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INELASTIC PROCESSES
OF ELECTRON INTERACTION
WITH CHALCOGENS IN THE GASEOUS PHASE

Complez research of elementary pair collision processes occurring when low-energy (0-70 eV)
electrons pass through chalcogen (S, Se, Te) vapor has been carried out in the evaporation
temperature intervals of those elements (T = 320+700 K for sulfur, 420490 K for selenium,
and 400+600 K for tellurium). The vapor compositions of indicated elements are studied using
the mass spectroscopy method. The radiation spectra are analyzed in the wavelength interval
from 200 to 600 nm with the help of optical spectroscopy. Using highly monoenergetic electron
beams, the total (integral) formation cross-sections for positive and negative S, Se, and Te
ions are measured. It is found that, under the experimental conditions, the main components
of chalcogen vapor are molecules containing 2 to 8 atoms. At the energies of bombarding elec-
trons below 10 eV, the emission spectra mainly consist of bands of diatomic molecules, and,
at higher energies (E > 15 eV), there appear separate atomic and ionic lines. At E = 50 eV,
the lines of singly charged ions are the most intense ones. It is shown that the most effective
reaction channel is the interaction of electrons with diatomic molecules of indicated elements,
whereas other processes are mainly associated with the decay of polyatomic molecules. The
excitation and ionization thresholds for interaction products are found by analyzing the en-
ergy dependences of process characteristics. Specific features are also observed in the energy
dependences of the excitation and ionization functions. Doubly charged ions of diatomic sul-
fur molecules, as well as selenium and tellurium atoms, are revealed for the first time. The
appearance of triply charged ions of diatomic sulfur molecules is also detected. The main con-
tribution to the total (integral) effective ionization cross-section of both positive and negative
ions is proved to be made by the interaction processes of electrons with diatomic molecules
Sa, Sea, and Tey. Besides the experimental research, a detailed theoretical study is carried
out. Calculations with a theoretical analysis of their results are performed for the structural
characteristics of homoatomic sulfur, Sy, selenium, Se,, and tellurium, Te,, molecules with
n = 2-+8; namely, interatomic distances, ionization potentials, electron affinity energies, and
dissociation energies. The energy characteristics are applied to calculate the appearance en-
ergies for singly and doubly charged ionic fragments of those molecules at the dissociative
ionization. The obtained results are carefully compared with the available experimental and
theoretical data.
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1. Introduction

Elementary processes of pair collisions (such as elastic
scattering, excitation, and ionization) of low-energy
electrons with atoms and molecules have been inten-
sively studied during the last decades [1]. Our group
systematically researched those processes in the case
of electron interaction with atoms of alkaline and al-
kaline earth elements, some atoms from the third and
fourth groups of the periodic table of elements, car-
bon gases, and atmospheric gas molecules Hy, No,
O2, and CO3 [2-4]. On the basis of those studies,
we have determined the corresponding effective ex-
citation and ionization cross-sections and their en-
ergy dependences. We also revealed the mechanisms
of particle interaction: resonances, autoionization, in-
teraction effects after collisions, the role of cascade
transitions in the excitation of atoms and molecules,
and so forth. However, it is paradoxical, but the in-
formation concerning the interaction of controlled-
energy electrons with atoms, molecules, and clusters
of chalcogens (sulfur, selenium, and tellurium) is al-
most absent.

Nevertheless, the study of elementary processes oc-
curring, when electrons inelastically interact with el-
ements of the chalcogen group, is undoubtedly chal-
lenging and has practical importance owing to the
unique properties of chalcogens and their wide appli-
cations to various domains of science and technolo-
gy. Besides oxygen and polonium, this group of ele-
ments includes sulfur, selenium, and tellurium. Each
of those elements has a variety of properties, with the
presence of allotropic modifications being inherent to
all of them. The electron shells of chalcogen atoms
have the configuration ns?np*. As the atomic num-
ber grows, the covalent and ionic radii of the atoms
increase, whereas the ionization energy of the atoms
and the dissociation energy of molecules decrease.
Molecules including more than three atoms can be
classified to cluster compounds. In many aspects,
they comprise a non-thoroughly researched state of
matter: something located between atoms and mo-
lecules, on the one hand, and the solid state, on
the other hand. Chalcogen atoms easily form clusters,
which can stay in the gaseous, liquid, amorphous, or
solid phases.

Under normal conditions, sulfur forms eight-atom
ring molecules, in which the bonds in the ring be-
gin to break, as the temperature increases, so that
the molecule transforms into an open chain. In other
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words, the structure of a sulfur molecule depends on
the temperature, and this fact is responsible for the
existence of allotropic modifications. Sulfur molecules
(clusters) are diverse in their structural properties.
The number of sulfur allotropic modifications ob-
served in all phase states is the largest among chalco-
gens. It should be emphasized that sulfur is one of the
most dominant elements in the chalcogen group. The
radio frequencies of chalcogens are registered in the
interstellar space, various star sources, and comets [5].

In the gaseous phase, the atomic composition of all
chalcogens strongly depends on the vapor tempera-
ture. For example, saturated sulfur vapor at 384 K
contains S,, molecules (with n = 2+8), the fractions
of which substantially change with the temperature
[6]. Note that the experimental determination of the
appearance energy for SI ions (n = 2+8) at the in-
teraction of sulfur with electrons was dealt with in
works [7-9]. However, no comprehensive analysis of
dissociative ionization channels was made in the cited
works, first of all, because of the unknown composi-
tion and state of the neutral reaction products.

As concerning the study of the processes of elas-
tic electron scattering by sulfur, they have been an-
alyzed only with the help of theoretical methods ap-
plied to atomic targets [10-13]. Only work [14] con-
tains the calculation of differential cross-sections of
electron scattering by the S3 molecule in the frame-
work of the R-matrix method.

Owing to its versatile properties, sulfur is a compo-
nent of some amino acids (cysteine, methionine), vi-
tamins (biotin, thiamine), and enzymes [15], whereas
the redox reactions of sulfur are an energy source
in chemosynthesis. It is important to emphasize that
sulfur enters the composition of the atmosphere of
some cosmic objects, being a very widespread ele-
ment in the Universe and in the interstellar space
[5]. Natural sulfur has more than 20 isotopes, whose
lifetimes vary from 10 ns to 200 min, and four sta-
ble isotopes — these are 32S (95.084%), 23S (0.74%),
348 (4.16%), and 35S (0.016%) — which can be well
resolved using a mass spectrometer. In the ground
state, sulfur atoms have an electronic configuration
of the type [Ne|3s23p?, where two p-electrons remain
unpaired. However, the molecular orbitals in sulfur
compounds do not completely reproduce the electron
shells of inert gases, being only similar to them.

Selenium, analogously to sulfur, changes its prop-
erties depending on the external conditions occurring
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at its production. There are several allotropic modi-
fications of selenium. These is gray selenium (y-Se or
“metallic selenium”), which is the most stable mod-
ification with a hexagonal crystal lattice; red crys-
talline selenium, which has three monoclinic modifi-
cations: orange-red (a-Se), dark red (/5-Se), and red
amorphous (v-Se) selenium; and black vitreous sele-
nium [16]. Selenium is a component of active centers
of some proteins by entering the selenocysteine amino
acid [17]. As was already mentioned, chalcogen atoms
easily form clusters. For instance, selenium clusters
are characterized by the presence of Se, chains and
rings with various sizes (n = 1+25). It is known [1§]
that natural selenium has six stable isotopes: "*Se
(0.87 wt%), "Se (9.02 wt%), ""Se (7.58 wt%), "®Se
(23.52 wt%), 8°Se (49.82 wt%), and 82Se (9.19 wt%).

Tellurium, in comparison with sulfur and selenium,
is chemically less active. It has strongly expressed
metallic properties. Its crystalline lattice is hexag-
onal, and the structure consists of parallel helical
chains. The outer electron shell of a tellurium atom
has the configuration 5s25p*. At chemical interac-
tions, the tellurium atom either gives up its valence
electrons and becomes a positive ion, or takes an elec-
tron from another atom, thus turning into a neg-
ative ion. There are eight tellurium isotopes in the
Nature, five of which are stable, and the others are
radioactive. The stable isotopes comprise only 33.3%
of the total amount of tellurium found in the Nature,
which is associated with an extremely long half-life of
natural tellurium radioactive isotopes: their lifetimes
extend from 6 x 10'* to 2.2 x 10%* years, with the
128Te isotope possessing the longest half-life among
all known radionuclides [19]. Tellurium compounds
demonstrate chemical properties that are different
from those of sulfur and selenium compounds. This
fact is explained by the specific structure of tellurium
compounds and the weak electronegativity of tel-
lurium. On the other hand, tellurium can substitute
sulfur or selenium in compounds by means of non-
specific metabolic ways [20]. Note that, unlike the
cases of sulfur and selenium, the cyclic structure of
tellurium molecules allows the appearance of very
large Te,, clusters with ny.x = 56.

As concerning the theoretical studies of elemen-
tary processes with the participation of chalcogens,
the corresponding complicated and accurate methods
have been developed in this domain. Nevertheless,
a complete description of the course of those pro-
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cesses often remains unknown because of their ex-
tremely complicated character [21,22]. Especially dif-
ficult are studies of the interaction between low-
energy electrons, whose energy is up to several hun-
dredths of one electronvolt, and chalcogen molecu-
lar targets. In those processes, the incident electron
invokes a number of changes in the molecule in the
course of collisions. In particular, it excites the molec-
ular rotational, vibrational, and electronic states one
after another. At the energies above the ionization
threshold, the electron can give rise to the ioniza-
tion of the molecule including its dissociative ioniza-
tion (DI) [23]. Such processes are very complicated
and are often interrelated. Therefore, it is clear that a
good quantitative and qualitative theoretical descrip-
tion of the electron collisions with chalcogen atoms
and molecules is a non-trivial task even at the cur-
rent development stage of the computer calculation
technology.

It is important that, by theoretically studying the
separate fragmentation channels, it is possible to de-
termine the total energy balance between the parent
molecule and its final fragments, which are the prod-
ucts of the DI process. This method often turns out
the only possible way to provide the most complete
pattern of the fragmentation, including the descrip-
tion of the state parameters of emerging neutral and
ionic reaction products. A theoretical analysis of the
threshold energies for the appearance of a particular
ionic fragment in various channels is very useful for
the interpretation of experimental results, when it is
impossible to measure the characteristics of neutral
reaction products. At the same time, a probabilistic
description of DI through that or another channel is
a too complicated problem, which is practically un-
solvable in the framework of theoretical approaches
from the first principles [24].

Hence, from the viewpoint of fundamental knowl-
edge, there is no doubt in the relevance and impor-
tance of the study of elementary interaction processes
between low-energy electrons and chalcogens in the
gaseous phase [25-27].

It should be noted that the data presented in this
work have wide areas of practical application and
can be used both in materials science and to ana-
lyze physical and chemical processes both in complex
semiconductors containing chalcogen atoms and in
chalcogenide glasses (non-crystalline solids). For in-
stance, the active elements of functional electronic
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devices are complex semiconductor chalcogenides,
namely, 3D crystals (Pb,Sn;_,)oP2(Se;S1-5)¢ (fer-
roelectric solid solutions), SnaP2Sg, SnaPsSeq, and
PbsP2Sg, and layered 2D crystals CulnP2(Se;S1-2 )6,
CuCrP3Sg, and CdyPsSeg. The 3D crystals of the
SnaP2Sg type and the CulnPySg layered crystals are
applied as major components of electronic devices.
Those crystals serve as a basis to develop novel memo-
ry devices and to create diodes, transistors, and high-
speed microchips with long-term information sto-
rage. By their properties, LisFeP3Sg and LisNiP5Sg
crystals have a great potential to be applied, when
developing and fabricating high-capacity solid-state
batteries. On the basis of superionic compounds like
CugPS51, CugPSesl, and Cuy;GeSsl, thin but highly
conductive crystalline films were obtained, which can
be successfully used in the development and produc-
tion of solid-state electrolytic energy sources.

Mercury chalcogenide crystals HgsXoYs (where
X =8, Se, Te, and Y = F, Cl, Br, I) possess at-
tractive physicochemical properties, being very inter-
esting substances for researches in solid state physics
and chemistry. Those crystals have a considerable op-
tical activity, high refractive indices, a wide trans-
parency interval in the visible and infrared spectral
regions, and good photoconductivity. This circum-
stance makes their practical application promising
in the field of optoelectronic and acoustic-optical de-
vices, as well as in nanomaterials.

Wide-gap chalcogenide glasses of the Ge—As—S sys-
tem (c-AseS3, ¢-GeaSz, As—S, AsyS3-GeSs, Ge-S)
with a high thermal conductivity are widely used in
radiation optics and photonics and in the production
of optical coatings.

The aim of this review is to present the results of
a comprehensive experimental study of the inelastic
collision processes of low-energy electrons with sul-
fur, selenium, and tellurium in the gaseous phase, as
well as the results of a theoretical analysis concern-
ing the appearance energies of ionic fragments from
chalcogen clusters.

2. Experimental Part

In our work, we used three experimental installa-
tions for the comprehensive study of elementary pro-
cesses of interaction between low-energy electrons and
chalcogens in the gaseous phase: (i) with a monopole
mass spectrometer [28,29], (ii) with a hypocycloidal
electron spectrometer [30], and (iii) an installation for
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optical researches in a spectral interval of 200-590 nm
[31]. Sulfur, selenium, and tellurium with a purity
grade of 99% were used as working substances. Before
the experiment, they were additionally purified by the
distillation in a special vacuum chamber.

2.1. Installation with a monopole
mass spectrometer (IMMS)

This installation included a vacuum chamber con-
nected to a turbo-molecular pump with a residual
gas pumping rate of 500 /s and a system of gas con-
trol and inlet. The latter was used to calibrate the
scales of ionic masses and electron energies. In the
vacuum chamber, there were arranged a monopole
mass spectrometer (MMS), a manometric tube, and—
at an angle of 90° with respect to the electron motion
direction—an effusion beam source of the researched
substance. The residual gas pressure in the vacuum
chamber was 2 x 107° Pa after heating the cham-
ber for 24 h and 8 x 10~® Pa in the operating mode
[25]. The choice of a monopole mass spectrometer
MX7304A with a modernized ion source [32] as an
analytical device was associated with its compactness
and a possibility to be used not only to study gaseous
objects, but also substances in the condensed state.

A schematic diagram of the experiment is shown
in Fig. 1. A beam of examined molecules was formed
with the help of a multichannel source of the effusion
type (with a concentration of molecules in the beam of
an order of 101°-10'* cm=3) (11). The beam was di-
rected to an ion source with electron ionization (10),
which operated in the electron current stabilization
mode and made it possible to obtain electron beams
with a fixed energy from 3 to 70 eV and a current
from 0.05 to 0.5 mA. The corresponding electron en-
ergy spread was AE; /5 = 250 meV, where AFE /5 is
the total width of the electron energy distribution at
the half-height of its maximum. In order to calibrate
the mass and energy scales, we used a special gas in-
let system (6). This allowed us to calibrate the mass
scale according to the isotopes of the Ar, Kr, and Xe
atoms and to determine the energy scale according to
the initial section in the energy dependences of the
effective ionization cross-sections of a Kr atom and
an N5 molecule.

The experiment was performed in two stages. At
the first stage, the mass spectra of sulfur, selenium,
and tellurium were studied at various temperatures.
At the second stage, the energy dependences of the
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relative cross-sections of the complete and dissocia-
tive ionizations were measured in the electron energy
interval from 5 to 70 eV. This procedure made it
possible to obtain the mass spectra of the examined
substances and the ionization functions of their atoms
and molecules, as well as the functions of the disso-
ciative ionization of molecular fragments, all measure-
ments being performed under identical experimental
conditions. The registration and processing of the ex-
perimental results were carried out in the automatic
mode making use of special computer programs,
which were described in our publications [25-29].

2.2. Installation with a hypocycloidal
electron spectrometer (IHES)

The schematic diagram of a hypocycloidal electron
spectrometer (HES) is shown in Fig. 2, and the de-
tailed description of its design and the principle of its
operation are given in work [16].

When measuring positive and negative ions, the
electron currents in the beam were 25 and 40 nA, re-
spectively. The energy homogeneity of the electrons
in the beam was AFE; /5 = 0.11 eV. The magnitude of
AFE; /5 was found by differentiating the initial section
in the current-voltage characteristic of the electron
beam measured at collector F1 (see Fig. 2). A com-
plete collection of ions was provided by supplying a
potential of —1.5 V (for positive ions) or +1.5 V (for
negative ions) to the ion detector with respect to the
collision chamber.

The electron energy was controlled by the poten-
tial difference applied between the cathode and the
collision chamber. The increment of the electron en-
ergy scanning was chosen to equal 50 meV for positive
ions and 20 meV for negative ones. The vacuum in the
working chamber was not worse than 2x10~* Pa. The
HES was embedded into a uniform magnetic field cre-
ated by a pair of Helmholtz coils 210 mm in diame-
ter. The registration of signals and the measurements
were carried out in the automatic mode with the help
of a PC software developed by us. This program al-
lowed the process of energy dependence measurement
to be carried out in the real-time mode. Note that, in
this experiment, the electron analyzer was used to
determine the electron energy distribution (AE /5).

2.3. Installation for optical researches

An automated installation for studying the inelas-
tic excitation processes using the optical method
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Fig. 1. Schematic diagram of the experiment with a mass
spectrometer: (1) mass-spectrometer control unit, (2) power
supply unit, (8) registration system, (4,5)
digital-to-analog converters, (6) inlet system of Ar, Kr, Xe,
and N2 calibration gases, (7,8) KEU and ion collector (Fara-
day cylinder), (9) mass-analyzer electrodes, (10) ion source,
(11) effusive source of the examined substance

interfaces and

Fig. 2. Schematic diagram of a hypocycloidal electron spec-
trometer: (Al to A7) electron beam forming electrodes, (B1
to B4) electrodes of cylindrical capacitors, (F1 and F2) col-
lectors of primary beam and scattered electrons
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included a high-transmission diffraction monochro-
mator and a vacuum chamber. In the latter, a 4-
electrode electron gun was arranged, which created
an electron beam about 1.5 mm in diameter. The
beam passed through a cell filled with substance va-
por. The current stability of electrons with an energy
of 3-50 eV after the collision cell was not worse than
3%. The energy homogeneity AE;/; of electrons in
the beam was 0.2 and 0.6 €V at currents of 10 and
20 pA, respectively.

The vapor of the examined substance was inlet
into the cell from a separate resistively heating tank
through a thin-walled tube, which allowed the tem-
peratures of the collision chamber and the unit of
electron-optical system to be maintained 20-30 °C
higher than the tank heating temperature. This de-
sign prevented the condensation of the researched
substance on the electrodes of the electron-optical
system during long-term experiments. The vacuum
chamber was pumped out by means of a steam-oil
pump (at a rate of 500 1/s). The residual gas pressure
in the vacuum chamber during the measurements did
not exceed 107* Pa.

The radiation emitted at the collisions of elec-
trons with the vapor of studied elements was led out
through quartz windows available in both the colli-
sion cell and the vacuum chamber, focused with the
help of a two-lens condenser onto the input slit of
an MDR~2 monochromator (with a diffraction grat-
ing of 1200 lines/mm and an inverse dispersion of
2 nm/mm), and detected by means of a photoelec-
tronic multiplier FEU-106. One-photoelectron pulses
produced by the latter were pre-amplified and shaped
by a wide-band amplifier-discriminator. Then they
were directed to a pulse counter and accumulated in
the PC memory. Depending on the radiation inten-
sity, the signals were accumulated at every measure-
ment point with an exposure time from 10 to 60 s,
which provided the measurement accuracy at a level
of 5-10%.

Special computer programs developed by us to con-
trol the experiment made it possible to register the
emission spectral lines or bands of the studied ele-
ments in the automated mode, at fixed energies of
bombarding electrons, and at a given drum rotation
step of the diffraction grating in the monochroma-
tor. They also allowed us to measure the energy de-
pendences of the intensities of separate spectral lines,
bands, and certain spectral sections, i.e., the op-
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tical excitation functions (OEFs). When measuring
the OEFs, the increment of the energy of bombard-
ing electrons was set fixed within an interval from
2.5 meV to 2 eV.

3. Results and Their Discussion
3.1. Mass spectra

Sulfur, selenium and tellurium mass spectra were
measured at various energies of ionizing electrons, in
a wide range of substance evaporation temperatures,
and in an interval of mass numbers that was restricted
only by the technical parameters of the mass spec-
trometer [32]. The measurement procedure consisted
in the accumulation of multiple useful signals, so that
the relative error did not exceed 0.5-1.5%. The mass
spectrometry method was applied to study the com-
position of vapors in a temperature interval of 320—
600 K for sulfur, 420-480 K for selenium, and 400-
600 K for tellurium.

Figure 3 demonstrates the mass spectra of the ex-
amined substances registered at a temperature of
510 K for sulfur, 470 K for selenium, and 600 K for
tellurium. As one can see, a common feature of those
mass spectra is the presence of peak groups, one of
which has a high intensity, and the others, satellites,
belong to the isotopes of researched elements. There
are four stable isotopes for sulfur, six for selenium,
and eight for tellurium. That is why the number of
satellite mass peaks increases in the mass spectra
from sulfur to tellurium.

As follows from Fig. 3, all examined substances
in the gaseous phase exist in both the atomic and
molecular forms. The formation of monocations from
chalcogen molecules M,, with n = 2+-8 under the elec-
tron impact action can occur according to the follow-
ing scenarios: direct ionization of the molecule,

M, +e — M/ +2e7; (1)
or its dissociative ionization,
M, +e =M+ M,_1+2". (2)

The formation of a doubly charged M2 ion occurs
similarly: in the processes of direct atomic ionization

M+e — M*F 4 3e; (3)
or dissociative ionization of a diatomic molecule,
My +e” — M*F + M+ 3e. (4)
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The intensities of the peaks in the groups of M2,
M™, and M, ions, according to schemes (1)—(4), must
be different (see Fig. 3) and can depend on both the
effective cross-section of the elementary process and
the specimen evaporation temperature.

3.1.1. Sulfur

Sulfur mass spectra were measured in a mass num-
ber interval of 10-280 a.m.u. at various electron
energies. Figure 3, a demonstrates a typical mass
spectrum of sulfur. It includes nine groups of mass
lines. Each group has a major peak, i.e., the largest
among the others, and its satellites with lower inten-
sities corresponding to sulfur isotopes with different
masses. At a temperature of 510 K, the most intense
peaks in the groups are the peaks corresponding to
the 32S*, 04S¥ and 2°6S7 ions. The intensity of the
atomic ion peak equals 33.7%, and that of the molec-
ular ion S§ is 59.3%, whereas the peak intensities
of other ions (S1, S;, S&, S¢, and SF) are lower
than the intensity of the SJ molecular peak. It is
most likely that the SJ and ST ions mainly appear
owing to the dissociative ionization of Sg molecules,
because, according to the results of work [6], these
molecules have the highest concentration at temper-
atures of 480-540 K.

In Table 1, the relative intensities of ion peaks
normalized by the peak intensity of the molecular
ion S3 are compared. The obtained data are in good
agreement with those taken from the NIST database
[18]. As concerning the data obtained by other au-
thors [33, 34|, there is a considerable discrepancy
among the efficiencies of formation of certain ions
for some mass peaks. The origin of this discrepancy
may probably be associated with different tempera-
ture modes of sulfur evaporation and different meth-
ods used to produce sulfur ions. As one can see from
Fig. 3, a, the peaks corresponding to the isotopes of
sulfur atoms and molecules are clearly identified in
the mass spectrum. Attention is attracted by the in-
tensity ratio between the isotope and main peaks (see
Table 1). For instance, the amplitude of the >*S¥ iso-
tope peak comprises 5.1% of the main 32S* peak am-
plitude, whereas, for other peaks, this value increases
with the growth of the number of sulfur atoms in the
molecule. In particular, the intensity of the %6S7 iso-
tope peak amounts to 10.2% of the intensity of the
6GS§L peak, which is twice as much as in the previ-
ous case. As the mass numbers grow, the peak inten-
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Table 1. Relative formation intensities of atomic and molecular
sulfur ions at an electron energy of 70 eV and the results from other works

Relative intensity of ion formation, %
Ton m/z, Electron-impact formation Photon-in_duced Photon-in.duced negative.ions,
a.m.u. formation photon-induced formation
Our data | [18] | [33] | [34] Intensity ratio, % [40] Ion [40]
st 32 33.3 33.1 | 10.2 | 13.5 | 328F /348t =51 - S~ 100
34 1.7 12 | - -
Sy 64 100 100 | 100 | 100 | ©4sF/86S} =10.3 100 Sy 97
66 10.3 108 | 7 | -
ST 96 234 | 211|231 | 47 | 998F/98SF =11.96 8 Sy 88
98 2.8 3.1 | 48 | -
s 128 45.6 52.0 | 48.2 | 8.0 | 1285 /1305T = 16.5 6 Sy 8
130 7.5 102 | 54 | -
Ss 160 47.7 53.1 | 23.2 | 5.2 | 1608F /16291 = 10.2 11 S5 2
162 4.9 102 | 65 | -
S 192 34.9 41.0 | 12.1 | 3.2 | 1928F /1948t = 15.7 2
194 5.4 105 | 4 -
s+ 224 17.5 18.0 | 2.1 | 0.3 | 2248} /22651 =274 3
226 4.8 54 | 1.1 | -
sy 256 59.3 70.0 | 59.2 | 5.4 | 25687 /2585F = 37.2 4
258 22.2 252 | 18.3 | -
s+ 16 1.6 - - -
Sy/st - 3.00 3.02 | 9.82 | 7.42 - S5 /S~ 0.97

sity ratio between the satellite molecular ions and the
main one changes from 12% to 37%.

For the sake of comparison between the efficiencies
of sulfur formation and fragmentation in the course of
photoionization, the data from work [40] concerning
the photo-induced formation of positive and negative
ions are quoted in Table 1. This process occurs ac-
cording to the scheme

Ap+hw AT +A"+ A,

The analysis of the data given in Table 1 demon-
strates that the photoionization efficiency differs
from the electron-impact ionization efficiency. Na-
mely, there is no peak in the mass spectrum of pos-
itive ions corresponding to the ST atomic ion, and
the most intense peak belongs to the S; molecular
ion, as it already was in the mass spectrum for the
electron-impact ionization.

In the mass spectrum of negative ions, the inten-
sities of the peaks corresponding to the formation of
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the S~ and S5 ions are maximum and almost identi-
cal (Table 1). Therefore, the different formation effi-
ciencies of sulfur ions at the interaction with electrons
or photons confirm that the processes of direct and
dissociative ionizations occur in different ways.

Note that the analysis of the intensity ratio S /S*
(see Table 1) makes it possible to assume that the S5
ion is formed according to the scheme

Se +e~ — S3 +Ss+2e, (5)

whereas the formation of the monocation ST occurs
through more complicated ways:

e cither through direct ionization of the sulfur
atom,

S+e — St +2e,
e or through dissociative ionization of the molecule,
S,+e —St+8S,_1+2". (6)
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This assumption explains a substantial difference be-
tween the appearance of positive and negative atomic
sulfur ions under the action of electron and photon
impacts. In the former case, dissociation (6) is the
main formation channel; in the latter case, this is the
direct ionization of a sulfur atom, as is evidenced by
the value of the S5 /S~ intensity ratio, which is equal
to unity. Attention is drawn by the difference between
the S5 /ST intensity ratios for our data and the data
of work [18], on the one hand, and the data of works
[33,34], on the other hand. This difference can be ex-
plained by different experimental conditions.

Note that our mass spectrum (Fig. 3, a) also con-
tains a peak of the doubly charged sulfur ion St
(m/z = 16). Our experimental temperature depen-
dences of the formation of various molecular and
atomic sulfur ions in the gaseous phase showed that
the relative intensities of the corresponding ion peaks
strongly depend on the source temperature.

3.1.2. Selenium

Selenium mass spectra were measured in the mass
interval from 10 to 340 a.m.u. As was in the case of
sulfur, the peaks of Se;” molecular ions with the num-
ber of atoms n = 2+8 were observed in the selenium
mass spectrum. In work [35], where the temperature
dependence of the molar fraction of a selenium va-
por during the evaporation was studied, it was found
that, up to a temperature of 800 K, Seg molecules
dominated in a selenium vapor, whereas the diatomic
molecule Se; had the highest concentration at higher
temperatures, i.e., the process of thermal dissociation
took place.

The mass spectrum of a selenium vapor at T =
470 K is shown in Fig. 3, b. Obviously, this mass spec-
trum contains the peaks of the doubly, Se™™, and
singly, Se*, charged atomic ions, as well as the peaks
of the Sej, Sei, and Sej molecular ions. Among
them, the Seér peak has the maximum intensity,
which is typical of selenium mass spectra measured
using the electron impact method [36]. It should be
noted that if positive selenium ions are produced by
the photon impact, the maximum intensity in the
mass spectrum belongs to the Sed ion [37]. This spe-
cific feature in the distribution of the peak intensi-
ties of selenium ions as compared with the results
obtained by the electron impact is explained by the
fact that photons with lower energy (10 eV) were
used for the photoionization, so that the fragmen-
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tation of Seg molecules under the action of photons
occurred less intensively than in the case of electron-
impact ionization. This circumstance allows us to as-
sert that the high peak intensity of the Sel ions in
our mass spectrum is a result of the fragmentation of
the Seg molecule, but the molecular ion of the latter
was not observed due to technical limitations of the
mass spectrometer.

In Table 2, the relative appearance intensities of
the atomic and molecular selenium ions are shown
and compared with the results of other studies. From
the presented data, one can see that, as was in the
case of sulfur, the formation of the Sej ion is the
most effective. As concerning the appearance intensi-
ties of remaining ions, we can observe certain discrep-
ancies among the results of different authors. A group
of low-intensity peaks at about 40 a.m.u. corresponds
to the doubly charged selenium ion Se*™ and its iso-
topes. The low peak intensity of this ion testifies that
an electron energy of 70 eV is most probably not suf-
ficient for its effective formation.

Six stable isotopes of selenium atom and molecules
are also observed in the mass spectrum, and their
peaks are well distinguished against the peaks of the
main ion. In Table 2, the intensity ratios between the
main peaks and the isotopic ones nearest to them are
quoted. For instance, the value of the "8Se™ atomic
isotope peak equals 39.7% of the main 8°Set peak,
and the intensity of the 1*®Sej molecular isotope peak
equals 85.6% of the 16OSe;r peak, i.e., twice as high
as in the previous case. It is important to note that
a redistribution of the peak intensity between the
main and satellite peaks is observed for molecular ions
with n > 2. In particular, the intensity of the 238863‘
molecular ion peak becomes higher, so that the main
240Ged peak becomes equal to 82.6% of it. The same
situation takes place for molecular ions with n = 5
and 8 [18], for which the relative intensity of the near-
est satellite ion peak with respect to the main peak
decreases as the number of atoms grows, whereas the
number of peaks increases. It should be noted that
this phenomenon is not observed in the case of sulfur.

From the data taken from work [40] and presented
in Table 2, one can see that there are substantial dif-
ferences between the mass spectra of positive and neg-
ative selenium ions that emerge owing to the interac-
tion of particles with photons. For instance, the mass
spectrum of positive ions demonstrates the presence
of atomic Se™ and molecular Se;l ions. The intensities

565



O. Shpenik, A. Zavilopulo, E. Remeta et al.

Table 2. Relative formation intensities of atomic and molecular
selenium ions at an electron energy of 70 eV and the results of other works

Relative intensity of ion formation, %
Ton m/z, Electron-impact formation Photon-in.duced Photon-induced negative.ions,
a.m.u. formation electron-impact formation
Our data | [18] | [38] | [39] Intensity ratio, % [40] Ion [40]
Set 80 70.1 69.5 | 34.9 | 19.5 | 80SeT /78Set = 41.2 6 Se~ 61
78 28.9 335 | -

Sey 160 100 100 | 100 | 100 | 160Se} /1585ef = 78.5 100 Sey 100
158 78.5 87.5 | - -

Sed 240 15.9 15.7 | 31.2 | 23.2 | 2388e} /240Sel = 83.6 4 Ses 19
238 19 186 | - -

Sef 320 5.5 5.4 | 16.2 | 14.4 | 318Sef /320Se} = 75.3 2 Sey 4
318 7.3 73 | - -

Se 400 - 11.1 | 16.2 | 14.4 | 3988e} /4908e} = 70.7 4 Sey -
398 - 157 | — -
Sed 480 - 5.7 | 16.2 | 14.4 | 478Sef /480Se} = 62.6 -
478 - 9.1 | - -
Set+ 40 0.71 0.21 | - - -
Sef /Set | - 1.42 1.43 | 2.86 | 5.12 - 16.66 Sey /Se~ 1.63

of the Se™, Segr, Sej, and Se; ions are of the same
order, whereas that of Se;r is maximum, as was in the
case of electron impact. As concerning the mass spec-
trum of negative ions, the Se; ion has the maximum
intensity, and the intensity of the Se™ atomic ion is
only 1.5 times lower. This is an additional confirma-
tion of different mechanisms governing the formation
of atomic and molecular selenium ions at the interac-
tion with electrons and photons.

The analysis of the intensity ratios of the positive
and negative diatomic molecular selenium ions to se-
lenium atoms, which are given in Table 2, testifies to
a significant difference with analogous data obtained
for sulfur. First, the magnitude of this ratio decreases
for positive ions created by the electron impact and
considerably increases in the case of photon-induced
ionization. Second, in the case of negative ions cre-
ated by photons, this ratio is close to the electron-
impact value of the Sej /Se™ ratio (see Table 2).

3.1.8. Tellurium

Unlike the sulfur and selenium cases, the mass spec-
trum of tellurium is mainly characterized by a rela-
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tively high intensity of natural isotopes. The inten-
sity of spectral peaks is the sum of the probabil-
ities of all combinations for various isotopes with
the same m/z value [41, 42]. Furthermore, the tel-
lurium atom has a large mass in comparison with sul-
fur and selenium. At the same time, as was marked
above, the technical parameters of a mass spectrom-
eter MX7304A restricted the interval of examined
masses to 500 a.m.u. Therefore, it was reasonable to
confine the evaporation temperature of tellurium in
our experiments to values, at which the Te,, molecules
with n > 3 were practically absent [42].

Figure 3, ¢ demonstrates the tellurium mass spec-
trum. One of its specific features is the presence of
the peak of a doubly charged Te?* ion, which was
detected by us for the first time. This mass spec-
trum consists of four groups of peaks corresponding
to the atomic, Te™, molecular, TegL and Teg, and
doubly charged, Te?T, tellurium ions. In each group,
the satellite peaks corresponding to tellurium isotopes
can be clearly distinguished, whereas the most intense
ones belong to the $°Te?+, 128Tet 130Tet 256Tef
260Tef | and 380Ted ions. The numbers of satellite
peaks in the groups are different: there are 8 peaks in
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Table 3. Relative intensities of molecular and atomic tellurium ions at T' = 600 K

Relative peak intensities, %
Electron-impact Photon-induced Photon-induced
Positive formation formation Photon-induced formation
ions negative ions
Our data [18] [42] [40] [45] [44] [40] [46]
130Te+ 77 78 88 - 130Te— 73 3 14 77
260pe f 100 100 100 100 260Te; 100 100 100 100
380 e 23 21 26 24 380 e 38 60 43 23
380 e f - - 16 10 380, 8 67 10 23
65Tet+ 4.4 - - - - - - - -
Te;/TeJr 1.28 1.28 1.13 - Te; /Te™ 1.37 33 7.14 1.43

the Tet group and 16 peaks in each of the Te2+ and
Tej groups, which is in agreement with the results of
theoretical calculations [42]. Note that the intensity
ratio between the isotope and main peaks is preserved
for both atomic and molecular ions.

The intensities of the tellurium ion peaks in those
groups are different. They depend on both the effec-
tive cross-section of the process [43] and the evapo-
ration temperature of the specimen (Fig. 3, ¢). The
highest peak in the mass spectrum belongs to a TegL
molecular ion, because the state of a Tey molecule
is the most stable for tellurium in the gaseous phase
within a wide interval of evaporation temperatures. It
is in this state that the maximum number of diatomic
tellurium molecules are observed in the vapor compo-
sition [44]. By the way, a similar situation is observed
in the mass spectrum in the course of photodisso-
ciative ionization of tellurium clusters (see Table 3)
[45]. Note also that the intensity of Te; molecular
ions in the mass spectrum of negative ions is higher
than the intensity of atomic negative tellurium ions
[40,44]. As was emphasized above, such a behavior is
also inherent to negative selenium ions: the maximum
peak in the selenium mass spectra also belongs to the
Se, molecular ions. In the case of sulfur, however, the
intensities of the S~ and S; ions are almost identi-
cal. In Table 3, the relative intensities of the molecu-
lar and atomic tellurium ions in the mass spectra ob-
tained by the electron and photon ionization methods
are compared. The analysis of the data in this table
testifies that Te™ ions appear in the mass spectrum
mainly owing to the dissociative ionization process,
which dominates over the direct ionization one.
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The intensity ratio between the positive diatomic
molecular and atomic tellurium ions, Tej /Te*, corre-
sponding to the electron impact ionization decreased
in comparison with the sulfur and selenium cases. For
negative tellurium ions created by the photon ion-
ization, the analogous ratio, Te, /Te™, has different
values [40, 44-46].

3.2. Temperature dependences
for the formation of positive sulfur,
selenium, and tellurium ions

Let us analyze the temperature dependences of the
molecular ion formation obtained by measuring the
mass spectra in a definite temperature interval. A
characteristic feature of sulfur, selenium, and tel-
lurium consists in their sensitivity to the temperature
changes in the gaseous phase. That is why so much at-
tention was paid to study their thermodynamic prop-
erties [42, 45]. It is known that not only atoms, but
also molecules with various numbers of atoms are
formed in the process of chalcogen evaporation.

The temperature dependences of the sulfur, se-
lenium, and tellurium ion formations are shown in
Fig. 4. As one can see, the intensity of some ion peaks
drastically increases with the temperature, and their
intensity ratio changes at different temperatures.

3.2.1. Sulfur

Sulfur has the most complicated structure among
chalcogens. Therefore, its molecular composition sub-
stantially changes with the temperature. In Fig. 4, a,
the temperature dependences of the formation of pos-
itive sulfur ions S;' with n = 1+6 are shown. Inter-
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molecular bonds in sulfur crystals become broken at
the temperature 7" = 372.5 K, which leads to the
formation of cyclic Sg molecules. As the temperature
grows further to 468 K, the two-stage polymerization
begins and gives rise to the formation of molecular
homochains S5—So—S,4. If the temperature increases to
650 K, a considerable contribution to the molecular
composition is given by Ss molecules. Therefore, the
contribution of the thermal destruction to the inten-
sity of the S*, SI, S;, and S;‘ ion peaks should be
minimal. From whence, it follows that an additional
contribution to the intensity of the S} (n = 1+5) ion
peaks at temperatures below 400 K is mainly pro-
vided by the fragmentation (dissociation) processes
of the Sg molecule as a result of its interaction with
electrons.

Note that all dependences have a maximum at a
temperature of about 450 K. Most probably, it is as-
sociated with the thermal destruction of the sulfur
crystalline lattice and the break of the Sg molecular
ring giving rise to the formation of an open atomic
chain [6]. Assuming that Sg molecules are formed
with an open-chain structure, we can explain a sub-
stantial increase in the intensities of molecular S§ and
atomic ST ions (see Fig. 4, a), because the interatomic
bonds in those molecules are weaker.

As concerning the functional dependences describ-
ing the formation of molecular ions S;, ST, S;r,
and S¢, they behave similarly to one another up
to a temperature of 570 K. At higher temperatures,
the intensity of the S{” molecular ion increases more
slowly. This effect is explained by the fact that higher
temperatures enable new fragmentation channels for
the Sg and Sg molecules due to the changes in their
structures and vapor compositions, which results in
the formation of Sg‘, SI, and S;r ionic fragments.

3.2.2. Selenium

Unlike sulfur, selenium has a cubic modification and
a monoclinic one. At the temperatures T' = 373.15+
423.15 K, the both transform into a hexagonal one. In
Fig. 4, b, the temperature dependences of the Se;
(n = 1+4) ion formation in the interval from 420 to
500 K are shown. One can see that all dependences
demonstrate a strong intensity growth at a temper-
ature of 440 K, which testifies to the enabling of
the processes leading to the growth in the number
of appearing ions. The Seg molecule has the high-
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est concentration in a selenium vapor at 440 K. The-
refore, we may assume that this phenomenon is a re-
sult of the disintegration of just this molecule. Theo-
retical calculations showed that the ring shape of the
Sg molecule is the stablest one. Therefore, the as-
sumption can be made that the ring structure of the
molecule transforms at a temperature of 440 K [35],
which gives rise to its more efficient fragmentation at
its interaction with electrons.

3.2.8. Tellurium

The thermodynamic properties of tellurium, which
has a hexagonal structure, are substantially differ-
ent from those of sulfur and selenium. The analy-
sis of the structure and composition of Se, and Te,,
clusters, as well as their comparison, was made in
works [38, 39, 66]. In particular, it was shown that
their mass spectra differ considerably: a certain pe-
riodicity is observed for selenium, but not for tel-
lurium. Therefore, the cyclic structure of selenium
molecules does not allow the formation of large Se,
clusters (nmax = 8), whereas large tellurium Te,, clus-
ters are easily formed (nmax = 56).

Our measurements of mass spectra in various tem-
perature regimes made it possible to obtain the de-
pendences of the tellurium ion formation in the tem-
perature interval from 450 to 610 K (Fig. 4, ¢). It
turned out that the relative intensities of tellurium
ion peaks in the examined temperature interval have
an almost linear character, in contrast to the analo-
gous dependences for selenium and sulfur [25, 63], for
which the deviation of the temperature coefficients
from the linearity was observed for all researched
ions. As was in the case of sulfur and selenium, the
state of the Tey molecule is the stablest in the gaseous
phase within a wide range of evaporation tempera-
tures, and it is in this state that the maximum num-
ber of diatomic tellurium molecules in the vapor com-
position is observed [20].

It is worth to note that the study of the inten-
sity distribution of cluster tellurium ions Te; and
Te, with n = 2+56 using the secondary-ion mass
spectrometry method showed that, at certain n val-
ues, the intensities for positive and negative ions
change differently. This phenomenon is explained by
the existence of non-functional fragmentation chan-
nels. Theoretical calculations of the tellurium struc-
ture and mass spectra performed in the framework of

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 7

the density functional theory proved that the closed
ring structure of tellurium is the stablest one. Its
changes depend on the bond angle between the atoms,
as well as on the atomic coordination number in the
Te,, cluster [42].

3.3. Energy dependences
of the appearance intensity of positive ions

The more detailed information concerning the mecha-
nisms of ion formation, when electrons pass through a
chalcogen vapor can be obtained by studying the en-
ergy dependences of the ion yield for ions with differ-
ent masses. Particularly interesting in this case is the
interval of collision energies near the threshold. We
studied the energy dependences of the formation of
separate components in the mass spectra, i.e., sulfur,
selenium, and tellurium ions with definite masses in
the energy interval of ionizing electrons from the ion
formation threshold to 35-60 eV.

In Figs. 5-8, the yield curves are exhibited for
the most intense fragments of the sulfur, sele-
nium, and tellurium ions. The majority of the curves
demonstrate a monotonous increase of the relative
cross-sections with the energy of bombarding elec-
trons. Some peculiarities can be observed in those de-
pendences in the form of inflections, cusps, or small
maxima. Let us analyze our results in more details.

3.3.1. Sulfur

Figure 5 illustrates the behavior of the relative cross-
sections of the S (n = 1+6) sulfur ion formation
within a wide interval of incident electron energies. A
general analysis of the measured curves testifies that
the energy dependences of the relative formation
cross-sections of the ST, SJ, and S ions slowly grow
starting from the process threshold to about 15 eV;
then they have an interval of a rather rapid growth;
finally, the curves saturate. In the cases of SJ, S7,
and Sg ions, the corresponding curves start to grow
rapidly at lower electron energies.

In Table 4, the appearance energies calculated us-
ing the method of least squares for atomic and molec-
ular sulfur ions created by directly ionizing the cor-
responding systems are quoted. In other words, these
are ionization energies of the atoms and the corre-
sponding molecules, being the minimum values char-
acterizing the appearance of corresponding ions. It is
of interest that the appearance energies of sulfur ions
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Fig. 5. Energy dependences of the relative formation cross-sections for positive sulfur ions. The ion appearance

energies are marked by arrows

presented in Table 4 are substantially different and
depend on the ion formation process. For instance,
the SI ion has the lowest appearance energy among
all sulfur ions, which testifies that this ion is a result

of the direct ionization of a S; molecule.

To determine the specific features of the ioniza-
tion process, experiments were carried out on an in-
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stallation with a hypocycloidal electron spectrome-
ter (see Fig. 2). In particular, the total yield of ions
formed, when electrons passed through the vapors of
examined elements, was measured. The electron en-
ergy homogeneity in those experiments was rather
high, AF;/, = 0.11 eV , and the electron energy was
scanned with an increment of 0.05 eV. As follows from
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Fig. 6, a, a large body of experimental data allowed
a number of peculiarities in the curve to be identi-
fied. In Fig. 6, a, they are marked with arrows.

The energy dependences of the total effective cross-
section of the positive sulfur atomic ion formation
(Fig. 6, a) have breakpoints at energies of 11.5 £ 0.2,
13.84+0.2, and 16.74+0.2 eV. The increase or decrease
of the curve slope at the breakpoint testifies to both
the enabling of dissociative ionization processes and
the excitation of ionic energy levels. The peculiarities
at 11.5 and 13.8 €V in the energy dependence for the
ST ion testify to the opening of new channels of its
formation. This conclusion was confirmed by theoret-
ical calculations [49], which showed that, at energies
of 11.07 and 13.8 €V, S™ ions can appear in the disso-
ciation of Sg and Sy molecules owing to the following
reactions:

Sg+e — ST +84+S3+2, (7)
So+e” —ST+S+2e. (8)

Hence, we may assert that the peculiarities in the
curves for S} at 11.5 and 13 8 €V are a result of the
dissociative ionization of the S,, sulfur molecules with
n = 8 and 2, respectively. The activation of additional
channels for the formation of parent St ions gives
rise to the appearance of a maximum in the energy
dependence for the ST ion at an energy of 16.7 eV
(see Fig. 6, a).

As concerning the energy dependence of the ef-
fective cross-section of the S§ molecular ion forma-
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Table 4. Appearance energies (in €V)
of sulfur ions S} (n = 1+6), S§+, and Sg+
and the results of other works

Our data

Ton [47] [6] | [38] | [65]

IMMS IHES
St |10.3+0.2 | 10.364+0.1 | 10.4+0.3 | — | - -
Sy | 9.6+0.2 - 9.6 9.9 1936 | -
S+ | 10.2+0.2 - 102 | 10.5]9.68 | -
St |10.1+0.2 - 101|104 - -
S+ | 87+0.2 - 8.8 9.6 | 8.6 | -
S¢ | 95+0.2 - 9.7 9.0 | 9.0 | -
sat - 17.37+0.1 - - | - |16.84
sot - 29.40£0.1 - - | - |29.28
S+ | 21.940.2 -

tion, it has a breakpoint at an energy of 13.8 0.2 eV
and two maxima at energies of 12.8+0.2 and 16.5 +
+0.2 eV. The former maximum corresponds to the
appearance energy of the S2+ ion through the disso-
ciative ionization of the Sg molecule according to the
reaction

Se+e” —S; +S3+S+2e. (9)
The slope of the curve in Fig. 6, a changes at an en-
ergy of 13.8 €V, i.e., a new channel of the Sj molec-

ular ion formation becomes activated. In their turn,
the maxima at energies of 12.8 and 16.5 eV arise due
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to the excitation of the energy levels of the SJ molec-
ular ion. More specifically, the peculiarity at an en-
ergy of 12.8 eV corresponds to the excitation energy
of the 2TI, state of the SJ ion [60, 61], and the ap-
pearance of the maximum at an energy of 16.5 eV is
most probably associated with the excitation of the
higher energy states of this molecular ion.

3.3.2. Selenium

Analogously to what was done for sulfur, we mea-
sured the energy dependences of the complete effec-
tive cross-section of the Se;” (n = 1+4) selenium ion
formation within the energy interval from the process
threshold to 60 eV (see Fig. 7). A general analysis of
the obtained curves shows that they are similar to
the energy dependences of the relative cross-sections
of sulfur ionization (Fig. 5): there is a slow growth
starting from the process threshold; then a rather
rapid growth takes place, after which the curve sat-
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urates. In the energy interval from the threshold to
30 eV, the energy dependences of the relative cross-
sections of the positive selenium ion formation have
a number of peculiarities in the form of breakpoints
and maxima. The initial sections of the curves, as was
done in the case of sulfur, were used to determine the
appearance energies for the Se; ions with n = 1+4
with the help of the method of least squares. The
results of calculations are presented in Table 5 to-
gether with the results of other works for the sake of
comparison. As one can see, the appearance energies
determined for selenium ions are in good agreement
with the results of other works obtained using various
ionization methods [37-39]. However, for some ions,
e.g., Se?f, there is a substantial discrepancy among
the appearance energy values. This circumstance can
be explained by the fact that ions with higher appear-
ance energies may probably be formed as a result of
the dissociative ionization rather than the direct one.
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Table 5. Appearance energies (in €V) of selenium ions Seit (n = 1+8) and Se?t and the results of other works

Our data Electron-impact Photon-induced

Ton

IMMS THES [38] [20] [36] [37]
Set 9.84+0.2 9.75+0.1 - - - 9.75+0.05
Se;r 9.0+0.2 8.87+0.1 9.240.2 9.4 — 8.84 +£0.05
Se;r 10.44+0.2 9.34+0.1 10.44+0.2 10.2 — 9.58 £0.05
Sej{ 10.3+£0.2 9.3+0.1 10.1+£0.2 10.8 - 9.1440.05
Sed - 9.1+0.1 8.6+£0.2 9.6 9.240.2 7.93£0.05
Seg' - 8.5+0.1 8.9+0.2 9.7 9.08 £0.05 8.24 +0.05
Se;' 8.8+0.1 8.4+0.2 8.9 8.87£0.05 7.94+0.05
Seg' - 8.05+0.1 8.6+0.2 9.0 8.97£0.05 8.11+0.05
Se2+ 21.240.2 - - - - -

The installation with a hypocycloidal electron
monochromator was used to measure the energy de-
pendence of the total cross-section of selenium vapor
ionization in the electron energy interval from 7.5 to
16 eV. This dependence is shown in Fig. 6, b. In the
measurements, the energy homogeneity of electrons
in the beam was 0.1-0.15 eV, and the electron energy
was changed with an increment of 0.03 eV. As one can
see from the figure, unlike sulfur (Fig. 6, a), the cross-
section of selenium ionization rapidly increases within
the interval from the threshold value to 12 e€V; then,
a reduction in the growth rate of the measured signal
intensity is observed. The process threshold value was
determined using the linear approximation method
and was found to equal E;p = 8.05 & 0.1 €V, which
is in good agreement with the appearance energy of
the Seg molecular ion [50].

Due to the high energy homogeneity of electrons
in the beam and the small scanning increment of the
energy of ionizing electrons, we managed to detect
four additional peculiarities in the near-threshold re-
gion. These are breakpoints at energies of 8.5 + 0.1,
8.87 £0.1, 9.3 £ 0.1, and 9.75 + 0.1 eV, which were
identified as the appearance energies of the Seg' ,
Ses, Sej/Ses molecular ions and the Se™ atomic
ion, respectively. The appearance energies of the Se™
atomic and Se; molecular ions are in good agreement
with the values obtained using the mass spectrometry
method (Table 5). However, there is a 1-eV difference
in the case of molecular Sef and Sed ions. It can
be explained by the fact that those ions most likely
emerge in mass spectrometric researches as a result
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of the dissociative rather than direct ionization of se-
lenium molecules with large numbers of atoms.

Five breakpoints were found at electron energies
above the threshold value: 10.5 + 0.1, 10.94 4+ 0.1,
12.24 + 0.1, 12.95 + 0.1, and 14.1 + 0.1 eV. At the
10.5-eV and 10.95-eV breakpoints, the slope of the
curve increases, which evidences the activation of new
ionization channels giving rise to a growth in the num-
ber of generated ions. Probably, this is a result of the
dissociative ionization of Se,, selenium molecules with
n = 3+8 and the formation of Set and Sej ions. At
other breakpoints, the slope of the curve decreases,
i.e., the number of created ions diminishes. We as-
sume that this is a result of the fragmentation of Sey
Se;f, Se;{, and Seé‘ ions, which give the largest con-
tribution to the total ionization cross-section.

The breakpoints at energies of 12.1 £ 0.2 and
14.1 £ 0.2 eV evidence that new channels become
open for the formation of Se* ions. In work [37], on
the basis of theoretical calculations, the photodis-
sociation reactions of selenium molecules Se, with
n = 37 giving rise to the formation of Se™ ions were
proposed. The energy of the breakpoint detected at
12.1 eV coincides with the photodissociation energy of
a Ses molecule, which is equal to 12.18 eV according
to reaction (4),

Ses + hv — Se™ + Sey +e”. (10)
The energy position of the other breakpoint (14.1 V)
is in good agreement with the photodissociation ener-

gies of Ses, and Seg molecules, which amount to 14.28
and 13.85 eV, respectively [37], and corresponds to
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Fig. 8. Energy dependences of the relative formation cross-sections for tellurium ions

the reactions

Ses + hv — Se™ 4+ Se + Sez + e,
Seg + hv — Set + Seq + Sesz + ¢~

A similar reaction is possible in the case of a Seg
molecule,

Ses + hv — Se™ + Sez + Seq + €. (13)

Taking into account that the Ses; and Seg molecules
dominate in a selenium vapor at low temperatures
[38], we may assume that analogous processes of dis-
sociative ionization with the participation of electrons
also took place in our experiment. An interesting re-
sult is that the energy of the first breakpoint (9.8 V)
is identical to the appearance energy of a Set ion
(see Fig. 6, b). On this basis, we may assume that
the Set ion was formed as a result of the fragmen-
tation of a Sej one. This hypothesis is confirmed by
a decrease of the curve slope, which testifies to the
fragmentation of this ion at this energy. As concern-
ing the breakpoints at energies of 11.8 and 15.4 eV,
it is most probably that they appear as a result of
the fragmentation of parent Sej ions, because a re-
cession in the relative intensity of this ion formation
is observed.

3.3.8. Tellurium

We also measured the energy dependences of the to-
tal effective formation cross-sections for the tellurium
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ions corresponding to the most intense lines in the
mass spectrum. A characteristic behavior of all curves
is that the effective ionization cross-sections dras-
tically increase from the process threshold to 20—
30 eV, but practically does not change at higher ener-
gies. Such a behavior is typical of the electron-impact
ionization of atoms in the gaseous phase [50].

The energy dependence of the appearance inten-
sity of atomic tellurium ions (Fig. 8) in the energy
interval 9-18 eV demonstrates a strong growth of the
cross-section with a few features near the threshold
and, then, a weak recession up to £ = 70 eV. By
carrying out a linear extrapolation in the threshold
section of the curve, we obtained two points of the
curve intersection with the energy axis: at 8.8 and
10.9 V. In essence, those values reflect the ionization
energy Erp of the tellurium atom and the appear-
ance energy Eap of the Te™ ion. On the other hand,
the difference between those energies equals 2.1 €V,
which corresponds to the dissociation energy of a Te,
molecule. Therefore, we may assume that the ioniza-
tion process mainly occurs according to the scenario

Teg + e~ — Tet + Te + 2e. (14)

The molecular tellurium ions are formed according to

the scheme
Te, +e~ — Te! , + Tey +2e . (15)

According to Egs. (14) and (15), the energy scales
of the initial sections in the corresponding energy de-
pendence curves are quite different. The general be-
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Table 6. Appearance and ionization energies of some atomic and molecular tellurium ions

Appearance energy Eap, €V Ionization energy Erp, eV
Ton
Our data | [46] [20] [18] [51] Our data [52] [18] [46] [56] [38]
Te™ 10.9£0.25 - 12.20 | 10.84+0.5 | 88+0.2 | 88 +0.25 | 9.5+1.0 8.9 8.96 | 9.009 -
Te;r 9.2+0.25 | 8.26 | 9.00 - 9.0£0.2 8.3+£0.25 8.4+0.6 | 8.3+0.2 - - 11.714+0.01
Ted - 814025 | 82+06 9.3 - - -
Te?+ - - - - - 20.6 £0.25 - - 27.3 | 186 -

haviors of the curves in the examined energy inter-
val are also different. In particular, the Tej ioniza-
tion function increases rapidly from the threshold to
14 eV; then, the cross-section practically does not
change with the energy up to 70 €V. On the con-
trary, as concerning the ionization function for the
formation of doubly charged Te?* ions, it increases
very slowly from the threshold to 50 eV. According to
the results of work [50], the ratio between the mag-
nitudes of the effective cross-sections of the Tej and
Te?* ion formation at the electron energy £ = 70 eV
equals Tegr /Te?** = 10. Note that the intensity ra-
tio between the corresponding peaks of the Tegr and
Te?T ions in the mass spectrum has the same order
of magnitude (Fig. 3, ¢).

In Table 6, the appearance energies of the tellurium
ions Te™, Tegr, Te;{, and Te?T are quoted. They were
calculated from the threshold sections of their rela-
tive ionization cross-sections (see Fig. 8) using the
method of least squares [29]. In Table 6, we compare
them with the results of other works. It should be
emphasized that the data presented for the appear-
ance energies and ionization potentials were obtained
in the last century, except for work [20].

Note that there is good agreement of our results ob-
tained for the appearance energies and ionization po-
tentials of molecular and atomic tellurium ions with
the NIST database [18]. At the same time, the re-
sults of other works differ substantially, especially
for Te*t. It is possible that, in our work and work
[46], the DI process of some tellurium molecule af-
fected the formation energy of a doubly charged
atomic tellurium ion, which led to overestimated ion-
ization energies. Thus, by analyzing the data in Ta-
ble 6, we may conclude that the most comprehen-
sive information about tellurium ions is contained in
our work.
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3.4. Energy dependences
of the intensity of the doubly
charged ion formation

We are the first who detected the appearance of
doubly charged S3%, S?*, Se?*  and Te?' ions in
a chalcogen vapor and measured the energy depen-
dences of the intensity of their formation by electron
impact in the energy interval 10-70 eV. In Fig. 9, the
near-threshold sections of those dependences are de-
picted. They were used to determine the appearance
energies of the S2t, Se?t, and Te?* ions with the
help of the method of least squares [29]. The results
of calculations are given in Tables 4 to 6.

By the example of a doubly charged Te?* ion, let us
present the most probable schemes for the formation
of doubly charged ions. Their appearance can occur
accordingly to the following processes of two-electron
direct and dissociative ionizations:

Te + e~ — Te*t + 3¢,
Teg + e~ — Te?t + Te + 3e™.

Reaction (17) may play the dominant role because, as
was shown above, diatomic molecules in the gaseous
phase have the maximum content under our experi-
mental conditions (see Fig. 3).

A general characteristic feature of the curves ex-
hibited in Fig. 9 is a rather rapid growth of the effec-
tive cross-sections for sulfur and selenium from the
threshold energy to 28 eV, and a slower growth for
tellurium. At the same time, the energy dependences
have some peculiarities in the form of breakpoints,
which are observed most clearly in the cases of se-
lenium and tellurium. A possible explanation for the
appearance of those peculiarities at energies about
22, 25, and 27 €V is the activation of new processes
of direct and dissociative ionizations, which increases
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Fig. 9. Energy dependences of the formation intensity for doubly charged sulfur (a), selenium (b), and tellurium (c) ions.
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the number of generated ions, as well as the excita-
tion of certain energy levels of ions. For example, for
a doubly charged selenium ion, the breakpoints can
be exactly identified making allowance for the excita-
tion of the atomic and ionic energy levels located in
this energy interval [44].

Hence, by analyzing the results obtained for the
ionization and appearance energies of positive chalco-
gen ions at their interaction with electrons (see Ta-
bles 4 to 6), one can see that the most comprehensive
information about the processes of atomic and molec-
ular ion formations is given in our studies. Particular
attention should be paid to doubly charged ST, Se?*,
and Te?™ ions detected by us in chalcogen vapors. We
are the first who measured the energy dependences of
the intensity of their electron-impact formation and
determined the ionization potentials.

3.5. Energy dependences of the intensity
of the negative ion formation

It is known [54] that negative ions are formed through
the electron trapping by an atom or a molecule. A
characteristic feature of this process, in which low-
energy bombarding electrons (0-10 eV) participate,
consists in the capture of an electron into a potential
well created by the atom or the molecule in a certain
state. The corresponding main mechanisms of nega-
tive ion formation are

e the radiative capture of a free electron by a neu-
tral atom,

A+te = A7 +hy;
576

(18)

¢ the electron capture and the excitation of a mo-
lecular ion,

AB+e” — AB™ (19)
¢ the dissociative capture of a free electron,

AB+e” - A+B™ (or AT +B); (20)
¢ bipolar ionization,

AB+e” - A" +BT +e. (21)

The negative ion formation is a resonance pro-
cess. It occurs as a result of the emergence of a
quasistationary state, whose lifetime is longer than
the time interval, within which the incident electron
passes a distance of an order of atomic or molecular
sizes. There are resonances of two types:

(i) resonances located below the parent state of the
atom or molecule (Feschbach resonances) [55],

(ii) resonances located above the parent state of the
atom or molecule (shape resonances) [56].

As concerning Feschbach resonances, their decay
into the parent state is energetically forbidden, and
the decay into other states is associated with a change
in the atomic or molecular configuration. Feschbach
resonances have a relatively long lifetime, about
10710 5, owing to the rather strong interaction be-
tween the incident electron and the excited state of
the atom or molecule.

Shape resonances lie above the parent state of the
atom or molecule. Therefore, in order to capture an
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Fig. 10. Energy dependences of the formation intensity for negative sulfur (a) and selenium (b) ions

electron, the potential of the atom or molecule must
have a specific profile. In this case, a bombarding elec-
tron is captured by the potential well confined by a
barrier that is formed by the repulsive centrifugal po-
tential. Shape resonances are characterized by a short
lifetime, 1071° s, because of the weak interaction be-
tween the electron and the atom or molecule.

It should be noted that the number of works deal-
ing with the formation of negative ions of sulfur and
selenium atoms and molecules through the electron
capture is small. In particular, in work [57], it was
experimentally shown that, when electrons with an
energy within the interval 0-11 eV interact with a
sulfur vapor at a temperature of 388 K, the S5, S5,
Sy, and Sy ions are most probably created. In the
case of selenium, no work was found dealing with
the formation of negative ions in its vapor by the
electron impact. However, there are mass spectra ob-
tained for negative ions of selenium molecules cre-
ated by means of photons and the laser ablation
[58,59].

In this work, we studied the processes of negative
ion formation on an installation with a hypocycloidal
electron spectrometer (Fig. 2). The latter could gen-
erate an electron beam with a high energy homogene-
ity, which is an important requirement for precision
studies of the processes of negative ion formation. A
significant advantage of a spectrometer of this type
consisted in that it enables the research of both pos-
itive and negative ions in the course of the same ex-
periment, i.e., under the same experimental condi-
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tions. Namely, a negative potential was supplied to
the ion detector, when positive ions were detected,
and a positive one for negative ions (see Fig. 2). In
order to prevent scattered electrons and the poten-
tial from penetrating into the region of the electron
interaction with atoms (molecules), a grid with a low
positive potential was mounted in front of the ion
detector.

3.5.1. Sulfur

In Fig. 10, a, the energy dependence of the total cross-
section of the negative ion formation in a sulfur vapor
in the electron energy interval from 0 to 10 eV and
at a sulfur evaporation temperature of 400 K is de-
picted. The electron energy increment was 0.05 eV,
the electron beam current 200 nA, and the energy
homogeneity of electrons 0.15-0.2 eV. As one can see
from Fig. 10, a, three maxima are observed at en-
ergies of about 0.1, 3.5, and 7.1 eV. The first sharp
maximum (resonance) at almost zero energies has an
intensity two orders of magnitude higher than the
other maxima, and its energy width equals about
0.15 eV, thus practically coinciding with the energy
homogeneity of electrons. The shape and the width
of the first maximum evidence the resonant cap-
ture of slow electrons by sulfur atoms and molecules
S, (n = 1+8), among which the molecule Sy pos-
sessing the highest concentration in a sulfur va-
por at the given temperature. This result is con-
firmed by the results of work [57], where the for-
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mation of the negative ion of a sulfur atom in the
process of dissociative electron capture by the So
molecule was studied, and it was shown that the
negative ions of sulfur atoms are effectively formed
through the dissociation of Ss molecules at ener-
gies of 2.4 and 4.55 €V as a result of the electron
capture.

In order to reveal the origin of resonances in the
energy dependences of the negative sulfur ion for-
mation, the angular distribution of negative S~ ions
was analyzed. It was found that the ions emerging at
an energy of 2.4 eV were formed as a result of the
shape resonance of the X9 state of the S; molecule,
and the ions emerging at an energy of 4.55 eV ap-
peared owing to the Feschbach resonance of the 2II,
state.

It should be noted that the shapes and the energy
positions of peculiarities in the energy dependences
of the intensities of the S~ and S5 ion formations
that were reported in work [57] coincide with our re-
sults (see Fig. 10, a). On the other hand, it turned
out that molecular ions give the largest contribution
to the total cross-section. In particular, their relative
contributions are 13.2% for S5, 49.8%, for S5, 24.3%
for S;, and 7.8% for Sy, whereas the total contribu-
tion of all other ions is about 5%.

3.5.2. Selenium

In Fig. 10, b, the energy dependence of the intensity
of the negative ion formation in a selenium vapor in
the electron energy interval from 0 to 8 eV and at a
selenium evaporation temperature of 430 K is exhib-
ited. The electron energy increment was 0.05 eV, the
electron beam current 200 nA, and the energy ho-
mogeneity of electrons 0.15-0.2 eV. As one can see,
unlike the case of sulfur, the obtained curve has four
maxima at energies of 0, 2.1, 3.5, and 4.3 eV. The
first maximum, as was in the case of sulfur, can be
associated with the ion formation through the reso-
nant capture of low-energy electrons. Unlike the case
of sulfur, the other maxima have the same order of
magnitude as the first maximum has, which testifies
to a high probability of the negative ion formation at
relatively high energies.

In the case of selenium, there are no works deal-
ing with the electron-impact formation of negative
selenium ions in a selenium vapor. However, in works
[40, 59|, the mass spectra of negative ions of a sele-
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nium vapor were studied making use of the laser ab-
lation method. The measured mass spectra contained
peculiarities associated with the negative ions of se-
lenium atoms and Se,, (n = 2+8) molecules.

Thus, we may assume that, as was in the case of sul-
fur, the ions Se;, (n = 2+8) of selenium molecules are
mainly formed at energies of 0, 3.5, and 4.3 eV. At an
energy of 2.1 eV, negative ions of the selenium atom
are most likely formed as a result of the dissociative
electron capture by Ses molecules.

3.6. Excitation processes
and optical excitation functions

The processes of atomic and molecular excitations
are known to occur most effectively at low energies
of bombarding electrons. In the course of the interac-
tion, both the molecular states and the neutral atoms
of the researched substance can be excited as a result
of the direct or dissociative excitation giving rise to
the formation of excited ions. We showed that the va-
pors of various chalcogens contain both the atoms of
corresponding elements and their diatomic and poly-
atomic molecules in rather high concentrations in a
wide temperature interval. Therefore, it was of inter-
est to study the radiation spectra of chalcogen va-
pors and to trace the formation dynamics of their
constituents.

3.6.1. Radiation spectra

The most effective way to study the radiation emis-
sion processes is to use the spectroscopic method.
Owing to its high energy resolution, this method ma-
kes it possible to detect both the excited states of
molecules and the excited states of atoms and ions
emerging as a result of the dissociation of diatomic
and polyatomic molecules [60].

We studied the radiation emission spectra of the
sulfur, selenium, and tellurium vapors in the spec-
tral interval 200-600 nm, with electrons possessing
fixed energies of 8, 20, 30, and 50 eV being used for
the excitation. The experimental conditions were al-
most identical to those, under which the mass spec-
tra were measured. The substance evaporation tem-
perature was maintained constant (to an accuracy of
+3 K) in the vicinities of 330, 450, and 570 K for sul-
fur, selenium, and tellurium, respectively. The excit-
ing electron current was 15-30 A, the corresponding
energy homogeneity of electrons was not worse than
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AFE;/; = 0.3 eV, and the spectrometer resolution was
AN = 42 nm.

The experimental optical spectra of the electron-
impact radiation emitted by sulfur, selenium, and
tellurium vapors are shown in Fig. 11. As one can
see, they are quite complicated. Broad bands are
mainly observed at low electron energies. As the en-
ergy of exciting electrons increases, the spectra be-
come more complicated, because there appear addi-
tional discrete lines in them. Let us consider those
spectra in more details. For example, if the electron
energy equals 8 eV, there is no lines in the sulfur spec-
trum that are inherent to the excitation of the en-
ergy levels of a sulfur atom. Therefore, we may assert
that this spectrum describes the excitation of sulfur
molecules.

As was shown in the previous section, the sul-
fur mass spectrum at the given temperature mainly
consists of So molecules. Therefore, we may assume
with a high probability that the radiation spec-
trum is a result of the excitation of diatomic sul-
fur molecules. Furthermore, the excitation probabil-
ity of So molecules is much higher than the excitation
probability of other vapor components (S3 to Sg). It
should also be noted that the measured spectrum has
the structure and the shape that are very similar to
those of the Sy spectrum obtained in work [64]. The
cited authors identified the detected molecular bands
as the excitation of the electron-vibrational levels of
Sz molecules in the B3Y state followed by a transi-
tion to the vibrational levels of the X®%y; state. The
wavelengths of the lines detected by us coincide with
the data of work [52]. ThereOfore, we may conclude
that the sulfur vapor spectrum at £ = 8 eV is mainly
associated with the excitation of the B3X state of
the So molecule.

It is evident that the spectra of sulfur radiation at
energies of 20 and 50 eV (Fig. 11, a) become substan-
tially complicated: there appear more pronounced
lines, and the vibrational structure increases. An
analysis of those lines showed that most of them can
be unambiguously associated with the excitation of
the ST sulfur ion lines. Therefore, we may assert that
the following elementary processes take place at the
interaction of electrons with a sulfur vapor:

¢ appearance of excited S5 molecules with the sub-
sequent radiative transition into the ground state,

So+e” = 8S5+e = Sa+e +hy; (22)
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¢ appearance of excited S5 molecular ions owing to
the decay of polyatomic components,

Spn+e —S,_2+S5+e; (23)
e dissociative excitation of sulfur atoms,

So+e” =+ S"+S+e” (24a)

or

S,+e —S*"+8S,_1+e; (24b)
e dissociative excitation of sulfur ions,

Se+e” — ST +S+2e” (25a)

Table 7. Spectroscopic identification
of sulfur ion lines observed in the emission spectrum
of a sulfur vapor at an electron energy of 50 eV

Our Ref. Highest
data (48] level Transitions

energy,
A, nm | A, nm oV [28]
290.4 | 288.6 19.36 3s23p2(1D)4s-3s23p2(1S)4p
315.6 | 314.7 21.3 3s23p2(1D)3d-3s523p? (1 D2 )4f
322.4 | 321.4 20.05 3s23p2(3P)4p-3s23p2(1D)5s
3274 | 3286 19.99 3s23p?(3P)3d-3s23p2 (3P2)4f
339.2 | 339.7 19.87 3s23p2(3P)3d-3s23p2 (3P )4f
345.8 | 346.6 19.78 3s23p2 (3P)4p-3s23p2 (3P)4d
351.7 | 352.7 21.37 3s23p2(1D)3d-3s523p? (1 D2 )4f
359.3 | 358.4 19.99 3s23p2(3P)3d-3s23p2 (3P2)4f
362.7 | 362.6 20 3s23p2(3P)3d-3s23p2 (3P2)4f
370 370.8 19.54 3s23p2(3P)3d-3s23p2(3P)5p
377.8 | 378.1 19.87 3s23p2(3P)3d-3s23p2 (3P )4f
392 393.4 19.42 3s23p2(3P)4p-3s23p2(3P)4d
400.5 | 400.5 18.99 3s23p? (3P)4p-3s23p2 (3P)4d
407.2 | 406.6 16.2 3s23p2(3P)3d-3s23p2(3P)4p
416.4 | 415.3 18.88 3s23p2(3P)4p-3s23p2(3P)4d
424.8 | 425.1 20.36 3s23p2(1D)4p-3s23p? (1D)4d
434.9 | 4344 18.72 3s23p2 (3P)4p-3s23p2 (3P)5s
448.3 | 446.5 18.72 3s23p2(1D)3d-3s23p2 (3P2)4f
457.6 | 456.3 19.89 3s23p?('D)3d-3s23p? (3P )4f
470.2 | 470.2 18.83 3s23p2(3P)4p-3s23p? (3P)5s
481 480.5 16.2 3s23p2(3P)4s-3s23p2 (3P)4p
488.6 | 488.5 16.54 3s23p2(3P)4p-3s23p2 (3P)5s
502.1 | 502.8 15.56 3s23p2(3P)3d-3s23p2(3P)4p
515.5 | 514.4 15.56 3s23p2(3P)3d-3s23p2(3P)4p
540.7 | 540.2 18.83 3s23p2(3P)4p-3s23p? (3P)5s
545.7 | 545.5 15.94 3s23p2(3P)4s-3523p2 (3P)4p
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or

S, +e = ST™+8,1 +e . (25b)

From the obtained optical spectra (Fig. 11) and on
the basis of the proposed elementary processes (22)—
(25), we identified 26 sulfur ion lines (see Table 7). It
is worth noting that the lines of a sulfur atom are
practically absent from those spectra. Probably, this
circumstance may be associated with the fact that
the most intense lines of a sulfur atom are located in
the VUV spectral interval, i.e., below A = 200 nm.

Unlike sulfur, the selenium spectra demonstrate
a continuous band in the interval 300-550 nm
(Fig. 11, b). This band can be separated into two
subbands with their peaks at 310-320 and 400-
420 nm. As was shown above, under our research
conditions (T = 440 + 5 K), Se; molecules are the
main component of a selenium vapor. Therefore, we
may assume that the continuous molecular bands are
mainly appear as a result of the excitation of electron-
vibrational states of the Ses molecule. Most probably,
these are the electron-vibrational levels of the B3%
state, which, similarly to the sulfur case, are the most
effectively excited ones among all levels of the low-
energy states.

The dissimilarity of the selenium and sulfur spec-
tra (the vibrational states are clearly distinguished in
the latter case) is a result of the superposition of the
excitation bands belonging to various states of a Ses
molecule, as well as the excitation of Se,, molecules
with the number of selenium atoms n > 2 and a much
shorter distance between the vibrational levels. The
insufficient resolution of our spectral instrument can
also be a cause for the spectral difference. The sele-
nium spectrum also contains atomic and ionic lines,
among which we identified 4 lines of a Se atom and
several ionic lines (see Table 8).

As for the tellurium spectrum, Fig. 11, ¢ demon-
strates that it is similar to the S and Se spectra. Ho-
wever, in the tellurium case, atomic tellurium lines
can be clearly distinguished at E = 15 eV, and the
lines of Te™ ion appear at F = 50 eV (also see Ta-
ble 9).

Hence, we may conclude that, when electrons pass
through the sulfur, selenium, and tellurium vapors,
the process of molecular excitation takes place, as
well as the dissociative excitation and ionization of
molecules and atoms. It should be noted that the
probability of the creation of excited atomic states
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Table 8. Spectroscopic identification of selenium ion lines observed
in the emission spectrum of a selenium vapor at an electron energy of 50 eV

Our data Ref. [52] Highest level Transitions
A, nm A, nm energy, eV [54]
288.9 288.8 15 ?
297.9 296.3 14.8 4P11/9-"S11/2
314.4 314.1 14.6 4s4p? 1Py /5-4s24p? (3P)5p2S /o
360.6 361.1 15.9 ?
402 401.9 17.5 4s%4p?(3P)5p* Dy j2—652P11 /2
416.5 416.6 14.2 ?
455.7 455.3 17.8 ?
562 562.3 14 4s%4p? (3P)5s" Py /o-4s24p? (*P)5p P /o
574 574.7 14.4 45%4p? (3P)5s*Po1 )2—1Da1 /2

is much lower than the probability of the creation of
ionized atomic states. It is at electron energies of 30—
50 eV that the largest number of sulfur, selenium, and
tellurium ionic lines were revealed in the spectra (see
Table 9).

3.6.2. Optical excitation functions (OEFs)

Now, let us consider the energy dependences describ-
ing the excitation of molecular bands and spectral
lines. As one can see from Fig. 12, the OEFs for
molecular emissions of sulfur, selenium, and tellurium
have a clear excitation threshold at energies of 2.5—
4 eV, a rapid increase of excitation cross-sections to
energies of 5—6 eV, where peculiarities in the form
of breakpoints or weakly pronounced maxima are
observed, a further increase up to 7-10 eV, then a
small recession followed by an insignificant growth,
and finally a broad maximum at 15-20 eV. Note
that, within the limits of the broad radiation band,
the excitation thresholds of individual lines become
shifted toward higher energies at the transition into
the short-wave spectral interval (see Fig. 12, a). This
fact testifies to the transitions from a higher vibra-
tional level of the corresponding molecule. On the
other hand, narrow peculiarities (breakpoints, peaks)
in the OEF in the vicinity of the threshold (Figs. 12, a
and b) mean that the excitation of the parent molec-
ular levels occurs through the resonance formation
and the decay of short-term states of negative molec-
ular ions.

Let us consider the OEFs for the atomic lines of
researched elements. Figure 13 shows the OEFs for
the atomic spectral lines of sulfur, selenium, and tel-
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Table 9. Spectroscopic identification

of tellurium ion lines observed in the emission
spectrum of a tellurium vapor at an electron
energy of 50 eV

Highest level ..
A, nm energy, 6V Transitions
214.2 5.72 5525p43p275s25p3653s(1)
225.9 5.49 5525p%3pa—5s25p36s°5S,
238.6 5.78 5s25p*3p-5s25p3SY
253.0 5.49 5525p3p1-5s25p36s°So
289.5 15.22 -
305.3 12.08 -
335.2 15.20 -

lurium. The excitation energy thresholds for them are
8.2 eV for Te, 9.2 eV for Se, and 13.5 eV for S. As one
can see, all exhibited OEFs have a similar character:
a pronounced excitation threshold and a substantial
growth of the excitation cross-section near the thresh-
olds with maxima at about 13-15 eV for selenium and
tellurium.

Note that the excitation threshold values that were
determined for the atomic lines are shifted with
respect to the spectroscopic excitation energies of
molecular lines: by 4.4 eV for sulfur, 4.2 €V for se-
lenium, and 2.7 eV for tellurium. This shift serves as
a confirmation of the fact that electrons excite those
atoms not through direct collisions with the examined
elements, but with the corresponding molecules — S,
Ses, and Tes. The shift of the excitation thresholds of
those lines is exactly equal to the energy of molecular
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Fig. 13. Optical excitation functions of sulfur (a), selenium (b), and tellurium (c) atomic spectral lines

dissociation, i.e., the excitation occurs according to
the following scheme:
Ag+e” A"+ A+e. (26)
Note that the excitation thresholds measured for
other atomic lines of chalcogens are also shifted by
the magnitude of dissociation energy for the corre-
sponding molecules.

The data presented above bring us to a contradic-
tion. On the one hand, the mass spectra reveal the ex-
istence of atomic ions and their appearance thresholds
coincide with available spectroscopic data [53]. On
the other hand, the spectral lines of the excited M**
ions are not observed in the optical spectra. This sit-
uation obviously takes place owing to the fact that
the mass spectroscopy method is much more sensitive
than the optical method. Furthermore, the binding
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energy of atoms in the S,,, Se,, and Te, molecules
with n > 2 is very low, and it is very difficult to reg-
ister a change in the reaction threshold value, i.e., the
ionization reaction may run according to the scheme

A, +e” = AT+ A, 1+ 2" (27a)
or
Ate = AT £2. (27b)

Thus, our statement given above about the pres-
ence of a considerable number of diatomic molecules
in the gaseous phase of sulfur, selenium, and tel-
lurium, finds its confirmation. The excitation of the
atoms of those elements takes place following schemes
(27), and the presence of peculiarities in the form of
peaks and breakpoints in the OEFs for the spectral
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lines of sulfur, selenium, and tellurium atoms tes-
tify to the existence of additional excitation mech-
anisms. As such, there can be resonance phenomena,
cascade transitions from higher levels, and the for-
mation and decay of highly excited molecular ionic
states. The low thresholds for molecular emission ex-
citation of selenium (3.2 eV at A = 383 nm) and tel-
lurium (2.9 eV at A = 430 nm) testify to the exci-
tation of transitions between the zeroth and the first
excited electron-vibrational level in the ground state
of Ses and Tey; molecules.

4. Theoretical Studies

of the Structural Parameters of Chalcogen
Molecules and the Appearance

Energy of Ionic Fragments

4.1. Basic issues

The appearance energy, Eap, of an atomic or a molec-
ular ion at DI of a molecule is equal to the energy re-
quired for the ion to escape from the neutral molecule
(see works [67-75]). The Eap minimum is a value,
at which the end products — atoms, molecular frag-
ments, and their ions — are in the ground state and
possess zero kinetic energies. The DI reaction occurs
at the threshold of two complicated processes, the au-
toionization and dissociation. The simultaneous oc-
currence of those processes is possible provided a
strong interaction between the electronic and atomic
(mainly, vibrational) types of motion in an excited
molecule. Such an interaction is especially important
in the cases where the reaction gives rise to the emer-
gence of a large number of atomic products of the
reaction.

The behavior of chemical reactions is characterized
by such an important energy parameter as the inter-
nal energy, i.e., the total interaction energy of parti-
cles with one another in those quantum systems that
participate in reactions and processes. For atoms and
molecules in various quantum states, the main con-
tribution to the internal energy is given by the in-
teraction between electrons and between the atoms
composing such systems. Any molecule is also char-
acterized by complicated types of motion of its atoms
and the molecule as a whole: vibrational and rota-
tional ones, which make a certain contribution to the
total energy of the molecule.

The internal energy is closely related to such a
quantity as the enthalpy. The enthalpy of a molec-
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ular system is defined as the sum of the internal en-
ergy (the total energy of the system at 0 K) and the
thermal energy, which includes the vibrational and ro-
tational energies of the molecule at a given tempera-
ture. The enthalpy difference between the initial com-
ponents and the final products of chemical reactions is
called the standard reaction enthalpy [76]. This quan-
tity can be negative or positive, and it characterizes
the total thermal energy released or absorbed during
a definite reaction. The term “enthalpy” is also used
to describe the processes of dissociative ionization of
molecules by the electron impact.

When measuring Eap, it is desirable to determine
the states of all reaction products. The registration
of only an ion of a molecular fragment makes it pos-
sible to determine the appearance energy. Generally
speaking, the latter may be determined by the states
of the final products that were formed in the most
probable processes. Note that the final atomic and
molecular products can be in excited states during
the DI process and form bound states with particles,
e.g., negative ionic states. The formation of negative
ions is an inherently threshold process and can be
effective, if the electron affinity energy of atoms or
molecules is high. The electron excitation of reaction
products leads to the growth of Esp, whereas the
binding (association) of atoms and molecules, as well
as the electron capture in the final states, results in
its reduction.

An interesting process in the course of DI is the
formation of doubly charged atomic and molecular
ions. Atomic ions with any degree of ionization are al-
ways stable. But doubly and multiply charged molec-
ular ions can be unstable. Molecular ions of this kind
can undergo a Coulombic decay as a result of the so-
called Coulombic explosion. The observation of dou-
bly charged ionic fragments provides some challenge
to experimental methods and theoretical calculations.

The account of the final states and the kinetic ener-
gies of the DI products is an important general prob-
lem dealing with the theoretical and experimental
determinations of the appearance energies, in par-
ticular, at the inelastic collisions of fast ions with
molecules, which lead to the formation of multiply
charged molecular ions followed by their Coulombic
decay. For example, it occurs in the processes of in-
teraction of the HY, He™, and NV ions (with ener-
gies of 1 and 2 MeV) with water and ethane (CyHg)
molecules [77-79]. In the framework of this problem,
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the determination of the total released kinetic energy
of fragments is an important component in the micro-
scopic analysis of the dynamics of various reactions
running in the course of the DI process.

Let us analyze the course of the electron-impact
DI processes with such homoatomic molecular targets
as sulfur (S,, n = 2+8), selenium (Se,, n = 2+8),
and tellurium (Te,, n = 2+8) clusters. The appear-
ance energies of ionic fragments will be calculated us-
ing theoretical ab initio methods that are applied to
study the structure of molecules.

The energy Eap required for an ionic fragment M, ,j
to appear from a homoatomic molecule M,, contain-

ing n atoms according to the reaction
e” +M, = M} +mM+ 2, (28)

where m = n—k, can be calculated using the formula
[72,73,75]

Eap[(Mf —mM)/M,] =

= Ey(My) +mE, (M) — Ey(M,,) (29)
Eap[(M} —mM)/M,] =
— D[(My, — mM)/M,.] + I(My). (30)

Here, E; is the total energy of the corresponding
molecule or atom in the ground state; D and I are
the dissociation and ionization, respectively, energies
of the molecule; and n and k are the numbers of atoms
in the molecules. From whence, one can see that, in
the case where the molecule M,, becomes ionized as
a whole entity (k = n), and atoms are not detached
from it (m = 0), the energy received by the molecule
is minimal. The appearance of, e.g., a singly ionized
atomic ion M™ (k = 1) can be accompanied by either
a detachment of (n —1) atoms from M or a formation
of various molecular fragments from those atoms. The
energy of the incident electron is higher in the former
case and lower in the latter one. The formation of an
M,,_1 molecule in the latter case corresponds to the
lowest appearance energy of the M™ ion.

The presence of molecules in the gaseous phase at a
given temperature means that they can be in various
excited (*) states — electron, Ee), vibrational, Fyp,
and rotational, F.., ones, for which Fq > FEyp >
E,ot — and even in ionized (4) states. As was men-
tioned above, the end products — atoms, molecular
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fragments, and their ions — have to be in the ground
states at that. The appearance energy Eap of the MZ‘
fragment in the reaction

e + M5 — M)+ M, + 2~ (31)
equals
M —M M, — M
E —k__Tm =D v oTm I(M _
o [ B = o [P v
M — M
—EM*) =D | ——"| 4+ [(M*). 32
o) = D [ M o) (32)

Here, E(M}) is the excitation energy of the initial
molecule M,,, and I(M) = I(M,,) — E(M?) is the
ionization energy of the excited molecule My,. Hence,
reaction (31) is associated with a set of values for
the appearance energy of the fragment M; which
are connected with definite excitations of the ini-
tial molecule. If the excitation energy E(MZ) is equal
to the ionization energy I(M,,) of the M,, molecule,
EM?) = I(M,,), then the appearance energy of the
M;‘ fragment corresponds to the dissociation energy
DM} — M,,)/M;] of the M} molecular ion accord-
ing to the reaction

e” + M = M + M, +e .

The direct ionization process is described by the re-
action scheme e™ +M? — M +2e~ characterized by
the appearance energy

Eap (M /M;) = I(M;) = I(M,,) — E(M;).

In other words, the set of appearance energies
Eap [(M$ —M,,)/M?] ranges from the minimum value
DM} —M,,,)/M;t] (at E(M}) = I(M,,)) to the max-
imum one (at E(M}) = 0)

D[(Mﬁ - MM)/MZ_] =+ I(Mn) =
= D[(My, — My, ) /My] + I(My).

Note that, as was indicated above, every value of
the appearance energy Eap[(M; — M,,)/M}] for the
ionic fragment M: is also associated with its own set
of energies corresponding to the formation of vari-
ous neutral atomic or molecular fragments emerging
from the atoms of the M,,, molecule. The formation of
those fragments is characterized by definite dissocia-
tion energies. This energy is the lowest in the presence
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of the M,,, molecule and the highest, if this molecule
completely dissociates into m atoms.

A doubly charged ionic fragment M? can be
formed as a result of the following reactions:

e double dissociative ionization of the excited
molecule M7,

e” +M; = M;T + M, +3e, (33)

e dissociative ionization of the molecular ion M},

e” + M = Mt + M, + 2, (34)
¢ direct ionization of the excited molecule M,
e +Mj — Mt +3e. (35)

The corresponding energies of the ion appearance are:
e for reaction (33),

Mk*Mm
:D ——e
{ M, ]+

ME M, ]
M,

+I(Mg) + I(M[)) — E(M;) =

Eap

A M

=D % +I(M,) + I(M;)) — E(M;,) =
N2 ML

=D kT +I(M,,) — E(My,), (36)

e for reaction (34),

Fae (M — M, ] D {M,j — M,

+y —
= | o) -
[MPT — M,
M2+

M2t —M
+](M:Lr) =D {km

| &1

e and for reaction (35),
Eap(Mi"/M;) = I(My) + I(M) — E(Mj).

Reaction (34) is related to a set of appearance en-
ergies for the fragment Mz*7 which are associated
with definite excitations of the parent molecule. If
E(M}) = I(M,,), the appearance energy of the M3 "
fragment can be determined from Eq. (37). In other
words, as was in the case of formation of the singly
charged ion Mﬁ, the set of the appearance ener-
gies Eap[(M;T — M,,)/M;] for the doubly charged
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ion M3 ' ranges from the minimum value D[(M;" —
—M,,)/MS] at E(M%) = I(M,,) to the maximum one

= D[(Mk - Mm)/Mn] + I(Mk)

at E(M?) = 0. It is worth to note that, as was in-
dicated above, every value of the appearance energy
Eap[(MT — M,,)/M?] for the ion fragment M: ' is
associated with its own set of energies related to the
formation of various neutral atomic or molecular frag-
ments of the M, type.

As was mentioned above, the Coulombic decay of
multiply charged molecular ions, even doubly charged
ones, is an important factor. This decay can occur
following various scenarios (channels). Some of those
processes require some piece of energy for a relevant
bond to be broken and the fragments to appear. In
the others, some energy is released, being spent on the
kinetic energy of dissociation fragments. For instance,
let a doubly charged molecular ion M2+ be able to
decay through the following channels giving rise to
the formation of a pair of molecular fragments M,
and My in various charged states:

M + M7,
1\/[2Jr — M%-i_ + MQ,
M; + M3+,

(38)

Note that only the first reaction in Eq. (38) corre-
sponds to the genuine Coulombic decay. In the other
two reactions, one of the fragments is neutral and can
be excited into an electron, vibrational or rotational
state.

The following energy balances correspond to reac-
tions (38):

E [(M] —M3)/M*"| = E,[M*]— (E[M{ |+ E:[MJ]),
E [(M{F—My)/M>*] = B, [M*H]— (B, [M7]+ E,[Ma]),

E[(M; —M3H) /M| = B, [M*F]— (E,[My] + E,[M37]).

From whence, using the dissociation energies and the
corresponding ionization potentials, we obtain the ex-
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pressions

E[(Mf —M3)/M?*] = D [(M; — My)/M] +
+I(My) + I(Mg) — I(M) — I(M™1),

E [(M? — M) /M?*T] = D[(M; — Mg)/M] + (39)
+I(My) + I(M{) — I(M) — I(M),

E[(My — M3%)/M?t] = D [(M; — My)/M] +

+I(Mp) + I(MF) — I(M) — I(M).

If the energy F < 0 in the corresponding channel, i.e.,
the absolute value of the total energy of the M2 ion
exceeds the sum of the absolute values of the total
energies of the fragments, then the M2* ion is stable
with respect to its decay through the given channel,
and this energy is the binding energy Ej of the M2+
ion. But if £ > 0, then the M?* ion is unstable and
can decay through the corresponding channel, and
the fragments fly apart with the total kinetic energy
equal to |E|.

In order to determine the total energies of the
molecules, atoms, and ions in the ground state, the
GAMESS-US software package [80] based on the
density functional theory (DFT) [81] was used. In
all calculations, we applied supercomputers with
a high parallelization degree at the IEF NASU
(Uzhgorod, Ukraine) and the HPC Debrecen (De-
brecen, Hungary). The calculations were performed
with the help of hybrid functionals of two types in
the generalized gradient approximation, B3LYP and
B3PWO91. The both functionals make allowance for
the exchange interaction of the Hartree-Fock (HF,
20%) and Slater (80%) types. The correlation interac-
tion is described by the Lee—Yang—Parr (LYP) func-
tional in B3LYP and the Perdew—Wang functional
in B3PW91 [82]. The standard set aug-cc-PVTZ [80]
was used as basic functions in all calculations.

The total energies of all researched molecules and
ionic fragments were calculated, firstly, for their two
states characterized by the lowest multiplicity, and af-
terward the state with the lower energy was selected
from them. The structure of the M,, molecules was
optimized using the quadratic approximation method
[83] and without taking the effect of molecular sym-
metry into account. After attaining an equilibrium
optimized geometry of the M,, molecule, further cal-
culations were performed to determine the energy pa-
rameters of the Mﬁ ionic fragments in the adiabatic
approximation. For this purpose, the equilibrium ge-
ometries of the molecular and ionic fragments were
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also determined in the optimization process described
above. The vibrational energy of the molecules was
not taken into consideration. It is important to note
that the calculation of the total energies of negative
molecular ions, as it was in the case of atomic ions,
requires that the electron-electron correlation interac-
tion should be taken into account. The electron bind-
ing energy in such systems is very sensitive to the
approximations used for this interaction.

Sulfur, selenium, and tellurium atoms can form var-
ious structures from linear to ring ones [84-87]. In
the case of molecules with the number of atoms
n > 4, only those possessing the ring structure were
analyzed, because they are more stable (see works
[84, 86,87]).

In works [88-90], the appearance energies of ionic
fragments from sulfur clusters were calculated, and
the DI process from those clusters was simulated for
the first time using the Monte Carlo method. In par-
ticular, the energies required for the appearance of S;‘
(k = 1+6) fragments from the S,, clusters (k < n < 8)
were calculated and analyzed in works [88, 89]. In
work [90], the probabilities of the formation of vari-
ous ionic fragments from the Sg cluster was calculated
and compared with available experimental data.

Note that, from the application viewpoint, the pro-
cess of potential electron scattering by molecules is
important. For instance, it is the process of elastic
electron scattering by atoms, molecules, and their
positive ions that is the main mechanism of elec-
tron cooling in various plasma media. This process
is characterized by large cross-sections, which results
in the effective formation of the electron energy dis-
tribution function. For example, in works [91-95] (see
also references therein), the differential cross-sections
and various kinds of integral ones of this process were
studied in the framework of the model of independent
atoms. In work [91], the elastic electron scattering by
the sulfur atom and the homoatomic S, (n = 2-+4)
sulfur clusters was considered. The electron scatter-
ing by selenium and tellurium clusters can be calcu-
lated and analyzed following the same way.

4.2. Structural parameters
of chalcogen molecules

4.2.1. Sulfur molecules S, (n = 2+8)

The importance of researches of S,, (n = 2+-8) sulfur
molecules and a success achieved in the study of their
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structure, as well as various processes of their inter-
action with electrons, are discussed in works [86, 96—
100]. In particular, mass spectrometry methods were
used to experimentally study ionic products of the
dissociative ionization processes [86,96] and the pro-
cesses of dissociative excitation of sulfur molecules
that are formed as a result of their collisions with
electrons at low energies [98,99]. Sulfur clusters con-
taining two to eight atoms and those in the gaseous
phase were studied. In the cited works, it was shown
that the efficiency of the electron-impact DI of vari-
ous sulfur molecules S,, becomes considerable at en-
ergies higher than about 9.5 €V, which results in the
appearance of ionic fragments SZ with £ = 1+n. In
work [97], the mechanisms of ionic fragment forma-
tion and the spectra of electrons ejected at the inter-
action of photons with sulfur molecules were studied
in detail. The authors of work [97] made a thorough
theoretical analysis of the bond structure and the sta-
bility for a number of sulfur clusters S,, (n = 2+18)
in the framework of the density functional theory.

The energy parameters characterizing the appear-
ance of ionic fragments were calculated by us as the
difference between the total energies of the relaxed
states of the initial molecule and the final molecular
and atomic fragments [88, 90]. The total energies of
the initial sulfur molecules and their neutral and ionic
fragments were determined making use of the soft-
ware package GAMESS-US [80] on the basis of the
DFT and the HF approximation; in the DFT case,
the functional B3PW91 was applied. The effects of
the electron correlation were take into account by ap-
plying the MP2 perturbation theory [101,102] to de-
termine more exactly the total energies calculated us-
ing the HF method. In all calculations, the standard
set aug-cc-PVDZ [80] was used as the basis functions.

The data of works [84,100] were used to set the ini-
tial geometric structure of sulfur molecules. The total
electron energies of all molecular systems were calcu-
lated after their geometry optimization (in the adia-
batic approximation). Examples of equilibrium struc-
tures of the S; and Sg molecules are exhibited in
Fig. 14, a and b, respectively. Sulfur molecules with
five or more atoms have a ring structure in the ground
state (see Fig. 14, b).

The interatomic distances were calculated in the
DFT/B3PW91 and HF/MP2 approximations for all
sulfur molecules, and they are presented in Ta-
ble 10. The corresponding theoretical values 7., —
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b

Fig. 14. Equ1hbr1urn geometric structures of the S4 (a) and
Sg (b) molecules in the ground state

both in this table and in the other tables below —
were taken from the NIST database given for the most
accurate available method [103]. From Table 10, one
can see that our calculated interatomic distances are
somewhat shorter than other theoretical data, being
closer to the experimental values. The magnitudes of
interatomic distances in the sulfur clusters increase
non-monotonically as the number of atoms in them
grows.

Positive molecular ions (cations) of sulfur (as well
as selenium and tellurium) are characterized, as a
rule, by an asymmetric structure. This means that
the interatomic distances in the ions do not change
proportionately as compared to those in the neu-
tral systems. For example, the interatomic distances
between the neighbor atoms in an Sg molecule are
identical and, according to the DFT/B3PW91 cal-
culation, equal to about 2.0497 A. The equilibrium
interatomic distances between the neighbor atoms
in a molecular S; ion calculated using a similar
method turn out not identical and vary from 2.0578 to
2.0774 A. Our calculations showed that the equilib-
rium interatomic distances in all cations of the sulfur,
selenium, and tellurium molecules do not strongly ex-
ceed the corresponding interatomic distances in the
neutral molecules. Such an increase is usually not
substantial and varies from 0.01 to 0.04 A.

The adiabatic values of the ionization potential
I, the electron affinity energy E,, and the dissoci-
ation energy (the binding energy) for some sulfur
molecules — both experimental and calculated by us
in the B3PW91 and HF /MP2 approximations — are
quoted in Table 11. All calculated energy parameters
were determined by us adiabatically as the difference
between the total energies of the corresponding neu-
tral and ionized systems in the relaxed states. Our
experimental results are shown in bold.

For the diatomic molecule Sy, the calculated disso-
ciation energy D is in good agreement with the data
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Table 10. Calculated interatomic distances in S,, molecules
with n = 248 and the corresponding experimental and theoretical data

L Calculated values Literature data rnm (A)
Molecule Interatomic distances 2N
Tnm (A)
Experiment Theory
Ss TSm—Sn 2.0497; 2.0662 2.059 [104], 2.108 [100],
m=1-7, 2.055 [100] 2.0835 [103]
n=(m+1)—8
Sv TS1—82, TS1—S7, 2.0565; 2.0641 2.048, 2.099
rS2—S3, TS6—S7, 2.1161; 2.1164 2.090, 2.165
7S3—S4,TS5—S6, 19934, 1.9980 19987 2.031
rS4-85 2.2084; 2.2256 2.175 [100] 2.262 [100]
Se TSm—Sn 2.0751; 2.0818 2.068 [100] 2.120 [100]
m = 1-5,
n=(m+1)—6
S5 TS1—82, TS1—S5, 1.9212; 2.0532 - 2.133
TS2-83, I'S4—S5, 19210, 1.9577 2.072
TS3-S4 1.9019; 2.2549 2.248 [100]
S4 TS1-82, TS3—S4, 1.9106; 1.9205 - 2.168; 1.926
rS2-83, TS1—S4 1.9106; 1.9205 2.168; 2.604 [100]
S3 rs1—sn (n=2-3) 1.9209; 1.9432 1.90 £ 0.05 [100] 1.960 [100], 1.9769 [103]
Sa rS—gs 1.9018; 1.9209 1.8892 [105] 1.934 [100], 1.903 [103]

(*) The first and second values were calculated using the DFT/B3PW91 and HF /MP2 methods, respectively.

of work [106] and the reference book [107]. In general,
the indicated values demonstrate a good consistency
with one another.

The calculated value of the electron affinity energy
E, of a sulfur molecule almost coincides with the ex-
perimental one in the Sy and S3 cases, but slightly (by
0.2-0.6 eV) exceeds it in the S4 case. The molecule S5
is of interest, because the F, energies calculated for it
are close to zero or negative. This circumstance tes-
tifies to the complicated structures of both the corre-
sponding neutral molecule and its negative ion (here,
a transition to the ring structure in sulfur clusters
takes place). Beginning from Sg, the theoretical value
of F, is always lower than the corresponding experi-
mental one. Furthermore, as the number of atoms in
the molecule grows, the difference between the calcu-
lated and measured values of the energy E, increases.

The theoretical and experimental values for the ion-
ization energy are in good agreement: the largest dif-
ference between them amounts to 0.5-1.5 ¢V. A prob-
able origin of those deviations may be the neglect
of the vibrational energy of molecules in the ground
state. Thus, the results of calculations can be applied
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to the analysis of the appearance energies of the sulfur
ionic fragments.

4.2.2. Selenium molecules Se,, (n = 2+8)

There are a number of papers dealing with experi-
mental [37,115-120] and theoretical [85,121-124] re-
searches of various parameters of selenium clusters. It
is worth noting that, in the majority of experimen-
tal studies [37, 116-118], photons were used as par-
ticles colliding with a vapor of selenium clusters in
the gaseous phase. For example, the PhotoElectron-
Photolon Coincidence (PEPICO) method was suc-
cessfully used in works [37,116] to determine the ap-
pearance energies of selenium ion fragments and the
distribution of photoelectrons. It is also worth not-
ing that a very careful theoretical analysis of possible
fragmentation channels of selenium clusters and the
appearance energies of various fragments was given
in work [37]. In works [117, 118], the photodissocia-
tion of selenium molecules was experimentally stud-
ied, and, with the help of a time-of-flight spectrom-
eter, the appearance potentials (energies) of cations
in various photoreactions were measured. Researches
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Table 11. Calculated adiabatic and experimental

energy characteristics Eq, I, and D of some sulfur molecules
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Calculated data, eV
Energies Experimental data, eV
B3PW91 HF/MP2
S
E, 2.157 1.80 2.077 [108, 109
1(S) 10.48 9.78 10.36012 [108, 109]; 10.4 + 0.3 [35]; 10.3 [110];
10.340.2 (IMMS); 10.36 £ 0.1 (THES)
I(ST) 23.426 23.209 23.338 [108, 109]
I(S%) 34.95 - 34.83 [109]
So
E, 1.66 1.45 1.565 +0.050 [111]; 1.67040.015 [112]; 1.66 [107]
I(Sz) 9.65 9.17 9.356 4 0.002 [113]; 9.6 £ 0.2 [98, 113]; 9.4 [107];
9.6 [47]; 9.9 [6]; 9.36 [48]; 9.6 +0.2 (IMMS)
I(sT) 17.31 - -
I(S31) 29.22 - -
D(2S/S2) 4.50 4.03 4.45 [106]; 4.4 [107]
S3
E, 2.57 2.22 2.31+0.10 [111]; 2.00 +0.15, 2.09 £ 0.03 [112]
1(S3) 9.89 9.83 9.68-£0.03, 9.9+ 0.4 [114]; 10.2+£0.2 [98];
10.2 [47]; 10.5 [6]; 9.68 [48]; 10.2 4 0.2 (IMMS)
I(sT) 25.26 - -
D(38/S3) 6.97 6.44 -
D(S+S2/S3) 2.47 2.41 -
Sa
Eq 2.84 2.40 2.22040.030 [111]
I(S4) 9.49 10.71 10.140.2 [98]; 10.440.5 [114]; 10.1 [47]; 10.4 [6];
10.1+£0.2 (IMMS)
I(sh) 22.78 - -
D(48/S4) 8.69 7.94 -
D(2S2/S4) -0.32 -0.11 -
D(25+S2/S4) 4.19 3.92 -
D(S+53/S4) 1.72 1.51 —
Ss
Eq -0.28 0.60 2.80£0.05 [111]
1(Ss) 7.81 8.62 8.60 +0.05 [114]; 8.8 0.2 [98]; 8.8 [47]; 9.6 [6];
8.6 [48]; 8.7 £ 0.2 (IMMS)
18 21.85 - -
D(5S/Ss) 11.42 10.43 -
D(S2+S3/Ss5) —-0.06 -0.03 -
D(S+S4/Ss5) 2.73 2.49 -
D(3S+S2/Ss5) 6.91 6.41 -
D(2S+8S3/Ss) 4.45 4.00 -
D(S+2S2/Ss) 2.41 2.38 -
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Continuation of Table 11

Calculated data, eV
Energies Experimental data, eV
B3PW9I1 HF/MP2

Se
Eq 1.73 1.48 3.2104+0.070 [111]
1(S¢) 8.72 8.39 9.356 £0.002; 9.6 0.2 [113]; 8.5+ 0.3; 9.7+ 0.3 [114];

9.2+0.2 [98]; 9.7 [47]; 9.0 [6]; 9.0 [48];
9.54+0.2 (IMMS)

I(s$) 22.98 - -
D(6S/S6) 15.90 14.41 .
D(48+S2/S¢) 11.39 10.39 —
D(3S+S3/S¢) 8.92 7.98 -
D(2S+8S4/S6) 7.20 6.47 -
D(S+S5/S6) 4.48 3.98 -
D(S2+S4/S6) 2.70 2.44 —
D(3S2/S¢) 2.38 2.34 -
D(2S3/S¢) 1.95 1.54 -

Sz
E, 1.90 1.67 3.16040.050 [111]
1(S7) 8.53 8.47 8.67+0.03; 9.3+£0.3 [114]; 9.0 £0.2 [98]
I(st) 22.84 - -
D(7S/S7) 18.64 16.93 -
D(55+82/S7) 14.14 12.91 -
D(4S+S3/S7) 11.67 10.50 -
D(38+S4/S7) 9.95 8.99 -
D(25+S5/S7) 7.22 6.50 -
D(S+Se/S7) 2.74 2.52 -
D(S+2S3/S7) 4.69 4.06 -
D(S2+S5/S7) 2.72 2.47 -
D(282+83/87) 2.66 2.44 -
D(3S2+S/S7) 5.13 4.85 -
D(S3+S4/S7) 2.97 2.55 -
D(2S3+S/S7) 4.69 4.06 —

Ss
E, 2.09 1.50 3.590+0.050 [111]
I(Ss) 8.06 7.52 9.34+0.2 [98, 113]; 7.34£0.3, 9.04£0.03, 9.6 0.2 [114]
I(s$) 21.65 - -
D(8S/Ss) 21.18 19.30 -
D(6S+S2/Sg) 16.67 15.27 -
D(5S8+S3/Sg) 14.20 12.86 -
D(45+S4/Sg) 12.49 11.35 -
D(3S+S5/Sg) 9.76 8.86 -
D(25+S¢/Sg) 5.28 4.88 —
D(S+S7/Sg) 2.54 2.36 -
D(S2+S6/S8) 0.78 0.86 -
D(2S2+S4/S8) 3.48 3.30 -
D(4S2/Sg) 3.16 3.19 —
D(S3+Ss5/Sg) 2.79 2.43 -
D(2S3+S2/Ssg) 2.73 2.40 -
D(2S4/8Ss) 3.79 3.41 -
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Table 12. Calculated interatomic distances in Se,, molecules
with n = 248 and the corresponding experimental and theoretical data

Literature data
. Calculated values
Molecule Interatomic distances 2\ x
rnm (A)
Experiment Theory
Ses TSem—_Sen 2.3705 2.336 4 0.006 [85] 2.31 [85]
m = 1-7,
n=(m-+1)-8
Ser FSel_Se2, TSel_SeTs 2.3546, 2.4522 2.28-2.39 [85]
TSe2—Se3, I'Se6—Se7, 2.3343, 2.2768
TSe3—Sed; TSe5—Se6 2.4814, 2.5689
TSe4—Se5 2.2684
Seg TSem—Sen 2.3794 2.31 [85] 2.322 [85]
m = 1-5,
n=(m-+1)-6
Ses TSel—Se2; TSel—Se5) 2.391 2.336, 2.393, 2.505 [121];
TSe2—Se3, "'Sed—Seb» 2.338 2.319, 2.322, 2.392 [85]
TSe3—Sed 2.496
Seq TSel—Se2, TSe3—Sed, 2.8349 2.435, 2.228 [121];
TSe2—Se3, T'Sel—Sed 2.1923 2.505, 2.192 [85]
Ses PSel—Sen (n = 2-3) 2.3952 2.43; 2.377 [121];
2.402 [85]
Ses PSe—Se 2.1991 2.166 [121] 2.200; 2.191 [121]; 2.14 [85]
(*) The values were calculated using the DFT/B3PW91 method.
of the interaction between selenium molecules and 9
.. . Se6
low-energy electrons allowed the ionization poten-
tial and the appearance energy to be determined for 3’\? Se,
some selenium ionic fragments [115,119,120]. The au- 3\
thors of theoretical works [85,121-124] calculated the 3 g/a
equilibrium structure and some energy characteristics 3’"
(the binding energies, the electron affinity energies, a b

and the ionization potentials) for neutral selenium
molecules. In work [85], the vibrational energies of the
Sey, (n = 2+8) clusters were determined using various
theoretical methods (HF, MP2, DFT/B3LYP).

We calculated the total energies of all neutral and
ionized selenium clusters using the software pack-
age GAMESS-US on the basis of DFT/B3LYP with
the basis function set aug-cc-PVDZ [80]. To describe
the initial geometric structure of the Se,, (n = 2+8)
molecules, the data of works [85, 121, 122, 124] were
applied.

In Fig. 15, the equilibrium geometric structures
of the selenium molecules (a) Seg and (b) Ser in
the ground state are shown. One can see that the
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Fig. 15. Equilibrium geometric structures of the Seg (a) and
Se7 (b) molecules in the ground state

equilibrium structures of selenium clusters are very
similar, in most cases even identical, to the struc-
tures of sulfur molecules: only the interatomic dis-
tances become larger. This growth is explained by
the larger size of the atomic components of the
molecules. Namely, selenium atoms, if compared with
sulfur ones, contain additional 3d, 4s, and 4p electron
subshells, which substantially increases their covalent
radius. Selenium molecules with more than 4 atoms
mainly possess a ring structure in the ground state,
similarly to the case of sulfur clusters.
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@
a b

Fig. 16. Equilibrium geometric structures of the Tes (a) and
Teg (b) molecules in the ground state

The interatomic distances calculated for some se-
lenium molecules in the DFT/B3LYP approximation
are quoted in Table 12. The corresponding theoreti-
cal values, 7,,,, shown in Table 12 were taken from
the NIST database [103] for the most accurate avail-
able method. This table demonstrates that the inter-
atomic distances calculated for the molecules from
Seg to Se4 are somewhat larger and, for the molecules
from Ses, Sey, somewhat smaller than other theo-
retical data. They are closer to experimental values
than it was in the case of sulfur clusters. As it was in
the case of sulfur clusters, the interatomic distances
in selenium clusters increase non-monotonically with
the number of atoms in them. The equilibrium in-
teratomic distances in the ionized selenium clus-
ters are also somewhat larger than in the neutral
molecules.

In Table 13, experimental and theoretical (calcu-
lated by us in the DFT/B3LYP approximation) adi-
abatic values of the ionization potential I, the elec-
tron affinity energy E,, and the dissociation energy
(the binding energy) are shown for some selenium
molecules. As was in the case of sulfur, all energy
characteristics calculated by us were determined adi-
abatically as the difference between the total ener-
gies of the corresponding neutral and ionized systems
in the relaxed states. For the diatomic molecule Ses,
the calculated dissociation energy is a little higher
(by about 0.4 €V) than the value from the reference
book [107]. We believe that this is quite a satisfactory
agreement between the given values.

The values of the electron affinity energy F, cal-
culated for the selenium molecules almost coincide
with the experimental ones in the cases of Se; and
Seyq, but somewhat exceed them (by 0.7-1.2 ¢V) in
the Ses case. For the Ses, Seg, and Se; molecules,
the calculated F, values exceed the experimental en-
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ergies by 0.9, 0.55, and 0.9 eV, respectively. We did
not manage to calculate the affinity energy FE, for
the Seg molecule, whereas its experimental value is
about 1.7 eV [122]. The neglect of the vibrational en-
ergy of the molecules in the ground state can be one of
the origins of such mismatches. The results of calcu-
lations were used to analyze the appearance energies
of the selenium ionic fragments.

4.2.8. Tellurium molecules Te,, (n = 2+8)

The involved dissociation and ionization processes of
tellurium clusters with various sizes were studied both
experimentally [46, 116, 120, 126, 127] and theoreti-
cally [87,123,128,129]. Works [116, 120, 123] have al-
ready been discussed above. In most of the researches
[46,116,126,127], photon beams were applied. In par-
ticular, the photoelectron spectra were measured and
used to determine the threshold appearance energies
(the appearance energies and the ionization poten-
tials) for various ionic fragments. The experimental
work [120] is the only one where the excitation and
ionization of Te,, (n = 2-8) clusters at their colli-
sions with low-energy electrons were studied. In the-
oretical works [87, 123, 128, 129], the stability condi-
tions for and the equilibrium structures of neutral
tellurium clusters were mainly considered. The au-
thors of works [128, 129] also calculated the vibra-
tional frequencies and the average binding energies
for various tellurium configurations. In work [129],
which is rather complicated, various DFT approxi-
mations were used to determine the electron affinity
energies, the ionization energies, and the dissociation
channels with the lowest energies. In work [123], the
vertical ionization potentials for a number of Te,, clus-
ters (n = 1+6) were also determined.

The total energies of the tellurium clusters Te,
(n = 1+8) in various states (neutral, negative, and
positive) were calculated following the procedure de-
scribed above for selenium clusters. The only differ-
ence consisted in that a basis set with the effective
kernel potential CEP-112G-ECP (see work [80]) was
used in the DFT/B3LYP calculations. Information
about the initial structural parameters of tellurium
molecules was taken from works [123, 128, 129].

The equilibrium geometric structures of the tel-
lurium molecules Tes and Teg in the ground state are
shown in Figs. 16, a and b, respectively. One can see
that eight tellurium atoms form a regular octagon.
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Table 13. Calculated adiabatic and experimental
energy characteristics E,, I, and D of some selenium molecules

Calculated data, eV
Energy Experimental data, eV
DFT/B3PW91
Se
E, 2.21 2.021 [109]
I(Se) 9.84 9.752 [109]; 9.75+0.05 [37];
9.8+0.2 (IMMS); 9.75 + 0.1 (IHES)
I(Se™) 21.32 21.16 [109]
I(Se?t) 31.62 -
Seo
Eq 1.95 1.94 4 0.07 [125]
I(Se2) 9.15 8.88 [107]; 8.3 [115], 8.7 [116]
9.2+0.2 [38]; 9.4 [20]; 8.84 4 0.05 [37];
9.040.2 (IMMS); 8.87 +0.1 (IHES)
I(Sey) 16.02 -
I(Sez™) 26.14 -
D(2Se/Ses) 3.57 3.164 [107]; 3.265 4 0.087, 3.16 4-0.0001 [121]
Ses
E, 1.49 > 2.2 [125], ~2.75 [122]
I(Ses) 8.44 9.2 [115]
10.4+0.2 [38]; 10.2 [20]; 9.58 +0.05 [37];
10.4+0.2 (IMMS); 9.3+ 0.1 (IHES)
I(Sef) 22.73
D(3Se/Se3) 5.32 1.2, 5.01, 5.28 [122]
D(Se + Sea/Ses) 1.75 1.76, 2.29 [121]
Sey
E, 2.75 ~2.65 [122]
I(Ses) 8.09 9.1 [115]
10.1+0.2 [38]; 10.8 [20]; 9.14 4 0.05 [37];
10.34£0.2 (IMMS); 9.3+ 0.1 (IHES)
I(Se}) 21.67
D(4Se/Sey) 7.63 1.68, 6.84, 7.24 [122]
D(2Sez/Seq) 0.49 -
D(2Se+Se2/Se4) 4.06 -
D(Se + Ses/Seq) 2.32 2.28, 2.30 [121]
Ses
E, 2.25 ~1.35 [122]
I(Ses) 7.86 8.3 [115], 7.6 [116]
8.6 4 0.2 [38]; 9.6 [20]; 9.240.2 [36]; 7.93 £ 0.05 [37];
9.140.1 (IHES)
I(Sed) 20.96
D(5Se/Ses) 10.41 3.25, 9.6, 10.25 [122]
D(Sez +Se3/Se5) 1.51 -
D(3Se + Sez /Ses) 6.83 -
D(2Se + Ses3/Ses) 5.09 —
D(Se + 2Se2/Ses) 3.26 -
D(Se+ Ses/Ses) 2.77 2.68, 2.86 [121]
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Continuation of Table 13

Calculated data, eV
Energy Experimental data, eV
DFT/B3PW91
Seg
Ea 1.96 ~1.41 [122]
I(Seq) 8.12 8.4 [115], 7.9 [116]; 8.9£0.2 [38]; 9.7 [20];
9.08 £ 0.05 [36]; 8.24 £ 0.05 [37]; 8.5+ 0.1 (IHES)
I(Sel) 20.64 -
D(6Se/Seg) 12.96 4.98, 13.02, 13.68 [122]
D(2Ses/Seg) 2.32 —
D(3Se2/Seg) 2.24 -
D(4Se + Sez /Seg ) 9.39 -
D(3Se + Ses/Seg) 7.64 -
D(2Se + Seq /Seg) 5.33 -
D(Se2 + Seq /Seg) 1.75 -
D(Se + Ses /Seg) 2.56 -
Seg
Eq 2.23 ~1.35 [122]
I(Ser) 7.93 8.2 [115], 7.6 [116]; 8.4+ 0.2 [38]; 8.9 [20];
8.87 4 0.05 [36]; 7.94+ 0.05 [37]; 8.8+£0.1 (IHES)
I(Sey) 20.10 -
D(7Se/Ser) 15.00 5.81, 15.19, 15.96 [122]
D(5Se+Se2/Se7) 11.43 -
D(4Se+ Se3/Ser) 9.69 -
D(3Se+ Ses/Ser) 7.37 -
D(2Se + Ses /Ser) 4.60 -
D(Ses + Ses/Ser) 2.05 -
D(Se2 + Ses /Ser) 1.03 -
D(Se + Seg/Ser) 2.04 -
D(Se + 2Se3/Ser) 4.37 -
D(Sez +Se5/Se7) 1.03 —
D(ZSez -+ Se3/Se7) 2.54 -
D(3Sez + Se/Ser) 4.29 -
D(Ses + Seq/Ser) 2.05 -
Seg
Ea - ~1.7 [122]
I(Ses) 7.93 8.4 [115], 7.8 [116]; 8.6 £0.2 [38]; 9.0 [20];
8.97£0.05 [36]; 8.11 £ 0.05 [37]; 8.05 £+ 0.1 (IHES)
I(Sed) 19.59 -
D(8Se/Ses) 17.68 6.64, 17.36, 18.24 [122]
D(6Se + Sez/Sesg) 14.10 -
D(5Se + Ses /Ses) 12.36 -
D(4Se+ Ses/Seg) 10.04 -
D(3Se + Ses /Sesg) 7.27 -
D(2Se + Ses /Ses) 4.71 -
D(Se + Se7/Ses) 2.67 -
D(Sez +S66/868) 1.14 -
D(2Se2 + Sea/Sesg) 2.89 —
D(4Se2/Ses) 3.38 -
D(Ses + Ses /Sesg) 1.95 —
D(QSeg -+ Seg/seg) 3.46 -
D(2Se4/Sesg) 2.41 -
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Table 14. Calculated interatomic distances in Te,, molecules
with n = 248 and the corresponding experimental and theoretical data

Literature data rpm, A
L Calculated values
Molecule Interatomic distances N A
e Experiment Theory
Teg TTem—Ten 2.8718 2.834; 2.74 [128]
m = 1-7,
n=(m+1)-8
Ter TTel—Te2, TTel—TeTs 2.8617, 2.9343,
TTe2—S3, T"Te6—S75 2.8386, 2.7936,
T'Te3—Ted, M'Te5—Te6) 2.9666, 3.0351,
TS4—-S5 2.7851
Teg TTem—Ten 2.8881 2.74643 [123]
m = 1-5,
n=(m+1)-6
Tes TTel—Te2, TTel—Tebs 2.9900, 2.7729,
TTe2—Te3s TTed—Te55 2.8535, 2.6988,
T'Te3—Ted 2.8966 2,7147 [123]
Tey T'Tel—Te2, TTe3—Ted) 2.9553, 3.0322 [123]
T'Te2—Te3, TTel —Ted 2.9551
Tes TTel—Ten (n = 2-3) 2.9195 2.72 [123]
Teo TTe—Te 2.6959 2.556 [105] 2.55; 2.5083; 2.577 [123]

(*) The values were calculated using the DFT/B3PW91 method.

The interatomic distances for all tellurium
molecules calculated in the DFT/B3LYP approxima-
tion are given in Table 14. The corresponding theoret-
ical values, r,,, were taken from the NIST database
for the most accurate available method [103]. The
table demonstrates that the interatomic distances
calculated by us are somewhat larger than other
theoretical results. The interatomic distances in tel-
lurium clusters increase less nonmonotonically, as the
number of atoms in the clusters grows. As was al-
ready shown for the sulfur and selenium chalcogen
molecules, the equilibrium interatomic distances in
the ionized tellurium clusters also increase asymmet-
rically (by about 0.01-0.15 A) in comparison with
the interatomic distances in the corresponding neu-
tral clusters.

The analysis of the values calculated for the in-
teratomic distances in the S,,, Se,, and Te,, clusters
with n = 28 and quoted in Tables 10, 12, and 14, re-
spectively, brings us to the following conclusions. The
distances in clusters with the same number of atoms
increase monotonically by tenths of angstrém. At the
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transition from selenium to tellurium, this distance
growth is larger than at the transition from sulfur
to selenium. Furthermore, the maximum interatomic
distance in any sulfur cluster is almost always shorter
than the minimum distance in the selenium clus-
ters. Analogously, the maximum distance in the sele-
nium clusters is always shorter than the minimum dis-
tance in the clusters of the heavy element tellurium.

Experimental and theoretical — calculated by us
in the DFT/B3LYP (CEP-112G-ECP) approxima-
tion — adiabatic values of the ionization potential I,
the electron affinity energy FE,, and the dissociation
energy (the binding energy) obtained for some tel-
lurium molecules are given in Table 15. As was in
the previous cases of sulfur and selenium, all en-
ergy parameters calculated by us were determined
adiabatically as the difference between the total en-
ergies of the corresponding neutral and ionized sys-
tems in the relaxed states. For the diatomic molecule
Tey, the calculated value of the dissociation energy
is a little lower (by 0.3 €¢V) than the value from
the reference book [107]. In general, there is a satis-
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Table 15. Calculated adiabatic and experimental

energy characteristics E,, I, and D of some selenium molecules
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Calculated data, eV
Energy Experimental data, eV
DFT/B3PW91
(CEP-112G - ECP)
Te
E, 1.84 1.971 [109]
I(Te) 8.71 9.5+ 1.0 [52]; 8.9 [18]; 8.96 [46]; 9.009 [53]; 7.28 [109];
8.8+0.25
I(Tet) 18.87 18.6 [109]
I(Te?T) 27.79 -
Teo
E, 2.09 ~2.35; ~2.56 [129]
I(Te2) 8.57 8.29 [107]; ~7.9 [126], 7.87 [123], ~7.95 [129];
8.4+0.6 [52]; 8.3 [18]; 11.71 £0.01 [53];
8.3+0.25
I(Tef) 14.61 -
I(Te2™) 21.99 -
D(2Te/Tey) 2.20 2.5 [107]; 2.24 [123], 2.69 [105]
Tes
E, 2.05 ~2.73; ~2.92 [129]
I(Te3) 7.90 ~7.32 [126]; 7.43; 8.01 [123], ~7.7 [129]; 8.2+ 0.6 [52]; 9.3 [18];
8.1+0.25
I(Tef) 20.86 -
D(3Te/Te3) 3.13 3.57 [123]
D(Te + Tez/Tes) 0.93 ~2.4; ~2.9 [129]
Tey
Eq 2.87 ~2.4; ~2.9 [129]
I(Tey) 7.12 ~7.33 [126]; 6.52 [123]. ~7.45 [129]
I(Te}) 19.33 -
D(4Te/Teyq) 4.30 4.76 [123]
D(Teg + Tea /Tea) -0.11 —
D(2Te + Tez/Teq) 2.10 -
D(Te + Tes/Teq) 1.17 ~1.5; ~1.9 [129]
Tes
Ea 2.52 ~2.27; ~2.27 [129]
I(Tes) 7.48 ~7.25 [126]; 6.60 [123], ~7.45 [129]
I(Tet) 19.43 -
D(5Te/Tes) 6.56 6.01 [123]
D(Teg + Tesz/Tes) 1.23 -
D(3Te + Tez /Tes) 4.36 -
D(2Te + Tes/Tes) 3.43 -
D(Te + Teyq/Tes) 2.26 -
D(Te + 2Tey /Tes) 2.16 -
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Continuation of Table 15

Calculated data, eV

Energy Experimental data, eV
DFT/B3PW91
(CEP-112G - ECP)

Teg
Eq 2.62 ~2.28; ~2.30 [129]
I(Teg) 7.62 ~7.33 [126]; 6.29 [123], ~7.5 [129]
I(Tet) 19.19 -
D(6Te/Teg) 8.26 6.61 [123]
D(2Te3/Teg) 1.99 -
D(3Tey/Teg) 1.64 -
D(Tez + Te4/T66) 1.75 —
D(4Te + Tez /Teg) 6.05 -
D(3Te + Teg/Teg) 5.12 -
D(2Te + Tes/Tes) 3.95 -
D(Te + Tes /Teg) 1.69 ~1.6; ~2.2 [129]

Ter
Ea 2.67 ~2.35; ~2.40 [129]
I(Ter) 7.58 ~T.27 [126], ~7.35 [129]
I(Ted) 18.81 i
D(7Te/Ter) 9.58 -
D(5Te + Tea /Te7) 7.38 -
D(4Te + Tegz /Ter) 6.45 -
D(3Te + Teyq/Ter) 5.28 -
D(2Te + Tes /Ter) 3.02 -
D(Te -+ Teg/Ter) 1.33 ~1.4; ~1.9 [129]
D(Te + 2Tegz/Ter) 3.31 -
D(Teg + Te5/Te7) 0.81 -
D(2Tes + Tes/Ter) 2.04 -
D(3Tez + Te/Ter) 2.97 -
D(Te3+Te4/Te7) 2.15 -
D(2Teg + Te/Ter) 3.31 -

Teg
Eq 2.78 ~2.38; ~2.52 [129]
I(Teg) 7.67 ~7.3£0.2 [126], ~7.55 [129]
I(Tef) 18.63 -
D(8Te/Teg) 11.36 -
D(6Te + Teg /Teg) 9.16 -
D(5Te + Tes/Teg) 8.23 -
D(4Te + Tes/Teg) 7.06 -
D(3Te + Tes /Teg) 4.80 -
D(2Te + Teg /Teg) 3.11 -
D(Te + Tey /Teg) 1.78 ~1.4; ~1.8 [129)]
D(4Tez/Teg) 2.55 -
D(3T62 -+ Tez/Teg) 2.54 -
D(2T92 -+ Te4/Teg) 2.65 -
D(Tez + Teg /Teg) 0.90 -
D(Teg + Te5/Teg) 1.67 -
D(2Tey/Teg) 2.76 -
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factory agreement between the presented values (see
Table 15).

The values of the electron affinity energy F, cal-
culated for the tellurium atom and the Te, and Tes
molecules are lower than the corresponding experi-
mental values by 0.13, 0.3-0.5, and 0.7-0.9 eV, re-
spectively. But, for the molecules from Tes to Teg,
those energies already exceed the corresponding ex-
perimental values by up to 0.4 e¢V. All the results ob-
tained were used to analyze the appearance energy of
the tellurium ionic fragments.

4.3. Formation of the ionic
fragments of chalcogen molecules

Our experimental results together with the experi-
mental and theoretical data on the appearance en-
ergies of ionic fragments and the ionization energies
of atoms and molecules taken from the literature are
summarized in Tables 4 to 6. We used them to make
a comparison with the results of our calculations pre-
sented in Tables 16 to 18. Such a comparison may fa-
vor a good qualitative and quantitative analysis of all
results aimed at the determination of the gas mixture
component that leads, through the process of its DI,
to the appearance of that or another ionic fragment.

4.8.1. Ionic fragments of sulfur molecules

Singly charged ions of sulfur molecules. As was al-
ready mentioned above, the appearance energies of
ionic fragments can be experimentally determined by
measuring their partial yield cross-sections. For sul-
fur molecules, such processes were studied in works
[86,96-99] in detail.

The adiabatic energy values calculated in two
approximations [88] for the appearance of the S;
sulfur ions from the S,, molecules (m = 8,6,2)
are presented in Table 16 together with the avail-
able experimental data. Our results are shown in
bold. In this table, the ionization energy of the parent
molecule, I(S,,), is put equal to the appearance en-
ergy Eap(S} /Sm). One can see that, in general, there
is a satisfactory consistency between the theoretical
and experimental values obtained for the appearance
energies of sulfur ionic fragments. However, the ex-
perimental data on the appearance energy quoted for
some ionic fragments can differ rather strongly, by
several electronvolts, among themselves. This differ-
ence testifies to an uncertainty of the DI channels
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activated, when measuring the appearance energies
using different methods.

The best correspondence of the calculated values
with the experimental data is observed for DI of the
Sg molecule. This behavior can be observed for all
formation reactions of the SZ‘ ionic fragments. The
theoretical appearance energies for ST and S;‘ ions
exceed the experimental values by 0.5-1.0 €V. For all
other channels, the difference between the calculated
and measured appearance energies is small, and they
are in good agreement. However, it should be noted
that the presented experimental data on the appear-
ance energies of some ionic fragments can be quite
different. For instance, this difference reaches almost
2.5 eV in the case of the S§ and S} ions, and up to
1.5 eV for the S7 one.

For DI of the Sg molecule, there is a certain differ-
ence between the theoretical and experimental val-
ues. A mismatch between the results of two methods
applied to calculate the total energies is also rather
large in this case. Note that the experimental data
on the appearance energy differ by 3.2 eV for the SI
ions and by 1.7 eV for the S ones. The calculated
values of Epp for the Szf and S;r ions are by about
0.5-1.0 eV larger than the experimental results, with
this difference being minimum for the S ion. Such
an insignificant discrepancy between the calculated
and measured Fap values can be explained by the
influence of the energy of molecular vibrations. This
energy was not taken into consideration, because its
account for all fragments is a difficult task. For the
S* /Sy and S§ /Sa DI channels, the experimental and
theoretical Eap values agree well.

For the Sy molecule, there is a rather good agree-
ment between the experimental and theoretical DI
data. But again, the corresponding experimental data
on the appearance energies for some ionic fragments
differ from one another by almost 1.5 eV.

In the case of the S; ion formation in the processes
S¢ — S§ +S3+S-+e” and Sg — SF + Sy +2S+e,
it is possible to determine the binding energy of a
sulfur atom in the S3 molecule, Ey(S — S32/Ss). It is
equal to 2.47 eV for the B3PW91 method, and to
2.41 eV for the HF /MP2 one. One can see that the
appearance energy of the SJ ion in the former pro-
cess is lower than that in the latter one. That is,
in order to form a four-atom S; molecule from two
S2 molecules, we have to spend an energy of 0.31
or 0.11 eV according to the B3PW91 and HF /MP2
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Table 16. Appearance energies of Sk+ ionic fragments from Sg, Sg, and S2 molecules

b Calculated appearance
issociative ionization
Tons channel energy, eV Experimental appearance energy, eV
" +8n(n=8,6,2) — B3PWO1 HF /MP2
Eap(S)/Ss), k=1-8
sy Sy +2¢~ 8.06 7.52 9.3+0.2 [98, 113]; 7.3+ 0.3,
9.04+0.03, 9.6 £0.2 [114]
st Sg +S2 + 2e~ 9.50 9.25 9.7 [47]; 9.0 [6]; 9.0 [48];
Sg +2S 4 2e~ 14.01 13.28 10.140.3 [114]; 9.7+ 0.3 [98];
9.5+ 0.2 (IMMS); 9.5 + 0.3 [96]
s Sa + S5+ 2e~ 10.60 11.04 8.8 [47]; 9.6 [6]; 8.6 [48];
10.2 [114]; 8.8 £0.2 [98];
8.7+ 0.2 (IMMS); 8.7 4 0.2 [96]
Sy Si 4252 4 2~ 12.97 14.01 10.1 [47]; 10.4 [6];
Sy +S4 42~ 13.28 14.12 12.540.3 [114]; 10.2 4 0.2 [98]; 10.3 £ 0.2 [96];
10.1+£0.2 (IMMS)
ST S§ +S3 4 S2 + 2e™ 12.62 12.23 10.2 [47]; 10.5 [6]; 9.68 [48];
ST +S5 + 2e” 12.68 12.25 12.6+0.5 [114];10.2 + 0.2 (IMMS)
10.2 + 0.2 [96, 98]
ST ST +S6 + 2e~ 10.43 10.02 9.6 [47]; 9.9 [6]; 9.36 [48];
9.6 4 0.2 [98];
9.6 + 0.2 (IMMS); 9.55 & 0.2 [96]
S+t St +S4 +S3 +2e” 11.07 10.84 10.4 4 0.3 [47]; 10.40 + 0.1 [98];
30+ 0.2 (IMMS);
10.36 + 0.1 (IHES);
10.30 + 0.2 [96]
Eap(S;f/S6), k=1-6
st S¢ +2e~ 8.72 8.39 9.7 [47]; 9.0 [6]; 9.0 [48];
9.356 4 0.002; 9.6 £ 0.2 [113];
8.540.3; 9.7+0.3 [114];
9.240.2 [98[;
9.5+ 0.2 (IMMS)
Sy S§ +S2+2e™ 12.19 13.15 10.1 [47]; 10.4 [6];
SF +2S 4 2e~ 16.69 17.18 11.9440.05 [114];
10.3 + 0.2 [96]; 10.2£0.2 [98]
st St +S2+S+ 2~ 14.31 13.78 10.2 [47]; 10.5 [6]; 9.68 [48];
ST +3S+ 2~ 18.81 17.81 13.340.5 [114]
Shy ST +2S2 4 2e~ 12.04 11.50 9.6 [47]; 9.9 [6]; 9.36 [48];
S3 +S4 +2e~ 12.35 11.61 12.841.0 [114]; 9.55 4 0.2 [96];
Sy +S3+S+ 2~ 14.07 13.12 9.6 +0.2 [98];
ST +S2+2S+ 2" 16.54 15.53 12.841.0 [114]
St St 4285 +S+2 17.37 16.14 10.4 4 0.3 [47]; 10.40 + 0.1 [98];
St 483452 +2 14.90 13.73 10.30 = 0.2(IMMS);
ST +844+S+2e 17.69 16.25 10.36 + 0.1 (IHES);
St +S5+2e 14.96 13.75 10.30 £ 0.2 [96]
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Continuation of Table 16

- Calculated appearance
issociative ionization
Tons channel energy, eV Experimental appearance energy, eV
" +8n(n=8,6,2) - B3PWO1 HF /MP2
Eap(S;f/S2), k=1-2
ST ST + 2~ 9.65 9.17 9.6 [47]; 9.9 [6]; 9.36 [48];
9.356 £ 0.002 [113]; 9.6 +0.2 [98, 113]; 9.4 [107];
9.6 + 0.2 (IMMS)
st ST+ S+ 2 14.99 13.80 10.4+0.3 [47];
14.73240.005 [113];
13.54+0.5 [106];
14.7440.01 [114];
10.30 + 0.2 (IMMS);
10.36 + 0.1 (IHES);
10.30 £ 0.2 [96]

methods, respectively. Similar values are obtained-
when considering the processes Sg — SZ +2So + e~
and Sg — S} +Ss+e™.

The appearance energies calculated by us for the
Sg — S;’+Sg+Sg+e* and Sg — S;+S5+e* reactions
are almost identical, although the formation of the S5
molecule in the latter reaction requires a low energy
consumption. Probably, this fact may testify that it is
very important to take interatomic vibrations into ac-
count when calculating the energy structure of poly-
atomic molecules [90]. It may point to some insta-
bility of the S; molecule with respect to its decay
into the S3 and S5 ones. In particular, according to
our calculations (see Table 11), the dissociation of
this molecule according to the reaction S5 — So+ S3
results in the energy release D(Sz + S3/Ss) — not
energy absorption — which is equal to —0.06 eV in
the B3PW91 approximation and —0.03 eV in the
HF/MP2 one.

All the data on the appearance energy of the S;
(n = 1+6) sulfur ions, which are presented in Table 4,
correspond to the reactions presented in Table 16. In
such a way, although with certain reservations, it is
possible to identify the molecule in a gaseous mixture,
from which a particular ionic fragment was formed
through DI.

By analyzing the data given in Table 16, we can
draw the following conclusion. The formation of the
S (n = 1+6) ions may probably occur owing to the
direct rather than dissociative ionization of the parent
atoms and molecules, because the ionization poten-
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tials of those systems are almost equal to the appear-
ance energies of their ions (see Tables 4 and 11). A
small difference on either side between those values
may result from shortcomings of theoretical approx-
imations used in the calculation, in particular, the
neglect of the energy of molecular vibrations.

Note that the presence of parent molecules in ex-
cited (electron or vibrational) states decreases the ap-
pearance energy of ionic fragments by the state exci-
tation energy. Furthermore, the simultaneous forma-
tion of the corresponding cation and anion through
the electron capture by a neutral fragment at DI of
the molecule will result in a reduction of the fragment
appearance energy by the electron affinity energy of
this fragment.

The maximum and minimum values calculated
forthe appearance energy of some sulfur ionic frag-
ments using the DFT/B3PW91 method are shown
in Figs. 17 [Eap(S]/Ss), k < 8], 18 [Eap (ST/Sy),
1 <n<8|,and 19 [Eap (S§/Sn), 2 < n < 8|. The
appearance energy maximum corresponds to a com-
plete separation of the residual neutral molecule into
atomic fragments. The appearance energy minimum
corresponds to the cases where the residual neutral
part comprises a molecule, i.e., all its atoms are
bound. The appearance energy can be lower than the
indicated minimum value only for the formation of a
negative molecular ion from the residual molecule.

From the dependences shown in Figs. 17 to 19, one
can see that the minimum appearance energy is more
sensitive to the energy parameters of the formed frag-
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ments in comparison with the maximum appearance
energy. According to DFT/B3PW091 calculations, the
maxima of the minimum appearance energies are as
follows: Eap(S{ — Ss—x/Ss) = 13.28 eV at k = 4,
Eap(St — S,-1/S,) = 14.96 eV at n = 6, and
Eap(S§ — S,_2/S,) = 1237 eV at n = 7. At the
same time, the minima of the minimum appear-
ance energies are Eap(S{ — Ss—x/Ss) = 9.5 eV at
k=6, Eap(ST —S,_1/S,) = 12.2 ¢V at n = 4, and
Eap(ST —S,-2/S,) =9.34 eV at n = 4.

Doubly charged ions of sulfur molecules. The max-
imum and minimum appearance energy values cal-
culated for singly charged ionic fragments Sz with
k = 1+8 (see Figs. 17 to 19) can be used to deter-
mine the appearance energies for doubly charged ionic
fragments SZ*‘. For this purpose, in accordance with
formulas (36) and (37), the ionization potentials of S,
ions have to be added to the corresponding energies.

Recall that Table 4 contains the appearance en-
ergies for doubly (S?* and S3%) and triply (S3T)
charged sulfur molecular ions, which were measured
by us with the help of the MMS and HES methods;
namely, 21.9 + 0.2, 17.37 £ 0.1, and 29.40 + 0.1 eV,
respectively. The values obtained are in good agree-
ment with the data of work [65], which may testify to
the observation of those ions in the same reactions.

Let us consider possible reactions giving rise to the
formation of doubly charged ions. The formation of
the S?* ion from the S,, molecule in the process
Spt+e” —S* 48, 1 +3e” (40)
is characterized by the appearance energy which can
be calculated from the formula

Eap[S*t =S,_1/Sn] = I(S)+1(ST)+D(S—Sn_1/Sn).

In particular, if the S+ ion appears in the process
Sy +e~ — 82T + S+ 3e™, the appearance energy can
be equal to 38.098 ¢V (here, according to handbook
data [107, 109], we put I(S) ~ 10.360 eV, I(ST) =
= 23.338 eV, and D(S — S/Ss) = 4.4 eV). The value
of Eap[S*" —S/Ss] calculated according to the data
of Table 11 equals 38.406 ¢V (B3PW91) or 37.019 eV
(HF /MP2).

If the S?* ion is formed from the molecular ion S}
in the process

St +e =St +8, 1 +2, (41)
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Fig. 17. Calculated maximum (EAp[SZ" — (8 —k)S/Sg], m)
and minimum (EAPS;r — Ss—k/Ss, o) appearance energies of
the Sz' ionic fragments with k& < 8. At k = 8, the ionization
energy of the Sg molecule was used
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Fig. 18. Maximum (Exp[ST —(n—1)S/S,], M) and minimum
(Eap(ST —S,—1/Sn), o) appearance energies of the St ionic
fragment calculated for 1 < n < 8. At n = 1, the ionization
energy of the S atom was used
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Fig. 19. Maximum (Eap[S3 —(n—2)S/S,], ) and minimum
(EAp(Sér — Sn—2/Sn), o) appearance energies of the S; ionic
fragment calculated for 2 < n < 8. At n = 2, the ionization
energy of the So molecule was used
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its appearance energy equals
Eap[S*T —S,_1/SS] =I(ST) 4+ D(ST =S, _1/SH).

This value is lower than the ion appearance energy in
the previous process either by the magnitude of the
ionization potential I(S,,) of an S,, molecule or by the
magnitude of the ionization potential of an S atom
and the dissociation energy D(S* —S,,_1/S;") of the
molecular ion. For instance, in the case of diatomic
(n = 2) molecules, the appearance energy Eap[S?T —
S/S5] = 28.698 eV; here, we used the ion dissociation
energy [107]

D(S* —S/8}) =
= D(S—S/Ss) — I(Ss) + I(S) = 5.36 eV.

The calculated value of Eap[S?T — S/SJ] equals
28.756 or 27.849 eV, if, according to Table 11,
I(ST) = = 23.426 or 23.209 eV, respectively. If the
sulfur atom captures an electron in the course of this
reaction, then the energy Eap[S?T — S~ /S3] will be
lower than Fap[S?T — S/S3] by the magnitude of
E,(S), which was put equal to 2.0077 eV [109] or
2.157 €V in our calculations. So, in the case of DI
of the S ion, the appearance energy of the S?* ion
equals 26.6903 eV [109], and the appearance energy
of the S~ ion equals 26.629 or 26.049 eV depending
on whether the DFT/B3PW91 or HF /MP2 method,
respectively, was applied in calculations.

Finally, if the S?* ion is formed through the direct
ionization of the atomic S ion,
St+e — S 427, (42)
the corresponding appearance energy Eap[S?t/ST] =
I(ST) = 23.338 eV [109]. According to our calcula-
tions, I(S1) = 23.426 or 23.209 eV. Hence, even the
presented appearance energies of the S?* ion in this
process exceed the experimental value of 21.940.2 eV
by 1.31-1.53 eV.

If S?* ions are produced owing to DI of initial
systems in excited states, then the energy of their
appearance will be reduced by the state excitation
energy. For example, ionic fragments can be formed
from the excited states of parent molecules. The first
electron-excited state B3X; of the S5 molecule has
an energy of 3.91 eV [107]. Hence, the energy of the
ionic fragment appearance will be lower by the magni-
tude of this parent-molecule excitation energy. Ana-
logously, S?T ions can be formed from the excited
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state of either the molecular ion S§* or the atomic
ion ST* [109]. In the latter case, the excitation en-
ergies from 1.8 to 3 eV correspond to metastable
terms of the 3p3 configuration with lifetimes rang-
ing from 50-80 min (2D terms) to 5-3.5 s (P
terms). Configurations ranging from 3s3p* to 3p%3d
with transition-allowed terms correspond to energies
varying from 9.8 to 13 eV, but their lifetimes are
about a few nanoseconds.

In the case of doubly or triply charged molecu-
lar ions, the energies of their appearance have to
be lower. For instance, according to the results of
our calculations, the formation of the doubly charged
molecular ion S27* in the process of direct ionization of
the singly charged ion S, i.e., Sy +e™ — Sng +2e7,
is characterized by the value I(S]) = 17.31 eV. It is
lower than I(S1) and very close to the experimental
values. An analogous formation of the triply charged
ion 3T in the process of direct ionization of the dou-
bly charged ion S37, i.e., S37 + e~ — S3T 4+ 27, is
characterized by the value I(S2%) = 29.22 eV. It is
also very close to the experimental value. According
to our calculations, the direct ionization of a neutral
molecule Sy is characterized by the following total
energies: I(Sz) + I(S§) = 26.96 eV for the double
ionization and I(Sy) 4+ I(S3) + I(S3T) = 56.18 €V for
the triple ionization.

Thus, our calculations brought us to a conclusion
that the formation of the S3% and S3* ions occurs in
the process of direct ionization of SJ and S3* ions,
respectively. It can be a result of the single ionization
of a diatomic sulfur molecule Sy and followed by the
ionization processes of its singly and doubly charged
ions that are already available or appear in the gas
mixture.

The energy balance E for three channels — A2t —
— AT + AF | A2T - AT 4+ A, 4, and A2Y —
- A+ Aitl — describing the formation of pairs of
ionic fragments from the A2" ions can be found using
the following expressions:

E (AT — A JAZT) = I(An) + I(A)) -
—I(A) — I(Apor — E(A — A1 /A,),

E (A" — Ap 1 /AZT) = I(An) + I(A)) —
—I(A) — I(A*) = D(A — A1 /Ay),
E(A—AZT JAZY) = I(An) + I(A)) -
—I(Ap—1) = I(A} ) — E(A— Ay_1/A,).

n—1

(43)
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Only the first reaction corresponds to the Coulom-
bic decay, because one of the fragments in two other
reactions is neutral. These neutral fragments can be
excited further: the atomic fragments into electronic
excited states, and the molecular fragments into elec-
tronic, vibrational, or rotational excited ones.

As was already indicated above, if £ < 0, i.e., if
the absolute value of the total energy of the initial
ion A2* is larger than the sum of the absolute values
of the total energies of the final components, then the
molecular ion A2T is stable. In order to break it, the
energy E has to be supplied. If F > 0, the ion is un-
stable and decays into the indicated fragments with
the release of energy. In the case of sulfur with n = 2,
the energy balance calculated in the BSPW91 approx-
imation for the above-indicated reactions with the
S2T jons equals 1.5 eV in the 257 /S2T channel and
—11.446 eV in the S>T — S/S5% channel. Of course,
the doubly charged A%* ion can also decay into other
fragments preserving the total charge. From whence,
it follows that the S§+ ion is unstable with respect
to the decay into two S ions, which fly apart with a
total kinetic energy of 1.5 eV.

Figure 20 demonstrates the dependences of the en-
ergy balance in the reactions of the fragment pair for-
mation from the S2* ions on the the number of atoms
n in those ions calculated in the BSPW91 approxima-
tion for three reaction channels. One can see that the
S2+ jons are unstable with respect to their decay into
two ions, ST and S}, for all n = 2+-8. The released
energy is maximum (12.55 eV) at n = 3 and is spent
for the kinetic energy of the ST and Sj ions, and it
is minimum (1.5 eV) at n = 2 and is spent for the
appearance of two ST ions. Note that, in the cases
where the S2* ion decays into a doubly charged and
a neutral fragment, (S2+,Sg) and (S§+,S), the cal-
culated energy balance also reaches a maximum at
n = 3. In the latter case, the S and Si" fragments
appear owing to a real decay with a total energy re-
lease of 5.72 eV. But there is no decay at other n in
the indicated cases, and the S+ ions are stable.

4.8.1. Tonic fragments of selenium molecules

Singly charged ions of selenium molecules. In Ta-
ble 17, the calculated appearance energies of the Sez
ionic fragments from the Seg, Seg, and Se; molecules
are given and compared with experimental data. Our
results (cf. Table 5) are also presented in bold. An
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Fig. 20. Energy balance E calculated for the formation re-
actions of fragment pairs from the S%"' ions with n = 2+8
through the channels St — Sz_l/ng (), S2+ —S,,_1/S2F
(W), and S — S2T, /S2T (a)

analysis of the data allows us to assert that, in the
majority of cases, the Se;} (n = 1+8) ions are formed
in the process of direct rather than dissociative ion-
ization from the parent atom or molecule, because
the ionization potentials of those systems are almost
identical to the appearance energies of their ions (see
Tables 13 and 5). In other words, now the ion appear-
ance energy is determined by the ionization potential
of the parent system. Small deviations between those
values may be induced by shortcomings of theoretical
approximations used in calculations, in particular, by
the neglect of vibrational energies in the initial and
final states of the molecule.

In the case of DI process, the account for the disso-
ciation energy will result in its addition to the corre-
sponding molecular ionization potentials ISe, ). This
increment will substantially increase the appearance
energy obtained in our calculations for Ses (3.57 V)
and Sez (1.75 €V) (see Table 13). The presence of
excited electron or vibrational states in the initial
molecules will decrease the appearance energy of
ionic fragments by the state excitation energy. Ana-
logously, the formation of a negative ion from a neu-
tral fragment in the process of electron-impact DI of
the molecule will reduce the appearance energy of this
fragment by the magnitude of the electron affinity
energy.

In Figs. 21 to 23, the calculated maximum and min-
imum values of the appearance energy are depicted
for some selenium ionic fragments: Fap(Se} /Ses)
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Table 17. Appearance energies of Se;: ionic fragments from Seg, Seg, and Sez molecules

Calculated )
fons Dissociative ionization channel appearance energy, ¢V Experimental
e +Sen (n=8,6,2) — appearance energy,
DFT-B3LYP eV
Eap(Sef /Ses), k=1-8
Seqd Seg +2e~ 7.93 8.4 [115], 7.8 [116];
8.6£0.2 [38]; 9.0 [20];
8.97 4 0.05 [36];
8.1140.05 [37];
8.05 + 0.1 (IHES)
Sed Sed + Se +2e™ 10.60 7.94+0.05 [37];
8.87 4 0.05 [36];
8.40.2 [38]; 8.9 [20];
8.8 £0.1 (IHES)
Sed Sed + Sep + 2e” 9.26 8.24+0.05 [37];
Sed +2Se + 2 12.83 9.08 4 0.05 [36];
8.9+0.2 [38]; 9.7 [20];
8.5+0.1 (IHES)
Set Sed” + Ses + 2e~ 9.81 7.9340.05 [37];
9.240.2 [36];
Sed” + Sea + Se + 2e~ 11.56 8.6 +0.2 [38]; 9.6 [20];
Sed +3Se + 2 15.13 9.1+ 0.1 (THES)
Sef Sel + 2Ses + 2e~ 10.98
Sef + Ses + 2e™ 10.49 9.1440.05 [37];
Sel + Ses + Se + 2e~ 12.81 10.1+0.2 [38]; 10.8 [20];
Sef +Sez + 2Se + 2e™ 14.55 10.3 + 0.2 (IMMS);
Sef + 4Se + 2~ 18.13 9.3+ 0.1 (IHES)
Se; Ses+ + Ses + Sea + 2e~ 11.90
Sed + Ses + 2e~ 10.39
Sed + 2Ses + Se + 2 13.65 9.5840.05 [37];
Sed + Ses + Se + 2e~ 13.16 10.4+0.2 [38]; 10.2 [20];
Sed + Ses + 2Se + 2~ 15.48 10.4 + 0.2 (IMMS);
Sei + Sey + 3Se + 2e~ 17.22 9.3+0.1 (THES)
Ses + 5Se + 2~ 20.79
Se; Se2+ + Seg + 2e~ 10.29
Sej + 2Ses + 2e~ 12.61
Sej 4 3Sea + 2e~ 12.53
Se27L + Seq + Seg + 2e~ 12.04
Se; + Sesz + Sez + Se + 2e~ 14.36
Sed + Ses + Se + 2e~ 12.84 8.84 4 0.05 [37]
Sed + 2Sea + 2Se + 2¢~ 16.10 9.2+0.2 [38]; 9.4 [20];
Sed + Ses + 2Se + 2e~ 15.61 9.0+ 0.2 (IMMS);
Sed + Ses + 3Se + 2e~ 17.93 8.87+ 0.1 (IHES)
SegL + Seo + 4Se + 2e~ 19.67
Se + 6Se + 2~ 23.25
Set Set + Seq + Ses + 2e 14.56
604 ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No.




Inelastic Processes of Electron Interaction

Continuation of Table 17

Calculated
Tons Dissociative ionization channel appearance energy, eV Experimental
e~ +Sen (n=8,6,2) - appearance energy,
DFT-B3LYP eV
Set + Se7 + 2e~ 12.51
Set + Ses + 2Sez + 2e~ 15.05
Set + Ses + Sea + 2e~ 13.53
Set + Seg + Se + 2e~ 14.55
Set + 2Se3 + Se + 2e~ 16.87 9.75+0.05 [37];
SeT + 3Se2 + Se + 2e~ 16.79 9.8+ 0.2 (IMMS);
Set + Ses + Sez + Se + 2e~ 16.30 9.754+ 0.1 (IHES)
Set + Ses + 2Se + 2e~ 17.11
Set + 2Ses + 3Se + 2e~ 20.37
Set + Seq + 3Se + 2e~ 19.88
SeT + Ses + 4Se + 2e~ 22.19
Set + Ses + 5Se + 2e~ 23.94
Set + 7Se + 2e~ 27.51
Eap(Sef /Seq), k=16
Seg Sed +2e~ 8.12 8.4 [115], 7.9 [116];
8.940.2 [38]; 9.7 [20];
9.08 +0.05 [36];
8.24 4 0.05 [37];
8.5+ 0.1 (IHES)
Set Sef +Sez + 2e~ 9.84 9.1440.05 [37];
Sef + 2Se + 2~ 13.41 10.140.2 [38]; 10.8 [20];
10.3 £ 0.2 (IMMS);
9.3+ 0.1 (THES)
Sed Sed + Sea + Se + 2e~ 12.51 9.58 +0.05 [37];
Sed +3Se + 2 16.08 10.4+0.2 [38]; 10.2 [20];
10.4+ 0.2 (IMMS);
9.34 0.1 (THES)
Ses Sej + 2Ses + 2e~ 11.39 8.84 4 0.05 [37]
Sed + Seq + 2e~ 10.90 9.240.2 [38]; 9.4 [20];
Sed + Ses + Se + 2e~ 13.21 9.0+ 0.2 (IMMS);
Sed + Sea + 2Se + 2 14.96 8.87 +0.1 (THES)
SeT Set + Ses + 2e~ 12.39
Set + Ses + Seg + 2e~ 13.91
Set + 2Ses + Se + 2e~ 15.65
Set + Sesq + Se + 2e~ 15.16 9.75 +0.05 [37];
SeT + Ses + 2Se + 2e~ 17.48 9.8+ 0.2 (IMMS);
Set + Sea + 3Se + 2e~ 19.23 9.75 + 0.1 (IHES)
Set +5Se + 2e~ 22.80
Eap(Sef /Sez), k=1-2
Sed Sed +2e 9.15 8.88 [107];
8.3 [115]; 8.7 [116];
9.240.2 [38]; 9.4 [20];
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Continuation of Table 17

Calculated .
Tons Dissociative ionization channel appearance energy, eV Experimental
e +Sen (n=8, 6,2) — appearance energy,
DFT-B3LYP v
8.84 £ 0.05 [37];
9.0+ 0.2 (IMMS);
8.87 £ 0.1 (IHES)
Set Set + Se + 2e~ 13.41 12.040.5 [130];
12.6 +0.5 [131];
9.75+0.05 [37];
9.8 +0.2 (IMMS);
9.75+0.1 (IHES)
S . with & < 8, Eap(Set/Se,) with 1 < n < 8, and
L EAP(SGSL/Sen) with 2 < n < 8, respectively. The fig-
s 25| ! . ures demonstrate that the appearance energy mini-
% .. mum is also more sensitive to changes in the energy
o | . _ parameters of the formed fragments in comparison
& u with the appearance energy maximum, as it was in
§ il . | the case of sulfur clusters, but to a less extent. The
g N Troms maximum values of the minimum appearance energies
g I R N . ' “a_ | are as follows: Eap(Se; — Ses_x/Ses) = 12.51 eV at
Rl S k=1, Eap(Se™ — Se,_1/Se,) = 13.41 ¢V at n = 2,
and EAp(Se; — Sep—2/Se,) = 10.89 eV at n = 3. At
5 1 1 1 1 1 1 1 1

Fig. 21. Calculated maximum (Eap [Sez — (8 —k)Se/Seg], W)
and minimum (EAp(Se;r —Seg_r/Ses), o) appearance energies
of the Se:’ ionic fragments with k < 8. At k = 8, the ionization
energy of the Seg molecule was used
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Fig. 22. Maximum (Eap[Set — (n — 1)Se/Sey], ®) and min-
imum (Eap(Se™ — Se,,—1/Sen), o) appearance energies of the
Se™T ionic fragment calculated for 1 < n < 8. At n = 1, the
ionization energy of a Se atom was used
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the same time, the minimum values of the minimum
appearance energies are Eap(Se{ — Ses_1/Ses) =
=9.81¢eVatk=6, Exp(Se” —Se,_1/Se,) = 9.84 eV
at n = 1, and Eap(Sed — Se,_2/Se,) = 9.63 eV at
n = 4. One can see that the presented appearance en-
ergies for the selenium clusters are somewhat lower in
comparison with those obtained for the sulfur ones.
Doubly charged ions of selenium molecules. The
value of the appearance energy experimentally mea-
sured by us for the Se?* ion equals 21.2 £0.2 eV (see
Table 5). Let us consider the possible formation re-
actions of doubly charged ions. For instance, the for-
mation of the Se?t ion from the Se,, molecule in the

process
Se,, + e~ — Se*™ +Se, 1 + 3¢~ (44)

is characterized by the appearance energy, which can
be calculated according to the formula

Eap [Se2+ — Sep—1/Se,] =
= I(Se) + I(Se™) + D(Se — Se,,_1/Sey).
In particular, if the Se?* ion is formed in the process

Ses 4+ e~ — Se?T + Se + 3™,
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this energy can achieve the value of FEap [Se2+ —
—Se/Sez] = 34.076 €V (here, we used the handbook
data I(Se) = 9.752 eV, I(Se") = 21.16 eV, and
D(2Se/Seq) = 3.164 €V [107, 109]). The value calcu-
lated by us according to the data quoted in Table 13
equals Exp[Se®T — Se/Sey] = 34.73 eV.

If the Se?* ion is formed from a Se;” molecular ion
in the process

Set +e” — Se*t 4 Se, 1 +2e7, (45)

its appearance energy equals

Eap[Se*t —Se,_1/Set] =

= I(Se") + D(Set — Se,,_1/Se;}).

This value is lower than the Se?* appearance en-
ergy in the previous process by the magnitude of
the ionization potential of a Ses molecule. In par-
ticular, in the case of diatomic molecules (n = 2),
it equals Eap[Se®t — Se/Sej] = 25.26 ¢V (here, we
put D(Se™ —Se/Se; ) = 4.1 eV [107]). Our calculated
value is Eap[Se?t — Se/Sef] = 25.58 €V.

Finally, if the formation of the Se*t ion occurs
through the direct ionization of the Set atomic ion,

Set +e7 — Se?t 4 27, (46)

it is characterized by the appearance energy
Eap[Se*t/Se™] = I(Se™) = 21.16 eV [109]. This
value is close to our experimental result of 21.2+
+0.2 €V (see Table 5) and to our calculated value
I(Se™) = 21.32 V. Hence, a conclusion can be drawn
that the Se?" ions emerge owing to the direct ioniza-
tion of Se™ atomic ions that are available or appear
in the gaseous mixture.

In the case of direct ionization of the diatomic
molecular ion Sej,

Sef +e” — Seat + 2,

the  calculated  appearance  energy  equals
Exp[Se3T /Ses] = I(Sey) = 16.02 eV. This is about
5 eV lower than the indicated above appearance
energy of the Se?t atomic ion at the direct ionization
of the Set ion.

The values calculated by us for the maximum and
minimum appearance energies of the ionic fragments
Se;r with £ = 1+-8 and presented in Figs. 21 to 23 can
also be used to determine the analogous appearance
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Fig. 23. Maximum (Eap [Se; — (n—2)Se/Sey], M) and min-
imum (Eap(Sej — Sen—2/Sey), o) appearance energies of the
Se; ionic fragment calculated for 2 < n < 8. At n = 2, the
ionization energy of a Sex molecule was used
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Fig. 24. Energy balance E calculated for the formation re-
actions of fragment pairs from the Se%+ ions with n = 2+8
through the channels Se™ — Sej;l (), Se®T —Se,—1 (M), and
Se — Sei’tl (a

energies for doubly charged ionic fragments Se?’. For
this purpose, in accordance with the formulas given
above, the corresponding energies should be summed
up with the ionization potentials of Se}c" ions.

The energy balance for reactions (43) with Se3™
ions calculated in the DFT/B3LYP approximation
equals 1.92 eV for 2Se’/Sest and —9.56 eV for
Se?t —Se/Se5". From whence, it follows that the Se3 "
ion is unstable with respect to its decay into two Se™
ions, which fly apart with a total kinetic energy of
1.92 eV. Figure 24 illustrates the dependences of the
energy balance on the number of atoms n calculated
in the DFT/B3LYP approximation for three chan-
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nels of the reaction giving rise to the formation of
fragment pairs from the Se?™ ion. One can see that
the Se2* ions are unstable with respect to their decay
into two ions, Set and Se,_,, for all n = 2+8. The
maximum energy (10.43 €V) is released at n = 3 as
the kinetic energy of the Set and Sej ions, and the
minimum energy (1.92 €V) is released at n = 2 as the
kinetic energy of two Se* ions.

Note that, in the case of the Se2™ ion decay into
doubly charged ionic and neutral fragments — Se?*,
Sep) or (Se3™, Se) — the calculated energy balance
also reaches a maximum at n = 3. In the latter case,
the appearance of the Se atom and the Se%Jr ion is a
real decay with a total released energy of 4.25 eV. For
other n values, there are no decays in the indicated
cases, i.e., the Se2T ions are stable.

4.8.2. Ionic fragments of tellurium molecules

Singly charged ions of tellurium molecules. Table 18
contains the appearance energies for the ionic frag-
ments of tellurium molecules calculated by us in the
DFT/B3LYP approximation. Table 6 contains our
experimental values for the appearance energies of
some tellurium ions and the ionization energies of the
tellurium atom and some tellurium molecules, which
we used in Table 18.

The calculated ionization energy of a Te atom is
equal to 8.71 €V, and this value is close to the ex-
perimental ones given in Table 15. If the Te™ ion is
formed in the DI process

e~ + Tey — Te™ + Te + 2e~

(see Table 18), then the calculated appearance energy
Eap[Tet —Te/Tey] = 10.91 eV [see the energies I(Te)
and D(2Te/Tez) in Table 15]. A value of 10.97 eV,
which is obtained for the process

e~ + Te; — Tet + Tey +2e,

is also close to it. As one can see, those values are in
good agreement with an experimental value of 10.9 +
4 0.25 eV given above. For other processes

e~ + Te, — TeT + Te,_1 + 2e”,

where n = 1 (ionization of the atom), 3, 4, 6, 7,
and 8, the appearance energies are slightly lower in
magnitude owing to lower dissociation energy values
D(Te—Te,—1/Te,). According to the estimates made
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in Section 3, the concentration of Tes molecules in the
gas is high. Therefore, we may assume that it is DI
of the Tes; molecule that gives rise to the formation
of the Te™ ion.

For the direct ionization of a Tes molecule (n = 2),
an energy of 8.57 €V is required, which is lower than
the appearance energy (9.2 £+ 0.25 €V) and close to
the ionization energy (8.3 £ 0.25 €V), the both be-
ing measured by us. In the case where the Teé|r ion is
formed in the DI process

e + Tez — Te2+ + Te 4 2e,”

the appearance energy calculated by us Exp[Tei —
—Te/Tez] = 9.50 eV [according to Table 15, the
energies I(Teg) = 8.57 eV and D(Tey — Te/Te3) =
= 0.93 eV]. This value is 0.3 eV higher than the ex-
perimental appearance energy given above. Using the
experimental value I(Tey) = 8.3 +0.25 €V and our
calculated value D(Teq — Te/Tez) = 0.93 €V, we ob-
tain Eap(Te — Te/Tez) = 9.23 eV. Thus, we may
assume that the Te; ion is formed due to DI of a Tes
molecule.

In the cases n = 7 and 8, the appearance energies
of the TeJ ion will also be close to the corresponding
experimental values because of the small values for
D(Teq — Tes/Tez) and D(Teqs — Teg/Teg). In the DI
processes

e + Te, — Te2+ + Te,—o + 2e~

with n = 5 and 6, the appearance energies of the Te;'
ion are larger due to the larger values of D(Tey —
—Te,,—2/Te,,). The dissociation energy D(2Tes/Tey)
obtained by us is negative, i.e., this cluster must decay
through such a channel, which increases the number
of diatomic tellurium molecules.

For the direct ionization of a Tes molecule (n = 3),
an energy of 7.90 eV is required, which is slightly
lower than our experimental ionization energy of
8.1+ 0.25 eV and an ionization energy of 8.2+ 0.6 eV
measured in work [52]. If the Te; ion is formed in the
DI process

e~ + Tey — Tej + Te+2e™,

the appearance energy calculated by us Exp[Tei —
—Te/Tey] = 9.07 €V [I(Tes) = 7.90 eV and D(Tes —
—Te/Tey) = 1.17 €V, see Table 15]. This value is
also close to 9.3 €V from work [18]. The appearance
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Table 18. Appearance energies of Tek+ ionic fragments from Teg, Teg, and Tez molecules

Calculated
fons Dissociative ionization channel appearance energy, ¢V Experimental
e~ + Ten (n _ 8, 6, 2) N appearance energy,
DFT/B3LYP eV
Eap(Te} /Tes), k=1-8
Ted Ted + 2~ 7.67 ~7.3£0.2 [126];
~7.55 [129]
Ted Tey + Tez + 2e~ 8.52
Tel +2Te + 2e™ 10.73
Te;' Teg' + Tes + 2e~ 9.15
Tef Te] + 2Teg + 2e~ 9.78
Te} + Teq + 2e~ 9.88
Ted Ted + Tes + Tea + 2e~ 10.79 Ionization energy
Ted + Tes + 2e~ 9.57 8.240.6 [52]; 9.3 [18];
8.140.25
Te; Te;r + Teg + 2e~ 9.48 Tonization energy
8.4+ 0.6 [52];
8.3+0.2 [18];
11.71+0.01 [38];
8.340.25
Appearance energy
9.00 [20]; 8.26 [46];
9.040.2 [51]; 9.2+0.25
Tet Tet + Tey + Tez + 2e~ 12.46 Ionization energy
9.5+ 1.0 [52]; 8.9 [18];
8.96 [46]; 9.009 [53];
8.840.25
Appearance energy
12.20 [20];
10.840.5 [18];
8.840.2 [51]; 10.940.25
Eap(Te} /Teg), k=1-6
Ted Ted + 2e~ 7.62 ~7.33 [126]; 6.29 [123];
~7.5 [129]
Te; Tef + Tep + 2e~ 8.87
Te + 2Te + 2e~ 11.08
Ted Ted + Teg 4 Te + 2~ 10.82 8.2+0.6 [52]; 9.3 [18];
Ted + 3Te + 2e~ 13.02 8.140.25
Te Teg + 2Tez + 2e~ 10.22 Ionization energy
Te] + Tes + 2e~ 10.32 8.4+0.6 [52];
Te] + Teg + Te + 2e~ 11.49 8.340.2 [18];
11.71£0.01 [38];
8.340.25
Te; + Teg + 2Te + 2e~ 12.42 Appearance energy
9.00 [20]; 8.26 [46];
9.040.2 [51]; 9.240.25
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Continuation of Table 18

Calculated )
Tons Dissociative ionization channel appearance energy, eV Experimental
e~ +Ten (n =8, 6,2) — appearance energy,
DFT/B3LYP v
Te™ Tet + Tes + 2e~ 10,40 Ionization energy
Te™ + Tes + Teg + 2e~ 11.63 9.5+ 1.0 [52]; 8.9 [18];
Tet + 2Tes + Te + 2e~ 12.56 8.96 [46]; 9.009 [53];
Te™ + Tey + Te + 2e~ 12.66 8.8+0.25
Tet + Tes + 2Te + 2e~ 13.83 Appearance energy
Tet + Tez + 3Te + 2e~ 14.76 12.20 [20];
10.8£0.5 [18];
Tet + 5Te + 2e~ 16.96 8.84+0.2 [51]; 10.9+0.25
Eap(Te} /Tes), k= 1-2
Te2+ Te2+ + 2e™ 8.57 Ionization energy
8.4+0.6 [52];
8.3+0.2 [18];
11.71£0.01 [38];
8.3+£0.25
Appearance energy
9.00 [20]; 8.26 [46];
9.0+0.2 [51]; 9.2+ 0.25
~T7.9 [126], 7.87 [123],
~7.95 [129]; 8.29 [107]
Tet Tet + Te + 2e~ 10.91 Ionization energy
9.5+ 1.0 [52]; 8.9 [18];
8.96 [46]; 9.009 [53];
8.8+0.25
Appearance energy
10.8 £0.5 [120];
11.71 +£0.01 [38];
12.20 [20];
10.8 £ 0.5 [18];
8.8+0.2 [51]; 10.9£0.25

energies of the Ted ion from Te, molecules with
n = 5+8 are larger than the presented calculated
values because of the larger corresponding values of
D(Te3—Te,—3/Te,). Therefore, we may assume that,
in our experiment, the Te;; ion is formed in the pro-
cess of direct ionization of a Tesz molecule, whereas
the process of DI of a Te, molecule was considered in
work [18].

In Figs. 25 to 27, the calculated maximum and
minimum values of the appearance energy are shown
for some tellurium ionic fragments: Eap(Te} /Tes)
at k < 8, Eap(Te™/Te,) at 1 < n < 8, and
Eap(Tef /Te,) at 2 < n < 8. From those figures,
one can see that, as was in the cases of sulfur and
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selenium, the minimum appearance energy is more
sensitive to the changes in the energy characteristics
of the formed fragments than the maximum one. The
maximum values of the minimum appearance energies
are as follows: Exp(Te; — Tes_j/Teg) = 10.49 eV
at k = 1, Eap(Te™ — Te,_1/Te,) = 10.97 eV at
n = 5, and Eap(Tej — Te, 2/Te,) = 10.32 eV
at n = 6. At the same time, the minimum val-
ues of the minimum appearance energies are as fol-
lows: Eap(Tej — Tes_i/Tes) = 7.67 eV at k = 8,
Eap(Te™ — Te,_1/Te,) = 871 ¢V at n = 1, and
Eap(Teg —Te,_o/Te,) = 8.46 eV at n = 4. By com-
paring those appearance energies with their counter-
parts for the sulfur and selenium clusters, one can see
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that, in general, the appearance energy becomes some
smaller, when going from sulfur to tellurium. Further-
more, the locations of the minima remain almost the
same at the corresponding k and n in the clusters of
those elements, whereas the number and locations of
some maxima change.

Doubly charged ions of a tellurium molecule. In
Figs. 25 to 27, the calculated maximum and mini-
mum appearance energies for singly charged Te}: ionic
fragments with k& = 1+8 are illustrated. As was in
the cases of sulfur and selenium, they can be used
to determine the appearance energies for the doubly
charged TeiJr ionic fragments. For this purpose, ac-
cording to the formulas given above, the ionization
potentials of TeX ions have to be added to the corre-
sponding energies.

According to our measurements, the ionization en-
ergy giving rise to the appearance of a doubly charged
Te?t ion equals 20.6 & 0.25 eV, whereas the litera-
ture data give 27.3 eV [46] and 18.6 €V [53] (see Ta-
ble 6). A discrepancy among the presented values tes-
tifies that, in those and our works, the Te?* ion was
formed following different reactions. If the Te?* ion
is formed in the DI process of a Te; molecule, the cal-
culated energy of its appearance equals 29.78 eV. But
if it is formed in the DI process of a molecular Tej
ion, the calculated energy of its appearance will be
lower by the magnitude of the Tes molecule ioniza-
tion potential and equal to 21.21 eV. However, if this
process runs with the formation of a negative Te™ ion,
the appearance energy of the (Te?*,Te) pair amounts
to 19.37 €V, i.e., it is lower by the electron affinity
energy of a tellurium atom (the calculated value is
1.84 eV).

If the Te?* ion is formed through the direct ion-
ization of a atomic Tet ion, then, as was in the case
of the doubly charged selenium ion, its appearance
energy is equal to the ionization potential of this
ion, I(Te™) = 18.6 eV [109]. The value calculated
by us equals I(Te™) = 18.87 eV (see Table 15). As
one can see, those data are in good agreement with
the results of work [53], but they are lower than the
experimental values: by 2 eV in comparison with
the data of work [109] and by 1.73 €V in compari-
son with our results. Note also that they are much
lower than the data of work [46]. The direct ioniza-
tion of a Te; molecular ion requires the energy that
is lower than I(Te™), and the corresponding value
equals I(Te]) = 14.61 eV.
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of the Te;r ionic fragments with & < 8. At k = 8, the ionization
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imum (Eap(Tet — Te,—_1/Tey), o) appearance energies of the
Te™T ionic fragment calculated for 1 < n < 8. At n = 1, the
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Fig. 28. Energy balance E calculated for the formation

reactions of fragment pairs from Te2t ions with n = 2+8
through the channels Tet — Tel | (o), Te?* — Te,,_; (M),
and Te — Te2T | (a)

Hence, the Te?* ion detected by us is most likely
formed owing to the DI process of a Tej molecu-
lar ion. The Tej ion observed in work [53] might be
formed through the direct ionization of a Te™ atomic
ion. In work [46], the Te?" ion |[with an ionization
energy of 27.3 eV (see Table 6)] might possibly be
formed in the process of direct two-electron ioniza-
tion of a Te atom; the corresponding value calculated
by us equals I(Te) + I(Te™) = 27.58 eV.

Note that the formation of Te?* ions in the pro-
cesses

e~ + Te,, — Te®t + Te,_1 + 3¢~

with n = 3+8 requires energies of 27.58 eV + D(Te —
— Te,,—1/Te,,), which are higher than the value ob-
served by us. The formation of negative Te,_; ions
in those processes will reduce this energy by the
magnitude of the affinity energy FE,(Te,_1) of the
molecule. The formation of the Te?* ion in the pro-
cesses

e + Te;z|r — Te?t + Te,_1 + 2e™

with n = 3+8 requires energies of 27.58 eV + D(Te —
—Tey—1/Te,)—I(Te,), which are also larger than our
experimental value (see Table 15). However, the for-
mation of the negative Te,_, ions in those processes
brings about the following calculated values for the
appearance energies: 18.52 eV at n = 3, 19.52 eV at
n=4,19.49eV atn =2>5,19.13eV at n =6, 18.71 eV
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at n =7, and 19.02 eV at n = 8. One can see that,
at n = 3 and 7, i.e., in the cases of Tej and Te;
ions, the energy is close to the values determined in
work [53].

The energy balance calculated in the DFT/B3LYP
approximation for the reactions with doubly charged
diatomic Te3" ions indicated above amounts to
3.56 eV for the 2Te’ /Te3™ reaction channel and to
—6.6 eV for the (Te*™ —Te)/Te3" one. From whence,
it follows that the Te%+ ion is unstable with respect
to its decay into two Te™ ions, which fly apart with
a total kinetic energy of 3.56 eV. Figure 28 shows the
dependences of the energy balance in the reactions of
the Te2* ionic fragment pair formation on the num-
ber of atoms mn in the fragments calculated in the
DFT/B3LYP approximation for three reaction chan-
nels. The figure testifies that, as was in the case of se-
lenium ions, the Te2™ ions are unstable with respect
to their decay into two ions, Te™ and Tejl_l, for all
n = 2+8. The maximum energy (10.55 eV) is released
at n = 3 as the kinetic energy of the Te® and Tej
ions, and the minimum energy (3.56 €V) is released
at n = 2 as the kinetic energy of two Te™ ions.

As was in the cases of sulfur and selenium, at n = 3,
the calculated energy balance for diatomic doubly
charged tellurium ions has the maximum magnitude
in the cases of their decay into a doubly charged
ionic fragment and a neutral one, (Te®", Tey) and
(Te5", Te). Furthermore, in the cases n = 2 and 3,
these are real decays with low (0.25 €V) and high
(4.65 eV) released energies, respectively. In the cases
of other n, no decays take place: the Te2t ions are
stable, but the binding energy is somewhat lower than
in the case of selenium ions.

5. Conclusions

A complex research of elementary processes — the
excitation and ionization (the formation of posi-
tive and negative ions at 0-70 eV) of atoms and
molecules — occurring at the interaction of controlled-
energy electrons with chalcogens (sulfur, selenium
and tellurium) in the gaseous phase has been carried
out. The following results were obtained:

e the sulfur, selenium, and tellurium vapors mainly
contain di- and polyatomic molecules M,, with n =
2-+8, whereas the atomic component concentration
does not exceed a few percent;

¢ atomic ions are mainly formed through the disso-
ciative ionization of molecules;
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e for the first time, the total (integral) ioniza-
tion cross-sections for positive and negative ions were
measured and the corresponding appearance energy
thresholds were determined;

¢ negative ions are effectively formed within the
electron energy interval 0-10 eV, and the probability
of their appearance is much lower than the probabil-
ity of the formation of positive ions;

¢ the intensity ratios between the isotope peaks
and the main one are preserved for both atomic and
molecular components;

e doubly charged ions S?*, Se?* and Te?t were
detected for the first time in the chalcogen vapors;
the energy dependences of the intensities of their
electron-impact formations were measured;

¢ in the case of low-energy electrons (3-15 V), the
molecular bands of diatomic molecules dominate in
the optical spectra of researched elements in the spec-
tral interval 200-600 nm;

e it was unambiguously shown for selenium and tel-
lurium that the resonance atomic lines in the near-
threshold region are excited owing to the dissociative
excitation of diatomic molecules.

The combination of mass spectrometry and optical
research methods, when studying atoms and complex
molecules in the gaseous phase using monochrome
controlled-energy electrons, makes it possible to sim-
plify the identification procedure of atomic and
molecular states and obtain a valuable information
about the course of elementary processes.

The energy characteristics of the clusters of chalco-
gen atoms — such as the ionization potentials, the
electron affinity energies, and the dissociation ener-
gies! — have been studied theoretically. The corre-
sponding results were applied to analyze the mecha-
nisms of cluster fragmentation in the course of disso-
ciative ionization processes. The obtained values were
compared with the experimental data, and, in most
cases, a satisfactory agreement was achieved. Insig-
nificant discrepancies between the experimental and
the calculated data may arise owing to the neglect of
the vibrational degrees of freedom in the initial and
final molecular systems. When analyzing the magni-
tudes of the appearance energy, as well as the pos-
sible channels of fragmentation processes, the excita-
tion states of parent molecules and the formation of
negative atomic and molecular ions (anions) have be
taken into account.
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The appearance energies of positive ionic fragments
from the indicated clusters through various reaction
channels have been calculated. The channels of the
ionic fragment formation were identified for some
available experimental data. The calculation results
obtained for the appearance energies in various frag-
mentation channels of the dissociative ionization of
homoatomic molecular targets — sulfur, S,,, selenium,
Se,. and tellurium, Te,,, clusters with n = 2+8 — tes-
tify that the applied theoretical methods are rather
successful.

Singly charged ions of sulfur and selenium clusters,
S;” and Se;', are formed, as a rule, through the di-
rect, rather than dissociative, ionization of the parent
molecules, S, and Se,, respectively. The tellurium
ions Tet and Tej are formed in the process of disso-
ciative ionization of Tey and Tes molecules, whereas
the Tej ion through the direct ionization of a Tes
molecule. The possibility of the Tei ion formation
from the Tes molecule in the process of dissociative
ionization is pointed out.

The processes giving rise to the formation of dou-
bly charged ions have been analyzed. In particular,
the S27 and S3T ions are formed in the gas mix-
ture in the process of direct ionization of S5 and S3*
ions. The doubly charged Se?* ion is formed as a re-
sult of the direct ionization of an atomic Se* ion, and
the doubly charged Te?*t ion appears in the process
of dissociative ionization of a Tej molecular ion. As
was shown in the cited papers, the Te?* ion is a prod-
uct of the direct ionization: the two-electron ioniza-
tion of a tellurium atom or the one-electron ionization
of a Te™ atomic ion. The calculations showed that
the doubly charged S2t, Se?*, and Te?" ions are en-
ergetically unstable with respect to their decay into
corresponding singly charged ions, for example, into
Te™ and Tejl_l. However, they are stable in general
with respect to their decay into fragment pairs like
(Te*t, Te,,_1) or (Te, Te2t,).

The applied theoretical method can be successfully
used to consistently describe the energy parameters
of the dissociative ionization process. It can serve as a
basis, while analyzing the possible reaction channels,
even in the case of dissociative ionization with the
formation of positive multiply charged ions.
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Translated from Ukrainian by O.I. Voitenko

O. llInenux, A. 3agitronyno,
€. Pemema, III. /lemew, M. Epdesdi

HEITPY2KHI ITPOITECU B3AEMO/IIT
EJIEKTPOHIB 3 XAJTbLKOTEHAMU B T'A30BIN ®A3I

Peszmowme

IIpoBe/ieHO KOMILJIEKCHI JOC/IIPKEHHST €JIEMEHTAPHUX IIPOIIECIB
[MapHUX 3ITKHEHb Yy BUIIAJKY IIPOXO/KEHHSI €JIEKTPOHIB HU3b-
kux (070 eB) enepriii 4epes napy xanekorenis (S, Se, Te). Y
nianasoni remmneparyp sunapoyBanua (T = 320-700 K musa
cipku, T = 420-490 K — ceseny i T = 400-600 K — remxypy)
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B paMKax Mac-CIEKTPOCKOIIIYHOIO METOMY JOCIIJI?KEHO CKJIAI
mapy IHUX €JIEMEHTIB, 3a JIOIIOMOI'M METO/Ly OITHYHOI CIIEKTPO-
CKOIIil BUBYEHO CIIEKTPU BUIIPOMIiHIOBAaHHSA B Jlialla30Hi JOBXKUH
xBuJIb Big 200 g0 600 HM i, BAKOPUCTOBYIOUYH €JIEKTPOHHI CTPY-
MeHI BUCOKOI €HePreTUIHOI OJJHOPIIHOCTI, BUMIpsiHO MOBHI (iH-
TerpaJibHi) Iepepi3u yTBOPEHHS IO3UTUBHUX | HEraTUBHUX HO-
HiB S, Se i Te. 3HaiineHO, 10 B yMOBaX MIPOBEIEHUX JOCIIIIXKEHD
y mapi XaJbKOTreHiB OCHOBHUMH KOMIIOHEHTAMH € MOJIEKYJIH 3
KiJIBKICTIO aTOMiB 1 Big 2 10 8. YV cnekTpax BUIIPOMiHIOBAHHS
3a eHepriii bombapyBaJbHUX eJeKTpPoHiB Hrk4e 10 eB cmo-
CTEPIraloTbCsi B OCHOBHOMY CMYTH JBOATOMHUX MOJIEKYJ, a 3a
Bumux eHepriit (E > 15 eB) 3’aBisiorbest okpemi aToMHi Ta
#oHuHi JiiHil, 70 Toro x 3a E = 50 eB naitinrencuBHimmMu cepes,
HUX € JiHil ogHo3apsauux ioHiB. [lokasaHo, mo HaliedpeKTUuB-
HIIIIM KaHaJIOM DeakIiil € B3a€MOJisl €JIEKTPOHIB 3 JIBOATOM-
HUMHJ MOJIEKYJIAMH IIUX €JIEMEHTIB, & iHIII IIPOIeCH B OCHOBHO-
My MOB’si3aHi 3 PO3MaJIO0M 0AraTOATOMHUX MOJIEKYJI. 3 aHAJI3Y
€HEPreTUYHUX 3aJI€2KHOCTEN XapaKTEePUCTUK IIPOIECIB 3HATe-
HO moporu 30y/2KeHHsI 1 HoHi3alil npoayKTiB B3aeMojil. Bu-
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SIBJIEHO OCOOJIMBOCTI HA €HEPreTUYHUX 3aJIEKHOCTSX (DYHKIIIH
30y12KeHHs 1 HoHizanil. Buepie B 1ux J0C/1i2KEeHHIX BUSIBJIEHO
IBO3apAHI IOHH TBOATOMHUX MOJIEKYJI CIDKU Ta aTOMIB ceJle-
HY 1 TeJIypy, a TAKOXK 3apPEECTPOBAHO I0sIBY TPU3aPsIJHUX HOHIB
JIBOATOMHUX MOJIEKYJI Cipku. JloBeseHO, 1110 OCHOBHUI BHECOK
B noBHuil (iHTerpasbuuii) edexruBHUil nepepis Houizamii AK
MMO3UTUBHUX, TaK i HEraTUBHUX MOHIB BHOCATH IPOIECH B3ae€-
MO/IiT eJIEKTPOHIB 3 JBOATOMHUMH MOJIEKyJIamu Sg, Seg i Tea.
OKpiM eKCIIEpUMEHTAJIbHUAX JOCIIZKEHb IPOBEIECHO JEeTaJIbHI
TEOPETUYHI JOC/TiPKEeHHsI. BUKOHAHO pO3paxyHKU Ta 3pobJie-
HO TEOPETUYHHUI aHAI3 XapaKTEePUCTUK CTPYKTYPH I'OMOATOM-
HUX MOJIEKYJI Cipku Sp, celeHy Sen, Teaypy Te, (n = 2-8) —
Mi2KaTOMHUX BificTaHel, MOTEeHIaiB HOHi3aIlil, eHepriit cropi-
JHEHOCTI JI0 eJIEKTPOHAa, eHeprii mucoriamnii. Euepreruyuni xa-
PAaKTEPUCTUKN BUKOPHUCTAHO JJIsi PO3paxyHKYy €HEpriil mosiBu
OHO3aPAHUAX Ta JBO3APSIHUX MOHHUX PparMeHTiB BKa3aHUX
MOJIEKYJT B IIporieci gucortiaTuBHOI foHizamil. IIpoBeneno pe-
TeJIbHE IOPIBHSIHHSI OTPUMAHUX JAHUX 3 HAsIBHUMH €KCIIEPH-
MEHTAJIbHIUMHU Ta TEOPETUYHUMHU JAHUMU.
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