be noted that the 
semiconductor photoanodes Ti02, Sb-Sn02, and the 
tantalates need external power to electrolyse water 
but the strontium titanate- and the gallium 
arsenide-based cells do not. MaJtimum efficiency 
for the SrTi03-based cell is achieved when 
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external power is added. This maJtimum conver­
sion efficiency is measured to be 20 percent for 
330 nm photons. The energy storage efficiency for 
the SrTi03 cell as well as the others cited in this 
section is determined by the formula 

Efficiency = Enthalpy (H2) - Energy (Power Supply) 
Incident photon energy 

Efficiencies lower than 20 percent result when the 
power supply is eliminated in the SrTi03-based 
cell. 

Experiments with gallium arsenide crystals as 
photoanodes have shown that electrolysis proceeds 
with efficiencies as high as 9 percent when a broad­
band light source is focused on the crysta1.2 In an 
attempt to passivate the surface of the GaAs crys­
tals, a sample with an efficiency of 6 percent to 
broadband radiation was coated with a gold layer 
approJtimately 5 nm thick. The efficiency of the 
coated sample was not Significantly different from 
the uncoated sample. Similar coatings of tin and 
silver indicated no degradation of efficiency. 

The spectral response curve for a GaAs photo~ 
electrode in a photoelectrolytic cell is shown in 
ri!;'1re 2. This cell has very broad response 
throug~~ the visible and into the near infra-red. The 
long wavelength cut-off corresponds to the bandgap 
of GaAs (1.43 eV or 867 nm). This response can 
1;Ie contrasted to the response of the other semi­
cOl\ductor-based cells listed in Table I which are 
sensitive to light in the UV only. Gallium Arsenide 
is, therefore, a good candidate photoanode material 
'for sources such as the sun and other visible light 
sources. ' 

T ABLE I. SEMICONDUCTOR PHOTOANODES USED IN 
PHOTOELECTROL YSIS CELLS 

PHOTO-ANODE CHEMICAL STORAGE PHOTO SOURCE EXTERNAL POWER 
EFFIC IENCY 

Ti02 1% ARGON ION YES 
IJ\SER (uV) 

Sb-Sn0
2 

1% WATER FILTERED YES 
Xe - LAMP 

KTa03 
6% 300 nm LIGHT YES 

KTa, 77Nb.2P3 4% 

SrTi03 
20% WA TER F I L IT RED YES 

Hg-SOURCE (330 nm) NO 

GaAs 9% TUNGSTEN FI LAMENT NO 
IJ\MP 

Au 
GaAs - Ag 6% TUNGSTEN FI LAMENT NO 

Sn IJ\MP 
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Fig. 2 Spectral response of GaAs-based 
photoelectrolytic cell. 

Photogalvanic Cells 

As was mentioned previously, the addition of a 

redox couple into the electrolyte can lead to the 

suppression of the photon assisted evolution of 

hydrogen and oxygen at the electrodes in the semi­

conductor-based photoelectrolysis cells. In the 

ideal case, only electrical energy is produced 

which may be utilized by connecting an electrical 

load in the external circuit. This cell is called a 

photo galvanic cell or an electrochemical photocell. 

A recent paper by Gerischer9 suggested that the 
bandgaps of CdS and CdSe lie in an optimum range 

(1.1 eV to 2.1 eV) for use as electrodes in solar 

energy converters. The principle limitations to 

the use of these semiconductors as photoanodes is 

the problem of photodissolution. Recently, how­

ever, Ellis, Kaiser~ and Wrighton10 reported that 

the addition of NaZ>:i and sulfur to a sodium hydrox­

ide aqueous electrolyte suppresses the evolution of 

hydrogen at the platinum cathode and quenches the 

photodecomposition of both the CdS and CdSe elec­

trodes. A schematic of their cell is shown in 

figure 3. They report an energy conversion effi­

ciency of 5 percent for the CdS-based cell at 

500 nm and 9 percent for the CdSe-based cell at 

633 nm. 

POWER 
SUPPLY 

PHOTO-ANODE 

Fig. 3 Schematic of the photocell used in ref. 10. 

IV. Conclusions 

Titanium dioxide, strontium utanate, antimony 

doped tin oxide, and potassium tantalate have been 

shown to be chemically stable as photoanodes in 

photoelectrolysis cells. Of these, only SrTi03 has 

been shown to photodissociate water without the 

addition of electrical energy, but 20 percent energy 

conversion efficiencies for 330 nm light have been 

achieved with the addition of energy from a power 

supply. These semiconductor photoanodes are 

effective energy converters for photons in the 

ultraviolet. Gallium arsenide photoanodes have 

been shown to have a broad spectral response in 

the visible to near-IR and experiments with coat­

ings of Au, Ag, and Sn suggests that the passiva­

tion of the surfaces of GaAs crystals can be 

achieved without degrading their energy conversion 

efficiency. Like SrTi03, GaAs-based photoelec­

trolysis cells dissociate water without the need 'of . 

additional external energy. 
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Cadmium sulfide and cadmium selenide crystals 

used as anodes in photogalvanic cells have been 

shown to be photocite::mically stable with the addi­

tion of Na2S and sulfur to aqueous solution of 

NaOH. Energy conversion efficiencies as high as 

9 percent for 633 nm light have been tneasured in 

the CdSe-based photo galvanic cells. 

A few semiconductors used as photoanodes in 

both photoelectrolytic cells and photo galvanic cells 

have been shown to be chemically stable and effi­

cient for the conversion of electromagnetiC radia­

tion to chemical and electrical energy. Further 

l'esearch is necessary to determine the ultimate 

efficiencies of these two techniques using semi­

conductors as photoelectrodes as well as the 

effects of intensity of the incident photon energies 

on their perforlPance. 
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DISGUSSION 

ANON: Have you found that surfnce metal films Ilre 
effect;il{e ovel' Ii long \leriod of time or short tlme? 

C. BYVIK: This is .II shott duration experimel1t. I~e 
Bre looking into 11 little more detail no\~ on this 
Uletal film idea at Langluy, 

F, C. SCHlmNK: Have yoU done tiny analys is as to 
\~hat levels of efficiency might be expected - for 
say a semiconductor like galium arsenid,e? 

c. BYVtK: Ive haven't madl:! those estimates. The 
literature points out the ultimate efficienCY msy 
be about 28%, btl!: t,e havenlt checked chat. That 
\~as a guess made l,ithout any !1l1alysis. 
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F. C. SCHWENK: Mr, Tuck from !lell Labs who has 
been wOl'klng with Indium Phosphide, says it hilS 

about the same kind of response as galium 
arsenide, but it has a lot more stnbility chon 
galium arsenide: further, he wllS IIble to process 
it or heut it to fairly high temparatures "ithout 
having it break down. So it might be an !ntei:eating 
lead to look into, and it is less expenlll.ve than 
go lium arsenide. 

J.'U. LEE: You havll a problem wieh corrosion of 
the anodes. Does the Rnode have to be immersed 
in water or can it be external to the electrolyte? 

C. E. BYVIK: The only thing you have to have is 
an electrical conduction path bet\~ee\l the anode 
and cathOde, whether it be Iln aqueous electl'o­
lyee or solid electrolyte, it would work. As 
long as ehere is electrical conductivity bal:ween 
the two electrodes, ehe circuit I~Olllcl i<)ot-k. 
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UF 6 BREEDER REACTOR POWE~ PLANTS FOR ELECTRIC POWER GENERATION 

J. H. Rust and J. D. Clement 
Georgi~ Institute of Technology 

,Atlanta,. Georgia 

F. Hohl 
National Aeronautics and Space Administration 

Langley, Virginia 

Abstract 

The concept of a UF6 fueled gas core breeder 

reactor (GCBR) is attractive for electric power 

generation. Studies indicate that UF6 fueled reac­

tors can be quite versatile with respect to power, 

pressure, operating temperature, and modes of power 

extraction. Possible cycles include Brayton cycles, 

Rankine cycles, MHO generators, and thermionic di­

odes. Another potential application of the gas 

core reactor 1.13 its use for nuclear waste disposal 

by nuclear transmutation. 

233 
The r.eactor concept analyzed is a UF6 core 

surrounded by a molten salt (Li7F,' BeF2, ThF4) 

blanket. Nuclear survey calculations were carried 

out for both spherical and cylindrical geometries. 

A maximum breeding ratio of 1.22 was found. Fur­

ther neutronic calculations ,~ere made to assess 

the effect on critical mass, breeding ratio, and 

spectrum of substituting a moderator, Be or C, for 

part of the molten salt in the blanket. 

Thermodynamic cycle calculations were performed 

for a variety of Rankine cycles. Optimization of 

a Rankine cycle for a gas core breeder reactor em­

ploying all intermediate heat exchanger gave a max­

imum efficiellcy of 37%. 

A, conceptual design is presented along With., a 

system layout for a 1000 MW stationary power plant. 

The advantages of the GCBR are as follows: (1) 

high efficiency,· (2) simplified on-line reprocess­

ing, (3) inherent safety considerations, (4) high 

breeding ratio, (5) possibility of burning all or 

most of the long-lived nuclear waste actinides, 

and (6) possibility of extrapolating ·the technology 

to higher temperatures and MHO direct conversion. 

1. Introduction 

For about more than a decade, NASA has supported 

research on gas core reactors which consisted of 

c~vity reactor criticality tests, fluid mechanics 

tests, investigations of uranium optical emissions 

spectra, radiant heat transfer, power plant stu­

dies, and related theoretical investigations. l ,2,3 

These studies have shown that UF6 fueled reactors 

can be quite versatile with respect to power, pres­

sure, operating temperature, modes of power extrac­

tion, and the possibility of transmuting actinide 

waste products. Possible power conversion systems 

include Brayton cycles, Rankine cycles, MHD gener­

ators, and thermionic diodes. Additt"onal resellrch 

has shown the possibility qf pumping lasers by fis­

sion fragment interact-ions with a laser gas mixture 

* This research was supported by NASA Grants 

NSG-7068 and NSG-1168. 

which leads to the possibility of power extraction 

in the form of coherent light. 4 

Gas core reactors have many advantages when com­

pared to conventional solid fuel reactors in current 

use. Table 1 lists several advantages of gas core 

reactors. 

Table 1 Advantages of gas core reactors 

I. Small Fuel Loadings 

II. Simplified 0n-Line Fuel Reprocessing 

III. Greater Safety due to Small Inventory of 

Fission Products 

IV. Require Less Structural Material 

V. Higher Breeding Ratios and Shorter Doubling 

Times 

VI. Potential fOl Higher Neutron Fluxes Which 

Makes Actinide Transmutation Practical 

VII. Operates at Higher Temperature with Increased 

Power Plant Efficiencies 

VIII. Possibility of Extrapoiating Technology to 

Higher Temperatures and Use MHP Direct Con­

version 

One of the major 
power generation 
scheme which the 
shown in Fig. 1. 

FROM 

advantages of UF6 reactors for 
is the simplified fuel reprocessing 
gaseous fuel makes possible as 

ThF. FEED 

WASTE 

PRODUCT 

STORAGE 

LONG LiveD RADIOACTIVE 

WASTE PRODUCTS 

NON 'RADIOACTIVE 
WkSTE 

ST~BLE 

ISOTOPES 

REMOVED 

Fig. 1 Simplified diagram of UF6 breeder 
reactor fuel cycle. 

Pari: of the UF6 can be extracted from the core con­

tinuously and sent to a fuel reprocessing facility 

for removal of waste products. The waste product 

removal can be accomplished by fractional distilla­

tion or cold trapping. After an appropriate waiting 

period, the waste products can be reprocessed for 

recovering long-lived fiSSion products and actinides 

for return back to the reactor for transmutation to 
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short-lived isotopes or fissioning ot the actinides. 

An additional advantage of gas core reactors is 

that they do not require the core structural ma­

terials that are necessary for solid fuel reactors. 

This lack of materials which undergo parasitic neu­

tron capture enables higher breeding ratios for 

gas core reactors in comparison to conventional re­

actors. This paper reports a design study per­

formed at Georgia Tech to evaluate the merits of 

gas core reactors for use as breeder reactors for 

electric power generation. 

II. Materials 

Materials selected for use for the gas core 

breeder reactor are listed in Table 2. 

Table 2 Materials 'for UF 6 gas core breeder 
reactor 

Core: UF6 (U-233) 

Blanket: 

Structure: 

Molten Salt--LiF-BeF2-ThF4 (71.7-16-12.3 
mole%) 

Modified Hastelloy-N 

Secondary Coolant: ,NaBF4~92%) NaF(8%) 

Uranium hexafluoride was chosen as the fuel because 

i2 jxists in a gaseous state at low temperatu~es. 

U 3 was selected as the fissionable isotope of the 

fuel because it enables use of the uranium-thorium 

fuel c3cle which results in the direct production 

of U23 from breeding. An additional advantage is 

that the U233 _Th fuel cycle does not produce as 

great a bu~~gup of ~jtinides as fuel cycles employ-
ing U235 _U or Pu 9_U238. 

Several concepts were considered for the reactor 

blanket material. It was throught that a fluid 

blanket would be desirable so as to capitalize on 

the continuous reprocessing which is possible with 

the fluid fuel. The best material for use as the 

blanket is a molten salt similar to the type em­

ployed by the molten salt breeder reactor. This 

salt has a composition of LiF-BeF2-ThF4 which has a 

melting point of 500°C, has a low vapor pressure at 

the operating temperature, and is stable in the 

proposed range of application (540-970°C). In 

order to reduce parasitic neutron capture in lith­

ium, the lithium is enriched to 99.995% in Li 7. 

A modified Hastelloy-N was selected for the 

core liner, reactor pressure vesse~, and primary 

piping. This material \qas developed for the molten 

salt breeder program and i!; quite compatible with 

the blanket salt and UF6 over operating tempera­

tures less than 900°C. Modified Hastelloy-N is 

very similar in composition and other related 

physical properties to standard Hastelloy-N; ho\q­

ever, the modified version is superior because of 

its ability to resist helium embrittlement under 

neutron irradiation. 

It was thought that it would be undesirable for 

UF6 to interface with water which \qillbe used as 

the working fluid for the power conversion cycle. 

Consequently, an intermediate coolant was selected 

for exchanging heat with the UF6 • This intermedi­

ate coolant is a molten salt which is composed of 

, oj ._,., • ! I"':, 
, 0 

( ~l·~r' 
1 , ... :'1 ~ 
t .... , 1 ,.,,1-J 

NaBF4 and NaF and is quite compatible with UF6• 

III. Nuclear Analysis 

Nuclear calculations were performed USing the 

MACH-I one-dimensional, diff~lsion code5 and the 

THERMOS transport code. 6 MACH-I employs 26 energy 

groups with the thermal neutron energy being 0.025 

eV. Because of the high temperatures of the UF6 
and the blanket, it was thought that more accurate 

calculations could be performed by USing THERMOS 

to supply thermal neutron cross sections. 

The MACH-I code was used to calculate breeding 

ratios, critical masses, and reactor dimensions for 

a variety of reactor concepts. The lithium and 

beryllium contained in the blanket salt witl act 

as a moderator for slowing down fission neutrons 

from the core. It was thought that additional mod­

eration might be desirable and, consequently, car­

bon and beryllium were added in varying amounts to 

the blanket to evaluate the effects upon reactor 

parameters. Tables 3 and 4 show calculated breeding 

ratios, critical masses, and reactor dimensions for 

various percentages of carbon or beryllium in the 

blanket. As shown, additional moderation does in­

crease breeding ratios and it appears that maximum 

breeding ratios occur when the blanket volume is 

about 25% carbon or beryllium. Additional studies 

shOlqed that blanket thicknesses of 100 cm or greater 

behaved as though the blanket was of infinite thick­

ness. 

It is recognized that gas core reactors Idll un­

doubtedly be built in a cylindrical geometry. 

Since MACH-I is a one-dimensional code it was neces­

sary to perform the survey calculations with a 

spherical reactor. In order to assess the effects 

of analyzing two-dimensional reactors with a one­

dimensional diffusion code, some of the nuclear cal­

culations were repeated using the EXTERMINATOR7 

diffusion code which is capable of doing calcula­

tions in an r-z geometry. The core capacity of the 

Georgia Tech CYBER-74 computer would not allow per­

forming EXTERMINATOR calculations with more than 4-

energy groups. Since the ~IACH-I calculations were 

performed with 26-energy groups, it was deemed de­

sirable to collapse the 26-energy groups used in 

MACH-I down to 4-energy groups and repeat the MACH-I 

calculations. This enabled comparing the effects 

of using 4- or 26-energy groups for calculating 

breeding ratios, reactor d~.mensions, and critical 

masses. Table 5 illustrates the results of these 

calculations and, as seen, there are insignificant 

differences in USing 4~ or 26-energy groups with 

the MACH-I code. Therefure. it may be concluded 

that computations using 4-energy groups with the 

EXTEilllINNi:OK code should yield valid results 0 

Table 5 also shows the results of the 4-energ'! 

group EXTERMINATOR calculations for a cyli~c~ical 

reactor wi th a core height equa 1. to. j-h~ core diam­

eter. As seen, the breeding ratio is slightly 

higher by going from a spherical geometry to a 

cyl~ndrical geometry. ~1is is to be expected be­

cauSe of the increased neutron leakage from a 

cylindrical core because of the increased surface­

to-volume ratio of a cylinder compared to a sphe):e. 
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Table 3 Critical parameters vs .volume percent of carbon in blanket (blanket thickness = 114 cm) 

Percent of Carbon a 25 50 75 100 
in Blanket 

Breeding Ratio 1.183 1.196 1.190 1.133 a 
Critical Radius 58.6 60.9 62.6 61.4 39,2 (cm) 

Critical Mass 379 386 463 436 114 (kg U-233) 

Table 4 Critical parameters vs volume percent of beryllium in blanket (blanket thickness = 114 cm) 

Percent of Be in a 25 50 75 100 blanket 

Breeding Ratio 1.183 1.223 1.203 1.065 a 
Critical Radius 58.6 61.8 61.1 53.4 29.8 (cm) 

Critical Mass 379 446 431 287 50 (kg U-233) 

Table 5 Comparison of critical parameters 

Spherical Core Spherical Core Cylindrical Core 
(26 group) (4 group) (4 group) 

Breeding Ratio 1.181 1.179 1.219 

Critical Radius 58.6 60.9 54.8 (cm) 

Critical Core 5 3 9.5 x 105 3 1.0 x 106 3 8.4 x 10 cm cm cm Volume 

Critical Mass 379 426 496 
(kg U-233) 

Blanket Thickness 114 114 100 
(cm) 
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IV. Heat Transfer 

Because of high power densities in gas core re­

actors, it is necessary to analyze the core heat 

transfer in order to assure that unacceptably high 

temperatures are not achieved in the UF6. This re­

quires solving the energy equation for UF6 flowing 

through a cylindrical core. Equation 1 gives the 

energy equation for th~ UFf. 

pc U (r,z) ll .. 1. ~(rk ~) + q'" (r,z) (1) 
p z bz r br e br 

where 
p = density 

c - specific heat at constant pressure 

U (rjz~ = axial velocity 
z . T = temperature 

ke = k + pc SR, total conductivity 
eJl ;:: eddy d~ffusivity for. heat transfer 

,q 01 ;:: volumetric heat generation rate 

Equation 1 is extremely complex because UF6 
physical properties are highly temperature depend­

ent and the volumetric heat generation term is 

strongly spatially dependen t due to the variable 

UF6 density in toe care and variable neutron flux 

distributions. Equation 1 was solved for two sets 

of boundary conditions: (Case l)--an insulated 

liner \~all in which no heat crosses the wall and 

(Case 2) --an insulated liner wall until the \~all 

temperature reaches 920 0 K for the rest of the core 

length. Equation 1 \~3S solved numerically by using 

finite difference representations for the partial 

derivatives and incorporating a ~~CR-I power dis­

tribution computation for the volumetric heat gen­

eration term. A marching technique was employed 

\~hich required iteration at each axial step in order 

to incorporate the temperature dependence of the 

UF6 physical properties. Reference S gives a de­

tailed description of the heat transfer modeling 

and computational techniques. 

It \~as estimated that 9.7% of the reactor power 

\~ould be deposited in the blanket. Consequently, 

for a pOl~er level of 1000 NWth, 903 NWth \~ould be 

generated in the reactor core. The UF6 inlet tem­

perature was specified as 55soK and mass flow rate 

at 6320 kg per second. The core geometry was a 

right cylinder lVith a 100 cm radius and. 200 cm 

length. 

Figure 2 illustrates the radial dependence of 

UF6 temperatures for various axial positions for 

the insulated wall boundary condition (Case 1). 

Temperatures reach a peak at the \~all because the 

volumetric heat generation term is a maximum at the 

wall and, in particular, the fluid velocity at the 

wall is zero which means heat is transferred at 

that location only through conduction. Figure 3 

illustrates core liner wall temperatures and UF6 
fuel temperatures at the core axis as a function of 

core length. As sholl'11 by the calculations, after 

50 cm dOlI'11 the channel length the liner \~all tem­

peratures exceed 920 o K, I~hich is considered unac­

ceptably high. 

Figure 4 illustrates the radial dependence of 

UF" temperatures for various axial locations for 

thg boundary conditions that liner wall temperatm:es 

not exceed 92QoK (Case 2). The maximum UF temper­

ature occurs at the core exit and is 12200~, \~hiC!; 
is far below temperatures required for substantial 

1 U~· :l,onization. Figure 5 illustrates core liner 

'wa~l teJlperatures anI! UF 6 temperatures at the core 

1 axis as a function of core length. • 
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The boundary condition that the liner wall tem­
perature not exceed 920"K requires wall cooling 
after about 40 em down the core length. Conse­
quently, it is necessary to examine wall heat fluxes 
in order to determine the extent of the wall cool­
ing. Figure 6 illustrates calculate.d liner wall 
heat fluxes as a function of channel length. The 
maximum heat flux occurs at the channel exit and 
has a value of 0.205 watt per squar.e centimeter 
which is a small heat flux for which it will be 
easy to provide wall cooling •. 
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Fig. 6 Wall heat flux vs axial distance 
(Case 2) 

V. System Analysis 

It was thought that it would be aesirable for the 
flow through the reactor core to be at a uniform 
veloci ty so as to simplify calcul~a tions and maximize 
reactor performance. In order tOI obtain an approxi­
mate uniform velocity distribution in the core it 
is necessary to employ numerous inlet and outlet 
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nozzles for flow of UF6 into and out of the core. 
Figure 7 illustrates the gas core reactor design. 
The reactor is a right cylinder with ellipsoidal 
heads and height equal to the diameter. It is 
easily fabricated and a good geometry to work with 
from both a practical and a calculational point of 
view • 

Fig. 7 
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The blanke.t will be pressurized to the same 
pressure as the core (on the order of 100 bars). 
The core liner is designed to withstand a pressure 
difference of only 15 bars. The outside pressure 
vessel will need to be capable of containing the 
100 bar pressure plus g 20% safety margin, or 120 
bar total. These pressures are not extreme and can 
be easily accommodated. The reactor pressure ves­
sel was designed according to specifications from 
the ASME Boiler and Pressure Vessel Code; Section 
III--Rules for Construction of Nuclear Power Plant 
Components. 9 The core liner was selected at a 
thickness of 1.3 cm which is adequate for sustain­
ing a 15 bar pressure difference at the reactor 
operating temperature for a 30-year lifetime. In 
case of a rapid depressurization of the blanket, 
the core liner can withstand a pressure difference 
of approximately 90 bars for a period of 6 minutes. 

Many schemes were examined for energy conversion 
with gas core breeder reactors. The UF6 can be 
used as a working fluid for either Brayton or Ran­
kine cycles. Hnwever, in order to have reasonable 
efficiencies, a regenerator is necessary for either 
cycle. High efficiencie's can be achieved using UF 6 
in Rankine cycles for the operating temperatures 
selected for this study. For turbine inlet temper­
atures of 850 0 K and pressures of the order of 100 
bars, Rankine cycle efficiencies will exceed 41%. 

In order to reduce the inventory of UF6 in the 
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power plant: system, it is desirable to employ an­
other fluid as the working fluid in the energy con­
version device. Because of the adverse chemical 
reaction of UF6 with water, in the event of a rup­
ture of a boiler tube, it is not advisable for UF6 
to exchange heat directly with water in a boiler. 
Consequently, a molten salt NaBF4-NaF was selected 
as an intermediate coolant for transferring heat 
from UF6 to water in a boiler. The power plant 
schematic is shown in Fig. 8. The molten salt has 
heat transfer characteristics similar to those of 
water and an additional desirable feattlre is that 
it contains boron which is a control material used 
in conventional reactors and would thus prevent the 
possibility of criticality inside the intermediate 
heat exchanger. 

... GATE VALVES 
NOMIALLY OPEN 

Fig. 8 

FEEDWATER HEATERS 

UF6 breeder power plant system 
scliematic 

The' in termedia te sal t will be used .to produce 
superheated steam at a temperature of 460°C and a 
pressure of 100 bars. The steam will be passed 
through high pressure and low pressure turbines for 
energy extraction. Three feedwater heaters are 
employed for extracting moisture from the turbines 
and heating the feedwater before it enters the 
boiler. By extracting steam at optimum pressures 
for each feedwater heater stage, the overall cycle 
efficiency will be 37%. ' 

VI. Gonclusions 

The design study has shown that it is possible 
to construct a gas core breeder reactor with a high 
breeding ratio, of the order of 1. 2 or higher, and 
an overall efficiency of 37%. The plant will not 
require excessive temperatures or pressures and 
will use much of the technology already developed 
for the molten salt breeder reactor program. 
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station. 'l'he axial component of the, ve­
~ocity measured in this way as a function 
of r(;l.dial position is shown in Fig. 5. 
For both currents, the profiles are flat 
wH:hin experimental error out to 10 cm. 
Beyond this radius,tlH;; ion saturation 
'current drawn by the probe drops rapidly 
to less than 10% of its centerline value, 
makin9velocity measurements impossible. 

The observed axial and radial profiles 
thus indicate that a single measurement of 
centerline velocity 25 cm downstream of 
the anode should give a reasonable indica­
tion of trends in the average exhaust 
velocity, although any leakage of flow 
outside of the measureable 10 cm radius at 
lower velocities will clearly reduce the 
latter values somewhat. 

Before presenting the results of the 
velocity vs current survey, it, should be 
noted that the average exhaust velocity 
from an MPD discharge can also be ex­
pressed as the ratio of the total thrust 
to the propellant mass flow rate. The 
thrust is actually made up of two compon­
ents, an electromagnetic component, as 
discussed in the introduction, and an 
electrothermal component derived from the 
arc chamber pressure. This electrothermal 
component was measured by Cory and found 
to be pro~ortional to the current to the 
1. 5 power: (B) 

(4) 

where c is an experimentally dgtermined 
coefficient equal to 5.3 x 10- N·A-l.5 
for argon flow of 6 g/sec. Thu& this 
average exhaust velocity may be expressed 
in two terms: 

(5) 

Aver .. >,!',; exhaust velocities calculated from 
thib ~Apression, and also from only the 
e1ectl"~magnetic term are both shown in 
Figs. 6 and 7 along with the experimen­
tally determined exhaust velocities foT. 
the 2.5 cm and for the 10 cm cathodes, 
respectively. 

The data for both cathodes lie above 
the calculated values, reflecting the 
expec~ed profile losS from outer f19W 
leakage. As the current is increased, 
however, the data and the calculations 
converge, implying a significant decrease 
in this loss. Indeed, ion saturation 
currents measured with the time-of-flight 
velocity probe for the 2.5 cm cathode 
indicate that as the current increases 
from 8 to 25 kA, the outer flow leakage 
drops to a small fraction of the total 
mass flow. For a current of 15.3 kA, 
Boyle (5) performed' a more detailed experi­
mental analysis of the total exhaust ve­
locity profile and after accounting for 
the profile losses, concluded that a good 
average value of the full experimental 
profile is provided by the velocity cal­
culated from Eq. 5. '.To this extent, then, 
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the discrGpancy between the data and the 
calculated curves of Figs. 6 and 7 simply 
reflects the difference between centerline 
and average exhaust velocities of the flow. 

Note also that while the velocity data 
for the 10 cm cathode rises smoothly with 
current and gradually meets the calculated 
average velocity line, the data for the 
2.5 cm cathode display a discernible change 
in slope at the known onset curl:'ent, J* of 
16 kA. This fall-off beyond J* is believed 
related to a spurious increase in mass 
flow rate due to ablation, which, for given 
thrust lowers the average exhaust velocity 
from its pure argon value. (9) Since J* 
for the 10 cm cathode lies virtually at 
the end of the data line (23 kA), a similar 
change in slope is not discernible in this 
case. 

Additional evidence for increased abla­
tion at the onset current can be seen in 
the voltage-current characteristics for 
the two cathodes, as shown in Figs. 8 and 
9. Here, the extrapolated value of the 
terminal voltage for zero current is taken 
to represent the electrode fall voltage 
and has been subtracted from the terminal 
voltage data shown in the figures. This 
quantity, the terminal voltage less the 
electrode fall, represe<1i:'~J the potential 
drop over the discharge plasma body and 
is made up of contributions from ohmic 
losses, Lorentz terms and others. For an 
MPD thruster operating in an ideal electro­
magnetic mode, the Lorentz terms should 
dominate the plasma potential drop and 
scale with the exhaust velocity times the 
magnetic field. The self-magnetic field, 
in turn, scales with the current, and the 
exhaust velocity with the current squared, 
so that this component of plasma potent,ia:j. 
will be CUbically dependent on the current. 
For a thruster operating in a pure electro­
thermal mode, in contrast, ohmic losses 
shoulaaominate the plasma potential drop, 
which would then scale linearly with 
current. Any real thruster has both elec­
tromagnetic and electrothermal components 
to its thrust, so that the plasma potential 
drop should scale somewhere between a 
linear and· a cubic dependence on current, 
according to the dominant process in any 
region. The data in Figs. 8 and 9 show 
this is indeed the case, with electromag­
netic processes clearly favored over most 
of the regime studied. 

The additional evidence for ablation 
beyond J* appears in the discernible 
change of slope for the 2.5 em cathode 
just above, its onset current of 16 kA. 
SincG the exhaust velocity is inversely 
proportional to the total mass flow rate 
for a given thrust, as ablation increases, 
the velocity should decrease. This 
decrease will be reflected in a drop in 
the Lorentz voltage term and hence, in' the 
terminal voltage. The decay in the 
(V-Va) ~s J dependence beyond J* in Fig. 8 
thus correlates well with the similar' 
decay in the u vs J slope in Fig.G. 
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GEORGIA mSTITUTE OF TECHNOLOGY RESEARCH ON THE GAS CORE ACTINIDE 
TRANSMUTATION REACTOR (GCATR)* 

J. D. Clement, J. H. Rust, and A. Schneider 
Georgia Institute of Technology 

Atlanta, Georgia 30332 

and 

F. Hohl 
National Aeronautics and Space Administration 

Langley, Virginia 23665 

Abs~ 

The Gas Core Actinide Transmutation Reactor 
(GCATR) offers several advantages including (1) the 
gaseous state of the fuel may reduce problems of 
processing and recycling fuel and wastes, (2) high 
neutron fluxes are achievable, (3) the possibility 
of using a molten salt in the blanket may also sim­
plify the reprocessing problem and permit breeding, 
(4) the spectrum can be varied from fast to thermal 
by increasing the moderation in the blanket so that 
the trade-off of critical mass versus actinide and 
fission product burnu~ can be studied for optimiza­
tion, and (5) the U23 -Th cycle, which can be used, 
appears superior to the U235 _pu cycle in reg&rd to 
actinide burnup" 

The program at Georgia Tech is a study of the 
feasibility, design, and optimization of the GCATR. 
The program is designed to take advantage of ~n~­
tial results and to continue work carried out by 
Georgia Tech on the Gas Core Breeder Reactor under 
NASA Grant-1168. In addition, the program will 
complement NASA's program of developing UF6-fueled 
cavity reactors for power, quclear pumped lasers, 
and other advanced technology applications. 

The program comprises: 

(1) General Studies -- Parametric survey calcu­
lations will be performed to examine the effect of 
reactor spectrum and flux level on the actinide 
transmutation for GCATR conditions. The sensitiv­
ity of the results to neutron cross sections will 
be assessed. Specifically, the parametric calcula­
tions of the actinide transmutation will include 
the mass, isotope composition, fission and capture 
rates, reactivity effects, and neutron activity of 
the recycled actinides. 

(2) GCATR Design Studies -- This task is a major 
thrust of the proposed research program. Several 
subtas~s are considered: optimization criteria 
studies of the blanket arid fuel reprocessing, the 
actinide insertion and recirculation system, and 
the system integration. 

The total cost of the GCATR in a nuclear waste 
management system will be evaluated and compared 
to the cost of alternate strategies presently being 
considered. 

This paper presents a brief review of the back­
ground of the GCATR and ongoing research which has 
just been initiated at the Georgia Institute of 
Technology. 

*Research sponsored by N.A.S.A. 
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I. Introduction 

The high level radioactive wastes generated in 
the operation of nuclear power plants contain both 
fission products and actinide elements produced ~y 
the non-fission capture of fissile and fertiJ~; .iso­
topes. The fission products, atoms of medium 
atomic weight formed by the fission of uranhllIl or 
plutonium, consist mainly of short term (30 years 
or less half-life) i~otopes, including S~90 and 
Cs137. Tc99 and I12~ are long-live~ £ission prod­
ucts. The actinide components o~ r~dioactive 
wastes, including isotopes of tip, Am, em, and Pu 
and i::ft:uers,ar!'l all very toxic and most have ex­
tremely long half-lives. The amount of long-lived 
radioactive m~teria~l)Kpected to be produced is 
substantial. Smith has estimated that in 1977~ 
150 kg of Am243 , 150 kg of Am24l, and 15 kg of em,,<'+4 
will pe produced. The actinides cause waste man­
agemfmt difficulties at two stages in the fuel 
cycle. Some are carried over with the fission 
p~oducts during fuel reprocessing, but also some 
dilute plutonium wastes will appear from fuel manu­
facturing plants. Thus at the entrance to the 
waste facility are found a mixture of transuranic 
actinides combined with shorter-lived and tempor­
arily more hazardous fission products. 

The safe disposition of the radioactive wastes 
is one of the mos t pressing problems of the nuclear 
industry. Any viable plan must meet the three re­
quii:ements of 

(1) technical soundness 
(2) reasonable economics 
(3) public acceptance. 

II. Background 

The strategies which have been suggested for 
high-level nuclear waste management encompass 

(1) terrestrial disposal (geologic, seabed, 
ice sheet) 

(2) extraterrestrial disposal, and 
(3) nuclear transmutation, 

or some combination of these methods, such as ter­
restrial burial of the short-lived fission products 
and extraterrestrial disposal or nuclear induced 
transmutation of the long-lived actinides. Papers 
discussing al~ of these methods were presented a~ 
the Waste Management Symposium in December 1974. ~2) 
The technical soundness of terrestrial disposal is 
a controversial topic, and also public acceptance 
is questionable. Extraterrestrial disposal is 
costly. Hence, there is ,increasing interest in 
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nuclear transmutation as a pdtential 
the nuclear waste disposal prt.\blem. 
marizes the nuclear waste mancfgement 
are under consideration. ' 

, 
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I t 1. 

solution to 
Figure 1 sum­
schemes which 

Fig. I Schematic representation of schemes 
for nuclear '~aste management 

The first published 8uggestion for the use of 
neutron-induced transm\~'tation of fission products was made in 1964 by Steinberg e t a1., (3) who con­
cerned themselves 9n!1 with the transmutation of 
Kr85 , Sr90 , and CSU/. Their calculations assumed 
that the krypton an,j cesium fission product wastes 
had been enriched to 90% in Kr85 and Cs137. This 
was necessary due to the relatively small thermal 
neutron cross sections of these two nuclides and 
their small concentration with respect to th9br stable isotopes found in spent fuel. The Sr anal­
ysis was based on the presence of Sr90 and Sr89 
which has a half-life of 53 days. If the strontium wastes are allowed to decay for one year before 
being returned to the reactor, then all the Sr89 
portion will decay to y89 (stable) which can be 
chemically separated from the Sr90. However, even 
wit~ these modifications to the waste isotopi~ com­
position, Steinberf et al~ indicate that a thermal neutron flux of 10 6 nlcm -sec is required before 
the halving time of Sr90 can be reduced from the 
normal half-life of 28.1 years to 1 year. A flux 
of 1017 n/cm2-sec was indicated to be necessary be­
fore the halving time could be reduced from the 
natural half-life of 33 years to 1 year. The halv­
ing time describeo; the "total" time spent in a 
reactor for the inventory ofa particular isotope 
to be reduced to half its value. 

In another work, Steinberg and Gregory(4) con-
,sidered the poss!~71ity of fission product burnup (~pecifically Cs and Sr90) in a spallation reac­tor facility. In this scheme a nuclear power reac­
tor is used to "drive" a high-energy proton accel­erator with the resultant (p,xn) spallation reactions of the proton beam with the target produc:l.ng the 
extreme fluxes of 1017 n/cm2-sec necessary for fis­
fion product burnup. However, in addition to 
economic disadvantages this concept faces serious 
mechanical and material design problems. 

(5 6 7) . Claiborne " was the first investigator to 
report detailed calculations of actinide recycling 
in light water reactors. Claiborne studied actinide 
recycling in light water reactors (LWR) operating on 3.3% U235_U238 fuel cycle. He concluded that it 
was not practical to burn the fission products be­
cause the neutron fluxes were too low and "develop-
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ing special burner reactors with required neutron 
fluxes of 1017 n/cm2-sec or in thermonuclear nu­
clear reactor blankets is beyond the limits of 
current technology." (5) 

For purposes of comparison, Claiborne(5) ex­
pressed radioactive waste hazards in terms of the 
total water required to dilute a nuclide or mixture 
of nuclides to its RCG (Radiation Concentration 
Guide Value, also known as the Maximum Permissible Concentration, MPC). Using this criterion, the 
waste from a·PWR spent-fuel reprocessing plant is 
dominated by fission products for about the first 
400 yea~s. After the first 400 years the actinides 
and their daughters are the dominant factor. The 
americium and curium components of the actinide 
waste are the main hazards for the f~s,t 10,000 years, after which the long-lived Np and its 
daughters become the controlling factor. These 
data assume that 99.5% of the U and Pu has been re­
moved from the waste. 

Claiborrle indicates that, if 99.5% of the U and 
Pu is extracted, then a significant reduction in 
the waste hazatd can be achieved by also removing 
99.5% of the other actinides, mainly americium, 
curium, and neptunium. 

For the purpose of calculations, Claiborne as­
sumes that recycling takes place in a typical PWR 
fueled with 3.3% enriched U and operated with a 
burnup of 33,000 MWd/metric tonne of uranium. The 
burnup was assumed continuous at a specific power 
of 30 MW/metric tonne over a three year period. 
The calculations also ignored lntermittant opera­
tion and control rods and assumed that the neutron 
flux was uniform throughout a region. The recycled 
actinides were added uniformly to the 3.3% enriched 
fuel. The actual calculations were per~ormed by a 
modified version of th~ nuclide generation and de­pletion code ORIGEN. (~ The calcul~tions are based 
on three energy groups (thermal, liE energy distri­bution in the resonance region, and a fast group) 
with three principal regions in the reactor. Each region was in the reactor for three years while 
being cycled from the outside to the center so that the innermost region is removed each year. 

The "standard" that was used for comparing the 
effect of the actinide recycle on the actinide 
waste hazard was the waste obtained after removing 
either 99.5% or 99.9% of the U and Pu at 150 days 
after discharge and sending the remaining quanti­
ties to waste along with all the other actinides, 
and all ac.tinide daughters generated since discharge 
from the reactor. The results of Claiborne's cal­
culations are presented in the form of a hazard 
reduction factor which he defines as "the ratio of the water required for dilution of the waste to the 
RCG for the standard case to that required to dilute the waste after each successive irradiation cycle." 

The contributions of the actinides, fission prod­
ucts, and structural materials to the total waste 
hazard are shown in Table 1. Table 2 shows the ef­
fect of recycling the actinides in terms of the 
hazard reduction factor fo~ two cases of actinide 
extraction efficiency. Note that the values decrease asymptotically with increasing recycles. This is 
due to the buildup of actinides in the system until 
decay and burnup equal production, after about 20 
cycles. Figures 2 and 3 compare·the effect of re­
cycling in a LWR versus no-recycle for the short 
and long time hazards. 
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Table 1 Relative contribution of actinides and their daughters to the hazard measure of the(~~ste and 
of each actinide and its daughters to actinide waste with 99.5% of U + Pu extracted ) 

Nuclides to 
Waste 

Actinides 
Fission Products 
Structural 

.'lmericium 
Curium 
Neptunium 
0.5% U + 0.5% Pu 
Other 5 

10
2 

0.3 
99+ 
0.04 

51 
41 

0.2 
8 

x 10-3 

Water required for dilution to the RCGa (% of total 
water reguired for the mixture) for decay times !Ir) 

5 x 102 104 105 

All Components 
' b 

of Waste: 

94 94 98 
5 6 2 
1 0.2 0.03 

Actinide Waste: b 

56 24 8 
37 59 9 
0.3 12 80 
7.7

3 
5 3 

1 x 10- 5 x 10-2 6 x 10-3 

aUsing CFR RCGs and 
b 

recommended default values for the unlis ted nuclides. (8) 

Round-off may cause column not to total 100. 

Table 2 Effect of recycle of actinides othel; than U and ~) on the hazard 
measure of waste from PWR spent fuel processing( 

Water required'for dilution to RCGa , ratio of standard 
to recyc1eb case (hazard reduction factor) for. 

decay times {Ir) of: 

Recycle 102 103 104 105 106 
No. 

Actinide Extraction Efficiency, 99.5%: 

0 12 15 18 28 52 
1 9.3 12 13 20 46 
2 8.2 10 11 18 44 
3 7.6 8.4 9.3 17 43 
4 7.2 7.4 8.3 17 42 
5 6.8 6.6 7.5 17 42 

10 5.8 4.7 5.8 17 42 
20 5.1 3.8 4.9 17 42 
30 5.0 3.6 4.6 17 42 

Actinide Extraction Efficiency. 99.9%: 

0 58 73 89 137 256 
1 44 59 64 96 224 
2 38 48 52 87 213 
3 36 40 44 84 210 
4 33 35 39 83 209 
5 32 31 36 83 208 

10 27 22 27 83 207 
20 18 22 82 206 
30 17 21 82 206 

Using CFR ~CGs and recommended default values for the Ulllis ted nuclides. (8) 

Chemical processing assumed. at 150 days after reactor discharge; one cycle 
represents 3 years of reactor operation. 
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Short-term cumulative hazard of actinide 
waste from 60-year operation of a typical PWR(5) 

j ilii 
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u 
103 

104 105 106 

Fig. 3 
TIME AFTER DIScHARGE, yr 

Long-term cumulative hazard of actinide 
wast(e)from 60-year operation of a typical PWR 5 

For the PWR examined, the decrease in the average 
neutron multiplication was only 0.8%. By increasing the fissile enrichment by only 2% (from 3.3 to 3.4% enrichment) the loss in reactivity can be compen­
sated for • 

The recycling of reactor actinide waste will in­
crease radiation problems associated with chemical processing and fuel fabrication because of the in­
creased radioactivity of the reactor feed and dis­
charge streams. However, the increased actinide 
inventory in a reactor will probably have little 
effect on the potential danger in design basis ac­
cidents because the actinides are not volatile and, therefore, will not be significantly dispersed into 
the environment by any credible reactor accident. 
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Claiborne also states that the recycle of acti­nides in ~WBR's should produce even higher hazard 
.reduction factors because of the better fission-to­
capture ratio of the actinides in the presence of a fast flux. He also states that the recycling of 
actinides is well suited for flu.id fuel reactors, 
such as the MSBR, because of the on-stream continu­
ous reprocessing. 

A technical group at Battelle Northwest Labora­
tories(9) extended Claiborne's work to provide a 
detailed review of the alternative method for long 
term radioactive waste management. Section 9 of 
their report was devoted to Transmutation Process­
ing and covered four categories: (1) accelerators, (2) thermonuclear explosives, (3) fission reactors, 
and (4) fusion reactors. The study identified re­
cycling in thermal power reactors as a promising 
method and went on to state, "consideration should 
also be given. to evaluating the merit of having 
special purpose reactors optimized for destroying actinides. 11(9) 

As reported in a review paper by Raman, (10) 
evaluations made by Raman, Nestor, and Dobbs (11) 
show that actinide inventQries can be reduced fur­ther by recycling in a U233_Th232 fueled reactor. 
TIlis is made po~sible because neutron c~~tures by 
the fertile Th232 produce the fissile UZ33 • Neutron c~~1ure by U233 results in higher U isotopes until U is reached. Plutonium and tr~nsplutonium iso-topes are generated to a far le:!l>e_ extent in a U233 _Th232 reactor than in a u23~_U238 reactor. 
Raman also stressed the need for more accurate 
cross section measurements. 

The recycling of actinides in fast reactors has also been studied .• (12,13,14,15) Greater actinide 
burnup is achievable in a fast r.eactor than in a 
thermal reactor because the fission-to-capture ratio is generally higher as shown in Table 3. In a 1973 review paper in Science, Kubo and Rose(16) suggested 
that recycling of actinides in an ~BR has several advantages over recycling in a thermal reactor in~ cluding the possibility that extreme chemical sep­
arations may not be required because fewer acti­
nides are produced in a fast spectrum. 

Paternoster Ohanian, Schneider, Thom, and 
Schwenk(17,18,!9) have studied the use of the gas 
core reactor for transmutation of fission products 
and actinide wastes. The fuel was UF6 enriched to 6% in U235 .. The four meter diameter core was sur­
rounded by a reflector-moderator of D20 with a 
thickne~~ of 0.5 meter. The initial mass was 140 kg of U 5F6 • Adjustable control rods were located 
in the outer graphite reflector and the radioactive 
wastes were loaded in target ports. Figure 4 shows 
results of calculations, comparing both actinide 
and fission product waste in current LWR's with the 
gaseous fuel power reactor. Notice that after 800-
1000 days, the actinide wastes in the gaseous core 
reactor are an order of magnitude less than those 
in a LWR. 

In a stud2 sponsored by NASA, Clement, Rust, and Williams(~~' 1) analyzed a gas core breeder reactor using a U 3_Th 232 fuel cycle. One- and two­
dimensional calculations were carried out for a UF6 
fueled core surrounded by a molten salt blanket. 
Figure 5 shows a diagram of the reactor. The me­
dium fission energy in the core was found to be 
300 keV, and there was some spectrum softening in 
the blanket. 
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Tabli1 3 Fiss:!.on-:to-capture ratios YO)lIctinidc.s in 
fils t lind thenna1 reactors ( 

Isotope Half-Life Fast '111i1rmnl 
Years Spectrum Spectr\Dl1 

Np237 2.14 x 106 0.213 1.26 x 10 -4 

Am241 433 0.115 4.48 )t 10-3 

Ant242m 152 4.85 1.12 

k1l
243 

7370 0.309 4.87 x LO-~ 
Q1I244 17.9 1.25 0.068 

"'L-_.~ .. _-:,.",:-_ ...... __ '~"_-:I-''''-' -1..:-......... -:-..... ,,-:-.-' ... --1u •• 

DA~S OF REAC'1'OR OPERATION 
Fig. 4 Radioactive \"!lste production of 3l!25 N\~(t) 

fission power reocl:ors (19) 

M/T1<. 
All d1 .... ".la" .. 
u. In tm 
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Fig. 5 UFG gas~core reactor 
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'1'able 4 is a brief sUlWlary of some importunt 
dutes in the history 'of the GOATR. As previously 
stated. the burnup of fission products ro~uires 2 
thermnl neutron fluxes of the order of 10 7 n/cm -
sec, In the United States. the two reactors with 
the highest neutron fl\fj!:e~ are the ORNL High Flu.'C 
Isotope Reacto~3 (IIFIR) ~:.:2} and the SRL High Flux 
Reactor ~SR) ( ) ~"hi~ have maxim\Dl1 neutron fluxes 
of 3 x 10 and 5 x 10 5 n/cm2-sec. respectively. 
lloth of these reactors employ solid fuels and have 
essentially reached the upper limit in neutron 
flu.'Ces bec'Uuse of heat trllnsfer limitations. In 
IIddition. when operating at these neutron nuxes 
the refueling intervals arc of the order of two 
woeks. '111e gas core reactor does not have tho in­
core heat transfer li.nd.tlltions posed by solid core 
reactors employing a coolant and. cI;,nsequently. 
higher noutron fluxes should be achievable. In 
addition, reactor shutdown for refueling is not 
necossllry because new fuel can be continuously added 
to the UF6 during reactor operation. There£ore, II 

gas core reactor may be the only pructical reactor 
£or considerlltion o£ fission product burnup if such 
a scheme o£ wliste disposlil is considered desirable. 

'rable 4 

1960-73 

1964 

1972 

1973 

1974 

1974 

1974-7C" 

197ti 

Some dates in the hili tory of GCA'rR 

- NASA sponsored rescarch on gas-core 
reactor for rocket propulsion 

- Steinberg £irst suggests neutron-induced 
transmutation 

Olaibol'lle 's studies 0 f ac tillidc recycling 
in LHR's 

- doclulIan tu t;ion of ORIGEN prosrrun 

recycling studies in LWR' s, UfFBR' s , 
H'rGR's by Orof£, Roman, at: al. 

- suggestion of C;CA'rR by l.'utcl'l1oster, 
Ohnnion, Schneider (University of 
norida) and '11tom (NASA) 

- UF6 bro.o.der rcuctor study at: GCOrg:tll 
To.ch sponsored by NASA 

- GCATR study lit Go.orsiu 'rech sponsored by 
NASA 

'l'ablc .5 SUIIUI\ll1::l.Zo.s some of the udvontaso.$ of che 
GCA'rR. which appear to mnke it an attroctive condi­
'du te for ac tin ide tl'lInSlllU tn tion. 

Tnble 5 Some. ndv:mtugcs of t!I(l gas-core rellctOl' 

(1) 'rhc gl\i;cous stnte of the £ue.l significnntly 
roduces proble.ms of proce.ssil1g nnd l.'ccyc1ini?; 
fuel ond wnstes, 

(2) 

(3) 

High llcutrOn flu.,,:cs are achievuble. 

'rhe possibility o£ using 0 mol ten salt in the 
blnnket may lIlso simplify the. l.'c\)rocClSsillg 
problem tlnd pel;llI:!,t: bl.'(!ed:!.nS. 

(4) 'The spectl.'lUll Mn be varied from fast to the1.111(\1 
by incl.'casing tIle moderlltion in the blanket so 
that the trade-off of ctitica1 moss versus nc­
tinido. and, fission product bu:rl\\lp Clln be studied 
,for optimization, 

233 
(5) The U -'111 cyc~~~ which Clll) be tls!)'I, is su~ 

pedor to the. 11- _l,lu cycle in re!jard to octi­
nide bU1'I1Up. 
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III. GCA'rR Research l'rosrIlUl. 

'111u overall object:ive of tho NASA sponsorod pro­
gram is to study the fousibility, uesigll, nnd opti­
udllation of n OCATR. ThQ program ;!'lwolves throe 
interrelated and concur1:o'l1t tssks~ as listed in 
T~blo G. 

'rable G NASA SpOl\llOl'od GCNeR resQIIl:ch lit 
GQorgin T(:wh 

Gcnel,'nl Studies 
Update cross-sectiOIUi 
Sensitivity unalysis 
ParaUlotl,'ic surYe:y 

Reactor lind Sys tellt Des:!.g\1 
l)usign cri te.ria 
ROllct:0S3~ubsys tam 

(a) ~ UF6 
(b) plasnll\ coro 

Fuol and m:.tiuide insertion and 
recyc:lins 

Economic Analysis 
Comparison of GCA'rR with other 

stratagies 

TASK 1 General Studies 

Rllmlln (9) has pointed out the need fot: more accu­
rate c.t'OSS section data UI\d tho no.cossity of ns­
sassins the sensitivity of the cnlculntionnl rosul!:s 
to the uncertuinties in cross sections. 'ntis tusk 
will include t:hQ .following subtask;s: 

A. 

ll. 

C. 

Literature Survoy and Cross SectiOiI Tnbulu­
tion-~A litCl:nt~ll'e survey will be cnrricu 
~nnd tlle bast nvnilnble c~oss sections 
of tho fission pt'odllcts llnd uctinides wil.l 
lHl tllblliated. I1l1pt:oved vnlues will be. usod 
;!S they becomo Ilvuilllbio. 
Implomon!:utioll of u Ve~slltilo Duplotiol\ 
P~ogrmn--ORIGEN (8) 01' 11 silldllll'comput:er 
code will be implcmon ted o~ developed. A 
tleplct:i(m code wh:l.ch solves tho equutions of 
~ad:l.onctive growth m\(l docny nnd ueutrrm 
~l'llnsllllltntion f01: Im:gQ l\ll.llIbei:s of isotopes 
is 1:oqtd.tea. ORIGE"I'I Ilus boen used p1;"vi­
ously for LWR's, 'QlFllR's, ~ISllR's. llnd HtGR's, 
and nmy 1I1so be suitablu f01: tho GCATR. 
Parame eric Survey Cnlculn tiol\s --Parmnel:ric 
$Ul'vey cnlculations will be pc~.formud to 
oXllllline the offort oJ:' reactor spect:rllll\, nnd 
flu." level on tho nctinide tral\slIIlll:ntiQl1 for 
GCATR conditions. 11H1 sensitivity of the 
results to noutron C1'OSS soctions will be 
nssesst\d. 'Xhesu studies will be reluted to 
the lIuclMr analy~is work of TASK 2. Spe­
ci£ically, 'the pn1:lIl11etric clllcullltions of 
tho IIctinide t:rlll\Slllutation will include tho. 
ma~s. isotope cOIlIposition, fissiclI\ und cap­
tu~o rneas. reactivity effects, uud neutron 
activity of tilU rocyclod ~ccinidos. Tllblo 7 
SlUIUlllll:izos th<l mos t inlport:au t pilrallleters to 
to .inves t:igatetl. 
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Nost impol'tant: PIlt:llllloturs t:o be 
invQ9tiguted 

1" , 
), , 
I ,. 

~~,=========================================== (1) 'rhe mnss and composition 0,1; the llctinidas 
baing l'ocyc.IQc! 

11l(l rllto Ilt which tha t:ocycled Ilctinidas Ilt'o. 
J;issionocl IltId trllnsmuto~l in tho reactOr 

,."t 

(3) 1110 effect of t:ho recycled Ilctinicles on £ission 
rcactor criticlllity and rellctivit:y 
'1110 effe."!.t of the recyoled actinidos on tho 
ouc-oJ;-ronctor lIucloar fual cyclo (Le., fllb­
:dcation. shipping, reprocessins, llctinido 
il\v(11\ tory, etc.) 

'i'ASK 2 GOA'I'R bL\sisn S tud:los 

1111s cnsk is a 1IIl1jOt· t:ll1'ust of the proposod rQ~ 
sOil1:ch p~osrlllu. l?O\l~ subtllsks nro considered: 

A. 
ll. 
C, 

D. 

Optimi:Gation Ct:itet:in Studies 
l)e!)ign Studies of the Rcactor Subsystam 
Design Studies of thQ lllllnket lind Fllel RQ­
procQssing and Aotinidll Insertion and Recir~ 
culntion Sy!)tolll 
Sys tUllt. III tegra Hon 

In subtask A, Optimization Ct:it:erill Studios, 
considu~ll tion. will bo. given ~o lllldo.rs tanding tho 
t1'ada-of.fs that nre nlllde to nchiuvo a given roslllt. 
Fo~ e:tamplo, is the GCNJ;R to bo. used ol\ly J:o~ ncti~ 
nide bll'tnup? ShOllld We nlso include bl,'Qocling (U2J3~111) or fission product transmutation'l If we 
reduce the IlIUI.1l\ iiuutron enorgy to nchiuvo f!ls tel' 
fission p1:oduct burn up'. how llIuch do we sacl,'ifice ill act:inide bU1"llUp? ShOll1d t:hu roncto~ 1I1so be used 
to producu pO'\fe~? l:J: so, how much powol;? \~hnt nru 
the op t:!.ndza tion cri turin? 

In sllbtusk 11, D(lsign Studies o.f thu Rencto~ Sub­
system, II 1lI111tidisciplinn~y llPP1:011Ch sil\lillll' to 
thllt in Rofs'. 20. 21 \dll be c:.lrried Ollt involving: 

(1) Nutorinls 
(2) Nuclollr Analysis 
(3) The~'lIodynll\ldcs nnd lIent Tl.'lInsfQr 
(4) Nuchmlicul Dosign. 

Results oJ: this tusk will bo llsed ite~at:ivoly with 
the PI11:I1I1\OI;1;ic l;1tucly tlosct:ibed in TASK 1. In pru~ violls work (20,21.) o!\o-dilll(lnsionni I1nd two-dimcnsion!\l 
survoy cnicullltions wero cnr;d'ld alit for n Ul?G­
fueted corc S~lrl:oul1dud l'y !l molten slllt blanlcot:, 
/lIltl II pl:ol.iminury mechanicul. design WI,IS dovolopcd, 
This W01:\(; will be o.-.:tonded to inclUde the insertion 
of fission products lllUl actinides in val'Lolls 10cn­
Cions in thQ I:QUctOr. 111e oJ;foct of other l'ollctor 
componont chlll1gos such liS using dif:.fc1:ont ro£1octor 
mutClriuls (carbon, bCl:Y'lliulll, dO~It:Ol::l.tUll o:tide) o~ 
lIlodHying tilO )1I01tCIl suIt ~e£1ect:or by the mldil:!on 
of 1ll0do~nl:01: will (IIsO be Qvulliutod. llest(lvuilublo 
c~oss Mcdon c1nta frollt 'tASK 1 l~ill be utiliMd. 
A p~Qlilldnar)r react:or dQsign will bo dovlllopod 
taking inl:o nC:COunt tl!el'lllIl und I\lochmlicul dosiSI\ 
considerlltions. 

l:n s\lbt!lsk C, a prclilllitlury desiSl1 of! tho. UF6 lind blankot ropl:oINssins, system (if llIo1!:i:!I\ Sill!:) 
will bo pl,'opurl'ld und purfol'lmnco of tho. syst:~Uls 
nnalY2;ed. l~qllil:tb:rilml fll~1. !ltld blanket COlllposit:ions 
including f:issiol1 protluc~ll mid tlotinidos w;t,;n btl 
eOlnp\\ cod. Thes e l'e!;ul cs will providll nCCMSIli.'y 
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information on equilibrium core and blanket compo­sitions for use in the nuclear analyses. 
Sub task D, Syst~ Integration, involves putting all the sub-components together in a workable sys­tem taking account of criticality, shielding, and economic considerations. 

TAsK 3 Comparison of the GCATR with Other Nuclear Waste Management Strategies 

The cost of the GCATR shall be evaluated in terms of mills/kwhre. The cost can be broken down into the components: 

(1) solid and liquid storage (2) shipping 
(3) interim retrievable storage separations (4) separation 
(5) disposal or elimination in GCATR 

The total cost of the management system will be computed and compared to the cost of alternate strategies presently being considered. 
As of June 1976, the research program has been underway for only two months. Table 8 sUl1lllllrizes the status of the program at this time. 

Table 8 

General Studies 

Summary of Georgia Tech GCATR research program to date 

1. Actinide cross sections have been updated 2. ORIGm has been impl~ented and modified 3. Some sensitivity results and parametric studies have been obtained 
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7. 

8. 

9. 

10. 

11. 
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APPLICATION OF GASEOUS CORE REACTORS 

FOR TRANSMUTATION OF NUCLEAR WASTE 

B. G. Schnitzler, R. R. Paternoster~ and R. T. Schneider 
University of Florida 
Gainesville, Florida 

Abstract 

An acceptable management scheme for 
high-level radioactive waste is vital to 
the nuclear industry. The hazard potential 
of the trans-uranic actinides and of key 
fission products is high due to their 
nuclear activity and/or chemical toxicity. 
Of particular concern are the very 10ng­
lived nuclides whose hazard potential 
remains high for hundreds of thousands of 
years. Neutron induced transmutation 
offers a promising technique for the treat­
ment of problem wastes. Transmutation is 
unique as a waste management scheme in that 
it offers the potential. for "destruction" 
of the hazardous nuclides by conversion to 
non-hazardous or more manageable nuclides. 
The transmutation potential of a thermal 
spectrum uranium hexafluoride fueled cavity 
reactor was examined. Initial studies 
focused on a heavy water moderated cavity 
reactor fueled with 5'1'0 enriched U235 -F6 and 
operating ~'ith an average thermal flux of 
6 x 1014 neutrons/cm2-sec. The isotopes 
considered for transmutation were 1-1.29, 
Am-241, Am-242m, Am-243) Cm-243, Cm-244, 
Cm-245, and Cm-246. 

Introduction 

The proper management of high-level 
radioactive waste is an important issue 
with which the nuclear community must deal. 
In the face of rising social pressure, the 
identification of a satisfactory long-term 
management scheme is vital to the health of 
the industry. 

A number of high-level, long-term 
waste management schemes have been pro­
posed; none are entirely satisfactory. 
The ultimate standard against which any 
proposed management scheme must be judged 
is whether or not it will prevent any 
nuclear waste material from ever posing a 
threat to man's well-being. Management 
schemes are invariably aimed at accom­
plishing this goal by isolation of the 
waste material from man and from the 
environment for whatever period of time ,it 
remains hazardous. Transmutation is the 
only exception to the isolation rationale. 
Transmutation is unique in that it offers 
the potential of converting hazardous 
nuclides into non-hazardous forms by the 
same nuclear processes responsible for 
their creation. 

Waste Characterization 

Until recently, spent fuel reproces­
sing had been directed toward recovery of 
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most of the uranium and plutonium present. 
Recovery £ractions wer~ governed by trade­
offs between the value, of the recovered 
metal and sharply i'ncr~asing costs with 
higher recovery fractions. The remaining 
high-level waste was treated collectively 
by storage until future iwplementation of 
a long-term management sche~e. With this 
technique, the entire high-level waste 
mass must be treated as though it had the 
half-life of the longest lived nuclide, 
the chemical toxicity of the most toxic 
nuclide, etc. 

A recent studyl on waste management 
alternatives examined the requirements 
and potential benefits of separating the 
high-level waste stream into two fractions 
based on half-life. The short-lived 
fraction would contain only those nuclides 
which would decay to radiologically non­
toxic levels in 1000 years. At the end of 
the 1000-year decay period, this fraction 
of the high-level waste would require no 
more control than that necessary from a 
chemical standpoint. The long-lived frac­
tion would contain the actinides and a few 
key fission products not meeting the 
"short-lived" criteria. Different manage­
ment techniques might then be employed for 
the two fractions. Some options, such as 
transmutation, might require additional 
separation by element or chemical groups 
of elements. 

Fission Products 

The fission products are character­
ized by high specific activity and 
relatively low neutron absorption cross 
sections. They are generally short-lived 
compared to the actinide elements. They 
are neutron rich and decay toward a stable 
neutron-proton ratio by successive beta 
decays. Typical decay chains are illus­
trated in Figure 1. For thermal fission 
of U-235, there is slightly less than 1% 
fission yield into the 129 mass chain. 
There is negligible direct yield of 
xenon-129. The shorter-lived chain mem­
bers rapidly decay into iodiae-129 which 
has a half-life of 15.9 million years. 
Within the fission product group, a few 
long-lived nuclides, such as 1-129, control 
the long-term waste hazard. 

Actinides 

The trans-uranic actinides are formed 
by those neutron absorption reactions in 
the fuel which do not result in fission. 
The most common such reaction competing 
with fission is radiative capture. The 

* N01~ at Los AZamos Scientific Laboratory 
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newly formed nuclide may then undergo 
spontaneous or neutron induced fission, 
decay by particle emission, or another 
neutron absorption reaction such as radi­
ative capture may take place. In this 
manner, higher and higher mass number 
trans-uranics are built up in the fuel. 

l' 

The heavy metals present the most se­
vere long-term management problems. They 
are characterizlad by hiBh chemical toxicity 
and very long hctlfMlives. The waste hazard 
;:tssociated with the heavy metals remains 
high for hundreds of thousands of years. 
In general, the actinides possess sub­
stantial neutron reaction cross sections. 

Transmutation 

Transmutation is any process by which 
a nuclide is changed into anothel;" nuclide. 

. The decay of a radioactive nuclide. is a 
natural transmutation process, but it may 
not occur on a sufficiently short time 
scale to be useful for waste management. 
Transmutation may also be artificially 
induced by neutrons, photons, or charged 
particles. Of the known methods of arti­
ficially inducing transmutation, only 
neutron induced transmutation appears to 
offer near term technical and economic 
'feasibili ty. 

Transmutation of the long-lived waste 
fraction will involve treatment of the 
actinides and some key fission products. 
For the fission products, the motivation 
for treatment is illustrated by consider­
ing iodine-129. The 1-129 decay bottleneck 
illustrated in Figure 1 may be relieved by 
irradiation, Radiative capture reactions 
in the 1-129 will drive it to 1-130. The· 
short-lived-(12.4 hours) 1-130 will then 
beta decay to xenon-130 which is stable and 
non-hazardous. The very ~lowly decaying 
nuclides in a particular mass chain are 
shifted to a more rapidly decaying chain. 

A number of competing reactions may 
also occur. The major reaction paths are 
ind:l.cated in Figure 2. Table 1 contains a 
symbol key for the figure. For 1-130, 
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radiative captures producing 1-131 compete 
with the natural beta decay producing Xe-
130. Similar competitive reaction paths 
may be readily observed for other nuclides. 
In g~neral, the rate at which the trans­
mutation proceeds will be governed by the 
magnitude of the neutron flux. The re­
action rate may also be altered, sometimes 
substantially, by tailoring the neutron 
spectrum to exploit neutron absorption 
resonances,. Particular reaction paths can 
be enhanced by altering the spect~um. The 
eventual distribution of nuclides is strongly 
dependent on the neutron spectrum. 

The final nuclide distribution will 
be very significant from a waste management 
standpoint. The variety of possible re- . 
action paths generally precludes prediction 
of the final distribution by observation. 
The effect of a spectral change must be 
evaluated by following the isotopic balance 
as a function of time during the irradia­
tion and subsequent decay period. Nuclide 
concentrations, transmutation rates, and 
the waste hazard may then be calculated. 

For the actinides, the transmutation 
rationale is different. Contrary to the 
fission products, there is little to be 
gained by radiative capture reactions in 
the actinfdcs. To build even higher acti­
nides from them is of questionable value. 
The ultimate objective is to induce 
fission. Actinide fission cross sections 
generally decrease with increasing energy, 
but at a faster rate for most actinides. 
Therefore, fission can be promoted over 
radiative capture by the employment of a 
harder neutron spectrum. As with the 
fission products, the optimum spectrum 
cannot be predicted by simple observation 
and detailed calculations must be per­
formed. 

A number of transmutation schemes 
have been proposed for waste management. 
Detailed transmutation calculations 6 in­
dicate that actinide recycle in currently 
operating light water reactors (LWR) 
would be effective in reducing the long­
term hazard associated with the actinide 
wastes. Th~ liquid metal fast breeder 
reactor (~7BR) may prove even more 
effective for actinide recycle.! Transmu­
tation of most fission product wastes is 
not feasible for either the LWR pr the 
LMFBR. Both the attainable fluxes and the 
fission product cross sections are too low 
for practical application. Neutrons pro­
duced in a CTR device would be most effec­
tive for transmutation of both actinides 
and fission products, but near term 
implementation is ,not possible.' 

The requirements for very high neutron 
fluxes and the deSirability of spectrum 
tailoring make the cavity reactor a.logical 
candidate for transmutation of both fis­
sion product and actinide wastes. A 
uranium hexafluoride fueled heavy water 
moderated cavity reactor was considered in 
initial studies. The reac~or was assumed 
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to operate at an average thermal fl~~ of 
approximately 6.4 x lOI4 neutrons/cmL sec 
for a five-year Eeriod. The assumed fuel 
enrichment was 5%. The transmutation 
rates of several waste isotopes present 
in the discharged fuel from currently 
operating light water reactors were 
studied using the isotopic generation and 
depletion code OR1GEN. 2 

The isotopes selected for eVllll~ation 
of the gas core transmutation potential 
were 1-129, Am-241, Am-242m, Am-243 , Cm-243, 
Cm-244, Cm-245, and Cm-246. Americium and 
curium were chosen since they control the 
actinide waste hazard for very long decay 
times. The fissiop product iodine-129 was 

X 128 I--LL~<: 
54 e 

(F) T 128 f-",'=:P-<-'< 
52 e 

- .< 
.~,\. 

t- , 

_. _1 

chosen since it is a major contributor to 
the long-term waste hazard, The amounts 
of the initial waste loading were deter­
mined by the composition of 20 typical 
light water reactor fuel loads stored for 
a decay interval of ten years. The" waste 
quantities employed in the study are there­
fore approximately equivalent to that 

Gs133 31.5 
55 41 .0 

X 
1321-__ ~~ 

54 e 

(Data compil ed from 
References 2 _ 5) 

FIGURE 2. IODINE-129 TRANSMUTATION REACTION PATHS 
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TABLE 1; TRANSHUATION FIGURE SYHBOL KEY 

element symbol 

mass number 

atomic number 

electron emission 

positron emissi011 

excited state h.;:lf-life 

ground state h ... :V·'life 

thermal cross section 
for (n,y) absorption 

resonance integral for 
(n,y) absorption 

(F) 

fraction of (n,Y) transitions 
to an excited state of the 
product nuclide 

fJ;action of (\l,y) transitions 
to a ground state of product 
nuclide 

fractional decay by positron 
emission 

fractional decay. by electron 
emission 

fractional decay by e.lectron 
emission to an ~~cited state of 
the product nuclide 

designates an isomeric transition; the fraction of excited state decays by isomeric 
transition is 1 - [B+] - [n-] - [B-*] 
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• generated in 60 reactor years of operation. 

As previously indicated, the transmuta­
tion rates and the final isotopic balances 
are strong functions of the neutron spec­
trum. For this study, three reference 
spectra were employed, A relatively hard 
spectrum typical of that expected in the 
core and a thennal spectrum typical of that 
present in the heavy water moderator were 
used, In addition, an intermediate spec­
trum typical of that found in light water 
reactors was used for comparison purposes 
It is emphasized that only the spectra is 
typical of the LWRi the magnitude of the 
flux in the gas .core is substantially 
higher than that attainable in the light 
water reactor, 

Gas Core Transmutation Results 

Iodine-129 

The initial loading of the 1-129 was 
400 kilograms, The mass of 1-129 remain­
ing as a function of irradiation time for 
the three reference spectra is shown in 
Figure 3, The curve labeled ~3 corresponds 
to irradiation in the core spectra and ~1 
to irradiation in the moderator spectra. 

Americium-

Curves for the transmutation of the 
americium isotopes in the spectrum present 
in the reflector~mcderator are shown in 
Figure 4, The initial loadings of the 
three americium isotopes considered are 
indicated, The Am-243 concentration 
approaches a steady state value after ap­
proximately two years, This behavior is 
due to Am-243 production by successive 
radiative captures and beta decays in the 
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U238 present in the reactor fuel. 

The effect of the neutron spectrtlm on 
the transmutation of Am-243 is illustrated 
in Figure 5. The reflector-moderator is 
indicated by the subscript 1 and the core 
by the subscript 3. 

Curium 

The curium transmutation calculations 
are illustrated in Figure 6. The signifi­
cance of the neutron Rpectrum employed is 
most vividly illustrated in the case of 
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curium-244. After an irradiation pm::iod 
of approximately six months, the Cm-244 
waste masses differ by a factor of 30 de­
pending o.n whether the core or moderator 
spectrum is employed. 

Higher Actinide Build-Up 

Successive radiative captures and. beta 
decays in both the reactor fuel and ehe 
isotopes to 'be transmuted can produce sig­
nificant quantities of higher mass l1'umber 
actinides. The producti.Ql". curves for 
significant t;.r.at'lsmute:tJ,;,,< by-products are 
~hC\~·m. ttf- litl~ur~ 7, 
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Waste Hazard Reduction 

The success of a particular transmu­
tation scheme can be judged in te~s o~ 
the overall reduction in the waste hazard. 
The relative inhalation hazard (RIHH) is 
defined as the volume of air (cubic meter~ 
required to dilute the radioactivity in 
the waste to the Radiation Concentration 
Guide levels listed in Title 10 of the 
Code of E:ederal Regulations." Similarly I 
tlJ.e relative ingestion hazard (RIGH) is 
defined in terms of the volume of water 
required for dilution. The primary hazard 
associated with long-term waste disposal 
is the danger of dissolution in ground 
water or dispersal in the atmosphere and 
subsequent uptake by man. The quantity of 
air or water required to dilute the' waste 
to a concentration low enough for unre­
stricted use can be used as a crude measure 
of the waste hazard. 

The relative ingestion hazal::d associ M 

ated with the americium and curium wastes 
is illustrated in Figure 8. The top curve 
represents the no irradiation case and the 
lower three curves I irradiation by the three 
reference spectra. The lower curves repre­
sent the hazard measure of the actinides to 
be transmuted, the by-products of the 
transmutation, and the new wastes generated 
by operation of the reactor for five years. 

Conclusions 

Transmutation of 1-129 by a five-year 
exposure to a thermal neutron flux of 
6.4 x l014n/cm2-sec results in nearly 
order-oi-magnitude reductions in the waste 
inventory of this nuclide. A five-year 
transmutation of americium and curium 
wastes produces order-of-magnitude decreases 
in the overall hazard potential of actinide 
wastes generated in 60 reactor years of 
LWR operation. 

For this study, no attempt was made to 
optimize transmutation rates. Current 
studies are eJeamining the transmutation 
potential of ~ fast spectrum cavity reactor. 
Other fuel cycles will be considered and an 
attempt made to optimize the irradiation time. 
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D'ISCUSSION 

T. S. LATHAH: Have you looked at what the secular 
equilibrium buildup of actinide becomes as a 
function of the reprocessing time in the UF6 it­
self? This suggests a class of reactor that may 
make most of the actinide problem go away. 

B. G. SCHNITZLER: We did look at the actinide 
buildup in a typical light water reactor as 
opposed to the actinide buildup in the gas ,COre. 
There is very little diffel'ence in the fission 
product buildup, but as for the actinides, they 
will level out, and we can only assume that the 
entire UF 6 mass was recirculated. 
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/ GAS CORE REACTORS FOR COAL GASIFICATION* 

By 

Herbert weinstein 
Illinois Institute of Technology 

Chicago, IL 60616 

Abstract 

. The use of nuclear process heat for coal gasifi­
cation is a subject of'considerable interest today. 
The concepts presently under study employ a process 
heat stream limited in temperature by the maximum 
allowable temperature of the reactor fuel elements. 
Because of this temperature limitation, the rates 
of the gasification reactions must be enhanced by 
the use of catalysts. ,The chemical plant associ­
ated with the production of either coal gas or 
hydrogen then becomes complex and expensive. ' 

In this paper, the concept of using a gas core 
reactor to produce hydrogen directly from coal and 
water is presented. It is shown that the chemical 
equilibrium of the process is strongly in favor of 
the production of H2 and CO in the reactor cavity, 
indicating a 98% conversion of water and coal at 
only l500oK. At lower temperatures in the 
moderator-reflector cooling channels the equilib­
rium strongly favors the conversion of CO and 
additional H20 to C02 anti H2' Furthermore, it is 
shown the H2 obtained per pound of carbon has 23% 
greater heating value than the carbon so that some 
nuclear energy is also fixed. Finally, a gas core 
reactor plant floating in the ocean is conceptu­
alized which produces H2' fresh water and sea salts 
from coal. 

Introduction 

Lt has, become apparent in recent years that the 
United States must utilize its coal resources more 
effectively to offset the problems caused by dwind­
ling petroleum and natural gas resources. Some of 
the more attractive processes proposed for coal 
utilization are gasification--the production of 
synthetic uatui:'al gas--and hydrogen production. 
The problems associated with these processes are 
being worked on today. These problems include low 
efficiency and the complexities brought on by the 
use of very large scale catalytic reactors. It has 
been projected for gasification processes in which 
the coal is also used to generate process heat that 
the maximum possible efficiency is 67%, which means 
that one-third of the heating value of the coal is 
lost in processing and must be disposed of as 
waste heat. 

The concept of utilizing nuclear energy for coal 
tasification can be traced back to the early 1960's. 

,2,3,4 Currently, this concept has seen renewed 
interest in ~urope. Most of the related research 
is directed towards the utilization of process heat 
from, high temperature gas cooled reactors (HTGCR). 
The maximum temperatures reached by the coolant 
gas in these reactors is less than 1500o K. Because 
of this temperature limitation, the chemical rates 
of the gasification reactions must still be 
enhanced by the use of catalysts. 

* Work supported under NASA Grant NSG7039 
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It would appear that both coal gasification and 
hydrogen production could be done more directly and 
more efficiently in a gas core cavity reactor than 
in any indirect process heat application. There 
are several factors that, make this approach seem 
promiSing. ,In ,the gas core reactor, the pulverized 
coal and steam would flow along together directly 
~hrough the thermal radiation field from the fis­
sioning plasma. In fact, the coal would provide 
the necessary shielding from thermal radiation re­
quired to protect the cavity walls. The resultant 
temperature of the steam-coal mixture can be high 
enough for the direct pyrolysis of water. The coal 
will combine with the oxygen as the mixture is 
cooled after leaving the reactor. However, the 
coal-steam mixture need be heated only to l500 0 K 
to 20000 K at a 500 psi cavity pressure to effect 
the production of hydrogen and CO without the use 
of catalysts. 'rhe temperature of the mixture in 
the cavity should in fact be such as to obtain the 
most desirable mixture of H2' CO, C02' H20 and 
other organic compounds at the reactor exit. 

The most straightforward application of thb 
concept would be in the production of hydrogen. 
The idea of using hyd~ogen as a new type of clean 
fuel has been gaining acc~ptance. The potential of 
this process as discussed here is for producing 
fuel hydrogen in massive quantities. It should be 
noted that there alsc') is. potential for producing 
other valuable organic compounds directly in a gas 
core reactor. 

The object of this work is to pt'esent the con­
cept of using a gas core reactor to produce hydro­
gen from w,ater and coal. The chemic/',l equilibria 
is shown to be favorable for this reaction at 
modest gas core reactor temperatures. The chemical 
kinetics are not discussed because non-,catalytic 
rate data is not readily available in the litera­
ture. An entire process is conceptualized in order 
to point out that the elements of the process 
appear feasible. The areas where intensive inves­
tigation is required are pointed out. The partic­
ular scheme chosen is one where the plant is float­
ing in the ocean, using distilled sea water fo! the 
process and the ocean as a waste heat sink. The 
hydrogen and fresh water obtained from the waste 
heat are piped directly to the mainland. The sea 
salts obtained in the process can be returned to 
the mainland on the barges that bring coal to the 
plant. 

Chemistry 

The Heating Values of Products. 
The resulting products of the water-coal reac­

tions in the gas core reactor can be strongly in­
fluenced by the choice of temperature path for the 
reactant stream. The choice of products is based 
on the desirability of the fuel and the amount of 
nuclear energy that is chemically fixed in the fuel. 
It is desirable to fix as much nuclear energy as 
possible not only to increase our energy resources 
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TABLE I 

Candidate Chemical Reactions 

Lower heating valueS % Increase 
per mole of fuel Fixed Nuclear in HV of 

Reaction Fuel 

(1) HZO (.Q,) . HZ + l/Z 0z HZ 

(Z) C + ZHZO(~). CH4 + 0z C\{4 

(3) ZC + ZHZO(~)a CH4+COZ CH
4 

(4) C + HZO(~) • • CO+H
Z CO+HZ 

(5) C + ZHZO(~) a ZHZ+COZ HZ 

(a) 191.8/Z (b) Z x 5/.8 

but also to minimize the waste heat disposal Ilrob­
lem. Candidate reactions are listed in Table 1 
along with the fixed nuclear energy data. The 
fixed nuclear energy is expressed in two ways. 
First, as the number of kilocalories fixed per mole 

• of carbon and second, as the resultant percentnge 
increase in the heating value of carbon. The first 
two reactions are presented just to demonstrate 
the maximum possible fixed energy yields. The 
fir~t of these is the pyrolysis of water without 
the use of coal to scavenge the oXYfjen. All of the 
fuel henting value 'is fixed nuclear energy. The 
second reaction is for the production of methane 
and oxygen from coal and water. Again coal is not 
used to scavenge Oz and the increase in heating 
value of the coal is about 100%. However, this 
methane formation reaction is more truly repre­
sented by reaction 3.. In this case the amount of 
fixed m,~lear energy is negligible. Reaction 4 
shows the production of. a CO+HZ fuel gas. The per­
cent of nuclear energy fixed per pound of carbon 
heating value is 33%. While this is a significant 
increase, the problems associated with CO as a fuel 
make it an unlikely prospect as a final product. 
The last reaction is the production of HZ and COZ 
and is' the one used in this report because it 
represents a reasonable compromise of fuel utility 
and fixed nuclear energy. It will, however, occur 
as 'a two step process with reaction 4 being the 
first step. This is discussed in the next section. 

Chemical Equilibrium CalCUlations 

At elevated temperatures (>1500 0 K), the princi­
pal prud~cts in a C-H-O s~stem are HZ, CO, COZ. 
Hethane formation is suppressed above 1000cK. 
Since the effects of nuclear radiation and the 
plasma field are neglected, only these products are 
considered. The overall reaction is: . 

1) AHZO + bC + cHZO + dC + eHZ + fCO + gC02 and the 
'basic reaction .steps are: 

2.) CO + HZO:;:::COZ + H2 

3) C + HZO~CO + HZ 

The equilibrium equations are: 

K cal enerSl 2er mole. C Coal 

57.8 

191.8 118.8 104% 

95.9(a) 12.4 Z% 

125.4 41. 9 33% 

llS.6(b) 4Z.6 Z3% 

Here, a is chemical activity, N is number of moles, 
P is pressure and Subscript T stands for totaL 
The activity of carbon is taken as one. 

An H2 balance and an 02 balance complete the equa­
tion set 

(NH 0) initial - (NU ° + NH ) eq. 
2 2 2 

(NH 0) initial - (2 NCO + NH ° + NCO) ~q. 
Z Z 2 

Solving these equations with the K values of 
reference 6, and a total pressure of 500 psi yields 
the results shown in Figure 1. This value of 
pressure should be high enough for criticality and 
pressure level only affects in a small way the 
temperature at which conversion is complet~d. 
Equilibrium calculations below 9000 K were not 
carried out because of the complexity of the calcu­
lations. Without these results it is impossible to 
determine the gas quenchi\lg paths tequired to yield 
the mnximlWl value of the product stream. However, 
the reaction rates for the reverse reactions which 
would return the system to the initial reactant 
concentrations are certainly slow enough so that 
quenching is possible. 

270. 

The results ate presented for two cases. Figure 
la is for equimo1ar feed and Figure lb is for a 
feed ratio of 2 moles HZO/mo1e C. It is seen that 
for the equimo1ar case the equilibrium is such 
tbat conversion to CO and HZ can be essentially 
complete above 1500oK. Chemical reaction rates 
at these temperatures are expected to be extremely 
large so that this equilibrium concentration should 
exist in the reactor cavity. For the case of molar 
feed ratio of 2, the coal is completely converted 
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to CO and C02 with about 57% of the water converted 
to hydrogen. It can be seen from the equilibrium 
constant data that as the percentage excess of 
steam is increased, the fraction of coal converted 
to C02 increases. The trade off becomes then, 
either separating large amounts of steam from the 
product stream or separating the CO and recycling 
it with a second steam feedstream. The chemical 
equilibrium of the latter case can be investigated: 

CO + H20~C02 + H2 

and the equilibrium equation is: 

NH NCO 
2 2 

NH 0 NCO 
2 

The results of these calculations are shown in 
Figure 2 for molar feed ratios of steam to CO of I 
and 2. The equilibrium for this reaction is 
favored by lower temperatures,. however, methane 
formation becomes significant below 9000 K ~ 
It is apparent from the graph that between 9000 K 
and 1000oK, conversions of 70% are readily att:ained. 
Again, increasing the steam-CO ratio favors the 
conversion but the same separations problem is in­
volved. This temperature range is compatible with 
what would be expected in the moderator-reflector 
cooling channels close to the cavity. The second 
stage of the conversion process could be effected 
in passages next to the cooling channels. This 
reaction is exothermic however, and would add to 
the heat load on the cooling channels in this 
region of the reflector, but the problem should not 
be significant. 

The Process Concept 

The concept~l app~ication of the process is 
described in this section. The fissioning plasma 
reactor station is fixed in the ocean, off shore 
of the continent. The off-shore location is 
chosen mainly for safety and environmental pro­
tection reasons. Coal. is barged to the facility 
and sea water enters directly. The hydrogen and 
fresh water are piped directly to shore. Waste 
heat is disposed of to the ocean and sea salt 
resulting from the desalination is returned to 
shore in the barg~s. See Figure 3. 

Figure 4 is a schematic of the various process 
elements which are described below. The choice of 
method for accomplishing the transformation in each 
element' is not an optimal one but rather the one 
most obvious to the author. 

Gas Core Reactor 
The temperature field required for the chemical 

reactions is modest in the context of proposed gas 
core reactors. It should be readily achieved in 
either an open or closed cycle reactor. Therefore 
both the coaxial flow GCR and the "light bulbi' GCR' 
are compatible concepts. Furthe~, it does not 
appear that breeding of fuel or magnetohydrodynamic 
power generation are precluded from also being 
carried out along with the hydrogen production in 
the reactor facility. 

The seeding of the working fluid in the cavity 
to make it opaque to thermal radiation is not an 
added complexity in this application. The pulver-
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ized coal reactant will be a very suitable seeding 
material. Because coal contains a large amount of 
volatile hydrocarbons, absorbing gases will be 
evolved at very low temperatures. In fact the 
steam itself will begin to strip some of them if 
the coal is soft enough. Furthermore, the coal in 
the large amounts present may have some neutron 
moderating effect, decreasing the critical mass 
requirements. 

Water Supply and Cooling Requirements 

No attempt has been made to estimate the energy 
generation rate in the GCR. There Will, however, 
be a large excess of energy generated over that 
actually fixed chemically in the fuel. This excess 
will come from cooling of the moderator-reflector 
as well as the reaction products to suitable tem­
peratures. It is expected that some of this waste 
heat will be used to obtain the proces~ ~team by 
distillation. Distillation is chosen ral~her than 
some less en~rgy-expensive desalination ~rocess in 
order to keep the reactor cavity as fre(~ of salt 
as possible. The rest of the waste heat is used 
for desalination of sea water by some le~\s expen­
sive process. The final sink for waste h~~t after 
as much us~ful work as possible hss been obtained 
is the ocean. 

Process Elements 

There are many process elements such as heat 
exchangers, and physical separations processes 
that make up the facility along with the reactor. 
They are described briefly according to alphabetic 
key on Figure 3. (a) Distillation of seawater for 
reactant steam. This should be a multiple dis­
tillation process in order to obtain a reactant 
stream which is as salt-free as possible. (b) 
Just downstream of the reactor is a heat exchanger 
in which fuel, and possibly some coal ash is con­
densed. (c) A cyclone follows the condense~ in 
which the spent fuel and coal ash are removed. 
(d) The product gases, still relatively hot, are 
cooled in a gas turbine. Electrical power for 
facility use is generated from the power derived. 
(e) The cold gases a~e filtered to remoye any re­
mai.ning solids. (f) The gases are cooled to room 
temperature in another heat exchanger and excess 
steam is condensed and passed to the CO stream. 
(g) The cool gases are passed through a refriger­
ated charcoal bed to remove radioactive gases such 
as, iodine. Two beds, operating in flip-flop 
fashion, can be used. One operates in an adsorb­
ing mode while the other is being regenerated. 
(h) The hydrogen is removed in a pair of molecular 
sieves operating in flip-flop fashion and piped to 
the mainland. (i) The CO stream from separator 
II meets the condensed water stream from (f) and a 
make up steam stream from the distillation unit 
and is piped to the reactor reflector. The product 
stream from the reflector goes to a heat exchanger 
where the gases are cooled and excess water con­
densed. (j) The hydrogen in the cooled gases is 
removed in separator III. This is another pair of 
molecular sieve units operating in flip-flop 
fashion. The CO2 and CO remaining is then vented 
to the atmosphere. 

Every element is not described in the above 
section. The heat removed in the heat exchangers 
along with heat removed in the reflector is used 
in the distillation colwlln and an ancillary de­
salination plant. 
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Closure 

The concept described in t:h:ls paper :ls cl;udely 
fOrtllulat:ed and grcsllnted. However, the bnsic idea 
is very sound?, ,9,10 The high temperatures of the 
gas core reactor can be used to effect valuable, 
endothermic chemical reactions in a non-catalytic 
manner. The example used here Was chosen bec.l\use 
of its great c.urrent interest. However, lUtmy other' 
reactions for the production of a whole range of 
importnnt organic compounds cnn be carried out 
ins tend of or along with the production of 
hydrogen. 
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DISCUSSION 

R. T. SCHNEIDER: In Europe last year, I saw an 
open peat lignite mine in Germany which had just 
been started. Forty five percent of German 
electricity is generated with lignite. The pits 
they have started at this rate will last them 
500 years. The mining company was looking into 
gas cooled reactors to do what you have just said. 
Someone asked the question, ''Why do you want to 
save 20% of the coal if you have that much?" That 
is the question they will want to ask you perhaps. 

H. HEINSTEIN: That is not that damning a 
question. The environmental impact of burning 
peat and low grade coal is sizeable, and it would 
be easy to show that the hazards involved in 
large-scale power production around the world 
with coal is greater than with nuclear energy. 
The whole idea of producing important and 
expensive organics can be treated with a gas core 
very nicely. Hydrogen is the easiest thing to 
make. 
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CONSIDERATIONS TO ACHIEVE DIRECTIONALITY FOR GAMMA RAY LASERS 
S. Jha* U. of Cincinnati. Cincinnati. OH J. Blue. NASA-Lewis Research Center. Cleveland. OH 

Abstract 

This study concerns a method of align­ment of nuclei for a gamma ray laser and a means of achieving preferential emissiqn of radiation along the crystal axis. These considerations are important because it probably is not possible to achieve re­flection of gamma radiation in order to have photons make multiple passes through an active region. Atomic alignment has been achieved by materials researchers who have made composite structures composed of needle-like single crystals all with the same orientation and all pointing in the same direction contained in a matrix of cobalt or nickel. The pro'posed method of preferential emission of radiation along the aligned needles is to have a symmetric field gradient at the nucleus and a se~uence of excited levels of spin and parity 2 and 0+. The proposed scheme will reduce the density of excited states required for 
lasing and reduce the 1inewidth due to inhomogenous broadening. Mossbauer 
absorption experiments intended to test these ideas are outlined. 

I. Introduction 

Historical Review 

Recent review articles have indicated the substantial di.t'flculties that exist in achieving a gamma ray laser,l.2 The state of knowledge of the interactions of the nucleus and its surroundings was insuf­ficient to allow those who conceived the concept of the gamma ~a~ laser to foresee many of the problems. j3 

.1 

Perhaps the most diffiou1t of the originally perceived problems, how to obtain a density of inverted states sufficient to have lasing, is still with us. There is, however, no known fundamental limitation to achieving high densities and man's con­tinuing effort to make his power sources (fission reactors, fusion r~actors and particle accelerators) more powerful may someday solve the intenSity problem. 5 
An originally unappreciated problem, that flUctuating nuclear interactions with the surroundings that broaden nuclear 

levels to the extent that resonant absorp-
tion and stimulated emission are unlikely 
is the subject of this paper. Thestati~,' interaction of the nuclear quadrupole 

*supported by NASA Grant: NSG 3091 

moment with an internal electric ~eld 
gradient i~ considered as a means to 
aChieve: 

1) 
2) 

3) 

energy level splitting 
desirable directivity of the emitted 
gamma radiation 
a practical physical material with 
geometry suitable for ,a laser. 

The conclusion of this paper unfortunately will not give a solution to all of these problems but is rather a suggestion as to what nuclear energy level configuration is desirable for a gamma ray laser. These considerations will serve to guide our future experimental research studies. 

General Considerations for Population Inversion 

To achieve population inversion of nuckar levels is not difficult if one takes ad­vantage of beta decay and nuclear iso­
merifm. This 'is illustrated with the 'decay of 3Sn . 

113Sn 

-:p
) 

100m 
392 keV 

115d 

A freshly separated source of l13~~ will decay into the isomeric level of 3In and population inversion will exist for several hours; eventually the ground state popu­lation increases and exceeds 'that of the . isomeric level. 

Population inversion can be achieved by nuclear reactions as shown by the example: 

trC=8b=:I250d 
79 keV 

cr .. 4b 725 C 
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The energy of the isomeric level is a consideration since the parasitic absorp­tion by atomic electrons is decreased for more energetic photons whereas the cross section for stimulated emission is pro­portional to~ 2 and therefore favors low. energy t,ransitions. Another consideration favorins low energies is that photon energies must not be decreased by the re­coil of the emitting nucleus. The so­called recoilless fraction decreases exponentially with increasing energy, becoming negligible above 150 keV. In this note we are proposing the use of only certain kinds of nuclear levels because one can thereby achieve: 1) unidirectional transmission of gamma rays. 2)by removing level degeneracy, photons with less spread in energy than otherwise and 3) an energy matching of the phot~m with the levels that are to undergo stimulated emission. 
II. Proposal 

Electric Quadrupole Transitions 
Gamma radiation emitted between nuclear levels of spin and Parity 2+ and 0+ or 0+ ,and 2+ actually involves transitions to or from sublevels or the 2+ state since that level splits into m = + 2, + 1 and O. If there is an electric fIeld gradient q which is axially symmetric with respect to the crystal axis then the sublevels split as shown in figure 1, and the three transitions Am = + 2, Am = + 1, and Am = 0 are shifted in energy as shown. 

2.+ 

o 

o 
Fig. Energy level splitting of 2+ level In a field gradient and also showing the three transitions to a 0+ level. 

The angular distribution of the gamma radiation with resPect to the symmetry axis is given by 
1 W( 6) = 2 (1 cos 46 ) for Am = + 2 

W( e) ~ (1 3 cos 2e + 4 cos 40 ) for 
Am = +'1 
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Wee) = 3 (cos 20 + 4 COS46) for Am = 0 
These radiation patterns are shown in rigure 2. 

Flg.2 

4m·O 

Electric quadrupole angular distributions for the three components of a 2+1evel. 

Combining the inrormation of the two figures shows that the Am = + 1 component is emitted alo~ the c~ystal-axis with an energy E, - lise qQ • If the energy of the gamma ray is not too high and the Debye temperature of the solid is appro­priate then there may exist a large rraction of recoilles's photons. When one or these photons interacts with another nucleus in the isomeric state then stimu­lated emission will occur. However; only the Am = + 1 transition will have an energy match with the incident photon. The gamma rays arising from the other two transitions would emerge perpendicular to the symmetry axis. 

These ideas have been tested by carrying out Mossbauer absorption experiments for t.he 2++0+ transition .. The absorption of the recoilless photon in a WS2 single crystal (hexagonal close packed) which has an electric field gradient along the c axis at each tungsten nucleus gave the results shown in figure 3a. b Only a single com­ponent, Am = + 1, is resonantly absorbed when the i~cident photon is oriented along 
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c axis. A similar result is shown in 
fi~ure 3b for tb~ ~hoton of the 2++0+ 
transition in 17 Hf. which was absorbed 
in single orystal of hafnium metal. 

Flg.3a 

-s 

c) w',,, ws. PAf!AI.\'E~ 

o,tlOL..,;_-. ...----!o,------,ot..s.---' 
VELOCITY (mm/loc) 

Hossbauer transmission experiment of the 
2+ + 0+ trans I t Ion In WS2 for the case 
when the Incident photon Is aligned with 
c axis of the crystal, 

r II t 0001] 

(0) 

a 
Velocity (mm/sec) 

Flg.3b Same as 3a except the 2+ .... 0+ transition 
Is transmitted In Hf metal slllgle crystal. 

In both cases the results confirm~d that 
the Am = + 1 transition is absorbed 
parallel to the symmetry axis. 

Filamentary :Alignment of the Nuclear 
Isomers 

, It was recognized by the inventors of 
the gamma ray laser concept that tbe 
alignment of the active atoms on a Single 
axis could solve the problem of ~he non­
existance of mirrors with which to form a 
cavity. Whisker crystals were suggested 

as a possible materials configuration.7 

The idea of the whisker configuration 
can be combined with the anisotropic 
distribution of the 6m = + 1 quadrupole 
transition. What is required to do this ~ 
an electric field gradient along the 
whisker filament and the cry~tal structure 
of the filament to be symmetiric about the 
whisker axis. The concept is shown in 
fill:ure 4. 

Flg.4 Schematic Illustration of nuclei In Isomeric 
states **. aligned In filaments and emitting 
quadrupole radiation \ihen an electric field 
gradient Is present and Is In the .fllamentary 
direction. 

Most of the photons from t.m=:l:2 and t.m=O 
transitions will be emitted out of the 
whisker; those few emitted e\long the whisker 
axis will be shifted in energy from the 
t.m=:!:l photons. The axially d.irected, t.m=:!:l 
photons will have less energy spread than 
would photons from a degenerate 2+ level. 

Directionally Solidified Eutectics (DSE) 

Materials scientists are working on the 
development of reinforced materials , ... here 
the strengthening members are filaments or 
lamellae of a precipitated eutectic. The 
precipitates are single crystal and 
aligned and are often spaced in a rather' 
regular array in the matrix alloy. Such 
a material is shown in figure S; a SEM 
view of a directionally solidified rod of 
nominal composition Co-1S Cr-20 Ni-10.5 
Hf -.7C; prepared by V G. Kim of NASA's 
Lew!s Reoearen center. S In this case the 
preCipitate is HfC and the matrix material 
has been etched away to show the protruding 
HfC filaments. 
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Fig . 5 Structure of directionally solidi f ied 
T~ C-15Cr-20N l-Co lloy. 

Th DPE alloy offer an obvio s 
solu ior 0 ,he gamma ray laser r quire -

for aligned nuclei . Th requiremen 
lec ric fie I gradient 

can be achieve n 

1) he reci i can hav a crystal 
s Y' cture which isotro y abou a 
crys al axis a the crys al axis is 
paralh_ o the axis ; an e xarnpl 
of such a s ungs en disulfi e , 
a hexagonal crys aI , or 

2) have c 
and 

Moss a er absor er measuremen swill 
be rna e using the HfC rei forced compos i e 
a he ab orber of he 93k~V gamma from 

he 2++0+ ransi ion in 17~Hf . If he 
HfC has become noncu ic , this should be 
det~~!able in he sha e of he absorp ion 
line . 

Pl'eferred L vel A,'rangemen 

A we have in ica e , a long- lived 
i orner havtnr ~ spin sequence of lev I 
2 0+ or 0 r2 + n a hos havin an 
axially symm0 ric field gradien wil 
prov1 e ir~c e amma radia ion . 
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can occur . 

cons iderations favor he 
, i. e . , h i someric s a e 
0+ and he l ow I' 2+ 
s should be abov r ound 

he 

The ques i on as to whe her he preferred 
nuclear level arrangeme n exis s can only 
be answered by research s udies in 
i somer ism. A number o f known 0++2+ isomers 
are given below. 

0+ 1. 836 MeV 

20Ca 42 .;.2-+----
0 . 3ns 

1.524 MeV 
----

c+ .937 MeV 22.8ns 

72Se 
2+ .862 MeV 

c+ 1. 2158 MeV 3.6n5 

70Ge 
2+ 1.0396 MeV 

c+ . 824 MeV 
188Hg 

l-+ .413 MeV 

Isomeric s a es wi h longer life imes 
shou ld be sough for he amms ray laser . 
In addi ion 0 he radi ion~l islands of 
isomerism , many quasipar icle sat es , 

ba ndhea s of decoupled bands and nuclear 
l evels wi h lar ge changes in nu clear sha e 
may provid hl longer- lived isomeri c 
s a e o f he 0 2+ ype . 
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Conclusion 

The rationale for searching for a 
nuclear isomer with a 0+ spi~ and parity 
and decaying by means of a 0 +2+ transi­
tion has been given. At this point no 
suitable isomer is known. The direction­
ality of emission which a laser requires 
can be achieved in filamentary structures 
with symmetry about the filamentary axis. 
Materials research in directionally 
solidified, precipitate reinforced, alloys 
should be watched for developments which 
may have the symmetry and electric field 
gradient required to achieve directional 
gamma ray emission. 

References 

1. V. A. Busheuv and R. N. Kuzmin 
Sov. Phys. Vsp., Vol. 17, 942, M. -
Ju (1975) 

2. G. C. Baldwin and R. V. Kllokhlov, 
Phys. Today 28, 32 (1975) 

3. B. V. Chirikov, Sov. Phys. - JETP 17 
1355 (1963) 

4.· W. Vali, V. Vali, Proc. IEEE 51 182 
(1963) 

5. M. N: Yakimenko, Sov. Phys. Usp. 17 
651 Mar-Apr (1975) --

6. Y. W. Chow et al. Phys. Ltrs. 30B, 
171 (1969) 

7. G. C. Baldwin et al., Proc, IEFF 51, 
1247 (1963) 

8. Y. G. Kim, NA~A TM X-71751 

DISCUSSION 

R. T. SCHNEIDER.: It there such a thing as 

stimulated emission in a crystal? 

S. JRA: In the nuclear case, stimulated emissinn 

has not been experimentally demonstrated. But 

there is no reason why there should not be 

. stimulated emission. If the nucleus is so 

strongly bound that it excites without recoiling, 

the gamma ray leaves with full energy; if it now 

meets an atom which is 'so strongly bound that it 

can accept this gamma ray without recoiling, then 

stimulated emission should take place. ' 

J. BLUE: Nuclear resonant absorption has been 

observed, and isn't it probable that spontaneous 

emission has happened but not been observed? If 

a nucleus is going to resonantly absorb' a photon 

to an upper level, then we know the fraction· of 

nuclei excited to that level, that should return' 

emitting photons. 

S. JHA: It is possible to create conditions, 

given appropriate energy and ~ppropriate . 

materials that will have 100% recoilless emissinn, 

such that all the gamma rays will be recoilless. 
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