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The review examines the interaction of several charged particles in the final state of processes in
the case when the reaction proceeds in two stages through an intermediate resonance. In an
inelastic collision of arbitrary atomic particles X and Y a particle D is formed in a quasistationary
state along with particle A: X + Y— A 4+ D. Asaresult of the breakup D —» B + C charged
particles A, B, and C are formed in the final state. The Coulomb interaction of these particles (the
post-collision interaction—PCI) exerts a strong influence on the cross section for the process.
Reactions in which the effects of PCI are manifested are the excitation of atomic autoionized
states by ions and electrons and the ionization of inner shells of atoms by collisions with ions,
electrons or photons followed by Auger decay. Under the influence of PCI the spectra of the
products of these reactions are distorted: the lines in the autoionization spectrum are broadened,
shifted, and become asymmetric. A survey is given of the available theoretical concepts
concerning PCI and of the accumulated experimental data providing evidence of its
manifestation. The kinematic region in which the problem has a parametrically exact analytic
solution is investigated thoroughly. Post-collision interaction in more complex processes in the
final state of which four charged particles are involved is also examined. Experiments are
discussed that make it possible to observe new manifestations of PCI. Various interference effects

in PCI are examined.

1.INTRODUCTION

This paper is devoted to a review of a specific range of
phenomena in atomic physics, which is referred to through-
out the literature as the post-collision interaction (PCI). The
physical interpretation of this somewhat strange designation
is as follows. Consider a process involving the inelastic colli-
sion between two arbitrary atomic particles X and Y that
results in the appearance of two other atomic particles A and
D. Particle D is in an excited quasistationary state and de-
cays with the formation of particles B and C. The overall
scheme for this process can be written in the form

X+Y->A+D—-A4+B+C. (1.1)

We shall suppose that all three particles A, B, and C are
charged in the final state of reaction (1.1). Their Coulomb
interaction is referred to as post-collisional. In other words,
it is the interaction between a number of charged particles in
the final state, when the reaction occurs in two stages via an
intermediate resonance.

It is clear that if the relative velocities of particles A, B,
and C in reaction (1.1) are low, and in fact lower than the
Bohr velocity, their Coulomb interaction must be regarded
as significant. It has a strong effect on the cross section for
the process and modifies the energy and angular distribu-
tions of the particles. It is therefore essential to take it into
account. However, this requires the quantum-mechanical
solution of the problem of three charged particles, which is
relatively difficult.

One of our aims in this review is methodological. We
wish to show that the problem of post-collision interaction in
reaction (1.1) is actually quite simple and has a parametri-
cally exact analytic solution. Once we have this in hand, we
can predict the energy and angular distributions of particles
A, B, and C. These distributions undergo a very significant
change as the post-collisional kinematics is varied. This
leads us to the second aim of our review, namely, to draw the
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attention of experimenters to a number of new observable
effects.

Finally, our third aim is to systematize the extensive
theoretical ideas now available on the nature of the phenom-
enon, and to provide a brief review of existing experimental
data. A review of early work in this area can be found in Refs.
1 and 2. Closely associated questions are discussed in the
review by Matveev and Parilis.’

We shall now discuss the phenomena due to the post-
collision interaction. With this in view, we shall be interested
in the energy spectrum of the pair B, C for a given collision
energy in (1.1). At first, we shall assume that the Coulomb
interaction between the particles does not play an apprecia-
ble part (this can happen, for example, when the velocity of
particle A is high). The spectrum of B and C then contains
the Lorentz line due to the quasistationarity of the parent
particle D. In other words, the combined energy of the pair
B, C is almost exactly equal to the energy of particle D, and
the linewidth is then the total width of the quasistationary
state.

The characteristic feature of the post-collision interac-
tion is that this line is highly distorted: it is shifted, i.e., the
pair B, C exchanges energy with the third particle A, and has
its own particular shape, i.e., it broadens and becomes asym-
metric.

These phenomena were first observed by Barker and
Berry® who examined the excitation of autoionizing states of
atoms in collisions with slow ions, i.e.,

I+ A>T+ A T+ A Lo, (1.2)

The target was the helium atom and the projectile was He*
or Ne™* ion. The spectrum of autoionization electrons was
observed and it was found that the spectral line correspond-
ing to the decay of the (252p) state of He™* was shifted to-
ward lower energies and became broadened as the collision
energy was reduced from 4 to 1 KeV.

© 1989 American Institute of Physics 569



A simple physical model was proposed* to explain the
observed phenomenon. The model was based on the assump-
tion that, as it moves along its classical trajectory, the slow
scattered ion experiences the sudden change in the field of
the target atom that is due to the decay of the quasistationary
state of the atom. The scattered ion is accelerated in this
process by the Coulomb field of the target ion, and its energy
increases. The departing autoionization electron is slowed
down by the Coulomb field of the projectile ion, i.e., there is
an energy transfer between the emitted particles that is ex-
actly equal to the change in the potential energy of the scat-
tered ion in the field of the target 1/R(¢) where R(¢) is the
distance between the atom and the scattered ion at the time
of decay. The decay probability at time ¢ is given by the expo-
nential law P~exp( — ¢ /7) where 7 is the lifetime of the
autoionizing state (7 = #il" ') and I is its width. This decay
law leads to the following expression for the probability den-
sity describing the exchange of energy ¢ as the particles leave
the reaction region:

Pe) = exp <— —V‘"—)r(ezvrl. (1.3)
E
The distribution P(¢) is determined by the width I" and
the velocity ¥ of the scattered ion. The maximum of the
distribution (1.3) corresponds to the following most prob-
able transfer of energy:

As-—:i_

w (1.4)

This expression explains the reduction in the energy of the
autoionization electron with decreasing velocity ¥V of the
scattered ion.

The proposed classical model of the post-collision inter-
action rests not only on the assumption of a sudden change in
the field of the target atom, but also on the assumption that
the mean lifetime 7 is unaffected by the presence of the scat-
tered ion. The role of the interaction is then reduced to the
transfer of energy between particles leaving the reaction re-
gion. This model provides at least a qualitative explanation
of the observed phenomenon. During the 20 years following
the first observation of the post-collision effects, the phe-
nomenon has been extensively studied not only in processes
such as (1.2), but also in other reactions. First, these effects
were extensively studied in processes involving the excita-
tion of autoionizing states of atoms by electron impact'>~®

e+A—e, +Ae,+e,+ AT, (1.5)

and also in the photoionization of the inner shells of atoms,
followed by Auger decay”

hv+ A—re,+ AT —>e, +e, + A (1.6)

Experimental evidence was obtained for the post-collision
interaction during the excitation of autoionizing
states>®%~! and the ionization of inner shells'*'¢ of several
atoms (mostly inert gases). Different theoretical ap-
proaches®!”~** were developed to explain the observed phe-
nomena.

The interaction between particles in the final state of
resonance processes is also significant in reactions that are
more complicated than (1.1). In particular, it can be seen in
reactions with four charged particles in the final state. These
states arise during theionization of the inner shells of ions by
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ion or electron impact, followed by the Auger decay of the
resulting vacancy:

[+A->I+e+AT—I+e,+e,+ A, (1.7

e+ A—re, +e+AT e, et es+ A (1.8)
These processes have been under extensive experimental in-
vestigation®*® and, in recent years, theoretical investiga-
tion as well.2*3!-33 Of course, these reactions are more diffi-
cult to describe theoretically and to investigate
experimentally than reaction (1.1).

A final state containing particles A, B, and C can also be
due to a direct nonresonance inelastic collision that is coher-
ent with (1.1).i.e,,

X+Y->A4+B+C. (1.9)

The interaction between particles in the final state of this
process is also significant in the theoretical description,**°
and is also sometimes referred to as the post-collision inter-
action.’® However, it seems more natural to confine the
phrase post-collision interaction to resonance phenomena
such as (1.1).

When experimental data on the spectrum of particles A,
B, and C are interpreted, it is frequently difficult to separate
the direct process (1.9) from the resonance processes (1.1).
The observed particle distribution is then determined by the
sum of the amplitudes for processes (1.1) and (1.9), and the
role of the post-collision interaction is significant and leads
to oscillations in the spectrum that are different from the
characteristic Fano contour.?” Interesting effects are ob-
served not only during interference between direct and reso-
nance amplitudes, but also during the interference of reso-
nance processes proceeding via the formation of different
intermediate quasistationary states.'°*® A complicated os-
cillatory structure, whose form is determined by the param-
eters of the autoionizing state and the kinematics of the emit-
ted particles, is produced in this process.

Despite the diversity of processes in which PCI can be
seen, its salient features can be investigated by considering
reaction (1.1), and significant advances were recently
achieved in the theoretical description of this reaction.?32%**
The results of these analyses are presented in Section 2,
where it is shown that the complicated quantum-mechanical
three-body problem can be substantially simplified for these
processes. First, it can be reduced to the quasiclassical prob-
lem and, second, it only needs to be solved for large separa-
tions between the emitted particles. The importance of large
distances is emphasized by the fact that the widths of the
quasistationary atomic states are usually small. Moreover,
since the distances are large, we can disregard the internal
structure of the particles and confine our attention to the
Coulomb interaction alone.

Thus, the post-collision interaction reduces to the prob-
lem of three charged bodies moving at large distances from
one another. The problem has a parametrically exact solu-
tion, given by the eikonal approximation. The final solution
can be written in simple analytic form that is valid in a wide
range of energies and emission angles of the particles pro-
duced in the reaction.

We emphasize that this approach is based on the prob-
lem of three bodies at large distances from one another. The
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problem has often been encountered before and is well
known. We recall two situations in which it has played an
important part.

The first is the exchange interaction between atoms at
large distances.!'*""'® The problem is examined in Refs. 116
and 117 for atomic hydrogen, and more complicated atoms
are discussed in Ref. 118. The salient feature is the behavior
of the wave functions of the two electrons well away from the
two ions, and the field of the ions plays the role of the third
body.

The second problem is the behavior of the exchange
amplitude for the elastic scattering of an electron by an atom
in the case of negative (nonphysical) energy.''® It is found
that the amplitude has an unusual singularity at which the
energy of the electron is equal to the binding energy of the
atom. The singularity is due to the behavior of the wave
function at large distances between the incident electron, the
ion, and the electron leaving the atom.

It is interesting that problems that are fundamentally
different in their formulation have a common basis, namely,
the problem of three charged particles that interact at large
distances between them. In the two examples mentioned
above, the motion takes place under the barrier and with
negative energies. In contrast, the problem of post-collision
interaction rests on the fact that the motion of the particles
occurs in the continuum, i.e., in the classically allowed re-
gion.

The plan of our presentation is as follows. In Section 3,
we consider the traditionally studied region of manifesta-
tions of post-collision interaction, i.e., the region of near-
threshold excitation. In Section 4, we examine three-particle
effects in the final state of reaction (1.1). In Section 5, we
consider PCI in reactions with four charged particles in the
final state. Next, we investigate the role of PCI in interfer-
ence effects and, in the concluding Section, we discuss cer-
tain other aspects of our problem, e.g., the exchange of angu-
lar momentum.

2.EXACTSOLUTION OF THE PROBLEM OF REACTIONS
WITH THREE PARTICLES IN THE FINAL STATE

Consider (1.1) with three charged particles in the final
state of the reaction. It is found that, when PCI is taken into
account, the problem has a parametrically exact solution in a
wide range of velocities and angles of emission of the result-
ing particles.”>*° Remarkably, the solution has a simple ana-
lytic form.

First, we note that the PCI problem in atomic collision
processes involves a small parameter, namely, the width " of
the autoionizing state. Usually, T' <1 eV €1 atomic units
(here and henceforth we use atomic units defined by
le| =#=m, =1). Accordingly, the atomic excited-state
lifetime is very long, i.e., 7 = 1/T"> 1. We shall suppose that
the relative velocity ¥, of particles A and D is not too
small, so that the distance between them at the time of decay
of the quasistationary state of D is large. If we adopt these
assumptions, this distance is

Vap
Here and henceforth we use the following notation: r;
=fr, —r;{, ¥V, =V, —V,|,and r,, V, are the position vec-
tor and velocity of particle /7, respectively.
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We note that the Coulomb interaction between parti-
cles A and D does not affect the estimate given by (2.1),
which implies that particle A has no effect on the decay of
particle D. Moreover, we conclude that the interaction
between A, on the one hand, and B and C produced in the
reaction, on the other, is largely due to Coulomb forces. The
internal structure of the particles, their polarizability, van
der Waals attraction, etc., play a very much smaller part and
will be ignored.

Let us determine what happens as B and C separate. So
long as the separation ry- between the particles is small
(rpc €R), the Coulomb interaction between A and the B, C
pair is not very different from the interaction between A and
the parent particle D alone. Consequently, this is the ordi-
nary two-body Coulomb problem. The interaction between
B and C at short distances can be strong and complicated,
and necessarily involves the structure of these particles. The
important point is that the weak field of the distant particle
A has no effect on the relative motion of the pair B-C.

The situation changes when distance rg- becomes
large, i.e., r5c * R. Here we do actually encounter the three-
body problem in which we must take into account the Cou-
lomb interaction between all three particles A, B, and C.
However, there is one simplifying feature. Since the separa-
tions between all the particles are large, i.e.,

TaB R Tag R Tpe R R>> 1, (2.2)

we may suppose that the potential energy of the interaction
is small. We shall, in fact, assume that it is less than the

kinetic energy of each pair:
| zp2p ) | zazc| . | zgzci
——— L eap, << €ac,
TAB TAC B¢

<< &BG;
(2.3)

where Z, is the charge of particle / and ¢; =m;m,
(m; +m;) " 'V{/2is therelative kinetic energy of the pair ij
in the center of mass system. The inequalities given by (2.3)
guarantee that the quantum-mechanical Coulomb problem
of three bodies reduces to the quasiclassical problem in re-
gion (2.2). Moreover, the particle trajectories are almost
rectilinear and uniform. In other words, the quasiclassical
problem reduces to its simplest eikonal form.

We shall not reproduce a rigorous derivation of the
expression for the amplitude for process (1.1) with
allowance for PCI. This derivation is relatively labori-
ous,”**"but the final answer is simple and can be obtained by
qualitative considerations. The amplitude is given by

. Mxyoase

— MM, (— 1) Qf dt exp {i [(e+i5)e— fdru (¢, r)]]

(2.4)

where M, is the amplitude for the inelastic scattering of par-
ticles X, Y with the formation of particles A and D, and M, is
the amplitude (matrix element) for the decay of particle D.
These amplitudes occur naturally in (2.4). The point is that
large distances (2.1) are then significant, and the corre-
sponding wave function that describes the separating parti-
cles A and D is characterized by the amplitude M. In pre-

M. Yu. Kuchiev and S. A. Sheinerman 571



cisely the same way, the wave function of the pair B, C is
characterized by the amplitude M, at large distances. We
note that the strong interaction within the pairs, A,DandB,
C at short distances R .5, and R g is accurately taken into
account in the amplitudes M, and M,. The integration vari-
able tin (2.4) can be interpreted as the time that has elapsed
between collision and decay. The energy variablecin (2.4) is
given by

e=E,+ Ep—Ex—Ey, 2.5

where E; is the sum of the internal and kinetic energies of the
ith particle.

The variable rin (2.4) is the time that has elapsed since
the decay of D and U(¢,7) is the change in the potential
energy of the system due to the decay:

U (t, 17) = ZA2B IVADt + Vapt l—l

+ 2a2c| Vapt + Vact|[* —2za20Vab (1 + 1)
(2.6)

The negative sign in front of the third term is due to the
“disappearance” of particle D as a result of decay.

The term fU(¢,7)d7 in (2.4) has a simple physical in-
terpretation: it is the classical action calculated for rectilin-
ear trajectories. It is indeed this term that is responsible for
the interaction in the final state, i.e., for PCI. When it is
neglected, (2.4) describes the usual Breit-Wigner resonance
amplitude.

If we use (2.6) for the potential, we can readily find the
explicit analytic form of the amplitude (2.4). To obtain the
cross section for the process, it is sufficient to determine the
square of the modulus of the resulting amplitude. We note
that the cross section does not depend on the upper limit of
the integral with respect to 7. To be specific, we shall confine
our attention to the collision process (1.1) with fixed inci-
dent-particle velocities V. , Vg,V . Because of the conserva-
tion of energy and of momentum, the cross section is then
determined by five independent parameters, e.g., the energy,
the direction of emission of one of the particles £ 5,02, , and
the direction of emission of another particle 5. Simple
analysis then yields the following expression for the cross
section: '

d% _ Ppe
dEdn,an, = o ot & e (2.7)
- ng E- .
k(E €)= et (2Earctg - ) ; (2.8)

where I'g. represents the partial width for the decay
DB + C that is determined by the amplitude M,. The
cross section o for the process X + Y —A + D is deter-
mined by the amplitude M,. The dimensionless parameter §
is the basic parameter of the theory. It depends only on the
kinematics of the particle leaving the event:

= tao + o — B — B

Vas Vac Vap

2.9)

The cross section given by (2.7) describes all the salient
features of PCI. The first two factors in this cross section
describe the usual Breit-Wigner resonance. The factor
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k(£,€) represents the interaction between the particles in the
final state. It depends on € via the ratio /T and, consequent-
ly, varies rapidly across the line width, which leads to a
strong distortion of the Lorentz profile. Simple analysis of
(2.7) then shows that it describes the following distortions
in the spectrum:

1. The line maximum is shifted by the amount Ag, given
by

T
fe= £ (2.10)

2. The line intensity at the maximum decreases mono-
tonically with increasing |£ |:

dsg _ 20,I'gc 4
(dEAdﬂAdﬂa )mx— M ey P&t

(2.11)

Forlarge | |,|£ | > 1, the function (2.11) decreasesas |£ | ™!
This is accompanied by a broadening of the line that occurs
so that the total line intensity remains constant. The line
width at half height, T, is proportional to |£ | for large |€ |:

~

I’ = const | &|. (2.12)

3. The line becomes asymmetric. It declines more slow-
ly as ¢ increases, and the asymmetry becomes more pro-
nounced as |§ | increases.

All the changes in the spectrum depend on the single
parameter £. The distortion of the spectrum is greater for
greater | |. Moreover, all the manifestations of PCI depend
on the sign of §. The important point here is that the condi-
tions for the validity of the above theory, given by (2.1)-
(2.3), do not exclude situations for which the velocities
VapsV assVac (all or some of them) are less than unity. It
follows that |£ | can be greater than unity and, consequently,
the changes in the spectrum can be quite considerable.

We must now show how the general formulas become
modified when applied to particular processes such as (1.2),
(L1.5), and (1.6) in which A is a scattered ion or electron
[photoelectron for (1.6) or scattered electron for (1.5)], B
is an autoionization or Auger electron, and D and C are
atomic particles that we assume to be heavy. Hence
Vp =V =0. We then find that (2.9) becomes

= —zas (V' —Vap). (2.13)
Formulas (2.7), (2.8), and (2.13) describe the effect of PCI
on the angular and energy distributions of the products of
reactions (1.2), (1.5), and (1.6). The parameter £ is very
dependent on the velocities and angles of emission of parti-
cles A and B departing from the ion. Hence the PCI effects

. are also very dependent on the kinematics of these reactions.

These features will be discussed in greater detail in Section 4.

We now note the following point. The cross sections for
processes (1.5) and (1.6) are given by (2.7) if both emitted
electrons are recorded in the final state. However, the sim-
plest and the most common experimental method of investi-
gating PCl is to study the spectrum of only one particle, e.g.,
the autoionization or Auger electron. This spectrum is de-
scribed by the cross section (2.7) integrated with respect to
the emission angle of particle A. Both the function k(&,¢)
and the cross section o, depend on this angle. This means
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that, in general, the cross section d30/dEzdly cannot be
written in an analytic form. However, the shift of the auto-
ionization line measured in such experiments can be estimat-
ed for two simple models.? In the lowest order approxima-
tion, the line shift in the spectrum of particle B is measured
simply by the shift (2.10) averaged over the angle of emis-
sion of particle A:

1%
1—-A
B

0, Ve < Va,

’ VB 2 VA,

(2.14)

where A is given by (2.10). A more accurate estimate for
the line shift As(o) can be obtained by taking an average of
the cross section (2.7) over the angles of emission of particle
A, assuming that the cross section o, is isotropic. It is indeed
the shift of the average cross section Ae (o) that is measured
in the experiments mentioned above.

The eikonal formula (2.7) gives the parametrically ex-
act solution of the problem. Several model approaches, each
of which reproduces to some extent the results of the eikonal
theory, are given in the literature. They are briefly discussed
below.

First, we recall Ref. 41 which served as a stimulus to the
investigation of three-body effects in PCI. It was based on a
qualitative analysis of the classical picture of particles leav-
ing the event, and proposed (2.14) for the line shift due to
the post-collision interaction. The expression was confirmed
in Ref. 42 by a direct numerical solution of the classical
three-body Coulomb problem.

The approximate expression for the energy shift of the
autoionization electron was obtained in Ref. 43 by analyzing
the classical picture of the separation of particles in ion-atom
collisions. For V', » V5 this reduces to the eikonal case. For
V . S Vg therelations obtained are found to be unsuitable. A
more detailed discussion of this problem is given in Refs. 39
and 44 where the classical approach is used to derive (2.10)
and (2.13) for the energy shift of the autoionization elec-
tron. Expression (2.7) for the line profile in the spectrum of
autoionization electrons was also obtained in Ref. 44. The
classical approach, used to derive the expression for the en-
ergy shift, was combined with the quantum-mechanical ap-
proach, developed earlier in Ref. 45 for the description of the
autoionization electron line profile.

Three-body PCI effects were described in Refs. 24 and
26 by models developed earlier in Ref. 47 and 48 for the near-
threshold region (see Section 3). The three-body character
of the problem was accounted for in the model by introduc-
ing a velocity-dependent effective charge of the resulting ion.
Despite the differences of approach used to derive the above
formulas, the results based on the models given in Refs. 24
and 46 were found to be equivalent. They satisfactorily re-
produce the formulas of the eikonal theory for Vg >V , , pro-
vided these formulas were avéraged over the angles of emis-
sion of particle A.

Finally, we recall Ref. 114 in which the problem was
solved by using the three-particle theory of scattering of
charged particles. The amplitude for process (1.1) was ob-
tained in the diagonalization approximation, and was found
to reduce to (2.4) in the range in which the eikonal approxi-
mation was valid.
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3. REGION OF NEAR-THRESHOLD EXCITATIONS

Expressions (2.9) and (2.10) show that the PCI effect
increases with decreasing relative velocity of any pair of par-
ticles leaving the reaction. It is therefore not surprising that
processes with this type ofkinematics have been examined in
considerable detail. We shall discuss them in this Section.
They are observed, for example, when the scattered particle
in reactions (1.2) and (1.5), or the photoelectron in process
(1.6), have a low velocity ¥V, <€ 1. For reactions (1.5) and
(1.6), this situation occurs when the energy of the scattered
electron or photoelectron amounts to a few electron volts.

Usually, the velocity of the Auger or autoionization
electron is high: Vg 2 1. This ensures that the inequality
Vg > V 4 issatisfied in this case, and the parameter £ given by
(2.13) assumes the form

2a%B
E=— v (3.1)
The shift (2.10) is then identical with the Barker-Berry for-
mula.® An important conclusion may be drawn from (3.1):
PCI effects in the near-threshold region do not depend on
the direction of emission of the autoionization electron.

Before we examine the PCI theory in the near-threshold
region in greater detail, let us pause to consider the extensive
experimental data that are now available. As noted in the
Introduction, experimental studies of PCI effects in the
near-threshold region began with the paper by Barker and
Berry,* who studied the autoionization spectrum of elec-
trons emitted in collisions between slow ions He™ and Ne™
and helium atoms. The essential role of PCI in these pro-
cesses manifested itself in the shift of the autoionization elec-
tron peaks (the energy of the autoionization electrons was
reduced by PCI) and in the line broadening observed as the
incident-ion energy was varied. The same effects were ob-
served in the spectra of autoionizing electrons produced in
ion-atom collisions such as He™ 4+ He, Ne™ + Ne,
Ar* + Ar, and Kr* + Kr (Ref. 49). PCI was also inten-
sively investigated in processes involving the excitation of
autoionizing states of ions by electron impact.®** %3931 The
lowest autoionizing states of the helium atom, and also those
of magnesium®’ and argon,'® were most frequently investi-
gated. The energy transfer occuring in these processes as a
result of PCI ensured that the slow scattered electron was
retarded even more, whereas the fast autoionization electron
was accelerated. The effect observed in the autoionization
spectra of electrons, which was due to the shift of the individ-
ual lines, was opposite in sign to the effect observed for (1.2)
(see Fig. 1). The opposite sign was due to the negative
charge of the scattered particle. The line shift effect was also
observed in the spectrum of scattered electrons when the
autoionization spectrum of helium and neon was excited by
electron impact.®*?

As the incident-electron energy is reduced, the energy
transfer due to PCI may become comparable in magnitude
with the energy excess of the incident electron above the
excitation threshold. This ensures that the scattered electron
loses energy, either partially or completely, as a result of
PCI. Detection of zero-energy scattered electrons then cor-
responds to the observation of a shift of the threshold energy
for AIS."®

If the energy excess E, of the scattered electron above
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e, 28%('S)+2s2p(°P)

Autoi‘q‘pigzgtion—electron intensity, arb. units

FIG. 1. Spectrum of autoionization electrons recorded during the excita-
tion of the 257 ('S) and 2s2p°P states of helium by electron impact.® Angle
of observation 70°, E | -energy excess of incident electrons above the excita-
tion threshold.

the AIS excitation threshold is small enough, the energy Ae
lost by it in the PCI process can exceed E,, i.e., Ae > E,. The
energy of the slow scattered electron in the final state is then
negative, and the electron may fall into an excited state in the
discrete spectrum of the atom. The excitation functions for
the discrete states then exhibit an oscillatory structure due to
the increase in the probability that individual levels will be
populated by the above mechanism (Fig. 2). Such structures
have been observed for the excitation functions of He, Ne,
and Ar.1’6_8‘10‘53

PCI effects in processes such as (1.6), i.e., in the pho-
toionization of inner shells of atoms, have attracted consid-
erable attention.'*'¢>*-5% If the energy of the incident pho-

He
n=§
.,
§%} Ly g
‘c
3
3 g%,
< 2y, 7
; T e S
o X4 ey
o
T g
el
S f.:! “."""'. 6
2 \::_S
A 0 - 5
o ! D P
B i
c
8 .
© L
= X 4
Q - .,
Ll)j ';" S Lt oop 22 PY 2y
. gt
N
i 1 1
59.5 60 §0.5

EInC ’ev

FIG. 2. Excitation functions for He by electron impact at ° for Rydberg
states with n = 4-8. Experimental data taken from Ref. 8.
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ton is much greater than the ionization potential of an inner
vacancy, the photoelectron leaving the atom is slow. The
motion of the slow photoelectron is significantly influenced
by the field of the ion, which varies during the Auger-decay
of theinner vacancy. Its energy decreases while the energy of
the fast Auger electron increases. At the same time, the elec-
tron lines in the spectrum are both shifted and distorted, and
this has been observed in the Auger-electron spectra corre-
sponding to different Auger transitions, namely,
N5 — 0,30,,('Sy) in Xe (Refs. 14, 54, 55, 57, and 59),
L,; — M,3M,; in Ar (Refs. 15 and 56), and L, — M,M; in
Xe (Ref. 58). The shift was investigated as a function of the
incident-photon energy in Refs. 55-59 and as a function of
the charge of the atomic nucleus in Ref. 54. An original
method of investigating PCI by studying the Auger-line shift
in the decay of the inner 2p, ,, vacancy in Se was used in Ref.
16. Photons of strictly defined energy were used to ionize the
2p,,, shell of Se in different chemical compounds. This was
used to vary the energy excess of the incident photon above
the threshold in the shell under investigation in the range 1-
7eV.

We note that the observed shift and broadening of the
lines were of the same order as the width I' of the autoioni-
zating state or the internal vacancy. The resolution of elec-
tron spectrometers is therefore usually of the order of a frac-
tion of an electron volt.

The experimentally observed PCI effects were first in-
terpreted on the basis of the classical Barker-Berry model.*
This model was originally developed for ion-atom collisions,
but was subsequently extended to the case of autoionization
spectra excited by electrons.'”~"%° The shift predicted by the
model was in good agreement with experimental data well
above the excitation threshold, but there was poor agree-
ment for small differences between the energy of the incident
particle and the excitation threshold. This discrepancy was
readily explained by recalling that the model used in Ref. 4
was based on the classical description of particles leaving the
event along rectilinear trajectories. The assumption breaks
down for low velocities of the scattered particles.

The same point can be made about the eikonal approxi-
mation for which the range of validity is defined by (2.3).
These conditions are definitely violated for low energies
above the threshold. For example, for the photoionization
process (1.6), condition (2.3) is equivalent to E,>T'?/3,
where E| is the energy of the photoelectron. This inequality
is violated for the intermediate atomic shells with I'~0,1-
0,2 eV and photoelectron energies £, S 1 eV.

In the near-threshold region, we must therefore take
into account the influence of the Coulomb field on the parti-
cle trajectories. This complicates the problem, but there is
also a simplifying point. In very many cases, it may be con-
sidered that the velocity of the autoionization electron is
high, and, in fact, higher than the velocity of the scattered
particle in reactions (1.2), (1.5) or of the photoelectron re-
action in (1.6) (¥ 5>V, ). It may therefore be considered
that the autoionization electron rapidly leaves the reaction
zone, so that its reaction with the slow particle can be ne-
glected. When this is so, PCI reduces to the two-body prob-
lem in which the interaction of the slow particle A with the
field due to the target ion, which varies in the course of the
autoionization decay, must be taken into account.

The solution of this problem, i.e., the problem of de-
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scribing PCI in the near-threshold region has been obtained
for different models.®!"-?28 They are all based on the fol-
lowing general physical ideas:

(1) The velocity of the autoionization or Auger elec-
tron is assumed to be much greater than the velocity of the
scattered particle or of the photoelectron, respectively. The
interaction with the autoionization or Auger electron can be
neglected, and PCI reduces to only the interaction between
the slow particle and the field of the target atom, which var-
ies in the course of the decay process.

(2) The slow electron or ion that is present near the
excited target atom (ion) has no effect on the autoionization
(Auger) decay probability, i.e., the decay occurs with the
same width " and the same Lorentz energy distribution of
emitted electrons as in the absence of the slow particle. The
change in the distribution of emitted particles occurs exclu-
sively as a result of their interaction with the field of the ion
during the subsequent motion.

Process (1.5) can be conveniently investigated in the
near-threshold region by the diagram techniques of the
many-body theory.®' The simplest graph describes the exci-
tation of a single-particle autoionizating level by electron
impact, followed by its decay (Fig. 3a). The thin line with
arrow pointing right (left) describes the propagation of an
electron (hole), whereas the line with the double arrow rep-
resents an electron in a discrete excited state; a wavy line
represents the Coulomb interaction. Since the excitation and
decay of a discrete state can proceed via virtual excitation of
a particular atomic configuration, we must consider an ef-
fective interaction Uinstead of the Coulomb interaction, and
represent the process by graph 3b in which the dashed lines
represent the interaction U and the thick line of the discrete
state indicates that the level width " has been taken into
account. The analytic expression for the amplitude for the
process represented by these graphs is

<k, n|\Ulp, <, Y Uln, &
ep =8 — Eoy + i (T/2)

Ay (ks) = , (3.2)

where E,, is the AIS excitation energy and the remaining
notation is clear from Fig. 3.

As noted above, the interaction between the slow elec-
tron of momentum A, and the fast autoionization electron

FIG. 3. Diagrams describing the processes of excitation by electron im-
pact and decay of autoionization states and the post-collision interaction
in the near-threshold region.
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(momentum k) can be neglected in the near-threshold re-
gion in which k; € 1 €k,. PCI then reduces to the inclusion
of the final-state interaction of the slow electron s with the
hole i and with the field of the virtual autoionizing state ». If
we use the well-known method presented in Ref. 62, the last
interaction can be taken into account by introducing the ap-
propriate Hartree-Fock wave function ¢ _of the slow elec-
tron in the field of the excited atom. The thin line corre-
sponding to the slow electron in Fig. 3b represents its motion
in this field. We must take into account the interaction of the
slow electron and the vacancy i in the final state by summing
the “ladder” of the diagrams such as those of Fig. 3c. Let
A(k,) represent the sum of such graphs. We then have?"?

Aks) = { Ag (k) C@r| 05 ) ks, (3.3)

where @, is the wave function of the slow electron in the

field of the hole. This equation can be compared with the
diagram of Fig. 3d in which the double line represents an
electron moving in the field with the hole i, and the junction
of the thin line with the double line represents the overlap
integral (@, |@3.).

The amplitude (3.3) describes the instantaneous decay
of the AIS for which the slow electron experiences a sudden
change in the field. A similar method of taking into account
the sudden change in the field is also valid for other processes
in which a slow particle and an atom (ion) are produced in
quasistationary states, e.g., in process (1.6).

Analysis of the amplitude given by (3.3) shows that the
inclusion of PCI leads to a shift and a change in the shape of
the autoionization line in the autoionization electron spec-
trum,”"®? in complete agreement with the general properties
of PCI discussed in Section 2. This is accompanied by a re-
duction in the energy of the slow electron and an increase in
the energy of the fast electron. The autoionization line pro-
file becomes asymmetric, the line declines more slowly than
in the Lorentz case (without PCI) on the side of larger ¢;
(smaller &; ) and is steeper than the Lorentz line for small ;.
Moreover, the broadening of one of the line wings is greater
than the narrowing of the other. The net effect is that the line
as a whole is broadened.

The reduction in the energy of the slow electron can be
sufficient to ensure that it falls into a bound state, i.e., an
excited atom is formed in the final state. In the case of inner-
shell photoionization (1.6), the capture of the slow photo-
electron to a bound final state of the reaction results in the
formation of singly-charged ion in an excited state. The am-
plitude (3.3) can then be directly generalized to this case by
taking for the wave function of the slow electron in the final
state, @, , the corresponding function for the discrete state.”

Numerical methods and a computer have to be used to
calculate the amplitudes and cross sections of particular pro-
cesses on the basis of (3.3). Two approaches can be adopted
in such calculations. In one,2!#8-38.5455 the calculation is
based directly on (3.3). A similar method has been used to
calculate PCI effects for processes involving the excitation
by electron impact of the 3s4p(°P) autoionizing state in ar-
gon,”"** and for the scattering of a fast electron by argon
when the energy o transferred to the atom is close to the
ionization threshold of the 2p® shell and singly-charged ions
Ar™ are formed in the final state® [ this process is analogous
to the reaction (1.6), i.e., photoionization in the 2p° shell,
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followed by the capture of the slow photoelectron into a dis-
crete state of Ar* ]. Another possibility is the photoioniza-
tion of the L, shell of Xe, followed by the L, — M,M;('G)
Auger decay.*® Figure 4 shows the results of such calcula-
tions and of measurements of the shift A of the autoioniza-
tion 3s4p (*P) line of argon. Figure S shows the density of
generalized oscillator strengths corresponding to the cross
section for the production of the singly-charged ions Ar™,
which takes into account the PCI effects. As can be seen, on
the whole, this model provides a good description of the ex-
perimental data.'":!?

This approach can also be used to.take into account
different correlation and relativistic effects. In the latter
case, the intermediate-state wave functions were calculated
as the eigenfunctions of the Dirac-Fock Hamiltonian.*® This
method was used to calculate the Auger line shapes and the
shift of the Auger electron energy during the photoioniza-
tion of inner shells and the subsequent Auger decays
K — L,L;('D) in argon and L, — L,L, in xenon.*®

In the other approach, the amplitude (3.3) was found
by solving an inhomogeneous differential equation equiva-
lent to (3.3). The solution of this equation under the corre-
sponding boundary conditions is described in Refs. 68 and
69. ‘ .

This method of finding the amplitude was also em-
ployed to investigate PCI during the photoionization of in-
ner shells, followed by Auger decay.’%”"° A study was
made of the shape of the Auger line profiles and of their
positions in the spectrum in the case of the L , 5 photoioniza-
tion of argon®®%”-" and of the Ns subshell of xenon.®”-”® Nu-
merical calculations confirmed the strong effect of PCI on
the shape and position of the Auger lines, in accordance with
the general predictions of the theory. As an example, Fig. 6
shows the shape of the L, — M,3,M,,(S,) line in argon (cal-
culated with allowance for PCI). Figure 7 shows the shift of
this line as a function of the energy excess E, of the incident
photon.

Figures 6 and 7 also show the calculated line proﬁle and
the shift obtained within the framework of the eikonal theo-
ry.>>*® The substantial discrepancy between these calcula-
tions, on the one hand, and the calculation reported in Ref.
67 and with experiment, on the other, confirms that the ei-
konal model is not valid in the near-threshold region in
which conditions (2.3) are violated. .

" The PCI model known as the “shake-down” modell B
based on the representation of the amplitude for the process
by the overlap integral over the wave functions of the slow

4,¢eV
Ar, 3s4p (9P)
0,8}
0.4
1
2
[ T 1
1 2 3 Ery eV

FIG. 4. Shift A of the 3s4p (°P) autoionization line in Ar under excitation
by electron impact as a function of the energy of the electrons E, above the
excitation threshold. I—calculated,?' 2—experiment.'?
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FIG. 5. Density of generalized oscillator strengths near the threshold for
the ionjzation of the 2p® shell of Ar as a function of the incident photon
energy w. ]-—calculated including the production of Ar* under the influ-
ence of PCL,% 2—experiment. '

electron in intermediate and final states. Physically, this
model assumes that the sudden removal of electrons from an
inner shell is accompanied by a sudden change in the effec-
tive charge of the nucleus, which is experienced by the outer
electrons. ,

The transition probability is determmed by the overlap
integral over the corresponding wave functions. The post-
collision interaction is introduced in this approach within
the framework of the shake-down approximation, discussed
in detail in Ref. 3.

The shake-down model has been used to calculate the
probability of capture of an electron to states with n = 4-8,
I = 0,1 of the helium atom during the autoionization of the
2p*('D) state of helium.'® The dependence of this probabili-
ty on the energy excess of the incident electron shows an
oscillatory structure and can explain the experimental
data.®® This model was subsequently used’’ to calculate the
probabilities of excitation of the autoionizing states 2s2('S)
and 2s2p(*P) by electron impact in helium, which are found
to be in agreement with experiment.® Analysis of the formu-
las developed in the shake-down model has shown’' that
they become identical with the formulas of the classical
Barker-Berry model® in the limit of small energy shifts, i.e.,
large £ and small T".

The same idea of representing the amplitude for the
process by the overlap integral over wave functions of the
intermediate and final states is used as a basis for the popular
semiclassical model.!>?*224447 Ag in the shake-down mod-
el, the normalized amplitude 4 (E) for the process, for which

without ~ with

PCI ‘PCI ’ s
| Ar, Ly~ MpzMos (S,),
£,= 0,8 eV

0,65
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i
1486 EpyqRy

FIG. 6. Shape of the L; — M,;M,;" ('S,) line in the Auger spectrum of Ar
for photon excess energy above the threshold E, = 0.8 eV. /—calculated
including PCI and based on (3.3) from Ref. 67, 2—calculated using the
quasiclassical model, ° 3—calculated, eikonal approximation.”®
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FIG. 7. Shift of the Ly — My;M,;* ('Sy) Auger line in Ar as a function of
the photon energy above the ionization threshold E,. /—calculated,®” 2—
calculated in the quasiclassical model,”® 3—eikonal approximation®’; ex-
periment.'*

the particles exchange energy E as a result of PCI can be
written in the form

r

A(E) = (—)"2 Wi, E) |1 (r, )Y, (3.4)

2n

where ¢, and ¢, are the wave functions of the slow particle
before and after the decay of the quasistationary state. In
contrast to the shake-down model, here the WK B approxi-
mation is used for the wave functions (with a complex poten-
tial for the function ¢, ). Assuming that the quantities I, E,
and r~ ' are much smaller than the energy of the slow elec-
tron, the momentum of the particles can be expanded into a
Taylor series and the amplitude (3.4) can be written in the
form

a0 = ()" Jarew| =[5+ sfe = L]

(3.5

This integral is then evaluated by the method of stationary
phase. The final expression allows for the fact that the ampli-
tude may contain contributions due to different coherently
excited intermediate quasistationary states as well as direct
transitions. Effects connected with interference between
these amplitudes will be discussed below in Section 6. The
final result is that the probability of emission of an autoion-
ization (or Auger) electron of energy ¢, is

P(ey) ~ IA 1+ S\ Cexp(—ian |, (3.6)

where A is the direct-transition amplitude. The sum over n
takes into account all the possible intermediate coherent
AlS.

The amplitudes C, and phases a, of the individual
terms are given by (3.5) which can be evaluated by the meth-
od of stationary phase. They depend on the velocity of the
scattered particleand the lifetime of the nth AIS. The precise
form of these quantities is given in Refs. 12, 19, 20, and 38.

The other approach to the description of PCI within the
framework of semiclassical theory is based on the considera-
tion of the time-dependent transition amplitude.'®?%?? The
initial state is assumed to be a coherent mixture of different
AIS, and relationships analogous to (3.5) can be obtained by
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representing the energies of the initial and final states by
time-dependent potential curves. These approaches to the
derivation of the formulas of the semiclassical PCI model are
equivalent®®** because, although they use different math-
ematical formulas, they are based on the same physical
ideas.

The semiclassical model has been used to obtain a sim-
ple relationship for the energy transfer Ae between the fast
and slow departing particles (i.e., the energy shift of the ioni-
zation electron) and the energy excess E, of the incident
particle above the excitation threshold:

T[2(E,+ Ae) ]""—4Ae (E,+ Ae) —Ae?=0. (3.7)

For small shifts, Ae € £, the solution of (3.7) is given by the
Barker-Berry formula (1.4) Agyy = I'(8E,) /2. How-
ever, in the near-threshold region, in which A ~ E |, the shift
determined by the solution of (3.7) is significantly different
from Aégy. The expression given by (3.7) is simple and
therefore particularly convenient for the interpretation of
experimental data. The formulas of the semiclassical model
have been used to analyze a large number of experimental
spectra of autoionization and Auger electrons, and also exci-
tation functions for processes (1.2), (1.5}, and (1.6). This
included the decays of the autoionizing states 2s?('S),
2p°('D), and 2s2p('P) in helium,'>'%3%737  the
Ns — 0,;,0,; Auger decay in xenon,’*?° and the
L,; — M,3M,, decay in argon.'*?*® As an example, Fig. 8
shows the shift Ae (E,), calculated for N-OO Auger spectra
in xenon. As before, this example illustrates the good agree-
ment between experimental data and calculations based on
the semiclassical model.

The alternative approach that generalizes the idea of
the overlap integral was proposed in Ref. 18 and was based
on the quasimolecular adiabatic theory. It has been used to
solve the general problem of a slow quantum-mechanical
particle interacting with a system that has a discrete state
coupled to a homogeneous continuum. The transition ampli-
tude obtained in this way involves the wave functions of the
system in the intermediate state a(R), the final state func-
tions ¢,(R), and the photoionization decay probability
I'(R), which depend on the separation r between the slow
particle and the atom:

A~SdR(I‘ (R)"* @; (R) a (R). (3.8)

If we suppose that the width I' in this relation is independent
of R, we find that (3.8) reduces to an overlap integral typical
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FIG. 8. Shift of the Ni — 0,,0,; Auger line in Xe as a function of the
energy of the photon above the ionization threshold. The calculation is
based on the quasiclassical model®® and the experimental data are taken
from Refs. 14, 55, and 57.
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for the shake-down models described above. By simplifying
(3.8) still further, we can write a(R) in the form exp(ikR),
where the energy of the intermediate state is complex, i.e.,
k?/2 = E, — (iT'/2), and the final-state functions ®,(R)
are the Coulomb wave functions of the continuous (or dis-
crete) spectrum. The resulting analytic formulas'® for the
amplitude and the cross section for the process are more
general than those of Barker-Berry or shake-down models,”’
and can be used to analyze the contribution of the different
factors to the formation of the autoionization line. For
E,;>Ae>T (E, is the energy of the incident electron above
the excitation threshold and Ae¢ is the energy transfer
between the slow and fast electrons) we obtain the classical
approximation and the resulting formulas become identical
with those of the Barker-Berry formulas. When
I'2 Ae> (I'/2V)? eV (vis the velocity of the scattered elec-
tron), the autoionizing system must be described quantum-
mechanically, and the scattering of particles associated with
PCI can be described classically. In the region in which ener-
gy transfer is comparable with the energy of the slow parti-
cle, Ae~E, and (Ae % (I'/2V)?, the entire system must be
described quantum-mechanically.

The formulas describing PCI effects have often been
derived from very general quantum-mechanical ideas. The
general formulas of the theory of scattering that generalize
the theory of Feshbach resonances have been used to derive
the scattering amplitude that includes both direct and reso-
nance terms describing PCI.'7*#7>7¢ The resonance ampli-
tude that includes PCl effects has been derived from the two-
potential formalism of Gell-Mann and Goldhaber in terms
of complex coordinates.””~®° These theories are based on dif-
ferent approaches, but the formulas that they produce are
usually simplified for specific calculations and, in one way or
another, reduce to the overlap integral (3.4). Integrals of
this type are a central feature of practically all the PCI mod-
els for the near-threshold region that have been developed.
Even in relatively coarse models, the evaluation of this inte-
gral is found to reproduce, if only qualitatively, the basic
features of PCI. The success of any particular model that
does not claim to provide a quantitative description of the
effect normally relies on the more precise evaluation either
numerically or analytically of the overlap integral.

4. THREE-PARTICLE EFFECTS

4.1. Experimental manifestations of predicted effects.
Let us now examine specific manifestations of PCI that are
due to the interaction between all three charged particles.
They are particularly well-defined in (1.2), (1.5), and (1.6)
when the velocities of the emitted particles are comparable
inmagnitude, i.e., ¥ 5 ~ Vg ~V op. Thedistortion by PCI of
the spectrum of reaction products in accordance with (2.7)—
(2.10) depends on the single parameter £, given by (2.13).
The two terms in this parameter represent, respectively, the
interaction of particle A with the field of the ion and the
interaction of particles A and B as they emerge from the
reaction. The quantity & and, hence, the resultant PCI effect,
are determined by the relative magnitude of these two terms
with opposite signs. The velocity ¥ o5 intherange V5 ~ ¥V
that we are considering is very dependent on the angle at
which particles A and B leave the reaction. Hence, ¢ and,
consequently, the PCI effect, show a strong dependence on
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the reaction kinematics. Depending on the velocities ¥, ,V'g
and the angle @ .5, the quantity £ can be either positive or
negative. This means that the shift Ae of the autoionization
line (2.10) can also have either sign. The asymmetry of the
line also depends on the sign of £ and is determined by the
factor k(£,e) (2.8). These effects depend on the three-body
character of the problem, and do not manifest themselves in
the region of near-threshold excitations discussed in Section
3.

We shall now discuss the experiments that have verified
the theoretical predictions. In the case of reactions (1.5) and
(1.6), there are two electrons in the final state. Coincidence
experiments, in which the energy of the electrons and the
angle between their velocities are measured, have to be car-
ried out todetermine the velocities that in turn determine the
quantities £,k(£,£) in (2.8). Such experimental data on re-
actions involving three charged particles in the final state
have not as yet been carried out, but they are expected in the
near future.®'

PCI effects are much easier to investigate in the case of
ion-atom collisions (1.2). If the velocity of the ion is not too
low, so that V| ~1, there is a high probability that it will
travel almost rectilinearly. Consequently, we need only mea-
sure the electron spectra for different angles 5 between the
directions of the emitted electron and the incident beam. The
theory outlined above predicts that the spectrum is very de-
pendent on this angle (Fig. 9).%>*? This result has a simple
physical interpretation. For large angles between the emit-
ted particles, the most significant factor is the repulsion
between the scattered ion and the target ion, which leads to
an increase in the energy of the former. For small angles,
thereis alarge effect due to the attraction of the scattered ion
to the electron, which reduces the energy of the ion. These
predictions have been confirmed by recent experiments**8?
that reveal a strong dependence of the position and profile of
the autoionization electron lines on the emission angle 3 in
collisions between ions Zi**, He*, and He’* with energies
in the keV range.and helium atoms. As an example, Fig. 10
shows the profile of the autoionization electron line emitted
at 20° in collisions between Li>* and helium, and the line is
produced by exciting the 2s2p('P) AIS of helium. The line
profile calculated from the eikonal theory [ (2.7) and (2.8);
Ref. 44] is in good agreement with experimental data.*>%3

The other interesting manifestation of three-particle
PClI effects in ion-atom collisions involves the dependence of
the line shift A¢ on the energy E, of the scattered particle. In
the near-threshold energy range, the function Ae(E|) is

Ne, 25" 13s('S,),
EF= 40,3 keV

S
T
2

a%6/dEdse. Tel. units
o
wn
T

3 eT

FIG. 9. Autoionization electron spectrum produced by excitation of the
257" 3s('S,) state of Na by proton impact.”® ¢ is the energy measured
from the unshifted value. /—without PCI, 2, 3—with PCI, 2—8 =15,
3—f = 120°, 4—Barker-Berry approximation.
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FIG. 10. Autoionization electron lines emitted at 20° during the decay of
the 2s2p ('P) state of He. The energy of the colliding particles in the
system Li2* + He is 700 keV. Calculations**: —without PCI, 2—with
PCI, using the eikonal theory. The experimental points are taken from
Refs. 43 and 83.

monotonic and has the shape indicated in Fig. 8. In the re-
gion in which the velocities of the scattered ion and electron
are comparable, the function is not monotonic and exhibits
anomalous behavior. As an example, Fig. 11 shows the shift
(2.13) calculated for the excitation of the 2s ~'3s('S) AISin
neon (I' = 95 meV, E2 = 22.1 eV). The anomalous behav-
ior of the shift, shown in Fig. 11, has a simple physical inter-
pretation. At low incident-electron energies, the PCI shift is
determined by the repulsion between the scattered proton
and the ion. The first term in (2.13) is then the dominant
one, and the function Ae(E,) has the usual profile observed
in traditional near-threshold experiments. At high energies,
the principal effect is due to the Coulomb attraction between
the proton and the electron, which is very dependent on their
relative velocity and produces the anomalous behavior of
Ac(E)).

We now return to reactions (1.5) and (1.6) with two
electrons in the final state. Traditionally, PCI is investigated
in such processes by a method in which the spectrum of only
one (e.g., the autoionization electron) is examined. This
spectrum is described by (2.7) after integration with respect
to the emission angle of particle A. The shift of the autoion-
ization line in these experiments can be estimated from the
average shift Ae given by (2.14), or from the average cross
section Ae (o) (see Section 2). As an example, Fig. 12
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FIG. 11. Shift of the 2s™' 3s('S) autoionization line excited by proton
impact in neon as a function of the incident-proton energy. Electrons
emerging at 10°.
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FIG. 12. Line shift in the spectrum of 2s?('S,) autoionization electrons in
He under excitation by electron impact. £ is the energy of the incident
electrons above the excitation threshold. See text for the definition of Ae
and A£(8),Aeuy. Calculation—eikonal theory,” experimental points
taken from Ref. 6.

shows the shift Ae(E,) of the autoionization line as a func-
tion of the energy excess E, of the incident electron above the
252('S,) AIS threshold in helium (T = 138 meV).? It fol-
lows from (2.14) and from numerical calculations that the
energy shift of the autoionization line in the region in which
V o ~ Vg issignificantly smaller than the Barker-Berry shift
Acgp (the latter is due to the strong interaction between
electronsin this region). This fact was established by analyz-
ing numerous experimental data.*’” On the whole, the
shifts A and A (o) that take into account the interaction
of all three particles in the final state are in much better
agreement with experimental data® than the Barker-Berry
shift Aegg.

The approximate nature of the shift (Ag) given by
(2.14), which does not take into account the dependence on
the emission angles, is responsible for the “nontransmission
effect” discussed recently in the literature,>**!#6°%84 If we
consider the motion of the particle in the final state in terms
of the classical model, the PCI effect does not appear at all
when the velocity of the decay electron B is less than the
velocity of particle A (¥ < V). The autoionization or Au-
ger electron cannot then overtake the scattered particle and
the latter does not experience the change in the Coulomb
field. This fact is represented in (2.14) in which the PCI shift
Ac is zero when (V5 < V). Evidence for this effect was ob-
tained in the experiment reported in Refs. 59 and 84, but was
probably due to inadequate energy resolution. When only
one decay electron is recorded in the experiment, the corre-
sponding line shift in the spectrum is described by the shift of
the cross section (2.7) averaged over the angle 2, . Quan-
tum mechanics shows that this shift Ae(&) is small, but dif-
ferent from zero. This is illustrated by the calculations
shown in Fig. 12. The “nontransmission effect” is therefore
more likely to be due to the approximate character of the
PCI model than to a real physical phenomenon. It is predict-
ed by PCI models***® that take into account the motion of
the decay electron with an angle-averaged shift Ae, e.g.,in
the form given by (2.14).
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4.2.Small relative velocities of emitted particles. So far,
we have confined our attention to two energy ranges in
which the PCI effects can be seen, namely, near-threshold
excitation and the region in which the relative velocities of
all three emitted particles are not small, but are comparable
in absolute magnitude. There is one other interesting case in
which the relative velocity of two of the particles is small and
the velocity of the third is also small, i.e.,
Vap €1,Vac =Vpc S 1. This occurs in reactions (1.2) and
(1.5) when the excitation energy of the autoionizing state is
low. Both the near-threshold excitations (A is the scattered
particle with a low velocity ¥V ,5 €1 relative to the ion) and
the case where the scattered particle A and the autoioniza-
tion electron B have equal and not very small velocities
(Vs = V5 51) are investigated under these conditions. It is
found that the problem can be solved analytically.%°

When the condition ¥, €1 is satisfied, the pair A — B
interacts for a long time and its Coulomb interaction energy
is high. This interaction must therefore be taken into ac-
count exactly. The interaction with the third particle cannot
be taken into account by perturbation theory because the
parameters e/fiV .. ~e*/#iVyc > | are large, but it can be
allowed for within the framework of the eikonal approxima-
tion. Overall, the emission picture is as follows. The strong
interaction between particles A and B, which persist for a
long time, produces a significant distortion of their trajector-
ies, which are not rectilinear. The interaction with the third
particle is also large, but occurs at large distances and has
only a slight effect on the trajectory of the pair A — B. It is
this that justifies the application of the eikonal approxima-
tion. In other words, the conditions for the eikonal approxi-
mation (2.3) are satisfied in this case for the interacting
pairs A — Cand B — C, but the eikonal condition is violated
for the pair A — B. Instead, the authors of Ref. 85 consid-
ered the less stringent restriction on Vg

(mA+mB)‘VABVAC>>(|2A|+|ZB|)'ZCIR-lr 4.1)

where R is given by (2.1).
When (4.1) is satisfied, the amplitude for (1.1) can be
written in the form®®

M= MM, (e+i%) S, (4.2)

where M|, M,, and ¢ are defined above (Section 2) and the
factor S is given by the following expression for ¥, €1:

& [k itac-taD)
. . LT\ 7' [Rap¥®
S = g7 (1 + iE) (g +i _> ( + kABvAD)
2 Bap
- r {EaB-SAC+EAD)
X ( A8+ kagVap+ e+ i _) (4.3)
Kap 2

The quantities £;,£ in this expression are given by (2.9), the
relative momentum is k,p = fapVap, i, is the reduced
mass of the pair /, j, and the momentum of the relative mo-
tion of A, D in the intermediate state is
% ={2pp [€o + i(T'/2) 1}/2. If the relative velocity V,p is
not too low, so that the eikonal condition (2.3) is satisfied
for the A — B interaction, the expression given by (4.2) re-
duces to the eikonal expression (2.4).

The general expressions given by (4.2) and (4.3) canbe
used to calculate the cross sections for special cases of (1.2),
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(1.5), and (1.6). They were used in Ref. 85 to calculate the
profile of the 3s~ '4p('P) autoionization line in argon excit-
ed by electron impact. The low energy of the autoionization
electron, £ = 10.85 ¢V, means that the line profile must be
described with allowance for the interaction between the
slow scattered electron and the field of the ion. The calcula-
tion is illustrated in Fig. 13 for the scattered-electron energy
of 0.4 eV, and shows that the contribution of the interaction
between the electrons in this process is very significant even
against the background of the strong interaction between the
slow electron and the field of the ion.

Allowance for PCI by means of (4.2) and (4.3) in the
range V,p €1 can also be very significant in processes in-
volving the capture of an electron into the continuum by the
incident ion.%¢

5.REACTIONS WITH FOUR CHARGED PARTICLES IN THE
FINAL STATE

We now turn to resonance processes in which the final
state contains four charged particles. They include inner-
shell ionization by electron or ion impact, followed by the
Auger decay of the inner vacancy [reactions (1.7) and
(1.8)]. Experiments on PCI effects in these reactions are
much more diverse than those in the case of (1.1). The phe-
nomenon can be studied in different coincidence experi-
ments, the role of kinematics in PCI effects can be investigat-
ed, and so on. Two charged particles, namely, the scattered
particle and the electron ejected from the inner shell, are
produced as a result of inelastic collision between the inci-
dent particle and the target atom in which the latter is ion-
ized. These particles move in the field of the excited ion prior
to decay, and in the field of the ion and the Auger electron
after the decay. In contrast to (1.1), PCI is then due to the
interaction between the two charged particles, on the one
hand, and the quasistationary particle and its decay prod-
ucts, on the other. The strength and character of this interac-
tion depend significantly on the relative velocity of the scat-
tered particle and the electron ejected from the atom.
Allowance for PCl is therefore divided into two stages. First,
we have to estimate the interaction between the four charged
particles in the final state of (1.7) and (1.8) for particular
fixed velocities (or energies) of the scattered particle and
electron ejected from the atom. Second, we have to allow for
the probability of a particular sharing of the energy of the
incident particle between the scattered particle and the eject-
ed electron. This probability is determined by the inelastic
scattering that gives rise to the ionization of atom, and is not
the subject of the PCI investigation. However, the energy
distribution among the emitted particles has a significant
influence on the magnitude of the PCI effect and must be
taken into account when the latter is investigated.

The exact solution of the PCI problem in processes such
as (1.8), which is valid in a wide range of relative electron
velocities, can be obtained in the eikonal approach.**The in-
teraction between the particles contributing to PCI is usual-
ly significant only for large separations (see Section 2). It
may therefore be considered that the potential energies of
interaction between the scattered electron (e,) and the eject-
ed electron (e,), with the field of the ion, and also with the
Auger electron (e;) are less than the kinetic energies of the
electrons. We shall also assume that the angles between the
directions of the electrons are not small. If this is so, then the
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electrons travel almost uniformly and rectilinearly at large
distances, which guarantees the validity of the eikonal ap-
proximation. The problem of four charged particles is then
hardly more complicated than the three-particle problem
examined in Section 2. More than that, the cross section for
process ( 1.8) is given by an expression that is almost exactly

the same as (2.7)°%
déo | Y
—_— E Q —_— k .
dE,dE4d9,d2,d0, O (F1, S, @) 72 [e? 4 (T%/4)] € <)
(5.1)

where ¢ is the energy of the Auger electron E;, measured
from its unshifted position E}: e = EY — E,, T, is the par-
tial width of the Auger decay, and oy, is the ionization cross
section of the inner shell of the atom by electron impact,
which depends on the energies and emission angles of elec-
trons e, and e,. The factor k(£,e) that describes the PCI
effects has already been encountered in (2.8). The only sig-
nificant change is in the main parameter of the theory, which
now takes the form

1 1 1 1y e
_(VIS—_Z Vay VZ)T‘ (5.2)
The individual terms in (5.2) describe the interaction
between electrons e,, ¢, and the products of the Auger decay
e;, A7,

The cross section (5.1), regarded as a function of the
energy ¢, describes the shape of the Auger line, subject to the
condition that the velocities of the emitted particles V,, V,,
V, are determined in the final state. Because of energy and
momentum conservation, the cross section is then deter-
mined by eight independent parameters, e.g., the energies
E,, E, and the electron emission angles €2, {,, 2. As in the
case of (1.1), the shift of the cross section (5.1) is deter-
mined exclusively by the parameter &:

Av == (5.3)

The expressions given by (5.1), (5.2), and (5.3) show that
all the PCI manifestations are very dependent on the kine-
matics of the emitted electrons.

Triple-coincidence experiments are necessary if this de-
pendence is to be observed. However, such experiments have
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FIG. 13. The 3s~ '4p('P) autoionization line profile in Ar under excita-
tion by electron impact.®® Scattered-electron energy 0.4 eV. I —PCI with
allowance for the interaction of three particles in the final state, 2—the
interaction of only the two slow particles taken into account, 3—eikonal
approximation, 4—result obtained without taking PCI into account.

not yet been carried out, but there have been recent experi-
ments in which two electrons, namely, the scattered and the
Auger, or the scattered and the ejected electrons, were re-
corded in coincidence.?®?%°%! To describe this cross sec-
tion, we must integrate (5.1) over all the directions of, say,
the ejected electron:

ds ds8
_°—=jd924—. (5.4)
dEdE 3dQ,dQ; FdE,dE3dQ,dQ,d Qs

Estimates and calculations show?? that the cross section
(5.4) can often again be represented by (5.1) with the pa-
rameter £ replaced with its average £ evaluated over the an-
gles 0,:

1 e[ 1 1 0. Va2 Vs,
E=—jd§2§—— ————+i1
)T w Ve W 7=y =V
(5.5)

As an example, Fig. 14 shows the L, — M,3sM,;('P) line in
argon, calculated in this way and corrected for the detector
transmission function. As can be seen, there is good agree-
ment between calculations and experiment.?®

It is interesting to note that double coincidence experi-
ments can provide complete information about the cross sec-
tion (5.1) if we consider inner-shell ionization by ion im-
pact, i.e., processes such as (1.7). The above theory can
readily be extended to this case, and the cross section and
shift are then again described by (5.1)-(5.3), except that
now theindex 1 refers to the scattered ion. If we suppose that
the ion travels almost rectilinearly at high enough energies,
complete information about the process can be obtained
from coincidence experiments in which measurements are
made of the energy and the direction of emission of the eject-
ed and Auger electrons. The feasibility of such experiments
has been confirmed.?%2%9%5!

The other possibility is to investigate (1.7) in coinci-
dence experiments in which the energy of the scattered ion
and the energy and direction of emission of the Auger elec-
tron are recorded. If we investigate the energy range in
which the energy of the Auger electron is significantly
greater than the energy of the ejected electron, ie., E;> E,,
the parameter & is no longer a function of 1,, but is given by
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FIG. 14. L, — M,;M,;(P) line profile in the Auger spectrum in-Ar using
coincidences between the scattered and Auger electrons. ¢ is the electron
energy measured from the unshifted value. Calculation based on the ei-
konal model,*? experimental points taken from Ref. 29.

b b = S [Z VR V' —VRL (56)

where Z, is the charge of the ion. The cross section recorded
in such experiments is given by

o = Tome k(€ ns€)

dEdEdQg T am [e2 + ([¥/4)]
xj‘ Gy (El’ Szlv Qz) dgl sz_
(5.7)
Its shift is
EonT
AEi(:m = 5‘;“ . (5.8)

The dependence of this shift on the incident-ion energy has
the anomalous nonmonotonic character found for processes
with three particles in the final state.

As an example, Fig. 15 shows the shift of the
N, — 0,;0,5(S,) Auger line in xenon excited by proton im-
pact. The anomalous form of the function A¢,,, is due to the
strong attraction between the scattered ion and the Auger
electron in this region, in which their relative velocity is
small.

We now return to the ionization of atoms by electron
impact (1.8). Extensive data on the Auger line shift as a
function of the incident-electron energy E, have been ob-
tained in experiments in which only one Auger electron

4¢, meV Xe, Ns=0y3055("Sg)
100
0 \ 1 I L L - L
20 50 100 Ep, keV
-100+
=200

FIG. 15. The Ny — O,;,0,, Auger line shift in Xe under excitation by
proton impact. Energy of ejected electrons 5 eV, angle of emission of
Auger electrons 10°. The dependence on the proton energy E, is calculat-
ed from the eikonal theory.*?
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emitted at a particular angle to the incident beam was deter-
mined.Such measurements have been carried out for a num-
ber of Auger transitions from the K,L,; shells of ar-
gon,**?192=97 the K shell of neon,?**>%’ the N, 5 subshells
of xenon, and the M,, and M, subshells of krypton.2*27-%
The Auger-electron distribution measured in such experi-
ments can also be described by (5.1), integrated with respect
to the angles of the ejected and scattered electrons, and also
with respect to the scattered-electron energy. The shift of the
Auger line is now determined by the position of the maxi-
mum of this integrated cross section. This occurs at the ener-
gy  that is the root of the equation*?

Eo—1I
S dE, S dQ.dQtak &, B
1)

2
T Eo—1

S dE, j ddQ0.k @, B) (5.9)
0

A rough estimate for A £ can then be obtained by averaging
the expression for the shift of the triple differential cross
section (5.3) over all the angles and energies of the incident
and scattered electrons:

_ E0,dR,dQ,dE |
Ae = r g ?

2 gfoodﬂldﬂ.z dE; (5.10)

To determine the shift in accordance with (5.9) and
(5.10), we must know the form of the cross section o, (E,,
Q,, ,) or the form of the energy distribution among the
scattered electron ( E,) and the ejected electron (E,). This is
a problem that is well outside the framework of the present
review.'% The Auger line shift was calculated in Ref. 32 fora
number of shells of inert gases, and the ionization cross sec-
tion was described by the formulas of the symmetrized bina-
ry theory.'®! Good agreement with experimental data (Fig.
16) can be achieved by calculations of this kind, based on
(5.9) and (5.10).>2 Comparison with calculations based on
other models®'#!'¥7 shows that it is important to take into
account the interactions between all the charged particles in
the final state when the PCI shift is calculated, and correct

0

de, eV

1072

10 10 107 £,,eV

FIG. 16. The L, — M,;M,,('D,) Auger line shift in Ar as a function of
the energy excess E, of the incident electrons above the threshold. 7—
calculated from (5.9) [Ref. 32}, 2—calculated from (5.10) [Ref. 32},
3—model calculation,®'*” 4—model calculation®'; experiment: 5—Ref.
93, 6—Ref. 92.
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allowance has to be made for the distribution of energy
among the scattered and the ejected electrons.

The characteristic feature of the shift calculated from
(5.9) and (5.10) is its behavior at high incident-electron
energy E,. In contrast to the model calculations reported in
Refs. 41 and 87, the magnitude of the shift is then constant
and nonzero. The finite shift at high energies is readily ex-
plained. Even when the energy excess of the incident elec-
tron above the threshold is high, there is an appreciable
probability that electron E, will have a low velocity. The
interaction of this low-energy electron with the Auger-decay
products leads to energy exchange with the Auger electron,
i.e., to a shift of its line in the spectrum. Measurements of the
energy of the Auger electrons emitted as a result of pho-
toionization and ionization of atoms by electron impact will
therefore yield different values even in the limit of high ener-
gy excess above the ionization threshold. The energy of Au-
ger electrons produced by photoionization is lower than the
electrons released in ionization by electron impact.

The behavior of the shift for high incident-particle ener-
gy E, has also been investigated in terms of the semiclassical
model,>*®71°2 ysing the expression for the shift obtained in
an implicit form in the model described in Ref. 24, which
takes into account the interaction between the emitted elec-
trons and the Auger electron. The shift was averaged with
allowance for the energies of the scattered and ejected elec-
trons £’ and E . The energy distribution was examined in
the first Born approximation and was subsequently ex-
pressed in terms of the Bethe approximation.'®® The values
of As(E,) obtained in this model are in good agreement with
experimental shifts for the K — L,;L,; transitions in argon
and neon.”’

Analysis of the expression obtained in this way has
shown?? that the shift tends to a positive constant for asymp-
totically large energy excess above the ionization threshold.
The asymptotic shift can be estimated from the expres-
sion33,102

A“:as ~ __m_

s R (5.11)
2(2EB)1/2

(at. units),

where Ey is the energy of the initial vacancy. More accurate
numerical calculations of the asymptotic shift were carried
out using the Hartree-Fock wave functions for a number of
inner shells in neon, argon, and krypton. The differences
between the values obtained in this way and the results re-
ported in Ref. 32 are probably due to the approximate char-
acter of the electron energy distributions used in the models.

Since the asymptotic shift is small (tens or hundredths
of meV, it is difficult to measure. Nevertheless, there is re-
cent experimental evidence®®°7'%* that the Auger line shift is
constant at high electron energies.

We shall now review other papers devoted to the theory
of PCI in reactions with four charged particles. One of the
assumptions is that the scattered and ejected electrons travel
equal energies in opposite directions.?'*'-*7## This assump-
tion is particularly well founded in the near-threshold region
in which the energy excess of the incident electron above the
ionization threshold E is found to be zero, and the well-
known Wannier regime is established.®® The interaction
with the fast Auger electron is now unimportant and a classi-
cal analysis of emission kinematics can be used to describe
the energy distribution of the Auger electron and its
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shift.>!8” The equipartition of energy among the electrons
has been used’*%"-%® to estimate the shift As for the Auger
electron.

Since, for high excess energy E, the velocities of the
emitted particles are comparable in magnitude with the ve-
locity of the Auger electron, their interaction must be taken
into account in PCI. This has been done in the classical mod-
el*! that takes into account the finite velocity of the Auger
electron and the time of its emission from the atom. This led
to the following relationship for the Auger-electron line shift
Ag, the energy excess above the ionization threshold E, the
width of the inner vacancy I', and the unshifted Auger elec-
tron energy E :

éri +(Eg)—l/2:E—l/z. (512)
It is clear that the shift Ae(E) given by this expression is
actually the lower limit, since it is based on the assumption of
equipartition of energy among the scattered and ejected elec-
trons.

In reality, the energy is arbitrarily shared between the
scattered (E') and ejected (E ") electrons. An attempt to
take this into account for high values of £ was undertaken in
Ref. 31 in which it was assumed that the total energy shift of
the Auger electron was the sum of the shifts determined by
theinteraction of each of the electrons E ', E " with the field of
theion: Ae = Ae(E') 4+ Ae(E"). Theseshifts, in turn, were
determined from formulas such as the Barker-Berry formula
(1.4) for high E', E", or the Niehaus formula (3.7) [for
small £ " and negligible Ae(E ") ]. The shifts obtained in this
way were then averaged over the Born distribution do/dE’
of the energies E',E"(E’'+ E" =E). The L,; — M,;M,,
line shift in argon was thus calculated for a number of inci-
dent-electron energies.>’ Despite the large number of ap-
proximations, the results obtained in this way are in reasona-
ble agreement with experiment.?!

6.INTERFERENCE EFFECTS

So far, we have confined our attention to resonance pro-
cesses such as (1.1) that involve the excitation of only one
intermediate autoionizing state D. Direct processes such as
(1.9) also contribute to the electron spectrum. Since the fi-
nal states in these reactions are coherent, the total amplitude
includes the sum of the amplitudes for resonance and direct
processes. The amplitude for the direct process (1.1) is a
smooth function for energies ~ I in the neighborhood of the
autoionization line. When the PCI effect is not included, the
phase of the resonance amplitude [see, for example, (3.2) ]
changes by 7 in the region of the resonance, so that the cross
section assumes the characteristic Fano profile. When PCl is
included, this has a considerable effect on the change in the
phase of the resonance amplitude.!®!%?! The correction to
the phase becomes very significant when the relative velocity
of any pair of particles,e.g., ¥, is small (V,; €1). This is
clear from (4.3) in which arg I'(1 + i£) undergo a consider-
able change even for small change in V,5. The smaller the
velocity V,g, the greater this change. This is due to the fact
that the Coulomb forces have a long tail. The phase change
can reach ~ 7 or more as the energy ¢ varies over the width
~T if the following condition is satisfied:

nasVip < T, (6.1)
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Each increment of 7 in the phase leads to an additional peak
and a minimum in the cross section, so that the latter exhib-
its an oscillatory structure.'®2"%* This has been carefully in-
vestigated for near-threshold excitations in processes such as
(1.2), (1.5), and (1.6).'%1%93 It is clear from (6.1) that the
oscillation effect is difficult to observe in the case of heavy-
particle collisions for which y 5> 1. .

We shall now consider the case where an inelastic colli-
sion X + Y results in the excitation of not only D, but also
other autoionizing states D', D”, etc. If the decay channels
for these states coincide, and the excitation energies are close
to one another, the spectrum of the reaction products in
(1.1) will reflect the possibility of excitation and decay of
the different autoionizing states (D, D', D”), etc. In other
words, by recording the energy and the emission angle of the
autoionization electron or of the scattered particle in coinci-
dence (or noncoincidence) experiments, we can identify
events involving both the excitation of the state D and the
excitation of close autoionizing states D', D”,... . Since the
final states in all these processes are coherent, the spectrum
of the reaction products can be described by an amplitude
that is the sum of the amplitudes for the individual processes.
Interference between these amplitudes can then lead to the
appearance of oscillations in the observed spectrum. Such
oscillations were first observed in the spectrum of autoion-
ization electrons in collisions between He* ions and helium
atoms.'? The close autoionization states 2s?('S),2p?('D),
and 2s2p('P) provided a contribution to the spectrum.

In addition to processes (1.1) that proceed via the exci-
tation and decay of AIS, nonresonance processes such as
(1.9) contribute to the electron spectrum. The total ampli-
tude for the production of electrons of given energy ¢, in-
cludes the sum of the amplitudes for the resonance and di-
rect processes':

2
Pe)) ~ | A+ D Crexp (— i) | . (6.2)
"

Each term in the sum over n corresponds to the excitation of
a specific AIS, and the amplitude A describes the direct pro-
cess (1.9). The amplitudes C, and phases «, represent the
PCI effect and can be expressed by formulas such as those,
for example, provided by the semiclassical model.'® These
amplitudes contain as factors the amplitudes describing the
probability of excitation of a particular AIS (D, D', D",
etc). Their moduli and phases can be regarded as adjustable
parameters when model calculations are compared with ex-
perimental data.'>7%>"3 This also applies to the modulus and
phase of the direct amplitude A (Refs. 19 and 38). It is im-
portant to note that the interaction between the particles in
the final state affects the amplitude A for the direct process.
This interaction has been investigated by a number of
workers (see, for example, Refs. 34-36), but such studies
have not extended to PCI and lie outside the framework of
the present review. At any rate, the inclusion of this interac-
tion does not affect the smooth character of the amplitude A
in the resonance region. Comparison between experimental
data and the spectrum calculated from (6.2) hasled to infor-
mation about the AIS excitation probability'®**"* and has
also been used to investigate the degree of coherence in the

excitation of different AIS.”""

Interference between the amplitudes for the PCI effects
in the spectrum of photoionization electrons has been inves-
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tigated during the excitation of AIS by ion im-
pact,'#197273:105,113 by electron impact'®-*%7"" and by pho-
toionization of inner shells.”® As an example, Fig. 17 shows
the autoionization-electron spectra obtained in ¢ + He colli-
sions. The interpretation of these data in terms of (6.2) was
bssed on the assumption of interference between the 2s2('S)
and 2s2p(°P) resonance states of helium and the direct pro-
cess.'” A similar analysis was used to explain the oscillatory
structure of the excitation functions of Rydberg states popu-
lated by the PCI mechanism in reaction (1.8).'" On the
whole, the use of (6.2), which takes into account PCI effects
in the semiclassical model, and variation of the adjustable
parameters, have led to a successful description of a large set
of experimental data on the spectra of autoionization elec-
trons, scattered particles, and excitation functions of Ryd-
berg states.'®

Manifestations of interference effects in electron spec-
tra and the influence of PCI upon them depend on the meth-
od of observation. If all electrons emitted at a particular an-
gle Q in ion-atom collisions are recorded, it is found that PCI
has generally no effect on the character of the interference
spectrum.’® The total electron intensity 7(Q}) is then inde-
pendent of the velocity of the colliding particles and is deter-
mined exclusively by the probabilities of excitation of the
close autoionizing states D, and D,, their decay widths T,
I',, and the nominal-energy difference A£° between the ioni-
zation electrons produced in the decay of these states. The
shape of the differential (in energy) spectra I(),E, ) is high-
ly distorted by the PCI effects described above.

We have already noted that PCI has an important effect
on interference between direct (1.9) and resonance (1.1)
amplitudes for low relative velocities of charged particles
emerging from the reaction (¥,5 <€1).'% These effects can
be observed, for example, when an electron is captured by an

E,=60,2¢eV

Intensity, ret. units

1 | hl | 1

1
34,0 35.0 36.0

1 1

1
33.0
Energy of ejected electrons, eV

FIG. 17. Interference effects in the autoionization electron spectrum pro-
duced in e + He collisions. Incident-electron energy E, = 60.2 eV. The
angles of emission of the autoionization electron are indicated in the fig-
ure. The calculations were based on the quasiclassical theory,'? taking
into account the contribution of direct processes and also of the 2s?('S)
and 2s2p (°P) states. The experimental points were taken from Ref. 5.
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ion into a continuum state.®® The characteristic cusp in the
cross section for the direct process®® is then distorted by the
oscillatory structure due to the interference. The observabi-
lity of these predicted effects is very sensitive to the angle
between the emitted particles.'®®

7. CONCLUSION. UNRESOLVED PROBLEMS

It is interesting to follow from the modern standpoint,
the evolution of ideas on the post-collision interaction. The
phenomenon was discovered experimentally as a near-
threshold effect in ion-atom collisions. The early intuitive
ideas were then extended to the electron-atom and photon-
atom collisions. This was followed by a rapid development of
the theory of the phenomenon in the near-threshold region.
Considerable advances were made when the following three
facts were understood: (1) the phenomenon is not confined
to the near-threshold region, (2) it is essentially a three-
particle problem, and (3) a parametrically exact solution of
the three-particle problem can be obtained. The recognition
of these facts led to a new view of the entire problem of post-
collision interaction and has resulted in a better description
of the reactions with four charged particles in the final state.

In the preceding Sections, we have described the princi-
pal effects due to the post-collision interaction in the spectra
of the products of resonance processes. All these effects, in-
cluding line shifts, distortion of line profile, shift of the ioni-
zation threshold, capture of the ejected electron, and inter-
ference between the amplitudes for direct and resonance
processes are, on the whole, satisfactorily described by exist-
ing models of PCI. Theories developed in the course of the
last few years are also capable of predicting different three-
body PCI effects in the spectra of reaction products.

On the other hand, experimental studies of PCI have
largely been confined to the near-threshold energy range in
which three-body effects are not observed. Individual ex-
periments that record the presence of PCI effects outside the
near-threshold region are clearly inadequate. It would there-
fore be desirable to have systematic experimental studies of
the phenomenon in the region in which the relative velocities
of emitted particles are comparable in magnitude, and three-
body effects can be observed.

The most interesting and immediate tasks for experi-
menters appear to be the following.

(1) Measurement of the dependence of the line shift
and asymmetry on reaction kinematics, i.e., on the emission
angles and relative velocities, including the sign of the shift
and the line asymmetry.

Different types of experiments, can be carried out de-
pending on the type of reaction employed. (1.1). If the inci-
dent particle is an ion, a noncoincidence experiment can be
carried out. (1.2) A coincidence experiment is necessary for
(1.5) and (1.6), and the decay and scattered (or photo)
electrons are recorded in coincidence. It is important to note
that the experiments performed so far have been confined to
the dependence of the line profile on the kinematics of reac-
tion (1.2).4%83.10

2. For reactions with four charged particles, e.g., (1.7)
and (1.8), the PCI experiments can be even more diverse.
(2.1). The most complete experiment will involve measure-
ments of coincidences between the three particles in the final
state and the verification of predictions based on (5.1).
(2.2). The dependence of line profiles and positions on reac-
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tion kinematics can be investigated by recording two
charged particles in coincidence, namely, the scattered and
the Auger electrons, or the scattered and the ejected elec-
trons. (2.3). In the “noncoincidence experiment,” in which
only one Auger electron is recorded, the interesting and sub-
tle problem is the determination of the shift of the Auger
electron at high incident-electron energies (theory predicts
that this quantity should have a constant nonzero value).
The other problem is to measure the Auger line shift as a
function of the angle of the emission electron. First measure-
ments of such a dependence in the reaction (1.8) have re-
cently been reported in a noncoincidence experiment.'"

3. The investigation of interference between direct and
resonance amplitudes and of the resonance amplitudes
among themselves outside the near-threshold region. A
strong dependence of the post-collision interaction effects
(line shapes and positions in the spectrum) on the kinema-
tics of the processes is expected.

4. Studies of interference between direct and resonance
amplitudes in the capture of an electron by the incident ion
into the continuum or into a discrete level.

During the twenty years since the first observation of
PCI, there have been considerable advances in our under-
standing of the phenomenon. However, there are several un-
resolved questions.

First, there is the formation of the A-B bound state
under the influence of PCI in (1.1). The problem has been
partially solved for the near-threshold energy range. In this
case, the capture of the slow electron (scattered electron or
photoelectron) to a discrete state in the field of the ion has
been observed experimentally in the form of a structure on
the excitation functions of Rydberg states (see Section 3).
The theoretical description of this effect has been given in
terms of different models.®'#~2%% It is interesting to consid-
er this effect when the electron captured into a discrete state
is an autoionization electron, i.e., a fast electron, which
forms a bound state with an ion or positron scattered by the
atom. The interaction between all three charged particles in
the final state must then be taken into account. An exact
solution of this problem has been given for the case where all
the particles are in the continuum and two particles have
similar velocities®® (¥, 5 —O). The solution of this problem
can probably be obtained by an analytic continuation of the
V. —0 case to the region £,5 <0. This approach was used
previously'® to solve the problem for the near-threshold re-
gion.

The other problem that is being intensively discussed in
the literature, but has not as yet been fully thought out, is the
transfer of angular momentum in PCI. The interaction
between the scattered and autoionization electrons as they
separate following the reaction can lead to the transfer of
angular momentum A /. This can affect, for example, the
angular distribution of the scattered electron and its proba-
bility of capture into excited states with a particular angular
momentum /. The PCI responsible for angular momentum
transfer can only be the direct interaction between electrons
leaving the atom.’”®'°!!* Simple estimates show’? that the
momentum transfer is A / S e?/v, where v is the relative ve-
locity of the electrons. In the near-threshold region, in which
the velocity is large (v > 1), the transferred angular momen-
tum is A/ <1 a.u., and the angular-momentum transfer
probability is low. However, this probability is greater in the
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region in which the relative velocity is small (v<1). In con-
trast to simple estimates, numerical calculations®® and mea-
surements®? show that an angular momentum transfer
Al 52 occurs even for low scattered-electron velocities.
This can be detected experimentally by analyzing AIS exci-
tation processes proceeding via the formation of a negative
ion in the intermediate state, e.g., He (2s2p”D (Refs. 76, 108,
and 109). This experiment would determine the angular mo-
mentum of the slow scattered electron and would analyze
the change in its angular momentum as a result of PCI. At-
tempts to take angular momentum into account have been
undertaken*’ within the framework of the semiclassical PCI
model. According to Ref. 47, it is indeed the transfer of an-
gular momentum A / #0 that is responsible for the unex-
plained structure in the spectrum of Auger electrons.’® Gen-
erally speaking, theoretical studies and experimental data on
angular momentum transfer in PCI are often contradictory,
and the problem requires further investigation. A further
problem that has not been fully investigated in PCI theory is
the influence of the scattered particle on the width I of the
quasistationary state. All the above PCI theories assume
that the scattered ion (electron) or photoelectron have no
effect on the autoionization or Auger decay probability. In
other words, the decay is assumed to be undistorted by the
presence of a charged particle near the atom, and its interac-
tion with decay products manifests itself only during the
subsequent separation of particles in space. At the same
time, although the decay occurs at a large distance from the
slow scattered particle, the presence of the latter near the
atom may distort the AIS wave function and modify the
lifetime. The width I', which is regarded in all PCI theories
as an adjustable parameter, may therefore differ from the
AIS width of the isolated atom.''®~''? Allowance for the
effect of the slow particle on the width of the quasistationary
state I within the framework of the above PCI models
should substantially improve the description of processes
such as (1.1) without introducing phenomenological pa-
rameters. The resolution of these problems should resultin a
better understanding of the physics of the post-collision in-
teraction.

We conclude with one important point. All the manifes-
tations of PCI are very dependent on the parameters of the
autoionizing resonances, i.e., their width, absolute magni-
tude, and phase of matrix elements for their excitation and
decay. Effects due to the post-collision interaction can there-
fore be used to measure the parameters of autoionizing re-
sonances.

It is our pleasant duty to thank M. Ya. Amus’ya for
fruitful discussions of the many questions touched upon in
this review.
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