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In this work we present a theoretical study of the single ionization process involved in collisions of protons
on He, Li, and Be targets at 2 MeV /amu projectile impact energy. Fully differential cross sections �FDCSs� are
calculated within a continuum distorted wave method. Three different potentials are used to represent the
interaction between the low energy outgoing electron and the residual ion target. Two of them are based on
Coulomb potentials with proper effective charges for the target, while the other relies in a Garvey-type
potential. These procedures provide remarkable differences in the binary and recoil peak regions, for the Li and
Be cases. On the other hand, He target calculations lead to qualitative agreement for the three FDCSs at the
momentum transfers and emission energies here considered. These results manifest the complexity of the
ionization process for multielectronic targets and emphasize the importance of choosing an adequate model
potential to describe the emitted electron dynamics in ionizing collisions.
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The study of the electron emission process in charged
particle collisions with atoms represents one of the most in-
teresting problems in atomic physics research. Since one or
more target electrons are finally unbound, those studies allow
for a detailed exploration of the continuum state of few-body
systems.

During the last decade, recoil ion momentum spectros-
copy �RIMS� has developed as a powerful experimental tech-
nique to carry on kinematically detailed experiments in ion-
atom collisions �1�. The cold target recoil ion momentum
spectroscopy �COLTRIMS� makes it possible to measure the
momentum vectors of the ionized electron and the recoiling
target ion directly and deduce the scattered projectile mo-
mentum from the momentum conservation �2�. In other
words, within this technique it is possible to determine the
fully differential cross section �FDCS�, which provides the
most detailed information on an ionizing collision.

Even though FDCSs restricted to the collision plane �co-
planar configuration� have been measured in the �e ,2e� con-
text for more than 35 years now �3�, it was only a few years
ago that FDCSs for single ionization of He by ion impact
were finally reported �4�. Since then, FDCSs for the single
ionization of He by C6+, Au24+,53+, and H+ projectiles at dif-
ferent impact energies have been published for rather small
momentum transfers �5�.

The first theoretical coplanar FDCSs for single ionization
in ion-atom collisions were reported in 1993 by Berakdar et
al. for the hydrogen target �6�. A few years later, and also
within a continuum distorted wave �CDW� model, the di-
verse features exhibited by the coplanar FDCS for the hydro-
gen target were identified and discussed �7–9�. These authors
represented the FDCS in momentum space instead of using
the electron angular distributions familiar to the �e ,2e� com-
munity. This representation allowed for an easy identification
of the usual peaks and some ring-shaped structures associ-
ated to double collisions of the electron and projectile with
the target. Almost simultaneously, theoretical FDCSs were
obtained by means of the classical trajectory Monte Carlo
�CTMC� model to explore ionization mechanisms as soft,

saddle point, charge transfer to the continuum and binary
encounter electron production for different projectiles collid-
ing with He �10�. Since 2002, different groups have worked
towards a good representation of the available data and stud-
ies have been carried out by means of different distorted
wave methods and the CTMC model �11–16�.

A new horizon has recently opened up in the field with the
inclusion of a lithium magneto-optical trap �MOT� in a reac-
tion microscope �18�. This will allow us to perform, in the
near future, kinematically complete experiments involving
collisions of charged particles and photons on Li targets.
Such studies will surely challenge the versatility of the pres-
ently used models to deal with multielectronic targets.

In this work we study H+ ionizing collisions on multielec-
tronic targets like He, Li, and Be. The momentum transfer
values considered as well as the impact energy of
2 MeV /amu were selected similar to those published for the
He target. The Li target was already considered by Sánchez
et al. at the minimum momentum transfer needed for the
reaction to take place �Q�=0� �8�, identifying in the momen-
tum representation the main visible structures over a wide
range of electron energies.

Previous analysis by McCartney and Crothers using the
continuum distorted waves with eikonal initial state �CDW-
EIS� method has shown that the total cross section for Li
1s-ionization due to proton impact at the present impact en-
ergy is about a factor 3 smaller than that arising from the 2s
subshell �17�. For the Be target, this factor increases up to
about 10 and for both targets the inner shell ionization be-
comes negligible as the impact energy is decreased. In prin-
ciple, the COLTRIMS technique can resolve the contribu-
tions arising from the 1s and 2s subshells. The parallel
component of the momentum transfer Q� =�E /v depends on
the shell from where the electron is being ionized. Thus we
assume that the forthcoming kinematically complete re-
solved experiments for ion impact on multielectronic targets
will distinguish between these subshell contributions at the
present regime of intermediate to high projectile energies. A
straightforward estimation for the Li target at the present
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impact energy of 2 MeV /amu leads to Q�1s=0.06 a.u. and
Q�2s=0.28 a.u. which are about a factor 4.6 from each other.
In the following, we restrict ourselves to the valence shell
and analyze the main trends associated to the FDCS when
the emission is originated from the n=2 level.

To obtain the FDCS, we evaluate the ionization transition
matrix Tfi by means of a CDW model similar to that used in
Refs. �11,12,15,16�. In this model, the incoming projectile is
represented by a plane wave and the active electron-target
core bound state resulting from a Garvey potential, while the
final three-body state is represented by the product of three
distorted waves. In this prior version, the perturbation is
given by the unsolved part of the initial Hamiltonian, i.e., the
projectile-active electron interaction and the nuclear-nuclear
interaction. Coulomb potentials are used to represent the in-
teraction between the emitted electron and the projectile as
well as the nuclear-nuclear interaction. In the latter, the target
nuclear core charge is set equal to 1 since we restrict our-
selves to high impact parameter collisions. Meanwhile, for
the emitted electron-target interaction, three approximations
are used and compared: model A, the effective charge
derived from the formula for hydrogenic targets
�Zef f =�−2n2�� where n is the principal quantum number of
the initial bound state; model B, the effective charge
Zef f =1 which represents the maximum possible screening of
the nuclear charge by the passive electron; model C, the
parametrization provided by Garvey et al. �19�. Model A has
been extensively used providing qualitative agreement with
the available experimental data for doubly differential cross
sections as a function of the angle and energy of the emitted
electron �20�. Treatments similar to model C, on the other
hand, based on the numerical solution of the radial equation
using a model potential, led to quantitative agreement with
the available data �21,22�. Concerning the FDCS, both strat-
egies have been used for He target but model C should be
expected to lead to a more accurate description of the single
ionization process as the number of passive electrons in the
target increases.

The present FDCS is given by d5� /dkdQ�, where k and
Q� indicate, respectively, the emitted electron momentum
and the perpendicular component of the momentum trans-
ferred by the projectile.

In Fig. 1 we show the FDCS obtained with the present
CDW calculation for electron emission from He impacted by
protons in the scattering plane. The momentum transfer is
Q=0.4 a.u. and the emitted electron energy Ee=10 eV. The
effective target charge used with model A is Zef f =1.35 which
corresponds to an electron being emitted from the 1s state.

A large peak is present approximately in the direction of
Q which can be attached to a binary collision between the
projectile and the active target electron, while the other elec-
tron and the target nucleus remain passive. This structure is
called the binary peak. A second peak appears as a conse-
quence of the electron-residual target interaction and it is
commonly referred to as the recoil peak. As was demon-
strated by Gasaneo et al. �7� within the first Born approxi-
mation, this recoil peak results from the splitting of the soft
peak. When a Coulomb potential is assumed for the interac-
tion between the active electron and the residual target, the
ionization transition matrix contains a Coulomb factor that

diverges for k→0 and gives the soft electron emission peak.
A form factor proportional to the bound-continuum oscillator
strength modulates this divergence and splits that peak in
two �7�.

This effect can be viewed in the contour plot graphics
shown in Figs. 4–6 as a trench that cuts the low energy
profile of the soft peak and crosses the momentum space
origin. For a fixed electron energy these features can be ob-
served in Fig. 1.

Although different choices for the model potential do not
affect the general features of the FDCS, i.e., the binary and
recoil structures, the explicit shape of the peaks are sensitive
to the choice. It can be seen that models B and C lead to
similar angular distributions which are about a factor 1.5
higher than the predictions provided by model A.

In Fig. 2 we consider the Li target keeping the same mo-
mentum transfer, emitted electron energy, and projectile im-
pact energy. The effective charge for model A is Zef f =1.25
which corresponds to an electron being emitted from the 2s
state. In this case, side shoulders appear around the binary
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FIG. 1. �Color online� FDCS in the collision plane as a function
of the electron emission angle ��� for 2 MeV /amu H++He,
Q=0.4 a.u., and Ee=10 eV. Theories: model A �¯�, model B �- - -�,
and model C �—�.
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FIG. 2. �Color online� Same as in Fig. 1 for 2 MeV /amu
H++Li.
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peak and, in general, the three models lead to different an-
gular distributions. While models A and B provide a similar
description of the recoil peak, there is no coincidence among
the models on the binary peak region. On the other hand, all
the models evidence a binary peak with structure on the sides
which can be attributed to the 2s nature of the initially bound
electron.

In Fig. 3 we consider the Be target under the same con-
ditions shown in Figs. 1 and 2. The effective charge for
model A is Zef f =1.57 which corresponds to an electron being
emitted from the 2s state. In this case models B and C lead to
a similar description of the binary peak, but the recoil peak
predicted by model C is almost a factor 10 higher. This is a
consequence of the Garvey potential which allows the elec-
tron to see a nuclear charge Z=1 at large distances and the
full target nucleus charge at short distances. It is well known
that this sort of potential leads in scattering problems to the
“rainbow” effect studied in the classical context by Ford and
Wheeler �23�, that evidences through oscillations in the scat-

tering amplitude as a function of the emission angle and an
increase in the intensity of the 180° emission. A good de-
scription of such oscillations was performed by Schultz and
Olson �24,25�. The final continuum state for the electron and
residual target contains an increasing number of single vir-
tual collisions between these particles, given by each term in
the perturbative expansion. There is a relevant difference be-
tween the continuum state resulting from a Garvey potential
and a Coulomb wave. The former allows for a different dy-
namics in each perturbative order, leading to a much higher
recoil peak.

In order to gain more insight into the structures that ap-
peared on the sides of the binary peak in Figs. 2 and 3, we
now show in Figs. 4–6 FDCS calculated with model C, rep-
resented in the momentum space of the emitted electron and
we focus on the soft peak region. The angular distributions
shown above can then be simply understood as the profile of
a circular cut of the FDCS in momentum space. For He, a
trench is clearly visible which separates the binary peak from
the recoil peak at different energies. For Li and Be, we see
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FIG. 3. �Color online� Same as in Fig. 1 for 2 MeV /amu
H++Be.
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FIG. 4. FDCS �on a logarithmic scale� in the collision plane as
a function of the transverse �kx� and longitudinal �kz� electron mo-
menta for 2 MeV /amu H++He.
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FIG. 5. Same as in Fig. 4 for 2 MeV /amu H++Li.
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FIG. 6. Same as in Fig. 4 for 2 MeV /amu H++Be.
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that the binary peak has shoulders at different emission en-
ergies indicating that they are not due to the particular con-
figuration chosen in Figs. 2 and 3 but evidence a more gen-
eral trend instead. We have performed similar calculations by
using the simple first Born approximation which completely
neglects the postcollisional interaction and found the same
features which we then attach to the initial state. Such struc-
tures are predicted by the three models here employed, al-
though the shapes and intensities vary from one another.

To summarize, we have calculated FDCSs for proton im-
pact on multielectronic targets and studied the main differ-
ences found with the well known results from previous stud-
ies on He atoms. For Li and Be, we have found shoulders on
the sides of the binary peak which can be attributed to the 2s
nature of the initially bound electron. This shows that FDCSs
on multielectronic systems do not only lead to the familiar

binary and recoil peaks present for the well documentated He
target, but instead evidence more richness and complexity.
Furthermore, for multielectronic targets, the use of a model
potential like the Garvey representation for the emitted
electron-target interaction should be more appropriate and it
should be expected to provide a more accurate representation
of the recoil peak compared to Coulomb treatments assum-
ing effective charges.

The recent inclusion of a lithium MOT in a reaction mi-
croscope gives hope of soon to come data which would not
only revitalize the field, but challenge theoreticians to pro-
vide an accurate description of the ion-Li collision system.
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