lonization and quenching of excited atoms with the production of fast electrons

N. B. Kolokolov and A. B. Blagoev

St. Petersburg University, Sofia University

(Submitted 23 September 1992; revised 25 November 1992)

Usp. Fiz. Nauk 163, 55-77 (March 1993)

Studies of reactions involving excited atoms, which result in the release of electrons with
energies exceeding the mean plasma electron energy, are reviewed. Particular attention is
devoted to plasma electron spectroscopy (PES) which combines the advantages of

studies of elementary plasma processes with those of traditional electron spectroscopy. Data
obtained by investigating the following reactions are reported: chemoionization with

the participation of two excited inert-gas atoms, Penning ionization of atoms and molecules
by metastable helium atoms, and electron quenching of excited inert-gas atoms and

mercury atoms. The effect of processes in which fast electrons are emitted on plasma properties

is discussed.

INTRODUCTION

Excited and, especially, metastable states of atoms and
molecules play an important part in plasma processes. In-
deed, the excited-particle concentrations in plasma can ex-
ceed the charged-particle concentration by an order of
magnitude or more, so that the potential energy stored in
excited states can in such cases exceed the kinetic energy of
the electron gas by a substantial factor. It is then important
to bear in mind the high chemical activity of the excited
states and their effective participation in ionization, disso-
ciation, and excitation processes.

Collisions between slow heavy particles that result in
the emission of electrons and ions are of particular interest
from the standpoint of both numerous practical applica-
tions and theoretical interpretation. They are the so-called
chemoionization processes in which one or more of the
colliding particles are in an excited state. To emphasize
their importance, we recall Penning lasers in which inver-
sion is achieved by chemoionization. Moreover, chemoion-
ization may be one of the stages in the establishment of an
inverted population as a result of transitions in a readily-
ionized impurity. In particular, in powerful high-pressure
infrared lasers using a mixture of helium and heavy-gas
impurities, the ionization process relies on charge transfers
on helium ions or on chemoionization.

Chemoionization is also used as an important stage in
the laser separation of isotopes and the detection of impu-
rities.

There is an extensive literature on chemoionization re-
actions (see, for example, Refs. 1-5). However, reactions
involving two excited particles have until recently re-
mained relatively ignored, and studies of the energy spec-
trum of electrons emitted in these reactions have been lack-
ing because such experiments are difficult to perform.

When chemoionization occurs in plasma, the ratio of
the energy of emitted electrons to the mean energy of
plasma electrons is a significant parameter. When fast, hot
electrons are thus emitted, a nonequilibrium state is pro-
duced and affects excitation, ionization, and recombination
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processes, the diffusion of charged particles, and the tem-
perature of the main electron group.

Quenching by electron impact plays an important part
in changes in the concentration of excited and, especially,
metastable particles. It is involved together with chemoion-
ization in charged-particle reactions and the transfer of
excitation energy to electrons. It is clear that studies of
quenching processes are a source of information about the
excitation of atoms and molecules by electron impact.

In this review, we discuss studies of the chemoioniza-
tion and quenching of excited atoms that are accompanied
by the emission of fast electrons. Particular attention is
devoted to the least studied problem, namely, chemoion-
ization with the participation of two excited atoms. Differ-
ent methods of investigating processes with the emission of
fast electrons are examined, including the new technique of
plasma electron spectroscopy (PES), based on the regis-
tration of electron spectra emitted in the corresponding
reactions in plasmas.

1. PRODUCTION OF FAST ELECTRONS AND METHODS OF
INVESTIGATING THEM

As noted above, there is particular interest in processes
in which collisions between slow heavy particles result in
the emission of ions and electrons, i.e., the chemoionization
(CI) processes -

A*+B*~A++B+C+{Ep}, (11)
A*+B* AB* +e+{ex}, (1.2)

or processes in which potential energy is transferred from
the excited state to electrons (quenching, collisions of the
second kind, superelastic collisions), i.e.,

A*te—Ate+{g} (1.3)

where A¥ and B¥* are different (or identical) excited at-
oms, A and B are ground-state atoms, A7 and AB™ are
the atomic and molecular ions, respectively, and e is the
energy-acquiring electron in channels (1.1)-(1.3) in
which (1.1) is Penning ionization (PI) and (1.2) is asso-
ciative ionization (AI).
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The energy of CI electrons depends on the ratio of
excitation to ionization energies of the partners prior to
collision. If the resultant excitation energy Ej,+E g of
atoms A* and B* in the entrance channel of the reaction is
much greater than the ionization energy of the atom
(E,+) or the molecule E g+, then fast electrons are emit-
ted in reactions (1.1) and (1.2) with energy ep o =~ Eja
+ Eg — Ep+(Eap+) for which e kT, where T is the tem-
perature of the Maxwellian part of the plasma electron
velocity distribution. This case includes, for example, CI
with the participation of excited atoms of hydrogen, inert
gases, oxygen, and so on. In asymmetric collisions, reac-
tions (1.1) and (1.2) with the production of fast electrons
can also occur with the participation of excited and
ground-state atoms when the energy of the excited atom is
significantly greater than the ionization energy of a part-
ner. The distinguishing feature of CI processes is that ion-
ization and the acquisition of kinetic energy by the parti-
cles (in the first instance by electrons) occurs at the
expense of internal excitation energy.

There is now a considerable volume of experimental
and theoretical information about the parameters of reac-
tions (1.2)—(1.3) (see, for example, Refs. 1-5).

The principal channels in which the above processes
affect the properties of low-temperature plasmas have also
been identified.’ It is clear from (1.1)—(1.3) that this is a
manyfaceted phenomenon. Actually, these reactions lead
directly to the loss of excited states and to the appearance
of electrons and a variety of ions. They can therefore lead
to a change in the charged-particle concentration, and can
determine the ion composition of plasma and the type of
ionization and recombination.

When the characteristics of these processes are exam-
ined, particular attention will be devoted to the group of
inert gases in which these reactions always occur with the
emission of fast electrons.

Since excited atoms participate in processes (1.1) and
(1.2), and charged particles with different masses and en-
ergies (electrons and molecular or atomic ions) are emit-
ted in these reactions, the characteristics of the ionization
process may be investigated (a) by studying changes in the
concentration of excited atoms, (b) by using mass-
spectroscopic techniques, and (c) by employing electron
spectroscopy.

Until recently, reactions (1.1) and (1.2) in inert gases
were usually investigated either in afterglow plasmas or in
overtaking beams.

The two-body interaction constants for excited atoms
in plasmas can be determined by calculating and measur-
ing the concentration of the relevant atoms as a function of
time. Such studies have been relatively infrequent because
of the competition due to other, more effective, channels
for the decay of the excited states under investigation, es-
pecially radiative channels.

Mass spectroscopy of afterglow plasmas has been used
to examine the relative yields of molecular and atomic ions
in collisions between excited atoms (He*-He*, Ne*-Ne*,
and Ar*-Ar*). However, according to the review paper in
Ref. 1, there is a discrepancy by an order of magnitude
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between the different reported data for the most commonly
examined case, i.e., He*-He*. The difficulties encountered
in mass-spectrometric diagnostics of reactions (1.1) and
(1.2) in plasmas are associated with the following factors.
First, the collision chamber (plasma-filled volume) and the
ion analyzer are spatially separate, which means that the
ion composition of the charged-particle flux may change
on its way to the analyzer. Second, atomic and molecular
ions in plasmas may originate not only in reactions (1.1)
and (1.2), but also in competing processes such as, for
example, Hornbeck-Molnar processes or processes involv-
ing the conversion of atomic ions into molecular ions in
three-body collisions. Third, there are specific difficulties
with the calibration of the sensitivity of the analyzer to
different types of ion.

The overtaking-beam technique has been used to inves-
tigate the cross sections for reactions (1.1) and (1.2) in the
energy range 0.01-10 eV in the case of He*-He*, Ne*-Ne*,
and Ar*-Ar* (Ref. 1). The ion composition of the prod-
ucts of reactions (1.1) and (1.2) was also studied in Ref. 1.
However, the results suffer from the absence of selection of
different types of metastable atoms.

The above brief review shows that, in the few
chemoionization experiments that have been performed,
there was one reaction product that was not used, namely,
fast electrons. In view of this, it is useful to compare meth-
ods (a)-(c) in relation to reactions (1.1)—(1.2) from the
standpoint of the information that can be deduced from
such data about the collision process.

The following collision characteristics are of interest:
(1) the cross sections for reactions (1.1) and (1.2) as
functions of the relative energy of the colliding particles,
(2) the reaction constants as functions of the temperature
of the colliding particles, (3) the energy spectrum of ions
produced in these reactions, (4) the energy spectrum of
electrons from these reactions, (5) the electron angular
distribution, (6) the energy state of the molecular ions, (7)
the potential energy curves in entrance and exit channels,
and (8) the width of the autoionization term of the quasi-
molecule A*B*.

Method (a) can be used to solve problems (2) or (1),
depending on the particular modification used. Mass-
spectrometric diagnostics will, at least in principle, yield
characteristics (1)-(3) and, to some extent, (7), i.e., the
well depth of the quasimolecule. However, it is only elec-
tron spectroscopy that will yield all the collision charac-
teristics enumerated above. The maximum amount of in-
formation about reactions (1.1) and (1.2) is therefore
obtained by investigating the energy spectra of emitted
electrons.

It was noted earlier that reactions (1.1) and (1.2) can
be investigated in the afterglow plasma or by using the
beam technique. The afterglow plasma has definite advan-
tages associated with the relatively high concentration of
excited atoms (10°~10'? cm™?) including those in radia-
tive states. Beam experiments enable us to perform exper-
iments at fixed colliding-particle energies, but this gives
rise to obvious difficulties with the production of two
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excited-particle beams of sufficient intensity (especially in
the case of atoms in radiative states).

So far, reaction (1.3) has not been discussed in detail.
It will be sufficient to note that studies of this reaction in
afterglow plasmas that rely on the direct reaction product,
i.e., fast electrons, enable us to find the reaction rate con-
stant as a function of electron temperature and the cross
section as a function of energy.

The foregoing discussion leads us to the conclusion
that it would be desirable to investigate processes (1.2)-
(1.3) by a new method that combines the advantages of
studies of elementary processes in plasmas with those of
electron spectroscopy, i.e., plasma electron spectroscopy.

To solve the problem just posed, we have to analyze
the relation between the plasma electron-energy distribu-
tion and the elementary processes (1.1)-(1.3), and on this
basis develop experimental methods for determining the
basic characteristics of these processes.

We now turn to a systematic examination of the above
questions and then consider the data obtained by studying
processes (1.1)-(1.3) and the effect of these processes on
the properties of plasmas.

2. PLASMA ELECTRON ENERGY DISTRIBUTION AND
PLASMA ELECTRON SPECTROSCOPY

The PES method relies on the relation between the
electron-energy distribution for current-free plasma (in-
cluding, in particular, the afterglow plasma) and the char-
acteristics of the different elementary processes.

The evolution of the electron distribution function in
plasma is discussed in detail in Refs. 4 and 6 for different
conditions, taking (1.1)—(1.3) into account. In this review,
however, we confine our attention to published results in so
far as they are directly relevant to the principles of the PES
method. With this in view, we consider the form of the
distribution function in afterglow plasma when the mean
free path A is much smaller than the radius R of the tube.
The transport equation for the isotropic part of the distri-
bution function fy(e,r) in cylindrical geometry with
e kT, can be written in the form

IR )

=BaN2R 0 (W)v+BNNR(W)v=0. (2.1)

In this expression, » is the radial coordinate,
E(mvz)/2+ecp(r) is the total energy, @(r) is the radial
potential, and D,= W (6v,T,+v.T. and V=W (6v,+v.)
are the diffusion and dynamic friction coefficients in energy
space, v, and v, are the electron-electron and elastic
electron-atom collision frequencies, §=2m/M is the en-
ergy transfer coefficient, T, and T, are the electron and
atom temperatures, respectively, D,=vA/3 is the electron
free-diffusion coefficient, B,,, R, and B., R, are the rate
constants and energy spectra for (1.1)-(1.3), respectively,
and N, N, are the concentrations of electrons and atoms
in excited states. The functions R, R, are normalized so
that

154 Physics - Uspekhi 36 (3), March 1993

fm R (W)W W =1, 2.2)
0

The boundary condition for f,(e,7) on the tube wall
when £>ep(R) is

£— ‘P(R) 1 _dfq

So(e R)———ﬂ-—ar—

r=R

(2.3)

We note that electron excitation processes are neglected in
(2.1). The form of the distribution function when the cor-
responding term is taken into account is analyzeed in the
Ref. 7 where the conditions for this term to be negligible
are obtained.

For the sake of simplicity, it is assumed in (2.1) that
all the atoms participating in reactions (1.1)-(1.3) are in
the same excited state with concentration N_,. When sev-
eral excited states have to be taken into account, the cor-
responding terms in (2.1) must be written down additively
in the form of a sum. In weakly-ionized gas-discharge and
current-free plasmas, the role of excited states is taken up
by metastable levels or a set of low-lying long-lived reso-
nant and metastable states whose population is much
greater than the populations other excited states and is
usually comparable with or greater than the charged-
particle concentration. In photoplasmas, the relevant level
is a resonant state pumped by an external source of radia-
tion, and so on.

In the PES method, the experimental conditions are
chosen so that the energy of the fast electrons emitted in
reactions involving excited atoms does not change appre-
ciably as a result of electron-electron and electron-atom
collisions within the volume of the chamber, and the elec-
trons diffuse freely toward the walls with a characteristic
time r4=A%/D,(A=R/2.4 is the diffusion length). Ac-
cordingly, in this case, the relaxation parameter is
k=(ve+6v)Ty< L.

To obtain the relationship between the characteristics
of reactions (1.1)-(1.2) and the measured parameters, we
must integrate the transport equation (2.1) over the spec-
tra of the above reactions. Since the energy flux outside the
integration range is zero, the second term in (2.1) disap-
pears and the subsequent integration with respect to r, sub-
ject to the boundary condition

as,

—! =0, S.(R)=0
r=0

(2.4)

for the number S, of fast electrons, gives

j R dr
Selr)= ,(W)f

where the subscripts j=m,e refer, respectively, to reac-
tions (1.1), (1.2) and (1.3) and W is the electron appear-

f Nm(rll )NJ( rll ) r”drll
(2.3)

_ ance energy in these reactions (£p, €4, Or £). It is clear

from (2.5) that, to determine the constants 8;, we have to
use absolute measurements of the electron distribution
function (e.g., on the tube axis) to find the fast-electron
concentration sg' (0), then measure the absolute radial de-
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pendence of the concentrations N, (7) and N.(7) of excited
atoms and electrons, respectively, and, finally, calculate the
free diffusion coefficient D,( Wj) for the fast electrons.

In particular, when we consider two-particle collisions,
for which the radial distributions of N, and ¥ are Bessel
functions with the root p;=2.4, we find from (2.5) that

52(0)=0.78B,N(0)N ;(0) 74s.

Thus, in the above PES method, the rate constants of
the elementary processes are determined from a direct
product of the corresponding reaction, i.e., fast electrons.

We note that the PES can be used to solve two groups
of problems. The first consists of determinations of the rate
constants of elementary processes, and has been examined
above. It involves the measurement of the integrated elec-
tron spectrum, i.e., the fast electron concentration S/,
which does not demand high resolving power in the mea-
surement of the distribution function. The second group
involves obtaining detailed information about reactions
(1.1), and (1.2), i.e., the efficiency of Penning and asso-
ciative ionization, the shape of the potential energy curves
in the entrance and exit reaction channels, and the energy
state of the molecular ion produced in the process. This
involves investigations of the structure of the electron spec-
trum R, (W), and integral data are not sufficient.

Experimental conditions for which k<47 ./ W<l are
preferable in studies of reaction spectra. It is shown in Ref.
8 that the distribution function then has a peak near W,
which reproduces the shape of the energy spectrum of the
corresponding reaction. The broading of the spectrum by
the radial electric field can then be usually neglected.®

When 4T /W ;< k<1, the broadening of the original
spectrum by elastic electron-atom and electron-electron
collisions becomes significant. The broadening can be ob-
tained by taking the source in the form of the 8-function

Ry(W)=8(W—W;)/W]
and writing the first term in (2.1) in the form —uvfy/74
The solution of (2.1)

BiNu(r)N ;(r)0(W ;—¢)
em(ve+6va)

W, de
<eso( - [ o)

is then found to correspond to the instrumental function
for broadening due to electron-electron and electron-atom
collisions A4(g,r) = f,(&,7) in the sense that the resultant
distribution function is a convolution of the two energy
spectra Rj( W) and AP, ie.,

fO(E’r) =

(2.6)

fler)= fw Ri(e—x)A(x, r)dx. 2.7
0

In equation (2.6),
0(z)=1, z>0,
=0, z<O0.
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Thus, in the general case, the spectrum R; must be
found from measurements of the distribution function by
solving the integral equation. However, as noted above,
and is clear from (2.6), it is not essential for the condition
k<4T./W ;<1 to be satisfied in these experiments.

3. EXPERIMENTAL METHODS

It was shown in the last Section that the rate constants
and electron spectra in reactions (1.1)-(1.3) must be in-
vestigated in afterglow plasma whose parameters satisfy
the condition k<1. To obtain quantitative characteristics
for reactions (1.1)-(1.13), we must measure the fast part
of the distribution function, the electron concentration and
temperature, and the radial distribution of the excited-
atom concentration.

We shall now consider the different available methods,
paying particular attention to measurements of the distri-
bution function.

3.1. Measurement of the electron energy distribution

The electron energy analyzer used to determine the
distribution function must meet the condition A>»d where A
is the electron mean free path and 4 is a typical linear
dimension of the analyzer. The pressure of the gas under
investigation in the plasma volume is of the order of 0.1-5
Torr if k<1 and the concentration of excited atoms is high
(about 10'°-10'2 ¢cm™*), so that the maximum possible
value of d is found to be d~=0.1 cm. This means that tra-
ditional electron analyzers cannot be used under our con-
ditions as they can be, for example, in Penning electron
spectroscopy. At the same time, it is clear that the analyzer
can take the form of a single electric probe, used under
pulsed conditions to measure the electron velocity distri-
bution function. In view of this, in our studies of reactions
(1.1)-(1.3), we used the probe method of measuring the
distribution function in plasmas with periodically varying
parameters, based on probe current switching.’

We know!'” that the basic apparatus for Penning elec-
tron spectroscopy consists of four main parts, namely, a
source of excited particles, a chamber in which collisions
between excited particles take place, an electron-energy an-
alyzer, and a recording system. In the PES method, the
first and second parts are combined (the plasma volume
performs this function) and, as already noted, the analyzer
is an electric probe, which leads to a significant simplifica-
tion of the opparatus.

The probe method of studying the distribution func-
tion is based on the relationship between this function and
the second derivative of the electron current to the probe,
given by the Druyvesteyn relation’!

(&) e op=(m?*/2me’S)d%/dV?, (3.1)

where § is the probe area, V is the probe potential relative
to the plasma potential, and i, is the electron current to the
probe.

In practice, the methods used to determine the distri-
bution function differ mostly by the procedure used to ob-
tain d%./d¥”. In our experiments, the second derivative of
the probe current was determined by the modulation
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FIG. 1. Electron energy distribution in afterglow plasma in neon.

method!? in which a small-amplitude alternating voltage
(differentiating signal) is injected into the probe circuit
and a harmonic of the probe current is recorded. The dif-
ferentiating signal AV used in our studies was taken in the
form

AV,=2V, cos oyt, (3.2)

AV,=vZV,(1+sin Qt)sin wt. (3.3)

It was shown in Ref. 13 that the amplitudes of the probe-
current harmonics 12a,l at frequency 2w, in the first case

and /g in the second case are related to the second deriv-
ative of the probe current with respect to the probe poten-
tial, i.e., i”(V)d*w /dV° by the following expression:

Izm,,n= V% fo (V')A (V,V)dV' = Vf(i”*Am),
(34)

where 4|, A, are normalizing instrumental functions of the
system used to measure the distribution function.

The probe method is described in greater detail in
Ref. 4. The current sensitivity in the probe circuit at fre-
quency 2o, (for the differentiating signal AE;) was
5%10~!" A. The minimum fast-electron concentration
that could be recorded with probe radius of 4.5X 107> cm,
probe length 2 cm, and 2V;=0.15 V was 10° cm™>. The
total uncertainty in the measured distribution function in
absolute measure did not exceed 25%.

Figure 1 shows the typical form of the fast part of the
distribution function obtained experimentally in afterglow
plasma.'* The measurements were performed in neon at a
pressure of 0.9 torr, current per pulse of 0.8 A, and delay
after pulse end of 120 us. It is clear from the figure that, in
the energy range 8-20 eV, the distribution function has a
complicated nonmonotonic shape. It can be explained by
the appearance of fast electrons from reactions (1.1)-
(1.3). Thus, the peak at 16.6 eV is due to collisions of the
second kind between slow electrons and excited neon at-
oms in the 2p°3s state. The peak at 11 eV is due to inter-
actions between excited neon atoms in the same states.
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3.2. Determination of the temperature and concentration of
electrons and the concentration of atoms

We determined the electron temperature from the
measured " (V) curve, using the formula

T.=11600AV/AIn i"(V), (3.5)

where T, is the electron temperature in K and A In (V)
is the change in the logarithm of the second derivative of
the probe current within the potential interval AV (in V).
Most of the electrons in afterglow plasmas have low ener-
gies, so that, provided their concentration is not too low, a
Maxwellian distribution is established because of the
strong electron-electron interaction, which in turn ensures
that (3.5) is satisfied. The fact that T'. was determined
correctly was confirmed by the fact that In ”(V) was a
linear function over a segment of sufficient length
(3kT.—4kT,.). The systematic uncertainty in the mea-
sured 7, did not exceed 10%.

The electron concentration N, in decaying plasma was
difficult to measure because of the specific properties of the
afterglow, including low electron temperature, uncertain-
ties in the measured plasma potential ¥y, and distortions
of the probe current near V,.

Reliable values of N, cannot obtained from the mea-
sured probe current at V=V, or by integrating the area
under the f(&) curve. The concentration N, is therefore
best determined from the plasma conductivity either by the
second-pulse method!® in which an additional pulse is ap-
plied to the electrodes and the conductivity is measured
during this pulse, or the conductivity (and therefore the
plasma concentration) is measured during the active pulse
and N (1) is calculated afterward. The uncertainty in N, is
then about 30%.

Several methods are available for measuring the con-
centration of excited atoms in plasmas.'® The intensity of
lines emitted by afterglow plasma is low, so that the
double-tube version of the absorption method is the most
widely used and yields the concentration of atoms in low-
lying energy states. The uncertainty in the measured
excited-atom concentration obtained in this way is of the
order of 20%.

After this brief survey of experimental methods, it is
useful to compare once again traditional Penning electron
spectroscopy with PES. Since information about the ele-
mentary processes is obtained in both PES and in Penning
electron spectroscopy by analyzing the electron spectra of
the corresponding reactions, the two methods are similar
in scope. However, there are also significant differences
because PES is used in plasmas whereas Penning spectros-
copy relies on the interaction between atomic beams. In
view of this, plasma electron spectroscopy has obvious ad-
vantages for the investigation of ionization processes with
the participation of two excited atoms, especially if these
atoms are in radiative rather than metastable states. It is
precisely for this reason that, literally up to very recently,
the electron spectra of chemoionization processes involving
two excited atoms could only be obtained by PES. The fact
that optical methods of measuring the concentration of
excited atoms can now be used in PES, means that, in
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contrast to Penning spectroscopy, high-precision absolute
measurements are possible. The energy resolving power of
Penning spectroscopy is at present better by a factor of
5-10 as compared with PES. We also note that Penning
spectroscopy enables us to obtain the reaction cross sec-
tions as functions of the energy of the colliding particles,
and also the angular distribution of the emitted electrons.
The PES method can be used to determine the rate con-
stant for different atomic temperatures of the colliding par-
ticles. It is well known that the rate constant is an average
evaluated over the velocities of the interacting particles and
the electron scattering angles. It carries information about
the cross section for the process.

Penning electron spectroscopy has by now produced
an extensive literature on ionizing processes involving ex-
cited particles. The results, and also a detailed description
of the method itself, can be found in review articles and
monographs, for example, those given in Refs. 3 and 10.
We shall confine our discussion to the results obtained by
Penning spectroscopy and also by mass-spectrometric and
optical methods, in so far as they are directly relevant to
the theme of our review here.

4. STUDIES OF THE INTERACTION BETWEEN EXCITED
INERT-GAS ATOMS

4.1. Determination of chemoionization rate constants

We have investigated ionization processes involving
inert-gas atoms in identical or different excited states. It is
clear from (2.5) that, depending on the concentrations
N N of the different excited atoms and the magnitude
of the corresponding constants B,(,f") , the distribution func-
tion will exhibit features associated with one or several
reactions. The selection of two-body reactions involving
excited atoms in different states is performed in PES either
directly on the basis of their electron spectrum (if they are
separated) or from the variation in the intensity of the
electron spectrum with the relative concentration of ex-
cited states.

The measurements were performed under the follow-
ing conditions. A periodic pulsed discharge in helium,
neon, argon, krypton, or xenon was initiated in a cylindri-
cal glass tube with a diameter of 30—40 mm and cold elec-
trodes. The duration of the active phase was 10-90 us, the
pulse repetition frequency was 0.5-5 kHz, and the current
was 0.01-2 A. The gas pressure was varied in the range
0.1-2 torr. Fixed and mobile probes with diameters of
0.35-0.24 mm and lengths of 10-30 mm were inserted into
the tube.

4.1.1. Helium. Six reactions involving the metastable
atoms He(2'S) and He(2’S) and the metastable molecule
He,(232) can take place in helium afterglow. The concen-
tration of the He2(232) molecules that participate in the
afterglow, mostly as a result of conversion and recombina-
tion reactions, becomes considerable at pressures above a
few torr, and processes involving their participation were
not investigated. Figure 2 shows!’ typical data on the dis-
tribution function in helium (pressure 0.2 torr, current per
pulse 0.2 A, delay after the end of the pulse 50 us, and
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FIG. 2. Electron energy distribution in helium: J—experimental,
2—calculated by the regularization method.

peak-to-peak amplitude of the differentiating signal 7 V).
The peak at 14.4 eV is due to the He(2’S)-He(2’S) reac-
tion, the peak at 15.4 eV is due to the He(2’S)-He(2'S)
reaction, and the peak at 16.2 eV is due to the
He(2'S)-He(2'S) reaction. It is clear from the figure that
the second and third peaks on curve 1, which is broadened
by the instrumental function, cannot be resolved. This
complicates the determination of the rate constant for the
reaction with the participation of the metastable 2!S-2'S
atoms. To find the true distribution function from the ex-
perimental data, the latter were analyzed by the Tikhonov
regularization procedure'® since equation (3.4) is a Fred-
holm equation of the first kind whose kernel is the instru-
mental function 4,. The result of this procedure'’ is also
shown in Fig. 2 (curve 2). Since the electron spectra of
different reactions overlap, we use measurements of the
distribution function for different ratios of the concentra-
tion of atoms in 2°S and 2!S states to separate them
(dashed curve). This allows us to observe either the peak
at 14.4 eV alone, or the two peaks at 14.4 and 15.4 eV, or
all three peaks together. The electron spectra obtained in
this way were used to determine the reaction rate con-
stants. To reduce systematic errors in the constants
Bn(2°S,2'S) and B,,(2'S,2'S), we took advantage of the
fact that the reaction rate constant Bm(23S,23S) is well
known and its value averaged over a large number of
measurements'>?® is (0.9%£0.1)x10"? cm~>s~ L. In the
case of curve [ in Fig. 2, the concentration of the helium
atoms in 2°S and 2'S states at the center of the tube was
4.1x10" and 8.0 10'° cm~3, respectively.

Table I lists the values of B, calculated from (2.5)
using the experimental data, and also the capture rate con-
stants k,, for collisions between these atoms. These con-
stants were calculated from the formula?!

km=a7/2_‘/6771/2 . 61’\(5/3)Cé/3(kTa)l/()’u—l/?., (4 1)

where a=1 for atoms of different type and a=1/2 for
atoms of the same type, ¥ is a factor representing the con-
servation of spin (4/9 for 2°S-2°S and 1 for the other two
pairs), I" is the gamma-function, Cg is the van der Waals
interaction constant, g is the reduced mass of the colliding



TABLE 1. Reaction constants and cross section for the ionization and
capture processes with the participation of two excited inert-gas atoms,

Reaction B 107 | k107 |50, 107 [ 5, 107
em?s ' emPs7l em? cm?
1.He(2’$)—He 2’9 | 0,9+0,1 | 092 |[50+05] 5.1

19}

2. He(2’S) —He(2'S) | 4,0+0,5 | 4,92 [22,5+3,0] 27.6

3.He(2'S)—He(2'S) | 4,1+0,9 | 3,36 [23,0+5,0| 18,9

4.Ne(’P)—Ne('P,) [0,38+0,04| 0,86 |4,8+05| 10,8
5.NeCPp)—NeCP) | 1,3x0,4 | 1,59 | 1625 | 20,0
6.ArCP)—ArCP) | 1,202 | 081 | 22x4 | 14,4
7.XeCP)—KrCP) | 1,1202 | 052 | 2955 | 135
8.Xe(P,)—XeCP,) [0,1950,03| 0,48 |6,2+0,9| 154

atoms, and T, is the temperature of the atoms, which, in
our case, was 300 K. The values of C¢ were taken from Ref.
22,

Table I lists the values of the constants with an indi-
cation of the random measurement error and without the
separation of the Penning and associative ionization chan-
nels. These data characterize the rate at which fast elec-
trons are produced in these reactions and are equal to the
rate constants for the disappearance of excited atoms in
processes with the participation of atoms of different type.
They should be multiplied by two when we consider the
rate of disappearance of excited atoms in symmetric colli-
sions. Table I also lists values of the effective cross section,
defined as the ratio of the corresponding rate constant for
the process to the mean relative velocity of the atoms

Gp=PB/ (8kT /mp)'/2. (4.2)

It is clear from Table I that the rate constants mea-
sured in helium are close to the calculated capture rate
constants, indicating a high efficiency of autoionization of
the quasimolecules produced in collisions between excited
atoms.

It is important to note that, under certain specific con-
ditions, reactions involving metastable atoms can contrib-
ute to the evolution of the distribution function in plasmas
other than the current-free plasma. For example, peaks
were observed on the distribution function obtained in a
helium discharge of a particular configuration.?* They were
due to reactions (1.1)-(1.3), and the corresponding rate
constants were calculated.

4.1.2. Neon and argon. The above method was also
used to determine the reaction rate constants for excited
atoms in the afterglow of neon in 2p°3SP,,’P,,’P, states
and argon in 3p°4s°P, states (Refs. 14 and 24). The °P,
and P, levels are metastable whereas *P, are radiative. As
far as we know, there are no previous direct data on these
constants. A weighted average based on all four levels of
the 2P°3S configurations of neon was obtained in Ref. 25
for the rate constants, using an analysis of the ionization
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balance in the discharge. The mean cross section for the
process deduced from this constant was 10~'* cm?. The
same approach was adopted in Ref. 26 to determine the
cross section for the two-body interaction between excited
atoms, and the result was 4X 10~ "% cm?.

In principle, there are ten possible two-body reactions
with the participation of atoms in *P,,’P,,’P,,'P, states.
Because of the small level separation (a few hundredths of
eV), the spectra due to these reactions could not be sepa-
rated and measurements had to be performed for different
ratios of excited-atom concentrations, followed by a solu-
tion of the corresponding set of equations. It was found
that it was impossible to determine all ten constants from
the resulting set of equations because some of the reactions
give a negligible contribution to the total fast-electron con-
centration (much smaller than the random measurement
uncertainty), so that the set of equations was not stable. A
preliminary estimate of the expected rate constants for the
corresponding reactions had to be made using (4.1). The
constants Cq for neon and argon atoms (and, later, for
krypton and xenon) were calculated from the Slater-
Kirkwood formula®! in which the factor ¥ was taken equal
to unity because it was not known whether the spin con-
servation rule was satisfied in the decay of the
quasimolecule.’

The observed fast part of the distribution function for
the neon afterglow plasma is shown in Fig. 1. The peak at
11 eV was used to find the concentration of fast electrons
SU* and the rate constants 8 :¥. The concentration of at-
oms in the 'P, state under the chosen conditions of mea-
surement was usually lower by two orders of magnitude
than the concentration of ‘P, atoms. The experimental
data (obtained under more than ten different conditions)
were used to set up a set of equations which was solved by
the method of least squares. The three constants B,(nz’z),
BHY, and B> were taken into account in the calculation.
Here and henceforth the inert-gas states °P,, P, and P,
will be indicated by subscripts 2, 1 and O, respectively. The
values of the first two constants obtained in this way are
listed in Table I. Only an estimate is possible for the third
constant: B <5%x107'° cm3s~!. If the constants ig-
nored in the calculation are assumed equal to the capture
constants, this changes the magnitude of 8{? by not more
than 2% and the value of B{*" by not more than 10%,
which confirms the validity of these calculations. Since the
concentration of 3P°4S°P, atoms in the argon afterglow
accounts for 70 and 95% of the concentration of all the
excited atoms in this configuration, only the constant Bsnz,z)
was determined (see Table I).

The values obtained by the same method in Refs. 27
and 28 were as follows: B2 = (0.37+0.1) X 10~ cm® s ™!
for neon and B? = (1.3+0.4) X 10~° cm® s~ ! for argon,
which is in good agreement with the data in Table 1.

4.1.3. Krypton and xenon. The requirement that free
diffusion of fast electrons predominated over energy relax-
ation ensured that correct measurements of 8, in krypton
and xenon in a 3.5-cm diameter tube were obtained at
pressures p<0.5 torr and discharge currents i<40 mA. The
resultant population of 3P, 3P,, and P, levels did not
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FIG. 3. Experimental electron velocity distribution f(¢) in krypton (/)
and the reconstructed electron spectrum R () (2). Pressure 0.5 torr,
current per pulse 10 mA, delay 200 us.

then exceed 3% of the °P, population (Refs. 29-31). The
rate constants found in this way are listed in Table 1. The
measured value of 822 obtained in Ref. 32 for krypton
was (1.8+£0.4)x10~° cm™>s™' (the same method of
measurement was employed). The same authors™* reported
(22) = (7.6+1.0) X 107!% cm’ s ! for xenon. In the mea-
surements of the metastable-atoms concentration in xenon
reported in refs. 29-31, the corresponding transition prob-
ability was assumed to be 4;,,=2X 10%s~! (Ref. 34). How-
ever, if the more recent result’® 4,,=0.72x10® s~ is em-
ployed, the corresponding rate constant becomes
(2.2) —1.9% 1071% cm® s~! which agrees with Table 1.

4.2, Electron spectra of chemolonization processes

As already noted, the most detailed information about
reactions (1.1) and (1.2) is obtained by investigating the
electron spectra emitted in these reactions. The distribu-
tion functions recorded with the smallest possible
differentiating-signal amplitude (1 V peak-to-peak in he-
lium and 0.3-0.4 V in krypton and xenon) were used to
solve the inverse problem and hence to find the electron
spectra R (g). The necessary calculations were performed
by E. A. Kral'kina at the Computational Center of the
Moscow State University, using the functions 4, 4,, or
their convolution as the kernels of the integral equation.
The absolute calibration of the energy scale was made us-
ing the peak on the distribution function due to the reac-
tion (1.3). This method of calibration ensured a precision
of 0.1 eV in helium, 0.02 eV in krypton, and 0.04 eV in
xenon. The measured distribution functions and the recon-
structed electron spectra emitted in the chemoionization
processes involving two metastable 3P, atoms of krypton
and xenon are shown in Figs. 3 and 4. As far as we know,
there have been no experimental studies of the electron
spectra of chemoionization processes involving two excited
atoms prior to the publication of Ref. 4. A complete cal-
culation of this spectrum for the He(2°S)-He(2S) ioniza-
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FIG. 4. Experimental electron velocity distribution in xenon (/) and the
reconstructed electron spectrum (2). Pressure 0.2 torr, current per pulse
40 mA, delay 350 us.

tion reaction was reported in the theoretical paper in Ref.
36, but it did not take into account the overlap of the
spectra from the Penning and associative ionization reac-
tions, which is of fundamental importance to the practical
application of electron spectroscopy. This question is ex-
amined in some detail in Ref. 37. The point is that calcu-
lations of the overlap of these spectra encounter a difficulty
associated with the inclusion of quasistationary states pro-
duced in electronic transitions in the effective potential in
the exit channel of the reaction. Depending on the exper-
imental conditions, there are then two possible formula-
tions of the problem,’® namely, the ‘classical formulation’,
in which the centrifugal barrier is assumed to be impene-
trable, and the ‘quantum-mechanical formulation’, in
which this barrier is assumed to be completely transparent.
It was shown in Ref. 37 that the maximum width Ae (eV)
of the overlap region between the associative and Penning
ionization is given by

Ae=0.9(R;.D)*/R;. D{')*EL", (4.3)

where R, ,R;, are the equilibrium distances between the
potential energy curves in the initial and final states, D;, D;
are their depths in eV, and Ej, is the energy of the colliding
particles (in eV).

Table 11, which is taken from Ref. 37, lists the corre-
sponding data for symmetric collisions between excited
inert-gas atoms. In several cases, we use the similarity be-
tween metastableinert-gas atoms and alkali-metal atoms.
The low value of Ae as compared with the total width of
the spectrum (of the order 1 eV) suggests that the fraction
Q of the yield of molecular ions in the total ion yield is very
similar in classical and quantum-mechanical approaches. It
is then possible to neglect the influence of quasistationary
states (whose appearance is related to the centrifugal bar-
rier) on the efficiency of production of molecular ions.

The velocity distribution of the colliding particles can
give rise to an additional overlap of associative and Pen-
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TABLE I1. Term parameters of initial (R, D;) and final (R, D;) states and the width of the overlap between the associative and Penning ionization

Ae at E;=0.026 eV.

Colliding atoms Rier @ D, ev Reer 2 Dp eV Az, eV
He(2’s) —He (2’s) 6,5 [36] 0,6 [36] 2 [36) 2,5 [36] 0,22
Ne(’P,)—Ne(P) 5.9 [21] 0,75 [21] 3,2 [40] 1,17 [40} 0,06
ArCp)—ArCP) 7,4 (39} 0,52 [39] 4,8 [21] 1,23 [21] 0,02
Kr(’P)—KrCP,) 7.8 [39) 0,49 [39] 5.4 [21] 1,15 [21] 0,02
Xe(’P,)—XeCP,) 8,3 (39] 0,45 [39) 6,3 (21} 1(21) 0,01

ning ionization spectra. The analysis reported in Ref. 37
for the electron spectrum from the He(23S)-He(23%S) re-
action averaged over the Maxwellian distribution of the
atoms with 7,=300 K has shown that the magnitude of
this overlap, corrected for the additional broadening of the
order of kT, is in good agreement with estimates based on
(4.3).

The spectrum calculated in this way was then used to
show that Q=10% in the quantum mechanical calculation
and Q= 14% in the classical approxiamtion. Consequently,
whenever an experimental electron spectrum is available, a
reliable estimate of Q can be obtained by dividing the spec-
trum into two parts at gy=¢_+kT, where £, = 2E,,
— E4+. Electrons produced in associative ionization then
correspond to energies £ > ¢, whereas those from Penning
ionization corresponds to £<¢g,. The molecular-ion yield
obtained in this way is listed in Table III.

We note that this apparently natural subdivision of the
spectrum is in conflict with the results reported in Ref. 6
where Q is calculated for the He(2°S)-He(2%S) reaction.
According to Ref. 36, 0>80% in the thermal energy re-
gion, which should be an indication of the considerable
overlap of the Penning and associative ionization spectra
and the fact that the experimental total electron spectrum
cannot be used to determine Q. However, checks have
shown that®” the calculations of Q reported in Ref. 36 are
subject to an error. The yield of molecular ions from the
He(2%S)-He(2S) reaction listed in Table III and reported
in Ref. 37 is in agreement with the data from Ref. 1, which
were obtained by the mass-spectrometric method for over-
taking beams (Q=4.6+0.6%), and also with the calcula-
tions reported in Ref. 37. For the He(2%S)-He(2'S),
Kr(’P,)-(Kr’P,), and Xe(’P,)-Xe(’P,) pairs, the

molecular-ion yield of chemoionization reactions was de-
termined for the first time in Ref. 4. Similar experiments
were also performed in neon, but the sensitivity of the
apparatus was inadequate so that only an estimate could be
obtained: the molecular ion yield in the Ne(3P2)-Ne(3P2)
reaction was found to be Q <25%.

A recent paper*’ has reported an electron-
spectroscopic study of ionization in two-body collisions be-
tween metastable helium atoms in 2°S and 2'S states in
beam experiments. The electron spectra of these reactions
were obtained with a high energy resolution (36 and 70
meV). Carefully calculated ionization cross sections, elec-
tron spectra, and relative molecular ion yields were com-
pared with experimental data. The values of @ for helium
listed in Table III agree to within experimental uncertainty
with the results reported in Ref. 31. A low measured
molecular-ion yield in neon and carbon (@=7% and 5%)
was reported in Ref. 42. These measurements were made
by a mass-spectrometric method in the afterglow of a
pulsed high-frequency discharge.

The combined data obtained by PES and confirmed by
other experiments lead to the conclusion that ionization in
collisions between two excited inert-gas atoms produces
mostly atomic ions (molecular ion yield Q@ <25%). For
these particular reactions, this appears to be due to the
difference between the equilibrium nuclear separations in
the initial and final states.

An interesting feature of the spectrum obtained for
krypton and xenon (Figs. 3 and 4) is the secondary peak
which corresponds to the classical turning point on the
potential curve of the quasimolecule.

The fact that the widths of the electron spectra due to
associative ionization are significantly smaller than the dis-

TABLE 1II. Parameters of the ionization reaction with the participation of excited inert-gas atoms.

- e eV . % Associative Energy Measured value
Coiliding atoms - ° ionization of collisional
id excitation of D;, eV
spectrum width, eV of molecular i
ion, eV

He (2’S)—He (2’S) 15,05 7x4 ~0,5 >2 0,9 0,2
He(23S) —He(ZlS) 15,85 166 ~0,5 >2 0,6 +0,2
KrCP,)—Kr(P,) 5,82 136 0,50, >0,6 0,6 0,1
Xe(Pp)—XeCP) 4,49 12+ 4 0,4+ 0,1 >0,6 0,40,
160 Phvsics - Uspekhi 36 (3), March 1993 N. B. Kolokolov and A. B. Blagoev 160



sociation energies Dy of the corresponding molecular ions
(see Tables II and III) shows that, in slow collisions of
excited helium, krypton, and xenon atoms, the resulting
molecular ions are in highly-excited vibrational states. This
conclusion is also valid for other pairs of inert-gas atoms®’
because it relies essentially on these substantial difference
between the equilibrium separations in the initial and final
state (this was used above to explain the low value of Q).

If we suppose that the equilibrium separation between
the potential energy curves of quasimolecules corresponds
to the flat portions of the corresponding potential energy
curves of molecular ions, then the electron spectra can be
used to deduce the dissociation energy D; of the quasimo-
lecules. This energy is determined by the energy width of
the electron spectrum due to Penning ionization at 44% of
the maximum peak height.!? Its values are listed in Table
II1. There is a clear agreement between values of D, ob-
tained in this way and the data in Table II.

We know™ that there are two possible states, ’p, ,2 and
2p,,,, that correspond to the inert-gas ion configuration
s’p”, where *P,, is lower than ’P,,, by 0.67 eV in krypton
and 1.19 eV in xenon. The energies of the electrons pro-
duced in reactions (1.1) and (1.2) should differ by the
same amount in the corresponding states. The presence of
such a large gap as compared with the half-width of the
instrumental function, which represents collisions and the
finite amplitude of the differentiating signal, can be used, at
least in principle, to separate these groups of electrons.
Studies of the spectra R,,(e) have shown that atomic ions
in the P,,, state and the corresponding molecular ions
account for not more than 8% of the total number of ions
in krypton and not more 6% in xenon.

5. PENNING IONIZATION OF ATOMS AND MOLECULES BY
METASTABLE HELIUM ATOMS

It is clear that the PES method used above to investi-
gate the interaction between excited atoms is directly ap-
plicable to Penning ionization with a participation of ex-
cited and normal atoms and molecules. There is
considerable interest, from both theoretical and practical
points of view, in the ionization of heavy inert gases such as
argon, krypton, and xenon, and also molecular gases (car-
bon and nitrogen oxides), by metastable helium atoms.

5.1. lonization of heavy inert-gas atoms

Interactions between He(23S,,21SO) and argon, kryp-
ton, and xenon are discussed in an extensive literature,
critically reviewed in Ref. 19. The averages over existing
data, evaluated in Ref. 19, show that only the ionization
constants representing the ionization of xenon and krypton
atoms by helium in metastable triplet states have been
found with reasonable precision (uncertainty of 10-15%).
The average values of the other constants are subject to
uncertainties of 50-80%. The ratio B,,,/B,; of ionization
rate constants determined in this way for the metastable
atoms He(2'S) and He(2’S) interacting with argon, kryp-
ton, and xenon are subject to comparable uncertainties. It
was therefore decided to measure the ratio 8,,;/Bn; by the
new PES method which is free from the disadvantages of
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TABLE IV. Relative production rate of the ions of heavy inert gases in
the R*(?P;,,) and R* (2P, ;) states in the He(2>'S) +R reaction.

Ratio of Inert gas Reference
constants Ar Kr Xe
3/2) ,(0/2)
e ot 1,92 1,90 2,24 (47]
1,94 1,80 2,03 [48]
BO/2/pND | 2,04 1,60 1,45 1471
2,00 1,80 1,34 [48)

beam methods (the excited-atom concentration is difficult
to measure) and methods relying on measurements of the
excited-atom concentration as a function of time or posi-
tion (which suffer from competing processes resulting in
the loss of metastable atoms).

These reactions can proceed along channels (1.1) and
(1.2). Mass spectrometry and electron spectroscopy in
beams have produced'®* the relative yield of molecular
heteronuclear ions in the He(2!*S) +R reaction, where R
is the inert-gas atom. Accordingly, the relative contribu-
tion of associative ionization to the total cross section for
processes (1.1) and (1.2) was found to be not more than
10-15%. Penning ionization is the dominant process in the
He(2'3S) +R reaction.

Analysis of the electron spectra emitted in Penning
ionization has shown*® that, similarly to the interaction
between two excited inert-gas atoms (see Section 4.2), the
reactions

B
™ He4+R*(*Py,)+e, (5.1)
He(2%S,) +R Bms
—_—
B(I/Z)
™ He+R*(*P,,)+e (52)
(3/2)
ml HC+R+(2P3/2)+C, (5'3)
He(2'Sy) +R B
—_—
(1/2)
™ He+R*(?P,,)+e (54)
—_

produce R ions in the *P;,, and 2P, , states. The P,
term then lies above the P, ,2 term. In argon, the difference
amounts 0.18 eV. The corresponding data for krypton and
xenon were reproduced earlier.

Previous determinations'®*’*® showed that the energy
spectrum produced in the He(2!*S) + R reaction and the
shift of its maximum relative to £_ had low values (<0.1
eV). The angular distribution of the resulting electrons was
investigated in the limited scattering-angle range 9¥=20-
90° (Refs. 47 and 48). In particular, the relative yield of
R*(*P;,,) and R* (?P, ;) ions at =90 was as listed in
Table IV.

Thus, existing information was used in the PES
method to achieve more reliable measurements of the Pen-
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FIG. 5. Electron velocity distribution in the helium-xenon mixture. Pres-
sure 0.8 torr of helium and 10~ torr of xenon, current per puise 42 mA,
delay time 35 ps, N,=2X10"° cm~3, N, _(2’S)=2x10"" cm},
N, (2!8)=5.2% 10" cm~3, signal amplitude in (3.2), ¥;=0.15 V.

ning ionization ratio B.,;/B,; and to determine angle-
averaged ratios of the constants describing ionization with
the production of R* ions in the *P,,, and ’P,,, states
(such data are not available in the literature).

The measurements were performed*’ on the afterglow
plasma of a pulsed discharge in a 1.9 cm diameter tube at
helium pressure of 0.3-0.8 torr, heavy inert-gas impurity of
10~°-10"8 torr, current per pulse 60-100 mA, discharge
pulse length 10-20 us, pulse repetition frequency 1 kHz,
delay 60-100 us, and electron density in the range
10'°-10" cm >,

To ensure that the contribution of the second deriva-
tive of the ion current was correctly taken into account in
the experimentally determined distribution function, the
measurements of the second derivative of the probe current
were under similar conditions in pure helium [which does
not exhibit the peaks due to reactions (5.1)-(5.4)]. The
corresponding curve was then used to determine the ion
component in measurements on the He+R mixtures.

5.11. Helium-xenon mixture. Figure 5 shows a typi-
cal experimental distribution function for very comparable
concentrations of triplet and singlet metastable helium at-
oms. In this case, the energy range 6-9 eV contains all four
peaks due to reactions (5.1)-(5.4). It is clear that the
observed peaks exhibit partial overlap. The curves due to
the respective reactions were obtained from the experimen-
tal curves in the following way. In view of the foregoing
discussion, and because the width of R, (£) was small (this
width, like the broadening due to the radial field, is much
smaller than collision broadening within the volume and
the finite width of the instrumental function of the apara-
tus), the function R, (¢) was represented by a delta func-
tion. Collision broadening and the finite width of the in-
strumental function of the aparatus were then taken into
account, and a least-squares procedure was used to fit the
function obtained in this way to the measured distribution
function. Figure 5 shows the peaks (points) and the sum of
peaks (dashes) obtained in this way. The result is clearly
close to the experimental data (solid curve). All this gave
the following ratios of production rates for the two states of
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FIG. 6. Electron velocity distribution in the helium-krypton mixture.
Pressure 0.35 torr of helium and 910~ torr of krypton, current per
puise 85 mA, delay time 17 us, N,=3x10° cm~3, N, (2°8) =10" em 3,
N,.(2%8)=1.3x10" cm3, signal amplitude in (3.2) ¥,=0.1 V.

Xe" jons in the He(2* 'S) +Xe
3(3/2)/3(1/2) 2.4+0.2 B(3/2)/B(1/2) 1.3+0.3.

We emphasize that the PES value is an average over
the scattering angles. It agrees to within the indicated un-
certainty with the corresponding values listed in Table IV
for B=90°. Averaging of different measurements also
yielded the result B,,,/B,;=2.7+0.5. We note that the
uncertainty in this result is substantially lower than the
uncertainty in S.,,/B,; obtained by averaging data re-
ported by different workers. This ratio and the accurate
result B,;=(153%2.5)x10""" cm3s™! (Ref. 3) were
used for T,=300 K to show that 8,,;=(4.1%1.0) X 10~1°
em’s™!.

5.1.2. Helium-krypton mixture. The experimental dis-
tribution function obtained for the He+Kr plasma is
shown in Fig. 6. Because of the smaller energy gap between
the P;,, and P, , states of the Kr* ion (it amounts to
0.67 eV), and in contrast to the He+ Xe mixture, the peaks
due to (5.1) and (5.4) are now seen to overlap completely.

The experimental curves were analyzed as follows in
order to compare the yields of all four processes (5.1)-
(5.4). As in the case of the xenon mixture, the partially
overlapped peaks were first separated (cf. Fig. 6 which
illustrates the procedure; the notation is the same as in Fig.
5). The ratio of the number of fast electrons in the second
and third peaks and in the second and first peaks was then
determined as a function of the ratio of the concentrations
of metastable helium atoms in different states. This yielded
BEP/BYD, =2.420.4 and B, /B{P =1.420.4.

The ratio B,,1/Bm3 was found to be B,,/Bn; =2.9+0.5
and the known result B;=(11.3+£1.2)x10~" cm?s~!
was used for T,=300K to show that B,,=(3.3+0.7)
% 10~1° cm? s_l.

5.1.3. Helium-argon mixture. For the argon ion, the
energy gap between the 2P;,, and ’P,, states is small
(=0.18 eV), so that PES does not allow us to separate the
distribution-function peaks corresponding to the produc-
tion of Ar™ ions in these two states. Hence, in this case, we
were only able to show that found to B,,1/Bn:;=2.1+0.3.

reactions:
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5.2. lonization of carbon monoxide molecules

When metastable atoms collide with CO molecules at
thermal energies, the only recorded ionization process is
Penning ionization:

He(2’S) + CO-He+CO* +e, (5.5)

He(2!'S) + CO—-He+CO™ +e. (5.6)

The quenching constant k5 of He(23S) atoms in collisions
with CO at T,=300 K is k,;=(16£3)x 107" cm’s~!
(this is an average over the nine available published re-
sults).

A more accurate result is obtained by averaging the
data reported in Refs. 50-54 in which the most reliable
methods were employed, namely, continuous afterglow
and pulsed radiolysis. In this case, k,;=(10.0+0.6) 10— 1
cm’s™'. The qunenching constant k,,, was measured in
Refs. 50 and 55 for He(2!S). These two sets of data differ
by a factor of two but the ratio of the 2'S and 2S quench-
ing constants is the same (3.2+0.3 and 3.3+0.6). Hence,
the quenching constant of the He(2'S) atom turns out to
be k= (32+4)x 107! em’s™ !,

The energy dependence of the cross sections for reac-
tions (5.5) and (5.6) was reported in Ref. 56. An absolute
measure can be obtained for this dependence by normaliz-
ing to the quenching constants given in Ref. 50, which are
practically identical with the above average data for CO.
The absolute (without normalizing to the quenching con-
stants) cross sections were measured in Refs. 57-59 at the
fixed energies of 30, 40, and 140 meV, respectively. The
difference between these values and the values reported in
Ref. 56 ranges from 30% to a factor of 3 in the case of the
2°S states and from 40% to a factor of 2 for the 2'S states.
This spread is a consequence of the considerable systematic
uncertainty in the beam method, which arises from the
calibration of the equipment.

Apart from reactions (5.5) and (5.6), the other pro-
cesses that can occur in thermal collisions are

He(2°S) + CO—He+C+O, (5.7)

He(2!'S)+CO—He+C+O. (5.8)

The excess energy, i.e., 8.7 eV in the first case and 9.5 eV
in the second, can be expended in exciting the atoms. The
rate constant for reaction (5.7) with the production of C*
atoms with an excitation energy of 7.5-7.9 €V, was mea-
sured in Refs. 60 and 61. The total probability of dissoci-
ation of CO with the excitation of these levels was found to
be low and, according to the more accurate data given in
Ref. 61, amounted to 2%. According to the authors of Ref.
61, the remaining 98% are used up in Penning ionization.

Precisely because the branching ratio 7,,; for reaction
(5.5) was close to unity, it was possible to normalize the
cross section for reaction (5.5), obtained in Ref. 56, to the
quenching constant of the He(2°S) atom {this was done for
(5.6) although the information about the branching ratio
Tm 18 Not available in this case].

It is important to note that, in addition to the C* levels
investigated in Refs. 60 and 61, energy considerations al-
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FIG. 7. High energy part of the distribution function in the helium
+carbon monoxide mixture with a low percentage concentration of CO.

low the possibility of the population of lower-lying meta-
stable states of C and also of O in reaction (5.7). It may
also be considered that low-lying C and O levels may be-
come excited simultaneously, e.g., the 5S(2’ states of C and
the 'S, states of O with total energy of 8.4 eV. The question
of the rate constant for reaction (5.7) and, consequently,
for reaction (5.5) as well, cannot be considered as finally
settled. Even more so, this applies to processes involving
He(2'S) atoms because energy considerations allow the
excitation of a larger number of levels of C* and O* in
(5.8) than in (5.7), including levels close to resonance.

The first direct PES measurements of the rate con-
stants of (5.5) and (5.6) were reported in Ref. 62. They
were performed on the gas mixture He+0.1 CO at a pres-
sure of 0.5 torr (the total impurity concentration did not
exceed 5% 10™*% according to chemical and spectral anal-
yses). The gas micture was continuously flushed through
the system in order to exclude cataphoresis and to remove
the products of plasmochemical reactions from the dis-
charge. A pulsed periodic discharge with a 70-us active
phase and a period of 500 us was initiated in a tube with an
internal diameter of 2.3 cm. The distribution function was
measured at intervals of 20-150 us after the end of the
discharge pulse (time resolution 5 us).

Figure 7 shows a typical distribution function in the
energy ranges in which the chemoionization reaction was
significant. The characteristic peaks correspond to the fol-
lowing reactions:

He(2’S) +CO—CO™ (X?3) +He+e(5.8 eV), (5.9)
He(2!S) +CO-CO* (X%3) +He+e(6.5 eV). (5.10)
The peaks at 14.4 and 15.4 eV are due to the reactions
considered earlier and involving two triplet and triplet and
singlet metastable helium atoms for which the rate con-

stants are well known. The distribution function for this
region was used to monitor the accuracy with which the
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fast-electron concentration and the concentration of meta-
stable atoms were measured under the particular experi-
mental conditions.

To separate the contributions of reactions (5.9) and
(5.10), it was considered, in accordance with Ref. 63, that
the widths of their spectra could be neglected in compari-
son with collisional broadening and the instrumental func-
tion of the detection system (0.2 V at half height). The
following values were obtained: B3 = (0.5+0.1) x 10~ '°

ecm®s™! for reaction (5.9) and B\ =(1.1+£0.2) x 10~ 1°

cm? s~ ! for reaction (5.10).

The large energy width (~2 eV) reported in Ref. 63
for the spectra from the reactions He(21'3S)
+CO-CO™ (A1) +He+e(2.5-4 eV) and the rapid in-
crease in the second derivative of the ion current at probe
potentials below 4 V prevented a precise determination of
the corresponding constants. For the reaction involving
He(2S), it was found that 84’ =(0.15+0.06) x 10~ '°
cm®s™!. The process He(2'’S)+CO-+CO*(BX)
+He+e¢(1,0.2 eV) was not recorded because the region in
which the electrons were produced in this reaction con-
tained a large number of Maxwellian electrons from the
main group.

The relative yields of CO™ ions in the X*3, A™MI,,
and B?3} states in reactions (5.5) and (5.6), reported in
Ref. 61 and 63-65, were used to determine the total rate
constants for Penning ionization in the case of reaction
(5.5). The results for (5.5) and (5.6) were
Bs=9£2)x10"" cm3s™! and B,,=(2.4%0.6)
x1071° cm® s ™!, respectively. Accordingly, the values of
N3 and 1, were found to 1,3 =971, 9, =0.8+0.2, and
N1/ Mm3=0.85+0.15.

It follows from these data Penning ionization is the
principal channel for the quenching of metastable helium
atoms by CO molecules. For the He(2%S) atoms, this is in
agreement with Refs. 60 and 61. It is also in agreement
with Refs. 66 where it was found that the probability of
Penning ionization in collisions between all the above mol-
ecules and He( 23S), was greater than 0.6 whereas for di-
atomic molecules it was 0.7. Analogous results have not
been available for clissions with He(2!S).

The above data show that the PES method can be used
to determine the absolute rate constants for Penning ion-
ization, using only simple and very precise calibration pro-
cedures. The uncertainty in the data obtained in this way
can be reduced to 20 to 30% which is close to the uncer-
tainties in modern methods of measuring the quenching
constants of metastable atoms. The values obtained in this
way can then be used to normalize the energy dependence
of the cross sections for Penning ionization (and, in gen-
eral, chemoionization). This seems more reasonable than
normalization to the quenching constants because it does
not involve the assumption that the ionization branching
ratios are equal to unity.

Moreover, the values of 7, obtained from the compar-
ison of ionization and quenching constants are accurate to
25-30%. The methods reported in  previous
publications®®®” are subject to comparable or greater un-
certainty (up to 100% in Ref. 66), and actually give only
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FIG. 8. Electron velocity distribution in the helium-nitrogen mixture in
the region of the Penning ionization spectrum at low nitrogen concentra-
tion. The peaks are due to the following reactions, respectively:
1—(5.16), 2—(5.13), 3—(5.11), 4—(5.14) 5—(5.12).

the relative value, so that a calibration relying on standard
processes with precisely known constants or values of 7
has to be used to obtain the absolute values.

5.3. lonization of nitrogen molecules

Since the CO and N, molecules have a similar struc-
ture, the ionization of these molecules by metastable he-
lium atoms exhibits some common features.

We recall that PES studies of Penning ionization must
be conducted in a mixture with a low (~0.19%) concen-
tration of the molecular gas because the lifetime of the
metastable atoms decreases with increasing concentration
of the molecules, and the relation between the distribution
function and the initial electron spectrum becomes more
complicated (because the relaxation parameter can become
equal to unity). Since we did not have our disposal cali-
brated He-N, mixtures, we were not able to flush the mix-
ture through the system and to monitor the N, concentra-
tion with sufficient precision because of the rigidity effect.
The PES method was therefore used only to find the ratio
of the reaction rates, which is independent of the nitrogen
pressure in this region. At the same time, the reliability of
these results is enhanced by the fact that they rely on rel-
ative measurements.

Figure 8 shows a typical distribution function
obtained®® under the following conditions: helium pressure
0.4 torr, nitrogen pressure 3X 10™* torr, current per dis-
charge pulse 8 mA, delay time 75 us, discharge repetition
frequency 2.8 kHz. The concentration of 2'S and 2°S meta-
stable helium atoms was 3.1Xx 10" and 8.6 10'° cm—3,
respectively.

By analogy with He-Co mixture, the following reac-
tions can occur in this mixture:
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He(2’S) +N,—»He+N; (X22)+e(4.2 eV), (5.11)
He(2'S) +N,»He+ NS (X%2)+e(5 eV),  (5.12)
He(2S) +N,—»He+N; (A21)+e(3.1 eV), (5.13)
He(2'S) +N,—»He+N; (A1) +e(3.9 eV), (5.14)
He(2%S) +N,—»He+N; (B2Z)+¢€(0.9 eV), (5.15)
He(2'S) +N,»He+N; (B22) +e(1.8 eV). (5.16)

Reaction (5.15) is difficult to record by the PES
method because the Maxwellian tale of the distribution
function is significant in this energy range. Reaction (5.16)
appears as a singularity on the rapidly rising ion current
background. The spectrum from reaction (5.14) is rela-
tively broad because of the contribution due to transitions
between different vibrational levels. The energies and the
branching ratios corresponding to the different states of the
N ions in the recorded reactions are in agreement, to
within the experimental uncertainty, with the data re-
ported in Ref. 65, 69, and 70. Reactions (5.11) and (5.16)
were investigated earlier, mainly by Penning spectroscopy
S5'0 and by measuring the fall in the He(23’lS) concentra-
tion in continuous afterglow.’® The advantages and disad-
vantages of these methods have already been discussed.

The quenching constants of metastable triplet atoms
are well known, and the average evaluated over a large
number of published data is k,;=7.120.110""" cm’s~!
(Ref. 19). As far as the corresponding constant for
He(23S) is concerned, we know of only one publication in
which k_,, was determined with considerable uncertainty:*°
kyy=(17x5)x 107" cm?s~!. According to Ref. 61, the
principal channel for the quenching of metastable helium
atoms by nitrogen molecules is Penning ionization (which
is in agreement with earlier data on the CO molecule).
Consequently, PES measurements with known branching
ratios for the (5.11)—(5.16) reactions®**> can be used to
obtain accurate values such as B, =Bn3;=(2.1+0.4) and
to reduce the uncertainty in &, indicated in Ref. 50. The
final result is k,;=(15£3)x 10~ cm®s~".

We note that, at least in principle, PES can be used
under such conditions to investigate Penning reactions be-
tween metastable atoms and molecules in excited electronic
states, for example,

He(2*'S) +N,(A3Z) - He+Nj +e, (5.17)
for which there are no published data. In accordance with
Ref. 71, the relative fraction of electronically-excited mol-
ecules in the plasma of the helium mixture with a small
concentration of nitrogen can amount to a few per cent of
the concentration of normal molecules. The spectrum of a
reaction similar to (5.17) was recorded when the distribu-
tion function was obtained in the energy range 7-11 eV,
but, to obtain quantitative data, it is essential to flush the
mixture through the system whilst measuring the concen-
tration of N,A*Z molecules by optical methods.
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6. QUENCHING OF EXCITED INERT-GAS AND MERCURY
ATOMS BY ELECTRONS

This part of our review is devoted to reaction (1.3)
which was investigated by the method described above in
the electron-temperature range 300<7.<3000 K in inert-
gas and mercury plasma afterglow. We beging by noting its
advantages in studies of quenching reactions. First, it is a
direct method because the rate constant [5.(7.) for the
process is determined directly from the resulting particles,
i.e., fast electrons. Second, by using the second pulse to
produce additional heating of the electron gas,'> we can
determine the temperature dependence B.(7.) and then
use it to examine the excitation and de-excitations cross
sections near the threshold. By definition, the rate constant
for (1.3) is related to the quenching cross section g,(¢) by
the expression B.(T,) = {o,(e)v(e)) where v(¢) is the ve-
locity of an electron with energy £, and the average is
evaluated over the Maxwellian distribution of electrons at
temperature T,. The excitation cross section o, is related
to o, through the principle of detailed balancing:'’
0,(e)egn=0,(g,+£)(€,+£)8,. According to the theory
given in Ref. 72, the dependence of o, on the energy of
electrons near the excitation threshold has a root-type
character, and .(7,) =const. However, the presence of
energy levels corresponding to the formation of a negative
ion can modify this dependence and may lead to a non-
monotonic behavior of a,(¢) (Ref. 73). The apperance of
resonances complicates the theoretical determination of
o,(g) near the threshold and, as far as we know, the only
reported inert-gas calculations of this kind are those de-
scribed in Refs. 74 and 75 for helium and neon.

Experiments in which the scattering of an electron
beam by atoms in the ground or metastable states was
investigated (see, for example, Refs. 76 and 77) have pro-
duced a considerable volume of data, but, in most cases,
the energy spread in the electron beam was 0.5-0.7 eV,
which means that these results cannot be used to determine
the behavior of o (¢) in the near-threshold energy range in
which we are interested here. Recent years have seen con-
siderable advances in beam methods’®*? which have re-
sulted in a substantial reduction in the electron energy
spread in the exciting beam. For example, this spread was
35-50 meV in Refs. 78 and 4.88-9.71 meV in Refs. 79 and
80. However, the apparatus used in these experiments’®*!
was not good enough for measurements of the absolute
excitation cross sections. Absolute differential excitation
cross sections were obtained in Ref. 82 for the 4p°s levels of
krypton, using an electron-energy spread of 33-35 meV,
but only for three scattering angles.

The foregoing discussion shows that measurements of
B.(T.) at low electron temperatures would be highly de-
sirable.

6.1. Helium

The absolute value and the temperature dependence of
the rate constant 5.(7.) for the reaction

He(23S) +e—~He('Sy) +e (6.1

were determined in Ref. 83 from the peak on the distribu-
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FIG. 9. S, as a function of T, in helium.

tion function at £,=19.8 eV. It is clear from existing
data?>88387%0 4 the constant B, that there is a significant
discrepancy between the absolute values of this constant
and its dependence on electron temperature. Let us con-
sider the temperature dependence in greater detail. In the
most frequently cited experimental paper,® the excitation
of helium by electron impact was investigated by using
secondary-electron detection to determine o (¢). The ini-
tial part of the resulting curve for the excitation of the
metastable 2°S, state has been used by a number of workers
to find o,(¢€) and B.(T,.). The results of these calculations
depend significantly on which particular approximation
was used to fit the experimental curve from Ref. 88. Some
workers?>®* assume that o(g) ~e—¢, for e—¢, less than a
few tenths of eV, and find that o,=const and B8, ~ T2,
Others® assume that o (e)~ (e—el)'/ 2 and find that
o,~&~ V2, B.=const. In our view, the experimental data
reported in Ref. 88 cannot be used to establish unambigu-
ously the temperature dependence of 8, for T'.<2000 K,
i.e., for temperatures most often encountered in afterglow,
since the electron energy spread in the exciting beam was
0.1 eV. It is probably also difficult to establish the charac-
ter of this dependence by investigating the breakup of the
23S state in afterglow as was done, for example, in Ref. 90.
In this case, several plasma parameters (N,,N,T.) must
be measured simultaneously with high precision in order to
obtain reliable results.

The precision with which the temperature dependence
of B, is determined can be substantially improved by using
the following method. It is clear from (2.5) that B, is
proportional to S, at constant N, and N,.. Consequently,
the function B.(T.) can be obtained by varying T, between
certain limits in a particular afterglow phase. This is done
by applying a second delayed voltage pulse to the elec-
trodes of the discharge tube,'> which produces a weak elec-
tric field that increases the temperature T, but does not
affect N, or N,.

Figure 9 shows the measured values of S, obtained
under the following conditions: helium pressure 0.8 torr,
main pulse current 1.2 A, delay of second pulse 350 us.
The current and the electric field in the second pulse were
varied from 5 to 35 mA and from 6 to 34 mV/cm, respec-
tively. The constancy of the concentration of metastable
atoms when the current in the second pulse was varied was
monitored by measuring the area under the peak on the
distribution function at 14.4 eV, which is proportional to
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FIG. 10. Rate constant B>’ as a function of temperature in neon:
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N2 . The concentration of metastable atoms was found to
remain constant to within 5%. It is clear from Fig. 9 that,
for electron temperatures in the range 550-1100 K, the
quantity S, and, consequently, B. too, were constant to
within 10%. The fact that 8, was temperature-independent
for T.<1000 K 1is also indicated by theoretical
calculations”™® and the experimental results.** The mag-
nitude of B, was calculated from (2.5) and was found to be
B‘:=(3.1:|:0.6)><10"(J cm®s™!. This result is closest to
Refs. 84, 75, and 89, ie, (4.2+0.6)x107° cm®s~!,
(29%0.6)x10™° cm’s™!, and (4.5%£1.0)x107°
cm®s™!, respectively, and agrees with the figure of
(2.8+1.0) X10~° cm®s ™! reported in Ref. 19.

6.2. Neon and argon

The reactions

Ne(2p® 3s P,) +e—Ne(2p® 'S;) +e, (6.2)

(6.3)

were investigated by using the distribution-function peaks
at 16.6 and 11.5 eV, respectively.'*?* Since four reactions
with the participation of atoms in the 3P0,1,2 and 'P; elec-
tronic states are possible in the neon and argon afterglow,
the corresponding reaction rates will be denoted by Bék)
where k=0,1,2,3 refer atoms in the *Py, 3P], 3P2, and 1P,
states, respectively. As far as we know, prior to the publi-
cation of Refs. 14, 24, 27, and 28, there were no published
data on direct measurements of these constants at electron
energies €< 1 eV.

Since the sublevel separation in the above configura-
tion is in the range 0.05-0.13 eV, and the amplitude of the
differentiating signal is about 1 V, the quantity Sé")
= 38 determined from the distribution function is the
resultant for all four possible reactions. Consequently, the
constant 8% found from S is an effective constant.

The results obtained by analyzing the experimental
data for neon are shown in Fig. 10.

Theory predicts’*®! that the rate constants for colli-
sions of the second kind with the participation of atoms in
the 3P2, *P,, *P,, and 'P, states have very similar values.
Moreover, our experiments have shown that

Ar(3p°® 4s P,) +e—~Ar(3p° 'Sg) +e
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FIG. 11. Cross section for collisions of the first kind as a function of
energy for the *P, level in the near-threshold region: I, 2—results from
Ref. 14 and 24, for neon and argon, respectively, 3, 4—results of beam
experiments,” in neon and argon, respectively; calculations for neon
taken from Ref. 74.

N /NB <025, NN <0.05, and N /NE<0.01. It
was therefore assumed that the effective constant 8{> ob-
tained as described above was the reaction constant 8> for
(6.2) and (6.3). Our results show that the constant 52
for neon is temperature independent to within +15% at
temperatures in the range 7.=4.70-1700 K. Its value in
this range is B! =(2.0%0.3) X 107! cm’®s~". In argon,
we again have a constant result to within +20% in the
temperature range 7T.=800-1500K, namely, (2)
=(2.0%0.3)x 107! cm® s~!. The following values were
reported in Refs. 27 and 28 at mean electron energy of 0.6
eV: BP=(27%0.5)x10""° cm’s~! in neon and
B =(2.8+0.4) 107" cm®s~" in argon.

The lowest energy spread in the electron beam used to
investigate inert-gas excitation was achieved in Ref. 79.
However, even these results do not allow us to calculate
the function B{¥)(T,) for neon and argon in a wide range
of electron temperatures and then to compare the results
with the abovevalues. The point is that Ref. 79 gives the
behavior of the resultant excitation cross section for the
two metastable states 3P2 and 3P0 in relative units, and
since the energy separation between these states is 0.09 eV
in neon and 0.17 eV in argon, this restricts possible calcu-
lations of B{*’(T,) to temperatures T.<600 K in neon and
T.<800 K in argon. The lower temperature limit is then
300400 K and is determined by the energy spread in the
beam. We shall therefore confine our attention to the be-
havior of the excitation cross section for the P, state in the
near-threshold region. Our results showe that this cross
section is 0{2) ~ (¢—&,)"/? and it is important to remember
that the cross section data deduced from measurements of
B{¥ is an integrated result that is insensitive to the fine
structure of this function.

Figure 11 shows 0(12)(s)~(s-—51)1/2 calculated from
the measured constants B¢%) and also the function o{? (¢)
from Ref. 79, both calibrated to give them their absolute
values. The calibration was based on our constants at
T.=700 K in neon and T.=800 K in argon.
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FIG. 12. Temperature dependence of rate constants for collisions of the
second kind between electrons and Xe(*P,) atoms (curve /) and Kr(*P,)
atoms (curve 2).

6.3. Krypton and xenon

The following two points were taken into consideration
when heavy inert gases were investigated experimentally.
First, the excitation of normal atoms in the *P, and °P,
states by fast electrons provides a greater contribution in
krypton than xenon. The result is a reduction in the num-
ber S{?) of fast electrons in the peak on the distribution-
function in which we are interested (9.9 eV in krypton and
8.3 eV in xenon) at electron temperatures T, > 600 K, and
the relation between S{* and B{* becomes more compli-
cated. Second, the separation between the metastable *P,
and *P, states is greater than in the lighter inert gases, and
amonts to 0.65 eV in krypton and 1.14 €V in xenon, which
means that it is possible to construct the function 8% (T,)
from beam data’ at temperatures 500< T,<2000 K in rel-
ative units. We therefore proceeded as follows. PES was
applied to the plasma afterglow to determine the rate con-
stants for collisions of the second kind between slow elec-
trons and metastable krypton and xenon atoms in 3P2
states at 7,=600 K (the concentration of atoms in other
excited states was negligible). The values of these constants
were found to be B§2)= (3.4%0.5)x1071° cm’s~! for
krypton and B = (6.9+0.7) X 107'° cm® s~} for xenon.

The function B{¥( T,) was then constructed in relative
units from the data reported in Ref. 79 and was calibrated
against the above results at 7,=600 K. The resulting
curves are shown in Fig. 12. The magnitude of B! then
allowed us to construct, on an absolute scale, the functions
a§2)(e) from Ref. 79. The corresponding curves are shown
in Fig. 13.

The values of the rate constants for the quenching of
metastable atoms by slow electrons in inert gases are listed
in Table V.

6.4. Mercury

Studies of quenching in mercury afterglow have shown
that the rate constant for the de-excitation of the metasta-
ble *P, state by electron impact is significantly greater than
the corresponding result for inert gases. The result for
T,=2000 K is B2=(2.9%+1.2)x10"% cm®s~'. This is
related to the sharp rise in the cross section for the excita-
tion of the *P, state directly at the threshold, which can be
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FIG. 13. Excitation of the P, level in xenon.

seen in Fig. 14. We use the above reaction rate constant to
calibrate this curve, which was reported in Ref. 92. The
cross section at the £=5.6 eV peak is 2.2X107'¢ cm?,
which is somewhat lower than the measured cross section
reported in Ref. 93 (3.2% 1076 cm?) and the calculated

value given in Ref. 94 (3%X10~'¢ cm?).

7. EFFECT OF FAST ELECTRONS ON PLASMA PORPERTIES

The above results show that the reactions (1.1)-(1.3)
can play an important part in the de-excitation of atoms
and the production of electrons, atomic ions, and molecu-
lar ions. Since plasma is a system with a mutually depen-
dent parameters, these reactions must influence other pro-
cesses, €.g., stepwise excitation, evolution of electron
temperature, and so on. Naturally, (1.1)-(1.3) provide
different contributions under different experimental condi-
tions and, in each case, must be specifically taken into
account in so far as they influence the plasma parameters.
A detailed analysis of the possible effect of these reactions
on plasma properties is given in the review paper in Ref. 6.
Here, we shall confine our attention to a brief summary of
the questions that are particularly interesting from our
point of view.

1t is shown in Refs. 95 and 96 that the contribution of
reactions (1.1)—(1.3) rises substantially whenever the so-
called continuous electron spectrum is present at energies
between the fast-electron appearance energy and a few
tenths of eV. For £» T, the continuous electron spectrum
is due to the change in the boundary conditions for fast
electrons. These electrons usually escape to the walls by
free diffusion and experience almost no elastic reflection at
the walls.”® It is precisely this case that was examined in
Section 2 when we calculated the distribution function.

TABLE V. Rate constants for the quenching of metastable atoms by slow
electrons in inert gases.

Metastable p,10"° [Dependence off Range of
atoms . B.on T, |variation of
cm s Ta K
He(2’S) 316 Const 550 — 1100
Ne(P,) 2,0+0,3 Const 470 — 1600
ArCP) 4008 Const 800 — 1500
Kr(’P,) 34205 | seFig12 600
XeCP,) 6,9+ 0,7 » » 600

ann Alcimian
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FIG. 14. Excitation of the *P, level in mercury.

However, the free diffusion process comes to an end when
the diffusion parameter P, i.e., the ratio of the number of
fast electrons, created per unit tube length per unit time, to
the number of ions, escaping to the walls by ambipolar
diffusion, is greater than unity. Some of the fast electrons
must be retained within the volume of the tube if the
quasineutrality condition is to be met for P> 1. This is
achieved by increasing the potential difference near the
wall from a few kT e to a value corresponding to the
electron appearance energy in reactions (1.1)-(1.3). As a
result, some of the fast electrons whose energy is insuffi-
cient to overcome the potential difference near the wall are
trapped within the volume, and their departure from this
energy range is determined by the effectiveness of elastic
electron-atom and electron-electron collisions. The final re-
sult of all this is the appearance of a continuous electron
spectrum.

We note that, prior to the publication of Ref. 95, there
were discussions of the effect of the shape of the distribu-
tion function on the potential difference P near the wall.
For example, it was shown in Ref. 97 that diffusion to the
discharge-tube walls can produce a depletion of the distri-
bution function for energies of the order of a few keV, thus
reducing ®. However, the change in ® produced by inten-
sive activity associated with reactions (1.1)-(1.3) is sig-
nificantly different from that discussed in Ref. 97 both
qualitatively (in the sense of the cause of the phenomenon)
and quantitatively (when the continuous spectrum ap-
pears, ® increases and, depending on the gas and the pre-
vailing conditions, can reach values of 4-20 eV, whereas
the change in ® due to diffusional depletion of the distri-
bution function in afterglow plasma amounts to a few
tenths of eV and leads to a reduction in the absolute value
of D).

The onset and evolution of this interesting phenome-
non has been observed®® in the afterglow plasma of inert
gases. For example, Fig. 15 shows the fast part of the
electron distribution function, measured in xenon (pres-
sure 0.2 torr, current 5 mA). A transition from free diffu-
sion (P<1) to an anomalously large jump in potential
(P> 1) is eventually observed. One can clearly see the ev-
olution of the continuous electron spectrum for energies
e<4.5 eV, which agrees with the above analysis. Figure 16
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FIG. 15. Electron velocity distribution in the afterglow plasma in xenon
at different afterglow times.

shows measurements and calculations of the potential ®
under the same conditions. It is clear that the appearance
of the fast electrons results in an agreement between cal-
culations and measurements. The continuous spectrum
leads, in turn, to the effective heating of the slow Maxwell-
ian electrons by fast electrons, which must be taken into
account in calculations of T',. For the same conditions in
the afterglow plasma, there is an increase in the contribu-
tion of stepwise excitation and ionization, slow electrons
cease to escape to the tube walls, and there is no diffusional
cooling of these electrons.%%

The conditions necessary for the appearance of the
continuous electron spectrum can also be created artifi-
cially by applying a regulated trapping potential to the tube
walls and thus controlling the optical and electrical param-
eters of the plasma.3¢

We also note that the effects associated with the ap-
pearance of the potential jump $» kT, near the wall can be
observed not only in current-free plasma but also under
other conditions when groups of fast electrons are pro-
duced in plasmas (pinched discharges, stratified dis-
charges, steady low-current discharges).

CONCLUSIONS

It is clear from the foregoing discussion that the utili-
zation of existing experimental methods has produced ex-
tensive data on ionization and quenching processes with
the participation of excited atoms.

FIG. 16. Jump in potential near the wall, P, in the afterglow plasma in
xenon: /—experiment, 2—calculation without fast electrons or the anom-
alous potential jump, 3—with fast electrons.
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Chemoionization involving two excited particles, espe-
cially in radiative states, is of particular interest from the
point of view of practical applications and theoretical anal-
yses. An increase in the number of publications is expected
in this area, including publications reporting the applica-
tion of laser excitation and de-excitation of particular lev-
els.

The most complete and detailed information about the
above processes will come from the combined application
of different methods, including the mass spectrometer,
Penning electron spectroscopy, and PES. This approach
will exploit the advantages and reduce the relative disad-
vantages of these techniques. The volume of available in-
formation will have to expanded by increasing the sensitiv-
ity and resolution of experimental procedures. As far as the
PES method is concerned, it will soon become possible to
record plasma electron spectra with a resolving power of
30-50 meV and sensitivity of 10* cm ™. Finally, the pos-
sibilities of PES can be extended by applying it to the
plasma afterglow and to studies of chemoionization in
cryogenic plasmas.
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