
Transfer ionization processp+He\H0+He2++e− with the ejected electron detected in the plane
perpendicular to the incident beam direction

A. L. Godunov,1 Colm T. Whelan,1 H. R. J. Walters,3 V. S. Schipakov,4 M. Schöffler,2 V. Mergel,2 R. Dörner,2

O. Jagutzki,2 L. Ph. H. Schmidt,2 J. Titze,2 and H. Schmidt-Böcking2
1Department of Physics, Old Dominion University, Norfolk, Virginia 23529-0116, USA

2Institut für Kernphysik, Universität Frankfurt, August-Euler-Strasse 6, 60486 Frankfurt, Germany
3Department of Applied Mathematics and Theoretical Physics, The Queen’s University of Belfast, Belfast BT7 1NN, United Kingdom

4Troitsk Institute for Innovation and Fusion Research, Troitsk, 142092, Russia
sReceived 11 January 2005; published 26 May 2005d

A joint experimental and theoretical study of the transfer ionization processp+He→H0+He2++e− is pre-
sented for 630-keV proton impact energy, where the electron is detected in a plane perpendicular to the proton
beam direction. With this choice of kinematics we find the triple-differential cross section to be particularly
sensitive to angular correlation in the helium target. There is a good agreement between the experimental data
and theoretical calculations.
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Multiple-differential cross sections of fragmentation pro-
cesses in atomic collisions provide valuable information on
the nature of electron correlation in atomic systemsf1,2g.
However, the double-electron transitions induced by colli-
sions with photons and particles are extremely sensitive to
both static and dynamic electron correlationf3g. Therefore,
coincidence studies of double-electron transitions with frag-
mentation are among the most advanced methods for under-
standing how correlation works. Over the last decade there
has been increasing interest to study the double ionization
and ionization excitation by photon and particle impacts
f4–7g. These processes, though sensitive to electron correla-
tion, are, however, strongly affected by post-collision inter-
actions between the charged particles in the final statef8g.
Transfer ionization is another double-electron process with
fragmentation. For proton impact the projectile captures one
electron, which becomes atomic hydrogen, and one could
therefore expect that post-collision Coulomb interactions
with the scattered projectile would be neutralized and the full
sensitivity to target correlation effects would be apparent.

First, multiple-differential cross sections for the transfer
ionization process,

p+ + He→ H0 + He2+ + e−, s1d

have been measured using the COLTRIMS techniquef9–11g.
The experiments reveal thatsid the ejected electron is pre-
dominantly emitted into the backward direction,sii d the di-
rection of maximum ejection is insensitive to the impact en-
ergy but shows some dependence on the momentum transfer,
and siii d the captured electron, recoil He2+ ion, and ejected
electron always have comparable momenta. Godunov,
Whelan, and Waltersf12g produced a simple theoretical
model that explained the observed qualitative features in
terms of target correlation and gave quantitative predictions
for triple-differential cross sectionssTDCSsd, which explic-
itly demonstrated the sensitivity to terms beyond thesnsd2 in
a multiconfiguration Hartree-Fock description of the target,
confirming a suggestion first made by Schmidt-Böcking

et al. f10,11g. Results of their calculations within the first-
order collision model with wave functions allowing for an-
gular electron correlation for the initial state reproduced the
effects observed experimentally in multiply differential cross
sections. Particularly,sad there is a propensity for the ejected
electron to be detected in the backward direction to the inci-
dent protons andsbd the direction of maximum ejection is
insensitive to the impact energy but shows dependence on
the momentum transfer.

In a recent paperf13g we presented a joint theoretical and
experimental study of the transfer ionization processs1d in a
coplanar geometry where the incident proton, the collision
fragments, and the momentum transfer vector all lay in the
same plane. All particles in the final state were detected in
triple coincidence. The fully differential measurements were
in a good agreement with the theoretical model, where the
target was described by a wave function containing both ra-
dial and angular correlation terms. Our theoretical calcula-
tions demonstrated a clear target dependency, and we thus
concluded that the two-electron processes in fast transfer ion-
ization reactions occurred mainly due to initial-state correla-
tions, and post-collision electron correlations had only a mi-
nor influence on the final-state momentum pattern.

In this paper we explore a novel kinematical arrangement
that we have chosen especially in the belief that the resulting
cross sections would be even more sensitive to the angular
correlation than the previous ones. Atomic units are used
through the paper unless otherwise stated.

In the model off12g the transition amplitude consisted of
the sum of two terms: a “transfer-first” term,

f tr = −
Îmim f

s2pd4 E − 4pZp

usW0 − sWu2
w1s

F ssWddsWE ckW2

s− d*srW2dexpfirW1 ·QW

− irW2 ·QW /sMt + 1dgFisrW1,rW2ddrW1drW2, s2d

where mi =MpsMt+2d / sMp+Mt+2d is the reduced mass of
the projectile and the helium atom;m f =sMp+1dsMt

+1d / sMp+Mt+2d is the reduced mass of the hydrogen atom
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and the helium ion He+; Mp is the mass of the proton andMt
is the mass of the helium nucleus;ckW2

srW2d is the Coulomb
wave function for the ionized electron in the field of the He2+

ion fnormalized askckW uck8
W l=s2pd3dskW −k8W dg; w1s

F ssWd is the
Fourier transform of the hydrogen ground state; the mo-

mentum transfer isQW =sMt+1/Mt+2dKW i −KW f and sW0=KW i

−KW fsMp/Mp+1d; KW i andKW f are the momenta of the incoming
projectile and the scattered particle, respectively; and
FisrW1,rW2d is the ground state of the helium atom. The
“ionization-first” amplitude is given by

f ion = −
Îmim f

s2pd4 E − 4pZp

usW0 − sWu2
w1s

F ssWddsWE ckW2

s− d*srW2dexphirW1 · ssW − sW0

+ QW d + irW2 · fsW0 − sW − QW /sMt + mdgjFisrW1,rW2ddrW1drW2. s3d

We note that in the transfer-first amplitude ftr, the transfer
and ionization processes are separable; this is not the case for
the ionization-first amplitudef ion. Consequently the depen-
dence on the initial stateFisrW1,rW2d is much more transparent
in the transfer-first case. The triple-differential cross section
as a function of the scattered angle,V f, and the energyEe
and the angleVe of the ionized electron is the coherent sum
of both amplitudes, i.e.,

d3s

dEedVedV f
= 2

Kfke

Ki
uf tr + f ionu2. s4d

Hereke is the momentum of the ejected electron. The cross
section thus depends on both mechanisms and their interfer-
ence.

The wave functionFisrW1,rW2d for the helium ground state
was calculated in the multiconfigurational Hartree-Fock ap-
proximation sMCHFd f14g. The full set calculations with
both radial and angular correlation includedsnsd2, spsd2, and
sndd2 terms withnø4. These configurations yield about 97%
of the correlation energy. Allowing for radial correlation only
fsnsd2 configurationsg yields 41% of the correlation energy
for the ground state.

Let us now define our kinematical conventions. We as-
sume that we have a regular right-handed set of axesx,y,z
and corresponding spherical polar coordinatesr ,u ,f. The
incident proton comes in along thez axis and the H0 is de-
tected at an angleu f with respect to the axisz in thexzplane

sf f =0d sFig. 1d. In this paper we will consider the situation
where the electron, with coordinatessue,fed, is detected in
the xy plane, i.e.,ue=p /2, the TDCS will be given as a
function of fe.

In our earlier workf13g we compared theory and experi-
ment in a coplanar arrangement; in this case we found the
amplitudess2d and s3d to be of equivalent size. However,
angular correlation affects the transfer- and ionization-first
amplitudes differently. We have therefore sought out kine-
matical arrangements where theory predicts that the either
ionization-first amplitude is much smaller than the capture-
first amplitude or vice versa. Figure 2 shows the transfer
ionization cross section for proton-helium collision as a
function of the scattering angle with the electron ejected in
the plane perpendicular to the incident beam direction, and
the azimuthal anglefe=180°. The transfer-first mechanism
dominates at small scattering angles. As the scattering angle
increases, the ionization-first mechanism is stronger than the
transfer-first one. The small scattering angle is therefore an
ideal one for the dynamical study of the target correlation.

The present experiment was performed at the van de
Graaff accelerator of the Institut für Kernphysik at the Uni-
versity Frankfurt. The H+ beam of 630 keV was collimated
by two sets of adjustable slits to a beam size of about 0.5
30.5 mm2 at the target. The beam was cleared from charge-
state impurities by a set of electrostatic deflector plates
15 cm upstream from the target. At 15 cm downstream a
second set of electrostatic deflector plates separated the pri-
mary schargedd beam from the now neutral H0 ejectiles. This
H0 beam intersected a supersonic He gas jet with a density of
531011 atoms/cm2 and 1 mm diam at the intersection. The
H0 particles were detected with a position- and time-sensitive

FIG. 1. Collision geometry for the transfer ionization
process.

FIG. 2. Triple-differential cross section for transfer ionization in
a proton-helium collision atEi =630 keV in the coplanar arrange-
mentssfe=180°d. Electron emission energyEe is 10 eV, and the
electron emission angle is 90°. Theory: solid line, calculations in-
clude boths2d and s3d amplitudes with radial and angular correla-
tions in the initial-state wave function; dashed line, calculations
with the transfer-first mechanisms2d only; chain line, calculations
with the ionization-first mechanisms3d only.
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40-mm multichannel platesMCPd detector. The recoil ions
were accelerated by an electrostatic field of 4.8 V/cm at the
target. A three-dimensional time and space focusing field ge-
ometryf15,16g was used to minimize the degrading influence
of the extended reaction volume on the momentum resolu-
tion. A resolution ø0.1 a.u. was achieved. The electrons
were guided by a magnetic field ofø13.5 G and accelerated
20 cm by the same electrical field onto a 120-mm MCP de-
tector with delay line anode; a time focusing geometry was
used here, too. Events were recorded in a three-particle co-
incidencese−-H0-He2+d. By measuring the time of flight and
the position of impact on the detectors, we obtained the ini-
tial momentum vectors of the recoil ion and the electron. Six
of a total of nine momentum components were thus mea-
sured directly. The momentum of the H atom, and hence the
angle u f, was calculated from the measured He2+ and the
electron distribution by using momentum conservation. En-
ergy conservation was used for offline background suppres-
sion. The hydrogen atom is detected at angleu f with respect
to the beam direction; the triple-differential cross section is
presented as a function of the detected electron anglefe.

Unfortunately, because of the nature of the experimental
technique and the uncertainties inherent in the measurement,
it was not possible to give meaningful results for fixed ener-
gies of the ejected electrons; instead, experimental results are
presented over all electrons detected in the perpendicular
plane. Therefore, our theoretical cross sections are integrated
over ejected energies from 0 to 500 eV.

In Figs. 3–5 we present measured and calculated differen-
tial cross sections of transfer ionization as a function of the

azimuthal electron emission anglefe in the perpendicular
plane geometry for three scattering angles, i.e., 0.1, 0.25, and
0.55 mrad.

At small scattering anglessFig. 3d the cross section cal-
culated using the ionization-first amplitudes3d is dramati-
cally smaller than that corresponding to the transfer-first am-
plitudes2d. This arrangement is thus ideal for focusing on the
transfer-first term. Allowing for angular correlation in the
initial-state wave function changes the qualitative behavior
of the cross section, resulting in a shift of the cross section
toward the direction of 180°, whereas calculations with ra-

FIG. 3. Triple-differential cross section for transfer-first ioniza-
tion in the perpendicular plane for proton-helium collision atEi

=630 keV; the scattering angle is 0.1 mrad and is integrated over
electron emission energy. Theory: solid line, calculations include
both s2d and s3d amplitudes with radial and angular correlations in
the initial-state wave function; dashed line, the initial state includes
radial correlations only. Experiment: COLTRIMS measurements
normalized to the full theoretical calculations.

FIG. 4. Triple-differential cross section for transfer-first ioniza-
tion in the perpendicular plane for proton-helium collision atEi

=630 keV; the scattering angle is 0.25 mrad and is integrated over
electron emission energy. Notation as in Fig. 2.

FIG. 5. Triple-differential cross section for transfer-first ioniza-
tion in the perpendicular plane for proton-helium collision atEi

=630 keV; the scattering angle is 0.55 mrad and is integrated over
electron emission energy. Notation as in Fig. 2.
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dial correlation only demonstrate quite the opposite effect,
i.e., shift toward small angles. Calculations with both radial
and angular correlations agree well with experiment.

As the scattering angle increasessFig. 4d, the contribution
from the second mechanismsionization firstd becomes com-
parable with the transfer first. The cross sections are a result
of strong destructive interference between amplitudes. Ex-
perimental distribution appears more peaked toward 180°
than the full calculation predicts.

For larger scattering anglessFig. 5d the ionization first
dominates, however, destructive interference with the
transfer-first amplitude is still strong and affects the resulting
cross sections on an absolute scale. The cross section is
peaked toward 180°. This feature is determined by collision
kinematics, such as the binary encounter peak in single ion-
ization. Angular correlation in the initial state has a very
minor effect in this case. Since the ionization-first mecha-

nism is less sensitive to correlation, large scattering angles
are less favorable for studying correlation effects.

In summary, we have performed calculations and mea-
surements for multiple-differential cross sections of transfer
ionization of helium by a 630-keV proton impact with the
ejected electron detected in the plane perpendicular to the
incident beam direction. The theoretical model includes two
principal mechanisms of transfer ionization for this kine-
matic arrangement. The wave function of the helium atom
includes both radial and angular electron correlation. The
results presented here demonstrate that the perpendicular
plane geometry for transfer ionization, together with the
small scattering angles, is a very good case for studying ef-
fects of target electron correlation.
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