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Circular dichroism in laser-assisted proton-hydrogen collisions
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We investigate the effects of a strong laser field on the dynamics of electron capture and emission in
ion-atom collisions within a reduced dimensionality model of the scattering system in which the motion of the
active electron and the laser electric field vector are confined to the scattering plane. We examine the prob-
abilities for electron capture and ionization as a function of the laser intensity, the projectile impact parameter
b, and the laser phaskthat determines the orientation of the laser electric field with respect to the internuclear
axis at the time of closest approach between target and projectile. Our results ledépendent ionization
and capture probabilities show a strong dependence ongbatid the helicity of the circularly polarized laser
light. For intensities above %10 W/cn? our model predicts a noticeable circular dichroism in the capture
probability for slow proton-hydrogen collisions, which persists after averaging ¢v€&apture and electron
emission probabilities defer significantly from results for laser-unassisted collisions. Furthermore, we find
evidence for a charge-resonance-enhanced ionization mechanism that may enable the measurement of the
absolute laser phasg.

DOI: 10.1103/PhysRevA.70.023408 PACS nuniber34.50.Rk, 34.70te, 32.80.Qk

I. INTRODUCTION and two pulsedpump and probelaser beams and crossed
all beams in a small interaction volume. They explained an
The study of charge exchange in ion-atom collisions dategscillatory structure in the angular distribution of excited Na
back to the beginning of the last century, when Hendersoprojectiles after laser-assisted collisions with Kr atoms in
[1] experimentally discovered electron capturedogarticles  terms of optical molecular transitions in the transient NaKr
passing through matter and was pursued actively over mangomplex.
decadeg?]. More recently, the COLTRIMS techniqy8,4] So far, technical challenges in the generation of suffi-
has allowed for the investigation of the electron dynamics inciently long and intense laser pulses and the synchronization
ion-atom collisions with unprecedented resolution in energyof laser pulses within the interaction time interyaipically
and momentum of the interacting electrons and nuclei. IndeRot more than 10° s in slow ion-atom collisionshave pre-
pendently, the interaction of strong laser fields with atomsyented a more detailed experimental investigation of laser-
ions, or molecules has been addressed in a large number @§sisted or laser-controlled charge-exchange reactions in
experimental and theoretical investigatiof&6] over the heavy—p_artlcle cc_>II|S|ons: Wlth_ the increasing availability of
past two decades. Even though the detailed investigation Gnergetic lasers in atomic collision laboratorjésd), we ex-
laser-assisted heavy-particle collisions may ultimately hel?€Ct laser-induced effects in laser-assisted heavy-particle col-
in steering chemical reactions into specific reaction channel sions to become observable. High laser intensities, focused

by adjusting laser parametetintensity, wavelength, and on relatively large areas and long laser pulse durations, will

Ulse shape the promising combination of the two research significantly improve the statistics in laser-assisted collision
P Pe P ng . . experiments and are expected to soon open the door towards
areas—laser-matter  interactions and  heavy-particl

llisi has b h bi ¢ onl ¢ X fnore detailed experimental studies that may contribute sub-
collisions—has been the subject of only a few experimentsyniia|ly 1o our understanding of laser-controlled chemical
with crossed heavy-particle and laser beams. For exampl

. ; feactions.
Débarre and Cahuzd@] observed laser-induced charge ex- On the theoretical side, a variety of methods have been
change between Smand Ba in a mixture of strontium and

) . ) . applied to the calculation of charge exchange and electron
barium vapors using Nd-YAG lasers with relatively very low Pp d d

. . emission in laser-assisted heavy-particle collisionsetLal.
Intensities up to 5 10° W/cn®. Grosseret al. [8] used a 10,17 predicted, within lowest-order perturbation theory in
continuous beam of Na atoms, a pulsed beam of Kr atom

he electron nucleus interaction, that the dressing of atomic
levels in an intense laser field leads to a significant modifi-
cation of capture and ionization cross sections in fast proton-

*Electronic address: esdimax@phys.ksu.edu hydrogen collisions. Voitkiv and Ullrich12] found, also
"Electronic address: Bernold.Feuerstein@mpi-hd.mpg.de within lowest-order perturbation theory in the electron-
*Electronic address: thumm@phys.ksu.edu projectile interaction, that a linearly polarized laser field can
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substantially influence the binary-encounter electron emis- Ionization
sion process in fast collisions af particles with hydrogen \
atoms. Close-coupling calculations for heavy-particle colli- / corotating__p?

Y H?

@ <

sions, taking place in a strong laser pulse, were recently per-

. +b Capture
formed by Madseret al. [13] and Kirchner[14]. Madsenet -— oﬁl
2’ o(t)

al. predicted a strong laser-induced modification of she

-b

excitation probability in laser-assisted protoids) and x / 3 Xi"mr-wmﬁ"x
proton-Nd3s) collisions. Kirchner found a strong influence |_ &
of the electron capture and loss probabilities in laser-assisted z
He?*-H collisions on the laser wavelength and the initial ) o .
phase of the laser electric field. Lattice calculations on a FIG. 1. (Color onling Collision scenario for a proton on a
three-dimensional Cartesian grid for laser-assisted protofiraight-line trajectory with impact parameternd velocityo col-
collisions with lithium atoms in ground and excited states byliding with an atomic hydrogen target. The rotating laser electric
Pindzolaet al. [15] show a significant modification of the field breaks the azimuthal symmetry: For positive impact param-
charge-transfer process for moderate laser intensities &ters, the projectile follows the rotating laser fiebdrotating casg
10'2 W/cn?. Lein and Ros{16] applied a reduced dimen- for n_egatlve |_mp_act parameters,_ the projectile moves against the
sionality model, solved the Schrédinger equation on a twolotating electric fieldcounterrotating case
dimensional Cartesian grid, and predicted the generation of
ultrahigh harmonics in laser-assisted collisions of 2 keV pro- Il. THEORY
tons with hydrogen atoms in linearly polarized laser pulses
with 16 optical cycles, a wavelength of 800 nm, and
10* W/cn? intensity. Unless indicated otherwise we will use atomic ur(its

More work, both experimental and theoretical, has beer=m,=e=1) throughout this paper. For the impact energies
done for laser-assisted electron scattering, but even a strugpnsidered in this work, we may neglect the nucleus-nucleus
tureless projectile constitutes a serious challenge to preseieraction and assume that the projectile ion of mams

theories[17-19. The early theory of Kroll and Watsdi20] ~ ,5yes along a straight-line trajectory in thelirection,
which only retained terms to first order in the photon fre-

quency disagrees with the experimental results of Wallbank ﬁ(t) = b8, +v(t—ty)6,, (1)
and Holmeg21]. This discrepancy between theory and ex-

periment was traced to off-shell effects in the long-rangewhich is characterized by the impact parameiethe con-
polarization part of the electron-atom scattering potentiaktant velocityv, and the time of closest approagh(Fig. 1).
[22]. Joachain, Dorr, and Kylstid 8] introduced the nonper- Taking the location of the target as the coordinate origin,
turbative R-matrix Floquet method which was subsequentlywe employ two-dimensional soft-core Coulomb potentials
applied to multiphoton ionization, higher-harmonic genera-

tion, and laser-assisted electron atom collisions. Electron-ion V_e}* - _ 1 2)

A. Potentials

collisions have recently attracted considerable interest as an We+Z2+a

integral part of the rescattering process, in which nonsequen-

tial double ionization of an atom or molecule is explained inand

terms of electron impact ionization of one electron by the 1

laser-driven and rescattered other electi®23). Ve (1) =- (3)
To the best of our knowledge, laser-assisted ion-atom col- V(x=b)?+[z-v(t-tg)]*+a

lisions in circularly polarized light have not yet been inves-
tigated. In this paper we numerically solve the Schrédinget™ : .
9 bap y 9 jectile nucleus, respectively. The “softening” parameder

equation on a two-dimensional grid. Within this reduced di-_0 641 lari h il he | . fth lei
mensionality model, the electronic motion and the rotating” ™ regularizes the potentials at the Jocation of the nuclei

laser electric field are confined to the scattering plane. Fo??d IS "",dJL;IStg"d to reproduce the ground-state binding energy
projectiles(protong on a classical straight-line trajectory, we 0 ?torr?lcd_y Irogen. o he i ion b h
study the dependence of the probabilities for electron loss, n the dipole approximation, the interaction between the
capture, and emission on the intensity and helicity of theActive electron and a monochromatic laser electric field of

laser electric field. Even though experimental results are ex@ngular frequency,

jo represent the electronic interaction with the target and pro-

pected to differ slightly from the predictions of our two- E,(t) = Eg(t)cod w(t — to) + ¢], (4)
dimensional calculations, we expect our results to be of suf-
ficient accuracy to provide useful estimates for optimized E(t) = Eg(t)e sifw(t - to) + ¢], (5)

laser and collision parameters that most clearly display the

effects of a laser pulse on the electronic dynamics in heavyis given by the potential

particle collisions. Our numerical results show the strongest —

influence of the laser electric field on the capture probability VixzD) = B(Ox+ BLD)2 ©®
at a laser intensity of 0.0014 a.(6.0x 10" W/cn?)—i.e.,  (Figs. 1 and 2 Heree e [-1, 1] denotes the ellipticity of the
when the laser electric force equals a few percent of théaser light. The laser phasgdetermines the direction of the
electrostatic Coulomb force exerted on the active electron blaser electric field at the time of closest approaslit, be-
the target nucleus. tween the projectile and target.
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(countey rotating collisions occur for positivenegative im-
pact parameters.

In order to suppress unphysical reflections of the elec-
tronic probability density at the boundaries of our rectangu-
lar numerical grid, we employ absorbing boundarjgd].

For example, for absorption beyong in the +X direction,
this is achieved by adjusting the absorber strersgtind ab-
sorber widthx, in the negative imaginary potential

- is( X" X%
Va(x) = Xo
0, otherwise,

2
) . Xo < X< Xo+Xg,

9

so that the reflected probability flux becomes negligible. The
net electronic potential to be used in wave function propaga-
tion is thus given

V(x,z,t) = V1(X,2) + Vp(X,z,t) + V| (X,Z,t) + Va(X,2),
(10

FIG. 2. (Color onling Snapshot of the electronic potential. For whereV,(x,2) models the absorption in all directions in ob-

negative helicity, the laser electric field causes a clockwise rotatioffI0US two-dimensional generalization Wh(x).
of the inclined potential plane about the target while the projectile
moves toward the right-rear end along a straight line.

B. Dynamics

For the numerical applications in this work, we assume The solution of the time-dependent Schrédinger equation
circularly polarized light of positive helicitfe=1), corre-  (TDSE) id|W(1))=H(t)|¥ (1)) is formally given by the evo-
sponding to clockwise rotation of the laser electric field vec-lution of the initial wave function¥(x,z,t=0),
tor in thezx plane(Fig. 1). The wave vector of the incident t
laser light is directed into the collision plane in Fig. 1. The W(x,z,t) :'Al'exp[— if dt’H(x,z,t’)}\If(x,z,O), (11)
envelope functiorEy(t) of the laser electric field turns the 0
laser smoothly on during the timeand then remains con- -
stant, once it has reached the maximum field strefigth ~ With the time-ordering operatdr and the Hamiltonian

H(t) =T, + T, + V(x,z1). (12

Eosin2<7—T£), ost<r,
Eq(t) = 27 (1) T, andT, are the electronic kinetic energy operators. The
Eo t> 7. numerical propagation of the TDSEY) is carried out on a
_— . ..., . humerical grid using the unconditional stable Crank-
We assumer<ty, such that the oscillating electric field is \ji~holson split-operator methd@5,26. For a time stept
fully turned on before the collision. At the time of closest the wave function(11) at timet+At, is recursively given in

approach, the electric field is given by terms of W (t) by
E,=Eycos¢, E,=Eysing. (8) At
The sign of the projectile angular momentum relative to ¥ (t+At) = exp{— iTXE] X exp(=i[T,+V(x,zH)]At}
the target center of mads=R X mpv, depends on the sign of ¢
the impact parametek. can be either parallel or antiparallel X exp[— iTX—}\P(t) (13

to the laser helicity vector. In the first case the projectile
moves in the same direction around the target as the lasge choose equal grid spacingsnand z direction of Ax

electric field. We will address this situation asrotating  =Az=0.2. Our grid covers 120 a.u. along the projectile tra-
scenario. Similarly, for thecounterrotatingscenarioL and  jectory (z direction) and has a variable length in tixedirec-
the helicity vector are antiparallel. tion, depending on the impact parameter, given by [80+

The collision process in the laser field is symmetrical withWe implemented absorbing boundaries of widkths z,=20
respect to the simultaneous change in sign of helicity andnside the grid boundaries with an absorption strengtls of
impact parameter. We can therefore limit our calculations ta=0.01. These absorber parameters produce converged results
a given helicity while allowing for both positive and negative that do not differ from those obtained with altered absorbers
impact parameters. In all calculations we will assume aof twice the absorption width or strength and show no signs
clockwise rotating laser electric fielghositive helicity—i.e.,  of unphysical reflections at the grid edges.
e=1). For the coordinate system given in Fig. 1 and for the The laser frequency was chosen in the near infrared with
laser light propagating into the plane of the figure cow=0.0428, which corresponds to a wavelength of 1064 nm
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available from common Nd:YAG lasers. After a initial ramp- 10 — T 1
ing time 7=450=10.9 fs we propagate the electronic wave
function in the laser field for 550 a.u.=13.2 fs. A total propa-
gation time in the laser field df,,.=1450=35.1 fs leads to 08 -

converged results for capture and ionization probabilities for

® present calculations
Lein and Rost

>
all relevant values ob and ¢ and for laser intensities be- =
tween 2.85¢10°=1x102W/cn? and 2.8510%=1 @ °°f
X 10" W/cn?. Time steps ofAt=0.1 were found small '§
enough to guarantee the long-term accuracy of the propage2
tion scheme. S o4r

At each time step we integrate the probability density &
over two square boxes of length 20 a.u., centered on tht(‘Bs
projectile ion and target. For larger internuclear distances, we
interpret these integrald+(t) and Np(t) as as instantaneous
electronic charge states on the projectile and target, respe ) ) ) X
tively. At the end of the numerical propagation, at time 0 2 4 6 8 10 12
=tha0 they serve as approximations for the capture and ion- Impact parameter b [a.u.]
ization probabilities:

+ - - FIG. 3. (Color onling Capture probability as a function of the
Pcap(b, ®) =Np(t=tmay, (14) impact parameter for field-free collisions of 2 keV protons with
hydrogen atoms. Results from independent two-dimensional wave
+ — — —
Pion(0,¢) = [1 = Np(t =tma) = Nr(t=tmad]. (15 fynction propagation calculations: Lein and Rf8] (solid curve,
The superscripts+ distinguish between caq+) and  Present resultedots.

counter(—) rotating collisions. Since the laser phageis | 6in and Rosf16]. Their results are almost identical with
currently not observable or experimentally controllable, weg,, fie|d-free capture probabilitie€Fig. 3). Total capture

average overp: cross sections for collisions of 1-2 keV protons with atomic
1 (27 hydrogen have been measured by Gealy and Van[Zgjl
Piap(b):z— f dpPzb, &), (16)  For 2 keV incident kinetic energy, our calculated capture
TJo cross section is 44% larger than the experimental value. For

1 keV protons it is 34% largaiTable ).
N 1 (% . The difference between the measured and calculated cross
Pion(0) = fo dpPion(b, @). (17)  sections can be understood in terms of a simple overlap ar-
0 gument. Compared to experiment or full-dimensionality cal-
We found that it is sufficient to calculate the capture andculations, the smaller phase space inherent in reduced-
ionization probability for eight different laser phasgse-  dimensionality calculations increases the wave function
tween 0° and 315° with increments of 45%alues for overlap between the interacting projectile and target, thus
pgap(b,(ﬁ) and PZ (b, ) at arbitrary values forp are ob- resulting in larger calculated cross §echc(fﬁable_ ). How-
tained by spline interpolation. Test calculations using 36 dif-€ve€l, we do not expect that the main conclusions from our
ferent phases with increments of 10° showed no relevarffumerical results for laser-assisted collisigsse beloware

change in the interpolated probabilities. significantly influenced by reducing the dimensionality from
Finally, we integrate oveb in order to obtain total cross 3 {0 2. In particular, reduced-dimensionality results that in-
sections for capture and ionization: dicate a strong relative difference in the capture or ionization
B cross sections between corotating and counterrotating laser-
O%ap: Zﬂ_f dbbPEap(b), (18) assisted collisions are expected to be observable.
0

B. Circular polarization

The presence of the laser radiation during the collision

oh= 27Tf dbbF% (b). (19 process results in an additional dependence of the electronic
0

TABLE I. Comparison of the calculate@educed dimensional-
We note thaPiap(b,qS) andP; (b, ¢) are calculated within a ity) total capture cross sections for field-free collisions with the
two-dimensional model and that effects due to the reduceédxperiment of Gealy and Van Zy27].
dimensionality are disregarded in the integration olen

gﬁa o and g-l‘f) o Electron capture cross section
Il NUMERICAL RESULTS Energy Utc';epm zrﬁ;g‘
. (keV) (1076 cnp) (10%cnmd) Difference
A. Field-free results 1 21.87 16.3+18% 34%
Reduced-dimensionality numerical capture probabilites o 20.04 13.9+17% 44%

for field-free proton-hydrogen collisions have been published
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10+ cap  Plon electric field point in opposite directiong-or these particu-
“m e corotating o lar phases, the field-modified Coulomb potentials of target
o 0 counter-rotating /. \ and projectile are identical &§, and the internuclear axis is
>4 SN / \ Field Free momentarily perpendicular to the laser electric field. This
/ | implies perfect level matching of field-dressed projectile and
061 / g /\ b Average Capture target states and explains the large capture probabilities for

(counter-rotating) ¢=90° and 270° in Fig. &).
To support this interpretation further, we also calculated

\ Average Capture the electron capture probability for@nstantelectric field,
\ / \  (co-rotating) corresponding in direction and magnitude to the laser electric
-0 h: field at timet,, with otherwise identical parametef&ig.
5(d)]. In this calculationg parametrizes the direction of the
stationary electric field. We note that this scenario is some-
what unrealistic, since a constant electric field would deflect
the projectile ion and invalidate our assumption of a straight-

FIG. 4. (Color onling Capture and ionization probability as a line projectile trajectory. Interestingly, however, the depen-
function of the laser phasé at the time of closest approach be- dence On the |aser e|eCtI‘IC f|e|d dll’ECtIOI’] Of the Capture prOb-
tween projectile and target for 1.21-kewH collisions. The impact ~ @bility in Fig. &d) compares well with the dependence in
parameter isb=+4 a.u. and the laser intensity>5102 W/cn?.  Fig. @), thus adding credibility to the importance of energy-
Phase-averaged results for the capture probability differ signifilevel matching between projectile and target states at tjme
cantly for corotating and counterrotating laser-assisted collisions. ~ For the laser phaseg=0° and 180° and positive impact
parameters, the laser force on the electron at tijpp@ints to

dynamics on the laser phask at the time of closest ap- the ta'rgetl or to the projectile, respective{lyice versa'for
proach. Our results for a fixed impact parameter+4 and ~ N€gative impact parametgrsThe mismatch of the field-
laser intensity 5 10 W/cn? for the capture probability as dressed hydrogen energy levels is Iargest at the time of clos_-
a function of  show large amplitude oscillations and differ €St approach, thus strongly suppressing electron capture in
from the field-free results most strikingly fe¥=0° and 180° favor of enhanced |oanat|on fap_:1§30 at positive |mpact
(Fig. 4). They also display a strong dichroism effect—i.e., aParameters and fap=0° at negative impact paramet¢Fsg.
substantial difference in the electron capture probability for(D)]- -
positive and negative impact parameters or, equivalently, for Compared to the laser phase of 270°, Figs) E‘fd 3d)
corotating as compared to counterrotating collisions. show a slightly reduced capture probabilitydat 90°, when

In comparison to the phase-averaged results for the fieldhe Iase_r eI_ectrlc force on the electrontgts antiparallel to
free case, we find that the capture probabilities in both coroth® Projectile velocity. The target electron loss probability
tating and counterrotating collisions are considerably relFigs: ¢) and §d)] does not show this asymmetry, and the
duced. The ionization probabilities depend less sensitively of/9htly larger capture probability fop=270° appears to be
&, and their phase averag@mt shown in Fig. #differ much due to the_ extra _push the ele_ctrqn receives by the laser
less for corotating and counterrotating collisiofositive ~ [0'C€ alto in direction of the projectile motion. In contrast,
and negative impact parameterthan the phase-averaged fpr $=90°, the electron is accelgrated in th_e oppo$|te_d|rec-
capture probabilities. This tendency of weak dichroism in theion by the laser force and is a little more likely to ionize.
ionization probability extends to other impact parameters, as Overall, Fig. a) displays a strong enhancement of the
will be discussed below. In the following discussion, we will €/€Ctron capture probability for negative impact parameters
first focus on the strong dichroism apparent in the C{jlpmrécounterrotatlng collisionsin comparison with for positive

probability, followed by an analysis of the ionization process.MPact parametergorotating collisions with much broader
peaks at$p=90° and 270° for the counterrotating case.

If the laser electric field is oriented perpendicular to the
internuclear axis, both Coulomb potentials are identical and

Figure Ra), shows the electron capture probability as aelectron transfer is most likely. For corotating collisions, the
function of the impact parameter and the laser phader a  relative orientation of the laser electric field and internuclear
laser intensity ofl=5x 103 W/cn?. The electron capture axis changes much less rapidly during the collision time than
probability shows maxima at impact parametbrsx2 and  for counterrotating collisions. At appropriate impact energies
b~ +4.0. Similar structures appear for the field-free captureand impact parameters, this relative orientation is maintained
probability (Fig. 3). They originate in the large wave func- throughout the projectile-target interaction for corotating col-
tion overlap of the corresponding target and projectile statelisions. During the interaction time, which is of the order of
near the point of closest approach. one laser cycle, the projectile and target will then form a

With regard to the dependence on the phase of the rotatinghort-lived quasimolecule. Thus, in conclusion, electron cap-
laser field, the capture probability shows a strong enhanceure is expected to depend sensitively on the laser phase for
ment at¢=90° and 270°, when the force exerted by the lasercorotating collisions.
electric field on the electron at the timyeof closest approach In contrast, for counterrotating collisions, the angle be-
is either antiparallel or parallel to the direction of the projec-tween the rotating electric field of the laser light and the
tile motion, respectivelysee Fig. 1 and note that force and internuclear axis changes rapidly, irrespective of the value of
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FIG. 5. (Color onling Electron capturé€a), ionization(b), and target electron loss probabilii) in laser-assisted 1.21-ke¥H collisions
for a laser intensity of =5x 10' W/cn?. The contour plots show the probabilities as a function of the impact paraimeied the laser
phase¢. The probability difference between consecutive contour lines is 0.125. The top para)s (i), and (c) show phase averaged
results. The side panel {it) shows the impact-parameter average as a function of the laser phase. Capture, ionization, and loss probabilities
as a function of the impact parameter and the laser phase for the caseatitalectric field, corresponding in the direction and magnitude
to the laser electric field at the distance of closest approa¢h),iib), and(c), are shown in(d) for comparison.

¢. Level matching of projectile and target states occurs for aounterrotating electron capture becomes much less pro-
wide range of laser phases, but only for a small fraction ofhounced projectiles if we double the impact velodig,

the interaction time. However, since the time scale of the=4.83 keV).

electronic motion(1 a.u) is about two orders of magnitude  As mentioned earlier, thes dependence in laser-assisted
faster than a laser cycld46.7 a.u, the transient reflection capture cross sections is difficult to resolve experimentally.
symmetry of both Coulomb potentials still lasts long enoughlinterestingly, however, the clear enhancement of the capture
to enable noticeable electron transfer. In particular, at thg@robability in counterrotating over corotating collisions re-
chosen projectile velocityv=0.22 electron transfer to the mains after averaging ovep [top panel of Fig. )] and
projectile is relatively likely, while recapture by the target is may be probed in angle-differential collision experiments, at
suppressed by the rapidly increasing asymmetry between trappropriate projectile velocities.

two laser-modified Coulomb potentials.

For the given projectile speed, this explains the enhance-
ment of capture in counterrotating collisions. For corotating The ionization probabilities in Figs.(B) and §d) show a
collisions, the relative orientation of the laser electric fieldbroad enhancement near90° when the laser electric force
and the internuclear axis is maintained for approximatelyon the electron opposes the projectile motion and for impact
half a laser cycle, and the formation of a transient moleculgarameters arounio=+1.5. A less pronounced enhancement
decreases the probability for the electron to remain in a proin the ionization probability occurs dt~ +6 [Fig. 5b)].
jectile state. In agreement with this explanation, a numerical For corotating collisiongpositive b) and larger impact
test has shown that the capture probability in corotating colparameters, ionization is enhanced at a laser phase of 180°,
lisions is reduced, and the difference between corotating andhile in the counterrotating case a much broader and weaker

2. lonization
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FIG. 7. (Color onling Total electron capture cross sections as a
function of the laser intensity for corotating and counterrotating
collisions. Also shown is the relative differende which is largest
at a laser intensity of & 10" W/cn?.

peek occurs neap=0°. In both cases the laser force on the a-gap+ UEaA
electron points towards the projectile at the time of closest

approach. This explains the signature of enhanced |on|zat|om the total electron capture cross section as a function of the

Isn oFr:?JI;s St(c?)tr?et (vﬁv:I(I)-knaor:/(vjnl(?k?a} Z?:Zsﬁggﬁgg_een:]ﬁgzgggi;Ie}ser intensity is shown in Fig. 7. The difference in the cap-
P 9 re cross section or corotating and counterrotating collisions

ization (CREI) during the fragmentation of diatomic mol- amounts to up to 40% at a laser intensity of 5

c[ezc;;]les in strong laser fields at larger internuclear dlstance>s< 105 W/cn? (Table Il). We consider these differences as

The broadening of the ionization peak for counterrotatingUpper limits for the dichroism effect and expect them to de-

collisions (neaativeb) is identical to the corresponding fea- crease slightly in full three-dimensional calculations, since
ture in the( ng ture )robabilit discussed earligr In thge coro?ln added degree of freedom no longer limits the electronic
P P Y ' motion to the plane in which the laser field rotates.

aing scenario, hle nesr e geL he projectle nove.” Th resuls i Fig. 7 et toal cross secton oy
Iase?electric forces then add to their malximal ossible ma Experimentally, scattering-angle differentiatross sections
: . : : P ) g[and P(b)] can be measured either directly by detecting the
nitude for a relatively long time. The time during which a =~ " . : . .
Iprolectlle scattering angle or indirectly by observing the re-

maximal force is exerted on the electron is much smaller focoil direction of the target. For scattering angles that corre-
the counterrotating case. Therefore, for counterrotating colli- get g ang

sions, the CREI peak aroung=0° is weaker and less com- fspon.d tg it:npart]:t %a}r?]mt_eters v]:/fith the largest circular dicfh.ro'
pressed than the CREI peak in corotating collisionspat 'S.? n '(I), the dic _rmsn;] € _ect |s|more pronounced in
=180°[Fig. 5b)]. The distinctive CREI peak might allow for differential cross sections than in total cross secti@hsFig.

the determination of the actual laser phase in future phasé)'

locked experiments. Averaging over all laser phagege-

Impact parameter b (a.u.)

FIG. 6. (Color onling bP.,, averaged over the laser phase, at
different laser intensities for corotatir{gositive impact parameter
and counterrotatingnegative impact parametgrsollisions.

moves the dichroism effect almost ent”fetpp pane| in F|g TABLE II. Comparison of the total capture cross section for
5(b)]. corotating and counterrotating collisions at different laser
intensities.

3. Laser intensity dependence Electron capture cross section

Intensity
Figure 6 shows the laser phase-averaged results for the (W/cm?) Corotating Counterrotating

weighted electron capture probability.,, at different laser

intensities for corotating and counterrotating collisions. No- 0 78.08 78.08
ticeable differences between corotation and counterrotation 1% 10 72.67 76.47
appear above laser intensities ok 302 W/cn?. The cap- 5x 10" 57.85 70.41
ture probability rapidly decreases for laser intensities above  1x 103 47.53 64.52
1x 10 W/cn?, when ionization begins to be the dominate. 5% 103 26.18 43.74
It is for all intensities smaller than for field-free collisions. 1x 104 4.97 7.63

The relative difference
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IV. CONCLUSION assisted ionization. In conjunction with phase-locked lasers,
. . o this effect may be used in angle-differential laser-assisted
We have shown by numerically solving the Schrodingercqjision experiments in order to select a specific orientation
equation within a two-dimensional model that a significantyf e aser electric field at the time of closest approach be-
dn‘ferenpe in the electron.capture propabllltlé’%p_(b) i tween projectile and target.
corotating and counterrotating laser-assigted collisions is We hope that this work will stimulate the challenging ex-
due to a energy-level matching effect between the target anerimental test of the predicted effects, electron capture di-
projectile states at relevant impact parameters. We thus prenroism, and CREI in laser-assisted collisions. In the long
dict a strong circular dichroism; i.e., we find that captureryn, this may lead to new and more efficient schemes for the
(and to a lesser extent ionizatipprobabilities are different  control of chemical reactions with intense laser radiation.
for parallel and antiparallel laser helicity and projectile an-
gular momentum. _ ACKNOWLEDGMENTS
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