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SPECTROSCOPY OF FISSION FlkAGMENT EXCITED 
ATMOSPHERIC PRESSURE ARGON AND XENON PLASMAS 

By 

Robert N. Davie, Jr. 

December, 1975 

Chairman: Dr. Richard Schneider 
Cochairman: Dr. Hugh D. Campbell 
Major Department: Nuclear Engineering Sciences 

Results of a spectroscopic investigation of atmos¬ 

pheric pressure Ar and Xe excited by fission fragments are 

reported. Spectra were taken at various distances from a 

planar fission fragment source, and a combined analytical 

and experimental absolute system calibration permitted 

estimation of excited state densities. The study was 

undertaken as part of an effort to develop new nuclear 

pumped laser systems, for which Ar and Xe are candidates. 

A cylindrical gas containing chamber with a rec¬ 

tangular shaped planar 3 ym 93% enriched U02 fission frag¬ 

ment source mounted off center and parallel to the chamber 

axis was irradiated in the horizontal throughport of the 

University of Florida Training Reactor and subjected to a 

12 2 
neutron flux of 1.6x10 n/cm sec. The optical emissions 

were monitored using a model 218 McPherson 0.3m scanning 

monochromator and EMI 9558QB (S-20) photomultiplier. 
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The spectral range sampled was 2000 to 8400A, being 

limited by radiation damage to optical components in the UV 

and by the photomultiplier in the IR. 

The most prominent spectral lines observed were 

from low lying atomic levels, 2p2 in Ar and 2p5 in Xe. 

Of significantly lower intensity are numerous ion lines 

which included 10 Aril and 4 Xell known laser transitions. 

Other transitions could be inferred from the data. Sig¬ 

nificant cascading into several upper levels was observed. 
O 

A continuous emission was found in Ar around 2250A and in 

Xe around 2500A which extended at lower intensity to longer 

wavelengths. All emissions were found to vary linearly 

with reactor power, and Aril emissions were slightly 

enhanced relative to Arl close to the source. The spatial 

variation in the case of Xe was more complex. 

> These , . . 
The data are analyzed and compared with available 

information for other modes of excitation. The unpub¬ 

lished data of Wälters for fission fragment excitation of Ar 

from 25 to 760 torr (with and without electric field ampli¬ 

fication) were revaluated and tabulated. The spatial 

variation of volumetric energy deposition rates, electron 

densities, and fission fragment energy spectra are analy¬ 

tically treated for the source geometry used in the 

experiment. 
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Ionic lines are presumed to result from direct 

electron excitation from the atomic ground state and cas¬ 

cading. The Aril relative populations appear consistent 

with the coronal approximation and differ substantially 

from those typic.il in electrically pumped Ar ion lasers. 

Potential population inversions are approximately a factor 

4 
of 10 below the estimated threshold for lasing; however, 

lasing should be possible at higher fluxes for both gases, 

Atomic emissions apparently result from dissociative recom¬ 

bination of the molecular ion with collisional redistribu¬ 

tion of the energy among the atomic levels. While sever il 

atomic laser transitions were seen or inferred, they do not 

appear particularly promising for nuclear pumping. The 

Ar continuous emission was attributed to molecular recom¬ 

bination of excited atoms with ground state atoms. This 

process in Ar and associative ionization in both cases are 

considered responsible for depopulating the higher atomic 

levels not seen in this study. The observed Ar spatial 

variation is attributed to hardening of the electron energy 

spectrum raar the source. Speculations are made as to the 

origin of the Xe continuum and the observed Xe spatial 

variation. The spectra in this study compare favorably 

with those for excitation by other ionizing radiations, 

suggesting excitation is due to secondary electrons and 

may be relatively independent of the primary ionizing 

particle type. 
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An appendix reports simultaneous optical trans¬ 

mission and luminescence measurements made during a reactor 

irradiation of a-Al203 (synthetic sapphire). Transmission 

decreased monotonically with irradiation time, being most 

degraded in the UV. The luminescence peak centered at 

4100A also decreased monotonically. The emission around 

3300A initially increased and appeared to saturate, remain¬ 

ing constant thereafter. 
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CHAPTER 1 

INTRODUCTION 

The scientific community has had a sustaining inter¬ 

est in the interaction of fission fragments with matter 

ever ^ince the discovery of nuclear fission in 1939. Most 

of the early work in the field was empirical due to the 

inherent difficulties in treating the problem theoreti¬ 

cal v. Today, although fission fragment interactions are 

qualitatively better understood, a general theoretical 

solution to the problem does not exist, and we continue to 

rely on empirical relationships. Fission fragment inter¬ 

actions are one facet of the more general problem of ion¬ 

izing radiation interactions; however, they constitute the 

most difficult and least understood aspect of the problem. 

Details on the fission process and fragment properties 

are presented elsewhere [1]. From an interaction standpoint 

fission fragments are distinguished from other charged 

particles by their higher mass (~97 for light fragments and 

~138 for heavy fragments) and higher initial charge (-+20 e 

and +22 e, respectively). The fragments are born with 

energies of -95 and -67 MeV [2]. 

1 



The slowing down or interaction of fission fragments 

with matter may be qualitatively described over two energy 

regions. For high energies the fission fragment is highly 

charged and loses energy primarily by inelastic collisions 

with orbital electrons of the target atoms; these produce 

ionization and excitation of the target medium. Delta rays 

produced in ionization reactions (and lat^r generation 

secondary electrons) can cause additional ionization and 

excitation. As the fragment slows down below velocities 

on the order of its electron orbital velocities, it gradu¬ 

ally approaches a neutral state by capturing electrons. In 

this region losses by elastic collisions with the target 

nucleus become increasingly important and eventually 

dominate. Ionization and excitation then occur primarily 

from secondary interactions of the recoiling target. In 

summary, the fission fragment bombardment results in ioniza¬ 

tion, excitation and heating of the medium, the ultimate 

distribution of which is highly complicated, particularly 

at higher pressures, because of the numerous secondary 

interactions and processes whicn follow the initial frag¬ 

ment interaction. The research described herein is directed 

at enhancing our understanding of the excitation produced 

in high pressure (760 torr) gases by fission fragment inter¬ 

actions, with specific emphasis on Ar and Xe. 

..ml 
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1.1 Interest in Fission Fragment Produced Plasnas 

Research efforts in this field are currently moti¬ 

vated by three major applications. The first, and primary 

motivation for this study, is the development of a direct 

nuclear (fission fragment) pumped laser. Such a system 

potentially offers operational advantages over conventional 

electrically pumped systems. The concept and review of 

past work are presented elsewhere [3-6]. Only recently has 

the feasibility of nuclear pumping been clearly established 

by the nearly simultaneous demonstration of nuclear pumping 

by University of Florida researchers using a He-Xe mixture 

[6-7] and by Sandia Corporation workers using CO [8]. 

Since these initial successes, nuclear pumping has also 

been achieved using a Ne-^ gas mixture at the University 

of Illinois [9], Other nuclear pumping efforts are planned 

and some are perhaps underway at this time. So far, how¬ 

ever, nuclear pumping has been demonstrated only at longer 

wavelengths and by using high flux pulsed reactors, even 

though some of the observed transitions should also operate 

in a CW mode. The immediate challenge now is to build a 

laser system which will operate in a CW mode. Since CW 

flux levels and corresponding input power densities to the 

gas will be orders of magnitude lower than for pulse sys¬ 

tems, this task will be difficult. In addition it is 

desirable to develop nuclear pumped laser systems which 

operate at shorter wavelengths in the visible and in the UV 

.: . 
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where higher inversions are required to overcome threshold. 

Because of the cost and difficulty involved in performing 

nuclear pumping experiments, other simpler methods (e.g., 

spectroscopy) to evaluate possible population inversions 

and better understand the fission fragment generated 

plasma are essential. 

The second motivation for fission fragment generated 

plasma research is the development of a plasma core reactor 

system [7J. Such a plasma core or "nuclear light bulb" re¬ 

actor, employing presumably some gas mixture containing UF , 

has some attractive features. Removal of tie energy from 

the reacting volume in the form of optical radiation (per¬ 

haps even coherent) represents direct conversion of nuclear 

energy to light, and fission products could be retained on 

one side of an optically transparent barrier. Clearly an 

understanding of the radiative processes within such a 

plasma is an essential input to any system design. 

The third area motivating fission fragment generated 

plasma research is the field of applied radiation chemistry. 

The relatively high energies of fission fragments and their 

availability in nuclear reactors make them attractive to 

promote chemical reactions. Such a concept has been of 

interest for some years and has been reviewed relatively 

recently [10]. 
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1.2 Summary of Past Related Work 

5 

i 

Although there exist a great many data on fission 

fragment stopping powers and ranges in gases, because of 

the complex nature of fission fragment interactions and 

experimental difficulties, excitation of gases by fission 

fragments has not been studied much until relatively re¬ 

cently, and most work has by necessity been experimental. 

The excitation data acquired for other charged particles, 

however, are of course useful in any study of fission frag¬ 

ments, particularly since it is generally accepted that 

most excitation from ionizing radiation is produced by 

secondary electrons. In fact the similarity of VUV spectra 

excited by 250 KeV electrons and 4 MeV protons has been 

clearly shown [11]. 

The most applicable analytical work have been efforts 

undertaken to characterize the secondary electron energy dis¬ 

tribution. Past studies generally have given the most at¬ 

tention to He, with considerably less effort applied to the 

heavier noble gases owing to their complexity. However, 

from an engineering standpoint the heavier ones are more 

interesting. 

1.2.1 Fission Fragment Excitation Experiments 

Past experiments to study fission fragment excita¬ 

tion in gases have used two types of fission fragment sources 



The first type uses fragments from the spontaneous fission 

252 
of Cf which, while convenient, generally suffer the dis¬ 

advantage of low light output and may also not realisti¬ 

cally represent the kinetic effects seen in a plasma of 

larger volume excited by a large number of fragments (e.g., 

recombination may proceed by a different mechanism). Some 

early experiments conducted by Axtmann and Sears [12] of 

this type investigated excitation in at pressures from 

28 to 266 torr. They used a PM tube to examine the excita¬ 

tion of the second positive group of the molecular spec¬ 

trum by fission fragments and alphas and found they exhibited 

nearly the same efficiency for excitation. They concluded 

excitation must proceed by way of secondary electrons. In 

1970 Pagano [13] studied several gases (e.g., CF4, AR, 

N2) and mixtures as scintillators for fission fragment 

kinetic energy spectrometry. He studied integrated light 

output as a function of pressure. Also in 1970, Calo [14] 

published results of luminosity as a function of pressure 

252 
for Cf fission fragments in N2, COj, and CO. None of 

the above work with Cf provided any real spectral resolu- 

252 
tion. Ongoing Cf experiments by Shipman [15] are de¬ 

signed to address this latter problem and may thus demon¬ 

strate the feasibility of acquiring spectral data on 

252 
plasmas generated by Cf fission fragments. 

235 
The second type of experiments used U fissions 

and a reactor as a neutron source. In 1966 Morse, 
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Harteck, and Dondes [16] conducted in pile studies using 

235 
U glass fibers placed in a vessel containing 1 to 3 

atmospheres of He, Nj, or Ar. The vessel was irradiated 

12 2 
at flux levels of 10 n/cm -sec. They used a quartz rod 

to get the light out of the reactor into the spectrograph 

and took photographic data which showed some line structure 

and numerous impurities. 

The next series of in pile fission fragment experi¬ 

ments were performed by Walters and Schneider [17-18] at 

the University of Florida in 1972. Fission fragment exci¬ 

tation of He, Arf and CF4 was studied spectroscopically 

from 25 to 760 torr with and without electric field ampli¬ 

fication. These experiments, although somewhat plagued by 

impurities, established the feasibility and desirability 

of conducting spectroscopy of in pile irradiated gases. 

The pressure data measured by Walters for Ar and CF^ must 

be interpreted with care for two reasons. First, his opti¬ 

cal system had a collection efficiency which was a function 

of location in his source region. Since at higher pres¬ 

sures this source region was larger than the fragment 

range, the collection efficiency is very important and 

could easily have caused his observed pressure variations 

about 100 torr (the relative spectra he presents for differ¬ 

ent pressures are still completely valid). The second reason 

for careful interpretation of pressure data is that close 

to the fission fragment source, the fragments (and 
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secondary electrons) will have a different energy distri¬ 

bution than far from the source, and also the volumetric 

energy deposition rate will vary,affecting secondary 

reactions. This in turn would be expected to affect 

excitation and produce a so-called "spatial variation" of 

the excitation depending on the distance from the source 

that the optical system is set up to sample at a given 

pressure. Resolution of some of these uncertainties in 

Walters' data was an important factor in the decision to 

initiate the research described herein. 

1.2.2 Analytical Studies of Spatial Effects 

Theiss and Miley in 1969 [19] and 1971 [20] spe¬ 

cifically consider the problem of predicting the spatial 

distribution of primary excitation as well as ionization 

source rates in a medium being irradiated by a slab source 

of charged particles. The approach is to calculate the 

spatial dependence of the energy spectrum of charged par¬ 

ticle currents in the media and use cross section informa¬ 

tion to calculate the primary ionization or excitation 

ratee. Their work was motivated by the restriction imposed 

in preceding studies of spatial variation of ionization 

which did not take into account the energy dependence Of 

the charged particle current in such a way they could make 

use of energy dependent cross sections. Miley and Theiss 

obtained cross sections for ionization and excitation by 



using available data to normalize Bethe-Born cross sec¬ 

tions. The effects of secondary electrons were taken 

into account by a pseudo cross section (i.e., all secondary 

effects were presumed to occur at the delta ray birth 

place). They present data for the excitation of helium 

by alpha particles in 1969 and by fission fragments in 

1971. Although their data would change if excitation by 

recoiling neutrals and delta rays were included, they 

clearly show (see Figure 1.1) the importance of the energy 

dependence of the cross sections for He. This type of 

effect in heavier noble gases is a subject of the present 

experimental effort. Experimentally, however, one has the 

effects of delta rays and secondaries realistically in¬ 

cluded along with plasma kinetics effects. 

In 1972 Guyot, Miley and Verdeyen [21] calculated 

the space dependent (in terms of data at a fixed point from 

the source but at different gas pressures) delta ray energy 

spectrum produced by alpha particles and lithium ions in 

helium at various pressures. Their approach was to calcu¬ 

late a spatially dependent energy flux of charged particles 

at a point using the previously discussed method of Theiss 

and Miley [20] and then employ Gryzenski classical cross 

sections (the Born approximation is not expected to give 

accurate results because of the low ion velocities). Some 

of their resulting calculations appear in Figure 1.2 and 
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Figure 1.1; Effect of the Energy Dependence of the 
Excitation Cross Section 
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Figure 1.2: Delta Ray Energy Spectrum Induced by Alpha 
Particles at the Centerline of a 2.5-cm-thick 
Helium Slab for Various Gas Pressures [21] 
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show that the secondary electron energy spectrum will vary 

spatially. Unfortunately such calculations for fission 

fragments ? 1 heavier gases have not been made. 

1»2.3 Secondary Electron Energy Distributions 

Since most of the observed excitation in fission 

fragment generated plasmas has been attributed to the popu¬ 

lation of secondary electrons, several efforts have bee.i 

undertaken to characterize their energy distribution. The 

only experimental data available ware reported by Walters 

and Schneider for argon and helium as a function of pres¬ 

sure in 1973 [22], This is shown in Figure 1.3. 

The remaining analytical efforts worked the problem 

in terms of a given delta ray source energy, in 1972 Lo and 

Miley [23] reported calculations of the electron flux spec¬ 

tra as a function of initial delta ray energy for He, Ne, 

Ar, Kr, and Xe. One could then in principle represent 

the equilibrium electron spectrum from a real distributed 

source by a superposition of results for various delta 

ray energies, which for the case of alpha particles has 

been calculated [21] and agrees well with Walters' data for 

fission fragment excitation of He. Walters' results for 

fission fragments indicated an elevated population at high 

energies relative to Lo's calculations for alpha particles. 
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Wang and Miley reported in 1973 [24] more extensive 

results from a MonLe Carlo simulation of radiation induced 

plasma. They calculated the electron spectra resulting 

! 

I 

from a monoenergetic volume source of electrons in helium, 

including effects of an electric field. Their model 

included ionization, leakage, recombination, elastic 

scattering and inelastic scattering. Monte Carlo can 

simulate the physical processes involved as well as they 

are known; and in the present case this is the major limi¬ 

tation of the method, especially at high pressures where 

secondary effects are poorly understood. 

Thus the basic analytical techniques to study 

electron energy distributions in fission fragment generated 

plasmas have been developed and applied to excitation of 

helium by alpha particles. What remains to be done is 

to apply these techniques to fission fragment excitation, 

a formidable problem, particularly in view of the fact 

we do not yet qualitatively understand the problem in 

most cases of practical interest. The results to date 

do, however, provide us insight into the problem. 
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1.2.4 Experimental Studies of Plasmas Produced 
by Other Forms of High Energy Ionizing Radiation 

Experimental work has been done on alpha particle, 

proton and electron (primarily high energy electron beam) 

excitation of high pressure noble gases. Unfortunately 

moot work has been qualitative in that complete spectral 

intensity information is not publiée.Jl in a form suitable 

for comparison with other data. Lo»; light levels in the ex¬ 

periments have been an incessant problem limiting the spec¬ 

tral details subject to study. Also data over the visible 

spectral range have not been of much concern lately owing 

to the great interest in the VUV, stimulated by laser 

research. A brief summary of past studies of Ar and Xe at 

high pxassares and over our range of spectral sensitivity 

is listed in Table 1.1. Included are the fission fragment 

experiments mentioned in a previous section. Not included 

are the numerous experiments concerned with gases or 

gas mixtures other than Ax and Xe and numerous studies 

solely concerned with the VUV. It is interesting that a 

complete optical emission spectrum giving relative line 

intensities and excited state populations has not been 

published to date in the open literature. 

The experimental work using particles produced from 

the nuclear decay of various sources generally involves 

small volumetric energy deposition rates and plasmas of 
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conmensúrately low electron densities. The applicability 

of the resulting spectral data to ir^i-e highly ionized 

plasmas is not established owing to the secondary kinetic 

processes involved. Electron beam and in pile fission 

fragment excited plasmas typically have involved electron 

densities on the order of 1010-lû11/cc. These facts must 

be kept in mind when comparing different kinds of excita¬ 

tion data. 

1.3 Specific Objectives of This Research 

This research project was a part of the University 

of Florida fissioning plasma and nuclear pumped laser 

program. During the course of this research, the effort 

was guided by a number of objectives, not all of which 

were clear initially. 

The major initial objective was to assess the 

importance of the aforementioned spatial variation, par¬ 

ticularly with respect to nuclear pumped laser design and 

our basic understanding of fission fragment generated 

plasmas. This, of course, implied development of a method 

for acquiring in pile spectral data consistent with the 

most recent University of Florida training reactor (UFTR) 

safety philosophies. 
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Ar was selected as the initial gas to study be¬ 

cause it would directly yield a checkpoint to confirm 

the validity of Walters' [17] measurements, and further 

is itself a potential candidate for nuclear pumping. In 

fact, nuclear pumping of Ar has been attempted [5, 17] but 

with inconclusive results. A fill pressure of 760 torr 

was selected partially because the range of a fission frag¬ 

ment in 760 torr Ar is about 1.3 cm, which enables taking 

data over the entire fragment path. While other pressures 

in this range could have been used, it was desired to 

maximize impurity effects for comparison with Walters' 

results. 760 torr was the highest pressure Walters used, so 

it was selects 1. The selection of Ar under these condi¬ 

tions also supported the planned work of Davis [39] on 

Ar-Hj mixtures. 

The next gas studied was 760 torr Xe which, because 

of its high stopping power and known laser potential, is of 

definite interest in nuclear pumped laser research. Xe 

data would further serve as a baseline for future mixture 

studies involving this gas. 

Initially it was desired to quantify somehow the 

amount of light emitted from these fission fragment gen¬ 

erated Ar and Xe plasmas. It later became apparent that 

an absolute system calibration was possible enabling cal¬ 

culation of approximate excited state densities. The poten¬ 

tial rewards from such information motivated a combined ana¬ 

lytical and experimental effort to effect this calibration. 



CHAPTER 2 

THEORETICAL CONSIDERATIONS 

This chapter has two objectives. First, an attempt 

is made to present a basic theoretical description of the 

fission fragment produced plasmas investigated in this 

study. This is done by describing the basic processes 

thought to be important in the plasma, and indicating the 

current status of our knowledge with respect to Ar and Xe. 

Second, a theoretical or analytical description of the 

actual experiment is presented in terms of energy deposi¬ 

tion calculations, spatial effects calculations (e.g., 

fission fragment spectra) and a discussion of experimen¬ 

tally measurable parameters. The correlation of there 

theoretical aspects and experimental results will be pre¬ 

sented in the last three chapters. * 

2.1 Energy Loss of Fission Fragment 
in Gases 

Prior to directing our attention to an analysis of 

the specific details of this experiment, a brief discussion 

of fission fragment energy loss in gases will be presented. 

Most of the ear)y analytical work on fission fragment 

21 
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interactions with gases had as its primary goal the estab¬ 

lishment of reliable stopping power relations. A good 

review of both theoretical and experimental work on the 

passage of heavy ions through matter was conducted by 

Northcliffe in 1963 140] and more recently by Miley [41]. 

Our interest, however, goes beyond this in that we would 

like to know the ultimate fate of the energy lost by fis¬ 

sion fragments, and even more specifically how much of the 

energy results in excitation of the gas, or radiation. 

2.1.1 Primary Ionization and Excitation 
by Fission Fragments 

Qualitatively slowing down of fission fragments can 

be described in the following way. At high energies 

(E > 30 MeV) the highly charged fission fragments lose 

energy primarily by inelastic collisions with electrons 

of the stopping gas which directly produces ionization 

and excitation of the target gas. Because of their rela¬ 

tively large mass a fragment path is not expected to sig¬ 

nificantly deviate from a straight line in this region. 

However, while slowing down, a fission fragment has a 

finite probability of capturing or losing an electron dir¬ 

ing one of these collisions. When the fragment reaches a 

velocity lower than the orbital velocity of the first 

electron, the capture probability becomes very large 

relative to that for loss. As the fragment continues to slow 



down, electrons are captured until the fragment becomes a 

neutral atom. At the lower energies (E > 30 MeV) the frag¬ 

ment may lose energy by elastic collisions with the screened 

nuclear field of the atom, and at sufficiently low energies 

this process is the dominant loss mechanism [14]. In this 

region the fission fragment direction uiay be changed appre¬ 

ciably. Although some electronic interaction may take place 

through the quasx-adiabatic interpenetration of the electron 

clouds of the fragment and target atom, most of the energy 

lost by the fragment at lower energies will appear initially 

as kinetic energy of the recoiling gar atoms [42]. Thus, 

primary fission fragment ionization and excitation of the 

gas is expected to be most significant at higher energies or 

during the first part of the fragment path. 

2.1.2 Delta Rays and Secondary Electrons 

High energy delta rays are electrons inelastically 

scattered during the electronic interaction of fission frag¬ 

ments and the target gas. They can have energies up to the 

KeV range. For electron energies exceeding the ioni¬ 

zation potential, the ionization croîis sections are much 

greater than those for excitation. Thus delta rays 

can result in numerous additional or secondary electrons. 

It is these secondary electrons that are the most im¬ 

portant source of the excitation produced by fission frag¬ 

ments. This means information on gas excitation 

. ^-- J. J i . 
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by virtually all forma of high energy ionizing radiation is 

useful in interpreting and understanding fission fragment 

excitztion and other forms of high energy ionizing radiation. 

Furthermore, as previously mentioned, their energy distribu¬ 

tion function is highly important in determining the excita¬ 

tion that is observed. This quantity would be expected to 

vary according to the target gas, gas pressure, incident 

radiation and numerous secondary effects. Delta ray (and 

resulting secondary electron) excitation effects may ae 

considered to take place at the.delta ray birth point, since 

even the range of a 10 KeV electron in 760 torr Ar is only 

about 0.1 cm. 

The relative ionization yield of a charged particle 

is usually expressed by w, which is defined as the energy 

of the charged particle divided by the number of ion pairs 

produced. This parameter, in principle embodying a number 

of complex physical processes, has been found very useful in 

practice and will be employed in later sections to calculate 

electron source rates. Following the analysis of Platzman 

[43], the energy balance for the energy loss of a high energy 

particle, T, may be written 

T * N E. + N Ê + N. F o i 
i i e • i 

where N^. ions at an average energy expenditure of E , n 
i e 

excited atoms at an average energy expenditure of Ë and 
e 
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subexcitation electrons having an average kinetic energy 

e are produced in the slowing down process. The expression 

for w can then be written simply as: 

w E. 
i 

N 

+ N. E 
i e 

+ e 2.2 

Note that c will be eventually dissipated as heat to the 

gas. Platzman goes further and points out that for the 

noble gases N^/Ne z 2.5 which is equal to the correspond¬ 

ing cross sections averaged over the degradation spectrum 

of particle energies. Clearly most of the initial particle 

energy produces ionization. For alpha and beta particles 

w has been found approximately constant for a given gas. 

A reasonably recent and detailed review of such w values 

for various gases is published elsewhere [44]. w values 

for fission fragments,, however, show a complex variation 

with energy and gas type and in particular are higher (by 

approximately 7%) than values for alpha particles giving 

rise to a so-called "ionization defect." This is pur¬ 

portedly the result of the fragment having a variable 

charge as it slows and the importance of energy loss by 

elastic collisions [45] . However, as pointed out by 

Orvis, some of this defect may be due to columnar recombi¬ 

nation affecting the experimental dita [46]. Since the 

w correction is small and columnar recombination effects 



wBPPiwii^wiippiimppriiipii 

26 

will be corrected for in the recombination coefficient, the 

correction will not be made here and w values for alpha 

particles will be used. 

2.1.3 Excited State Kinetics 

The expected excited state sources and losses may be 

briefly summarized in the following steady state balance 

equation for a given state: 

[excitation from recombi- + [primary excitation by fis- 
nation events] sion fragments] 

+ [secondary excitation + [secondary excitation by 
by electrons] recoiling gas atoms] 

+ [cascading from higner + [collisional transfer of 
energy states] excitation to the state] 

* [radiative decay from + [collisional transfer out 
the state] of the state] 

While the above balance can be easily stated it clearly 

represents a most difficult physical problem at high 

pressures such as in this study. 

While primary excitation by fission fragments and 

secondary excitation by recoiling gas atoms can be neglected 

as noted above, to even get an estimate of secondary exci¬ 

tation by electrons requires knowledge of their energy 

distribution function, excited state densities, etc. 

Regarding collisional transfer of excitation, it can only 
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be qualitatively assessed. Cascading from higher energy 

states can be estimated only where knowledge of the higher 

state populations is available. When there are no radi¬ 

ation trapping effects, the radiative decay is straight¬ 

forward to evaluate. Population of excited states through . 

recombination events will be discussed in further detail 

in a later section on recombination. 

2.2 Fission Fragment Plasma Characterization 

The purpose of this section will be to roughly 

characterize the fission fragment plasmas examined experi¬ 

mentally in this study. The plasmas are typified by rela¬ 

tively low thermalized electron densities which are in the 

range of 1011/cc as will be demonstrated in a later sec¬ 

tion and is also consistent with measurements by Walters 

[22]. The distinction between epithermal and thermal 

electrons is important because the density of the former 

will be a linear function of power input to the plasma 

(inversely proportional to the w value) while the latter 

will be proportional to the square root of the power 

because of recombination. 

2•2.1 The Corona Model 

At these low electron densities the plasmas in 

this study are far from local thermodynamic equilibrium 

ukfiitlil.ttiM.liU 
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(LTE). The primary (electron induced) excitation and 

ionization in the plasma is described by the corona model. 

In effect this model assumes that only electron colli¬ 

sions with ground state atoms are important (i.e., 

recombination is ignored for the moment) 147]. Thus the 

distribution of ion and excited states is determined 

primarily by cross sections. For excited atomic states 

one can simply equate the electron excitation and radi¬ 

ative (or collisional) decay rates which yields 

neK(p) 

A (p) 
2.3 

where n(p) and n(o) are the excited and ground state 

atom densities, ne is the electron density, A(p) is the 

total (including collisional losses) transition proba¬ 

bility from the pth state and K(p) is an effective (in¬ 

cluding electron energy distribution effects) electron 

excitation cross section from the ground state. Colli¬ 

sional sources to the pth state have been neglected, and 

it is the collisional sources and losses that prevent the 

practical application of the model at high pressures. A 

similar relation can be written for ionic states. The 

electron ionization rate (including production of excited 

ionic species) is set equal to the ion loss rate by 

/ 



collision and also radiation for excited ions. Recombi¬ 

nation is not considered a loss because all ions are 

first converted to the molecular ion which undergoes 

dissociative recombination as will be described in the 

next section. This balance enables us to write 

n2 (p) ne K* (p) 

__ A> (p) ‘ 2•4 

where nz (p) and nz_1 are the densities of the pth ionic 

and atomic ground states, and K'(p) and A'(p) are the 

appropriate effective cross sections and transition 

probability (including collisional effects) for the 

ionic states. 

2.2.2 Recombination Regime 

A recent (1974) in-depth review of the historical 

development of recombination to which the reader may wish 

to refer has recently been published by Bates [48]. It 

includes an excellent list of references on all facets of 

the problem. In addition Bardsley and Biondi [49] in 1970 

published a detailed review of dissociative recombination 

from which much of the discussion to follow is extracted. 

A significant effort has been expended in recent years to 
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determine the recombinatior coefficients for the noble 

gases, and at the pressures and electron densities en¬ 

countered in this study the controlling species are the 

molecular ions, Ar^ and Xe^. Recombination thus proceeds 

by way of the following dissociative recombination process 

(equations and discussions below will be specifically 

written for the case of Ar, but the situation is completely 

analogous for Xe): 

+ * 
Ar2 + e -*■ Ar2 (unstable) 2.5 

where + and * indicate ionized and excited states respec- 

* 
tively. The unstable Ar^ immediately dissociates into two 

Ar atoms, one of which will be excited as indicated below: 

* * 
Ar2 (unstable) -► Ar + Ar + K.E. 2.6 

This process is known to give rise to atomic transitions 

observed in afterglows. It has been studied in most 

detail for Ne afterglows [50-51] and to a lesser extent 

for Ar [51]. The approach in these studies was to measure 

the Doppler broadening of the afterglow lines caused by 

the recoil rojtion or the excited dissociation product. 

Most afterglow line shares were found broader than for the 

corresponding discharge lines, indicating that the 2pp 
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(Paschen notation will be used for Arl and Nel levels) 

excited levels of Ar and Ne are produced by dissociative 

recombination. Unfortunately only for Ne are the after¬ 

glow line intensities specified. The above process is 

illustrated using potential curves in Figure 2.1. Mention 

only will be made of one additional such study which in¬ 

vestigated Kr afterglows [52] but which was inconclusive in 

establishing the dissociative recombination origin of the 

Kr afterglow lines. Analogous processes are, however, 

expected to occur in both Kr and Xe. 

The radiative processes which follow dissociative 

recombination lead to production of lsn levels. These 

* 
levels then collisionally give rise to the Ar dimer, 

the de-excitation of which is the baius of the recently 

developed VUV Ar [53] and Xe [54] lasers. The potential 

curves for this process are also shown in Figure 2.1 

The relative contribution of dissociative recombina¬ 

tion to the spectral lines (from the 2pn states) observed in 

a steady state charged particle excitation situation is 

difficult to experimentally assess. Hanle, Kugler, and 

Schmillen [27] have studied the time dependence of portions 

of the spectra (using filters) of noble gases excited by a 

pulsed electron beam. The afterglow they found could be 

broken into a fast (representing higher energy electron 

effects) and a slow (representing an afterglow situation) 

decaying component. Ar and Xe at 100 and 200 torr 
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Internuclear Separation 

Figure 2.1: Ar^ and ATj Potential Energy Curves Showing 
Also Arl Levels and Important Transitions 
After [51] 
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respectively were reported in detail. In Ar the ratio of 

the amplitude of the slowly decaying component to the am¬ 

plitude of the emission during the pulse over the region 

7000-7200A (includes 7067 and 7147A Arl lines) was deter¬ 

mined to be 10%. They conclude the afterglow emissions 

arise from either radiative recombination or electron 

excitation from metastable levels. In view of the more 

recent work on afterglows as already discussed, the former 

cause seems correct. In Xe the ratio for various spectral 

regions reaches as high as 95%. The large number of lines 

(Xel and II) in each spectral region make the data more 

difficult to interpret than in the Ar case. They do con¬ 

clude, however, that the lines from Xe primarily result 

from dissociative recombination. More definitive informa¬ 

tion at higher pressures has not been published. 

The bulk of the measurements of dissociative recombi 

nation coefficients have been made at low electron tempera¬ 

tures and also under conditions where the ion, electron 

and gas temperatures are approximately equal. The cause 

has been the convenience of working with afterglows. The 

recombination coefficient is known to be a function of 

electron temperature, Te, and for the case of Ar has been 

found proportional to t"’67 [55]. Xe has not been -studied 

in this respect, but the temperature variation is probably 

not greatly different from the theoretical Te*5 variation. 
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Experiments with Ne, Ar and N2 lend support to this assump¬ 

tion [49]. More rigorous model results are available [56] 

but are not warranted for use here. The T dependence 

implies that one would expect to find the recombination 

coefficient for a gas excited by ionizing radiation to be 

dependent upon the electron (including of course all secon¬ 

daries) energy distribution which may not be so simple to 

characterize by a single Te value. Given a fixed radiation 

source incident upon a gas, this effect would be expected 

to manifest itself as a pressure dependence of the recombina¬ 

tion coefficient. 

When investigating recombination in plasma created 

by highly ionizing radiation, columnar recombination effects 

must be considered. When a charged particle slows down and 

creates ions and electrons along its path, a certain period 

of time exists (until the particles diffuse significantly 

away from the particle path) when the electron and ion 

densities will be quite large near the path. During this 

time, near the particle track recombination rates wil] be 

much higher than in the bulk of the ionized medium because 

of these higher local densities. If one measures the re¬ 

combination coefficient for recombination over the entire 

volume based upon the average electron density, it will be 

higher than for a uniformly ionized medium such as that 

produced by gamma rays. This problem most recently has 
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been treated theoretically by Orvis [46] and Wilhelm [57]. 

Experimentally Ellis and Imani [58] investigated the effect 

by comparing the observed volume recombination coefficients 

for gamma and fission fragment generated plasmas. Coeffi¬ 

cients for fission fragment plasmas were higher by a factor 

of 3 to 4. The enhancement due to columnar recombination 

effects agreed with that predicted by Wilhelm’s theory to 

within 4%. For this reason Wilhelm’s theory will be used 

here to estimate a recombination coefficient for the plasma 

in this study. 

Following the approach of Ellis and Imani [58] the 

recombination coefficient for fission fragment ionization, 

can be written as follows in terms of the coefficient 

for gamma ionization, o ^, 

‘ff 
“x No 

4tiD_ fin 

‘ L 
l+°XNo 

4itD •E 
2.7 

where Nq is the initial ionization density expressed in ion 

pairs per unit length and Da is the ambipolar diffusion 

coefficient. A maximum NQ for Ar and Xe is 1.8x10** and 

7.3xl06 ion pairs per cm (as calculated in the section on 

energy deposition). Da may be calculated from the following 

expression [ 59] 
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Da ' 2D+ = ^ = 4,8xlo"4 I yQ 2.8 

where k is the Boltzmamconstant (8.62xlo”5 eV/°K), P is 

the pressure in torr, T is the ion temperature in °K, e is 

the electronic charge, and y and y0 are the ion mobility and 

reduced mobility in our case for Ar^ and Xe^. Reasonable 

values for u0 appear to be 1.9 for Ar^ [60-61] and 0.79 

cm2/N sec for Xe^ [62]. Corresponding values for Da at 

a temperature 400°K (the actual temperature measured for the 

2 
Xe case) are .192 and .080 cm /sec. For Ar at higher 

pressures aA has recently been measured by Kaiser [63] and 

for 760 torr ir 3.0xlo“6 cm3/sec. The reason for the 

higher a value at high pressure is not known. This result 

compares well with those from an investigation of a in the 

noble gases from 5-150 torr excited by a beam of 600 KeV 

electrons [64]. In this latter study at 150 torr a(Ar) = 

5.0x10 and ot(Xe) = 1x10 ein /sec and their variation with 

pressure is asymptotic, suggesting these are also good values 

at 760 torr. Thus 3.0xl0-6 and IxlO-6 cm3/sec will be used 

here for Ar and Xe respectively. For Ar and Xe is 
ff 

calculated to be 5.7x10 ^ and 3.4x10 ^ cm3/sec respectively. 

These values which will later be used to calculate the 

electron densities show that columnar recombination is im¬ 

portant in the present situation. That the effect is not 

several orders of magnitude, however, is suggestive that 
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substantial recombination does not occur at extremely high 

local electron densities. Most recombination will still 

proceed by way of the molecular ions. 

There are two sources of Ar^ in the plasma, 3- 

body conversion of Ar+ ions by the reaction 

+ ^i +- 
Ar + Ar + Ar —> Ar2 + e + Ar 2.9 

and associative ionization by the reaction 

* ^2+. 
Ar + Ar —> Ar„ + e' 2.10 

where k1 and k2 are the appropriate rate coefficients. 

Typical values for ^ at 300°K are 2.5xl0”31 [65] and 

3.6x10 33 cm ^ sec 3 [66] for Ar and Xe respectively. The 

corresponding lifetimes for the atomic ions from this 

process are 5.5 and 3.8 ns at 760 torr which are clearly 

shorter than the lifetime of the atomic ion to recombination 

(on the order of microseconds for our plasma). Recombination 

must proceed by way of the molecular ion as previously 

assumed. 

Associative ionization has also been studied in Ar and 

Xe [ 67]. The thresholds for the process were found to be 

14.71 and 11.16 eV for Ar and Xe, respectively. For the 

variout, Ar levels studied the ratios of de-exciting to 
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diatomic-ion-formation collisions ranged from 2.5 to .13. 

Values for xk2 for various higher excited levels (the 

product of the effective radiative lifetime and diatomic- 

ion-formation rate constant) ranged from S.exio'1® to 

1.28x10 16cm3. At 760 torr and 300°K the ratios of the 

radiative to collisional lifetime may be calculated from 

these values and are found to be in the range 96-3440. 

Radiation arising from levels above the threshold for 

associative ionization is not likely to be observed. Hanle 

et al. [27] invoked the process of associative ionization 

to explain why in their electron beam excitation studies 

the violet Arl lines were so weak compared to the red Arl 

lines. While this is probably valid for levels above the 

14.71 eV threshold, it is unlikely the 3p^ levels would be 

affected since all but one of the levels is tslow this 

threshold. Detailed Tk2 date for Xe are not available, but 

it is probably a safe assumption to say that radiation from 

Xel levels above 11.16 eV is unlikely. 

2*2.3 Trapping and Optical Thickness 

At the high pressures employed in this study trap¬ 

ping of resonance radiation will enhance the branching rates 

for decay to lower excited states by preventing escape of rali- 

ation emanating from ground state transitions. The effective 

lifetime of the trapped states will show a corresponding 
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increase [681, In the case of Ar and Xe this means that 

the ls2 and ls4 levels will have substantially longer life¬ 

times and higher steady state populations. This makes 

these levels along with the ls3 and lsK metastable states 

potentially available for excitation by electrons to higher 

levels. For a metastable state this is written: 

. m . - * - 
Ar + e -*> Ar + e 2.11 

Except for the above consideration the plasmas in this 

study may be considered optically transparent owing to the 

relatively low excited state densities expected, 

2*2.4 Collisional Transfer of Excitation 

Although a number of collisional processes are pos¬ 

sible in a plasma, because in our case the plasma is waakly 

ionized and excited, only collisions with neutrals need to 

be considered. Two such reactions (2.9 and 2.10) have already 

been discussed. Of interest in this section are collisions 

of the type 

** * 
Ar + Ar £ Ar + Ar + KE 2.12 

between close-lying excited states (designated by ** and *). 
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Such collisions occur with a reasonable cross section for 

excited states lying closer than several kT of the gas 

apart. In the present case kT < .05 eV. The cross sections 

would be negligible for states having separations of more 

than a few tenths of an eV [25], The above reaction will 

have a tendency to cause populations to build up for states 

separated from the next lower state by a substantial energy 

difference. While the above reaction is almost certainly 

of importance in the high pressure plasmas studied, a quanti 

tative assessment of the effects are beyond our present 

capability because of their complexity. 

2.2.5 Qualitative Summary Description of the Plasmas 

An attempt will now be made to put the above indi¬ 

vidual pieces of the picture together in a qualitative way. 

The fission fragments produce an electron population to 

which all the plasma effects may be attributed. The elec¬ 

tron population will be roughly Maxwellian at low energies 

(with a temperature close to that of the gas) and have a 

high energy component corresponding to the electron slowing 

down spectrum. The higher energy electrcxis produce ionization 

(and excited ions) and excitation from the ground state 

according to the corona model. Superimposed on the dis¬ 

tribution of ions and excited states as determined by the 

corona model are the following effects: 
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, 1) 2p excited state population from dissociative 
J recombination of Ar^ to which all Ar+ is rapidly 

converted, 

2) 2p excited state population by low energy 
elëctron excitation of the lsn long lived states. 

3) higher (>14.710 eV) excited state losses by 
associative ionization. 

4) a redistribution of close-lying states from 
collisional excitation transfer. 

Xe is purely analogous to the Ar case, although the relative 

importance of the various effects may be appreciably differ¬ 

ent. 

2.3 Energy Deposition Calculations and Spatial Effects 

Previous fission fragment excitation experiments 

have used cylindrical fission fragment sources in order to 

enhance the volumetric energy deposition. In this study of 

paramount importance was the desire to obtain spectra at 

different distances from the fissioning source, reflecting 

excitation by different average fragment energies and 

different volumetric energy deposition rates (and resulting 

electron densities). Specifically it was desired to assess 

the importance of the fission fragment energy spectrum in 

determining the excitation character. As most excitation 

is attributed to secondary electrons, this can also be 

interpreted as an examination of delta ray energy spectrum 

effects. Each of these aspects of the problem will now be 

examined analytically. 
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2.3.1 Energy Deposition Calculation 

The geometry for the problem is depicted in Figure 

2.2. Essentially we have- a finite rectangular plane source 

and desire to calculate the volumetric energy deposition at 

every point P(x,y,z) in our observation region (i.e., where 

the monochromator will be sampling during the spatial 

measurements). For a given P(x,y,z) any point on the source 

less than one fission fragment range away can contribute to 

the dE/dV for that point. The problem is clearly two di¬ 

mensional owing to the lack of symmetry. More specifically 

this can be stated as follows: 

where As is the area of the source and dE/dV is the volu¬ 

metric energy deposition rate at P(x,y,z) per unit source 

area from a point (sx,ys) on the source. 

The approach taken here to evaluate 2.13 is to divide 

up the source into small incremental areas and for each 

point P(x,y,z) sum the calculated contribution to dE/dV 

from fragments produced in each incremental area of the 

source (in effect a numerical integration). If the origin 

of the coordinate system is taken at the center of the 
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rectangular source, dE/dV (x,y,z) need only be evaluated 

for positive y and z since by synunetry 

gÿ(x,y,z) = Tj^(x, +y, +z) 2.14 

The following factors jiust be taken into account in 

evaluating dE/dV(x,y,z; x ,y ) : 
s s 

(1) Since fission fragments are not emitted iso¬ 

tropically from the source, the angular distribution func¬ 

tion, p(ß), is important. p(ß) is the probability per unit 

solid angle that a fragment is emitted at an angle, 0, from 

the normal to the source. p(ß) will be independent of 0, 

and it is further tacitly assumed here that the average 

fragment energy is independent of 0. 

(2) dE/dr is a function of range (or fragment energy) 

along the fragment path. 

(3) The effective length, Ar, over which the fragment 

deposits energy in an imaginary (and arbitrary) incremental 

volume, AV or AxAyAz, with the point P(x,y,z) at its center 

depends on 0.(Note: This imaginary volume element is only 

a tool to better visualize what is happening.) 

(4) The effective fragment source rate per unit area 

of source, SA, must be related to the source volumetric 

fission rate and include the effect of self-absorption. 

... kihMàá4{iuiytüá;i 
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The energy, dE, deposited in Av by an incremental 

area, AAg, of the source at (sx,ys) can be written 

dE(x,y,z; xs,ys) * SA AAg p(fl)Aß Ar 2.15 

where Aß is the solid angle subtended by the imaginary 

incremental volume. 

Based upon an experimental effort investigating the 

angular and energy dependence of fission fragments emitted 

from UO2 coatings, P(ß) is proportional to cos0 [69]. The 

separation of energy and angular dependence was shown to be 

justified for thick coatings, which is true in the present 

case (i.e., the 3-micron coating is about one fission frag¬ 

ment range thick). Thus P(ß) can be written as a normalized 

probability distribution function simply as 

PIS) = «£8 
IT 

where the normalization is such that 

ir/2 

/ p(ß> 
0 

dß 1 

2.16 

2.17 

The effective length, 0r, can be expressed as a 

function only of Ax, if we make Ay and Az large enough 

with respect to Ax. Specifically, we want to insure 
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that âr only intersects the sides of our imaginary volume 

at the two planes defining Ax. This is allowed because 

AV is completely arbitrary. Thus based on geometrical 

considerations one can write 

A _ _ Ax 
cos© 2.18 

The Aß subtended by Av can simply be written in 

terms of steradians as 

Afl - ^ 2.19 
r 

Upon direct substitution into the expression for 

dE and dividing by AV yields the following expression for 

the volumetric energy deposition rate at the point P(x,y,z) 

due to an incremental area of source, Aa_, located at 
s 

<sx,ys). 

dE cosB dt 
jjÿ(x,y,z; *s,ys) = S^AAg dr 2.20 

Incidentally, equation 2.13 reduces to a particu¬ 

larly simple form on the source surface (i.e., when x=0): 

dE 
3v (0,y,z) 

x=0 

2S 
dE 
Zdr 

r=0 

2.21 
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The factor of 2 in 2.21 ari.ses because in the increment 

Ax next to the source, the average track length, Ar, 

through the region defined by Ax is 

r 
2rr ir/2 
I Jr 
0 0 

p(fl) sin6d6d0 2.22 

2tt n/2 

* / / 
0 0 

Ax 
cos9 

cos 9 
ïï 

sin9d0d9 2Ax 

Thus we can write from conservation of energy that 

dE 
dx 

Ax 2.23 

In order to effect a calculation from this point 

using either 2.13 or 2.21 one must select an expression for 

the specific energy loss of the fission fragments. Owing 

to the complexity of the problem a purely theoretical 

approach is generally considered impractical and the 

following simpler semi-empirical power law [41] for 

charged particle slowing is employed 

where E0 and rQ are the initial fragment energy and total 

range respectively and n is an exponent based on an empiri¬ 

cal fit to experimental data. This expression does have a 



theoretical basis (when n=2) but is limited in its appli¬ 

cability to fission fragment slowing because of the im¬ 

portance of nuclear elastic collisions at low fragment 

energies. The expression's simplicity and past success 

(when n is an empirically derived number) justify its use 

here. From this expression we can derive 

n-1 
dE nE 

dr ’ ~ r0 

where the negative sign signifies an energy loss. The 

experimental range energy data of Fulmer [70] for light and 

heavy fission fragments in Ar at 760 torr were fitted to 

determine the best average value of n. it was found to be 

1.38. By interpolation of the data reported by Kahn, Har¬ 

man and Forgue [71] for a 3-micron UC>2 source thickness the 

relative fragment escape energy, R, was found to be .56. 

Using 83 MeV for the average fission fragment initial (upon 

fissioning) energy, the escaping fragment will have an 

average energy of 46.5 MeV. Again using Fulmer's data [70], 

a corresponding average fission fragment range, rQ, was 

found to be 1.32 cm. For Xe, lack of experimental data 

necessitated selecting > =1.38 on the basis Xe and Ar 

would not be expected to have radically different slowing 

down mechanisms for fission fragments. The average range, 

V for Xe was found to be .40 cm based on that for Ar and 

1 - 

2.25 
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ia 

the assumption that the range is inversely proportional to 

gas density [41]. 

Calculation of the effective fragment source rate, 

SAf or average number of fragments per second per unit area 

is straightforward. It is simply written as 

SA = NÕ<J>t 2.26 

235 
where N * number of density of U in the source (2.07x 

10^/cc for 93% enriched UO2) 

— 235 
0 = average U fission cross section (330 b for 

a neutron temperature of 260°C) 

12 2 
= reactor thermal flux in UFTR (2x10 n/cm -sec) 

-4 
t * source thickness (3x10 cm) 

9 2 -1 
S. is thus calculated to be 4.1x10 cm sec . Also 
A 

using 2.21 and 2.26 the volumetric energy deposition rates 

on the source surface (the maximum value anywhere in the 

17 18 
volume) is 4.0x10 and 1.3x10 eV/cc-sec for Ar and Xe 

respectively. Assuming w values of 26.3 and 21.9 eV [44] 

the corresponding average initial ionization densities 

(calculated by dividing dE/dr by w) along the fragment 

tracks will be, using 2.25, 1.8x10^ and 7.3x10^ ion pairs/cm. 

The volumetric energy deposition rates were numeri¬ 

cally calculated using the procedures indicated above at 

various points in the volume. Figures 2.3 and 2.4 illustrate 
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the distribution in the x and z directions. Effectively 

dE/dV(x,yfz) is independent of y except within one fragment 

range of the end of the source. Also because the height of 

the monochromotor slit is roughly equal to the source width, 

the z variation in actual measurements will be small (i.e., 

in Figure 2.4 only z values less than .8 are sampled). 

The x variation is the controlling factor in the volumetric 

energy deposition rates sampled. 

2.3.2 Thermalized Electron Density Calculation 

Since diffusion losses to our recombination dominated 

plasma may be neglected the steady state balance equation 

for electrons may be written 

dn 
dt 

0 S - a^n 
f f e 2.27 

where S is the electron source rate and ne is the electron 

density. Solving for nß and expressing S i.i terms of the 

volumetric energy deposition rate yields 

1 1 

This expression was evaluated at various points in the 

plasma volume. The value taken for was the average of 

the columnar recombination coefficient over the fragment 
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range (i.e., the average of the maximum and minimum a). 

To work the problem more rigorously would require treating 

each fragment for columnar recombination since fragments 

reaching a given point have different energies and thus N0 

values. The values used were 4,4xlC6 for Ar and 2.2xl0~6 

for Xe. The variation of ne with distance from the source 

is depicted in Figure 2.5. The variation of n as a function 
e 

of z can be seen from Figure 2,6. Note that the effect in 

both cases is to reduce the apparent variation in terms of 

a percent of the maximum n . 
e 

It is interesting to note that the maximum value of 

ne does not necessarily occur where dE/dV is largest, 

since aff will in actuality depend upon what parts of the 

individual fragment paths are contributing to the calculated 

dE/dV. They could have significant impact on the design 

of fission fragment excited systems at high pressures 

(where Nq is high) where maximizing ne is important. 

2.3.3 Fragment and Electron Energy Spectra 

Every point in our volume has been characterized by 

a particular dE/dV and ne value. In addition, the fission 

fragments and secondary electrons will have a particular 

energy distribution characteristic of the point. The sig¬ 

nificance of the secondary electron spectra has already been 

discussed. Of most importance here will be the high 
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energy part of the electron spectrum (i.e., that from the 

slowing down of delta rays), since the Maxwellian oart of 

the spectrum should be relatively unaffected by the ini¬ 

tial delta ray energy spectrum. It was this sort of energy 

dependence which produced (through the energy dependence 

of the cross sections) the spatial variations analytically 

observed for primary alpha particle processes by Theiss 

and Miley [19-20]. 

Calculation of the energy of fission fragments 

losing energy at a particular point is relatively straight¬ 

forward. The energy specti a of electrons ejected in the 

resulting ion-atom collisions, however, have not been 

studied for collisions between high energy ions having a 

mass typical of fission fragments and lighter atoms such 

as Ar and Xe. A review of available data was made by 

Ogurtsov in 1972 [72]. He presents some data for Ar+-Ar 

collisions, and data for Xe+-Xe collisions are also avail¬ 

able [73] . These data would be applicable to a study of the 

ionization produced toward the end of the fragment path where 

ionization is produced by recoil gas atoms from nuclear elas¬ 

tic collisions between the fragment and gas atom. Unfortun¬ 

ately, it does not help solve the most importan*- problem of 

primary interactions. This discussion is merely intended to 

point out that at the present time sufficient data do not 

exist to determine with any degree of confidence the delta 
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ray »pectra arising from fission fragment interactions. 

Ogurtsov [72] points out that modeling of collisions be¬ 

tween heavy atomic particles does appear promising, so 

solution of the problem may not be far off. Qualitatively 

we do know that delta rays will range from the eV to the 

KeV range. The distribution will always favor the lower 

energies, but for higher fragment energies the spectrum 

will be hardened considerably. 

Since based upon the above discussion, one can only 

make qualitative observations based upon the fission frag¬ 

ment energy, this will be investigated in more detail. 

Instead of looking at an energy spectra we will look at the 

spectrum in terms of r/rQ which directly yields a fragment 

energy spectrum based upon a range energy relation such as 

2.25, the semi-empirical power law. The problem can then 

be worked in general terms and apply to any stopping 

medium. Also to avoid specifying the exponent, n, in 1.21 

the problem will be worked for n;-l and n=2 which bounds any 

practical problem one might expect to encounter. The 

objective of the remainder of the section will be to develop 

insight into the problem sufficient to enable interpreta¬ 

tion of the experimental data. We wish only to know 

roughly how much the fragment energy spectrum varies as 

sampled different distances from the source. 
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At any given point, P, in our volume a distance x 

from the source, no fragment can reach P without having 

gone at least a distance x and no more than a distance 

r0, the fragment range. Of interest is what the distribu¬ 

tion is for r/rQ for the fragments which are losing energy 

at the point P. Furthermore it is desirable that the dis¬ 

tribution function be weighted by dE/dr since we are in¬ 

terested in what the r/r (or energy) distribution for the 
o 

fragments which deposit most of the energy at P, not those 

that jurjt barely reach P. Also one must consider angular 

distribution of the emitted fragments, p(ft), which is 

taken as before to be proportional to cos0. The assumption 

is now made for simplicity that the source is an infinite 

plane. This assumption is considered justified for two 

reasons. First, experimentally we only sample the region 

directly in front of the source, so the calculated results 

(i.e., r/r0) will be worst case. Specifically r will actu¬ 

ally be closer to x than what we calculate because for a 

finite source, the maximum distance from which a fragment 

may arrive at P can only be less than rQ. Secondly, only 

results for small x/r values will be affected since as x 
o 

approaches r0, only a small area of the source nearest P 

will contribute to the result. This effect is further 

amplified by weighting the distribution by dE/dr and 



Assuming an infinite source, the only part of the 

source from which a fission fragment can reach x is a 

circle defined by a line which is a distance rQ from x. 

The geometry of the problem is depicted in Figure 2.7. 

In this figure rQ is the radius of the circle of the source 

from which fragments can reach P and r' is the distance 

from the center of the circle to the source point a dis¬ 

tance r from P. The unnormalized distribution function, 

f(r')» which represents the relative number of fragments 

which reach P from a radius r' on the source weighted by 

COS0 and dE/dr can be written by inspection as 

2.29 

We are interested in f(r) which requires the following 

relation between dr' and dr': 

2.30 

The expression for f(r) is now found from the relation 

f (r) dr = f (r ' )dr ' 2.31 

to be simply 
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Dropping the x since it is not a function of r yields 

* 1 idE| 
f(r) = “Ja? 

r v J 
2.33 

Now using 2.25 with n=l and 2 for dE/dr and retaining only 

the r dependence produces the following relations where it 

is understood that x < r < rQ 

for n=l: 

f(r) = -¾ 
r 

2.34 

for n=2: 

1 1 Ur) = “2 “ 
r o 

2.35 

These can be conveniently normalized by dividing the above 

expressions by their integral from x to r0 

for n=l: 

rr 
Ur) = 

1 
-1 

- II 2.36 

for n=2: 

f (r) = 

r- 2 
r o rr 

o 

--1 
r r 
— - In — -1 
x x 

2.37 
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It is convenient to rewrite these relations in the follow¬ 

ing form for computations where the range of validity is 

t 

b < a < 1 for n=l: 

rof{r> 

for n=2: 

2.38 

r f (r) 
o 

a(a-l) 
b-lnb-1 

2.39 

where 

rO h K r° a = — and b = — 

The function rQf(r) for n=l and 2 is plotted in Figures 

\ 

2.8 and 2.9. The curves for n=1.38 would fall somewhere 

in between those shown. 

The purpose in presenting these plots is to show 

(by examining the spectrum of path lengths traveled) 

roughly the energy spectrum resolution that was achieved 

in this experiment. It is quite good for small x because 

of the cose term (discriminates against longer r values) 

and good for large x (i.e., -.s x approaches rQ) because 

all fragments reaching x must have gone a distance between 

x and r . For x values inbetween these extremes the 
o 
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resolution is not as good. The important point here is 

that it is possible to sample the beginning and end of the 

fragment paths. 

Incidentally, the above expressions can be trans¬ 

formed into distribution functions in terms of the fission 

fragment energy, h(E). 

For n-1: 

r f (r) 
h(E) = -; Eoh(E) = rQf (r) 2.40 

o 

For n=2: 

For the case where n=l Figure 2.8 already directly shows 

the energy spectrum with the plot running from high to low 

energies. The case for n=2 is shown in Figure 2.10. The 

plots of EQh (E) in effect illustrate the same things as 

those for r f (r). One can further calculate an average 
o 

energy <E>/E0 as a function of x/rQ in the following way 

o ox 
2.42 

This information is plotted in Figure 2.11 for n=l and 2 

and results from straightforward application of the above 

equation. 
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2.4 Discussion of Experimentally Measurable Parameters 

The purpose of this section will be to briefly relate 

the theory already presented to the parameters we can experi¬ 

mentally measure. Included also are short discussions on 

pressure dependence and electric field amplification as 

these were investigated in previous studies which have 

obvious impact on the interpretation of the data acquired 

in this study. 

2.4.1 Spatial Variations 

Sampling spectra at different distances from the 

source effectively samples different volumetric energy 

deposition rates, electron densities, fission fragment 

energy spectra, delta ray energy spectra, secondary elec¬ 

tron energy spectra (particularly at intermediate and high 

energies), and columinar recombination effects (ionization 

per unit path length will be higher for fragments near the 

source). Interpretation of any spatial variations must 

rely upon assessing the importance of these several vari¬ 

ables either by measuring some other plasma parameter or 

analysis. 
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2.4.2 Emission Intensity as a Function 
ÕF Reactor Power Level 

The volumetric energy deposition rate and square of 

the thermalized electron density are proportional to reac¬ 

tor power. Linearity with reactor power would be expected 

' for recombination processes (i.e., dissociative recombina¬ 

tion) and excited atomic and ionic lines if high energy 

electrons (before they are sufficiently thermalized to 

undergo recombination) directly excite them from the ground 

state. Essentially what this says is that the number of 

high energy electrons slowing down is proportional to 

power. For excitation from an excited state (e.g., meta¬ 

stable) whose population is linear with power, the upper 

excited state populations would be expected to be non¬ 

linear unless these levels were in LTE with the lower 

excited state. 

2.4.3 Pressure Effects 

An increase in pressure will increase the recombi¬ 

nation coefficient, columinar recombination, and colli- 

sional effects (e.g., collisional de-excitation) as well 

as reduce the volumetric energy deposition rate and elec¬ 

tron densities. Experimentally in past studies these 

latter two effects have been difficult to assess owing to 

source geometry and stopping power effects. 
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2.4.4 Electric Field Amplification 

The addition of an electric field is simple at 

least in that it will only influence electrons and harden 

their energy spectrum. This will in turn result in 

decreased dissociative recombination according to T~’^ 

and increased excitation and ionization due to the in¬ 

creased relative population of higher energy electrons. 

The low energy part of the electron spectrum (the bulk of 

the electron population) will be affected and the important 

parameter is E/P. 

2.4.5 Temperature Effects 

In the reactor the irradiated gas will heat up by 

approximately 100°C and emission intensities can be 

monitored during heating. Heating will increase atomic 

coHisi°nal rates and also raise the thermalized electron 

temperature slightly. 



CHAPTER 3 

EXPERIMENTAL SYSTEM DESCRIPTION 

3.1 Design Considerations 

The system employed by Walters [17] to make his 

spectral measurements proved quite effective and had the 

advantage of simplicity. It also provided the capability 

of changing the pressure of the irradiated gas while in 

the reactor. This did, unfortunately, require a large 

system with long pumping distances, thus limiting his ability 

to control impurities. But by the time the present effort 

was initiated, new local safety requirements existed which 

negated use of Walters' basic design, so an entirely new 

system had to be designed and built anyway. Walters' work 

did, however, have significant impact on the entire system 

to be described below. 

A primary objective of the experiment was to provide 

the capability to measure spectra at different distances 

from the fissioning source. This required a plannar source 

of fission fragments and an appropriate optical system to 

sample a well-defined region at a desired distance from 

the source. In addition it was desired to effect an absolute 

calibration of the system, so a simple optical system, 

71 
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ammenable to analysis, was important. Since in all past 

studies the effects of impurities could not be eliminated, 

it was desired to maximize gas purity. This suggested a 

•«all gas volume in a capsule that could be carefully 

evacuated and filled under controlled laboratory condi¬ 

tions. The experimental system design also had to consider 

the following factors normally encountered in these types 

of studies: low expected light output, high noise level 

from gamma radiation around the reactor, radiation damage 

to in core components, possible system overheating from 

the fission source, and current UFTR safety philosophies. 

With respect to the last factor, of most importance is the 

requirement that the experiment provide double containment 

°f fission products. This considerably limited design 

alternatives and practically eliminated any gas handling 

while the system was in the reactor. 

The construction of a horizontal thruport (HTP) 

la the reactor on a timely basis to support this research 

proved of immense value. Besides the convenience of being 

able to work at waist level, experiment loading and unload¬ 

ing, radiation shielding, system calibration and optical 

alignment were all greatly simplified. Had this work been 

attempted in the UFTR center vertical port (CVP), the ex¬ 

periment would have been significantly more complex and 

time consuming, with some parts being impossible to carry 

out. 
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3.2 Overall System Concept 

The final result of the above design considerations 

was the Multipurpose Capsule for Irradiation of Gases 

(MCFIG) system shown in Figure 3.1. The MCFIG system 

basically consists of a small capsule (the MCFIG) having 

a sapphire window mounted in the end and containing a UO2 

fission fragment source. The capsule is evacuated and 

filled prior to insertion in the test tube assembly. The 

test tube is an aluminum tube which extends through the 

HTP and is sealed at each end by use of end caps which have 

quartz windows for light transmission as shown in Figure 3.2 

Two lenses which are part of the optical system are also 

mounted inside the test tube. After the MCFIG is loaded 

inside the test tube from the west end of the UFTR and 

the end cap replaced, the test tube is evacuated to a 

pressure of approximately 10 torr using a pump located 

at the west end and then isolated prior to reactor start¬ 

up. The test tube provides secondary containment should 

the MCFIG somehow leak, the test tube pressur ; being the 

primary diagnostic tool to detect it. When a thermo¬ 

couple was located on the MCFIG it was monitored oy in¬ 

strumentation at the west end of the UFTR. 

Once the test tube was isolated the reactor was 

brought up to power. The neutrons induced fissions in the 

planar UOj (aligned parallel to the monochromator slit) 

« frilÉMÉIÉIIHInil iii'iniiil will 1  i i   
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source which emitted fission fragments into the gas. As 

the fragments flow in the gas the light emitted passes 

through the MCFIG sapphire window and is collected by the 

optical system consisting of three lenses and a rotatable 

tairror (for looking different distances from the source) . 

The light is focused on the monochromator slit where the 

spectrum is analyzed by measuring the output current of 

the photomultiplier and displaying it on an X-Y plotter. 

Shielding or otherwise reducing the effects of re¬ 

actor produced gamma radiation on the photomultiplier is a 

perpetual problem in experiments around reactors. A total 

system approach was taken here and may be of some future 

interest as a significant level of effort was applied to 

the problem. The approach consisted of the following 

measures: (1) by shielding, minimizing the general radi¬ 

ation level in critical areas; (2) positioning the photo¬ 

multiplier as far as practical from the reactor and away 

from hot spots; (3) shielding the photomultiplier itself; 

and (4) using a low pass filter to discriminate out the 

gamma noise. Only (1) will be discussed here, postponing 

discussion of the other approaches until later sections. 

With respect to area shielding, the west end of the 

UFiR proved a minor problem since little personnel activity 

takes place there. The only requirement was to reduce radiation 

levels outside the UFTR building to within allowable 
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limits. Borated paraffin blocks, steel bricks, and a 

large concrete block proved generally sufficient. At the 

east end the shielding had to reduce levels in the working 

areas (and the experimental instrumentation) to much lower 

limits as well as provide a reasonably large aperture for 

liÇfht to reach the monochromator. Several approaches 

failed, so a beam trap was constructed and efforts made to 

minimize placing material in the path of the beam emerging 

from the HTP and entering the trap. This approach was 

highly successful and also permitted easy access to the 

mirror and its rotation assembly. 

3.3 MCFIG Details 
i 

> 

The MCFIG is essentially a piece of stainless steel 

tubing with a commercially available sapphire window welded 

in one end, and a valve and thermocouple port in the other. 

This is shown in Figure 3.3 with the exception of the 

thermocouple port. A MCFIG costs about $150 to produce and 

can be reused several times depending on the lagree of 

activation. Stainless steel was used primarily because of 

availability, machinability and cost; also it possesses 

good vacuum characteristics. Its main disadvantages are 

that it becomes highly activated when irradiated and has 

a high reactivity worth. A special MCFIG shielded 

transporter (MST) had to be constructed and procedures 
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developed to overcome the activation problem. Reactivity 

worth was not a problem in this experiment but should be 

evaluated for any future work to insure the reactor can 

achieve criticality with the system in place. The MCFIG 

radial dimension was determined essentially by the HTP 

dimensions. Two different lengths were used. The Ar data 

were taken with a short system which subjected the sapphire 
aw' 

to the high flux region. Luminescence and damage (see 

Appendix A) to the sapphire resulted, consequently for Xe 

measurements the MCFIG was constructed in a way to keep 

the window out of the high flux region. 

3.3.1 Valve and Thermocouple Port 

The valve employed was a Nupro SS4H2 bellows type 

valve which was specially modified so that it would fit 

within the test tube inside dimension (1.709"). A valve 

was used instead of a pinch off seal to facilitate handling, 

particularly during recycle procedures when an irradiated 

capsule had to be evacuated and refilled. The thermocouple 

port was a sma'.l tube sealed on the inside of the MCFIG 

which served as a receptacle for a thermocouple. The tube 

was located just behind the UO2 source so as not to inter¬ 

fere with the optical collection of light. The temperature 

was measured only on the Xe filled MCFIG and found to reach 

approximately 250°F, which is not significant fron: * MCFIG 

structural standpoint. 
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3.3.2 Sapphire Window 

The sapphire window was selected primarily because 

sapphire is relatively resistant to radiation damage and 

commercially available in a mount weldable to stainless 

steel. Unfortunately the luminescence observed from this 

material (see Appendix A) came as a surprise and necessi¬ 

tated additional effort to quantify and understand the 

luminescence and absorption effects. However, now that 

these effects are well defined there have been additional 

benefits such as use of the MCFIG for UFg irradiation 

studies in which quartz windows would be unacceptable. 

3.3.3 UO2 Source 

The fission fragment sources were 3-um thick 93% 

enricied U02 coatings on zircaloy plates which were ob¬ 

tained courtesy of Los Alamos Scientific Laboratory. U02 

was selected as the coating material because of the 

availability of information on it. The energy spectrum of 

fission fragments as a function of coating thickness was 

studied by Kahn, Harman, and Forgue [71] in 1965 and their 

data for a 2.53 ym coating appear in Figure 3.4. A 3-jjm 

coating thickness was selected on the basis of their data 

for average fragment escape energy, EAVG, and escape frac¬ 

tion, PE, as a function of coating thickness. Specifically 
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Figure 3.4: Energy Distribution of Fission Fragments 
from a 2.53-Micron-Thick, 93% Enriched UO2 
Coating [71] 



assuming a constant flux, the total energy of fragments 

leaving the foil, £^, is proportional to EAVQ, PE, and the 

coating thickness, t. 

AVG E 
3.1 

A plot of this relation for their data yields Figure 3.5 

where £^ has been normalized such that the maximum possible 

energy input to the system is unity, thus representing a 

coating effectiveness. The asymptotic behavior of the curve 

is the direct result of the fact that fragments born more 

than one fragment range in U02 from the coating surface do 

not leave the coating. Clearly not much of an increase (only 

12%) can be obtained by going to coatings beyond 3 urn, and 

thicker coatings would increase the heat generation in the 

MCFIG and post irradiation fission product activity in 

direct proportion to the thickness. The secondary electron 

production from U02 coatings (created as the fragment passes 

through the coating) has also been studied by Anno (74]. 

He found an average of 300 electrons emitted from the coat¬ 

ing surface per emitted fission fragment for a 3 urn coating 

thickness. As their average energy ("^OeV) is low their 

effect is negligible relative to the energy of the fission 

fragments (-46.5MeV). 
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3.4 Optical System 

64 

The optical system used in this research is shown in 

Figure 3.6. The lens system is focused for an image at the 

center of the UFTR core (corresponding also to the center 

of the source in the MCFIG). A 1:1 image is maintained 

throughout the system as a matter of convenience for analy¬ 

sis and because it represents the optimum in core syste.n 

light collection, if one assumes the lens diameters are 

fixed (this is our case because of a fixed HTP diameter). 

A front surface mirror was mounted on a precision rotation 

module which was modified to permit remote adjustments to 

be made (i.e.f from outside the shielding). Mirror rota¬ 

tional adjustment permitted sampling different distances 

from the planar source. The 10-inch focal length lens 

served to permit moving the monochromator farther from the 

HTP and the correspondingly higher gamma radiation environ¬ 

ment. A 2-inch lens diameter was selected so that when 

the mirror was rotated over the range of interest, the 

effective optical system aperature was not affected. 

Although the actual spatial region sampled by the 

monochromator is quite complex (section 4.2.4), it is 

shown approximately in one dimension in Figure 3.7. The 

width of the region sampled is determined by the limiting 

f number, f#, of the optical system. Specifically AX is 

proportional to 1/f# while, as one would oxpect, the light 
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entering the spectrograph varies as 1/f#2, presenting an 

obvious design tradeoff. Another consideration is that if 

shorter focal length lenses (assuming the diameter is 

fixed) are used, more lenses (and complexity) are required 

to get the image to the monochromator slit. These con¬ 

siderations resulted in selection of 20-inch focal length 

lenses such that only two lenses were required to get the 

image out of the reactor. In addition this selection pro¬ 

vided a spatial resolution of less than .25cm, which was 

considered acceptable. The two in core lenses were pre¬ 

cisely mounted in a piece of machined tubing which fit 

into the HTP. The tubing between the two lenses was 

painted flat black to prevent any possible reflections from 

affecting the observed signal. 

An alignment device was fabricated to insure proper 

operation of the optical system prior to each MCFIG irradi¬ 

ation. The alignment tool consisted of a light source 

encased in an aluminum tube (same diameter as MCFIG) with 

a ground glass window in the end which was masked by a 

pattern containing precisely positioned holes .1 in. apart 

and making a cross pattern. The tool was inserted into 

the HTP with a known pattern orientation (assured by a 

visible marking on the rear of the tool) such that the 

ground glass and pattern were precisely at the UFTR core 

center. A 1:1 image was verified and the rotatable mirror 
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set to center the pattern on the monochromator slit. Then 

using the actual photomultiplier (with the monochromator 

set on zero order) ea-Ii of the pattern holes was located 

by rotating the mirror with the rotation module, yielding 

a calibration for the module (i.e., a relation between 

X in Figure 3.7 and the module micrometer reading). It 

was found that in practice the calibration was repeatable 

to easily within .01 in. X variation. 

3.5 Instrumentation System 

The instrumentation system, shown in Figure 3.8, 

consisted of a model 218 McPherson .3m scanning monochromator 

coupled with an EMI 9558QB (S20) photomultiplier. The out¬ 

put of the photomultiplier was input to a Keithley model 

410 micro-micro ampmeter. The 0-5 volt Keithley output 

was routed through a low pass RC filter network and used to 

drive a Hewlett Packard model 7000AM x-y recorder and Keithley 

model 160 digital multimeter. The photomultiplier was 

located in a lead shield to reduce the gamma radiation level 

and was cooled by nitrogen gas to reduce dark current. The 

cooled gas was produced by immersing a variac controlled 

500-800 watt heating element in a dewar containing liquid 

nitrogen and producing a desired gas flow rate by adjusting 

the amount of boiling. The signal to noise ratio of this 

system appears to be about 10 times that of Walters' (17] 
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system; however, the unknown optical effect on signal to 

noise makes it difficult to ascribe the improvement to any 

specific system differences. 

3.5.1 System Evolution 

The above instrumentation system evolved only after 

a number of other approaches had proved inferior, and some 

of this history will be documented here. It is clear that 

to remove gamma noise from the signal (assuming the shield¬ 

ing is as good as it can be practically made) one must 

resort to filtering the noise from the signal in some 

fashion. Initially a chopper was constructed which imparts 

a selected frequency to the signal by modulating the light 

beam so that it can be separated from the noise by using a 

bandpass filter. This system was tried but failed as the 

bandwidth of the noise was broac, and for all achievable 

chopping speeds enough noise made it through the filter to 

prevent any net gain in signal to noise. This occurred 

because the chopper speed could not be precisely maintained, 

requir’ng a relatively broad bandpass filter to prevent 

significant signal amplitude losses. Recording the data 

on magnetic tape for posttest data reduction (filtering, 

etc.) by computer was also attempted but insufficient 

instrumentation to adequately support this effort was 

available. In addition system reliability was poor for 

\ 
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such complex, homemade arrangements, A "brute force" 

technique was thus implemented. This consisted of using 

the monochromator sweep to control the signal bandwidth. 

Specifically by sweeping very slowly and using a low pass 

filter (time constant = 4 sec.), the signal, including 

spectral lines, was unaffected. This was verified experi¬ 

mentally when selecting the best sweep speed-filter combi¬ 

nation. The gamma noise, however, would not be expected to 

vary greatly over 4 sec., so after filtering, it repre¬ 

sented a steady state background level from which the signal 

could be distinguished. A noise level (fluctuations) did 

still exist primarily from reactor statistical power level 

variations. The significant reduction in noise permitted 

the system gain to be increased until the steady state 

background level became so large that the system dynamic 

range was unacceptable. The system was effectively dark 

current limited. Use of a log amplifier in the system was 

considered but discarded because a linear signal output 

was most desirable. The solution selected was to cool the 

photomultiplier, reducing the dark current by a factor of 

12 and thus the steady state background level. The result 

was a system once again limited by gamma radiation levels. 

The important disadvantage of the above approach to 

improve signal to noise is the long data acquisition times 

required because of the slow sweep speeds used (e.g.. 



• e 
20A/min). To collect data from 2000-9000A required 5 

hours'minimum time. This would appear to be a worthwhile 

problem for future work to address. Specifically, use of 

a phase lock amplifier or minicomputer synchronized with 

e light beam chopper could be the solution. The principle 

of using bandpass filter techniques is fundamentally 

sound but relies on having a very narrow bandwidth filter 

such as could be provided by these pieces of equipment. 

3.5.2 Spectral Sensitivity 

The spectral sensitivity of the system was limited 

by radiation damage to the optical system at short wave¬ 

lengths and the photomultiplier in the infrared. This 

is illustrated in Figure 3.9 which shows the relative 

spectral response of the spectrograph and photomultiplier 

and that of the total system during typical data runs. 

Further details on system sensitivity and how it was 

determined appear later in the discussion of the system 

calibration and in Appendix A. 

3.5.3 Spectral Resolution 

The relatively low light levels being monitored in 

this experiment necessitated using relatively large 

monochromator entrance and exit slit settings. Usually 
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Figure 3. 9: Relative Spectral Sensitivity of Monochromator 
and Photomultiplier Compared to That for the 
Entire Instrumentation Systems Used in the 
Argon and Xenon Studies 
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these ranged between 100 to 300 urn. To illustrate the 

tradeoff, at settings of 150 yiu a linewidth of 3.5A 

was experimentally determined. Reducing the settings to 

100 ym reduced the linewidth to 2.7A and the intensity by 

a factor of 2. Increasing the settings to 300 ym increased 
O 

the linewidth to 7.6A and the intensity by a factor of 

2.7. Incidentally, the RC filter reduced the frequency 

response of the instrumentation system which affected the 

line heights and widths taken with slit settings less than 

100 ym at scan rates of 20A/min. The system response was 

too slow to follow the line, resulting in reduced line 

heights and increased widths. 

3*6 Reactor Environment 

3.6.1 Neutron Flux 

The UFTR operational characteristics have recently 

been documented by Zuloaga [75]. Of particular interest 

to this study is the neutron flux distribution in the UFTR 

HTP. This is shown for the region around the CVP in 

Figure 3.10. The MCFIG was located for all experimental 

work directly below the CVP as it was previously thought 

this was the point of maximum thermal flux. Unfortunately 

the detailed mapping results presented in Figure 3.10 
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were unavailable until after our experimental work with 

Ar and Xe was concluded. Thus in this experiment the 

MCFIG was exposed to a thermal flux of approximately 

12 
1.6x10 . With appropriate repositioning of the lenses, 

etc. in the experiment the MCFIG position could be changed 

to the point of maximum flux which from Figure 3.10 is 

12 
approximately 1.9x10 . Even if these flux values are in 

error as to magnitude, the relative values should be very 

accurate, and they indicate we could gain about 20% in 

flux by this change. 

3.6.2 MCFIG Temperature 

Due to the MCFIG having a fissioning heat source 

in it and relatively poor heat transfer to dissipate it, 

the MCFIG will heat up during reactor operation. Pocr 

heat transfer occurs because the test tube is evacuated 

and the only heat flow is by radiation or conduction to 

the test tube wall which supports the MCFIG. Safety 

considerations and interest in correlating MCFIG tempera¬ 

ture changes to spectral intensity changes motivated 

us to instrument the Xe MCFIG with a thermocouple. The 

temperature as a function of time is plotted in Figure 3.11. 

The UFTR ambient operating temperature at the MCFIG 
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position based on reactor instrumentation is approxi¬ 

mately 100°F. As it was experimentally determined that 

the MCFIG temperature affected the spectral data, an 

effort was made to only take spectral scans after the 

MCFIG had warmed up. Ideally this took more than 2 hours 

which because of the shortage of reactor time was not 

always natisfied in less critical cases. Twenty minutes., 

however, was consider.«‘d an absolute minimum warmup time 

for virtually all data. 

3.7 Test Procedures 

This section briefly describes the basic test pro¬ 

cedures employed during this experiment. Its objective is 

to provide the reader with some feel for how the experi¬ 

ment was conducted from a practical viewpoint. Additional 

safety related details are documented in the safety analysis 

of this experiment [76] which was prepared for the UFTR 

Safety Subcommittee in July 1973. 

3.7.1 Gas Filling 

The MCFIG capsules were evacuated on a pumping 

station for approximately two weeks to a final pressure 

on the order of 10 torr and helium leak tested prior 
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to filling. They were filled to 760 torr with the 

appropriate research grade gas at ambient temperature. 

3.7.2 Spatial Calibration and MCFIG Loading 

Prior to each MCFIG loading, the optical system 

alignment tool was inserted into the test tube and the 

micrometer on the adjustable mirror calibrated. Spe¬ 

cifically, micrometer readings were Correlated with the 

alignment tool test pattern position on the slit. Prior 

to insertion the MCFIG was cleaned on the outside with 

acetone to minimize potential activation of dirt, finger¬ 

prints, etc. A white mark was made on the valved end of 

the MCFIG to enable proper orientation of the planar source, 

and an aluminum wire was attached to the valve, so the MCFIG 

could be pulled back out of the HTP. The MCFIG was in¬ 

serted into the HTP using a specially designed handling 

tool which enabled rotational adjustments to be made as 

necessary to align the planar source according to the 

visible mark on the MCFIG end. The test tube was then 

sealed and evacuated to a pressure of approximately 0.2 

torr. Usually this required overnight due to the relatively 

large pumping volume. The test tube was then isolated and 

the pressure monitored to detect any leaking of the MCFIG. 
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3-7-3 Initial Reactor Startup 

Just prior to reactor startup the N2 cooling system 

was turned on to insure the photomultipler temperature 

had reached equilibrium prior to taking data. Of most im¬ 

portance during the actual reactor startup was the verifi¬ 

cation that radiation levels around the HTP ends did not 

exceed safe limits. The levels were found quite sensitive 

to how the shielding was positioned, and on no two runs was 

it ever stacked the same way. Minor adjustments were thus 

sometimes necessary to permit full power operation. 

3.7.4 Data Acquisition 

Upon reaching full power for the first time with a 

particular g:»s, the monochromator was put on zero order and 

adjusted for the maximum light signal. Then a few complete 

fast spectral scans were made from 2000-8500A at scanning 

rates of 200 or 1000A/min with a large slit width to get 

a feel for the spectrum. After the MCFIG had warmed up 

a detailed scan of the entire spectrum was made at a scanning 
O 

rate of 20A/min and a slit width of 150 or 300 tfm. At this 

point in the case of Ar, the first gas examined with the 

system, numerous system improvements and refinements had to 

be made over a period of several months to get the detailed 

scan to the quality desired. In the case of Xe, data 
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acquisition was straightforward. After obtaining a com¬ 

plete spectrum, selected spectral regions were investigated 

■ for spatial effects, and where effects were found detailed 

data mace taken. Also representative lines were studied for 

linearity with power and temperature effects. Throughout 

the data acquisition process calibrated interference filters 

were used to insure no data contamination from second 

order effects and internal monochromator reflections. 

The data acquisition phase of the experiments required 

much more reactor time than was anticipated which coupled 

with varie s reactor schedule considerations, breakdowns, 

etc. was the limiting factor in only being able to study 

two gas fill conditions. 

3.7.5 Posttest Procedure 

After test termination and reactor shutdown, the 

MCFIGs were left to decay for several days. This minimized 

the fission product inventory subject to release in the event 

of an accident and reduced the radiation levels from the 

activated stainless steel MCFIG during the removal operation. 

The test tube atmosphere was sampled and analyzed for 

possible fission product presence prior to unsealing it. 

Th-a Ar and Xe MCFIGs were pulled into a shielded transfer 

cask and subsequently placed in the UFTR spent fuel 

storage pit. In follow-on studies we removed the MCFIGs by 
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hand amd placed them in the pit. While dose rates on the 

MCFIG surface approached 20R/hr, the short handling time 

required and inherent simplicity (and safety) make this 

approach the best. Also in follow-on studies it was shown 

that after a short decay period (1-2 weeks) a MCFIG could 

be evacuated and refilled for future use. 
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CHAPTER 4 

DATA ANALYSIS METHODS 

Spectral Line Identification Techniques 

The identification of spectral lines making up the 

observed spectra was complicated by several factors. The 

relatively poor resolution resulting from the large slit 

widths employed (for example, linewidths of 3.5 and 7.6Â 

were experimentally determined for slit widths of 150 

and 300 pm respectively) prevented identification of some 

unisolated lines. Variations in monochromator and plotter 

sweep speed made precise assignment of wavelengths based 

on known lines of limited value, except close to the known 

line, in addition the lines of lower intensity had poorly 

defined peaks as a result of a low signal to noise ratio. 

The above factors made line identification dependent 

on more than just indicated wavelengths as calculated from 

the data. Specifically, the following information was 

evaluated prior to identifying any spectral line: 

(1) indicated wavelength based on the disper¬ 

sion of the data and any known lines. 

103 



104 

(2) the presence or absence of other transitions 

from the same excited level that should be 

detectable, and the consistency of excited 

state populations calculated from the differ¬ 

ent transitions. 

(3) the presence or absence ofdetectable transi¬ 

tions from a lower level that is populated by 

a given transition, and the consistency of 

their intensities. 

(4) the magnitude of the gA valve for a transition 

and known populations of nearby energy levels 

(i.e., one would not expect to see close lying 

energy levels having radically different 

populations). 

The first three criteria are straightforward to use when 

they apply, when a transition is the only detectable one 

from a level only the first criterion and the last can be 

used. Still there are cases where a choice between several 

possible transitions cannot be made with certainty. The 

identifications reported in this study are those 

which the author feels can be made with high confidence. 

Unidentified lines are listed along with their most likely 

identifications as an aid to future workers. It must be 

remembered, however, that judgment is obviously important 

in line identification, particularly when the fourth cri- 

tericn is applied. 
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4*2 System Absolute Calibration 

An objective of this research was to quantify the 

light emitted from a fission fragment produced plasma. 

During the course of this research, however, this was ex¬ 

panded to include estimating the population densities of 

excited atomic and ionic levels which requires some sort 

of absolute calibration. The primary difficulty in effect¬ 

ing such a calibration of our experimental setup is that we 

have a distributed light source over a relative.!'/ large 

spatial region with respect to the focal length of the 

system and diameter of the optical components. The 

problem was further complicated by the inaccessibility of 

the actual source region (in the core of the reactor) and 

time dependent radiation damage to optical components. 

With these problems in mind, the absolute calibration pro¬ 

cedures described below were developed with the goal of 

obtaining an order of magnitude estimate of the population 

densities. The actual procedures as carried out are 

believed to have produced an absolute calibration accurate 

to within a factor of 3. Actual experimental considera¬ 

tions to be discussed later increase our uncertainty in 

calculated population densities, but they are still 

believed within a factor of 10. 

An in ~itu experimental absolute calibration of the 

entire data acquisition system was considered impossible 
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in the limited time available for this research. Duplica¬ 

tion of the system outside the reactor, while possible, 

was not considered practical, since the monochromator and 

PM tube would have had to be moved which would have 

affected accuracy. In addition, it was desired to have a 

calibration for various levels of radiation damage to the 

MCFIG sapphire window assembly so that spectra taken after 

different radiation exposures could be compared. This 

required an in situ calibration, avoiding the necessity of 

continually taking the window in and out of the reactor. 

Also any possible transmission changes that are known to 

occur after removal from the reactor are no longer of 

concern. 

A calibration scheme outlined below was devised to 

overcome the above problems. It is shown schematically 

in Figure 4.1. The problem was broken into two parts: 

(1) the collection efficiency (based upon geometrical 

optics) of the optical system for the distributed source 

and (2) the relation between photomultiplier current and 

the energy collected by the optical system. The collection 

®fficiency can be viewed physically in a number of ways? 

however, since we are interested in excited state densi¬ 

ties we shall look at it as an effective volume. Given 

a uniform isotropically emitting distributed photon source 

filling a volume for which the efficiency of collection 

by our optical system is nonunifcrm, an equivalent volume 
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Input to calculation of 
excited state densities 
from line intensity data 

^içjure 4.1: Schematic Showing Procedures to 
Effect an Absolute System Calibration 
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can be defined which is the smaller volume of source 

required to replace the original one, assuming every 

photon generated within that smaller volume is collected. 

Thus, if we can relate the total energy collected by the 

system to an observed photomultiplier current, the so 

determined energy divided by the equivalent volume yields 

the energy per unit volume radiated from the plasma. 

Excited state densities may then be directly calculated. 

The collection efficiency of the optical system for 

the plasma source was evaluated analytically (and will 

later be described in detail). The relation between 

photomultiplier current and energy collected was experi¬ 

mentally obtained. This relation is defined to include 

reflective and transmission losses for all optical com¬ 

ponents. The approach taken was to obtain a relative cali¬ 

bration curve for the entire system under various conditions 

of radiation damage, and then scale this curve based on one 

wavelength (where no radiation damage is expected to occur) 

to an absolute calibration of the monochromator and photcmul 

tiplier. Lens, window, and mirror losses between the source 

and monochromator had to be estimated at this wavelength. 

This unusual approach was taken to reduce the precision 

required in carrying cut the relative calibrations. Spe¬ 

cifically, many such calibrations had to be made and over 

an extended time period. This way the working standard 
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could be operated at any current setting and the relative 

spectrum taken into account by measuring the filament 

temperature with a pyrometer. Otherwise, had the lamp been 

calibrated at a particular current (or temperature) this 

would have had to be repeatable. Due to warming up effects 

achieving a particular current was often found to be 

time consuming. It was easier to just turn on the lamp to 

approximately the usual operating conditions, let it warm 

up, measure the temperature and make a calibration run. 

Other approaches would certainly work just as well as the 

one used here; however, in view of the accuracy desired, the 

approach used is adequate. 

: 

'-I 
* 

4.2.1 Relative Calibration Details » 

The relative calibration was accomplished using the 

optical setup shown in Figure 4.2. A sapphire window 

mounted in a short aluminum tube was placed in the test tube 

to simulate the MCFIG window. The test tube was evacuated 

to simulate the operational configuration since it was 

experimentally found that for such a long path length, the 

transmission in the UV was sensitive to the presence of gas 

in the test tube. A tungsten and deuterium lamp provided 

the standard source below and above 3500Â respectively, 

and a 1:1 image of the lamp filament was focused on the 

monochromator slit. A removable mirror was used to permit 
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easy selection of the standard source. The effects of 

the 40" quartz lens and window on the calibration were 

probably small because quartz has reasonably uniform trans¬ 

mission and radiation damage is negligible at their respec¬ 

tive locations. The effect of the two mirrors is not negli¬ 

gible so the lenses, window, and mirrors were evaluated and 

their effects removed from the calibration data. This was 

done by mocking up their arrangement in a separate experi¬ 

ment to measure their transmission (and reflectivity) as 

a function of wavelength. Also, photomultiplier temperature 

was found to affect the relative calibration, so its effects 

were evaluated at .the same time as those of the lens, window, 

mirrors. The deuterium data were used below 3300Â and 

normalized to the tungsten data at this point. 

A standard tungsten lamp was used and operated 

at a temperature of about 3400°F. The temperature was 

measured with an optical pyrometer and was intentionally 

kept low to preserve lamp life over the extended periods of 

operation that were required. The pyrometer measures the 

brightness temperature, Tg, at 6350Ã. To obtain the true 

temperature, T^, we use the following expression for the 

observed emission intensity at 6350Ä, I.., 

L* = VV = V'W'V 4.1 
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where (T) and (T) are the plank function and emissivity 

of tungsten and X* = 6550A. We employ the following ex¬ 

pression for B^(T) 

VT) = TJiHTxtTj 

where symbols have their usual meaning. Putting this into 

equation 4.1 above yields 

[ehc/XkTB_1] (tt) = [ehc/X*kTT-l] 4.3 

which is approximated by the following expression 

T„ = 
_22020 
Ine^ (T,p) + 22020 

B 

4.4 

wl er“ the temperatures are expressed in °K. Given a T , 
B 

TT may be calculated, and the relative output of the lamp 

as a function of wavelength is obtained from 

^ ” WW 4.5 

Then dividing the value of the lamp output into the 

photomultiplier output a calibration curve as a function of 

wavelength is obtained. Published empirical expressions 

for the emissivity of tungsten [77] were used. 
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To examine the errors in this calibration, the ex¬ 

pression for was investigated. 

h ' Hc)xí.t *■* 

e 

Taking the natural log of both sides and differentiating 

the result yields 

he dT 
XkT T 

4.7 

Upon putting in some typical numbers and letting 

A = 5000A yields 

dl _ 12.4 dT 4 8 
I “ T 

This means a 1% relative error in T will cause an error of 

12.4% in output intensity. T is probably repeatable to 

within 1% using the pyrometer and maintained within this 1% 

by the lamp power supply, assuming the lamp is adjusted 

after warming up completely. Also, a + 12.4% error at 

5000A means + 21% and + 4% at 3000A and 9000Â respec¬ 

tively, so the relative calibrations from different runs 

will be affected, in this case 16%. Calibrated long 

wavelength pass filters were used to prevent second order 
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contributions to the signal and to assess the importance of 

internal monochromator reflections. Specifically, for a 

given cutoff filter, no wavelengths below the cutoff should 

contribute in the second order above cutoff. Likewise re¬ 

flections from longer wavelengths can be the only contribu¬ 

tion to any signal observed below cutoff. It was thus in¬ 

sured that the relative calibration was unaffected by these 

effects. 

The deuterium lamp was operated at 315 ma current 

for which NBS calibration data were available. However, 

the absolute calibration is known to be dependent on lamp 

age, so only relative measurements were made. Repeatabil¬ 

ity of the deuterium lamp data seemed much better than that 

for the tungsten lamp. While the lamp intensity was found 

to be a strong function of current, the regulated power 

supply maintained this such that the intensity varied less 

than 2%. The relative intensity was found to exhibit 

negligil e variations for even ±10% variations in current. 

Thus, it is concluded that the tunsten data were the limit¬ 

ing factor affecting the relative calibration errors. Of 

importance is the fact that the deuterium data were nor¬ 

malized to the tungsten data which were most sensitive to 

variations (i.e., that for short wavelengths). 

A relative calibration was made several times during 

a typical reactor MCFIG irradiation scenario. In this way 

a calibration is available for those runs where the sapphire 
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window would have suffered some given amount of radiation 

damage. The system sensitivity is so low below 2700A (due 

to radiation damage as explained in Appendix A) and above 
O 

8500A (due to photomultiplier sensitivity) that the cali¬ 

bration should only be considered between these two limits. 

Outside of these, one can only say sensitivity is extremely 

low. 

4*2.2 Monochromator and Photomultiplier 
ii£;jlute'Calibration ^- 

The objective of this part of the calibration pro¬ 

cedure was to obtain a relationship between the photomul¬ 

tiplier current and energy entering the monocinomator. The 

optical setup used is shown in Figure 4.3. A standard tung¬ 

sten lamp (N.B.S. calibrated lamp no. EPUV-1148) was oper¬ 

ated at a current of 35 amps (equivalent temperature of 

approximately 2600°K) which was monitored using a 200:1 

current transformer and ammeter. Output data consisted of 

the photomultiplier current at several wavelengths where 

the spectral radiance of the standard was reported. The 

calculations to follow will only be carried out for the 

data obtained at 7000A (the best normalization wavelength 

since radiation induced optical damage at this wavelength 

is negligible). 

The spectral radiant power, P^, entering the 

monochromator slit in y watts/my can be calculated from 

the following expression [78]: 
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Px * RxNxwhA/D2 4.9 

where Rx = spectral reflectance of the mirror and trans- 

-2 
mission of the lens (using 1.05 for the lens 

and .96 for the mirror at /000Â, Kx = .87) 

Nx = reported spectral radiance of the standard lamp 

O 

at 7000A (from reference 1, Nx = 10.7 watts/ 

steradian-A-m2) 

wh * area of the slit (for a slit width of 150 ym 

_6 2 
and height of 16 mm, wh = 2.4 x 10 m ) 

A = area of the limiting auxiliary optic (for 

aperature diameter of .236", A = 2.8x10 

D = distance of optic from slit (D = 20" or .51 m) 

Putting in the indicated values for the variables 

into equation 4.9 yields, 

(.87) (10.7 watt) 
0 2 

steradian-A-m 

(2.4xl0"6m2) (2.8xl0_5m2) 

(.51 m) 

= 2.4x10 ^ watts/A 

Data were taken with both exit and entrance slit 

set at 150 microns so that the area under the slit func¬ 

tion must be corrected. To obtain this correction factor, 

intensity versus exit slit measurements were made for a 
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constant entrance slit of 150 microns. The results for 

large (>300 microns) exit slits showed the expected linear 

behavior which when extrapolated to 150 microns indicated 

the measured value at 150 microns should be adjusted 

upward by a factor of 1.2. The slit function, S, thus 

becomes 

(1.2)(150 X 10 ^mm)(26.5A/mm) S = 1.2 Vi 
e 
0 

= 4.8A 

where Wß ic the monochromator exit slit (150 microns) and 

D the monochromator dispersion (26.5Â/mm). Thus the 

effective power, P, input to tne monochromator taking into 

consideration the slit function is 

P = P^S = (2.4x10 9 watts/A)(4.8Ã) = 1.2xlo“8 watts 

The measured photomultiplier current, i , can now 
pm 

be used to obtain the desired relation between current 

and energy. Specifically 

P _ 1.2x10 8 watts 
-re- 
9.1x10 amp 

» 1.3x10 4 watt/amp 

where H is the monochromator and photomultiplier transfer 
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o 

function at 7000A. Errors in this result are expected to 

be primarily from errors in lamp current and are estimated 

at less than 20%. 

4,2,3 Elative Calibration Scaling 

In order to scale the relative calibration curve, 

the absolute calibration at 7000A must be corrected to 

include the effects of optical components between the 

source and monochromator. This is done by assuming only 

reflective losses are important since radiation induced 

absorption ¿\t this long a wavelength is negligible. The A1 

front surface mirror will be assumed to be 95% reflective 

at this wavelength and each optical surface (two for each 

window or lens) to reduce the intensity by 4.4% (reflectance 

calculated for an index of refraction of 1.53). Thus, for 

the mirror, three lenses and one window, the absolute 

calibration excluding these components must be adjusted 

upward by a factor of 1.48 prior to scaling the relative 

calibration. Also since data vare taken with cooled 

photomultiplier the increased sensitivity at 7000Ã requires 

H to be further adjusted upward by a factor of 1.2. The 

final value for H thus becomes 2.3xlo“4 watt/amp. The 

relative calibration curves were thus scaled to have a 

value of 4.35xl03 amp/watt at 7000A. 
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4^2.4 Optical Collection Efficiency 

As already mentioned, the optical collection 

efficiency of the system will be evaluated in terms of an 

effective volume. This is analytically calculated below. 

The reason that an analytical ayproach was taken is that 

to experimentally work the problem one would have to place 

a point source at numerous points in the source volume 

(which xs in the reactors) and map the collection efficiency 

throughout the volume. Such an approach would be a time 

consuming and nontrivial experiment even were the system 

not in the reactor. These considerations» along with the 

fact that the optical system was amenable to analysis, 

strongly support the analytical approach taken. 

For an ideal optical system employing a 1:1 image 

throughout and with the limiting aperature being the lens 

closest to the source, the conditions for collection of 

a photon are quite simple based upon geometrical optics. 

While photon language is used in this analysis to make it 

more intuitive, it is tacitly assumed that diffraction 

effects are unimportant. Simply stated, the photon must 

hit the fixst lens and pass through the monochromator 

slit or its imcige at any image plane. Recall that reflec¬ 

tions from the test tube are eliminated by the flat black 

paint between the lenses in the lens assembly and that 

reflection and absorption losses from the optical components 
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accounted for in the absolute calibration. This means 

the problem can be worked right at the source by using 

only the slit image at the image plane located in the 

distributed source and the first lens. This is shown in 

Figure 4.4. If the photon path (extended forward or back¬ 

ward as necessary) intersects both the slit and lens, it 

will be collected by the system of lenses. A mathematical 

formulation of this condition is all that is required to 

effect a calculation of the probability for collection of 

an isotropically emitting point source located at any 

specified coordinate (x,y,z) within the source volume. 

Working this problem in two dimensions (x-y, x-z, 

or x-r) is most desirable, but this is complicated since 

the lens is circular and the slit rectangular. To circum¬ 

vent this problem the lens is represented as a square 

having the same area as the lens. This assumption seems 

well justified in view of the overall accuracy desired. 

The problem then becomes separable in y and z and much 

easier to analytically attack. Specifically, at each 

source point it is desired to calculate a solid acceptance 

angle Afi from which the probability of collection is 

simply AÍ2/4tt. Aß is the product of A0z and A0y which 

are calculated considering the slit height and width 

respectively. Ihe problem will now be set up for calcula¬ 

tion of A0y, and the A0z problem is completely analogous. 
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Figure 4.5 shows the detailed geometry to be used 

in the analysis. Only photons from the shaded regions in 

the figure can be collected by the optical system. The 

fcur regions indicated in the figure were selected as a 

convenience because within each the relation for the col¬ 

lection efficiency is unique. Any photon born in region I 

cannot hit the lens without passing through the slit image, 

so only the probability that it hits the lens need be con¬ 

sidered. Likewise in region II only the probability that 

it hits the slit need be considered. In regions III and 

IV both slit and lens are important in determining the 

probability a photon is collected. The mathematical ex¬ 

pressions for A0y in each of the regions will now be 

developed. Because of symmetry only positive y values of 

the source locations will be considered. Also indicated 

below in brackets are the lines (from Figure 4.5) limiting 

or defining the region. 

Region I: The effective aperture is simply s, 

the lens dimension as shown in Figure 

4.6. Also shown in the figure is the 

logic to obtain the A0y expression. 

0 < X < Xi 
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Region II: The effective aperture is simply w, 

the slit width. A0y is determined in 

the same way as for region I. 

X1 < X 

A0y = tan 
-1 

+ tan 
-1 w/2+y 

w/2-y| 0 I Y I w/Zf^X-j-l) [line FXj^] 

X < X. 

° < y2 < w/2 (X/X2-l) [line BXj] 

Region III: The effective aperture is jointly 

determined by the slit and lens as 

shown in Figure 4.7. 

0 £ X < Xj. 

-1 fs/2-yj w/2(l-x/x1) < y < w/2U-x/x2) [lines A0y - tan 

+ tan"1fy/2-y 

EX1 and EF] 

Xi < X 

X / _ _ m f X/ v ^ ^ 
w/2 ( 'X.-l) i y < w/2(1-ä'x5) [lines 

z X1F and EF] 

Region IV: The effective aperture is again deter¬ 

mined jointly by the slit and lens as 

shown in Figure 4.8. 

x2 < x < ° 

xA 
A0y - tan'1 “/2 X2> t V < ^/2 (1- [lines 

“X /_an 

“1 s/2+yl 
x < X2 

and AE] 

+ tan 
•2f X ^ w/2 (X^X2-1) £ y £ w/2(l-X>/,X1) [lines 

BX2 and AE] 



F
i
g
u
r
e
 
4
.
7
:
 

C
o
l
l
e
c
t
i
o
n
 
E
f
f
i
c
i
e
n
c
y
 
f
o
r
 
R
e
g
i
o
n
 
I
I
I
 



F
i
g
u
r
e
 
4
.
8
;
 

C
o
l
l
e
c
t
i
o
n
 
E
f
f
i
c
i
e
n
c
y
 
f
o
r
 
R
e
g
i
o
n
 
I
V
 



129 

All expressions developed for the y direction are 

applicable to the z direction to get AOz by simply replac¬ 

ing y by z and w by h, the slit height. For any source point 

falling inside one of the regions of system sensitivity 

(they are now three dimensional and more than four in 

number, making them difficult to picture physically) one 

can calculate the probability, 7, an isotropically emitted 

photon is collected by the optical system and monochromator 

as follows 

V(x,y,z) 
(x,y,z) _ AQz(x,z)AOy(x,y) 
4ïï ” 4ir 

The effective collection efficiency for the present 

experimental setup includes the effect of the source 

extent. It can further be expressed as an effective 

volume, V. 

v = /// i>v(x,y,z)7(x,y,z)dxdydz 

All 
Source 
Volume 

An evaluation of this integral for a unit uniform source was 

carried out numerically for the experimental setup used to 

make spectral measurements. Only 1/4 of the problem was 

actually worked, taking advantage of symmetry. The 
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following input parameters were used: slit width » .015cm, 

slit height - 1.6cm, s s 2.54cm, and f = 50.8cm. The 

integration was carried over a source region defined by 

following -14 £ x £ +14, y £ .25, z £ 1.15 (dimensions in 

cm). This region was selected sufficiently large to 

include all regions for which the collection efficiency 

is nonzero. The source region was divided into 2x10 

incremental volume elements and the computer program re¬ 

quired about four hours' running time on the IBM 1800 

computer. The result was a value for the effective volume 

-5 
of 4.8x10 cc. The effective volume varies linearly with 

slit width so is simply twice this value when a 300 micron 

slit is used. 

Errors arising from this analytical treatment are 

due to nonideal behavior of the optical system and the 

fact that the actual source is not uniform. Source non¬ 

uniformity is an important experimental problem and will 

later be discussed specifically for the cases of Ar and 

Xe. Nonideal behavior of the optical system is difficult 

to quantitatively assess; however, it seems unlikely that 

these would cause the results of the analysis to be in 

error by more than a factor of 2. In summary, the absolute 

calibration performed as indicated above is believed 

O 

accurate to within a factor of 3 between 2700 and 8500A, 

considering both errors from the experimental and analytical 

s parts of the calibration. 

.¾ 
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4.3 Calc ilation of Excited State Populations 

Line intensities as recorded cn the plotter are 

easily converted to current as measured the picoamp- 

meter, since it was found that the low pass filter employed 

to reduce gamma noise did not affect observed line hei ihts 

measured with 150 pm slits providing the monochromator 

O 

sweep vas 20A/min. or slower. Ideally for equal entrance 

and exit slit settings, the measured line intensity (in 

terms of current) represents the integrated effect of the 

line (i.e., includes all the photons in the line reaching 

the exit slit so that the lineshape unimportant). 

Another way to view this is to consider the line formed on 

the exit slit of the monochromator to have the same width 

as the exit slit. In practice, however, when equal slits 

are used a correction must be made to account for the line 

being wider tKan the exit slit. Experimentally it was 

found by scanning a Hg line with a fixed entrance slit 

setting of 150 pm and various exit slit settings that the 

ratio of the true line intensity to that measured with equal 

150 pm slit settings was 1.6. This relatively high value 

is apparently due to the monochromator being slightly out 

of focus. Thus, the following expression was used to cal¬ 

culate all excited state populations 

1.6IXA 

hAVC^hc 
n 
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where * observed line height expressed in amps 

= absolute calibration curve obtained by scaling 

the relative calibration curve to the absolute 

syftem sensitivity at 7000A 

V = effective volume in cm** 

X = wavelength of the observed line in A 

he = 1.99X1015 joule-A 

g = statistical weight of the excited level 

= transition probability of the observed transition 

-1 
in sec 

A 



CHAPTER 5 

ARGON RESULTS AND DISCUSSION 

From 6 September to 21 November, 1974, 760 torr 

of research grade Argon was studied. The gas was supplied 

by Air Products and Chemicals with a minimum guaranteed 

purity of 99.999%. The impurity analysis (No. SG-6133-74) 

supplied with the gas was as follows: 

Acetylene <0.05ppm Nitrogen <2.0ppm 

Carbon Dioxide <0.5 Nitrous Oxide <0.1 

Oxygen <0.8 

Hydrocarbons <0.2 

Dew Point -125°F 

Water <0.15 

Carbon Monoxide <1.0 

Hydrogen <2.0 

Methane <0.5 

In view of the high fill pressure of 760 torr and long 

— 8 
evacuation to '•lO torr, this gas purity specification 

very likely holds for the MCFIG fill. This claim is 

further supported by the fact no N? emissionswere ob¬ 

served in the spectrum and even over the extended period 

of testing no increase in impurity emissions was observed. 

133 
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5.1 Argon Spectra and Excited 
State Populations 

The observed Argon spectrum consisted of a continu- 

O 

ous emission around 2250A, a large number of lines (mostly 

Aril) from 2900 to 5200A and several large Arl lines from 

6600 to the system cutoff around 8500A. Also present 

was a continuous emission from 2500 to 5000A from radiation 

induced luminescence of the sapphire window in the MCFIG. 

This sapphire emission was studied in detail and the 

results are presented in Appendix A. Its affect on the 

Ar data is small, however, as the only complicating factor 

is that lines falling on the sapphire continuum have a less 

well-defined baseline. This makes determination of line 

heights a bit more difficult at points where the continuum 

is rising or falling rapidly with wavelength, but the net 

effect on the determined height of any reasonably intense 

line is quite small considering already present baseline 

variations due to gamma noise. Reproductions of the actual 

spectra data obtained are included in Appendix B. 

The Ar spectrum generally compares quite well with 

that taken by Walters at 760 torr except that the signal 

to noise ratio is much improved in this study and impurity 

emissions are virtually nonexistent. Of particular im¬ 

portance is the fact that no nitrogen emissions could be 

identified in the spectrum. Although the spectrum is 

consistent with that of Walters, the line identifications 
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made in this study are not. Por example it is believed 

the Arlll lines reported by Walters are due to. Aril. 

This problem is further discussed in Appendix C where 

Walters'data are tabulated for future reference. 

Prior to presenting the excited state population 

datar the results must be qualified, in the discussion of 

absolution calibration errors the possible effects of the 

nonuniformity of the source were alluded to. The data 

used in the excited state population calculations were 

taken at a point 3.9mm from the source (where the spectral 

intensities were highest). Closer to the source one finds 

the effective source region diminished by the source itself 

(i.e., the approximately rectangular source region sampled 

becomes cut off by the source). Up close to the source 

there is a tradeoff between higher energy deposition rates 

and a smaller effective volume. From Figure 2.3 the energy 

deposition rate at 3.9mm is about one-half the maximum 

at the surface of the source. The measured population 

densities at 3.9ram consist of some contribution from 

near the surface of the source and some from farther away 

than 3.9mm, suggesting the factor of 2 be considered an 

‘ additional uncertainty or error. When combined with the 

factor of 3 ascribed to the absolute calibration, the 

measured population densities are considered accurate to 

within an order of magnitude. Relative populations, how¬ 

ever are probably accurate to within 30%. 
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5.1.1 ArI 

The Arl lines observed and the corresponding excited 

state population densities are shown in Table 5.1. The 

more intense transitions observed were all from the 2pn 

levels. A level diagram of the 2pn levels is presented in 

Figure 5.1 and lines shown on the diagram are those ob¬ 

served in this study. In fact all the transitions origi¬ 

nating om the 2pn levels that fell within the sensitivity 

of the instrumentation were observed. These included the 

laser lines at 7067.22 and 7503.87A [79]. Lasing on these 

lines requires short rise time pulses. They are probably 

unsuitable for nuclear pumping, except where short rise 

time pulses are available. Transitions were, however, 

observed from two additional upper laser levels. The 3pg 

level has been lased at 2.82 and 2.88 pm and the 3p9 level 

at 2.55 and 3.10 Mm [79]. CW laser action on these transi¬ 

tions was observed in .01 to .05 torr Ar. That they are 

at such long wavelengths is favorable to nuclear pumping 

since optical radiation damage would be negligible. Lack 

of knowledge of the lower level populations prevents a more 

indepth evaluation of the nuclear pumped laser potential 

of these levels. 

The relative excited state populations are compared 

to those of Walters in Table 5.2 The agreement is quite 

good for all except four levels which differ by a factor 
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Figure 5.1: Arl Level Diagram Showing the 2p Levels and 

Transitions Seen in This Study n 
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of 2. Since the four level populations are based on 
O 

measured lines around 8000A a calibration error seems 

likely. The 2pg population is determined by using lines 

O 
at 8006 and 7635A, so this seems a reasonable test. In 

the present study the populations calculated from the two 

lines differ very little. Walters, however, calculated 

populations (see Appendix C) which differ by approximately 

a factor of 2, with that based on the 8006A line being 

lower. The relative population of the 2pg level he cal- 
0 

culated from the 7635A line is that shown in Table 5.2 

which agrees well with the present results based on both 

lines. It is thus concluded that the populations reported 

in this study are more accurate. As to what might have 

caused such a calibration error in Walters' work, one can 

O 
only say second order effects are important around 8000A 

and long wavelength pass filters must be used when taking 

calibration data in this region. 

Referring again to Table 5.1 several observations 

can be made. First of all the good agreement of popula¬ 

tions calculated from different lines from the same level 

is encouraging. This also indicates there is no trapping 

of radiation from these transitions by metastable lower 

levels. Secondly, collisional transfer of energy between 

levels does not seem important in determining the relative 

populations. If it were important one would expect a 



1
3
.
0
8
 

.
1
0
 

.
0
4
 

1
3
6
 

2
0
 

2
.
5
6
 

1
.
7
 



143 

buildup of the populations above large energy gaps between 

levels, and also reduced populations for levels a small 

energy (<kT) above the next lower level. Almost the oppo¬ 

site situation seems to prevail in this study. Lack of 

detailed information on collisional transfer of excitation 

between excited levels in Ar make this conclusion very 

tentative since the collision frequency is relatively high 

at this pressure. Finally, with the exception of the 6dg 

level at 15.32 eV no transitions from levels above the 

14.71 eV threshold for associative ionization were ob¬ 

served, consistent with our prediction. Excitation of the 

O 

6d- level was indicated by the single line at 5162.29A 

which is the only large line originating from this level. 

Thus, based upon the high energy of this level, its 

presence must be questioned. 

The lack of detectable higher energy Arl levels 

and apparent collisional effects increases the possibility 

that the plasma might be modeled using the corona model. 

Equation 2.3 can be rewritten as follows 

(p)^~ = nen(0) = constant 5.1 

The right hand side of 5.1 will be called the corona 

parameter whose constancy will serve as an indicator of 



how well the level populations adhere to the corona model. 

A(p) is of course the total (including collisional losses) 

transition probability, but we are forced here to use simply 

gZA., or the optical transition probability. This parameter 
i 

normalized to unity for the 2p^ level is presented for the 

2p levels in Table 5.2. Considering the errors in the 
n 

populations, cross sections and transition probabilities, 

agreement with the model is surprisingly good, with the 

exception of the 2p2 and 2p6 levels which are over populated 

relative to the others. 

5.1.2 Aril 

The Aril lines observed and the corresponding ex¬ 

cited state population densities are shown in Table 5.3, and 

an Aril level diagram showing the observed transitions ap¬ 

pears as Figure 5.2 A large number of known Aril laser lines 

[79, 83] were observed and a few more could be inferred. 

This information is summarized in Table 5.4. Of particular 

interest to nuclear pumping are the two near infrared 

o 2 0 
transitions from the ( P)4p ^eve^’ This level has 

the highest measured Aril level population by a factor of 

2, and radiation damage to optical components will be 

negligible at these long wavelengths. The gain for these 

transitions is considerably less than for the visible 
O 

transitions, although the line at 10923A was reported as 
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Table 5,4: List of Observed and Inferred Aril 
Laser Transitions 

Sa',**en9th Upper Level 

3576.61 

4370.75 

(3P)4d4F l *7/2 

(1D)4p2D30/2 

Lower Level 

(3P)4p4D5°/2 

(3p)3d2D3/2 

no inversion 

inferred from 

3718.21Â line whici: 
populates upper 
level 

4481.81 

4545.05 

4579.35 

(1D)4P2dO 

■W.Ú 

<3P)4p2sJ/2 

(3P)3d2D 

(3P)4s2P 

5/2 

3/2 

(3P)4s2P 
1/2 

observed 

observed 

inferred from 

3388.53Ä line which 
populates upper 
level 

4609.56 (1D)4p2P® 

4657.89 <3P)4p2p“ 

4726.86 <3P)4p2D® 

1 2 
( D)4s observed 

(3P)4s2P3^2 observed 

(3P)4s2P3^2 observed 

4764.86 (3P)4p2P3^2 

4879.86 (3P)4p2D°/2 

4889.09 (3P)4p2pJ/2 

(3P)4s2P3^2 observed 

3 2 
( P)4s ^2/2 observed 

(3P)4s2P^^2 observed 

4965.07 

5017.16 

5141.79 

iiijaiiiiiiiijZSTS 

(3p)4p2D3°/2 

(1d)4P2f“/2 

( D)4p F7/2 

(3P)4s2P 

(3P)3d2D 

1/2 

3/2 

(3P)3d2D 
5/2 

observed 

observed 

inferred from other 
lines from upper 
level 



Wavelength 
(A) 

Table 5,4 (continued) 

Upper Level Lower Level Remarks 

4145.32 

5286.90 

8771.19 

10923.44 

<3p>4p4d»/2 

(3P)4P4d“/2 

(3P)4p2P»/2 

(3P)4p2P30/2 

(3P)4s2P 
3/2 

(3P)4s2P 
1/2 

(^-0)43¾ 
5/2 

(3P)3d2 
5/2 

inferred from other 
lines from upper 
level 

inferred from 
3582.36Ã line 
which populates 
upper level 

inferred from other 
lines from upper 
level 

inferred from other 
lines f^om upper 
level 
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being quite strong [84]. High power operation on these 

lines is considered unlikely because of the unfavorable 

branching ratios [85]. 

In Table 5.5 the measured relative populations are 

compared with those of Walters at 760 torr and those 

reported by Rudko and Ta.ig [86] for an operating Ar ion 

laser at 0.3 torr. While the agreement between Walters' 

data and the one taken in this study is quite good for 

populations based on the more intense lines, the spectrum 

for an electrically excited plasmas is clearly different. 

Fission fragment excitation seems to strongly favor exci- 

3 2 0 
tation of the ( P)4p uPPer laser level relative to 

electrical excitation. 

With respect to the population densities presented 

in Table 5.3, the magnitudes of potential inversions are 

several orders of magnitude below those required to exceed 

the threshold for lasing. For example, in the case of the 
O 

4880Á laser line a reasonable mininum population inversion 

7 
threshold to exceed lasing is no less than 10 /cc and 

8 
probably closer to 10 . Because the measured population 

densities seemed so low, the following calculation was 

carried out to at least prove that the potential inversions 

in the plasma are one order of magnitude or more from 

threshold. The approach is to calculate the energy 

radiated from the 2p^ Arl level assuming a population of 
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7 ° 
10 /cc for the 4880A line upper level. The relative 

populations of the two levels as determined spectro¬ 

scopically should be very accurate and the results of 

this study and of Walters agree well. The ratio, R, the 

2pj to (3p)4p^Dg^2 use<* *-s The energy radiated, 

Er, is then calculated as follows: 

Er = R N[(3P)4p2D°/2]glAi hv 5.2 

= (7xl03)(107/cc)(1.15xl08sec_1)(1.8eV) 

= 1.45x1o19eV/cc 

Based upon the results of Chapter 2, Er exceeds by a 

factor of 36 the maximum total volumetric energy deposition 

rate in the plasma. These results apply also to the other 

Aril laser lines and throughout the pressure range 

examined by Walters (25-760 torr). Although these results 

are pessimistic from the standpoint of achieving nuclear 

pumping of Ar at flux levels of the UFTR, they add 

credibility to the absolute population densities reported 

herein. 

Returning now to Table 5.5 and Figure 5.2, one can 

make several observations. As in the case of Arl, 

collisional effects also seem unimportant in affecting 
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level populations. Populations above and below large 

energy gaps are opposite from those one would expect for 

collisional transfer. Cascades, however, are very im¬ 

portant in populating lower levels. Upon calculating the 

total cascade rates into various levels, they are found 

to represent up to 100% of the source rate for some levels. 

This is shown in Table 5.6. The 3 transitions marked 

with an asterisk appear to contribute more than 100%. 

Two factors must be considered. First, there are 4 

error sources in each case: the 2 populations and 2 

transition probabilities. Second, each of the 3 transitions 

represent the only one observed from '-.hat particular level 

O 

and in addition for the 3588A line the measured line height 

was to a great extent dependent on judgment. Thus about 

the only conclusion one can confidently substantiate is 

that cascading is very important in populating the Aril 

levels. 

Also indicated in Table 5.5 is the corona parameter 

as a test of the applicability of the corona model as was 

done for Arl. The cross sections used [87 ] include the 

contribution of cascading, making them perhaps more realis¬ 

tic for application here. The agreement is surprisingly 

good. Were this approach applied to the data of Rudko 

and Tang [86] factors of 10 variation in the corona 

parameter would be observed. 
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5.1.3 2250A Continuum 

A broad continuous emission was observed which had 

a peak around 2250A. Fixing its shape and location pre¬ 

cisely is impossible because of the low sensitivity of the 

instrumentation at this short a wavelength and lack of 

calibration information. While this continuum appeared 

quix..- small in the data (see Appendix B) it would be very 

large if corrected for the low sensitivity. This continuum 

has been reported by numerous researchers under a variety 

of conditions [17, 26, 28-30, 88, 89] although its loca- 

O 

tion has been reported from 2100 to 2300A. The location 

and intensity have also been reported to be a function of 

pressure [26] and Hill [89] points out that in electron 

beam excitation studies it is over very fast (10-20 nsec). 

Hurst and Bortner [31] have proposed that this continuum 

represents a recombination spectra as classified by 

Herzberg [90] . Specifically as an excited atom collides 

with a ground state atom, at the classical turning point 

they separate again or emission takes place caused by a 

transition from this unbound state into a bound molecular 

state. Arl levels having energies from 14.2 to 14.5 eV 

are considered likely candidates to produce the recombina- 
O 

tion spectrum around 2250A by this reaction. Tanaka and 

Yoshino [91] in their investigation of the Ar molecule men¬ 

tion the presence of the continuum and the above explanation 
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without comment, implying no theoretical difficulties 

with the explanation. This explanation would also h .Ip 

explain the relative absence of Arl emission from levels 

above the 2p1 and below the 14.7eV threshold for associ¬ 

ative ionization. 

5.1.4 Unidentified Lines 

A list of all unidentified lines in the observed Ar 

spectra is presented in Table 5.7. Also included under 

the comments column are the lines suspected, where it was 

simply a case that one line could not be singled out 

from two or more likely lines based on our identification 

criteria. Because of the large number of Ar spectral 

lines, virtually every line could (if one stretches 

the identification criteria a bit) be ascribed to some 

Ar transition, however, it was felt little would be gained 

by doing this. A few particular items of interest will 

now be discussed. 

O 

The emission around 3093A is relatively broad and 

consists of at least 3 lines and has a rather gradual 

degradation toward longer wavelengths. This is suggestive 

O 

of some sort of band structure. Emissions around 3093A have 

been previously observed in Ar excited by ionizing radia¬ 

tion [17,25-26 1 and attributed to OH arising from the 

presence of water. Relative to the rest of his spectrum 
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Table 5.7: List of Unidentified Lines in the Ar Spectrum 

Approximate —" ---— 
Wavelength 

(&)_ _ Comments 

2949 

3032 

3072 

3084 

3093 

3464 

3509- 
3521 (2 
lines) 

unknown 

unknown but perhaps OH 

unknown but perhaps OH 

unknown but perhaps OH 

unknown but perhaps OH 

unknown 

Aril at 3509.78, 3520.00, 3521.26, 3514.39, 
and 3517.89 

3545 

3560 

3529 

3849 

3889 

4032 

4042 

4071 (broad) 

4079 

4226 

4298 

4312 

Aril at 3545.60 and 3545.84 

Aril at 3559.51 and 3561.03 

unknown 

unknown 

unknown 

Aril at 4033.40 and 4033.82 

Arl at 4044.42 and Aril at 4042.90 

Aril at 4072.01 and 4076.94 

Aril at 4076.94, 4076.64, 4079.58 

Aril at 4225.00 and 4226.99 

unknown 

unknown 
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Table 5.7 (continued) 

Approximate 
Wavelength 

(A) Comments 

4372 Aril at 4370.75 and 4371.33 

4427- unknown 
4440 
(several 
lines) 

4474 

4579 

8553 

8623 

unknown 

unknown 

unknown 

perhaps Arl at 8620.46 
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O 

Walters'emission around 3093A was orders of maynitude 

greater than in this study strongly suggesting perhaps 

an impurity. In fact it dominated his entire spectrum at 

760 torr with the 3371A N2 ^and being next highest in 

intensity at almost an order of magnitude lower intensity. 

It was also a strong function of pressure. Because the 

emission was so large, he was able to scan it at high 

resolution and low gain to get good detail. A trace of 

his plot of this spectral region is shown along with that 

taken in this study in Figure 5.3. The data for this study 

fall right on the rise of the sapphire continuum, 

however, the two spectra compare almost perfectly. This 

suggests all 4 lines (3028, 3072, 3083, and 3093& have 

the saune origin and further this must be related to an 

impurity, prooably OH. 
O 

Another curiosity is the line at 4312A. It was 

one of the more intense lines seen and no strong Ar or 

expected impurity lines fall very close by. 

5.2 Observed Spatial Effects 

All the 2p Arl transitions were studied for 
n 

possible spatial variations but none were observed for 

the relative Arl spectrum. The spatial data for 3 selected 

transitions which were Studien in detail are tabulated in 

Table 5.8. The first two lines have the same upper level, 



.. 
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WAVELENGTH (Â ) 

Figure 5.3: Comparison of Emissions Around,3093A from 
this Study and from Walters' Data 
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Table 5.8; Tabulation of Selected Arl Spatial Measurements 

Line Intensity Relative to 6965a Line 
and Scaled Such That It Is Equal to 

Unity at X = 3.9mm 
Distance 

from Source 
X (mm) 

13.0 

12.5 

12.0 

11.5 

11.0 

10.5 

10.0 

9.4 

8.9 

8.4 

7.9 

7.4 

6.9 

6.4 

5.9 

5.4 

4.9 

4.4 

3.9 

3.3 

2.8 

6965A 

1.00 

1,00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

2p, 

7272A 

2p- 

1.01 

1.04 

1.02 

1.02 

.98 

1.01 

1.04 

1.05 

1.03 

1.02 

1.01 

1.01 

1.03 

1.01 

1.01 

1.00 

1.00 

1.00 

1.00 

1.00 

1.03 

3 

7383A 

.99 

.94 

.92 

.90 

.92 

.89 

.90 

.96 

.94 

.96 

.94 

.93 

.96 

.94 

.94 

.96 

.97 

.96 

1.00 

.98 

1.02 
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Distance 
from Source 

X (mm) 

Table 5.8 (continued) 

Line Intensity Relative to 6965Â Line 
and Scaled Such That It Is Equal to 

Unity at X = 3.9mm ^7 -257- 

6965A_7272A 7383A 

2.3 

1.8 

1.3 

.8 

.3 

-.2 

-.7 

-1.2 

-1.7 

-2.2 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.01 

1.00 

1.00 

1.04 

1.01 

.99 

.96 

1.04 

1.02 

.90 

1.01 

1.01 

1.04 

1.02 

1.00 

1.00 

1.00 

.99 

1.03 

.96 
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so are indicative of the experimental errors involved. 

Arl levels other than 2pn could not be accurately studied 

because the line intensities were too low. That the dis¬ 

tance from the source in Table 5.8 is sometimes negative 

arises from the fact that the measurement was made with 

the system set to sample a region centered behind the 

centerpoint of the planar souvce. This means the sample 

region is partially reduced by the source itself, however, 

at these positions photon collection is at points very 

close to the source. Of course the observed intensities 

are lower and it is this reduction in the effective volume 

that in this experiment prevents measurement of the ab¬ 

solute intensities close to the source. 

Because most of the Aril lines were superimposed 

on the sapphire continuum, a segment of the Aril spectrum 

was scanned at different spatial points. This was a time 

consuming process so efforts had to be made to minimize 

the number of lines studied. The segment selected con¬ 

tained all of the Aril laser lines having intensities 

large enough to be studied. The data on these five lines 

appear in Table 5.9. Again the first two lines are 

indicative of the experimental errors. Based on these 

data it seems reasonably well established that there is 

no significant spatial variation of the relative Aril 

spectra, at least as represented by the investigated 

levels. 



.. k 

■piip 

m» Mill»'lliiliwu. 

171 

a 
-P 
c 

I 
0) 
u 
9 
(0 
«0 
« 
S 

(H 
« 
•rl 
■P 
id 
a 
w 

p 
< 

'S 
■p 
Ü 
(U 

0) 
OT 

ip 
0 

c 
0 
•P 
■p 
id 

9 
X) 
id 
Eh 

o> 

in 
0) 

X] 
id 
Eh 

0) 

-5 o •p 

o< 
in 
m 
HI* 

id 
9 
tr 
w 

o 
pi 

« 

a\ 
P 
Hn 

P 
id 

il 

0) os 
>1 
p 

(0 
c 
V 

p 
id 
x: X 
Eh 
p 

.c id 
Ü 
9 > 
W P 

•H 
'Ci c 
<U D 

id 
o 
w 

0) 
c 

TJ 
c 
id 

CM 
V. 

O 1-1 
Q 

o 
a 
HP 

a 
m 

(N 

o p 
a 

CM O < 
a r- 
Hp 

a 
cn 

CM 

o r- 
a 

CM O < 
a cri 
HP O 

CN 

o m 
a 

CN O < 
a HP 
N< W5 

r» 
a HP 

CO 

HP 
CN 

in 
o 

r- 
o 

r-' 
o 

a\ 
CTl 

O 
O» 

CTl 
CTl 

CTl 
CTl 

O 
O 

e'¬ 
en 

o 
co 

r- 
Ol 

CTl 
Ol 

o 
o 

CO 
o 

o 
o o 

ID Ol 
CN 

Ol 
o 

m 
Ol 

o 
o 

HP 
o 

o 
o 

in o 
Ol 

on 
CTl 

oi 
CTl 

in 
oi 

co 
CTl 

o 
o 

in 
<r 

o 
o 

o 
o 

<N 
\ 

O CO 
a 

0 
a 
HP 

CN 

a 
CO 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
t 

o 

CTl 

00 

CTl 

r- 

CTl 

VO 

Ol 

in 

HP 
I 

in 

CTl 

HP 

HP 

HP 

CTl 

CO 

CO 

CO 



.. ..... 
NÜ ^ mmmmmmm*,^.,. 

11 

n 

3 
C 

•H 
*i 
G 
0 
o 

a\ 
io 

« 
H 
XJ 
<a 
H 

n 
O H 
4J <T\ 

V 
<u H m 
> 

•H 4J 
+> rtj 
(0 £1 X 

iH E-< 
0) 4J 
K Æ 10 

O 
>i 3 >1 
•IJ W +J 
•H -H 
tt Ö C 
ß ® D 
0) r-t 
+j « 
ß o 
h cn 

<u -o 
ß ß 
•h n) 
XJ 

CM 
\ 

o r-' 
h 

CM o< 
& <Ti 

Tf O 
———- M3 
Q 'S* 

(N 

O CO 
fc 

KN O < 
(¾ V 

vo 
r* 

cu *» 
CO 

CM 
\ 

O CO 
A 

CM « 
1¾ 

04 
CO 

a> 
« o 
Ö n 
ß 3 
(S O 
+i ü) 
n 

•H 
o E 

O 
M 

eu 

in 
o\ 

r- 
a» 

oo 
03 

30 
03 

O 
o 

00 
03 

o 
o 

30 
o 

00 
03 

m 
03 

o 
o 

ro 
o 

03 
03 

r» 
03 

03 
03 

00 
03 

03 
03 03 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

00 

CM 

CO 

CM 

00 CO 00 CO CM CN CM 
• 

CM 
I 



173 

A spatial variation of the relative Arl to Aril 

line intensities was found. This variation of the ratio 

of the largest Arl and Aril lines is shown in Figure 5.4. 

The Aril emission is enhanced about 30% relative to Arl as 

one approaches the source. Because the data are based on 

two intensities having perhaps 20% relative errors, the 

experiment was performed on two occasions to insure the 

results were statistically significant. The close agree¬ 

ment of the two independent measurements suggests the 

effect is real. 

The above results suggest that columnar recombina¬ 

tion and fission fragment energy spectra are not important 

in determining the Arl and Aril spectra, and even the 

ratio of Aril to Arl cannot be too greatly affected. 

Walters' pressure dependent data (see Appendix C) show 

that the Aril to Arl intensity ratio (depends on the Arl 

line chosen since the relative Arl spectra is pressure 

O 

dependent) as based on the 7383A Arl line increases by a 

factor of 2.5 in going from 760 to 25 torr. The present 

data suggest part of this enhancement is due to spatial 

effects since in effect Walters had better spatial resolu¬ 

tion than in this study. For example, at 25 torr Walters 

was sampling only about the first 1/30 of the fragment 

total path length. It is doubtful in this study that less 

than the first 1/10 of the total path can be sampled. 

Since in the present measurement the ratio increased with 
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higher ionization density and Walters'dependence went the 

other way, columnar recombination and volumetric energy 

deposition must not be important in causing the observed 

effects, suggesting the effects are related to the frag¬ 

ment or secondary electron energy spectra. 

5*3 Emission Intensity versus Reactor Power 

The relative emission intensity of selected por¬ 

tions of the Ar spectrum is shown in Table 5.10 as a 

function of power. The intensities are considered to vary 

linearly with power to within experimental error. That 

all the emissions were found linear with power rules out 

the possibility that a significant number of excited 

states are indirectly excited from lower excited states 

by low energy electrons. 

On the larger emissions, the effect of gamma excita¬ 

tion could be roughly evaluated by shutting down the reactor 

and monitoring the emission after shutdown. The number of 

neutrons decay rapidly by several orders of magnitude, 

while the gamma level only drops to 5 or 10% of its opera¬ 

tional level and decays more slowly according to the usual 

decay heat relations used in reactor calculations. The con¬ 

tribution by gammas to excitation was found to be less than 

1%, not a surprising result considering relative energy depo¬ 

sition rates. In the case of the sapphire luminescence. 



Table 5,10; 

Reactor 
Power Level 

(kW) 

Relative Emission Intensity of Selected Por¬ 
tions of the Ar Spectrum at Various Reactor 
Power Levels 

Relative Intensity Expressed 
as a % of the Intensity at a 

Power of lOOkW 
g---5-S- 

6965A 4545A 2250A 
(Arl Line)_(Aril Line) (on Continuum) 

100 

95 

90 

85 

80 

75 

70 

65 

60 

55 

50 

45 

40 

35 

30 

25 

20 

15 

10 

5 

1 

100 

95 

89 

84 

79 

73 

68 

63 

58 

53 

48 

43 

38 

33 

28 

24 

19 

14 

10 

5.0 

1.2 

100 

89 

87 

79 

76 

68 

63 

61 

55 

50 

45 

39 

37 

29 

26 

21 

18 

14 

intensity 

too low for 

measurement 

100 

95 

89 

83 

79 

74 

68 

63 

58 

54 

48 

43 

40 

35 

33 

25 

20 

15 

10 

5.6 

h i ImiiiQ 
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however, all the emission could be attributed to gammas 

(see Appendix A). 

5.4 Temperature Effects 

Temperature effects were monitored by observing 

emissions as a function of time after reactor startup. 

The sapphire luminescence was observed to increase while 

the 2200A continuum and 6965A Arl line decreased by about 

10-15% within 15 minutes after startup. Unfortunately 

further investigations of other lines was not made pri¬ 

marily because of preoccupation with the sapphire effect. 

Efforts were made to insure that these observations were 

not due to the reactor. One possibility investigated was 

flux tilting. The flux was tilted in virtually all direc¬ 

tions while at full power, but the observed intensities 

remained constant. The effects of gammas on the Ar 

emissions must be negligible as discussed in the preceding 

section. This leaves kinetic effects to explain the data 

barring some undiscovered reactor effect. Were the effects 

due to atomic collisions, one would expect collisional 

1/2 
rates to vary roughly as T . Assuming a 100°C rise in 

temperature of the gas, one would expect collisional 

rates to increase by 16%. This number is in line with the 

decreases observed, suggesting collisional depopulation of 

levels may be causing the observed effects. 
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5.5 Reassessment of Walters' Data 

Walters in his investigation of the fission frag- 

ment excitation of Ar was able to evaluate two effects 

not investigated in the present study, m order to make 

maximum use of his data it were revaluated in light of the 

results of this study, of particular interest were his 

data on pressure effects and electric field amplification. 

5.5.1 Pressure Effects 

Walters' relative level populations and some comments 

appear in Appendix C. Only a summary of the key trends will 

be presented here. First, the Aril level relative popu¬ 

lations do not appear to be a function of pressure. 

This suggests théy are produced by direct electron exci¬ 

tation of the ground state. Second, the Arl relative 

populations change strongly as a function of pressure. 

While most levels remain constant the relative 2p1 

level population decreases by a factor of 2 while the 

2P2 and 2Pß levels increase by factors of 6 ana 2 respec¬ 

tively. Finally, the Arl/Aril ratio is enhanced at high 

pressures as already discussed. 

To investigate the second observation the 

corona parameter was applied to Walters' Arl levels with 

the results indicated in Table 5.11. Normalization of the 
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Table 5.11: Walters' Excited State Populations Multiplied 
by Total Transition Probability and Divided 
by the Excitation Cross Section 

Upper 
Level 
Paschen 25 75 

N (p)gEA. 
i 1 

kTp! 
Normalized 

Pressure (torr) 
150 284 450 600 760 

2p^ 1.0 

2p2 2.3 

2p3 1.7 

2p^ 1.0 

2p5 1.3 

2p6 1.5 

2p? .40 

2P8 *73 

2pg 1.6 

1.0 1.0 

4.0 7.0 

1.0 2,0 

1.3 1.2 

1.3 1.4 

2.1 2.1 

.36 .37 

.80 .75 

1.2 1.6 

1.0 1.0 

6.7 15. 

1.7 2.5 

1.0 1.6 

.95 1.4 

2.7 4.3 

.28 .45 

.61 1.4 

1.2 1.9 

1.0 1.0 

16. 21. 

2.5 2.7 

1.5 1.8 

1.4 1.5 

4.6 6.7 

.48 .68 

1.1 1.1 

1.9 2.6 
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data relative to that for the 2pj^ level is arbitrary. 

The same increasing and decreasing trends would be evident 

in this table if the data were normalized to the 2p3 

level. At 25 torr it would appear the relative popula¬ 

tions agree reasonably well with the corona model. At 760 

torr, however, the 2p2 and 2p6 level populations are 

strongly enhanced. This suggests the populating or 

quenching mechanisms for these levels are changing with 

pressure. 

5.5.2 Electric Field Amplification 

Walters presents his electric field amplification 

data in the form of semilog plots of amplification (frac¬ 

tional enhancement or enhancement divide^ by the original 

intensity) versus voltage. The parameter of interest is 

E/P, and the E/P ranges he reported at each pressure were 

as follows: 

Pressure (torr) E/P (V/cm-torr) 

25 .131-.459 

75 .043-.175 

150 .022-.109 

284 .012-.058 

450 .007-.066 

760 .004-.035 
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In Ar the average energy of electrons begins a rapid 

increase from thermal energies at E/P = IO-3 and reaches 

approximately lev for E/P - l(f2 and 2eV for E/P = 10"1V/cm- 

torr [92 ]. These are considerable energies and will 

significantly reduce the recombination coefficient. In 

addition, based upon his measured current of 3xl0~3 amp at 

900V, his pov*«_- ut to the cavity was 2.7 watts. This 

is quite Inrge compared to only about .24 watts input by 

fission fragments (based on his reported value of 1.5xlO*®eV/ 

sec as the maximum input for Ar). 

Walters' observations will now be summarized. He 

studied the 6965 (2p2), 7272 (2p2), 7724 (2p2) and 7503 

(2p1) Arl lines and the 4277A Aril line (at 150, 284 and 

450 torr only) and noted increases in output intensity 

with applied electric field. A maximum enhancement of 

100% was obtained ac 25 torr for E/P = .459. At 760 torr 

the maximum enhancement was about 8% for an E/P « .035. 

Aril amplification was generally a bit lower than that for 

the Arl lines which as a group exhibited roughly the same 

amplification behavior. The only complete spectrum he took 

with an applied field was taken at 600 torr and an E/P = 

.032. The spectrum closely resembled that without the 

field, showing no enhancement effects. It is unfortunate 

that no spectra are available under conditions where the 

enhancement was significant. 
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If one assumes that upon applying the electric 

field a significant portion or even all recombination is 

stopped then the production rate of the 2pn and lsn 

(including trapped and metastable levels) by recombination 

will also decrease. Since virtually all optical decay 

goes through the lsn levels, the population rate of these 

levels should decrease by 60% according to Platzman's 

figures [43]. The observed amplification of the 2pn to lsR 

transitions must result from either a significant increase 

in electrons with energies exceeding the threshold for ex¬ 

citation of the 2pn levels ("13eV) from the ground state 

or an increase in the lower energy electrons (~1.8eV) 

which excite 2p from ls^ levels. In addition this in- 

crease must be sufficient to overcome the loss of the re¬ 

combination contribution. There are two reasons to suspect 

that the high energy electrons are responsible. First the 

enhancement of any Aril lines is evidence that high energy 

electrons are affected for the applied fields studied. 

Second, were the steady state Is^ level populations suf¬ 

ficiently large to support significant excitation, then 

the 2pn to lsn transitions would be a very effective path¬ 

way for extraction of the energy in the applied electric 

field, since the lsn levels would not be destroyed. The 

lsn levels would represent a near constant population of 

excitable atoms, meaning the excitation role would be 



lip 

fflWBIIBIIMfflfl 

183 

solely dependent on the density of electrons having the 

appropriate energy for excitation. Application of the 

electric field would be expected to result in order of 

magnitude increases in the observed intensities. 

Based upon these facts, nothing can be said about 

the dissociative recombination contribution to the 2p 

levels. The data do support the argument that indirect 

excitation from the lsn levels is insignificant even with¬ 

out the electric field. 

5.6 Discussion 

After a detailed evaluation of Walters' data and a 

comparison of them with the present results, it is concluded 

that Walters' data are generally valid. The close agreement 

of the two independent measurements at 760 torr along with 

the fact no real anomalies have been found in his data 

lend confidence to the use of his data at other pressures. 

The elimination of the possibility of indirect 

excitation of excited levels by low energy electrons 

simplifies things considerably. The important processes 

are summarized in flow chart form in Figure 5.5. Not 

shown in the chart are cascades from levels slightly above 

the 2p^ level (few were observed) and collisional deexci¬ 

tation. This latter item will be discussed later. Of 

importance in population of the 2pn levels are dissociative 

ÍMMMÉMIÜI.Mi.. 
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recombination and direct electron excitation. It is well 

known, however, that more ions than excited atomic levoi5 

are produced by slowing charged particles in the noble 

gases, the ratio of 2.5 being derived by Platzman [43]. 

This can be seen qualitatively by noting that Ar has a w 

value of 26.7 ëJ/ion pair and an ionization potential of 

15.8 eV. This implies 60% of the energy goes into forma¬ 

tion of ions leaving a maximum 10.9 €iV for excitation of the 

medium and for the kinetic energy of the electron population. 

Since the 2pn levels reside around 13 eV only one level 

could be created for each 2 ions formed, assuming 100% 

efficiency. Of course this tacitly assumes no indirect 

excitation. It is thus contended that at least 80% (based 

on an ion to excited atomic level ratio of 2.5) of the 2p 
rn 

population rate is due to dissociative recombination. 

The above contention should also be true at all the 

pressures studied by Walters. The three body conversion 

process would be slower at lower pressures but still far 

exceed recombination rates. The recombination of the mole¬ 

cular ion will also be slower because of the lower recombi¬ 

nation coefficients and electron densities. Using Walters' 

data at 25 torr, ane = 3.3x10^ sec ^ which corresponds to 

-4 
an ion lifetime, t, of 3x10 sec. Using a value of 

2 + + 
2.9cm /sec for D for Ar2 (see section 2.2.2) one can cal¬ 

culate the radius of a.sphere, rD, corresponding to the dis¬ 

tance traveled by the ion during its lifetime based upon 

. 
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\ 
\ 

\ 

diffusion theory as follows [93] 

rD = » .093cm 

Since the dimensions of Walters’ container are much greater 

than rD the diffusion loss at the pressures he investigated 

should be negligible and thus an unimportant loss mechanism. 

If the significant population mechanism forthe 2p. 

levels (i.e., dissociative recombination) is a constant as 

a function of pressure the question still remains as to why 

Walters observed pressure dependent Arl spectra. The only 

other logical variable dependent on pressure could be col- 

lisional excitation transfer. Taking as a first approxi¬ 

mation the gas kinetic cross section for Ar [93] of l.Ox 

15 2 
10 cm and assuming a gas temperature of 400°K (.034 eV) 

7 
the collision frequency is calculated to be 3.6x10 and 

9 -1 
1.1x10 sec for 25 and 760 torr respectively. Since the 

— 8 
optical transition probabilities are on the order of 10 , 

Walters' measurements are going from low pressures where 

collisions must be unimportant to high pressures where they 

should be important. Thus the distribution of levels at 

higher pressures must be determined by collisional transfer 

between the various nearby levels. The temperature effects 
O 

observed for the 6965A Arl transition lend further support 

to this conclusion. At lower pressures, however, it would 

appear the corona model is useful in describing the excited 

state populations. It may be that dissociative recombination 
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populates the 2pn levels roughly according to their elec¬ 

tron excitation cross sections as assumed mthe corona 

model. It is interesting that in Walters' data the Aril to 

Arl ratio only changes by a factor of 2.5. If collisions 

are actually effective in depopulating the 2pn levels one 

might expect the ratio to change drastically with pressure, 

assuming Aril excitation rates do not change. 

Since collisional effects in t his study were hele1 

constant, the observed spatial variation is most likely due 

to changes in the electron energy spectrum various dis¬ 

tances from the source. This undoubtedly also contributed 

to Walters' observed pressure effects, along with the 

collisional effects just discussed. 

The energy emitted per unit volume by the 2pn 

levels (excepting level 2p.. because of lack of knowledge 

of its population) can be calculated based upon the absolute 

excited state densities measured in this study and is found 

to represent .075% of the total estimated energy deposition 

rate in the gas by fission fragments. The rate of ion pro- 

duction (and recombination) is a factor of 1.5x10 higher 

than the calculated 2pn transition rates. Presumably they 

shoull be about the same order of magnitude. This discrep¬ 

ancy could result from collisional de-excitation and/or ex¬ 

perimental error (which is estimated to be less than an 

order of magnitude). If all the recombination resulted in 

optical 2pn to lsn transitions, nearly 6% of the total energy 

deposited in the gas would be emitted in the infrared from 

the 2p^ levels, n 
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Regarding the possibility of a nuclear pumped Ar 

ion laser, the only requirement seem.> to be higher fluxes. 

There is no mecnanism or characteristic that would inher¬ 

ently prevent the concept from working based upon the 

results of this study. The strongest line, however, might 

not be "t 4880A, for the distribution of Aril excited 

states is quite different than for a typical Ar ion 

laser. For calculâtional purposes the corona model can 

be used to estimate the relative populations, based on the 

results of this study. 

Optimistically if the present results are in error 

and the recombination rates and 2p^ transition rates 
n 

3 2 0 
actually are equal this would imply that the ( P)4p Dg^2 

level would , based upon its relation with the 2pn level 

3 
population have a population of 4.0x10 /cc. This would 

mean that at fluxes of 10^^ lasing of Aril might be 

18 
possible. It seems assured at fluxes greater than 10 n/ 

2 
cm sec. 

Although the literature has abounded with recent 

work on electron beam excitation of gases, no detailed 

work on excitation of the noble gases has yet been pub¬ 

lished except with respect to the VUV. Workers at SRI 

[ 94] did make measurements on Ar and Xe in the visible 

and infrared regions of the spectrum in an effort to 

determine the atomic levels populated by dissociative 



189 

recombination. Their data ware never reduced because of the 

intense interest in other phenomenon. Hill [89] verbally 

described that in Ar 3 large lines were seen. The largest 

was the 8264A (2p2) line with the 7723A (2p2) and 7635A 

(2p6) of lower and approximately equal intensity. Neglect¬ 

ing grating effects and considering the response of their 

photomultiplier, an RCA 7102(3-1), the 7723 and 7635A 

emissions being equal in their case is consistent with the 

O 

present results. The 8264a emission would also be largest. 

No Aril emissions were observed, however, this was probably 

due to their sensitivity being too low. The Aril emissions 

observed in this study were down in intensity from the 

strong Arl lines by nearly three orders of magnitude, and 

the RCA 7102 tube is not very sensitive. They did see the 
O 

2250A continuum as previously discussed. This limited, 

somewhat qualitative comparison of the spectra produced 

by the two excitation mechanisms at least produces no 

discrepancies. It is interesting that at four atmospheres 

pressure Hill noted that the Arl lines decreased in inten¬ 

sity by several orders of magnitude even with an increased 

energy deposition rate. 
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CHAPTER 6 

XENON RESULTS AND DISCUSSION 

From 7 March to 20 March, 1975, 760 torr of research 

grade Xenon was studied. The gas was furnished courtesy 

of Los Alamos Scientific Laboratory without an impurity 

analysis. Prior to filling the KCFIG the 

by mass analysis to insure it was of 

Although not verified in detail, 

for research grade Xe will be 

Carbon dioxide <5.0ppm 

Carbon monoxide <1.0 

Helium and hydrogen <5.0 

Krypton <25 

Methane <5.0 

gas was checked 

research quality, 

a typical impurity analysis 

assumed as follows: 

Nitrogen <10 

Nitrous oxide <. 1 

Oxygen <5.0 

Hydrocarbons <5.0 

Dew Point -105°F 

Water <1.0 

Purity in the case of Xe is not expected to be as impor¬ 

tant as with Ar which is extremely sensitive to N^. That 

the Xe used in this study was of high purity is supported 

by the fact that no impurity emissions were found in the 

fission fragment excited spectrum. 

190 
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6.1 Xenon Spectra and Excited 
State Populations 

The observed Xe spectrum contained a sizable con¬ 

tinuous emission from the UV cutoff of the instrumentation 

system, at slightly above 2000A, to about 6000A. A lower 

level emission extended from this point out to about 8000A. 

The continuum raay have extended further but the system 

sensitivity begins dropping off rather rapidly beyond 
O 

7000A. Also observed were a number of Xel and II lines 

from 3900 to 8350A. As in the case of Ar all the Xel 

lines observed were from the lower energy levels (2p and 

3pn)• Several XelJ laser lines also were detected. The 

complete Xe spectrum is presented in Appendix D. 

The sapphire continuum was not detectable except 

where extremely high gains were used so it contributes 

insignificantly to the observed spectra. This was easy 

to demonstrate by simply shutting the reactor down and 

measuring the spectral intensity at the point of known 

sapphire maximum emission. Based upon the detailed study 

of the sapphire emission (see Appendix A) ten times the 

intensity after shutdown should roughly approximate the 

full power emission intensity. These results confirmed 

^en9fh®nin9 the MCFIG to get the sapphire out of the 

high flux region was successful in eliminating the sapphire 

luminescence observed in the Ar spectra. It is fortunate 
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this was done since Xe does have a continuous emission in 

the same spectral region as sapphire. 

The number of lines observed in Xe were much less 

than in the case of Ar as one would expect. This made line 

identification much easier. The lack of knowledge of the 

Xe atom was a limitation, particularly with respect to 

transition probabilities. Experimental values were not 

available for all the transitions observed, and theoretical 

calculations for such a complex atom as Xe are inherently 

unreliable. It was fortunate that a 1973 study [95], moti¬ 

vated by Xe laser work, measured most of those needed, and 

all those used in this research are from this work. Prior 

to this 1973 study there were nc experimental values avail¬ 

able for the leading visible arrays of Xel or Xell. 

As with the case of Ar, before presenting the excited 

state population data the errors arising from source non- 

uniformity will be discussed. The effect is the same as 

that for Ar except more severe for two reasons. The data 

were taken 1.7mm from the source or at the point of maximum 

intensity. This reduces the effective volume. Also by ex¬ 

amining Figure 2.3 one can see that the volumetric energy 

deposition rate is highly variable, introducing an additional 

uncertainty. The combination of these two effects is be¬ 

lieved to make the population densities reported here too 

low by an estimated factor of 10. It is probably safe to 

say that the reported population densities are accurate 

MMiyÍMIl,lilui8&a jiiim.1-... . 



to within a factor of 100 and probably are low if 

anything. 

6.1.1 Xel 

The Xel lines observed and the corresponding excited 

state population densities are shown in Table 6.1. For 

comparison purposes only the data conveyed to the author by 

Hill [8^] were available. It was taken for 2 atmospheres 

of Xe excited by an electron beam with the following 

results: 

Li* i 
O 

(A) 

8231 

8280 

8819 

9045 

9800 

Upper L^vel 
(Racah) 

6p[3/2]2 

6p[l/2]0 

6pI5/2]3 

6pl5/2]2 

6p[l/2]1 

Relative Intensity 
as Observed with 
RCA 7102 Photomultiplier 

160 

300 

170 

120 

120 

Because the relative spectral sensitivity of the 

systems was different, the only lines seen in both studies 

O 

were at 8280(2p5) and 8231A(2pg). The closeness of the 2 

lines in wavelength enables the system r ¿sponses to be 

neglected, so the line ratios can be directly compared. 
O 

The ratios of the 8280 to 8231A were 1.87 and 1.89. 

Although the transition probabilities are not known for the 

other 3 transitions, it is probably a reasonable assumption 
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to conclude that the 3 additional levels Hill saw are 

highly populated in his case and the present one. Two 
O 

of these lines, at 9045 and 9800A are laser lines, but 

as in the case Ar they require short rise time pulses. 

Transitions from 2 other known upper laser levels 

were observed. The 2p^ level has been successfully 

lased at 75.6 ym in a 100:1 He-Xe mixture at 35m corr 

of Xe and a 3:1 Kr-Xe mixture at 15-20m torr of Xe. 

The 2pg leve] has been lased at 3.43 ym in 1 torr of He 

containing .01 to .04 torr of Xe [79]. Both transitions 

were lased CW and are interesting from a nuclear pumping 

viewpoint because these longer wavelengths require lower 

threshold inversions and are not affected by optical 

component radiation damage. The lower level for the 

transition at 75.6 ym is a level decaying by a resonant 

transition. The lower level for the 3.43 urn transition 

has several nonresonant decay paths and in this respect 

is promising as a nuclear pumping possibility. Further 

evaluation of these transitions cannot be made for a 

lack of knowledge of upper and lower level populations 

and loss mechanisms. 

All but one of the indicated population densities 

in Table 6.1 were based on the observation of a single 

...-- 
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transition, giving little feel for the possible errors 

involved. The one level having 2 observed transitions 

exhibits a relative error of 50%; however, one of the 

transitions was very weak and had a low signal to noise 

ratio. Again as in the case of Ar, one observed level 

seems much more populated than the others, and no obvious 

explanation for this observation can be given. That no 

levels at energies greater than 11.16eV were observed is 

suggestive that associative ionization is effective in 

quenching radiation from these levels. The lack of excita¬ 

tion cross section and transition probability data prevents 

calculation of the corona parameter for the Xel levels 

observed. Coilisional redistribution of the excited 

levels is expected on the basis that the gas kinetic cross 

• -15 2 
section for Xe is 1.8x10 * cm and at a gas temperature 

of 400°K and pressure of 760 torr this implies a collision 

9 —1 
frequency of 6.8x10 sec , considerably greater than 

typical transition probabilities. 

6.1.2 Xell 

The Xell lines observed and the corresponding excited 

state population densities are shown in Table 6.2 A number 

of known Xell laser lines [79 , 83 ] were observed and 

several others could be inferred. This information is 

bummarized in Table 6.3. As in the case of Ar the gains 
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Wavelength 
_<Â) 

4296.39 

4603.03 
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6.3: List of Observed and Inferred 
Xell Laser Transitions 

Upper Level Lower Level_Remarks 

( P)7s^Pj^2 observed 

,3_., 4 0 
( F)6p D3/2 '3P)6s4P 

3/2 inferred from 
4393.20Â line 
which populates 
upper level 

5044.92 <lB>6p2pî/2 (^)65^ 
3/2 observed 

5261.95 <1_. £ 2_0 
( D)6p D3^2 (^)63^ 

3/2 observed 

3 4 
( P)6s ^2/2 observed 

3 4 
( P)5d Dj.2 inferred from 

other lines 
from upper 
level 

(3P)6s2P 
3/2 inferred from 

other lines 
from upper 
level 

(3P)6s4P 
1/2 inferred from 

other lines 
from upper 
level 

<3P)5d2P3/2 inferred from 
other lines 
from upper 
level 
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Table 6.3 (continued) 

Wavelength 
(Â) 

9698.59 

Upper Level 

<Wd°/2 
Lower Level 

(3p)4d'1P5/2 

Remarks 

inferred from 
other lines 
from upper 
level 

10633.85 
(3p,6P4D3°/2 (3P)5d4P 

3/2 inferred from 
other lines 
from upper 
level 

:1 : .... 
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for the inferred red lines have been found considerably 

lower than for the visible transitions from the same levels 

184]. Unfavorable branching ratios would also likely 

prevent high power operation. 

With respect to the population densities presented 

in Table 6.2, the magnitudes of potential inversions are 

several orders of magnitude below those required to exceed 

the threshold for lasing, which should approximate those 

required in Ar. Although the reported values are suspected 

to be too low this does not affect this conclusion. 

It is interesting that in the Xe data some Xel 

4 
level populations exceed those of Xell by factors of 10 

while others are about equal. In Ar the ratio of the Arl 

to Aril populations is perhaps a factor of 10 higher. This 

might mean in Xe for a given energy input to the system more 

energy goes into Xell; however,»based upon the population 

densities measured less total excitation results. Colli- 

sional effects may also be greatly reducing Arl populations, 

thus masking perhaps the opposite effect. 

Cascade effects are analyzed in Table 6.4 The 

results must be interpreted with care because of the lack of 

transition probabilities. As indicated in the table data 

were not available for one cascade transition. The more 

significant problem was estimating the total transition 

rate from a level when transition probabilities were 
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published only for one or two lines. This was the case 

for each of the 4 levels shown. The approach taken was to 

sum the available transition probabilities [ 95] and scale 

this number up according to the ratio of the total radi¬ 

ated intensity reported for all transitions from the level 

to the radiated intensity of transitions whose transition 

probabilities were summed. The intensity data of Striganov 

and Sventitski [ 81 ] were used. Discounting the contribu¬ 

tions exceeding 100% as probably being the result of errors 

in the above procedure, it is clear that cascades play an 

important role in the population of Xell levels as in the 

case of Aril. Note that in the Xe case the 4 levels having 

a detectable cascade source are Xell laser levels. 

6-1.3 Visible Continuum 

A visible continuous emission was observed in Xe 

from about 2000 to 8000A. The continuum was highly de¬ 

pendent on how far the region being sampled was from the 

source. This spatial effect is shown in Figure 6.1 and 

will be discussed more later. The true intensity of the 

continuum obtained by correcting the data for system 

sensitivity is shown in Figure 6.2. The curve in Figure 

6.2 represents a location between the two curves in Figure 

6.1. The structure below 2900A in Figure 6.1 is obscured 

in Figure 6.2 because the applied calibration curve is 
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noisy. The 6 small peaks below 2900A in Figure 6.1 are 

real and too broad to be single lines. This was determined 

by scanning them at a slit setting of 100 ym. The locations 

must be considered accurate only to within +3A. Another 

small maximum was observed around 4150A and this does show 

up in Figure 6.2. A slight maximum visible only in 

Figure 6.2 also occurs around 7300A. This is believed 

real as the entire continuum was carefully scanned using 

long wavelength pass filters (see Appendix D). 

¿hat the noble gases emit visible continuua is veil 

established. The Xe continuum observed in this study 

qualitatively agrees with that reported by Prince and 

Robertson [97 ] for emissions from a Xe positive column, 

Henck and Coche [28] for alpha particle excitation of Xe, 

and Hill [89 ] for electron beam excitation of Xe at 2 

atmospheres'pressure. The origin of these visible continuua, 

except for the case of He, is not so well defined. Prince 

and Fobertson [97 ] experimentally show that the continuua 

do not arise from free-bound or free-free transitions, 

indicating they are of molecular origin. Unfortunately, 

as pointed out by Mulliken [98 ], nothing experimentally is 

known about the excited molecular states of the heavier 

rare gases except the approximate location of the lowest. 

Some possibilities will now be discussed. 

Mulliken [98 1 suggests that recombination of Xe^ 

to form excited Xe2 states which cascade down by emission 
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in the visible and UV to lower states would help explain 
o 

why the 1650A Xe continuum is favored in a condensed 

discharge. However, he points out the lack of discrete 

bands in the visible and near UV raise doubts about whether 

this is possible. In contrast dissociative recombination 

seems quite probable. 

Prince and Robertson [97 ] as well as others have 

ascribed the continuum to electron excitation of meta¬ 

stable molecules formed by 3 body conversion of metastable 

atoms. Mulliken [98 ] points out that while the molecular 

origin of the continuum is still an open question, their 

proposed excitation mechanism is probably incorrect 

owing to the lack of Xe2 states having lifetimes long 

enough to be considered metastable. 

Based upon the available data one is forced at this 

point in time to tentatively attribute the Xe continuum 

obrerved in this study to Xe* transitions. 

6.1.4 Unidentified Lines 

Table 6.5 contains a list of all the unidentified 

lines observed in the Xe spectrum. All the lines could be 

logically attributed to Xe. 
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Table 6.5: List of Unidentified Lines in the Xe Spectrum 

Approximate 
Wavelength (A)_ Comments 

4037 Xell at 4037.29 or 4037.59 

4193 Xell at 4193.15 or 4191.01 

4214 Xell at 4213.72, 4214.69, or 4215.60 

4239-4253 
(3 poorly 
defined 
peaks) 

probably 3 of the following Xell 
lines at 4238.25, 4243.88, 4244.41, 
4245.38 

4357 

4523 

4844 

4916-4922 
(2 close 
lines) 

Xell at 4357.66 is only nearby Xe line 

Xel at 4524.68 or Xell at 4524.21 

Xel at 4843.29 and Xell at 4844.33 

probably Xel at 4916.51 and Xell at 
4921.48 

4971 Xell at 4971.71 or 4972.71 
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6.2 Observed Spatial Effects 

Along with Figure 6.1 the spatial variations 

observed in this study are summarized in Table 6.6. Two 

distinct trends are evident. First, the lines and con¬ 

tinuous emissions in Table 6.6 exhibit generally the same 

spatial variation with the exception of the 8280 and 
O 

8231A lines which together exhibit the same variation. 

Second, from Figure 6.1 it is evident that the short wave¬ 

length part of the continuum is enhanced relative to longer 

wavelengths (tabulated in Table 6.6) close to the source. 

The first trend suggests that the short wavelength 

part of the continuum and the 4 Xel and Xe.TI lines are 

produced close to the source while the Xel levels decaying 

by the 8280 and 8231A lines are produced farther away. 

This effect is illustrated in Figures 6.3 and 6.4 and 

suggests the levels producing the 8280 and 8231A lines 

are produced roughly 1mm farther from the source. One 

explanation might be that these two levels are populated 

by dissociative recombination and that the ions diffuse 

outward 1mm prior to recombination. The other emissions 

presumably arise from direct excitation of the ground state 

or fast secondary kinetic processes. This is difficult 

to reconcile with the fact that the diffusion coefficient 

for Xej is small (.08cm2/sec), the Xe+ lifetime to conver¬ 

sion is short (-nsec), and the liftime of Xe^ to recombination 
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• 5 
is short (<10 sec). These numbers imply recombination 

occurs within 2.8x10 ^cm of the point of initial ioniza¬ 

tion, assuming an electron density of 10^/cc. Associa¬ 

tive ionization processes would also be very fast. Like¬ 

wise the thermalization of secondary electrons would be 

expected to occur over very short distances and have no 

effect on where recombination occurs. 

Turner and Riccius [ 99 ] in afterglow studies in 

Kr suggest that Kr2 may be created in a highly excited 

state (K^)*, whi "h is unfavorable to recombination. The 

effective recombination rate will then be controlled by 

2-body collisional de-excitation of (Kr*)*. At pressures 

of 760 torr, however, the collisional deexcitation process 

is more rapid than recombination based on their number for 

Kr. This process is probably not important for Xe at 760 

torr for the same reason. 

That the electron energy spectrum is harder near 

the source might account for the Xell levels being enhanced 

relative to those of Xel, but ionization (reflected ulti¬ 

mately by recombination and production of the 8280 and 
O 

8231A lines) would be favored over excitation of lower Xel 

levels such as that giving rise to the 4671¾ line. This is 

not evident in the data. 

Collisional redistribution of excitation so as to 

favor these levels would also not be expected to take 
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times long enough for the atoms to diffuse more than 
-5 

about 10 cm. 

Consider now the second trend îs indicated in 

Figure 6.1. It would appear that the emission close to 

the source does have some band structure to it. Perhaps 
« 

this is indicative that near the source the process of 

radiative decay of X&2 competes with dissociative recombi¬ 

nation as suggested by Mulliken [ 98 ]. This would account 

for both observed trends, but there is no reason apparent 

to the author why the radiative process would occur with 

higher frequency near the source. 

Again with respect to the second trend, Henck and 

Coche [28] observed that the maximum of the Xe continuum 

is a function of pressure for alpha particle excitation of 

Xe. Their data indicate it varies from 2600 to 3400A, 

shifting towards the blue jit lower pressures. This effect 

and the spatial effect observed in this study may be some¬ 

how related. 

6-3 Emission Intensity versus Reactor Power 

The relative emission intensity of selected portions 

of the Xe spectrum is shown in Table 6.7 as a function of 

power. The intensities are considered to vary linearly 

with power to within experimental error. However, since all 

the relative intensities showed a systematic variation in 

-I A, 
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Table 6.7: Xe Emission Intensity as a Function of Power 

Power 

100 

90 

80 

75 

70 

60 

50 

40 

30 

25 

20 

10 

rifciMltaaaMiaaM.i.. 

Intensity Relative to that at 100 KW (%) 
_ Continuum “ _XeI xiTÏ 

JKW) 2900A 330QA 4000A 4100A 8280A 467^ 4296A 

100 

88 

76 

65 

54 

44 

34 

25 

17 

88 

77 

71 

66 

55 

46 

37 

27 

17 

89 87 

78 75 

66 64 

56 52 

46 43 

36 34 

27 25 

18 16 

10 

89 

76 

64 

54 

44 

34 

23 

14 

100 100 100 100 100 100 

73 

43 

? 2 

74 

18 

23 



being consistently low, the intensity of the continuum at 
O 

3300A was plotted as shown in Figure 6.5 Plotted for 

comparison purposes are the variations expected if the 

intensity varies linearly with power, P, and as P3//2. 

The data most closely approach the linear curve, but do 

show a systematic deviation from it. This deviation cannot 

be explained, although reactor instrumentation deviations 

from linearity and the reduction of emission intensity 

with MCFIG heating are possible sources cf error. 

In any case that the emissions nearly linear 

suggests excited states (atomic, ionic, and molecular) 

are not excited by low energy electrons from lower excited 

(Metastable) states as was proposed by Prince and Robertson 

[97]. 

The contribution of post-shutdown gammas to the 

observed excitation was found negligible as in the case 

of Ar. 

6.4 Temperature Effects 

The observed temperature effects as reflected by the 

behavior of the emission intensity after reactor startup 

and heating of the MCFIG are summarized in Table 6.8. The 

data are very confusing, but do seem to indicate that if 

the MCFIG temperature is the only variable important here, 

temperature effects are not negligible and collisions must 

be important. 
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Tabic 6.8: Summary of the Behavior of Observed Portions 
or the Xe Spectrum After Reactor Startup 

4671A 

8280A 

4296Â 

2900Â 

3300A 

4000A 

4100A 

(Arl): perhaps slight increase (<10%) in 22 min. 

(Arl): definite 7% increase in 6 min. 

(Aril: perhaps slight increase (<10%) in 15 min. 

(on continuum): definite 5% increase in 9 min. 

(on continuum): increases perhaps 2% in 2 min then 
decreases about 7% in the next 6 min. 

(on continuum): negligible change in 6 min. 

(on continuum): initially constant but decreases 
about 6% over one hour. 
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6.5 Discussion 

The data obtained in this study on the Xe continuum 

(particularly the spatial effects) only create more ques¬ 

tions as to its origin, etc. Hopefully the data from this 

study will ultimately aid in clarifying this generally 

unknown phenomenon. One additional speculation or observa¬ 

tion will be made at this point. Since all the emissions 

vary linearly with power in this study and yet other 

researchers consider indirect excitation important, columnar 

recombination becomes suspect. Columnar recombination 

effects are independent of power and only dependent on 

effects within the column itself. Thus any indirect or 

nonlinear processes going on in the column would still 

macroscopically exhibit linear behavior. Exactly how columnar 

recombination might cause the observed effects in this 

study is not known. 

The good agreement between electron beam excitation 

of Xe and that observed in this study with fission frag¬ 

ments adds even more support to the case for the excitation 

being essentially by the same mechanisms in both cases. 

The energy emitted per unit volume by the 2p5 and 

2pg levels based upon the absolute densities measured in 

this study, only the 8280 and 8231A transitions (for lack 

of the other transition probabilities), and an average 

17 
energy deposition rate of 5x10 eV/cc-sec. is found to 

represent .0046% the total estimated volumetric energy 
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deposition rate. The rate of ion production (and recombi¬ 

nation) is a factor of 1.3xl03 higher than the number of 

transitions from the 2p5 and 2p6 levels as calculated 

above. These numbers are down from those for Ar by about 

a factor of 10 which is what the author estimates the 

densities are too low by in section 6.1. The same pos¬ 

sible reasons for the above discrepancy between ion pro¬ 

duction and optical transition rates stated for Ar apply 

here. 

It would appear that except for the observed con¬ 

tinuous emissions, the Ar and Xe data are quite similar. 

It is suspected that the processes indicated in Figure 5.5 

for Ar apply equally well in the case of Xe with the above 

noted exqeption. 

Although the Xel populations are nearly a factor 

i- 10, lower than those for Arl, the Xell levels are lower 

by only about a factor of 2 from those of Aril. Thus, 

particularly in the case that the Xe data are low by a 

factor of 10, a nuclear pumped Xell laser might be attain¬ 

able at lower fluxes than one based on Aril, perhaps by 

as much as a factor of 5 or 10. in particular the 4296.40Â 

transition would seeir a prime candidate for nuclear 

pumping. 



CHAPTER 7 

CONCLUDING REMARKS 

7.1 Summary of Significant Results 
and Conclusions 

In this section the important results from this 

study will be summarized and general conclusions presented. 

7.1.1 Ar Data Base 

This study has produced fission fragment excited 
O 

spectra from 2000 to 8500A at 760 torr having a much greater 

signal to noise ratio and lower impurity emissions than in 

past studies. Of particular significance is that no Nj 

emissions were detected. In addition order of magnitude 

population densities of excited states were obtained, 

providing the first direct experimental information on the 

energy pathways in fission fragment excited. Ar. Spatial 

data and variations with reactor power at 760 torr were 

also acquired. The relatively good agreement of the results 

of this study with those of Walters [17] at 760 torr 

suggest Walters' data at other pressures are valid (for 

relative intensities) and not sensitive to low levels of 

impurities. 

222 
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7.1.2 Xe Data Base 

This study reports the first spectral observations 

of Xe excited by fission fragments. The data taken from 

O 

2000 to 8500A and at a pressure of 760 torr yield estimates 

of the excited state population densities accurate to 

within a factor of 100 (this could probably be reduced to 

a factor of 10 if the reported values are increased by 

a factor of 10 for the reasons explained in paragraph 6.1). 

This study has also produced measurements of spatial ef¬ 

fects and the variation of intensity with power. 

7.1.3 Model of Fission Fragment Excited Plasmas 

With the exception of the Xe continuum and associ¬ 

ated effects the basic processes in fission fragment 

excited plasmas appear at least partially understood. 

Fission fragment spectra are clearly different from those 

typically observed in electrical excitation situations, 

although the atomic spectrum is probably similar to that 

in a recombining afterglow. Excited ionic states are 

directly excited by high energy electrons from the atomic 

ground state and cascading. This is evidenced by the good 

agreement between relative Aril populations and those 

predicted on the basis of the corona model where an effec¬ 

tive cross section (including cascades) was used. It 

seems likely that the corona model is applicable to the 
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D 
il 

XeII populations as well. Cascading is certainly important 

for both cases. The observed atomic levels for Ar arise 

from dissociative recombination of Ar^ and this is also 

likely the case for Xe. The importance of collisions in 

determining the distribution of atomic levels would seem 

established from Walters' pressure data for Ar as well as by 

estimates of collision frequencies for both gases. Should 

high energy electrons from fission fragments actually be 

the primary excitation mechanism and the line radiation be 

determined by direct excitation, recombination, and colli¬ 

sions, only the electron energy is important ir determining 

excitation for a given set of gas conditions. And even 

then the input energy of electrons to the system is probably 

not too important if well above the ionization threshold. 

This means the excitation observed in a gas excited by alpha 

particles, electron beams, gamma rays, and fission frag¬ 

ments, etc. should in a given gaseous ir■»dium produce the 

same excited levels. Th . is supported by the comparison 

of electron beam data to that taken in this study. Unfor¬ 

tunately, complete detailed spectral measurements over the 

visible part of the spectrum for these other forms of 

excitation have not oeen published. 

7.1.4 Implications for Nuclear Pumping 

High energy electrons most probably do all the exci¬ 

tation, and Aril and Xell laser levels appear preferentially 



225 

populated which is very encouraging, a nuclear pumped 

laser based on this concept would appear feasible. Rela¬ 

tively high flux levels (>1016n/cm2Sec) will, however, 

probably be required to exceed threshold. Nuclear pumping 

is far more efficient in producing ionization than excited 

ionic levels. In fact the majority of the energy deposited 

inthe medium results in ionization, and tapping this energy 

resource would seem highly desirable for any nuclear pump¬ 

ing approach. While dissociative recombination populate's 

excited atomic levels, most transitions from these levels 

are to lower metastable or trapped levels which are not 

conducive to CW operation. One exception, the 3.43 ym Xel 

line would appear to have some promise, but this study was 

unable to obtain a population for the upper level for lack 

of a transition probability. This implies that collisional 

transfer of energy from the trapped and metastable levels 

might be a very efficient means to extract the energy, and 

this is the basis of the VUV molecular lasers. It would 

seem possible to also use another gas to collisionally 

depopulate these levels. For example, N2 is known to 

k® verY effective in this respect [100] and is presently 

being investigated for possible nuclear pumping applica¬ 

tions [39] . 
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7.1.5 Spatial Effects 

In Ar the lack of any significant spaticl effects is 

encouraging. It indicates that calculation of excited 

state populations, evaluation of inversions, etc. are 

simplified from an engineering standpoint. The most im¬ 

portant parameter would seem to be simply the volumetric 

energy deposition rate, essentially an easy number to 

reliably estimate even for complex geometries. In Xe the 

situation is more difficult to assess. It would appear 

that spatial effects must be considered in the engineering 

of a nuclear pumped Xe laser. Xell populations do seem to 

follow the volumetric energy deposition rates, so an Xell 

laser design can neglect these effects. This study has 

shown that measurement of spatial effects is both feasible 

3p/i desirable in the cases studied. Spatial measurements 

also proved useful as a practical diagnostic tool during the 

experiment. For example, by measuring the emissions as 

a function of distance from the source, it was possible 

to separate the true Ar spectrum (asymmetric, being most 

intense near the source) from that due to sapphire (symmetric 

across the sampled region). 

7.2 Implications for Future Research 

This section includes some results, so far not dis¬ 

cussed, which may be of some interest to future researchers. 

.. 
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7.2.1 Gamma Excitation of Gases 

During the course of this study the test tube was 

filled with several gases (air, and HQ) and spectra 

taken with only the reactor gamma level acting as a source. 

Making measurements of this kind are completely feasible. 

While the observed intensities are reduced compared to the 

fission fragment case, so are the safety complications. 

Thus to study high pressure gases excited by ionizing radi¬ 

ation, reactor gammas might be an easy approach. Higher 

pressures would increase the gamma energy deposition. In 

fact high pressures are a complication in the fission 

fragment case owing to the extremely short range of fission 

fragments and the fact that still no more total energy is 

deposited in the gas. 

7.2.2 Radiation Effects 

Although it was well known that radiation damage to 

optical components could be expected, the extent of the ex¬ 

perimental problems arising in this study from the effects 

came as a surprise to the author. While radiation effects 

are generally minor in the infrared part of «_he spectrum, 

in the visible and UV they are not. The author would 

recommend paying careful attention to these effects in any 

future nuclear pumped laser or spectroscopy work in the 

visible and UV. Brewster windows, dielectric coating, etc. 

are all susceptible to radiation damage. 



228 

7.2.3 Source Geometry 

In future spectroscopy of fission fragment excited 

gases at high pressures, a planar fragment source should be 

used since it deposits the energy over a region that can 

efficiently be sampled by the monochromator. In fact it 

was found that in the case of UFg at 760 torr, approxi¬ 

mately the same volumetric energy deposition rate over the 

spatial region sampled by the monochromator was achieved 

using a planar UOj source as would have been obtained with 

93% enriched UFg, assuming equal fluxes. While the en¬ 

riched UFg would deposit orders of magnitude more total 

energy in the MCFIG, most of it cannot be observed spec¬ 

troscopically. It will be uniformly distributed with a 

volumetric energy deposition rate over the effective volume 

sampled spectroscopically roughly equal to that for the 

case of a planar source. A cylindrical source is still 

desirable to maximize the volumetric energy deposition rate 

over the effectively sampled region when low gas pressures 

are used such that the range of fragments exceeds the di¬ 

ameter of the cylinder. 

7.2.4 Improvements of the Experimental Setup 

Since the basic experimental system described in 

Chapter 3 has already been used by other experimentors and 

future use is anticipated, some suggested improvements 

will be listed here. 
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(1) Reduction of noise by filtering either with a 

minicomputer or phase lock amplifier has already been 

discussed in section 3.5.1. 

(2) The lead shield around the photomultiplier could 

be modified to incorporate a commercially produced cooled 

photomultiplier housing. This would reduce the incon¬ 

venience and cost of liquid ^ required presently to cool 

the system. 

(3) If the lead shield were also modified to permit 

easy changing of detectors, perhaps future work could 

include monitoring emissions in the infrared, beyond the 

cutoff of the present system. 

. ".i. ,1,, au «MWMfitt 



APPENDIX A 

SOME OBSERVATIONS ON THE LUMINESCENCE OF ALPHA-Al.O^ 
(SYNTHETIC SAPPHIRE) IN A REACTOR ENVIRONMENT ¿ 

During the spectral measurements of fission frag¬ 

ment excited Arf a visible continuous emission which 

changed with irradiation time was observed. As this had 

not. been observed in previous Ar studies using entirely 

quartz optical components, it was suspected that luminescence 

c£ the sapphire window used in the MCFIG, coupled with a 

loss of transmission, were observed. Because the lumines¬ 

cence output seemed surprisingly high and exhibited what 

appeared to be an unusual spectral variation over the irradi¬ 

ation period, an experiment was set up to examine this in 

more detail by making simultaneous optical absorption and 

luminescence measurements. The results of this study are 

presented here. 

Radiation damage to the optical properties of sapphire 

was most recently extensively investigated by Levy (101]. 

He reported results for both reactor (gamma and neutron) 

and gamma only irradiations, identified and characterized 

a number of induced color centers, and related these ob¬ 

servations to theory. In addition, the thermoluminescence 

of the aluminum oxides has been investigated by Rieke and 

Daniels [102]. This study does not mention, however, the 

wavelength spectrum of the thermoluminescent output. The 

230 



thermoluminescent applications of Al203 have not received 

great attention because of its insufficient sensitivity 

for most purposes [103] and little recent work has been 

reported in the literature. The effects of high pressure 

on the thermoluminescence of gamma irradiated single 

crystal a-AljO^ was later investigated [1041 but the report 

also did not present any spectral (wavelength) data. 

Other studies of radiation damage to a-A^O^ have involved 

measurement of long wavelength neutron scattering cross 

sections, thermal conductivity lattice expansion and electron 

spin resonance. The only published luminescence spectrum 

for Al^O^ known to the author is shown in Figure A.l and 

was taken some years ago for excitation by 12.4 KeV X-rays 

at a sample temperature of 1600°C [105]. 

A.l Experiment 

The a-AljOj specimen employed was a standard 1 inch 

sapphire window assembly manufactured by Ceramaseal, Inc. 

(New Lebanon Center, N.Y. 12126) as shown in Figure A.2. 

The sapphire was synthetic and of hexagonal single-crystal 

structure [106]. The window assembly was located in the HTP 

of the UFTR with the optical set up shown in Figure 4.2. 

-3 
The HTP was sealed and evacuated to a pressure of 10 torr. 

A McPherson Model 218 3m scanning monochromator in combina¬ 

tion .with a EMI 9558QB(S20) photomultiplier were used to 
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Figure A.l: Luminescence Spectrum for Alo0_ Excited 
by 12.4 KeV Photons [105] 2 ^ 
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Figure A. 2: Sapphire Window Assembly Used in 
Irradiation Studies 
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make the spectral measurements. Deuterium and tungsten 

lamps provided the standard source for the absorption 

measurements. The lenses used in HTP were UV grade quartz 

and had been found to be relatively resistant to large 

radiation induced damage at locations from the core 

typical of the ones used here and for transmission at 

O 

wavelengths longer than 3000A. Thus, changes in the system 

transmission after irradiation can be attributed to changes 

induced in the sapphire. 

Prior to reactor operation a baseline relative 

transmission measurement was made from which reactor 

induced transmission loss could be evaluated. Residual 

gamma activity in the reactor core brought gamma induced 

coloring in the sample to saturation (requires a dose of 

4 
around 5x410 r) [101] prior to this calibration. Reactor 

operation was then begun which subjected the sample to a 

gamma dose of '10 R/hr, a thermal neutron flux of ~1.8xlOJ" 

2 12 9 
n/cm sec and an epithermal neutron flux of ~2.0xl0 n/cm sec 

The core ambient temperature and thus that of the sample 

was approximately 110°F. The reactor was operated inter¬ 

mittently over the period 28 January-17 February, 1975, 

with a cumulative total exposure equal to 69 hours at full 

o 
power (lOOkW), corresponding to a ‘“7x10 R gamma dose and 

17 2 
5x10 n/cm fast neutron fluence. The sapphire emission 

spectrum was measured 28 times while the reactor was 

operating during this period, and the system transmission 

was measured 7 times when the reactor was shut down. 
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A.2 Results 

The luminescent output of the sapphire sample as 

a function of irradiation times is shown in Figure A.3. 

These data have not been corrected for system sensitivity. 

Figure A.4 shows the corrected data for scans Si and S25 

which reflect the true output spectrum at the beginning 

and end of irradiation. These spectra are clearly different 

from that shown in Figure A.l. Of particular interest 
O 

here is the fact that the emission intensity around 3300A 

increases while that around 4100 decreases which is seen 

best in Figure A.3. A plot of these peak intensities as a 

function of reactor operating time is shown in Figure A.5. 

O 

The 3300A peak appears to saturate after 30 hours exposure 

while that at 4100A monotonically decreases. The luminescent 

output in this cest was a factor of 2 or more lower than 

that previously observed from windows used in the actual Ar 

studies. In tile Ar studies, the windows were actually sub¬ 

jected to somewhat lower radiation levels; however, the 

gas capsule contained a fission source and reached tempera¬ 

tures on the order of 300°F. Thus, it appears that the 

luminescent output is a strong function of temperature. 

The actual output spectrum and its variation observed 

during the course of the gas studies was the same as that 

found in the present sapphire study. The luminescent output 

from th* sapphire did exhibit an afterglow following reactor 

ÉttlÉBIiMjiimiii. 
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WAVELENGTH ( I ) 

Figure A.4: True Luminescence Spectrum at Beginning 
and End of Reactor Irradiation 
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Figure A.5: Sapphire Luminescence Intensity at 3300 
and 4100Â as a Function of Irradiation Time 
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shutdown. The luminescence intensity immediately follow¬ 

ing reactor shutdown was about 10% that observed at full 

power operatior and is postulated to be due to post shut¬ 

down gamma decay. Otherwise the emission appears to 

linearly follow all power changes. 

The measured absorption coefficient for the sample 

at the end of the 69-hour exposure is shown in Figure A.6. 

While these data are inherently prone to some error (esti¬ 

mated to be in therarge of 20%) due to the detailed experi¬ 

mental procedures (e.g., setting the tungsten lamp tempera¬ 

ture by using an optical pyrometer, continually removing 

and replacing mirrors, not taking into account surface 

reflections, etc.) they do qualitatively compare with those 

from the more refined measurements by Levy D.01] . The absorp¬ 

tion also appears to increase linearly with dose as Levy 

observed. In magnitude, however, our absorption coefficient 

is consistently higher than that we estimated from Levy's 

data for our conditions, suggesting perhaps a difference in 

sample compositions or that we saw some degradation of the 

quartz components in our system. The key point here is 

that absorption is increasing throughout the spectral region 

of luminescent output. 

A. 3 Discussion 

The surprising behavior of the ^20¾ luminescence 

spectrum as a function of radiation dose is similar to some 

I 
i 
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Figure A. 6: Sapphire Absorption Coefficient at the End of 
69 Hours of Full Power Reactor Operation 
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recently reported data for LiF under continuous electron 

bombardment in which the luminescent output also increased 

with dose DL07]. This effect was attributed by these 

authors to complex F-center growth kinetics in LiF. As 

for an explanation of the present results, the simultaneous 

effects of neutrons and gamma rays must be considered. This 

clearly represents a difficult problem and will not be 

attempted here. 

O 

Assuming that the 3300A luminescence peak does 

17 
saturate at the fluences encountered in this study (~2xl0 

nvt fast neutron) and exhibits a linear response to power 

variations, an in core power monitor might be based on this 

phenomenon. The temperature dependence of the luminescence 

would have to be studied; however, it might be possible to 

place the sapphire at points where the temperature remains 

relatively constant. Such a detection system could be very 

small and resist high temperatures. Instrumentation would 

be very simple consisting only of a light transmission tube, 

O 

a filter to select the 3300A emission and a photomultiplier. 

To speculate a little, the ratio of the 3300A to 
O 

4100A luminescence peaks may possibly be a good indicator 

of total neutron fluence. This parameter appears sensitive 

over fluences which one would expect in the core of typical 

power reactors operated for several hours. Thus, one mignt 

be able to take advantage of the thermoluminescence proper¬ 

ties of AljO^j combined with the peak racio variation and 



242 

. 

devise a scheme to use Al20 to simultaneously measure 

neutron and gamma doses. From a thermoluminescence stand¬ 

point it may be that the energy in the two peaks would be 

released at different temperatures, providing a convenient 

way to measure the peak ratio. 



APPENDIX B 

COMPLETE Ar SPECTRUM 

The data presented in this appendix are that used to 

calculate the excited state densities presented in Chapter 

5. The data in Figures B.l through B.ll were taken under 

the following conditions: 

Slit setting: 150 pm 0 
Monochromator scan rate: 20A/min 
Photomultiplier high voltage: 1250V 
Picoampmeter full scale: 3xl0~8 amp 
Plotter sweep speed: 50 sec/cm 
Plotter gain: .05V/cm 

The data from Figures B.12 and B.13 were taken with a 

100 pm slit setting to better resolve close-lying lines and 

at reduced gain to get all the large Arl lines on scale. 

The relationship between these two figures and those taken 

at higher gain was established by comparing on scale 

lines under both conditions. 

No filters were used in taking these data as second 

order and reflective effects were found negligible for 

the Ar spectrum during earlier runs made with filters while 

getting the system checked out. Also the plotting paper 

ruling should be ignored. The indicated wavelength scale 

is that based on measured dispersion and the monochromator 

wavelength indicator. Line identificationsare those 

reported in Chapter 5. Use of different type paper resulted 
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o 
from a local paper shortage. The 2250A continvum appears 

O 

to be located at nearly 24 00A in Figure B.l. Th.'s is 

because radiation damage to optical components caused the 

continuum to shift towards the red as UV transmission is 

reduced. 
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APPENDIX C 

TABULAR SUMMARY OF WALTERS' DATA FOR ARGON 

In Walters' dissertation [17] he only presents his 

data for Ar j;aphically. His analysis was strongly influ¬ 

enced by his efforts to characterize the plasma according 

to an LTE model and his excited state data are thus presented 

in terms of the log of relative populations. In addition, 

his data for different pressures are questionable at least 

as far as intensity versus pressure information is concerned. 

Because of these problems his data are presented again in 

this appendix in a normalized form such that one can see the 

variations in the relative spectral character as a function 

of pressure. It is hoped this will ease the task facing 

future researchers who need to use Walters' data. One note 

of caution, however, would seem in order. The line identi¬ 

fications made by Walters are not all in agreement with those 

this author would make, so as a further aid those lines 

which seem identified with high confidence are indicated 

by an asterisk. Also.indicated in a column to the right 

of the tables are those data considered to be most reli¬ 

able and used for comparison with the results of this 

study. Tables C.l and C.2 list the data for Arl and Aril 

respectively. The data :'ave been normalized such that the 

O 

population of the 2p^ state as calculated from the 7383A 
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line is unity. Thie choice was arbitrary. Only two sig¬ 

nificant figures are presented since the accuracy of the data 

can hardly be better than 10%, and this makes the tables 

easier to read. The data listed in the tables comes from 

the original computer output from the computer program run 

by Walters. Neither the computer code nor the input data 

was checked by this author for validity. Also indicated 

in the tables are the populations selected for analysis 

and use for comparison with the results of this study. 
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APPENDIX D 

COMPLETE Xe SPECTRUM 

Figures D.l through D.13 were taken with a 300 ym 

slit setting. The data were used to obtain Figure 6.2 

and to search for any continuum structure. Long wave¬ 

length pass filters as indicated were used in taking the 

data. The relative gain for each portion of the spectrum 

is also indicated. The data in Figures D.14 through D.17 

cover the portions of the spectrum containing lines to be 

studied and were used to calculate excited state densities. 

The data were taken under the following conditions: 

Slit setting: 150 pm 0 
Monochromator scan rate: 20A/min 
Photomultiplier high voltage: 1250V 
Picoampmeter full scale: 3xl0"d amp 
Plotter sweep speed: 50 sec/cm 
Plotter gain: .Q5V/cm 
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