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Cold-target recoil-ion-momentum spectroscopy study of single electron capture from He
by slow Ar81 ions

M. A. Abdallah, W. Wolff,* H. E. Wolf,* E. Sidky, E. Y. Kamber,† M. Stöckli, C. D. Lin, and C. L. Cocke
J. R. Macdonald Laboratory, Physics Department, Kansas State University, Manhattan, Kansas 66506

~Received 6 January 1998!

Cold-target recoil-ion-momentum spectroscopy~COLTRIMS! has been used to study single electron capture
from He by Ar81 ions at projectile velocities between 0.2 and 1.0 a.u. Populations of 3d through 7l states on
the final ion are resolved, and angular distributions are presented for separated major final channels. As the
projectile velocity is raised, the reaction window is observed to spread. Contrary to expectations based on a
Landau-Zener picture of the process, highern andl become favored with higherv. The results are in excellent
agreement with coupled-channel calculations.@S1050-2947~98!01306-7#

PACS number~s!: 34.70.1e, 34.50.Fa
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I. INTRODUCTION

The capture of single electrons from neutral atomic t
gets by slow, highly charged ions has been heavily stud
over the past decade or more, as has been summariz
several review articles@1–4#. The standard picture is that, fo
projectile velocities small compared to the target elect
velocity, the capture proceeds at large internuclear distan
at localized crossings between incident and exit chann
populating a narrow range of final states that can be p
dicted on the basis of several different models, includ
both classical barrier@5,6# and multichannel Landau-Zene
models@2#. The angular distributions of the final product
which carry information about the trajectory in curv
crossing space that the reactants follow, are less accur
described by the models@1,7–12#. However, coupled-
channel calculations have been able to predict both fi
state distributions and, in some cases, angular distribut
with remarkable accuracy in cases where the number of fi
channels is small enough to admit such a calculation@13,14#.
As the projectile velocity is raised, it is known that event
ally the curve-crossing picture is replaced by a momentu
matching one that favors capture into the most tightly bou
vacant orbital on the projectile, and which allows the dom
nant participation of inner-shell target electrons@15#. Less
experimental information is available in the intermediate
gion between these two extremes, partly due to the techn
difficulty of doing high-resolution state-selective measu
ments or angular distribution measurements for higher
ergy projectiles. Most state-selective information that
available in this region has been obtained spectroscopic
which, although high resolution, does not allow simultaneo
scattering angle measurements.

In this paper, we use cold-target recoil-ion-momentu
spectroscopy~COLTRIMS! @16–18# to overcome these tech
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nical difficulties. For the case of single electron capture,
final momentum of the target ion gives uniquely the ele
tronic energy release in the reaction, and the transverse re
momentum gives the equivalent of the projectile scatter
angle. Thus the projectile beam need not be either hig
collimated or highly monoenergetic. These characteristics
COLTRIMS have been previously exploited for the study
capture by both singly@19,20# and highly charged@21,22#
projectiles. In the present study, we are able to raise
projectile velocity into the region where the reaction windo
begins to spread substantially. We find the perhaps nonin
tive result that the first effect of this spreading is to admit t
population of states with larger principal quantum numb
and higher angular momentum, rather than the populatio
more tightly bound final states as would be expected from
Landau-Zener argument.

The projectile Ar81 was chosen for these studies as
prototypical closed-shell ion bearing sufficient electron
charge that the splitting of the finall -states can be experi
mentally resolved. For this case, the subshell splitting do
nates the Stark splitting of the levels of the residual ion in
field of the residual target ion.~For nearly bare projectiles
this is not the case; this case will be dealt with in a for
coming paper.!

Single capture from He by Ar81 has been studied by sev
eral groups previously in the low velocity region. Followin
early total cross section measurements@23,24#, Kimura and
Olson @25# performed molecular orbital calculations for th
n54 final states, the dominant final states, and found to
cross sections in agreement with experiment. Druettaet al.
@26# performed photon-spectroscopic measurements f
which they deduced partial cross sections forn54 and
n55 levels. Forn54, their results were found to be i
agreement with molecular orbital calculations forn54, as
well as with the results of Kimura and Olson. These resu
also agreed with energy gain results of Roncin@27#. In their
velocity range~v below 0.3 a.u.! little energy dependence o
the cross sections was observed. Bordenave-Montesq
et al. @28# and Huttonet al. @29# used electron spectroscop
and metastable Ar81 projectiles to study single electron cap
ture atv50.28 a.u., and confirmed that the main populatio
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4374 57M. A. ABDALLAH et al.
were to n54. Boudjemaet al. @30# used a Landau-Zene
model, incorporating the Olson-Salop@31# radial matrix ele-
ments, modified by the prescription of Taulbjerg to take in
account nondegenerate subshells@32# to analyze both the
electron and photon data, and found very good agreem
with experiment. These results have been confirmed by
eral more recent photon-spectroscopic@33# and energy-gain
measurements@33–35#, all performed for projectile veloci-
ties less than 0.3 a.u.

II. EXPERIMENT

A schematic of our COLTRIMS apparatus is shown
Fig. 1. The incident beam of 10 pA of Ar81 was delivered by
the KSU EBIS through a 1 mm by 1 mmaperture. It crossed
a supersonically cooled He jet having a target density n
1011 atoms/cm2 and a geometrical width of 2 mm. He ion
created in the interaction region were extracted by a tra
verse electric field of 10 to 50 V/cm and sent onto the face
a two-dimensional position-sensitive channel-plate dete
~2DPSD! located 40 cm away. Meanwhile the projectile io
proceeded 3 m downstream through charge-separation pla
onto the face of a second 2DPSD. In the present experim
only the Ar71 projectiles resulting from capture were a
lowed to hit the detector. The flight time of the He recoil w
measured relative to the arrival time of the Ar71 ion. The
vector momentum of the He recoil was calculated from t
flight time and the position at which the recoil struck t
recoil detector. Using a weak focusing lens in the extrac
region and an appropriate drift space, an overall momen
resolution of 0.18 a.u.~full width at half maximum! for the
recoil was obtained. The data were taken in event-mode
cording, whereby the positions from both detectors and
relative flight time were recorded for each event. The d
cover simultaneously the final channels for single capt
and transfer ionization, corresponding to the coincident
tection of He1 and He21 with Ar71, respectively. In this
paper we analyze only the former channel.

The Q value for the reaction is related to thez momen-
tum, pz , of the recoil ion by@36#

Q52vpz2v2/2, ~1!

where v is the projectile velocity~atomic units are used
throughout! and thez axis lies along the beam. HereQ is the

FIG. 1. Schematic of COLTRIMS apparatus used in pres
experiment.
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electronic energy released in the capture process, the di
ence between the binding energy of the final state of
Ar71 (n,l ) ion and the ionization potential of the He targ
~24.59 eV!. Thus thepz spectrum gives directly the distribu
tion of final state populations. The transverse recoil mom
tum, p'5A(px

21py
2), carries information equivalent to tha

of the angular scattering of the projectile, since the transve
momentum received by the recoil is exactly opposite to t
received by the projectile for capture.

III. RESULTS AND DISCUSSION

A. General characteristics of data

Figure 2 shows a density plot of the recoil momentu
spectrum forv50.5 a.u. The horizontal axis is theQ value,
obtained frompz using Eq. ~1!. The vertical axis isp' ,
presented as a projectile scattering angle~u! using the equa-
tion

p'5up0 ~2!

where p0 is the projectile beam momentum. TheQ-value
resolution in this spectrum is 2.4 eV, or 0.3 eV/charge. T
represents 1 part in 105 of the beam energy, illustrating th
advantage of the recoil method over the projectile ener
analysis method. The efficiency of the COLTRIMS system
such that the time required to accumulate a spectrum suc
shown in Fig. 2 is about 2 h.

t

FIG. 2. Density plot of scattering angle vsQ for a projectile
velocity of 0.5 a.u. The vertical axis was obtained from the rec
p' using Eq.~2!, while the horizontal axis was obtained from th
recoil pz using Eq.~1!.
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B. Energy gain spectra

Figure 3 showsQ-value spectra obtained by projectin
two-dimensional spectra such as Fig. 2 onto the horizo
axis, for three representative velocities. The population
tribution for v50.2 a.u. is very close to that found by prev
ous low-velocity experiments, with domination by the 4d
state and smaller contributions by 4f , 4p, 4s, and 5s. This
final state distribution is not very velocity dependent until t
velocity is raised to about 0.5 a.u. The most important ini
result from raising the velocity is seen to be a spreading
the reaction window, as is seen from the center panel of
3, where the population of both the 4f and 4s states is seen
to have become nearly equal to that of the 4d and 4p states.
As the velocity is raised above 0.8 a.u., a rather dram
change in the final-state population occurs that cannot sim
be described as a broadening of the reaction window
rather sudden onset of a strong population of the 5d-5g
occurs in this region, and by the timev51.0 a.u. this group
has a population comparable to that of the 4d-4 f dominant
group.

A physical explanation for the increasing importance
high angular momentum states may be that, asv increases,
the electrons extracted from the target have larger ang
momentum in the rest frame of the projectile and can t
populate a full distribution of the magnetic substates ass
ated with even the higherl states. For example, the classic
barrier radius for the transfer of one electron in the pres
case is 7 a.u., and forv51 a.u. the product ofv andb is 7,
which is quite large enough to account for the strong po

FIG. 3. Q-value spectra for three beam velocities, obtained fr
projecting spectra such as Fig. 2 onto the horizontal axis.
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lation of states with large angular momentum projectio
onto an axis perpendicular to the collision plane. In the st
Landau-Zener picture of the collision, onlys states are in-
volved; rotational coupling is ignored. Forv at or below
about 0.1 a.u., this has proved to be a reasonable assump
and it is well established that the population of a particu
state has much more to do with the location of that st
within the reaction window than with its particular quantu
numbers. Apart from the Taulbjerg factor@32#, which de-
scribes how the coupling strength is distributed among
ferent l for a given n, angular momentum selection rule
play little role. This is no longer true forv near 1 a.u., how-
ever. Rotational coupling cannot be ignored in this regi
and the full manifold of magnetic states for a givenl , even
for high l , comes into play.

In order to subject this speculative explanation to a qu
titative test, we have performed coupled channel calculati
for this system for velocities of 0.2, 0.5, and 1.0 a.u. T
calculation used the procedure described by Fritsch and
@14# and included 41 states. All states up ton55 were
implemented in the Ar81 projectile center, and states up
n53 were included on the He1 target center. The close cou
pling calculation views the He target as a one electron at
where the electron moves in a spherically symmetric pot
tial, including Coulomb and screening interactions, from t
He1 core:

VHe~r !5
212~110.653 54r !e22.696 97r

r
. ~3!

Similarly the Ar81 ion is treated as a frozen core from whic
the electron sees the potential:

VAr~r !5
282~1015.5r !e25.5r

r
. ~4!

Since the semiclassical approximation, where the inter
clear motion is treated classically, is adopted here, all s
amplitudes are computed as a function of impact parame
The resulting calculated population distributions are co
pared with the present results in Fig. 4. It is seen that b
the initial effect of reaction window spreading and the rath
sudden onset of strong population of the 5d-5g group for
v51 a.u. is reproduced by the calculation. It is interesting
note that the calculation shows that most of this populat
increase is due to the 5g state.

We note that a Landau-Zener argument could easily l
one to expect erroneously that, asv is raised, states with
lower n ~and l ! will become favored, since these states a
those that have crossings at smaller internuclear distan
and thus have larger coupling matrix elements, and sho
therefore have optimal nondiabatic behavior at higher velo
ties than should the states that cross farther out. This be
ior is seen in the predicted multichannel Landau-Zener po
lations also shown in Fig. 4. However, a comparison of t
prediction with the data in that figure shows that the incre
ingly important role of rotational coupling appears to dom
nate any shift in the reaction window caused by the shift
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4376 57M. A. ABDALLAH et al.
optimum nondiabaticity. The experimental result is that
centroid of the effective reaction window moves to highen
~and l ! rather than to lowern. The averageQ value for the
capture decreases instead of increasing. A similar qualita
effect was seen by Wuet al. @37# for O71,81 and N71 on He
in averageQ-value measurements.

C. Angular distributions

In Fig. 5 we present angular distributions for the 4s, 4p,
and 4f -4d channels forv50.5 a.u. The ‘‘half-Coulomb’’
angle (uc) for each case~uc5Q/2E, whereE is the beam
energy @8#! is indicated by an arrow in each figure. Th
angle is that to which the projectile would be scattered for
impact parameter equal to the crossing radius if Coulo
potential curves are employed. It is common in the literat
to discuss angular scattering for low-energy scattering
highly charged ions in terms of semiclassical trajector
along such Coloumb potential curves. Andersson and Ba´rány
@9–11# combined such a model with a multichannel Landa
Zener model for the quantitative analysis of several collis
systems@9–12#. A common result of such an approach is th
the angular distributions have a minimum at the position
the half-Coulomb angle, separating regions of capture ‘
the way in’’ at smaller angles from capture ‘‘on the wa
out’’ at larger angles. This behavior has never really be
seen in experiment. In order to see if some of the structur
Fig. 5 can be attributed to such features, we carried out
culations using the program of Andersson and Ba´rány @11# to
evaluate angular distributions from this model. We comp
the results to the present data in Fig. 5. In order to t
approximate account of the experimental angular resolut

FIG. 4. Comparison of experimental and theoretical relat
cross sections to various final states at three incident velocities.
cross sections are normalized to a total of 100 at each proje
velocity.
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we have folded the model results in Fig. 5 into a resolut
function of width 0.01 mrad. The model results have be
normalized to approximately match the experimental pe
heights in the figure. The model assumes localized cross
for all transitions, and this assumption gives rise to st
function-like angular distributions; this behavior is of cour
not expected in the real data, and is not seen. There is s
similarity between the data and the model result, but it
clear that this model is not adequate to describe any of
details of the present data.

Angular distributions were also calculated from th
coupled-channel transition amplitudes. The standard Eiko
transformation was used to convert the amplitude dep
dence from impact parameter to scattering angle@38#. The-

e
he
ile

FIG. 5. Experimental angular distributions~closed circles! for
the three major channels for single capture from He by 6.24 ke
Ar81 (v50.5 a.u.). The solid lines without data points are a se
classical multichannel Landau-Zener calculation carried out us
the methods of Andersson and Ba´rány @10,11#.
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results are shown in Fig. 6. The agreement is seen to be
good, showing that the theoretical coupled-channel desc
tion of this collision process by this approach is nearly co
plete. This is a considerable feat when it is realized that
states must be included in the calculation. The high f
quency oscillations seen in the calculation, of period n
0.02 mrad, are not seen in the experiment. This seems t
a real discrepancy between experiment and theory, since
experimental resolution of 0.01 mrad should have been
equate to resolve this structure in the present experim
were it present in nature. However, we do not have a di
way to establish the experimental resolution from any
served sharp features in any of the transverse momen
spectra.

In spite of its failure to predict the advent of strong pop
lation of high-l ~and n! states at the highest velocity, th
Landau-Zener model does rather well at predicting the po
lation distributions for the two lower velocities. It is there

FIG. 6. Similar to Fig. 5, but showing a comparison betwe
experiment and the coupled-channel calculation.
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fore somewhat surprising that it fares so poorly in predict
the angular distributions. We suspect that this failure l
primarily in its incorrect prediction of the impact-paramet
dependence of the reaction. The Landau-Zener~LZ! model
assumes that each transition is local, taking place at the
evant crossing radius. In fact, an examination of the impa
parameter dependences from the coupled-channel calc
tions shows that the transitions are not nearly as localize
would be expected from the LZ calculation, and place mu
more weight on impact parameters inside the crossing r
than the LZ model would predict. Finally, we note that t
use of the universal Olson and Salop matrix coupling e
ment is very difficult to defend at velocities near 1 a.u., sin
no account of electron translational factors is taken into
count in this formulation. We conclude that, while th
localized-crossing picture is useful for qualitative argumen
it is probably inappropriate to press it too hard in maki
detailed predictions.

IV. SUMMARY AND CONCLUSIONS

We have presented data for single capture from He
Ar81 over a velocity range extending from the ‘‘low
velocity’’ range (v50.2 a.u.) to the ‘‘intermediate-velocity’’
range (v;1 a.u.). The data have been obtained us
COLTRIMS, which has allowed us to emerge from the lo
velocity regime and to obtain high quality angular a
Q-value information simultaneously over a wide veloci
range. AQ-value resolution between 1.0 and 5 eV was o
tained, simultaneous with a transverse momentum trans
or projectile scattering angle, resolution of 0.005 to 0.
mrad. The final state distributions are found to be in agr
ment with previous results for lowv. As v is raised, two
major effects are observed. First, the reaction wind
spreads. Second, the population of high-l ~and highn! states
is seen to increase rapidly. This effect is opposite to what
would expect from a Landau-Zener model.

Coupled-channel calculations using an atomic basis w
performed for this system. The agreement with the data
excellent in the prediction of the final state populations,
particular the increasing importance of highl at the largerv.
We attribute this to the increasing importance of rotatio
coupling for higherv. While a Landau-Zener treatment o
the angular distributions appears inadequate, the coup
channel calculations also describe rather well the angular
tributions. It appears that the coupled-channel theoret
treatment of this process is under good control in nearly
aspects, even with such a larger number of active chan
involved. An examination of the impact-parameter depe
dences from the calculation shows little evidence tha
localized-crossing picture of the capture resembles quan
tive reality.
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