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I. INTRODUCTION

This research carried out under NASA Grant NGL 10-005-089

is pertinent to the eventual realization of a self-sustained

fissioning plasma for applications such as nuclear propul-

sion, closed cycle MHD power generation using a plasma core

reactor, other heat engines such as the nuclear piston engine,

as well as the direct conversion of fission energy into

optical radiation (Nuclear Pumped Lasers).

Operation of plasma core nuclear reactors for propulsion

or other applications requires knowledge of the radiation

emitted by uranium plasmas as a function of operating pres-

sures, temperatures, wavelengths, and geometry. The knowledge

of partial pressures of the various uranium ionic species and

the electrons is mandatory. Criticality calculations, pre-

diction of radiative heat transfer from the gaseous fuel to

the working fluid, and design of system startup and control

devices require this information.

In order to measure the basic optical radiation proper-

ties needed, diagnostic measurement methods and experimental

devices simulating plasma core reactor conditions must be

developed. The program described herein is aimed toward

this goal.

Due to the complexity of the procedures involved in
p-i r

handling the U isotope, an effort is made to do all

research connected with the optical properties of a uranium

plasma with natural uranium and to use enriched uranium only

235
for in-core experiments, where the use of U no longer can

be avoided.



The program consists of several experiments, each one

being specialized to obtain a certain class of information.

These experiments are:

235A. Ballistic Piston Compressor (U )

B. High Pressure Uranium Plasma (natural uranium)

C. Sliding Spark Discharge (natural uranium)

3 235D. Fission Fragment Interaction (He and U )

3 235E. Nuclear Pumped Lasers Experiments (He and U )

These individual experiments shall be described

briefly.

A. Ballistic Piston Compressor

The ballistic compressor consists of a pressure

reservoir, a gun barrel and a high pressure test section.

A free traveling piston is accelerated by the high pressure

in the pressure reservoir and compresses the test gas into

the high pressure test section. Pressures up to 6000 atm

and temperatures up to 10,000°K can be reached using helium

as test gas. For the experiment in this program a mixture

of UF, and helium is used. Effective y* temperature and

density of this mixture is determined for a wide range of

parameters. The high pressure test section will be subjected

to neutron bombardment and the non-equilibrium effects caused

by the fission fragment will be investigated. (See also

Section IV. Ballistic Fissioning Plasma Experiment).

B. High Pressure Uranium Plasma Experiment

This experiment involves the investigation of optical

properties of uranium. A high temperature, high pressure



uranium plasma arc device is used. The arc is contained in a

high pressure cell capable of withstanding pressures up to

100 atmospheres. The arc can be operated in two different

modes. In one mode a helium cover gas is applied; the

other mode is a vacuum arc. In the high pressure mode the

emitted line radiation originates primarily from singly-

ionized uranium. In case of the vacuum arc, the line

radiation observed stems from neutral uranium. Employing

different spectroscopic diagnostic techniques, temperatures,

particle densities, and emission and absorption coefficients

of the uranium plasma for different operating conditions are

measured. (See also Section II. Uranium Plasma Emission

Coefficient in the Visible and Near U.V.).

C. Sliding Spark Discharge

The goal of this experiment is the generation of uranium

ion lines. A capacitor bank is discharged through a capil-

lary. The capillary is formed by a U0_ sinter body. The

sliding spark will evaporate the inner surface of the

capillary and subsequently ionize the vapor. The power

density is very high due to the constriction of the discharge

by the capillary. Therefore multiple ionization is observed.

Some of the components of the experiment were given to us by

NASA-Langley on a loan basis. (See also Section III.

Generation of a Uranium Plasma Near Gaseous. Core Reactor

Conditions).

D. Fission Fragment Interaction Experiment

This experiment involves a glow discharge in argon, helium

or the C02 laser gas mixture. In the case of He-gas fill, the



He isotope is used. Under influence of an external neutron

flux protons and tritons are generated by the He (n,p)T

reaction. For other gas fills, the plasma is surrounded by

a quartz tube, which is in the inside coated with U Oo'

The fission fragments formed close to the surface of the

235U 02 layer will escape and interact with the glow dis-

charge in the latter case, while in the first case the high

energy protons and tritons will fulfill this function. It

is expected that this will result in enhanced ionization.

This can be detected by analysis of the I-V curve of the

glow discharge. Also, Boltzmann plots of the intensities

of the detected spectrum lines can be used to measure

deviations of the excited states from a Maxwell-Boltzmann

distribution.

E. Nuclear Pumped Laser Experiment

This experiment involves in-core testing of a C02 gas

laser to demonstrate the feasibility of nuclear enhancement
4

of the laser power output. The He of the laser gas mixture

is replaced by the He isotope. The He (n,p)T reaction is

employed to yield high energy protons and tritons, which

may enhance the ionization of the laser gas in direct or

indirect ways. Further testing with fission fragments are

planned. Also testing with liquid uranium compounds as laser

medium are planned. (See also Section V. CC>2 Laser Experi-

ment Using Nuclear Reactions as the Ionization Source).



II. URANIUM PLASMA EMISSION COEFFICIENT IN THE VISIBLE AND NEAR U.V.*

J. M. Mack, Jr., J. L. Usher, R. T. Schneider, and H. D. Campbell
Department of Nuclear Engineering Sciences

University of Florida
Gainesville, Florida

Abstract

Measurements of the specific emission
coefficient in the near ultra-violet and
visible region of a uranium arc plasma are
reported. Spatial unfolding of the
intensity profile is used to determine the
emission.coefficient in the spectral range
of 2000 A to 6000 A. The uranium partial
pressure is estimated to range between
.001 and .01 atmosphere, and the corre-
sponding temperature range is 5000 -
10,000°k.

Introduction

To develop the technology necessary
for the implementation of gas-core
reactors, it is necessary to determine the
emission coefficient of uranium plasmas at
different temperatures, partial pressures,
and wavelengths. This property is funda-
mental to the design considerations
related to criticality studies and radia-
tive heat transfer from the plasma core to
the working fluid. The interface condi-
tions which are likely to exist at the
core-fluid interface can be simulated with
a D.C. uranium arc. Uranium, being one of
the most complex elements, does not easily
lend itself to a theoretical treatment of
the emission coefficient (See References
(1) and (2) for the most recent theore-
tical attempts to describe the uranium
atom). Thus, experimental investigations
of uranium plasma emission are not only
fundamental to gas-core reactor design but
also serve to support or deny theoretical
treatments.

Average uranium plasma emission coef-
ficients of a D.C. uranium arc have been
determined previously(3) with an arc in
which the emitted radiation was due pri-
marily to singly-ionized uranium. Uranium
emission coefficients due primarily to
excited atomic uranium are presented in
this paper. These measurements are
correlated to temperature and particle
density of the plasma.

Uranium Plasma Generation

The uranium plasma is generated within
a chamber identical with that of Figure 1,
Reference (3). Internally, however,
arranged concentrically with the cathode-
anode configuration, are several annular
water-cooled copper segments (disks).
These segments are distributed the length
of the cathode and arc column to form a
wall-stabilized arc. The arc is also run
in low vacuum on the order of 3 Torr.

Wall-stabilization and evacuation of the
arc chamber greatly enhance arc stability.
Power input to the arc is limited to about
1000 watts. The length and diameter of
the arc are typically 1 cm and .9 cm,
respectively.

The operation of the water-cooled seg-
ments in the vicinity of the arc column
produces a cooling effect on the arc as a
whole. This cooling results in an arc
which emits primarily by neutral uranium
rather than by singly-ionized uranium.
Although singly-ionized uranium lines are
found, the atomic uranium lines appear to
be the dominant radiation. This is con-
firmed by the spectral line identification
performed with this arc.

Data Acquisition System (DAS)

There are two basic sections of the DAS:
(1) that which measures the line profile
(density), plasma temperature, and line
absorption, and (2) that which measures
the arc intensity. The components
necessary to measure arc intensity are
shown in Figure 1.
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FIGURE I DATA ACQUISITION SYSTEM

*This work performed under NASA Grant NGL-10-005-089



A fast-scan spectrograph S2 receives arc
light reflected from the front surface of
a beam splitter. The phototube response
is then monitored and stored digitally
by the Fabri-Tek signal-averager. The
Fabri-Tek is a time-averaging device which
integrates over the small arc fluctuations.
This averaging results in very reproducta-
ble arc intensity traces as a function of
wavelength. Four storage areas on the
Fabri-Tek are used for storage of the
spectral intensity, I(X,x),where x is a
particular position in the arc traverse.
Thus, a four point Abel unfolding for
spatial resolution of the arc intensities
can be performed to obtain the spectral
emission coefficient, e(X,r), where r is
the distance from the arc center.
Oscilloscope 02 is used as a Fabri-Tek
trigger delay unit which enables the
signal-averager to be triggered at any
wavelength. The photomultiplier used with
S2 is an EMI-9514 with a sodium salicylate
window which acts as a wavelength shifter
from the ultraviolet to the visible. This
serves to expand the phototube system
response down to 1900 A with high
sensitivity.

Also shown in Figure 1 are those
components necessary for the measurement
of temperature, line absorption, and
particle density. The beam splitter
passes a portion of the arc radiation to
Si. A rotating refractor plate (quartz)
sweeps a particular line of interest
across the exit slit plane of SI. An RCA
IP28 phototube placed behind the exit slit
responds to the spectral line as it is
swept past the exit slit. The resulting
line profile is recorded by 01 and 02. At
that instant in time when the line is
swept to its peak value, a linear Xenon
flashtube (EGG FX-12-.25) is triggered
(see Figure 2). Timing is accomplished by
various electronic delay circuitry. From
the oscillogram of 02 is determined the
particle density by analysis of the abso-
lute line profile. Oscillograms from 01
allow the determination of line absorption
and plasma temperature.

Two tungsten calibration lamps are
used to assign absolute units to intensi-
ties. One of the lamps is calibrated by
the National Bureau of Standards, and its
purpose is to periodically cross-check the
second lamp which is used in the actual
calibration of arc intensities for each
arc burn.

Measurement of Plasma Parameters

I. Line Absorption and Temperature

The absorption coefficient of a
spectral line is determined by using a
background source of constant intensity
and measuring the amount it is attenuated
as it passes through the plasma. By
assuming the nonhomogeneous plasma to be
composed of homogeneous rings, an
unfolding technique is used to calculate

the line absorption coefficient,
from the following equation:

• d)
kk

where V , V.T and V.p are voltage signals
from a photomultiplier tube. The voltages
correspond to the background source, the
total attenuated intensity, and the plasma
intensity, in that order. Figure 2 shows
a typical oscillogram of the photomulti-
plier output.

FIGURE 2

OSCILLOGRAM OF PHOTOMULTIPLIER OUTPUT

The background source, in this case a
Xenon flashtube, is triggered on the line
of interest as shown on the upper trace.
The lower trace shows the flash tube
signal spread to facilitate measurement
of its intensity. The oscillograms are
recorded at different chordal positions
of the plasma and Equation (1) is used to
determine the line-absorption' profile.
The fcn,m iR Equation (1) represent the
length segments in the mtn ring along the
ntn line-of-sight position. Figure 3
is the absorption profile determined for a
uranium arc operating with 1000 watts
power input.

3S53 I i
3CS9 1 ' UI

Lfls
5
I—*

§

LINE ABSORPTION COF.FFICIF.NT PRCFILF.

The temperature is determined by using
an extension of the brightness-emissivity
method to the nonhomogeneous case^1*^.
The technique makes use of the voltages



measured previously as well as the calcu-
lated line-absorption values. The
temperature method requires that the
temperature of the background source be
known. The average temperature in the ktn

ring is determined from the following
equation,

C2
T

where:

r Bsloge[l + sf -I)

-1
(2)

Bg, B = the Planck functions representing
* the intensities of the background

source and the kfch plasma ring,
respectively, at wavelength

T. = the brightness temperature of the
background source

Bfc is calculated using the measured
voltages and the calculated absorption
profile. The complicated expression for
Bfc is not written here. A*"uranium tempera-
ture profile is displayed graphically in
Figure 4 where the power input is 1000
watts.

in
ui

•U25 0.25 •:,.375 M.S ; 625 '...75 '.i.875 i

: 4 R/(;;o

:./ IT.MTWJATl IR F'RTFln

II. Determination of Ul Number Density

The absolute line-intensity method
is used to estimate the Ul number density.
The general equation for a spectral line
is:

hvui.
4TT

N Su (3)

Utilizing the BoltEmann factor gives the
following for the case of negligible
ionization:

N
4ir U ( T )

s (4)

where :

u = upper state
I = integrated line intensity in energy

per area and time
I = lower state

h

NU* =

No =

U(T) =

gu =
s
kT =

transition probability in I/time
Planck's constant
frequency of emitted photon
number density of particles in the
excited state
number density of particles in the
ground state
partition function of the particles
in the ground state
statistical weight of state U
plasma depth in cm
thermal energy
excitation energy

The0integrated line intensity of the
3654 A Ul spectral line is found by
sweeping the line across a phototube and
recording the response with an oscillo-
scope (see Figure 2) . The same procedure
with identical optics is done with an
accurately calibrated tungsten strip lamp.
The two recorded responses are then com-
pared thus defining the line intensity
profile in absolute units. The tempera-
ture is determined by the modified
brightness-emissivity method, and "guAu£"
values are found in (5); U(T) is
approximated with the ground state
statistical weight.

Solving Equation (4) for No for several
arc burns at 1000 watts power input
results in UI number densities ranging
from 1015-1016 t/cm3 for the vacuum
segmented arc.

III. Determination of Uranium Plasma
Emission Coefficient

To determine the emission coefficient
it is first necessary to experimentally
measure the arc intensity. For the homo-
geneous case the emission coefficient is
found by considering the depth of the
plasma. However, the uranium arc is a
nonhomogeneous plasma, and so it is
necessary to measure the arc intensity
at several different line-of-sight
positions. Due to the nonhomogeneous
nature of the arc, spatial resolution is
applied to the intensity to obtain the
emission coefficient.

Although some uranium lines have
significant absorption, the plasma as a
whole will have -a small absorption co-
efficient. Spatial resolution is
performed by application of the familiar
Abel transform given by Equations (5) and
(6) to the measured arc intensities:

Ky)

x.

L e(r ) dx,

and

Ky>
> e(r) r dr

/r2 - y2

(5)

(6)



where:
I(y) = intensity from plasma at particular

lihe-of-sight observation,
e(r) = plasma emission coefficient at

chorda1 locations.

A four-point finite-difference form of
Equation (6) is used to transform the
measured arc intensities into emission
coefficient values at four arc positions.
The bandpass of the intensity measurement
is approximately 1 A. The resulting
calibrated intensities are shown in
Figure 5. These intensities are then
computer-averaged over a handwidth of
100 A. The results for a power input to
the arc of 1000 watts are shown in Figure
6 for 2000-6000 A. The average emission
coefficient is shown in Figure 7 for the
same conditions. Figure 8 is the center-
line intensity of a Helium-uranium arc
operated at 15 amperes. The emission
coefficients are compared with past
results(3) and with theory (1) in Figure
9. Those points with total pressure (Pip)
refer to the He-U arc, while those with
partial pressure (PUI^ refer to the
vacuum segment arc.
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Concluding Comments

I. Accuracy

The accuracy of measurements of plasma
properties is frequently difficult to
assess, and this is certainly the case
with many uranium plasmas. Of the three
plasma properties determined, -e^» T, N,
certainly the particle density was the
most difficult to measure while the
emission coefficient was determined with a
high degree of certainty.

The temperature measurements by the
modified brightness-emissivity method
resulted in values somewhat lower than
might have been expected. However exami-
nation of the spectra revealed that UI
was the dominant radiating species rather
than UII, as had been the case in earlier
work*6). AS explained earlier this lower
temperature was attributed to the cooling
effect of the water-cooled segments on the
arc. It should be mentioned that the
validity of the present temperature
measurements rests upon the assumption of
partial L.T.E. (local thermal equilibrium)
down to the lower levels of the transi-
tions studied. It still remains a ques-
tion as to whether or not the vacuum
segmented arc satisfies this condition.

There are three factors which could
affect the accuracy of the particle
density determination. As in the tempera-
ture measurement, it was necessary to
assume that L.T.E. conditions prevailed
in the plasma. Self-absorption frequently
plays an important role in the determina-
tion of the total intensity of spectral
lines. Fortunately however, the tempera-
ture measurement technique used here
yields a value of the optical depth which
was used to account for this effect.
Finally, there is the uncertainty asso-
ciated with the transition probabilities
which had to be used in this measurement.

II. UI Emission

Figure 5 for the UI vacuum arc clearly
shows that there-is no significant radia-
tion below 3500 A. On the other hand,
the intensity from the higher temperature
UII arc (see Figures ) is strong in the
spectral range of 3000-3500 A. Hence,
it is evident that most of the U.V.
radiation is generated by ionized uranium.

III. Future Work

It was found that operation of a
shorter vacuum arc at 1000 watts resulted
in a much more intense uranium plasma.
Since the arc column was shorter, the
water-cooled segments did not have a sig-
nificant arc-cooling effect and, thus, the
arc became predominantly a UII plasma —
but one with instabilities. Future plans
will be to make a longer arc with higher
power input to hopefully obtain a very

stable UII vacuum arc. Similar measure-
ments to those reported in this paper will
be taken on this arc.
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III. GENERATION OF A URANIUM PLASMA AT NEAR GASEOUS CORE REACTOR CONDITIONS*

J. F. Davis, III, D. G. Schnitzler, and R. T. Schneider
Department of Nuclear Engineering Sciences

University of Florida
Gainesville,Florida

Abstract

A constricted sliding spark discharge
is used to generate a high density, high
temperature uranium plasma. Uranium
particle densities up to 1020 cm"3 are
obtained over a temperature range of
30,000 K - 50,000°K. The device consists
of a capillary discharge channel lined
with pressed and sintered UOZ . A 250
joule capacitor bank is discharged into
the channel, producing a plasma of 10-20
Usec duration. Spectroscopic observations
are made over the spectral range of 1300 A
to 2500 A.

Introduction

The properties of a high temperature
uranium plasma are of great interest to
many researchers, particularly for devel-
opment of the Plasma Core Reactor includ-
ing the Nuclear Light Bulb EngineI1'*• 3'.
For the latter case, information is needed
to determine the amount of radiation
emitted at spectral regions where the
transparent wall is opaque^*'5'. The
operating conditions of a uranium plasma
in the plasma core reactor are expected
to be in the range of 20,000°K to 40,000°K
with pressures of 500-1000 atmospheres.
Several experiments have been performed
to produce and/or simulate a model
uranium plasma at these conditions of
high temperature and pressure.

The DC arc has the advantage of pro-
ducing a plasma that is stable at
steady-state conditions (6f7).
Campbell, et al., have produced a stable
Helium-Uranium arc at pressures up to 10
atmospheres and temperatures up to
10,000°K(6'. Such operating conditions
simulate the properties of the core
working fluid interface of a plasma core
reactor.

An R-F discharge has also been applied
to simulate the conditions in a gaseous
core reactorI6/9). A temperature of up
to 7,000°K has been obtained at pressures
up to 20 atmospheres.

Another method under development to
form a model plasma is piston compression
of uranium hexa'fluoride gas to form a
high density plasma*10). Pressures up to
500 atmospheres of a He-UF6 mixture have
been reported; however the temperature is
expected to be of the order of 1000°K.

The sliding spark discharge as
described in this paper has a short
lifetime and small volume, but has the
advantage of producing a high density-
high temperature uranium plasma,
approaching gaseous core reactor condi-
tions.

The vacuum spark has been found to be
an excellent source for studying the
spectra of metals in the extreme ultra-
violet region. Vodar and Astoin dis-
covered that a high vacuum spark discharge
could be produced at lov.'er voltages and
with less sputtering of electrode material
if the electrodes were separated by. but
in good contact with, an insulator^ ).
The spark discharge occurs on the surface
of the insulator, therefore the name
"sliding spark discharqe". Many
modifications of the sliding
spark have been published"12''3>l"•'5>.
The emitted spectrum is characteristic of
the electrodes and insulation material.
The plasma produced consists of a well
defined and relatively long discharge
channel. Very high light intensities can
be obtained. Spectra with up to 500 eV
excitation energies have been observed
with a sliding spark.

Description of Apparatus

Conrads has performed considerable
work in the area of sliding spark dis-
charge*13'l "•1S'*7) . A similar apparatus
is employed in the present experiment
with some modifications to introduce the
uranium.

The experiment consists of two carbon
electrodes held firmly against a high
density polyethylene insulator through
which a discharge channel is drilled.
The carbon electrodes, polyethylene
insulator and the uranium insert are
illustrated in Figure 1. The uranium
insert is composed of U02 powder which
has been pressed and sintered to form a
hard, brittle ceramic of the desired
size.

The carbon electrodes are positioned
2 cm apart and the discharge channel is
1.4 to 2 mm in'diameter. These dimen-
sions define the plasma volume which is
viewed axially through the electrodes
as shown in Figure 1.

*This work was performed under NASA Grant NGL 10-005-089.



U02 INSERT

lithium fluoride window also separates the
two vacuum systems so that the spark pres-
sure can be varied. The short wavelength
cutoff of the window is approximately
1200 A. The film used is Kodak Special
Type 101-01.

Description of a Discharge

Typically, the capacitor bank is charged
to 12 kv and the residual gas pressure is
100 to 140 microns. The vacuum spectro-
graph is operated at a pressure of less
than 5xlO~ microns. The spark discharges
the 250 joule bank energy into the capil-
lary channel. After one full cycle
(approximately 10 ysec) most of the capa-
citor bank energy is dissipated. A plot
of current and photomultiplier output
versus time for a typical shot is shown
in Figure 3.

Fig I. Schematic of Sliding Spark Discharge

A schematic of the circuit is shown in
Figure 2. The capacitor bank consists of
seven parallel plate capacitors rated at
0.5 pF, 30 kV each. A very low self-
inductance of 0.3 nanohenries per capaci-
tor permits a very fast discharge. The
bank is connected through a spark gap
switch to the electrodes by coaxial cables.
The discharge is initiated by triggering
the spark gap switch with a 30 kV trigger
pulse. After one cycle the spark gap
becomes non-conducting breaking the
circuit.

SLIDING SPARK

P ^"^

SPARK GAP SWITCH
i 1

1

HV POWER

SUPPLY

1

30 KV
TRIGGER

DUAL BEAM
OSCILLOSCOPE

Fig 2. C i r cu i t Diogrom

Spectroscopic observations are made
with a vacuum spectrograph set on a 1
meter Rowland circle. The spectrograph
has a concave grating with 1200 lines/mm
yielding a dispersion of about 8 A/mm.
The spectrograph slit and grating are
protected from the high velocity particles
that ablate off the electrodes and the U02
insert by a lithium fluoride window. The

FIG. 3 UPPER TRACE IS CURRENT (20 kA/cm)
VS. TIME (20 usec/cm)
LOWER TRACE IS PHOTOMULTIPLIER
(10 volts/cm) VS. TIME (20usec/cm)

The photomultiplier output indicates a
plasma duration of approximately 200 usec.
It has not yet been determined if fluores-
cence of the surrounding insulation and
structural materials or a true afterglow
causing the long pulse duration.

Results

An estimate of the plasma temperature
can be made from the ionization stages
present. In the 1500-2500 A region, the
three most intense lines observed were
1548.18 A (CIV), 1550.71 A (CIV), and
2296.87 A (CHI). The plasma temperature
can then be approximated by the typical
normal temoerature of the carbon IV
species, 40,000 °K< 1 8>.

The maximum pressure produced in the
discharge channel is assumed equal to the
magnetic pressure. The magnetic pressure,
P , was calculated from Equation 1.

P =
8ir 2 R 2

(1)



With a discharge channel radius of 0.75
nun and a typical peak current of 28 kamp,
the magnetic pressure obtained is 220
atmospheres. This pressure corresponds
to a particle density of 4 x 1019 cm"3

at 40,000 OK.

The capacitor bank discharges with a
full cycle time of approximately 10 ysec.
The peak plasma temperature is rapidly
achieved. Maximum pressure occurs at the
maximum current condition. At this
instant plasma can then be observed at
near plasma core reactor conditions of
40,000 °K and 220 atmospheres.

Complete analysis of the spectra
produced involves position and density
determinations of a large number of
lines. Manual analysis with a measuring .
microscope requires a prohibitive invest-
ment of manpower. The spectrum analysis
for this paper was made with the Univer-
sity of Florida Automatic Spectrum
Analysis System^19'. The plate was
scanned by a Jarrell-Ash scanning
densitometer interfaced with an AD-80
analog computer and an IBM-1800 Data
Acquisition System. The collected data
was processed by programs written at the
University of Florida which convert the
raw data from the densitometer to trans-
missions which can be analyzed by the
computer. Dispersion relations are
automatically calculated from the location
of a number of user selected and identi-
fied emission lines. Line positions are
automatically identified and wavelengths
assigned. Transmission plots and lists
of lines with corresponding wavelengths
are among the available output informa-
tion.

Plates were scanned at approximately
40 microns/sec and sampled every 4 microns
of plate movement. Relative plate posi-
tion is indicated by a precision linear
encoder attached to the plate carriage.
Approximately 32,000 positions were
sampled while scanning the 1500-2500 A
region.

The 70 mm Kodak Special Film Type 101-01
used has a 5.25 mil thick backing.
Because of the thin backing, the film has
a tendency to curl away from the film
holder under high vacuum conditions. The
failure of the film to conform exactly to
the Rowland circle introduces irregulari-
ties in.the calculated dispersion rela-
tion. This appears to be the main source
of error in wavelength assignment. To
minimize these effects, the spectra was
analyzed in short segments to which a
dispersion relation could be fitted from
previously observed uranium lines(20).
The detailed analysis of one such region
is rresented here.

The transmission plot shown in
Figure 4 extends from 2242 A to 2338 £.
This region was analyzed first because

of the abundance of new lines appearing
with the addition of uranium to the dis-
charge. QIn addition, the prominent
2296.87 A Carbon III line and several
known Uranium I lines contained in this
region made this spectral region an attrac-
tive starting point.

The parameters in the line finding
program were selected to locate as many
lines as possible automatically. Of the
134 lines located by the program, 16 were
eliminated as too weak to be significant
or as possible noise. Visual examination
of the transmission plots revealed three
lines not found by the program. Seven of
the remaining lines were identified as
carbon and eight as oxygen*21'. Seventy-
four previously observed uranium lines
were found. Thirty-two lines remain
unidentified. A complete listing of
these lines and corresponding wavelengths
is shown in Table I.

A 50 Angstrom region extending from
1530 to 1580 A is shown in Figure 5. Theo
prominent emission lines are the 1548.18 A
and 1550.77 A Carbon IV lines. Also
present are Caorbon I absorption lines and
significant continuum radiation.

The emission spectrum below 2000 A is of
special interest-. Addition of uranium to
the spark dischargeQcaused significant
changes belov; 2000 A. A large number of
lines were observed which had not been
observed in the carbon calibration shots
under various conditions. The lack of
information on uranium emission below
2000 A prevents rapid analysis of the
obtained spectra.

Since the film integrates the incident
light, radiation from the more highly
ionized uranium species is extremely
weak or can even be obscured by the
radiation emitted as the plasma cools.

Conclusions

Uranium emission below the transparent
wall material cutoff is significant to
the Nuclear Light Bulb design and is also
important for radiative power transfer in
the coaxial flow plasma core concept.
This experiment shows that at near plasma
core reactor conditions a complicated
spectrum of line radiation exists.

Future work will be directed toward
obtaining a comparison between emissions
below 2000 A and at longer wavelengths.
A high speed rotating shutter will be
used to observe the plasma at peak
temperature and pressure in contrast to
the present time integrated measurements.
A higher pressure discharge can be pro-
duced by reducing the diameter of the
discharge capillary or by raising the
voltage. Higher voltages will also allow
lower initial residual gas pressure and
thus reduction of impurities. The use
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TABLE l: TABLE OF LINES CONTAINED IN FIGURE *»

1 22k2.1 C II 61 2285.66 U
2 22k2.65 U 62 2286.U 0 III
3 22k3.37 U 63 2287.2 0 Til
k 22kk 1 U ^ 22£Z'8e U

5 22kk.95 U 65 2288.9
6 22k6.l5 - 66 2289.32 U
7 22k6.63 - 67 2289.7
8 22k7.08 U 68 2290.67 U
9 22k7 33 - 69 2291.6
10 2218i03 U 70 2293.62 U
11 2218.82 U 71 2296.87 C-III
12 2?k9.31 U 72 2297.72 , U
13 2250.2 - 73 2298.37 U
Ik 2250.5 - ^ 2299.2 U
15 2251.09 U 75 i|°?'§? 2
16 2251.3 - 76 2301.51 U
17 2251 7 - 77 2302.0
18 2252.US U 78 2302.69 U
19 2252.90 U 79 2303.93 U
20 2255.15 - 2° 230k.k U
21 2255.68 C II 81 2305.65 U
22 2256.19 C II £2 2306.91 U
23 2256.88 - 83 2308.7 0 III
2k 2257.15 - & 2308.9 U
25 2258.02 U *$ 2309.3 U
26 2258.8 - 86 2310.36 U
27 ' 2259 6k U 8? 2310.67 U
§8 2260.2 - *8 2311.68 0 III
29 2260.5 - fi9 2312.56 TJ
30 2261.U7 U 90 2313.2 U
31 2262.36 U 91 23114-. 3
32 2262.79 U 92 231k.76 a III
33 2263.26 U 93 2315.52 0 III
3k 2263.67 • - 9k 2315.88 U
35 226k.3 U ' ' 9? 2317.16 U
36 2265.5 - 96 2317.37 0 III
37 2266.0 - 97 23l8.k7 U
38 2266.k - q8 2319.52 0 III
39 ' 2266.97 TJ 99 2320.2
kO 2268.53 U 100 2321.1
kl 2269.7 C II 101 2322.5
k2 2270.2 C II 1°2 232k.03 U
k3 2271.81 U 103 232k.8 U
kk 2272. k - 10^ 2325. k6 It
k5 2272.68 U 105 2326.k5 U

$ %i? u. 10° mi:!*
k8 I27kk7 U 108 2328.52 U
k9 2275.12 U 109 232B.89 TT
50 2276.05 U H° 2329.k6 IT
<1 2277 02 U HI 2330.22 U;,i s si.
I tig-* ". S
|g 2281! 8k U 116 2335.8k II
^7 2282 78 U 117 2336.k2 U
58 2283 3k U 118 2336.9k U
cl 2281 72 U 119 2338.05
6? 22Rk83 U 120 2338.1,8 U
OU ^ 121 2338.92 . U
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of uranium electrodes will eliminate the
carbon. An attempt will be made to .
determine the emission coefficient as a
function of wavelength at various
pressures.
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Abstract

The production of fissioning uranium
plasma samples such that the fission frag-
ment stopping distance is less than the
dimensions of the plasma is approached by
using a ballistic piston device for the
compression of UF$. The experimental
apparatus is described. At room tempera-
ture the gun can be loaded.up to 100 torr
DF« partial pressure, but at compression
a thousand fold increase of pressure can
be obtained at a particle density in the
order of 1019/ccm. In order to under-
stand the effects of fission fragment
interactions, the thermodynamics is
studied, for a comparison with subsequent
in core measurements involving * 3SUF6.

I. Introduction

A research program has been initiated
to investigate the interaction of fission
fragments with a uranium plasma. The
ultimate goal is a critical fissioning
plasma, perhaps preceded by a subcritical
assembly.

For such a system a number of conditions
have to be fulfilled. The uranium particle
density has to be high enough to ensure
criticality. Neutron leakage dictates a
minimum volume. The temperature should be
high enough to create sufficient ioniza-
tion and excitation to ascertain plasma
conditions. These conditions are
approached in a device called"ballistic
piston compressor"using UF$ as the gas to
be compressed.

Other devices used for uranium plasma
research approach the required specifica-
tions, but not all at the same time. For
example, uranium arcs have high enough
temperatures but volume and particle
density are too small to allow appreciable
nuclear interactions. Arcs are quite
useful for optical studies however.
King's Furnace type plasmas have the
required volume and temperature but the
particle density is quite low. They are
useful for precision optical measurements,
especially measurement of transition
probabilities. Pulsed capacitor dis-
charges have high temperature and a high

enough particle density. Their volume is
too small though. Glow discharges, high
or low pressure, have the required volume
and temperature. However, a high enough
particle density will be hard to achieve.

In the ballistic compressor, the volume
and particle density are sizeable and the
temperature, although somewhat low, can be
improved. It is conceivable that such a
device could be built large enough to
achieve criticality.

In the present form, the ballistic
compressor is a useful research tool to
generate information for applications
like the gaseous core reactor, the nuclear
piston engine (using UF6 as a working
fluid) , nuclear pumped lasers and other
devices which may depend on the non-
equilibrium properties of a uranium plasma
or UF» seeded plasma.

With its many degrees of internal
freedom the UFg could exhibit an extremely
low ratio of specific heats, Y» such that
at heating, no appreciable increase of
pressure would occur. Therefore, a first
step in this research program is the
measurement of the effective y of UF».

II. Ballistic Piston Compressor

The device used for the rapid com-
pression of UF6 is shown in Figure 1.
Since this device is described in detail
in References 1, 2, and 3, only a brief
description of the compressor and the
principle of operation is given.

The compressor consists of five main
parts, i.e., the reservoir, piston
release section, piston, barrel and high
pressure section. The reservoir, which
contains the driver gas for the piston,
has a volume of 60 liters and was
designed for a maximum operating pressure
of 136 atmospheres. Sealing this reser-
voir from the test section prior to firing
of the piston is achieved using the
plunger arrangement in the piston release
section shown in Figure 2. The barrel is
approximately 4 meters long with a 50
millimeter bore. Figure 3 shows the high
pressure section with its three data

This work was supported by the National Aeronautics and Space Administration



FIG. 1 BALLISTIC PISTON COMPRESSOR

FIG. 2 BALLISTIC PISTON COMPRESSOR
(RESERVOIR END)

FIG. 3 BALLISTIC PISTON COMPRESSOR
(HIGH PRESSURE END)

acquisition ports. This section was
designed to accommodate pressures up to
5000 atmospheres. The piston body is made
of phosphor-bronze with a molybdenum head
for high temperatures and the one used
weighs 4 kilograms. Rulon cup seals are
attached to the piston to minimize gas
leakage between the reservoir and the
test section. The entire device is
supported with roller bearings beneath
the reservoir and high pressure test
section to allow for recoil during firing.

Operation of the compressor can best be
understood by examining the gas handling
system shown in Figure 4. The reservoir
is first sealed from the barrel by
applying a high pressure, relative to the
reservoir pressure,on the plunger to seat-
it against a teflon gasket. The reservoir
is then filled to the desired driving
pressure. Next, the piston is seated in
the breech by pressurizing the barrel and
test section. A vacuum is drawn on both
sides of the piston before filling the
barrel with the test gas. After filling
the test gas, the piston is fired by
bleeding the pressure on the plunger to
the atmosphere. Thi's causes the reser-
voir gas to drive the plunger back and
the reservoir gas rushes into the breech
driving the piston down the barrel.

The high chemical reactivity of UFs
necessitates additional gas handling
system design and construction than that
required for most gases. For instance,
UF6 reacts readily with water and because
commercial helium is used as the carrier
gas for the UFs as well as the driver gas,
it must be purified by passing it through
first an oil scrubber then a cold trap.
Sealing the diagnostic ports, the barrel
to the test section, and the barrel to the
reservoir is also a problem. UF6 attacks
rubber and neoprene, thus viton o-rings
with the chemical inertness of teflon and
the flexibility of rubber must be used.
Another problem is in the type of windows
to be used. Both quartz and glass are
etched by UFg rendering them unsuitable
for spectroscopic studies. Sapphire
windows have held up quite well and
although a film does form on them,it is
easily removed. For more details in
handling UF6 see Ref. 5 and 6.

The toxicity of the UF$ requires a
unique gas disposal system. The residual
gas after firing is bubbled through a
sodium hydroxide solution to remove uranium
compounds and any hydrogen fluoride
present. Bubbling the gas through an
additional solution of potassium iodide
removes any free fluorine. The oil in the
pumps used for this operation is changed
regularly to remove the dissolved uranium
compounds. When enriched UFs is used, a
bellows type compressor and a liquid
nitrogen cold trap will be used to reclaim
the gas after firings.



FIG. k BALLISTIC COMPRESSOR GAS HANDLING SYSTEM

III. Experimental Techniques

The diagnostic ports in the high
Pressure test section are presently being
used for pressure and volume measurements
at maximum compression. These measurements
are being made for pure He and He-UFs
mixtures to determine the thermodynamics
of UFe under the rapid compression condi-
tions.

Pressure Measurements

The initial filling pressure of the
test section is measured using two Wallace
and Tiernan absolute pressure gauges.
In all data presented, the UF6 filling
pressure is its vapor pressure at room
temperature which is approximately 100 .
torr. To determine the maximum pressure
of the test gas during compression, a high
pressure quartz transducer is used in one
of the side windows of the test section.
This transducer is coupled to a charge
amplifier which produces a calibrated
output signal that can be read directly in
pounds per square inch.

If the reservoir pressure and the test
.gas initial and maximum pressures are
known, an effective isentropic exponent
for the test gas can be determined. This
is accomplished by equating the work done

by the reservoir gas on the piston to the
work done by the piston on the test gas.
The assumptions made are: (1) ideal test
gas, (2) adiabatic process, (3) no gas
leakage across piston, and (4)P,
constant. res

V - P V

where P and V
pressure and volume and Pmax and

'

o are initial filling
V are. in

our, case the maximum test 'gas pressure
and the corresponding volume. Rewriting
this expression

(2)

- 1

and substituting the pressure-volume
isentropic relation,

max o

the resultant equation becomes

(3)



res

Pmax fPmax \
~T~~ ~ \ P /

1/Y

(Y-D I/Y
(4)

- 1

If Pmax/
po is large and Y is reasonably

greater than 1, the second terms in the
numerator and denominator of the right
side of equation 4 can be dropped.
Solving the resultant equation for Pmax
results in

(5)

P == <Y-1>(Y/Y~1)P
«iav * * '

(-1/Y-D
max res

By rearranging and taking logarithms, this
equation becomes

log

(6)

log CY-!])

A value of Y can then be determined by
graphical means. Knowing an effective
value for Y gives an indication of the
degrees of freedom excited in the com-
pressor test gas (in our case, the UFj
molecule). The effective value of Y can
also be used to give an indication of the
temperature at maximum compression if the
compression ratio is known. This is done
using the isentropic pressure temperature
relation,

max . T.(Y/Y-D
T~~/
O

(7)

Volume Measurements

Volume measurements are made using a
pin in the test section end plate permit-
ting pressure and volume measurements to
be made simultaneously. The piston
presses the pin into a cylinder and the
pin length remaining outside the cylinder
after firing reveals the minimum volume
reached.

IV. Results

The results of the measurements of
pressure and volume are shown in Figs. 5
and 6. For a given filling pressure a
substantially higher maximum compression
pressure is reached in UFs than in He.
Such a behavior is expected according to
equation 5 because the expected Y of UFg
is smaller than that of.He. Similarly
the volume at maximum compression of UFs
is smaller than the one of He. In order
to determine the effective Y/ tne com-
pression ratio (Pmax/

po) is plotted versus
the reservoir to barrel pressure ratio
(Pr/P0) in Figure 7. The slope of the
resulting straight lines is related to the
.effective Y/ as can be deduced from eqn.
6. The resulting values for Y are 1.74
for He and 1.59 for He-UF6 mixtures.
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FIG. 6 VOLUME MEASUREMENTS

The smaller effective Y of the He-UF6
mixture indicates that a large part of
the input energy is transferred to the
rotational and vibrational degrees of
freedom of the UF6 . The effective Y
value for pure He is larger than 5/3,
due to leakage past the piston during
compression.

The temperature of the test gas can be
determined using the isentropic pressure-
temperature relation (eqn. 7) and the
results are shown in Fig. 8. The tempera-
ture values for He appear in this graph
higher than those of an adiabatically
compressed monatomic gas, because of the
too large Y for He as deduced from experi-
ment, due to leakage around the piston.

V. Summary

The experimental results show that some
but probably not all of the rotational
and vibrational levels of UF6 are
excited under rapid compression. This
indicates that by compression of He-UFs
mixtures,temperatures may be achieved,
higher than expected for equilibrium
conditions.

Limited spectral studies of UFs were
performed while obtaining the pressure-
volume data. The light output
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has been weak due to the minimal compressor
conditions used and there has also been a
problem with the piston blocking the side
windows during compression. These prob-
lems are overcome by increasing the test
gas filling pressure and the reservoir
gas pressure. The amount of UF6 in the
He-UFs mixture may have to be changed
also.

After determining the compressor and
test gas conditions required to obtain
meaningful UF6 spectroscopic data and
after obtaining such data, the test
section will be inserted in the thermal
column of the University of Florida
Training Reactor. The compressor will be
fired with 93% enriched UF6 with helium as
the carrier gas and a comparison will be
made of the fissioning UF6 spectra with
the non-fissioning spectra.
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Abstract

Experimental studies show that the out-
put of a COj laser is significantly
increased by products of the nuclear
reaction HeMn,p)T.

Helium-3 was used in lieu of the
natural helium normally present in the
1:1:8 COz:N2:He laser gas mixture (pres-
sure = 6 torr). The laser assembly was
then exposed to a reactor thermal neutron
flux of about 108 neutrons cm"2 sec"1.
Power output of the laser doubled while
the electrical power input decreased;
electrical efficiency was thus more than
doubled. Results indicate that additional
ionization by the energetic charged
particles may be responsible for the
improved laser performance.

Introduction

Shortly after the first demonstration
of laser action, papers speculating on the
possibility of coupling the laser and the
nuclear reactor began to appear. The
research stimulated by such speculation
has begun to show great promise; this
paper reports on some aspects of that
research.

Motivation

There are many theoretical advantages
in pumping lasers directly with energetic
nuclear reaction products. The power
densities attainable with nuclear reac-
tions are very large compared to those of
chemical or electrical processes; an
advanced nuclear-powered laser could be
quite compact but still immensely
powerful.

Such a system could also yield high
overall efficiencies. Nuclear-electric
power plants might one day operate at 40%
efficiency in converting nuclear power
to electricity, and the advanced lasers
might convert that electrical power to
laser light with 25% efficiency (not
counting the power requirements of vacuum
pumps, compressors and cooling systems).
A nuclear laser which converts 10% of
nuclear reaction energy to coherent light.
would thus be quite an attractive prospect.

While the goal of direct nuclear pump-
ing of high-power lasers might be far in

the future, nuclear enhancement of elec-
trically-pumped-laser performance as
reported in this paper and in other
recent publications^1'2'3) are of
immediate interest to the industry. A
laser whose efficiency is bolstered by
nuclear reaction products — say, alpha
particles from a radioactive coating on
the walls of a C02 laser tube — would
require & smaller power supply and a less
robust gas-handling system for a given
beam power.

The advantages of compactness and
reduced weight would be quite valuable in
any airborne or space laser system.

History

Nuclear induced laser action has not
been positively reported at this time,
though several teams are pursuing that
goali"). Experiments with solid laser
media have not been encouraging, probably
due to the degradation of optical quality
in crystals and glasses exposed to nuclear
radiation. Little nuclear work has been
done with liquid laser media.

Gases are not so subject to radiation
damage, so that most work has concentrated
on gas lasers.

Andriakhin, et al., at the Moscow
State University have reported a threefold
increase in the power of a COj' laser
exposed to a beam of protons from an
accelerator ''. The proton beam was used
to simulate the products of a nuclear
reaction such as 3

KeV.
He 760

This reaction was used in a later experi-
ment in which a Hg-3He gas mixture in a
laser tube was exposed to neutrons from a
pulsed reactor. The results were ambigu-
ous, but 10 mW peak light pulses were
produced'5'.

A University of Illinois group directed
by G. H. Miley has been active in this
fieldl2'6~"). Most notable of their
recent results is a 20% enhancement in
power and efficiency of a pulsed
C02-rNa-He laser, reported by Ganley, et
al. (2f The laser tube was lined with
boron-10, which reacts with neutrons to
give energetic lithium nuclei and alpha
particles. Neutrons were supplied in

*This work was supported by NASA Grant NGL-10-005-089



bursts of 5 x 10''neutrons/cm2sec peak
flux from a, pulsed TRIGA reactor.

Experiments with a continuous COZ
laser have previously been reported by
Allario and Schneider*3'. Using a
procedure similar to that outlined later
in this paper, but with a lower neutron
flux, an increase in laser power of a few
percent was observed.

Other experimental results are summa-
rized in the survey paper of Thorn and
Schneider ("*).

Experiment

The basic idea of this experiment was
to replace the natural helium normally
present in the CO2-N2-He electrically-
pumped laser with helium-3. When the
laser was exposed to thermal neutrons in
the University of Florida Training Reactor
shield tank, the reaction 3He + 'n ->•
*H + 3H + 760 KeV altered laser
performance.

The laser was a conventional water-
cooled internal-mirror design, with a
cavity length of 1 m and active discharge
length of 66 cm. Tube diameter was 2.5
cm. Mirrors used were a 99% reflective
flat and an 85% reflective germanium
output coupler with a 10 m radius of
curvature. Maximum laser output outside
the reactor was about 15 watts with flow-
ing gas, with excitation provided by a
DC power supply at (typically) 5 KV and 50
ma. Best performance without gas flow was
about 1 watt at 3.8 KV and 30 ma.

The laser assembly and a thermopile for
monitoring beam power were enclosed in a
watertight aluminum canister and lowered
into the UFTR shield tank (a 14-ft. deep
tank of deionized water) to a location
near the reactor core. Gas, cooling
water and electrical power were provided
by hoses and cables from outside the
shield tank. Thermopile output was
monitored with a Keithley millivoltmeter.

Most experimental difficulties arose
due to the underwater location of the
apparatus. Water leaks were annoying
during initial checkouts, and the long
vacuum hoses into the tank slowed pumping
time. The beam could not be observed
directly so that wavelength and resonant
modes could not be determined. Mirror
alignment could not be optimized after the
laser container was sealed; care was
required while lowering the assembly into
the reactor to avoid shocks that could
disturb alignment. Fortunately, radiation
problems were not as severe as expected;
the optics were apparently not damaged by
the neutron, gamma and charged-particle
bombardment over several hours of opera-
tion. Neutron activation problems were
reduced by careful selection of materials,
so that overnight "cooling" was usually
enough to allow gamma radiation from the

apparatus to decay.

The laser could not be operated in the
flowing gas mode with helium-3 due to the
very high cost ($300 for 2 liters at STP,
or 'vlO6 dollars/pound) of the gas. A
closed loop system in which the helium-3
could be recycled was considered, but this
would permit the buildup of carbon monoxide
from COj dissociation and defeat the pur-
pose of the gas flow.

The procedure followed began with evacu-
ating the system and premixing the gases
(1:1:8 COi:Nj:He) for several minutes in a
2-liter flask to insure uniformity of gas
mixtures. With the reactor at the desired
power level, the gas mixture was released
to the laser system and the DC glow dis-
charge ignited. Current and voltage were
monitored on meters and recorders at the
power supply panel.

Care was taken to isolate effects due to
the helium-3 reaction. Runs were made with
natural helium and with helium-3 at zero
reactor power; negligible differences in
laser output were observed. Some enhance-
ment (about 20%) was seen with natural
helium at full reactor power (60 KW,
neutron flux $ = 108.n/cm*sec), possibly
due to the high gamma field near the
reactor core (Table 1). The thermopile was
not affected by nuclear radiation enough
to introduce error. Slight deviations from
the desired gas partial pressures and total
pressures were found to cause only slight
changes (decreases) in laser output.

Results

The effects of nuclear reactions on
laser output and efficiency are summarized
in Figure 1 and Table 1. In the absence
of nuclear reactions, laser output and
efficiency improved as discharge current
was decreased to the minimum at which a
discharge could be maintained (32 ma).
With the reactor at full power (4> = 109

n/cm2sec), the current could be reduced

MINIMUM DISCHARGE CURRENT
t OPTIMUM PERFORMANCE I
WITHOUT NUCLEAR REACTIONS

LASER EFFICIENCY
PERCENT

LASER POWER. WATTS

DISCHARGE CURRENT HA

FIGURE 1; EFFECT OF NUCLEAR REACTIONS
ON LASER PERFORMANCE.
1:1:8 CO2:N : -toe, 6 torr



C02:N2lHe

«He8

6 torr

3He

€ torr

i:r.a
3He+4He
6 torr

i:i:e

14 torr

REACTOR POWER

ZERO

1.0 W
32 ma
0.86% efficiency

1.05 W
33 ma
0.85 %

1.0 W
33 ma
0.85 %

UNSTABLE
DISCHARGE
(OVERCURRENT)

10 KW

1.28 W
27.5 ma
1.18 %

60 KW ($»108)

1.2 W
32 ma
0.97 %

1.95 W
25 mo
1.97 %

1.5 W
29 ma
1.4 %

0.7 W
46 ma , 5.2 KV
0.3 %

TABLE i : E f f e c t s of Nuclear Reac t i ons

still further to about 25 ma with
accompanying increase in output to almost
twice the original power. Discharge
voltage remained approximately constant
as the current decreased, so that elec-
trical power input decreased and electrical
efficiency went up by a factor of 2.2.

A few runs were made at lower reactor
power (10 KW, $ = 1.7 x 107 n/cm2sec). In
another run at 60 KW, 50% helium-3 and 50%
natural helium were used for the helium
fraction, giving half the nuclear reac-
tions available with undiluted helium-3.
As shown in the table, the enhancement
effect was reduced in these runs.

All the above data were taken at a
total pressure of 6 torr, which gave a
discharge voltage of 3.8 KV. Since one of
the great hopes for nuclear lasing is that
higher gas pressures might be used, a run
at 14 torr was made, without nuclear
enhancement, it was difficult to get the
laser discharge to operate at pressures
as high as 10 torr. The high current
pulse on ignition of the discharge almost
always tripped the "overcurrent" protec-
tion circuit on the power supply (no
load resistor was placed in series with
the laser). As the table shows, it was
possible with nuclear ionization to
achieve laser action in a reasonably
well-behaved glow discharge at a pressure
40% above the normal operating limit.
Higher pressures than 14 torr were not

tried in these experiments, but are planned
for a later laser in a higher-flux reactor
location.

Some enhancement was observed in 4:1 and
9:1 3He-COa mixtures, but the output power
was quite low (<0.3 W). The power in-
creased perhaps 80% to 100% at full
reactor power, but data at such low laser
power is not felt to be completely
reliable.

Midway through the experimental program
described above, a Soviet reference to a
laser based on boron trichloride11

prompted interest in this gas as a possi-
ble nuclear laser medium. The 10B(n,a)7Li
reaction has been used in other nuclear
laser-work*2', but never with the boron
in gaseous form. Natural boron contains a
large fraction of l°B.

Some experiments with BClj were attempted
but no useful information was obtained.
BClj is highly corrosive and the discharge
was run for only a short time before it
became evident that a new laser designed
to handle such corrosive gases as BClj,
BFs and UF6 should be built. Such a
laser is now being checked out.

Discussion

An estimate of the power PN being
released in nuclear reactions within the
laser shows that PN is quite trivial



compared to the 100-200 watt electrical
pump power:

PN = (NHe o <>) .Q V < 1'mW

He
a

Q
V

= number density of *He

= neutron cross section for 3He
(n,p)T, ̂ 5300 barns

=. neutron flux, = 108 n/cm2sec
= energy per reaction, 760 KeV
= laser volume, = 5300 cm3

However, only a small amount of power
is required for the ionization that main-
tains the discharge O. The DC electric
field ionizes the gas by providing a
number of energetic (>3 eV) electrons,
but these energetic electrons are not
needed for establishing the population
inversion. The N2 and COj vibrational
levels are excited by electron impact
at a fraction of an eV, so laser output
increases with the density of low-energy
electrons. Nuclear reaction products may
allow an increase in the number of low-
energy electrons by directly producing
more electrons in ionizing collision and
by relieving the DC power supply of the
ionization task so that the electric
field strength E may be reduced as fewer
high-energy electrons are required.

Perhaps the most important result of
nuclear reaction ionization in this laser
is the reduction in gas temperature
brought about by the lower currents at
which the laser would operate. Gas
temperature is perhaps the single para-
meter most important to CO* laser
efficiency <9 >.

Nuclear enhancement apparently has an
effect similar to the addition of Xe or
Cs or other low-ionization-potential
atoms to the laser gas: it lowers the
effective ionization potential of the
laser medium, allowing the electric
field (and thus the average electron .
energy) to be reduced'9! At higher
neutron fluxes, or with the addition of
radioactive materials to the walls or
gas in the laser, it may be possible to
completely relieve the external power
supply of the maintenance of the electric
discharge and use it solely to accelerate
nuclear-generated electrons to the low
energies required for molecular vibra-
tional excitation.

Speculation

The properties of such a possible laser
system are rather interesting. The
production of CO by electron impact
ionization would cease since only very
few electrons would have the 2.3 eV
required to dissociate CO2. The nuclear
reaction products would cause some dis-
sociation, but the net dissociation rate
might decrease enough to reduce or elimi-
nate the need for gas flow to remove CO.

Catalytic recombination of CO and O2 back
to CO2 might then be sufficient to give
flowing-gas performance in a sealed
system.

Another reason for gas flow is the con-
vective removal of heat, particularly in
gas dynamic lasers. If the efficiency of
a laser can be raised by nuclear effects
to the point that more of the electrical
power is converted to laser light, less
waste energy will need to be removed as
heat.

Perhaps most intriguing of all is the
fact that high-pressure systems, in which
more of the nuclear reaction energy could
be absorbed by the gas, probably would
show the greatest effects from nuclear
enhancement.

The use of a complex, expensive nuclear
reactor as a radiation source for nuclear
particles is obviously impractical outside
the laboratory (unless a way is found to
convert fission energy directly to laser
light) , but it provides a variable source
convenient for experiments. Fast ion
fluxes equivalent to and greater than
those in this experiment are readily
available from isotope sources such as
polonium-210 once the important processes
are understood.

It would be unreasonable to expect
optimum performance in nuclear-pumped
lasers at the same gas mixtures and
pressures found to be best for electric-
discharge systems. In particular,
Bullis, et al. , ̂ 9 ' report that fractional
electron power transfer directly to the
upper C02 laser level increases with
decreasing electron energy, while
vibrational excitation of N2 falls off.
Nitrogen is important in discharge
lasers where average electron energies
are high, but it might be unnecessary or
detrimental in a nuclear-ionized laser.

Work in Progress

As previously mentioned, new lasers
have been constructed to investigate a
wide range of nuclear laser media. Their
modular design allows easy interchange-
ability of components (laser tube,
mirrors, Brewster windows and electrodes),
giving a significant advantage in flexi-
bility over the laser used in the experi-
ments reported here. The lasers are some-
what more compact to allow investigations
in the higher neutron flux of the UFTR
thermal column.

In addition to gases such as BClj,
and UFe and solid coatings of uranium and
boron, the lasers will allow investiga-
tions with liquid media. In addition to
liquid scintillator solutions, there are
a number of uranium-bearing solutions
(e.g. of uranyl nitrate, sulfate,
fluoride, phosphate and acetate) (I2)
which fluoresce to some extent and might



exhibit laser action. This is an 10.
interesting prospect, since critical
reactors of uranium-bearing solutions are
well within the grasp of present nuclear
engineering technology; this cannot as 11.
yet be said for plasma-core reactors.

Summary

Experimental evidence indicates that 12.
further nuclear-pumped laser experiments
are well worth the experimental difficul-
ties involved. As more data are
collected and the physical processes
involved become better understood, it is
not unreasonable to expect that the goal
of direct conversion of nuclear power to
coherent light may be realized in the not
top distant future.
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VI. TEMPERATURE PROFILE DETERMINATION IN AN ABSORBING PLASMA*

J. L. Usher and H. D. Campbell

A method is available for temperature profile deter-

mination in the optically-non-thin case which requires

only knowledge of the line absorption coefficient of the

plasma. It is known as the brightness-emissivity

(12) • •method ' ' (BEM) and is essentially a line-reversal

technique. The two stringent prerequisites for this

technique are (a) partial local thermodynamic equili-

brium (LTE) down to the lower level of the transition

in question, and (b) homogeneity of the plasma. As this

diagnostic technique is independent of the atomic proper-

ties of the plasma constituents, it can be very useful in

plasmas composed of constituents having large atomic

numbers. This is so because there is frequently a serious

shortage of available and accurate data on the atomic

properties of elements with high atomic numbers, e.g.,

uranium.
p

The spectral intensity, I , emitted by a homogeneous
A

(4)layer of plasma may be expressed as

(1)

where T is the optical depth of the plasma layer and
A



S is the source function. The requirement of partial

LTE allows one to replace the source function by the

Planck function, B (T ) , where T is the electron
A 6 • S

temperature of the plasma layer.

If one considers a non-homogeneous plasma to be

comprised of concentric rings of homogeneous plasma

(Fig. 1) , prerequisite (b) above may effectively be

removed in the following manner. By placing a

standard light source of known intensity behind the

plasma, one may calculate the optical depth of the

j line-of-sight position for the plasma from the

following expression for the total intensity:

c
where I. is the intensity of the background source as

A
p

determined previously, and I (X) is the plasma intensity

(at the j position) , which also has to be independently

determined. The optical depth along the j line-of-sight

position, T . (X) , can be determined directly from Equation

(2) , and it may also be expressed as

One makes measurements of T . at several line-of-sight
D

positions (Fig. 1) and then computes the average absorption

coefficient for the k ring, <k(X), from the following



expression:

(4)

Equation (4) is obtained directly from Equations (2) and

(3). The I term in Equations (3) and (4) represents

the chordal length segment present in the k concentric

ring along the j line-of-sight position. It has also

been assumed that the intensity of the background source

may be represented by B?(T ), where T is the brightness
A B 5

temperature.

This representation of the background source intensity

is chosen to simplify the mathematical calculations; it is

not necessary. The choice of sufficiently bright sources

may pose problems in the case of optically thick plasmas.

One now proceeds to calculate the average tempera-

ture, T , of the k concentric ring. A combination of
JC

Equations (1) and (4) produces the following value for the

p — thPlanck function, B (X,T, ), of the k ring:

_ _
w ,j -

(5)

The average temperature for the ring is now determined

from the inversion of the above Planck function:



=?. _
It- (6)

Once one has obtained values for K and T profiles in the
A

plasma, it is also possible to calculate values for the

":}>'•" ''"' emission coefficient, e . One makes use of the LTE
A

.approximation (Kirchoff's law):

Previous work ' ' in determining the temperature

profiles of optically-non-thin plasmas has made use of

Equation (7) to determine T(r) and thus requires the

determination of both the K and e. profiles of the plasma;
A A

however, the present method requires only the K. profile.

It should be noted here that the same experimental data is

necessary for both methods. The use of the double-path

(7)method by Birkeland and Braun represents an excellent

solution to the problem of matching intensities of the

plasma and background source. A sensitivity analysis has

verified that the errors in the determination of these

profiles propagate in a manner similar to those in Abel

inversion techniques. Hence more accurate temperature

profiles can be determined with the BEM unfolding tech-

nique, which only requires the K profile.
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Fig. I Ring Division of a Cylindrically
Symmetric Plasma



Nomenclature

B - Planck function
A

B (T ) - Planck function representation of background
source intensity, T is brightness temperature

B
P —B (A,T ) - Planck function representation of intensity of

k concentric ring of plasma, T is average
temperature of kth ring

BEM - Brightness -emissivity method

Ci . - First radiation constant

Cj - Second radiation constant

e. - Specific emission coefficient
p
I - Intensity of plasma layer
A

P thI.(X) - Intensity of plasma along j line-of-sight
3 position
g
I. - Intensity of background source
A

T ' thI.(X) - Total intensity observed along j line-of-sight
3 position

K - Line absorption coefficient
A

K. (X) - Average absorption coefficient in k concentric
ring of plasma

&.. - Chordal length segment present in k concentric
•* ring along jth line-of-sight position

LTE - Local thermodynamic equilibrium

X - Wavelength

S - Source function
*

T - Brightness temperature
B

T - Electron temperature

T, - Average temperature in k concentric ring
I\.

T(r) - Temperature profile

r - Radius

T - Optical depth
A

T.(X) - Optical depth along j line-of-sight position
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