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The cross sections for single-electron capture, including transfer ionization, and for double-electron
capture, have been measured for Ar?* +H, for ¢ =6, 7, 8, 9, and 11 with projectile energies from g eV to
g keV. Theoretically, the cross sections for Ar®" and Ar®* impact were calculated using a molecular-
orbital expansion method in the energy region from 240 eV to 80 keV, and are in good agreement with
experiment. The single-electron-capture cross sections were found to be more than one order of magni-
tude larger than those for double capture in both experiment and theory. The single-electron-capture
cross sections were also compared to the Langevin cross section, a scaling law developed by Miiller and
Salzborn [Phys. Lett. 62A, 391 (1977)], and the absorbing sphere model.

PACS number(s): 34.70.+e

I. INTRODUCTION

Accurate determination of cross sections for electron
capture in ion-atom and ion-molecule collisions is an
essential ingredient for understanding various applica-
tions in applied sciences and technologies such as ion-
ospheric research, the study of synthesis of molecules in
interstellar space, astrophysical plasmas [1] and laborato-
ry plasmas for fusion research [2]. Many measurements
with collision energies above 5 keV exist for multicharged
ions, but data below 5 keV are scarce and low-energy
data below 100 eV were almost nonexistent until recently
due to the difficulty of handling very-low-energy, multi-
ply charged ion beams. With the utilization of the octu-
pole ion-beam guide (OPIG) [3] ion-beam transport has
become possible down to g eV energies. This paper de-
scribes measurements, using the OPIG technique, of
single- and double-electron capture in Ar? " +H, (¢ =6,
7, 8, 9, and 11) collisions with projectile energies from 6
eV to 11 keV. Our single-electron-capture cross sections
are the sum of the two following reactions:

At +H,—Ar9 DY+ H," (or 2H" +e),
ArfT +H, = [Ar DT P OH T = Ard D e +2HY
(1)

where the first reaction is direct single-electron capture.
The second reaction corresponds to the transfer ioniza-
tion process where two electrons are transferred into a
doubly excited state of the ion (denoted by **) and it de-
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cays via an Auger-type process where one electron is
emitted and the other one subsequently makes a
transition(s) to an orbital with lower energy, leaving the
ion in the ground state. Our double-electron-capture
cross sections correspond to thé reaction

Arft+H,—ArY Pt 4oHT | )

Theoretically, very little attention had been directed
towards the H, target until recently, mainly because of
the difficulty in treating the multicenter nature of the
molecular field accurately [4]. However, renewed interest
was stimulated primarily by more precise and detailed ex-
perimental information on H,. This, coupled with ad-
vanced development of sophisticated theoretical treat-
ments, began to reveal interesting but complex physics
and has shed light on collision systems involving H,
within a few years [4,5]. Therefore it became feasible to
calculate some of the measured cross sections in a more
sophisticated treatment than previously possible, using
the molecular-orbital expansion method [4].

Charge-changing-collision cross sections from thermal
energies to hundreds of eV are of crucial importance for
the analysis of some experiments using various types of
ion traps that operate in an ultrahigh-vacuum environ-
ment, such as Penning ion traps and electron-beam ion
traps (EBIT’s) [6] These devices can store multiply
charged ions for long periods of time, during which
charge-changing collisions with the neutral background
gas can modify the charge-state distribution of the
confined ions. The reader is reminded that H, is usually
the dominant residual gas in an ultrahigh-vacuum envi-
ronment. Detailed calculations of the charge-transfer
cross section by techniques such as the molecular-orbital
expansion method require complete information of the
three-dimensional surface of the adiabatic interaction po-
tentials, which it is a formidable task to calculate even by
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supercomputers. Accordingly, some types of simpli-
fications are employed to reduce numerical complexities,
based on the ratio of the collision time to the vibrational
period of the molecular target. This simplification is
known to be accurate down to a few tens of eV/amu in
collision energy. Therefore, below the energy region
where the present theory is less applicable, we apply sim-
ple models such as the Langevin (orbiting) model [7] and
the absorbing sphere model [8] to examine the energy
dependence and magnitude of the cross sections mea-
sured here. We also compare the high-energy end of our
results with a scaling formula proposed by Miiller and
Salzborn [9]. Previous experimental data [10—13] from
other groups are also presented.

II. EXPERIMENTAL SETUP

The technique used was reported elsewhere in more de-
tail [3,14,15], so only a brief description of the experi-
mental setup will be given here. Figure 1 shows a
schematic diagram of the experimental setup. Ions were
extracted from a mini-EBIS (electron-beam ion source) in
the continuous mode and then the desired charge state
was selected by an analyzing magnet (MS1). Before the
OPIG the ion beam is collimated by 0.5-mm-diameter
slits, and the OPIG entrance aperture is 1 mm in diame-
ter. The beam is decelerated by a retarding voltage at the
entrance of the OPIG and guided along the axis of the
collision cell by the rf supplied to the beam guide. The
inscribed circle of the eight poles of the OPIG is 4 mm in
diameter. Upon exciting the collision region the beam
was reaccelerated, charge-state analyzed (MS2), and
detected by a secondary-electron multiplier. The ions
were counted for a preset time and then the data from the
counter were transferred to a personal computer. The
rate of the parent ion-beam flux was kept below 10000
sec”! to prevent counting loss due to the pileup of the
signal pulses. The pressure in the collision cell was moni-
tored by a calibrated pressure gauge. The effective in-
teraction length inside the OPIG was estimated to be 9.0
cm by careful consideration of pressure gradients, con-
ductance measurements, and comparison of measured
resonant charge-transfer data with previously measured
data. The target pressures used were below 1.5X107>
Torr, assuring single-collision conditions. Also measure-
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FIG. 1. Geometry of the experimental setup.

ments were made as a function of target pressure to
confirm single-collision conditions. After determining
the interaction length and target H, density, the experi-
mental cross sections were found by first measuring the
primary Ar?* ion-beam intensity without the H, target
and then measuring the charge-changed product ions
with the H, target. In this collision system (Ar?* +H,)
where the projectile is much heavier than the target, off-
axis deflections of projectiles caused by collisions are
small. Therefore transport of the product ions through
the OPIG is nearly 100%. The use of the OPIG made
these low-energy measurements possible. The overall un-
certainty in the measured cross section is estimated to be
+20%. The main contribution to the uncertainty of the
measurements is from determination of the target density
and interaction length. The zero point of and uncertainty
in projectile energy were estimated by measuring the ion
transmission through the OPIG as a function of the re-
tarding voltage. The ion energy uncertainty was found to
be £0.4q eV.

The exact states and quantities of electronically excited
ions from the EBIS have not been measured, but due to
the relatively long time the ions spend inside the EBIS
(> 10 usec) large quantities of excited ions are not ex-
pected.

III. THEORY

A. Molecular-orbital expansion method

Details of our theoretical description of the molecular
representation have been given previously [4]. However,
we will provide a short summary of this method.

A semiclassical molecular-orbital expansion method
was used to study the collision dynamics, which is be-
lieved to be valid in the collision energy region above a
few 10 eV/amu. Molecular states of the system
(ArH,)?" were obtained by the configuration-interaction
(CI) method with Slater-type orbitals (STO’s). In this CI
calculation, the two H, electrons were treated explicitly,
while the effect of the more tightly bound electrons of the
Ar ions was represented by Gaussian-type pseudopoten-
tials [16]. These pseudopotentials were determined so as
to reproduce the energy levels of Ar'? “V*, Thus the net
interactions of all the electrons in the ground-state
Ar¥T(1s225%2p°) [ArST(15s225%2p®3s?)] with the other
electrons were represented by pseudopotentials for Ar®*
(Ar%") impact. The H, molecules were approximated by
an atom having an average first- and second-ionization
potential of 15.8—-16.1 and 31.7 eV, respectively. The
average here means that over the vibrational wave func-
tion squared. This approximate treatment has been prov-
en to be reasonably accurate in the energy region where
vibrational excitation processes are not expected to play
an important role in the dynamics [4]. After careful ex-
amination of the convergence in the energy levels, 24-28
STO’s were used to represent the Ar ions and six STO’s
for the H, molecule as a basis set for the CI calculation.
The asymptotic energy levels in the separated-atom limit
were in good agreement (within 0.2%) with spectroscopic
data [17].
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Several sets of close-coupling calculations using
straight-line trajectories for the heavy-particle motion,
including different molecular states were carried out to
assess the convergence and to identify dominant collision
mechanisms or reaction paths. A typical set included (i)
the initial channel Ar?*+H,, (ii) representative single-
electron-transfer channels Ar'? "V (n=3,4) +H2+, and
(iii) some double-electron-transfer channels

A9 2% L (n=3 n'=34,5)+2H" .

In some test calculations double capture into autoioniz-
ing states Ar'? 2% (n =4,n'=4) was explicitly taken
into account, and its cross section dominated over the
cross section for double capture into true bound states.
However, these autoionizing states decay into
A9 V*(n=3)+e~ and contribute to the transfer ion-
ization cross section, which is included in the single-
electron-capture cross section as defined earlier in the
second reaction of Eq. (1). Since this contribution is
small compared with the total single-electron-capture
cross section, we ignored double capture into autoioniz-
ing states in our production run.

B. Scaling analysis

As discussed earlier, in order to check the energy
dependence and magnitude of the cross sections, particu-
larly in the low-energy region, we apply the following
scaling analyses. This procedure also provides informa-
tion of the applicability of each scaling formula.

1. Miiller and Salzborn

Miiller and Salzborn developed an empirical scaling
law [8] for charge-transfer cross sections from 107 data
points for single-electron transfer and 77 data points for
double-electron transfer, ranging in collision energy from
about 10 to 100 keV for various collision systems. The
scaling law is in terms of ¢ and I, the ionization potential
of the target in eV,

ops= Aq°IP . (3)

A, a, and B are fitting parameters and equal to
(1.43£0.76)X 10~ 12 cm?, 1.17£0.09, and —2.76%0.19,
respectively, for single-electron transfer and
(1.08+0.95)X107'? cm?, 0.7140.14, and —2.80%0.32
for double-electron transfer. In the energy range of the
collisions from which the scaling law was derived it was
believed that the capture cross sections would have little
energy dependence (which is reflected in the scaling law
itself). Therefore it would be most applicable only to the
high-energy end of the collisions in the present data.

2. Langevin cross section

In the limit of low collision energies, the interaction
potential of the longest range, namely, the attractive po-
larization potential V,= —apq?/2R4, is the most
significant in ion-atom collisions. «a, is the dipole polari-
zability of the target and R is the distance between the
target and projectile. The projectile follows a spiral orbit

SCOTT KRAVIS et al. 2

in this potential, falling into a region of small R, whenev-
er the impact parameter b is less than the critical value
1/4

4q°%a
9% , @)

2
po;

by=

where v, is the relative velocity of the collision and u is
the reduced mass of the collision system. Therefore, if
there is a crossing between diabatic potential-energy
curves at an R, smaller than b, a projectile with b <b,,
has a high probability of undergoing a charge-transfer
process. If this probability is approximated by 1, an
upper limit of the low-energy charge-transfer cross sec-
tion is

op=mb} , (5)

and is called the Langevin cross section [7].

Two kinds of limitations of this model warrant re-
marks here. Since this model assumes a charge-transfer
probability of zero for R >b,, o0, may not be an upper
limit if there is an R, larger than b,. Furthermore, if the
target is not an atom but a molecule with a dipole mo-
ment D and a quadrupole moment Q, there exist interac-
tion potentials of even longer range than V,, namely, the
dipole potential ¥}, < gD /R? and the quadrupole poten-
tial ¥V <qQ /R 3, both of which depend on the molecular
orientation. Hence these potentials must be more impor-
tant than V), in the low-energy limit. However, D is zero
and Q is small for the molecule of our interest, H,. Also
the large g values in the present experiment put more im-
portance on V,, which behaves as g2, unlike the behavior
of ¥, and ¥V, which are proportional to g. Thus ¥V, and
V), play a significant role only at extremely low collision
energies [18], which have not been reached in this work.
The Langevin cross section has been shown to be applica-
ble at near thermal energies for both singly and multiply
charged ions [7,12] when the critical impact parameter b
is larger than the charge-capture crossing radius. At
much higher energies b, becomes small and orbiting is
unlikely to occur.

3. Absorbing sphere model

The third model used was developed by Olson and
Salop and is termed the absorbing sphere model [9]. This
model is based on the Landau-Zener (LZ) theory. When
there is a large number of curve crossings between a sin-
gle initial state and a band of final states inside some criti-
cal distance R, the charge-transfer probability inside this
R, can be assumed to be unity. Then the charge-transfer
cross section can be approximated as

UOS:T/"RL.Z . (6)

Combining information from a compilation of a large
volume of adiabatic potentials and couplings and addi-
tional calculations for simpler one-electron diatomic
molecular systems, Olson and Salop derived an equation
(in atomic units) that determines R, semiempirically,
namely,

—2.648aR_ /q'/?

R2e =2.864X 10 %g(g—1)vo/f (7)
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TABLE I. Present experimental cross sections for single- and double-charge capture for Ar?* +H, as
a function of the center-of-mass energy over g. The cross sections are in units of 107! cm® and E. ,, /g
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isineV.
Single capture Double capture
E../q q=6 q=7 q=8 q=9 g =11 q=6 q=17 q=28 q=9 g=11
0.02 24.8 18.8 33.6 37.8 2.14 3.46 1.77 3.70
0.05 23.5 26.8 17.9 31.6 34.5 1.52 2.14 2.88 1.53 3.03
0.07 21.2 25.1 16.0 1.25 1.77 2.51
0.10 20.0 23.3 149 30.7 34.6 1.12 1.42 2.25 1.34 2.58
0.14 18.5 20.7 13.3 0.97 1.16 1.85
0.19 16.1 18.2 12.3 25.4 325 0.89 0.94 1.45 1.28 2.22
0.24 11.5 1.39
0.33 15.2 16.9 10.9 0.78 0.79 1.23
0.48 13.4 15.2 10.2 20.9 32.0 0.71 0.69 1.03 1.07 2.15
0.95 11.7 13.5 9.33 19.5 27.0 0.62 0.61 0.70 1.03 2.16
1.43 8.78 0.57
1.90 10.5 11.6 8.49 17.6 25.8 0.61 0.55 0.46 0.98 1.95
2.38 8.58 0.46
3.33 10.0 11.4 8.55 0.59 0.55 0.41
4.76 10.3 11.4 8.70 17.3 22.9 0.67 0.62 0.50 0.87 2.02
9.52 8.26 9.90 7.57 15.8 21.6 0.53 0.52 0.34 0.66 1.89
15.24 7.67 0.61
19.05 7.21 10.3 8.22 134 22.3 0.62 0.50 0.32 0.48 2.30
33.33 7.36 9.75 7.14 0.63 0.47 0.27
47.61 7.05 9.09 7.54 12.1 20.5 0.52 0.34 0.25 0.26 1.77
71.42 8.93 0.27

with a=[1/13.6 (eV)]'/? where v, is the incident velocity
of the projectile and f is the Franck-Condon factor for
specific transitions between vibrational levels. A
Franck-Condon factor of 1 was used in our calculation.
The absorbing sphere model is most applicable for high ¢
where there are a large number of Ar? ! excited levels
available for the reaction and when v, < 1X 10® cm/sec.

IV. RESULTS

The results of our experiment are shown in Figs.
2(a)-2(e) along with the molecular-orbital expansion cal-
culations, Langevin theory, Miiller-Salzborn scaling law,
and Olson and Salop’s absorbing sphere model. Our ex-
perimental and theoretical results are also tabulated in
Tables I and II, respectively. Also presented in the
figures are previous data from Can et al. [10], Hanaki
et al. [11], Kravis et al. [12], and Vancura et al. [13].
For Ar®* the molecular-orbital expansion calculation lies
about 50% below the experimental values for both single
and double capture. In the Ar®* case the calculation is
in better agreement with experiment for both single and
double capture. The general trends of the experimental
results and molecular-orbital expansion calculation are in
good agreement with each other.

A general feature for all the data is that the single-
capture cross sections are more than an order of magni-
tude larger than the double-capture cross section, and
calculations by the molecular-orbital expansion method
confirm this for Ar®®*. One can also see that the charac-
ter of the cross-section energy dependence changes be-
tween Ar®t and Ar’t. For Ar charge states with g <8,
both the single- and double-electron-capture cross sec-

tions have small slopes (increasing from high to low ener-
gies) at the high-energy end of the data but have an in-
crease in slope near the low-energy end of the data. For
Ar’t a different energy dependence is seen, specifically, a
larger slope at the higher energies and a smaller slope at
the low energies. The energy dependence for double-
electron capture by Ar!!'" is nearly flat until the lowest
energies, where it increases slightly. For single-electron
capture by Ar!'" the energy dependence has a constant
slow increase in cross section from high to low energy.

TABLE II. Present theoretical cross sections for single- and
double-charge capture for Ar?* +H, as functions of the center-
of-mass energy. The cross sections are in units of 10™!'° cm? and
E, ., isineV.

Single Double

Ecm. g=6 q=38 g=6 q=38
11.4 6.57 7.03 0.438 0.531
15.2 6.33 6.98 0.441 0.511
19 6.03 6.92 0.436 0.496
38 5.52 6.78 0.411 0.451
76 5.12 6.56 0.386 0.436
152 4.45 6.08 0.355 0.411
190 4.21 5.78 0.371 0.397
380 3.88 5.38 0.287 0.342
760 3.38 4.94 0.261 0.303
1520 3.31 4.76 0.245 0.281
1900 3.28 4.65 0.241 0.277
3800 3.21 4.58 0.242 0.280
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FIG. 2. Experimental and theoretical cross sections for single- and double-charge capture for Ar®7%%!'* (a)_(e).
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(SC=single capture, DC = double capture): O = present experiment SC, @ = present experiment DC, 0 = MO calculation SC, B
= MO calculation DC, V = Can et al. [10] SC, ¥ = Can et al. [10] DC, { = Hanaki et al. [11] SC, ¢ = Hanaki et al. [11] DC, A
= Vancura et al. [13], SC, A = Vancura et al. [13] DC, ¥ = Kravis et al. [12] DC+SC, —-—- Miiller and Salzborn SC, —--—-- -

Miiller and Salzborn DC,

absorbing sphere SC, and - - - . Langevin SC+DC. Error bars for the present experimental data

are not shown in the cases where they are smaller than the data symbol. The horizontal dashed lines to the left of some of the
lowest-energy data points indicate that the error bar extends beyond the vertical axis, since the energy is plotted on a logarithmic

scale.
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These changes in energy dependence may be attributed to
the creation of a hole(s) in the L shell of Ar?t, for g >9.
The single- and double-electron-capture cross sections
generally increase as a function of projectile charge state
g, except for single-electron capture of Ar®*, which
seems to be low.

The data of Can et al. (Ar®’" single and double cap-
ture, Ar®" single capture) overlap with our data at the
high-energy end. The present experimental results tend
to be slightly larger than the data of Can et al. The data
from Vancura et al. (Ar®*!!'* single and double capture)
and Hanaki et al. (Ar®"" single and double capture) are
at slightly higher energies than our data, but if extrapo-
lated to higher energies our data are in good agreement
with their data.

Brief remarks about the scaling analysis are given here.
The absorbing sphere model is in reasonable agreement
with the Ar®"%1!* data from E,, ~1 eV and above.
The agreement with the Ar®™ data is generally not good.

Using the mean values for the fitting coefficients, the
Miiller-Salzborn scaling law, for single-electron transfer,
is in reasonable agreement with experiment only at the
higher energies for Ar®"%!'*. For Ar®* reasonable
agreement is found down to E_ ,, =10 eV, due to the fact
that the Ar®* cross section has little energy dependence
in this energy region. For double-electron capture the
agreement is poor. Since Miiller and Salzborn derived
the scaling law from data with projectile energies from a
few keV to 100 keV, and since this law has no energy
dependence, it would not be expected to represent our
low-energy data.

In Langevin theory, the cross section for the orbiting-
type collision is inversely proportional to the relative ve-
locity v, (see Sec. III B), so for high energies the Langevin
cross section becomes small and underestimates the data.
At the lowest energies the Langevin cross section is in
good agreement with the present data. It is unclear from
the experimental results what the energy dependence will
be at even lower energies except for Ar®" where one data
point [12] exists at near-thermal energy (about E,,, =50
meV), and agrees well with the Langevin cross section.
The cross section was derived from a measurement of the
rate coefficient k =ov for single- plus double-charge cap-
ture by estimating the velocity of the collision. Interpola-
tion between the present data and the near-thermal-
energy data would reveal an increasingly better agree-
ment of the experimental results with the Langevin cross
section for Ar®™" at lower energies.

V. CONCLUSION AND SUMMARY

The cross sections for single- and double-charge
transfer have been measured for the collision system
Ar?t+H, (g=6, 7, 8,9, and 11) with projectile energies
ranging from q eV to g keV. These very-low-energy mea-
surements were made possible by use of an octupole ion-
beam guide to prevent ion-beam losses.

Theoretical results were obtained by molecular-orbital
expansion calculations, using a 24-28-molecular-state
close-coupling method within a semiclassical formalism

for Ar®* and Ar®t +H, collisions. The theoretical and
experimental results are found to be in good agreement in
energy-dependence and absolute value for Ar®* projec-
tiles, and to a somewhat lesser degree in absolute value
for Ar®*, for both single- and double-electron capture in
the entire energy region calculated. The dominant
single-electron-capture channels are found to be
A>T (n=4) manifolds, followed by Ar>’(n =3) mani-
folds. Because the dominant reaction window for
double-electron capture is at much smaller crossing radii
than that for single-electron capture, double-electron cap-
ture is found to be much weaker for both the Ar®* and
Ar®™ collision systems. Perhaps the situation for adia-
batic potentials for other charge states of Ar projectiles is
similar to Ar®®* since double-electron capture is the
weaker of the two channels for all the charge states stud-
ied here. We assumed in the present calculation that all
H, target molecules are in the ground vibrational state.
In order to investigate temperature effects some limited
test calculations for treating vibrationally excited H, mol-
ecules were carried out by including levels up to v=3.
The cross sections were found to increase by about 20%
at 10 eV when all H, molecules were assumed to be in the
v =3 level.

Mean values for the Miiller-Salzborn scaling-law
coefficients were only adequate for reproducing the
single-electron-transfer cross sections at the highest ener-
gies of the present data (q keV). For a rough estimation
of the single-electron-capture cross sections over the en-
tire energy range and charge states (except for ¢ =8), the
absorbing sphere model reasonably reproduced the data.
The Langevin cross section fell well below all of our data
for single-electron capture except at the lowest energies
(g eV). For the Ar®" case a single data point previously
measured agrees well with the Langevin cross section,
suggesting its usefulness at low energies.

The current data and their comparison with theory
presented are near the limits of theory and experiment in
low-energy charge-transfer collisions with multiply
charged ions. The low-energy limit the theory can access
is dictated by trajectory and vibrational excitation effects.
Experimentally, a multiply charged ion source with a
lower energy spread and new techniques in ion decelera-
tion are necessary to push the low-energy limit. It would
be interesting if accurate theoretical calculations could be
compared with experiments at lower energies than treat-
ed in this paper. Lower-energy measurements may also
shed light on the effects of the dipole and quadrupole mo-
ments of the potential of the target as discussed in Sec.
IIT B. Furthermore, studies such as translational energy
and/or electron-spectroscopy studies may reveal more
detail as to why the cross section for single capture in the
Ar®? case is lower than that of Ar’ ™.
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