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I. INTRODUCTION

A nuclear pumped laser, operating at a wavelength of
1.79 ym. on the 3d{(1/2)-4p(3/2) transition in argon with 3He
as the majority gas has been produced by Jdalufka et. al. at
NASA-Langley Research éenter.1 A model, proposed by Harries
and Wilson, to e;p?ain—the operation of this laser uses col- -
Tisional radiative gecthination of Ar+ as the population
mechanism of the 3d{1/2) state? This model also proposes
disscciative recombination of'ArZ.as a popu]afion mechanism
for tﬁe_4p(3/2) state.

-Mﬁrk done by Biéﬁdi ef. al. at the University of E%Ff{_
sburgh confirms that'dfgéoéiatfve recombination pOpu1ates‘tﬁé:
4p Jevel but iqdicates'that diééﬁ%fativé fecombina%ion doﬁiﬁf‘
ates ovérhcol]iéﬁana] radiative recombination in pu%e_aréoﬁ
at low pressures:3 As the laser deve]oped at NASA{LangTéy_
operates in the high-pressure regime, calculations have been
performed by DePaola et. al. {see Appendix 1) extrapolating
weTT-knownAlow—pressure results to the higﬁ-pressure regime,

From the results of these calculations fhere is some quegtion-

.in predicting laser operation ‘at .79 um. in a 3He—Aﬁ b?aémag.

The purpose of this study is :the investigation of the



energy pathways in He-Ar g¢gas mixtures at Tow pressure is acc-
omplished by observing the effects of varying partial preséures
on the emissions of levels lying above the 4p level in argon
during a pulsed afterglow. An attempt was made to investigate
the population mechanisms of the 3d level 'in‘pu're argon by ob-
serving emission from the 3d(1/2)-4p(3/2} transition in a high-

pressure plasma excited by a high-energy electron beam.



II. THEORY

A nuclear pumped; 3He—Ar laser, excited by the
3He(n,p)3H reaction, was created by Jalufka et. al. in 1976.1
The laser operates at a wavelength of 1.79 um. on the 3d(1/2)-
4p(3/2) transition in atomic argon. A model for the laser,
proposed b? Harries and Wilson, assumes that the population
mechanism of the 3d{1/2) state is collisional radiative recom-
bination of Ar' and that dissociative recombination of Ar;
populates thé 4pL3/2)'state.2

A flow diagram, illustrating the energy pathways
proposed, 7s sﬂown in figure 1. The greater part of the fis-
sion energy‘produceé helium ions, He%,,ﬁnq excited he]ium,
atoms 1n a_métqsfab]e‘stéte, He(235). Some of the He(gés):is
converted to a molecutar helium metastab1e,‘Heé123z). A?dqh
ions are created from both atomic and mo]ecuT%r helium meta-
stables by.Penning jonization. The helium ions are.conﬁé?t—
ed to molecular helium ions, He;, which also serve to ionize
the argon by charge transfer collisions. The-ionic argon
may recombine by collisional radiative recombination or be
converted to Ar;. The ﬁrodqcts of colljsional radiative re-
combination cascade through excited states and may produce 5
population inversion between the 3d{1/2) and 4p{3{2) states.

L

Moleculayr argon ions undergo dissociative recombination which



Figure 1. Flow Diagram of Processes Important to the 3He—Ar
Laser.
Dissociative recombination is assumed to populate

the 1oher_]aser_]eveh
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is presumed to populate the 4p(3/2) state thus becoming a s-
ource of population for the lower laser level.

The assumption that dissociative recombination popu-
lates the lower laser level is supported by the work of Biondi
ans Shiu which shows tﬁat the 4p states are the most strongly
pOpu]ated? Experiments performed by Frommhold anﬁ Biondi,
in 1969, indicate that‘dissociative racombination dominates
over collisional radiative recombination in puré argon at.low
pressure.

Calculations performed by DePaola et. al. (see Appen-
dix 1) provide a éharacterization of high-pressure 3He-Ar
plasmas based on extrapolation of the knowledge of similar
low-pressure p1asmas? Results of these calculations for a

3He~ﬂr plasma at a total pressure of 2 atmospheres with a 1%

concentration of argon and a thermal neutron flux of 1018 neu-

-tronsfcmhz—sgc-l afe quoted . here:

Gas Temperaturé T,=300 K
ETectron Temgeraturé Te?536 K
E1ep§roﬁ_pgﬁsity ) Ne§2:08x1b14 em™>
A pensity  c{Act}=7.57x10"3 o
Ar} Density taryi=1.08x16"* cn”3.

Eo]]isiona] radiative rate coefficieﬁts for the minority gases
in various helium-dominated gas. mixtures have been calcuated
by Whitten et. a1.5 For a He-Ar mixture at 2 atmospheres

total pressure the rate-coefficient is:

3 1

e =2.55%10"7 em3-ser”

CRR
. . +
and the rate coefficient for dissociative recombination of Arz

is: ) Ot ;
)~ 61 cmf—sec"; INAL PAGE 15
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The assumption may be made that all of the products of coll-
isional radiative recombination pass through the 3d level and
care distributed according to the densities-of the individual.st-
aies'with%n'the level, The same aséumption is made with res-
pect to the products of dissociative recombination cascading
through the 4p level. The rate§ of poultation of the two

states are thus: |

d{Ar(Bd(l/Z))}/dt Z/ZOXUCRR{Ar i
=4.02x10'8 cm"3-sec“1
d AP (4p(3/2))}/dt=4/12%ay{Ar N
' =4.78x10%1 cm3-sec™!
The rate of popu]étion of the lower laser level is thus seen
to be three grders of magnitude greater than that of the upper
laser level and laser action is not.predicted in this model.
The characteriséics of an egisting 3He-Ar laser may
be used to ﬁredict the value of the col]isioda] radiative res
combInation raLe coeff1c1ent necessary to produce lasing. . h:
.]aser descr1bed by DeYoung et. a}. operates at 2 atwosphe?es
totaT presqure wWith a 1% a;QOW concentratlon 6; The peak power
output of the laser is 3.4 Watts for a therma? ‘neutron flux
of 1012 neutrons-cm 2--sec: 1. The efficiency of phe.}aser
1s réported to be 0.09%. The power deposited in a laser of
this type 1s:
£;=06 (PHeJELY
vhere 0=5X10”21 cm2 is the fission cross-section of 3He, ¢

is the thermal neutron flux, EF=0.79 Mev is the energy re-

Teased per Tissjon event and V is the active volume. The



power output is given by:
gozggi
N 3
where ¢ is the efficiency of the lTaser. Thus the active vol-
ume is given by:

- 3
V—§0/50¢{ He}EF

=1.162 cm®

The peak power odtput of 3.4 Watts corresponds to 3.06X1019

photons—sec"1 at 1.79 um. As the.sHe-Ar Taser is a steady-

state laser the :source term for the population of the 3d(1/2)
state must be equal to the loss term. Using the model of
Harries and Wilson this requirement becomes:
PP 19

or:

. = 18 +

uCRR~3.06X10 /N, {Ar }V
The computer program used by DePaola et. a1. was mod1f1ed

sl1ght1y (see Appendlx 2) to ca]culate the e]ectron and 10n

den51t1es 07 ‘a 3he Ar p1asm at 2 atmospheres with a thermal

héutron'fiuxiég 1D}? neutrons cm_2~sec l" The resu]ts are

Electron Density Ne=5.53X10¥3- -3

Ar® Density {Ar+}=1.81x10'% cm™d
And the required collisional radiative rate coefficient is:

-8
CeRR™ =2.63X10"

a full order of magnitude gréater than that caiculated by

WHitten et. a}.s



IIT. EXPERIMENTAL PROCEDURES AND EQUIPMENT

The gas mixtures of interest in this study were excit-
ed by a pulsed electrical discharge. Pulse duration was 4.5
+.05 pysec with a peak current of 4025 amps {see figure 7).
Electrode spacing was 7.5 cm in a glass discharge tube with
quartz windows. The discharge tube was 2.5 cm in diameter and

1 m‘Tong

Figure 2 shows a block diagram of the vacuum and gas-
handling system. The fumping system consists of a 4-inch ofl
&iffusion pump qith a 1iquid nitrogen cold trap and auxi}iﬁry
foughipg pump. The diffusion pump was capable of bringing the

entire gas—ﬁand?ing system to a pressure of 10—7

Torr and the
discharge tube was brought to a pressure of 10_5 Torr or

better prior to each gas fill.

The gas inlet system consisted of reservoirs of re-
search grade helium and argonwith controlled-flow valves con-
nécted to the remainder of the system through a length of 1/4-

inch copper tubing. Gas pressure was monitored by an absolute
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pressure gauge calibrated from 0.1 to 20 Torr in 011 Torr gra-
dations and a differential gauge calibrated from 0 to 800

Torr in 10 Torr gradations attached to the gas inlet system.
Under vacuum conditions pressure could be monitored by the
mass spectrometer or by an jonization guage (Varian model 563)

-4 8 and attached to the gas chamber.

calibrated from 107" to 10~
Preparation of Gas Mixtures

In preparing the gas mixtures to be studied the en-
tire system was first f]ushed with the minority gas tﬁ re-
duce impurity levels. fhe minority gas was used in flushing
as insurance agains% possible incomplete pumping due to the
Yow conductance o7 the 1/4-inch tubing used in the gas 1n1et
system. FoTlowing Lh1S the discharge Lube Was overpressured
wvth the—des1red gas . m1xture and subsequent1y pumpcd to 10
Torr. Berore eacn run the d1scharge tube was 1so1ated from‘

the vacuum-and gaSHhand]lng system.

Data Aquisition System
The data aquisition system is shown schematically in
figure 3. Data was accumulated by a photomultiplier tube {RCA

model 7625) attached to a 0.5-meter Ebert scanning spectrome-

“ter. {(darrel-Ash model 82-000). The Spectroﬁeter was calibrat-

ed to within 5 angstroms with a mercury arc lamp and location

of individual lines was verified by maximizing the siénaT

11
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Trom the photomultiplier as viewed 6n an oscil]oécope, The
photomultiplier signal was then routed to a photon discrimin-
ator/amplifier.(Mech—Tronics model 511) to a photon'counting
system.

The photon counting system consisted of a photon coun-
ter {Ortec model 9315) with a sampling/control unit (Ortec
modei 9320). The photon counting system was operated in a 30-
step boxcar mode allowing counting to take place during a pre-
selected time period at 30 different temporal positions in
the active discharge and afterg]ow7 (see figure4 ). A pre-
tfigger was supplied fo-the samp]ing/coﬁtro] unit by the dis-
charge power suppfy trigger 1 msec before the initiation of ‘
the current pulse., A variable delay line in:the sampling/-
control un%t served to initiate counting approximately 20
usec in advance of the current pulse for.each cycle. During
step. 1 the photon counter is enab]ed by a 40 psec gate sig-
nal supp?xed bj the samp]1ng/contr01 un1t. This s repeat—

“ed for- each tr1gger pu]se received by the sanp]wng/contro1‘

un1t for the durau1on of an- 1ntegrat1on 1nterva? of 5000 curr~t

ent.pu]ses. At Lha end of the 1ntegrat1on 1nterva7 the data'
accumufated by the photon counter is transferred to.a buffer
vvhere it is avaiiab]e for recording. The delay to the gate
E{gnal is then iﬁcfemented by twice the selected gate width
and steﬁ 2 begins. Operation during step 2 is jdentical to
thét of step 1 except that counting begins at a later time

in the discharge/afterglow. A gate widih of 40 usec gave

samples as far as 2.4 msec into the afterglow. An integ-

ration interval of 200 sec yielded over 5000 current pulses

13
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from a pulse rate of 25 sec™

Calibration of the Optical System

The spectral response of the specirometer and photo-
muitipiier tube was calibrated with a tungsten filament lamp
(ITT model T-10) placed behind the Hischarge tube. The temp-
erature of the filament was iSOO K. The spectrum of the lamp,
corrected for the self-absorption of the filament, is showm
ip figure 5 and the spectral response of the optical system
is shown in—figure 6. The response curve shows the signal
“from the photomuléip?ier tube, as a function of wavelenth,

relative to the response at 3600 angstroms.

Electron Beam System
The system used for high-pressure measurements is
shown schematﬁcé]1y in figure 7. It consists of an electiron
beam machinﬂ supp}1ed by MaxweTl Research Co. attacheé to a
‘sta1n1ess stee1 plasma cell 28.5 1nches 10ng and 12 1nches in

diameter. iwo Can windows, 2. 1nches 1n dnameter,'were att—‘

acﬁed to the ce%l at 1ts midpoint. The e]ectron beam de]1ver-

ed approx1mate1y 7. amps—cm -2 at 60 kV 1in 900 nsec pulses.
The gas-handling system .and preparation procedures were sim-
jlar to those described above with the exception of the to-
tal pressures. A pressure of 300 Torr was used‘for the elec-
‘tron beam measurements. Data was accumulated by a liquid nit-
rogen-cooled InAs infrared detector (Barnes Engineering modé1
0211) attached to the same spectrometer described above. The

L]

spectrometer was equipped with an infrared grating (Jarvel-

15
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Figure 5

16

Spectral Response of Calibration Lamp.

Blackbody curve of a tungsten filament at 1500
corrected for self-absorption. Intensity is -

arbitrary units.
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Figure 6 Spectral Response of the Optical System.
Response relative to the response at 3600 angst-

roms is shown.
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Ash #1347D8A9). The signal from the detector was amplified
by a 60-db gain low-noise preamplifier (Ortec mode1_7506) and
viewed directly on an oscilloscope (Tektronix model 466) in

storage mode.
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IV. EXPERIMENTAL RESULTS

The results of this study are presented in three sec-
tions. First, the intensities of observed emission lines are
presented. A ﬁuantitativa discussion of the results 1is pre-
sented in the second sectiOn; This is Tollowed by a summary

of the conclusions drawn from this work.

Intensities of Some emission Lines in Argon

Emissions of lines emanating froﬁ the 7s,6p,.6s,5d,5p,
4d and 4p levels in argon were monitored.during the active dis-
charge and afierglow in thfée different ga% mixtures. .Thefgasn
mixﬁures gtudieé were pure argon, 98% helium with L% qygoh_and
& 50—50Hmiﬁtuée of helium and argon. Plots of photons acc;
umuiated vs. £imé are ;hoﬁn_for-séveral_réﬁresentat?vellénes
in fjgﬁres B - 10 The re?éfive in%ensﬁties of eaéh of thé
Tines are tabulated in tables 1-3. Relative intensities are
reported for the active discharge and 5 times during the after-
'g1dw. Transitions chosen for analysis are the 4p'(1/2)- -
459(]/2j transition at 7593 angstroms and the 5p'(1/2)-
4§'t1/2) transition at 4259 angstoms. The 7503 angstrom’iine
was chosen because the 4p' level lies well below the ground

state of Ar; and is one of the levels of interest in the 3He—‘

Ar laser. The 4258 angstrom line was chosen because the 5p!

22



Figure 8.

Plot of Intensity Versus Time at 7503 Angstroms.

1/2

Uncertainty is +0.14X{Intensity)

Symbols are: +-pure argon
x-1% argon
*-50% argon

The current pulse occurs at 20 usec.

23
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Figure 9, Plot of Intensity Versus Time for 5888 Angsiroms.

Uncertainty is io‘]éx(lntensity)7{2
Symbols are: +-pure araon
X-1% argon |

*-50% argon

The current pulse occurs at 20 usec.
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Figure 10. Plot of Intensity Versus Time for 4259 Angstroms,
Uncertainty is :‘f.D.M-X(Intensity)]{Z
Symhols are:  +-pure argon
7 X~ 1% argon -

*-50% argon

The current pulse occurs at 20 usec.
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lfavelength

(angstroms
7503
7030
.6937
58838
5650
4259
3649

Table 1.

0
)

23391
12352
3712
4431
449
1382
698

Relative Intensities in Pure Argon.

Trigger occurs 20 psec before current pulse.

Time after irigger {usec)

80

33147
28019
15929
5710
3869
2348
93

160

71844
13232
6003
2386
761
188

240

58626
3709
2386

320

29

400

6268
47
188
16
17

11



Wavelength
{angstroms)
7503

70390

68937

5888

5650

4250

3649

Table 2.

42236

6612
10590
9156
1158
1630

Time after trigger (usec)

80

174545
35455
22857
5570
3308
4887

100

160

15743
2143
1668
333
18
321
10

240

584
129
128
49
19
17

320

31
25
29

30

o,

Relative Intensities in 99% Helium With

440

37
14
21
22

Argon.

Trigger occurs 20 usec before cuvrent pulse.

3



31

Time after trigger (npsec)

Wavelength 0 89 160 240 320 400
(angstroms) )

7503 17588 367639 308431 158741 27582 3535
7030 6719 120476 41412 4429 264 33
6937 10184 63237 4362 415 60 55
5388 6285 1057 241 86 35 18
5650 9537 1397 397 64 16 7
4259 982 10672 3713 574 61 10
3649 220 142 s 12 5 1

Table 3. Relative Intensities in 50% Helijum with 50% Argon.

Trigger occurs 20 usec before'current pulse.



level Ties near the 3d leve].

The evolution of the chosen transitions may be examined
through the ratios of their emissions. The ratio of emission
at 4259 angstroms to tﬁat at 7503 angstroms in pure argon falls
off. from 0.059 during the discharge to 0.028 50 psec after the
discharge and0.006 130 pysec after the discharge. A similar
situation is encountered in the 1% and 50% mixtures. This is
to be expected. |

As thé partial pressures of the gas mixtures are al-
tered a marked effect is observed. The ratio of emission at
4259 angstroms to that at 7503 angstroms rises from 0.059 in
pure argon to 0.090 in hélim with 1% argon tﬂen falls off fo
0.056 in the 50% mixture, during the.active -discharge. Early
in the afterclow the ratio remains neér1y constant as the par-
tial pressures change but by 130 usec into the afterglow the
behavior i1s similar to that of the active discharge.

The harn pressure experiment erTded 1ndeuerm1nant re-
sults. InTrarea radaatlon from an e]ectron beam generated
plasma of pure argan at 300 Torr was scannedo«er the range of
7.5 um to 1.84 um. No signal was observed above the radio- ~
‘frequenbj noise generated by the electron beam machlne in- .
dicating that the sensitivity of the IR detection apparatus

was insufficient.

Discussion
The plasma is assumed to be in a quasi-steady state,
thus thé intensity of emission from a given state, as exbpressed

in number of photons is equal to the rate of population of



that state. 1In the model of Harries and 'lilson dissociative

recombination is assumed to be a poﬁu?ation mechanism for the
4p Tevel but not for the 5p level? Collisional radiative re-
combination is assumed to be & population mechanism for both

levels.

The collisional radiative recombination rate coeff-
icient js typically expressed as the sum of a neutral part and
an electronic part. In the low-pressure regime it may.be ass-
umed that the total rate coeffiecient is approximately equal
to the electronic partf The co]Tisiénal radiative rate coeff-

icient is expressed as:

— -X
cerr”Perpllele

vhere ACQR i5 a constant and x is unknown. The dissociative

recombination rate coefficient is
' a4 =.61
*p=ApTe
Thus the ratio, R, of emission at 4259 angstroms to that at
7503 angstréms‘may be expressed as:
. -X‘ +1 -
nellela .Ne{Ar P

+ - .61 +
{Ar o+ ADTe ‘ Ne{Arz}

CRR7e'e e
The quasi-steady state assumption imposes the requirement that:
diAry}/de=kite} (Ar} A 3-a T, " o1y (Argy=0
vhere k{He}{Ar}{Ar"} is the rate of formation of Ar;. Or:
{ArT 3=k {He} {Ar} {Ar,}
-.61
ADTe He

Thus:

R= AcppTe N 2ear®)

~Xy 2 ‘et +
ACRRTe Ne {Ar }+k{te}{Ar}{Ar }

33
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R= 1
T+k{He}{Ar}/A

-X, 2
CRRTe Ne
-X,.2

crrle M

k{He} (Ar}

R=A

In this expression k’fﬂcéR’ {He} and {Ar} are constant with
respect to time.. Thus the ratio of the ratios at two differ-
ent times during the afteralow may be written:
Rl/R2=Lme1/N92)2(Tel/Te2)“x

and:

BRI CENICIVEIND IS VALIC S I99
The time evolution of;e]ectron density and electron temperat-
ure in a plasma under conditions similar to those-in this study
were measured by Honchicourt et. al.3 Their results are shown
in table 4 along wi{h the other data pertinent to this dis-
‘cussion. The calculated values of -x are found to be 4,05 for

pure argon, 0.255 for 1% argon and 6.43 for 50% argon.

Conclusions
ResuTlts of_the high-pressure observations are incon-
clusive, indicating a need for %qrther work {n this area. The
etectron temperature depéndences calculated from the resuits
of the low-pressure observations, on the basis of the model o%
Harries and Yiison, are incomp&tib]e with genera]]y~accepted
vatues. The model of. Harries and Hi]soﬁ and the results of

this sﬁudy_are seen to be inconsistent with each other.
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-Time after discharge 50 usec 130 usec

R in pure argon 06.028 0.014

‘R in 99% He with 1% Ar D.028 0.020

R in 50% He with 50% Ar 0.030 0.012
Electron Temperature8 780 K 710 K
Flectron density g.0x10" en? 7i7x10' a3

Tabte 4. Parameters Used in Calculation of Temperature De-

pendence of Collisional Radiative Recombination

Rate Coefficient.
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APPENDIX 1

ESTIMATIONS OF ELECTRON DEMSITIES AMD TEMPERATURES
14 HE-DOMINATED PLASHAS

by
B. DePaola, S. D. Marcum, H. K. Yrench, B. L. Yhitten

and W. E. Wells
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ESTHIATICNS OF ELECTROM DELSITIZES /fi

*

o
I “He-DOHINATID PLASIES
hy
B. 0. Dz Paola, S. D. Harcum, H. ¥. Wrerch, B. L. Lhitzen

-and Y. E. Yells

INTRODUCTIOM

It is wal] recognized that in order to make efficient use of the large
energies derived from 2 fission reactor with a iluclear Pusped Laser (NPL), &
tedivm that will lase at high pressure mmst be exnloyed. This is only one

of the meny Teztures of Tuture NPL's that will maks them markedly difTerent

characterizz a high-pressura, BHe—dcminatad iPL plasma, based on what is kaean

of similar Tow pressure plasmas.
Hany processes impertant to BPL's are strongly depeadent wion 2lectron

=

terperature and/or elactron daensity. Also, dug to the nature oF nuclear

(5

pumping, bartorming dizaasstics on WPL plesaes 95 & very difficuls, exsensiv

and hazardnus task. Thesz Tacts provide the irpetus for parformin; the calcu-

lations describes hera. Thess calcylations are straighivorsard exirasolations

tainties inherent in this a2pproach ere also discusszd.

TuE pURE He PLASHY -7

“Teking heliwm as tha sole specias in the plase
d

,
-t e ot Er. s =
§F B2 whare ¢ is The Tission cross-s=ction

Feuation 1 dascribas the predection of Bz
. 18 -2
for 3He, 4 is the thersal nesutron Tlux (assrrad to b2 10" n-om c '},

y - = 3 - xn
the density of 353, e. is the energy rale2ssd per fission of "Ha and U is ikz
¥

ORIGINAL PAGE
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enargy investad per electron-ion pair proeduced {=81.52%
5, = 5/.56.
2) “ 5/.56
This equation accouynis Tor productioa of ize(?_gs) zt2stabizs vhich
. K .
procesds at roughly twice the rate of Ha' production.
+ +
3) He 4+ 2He — He, + Ha.
2
. + s - . -
3-body conversien to Hez. This process varies as ”E {zveraga of

several maasuremenis).
) He(2%s) + ne(23s) —» pat + e + &
Metastable-wetastable fanization vhich has the rate coafficiaat
B =1.8x 107 ano-sec .
5) He{2S) + 2He —> e, (2°2) + He.
’3 ~body conversion of retastahl es which scales as ’tgi_
6) Hey
This represants collisional-radiative reccn:binaticn-::hich includes &

‘?E!'PX;\'CRR.

very large mnbev- of pas;ﬂb'ﬁe processes.

r)) hﬁ-("S)-i-e-—-}Hn-'-e.

The last process considered s superalastic relaxaiicn. Thz vaie for this

3 i

reaction is tnrﬂunrawre Cependant (T 1/ 2) and was derivad fraom & deteijed

balancing calculation based on the forvard process. (Bzzciions involving the

belium singlef retastabie were not considerzd bacause baing only .82V away

from ths H=(2 S} stzia it Is vevry quickly convariad o the triplat metastablal.

Using thz above processes the following rats eguations uers devaloped:

51-;3—1 £1/2 § [He]25)] - 78 7, (']
‘Hare”the  first source term is due to foniza jon by high ensrgy electrons |

pr'édu'ce.d -by” the_ % ssian' pmducts of -'3}’.9;

jonjzation. The Tess term s due to-3-body cenversicn. For He 2 we have

+
dlti=_ ] . +
—*Tt-‘-- =75 _PP.& [Haﬁ - [E{az] Ng» Mhers
o= 8.5 x W 2T 7 )5, v 5 x0T T, a1, T, Rl

ORIGINAL PAGE IS
OF PBOR QUALITY
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zre electron and €as temperaturss and the slzciron end nsulrz?! deasilies,”
raspactively. The source term s duz to 3-hzdy cor varsicn wharsas the joss is
du2 to collisionel-radiative recombinatisn. Iiote thz elzciron temparature and

density dependencies.  For helium metastsdles the rate esquation is

e He

e (23 5
TS o5 v 7 el o, - 8 (20 - v [22(2%5)) - .6 P2, Dre(2®)]

.

The source tarms hera are dus to ezcitation hy

vhara vy = 7 % 3071 Tijz .

- 3, . -
high energy elactrons produced by the fissien products of “He and collisiomal-

s o= . s R - - - P
radiative recembination of hez. Losszs gr= dez te mstasteble-vatastable fonization,
superalastic relaxation and 3-body cenversion of meiasiadbles, respactively. For

eiectron density we have

-
dn 2

dte =S +1/28 [+=(° $)3° - o [, n,.

ey o E .
Here, of course, W2 have the sare source tarws a5 with Ha': thz loss is assurad

to be due to collisicnal-radiative recombization. Also ‘considered vias the
following en2rgy balance egquation:

_‘;,@iz_ﬂkll =3 65 .!_ 1/2 8 [E—-a(z "-'; L" +y “E [H?{ng)] !."\E.é_'_e
dt

o :
~—ﬁ(3!2 X) (Te - TO) veq

The source terms are due to ionizetion by high =nsrgy selectrons produced by the

3:e Tissien products, meiasteble-metastabiz jonization and sugerelastic
relaxation. A £ .. 4 2;_9, and & Eé:e ara detinzd as thke eszrgiss transférrad

to the waxwelliazn part of the elzctvon ena.ﬁj disZribution by 2 non-maxuzllian

electron at 10, 15 and 20 eV vespac V“Tj qu loss term is dca to electron .
neuiral co1lisions With Ues baing the eleciren-neuiral collision frequency.
We have an eisctron endroy distribubion like thet of Figurz 1. High

eﬁergy electrons producad in BEGIGH III by tha “He Tission producis cascade
d

doun in ensrgy touerd a primerily maxuzllizn region of the distribution {REGION I}.

s



Bayond the first excitation patential of E», inzlasiic collisicas dominate. At
and below the fivst excitation potential of helium nroduction of Be' and }29(233
occurs. VWells et. al. have shown that the energy trans¥eread 2o the waxuellian
part of the electron enargy distribution Yy 2 non-rawm.ailias elzctron is a function
of electron density and prassure {Figure 2). A1l valuss of & = used in this
calculation vere extrepoleted Trem tha work of Bells.

Using thz above rate equaéions in sizady-state forn e calculated electron
temperature and dassity as a2 function of pressure from 100 to 230 .tarr. \ith
these tempe‘ratures and densititas we uzez 2lso abla 1o calculzia the dansities
of He® » Ha 2y ¥ and the density of the He(23s} metastzble, 211 as Tunctions of
‘pressure.  Howaver, pure heljum is not expacted to wake a very good '(irlsing redivm,
5o we next considered 2 mixture of halium and arcon. PResulis for the pure
helium plasma will be shown &ater in comparisor o thosz for the helium-argon

mixture.

THE Ha-Ar {13Ar) PLASMA

Upon =ddirg 1% argon -éo the plasma, a1l reactions censiderad zarlier uith
helium alonz are still operaijve. Howzver, several ciher reactions with argon
must now be taken into zccouni.  In Figwrz 3, equations 1-7 ere for a pure
halium plasme. Eaueiions &-15 include possiﬁWe He-Ar razctions 2s well as Ar—ﬁr
rezctions. Ea- B -~ charce exchanga with ¥a'; 8- charge sxchanga with H-z, 10 -
3-body c‘xarg_ xchenges 11 — Pennivg fonizatien of argon: 127~ disseciative
recombingtions 7713 ~ 3 body cnn\;ersion;‘ 14— co'l}is'ionﬂ—:-adiative recombinations:
_and 15 - associative ionizatieﬂ to Ar+- In the case of ceilisioﬁ§3~radiativa

recombination we assumed this reaction fo bz identical to collisional-radiative
reconbination af He.
The rate aquations Jistad earlier must now bz wodifizd to include these

dditions to the

or
we
£
=1
V1
v
o

reactions. Figure 3 1ists the updatad set of rate equst

CRIGINAL PAGE 1s
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rale cquations for the pure helius plessa are uaderlinad.  For exasale, ﬁa+

-+

can nos bz lost through charge exchancs uith Ar. Eae can 2136 b2 lost through
charge exchreng2 as uall 25 3-body cenversion, etc. Fowswer, considering stoeady
state consitions, those equaticns can be soivad for elaciron terperature and
Cansity as functions of pressure, as well as the dansitias of a1l other species

in the plasma.

RESULTS

Figure 5 i5 a plot that éompares elactron tempzraturs uith and without argon.
Both azre plotted against pressure from 100 to 2300 forv. Hoiz thak the electron
témgerature is over 1G00X at Tow pressuces, but tends toward room tempzrature aﬁ
‘hicher pressures. This is imporiznt bzcause of the dependenée ov the various
coefficients on electron temmerature. Also nota that-ihe acdition of 1% Ar to
the plasmz coes nol sigaificently afiect the elactron terparatura.

Figure 6 compares elecitron densitiss with and withoul argen. Here the
variztion in elecivon denisty uith pressur2 §s not so great as was the tespereturs

change, but again note the dzpendence of the rate csefficiznts on electron density.

Figure 7 is a plot of He  density versuys prassure with 03 end 1% Ar.  Upon adding
5 -
argon to the plasma the He® density is lewsr a2t all pressures. This is reasonable

. . . . + . -
considering that charge sxchangs bebtuzen Po' and Ar cen now ocour.  Siedlariy,”

Figure 8 shows &z, gansity with and withou: argon plotiad zgainst pressura. The
N ER . - -,
-large decrease in ¥z, concentralion 2t 2]l pressurss is dua to 2- and 3-body

P . i - P I -
charge exchange with arcon. Figure 2 plofs tha helium meiestable (Mle(275)) density
versus pressure aiso vith znd withoul argon. The decrease in the helium meta~

stabie dansity vith 19 Ar =t 217 prossures s due 1o Peping jonization of argea.

Also, densities of Ar”, Aré, znd Ay veve czleulated as Tunctions of pressurs end

are shown in Ficure 10 The aroon excited state densiiy represents er accumulatian

of 217 ergon excited states thai exist betuzen tha joniZeiion 1inits of the atoxic

41



ind molecular fons into a single state. This wes dinz so that associative

jonization of argen could be considerad.

CONCLUSIGIS

b
ct
hes
1
riy
=
[
b
—
i
=9
3
b

The above results are reesonable baszd on exirioolation o

3 : .
of lui-pressure “He-dominated plaswas. Howavar:

1. Uhat is the collisicnal-radiative racembinaticn rate coefficient at

cient in our calculatiens

-1y
=l

hich pressures? Ue have employed 2 low prasssurs cozf

that way or may not be valid a® highar pressurass.

=ty

2. We hava assumad that recembination of Ar” is in the collisional

radiative form, which sesms raasonahle, but wave asstmed c011isiona} radiative
recombination of argen to be identical io that of h2iium. Tﬁis tater assuaptio%
ey well be 2 dubious ona.

.3. What other processas are importsnt at nighsr jressures that we could
not consider? It is possible that Heg, Erz andfor Helr+ achieva large deasities
2t higher pressures such that they becowe imporiant species ip the plasvas. These

could not be considared in pur analysis.

)
el

These are examolies of the guestions that £his iysz of calculation raises.
5 ™

1ol

Phite it §s true that there ave pore sophisticelad rathods of calculating electronm

temperatures =nd Sensitiss, given the uncertainties in cross secticns and other

data ve feel tha® the approach cutlined hece §s sufiiciant for the presant.

> . - - =
This research was sponscrsd i part by the Natiorel Asconauiizs and Space

dministraticn.
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. s=ee ? T ) ‘H {H=" scurce)
2. S = 5S/.55 t1e(235) source)
3. Ke' ¥ e ——3 NS + He = 7895,
2, He(23s) + Hal235) —3 BT a M2 £ e B=1.8 x 107° af-sec!
5. He{2%5) + ZHe —— HeZ(ZBIE) + Ko .spfe
6. }’e +e X :} CRR .
7. re(23s) tep 3 Hedo 7 x 107" 172
OTHER REACTIONS WITH A353M {1%)
g. He¥ 4 Ar—3 AT 2 he o= 10717 o
He; + Ay —— Arﬁ' + ZHe B]= 2.2 % 107 'Iﬁ —s=c: -}
29 65 -2

++Ar+1’.e«—_—. ﬂr+-!—oP

ORIGINAL PAGE 1S
OF POOR QUALITY

Hez LT 2.4 x10 cn -sec
Be{23S) + Ar——y T tRe b e k=7 %16 of
By e s M+ Ar éo¥ 9.1 x 107 {200/7,) andssd
M Ay + He —3 B + He < 37EPyRy
AT:+ tetX —=—= (RR
) _Ar* * fr— Pzr-"z" 2 x 107° cmg-'sec;l
igure 3: Reactions Considerad in this Study.



RATE EGUATE OiS

°+ = e A
A Lo s+ 172 5 [e(23s)] - 78 b, [ - o> D1 [

dfHes ] .
dtz = 78 Py =1 - o [He 1 n, B [FEZ} il -y b Ez] EAr] [re]

d&—n‘g—m 5,77 {nezl B, -B {Pe(? 5}3 - ¥ [=(2 S)] B, - .6 Pz [H=(2” s)}
' ' - 53 fAr] [e(275)]

d
e lss 12 B [He{z35)1% -« THe! 210 ® By Iard fee(2 bJ] -~ [Arzl n,

- e [l n, T2 % 1072 fare] [AA]

- 3 X . . ) - -
Ao 1o oo ie*] [Ar] % B, [T [AFD + vy [85T Lard [l + 85 [Hel2°5)] [ar]

~ 376 Py Py far] - e [AF] n, -

d[hr’zj 9 '
prs =2 x 10 {Ar][ﬂr]+3?op }:hr]-c [ﬂrzjn
Ll o ) ng - 209070 971 0] - B/,
Yhere:
5= i 4] N3 €
a
= Sj-.-aS' ~
"r -F x ?[} 11 “!/2
c-"55,c?0“2° (T/7, yes B, Asno 27(;;‘ y
o> = 6 x 10713 By=22x 10" ~
) ~10 -
= 2. o -
B Z2x10 ) ey =281 x10 7 {Te/TD} o1
1, = 2.4 x 1072

Figure 4: Rate Equations Employed in this Study.
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APPENDIX 11

Program to Calculate Electron

Densities and Temperatures
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53
THIS PROGRAM SéLVES A SYSTEM OF NONLINEAR EQUATIONS RY

200

c
C SUCCESSIVE ITERATIONS. A SYSTEM OF SEVEN SINGLTANEGUS
C EQUATIONS HAS BEEN REDUCED ANALYTICALLY TO TULO NONLINEA
C STMULTANEOUS EQUATIONS IN ELECTRON DENSITY AND LLECTRO;
C TEMPERATURE. 1IN EACH ITERATION STEP TEE SSP SUBROUTINE
C RTHI, SUPPLIED BY IRI IS USED TG SOLVE A NOKLINE&AR EQUATION.
€ THE SUBROUTINE RTMI SOLVES FOR A ROOT GF AN EXTERNAL FUNCTION
€ SET EQUAL TO ZERO.
COMMON DE(3),XNEO,TEO0,XAB(3),PH,PA,P,V,SIG13,FLY,FF,S1G1,811,B2,GA
~-M,S81G4
"REAL YZ(610,9)
EXTERNAL FCT
EXTERNAL FCN
c FORMAT PRINTED OQUTPUT
500 FORMAT(’ °,3X, P(HE)=",E14.7,3X, P(AR)=',E14.7,3X, P(TOTAL)=" E14.
-7) . . .
550 FORMAT (° METASTABLE DENSITY = *, E 14.7)
570 TFORMAT (“ ELECTRON DENSITY =~ *, El4.7)
590 FORMAT({’ ’, ELECTRON TEMPERATURE=",E14.7)
610 FORMAT(' AR2=7 E14.7)
611 FORMAT(" AR=" _BM.?}
612 FORMAT(’ RECOMBINATION=’,El4.7)
613 FORMAT(’ HE2=’,El4.7)
614 ~ FORMAT(’ HE=’,El4.7)
620 TFORMAT(’ ,’%%%%% NO CONVERGENCE *%%%3")
" 650 FORMAT{’ “,’ GARBAGE GARBAGE GARBAGE GARBAGE”)
670 FORMAT("1")
680 FORMAT (’0°)
C DEFINE PARAMETERS AND INITIALIZE VARIABLES
N2=1
R=2
XNEO=1.0E12Z-
TE0=305.
PR=1504.8
X=.01
PA=X*PH
P=PA+PH
PALI=FA -
PHI=FPH . ggaggwh PAGE g
P1=p POOR Quairry
V=6,0E4
- 8XG13=5.0E~21
FLX=1.E17
FF=2.3E4
SIG1=1E~17
Bl1l=1.8E~9
B2=2.2E-10
CAMN=2.4E~29
L SIG4=7.0E-16
C THE FOLLOWING SOLVES AN ENERGY PAKTITION EQUATION FOR TRE
C EXERCY TRAKSFERRED TO THE NEAP~MAXVELLIAN PART OF A NOX-
C MAXUELLIAN ELECTRON ENERGY DISTRIBUTIOX FUKCTION

AA=6.93E-5%XNEO
P=PH+TA



o
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<

285

290G

235
c

37.
. 700
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L5=1.34E-11%3.55E19%p
CC=2.36E-11%3_.55E19%p

£2A4=8QRT(AA/BEB)

¥ o= (AAFCCY®*(1./3.) .
L3C=AAAN(ATAN(I/AAA)—ATAN(1.29E~4%TEOFAAR))
AB3=.67F (XR**2) % ((L5*ALOG(1-{3%XK*}, 73/ ((XK+1.73)%%2))))+ (1. 73aAT*
~¥{(3.46~XK)/(1.73%X¥X))))

=D

NXE=(0

DO 295 §=10,20,5

Ke=

NN=NN+1

IF{1-(3*XK*SQRE(FTLOAT{ M) )/ {XK+SOQRT(FLOAT(N))*%2)))290,290,285
YAB(EE)=.67%(XK*%2)% (L5%ALOG(LI-{3%XK*SQRT(FLOAT(} ))/(X}.SQRT(?LOAT

TON))#==2))3+(1.73FATANL ({2*SQRT(FPLOAT(N) ) I~X¥)/ (XK*1. 73))))

:.=H+1
DE{M)=ABC+XAB(NN)—ABB
IFLAG=0
G0 TO 295
M=ii1
DE{})=ABC
IFLAG=]

CONTINUE

CALCULATE ELECTRON TEMPERATURE

S=FCT(TEO)

IF (S) 1011,1012,1013

CALL SUBRGUTINE TO SEARCH FOR RIGHT-HAND BOUNDARY USED IN RTMI
CALL TPOS(S,S1,XRI,XLI)

€0 TO 36

TEN=TEO

60 TO 37

CALL SUBROUTYIHE TO SEARCH FOR LEFT~HAND BOUNDARY USED IK RTMI
CALL THEG(S,S1,¥RI,XLI)

CALL SUBROUlINE TO SOLVE EXERGY BALAHCE EQUATION

CALL RT“I(LFN F,FCT,XLI,XRI,1.,1000, IER)

FRN=F

IERN=IER

IF (IER-2)37,199%,37

CHECK CONVERGENCE OF ENERGY BALANCE EOUATIOV
IF{(ABS(TEQ-TEK)/TED)~-0.0001)710,710,700

TEO=TEN

GO TO 200

C CALCULATE ELECTRON DENSITY

710
c
1061
1002
o
1003

c
56

S=FCN{XNEOD)

IF(s)1001,1002,1003

CALL SUBROUTINE TO SEARCH FOR RIGHT-HAND BOUXDARY USED TN wTHL
CALL NPOGS(S,S!,XRI,XLI)

GO-TO 56

XMEN=XNEOC

CO TO 57

CALL SUBROUTINE TO SEARCH FORX LEFT~BAND BGUNDARY USED IN RT PI
CALL NNEG(S,S1,XRYI,XLI) ‘
CALL SUBROUTINE TO SOLVE ELECTROY DENSITY COHTINUITY EQUATION
CALL RTHMI(XNEN,F,FCH,XLI,XRI,1.,1000,1ER)



C

57
4860

55

I¥ (1ERN-~2)57,1999,57

CHECK COWVERGENCE OF ELECTRON DENSITY CONTINUITY EQUATION
IF((ABS(XNEO-XNENM)/XNEO)~0.0001)265,465,460

XNEO=XNEN

GO TO 200

1999 WRITE(6,620)

465

470

C

IF (IFLAG)480,480,47D
WRITE(6,640)
CALCULATE JXION AND METASTABLE DENSITIES FROM SOLUTIONS FOR

C ELECTRON TEHPERATURE AMND ELECTRON DELESITY
480 ALF9=4.0E-20%(300./TEN)*=*4%¥XNEN+] . 8E~ 10“(300 /TEN)*P

ALFD=9.1E~7%{300./TEN)**.61

ALY12=7.0E-11*SQRT(TEN)

C1=8IGIl3*FLX*3.55E16%*PH*FF/(78. ‘PP”~2+SIGIKV*3 55516*PA)
C2=.5%B11/(78.*PH**2+SIG1*V*3.55E16%PA)

C3=78*PH**2/ (B2%3 .55E16%PA+GAM*1.26025E33*PA*PR+ALF 9+ XWEN)
C4=(SIG1*V*3.55E16%PA+{B2-+GAM*3 . 55E16%PH)*3 . 55E16%PA%*(3)/ (ALF9*XNE

. =N-+376.%PH*PA)

490

10

c

‘X5

C5=8IGAL*V*3. 55E16*PA!(ALF9*“JEL+376 *PA®PH)
AAI0=B11~(27.3%ALFO5 PH*PH*Bl ) *XNEN/ (78*PH*PH+3.55E~1*V*PA) / (ALF9*X
—NEN+2.2E-~10%3.55E16%PA+2 . 4E~-29%1.26025E33%PH%*PA))
BB10=1.491E6%PA+ALFI2*XNEN+:. 6% PE*PH .
CC10=-SIGI13*FLYX*3,55E16%PH*FF/.56~(54.6%ALFO*PH*PH*SIG13*FLX*3. 5>L
~16%PH*FF*XNEN/{(78*%PH#*PH+3 . 55E~1%V*PA)Y/ (ALFO*XNEK+2.2E-10%3,.55E16%p
~A+2.4E-29%]1 ,26025E33*PASPH)) _
C10={~BBID+SQRT(BB1O**%2-4=4A10%CC10))/2/AA10"

HE=CI-+C2%C10*Cl10

HE2=C3%HE

AR=CA4*HE+C5%C10 )
FINIS=ALFO®AR*XNER/(2.E~9%3.55E16%PA+( {ALF9*XKEN)))
AR2=(2E~9*FINIS%#3.55E16%PA+376. *PuvpxmAP)I(ALrD*hNhh)
XNE=AR+ARZF+HEF+HE?2

IF{ABS(XNE~-XNEN)/XNEN~.01 }15,15,10

PH=PHI1~(HEL+HE2)/3.55E16

PA=PAI-{ARF+ARZ)/3.55E16

XEE=XNEN

€0 TO 200

PRINT RESULTS

URITE(6,680)

WRITE(6,500)PHL,PALl,P]

WRITE(6,550)C10

WRITE(S6.570)XNER

HRITE(6,590)TEN

WRITE(6,611) AR

VRITE(6,610) AR2

WRITE{6,613)HE2

WRITE{6,614)HE

WRITE(6,570)XNE

- STOP

END

SUBROUTINE TP0S(S,S1,XRI,XLI)
THIS SUBROUTINE SEARCHES FOR THE RIGHI-HAXD BOUKDARY USED


http:IF(ABS(XNE-XNEN)/XNEN-.01
http:ALFD=9.1E-7*(300./TEN)**.61
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C BY RTHI IN SOLVIKG THE EKERCY BALANCE EGUQTION.
C THE SEARCH IS PERFORMED BY INCREMENTING THE ARGUHENRT OF
C THE LXTERKAL FUNCTIOH FCT 1IN THE DIRECTIGN OF INCREASIEG VALUE
C OF THE FUNCTION UNTIL A POSITIVE VALUE IS EXNCOUNTERED. CONTROL
C XI5 THER RETURNED TO THEE HAIN PRGGEZAYM.
COMMON DE(3),¥XKEO ,TEQ,XAB(3),PLE,PA,P,V,SICI3,FLY, FF,51G1,B11 ,EZ,GA
~¥,81C4
Il=0
J1=0 )
" TE=1.01=TEO
TE1=TEQ
S=FCT{(TEO)
S1=FCT(TE)

IF (S1)1004,1004,1028 .
1004 XF (S-~81)1007,1005,1005
997 TE1l=TEO
10605 TE=TEL1/1.01
S=FCT{TE)
IF{S$)1001,1001, 1023
1001 Tl=I1i+3
IF (11-800)1006, 1006 1003
1003 IF (31-800)999,999, 1028
1006 TELl=TE
: GO 'TO 1005
999 TE1=TEO
1007 TE=TE1*1.01-
S=FCT(TE)
1F($)1002,1002,1028
1002 J1=J1+1 @%ﬁy~
IF{J1~800)1008,1008,1009 O “ g
1009 IF (11-800)997,997,1028 @ﬁﬁﬁ)@
1008 TEI=TE . : U Iry
oo €0 TO 1007
13028  XRI=TE
: ~ ¥LI=TEO
RETURK
EED

SUBROUTIXE 1LEG(S Si, KRI XLI1)
C THIS SUBROUTINE SEARCHES FOR THE LL:T—hALD BOULDARY USED
€ BY RTMI IR SOLVING THE ENERGY BELA“CE EQUQTION. ~
C THE SEARCH IS PERYORMED BY IXCREMELTIKG THE ARGU“ENT OF
C THE EXTERNAL FUNCTION FCT IN THE DIRECTIGh OF DECREASING VALUE
C OF THE FUNCTION UNTEL A NEGATIVE VALUE IS EKCOUNTERED. CONTROL
€ IS THEEN RETURNED TO THE MAIN PROGRAM. ’
COMMON DE{3),XNEO,TEO,XAB(3)},PH,PA,P,V,SIGI3,FLX,FF,SIG]1,B11, BA,GA
~-M,81IG4 -
-Jl 0
I1=0
TEl=TEO
TE=1.01*TEQC
§$=FCI(TEO)
$1=FCT(TE)


http:TE=TEI*1.O1
http:TE=TEII.01
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1

]

OO On

999
998

10060

007

1002
1001

997
1005
1003

1004
006

027

THE

11

1z
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1F (S1)1027,999,999

IF (5-$1)1000,1000,10605
TE1=TEOQ

TE=TEL/1.01°

S=FCT(TE)

IF (5)1027,1007,1007
11=11+1

IF¥ (11-800)1001,1001,1007
IF (J1-800)997,997,1027
TE1=TE

GO TO 1000

TE1=TEQ

TE=TE1%1.01

S=FCT(TE)

IF({S) 1027,1003,1003
J1=J1+1

IF (J1-800)1006,1006,1004
IF (11-800)99Y8, 998, 1027
TE1=TE

GO TO 1005

XLI=TEO

XRI=TE

.RETURN

END

SUBROUTINE NPOS(S,S1,¥XRI,¥L1)
THIS SUBROUTIKE SEARCHES FOR TEE RIGHT-HARD EOUNDARY USED

BY RTHI JIN SCLVING THE ELECTRON DENSITY CONTIKUITY EQUQTIOR.
.THE SEARCH XS5 PERFORMED BY ILCREMERTING THE ARGUINENT OF

EXTERMAL FUNCTIOK FCN IN TEE DIRECTION OF INCREASIRG VALUE

OF THE FUNCTION UNTIL A POSITIVE VALUE IS ENCOUNTERED. COKNTROL
. X8 THEN RETURNED TO THE MAIN PROGRA

COMMON DE(3) » XNEOQ,TEC,3 XAB(3) PH,PA P,V,51613, FLX FF, SIGl Bll E2

-}, S5IGA
..3"}=0

E1=0 . .
XKE=1.0)}*XKEOD
XNE1=XKEOC
S=FCK(EZNEQ)
S1=FCN(XEE)

I¥ (S1)11,11,28

IF (5~S51)17,12,12
XBE1=XNEOQ
XNE=XNE1/1.01
S=FCN(YNE) ’
IF(5)10,10,28
I1=1141

IF (I1-1000)13,13,8
IF(J1-1000)6,6,28
XNE1=XNE

G0 T0 12

XNE1=XNEO
XNE=XNE1%1.01


http:XNE=XNEI*1.01
http:XNE=XNE/1.01
http:TE=TEI*1.01
http:TE=TEI/1.01
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S=FCN(XKE)

IF(S)16,16,28
16 J1l=J1+1

IF (J1-1000)18,18,19
19 YIF(I11-1000)7,7,28
18  XKEl=XNE

GO TO 17
28  XRI=XNE

XLI=XNEO

RETURN

END

SUBROUTINE NNEG(S,S1,XRI,YLI)
THIS SUBROUTINE SEARCHES FOR THE LEFT~HAND BOUNDARY USED
BY RTMYI IN SOLVING THE ELECTRON DENSITY CONTINUITY EQUQTLION.
THE SEARCH IS PERFORMED BY INCREMENTING THE ARGUMNENT OF
THE EXTERNAL FUNCTION FCT IN THE DIRECTION OF DECREASING VALUE
OF THE FUNCTION UNTIL A NEGATIVE VALUE IS ENCOUNTERED. CONTROL
1S THEN RETURNED TO THE MAIN PROGRAM.
COMMON DE(3),XNEO,TEO,XAB{3),PH,PA,P,V,SIG13,FLX,¥FF,S8161,B11,B2,GA
~M,SIG4 ‘
J1=0
11=0
XNE=1.01*XNEO
XNE1=XNEO
S5=FCN{XKEQ) .
S1=FCN(XNE)
IF (81)27,9,9
g  IF {S-S1310,10,15
7 XNE1=XNEO
10 XHE=XKE1/1.01
S=FCK(XKE)
. IF (8)27,14,14
146 I1=11+1 o
IF €I1-1000)11,11,13
¥3 IF(J1-1000)8,8,27
Il XNEI=XNE T
12~ GO TO 10
8  XKEI=XNEO
15 XNE=XNEI#1.01
S=FCN(XNE)
iF (8)27,18,18
18 J1=Ji+1
IF {J1~-1000)16,16,17
17 "IF(Y1~1000)7,7,27
16 XKEl=XNE
GO TO 15
27 XRI=XNE
XLI=XNEO
RETURR
END


http:XNE=XNE*1.O1
http:XNE=XNEI/1.01
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FUNCTYON FCT{TEN)
c EXTLRNAL FUNCTION USED BY RTMI I SOLVING ERERGY BALAMCE
C EQUATION )
COMMON DE(3),XNEO,TEO,XAB(3),PH,PA,?,V,$1G13,FLY,FF,8IG),R1),B2,64
~M,S8IC4
ALFD=9.1E~7%(300./TEN)*=_61]
ALF9=4.0E~20%(300./TEN)*%4*XKEO+]1.82~10%(300./TER)*P
ALF12=7.0E~11*SGRT{TER)
AALO=B11-(27.3%ALFI*PH*PR*B11*XNEG/ (78*PE*PH+3.55E-1%V*PAY/ (ALF9*X
~NEO+2.2E~10%3.55E16%PA+2.4E~29%1,26025033%PH#*PA))
BB10=1.491E6*PA+ALFL2%XNEO+.6%PH#*PH
CCl0=~SIGIl3%*FLX*3.55E16*%PH*FF/.56-(54,.6*ALFI*PH*PH*SIGLI3*FLYX*3.55E
—16%PH¥FF*XNEC/ (78%PH*PH+3.55E~1%V*PA)/ (ALFG*XNEO+2.2E~10%3.55E165P
C10=—~8IGL3*FLX*3.55E)6%PH*FF/.56~(54.6%ALFO*PE*PIUFSIGI3*FLX*3.55E
~A+Z2.4E~29%1,26025E33%PA%PH))
Ci10=(—-BBlO+SQRT{BB1O**2—~4>AAI0%CC10))}/2/AAL0
X%X=8IG13*FLX*FF*3.55E16*PH*DE(1)~1.74E~17%ABRS(TEN-300. 3 SQRT{TEK)
~%3,55E16%P*YXNEC+9E~10%C10*%2*DE(2)+7E~11*DE(3)*C10*XEEO*SQRT(TEN)
FCT=X¥XX/1.EL5 )
RETURN
END

- FUNCTION FCN(XNEN)
C EXTERNAL FUNCTION USED BY RIUI IN SOLVIKG ELECTRON DENSITY
C CONTINUITY EQUATIORN .
CQ}ON DE(3),XNEQ,TEC,XAB(3),PH Pa,*, ,SIGI3,FLX,FF,SIG1,B11,B2,CGA
~¥,SIC4
ALrD 9, 18—7%(300./TEO)**,61
ALF9=4,0E~20%(300./TEO)**4%=¥YNEN+1.82-10%(300./TEOQ)*?P
ALF12=7.0E-11%SQRT{TEO)
C1=SIGI3*FLX*3.55E16%*PH*FF/(78.*PR**2+STG1*V*3, 55E16%PA)
C2=.5%B11/(78.%PH**2+5XC1%V+*3.55E16%PA)
C3=78%PR%*2/(B2%3 . 55E16%PA+CAN¥] . 26025E33%PAXPH+ALFI*XNER)
T €4=(SIGI*V*3 . 55E16%PA+(B2+GANF3 . 55E16%PH)*3.55E16%PA* C3)/(ALF9PXLL
~N+376.*PR#PA)
‘C5=81G4*V*3, 55516*PA[(ALF9whmEN+376.TPA*PH)
AA1O0=B11-(27 .3%ALF9*PHAPH*BlI*XNEN/(78*PH*PH+3.55E~ I“VK?A)/(ALfg‘X
~NEN+2.2E~10%3.55E16%PA+2.4E~29%]1,.26025E33% PH*PA)) g
BB10=1.491E6%PA+ALFI2%XNEN+.6%PH*PH
. CC10=—S8IG13*FLX*3.55E16%PU*FF/.56—(5%.6%ALF9* PH *PH*SIGI3*FLX*3.55E
—16*PH*FF*YXNEN/ (78 PH*PH+3.55E~15V*PA)/ (ALFOXYNEN+2,.2E~10%3 .55E16%P
~A+2 4E~29%1.26025E33%PA%PH)) : '
Cl0={~BRBI1G+SORT(BBIO**2-4*AAL0*CC10))/2/AA10
~A+2.4E~29%1,.26025E33%PA%PH))
HEY=CI1+C2%Cl0+Cl10
HELI=C3*HEIL
ARY=C4L%HHEI+C5*%C10
ARX=ALFO®ARI*YXNEN/(2.E-9*3.55E16%PA+{ (ALF9#XKEN)}))
T OARYI=(2.E~9%ARX*3.55E16%PA+376.XPE*XPAFARI)/ (ALFD#*XNEK)
YYY=HEI+HELI+ARIVARII-XHEN
FCE=YYY/1.E1l5
RETURN
END

ORIGINAL PAGE IS
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