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Electron capture in low-energy collisions of Sn3+ ions with H2 and D2
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We report experimental single-electron-capture cross sections for Sn3+ ions impacting on H2 and D2 molecules
at low projectile energies, ranging from 0.8 to 153 eV/u. The data were obtained in a crossed-beam-type
experiment with a decelerated Sn3+ ion beam and a H2 (D2) gas target. Charge-state resolved Sn ion currents
are measured with a retarding field analyzer. After an extensive description of the setup and measurement
procedure, we present and discuss the results in comparison to model calculations. Ab initio calculations of
potential energy curves, including spin-orbit interactions, are performed and used to fit a four-state diabatic
model. The experimental and theoretical single-electron-capture cross sections show good agreement and are
found to have values in the range of 20–45 × 10−16 cm2 with a shallow maximum around 10 eV/u. We do not
observe a significant difference between the cross sections for H2 and D2, as hinted at in our previous work at
energies of 80–400 eV/u.

DOI: 10.1103/x84b-5kcn

I. INTRODUCTION

The atomic physics process in which a projectile ion
colliding with a neutral atomic or molecular target takes one
or more target electrons, known as electron capture or charge
exchange, is relevant in several research areas, from fusion
(e.g., Refs. [1–5]) to astrophysics (e.g., Refs. [6,7]) and lately
also in nanolithography [8,9]. The particular collision system
of Sn ions on H2 molecules is highly relevant for the latest
generation of nanolithography machines, which use 13.5-nm
extreme ultraviolet (EUV) light for printing fine features on
silicon wafers [10,11]. This light is emitted by highly charged
Sn ions in a laser-produced plasma (LPP) of Sn [12,13] and
subsequently collected and focused by the collector mirror,
a large hemispherical Mo/Si-multilayer mirror. Fast Sn ions
(KeV energy) coming from the LPP [14–17] have the potential
to cause damage to this mirror by sputtering and implantation
and therefore must be slowed and mitigated [18]. For this
purpose, H2 buffer gas has been chosen, primarily because of
its low absorptivity of EUV light [19]. To find optimal buffer
gas conditions, simulation models are used. Such models need
fundamental atomic data for Sn ions that collide with H2. Wu
et al. [20] have measured the stopping power up to energies of
several hundred eV. Later, stopping cross sections for energies
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up to several keV have been measured [21] and calculated
[22]. The results of Abramenko et al. [21] indicate that the
stopping cross section depends on the charge state of the Sn
ion. Although Sn ions with charge states of 9+ to 15+ are
responsible for EUV emission [12,13,23], energetic (>1 keV)
ions emitted by the LPP have lower charge states of 3+ to 8+
[9,17,24], due to recombination in the peripheral part of the
plasma [25]. While traveling through the buffer gas, electron
capture in collisions of these ions with H2 brings the charge
state further down. Consequently, electron capture cross
sections are needed for accurate simulation models for tin
ion mitigation. According to the classical over-barrier model,
the single-electron-capture cross section scales with the
projectile’s initial charge state q [26]. Electron capture cross
sections for the higher charge states are therefore expected
to be large, such that the lower charge states are dominantly
present in the stopping gas. For that reason, we are mainly
interested in the lower charge states.

Recently, in a first paper on single-electron capture in
collisions of Sn3+ ions with H2 and D2 molecules [27], we
presented experimental cross sections in the energy range
of 76–430 eV/u (9–51 keV) and cross sections from semi-
classical calculations in the energy range 10–1000 eV/u
(1–120 keV). The experiments hinted at a significant energy
dependence of the cross section for H2, with the cross sec-
tion growing larger at lower energies. For D2, a less strong
increase was observed, in better agreement with the semiclas-
sical calculation. The observed behavior raises the question
of whether the trends of an increasing cross section and a
growing isotope effect continue at even lower energies. At

2469-9926/2025/112(5)/052806(10) 052806-1 Published by the American Physical Society

https://orcid.org/0000-0002-9440-4035
https://orcid.org/0000-0001-7638-2824
https://orcid.org/0000-0001-5287-5157
https://orcid.org/0009-0008-9636-3303
https://orcid.org/0009-0000-4493-6853
https://orcid.org/0000-0003-1165-5996
https://orcid.org/0000-0003-2275-4041
https://orcid.org/0000-0003-1391-2634
https://orcid.org/0000-0003-3852-5227
https://orcid.org/0000-0001-6737-4742
https://orcid.org/0000-0001-8632-3334
https://ror.org/012p63287
https://ror.org/04xe7ws48
https://ror.org/01cby8j38
https://ror.org/01cby8j38
https://ror.org/008xxew50
https://crossmark.crossref.org/dialog/?doi=10.1103/x84b-5kcn&domain=pdf&date_stamp=2025-11-05
https://doi.org/10.1103/x84b-5kcn
https://creativecommons.org/licenses/by/4.0/


K. BIJLSMA et al. PHYSICAL REVIEW A 112, 052806 (2025)

9 keV (76 eV/u), however, we reached a lower energy limit
set by inefficient ion beam extraction and transportation.

Electron capture by multiply charged ions of sub-keV
energy colliding with neutral species is hard to study exper-
imentally as highly charged ion sources (e.g., Ref. [28]) are
operated at several kilovolts to produce the required intense
beams of multiply charged ions. A way to achieve low rela-
tive velocities could be the technique of merged beams [29].
This technique has been successfully applied to systems in
which neutral beams can be produced by electron detachment
of negative ions, e.g., neutral atomic hydrogen produced by
laser irradiation of H− [30,31]. However, many atoms and
molecules, including H2, do not have negative ions and thus
are not suitable for merged beam experiments. For H2 as
the target, to get to energies well below 1 keV/u, attempts
in crossed-beam-type experiments were therefore made by
means of putting the collision region on high voltage [32]
or having the collision center inside an rf ion guide float-
ing at high voltage [33]. However, to overcome issues with
field penetration into the collision region and changing poten-
tials in the collision chamber along the ion beam, affecting
total charge-transfer measurements, we have put our whole
crossed-beam apparatus on high voltage and used an electro-
static lens system for efficient deceleration and focusing of the
decelerated ion beam. In this way, we were able to extend the
measurements all the way down to 0.1 keV (0.8 eV/u).

A second upgrade on our experimental setup is the replace-
ment of the Faraday cup by a retarding field analyzer (RFA),
which provides charge state resolution in the measured ion
beam current. The new apparatus is used to measure absolute
cross sections for single- and bound double-electron capture
(SC and BDC, respectively) from H2 (and D2) by Sn3+ ions,
i.e., for the reactions

Sn3+ + H2 → Sn2+ + H+
2 , (1)

Sn3+ + H2 → Sn+ + 2H+. (2)

Here, we focus on the results for single-electron cap-
ture. For double-electron capture, remarkably large cross
sections were found at low energies. These results have re-
cently been published in another work [34]. In the present
work, we give an extensive description of how we obtained
our experimental results for both processes.

On the theoretical side, in our previous work, spin-orbit
effects were estimated using a simplified two-state model in
which the single-capture channel was split into three com-
ponents by applying the experimental spin-orbit splitting of
the Sn2+(3P◦) states uniformly at all internuclear distances.
This approach allowed for a first-order estimate of the effect
of spin-orbit coupling on the dynamics. In the present study,
we improve upon that treatment by performing ab initio elec-
tronic structure calculations that explicitly include spin-orbit
interactions, allowing us to construct accurate potential energy
curves for the relevant electronic states. These results are used
to guide the fitting of a four-state diabatic model that captures
the asymptotic character of both the entrance channel and
the dominant single-capture exit channel. The resulting model
is then used in a full quantum (on projectile and electronic
degrees of freedom) scattering calculation for both H2 and D2

as target molecules.

II. EXPERIMENTAL METHODS

A. Experimental setup

The experiments were performed in a crossed-beam setup
in which a beam of Sn3+ ions crosses an effusive gas target of
H2. The setup is an upgrade of the setup used in our previous
work [27]. The main differences are the use of decelerated
Sn3+ beams to cover the low-energy regime below 9 keV and
the use of a retarding field analyzer to determine the charge-
state distribution of the Sn ions after crossing the H2 target.
Before discussing these two experimental upgrades, the ion
beam facility will be recalled briefly.

The setup is a permanent station at the ZERNIKELEIF
low-energy ion beam facility at the University of Groningen.
Snq+ ions are generated in a 14-GHz electron cyclotron reso-
nance ion source (ECRIS), operated on a high potential Vsource.
Tin atoms are introduced into the ECRIS plasma by heating a
crucible oven filled with solid pure tin. To stabilize the plasma,
He gas is mixed in. After extraction from the ECRIS, the
primary ion beam is mass-over-charge (m/q) selected using
a 110◦ analyzing magnet with a resolution of about 0.5%,
which allows for selecting a Sn ion beam of one specific
isotope only. Although 120Sn is the most abundant isotope of
Sn, ions of the second-most-abundant isotope are used in the
experiments, i.e., 118Sn, because 120Sn3+ has the same m/q
ratio as Ar+ and thus a possible (small) Ar+ contamination
cannot a priori be excluded for 120Sn3+. The 118Sn3+ ion beam
is transported through a 10-m central beamline and steered
into the crossed-beam setup by a 45◦ bending magnet. On the
way from the bending magnet to the gas target, the ion beam
is collimated by a set of six apertures, of which the smallest
one has a diameter of 1.5 mm.

Primary Snq+ ion beams can be extracted efficiently from
the ECRIS with energies in the range of 3q–25q keV. The
low-energy ion beams used in the experiments are generated
by decelerating a primary Sn3+ ion beam of typically 21 keV
just before it enters the collision chamber. To do so, the entire
setup is floated on high voltage. A six-element deceleration
lens is used to prevent ion losses due to beam broadening upon
deceleration. More details about the deceleration process are
given in Sec. II B.

The crossed-beam setup is schematically depicted in Fig. 1.
At the center of the collision chamber, the ion beam tra-
verses a jet of H2 gas that is flowing from a capillary of
1.0 mm internal diameter that is situated 1.0 mm above the
ion beam. A Bronkhorst FG-200CV high-precision mass flow
controller is used to regulate the gas flow. Flowrates of 1,
2.5, and 4 mL/min are used in the experiments, which corre-
spond to chamber pressures of (0.46, 1.14, and 1.81) × 10−4

mbar, respectively. The pressure in the chamber is measured
by a Pfeiffer HPT 100 gauge. The background pressure in
the chamber is ≈1 × 10−8 mbar. During experiments, the
base pressure is higher due to the presence of H2 at ≈2 ×
10−7 mbar.

After traversing the gas target, the Sn ions are analyzed
and collected by a RFA, which consists of a Faraday cup (FC)
with four grids in front. A voltage can be applied to those
grids, most notably a retarding voltage Vret to the center two
grids to create a well-defined potential barrier. Ions can only
pass this barrier if the ratio E/q of their kinetic energy to
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FIG. 1. Schematic of the crossed-beam setup. Dashed partial rectangles indicate the separation between the setup on a floating potential
and the beamline on ground potential. Energy-, charge-, and mass-selected ions come in from the left, are gradually decelerated by the lens
system, traverse the gas target created by a gas flow from the capillary, and are finally analyzed by the RFA. The six-element lens system
consists of a prelens on ground potential, four equal-length cylindrical elements A–D to which variable voltages can be applied, and a final
tapered element with a φ 1.5-mm exit diaphragm on setup potential. The RFA has four grids: a ground grid preventing field penetration into
the collision region, two retarding grids to which a high voltage can be applied, thereby creating a homogeneous potential barrier to block ions
based on their energy-to-charge ratio, and finally a negatively biased suppression grid preventing secondary electrons to escape the FC. The FC
current, proportional to the number of ions and their charge state, is measured with a picoammeter. The background pressure in the chamber is
≈1 × 10−8 mbar.

their charge state is larger than Vret. The first grid is grounded
to prevent field penetration from the retarding grids into the
collision region. A suppressing voltage VS of −100 V is ap-
plied to the final grid to prevent secondary electrons from
escaping the FC. The FC current, which is proportional to the
number of ions and their charge state, is read by a Keithley
6485 picoammeter. Our RFA is a modified four-grid Kimball
FC73-A type of RFA. Wirings are altered such that it can be
operated at higher voltages, up to 10 kV. The entrance of the
RFA is covered with a so-called "cap," which has a 2.6-mm
diaphragm.

B. Ion beam deceleration

For the primary ion beam to be decelerated, the experimen-
tal chamber, including all auxiliary equipment and electronics,
is floated on a high potential. To eliminate the detrimental
effect of ripples in high-voltage power supplies, this is accom-
plished by connecting the setup with the ECRIS and using
an offset voltage Vbias, such that the setup potential equals
Vsource − Vbias. Consequently, the ion energy is reduced from
qVsource to qVbias (see Fig. 2). Additionally, a small intrinsic
plasma potential Vplasma on the order of 10 V is common to an
ECRIS ion source [35,36], and raises the ion beam energy by
qVplasma. The extra 30 eV for Sn3+ ions (0.25 eV/u) becomes
considerable at the lowest energies and is therefore included
in the energy values given in this paper.

Except for the case of very mild deceleration to energies
still larger than 12 keV, the sudden step in potential causes
strong beam divergence, which leads to large ion beam losses.
To overcome this problem, an electrostatic deceleration and
focusing lens system is used. The same lens system has been
used previously by Bodewits et al. [35] and has a design based
on similar designs that have been used successfully in the past
[36,37]. The six-element lens system consists of a prelens on
ground potential, four equal-length cylindrical elements A–D,

and a final tapered element with a φ 1.5-mm exit diaphragm
on setup potential (see Fig. 1).

The potentials on lens elements A–D were determined by
an optimization process. The values were iteratively changed
while reading the FC current IFC as well as the current on
the cap (including a current contribution from the ground
grid) Icap, with the goal of maximizing IFC while having the
ratio IFC/Icap as large as possible, at least larger than unity.
It was found optimal to use a potential scheme such that the
ions undergo a brief acceleration in between two deceleration
steps, as illustrated in Fig. 2. For the lowest energies, a gradual
deceleration scheme was found to be optimal.

C. Measurement procedure

1. Extracting single- and double-electron-capture cross sections

In electron capture by Sn3+ from H2, either one or both of
the electrons of H2 can be captured, reactions (1) (SC) and

FIG. 2. Schematic illustrating the deceleration process. By con-
necting the setup to the ECRIS and using an offset voltage Vbias, the
final ion energy is reduced from qVsource to qVbias. In the decelera-
tion lens, a typical potential configuration is illustrated, where ions
undergo a brief acceleration in between two deceleration steps.
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(2) (BDC), respectively. In the following derivation, we first
assume to operate in the single-collision regime. A correction
for double collisions is applied later, see Sec. II C 3.

The differential equation describing the number of Sn3+

particles, N3+, as a function of distance z through the target
gas is given by the following equation:

dN3+

dz
= −(σ32 + σ31)n(z)N3+, (3)

where n(z) is the target number density and σ32 and σ31 are the
SC and BDC cross sections, respectively. Let us now define
the double-capture fraction f :

f = σ31

σ32
. (4)

Using this double-capture fraction, Eq. (3) can be solved for
σ32, yielding

σ32 = − ln
(
N3+/

N3+
0

)

(1 + f )
∫ L

0 n(z)dz
, (5)

where L is the length over which the ion beam overlaps with
the gas target and N3+

0 is the initial number of Sn3+ ions. The
RFA enables us to obtain the number of Sn1+, Sn2+, and Sn3+

particles, N1+, N2+, and N3+, respectively (see Sec. II C 2).
Conservation of particles dictates that N3+

0 = N1+ + N2+ +
N3+. Furthermore, in the single-collision regime, we can write

f = N1+

N2+ . (6)

The integral target density
∫ L

0 n(z)dz is proportional to the
pressure P in the collision chamber. The proportionality factor
β is calibrated using O6+ ions, see Sec. II D. Equation (5) now
becomes

σ32 = − ln
(

N3+
N1++N2++N3+

)
(
1 + N1+

N2+
)
βP

. (7)

The charge-state resolved ion numbers can be determined
from the currents of singly, doubly, and triply charged Sn ions,
which are measured with the RFA analyzer,

2. Obtaining charge-state resolved Sn ion numbers

After crossing the target, the ion beam arrives at the RFA
and consists of Sn3+, Sn2+, and Sn1+ particles. The beam
energy can be considered to be mone-energetic as the initial
spread in ion energy due to the plasma potential of the ECRIS
is on the order of 10 eV [38] and the energy transfer in capture
collision is of a similar magnitude. Both uncertainties in final
beam energy are small compared to our projectile energies,
such that we can safely assume all ions arriving in the RFA
to have approximately equal energy. Since the RFA selects on
E/q, we can obtain charge-state resolution in the measured
current by choosing appropriate retarding voltages.

To illustrate this, Fig. 3 shows the Faraday cup current
as a function of retarding voltage for a 4-keV Sn3+ ion
beam traversing the H2 target at intermediate flow (Pchamber =
1.14 × 10−4 mbar). The red arrows indicate the voltages at
which 3+, 2+, and 1+ particles of 4-keV energy are expected
to be stopped by the RFA. Indeed, we see clear drops in the

FIG. 3. The Faraday cup current as a function of retarding
voltage for a 4-keV Sn3+ ion beam traversing the H2 target at
intermediate flow (Pchamber = 1.14 × 10−4 mbar). The ion beam is
decelerated from a primary ion beam of 21 keV. Red arrows indicate
the voltages at which 3+, 2+, and 1+ particles of 4-keV energy
should be stopped by the RFA. Vertical dotted blue lines indicate
typical retarding voltages used for determination of electron capture
cross sections. Light-gray dashed lines are drawn at the approximate
level of the current after a charge state is stopped, to indicate the
“zero” levels for each of the three individual charge states.

current at those voltages. Interestingly, after the 4-keV Sn1+

ions are blocked, a positive current remains visible until it
drops to zero at around 4800 V. This is an artifact of the
deceleration of the primary ion beam of 21 keV to 4 keV.
Some hydrogen molecules diffuse out of the collision chamber
into the deceleration lens and accumulate in the prelens, which
is on ground potential. If a 21-keV Sn3+ ion undergoes single
capture there, it results in a 21-keV Sn2+ ion. When this
ion climbs 5.67 kV in potential in the deceleration process
( (21−4) keV

3e , as determined for a Sn3+ ion), it loses 11.33 keV
of energy in this step and therefore has an energy of 9.67 keV
in the collision chamber. A retarding voltage of 4.83 kV is
needed to stop this particular ion. So Sn2+ (and possibly some
Sn1+) ions of a higher energy constitute the “artifact” ion
current that is seen to remain as the 4-keV Sn1+ ions are
stopped. We correct our analysis for this artifact.

In an actual measurement, we do not scan the retarding
voltage as shown in Fig. 3, but instead we take current mea-
surements at four carefully chosen voltages. The first voltage
Va is chosen to be below the voltage where the Sn3+ ions are
expected to be blocked, see Fig. 3. The second voltage Vb is
chosen beyond the voltage where the Sn3+ ions are blocked,
but before the voltage where Sn2+ ions are blocked, and sim-
ilarly the third voltage Vc is in between the voltages where
the Sn2+ and Sn1+ ions are blocked. Finally, a measurement
is performed at Vd , above the voltage where Sn1+ ions are
blocked but before the next drop, to determine the artifact cur-
rent. The three aforementioned currents are corrected for this
artifact current by subtracting it from the currents measured at
Va,Vb, and Vc. A measured current I can be written as

I = e
3∑

q=1

(qNq+)/�t, (8)
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FIG. 4. Ratio N1+/N2+ (left panel) and single-capture cross sec-
tion (right panel) measured at three H2 pressures for an incoming
Sn3+ ion of 0.7 keV. Both panels show a linear fit through the data,
taking data uncertainties into account. To eliminate the effect of
double collisions, the value obtained by extrapolating the fit to zero
pressure is taken as final value.

where e is the elementary charge, q the charge state of the Sn
ion, Nq+ the number of Sn ions with that charge state, and
�t the time interval over which the ions are measured. By
taking differences of measured currents we can obtain N1+,
N2+, and N3+.

Returning to Fig. 3, it can be seen that as the retarding
voltage increases from 0 to 1 kV, the FC current shows a
gradual increase of about 10%. Then, as it nears the point
where the Sn3+ ions are stopped, it shows an oscillation. This
behavior can be attributed to an electrostatic lens effect in the
RFA which is most prominent when the ions are slowed down
to low velocity [39]. We correct our measurements for this
voltage-dependent RFA transmission by performing a scan of
the retarding voltage for the case when the H2 gas flow is
turned off such that the ion beam consists purely of Sn3+ ions.
A five-point rolling average is applied to remove measurement
noise. The resulting curve is used to determine transmission
coefficients for the three charge states at the voltages Va,Vb,

and Vc. These coefficients are used to make corrections when
transforming the currents into ion numbers. The effect of this
correction is small, since ratios of currents (ion numbers) are
used [see Eq. (7)]. Furthermore, the voltages Va, Vb, Vc, and
Vd are taken outside of the region where the curve shows
oscillatory behavior.

3. Correction for double collisions

The expressions for f and σ32 [Eqs. (6) and (7), respec-
tively] hold in the single-collision regime. Therefore, low gas
flows are used so that only a small fraction of all Sn ions has
undergone electron capture while traversing the gas target.
However, even at these gas flows, a tiny fraction of all ions
may undergo two consecutive charge transfer collisions. To
correct for this effect, the measurements are performed at
three different flows of H2 gas and the results are extrapolated
to zero pressure.

Figure 4 shows the situation and illustrates the procedure
for a Sn3+ ion beam of 0.7 keV. The left panel shows the
ratio N1+/N2+ at three different pressures corresponding to
the three gas flows that are used in the experiment. It clearly

shows that the ratio increases at higher pressures. This can be
explained by more double collisions happening at the higher
target densities. The second collision turns a Sn2+ ion into a
Sn1+ ion. The observed increase in the N1+/N2+ ratio is with
roughly 30% over our pressure range substantial and reveals
a considerable single-electron-capture cross section for Sn2+

ions, in line with our earlier work on Sn2+ ions [40]. The
value of the ratio obtained by extrapolating the fit to zero
pressure is taken as the true fraction f of double-to-single
capture fraction f (N1+/N2+) The right panel of Fig. 4 shows
that the measured cross section indeed decreases linearly with
pressure, but the effect is small (less than 3%). Nevertheless,
here we also take the value obtained from extrapolating the fit
to zero pressure as final value.

D. Calibration of the integral target density

The general expression for the single-capture cross sec-
tion [Eq. (5)] contains the integral target density

∫ L
0 n(z)dz.

The exact profile of the gas jet, and its overlap with the ion
beam, is hard to determine accurately. Therefore, a different
approach is used. An identical experiment is performed with
a projectile with a known electron-capture cross section on
H2 such that the unknown integral target density can be de-
termined. In fact, the proportionality factor β between the
integral target density and the chamber pressure P is deter-
mined, such that the integral target density is obtained at any
value of the gas flow.

In our previous study we used proton beams for cross-
calibration. However, they are not suited for the present
measurement procedure, which relies on measuring Nq+,
N (q−1)+, and N (q−2)+ for a projectile of charge state q. We
therefore need a projectile with q � 3 and for which single-
and double-electron-capture cross sections are available. We
have chosen the system O6+ on H2 and used the cross sec-
tion at 21 keV reported by Machacek et al. [41].

The complete experimental procedure, including correc-
tion for double collisions, has been repeated with O6+
projectiles. For the H2 target, an undecelerated 21-keV O6+
beam was used, giving a β of (75 ± 3) × 1016 cm−2 mbar−1.
However, for decelerated beams, the integral target density
is expected to be somewhat smaller compared to when di-
rect beams are used, because the gas that is present in the
prelens contributes to the density for direct beams, whereas
this part is excluded for decelerated beams (see Sec. II C 2).
By using Sn3+ projectiles (and a fixed β), it was found that
the cross sections measured with direct beams are (16 ± 5)%
larger than with decelerated beams. In the actual measure-
ments we always use decelerated beams. This means that the
aforementioned β obtained with undecelerated O6+ should
be scaled by the factor 1/1.16. In this way, a value for β of
(65 ± 4) × 1016 cm−2 mbar−1 for H2 has been determined.

For the case of D2 as target gas, β has been determined
with a decelerated O6+ beam, resulting in a value of (83 ±
2) × 1016 cm−2 mbar−1.

E. Uncertainties

For each ion energy and gas flow, in a typical measurement
cycle ten current samples are recorded at each of the four
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voltages Va, Vb, Vc, and Vd . From this data, four average
currents are obtained which are subsequently converted to
particle numbers as described in Sec. II C 2. These are used
to calculate the f fraction and the single-capture cross sec-
tion according to Eqs. (6) and (7), respectively. In total, four
cycles are performed. If a plasma instability in the ECRIS
causes a spike or dip in the current, that cycle is removed.
An average and standard deviation for the two quantities of
interest are then calculated over these cycles. For one energy,
the above procedure is performed for three values of the gas
flow. As described in Sec. II C 3, the final value is obtained
from the y intercept of a linear fit made through the three data
points, taking standard deviations into account. A (partial)
statistical uncertainty � f is quantified by the one-standard-
deviation error on the fitted y intercept.

Other effects, e.g., the effect of temperature fluctuations, of
mass flow controller and pressure gauge instabilities, and of
beam focusing effects due to deceleration, are more difficult
to quantify. Therefore, we repeated measurements at different
days and looked at the repeatability of obtained cross sections.
For the single-capture cross section a repeatability �r of 5%
was found.

The total statistical uncertainty �S is obtained by taking
the quadratic sum of � f and �r . This total statistical uncer-
tainty defines the error bars presented in the figures shown
in the Results section. Note that the uncertainty due to the
calibration by the reference O6+ data is not included in the
error bars, because it is a systematic uncertainty which could
lead to a shift of all points, either up or down. This uncertainty
has two contributions. First, the total uncertainty reported for
the reference data is 3.4% [41]. Second, our experimental
determination of β has an uncertainty of 6%. Combined, this
leads to a systematic uncertainty of 7%.

III. THEORETICAL MODEL

A. Ab initio potential energy curves

To improve upon our previous work [27], the potential
energy curves of the (SnH2)3+ system were obtained through
calculations performed using an all-electron approach with
a triple-zeta basis set of 96 atomic natural orbitals (ANO)
for the valence electrons, including polarization functions.
The contractions used were (22s19p13d5 f 3g)/[7s6p4d2 f 1g]
[42] for Sn and (8s4p3d )/[3s2p1d] [43] for H.

Electronic wavefunctions were computed within the Cs

point group. The vector R is defined as the displacement from
Sn to the center of mass of H2, and ρ as the internuclear
separation vector of H2. Throughout this work, the angle
between R and ρ is fixed at 60◦, which closely reproduces
orientation-averaged results in similar systems [44,45].

The calculations followed a two-step approach, combining
spin-orbit coupling with multireference methods. The first
step employed the many-electron scalar relativistic second-
order Douglas-Kroll-Hess (DKH) Hamiltonian [46,47]. Using
this, state-averaged complete-active-space self-consistent-
field (SA-CASSCF) [48] calculations were performed. The
active space consisted of three electrons distributed among
six molecular orbitals derived from the Sn 5s and 5p, and H
1s orbitals. The molecular orbitals were optimized separately
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FIG. 5. Potential energy curves of the doublet states of the (Sn +
H2)3+ system as functions of the distance between the Sn nucleus
and the center of mass of H2. In the top panel, we indicate the Sn
ion charge and electronic state, while the bottom panel zooms in on
the orange-shaded region of the top panel, subtracting a Coulomb
repulsion term of 2/R. The entrance channel (EC) is labeled, and
single-capture states forming Sn2+(3P◦

J ) ions are indicated, where
J = 0, 1, 2.

in SA-CASSCF calculations, considering the following elec-
tronic configurations of the relevant asymptotic channels:

Sn3+(5s 2S) + H2(1�+
g ), (9)

Sn2+(5s2 1S) + H+
2 (2�+

g ), (10)

Sn2+(5s5p 3P◦) + H+
2 (2�+

g ), (11)

Sn2+(5s5p 1P◦) + H+
2 (2�+

g ). (12)

State average over six 2A′ states, two 4A′ states, two 2A′′
states, and one 4A′′ state was considered and, to account
for dynamic electron correlation, multistate second-order
perturbation theory (MS-CASPT2) [49] calculations were
performed, explicitly correlating the Sn 4s, 4p, 4d , and 5s and
H 1s electrons. The standard IPEA shift value [50] of 0.25 a.u.
was applied.

The second step is the incorporation of spin-orbit cou-
pling effects using the atomic mean-field integral (AMFI)
approximation [51] of the DKH spin-orbit coupling opera-
tor. To merge the spin-orbit interaction with the correlation
calculations, the spin-free state shifting operator [52] was ap-
plied. For the incorporation of spin-orbit couplings computed
with correlated wave functions and spin-orbit-free energies
that include dynamic correlation, restricted-active-space state
interaction spin-orbit (RASSI-SO) [53] calculations were
performed using first-order perturbatively corrected wave
functions and MS-CASPT2 energies. All states from the spin-
free configurations were included.

Figure 5 presents the results of these multireference cal-
culations of the potential energy curves for the spin-orbit
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coupled electronic states of the (SnH2)3+ system. In the upper
panel, the potential curves are shown as a function of the
Sn–H2 separation, with each curve labeled according to the
electronic configuration of the tin ion, omitting the target
molecule partner for clarity. The entrance channel, corre-
sponding to Sn3+(2S) + H2(1�+

g ), is depicted as a dashed
line. Its crossing with the Sn2+(1P◦) + H+

2 (2�+
g ) channels is

very narrow and has been diabatized. To highlight the most
important interaction features, particularly the avoided cross-
ings between the entrance channel (EC) and the single capture
(SC) one leading to Sn2+(3P◦) + H+

2 (2�+
g ), the shaded orange

region is expanded in the lower panel. In this zoomed-in view,
a Coulomb term has been subtracted from the total energy
to resolve the structure more clearly. At large internuclear
separations, the curves converge toward the asymptotic lim-
its associated with the three spin-orbit components of the
Sn2+(5s5p3P◦

J ) multiplet, which are distinguished by color.

B. The diabatic model

Here, we focus on the electronic states relevant to the
low-energy dynamics: the EC Sn3+(2S) + H2 and the SC
Sn2+(3P◦) + H+

2 , as illustrated in the lower panel of Fig. 5.
The avoided crossing between these channels occurs near 8
bohr, a distance where the target is effectively quasi-isotropic.
This leads to a quasi-Cs symmetry of the total system, which
restricts significant couplings to occur primarily between
states of the same spatial symmetry [54]. In this context, the
entrance channel possesses A′ symmetry, and therefore only
spin-orbit components of the 3P◦

J manifold that also transform
as A′ can couple efficiently to it. Specifically, two states of
the 3P◦

2 multiplet, and one of the 3P◦
1 , have A′′ symmetry and

are symmetry-forbidden from interacting with the entrance
channel. These states can thus be excluded from the inter-
action model. Among the remaining components, those with
quasi mJ = 0 character in each multiplet exhibit significant
mixing with the entrance channel. Accordingly, we construct
a diabatic model comprising four states: the entrance channel
and one interacting SC component from each 3P◦

J manifold
(J = 0, 1, 2), where the superscript “◦” indicates the odd par-
ity of the electronic configuration.

The energy of the EC is modeled by a Morse potential
to represent the molecular binding interaction between Sn3+

and the target molecule, with parameters De = 0.042 hartree,
equilibrium distance Re = 5.23 bohr, and exponential param-
eter α = 0.7 bohr−1.

The energies of the SC states are modeled using a short-
range repulsive term combined with a long-range Coulomb
potential characterized by an effective charge of Qeff =
1.927e, which reproduces the correct behavior at intermediate
distances. An energy offset �E = 0.27 hartree accounts for
the difference between the EC and SC asymptotes, consistent
with the ab initio results. The short-range repulsive exponen-
tial term, 105.0 exp(−3R0.85), was adjusted to replicate the
curvature of the SC channels at short distances and to yield
a diabatic potential that, after diagonalization, qualitatively
matches the ab initio adiabatic curves.

Spin-orbit splittings were introduced to distinguish the 3P◦
J

components, using values �E (3P◦
0 −3P◦

1 ) = 0.0061 hartree
and �E (3P◦

0 −3P◦
2 ) = 0.021 hartree, which closely match
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FIG. 6. The gray lines are the same as those shown in the bottom
panel of Fig. 5. The thick dashed colored lines represent the adia-
batic (a) and diabatic (b) curves of the four-state model defined in
Eqs. (13)–(18).

experimental values reported in Ref. [55] (0.0075 and 0.026
hartree, respectively).

The interaction terms between the EC and SC states were
assigned a constant coupling value of 0.005 hartree. This
magnitude is comparable to those employed in previous nona-
diabatic scattering models [56], and was confirmed by fitting
to reproduce the shape and position of the avoided crossings
observed in the ab initio adiabatic potentials.

The resulting diabatic model Hamiltonian is defined as

H11(R) = De
({1.0 − exp[−α(R − Re)]}2 − 1

)
(13)

H22(R) = Qeff/R − �E + 105.0 exp(−3R0.85) (14)

H33(R) = H22(R) + �E (3P◦
0 − 3P◦

1 ) (15)

H44(R) = H22(R) + �E (3P◦
0 − 3P◦

2 ) (16)

with the off-diagonal couplings

H12 = H13 = H14 = 0.005 (17)

H23 = H24 = H34 = 0. (18)

To assess the validity of the proposed four-state diabatic
model, we compare its potential energy curves with the
ab initio results discussed previously. Figure 6 shows both the
adiabatic states obtained by diagonalizing the model Hamilto-
nian (panel a) and the diabatic potentials used as input (panel
b), overlaid on the ab initio curves from Fig. 5 (gray lines).
The diabatic potentials are plotted as color-coded thick dashed
lines for clarity: red for H11 (entrance channel), black for H22,
blue for H33, and green for H44 (single-capture channels).
The diabatic potentials [Fig. 6(b)] accurately reproduce the
asymptotic behavior of the ab initio curves for R > 8 bohr,
while the adiabatic energies [Fig. 6(a)] closely follow the
ab initio adiabatic curves near the avoided crossing. Overall,
the model captures both the correct asymptotic limits and a
reasonably good description of the interaction region. The
fact that a constant coupling between the entrance and single-
capture channels suffices to reproduce the main features of
the avoided crossing confirms the adequacy of the simplified
diabatic approach.
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FIG. 7. Measured single-electron-capture cross sections for Sn3+
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as functions of projectile energy. Also shown are experimental results
from Rai et al. [27] (open symbols), the semiclassical calculation
from that work (dashed line), and the present quantum calculations
for both H2 and D2 using the four-state model of Eqs. (13)–(18).

C. Quantal time-independent scattering

Scattering calculations were performed using a fully quan-
tal formalism within the infinite-order sudden approximation
(IOSA) [57], which is justified by the much shorter time
(�1.2 × 10−14 s) a 10 eV/u Sn ion takes to traverse 10 bohr
compared to the H2 rotational period (�2.8 × 10−13 s). The
multichannel log-derivative method [58], as detailed in Ref.
[45], was employed with the diabatic Hamiltonian defined in
Sec. III B.

Using standard collision theory, the scattering matrix ele-
ments Sl

j are obtained for each partial wave quantum number
l . The total cross section for a transition from the EC to the
final state j is given by

σ j = π

k2

∑

l

(2l + 1)
∣∣Sl

j

∣∣2
, (19)

where k is the initial momentum.

IV. RESULTS AND DISCUSSION

Figure 7 shows the present experimental and theoretical
results as well as the results from our previous work [27]. We
first focus on the experimental results for H2. The region of
highest energies, around 100 eV/u, overlaps with the lowest
energies of the previous measurements. The new data here do
show an increasing trend toward lower energies; however, it is
not as strong as suggested by the previous data. Going to lower
energies, the cross section remains more or less constant till a
decreasing trend sets in.

Following the previous measurements, we also performed
the experiments with a D2 target. It can be seen in Fig. 7
that the cross sections obtained for H2 and for D2 are very
similar. Whereas the previous data showed an isotope effect
around 100 eV/u, the current data do not exhibit a large effect
anywhere over the full energy range from 1 to 200 eV/u.

The present D2 data points show excellent agreement with
the previous ones over the entire energy range of overlap. For
H2, the present data also align very well with the previous data
in the energy range 150–430 eV/u, but, as stated above, do not
support the remarkable increase exhibited by the data points
below 150 eV/u by Rai et al. [27].

The previous detection method relied on measuring the
difference in beam current with and without the gas target
present and is therefore much more reliant on exact beam
alignment to the Faraday cup. Beam broadening and scattering
could have influenced the measurements in the case of a broad
or off-centered ion beam. The previous lowest energies were
also approaching the lower limit of the ion beam facility,
which might have caused such ion beams. That means that
a remarkably strong increase in cross section upon decreasing
energy hinted at by the previous work is most likely an artifact
of the measurement procedure.

Figure 7 compares the present theoretical single-capture
cross sections for both H2 and D2, obtained using the
four-state model, with experimental data. The quantum cal-
culations show only minor differences between the H2 and
D2 results across the explored energy range. The discrepancy
with the semiclassical results of Ref. [27] arises from the
exclusion, in the present model, of the channels Sn2+(1S) +
H+

2 (2�+
g ) and Sn2+(1P◦) + H+

2 (2�+
g ), which were included

in the semiclassical treatment.
Overall, the agreement between theory and experiment

is good. The calculated cross sections are approximately
10% larger than the experimental values for energies below
10 eV/u. This discrepancy is attributed to the absence of the
double capture (DC) channel in the present model, which
becomes accessible only after the target has lost its first elec-
tron during the projectile’s approach [34]. The DC process
diverts about 35% of the population from the single-capture
channel Sn2+(3P◦) + H+

2 (2�+
g ), but is only operative at short

projectile-target separations (R < 6.5 bohr). In contrast, the
dominant single-capture transitions occur at larger distances,
between 6 and 9 bohr.

Had we estimated the interaction terms in Eq. (17) using
the expressions given in Ref. [56], the resulting values would
be H12 = 0.0030, H13 = 0.0050, and H14 = 0.0054. While
not shown in Fig. 7, cross sections computed with these values
yield similar magnitudes to those obtained with our fitted
model around E = 7 eV/u. However, the energy dependence
differs significantly: the Kimura-based couplings produce a
flatter behavior at low energies and a more rapid decline at
higher energies, deviating from experimental observations.

In Fig. 8, we present a detailed analysis of the contributions
from each subchannel. The component with J = 1 remains
nearly constant with energy, contributing around 30% across
the full energy range. In contrast, the J = 0 and J = 2 com-
ponents show complementary energy dependence: the J = 2
contribution decreases from 60% to 40% as the energy in-
creases from 0.6 to 200 eV/u, while the J = 0 contribution
increases from 10% to 30% over the same interval.

V. CONCLUSIONS

We extended previous measurements of single-electron
capture in Sn3+ + H2 and D2 collisions down to
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unprecedentedly low energies of 0.8 eV/u by employing
a decelerated ion beam in a floating-potential crossed-beam
setup combined with a retarding field analyzer. This approach
enabled precise charge-state-resolved detection of projectile
products. The experimental results reveal a shallow maximum
in the SC cross section around 10 eV/u and a decreasing
trend at lower energies. Contrary to earlier findings, only a
small isotope effect between H2 and D2 was observed over
the full energy range of 1–200 eV/u.

The present experimental methodology enabled us to mea-
sure charge-state-resolved ion currents at very low projectile
energies with excellent sensitivity and accuracy. A robust
analysis procedure, including corrections for multiple col-
lisions and instrumental effects, allowed for the reliable
determination of absolute cross sections. The implementation
of a retarding field analyzer proved critical for distinguishing
single- and double-capture channels and for quantifying their
respective cross sections. This approach demonstrated a high
level of reproducibility and provided improved consistency
over previous Faraday cup–based methods.

From the theoretical side, we have presented a compre-
hensive study of electron capture in low-energy collisions
of Sn3+ ions with H2 and D2, incorporating spin-orbit

coupling and multireference electronic structure calculations.
Using a four-state diabatic model, we have successfully
described the single-electron-capture dynamics. Scattering
calculations within the infinite-order sudden approximation
(IOSA) yielded cross sections in good agreement with ex-
perimental measurements. Minor deviations, particularly at
energies below 10 eV/u, are attributed to the onset of the
double-electron-capture channel, which is not included in the
present model.

Furthermore, the contributions of the 3P
◦
J spin-orbit states

to the SC cross section were found to vary systematically with
energy: the J = 2 component decreases, while the J = 0 con-
tribution increases over the explored energy range, reflecting
a redistribution of coupling strength among the accessible exit
channels.

Overall, the combined experimental and theoretical analy-
sis offers a consistent and detailed description of the charge
exchange dynamics in the Sn3+ + H2/D2 system. These
results contribute to improving current models of Sn ion
behavior in low-energy collisions and are relevant for ap-
plications such as EUV nanolithography, where accurate
charge-state control is essential.
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