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Electron capture from a directed Stark-Rydberg state: Fore-and-aft ratios
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Electron capture by Cs1, K1, or Li1 from a Na Rydberg target in an extreme Stark state ofn524, m
50 has been measured and compared with both a classical and a quantal calculation as a function of the

reduced velocityṽ50.1521.6. Peaks and shoulders are found atṽ50.25, 0.5, and 1.0 in the ratio of the
measured capture cross sections for electronic charge polarization antiparallel and parallel to the ion-beam
direction. A close-coupling calculation reveals similar features in the total capture cross sections near those
same scaled velocities. A classical trajectory calculation attributes this structure toswappingof the electron
between the two positive charge centers as they pass one another during the collision. The total classical
capture cross section of a Rydberg atom having an upstream-directed charge distribution is shown to be the

sum of five-and-greater-swap, three-swap, and one-swap contributions, which result in the structure nearṽ
50.25, 0.5, and 1.0, respectively.@S1050-2947~98!03312-5#

PACS number~s!: 34.10.1x, 34.60.1z, 34.70.1e
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I. INTRODUCTION

Experiments that measure electron capture by heavy
gly charged ions from oriented and aligned Rydberg@1–7#
and laser-aligned@8,9# low-n state targets have reveale
much about the Coulomb three-body dynamics of elect
capture and have demonstrated that velocity matching
tween the projectile and electron is an important feature
these rearrangement collisions, as known since the early
of quantum mechanics@10#. Both classical@11–19# and
quantal @20–26# theories have been developed to mod
these collisions. The theories have demonstrated the im
tance of velocity matching and the classical formulatio
have recently revealed another phenomenon in electron

ture that is significant nearṽ5v ion /vBohr51 @12,14,19#, as
follows. It was shown by Homan, Cavagnero, and Harm
@14,17# that a spatial mechanism called three-swap capt
similar to the high-velocity Thomas capture mechani
@27,28# in that the electron interacts successively with bo
the projectile and the target, became important atṽ,1.0
@5,14,17,29#. A swap is a single passage of the pointlik
electron across the moving midplane that divides the
heavy positive centers. To study this low-velocity pheno
enon we have measured electron capture by a singly cha
ion from a Rydberg atom prepared in a top Stark state n
the matching velocity, which enhances its effect. By me
of an external electric field directed parallel or antiparallel
the ion beam we direct the atom’s electric dipole mom
de5 3

2 n^A& either antiparallel or parallel to the ion beam
respectively, whereA is the Runge-Lenz vector@30#. Since
PRA 581050-2947/98/58~6!/4565~7!/$15.00
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the contribution of velocity matching alone to capture wou
be identical for an upstream-directed~negative-charge polar
ization angle 180°) and downstream-directed~polarization
angle 0°) Stark state, based on the state’s inherent symm
in velocity space, any departure from equality of cross s
tions from these two extreme states would be a signature
spatialphenomenon. We refer to it asspatialbecause it mat-
ters where the electron is primarily located in the targ
atom, as opposed to in what direction and how fast it
moving. We have observed peaks and shoulders in the m
sured ratio of the upstream and downstream cross sect
the fore-and-aft capture ratio, as a function of reduced ve
locity near ṽ51.0, 0.5, and 0.25. These features are p
dicted in both a close-coupling~CC! calculation by Lunds-
gaard and Lin@31,32# and by classical-trajectory Mont
Carlo ~CTMC! theory @17#. The close-coupling calculation
of a proton incident on atomic hydrogen in Stark levels
n54 is in good quantitative agreement with the scaled
locity dependence of the present measurements. The CT
calculation attributes this observed structure to one-, thr
and higher-order odd-n swaps. The classical calculation
also in good qualitative agreement with the measuremen
has been demonstrated in Ref.@14# by examination of trajec-
tories that the one-swap contribution is direct capture and
three-swap contribution in the high-velocity limit is a doub
scattering of the electron first by the projectile and then
the target nucleus resulting in capture of the electron by
incident projectile. This is the Thomas capture mechan
@27# classically or the second-Born approximation@28,33#
quantum mechanically. The empirical results along with
classical explanation for the structure have greatly enhan
4565 © 1998 The American Physical Society
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4566 PRA 58D. M. HOMAN et al.
our knowledge of this three-body system in the corresp
dence principle regime near the reduced velocityṽ51.

The oscillations seen in the measured capture cross
tion at low energies may also have a quantum explana
similar to symmetric resonance charge transfer. This p
nomenon is observed in homonuclear collisions, for
ample, between a proton and a hydrogen atom in a lon
state. Here the oscillation is clearly seen in the char
transfer probability as a function of the impact parame
@34# and is attributed to the oscillation of the electronic wa
function between the target and projectile during the co
sion. This oscillation in the probability, however, is s
pressed in low-n total-capturecross sections because of a
eraging, although oscillations in total cross sections h
been observed and analyzed@35,36#. The resulting nearly
constant capture cross section~at low energies! contrasts
starkly with the structure seen in our measurements. Ava
et al. @37# have obtained suggestive oscillations in proto
alkali-metal-atom capture reactions from calculations ba
on the Faddeev three-body equations written in the A
Grassberger-Sandhas form. More recently Schultzet al. @38#
have proposed that oscillatory structures are more unive
than initially supposed and may be attributed to a collect
coherent phenomenon involving more than two molecu
levels. Hansenet al. @39# have demonstrated related featur
in minimal-basis-set atomic-orbital calculations ofp
1H(1s) and a1H(1s) collisions, where structures appa
ently result from a shift from direct excitation at high velo
ity to two-center molecular effects at low velocity.

In Sec. II we give the experimental details. In Sec. III
classical and a quantal description of the heavy-ion–a
collision are briefly presented. In Sec. IV the experimen
results are described and compared with the theories. In
V we give concluding remarks and suggest future objectiv

II. EXPERIMENTAL METHOD

A. Interaction region

The experimental apparatus is shown in Fig. 1. The in
action region is the interior of aStark barrel@40#. The Stark
barrel ~SB! is an arrangement of electrodes and associa
electronics that creates an electric field initially parallel(0°)
or antiparallel (180°) to the ion beam and then in 2ms
smoothly alters it to a smaller electric field in any directi
in the plane of the ion and target beams. In this paper we
only concerned with the electric fields parallel or antipara
to the ion beam and not with field rotation, but in a separ
paper the full two-dimensional capabilities of the SB will b
discussed and exploited@41#. Furthermore, we will look spe
cifically at the extreme Stark states of the target in this e
tric field, which leave the electron cloud of the target d
rected maximally either towards or away from th
approaching ion beam.

The magnitudes and directions of the initial Stark fieldFS
and final barrel fieldFb were chosen in view of experimenta
constraints. The final electric fieldFb was chosen in the
range 0.522 V cm21 to ensure that the ion beam would n
be deflected or defocused significantly as it entered and
ited the barrel. It was necessary to create an electric fieldFS
initially both large and parallel or antiparallel to the io
-
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beam for two reasons. First, we had to ensure that we w
populating mostly the top Stark level of then524 manifold,
indicated by the cross in Fig. 2. For this reason the lin
Stark splitting (0.5 cm21) had to be greater than the line
width of the blue dye laser, which is typically 0.15 cm21 or
4.5 GHz. Second, we needed to ensure that we were p
lating mostly them50 azimuthal quantum number with re
spect to the ion beam and for this reason both the ini
electric field and the planes of linear polarization of las
beams had to be parallel to the ion beam.

According to Harmin@42#, the condition for adiabatic
evolution of then524,m50 top Stark state of Na during th
transition fromFS to Fb is Ḟ<104 V cm21 ms21. A typical
Ḟ in the barrel is 100 V cm21 ms21, which is extremely
adiabatic. The wave function is essentially independent
the electric field, as in the case of a parabolic state of H.
measured the charge-transfer cross section at a givenṽ as a

FIG. 1. Schematic of the experimental setup for the meas
ment of the total capture cross section in ion impact w
Na(24 top).

FIG. 2. Na Stark energy levels nearn524. The Na(24 top)
state is excited near 150V cm-1 and then switched adiabaticall
down to 0.5-2V cm21 without rotation or zero crossing of the field
Measurements of capture from the Na(25s) state are intersperse
for normalization.
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PRA 58 4567ELECTRON CAPTURE FROM A DIRECTED STARK- . . .
function of Ḟ and found our results to be constant within t
range 33<Ḟ<200 V cm21 ms21 that was available to us.

The Na target cloud is prepared in the atomic beam ab
3 mm from its intersection with the alkali-metal ion beam
the presence of the Stark electric field,FS5150
2200 V cm21 either parallel or antiparallel to the ion beam
The top Stark state of then524 linear manifold is populated
by a 20-Hz two-step pulsed laser excitation 32S1/2
→3 2P3/2→Na(24 top). The necessary laser waveleng
are 589 nm~yellow! and 410 nm~blue!, respectively. A per-
spective representation ofucu2 for a Na(24 top) wave func-
tion c is shown in Fig. 3, where it is seen that the electr
probability, represented by the density of dots in spa
is directed away from the nucleus in the shape of a fil
cone. The cone widens in the direction of the exter
electric fieldF away from the nucleus and thusF serves to
orient the electron distribution in space. In an oppositely
rected field the electron probability density in configurati
space is exactly reversed. The Stark field is electronic
switched adiabatically in approximately 2ms to an electric
field Fb50.522 V cm21 parallel toFS . The target cloud of
directed Rydberg atoms drifts towards the ion beam
roughly 0.7 mmm s21 during the electric-field transition s
that when the target volume intersects the ion beam the e
tric fields have stabilized. We refer to these as directed sta
rather than aligned states, to emphasize their off-center e
tronic asymmetry and definite axial direction without trea
ing upon the technical meaning of alignment@43#.

B. Beams

A crossed-beam collision geometry is used in this exp
ment. A thermal beam of Na atoms is extracted from
200 °C oven. After the Na beam passes through two 3-
apertures at its thermal velocity, it enters the SB, where,
mm or 3 ms before it reaches the center of the SB, it
exposed to an 8-ns pulsed two-step laser excitation~at a
20-Hz repetition rate! in the presence ofFS to populate the
Na(24 top) state. NextFS is switched toFb in 2 ms, and
the target state evolves adiabatically with it. The prepa
target-state atoms~about 1000 atoms per pulse! then collide
with the ion beam in the presence ofFb and charge transfe
occurs. Most of the unreacted target Rydberg atoms exit

FIG. 3. Perspective representation of the Na(24 top) w
function.
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SB into a pair of condenser plates, where 40ms after the
laser flash they undergo state-selective field ionization~SFI!
in a pulsed electric field. The SFI signal detected in an el
tron multiplier tube is used to monitor the target state and
normalize the capture cross section.

The ~0.5–5! nA alkali-metal ion beam (Cs1, K1, or Li1)
is extracted from a thermionic-emitter ion source@44# and
accelerated toE55022000 eV. This corresponds to a re

duced velocity range ṽ50.006 35n* AE(eV)/M (amu)
50.1522.5, depending on the massM of the ion.@n* is the
quantum-defect corrected principal quantum number of
initial Rydberg state. For the 24 top staten* 5n and for
Na(ns) statesn* 5n21.65@45#.# The ion beam is steered b
a set of vertical and horizontal deflectors, which are used
maximize the ion current measured in a Faraday cup bey
the SB. A second set of deflectors is used to randomly defl
the ion beam to average out possible nonuniform ion den
@46#. This random deflection~‘‘smearing’’! is needed at low
acceleration voltages when the ion beam is poorly focu
and may not be homogeneous. Before reaching the SB
ion beam is deflected into an upstream Faraday cup ex
during a 400-ms period while the SB is at a smallFb . This is
done to avoid charging of surfaces in the barrel during lo
periods of operation and to accurately measure the ion
rent in the downstream Faraday cup whenFb is applied to
the SB. A 3-mm aperture is placed before and after the SB
collimate the ion beam.

At the center of the SB the ion beam interacts with t
target beam and some of the ions are neutralized by ch
transfer. Only two or fewer captures take place in the tar
per laser flash. The ions and the neutral atoms then exit
SB and enter a region of constant transverse electric fi
which deflects the ions into the downstream Faraday
where the beam-current pulse is measured in a fast cur
sampler.~The small deflection field, obtained by applyin
approximately 10% of the accelerating voltage across pla
separated by 1 cm, would ionize capture products in v
high Rydberg states. Direct tests, in which the strength of
deflecting field was varied widely, showed that the total ca
ture signal at ion velocityṽ50.8 was unaffected by the de
flection fields at the chosen operating point.! The neutral
capture products, which are not deflected, continue on to
charge-transfer detector@1#, arriving in 5215 ms. The de-
tector registers Rydberg-atom arrivals forn.15, limited by
its 15-kV/cm stripping field, andn less than approximately
40, limited by prestripping in deflection fields. The charg
transfer counts are recorded in both 5- and 10-ms windows
after their first appearance. Use of two electronic count
windows allows us to detect whether the target states
being progressively altered during its exposure by proces
such as blackbody radiation, ion-Rydberg collisions,
Rydberg–background-gas collisions. We observe no dif
ence in relative cross section results between short and
windows. We also observe a small amount of contaminat
from unwanted alkali-atom ions from the thermionic emitt
in our ion beam and have used their differing flight tim
between the interaction region and the detector to elimin
counts that result from them.

Three projectile ions were used to measure charge tran
over the largest possible range of reduced velocity. Cs1 was

e
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4568 PRA 58D. M. HOMAN et al.
used to coverṽ50.1520.55, K1 was used to coverṽ50.3

21.05, and Li1 was used to coverṽ50.921.6. In the over-
lapping regions, the ratios of the fore-and-aft cross- sec
ratios were similar between the different ion species. T
cross section becomes increasingly difficult to measure
each ion at its lowest energy since the ion current falls
rapidly with decreased acceleration voltage. In the case
Li1 the cross section also becomes increasingly difficul
measure atṽ>1.6, for the cross section decreases prec
tously atṽ@1 @28#.

C. Measurement procedure

To measure the fore-and-aft capture cross-section ratr,
we first measured the ratior 180 of the Na(24 top) and
Na(25s) capture cross sections for the electric field antip
allel to the ion beam as a function of reduced velocity a
then repeated this to measurer 0 for the electric field parallel
to the ion beam. We ignored the 1% difference inṽ at each
beam energyE attributable to thes state’s quantum defect
The Na(25s) state is indicated in Fig. 2 by an open circl
The fore-and-aft ratior is the quotient of these two ratios
r 5r 180/r 0 , which was then independent of the Na(25s) cap-
ture cross section and equivalent to the quotient of upstr
and downstream cross sections directly. The Na(25s) cap-
ture cross section was utilized to cancel out systematic
fects due to the deflection or defocusing of the ion beam
the (0.522)-V cm21 barrel field in its two orientations.

III. THEORY

We present results of two different theoretical approac
to the present scattering problem in the form of a pure c
sical and a quantum mechanical model, respectively. B
models have already been discussed in the literature@15,21#
and will therefore be described only briefly.

A. Classical trajectory model

A recently presented model study of charge transfer
ionization channels for ion collisions with circular and elli
tic Rydberg atoms@14,17# has led to a clearer understandin
of the structures observed in total capture cross sections

ṽ51 @15–17#. The total capture cross sections were sho
as contributions of one-swap, three-swap, and higher-o
odd-numbered swaps, where the number of swaps is defi
as the number of times the electron crosses the pote
saddle between the two ions. In this classical-trajectory~CT!
model the target state consists of an electron in a sin
Keplerian orbit chosen to satisfy the appropriate mean in
conditions@47#. In the present calculation the top Stark lev
was represented by a single elliptical orbit with an eccent
ity of e;1 ~actually, e50.995), classical angular momen
tum perpendicular to the alkali-metal ion beam, and
Runge-Lenz vector parallel~electron charge polarizatio
angle 180°) or antiparallel(0°) to theion-beam direction.

B. Quantum-mechanical model: Close coupling

We have also performed CC calculations@48# for protons
colliding with H(n54) in a general coherent elliptic sta
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@49#. The calculations were done within the impac
parameter approximation, in which it is assumed that
relative motion of the nuclei follows a straight-line traje
tory. Plane-wave electronic translation factors were used.
the target state with eccentricitye we use the notationun
54,e& in the following.

Expressingun54,e& in terms of the usual spherical ha
monicsunlm&, it was shown in Ref.@22# that the cross sec
tion for electron capture fromun54,e& for any collision ge-
ometry may be obtained analytically once the reduc
density matrix

rkk85(
f

af kaf k8
* , ~1!

is known. Hereaf k is the scattering amplitude for the captu
processuk&→u f & and the indexk represents the (nlm) set of
quantum numbers. To obtain the electron-capture cross
tion in the general case~including the case of a linear Star
state! we thus have to carry out close-coupling calculatio
for all the lm substates of then manifold.

For the close-coupling calculations presented here
have used a two-center atomic-orbital expansion of the e
tronic wave function. On both centers all the 1<n<5 states
were included in the basis set. The states themselves w
generated from Gaussian-type orbitals@50#.

IV. EXPERIMENTAL AND THEORETICAL RESULTS

The fore-and-aft ratiosr for the combined experimenta
data of Cs1, K1, or Li1 on Na(24 top) targets are shown
Fig. 4 as solid dots. The experimental error bars are base
estimated statistical errors and run-to-run variations. E
point is an average of ten or more measurements, which s
three different occasions. The ratio has distinct feature

ṽ50.25, 0.5, and 1.0. The experimental results are compa
with both CT ~open circles! and close-coupling~open
squares! calculations for the corresponding hydrogenn524
andn54 Stark states, respectively.

The fore-and-aft ratio as a function ofṽ rises as high as
5.5:1 ~at ṽ50.25). As mentioned earlier, this favoring o
capture from the upstream-directed Stark state may be at
uted to a spatial phenomenon because the upstream-
downstream-directed Stark states have identical electr
momentum distributions. That is, without some role play
by the spatial locationof the electron in the target atom
irrespective of its motion,r would be identically one. Not
only doesr differ from one, it also shows a structure th
suggests a theoretical explanation.

The close-coupling calculation agrees well with the me
sured ratio fromṽ50.5 to 1.0. The classical calculation de
scribes well the qualitative structure seen in the experim
but the CTMC ratio is too large by approximately a factor
~We attribute this below to a fourfold shortfall of the calc
lated 0° capture cross section.! Since the cross section at 0
is nearly featureless~see Fig. 5! the CTMC ratio in Fig. 4
was normalized downward for purposes of comparing
structure inr that primarily originates in the capture at 180
Both theoretical calculations, however, become large at
reduced velocities due to the fact thatr is the ratio of a large
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PRA 58 4569ELECTRON CAPTURE FROM A DIRECTED STARK- . . .
FIG. 4. Velocity dependence of the fore-and-aft ratio of the to
capture. The solid circles are the measured values. The o
squares are the result of a close-coupling calculation for1

1H(n) for the extreme Stark levels in then54 manifold. The open
circles represent a CTMC calculation for H11H(e50.995), where
the ratio is calculated from cases having the Runge-Lenz ve
parallel and antiparallel to the ion beam. The CTMC results h
been scaled down by a factor 4~see the text!.

FIG. 5. Measuredscap(180°) ~solid triangles! and scap(0°)
~open triangles! for K1 or Cs1 and Na(24 top) impact compared t
both CTMC~circles! and CC~squares! calculations. The 180° mea

surements are normalized to the theories atṽ50.9. The normaliza-
tion of experimental data at 0° follows from that for 180° and t
measured ratios in Fig. 4. The approximately fourfold shortfall
the CTMC calculation at 0° is visible here~see the text!.
cross section and a decreasing small one. It is better to c
pare the calculations directly with the measured relat
cross sections for interpretation of the structure. In Fig. 5
measured relative capture cross sections from Cs1 and K1

impacts on an upstream-directed (180°, solid triangles! and
a downstream-directed(0°, open triangles! electron distribu-
tion are compared to the quantum~squares! and classical
~circles! calculations. The 180° measurement is normaliz
to the CTMC calculation atṽ50.9 and the relative scale fo
0° measurements is then set by the measured ratios show
Fig. 4. Both the measurement and the calculations sho
broad peak nearṽ50.9 for the 180° plots shown as soli
markers. The measurement and the calculations all ha
similar minimum nearṽ50.7 and then a small shoulde
aroundṽ50.5. At lower reduced velocities our greatest me
sured relative capture cross section was atṽ50.25. Both the
classical and the quantal calculations have maxima near
reduced velocity. It is clear that the structure seen in
measurement ofs(180°) is present in the calculations an
may be understood in the context of the classical theory

To gain further insight into the origin of the structure se
in the measurement, we separate the classical calculation
contributions of odd-n swaps as was done in Refs.@5,14–
17#. Figure 6 shows the total CTMC capture cross section
open circles, where each datum represents 40 000 traje
ries, and statistical error bars are smaller than the ma
There is a structure seen in the cross section nearṽ51, 1

2 , 1
3 ,

and 1
4 . The contributions of the one-swap~solid dots!, three-

swap~filled squares!, five- and seven-swap~filled triangles!,
and nine-swap capture cross sections seem to be the u
lying causes of the structure seen in the total capture c

l
en

or
e

f

FIG. 6. Total CTMC capture cross section versusṽ for u
5180° shown as open circles. The contributions of the one-, thr
five-, seven-, nine-, and greater-swap capture cross sections are
shown. The measured relative capture cross section is show

solid squares for comparison, normalized to the CTMC result aṽ
50.9.
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4570 PRA 58D. M. HOMAN et al.
section in Fig. 6. These peaks mark the onset, for decrea
ion speeds, of each odd-n-swap contribution to the total cap
ture cross section as the electron passes many times bet
the two slowly approaching ions before being captured
the projectile ion. The close-coupling measurement show
structure similar to both the measurement and the CT
calculation.

In Fig. 5 the open symbols are the capture cross sect
for u50°. Here the charge cloud is directed downstream
the CTMC capture cross section~open circles! is almost en-
tirely due to one-swap contributions~contributions of swaps
are not shown!. This is not surprising since for there to be
three- or greater-n-swap contribution, the electron’s trajec
tory would have to pass near the two receding ions twice
more before becoming bound to the projectile. However,
fore the electron is likely to encounter the projectile at all
this configuration, the projectile ion itself will have move
past the target ion. It is unlikely that the electron would
scatteredbackand then be scatteredforward again to over-
take the advancing projectile. One-swap capture is m
likely, for the electron would only need to move into th
potential well of the passing projectile ion for those portio
of its orbit spent nearly parallel to the ion’s velocity. This
a mechanism of direct capture resulting from a veloc
match of the electron and the projectile. There is a bro
maximum in the downstream capture cross section neaṽ
50.7. This has a classical interpretation as the velo
matching between the ion and the mean speed of the elec
during its trajectory between peri- and apocenter.

The deviation of the measured downstream-directed r
tive capture cross section~open triangles in Fig. 5! from the
calculations~open circles and squares! at low velocity may
be the difference between Na and H~both theories assumed
hydrogenic target! or experimental error. More data will b
needed for 0.10< ṽ<0.40 to determine whether the 0° an
180° capture cross sections have more structure than
currently be resolved. Furthermore, the shortfall of t
CTMC calculation relative to the CC calculation in the 0
target configuration~which is the source of the fourfold dis
agreement of the CTMC calculation that was removed
normalization in Fig. 4! is apparent here. It may be the resu
of ignoring differences between the Na(24 top) a
H(24 top) states or the modeling of the 24 top Stark st
classically by a single highly eccentric ellipse whose ma
axis is alignedexactlyat 0° instead of averaging over th
cone of angles suggested by the wave function in Fig. 3
B
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V. DISCUSSION AND CONCLUSIONS

We have established that electron capture depe
strongly on the position, not merely the momentum, of t
electron in the collision complex of target and projectile f
ṽ<1. It has also been shown that classical odd-n-swap con-
tributions to the total capture cross section can account
the strong variations of cross sections(180°) with velocity
that are seen in the measurements. The close-coupling c
lations are in good agreement with the 180° measurem
and also reveal the peaks and shoulders nearṽ50.25, 0.5,
and 1.0.

A similar structure was seen in earlier work of MacAda
et al. @5# and Hansenet al. @1#, where capture by a singly
charged alkali-metal ion from Na(24d) and Na(25s) showed
peaks in the relative capture cross section at reduced ve
ties of 0.5 and 0.8. In both measurements the peak aṽ
50.5 was shown classically to be a three-swap contribut
to the total capture cross section and the peaks found in
measurements nearṽ50.8 can be attributed to a one-swa
contribution to the classically calculated capture cross s
tion. The only difference between the classical modeling
the targets then and now was that the Na(24 top,m50) in
the present work had a fixed Runge-Lenz vector, direc
parallel or antiparallel to the ion beam direction, while t
Na(24d,m50) had a randomly directed Runge-Lenz vec
and most of the capture was found to be from the Run
Lenz vector directed nearly parallel or antiparallel to the io
beam direction. It was this classical study of the capt
cross section versus the Runge-Lenz vector direction fo
given beam energy that led the authors to study charge tr
fer from these extreme Stark states.

The next step in this work is to understand how the c
ture cross section for these collisions evolves as the elec
distribution is swung fromu50° to 180° at a givenṽ
<1.0. A separate paper will address this task.
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