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ABSTRACT 

Energy Transfer' Reactions in Electron Béant Excited 

Mixtures of Xenon and Argon Gases 

by Thomas Dyer Bonifield 

The time dependence of the vacuum ultraviolet 

émissions from mixtures of xenon and argon gases is measured 

following excitation by a low intensity electron beam. The 

13 -3 xenon concentration is varied from 8.40 x 10 cm to 

17 -3 
2.76 x 10 cm # while the argon density is varied between 

19 —3 20 —3 
5.1 x 10 cm and 2.9 x 10 cm . The second molecular 

continuum of argon is observed to be quenched in electronic 

excitation transfer to xenon atoms# forming the xenon 

+ -10 3 
state# with a rate constant of (4.39 - .05) x 10 cm /sec. 

At the higher xenon concentrations the second molecular 
3 

continuum of xenon is formed by destruction of xenon 

atoms in collisions with a ground state xenon atom and a 

+ -32 ground state argon atom at the rate of (2.15 - .25) x 10 
g 

cm /sec. The first molecular continuum of xenon is observed 
3 

to be collision induced radiation from the xenon P^ level 

as well as radiation from high vibrational levels of the Ou
+ 

molecule of xenon. The collision induced radiation rate 

+ -16 3 
constant is found to be (3.2 - .7) x 10 cm /sec. The 

rate of formation of xenon molecules radiating in the first 

+ -31 6 * continuum is (2.1 - .2) x 10 cm /sec. Collisional 
3 

deexcitation of the xenon P^ level occurs with a rate 

+ -14 3 constant of (1.5 - .3) x 10 cm /sec. 
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I. INTRODUCTION 

Each of the rare gases emits a characteristic 

spectrum in the vacuum ultraviolet (VUV) wavelength region. 

At low densities atomic resonance lines are seen; at high 

densities a single broad, structureless continuum dominates 

the spectrum. The broad continuum has been identified as 

radiation from the decay of the two lowest electronically 

excited molecular levels to the ground state. The width of 

this continuum is totally determined by the ground state 

potential curve, which is steeply repulsive at the equilibrium 

internuclear separation of the excited molecular levels. 

The collisional mechanisms that populate the radiating states 

and their radiative lifetimes have been the subject of inves¬ 

tigations in this and other laboratories. 

Further, electron beam excited dense rare gases 

have become particularly interesting for the developement 

of lasers operating in the ultraviolet and visible. The 

energy initially in the electron beam is efficiently converted 

to excitation energy of the lower molecular levels of the 

rare gas. For instance, as much as 30 - 50% of the excita¬ 

tion energy is radiated in the molecular continuum.'*' The 

fact that the terminal level of this transition is unbound, 

and therefore unpopulated, make these molecular states inter¬ 

esting both as laser candidates, where their radiation will 

not be reabsorbed, and as reactants for energy transfer where 

the reaction will be irreversible. 
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Although the pure rare gases have been shown to 

2 
lase , these lasers did not achieve the expected high effici¬ 

encies for reasons that are beginning to emerge from studies 

of reaction kinetics in these systems. However, more prom¬ 

ising new laser systems are beginning to appear which make 

use of the efficient energy conversion of the rare gases by 

transfering this energy to a minority dopant. Mixtures of 

this kind seem promising for several reasons. At dopant 

levels of a few tenths of a percent, the spectrum becomes 

dominated by the emission spectrum of the dopant, indicating 

large energy transfer rates. The energy transfer mechanisms 

are also expected to be quite specific, populating only a 

few states of the dopant. Thus, it may be possible to obtain 

large population inversions. In addition to high efficiencies, 

the laser transition will become more useful as it is shifted 

out of the VUV and into the near ultraviolet or visible 

where higher quality optical systems are available. Good 

reviews of energy transfer lasers can be found in the lit¬ 

erature. ^ 

A major mechanism for energy transfer is reson¬ 

ant excitation transfer from the excited rare gas molecule 

to an excited state of the dopant. Excitation transfer 

reactions are studied by a number of techniques. If the 

excited state of the donor is long lived, the reaction can 

be studied in a flowing afterglow, or in a molecular beam 

apparatus. However, the lifetimes of the molecular states 

of the heavier rare gases are too short for study by this 

technique. (100 nsec -12 jasec) Two methods have been used 
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to extract the reaction rates from the radiation emitted 

from the excited states in a bulk gas. One method is to 

measure the relative intensities of the various emission 

features as the partial pressures of the mixed gases are 

varied. The intensities or their ratios are then fit to a 

kinetic model of the gas processes with the reaction rates 

4 5 as unknown parameters. ' This method has obtained reaction 

rates only to within an order of magnitude. The other method 

is to observe the time dependence of the radiation following 

6 7 
excitation by a short burst of high energy electrons. ' 

The study of the time dependence of the radiation 

can be separated into two classes. At high levèls of excita¬ 

tion, conditions similar to those necessary for laser opera¬ 

tion are obtained. However, the multitude of simultaneous 

reactions which occur under these conditions require a com¬ 

plex model to unravel the individual reaction rates from 

the observed time dependence. At low levels of excitation 

it is possible to better isolate a limited number of reactions 

for quantitative study. This technique, which is used at 

Rice University, has enabled the direct measurement of the 

lifetimes and production mechanisms of the lowest excited 

8—11 
rare gas molecules. 

The present work involves the study of excitation 

transfer reactions in mixtures of xenon and argon gases fXe/Ah). 

The time dependence of the argon molecular continuum is ob¬ 

served, following a short low intensity excitation, as it is 

quenched in excitation transfer collisions with ground state 
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xenon atoms. Subsequent reactions involving the excited 

xenon atoms are studied as well. The Xe/Ar mixture was 

chosen because it has been studied by spectroscopic tech¬ 

niques, and the excitation transfer reaction was known to 

have a large reaction rate. ' Many other mixtures can be 

studied by the same technique. An indication of the number 

of resonant excitation transfer reactions involving rare 

gas molecules may be obtained by glancing over the energy 

levels of the atoms and molecules given in Appendix I of 

this thesis. 

In summary, this thesis presents the results of 

a direct measurement of the excitation transfer reaction: 

Ar* (1 ) + Xe ► 2Ar + Xe* (1P1) 2 u 1 

The subsequent time dependence of the lower excited atomic 

and molecular states of xenon is studied to obtain production 

and destruction mechanisms for those states in the presence 

of argon. 
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II. ATOMIC AND MOLECULAR STRUCTURE AND 
SPECTRA OF THE HEAVY RARE GASES 

1. Atomic and Molecular Structure 

Each of the heavy rare gases has the ground state 

2 6 
electronic configuration ns np . The excited states of these 

atoms are formed by removing a p electron from this config¬ 

uration and placing it in an excited orbital. The remaining 

core, has one unit of orbital angular momentum and one-half 

unit of spin angular momentum. Therefore, as in the halogens 

2 5 
which are isoelectronic to the core, the ns np configura¬ 

tion is split into two levels by the spin-orbit interaction. 

In the limit of large radius, Rydberg-type orbitals, the 

excited states should form two series of energy levels, each 

approaching one of the doublet ion levels. In the case of 

neon where the energy splitting is smallest, it is seen 

that the series takes form for principle quantum numbers 
iz 

greater than n=4. For xenon, on the other hand, even the 

lowest excited states lie along the Rydberg series. 

The strong spin orbit coupling in the core, and 

the fact that the excited states conform to two Rydberg 

series^ suggests that the total angular momentum of the core 

is a good quantum number. L-S coupling is not appropriate 

for the excited states, although it can be applied to the 

lower energy levels in neon. Rather, j-1 coupling is appro¬ 

priate, wherein the orbital and spin angular momentum of the 

excited electron are coupled separately to the core angular 

momentum. Within this coupling scheme, the excited states 

2 
are denoted by the Racah notation, (2P.) ni (K)_, where ( P. ) 

3 J 3 
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describes the core, n and 1 are the principle quantum number, 

and the orbital angular momentum of the excited electron, 

respectively. K is obtained by coupling 1 to the angular 

momentum of the core, and J, the total angular momentum of 

the atom, is obtained by coupling the spin of the excited 

electron to K. 

The four lowest excited energy levels correspond 

2 5 to the configuration ns np (n+l)s. As mentioned above, 

these states form a case of intermediate coupling. In neon 

the energy levels appear to form a singlet and triplet con- 

3 3 
figuration, which in L-S coupling would be denoted P^, P^, 

3 1 
PQ, and P^ in order of increasing energy. In the j-1 

coupling scheme, the states are denoted (3/2) ^ > (3/2)^, (1/2)^, 

and (1/2)^ in order of increasing energy, where the Racah 

notation has been abbreviated (K)j. In all the heavy rare 

gases only the (3/2)and the (1/2)^ states are metastable. 

The radiative lifetimes of the other two states indicate 

the relative importance of the spin-orbit interaction, since 

the (3/2)^ state would also be metastable in the L-S coupling 

limit. Energy levels and lifetimes are listed in Table 1. 

Although the Racah notation is more suggestive, 

the Russell-Saunders notation is in common use in the liter¬ 

ature. Therefore both notations will be used in this work. 

The interaction between two ground state rare 

gas atoms is strongly repulsive, except for a weak van der Waals 

attraction at large internuclear separations (^4A) . The inter 

action between a ground state neutral and a ground state ion 



Table 1 

Energy values (cm and lifetimes (nsec) for the excited 
5 

atomic configuration np (n+1)s for the heavy rare gases. 

References are given in parentheses. The energy values 

are taken from ref. 30. 

neon argon krypton xenon 

(1/2)1 135891 cm"1 95400 cm"1 85848 cm"1 77186 cm"1 

1.5nsec (13) 2.2nsec (17) 4.55nsec(19) 3.2nsec (21) 

1.2 (14,15) 2.4 (18) 3.5 (20) 4.3 (22) 

1.87 (16) 3.0 (20) 

(1/2)0 134821 cm"1 94554 cm"1 85192 cm"1 76197 cm"1 

(3/2)x 134461 cm"1 93751 cm"1 80918 cm"1 68046 cm"1 

21nsec (13) 8.6nsec (17) 4.38nsec(19) 3.8nsec (21) 

16 (14,15) 9.5 (18) 4.0 (20) 4.8 (22) 

31.7 (16) 3.5 (20) 

(3/2)2 134044 cm"1 93144 cm"1 79973 cm"1 67068 cm"1 
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is attractive with a binding energy of: 1.1 eV for neon, 
23 

1.4 eV for argon, 1.2 eV for krypton, 1.0 eV for xenon. There 

are therefore many bound excited states of the neutral molecule 

corresponding to a Rydberg orbital about the bound ion. 

Mulliken was the first to describe these Rydberg states of 

the rare gas molecules. In 1970, he made qualitative predic- 

+ * 
tions of the potential curves for Xe2 and Xe2 , based upon the 

scanty spectroscopic information available, and qualitative, 

but plausible, arguments involving similar molecular struck 

tures. At that time he mentioned that the equilibrium inter- 

nuclear separation of the lower molecular states was in error. 

Since then he has revised those potential curves, including 
a4 

the corrected equilibrium internuclear separation. Selections 

from both sets of potential curves are given in Figure 1. 

After Mulliken published his potential curves for xenon, 
25 

Lorents made similar estimates for argon. These potential 

curves are presented in Figure 2. 

The only set of quantitative potential curves for 

the heavy rare gases which have appeared in the literature 
26 

to date are those of Cohen and Schneider on neon. The poten¬ 

tial curves, shown in Figure 3 are the results of calcula¬ 

tions in which wavefunctions were obtained ab initio in the 

approximation of no spin-orbit interaction. The spin orbit 

intéraction was then included by a semi-empirical technique 

employing atomic spectral data. 



xenon - 

Figure 1. The potential curves of Mulliken for 

23 
Part a. is taken from the original work , part b 

24 
is the revised version. 
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The heavy rare gas molecules are best described 

by Hund's case c. The more common cases a and b fail to 

describe these molecules for the same reason that L-S coupling 

fails to describe the atomic states. Case c is more appro¬ 

priate because of the strong spin-orbit interaction in the 

core of the excited atom. However, according to Mulliken, 

cases a and b are more appropriate at small internuclear 
Z.3 

separations. 

According to Hund's case c, a state is described 

by the notationftu..^, whereft is the projection of the total 

angular momentum along the internuclear axis. The lowest 

excited states of the rare gases are lu and 0~ (or according 

3 + 1 to case b, A £ ) whose dissociated atom limit is S + (3/2)9. u ^ 

The state just above that one is the 0+ (or +) whose 

dissociated atom limit is + (3/2)^. 

According to case b, A is forbidden to decay 
1 ,4- B 

to the ground state, X but the state xs not forbid- 

den to decay in case c. Its radiative lifetime has been 

determined in the cases of argon and xenon to be 2.8 usee 
8 10 

and 100 nsec respectively, and in krypton to be 300 nsec. 

The 0u ..state is strictly forbidden to decay to the ground 

state by the +A^>- rule. The 0+ state has a radiatively 

allowed transition to the ground state, with lifetimes 

determined for argon and xenon to be 4 nsec and 7 nsec 
8 + 

respectively. The lifetimes of the lu and Ou states in 
2.7 

neon are predicted by Schneider and Cohen to be 3.5 - 11.9 

usee with decreasing vibrational level for 1^, and 
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1.9 - 2.8 nsec with decreasing vibrational level for 0*. 

There are many qualitative similarities between 

the potential curves of xenon and argon, and those obtained 

by Cohen and Schneider for neon as would be expected since 

these are primarily Rydberg states. However, some differences 

arise because the lower excited levels of neon are not entirely 

Rydberg states. The wavefunction of the excited electron 

was found to penetrate the closed shell of the ground state 

atom in neon, oansing the 0* ^ ^ states tQ be less tightly 

bound compared to the ion. Also a more pronounced potential 

barrier appears outside the well, due again to the overlap 

between the ground state core and the excited electron. 

Mulliken's revised potential curves for xenon, Figure 1, 

were maofe in light of the findings of Cohen and Schneider. 

Correspondingly, he has made the wells more shallow, and 

there are slight potential barriers as in neon. 

2. Spectra and Energy Values for the Heavy 
Rare Gases 

The VUV emission spectra for each of the rare 

gases are similar. At pressures of about one Torr the 

spectrum shows the atomic resonance lines with line widths 

which are significantly pressure broadened. As the pressure 

is increased the emission due to the lower resonance state, 

3 
Xe( P^) becomes asymmetrically broadened toward longer 

wavelengths, with the peak also shifting somewhat toward the 

red. This emission feature is known as the first continuum 
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since it appears at relatively low pressures, and has no 

resolved structrue. 

At pressures greater than about 100 Torr, a well 

resolved second emission continuum appears at slightly longer 

wavelengths than the first continuum. As the pressure is 

increased, the second continuum becomes more intense while 

the first continuum diminishes. Atomic emission features 

also become weak at these pressures. Finally, for pressures 

greater than about 1000 Torr the only emission feature in 

the VUV is the second continuum. The second continuum has 

been identified as emission from 0* and 1 molecules in their 

23 28 lower vibrational levels to the repulsive ground state. ' 

The width of the continuum is due entirely to the slope of 

the ground state potential curve. Its line shape is approx¬ 

imately gaussian and symmetrical at high pressures where the 

first continuum does not interfere. 

The first continuum is attributed to radiation 

from high vibrational states of the rare gas molecule. High 

vibrational states can radiate from either side of the poten¬ 

tial well. The outer edge would therefore correspond to 

radiation at slightly longer wavelengths than the atomic 

line, since the ground state potential curve is just begin¬ 

ning to rise at that internuclear separation. Radiation from 

the inner edge would give rise to light of much longer wave¬ 

length. This has been suggested as the origin of the broad 

weak continua found in the visible or near ultraviolet for 
20 

the pure rare gases. 
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A number of questions arise concerning this inter¬ 

pretation of the first continuum. The first concerns the 

lack of any strong emission which can be attributed to 

radiation from the inner edge of the potential well. The 

reason for this is that transitions from the inner edge are 

expected to be weaker for both the 1 and 0* molecules. 
•ZT 

Schneider and Cohen illustrate this effect for neon. The 

1 state becomes more like a triplet state at small inter- 
23 

nuclear separations as Mulliken points out, and is forbidden 

to radiate. In the separated atom limit it again has a zero 

transition moment. However, at intermediate internuclear 

1 . 
separations enough of the it molecular orbital is mixed m 

to make it a slightly allowed transition. Schneider and Cohen 

find that the 1 transition moment peaks for separations 

slightly greater than the equilibrium separation for neon. 

The transition moment of the 0* molecule has a very large 

peak also for internuclear separations slightly greater 

than the equilibrium separation, and falls off somewhat at 

both limits. 

Another question arises concerning the existence 

of two well distinguished continua. This indicates that 

only high vibrational states and low vibrational states 

are being formed. One suggestion is that each vibrational 

state may be formed with equal probability. In that case 

the upper vibration levels would be preferentially populated 

because of their larger density of states. Vibrational 

relaxation may then tend to pool the excitation in the lower 
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vibrational levels with relatively few molecules radiating 

from the intermediate levels. 

The energy levels of the rare gases are illus¬ 

trated in Figure 4. The atomic energy levels are taken from 

the N.B.S. table of atomic energy levels prepared by 
30 

C.E. Moore. These are drawn on the left side of each 

column. On the right side of each column two bands of 

energy values are given. The lower band represents the 

energies of the lower vibrational levels of the 0+ and 1 3 u u 

molecules relative to the repulsive ground state. The energy 

limits are arbitrarily taken at the points where the second 

continuum is 10% of its maximum. The first continuum falls 

between this band and the lower atomic levels. The upper 

band represents, in the same fashion, the energies of the 

molecular ion relative to the neutral ground state. Except 

in krypton, these energy values are taken from the published 
23,25; 24> 

potential curves. In krypton the molecular ion level 

was estimated by centering its band of energies the same 

amount below the atomic ion level that the peak of the 
3 

second continuum is below the Kr ( P^) level. 



Figure 4. Energy level diagram for the rare gas¬ 

es. For each column, the left side is the atomic energy di¬ 

agram. The right side shows two energy bands. The lower 

band indicates the band of energies associated with the 

second molecular continuum, where the limits were arbitrari¬ 

ly chosen at 10% of the peak energy. The upper band indi¬ 

cates the energy separation of the bound molecular ion to 

the neutral ground state. 
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III. REACTIONS IN ELECTRON BEAM EXCITED 
DENSE RARE GASES 

1. The Pure Rare Gases 

Excitation of dense rare gases by high energy 

electrons produces both excited atoms and atomic ions. Atomic 

ionization accounts for seventy to eighty percent of the 

31 
energy loss of the incident electrons. Peterson and Allen 

have studied electron impact excitation and ionization in 

argon. Their results show that ionization proceeds both by 

outer and inner shell ionization, the latter followed by rapid Auger 

relaxation. Electron impact excitation tends to populate 

those states whose transitions from the ground state have 

large oscillator strengths. These conclusions should apply 

to the other rare gases as well. 

Electron-ion recombination occurs mainly by 

dissociative recombination involving the molecular ion: 

R+ + 2R—>-R* + R 

R2 + e' 

** 
R + R 

The dissociation of the molecular ion occurs predominately 

along one of the repulsive potential curves which cross the 

molecular ion well, and end on the (n+l)p levels of the 

rare gas atoms. 

Atomic and molecular ions continue to be formed 

in reactions involving excited species. Highly excited atoms 

with sufficient energy readily undergo associative ioniza¬ 

tion, by the Hornbeck-Molnar process. 

* * * 
R2 + e' 

+ R 
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Collisions involving two excited species are also capable of 

producing ions by reactions of the form: 
* * + __ 

R + R  *► R + e + R 
«Of ^ ^ 

R2 + R  > R2 .(or R ) + e + R (or 2R) 

R* + R* ^R* (or R+) + e“ +2.R (or 3R) 

These reactions serve to relax the upper excited states, since 

the molecular ion dissociates to the lower lying excited 

states. Another process producing ions from the excited states 

is jphtxboionization by the light emitted from excited radia¬ 

ting atoms and molecules. 

Excited atoms with insufficient energy to undergo 

associative ionization are relaxed to the lower excited levels 

by association and dissociation of molecules. 
** ** 

R + 2R—*R2 + R 
* * * 

R2  » R + R 

These reactions take place rapidly because of the numerous 

repulsive potential curves originating on the (n+1)s atomic 

states, which cross the upper bound molecular levels. In 

many cases this relaxation process can occur in two body 

collisions. 
** * 

R + R >R + R 

In either case excited atoms are relaxed to the lower excited 

atomic manifold from which they can associate into the 0* and J u 

1 molecules, 
u 

The vibrationally relaxed 0^ and lu molecules do 

not interact with any other states^ and can only decay to the 
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ground state by radiation. The reactions which act to de¬ 

stroy the 0* and 1 molecular states in the pure rare gases 

are collisional mixing of these states by ground state atoms 

and by electrons, 

R2 «ft + R (°r  *"R2 <V + R *or e~* 

and photoionization. Because of their mobility (k= <<r><v>), 

and because of their net charge, electrons can quench the 

molecular states with large reaction rates. Preliminary 

measurements of the reaction rates for quenching of the 1 

state in xenon indicate that electron mixing dominates 

. 32 ground state mixing by several orders of magnitude. Pho¬ 

tons emitted by excited atoms and molecules in transitions 

with the ground state have sufficient energy to ionize the 

£ 
C>u and 1 molecular states. This process is a serious prob¬ 

lem limiting the efficiency of the rare gas molecular lasers 

where the photon flux is very high. Radiative lifetimes and 

reaction rate coefficients for the reactions producing and 
£ 

destroying the 0u and ly molecular states in the rare gases 

are listed in Table 2 with reference to Figure 5. 

2. Reactions Involving Impurities 

A number of processes contribute to the quenching 

of rare gas ions or excited states in collisions with impur¬ 

ities (designated by X). Atomic and molecular ions may 

undergo charge transfer from the ground state impurity. 

R+ (or R*) + X > R (or 2R) + X+ 

These reactions can be very efficient. For instance, 



Figure 5. Reaction rate constants are identified 

at the base of each arrow for reference to Table 2. 



Table 2 

Rate coefficients for reactions important to the 

production and destruction of the 1 and 0* states of the 

heavy rare gases. References are» given in parentheses. Val- 

' 6 3 
ues are given in units of cm /sec for and k^> and cm /sec 

for k_ and k.. k,, and k. involve collisions with ground 
3 4 3 4 

state atoms, k^ involves collisions with electrons. 

neon argon krypton xenon 

5xl0-34(33) 

3.8xl0~34(34) 

1.7xl0~32(18,35) 

1.3xl0~32(36) 

2.lxlO-32(10) 8.6X10"32(37) 

4.OxlO"32(38) 

5.OxlO-33(34) 2.8xl0~32(38) 8.lxlO-33(10) 2xl0~32(20) 

4.2xl0-32(38) 

< 1.8xl0-16(32) 6.6xl0~15(32) 

1.9xl0~6(32) 

<1. OxlO-14 (32) 1.25xl0~13(32) 

k ' k3 
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charge transfer involving rare gas atomic ions at thermal 

energies occurs readily to many molecules with rate constants 
« 3 s* 

as large as 10 ~ . Many heteronuclear rare gas molecular 
40 

ions and bound neutral molecules have been discovered as well. 

The excited states of the rare gases are sufficient 

ly energetic to ionize most impurity atoms or molecules. In 

these cases Penning ionization of the impurity 

R* (or R*) + X **R (or 2R) + X+ + e” 

will be an important process destroying those excited states 

with energies above the impurity ion level. Excited states 

with energies below the impurity ion level may still undergo 

excitation transfer reactions with the impurity. 

R (or R2) + X ► R (or 2R) + X 

As discussed below excitation transfer reactions can be quite 

specific, populating only one or a few excited states of the 

impurity. Reactions involving the rare gas molecules are 

particularly interesting as an energy transfer mechanism, 

since the rare gas molecule dissociates, and therefore cannot 

take part in the reverse reaction. 

The probability that a given state of the impurity 

will be excited by excitation transfer is largely determined 

by the energy resonance condition. The energy of the state 

excited in the impurity must approximately coincide with the 

energy level of the donor. The width of the energy reson¬ 

ance has been considered by Massey and Burhop for the case 
^•1 

of atom-atom excitation transfer. They estimate a maximum 
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energy defect of approximately 100 cm""^. In the case of ex¬ 

citation transfer from the rare -gas molecules, the transition 

to the ground state has a broad range of energies corresponding 

to the wavelengths in the second continuum. The transition 

probability is then simply proportional to the amplitude of 

the normalized lineshape function of the second continuum at 

the energy of the acceptor level. 

Besides the energy resonance condition, there are 

selection rules which further limit the possible energy trans¬ 

fer reaction channels. Since the excitation transfer collision 

occurs with a large cross section if it is resonant (that is, 

the interaction takes place at large internuclear separations), 

the dominant term in the interaction hamiltonian is the dipole- 

dipole term of the multipole expansion. The dipole-dipole 

approximation results in a transition probability that is 

proportional to the product of the squares of the dipole mo- 

mert matrix elements of the transitions in the donor and the 

acceptor states. For this reason, excitation transfer reac¬ 

tions are expected to have a large cross section only if the 

donor and the acceptor levels involve an allowed transition 

with the ground state. 

A semi-quantitative theory of electronic excitation 

transfer involving a rare gas molecule was developed by 
4- 

A. Gedanken, J. Jortner, B. Raz and A. Szoke. They calculate 

the static transition probability for excitation transfer in 

the dipole-dipole approximation by applying second order time 

dependent perturbation theory (Fermi's golden rule). The 

transition rate obtained is proportional to the radiative 
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— fk 
rate of the molecular donor and the acceptor, and to R as 

expected for the dipole-dipole interaction. The collision 

is treated classically, assuming a rectilinear trajectory, 

and the total reaction probability is obtained by integrating 

the transition rate over the entire collision. The cross sec- 

2 
tion is then TCRQ, where RQ is the classical impact parameter 

at which the reaction probability becomes 1 - e"~^. 
5 

In a later paper, a slightly refined version of 

the cross section is given, the only difference being in the 

constants obtained by orientational averaging. The cross 

section they obtain is expressed in the form: 

CT 

3 Xu* x! KAPFCEA) 
64TT* <V> 

, and F (E^) are the radiative decay probability, 

mean wavelength and normalized line shape function of the donor 

molecular transition. The transition moment of the atomic 

acceptor is given by while ^v^ is the mean relative 

velocity of the donor-acceptor pair. V designates the gamma 
function. In order to obtain estimates of the cross section 

they assume |uA( ^ 1 Debye and estimate the molecular life¬ 

times. Since then these quantities have been measured for 

the rare gases and for many other acceptors. Using this theory 

a few cross sections have been predicted in Appendix II. 

where W ,, À 
rad o 
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3. Elimination of the Contribution of Certain 
Reactions by the Use of Low Intensity 
Excitation 

Many of the reactions mentioned above can be made 

insignificant to the time dependence of the VUV emissions by 

lowering the intensity of excitation. Production of the lower 

atomic and molecular levels of the rare gases following dis¬ 

sociative recombination of the molecular ion is very impor¬ 

tant to the time integrated spectra. However the rate for 

this process is proportional to the square of the ion concen¬ 

tration. This greater than linear dependence on the excita¬ 

tion intensity makes it possible to eliminate this reaction 

on the time scale of the VUV decays by the use of low level 

excitation. For the same reasons, destruction of excited 

states in collisions with other excited species can be 

eliminated. 

Other reactions which can be eliminated under con¬ 

ditions of low level excitation are those involving collisions 

with the secondary electrons. Excited states can be destroyed 

in collisions with electrons with very large reaction rates 

as mentioned before. Also electrons play an important part 

in relaxing the upper molecular states producing the lower 

states when their density is large. 

An estimate of the ion density can be made from the 

known properties of electron excitation in gases. A beam of 

electrons at 0.5 mAmps and 130 keV deposits 4 x 10^ eV in 

the gas. In argon for instance, the average energy loss per 

ion pair is 26.4 eV; the number of ions produced is therefore 
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about 1.5 x 10^. The range of 130 keV electrons in argon 

is estimated to be 10cm at one atmosphere decreasing to 
20 

about 0.5 cm at 20 atmospheres. At the greater pressure, 

10 -3 the xon density is 5 x 10 cm (assuming the electrons are 

distributed uniformly in a hemisphere). Since the recombin- 

-7 3 42 

ation rate coeficient for argon is 6.7 x 10 cm /sec, 

recombination takes place at this density with a time constant 

of 29 usee. This is long compared to the VUV decays for the 

rare gases. 

Photoabsorption and photoionization by excited 

states can also be eliminated from consideration. The 

reactions which remain important are listed below. Further 

simplification of the reaction kinetics cannot be made until 

the specific conditions of the experiment are discussed in 

chapter V . 
** 

Initial excitation e + R > R + e 

Association 
* * * 
R + R + X > r2 + X 

Thermalization 
** * 
R + X  > R + X 
** * 

R2 + X  »R2 + X 
* 

or   -3-R + R + X 
** * 

Radiative Cascade R ■  >• R + hv 
** * 

R2  *R2 + hv 
* 

or •    R + R + hv 
** ** 

Impurity reactions R2 + X  ■*» 2 R + X 
or   2 R + X+ + e 

Radiation to the * 
R -  »R + hv 

ground state * 
R2 —s- 2 R + hv 
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IV. EXPERIMENTAL TECHNIQUE AND REVIEW 
OF EARLIER WORK 

In this section the procedures for purifying and 

mixing gases will be described first. This is followed by 

a discussion of the data acquistion technique, and a brief 

review of the results of earlier related work done with this 

apparatus. 

1. Gas Handling Procedure 

Due to the large reaction rates for excitation 

transfer from the excited states of rare gases to many differ¬ 

ent impurities, it is necessary to take extreme care to 

insure the purity of the gases used. The argon and xenon 

samples used in this experiment were Matheson Research Grade 

gases. The manufacturer provided an assay for these gases 

which had been made on an entire batch, i.e. not on the 

individual bottles. An independent assay was performed on 

the bottle of xenon used in the experiment which substanti¬ 

ated the manufacturer's claims. 

The gas samples used in this experiment were 

further purified by passing them slowly through titanium 

filings at 900°C. The titanium reacts with, and removes 

reactive impurities, but has no effect on the inert gases 

present. The container supplied by the manufacturer was 

a steel bottle with a brass valve and pipe fitting 

sealed with teflon tape. As the gas was passed through 

the titanium furnace it was collected into a cleaned, all- 

welded-construction stainless steel bottle, valves and ultra 
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high vacuum connection. Prior to purification the entire 
_9 

system was baked out under vacuum (*'■'10 Torr) for several 

days. 

A schematic of the gas handling apparatus used 

to prepare the mixtures of xenon and argon studied in this 

experiment is shown in Figures 6 and 7. The reaction chamber 

consists of a stainless steel cylinder with a Havar foil on 

one end and a MgF2 window on the other. The foil is pressed 

against the reaction chamber by the beam aperature and sealed 

with a gold O-ring. The MgF2 window is brazed to a flange 

which is sealed to the reaction chamber with a copper gasket. 

All other seals in the gas handling system are nickel or 

copper gaskets pressed between stainless steel flanges. The 

rest of the gas handling system is constructed of all-welded 

stainless steel tubing and valves. The high pressure gauge 

is a bourdon tube test gauge (0-600 psig) which is accurate 

to about 5%. The low pressure gauge is a capacitance man- 
— ^ np 

ometer (10 - 10 lorr) which is accurate to about 0.1%. 

However, near the low pressure limit of the gauge, a careful 

thermal compensation must be made in order to obtain this 

accuracy. 

Before preparing a mixture, the entire apparatus, 

including the reaction chamber, was evacuated to less than 

—9 10 Torr. The vacuum was prepared by baking out the 

apparatus under vacuum while monitoring the residual gas 

levels with the mass spectrometer, the primary residual gas 
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TO CHAMBER 

AND TEST GAUGE 

Figure 7. Schematic of gas handling apparatus 

In the present experiment argon is the bulk gas and xenon 

is the dopant gas. 
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being water vapor. The mixture is prepared when a tolerable 

residual gas level is reached (partial pressures below 

10 Tbrr). 

The ratios of the various volumes set apart by 

valves in the gas handling apparatus were measured. In 

preparing a mixture the reference side of the capacitance 

manometer (R) was held at vacuum, while the other side (X) 

was filled to a precisely known pressure of xenon. This 

amount of xenon was allowed to diffuse into the reaction 

chamber. The final density could then be calculated from 

the previously measured volume ratios. Finally, high 

pressure argon was added to the desired pressure measured 

by the test gauge. By introducing the low pressure gas 

first, complete mixing of the gases was obtained. Complete 

mixing was assured since no change in the time dependence 

was observed when the gas sample was allowed to sit for 

several days. 

2. The Single Photon Technique 

The use of low intensity excitation requires the 

measurement of low level optical signals. The single photon 

counting technique was adopted for this reason.. The princi¬ 

ple of this technique is quite simple. The gas sample is 

excited by a short pulse of electrons. The time of arrival of 

the first emitted photon (in the spectral region of interest) 

reaching the detector is then measured. This process is 

repeated many times so that a time of arrival distribution 

for the first photon is obtained. 
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If conditions are established such that the first 

photon is the only photon arriving at the detector during the 

time interval studied, then the time of arrival distribution 

of the first photon detected is proportional to the time 

dependence of the population of the radiating state. The 

necessity of this requirement can be seen easily in the 

opposite limit. If many photons are detected following a 

single excitation during the time interval studied, then 

the timing electronics will measure the time of arrival of 

the first photon and ignore the rest. This would distort 

the time of arrival distribution by not including as many 

late time photons. This requirement can be met either by 

lowering the excitation intensity or by restricting the solid 

angle included>by the detector. 

3. Experimental Apparatus 

The experimental apparatus is described with 

reference to figure 8. The electron beam used to excite the 

gas sample is provided by a Cockcroft-Walton type accelerator. 

The beam energy used is 160 keV; the beam current is variable 
/- <5 

from 10~ to 10" amps. After passing through the 0.0013cm 
2 

thick Havar foil (stopping power = 3MeV cm /gm, density = 
3 

8.3 gm/cm ) the electrons lose 30 keV of energy. The puls¬ 

ing of the electron beam is achieved by sweeping the beam 

past an aperature, using a voltage pulse applied to a pair 

of electrostatic deflection plates located at the exit from 

the accelerator. 
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The voltage pulse is produced by discharging a 

length of charged coaxial cable through a spark gap onto the 

deflection plates. A schematic of this assembly is shown 

in figure ^. A section of coaxial cable approximately 8 meters 

long, with a dielectric constant of 2 is charged through a 

6.8 Mohms resistor to a maximum voltage of 3000 V. When the 

voltage thus applied to the spark gap reaches the breakdown 

voltager whiteh depends on the flow rate of the gas in the spark 

gap,-and on the separation of the spark gap, the charged 

coaxial cable is discharged onto the deflection plates. The 
g 

time required to charge the coaxial cable is RC = 6.8 x 10 x 

8 meters x (capitance per foot of the cable); the firing fre¬ 

quency however, depends on the spark gap conditions. The 

length of the pulse is the time required to discharge the 

cable, which is 3 nsec/m x dielectric constant x twice the 

length of cable«100 nsec. The rise timé of the pulse is 

determined by the stray capacitances. The slew rate of the 

voltage pulse as determined on the oscilloscope is about 

300 volts/nsec. Since 100V is required to sweep the beam 

past the beam aperatures, the resulting pulse of electrons 

is a fraction of a nsec long. The beam is therefore swept 

past the aperature twice, once as the voltage pulse rises 

and again as it falls. The time dependence is observed 

following the second pulse. The effect of two excitations is 

simply to increase the amplitude of the exponential decays, 

but has no effect on the time constants obtained. 



Figure 9. Part a. is a schematic diagram of the 

electronics for generating the beam sweeping voltage pulse 

on the deflection plates. A gas is flowed through the spark 

gap (usually which improves the stability and repitition 

rate of the puiser- Part b. illustrates a typical voltage 

pulse as applied to the deflection plates and viewed on the 

oscilloscope. The beam is steered so that it is swept past 

the aperature on the fast portion. 
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The spectrometer is a 1.0 meter Seya-Namioka 

configuration VUV spectrometer. The grating has 1200 

grooves/mm and is blazed for 1800Â. The resolution of the 

spectrometer is limited by the "entrance aperature" which 

consists of the physical size of the excitation region. The 

resolution in the VUV is estimated to be about 25Â. The VUV 

photons are converted to visible photons which can be detected 

by the photomultiplier tube (PMT) by a Butyl-PBD scintillator. 
20 

The scintillation lifetime for VUV photons is 1.2 nsec. 

The PMT used for photon counting (RCA 8850) has a transit 

time of 33nsec, with a spread of 3 nsec. Two outputs are 

provided from the PMT. The anode signal is a fast pulse 

for timing; the signal from the last dynode is proportional 

to the number of photons detected at a given time. 

Again with reference to Figure 8, the timing 

reference is generated at the puiser by an inductive pick- 

off from the coaxial cable. The signal is then used to start 

a time-to-amplitude converter (TAC). The anode signal is 

fed to a timing discriminator whose output is used to stop 

the TAC. This discriminator is of the constant fraction type 

which eliminates walk in the timing signal due to variations 

in the height of the anode pulse. The dynode signal is fed 

into a shaping amplifier whose output voltage is proportional 

to the integral of the dynode signal. By passing this signal 

through a single channel analyzer it is possible to choose 

only dynode signals which correspond to a single photon event. 

This technique also discriminates against noise in the PMT, 
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which corresponds to low voltage pulses. 

The output of the TAC, which is proportional to the 

time between the reference signal and the anode signal, is 

converted to digital data for the computer by the analog-to- 

digital converter (ADC). The ADC is simultaneously gated 

by the signal from the single channel analyzer (the dynode 

signal) , assuring the requirement of single photon measurements. 

The computer is then used for storage and analysis of the data. 

4. A Review of Earlier Work Using This Apparatus 

The second continuum in both pure argon and pure 

xenon has been found to exhibit a two component exponential 

decay. Typical examples of the time dependence of the 

emission from the two gases are shown in Figure 1° . Figure/! 

shows the decay of argon over a longer time scale on which 

the slope of the slow component can be measured. 

The decay rates of both components have been 

obtained as a function of pressure. The slow component 

can be fit with a single exponential plus a constant. The 

fast component in xenon must be fit with the sum of two 

exponentials, since the slow component decays on the same time 

scale. In argon the fast component can be fit independently 

of the slow component. In that case the entire time evolution 

has been fit, including the rising portion, with a function 

which deconvolves the measured instrumental time response, 

and gives time constants both for the production and decay of 

the fast component. 
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Figure 10. Time dependence of the VUV emission 

from argon and xenon. The second component of the argon decay 

is nearly horizontal on this time scale. 
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The resulting time constants have been interpreted 

in terms of a simple model. The long time component is due 

to the 1 molecule; the short time component is due to the 

0+ molecule. Production of the long time component is very 
u 
fast compared to the decay rate at all pressures studied 

(1-30 atmospheres). Production of the fast component in argon 

is proportional to the square of the pressure giving a rate 

constant for formation of O* molecules in three body colli¬ 

sions. In xenon and in argon the 0+ decay rate becomes no 

longer production limited at pressures greater than 5 atmos¬ 

pheres and 15 atmospheres respectively. 

In xenon the decay rate of both components have 

a zero pressure intercept from which it increases linearly with 

pressure. This gives a radiative lifetime,and a rate 

constant for collisional quenching of each state by ground 

state atoms. In argon no dependence on pressure is noticed, 

placing an upper limit on collisional quenching. Coefficients 

for the production and destruction mechanisms are given in 

Table Z. 
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V. EXPERIMENTAL RESULTS AND INTERPRETATION 

This chapter discusses the experimental results 

obtained on both the spectra and the afterglow time depen¬ 

dences in Xe/Ar mixtures. Similar spectral data has been ob- 

tained previously by Cheshnovsky et al. though at lower argon 

densities. In the first section their analysis of the spectra 

in terms of the energy transfer reactions is reviewed, and 

applied to the present spectra as well. The time dependent 

data is discussed in the second section, and shown to provide 

greater, and much more reliable information about the excitation 

transfer reaction from molecular argon to atomic xenon, and 

reaction mechanisms which lead eventually to the formation of 

xenon molecules radiating the 1720Â continuum. In this exper- 

13 -3 
iment the xenon concentration was varied from 8.40 x 10 cm to 

17 -3 
2.76 x 10 cm while the argon concentration was varied between 

5.1 x 10 cm and 2.9 x 10 cm 

1. Spectra of Xe/Ar Mixtures 

Representative emission spectra of electron beam 

excited Xe/Ar mixtures are shown in Figure 12. The radiating 

states of xenon and the reactions of importance to the pro¬ 

duction and destruction of those states are illustrated in 

Figure 13. The continuum near 1250A is the argon second 

continuum. The xenon (^P^) resonance line can be seen over- 

lapping the argon continuum at A =1296A. This line can be 

distinguished at xenon concentrations greater than 1014cm~3. 

3 
Perhaps more surprising is the fact that the xenon ( P^) resonance 

line can be seen at even the lowest concentrations studied, indicating 
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12% A 

Figure 13- Schematic representation of the 

reactions important to the time dependences of emissions in 

electron beam excited Xe/Ar mixtures, for reference during 

the dicussion of Chapter 5. 
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1 3 
a very rapid Xe( P^)  >• Xe ( P^) relaxation process. At 

17 -3 
xenon concentrations greater than 10 cm , the argon second 

continuum is completely quenched. 

As the xenon concentration is increased, the 

3 
Xe( P^) line broadens and shifts towards longer wavelengths 

in accord with the behavior of the first continuum in pure 

xenon. At slightly higher concentrations the xenon second 

continuum appears, centered at X =1720A. The wavelengths, 

widths, and relative intensities of these emissions are 

similar to those in pure xenon. The main difference is that 

in the presence of argon these features appear at much 

lower xenon partial pressures than in pure xenon. This is 

expected since the first and second continua are molecular 

features, and therefore require three body collisions for 

molecular formation. In Xe/Ar mixtures, a ground state 

argon atom can act as the third body instead of another xenon 

atom. 

As the xenon partial pressure increases, a large 

decrease in the total VUV emission is noticed. The total 

integrated VUV emission normalized to the same beam current A 

detector sensitivity versus xenon density is shown in FigureH- 

for all argon and xenon densities studied. A slight increase 

with argon concentration was noticed. The grating used was 

O 
blazed for 1800A which would make it more efficient at the high 

xenon concentrations where the xenon continuum dominates. 

The precise spectral response of the scintillator is unknown, 

but its absorption spectrum is only slightly decreasing 
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Figure I4. The total VUV emission (absolute 

magnitude unknown) for Xe/Ar mixtures. At each xenon concen 

• tration the emission increased with argon density 
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toward shorter wavelengths in the VUV region. In short, the 

observed drop in intensity with xenon concentration does not 

appear to be simply an artifact of the spectral efficiency. 

A qualitative idea of the degree of relaxation 

of the Xe(^P^) states to form the lower xenon atomic and 

molecular levels can be obtained from the spectra. The 
» 

ratio of the intensity of the radiation from the 1470A and 

1720A. emission features to that of the 1296Â Xe(^P^) line 

(subtracting the background due to the argon continuum) is 

shown in Figure 15. This ratio increases approximately 

linearly with xenon density. No dependence on the argon den¬ 

sity was determined because of the poor quality of the data. 

A similar dependence of this ratio on xenon density was 

observed by Cheshnovsky et al. They suggest that the radia¬ 

tion from the Xe(^P^) level is trapped with an effective life¬ 

time which increases linearly with xenon density. 

An analysis of the relative intensities of the 

various emission features was made, similar to the work of 

Cheshnovsky et al. Central to their work is an estimate 

of the reaction rate for 
"k k 

A^ + Xe  ► 2Ar + Xe 

based on the ratio of the total xenon emission to the 

total argon emission in the VUV. That ratio is plotted in 

Figure for the data of Cheshnovsky et al. as well as 

that of the present experiment. In order to get reaction 

rates from this data one must estimate the ratio of the 
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Figure 15. The intensity ratio I(1470)+1(1720) 

divided by 1(1296) as a function of xenon density. No 

dependence on the argon density could be discerned. 



Figure 16. The ratio of the intensity of the 

xenon VUV emissions to the intensity of the argon second 

continuum as a function of xenon density. The data of 
5 

Cheshnovsky et al. at an argon pressure of 1000 Torr 

is shown as well as the data from the present work tàken 

at argon pressures of 4000 Torr and 8880 Torr. 
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steady state concentrations of the 0u and 1 molecules of 

argon under the particular conditions of excitation. One 

must also know the ratio of the rate constants for excitation 

transfer from the 0+ and the 1 molecules as well as accurate 
u u 

values of the radiative lifetimes of these states. 

Cheshnovsky et al. assume that the only significant 

energy transfer mechanism involves the 0* and 1 molecular 

levels of argon. They also assume that all the energy trans- 
* 

fered from to Xe results in light in the VUV. In that 

case the intensity ratio, X — X(Xe)/l(Art) should equal the 
branching ratio between excitation transfer and radiation 

from molecular argon. That is: 

W - r y 1 

where k, and k_,+ are the excitation transfer rate constants. 
°w. 

Under the conditions of excitation in this experiment, the 1 

component of the time resolved emission accounts for over 

90% of the emission in the second continuum of argon. 

Therefore one might expect that 

% - [Xe] 
-10 3 This approximation gives a value for k, of 8 x 10 cm /sec 

‘u 

using the data of Cheshnovsky et al. 

Many difficulties can spoil an analysis of spec¬ 

tral intensities besides the unknown parameters which often 

enter into the kinetic model. For instance, it is difficult 

to obtain integrated spectral intensities when there are 

overlapping features, and the spectral response of the 
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detection system can introduce systematic error as well. 

Perhaps the most serious pitfall involves competing energy 

transfer mechanisms such as excitation transfer at a higher 

energy level which is then collisionly delexcited, or a 

charge transfer reaction followed by association and disso¬ 

ciative recombination to the excited levels of interest. 

The existence of these processes might not be distinguished 

in the spectra. The effect could be to imply a cross section 

which is too large, since it could represent a sum of several 

indistinguishable energy transfer reactions. 

An indication of the existence of competing energy 

transfer mechanisms in Xe/Ar is given in Figure /k . The 
«up 

ratio 7( 5 I(Xe)/ IfA^) is given for two additional argon 

pressures studied here: several points taken at 4000 Torr argon 

and one point taken at 8880 Tbrr argonJ. The slope of the three 

graphs show an inverse proportionality to the argon density. 

That is, the ratio X appears to be proportional to the ratio 
[xe] / [>r] . This dependence on argon density cannot 

be explained within the assumption that all the energy 

■Jt transferred to xenon funnels through the 1^ and C>u states of 

argon. 

Referring to Figure "4- , it is seen that the argon 

molecular ion energy band slightly overlaps the atomic ion 

level of xenon. A fairly large charge transfer reaction rate 

could be expected. The inclusion of this reaction in the 

model does introduce some dependence of X on the argon density 
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However, it also introduces a strong dependence on the steady 

state ion concentration. Since the ion density depends very 

much on the particular excitation conditions it is not possible 

to estimate the importance of the charge transfer reaction 

from this data. 

In conclusion, it would seem that intensity data 

alone is insufficient to distinguish between competitive 

reaction channels. Considerably greater success can be 

achieved through a study of afterglow time dependence of the 

spectral features, as discussed in the following section. 

2. Quenching of the Argon Second Continuum in 
Collisions with Xenon Atoms 

In order to obtain destruction rates for the argon 

0* and 1 molecular states from the time dependences of the 

decay of spectral features following pulsed excitation, the 

argon density must be great enough that production of the 

molecules is fast. That is KCArl /V* ^/'CL 
where k is the three body production rate constant and ''tT 

is the characteristic decay time of interest. This require- 
for 

ment is satisfied for the 1 molecule ( 3psec) Aargon pres¬ 

sures greater than an atmosphere, but for the 0+ molecule 

( îr^ônsec) only at argon pressures greater than about 20 

atmospheres. The present experiment was limited to argon 

pressure of about 5 atmospheres. Because of this, only the 

1 decay rate was studied. 
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The decay rate of the A^ (lu) component of the 

1250Â continuum emission was found to increase linearly with 

xenon density. This effect is shown in Figure 17. . The slop&of 

* 
this line is the rate constant for quenching of the Ar9 (1 ) 

state in collisions with atomic xenon. The intercept is the 

* 

reciprocal of the radiative lifetime of the Arjd ) molecule, 

and agrees well with the previous measurement of the lifetime 

The decay rate was determined for several wavelengths between 

1200Â to 1320A, including the 1296A xenon atomic line. No 

wavelength dependence could be discerned, indicating that the 

decay rate of the emission from Xe(^P^) was production limited 

Since this production rate is the same as the destruction rate 

* 
of Ar£, the rate constant determined from Figure 16, k=4.39 x 

”10 3 10 cm /sec, is associated with the excitation transfer reaction: 

Ar* (lu) + Xe —► 2Ar + Xe* (*P ) 

3 Time Dependences of the Xenon Radiation 

The time dependence of the several xenon emission 

features was studied in an attempt to determine the pro¬ 

cesses important to the production and destruction of 

excited xenon in the presence of high pressure argon. The 

reactions which are identified in this section from the 

time dependence of the xenon emissions are illustrated for 

ready reference in Figure 13. The time dependence of the 

radiation from Xe (^P^) was identical to its production by 

excitation transfer. Therefore, no information concerning 

the destruction of Xe (^P^) to form the lower xenon levels 

could be obtained from the time dependence of this state. 



Figure 17. The decay rate of the time dependence 

of the argon second continuum in Xe/Ar mixtures as a func¬ 

tion of the xenon density. 
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The time dependence of the emission centered at 

O 

1720A was studied in order to determine the formation mech¬ 

anism of xenon molecules. At each xenon density studied 

the 1720A continuum emission exhibited a single exponential 

decay component with a time constant much longer than the 

radiative lifetimes of either the 0+ or 1 states. The 
u u 

« 
decay rate of the 1720A emission is therefore the formation 

rate of xenon molecules. 

The decay rate of this emission was found to be 

linear with argon pressure, and to increase with xenon partial 

pressure. The decay rate was therefore fit to the equation: 

- k»[Xel[Arl + Wa.[,ArQ 
-32 6 14 yielding rate constants 2.15 x 10 cm /sec and 4.0 x 10 

cm3/sec for kx and k2 respectively. A plot of 

as a function of [xe3 is shown in Figure 18 . The slope 

and intercept of the line are the values of k^ and 1^2 which 

are given above. Since the 0+ and 1 states are not distin- a u u 

guished, it is not possible to determine which state is formed 

on the basis of this measurement alone. 

The term in the decay rate of the xenon second 

continuum involving k^ is indicative of a three body molecular 

formation process. In-deed the time dependence of the first 

continuum substantiates this suggested interpretation. At 

low xenon partial pressures, this emission feature exhibits 

a single exponential time dependence whose decay rate is 

identical to that of the xenon second continuum. This 



XENON DENSITY (lO^sec3) 

Figure 18. The decay rate of the xenon second 

continuum and of the slow component of the time dependence 

of the xenon first continuum in Xe/Ar mixtures, divided by 

the argon concentration. Typical errors are represented. 
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behavior indicates that either the two continua exhibit the 

time dependence of one common production mechanism, or that 

the second continuum is produced following destruction of 

the state which radiates the first continuum. 

16 -3 
At xenon concentrations greater than 6 x 10 cm 

an 1 additional faster component appears in the decay of the 

first continuum. The decay rate of the slower component is 

still identical to that of the xenon second continuum. The 

decay rate of the fast component is also fit to a function 

of the form: „ , _ . _ 

= ksD<e][Anl + 

A plot of versus xenon concentration is shown in 

Figure M . The slope (kg) and intercept (k^) of the line 

representing the fit are 2.1 x 10”^ cm^/sec and 1.5 x 10 ^ 
3 

cm /sec respectively. The fast component appears only for 

xenon concentrations greater than the ratio k^/kg. This 

indicates that the reaction with rate constant kg results in 

radiation in the first continuum, while that with rate con¬ 

stant k^ does not. 

The time dependence of the first continuum will 

be identical to that of the atomic state forming it, since 

its radiative lifetime is short. The large non-radiative 

reaction rate k. must be due to collisional deexcitation of 4 
3 3 either the or Pg states of xenon. Deexcitation to the 

ground state is ruled out since it has not been detected in 

the pure rare gases, and would require that almost no light 
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Figure 19. The decay rate of the fast component 

of the time dependence of the xenon first continuum in 

Xe/Ar mixtures, divided by the argon concentration. Typi¬ 

cal errors are represented. 
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be emitted from the lower xenon levels. Therefore, the rate 

constant k^ is assigned to the reaction; 

Xe*(3P1) + Ar *-Xe*(3P2) + Ar 

The remaining rate constant k^ must represent another process 
3 

destroying xenon ( P^). It may be associated therefore, 

with the production of xenon molecules. Since this term of the 

fast component must produce radiation in the first continuum, 

the xenon molecule must be formed in high vibrational levels. 

Therefore, k^ is tentatively assigned to the reaction: 

Xe*(3P^) + Xe + Ar  >Xe2 (hi?*1 v) + Ar 

Since the Xe( P^) state is the dissociated limit of the 

0* molecule, the xenon molecule formed is probably in the 

0+ configuration. Later considerations of the effect of 

radiation trapping suggest some ambiguity in the interpreta¬ 

tion of this rate constant. 

The slow component of the first continuum can 

* 3 
now be associated with the destruction of Xe ( P2) atoms. 

The rate constant k^ is therefore assigned to the reaction; 

Xe*(3P2) + Xe + Ar  >Xe* + Ar 

The xenon molecule formed is undoubtedly in the 1 configur- 
3 

ation since Xe( P2) is the dissociated limit of this molecule. 

The existence of only the 1 component in the xenon second 

continuum is similar to the case in pure xenon where the 

+ 20 

C>u component is not seen at pressures less than an atmosphere. 

The rate constant for the reverse of reaction 1. 

can be obtained from k^ by application of detailed balance: 

k _4 ~ Is k* exp AE/ KT*] 
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3 3 
where AE = E ( P^) “E ( P2^ ' T^e va^ue obtained in this 

manner, assuming that the energies of the xenon atom are not 

-17 significantly perturbed by the environment is 8.3 x 10 
3 

cm /sec. This value falls quite short of the measured reac- 
3 

tion rate for destruction of Xe( P2) in collisions with an 

argon atom, k2. The deficit may be attributed to collision 

induced radiation. 

Xe(3P2) + Ar ►Xe + Ar + htf 

As mentioned in chapter two, this process is quite important 
3 

for the P2 state of the rare gases. It is also necessary m 

order that any light is emitted in the first continuum with 

the slow decay rate, and required in order to understand the 

38 time dependence of the first continuum in pure xenon. 

If the difference between k2 and is assigned to reaction 4, 

—16 3 a rate constant of 3.2 x 10 cm /sec is obtained. 

In order to put forth a model of the time depen¬ 

dences of decay rates of the resonance levels of the rare 

gases, consideration must be taken of the radiation rates of 

these states. At the partial pressures of xenon used in 

this experiment, the resonance radiation is expected to be 

significantly imprisoned by absorption by ground state atoms. 

A quantitative theory of resonance radiation trapping was 

43 developed by Holstein. In Appendix two, effective life¬ 

times for trapped resonance radiation are estimated for 

several rare gas mixtures including Xe/Ar. 
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1 3 
For Xe ( P1) arid Xe ( in the presence of high pressure 

argon the effective lifetimes are of the order of twenty 

times longer than the natural lifetimes. The trapped life¬ 

times obtained in this theory depend not only on the character¬ 

istics of the radiation and the absorbing atoms, but also on 

the geometry of the enclosure. Therefore the lifetimes 

obtained in Appendix 2 can only be used for identical 

experimental conditions. 

The trapped lifetime estimated for the Xe (^P^) 

level is short compared to any of the radiative decay rates 

obtained for the lower xenon level emissions. In order that 

the emission from the lower states be as large as observed 

(see Figure IS \ the relaxation of Xe (^P^) to form the 

lower levels must proceed at a rate faster than the trapped 

radiative lifetime. This relaxation process therefore is 

not observable in the time dependence of the xenon molecular 
3 

emissions. The lifetime of the radiation from the Xe ( P^) 

level is however much shorter than allowed by the observed 

time dependence of the first continuum. This suggests that 

the model used to predict the trapped lifetimes is inadequate. 

However the possibility that time dependence of the fast com¬ 

ponent of the first continuum may be in part due to imprison- 
3 

ment of the radiation from the state cannot be definitely 

ruled out. 

Another possible interpretation of the fast compon¬ 

ent of the xenon first continuum involves the relaxation of 

the Xe (lp^) state. A bound xenon molecule is formed from 
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the Xe (^P^) state. Therefore, the time dependence of the 

Xe (^P^) state could include a term proportional to [Xe]x[Ar] 

as well as one proportional to [Ar]. If this higher level 

xenon molecule is formed, it may decay to the high vibration¬ 

al levels of the 0+ or 1 molecule. This would result in 
u u 

another production component in the time dependence of the 

first continuum, which may only appear at higher xenon con¬ 

centrations. 

This interpretation is ruled out for the followi^ 

reason. The three body destruction of Xe (^P^) must com¬ 

pete with the two body destruction of that state. In order 

for the three body destruction to be significant it must 

be faster than the two body processes. On the other hand, 

in order for the three body process to affect the time de¬ 

pendence of the xenon emissions it must be slower than the 

destruction of the xenon radiating states. However, the 

two body processes are not seen in the time dependence of the 

xenon emissions. Therefore, the three body process can 

never be seen in the time dependence of the first or second 

continua of xenon. 
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VI. CONCLUSIONS 

Mixtures of small concentrations of xenon in 

argon are characterized by very efficient energy transfer 

from the host argon molecule to atomic xenon. The cross 

section for the excitation transfer collision was measured 

in this experiment through time dependent emission studies 

it is not as large as predicted on the basis of the spectral 

connected with the analysis of spectral intensities, as 

pointed out in Chapter 5, are too great to produce estimates 

of the cross section to better than an order of magnitude. 

The value of the excitation transfer cross section predicted 

Appendix 2)m The disagreement is not significant, considering 

the approximate nature of the calculation. On the basis of 

this theory, the excitation transfer cross section from the 

argon 0* molecule should be greater than that of the 1 

be confirmed by the present experiment. 

A significant degree of energy transfer from 

argon to xenon by processes other than excitation transfer 

from argon molecules is expected on the basis of the time 

integrated spectra. This may be due to atom-atom excitation 

-14 2 for the argon 1 molecule. Although large, (1.25 x 10 cm \ 

-15 2 by the theory of Gedanken et al. is 5.4 x 10 cm (see 

molecule by the factor The value obtained 

-13 2 in this fashion is 1.7 x 10 cm , though this could not 
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5 
transfer from the Ar 3p 4s (1/2)^ state to the xenon 

5 2 
5p ( 9d (3/2)^ state, for which a reasonable energy 

coincidence exists. It may also be due to charge transfer 

from the argon molecular ion to the upper level of the 

split xenon atomic ion. 

The excited state of xenon formed in excita¬ 

tion transfer from argon molecules is the Xe (^P^) state. 

This state is rapidly relaxed to the lower xenon atomic and 

molecular states. The time constant associated with this 

relaxation process depends on the argon and xenon concentra¬ 

tions, but becomes small compared to the time constant for 

energy transfer at small xenon concentrations. At xenon 

partial pressures of a fewTorr, and several atmospheres of 

argon, the VUV emission is totally dominated by the xenon 

molecular emission. 

The time dependence of the xenon molecular 

emission enabled a measurement of the rate of formation of 

the 1 molecule in three body collisions in which the third 

body is an argon atom. The rate for this reaction is 

2.15 x 10 cm /sec. This is in excellent agreement with 

-32 6 ^ 
the value obtained by Riœ and Johnson of 2.3 x 10 cm /sec. 

This is to be compared with the rate constant for 1 forma- 

—32 6 ^ 
tion in pure xenon of 3.9 x 10 cm /sec obtained by Leichner, 

Since the third body in the collision interacts through the 

long range Van der Waals forces there should be little differ¬ 

ence in the two cases. The main difference should be that in 
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collisions of three xenon atoms there are two equivalent 

reaction channels available, suggesting that the cross 

section should be roughly twice as large with xenon as the 

third body. 

The time dependence of the first continuum of 

xenon suggested the following model. At very low partial 

pressures of xenon, the 1470Â emission is undoubtedly 

3 
radiation from Xe ( P^). As the xenon concentration increases 

this radiation becomes trapped, and molecular emissions produce 

the first continuum. Two different sources of radiation in 

the first continuum are present; collision induced radiation 

3 
from the Xe ( P2) level, and at higher xenon densities radi¬ 

ative transitions from high vibrational levels of the 0* 

molecule. Collision induced radiation is predicted for neon 
27 

from the work of Schneider and Cohen and is suggested as 
38 

an important process in pure xenon by Leichner. The rate 

-15 3 
quoted by Leichner is 2.2 x 10 cm /sec. This effect will 

be important in Xe/Ar mixtures as well, since its origin is 

in the spin-orbit interaction. The rate suggested by the 

3 
present work for radiation of Xe ( P2) in collisions with 

•"16 3 
an argon atom is 3.2 x 10 cm /sec. 

The rate coefficient for production of high 

vibrational levels of the 0+ molecule by three body destruc- 

3 
tion of Xe ( P^) with argon as a third body was obtained. 

Mixing of the lower xenon atomic levels in collision with 

ground state argon atoms was also observed. The rate coef¬ 

ficients for these and the other reactions mentioned above 



45 

are given in Table 3. in the case of the mixing reaction, 

the result obtained agrees very well with a previous measure- 

45' 
ment involving spectral intensities. 

Another effect was noticed concerning the time 

resolved emission from the first continuum. The amplitude 

of the fast component which corresponds to emission from 

high vibrational levels of the 0* molecules, decreases 

relative to the slow component with increasing argon pressure. 

This suggests a non-radiative quenching of the high vibrational 

states in collision with an argon atom. It could possibly be 

due to vibrational relaxation. However, in that case, the >. 

fast component should show up in the time dependence of the 
ô 

1720A emission. Another possible reaction destroying 

xenon 0+ molecules in high vibrational levels is predissocia¬ 

tion following a collision with an argon atom. This sugges¬ 

tion is based on the presence of the many repulsive states 
* 

of Xe~ which cross the high vibrational levels of the 0 
« u 

t ^ 

molecule, terminating on the Xe iP2) level. A similar mech¬ 

anism may be responsible for the quenching of the first 

continuum with increasing pressure in the pure rare gases. 



Table 3 

Rate coefficients for reactions important to the 

time dependence of the VUV emissions in Xe/Ar mixtures. 

Reaction Rate Coefficient 

(cm3/sec, cm^/sec) 

* 
Ar2 <v 

& 
+ Xe  >-Xe (1P1) + 2Ar 4.39 x 10"10 

--■=.* 
Xë (3V + 

* 
Ar ?*Xe (3P2) + Ar 1.5 x 10~14 

1.7 x IQ"14 (45) 

* 
Xe (3P2) + Ar >- Xe* (3PX) + Ar 

-17 
8.3 x 10 ■L/ 

* 
Xe (3PX) + Xe + Ar—*-Xe0 (0+,high v) 

<£• VI 

-31 
2.1 x 10 J- 

Xe* (3P2) + Xe + Ar—i ►xe* (lu) + Ar 2.15 x 10“32 

2.3 x 10-32 (44 ) 

* 
Xe (

3
P2) + Ar »■ Xe + Ar + hv 3.2 X 10-16 
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APPENDIX I 

Energy Level Diagrams for the Rare Gases and 

Several Atoms and Molecules 

The following energy level diagram is presented 

for the purpose of determining the energy transfer mechan¬ 

isms involving rare gases with various dopants. The atomic 

energy levels of the rare gases are given as well as the 

bands of energies associated with the second molecular 

continuum and with the bound molecular ion of the pure 

rare gas. (The energy bands are the same as those given 

in Figure 4 and discussed on page 12 of the text). The 

atoms or molecules represented are those which are gaseous 

or are easily vaporized for mixture with rare gases. 

For each element, the atomic energy levels are given as 

obtained from the N.B.S. Table of Atomic Energy Levels.'*® 

For molecular gases two additional sets of energy levels are 

given. To the left of the atomic energy levels are the 

energies of the dissociated atom limits of the molecular 

states relative to the ground molecular level. Those invol¬ 

ving a split ground atomic term are labeled. To the right 

of the atomic energy levels are the energies of the lowest 

vibrational state of the bound molecular state relative to 

the ground molecular level. Where distinguished, the long 

lines refer to molecular states with the same multiplicity 

as the ground state, the short lines refer to states with 
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different multiplicities. For convenient reference the 

second continuum energy; bands are repeated on the left margin 

when necessary. 

Acknowledgements for the molecular energy levels 

are given below. 

Flourine: The dissociation energy is taken to be 2.2 eV as 

discussed in Herzberg.^ Only the lowest molecular level is 

known, therefore no molecular levels are given. 

51 Nitrogen: Taken from the potential curves of F.R. Gilmore. 

51 
Oxygen: Taken from the potential curve of F.R. Gilmore. 

52 
Hydrogen: Taken from the potential curves of T.E. Sharp. 

53 
Chlorine: Taken from the work of P. Venkateswarlu. 

54 
Bromine: Taken from the work of P. Venkateswarlu. 

. 55 
Iodine: Taken from the potential curves of R.S. Mulliken. 

Mercury: Taken from the estimates of D.J. Eckstrom, 

R.A. Gutcheck, R.M. Hill, D. Huestis, and D.C. Lorents.^ 
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APPENDIX II 

Estimation of the Cross Section for Excitation 
Transfer Reactions Involving Rare Gas Molecules 

The theory of excitation transfer reactions has 

not been thoroughly developed. H.S.W. Massey gives an 

account of calculations of cross sections for atom-atom 

41 excitation transfer collisions. However, until the work 
4 

of Gedanken et al., similar work had not been done for 

molecule-atom excitation transfer collisions. A description 

of their calculation is given in chapter III of this thesis. 

They arrive at the following formula for the excitation 

transfer cross section 

O' (¥) m) 3VTM 'xi K/.r~r(Ej 
ys 

Multiplying the constants one obtains; 

cr - 
-B 

3.72*10 
X E0

3 <v> 

Vs* 

where is in Debye units, F is in cm, EQ is in cm”\ and 

is in cm/sec. Cheshnovsky et al. applied this formula 

to calculate the cross section for rare gas mixtures. However, 

they could only estimate the radiative lifetimes of the mole¬ 

cular donors, and the atomic transition moments. Since then, 

these numbers have been measured in many cases. 
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The normalized lineshape function, F(E^), of the 

second continuum is here given the gaussian form: 

F(Ea) = exP {-4-JU.z | 

The average energy and energy width of the rare gas continua 

are: 

-1 
Neon Argon Krypton Xenon 

EQ (cm ) 80000 67100 58200 

E (FWHM) 5800 3400 2100 

The quantity is the inverse of the molecular lifetime 

given in Table 3. the other quantities are given in Table 

AII-1 together with the excitation transfer cross section 

estimated from this theory, for several specific reactions. 



Table AII-1 

Reaction 

(Donor ^Acceptor) 

Ar* du)  >Xe* (1P1) 

* + * 1 
Ar2 (0U ) *-Xe dP^ 

Ar* (lu)  ►Kr*(3P1) 

Ar* (0u
+) >Kr*(3P1) 

id ^ o 
Kr2 (lu) yXe dP^ 

Kr2 (Ou
T) *-Xe dP^ 

Parameters and 

Estimated Cross Sections 

\MK\ SS 2.23 Debye 

<v> = 3.51 x 10^ cm/sec 

<r 55 
-15 2 

5.4 x 10 cnT 
„ „ , -14 2 

<r = 7.5 x 10 cm 

1/Vi = 2.04 Debye 

<v> = 3.87 x 104 cm/sec 

cr = 
-15 2 

6.2 x 10 •LD cm 

cr = 8.5 x 10“14 cm2 

= 2.59 Debye 

<^> = 2.89 x 104 cm/sec 

<r 3.0 x 10”^"4 

0" A/ o in—13 2 2.x 10 cm 

(based on T0*'-5 nsec) 

Molecule-atom excitation transfer cross section for some 

4 
fare gas mixtures estimated from the work of Gedanken et al. 
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APPENDIX III 

Estimation of the Lifetime for Escape of 
Resonance Radiation in the Rare Gases 

The theory of the imprisonment of resonance radia- 

43 tion has been developed by Holstein. Previous treatments 

of this effect assumed, implicitly at least, that one could 

define a mean free path for a resonance photon. These theories 

had very limited success because, as Holstein points out, this 

can be an erroneous assumption. Unlike collisions of atoms 

and molecules, the photon spends a far greater time during 

the collision (the lifetime of the resonance state) than 

between collisions. He instead established a Boltzmann type 

integro -differential equation which describes the transport 

of resonance radiation. 

An important characteristic of the theory of 

Holstein is that the trapped lifetime has a very sensitive 

dependence on the nature of the broadening of the absorption 

line. For instance, for doppler broadening the trapped 

lifetime is independent of pressure, whereas for statistical 

broadening due to collisions of unlike atoms the lifetimes 

depend on the density of both absorbers and perturbers. 

Under the conditions of this experiment, collision broadening 

effects are certainly dominant. Of the models solved by 

Holstein, statistical broadening is the most appropriate. 

Radiation trapping effects are of course depen¬ 

dent on the geometry of the excitation enclosure. Holstein 

has solved the transport equation for two ideal cases; the 
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infinite cylinder and the infinite slab of excitation. In 

each case a homogenous excitation density is assumed. None 

of these ideal circumstances apply well to the case at hand, 

but for the purpose of estimating the trapped lifetime, an 

infinite slab of excitation whose width is the length of 

the reaction chamber (^3 cm) is assumed. 

Within the model of statistical collision broad¬ 

ening, the frequency perturbations on the absorber are givenf^ 

where n=6 (van der Waals interaction) is assumed. The pertur¬ 

bation coefficient is then the usual van der Waals coefficient: 

where and «* are the polarizabilities of the resonance level 

and of the ground state perturber, and N^ and ^ are the 

numbers of equivalent electrons involved for each level 

(e.g. for the ground state rare gas atom N=6, and for the 

excited states N=l). The escape factor, defined as the ratio 

of the natural radiative lifetime to the effective lifetime 

of the trapped resonance radiation is given by the formula: 

= C./R* 

where g^ and are the statistical weights of the lower and 
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5 
upper levels respectively, (g^=l, 92=3 for the np (n+1)s 

configurations of the rare gases), and ^ and \are the natural 

lifetime and mean wavelength of the transition. The density 

of perturbers is N' and of absorbers, N, and L is the thick¬ 

ness of the slab of excitation. The dimensionless constant, 

K, is equal to 9.223. 

The polarizabilities of the ground state of the 

rare gases are all experimentally known. The polarizabili¬ 

ties of the excited states can be calculated by the formula 

from perturbation theory: 

<X 

%x'L 

m 
y fu 

where f^j is the oscillator strength associated with an allowed 

transition to the state i. Comparison with experiment has 

2 8 
been made for the Ne 3s (1/2)^ with good results. In this 

way polarizabilities were determined for the 4s levels of 

argon from the oscillator strengths, which are tabulated in 

. . . . 13 
the NBS Table of Atomic Transition Probabilities. The 

oscillator strengths for krypton and xenon were approximated 

by assuming the transitions had the same matrix elements 

as in the equivalent argon transitions. The oscillator 

strength is then determined by X:f = X(Ar) f(Ar). Some of 

the oscillator strengths for krypton and xenon were found in 

the literature.^^ Although this method of obtaining 

the oscillator strengths is certainly subject to error, 
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since the coupling scheme describing these states is different 

for krypton and xenon than for argon (see Chapter 2), the 

determining factor in obtaining polarizabilities is expected 

to be the energy denominator. The polarizabilities thus 

estimated are given in Table AIII-1. Also in Table AIII-2 

2 1/3 
the ratio g/(N' /NL) ' is listed for several mixtures. The 

results of the calculation (1/g) are graphed in figure AIII-1 

2 1/3 for Xe/Ar mixtures as a function of the quantity (NL/N' ) ' . 

Because of the large argon pressures used in this experiment, 

this theory gives a lifetime which is not significantly trapped 

compared to the pure rare gases. Presumably this is due to 

the fact that radiation in the wings of the collision broadened 

line is not significantly reabsorbed. 



Table AIII-1 

Polarizabilities for the ground state and excited 

5 • 3 np (n+l)s configuration of the rare gases (in units of A ). 

References are given in parentheses, non referenced values 

were calculated as described in Appendix III. 

Neon Argon Krypton Xenon 

<%> 

0.3946(47) 1.62(48) 2.46(48) 3.99(48) 

0/2) 2 28. 3 ( 2.8) 51.2 

27.6(49) 

(3/2)± 29.2(28) 53.0 55 58 

(1/2)0 29.2 (28) 

(1/2)x 33.4(28) 55.4 61 170 



Table AIII-2 

The escape factor, g, from Holsteins' theory of 

radiation trapping as calculated in Appendix III for binary 

2 
rare gas mixtures. Values are given in units of (N1 /NL) 

for both the (3/2)^ and (1/2)^ states of the absorber. A/B 

signifies that A is the absorber and B is the perturber. 

g 

(3/2)x (1/2)x 

Xe/Ar 6.25 x 10"10 (cm4/>) 8.03 x 10"10 (cm4/i) 

Xe/Kr 7.15 9.20 

Xe/Ne 3.93 5.03 

Kr/Ar 6.84 7.34 

Kr/Ne 4.30 4.61 

Ar/Ne 5.99 3.88 
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Figure AIII-1. Valves of l/g from Holstein theory# 

assuming a (statistical) collision broadened line, for Xe/Ar 

mixtures. Curves are shown for both the Xe (1/2)^ and (3/2)^ 

resonance levels. (N= [Xe] , N'=[Ar] , L=3cm) 
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