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Electron capture from Li(2s) by doubly charged ions (5—40 keV)
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Total single-electron-capture cross sections have been measured for impact of Nz+, Ne +, Ar +,

Kr +, and Xez+ at 5—40 keV on Li(2s). The results are compared with other available data and can

be quantitatively explained with a modified classical over-barrier transition model, assuming

primary-ion-core conservation and taking into account the respective arrangements of available final

projectile states.

I. INTRODUCTION II. EXPERIMENTAL METHOD, DATA EVALUATION,
AND RESULTS

Electron capture is an important balance process in hot
plasmas which contain both multicharged ions and neu-

tral particles. In recent years, corresponding atomic col-
lision experiments have gradually converged toward the
simplest conceivable collision systems, which are com-
posed of fully stripped ions and atomic hydrogen. For
such systems the understanding of electron-capture pro-
cesses is now fairly detailed, because also elaborate
quantum-mechanical calculations have been carried out
for comparison (for a recent review of the field, cf. Ref.
1). At low impact energies (E ~25 keV/amu), electron
capture from alkali atoms by multicharged ions is of com-
parable simplicity, because the relatively small binding en-

ergy of the outermost alkali electron assures a quasi-one-
electron character of the collision systems. This is espe-
cially true for capture from Li(2s), for which pronounced
final-state selectivity has been found, in agreement with
the quasi-one-electron behavior. Such state-selective in-
formations are of great interest for Li beam-activated
charge-exchange spectroscopy, which represents an ad-
vanced diagnostic method for impurity-ion —transport
studies in magnetically confined fusion plasmas.

In the present work we deal with single-electron capture
from Li(2s) by N2+ Nez+, Ar +, Kr +, and Xe2+,
respectively. In this way we link previous studies on elec-
tron capture from Li(2s) by singly charged ionss with
similar ones for multicharged ions. ' ' " Total capture
cross sections for doubly charged projectiles have so far
only bien measured for He +, ' and at relatively low im-

pact energies for the heavier noble gas ions. " Related
state-selective measurements have been carried out for
He +, ' and in less detail for C +, N +, and Ne +.'

Our data are compared with results from the above-
cited studies, as well as with predictions from the classical
over-barrier transition model (CBM, Refs. 15 and 16).
The CBM is generally applicable and rather simple, and
has worked remarkably well for capture by multicharged
ions from Li(2s), both in respect to total capture cross
section and population of most probable final states.
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FIG. 1. Sketch of experimental setup with two parallel-plate
condenser fields for ion-beam cleaning, Li-vapor target cell,
charge-state-separation field, and Faraday cups. FC2 served for
monitoring primary-ion-beam stability.

The measurements have been performed with a slightly
modified version of the setup described in Ref. 7; see Fig.
1. Beams of doubly charged ions were obtained from an
ion accelerator with a Duoplasmatron source and analyzer
magnet, cleaned from charge-exchanged species by means
of two parallel-plate condensers and passed through a Li
vapor-filled target cell. The latter could be removed out
of the ion-beam path to correct for electron capture from
background-gas molecules. The background-gas pressure
in the collision region was kept below 5 g 10 mbar. Im-
mediately behind the collision cell the original doubly
charged ions could be separated from charge-exchanged
particles by means of a parallel-plate condenser field with
a shielded Faraday cup (FC1) serving for ion-current mea-
surement.

Figure 2 shows a typical course of ion current versus
deflection voltage Uq across the condenser plates. One
can clearly distinguish two plateau regions, the first
(current Iz ) corresponding to a mixture of doubly
charged and singly charged ions, and the second (current
Is) due to singly charged ions produced by electron cap-
ture. For still higher values of Uq, only a neutral com-
ponent could reach FC1. Its corresponding particle flux
Jo was determined via secondary-electron emission within
FC1 by separating the electrodes of the latter as described
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FIG. 2. Typical characteristics for ion-beam current mea-
sured in FC 1 vs deflection voltage Uq of separation field.

With these data the cross sections ozi could be deduced
from currents I&,I&, the neutral particle flllx Jo and Eqs.
(1)—(3). Corresponding results are given in Table I and
Figs. 3(a) and 3(b). Data from repeated measurements
usually coincided within 5%. The systematic errors were
dominated from the target thickness (experimental error
+20%). Both the statistical and total errors are given in
Table I. The statistical error was never larger than indi-
cated by the size of symbols in Figs. 3(a) and 3(b).

For all beams of doubly charged ions, non-negligible
metastable fractions have been present, the amount of
which depended on the ion-source-discharge conditions. '
A further discussion of this fact and its consequences will
be given in Sec. IIIC.

III. DISCUSSION OF RESULTS

in Ref. 7. By proper choice of all beam apertures and the
opening of FC1 as well as the length of the deflection
field, the formation of well-established current plateaus
was possible for all primary ion energies between 5 and 40
keV.

The particle fluxes Js corresponding to doubly and
singly charged ions (q=2 and 1, respectively) were de-
rived from the ion currents

J, =I~ /e, Jz (I„III)——/2e .—

A. Comparison with availab1e data

For Ne + our results are in full agreement with mea-
surements of Waggoner et al., " which partially overlap
with our region of impact energies, cf. Fig. 3(a). The data
of Rille and Winter' for impact energies from 20 to 60
keV have been obtained by another method as used by us,
and are by a factor of 2—2.5 larger than our correspond-
ing cross sections. The disagreement exceeds by far the
combined error limits, and we conclude that the data of

Fs ——Js gJ„,n =0, 1,2 . (2)

Fractions of particles with charge state q (q =0, 1, or 2) in
the post-collision ion beam are given by
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With the assumptions (a) Fi »Fi »Fo ("single-
collision conditions" ) and (b) ozO, ooi, cr(2 ~&crzi (negligible
cross sections for double-electron capture and stripping),
we can calculate the fractions Fq for a beam of doubly
charged ions having passed through a Li target with
thickness II,

Z '+ Li —Z'+ Li ~ Q Ne

~ Q Ar

+&& Kr
'

F2 ——exp( —cr2(II), 0
I

'
I
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Fo [ Ioe p( ———oiIII) —2i exp( —Crioli)]+1 .
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Condition (a) was taken care of by keeping to a sufficient-
ly small value of II, which was also varied for checking a
linear dependence of measured cross sections on target
thickness. Condition (b) holds very well in the present
impact-energy range for electron capture from Li(2s) by
doubly charged iona. Cross sections Irio for the corre-
sponding singly charged ions have been measured up to 20
keV and, for the purpose of the present study, could be re-
liably extrapolated up to E=40 keV. ' The target thick-
ness II was determined by calibration to our previously
measured electron-capture cross sections for H+-Li(2s)
impact at 10 keV. * For this purpose, during the mea-
surements frequent switchings were made between the
doubly charged ion beam under study and a proton beam,
with the target thickness remaining essentially constant.
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FIG. 3. (a) Total single-electron-capture cross sections for
impact af Ne~+, Ar +, and Kr + on Li{2s). Solid symbols:
present measurements. Open symbols: data from Ref. 11. {b)
Same as (a) for N +, Ar +, and XeE+. Ar + data have been
plotted in both figures for comparison with other cross sections.
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TASI.E I. Measured total cross sections for single-electron capture by some doubly charged ions

from Li(2s }atoms. E denotes primary ion impact energy.

E (keV) N
cr2& (10 ' crn }

Ne Ar Kr
Statistical

error {+%%uo)

Total
error {+%}

5
7

10
15
20
25
30
35
40

8.7
9.3
9.4
9.7

10.2
9.6
9.8
9.4
9.1

4.0
4.1

4.7
6.2
7.3
8.2
8.1

8.4
7.8

6.5
7.4
7.5
7.5
7.7
7.4
7.4
7.3
7.4

10.9
11.0
11.1
11.0
10.8
10.8
10.3
9.8
9.6

12.5
12.0
12.6
12.2
11.6
11.0
11.1
9.8
8.6

23
22
21
21
21
21
21
21
21

Ref. 14 are probably in error.
For Ar +, our cross sections are also in agreement with

data from Ref. 11, besides the nonoverlapping impact-

energy regions, cf. Figs. 3(a) and 3(b). Both for Kr + and

Xe +, in Ref. 11 only a single cross section at 1 keV has

been given. In comparison with our values for impact en-

ergies of & 5 keV, especially for Xe2+, there seems to be
some disagreement, unless there is no (unexpectable) sud-

den jump of the respective oui between 1 and 5 keV. Fi-
nally, for N2+ no other data for comparison are known to
us.

C. Comparison with classical over-barrier transition model

In the given impact-energy region, electron capture
from Li(2s) by multicharged ions can be regarded as a
one-electron transition. For such cases a classical descrip-
tion of the electronic transitions over the potential barrier
between the colliding particles is justified and should
deliver realistic values of the total capture cross sections.

The classical over-barrier transition model (CBM) as-
sumes a continuous distribution of the final projectile
states. It was set up for an atomic-hydrogen target by
Ryufuku et al. ' and generalized for arbitrary target
atoms. ' Within the CBM description, an electron can
pass over the potential barrier from the target atom (ini-
tial binding energy I, ) into the projectile Zi+, which is
regarded as a point charge q, at a distance R &R, with

R, /ao ——(2q'~ +1)/[I, /(1 a.u. )] . . (4)

B. Impact-energy dependence

It is now well known that total electron-capture cross
sections only depend strongly on impact energy, if a small
number of states participates in the electronic transitions
connected with the capture process. For all species inves-

tigated, we found no marked structure in the impact-
energy characteristics, which points to a relatively large
number of states taking part in the capture. For Ne +

and Ar +, cross section a2i rises with E up to a flat re-

gion, whereas for Kr + and Xe + the opposite behavior is
found. For N + the cross sections remain more or less
constant. Some qualitative explanations for these proper-
ties will be given in Sec. III D.

For doubly charged ions Z + and Li(2s) target atoms we

get R, = 10.2 A. If capture into a given final
state Z+(n, I ) corresponds to a reaction energy defect bE,
resonance of binding energies for initial and final states
occurs at a distance E.,

8/ao ——1/[bF-/(1 a.u. )j,
because of the long-range Coulomb interaction between
reaction products.

In Fig. 4 we give diagrams of projectile final states cor-
responding to electron capture from Li(2s) by Ne2+,
Ar +, and Xei+, respectively. For these diagrams we
have assumed that all the ion states present in the primary
ion beam (i.e., ground state as well as metastable Z +)
remain unchanged during capture ("core conservation"—
CC).

It has been demonstrated by experiment that, for cap-
ture from Li(2s) by C + or N +, CC is given. z Recently,
the same behavior was also found for singly charged pro-
jectiles. ' Therefore, we can also assume CC for doubly
charged noble-gas ions. Consequently, a variable metasta-
ble ion-beam fraction can be of no marked influence on
the oq~ values, because capture into either primary ion
species populates final states with very similar patterns of
binding energies, cf. Fig. 4. The dashed line in Fig. 4 in-
dicates a binding-energy resonance at R = ~ (bE=0),
while the dotted line marks a binding-energy resonance at
R =R, .

For Ne +, Fig. 4 shows no resonant Neu states avail-
able at R, . Therefore, in this collision system electron
capture becomes only possible at considerably smaller in-
ternuclear distances. The CBM predicts a cross section

=—R =16.3)&10 ' cmO21
2 c

which should be an absolute upper limit within the classi-
cal description.

All our oz, data shown in Figs. 3(a) and 3(b) obey this
limit. The same is true for capture by He + from Li(2s),
for which a maximuxn o2& of 13.1 ~ 10 ' cm at
E=0.65 keV/amu has been measured by Dijkkamp et
al. ' Considering the actually available final states for
capture by Ne +, transitions become possible at R &3.5
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FIG. 4. Final projectile energy levels for electron capture from Li{2s) by Ne +, Ar +, and Xe +, respectively. The dashed line

marks electron capture with reaction energy defect bE =0, and the dotted line marks capture at the largest internuclear distance per-

mitted by the CBM. For further explanations, see the text.

0

A, resulting in cr2i (2X 10 ' cm . In the same way, for
Ar + we find R (6.5 A and, consequently, o2i
&6.5X10 " cm . Such values are indeed measured at
the lowest respective impact energies, cf. Figs. 3(a) and
3(b}. On the other hand, for Xe2+ (and also for Kr +,
where the pattern of final states is similar and therefore
has not been shown in Fig. 4) an electron can be
transferred at internuclear distances of almost R„atleast
for metastable primary ions. From this fact, the consider-
ably larger o2i values for Xe + and Kr + can be well un-

derstood. Finally, for N + the values obtained for oui can
also be understood from the corresponding diagram of fi-
nal states, which has been given in Fig. 7 of Ref. 2.

As expected, we found no dependence of crii on ion-
source operating conditions, although we ensured produc-
tion of ion beams with considerably different metastable
fractions during different experimental runs, cf. Refs. 17
and 18.

D. Qualitative explanation of impact-energy dependence

The CBM can principally not explain the dependence of
capture cross sections on impact energy. %e will now
give qualitative explanations for the experimentally deter-
mined impact-energy dependences shown in Figs. 3(a) and
3(b). The CBM assumes quasistatic approximation of the
collision partners and therefore an equal chance of the
electron to stick at the target or at the projectile.

The model, however, does not involve a variation of the
transition probability or the internuclear location of the
transition. Alternatively, the electron capture may be
viewed as a transition between diabatic quasimolecular
states of the colliding particles, cf. Ref. 1. In that picture,
electronic transitions occur at crossings of potential-
energy curves describing the quasimolecular states, with

the transition probabilities depending on both the location
of the crossings and the relative velocity of colliding parti-
cles.

Regarding the simplest case of two-state coupling, the
transition probability passes its maximum at a relative
velocity which is higher the smaller the crossing distance
[or the larger the energy defect &F-; cf. Eq. (5)]. The
crossing distance, however, determines the electron-
capture cross section because of geometrical reasons.
Taking both influences together, the existence of a so-
called "reaction window"' for electron capture by mul-
ticharged ions can be understood as the preference of final
states with optimum energy defect bE resulting from the
above considerations. The location of curve crossings
within the reaction window apparently agrees with the
transition distance as predicted by the CBM. However, if
there are no final states fitting into the reaction window
(as for capture by both Ne + and Ar +, cf. Fig. 4), the
above-described quasimolecular model of electron capture
can explain the impact-energy dependence of resulting to-
tal cross sections.

In the present range of impact velocity, coupling into
final states inside the optimum internuclear distance (i.e.,
for Ne + into Ne+ 3p, for Ar + into Ar+ 3d and 4p; cf.
Fig. 4) improves with rising impact velocity, which results
in a corresponding behavior of total capture cross sec-
tions; cf. Fig. 3(a). In addition, for low primary ion
charge state and only slightly exothermic reactions (i.e.,
small &&},the potential-energy curves intersect each oth-
er under small angles, which gives rise to an additional
nonlocalized coupling inside the crossing distance, which
also improves with increasing impact velocity. For cap-
ture by Ne +, the Ne+ 3d states are available for such
nonlocalized couplings' and thus contribute to the
respective total electron capture; see Figs. 3(a) and 4. In
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contrast to Ne + and Ar +, for both Kr + and Xei+ a
nuinber of final states lies inside the reaction window; cf.
Fig. 4. The efficiency of coupling into these states might
slightly decrease with increasing impact velocity, and can-
not be sufficiently counteracted by nonlocalized coupling
into less tightly bound states.

The case of N + may be regarded as an intermediate
one. However, a sounder explanation of impact-energy
dependences calls for quantum-mechanical calculations,
which so far have only been performed for He +-Li (see
references given by Dijkkamp et al. '

) and C +-Li col-
11slons.

IV. CONCLUSIONS

results can be successfully explained in the CBM frame-
work, if core conservation is assumed for the different
primary-ion-beam components, and the actual structure of
final projectile energy levels is taken into account. In this
way it can also be explained why no influence on varying
metastable admixture in the primary ion beam has been
found.

Finally, invoking the quasimolecular description of
electron capture and the impact-velocity dependence of in-
volved potential-energy-curve crossings, an at least quali-
tative explanation of the remarkably different impact-
energy dependences of the various total capture cross sec-
tions has been given.

Total single-electron capture cross sections have been
measured for impact of (5—40)-keV N +, Ne +, Ar +,
Kr +, and Xe +, respectively, on Li(2s). These measure-
ments cover a range of impact velocities between 0.04 and
0.34 a.u., where a classical description of the capture pro-
cess within the CBM should still be justified. Indeed, our
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