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The essential narrowing of emission spectrum due to the configuration mixing with a symmetric exchange of symmetry is
considered for ions with an open 4d” electron shell. The relativistic CI calculations have been performed for Sn®*-Sn*?*
and Sb**T-Sb'' " jons, which are the most promising emitters for EUV lithography, and for W ions, which give a strong
undesirable emission in tokamak plasma. It is shown that the inclusion of interaction with other energetically neighbouring
configurations only weakly influences the integral characteristics of the main group of lines or quasicontinuum band — its total
intensity, width, and shape. The similarity between photoexcitation and emission spectra, related with the ground level, that has
been previously established for highly charged tungsten ions, manifests itself also at medium ionization degrees. The relative
widths of intense groups of lines in such spectra of tin and antimony ions increase in comparison with tungsten; however, the
spectra of Sn°* and Sb'%* with a half-filled 4d° shell have an extremely narrow width.
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1. Introduction

One of the strongest correlation effects in atoms is
the so-called configuration mixing with a symmetric ex-
change of symmetry (SEOS correlations) [1, 2], when
one electron is filling the vacancy in a lower shell with
the same principal quantum number while the other
electron is excited to an empty shell also without a
change of the principal quantum number:

(4 DNl (4 DN n(l+2). (D

The wave functions of these neighbouring shells
strongly overlap, and thus the interconfiguration matrix
elements have rather large values. On the other hand,
the increase of energy of one electron compensates the
decrease of energy of another electron; consequently,
the distances between the levels of these configurations
are rather small. Hence the both conditions of strong
configuration mixing are fulfilled.

One of essential features of these configurations is
that they both are related through dipole transitions with
the same ground configuration nl**+2n(l + 1)V, For
this reason such configuration mixing has a strong ef-
fect on the corresponding photoexcitation and emission
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spectra. In the two-configuration approximation these
spectra of some ions undergo an essential narrowing
with respect to the single-configuration calculation re-
sult: the most intense lines are concentrated in a nar-
row interval of wavelengths and the quasicontinuum
band is formed [3]. Such emission spectra are consid-
ered to be useful as a source of EUV (extreme ultravi-
olet) radiation. Namely, the emitter with a wavelength
near 13.5 nm within a narrow bandwidth is required for
the development of EUV lithography (the rays of such
a wavelength are effectively reflected and focused by
Mo/ Si multilayers) [4]. The possibility of using the
transitions

4pP4dN T 4 4pBadN T af — apadyN  (2)

in the ions of xenon [5-7] and tin [7-9] was consid-
ered. For the purpose of investigating which ions are
most suitable as the required source of EUV emission,
the calculation of integral characteristics of these tran-
sitions for a wide interval of ionization degrees and
atomic numbers around Z = 50 was performed in [10],
and the ions with the optimal set of atomic characteris-
tics were determined.
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The same transitions in the highly charged tungsten
ions play a negative role, as they cause large radiation
losses in tokamak plasma [11]. Tungsten due to its re-
sistance to sputtering is used as the first wall material
in a divertor and other parts of camera. However, tung-
sten ions can migrate to the central torus and radiate
intensely there, particularly in the region of quasicon-
tinuum band corresponding to transitions (2) at various
numbers of electrons in a 4d” shell. Such emission of
the separate tungsten ions was investigated experimen-
tally in an EBIT (Electron Beam Ion Trap) facility and
interpreted theoretically using the collisional-radiative
model [12, 13]. It was shown in [14] that in the case of
a low density plasma obtained in EBIT and the contem-
porary tokamaks all the main features of these spectra
can be reproduced using the assumption that the exci-
tations originate only from the ground level. It enabled
one to explain some main regularities of the quasicon-
tinuum band and its satellite.

The aim of this work is to continue the theoretical
investigation of these important spectra by considering
the influence of some relativistic and configuration mix-
ing effects not taken into account in [14], and to com-
pare the main features of spectra for highly and moder-
ately charged ions. Calculations have been performed in
a relativistic CI approximation using Dirac—Fock wave
functions [15] and in quasirelativistic approximation
[16] as well.

2. Results and discussion

As it was shown in [10], the two-configuration ap-
proximation (1) enabled us to describe correctly the for-
mation of a narrow group of intense lines in photoab-
sorption and emission spectra and to obtain rather ac-
curate values of the main characteristics for this group
of lines. Recently the probabilities of transitions (2)
at N = 2 for Sn'2* have been calculated semiempiri-
cally, taking into account configurations 4p®4dnl (n <
6,1 = s,p,d, f),4p°4d>, 4p®55%, 4p°4d?55s and scaling
down various integrals to different extent [17]. These
results have been used for the identification of about
seventy lines in the vacuum spark spectrum. In Fig. 1
these semiempirical data are compared with the results
of ab initio relativistic calculations in two-configuration
and single-configuration approximations. In the latter
case the transition probabilities of two independent ar-
rays are distributed in a very wide interval of wave-
lengths and do not reproduce the semiempirical spec-
trum at all. When taking into account the SEOS mix-
ing of initial configurations, the distribution of proba-

bilities changes essentially, the lines are quenched in a
large part of energy interval of the spectrum, and the
transition probability is concentrated within the narrow
group of intense lines. A fairly good correspondence to
the semiempirical spectrum and to its integral charac-
teristics is obtained. It is these characteristics that are
important for the EUV emitter.

On the grounds of calculations of integral charac-
teristics for transitions in two-configuration approxi-
mation using quasirelativistic wave functions the con-
clusion was made that from the atomic point of view
the strongest emitters in the narrowest interval around
13.5 nm are ions Sn?t—Sn''* and Sb!%+—_Sb+ [10].
In the present work the calculation results for these ions
are specific in two ways: relativistic Dirac—Fock func-
tions are used instead of quasirelativistic wave functions
and the additional integral characteristics — halfwidth
of the intense group of lines and total transition proba-
bility — are given (Table 1). More accurate relativistic
calculations do not change the main conclusions made
in [10], but improve the values of average wavelength,
which are diminished by 0.13-0.23 nm. For Sn'2* the
obtained result corresponds better to that of semiempir-
ical spectrum. It is necessary to note that in the present
relativistic and quasirelativistic calculations the values
of radial integrals are not diminished. The difference in
the values of gA for both approximations is insignifi-
cant: it does not exceed 1%. The spectral interval con-
taining some fixed percent of the total transition prob-
ability (in the vicinity of the average wavelength) as
well as the halfwidth of the intense group of lines are
obtained larger using the relativistic Dirac—Fock wave
functions.

In the two-configuration approximation the emission
spectra of tungsten ions W29t—-W34+ excited from the
ground level, were obtained to be very similar to the
photoexcitation spectra from this level [14] and both
types of spectra were concentrated in a very narrow
interval of wavelengths. Consequently, the transitions
from or to the ground level are more influenced by
SEOS correlations than the other transitions. This sug-
gests the possibility to obtain a narrow emission band
using the plasma of low density in which practically
only the ground level of ions is populated.

The narrowing of emission spectrum can be esti-
mated by comparing the whole interval of spectrum
(A)s) with the width of the main group of lines, the
intensities of which exceed some percent of the most in-
tense line (A);). In the considered spectra the relative
intensities of lines out of the interval of intense band
usually do not surpass the 5% limit, thus this value is
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Fig. 1. Distribution of the probabilities for transitions 4p®4d® + 4p%4d4 f — 4p®4d? in Sn'?* calculated in a (a) single-configuration and

(b) two-configuration relativistic approximations and (c) semiempirically [17]. In (a) the solid lines correspond to the transitions 4p°4d> —

4p®44?, and the broken ones to the transitions 4p4d4 f — 4p®4d?. From semiempirical data only the lines classified as the above indicated
transitions are given.

chosen as the criterion. For the emission spectra excited
from the ground level of tungsten ions W2+ —W34+ the
ratio AXg/AN is of the order of 100. However, for
the ions W3+—W37+ with the number of 4d electrons
N < 3 the intense lines are dispersed in a considerably
wider interval. As explained in [14], the transitions to
the open 4dé\7 o subshell account for it. However, the
splitting of shells into subshells does not manifest itself
at medium ionization degrees. The above-mentioned
ratio for the most ions of tin does not exceed 20 (Table 2;
a considerable difference between the estimated values

of A\ for Sn'®* and Sn'!* in two approximations is
caused by a distant line, with relative intensity slightly
exceeding 5%, emerging in the relativistic approxima-
tion). As an exception, an extremely narrow spectrum
is obtained for Sn%* at the excitation from the ground
level of the half-filled shell (Fig. 2). The intensity of
emission as well as that of photoexcitation spectrum for
this ion is concentrated only in four lines; both spectra
are rather similar, like it is in the case of tungsten ions
spectra. As seen from Table 1, the average wavelength
of this narrow group of lines is close to 13.5 nm. It
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Table 1. The main integral characteristics of the distribution of (4p®4d™*! +

4p%4dN =14 f) — 4p®4d™ transition probabilities for the ions Sn?* and Sb?* calcu-

lated in two-configuration relativistic, quasirelativistic, and empirical [17] approxi-

mations. A is the interval of spectrum in the vicinity of the average wavelength )
containing 80% and 90% of the total probability g Ao.

Element ¢ N  Method of A, gAiot, A\, nm Halfwidth
calculation nm 101571 80% 90%
Sn 9 5 rel 13.50 9.35 0.92 1.27 0.42
quasirel. 1327 933 0.85 1.23 0.37
10 4 rel. 13.21 744 0.66 0.99 0.53
quasirel. 13.04 7.40 0.61 0.92 0.49
11 3 rel 13.05 3.96 0.66 0.82 0.50
quasirel. 1291 394 0.61 0.82 0.48
12 2 rel 1297 1.36 0.53 0.66 0.41
quasirel. 12.84 1.36 0.49 0.59 0.40
empir. 13.37 1.04 0.37 0.41 0.31
Sb 10 5 rel 12.53 10.53 0.65 1.01 0.26
quasirel. 1235 10.46 0.59 0.95 0.24
11 4 rel. 1236  8.22 0.54 0.76 0.40
quasirel. 1221 8.16 0.49 0.69 0.40

Table 2. The intervals of wavelengths of the whole emission spectrum

corresponding to the transitions 4p°4d™ 1 + 4pS4dN =14 f — 4pS4d™

(A)) and of the main group of lines with intensities exceeding 5% of

that of the most intense line (A\i). The initial levels are populated by

excitation from the ground level of configuration 4p®4d”™. Results of

the relativistic (for W) and quasirelativistic calculations (for Sn?* and
W?T) in two-configuration approximation.

Sn9t w4t
N ¢ A, nm A\, nm q Al,nm  A)j,nm
rel. quasirel.  rel.  quasirel.
9 5 6.59 6.83 2.95 2.23 29 3.03 0.03
8 6 8.73 9.07 2.13 1.94 30 4.28 0.04
7 7 9.75 11.44 1.10 0.76 31 5.50 0.04
6 8 1213 13.40 0.75 0.72 32 6.89 0.06
5 9 1382 15.21 0.06 0.065 33 8.82 0.09
4 10 14.10 16.46 0.34 0.38 34 9.55 0.00
3 11 13.08 13.40 0.89 0.19 35 9.80 2.09
2 12 10.83 11.93 1.23 0.33 36 8.02 6.12
1 13 7.23 7.30 0.47 0.45 37 5.25 1.93

suggests the possibility to use the emission of Sn?* in
low density plasma for the purposes of EUV lithogra-
phy. The similarity between the absorption and emis-
sion spectra related with the ground level manifests it-
self for other Sn and Sb ions as well.

From the comparison of calculated transition prob-
abilities for Sn'?* with the semiempirical ones, which
take into account the interaction of many excited con-
figurations, it follows that the extension of configura-
tion set only weakly influences the width and shape of
the intense group of lines. It agrees with the conclusion
made in [ 14] from the comparison of the emission spec-

tra for tungsten ions. In this work the emission spectra
obtained after dipole excitation from the ground level
were calculated for tungsten ions using the following
sets of configurations for the initial and final states:

ApPadN T 4+ 4pP4dN 5s + 4pBadN L4y
+ 4p®4dN 24155 — 4p84dN + 4p°4dN 155, (3)

The extended calculations enabled one to interpret
the satellite line with an approximately constant wave-
length of 4.5 nm emerging in the spectra of various
tungsten ions with an open 4d” shell. Such a group of
lines corresponds to the subarray of transitions (3) with
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Fig. 2. (a) Photoexcitation spectrum, corresponding to the transi-

tions 4p®4d® — 4p°4d°® + 4p®4d*4f from the ground level, and

(b) in this way excited emission spectrum 4p°4d® + 4p®4d*4f —

4p%4d® for Sn®*. Results of calculation in a relativistic two-
configuration approximation.
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Fig. 3. Comparison of the average wavelengths of quasicontinuum
band and satellite line in the experimental spectra of tungsten ions
with the results of calculations. Quasicontinuum band: (a) experi-
ment [13], (b) calculation using the collisional-radiative model [13],
(c) calculations in the relativistic CI approximation (3). Satellite
line: (d) experiment [13], (e) calculations in the relativistic CI ap-
proximation. The points near (b) and (d) curves for w30+ represent
the results of an extended calculation with the additional ten con-
figurations.

one spectator Ss electron. These lines are also concen-
trated in a narrow interval due to the strong mixing of
configurations 4p°4d™ 5s and 4pS4d™N =24 f5s.

The average wavelengths of quasicontinuum band
and satellite line correspond fairly well to the values
obtained in the EBIT experiment (Fig. 3). The posi-
tion of the band calculated in the ground level approx-
imation practically coincides with the result calculated
in the collisional-radiative model [13]. In the present
work we have also performed the more accurate cal-
culations for one of the ions, W30+, taking into ac-
count many additional configurations to the set (3) at
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Fig. 4. Emission spectrum of W3%* obtained after the photoexcita-

tion from the ground level. Results of the relativistic calculations:

(a) in CI approximation (3), (b) additionally including the ten con-
figurations indicated in the text.

N = 8, namely, 4p°4d74f2, 4p°4d"4f5p, 4pS4d74f,
4pS4dP4f3, 4pS4dSaf(5d+5g), 4p*4d®4f for the ini-
tial excited state and 4p%4d%4 2 for the ground state.
The admixed configurations have been selected using
the configuration mixing strength introduced in [18]. In
Fig. 4 this spectrum is compared with the result of cal-
culation using the set (3). The shape and width of the
intense group of lines as well as the distribution of the
satellite lines remain very similar to the result obtained
for the smaller set of configurations. Some differences
in the intensities of satellite lines appear because of us-
ing the average line width, instead of the line width de-
termined for the separate lines, in the extended scale
calculations. The average wavelengths of the quasicon-
tinuum band and of the narrow group of satellite lines
at 4.5 nm are shifted to larger values and practically co-
incide with experimental data. Such data are absent yet
for the other group of satellite lines at about 2.2 nm.

3. Conclusions

Theoretical investigation of the configuration mixing
with a symmetric exchange of symmetry in two differ-
ent cases of medium and high ionization degrees has
shown that some regularities established for the spec-
tra of tungsten manifest themselves also in the spectra
of tin and antimony. The comparison of the emission
spectra calculated in two-configuration approximation
with the semiempirical spectrum of Sn'?* and theoret-
ical spectrum of W30% obtained using a large set of
configurations, show that the integral characteristics of
the intense group of lines are mainly determined only by
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SEOS correlations. On increasing the ionization degree
the width of energy level spectrum as well as the inter-
val of emission or excitation spectra tend to increase.
However, there are two important exceptions. In the
isoelectronic sequences with the numbers of 4d elec-
trons N > 3 the width of the intense group of lines de-
creases due to the splitting of a 4d’V shell into the sub-
shells and the suppression of transitions to the closed
4al3N/2 subshell. On the other hand, when the coupling
within a 4d" shell is close to LS, the extremely nar-
row emission spectra excited from the ground level are
obtained for the ions with the half-filled 4d° electron
shell.

Acknowledgements

We gratefully acknowledge the Berlin EBIT group
and their collaborators in Jerusalem for providing the
data of EBIT spectra and the results of calculations
within the collisional-radiative model. This work was
partly supported by the European Communities under
the Contract of Association between EURATOM and
Lithuanian Energy Institute and was carried out within
the framework of the European Fusion Development
Agreement and partly funded by the European Com-
mission, project RI 026715 “BalticGrid”.

References

[1] D.R.Beck and C.A. Nicolaides, Int. J. Quantum Chem.
S10, 119 (1976).

[2] R. Karazija, Introduction to the Theory of X-ray and
Electronic Spectra (Plenum Press, New York, 1996).

[3] G. O’Sullivan and P.K. Carroll, J. Opt. Soc. Am. 71,
227 (1981).

[4] Special Cluster on Extreme Ultraviolet Light Sources
for Semiconductor Manufacturing, ed. D. Attwood, is-
sue 23 of J. Phys D 37 (2004).

[5] K. Fahy, P. Dunne, L. McKinney et al., J. Phys. D 37,
3225 (2004).

[6] N. Bowering, M. Martins, W.N. Partlo, and
L. V. Fomenkov, J. Appl. Phys. 95, 16 (2004).

[7] T. Kriicken, K. Bergmann, L. Juschkin, and R. Lebert,
J. Phys. D 37, 3213 (2004).

[8] A. Cummings, G. O’Sullivan, P. Dunne, E. Sokell,
N. Murphy, J. White, P. Hayden, P. Sheridan,
M. Lysaght, and F. O’Reilly, J. Phys. D 39, 73 (2006).

[9] J. White, P. Hayden, P. Dunne, A. Cummings, N. Mur-
phy, P. Sheridan, and G. O’Sullivan, J. Appl. Phys. 98,
113301 (2005).

[10] R. Karazija, S. Kucas, and A. Momkauskaité, J. Phys.

D 39, 2973 (2006).
[11] T. Piitterich, R. Neu, C. Biedermann, R. Radtke, and

ASDEX Upgrade Team, J. Phys. B 38, 3071 (2005).

[12] C. Biedermann, R. Radtke, J.-L.. Schwob, P. Mandel-
baum, R. Doron, T. Fuchs, and G. FuBmann, Physica
Scripta T92, 85 (2001).

[13] R. Radtke, C. Biedermann, J.L. Schwob, P. Mandel-
baum, and R. Doron, Phys. Rev. A 64, 012720 (2001).

[14] V.Jonauskas, S. Kucas, and R. Karazija, J. Phys. B 40,
2179 (2007).

[15] http://www.am.qub.ac.uk/DARC.

[16] R.D.Cowan, The Theory of Atomic Structure and Spec-
tra (University of California Press, Berkeley, Califor-
nia, 1981).

[17] S.S. Churilov and A.N. Ryabtsev, Opt. Spectrosc. 101,
169 (2006).

[18] S. Kucas, R. Karazija, and V. Tutlys, Lietuvos fizikos
rinkinys [Sov. Phys. Collection] 24, 16 (1984) [in Rus-
sian].

INTENSYVUMO SISTIPREJIMAS Sb, Sn IR W JONU EMISIJOS SPEKTRUOSE, ATSIRANDANTIS
DEL KONFIGURACIJU SU SIMETRISKU SIMETRIJOS PASIKEITIMU SUMAISYMO

S. Kuéas, V. Jonauskas, R. Karazija, A. Momkauskaité

Vilniaus universiteto Teorinés fizikos ir astronomijos institutas, Vilnius, Lietuva

Santrauka

Nagrin¢jamas intensyviy ir siaury linijy grupiy susidarymas dél
stipraus konfigliracijy sumaiSymo jony fotoabsorbcijos ir emisijos
spektruose, atitinkan&iuose §uolius 4p®4d™ ™1 4+ 4p®4aN 14 f —
4p®4dN .  Skaitiavimai reliatyvistiniu artutinumu atlikti Sn°t—
Sn'?* ir Sb'OT_Sb'' " jonams, kurie yra pagrindiniai kandidatai
kuriant ultravioletiniy spinduliy Saltinij litografijai, ir volframo jo-

nams W7, kuriy intensyvi spinduliuoté sudaro nepageidaujamus
nuostolius tokamako plazmoje. Parodyta, kad sumaiSymas su kito-
mis suzadintomis konfigiracijomis turi maZzai jtakos intensyviausiy
linijy grupés integrinéms charakteristikoms. Ypac stiprus spektro
susiauré¢jimas pasireiskia volframo jonams, kuriy konfigiiracijose
yra daugiau kaip trys 4d elektronai, taip pat alavo ir stibio jonams
su pusiau uZpildytu 4d elektrony sluoksniu.



