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Abstract: Over a wide and partly overlapping energy range, the single-electron capture cross-
sections for collisions of metastable Sn2+(5s5p 3Po) (Sn2+∗) ions with H2 molecules were measured
(0.1–10 keV) and calculated (0.3–1000 keV). The semi-classical calculations use a close-coupling
method on a basis of electronic wavefunctions of the (SnH2)2+ system. The experimental cross-
sections were extracted from double collisions in a crossed-beam experiment of Sn3+ with H2. The
measured capture cross-sections for Sn2+∗ show good agreement with the calculations between
2 and 10 keV, but increase toward lower energies, whereas the calculations decrease. Additional
Landau–Zener calculations were performed and show that the inclusion of spin-orbit splitting cannot
explain the large cross-sections at the lowest energies which we now assume to be likely due to
vibrational effects in the molecular hydrogen target.

Keywords: ion–molecule collisions; electron capture; Sn; molecular hydrogen; EUV source;
laser-produced plasma

1. Introduction

Latest-generation photolithography tools employ a laser-produced plasma (LPP) to
generate extreme ultraviolet (EUV) light for writing the smallest features on silicon wafers
in the production of computer chips [1–3]. In particular, a dense Sn plasma of about 40 eV
in temperature is created in which Sn ions with charge states between 9+ and 15+ are the
atomic sources of EUV light at 13.5 nm [4–8]. Energetic Sn ions are emitted from the plasma
in lower charge states, typically from 4+ to 8+ [9–11], which is attributed to recombination
in the peripheral part of the plasma [12]. To protect the plasma-facing optics from these
energetic and highly charged ions, an H2 buffer gas is introduced [2,13]. Collisions of
the Snq+ ions with the H2 molecules give rise to one- and two-electron capture reactions
stepping down the average charge state of the ions. The initial steps down till Sn3+ are
expected to happen rapidly due to the large cross-sections for the higher charge states [11].
In the whole series of consecutive scattering events while traveling through the buffer gas,
the ions’ kinetic energy is reduced to values that allow for the efficient mitigation of the Sn
ions. Since it seems that the stopping power of Sn+ is larger than that of Sn2+ ions [14], it is
key to know whether the charge state lowering stops at 1+ or 2+. Given that the production
of singly charged Sn ions by charge exchange from the Sn2+ ground state, i.e.,

Sn2+(5s2 1S) + H2(
1Σ+

g ) → Sn+(5s25p 2Po) + H+
2 (

2Σ+
g ), (1)
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is endothermic with an energy difference of 1.3 eV for the Franck–Condon ionization of H2
at its equilibrium distance, it has been believed that the consecutive charge state lowering
basically stops at 2+. However, in a recent study [11], we have shown that the successive
capture reactions do lead to the formation of Sn+ ions. The work of Rai et al. [11] explains
the high production of Sn+ as a consequence of the preceding single-capture reaction
between Sn3+ and H2, which was shown [15] to mainly produce long-lived metastable
Sn2+(5s5p 3Po) ions, i.e.,

Sn3+(5s 2S) + H2(
1Σ+

g ) → Sn2+(5s5p 3Po) + H+
2 (

2Σ+
g ), (2)

and just a very small fraction of ground-state Sn2+(5s2 1S) ions. For the metastable
Sn2+(5s5p 3Po) ions, single-electron capture from H2, i.e.,

Sn2+(5s5p 3Po) + H2(
1Σ+

g ) → Sn+(5s25p 2Po) + H+
2 (

2Σ+
g ), (3)

is not endothermic, but exothermic by 5.8 eV.
To underpin that very long-lived Sn2+(5s5p 3Po) metastable ions, later on denoted in

short by Sn2+∗ ions, are the gateway to produce singly charged Sn ions, Landau–Zener
calculations of the capture cross-section of reaction (3) were performed by Rai et al. [11],
leading to considerable cross-sections on the order of 10−15 cm2. In general, the collision
energy at which the Landau–Zener cross-section maximizes depends on the prefactor of the
coupling matrix element. The prefactors of Olson and Salop [16] (determined for atomic
hydrogen targets) and Kimura et al. [17] (from experiments on He) differ significantly
and the associated energies at which the cross-section maximizes differ by a factor of 8.
There is no hard objective argument to prefer the H or He prefactor when having molecular
hydrogen as a target. In the present work, we therefore present concerted theoretical and
experimental efforts to obtain more reliable cross-sections.

We carried out a close-coupling calculation of total cross-sections for reactions (1)
and (3) using the method previously applied in [15] for Sn3+ + H2 collisions. At energies
which are most relevant for EUV plasma source applications, i.e., below 20 keV, we find
that the cross-section for electron capture by Sn2+∗ is an order of magnitude larger than
the one for ground-state Sn2+. Experimentally, to prevent issues with not well-known
metastable fractions in a Sn2+ ion beam, we performed crossed-beam studies with Sn3+

and H2. By looking at double-collision events, we effectively created a crossed-beam
experiment of metastable Sn2+∗ with H2. In this way, we obtained total single-electron
capture cross-sections for reaction (3) over the energy range from 0.1 to 10 keV.

2. Theoretical Approach

The calculation method has been explained in Ref. [15]. Briefly, we employ a semi-
classical treatment with nuclear straight-line trajectories, and the calculation assumes that
the H H internuclear distance is fixed during the collision (Franck–Condon approxima-
tion). This method is appropriate for intermediate collision energies. At low energies,
the vibrational excitation of H2 during the collision may be relevant. This effect is not
included in the calculation method. At even lower energies, the nuclear motion of the
projectile may need to be described with a wavefunction within a quantal formalism. In this
respect, previous calculations on electron capture by doubly charged ions (O2+, N2+) from
H, which also involved transitions at avoided crossings at relatively large internuclear
distances, showed that the semi-classical method is appropriate for energies higher than
about 50 eV/u [18]. Accordingly, we have calculated the cross-sections for Sn2+∗ + H2
at energies higher than 5 keV. However, to compare with the experiment and two-state
models, we have extended the calculation down to 0.3 keV.

In the semi-classical approximation, the vector position of the ion with respect to the
target center of mass, R(t), is a rectilinear trajectory R = b + vt, where b is the impact
parameter and v the ion–molecule relative velocity. The electronic wavefunction is the
solution of the eikonal equation:
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[
Hel − i

∂

∂t

]
Ψ = 0, (4)

where Hel is the clamped-nuclei non-relativistic electronic Hamiltonian of the quasi-
molecule (SnH2)2+. In our treatment, the electronic motion is described by the wave-
function Ψ, which is expanded in terms of the (approximate) eigenfunctions, χk, of Hel:

Ψ(r, t; v, b) = D(r, t)∑
k

ck(t)χk(r; R) exp
(
−i

∫ t

0
Ek(R)dt

)
, (5)

where r are electronic coordinates and Ek the energies of the electronic wavefunctions
χk. In the present calculation, the wavefunctions χk were obtained in a multi-reference
configuration interaction calculation, with the Gaussian basis set and the pseudo-potential
of the calculation of Ref. [15] for (SnH2)3+. The electronic wavefunctions were multiplied
by a common translation factor, D [19], to ensure that the wavefunction (5) fulfilled the
initial condition.

In practice, to calculate the total cross-sections for the processes (1) and (3), we em-
ployed basis sets of three and six molecular electronic states, respectively, as seen in Figure 1.
Due to the conservation of the total spin, both cases were run in independent calculations.
For both systems, the basis includes the electronic states dissociating into Sn2+(5s2 1S) +
H2(X1Σ+

g ) and Sn2+(5s5p 3Po) + H2(X1Σ+
g ), which correspond to the entrance channels of

collisions (1) and (3), respectively. The basis set also includes the molecular states dissoci-
ating into Sn+(5s25p 2Po) + H+

2 (X2Σ+
g ) and Sn+(5s5p2 4P) + H+

2 (X2Σ+
g ), the main capture

channels, and the electronic state that correlates to Sn2+(5s2 1S) + H2(
3Σ+

u ), which leads to
dissociative excitation.
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Figure 1. Potential energy curves of the (SnH2)2+ system as functions of the distance of the Sn nucleus
to the midpoint of the H H internuclear axis. The red lines are the energies of the electronic states
correlating to Sn2+ + H2. The black lines represent the energy curves of the states dissociating into
Sn+ + H+

2 . The orange lines are the energies of other states not included in the dynamical calculation.
Solid and dashed lines correspond to triplet and singlet subsystems, respectively.
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To evaluate orientation-averaged cross-sections, we consider ion trajectories with
different orientations (b̂, v̂) with respect to the H2 internuclear axis. As explained in
previous works, for ion collisions with H2, the symmetry of the molecular target allows
us to perform the orientation-average with three trajectory orientations [20]. In the first
one (t1), the ion velocity is parallel to the H H internuclear axis; for the second one (t2),
the impact parameter is along the H H internuclear axis; and the third one (t3) has both the
impact parameter and the velocity perpendicular to the H H internuclear axis. For each
orientation, and for each value of the impact parameter, we substitute the expansion (5)
into the eikonal equation, which yields a system of first-order differential equations for
the coefficients ck. They are solved with the initial condition ck(t = −∞) = δik, where
the index i corresponds to the collision entrance channel. The populations of the different
electronic states of (SnH2)2+ are |ck|2, and the asymptotic values of these populations are
the probabilities for transition to the collision channels. For k ̸= i, they are

Pik(v, b) = lim
t→∞

|ck|2. (6)

The total cross-section for a trajectory orientation is

σik(v) = 2π
∫ ∞

0
bPik(v, b)db. (7)

As mentioned above, our calculation employs potential energy cuts of the potential
energy surfaces and non-adiabatic couplings obtained along the projectile trajectories t1,
t2, and t3 [21]; the orientation-averaged total cross-section is simply the mean value of the
cross-sections obtained with (7) for each trajectory orientation.

To illustrate the collision mechanism, we show in Figure 1 the cut of the electronic
energies along a line that forms an angle of 60◦ with the H H internuclear axis. Reaction
(3) takes place through transitions from the degenerate entrance channels, Sn2+(3Po) +
H2(X1Σ +

g ), to the capture channels Sn+(2Po) in the neighborhood of the avoided crossings
at R ≈ 7 a.u. The transitions at inner avoided crossings will populate the molecular
state dissociating into Sn+(5s5p2 4P) + H+

2 (X2Σ+
g ). One can note the very narrow avoided

crossing between the energy curve of the Sn+(4P) channel with the curve of the dissociative
excitation channel at R ≈ 9 a.u. The energy of the ground state, correlating to the entrance
channel Sn2+(5s2 1S), is very low compared to those of the other electronic states and does
not exhibit any avoided crossing.

Figure 2 shows the total cross-sections for Sn2+ and Sn2+∗, for collision energies
between 0.3 and 1000 keV. The cross-sections for the individual trajectories t1, t2, and t3,
not shown in the figure, differ by less than 10%, which reflects the quasi-isotropy of the
projectile–target interaction at the distances where electron capture takes place. It should be
noted that the lower part of the energy range, up to roughly 20 keV, is representative for Sn
ions ejected from an LPP in an industrial photolithography machine. In this energy range,
the cross-sections for metastable Sn2+∗ are an order of magnitude larger than the ones for
ground-state Sn2+. Therefore, we focus our attention on Sn2+∗, i.e., reaction (3). Due to the
endothermic nature of electron capture by ground-state Sn2+ ions, their contribution only
becomes relevant at high collision energies.
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Figure 2. Total single-electron capture cross-section in collision of Sn2+ with H2, as a function of
the collision energy, both for ground-state (1S) and metastable (3P) Sn2+. The dashed line shows the
extension of the 3P calculation to lower energies where vibrational and nuclear quantum effects could
be important.

3. Experimental Approach

An intuitive experimental approach to measure cross-sections for Sn2+ and Sn2+∗

would entail generating beams of Sn2+ ions in the ground (5s2 1S) and metastable (5s5p 3Po)
state, separately, and measure their change in charge state composition after traversing
through a region of H2 gas. However, it is very difficult to know and control the metastable
fractions in an ion beam [22]. But, as mentioned in the introduction, we do know that in
the energy regime relevant for EUV-LPPs, Sn3+ ions undergoing single-electron capture
with H2 lead to Sn2+ ions almost exclusively in the 5s5p 3Po term. Therefore, in this work,
we use a Sn3+ ion beam and extract the cross-section for Sn2+∗ from ions that undergo two
collisions, capturing one electron each time, i.e., Sn3+ → Sn2+∗ → Sn+.

Recently, we measured single- and double-electron capture cross-sections for Sn3+ ions
colliding with molecular hydrogen [23], using an upgraded version of the crossed-beam
setup used by Rai et al. [15]. The upgrade consists of a deceleration platform and the
replacement of the Faraday cup by a retarding field analyzer (RFA), which allows us to
measure individual charge states. In the current work, we make use of this upgraded
setup. This setup and some parts of the measurement procedure are explained in detail
in references [15,23]. Here, the key points will be repeated and new elements of the data
analysis procedure will be explained in more detail.

3.1. Experimental Setup

The ZERNIKELEIF facility is used to generate a beam of 21 keV Sn3+ ions, which is
subsequently transported to the crossed-beam setup. The latter is on an elevated potential
to decelerate the ions to a desired energy just before entering the collision chamber. A six-
element deceleration lens improves transmission. The ion beam traverses a jet of molecular
hydrogen flowing from a capillary. Three values of gas flow are used, namely 1, 2.5, and
4 mL/min. These flows are high enough that measurable fractions of the ions undergo
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two charge exchange collisions. We are interested in the ions that undergo single-electron
capture twice. The ion beam is finally collected and analyzed by an RFA, which provides
charge state resolution in the beam current. The next section explains how we extract the
cross-section for the second capture event from our measurements.

3.2. Measurement Procedure

Starting from a Sn3+ beam, the relevant processes are described by the following
differential equations:

dN3+

dz
= −(σ32 + σ31)nN3+ (8a)

dN2+

dz
= σ32nN3+ − (σ21 + σ20)nN2+ (8b)

dN1+

dz
= σ31nN3+ + σ21nN2+ − σ10nN1+ (8c)

dN0+

dz
= σ20nN2+ + σ10nN1+, (8d)

where Nq+ is the number of Snq+ ions (q = 0, 1, 2, 3) as a function of distance z through
a target of H2 gas with number density n, and σij denotes the cross-section for charge
exchange from Sni+ to Snj+. Note that, with N2+, we in fact mean the number of Sn2+∗

ions here. Due to the absence of potential-energy curve crossings, σ20 = σ10 = 0, and we
can exclude these processes from the analysis. The initial number of ions in the Sn3+ beam
is N0 and leads to the following initial condition: N3+(z = 0) = N0. The analytical solution
to the initial value problem is given by the following expressions:

N3+ = N0e−(σ32+σ31)nz, (9a)

N2+ = N0
σ32

σ32 + σ31 − σ21

(
e−σ21nz − e−(σ32+σ31)nz

)
, (9b)

N+ = N0
σ31 − σ21

σ32 + σ31 − σ21

(
1 − e−(σ32+σ31)nz

)
+ N0

σ32

σ32 + σ31 − σ21

(
1 − e−σ21nz). (9c)

We are interested in so-called double-collision events, which turn a Sn2+ ion into a
Sn+ ion by reaction (3). We therefore define the following ratio:

f =
N+

N2+ , (10)

which can be expected to increase with target density due to the occurrence of more double
collisions. To see how f scales with target density, we take a second-order Taylor expansion
of Equations (9b) and (9c) and subsequently take the ratio. By ignoring quadratic terms in
n in the resulting expression, we obtain

f =
σ31

σ32
+

1
2

σ21(σ32 + σ31)

σ32
nz. (11)

In our experimental setup, we measure the ion numbers Nq+ with the RFA. The posi-
tion of the RFA in the chamber determines the total length L over which the ions traverse the
molecular target. As in the previous studies [15,23], we make use of the fact that the integral
target density nL =

∫ L
0 n(z)dz is proportional to the pressure P in the collision chamber.

The constant of proportionality β is determined by calibrating the system with ions of
known cross-sections, in this case O6+ of Ref. [24]. By defining f0 = σ31

σ32
, Equation (11) can

be rewritten as
f = f0 +

1
2

σ21(1 + f0)βP. (12)
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In the experiments, we measure the ratio f at several values of target density, i.e., pres-
sure. Figure 3 shows the results of a typical measurement. It shows that the ratio f is linear
with pressure over our pressure range, justifying the linear approximation of Equation (12).
Figure 3 also shows a least-squares linear fit to the data. From the y-intercept ( f0) and the
slope ( d f

dP ), we can determine the cross-section for process (3) using Equation (12):

σ21 =
2 d f

dP
(1 + f0)β

. (13)

0.0 0.5 1.0 1.5 2.0
pressure (10−4 mbar)

0.22

0.24

0.26

0.28

0.30

0.32

0.34

0.36

ra
tio

 N
+
/ N

2+

Figure 3. Ratio N+/N2+, i.e., f , measured at three H2 pressures for incoming Sn3+ ions of 1 keV
(black symbols). The blue line is a least-squares linear fit to the data. The resulting y-intercept and
slope are used to calculate σ21 according to Equation (13).

3.3. Uncertainties

The error bars in Figure 3 reflect the statistical uncertainty of one standard deviation
in the measurement data. The fitting algorithm translates these into an uncertainty in f0

and d f
dP , which propagate into a (partial) uncertainty in σ21. Another contribution to the

uncertainty in σ21 is reproducibility. By repeating measurements on different days and
with different ion beam settings, this contribution is found to be 20%. The quadratic sum of
both contributions defines the total statistical uncertainty, and is depicted by the error bars
plotted in the next section (Figure 4). The systematic uncertainty due to the calibration by
the reference data, estimated to be 7%, is not included in the error bars.
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Figure 4. Single-electron capture cross-section for Sn2+∗(3P) + H2. The solid blue line is the result of
the semi-classical calculation, and the dots show the experimental results. The dashed green, red,
and blue lines show the results of two-state Landau–Zener calculations of the 3P term, assuming a
statistical J distribution and capture into the ν′ = 2 vibrational state of H2, which has the highest
Franck–Condon factor. The green curve uses the prefactor of Olson and Salop [16], and the red curve
uses the one from the work by Kimura et al. [17]. The prefactor was varied to match the semi-classical
calculation best, resulting in a prefactor of 5.8 and the blue dashed line. This prefactor is subsequently
used for Landau–Zener level-calculations, resulting in the light gray curves for J = 0, 1, 2.

4. Results and Discussion

Figure 4 shows both our calculated and measured cross-sections for Sn2+∗ (reaction (3)).
In the energy range from 2 to 10 keV, there is good agreement, while below roughly 2 keV
the experimental and calculated values start to diverge. The experimental values show an
increasing trend when decreasing the energy down to 0.1 keV.

The entrance channel of the capture process (3) is a mixture of three spectroscopic
levels 3Po

J with J = 0, 1, 2, while a single state, representing the 3P term, has been considered
in the non-relativistic theoretical description used in this paper. To determine the effect
of the spin-orbit splitting, and to investigate the possibility that a highly J-dependent
cross-section may explain the large experimental cross-sections at low energies, exploratory
Landau–Zener calculations were performed. The results are also plotted in Figure 4. First,
two-state calculations were performed with the 3P term as entrance channel, assuming a
statistical J distribution. Following Olson and Salop [16] as well as Magee [25], the coupling
matrix element includes the Franck–Condon factor of the most probable vibrational state
of H+

2 , which is ν′ = 2 [26], to account for the molecular nature of the target. As already
mentioned in the introduction, the coupling matrix element has an empirical prefactor A.
Commonly used values are AOS = 9.13 proposed by Olson and Salop [16] and AK = 5.48
proposed by Kimura et al. [17]. Calculations were performed for both values. Both
curves have a similar shape as the semi-classical calculation, but lie roughly 30% lower.
The Kimura curve peaks at almost the same energy as the semi-classical curve, whereas
the Olson–Salop curve peaks at one order of magnitude higher energy. This means that
molecular hydrogen as a target is better approximated by a He atom than by a H atom. We



Atoms 2024, 12, 9 9 of 11

however choose to optimize the prefactor such that it peaks at exactly the same energy
as the semi-classical calculation, and find a value of 5.8, which we denote by A∗. This
prefactor is subsequently used to perform Landau–Zener calculations for the three J levels.
Due to the fact that the spacing between those levels is smaller than the adiabatic splitting,
we treat them independently instead of performing multichannel calculations. It can be
seen from Figure 4 that the resulting curve for J = 0, and to a lesser extent also for J = 1,
shifts up and its maximum moves to lower energies. From this, we may conclude that the
J-distribution of the 3P term is not statistical but has a preference for J equal to 0 and 1.
However, the large experimental cross-sections below 1 keV can still not be explained.

As already mentioned in Section 2, the semi-classical calculation does not take vi-
brational motion in the H2 molecule into account. The vibrational period is equal to 8 fs.
This should be compared to the interaction time between the projectile and the target.
By assuming an interaction distance of 10 a.u., the interaction time of a 1 keV Sn ion is 13 fs,
whereas it is 4 fs for a 10 keV Sn ion. This shows that, as the energy decreases from 10 keV,
the limits of the applicability of the Franck–Condon approximation begin to be reached. We
therefore believe that vibrational effects in the H2 molecule are responsible for the increase
in the cross-section below 1 keV.

5. Conclusions

We have performed a joint theoretical and experimental study of single-electron cap-
ture by Sn2+ ions from molecular hydrogen. Cross-sections for this process are relevant
for ion mitigation simulation codes used for modern EUV photolithography machines.
The semi-classical calculations use a close-coupling method on a basis of electronic wave-
functions of the (SnH2)2+ system and make use of the Franck–Condon approximation
(fixed H–H internuclear distance). Consistent with expectations based on binding energies,
the calculations show that, at low energies relevant for EUV applications, the cross-section
for metastable Sn2+(5s5p 3Po) ions (Sn2+∗) is much larger compared to ground-state
Sn2+(5s2 1S) ions. The experimental cross-sections for these Sn2+∗ ions are extracted from
double collisions in a crossed-beam experiment of Sn3+ with H2. In the highest part of
the overlapping energy range, i.e., from 2 to 10 keV, we find good agreement between
calculation and experiment. For lower energies, however, the measured cross-sections
increase, whereas the calculated ones decrease. Additional Landau–Zener calculations
were performed to investigate the role of the spin–orbit interaction. This interaction has a
considerable effect on the cross-sections for the three J levels; however, it cannot explain
the large measured cross-sections at low energies. Since the interaction time becomes larger
than the vibrational period of the H2 molecule for a projectile energy below a few keV,
we believe that vibrations become important at those energies. The break-down of the
Franck–Condon approximation could be the reason for the discrepancy between theory
and experiment at low energies.
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