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State-selective charge transfer between He-like ions and He

J. P. M. Beijers, R. Hoekstra, and R. Morgenstern
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(Received 1 July 1993)

We report absolute, state-selective cross sections for single-electron capture by He-like ions (N +,
0 +, F +, Ne +) colliding on He which were determined by vuv photon-emission spectroscopy. The
impact energy was varied between 0.05 and 2 keVamu . The experimental data are compared
with theoretical predictions based on the classical overbarrier model, the Landau-Zener model, and
existing close-coupling calculations.

PACS number(s): 34.70.+e

I. INTRODUCTION

The process of single-electron capture (SEC) by mul-

tiply charged ions colliding on neutral gas atoms is best
understood for (quasi-) one-electron systems. The basic
mechanism of SEC, i.e., resonant transfer of the active
electron to an excited state of the projectile ion, is ele-
gantly described by simple (semi) classical models such as
the classical overbarrier model [1] and the Landau-Zener
model [2]. These models are easily used to estimate the
relevant cross sections. Very accurate predictions of de-
tailed state-selective cross sections have been obtained
with elaborate close-coupling calculations for many dif-
ferent collision systems [3]. One of the present chal-
lenges in this field of study is to achieve the same level of
understanding of charge transfer in (quasi-)two-electron
systems, e.g. , collisions between multiply charged ions
and hehum. Most of the work performed to date has
focused on the two-electron channels including double-
electron capture and transfer ionization [4]. Although
much progress has been made, particularly in identify-
ing the difFerent capture mechanisms, the large number
of open channels greatly complicates detailed theoretical
treatments of these two-electron processes.

In the present paper we concentrate on the SEC chan-
nels of some quasi-two-electron collision systems. In par-
ticular, we used vuv photon emission spectroscopy to
determine total and state-selective SEC cross sections
for the dominant and semidominant n channels in col-
lisions of the He-like ions N +, 0 +, F +, and Ne + with
He. The collision energy was varied between 0.05 and
2 keVamu . We also performed calculations of total
and state-selective cross sections based on the classical
overbarrier model and the Landau-Zener model in order
to show the usefulness and limitations of these models.
Our experimental data provide stringent tests for realis-
tic calculations of SEC processes in the above-mentioned
(quasi-)two-electron systems. Furthermore, the present
data might also be relevant for the plasma fusion com-
munity in relation to impurity diagnostics and control in
the next generation of large tokamaks [5].

Several other groups have also studied SEC in the colli-
sion systems investigated here. These groups include Iwai

et al. [6] and Justiniano et al. [7], who have determined
total SEC cross sections using charge-state-analysis tech-
niques. State-selective SEC cross sections for the 0 + +
He system were measured by Liu et al. [8] using vuv pho-
ton emission spectroscopy, but at much higher impact
energies (2—105 keVamu ) than in the present investi-
gation. Finally, Waggoner et al. [9] measured the angular
distributions of the scattered projectiles at specific im-
pact energies. These distributions are very sensitive to
the detailed dynamics of the charge transfer process (i.e. ,
shape and participation of the relevant potential-energy
curves; see also Cocke et al. [10]).

The present work is part of an ongoing project to set
up and evaluate a database of total and state-selective
cross sections for various collision processes between low-
Z multiply charged ions and atomic hydrogen and he-
lium. Previous related work by our group can be found
in Refs. [11—14].

II. EXPERIMENT

We used a crossed beam apparatus to collide multiply
charged ions with an efFusive helium beam. The pri-
mary ion beam is extracted &om an electron cyclotron
resonance (ECR) ion source at a potential of 4 kV, trans-
ported to the collision chamber and, before being crossed
with the target beam, decelerated with an electrostatic
lens system to the desired collision energy. The target
pressure at the scattering center is kept low enough to
ensure single-collision conditions. vuv photons emitted
by the product ions are detected with a grazing incidence
monochromator (10—80 nm). A position sensitive detec-
tor enables simultaneous detection of lines within a range
of about 20 nm. The monochromator is placed under the
magic angle relative to the ion-beam axis and tilted by
45 in order to cancel all polarization-dependent efFects.
Two pairs of Helmholtz coils surrounding the collision
chamber reduce the magnetic field perpendicular to the
ion beam to less than a few pT. Our measurements are
put on an absolute scale by normalizing to well-known
cross sections of various ion and electron impact exci-
tation processes. Details of the experimental setup and
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where A is the wavelength of the nt ~ mk transition, ~
the solid angle of observation, fI the charge state of the
projectile ions, Q the accumulated ion charge, K(A) the
quantum yield of the detection system, N the effective
target density, and L the observation length. Lifetime
corrections are not necessary since all the product ions
decay within view of the monochromator. The accumu-
lated ion charge Q in Eq. (1) is corrected for the small
fraction of metastables (- 5%%uo) present in the He-like pro-
jectile beams [18].

The state-selective cross sections o(nl) follow from the
emission cross sections o, (nl ~ mk) via

o, (nl m mk)
o nl

L, rnk
) o, (ik m nl),

i (&n)
(2)

FIG. 1. Energy level diagram and allowed dipole transi-
tions for a lithiumlike ion. The numbers along the lines rep-
resent the branching ratios for NV and OVI ions. These and
other spectroscopic data relevant for the data analysis are
listed in Table I.

o, (nlmmk) = 4vr q S(A)
~ K(A)Q NL

calibration procedure can be found in Refs. [15,16].
In the collision systems investigated here SEC pro-

cesses dominantly populate either the n = 3 shell (N +,
Os+ + He) or the n = 4 shell (F7+, Nes+ + He) of
the product ions. The relevant part of the energy level
diagram of these ions is shown in Fig. 1 and typical spec-
tra of the emitted vuv radiation are shown in Fig. 2.
The N + and 0 + spectra are of much higher quality
than the F + and Ne + spectra. The reason for this is
that the former spectra were acquired with significantly
higher projectile beam currents and higher detection ef-
ficiencies (because of the shorter wavelengths) than the
latter ones. We determined the peak areas of the various
lines by fitting Gaussian peak shapes with known widths
and positions to the spectra. The vuv wavelengths and
branching ratios used in the analysis are obtained from
Ref. [17] and listed in Table I. Emission cross sections
o, (nl ~ mk) for the various transitions are determined
from the corresponding peak areas S(A) with the relation

with k = l + 1, l —1 and P„~ A, the branching ratio for
the nl ~ mk transition (Table I). The second term in
Eq. (2) accounts for cascade contributions from higher
populated states.

Finally, the uncertainty in the present measurements
is determined by counting errors and target density Buc-
tuations (statistical uncertainties) and by the sensitivity
calibration of the vuv monochromator (systematic uncer-
tainty). The systematic uncertainty is estimated to be
20% and is independent of the collision energies studied
here. A detailed error discussion relevant to the present
experiment can be found in Ref. [16].

III. RESULTS

All results are displayed as a function of the impact
energy in Figs. 3—7, together with other available exper-
imental and theoretical data. The latter are represented
by smooth curves and will be discussed in the following
section. The error bars displayed in the figures represent
one standard deviation of the statistical uncertainties.
Figures 3 and 4 show the state-selective cross sections
for capture into the dominant n = 3 shell for the N + +
He and 0 + + He systems, respectively. Cascade contri-
butions from the n = 4 shell to the various 3t substate
populations are negligible for the N + + He system and
small (( 5%%uo) for the 0 + + He system. The 0 + + He

TABLE I. vuv wavelengths A and branching ratios P of the observed transitions in the indicated
product ions (taken from Ref. [1?]).

Transition
3s-2p
3d-2p
3p-2s
4s-2p
4d-2p
4p-2s
4s-3p
4p-3d
4f 3d-
4d-3p
4p-3s

N4+*

A (nm)
26.63
24.76
20.93
19.02
18.61
16.26

p
1.00
1.00
1.00
0.59
0.77
0.77

O5+ *

A (nm)
18.40
17.30
15.01
13.23
12.98
11.58

1.00
1.00
1.00
0.59
0.77
0.77

F6+*

A (nm)
13.48
12.77
11.30
9.73
9.57
8.68

39.22
38.90
38.18
36.77
33.54

p
1.00
1.00
1.00
0.59
0.76
0.76
0.41
0.04
1.00
0.24
0.20

Ne +*

A (nm)
10.3
9.82
8.81
7.46
7.35
6.74

29.89
29.71
29.24
28.24
26.03

p
1.00
1.00
1.00
0.59
0.76
0.76
0.41
0.04
1.00
0.24
0.20
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TABLE II. State-selective [o(3l)] and total [o(n = 3)] SEC cross sections with corresponding

statistical errors (one standard deviation) in units of 10 cm for N + + He collisions.

E (eV/amu)
1433
1129
879
661
461
363
254
192
161
123
92
67
49

o (3s)
9.3 + 0.7
9.6 + 0.7

11.7 + 0.9
120 6 09
12.5 + 1.0
13.4 + 1.0
14.1 6 1.1
138 6 16
15.9 + 1.8
15.6 2 2.5
14.2 + 2.3
12.3 + 2.0
10.8 + 1.7

o (3p)
3.22
2.88
3.05
3.Q8

3.67 4
4.17
4.48
4.73
5.35
5.59
5.42
4.90
4.29

0.24
0.24
0.25
0.25
0.31
0.33
0.35
0.54
0.61
0.89
0.86
Q.78
0.70

o.(3d)
1.90
1.71
1.59 +
1.36 +
1.29 +
1.28
1.12 +
0.86 +
1.31
0.99 6
0.84
0.77 6
0.81

0.16
0.18
0.1?
0.15
0.19
0.14
0.13
0.12
0.17
0.17
0.15
0.14
0.16

o(n = 3)
14.4 + 0.7
14.2 + 0.8
16.3 + 0.9
164 + 10
17.4 + 1.0
18.8 + 1.1
19.7 + 1.1
19.4 6 1.?
22.5 6 1.9
22.1 + 2.6
20.4 6 2.4
18.0 + 2.1
15.9 + 1.9

data have been published previously [12], but are repro-
duced here for the sake of completeness. Figure 4 also
shows the experimental data of Liu et al. [8], which they
normalized to the data of Dijkkamp et al. [11] at 4.5
keV amu . State-selective SEC cross sections for the

n =. 4 shells of the F7+ + He and Ne + + He systems
are shown in Figs. 5 and 6, respectively. The small 3l
cross sections for these collision systems have large un-
certainties because of the 4l' m 3l cascade corrections
and are given only in tabular form. For the o(3s) and
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FIG. 2. Typical vuv emission spectra of (a) NV, (b) OVI, (c) FVII, and (d) NeVIII ious observed in charge-transfer collisions
with He.
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TABLE III. State-selective [o(3l)] and total [o(n = 3)] SEC cross sections with corresponding
statistical errors (one standard deviation) in units of 10 cm for 0 + + He collisions.

F (eV/amu)
1505
1186
923
695
484
380
267
215
169
136
110
85
62

o.(3s)
1.53 + 0.15
1 23 + 0 15
1 02 + 0 12
086 + 0.10
0.57 + 0.09
0 52 6 0 08
0.37 + 0.08
0.20 6 0.07
0.24 6 0.08
0.14 6 0.08
0.10 6 0.07
0.20 6 0.10
0.15 + 0.08

o (3p)
6.69 + 047
6.66 + 0.47
5.93 + 0.48
5.34 + 0.43
4.89 + 0.40
4.32 + 0.35
3.55 + 0.29
2.86 + 0.40
2.90 + 0.40
1.83 6 0.35
1.48 + 0.30
1.65 6 0.33
1.07 + 0.22

o (3d)
3 11 + 0 24
313 + 0 24
319 + 0 29
293 + 0 27
3 08 + 0 28
3.21 + 0.29
331 + 030
262 + 035
3.24 6 0.40
252 + 045
2.43 6 0.45
2.61 + 0.50
2.81 6 0.53

o(n =
11.3
11.0
10.1
9.12
8.54
8.05
7.23
5.69
6.39
4.49
4.01
4.46
4.02

3)
0.6
0.6
0.6
0.52
0.50
0.46
0.43
0.54
0.57
0.58
0.55
0.60
0.58

o (3p) capture cross sections of the Ne + + He system we

could only determine an upper bound of 5x10 cm .
Finally, total cross sections for SEC into the n = 3 or
n = 3+ 4 states for the investigated collision systems are
shown in Fig. 7. The data of Iwai et al. [6] and Justiniano
et al. [7] represent total q ~ q

—I charge transfer cross
sections including contributions from transfer ionization
and capture into n levels other than the ones indicated.

This could account for the di6'erences between our to-
tal cross sections and those given by Iwai et al. [6]; see,
for example, Fig. 7(c). All present experimental data are
given numerically in the Tables II—VI, together with their
statistical uncertainties.

The experimental data show that the magnitudes and
energy dependences of the state-selective SEC cross sec-
tions are strongly specific for each collision system. In
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FIG. 3. State-selective cross sections for single-electron capture into the n = 3 shell of N + in N + + He collisions. The
error bars represent one standard deviation of the statistical uncertainty. The systematic uncertainty is estimated to be 20/().

Experiment: ~, this work; o, Dijkkkamp et al. [11].Theory:, (MO) Bacchus-Montabonel [25]; ———,(LZ) see Eq. (13).
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TABLE IV. State-selective [o(3l)] and total [o'(n = 3)] SEC cross sections with corresponding
statistical errors (one standard deviation) in units of 10 cm for F + + He collisions.

E (eV/amu)
1478
1165
907
682
373
262
211
166
133
108
83

o (3s)
0.42 + 0.10
0.36 + 0.12
0.28 + 0.10

& 0.20
0.11 + 0.09

& 0.19
0.12 + 0.12

& 0.21
& 0.17
& 0.20
& 0.18

o (3p)
0.80 + 0.25
0.33 + 0.26
0.58 + 0.27
0.23 + 0.23
0.40 6 0.33
0.51 + 0.55
0.79 + 0.52
0.94 + 0.59
0.66 6 0.50
1.42 + 0.74
0.90 6 0.73

o.(3d)
0.94 + 0.40
0.63 + 0.40
0.54 + 0.38

& 0.55
& 0.55
& 0.67

0.36 + 0.36
0.39 + 0.38
0.34 6 0.34

& 0.46
& 0.49

o.(n =
2.16
1.32
1.40
0.47
0.69
0.88
1.27 +
1.40
1.05
1.57 +
1.02

3)
0.48
0.49
0.48
0.49
0.50
0.68
0.66
0.72
0.63
0.84
0.83

the next section we will try to understand the observed
trends on the basis of the (semi)classical overbarrier
and Landau-Zener models and compare the experimental
data with existing quantum-mechanical close-coupling
calculations.

IV. DISCUSSION
A. The classical overbarrier model

According to the classical overbarrier model SEC takes
place when the Coulombic barrier, which separates the

potential wells of the projectile and target nuclei, drops
below the binding energy of the active electron with de-
creasing distance between the collision partners. This
happens at an internuclear distance BgB, which depends
only on the charge q of the projectile ion and the ion-
ization potential It of the target atom via (see [1] and
references therein)

2q& +1
BgB ——

Ig
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FIG. 4. State-selective cross sections for single-electron capture into the n = 3 shell of 0 + in 0 + + He collisions.
Experiment: ~, this work; o, Dijkkamp et al. [11]; o, Liu et al. [8]. Theory:, (AO) Fritsch and Lin [26];, (MO)
Shimakura et al. [27]; ———,(LZ) see Eq. (13).
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TABLE V. State-selective [o(4l)] and total [o(n = 4)t SEC cross sections with corresponding
statistical errors (one standard deviation) in units of 10 cm for F + + He collisions.

F (eV jamu)
1478
1165
907
682
475
373
262
211
166
133
108
83

o (4s)
3.19 + 0.59
4.27 + 0.75
5 01 + 0 77
4.50 + 0.80
6.06 + 0.94
7.06 + 0.92
7.2 6 1.1
6.4 6 1.0
7.4 6 1.2
6.5 6 1.4
7.8 6 1.5
7.9 6 1.5

~(4P)
2.50 + 0.28
2.10 + 0.25
2.50 + 0.24
2 25 + 0 24
2 54 k 0 25
2 30 6 0 25
2 06 6 0 29
2.37 + 0.31
2.42 + 0.31
2.45 + 0.40
3.14 6 0.54
2.60 6 0.45

o (4d)
2 51 + 0 50
188 + G 64
1.93 + 0.70
1.80 + 0.70
2.23 + 0.87
2.04 + 0.70
1 42 + 0 88
1.75 6 0.80
1.98 6 0.80
1.42 + 0.80
1.6 6 1.0
1.5 6 1.0

cr(4 f)
3 00 + 0 33
2.13 + 0.36
1.56 + 0.28
2.06 + 0.32
1.64 + 0.32
0.94 6 G.26
0 55 + 0 23
0.45 6 0.23
0.30 + 0.21

& 0.3
& 0.2
& 0.2

cr(n = 4}
11.2 6 0.9
10.4 + 1.1
110 + 11
10 6 + 11
125 + 13
123 + 12
11.2 6 1.5
11.0 + 1.3
12.1 + 1.5
10.4 + 1.7
125 + 19
12.0 6 1.9

The total SEC cross section is taken to be proportional
to the geometrical cross section

o, = AvrR~B,2 (4)

with A the proportionality constant. The value A = 0.5
has been shown to give the best overall agreement for
the present collision systems [11,19]. Assuming that the
electron is transferred resonantly from the target to the
projectile at the internuclear distance R~B, its asymp-

totic binding energy Iq at the projectile ion is given by

g —1
Iq ——Ig +

RCB

In the extended overbarrier model this binding energy Iq
is smeared out into a so-called classical reaction window
because of the finite time available for the charge trans-
fer. The reaction window is assumed to be Gaussian with
a width AE proportional to the square root of the im-

(a)
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FlG. 5. State-selective cross sections for single-electron capture into the n = 4 shell of F + in F + + He collisions. See Fi
3 for symbols.
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TABLE VI. State-selective [o(3d) and a(4l)] and total [cr(n = 3+4)] SEC cross sections with corresponding statistical errors
(one standard deviation) in units of 10 cm for Ne + + He collisions. The 3s and 3p capture cross sections are smaller than
5x10 "cm'.
E (eV/amu)

1605
1265
985
740
516
404
285
229

cr(3d)
1.5 + 1.0
1.0 + 1.0
0.9 + 0.9
1.3 + 0.9
1.1 + 0.7
0.5 + 0.5
0.5 + 0.5
0.3 + 0.3

o (4s)
8.5 + 2.0
8.6 + 3.4
7.3 + 2.5
7.0 + 2.3
4.6 1 1.2
4.0 + 1.1
3.5 + 1.3
2.7 + 1.3

~(4p)
9.9 + 2.0

12.1 + 1.5
122 + 38
13.7 + 2.8
8.1 + 2.2
7 0 + 1 5
7.0 6 1.5
5.0 + 2.0

o.(4d)
6.0 + 2.0
5.3 + 1.8
7.9 + 2.0
7.0 + 2.0
4.1 + 1.7
3.2 2 1.2
2.4 + 1.0
2.6 + 1.0

~(4f)
6.5 + 1.0
6.2 + 1.2
5.5 + 0.9
5.0 + 1.0
4.0 + 1.0
3.8 6 0.8
3 5 + 0 8
2.1 + 0.4

o(n = 3+ 4)
32.4 + 3.7
332 + 45
33.8 + 4.7
34.0 + 4.2
21.9 + 3.2
18.7 + 2.5
16.9 + 2.5
12.7 6 2.6

pact velocity v [1]. By examining the positions of the fi-

nal projectile states with respect to the classical reaction
window one can make qualitative predictions concerning
the state-selective SEC cross sections on the basis of the
overbarrier model.

We have done this for the present collision systems.
The total SEC cross sections according to Eq. (4) are
denoted in Fig. 7 by arrows and are in reasonable agree-
ment with the experimental data. The 0 + + He system
shows the largest discrepancies with the classical predic-
tions, particularly at the lower impact energies. This
can be understood from the reaction windows which are

shown in Fig. 8. For the 0 + + He system none of the
states are resonant with respect to the reaction window,
while for N + + He the 3t states and for F +, Ne + + He
the 4/ states are all lying inside their respective reaction
windows.

Apart from considerations based on the reaction win-
dow concept, this version of the classical overbarrier
model cannot make quantitative predictions of state-
selective SEC cross sections. However, in Refs. [20,21]
it is shown that a simple extension of the classical over-
barrier model enables one to calculate the distribution
over the angular momentum substates of the dominantly
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FIG. 6. State-selective cross sections for single-electron capture into the n = 4 shell of Ne + in Ne + + He collisions. See
Fig. 3 for symbols.
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FIG. 7. Total SEC cross sections. See Figs. 3—6 for symbols; in addition: E, Iwai et al. [6];,Justiniano et al. [7].

populated n level in the product ions. The validity of the
model was confirmed by comparison with a few illustra-
tive examples (N +, 0 + + H, H2). Here we will test the
extended model with the present experimental data. The
basic assumption is that the angular momentum L* of

the target electron as seen by the projectile ion, L* = b v

with b the impact parameter and v the impact velocity,
is conserved during the charge-transfer process. The an-
gular momentum L' is related to the angular momentum
quantum number L via L* = L+ 2. The total SEC cross
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R~BI

or, = AI, 2m WL, (b) b db .
0

(6)

The L-dependent proportionality constant AL, is given

section crq can then be decomposed into concentric rings
labeled by L, which correspond to the populated angular
momentum substates of the projectile ion:

The width AL of the L* distribution is determined by
the momentum distribution of the electrons when they
cross the potential barrier and depends on the width AE
of the reaction window [21].

Following Ref. [20] we have tested the extended clas-
sical model by comparing the expectation value of the
angular momentum in the final state,

by [21]

2L+1
2L+ 1+n2 '

n —1
1).(L+ 2)«

(L') = '='
n —1 (10)

with n& the principal quantum number of the active elec-
tron in the target atom. The upper integration limit

Rcn in Eq. (6) depends. not only on q and I~ (as in the
original overbarrier model), but also on L [20]. The prob-
ability function WL, (b) describes the conservation of the
angular momentum L* as discussed above. En Ref. [20] it
is assumed that the active electron has a definite angular
momentum L' = 6 v, so that

WL, (b) = O(L+1 —bv) O(bv —L),

(L*+vb)+ exp (9)

with 0 the Heaviside step function. On the other hand,
the Gaussian reaction window causes the angular mo-
mentum L* of the captured electron to be distributed
around the value b v with a Gaussian distribution func-
tion [21]. The probability function WL, (b) then becomes

1 t KL* —vb)
Wr, (b) = exp

Ol,
I =0

with our experimental results. For the experimental (L*)
the factor (L + 2) in Eq. (10) is replaced by its exact

quantal expression gL(L+ 1). Figure 9 shows the ex-
perimental and theoretical results for (L") as a function
of the impact velocity v for the various collision systems.
The dashed curves are calculated using Eq. (8). The
structure in these curves is caused by the opening of in-

creasingly higher L channels with increasing impact ve-

locity v. Allowing for a distribution of angular momenta
according to Eq. (9) gives the dotted curves which do
not show the L structure and generally fit the experi-
mental data better than the dashed curves. However,

large discrepancies between the experimental points and
both models remain for the 0 + and Ne + + He systems.
The main reason for this is that for these systems high L
states are populated resulting in large (L*) values even
at small impact velocities. This agrees with the energetic
positions of the high L states within their respective re-
action windows as shown in Fig. 8 and is therefore simply
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mentum (L') as a function of
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using definite angular
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(8); . , using an angular mo-
mentum distribution according
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sian multiplication factor as ex-
plained in the text.
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accounted for by multiplying Eq. (6) with the Gaussian
factor exp[ —( "&& ') ]. This procedure results in the
solid curves of Fig. 9 which clearly show better agreement
with the experimental data points for the 0 +, Ne + +
He systems and at the same time does not spoil the good
agreement for the N +, F + + He systems.

To summarize, the present experimental data once
again confirm that the classical overbarrier model cor-
rectly describes the main mechanism of the SEC process.
Simple formulas enable one to predict total SEC cross
sections generally within a factor of 2. A straightforward
extension of the classical overbarrier model as described
in Refs. [20,21] predicts angular momentum distributions
which agree fairly well with the experimental data. How-
ever, quantum-mechanical models must be used in order
to understand detailed state-selective SEC cross sections.

B. The Landau-Zener model

We have used the multichannel Landau-Zener model
to calculate the state-selective SEC cross sections rele-
vant for the present collision systems. The application
of this model to SEC transitions in collisions between
multiply charged ions and neutrals is reviewed in Ref.
[22]. The Landau-Zener model is valid in the adiabatic
velocity regime where the nuclear motion is governed by
suitable potential-energy curves. In this model electronic
transitions occur at avoided crossings between adiabatic
potential-energy curves and are induced by radial cou-
plings only. Transitions which are induced by rotational
couplings are neglected in the standard Landau-Zener
model.

The probability for a transition from an ingoing adia-
batic potential-energy curve 1 to an outgoing curve 2 is
2p(l —p) with the probability p for a single traverse of
the crossing given by [22]

( —2vrH,', )
p = exp bFv, a)

Here the transition matrix element Hq2 is one half of
the splitting of the adiabatic potential-energy curves at
the crossing point R~, AF the difFerence in slopes of
the corresponding diabatic curves at R~, and v, g the
radial velocity at R~. The crossing point R~ is calculated
by assuming an ion-induced dipole interaction for the
ingoing curve 1 and a repulsive Coulomb interaction for
the outgoing curve 2. For Hq2 we use the Olson-Salop-
Taulbjerg (OST) form

Hzz ——(9.13f ~/~q) exp( —1.324Rc n/~q), (12)

with the factor f ~ allowing for capture into the nl state of
partly stripped ions and n = g2 Iq [2]. The OST matrix
element is based on an empirical fit to exact calculations
of the adiabatic potential-energy curves [23]. The state-
selective cross section for capture into the nl state of
the product ion which correlates asymptotically with the
outgoing potential-energy curve 2 is then given by

0(nl) = 27t

Rc
2p(1 —p) b db . (13)

Generalization of Eq. (13) to W states is straightforward,
see, for example, Ref. [24].

The results of our multichannel Landau-Zener calcula-
tions are shown as the dashed curves in Figs. 3—7. All
3l and 4L substates have been taken into account. As a
general rule one can observe that the 8 substates are re-
produced very well, but discrepancies occur for the higher
l states. In particular, while the experimental 3d (N +)
or 4f (F +, Ne +) SEC cross sections clearly increase
with increasing impact energy the Landau-Zener predic-
tions show exactly the opposite trend. This is proba-
bly caused by the neglect of rotational coupling in the
Landau-Zener model. Thus it appears that this coupling
is not very important for capture into the lower 1 states,
but becomes more important for the higher l states of the
dominantly populated n shell. Apart from this limitation
the Landau-Zener model gives reasonable estimates of to-
tal and state-selective SEC cross sections for the present
collision systems, particularly considering the minimal
amount of numerical work involved.

C. Close-coupling models

Close-coupling models presently constitute the most
sophisticated quantum-mechanical calculations of SEC
transitions in slow collisions between multiply charged
ions and neutrals [3]. These models are based on a nu-
merical solution of the complete electronic Hamiltonian
using atomic (AO's) or molecular orbitals (MO's) as basis
functions. Most of the calculations have been performed
on (quasi-) one-electron systems, but some work has been
done on the N + and 0 + + He collision systems.

In Ref. [25] a MO calculation is presented for the Ns+

+ He system, which is shown as a solid line in Figs. 3 and
7(a). The calculation reproduces the experimental data
very well for impact energies larger than 3 keVamu
but underestimates the data for smaller impact energies.
This is also evident from the total SEC cross section
shown in Fig. 7(a). Notice, however, that the trend in
the 3d cross section is reproduced by the MO calculation
as opposed to the Landau-Zener model. For the 0 + +
He system. both AO and MO close-coupling calculations
have been performed [26,27]. These are shown as solid
and dotted lines in Figs. 4 and 7(b), respectively. The
AO and MO calculations generally reproduce the exper-
imental data fairly well, but both models overestimate
the 3d cross section throughout the entire energy region.
Plotting the relative cross sections shows that while both
AO and MO models reproduce the experimental data
for the 38 state very well, for the 3p and 3d states the
MO model agrees better with the experimental data in
the low-energy region and the AO model is better in the
high-energy region [12].
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V. CONCLUSIONS

In this paper we have studied single-electron capture
in collisions of the He-like ions N +, 0 +, F +, and Ne +
with He in the impact energy range between 0.05 and
2 keVamu using photon emission spectroscopy. From
the observed spectra absolute, state-selective cross sec-
tions were determined for the dominantly populated nl
states.

The experimental data were compared with diferent
theoretical models. The most simple model is the classi-
cal overbarrier model which presents a classical descrip-
tion of the main mechanism responsible for SEC. With
this model total SEC cross sections are generally repro-
duced within a factor of 2. A straightforward extension
of the classical model incorporating angular momentum
eKects is in fair agreement with the observed angular
momentum distributions of the dominantly populated n-
shell. We have proposed a slight modi6cation of this ex-
tended model to also take the classical reaction window
into account.

The state-selective nl cross sections were compared
with a semiclassical Landau-Zener model and quantum-

mechanical AO and MO close-coupling models. For
the Landau-Zener model we used Olson-Salop-Taulbjerg
transition matrix elements. The Landau-Zener model
reproduces the s substates fairly well, but particularly
for the highest l states severe discrepancies can occur.
This is attributed to the neglect in the Landau-Zener
model of the rotational interaction which mostly affect
the populations of the higher / states. Finally, the N +

and 0 + data were compared with existing AO and MO
close-coupling calculations. Although these state-of-the-
art models do resolve the shortcomings of the Landau-
Zener model and generally reproduce the experimental
data, there is still room for improvement particularly for
the lower impact energies.
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