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State-selective differential cross sections for double-electron capture
in 0.25-0.75-MeV Het-He collisions
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For 0.25-0.75-MeV H&" 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 endthg fosal elec-
tronic stat¢ as well as the transverse momentum trangfer., the projectile scattering anglbave 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 capt8&050-294{©8)06801-2

PACS numbd(s): 34.50-s, 34.70+e

I. INTRODUCTION For a capture reaction wherg, electrons are transferred
to bound projectile states, and no electron is emitted into the
Double-electron capture is a particularly interesting case€ontinuum,py is given from energy and momentum con-
of a two-electron process. For the HeHe system the forces servation to be
of the nuclei on the electrons is of comparable strength to the
electron-electron interaction. Thus the details of the transfer D :A_E_ NeX Upro 1)
of the two electrons from a bound state of the target to a 1™ oro 2
bound state of the projectile are sensitive to the static o . .
electron-electron correlation in the initial and final state, ad’pro denotes the projectile velocity, antiE is the energy
well as to the dynamic correlation during the collision. Fordifference between the final and the initial stéé@dogenic
this capture reaction the resonant channel is predicted to JE2Ctions result in positivaE). Atomic units(a.u) are used
the dominant one for swift He -He collisions[1]. However, throughout this paper. For the perpendicular momentum one

up to now there was no experimental technique availablé)b'[alns
which allowed one to isolate this reaction channel experi- D, 1= Porctand @)
mentally. Since the ejectile is neutral it cannot be analyzed Lrec FproTpros
by conventional energy-gain spectroscopy. So the few statg s the initial (longitudina) momentum of the projectile,
sele+ct|ve cross sections whlch have .b.een reporteq for thgng 9o the projectile scattering angle.
He?*-He system were obtained exploiting the-(8) line Compared to conventional projectile energy-gain spec-
emission[2] or the Auger decay of doubly excited stal8%  roscopy and projectile scattering-angle measurements,
and were therefore unable to detect Fh_e ground state. In thiso TRIMS has two main advantages. It is also applicable
work we have used cold target recoil ion momentum spector neutral emerging projectiles, and allows one to achieve
troscopy(COLTRIMS) (for a recent review, see Re#]). It ap excellent resolution even at high impact energies and poor
offers a unique indirect but extremely precise way to determomentum preparation of the incoming beam. The tradi-
mine the final state of the projectile, even for a neutraliong| projectile energy-gain technique as well as projectile
ground state, together with its scattering angle. Instead of thgeflection measurements are limited by the accuracy reach-
energy loss and the scattering angle of the projectile itselfzpie in defining the huge initial projectiie momentum to
we measured simultaneously the longitudirigé., in the  apoutAE/E=10"4. In contrast, the quality of the beam en-
beam direction(p; ) and transverse momentum,( ) re-  ters only in second order into the determination of the mo-
coiling of the H&" ion. Since there are only two particles in mentum transfer in a recoil ion momentum measurement.
the final state, the momentum change of the projectile musTherefore in the present experiment we reached a resolution
be exactly compensated for by the momentum change of thef AE/E=+1.5° at 0.75-MeV impact energy, and a
recoil ion. Thus analyzing the longitudinal momentum of thescattering-angle resolution of better thari0 ° rad.
recoil ion is equivalent to translational spectroscopy of the Over the last years more and more refined theoretical ap-
projectile, and the determination of the recoil ion transverseproaches on double-electron capture for thé Hen He sys-
momentum is equivalent to a scattering-angle measurememm became available. At low impact energies, coupled-
of the projectile[4—11]. channel calculations mostly using molecular-orbital basis
sets and time-dependent Hartree-Fock calculations, have
been performefll2—19. At higher energies various forms of
*Electronic address: doerner@ikf.uni-frankfurt.de the independent-particle modé&0] have been frequently ap-
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plied. To calculate the single-particle transition amplitudes, _
some authors completely neglected correlations by exploit- gggn"]
ing uncorrelated wave functiofigl]. Others included corre- EX,,QCﬁO(r/R

lation in the initial and final stateso-called static correla-
tion) by employing different types of correlated wave
functions[22]. Various pertubative approaches like the con-
tinuum distorted wavéCDW) and the CDW-eikonal initial
state (EIS) approximation[23-25,22,26 or the coupled-
channel approacf21,27 have been used. Also, Olson and
co-workers exploited the classical trajectory Monte Carlo
model to obtain single-particle transition probabilities
[28,29. Crothers and McCaroll developed the independent-
event model, in which double capture is still assumed to be a
two-step process, but different wave functions are used to
calculate the first- and second-step transition amplitudes
[30-32 (see also Ref.33]). Recently some approaches have
been formulated which even preserve the four-body nature of
the double-electron captufé,34—4Q. and successfully cir-
cumvent the restrictions of the independent-electron model.
From the experimental side the situation is significantly
worse. A comprehensive set of data is available only for total
double-capture cross sectioj¥l—44. However total cross FIG. 2. Cold target recoil ion momentum spectrometer as used
sections allow only a very crude test of elaborate theoriegor this experiment. The precooled supersonic gas jet produces a
Differential and state-selective cross sections are needed fécalized and internally cold gas target. The extraction field is 0.33
a detailed comparison with the different theoretical ap_\_//cm. The ions are detecteo! by a two-dimen_sional position _se_nsi-
proaches. Many of the dynamic mechanisms responsible fdp/e_cha_nnel plate detector V\_nth_wedge a_nd strip readout. Their time
the capture process will only show up in differential Crossof ﬂllght. is measu.red by a coincidence with the charge state selected
sections. For single capture in the high-energy regime th8roiectiles(see Figs. 1 and)3
Thomas mechanism is a prominent example of this. I:O[Qrbital calculations, Keever and Everhdd5] reported

double capture even three different Thomas-type mecha;. . . . .
P yp differential cross sections which sum over all final states.

nisms have been predicted to become visible in the differenT ) .
; . ; : .. The same has been measured at higher enefgigsMeV)
ial cross sectio39,23. For low impact energies the inter 44]. This latter data set, the only one at higher energies, has

ference structures resulting from transitions betwee een widely used for comparison with various calculations
molecular orbitals on the incoming and outgoing trajectory y P . o
However, in most cases it was not sufficient to draw final

demonstrate the power of differential cross sections for illu- . L : .
minating the mechanisms behind the capture prof@:4s| conclusions about the validity of the different theoretical ap-

So far, for H&* on He no state-selective and scattering-proaCheS' The main problem was the resolution in the

angle-dependent cross sections are available for double CaB(_:atterlng—angIe measurement,

ture. At energies below 10 keV, in the regime of molecular- In this Ppaper we report on Filfferentlal double-capture
cross sections summed over all final states at 0.25-, 0.5-, and

0.75-MeV impact energy measured by applying COLTRIMS
with a scattering-angle resolution of about a factor of 5 better
- ~~ than obtainable by conventional projectile detecti¢pa4].
s N Moreover, at 0.25 MeV we measured the first differential
/ N cross sections separated for resonant double capture and
\ double capture to excited states.

|A/ Field

Il. EXPERIMENT

. The typical momenta transferred to the recoil ions in the
\ / present collision system are in the range of a few atomic
\ / units (a.u). The momentum distribution of He at room tem-
\ / perature has a width of 4.5 a.u. Thus the experimental key to
ot a measurement of recoil ion momenta is the use of an inter-
~ -~ projectile : ; :
_____ - defector nally co_ld and localized gas target provided by a supersonic
N expansion.
x position (arb. units) The He gas expands through a @& hole from a reser-
voir which is mounted on a cryogenic cold head. This allows
FIG. 1. Position distribution of the He (right) and He(left)  to cool the He gas to 15 K prior to the supersonic expansion.
ejectiles on a two-dimensional position-sensitive channel plate del0 mm above the nozzle the central part of the gas jet enters
tector. The charge states have been separated by electrostatic dee collision chamber through a skimmer of 0.3-mm dia-
flectors. meter. This jet is intersected by the collimated ion beam. At

y position (arb.units )
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state analyzed by a magnet. The’Hdeam is collimated by

3000k . 025 MeV He?-He two sets of adjustable slits to a beam-spot size of below
He 0.5X0.5 mnt at the interaction point, and a divergence of

2000+ below 0.5 mrad. The ion beam is crossed with the supersonic

He gas jet. 20 cm upstreams of the intersection point a set of

1000+ electrostatical deflectors allows one to clean the beam from

single capture charge state impurities. 20 cm downstrgams of. the_ target a
second set of deflectors separates the final projectile charge
states. The projectiles which captured one or two electrons

388: are then detected by a two-dimensional position-sensitive
100 double capture . . A channel plate detector with wedge and strip readout. The
%20 18 16 14 12 10 8 detector has an active area of 42-mm diameter and a position

«——— Time of flight (usec) resolution of 0.2 mm. In Fig. 1 the two-dimensional distri-
bution of the count rate on this detector is shown with the He
FIG. 3. Time-of-flight distribution of He recoil ions in coinci- and He" ejectiles well separated.

dence with Hé ejectiles(upper spectruiand He ejectileglower The recoil ions created at the intersection point are accel-
spectrun). The width of the peaks reflects the momentum distribu-erated by a homogeneous electrical field of 0.33 V/cm and a
tion of the recoil ions in direction of the electric field. length of 30 mm(see Fig. 2 for the spectromeltelhe elec-

tric field is perpendicular to the ion beam and the gas jet. The

the interaction point, about 25 mm above the skimmer the jef€COil ions exit from the electric-field region into a 60-mm
has a diameter of 1 mm. The target gas atoms in the jet haydift tube. Drift and accelerat|o.n area are .separated by a wo-
an offset velocity in the jet direction of about 1.4 a.u. TheVen mesh. Atthe end of the drift tube the ions pass a stack of
momentum spread around this offset velocity is given by thethre_e_ grids an_d_ are postaccelerated with 2000 V onto another
speed ratio, and is calculated from the parameters of thBOSition-sensitive channel plate detector. _
expansion to be below 0.05 af6]. In the two directions The time of _fllg.ht of the ions in the spectrometer is mea-
perpendicular to the jet velocity, the atoms have a momenSured by a coincidence with the charge-exchanged projec-
tum spread of about 0.05 a.u. defined by the diameter of thil€s- Figure 3 shows the time-of-flight distribution of the
skimmer and its distance to the nozzle. The gas jet leaves t@ns in coincidence with single captuitie right peak of Fig.
collision chamber through a 10-mm hole into a separatelyt) @nd double-capture evenfthe left peak of Fig. 1 From
pumped jet dump. the time of flight one obtains the charge state and the mo-
The experiment was performed at the 2-MV van deMéntum component of the recoil ion in the field direction.
Graaff accelerator of the Institut fkernphysik of the Uni- 1€ two momentum components perpendicular to the field
versitd Frankfurt. He ions from an ion source are acceler- &ré¢ calculated from the position on the recoil ion channel

ated and then stripped to Beby a gas stripper and charge plate. Figure 4 shows the distribution of the?flgons from
double-capture collisions on this detector. The momentum

resolution in these two directions is restricted by the exten-
sion of the interaction volume, and not by the internal mo-

t gas jet mentum spread of the gas jet. In the present experiment a
T~ resolution of 0.38-a.u. full width at half maximutRWHM)

20

£
o
i //_/ _ AN for the HE" ions has been achieved. For singly charged ions
210— / \\ the resolution of the apparatus is 0.24-a.u. FWHM in the
g / \ ion-beam directior(see Fig. 5 and Ref$7,8]).
= / : \
"% ,’ ion beam\|
§ a l\ B /1 > Ill. RESULTS AND DISCUSSION
Qo
B Y / For 0.25-MeV impact energy the longitudinal momentum
-0 \\ // distribution of the recoil ions integrated over all scattering
N e angles is shown in Fig. 5. From fitting two Gaussians to the
0k S~ 7 recoil ion spectrum, as shown in the figure, we obtain a fraction of
T detector 15.6+3% for the capture to all nonautoionizing states to
L - L - resonant double capture at 0.25 MeV. At 0.5-MeV impact

-20 _1(i)on posngn in beal?direcﬁo,%?mm) energy we find 16:3%. This is in excellent agreement with

calculations in a four-body classical trajectory Monte Carlo

FIG. 4. Recoil ion position distribution on the channel plate @PProach by Tkesi and HocH47], and gives a definite an-
detector in Fig. 2 for 0.25-MeV Hé on He collisions. Plotted only SWer t0 the speculation about the the fraction of excited
are counts which were coincident with a He ejectile and had a tim&tates included in all previous experimental data which came
of flight close to the H&" peak(lower spectrum, Fig. 3 The ions ~ UP in comparing to theories which only accounted for the
are shifted backwards with respect to the gas jet due to their longit€Sonant channgB1,26.
tudinal momentum from the double-capture reaction, and shifted For comparison Fig. ®) shows the equivalent spectrum
upwards with respect to the ion beam due to the 1.4-a.u. offsefior the single-electron-capture channel from Mergelal.
velocity of the gas jet. [7]. This spectrum was taken with the same apparatus. Con-
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Figure 6 shows a distinct maximum for the resonant
double capture at a scattering angle of 0.09 mrad. This cor-
responds to a transverse momentum transfer of only 1 a.u.
Such a small momentum can easily be transferred by the
electrons changing from the target to the projectile nucleus.
It is thus not necessarily due to the internuclear repulsion.
For single capture in 0.3 MeY on He collisions, it has been
demonstrated theoretical[$!8,49 that the by far dominant
part of the transverse momentum transfer up to 3 a.u. is
mediated by the captured electron. The Thomas mechanism
is another example where the transverse momentum is trans-
ferred via the electron. The shape of the differential cross
section for the resonant channel at small scattering angles
should thus reflect the full four-body momentum exchange
providing a sensitive test for four-body calculations. At large
momentum transfer, which is unlikely to be achieved by two
electrons, the scattering angle reflects the internuclear impact
parameter. Our finding, that the differential cross section for
the double-electron capture to an excited state peaks at much
larger scattering angles than the resonant transfer, indicates
that smaller impact parameters are necessary to populate
these states. For these channels the initial and final states are
very different in momentum and energy space. To transfer
this momentum and energy from the projectile nucleus to the

FIG. 5. Momentum distribution of the recoil ions in direction of €lectrons, close encounters are necessary.

the ion beam fJ. Upper figure: 0.25-MeV He on He single

Different types of independent-electron approximations

capture(from Ref.[7]). The different peaks relate to different en- have been used throughout the literature for calculating
ergy changes of the projectiléeft peak: ground-state capture with double-electron capture. Their main differences are the effec-
target in the ground state; other peaks: capture to excited states tve binding energies assumed to calculate the first and sec-

ground-state capture with target excitati@ecording to Ref[12],
target excitation is a minor contributipnLower figure: Same for

ond steps. The huge experimental difference in the final-state
distribution found for single- and double-electron capture,

double-electron capture. Left peak: ground-state capture; right peakogether with the scattering-angle-dependent data, show di-
capture to any nonautoionizing excited state. This spectrum is gectly that both processes cannot be understood by the most

background corrected projection of Fig. 4 onto thaxis.

simple approximation of the same binding energy for both
steps for double transfer and single capture. If one aims to

trary to double capture, single capture leads most likely tglescribe the double-electron capture within an independent
excited states at 0.25-MeV impact energy. This can be extwo-step approximation, then modified binding energies for
plained by considering the binding energies in the initial ancthe first and second steps must be assumed. This has already
final states. For double capture the ground state is resonafte pointed out by Shingal and Lif21] and Crothers and
while for single capture the neutral He binding energy isco-workers[30—32. Certainly a full four-body calculation
closer to the Hé L shell than to the< shell.

which goes beyond the independent-particle model seems to
be the more adequate approach to reproduce the final-state
distribution found in this experiment.

Figure 7 shows the double-capture cross section, includ-

L o0 ing all nonautoionizing states differential in projectile scat-
1071 %, “oaeSveensags ) tering angle for 0.25-, 0.5-, and 0.75-MeV impact energy of
Lo % o ] He?*. The data of Fig. 6 as well as Fig. 7 have been nor-

gmun:d%w D, e, malized to a total cross section for double capture of 3.17

de/ds (cm?/mrad)

10—17

1 0—18

FQ

| 0.25 MeV He?*-He
E double capture

[
o »
Q:oo &%

jose)
singly exited stut% %
&3

o

scattering angle (mrad

L 1 L | L | 1 1 L | 1 | 1 + 1
00 01 02 03 04 05 06 07 08

X 10717, 4.73x10°8 and 8.8% 10 ! cn? at 0.25, 0.5,
and 0.75 MeV. which are the recommended data from Ref.
[50]. The authors gave an error of 20% for these absolute
cross sections. The structure in the differential cross section,
which is best visible at the lowest energy, may be due to
interference between the two elastic-scattering amplitudes.
At even lower energy much more pronounced interference
patterns have been fourld5]. Mergel et al. [8] already
showed that interferences can be found for’Heon He

FIG. 6. Scattering angle distribution of double electron captureSingle capture to th& shell at impact energies up to 0.75
for 0.25-MeV Hé" on He collisions. Full circles: all final states MeV. This is surprising, however, since at 0.75 MeV the
(data multiplied by 2 open circles: ground-state capture; open velocity of the projectile is already 2.7 a.u., which is two

squares: double capture to nonautoionizing excited states.

times larger than the electron velocity in the He ground state.
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due to one- and two-electron Thomas scattering evéats

o |'492+|_He L] these two contributions, see also R&3]). At 0.136 mrad a
- double capture 1 third peak is predicted to arise resulting from three succes-
10-18 L P (all final states) sive steps of projectile nucleus-electron, electron-electron,
F o 00000000000%qu 1 and electron-target nucleus interact[@9]. Since these three
o i oq?-25 MeV mechanisms yield very similar and very small scattering
£ i o@% Py | angles, COLTRIMS is the only expenmen_tal technique
> 10-17 0 QEB) o i which would aIIow.one @o separate t_hem in momentum
£ 2 <0 % mmq space. However, higher impact energies than used in the
= A i present work seem to be necessary to see these structures
§ i Oogb % ] clearly.
B10718 %QQQQQQ ¥ MeV 3 IV. CONCLUSION
% 0.75 MeV ] Using COLTRIMS, we determined the first state-selective
scattering angle-dependent cross sections fof"Hen He
orl oo double-electron capture. At intermediate energies between
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.25 and 0.75 MeV, we find for all scattering angles that the
scattering angle (mrad) predominant fraction of the double-capture collisions leads

to the ground state of the projectile. Capture to excited states

FIG. 7. Scattering angle distribution for 0.25-, 0.5-, and o.75-reSP't3_ in larger transverse momentum exchange bet\_/vee_n
MeV He?* on He double-electron capture, summed over all non-pro_JeCtlle than gro_und-state do“b'e capture and target, indi-
autoionizing final projectile states. cating the necessity of smaller impact parameters for exo-
thermic channels. Due especially to the high resolution in

At all three impact energies we find the prominent peak a cattering angle, our data provide a profound tes't grounq for
he most advanced double-capture theories. Since

scattering angles below 0.1 r_nrad. As discussed above, thEOLTRIMS enables high-precision scattering-angle mea-
peak results from the large impact parameter ground-staté

. urement without disturbing the ion beam, it is ideally suited
double capture. The peak maximum moves to smaller scaf-

tering angles when going to higher impact energies. Consi for future storage ring experiments: at 5-MeV He impact the

ering the transverse momentum transfgr ) instead of the current apparatus yields a scattering-angle resolution of bet-
gt . T . ter than 0.005 mrad. Together with the high-beam intensity
scattering angl¢Eqg. (2)], one finds an energy-independent d back d-f . f . hi
position for the peak maximum within our experimental an aﬁ ground-free environment lo ah stg_r];?ge ring, t |sf
resolution. At scattering angles above 0.2 mrad we find ppens the unique opportunity to resolve the different types o

g _ L 'igher-order Thomas scattering mechanisf8,23 pre-

steeper decrease of the cross section with increasing impag S !

. : ) icted for double capture at high impact energies. Such ex-
energy. This reflects mainly the change in Coulomb deflec- . X : :
. d periments are in preparation at CRYRING in Stockholm.
tion with energy.
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