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Evidence for Electron Correlation in the Two-Electron Continuum during
Double Ionization in 300-keV H+ +He Collisions
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Absolute diff'erential ionization probabilities for small-impact-parameter H++He collisions were

measured as a function of the electron energy, electron ejection angle, and final recoil-ion charge state.
Good agreement was found between the experimental angular distribution of ejected electrons and re-

sults of a coupled-channel calculation in the case of single ionization. In the case of double ionization,
significant discrepancies with theoretical predictions are found, indicating a breakdown of the
independent-electron model. Furthermore, evidence is provided that dynamic correlation eITects in the
two-electron continuum strongly inAuence the angular distribution of ejected electrons for double ioniza-

tion.

PACS numbers: 34.50.Fa, 34.50.Pi

Studies of ionization by charged particles are impor-
tant not only to atomic physics, but also to plasma phys-
ics, astrophysics, thermonuclear fusion research, and ion

implantation. Accurate cross sections are needed in

these fields, but only single-electron processes are at
present well understood. Multielectron processes are
influenced by mean-field effects, e.g. , dynamic screening,
or different kinds of correlation processes. Thus, predic-
tions of the independent-electron model (this model

neglects the above-mentioned efl'ects), on which most of
the current theories are based, are questionable in the
case of multielectron transitions. '

One of the recently investigated correlation processes
involving continuum electrons is the so-called two-
electron Thomas peak, which appears as a structure in

the (neutral) projectile-scattering cross section and in

the angular distribution of ejected electrons. A break-
down of the independent-particle model (IPM) was

found in a comparison of total proton and antiproton
cross sections for single and double ionization of He. It
was not clear until now whether the significant deviations
between proton and antiproton data for double ionization
are due to mean-field effects or due to dynamic correla-
tion effects. Thus, it is interesting to investigate
multiple-differential double-ionization cross sections, in

order to get some new insights into the mechanisms re-
sponsible for double ionization. Electron spectrosco-

py,
' especially in connection with the measurement of

the projectile-scattering angle'' or the recoil-ion charge
state, ' is a sensitive tool for identifying excitation mech-
anisms, and for testing the limits of even sophisticated
collision theories. In this work we go one step further
and present absolute angular distributions of ejected
electrons for proton-induced single and double ionization
of He at a small impact parameter (b=0.02 a.u. ). It
will be shown that the independent-electron model is not
able to predict the absolute double-ionization probabili-
ty. Furthermore, evidence is provided that the angular
distribution for double ionization is strongly influenced

by correlation effects.
Figure 1 displays the experimental setup for the mea-

surement of triple coincidences. A Van de Graaff' gen-
erator was used to produce a 300-keV beam, which was
charge-state analyzed and collimated. Electrons emitted
in H++ He collisions were measured in coincidence with
scattered ions as described in detail elsewhere. ' Scat-
tered projectiles were detected with a fast position-
sensitive particle detector and ejected electrons were
detected with an electron time-of-flight analyzer. High
coincidence rates with small random-coincidence rates
were achieved due to the relatively large solid angle (130
msr) of the electron spectrometer as well as the fact that
the time-of-flight analyzer analyzes all of the incoming
electrons. In order to measure triple coincidences be-
tween projectiles, recoil ions, and electrons, we used a
newly developed recoil-ion time-of-flight analyzer '

which keeps the target region nearly field free ((1
V/cm) during the collision. About 200 ns after an elec-
tron is detected, a pulsed field of about 200 V/cm is ap-
plied to the target region. This field pushes the low-

energy recoil ions into the recoil time-of-flight analyzer,
where they are further accelerated depending on their
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FIG. l. Experimental setup for triple coincidences between
electrons, recoil ions, and scattered projectiles.
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FIG. 2. Absolute doubly differential electron emission prob-
abilities for a projectile-scattering angle of 0.5 in 300-keV
H++ He collisions for different final target charge states.

charge state. The time difference between pulsing the
target region and detecting the ion is a direct measure of
the recoil-ion charge state.

In order to improve the accuracy of the data analysis
and to check for random signals, the target gas flow was
switched every 10 min between two gas inlets (directly
above the target center and 30 cm away). This allows
for the determination of the number of events, scattered
projectiles as well as double and triple coincidences,
occurring inside and outside the target region. The data
analysis follows closely the description given in Ref. 13.
In this paper we present doubly and singly differential
electron emission probabilities, as a function of the final
target charge state. It is noted that measured double-
ionization yields are twice that of the double-ionization
probabilities because of two electrons being ejected. Fig-
ure 2 displays typical electron spectra for singly and dou-

bly charged recoil ions measured at an electron ejection
angle of 40' and a projectile-scattering angle of 0.5'. It
is seen from the figure that single ionization is about 2
orders of magnitude more probable than double ioniza-
tion.

The theoretical formulation of multielectron processes
is conveniently discussed in terms of the independent-
particle model, as given by McGuire and Weaver. ' By
neglecting mean-field effects and dynamic correlation
effects, measurable quantities may be expressed on the
basis of simple binomial statistics, and, if necessary,
impact-parameter integration. As spin interactions are
of no importance the two electrons are completely distin-
guishable throughout the collision. Therefore, there can
be no effect due to statistical correlation (Pauli block-
ing).

The singly differential electron ejection probabilities
dP/dQ for single and double ionization (q, =1,2) of

helium atoms may be written as

(q, =1,8„b)dp
dn,

=2 (8 b) 1
— 'dn, ' " (8 b)

dn, " 'dn,
and

(q =2,8„b)= (8„b)„do,' (8,', b),
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FIG. 3. Absolute singly differential electron emission proba-
bilities for a projectile-scattering angle of 0.5 in 300-keV
H++He collisions as a function of the electron ejection angle.
The error bars represent an upper estimate of the overall error.
(a) Gross ionization yields (single plus double ionization).
Coupled-channel calculation, dashed line (Ref. 18). (b) Dou-
ble ionization probabilities. Coupled-channel calculation (nor-
malized to the experimental data for ejection angles )30'),
dashed line (Ref. 18).

(2)

where dI/df) is the singly differential ionization proba-
bility for one active electron, as given by any IPM
theory. It is emphasized that Eqs. (1) and (2) imply
identical angular distributions of ejected electrons (ex-
cept for a constant factor), independent of the degree of
ionization. The projectile-scattering angle of 8~ =0.5',
investigated in this work, corresponds to an impact pa-
rameter of b =0.02 a.u. This impact parameter is small
enough compared to the mean orbital radius of the He
ground state so that the b-8~ relation does not depend
on the degree of ionization. This is not true for previous
measurements of the total single and double ionization as
a function of the projectile-scattering angle, ' as in
those measurements the projectile defiection was dom-
inated by the interaction between projectile nucleus and
target electrons. '

Figure 3(a) displays the angular distribution of eject-
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ed electrons for single plus double ionization measured in

coincidence with a projectile at a scattering angle of
0.5'. The singly differential probabilities dP/dQ were
obtained from the integration of absolute doubly
differential probabilities over energy. The angular distri-
bution in Fig. 3(a) shows a pronounced increase towards
small electron ejection angles. For comparison, results
of a single-centered atomic-orbital (AO) coupled-
channel calculation' (5 bound states and 85 damped
continuum wave packets for orbital angular momenta of
I =0 to I =8 and angular-momentum-projection numbers
m =0 and 1) are also displayed in Fig. 3(a). The model
includes numerical nonhydrogenic single-electron wave

functions and dynamic curved projectile trajectories.
The main advantage of the AO model compared to the
first-order perturbation theory' is that an infinite num-

ber of interactions (instead of only one) between the pro-
jectile and an active target electron is taken into account.
It is seen that there is good agreement between theory
and experiment. It is emphasized that the theory is

based on the independent-electron model. Thus, gross
ionization probabilities (q, =1,2) are well described
within an independent-particle model for the electronic
motion (see also Ref. 3).

Figure 3(b) displays the angular distribution of eject-
ed electrons measured in coincidence with a doubly
charged He ion and a projectile at a scattering angle of
0.5 . Less than 10% of those events correspond to
transfer ionization. This was estimated with two-active-
electron classical-trajectory Monte Carlo (CTMC) cal-
culations, ' and additionally with previously measured
data. '

The dashed line in Fig. 3(b) represents the same
coupled-channel results as shown in Fig. 3(a), but is
multiplied with a constant factor of 0.015. This factor
corresponds to the total single-electron ionization proba-
bility [the integral in Eq. (2)) divided by 2 and was

determined from a fit to the experimental double-
ionization data for ejection angles ~ 40'. As mentioned
above, the angular distribution for single and double ion-
ization should be identical. The striking difference in the
angular distribution of ejected electrons at emission an-

gles below 40' is the key point to this investigation and
will be discussed in the last paragraphs. First, it should
be noted that the total single-electron ionization proba-
bility of 0.03 as determined from the fit is in contradic-
tion with the absolute ionization probability as deter-
mined from the angle integration of the coupled-channel
results and the experimental data for single ionization.
The total single-electron ionization probability obtained
from this integration is 0.19. Thus, by accounting for
nothing else than the experimental data and the IPM, we
find two total ionization probabilities which differ by a
factor of 6. This is a clear sign for a breakdown of the
IPM in the case of double ionization.

Two effects seem to be responsible for this large

discrepancy. One is the initial-state correlation, as pre-
dicted by multiconfiguration Hartree-Fock codes, and
corresponds to a reduction of the probability density for
finding one electron near the other. This leads to a
reduction of the two-electron density near the projectile
path. Hence, the double-ionization probability will be
reduced in comparison with IPM predictions. Howev-
er, another effect, namely, a mean-field effect, might
dominate the reduction of the double-ionization proba-
bility. It was demonstrated in recent CTMC calcula-
tions' that a dynamic target screening might lead to a
reduction of the double-ionization probability by a factor
of 2 to 4 in comparison with calculations using a static
screened target potential. This reduction may be viewed
as a binding effect: %hen the "first electron" is ionized,
the "second electron" will interact with an unscreened
nuclear potential. The enhanced attraction by the target
nucleus will reduce the ionization probability for the
second electron. It is emphasized that a relaxation of the
second electron's density distribution, as considered in

previous works, ' is not necessary for this reduction.
Both effects discussed above are included in the forced

impulse method (FIM) calculations by Ford and Read-
ing ' where electron correlation is fully incorporated. It
is emphasized that our total double-ionization probabili-
ty of 0.005+0.002 is in excellent agreement with the
FIM results for small impact parameters. These results
indicate that the proton-induced double-ionization am-
plitude is strongly reduced due to effects which go
beyond the IPM, as discussed above. Furthermore, this
reduction is in harmony with the findings of Andersen et
al. , where the ratio of double to single ionization was
about a factor of 2 lower for protons than the ratio for
antiprotons.

The deviations between experimental data and the
normalized coupled-channel results in Fig. 3(b) for elec-
tron ejection angles smaller than 40' are obviously in-
consistent with any IPM prediction as given by Eqs. (1)
and (2). The absolute experimental value for 20' is a
factor of 35 lower than the corresponding value predict-
ed by Eq. (2) for double ionization. Dynamic-screening
CTMC calculations' for the angular distributions in
300-keV H++He collisions do not show any significant
redistribution effect for double ionization near O'. As
these calculations incorporate dynamic mean-field
effects, we attribute the reduction of the double-
ionization intensity at angles smaller than 40 to a corre-
lation process due to the residual electron-electron in-
teraction. The most likely process which could lead to a
redistribution of the angular distribution is a repulsion
between the two simultaneously ionized electrons. In the
language of quantum mechanics this corresponds to
dynamic-state configuration interaction (or dynamic
correlation).

In the following, an estimate will be given to show that
the proposed electron-electron repulsion is able to
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significantly reduce the electron intensity near 0 . From
our measured energy spectra we determined a mean en-

ergy of 124 eV for electron ejection below 50 . The mu-

tual repulsion of two electrons may be estimated from
the adiabatic distance, from the total ionization proba-
bility, or simply from the difference of the He ground-
state energy and the corresponding hydrogenlike binding
energy. Typical values for the interaction potential be-
tween both electrons are between 30 and 120 eV. The
angular deflection, corresponding to the mean ejection
energy and the electron-electron interaction energy,
ranges from 15' to 30' for each of the two emitted elec-
trons. A deflection smaller than the estimated value
would not lead to any visible eÃect in Fig. 3(b), but
much larger values would result in a constant electron
intensity, independent of ejection angle. Furthermore, it
is noted that the repulsion is considerably enhanced for
low-energy electrons and should show the characteristics
of the Wannier effect in the low-energy limit.

Because high-energy electrons are less deflected, the
mean energy of ejected electrons should be enhanced in

the case of double ionization at forward angles. This is
in harmony with our measured doubly diA'erential ion-

ization probabilities. However, the mutual repulsion can
lead not only to angular-momentum exchange between
both electrons, but also to an exchange of energy, similar
to the case of an Auger transition. One electron would

gain energy and the other one would be thrown back into
a bound state.

In summary, for the first time an angular distribution
of ejected electrons is presented for double ionization in

300-keV H++He collisions. Good agreement is found
between summed experimental data, single plus double
ionization, and results of an atomic-orbital coupled-
channel calculation. Comparison is made between ex-
perimental double-ionization results and predictions of
the independent-particle model (IPM), without referring
to additional model assumptions. In the case of double
ionization, electron ejection in forward directions
( &40') is strongly suppressed compared to the IPM
predictions. This is not only an indication for a break-
down of the IPM, it also is consistent with an electron-
correlation mechanism in the two-electron continuum.
Comparison with electron-electron-projectile coincidence
measurements and with explicit calculations of correlat-
ed double ionization would be desirable for a more quan-
titative elucidation of the proposed redistribution mecha-
nism.
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