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The ionization processes which occur in the collisions of atoms at thermal energies are reviewed. The various
experimental methods used to study ionization are discussed; these methods include spectroscopy of decaying
plasmas, particle-beam methods for studying particle collisions, Penning electron spectroscopy, mass-
spectrometric detection of reaction products, and methods for selectively exciting the atoms involved in
collisions. Information on the cross sections and rate constants of Penning processes, associative ionization,
and ionization involving a resonantly excited atom is reported. Results are reported on the spectra of the
electrons freed in these ionization processes and on the probabilities for various particular reactions.
Theoretical models for ionization in low-energy atomic collisions are discussed.
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INTRODUCTION

The ionization processes that occur in low-energy
collisions of atoms strongly affect the properties of low-
temperature plasmas, since they lead to the formation
of charged particles in the plasma. A classic example
of such an ionization process is the Penning process,1'2

which is the ionization that occurs in a collision of a
metastable atom with an atom of a different species
whose ionization potential is lower than the excitation
potential of the metastable atom. This process was dis-
covered in 1937 by Kruithof, Penning, and Druyves-
teyn.1'2 It was found that a small argon admixture (at a
concentration of the order of 0.01%) in neon significant-
ly lowers the discharge ignition potential. The reason
is that free electrons are formed in collisions of meta-
stable neon atoms with argon atoms. Accordingly, in
neon with an argon admixture free electrons can be
formed in order to ignite a discharge by simply exciting
the neon atoms to a metastable state, rather than ion-
izing them, as would be necessary in the absence of an
admixture. A low-temperature plasma contains a cer-
tain number of excited atoms; their collisions with gas
atoms lead to the formation of free electrons, and this
process may compete with the ionization of the gas
through collisions of atoms with electrons.

The ionization processes that occur in low-energy
atomic collisions are also important in the detection of
impurity atoms or atoms of different isotopes of the
same chemical element in a gas. Such atoms are de-
tected through their excitation and subsequent conver-
sion into ions,3'4 so that the ionization which occurs in a
low-energy collision of an excited atom with a gas atom
may play a certain role.

These processes are of interest beyond their practical
importance. Over the past decade some new experimen-

tal methods for studying these processes have been de-
veloped; these new methods include the molecular-beam
method, study of the spectrum of freed electrons, mass-
spectrometric detection of reaction products, and spec-
troscopic study of these processes. Combined with
methods for selectively exciting atoms, these methods
have yielded multifaceted and detailed information on
ionization processes. Some of these methods and the re-
sults which they have furnished have been reviewed in
several recent papers; in the Soviet literature, for ex-
ample, there are the reviews in Refs. 5-9. Our purpose
in the present review is to give a comprehensive report
on the ionization processes which involve excited atoms
and to describe the physical picture of these processes.

lonization in collisions of excited atoms can occur
through the following reactions:

(2)
(3)

here the asterisk denotes an excited state of an atom.
The first of these reactions is important when the excita-
tion energy of atom A* exceeds the ionization potential
of atom B. When atom A* is in a metastable state, this
reaction is called the "Penning process." Reaction (2)
is important if the collision velocity is comparable to
or greater than the velocity of the excited electron in its
atomic orbit. At thermal collision energies, this condi-
tion corresponds to highly excited atomic states. Infor-
mation on the ionization of highly excited atomic states
in collisions is reviewed in Ref. 10, and we shall con-
sider this reaction no further in the present paper.

Reaction (3), which is "associative ionization," is im-
portant if the dissociation energy of the molecular ion
which forms exceeds the ionization potential of the ex-
cited atom.
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1. IONIZATION OF AN ATOM IN A COLLISION WITH A
RESONANTLY EXCITED ATOM

Let us consider reaction (1) in the case of practical
interest in which the excitation energy of atom A* is
higher than the ionization potential of atom B. Then the
A*-B quasimolecule is in an autoionization state re-
gardless of the distance (R) between the nuclei, but the
width of the autoionization level, T(R), falls off with
increasing distance between the nuclei the interaction
which causes the decay of the autoionization state be-
comes progressively weaker. To find the cross section
for the detachment of an electron during the collision,
we note that P (p, t), the probability for this process to
occur by time t in a. collision with an impact parameter
p, satisfies the equation1'

Solving this equation, we find the probability for reac-
tion (1) in a collision with an impact parameter p:

(4)

From this result we can find the cross section for reac-
tion (1):

l-exp[- j F(f f )d«J} . (5)

The cross section for reaction (1) is largest when atom
A* is in a resonantly excited state, i.e., when it can
undergo a transition to the ground state as the result of
dipole emission. In this case the interaction determining
the width of the autoionization level is at its strongest
and ionization occurs most readily. The corresponding
problem has been solved elsewhere,11'13 and it is de-
scribed in some monographs.14'15 Here we shall give a
qualitative solution which will show how the result de-
pends on the parameters of the problem.

The transition probability for reaction (1) per unit
time for the case of a constant value of R is16 (this is the
frequency of the Auger effect for the quasimolecule)

r (R) = 2n | V,, | 2g2,

where the subscripts 1 and 2 refer to the states A* +B
and A* +e + B of the quasimolecule, and gz is the final-
state density. The operator representing the interaction
between atoms for a large distance between the nuclei is
determined by the dipole- dipole interaction between the
atoms and is given by

here n is a unit vector along the R direction, DA =£) AerA

is the operator representing the dipole moment of atom
A, and DB =£B

rB is the operator representing the di-
pole moment of atom B (the sum is taken over all the
electrons of the given atom). Hence we find the depen-
dence of the width of the autoionization level of the
A*-B quasimolecule on the distance between the nuclei:

T(R)~

Everywhere except where specifically stated otherwise we
are using atomic units with 1/K= me- e"1^ 1.

Introducing the cross section for photoionization of
atom B by a photon whose energy u> is equal to the ex-
citation energy of atom A*, we have17 ap h~ (w |c)(DB)J2^2,
where c is the speed of light. Using this result, we find
the behavior of the width of the autoionization level as a
function of the parameters of the interacting atoms;

r~ copli
(6)

where the subscripts 1 and 2 correspond to the ground
and resonantly excited states of atom A.

Equations (5) and (6) can be used to determine the re-
action cross section as a function of the parameters of
the problem. When elastic scattering of particles is
inconsequential, we find <r~p 2 from Eq. (5), where
/rdt~l. Since /rdt~(l/w)pr(p)~caph(DA);a/wp5i;
(v is the collision velocity), the transition cross sec-
tion is

12/5
C7)

In particular, for an S-P transition of the atom, an
exact solution of this problem12"15 yields the following
cross section for this transition:

(8)

Table I shows the cross sections for the ionization of
atoms and molecules found from Eq. (8) for collisions
with a helium atom in the 21P state at room tempera-
ture. These cross sections were calculated for a veloc-
ity V277n, where T = 300 K, and y. is the reduced mass
of the colliding atoms. We used an oscillator strength
of 0.276 for the 1*8 - 2*P transition of the helium atom.18

It can be seen from this table that the large value of the
ionization cross sections of the atoms justifies the meth-
od used to find them. Specifically, since the product
caph is usually of the order of characteristic atomic
values, the cross section for this transition turns out
to be of order if"2/5; in other words, at low collision
velocities this cross section is much larger than the
characteristic atomic values. This result justifies the
use of the asymptotic method which led to Eqs. (6) and
(7).

This result holds if the width of the energy distribution
of the freed electrons is far smaller than the average
energy of these electrons, which is o> - <7 (w is the ex-
citation energy of atom A, and J is the ionization poten-
tial of atom B). The width of the electron distribution

TABLE I. Cross sections for the ionization of atoms and mole-
cules as a result of collisions with resonantly excited 2JP he-
lium atoms at room temperature.

Atom or molecule which <s ionized

Photoionization cross section of the
atom at a photon energy equal to
the excitation energy of the helium
atom, in units of 10"' ' cm1

Cross section for ionization of the
atom and molecule in a collision
with a helium atom in the 21P state,

in units of 10"' s cm*
Capture cross section in (11) at room

temperature, in units of 10'1 s cm1

Ar

3.5"

8.6

10.8

Kr

3.8"

8.9

12.4

Xc

3.2"

8.4

14.5

H2

0.621

2.6

8.54

N2

2" '

6.9

11

02

2»l

6.9

10.6
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is ~1/T ~ T, where T is the average time required for
the Auger effect of the A* -B quasimolecule. Since this
time is equal to the collision time, ~p/v, for the colli-
sions which dominate the cross section, this require-
ment leads to

Let us consider the ionization which occurs in the
collision of an excited atom with a resonantly excited
atom. If the energy of the resonant excitation is low,
the photoionization of the excited atom may be treated
as the transition of a weakly bound electron in the Cou-
lomb field of the atomic core during the absorption of
a photon. Then the photionization cross section is given
by the Kramers formula,22"26

"ph =
3/3

where w is the energy of the absorbed photon, n is the
principal quantum number of the excited state, and g
is the so-called Gaunt factor, which is approximately
unity and asymptotically approaches unity with in-
creasing n. Substituting the expression for the photo-
ionization cross section into (8), we find the cross sec-
tion for ionization of the excited atom as a result of the
collision with the resonantly excited atom:

4,5 / , \2/» /Q\

°i°n = -^rUM • (9)

where /A is the oscillator strength for this transition of
atom A . This expression is also convenient for esti-
mates in the case in which atom B is in the ground state
in reaction (1).

In the derivation of Eqs. (7)- (9) we assumed that the
colliding particles were moving along rectilinear tra-
jectories; in other words, we ignored elastic scattering
of the particles. This assumption breaks down at low
collision energies.

The attractive potential between the colliding particles
results in the capture of the excited atom by atom B. As
a result of the capture, the particles close within a dis-
tance of the order of the atomic dimensions. At such
distances between the nuclei the width of the autoioniza-
tion level of the quasimolecule made up of the colliding
particles is quite large, so that the autoionization state
decays. If, because of the large level width, the auto-
ionization state of the quasimolecule is able to decay
over a distance greater than the atomic dimensions, then
each capture event is accompanied by ionization of the
atom by the excited atom. Consequently, if the cross
section for capture in the collision of an excited atom
with an atom exceeds the ionization cross section cal-
culated from Eqs. (5)- (7), the observed ionization cross
section will be equal to the capture cross section.

For a collision of an excited atom with an atom which
is determined by the long-range van der Waals attrac-
tive potential U = - CR~6, where R is the distance be-
tween nuclei and C is the van der Waals constant, the
capture cross section is27

3n / 2C \ i /3

where E is the energy of the relative motion of the

atoms. Since one of the atoms is in an excited state,
we have14 C =ar2, in atomic units, where a is the
polar izability of atom B in the ground state, 71 is the
square radius of the orbit of the excited electron of
atom A*, and the average is over the states of this
atom.

In a study of the events which occur in a gas, we are
usually dealing with quantities which are averaged over
a Maxwellian distribution of gas atoms. In practice, the
quantity which is measured in this case is the reaction
rate constant («CT), so that the effective cross section
for the reaction should be determined from the following
expression, which is written in atomic units:

Table I gives the cross sections found from this expres-
sion for the capture of resonantly excited helium atoms
by inert gas atoms at room temperature. These are
the cross sections for the ionization reaction with which
we are concerned here at room temperature.

Brodskii et al,2* have measured the cross section for
t he reaction Hg (3P0 ) + Cs - Hg (6 JS) + Cs + e by com-
paring its rate constant with the photoionization cross
section of the cesium atom. The cross section for this
reaction turned out to be (6-2)- 10" u cm2, more than an
order of magnitude greater than the cross sections cal-
culated from Eqs. (8) and (9). In this case Eq. (11)
yields a ionization cross section ajon = (2.3 - 2.9)- 10~14

cm2 if it is assumed that the polarizability of the excited
mercury atom lies in the range 100-200 a.u.

Another example is shown in Fig. 1: the cross section
for the decay of a resonantly excited helium atom in a
collision with a neon atom. This decay corresponds to
the ionization of the neon atom, i.e., to reaction (1).
We see that the experimental cross sections for this
reaction29"32 agree well with the cross section for the
capture of the colliding particles, found from (11).

2. THE PENNING PROCESS

If the excited atom in reaction (1) is a metastable
atom, the process is called the "Penning process." In
a Penning process the excitation energy of the meta-
stable atom is expended on ionizing the atom with which
it collides. This process has received the most study
among ionization processes during collisions of excited
atoms, because metastable atoms have long lifetimes,
and their densities in decaying plasmas are accordingly
higher than those of other excited atoms.

fffff fffff 700800r,/f
FIG. 1. Cross section for the decay of the excited state He
(3*P) in a collision with a neon atom. Points: Experimental.
1—Refs. 29 and 30; 2—Ref. 31; 3—Ref. 32. Curves: Theo-
retical. Solid curve—Ref. 33; dashed curve—Eq. (11).
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TABLE II. Eadiative transitions used in determining the den-
sity of metastable inert gas atoms.

Metastable state of the
atom

He (2"S)

He (21S)

He2(»2u)
Ne (3<>P2)
Ar(4»P4)
Kr(5'P2)

Radiative transition
used

23S -> 2'P
2"S -* 3"P
23S _* 4»P
2»S-*21P
2'S -* 3JP
21S->4ip3su-

snu
Sipj-^D.
43P!-*4*'D3
5'P2-»53D,

Photon wavelength for this
transition, A

10830
3889
3188

20582
5016
3965
4650
6402
8115
8106

The Penning process is important in the plasmas of
discharges in inert gases. It results in the breakup of
metastable atoms and the formation of charged plasma
particles, thereby affecting the electrical characteris-
tics of the plasma. On the other hand, it is reflected in
the decay time of a plasma containing easily ionized im-
purities. For example, the decay time of a helium or
neon plasma (i.e., the characteristic recombination
time of the charged particles in such a plasma) depends
on small admixtures of other inert gases. As the num-
ber density of the admixture atoms is reduced, the
breakup of the metastable atoms slows down, and the
plasma survives for a longer time.

Study of a decaying plasma was the essence of the
original method for measuring the rate constant for the
Penning process. A weakly ionized plasma is produced
at a certain time and then decays. From the absorption
of the resonant emission corresponding to a transition
from the metastable state to a resonantly excited state
of the atom (Table II) it is possible to determine the
time evolution of the number density of metastable
atoms. Other plasma properties are also measured,
and together the results give a picture of the decay of
the weakly ionized plasma and reveal the characteristics
of the events that occur in it. Two versions of this ex-
periment are used to measure the rate constant for the
Penning process. In one version,34"36 the weakly ionized
plasma is produced at a certain time, and the time evo-
lution of the properties of the plasma in the afterglow is
measured. In the other version,37"39 a weakly ionized
plasma containing metastable atoms is excited and main-
tained in a steady state at a certain point in space. In
this second version, the gas is flowing, so that the plas-
ma decay can be observed over distance from the excita-
tion point. By measuring the properties of the decaying
plasma along a tube through which a plasma is flowing
it is possible to reconstruct the rate constant for the
Penning process.

Developments in pulse-method apparatus have led to
new versions of the decaying-plasma method for finding
the rate constant for the Penning process. In Refs. 40-
42, for example, the time dependence of the decay of the
emission intensity accompanying the transition N2(B2Su
— X22g) was measured after the bombardment of a
helium-nitrogen mixture by a nanosecond-pulse beam
of high-energy electrons (-600 keV). Electronically
excited molecular ions of nitrogen form as the result of
a Penning process involving a metastable helium atom
and a nitrogen molecule; the emission decay time is a

measure of the characteristic time for the breakup of
these atoms by nitrogen molecules. By measuring this
time at various nitrogen pressures it is possible to re-
construct the rate constant for the Penning process in-
volving the nitrogen molecule;

By adding other atoms and molecules and finding the
emission decay time as a function of the admixture num-
ber density it is possible to determine the rate constant
for the Penning process involving these particles. From
the absorption of the resonant emission corresponding to
a transition from a given metastable state it is possible
to determine the time evolution of the density of atoms
in this metastable state. Then the rate constant for the
Penning process involving the atoms in the given meta-
stable state can be determined independently,41"42 so that
the reliability of the result can be improved.

The most common method used to measure the rate
constant for the Penning process is a beam method. In
this method, the Penning process occurs when a beam
of atoms containing metastable atoms collides with a gas
or another beam of particles, which contains the atoms
or molecules under study. The cross section for the
process is determined from the current of ions or elec-
trons formed in the reaction zone. This method has the
indisputable advantage that the cross section for the
process can be measured directly, and it is not neces-
sary to measure an average rate constant, as it is in
the decaying-plasma case. Furthermore, in the beam
method the energies of the colliding particles can be
varied over a broad range. Finally, the beam method
permits measurements with atomic particles which do
not exist in a gas phase and for which the beam method
is thus the only method available for obtaining informa-
tion of this sort.

We now discuss two version of the beam method, which
differ in the way in which the beam of metastable atoms
is produced. In the first version, the metastable atoms
are produced through the excitation of a thermal atomic
beam. In the second version, the metastable atoms are
formed as a result of the charge exchange of an ion beam
with target atoms. The first version of the method
clearly involves low collision energies, of the order of
thermal energies. In the second version it is far more
convenient to study collisions at high relative energies,
of the order of electron volts and above.

Figure 2 shows a typical experimental arrangement43

for the first version of the beam method. Penning pro-

nM
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FIG. 2. Schematic diagram of the apparatus for the intersect-
ing-beam method.
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cesses are studied in the collision of a metastable heli-
um atom with other atoms or molecules. The various
experimental details can be modified; in some cases, for
example, the metastable helium atoms are formed after
the excitation of a thermal beam of helium atoms which
passes through a zone bombarded by an electron beam.
Another possibility is to produce a beam of helium atoms
containing metastable atoms directly by extracting this
beam from a region excited by a discharge. The beam
formed beyond the electron gun contains helium atoms
in the ground state and the 23S and 2LS metastable
states. The ratio of the number densities of 23S and 2*S
helium atoms can be varied by illuminating the atomic
beam with a helium lamp. The emission spectrum of the
lamp contains resonant photons which cause the 23S
- 23P and 21S- 2*P transitions. Since the radiative
decay of the 21? atoms puts the excited helium atoms
in the ground state, the illumination by the helium lamp
leads to the loss of the 2'S atoms from the beam. The
electron gun and the discharge lamp produce a certain
admixture of charged particles in the beam, which can
be removed by sending the beam between capacitor
plates.

The product is a thermal beam of helium atoms con-
taining an admixture of metastable atoms in the 23S
state and an adjustable number of atoms in the 21S
state. The velocity of the beam atoms can be adjusted
both at the beam source and by a velocity selector
placed in the beam path. After passing through the
reaction zone, the beam containing the metastable
atoms reaches a detector, which is usually a metal
plate (gold or steel). The metastable atoms incident
on this plate cause secondary electron emission. The
electron current is used to determine the flux density
of metastable atoms in the beam, which must be known
in order to determine the absolute cross section for the
reaction under study.

The atoms or molecules of the target with which the
beam containing the metastable atoms collides are
themselves in the form of a beam or make up a low-
pressure gas in a collision chamber. A thermal beam
of target atoms or molecules is produced in the usual
way; it is modulated by a chopper and may pass through
a selector to produce a beam with a given velocity. An
ion collector in the reaction zone measures the total
current of ions which form. In addition, these ions can
be sent to a mass spectrometer, so that the relative
yields of the various particular reactions can be deter-
mined.

We turn now to a second version of the beam method,
in which the beam of excited atoms is produced by the
charge exchange of ions with target atoms or molecules.
The method of overtaking beams is the most convenient
for measuring cross sections in the Penning process.
To demonstrate the capabilities of this method, we con-
sider the reaction

He* + H2 -> HeH* + H + e, (12)

which was studied by Neynaber et al.u A beam of meta-
stable helium atoms was produced by charge exchange
of 4-keV helium ions. At the same time, a beam of H2

molecules was produced by charge exchange of H2 ions

with hydrogen molecules. The two beams were injected
in the same direction, in such a manner that one "over-
took" the other.

The idea underlying the overtaking-beam method is
that if the velocities of the particles in the two beams
are approximately equal then it is possible to arrange
extremely low energies of the relative motion of the
particles, even if the absolute energies of the beam par-
ticles are relatively high. Consequently, beams with
energies in the kiloelectron-volt range can be used to
study the processes which occur at relative collision
energies of only a fraction of an electron volt.45

Going back to reaction (12), we denote by £1 = Af1w
2/2

the energy of the helium nuclei in the laboratory frame
of reference, so that Mi is the mass of the helium nu-
cleus, and v is the velocity of these nuclei. If the hy-
drogen atoms have the same velocity, their energy in
the laboratory frame will be E2 = M2v

2/2, where M2 is
the mass of the hydrogen molecule. We now assume
that we are able to vary the beam energy for molecular
hydrogen near E2. If this energy is £'2 + A£2, then the
relative velocity of the beams is Az> = (l/A/2f)A£2, and
the energy of the relative motion of the particles in the
center-of-mass frame is

Aff, (13)

For some numerical estimates, we use the values Et

= 4 keV and thus £2 = 2 keV from the experiments of Ref.
44. We assume A£2= 10 eV; then the energy of the par-
ticles in the c.m. frame is e=0.01 eV. The value
adopted here for A£2 is completely reasonable, since
the energy spread in the beam of helium ions and mo-
lecular hydrogen does not exceed 1.5 eV. Accordingly,
by using beams with energies in the kiloelectron-volt
range in the overtaking-beam method we can study pro-
cesses which occur at thermal and higher energies. The
relative energy of the colliding particles can be varied
simply by changing the energy of one of the beams of
original ions, by changing the accelerating potential.

Yet another convenience of the overtaking-beam
method is that it is possible to produce a high concen-
tration of metastable atoms of a given species in the
beam. This is done by choosing an appropriate target,
in which the charge exchange leads to the preferential
formation of atoms in the desired metastable state. For
example, charge exchange of helium ions in sodium
vapor produces a helium-atom beam 94% of which con-
sists of metastable helium atoms in the 23S state.46 The
overtaking-beam method has yielded much information
about the cross sections for Penning processes—both on
the dependence of the cross section on the collision en-
ergy and the effects of the various particular reac-
tions— and also the absolute cross sections for the
Penning process.

Tables ni and IV show the experimental cross sec-
tions for the Penning process at thermal energies.
Shown here are cross sections found by averaging the
results of the specified papers and the statistical error
found from an analysis of the various results. In those
cases in which the scatter in the results from different
measurements is large we give the range of measured
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TABLE III. Cross sections for the Penning process at ther-
mal energies, in units of 10~16 cm2.

Collision
with

Metastable
atom:

He (2 SS)

He (2 'S)

Ne (»Pj)

Collision
with

Metastable
atom:

He (2 3S)

He^'S)

Ne («P,)

Ar

7±4
34-38.
47-60

25+10
37. 38. 47.

65, 56

3.1±0.8
34-30. 41.
64, 71. 72

Nj

5.3±1

to, as. 65

11+4

1.3—10
41. 64. 56.

7X. 78

Kr

8.8+0.9
41. 47. 4&.
51-64, 55,

59. 61

34±20
38. 47, 56

1 + 15
54, 71, 72

02

14±2

«5, 66

25±12

B«, 66

0.9—2.5
71, 78

Xe

12+2
41, 47, 48,
61-54, 66,

58, 61,
61. «0

40+30
37, 38, 47,

56. 00

12+5
54. 71. 71

CO

8+2

'

16±7
'

3-11
54. 71

H

22
63

33
68. 69

-

NO

17±1

36±3
'

21
71

Na

14
65

33
64

IV
70

-

COa

51+6

51, 58,

70±10

11
71

Cs

6,5
14, 77

22
77

-

NjO

36+2

&6, 61

38

25
71

H2

2.3+1.4
37, 38, 41,

47. 48,
61-54. 58,

61. 61

2,7+0,8
37, 38, 68

0.2—3,5
41, 48,
64, 71

SFs

28±8

53

38
41

TABLE V. Ratio of the cross sections for the Penning
process for metastable helium atoms in the 2*S and 23S states
for thermal collision energies.

values. There are large discrepancies among the re-
sults found by different methods. For example, the
cross section for the Penning process for the collision
He(23S)-Ar at room temperature is found from a sta-
tistical analysis of data38'42'47'75 from afterglow mea-
surements to be 6.6±0.8 A2. On the other hand, the
beam method55156 yields 19 ±3 A2 for this process at
room temperature at a collision velocity equal to the
average thermal velocity. It is difficult to blame the
discrepancies on the different methods used to average
the cross section over the velocity, although this av-
eraging operation undoubtedly leads to some differences
in the results because of the strong velocity dependence
of the cross section for this process (see Fig. 5 below).

It is particularly interesting to compare the cross
sections for the Penning process for different meta-
stable states of an atom but for the same other particle
in the collision. Here we are primarily concerned with
metastable helium atoms. Table V shows the ratio of
the cross section for the Penning process for meta-
stable helium atoms in the 2*8 and 23S states. The
source of metastable helium atoms usually contains a
mixture of atoms in the 23S and 2*S states, and there
is the separate problem of distinguishing the reactions

TABLE IV. Cross sections for the Penning process (in units
of 10-15 cm2) at temperatures of 500-600 K.

Metastable
atom

Collision
with:

Zn

Cd

*) The measured

He(23S)

3,6+0.7
74, 70, 80

7.2±2.5
74. ?B. SO

2.6"*)

cross section corre

Ne (3Fj)

4,2"

4.6"; 2,3'3*)

iponds to the form

Ar (3P2)

5,3"

6.5"

ition of the grounc

K^P,

9.3"

11"

-state ion.

Other particle

Cross-
section ratio

ap(2
lS)

op(2'S)

Other particle

Cross-
section ratio

op(2'S)
op(2'S)

Ar

3.1s8

&.3«
1,3"
1.34 >6
1"

1.181.81

1.783-"

N!

2.4s8

137. 70. 81

1.35"

Kr

3.6"
6.2"
1.3"
1.5"

2.483

0*

2.838

1.46"

Xe

3.7»8

7.4"
1.3"
1.6"

2.483

0.98°

CO

3. 138

1.29"
0.981

1.0"

H

1.5"-
6B *\

NO

1.8"
0.99"
0.9"

K

1.2"

C02

1.9"
0.93"
0.90"

Na

1.1™

NjO

1.23"
0.90"

H2

1,5"
0.65"
0.87"
0.67"
0,57"
0.89"

1.4—1.7
86

SF8

2.5"

*) The collision energy was 0.37 eV.

which involve each of these metastable species.

Many approaches have been taken to solve this prob-
lem. Dunning and Smith,81 for example, determined the
species of metastable atom from the differences in the
electron currents which arise when the metastable
atoms are incident on a gold plate. Schmeltekopf and
Fehsenfeld38 determined the species of metastable atoms
by exploiting the high efficiency of the reaction

e + He (2 >S) -* e + He (2 3S)

in the presence of thermal electrons. The number den-
sity of thermal electrons was varied by adding SF6, to
whose molecules thermal electrons readily attach. In
Refs. 70, 82, and 84 the ratio of the cross sections for
these processes was determined from the spectrum of
ionization electrons. This method has some further ad-
vantages, in that results can be found for each elec-
tronic state of the resulting ion separately. For exam-
ple, Cermak84 found that the ratio of the cross sections
for the singlet and triplet states of helium in the Penning
process for the collision of a metastable helium atom
with an HC1 molecule was 0.37 if the HC1* ion formed in
the X2II state or 0.32 if this ion formed in the A2S* ex-
cited state. If a COS molecule participates, this ratio
is 0.65 if the COS* ion forms in the X2II electronic
ground state, 0.78 if the ion forms in the B2S* state,
or 0.48 if the ion forms in the C2£+ state.

There is a large scatter in the ratios of the Penning
cross section for processes involving metastable helium
atoms in the 2*S and 23S states (Table V). The various
experimental methods for detecting the metastable heli-
um atoms have apparently been afflicted with large
errors. Figure 3 shows the ratio of the Penning cross
section for the process involving He(21S) + Ar to the
cross section for the process involving He(23S)+Ar as
a function of the collision velocity.

Let us examine the mechanism for the Penning pro-
cess. Figure 4 shows the molecular terms between
which the transition occurs in the Penning process.
These terms can be used to draw a physical picture of
the Penning process. The energy level of the quasi-
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»,/<? cm/s

FIG. 3. Ratio of the cross sections for the Penning process
for helium atoms in the 23S and 2*S states, colliding with an
argon atom, plotted as a function of the collision velocity.
Experimental data: 1 —Ref. 83; 2—Ref. 87; 3—Ref. 88;
4—Ref. 89.

TABLE VI. Cross section for the Penning
effect and ionization probability in a close
collision for the 23S metastable state of the
helium atom at thermal energies.52

Other particle

Ar
Kr
Xe
H2
N2
CO
o,
NO

lonization cross
section, A1

7
8

11
1.5
5
8

15
16

lonization
probability

0.11
0.12
0.15
0.03
0.07
0.12
0.23
0.24

molecule which is made up of the colliding particles in
Penning process (1) lies in the continuum, since the
excitation energy of the metastable atom exceeds the
ionization potential of the other particle in the collision
by virtue of the definition of the Penning process. Con-
sequently, the quasimolecule which forms from the col-
liding particles is in an autoionization state, and its
decay rate is related to the width of this autoionization
level, T(R), at the given distance between nuclei, R
(Fig. 4). Since the level width is determined by the
interaction of the colliding particles, the width in-
creases sharply as the atoms move closer together;
the decay thus occurs essentially near the distance of
closest approach, where repulsive forces act between
the colliding particles.92'93

The probability for ionization as the result of a colli-
sion with an impact parameter p is determined by Eq.
(4). A particular characteristic of the Penning process
is that in most of the cases which have been studied the
cross sections for the Penning process are much lower
than the kinetic cross sections for the collision of these
particles in a gas.94 To demonstrate this fact we show
in Table VI the ionization probabilities inferred from
the measurements by Bolden et a/.52 for the Penning
cross section in a collision of a 23S metastable helium
atom with certain other atoms and molecules. These
results support our assertion.

We can thus write the Penning cross section for rela-
tively low collision velocities as follows, according to
Bates et al,95:

a — 1 P-a H4^"p — /wr,ocapr {±'*l

Here acap, is the cross section for the capture of a
metastable atom by the particle with which it collides;
PJ is the probability for ionization as the colliding par-
ticles move closer together; andfw is the probability

that the given process is allowed by the total electron
spin of the system consisting of the colliding atoms [for
example, in the collision of two metastable helium
atoms, He(23S) + He(23S), ionization is forbidden if the
total spin is 2 or if the total electron spin in the final
channel, He + He*+e, is 0 or 1; the probability that the
total electron spin of the system is 0 or 1 in this case
is/B, = 4/9].

Equation (14) describes a physical situation in which
the ionization occurs when the colliding particles come
extremely close together because they are captured in
the attractive potential. Then the probability for ioniza-
tion in the case in which the distance between the par-
ticles is small in comparison with the impact param-
eter of the collision can be assumed independent of the
impact parameter; this conclusion justifies the use of
Eq. (14) in this case.

Let us find a more general expression for the Penning
cross section, assuming that the ionization probability
in each collision of the particles is much smaller than
unity. We shall work from the results reported by
Miller99 and Smirnov.97 Since the ionization probability
is small, an expansion can be carried out in Eq. (4),
which becomes

(15)

where ra(p) is the distance of closest approach of the
nuclei, U(R) is the interaction potential between the
particles, v is the relative collision velocity, and E is
the energy of the particles in the c.m. frame.

We can then find the cross section for the Penning
process, <Tj,=/w/0"2?rpdpP,(p), by substituting the ex-
pression for PI into this equation and by changing the
integration limits on the double integral which re-
sults96'97:

AR, (16)

FIG. 4. Molecular terms in the Penning process.
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where .R0 is the distance of closest approach in the case
of a zero impact parameter, and U(R<)') — E.

The change in the order of integration which was made
in the derivation of Eq. (16) was based on the single-
valued relationship between the distance of closest ap-
proach of the nuclei, r0, and the collision impact pa-
rameter p. This equation is thus valid if the process
generally occurs in a repulsive interaction potential
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TABLE VH. Width of the autoionization level of the system
He( 23S) + Ar and parameters in the approximation of the
width by the function T(R ) = Ae'aK •

w 2.0 3.0
u,ffsamh

FIG. 5. Cross section for the Penning process for the col-
lision of a metastable helium atom In the 23S state (lower
curves) and in the 2*S state (upper curves) with various atoms
as a function of the collision velocity, a—argon atoms; b—
krypton atoms; c—xenon atoms.

of the atoms in the initial channel. It does not hold if
this process is determined by the capture of the col-
liding particles. In the energy range under considera-
tion here, the Penning cross section increases mono-
tonically with increasing collision energy. As the colli-
sion energy is increased, progressively smaller dis-
tances between the particles can be achieved, and at
these short distances ionization is highly probable be-
cause of the large width of the autoionization level. Fig-
ure 5 shows the Penning cross section as a function of
the collision velocity for the collision of metastable
helium atoms with inert gas atoms,83 We see that at
thermal collision velocities the case described above
holds for these particles.

In the limit of high collision velocities, at which the
quantity R^r(Ri^ decreases with increasing collision en-
ergy, the Penning cross section is determined by recti-
linear trajectories. For such collisions the lower inte-
gration limit can be replaced by zero, and the interac-
tion potential of the particles can be ignored in compari-
son with the collision energy. Equation (16) can thus be
transformed to

(17)

which tells us that the cross section for the Penning
process is inversely proportional to the collision veloc-
ity. This dependence has been confirmed by experiment
(Fig. 6).

We thus see that the width of the ionization level,
T(R), for the initial reaction channel has an important

Experiment

Theory

Refei.
ence

S3
88
89

100
101

10;

Parameters of

A

3.3-103

7.4-103

4- iff"
5.3-103

1.2-103

1

a

2.56
2.80
2.78
2.80
2.64

1.50

Values of

B=4

0.12
0.10
0.06
0.07
0,03

2.5-10-3

fi—5

8.9-10-3

6.1-10-3

3.7-10-3

4.4-W-"
2.2-10-"

5.5-10-3

H-6

6.9-10-'
3.7-10-'
2.3-10-*
2.7-10-*
1.6-10-*

1.2-10-*

effect on the Penning cross section. Expressed in the
corresponding units, this width is equal to the decay
frequency of the autoionization level of the quasimole-
cule for a fixed distance between the nuclei. Since the
decay frequency of the autoionization level is governed
by the interaction of the valence electrons of the col-
liding particles, the width r(R) falls off sharply with
increasing distance between nuclei. Table VII shows
the parameters used to approximate r(R) at distances
responsible for the ionization in the Penning process
He(23S) +Ar along with values of this width in this dis-
tance range. These results were found through an
analysis of the corresponding experimental data.

Specific calculations of the rate constant for the
Penning process, which can be used to determine both
the width of the autoionization level of the quasimole-
cule (an intermediate result) and the particle integra-
tion potential at various distances between the nuclei
have been carried out.98'99'107-115 The greatest difficul-
ties of these calculations are in determining the width
of the autoionization level of the quasimolecule in that
range of nuclear separations in which this width is
small. The width is sensitive to the approximations
used to calculate it, so that a given theoretical calcula-
tion can be applied only to simple systems, for which it
is relatively reliable. Figure 7 illustrates the situation
with a plot of the decay frequency of the autoionization
state, r(R), as a function of the distance between the
nuclei for the simple Penning process He(23S)+H. This
frequency was calculated in Refs. 95, 108, 113, and
115, and in Ref. 116 it was determined from an analysis
of experimental data. The theoretical capabilities here
can be judged on the basis of the agreement between the
results from different studies.

«r

#*•
M* a> ** X>7 qmlt 70* Xf b) r°° 'J<amli

FIG. 6. Dependence of the cross section for the Penning pro-
cess on the particle collision velocity, a: He(23S) + Ar. 1 —
Calculations of Ref. 107; 2—experimental data from Ref. 93;
3—experimental data from Refs. 102 and 103; other data—
from Table IV. b: Ne(3P2)+Ar. 1—calculations of Ref. 107;
2—experimental data from Refs. 104-106; 3—experimental
data from Ref. 102.

-e-

-m 2. t ff s m
FIG. 7. Width of the autoionization state of the quasimolecule
He( 23S)+ H as a function of the inter nuclear distance. 1-4—
Calculations; 1—Ref. 95; 2—Ref. 108; 3—Ref. 113; 4—Ref.
115, 5—From analysis of experimental results.116
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Let us use this information to analyze the behavior of
the cross section for the Penning process as a function
of the collision velocity and the behavior of the rate
constant for this process as a function of the tempera-
ture. Equations (14) and (16) describe two limiting
physical situations. In the first case, the ionization
which occurs in the Penning process is determined by
the capture of the colliding particle in the attractive po-
tential. In the second case, the range of distances be-
tween particles corresponding to attraction does not
contribute to the cross section for the process. If the
energy of the colliding particles in the Penning process,
E, is much smaller than the depth of the potential well
(D) corresponding to the interaction of the colliding par-
ticles, the cross section is given by Eq. (14). In this
case the nature of the collision dynamics is such that at
an impact parameter p «pcapt (pcap, is that impact pa-
rameter at which the particles begin to move very close
together) the distance of closest approach of the par-
ticles, r0, is approximately equal to rmin, which is the
distance between the particles at which the interaction
potential vanishes [ U(r min) = 0 ]. At p > p capl the dis-
tance of closest approach turns out to be of the order of
the collision impact parameter. Since the condition rmm

«pmin holds2' at E«D, at impact parameters smaller
than p car, the ionization is essentially independent of p
and of the collision energy. At p> pcapt the interaction
between the particles which determine the transition is
weak, so that this range of impact parameter does not
contribute to the cross section. Consequently, the
Penning cross section in this energy range, E«D, is
determined by Eq. (14); the dependence of the cross
section on the collision energy is the same as for the
cross section for the capture of the colliding particles.

This behavior of the Penning cross section as a func-
tion of the velocity is supported by the experimental
data. For example, the Penning cross section was
measured in Refs. 104-106 as a function of the velocity
for the collision of a metastable neon atom, Ne(3P2),
with argon, krypton, and xenon atoms at collision
velocities in the range (0.32- 1.7)- 105 cm/s (the colli-
sion energy was less than 0.3 eV). The results show
that the Penning cross section can be approximated by
a function v~s, where the exponent s is 0.62 in the case
of the collision with the argon atom, 0.73 for krypton,
and 0.87 for xenon. For a long-range interaction U
= - CR-s this exponent should be 0.67.

We turn now to another limiting case, in which the
ionization occurs in the region of a repulsive potential
between the colliding particles. We will use Eq. (16)
for the Penning cross section. We will assume that the
most rapidly varying function in the integrand in this

equation is r(R). Expanding the other factors near the
turning point, we find

In particular, for the model interaction potential U(R)= -2D
(B/B0)6+ D(fl/flc)12, which is frequently used, we havermin/
Pt a p t= ( 1//3) (£/D)1 / e for E«D. Furthermore, the distance
of closest approach of the particles for this potential is r0
= rmm [ l - (£/24D)+(£/240)(p2/rLn)] , while the distance of
closest approach in the case of the collision impact parame-
ter p , is

2n'/» U' ( (18)

where Q= dlnf (d/J^, E=U(RII), and the resulting
equation holds under the condition aR$» 1. Equation
(18) describes the increase in the Penning cross sec-
tion with increasing collision energy. As the collision
energy is increased by an amount &E, the relative
change in the cross section due to the last factor is
dap/cp~(dln r/dR)dR0~ a.R0. Assuming that the inter-
action potential varies significantly when the distance
between the particles is changed by an amount com-
parable to itself [ i.e., | lf(R^ \ ~ U(R6)/R0 ~E/R0 ] , and
using the condition E=U(R^, we find the relation dE
~£d.R0/.R0. This relation tells us that the relative
change in the cross section due to the last factor is
given in order of magnitude by dap/ap~ aR^dE/E. Under
the condition aRt» 1, this change is greater than the
relative change in the cross section caused by the other
parameters; this other change is of the order of dE/E.
In the parameter region a,R0»l, therefore, the Penning
cross section increases monotonically with increasing
energy. It goes through a maximum at a/J0 -1. The
last expression given for the collision energy is con-
veniently written in the form

I-L) ~£. (19)

This analysis leads to the dependence of the Penning
cross section on the collision energy which is shown
schematically in Fig. 8. Region 1 corresponds to colli-
sion energies E«D and is described by Eq. (14). The
minimum in the cross section corresponds to a colli-
sion energy E~ D. In region 2 the cross section for the
Penning process is described by Eq. (18). Here the
cross section is determined by the repulsive part of the
interaction potential; dlnT (R0)/dlnfl0» 1. The maxi-
mum of the cross section corresponds to the condition
(dlnr(fl0)|dln.R0~l, which is the same as condition (19).
In region 3 the cross section is dominated by collisions
with rectilinear trajectories, and the cross section is
determined by Eq. (17). We see that the cross sections
for the particular Penning processes in Fig. 6 behave in
the same way.

In studying a Penning process at thermal energies we
must determine on which part of the curve in Fig. 8 we
are working. It follows from Fig. 4 that in the case of a
Penning process in a collision of metastable helium
atoms with other atoms the process occurs primarily
in the repulsive part of the interaction potential (region
2 in Fig. 8). This case corresponds to an increase in
the Penning cross section with increasing collision en-
ergy or increasing temperature. A different result is
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FIG. 8. Schematic cross section for the Penning process.
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given by the calculations by Olson (Fig. 5a) and the mea-
surement by Jones and Robertson93 of the rate constant
of the Penning process He(23S) +Ar in the temperature
range 100-600 K. According to these results, at ther-
mal collision energies we are working near the mini-
mum of the cross section for the Penning process (Fig.
8).

Further analysis of the experimental data on the pro-
cess He(23S) + Ar, however, shows that the minimum of
the cross section should fall at a far lower collision en-
ergy. The depth of the well for the He(23S)-Ar interac-
tion potential, found from the experimental data of Refs.
87, 89, and 100, lies in the range 4-15 meV. We can
expect to find the minimum of the cross section for this
Penning process at the same energies. In particular,
the calculations by nienberger and Niehaus,89 carried
out with the parameters of the interaction potential
found from an analysis of experimental data, predict
that the cross section for the Penning process He(23S)
+ Ar will have its minimum at a collision energy of 10
meV (100 K).

The situation is the same in the case of the collision
of metastable helium atoms with molecules. For exam-
ple, Cher and Hollingsworth117 found from the spatial
distribution of the emission of a molecular ion in a
flowing gas that the rate constant for the decay of the
He(23S) state depends on the gas temperature in ac-
cordance with fep~TU0-5 in nitrogen, oxygen, carbon
monoxide, and carbon dioxide. According to measure-
ments by Bogdanova and Marusin,118 the cross section
for the Penning process He(21S)+Ar varies from 3.5 to
10 A2 as the temperature is changed from 120 to 575 K,
while in the case of a collision of He(2lS) and a xenon
atom the Penning cross section varies from 38 to 54 A2

over the temperature range 200-575 K.

Figure 9 shows the temperature dependence on the
rate constant for the Penning process in the collision of
a metastable atom with other atoms and molecules.

»,nn3/i

10-0

These results confirm that the cross sections increase
with the temperature; i.e., in the Penning process in
the collision of metastable 23S and 2XS helium atoms
with other atoms and molecules at thermal energies,
most of the ionization occurs in the repulsive region of
the interaction between the particles.

The situation is different in thermal collisions of a
metastable 3P2 neon atom with heavier inert gas
atoms104"106 (Fig. 6b). In these cases the cross sec-
tion for the Penning process falls off with increasing
collision energy (region 1 in Fig. 8) and behaves as the
capture cross section does in the long-range interaction
potential in the collision of atoms [ see Eq. (14)J.

It is interesting to examine the expression for the
rate constant for the Penning process which occurs in a
gas with a Maxwellian energy distribution of colliding
particles. This expression takes a particularly simple
form in the case in which the process occurs in the
range of distances in which the colliding particles repel
each other (regions 2 and 3 in Fig. 8). Using Eq. (16)
for the Penning cross section, and taking the average
of the rate constant for the Penning process over a Max-
wellian particle distribution, we find the following re-
sult, after changing the order of the integration in the
expression for the rate constant for the process:

Jf fT( f l )

(20)

Equation (20) can also be derived on the basis of sta-
tistical considerations. The probability for finding an
impurity atom at a distance between R and R+dR from
the metastable atom is, according to the Boltzmann law,
ATa- 47r#2dflexp[- U ( R ) / T ] , where Na is the number den-
sity of impurity atoms. The frequency of the Penning
process for a distance R between the atoms is fwr(R),
so that the frequency for the Penning process, averaged
over the distance between the nuclei, is

wo ma aoo w
FIG. 9. Rate constant for the Penning process in the colli-
sion of a metastable 23S helium atom with other atoms and
molecules.5S

which agrees with Eq. (20), derived above.

A special case of the Penning process is in the colli-
sion of two excited atoms. In this case the width of the
autoionization level is relatively large because of the
strong interaction between the particles, so that the
ionization probability in a close approach is unity. The
cross section for the Penning process is thus equal to
the cross section for an elastic collision of the particles
which brings them closer together. In particular, at low
collision velocities, according to Eq. (14), the cross
section for the Penning process is95

Op = /wdcapt- (21)

At high collision energies, at which the ionization prob-
ability becomes small in each collision, the cross sec-
tion for the Penning process is determined by Eq. (17);
i.e. , the cross section falls off in inverse proportion to
the collision velocity.

In the Penning process in a collision of two excited
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' wo I/DO r,/f
FIG. 10. Rate constant for the Penning process 2He(23S) —He
+ He*+e. 1-3—Experimental data; 1—Refs. 120-128; 2—
Ref. 131; 3—Ref. 132. 4—Calculated from Eq. (23) .

atoms the cross section is a monotonic function of the
collision energy; specifically, it decreases with in-
creasing energy (cf. Fig. 8). Among such processes,
that which has been the subject of the most detailed ex-
periments is the collision of two metastable helium
atoms:

2He (23S) (22)

A statistical analysis of the cross sections measured
in Refs. 120-128 yields a value of (10± !)• 10"15 cm2 at
a temperature of 300 K or at a relative collision energy
of 0.033 eV. The value calculated for this cross section
from Eq. (21), with the help of expressions (10) and (11)
for the capture cross section, is14'15'129 the same, 10~14

cm2. Here we have used the value C = 3300 for the van
der Waals constant for the interaction of two metastable
helium atoms.130 The value of the coefficient fw in Eq.
(14) for reaction (22) is 4/9.

Figure 10 compares the measured rate constants for
reaction (22) at various temperatures with the results
calculated from Eqs. (14) and (10). In this case these
equations yield

6. 8. 1Q-" cm2
(23)

where the temperature is in degrees Kelvin.

At low collision energies the dependence of the cross
section on the collision energy is the same as that for
the cross section for the capture of one particle by the
other. Accordingly, if we approximate the dependence
of the Penning cross section on the velocity by the ex-
pression ap~v~s and assume that the capture results
from the long-range van der Waals interaction between
the particles (U~R~6), then we have s = 2/3 according
to Eq. (10). Table VIII shows the values found for this
exponent from an analysis of the experimental data of
Refs. 133-136. We have also included the parameters
of the Ar*-Na collision in this table, because the rela-

TABLE VIII. The exponent s in the velocity de-
pendence of the cross section for the Penning
process (&p~v~s) for a collision of two meta-
stable atoms at low collision energies.

Colliding
particles

He* — He*
He* — Ne*
Ar*— Na
Ar* — Kr*

s

0,76
0.82
0,67
0.8

Reference

133

134

135

136

tively low binding energy of the electron in the sodium
atom makes this collision similar in nature to the pro-
cesses which occur with two excited particles. We see
that the simple model used here gives a rather good de-
scription of the actual situation.

3. PENNING ELECTRON SPECTROSCOPY AND
REACTION PRODUCTS IN THE PENNING PROCESS

A spectral study of the freed electrons yields much
information about the physics of the Penning process
and the corresponding chracteristics. Reseach along
this direction, which was begun by Cermak, m has
evolved into the distinct field of "Penning electron spec-
troscopy." Extensive experimental work has been car-
ried out in this field,70' 73,8:. 89, 137-152, 162,172,209 and it ^g

been the subject of several reviews, e.g., those in Refs.
5 and 8. Before we examine the possibilities of this
field and the results which it has yielded, we first deter-
mine the relationship between the spectrum of electrons
liberated in the Penning process and the parameters of
this process.

If we assume that the width of the autoionization level
of the quasimolecule, r(R), is small in comparison with
the typical electron energies in which we are interested,
then by virtue of the Franck-Condon principle we can
assume that the energy of an electron which is freed at
a distance R between the nuclei is equal to V(R), which
is the difference between the energies of the A*-B and
A-B* states (Fig. 1). Then we find the probability for
the liberation of an electron with an energy between e
and E +dz to be,

, = <fe \ d[ l -exp(- f r d t ) ] 8 ( e —

for a collision with a given impact parameter, where the
5-function reflects energy conservation at the transition
point. Under the assumption that the probability for the
Penning process is low, we can then find an expression
for the cross section for the process which leads to a
free electron with an energy E:

T(R)At6(t — V(R)),

where p is the impact parameter of the collision. Now
changing the order of integration, and going through the
same operations as in the derivation of Eq. (13), we
find

(24)

Here d<rp is the cross section for the Penning process
which results in the appearance of electrons with ener-
gies between E and E +dt, £ is the particle collision en-
ergy in the c.m. frame, U(R) is the interaction potential
of the particles in the initial state, Re is the term inter-
section point, RQ is the distance of closest approach in
the case of a head-on collision [ U(R0) = E], and V(Rt)
= E.

We see that if the differential cross section for the
Penning process in (24) is integrated over the energy
of the emitted electron the result would be Eq. (16).
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[In the derivation of Eq. (24) we set the factor fw equal
to unity to simplify the equations.] As in the derivation
of Eq. (16), we have assumed that the ionization in the
Penning process occurs primarily in the repulsive re-
gion of the interaction potential of the colliding par-
ticles. Equation (24) is easily generalized to the case
in which we are interested—in which the energy scale
of the liberated electron is comparable to the level
width. In this case, according to the Breit-Wigner
formula, the 6-function in Eq. (24) should be replaced
by

2n{[e-V(fl)J

We now assume that the depth of the well in the interac-
tion potential of atoms A* and B is small in comparison
with the thermal energy of the colliding particles. Then
calculations similar to those used in the derivation of
Eq. (17) lead to the following expression for the electron
energy distribution:

•sires.) MP [-

V (fle) T (R) S* AR exp [-V(R)IT]
0

(25)

Here -F(e)de is the probability that an electron is freed
with an energy between e and e +de, and Rt is the dis-
tance between the nuclei at which the electron with en-
ergy e[ V(Rt) = t} is freed. The function F(c) is normal-
ized: J>(e)dE = l.

Using Eq. (25) and the experimental spectra of freed
electrons for various gas temperatures, we can recon-
struct the interaction parameters of the atoms involved
in the Penning process. For example, it follows from
this equation that the electron spectrum depends only
slightly on the temperature if the Penning process is
essentially completed in the region of attraction of the
colliding particles, while the electron spectrum varies
markedly with the gas temperature if the decay is essen-
tially completed in the closest-approach region. Figure
11 shows the spectrum of electrons freed in the collision
of metastable helium atoms with argon and xenon
atoms.142 Figure 12 shows the electron spectrum from
a collision of metastable helium atoms with mercury
atoms.142 We see that the collision of a He(21S) atom is
an example of the first case, while the collision of a
He(22S) atom is an example of the second case.

Measurements of the electron spectrum can reveal the

a- a 8,05 nt azfji.Mb -o.es o 0.05 ar je,«v

c o 0.05 0.1 oj5 Ae,t\/ a -o,os a o,os a,t 4s,«y

FIG. 11. Energy spectrum of the electrons freed in collisions
of metastable helium atoms with atoms of argon and xenon.143

Ae= e - EC^. -t- J;&c\ Is the excitation energy of the metastable
atom, a—He(23S)+Ar; b— He(21S)+ Ar; c—He(23S)+Xe;
d—He(21S)+Xe.

9.4 S,S S.S
Electron energy. eV

XX £

FIG. 12. Energy spectrum of the ionization electrons in the
case of the collision of metastable helium atoms with mer-
cury atoms.

state of the reaction products. For example, Table IX
shows the relative values for the rate constant for the
formation of a mercury ion in the corresponding elec-
tronic state in a collision of a metastable helium atom
with a mercury atom.139'142 These values correspond to
the relative number of electrons emitted with the given
energy, which corresponds to the state of the product
ion under consideration. Electron-spectrum studies of
the Penning process in the case of a collision of a meta-
stable atom with a molecule show that the vibrational
state of the resulting molecular ion usually corresponds
to the Franck-Condon principle.

If the decay in the Penning process occurred at an in-
finite separation of the nuclei, the energy of the emitted
electrons would be Ee^-J, where £exc is the excitation
energy of the metastable atom, and J is the ionization
potential of the impurity atom. The average energy of
the electrons resulting from the ionization, E, is shifted
from this value, depending on the relative behavior of
the terms of the colliding particles in the initial and
final states. Table X shows the values of this energy
shift for some specific collisions of metastable helium
atoms with other atoms.142 Where this shift is negative,
the repulsion between the particles in the final state is
greater than their repulsion in the initial state; where
the shift is positive, the opposite is true.

The possibilities of the method of Penning spectros-
copy are determined by its accuracy. In experiments

TABLE re. Relative cross sections for the Penning process
in the collision of a metastable helium atom with a mercury
atom corresponding to a given final state of the mercury ion.

State of metastable
helium

State of the mercury ion
formed

Relative cross section for the
process

State of metastable
helium

State of the mercury ion
formed

Relative cross section for the
process

2"S

•Si/,

1

'D,/,

0.381"
0.52«>

•Dt/i + 'Pi/i

0.34""
0.40"»

'P,/»

0.15'"
0.3213»

2'S

zSi/s

1.0513'. ">

•D./,

1.27""
1,23"'

•Di/i+'Pl/i

0.981"
0.94""

'Pi/.

0.29"1
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TABLE X. Shift of the average energy of the electrons freed
in the Penning process.

State of metastable helium
atom

Ion formed

Shift of the average electron energy,
in units of ID"1 eV

State of metastable helium
atom

Ion formed

Shift of the average electron energy,
in units of 1CT' eV

2 IS

Ar+(*P3/2) Kr+(3p3/2) Xe+ (2P,/2) Hg* ("S1/2)

46 25 5 —50

23S

Hg*(2D5/2) Hg+CD,/,) Hg*(«P^2)

—67 —83 —100

TABLE XI. Ratio of the cross section for the associative
ionization corresponding to the formation of a molecular ion
to the total cross section for the Penning process (%).

by Hotop and Niehaus,142 the energy resolution in the
measurements of the electron energy was 0.01-0.02
eV, i.e., slightly lower than the thermal energy.3' It is
thus possible to determine the composition of the final
products of the Penning process even in the case in
which the binding energy of the resulting molecular ions
is comparable to the thermal energies. Table XI shows
results found from data on the electron spectrum for the
process

+ e, , „.
(26)

where A* is a metastable atom and B is an inert gas
atom.

If the relative energy of the colliding atoms is as-
sumed to be zero, then energy conservation tells us that
the emission of an electron with an energy greater than
EL.^ -J is accompanied by the formation of a molecular
ion in process (26) (£cxt is the excitation energy of the
metastable atom, and J is the ionization potential of the
inert gas atom). The analysis becomes more difficult if
the characteristic energy in the electron spectrum is
comparable to the thermal energies of the colliding
atoms. In this case, the reaction channel must be known
for an unambiguous determination of the reaction chan-
nel from the electron spectrum.

Advanced experimental methods for studying the
Penning process can yield even such details as the
electron distribution over the emission angle with re-
spect to the direction of the collision velocity. Mea-
surements of this type were carried out in Refs. 146,
149, and 150 for the collision of metastable helium
atoms with other atoms and with molecules. A beam
of metastable atoms moving at a velocity comparable to
the thermal velocity passed through a gas, so that the
relative collision velocity was determined by the beam
direction in the collisions of the metastable helium
atoms with the heavier gas particles. The metastable
helium atoms were in both 23S and 2JS states. The
current of electrons emitted at various angles with
respect to the beam direction was measured, and the

Metastable atom

He (2 3S)

He (2 IS)

Ne (3P0,2)

Other particle

Ar

1582, lit

17 »2 *)
141531)

12 '« **)

21 B3 g 147
44 '»« »)

4 7Z *«)

31"34153

Kr

17 .2
13 ««
2482*)

11 »» ')

13", 81?1

46 8a «)

30 »
34148

32 «"

Xe

11"
61S*

18 •• •)

2 •«, 61"
7 82.)

24 «
23 us

Note. * Temperature of 90 K; **temperature of 600 K; no
asterisk—temperature range 320-430 K. 1) State of the meta-
atom not identified.

energy of these electrons was also measured. This
energy made it possible to determine which metastable
state was responsible for the decay which resulted in
the electrons. It was thus possible to determine the
relative angular distribution of the electrons in the
decay of systems including the 23S and 2*S helium
atoms.41

The data on the spectrum of ionization electrons refer
to the collision of a metastable atom with another atom.
When molecules are involved, the electron spectrum
becomes more complicated,151'152'162'172 since the ions
which form may be in vibrationally as well as elec-
tronically excited states. Figure 13 illustrates the
situation with the spectrum of electrons resulting from
the collision of metastable helium atoms with carbon
dioxide molecules.162 We see that in this case the elec-
tron spectrum contains, in addition to the resonances
corresponding to the formation of a molecular ion in
one of several electronic states, some rather poorly
defined resonances which correspond to the formation
of various vibrational states of the ion in this electronic
state.

Since the Penning process involves a significant change
in the electronic energy of the colliding and resulting
atoms, molecules, and ions, this process may go by
various paths. Let us examine the states and structure
of the particles which are formed in the Penning pro-
cess and determine the characteristics associated with
the final reaction path. Some results of this type, found
from an analysis of the electron spectrum, were given
above.

From the standpoint of the identity of the resulting
ion, the ionization which accompanies the collision of an
excited atom with another atom can go by various reac-
tions, (l)-(3). Reaction (1) is called "Penning ioniza-
tion" if the excited atom is in a metastable state. Re-
action (3), which results in the formation of a bound

"This resolution makes it possible to reconstruct the parame-
ters of the molecular ion formed in the Penning process. In
Ref. 91, for example, measurements of the spectrum of freed
electrons led to the parameters of the molecular ions NeH*
and ArH*.

4)In the case of argon,146' 149 for example, if we adopt a value
of unity for the ratio of the number of emitted electrons for
the decay of metastable helium atoms in the 23s and the 2*s
states at an electron emission angle of 90°, then at an emis-
sion angle of 30" this ratio is 0. 6, and at 130° it is 1.2.
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He*-C0i

TABLE XIII. Relative probability for the given reaction pro-
duct in the Penning process involving a metastabie Ne(3P0i2)
atom.

FIG. 13. Electron energy spectrum in the Penning process
involving a metastabie helium atom and a carbon dioxide
molecule.

state of the heavy particles, is called "associative ion-
ization." Since the ionization is accompanied by a
simultaneous change in the chemical structure of the
colliding particles, it is frequently called "chemioniza-
tion." Tables XI- XV contain information on the rela-
tive importance of Penning ionization and associative
ionization for several specific Penning processes.

The data in tables XI- XV were obtained experimen-
tally by two methods. One involves the use of Penning
electron spectroscopy, and in this method the ion
species can be determined from the energy of the
emitted electrons.70'72'141'142 The other method uses
mass spectrometry153"161 and makes it possible to de-
termine the relative yield of a given ion species, either
the absolute value of the cross section, or the rate con-
stant for the Penning process for a given species of the
ions that are formed.

Table XII shows the relative probabilities for the
formation of ions of a given species in collisions of
metastabie helium and neon atoms with molecules of
various hydrogen isotopes. Most of these results were

TABLE XII. Relative yield of the ions of a given species ( % )
in collisions of metastabie helium and neon atoms with mole-
cules of hydrogen and its isotopes ( A = He, Ne). A mixture
of 23S and 2*8 states is involved in the processes in the case
of the metastabie helium atom; a mixture of the 3P2 and 3P0

state is involved in the processes in the case of the metastabie
neon atom.

Target
molecule

Ha

HD

D*

Ion
formed

Hf
AH*
AH?

HD+

AH*
AD*
AHD*

Dt
AD+

AD}

Metastabie atom

He*

88". ", 88. 4"1, 88. 61", 911"
8.1" 10" 9.7"i.™» 9"»
1.5", 1.6", 1.9"', 1.7«», 0.7»«

87. 3"1

4.71"
7. 11"
0.9'«

99.31"
—0.7"5

Ne

77. 81"
20. 21"
2.01"

74141
10.4"1

14,1'«
1,5"1

—
—

Target

Ion in final
reaction channel

Relative probability
Cot ion emission,
(*)

Target

Ion in final
reaction channel

Relative probability
for ion emission,
^}

NO

NO*

99.3
99*)

NeNO*

0.7
1*)

os

O+

99.7

NeOJ

0.3

Hj

H?

78
78*)

NeH*

22
20*)

NeHj

0
2«)

CO,

COj-

99.4

NeCOJ

5.6

N,

NJ

94.1

NeN*

5.9

CO

CO*

92.5

NeCO*

7.5

NjO

N20+

76

NO*

17

O*

6.3

NeNsO+

0.7

•(Results obtained in Ref. 70, corresponding to a temperature of 320 K. Values without
an asterisk were obtained in Ref. 72 for a gas temperature of 435 K.

obtained by the mass-spectrometry method.141'155'156

We see that the isotopic effect is more noticeable in the
case of a relatively low ion dissociation energy. The
decrease in the relative probability for the formation of
ions of the type AH2, when the protons are replaced by

. deuterons, can be explained in the following way155:
The dissociation energy of the HeH2 ion is low (0.2 eV),
so that the vibrational motion of the protons in this ion
is nearly the same as that for the H*. ion. If the HeH*
ion is to be produced in the reaction He* + H2, the He
and HJ particles in the final reaction must be bound,
and the H*2 ion must be in the vibrational ground state
or in the first excited state in the case of Dj. Imposing
the Franck-Condon principle, we see that the probabil-
ity for the formation of a molecular hydrogen ion in the
vibrational ground state during the ionization of a hydro-
gen molecule in the vibrational ground state falls off
when the protons are replaced by deuterons. There is
a corresponding decrease in the yield of products of the
type HeH* for this reaction when protons are replaced
by deuterons.

Ions of the type AD* are slightly more likely to be
formed than AH* ions, since the number of vibrational
and rotational levels of the AD* ions is higher than that
of the AH* ions. The difference is magnified as that
range of coordinates in which the classical laws of mo-
tion for the nuclei are violated becomes relatively more
important for the reaction.

A study of isotopic effects can be of assistance in
studying the nature of the Penning process. Certain

TABLE XIV. Relative probability of the corresponding reac-
tion channel for the process Af3?^)-)- NO.

Metastabie atoms A

Ion in final
reaction
channel

NO*

ANO+

Ar

81701), 81'"),
801" »), 82MOS)

19"»), 19" "), 20"">),
18"° ")

Kr

74'"), 64">). 98"«»),
65"° 3), 80"° «)

26'° i), 36"»), 1.5"»=)
351"",), 20"° •)

1 )Gas temperature of 320 K. 3 )Gas temperature of 435 K. ' )Gas temperature
of 300 K. 4)Gas temperature of 600 K.
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TABLE XV. Relative yield of ions ( % ) for the Penning
process He*+ H2O, D2O ( He* is a mixture of metastable He
atoms in the 23S and 2(S states; the temperature is 340 K).

Target

Ion in final reaction
channel

H30
+, D20*

OH+, OD*
H+, D+

HeH*, HeD*
HeO+

H.o

78
17.8
3.1
0.7
0.2

D20

76
19.3
3.1
0.5

—

10"

TO'7 r

70'

= -2

conclusions regarding the nature of this process in the
collision of metastable atoms with molecules can be
drawn from the results reported by Penton and Musch-
litz,159 who measured the relative cross sections for the
Penning effect in the collision of metastable helium
atoms with H2) HD, and D2 molecules. The metastable
helium atoms were in singlet and triplet states, with the
ratio of corresponding atoms varying from 0.9 to 2.

If the thermal collision energy is significantly lower
than the dissociation energy of the hydrogen molecule,
it can be assumed that the distance between the protons
does not changes in the course of the collision. When
the isotopic composition of the nuclei is changed, there
is no change in the interaction potential, so that the rate
constant for the Penning process does not depend on the
mass of the colliding nuclei, according to Eq. (20), and
the cross section for this process is proportional, at a
given temperature, to the square root of the reduced
mass of the colliding particles. It follows that we have
°r>2/ f fH2=l-22 and oK-D/aK2= 1.13, where the subscript
specifies which molecule is ionized as a result of the
Penning process. Measurements carried out under
identical conditions yield159 cD2/aH2=1.15±0.05 and
aHD/aH2= 1.03 ±0.05. The discrepancy between the
theoretical and experimental results is attributed to
different distributions in the distance between the nu-
clei in the molecules.

It can be concluded from this analysis that a depen-
dence of the characteristics of the Penning process on
the isotopic composition of the molecules involved is
seen in the case in which a threshold energy is required
for this process; the threshold is very sensitive to the
isotopic composition of the molecules. When the pro-
cess occurs far from the threshold, its parameters de-
pend only slightly on the isotopic composition of the
molecules. This assertion is supported by the data in
Table XV on the relative yields of various ions in a
Penning process involving metastable helium and neon
atoms and various isotopes of a water molecule.

It follows from general considerations that associative
ionization can dominate the ionization which occurs in
the Penning process if the relative collision energy of
the particles is much lower than the dissociation energy
of the product ion. In this case the kinetic energy of the
relative motion of the particles in the final reaction is
smaller than the attraction energy of the product par-
ticles if the electron is detached at a nuclear separation
corresponding to strong attraction of the product par-
ticles (Fig. 4). With increasing collision energy, the
probability for the formation of a bound state of the

FIG. 14. 1—Dependence of the total cross section for the
Penning process on the collision energy for the pair Ar*+ Na;
2—dependence of the cross section for associative ionization
on this energy.135

particles in the final channel decreases; i.e., the rela-
tive probability for the associative ionization falls off
with increasing collision energy. This conclusion is
confirmed by data from many experiments (see, for
example, Refs. 44, 87, 88, and 133-137), which show
that the relative cross section for associative ionization
falls off with increasing collision energy and that that
part of the total cross section for the Penning process
which can be attributed to associative ionization falls
off with increasing collision energy. At a collision ener-
gy comparable to or greater than the dissociation energy
of the product ion, the cross section for associative ion-
ization becomes extremely small.

This fact is illustrated in Fig. 14 by the relative cross
section for associative ionization and the total cross sec-
tion for the Penning process Ar* +Na, plotted as func-
tions of the collision velocity. The arrow shows the
position at which the dissociation energy of the resulting
molecular ion, NaAr* (0.15 eV according to Refs. 163
and 164) is equal to the kinetic energy of the relative
motion.

Some information on the Penning process can be found
by studying the emission spectrum of the product ion.
In Refs. 40, 41, and 165-167, for example, studies
were made of the process

He* + N2 -»- He + N| (B2SJ) + e, (27)

where the helium atom is in a metastable state. Table
XVI shows the cross sections for this process. Com-
parison with Table in shows that, according to Eq. (24),
the probability for ionization accompanied by the forma-
tion of an excited ion in Penning ionization involving a
metastable helium atom and a nitrogen molecule is of
the order of some tenths.

Table XVTI shows another example of this type,168 in
this case for the collision of a metastable helium atoms
with a CO molecule. In this case the probability for
the formation of the ion in the ground state is lower

TABLE XVI.

Metastable state of
helium atom

2>S
2'S

Cross section for reaction
(27), 10-" cm'

5,1", 2.0"«, 1.5"'
4.9"«, 2.5"'
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TABLE XVII. Pathways for the reaction He( 23S)+ CO (Ref.
168).

TABLE XDC. Characteristics of Penning process (28).

Final product

e+He+CO*(B«2)
e + He+CO*(A»H)
e + He + CO*(X»2)
e + He + O + C*

Relative yield, (%)

53
17
26
4

Rate constant of
process, 10~" cm*/»

5.3
1.7
2.6
0.4

than that for the excited state. Table XVIII shows par-
tial cross sections for the Penning process in the colli-
sion of a metastable helium atom with metastable metal
atoms, corresponding to the formation of an ion in
various states. These results were obtained in a study
of the afterglow in a decaying plasma.8 In these cases
the excitation energy of the colliding atoms was quite
high, so that the formation of many states of the ion
was energetically allowed.

The excitation potential of the metastable helium atom
is higher than the potential for the appearance of doubly
charged ions of several elements. In the case of a colli-
sion of a metastable helium atom with atoms of these
elements, therefore, doubly charged ions form along
with singly charged ions. This process was observed
for several elements in Refs. 169-171. TableXK shows
the relative probabilities for the formation of doubly
charged ions in the Penning process (in comparison with
singly charged ions) for several cases in which the
formation of doubly charged ions is energetically al-
lowed.

Turning to the polarization of the resulting electrons,
we see that it must be the same as the spin polarization
of the metastable atoms in the case of a collision with
an atom or a molecule with zero spin.119 This assertion
has been confirmed experimentally190 in collisions of
metastable 21S helium atoms with Ar atoms and with the
molecules H2, N2) CO2, and N^. In the case of a colli-
sion of a metastable helium atom with a CO molecule
the observed polarization of the ionization electrons is
lower than the initial polarization of the metastable
helium atom by about 30% (the error in the measure-
ment of the polarization in that experiment was 10%).

4. ASSOCIATIVE IONIZATION

Associative ionization, reaction (3), is of particular
interest if direct ionization is energetically forbidden in

TABLE XVIII. Partial cross sections for the Penning process
in the collision of a metastable 22S helium atom with meta-
stable metal atoms.8

Initial state of atom

Hg(6<>P,)

Zn (43Pj)

Cd (53P2)

Product ion and its state

Hg+P'Pi/i)

Zn* (6 'SI/2)
Zn* (5 >P1/2)
Zn* (5 >Ps/!)

Cd* (5 «F,/,)
Cd*(7*P,/,)
Cd*(6«D,/,)
Cd*(6»D3/i)
Cd*(4«F,/2)
Cd*(4»F5,.)
Cd* (7 »S1/2)
Cd* (6 'Ps/2)

Partial cross section,
10-" cm'

10

1.5
2
1

0.10
0.10
1.5
1.0
2.5
2.0
0.35
2.5

Target itom and its electronic
configuration

Ba(to') {

Y(4d5s«) {

Ce (4d5f6s«)

Metastable helium
•torn

He (2 'S)
He(2'S)
He (2 3S)
He(21S)
He (2 »S)

Difference between the
excitation potential
of the metaitiHe helium
atom and the potential

doubly charged ion, eV

4.60
5.39
1.20
1.99
3.50

Relative probability for
the formation of a doubl)
charged ion at a collision
energy of 0.1 eV, (%)

1
1.8
2
2
2.8

a collision of an excited atom with another atom, i.e.,
if the excitation potential of atom A* in (3) is lower than
the ionization potential of atom B. This energy defi-
ciency in the associative ionization can be made up from
the dissociation energy of the resulting molecular ion.
In this case, associative ionization is the sole ioniza-
tion reaction in a collision of an excited atom with
another atom. In particular, this situation arises in the
collision of excited and unexcited atoms of the same
species.

Ionization in a collision involving excited atoms was
first discovered by Mohler and Boeckner173 in 1930 in
the photoexcitation of cesium vapor. The formation of
molecular ions, however, was not identified. Associa-
tive ionization was first observed in 1951 by Hornbeck
and Molnar.m This process is the basic mechanism
for the formation of charged particles in gases excited
by electromagnetic radiation (in particular, by resonant
radiation).

The physics of associative ionization can be under-
stood with the help of Fig. 15, which shows the elec-
tronic terms of the molecular ion AB and one of the
terms corresponding to the interaction of an excited
atom A* with another B. These terms intersect at a
certain distance between the nuclei, Rc and at shorter
distances the A*+B system is in an autoionization
state. This state may decay, forming a molecular ion
and a free electron.

Associative ionization is important in the formation
of charged particles in a hot gas or a weakly ionized
plasma in cases in which the excitation energy is too
low for direct ionization of the atoms. For example,
the formation of charged particles in flames in which
hydrocarbons are burnt results primarily from the re-
action175-180

GH + 0 -H-CHO* + e. (28)

In hot air the charged particles form by the reac-
tion181"187

N + O->NO* + e. (29)

FIG. 15. Behavior of the terms in associative ionization.
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Associative ionization is important in the development
of sparks and lightning. The first step in the breakdown
of a gas at atmospheric pressure is an ionization wave,
which propagates toward the positive electrode and cre-
ates a conducting channel with relatively few charged
particles and a relatively low number density. Then the
ionization wave propagates in the opposite direction,
creating a relatively high density of charged particles.
As a result, a conducting channel forms in the gas, and
it is along this channel that the voltage discharge occurs.
The second step of the breakdown, corresponding to the
propagation of an ionization wave toward the negative
electrode, cannot be explained on the basis of the motion
of ions, because the velocity is high (109 cm/s). This
step of the breakdown results188> 189 from the appearance
of excited atoms as a result of absorption of photons
moving toward the positive electrode. The photons
themselves appear in emission by atoms excited by
electron impact. An excited atom leads to the formation
of a free electron, which causes a rapid breeding in the
external electric field. Consequently, if the emitted
photon moves toward the negatively charged electrode,
then after a certain time interval an electron avalanche
will return to the region from which the photon was
emitted. As a result, an ionization wave (streamer)
moves opposite the electron current direction and in-
creases the charged-particle density, i.e., creates a
conducting channel.

In the interaction of a monoenergetic electron beam
with a gas, ions also appear at an electron energy in-
sufficient for direct ionization of the gas particles.
This appearance is a consequence of associative ioniza-
tion: The electron beam excites gas atoms, which form
molecular ions in collisions with ground-state atoms.
The threshold electron energy in this case is deter-
mined by the threshold for the excitation of those states
from which molecular ions can form through associative
ionization. Table XX shows the potentials at which sev-
eral molecular ions appear, i.e., the lowest energies
of the electrons in the beam at which the formation of
the ions is observed in the gas or gas mixture. In all
the cases studied, this potential is below the ionization
potential of the host-gas atom.

The original methods for studying associative ioniza-
tion made use of this electron-impact method for ex-
citing a gas.74'191"208 The gas is excited by a monoen-
ergetic electron beam capable of ionizing the gas atoms.

TABLE XX. Potentials for the appearance of molecular ions.

The following reactions occur in the gas:

Molecular ion

HeJ
HeNe*
HeAr*
HeKr+

NeJ
NeAr*
NeKr*
NeXe*
ArJ
ArKr*
ArXe*
KrJ
KrXe*

Xef
Csj

Potential for its appearance, eV

23. 34-0. 1174- Ie8- 195

23.0±0.411S-»B

17. 91"8

19.9«»
20.9"*. i»
16.6±0.1"3-">
16. 6«3

16. O1"
14. 9+0. 217* »!.«<». «o«
14.QZ02

13,5«*.2°b

12.2MS

12.3"'
U.3±0.11M-"".'«
2.82"1

Ionization potential
of atoms, eV

24.59

21,56

15.76

14.0

12.1
3.89

e + X + + 2e,

X*

X*

X* -4 X + hv.

(30)

Shown above the arrow is the rate constant or the
characteristic time of the given reaction. The change
in the number density of particles of a given species
satisfies

AN, (3D

(32)

where Ni and W2 are the densities of atomic and molecu-
lar ions, N* is the density of excited atoms, and ATaand
N& are the densities of atoms and electrons, respective-
ly. This system of equations was written under the as-
sumption that a molecular ion can form from only a
single excited state.

Solving system (32) for the instant at which the elec-
tron pulse ends, we find

(33)

where the constant C depends on the length and shape of
the electron pulse. We now apply a constant electric
field, and by extracting the ions from the gas we mea-
sure the ratio of the currents of molecular and atomic
ions. We choose a weak electric field, so that the ratio
of ion currents will be proportional to the ion density,
and by measuring this ratio we can determine the prop-
erties in which we are interested.

The usual procedure is to measure the ratio of the
total currents integrated over the entire duration of
the experiment. Changes can be made in the gas den-
sity, the energy of the beam electrons, the length of
the electron current pulse, and the delay time before the
application of the electric field and the extraction of ions
from the gas . Measurements for various values of these
parameters make it possible to reconstruct the radia-
tive lifetime of the state, rr, and the rate constant for
electron- impact excitation of that state of the atom
which is active in associative ionization.

If there are several excited states of the atom for
which associative ionization is effective, then a sum
should be taken over these states on the right side of
Eq. (33). Whether such states can be revealed by this
method depends on not only the associative- ionization
cross section for these states but also the resolution of
the particular experimental apparatus. For example, a
study of helium by this method has revealed four excited
levels which lead to associative ionization. 199 These
levels can be identified from their radiative lifetime and
from the dependence of their excitation cross section on
the electron energy.206 This method for studying the
quantitative characteristics of associative ionization
cannot compete with advanced methods for studying this
process (see Table XXII). For this reason, this method
has essentially fallen into disuse.
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TABLE XXI. Parameters of associative-ionization process
(34) in the collision of two resonantly excited alkali metal
atoms.

TABLE XXII. Average cross section for associative ioniza-
tion at a temperature of 320 K.

Species and
state of col-
liding atoms

Li (2«P)
Na (3»P)

K (4»P)
Hb (5»P)
Ce (6'P)

Heat of re-
action, eV

-0.74
0

0.1
0,2
0.33

Temperature, K

900
500

Beam
i; = 3,8-10« cm/s

550
450
470
425
500
500

Rate constant
for process
(34), 10-" cm1

_

—
—

380+40
9±2

3.2±0.4
2+0.2
1,6
2,5

Average cross
section for
process,
10-" cm1

5-10-3

100
0,5

38
1.3
0,7
0.54
0.5
0.65

Refer-
ence

81
SI
21

SI
SI
tl
SI
SI
SI

In this case an electron beam is used to produce ex-
cited atoms. Another possibility is to use photoexcita-
tion of a gas. Although this method can produce only
atoms having a certain symmetry of levels, because of
the selection rules, it does make it possible to avoid
various secondary processes which occur in the case of
electron-impact excitation of atoms. In this case the
excited atoms are formed in only a single state, and this
is a definite advantage. This method is becoming par-
ticularly popular because of the appearance of a con-
venient excitation source: the tunable laser.

In this method, the atoms undergo a single or double
photoexcitation, and the current of the resulting molecu-
lar ions is measured. Two versions of this method have
been adopted. In one version, a study is made of the as-
sociative ionization which results from the excitation of
resonant states of gas atoms by resonant radiation. The
associative ionization occurs in the collision of two
resonantly excited atoms. In the second version, the
associative ionization occurs in the collision of an ex-
cited atom with a ground-state atom. The first version
has been adopted most widely for collisions of two reso-
nantly excited atoms of alkali metals. Table XXI shows
the characteristics of the reaction

2M(2P)-*MJ + e + Ae, (34)

where M(2P) is an alkali metal atom in a low-lying,
resonantly excited state. When two metastable mercury
atoms participate, the associative ionization [2Hg(63P2)
— HgJ + e] occurs far more efficiently than in the case
of a collision of alkali metal atoms. The cross section
for associative ionization corresponding to this process
is3 ID'14 cm2 (Ref. 219).

In addition to producing excited atoms through photo-
excitation, it has become common to study associative
ionization by measuring the spectral characteristics of

5*This value is not only much greater than the cross section for
the molecular mercury ton but also larger than the cross sec-
tion in (11) for the capture of two excited mercury atoms.
The latter cross section can be taken as an estimate of the
upper limit on the associative-ionization cross section. Ac-
cording to estimates, the constant of the van der Waals inter-
action of two metastable mercury atoms is C »10S, from which
we find from (11) that the capture cross section in a collision
of these atoms at room temperature is <r= 1. 5 • 10~14 cm2.
This value is significantly lower than the measured cross
section for associative ionization.

Excited state of helium atom

Potential for ionization from
this state, eV

AjsociaUv^ionizmtkm crow tection.

Excited state of helium atom

Potential for ionization from
this state, eV

Ajsociativfrionization cross section.

3'S

1.87

0.07»M

<0.3J"

33D

1.52

4.5±0.5M°."21

2,8"a
2.4±0.5""

313

1.67

<3.7«

31P

1.50

3.1±l,0»°.«i

1±11M

3SP

1,58

1 gsso. »i

<4!!3

3'D

1.42

20±4"°- MI

15±4"3

gas-discharge plasmas. In this case the initial excita-
tion occurs in a gas discharge, and a further selective
excitation of certain particular states is caused by the
resonant light source. The result is the formation of
excited atoms in a given state. Associative ionization
involving these atoms leads to the formation of molecu-
lar ions, which are detected. It can be seen that the
measurement arrangement in this method is similar to
that of the method just discussed, but since additional
excitations arise in the gas discharge and disrupt the
selectivity in this method, it requires a careful study.

Table XXII shows the average cross sections for as-
sociative ionization in a collision of helium atoms in
excited and ground states. These cross sections were
measured in a gas discharge in which metastable helium
atoms (in the 23S and 2'S states) were excited by reso-
nant light.220~223 The associative ionization is seen to
occur most efficiently from the 3*D state, because of
the positions of the He* and HeJ terms. Figure 16 is a
diagram of the electronic terms224 along which the nu-
clei move in the dissociative ionization from the He(31D)
state. This state has the largest associative-ionization
cross section among the group of states under con-
sideration.

It is not difficult to see the nature of the transition for
this case. As the nuclei come closer together, the sys-
tem of colliding particles, originally on the He(3*D)
+ He term, switches to a repulsive term, which inter-
sects a term of the molecular ion. It is the transition

I
2

§

FIG. 16. Position of the potential curves of the helium mole-
cules and molecular ion responsible for the process
— He\+ e.
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to this state which leads to the ionization.

The measured average cross section for associative
ionization is roughly three times the quantity vRl, where
Rc is the point at which the repulsive term intersects
the continuum boundary (Fig. 16). Then the kinetic en-
ergy of the nuclei at the point at which the molecular
ion forms (i.e., at a distance between the nuclei of ap-
proximately Rc) is much higher than the thermal energy
of the nuclei. In this case, therefore, the associative
ionization is determined by the capture of the colliding
particles as a result of the attractive force acting be-
tween them.6'

Let us derive an expression for the cross section for
associative ionization in the case in which this ioniza-
tion occurs on the repulsive part of the interaction po-
tential. This process is similar to the Penning process,
but the autoionization state decays at an internuclear
separation R <RC. The cross section for associative
ionization is thus determined by Eqs. (15) and (16), in
which the infinite upper limit on the integral should be
replaced by the term intersection distance Rc. Then we
find the following expression for the cross section for
associative ionization:

(35)

where E is the energy of the relative motion of the nu-
clei, v is the relative collision velocity, U(R) is the in-
teraction potential of the particles in the initial channel,
/J0 is the distance of closest approach in a head-on colli-
sion, so that U(R(t) = E, r(R) is the width of the autoion-
ization level, and fw is the probability for the system to
be in the initial channel.

We can write an expression for the associative-ion-
ization cross section near the threshold. Assuming that
the width of the autoionization level is independent of the
internuclear separation near the threshold, and intro-
ducing U' = SU/5R/RC and Elhr (the threshold energy),
we find E- U'(R) = U' \ (R- fl0) and £-£„„= U' (Rc

- .R0). Substituting these expressions into (35), we find
the threshold energy dependence of the cross section:

(£-£t h r)>/»
A = - 3 \V'\ (36)

where p. is the reduced mass of the colliding particles.

In complete analogy with Eq. (20), the rate constant
for this process is

2F (R) dR exp (37)

6)The average capture cross section for the pair He(31D) — He
at a temperature of 500 K is 2 . 8 - 10"15 cm2 according to Eq.
(11). Here we have used the r2= 200 for the square of
the radius of the orbit of a valence electron, in accordance
with the general formula225 for hydrogen-like atoms. We see
that the capture cross section is slightly larger than the asso-
ciative-ionization cross section. For a collision of the type
H( 2s)-v H2, the average capture cross section at 300 K is
9. 3 • 1015 cm2 according to Eq. (11). This value agrees with
the measured cross section for associative ionization,226

9- 10~15 cm2.

as follows from Eq. (35). If the decay occurs basically
near the level intersection point, where the interaction
potential of the particles in the initial channel can be
approximated by a straight line, [ U(R)- U(RC) =\U'\(Rc

- R ) ] , Eq. (37) can be rewritten as

k / , m-r T r t/ (flc) n fsft}

Here we have made use of the circumstance that r, the
width of the autoionization level, is independent of the
internuclear distance near the intersection point.

The average cross section for associative ionization
is smaller than Jr#2exp[ - U(RC)/T], where ifR\ is the
maximum possible cross section, and the exponential
function is the probability that the particles will enter
a region in which the process can occur as they move
closer together. We can thus write an upper limit on the
rate constant for the associative ionization:

V (Rc^ (39)

where n is the reduced mass. We thus have a condition
for the applicability of Eq. (38), which was derived
under the assumption that the probability for associative
ionization is low for each collision impact parameter:

r «-£=-. (40)
The same condition can be found directly from the re-

quirement /Tdt« 1. To show this, we write

where &R ~ T/ \ U' is the width of the region well below
the intersection point which basically determines the
cross section for associative ionization. Now requiring
that the probability for associative ionization be low in
each collision (/rdt«l), we find condition (40).

Among the various associative-ionization processes
involving highly excited atomic states, that which has
been studied most thoroughly is

(41)

which involves alkali metal atoms. For an experimental
study of this process, Klyucharev et al.*" 227~23° mea-
sured the ion currents in the vapor of the alkali metal
during selective excitation of the atoms in a given ex-
cited state by resonant light. The maximum cross sec-
tions for associative ionization correspond to values
n~10 for the principal quantum number of the excited
atom. These values fall in the region of states under
consideration. The theory for reaction (41) is con-
siderably simpler than that for the general case of as-
sociative ionization: On the one hand, the system of
colliding particles is symmetric in this case, and on the
other the electron is highly excited, and the process is
determined by a Coulomb interaction of an electron with
an atomic core. Consequently, the theory of Refs. 8,
227, 231, and 232 yields general expressions for the
rate constant for process (41) in this case, and a com-
parison of theory with experiment can reveal the mecha-
nism for and the characteristics of the processes in
question.

To outline a theory for reaction (41), we assume that
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the transitions occurs in the repulsive region. We
represent the quasimolecule A*-A in the initial and
final channels by the state of the electron in the field
of the molecular ion A*. Then the initial channel corre-
sponds to an odd state of the molecular ion and to a
bound state of the electron, while the final channel cor-
responds to an even state of the molecular ion Ag and to
a free electron. The change in the electron energy is
A(A), where A(R) is the exchange-interaction potential
of atom A and ion A+ when separated by a distance R.
For large values of n the electron binding energy is I/
2n2, so that the intersection point is given by

&(RJ = -~. (42)fit\'.* \ '

Let us determine the values of n at which we can ex-
pect the maximum cross section for a given tempera-
ture. For large n we have

r~JL (43)

the expression for the width of the autoionization level
contains the square of the excited-electron wave func-
tion ipn and is determined by distances small in com-
parison with the size of the orbit of this electron. Since
&,(0)~n~3/2, the dependence on the principal quantum
number is given by Eq. (43). Using this expression in
(38) and noting that U(Rc)~A.(Rc)~l/n\ we find that the
maximum of this expression can be expected at

»~7fr> («)

which corresponds to w~10 at room temperatures. In
other words, associative ionization occurs most effi-
ciently from the high-lying levels. In accordance with
(39), we have an estimate for the maximum rate con-
stant for associative ionization:

Cal<10-» cm3/s.

Figure 17 shows the theoretical dependence of the rate
constant for associative ionization on the principal
quantum number for the case of rubidium and cesium
atoms in the ground state and a highly excited state.

Another example of process (41) was studied by Gress
etal.233:

(45)

232

J,:

rz

It was found that for the range of principal quantum
numbers considered, w = 4-8, the cross section for as-
sociative ionization at room temperature falls off with
increasing principal quantum number, If we assign a
unit value to the relative cross section for reaction (45)
with n = 4, we find that with n= 5 its value is 0.32, at
w = 6 its value is 0.24, and at n = 7 and n = 8 its value is
0.23.

Using the information which has been obtained on the
cross sections for associative ionization at low colli-
sion energies, we can divide these reactions into two
groups, using different models to describe the two
groups. In the first group, the associative ionization
occurs in the region of attraction between the colliding
particles. Then the cross section for this process is
not greatly different from the particle-capture cross
section, given by (11). In the second case, the process
occurs on the repulsive part of the interaction potential
of the colliding atoms. Then the ionization occurs near
the turning point, and the cross section is given by Eqs.
(35) and (36).

The most promising method for measuring the cross
section for associative ionization is a beam method. In
this method, the process occurs in a region in which
beams of colliding atomic particles intersect, and the
cross section for the process is determined from the
current of charged particles extracted from the
reaction zone. This approach embodies all the advan-
tages of the beam method: the ability to carry out mea-
surements with particles which do not exist in a gas
phase and the possibility of determining the dependence
of the cross section on the relative collision velocity.
At the present state of the beam method the primary
difficulty in measuring the associative-ionization cross
section is in producing a beam of electronically excited
particles. Different approaches have been taken to
solve this problem, depending on the particular situa-
tion.

A convenient process in this regard is the associative
ionization involving lanthanide and transuranium atoms.
These atoms have relatively low ionization potentials,
but they form very strong molecular bonds with gas
atoms or molecules. Consequently, associative ioniza-
tion is energetically allowed when the lanthanide or
transuranium atoms are in the ground state. This cir-
cumstance is of major assistance in experiments in

TABLE XXin. Characteristics of the associative ioniza-
tion of uranium and thorium atoms with oxygen atoms and of
oxygen molecules237' 238- 241.

FIG. 17. Cross section for associative ionization at a temp-
erature of 520 K a: Rb(np)+ Rb( 5s ) -~Bb^+ e; b: Cs(np) + Cs
(6s)—-Caff- e. Solid curve—Theory of Ref. 231; circles-
experimental data of Befs. 227 and 228.

Reaction

U+0 -»UO* + e
U+02-*UO}+e
U + 03^UOf + 0 + e

UO*+02-j-e
Th + 0 -i-ThO-' + e
Th + Oj — ThOJ + e
Th + 0,-<-ThO} + e

ThOJ + O + e
ThO*+Oj+e
ThOJ — 0-
ThO'+Oj

Heat of reaction, eV

2.1
4.1
3.0
1.0
2.8
2.8
1.7
1.7
1.7
3,2
2.2

Cross section, 10-" cm'

16.2±0.4
0.17±0,03

2
2

10.3±3.2
0.15±0.03

2.10"
0,1

4
0.02
0,01
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Velocity of uranium atoms, 10 cm/s
t 8 n fff in

m" m'is 20
c.m. kinetic energy, eV

FIG. 18. Distribution in ion species in the collision of uran-
ium atoms with oxygen molecules, plotted as a function of the
relative collision energy.

.. a

x>-' to-' m"
Collision energy, eV

FIG. 20. Cross section for associative ionization in a colli-
sion of a metastable helium atom with a nitrogen or oxygen
atom. 244 1—He*+ N~ HeN*+ c*. The nitrogen atoms in the
beam are formed in the charge exchange of N* in krypton; 2—
the same process, but the nitrogen atoms are produced in the
charge exchange of N* with xenon atoms; 3—He*+ O— HeO*+ e.

which a beam of metal atoms produced by one of various
possible methods intersects a beam of atomic particles,
with which the metal atoms react. This method has
been used to measure the cross sections for associative
ionization in collisions of certain atoms of the lantha-
nides, actinides, and other metals (Ti, Cd, Zr.etc.) with
atoms and simple molecular particles.234"241 Table
XXIII illustrates the results with the cross sections for
associative ionization involving uranium and thorium,
from Refs. 237, 238, and 241. Here the beam of urani-
um or thorium atoms is characterized by the evaporator
temperature, which was slightly above 2000 K. The
oxygen molecules and atoms correspond to a tempera-
ture comparable to room temperature.

Figure 18 shows the relative cross sections for the
formation of various uranium ions in the reaction U + O2,
plotted as a function of the kinetic energy of the uranium
atoms.239

As the collision energy is increased, the probability
for the formation of simple ions naturally increases.
The dissociation energy of the molecular ion UO* is
about 8 eV. This value can be taken as a typical value
of the kinetic energy of the colliding particles— a value
separating the region of preferential formation of the
molecular ion from the region of preferential formation
of the atomic ion. The possible formation of elec-
tronically excited atomic particles shifts this boundary
to a higher energy.

Figure 19 shows the energy distribution of the elec-

U Z.2 . Z.O IS
Retarding potential, V

FIG. 19. Energy spectrum of the electrons freed in the asso-
ciative ionization U+ O2~*UO2+ e. The data are shown here in
terms of the retarding potential; the electron energy distri-
bution can be found from these data.

Irons freed in the reaction U + O2— UOj +e for low colli-
sion energies.242 The zero on the electron energy scale
corresponds to a cutoff potential of about 2 V. The elec-
tron spectrum thus consists of three peaks, which cor-
respond to different vibrational states of the UO^ ion,
which are separated by 0.08 eV (Ref. 243). We see that
this process results in the appearance of primarily slow
electrons, with an energy small in comparison with the
heat of the reaction, 4.1 eV. It follows that the molecu-
lar ion is formed in an excited state.

It is more difficult to use the beam method to mea-
sure the cross section for associative ionization when
excited particles are involved. In this case the ap-
proach taken is to make use of the fact that the colli-
sion of unexcited particles does not result in ionization.
A beam of atoms contains some atoms which are in an
excited state, and these excited atoms are alone re-
sponsible for the ionization. This approach makes it
possible to determine the relative cross sections: the
dependence of the cross sections on the collision veloc-
ity and the probability that the reaction will go by a
given path. There are serious difficulties in deter-
mining the absolute cross sections in this approach,
and the results are usually afflicted by large errors.

The beam method for measuring the cross sections
for associative ionization involving excited atoms is
widely used in studying reactions involving metastable
atoms of an inert gas (Sec. 2). Figure 20 illustrates
the situation with the dependence of the cross sections
for the reactions

He*
He*

- N
0 - • He

h + e,
+ e

(46)

on the collision energy. The helium atom is in a meta-
stable state and is formed through charge exchange of
helium ions with appropriate targets.

A similar method can be Used to study reactions in-
volving other metastable atoms. For example, experi-
ments245 on the reaction

N + 0 + e (47)

show that this reaction occurs most efficiently when the
nitrogen atom is in the 2D state and the oxygen atom is
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FIG, 21. Cross section for the process, a: N(2D) + Of3?)-"
NO*+ e; b: Threshold behavior of the cross section. Solid
curve—Equation (36).

in the 3P ground state, in beams of these atoms pro-
duced by charge exchange of ions with arbitrary targets
a certain fraction of the atoms are in these states. It
is thus possible to study the characteristics of this pro-
cess, which can be written most specifically in the form

N (2D) + 0 (3P) -> NO + e + 0.38 eV. (48)

Figure 21 shows the cross section for this process as a
function of the collision energy.246

Methods are currently being developed to excite atoms
in beams with a tunable laser. This approach raises new
possibilities for using beam methods to measure as-
sociative-ionization cross sections when these pro-
cesses involve resonantly excited atoms. In particular,
measurements of this type have been carried out212 for
the reaction 2Na(32P)—NaJ +e, and further develop-
ment of this direction can be expected.7

CONCLUSION

Detailed and fundamentally new information on ioniza-
tion processes at thermal collision energies of the
atoms has been obtained in recent years. Interestingly,
the primary stimulus for the progress in this field came
not from applications but from the development of so-
phisticated experimental apparatus which has proved
quite successful in these problems. The experimental
results have contributed to the appearance of models
for the processes and to corresponding theoretical de-
velopments. The experimental tools for studying these
processes presently include spectroscopy of decaying
plasmas, beam methods for studying particle colli-
sions, Penning electron spectroscopy, methods for
selectively exciting atomic particles, including laser-
spectroscopy methods, and mass-spectrometry meth-
ods. Refinements of these experimental methods and
combinations of the different methods will lead to fur-
ther progress in this field.
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