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Unexplained features of capture and ionization for ior-aligned-Rydberg-atom collisions
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Observed but unexplained features, namely, oscillations in the capture cross sections and an unexpected
increase in the ionization cross sections at lower velocities, are discussed using classical trajectory Monte Carlo
simulated results for ion—aligned-Rydberg-atom collisions. The initial alignitmestO, 1, and 2 dependence
of the cross sections shows evidence of “capture through quasimolecular ion formation,” identified as the most
likely cause for the oscillations. Spatial overlap, in addition to the velocity matching mechanism, is shown to
play an important role in the collision process. The unexpected rise in the ionization cross section toward lower
reduced velocities is explained qualitatively in terms of the multiple encounter iédaimal and Tripathi,
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INTRODUCTION action and the competition between the final capturing states
[5] are also thought to be likely causes for these structures.
The study of ion—Rydberg-atom collisions is still a chal- Although there are several explanations, a precise under-
lenge for theorists as well as experimentalists, owing to itstanding of these fine structures has yet to be made transpar-
significant ~ characteristics.  Theoretically, = quantum-ent.
mechanical calculations are quite cumbersome due to the Classical calculationgthe classical trajectory Monte
proliferation of a large number of channels, and thereforeCarlo (CTMC) simulation, for examplE reproduce these
more attention has been focused on alternative classical atructures4,5]. It therefore becomes imperative to investi-
semiclassical methods. Experimentally, the selective fieldjate plausible physical processes in the classical perspective
ionization technique[1], normally used in ion—Rydberg- responsible for them. The velocity of the projectile being low
atom experiments, is not adequate to resolve densely popirn comparison with the orbital electron velocity, the active
lated states, and needs further experimental sophisticatiorlectron has a chance to move under the influence of both
Recent experimental developments; in particular, improvechuclei for an appreciable time. This leads to a trembling
laser-optical pumping techniques, stimulated collision studmotion of an active electron, resulting in a multiple encoun-
ies with the selective Rydberg stafds-4]. This allows one ter (or swapping with the projectile more than once. This
not only to control the initiah and| quantum numbers, but was effectively confirmed by us in our earlier wofk],
also the magnetic substate The understanding of the role based on the multiple peaks appearing in the findistribu-
of m in Rydberg-atom collisions is an appealing area fortion of the capture cross sections. This situation may also be
investigation both at low as well as high velocities. Thewell described by a configuration having an active electron
alignment dependence of the charge exchange process imthe field of two ions visualized better as a “quasimolecular
Rydberg atoms has been explored msbe, e.g., Ref§4], ion,” with their internuclear separation varying in tinh&2].

[5]). lonization[6], however, is less studied. The active electron of this transient quasimolecule undergoes
The unexpected oscillations in the charge transfer, excitaseveral oscillationgor swapping before decaying into dif-
tion, and ionization cross sections at low velocities recentlyferent final channels. This prolonged interaction may finally
drew the attention of both theorists and experimentalist&nd up in capture, excitation, or ionization channels depend-
[4,5,7-11. It is now clear that these structures are real, buing upon other kinematic conditions. The competition be-
the controversy regarding their genesis and whether they camween these final channels very likely leads to an oscillation
be explained on the basis of classical mechanics or haveia the respective cross sections. Therefore, “capture through
purely quantum mechanical origin still persists. From thequasimolecular ion formation” is identified as another chan-
quantum-mechanical viewpoifif], these oscillations appear nel of capture in addition to other capture mechanisms, i.e., a
to be due to the phase interference between inelastic quasihomas double scattering type, mechanism, an

molecular channels. In the classical model, on the otheOppenheimer-Brinkman-Kramer mechanigsan momentum
hand, these effects have been explained to arise due to panatching mechanisima knock-on-capture mechanism, etc.
tially resolved contributions of one, three and higher odd It has been found that “capture through QMI formation”
swap processdd] (A swapping process or multiple encoun- can be understood better through studies of alignment-
ter may be considered as the classical analog of the quanturdependent collisions. An electron orbit aligned perpendicu-
mechanical interference phenomen@rd]). An intermediate larly to the projectile motion is a situation in which the con-
state of a quasimolecular id@MI) formed during the inter- dition for the possibility of QMI formation is almost
negligible. On the other hand, in a parallel geometry the
probability of forming a quasimolecule is the greatest, as the
*Present address: Fakiltdlr Physik, Universita Freiburg,  projectile moves in line with the target electron throughout
79104 Freiburg, Germany. Email address: perumal@uni-freiburg.déhe collision time. Thus structures appearing in the capture
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cross sections due to QMI formation may well be ascertained X (a)
based on the results obtained separately for these two geom- L
etriES. Projectile

The main objective of the present work is therefore to ——«——
ascertain the reality behind this type of capture process. In ___ |
addition, it also aims to explain the unexpected rise in the
ionization cross section at low reduced velocities that ap-
pears to be an amazing phenomenon. The increases in cap-
ture and ionization cross sections in the perpendicular geom- ————
etry could not be understood in terms of normally known
processes; therefore, they ought to be investigated. The
cross-section ratio between the two orientations are also de-
termined to obtain further insight into the different mecha-
nisms involved in the capture and ionization processes.
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THEORETICAL METHOD (b)

We have used the classical trajectory Monte Carlo simu- A X
lation method to study these processes. The collision system

. SRS Projectile
chosen for the present investigation is

Na"+Na(n=28)=2m=0,1,2—Na(n’l’)+ Na'.

The velocity of the projectile is varied from* =0.2 to 2.0 —
(Wherev* =v,/ve, v, is the projectile velocity, and, is L
the target electron’s velocity The details of the CTMC SN z
method were given in our earlier pagéi; only significant
changes are discussed here. The initial orbital quantum num-
ber | is specified from the classical angular momentlym
=rxk and the condition<I.<I+1, wherer andk are the
position and momentum vectors of the electron relative to y
the target core, respectively. For the preparation of the initial
m states, we have introduced the following binning proce- FIG. 1. Schematic diagram of the collision geometay.Paral-
dure. Instead of generating randomly oriented Kepler orbitslel geometry n=0). (b) Perpendicular geometryn(=2).
the classical values of orbital angular momentum and orien-
tation were selected by the condition only an edge view of its orbit. Hence at lower impact param-
eters the projectile would be able to significantly perturb the
electron, particularly if both of them are on the same side of
' the target nucleus, paving the way for an easy transfer of the
electron[13]. Consequently, because of velocity matching,
wherel and m are orbital and magnetic quantum numbers,the probability of charge transfer should increase quite sig-
respectively; the corresponding classical values chosen in th#ficantly. Interestingly, this is also a situation to be very
calculations are labeled by the indexThis m-selection pro- likely seen in a quasimolecular ion. In the case of perpen-
cedure is, in fact, a continuation the previous procedures diglicular geometry, the orbital angular momentum vector of
cussed in Refd.13] and[14]. This binning procedure repro- the active electron is aligned with the incoming projectile’s
duces the correct quantal distribution wf within the n, trajectory. This provides the projectile with a full view of the
sublevels. The two alignments mentioned above, that haventire electron orbit. The velocities of the electron and the
been particularly chosen in the present work, are parallgprojectile being perpendicular to each other, the possibility of
geometrym=0 (in which the electron orbit is aligned paral- Vvelocity matching is ruled out. The formation of a QMI in
lel to the projectile motionand the perpendicular geometry this situation is therefore also not a favorable process. As a
m=2 (in which the electron orbit is aligned perpendicular to result, for this dynamical condition the cross sections should
the projectile direction(see Fig. 1 The calculations for the be more or less bereft of any prominent structure in it.
m=1 case were also performed for the sake of complete- Interestingly, in accordance with the arguments given
ness. 10 trajectories were calculated for eaolf, which ~ above it has been notésee Fig. 2that structures in the total
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resulted in statistical errors of less than 3%. capture cross sections, which are quite obvious in the case of
parallel geometry, are almost lost in the background in the
RESULTS AND DISCUSSION case of perpendicular geometry. It may therefore be inferred

that a quasimolecular ion formed as an intermediate state,
In the case of parallel geometry, the projectile moves inike a resonance state, provides one of the most plausible
the direction of the active electron and, therefore, “sees’mechanisms for the structure arising in the capture cross sec-
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FIG. 2. Charge-transfer cross sections from the initiatl 24 0.0 0.5 10 13 20 23 30
Rydberg state withm=0, 1, and 2. Reduced Velocity

tions in this low-velocity regime. Further, the velocity FIG.. 3. lonization cross sections from the initial2&Rydberg
matching condition being weak, the capture cross section jftate withm=0, 1, and 2.
the case of perpendicular geometry should be less as com-
pared to that of the parallel geometry. However, the resultyelocities (<0.35. In clear contrast to this behavior, cross
are contrary to this inferendsee Fig. 2 This indicates the sections in the case of parallel geometry at lower as well as
presence of an altogether different physical process beingigher velocities are larger than the perpendicular geometry,
responsible for the capture rather than the velocity matchingvhich is explained by the prevalence of the velocity match-
mechanism. Careful analyses of the present results of th@g process.
capture cross section reveal the “spatial overlap mechanism” Alignment-dependent ionization cross sections have also
as the most plausible cause of this charge-transfer procedseen calculated, and significant features nasse Fig. 3.
An orbital overlap in thex space of the electron cloud and Similar to the capture process, the ionization cross section
the projectile trajectory will enhance the charge-transfer proalso increases with an increase in the valuemofA peak
cess even if the velocity matching condition is reasonablyappears at* = 1.3, irrespective of the initial value of. The
weak[15]. The reason for inferring a spatially selective cap-cross sections at* = 1.0 for allm states are the same, show-
ture mechanism is that for low+ values there is an appre- ingindependence from the alignment. At low reduced veloci-
ciable probability of the target electron residing between thdies, the cross section fon=0 dominates that ofn=1 and
target nucleus and the approaching ion, with the result tha whereas, at higher reduced velocities, the cross sections for
the electron may orbit both nuclei during the slow collision.m=0 and 1 are almost the same and are less than that of
However, for largem’s there is little chance of the electron m=2. The most intriguing aspect of the ionization cross sec-
ever spending time upstream, because the plane of the eleton is its unusual rise at low. This unexpected behavior
tron’s orbit is approached nearly face on. If velocity match-was also observed by Homah6], but he did not put forth
ing plays a role in these collisions of aligned states, onany reason for its occurrence. In our analysis, we find that
would expect that for largem values the capture cross sec- the multiple interactions of the active electron with the pro-
tion would decrease, contrary to the results shown in Fig. 2jectile (swapping enhance the ionization probabilit§]. The
It is therefore concluded that spatial overlap provides anotheglectron, after suffering multiple interactions, may end up in
channel in ion-atom collisions, leading to the capture of aran excited state of either the projectile or the target, or may
electron. move away from the cores and leave them ionized. This
It may also be noted from Fig. 2 that at =1.0, the implies that a similar structure appears in the respective cross
capture cross sections from the three initial states,mviz sections of all three process@spture, ionization, and exci-
=0, 1, and 2, are the same, revealing the fact that alignmeration). Interestingly enough, similar oscillating structures
does not affect the cross section at the velocity matchingvere very recently observed in RdR] in the ionization
point. As the velocity increases beyond = 1.0, the cross cross section for BE-H collisions, and in the case of
section in the perpendicular geometry decreases rapidly ade’*-Li by us in our recent pape8]. It was shown that
compared to the parallel geometry. This is because, the spascillations in the ionization cross sections very much re-
tial overlap decreases with the increase in velocity. This issemble the oscillations appearing in the capture and excita-
supported by the fact that the same trend is noted at loweiion cross sections.

042709-3



A. N. PERUMAL AND D. N. TRIPATHI PHYSICAL REVIEW A 64 042709

1.2 Ip—
[ —&— MacAdam et al || F = —e— Wormann et al- Capture |
—a— CTMC 4 L —&— CTMC - lonization
1.2 -
11 F
L 1.0 -
1.0 - 3
~ ©
i 0.8 -
© L
09 -
0.6 |-
08
0'4>lllIIIklllll\l;ll\lllllklklll
0.0 0.5 1.0 1.5 2.0 25 3.0
0.7 e b b e b s nen b Reduced Velocity
0.0 0.5 1.0 1.5 2.0 2.5 3.0

FIG. 5. The cross-section ratimot the adjusted onebetween
the perpendicular and parallel geometry for the capture and ioniza-
FIG. 4. The capture cross-section ratio between the perpendicdion along with the results of Ref3].

lar and parallel geometry is plotted along with the experimental_ 0.i . . .
; - ! =2.0, it again increases, which can be understood in terms of
results of Ref[17]. (The CTMC result is adjusted according to the 2 g

experimental situation to have a better comparison, see the te)'%pe double encounter meChamS(me Thomas double en-
. ' counter proces§18]). Evidence of the Thomas double en-
details)
counter process was reported recently by Wang and Olson
[19] at such low velocities, manifesting a double-peak struc-
In order to understand the mechanisms involved in theyre in differential cross sections for ion-orientated Rydberg
capture and ionization processes further, we have determinedom collisions.
the cross-section ratio between the two orientations The ratio of the pure CTMC capture and ionization cross
(oper/ opa). The dependence of this ratio on the reducedsection(not manipulatellare also plotted separately in Fig. 5
speed has been compared with the experimental results gfong with the capture cross section ratio of R&f. The
Refs.[17] and[3] (see Fig. 4 The results of Ref.17] con-  capture ratio shows an excellent agreement with the experi-
tain a mixture of different sublevels; parallel polarization is amental result of Ref[3]. Oscillations between 1.0 and 1.6
mixture of 40%m;=0 and 60%m;=1, and perpendicular have been nicely reproduced in the present work; however,
polarization is a mixture of 10%, 30%, and 60%mf=0, 1,  the magnitudes differ slightly in both results. The small
and 2, respectively. In addition, the results of R&f7] show  peaks at 1.2, 1.5, and1.6 are also visible in the experimen-
the average alignment effect of the projectiles Bnd N&  tal results, thereby giving credibility to the present work. The
and target®i=21, 24, and 28, whereas the author of R8f.  cause of this structure is not clear, and in our opinion it may
used Af as the projectile and targets nf=21—28.(Note  be due to the quasi-Thomas double-scattering mechanism
that we have used Naas the projectile and target states of proposed by Wang and Ols¢h9]. Wang and Olson reported
n=28). The present CTMC results have been manipulated ira double-peak structure in the differential cross section at
the light of the above experimental situation, in order to ob-p* =1.5, and suggested the quasi-Thomas double-scattering
tain a meaningful comparison with the experimental results(QTDS) mechanism to be the reason for it. The present work
The CTMC results in the case of capture are in excellentiso reports the same kind of oscillation nedr=1.5, and
agreement with those of MacAdaft7]. The alignment ef-  therefore analogously a QTDS mechanism is identified as the
fect is very much evident from the calculated and measuredause of it. It is also interesting to note that these oscillating
ratio betweernv* =0.5 and 1.0. The present as well as thestructures appear in the ionization cross section ratio within
MacAdam'’s value of this ratio increases with an increase othe same range of reduced velocities.
v*, and reaches a maximum @t ~0.65. In this phase, the In the case of ionization, the cross-section ratio increases
role of spatial overlap dominates the velocity matching con-exponentially in the low-velocity region, and reaches a maxi-
dition. With a further increase ob*, the ratio declines mum at around 1.2. A small oscillation found in the low-
monotonically as a consequence of a decrease in the spatialocity regime may result due to the multiple interaction of
overlap. Atv* ~1.0, the ratio is almost unity, showing no the electron with the target and projectile cores. &t
effect of alignment at this particular velocity. Beyomnd =1.0, the ratio becomes unity, which is very similar to the

Reduced Velocity
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case for capture, indicating its independence from the aligneounter model. The cross-section ratios for the two orienta-
ment effect at the velocity matching point. The ratio declinestions clearly indicate the velocity region in which the differ-
sharply in its magnitude beyond =1.2. As far as we know ent capture mechanisms are involved. We believe that the
there are no experimental results available to compare witpresent work will stimulate experimentalists toward further
this ratio. work in this direction.
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