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We have performed a kinematically complete experiment on transfer excitation in intermediate-energy
proton-helium collisions. The differential cross sections were compared to double excitation data and a non-
perturbative time-dependent calculation. This comparison reveals the importance of dynamic couplings be-
tween the motion of the heavy nuclei and electronic transitions and/or electron-electron correlation effects.
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INTRODUCTION

Atomic processes in which two �or more� electrons ac-
tively undergo a transition have been extensively studied
��1–3� and references therein� because the electron-electron
interaction �in the following referred to as the ee interaction�
tends to play a much more important role than in processes
where only one electron undergoes a transition. The ee inter-
action, in turn, has attracted a lot of interest as it can lead to
pronounced correlation effects. Unfortunately, it is usually
very difficult to disentangle such effects from the dynamics
of the two-center potential generated by the two nuclei.
Therefore, in order to extract the maximum amount of infor-
mation on correlation effects from the experimental data, ki-
nematically complete experiments, i.e., experiments which
determine the momentum vectors of all collision fragments,
are crucially important.

For most two electron processes, investigators are faced
with severe problems both in performing a kinematically
complete experiment and the theoretical interpretation of the
data. Although double ionization has been studied exten-
sively �e.g., �4–10��, a major difficulty is that the final state
involves four collision fragments so that �taking advantage
of momentum conservation� three momentum vectors have
to be measured directly. As a result, no fully differential
cross sections �FDCS� on double ionization have been re-
ported yet for ion impact and only one experiment got even
close �10�. Only for electron impact, FDCS have become
available in recent years �11–13�. Furthermore, the theoreti-
cal description of the FDCS is very difficult because the final
state involves a two-electron continuum. As a result, satis-
factory agreement with the experimental data has not been
achieved yet.

Double excitation is kinematically simpler because the fi-
nal state only contains three unbound particles �including the
electron ejected by the autoionization of the doubly excited
state�. However, the identification of the process is more dif-
ficult involving either the detection of the autoionized elec-
tron in high resolution �e.g., �14�� �radiative decay is negli-
gible� or a projectile energy-loss analysis �15,16�. A more
serious problem arises in the interpretation of the data. Be-
cause the autoionization channel is indistinguishable from
the direct ionization channel, the electron energy spectra ex-

hibit pronounced interference effects, which are known as
Fano interferences �17�. Here again, satisfactory agreement
between experiment and theory has not been achieved yet.

An appealing alternative to study electron-electron corre-
lation effects in atomic collisions is offered by transfer exci-
tation �TE�, i.e., the capture of one target electron with si-
multaneous excitation of the second electron. Kinematically,
it is even simpler than double excitation since the final state
only contains two unbound particles �the momentum of the
photon emitted by the decay of the excited state is negli-
gible�. Furthermore, theory is not confronted with the above
mentioned problems introduced by a many-electron con-
tinuum or by Fano interference. Finally, for proton-helium
collisions the electronic final state is accurately known as for
both collision partners the wave function is hydrogenic.

Surprisingly few studies have been performed on TE
�much more work has been done on capture with simulta-
neous projectile excitation �e.g., �18–20���. Total cross sec-
tions have been measured for multiply-charged ion impact
�e.g., �21�� The only experimental study of differential TE
cross sections was performed for slow protons colliding with
heavy targets. However, there only �n=0 excitation of the
residual target ion was investigated �22�. Furthermore, in that
experiment TE could not be fully distinguished from single
ionization and the data had to be corrected for an estimated
contribution from the latter process. For proton-helium col-
lisions, the most simple system for which TE can occur, total
cross sections have been measured for photon emission from
He+ ions �23,24�, but in those experiments TE could not be
distinguished from ionization plus excitation. To the best of
our knowledge no measured total TE cross sections are avail-
able for p+He collisions and no differential cross sections
for TE involving �n�0 for any collision system. In this
paper we report the first measured differential cross sections
for this process.

EXPERIMENT

The experiment was performed at the reaction microscope
facility of the University of Missouri-Rolla. A proton beam
was extracted with a 5 kV potential from a hot cathode ion
source, accelerated to energies of 25, 50, and 75 keV and
collimated by a set of slits 0.1�0.1 mm2 in size located just
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before the collision chamber. It was then crossed with a cold
�T�1 K� neutral helium beam from a supersonic gas jet.
The projectiles which were not neutralized in the collision
were deflected out by a switching magnet and the neutralized
projectiles were detected with a channel-plate detector.

The recoil-ions were extracted perpendicular to the inci-
dent projectile beam by a weak, nearly uniform electric field
of 1.6 V/cm. After the electric field region, the recoil ions
traveled through a field free region and were detected by a
two-dimensional position-sensitive detector with a position
resolution of ±50 �m. The recoil-ion detector was set in co-
incidence with the projectile detector. From the position in-
formation the y and z components of the recoil-ion momen-
tum could be determined. The x component was obtained
from the time of flight from the collision region to the detec-
tor, which, in turn, is obtained from the coincidence time
spectrum. The achieved resolution is ±0.1 a.u. in the y direc-
tion �target beam direction� and ±0.075 a.u. in the x �perpen-
dicular to target- and projectile beam directions�, and z di-
rections �projectile beam direction�.

RESULTS AND DISCUSSION

For a process in which no electrons are ejected into the
continuum, the longitudinal recoil-ion momentum prz �in
a.u.� is related to the Q value �i.e., the difference between the
initial and final total internal energy of the system� by prz=
−Q /v0−nv0 /2 �25�, where v0 is the projectile velocity and n
is the number of captured electrons. Since the Q value has a
well-defined value for a given process, prz is discrete for
capture and excitation processes and can thus be used to
identify them. Because of momentum conservation, the
transverse recoil-ion momentum prt= �prx

2+ pry
2�1/2 has to be

equal to the transverse final projectile momentum ppt, which,
in turn, is related to the scattering angle � by ppt= p0 sin �,
where p0 is the initial projectile momentum.

In Fig. 1 prt is plotted versus prz for 25 keV p+He on a
logarithmic scale. In the longitudinal direction, the discrete
lines separating the various processes are clearly visible. The
dominant line at about 270 channels is due to capture to the
ground state of the projectile and the line at about 300 chan-
nels represents capture to all higher projectile states. Finally,
transfer excitation, the process we are mostly interested in,
leads to the line at about 350 channels. The projection of
each line onto the prt axis is proportional to the differential
cross section d� /d� of the corresponding process. Absolute
cross sections were obtained by normalizing the integrated
counts in the capture lines to accurately known total capture
cross sections �26�. The normalized cross sections were then
converted to cross sections differential in the solid angle. To
test the recoil-ion momentum calibration and the normaliza-
tion we compared our differential capture cross sections to
the data of Martin et al. �27� and found excellent agreement.
The differential transfer excitation cross sections are shown
in Fig. 2 for �from top to bottom� 25, 50, and 75 keV.

In the following we attempt to analyze to what extent the
data can be explained without incorporating any electron-
electron correlation effects. To this end, we performed calcu-
lations based on the independent particle model �IPM�. The

details of the theoretical method were reported previously
�28,29� and only the salient points will be outlined here. We
employ a semiclassical approximation, in which the motion
of the nuclei is described in terms of straight-line trajectories.
The electronic wave function is found from a solution of the
time-dependent single-electron Schrödinger equation for a
static Hartree-Fock potential using the basis generator
method �BGM� �28�. We thus obtain single-electron transi-
tion probabilities P�b���� as a function of impact parameter
b which corresponds classically to the scattering angle � �for
simplicity, in the following we use P��� as a short form for
P�b�����. The two-electron transition probabilities are then
calculated using multinomial statistics �29�. The cross sec-
tion differential in solid angle for any inelastic process
d�in /d	��� as a function of � is obtained using the ansatz
of Greenland �30�

d�in/d	��� = d�el/d	���Px��� , �1�

where d�el /d	��� is the cross section for classical elastic
scattering from a potential V�R� �R is the internuclear dis-
tance� and Px��� is the electronic transition probability for
process x. Singly differential multiple ionization cross sec-
tions were calculated in a similar framework �e.g., �31��. For
V�R� we use the screened potential suggested by Greenland
for capture processes �30�. The results of this calculation are
shown as solid curves in Fig. 2.

Although, considering the difficulty in calculating cross
sections for two-electron processes, the agreement with the
data is not unreasonable, especially at the smallest projectile
energy, significant discrepancies are quite apparent. In order
to further analyze these discrepancies it is useful to compare
the transfer-excitation to single capture cross section ratios
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FIG. 1. Transverse versus longitudinal recoil-ion momentum
distribution in 25 keV p+He collisions. The intensity is plotted on
a logarithmic scale.
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RTE���= �d�TE/d	���� / �d�SC/d	���� to the correspond-
ing ratios RDE���= �d�DE/d	���� / �d�SE/d	���� for
double to single excitation. According to Eq. �1� the cross
section ratios for two processes x and y can be written as

Rxy��� = �d�el
x/d	���Px����/�d�el

y/d	���Py���� , �2�

where d�el
x /d	��� and d�el

y /d	��� are the classical cross
sections for scattering from the potential V�R� used in the
calculations for both processes. If V�R� is identical for both
processes, Eq. �2� reduces to Rxy���= Px��� / Py���. Apply-
ing multinomial statistics to the transfer-excitation and
double excitation probabilities, we then get

RTE��� = 2PSE���PSC���/�2PSC���PNT���� , �3a�

and

RDE��� = PSE���2/�2PSE���PNT���� , �3b�

or

R��� = RTE���/RDE��� = 2, �3c�

where PSE���, PSC���, and PNT��� are the single electron
probabilities for excitation, capture, and no electronic transi-
tion at all, respectively.

In Fig. 3 the measured ratios R��� are plotted for a pro-
jectile energy of 50 keV, where the experimental data for
RDE��� were taken from Schulz et al. �16�. For 25 and
75 keV measured data for RDE��� are not available. Quite
obviously, the experimental R��� are not constant at 2. On
the other hand, it is not realistic to assume that V�R� is iden-
tical for all processes, since an electronic transition leads to a
change of the screening of the scattering potential. This
change in screening is generally not the same for different
processes. For example, in a capture process the initially un-
screened proton-projectile becomes fully screened at large
distances while the screening of the target nucleus is re-
duced. On the other hand, in an excitation process only the
screening of the target matters. We therefore used different
screening functions for V�R� in our calculation of R���: For
transfer excitation and single capture we used Greenland’s
potential �30�, while for single and double excitation we used
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FIG. 2. Differential transfer-excitation cross sections as a func-
tion of scattering angle for 25, 50, and 75 keV p+He. The solid
lines show nonperturbative time-dependent calculations based on
the basis generator method.
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FIG. 3. Ratio between transfer-excitation to single capture and
double to single excitation cross-section ratios as a function of scat-
tering angle. Solid line as in Fig. 2, but different screenings were
used for the various processes.
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a similarly constructed potential that accounts for the screen-
ing of the He nucleus by two electrons. The results are
shown as the solid line in Fig. 3. Indeed, in this model R���
is no longer constant and reaches a value of 2 only asymp-
totically for large �. Nevertheless, satisfactory agreement
with the data is only achieved for scattering angles larger
than 0.6 mrad. The maximum in the measured values at
about 0.5 mrad is not reproduced by the calculation.

The theoretical model contains four potentially far-
reaching approximations, which are thus prime candidates
for causing the discrepancies between theory and experi-
ment: �a� Electron-electron correlations are not included. �b�
Although couplings between the nuclei and the electrons are
partially accounted for by using different screenings for dif-
ferent processes, dynamic couplings are not included be-
cause the screening is not time-dependent. �c� Deflection of
the projectile off the electrons is only accounted for in terms
of the screening, but incoherent deflection from an electronic
scattering center is not included. �d� Equation �1�, which
describes the inelastic cross sections in terms of classical
elastic scattering, is not valid for small scattering angles �30�.

Maxima around 0.5 mrad have also been observed in,
e.g., transfer ionization �TI� to single ionization cross section
ratios RTI���. They were explained in terms of the so called
Thomas process of the second kind �T2�, which involves
both incoherent projectile-electron scattering and electron-
electron correlations �32�. The same process could poten-
tially also contribute to TE and lead to structures at the same
scattering angle as in TI. In TI, the maxima occurred only at
projectile energies larger than approximately 150 keV �33�.
However, it should be noted that the ratio R��� is much
more sensitive to the T2 process than RTE��� and RTI���
because it is basically a direct measure of all factors leading
to a deviation from Eq. �1� or from multinomial statistics for
the electron transition probabilities, such as the T2 mecha-
nism. Therefore, we do not rule out the possibility that the
peak in R���, occurring at the angle expected for the T2
process, is indeed due to this mechanism. However, we also
note that in the case of TI this explanation has been disputed
�34�.

Dynamic nucleus-electron couplings may also contribute
to the discrepancies between experiment and theory. They
are likely to mainly affect small scattering angles because
increasing angles favor increasingly closer collisions where
the screening becomes less important. Indeed, the agreement
between experiment and theory seems to be better at large
angles. However, it is not clear how accurate the calculation
is at small scattering angles because we do not have enough
data in that region. It is quite possible that the discrepancies
mainly comprise the nonreproduction of the peak at interme-
diate angles. Finally, according to Eq. �20� of Greenland
�30�, Eq. �1� may not be valid for angles smaller than about
0.5 mrad for our collision system. However, empirically it
was found that Eq. �1� holds at much smaller angles than
suggested by the condition of Greenland �35�.

CONCLUSIONS

We have measured differential transfer-excitation cross
sections. A comparison to double excitation data and to our
nonperturbative time-dependent calculations shows that the
experimental findings cannot be explained in terms of an
independent particle model. The discrepancies between ex-
periment and theory can be traced to dynamic nucleus-
electron couplings and/or electron-electron correlation ef-
fects. The latter possibly manifests itself in terms of a
Thomas peak at 0.5 mrad in R���. As a next step, we plan to
perform calculations on the time-dependent Hartree-Fock
level for the electronic wave function, and possibly also with
time-dependent scattering potentials. Such a calculation ap-
pears to be feasible, but presents a tedious and time-
consuming challenge. The ultimate goal is to transcend the
classical approximation �1� and to also incorporate electron-
electron correlations in the theoretical model.
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