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The triply differential cross section for the s.ingle ionization of helium by 500-eV
electrons has been measured in a coplanar asymmetric geometry and analyzed by using
a second Born-approximation treatment. It is found that these theoretical predictions
concerning the angular positions, shapes, and magnitudes of both the binary and recoil
peaks are in good agreement with experiment.

PACS numbers: 34.80.Dp

The goal of the present Letter is to improve
our understanding of electron-impact ionization,
a process which has posed considerable challenge
to theory in recent years. We present new experi-
mental and theoretical results concerning the
triply differential cross section for a fundamen-
tal ionization process, namely the single ioniza-
tion of helium by electron impact leaving the He'
ion in the ground state,

e +He (1'S)- He' (ls) +2e .
The triply differential cross section is the most
sensitive test for a theoretical treatment of the
electron-impact ionization, ' since in a coinci-
dence experiment all kinematic parameters are
determined, namely the energy E, of the incident
electron and the energies E& and &~ and angles
19& and ~& of the two outgoing electrons. The cor-
responding momenta are R.„and%„,and Ks. As
a result of the energy resolution of && as well as
EI, it is insured that the ion is in its ground state.
For such an experiment with totally determined
kinematics the scattering amplitude is tested with-
out integrating with respect to energies and an-
gles.

In the ease of high energy (E, large), symmetric
kinematics (E„=E»8„=8s=8), and large mo-
mentum transfer (8 - 30'), impulse-type approxi-
mations adequately describe the triply differential
cross section. This fact has been used to analyze
the momentum density distributions of the target
electrons via (e, 2e) spectroscopy studies. '

Now, it is known from singly and doubly differ-

ential cross sections that for intermediate and

high E, most ionization events occur in such a
way that one of the outgoing electrons is fast (E„)
and is scattered into a narrow cone ~& with re-
spect to the incoming electron, whereas the other
outgoing electron is slow (E&) and is ejected into
a large angle 6~. Hence, the experimental setup
for the measurement of the triply differential
cross section has to ensure an extreme asyrnmet-
ric geometry in order to detect the majority of

ionization processes. In this Letter we shall fo-
cus our attention on such asymmetric coplanar
events for which the magnitude of the momentum
transfer R,„=k,—k„is small (& 1 a.u.).

The experimental system has been described in
detail in previous publications. " In short, the
electron gun is fixed in position and produces an
electron beam of approximately 10 ' A with ca.
200-meV energy spread. This beam crosses an
atomic beam (10 ' Torr) at right angle. The two

outgoing electrons are registered individually by

the detectors A and 8, both containing 127 ener-
gy analyzers and capable of being rotated in the
angular range from 0 to 150' with respect to the
incident electron beam. The angular uncertainty
of each detector is ea. I, and the time resolution
of the coincidence unit 6 nsec. The gun and the
two detectors operate in one plane. For the meas-
urement of a triply differential cross section the
parameters E„E»E» and 19„arefixed and the
detector B is swept with respect to the angle 8~
for the registration of the intensity of the slow
electrons.
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FIG. 1. The triply differential cross section d o/dQ~dtlsaE (in a.u.) for the ionization of helium by electron im-
pact, for the case ED=500 eV, E&=5 eV, and ~~=3.5'. The dashed curve refers to the first Born approximation
P 0.87); the solid curve, to the second Born approximation of r q. (1), calculated with an average excitation energy
se =0.9 a.u. The dots correspond to the experimental data. All results are normalized to the same value at 6z
=-60', near the maximum of the binary peak.

A typical result (dots) is shown in Fig. l in the
form of a polar graph, for an incident energy of

Ep =500 eV, an ejected electron energy of E~ =5
eV and a scattering angle of 0A =3.5'. The graph
shows a strong angular correlation between the
two outgoing electrons. The angular distribution
of the ejected electrons exhibits a lobe in the
right-hand half-plane, whose maximum is near
the direction of %,„.This peak is called the bina-
ry peak, since it originates mainly from the elec-
tron-electron interaction during the collision.
The so-called recoil peak is positioned in the
left-hand half-plane. It is qualitatively explained
by momentum transfer to the ion.

In the last decade, several attempts have been
made to calculate4 such triply differential cross
sections for helium for incident energies &0 30
to 250 eV and many parameter values of E» E»
and L9A. In general, the binary peak was described
quite well, whereas severe discrepancies re-
mained concerning the size, shape, and position
of the recoil peak. The present measurements
have been made preferentially to study the struc-
ture of the recoil peak as a function of k,A and

kz.
The theoretical calculations of this paper have

been carried out by using the eikonal-Born series
method. ' ' According to this approach, the direct
scattering amplitude is obtained by adding the
first Born term, the second Born term, and the
third-order term of the Glauber series. How-

ever, in the present coplanar asymmetric geome-
try, where ~A is small and the energy&& of the
ejected electron is small compared to that of the
scattered electron, the third Glauber term is
small. Moreover, in this geometry exchange ef-
fects are also negligible. Finally, the use of the
closure approximation in calculating the second
Born term is expected to be best when the energy
of the ejected electron is small, as in the present
case. We have therefore obtained our theoretical
triply differential cross sections by using the ex-
pression'

A~B1 I 2

dQ dQ dE

where f» is the first Born approximation to the
direct scattering amplitude,

fs, =- (2&) ' exp(ik„~r, )Qz(r» r, ) + exp(i%, ~ r,)g, (r„r,)
rol y'02

(2)
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FIG. 2. The angular position of the maximum of the
recoil peak as a function of the scattering angle 0~, for
the case ED=500 eV and Ez, =10 eV. The dashed curve
refers to the first Born approximation (direction —kog;
the solid curve, to the second Born approximation of
Eq. (1) with av =0.9 a.u. The dots represent the meas-
urements.
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FIG. 3. The ratio of the intensity of the binary peak
to that of the recoil peak, at the maximum, as a func-
tion of the scattering angle ~A, for the case ED=500 eV
and E~=10 eV. The experimental data (dots) are com-

ximation (dashed line)
tion (solid line) .

pared with the first Born appro
and fs» refers to the second Born term of the
direct scattering amplitude, calculated in the
closure approximation,

3 1 1 2
fss, = (87r') ' d'q» . g& (r „r,) exp(ik„r,) + ——exp(iq r, )-p rp] r02 rp,

(4b)

where

1 1 2x exp(iq r, ) + ——exp(ik, r, ) (;(r„r,), e -0'. (3)
01 02 0,

In the above expressions r, is the coordinate of the incident electron, r, and r, refer to the coordinates
of the initially bound electrons, and &„=

~ r, —r, ~, &n2 =
~ r, —r, ~. The tluantity p' is given by p' =k,'

-2', ~ being the average excitation energy. ' The helium ground-state wave function g&(r„r,) which
appears in Egs. (2) and (3) was taken to be an analytical fit to the Hartree-Fock wave function, namely'

0;(~„~,) = v, (~,)v, (~,) (4a)
With

y, (~) = (4w) "'[A exp(- ur) +& exp(-i3r)]

and A =2.60505, 8 =2.08144, n =1.41, and p =2.61. For the final-state wave function gz(r„r,) we used
a symmetrized product of the He' ground-state wave function for the bound electron times a Coulomb
wave p, k

' (corresponding to Z =1 and to an ejected-electron momentum %s) orthogonalized to the
ground-state orbital pp Thus

kf (ry y r2) 2 [q Hp+ "(&,)y„ps '(r, ) + (1—2)], (5a)

&., k, '='(r) =0., u,
' '(r)- &9.I N. , k,

' '&W, (~)

and g, i,
' is a Coulomb wave corresponding to & =1 and to the momentum %s.

Performing the integrals on the plane-wave parts of the matrix elements in Etl. (3), we find that

(5b)

f», = —, d'q. . . , (&r(r„r,)~[exp(-iK~ ~ r, )+exp(-iK~ ~ r,)- ]—4~ &s &y

x [exp(iK; r, ) +exp(iK, ~ r2) —2]~ p&(x„r2)),
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FIG. 4. The ratio of the intensity of the binary peak
to that of the recoil peak, at the maximum, as a func-
tion of Ikp~l IkIII, for E0=500 eV. The experimental re-
sults are shown for E~ =2.5, 5, 10, and 20 eV. The
first and second Born theoretical calculations, per-
formed for E&=5 and 10 eV, fall in the shaded areas
ind. icate d.

function of the scattering angle ~&, for E~ =10 eV.
In Fig. 4 we also display this ratio as a function
of the quantity )%,„((%~~. This representation has
the advantage of summarizing the results for dif-
ferent values of L9& and && in a compact way.

It is clear from the above results that the theo-
retical treatment presented here accounts for all
the key features of the experimental data. This
strongly suggests that we have included all the
relevant dynamical collision effects in our calcu-
lations. We believe that future theoretical work
performed within the present dynamical frame-
work should be able to account for the remaining
discrepancies bebveen theory and experiment by
using more elaborate wave functions to describe
both the helium ground state and especially the
slowly ejected electron in the field of the ion.

This work was partially supported by the
Deutsche Forschungsgemeinschaft via the Sonder-
for schungsbereich 91.

where K, =k, —q and K& =R„-q. The expression
(6) was evaluated numerically and the correspond-
ing second Born-approximation results for the
triply differential cross section were then ob-
tained from Eq. (1). Figures 1 to 3 demonstrate
that our second Born-approximation calculations
yield very significant improvements over the first
Born-approximation values. Indeed, the second
Born-term results exhibit (i) a shift of the binary
peak to larger angles than the direction of k» pre-
dicted by the first Born approximation (see Fig.
1); (ii) a shift of the recoil peak towards larger
angles (see Figs. 1 and 2) than the direction k»
predicted by the first Born approximation; (iii) a
major enhancement of the magnitude of the recoil
peak with respect to the value predicted by the
first Born approximation. This last feature is
dramatically illustrated in Fig. 3, where the ratio
of the binary to the recoil peak is plotted as a
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