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Measurements of translational energy gain for one- and two-electron transfer
in slow Arq+-He (q=15—18) collisions
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We have measured n-state-resolved energy-gain distributions for single-electron capture in Ar~+-

He collisions (q=15—18) at energies in the vicinity of 3.35q keV. The energy-gain scales were cal-
ibrated absolutely with precisions between a few tenths of an eV and one eV. The kinetic-energy
distributions due to transfer-ionization processes (i.e. , two-electron transfer followed by autoioniza-
tion) were recorded and the (5,n') series appeared to be most important for Ar +. The energy-gain
spectrum for true double-electron capture in Ar +-He collisions, however, indicated a dominance
of strongly asymmetric (4,n') states, showing that diferent intermediate doubly excited states are
dominant in the two processes.

PACS number(s): 34.70.+e, 34.50.Fa

I. INTRODUCTION

Ion-atom collisions are usually divided into the slow
and the fast velocity regimes, depending on whether the
projectile velocity is lower or higher than the orbital ve-
locities of the active electrons. The main phenomeno-
logical difFerence between the two cases is that ioniza-
tion dominates over electron capture in fast collisions,
whereas the opposite relation prevails in the low veloc-
ity regime. However, not only the velocity v but also
the charge state q of the projectile influences the balance
between ionization and capture and a more careful iden-
tification of the relevant collision regime involves both
parameters [1]. In a classical picture, the potential bar-
rier between the projectile and the target core allows an
active electron to leave the target at internuclear sepa-
rations smaller than a certain critical value. If the total
energy of the active electron then is negative with respect
to the projectile it may be captured. The condition for
this, v & q I ~I&, where Iq is the first ionization poten-
tial of the target, is obviously fulfilled for higher velocities
when the projectile charge is high.

Moreover, it is well known that electron transfer from
the target to the projectile usually is well localized to
avoided crossings between quasimolecular adiabatic po-
tential curves at the very lowest velocities (v «1 a.u.),
but that the influence &om dynamic efFects increases with
the velocity. This was clearly demonstrated by Meyer et
al. [2], who observed a disappearance of oscillations in
the electron-capture cross section (as a function of q) for
v )0.35 a.u. in collisions between fully stripped ions and
atomic hydrogen.

In this paper, we report measurements of n-state-
resolved translational energy-gain spectra for single-
electron capture in slow collisions with ions of very high
charge. The partial, n-state-selective, cross sections for

Ar~+-He (15& q &18) collisions at v 0.058~q a.u. are
in good agreement with those calculated by means of the
multichannel Landau-Zener approach with the semiem-
pirical diabatic coupling elements from Olson and Salop
[3]. The energy-gain spectra for transfer ionization (i.e.,
two-electron transfer followed by autoionization) have
been measured simultaneously for Ara+-He (15& q &18).
The (n, n') series with n=5 and n' ranging &om n'=6
to n'=ll appears to be preferred for q=16. The true
double-electron capture spectrum for the same collision
(q=16) is dominated by strongly asymmetric (4,n') states
(n')10), which, thus, obviously have larger tendencies
for radiative stabilization than the (5,n ) states. Since
n' apparently may be larger than the dominant princi-
pal quantum number in single-electron capture (n=7 for
q=16) these results indicate that simultaneous changes of
the quantum states for ttvo electrons (at nearly the same
value of the internuclear separation R) are as important
as the processes in which the two orbitals are changed se-
quentially (i.e., at well separated values of B). This shows
that the important quantity in the energy-resonance con-
dition for electron transfer is the total binding energy for
the two active electrons and that the binding energies for
the individual electrons are not necessarily conserved [4].

In order to make correct assignments of one- and two-
electron capture states, it is crucial that the energy-gain
scales are calibrated absolutely with very high accuracies.
The present experimental method gives a resolution of
(0.3—0.4)q eV and typical energies given to the recoiling
target ions are of the order of 0.1 eV. These numbers
indicate the useful level of precision in the energy-gain
scale and, here, we present a method which is shown
to be accurate within a few tenths of an eV at collision
energies above 50 keV.

The present energy-gain technique, relying mainly on
high-resolution analysis of the kinetic-energy distribu-
tions of charge-reduced and decelerated projectiles, has
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been used once before [5]. However, due to too low beam
intensities and various other technical difficulties (such
as too large instabilities in the deceleration voltage and
the beam-energy defining magnetic field) the absolute en-

ergy scale had to be set by means of the classical over-
the-barrier model [6,7]. A similar technique with the ad-
ditional feature of coincident detection of the recoil ion
charge state has been used by the group of Barat et al.
[8] for numerous studies of collisions with projectiles of
more moderate charge states (mostly q (10). They give
an accuracy of the relative energy calibration of typically
1 eV, while the absolute calibration was given as (0.8—
1.5)q eV [8]. They often establish the absolute energy
scale by means of collisions that are regarded as well un-
derstood and arrive at absolute uncertainties of 3—5 eV.
Such limitations are avoided with the present technique,
since the additional &ee parameter in our setup, namely,
the retardation voltage, can be used to determine the
beam energy with very high precision.

There are only seven previous measurements of Q val-
ues for slow collisions with projectile charges q )15. The
two earliest lead to the very important conclusion that
the binding energies of captured electrons scale as q ~ up
to very high q [9,10],but they were seriously hampered by
large absolute uncertainties in AE (15 '%%up) and a relatively
low energy resolution ( 1q eV). The single-electron cap-
ture and transfer-ionization processes for collisions with
q )15 projectiles were separated clearly for the first time
using translational energy-gain spectroscopy in studies of
Xei+-(Ne, Ar, Xe) (q(20) systems at 1 keV [11].This was
also achieved by Cederquist et al. for Xe~+-Xe collisions
at 4q keV (q (35), which yielded the first experimental
evidence for strong radiative stabilization of double Ry-
dberg states in ious of very high charge [5]. Vancura
and Kostroun [12] recently reported energy-gain mea-
surements in the forward scattering direction for Ar~+-Ar
collisions for q &16 at energies as low as 40q eV. This gave
an absolute energy resolution (0.5q eV) almost as good
as the present one (0.3—0.4q eV), while the uncertainty
in the energy scale was estimated to be as large as 1q
eV. Finally, Ali et al. [13] and Wu et al. [14] extracted
mean Q values for single- and multiple-electron capture
by measuring the longitudinal momentum transfer to the
recoiling target ions in Ar +-Ar and Ar +-He collisions,
respectively.

In the following section, we will give a rather detailed
account of the experimental setup and our method for
absolute calibration of the energy scale. We will fur-
ther discuss the expected accuracy of this method. The
validity of the method, down to its claimed level of ac-
curacy of a few tenths of an eV at about 50 keV, will
be demonstrated for the dominant single-electron cap-
ture process in Ar +-He collisions. In the discussions
of the results, we will report absolute n-state selective
cross sections for single-electron capture. These results
will be compared with calculations based on the multi-
channel Landau-Zener method. Finally, we will discuss
two-electron transfer processes in Ar +-He collisions ex-
plicitly. There we will put the emphasis on the mecha-
nisms for the population and the decay of intermediately
formed doubly excited states.

II. EXPERIMENT
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FIG. 1. A schematic of the experimental setup showing the
analyzer magnet with its entrance and exit slits, the collima-
tor slits, the gas cell, the retardation lens ("deceleration" ),
the electrostatic hemispherical energy analyzer, and the po-
sition sensitive detector. The power supplies for the detector
and the analyzer, voltage (AV = V+ —V ) are floating on the
retardation voltage VR = V, t (c.f. text).

The Ar~+-ion beams (q=15—18) were provided by the
cryogenic electron-hearn ion source ("CRYSIS") in the
Manne Siegbahn Laboratory at the University of Stock-
holm. Singly-charged ions were first injected axially by
means of an isotope separator. Then they were trapped
in the source and ionized further by a 150 mA continuous
electron beam with an energy of 12 keV. After reaching
the desired charge-state distribution the ions were ex-
pelled in 100 ms long pulses containing total charges of
10 iP to 10 C [15].

The energy and angular spreads in the beams were de-
fi.ned by means of a double-focusing magnet and three
slits (c.f. Fig. 1). With the entrance and exit slits of the
magnet (radius 0.5 m) set to 0.1 mm, the energy spread
was (0.3—0.4) q eV. The third slit, mounted downstreams
from the exit slit, was slightly smaller than the entrance
aperture of the gas cell (/=0. 5 mm) and limited the angu-
lar spread to 0.015 giving typical average count rates
of 500, 300, 100, and 50 s for q=15, 16, 17, and 18, re-
spectively. After the gas cell, which was 10 mm long and
had an exit aperture of /=1 mm, the beam passed a 17
cm long field-&ee drift region before entering a multistage
retardation lens (17 cm long) with a parabolic potential
distribution. The decelerated beam then passed another
field-free region (8 cm) before entering a 180' hemispher-
ical analyzer with sphere radii r~ ——142 mm and r2 ——158
mm. The analyzer and the position-sensitive detector,
mounted 5 cm behind it, were held at the potential of
the last stage of the retardation lens. The angular ac-
ceptance of the whole beam-energy analyzing stage was
calculated to be +0.5 when the beam energy was de-
creased by a factor of 20 (typical value) by means of the
retardation lens. There were no entrance or exit slits
for the analyzer and the energy-gain distributions were
mapped directly on the detector.

We attempted to align the analyzer to the ion beam
in such a way that the ions entered the analyzer field at
the same potential as the last stage of the retardation
lens, i.e. , at the distance rp = 2rir2/(ri + r2) from the
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common center of curvature for the analyzer electrodes.
Presumably this was not fully succesful and we denote
the unknown errors in the angle of incidence and in the
horizontal positioning of the analyzer by o. and br0, re-
spectively. The relation between the kinetic energy E0,
the retardation voltage V, t", and the distance r from the
center of the analyzer to the point where the primary
beam leaves the analyzer is

Ep —qV„,"(r) = qkf(r, pro, n)AV,

where k is a geometrical factor k = (rq + r2)/[2(r2 —rq)]
and f is given by

sions. First, we measured the position in channels as a
function of V„t for the primary beam at 4V=48.007 V
(open circles and VP~ scale). Then, we recorded the po-
sitions of the peaks for the singly charge reduced beam
(filled circles and V„t scale) for the same value of b V
and finally we measured the positions of the primary

~ I

beam for AV'=24. 005 V (triangles and V„t" ). The peak
positions are determined with typical accuracies of 0.2—
0.4 channels by fitting Gaussian functions to the different
peaks (only data for the dominant single-capture chan-
nel is shown in the middle part of Fig. 2). The relations

(2)
r + harp tan o./(ro + pro) + pro

r, brp, n
& + &o + b&o

For the ions that have undergone single-electron capture
(SC) to a certain n level with kinematic energy gain
AE(n) Q(n), the relation between r and the retar-
dation voltage V„t ——V„~ (r) is
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When the analyzer voltage is changed from AV to LV'
(1) takes the form,

3124

3122
05 V
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Ep —qVP" (r) = qkf(r, brp, n)AV', (4)

where V„~ (r) g VP~'(r).
It is possible to eliminate k and f (r, br p, n) when

brp and n are the same in (1), (3), and (4) and when
p(Npp, )= r(Ng~. ) = r(Nppp) for Npp,

——Nso = .Np„I.
Here, Np„, Np„i, and .Nsc are the channel numbers (as
recorded on a multichannel analyzer) for the centeroids of
the two primary beams and the main peak in the single-
capture spectrum, respectively. Hence, we may obtain
the beam energy Ep Rom (1) and (4) as
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where N is the common channel number for which all
three voltages are extracted. Similarly, by using (1) and
(3), the energy gain AE(n) may be determined with high
accuracy through three measurements of the retardation
voltage, and two measurements of the analyzer voltage,

AE( ) = (q —1)[V„, (N) —V„"(N)]—Eo/

In this way, we were able to eliminate all geometrical
factors &om the evaluations of AE and E0.

In practice, it was not possible to set the retardation
voltages for the three beams corresponding to (1), (3),
and (4) with sufficient accuracies in order to get the three
beams to hit the same position on the detector. In order
to cope with this problem, and increase the precision in
the voltages entering (5) and (6), we measured the posi-
tions on the detector (in channel numbers) as functions
of the retardation voltages for the three beams.

The essence of this method is explained in Fig. 2, for
one-electron transfer to the projectile in Ar +-He colli-

Energy gain (eV)

FIG. 2. The relations between the position on the detector
in channels (N) and the three retardation voltages VP„" (open

~ /

circles), VP" (triangles), and V„, (filled circles) are shown
in the middle graph. The lines are least-square fits to these
three sets of data under the condition that the two lines with
the same AV (=48.007 V) should have the same slope. The
upper part of the figure shows relative transmission probabil-
ities (including detection eKciency) as a function of N for the
VP„' data set and an independent set of data (filled squares)
extending all the way out to the walls of the analyzer (the an-
alyzer gap is 16 mm and full transmission is obtained within
a 11 mm wide central region). When the parameters of
the three lines in the middle graph have been determined,
any channel can be used to determine the AE value corre-
sponding to the peak following the V„, (N) line. The relative
energy calibration is then given by the common slopes of the
two parallell lines. The shape of the primary Ar + beam is
shown as an inset in the lower figure, which displays one of
the single-capture spectra (including also transfer-ionization
processes).
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between peak positions and retardation voltages are lin-
ear with reasonably high accuracies (c.f. below) within a

11 mm wide central region on the detector. Once the
three lines of Fig. 2 are established, it becomes possible
to determine AE for an arbitrarily chosen channel num-
ber N by extracting the three voltages V~i" (N), V„„(N),

~ I

and V~i" (N) and enter them in (5) and (6). The energy-
gain scale relative to the position of the dominant peak is
given by the common slope of the two LV=48.007 lines,
which was measured to be —1.4050+0.0075 eV/ch.

The main contributors to the uncertainty in AE are:
The limited accuracies in the measurements of V„q and
AV; The limitations in the determinations of peak po-
sitions and the imaging quality of the detector; The de-
viations from true linear relations between V, q and ¹

Drifts in the field of the bending magnet, and the retar-
~ I

dation and analyzer voltages. The voltages V„~", V,~~

and V„~ for individual data points are measured with a
resolution of 10 mV, which result in typical uncertainties
of 5 mV in the values V~~"(N), Vs'(N), and V~i" (N)
extracted from the three hnes of Fig. 2. This number in-
cludes uncertainties in the peak positions and the imag-
ing quality of the detector. The analyzer voltages are
measured with a resolution of 1 mV and, assuming for a
moment that the nonlinearities and the drifts mentioned
above do not contribute, we arrive at an error in AE
of only 0.1 eV. The drifts in the retardation and ana-
lyzer voltages were found to be smaller than 10 mV and
1 mV during the measurements, respectively, while the
magnetic field Inostly was stable within 1 m Gauss. We
estimate that the two former errors together may con-
tribute at the level of 0.1 eV, while the latter one gives
0.3 eV.

We wish to stress that the expressions (5) and (6) for
AE and Ep are valid also when the full (nonlinear) ex-
pressions for V, &(r) are used and that the errors intro-
duced by using linear relations between V, & and N are
small. In order to discuss the latter point, we assume for
a moment that o;=0 and br0=0. The expression for the
primary beam (1) can then be written:

p„k 1+ (hr/rp)
2 1+ (8r/(2rp))

(~. l'—
q — 1+ + s ~ o

2 2rp (2rp)
(7)

where br is the deviation in the beam-exiting position
from that of the circular trajectory with radius ro. Anal-
ogous expansions can be made for (3) and (4). For Sr=2
mm the quadratic term amounts to 0.7 % of the linear
one or a deviation of 0.01 V in the retardation voltage at
XV=48 V. Moreover, since the true V~i'(N) and V„~ (N)
curves have the same functional form and since the de-
viation from the line scales linearly with AV'/AV, this
type of error would cancel perfectly in the evaluations of
Eo and LE if the data points would be recorded for the
same set of channels in all three measurements [c.f. (5)
and (6)]. Since this condition is not fulfilled for the case
shown here, we estimate that there is a small error ema-
nating from this efFect (&0.01 V) and that all the errors

discussed so far amount to a total uncertainty of +0.3
eV.

The method described above relies on the assumption
that the three voltages extracted for a given (fixed) chan-
nel number can be associated with identical trajectories.
That is, bro and o. must be unchanged during the three
series of measurements. This requirement appears to be
easy to meet for the primary and charge-reduced beams
(at the same value of AV) since their charge-to-energy
ratios, and hence their sensitivities to stray fields, are
the same after the deceleration. This is not the case for
measurements at difFerent settings of the analyzer volt-
age. We made an independent experimental test of this
point by measuring the energy of the primary beam with
the present method for several pairs of analyzer voltages.
Since the result (after a drastic reduction of the stray
magnetic field by means of p-metal shields) was stable
down to at least AV=20 V, we concluded that the inHu-
ence from this source of error was small.

The relations between the intensities in difFerent spec-
tra, as, for example, the ones for true double-electron
capture and transfer ionization, were determined by nor-
malizing to the accumulated charge collected on the exit
slit for the analyzing magnet. This method can be used to
determine absolute charge-exchange cross sections, but it
has a clear drawback since it relies on a constant relation
between the number of ions not passing the exit slits and
the number of ions passing the gas cell, which is situated

2 m downstreams. Prom the scatter of absolute cross
sections obtained for five difFerent runs with Ar +-He
collisions, we concluded that the normalization can be
trusted to within +25'%%up.

III. RESULTS AND DISCUSSION

A. Single-electron capture

1. Q ealuea

The present energy calibration yielded the result
LE=47.1+0.3 eV for the main peak in the singly-charge-
reduced energy-gain spectrum of Ar +-He collisions,
while Ep/q was 3349.3+0.1 V. The kinematic energy shift
Q —AE is estimated to be 0.2 eV using the formula given
by, e.g. , Nielsen et al [17] and assu.ming that the projec-
tile is scattered by an angle 0=Q/(2Ep). The resulting Q
value of 47.3+0.3 eV appears to indicate that the lower
l states in the n=7 manifold are dominant since the cal-
culated Q values (Hartree-Fock) range from 47.6 ev (7s)
to 46.5 eV (7i). All the present results for single-electron
capture are summarized in Fig. 3. In Table I, we compare
the experimental Q values (including the estimated kine-
matic energy shifts) with theoretical Q values based on
single-configuration Hartree-Fock values for the binding
energies. The energy-gain scales for Ar + and Ar + are
obtained with the method described for Ar +. The cal-
ibration for Ar + relies on much fewer data points and
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the determination of the channel number N=¹r= ro~7 —Po j )

corresponding to the circular trajectory r = r0. The
agreement between the actually realized positions in LE
and those expected &om the Hartree-Fock calculations is
quite satisfactory. The predictions for the Q values from
the extended classical over-the-barrier (ECB) model [7]
are indicated by arrows in Fig. 3 and for Ar + Ar +

18+and Ar, they are very close to the dominant peaks
n=7, n=i, and n=8, respectively. We estimate typical
scattering angles for single-electron capture to be 0.03,
which lies well inside the angular acceptance of the ap-
paratus (0.5 ).

Ali et aL [13] give an uncertainty in their absolute en-

ergy scale of about 4 eV for 50 keV Ar +-Ar collisions )

while Wu et at. [14] (using the same experimental setup)
give a mean Q value of 32+1 eV (extracted from a fig-
ure) for single-electron capture in Ar +-He collisions at
similar energies. Based on this finding they reported a
dominance of capture to n=8 in Ar +-He collisions, 14,
wnlle we find a strong dominance of capture to n=7 at
Q=47.3+0.3 eV at nearly the same collision energy. In
addition, we measure the Q values of two much smaller
side peaks to be 30.3+1.4 eV and 70.6+1.4 eV, which are
in agreement with the expected positions for capture to
the n=8 and n=6 levels, respectively. This agreement
suggests very strongly that the present result is correct.

2. Ct'Q8 8 8CC CXOA8

For the four specific cases investigated here one or
two n states are strongly populated in single-electron
capture. The total absolute cross section for net one-
electron transfer to the projectile in Ar +-He collisions
at 3.35q keV was measured to be (52+13)x10 ' cm,
which is consistent with the result of Vancura et al. of
(50.4+7.3) x10 cm at 2.3q keV [16]. Once the abso-
lute cross-section scale is defined, the present technique
obviously allows us to determine state-selective cross sec-
tions for single-electron capture (c.f. Table I) and total
cross sections for transfer ionization. The absolute cross
sections have been measured directly as described in the
preceding section for q=16 and q=17, while the absolute
scale for q=15 was set by means of the result of Vancura
et al. [16]. The current on the magnet exit slits was too
low for a reliable normalization for q=18 and, therefore,
only relative cross sections may be deduced in that case.
It should be noted here that we have not tried to cor-
rect the cross section for possible blends by close-lyinse- yang
transfer ionization channels. However, we expect that
the influence from such corrections are rather small (c.f.
the discussion of two-electron processes in Ar +-He in
the next section).
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TABLE I. Theoretical (Q ) and experimental Q values
(Q'"~'; i.e. , the sum of the experimental AE value and the
estimated kinematic energy shift) for single-electron capture
in Ar~+-He collisions (15&q&18). The table also shows abso-
lute experimental (o.,„~,) and theoretical (eros) state-selective
cross sections for q=15-17. The latter are calculated by means
of the multichannel Landau-Zener method (MCLZ) with the
coupling element given by Olson and Salop (OS). The abso-
lute experimental cross-section scale for Ar +-He is normal-
ized to the results of Ref. [16].

Process (eV)

expt ~HF
O expt OS

(10 cm ) (10 cm )

Ar~s+-He

n = 7 38.5 + 0.4 37.9 m 39.7 27.6 5.5+23.4

n = 6 61.7 + 0.4 60.5 m 63.4 11.3
TI 9.7

2.3+8.8
1.9+

Ar~6+-He

n = 8 30.3 + 1.4 29.9 ~ 30.6 5.6 1.1+5.6

n = 7 47.3+ 0.3 46.5 ++ 47.6 29 5.8+27.6

n = 6 70.6 + 1.4 72.2 ++ 73.9 4.4 0.9+4.6

13 2.6+

Dc 1.5 0.7+

The experimental cross sections are compared with
the corresponding quantities calculated within the multi-
channel-Landau-Zener (MCLZ) approach [18,19] using
the semiempirical diabatic coupling elements of Olson
and Salop [3] without any reduction factor [19,20]. The
quantitative comparisons are shown in the Table I, while
qualitative comparisons are offered in the forms of re-
action windows (dashed curves) in Fig. 3. The experi-
mental and theoretical results agree for q=15 and q=16,
while the absolute levels of the experimental cross sec-
tions for q=17 lie 50% above the theoretical ones. The
distribution of the total single-electron capture cross sec-
tion on different n states is, however, reproduced. by the
calculations in all cases. These observations strongly sug-
gest that it is correct to use the original semiempirical
formula by Olson and Salop. This is also quite reason-
able, since the rather highly excited single-capture states
populated in the present collisions closely resemble truly
l.,ydrogenic states and energy separations between neigh-

boring l levels are much smaller than typical adiabatic
energy splittings. Obviously, the correction factor intro-
duced by Taulbjerg [20] for the case of open-core projec-
tiles with /Orge separations between the different l levels
of n manifolds should not be applicable here, in accor-
dance with our experimental results. For the present
collisions, it is further incorrect to view all the valence
electrons of multiple-electron targets (like He) as equiva-
lent and to increase the effective coupling strength with
the number of such electrons [18,19]. Instead, it appears
that the target should be viewed as a one-electron tar-
get (where the electron is bound by the first ionization
potential) in order to describe single-electron capture.

Meyer et at. [2] found that the oscillations in single-
capture cross sections (as a function of q), observed at low
velocities, become less pronounced already in the v 0.1
a.u. region. They interpreted this disappearance of an
oscillatory behavior as due to an increasing importance
of nonlocalized electron transitions and they further con-
cluded that the assumptions on which the Landau-Zener
model is based become invalid at velocities much above
0.3 a.u. The present good agreement between state-
selective model and experimetal cross sections strongly
suggest that the assumptions of the Landau-Zener model
holds for Ar~+-He collisions at v 0.2 a.u. when q=15,
1.6, 17, and 18.

B. Transfer ionization and true double-electron
capture

Our measured total cross sections for single-electron
capture are roughly 10—20 % lower than the cross sections
predicted by the ECB model. The experimental cross
sections for the dominant two-electron process (transfer
ionization) are considerably lower than the model cross
sections for two-electron removal &om the target. The
latter feature has been observed before as anomalously
low ratios (in relation to the ECB predictions) between
two- and one-electron removal from the target in Xe~+-
He collisions up to q=44 [21].

It is generally accepted that the transfer-ionization and
true double-electron-capture processes in slow ion-atom
collisions involving highly charged ions proceed via the
formation of intermediate doubly excited states. In the
following section, we will discuss whether these states are
the same for both processes or if there is a difference in
the types of states leading to the two reactions. We have
chosen to limit this discussion to the Ar +-He case.

Ar +-He
n = 8 37.0 + 1.0 37.3 ++ 36.9 22.0 4.4+15.0 Q values

10.4 2.1+

n = 8 42.8+1.5
+ He

44.3

n = 7 65.3+ 1.5 65.4

n = 7 56.8 + 1.0 56.3++ 55.6 36.0 7.2+23.7 In Fig. 4, we show energy-gain spectra for single-
electron capture (top), transfer ionization (middle), and
true double-electron capture (DC) (bottom) for Ar +-
He collisions. We note that the weak structure in the
transfer-ionization spectrum would be consistent with
population of the doubly excited (5,n') states with n'
ranging between n'=6 and n'=l1. However, at this point
we re&ain &om making a de6nite assignment of the ob-
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IG. 4. Energy-gain spectra for single-electron capture

(top), transfer ionization (middle), and true double-electron
capture (bottom) in Ar +-He collisions. The middle spec-
trum is identical to the top spectrum, but it is shown with a
different vertical scale. The single-configuration Hartree-Fock
energies of the (4,n'), the (S,n'), the (6,n'), and the (7,n') se-
ries are shown in the two lower figures, The widths of individ-
ual boxes for the lower (n, n')-states reflect the energy spreads
of states with different angular momenta within certain (n, n')
manifolds. The n' quantum numbers of the states in the boxes
furthest to the right in each series are indicated to right and
the following boxes (going to the left) represent states for the
following (higher) values of n'. The labels for the states with
the lowest possible Q values within a given series are shown
to the left [(7,oo), (6,oo), etc.]. The expected positions of
the three dominant single-electron channels are indicated in
the upper figure. The two thin arrows in the middle figure
show the positions where transfer-ionization satellites (to the
n=6 and n=8 single-capture peaks) could appear. The two
bold arrows in the lower figure indicate the expected posi-
tions of the double-collision peaks at Q=87 and 109 eV (c.f.
text). Note that the intensity in the true double-capture spec-
trum (bottom) cannot be directly related to the intensity in
the transfer-ionization spectrum (middle) due to difFerences
in the data-taking times.

served features. The main reasons for this is the low
statistical level of the data and the fact that the peaks
probably are too narrow in realtion to what one would
expect &om the broadening due to electron emission &om
the projectile.

A part of the double-capture spectrum (bottom Fig. 4)
is contaminated by double collisions, but this contribu-
tion may be estimated since the Q-value distributions
for single-electron capture 1n Ar +-He and Ar +-He
are known (from the present experiment) and the cor-
responding absolute cross sections can be deduced from
the present study and Vancura et al. [16]: We estimate
the l-averaged lifetime of the n=7 state in Ar + to be

—1110 s, which is much shorter than the time it takes for
the ions to pass the gas cell ( 20 ns). This means that
the probability for creating doubly excited states through
collisions with two difj'erent target atoms is expected to
be very small and instead the most likely product of a
double collision event is the creation of a singly excited
projectile state (there is time for the excitation resulting
&om the first collision to relax before the second collision
occurs). The double collisions will thus appear in the
energy-gain spectrum for projectiles which have picked
up two electrons. The dominant apparent Q values for
these events are 86 (47.1+38.5, c.f. Fig. 3) and 109
(47.1+61.7) eV. The two peaks to the left in the lower
spectrum of Fig. 4 fit these values on an absolute scale.
Further, using the normalization of the intensities of the
spectra, which was described in the experimental section )

we find that the measured peak intensities may be fully
accounted for by such false events. Moreover, the in-
tensity relation between the two double-collision peaks
(indicated by arrows in the lower part of Fig. 4) is the
same as the relation between the two dominant peaks in
Ar +-He collisions (c.f. Fig. 3). We thus conclude that
the true double-electron capture process is dominated by
the intermediate population of Ari +(4,n') states.

Prom Pigs. 3 and 4 it is evident that the cross sec-
tions for transfer ionization (the structures to the right
of the peaks due to single-electron capture) are substan-
tially smaller than the corresponding ones for single-
electron capture. For the Ar +-He collisions, we mea-
sure GATI(QT& ) 80)/o'sc=0. 13+0.2 (1.3 keV/u) which is
much lower than the result of Wu et al. [14], who report
O'Ti/o'sc=0. 24 at 0.9 keV/u and a rather strongly in-
creasing trend for increasing velocities. Wu et al. give an
average Q value for transfer ionization of 94+3 eV, while
we deduce Q~«„——111+2eV &om our distribution above
Q=80 eV. We estimate typical projectile scattering an-
gles to be around 0.1-0.15 for the various two-electron
transfer processes of interest here. This well within the
angular acceptance of the apparatus (+0.5 ).

The present low cross-section ratio and high Q
value for transfer ionization may be qualitatively ac-
counted for by observing that there are satellite peaks
close to the m=6 and n=8 single-capture peaks, which
we tentatively ascribe to doubly excited (6,8) and (7,9)
states, respectively (c.f. the arrows in the middle part
of Fig. 4). It is clear that the statistical significance of
these satellites is not very high based solely on the data
in Fig. 4. However, the "doubleness" of the n=8 and
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n=6 single-capture peaks appeared in essentially all of
the many spectra which we recorded under various ex-
perimental conditions and it is for this reason that we
believe that they are real. We consider it to be rather
likely that the population mechanisms for the transfer-
ionization processes below Q=80 eV are different from
the ones where the inner electron is in a n=4 or n=5
state and a reasonable, albeit very tentative, explanation
is that rotational couplings play an important role. This
idea stems &om the fact that some doubly excited states,
built on inner electrons in n )5, are close to degenerate
(at infinite R) with the dominant single-capture channels
in a fashion closely resembling the situation recently dis-
cussed for true double-electron capture in slow C +-Ne
collisions [22]. Quite possibly several more members of
the (6,n') and the (7,n') states are populated, but they
are too close to the strong n=7 single-capture peak to be
visible in Fig. 4. Due to these diKculties, we refrain from
trying to extract definite numbers for the mean Q value
and the cross section ratio. It is clear, however, that the
inclusion of the satellites would bring both values closer
to the results of Wu et al. [14].

It is much easier to derive a mean Q value for true
double-electron capture and we arrive at Q, „=143.3+3
eV. This is in strong disagreement with the results of Wu
et al. who report the same value as for transfer ionization
(94+3 eV). Thus, as opposed to Wu et al. [14], the present
results clearly shows that different intermediate doubly
excited states are responsible for the transfer ionization
(5,n') and true double-electron-capture processes (4,n').
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FIG. 5. Single-configuration Hartree-Fock binding energies
for some singly excited Ar +(nl) states (dashed lines) and
doubly excited Ar +(n, n') states.

2. Radiative stabilization and autoionization

We extract an average probability for radiative stabi-
lization of 9%, which is consistent with the results of Wu
et aL [14]. Fram the present data, it further appears that
the probabilities for radiative stabilization, P, s(n, n'),
are close to zero for the (5,n') states with n' )6, while
the (4,n') states below the Ar +(4s) limit mostly sta-
bilize radiatively. This result demonstrates that a state
with an initial high degree of asymmetry n«n' [like the
present (4,n') states centered on n'=15] in general will be
more likely to keep both electrons than a quasisymmetric
n n' or symmetric n = n' one [like the present (5,n')-
states centered on n'=8]. Some of the initially populated
states reside fairly high above the nearest lower ionization
limit, which according to Hansen [23] (who has calculated
the branching ratios for doubly excited Ar + states lying
slightly higher than the ones we observed) will make au-
toionization less probable than otherwise. As mentioned
above, this condition is not fulfilled for the (4,n') states
above the 48 limit and, therefore, they mostly appear in
the transfer-ionization spectrum (c.f. Figs. 5 and 6).

In Fig. 5, we show our calculated single-configuration
Hartree-Fock energies for the doubly excited Ar + states
of immediate interest. Isotropic autoionization of (5,8)
and higher (5,n') towards the n=4 limits would lead to
substantial broadening of the lines, while such emission
from some (5,7) and possibly some of the (5,6) states
mixed with (4,n') states would give less broadening.

The population of the n=4 and the n=5 shells in two-
electron transfer is quite reasonable in view of the ECB
model which predicts n=4.8 for the inner electron. How-
ever, the present experimental results show that the n'
state of the outer electron in two-electron transfer, eas-
ily may be much higher than the dominant n state for
single-electron capture (n=7 for Ar +-He). This has
been observed before, but only for collisions involving
ions of much lower charge states. Even though we cannot
draw definite conclusions about the dominant reaction
mechanisms &om the energy-gain spectra alone, the spe-
cific energy-level structure of the Ar +-He system leads
to the following observations for the population of the
(5,n') series: The crossing between the incident channel
and the n=6 single-capture channel is strongly adiabatic
and, therefore, one may expect the two dominant paths
to the (5,n') states to proceed via the incident chan-
nel, and the n=6 or n=7 single-capture channels (c.f.
Fig. 6). If we for a moment assume that the electrons
are transferred sequentially and that the second electron
only may leave the target when the potential barrier is
sufficiently low, it is clear that only the (5,6) states may
be populated from the n=6 channel and only the (5,6),
(5,7), and the (5,8) states may be populated from the
n=7 channel. However, in a more realistic picture of
charge-transfer built on the Landau-Zener model and the
reaction-window concept there can be nonvanishing prob-
abilities for electron transfer at internuclear separations
larger than the limiting ones set by the ECB model. This
means that transitions from the n=7 channel to higher
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members of the (5,n') series cannot be excluded although
they cross outside the limit B2 set by the ECB model
(c.f. Fig. 6).

Regardless of which one of these mechanisms domi-
nates, it appears that two orbitals have to change si-
multaneously (i.e., at nearly the same value of B) when
states above the (5,7) states are populated. This conclu-
sion would obviously also hold in the case that the two-
electron transfer channels are populated directly from the
incident channel. The efBciencies of electron transfer at
avoided crossings of adiabatic potential curves are, thus,
rather insensitive to wether the transition would lead to
drastic changes of one-electron binding energies or not
as long as the sum of the binding energies for the two
electrons does not change.

The population mechanism for the (4,n') channels
must be discussed in the context of possible mixings with
more symmetric states. There are only two groups of
states that are close to this series at infinite internuclear
separations. These are the (5,5) and the (5,6) states,
which lie in the vicinities of the (4,8) and (4,15) states,
respectively. It is very important to note that the path
directly from the incident channel to the (4,n') channels
is virtually closed by the strong adiabaticity of the n=6
single-capture channel. It is, thus, tempting to conclude
that only sequential transfer via one or several of the
three active single-capture channels are possible.

It further seems that the population of the (4,n') se-
ries might have large similarities to the population of
strongly asymmetric states in two-electron transfer ob-
served by Gaboriaud et aL for N +-Kr collisions [24]. In
that case (there are several more reported in the litera-
ture. See, e.g. , [25]) it was argued that an R-dependent
mixing between the (4,4) and the (3,n') series was respon-

sible for the population of the latter one and, further,
that this explained the surprisingly large degree of radia-
tive stabilization at such a relatively low q. This process
was named "auto transfer to Rydberg states" and relies
on the better screening of the projectile core charge by
more symmetric doubly excited states close to the cross-
ing region of interest. The potential curve structure of
the present Ar +-He collisions (c.f. Fig. 6) show sub-
stantial similarities to the N +-Kr system in that it has
quasi-symmetric (5,6) states imbedded in the asymmet-
ric series (4,n') at infinite values of B. Thus, two possible
collision mechanisms that may lead to population of the
highly asymmetric (4,n') series proceed through one or
several of the active single-capture channels and to (4,n')
states either via the (5,6) states or directly. Again, there
is no way to distinguish between these possibilities by
means of the energy-gain spectra alone. However, re-
gardless of which one of the mechanisms that is most
important, the last steps involve changes of the principal
quantum numbers for both the active electrons.

IV. CONCLUSION

In this paper, we have reported experimental results
on state-selective single-electron capture in slow collisions
between Ar ions of the four highest charge states and He.
For these measurements, we used method which made
it possible to calibrate the energy-gain scales with high
accuracies, as demonstrated in detail for Ar +-He colli-
sions. The comparison between measured and calculated
state-selective cross sections for single-electron capture
strongly indicates that the correct values of the diabatic
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coupling strengths are given by the semiempirical for-
mula derived by Olson and Salop. As discussed above, it
is hardly surprising that this applies to the strongly hy-
drogenlike levels, populated in Arr+-He collisions (q=15—
18), since the formula was derived for bare nuclei collid-
ing with atomic hydrogen. While the larger ionization
potential of the He target has to be taken into account,
we find that no correction for the number of available
valence electrons is necessary in the present case. The
rather close agreement between the present experimental
and theoretical results on single-electron capture lead to
the conclusion that electron transfer is well localized to
avoided crossings of adiabatic potential curves.

The analysis of transfer ionization processes has been
concentrated to the Ar +-He case. These results indi-
cate that processes which require simultaneous changes
of the principal quantum numbers for two electrons may

be as important as those in which the two orbitals are
changed sequentially. We have further reported the cor-
responding energy-gain spectrum for true double-electron
capture, which clearly shows a different Q-value distribu-
tion as compared to that of transfer ionization. Our re-
sults suggests strongly that fairly symmetric (5,n') states
are dominant in transfer ionization, while strongly asym-
metric (4,n') states lead to true double-electron capture.
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