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Deactivation of the 6s and 6s’ states of a xenon atom in collisions
with helium, argon, and xenon atoms

L.V. Semenova, N.N. Ustinovskii, I.V. Kholin

Abstract. A series of publications devoted to the study of
collisional deactivation of Xe atoms in the 6s and 6s’ states in
high-pressure Ar—He and He-—Xe mixtures with a low
content of Xe is summarised. The processes of quenching of
the 1Pl, 3P0, 3P1, and 3P2 levels are studied in two-particle
Xe*+ Ar(He) — products + Ar(He), three-particle Xe™+
2Ar(2He) — ArXe"(HeXe™) +Ar(He), and three-particle
Xe* + Xe + Ar(He) — Xe, + Ar(He) collisions. The gases
were excited by a fast-electron beam. The measurements were
performed by the method of absorption probing by analysing
the time dependence of the concentration of the excited states
in the afterglow of the electron beam. The rate constants of
24 plasma-chemical reactions were measured, 17 of which —
for the first time.

Keywords: xenon, collisional deactivation, rare-gas lasers, high-
pressure lasers.

1. Introduction

The paper is devoted to the experimental study of
deactivation of excited xenon atoms in the 6s and 6s’
states in collisions with ground-state atoms of argon,
helium, and xenon itself. The two- and three-particle
plasma-chemical reactions were studied which dominate
in gas mixtures with low relative concentrations of xenon.
These studies are both of fundamental and practical
importance, in particular, for a new, rapidly developing
class of high-power high-pressure near-IR rare-gas mixture
lasers (see review [1]).

The intense development of UV excimer lasers gave an
impetus to the studies of various plasma-chemical processes
in high-pressure mixtures of rare gases in the early 1970s
[2, 3]. Analysis of the literature shows, however, that many
of these reactions have not been adequately studied so far.
For this reason, attempts to describe quantitatively kinetic
processes proceeding in lasers on the 5d — 6p transitions in a
Xe atom [4—6] (the most promising of all high-pressure
rare-gas lasers) ran into requirements to have more accurate
experimental data on the rate constants of elementary
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plasma-chemical processes, in particular, reactions of colli-
sional quenching of the lower excited states of a Xe atom in
the Ar—Xe, He—Xe, and He— Ar—Xe gas mixtures, which
are used as active media in these lasers [1, 7—13].

The matter is that these reactions, which determine the
populations of the 65 and 65’ states, considerably affect the
total laser kinetics. Thus, upon electroionisation excitation
of the most interesting Ar— Xe mixtures, the laser transitions
in Xe are pumped not from the ground state but from these
excited states produced in the active medium by a fast-
electron beam [1]. It is this mechanism (see also Ref. [14])
that determines the high efficiency of the Ar—Xe lasers. In
addition, because the 65 and 65’ states are coupled with the
6p states of a Xe atom, belonging to the manifold of the
lower laser levels, by rapid electron mixing reactions
proceeding via the allowed transitions of the type

Xe(6s, 6s') + e« Xe(6p) +e, (D)

while the resonance 6s'[1 /2}‘1’(1P1) level is also involved to
rapid collision reactions of the type

Xe(6s'[1/2])) + Ar — Xe(6p[1/2],) + Ar, ()

(see, for example, Ref. [15]), the processes of collisional
deactivation prove to be one of the main channels of the
depletion of lower laser levels during the pump pulse.
For all these reasons, these studies were initiated at the
Department of Quantum Radiophysics headed by academi-
cian N.G. Basov at the P.N. Lebedev Physics Institute,
Russian Academy of Sciences (see also Refs [16—19]).
Experiments were performed on the Tandem laser setup
[1] by exciting various Ar—Xe and He—Xe gas media by a
fast-electron beam. The rate constants of 24 plasma-chem-
ical reactions [(3)—(26) in Tables 1 and 2] were measured by
the method of absorption probing by analysing the time
dependence of the concentration of the excited states.

2. Studies of collisional quenching in xenon
mixtures

The first measurements of the rate constants of collisional
quenching of excited Xe atoms in the high-pressure He — Xe
and Ar—Xe mixtures of interest to us were performed in
paper [20]. The mixtures with the partial pressures of xenon
between 260 and 2580 Torr and the buffer gas pressures
from zero to 1.95 x 10* Torr were excited by a relativistic
electron beam with the pulse duration of 2 ns. The time
dependence of VUV luminescence was studied at a wave-
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Table 1. Rate constants of collisional deactivation of the 6s levels of a xenon atom in the Ar—Xe mixture.

Reaction Rate constant” References Reaction number
Xe(6s'[1/2]9)'P, + Xe + Ar — Xeb + Ar 7% 10732 [30] 3)
8.3 x 10732 31]
(3.6 £0.3) x 1072 This paper
Xe(6s'[1/2]0)°Py + Xe + Ar — Xeb + Ar 3.2403)x 10732 This paper “)
( 0)Po 2 pap
Xe(65[3/2]9)°P; + Xe + Ar — Xej + Ar (21£02) x 107 21] 5)
4.5 % 1072 31]
(8.6 +0.4) x 1072 [33]
(2.8£0.9) x 107* This paper
Xe(65[3/2)9)°P, + Xe + Ar — Xej + Ar 23 x 10732 [20] (©6)
(2.15£0.25) x 107 21]
2.6 x 10732 [31]
(1.5£0.2) x 107! [33]
(1.8 +0.6) x 1072 This paper
Xe(6s'[1/2]9)' Py + 2Ar — ArXe" + Ar <107 This paper )
Xe(6s'[1/2]9)°Py + 2Ar — ArXe" + Ar <107 This paper ®)
Xe(65[3/2]9)°P) + 2Ar — ArXe™ + Ar <107 This paper )
Xe(65[3/2]9)°P, + 2Ar — ArXe™ + Ar (3+3)x107% [23] (10)
<1075 This paper
Xe(6s'[1/2]9)'P, + Ar — Xe(6s', 65) + Ar (8.5+5.0)x 10712 [15] (11)
(1.5+0.5) x 1072 32]
<21x107" [17]
1.54+0.3) x 10~ This paper
( 3)x 107" his pap
Xe(6s'[1/2]5)°Py + Ar — Xe(6s', 65) + Ar ~5x 107 [15] (12)
(3.6£0.8) x 107" [32]
<9.7x1071 [17]
8.1£09) x 10~ This paper
( 9) S his pap
Xe(65[3/2]9)°P) + Ar — Xe(6s) + Ar (1.5+£03) x 107" [21] (13)
1.7 x 1071 [22]
3.0x 1071 [31]
(4.0+0.5) x 1078 [32]
<9x107" [16]
324+ 1.5) x 10~ This paper
( ) ® his pap
Xe(65[3/2]9)°P; + Ar — Xe(6s) + Ar 83+ 1.5 x107" [21] (14)
(50+0.7) x 10716 [23]
(7.3£0.9) x 1071 [33]
<25%x 1071 [16]
(5.0£0.6) x 1071 This paper

Note: “Rate constants of reactions (3)—(10) and (11)—(14) are measured in cm® s~ and cm® s7!, respectively.

Table 2. Rate constants of collisional deactivation of the 6s levels of a xenon atom in the He —Xe mixture.

Reaction Rate constant” References Reaction number
Xe(6s'[1/2]9)'P, + Xe + He — Xej + He (2540.3) x 1072 This paper 15)
Xe(6s'[1/2]3)*Py + Xe + He — Xeb + He (22+40.2) x 107 This paper (16)
Xe(65[3/2]9)°P; + Xe + He — Xeb + He (2.1+40.2) x 107 This paper amn
Xe(65[3/2)9)°P, + Xe + He — Xe3 + He 1.4 x 1073 [20] (18)
(1.740.2) x 1072 This paper
Xe(6s'[1/2]9)'P, + 2He — HeXe" + He <2x107% This paper 19)
Xe(6s'[1/2]3)*Py + 2He — HeXe* + He <2x107% This paper (20)
Xe(65[3/2]9)°P; + 2He — HeXe® + He <107%¥ This paper @n
Xe(65[3/2)9)°P, + 2He — HeXe* + He <2x107¥ This paper (22)
Xe(6s'[1/2])'P, + He — Xe(6s', 65) + He ~12x1078 [15] (23)
<3x1078 This paper
Xe(6s'[1/2]3)*Py + He — Xe(6s', 65) + He ~5x 1078 [15] (24)
<25% 1075 This paper
Xe(65[3/2]9)*P, + He — Xe(6s) + He <3x107" This paper (25)
Xe(6s[3/2]3)°P; + He — Xe(6s) + He <107 This paper (26)

Note: * Rate constants of reactions (15)—(22) and (23)—(26) are measured in cm® s'and em® 57!, respectively.
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length of 173 nm corresponding to transitions from the
lower vibrational levels of the Xej ('*27) excimer states to
the ground Xe3 (IZg) state (the so-called second emission
continuum of rare gases). The luminescence signal was bell-
shaped, with a steep leading edge and a less steep trailing
edge. The time dependence of the leading edge was quite
accurately described by the exponential dependence with
the exponent

1/2 = {k; [Xe] + k[Ar] (or [He])} [Xel, 27)
where the constants k; and k, obtained in the experiment
were interpreted as the rate constants of excitation energy
transfer from Xe* to the Xe3 excimer in the reaction

Xe* + 2Xe — Xej + Xe (28)
and reactions
Xe* 4+ Xe + Ar(He) — Xe; + Ar(He) (29)

studied in our paper. Because relaxation flows from
different 6s states of the Xe atom (see Fig. 1) were not
separated in the experiment, it seems reasonable to assign
the experimental values of k, equal to 2.3 x 107*? and 1.4x
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Figure 1. Energy level diagram of a xenon atom.

10732 em® s7! to the slowest reactions in the given group
[reactions (6) and (18) in Tables 1 and 2].

A similar method of measurements using excitation by
an electron beam was employed in Ref. [21]. The Ar—Xe
mixtures were studied in which the Xe concentration was
varied from 8.4 x 10" to 2.67 x 10'7 cm ™ and the Ar con-
centration was varied from 5.1 x 10" to 2.9 x 10 cm~.
The time dependence of VUV luminescence was detected at
~ 147 nm (the first emission continuum) and ~ 173 nm (the
second continuum). The luminescence decay at 147 nm
exhibited the fast and slow components, the slow compo-
nent being identical to the luminescence decay at ~ 173 nm.
The fast component was assigned to transitions from the
upper vibrational levels of the Xe3('X,) state, which
correlates with the 3P, state of the Xe atom (resonance
emission at the atomic *P, —'S, transition of xenon was
assumed trapped), while the slow component was assigned
to energy transfer from the metastable *P, level. Analysis of
the experimental dependences of the decay rates on the
concentrations of Ar and Xe gave the values 2.1 x 107! and
2.15 x 10732 cm® s7! for the rate constants of three-particle
reactions (5) and (6), respectively, and 1.5 x 10™'* and
8.3 x 1077 cm *s7! for the rate constants of two-particle
reactions (13) and (14), respectively.

Reaction (13) was also studied in Ref. [13], where the
resonance “P; state of the Xe atom was selectively excited by
VUV radiation from a xenon lamp at 147 nm. The
luminescence intensity at the 173-nm emission wavelength
of the Xe3 excimer was studied. Mixtures with the partial
pressure of xenon of a few Torr at the argon pressure up to
10° Torr were investigated. It was assumed that the rate of
reaction (5) is low and the observed deactivation rates are
completely determined by reaction (13) with the rate
constant equal to 1.7 x 107" em® s71.

In Ref. [23], kinetic processes in the Ar—Xe mixtures
were studied by the method of absorption probing. The total
pressure did not exceed a few Torr. The measurements were
performed in the gas-mixture flow moving at the known
velocity and excited with a glow electric discharge at the
entry to a measurement chamber. The time dependence of
the concentration of the Xe(’P,) metastable state was
detected by a decrease in the absorption coefficient of probe
radiation (at one of the 6p — 6s transitions corresponding to
this state) with removing the gas flow from the excitation
source. By analysing the experimental time dependences
obtained this way, the authors [23] determined the rate
constants of two- and three-particle quenching of the
Xe(3P,) state by Ar atoms. The rate constants for reactions
(10) and (14) were 3x10**cem®s™! and 5.0x
10718 ecm? 57!, respectively.

Note that kinetic processes in the active media of IR
lasers on the transitions in Xe (see, for example,
Refs [5, 24, 25]) and UV excimer lasers (for example,
Refs [26, 27]) were often analysed by using for reaction
(10) the rate constants presented in monograph [2] and equal
to 10733 cm® s™! (presented in Ref. [2] as taken from
Ref. [28]) and 7 x 107** cm® s™! (taken from Ref. [29]).
The use of such evidently overstated values is a pure
misunderstanding because the authors [28] finally reported
in Ref. [23] the value of the rate constant that was three
times lower, whereas reaction (10) was not discussed in
Ref. [29] at all.

In Ref. [15] devoted to the study of collisional deacti-
vation of the 6p levels of Xe atoms, the data on quenching of
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the 6s’ levels in two-particle collisions with Ar and He were
also obtained. A tunable dye laser was used to excite the 6p
levels due to two-photon absorption. The time dependence
of IR luminescence corresponding to the relevant 6p — 6s
transitions was detected in experiments. The population
dynamics of the 6s’ states was analysed indirectly using an
adequate kinetic model, where the rate constants 8.5x 10’12,
5% 107", 1.2x 107", and 5x 10713 em?® s7! for reactions
(11), (12), (23), and (24), respectively, were the approxi-
mation parameters.

Processes of deactivation in the Ar—Xe mixtures were
studied in Refs [30, 31]. Gases were excited by an alpha-
particle beam. The dynamics of broadband excimer emission
of xenon in the second continuum and of emission at atomic
transitions from the resonance 'P; and P, levels to the
ground state at 129.6 and 147.0 nm, respectively, was
studied in Ref. [31]. The IR emission dynamics of atomic
xenon at two intermultiplet 6p — 6s transitions at 826 and
980 nm was analysed in Ref. [30]. The rate constants
measured for reactions (5) and (6) were 4.5 x 107°? and
26 x 1072 em® s™!, respectively [31], and (7 — 8)x
1073 ecm® s7! for reaction (3) 30, 31].

The resonance P, and 'P, states of the Xe atom were
excited in Ref. [32] by short pulses of monochromatic
synchrotron radiation. The Ar—Xe mixtures were studied
with a rather low relative concentration of Xe, at the level of
1 ppm, and at extremely high total pressures (14—71 atm).
It was assumed that, under such conditions, collisions with
Xe atoms are negligible and the collisional deactivation of
Xe* occurs due to two- and three-particle collisions with
buffer gas atoms. The time dependence of broadband
emission at ~ 130 and 147.9 nm was studied, which was
interpreted by the authors as emission of heteronuclear
complexes formed from Ar and Xe* upon their van der
Waals interaction. The decays of both spectral components
exhibited the fast and slow components. A computer kinetic
model describing deactivation processes was constructed.
The numerical fit of the experimental data gave the rate
constants equal to 1.5 x 10712 and 4.0 x 107" ecm® 57! for
reactions (11) and (13), respectively (these values being
probably related to the fast components of the measured
emission decay), and to 3.6 x 1075 em® s7! for reaction
(12) (the value corresponding to the slow component).

In the last paper [33] considered in this section, the
resonance “P; states of Xe and Kr atoms also were excited
selectively by short light pulses from a dye laser upon three-
photon absorption. The Ar—Kr, Kr—Xe, and Ar—Xe
mixtures were studied at the total pressure up to
1000 Torr and the partial pressure of the working gas of
several tens of Torr. The time dependence of VUV
luminescence from the excited resonance level in mixtures
with Xe at 147 nm was investigated. The decay of VUV
luminescence was described by a sum of two exponentials
corresponding, according to the interpretation of the
authors, to the deactivation of the *P, and 3P, states of
xenon. The rate constants of reactions (5), (6), and (14)
determined from the numerical fit of the experimental
emission  decays were 8.6x 1072 cem®s!,  1.5x
107" em®s7!, and 7.3 x 107" em® s7!, respectively. At
the same time, no contribution from two-particle reaction
(13) to the deactivation of the P, level was observed within
the accuracy of measurements.

3. Experimental setup

Experiments were performed on the Tandem laser setup [1].
We determined the rate constants of plasma-chemical
reactions presented in Tables 1 and 2 by measuring the
decay times of the 65 and 6s’ states in the afterglow of a
high-power fast-electron beam by the method of absorption
probing. The absorption dynamics of the probe pulse at the
wavelength of one of the p — s transitions corresponding to
the state under study was investigated. We measured the
decay times of the 6s'[1/25('P)), 6s'[1/2]5C°Py),
6s[3/2]°(°P) and 65[3/2]5(°P,) levels at seven transitions
(see Fig. 1 and Table 3) with large oscillator strengths lying
in the spectral range where the sensitivity of the photo-
detector was sufficiently high.

Table 3. Transitions in a xenon atom used in absorption experiments.

Xe transitions Z/nm
6p/[3/2), — 65'[1/2)° 893.1
6/ [3/2), — 65[1/2]° 834.7
6p/'[1/2], — 65'[1/2° 764.2
6p[5/2], — 653/2 9923
6p[1/2], — 65[3/2)° 828.0
6p(1/2], — 65[3/2)3 980.0
6p[5/2]; — 65[3/2)3 881.9

The optical scheme of measurements is shown in Fig. 2.
Broadband light source (/) emitting pulses of nearly
trapezoidal shape (the ‘plateau’ duration was ~ 15 pus) was
used for absorption probing. The output radiation of the
source was collimated into a beam of diameter 50 mm,
passed through measurement chamber (3) with a mixture
under study, and was focused on the entrance slit of wide-
aperture monochromator (5) with the 600 lines mm™
diffraction grating. Radiation separated by the monochro-
mator at the required wavelength was detected with fast
germanium photodiode (6) and a C8-13 storage oscillo-
scope. Radiation at the wavelength corresponding to the
second diffraction order was cut-off with optical filter (7).
The time resolution of the detection system was ~ 100 ns.

N

10 6
= =

Figure 2. Optical scheme of absorption measurements: ( /) ISI-1 pulsed
light source; (2) collimating lens; (3) measurement chamber; (4)
focusing lens; (5) MDR-2 wide-aperture monochromator; (6) FD-
10GA photodetector; ( 7) KS-18 optical filter.

| —
1

—

Most of the experiments were performed using a laser
with an electron gun with a hot cathode in the Tandem laser
setup (see details in Ref. [1]). The electron gun was fed by
rectangular voltage pulses. The ~ 250-keV, 10 x 100-cm
electron beam with the pulse duration of 3 — 10 ps was
injected into the measurement chamber perpendicular to its
optical axis through a titanium foil of thickness 20 um. The
electron current density j was controlled and could achieve
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400 mA cm 2. If necessary (for example, when the probe
pulse was too strongly absorbed by the medium under
study), the longitudinal size of the electron beam and,
correspondingly, the active-region length L could be
reduced with the help of metal screens placed inside the
electron gun in the electron beam. Some experiments were
performed using a laser with the cold cathode of the electron
gun. In this case, the current pulse was bell-shaped and its
duration was ~ 2.5 ps (in the base).

The measurement chamber was made of stainless steel.
Before filling with a gas under study, the chamber was
pumped through a nitrogen trap down to ~ 10> Torr. The
rate of air leaking into the chamber did not exceed
107° Torr h™'. We studied the mixtures of argon
(99.998 % purity) or helium (99.995 % purity) with a small
amount of xenon (99.9992 % purity).

Figure 3 shows one of the oscillograms of the probe-
pulse absorption obtained on the setup with the hot
cathode. Each of the oscillograms was formed by the
superposition of three output signals from the photodetector
on the screen of the C8-13 storage oscilloscope. Signal ( /),
detected when the probe radiation source was switched off,
gives the time base (zero transmission of a signal). Signal
(2), obtained when the probe radiation source was switched
on and the electron gun was switched off, corresponds to the
100-% transmission of radiation. Signal (3), obtained when
both the probe radiation source and the electron gun were
switched on, shows the transmission of radiation in the
excited medium. A comparison of signals (2) and (3)
corresponding to signals at the entrance into and exit
from the excited active medium allows us to determine
at each instant of time the transmission coefficient at the
wavelength separated by the monochromator.

Al

Figure 3. Oscillogram of the 828-nm probe pulse absorption in the
Ar: Xe =99 : 1 mixture at a pressure of 3 atm for the electron current
density j = 400 mA em ™2 (2 ps/div time base).

The applicability of the method of absorption probing is
determined to a great extent by the relation between the
spectral width of the probed transition and the width of the
instrumental function of the monochromator. In our case,
for the width of the entrance and exit slits of the mono-
chromator equal to ~ 0.1 mm providing the satisfactory
signal-to-noise ratio in the detection system, the spectral
resolution in the pressure range studied was comparable
with the half-width of the optical transition. In this
situation, the Bouguer—Lambert—Beer law is not fulfilled.
However, it is known that, when only instrumental dis-

tortions are present, the empirical (so-called modified)
Lambert—Beer law can be used [34, 35], which gives the
relation between the measured transmission coefficient T
and the absorption coefficient k,, proportional to the
concentration of the state under study:

InT " = (kyL), (30)
where the dimensionless factor y varies from 1 to 0.5
depending on the ratio of the half-widths of the absorption
line and the instrumental function of the monochromator.

The factor y was determined experimentally for each of
the transitions studied. For the fixed parameters of a gas
mixture and the pump level at some specified instant of time
t, with respect to the onset of the electron current pulse (the
coefficient k,, is fixed), the Lambert—Beer law can be
written as the dependence of the transmission coefficient
T, of the probe signal on the active-region length L:

Inln 7, ' = const +yIn L. (31)
The corresponding experimental dependences for all
transitions in Table 3 in the range 7, = 0.15 — 0.85 were
well described by straight lines, which confirms the validity
of expression (31) and permits the calculation of y by the
slope of these curves (in most cases, the coefficient y was
close to 0.5).

4. Experiment

Of four 65 and 65’ levels of a Xe atom investigated in this
paper (see Fig. 1), two are metastable and two are
resonance. However, at high pressures of xenon-containing
gases, spontaneous VUV radiation from excited resonance
levels proves to be completely trapped, and these levels also
can be treated as metastable. As a result, the depopulation
of these excited states is completely determined by
deactivation processes in collisions of Xe* with ground-
state Xe, He, and Ar atoms.

In the Ar—Xe and He—Xe laser mixtures with a
relatively low content of xenon (less than 1/50), the influence
of reactions of the type

Xe* + Xe — products (32)
and (28) on deactivation can be neglected. Then, after the
end of the pump pulse and termination of recombination
and relaxation processes populating the 6s and 6s’ states,
the deactivation rates of these states will be determined by
three-particle collisions with atoms of argon, helium, and
xenon in reactions (29) and

Xe* 4+ 2Ar(2He) — ArXe*(HeXe") + Ar(He), (33)

which are quadratic in pressure, and also in reactions
Xe* + Ar(He) — Xe (other 6s and 65’ states) + Ar(He), (34)

which are linear in pressure

However, when determining the rate constants of
reactions (34), one should bear in mind that the rate
constants measured experimentally are, generally speaking,
upper estimates because collisions between excited xenon
and impurity atoms and molecules in reactions
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Xe* + impurities — Xe + products (35)

should be also taken into account. Although concentrations
of impurities in gases studied in our experiments were low,
the interaction of the electron beam with the inner surface
of the measurement chamber can result in an uncontrollable
pollution of the working volume by molecules adsorbed on
the surface. Note that, because of the large interaction cross
section, the contribution from reaction (35) can be in
principle noticeable even at low concentrations of these
uncontrollable molecular impurities.

Therefore, the concentration of excited states of the Xe
atom after the completion of recombination and relaxation
is described by the differential equation

d[Xe"]
dt

= — (k34 + ki M)[Ar]([He])[Xe"]

—kag[Xe][Ar)([He])[Xe'] — kss[Ar*([He])[Xe'],  (36)

and the time dependence of the population of each of these
states can written in the form

[Xe"](1) = Noexp(—1/74), (37)
where

tq' = (ksa + kn M)[Ar]([He]) + koo [Xe][Ar]([He])

+ kas[Ar]*([He]?) (38)

is the deactivation rate of the state under study; k,g and k33
are the rate constants of excimer formation in reactions (29)
and (33), respectively; k3, is the rate constant of two-
particle relaxation (34); k,, is the rate constant of quenching
by impurities in reaction (34); and M is the relative
concentration of the impurity in the mixture under study.
Taking the logarithm of expression (30) and accounting for
the exponential dependence (37) for [Xe*](r), we obtain a
simple expression

Inln 7! = const — yt/74 (39)
for the time dependence of the transmittance 7 of the probe
signal in the afterglow.

Figure 4 shows typical experimental dependences of
InIn7~' on time, which were obtained for the *P, level
in the He : Xe = 75 : 1 mixture by processing by points the
trailing edges of oscillograms of the 881.9-nm probe-beam
absorption pulses (the time was measured from the end of
the electron-beam pulse). One can see that, within ~ 1 ps
after the end of the electron current, experimental points lie
on a straight line with good accuracy. This circumstance
confirms the applicability of the modified Lambert— Beer
law in this case and the validity of the model used. Similar
dependences were obtained for all xenon levels studied in
Ar—Xe and He— Xe mixtures with the ratios of components
from 50 : 1 to 1000 : 1 in the pressure range from 1 to 3 -
4 atm. In accordance with (39), the slope of the straight lines
obtained, taking into account the factor 7, gives the
deactivation rate 7' of the state studied under the
corresponding experimental conditions.

To determine the contribution from one or another
plasma-chemical reaction to the deactivation rate for each

Inln7"!
1k
p = L5atm
0
“1F
3.0 atm
2k
73 1 1 1 1 1 1
0 2 4 6 8 z/us

Figure 4. Time dependences of Inln 77" for the 6s[3/2]3 level (881.9 nm)
at the trailing edge of an absorption pulse in the mixture He : Xe = 75: 1
at different pressures.

Ar—Xe and He—Xe mixture, it is convenient to represent
the experimental values of 74! obtained this way as the
dependence of the quantity 74 [buffer gas]™' on the buffer
gas concentration, i.e., as the dependence of the deactivation
rate reduced to the argon or helium concentration (such
typical dependences for quenching of the *P, level in helium
mixtures are shown in Fig. 5). In accordance with the
linearity of dependences

v A7 ([He] ™) = (8kag + ka3) [Ar]([He])

+ (k3s + kM)

[0 = [Xe]/([Xe] + [Ar]([He])] is the relative concentration of
xenon in the mixture) predicted in (38), experimental points
lie on straight lines. The points of intersection of these
straight lines with the ordinate axis give the rate constants
for reactions (34), which are linear in the buffer-gas
concentration [reactions (11)—(14) in Table 1 and reactions
(23)—(26) in Table 2], while the slopes of the straight lines
give the numerical values for the expression

(40)

3! [He] ™' /10 1S em? 57!

16 -

He:Xe =100:1

1
0 2 4 6 [He]/10" em™®
Figure 5. Dependences of the reduced deactivation rate 73 [He]’] for the
6s[3/2]3 level on the helium concentration in the He—Xe mixtures of
different compositions.
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Okrg + k33, (41)

which is the superposition of the rate constants for three-
particle reactions (29) and (33).

As mentioned above, the rate constants obtained for
reactions (34) are, generally speaking, the upper estimates
with the accuracy to the unknown value kM. Such is
indeed the case for the results obtained in our first papers
[16, 17] in a series of publications in this field. However, in
further experiments we paid special attention to the purity
of gases. We always used only pure gases, and the measure-
ment chamber was evacuated before each experiment
through a nitrogen trap down to ~ 10> Torr. It is impor-
tant that, by accumulating the required statistics, we
performed the minimal number of ‘shots’ in each experi-
mental series, providing the conditions under which the
electron beam did not produce any noticeable amounts of
foreign impurities in the active medium. That is why we
believe that the rate constants of reactions presented in this
paper are close to their real values.

The rate constants of three-particle processes, which are
quadratic in pressure, were separated in three stages. At the
first stage, we plotted the dependences of the deactivation
rates 7q| on the xenon concentration for xenon levels
measured in mixtures of different compositions at several
fixed pressures [i.c., at fixed concentrations of the buffer gas,
because the partial pressure of argon (or helium) in mixtures
with a low relative concentration of xenon virtually coin-
cides with the total pressure of the mixture] (Fig. 6). In this
case, experimental points were well approximated by
straight lines, according to (38). The slopes of the straight
lines gave the value of the product ky[Ar] (or kyg[He]) for
each concentration of the buffer gas.

At the second stage, we plotted the dependences of the
above products on the buffer-gas concentration (Fig. 7).
The dependences are well described by straight lines passing
through the coordinate origin. The slopes of these straight
lines give the rate constants k,y for reactions (3)—(6) in
Table 1 and reactions (15)—(18) in Table 2.

At the third stage, we subtracted the product dk,9 from
superposition (41) for each mixture studied, which allowed
us to find the rate constants k33 for reactions (7)—(10)
presented in Table 1 and reactions (19)—(22) presented in

7q' /10557

0.8

0.4

0 02 04 06 [Xe]/10" cm™

Figure 6. Dependences of the deactivation rates tg' of the 6s[3 /2]3 level
on the xenon concentration in the He—Xe mixture at different pressures.

kag[Ar] (kag[He]) /1072 em® 57!

30 |
6s'[1/2]°
25 r 6s'[1/2]3
o
20 F o
6s[3/2]%
1.5 +
1.0 | 6s[3/2]5
0.5 F
0 2 4 [Ar]([He])/10"em™

Figure 7. Dependences of k,9 on the argon (open circles and squares) or
helium (dark circles and squares) concentration for different levels of
Xenon.

Table 2. Because the values of k33 estimated in this way
proved to be zero within the experimental accuracy of our
measurements [(1-2)x107% em® s™!] in all cases, the rate
constants k33 presented in Tables 1 and 2 are upper
estimates.

5. Discussion of the results of measurements

We analysed the oscillograms of absorption pulses assum-
ing that the tails of oscillograms were processed after the
end of all recombination and relaxation processes, which
cause the initial population of the level from higher-lying
states. At the same time, we should bear in mind that, if the
characteristic deactivation time of some of the higher-lying
states is longer than the deactivation time of the level under
study, then, irrespective of the method used, the measure-
ments will be related to the lowest of the processes
considered. However, because the rates of collisional
deactivation of the 6s and 6s’ states in the Ar—Xe and
He—Xe mixtures measured in our experiments (Table 1 and
2, respectively) increase with increasing the level energy and
are substantially lower than these rates for the 6p levels
reported in the literature, we conclude that the above
kinetic model is valid and the results of our study are
correct.

Processes of associative ionisation

Xe(6s,65") 4 Xe(6s,65") — Xe' +Xe +e, (42)
can increase the deactivation times observed in experiments.
We explained by these processes the existence of quite high
small-signal gains in the Ar—Xe active medium at
p~1atm after the end of the pump pulse [36]. In
experiments described here, this was manifested in the
fact that experimental points in plots for the reduced
deactivation rates (of Fig. 5 type) at low mixture pressures
lay below straight lines drawn through the majority of
points at higher pressures. The results of measurements
under such experimental conditions were, naturally, dis-
carded in the construction of the dependences discussed in
section 4 and in the determination of the rate constants.

By comparing our experimental results with the data
obtained by other authors beginning from the less studied
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He—Xe mixture, note once more that, when the specific
state of a xenon atom is not indicated in a paper, it is
reasonable to assign the presented rate constant of the
corresponding reaction to the lower metastable *P, state.
The rate constant of three-particle excimer-formation reac-
tion (18) that we obtained for this state in the He—Xe
mixture (Table 2) is in satisfactory agreement with such
‘assigned’ values of this rate constant reported in Ref. [20].
For other states, the rate constants of such reactions in the
He—Xe mixture were measured probably for the first time
[reactions (15)—(17)]. As mentioned above, we observed a
monotonic increase in the rate constants with increasing the
level energy.

We also estimated for the first time the rate constants of
the excimer-formation reactions (19)—(22). Note that ano-
malously small values of these rate constants [(1—2)
x107%° cm® s’l] presented in Table 2 are determined, as
mentioned above, by experimental errors and are in fact
upper estimates.

At present no data on the rate constants of reactions (25)
and (26) are available in the literature. At the same time, we
see (Table 2) that the rate constants for reactions (23) and
(24) reported in Ref. [15] are almost two orders of magni-
tude higher than those obtained in our paper. However, the
rate constants determined indirectly from analysis of the
deactivation of the 6p levels in Ref. [15] cannot be consi-
dered reliable. Indeed, let us compare the numerical
estimates of the characteristic relaxation times based on
the experimental data obtained in Ref. [15] with our
experimental values.

Because the relative contribution of two-particle reac-
tions (23) and (24) to the deactivation of a specific level
increases as the total pressure of the mixture and the relative
concentration of Xe in it decrease, we will make comparison
for the He: Xe = 1000 : 1 mixture (the lowest content of
Xe) at a pressure of 1.5 atm (the lowest pressure in this
series of experiments). According to our measurements, then
lifetimes 74 of the resonance (lP]) and metastable (3P0)
states were ~ 8 and 10 ps, respectively. At the same time,
the calculation based on the data presented in Ref. [15] gives
74 = 0.2 and 0.05 ps, respectively. This discrepancy is too
large and cannot be explained by possible inaccuracies of
our measurements. Therefore, we can claim that the rate
constants of reactions (23) and (24) were also measured for
the first time in our paper.

For the Ar—Xe mixtures studied in more detail, we
measured in this paper for the first time the rate constant of
reaction (4) and made the upper estimates of the rate
constants for reactions (7)—(9). We can probably consider
that our measurements of the rate constants of reactions
(10) and (11) were also performed for the first time because
the discrepancy between our data and the results obtained in
Ref. [23] for reaction (10) and Refs [15, 32] for reaction (11)
is too large. As in the case of reactions (23) and (24) in the
He—Xe mixture, this discrepancy cannot be explained by
possible inaccuracies of our measurements and casts doubts
on the correctness of indirect methods for determining the
rate constants from the experimental data array used in
Ref. [15, 32].

Among other reactions, we point out that our data are in
satisfactory agreement with data [31] for reaction (5), data
[20, 21, 31] for reaction (6), and data [23, 33] for reaction
(14). The agreement with data [30, 31] for reaction (3) is
somewhat worse.

Note that, as a rule, the rate constants of reactions
measured in our experiments were lower than those reported
in the literature. Considering this circumstance, one should
bear in mind that measurements of the deactivation rates are
in principle upper estimates because any uncontrollable
processes, for example, the production of undesirable
impurities during experiments can only decrease but not
increase the lifetime of the state under study. For this
reason, the lowest of the measured values of the rate
constant is usually the most reliable.

Completing the discussion of Tables 1 and 2, we consider
the possible reason for anomalously small values of the rate
constants for excimer-formation reactions of type (33). Note
that, because of a small depth of the potential well of
heteronuclear excimers HeXe* and ArXe* (~ 0.07 eV for
ArXe” [23] and even smaller for HeXe™) in mixtures with a
high content of helium or argon, the population of the Xe*
states should depend substantially on reactions

ArXe*(HeXe") + Ar(He) — Xe* + 2Ar(2He), (43)
which are reverse to reactions (33). Apart from reactions
(43), the HeXe" and ArXe" excimers can be also decom-
posed due to spontaneous radiative decay

ArXe*(HeXe") — products + hv (44)
and in collisions with xenon atoms in reactions
ArXe*(HeXe") + Xe — Xe; + Ar(He). (45)

In this case, the populations of the excited Xe and
heteronuclear excimers are described by (for the example
of ‘helium’ mixtures) by the set of equations

AN ke Xe] — ko Xe][He][Xe'

— s [HeP [Xe"] + e [He[HeXe'], (46)
‘”Hde—j“*] — ke [He] [HeXe"] — kys[Xe][HeXe']

— L [HeXe] + kys[HeP [Xe'). )

T4

When the characteristic rates of excimer formation con-
siderably exceed the rates of other reactions, the quasi-
stationary relation between the concentrations of Xe* and
HeXe" is established in active media,

[HGXC*] k33

= 2
Xe']  kys[He] + kys[Xe] + 174 [He]",

(48)
and the concentration of excited Xe satisfies the differential
equation

d[Xe"]
ds

= —(ksq[He] + k9 [Xe][He]

k3skas[Xe] 4 k331/144
ka3 [He] + kys[Xe] +1/144

[He]*)[Xe'] 49)
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with the characteristic deactivation rate

1" = kg [He] + kao[Xe][He]

kys[Xe] +1/744

+k Hel’.
Phas[He] + kys[Xe] + 1 /744 [He]

(50)
In the case of a deep potential well of the excimer when
ky3[He] < kys[Xe] + 1/144, (51

the expression for the deactivation rate will contain three
components corresponding to reactions (34), (29), and (33):

tq! = ky[He] + koo [Xe][He] + ky3[He]’. (52)

However, assuming reasonably that in the case of a small
depth of the potential well of the HeXe* excimer, the rate of
reaction (43) considerably exceeds the rates of reactions (45)
and (44),

ky3[He] > kys[Xe] + 1 /744, (53)

we obtain the expression

k
'C(; 1 _ k34 + 33
k4344

> [He] + <k29 + %) [Xe|][He]  (54)

43

for the deactivation rate. Therefore, if the probability of
decomposition of the HeXe* complex in reaction (43) into
initial components Xe* and He considerably exceeds the
probability of relaxation to lower states in reactions (45)
and (44), then components proportional to the squared
buffer-gas concentration should be absent in the expression
for the deactivation rate.

In the general case (50), the expression for the reduced
deactivation rate rgl[He]_l is not linear with respect to the
buffer-gas concentration, which contradicts to our experi-
mental data. In the case (54), however, the expression for the
reduced deactivation rate becomes linearly dependent on the
helium concentration, as we observed in our experiments:

_ k
1q'[He] ' = (k34 +ﬁf44> +5<k29 +

k3skys
k.

4

> [He]. (55)

6. Conclusions

We have measured the rate constants for 24 plasma-
chemical reactions responsible for collisional deactivation
of the 6s and 65’ states of the Xe atom and involved in
processes of population of the excited states of the working
gas in the Ar—Xe, He—Xe, and He—Ar—Xe laser media.
By the time of the statement of this work, these reactions
were not adequately studied and required additional
investigations, while 17 of them have been studied in our
paper for the first time.

The measurements were performed by the method of
absorption probing using a broadband ISI-1 radiation
source to illuminate mixtures excited by a fast-electron
beam. On the one hand, the use of a rather extended
electron beam (the length of the excited volume was
L =1m) for excitation of active media allowed us to
have the required optical density at the atomic transitions

for moderate pump levels. Thus, once the electron beam was
switched off, after the time sufficient for a full completion of
dissociative recombination and following relaxation of Xe
to lower excited states, the required dynamic range was
provided for the reliable detection of the time dependence of
the transmission coefficient for the probe signal. On the
other hand, the use of a uniquely bright ISI-1 radiation
source developed in Russia [37], which is usually called the
Podmoshenskii source, provided a quite satisfactory signal-
to-noise ratio in the detection system of a high-voltage setup
with a rather high level of the electromagnetic noise.

By processing our experimental data, we found that the
components proportional to the square of the buffer-gas
concentration were zero within the accuracy of measure-
ments, and the deactivation rate can be written in the form

13" = kg [He] + k[Xe][He]. (56)

Analysis of kinetic processes showed that the expression
obtained for 73! does not suggest that processes of type (33)
have low rates, and the form of this expression can be
explained by the influence of very fast reverse reactions of
type (43). In this case, reactions (33), (43), and accompany-
ing reactions of substitution (45) and radiative decay of
heteronuclear excimers (44) can make a certain contribution
to the components proportional to the buffer-gas concen-
tration, and the ‘effective’ rate constants for such two-
particle and three-particle deactivation reactions will have
the form

k ky3k
3 _ ktr:k29+—3/§ s,

kap = ksq +
k43Tas 43

(57)

Therefore, the rate constants of reactions (29) and (34)
that we (and other authors) obtained are in fact some upper
estimates made with the accuracy to unknown products

k33k45’ k33 . (58)
ka3 k43Tas

All the measurement methods used at present, which are
based on the analysis of the time dependence of excited Xe
(and on the measurement of the time dependence of the
concentration of heteronuclear excimers, which is possible in
principle), do not allow one to determine contributions from
each of the plasma-chemical reactions to the deactivation
rate. However, all these reactions are automatically taken
into account in the simulation of kinetic processes by
describing concentrations of excited Xe by phenomenolo-
gical equations

d[Xe"]
d¢

= —kgp[He][Xe"] — ki [Xe][He] [Xe] (59

and assuming that the rate constants obtained in experi-
ments characterise some ‘generalised” two- and three-
particle processes:

k5™ = kay, K35 = k. (60)
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