PHYSICAL REVIEW A 79, 042509 (2009)

Transitions and the effects of configuration interaction in the spectra of Sn XV-Sn XVIII
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Charge state specific euv spectra from a range of tin ions have been recorded at Tokyo Metropolitan
University. The spectra were produced from charge-exchange collisions between tin ions and helium atoms
using an electron cyclotron resonance source. At low target gas pressures, the spectra were dominated by single

capture events. The spectra were, unexpectedly, found to be dominated by an intense unresolved transition
array near 13 nm while the resonance lines, including the previously identified 4p—4d lSO—> 'P, resonance line
of Sn Xv, were relatively weak. From atomic structure calculations, it was found that the unresolved transition
array arises from 4s%4p™~'4d —4s24p"=Af+45s?4p™ 244" transitions. In addition it proved necessary to include
interaction with core excited 4s4p™4d configurations to fully explain the observed spectra.
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I. INTRODUCTION

In recent years there has been considerable interest in the
extreme ultraviolet (euv) spectra of tin ions due to the im-
portance of tin plasmas as potential radiation sources for
high intensity operation at A=13.5 nm for euv lithography
(euvl) [1]. The choice of wavelength is set by the availability
of multilayer Mo/Si mirrors that have peak reflectivities of
approximately 70% and are efficient reflectors within a 2%
bandwidth at this wavelength [2]. The euv spectrum of tin is
dominated by an intense unresolved transition array (UTA)
overlaid by many strong lines due to 4p%4d"—4p34d™+!
+4p%4d™24f transitions in the 13-14 nm region [3], and
resonance emission from Sn in stages from eight to thirteen
times ionized 1 =m =6 lies within the 2% wavelength band.
All of the strongest lines from these ion stages have been
recently identified in high-resolution vacuum spark spectra
by Churilov and Ryabtsev [4,5].

For lower ion stages, 4d—4f, 4p—4d, and 4d—5p transi-
tions have been identified in Sn v1[6,7], Sn vi1 [8,9], and Sn
vl [10,11] again from vacuum spark spectra. However in
other sources, such as the laser produced or discharge plas-
mas used in euvl sources, emission from many stages ap-
pears at once. Moreover opacity effects, which in an opti-
cally thick plasma can dramatically alter the ratio of intensity
of high to low oscillator strength lines, make intensity com-
parisons between theory and experiment extremely difficult.
So for these plasmas, unambiguous line identification is al-
most impossible in the majority of cases especially in regions
of high line density, such as the 13-14 nm region where
4pS4d"—Ap34d™ ! +4pS4d"'Af transitions in ion stages
from Sn®* to Sn'** overlap significantly in energy. For these
spectra, ion separation techniques are an essential prerequi-
site to any analysis. Such ion stage specific spectra of the
emission contributing to the UTA itself have recently been
obtained using the charge-exchange method by Tanuma and
co-workers [12,13].
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Charge exchange spectroscopy has also been used to give
ion stage specific spectra of xenon, the other species of in-
terest for euvl, in the euv by Tanuma et al. [14] for moderate
to highly charged ions and in low charge states, at longer
wavelengths with the Uppsala University electron cyclotron
resonance (ECR) source [15,16]. Ton stage differentiation is
possible in both vacuum spark and charge-exchange spectra
since emission from a particular stage may be readily tuned
by changing the experimental conditions.

In their earlier work, Tanuma et al. [14] reported the ob-
servation of spectra from tin in ion stages up to fourteen
times ionized. In this work we report on the identification of
features in the spectra of fourteen to seventeen times ionized
tin and show that configuration-interaction (CI) effects are
extremely important in understanding their appearance.

II. EXPERIMENT

Two different methods for production of tin spectra were
used. In the first, multiply charged ions were produced in the
14.25 GHz ECR ion source at Tokyo Metropolitan Univer-
sity [14]. A rod of sintered tin oxide was inserted into the
plasma chamber and O, gas at a pressure of 1 X 107 Pa was
introduced to produce the plasma and to enhance the popu-
lation of higher charge states. The multiply charged ions
were extracted from the plasma with an electric potential of
20 kV, and charge state specific ions were selected from the
ECR source output beam with a 110° double-focusing dipole
magnet and allowed to collide with helium atoms at a suffi-
ciently low pressure, (<1072 Pa), such that single collisions
and single electron capture were strongly favored. The pri-
mary ion beam, which had an approximate diameter of 6
mm, had typically a current in the 0.01-1 uA range. The
spectra of ion stage Sn?* result from charge-exchange colli-
sions of Sn?*! ions with helium gas that predominantly cause
single electron capture into excited levels of Sn?*.
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FIG. 1. (Color online) Spectra of Sn ions produced from charge-
exchange collisions with He target atoms using ECR source. The
spectra of ion Sn‘* result from charge-exchange collisions of Sne*!
ions with helium gas that selectively populate certain excited levels
of Sn¥*.

Spectra were recorded at 90° to the ion-beam direction on
a 0.25 m flat field grating spectrograph (SSK-260, Shin Seiki
Co.) fitted with an external toroidal mirror to focus the ra-
diation on to a variable line width grating, with approxi-
mately 1200 lines mm~"' blazed at 100 nm. The detector was
a liquid nitrogen cooled charge-coupled device camera
(Hamamatsu, 4880) that allowed simultaneous recording
over an 18 nm range from 7-25 nm. The slit width was
200 wm which when folded with the pixel width yielded a
resolution of 0.03 nm in this wavelength region. O VI and O
VI lines arising from O and O7* collisions on Xe provided
wavelength calibration. The resulting wavelength uncertainty
is estimated as 0.02 nm.

In the second set of experiments, the large helical device
(LHD) at the National Institute of Fusion Science in Toki
was used. The LHD is one of the largest devices in the field
of magnetically confined fusion research and plasmas are
confined under a magnetic field of 2.75 T at the plasma cen-
ter.

The typical plasma density is much lower (=10%° m™3)
than that of laser or discharge produced high-density plasmas
(typically ~10?® m™3), and its spatial profile and electron
temperature were measured by a Thomson scattering diag-
nostic system [17]. Solid tin was introduced by a tracer en-
capsulated solid pellet (TESPEL) [18] injected into a back-
ground hydrogen plasma. The euv spectra were recorded by
a grazing incidence spectrometer soft x-ray multichannel
spectrometer (SOXMOS) [19] whose groove density and fo-
cal length are 600 mm~' and 1 m, respectively. The spectral
range was fixed at 11.0-15.2 nm study and the integration
time of the detector was typically 200 ms. The overall spec-
tral resolution is about 0.01 nm. The optical axis of the spec-
trometer was slightly tilted against the equatorial plane
within the horizontally elongated plasma cross section be-
cause the core temperature tends to be too high to observe
euv spectra. The spectrometer was carefully calibrated by
observing iron lines that occur as an intrinsic impurity mate-
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FIG. 2. Spectra of Sn ions from LHD. Emission lines from Sn
XII-Sn XXII are present.

rial in the plasma and the absolute wavelength was deter-
mined within an accuracy of =0.02 nm.

III. RESULTS

The spectra obtained at the ECR source are shown in Fig.
1. The spectra of ion Sn?* result from charge-exchange col-
lisions of Sn?*!' ions with helium gas. The ion path length
through the gas was ~1 cm while the mean-free path of the
ion was evaluated as 100 cm when the cross section was
assumed as 1074 cm?.

Rather surprisingly, for the most part the spectra are
dominated by an intense unresolved transition array in the
13-14 nm region, just like the lower stages. This was com-
pletely unexpected since data from experimental data taken
from laser produced or discharge produced plasmas of the
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FIG. 3. (Color online) Comparison between CI (top) and non-CI
(bottom) calculations for Sn XV.
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FIG. 4. (Color online) Comparison between CI (top) and non-CI
(bottom) calculations for Sn XVI.

type being considered for euvl all indicate that the in-band
emission at 13.5 nm decreases rapidly with increasing
plasma temperature (7,) for values of T, consistent with pro-
duction of sizeable populations of open 4p subshell ions.
Moreover, the spectra were recorded under conditions that
only favored single capture events so they cannot be due to
open 4d shell transitions in lower ion stages. Therefore the
data here would indicate that, under certain conditions in
which charge transfer is highly favored, intense in-band
emission can be sustained for higher plasma electron tem-
peratures than previously considered appropriate.

The ground state of Sn XV is Kr-like 4524p% and the reso-
nance 4s24p°® 'S,—4s*4p>4d' P, transition at 13.2463 nm has
been identified by Churilov and Ryabtsev [5]. Although
present, it is quite weak in the present spectrum.

In contrast it is clearly seen in Fig. 2, which shows the
LHD spectrum. In the LHD study a small amount (0.1% of
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FIG. 5. (Color online) Comparison between CI (top) and non-CI
(bottom) calculations for Sn XVII.
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FIG. 6. (Color online) Comparison between CI (top) and non-CI
(bottom) calculations for Sn XVIIL

bulk ion) of tin was introduced into the high-temperature
(1000 eV) and low-density (~10' m™) hydrogen plasma
by injecting the TESPEL. The spectrum was measured dur-
ing a radiative cooling phase 1.5 s after the injection. At this
time local electron temperature near the pellet deposition
point is around 400 eV. The spectrum is dominated by an
intense emission array that contains the strongest 4p%4d”™
—4p34d" " +4p°4d™24f lines of Sn VI-XV identified by
Churilov and Ryabtsev [4,5]. Apart from the resonance line
of Sn XV there is no evidence of the other strong lines seen in
the ECR data. However, there is contribution from higher ion
stages as the strong lines in the 14—15 nm region arise from
stages up to Cu I such as Sn XX11 [20]. Thus the CX spectra
must arise from the unique excitation mechanism presented
by the capture process.
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FIG. 7. (Color online) Comparison between a theoretical spec-
trum for Sn XV convolved with a Gaussian instrumental function
and the obtained experimental spectrum of Sn Xv. The theoretical
data are also presented in the form of stick plots of height equal to
the gf value.
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FIG. 8. (Color online) Comparison between a theoretical spec-
trum for Sn XVI convolved with a Gaussian instrumental function
and the obtained experimental spectrum of Sn XvI. The theoretical
data are also presented in the form of stick plots of height equal to
the gf value.

In order to identify unknown spectral lines, calculations
were performed for Sn'#*-Sn'"* using the Hartree-Fock with
Configuration Interaction (HFCI) code of Cowan [21], and
while these calculations showed that the only candidate lines
at this wavelength should arise from n=4-n=4 transitions,
the features are too complex in the case of Sn XV and too
localized in energy to correspond to resonance 4s24p™
—45%4p™'4d lines in the spectra of higher ion stages.

It is well known that spectra obtained in ion-gas collisions
often result from the decay of resonantly populated states
and the resulting spectra frequently fail to match with inten-
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FIG. 9. (Color online) Comparison between a theoretical spec-
trum for Sn XvII convolved with a Gaussian instrumental function
and the obtained experimental spectrum of Sn xvil. The theoretical
data are also presented in the form of stick plots of height equal to
the gf value.
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TABLE 1. Calculated and observed energies for the strongest
observed lines of the 3d'%4s?4p4d' — 4s*4p34d°4f' +4s24p*ad?
transitions of Sn XV.

Transition Neowan (NM) Ngcr (nm) gf

1Sy— (4d)' P, 13.25* 13.29 5.80
3F,— (41)Gs 13.34 13.34 21.22
’Dy— (4d)°F, 13.35 14.65
3D, — (4d)'F,4 13.42 13.46 5.50
'D,— (4d)°F, 13.44 7.54
*Py— (4d)°P, 13.45 7.08
3F,— (4d)°F, 13.46 11.16
3Dy — (4d)'F, 13.47 11.88
'Fy—(4)'Gy 13.49 16.54
’D,—(4d)°D, 13.53 13.53 5.25
’D,— (4d)’D, 13.53 7.74
3F,—(4d)°F, 13.54 7.07
Fy— (4d)'F, 13.54 8.68
3Fy—(41)°G, 13.54 15.43
'D,— (4d)’F, 13.55 13.57 6.44
3D, — (4d)’P, 13.62 13.62 4.58
Py~ (4f)°F; 13.63 467
'P,—(4d)'D, 13.66 13.65 18.14
3F,—(41)3G, 13.68 10.66
3F,—(4d)°D, 13.71 13.70 8.77
3Dy— (4d)'D, 13.75 13.76 3.18
3D, —(41)°F, 13.82 13.79 4.00
3D, — (41)°F, 14.05 14.03 5.44
'Fy— (4f)°F; 14.20 14.17 3.71
3F,—(4d)'P, 14.27 14.26 3.45
'Fy— (4d)°P, 14.39 14.36 4.98

*The result of the present calculation for the 4p 1S0—4d P, reso-
nance line.

sity predictions calculated ab initio without allowance for
selective capture processes [22,23]. The energies of the cap-
ture states may be estimated from the classical over barrier
model [24,25] which in the present case implies capture into
states with n significantly greater than 4 so the n=4 states
must be populated by cascades. For Yrast decays, known to
be highly favored in processes involving electron capture
[26], population of excited 4f states is favored and thus we
would expect to observe 4f— 4d transitions. However a pre-
liminary calculation for 4s?4p™ '4d—4s*4p™'4f failed to
reproduce the observed spectra.

ClI effects in spectra where the strongest transitions satisfy
An=0 have been shown to be very significant because of the
proximity of excitation energies [27,28]. In lower ion stages,
when considering transitions from an open 4d subshell,
excited-state CI of the form 4p°4d™'+4p%4d™~'4f is ex-
tremely important and produces a strong spectral narrowing.
The effects of CI in the upper-state basis were therefore ex-
plored here in some detail. In the present case calculations
were performed for excited to excited 4p™ '4d—4p™14f
+4p™24d*>  transitions (2=m=6). Again 4p"4f
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FIG. 10. (Color online) Comparison between a theoretical spec-
trum for Sn XvIiI convolved with a Gaussian instrumental function
and the obtained experimental spectrum of Sn xviiI. The theoretical
data are also presented in the form of stick plots of height equal to
the gf value.

+4p"244d* CI was found to have a dramatic effect on the
spectra of each ion stage in going from Sn XV to Sn XVIL
Just as in the case of transitions from open 4d subshells in
lower stages, there is a radical redistribution of oscillator
strength accompanied by a strong spectral narrowing and the
calculations predict the appearance of a strong line group
near 13 nm. However, while this calculation turned out to
give good agreement with the observed spectrum for Sn XV,
the agreement diminished quite rapidly with increasing ion-
ization and it was necessary to allow for interaction with the
lower energy core excited 4s4p™4d configuration in Sn XVI
and higher stages.

In Figs. 3—6 we show the results of calculations with and
without the inclusion of CI. The transitions considered were
4s’4pmlaf-4s24pm14d,  4s*4p™'4d—-4s*4p™24d®, and
4524p™14d—454p™4d. From these calculations it is seen that
the CI effects cause a dramatic spectral narrowing, and give
an intense feature whose position barely shifts with ion stage
and that lies in the original 4p—4d excitation region. In par-
ticular the effect of CI is to suck up much of the available
oscillator strength from longer wavelength 4s%4p™'4d
—4s4p™4d transitions. The results of the CI calculation were
then convoluted with a Gaussian of width of 0.03 nm to
allow for the effects of instrumental broadening, and the re-
sulting theoretical spectra are shown in Figs. 7-10 together
with the underlying line distribution where they are com-
pared to the experimental data. In preparing this figure, the
theoretical spectra were shifted by differing amounts to best
fit them to the experimental data. Note also that in generating
these theoretical spectra the Slater Condon parameters were
reduced by 15% while the spin-orbit parameters were left at
their ab initio values.

A. Spectrum of Sn XV

Here the theoretical spectrum was uniformly shifted
through +0.19 eV to obtain optimum agreement between ob-
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TABLE II. Calculated and observed energies for the strongest
observed lines of the 3d'%4s?4p*4d' — 4s%4p34d®+4s*4p*4dP4f!
transitions of Sn XVI

Transition )\cowan (nm) )\ECR (nm) gf

28/, — (4d)*Ps)5 12.95 12.97 491
281, — (4d)?Py )5 13.08 13.04 3.59
4Fon— (4d)*G 112 13.24 13.19 10.89
4F10— (4d)*Goy 13.30 13.32 5.10
2P3,— (4d)*Ds 13.32° 8.11
’Ds;y— (4d)*F ) 13.39 13.37 6.62
2Gopn— (41)°H 11 13.43 13.43 20.48
2Fop— (4d)*Gp 13.49 6.63
2Fyn— (4d)*Go), 13.50 16.22
4Fon— (4d)’H\ ) 13.53 13.55 8.11
“Dyp— (4f)*Fop 13.54 13.38
2Fyp— (4d)*Fop 13.54 12.29
Dsjy— (4d)*F) 13.55 12.70
4Dsp— (4)*F5) 13.64 13.63 7.06
4Dy — (4d) Do) 13.64 7.33
2F 0 — (4d)F o) 13.65 7.46
2Grp— (4f)Hy 13.67 13.73 16.57
Gy — (4d)*Go)y 13.70 9.98
D5, — (4d)*Fy 1371 11.91
*Fop— (4d)*Fy 13.73 10.63
2P3;,— (4)*Dsp 13.77 13.79 11.28
*Ps;— (4G 13.80 5.23
3Gy — (41)*Gp 13.82 5.82
2Dy, — (4d)*Fs)) 13.86 13.88 18.55
2Py, — (4d)*Dy 13.91 13.93 7.41
4F7/2 - (4f)zG9/2 13.92 9.60
2Ds;y— (41)°Fq) 13.96 13.95 9.07
Dy — (4f)7Fs 13.96 8.31
Dy, — (4d)’Ds)y 14.07 14.07 5.74
2Dsjy— (4f)2F 14.13 14.11 3.41
D5, — (4d)’Ds), 14.14 14.15 3.94
D5, — (4d)’Ds), 14.32 14.32 5.00
2Goy— (4)*Go)y 14.36 14.36 3.61
2Dy — (4d)*Py 5 14.38 14.40 3.47

Calculated resonance line.

servation and calculation for the strongest lines. From the
comparison, it was possible to associate the strong experi-
mental peaks with the strongest predicted lines and these
data are given in Table I.

B. Spectrum of Sn xvI1

In this case the theoretical spectrum was uniformly shifted
through +0.1 eV to obtain optimum agreement for the stron-
gest lines. From the comparison, it was again possible to
associate the strong experimental peaks with the strongest
predicted lines and these data are given in Table II. Note that
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TABLE III. Calculated and observed energies for the strongest
observed lines of the 3d'%4s%4p34d' — 4s*4p*4d®+4s*4p34d°4f!
transitions of Sn XVIL

PHYSICAL REVIEW A 79, 042509 (2009)

TABLE IV. Calculated and observed energies for the strongest
observed lines of the 3d'%4s?4p24d' — 4s%4p'4d®+4s*4p>4dO4f!
transitions of Sn XVIII

Transition Neowan (NM) Ngcr (nm) gf

3P, — (4d)’D; 13.37* 13.37 8.91
3Gs— (4f)3Hg 13.40 13.43 17.79
'D,— (4d)'Fs 13.46 13.47 10.82
'G,— (4d)*Gs 13.51 13.50 10.47
3F,— (4d)"'H; 13.54 13.55 5.78
3Py— (4d)°D, 13.55 3.69
3G,— (41)°Gs 13.57 7.26
5Dy — (4d)°Ps 13.58 13.59 5.17
Py—(4/)°Ds 13.59 3.72
5D, — (4f)°Fs 13.64 13.65 10.25
Fy—(4d)°F, 13.65 6.05
’D,—(4d)°D, 13.69 13.72 7.58
3Dy — (4d)°F, 13.74 19.81
'Fy—(4d)' Gy 13.82 13.82 25.43
3D, —(4f)°F, 13.93 13.95 13.41
3F,—(41)°Gs 13.94 13.70
'D,—(4f)'Fs 13.95 13.20
3P, — (4f)°Ds 14.00 13.99 10.32
'D,—(4d)'D, 14.23 14.23 5.74
'p,—4n'D, 14.29 14.29 11.35
'Fy—(4d)'Fy 14.46 14.43 7.25

Calculated resonances lines.

in this spectrum, when the calculations were restricted to
only allow for 4p*4f+4p34d®> CI rather than 4s’4p*4f
+45%4p34d>+4s54p>4d, the agreement for the transitions on
the low energy side of the UTA was not as good, and in
particular the lines responsible for experimental peaks ob-
served at 13.73 and 13.79 nm were shifted to 14 nm and
beyond so that the theoretical spectrum essentially appeared
to reverse the intensities of the line groups observed near 13.
73 and 13.95, and shift them to lower energy. The lines iden-
tified from the full CI calculation are presented in Table II
together with their calculated oscillator strengths. Once again
all of the most intense lines with gf values of five or greater
in the UTA region are accounted for.

C. Spectrum of Sn xXviI

For Sn'®* the theoretical spectrum was uniformly shifted
through —0.05 eV to obtain optimum agreement between ob-
servation and calculation for the strongest lines. From the
comparison, it was again possible to associate the strong ex-
perimental peaks within the UTA (13-14.5 nm region) with
the strongest predicted lines and these data are given in Table
III. In addition in this spectrum a number of strong lines
appear in the 14.5-16 nm region. While their origin is un-
clear, they do not appear to arise from n=4—-n=4 transitions
nor do they arise from An=1 transitions involving the n
=4 shell as lines from these are expected at much higher
photon energy.

)\cowan )\ECR

Transition (nm) (nm) ef

2Dsjy— (4d)*Fy 13.44° 13.44 10.14
“Psjy— (4f)*Ds 13.59 13.51 6.78
4Fon— 4N*Gin 13.62 13.68 10.59
Dsjy— (4d)*Fs), 13.64 6.19
2Fs,— (4d)*Fqp 13.68 10.58
D3, — (4d)*Fs), 13.77° 13.78 5.30
*Dsp— (41)°Fyp 13.79 13.81 9.42
*P3— (4d)*Ds)y 13.79 5.49
2Fy,— (4d)*Gop 13.87 13.87 2234
*Fyp— (4d)*Gop 13.87 6.75
*Gopn— (4)°H 1 13.89 11.92
2Fsn— (4)%Gyp 13.97 13.95 6.53
*Fr— (4f)*Ho) 13.99 7.12
26— (4d)*Fo, 14.11 14.09 6.20
2Dy — (41)%Fs) 14.15 14.15 9.20
Dy, — (4d)*Gy)y 14.21 14.19 16.62
2P3/2—’ (4d)2D5/2 14.21 7.07

Calculated resonances lines.

D. Spectrum of Sn XvII

Here the theoretical spectrum was uniformly shifted
through —0.18 eV. Again, from the comparison, it was pos-
sible to associate the strong experimental peaks with the
strongest predicted lines within the UTA or in the 13-14.5
nm region, and these data are given in Table IV. In this
spectrum the longer wavelength lines are much more pro-
nounced pointing to the fact that another strong transition
group is overtaking the d4s*4p’4d—4s*4p*aAf+as’apad®
+4s54p34d in importance for the conditions of the present
experiment. We are currently trying to identify the transitions
responsible for these lines.

IV. CONCLUSION

We have succeeded in identifying the strongest lines aris-
ing from 4s?4p™'4d—4s*4p"™'4f+45*4p™ 244 transitions
in Sn Xv-Sn XVIIL. It was found that, in interpreting this
spectrum, it was necessary to allow for 4p™~'4f+4p"~244d>
+4s4p™4d CI. Such interactions, already known to dominate
open 4d subshell spectra appear to be a universal feature
associated with An=0,4—4 excitation. Moreover, the fact
that these transitions dominate the spectra and are seen to
make a strong contribution in the wavelength range required
for euvl show that a novel source arrangement based on a
forced recombination scheme, in which electrons from a sur-
rounding plasma are captured by tin ions in stages from
Sn'3*-Sn'8*, might provide an interesting addition to existing
sources. Such a scheme has already been shown to signifi-
cantly increase the efficiency of H-like Li emission at 13.5
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nm [29,30]. In the present case, since the transitions are be-
tween excited states the problem of self-absorption that has
been shown to be the major limiting factor on euv conver-
sion efficiency does not arise and provides an added attrac-
tion for such a forced recombination scheme.
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