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Conspicuous effects from a weak post-collision interaction have been identified in triply differen-
tial cross sections for the ionization of helium by fast electrons at asymmetric kinematics. A classi-
cal correction to an accurate first Born approximation is in good agreement with experimental data,
showing the important influence of correlation after the collision.

Ionization of atomic matter by fast, charged particle
impact is a fundamental process in broad fields of pure
and applied physics. The problem to calculate cross sec-
tions is well defined through exactly known forces and
mechanics. Nevertheless, theoretical work for electron-
impact ionization of even simplest atoms is generally not
in satisfying agreement with experiment at intermediate
and higher energies,"”? although a distorted-wave Born
approximation® and an approximate second-order Born
approximation®> have improved simpler treatments. At
lower energies the situation is even worse.® One may,
however, not overlook that the process under considera-
tion constitutes a difficult many-body Coulomb problem
above the break-up threshold for three free charged parti-
cles (ion plus two electrons). In quantum mechanics no
systematic approximation procedure is known to treat
that type of problems. Neither Faddeev equations nor ap-
proximations to them can directly be used to describe
atomic ionization by charged particle impact.” On the
other hand, formally exact solutions of the many-body
Coulomb problem have been found in terms of general-
ized power series;® in this formulation the incorporation
of boundary conditions for ionization is difficult.

Fast collisions accompanied with small momentum
transfer are usually treated within the framework of the
first Born approximation®!® (BA) in which the triply dif-
ferential cross section (TDCS) is given by
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Here ko, k,, and k, are the momenta of the incoming, the
scattered, and the ejected electrons, and E0=—;-k(2), and
E,= %kaz, and E, =-;-k,,2 are the energies in atomic units
of the incoming, the scattered, and the ejected electrons,
respectively. The momentum transfer is q=ko—k,. The
initial target state is ¢; the final continuum target state
lpi:’ satisfies incoming wave-boundary conditions. Ex-
change is here not relevant since small momentum
transfer implies E, >>E,. We stress that Eq. (1) cannot
be considered as the first term of a converging
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perturbation-theory series. The second- and all higher-
order Born approximations are actually known to
diverge.!!

The BA given by Eq. (1) predicts a TDCS cylindrically
symmetric around the momentum transfer axis q, with
two maxima located at directions q and —q, respectively
(binary and recoil peak). A recent BA calculation'? based
on accurate helium wave functions has confirmed an ear-
lier conjecture!® that TDCS’s for fast electrons (E, =600
eV in this example) are understandable mainly within the
BA. Results of this calculation are indeed in better but
not in full agreement with experimental data.

The purpose of this communication is to show that for
fast and asymmetric collisions at small scattering angles,
departures from the first BA must be attributed to corre-
lation effects between the two escaping continuum elec-
trons. This conclusion is based on the fact that the in-
teraction responsible for the energy transfer from the pro-
jectile electron to the target atom is a short-range interac-
tion. Within a finite reaction volume the ionization pro-
cess is adequately described by the exchange of one virtual
photon, provided the incident energy is sufficiently high
compared to binding energies, and the momentum
transfer is sufficiently small. Outside this reaction
volume, however, long-range Coulomb and polarization
interactions allow for exchange of energy and angular
momentum between the two escaping electrons before
they arrive in the detectors. This particular post-collision
interaction (PCI) may be regarded as a dynamical screen-
ing being known to control double escape at extremely low
energies.'* We remark that the first BA assumes static
rather than dynamical screening, i.e., the fast electron is
assumed to experience no force at all irrespective of the
motion of the slow electron, and the slow electron is as-
sumed to experience a singly charged ion irrespective of
the fast electron’s motion. The importance of PCI effects
is expected to decrease for increasing incident energy E,,
but according to our analysis, these effects disappear only
as slowly as Eg'/? for Eg— o and E, >>E, such that
they are still observable at several hundred electron volts
incident energy.

Because of the lack of an exact three-body Coulomb
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wave function of our purpose, we describe here the PCI
extending a semiclassical treatment developed for sym-
metric collisions.!”” The long-range Coulomb interaction
between the escaping electrons produces a deflection of
their trajectories during their path from the reaction zone
to the detectors. This deflection can be calculated classi-
cally,!5:16
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for each electron i =a,b. Here 9;(0) and 3¥; =9;() are
the directions of a trajectory r;(¢) at the boundary of the
reaction zone (¢ =0) and at the detector (¢ = « ), respec-
tively, with respect to the incident momentum k, The
electron-electron separation is rg = |r,(t)—ry(2)|, and
the angle X is given by X =4, +7,. Energy exchange be-
tween the escaping electrons disregarded in Ref. 15 may
be calculated from

E(0)=E,— [ " drE\1), (3)

where E; =FE;( ) is the energy of an electron observed in
the detector, and E;(0) is its energy at the boundary of the
reaction zone. As in Bethe’s Eq. (1), we include for the
ejected electron its potential energy in the ion field into
E,(t), but we exclude the corresponding quantity from
E,(¢). In the following we denote the potential energy in
central field approximation experienced by an electron by
—@(r)/r, where @(r) is a screening function. Since we ex-
pect nondominant PCI effects for fast collisions, we treat
Egs. (2) and (3) by iteration. We approximate exact trajec-
tories in zeroth order by straight-line trajectories r;(¢) and
¥; =const, and find first-order energy corrections
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(4a)
Ey(0)=Ej, — fowdtr'braf(r,,—ra cosX) . (4b)

We have evaluated the integrals (2), (4a), and (4b) approxi-
mately describing the fast electron as free particle and the
slow electron as Coulomb particle, i.e.,

with initial conditions r,(0)=rg, and r,(0)=r,.
Experimental data observed at energies E,,E, and at
scattering angles ¥,,9, may be compared with a BA cal-
culation performed at energies E,(0),E,(0), and scatter-
ing angles ¥,(0),9,(0). Figure 1 shows the result of such
a comparison at Ey=600 eV, E,=5 eV, and 9,=4".
The solid curve is the result of the present modified BA.
It turned out that the TDCS depends only weakly on the
boundary values rgy, and rg,; in Fig. 1 they have the
values ro,=3.5 bohr, ry,=0.4 bohr, and @(ry,)=1. The
agreement with experimental data’ is reasonably good.
We remark that the measured data have been normalized
by extrapolation of the generalized oscillator strength to
the optical limit. This procedure may have an uncertainty
of a few percent. Except for an overall enhancement of
the TDCS, the PCI effect produces a reduction of the
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FIG. 1. Absolute triple differential cross section for E,=600
eV, E,=5 eV, and ¥,=4°. The dots show experimental data
from Ref. 2, the broken curve shows a Born approximation, and
the solid curve shows the present calculation.

binary-to-recoil peak intensity ratio with respect to the
BA (ca. 10% in this example).

The reason for this is the following: The energy shift
for the slow electron depends on its observation angle 95,

Eb(tzoo)—Eb(l=0)=f(3b(l:oo)) . (5)

At two angles U,(=78° and ¥,,=274° the function f in
Eq. (5) has a zero,!® i.e., no energy transfer occurs at these
directions. The angle 9,,, however, is close to the direc-
tion of the binary peak (the direction of the momentum
transfer is ¥,=68°), whereas the recoil peak is farther
away from the second magic angle 9, This explains
why the BA works usually better in binary than in recoil
direction. In recoil direction the relation E,(0) < Ep( o)
implies the enhancement.

The PCI effect breaks the axial symmetry around the
momentum tranfer; both binary and recoil peaks are shift-
ed to larger angles. This effect is larger for the recoil
peak (AY=8°) than for the binary peak (A9 =3°), which
is not in disagreement with the experimental observation.

We have also investigated the ratio of binary to recoil
intensities as functions of the scattering angle &, and of
the incident energy E,. Figure 2 shows that ratio at
Ey=600 eV and E, =5 eV as a function of ¥,. The bro-
ken curve was the result of an unmodified BA,!? whereas
the solid line is the result of the present calculation. The
agreement with experimental data is very good. Figure 3
shows that ratio at a fixed angle %,=4"° as a function of
the incident energy E,. Here we have made the plausible
assumption that the initial value 7y, is proportional to
k,=(2E,)!/2. We compare our calculation with measure-
ments at E,=600 eV, E;=250 eV, and E;=150 eV
(Ref. 17) and find reasonable agreement. Note that the
PCI effect produces here at lower energies recoil distribu-
tions larger than the binary peak.

The present approach should be regarded as guideline
for further theoretical development. Such development
should replace the classical treatment by a quantum
mechanical one. The success of the classical model, how-
ever, indicates that a Wentzel-Kramers-Brillouin-
(WKB)-type approximation will be useful to treat the
correlation problem in the Coulomb zone. Multidimen-
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binary to recoil intensity ratio

FIG. 2. Ratio of binary to recoil intensities in the maxima for
Ey=600 eV and E, =5 eV. Experimental data are from Ref. 2,
the broken curve shows a Born approximation (Ref. 12), and the
solid curve shows the present calculation.

sional WKB theories for nonseparable wave equations'®
are still in early stages and difficult to handle, but in our
situation of a weak nonseparability, further simplifying
approximations probably apply. Concluding, we remark
that the same PCI corrections will be necessary at larger
values of the momentum transfer and/or at lower incident
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FIG. 3. Ratio of binary to recoil intensities in the maxima for
E,=5 eV and 9, =4°. Experimental data are from Refs. 2 and
17 (see text); the curve is the result of the present calculation.

energy where the BA must be replaced in the reaction
zone by a more appropriate collision model.
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