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Classical trajectory Monte Carlo calculations of electron capture and ionization in collisions
of multiply charged ions with elliptical Rydberg atoms
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We have performed classical trajectory Monte Carlo studies of electron capture and ionization in multiply
charged (Q<8) ion–Rydberg-atom collisions at intermediate impact velocities. Impact parallel to the minor
and to the major axis, respectively, of the initial Kepler electron ellipse has been investigated. The important
role of the initial electron momentum distribution found for singly charged ion impact is strongly diminished
for higher projectile charge, while the initial spatial distribution remains important for all values ofQ studied.

PACS number~s!: 34.60.1z, 34.70.1e
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The use of coherent elliptical Rydberg states in ion-at
collision studies~for recent papers on the subject cf.@1–3#
and references therein! has not only aided the intuitive un
derstanding of the interaction dynamics, it also illumina
the roles of the momentum and the spatial distributions
the target electron states. In classical terms, themomentum
distribution can be widely varied simply by changing th
eccentricity« of the Rydberg ellipse without affecting th
energy of the state. In particular, for impact perpendicula
the major axis of the ellipse, the capture cross section
plays a maximum ifvp ~the perihelion electron velocity! is
parallel and equal to the projectile velocityv; this is believed
to be due to the matching electron momenta in the ini
target and the final projectile state. In contrast, the role of
spatial distributionbecomes most clearly visible if the im
pact velocity vector is adjusted perpendicular to the mi
axis of the Rydberg ellipse; in this case, the electrons can
located either between the approaching ion and the ta
nucleus ~‘‘upstream geometry’’! or behind the targe
nucleus, as seen from the projectile~‘‘downstream geom-
etry’’ ! without otherwise changing the momentum distrib
tion of the Rydberg state~i.e., its angular momentuml and
the principal quantum numbern). The capture cross sectio
in both cases turns out to be quite different: it is much lar
in the upstream case as compared to the downstream
apparently, in the corresponding region of parameter sp
the spatial characteristics of the initial state determine
outcome of the collision. These investigations have so
been restricted to collisions with singly charged ions. R
cently, however, it has become possible to employ such
gets in studies involving multiply charged ions@1,4#. In an-
other context~electron capture by multiply charged ions
the presence of an external magnetic field! we have found
indications @5# that for increasing projectile chargeQ the
distortion of the initial state increasingly dominates the
fluence of different target electron distributions. We ha
therefore performed an exploratory study of such system
which a spatially oriented Rydberg atom collides with a m
tiply charged ion. This is the topic of this paper.

We employ the classical trajectory Monte Carlo~CTMC!
method, which is quite useful in particular for the descripti
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of quantum-mechanically complex systems, giving a go
qualitative and often fairly quantitative agreement with e
perimental data~for more recent applications to the study
Rydberg atom collisions cf., e.g.,@1–3#!. Structureless ions
of chargeQ between 1 and 8 collide with Rydberg targ
atoms with nuclear chargeq51 and principal quantum num
bern525. The geometry is chosen such that the direction
impact is perpendicular to the angular-momentum direct
of the Kepler ellipse. Specifically, two cases are studied:~i!
impact is parallel to the minor axis, thus allowing one
study the velocity matching phenomenon, and~ii ! impact
parallel to the major axis, showing the effect of the spa
orientation of the target electron~‘‘upstream-downstream
asymmetry’’!. A useful quantity characterizing the electro
orbit is the ~generalized! eccentricity«56A12( l /n)2. In
case~i!, the 1 ~2! sign identifies orbits with the perihelion
velocity vp parallel ~antiparallel! to v; in case~ii ! it charac-
terizes the upstream~downstream! geometry. The impact ve
locity v is scaled by 1/n, the velocity of a circular Rydberg
state, i.e.,V5vn51 in this case; the number of MC cycle
was adjusted to obtain statistical uncertainties of less t
5%. Care has been taken to assure that the projectile s

FIG. 1. Eccentricity-dependent capture cross sections/Q for
impact velocityV51.66 ~in units of the circularn525 Rydberg
electron velocity! and different projectile chargesQ. Impact is par-
allel to the minor axis. For the initial state, velocity matching
obtained at«510.47.
©2000 The American Physical Society01-1
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sufficiently far from the target@approximately 3.53105

atomic units~a.u.!# to correctly describe the initial part of th
trajectory; in view of the long-range Coulomb potential a
the known sensitivity of Rydberg states tol ,m changing pro-
cesses, this is critical particularly for higher project
chargesQ ~see also below!.

(i) Impact parallel to the minor axis.Figure 1 shows the
eccentricity-dependent charge-capture cross sections/Q for
V51.66 andQ ranging from 1 to 8. Velocity matching is
obtained at«510.47; at lowQ, the cross section display
the well-known behavior with a pronounced maximum

FIG. 2. Eccentricity-dependent capture cross sections/Q for
impact velocityV51.66 and different projectile chargesQ. Impact
is parallel to the major axis;«.0 (,0) corresponds to the up
stream~downstream! geometry.

FIG. 3. Charge-capture cross sections (Q58) for ~a! upstream
su and ~b! downstreamsd geometry; the eccentricity«560.96.
The respective ionization cross sections are also given.
05070
t

this eccentricity and a deep minimum for negative eccentr
ties that characterize a strongly elongated Kepler ellipse w
v antiparallel tovp. For increasingQ, this structure is soon
washed out; while it is still noticeable forQ52 and 4, al-
most any trace of the minimum has disappeared forQ58.
Inspection of electron trajectories during the approach of
projectile ion reveals the reason: as expected, the long-ra
Coulomb force distorts the original Kepler ellipse already
quite long distances. This distortion is quite regular, and
minds one of a Stark effect. Indeed, a simple estimate c
firms this: for Q58, an electric-field strength of 5 V/cm
~i.e., of the order of the fields applied to the collision regi
in the experiments@1#! is attained at approximately 105 a.u.
This initial-state effect might be reduced in the experime
by applying a strong field in the target region; however, t
result also illuminates an inherent weakness of the CTM
approach: the slow rise of the electric field may ‘‘in reality
induce adiabatic transitions between the many Rydb
states that would be populated differently in the classi
calculation. This distortion of the initial state becomes qu
severe at distances below 104 a.u., i.e., corresponding to sev
eral revolutions of the Rydberg electron about its nucle
therefore, it is to be believed that the washing out of t
cross-section structure is indeed a real effect. Finally,
may add that also the impact-parameter dependence o
capture probability reflects the signature of this effect. Wh
for Q51 and «510.47 ~the velocity-matching situation!
the capture probability is rather concentrated about the p

FIG. 4. Impact-parameter-dependent probabilities of capture
ionization: ~a! upstream geometry,~b! downstream geometry. Im
pact parameterb in atomic units; impact velocityV51.5; projectile
chargeQ58.
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helion position@6#, it is nearly symmetric aboutb50 ~the
position of the target nucleus! for Q58.

(ii) Impact parallel to the major axis.Figure 2 shows the
eccentricity-dependent charge-capture cross sections/Q for
V51.66. As in the case of singly charged projectilesQ51
@2#, the cross section for multiply charged ions (Q52, 4,
and 8! is much higher for the upstream geometry as co
pared to the downstream geometry. For a more deta
study we choose«560.96, corresponding tol 57. This
creates quite elongated states that are not too nonclas
~low l ). Figure 3 shows forQ58 the cross sections fo
upstream (su) and downstream (sd) geometry, respectively
including the contributions of the various ‘‘swaps’’ to th
capture cross sections. A swap has been defined as a pa
of the electron through the midplane between projectile
the target nucleus@7#; note, however, that for asymmetr
collisions (qÞQ as studied here!, this plane has to cut the
connection line between target and projectile nucleus at
saddle point of the two respective Coulomb potentials@i.e, at
a distanceR/(11Aq/Q) from the projectile, withR the dis-
tance of both nuclei#. In view of the discussion in case~i!
above, the strong upstream-downstream asymmetry see
these data is at first glance somewhat surprising. Again,
spection of the electron trajectories sheds light on this po
the slowly increasing electric field of the approaching p
jectile causes a distortion and precession of the Kepler
lipse, in general not strong enough, however, to revert
upstream into a downstream geometry andvice versa. There-
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fore, upon the approach of the projectile into the actual cl
interaction the electron is still mainly fore or aft, respe
tively, of the target nucleus, thus qualitatively preserving
role of the initial spatial distribution of the electron; interes
ingly, even three-swap and higher-swap processes can
be discerned. The qualitatively different behavior ofsu and
sd beyondV51.5 is associated with differently rising cros
sections for ionization; in case of the downstream geome
it sets in at considerably smallerV values as compared to th
upstream geometry. This is further clarified by the respec
impact-parameter dependencies@Figs. 4~a! and ~b!#: In the
upstream situation, charge-exchange extends out to fa
large distances and ionization is still weak; in the dow
stream situation, the maximum charge exchange probab
is of the same order as in the upstream case; however,
limited to much smaller impact parameters, and ionization
already quite strong.

To conclude, our analysis shows that for impact of m
tiply charged ions of intermediate velocities the role of t
initial electron momentum distribution becomes weaker
increasing projectile charge. This is due to the strong per
bation of the initial state by the approaching ion that induc
pronounced changes in the momentum distribution long
fore the actual close interaction occurs. In contrast, the in
spatial orientation of the electron continues to be import
for all Q values studied here.
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