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ABSTRACT 

Formation and Decay of Argon and Xenon Molecules 

Radiating in the Vacuum Ultraviolet 

by Robert E. Gleason, Jr. 

The time dependence of the vacuum ultraviolet emission 

from dense (1-30 atm) argon and xenon is measured following excita¬ 

tion by a low intensity electron beam. Independent radiation is ob¬ 

served from the lowest excited 1Q and 0+ states of A^ and Xej. The 

radiative lifetimes of these states have been determined to be 4,2 + 

0.2 nsec (0*) and 5.0 + 0.5 ^sec (lu) for argon and 5.0 + 1 nsec 

+ 
(0U) and 96 + 5 nsec (lu) for xenon. The time dependence of the 

+ 
AZ>2 0U emission indicates that the state is formed in three body 

•33 6 
collisions with a rate coefficient of 2.8 + 0.3 x 10 cm /sec. Be¬ 

cause of interference from the emission from the 1Q state, a precise 

determination of the rate of formation of the Xe2 0U state is not 

possible. By considering the pressure dependence of both the decay 

time and the intensity of the emission from Xe2 0*, the production 

-32 
rate of the state has been estimated to be approximately 2 x 10 

cra^/sec. Under the excitation conditions of this experiment, the 

+ 
emission from the 0U state was found to be about 10 - 15Z of that 

from lu for both gases at pressures of a few atmospheres. The ratio 

of 0+ to lu emission decreases at lower pressures. 
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I. INTRODUCTION 

Each of the inert gases exhibits a characteristic spec¬ 

trum in the vacuum ultraviolet ( VUV ) region vhich is attributed 

to emission from excited states of the diatomic molecule. At pres¬ 

sures above a feu hundred Torr the VUV emission consists of a single 

o o 
broad band vhich increases in peak wavelength from 800 A to 1720 A 

as one progresses from helium to xenon. In 1966 Basov suggested that 

stimulated emission from the inert gas VUV bands might be feasible,^ 

Since then, stimulated emission has been observed in xenon, krypton, 

2 3 
and argon. * 

There are several reasons vhich make these transitions par¬ 

ticularly attractive for the development of lasers. The terminal level 

of each transition lies on a repulsive ground state molecular potential 

curve, causing the molecule to dissociate immediately folloving the 

transition. The net population inversion is therefore equal to the 

population of the upper state. The efficiency of the laser is expected 

to be high because the upper level of the transition lies close to the 

ionization continuum. If the initial step in the production of the 

excited states is ionization, a large percentage of the energy required 

to produce the states is therefore recoverable in the subsequent radi¬ 

ation. An example is helium under conditions of excitation by a lov 

intensity electron beam, vhere the energy contained in the VUV emission 

4 
is approximately 30% of the excitation energy. An additional con¬ 

sideration in the development of these systems as media for lasers is 

the vidth of the VUV emission bands, vhich suggests the possibility of 

o o 
tuning over a 100 A to 200 A range. 



2 

The development of these lasers has prompted interest in 

the study of the reaction dynamics leading to the formation and decay 

of excited rare gas molecules. Additional questions have been raised 

because the lasers have not attained the expected high efficiencies* 

The experimental technique used in the study of these systems is the 

excitation of a gas sample with a short burst of electrons or protons» 

followed by observation of the time dependence of the emitted light. 

The results of such studies published prior to the present work can 

be divided into two classes. One set of results was obtained under 

3 
conditions of high pressure and high levels of excitation f the other» 

5-8 
at low pressures and with much weaker excitation. The results of 

these two experimental approaches are quite dissimilar» a fact which 

has led to considerable confusion in their interpretation. The data 

taken under conditions of high pressure and high excitation level 

have yielded sub-microsecond time constants which shorten with in¬ 

creasing pressure» asymptotically approaching pressure independent 

values above about ten atmospheres. The data taken at low pressures 

and low excitation levels have yielded longer time constants which 

exhibit a different pressure dependence. The present experimental 

program combines the features of high pressure with low levels.of 

excitation. Using this technique» it has been possible to resolve 

the discrepancies among the earlier published results. 

Low level excitation was selected to avoid the inherent 

complications which accompany the more intense sources which are used 

to produce stimulated emission in the gas. At low excitation levels» 

the number of ion-electron pairs produced is sufficiently small so 
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that the number of radiating molecules produced following recombina¬ 

tion is negligible over the time scale of interest. Reactions be¬ 

tween electrons and excited atoms or molecules may be neglected, as 

may those which involve more than one excited species. Furthermore, 

photoionization cannot contribute significantly to the destruction 

of the radiating molecules. These reactions are important when the 

gas is excited by one of the field emission accelerators used as pumps 

for the lasers (typically 10 kA at 1 Mev). The reaction sequences 

under such high-level excitation are sufficiently complicated that 

they cannot be unraveled from the time dependence of the VUV emission. 

The problems which beset data taken at low pressures are of 

a different nature. The production sequence for excited molecules con¬ 

tains steps which involve collisions between excited and ground state 

atoms. Below one atmosphere, these collisional steps in the production 

sequence are so slow that the fast radiative lifetimes have no effect 

on the time dependence of the VUV emission and therefore cannot be 

extracted from the data. In addition, we have found another compli¬ 

cation to be present in the time decays taken at low pressure. The 

VUV emission bands of all the rare gases except helium result from 

superpositions of transitions originating on two unresolved excited 

states. The radiative lifetimes of these states are radically dif¬ 

ferent. (For example, in the case of argon they are 4.2 nsec and 

5 sec.) At low pressures, the production time of the fast state 

and the radiative lifetime of the slow state are observable, but 

there is no indication that two different states are involved. In 

addition, the two times are difficult to distinguish in the pressure 

range where they are nearly equal. Under conditions of high exci- 
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tation the radiative lifetime of the slow state is not observable» 

the moiecui.es being destroyed by collisions with electrons and other 

excited species faster than they radiate. 

In summary» each of the two previous types of experiments 

suggested a radiative lifetime tor one or the other excited molecu¬ 

lar state responsible for the VUV radiation. The present results 

constitute the first indication of independent radiation from both 

states in a single experiment. Theoretical considerations enable the 

identification of the states involved. The data suggest an explana¬ 

tion for the time dependence of the VUV emission of rare gas mole¬ 

cules which is consistent with the other experiments and resolves the 

discrepancies among them. 
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II. ELECTRONIC STRUCTURE AND SPECTRA OF 
RARE GAS ATOMS AND MOLECULES 

1. Atomic Structure 

With the exception of helium, the ground state configuration 

2 6 
of the rare gases is ns np . The lowest ionic term is an inverted 

doublet which is formed by the removal of one of the outermost p 

2 
electrons. The two levels of the term are energy) and 

2 
P3/2 (lower energy). The spin-orbit splittings of the two levels 

are given in Table 1. 

The excited states of the neutral atom can be described by 

the addition of an electron to either level of the ionic core. The 

coupling of spin and orbital angular momentum in the core is affected 

very little by the presence of the outer electron, so the designation 

of J“l/2 and J*3/2 cores is still accurate in the description of the 

atom. With increasing principle quantum number the energy levels 

approach two Rydberg series, terminating on the two levels of the ion. 

For the higher terms in the Rydberg series of all the heavy rare gas 

atoms, the spin-orbit interaction in the core is much larger than 

the electrostatic interaction between the electrons, but the outer 

electron is only weakly coupled to the core. The coupling conditions 

are therefore best described by the j-1 scheme, and each level is 

designated by a symbol ( Pj)nl[K]j where P^ is the designation of 

the core level, n and 1 are the quantum numbers of the Rydberg 

electron, K is the angular momentum obtained by coupling the total 

angular momentum of the core with the orbital angular momentum of the 

Rydberg electron, and J«K+$ is obtained by coupling the spin of the 

Rydberg electron with K. 



Table 1 

Energy levels and parameters of atomic neon, argon, krypton, 

2 5 and xenon for the configuration ns np (n+l)s and spin-orbit splittings 

of the atomic ions, it is the spin-orbit splitting and F0 and G are 

the one and two electron integrals which result from electrostatic 

interactions. The energies of the levels of the configuration are 

expressible in terms of F0, G, and y as shown in equations (2.1). 

All entries are in cm . 

Neon Argon Krypton Xenon 

E(l/2)l 135890.7 95399.9 85847.5 77185.6 

E(l/2)0 134820.6 94553.7 85192.4 76197.3 

E(3/2)j 134461.2 93750.6 80917.6 68045.7 

E(3/2)2 134043.8 93143.8 79972.5 67068.0 

it 517.9 939.6 3481.5 6196.7 

F0 135047.0 94340,3 82512.3 71061.6 

G 743.6 725.6 799.6 930.3 

Cf(Ion) 782 1432 5371 10537 
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The atomic levels of primary interest to the work reported 

here are the lowest excited states which are derived from the con- 

2 5 
figuration ns np (n+l)s. These terms (especially those of neon and 

argon) constitute a case of intermediate coupling. If the spin-orbit 

and electrostatic interaction terms are diagonalized simultaneously» 

one obtains for the energies of the four levels 

F0+//4 + V(G -//*)* + ÏÏ2 (2.1) 

V G+ y 
F + f/k - V(G-//4)X + y‘/2 
o 

F - G- y/2 
O 

FQ is an additive constant which appears in each energy level» G is 

the electrostatic (singlet-triplet) splitting parameter» and / is the 

9 
spin-orbit splitting parameter. These expressions have been fit to 

the four energy levels for the ns np (n+l)s configuration of each 

rare gas. The results are presented in Table 1. The relative magni¬ 

tudes of y and G indicate which coupling scheme best describes the 

energy levels. For G much larger than y Bussell-Saunders coupling is 

appropriate» while for Cf much larger than G j-1 coupling best de¬ 

scribes the levels. Kith reference to Table 1» it can be seen that 

2 5 
the ns np (n+l)s configuration in krypton and xenon is accurately 

designated by j-1 coupling» but neither coupling scheme can accurately 

be assigned to the lowest excited states of neon and argon. 

Due to the lack of a distinct coupling scheme» numerous 

designations of the energy levels of rare gases appear in the literature. 

There is a considerable tendency to adhere to Russell-Saunders notation» 

a system which has not been adopted here for the following reasons. 

Although Russell-Saunders coupling is as valid as j-1 coupling for the 
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lowest excited configurations of neon and argon# this is not the case 

for krypton and xenon. Correspondingly# the spin selection rule for 

radiative transitions is weak in the cases of neon and argon# and 

totally invalid in those of krypton and xenon. Secondly# Russell- 

Saunders notation can become confusing when the molecular states 

formed from these configurations are discussed. One finds singlet 

molecules which have excited triplet and ground state singlet atoms 

as their dissociated limit# in apparent violation of ordinary corre¬ 

lation rules. Since the levels of primary interest to this work are 

2 5 
those obtained from a single configuration ns np (n+l)s# the j-1 

notation given earlier may be abbreviated (Jc)j where jQ is the 

angular momentum of the core and J is the angular momentum of the 

atom. The four levels of Interest are then designated (3/2)># (3/2), # 
| 4 1 

(1/2)Q and (1/2)^ in order of increasing energy. 

In each of the four heavy rare gases# the (3/2>2 and (1/2)^ 

levels are metastable. Lifetimes for the two radiatively allowed 

states are listed in Table 2. The relative lifetimes of the two 

states are another indication of the influence of the spin-orbit 

Interaction as the (3/2)^ state would be metastable in the Russell- 

Saunders coupling limit. 

2. Molecular Structure 

Except for shallow (-w 0.025 ev) Van der Vaals minima# the 

interaction between two ground state rare gas atoms is purely re¬ 

pulsive. An ionized or excited rare gas atom may# however# combine 

with another in its ground state to form a bound diatomic molecule. 

+ 
In 1970 Mulliken published qualitative potential curves for Xe2 and 



Table 2 

Lifetimes of atomic neon» argon, krypton, and xenon states 

2 6 
of the ns np (n+l)s configuration. All entries are in nsec. 

(1/2)! (3/2)1 Reference 

Neon 1.5 21 20 

1.2 16 21 

1.87 31.7 22 

Argon 2.2 8.6 23 

2.4 9.5 24 

Krypton 4.55 4.38 25 

3.5 4.0 26 (see App. I) 

3.0 3.5 27 (see App. I) 

Xenon 3.2 3.8 28 

4.3 4.6 29 
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10 
X«2» some of which have been reproduced in Figure 1. These con- 

stitute the only set of excited heavy rare gas potential curves 

which has appeared in the literature until the recent work of Cohen 

and Schneider on neon.** Some of the curves obtained from their 

calculations are shown in Figure 2, They first performed an ab initio 

calculation using a Hamiltonian which contained all pertinent terms 

with the exception of the spin-orbit interaction. Spin-orbit effects 

were then included by a semi-empirical technique which employs atomic 

spectral data. 

One expects to find similarities in the structure of the 

different heavy rare gas molecules, as is suggested by their similar 

electronic configurations. This is found to be the case, as is indi¬ 

cated by the qualitative similarities between the potential curves of 

xenon and neon in Figures 1 and 2. Due to the large spin-orbit term, 

the angular momentum coupling in all the heavy rare gas molecules is 

best described by Hund's case c for most internuclear separations. 

The exception occurs when the nuclei are sufficiently close together 

10 
where, according to Mulliken , Hund’s cases a and b are more appro¬ 

priate. 

12 
Using the notation of Hund's case c , for each gas there 

are two bound molecules, lu and 0U, which originate from the (3/2)2 

atomic level and another bound molecule, 0*, which originates from 

(3/2)^. The rest of the curves shown in Figure 2 are predominately 

repulsive. The shallow minimum appearing in the 1 -0_ curve of neon 
D o 

is enhanced in the case of xenon, as shown in Figure 1. It is pushed 

down by an avoided crossing due to an attractive curve originating on 



Figure 1. Potential curves for the lowest excited states 

10 
of Xe2 from the work of Mulliken. States of u symmetry are shown 

as solid curves, states of g symmetry as dashed curves. The refer¬ 

ence cited contains additional curves originating on higher excited 

states which have been omitted for clarity. 
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Figure 2. Potential curves for the lowest il.* 0 and 

11 
-Û- «= 1 excited states of Ne2 from the work of Cohen and Schneider, 

States of u symmetry are shown as solid curves, states of g symmetry 

as dashed curves. 
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a higher state which is not shown in the figure. A similar effect is 

present in the case of the 0+ curve. 

There is some disagreement as to the relative sizes of the 

orbital of the excited electron and the internuclear separation. Two 

extreme cases are to be distinguished. The first is that of a Rydberg 

state such as in the ease of in which the excited electron occupies 

an orbital with a diameter much larger than the internuclear separation 

of the molecular ion. This suggests a LCA0-M0 description of the core 

electrons and a UAO description of the Rydberg electron. As the prin¬ 

ciple quantum number of the excited electron is increased* the mole¬ 

cule should approach this limiting case. The second possibility is 

that the excited electron is largely confined to a single atom and 

tends to penetrate the core of the other. In this case» LCA0-M0 would 

be appropriate to the description of all of the electrons. 

Mulliken adopted the Rydberg description for all the excited 

states of xenon* while Cohen and Schneider found the lowest excited 

configuration of neon to be intermediate between the two extreme cases 

discussed* tending toward the Rydberg configuration only at very small 

internuclear separation. The penetration of the electron into the core 

of the ground state atom has a repulsive effect* so that the well depths 

for Ne2 Are substantially less than that of the corresponding molecular 

ion. Using the Rydberg description* Mulliken estimated well depths 

+ 
for Xe2 which, while being less than that of Xejt do not differ as 

much as is indicated for neon. The penetration of the excited elec¬ 

tron into the core of the ground state atom also can give rise to 

slight potential maxima at larger internuclear separations. These 

o 
occur at about 2.6 A for the states of interest in neon as shown in 
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Figure 2• The xenon curves shown in Figure 1 do not exhibit analogous 

potential maxima. If such maxima occur* they are expected to be smaller 

than those in the neon curves do to the greater atomic polarizability 

of xenon. 

3. Spectra 

The molecular states which lie on the lowest bound potential 

curves are the origin of the broad bands in the vacuum ultraviolet which 

characterize the emission spectra of dense rare gases. The breadth of 

the emission is the result of the steep portion of the repulsive ground 

state curve upon which the transition terminates. The peak position of 

o o 
the VUV emission ranges from 830 A in the case of neon to 1720 A in the 

o 
case of xenon* with widths of typically 50-200 A. The observed emission 

spectra of argon and xenon are shown in Figures 3 through 6. In addition 

to the VUV bands* the spectra exhibit features in the visible and near 

ultraviolet. No corrections were made for the variations in the wave¬ 

length response of either the photomultiplier or the grating or for the 

conversion efficiency of the scintillator used in the VUV region. The 

relative heights of the features appearing in the spectra are therefore 

only semi-quantitative. 

Figure 4 indicates the sensitivity of the visible emission 
* 

from xenon to impurities present in the gas. The spectra shown in the 

figure were taken under identical conditions using gas samples supplied 

by two different manufacturers. In spite of the claims of the manu¬ 

facturers (see figure caption) the upper spectrum in Figure 4 is con¬ 

sidered to be less affected by impurities. After obtaining the spectrum 

shown in the upper part of the figure* the gas sample was purified by 



Figure 3. Emission spectrum of electron beam excited argon. 

The gas sample used was supplied by Matheson Gas Products. 
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Figure 4. Emission spectra of electron beam excited xenon. 

Nominal purity of gas samples specified by manufacturers as listed 

belowt 

Cryogenic Rare Gas Labs (Lower spectrum) 

Krypton 14 ppm 

Other impurities less than 2 ppm. 

Matheson Gas Products 

Krypton less than 50 ppm 

Nitrogen " "10 ppm 

Oxygen " " 5 ppm 

Argon " "5 ppm 

Hydrogen " " 5 ppm 

Hydrocarbons (primarily CH^) 

(Upper spectrum) 

less than 10 ppm. 

The VUV spectrum shown in the insert was the same for both gas 

samples. 
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Figure 5. Pressure dependence of features near 4900 

in the emission spectrum of electron beam excited xenon, presumably 

affected by nitrogen impurities as discussed in the text. 
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Figure 6* Emission spectrum of electron beam excited 

argon between 6800 £ and 7800 A. All of the features shown lie close 

to known emission lines of atomic argon* The atomic transitions and 

wavelengths are shown in parentheses above the lines. 
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passing it through titanium sponge at a temperature of 1000°C. The 

visible spectrum was unchanged by the purification process. Future 

experiments remain to be performed using the other gas sample after 

it has been purified by the same method. 

o 
Additional evidence that the emission near 4900 A in the 

lower part of the figure is the result of impurities can be found in 

the literature. L. Herman and R. Herman have observed continuum 

o 
emission peaked near 4800 A in a xenon discharge to which a small 

40 
quantity of nitrogen had been added. They suggested that either 

XeN or a weakly bound excited nitrogen molecule may be responsible for 

the emission. 

Atomic and molecular emission from xenon is also known to occur 

in this wavelength region. Wilkinson and Tanaka have observed emission 

o o 13 
features from a xenon discharge whieh have maxima near 4600 A and 5200 A. 

The continuum in the upper spectrum of Figure 4 (which is probably rep¬ 

resentative of the purer of the two gas samples) extends into the region 

where the emission in the presence of nitrogen is known to occur* The 

o 
emission near 4900 A in the lower part of Figure 4 is therefore proba¬ 

bly a superposition of features due to Xe2 with those caused by nitrogen 

impurities. The mixed origin may be partially responsible for the var¬ 

iation of the shape of the emission feature as the pressure is changed. 

This effect is illustrated in Figure 5. 

Dissimilarities in the argon spectra taken using gas samples 

from the two companies were not as dramatic as those in the case of 

xenon. The spectrum taken using argon supplied by Cryogenic Bare Gas 

Labs is similar to that shown in Figure 3 with the exception that the 
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emission near 1900 £ is less intense when compared to that near 2500 A. 

The emission which peaks at about 2500 £ in the argon spec* 

14 
trum has been studied by Strickler and Arakawa. They found it to 

be readily quenched by the addition of CH^, COj» Nj» O2» and Kr. The 

addition of about 2X of any of these gases reduced the intensity by 

more than a factor of 10. Neon was also observed to quench the emis¬ 

sion from this band» although the addition of about five times as much 

neon was required to obtain the same intensity reduction as was obtained 

with the addition of the other gases. The authors also stated that no 

increase in ionization was observed with the addition of neon» in con¬ 

trast to the result with the other gases. 

The energy corresponding to a transition at 2500 £ is larger 

than the energy difference between the molecular ion and the lowest 

excited neutral molecular state of argon. The time dependence of the 

2500 & band observed in the present experiment (discussed in Chapter V) 

eliminates radiative recombination as its origin. The terminal level 

of the transition therefore cannot be an excited state of the neutral 

molecule. A possible explanation for the 2500 £ band is suggested» 

based on the model of Lorents and Olson ^ used to explain the 1900 £ 

and 2100 £ bands observed in argon by Hurst et al. ^ Schematic poten¬ 

tial curves are used to illustrate the model in Figure 7. The tran- 

+ 
sition from high vibrational levels of the 0Q state to the steep por¬ 

tion of the repulsive ground state curve is suggested as a possible 

origin for the 2500 £ band» as well as those near 1900 £. Because of 

the steepness of the ground state curve in this region» small shifts 

in the position of the 0* curve have large effects on the wavelength 



Figure 7. Schematic representation of the model used to 

o 
explain the emission near 2500 A observed in argon. The model was 

first suggested by Lorents and Olson*5 to explain emission at a 

slightly different wavelength, as explained in the text. 
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of the transition* The exclusion of the lu state as the origin of 

the transition is based on the time dependent measurements which are 

discussed in later chapters. It is suggested that the quenching obser¬ 

ved by Strickler and Arakawa upon the addition of neon can be explained 

by the reaction 

Ar* (0+» high v) + Ne —* Ar* ((3/2). ,) + Ar + Ne 

where a species NeAr* may or may not be involved in an intermediate step. 

Several narrow emission features were also observed in the 

argon spectra» and are shown in Figure 6. These have been identified 

as transitions in atomic argon» as indicated in the figure. 

A. Molecular Lifetimes 

Of the three lowest bound states of the heavy rare gases» two 

are responsible for the VUV emission» the o” state being metastable 

due to the +A- selection rule. The radiative lifetimes of the neon 0+ 

and lu states have been determined by Schneider and Cohen as follows. 

The wave functions were first expanded in linear combinations of the 

basis set which does not include the spin-orbit interaction. 

f«0 - + c2 f (3TTu) 

Y<V * + c5y<
3Tr0) 

The coefficients were then obtained by diagonalization of the matrices 

which appear in Table 3. The energies of the states appearing on the 

diagonals had been determined from the ab initio calculation referred 

to previously. The spin-orbit parameter o< was assumed to be unaffected 

by molecular binding» and was obtained from atomic spectral data (o< 

where if is given in Table 1). The 0^ state was found to be essen- 

1__ 3 
ttally at moderate internuclear separations» but mostly *|]*a at 



Table 3 

Spin-orbit interaction matrices from Cohen and Schneider 
11 

_a= 0 

£(zPTO~* 0 * 

* E(3?2) * 0 

O bt E(
S
PF)-X. 

0 - EOPïï) 

Sl=l 
£(sPïï) * * 

-K eCFiO 

il» z 

[£(
J
PTT-<X5] 
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smaller distances. The 1 state is metastable in the separated atom 
a 

limit and mostly at small distances, but the admixture of X 

allows it to radiate at intermediate internuclear separations. Using 

their ab initio wave functions, Schneider and Cohen were able to cal- 

culate the electric dipole matrix elements for the Zu and TTU states 
and thereby obtain radiative lifetimes for 0* and lu# Their results 

are 11.9^sec and 2.8 nsec for lu and 0* , respectively, for the mole¬ 

cules in their lowest vibrational levels. 

An attempt has been made to use the results of Cohen and 

Schneider to estimate the ratios of the lifetimes of the 0* and 1.. U til 

states of the heavier rare gases. If c^ and c^ are the coefficients 

defined in equations (2.2) and (*2*) end ^(^TTu^
are the eleetric 

dipole matrix elements of the two states Indicated, the lifetime ratio 

is given by the following expression. 

It is assumed that the differences in the lifetime ratio for the var¬ 

ious rare gases are primarily the result of differences in the spin- 

orbit splitting parameter, as it is this parameter which causes the 

admixture of into lu, thereby allowing the latter state to radiate. 

The coefficients c^ and c-j were found for each rare gas by diagonalizing 

the matrices shown in Table 3. The spin-orbit parameters were obtained 

from Table 1 (*<*-%?), and the diagonal elements were estimated by 

adjusting the neon values with auditive constants so that they were 

correct in the separated atom limits for the other rare gases. The 

neon values used were the ab initio results of Cohen and Schneider 
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taken at 1.79 X, which they calculated to be the equilibrium inter* 
nuclear separation of both the 0* and lu states of neon. The coeffi¬ 

cients obtained in this manner are listed in Table 4. Also in the 

table are the well depths which are obtained from the eigenvalues of 

the matrices. The well depths calculated in this manner are sub¬ 

stantially smaller than what are expected to be the true values for 

18 
krypton and xenon» Indicating that the estimates of the energies of 

the states appearing on the diagonals are high. The spin-orbit split¬ 

tings are therefore larger in proportion to the true diagonal values» 

and would have a correspondingly greater effect in mixing the states. 

The lifetime ratios quoted in the table are therefore expected to 

be somewhat higher than the true values. The ratio of the dipole 

matrix elements appearing in equation (2.3) was approximated by the 

neon value at the equilibrium position (1.79 X) taken from Schneider 
and Cohen. ^ This approximation is consistent with the assumption 

that» although the lifetimes of the 1 and 0* states may vary consid¬ 

erably among the rare gases» their ratio is primarily determined 

by the amount of mixing Introduced by the spin-orbit interaction. The 

lifetime ratios listed in the table are determined from the following 

expression. 

r<y 
Tiop 0.7547 (Î (2.4) 

Although the accuracy obtainable with the estimates is low» 

the trend of the lu lifetime to decrease relative to that of 0+ as one 

moves from neon to xenon is illustrated. This result is to be expected 

because the !.. state is a triplet in the absence of spin-orbit coup- 
1» 

ling» while the 0+ state is a singlet. In mixing these states» the 
u 



Table 4 

Well depths, coefficients, and lifetime ratios for the lu 

+ 
and 0^ states of neon, argon, krypton, and xenon. 

Neon Argon Krypton Xenon 

0* well depth (ev) 0.403 0.407 0.310 0.194 

lu well depth (ev) 0.467 0.443 0.319 0.225 

C1 -0.0137 -0.0241 -0.0812 -0.1284 

c3 
0.9998 0.9993 0,9915 0.9778 

rciu) 
r«C> 

(from (2.4)) 4000 1300 110 44 

(Lorents19) 1460-4800 470-1500 48-130 24-46 

r<V 
YCO*) 

(experimental) 1190 19 
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♦ 
spin-orbit interaction will therefore tend to lengthen the 0^ life¬ 

time while shortening that of lu. 

Also included in the table are the results of a semi- 

empirical calculation of a different nature reported by Lorents et 

19 
al » which are in quantitative agreement with the estimates presented 

here. Experimental values (see Chapter V) are also quoted where 

available to give an indication of the quantitative accuracy of the 

estimates. The lifetimes are dependent upon the vibrational distri¬ 

bution in the experiment a dependence which was not considered 

in the estimates reported here. 
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III. ELECTRON BEAM ENERGY DEPOSITION 
AND REACTIONS LEADING TO THE FORMATION 
AND DESTRUCTION OF RADIATING MOLECULES 

1. Reactions Important to the Dynamics of Rare Gas 
Molecules 

Following the initial step of electron impact on ground 

state rare gas atoms, there are several reaction sequences which will 

result in the production of molecules radiating in the vacuum ultra* 

violet. Electron impact ionization and excitation of argon has been 

30 
the subject of an extensive study by Peterson and Allen. The dis* 

cussion of these phenomena which is presented in this chapter relies 

heavily on their work. Thus the argon molecule is chosen as a proto* 

type for the discussion, but the same reactions occur in the other 

rare gases. 

Ionization can involve both valence and core electrons. 

When electrons with energies of greater than about 2 Kev are incident 

on argon, L shell ionization cannot be neglected. At 10 Kev the energy 

loss due to L shell ionization is 7Z that lost due to M shell ion* 

ization and greater than that lost due to M shell excitation. Auger 

processes quickly relax ions with inner shell vacancies, resulting in 

a doubly charged ion and an additional secondary electron. 

The atomic ions are quickly converted to molecular ions by 

the three body process 

Ar+ + 2 Ar —** Ara + Ar. (3.1) 

Recombination is primarily dissociative, resulting in the production 

of excited neutral atoms. 

+ 
Ar2 + e —“*• Ar* ♦ Ar (3.2) 
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The excited atoms produced in this manner and by direct 

electron impact can be divided into two classes, depending upon whether 

they are sufficiently energetic to participate in associative ion- 

ization 

Ar* + Ar —>*Ar2 + e , (3.3) 

This is a rapid process which occurs in the heavy rare gases, quickly 

depleting the population of excited atoms having energies above that 

of the molecular ion. It is quickly followed by dissociative recom¬ 

bination, resulting in an excited atom with an energy less than the 

one originally responsible for the formation of the molecular ionf 

thus the cycle has the effect of an energy relaxation mechanism 

among the atomic states. 

There are several relaxation processes for excited atoms 

which lie below the threshold for associative ionization. Collisional 

relaxation can occur with either ground state atoms or electrons. 

Ar** + Ar —► Ar* + Ar (3.4) 

Ar** + e~ —► Ar* + e 

Radiative processes are also responsible for relaxation between ex¬ 

cited states 

Ar**—9» Ar* + hv (3.5) 

but no loss of excitation into the ground state is possible through 

this mechanism at the pressures of interest because.the resonance 

radiation is totally trapped. 

Atomic relaxation processes must compete with three body 

reactions which produce excited molecules, including the radiating 

states of interests 

Ar* + 2 Ar —*" Ar| + Ar (3.6) 
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Since the rate of this reaction is proportional to the square of the 

pressure while the atomic relaxation rates are either linear with pres¬ 

sure or pressure independent» higher pressures tend to favor molecu¬ 

lar formation over atomic relaxation. Relaxation due to collisions 

with ground state atoms continues following molecular formation» com¬ 

peting with the various destruction mechanisms to be discussed. 

In addition to radiation» collisions between pairs of ex¬ 

cited molecules are responsible for their destruction. 

Ar* + Ar* —♦•Arj + e" + 2 Ar (3.7) 

Ar* + Arj* —► Ar+ +■ e + 3 Ar 

Other processes resulting in the depletion of excited molecules are 

photoionization and excitation transfer or Penning ionization with 

impurities present in the sample. Some of the excitation transfer 

reactions have rather large rates» one in particular being 

Ar* <lu»0£) + Xe —* Xe* ((3^) + 2 Ar (3.8) 

-9 3 45 
which may have a rate as large as 7.65 x 10 cm /sec. 

2. Elimination of the Importance of Certain Reactions 
by the Use of Low Intensity Excitation. 

Many of the reactions which have been discussed can be 

eliminated from consideration by reducing the intensity of the ex¬ 

citation source. For example» as is shown in Appendix II» with the 

source used in this experiment the density of ion-electron pairs 

6 -3 
lies within the approximate limits of 3.2 x 10 cm at 1 atm to 

10 -3 
8.3 x 10 cm at 30 atm. Since the dissociative recombination rate 

-7 3 46 
is 6.7 x 10 cm /sec in argon » these figures imply that time con¬ 

stants characteristic of recombination range from 0.47 sec to 1 atm 
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to 18 ^ sec at 30 atm. Thus if the observations are restricted to 

processes with time constants substantially less than these values* 

recombination can be neglected. 

This reasoning cannot be extrapolated to higher densities 

(especially to solid and liquid densities) because of the phenomenon 

of parent-ion recapture» which leads to extremely rapid recombination. 

This effect, in which the electron loses energy so rapidly through 

collisions that it never escapes the field of its parent ion, can be 

neglected in rare gases at pressures up to (and probably exceeding) 

100 atm. This conclusion is based on the results of ElKomoss and 

47 
Magee thqt parent-ion recapture accounts for only a few percent of 

the recombination in Nj at 100 atm. In rare gases, parent-ion re¬ 

capture is much less probable than is the case with N2, where the 
* 

electrons lose energy rapidly in exciting vibrational and rotational 

transitions which cannot occur in the monatomic rare gases. 

Another reaction eliminated from consideration by the use of 

low intensity excitation is collisional destruction involving two ex¬ 

cited molecules, reactions (3.7), Assuming the upper limit of the ex¬ 

cited state population determined in Appendix II and a cross section of 

-14 2 
10 cm , this reaction has a time constant of 0.3 sec at 30 atm, and 

may therefore be neglected. 

Photoionization is also negligible as a destruction mechanism 

for the excited molecules. At 30 atm, assuming a photoionization cross 

-18 2 
section of 10 cm , the probability of absorption for a photon tra- 

versing a distance of 1 cm through the gas is less than 10 . 

The low electron density also eliminates the importance of 
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reactions involving excited species and electrons so that the fol¬ 

lowing reactions remain as possible significant processes in the 

formation and destruction of rare gas molecules (1^ and 0+) radiating 

in the vacuum ultraviolet as observed in this experiment. 

Excitation by eleetrom impact e + Ar —► Ar** + e” 

Radiative cascade (atomic) Ar** —v- Ar* + hv 

Thermalisation (atomic) Ar** + Ar —Ar* + Ar 

Association Ar* + 2 Ar —> Ar* + Ar 
2 

Radiative cascade (molecular) Ar** —Ar| + hv 

or Ar]|* —► Ar* + Ar ♦ hw 

Thermalization (molecular) Ar** + Ar —Ar| + Ar 

or Ar** + Ar —► Ar* + 2 Ar 

Impurity quenching Ar* + X “>• X* + 2 Ar 
+ — 

or Ar* + X —*-X + e ♦ 2 Ar 

Radiation to ground state Ar* —> 2 Ar + hv 
2 

3. Relative Populations of Atomic States 

It is not possible to further restrict the set of dominant 

reactions until the experimental data are presented and discussed. How¬ 

ever, some conclusions can be drawn as to which atomic states have the 

most significant role in the reactions which appear in the list. 

Attention is naturally drawn to the (3/2)^ and (3/2)^ states, which 

are the separated atom limits of the 0+ and 1 molecules. Together 

2 5 
with (1/2)Q and (1/2)^, these are the four levels of the ns np (n+l)s 

configuration of the atom, as was discussed in Chapter II. 

The cross section for excitation by fast electrons can be 

expressed as an integral involving the generalized oscillator strength, 
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a quantity which reduces to the ordinary optical oscillator strength 

in the limit of small momentum transfer during the collision* The 

two J*1 states of this configuration have non-vanishing oscillator 

strengths) they are therefore excited much more readily through im¬ 

pact with fast electrons than are the metastable J=0 and J*2 states* 

In the case of argon» the (1/2)^ state has an oscillator strength 

which is about 4 times that of the (3/2)^ state» while in xenon the 

two oscillator strengths are nearly equal* , The (1/2)^ state is there¬ 

fore heavily populated compared to the (3/2)^ state in argon» but the 

two states should be populated almost equally in xenon. 

In order to complete the description of excitation by 

electron impact» if is necessary to consider events which involve the 

secondary electrons produced as a result of ionization. Many slow 

electrons are produced in this manner which are capable of exciting 

the metastable atomic states as well as the J*1 states» which are 

also excited by fast electrons. In argon» using the equation in 

Appendix II (A 2.2)» it has been determined that llZ of the secondary 

electrons have energies which are sufficient to excite the lowest 

atomic level (3/2)^» but which lie below the threshold for ioniza¬ 

tion. Since the energy loss is small in collisions which do not in¬ 

volve excitation and the cross sections for excitation are approxi¬ 

mately 10Z of the gas kinetic cross sections» virtually all of the 

electrons having energies within the limits stated will be involved in 

excitation events. In the case of fast electrons» excitation cross 

sections are about 10Z of the ionization cross sections» so primary 

and secondary electrons make comparable contributions to the pro¬ 

duction of excited atomic states* 
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Using the results of Peterson and Allen , a more compre¬ 

hensive treatment of the problem of excitation by electron impact is 

possible in the case of argon. The relative populations of the lowest 

levels have been calculated considering the effects of primary and 

secondary electrons. Using the technique which is described in 

Appendix III it has been determined that the relative populations are 

<1/2)1 452, (3/2)1 162, and <(l/2)0 + (3/2>2> 382. The statistical 

weights of the (1/2)Q and (3/2>2 levels are in the ration Ii5. On 

this basis a larger fraction of the 382 should be assigned to the 

(3/2>2 state. A rough estimate which considers the cross section 

for excitation to higher states and the energy distribution of the 

secondary electrons indicates that the four lowest states should 

account for 50 - 752 of the total excitation. 

Of the two states which form the separated atom limit of 

the radiating molecules, the (3/2)2 state is populated more heavily 

than the (3/2)^ state by a factor which lies between 1 and 2. On 

this basis the intensity of the radiation from the la state should 

•f 
be enhanced relative to that from 0a, assuming the only production 

meehanism for the molecules to be association involving the states 

which constitute their respective separated atom limits. In the case 

of xenon the situation is somewhat different, The larger cross section 

for excitation of (3/2)^ by fast electrons should enhance its popu- 

+ 
lation, thereby increasing the intensity of emission from 0^. The 

+ 
ratio of the intensity of radiation from 1Q to that from 0Q should be 

correspondingly smaller in xenon than in the case of argon. 

The argon spectral data indicate some of the states which 

are involved in atomic cascade reactions. They tend to populate the 
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2 5 
(3/2)j and (3/2)^ states while depleting those of the 3s 3p 4p con¬ 

figuration. The tine dependence of these emission lines was not 

determined and it is uncertain on what time scale they contribute to 

the production of radiating molecules. Their intensity is low com¬ 

pared to that of the VUV transitions, so only a small fraction of the 

+ 
1 and (L molecules is formed following cascade from these atomic 

levels. The infra-red portion of the spectrum was not scanned for 

emission from either argon or xenon, so there may be additional cas¬ 

cade transitions which were not observed. 
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IV. EXPERIMENTAL TECHNIQUE 

1. Single Photon Technique 

The use of low intensity excitation requires the detection 

of small signals in order to extract information from the system under 

study. The single photon counting technique has been adopted in this 

experiment. as it clearly provides the best method for the measure¬ 

ment of low level optical signals. The basis of the technique is 

rather simple! the sample is excited repetitively such that an aver¬ 

age of one photon is detected per cycle of the experiment. This 

latter requirement can be effected either by controlling the inten¬ 

sity of the excitation or restricting the solid angle within which 

the photons are accepted. The probability of detecting a photon at 

any given time is proportional to the number of radiating states pre¬ 

sent in the sample! the time of arrival distribution of the photons 

is therefore proportional to the time dependence of the population 

of radiating states. 

The restriction that only a single photon be detected during 

a cycle of the experiment is imposed by the nature of the detection 

system. The time interval between the excitation of the sample and 

the arrival of the first photon is measured and subsequent photons 

are ignored by the timing electronics. If more than one photon is 

detected, timing information is only obtained for the first photon 

and the time of arrival distribution is distorted, being enhanced in 

favor of early arrival times and diminished at later ones. 

2. Experimental Apparatus 

The operation of the system can be explained with reference 
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to Figure 8. The sample is excited by a pulsed 160 KV electron beam. 

The accelerator is operated in a dc mode at 0,5 mA and the beam is 

pulsed by sweeping it past an aperture using electro-static deflection 

plates. The pulse applied to the plates is generated by discharging 

a length of 50il coaxial cable through a spark gap. The dimensions 

of the deflection plates are such that they constitute a SOil 

stripline and they are terminated with a 50 il resistor to prevent 

reflections. The pulse which appears on the plates is shown in 

Figure 9. The beam is swept past the aperture twice, once as the 

voltage pulse rises and once as it falls. The position of the beam 

was adjusted so that it was deflected past the aperture into the 

sample chamber by the steepest parts of the leading and trailing 

edges so that the ringing of the pulse near the peak and slow decay 

near the baseline had no effect on the excitation of the sample. The 

slew rate of this portion of the pulse as shown in the figure is greater 

than 300 V/nsec. Approximately 100 volts are required to sweep the 

beam past the aperture, so the duration of the current pulses entering 

the sample chamber is less than one nsec although the rise and fall 

times of the voltage pulse are in excess of this value. The effect 

of double excitation on the response of the system can be determined 

by expressing the response function as a sum of exponentials. If 

the response due to a single pulse is 

2 't/r< i(t) 
i V 

the response due to two pulses 100 nsee apart is 

l(t) - 2 (V‘t/rl * + 100 —>'*i> 

- 2 [(.t ♦ ,-100 Mec/Xi) . 

(4.1) 

(4.2) 

where a separate amplitude a^ has been introduced to account for the 



Figure 8. Schematic diagram of apparatus used in the ex¬ 

periment. The electron beam (160 KV, 0.5 mA) is generated by a 

Cockcroft-Walton accelerator which is not shown in the figure. 
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Figure 9. Pulse applied to stripline deflection plates 

shown in Figure 8. The lover portion of the figure is an expansion 

of the trailing edge of the square pulse shown above. 



Figure 9 
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possibility that the two pulses have different magnitudes. Thus 

the first pulse has no effect on the time constants and has little 

effect on the amplitudes of terms having time constants substantially 

less than 100 nsec. 

Again with reference to Figure 8, an inductive pickoff is 

used to generate a timing signal from the puiser which starts the 

time-to-amplitude converter. The spectrometer is used to select 

photons of the proper wavelength prior to detection by the photo¬ 

multiplier (RCA 8850). When dealing with VUV photons» a fast 

(1.2-1.7 nsec) scintillator (Butyl PBD) is used to shift the wave¬ 

length to a region of the visible which is accessible to the photo¬ 

multiplier. 

The anode signal from the photomultiplier is used to stop 

the time-to-amplitude converter as shown in figure 8. The discrim¬ 

inator employed is of the constant fraction type which eliminates 

error due to variations in the height of the anode pulse and enables 

timing resolution which is considerably better than the 1.5 nsec 

risetime of the anode pulse. The output from the last dynode of the 

photomultiplier is proportional to the number of photons striking the 

photocathode. By integrating this signal» one can obtain the number 

of events detected by the photomultiplier over the desired time in¬ 

terval. This is accomplished by the shaping amplifier shown in the 

figure. The analog-to-digital converter is then gated if the inte¬ 

grated dynode pulse indicates that one photon has been detected during 

the selected time interval. Noise pulses in the photomultiplier can 

also be discriminated against since they will result in dynode pulses 
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of lower voltage than those corresponding to single photons. The 

analog-to-digital converter Is Interfaced to a computer as shown In 

the figure and Is used for storage and analysis of the data. 

The gas handling system and sample chamber are shown In 

Figure 10. The magnesium fluoride window Is brazed to the flange 

shown and the Havar foil Is sealed with a gold 0-ring. The remaining 

seals are copper and nickel gaskets between stainless steel flanges 

with the exception of the sample bottle which Is connected to the 

system with the brass fittings supplied by the manufacturer. The 

remaining portions of the gas handling system are constructed from 

stainless steel. The mass spectrometer Is used to monitor the species 

of Impurities present while the chamber Is being pumped. Water vapor» 

which Is the most prominent Impurity» Is readily removed by baking the 

-9 
system. The chamber Is filled after It has been pumped to 10 Torr 

and baked until the water vapor Is no longer present. The spectral 

results discussed In Chapter II Indicate that the major sources of 

contamination are residual Impurities In the gas samples supplied by 

the manufacturers. An Independent check on the Impurity concentration 

In the argon sample supplied by Cryogenic .Rare Gas Labs was conducted 

by an outside laboratory (Petroleum Analytical Research). No im¬ 

purities were detectable with an instrument having a lOppra sensitivity. 

Effects of impurities on the observed time dependence of the emission 

are discussed in following chapters. 

3. Correction for System Response 

In order to extract information about the gas under study» 

it is necessary to consider the effects of the excitation source» 



Figure 10. Sample chamber and gas handling system used in 

this work. The system is bakeable and all parts are constructed of 

stainless steel with the exceptions of those noted in the text. 
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scintillator and photomultiplier. If I(t) is the light output from 

the sample when excited by a $ -function» the data stored in the 

computer will be successive convolutions of I(t) with the response 

functions of the beam» scintillator and photomultiplier. If the 

scintillator responds to excitation by electrons and VUV photons with 

the same time constants» the combined response function can be ob¬ 

tained experimentally by exciting the scintillator directly with the 

pulsed electron beam and using the photomultiplier to monitor the light 

output via the single photon counting technique. The results are shown 

in Figure 11. Figure 12 shows results which were obtained by exciting 

the scintillator with a fast spark gap UV source. The similarity of 

the two figures suggests the two following conclusions! (1) the beam 

profile does not make a significant contribution to the response func¬ 

tion» and (2) the light output from the scintillator has the same time 

dependence when excited by either electrons or UV photons. 

These results suggested the following analytical approxi¬ 

mation to the system response. The scintillator response is modeled 

as a single exponential decay and that of the photomultiplier is ap¬ 

proximated with a gaussian having a width determined by its transit 

time spread. If the beam is essentially a S -function» the response 
function of the system is then the convolution of an exponential decay 

with a gaussian» whieh is demonstrated in Appendix IV to be 

22 r (4,3) 

S(t> - ) [erf (*£& - ^)+ l] 

where Z" is the decay time of the scintillator and 0“ is 2(ln2)3 

times the transit time spread of the photomultiplier (full width at 



Figure 11. Time dependence of emission from Butyl PBD 

excited by the pulsed electron beam used in this experiment. 
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Figure 12, Time dependence of emission from Butyl PBD 

excited by ultra-violet light generated by a pulsed spark gap, 

(Spark gap manufactured by ORTEC, Inc.) 
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half maximum). 

A fit of this function to the experimentally determined 

system response is shown in Figure 13. The function fits the data well 

in the leading edge9 near the peak and for about 1% orders of magnitude 

in the tail. The hump which appears to the right in the figure and is 

not fitted by the analytical approximation is the result of deviations 

of the photomultiplier from a simple gaussian response. Numerical de- 

convolution has been used to investigate the,consequences of this 

phenomenon} its inclusion does not influence the parameters returned 

from fits to samples of data, nor does it modify the quality of the 

fits. The data taken in the experiment which are presented and dis¬ 

cussed in the following chapter, were fitted using the analytical 

approximation. As will then be seen9 the system response has an im¬ 

portant effect on decay rates which are measured to be faster than 

about 10 nsec. 



Figure 13. Time dependence of emission from electron beam 

excited Butyl PBD. The fitted function is listed in the text as 

equation (4.3). 
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V. EXPERIMENTAL RESULTS AND INTERPRETATION 

1. Tine Dependence of the VUV Emission from 
Argon and Xenon 

The VUV bands of argon and xenon have each been found to 

exhibit two component exponential decays over the pressure range in¬ 

vestigated (approximately 1-30 atm). Typical examples of the time 

dependence of the emission from the two gases are shown in Figure 14. 

The slope in the slow component of argon.is barely visible on this 

time scale; it is much more apparent in Figure 15, which shows the 

decay over a longer time scale. 

The initial step in extracting information from the data was 

to fit a single exponential to each decay component, ignoring the lead¬ 

ing edge of the time dependence. The results obtained from this tech¬ 

nique are shown for argon, plotted as a function of pressure, in 

Figure 16, and for xenon in Figure 17. Where appropriate, constant 

backgrounds were subtracted prior to doing the exponential fits. The 

determination of the short time constant in xenon was more difficult 

than was the case with argon due to the relatively larger amplitude 

of the slow decay. 

2. Model used to fit the Pressure Dependence of the 
Fast Argon Decay 

As shown in Figure 16, the fast time constant of argon de¬ 

creases with pressure up to about 12 atm, after which it remains con¬ 

stant as the pressure is increased. This suggests that any model which 

might be used to fit the rising portion and fast decay of the argon 

data must involve at least two time constants. The simplest such model 

is shown schematically in Figure 18. The electron beam populates the 



Figure 14. Time dependence of the VUV emission from argon 

and xenon. The second component of the argon decay is nearly hori¬ 

zontal on this time scale. 
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Figure 15. Time dependence of the VUV emission from argon 

plotted to illustrate the slow component of the decay. 
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Figure 16. Time constants obtained by fitting a single 

exponential function to each component of the VUV decay of argon» 

plotted as a function of pressure. 
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Figure 17, Time constants obtained by fitting the sum of 

two exponential functions to the VUV decay of xenon» plotted as a 

function of pressure. 
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Figure 18. Two level model used to fit the leading edge 

and fast decay of the VUV emission from argon. The convolution with 

the response function of the apparatus is described in Appendix IV. 
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upper level with a S -function* which then decays with a time con¬ 

stant T'i * populating the second level which radiates with a time 

constant '£’2> . The time dependence of the light emitted by such a 

system is 

This equation is symmetric in Z] and . Furthermore* if one 

time constant is much larger than the other* (5.1) becomes 

where “f Is the larger time constant. This is the equation used to 

fit the data in obtaining the results shown in Figures 16 and 17* so 

the values shown in Figure 16 for the fast decay of argon should agree 

with the larger time constant in (5.1) if the other is much smaller. 

If this model has validity* Figure 16 suggests that of the two time 

constants appearing in (5.1)» one should decrease with pressure and the 

other should be pressure independent. 

scribed in Appendix IV and fit to the argon data. A sample fit is 

shown as curve 1 in Figure 19. By varying the three parameters in 

(5.1) and the time origin t which appears in the system response 

function it was possible to fit the data within the experimental error 

at all pressures. The curve labeled 2 in the figure is included to 

demonstrate the necessity of considering the effeet of the system re¬ 

sponse on the data. It is the best fit to the data using the sum of 

three exponentials with all amplitudes and time constants varied as 

parameters in the fit. It therefore contains twice as many parameters 

(5.1) 

(5.2) 

This model was corrected for the system response as de' 



Figure 19. Time dependence of the fast component of the 

VUV emission from argon fit with two different models. Curve 1 uses 

the model described in the text corrected for the response function of 

the apparatus. Curve 2 is a fit with the sum of three exponentials 

with all amplitudes and time constants varied as parameters in the fit. 
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as (5.1) and, as can be seen In the figure, fits the data poorly. 

Similar results hare been obtained at other pressures. 

The time constants returned from the fits using (5,1) are 

shown in Figure 20, One time constant is independent of pressure 

while the other decreases with increasing pressure as had been expected 

from the results shown in Figure 16. The reciprocal of the pressure 

dependent time constant was fit using the sum of constant, linear, and 

quadratic pressure terms. The reaction rate was determined to be al¬ 

most entirely quadratic, but the inclusion of small amounts of either 

constant or linear variation were required to force the fit through 

all the error bars. A fit with linear and quadratic terms yielded rates 

-13 3. -33 61 
of 1.8 x 10 cm /sec and 2,8 x 10 cm /sec. The rates obtained by 

7 -l 
fitting with constant and quadratic terms are 1,6 x 10 sec and 

-33 6 2 
3,2 x 10 cm /sec. The normalized X of the former fit was 0.25 

while that of the latter was 0.45, implying that the quadratic and linear 

terms provide the better fit. It is possible that the constant and lin¬ 

ear terms in the two fits may be the result of underestimation of the 

error rather than the pressence of additional physical processes. The 

error bars shown in the figure represent one standard deviation in the 

fits! they do not include any systematic error. The points at the low¬ 

est and highest pressures are those most subject to additional error. 

The low pressure data is more affected by interference from the slow 

component, while the high pressure time constants approach the timing 

resolution of the apparatus. 

The pressure squared dependence of the reaction rate indicates 

a reaction which involves two ground state atoms. Referring to the 

reactions listed in Chapter 3, the reaction responsible for this rate 



Figure 20. Time constants obtained from the fit to the 

fast component of the VUV emission from argon using the two level 

model» plotted as a function of pressure. 
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is identified to be Ar* + 2 Ar •—►Ar* + Ar. 
2 -33 

The rate coefficient determined from the fit is (2.8 + 0.3) x 10 

6 
cm /sec. The pressure independence of the other time constant obtained 

from the fit is indicative of a radiative process with a lifetime of 

4.2 nsec. 

3. Model used to fit the Pressure Dependence of the 
Slow Argon Decay 

As can be seen in Figure 16, the long time constant obtained 

from the simple exponential fits varies little with pressure over the 

pressure range investigated in this work. The data was initially in¬ 

terpreted by fitting the points with a constant term, thereby obtaining 

31 
a value of 3.2 + 0.3 ^ sec which was independent of pressure* This 

result compares favorably with that of Thonnard and Hurst, who ob- 

6 
tained a value of 2,8 ^ sec. Since the above value was reported, 

additional information has been obtained which supports a more refined 

interpretation. 

The reciprocal of the long time constant yielded by the fits 

to the argon decays is plotted as a function of pressure in Figure 21. 

Also shown in the figure are the results obtained for argon by Moerman 

32 
et al , and results obtained for argon doped with an unknown amount of 

xenon in the experiments reported here. Although there is a lot of 

scatter in the experimental points, the linear fits all have intercepts 

near 2 x 105 sec *, corresponding to a lifetime of 5 Af sec. In ad¬ 

dition, preliminary experiments in which the temperature is varied 

indicate that the time constant of the slow decay approaches 5 ufsec 

near the liquification point. On the basis of the results shown in 



Figure 21. Reciprocal of the time constant obtained from 

the fits to the slow decay of the VUV emission from argon» plotted as 

a function of pressure. The dark circles are the results taken with 

the purest gas used in this experiment. The crosses are the time con¬ 

stants obtained with a sample containing an unknown amount of xenon» 

probably less than 5 ppm as indicated. The light circles are taken 

32 
from the data of Moerman et al 
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Figure 21 and the results of the temperature dependent experiments» 

it is suggested that the state responsible for the slow decay in argon 

has a radiative lifetime of 5 ^see. The destruction term which is 

linear with pressure can be the result of collisions between the ra¬ 

diating molecules and argon atoms in their ground state or with im¬ 

purities which are present as a constant fraction of the number of 

argon atoms. The points denoted by the light circles and crosses in 

Figure 21 are definitely affected by impurities. It is not known to 

what extent impurities are responsible for the slope in the fit to 

, -16 
the dark circles. The reaction rate given in the figure (4.7 x 10 

3 
cm /sec) is that which the data would indicate for the destruction of 

the radiating states if it were due entirely to collisions with ground 

state argon atoms. Since impurity effects cannot be ruled out» the 

cross section quoted represents an upper limit for this process. 

4. Interpretation in Terms of Molecular States 

The fitting techniques employed to analyze the time depen¬ 

dence of the VUV emission from argon have yielded two pressure inde¬ 

pendent time constants (4.2 nsec and 5 ^sec) which are interpreted 

to be radiative lifetimes. Theoretical considerations (as discussed 

in Chapter II) indicate two possible models which incorporate two 

radiative lifetimes. 

. + 
1) The 0,. and 1 states radiate independently with 

U U 

lifetimes of 4.2 nsec and S ^sec, respectively. 

2) The 0tt and 1 states are mixed and radiate together 

with a lifetime of 4.2 nsec and the 5 x/sec time constant is the re- r 
suit of a parallel population mechanism involving radiative cascade 
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from a more highly excited atomic or molecular state having a ra¬ 

diative lifetime of 5 ^ysec. 

The former interpretation is favored for the following 

reasons* 

1) The ratio of the two pressure independent time con¬ 

stants is in fair agreement with the calculated ratio of the lifetimes 

of the la and 0y states. (See Chapter II.) 

2) The cross sections required if the states are to be 

mixed rapidly enough so that the observed time dependence is exhibited 

are unreasonably large. The time constant of the mixing reaction must 

be less than or equal to the short time constants obtained from the 

exponential fits shown in Figure 16. Because of the low electron con¬ 

centration» the dominant mixing reaction is 

Ar* (0+) + Ar '*■“**Art (1 ) + Ar. 2 u 2 u 

If the two states are to decay with a time constant of 20 nsec at 

A atm as shown in Figure 16» the cross section for this reaction must 

-18 2 
be greater than 9 x 10 cm in the reverse direction. This is 2.5 

orders of magnitude larger than the cross section for the analogous 

reaction involving the atomic states which are the separated atom 

24 
limit of the molecular states in the above reaction. Similar re¬ 

sults are indicated at other pressures. 

3) There is no spectral evidence for radiative cascade 

population of the 0* and 1 states with sufficient intensity and with 

the proper time dependence to account for the slow decay of the VUV 

o 
emission observed in argon. The emission near 2500 A is too short in 

wavelength to terminate on an exeited neutral state (see Chapter II). 

In addition» it decays with a time constant of 6 nsec» a fact which 
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further eliminates it from consideration as a transition responsible 

for the slow VUV decay. The narrow emission features shown in Figure 6 

are not of sufficient intensity to account for the slow VUV decay. 

The model which has been formulated to explain the time de¬ 

pendence of the VUV emission from argon can be summarized as follows. 

+ 
The 0u state is formed in collisions of excited argon atoms with two 

in their ground state. The state is populated in this manner with a 

•33 6 
rate coefficient of (2.8 + 0.3) x 10 cm /sec» and radiates with a 

natural lifetime of 4.2 + 0.2 nsec. The lu state radiates with a 

natural lifetime of 5 + 1 ^ sec and is also destroyed by reactions 

which may be of the form 

Ar| (1 ) + X —► 2 Ar + X* (or X+) 

Ar* (lu) + Ar —Ar* (0*) + Ar 

where X is an unspecified impurity. The pressure dependence of the 

-16 3 
decay indicates an upper limit of 4.7 x 10 cm /sec for the rate of 

O *f 
the latter reaction at 300 K. Because the 0^ state lies above lu in 

energy» the rate of this reaction would be expected to exhibit a strong 

temperature dependence. Temperature fluctuations may be responsible 

for some of the scatter in the points plotted in Figure 21. 

5. Interpretation of the VUV Decay of Xenon 

In the case of xenon» the relatively larger amplitude of the 

slow decay component precluded the application of the two level model 

to fit the leading edge and fast decay of the data. However» Figures 

16 and 17 show similarities in the simple exponential fits to argon 

and xenon data from which information about xenon may be inferred. 

If argon and xenon are presumed to behave in the same manner» the 
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pressure independent portions of Figure 17 result from radiative 

processes» while the pressure dependent portion of the lower curve 

is due to a production mechanism. Although it is impossible to ob¬ 

tain a rate constant for the production mechanism using the same analy¬ 

sis technique as the case with argon» the radiative lifetimes can be 

obtained from the flat portions of the curves. On this basis» a life- 

time of 5.0 + 1.0 nsec has been assigned to the 0^ state of xenon and 

a lifetime of 96 + 5 nsec has been assigned to the 1 state. 

The analysis of the slow decay in xenon becomes difficult at 

pressures higher than those for which data are shown in Figure 17. 

This is due to the presence of an additional feature in the slow decay 

which is presumably due to a second reaction sequence populating the 

radiating molecular states. 

The time dependence of this additional feature is not that 

of a simple exponential decay and its form differs between the two gas 

samples» indicating that it is at least in part affected by impurities. 

This latter portion of the time decay increases in amplitude relative 

to that of the emission from the lu state as the gas pressure is in¬ 

creased. This effect is illustrated for the sample supplied by Cryogenic 

Rare Gas Labs in Figure 22. The decay from the lu state is totally un¬ 

observable at 35 atm. In the data taken using the sample supplied by 

Matheson Gas Products» the secondary maximum whose position is marked 

by the arrows in the figure does not appear. In this case also» the 

decay is not a simple exponential and its amplitude is observed to in¬ 

crease with increasing pressure. A model has not yet been formulated 

which explains the time dependence of this latter decay. 

A preliminary measurement has been made of the time depen- 



Figure 22. Time dependence of the VUV emission from xenon 

at various pressures. 
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dence of the VUV emission from liquid xenon which yielded a single 

exponential decay in contrast to the two component decay shown in 

Figure 14. It is possible that the 0*, 0 , and 1 states are mixed 
u u u 

rapidly due to the high density in the liquid so that independent ra¬ 

diation from the 0+ and 1 states is not observed. If the states are 
u u 

totally mixed, their relative populations are: 

u 

u 

1 

2 

exp(- AE/kT) 

where A E is the energy separation between 0y and the other states. 

The time constant of the decay of the observed emission can be deter¬ 

mined from the equation 

/ __ 

r ~ 3 .-AI/KT (' 
—AE/kT e \ 
%r ) 

(5.3) 

Using the lifetimes of the lu and 0u states determined in this experi¬ 

ment and the decay time observed in the liquid ( V * 33.3 nsec at 

T ■ 167 
9
 K) the energy splitting can be calculated from (5.3). 

1 <5-4) 
/ r,. (T- r„:) \ 
V TK(3TfZT)J 

-l 
Inserting the experimental values, this equation yields AE * 100 cm 

This is about 10Z of the corresponding splitting in Ne2 calculated by 
11 

Cohen and Schneider. It is also considerably smaller than the split¬ 

ting (978 cm ) between the xenon atomic states which are the separated 

+ 
atom limits of 1 and 0 . This indicates that the 33 nsec time constant 

u u 

observed in the liquid is possibly the result of non-radiative quenching 

due to collisions with impurities, or may be the result of many-body 

effects 
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6. Effects Due to the 0^ State 

The 1 lifetimes have been assigned for both argon and xenon 

without consideration of the presence of the 0U state» an optically 

forbidden state which is nearly degenerate with lu (see Figures 1 and 

2). If these states are mixed by collisions rapidly compared to the 

1 lifetime, the slow component of the VUV radiation will decay with 

a time constant which is 1.5 times the radiative lifetime of the 1Q 

state. 

o 
7. Argon Emission near 2500 A 

o 
The time dependence of the argon emission at 2500 A was also 

studied. It was observed to have a decay time of 6 nsec which was in¬ 

dependent of pressure. As was discussed in Chapter II, this emission 

may be the result of transitions from upper vibrational levels of the 

lowest bound molecular states (see Figure 7). The lifetime observed 

indicates that if the transition proceeds in this manner, it probably 

originates on the 0u state. 

17 
The work of Schneider and Cohen can be used to infer how 

the radiative lifetime of the argon molecule varies with vibrational 

level and internuclear separation. The transition probability increases 

with both Increasing vibrational energy and increasing internuclear 

separation. The radiative lifetimes of the upper vibrational levels 

are therefore shorter at larger internuclear separations, and should 

be shorter than that of the ground vibrational level. This is in con¬ 

tradiction with the observed results of 6 and 4.2.nsec since the 4.2 

nsec lifetime is due to transitions from lower vibrational levels. 

One possible resolution of this dilemma is to abandon the model sug- 
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o 

gested as a possible origin for the radiation near 2500 A. Another 

possible explanation is that the radiation from the enter edge of the 

upper vibrational level is trapped due to absorption from dimers 

bound in the Van der Waals minimum of the ground state. The bound 

dimer concentration in argon at the pressures at which this experiment 

33 
was conducted is about one part per thousand. Due to the lack of 

♦ 
information about the shape of the potential curve of the 0^ state of 

argon» it is not possible to calculate a vibrational overlap integral 

for the transition. If this phenomenon were to occur» it would ac- 
o 

count for the pressure dependence of the 2500 A argon bands observed 

14 
by Strickler and Arakawa, As the shorter wavelength radiation be- 

o 
comes trapped with increasing pressure» the 2500 A bands should in¬ 

crease in intensity» as observed by these authors. 
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VI. CONCLUSIONS 

As discussed in the introduction, prior to this work there 

have been two experimental techniques used to study the time depen¬ 

dence of VUV emission from rare gases which have yielded time constants 

differing by about three orders of magnitude. The results of this ex¬ 

periment constitute the first observation of both decays simultane¬ 

ously, The radiative lifetimes obtained by fitting the data agree 

with the results obtained in the two other types of experiments. 

Two explanations have been considered for the presence of 

the two pressure independent time constants observed for each gast 

Cl) radiative cascade, and (2) independent radiation from the 1 

4* 

and 0U molecular states. The latter explanation has been adopted 

for the reasons discussed in the previous chapter. If this inter¬ 

pretation is correct, the presence of the 1^ state has important im¬ 

plications on the operation of lasers utilizing these transitions. 

The longer lifetime of the 1Q state has a dual effect! it improves the 

energy storage capabilities of the laser medium, while raising the 

population threshold required for oscillation. Any model which is 

used to explain the operation of the Tare gas lasers must include 

effects due to collisions with electrons which will mix the 1 and 

4 
0u states, a process which is insignificant in the experiment reported 

here due to the low electron concentration. 

+ 
The relative populations of the 0Q and 1Q states have been 

estimated by integrating their respective time dependent emission 

curves. This method is subject to error (especially in the case of 
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xenon) because the shape of the 1 curve is unknown in the time region 

where the dominant emission is from 0u. In practice» the 1^ decay 

+ 
is extrapolated to the time at which the 0Q intensity reaches its 

peak* The effect of double excitation is accounted for as discussed 

in Chapter IV under the assumption that the two excitation pulses are 

of equal intensity. In this manner it has been determined that the 

population ratio 0*/l^ of argon reaches a maximum of about 0.12 at 

11 atm. At 3.7 atm the ratio is 0.05 and at 25 atm it is 0.07. In 

the case of xenon the population ratio is about 0.14 at pressures be¬ 

tween 3 atm and 15 atm. At higher pressures interference from the 

slow decay discussed in the previous chapter makes it impossible to 

determine the intensity of the emission from the lu state* At pres¬ 

sures lower than 3 atm thé intensity ratio decreases rapidly. Emission 

+ 
from the 0U state is not observable at 1 atm. 

Reactions which are important to the work reported here 

are shown schematically in Figure 23. The corresponding reaction rates 

are listed in Table 5. As previously stated» it is not possible to 

4* 

apply the two level model to the 0^ decay of xenon and thereby ob¬ 

tain the rate k^ (see figure). Nith the additional information of 

+ 
the pressure dependence of the intensity ratio 0^/1^ it is possible 

to estimate k^ in the following maimer. Since k^ is quadratic in 

density while kfi is linear» in the limit of high pressure k7 » kg, 

so that each atomic state (3/2)^ produces one 0* molecule. At the 

+ 
pressure where kj *> kg the probability that an 0Q molecule results 

from the destruction of a (3/2)^ atom is 50Z. This» however» only 

results in an increase in the lu intensity by a few percent so the 



Figure 23. Schematic representation of the reactions 

important to the dynamics of the radiating rare gas molecules. 

Each reaction is labeled at the tail of the arrow connecting the 

initial and final states. The reaction rates are given in Table 5. 
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Table 5 

Rate constants for various reactions as shown in Figure 23. 

References are given in parentheses to the right of each rate. Un¬ 

referenced rates are obtained from this work. Lifetimes are listed 

for the radiative transitions. 

Ne Ar Kr Xe 

3 

*l+*2+*3 cm /sec 1.8X10~
12
(35) 4.1xl0“13(7) 

kg cm3 /sec 4,2X10"
14
(41) 3.1xl(f14(24) 2.5X10**

13
(7) 6.7xl0“l3(44) 

5.6xl0*14(35) 4.3x10-14 (4 3) 7.5X10"
13 

kj em^/sec 5.0X10~
33

(35) 
-33 

2.8x10 8.1X10"
33

(7) 2xl0-32 

kg cm6/sec SxlO’^C^l) 1.7X10*
32

(24,43) 2.1X10~
32
(7) 8.6X10“

32
(44) 

s.sxio'^os) 1.3X10“32(42) 

k9 /(sec 11.9(17) 5.0 0.3(7) 0.096 

5.1(35) 

3 
kj'g cm /sec 

-13* 
3.4x10 

-13* 
3.4x10 

k]^ cm /sec 
-16* 

4.7x10 
-14* 

4.3x10 

kjj nsec 2.8(17) 4.2 5.0 

* Upper Limit 
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+ 

intensity ratio 0/1 drops to one-half of its value at high pres- 
u « 

+ 
sure. The decay rate of the emission from the 0 state is k + k, * 

2 kg « 2 kj at this pressure» which is experimentally determined to 

be 1.5 atm. From the time constant at this pressure (18.7 nsec) the 

two rates are obtained» yielding the results in Table 5. Comparison 

is possible with other experiments only in the case of kg where the 

44 
value reported here differs from that of Timpson and Anderson by 

about 12Z (see table). 

It is only possible to obtain upper limits for the reaction 

rates and k^ from the data taken in this experiment. The pre¬ 

vious chapter contains a discussion of how the limit for k^ is ob¬ 

tained in the case of argon. The other limits listed in the table 

are obtained by assuming the decay rates at high pressures to be the 

result of these reactions. 

The neon and krypton values listed in Table 5 indicate the 

rate of collisional relaxation of the (1/2)^ state for the rare gases. 

As discussed in Chapter III» this state is heavily populated» espe¬ 

cially in the case of argon. This reaction may be responsible for 

•f 
some of the non-quadratic behavior of the argon 0^ production rate as 

determined from the two level model discussed in the previous chapter. 

Throughout much of the discussion it has been assumed that 

the molecular states are produced by the reactions 

Ar* (3/2)t + 2 Ar-> ArJ (0*) + Ar 

Ar* (3/2)- + 2 Ar —► Ar* (l ) + Ar. 
z 2 u 

In these reactions the atomie states involved are the separated atom 

limits of the corresponding molecules. It has been suggested by 
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Miehaelson and Smith that the (3/2)^ state reacts to produce 0^ 

via a curve crossing phenomenon. This conclusion is incompatible with 
+ 

the results reported here which indicate that the 0Q molecule is pro¬ 

duced in three body collisions at a rate which is equal to about 0.2 
24,42,43 

times the destruction rate of (3/2) . In addition, Wieme and 

43 
Wieme-Lenaerts have observed the 1 state to be formed at a rate 

u 

which is equal to the destruction rate of (.312)^. This supports the 

conclusion that the molecules are formed in the reactions which have 

been suggested here. 



46 

APPENDIX I 

DETERMINATION OF ATOMIC KRYPTON LIFETIMES 
FROM OSCILLATOR STRENGTH SUMS 

The wave functions for the two radiatively allowed states 

may be expanded in terms of Russell-Saunders basis functions 

y (C3/2)j) » * yc3px) + /9 HUSJ) 

y(ci/2)l) - ^ yc
3px) - et yc1?^. 

The coefficients may be determined from the splittings of the four 

28 

(Al.l) 

2 [E (3/2)X - E <l/2)0] - [E (3/2)2 - E (3/2)^ 

/*’ "   

level8 of the configuration 

2 
3[E (3/2)^ - E (1/2)1] 

©c -i -pr 
The ratio of the two lifetimes can then be obtained 

(A1.2) 

2 3 
r(l/2)1 . ^ / E (3/2)x ^ (A1.3) 

7TC3/2)1 <* \E (1/2)1 ) 
Using this technique» the following results are obtained! 

2 2 
r(l/2)i 

<*2 fi rü/2)1 

Ne 0.93 0.07 0.075 

Ar 0.80 0.20 0.24 

Kr 0.49 0.51 0.87 

Xe 0.44 0.56 0.87 

Using the krypton ratio and the relation between the lifetime and the 

36 
oscillator strength 

f- 1,51 2 x2 f r 6i A 
(A1.4) 

the krypton lifetimes can be obtained. 
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4.53 ( 0.87 >,2<3/2)1 + >?(1/2>1> 

X (1/2)1 » f (1/2)1 + f (3/2)1 

CA1.5) 

T(3/2)1 « (1/0.87) ?ra/2)1 (A1.6) 

26 27 
Inserting the appropriate values, * the results are found to he 

f (1/2^ + f (3/2)1 T(l/2)1 '2T(3/2)1 

0.346 3.5 nsec 4,0 nsec 

0.405 3.0 nsec 3.5 nsec 
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APPENDIX II 

ESTIMATION OF ION, ELECTRON, AND 
EXCITED STATE DENSITIES 

The energy deposited in the sample during each cycle of the 

experiment can be estimated as follows. If the beam current is 0.5 mA 

6 
and the pulse width is 1.0 nsec, 3 x 10 electrons pass through the 

foil each time the beam is pulsed. Before entering the foil, each 

37 
electron has an energy of 160 kev. Assuming a stopping power of 

2 
3 Mev cm /gm, the electrons lose 30 Kev in passing through 0.0005 

3 
in of Havar (density 8.3 gm/cm ). The energy deposited in the gas 

per cycle of the experiment is therefore 130 Kev/electron x 3 x 10* 

electrons » 3.9 x 10** ev. 

To a first approximation, this energy is consumed in ionizing 

the gas. Using the experimental value of the average energy loss per 

ion pair in argon (26.4 ev) the total number of electron-ion pairs pro- 

10 
duced is 1.5 x 10 . As indicated by the cross sections of Peterson 

30 
and Allen, the number of neutral excitations produced should be ap- 

9 
proximately 102 of this number, or about 1.5 x 10 . 

In order to estimate the ion density.it is necessary to know 

the volume in which the energy is lost. The distance traveled by the 

electrons in losing their energy can be found by integrating the energy 

loss equation 

dX “ N Wo-(E) (A2.1) 

where E is the energy, x is the distance traveled, 0“ (E) is the ion¬ 

ization cross section, and N is the average energy loss per ionization 

30 
event. Peterson and Allen give a cross section for ionization which 
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is a function of the energy of the secondary electrons, (A2,2) 

S(E.T) - ^-2 M<C16 1„ ( %±mn)   12   
E \ 15.76 / [T - T0(E)JZ + 10.3 

Td(E) « 2 - 100/CE + 10) (A2.3) 

In this expression, T is the secondary energy and E is the energy of 

the incident electron. By integration of (A2.2) over all possible 

secondary electron energies, 0“(E) can be obtained. 

.14 (A2.4) 
1.36 x 10 /E + 120mf / B-15.76 - 2TA f Tn\] 

0“(E) * E ln V 15.76 /l**11 V 20.6 7+ tan U0.3/J 

This can now be used to integrate (A2.1), giving the average total dis** 

tance traveled as a function of density. The results range from 65 cm 

at 1 atm to 2.2 cm at 30 atm. Since the scattering is not totally for¬ 

ward peaked, these numbers do not represent the range of the electrons 

in argon. If the scattering were totally isotropic, the range would 

be less than the total distance traveled by approximately a factor of 

70, since the electrons undergo about 4900 scattering events in losing 

their energy. Thus upper and lower limits can be placed on the ranges, 

these being the calculated path lengths and the calculated path lengths 

reduced by a factor of 70. Since the scattering is predominately for¬ 

ward peaked, the ranges have been estimated by dividing the path lengths 

by a factor of 5. The numbers obtained in this manner should be some¬ 

what lower than the actual values, so that the densities to be obtained 

are in fact upper limits. 
10 

The ion densities were estimated by assuming 1.5 x 10 ions 

to be distributed uniformly in a hemisphere with a radius equal to the 

range determined by the method discussed. The uniform distribution is 
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consistent with the visual observation of the discharge» which extends 

throughout the cell at low pressures and appears hemispherical at 

high pressures. 

The results of this calculation are presented in Figure A2.1. 

Because of the difficulties in estimating the excitation volume» the 

ion densities obtained in this manner are probably accurate to about 

an order of magnitude. An upper limit for the concentration of any 

given excited neutral species can be obtained by dividing the ion con¬ 

centration given in Figure A2.1 by a factor of ten. 



Figure A 2.1 Estimated electron ranges (solid line) 

and electron densities (dashed line) for argon as excited in this 

experiment» plotted as a function of pressure. 
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APPENDIX III 

RELATIVE POPULATIONS OF THE FOUR LEVELS OF THE 

3s23p54* CONFIGURATION OF ARGON 

30 
Peterson and Allen have calculated electron impact ex¬ 

citation and ionization cross sections for argon using experimental 

data and extrapolated generalized oscillator strengths. Discrete 

cross sections were obtained for each optically allowed (J«l) level 

and a composite cross section was listed for the remaining levels. 

These are given by the following expression with the values of Ft W» 

JI , and V given in Table A3.1. 

(Ift-5)' 
2 2 

E is the energy of the incident electron and q is equal to (2Ry) . 
0 O 

Using these cross sections (including those for additional states not 

listed in the table) and the ionization cross sections discussed in 

Appendix II» Peterson and Allen calculated the efficiency for producing 

each state by electron impact» including effects due to secondary 

electrons. 

Their results can be adapted to the situation of interest in 

the following manner. If a value of 0.49 instead of 0.7 is used in 

(A3.1)» the expression for the composite forbidden cross section of 

Peterson and Allen fits the experimentally determined cross section 

for electron Impact excitation of the metastable states of argon as 

38 
determined by Borst. The deviations in the fit are much smaller at 

all energies than the estimated experimental error, which is a factor 

of two. The efficiency for production of the metastable states is 

therefore obtained by multiplying the efficiency for the production 



Table A3.1 

Parameters appearing for various states in Eqn. A3.1 for 

excitation of argon by electron impact. The values given are taken 

30 
from Peterson and Allen , who give a more complete listing. 

Final State F W SL ÿ 
(3/2)1 0.080 11.6 0.75 2 

(1/2)1 0.35 11.8 0.75 2 

Composite Forbidden 0.70 13.0 1.5 1 
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of the composit forbidden state by the factor 0,7. The relative 

number of excitations into the different levels has been estimated 

in this manner to be 

(1/2)1 452 

(3/2)1 162 

(l/2)0 + <3/2)2 382 

These four levels should account for between 502 and 752 of the total 

electron impact excitation, with a large portion of the remainder going 

into the 3d levels. It is uncertain as to how the 382 should be divided 

between the (1/2)^ and (3/2>2 levels. The statistical weights of the 

two levels are in the ratio 5tl, which would indicate that the (3/2)2 

state is more heavily populated. Of the two 3/2 core states, this 

indicates that the J*2 state is populated more heavily than the J*1 

state by a factor which lies somewhere between the limits of 1 and 2. 

The (1/2)^ level is more heavily populated than either of the 3/2 core 

levels which are the separated atom limit of the VUV radiating molecules. 

Because of the comparatively larger oscillator strength of the 

(3/2)^ state in xenon, it is more readily excited by impact involving 

fast electrons. The two J*1 states should, in this case, be populated 

in roughly equal proportion, in contrast to the situation in argon. 

The ratio of the populations (3/2)2*(3/2)j should be lower than is the 

case with argon, and may be less than unity. 
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APPENDIX IV 

DERIVATION OF FUNCTION USED TO CORRECT FOR 
SYSTEM RESPONSE 

The photomultiplier is approximated as haring a gaussian 

response /t-toŸ 
L. Q-(-) 

7T*<r (A4.1) 

where (T =• 
At* 

Z(JtmXp- (A4,2) 

At being the transit time spread of the tube. If the scintillator 

response is 

(A4.3) 

then the total system response is the convolution of these two functions 

(A4.4) 

e-W 
TT* r I. 

t.z£? 

e**e* d* 

where 

v = tjzii A- Q~ 

(A4.5) 

39 
Using Abramowitz and Stegun 7.4.34, 

sfO = [erf <M‘6) 

In order to determine the effect of the system response on 
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the two level model» the effects due to the scintillator and photo¬ 

multiplier may be considered separately. The addition of the scintil¬ 

lator to the two level model discussed in Chapter IV results in a three 

level exponential cascade which is easily solved using Laplace trans¬ 

forms. The result is 

The convolution of this function with the gaussian photomultiplier re¬ 

sponse is readily obtained from the results which were derived for a 

single exponential. The signal» corrected for the system response» is 

determined in this manner to be 

V, 
(*7-r,)(rrrs) (K-r,)(Zrrs) 

- ÉzÈs. 
e * where 

Z 
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