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Left-right scattering asymmetries for electron transfer from oriented
and tilted aligned Na(3p) states to Hn=2,3)
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We present experimental and theoretical results for the spatial pattern of forwardly scattere@,8)(
atoms created by electron transfer from optically prepare@aatoms by 2-keV proton impact. The near-
resonant H(=2) and the endoergic H(=3) channels display dramatically different left-right scattering asym-
metries, varying strongly with the initial polarization of the target. The results illuminate current ideas on the
role of the internal dynamics for transition propensities in the electron transfer process, including a connection
between the collisional behavior of aligned and oriented stf#4950-294{©6)05207-9

PACS numbg(s): 34.70+e, 32.80--t

The control of the shape and dynamics of optically pre-left-right scattering asymmetries.
pared electronic states has enabled a number of studies of Total electron transfer cross sections for Né&ns im-
charge transfer at a very fundamental le\gl Experimental  pinging on circular and elliptic Li Rydberg atoms have been
and theoretical results have recently been obtained in thmeasured at velocitias.>v. [6] and found to be consistent
“velocity-matching region” where the collision velocity, with the velocity-matching argumeii2]. They are also in
ve, and the velocity of the active electrom,, are compa- good agreement with predictions of recent classical trajec-
rable. tory Monte Carlo(CTMC) [7] and coupled channel calcula-
In this context we present results for electron transfeitions[8]. Alignment effects on TCS have been observed in
from oriented and tilted aligned Nap3 states into an extended velocity range for electron capture by sib@ly
H(n=2,3) in H*-Na collisions. These results enable a directand multiply charged ion§10-12 from a Na(3) orbital
comparison of a slightly exoergic and an endoergic electromligned parallel or perpendicular to the collision velocity.
transfer reaction, the population of k&2) and Hh=3),  The experimental trends are well reproduced by semiclassi-
respectively. Strongly contrasting left-right asymmetries arecal coupled channel and CTMC calculatiof®-15]. They
observed in the plane of scattering from an oriergestate, show that for velocities above the matching velocity
as well as from a “dumbbell”’-shapegd orbital tilted by an  [ve=0.47 a.u. for Na(®) from the virial theoren electron
angle with respect to the incoming proton beam, and ardéransfer is strongly favored for p orbital initially aligned
interpreted using coupled channel calculations. The role oparallel to the collision velocity. A simple model based on
orbital orientation, i.e., the sense of circulation of the activethe overlap of the relevant target and projectile wave func-
electron around the atomic core, is discussed in terms dfons in momentum spadd4] reproduced this dependence
general models, particularly the velocity-matching argumentvell for He?* [10] (though not for G+ [11]). This supports
of Kohring et al. [2] and the propensity rule for orientation an interpretation of the orbital alignment effect as a kine-
explored by Nielseret al. [3]. The relationship between the matical effect at velocities abowe, .
alignment and orientation effects, as recently proposed by Previously, angular resolved scattering patterns for quas-
Machholm and co-workerf4,5], is discussed. iresonant, state-selected electron transfer in collisions be-
Two types of observables are relevant for the investigatween H" [16,17, He™ [18], Li * [18], and K™ [19], and
tion of the role of alignment and orientation in electron trans-an optically prepared Naf8 target have been measured.
fer from prepared electronic states: total cross sedfi@S)  The DCS for velocities smaller than, revealed strong spa-
and angular differential cross sectiodBCS probing, e.g., tial anisotropies. A complete density-matrix determination
for each reaction channel as a function of the scattering angle
# enables a very sensitive test of the¢2g].
*Present address: Niels Bohr Institutérs@d Laboratory, DK- We report an angular resolved experimental and theoreti-
2100 Copenhagen, Denmark. cal study of the reactions
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FIG. 2. Reduced differential cross secti@(0) sinf versus scat-
tering angled (a), (b) and semiclassical probabilitig®(b) versus
impact parameteb (c), (d) for electron capture into H(=2) (a),

() and Hnh=3) (b), (d) from an aligned Na(B,s) orbital, for
left-right scattering and for left-right passage of the projectile, re-
spectively, as shown schematically. (a) and (b), experimental
data(dot9 and theoretical datdine) are compared, as discussed in
the text.

FIG. 1. Reduced differential cross section$6)sind versus
scattering angl® (a), (b) and semiclassical probabilitiéyb) ver-
sus impact parametédr (c), (d) for electron capture into H(=2)

(@, (c) and Hh=3) (b), (d) from a Na(3P_,) state for left-right
scattering and for left-right passage of the projectile, respectively
as shown schematically. (@) and(b), experimental daté&dotsg and
theoretical datdline) are compared, as discussed in the text.

H* +Na(3p)—~H(n=2)+Na", AE=-0.36 eV (1)  Neuytral atoms are scattered forwardly in a very narrow cone,

6<<0.2°, and are detected with a position-sensitive device.
H*+Na(3p)—H(n=3)+Na", AE=+152 eV (2) The density-matrix elements are extracted from a Fourier
analysis of the scattering pattetd(6,¢), where the azi-
at the impact energg=2 keV orv.=0.28 a.u.AE is de- muthal angle¢ identifies the collision plane for each event
fined as positive for an endoergic reaction. By means of aletected[16]. The Na(3_;) and Na(3,s) initial orbital
circularly or linearly polarized laser beam incident perpen-geometries chosen here provide complementary information
dicular to the ion beam, a Naf3 state is prepared as an on the scattering process, respectively, the imaginary and the
oriented state, Na(8.,), labeled by the angular momentum real parts of the coherence terms of the density maté}.
projectionm;= + 1 according to the sense of rotation of the = The theoretical results are based on the coupled-channel
valence electron around the atomic core, or an aligped impact parameter method using a straight-line projectile tra-
orbital tilted by an angley=45° with respect to the beam jectory. The electronic wave function is expanded on a 36-
direction, in the following denoted by Nap3s). At the col-  state atomic basis including electron translational factors and
lision energy chosen, the two reactions are of comparabldescribes adequately the reaction channels under consider-
magnitude, and they exhibit opposite TCS alignment effectgition. The differential cross sections are obtained from the
[21]: electron transfer to H(=2) is favored for an orbital semiclassical probability amplitudes by an eikonal transfor-
initially aligned parallel to the proton velocity, and to H mation[22,25.
(n=3) for an orbital aligned perpendicular to the proton We present the data in the form of reduced differential
velocity. For reactiorf1) differential cross sections measured cross sectionsy(6)sing, for H(n=2) and HH=3) scatter-
for scattering from an oriented stdtE6] compared well with  ing in the orbital plane of an oriented Ng§3,) state(Fig.
coupled-channel calculations using a basis of atd2@ or 1) and a Na(P,s) aligned orbital(Fig. 2). The experimental
molecular orbitald5]. Orientation effects were found to be results are compared to the theoretical results convoluted
consistent with the predictions of the velocity-matching con-with the apparatus function, and are normalized using the
cept. Polarization effects for this system have also been dissalculated TCS for electron capture from a Ns)3arget,
cussed in the frame of the asymptotic theory for charge trandaking into account the effective fraction of excited states,
fer [23]. a=0.40. The angular collimation of the ion beam is
In the experiment an ion beam, a Na atom beam, and a4 §=0.04° full width at half maximum. The corresponding
laser beam with an electro-optical modulator cross each othesemiclassical probabilities as a function of impact parameter
at right angles; for details, s¢&6] and[24]. Time-of-flight b are shown for comparison.
spectroscopy enables separation of chaniglsand (2). Figures 1a) and Xb) display the reduced DCS for reac-
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tions (1) and(2) for scattering on a Na(3_,) state. It shows vﬁ
a left-right asymmetry with a preferred scattering to the right (AE+ 7)
for both processeél) and(2). The experimental and calcu-
lated DCS agree reasonably well. It is therefore instructive tavhere the+ signs refer to left- and right-side trajectories,
address the corresponding semiclassical probabilities for thespectively, at large impact parameterdm=ms,,
two reactions, Figs. (t) and Xd). They show a very differ- —m;,;;i5 is the preferred change of electron orbital angular
ent behavior: electron transfer to m€2) is strongly fa- momentum projection on a quantization axis perpendicular
vored for a left-side trajectory for which the incoming pro- to the collision plane, and is the effective interaction
jectile ion and the target electron have velocities in the saméength. At 2-keV proton impact energy, the effective energy
direction, in agreement with the velocity-matching conceptdefects AE+v2/2) for reactions(1) and (2) are equal to
Transfer to HA=3), however, is favored for a right-side 0.73 eV and 2.61 eV, respectively, i.e., the quasiresonant
trajectory, for which the ion velocity and the orbital velocity character of reactiofil) remains and the endoergic character
point in opposite directions. of reaction (2) is enhanced. For capture into
Figure 2 displays similar results, but now for scattering onH(n=3), where the process is favored for a right-side tra-
a Na(3,) tilted orbital. The overall agreement between theJectory, criterion(3) predicts a preferred change of orienta-
experimental and theoretical observables is again reasonadl@n Am>0. The present result for electron transfer from the
for the dominant features, although oscillations seen in th&/a(3p-1) state is consistent with this prediction, since sev-
measured DCS are not reproduced in the calculations. gral final states witm;>—1 are accessible. Indeed for this

shows an even more pronounced left-right asymmetry, with é)rocesfs, ﬂominance of Na(>3|1)I—>H(3pf+ 1) 'ar;nd H(3s) is
preferred scattering to the left for electron transfer to'ound in the state-to-state calculations for right-side trajecto-

H(n=2) (a), and to the right for electron transfer to ries, corresponding tam=+2,+1, in agreement with the

H(n=3) (b). The corresponding semiclassical probabilities,prOpenSIty criterior(3).

Figs. 20) and Zd), again show a very different behavior: (i) The second conclusion addresses a possible relation-
gs. » ag ) y " ship between the collisional behavior of aligned and oriented
electron transfer to H(=2) is strongly favored for a left-

. . ) : states. We observe that from both a Np(3) and a Na
S,'de tr_ajecto_ry while transfer to iE=3) is favored for a (3p4s) initial state, electron transfer to HE2) is favored
right-side trajectory.

) ] ) for a left-side trajectory and electron transfer tonH3) is

We point out that when comparing Figs. 1 and 2 thegaygred for a right-side trajectory. This behavior can be re-
strong left-right asymmetry shown in the similar looking |ated to results obtained by Machholm and Courbin in a
semiclassical probabilitieB(b) clearly prevails in the DCS  theoretical study of the time evolution of the valence electron
for capture from the tilted orbitalFig. 2), but is strongly  density and current along the trajectory for 1-keV'ii
attenuated for capture from the circular stéfég. 1). We  Na(3p) collisions [4]. In their study, a Na(B,s) orbital
have recently observed a similar behavior for thegradually acquires aegativeorientation, induced by the ap-
He™,Li*-Na(3p) systemdq18]. proach of the projectile ion both for a left- and a right-side

We turn to the interpretation of these results in terms oftrajectory. The opposite left-right asymmetries found for re-
general models, using the semiclassical probabilities. Twactions(1) and(2) [Figs. Zc) and 2d), respectively for an
main conclusions can be drawn: initial Na(3p4s) orbital may thus be correlated with the simi-

(i) The first one addresses the role of orbital orientationlar asymmetries found for the Nag3,) initial state[Figs.
For the quasiresonant electron transfer from a fa(3  1(c) and Xd)]. This dynamical process which invokes a re-
state to HO:Z)' the process is favored for a left-side tra- |atI0nShIp betWeen the E.ilignment and Orien.tation effect is
jectory, in agreement with the velocity-matching concept.distinct from the kinematical model for the alignment effect
The state-to-state calculations predict a dominant charggt Velocities above, formulated in terms of momentum

transfer from the Na(8_,) state into H(D_,) at large im-  SPace wave-function overlgad]. - _
pact parameters. This prediction is analogous to the In conclusion, left-right scattering asymmetries have been

3p_,—3p_, preference found in Na-Na(3p) resonant _observed for the production of HE 2) and HH=3) atoms
electron transfer, where the velocity-matching criterion wa n e3|ectron transfgr. from adtarg.et n thel N?‘B’T) or led
related to the role of the electron translational factors in the ﬁ(nﬁ“ﬁ’) sta}e, Iar;i r:nterp_}rﬁ te unS|r|19 iseml;: afﬁ Ica Icf(?rri) Et_
theoretical descriptiof26]. Recent CTMC calculations with channel  calculations. € analysis o e letrg

N i ¢ stat d litatively feat fscattering asymmetries reaffirms the *velocity-matching”
a a(a:’il) arget state reproduce gualitatively leatures 0concept for quasiresonantprocesses, and the orientation
the left-right asymmetries observed h¢gs].

; propensity criterion, Eq(3), for nonresonanprocesses. The
For the endoergic electron transfer from a Na(3) staté  correlation noted between the alignment and orientation
to H(n=3), the process is, in contrast, favored for a right-effects supports the interpretation of the role of orbital align-
side trajectory, corresponding to projectile and electron vement as a dynamical effect far,<v,. In this paper we
locities having opposite directions. For a nonresonant propaye concentrated on the NaI(3,) and
cess, one should compare with the orientation propensitia(3p,s) scattering geometries. Results for the complete
criterion[3]. In its simplest form, it predicts that at velocities density-matrix determination for reactiori$) and (2), in-
ve near the maximum of the TCS for a specific electroncluding the initial-state aligned parallel and perpendicular to
transfer process, the following criterion is satisfigdatomic  the ion-beam direction as well as state-to-state semiclassical
units): results and CTMC calculations will be presented in forth-

a
—*+*7Am=0, 3
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coming papers. Experiments aiming at final-state identifica- The authors thank Michel Barat for stimulating discus-
tion in TCS and DCS measurements are also under develogions and a critical reading of the manuscript. The collabo-
ment[28]. Further systematic studies of a broader class ofation was supported by a Human Capital and Mobility net-
collision systems over a wider range of collision velocitieswork grant.

are desirable to explore the limits of the present models.
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