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Abstract: Single and double electron capture cross-sections for collisions of 118Sn** with
molecular hydrogen have been measured in an energy range of 1keV to 16keV using a
crossed-beam setup. The cross-sections are determined from measurements of charge-
state-resolved ion currents obtained through a retarding field analyser. Remarkably, the
single electron capture cross-sections for Sn** are more than a factor 3 smaller than the
previously determined single electron capture cross-sections for Sn**—Hj collisions and the
double electron capture cross-sections are only about 20% smaller than the single electron
capture cross-sections. These results are understood on the basis of potential energy curve
crossings. The first active curve crossings for the Sn**—H, system happen at a relatively
small internuclear distance of about 5.5 a.u., which should be compared to 8 a.u. for Sn>*
ions. Multi-channel Landau—Zener calculations have been performed for single electron
capture and confirm these low cross-sections. The curve crossing for double electron
capture by Sn** lies very close to the one for single electron capture, which may explain
the single and double electron capture cross-sections being of similar magnitude.
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1. Introduction

Ever since the advent of sources for multiply charged ions in the 1980s, electron cap-
ture processes in collisions between low energy, multicharged ions and neutral targets
have been studied, continuously advancing our understanding of induced electron dy-
namics. The ionic species used were mainly low-Z elements because of their relevance
to astrophysics and fusion research and for being tractable to calculations with limited
basis sets [1,2]. Currently, there is a shift in focus towards collisions with heavier, partially
stripped elements which require more complicated and extensive calculations to include
many-body effects. A medium-Z species of which the ions have recently attracted a lot
of attention is Sn, because the 13.5nm extreme ultraviolet (EUV) light driving modern
nanolithography machines is generated by Sn ions in a laser-produced plasma (LPP) [3-5].
Such droplet LPP plasmas expand and emit Sn ions with energies up in to the keV energy
range [6-8]. To protect the plasma-facing components, the LPP is embedded in an H; buffer
gas which reduces the kinetic energy of the Sn ions [9-11]. Energy loss is known to depend
on the charge state of the Sn ions [12]. However, cross-sectional data on electron capture is
so far restricted to some data on Sn®** and Sn?" ions colliding on Hj [13,14].
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We have measured absolute cross-sections for single electron capture (SEC) and bound
double electron capture (BDC) from Hy by Sn** ([Kr]44' 1S), i.e.,

Sn*T(18) + Hy — Sn3*(nl 2L) + Hy T, 1)

and
Sn** (1S) + Hy — Sn?* (nln'l’ 'L) + 2HY, )

respectively. A contribution of autoionizing double capture (ADC), i.e.,
Sn*t(18) + Hy — Sn®F(nl 2L) +2HT + ¢, 3)

is expected to be minute as this requires highly endothermic capture into doubly excited
levels of Sn>* and is therefore not considered. The energies of the Sn** ion beams used
cover the range of 1 to 16 keV, partly overlapping with typical energies of Sn7" ions
escaping from a Sn-based laser-produced plasma, e.g., [6,15,16]. The energy range includes
the regime in which the Franck-Condon approximation, commonly used in charge transfer
models, breaks down [14], which makes for challenging calculations.

2. Experimental Methods

The cross-sections presented in this work are extracted from the measurement of
the charge state distribution resulting from a monoenergetic Sn* ion beam traversing a
beam of Hj in a crossed-beam-type setup (CHEOPS, charge exchange observed by particle
spectroscopy). The CHEOPS rig is a permanent fixture of the Zernike low-energy ion beam
facility (ZERNIKELEIF) at the University of Groningen. The ion beams available at the
facility are extracted from an electron cyclotron resonance ion source (ECRIS). Inside the
source, a crucible filled with solid Sn is heated to evaporate Sn atoms into the central source
plasma of He.

The ECRIS is floated at a high voltage of a maximum of 25kV, so the extracted ions
can be accelerated to a maximum kinetic energy of 259 keV, where g is the charge state of
the ion. The ions are guided into a 110° analysing magnet, which selects ions of a certain

mass-over-charge ratio n/4. For this work, the analysing magnet is set to select 185n**

120604+ due to the presence of NO™ ions at an

rather than the more abundant isotope
m/q of 30. After the analyzing magnet, the ion beam is injected into the central beam line,
from which, by means of a 45° dipole magnet, the ions are bent into the direction of the

crossed-beam setup.

2.1. The Crossed-Beam Setup

The crossed-beam setup (see Figure 1) used for this work was previously used for
measurements of Sn>* + Hy collisions and is described in detail in references [13,17].
To allow measurements to be performed at low kinetic energies, the setup is placed on
a high voltage (HV) platform. The energy of the ions inside the collision chamber is
thus determined by the potential difference between the ion source and the HV platform.
In order to prevent the divergence of the ion beam due to a sudden jump in potential as it
enters the collision chamber, a six-element electrostatic deceleration lens is used to contain
the ion beam during deceleration. Inside the collision chamber, the Sn** ions collide
with an effusive Hj gas beam, which is injected through a 100 mm long capillary with an
inner diameter of 1 mm, located 1 mm above the center of the ion beam. After collision,
the ion beam is collected and analyzed by a Retarding Field Analyzer (RFA). This RFA
consists of a Faraday Cup (FC) placed behind a number of electrodes, which, through
an applied retarding voltage, produce an electrostatic barrier gl to the g+ ions; only
ions with an energy E > gl are able to surpass the barrier and be collected by the
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FC. Charge-state-resolved ion currents are obtained by varying the retarding potential of
the RFA.

Gas Capillary

Ceramic Insulator

Figure 1. Schematic overview of the relevant parts of CHEOPS. The crossed-beam setup floats at a
high voltage and is insulated from the grounded beamline by a ceramic vacuum break. After de-
celeration and focusing by the deceleration lenses, the ions (indicated in orange) cross with a Hp
target beam after which the beam is collected and its charge state analyzed by a Retarding Field
Analyzer (RFA). The inset (bottom right) sketches the potential experienced by ions entering the RFA.
Between R and Rj, a retarding potential Uyt is applied which imposes an energy barrier on qUret
ions. Only ions (blue arrow) with energies > gl can overcome the barrier and be collected in the
Faraday cup; ions with a lower energy (orange arrow) will be repelled by the barrier.

2.2. Measurement Procedure

The determination of the SEC and BDC cross-sections, 043 and 04y, respectively, re-
quires accurate measurements of the Sn*", Sn3* and Sn?" ion currents after an initially
pure Sn** beam has passed through the gas target at multiple densities. The Sn**, Sn*

and Sn?" charge state distribution can be described by the following system of differential

equations:
4+
dlﬁ% — (043 + 0u2) 0 0 N+t (z)
+
& | =n(2) 013 — (032 +031) 0 N |, @
Lﬁ? 042 032 —(021 +020) ) \N?*(2)

with N7* being the number of ions of charge state g, 0 51,0, 42 being the single and
double electron capture cross-sections, respectively, n is the target density and z is the
position along the ion beam trajectory. The total trajectory length through the target gas is
L. In the single-collision regime, only the left column of the matrix in Equation (4) needs
to be considered. The electron capture cross-sections for Sn>" and Sn?" ions in columns
2 and 3 contain the effect of double collisions on the charge state distribution. Based on
the work by Bijlsma et al. [14], we assume 071 and 0y to be negligibly small compared
to the Sn*™ and Sn>" cross-sections. The 0»; cross-section is significant only if the Sn*™
is produced in its metastable Sn>* (44'05s5p 3P) term. This is unlikely in BDC by Sn**
because it would violate the conservation of spin, as will be discussed in the next section.
For practical reasons, the total electron capture cross-sections 0; = 0 g1 + 04,4—2 for Sn™*
ions are introduced and the integral target density is taken to be proportional to the pressure
(P), ie., fOL n(z)dz = B P. The value of the proportionality constant f is obtained from
calibration to a collision system with well-established single and double electron capture
cross-sections; here, we use the 0" + H, system [18]. With these ingredients, the solutions
to the set of differential equations are given by the following:
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N*F(L) = Npe %#FP, (5a)
3+ _ 043 —03BP _ ,—0ypP

NP (L) = N2 (e e ) (5b)

_ — + 031042 _
N2+ (L) = N, 732043 1_eBP) _ N 04(032 — 0u2) 1_e PP\ (5
( ) 00’3(0’4 - 0’3) ( ¢ ) 0 (7'4(0'4 - 0'3) ( ¢ ) ( C)

Equation (5a) allows for the determination of the total electron capture cross-section
04. To account for the effects of double collisions, we define a ratio f of 2+ over 3+ ions as
given by Equations (5c) and (5b). As the pressures we measure at are reasonably low, this
ratio is well described by a Taylor series around P = 0:

£(P) N* oy o304 (1 4 3100

N3t o3 20m3 03204

)ﬁP+O(P2). (6)

In the limit of zero density (single collision regime), f is equal to the ratio fy of the cross-
sections for double- and single-electron capture by Sn**.
In summary,

_in( N
oy = ln(NO)/ 013 = &, o1 = fo0u3, @)
BP 1+ fo

with fy the value of the ratio f at zero pressure (density). We obtain fy and % from an
extrapolated least-squares fit to our measured ratios N>* /N3T. An example of this extrap-
olation, together with all resulting ratios fy determined over the full range of investigated
kinetic energies, are shown in Figure 2.
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Figure 2. (a) The ratio f of measured Sn’>* ions to Sn>* ions generated from a 4keV Sn** ion beam
measured at three Hy pressures. The blue line is a least-squares fit to the data. The y-intercept, fy, is
used in Equation (7). (b) The ratio fy between SEC and BDC cross-sections as a function of energy of
the incoming Sn** ions. The error bars shown indicate the statistical errors of the measurements.

3. Results and Discussion

The measured cross-sections for Sn*™ colliding with Hy are collected in Figure 3. In the
energy range of 1keV to 8keV, the SEC and BDC cross-sections are of similar magnitude.
Above 8keV, the cross-sections for SEC and BDC diverge as the SEC cross-sections increase
with energy while the BDC cross-sections decrease. The total electron capture cross-section
(04) is basically constant as shown by the dotted grey line. The value of 20 x 10~ 1¢ cm?
for the total electron capture cross-section is remarkably low. It is only half of the SEC
cross-section for Sn37 collisions on Hy; see Figure 3.
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Figure 3. Experimentally obtained cross-sections for SEC by Sn*t + Hj (blue symbols) and BDC
by Sn*t + Hp (orange symbols). The error bars in our 043 and 0y, values represent the statistical
uncertainty. The 7% systematic uncertainty in our calibration of the proportionality constant j
is not included. The sum of 043 and oy, is shown by the dashed grey line. The results of multi-
channel Landau—Zener calculations of single electron capture (043) are shown by the solid blue line.
The dashed blue lines indicate the individual contributions by the 4d'95p 2P, /2,32 levels to 0y3. For
a consistency check of our data, indirect o3 cross-sections (red bars), extracted from the double
collision contributions to our pressure dependent measurements, (see Figure 2), are compared to the
03y cross-sections measured by Rai et al. [13], which are given by the red dots.

To check the consistency between our present findings for Sn** and previous results
for Sn®T, we extracted o3, cross-sections from the double collision contribution to our
measurements of the ratio f of 2+ and 3+ ions produced, cf. Equation (6). From that
equation, one sees that 03, can be extracted from the slope of f as a function of gas pressure
(%). The values of (%) are directly available from the least-squares fits used to extrapolate
f to zero pressure; see Figure 2a. From Equation (6), it is derived that

2043 oo\ ' 1df
= — 1 _——
732 0y ( + 03204 ‘3 dpr (8)

The second correction term between brackets which includes o3, is negligibly small.
From Figure 3, one can extract that the ratio %2 is at maximum ~0.4. The ratio 2 was
determined by Rai et al. [13] to be constant over the energy range of 9keV to 51 keV and
to be small, i.e., ~0.1. At low energies, % might change, but even if it would increase
threefold when going down to 1keV, the effect on the 3, cross-sections would be in the
order of ~10%. The resultant estimates of the 03 cross-sections are shown in Figure 3 as red
uncertainty bars. In the region of overlapping collision energies, we find good agreement
between our measurements and those performed by Rai et al. [13], thereby proving the
consistency between our present data for Sn** and the earlier data set on Sn3*.

Before continuing the discussion of our data, we would like to point out that the
consistency with the earlier o3 results indicates that metastables do not affect our data
appreciably. The Sn** ion beam may contain a fraction of metastables, having a [Kr]4d®5s
configuration. The lifetimes of the 'D,, 3Dy, and 3D, 40 s, 1430s and 171 s, respec-
tively [19,20]. For 3D3, no lifetime information is available. The flight time from the source
to collision chamber is ~43 ps, meaning that only the D, and 3D, ions experience signifi-
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cant decay (~67% and ~23%). Therefore, although we have a long flight time, it does not
exclude the presence of metastables. To assess a presence of metastables, the ECR source
has been operated at widely different settings which did not lead to significant changes
in the data. This indicates to us that the fraction of metastables is small or has similar
cross-sections as the ground state Sn**. This conclusion is supported by our determination
of the 03, cross-sections, which depend on the ratio of single and double electron capture
(042/043). The one electron capture signal is used to put 043 on an absolute scale. All other
cross-sections are linked to this calibration. A change in 043 without a change in 045 /033
as a result of a metastable fraction in the beam would result in an overall shift in all cross-
sections, reducing the consistency between our 03, and earlier measurements. Therefore,
we are convinced that metastables do not affect the presented cross-sections appreciably.
However, we cannot exclude the presence of metastables, because their cross-sections might
be of similar magnitude to the ones of ground state Sn** ions.

The SEC cross-sections of Sn*", being about a factor of three smaller than the ones
of Sn®", can be explained by considering the potential energy diagram of Sn** + H,
collisions, which is shown in Figure 4. From the figure it is seen that the curve crossings
with the Sn3+(4d105p 2p, /2,3/2) channels will be the most active ones. The crossing of
the entrance channel with the Sn3* (44'°54 2D) channel lies very far out and therefore is
crossed adiabatically. The crossings with the Sn®>" (4d'5p 2Py /, 3,,) levels are located at an
internuclear distance of approximately 5.5a.u. This distance of 5.5 a.u. should be compared
to 8.5 a.u. for the effective channel crossing in collisions of Sn®* ions on Hy [13]. The ratio
of the internuclear distances of the crossing points for Sn>* and Sn** squared is ~2.5 in
favor of Sn>*, which is a fair agreement with the measured factor of ~3.

0.8 T ™\T —T1 . 1 1 T
I —:— SEC channels |
r i DEC channels 1
0.6 I i
Rg‘,,l
3 [
0.4 : |
L ! ]
1
L 2D3/2 |
— 02 " i
3 I | 1
s I 1
L " ]
= 0.0 ; - Sn*t 4+ H,
L ! ]
L |
-0.2 N -
L S0 ==
| g NP3/2.'
L | O
—-0.4 : :
I I \\
L I
_ P TR B ST N B M R
0'62 4 6 8 10 12 14

R (a.u.)

Figure 4. Potential (Coulomb) energy curves of the relevant Sn** + Hj (gray), Sn®* + Ha™ (blue)
and Sn?* +2H* (orange) electronic states as functions of the internuclear distance between the Sn
ion and the Hj target (dashed line indicates a spin-forbidden final state). The vertical dashed line
indicates the over-barrier crossings R¢ 1, Rc for single and double electron capture, respectively,
used to indicate approximately where resonant capture can start to take place [21]. The term symbols
for the Sn ions after separation are indicated in the figure.
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To obtain further insight in SEC from H, by Sn**, we have performed multi-channel
Landau-Zener (MCLZ) calculations following [22,23]. In the model, the Sn*t(1S) + Ha
entrance channel and the four Sn®t + H, single electron capture channels that are shown
in Figure 4 have been included. In order to account for the molecular nature of the target,
we included the Franck—-Condon factor corresponding to a transition to the most likely
v/ = 2 vibrational state of Hy™ [24] into the coupling matrix elements Hy,, as proposed
by Olson and Salop [23]. Instead of the initial prefactor to coupling elements, primarily
based on one-electron systems, the empirical prefactor determined by Kimura et al. [22] for
collisions on He targets was used. Additionally, the coupling matrix elements are corrected
by multiplication with a factor f,;;, introduced by Taulbjerg [25] for partially stripped ions
to account for the non-degenerate nature of the / states within a specific n shell.

Notwithstanding the approximations inherent to the one-dimensional Landau-Zener
model, the calculations agree with the magnitude of the measured single-electron capture
cross-sections and indicate that it is indeed the 2P, /2 and 2P, /2 levels that in between
them carry the total SEC cross-section. The corresponding channel-selective and total
cross-sections are shown in Figure 3. For energies above approximately 2 keV, the model
results are in good agreement with the energy dependence observed in the measurements.
Concerning the absolute values, the model falls short by about 30%. Below 2keV, the
difference slowly increases to almost 50% at 1keV. The same trend, although stronger,
has been observed for Sn?T + Hj [14] and was ascribed to the breakdown of the Franck—
Condon approximation.

At almost the same internuclear distance as the Sn>* (2P) crossings, a crossing occurs
between the entrance channel and the Sn?" (4419552 1Sy) 4+ 2 H" BDC channel. This level
is expected to be the main if not sole contributor to BDC by Sn**, as spin conservation
(singlet entrance channel) inhibits the population of the next BDC channel which is a triplet
(Sn* (4d'%5s5p 3P)). The potential energy diagram in Figure 4 shows that the 55> 1S BDC
channel also crosses the 2P} levels, which opens the option for electron transfer between SEC
and BDC channels on the way-out of the collision. These close crossings raise the question
whether double electron capture in this system is facilitated primarily by simultaneous
(one-step) or successive (two-step) electron-capture processes [26] and might help to explain
the ratio between SEC and BDC by Sn**; see Figure 2b, which maximizes at energies near
4keV at a value slightly above 0.8.

4. Conclusions

We have measured cross-sections of single and double electron capture by Sn** ions
from molecular hydrogen in an energy range relevant to the plasma expansion processes in
the EUV sources of modern photolithography machines. The cross-sections are extracted
from charge-separated ion currents in a crossed-beam experiment of Sn** with Hy. Re-
markably, the SEC and DEC cross-sections are of similar magnitude and much lower than
previously measured cross-sections of SEC by Sn*". Our measurements are consistent
with earlier work, as is demonstrated by comparing the known o3, cross-sections with
those extracted from double collisions in our experiment. The low SEC cross-sections are
explained by the absence of potential curve crossings at larger internuclear distances: the
first suitable crossings are when the Sn3+ (4d1%5p 2P, /2,3/2) + H, " channels cross with
the entrance channel at about 5.5 a.u. Multi-channel Landau—Zener calculations of 043 are
found to be in fair agreement with the measured SEC cross-sections. The BDC capture
channel crosses both the entrance channel and SEC channels in the direct vicinity of the
crossing of the SEC and entrance channel; this may imply a strong intermixing between
SEC and BDC and could therefore require more advanced calculations.
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