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State-selective differential cross sections for double-electron capture
in 0.25–0.75-MeV He21-He collisions

R. Dörner,1,* V. Mergel,1 L. Spielberger,1 O. Jagutzki,1 J. Ullrich,2 and H. Schmidt-Bo¨cking1

1Institut für Kernphysik, Universita¨t Frankfurt, August Euler Straße 6, D60486 Frankfurt, Germany
2GSI, D64291 Darmstadt, Germany

~Received 19 June 1997!

For 0.25–0.75-MeV He21 on He collisions we have measured total state selective double capture cross
sections and cross sections differential in projectile scattering angle. For 0.25 MeV we present also state-
selective scattering-angle-dependent double-capture cross sections. The projectile energy loss~the final elec-
tronic state! as well as the transverse momentum transfer~i.e., the projectile scattering angle! have been
obtained by measuring the momentum vector of the recoil ion using cold target recoil ion momenum spec-
troscopy. The resonant transfer to the ground state is found to be by far the dominant double-capture channel.
Capture to nonautoionizing excited states is smaller by about a factor of 7, and results in larger scattering
angles than the ground-state double capture.@S1050-2947~98!06801-2#

PACS number~s!: 34.50.2s, 34.70.1e
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I. INTRODUCTION

Double-electron capture is a particularly interesting c
of a two-electron process. For the He21-He system the forces
of the nuclei on the electrons is of comparable strength to
electron-electron interaction. Thus the details of the tran
of the two electrons from a bound state of the target t
bound state of the projectile are sensitive to the st
electron-electron correlation in the initial and final state,
well as to the dynamic correlation during the collision. F
this capture reaction the resonant channel is predicted t
the dominant one for swift He21-He collisions@1#. However,
up to now there was no experimental technique availa
which allowed one to isolate this reaction channel exp
mentally. Since the ejectile is neutral it cannot be analy
by conventional energy-gain spectroscopy. So the few s
selective cross sections which have been reported for
He21-He system were obtained exploiting the (4→3) line
emission@2# or the Auger decay of doubly excited states@3#,
and were therefore unable to detect the ground state. In
work we have used cold target recoil ion momentum sp
troscopy~COLTRIMS! ~for a recent review, see Ref.@4#!. It
offers a unique indirect but extremely precise way to de
mine the final state of the projectile, even for a neut
ground state, together with its scattering angle. Instead of
energy loss and the scattering angle of the projectile its
we measured simultaneously the longitudinal~i.e., in the
beam direction! (pi rec

) and transverse momentum (p'rec
) re-

coiling of the He21 ion. Since there are only two particles
the final state, the momentum change of the projectile m
be exactly compensated for by the momentum change of
recoil ion. Thus analyzing the longitudinal momentum of t
recoil ion is equivalent to translational spectroscopy of
projectile, and the determination of the recoil ion transve
momentum is equivalent to a scattering-angle measurem
of the projectile@4–11#.

*Electronic address: doerner@ikf.uni-frankfurt.de
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For a capture reaction wherene electrons are transferre
to bound projectile states, and no electron is emitted into
continuum,pirec is given from energy and momentum co
servation to be

pirec5
DE

vpro
2

ne3vpro

2
. ~1!

vpro denotes the projectile velocity, andDE is the energy
difference between the final and the initial state~endogenic
reactions result in positiveDE). Atomic units~a.u.! are used
throughout this paper. For the perpendicular momentum
obtains

p'rec5pprotanqpro. ~2!

ppro is the initial ~longitudinal! momentum of the projectile
andqpro the projectile scattering angle.

Compared to conventional projectile energy-gain sp
troscopy and projectile scattering-angle measureme
COLTRIMS has two main advantages. It is also applica
for neutral emerging projectiles, and allows one to achie
an excellent resolution even at high impact energies and p
momentum preparation of the incoming beam. The tra
tional projectile energy-gain technique as well as projec
deflection measurements are limited by the accuracy re
able in defining the huge initial projectile momentum
aboutDE/E51024. In contrast, the quality of the beam en
ters only in second order into the determination of the m
mentum transfer in a recoil ion momentum measureme
Therefore in the present experiment we reached a resolu
of DE/E561.525 at 0.75-MeV impact energy, and
scattering-angle resolution of better than61025 rad.

Over the last years more and more refined theoretical
proaches on double-electron capture for the He21 on He sys-
tem became available. At low impact energies, coupl
channel calculations mostly using molecular-orbital ba
sets and time-dependent Hartree-Fock calculations, h
been performed@12–19#. At higher energies various forms o
the independent-particle model@20# have been frequently ap
312 © 1998 The American Physical Society
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57 313STATE-SELECTIVE DIFFERENTIAL CROSS SECTIONS . . .
plied. To calculate the single-particle transition amplitud
some authors completely neglected correlations by exp
ing uncorrelated wave functions@21#. Others included corre
lation in the initial and final states~so-called static correla
tion! by employing different types of correlated wav
functions@22#. Various pertubative approaches like the co
tinuum distorted wave~CDW! and the CDW–eikonal initial
state ~EIS! approximation @23–25,22,26# or the coupled-
channel approach@21,27# have been used. Also, Olson an
co-workers exploited the classical trajectory Monte Ca
model to obtain single-particle transition probabiliti
@28,29#. Crothers and McCaroll developed the independe
event model, in which double capture is still assumed to b
two-step process, but different wave functions are used
calculate the first- and second-step transition amplitu
@30–32# ~see also Ref.@33#!. Recently some approaches ha
been formulated which even preserve the four-body natur
the double-electron capture@1,34–40#. and successfully cir-
cumvent the restrictions of the independent-electron mod

From the experimental side the situation is significan
worse. A comprehensive set of data is available only for to
double-capture cross sections@41–44#. However total cross
sections allow only a very crude test of elaborate theor
Differential and state-selective cross sections are neede
a detailed comparison with the different theoretical a
proaches. Many of the dynamic mechanisms responsible
the capture process will only show up in differential cro
sections. For single capture in the high-energy regime
Thomas mechanism is a prominent example of this.
double capture even three different Thomas-type mec
nisms have been predicted to become visible in the differ
tial cross section@39,23#. For low impact energies the inter
ference structures resulting from transitions betwe
molecular orbitals on the incoming and outgoing trajecto
demonstrate the power of differential cross sections for i
minating the mechanisms behind the capture process@8,45#.

So far, for He21 on He no state-selective and scatterin
angle-dependent cross sections are available for double
ture. At energies below 10 keV, in the regime of molecul

FIG. 1. Position distribution of the He1 ~right! and He ~left!
ejectiles on a two-dimensional position-sensitive channel plate
tector. The charge states have been separated by electrostat
flectors.
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orbital calculations, Keever and Everhart@45# reported
differential cross sections which sum over all final stat
The same has been measured at higher energies~1.5 MeV!
@44#. This latter data set, the only one at higher energies,
been widely used for comparison with various calculatio
However, in most cases it was not sufficient to draw fin
conclusions about the validity of the different theoretical a
proaches. The main problem was the resolution in
scattering-angle measurement.

In this paper we report on differential double-captu
cross sections summed over all final states at 0.25-, 0.5-,
0.75-MeV impact energy measured by applying COLTRIM
with a scattering-angle resolution of about a factor of 5 be
than obtainable by conventional projectile detections@44#.
Moreover, at 0.25 MeV we measured the first different
cross sections separated for resonant double capture
double capture to excited states.

II. EXPERIMENT

The typical momenta transferred to the recoil ions in t
present collision system are in the range of a few atom
units ~a.u.!. The momentum distribution of He at room tem
perature has a width of 4.5 a.u. Thus the experimental ke
a measurement of recoil ion momenta is the use of an in
nally cold and localized gas target provided by a superso
expansion.

The He gas expands through a 30-mm hole from a reser-
voir which is mounted on a cryogenic cold head. This allo
to cool the He gas to 15 K prior to the supersonic expans
10 mm above the nozzle the central part of the gas jet en
the collision chamber through a skimmer of 0.3-mm d
meter. This jet is intersected by the collimated ion beam.

e-
de-

FIG. 2. Cold target recoil ion momentum spectrometer as u
for this experiment. The precooled supersonic gas jet produc
localized and internally cold gas target. The extraction field is 0
V/cm. The ions are detected by a two-dimensional position se
tive channel plate detector with wedge and strip readout. Their t
of flight is measured by a coincidence with the charge state sele
projectiles~see Figs. 1 and 3!.
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314 57R. DÖRNER et al.
the interaction point, about 25 mm above the skimmer the
has a diameter of 1 mm. The target gas atoms in the jet h
an offset velocity in the jet direction of about 1.4 a.u. T
momentum spread around this offset velocity is given by
speed ratio, and is calculated from the parameters of
expansion to be below 0.05 a.u.@46#. In the two directions
perpendicular to the jet velocity, the atoms have a mom
tum spread of about 0.05 a.u. defined by the diameter of
skimmer and its distance to the nozzle. The gas jet leaves
collision chamber through a 10-mm hole into a separa
pumped jet dump.

The experiment was performed at the 2-MV van
Graaff accelerator of the Institut fu¨r Kernphysik of the Uni-
versität Frankfurt. He1 ions from an ion source are accele
ated and then stripped to He21 by a gas stripper and charg

FIG. 3. Time-of-flight distribution of He recoil ions in coinci
dence with He1 ejectiles~upper spectrum! and He ejectiles~lower
spectrum!. The width of the peaks reflects the momentum distrib
tion of the recoil ions in direction of the electric field.

FIG. 4. Recoil ion position distribution on the channel pla
detector in Fig. 2 for 0.25-MeV He21 on He collisions. Plotted only
are counts which were coincident with a He ejectile and had a t
of flight close to the He21 peak~lower spectrum, Fig. 3!. The ions
are shifted backwards with respect to the gas jet due to their lo
tudinal momentum from the double-capture reaction, and shi
upwards with respect to the ion beam due to the 1.4-a.u. of
velocity of the gas jet.
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state analyzed by a magnet. The He21 beam is collimated by
two sets of adjustable slits to a beam-spot size of be
0.530.5 mm2 at the interaction point, and a divergence
below 0.5 mrad. The ion beam is crossed with the supers
He gas jet. 20 cm upstreams of the intersection point a se
electrostatical deflectors allows one to clean the beam f
charge state impurities. 20 cm downstreams of the targ
second set of deflectors separates the final projectile ch
states. The projectiles which captured one or two electr
are then detected by a two-dimensional position-sensi
channel plate detector with wedge and strip readout. T
detector has an active area of 42-mm diameter and a pos
resolution of 0.2 mm. In Fig. 1 the two-dimensional dist
bution of the count rate on this detector is shown with the
and He1 ejectiles well separated.

The recoil ions created at the intersection point are ac
erated by a homogeneous electrical field of 0.33 V/cm an
length of 30 mm~see Fig. 2 for the spectrometer!. The elec-
tric field is perpendicular to the ion beam and the gas jet. T
recoil ions exit from the electric-field region into a 60-m
drift tube. Drift and acceleration area are separated by a
ven mesh. At the end of the drift tube the ions pass a stac
three grids and are postaccelerated with 2000 V onto ano
position-sensitive channel plate detector.

The time of flight of the ions in the spectrometer is me
sured by a coincidence with the charge-exchanged pro
tiles. Figure 3 shows the time-of-flight distribution of th
ions in coincidence with single capture~the right peak of Fig.
1! and double-capture events~the left peak of Fig. 1!. From
the time of flight one obtains the charge state and the m
mentum component of the recoil ion in the field directio
The two momentum components perpendicular to the fi
are calculated from the position on the recoil ion chan
plate. Figure 4 shows the distribution of the He21 ions from
double-capture collisions on this detector. The moment
resolution in these two directions is restricted by the ext
sion of the interaction volume, and not by the internal m
mentum spread of the gas jet. In the present experime
resolution of 0.38-a.u. full width at half maximum~FWHM!
for the He21 ions has been achieved. For singly charged io
the resolution of the apparatus is 0.24-a.u. FWHM in t
ion-beam direction~see Fig. 5 and Refs.@7,8#!.

III. RESULTS AND DISCUSSION

For 0.25-MeV impact energy the longitudinal momentu
distribution of the recoil ions integrated over all scatteri
angles is shown in Fig. 5. From fitting two Gaussians to
spectrum, as shown in the figure, we obtain a fraction
15.663% for the capture to all nonautoionizing states
resonant double capture at 0.25 MeV. At 0.5-MeV impa
energy we find 1663%. This is in excellent agreement wit
calculations in a four-body classical trajectory Monte Ca
approach by To¨kesi and Hock@47#, and gives a definite an
swer to the speculation about the the fraction of exci
states included in all previous experimental data which ca
up in comparing to theories which only accounted for t
resonant channel@31,26#.

For comparison Fig. 5~b! shows the equivalent spectrum
for the single-electron-capture channel from Mergelet al.
@7#. This spectrum was taken with the same apparatus. C
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57 315STATE-SELECTIVE DIFFERENTIAL CROSS SECTIONS . . .
trary to double capture, single capture leads most likely
excited states at 0.25-MeV impact energy. This can be
plained by considering the binding energies in the initial a
final states. For double capture the ground state is reson
while for single capture the neutral He binding energy
closer to the He1 L shell than to theK shell.

FIG. 5. Momentum distribution of the recoil ions in direction
the ion beam (pirec). Upper figure: 0.25-MeV He21 on He single
capture~from Ref. @7#!. The different peaks relate to different en
ergy changes of the projectile~left peak: ground-state capture wit
target in the ground state; other peaks: capture to excited stat
ground-state capture with target excitation~according to Ref.@12#,
target excitation is a minor contribution!. Lower figure: Same for
double-electron capture. Left peak: ground-state capture; right p
capture to any nonautoionizing excited state. This spectrum
background corrected projection of Fig. 4 onto thex axis.

FIG. 6. Scattering angle distribution of double electron capt
for 0.25-MeV He21 on He collisions. Full circles: all final state
~data multiplied by 2!; open circles: ground-state capture; op
squares: double capture to nonautoionizing excited states.
o
x-
d
nt,

Figure 6 shows a distinct maximum for the resona
double capture at a scattering angle of 0.09 mrad. This
responds to a transverse momentum transfer of only 1
Such a small momentum can easily be transferred by
electrons changing from the target to the projectile nucle
It is thus not necessarily due to the internuclear repulsi
For single capture in 0.3 MeVp on He collisions, it has been
demonstrated theoretically@48,49# that the by far dominant
part of the transverse momentum transfer up to 3 a.u
mediated by the captured electron. The Thomas mechan
is another example where the transverse momentum is tr
ferred via the electron. The shape of the differential cro
section for the resonant channel at small scattering an
should thus reflect the full four-body momentum exchan
providing a sensitive test for four-body calculations. At lar
momentum transfer, which is unlikely to be achieved by tw
electrons, the scattering angle reflects the internuclear im
parameter. Our finding, that the differential cross section
the double-electron capture to an excited state peaks at m
larger scattering angles than the resonant transfer, indic
that smaller impact parameters are necessary to popu
these states. For these channels the initial and final state
very different in momentum and energy space. To trans
this momentum and energy from the projectile nucleus to
electrons, close encounters are necessary.

Different types of independent-electron approximatio
have been used throughout the literature for calculat
double-electron capture. Their main differences are the ef
tive binding energies assumed to calculate the first and
ond steps. The huge experimental difference in the final-s
distribution found for single- and double-electron captu
together with the scattering-angle-dependent data, show
rectly that both processes cannot be understood by the m
simple approximation of the same binding energy for bo
steps for double transfer and single capture. If one aims
describe the double-electron capture within an independ
two-step approximation, then modified binding energies
the first and second steps must be assumed. This has alr
be pointed out by Shingal and Lin@21# and Crothers and
co-workers@30–32#. Certainly a full four-body calculation
which goes beyond the independent-particle model seem
be the more adequate approach to reproduce the final-
distribution found in this experiment.

Figure 7 shows the double-capture cross section, inc
ing all nonautoionizing states differential in projectile sca
tering angle for 0.25-, 0.5-, and 0.75-MeV impact energy
He21. The data of Fig. 6 as well as Fig. 7 have been n
malized to a total cross section for double capture of 3
310217, 4.73310218, and 8.88310219 cm2 at 0.25, 0.5,
and 0.75 MeV. which are the recommended data from R
@50#. The authors gave an error of 20% for these abso
cross sections. The structure in the differential cross sect
which is best visible at the lowest energy, may be due
interference between the two elastic-scattering amplitud
At even lower energy much more pronounced interfere
patterns have been found@45#. Mergel et al. @8# already
showed that interferences can be found for He21 on He
single capture to theK shell at impact energies up to 0.7
MeV. This is surprising, however, since at 0.75 MeV t
velocity of the projectile is already 2.7 a.u., which is tw
times larger than the electron velocity in the He ground sta
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316 57R. DÖRNER et al.
At all three impact energies we find the prominent peak
scattering angles below 0.1 mrad. As discussed above,
peak results from the large impact parameter ground-s
double capture. The peak maximum moves to smaller s
tering angles when going to higher impact energies. Con
ering the transverse momentum transfer (p') instead of the
scattering angle@Eq. ~2!#, one finds an energy-independe
position for the peak maximum within our experimen
resolution. At scattering angles above 0.2 mrad we fin
steeper decrease of the cross section with increasing im
energy. This reflects mainly the change in Coulomb defl
tion with energy.

Although our scattering-angle resolution is better th
61025 rad, we do not find any structure from Thomas-ty
mechanisms. Belkic predicted three maxima in the differ
tial double-capture cross section resulting from differe
higher-order contributions@39# at high impact energies: a
0.118 and 0.236 mrad, one would expect the contributi

FIG. 7. Scattering angle distribution for 0.25-, 0.5-, and 0.7
MeV He21 on He double-electron capture, summed over all n
autoionizing final projectile states.
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due to one- and two-electron Thomas scattering events~for
these two contributions, see also Ref.@23#!. At 0.136 mrad a
third peak is predicted to arise resulting from three succ
sive steps of projectile nucleus-electron, electron-electr
and electron-target nucleus interaction@39#. Since these three
mechanisms yield very similar and very small scatter
angles, COLTRIMS is the only experimental techniq
which would allow one to separate them in momentu
space. However, higher impact energies than used in
present work seem to be necessary to see these struc
clearly.

IV. CONCLUSION

Using COLTRIMS, we determined the first state-select
scattering angle-dependent cross sections for He21 on He
double-electron capture. At intermediate energies betw
0.25 and 0.75 MeV, we find for all scattering angles that
predominant fraction of the double-capture collisions lea
to the ground state of the projectile. Capture to excited sta
results in larger transverse momentum exchange betw
projectile than ground-state double capture and target, i
cating the necessity of smaller impact parameters for e
thermic channels. Due especially to the high resolution
scattering angle, our data provide a profound test ground
the most advanced double-capture theories. Si
COLTRIMS enables high-precision scattering-angle m
surement without disturbing the ion beam, it is ideally suit
for future storage ring experiments: at 5-MeV He impact t
current apparatus yields a scattering-angle resolution of
ter than 0.005 mrad. Together with the high-beam inten
and background-free environment of a storage ring, t
opens the unique opportunity to resolve the different types
higher-order Thomas scattering mechanisms@39,23# pre-
dicted for double capture at high impact energies. Such
periments are in preparation at CRYRING in Stockholm.
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Nüttgens, L. Spielberger, M. Unverzagt, C. L. Cocke, R.
Olson, M. Schulz, U. Buck, and H. Schmidt-Bo¨ckiing, Nucl.
Instrum. Methods Phys. Res. B98, 593 ~1995!.

@9# A. Cassimi, S. Duponchel, X. Flechard, P. Jardin, P. Sort
D. Hennecart, and R.E. Olson, Phys. Rev. Lett.76, 3679
~1996!.

@10# T. Kambara, J. Z. Tang, Y. Awaya, B. D. DePaola, O. Ja



ar

. A

.

, J

hy

B

ee,

ucl.

o,

57 317STATE-SELECTIVE DIFFERENTIAL CROSS SECTIONS . . .
utzki, Y. Kanai, M. Kimura, T. M. Kojima, V. Mergel, H. W.
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