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Spectroscopy of ionized atoms
for astrophysics and nanotechnology

A N Ryabtsev, S S Churilov

1. Introduction

Spectroscopy of ionized atoms is an important tool in the
solution of scientific and technological problems in different
fields of physics. The results of investigations of ion spectra
were and are used in solar and stellar research, for the
diagnostics of laboratory plasma sources, including the
controlled thermonuclear fusion problem, and for high-
resolution optical microscopy and lithography. The Depart-
ment of Atomic Spectroscopy of the Institute of Spectro-
scopy, RAS (ISAN) has been pursuing research in the
majority of these areas since the inception of the institute.
The Department now has a unique experimental, theoretical,
and methodological basis sufficient for analyzing the most
complex ion spectra and validly applying the data acquired.
In this report, we consider two relatively distant areas of
application of the spectroscopy of ionized atoms: investiga-
tions into the atmospheres of peculiar magnetic stars and the
development of efficient optical lithography sources in the far
vacuum ultraviolet (VUV) domain.

A group of stars relatively close in properties, whose
spectra exhibit high-intensity absorption lines of heavy
elements, which are quite weak or not recorded at all in the
spectra of the main-sequence stars, have long been the
particular concern of astrophysicists. Absorption lines of
rare-earth ions, and sometimes of heavier elements up to Pt,
Bi, and U, are recorded in the stellar atmospheres of this
group. The masses of these stars range from 2 to 5 solar
masses, their surface temperatures lie between7000 ± 18000K,
andmost of them have high magnetic fields up to 10 ± 30 kGs,
strong atmospheric turbulence, and pulsating intensities in
their absorption spectra. These objects are known as peculiar
magnetic stars and are often referred to as Ap stars in the
literature. The atoms of rare-earth elements in the atmo-
spheres of these stars are primarily in the first and second
ionization stages, whose spectra have not been adequately
studied [1 ± 3]. In many spectra, especially in the spectra of
doubly ionized atoms, only several tens (out of several
thousand possible) lines lying in the visible range (transi-
tions between low levels) have been identified. The transition
probabilities (line strengths) calculated for doubly ionized
rare-earth atoms and stored in DREAM (Database on Rare
Earths at Mons University) [3] are restricted to the transition
probabilities between a small number of the known energy
levels. Determining the composition and parameters of the
atmospheres of Ap stars, defining relevant processes more
precisely, and accounting for the emergence of their special
features requires data, as comprehensive as possible, about
the corresponding ion spectra, which are practically the only
source of information about these objects. In Section 2, we
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describe investigations into the spectra of doubly ionized
atoms Nd III and Eu III and the application of the findings of
this research to the diagnostics of Ap stars.

Another topical application area of investigations into
complex ion spectra is projection optical lithography in the
extreme VUV domain. At present, integrated microcircuits
are produced using the radiation of excimer ArF lasers
(l � 193 nm). To further upgrade the microcircuit para-
meters (increase the number of active elements in micro-
processors and improve the internal performance, memory
space, etc.) requires advancing to the shorter-wavelength
range. Moving to the extreme VUV range will allow bringing
the spatial resolution of optical lithography to 10 nm, which
will undoubtedly result in a new leap in the development of
microelectronics, up to its possible renaming to `nanoelec-
tronics.' The last several years have seen the vigorous
development of a high-efficiency lithography source at the
wavelength l � 13:5 nm coinciding with the reflection band
of Mo/Si mirrors. Plasma sources like vacuum sparks and
laser-produced plasmas containing tin ions are believed to
hold the greatest promise. These ions have a very intense
emission peak near l � 13:5 nm, which consists of a very
large array of 4 ± 4 transitions in several ions with an open 4d
subshell (see, e.g., Refs [4, 5]). But the spectroscopic data on
these transitions, which are extremely important for optimiz-
ing lithographic source parameters, have been practically
nonexistent. In Section 3, we outline the results of tin ion
spectra investigations with an eye to the development of a
source for 13.5 nm lithography.

2. Investigation of the spectra of doubly ionized
rare-earth elements for astrophysics

Nd III ion. The available data on the Nd III spectrum have
been highly disembodied and partly contradictory [1, 6, 7].
This disagreement led to substantial complications in the
analysis of the chemical composition of Ap stars [8]. Our
group, jointly with the Institute of Astronomy, RAS, carried
out an independent analysis of the Nd III spectrum with the
use of the spectrum of the HD 217522 Ap star in the visible
range. This star has a relatively low magnetic field
(Bs < 2 kGs), and therefore the line profiles in its spectrum
are hardly distorted by the Zeeman splitting and their
wavelengths in the visible range are measured with high
precision (� 5� 10ÿ4 nm) [9]. The energies and transition
probabilities for the Nd III spectrum were calculated by the
Hartree ± Fock technique with the use of Cowan's code
package [10]. In these calculations, we took the strong
interaction between the electron configurations
4f 4 � 4f 36p� 4f 25d2 and 4f 35d� 4f 36s� 4f 25d6p into
account (hereinafter, we omit the completely filled electron
subshells in the notation for configurations). As far as
possible, the interaction integrals were scaled with the
inclusion of the data resulting from the analysis of the spectra
of other doubly ionized atoms of rare-earth elements. More
than 70 spectral lines were identified and about 40 energy
levels of the 4f 4 and 4f 35d configurations were determined in
the course of this analysis. The classified transitions are
shown with the darker color in Fig. 1, which shows the total
calculated spectrum of the 4f 4ÿ4f 3�5d� 6s� ± 4f 36p transi-
tions inNd III. It can be seen that the identified transitions are
only a very small part of the Nd III spectrum. However, even
with the help of such an incomplete analysis, it was possible to
confidently determine the density of neodymium in the

atmosphere of the star HD 144897, in which all the rare-
earth elements from La to Lu, with the exception of unstable
Pm, were discovered in [8]. A portion of the spectrum of this
star withNd III lines and the result of its parametric modeling
are depicted in Fig. 2. The newly obtained data on the Nd III
spectrum allowed calculating the absorption spectrum of the
stellar atmosphere with high precision. The observed struc-
tures of the Zeeman line splitting corresponding to the
magnetic intensity of the HD 144897 star also confirm the
validity of the Nd III spectrum analysis conducted.

Eu III ion. An analysis of the very complicated spectrum
of Eu III is critical to the investigation of stellar atmospheres,
because Europium is most abundant in the atmospheres of
hot Ap stars, where it is found primarily in the second
ionization stage (Eu III) [11, 12]. The spectrum of Eu III has
been studied much better than that of Nd III: a list of its
890 lines has been published, one-third of them being
classified as transitions between the levels 4f 7, 4f 6�7F�5d,
4f 6�7F�6s, and 4f 6�7F�6p [13]. But the transition probabilities
calculated from the Eu III spectrum identification data
turned out to be 2 ± 3 orders of magnitude lower than those
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Figure 1. The calculated 4f 4ÿ4f 35dÿ4f 36p transition spectrum in Nd III.

The line intensities are given in units of guA, where A is the radiative
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that would be expected from the lifetime measurements for
some Eu III levels [14] and from astrophysical data [15].

The densities of several rare-earth elements in the atmo-
spheres of three Ap stars, which were determined from the
second and third spectra under the assumption of a local
thermodynamic equilibrium, are collected in Table 1 [8]. It
can be seen that the densities measured from the lines of
different multiplicity ions are consistent, to within the
uncertainty of measurements, for all the elements, with the
exception of Europium. The densities of Europium derived
from the spectra of Eu II and Eu III diverge by more than an
order of magnitude. To solve this problem, new Eu III
spectrum calculations were undertaken using the generalized
least-square method (see, e.g., Refs [16, 17]) with the scaling
of Hartree ±Fock integrals and the inclusion of the effects of
interaction with highly excited configurations.

The radial integrals were scaled with the inclusion of the
data obtained in the analysis of the spectra of other doubly
ionized lanthanides with the level lifetimes known from
experiments. Along with the 4f7, 4f 65d, 4f 66s, and 4f 66p
configurations under investigation, the doubly excited
4f 55d2, 4f 55d6s, 4f 56s2, 4f 55d6p, and 4f 56s6p configura-
tions, which interact with them, were also included in the
calculations. The transition probabilities calculated in this
way are in good agreement with the measured level lifetime
data and with the probabilities stored in DREAM [3]. In this
case, the discrepancy between the Europium densities derived
from the spectra of Eu II and Eu III became two times
smaller. The residual difference may well be attributed to the
deviation of level populations from the equilibrium values in
Ap stellar atmospheres [18].

The calculations also resulted in the classification of
90 new spectral lines and the determination of more than

30 new energy levels in the spectrum of Eu III [19]. The list of
calculated transition probabilities for the 200 ± 1000 nm
wavelength range now contains 1145 lines arising from
transitions between the known levels and 23,800 lines arising
from transitions between all levels with energies lower than
90,000 cmÿ1. The results of these identifications and calcula-
tions were entered into the Vienna Atomic Line Database
(VALD).

We note that the results outlined in this section were
derived from the spectrograms recorded in the visible spectral
range. However, the strongest transitions of doubly ionized
atoms of rare-earth elements lie in the VUV spectral domain
(see, e.g., Fig. 1). Investigating the VUV spectra of rare-earth
ions would permit obtaining a wealth of reliable information
about the processes occurring in the atmospheres of hot stars.

Planned for 2010 is the launch of the World Space
Observatory (WSO), which will accommodate a high-resolu-
tion spectrometer WSO/UV for the 102 ± 310-nm wavelength
range. Recording the spectra of peculiar magnetic stars will
inevitably bring up the question about the availability of
laboratory data on the spectra of doubly and triply ionized
heavy atoms. These data may be obtained using the normal-
incidence VUV ISAN spectrograph, which outperforms the
WSO/UV spectrometer. For example, Fig. 3 shows a spec-
trum of neodymium ions in the 160 ± 250 nm wavelength
range, which was recorded with a resolution of 200000 with
ISAN's spectrograph. Standing out in the spectrum are line
arrays arising from the 4f 35dÿ4f 36p transitions in Nd III (cf.
Fig. 1) and the resonance 4f 3ÿ4f 2�5d� 6s� transitions in
Nd IV. Presently, an analysis is being made of neodymium
and ytterbium spectra below 250 nm, which were recorded in
circumstances where the excitation of doubly and triply
ionized atoms was dominant.

3. Investigation of tin ion spectra
for extreme VUV lithography

As noted in the Introduction, developing a high-efficiency
optical 13.5 nm lithography source requires comprehen-
sive investigations into the spectra of multiply charged tin
ions. According to preliminary calculations, the
4dmÿ�4p54fm�1 � 4dmÿ14f� transitions (m � 1ÿ 5) in the
spectra of Sn X±Sn XIV produce an intense radiation peak
near the wavelength 13.5 nm. These transitions contain a
multitude of closely located lines, and hence only a spectrally

Table 1.Densities, log�N=Ntot�, of rare-earth elements in the atmospheres
of several Ap stars and the Sun measured from the spectra of different
ions. Measurement errors are given in parentheses. (Borrowed from
Ref. [8].)

Ion HD144897 HD170973 HD116458 Sun

Ce II
Ce III

ÿ6.69(20)
ÿ6.64(18)

ÿ6.87 ÿ7.34 ÿ10.46

Pr II
Pr III

ÿ6.60(14)
ÿ6.69(14)

ÿ7.19
ÿ6.87

ÿ7.30
ÿ7.32

ÿ11.33

Nd II
Nd III

ÿ6.45(12)
ÿ6.45(20)

ÿ6.48
ÿ6.63 ÿ7.26

ÿ10.59

Sm II
Sm III

ÿ6.98(21)
ÿ6.92(20)

ÿ7.07 ÿ11.03

Eu II
Eu III

ÿ7.75(20)
ÿ6.32(23)

ÿ7.77 ÿ7.94
ÿ6.90

ÿ11.52

Cd II
Cd III

ÿ6.95(18)
ÿ6.60(14)

ÿ7.17 ÿ7.47 ÿ10.92

Tb II
Tb III

ÿ7.83(10)
ÿ7.92(22) ÿ7.96

ÿ11.76

Dy II
Dy III

ÿ7.12(22)
ÿ6.99(39)

ÿ7.17
ÿ7.13

ÿ10.90

Er II
Er III

ÿ7.55(14)
ÿ7.21(14)

ÿ7.54
ÿ7.79

ÿ11,11

Tm II
Tm III

ÿ8.12(20)
ÿ7.70(20)

ÿ12.04
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Figure 3.High-resolution spectrum of neodymium ions from a low-voltage

spark plasma recorded with ISAN's VUV spectrograph.
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unresolved structure of the 13.5 nm peak had been observed
in the spectra recorded previously (see, e.g., Ref. [5]).

These 4 ± 4 type transitions, which lie aside the main peak
in the l > 16 nm domain, were studied only for low-multi-
plicity ions: SnVI [20] and SnVII [21]. In the 13 ± 14 nm
wavelength range, only the four strongest 4 ± 4 transition lines
were classified in the simplest SnXIV spectrum (m � 1) [22].
The spectra of analogous transitions in the nearest members
of the corresponding isoelectronic sequences were not known
either. That is why the 4 ± 4 transitions were investigated via
extrapolation along the `isonuclear' sequence of tin ions with
different multiplicities. The spectra were calculated by the
Hartree ±Fockmethod with the use of Cowan's code package
[10] and the inclusion of 4dm, 4dmÿ1nl (n � 5, 6; l � s, p, d, f),
4p54dm�1, and 4p54dm5s configurations.

The spectra were excited in a low-inductance vacuum
spark with the peak discharge current I � 10ÿ25 kA and
recorded with a DFS-26 grazing-incidence spectrograph
equipped with a holographic grating (3600 grooves/mm).
The resolving power of this instrument is equal to about
20000 in the l � 13ÿ14 nm region, which enabled the
structure of the strongest 4 ± 4 transitions to be spectrally
resolved. Figure 4 shows the spectra of tin ions acquired for
the discharge currents 15 and 20 kA. Each spectrum consists
of approximately 1000 strong lines, which stand out against a
quasicontinuous background made up of a multitude of less
intense lines. The calculated positions of highest-intensity
transitions in different tin spectra are indicated in Fig. 4a. We
can see that the spectral lines of different ions can be selected

according to the dependence of their intensities on the
discharge current. In particular, on decreasing the current
from 20 to 15 kA, the SnVIII line intensities increase
substantially, while the SnXIII ±XIV lines decrease. This
fact was taken into account in the classification of the spectra.

The spectra were analyzed in several steps. Initially, the
4d7ÿ�4p54d8�4d64f� transitions were investigated in the
spectrum of Sn VIII with the known structure of the ground
configuration 4d7 [23]. In the semiempirical processing of the
data acquired, it was noted that the scaling factors (the ratios
between the semiempirical energy parameters and their
Hartree ±Fock values) were practically constant along the
isonuclear sequence SnVI ±VIII [24]. That is why at the next
stages, the spectrawere analyzed bymeans of extrapolation of
the scaling factors to their values for higher-charged ions. We
thus classified the 4 ± 4 transitions in the relatively simple
spectra of SnXIII and ScXIV [25], and then investigated the
higher-complexity spectra of Sn IX ±SnXII [26]. In the latter
spectra, it has been possible to classify only the most intense
transitions; however, even this incomplete analysis permitted
determining the semiempirical values of the main parameters
with sufficient precision. Figure 5 shows the scaling factors
for the average energies (ECP) and Slater parameters
determined by the analysis of the excited configurations
4fmÿ14f and 4p54d

m�1
for the spectra of the isonuclear

sequence SnVI ±XIV. The dependence of each factor on the
nuclear charge is approximated by second-degree polyno-
mials, up to uncertainties in the determination of the
parameters (the uncertainty in ECP does not exceed the size
of the corresponding symbol in Figure 5).

This analysis resulted in the classification of about
440 spectral lines in the 12.5 ± 16 nm wavelength range,
which belong to 4dm ± �4dmÿ14f� 4p54d

m�1� transitions in
the spectra of SnVIII ±XIV (m�1ÿ7). Of prime interest for
VUV lithography is the 2% wavelength interval near
l � 13:5 nm (13:5� 0:135 nm); this is precisely the interval
that coincides with the reflection band of Mo/Si mirrors.

Figure 6 shows a portion of the spectrum of a vacuum
spark (20 kV) in the 2%wavelength interval with reference of
the most intense lines to their ionization stages. The spectrum
of tin ions in the interval used for 13.5 nm lithography
primarily consists of transitions in SnXI ± SnXIII. Hence,
we can draw a preliminary conclusion: obtaining an efficient
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radiation source in the interval l � 13:5� 0:135 nm requires
producing a plasma with a prevalence of the ions Sn�10 ±
Sn�12.

Similar investigations of the spectra of indium ions with
the nuclear charge ZC � 49 performed in parallel confirmed
the main results of tin spectrum analysis (ZC � 50). It was
noted that the 4 ± 4 transition spectra for different ionization
degrees gradually separate in wavelength as the nuclear
charge decreases. This is favorable to a more reliable
classification of transitions in each specific ion. Presently
underway in the Department of Atomic Spectroscopy of
ISAN is an investigation of the 4 ± 4 transition spectra in Pd,
Ag, and Cd ions (ZC � 46ÿ48) intended to verify the results
of our analysis of tin ionic spectra. Nevertheless, even now the
data obtained are advantageously used as the spectroscopic
foundation for modeling, development, and optimization of
13.5 nm lithography radiation sources based on tin ions.
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Strong correlations and new phases
in a system of excitons and polaritons.
A polariton laser

Yu E Lozovik

One of the most beautiful phenomena in many-particle
physicsÐBose±Einstein condensation (BEC) in a system of
particles with nonzero mass m obeying the Bose statisticsÐ
was predicted by Einstein already in 1925 soon after the
publication of Bose's paper on the thermodynamically
equilibrium distribution of photons. Einstein showed that at
a temperature T below the critical value

Tc � 3:31�h 2

m
n 2=3 �1�

(where n is the concentration of particles), the integral of the
distribution function over all momenta decreases to below the
total number of particles; in order to resolve this paradox, he
assumed that all `missing' particles lie in the one and only
state with the lowest energy (and zero momentum). IfT4Tc,
the thermal de Broglie wavelength is of the order of the
average distance between particles or is larger than it, such
that the BEC occurs only in the quantummode for a system of
particles. If T! 0, all particles in a system of noninteracting
particles form the condensate.

After P Kapitza discovered the superfluidity of 4He,
F London suggested that superfluidity may stem from BEC.
This was a brave hypothesis because BEC was then predicted
only for noninteracting particles, while the interaction in
condensed 4He is strong. The BEC theory was generalized to
the case of interacting particles only later (see [1±3] and the
references therein). It was found that the interaction
`exhausts' the Bose condensate such that not more than 9%
of particles in 4He stay in the condensate even at T! 0. This
was shown by first-principle quantum Monte Carlo calcula-
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Figure 6.Classification of the spectral lines of tin in the 2% interval about

the 13.5-nm wavelength by their ionization stages. (Borrowed from

Ref. [26].)
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