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Absolute cross sections for single electron capture by Sn** colliding with H, and D, have been measured
and calculated in the energy range of 1-100 keV. The cross sections are determined by measuring the change in
ion beam current with varying target density and by measuring the yields of charged target fragments by means
of a time-of-flight spectrometer. The results for D, show good agreement with our seven-state semiclassical
calculations, while for H, the experimental results increase more strongly than the calculations toward lower
energies. This discrepancy is attributed to vibrational effects, not included in the calculations, that lead to the

breakdown of the Franck-Condon approximation.

DOI: 10.1103/PhysRevA.106.012804

I. INTRODUCTION

Charge exchange in collisions of keV-energy multiply
charged ions with neutral species remains an active research
topic ever since the advent of highly charged ion sources
(e.g., Refs. [1-3]). Experiments have continually challenged,
in ever-increasing detail, the theoretical approaches, which
were initially classical and subsequently semiclassical in their
description of the electron dynamics during the interactions
(e.g., Ref. [4]). The bulk of the research has dealt with low-Z
ions, because the number of active electrons and quantum
states to be included in the calculations is limited and because
intense ion beams can most easily be produced from low-Z,
gaseous species. More complex and heavier ions, in partic-
ular intermediately charged Fe ions, have been studied (e.g.,
Refs. [5-7]) because of their astrophysical and fusion plasma
relevance. Over the past years, Sn ions have moved into the
focus of highly charged ion physics [8—14] as Sn alloys are
considered for fusion plasma vapor shielding [15-17] and
because laser-produced Sn plasma is the source of 13.5-nm
extreme ultraviolet (EUV) light driving state-of-the-art EUV
nanolithography machines [18-22]. In such machines, multi-
layer mirror optics collect and guide the EUV light [23,24].
To prevent damage to the optics by the energetic Sn ions
[25-27], the plasma is embedded in H, gas. Fundamental data
on charge exchange and stopping in Sn?" + H, collisions
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is missing though it is crucial for accurate and predictive
modeling.

Here in a joint experimental and theoretical study, absolute
cross sections for single electron capture (SC) from H, (and
its heavier isotopologue D») by Sn*, i.e., for the reaction

Sn** +H, — Sn*" 4+ HY (1)

are determined. The choice for starting out with Sn** ions is
based on its alkali-like electronic configuration: [Kr]5d 1055,
For alkali-like ion beams, metastable fractions are negligible
[28], making the collision systems tractable to experiment and
theory. In the experiments, Sn** ions in the energy range of
9 to 51 keV are used as projectiles. Due to the high mass
of the Sn ions, this corresponds to low velocities of 0.05 to
0.13 a.u. The cross section measurements are based on the
measurement of the changes in ion beam current with chang-
ing target density. Therefore, in the determination of the SC
cross sections one needs to consider possible contributions of
two-electron processes: bound double capture [BDC, Eq. (2a)]
and autoionizing double capture [ADC, Eq. (2b)].

Sn*t + H, — Sn™ + 2HT, (2a)
Sn*t + H, — Sn’" +2H" +e. (2b)

BDC is expected to have a small cross section because the
two-electron capture channel closest to resonance is the one
leading to capture into the [Kr] 5d'° 55> 5p ground electronic
configuration of Sn* which is endothermic by approximately
6 eV. All other 5snl configurations are more endothermic
and thus not likely to be populated at all. ADC requires popu-
lation of doubly excited levels of even much higher endother-
micity. Therefore, it is safe to exclude ADC from our analysis.
The BDC contribution is extracted from time-of-flight (ToF)
spectrometry on the target fragments. In BDC, the two protons
resulting from the Coulomb explosion of [H,]** get kinetic

Published by the American Physical Society
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energies of 9.7 eV each, while in SC reactions the few protons
created next to the by far dominant H; production channel
have energy close to 0 eV. The yield of 9.7-eV protons is
used to correct the data for any BDC contribution. At the same
time, this allows for an assessment of the BDC cross sections.

The calculations of SC total cross sections for ion-
molecule collisions are carried out by applying methods based
on those developed for ion-atom collisions; for instance, at the
energies of the present work, expansions in terms of electronic
functions of the quasimolecule formed during the collision,
within either semiclassical or quantal frameworks. Besides
the obvious difference of treating a many-center system, there
are two important characteristics of ion-molecule collisions
that must be taken into account. First, in the semiclassical
treatment, where the projectile follows a classical trajectory,
the probabilities of a given process depend on the orienta-
tion of the molecule with respect to the ion trajectory. It
is necessary to average the calculated cross sections over a
set of collisions with different molecular orientations. The
methodology employed in this work (Ref. [29] and references
therein) employs molecular data (electronic energies and dy-
namical couplings) calculated along the trajectory. The second
important difference of ion-molecule collisions with respect
to ion-atom collisions is the presence of molecular nuclear
motion. The use of vibronic bases to simultaneously describe
the electronic and vibrational motions leads to cumbersome
calculations, however, that allowed us to reproduce the max-
imum of the electron capture cross section found in detailed
experiments for HY—H; collisions, and explain this maximum
as a consequence of the interplay between electronic and
nuclear motions [30].

In the following section, Sec. IT A describes the experimen-
tal setup, while Secs. II B-II E present the actual measurement
procedure and all the calibration and data analysis steps.
Section IIT describes the theoretical approaches used to cal-
culate single-electron capture in collisions of Sn** on either
H; or D,. Thereafter, the experimental and theoretical data are
compared and discussed in Sec. IV.

II. EXPERIMENTAL METHODS

The data presented in this work have been obtained by
colliding a beam of monoenergetic Sn** ions with a neutral
gas target (H, or D») in a series of crossed-beam type of ex-
periments. The ions are extracted from an Electron Cyclotron
Resonance Ion Source (ECRIS) stationed at the ZERNIKE
Low Energy Ion-Beam Facility (ZERNIKELEIF) at the Uni-
versity of Groningen. Ions with energies in the range of 3¢q
to 25g keV can be generated, where g is the charge state of
the ion. The ions extracted from the ion source are selected
for a given mass-over-charge ratio (m/q) using a 110° ana-
lyzing magnet with a resolution of about 0.5%. ?°Sn is the
most abundant isotope of Sn but for a charge state of 3, the
corresponding m/q is 40 which is the same as that of Ar*.
Hence, to prevent possible contamination of the Sn** beam
by Art impurities, ''®Sn*" is used. Sn atoms are introduced
into the source chamber by heating a crucible oven filled with
solid tin. The analyzed ion beam is transported through the
central beamline and steered into the gas target setup by a 45°
bending magnet.

ion extracted MCP

beam o A capllary  fragments
\ 2
- H, gas jet ToF

chopper
extraction lenses

y

kx lenses
z

FIG. 1. Schematic of the crossed-beam setup, CHEOPS, used to
measure charge exchange cross section for keV Sn** ions colliding
on H, (and D).

extraction Faraday
plates ~ CUP

A. The crossed-beam setup

The relevant features of the gas target setup, CHEOPS
(charge exchange observed by particle spectroscopy) are de-
picted in Fig. 1. The ion beam is collimated by a set of four
apertures, the smallest one of 1 mm diameter, positioned at
the entrance of the collision chamber. In the chamber, the base
pressure is A~2x 1078 mbar. A ¢ 0.5-mm grounded capillary
is located 14 mm above the center of the ion beam. The gas
flowing into the chamber, via the capillary, is regulated by a
high-precision mass flow controller (Bronkhorst FG-200CV),
thus creating a localized jet of H, target gas, which is crossed
by the beam. A flow rate of 1 ml/min was used throughout
the experiments unless stated otherwise and the corresponding
chamber pressure for that flow is ~21.5x 10™* mbar. The ions
are collected at the end of the setup by a Faraday cup (FC) and
the beam current is measured using a Keithley 6485 picoam-
meter. The FC assembly consists of three components: (i) the
entrance cap with a ¢ 3-mm aperture, (ii) a ¢ 6-mm guard
ring, and (iii) the FC. The guard ring is biased at —38 V to
suppress the escape of secondary electrons from the FC. The
cap shields the collision chamber from the field of the guard
ring. The whole FC assembly is mounted on an XY translation
stage. By scanning the assembly in the horizontal and vertical
plane and recording the current at the cap and FC, a typical
beam width of 1.5 mm at the FC is determined.

Charged collision fragments produced in the central
crossed-beam region can be extracted towards a time-of-flight
(ToF) spectrometer, which allows for measuring the yields of
atomic H* and molecular HY ions. The ToF measurements
(see Sec. II D) require the continuous ion beam to be chopped
in short pulses to have a start pulse for the spectrometer. At a
rate of up to 8 kHz, short 220 ns ion beam pulses are gener-
ated by sweeping the ion beam over the entrance aperture by
means of alternating the opposite voltages on two electrodes
(chopper plates; see Fig. 1).

Fragments under the influence of the field across the col-
lision center pass through a ¢ 5-mm aperture into the ToF
spectrometer. An electrostatic lens system consisting of four
elements is then used to accelerate and focus the fragments
into the ToF tube floating at —1700 V. Toward the end of
the tube, the fragments get detected by a microchannel plate
(MCP) detector whose front plate is set to —2100 V. The total
flight length from the collision center to the detector is 1.13 m.
The MCP detector is connected to a pick-off amplifier fol-
lowed by a constant-fraction discriminator (CFD) to amplify
and filter the signals. The output of the discriminator is fed
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FIG. 2. Typical time trace: Variation of ion beam current mea-
sured at the Faraday cup (middle panel) and the cap (lower panel)
with toggling H, flow rate between 0 and 0.5 ml/min. The top
panel shows the associated time trace of the pressure in the collision
chamber.

to a multihit time-to-digital converter (TDC, FAST P7888) in
order to record the ToF spectrum.

B. Procedure of measuring charge exchange cross sections

Figure 2 shows the time trace of a typical measurement
run. The flow controller is programmed to sequentially start
and stop the flow of gas into the chamber. The top panel
in the figure shows the variation of chamber pressure with
acquisition time. When the gas flows from the capillary into
the chamber, the ion beam crossing the gas may undergo
charge exchange collisions. This leads to a decrease in the
beam current measured by the FC as shown in the middle
panel of the figure. The collision of the ions with the gas also
results in angular scattering of the ion beam. If the scattered
ions hit the cap, current is generated and recorded as depicted
in the bottom panel of the figure. The effect is small, however;
the change in cap current is typically around 1% of the change
in FC current.

The full set of differential equations describing the evolu-
tion of the charge state of the ions along their trajectory (z)
through the collision chamber is as follows:

d’;j = (o3 + 03N, (3a)
d:j = 03N> = (021 + 020)nNT, (3b)
d];IZH = 031Nt + 09 nN*t — gonN'T, 3c)
d];f;H = oponN>t + gonN't. (3d)

In the low-density, single-collision regime the set of equa-
tions is reduced to

dN3+
dz

Here, o0;; denotes the cross section for electron capture by
an ion in an initial charge state i leading to a final charge
state j, n is the number density of the target, and N9* denotes
the number of Sn ions with charge state g. The numbers of
ions are related to the ion current / measured in the FC via
I = gN%* 4 (g — HNY D+ 4 (g — 2)N¥=2+_ The differen-
tial equation for single-collision conditions, Eq. (4), can be
solved analytically, yielding the following general relation
between ion beam current and the single-capture cross sec-
tion osc (or oy 4—1)

= — (03 + 03)nN>". )

—1In (aliu — b)

T aTH [Faed:

where Iy is the initial ion current, f is the ratio between
two- and one-electron capture (f = %), g = Uthg p =

asc 1+2f 2
%, and L is the path length the ions travel through

(&)

the collision chamber. Here for Sn’*, q = 3. As will be dis-
cussed in detail in Sec. II D, the bound double capture fraction
f is estimated experimentally from ToF measurements on
target fragments (H" and HJ). However, first in Sec. IIC

the determination of the integral target density fOL n(x)dx is
presented.

C. Calibration of the integral target density

Accurate, absolute target density measurements over the
ion trajectory are difficult. Therefore, we determine the inte-
gral target density using a reference collision system for which
the charge exchange cross sections are very well known: H™
+ Hj; see, e.g., the data review by Nakai et al. [32]. From
the review paper, we see that for protons only single electron
capture (o0) needs to be considered; in the energy range of 5
to 20 keV, double electron capture is approximately two orders
of magnitude smaller than one-electron capture [32]. This
implies that Eq. (5) for protons on H; simplifies significantly
(with f = 0 and ¢ = 1) and can be rewritten to

I

L ln [—
/ n()dz = ——L — gp ©)
0

010

to extract the integral target density from a measurement of
the change of proton current. Here § is introduced as the
proportionality factor between the integral target density and
the pressure P in the collision chamber. From the many studies
reported in Nakai’s review paper [32], we used the cross
sections oy reported by McClure [31] for calibration. Mc-
Clure’s set of cross sections covers our range of interest, and at
energies of 5 keV and lower, there is excellent agreement with
the results of an elaborate joint experimental and theoretical
study by Urbain et al. [30].

Figure 3 shows oy cross sections for HT + H,. The
dashed curve shows a trend line through the reference data
of McClure [31] and the associated gray band depicts the
systematic £5% uncertainty on the McClure data. The solid
squares represent our measurements, which were fitted to the
reference line with a single common factor. In this way, for the
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FIG. 3. Single-electron capture cross section for protons on H,
(solid squares). Dashed curve: trend line through reference data [31].
The gray band depicts the +5% systematic uncertainty associated
with the McClure data.

scaling factor B a value of 1.03 (£0.07)x10'® cm~2 mbar~!
is determined.

The integral target density changes with the choice of
gas. Therefore, we also measure 8 for D,, the other tar-
get gas used in the experiments, and find a value of 1.15
(£0.08) x10'"® cm~2 mbar~!. Here it is assumed that the
cross sections for H, and D, are the same as their ionization
potentials are equal and the proton velocities are rather high
(0.4-1 a.u.) [33,34].

D. Determination of two-electron capture contributions
to the CX measurements

From Eq. (5) it is seen that one needs to know f, the
ratio between BDC and SC, to obtain the SC cross sections.
The distribution of target fragments allows for the assessment
of the ratio between BDC and SC. SC [Eq. (1)] generates
molecular ions HY of ~0 eV. The capture of two electrons
[Egs. (2b), (2a)] leads to dissociation of the H, molecule into
two energetic protons of 9.7 eV. Figure 4 shows two typical
ToF spectra, one for Sn** and one for N°* colliding on H,.
In both cases, the strongest peak is the Hy peak associated
with SC [cf. Eq. (1)]. The contribution of protons to the ToF
spectrum is weak.

As can be seen in the zoom in Fig. 4, the proton “peak”
consists of three peaks of which the central one is located
at the expected ToF of HY fragments and represents protons
of ~0 eV stemming from gentle dissociation of Hj molec-
ular ions excited just above the dissociation limit (see, e.g.,
Ref. [35]). The two peaks on either side of the 0-eV proton
peak correspond to 9.7-eV protons from BDC where the peak
at slightly shorter ToFs belongs to 9.7-eV protons emitted
in the forward direction to the ToF spectrometer (H') and
the one at longer ToFs is due to protons emitted backward,
away from the ToF spectrometer (H;’). Backward emitted

T T T T T T T T
1.0 -
g 0.02
E [
&
< 05F [
[}
= 0.01
0.00
0.0 U .
24 26

time-of-flight (us)

FIG. 4. Time-of-flight (ToF) spectra of target fragments for
48 keV Sn*' (line) and 50 keV N°* (fill) colliding on H,. For direct
comparison, the spectra are normalized to the Hy peak height. The
enlargement shows the very weak proton peaks. Expected peak posi-
tions for 9.7-eV protons from BDC are marked by dashed lines. Hf
and H; refer to forward and backward emitted protons respectively.
The position of 0-eV protons, HF, of course lying between H}r and
H;, is also marked by a dashed line for reference.

protons get reflected by the extraction field [see Fig. 4(a)]
into the direction of the ToF spectrometer, explaining the time
difference between the forward and backward emitted 9.7-eV
protons. The difference in ToF (AT) scales with the square
root of the kinetic energy release (UggR) of the dissociation
process (e.g., Ref. [36]) and for singly charged fragments it is
given by

/8 w Uxer
E

with E being the extraction field (in the present experiment
40 V/cm) with the reduced mass, u, being 0.5 and 1 for H,
and D, respectively.

The 9.7-eV protons emitted along the beam axis are inter-
cepted by the entrance diaphragm of the ToF spectrometer;
see Fig. 4(b). Therefore, in general, only 9.7-eV protons
emitted in small cones towards or away from the ToF spec-
trometer are detected, leading to the two proton peaks labeled
H and H} in Fig. 4, respectively. Using 50-keV N°* and
60-keV 0% ions colliding with H, as reference systems for
which cross sections for single-electron capture and for bound
and autoionizing double-electron capture have been measured
[37-43], the percentage of the 9.7-eV protons that is detected
in our experimental setup, «, is determined to be (5 & 1)%.

Figure 4 compares the ToF spectra, normalized to their H;
peak heights, of 48-keV Sn** and 50-keV N>+ colliding with
HJ . While the 9.7-eV H} and H; are very prominent for N3+

they are barely present for Sn**. This hints at a significantly

lower double capture contribution in the case of Sn*' ions
than for N°* for which single and double capture are of

AT = , 7)
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FIG. 5. Comparison of the measured beam current of 39-keV
Sn** jons (black symbols) as a function of the H, target pressure
with simulated results (solid curves) taking different values for the
0, cross section (Sn** —  Sn'*). For a5, the following cross sec-
tions are used (in units of 10~'¢ cm?) for the lines of different colors
and styles: black, 0; blue dashed, 2.5; red dash dotted, 5; green dash
dot dotted, 7.5; and gray dotted, 10.

similar magnitude. Over the energy range of 10-50 keV, the
ratio f of double-over-single capture for Sn*" is determined to
be (11 £ 4)%. The uncertainty in f is quite considerable due
to the low intensities of the 9.7-eV H} and H; peaks. Peak

areas for H' and H; are assessed by fitting Gaussian peaks
to the spectrum while applying the following constraints: (i)
the positions and separation (223 ns) between the 9.7-eV HJfr
and H} peaks are fixed; (ii) the ratio of the 9.7-eV H;r and
H; peak areas is set to 1.3; and (iii) the width of the H]T

peak is fixed at 1.5 times the width of the H;f peak. The
fitting constraints for the 9.7-eV H; and H, peaks, which

were determined on basis of the N3+ and O®F spectra, were
also observed in numerous ToF measurements with other ions,
e.g., Xe*t, Sn°F, and Ar+.

E. Contributions of double collisions

Finally, it is checked that the experiments are performed
in the single-collision regime by varying the target pressure
over one order of magnitude. Figure 5 shows as an example
the dependence of the measured beam current of Sn** as a
function of target pressure. In the figure, the solid curves are
generated by solving Eqs. (3) taking only the significant cross
sections namely o3, 031, and o). The measured o3, and f
are used as inputs in the calculations; the multiple curves
correspond to calculations taking different input values of o5, .
From the figure, it is seen that deviations from the single-
collision approximation might start to show up at pressures
of 1.5x10™* mbar depending on the magnitude of the cross
section for single-electron capture (o3;) by Sn**. The data in
Fig. 5 suggest a 07, cross section of about 5x107'% cm?. As

the data used for the final determination of the single-electron
cross sections o3, have been taken at 1.5x 10~* mbar, the in-
fluence of double collisions is very small and might have been
neglected. Nevertheless, we have chosen to correct the data
for double collisions assuming a common o7; cross section of
(54 5)x107'° cm?. Such inclusion of double collisions re-
duces the uncorrected o3, cross sections by ~3% on average.

III. THEORY

We have calculated the SC cross sections using a semi-
classical method with nuclear straight-line trajectories. The
calculation assumes that the H-H internuclear distance, p,
is fixed during the collision (Franck-Condon approximation).
The electronic wave function has been expanded in terms of
seven molecular functions of the SnH3™ quasimolecule. The
molecular wave functions are approximate eigenfunctions of
the Born-Oppenheimer electronic Hamiltonian, obtained by
means of a multireference configuration interaction method.
In practice, the calculation explicitly considers the three
valence electrons, which move in the field created by the H nu-
clei and the ab initio pseudopotential STUTTGART RLC ECP
[44] that describes the electrons’ interaction with the Sn*t
core. We have carried out the calculation of electronic wave
functions by employing a three-center basis set of Gaussian-
type-orbitals (GTO) that includes the (8s,4p) — [3s, 2p]
basis [45] centered on the H nuclei and a [4s, 4p, 3d, 2 f] basis
[46] on the Sn nucleus. In a first step, we have obtained a
set of molecular orbitals (MOs) in a restricted Hartree-Fock
calculation in this basis for the SnH;Jr system, and we have
created the configuration space by allowing single and double
excitations from a set of eight reference configurations. The
configuration space is restricted by allowing between one and
three electrons in five MOs, the first four orbitals of A’ sym-
metry and the first A” MO. Up to two electrons can occupy
the remaining orbitals. We have calculated the nonadiabatic
couplings numerically as explained in Refs. [47,48] with a
differentiation step of 10™* a.u. The molecular expansion
includes a common translation factor based on the switching
function of Ref. [49].

The asymptotic energy differences between the entrance
channel Sn**T(5s'2S) + Hy(X 1ZJ;) and the exit channels
Sn>* (552 'S, 555p3P°, 555p 'P°, 5p? °P) have been compared
with NIST data [50], after subtracting the calculated ioniza-
tion potential of H; at the equilibrium distance (o = 1.4 a.u.).
The differences with the average energies of each multiplet
are smaller than 0.03 a.u.. In Fig. 6, we show the energies
of the seven lowest molecular states for a nuclear geome-
try with the angle between the vectors R (R is the position
vector of the Sn nucleus with respect to the midpoint of the
H-H internuclear axis) and p equal to 60°, which has been
found in previous calculations [S1] to be a representative
geometry that leads to cross sections in good agreement with
the orientation-averaged (OA) ones. In the nonrelativistic ap-
proach, only transitions to doublet states are allowed. Also,
transitions to A” are forbidden, and we have plotted only
the energies of the molecular states A’. The energy of the
entrance channel exhibits avoided crossings with those of
the states dissociating into Sn**(5s5p 'P*)+H; (X 22;) and
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FIG. 6. Potential energy curves of the (Sn+H,)** 24’ electronic
states as functions of the distance from the Sn nucleus to the midpoint
of the H, axis. The spectroscopic terms of the Sn>* or Sn** ions in
the separate atom limit are indicated in the figure.

Sn**(555p3P°)+H; (X 22;). The first one takes place at a
very large distance, R &~ 17.5 a.u., and is very narrow. In
practice, it is traversed diabatically, as plotted in Fig. 6. At not
too high collision energies, the transitions in the neighborhood
of the second avoided crossing, R ~ 8.5 a.u., furnish the main
mechanism of the electron capture process. As the collision
energy increases, the transitions in the wide avoided crossing
between the energies of the ground and the first excited state
at R & 5 a.u., become more important, and are responsible for
the population of the channel Sn** (55 'S)+HJ (X 2L ).

The numerical solution of the eikonal equation leads to the
probabilities for transitions to the different capture channels,
P, (D) and the corresponding integral cross sections,

oy =2m /OO bP,(b)db, ()
0

where b is the impact parameter.

In Fig. 7, we plot the opacity functions, bP;, for the electron
capture into Sn2+(lS)+H;(X22;), Sn2+(3P”)+H;(XZE;)
and Sn**('P°)+H; (X>%[) for the collision energies of
250 eV /u and 500 eV /u. One can note that the charge transfer
channel, Sn2+(3P")—|—H;L X 22;), is populated for relatively
large impact parameters, which are coherent with the pre-
dicted transitions in the avoided crossing at R ~ 8.5 a.u.. At
these energies, the transitions near the avoided crossing be-
tween the two first energy curves give rise to the observed
transitions at b < 5.5 a.u. to the electronic state dissociat-
ing in Sn®*(1$)+H; (X %)), which are more important as
E decreases. On the contrary, the probabilities for capture
to Sn2+(3P")+H;' X 22;) are less important as E increases,
which corresponds to a more diabatic crossing of the avoided
crossing near R ~ 8.5 a.u..

A more elaborate treatment of the orientation average is
provided by the trajectory average where the energies and
couplings are calculated along the projectile trajectory (see
Ref. [29]). In the present case, we have carried out cross
section calculations with three trajectory orientations as ex-
plained in Ref. [52].
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FIG. 7. Opacity functions for the main three CX channels at
E =250 eV /u (bottom) and E = 500 eV /u (top).

IV. RESULTS AND DISCUSSION

The experimental results for Sn3t colliding with H, are

presented in Fig. 8 (solid black dots). The measured cross
sections range between (25-50)x 10~'® cm? and increase in
magnitude with decreasing ion energy. For instance, on mov-
ing down from 0.43 to 0.08 keV/u in ion energy, the cross
sections increase by a factor of ~2. The cross sections are
compared to our semiclassical calculations shown by the full
black curve labeled OA in Fig. 8. The experiments and the
theory agree fairly well at higher energies but as one moves
toward lower impact energies, a discrepancy emerges. In the

6 (10" em?)

E (keV/u)

FIG. 8. Comparison of experimental data with different semi-
classical calculations of single electron capture cross sections in Sn**+
collision with H, (black circles) and D, (red squares) as functions
of the ion energy. The semiclassical results for the seven molecular
states are obtained along three trajectory orientations (T1, T2, and
T3) and their average (OA). The result of an isotropic calculation
with the energies and couplings calculated for a fixed angle, 60°,
between v and p is also included.

012804-6



CHARGE EXCHANGE IN COLLISIONS OF 1-100-KEV ...

PHYSICAL REVIEW A 106, 012804 (2022)

case of the calculated cross sections, the increase toward lower
energy is much weaker with the cross section increasing by
only a factor of ~1.2 on going down from 0.43 to 0.08 keV /u
in impact energy. In search of the prospective cause of this
discrepancy, experiments with the heavier isotopologue D,
have been conducted, the results of which are given by the red
solid squares in Fig. 8. A remarkable isotope effect is observed
in the experiments. Also, the calculations, which are indepen-
dent of the molecular mass, evidently show better agreement
(even at lower energies) with the experiments performed with
D,.

At relatively high impact energies, the main difficulty of
the semiclassical calculation comes from the need to perform
calculations for different orientations of the molecule with re-
spect to the projectile trajectory or, equivalently, for different
trajectory orientations with respect to a fixed molecule. We
show in Fig. 8 the cross sections calculated for three trajectory
orientations (T1, T2, and T3), where T1 is a trajectory with
v]pandb L p, T2 withv L pandd || p,and T3 withv L p
and b L p, with [52]

ooa = 5[0 (T1) 4+ 0(T2) + 0(T3)]. 9)

In this system, the orientation effects are expected to be
small because the main transitions take place at large internu-
clear separations. This is confirmed by the small differences
between the three orientation-dependent results, and also be-
tween the OA cross section and that obtained using the
energies and couplings calculated for 6 = 60° (=~ 6%). It can
be noted in this figure that the oscillatory behavior of the
cross section is similar in all calculations. The origin of these
oscillations can be traced back to the interferences between
transitions in the avoided crossing at R ~ 8.5 a.u. and those at
R ~ 3.6 a.u. (see Fig. 6), which also appear in the calculations
along the trajectories T1-T3. Since the transitions take place
at relatively large values of R, the oscillations are similar and
they do not disappear in the OA cross section.

The seven-state molecular calculation has been carried out
within the framework of the semiclassical method, which may
limit the validity of the calculation at relatively low collision
energies. To estimate the limitation of this approximation,
we have carried out exploratory full quantal calculations
with a basis set of two molecular states, those involved
in the avoided crossing at R &~ 8.5 a.u.: Sn*t(2$)+H, and
Sn** (3P”)+H; 2 E;). The semiclassical and the quantal two-
state calculations show good agreement in the energy region
20 eV/u < E < 100 eV/u (Fig. 9), which indicates that the
differences found with the experimental values are not due
to the use of the semiclassical formalism. In this respect, one
must note that in the semiclassical method, the two molecular
states are coupled by the two components of the nuclear gra-
dient in the collision plane. However, in the quantal formalism
(see Ref. [30]), only the component in the radial direction
is included. In Fig. 9, we have plotted the semiclassical
cross section calculated without the coupling that comes from
the gradient component perpendicular to the radial direction,
which is identical to the quantal one. Therefore, trajectory and
quantal effects can be neglected in the energy range of the
experiment.

A second approximation of the semiclassical calculation
is the neglect of the spin-orbit coupling. An estimate of the

_ T T T T T T | T T ]
soH 2-state semiclass. { |
. — . — 2-state quantal
1 J-splitting |
- - MCIZ {
40

AWAN
ANy AL
301y . \/ \_/ \,

6 (1070 cm?)

20 —

0.01 0.1
E (keV/u)

FIG. 9. Comparison of the isotropic seven-state semiclassical
calculation with 6 = 60° (solid pink line) with a two-state quan-
tal calculation and a two-state semiclassical calculation without
rotational couplings (dash-dotted lines). The dashed lines are the
estimates including the effect of the L-S coupling (labeled J splitting)
in a four-state quantal calculation and in the multichannel Landau-
Zener (MCLZ) model. The experimental results are also included as
in Fig. 8.

influence of this effect is obtained in both the quantal and
the multichannel Landau-Zener (MCLZ) calculations with
the Hamiltonian matrix elements given by the formulas of
Ref. [53] and adding the asymptotic splitting of the Sn*>*(3P?)
term [50] to the diagonal matrix elements. The ensuing
cross section has similar values to the experimental ones for
E > 0.2 keV/u, but it decreases at lower energies. To further
check this model, we have carried out a similar estimate by
performing a four-state quantal calculation with the numerical
H data previously employed in the two-state calculation and
adding the asymptotic L-S splitting at all ion-molecule sep-
arations. At low energies, the cross section is dominated by
transitions at large R to the highest state with J = 2 and it is
increased with respect to that from the two-state calculation by
up to 10%, because the avoided crossing is moved to a larger R
as a consequence of the energy shift. For £ > 500 eV /u (not
shown in Fig. 9), the model cross section shows an increase
that is due to transitions to the lowest level (J = 0) that take
place at smaller R, where the approximation of keeping the
two-state interaction is not valid. We have also carried out a
numerical experiment by integrating numerically the matrix
elements of Ref. [53] with the asymptotic splitting, as in the
MCLZ estimate. For the sake of clarity, the results are not in-
cluded in Fig. 9; they are similar to those using the numerical
data, but without the oscillations, because the matrix elements
of Ref. [53] do not include the modeling of the inner avoided
crossing.

Finally, the increasing difference between the experimen-
tal cross sections for collisions with H, and D;, as energy
decreases, can be due to vibrational effects. In this respect,
a similar isotopic dependency was found in the experiment
of Kusakabe et al. [33] for H"+(H,, D,). It is expected
that the Franck-Condon calculation shows better agreement
with D, data than with H, because it assumes that the target
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bond length remains fixed during the collision and this is a
more realistic description for D, than for H,, given that the
larger reduced mass of the first is linked to a more localized
initial vibrational wave function. Nevertheless, as the collision
energy decreases, the vibrational effects will also start to be
relevant for D, and we expect that the OA Franck-Condon
calculation will not be valid for D, at energies below the
experimental ones. Calculations of charge transfer beyond the
Franck-Condon approximation [34] for H+(H,, D,) found
good agreement with experiments for both isotopic targets.

V. CONCLUSION

In this work, we have presented both an experimental de-
termination and a theoretical calculation of the absolute single
electron capture cross section for Sn** on H, in the energy
range 1-100 keV. The experiments are based on measuring
a reduction in ion beam current due to the charge exchange
interaction. The calculations are done in a semiclassical way
using molecular orbitals. At the higher energies, there is a
fair agreement between the experimentally determined and
the theoretically calculated values. However, the experimen-
tal cross sections show a considerable increase toward lower
energies, whereas this effect is only weakly present in the
calculated values. Exploratory full quantal calculations have
been performed and these show good agreement with the
semiclassical calculations. From this, we conclude that the

discrepancy is not due to the invalidity of the semiclassi-
cal approach in our energy regime. The effect of spin-orbit
coupling has been found to be small (*15%) and it does
not explain the rise of the cross section for the collision
with H, at E < 200 eV /u. The experiments have also been
performed for the heavier isotopologue D, and show a less
strong increase of cross section toward the lower energies and
are in good agreement with the semiclassical Franck-Condon
calculations. This leads us to conclude that the increase for
H; is due to vibrations in the target molecule. This effect is
weaker in D, because of the higher mass and it is not included
in the calculations, which make use of the Franck-Condon
approximation.
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