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Abstract
Charge-state-resolved kinetic energy spectra of Sn ions ejected from a laser-produced plasma
(LPP) of Sn have been measured at different densities of the H2 buffer gas surrounding a
micro-droplet LPP. In the absence of H2, energetic keV Sn ions with charge states ranging from
4+ to 8+ are measured. For the H2 densities used in the experiments no appreciable stopping or
energy loss of the ions is observed. However, electron capture by Sn ions from H2 results in a
rapid shift toward lower charge states. At the highest H2 pressure of 6× 10−4 mbar, only Sn2+

and Sn+ ions are measured. The occurrence of Sn+ ions is remarkable due to the endothermic
nature of electron capture by Sn2+ ions from H2. To explain the production of keV Sn+ ions, it
is proposed that their generation is due to electron capture by metastable Sn2+∗ ions. The
gateway role of metastable Sn2+∗ is underpinned by model simulations using atomic collision
cross sections to track the charge states of Sn ions while traversing the H2 buffer gas.

Keywords: ion-atom collisions, charge exchange, EUV source, laser-produced plasma

(Some figures may appear in colour only in the online journal)

1. Introduction

Sources of extreme ultraviolet (EUV) light are based on laser-
produced plasma (LPP) of high temperatures (up to 50 eV) and
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the title of the work, journal citation and DOI.

high free electron densities (1019−21 cm−3) in which highly
charged ions are produced that are the atomic sources of the
EUV radiation [1, 2]. For nanolithographic tools, the EUV
wavelength of choice is 13.5 nm, which is dictated by the
existence of high reflectivity multilayer optics [3, 4]. The ele-
ment of choice for plasma generation of 13.5 nm radiation
is Sn. Over a broad range of charge states (9+ to 15+),
singly, doubly, and triply excited electronic configurations
emit around 13.5 nm [5].

Subsequent to the desired production of EUV radiation, the
plasma expands and generates energetic Sn ions [6], which if
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impacting on the EUV collector optics may affect the lifetime
of the optics. The energy and charge state distributions of Sn
ions coming from the LPP contain information on the expan-
sion dynamics of the plasma itself [7–11]. Moreover, accurate
data on the energy distributions facilitate the determination of
the fraction of the total energy that is carried by the plasma
ions [12].

Typically, the energy spectrum of the emitted Sn ions peaks
at a few keV with tails that may extend to tens of keV [11],
except for Sn+ and Sn2+ which are barely observed at higher
energies above 0.5 keV. When an LPP is embedded in a stop-
ping gas, only low-charged Sn ions are observed at much lower
energies, which is a direct signature of charge exchange and
collisional stopping, energy transfer from the Sn particles to
the stopping gas. In this paper, we address the initial stage of
the charge and energy redistribution in which charge exchange
is active but the energy loss to the stopping gas is still negli-
gible. This separation can be made if the cross sections for
charge exchange are much larger than the ones for significant
kinetic-energy transfer. For Snq+ ions with q⩾ 3 this assump-
tion is not debated but in the case of 1+ and 2+ ions, the charge
transfer cross sections for the reactions

Sn2+ +H2 → Sn+ +H+
2 , (1)

and

Sn+ +H2 → Sn+H+
2 , (2)

are conventionally expected to be negligible because of the
low scaled kinetic energies of the Sn ions (≪100 eV/u) and
the considerable endothermicity of the reactions. The Franck
Condon ionization potential of H2 is 16.1 eV [13, 14], while
the ionization potentials of Sn+ and Sn are 14.6 and 7.3 eV
[15], respectively. Thus, resonant electron capture by Sn2+ is
endothermic by 1.5 eV and in the case of Sn+ by no less than
8.7 eV.

Remarkable enough while indeed no appreciable signs of
charge transfer by singly charged Sn ions (equation (2)) are
found we will show an efficient production of Sn+ ions out
of the population of doubly charged Sn ions. Based on all
available data the case is made that the Sn+ ions are pro-
duced by electron capture by metastable Sn2+∗ ions in the
excited [Kr]4d105s5p 3PJ levels (the ground state of Sn2+ is
[Kr]4d105s2 1S0).

From an EUV source perspective, the actual abundances
of singly and doubly charged Sn ions and thus, whether Sn2+

ions get converted by electron capture into Sn+, impacts the
Sn ion mitigation because the penetration depth of the Sn ions
into the H2 buffer gas depends on the stopping cross sections.
Recent stopping measurements [16] hint at appreciably larger
stopping powers for Sn+ than for Sn2+ ions.

This paper is organized as follows. First, the LPP source
installed at ARCNL is briefly introduced with emphasis on the
methods used to measure the charge-state dependent energy
distributions of Snq+ ions coming from the expanding LPP
plasma. Thereafter the energy distributions as a function of

the H2 buffer gas are presented with a focus on the Sn+

ions, which present the evidence of the occurrence of charge
exchange by Sn2+ ions. Finally based on potential-energy
curves and Landau-Zener type calculations it is discussed that
electron capture from H2 by metastable Sn2+∗(3PJ) ions is
exothermic and likely to happen given the effective produc-
tion of metastable Sn2+∗(3P) in collisions of Sn3+ on H2.

2. Experiment: methodology and data

The LPP EUV source used for the present set of experiments
has been described in detail before [17]. The parts and fea-
tures most relevant to this work are briefly recalled here. A tin
reservoir, which is kept at a temperature of 260◦C, is moun-
ted on top of a vacuum chamber with a background vacuum
of 10−7 mbar. In the H2 buffer gas runs, molecular hydrogen
pressures covering the range from 6× 10−5 to 6× 10−4 mbar
have been used. At a repetition rate of 25 kHz droplets of pure,
molten tin are pushed through a nozzle into the vacuum cham-
ber. The stream of microdroplets with a diameter of 27µm,
first traverse a light sheet generated by a He-Ne laser. After
frequency down-conversion to 10 Hz, the light scattered off
the Sn droplets is used to trigger a 10-Hz Nd:YAG laser which
creates the Sn plasma. The Nd:YAG laser system is operated
at a wavelength of 1064 nm and produces pulses of approx-
imately 10 ns full-width at half-maximum (FWHM). The spa-
tial beam profile is Gaussian and is focused to a spot size of
100µm FWHM onto the droplets in the center of the cham-
ber. A laser pulse energy of 200mJ yielding a power density
of 3 × 1011 Wcm−2 has been used in all experimental data
presented in the following.

The energy distributions of the Snq+ ions from the LPP are
measured with a retarding field analyzer (RFA), more specific-
ally a 4-grid Kimball Physics FC-73 RFA. The RFA is posi-
tioned at a distance of 68.5 cm from the LPP and at an angle of
64◦ with respect to the laser beam as illustrated in figure 1. The
RFA is absolutely calibrated against an open, grid-less Faraday
cup [18] to establish the integral transmission of the four grids.
The same ‘bottom-up’ method as introduced by Poirier et al
[19] is used to extract the kinetic-energy distributions for each
individual charge state of tin ions from their joint overlapping
energy distributions.

To interpret the ion energy spectra as a function of the H2

pressure, one needs to know the relation between the pressure
measured at the pressure gauge and the pressure (H2 density)
along the ions’ trajectory from the LPP to the ion detector.
With the Monte-Carlo package MOLFLOW+ [20] developed
at CERN we have calculated the H2 density within the entire
LPP vacuum chamber and all its additional vacuum tubing
and equipment. The results of this simulation are shown in
figure 2. Along the ion path, the average relative H2 density
is seen to be just 3% higher than the density at the position
of the pressure gauge and to change by a few percent only
over the full distance of 68.5 cm. Therefore, taking a constant
density along the ions’ trajectory does not introduce significant
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Figure 1. Schematic ((a): top view, (b): side view) of the LPP
experiment to measure charge-state-specific ion spectra as a function
of the pressure of the H2 buffer gas embedding the LPP plasma. The
distance d from plasma to the RFA type ion detector is 68.5 cm.

Figure 2. MOLFLOW+ Monte Carlo simulation results of the
relative H2 density, with respect to the density at the position of the
pressure gauge, along the trajectory of Snq+ ions flying from the
LPP in the center of the vacuum chamber to the RFA detector,
positioned at 68.5 cm from that center.

errors when calculating charge state distributions along those
trajectories. The largest uncertainty will stem from the abso-
lute H2 density calibration of the pressure gauge, which is
given by the manufacturer as 30%.

The energy distributions for all eight charge states are
presented in figure 3 for five different H2 pressures. Sn ions
in charge states up to 8+ are observed in the RFA measure-
ments. Note that the results labeled 10−6 mbar are the ref-
erence measurements with no H2 gas surrounding the LPP
plasma. The main points to be noted are that the spectra of
Sn8+, Sn7+, and Sn6+ are rather narrow, peak at approxim-
ately 2 keV, and disappear with increasing H2 pressure. In the
absence of H2 gas (grey spectra in figure 3) the spectra of Sn3+,
Sn2+, and Sn+ are seen to extend to maximum kinetic ener-
gies of 1 keV for Sn3+ and≈ 0.7 keV for Sn2+ and Sn+. With
increasing H2 pressure a peak at 2 keV, similar to the 2-keV

peak characterizing the Sn8+, Sn7+, and Sn6+ spectra, grows
in into the Sn3+, Sn2+, and Sn+ spectra. Therefore the keV
ions of Sn3+, Sn2+, and Sn+ observed in the energy spectra
taken with a H2 stopping gas around the LPP plasma must
originate from Snq+ ions with q⩾ 4 by means of consecutive
electron capture reactions. Last but not least, the emergence of
energetic ( E⩾ 1 keV) Sn+ ions with increasing H2 pressure
is a clear sign that one-electron capture by Sn2+ (equation (1))
is not blocked by an anticipated endothermicity of the reaction
and moreover even has a significant cross section.

3. Discussion

Before addressing the above points, one should realize that
from an industrial source perspective, our experiments are per-
formed at pressures representing the initial stages of the tra-
jectories of Sn ions in the H2 stopping gas after being ejected
from the plasma. In this first phase, charge-exchange processes
lower the average charge state of the ions rapidly before the
ions have undergone appreciable energy loss. The validity of
this approximation is implicit in the charge-state dependent
energy spectra shown in figure 3 where the high energy peak
is seen to remain at 2 keV whilst the charge state of the high
energy ions decreases.

The reduction of average charge state without significant
energy loss is illustrated in figure 4. This figure shows in its
top panel the cumulative charge as a function of energy, while
the bottom panel presents the number of particles as a function
of energy. In the peak range (1–5 keV) the amount of charge
measured at the RFA drops by approximately a factor of 4
when the H2 pressure is raised to 6× 10−4 mbar. In contrast
to that the number of Sn ions having energies above 1 keV
has not changed appreciably. The assumption that initially,
charge transfer processes dominate over stopping and determ-
ine the changes in the charge-state dependent energy distribu-
tions therefore appears valid.

The pressure dependence of the particle-number distribu-
tions for all charge states from q= 8 down to q= 1 can be
tracked by a set of eight differential equations of the type:

dNq+

dl
= nσq+1→qN

(q+1)+ − nσq→q−1N
q+, (3)

with Nq+ the number of Sn ions in charge state q+, n the H2

target density, σq→q−1 the cross section for charge exchange
from charge state q+ to (q− 1)+, and l the position along
the ion’s trajectory. With the exception of Sn3+ [21], no
charge exchange data is available for Snq+ ions colliding
on H2. Therefore we decided to use the classical over-the-
barrier model [22–24] to calculate estimates for σq→q−1 cross
sections for charge states q⩾ 4 and which are found to be
62, 76, 88, 100, and 112 (×10−16 cm2) for 4+, 5+, 6+,
7+, and 8+ Sn ions, respectively. Cross sections obtained
with the over-the-barrier model present typically an upper-
limit cross section as the model assumes that for impact para-
meters smaller than a specific distance capture happens with
100% probability. For endothermic charge-transfer reactions

3
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Figure 3. The yield of Snq+ ions as a function of their kinetic energy in case of no H2 gas and for H2 buffer gas pressures in the range 6 ×
10−5 to 6 × 10−4 mbar. The ions’ flight path through the buffer gas is 68.5 cm.

cross sections are very small at low energies [25, 26], typically
much smaller than 10−16 cm2. To illustrate the contribution
of a non-zero cross section for Sn2+ ions a cross section of
0.1 × 10−16 cm2 has been used in the simulations. The res-
ults of a particle-number simulation are shown in figure 5.
In line with the experimental data for energetic Sn ions (E⩾
1 keV) (see figure 3) the charge-state fractions of energetic
Sn ions swap from q⩾ 4 to q< 3 over the pressure range
of 10−4 to 10−3 mbar. In contrast to the experimental data,
which show a considerable (20%) fraction of 1+ ions at a
pressure of 6 × 10−4 mbar, barely any Sn+ ions are pre-
dicted. To obtain large Sn+ populations matching the experi-
mental data, a much larger cross section of order 10−15 cm2 is
required.

For an electron-capture reaction to have a large cross-
section, the potential energy curves of the initial and final
channels are required to cross one another at an internuclear
distance between the ion and the target particle on the order
of 10 a.u. A simplified picture, including only the Coulomb
repulsion in the Sn+—H+

2 exit channel, of the most relevant
potential energy curves for Sn2+—H2 collisions is shown in
figure 6.

In figure 6, the electronic potential energy of ground state
Sn2+(5s2 1S) and H2 is taken as reference for all other chan-
nels. As mentioned in the introduction the electron-capture
channel Sn+(5s25p 2P) + H+

2 is endothermic by 1.5 eV at
infinite internuclear distance between the particles. At shorter
distances, due to the Coulomb repulsion between Sn+ and H+

2
the difference between both curves increases, and thus both
potential energy curves do not cross underpinning the original

idea of resonant electron capture from H2 by ground state
Sn2+(5s2 1S) not being possible.

For metastable Sn2+(5s5p 3P) ions (Sn2+∗) the situation is
very different. The 5s5p 3P term lies about 7 eV (weighted
average of the excitation energies of the J = 0, 1, and 2 levels
of 6.64, 6.84, 7.34 eV, respectively [15]) above the ground
state. Therefore at an internuclear distance Rc, there exists a
curve crossing with the electron capture channel near 6 a.u.,
cf figure 6. Using this distance, one might estimate using the
‘absorbing sphere’ approximation [27, 28] a maximum cross
section of 1.4 × 10−15 cm2 (= 0.45πR2

c). This cross section
is of similar order of magnitude as the one for Sn3+—H2

collisions [21], which indicates that one-electron capture by
metastable Sn2+ ions is a potential gateway to produce singly
charged Sn+ ions.

Metastable Sn2+∗ ions as a source for the production of
Sn+ ions bymeans of electron capture obviously requires large
abundances of metastable Sn2+∗ ions. In our earlier work on
charge exchange in Sn3+ on H2 [21], semiclassical calcula-
tions showed that electron capture populates directly, and at
energies of a few keV almost solely (≫95%), the metastable
Sn2+(5s5p 3P) term. The latter point of the very high state
selectivity of charge transfer in 1 to 10 keV Sn3+ on H2 col-
lisions was not explicitly discussed in that paper because then
we focused on 10 to 100 keV collision energies. The predom-
inant population of only one term is in line with existing data
on other collision systems, all showing that at low energies
well below 1 keV/u charge exchange becomes extremely state
selective with a single state carrying almost all of the charge
exchange cross section, e.g. [29–32]. As shown above, all keV

4
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Figure 4. Top panel a: Total amount of charge as a function of Sn
ion energy. Bottom panel b: Total number of ions as a function of Sn
ion energy. Results are presented for no H2 buffer gas present
(labeled ∼10−6 mbar) and buffer gas pressures of 1 × 10−4 and
6 × 10−4 mbar. The path length through the buffer gas is 68.5 cm.

Sn ions of high charge state get rapidly converted to Sn3+ ions
and which, by subsequent charge transfer, create metastable
Sn2+∗ ions. Metastable Sn2+∗ are therefore abundantly pro-
duced in the stopping gas.

Transitions from the populated metastable 5s5p 3P0,1,2

levels to the ground state 5s2 1S are spin forbidden. However,
how long are their lifetimes with respect to the time between
subsequent collisions? For J = 0 and J = 2, the transitions
are also symmetry forbidden and thus the levels are expec-
ted to be very long-lived. While J = 0 to J ′ = 0 are truly for-
bidden, J= 2 to J ′ = 0 transitions still exhibit small transition
probabilities [33]. To get an order of magnitude estimate of the
lifetime of the Sn2+5s5p 3P2 level, we performed a basic FAC
(Flexible Atomic Code [34]) calculation. The calculation pre-
dicts a lifetime of the order of 10–100 s. This lifetime is very
long compared to typical flight times in the experiment which
are in the range of a few to a few tens of µs. For a heavy species
such as Sn where the spin–orbit coupling is very significant,

Figure 5. Simulated charge state fractions of energetic Snq+ ions
detected at a distance of 68.5 cm from the LPP plasma as a function
of H2 buffer pressure. For q⩾ 4 the actual q specific fractions as
measured at p = 10−6 mbar (see figure 3) were used as input in
solving the set of differential equations (equation (3)). Solid points
show the experimental LPP data.

Figure 6. Schematic potential energy curves of relevant electronic
channels in Sn2+—H2 collisions as a function of the internuclear
distance between the Sn2+ ion and the H2 molecule which is
considered to be a point-like particle.

the J = 1 level is expected to have by far the shortest lifetime
of the three levels of the 3P term as it can decay via a ∆J =
1 transition to the ground state. For the 3P1 theoretical life-
times are reported of approximately 100 [35], 150 [36] and
200 ns [37]. In a beam foil experiment, [38] the decay was
not observed indicating that the lifetime is much longer than
45 ns, consistent with the theoretical values.

During a period of one lifetime of 150 ns (average of the
reported values), a 2 keV Sn particle travels a distance of
approximately 0.8 cm. For a first estimation of the role of J =
1 metastables, we take three times the lifetime, a period after
which 95% of the J = 1 metastables has decayed to the ground
state. The associated flight path of the 2 keV Sn particle is
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2 cm. This path length should be compared to the mean free
path (λF) of the particles which is equal to (nσ21)

−1. For the
highest pressure used here of 6× 10−4 mbar (1.5 × 1013 H2

molecules per cm3) and a σ21 of 10 × 10−16 cm2 (discussed
in the next paragraphs) one finds λF ≈ 67 cm. Therefore only
a very small fraction of the originally J = 1 metastables will
undergo a collision with a H2 molecule before having decayed
to the ground state. Thus, in the experiments presented here
the J = 1 metastables do not play an important role. Indus-
trial sources operate at orders of magnitude higher H2 pres-
sures. For illustration, a pressure of say 1 mbar corresponds
to a mean free path λF of ≈0.04 cm and therefore the oppos-
ite situation occurs where barely any of the J = 1 metastables
have decayed.

For each of the three J levels we performed a basic 2-state
Landau-Zener model calculation [29] to obtain J-dependent
cross sections for electron capture by metastable Sn2+∗ ions.
For the coupling matrix element the generic form of the
expression derived for atomic hydrogen targets [27] was used.
The correction for the different ionization potentials IH and
IH2 of H and H2, respectively, is done as in references [27, 28]
by scaling the coupling matrix element by (IH2/IH)

2. The H2

molecules are assumed all to be in the ground ν = 0 vibra-
tional level, because for H2 molecules the vibrational level spa-
cing is much larger (about 0.5 eV between ν = 0 and ν = 1)
than the thermal energy (0.03 eV) of H2 gas at room temper-
ature. However instead of the prefactor of 9.41 we used a pre-
factor of 5.48 as proposed by Kimura et al [28] after optimiz-
ation of Landau-Zener model calculations to their low-energy
electron capture experiments on He. Other, early estimations
more geared to lower charge state ions predicted even smaller
prefactors [39, 40]. Therefore, we decided to use 5.48 as this
value is in between those and it is experimentally benchmarked
for another two-electron target. A different prefactor does not
change the maximum cross section but shifts the position of
the maximum cross section toward higher (larger prefactor) or
lower (smaller prefactor) collision energy. The J-dependent
cross section results are summarized in figure 7.

To solve the set of differential equations, equation (3), the
Sn2+∗ population needs to be divided over its three J level pop-
ulations. The J dependent populations are available from the
theoretical studies in our earlier work [21]. As that data was
not explicitly shown in our earlier work, it is presented here
in figure 8. From the figure it is seen that the population is not
statistical, only at the lowest collision energies the distribution
tends toward a statistical one. For the simulations, an average
energy of the Sn3+ ions of 2 keV is used, for which according
to figure 8 the population fractions of J = 0, 1, and 2 are 45%,
20% and 35%.

In addition, for the J= 1 level it is assumed that it decays
to the ground state before a next charge-changing collision
occurs, thus with this J= 1 level we associate the Sn2+ ground
state capture cross section. For J= 0 and 2 the calculated cross
sections depicted in figure 7 are used. Figure 9 shows the res-
ults of the simulations which now explicitly include meta-
stable Sn2+∗ ions. As can be seen from the figure, a rapid
increase of the fraction of Sn+ is predicted. Now with the
inclusion of Sn2+∗ metastables the charge state fractions at

Figure 7. Cross sections for one-electron capture in 1 to 100 keV
Sn2+(5s5p 3PJ) collisions with H2 according to our Landau-Zener
model calculations. The solid, dashed, and dashed-dotted lines
correspond to the J levels, with J is 0, 1, and 2, respectively. The
grey band represents (2J+1) weighted average cross sections, with
the upper limits of the band assuming the J = 1 level fully
contributing, and the lower limits of the band are defined by
assuming no contribution by J = 1.

Figure 8. Calculated [21] J-dependent population fractions of the
metastable Sn2+∗(5s5p 3PJ) levels produced by one-electron
capture in Sn3+ collisions on H2.

6 × 10−4 mbar are in line with the experimental data. The
simulations appear to indicate that the singly charged Sn ions
get produced at pressures somewhat lower than seen in the
experiment. However, this is likely a result of the fact that we
have used upper limits for the electron capture cross sections
for Sn ions in charge states of q⩾ 4. Smaller cross sections
will shift the curves in figure 9 to the right to higher pres-
sures for as equation (3) indicates it is the product of tar-
get density and cross section that factors into the differential
equations. For an optimal comparison between experiment and
simulation, charge exchange cross sections for Snq+ ions in

6
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Figure 9. Simulated charge state distributions of energetic Snq+

ions detected at a distance of 68.5 cm from the LPP plasma as a
function of H2 buffer pressures, assuming that all Sn2+ ions are
produced in the metastable 5s5p 3P term with a distribution over its
J levels as shown in figure 8. For q⩾ 4 the actual q specific
fractions as measured at p = 10−6 mbar (see figure 3) were used as
input in solving the set of differential equations. For ease of
comparison, the dashed blue line shows the Sn+ ion fraction if no
metastables are included (taken from figure 5). Solid points show
the experimental LPP data.

charge states of q⩾ 4 are called for. Nevertheless, the present
simulations clearly highlight the key role of metastable Sn2+∗

ions in the production of energetic keV Sn+ ions by means
of consecutive charge exchange starting from energetic highly
charged Snq+ ions with charge states of q ⩾ 4 ejected from
the LPP into the surrounding H2 buffer gas.

4. Conclusion

We have investigated the evolution of charge-state-resolved
kinetic energy spectra of Sn ions ejected from a LPP of Sn
as a function of the density of the H2 buffer gas surrounding
the plasma. Without H2 being present, energetic 1 to 5 keV Sn
ions in charge states of 4+ to 8+ are detected. Sn ions in lower
charge states are absent at energies above 1 keV. However, at
the highest H2 pressure of 6× 10−4 mbar, no highly charged
Sn ions are measured anymore at energies above 1 keV, only
Sn2+ and Sn+ ions are observed. The low-charged energetic
Sn ions are produced by a series of consecutive electron cap-
ture processes. Therefore, in particular, the presence of Sn+

ions is remarkable because electron capture by Sn2+ ions from
H2 is endothermic and thus very unlikely to happen at keV
energies, which from an atomic collision perspective are very
low-energies. To explain the production of keV Sn+ ions, elec-
tron capture by metastable Sn2+∗ ions is inferred. Previous
work on Sn3+—H2 collisions [21] indicates that one-electron
capture by Sn3+ ions populates primarily Sn2+ ions in meta-
stable states. Using 2-state Landau Zener model cross sections
for capture by the metastables, the key role of metastable Sn2+

is highlighted by model simulations using atomic collision
cross sections to track the charge states of Sn ions while tra-
versing the H2 buffer gas.

The production of Sn+ ions in the buffer gas is of relevance
from an industrial EUV source perspective. It shifts the charge
state balance away from Sn2+ toward Sn+. As Sn+ ions have
a larger stopping cross section than Sn2+ ions [16], the pro-
duction of Sn+ ions is beneficial to stopping Sn ions escaping
from an LPP plasma in a high charge state.
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