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We calculate electron capture and ionization probabilities for ion–atom collisions in a strong laser field
�5�1013 W/cm2� by numerically solving the three-dimensional time-dependent Schrödinger equation. For
circularly polarized laser fields and an impact energy of 1.2 keV/amu, we find a substantial modification of the
electronic dynamics in the H+–H collision system as compared to field-free collisions. In particular, we observe
a strong dependence on the initial laser phase and the impact parameter for both capture and ionization, which
can be explained using semiclassical arguments.
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Driven by laser systems with increasing intensities and
improving control, and refined techniques for the
momentum-resolved detection of ions, atoms, and photo-
emitted electrons, interactions of intense laser fields with at-
oms and molecules continue to attract attention �1–4�. Ever
since the invention of the laser, the challenge to efficiently
control chemical reaction pathways with laser light has re-
mained attractive for both fundamental and applied research.
Electron emission and transfer processes have been studied
in ion-atom collisions for many decades and have signifi-
cantly contributed to our understanding of electronic dynam-
ics in complex, three- �or more� body Coulomb systems.
However, laser-assisted ion-atom collisions, in which charge
transfer and ionization processes of an ordinary collision re-
action are modified due to the presence of an intense external
electromagnetic field, have emerged only very recently
�5–11� as a new line of research that promises to combine the
benefits of atomic collision studies �e.g., the improved un-
derstanding of chemical reactions� and laser physics �con-
trol�. It has been shown theoretically that the proper choice
of the laser parameters leads to significantly enhanced elec-
tron capture �5�, modification of ionization probabilities �6�,
ponderomotively shifted emission of binary-encounter elec-
trons in fast collisions �9�, and generation of ultrahigh har-
monics of the fundamental laser frequency �11�.

While laser-assisted electron-atom collisions �3,12–14�
have been investigated theoretically and experimentally for
more than one decade, so far no experiments have been car-
ried out for laser-assisted ion-atom encounters. This is due to
the challenging task of intersecting—in space and time—a
strong laser pulse with the ion-atom interaction, while dis-
criminating the laser-assisted events from the field-free col-
lisions. However, recently improved momentum spectros-
copy methods �15,16� in combination with currently being
developed picopulsed ion beams �17� and new experiments
with ns ion beams �18� may soon provide experimental data.
Theoretically, laser-assisted collisions have been described
within basis-set expansions �atomic two-state approxima-
tions �19�, adaptive basis generator calculations �5��, pertur-

bative calculations �6�, and grid-based methods �7,8,11�.
In this Communication, we investigate the laser-assisted

collision between a 1.21-keV proton and a hydrogen-atom
target, exposed to a circularly polarized laser field of
5�1013 W/cm2 intensity �Fig. 1�. The presence of the
laser breaks the cylindrical symmetry of the p+H�1s� colli-
sions and allows us to distinguish the following special
cases: �i� corotating collisions, where the impact angle
� �Fig. 1� is zero, and the angular momentum of the projec-
tile L=R�mpv, is parallel to the helicity vector h of the
laser �in other words, the projectile rotation around the target
nucleus follows the same direction as the rotating laser-
electric field�; �ii� counterrotating collisions with �=180°
where L and h are antiparallel �referring to a rotation of the
projectile around the target in opposite direction as the rota-
tion of the laser-electric field�; and �iii� off-plane collisions
with �= ±90° where the internuclear axis is perpendicular to
the plane of the laser-electric field at the time of closest
approach.

In the length form and in dipole approximation the Hamil-
tonian for the collision system is

*Electronic address: esdimax@phys.ksu.edu
†Electronic address: thumm@phys.ksu.edu

FIG. 1. �Color online� Scenario of the collision between a mov-
ing proton and a hydrogen atom, characterized by the impact pa-
rameter b and the angle � with the xz plane in which the laser
electric field rotates. The overall laser phase �=��t0� is the direc-
tion of the electric field at the time t= t0 of closest approach.
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where R�t�= �b cos � ,b sin � ,vt� denotes the projectile tra-
jectory in straight-line approximation with projectile velocity
v, impact parameter b, and impact angle � relative to the xz
plane �we use atomic units throughout, unless stated other-
wise�. The circularly polarized electric field of the laser ra-
diation is confined to the xz plane,

E�t� = E0�t��cos��t + ��,0,sin��t + ��� . �2�

E0�t� is the envelope function and � the laser phase at the
time �t=0� of closest approach between projectile and target.
We assume that the laser pulse has been ramped adiabatically
to the constant electric-field amplitude E0 long before the
collision takes place.

We solve the time-dependent Schrödinger equation on a
three-dimensional �3D� grid, using the Crank-Nicholson
propagation scheme �20–22�. We use equal grid spacings in
all three coordinate directions �x=�y=�z=0.25 for a grid
that covers 80 a.u. in the z direction and a length of at least
60 a.u. in the x and y directions, adjusted depending on the
value of b. We employ an absorbing optical potential to sup-
press nonphysical effects due to reflections of the electronic
wave function at the grid boundaries �8� and introduce a
small soft-core parameter to the nuclear potential to avoid
the Coulomb singularities at the nuclei �23�.

We tested our numerical scheme for field-free collisions
and found total �angle-integrated� capture cross sections in
agreement with experimental data �24�, while our
b-dependent capture probabilities are in fair agreement with
the electron–nuclear dynamics approach �END� �25�. Our
full 3D calculations lead to about 15% smaller total capture
cross sections than previous two-dimensional �2D� reduced
dimensionality results �8� and therefore constitute a signifi-
cant quantitative improvement �Table I�.

In our laser-assisted calculations, we choose the wave-
length 1064 nm of a Nd:YAG laser, corresponding to the
frequency �=0.044. For a typical impact parameter of b=1,
Fig. 2 shows the dependence of the electron capture prob-
ability on the absolute laser phase � at the time of closest
approach. Maxima appear at �=90° and �=270°, when the
force of the laser electric field at the time of closest approach
is either parallel or antiparallel to the motion of the projec-

tile. This agrees with an energy matching argument: Reso-
nant capture occurs predominantly, when the electronic en-
ergies of the laser-dressed projectile and target states are
identical, i.e., when the laser-electric-field vector is perpen-
dicular to the internuclear axis. Clearly, the time interval dur-
ing which level matching near the point of closest approach
can approximately be maintained is larger for corotating than
for counterrotating collisions. For the projectile speed and
impact parameter in Fig. 2, the collision time is of the order
of half a laser cycle ��71.4 a.u.�, while the electronic time
scale is about two orders of magnitude faster ��1 a.u.�. This
enables the transient formation of a molecular state, even for
counterrotating collisions where the matching condition only
holds for a small fraction of one laser cycle. In contrast, for
corotating collisions, level matching is maintained much
longer and for approximately 1/2 of a laser cycle. For the
given parameters this favors recapture by the target and ex-
plains that the capture cross sections in Fig. 2 are smaller for
corotating collisions. The phase dependence of the electron
capture probability near �=90° is broadened for counterro-
tating as compared with off-plane collisions at �= ±90°. For
corotating collisions, in contrast, the capture probability
changes faster near �=90° than for �= ±90° off-plane col-
lisions.

For b=1, the ionization probability has a maximum at
�=90° �Fig. 2�. At this laser phase, the laser electric force
FL�t=0� on the electron at the time of closest approach is
antiparallel to the projectile velocity v, thereby reducing the
chance for electron capture and recapture. In contrast, near
�=270°, FL�t�0� is nearly parallel to v and facilitates cap-
ture. This effect explains relatively small ionization and large
capture probabilities near �=270°.

In Figs. 3�a�–3�c� the dependence of the electron capture
probability on both the impact parameter b and the laser
phase � is shown for the three cases: corotating �Fig. 3�a��,
off-plane with �= ±90° �Fig. 3�b��, and counterrotating �Fig.
3�c�� collisions. This graph exhibits the features discussed
above for fixed impact parameters, namely enhanced capture

TABLE I. Comparison of the total capture cross sections for
field-free collisions. Results for 3D and 2D grid calculations, basis-
set �END� calculations, and experimental data.

Source �tot �10−15 cm2�

3D grid 19.0

2D modela 21.9

END methodb 16.3

experimentc 15.6±18%

aReference �8�.
bReference �25�.
cReference �24�.

FIG. 2. �Color online� Laser-phase dependence of the electron
capture and ionization probabilities at fixed impact parameter b=1
for three different impact angles �. Also shown is the field-free
capture probability. Field-free ionization probability is negligible.
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at laser phases of �=90° and �=270°. The capture probabil-
ity at �=270° is slightly larger than at �=90° due to stron-
ger ionization in the latter case. Furthermore, the capture
probability is enhanced for the counterrotating collision as
compared to the corotating scenario. While for b�3 the off-
plane capture probability lies in general somewhere in be-
tween the corotating and counterrotating results, the electron
capture probability at larger distances �b	3� becomes closer
to the field-free value, and the laser-phase dependence nearly
disappears �Fig. 3�b��.

Since the dependence on the laser phase � cannot yet be
controlled experimentally, we average the capture probability
Pcap over all possible laser phases to obtain the phase-
averaged capture probability,

P̄cap�b,�� =
1

2

�

0

2


d�Pcap�b,�,�� , �3�

shown in Fig. 3�d�. For most impact parameters, the phase-
averaged electron capture probability is larger for counterro-
tating than for corotating collisions, and noticeably smaller
for field-free capture. For large impact parameters, the phase-
averaged off-plane capture probabilities are closer to the
field-free results than for both corotating and counterrotating
collisions.

We found the dependence of capture and ionization
probabilities on the impact angle to be rather smooth, such
that no more than five different values �� �0,180° � need to
be evaluated for the integration over bdbd� to yield suffi-
ciently accurate total cross sections. By limiting the range of
impact-vector orientations, we partition the total capture
cross section,

�cap = �
�min

�max

d��
0

�

dbbP̄cap�b,�� , �4�

where �min=0°, �max=360°, into corotating and counterro-
tating contributions, �cap

co and �cap
counter, by selecting

�min=−90°, �max=90° and �min=90°, �max=270°, respec-
tively. We find that the contribution of counterrotating colli-
sions is larger by ��cap

co −�cap
counter� /�cap=7.3%.

Table II shows total cross section from a previous two-
dimensional model �8�, which neglects all off-plane contri-
butions. The second row of Table II includes results for the
full three-dimensional calculation where, however, we only
included projectile trajectories for fixed values of � �0°, 90°,
and 180°, corresponding to corotating, off-plane, and coun-
terrotating collisions�. In both, the 2D model �first row� and
the 3D model with fixed � �second row�, we replaced the
�-integration in �4� by a factor 
, assuming isotropic capture
for the entire half-space. Strikingly, for the reduced dimen-
sionality model �first row�, the integrated in-plane cross sec-
tions do not differ significantly from full dimensionality
“fixed-�” cross sections �second row�, where the projectile
moves in the plane of the laser-electric field, i.e., where �
=0° or 180° for corotating or counterrotating collisions, re-
spectively. Thus for corotating and counterrotating collisions
the two-dimensional model simulates three-dimensional re-
sults for trajectories with �=0° and 180° surprisingly well. A
quantitative analysis, however, still requires the full three-
dimensional calculation, i.e., the addition of off-plane trajec-
tories �third row�.

The ionization probability in Fig. 3�e� shows two main

FIG. 3. �Color online� Contour
plots of the electron capture prob-
ability �a�–�c� and the ionization
probability �e� as a function of im-
pact parameter and laser phase for
corotating �CO� �a� and �e�, off
plane with �= ±90° �OP� �b�, and
counterrotating �CR� �c� colli-
sions. Also shown are the phase-
averaged results for capture �d�
and ionization �f�, together with
the field-free probabilities.

TABLE II. Comparison of total laser-assisted capture cross sec-
tions for corotating, counterrotating, and off-plane collisions �see
text�.

Corotating
Off-plane
��=90�� Counterrotating

2D model 26.2 43.7

3D �fixed �� 26.3 63.4 40.5

3D 44.9 51.9
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features: �i� A maximum at b�1 and a laser phase �=90°,
when the laser-electric field asserts an electric force on the
electron in opposite direction to the projectile motion; and
�ii� weak evidence for charge-resonant-enhanced ionization
at b� ±6 and ��180° for corotating collisions �and a much
broader and even weaker peak at ��0° for counterrotating
collisions �not shown��. After phase averaging, the ionization
probability does not reveal a significant � dependence or
dichroism effect, in contrast to the capture probability
�Fig. 3�f��. Interestingly, the enhancement of the ionization at
the classical Bohr radius b=1 is due to a combined effect of
the collision and the laser field. The field-free ionization
probability for 0�b�7 is very small �below 0.07� and can-
not be distinguished from zero on the scale of Fig. 3�f�. Simi-
larly, no significant ionization occurs for the interaction of
the laser field with the target atom alone. However, due to
the laser-electric field, the phase-averaged ionization prob-
ability increases dramatically and shows a pronounced maxi-
mum at b=1. As a tentative explanation, we suggest a two-
step process, where the collision promotes the electron into

an excited target state, which subsequently gets ionized by
absorbing a few photons from the laser field.

Summarizing, we have numerically solved the full three-
dimensional time-dependent Schrödinger equation and have
shown that a significant difference �dichroism� in the laser-
assisted capture probability occurs for corotating and coun-
terrotating collisions. We found a strong laser-phase depen-
dence for both, capture and ionization, and weak evidence
for a charge-resonant enhanced ionization process. We also
found good agreement with previous two-dimensional model
calculations, for the special case that the collision and the
laser plane coincide. We hope that experimental data on
laser-assisted collisions with controlled laser and collision
parameters will soon confirm these predictions.
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