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1 — INTRODUCTION 

The passage of an ionizing radiation through a material medium 
gives rise to the ionization and excitation of its atoms or molecules. 

The electronic energy of excitation is then dissipated non radiatively 

through collisional processes or internal extinction, or is radiatively 

emitted as photons. This luminescence excited by an intense flux of 

ionizing radiation, or radioluminescence, is a well known phenome- 

non since the early days of radioactivity. However it was not until 

the fifties that the radioluminescence of gases, particularly that of 

rare gases, started being used on a new particle detector— the scin- 

tillation counter—a system essentially formed by the association of a 

cell containing the gaseous scintillator and a photomultiplier. Its deve- 

lopment was extremely fast due to the considerable progresses achie- 

ved in the construction of new photomultiplier tubes: higher gain, 

spectral sensitivity of the photocathode enlarged towards UV and IR, 

lower noise, etc. [1]. 

In the last few years, much work was devoted to the develop- 

ment of these detectors and to the improvement of its performance, 

leading to detectors with excellent characteristics from the point of 

view of linearity, time and energy resolution and count rate capabili- 

ties. However, most of the published works in this area have an 

essentially technological nature and it was not until recently that some 

more detailed spectroscopic studies have been performed trying to 

elucidate the fundamental mechanisms involved in the radiolumines- 
cence of rare gases. 

A clear understanding of the processes occuring when the ioni- 

zing radiation interacts with the matter is essential for the develop- 
ment of the scintillation gas counters or for any other devices making 

use of the same effect. The knowledge of the’spectral distribution of 

the emitted luminescence, of its mechanism, the influence of pressure 

and of electric and magnetic fields is fundamental to optimize the 
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response from those systems. In the last few years, due to the large 

increase in the range of applications of radioluminescence of rare 

gases, such as, among others, the use of the scintillation gas coun- 

ters as particle detectors in several fields of physics, the development 

of new gaseous lasers [2], particularly nuclear pumped rare gas 

lasers, the detection of ultratraces of atmospheric materials and 

harmful heavy metals through radioluminescence [3], the study of 

the mechanism and kinetics of the processes involved became an 

urgent task to be performed [4]. 

Considerable progresses were obtained in the last few years in 

this field, and although the mechanism and kinetics are not yet fully 

established [5]-[8] one thinks that the physics of the processes 

involved is now understood, at least qualitatively. 

The main purpose of the present work is to briefly review the 

elementary processes occurring when rare gases are submitted to an 

ionizing radiation, and to consider the evolution of the atomic states 

directely excited, that is, the path of the excitation energy. From a 

review of the literature, a probable mechanism for the radiolumines- 

cence of rare gases is established. This review covers the most rele- 

vant works published in this field, though in no way trying to be 

exhaustive. 

2—INTERACTION OF IONIZING PARTICLES 
WITH MATTER, WITH PARTICULAR 

REFERENCE TO RARE GASES 

Light emission in a medium submitted to the action of a charged 

particle is the last stage of a complex set of elementary phenomena, 

that can be analised considering three main steps: 

—in the first one, very brief (~ 10s in a gas at atmospheric 

pressure), the primary particle and the secondary electrons released 

from the material by ionization are slowed down and they create 

primary states of activation having a large energy 

—in the second stage, the directly excited and ionized states 

either go into the emitting states (radiative states) or deexcite through 

other channels 

—finally the decay of the radiative states. 
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When a particle moves through a gaseous medium its energy is 

lost essentially by elastic and inelastic collisions with the atoms 
and/or molecules of the medium and by radiative losses (bremstrah- 
lung). Elastic collisions are efficient only for heavy particles at the 
end of their paths (cross section varies with Vo, Vp being the par- 
ticle velocity), while bremstrahlung emission is significant only when 
the kinetic energy of the particle is very much larger than its energy 
at rest. The interaction of charged particles with matter takes place 

mainly with atomic electrons, so that the primary products are atoms 
or molecules excited or ionized and electrons liberated in the ioniza- 
tion process [9] [10]. These electrons, on the other hand, can also 
ionize and excite the medium until they become sub-ionization or 
sub-excitation electrons, respectively. The energy of the sub-excitation 
electrons is finally lost in elastic collisions (or even in inelastic colli- 
sions others than those involving electronic excitations, such as 

vibrational and rotational excitations in molecules) until they are 
thermalized and eventually recombine in the medium or at the cell 
walls. It is a well known fact that the kinetic energy of the electrons 

liberated in the ionization processes directly induced by the primary 

particle constitutes the largest part of the energy dissipated in the 

medium. Usually there is no distinction between the effects of the 

incident particle and those of the secondary electrons, and a conside- 

rable amount of the final effects (specially electronic excitations) are 

due to the secondary electrons [11]. 

The knowledge of the excitation and ionization cross sections as 

a function of the nature and kinetic energy of the incident particles 

would allow the determination of the species formed and their rela- 

tive proportions [12]. Unfortunately, this detailed and explicit infor- 

mation is scanty [12]-[18]. Calculated values come usually from the 

Born-Bethe approximation [15]; according to this approximation, 

cross sections tor the electronic transitions under swift particles colli- 

sion are proportional to f/E, f being the optical oscillator strength for 

the transition under consideration and E its energy. This cross section 

varies with the velocity of the incident particle as Vo? log Vo. In the 

rare gases, most of the oscillator strength lies in the ionization conti- 

nuum, so ionized atoms are expected to largely exceed excited atoms. 

For Ar, for example, the Kuhn-Thomas rule gives a theoretical total 

oscillator strength of 18, and according to Samson and Kelly [19] 

83% lies in the ionization continuum. 
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The knowledge of the oscillator strengths for several energy 

levels would allow the population of these states to be determined. 
Oscillator strengths are not at all easy to calculate theoretically, and 

the values presently known for some levels of a few rare gases (for 

others there are no calculated values at all) are currently being impro- 

ved by the introduction of new techniques of calculation and more 

correct approximations for the wave functions of the states concerned, 

The role of the secondary electrons in the production of primary 
states of activation is essential, particularly in the creation of excited 

states. The energy spectra of these electrons (degradation spectra) is 

generally not well known though Platzman’s calculations for He [17], 

[20]- [24] emphasize the large range of energies involved; so the 

calculation of the primary states of activation is a very complicated 

task [25] [26] inasmuch as electrons can also induce (through elec- 

tron exchange) optically forbidden transitions, although these are 
significant only for slow electrons. Detailed calculations involving an 

energy bookkeeping from the incident particles and the secondary 

electrons would be of extreme utility, but to our knowledge it has 

been tried only for He [17] [20] [24]. In fig. 1 and table I [27] are 
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Fig. 1— Calculated energy degradation when a 4-MeV proton loses a fraction of its 

energy in helium. The energies given are the portions of the 9101 eV lost by the 

proton that appear in the species indicated. The numbers of those species produced are 

also indicated (taken from ref. [27}). 
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represented, as an illustration, the number of ions and excited states 

obtained when a 4 MeV proton traverses 1 cm in He at 400 torr. 

The dominant role of secondary electrons is well underlined. 

TABLE I— Average populations resulting when a 1 MeV-proton has a 1-cm path 

in 400 torr of helium (from ref. [27]}). 

  

  

Products Primary proton Secondary electrons 

24s 1.40 8.82 
8 1s 0.31 1.71 
2 1p 25.30 27.60 
3 Jp 6.24 6.32 
3 ID 0.07 1.03 
9.95 = 16.00 
2 3p ss 1.56 
3 3p = 8.67 
3 3D _ 1.77 

Other atomic levels 6.08 1.85 

Total 39.40 88.53 

Ions 103 93.3       

Experimental values of cross sections for ionization and excita- 

tion come, in general, from measurements of energy losses by electron 

impact [12]. The strong and detailed correlation of the results at 

high energies with the optical absorption coefficients for a given gas 

confirmates that the observed peaks of the high energy spectra corres- 

pond to optically allowed transitions; at low energies, some additio- 

nal peaks appear due to forbidden transitions [12] [28]. For argon, 

for example, excited under 50 KeV electrons impact, the levels prefe- 

rentially reached are those represented in table II [28] [29]. Agree- 

ment between relative values of peak intensities and f/E relative 

values is quite good [16] if uncertainties in oscillator strengths are 

kept in mind. 

In fig. 2 [80] observed cross-sections for excitation of the 3 *P 

state of helium by electron impact are compared with the ones cal- 

culated from the Born-Bethe approximation: agreement is good for 

high energies (usually for energies > 200 eV) but poor for low ener- 
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gies. We must stress, however, the fact that for low energies 

cross sections are poorly known and there are no satisfactory 

theories [80]. 
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Fig. 2— Comparison of cross sections for excitation of the 3 1P state of helium by 

electron impact 

--———- calculated 

—--~---- observed 

(taken from ref. [30]}). 

In fig. 8 [31] curves for the variation of ionization cross section 

for single, double and total ionization as a function of the energy of 

the incident electrons are represented for the lighter rare gases. For 

He and Ne, the usual approximation of neglecting the formation of 

multiple charge ions is justifiable, but not so much for Ar: recent 

measurements under 2 KeV electron impact [32] indicate a relation 

Artt/Art=5%. The effect is still more pronounced for Kr and Xe 

[32]. In fig. 4 are indicated cross sections of excitation and ionization 
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of He by a particles [33]. It is clear that the amount of energy spent 

in the formation of ions is larger than the one used for the exci- 

tation of several levels, and that the level preferentially excited is 

the state 2 ‘P, bound to the ground state by the largest oscillator 

strength. 
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Fig. 3 —Cross sections for single and multiple ionization of helium, neon and argos 

by electron impact (taken from ref. [31}). 
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Fig. 4— Cross sections for excitation and ionization of helium by q-particles (Born 

approximation) (taken from ref. [33}). 

3—EVOLUTION OF THE PRIMARY STATES 

3.1 — Spectra observed 

After the first stage, during which the primary activated states are 

created, the medium contains: 

— ions, excited or not, mostly singly charged 
— excited atoms in several levels 

— electrons 

— neutral atoms. 

In the absence of atomic collisions (gas at very low pressure) 

excited atoms would deexcite radiatively with a probability inversely 

proportional to the lifetime of the excited state; but in a gas under 

pressure, collisions due to thermal agitation become very important. 

The primary activated atoms participate then in binary and ternary 
reactions, that compete with the emission of atomic lines, reducing 

the natural lifetime of the excited states; other species may then be 

created whose radiative deactivation contributes to the observed radio- 
luminescence [10], [33] - [35]. 
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For the rare gases excited by swift charged particles, most of the 

irradiated energy lies in the VUV [836]. The specific luminescence 

d<e/dx, defined as the energy radiated per unit distance along the 

particle track, is taken very often as a measure of the luminescent 

yield, as well as the luminescence yield de/dE, defined as the energy 

radiated per unit of energy lost in the medium by the ionizing particle. 

According to Hurst [86], de/dx for the noble gases is an appreciable 

fraction of the total stopping power dE/dx. For argon at 400 torr, for 

instance, under excitation by impact with 4 MeV protons, 29 % of the 
energy lost by the protons appears as emission in the VUV, though 

this value tends to be lower for the other rare gases. 

Recent measurements [37] under 5.5 MeV a- particles impact tend 

to corroborate this high efficiency for argon. However, if we keep in 

mind that the number of excited atoms formed on passage of a char- 

ged particle through argon is 40 % of the number of ions created [20], 

and taking 26.2 eV as the energy required to form an ion~—pair in 

argon [36], a scintillation efficiency of 29% would require ion — elec- 

tron recombination as an additional source of excited atoms [36] [37]. 

Dissociative recombination (see section 3.3.3) can indeed be impor- 

tant and increase significantly the intensity luminescence at high pres- 

sures, particularly for the heavier rare gases [38] [39]. At pressures 

lower than 1 atm, however, particularly for the lighter rare gases, the 

effect does not seem to be so important [34] [35] [40] though experi- 

mental evidence of recombination does exist [41]. Experimental work 

in this field is scanty. Preliminary work in this Department tends to 

show that recombination at pressures lower than 1 atm is observable 

for Kr and Xe but unimportant for Ar, but further work on this 

subject is to be carried on. 

The emission spectrum of a gas observed on the sequence of 

excitation is characteristic of the gas used, of its pressure and of the 

excitation process. The emission spectrum of the rare gases (except He) 

in the VUV presents two reasonably sharp lines in the wavelength 

region of their first excited states that are resonance radiation and two 

continua emissions at longer wavelengths, known as the first and the 
second continuum. The relative amount of those spectral components 

depends on the pressure as well as on the excitation conditions. 

In fig. 5 [42] are represented the VUV spectra for the rare gases 

under proton impact. The first continuum, that (at very low pressure) 

exhibits structure, follows immediately the resonance radiation, 

and the second continuum lies at longer 4. At higher pressure 
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(a few hundred torr) the second continuum dominates the whole 
spectrum. 

It is now well known that these continua are due to transitions 
taking place from the lowest excited diatomic levels (excimers) to the 
repulsive molecular ground state [43]. 
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It was also observed experimentally that the spectra obtained 

under excitation by charged particles (a, p, e) are identical, irrespec- 

tive of the kind of particle used, but they differ from the ones obtai- 

ned on gas discharges [41]. 
In the visible and infrared, the emission observed so far is atomic 

in nature and attributed to cascade transitions ending at the Is levels 

(Paschen), the most important being the transitions 2p—1s [3], 

[43] - [47]. 
Very few results regarding this spectral region have been publi- 

shed, and the present paper is concerned only with the VUV region, 

partly for the above mentioned reason but mainly because the VUV 

is the region potentially more interesting as most of the emission lies 

on this region. However, a detailed study of the visible and IR regi- 

ons is essential for a complete understanding of the mechanism of 

radioluminescence [3]. 
The physical processes leading to the continuous emission are 

thought to be understood today, at least qualitatively; however, quan- 

titatively they are not yet fully established and they are the subject 

of current investigation. 

3.2 — Electronic structure and potential curves of diatomic 

molecules of rare gases 

The knowledge of the electronic structure of the rare gas dimers 

is the clue to the understanding of most of the relaxation processes 

that lead the atomic ions and excited atoms to the lowest bound state 

of the excimers. 
Although the ground state of these species is repulsive (except 

for a weak Van der Waals binding) [48], all rare gases form positive 

molecular diatomic ions reasonably stable, and by addition of one 

electron in a Rydberg molecular orbital, they should originate nume- 

rous molecular excited states, bound and unbound in correspondence 

to the molecular ion. 
Potential curves for the rare gases are more or less known from 

the work of Mulliken, though more qualitatively than quantitatively ; 

lately, better theoretical approximations and more experimental data 

have contributed to a better understanding of them [18], [25], [26], 

[49] - [55]. 
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Except for He, electronic structure of rare gases is rather uniform, 

the main difference being the value of the principal quantum number, 

n, from the electrons belonging to the outer shell. Most of the syste- 

matic differences observed between the atomic spectra of these ele- 

ments arise from the monotonic increase of the spin-orbital coupling 

as one goes from Ne to Xe (table III [31] and fig. 6 [56]) [57]; 

a similar behaviour is expected for the molecular states, so that 

potential curves for any one should be representative (qualitatively) 

of the ones for the other gases. 

TABLE III — Some energy levels of the rare gases (eV) (from. ref, [56}). 

  

  

SP» “Fy 3Po {Py ?P si "Pap Re 

Xe 8.31 8.43 9.44 9.57 12.13 13,43 11.16 

Kr 9.91 10.03 10.56 10.64 14,00 14,66 13.00 

Ar 11.56 11.62 11.72 11,82 15.75 15,93 14.71 

Ne 16,61 16.67 16.71 16,84 21.56 21.66 20.9 

(2 35) | (24S) (ap); (83S) 
He 19.81 20.61 21.21 24,58 23,3                 

To a given pair of rare gas atoms in contact in the electronic 
configuration of the ground state ...ns° np° (atomic term *Ss)s cor- 

responds the electronic molecular configuration ... (¢, ns)” (c, ns)* 
(e, np)” (x, np)* (a, np)* (Oy np)’. This configuration should lead 

to a repulsive molecular state gt, that represents the ground state 

of the rare gas molecules. 

In fig. 7 [48], due to its relevance to the present work, are 

represented the potential curves of some excited molecular states of 

Mey, precisely those curves corresponding to the electronic molecular 

states that dissociate to the four Is states of Paschen. They are the 

most relevant to the processes originating the radioluminescence of 

rare gases [8]. 

A few points deserve a comment: 

1) An important characteristic of the structure of the molecular 

state of rare gases is the existence of two strongly attractive states 
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of the excimer, ®t and ‘pt lying very close together and dissociating 

respectively to ®P, 47S» and °P,+'Sy. They are the lowest excited 

molecular states. They are practically Rydberg states originating 

from the R¢ ion core [48] [58]. The excited electron in Se etl Sy 

is loosely bound and has little effect on the molecular binding 
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energy. Thus the general features of Rf systems are expected to be 
repeated in various states of R> with respect to binding energy, 
shape of the potential surface and location of the energy minimum 
[57]. Theoretical calculations as well as experimental results from 
scattering measurements [49] [52] [59] tend to confirm this expecta- 
tion [50] [53] [60]. 

2) The molecular states oT and ‘S* have potential curves 
showing small bumps or potential barriers that may eventually pre- 
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states) of Xe, (taken from ref. [48}). 
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vent its population by thermal collisions. They are weakly bound 

states, having small potential wells. 

3) In every 1s state of Paschen, sxeept at °P), converge both 

attractive and repulsive potential curves; the *P, state does not form 

attractive molecular states through collision with *S, [48]. 

4) Both *St and *E have two substates, respectively (1a, Ou) 

and (1,°0,): 

5) *P, can form, through collisions with S; a strongly attrac- 

tive state, OF and another less attractive state, 0y, among others. 

It is a well known fact that from the interaction of excited 

atoms with identical atoms on the ground state, continua spectra 

can be obtained. These are the result of a Franck Condon transition 

in the diatomic collision complex and are classified as recombination 

spectra or dissociative spectra according to the stability of the final 

molecular state. The VUV continua of the rare gases are dissociative 

continua corresponding to transitions from the excited states of the 

excimers to the ground state, but the transitions involved occur at 

internuclear distances very small, where the potential curve is purely 

repulsive. 

According to the selection rules, the transition ar (Of) > 

* (Of) is fully allowed, Boyan a large eeeitinine strength and a 

a lifetime. The transition “5% (1,) > ga (0%) is also allowed, 

although with a smaller probability, then longer radiative lifetime. 

The transition “3% (0,) ~ ‘st (Of) is forbidden by the selection 

rules. 

The states iat and oa are so close in energy and the ground 

state potential curve is so steep that the radiation originating in the 

transition from those states to the ground state appears as a unique 

band that cannot be spectroscopically resolved in two components. 

In argon, for example, according to the last thearetieas calculations [52] 

to estimate the spin- orbital effect, the excimer tnt lies 600—800 cm 

(0.075—0.1 eV) above °»t . Experimental work on the luminescence 

of gaseous argon following an electrical discharge Let ane excitation 

by a-particles [62] indicate for the separation int. Fa value of 

0.04 eV and 0.052 eV, respectively, while experimental work on 

solid argon [63] indicates a value of 0.03 eV. According to Jortner et 

al. [58] the emission spectra of argon is practically identical in the 

Ay 
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gaseous, liquid and solid phase. For xenon, Mulliken [48] [64] esti- 
mated for the energy gap 's* —*y* a value of 2000 cm (0.24 eV), 
while Lorents [52] [65] calculated a value of 0.2 eV. However, recen- 
tly Keto [66] estimated from experimental work a value of 0.04—0.08 
eV for a temperature range of 200-300 K, in good agreement with 
the experimental values of 0.03 eV determined by Collier on solid 
xenon [67] and 0.04+0.02 eV by Zimmerer also on solid xenon [63]. 
Though not exactly known, the energy difference of those levels is 
surely a small value that should not vary too much among the heaviest 
rare gases [65], and contributes less to the bandwidth of the emis- 
sion than the slope of the repulsive potential curve. Still according 
to theoretical calculations, for small internuclear distances the energy 
difference between the 0, and 1, sublevels of the a state must be 
very small: Ney <1 cm™, Ar¥ <3 cm“, Kr¥ <25 cm+, Xe¥ <80 cm" 
[65]. The value in Xe¥ agrees with other reports [68]. So, the two 
emissions 2 =o and ob ie cannot be distinguished on an 
energy base, but they should be distinguishable on a time base, as 
the radiative lifetimes of both transitions are very different (ns and ps) 
and this leads to two components in the time decay curves, as experi- 
mentally observed. 

3.3 — lon recombination. 

Creation and evolution of molecular ions 

The ions formed upon the passage of the ionizing radiation 
through a material [20] [35] [69] have a certain probability of being 
neutralized by recombination from various processes, from which 
we stress: 

3.3.1 — Radiative recombination 

It is a reaction of the kind 

e+Xt + X! + hy 

The recombination process is described by a recombination coeffi- 
cient a, , defined from the equation 

dn,/dt =— a, n, ny 

where n, is the ion density and n, is the electron density. 
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BLUR AN 
When the state reached is the ground state, the process is just 

the reverse of photoionization and the value of a, can then be dedu- 

ced. Theoretical calculations (mainly for H) show that cross sections 

are small, about 10-!%cm?, leading to recombination coefficients 

a, — 10-2 cm* s+ [34] [85], so that this process is negligible under 

the usual experimental conditions (n, ~ 10" cm~*). It is however 

very important under special conditions, for example in gas nebulae. 

3.3.2 — Recombination ion-electron with participation of 

a neutral atom 

It is a reaction of the kind 

Ma 6 4 Reece ee 
or 

Tek ee MAS ee Xe 
or 

Kt yea VS eae yY 

In this process, the excess of internal energy of the recombination 

collision is removed by a neutral atom or by a molecule of the same 

or of other kind. At very high pressures, the probability of the 

presence of a neutral atom in the vicinity of the ion-electron system 

is large enough so as to make this process important, and its recom- 

bination coefficient is larger than the preceeding one. This collision is 
treated in detail in ref. [69]. Defining the recombination coefficient a 

for this process from the equation 

dn, /dt=—an, n, 

a is now a function of the pressure p. Representative values of « are 

of the order of 10"! p cm*s for He [85] reaching a saturation 

value at a pressure of ~ 10‘ torr [69]. For argon at 1 atm, a ~ 10° 

cm’ s [34]. If we calculate the fraction of ions neutralized after a 

period of 10°°s, a value of ~ 10°° is obtained [34]. So, the number 

of excited atoms formed from the recombination ion-electron upon 

ternary collisions is also negligible for argon and similarly for the 

other rare gases except at very high pressures and electronic densities. 
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3.3.3 — Dissociative recombination 

It is a perfectly well known fact that at very low pressures the 

ions present in a gas are monoatomic, but at high and even moderate 

pressures the ions that recombine are mostly from the molecular type 

XT, formed upon a three-body collision of the type 

KY. OM KE eX, 

On the other hand, photoexcitation of rare gases for atomic 

levels above a threshold result in formation of the diatomic ion (sec- 

tion 3.4.5) and the appearance potential of the molecular ion is lower 

by about 1—2 eV than the one of the corresponding atomic ions 

(table III [56]). These molecular ions participate then in recombi- 
nation reactions of the kind 

Xi+et+e+Xs+e ina strongly ionized plasma 

Xp, 464K 44k in a dense gas 

Xi} +6 Gy unstable + X*+X_ dissociative recombination 

The excited atoms produced by dissociative recombination can also 

form excited molecules. The emission of these molecules is the cause 

of the recombination component of the scintillation light experimen- 

tally observed [41] (section 3.1). The dissociative recombination has 

been recognized since several years as being capable of taking place 

at a much higher speed than the recombination processes considered 

so far. It represents probably the main contribution for the recom- 

bination rates measured in weakly ionized gases and in the upper 

atmosphere. The rate equation for this process is 

1 ny 

ny “Gt 

K being the rate constant, n, the density of X* and N the density 

of atoms X. 

Values of K for the various rare gases have been obtained by 

several processes. With a typical value of 10° cms” [70] a posi- 
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tive atomic ion is converted to a molecular ion within a time of ~ 

10° s at a pressure of 1 atm. For argon, K= 210° cm’ s” [71], 

and the reaction is efficient even at low pressures (p> 10 torr) [45]. 

The fast conversion of atomic ions to molecular ions is followed by 

the process of dissociative recombination [72]. The rate equation for 

this process is 

1 dNy 

Ay! at 
  =— a4Ne 

Ny being the density of Xf, a the recombination coefficient and n, 

the eléctronic density. References [35] and [72] contain tables of 

experimental values of a for the rare gases. For a typical value of 

10‘ cm’ s” and an electronic density of 10°" cm’, the rate of recom- 

bination for a molecular positive ion is 10° s* [86]. An experimental 

value of ~ 10° s is indicated [38] for the recombination of a therma- 

lized electron and an ion in xenon for a range of pressures of 

5—650 atm. From the exposed, it is to be expected that when a 

heavy charged particle creates a large density of ion-pairs in a noble 

gas at 1 atm pressure, the ions X* are converted to X} in about 

10° s. A much longer time (10° — 10° s) is necessary for the mole- 

cular ion to recombine with an electron in a process of dissociative 

recombination. This process becomes very important at high values 

of pressure and n,, but it is probably unimportant at low pressure 

(<1 atm) (section 3.1). 

The mechanism of dissociative recombination 

Xt+e> (X?) unstable + X* + X + kinetic energy 

is well illustrated in the work of Bardsley and Biondi [72]. This pro- 

cess is fast only if the final potential curve crosses the one of the 

diatomic ion near its minimum. This is the case for the rare gases 

other than He [86]. Fig. 8 shows some relevant potential curves for 

Ar, [52] that illustrate the proposed mechanism [72]. The excited 

atomic states preferentially populated are the 2p states (Paschen) 

that in Ar correspond to the 3p® 4p states [73] [74]. 

The dissociation can be followed by emission of atomic and/or 

delayed molecular radiation. For He, according to Mulliken, the mole- 
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cular potential curves resulting from the combination of a ground 

state atom and an excited atom lie bellow the ones belonging to the 

diatomic ion He}, so that they do not provide a dissociative pathway. 

The excited molecules formed upon radiative combination can after- 

wards emit radiation for lower states. This cascade radiation has 

indeed been observed experimentally [36]. 
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83.4 — Deexcitation of excited atomic states 

The primary activated states created in the sequence of the pas- 

sage of a charged particle through a gas evolve to the excitation levels 

responsible for the light emission following pathways that depend on 

the nature of the radiative and collisional processes that take place. 

It should be stressed that the levels involved in these processes can 

be obtained through direct excitation, or as a result of cascades or in 

the sequence of collisions, or through ion-electron recombination, and 

this makes the kinetics of the process and its dependence on tempe- 

rature and pressure very complicated. 

The main pathways for deexcitation of excited atomic states are 

summarized below. Numerical values are indicated for argon that is 

representative of the remaining heavy rare gases. 

3.4.1— Radiative deexcitation 

For optical and resonant states emission can take place respecti- 

vely through cascading or directly to the ground state: 

Co 3.4 

x* > xX” + hy! 

Ke X + he! 

The resonant emission occurs both from ‘P,, and *P, to So, but 
it is strongly reabsorved and reemitted [75] (radiation retention) lea- 

ding to an increase in the duration of these excited states that may 
last a few ps (as the metastables °P, and *Py) though its radiative 

lifetime is of a few nanoseconds [76]. They are then able to partici- 

pate in collisional deactivation processes. 

Radiation retention has been treated by Holstein [75]. It depends 

both on pressure and geometry of the medium. For argon, for exam- 

ple, for a 1-2 cm diameter cell, radiation retention is already well 

noticeable at pressures < 10 torr [36]. For pressures ~ 400 torr, the 

transmitted resonance radiation is already negligible due both to 

radiation retention and collisional competition [77]. 
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The most important cascade transitions for the rare gases are the 

2p—1s. Some of these are tabulated for Ar in ref. [45] together with 

its wavelength and oscillator strength, when known. Lifetimes for these 

transitions are of the order of 20—380 ns [78] and they lie, as for the 

other rare gases, in the infrared, their extreme values of A being 6677 

and 10470 A. They are easily observed at low pressures, but they 

are inhibited even at medium pressures through competition with 

collisional processes. Arai and Firestone [46] still observe the 2p—1s 

emission in argon at 1031 torr, though atomic emission in the visible, 

IR and UV represents a negligible fraction of the total excitation [33]. 

According to Bennett et al [79] for argon at 1 atm 90% of the total 

emission is centered in the second continuum. 

The 3p—1s transitions, with lifetimes of 100—200 ns [45], lie in 

the visible, but they are observed only at low pressures. For Ar, 

situates between 3900 and 4700 A. They are clearly observed [43] 

at 200 torr. 

Above 10 torr all atomic emission from states higher than the 

appearance potential of the diatomic ion disappear [8], [45]-[47] due 

to the inhibition of the process by the known Hornbeck- Molnar effect 

[44] [80] (section 3.4.5). 

3.4.2 — Deexcitation by diffusion and collision with the 

container's walls 

x, 7 

This is the dominant process for metastable states at low pressu- 

res. For p > 100 torr, collisional processes are already dominant [81]. 

3.4.3— Collisional transfer of electronic energy 

It is a reaction of the kind 

Ky tye ee j 

X, and X, being the same atomic species. 

This process is also called a second kind collision. Its cross 

section ¢ depends on the energy difference AE between 5 Og and 
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X,”. For the 1s states of Ar, AE~0.1 eV, ¢~ 10° —10~! cm2?, so 

for p=1 atm the frequency of collisions taking place (per particle) 

is ~ 10'—104s~+ [30]. These collisions tend to redistribute the energy 

of the primary levels among the electronic levels of identical energy, 

so that the most populated tend to be those of lower energy. However, 

this coefticient of ‘collisional mixture’ is small. 

For higher levels, for example the 2s levels, AE ~ kT (0.025 eV 

at room temperature), ¢~ 10-'° cm?[380], so for p=1 atm the number 

of collisions per second is 2. 10° and the mixture is efficient [34]. 

3.4.4— Formation of excimers through three-body collisions 

<4 Oe +k 

Xx, > X4+ K+ bw 

This process is the dominant one even at relatively low pressures 

(~ 50 torr), and is more important than second kind collision. Typical 

values of rate constants for these reactions are ~ 10° cm®.s-! [84] 

so that at 1 atm the frequency of collision is~7x10°® s“!, rather 

higher than for binary processes. 

3.4.5 — Hornbeck-Molnar reactions — Associative tonization 

processes 

x9 k= ey 

Any excited atom whose energy lies between the appearance 

potential of the molecular ions and the ionization potential of the 

atom is susceptible of creating, through binary collisions with neutral 

atoms, a molecular ion [80]. For every atom there is a threshold state; 

for argon it is the state 3 p>4d, and it is observed that every excited 

state of higher energy can originate the molecular ion [82]. The thre- 

shold states for the rare gases are summarized in reference [36] toge- 

ther with the threshold energies. A very recent determination of the 

appearance potential of Arg via associative ionization indicates the 

value 14.6 + 0.2 eV [88]. 
The mechanism of the Hornbeck- Motan: reactions is well under- 

stood from the potential curves. However, it should be noted that the 
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efficiency of Hornbeck-Molnar processes is not unity, as there is 
experimental evidence [82] that it competes with a reaction of the type 

Oe a ae Ae 

Fig. 9 summarizes all the deexcitation processes mentioned above 
in a kinetic scheme. Their relative importance depends on the pressure 

and electronic density conditions, but the origin of the atomic lines 

and of the continua of the rare gases emission in the VUV is qualita- 
tively understood. 

Of course, additional processes of deexcitation occur in the pre- 
sence of impurities or mixtures of rare gases. These include energy 
transfer processes [36] [43] [84] [85], formation of mixed excimers or 

mixed diatomic ions [83], [85]-[88] but this field is out of the scope 
of the present work. 

4— MECHANISM OF LUMINESCENCE 

In the establishment of the mechanisms of luminescence it is parti- 

cularly relevant the study of the time dependence of the emission 

spectrum in a large range of pressure. This study, individually made 

for every line and band of the emission spectrum, would give valua- 

ble information for the establishment of the atomic precursors of the 

continua emission, as well as for the pathways of deexcitation and 

cross sections for these processes. 

Of course, the evolution of the atomic states initially excited will 

depend strongly on the pressure through the collisional processes 

taking place. It is common practice to divide kinetic studies into two 

classes: the low pressure region (< 1 atm) and the high pressure 

region (> 1 atm). The last one, where collisional processes are very 

fast, is the region of potential interest for lasers. Besides, two further 

classes can be distinguished, according to the density of deposition 

of energy or the density of excitation and the resulting electronic 

density. For low electronic densities (n, < 10' cm-) the ion-electron 

recombination processes are slow relative to the rates of formation 

and relaxation of the excimers, and as a result only processes origi- 

nating at neutral excited atoms are interesting. For high electronic 

densities (n, S 10’ cm-*) not only is recombination a fast process 

but the thermalized electrons play an important role in the relaxation 
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of the excitation of the excimers levels; electronic collisions are an 

important process of mixture of excited states. 

For pressures up to 10° torr, excitation by electrons, protons and 

alpha particles is usually under conditions of low electronic density. 
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This is the situation we shall deal with firstly. At high pressures, there 

are measurements made in conditions of both high and low electronic 
density, which we shall consider afterwards. 

For low pressures, there is information for every rare gas, though 

a detailed and exact mechanism for the formation and decay of a large 

variety of atomic and molecular excited species is still to be esta- 

blished. The behaviour of the heavier rare gases is identical, so we 

shall take argon as representative of all the others. 

Argon presents in the VUV region a sharp resonance line at 1048 

A, the first continuum originating apparently at the other resonance 

line at 1067 A, and a second continuum, broad, roughly gaussian, 

centered at 1270 A. 

At very low pressures (< 10 torr) oniy the two resonance lines 

are observed, but at about 25 torr the two continua emissions are well 

noticeable [8] [89]. As the pressure increases, the second continuum 

tends to dominate the whole spectrum, this being the situation at a 
few hundred torr. 

Work done by Michaelson and Smith [53] at very low pressures 

(4-20 torr) and low temperatures (125 K < T < 200 K), showed 

that the first continuum has structure and begins at 1074 A, the 

energy of the forbidden transition *P, - So. Recently, Tanaka et al 

[54] [55] studied the emission spectra of the argon dimer in the pres- 
sure range 0.1 - 70 torr. They observed, in addition to the second 

continuum, four emission band systems. According to them, the so 

called first continuum could be a combination of these. 

4.1—The origin of the two continua 

It has been generally accepted, according to a proposition by 

Mulliken based on theoretical considerations, that the fist continuum 

corresponds to transitions taking place from the higher vibrational 

levels of a and of ih , the molecular states related to the lowest atomic 

states °P, and °P,, while the second continuum takes place from the 

vibrationally relaxed level (v=0) of those molecular states to the 

same repulsive ground state pei] [43]. The transitions from the upper 

vibrational levels occur mainly near the classical turning point on the 

attractive branch of the potential curve [54]. However, according to 

Tanaka et al [54] [55], three of the four observed emission band 

systems in the region of the first continuum could be attributed to 
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transitions from ‘yt ,*st and B5 pe (0%) to the repulsive ground 

state, while the origin of the fourth one is still unknown. This being 

so, the origin of the first continuum is not clear at this time [54]. 
Table IV lists some experimental values of lifetimes for both 

st and *ES [52]. 

TABLE IV — Radiative lifetimes of excimer states (mainly taken from ref. [52]) 

  

  

Excimer Ty (ns) 3 Da (ps) Ref. 

Neg * — 5.1 [7] 
2.8 119 [107] 

—— 1256 [65 | 

6.62 ({8] 

Ar, * a 2.8 [41] 
— ey [92] 

4,.2+0.1 3.2+0.3 (98 ] 

4.0+2.0 [65] 

— 3.22 [8] 

Kr, * a le? [92] 

= 0.3 [108] 

— 0.36 + 0.16 [65] 

— 0.35 [8] 

Xe,” 5.5 + 1.0 0.096 + 0.005 [98] 

— 0.140 + 0.05 [ 65 ] 

6.22 + 0.80 0.100 + 0.002 [ 66 ]       
  

4.2— Atomic precursors of the excimers 

4.2.1— Low pressure conditions (<1 atm) 

Although it is generally accepted today that both continua have 
their origin at ‘St and *p% , and experimental values of the radiative 

lifetimes of these states are known with a reasonable degree of agree- 

ment, there are still some doubts as to the mechanism of their forma- 

tion, i.e., on their atomic precursors and its evolution to those 

molecular states. There are nevertheless a set of experimental obser- 

vations that, together with theoretical considerations, allow a few 

conclusions to be drawn, forming a good support for the elaboration 
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of a plausible mechanism of evolution of the atomic precursors of the 

radiative excimers, as summarized in fig. 10. This table deserves a few 

comments regarding the participation of the four Is levels: 
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Fig. 10 — Schematic diagram of the creation of the lowest excited states of rare gases 
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1) Participation of *P, 

a) Theoretical considerations show that *P, is the direct atomic 

precursor of *»t | whose dissociation limit is ‘Py + ‘Sy *yt can be 

formed upon ternary collisions Pet 27S): 

Experimental observations show that the evolution of the metas- 

table state °P. takes place indeed by a mechanism involving binary 

and ternary collisions. Every experimental observation agrees in this 

point, although the values of the rate constants are widely different 

as shown in table V. Ternary collisions are dominant even at low 

pressures. 

b) Time dependent measurements made in the sequence of 

electrical discharges that populate preferentially *P. point to this state 

as being the main precursor of the radiative excimers, as the decay 

rate of the continua is consistent with the rate of disappearance of 

°P., i.e., the rate of production of ont agrees well with the rate 

of disappearance of *Ps at low pressures (up to 50 torr) [41], [66], 

[90]-[93]. According to Michaelson and Smith [53] the first conti- 

nuum decays at a rate comparable to that of °P., For p> 50 torr, 

three body collisions involving the other atomic states feeding the 

excimer levels become increasingly important [93], and that relation- 

ship is blurred. 

c) On excitation under fast heavy charged particles, *P, is not 

directly excited. Its importance under these conditions is certainly 

much lower than under discharges, where it is the most populated 

of the 1s states due to the high proportion of slow electrons, but its 

population cannot nevertheless be ignored as *P, can be populated 

by three main processes : 
—on the sequence of radiative cascades from the excited states 2p 

(and in a less extent from 3p), 

—collisions of the second kind, 

—collisions with slow electrons 

2) Participation of °P; 

Theoretical considerations show that °P; is the direct atomic 

precursor of 7 whose dissociation limit is °P;+*S,; ‘st can be 
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formed upon ternary collisions *P,+2 ‘S,, that compete with the 

resonance emission for the deexcitation of °P,. Experimental obser- 

vations confirm that the deexcitation of °P; occurs indeed by radia- 

tive emission and by ternary collisions [41] [93] [94]. 

3) Participation of *P, 

According to Mulliken, °P, does not form, upon collision, stable 

molecular states, as it forms only 0, and 0,. However, its destruc- 

tion, occurs also partly by two- and three-body collisions [91]. Its 

eventual participation in the process is not clear and it has not been 

included in a kinetic scheme so far, as under swift charged particle 

excitation its importance is much less than that of *P. due to its much 

smaller population, although recent work [95] tends to show that *P, 

is more populated than it is generally supposed to be. 

4) Participation of ‘P, 

The excited states *P,, bound to the ground state by the largest 

oscillator strength are the most populated under fast charged particle 

excitation. Its deexcitation must include some form of emission. The 

intensity of its resonant emission decreases strongly with increasing 

pressure, and this decrease is accompanied by an increase of the 

continuum intensity [36]. There is a qualitative relation between 

the intensities of both emissions, well revealed in the spectra of fig. 5. 

Though ‘Py does not form directly i 2 upon collision with ground 

state atoms, there are several reasons that point out to considering 

*P, as an important precursor of the continuous emission: 

a) Fig. 11 [41] shows the time evolution of the second continuum 
of argon at several pressures, as well as the resonant radiation of P, 

under excitation with charged particles. Regarding the continuum it 

is interesting to remark that its intensity goes on increasing after the 

excitation pulse has ended and the peak is reached only about 0.3-10 

ws after the end of the excitation pulse. This time delay decreases 

with increasing pressure. It can be seen as well that.the decay of the 

resonance radiation takes place within the rising time of the second 

continuum, suggesting [41] the possibility of that atomic state being 
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one of the contributors to the formation of the continuum. This sug- 
gestion is corroborated by the observation that the time interval 
necessary to reach the peak of the 1250 A continuum decreases 
with increasing pressure, and this may relate to the decreasing lifetime 
of ‘P, at high pressures. However, the time delay of the peak emission 
seems to suggest that this does not occur only through Franck-Condon 
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emission, but it also depends on a process of collision that transfers 

energy from a State initially excited to an intermediate state [86]. For 

p > 3 atm the rising time of the second continuum cannot be deter- 
mined as it is of the same order of the excitation pulse. 

b) ‘P, does not form, upon direct collision with Se. the radia- 

tive states '’»{ of the excimer [48]. However, it can form a 0% state, 
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almost unstable, having a small potential well [86]. This state could 

radiate to the ground state pr through an allowed transition whose 

wavelength should be shorter than *P, - ‘Sy. Emission band system III 

from Tanaka et al [54] [55] beginning as 1048 A could possibly account 

for it. However, most of the VUV continuous emission comes from 

the '’yt radiative states [36]. This means that, if the O* state is for- 

med upon collision, it must also decay in another way. Two channels 

have been suggested to account for the participation of ‘P; in the 

formation of radiative excimers, as shown schematically in fig. 10: 

channel a) proposed by Hurst et al [36] consists in the formation of a 

metastable molecule that further collisions would convert to a radia- 

tive molecule. This scheme does not seem to be corroborated from 

the potential curves. Besides, the rising time of the second continuum 

is too fast to occur via a metastable molecule. Scheme b) [36] [96], 

consistent with the potential curves, is more likely to describe the 

correct mechanism. The 07 state formed from ‘P, can predissociate 

through potential curve crossing to the atomic levels *P ia: this pre- 

dissociation being followed by the formation of a new molecule. This 

mechanism could explain (at least qualitatively) the observed beha- 

viour in the time evolution of the continua and of P, and its depen- 

dence on pressure, but it still awaits experimental confirmation. 

Besides the channels indicated in fig. 10, that must contain the 

main modes of formation of radiative excimers, others have been 

suggested starting from °P, and 'P;. Some of these are indicated in 

fig. 12. However, it must be stressed that they all await experi- 

mental confirmation, that must include measurements in the infrared 

region that, to our knowledge, have not been tried so far. 

These mechanisms deserve a few comments: 

1) Measurements made under certain conditions following elec- 
trical discharges in rare gases seem to suggest that °P, could be 

related to the continuous emission originating from ‘Dt: if this 

suggestion is correct, mechanism 1 in fig. 12 could explain it; °P, 

does not form a upon direct collision but it could form this state 

from an intermediate state. Through the collision, a molecular state 

dissociating to ®P;+4Sqg could be formed and upon potential curve 

crossing it’ could go to a high vibrational level of ne the radia- 

tive state [53]. This intermediate state could be the °Z; state. The 
presence of a third body could remove symmetry restrictions. Tanaka 

and Yoshino [10] studied the higher vibrational levels of °St and 
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"St and their results indicate that there is a vibrational level of 's* only 
14 cm™ above the dissociation limit 2 a <n 

2) The second channel in fig. 12 suggests another way of par- 

ticipation of ‘P, that still needs experimental confirmation. To our 

knowledge, the infrared studies that it involves have not been 

done so far. 
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Fig. 12 — Additional pathways of formation of the 1st radiative level. 

It must be emphasized that the analysis of the experimental results 

including all possible precursors, or at least °P,, *Py, ‘P, has not been 

attempted so far, and it is a task calling for urgent realization. The 

analysis done by Hurst et al [41] (including only °P, and 1P, via 

channel a)) and that of Mortier et al [92] [97] (including ®P, and °P,) 

cannot be considered conclusive. 
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4.2.2— High pressure conditions (>1 atm) 

At high pressure, the high collision frequency establishes a vibra- 

tional relaxation in a short time relative to the radiative lifetime of 

the excited states. The only emission to be observed is the second 

continuum, as expected. Formation of excimers through ternary 

collisions is also very fast relatively to the radiative decay of the 

excited atoms. 

4.2.2.1— Low electronic density (ne < 10" cm~*) 

Fig. 18 summarizes the dominant reactions in the system under 

these conditions. The kinetics of the second continuum emission is 

simple and well represented by the equations 

K*4+OX SXE EX 

Xf > 2X+ hv 

Relevant work is due to Keto et al [66] [98] under electron 

impact, for 1 atm < p < 32 atm. From the analysis of the rising and 

decay of the radiation following an excitation pulse, the rate cons- 

tants were obtained. For argon they are displayed on fig. 13. The 

two excimers radiate independently, so their collisional mixture is 

negligible. An upper limit for the cross section of the reaction 

thd Ae se "ET + Ar 

was established as 6.10°*° cm” 

4.2.2.2. — High electronic density (n.> 10" cm” *) 

This situation has been treated in great detail by Lorents [52] 

[65]. The main processes taking place are summarized in fig. 14. 

The electronic density is high and the recombination ion-electron 

takes place at a rate comparable to the kinetics of neutral species 

and is an important source of excited atoms. Under the conditions 
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stated, all initial ionization and excitation decay very rapidly to the 
levels of the excimers and the system can radiate most of the avai- 
lable energy in a very short time. 

As Lorents points out, reactions involving collision of two exci- 
ted species (either dimeric or monoatomic) or absorption of the 
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excimer radiation by an excited atom or excimer resulting in ion- pair 

formation may be significant. Rate constants estimated for some of 

these reactions are indicated in table VI. 
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Another kind of peculiar reactions, that may become very impor- 
tant are inelastic and superelastic collisions with excited species. 
Reactions such as 

e+.XC*P;) So 4X (Py) 

-_ 

e+ X C2) i Out Xe Pr 

yo te 2 X*+e 

originate a mixing of states and have rate constants of the order of 

10°°-10°‘ cm’ s~". Electronic states with energy differences of the 

order of 0.1 eV are completely mixed up and can be regarded as a 
unique state relaxing through the fastest way available for any one 

[52]. The excimer can be formed from *'P:19 but only the highest 
rate of formation is observed. 

Experimental data for xenon and argon [52] [66] [99] [100] 

show that there is only a radiative lifetime that goes to a constant 

value as the pressure increases: a similar behaviour is expected for 

the other rare gases [52] and this is a result of the effect of the 
mixing reactions just mentioned. 

The rate constants corresponding to the various reactions for 

this kinetic model for Xe and Ar are listed in table VI. This table 

was mainly taken from ref. [52] [65]. For some rate parameters, 

there are experimental values. For others, the values indicated are 

computed from the kinetic scheme displayed on fig. 14. Of course, 

cross sections of interaction of electrons with excited atoms or 

molecules are not known, and so there is still a lot of work to do in 

order to establish reliable rate constants for many reactions. Neverthe- 

less, a reasonable understanding of the processes concerned is now 

believed to have been achieved. 

5 — CONCLUDING REMARKS 

As a conclusion, it must be emphasized as it comes out from 

the exposed, that the physical processes involved in the main mecha- 

nisms of production of both continua emission are thought to be 

known; however, their atomic precursors are not inequivocally establis- 

hed nor are the specific rate constants and/or cross sections of the 
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reactions concerned, and for this reason a detailed and safe mecha- 

nism is still to be established. Very little spectroscopic information 

exists on the higher atomic excited states of the rare gases, the 

same being true for the higher excited states of the excimers. Mulli- 

ken has suggested [48] that radiative transitions could occur from 

higher excited molecular states (formed upon collision from the exci- 

ted levels 2p or even 3p) to the levels *3{ and ‘st. Experimental 

observations of these transitions do not practically exist [52] [99] 

except for the work of Firestone [46]. We must also remark that 

two other continua emission have been reported for argon by seve- 

ral authors, at 1900 A and 2200 A, weaker than those in the 

VUV [33], [57], [101]- [104]. 

While the first one is believed to belong to some impurity emit- 

ting in that region [99], the second one seems to have in fact a 

molecular origin, but conclusive studies are still lacking [101] [105]. It 

could be a recombination continuum [99] [105]. Huffman et al [106] 

observed a weak continuum emission at 850 A which could corres- 

pond to direct emission from Ar,” to the repulsive ground state. To a 

clear understanding of the full process is essential more experimental 

work in a wider spectral region, including the 2p-1s and 3p-1s 

spectral lines. 
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