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SENSOR OF MAGNETIC FIELD BASED ON A LIGHT-EMITTING DIODE

New effects of modification of spectrum of radiation of light-emitting diode in magnetic field, which give
the chance to use a LED as an optoelectronic magnetic field sensor, are discovered. Physical phenomena that
appear in light-emitting diodes in a magnetic field are considered.

Amplitude-modulated by a magnetic field the optical signal can be obtained if to use a LED with narrow
base, where it is possible to gain 50 % magnification of energy of an emission light in a magnetic field. Ifa LED
with long vary-band base is being used as magneto-sensitive element, the magnetic field will shift effective
region of recombination to a section with other energy gap, and the LED's radiated frequency will change.
Thus, we obtain a frequency-modulated by a magnetic field optical signal, which is resistant to noises in optical

channels.

Such detectors of magnetic field are expedient for using in systems with optical processing methods of the

1. Introduction

Development of the modern informational
technologies and communication systems requires
diversification of elements of optoelectronics,
development of new and improvement of existing
electronic devices of generation, receiving and
storage of the optical information. Though
optoelectronic devices are principal components
of telecommunication webs, however even more
often they are used in industrial measurements,
in data reduction systems, etc. Expansion of
application area of optoelectronic systems gives
the chance to use specified devices as sensors
of certain physical quantities, in particular - of
magnetic field [1, 2].

In the paper the new effects of modification
of spectrum of radiation of light-emitting diode
(LED) in magnetic field, which give the chance
to use a LED as an optoelectronic magnetic field
sensor, are investigated. Physical phenomena that
appear in light-emitting diodes in a magnetic field
are considered.

2. Discussion of outcomes of experiment

During the moving of charge carriers in
semiconductor sample 1in magnetic field,
transversal to the direction of movement, the
Lorentz force acts on them. It deflects charge
carriers to one of the sides of semiconductor,
consequently their concentration there increases,
and decreases on the opposite side. Therefore, in
the semiconductor, that is placed in transversal
magnetic field, at electric current passing because
of acting Lorentz force curvature of current line
happens. However, as a result of spatial separation
of charges, an electric field, that will impede
charges separation, arises, and as soon as force,
produced by this field, becomes equal to Lorentz
force, further separation of charges by magnetic
field stops and current lines straighten out. Thus,
in semiconductor sample placed into magnetic
field the transversal Hall’s voltage appears, that
depends on both charge carriers’ concentration
and size of magnetic field. Owing to this Hall’s
effect different sensors of magnetic field are
constructed.



If we place diode into magnetic field, then
it is possible to determine three main physical
phenomena:

Firstly, in consequence of magnetoresistance
effect, charge carriers’ mobility decreases,
and, subsequently, diode conductivity strongly
decreases. Meanwhile the magnetoresistance
effect will be increasing in tens and hundreds
times due to the change of injection of charge
carriers.

Secondly, curvature of current lines increases
concentration of charge carriers on one side and
decreases on another side. Since effective lifetime
of carriers in thin plat is determined by surface
recombination, then redistribution of carriers
leads to change of role of surface recombination
and effective lifetime of carriers. Role of
recombination on the side, to which the charge
carriers deflect, increases, and recombination on
another side almost doesn’t play any role.

Thirdly, since concentrations of electrons and
holes nearby p-n junction are practically identical,
the Hall’s electric field will be absent. That’s why
current lines will always be curved. Elongation
of current line leads to reduction of penetration
depth of unbalanced carriers and extra reduction
of modulation of base region conductivity by
injected carriers.

Such phenomena were also observed in
magnetotransistors. It is obvious that in transistor,
placed into magnetic field, increasing of average
path, which charge carriers pass in base region,
happens as well. That leads to increase of quantity
of charge carriers, whic h will recombine in
transistor’s base region. Current transmission
coefficient increases.

First two phenomena are well studied. We
researched magnetic field impact on characteristics
of semiconductor radiating heterostructures,
taking into account

As a sensing element of optoelectronic’s sensor
of'some physical quantity it is possible to use either
a LED, or a light guide, or a photodetector. The
operating principle of the majority optoelectronic
sensors is based on a changing of absorption
coefficient at light transiting through medium or
on a modification of a transmission factor of light
during the reflection from interfaces of mediums.

Magneto-sensitive properties of light-emitting
diodes we tested in papers [3]. We have obtained,
that intensity and spectrum of radiation of a light-
emitting diodes varies in a crosswise magnetic
field.

The emission intensity of light-emitting diodes
in a magnetic field can be either increased up to
50 % or decreased depending on diode structure.

Only in light-emitting diodes with vary-band
structure a changing of spectrum of radiation
is detected. For these light-emitting diodes the
energy of a maximum of a spectrum of radiation
in a magnetic field with an induction 0.4 Tesla
shifts on 10-15 % relative to the position in lack
of a magnetic field.

We experimentally researched the AlAsGa
triple-compound light-emitting diodes doped
by silicon with a heterojunction as an injecting
contact. Samples have been made on substrates of
gallium arsenide on which the epitaxial method
spliced two stratums: light-emitting p-layer from
Ga, Al As<Ge> and electrons-injecting n-layer
from Gal_yAlyAs<Te>, where x=0,5...0,6 and
y=0,22...0,25. The radiating layer had a thickness
4,9 um, and injecting layer - 11,2 um. Traversal
sizes of samples were 500x500 um. The working
current of light-emitting diode samples had
value 10 mA. We applied a magnetic field with
an induction up to 0.4 Tesla across to a direction
of motion of the injected charge carriers in light-
emitting diodes.

Two types of samples with various structure
of base were investigated. For the first type of
samples, the semiconductor had an equal energy
gap on all volume of base. Base length W was
less, than a diffusion length L of injected charge
carriers. In this case the injected charge carriers
recombine with radiation in whole bulk of base.
But a part of charge carriers near the lateral
surface of base, through which there is a radiation,
recombine without radiation through the surface
states.

The transverse magnetic field bends a
mechanical trajectory of the injected charge
carriers, deflecting them from a surface. The
angle @ on which the injected charge carriers are
being deviated from an electric field direction, is
being defined as



tgQ = B, (1
where p — mobility of injected charge carriers; B
— induction of external magnetic field.
Thus in an optimum case the linear deviation
of the injected charge carriers from an electric
field direction

D = Lcoso = Lcos[arctg(uB)] , (2)

as only on this area of p-region equal to diffusion
length L there is light generation.

At big values of D only the passive part of p-
region is being increased, that leads to decrease
of efficiency of LED. Recombination rate of the
injected charge carriers near the current-carrying
contact of p-region is essential more than in its
volume. Therefore near the contact there is no ac-
cumulation of charge carriers.

At a forward bias of the light-emitting diode
there is an injection of electrons from n-region to
a p-region where they radiative recombine with
holes. The radiation output is carried out through
n-region perpendicular to plane of p-n- junction.
In a traversal magnetic field the trajectory of the
injected charge carriers is bent, therefore their path
through radiating area of p-region is increased,
that is equivalent to increasing of effective length
of radiating area. Thus, the amount of recombined
electrons in radiating field is increased.

The part of a surface nonradiative recom-bina-
tion decreases, that leads to growing of effective
diffusion length L of injected carriers and to in-
creasing of intensity of radiation of LED. In this
case for light-emitting diodes with small length
W of base the radiation spectrum does not vary.

The other type of light-emitting diodes had
variband base with decreasing of an energy gap
from n — region to p — region, and length of
base W turned out more than diffusion length L.
Therefore the injected charge carriers recombine
in a narrow section of base with a certain energy

gap (see fig. 1).
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Fig. 1. Structure of magneto-sensitive LED with
variband base in a magnetic field

Effect of the surface recombination was in-
significant in contrast to light-emitting diodes
with small length of base. At turning on of a
magnetic field we have obtained some decreas-
ing of radiant intensity of these light-emitting di-
odes. Obviously, because of the elongated shape
of base, the magnetic field presses the injected
charge carriers to one of surfaces of base, where
they nonradiatively recombine.

In light-emitting diodes with variband base in
a transversal magnetic field we observed phenom-
enon of displacement of a maximum of a spec-
trum of radiation relative to its position in lack of
a magnetic field (fig.2). It can be explained that
the region of a recombination of charge carriers
is being translated along base (on fig. 1 is marked
out by a dot line B>0), therefore charge carriers
will radiatively recombine in the region of base
with other energy gap E.

As diffusion length L in a magnetic field is be-
ing decreased, we expected that the spectrum ofra-
diation of a LED will become narrower. However
experimental measurements have shown that the
half-width of a spectrum of radiation in a mag-
netic field does not vary.

In some samples at turning on of a magnetic
field we have obtained displacement of a spec-
trum of radiation in other side. As the half-width
of a spectrum of radiation of a LED in a magnetic
field does not vary, therefore the displacement to
one or another side of electron-hole plasma in a
magnetic field we explain by a change of sign of
bipolar mobility. This phenomenon is observed in
p-n-junctions with high-resistance base [4].

D rel units

10 | 2

0 1 1 1 1 1
0.9 1.3 1.7 E e

Fig. 2. Spectrums of an electroluminescence of a

LED with variband base without a magnetic field

(1) and at affecting of a magnetic field (2 — 0.37
Tesla, 3 — 0.4 Tesla)



On fig. 2 the dependence from magnetic
induction B of relative photon energy in a
maximum of radiation £ and relative intensity
of radiation @ for a LED with variband base
are presented. We can see that the effect of
displacement of frequency of photon energy in
a maximum of a spectrum of radiation is more
essential, than decreasing of intensity of radiation
of a LED at magnetic field turning on.

D, rel units E relunits

1.0 1.0

0.5 0.5

0 1 1 1 ]
0 0.2 04

B, Tesia

Fig. 3 Dependence of photon energy in a maximum
of radiation (1) and intensity of radiation (2) of a
LED with variband base from magnetic induction

Asseenonfig. 2 and 3, key parameter depending
on a magnetic field can be either light intensity,
or frequency of radiation. Advantage of using
of light intensity as an informative parameter is
a simplicity of registration of its variations by a
usual photodetector. However, in this case certain
difficulty arises if it is necessary to consider
absorption of light during its transmission through
a light guide, especially at switching of optical
channels.

If one uses the frequency of radiation
as informative parameter, then necessity of
consideration of properties of a LED and optical
channels disappears, but transformation of a
variation of frequency of radiation to a variation of
amplitude of an output current of a photodetector is
more difficult, than light intensity transformation.

3 Conclusion

We have considered two possibilities of
making optoelectronic magnetic field detectors.

At first we used a usual LED with narrow
base. The transversal magnetic field deflects the
injected charge carriers from a base surface where

they recombine without radiation through the
superficial states. In volume of base the charge
carriers recombine with radiation therefore
radiation intensity of a LED is being increased.
If one correctly uses features of structure of such
light-emitting diodes, it is possible to obtain
50 % magnification of energy of radiation in a
magnetic field. For photoelectric registration of a
variation of radiant intensity it is possible to use
usual the photodetector. For production of such
magneto-optical devices a special manufacturing
methods is not required, therefore they are low-
price. However at using of such devices in optical
information processing systems it is necessary to
consider absorption in transmission channels.

For elimination of influence of absorption in
optical channels on the level of useful signal it
is possible to use more complex structure of
the detector in which magnetic field changes
frequency of radiation. As a magneto-sensitive
device we suggest a LED with long base along
which an energy gap of the semiconductor
should be various. At such structure the radiation
recombination of charge carriers happens in
narrow region of base with a certain energy
gap. The magnetic field shifts the effective field
of a recombination along the base on a section
with other energy gap, as a result the frequency
of radiation will be changed. Thus, we obtain a
frequency-modulated by a magnetic field optical
signal, which resistant to noise in optical channels.
However, for monitoring of modifications of
frequency the special photodetector or the
multiplexer in this case is required.

Such detectors of magnetic field are expedient
for using in systems with optical processing
methods of the information.
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SENSOR OF MAGNETIC FIELD BASED ON A LIGHT-EMITTING DIODE

Summary

New effects of modification of spectrum of radiation of light-emitting diode in magnetic field,
which give the chance to use a LED as an optoelectronic magnetic field sensor, are discovered.
Physical phenomena that appear in light-emitting diodes in a magnetic field are considered. Amplitude-
modulated by a magnetic field the optical signal can be obtained if to use a LED with narrow base,
where it is possible to gain 50 % magnification of energy of an emission light in a magnetic field. If
a LED with long vary-band base is being used as magneto-sensitive element, the magnetic field will
shift effective region of recombination to a section with other energy gap, and the LED’s radiated
frequency will change. Thus, we obtain a frequency-modulated by a magnetic field optical signal,
which is resistant to noises in optical channels. Such detectors of magnetic field are expedient for
using in systems with optical processing methods of the information.

Keywords: magneto-optical sensor, LED, vary-band structure, magnetic field, frequency-
modulated light.
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B. I Ipxa, B. V. Iopbauos, 1. M. Bikynin

JATYUK MATHITHOT'O IT1OJISA HA OCHOBI CBITJIOBUITPOMIHIOIOYOI'O J1I0JA

Pe3rome

BusiBneni HOBI e(eKTH 3MIHM CHEKTPY BUIIPOMIHIOBAHHS CBITJIOAI0A B MarHITHOMY IOJ, SIKi
JTAI0Th MOXJIMBICTh BHKOPUCTATH CBITJIONION, SK ONTOEJNEKTPOHHMH JAaTYMK MAarHiTHOTO IIOJISL.
Po3msparoreest i3uuHi siBUIA, sSKi BiAOyBalOThCS y CBITIOAIOAAX MijA AI€(0 MAarHiTHOro mois. Y
po06OTI ociipKeHl HOBI (i3WYHI MEXaHI3MU JUIsl CTBOPEHHS ONTOENEKTPOHHOIO MAarHUTOAATYMKA 1
MPOLECH, IO MPOTIKAIOTh y CBITIAOAIOAAX MiJ AI€0 MAarHITHOTO MOJs. AMIUTITYIHO-MOIY/IbOBAaHUMN
MAarHiTHUM MOJEeM ONTUYHUN CUTHAJl MOKHA OTPUMATH, SIKIIO BUKOPUCTATH 3BUYAWHUI CBITIIONION
3 BY3bKOIO 0a3010, ¢ MoxHa oTpuMaTH 50% 3011blIeHHS eHepril BUIPOMIHIOBAaHHS B MarHITHOMY
noji. SIKIIO B SIKOCTI MarHUTOUYTIIMBOIO €JIEMEHTY BUKOPUCTATH CBITJIONIOA 3 Bapi30HHOIO JIOBIOIO
0a3010, TO MarHiTHe MoJie 3pyllyBaTuMe e€(PeKTHBHY 001acTh pekoMOiHalli Ha TUISHKY 3 1HILIOO
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IIMPUHOIO 3200POHEHOT 30HH, 1 YaCTOTa BUMPOMIHIOBAaHHS CBITJIONI0AA 3MIHUTHCSA. TaKUM YMHOM, MU
OTPUMY€EMO 4aCTOTHO-MOAYJIbOBAHUI MarHiTHUM II0JIEM ONTUYHHUNA CUTHAJ CTIMKUI 10 MEpenKos B
ONTUYHUX KaHajaX. Taki JaT4MKU OUIILHO BUKOPUCTOBYBATH B CHCTEMAax 3 ONTHYHUMH METOIAMH
00poOku iH(popMmarii.

Ki1r04oBi cjioBa: MarHiTOONTHYHHUIA CEHCOp, CBITJIOAION, Bapi30HHA CTPYKTYpa, MarHiTHe IO,
4aCTOTHO-MOAYJIbOBAHE CBITIIO.

VK 621.315.592

B. U. Upxa, B. 3. I'opbaues, U. M. Buxynun

JATUUK MATHUTHOTI'O ITIOJISA HA OCHOBE CBETOM3JIYYAIOHIEI'O IUOJA

Pe3rome

OOHapysxeHbl HOBbIE A(PEKTH U3MEHEHUS CIIEKTpa W3yYeHHs CBETOIMOJAa B MAarHUTHOM IIOJIE,
KOTOpBIE AAIOT BO3MOXHOCTH MCIOJIB30BATh CBETOMO/, KaK ONTOAIEKTPOHHBIM AAaTYMK MarHUTHOTO
nojsi. PaccmarpuBatores pusnueckue siBISHHs, KOTOPbIE TPOUCXOIAT B CBETOANOAAX IO/ ACHCTBUEM
MarHuTHOTO mosiss. B pabore wuccienoBaHbl HOBbIE (HU3MUECKHE MEXAHU3MBI IS CO3JIAHUS
OITORJIEKTPOHHOIO MAarHUTOJAT4YUKA M IPOLECCHI, MPOTEKAIOIINE B CBETOAMOAAX IOJ AEHCTBHEM
MarHMTHOTO MOJIs. AMILIUTYIHO-MOIYJIMPOBAaHHBIM MarHUTHBIM II0JIEM ONTHYECKHM CUTHAI MOXKHO
MOJY4YHUTh, €CJIM UCIOIb30BaTh OOBIUHBIA CBETOAMO[ C Y3KOM 0a3oif, rae MokHO momydutb 50%
YBEJIMUEHUE SHEPIUU U3JIyYeHHs B MArHUTHOM Mosie. Ecau B KauecTBe MarHUTOYYBCTBUTEIBHOTO
SIIEMEHTA WCIOJIb30BaTh CBETONMOJ C BAapU30HHOM JJIMHHOM 0a30i, TO MarHUTHOE moje OyneT
caBurath 3pQPEKTHBHYIO 001acTh PEeKOMOMHALIMM HAa YYacTOK C JPYrod HIMPUHON 3arpelieHHOM
30HBI, U YacTOTa M3JIy4EHHUs CBETOAMONA M3MEHHTCA. TakuMm o0pa3oMm, MbI MOIy4aeM YacTOTHO
MOJYJIMPOBAHHBIM MArHUTHBIM IIOJIEM ONTHYECKUN CUTHAJI YCTOMYMBBIA K IIOMEXaM B ONTUYECKUX
KaHayiax. Takue JaTYMKH LEeNecoO0pa3HO HUCMONb30BaTh B CUCTEMax C ONTUYECKUMH METOIAMH
00paboTKu HHOpPMAITHH.

KuroueBble ci10Ba: MarHUTOONTUYECKUIA CEHCOP, CBETOINOI, BAPU30HHAS CTPYKTYpa, MArHUTHOE
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RELATIVISTIC THEORY OF THE NEGATIVE MUON CAPTURE BY AN ATOM

We reviewed an effective consistent approach to determination of the cross-section for the negative muon
capture by an atomic system. The approach is based on the relativistic many-body perturbation (PT) theory
with using the Feynman diagram technique and a generalized relativistic energy approach in a gauge-invariant
formulation. The corresponding capture cross-section is connected with an imaginary (scattering) part of the
electron subsystem energy shift ImdE (till the QED perturbation theory order). The some calculation results
for cross-section of the negative muon p - capture by He atom are listed and reviewed. The theoretical and
experimental studying the muon-y-nuclear interaction effects opens prospects for nuclear quantum optics,
probing the structural features of a nucleus and muon spectroscopy in atomic and molecular photophysics.

1. Introduction

Muonic atoms have always been useful tools for
nuclear (atomic) spectroscopy employing atomic-
physics techniques. Electrons, muons (other
particles such as kaons, pions etc) originally in
the ground state of the target atom can be excited
reversibly either to the bound or continuum
states. With appearance of the intensive neutron
pencils, laser sources studying the y-u-nuclear
interactions is of a great importance [1-20]. The
rapid progress in laser technology even opens
prospects for nuclear quantum optics via direct
laser-nucleus coupling [19-26]. It is known that
a negative muon u captured by a metastable
nucleus may accelerate a discharge of the latter by
many orders of magnitude [18-22]. The p-atom
system differs advantageously of the usual atom;
the relation » /r (r is a radius of a nucleus and
r is a radius of an atom) can vary in the wide
limits in dependence upon the nuclear charge.
The estimates of probabilities for discharge of a
nucleus with emission of y quantum and further
muon or electron conversion are presented in ref.
[2-4,19,20,22]. Despite the relatively long history,
studying processes of the muon-atom and muon-
nucleus interactions hitherto remains very actual
and complicated problem. Theoretical estimates
in different models differ significantly [1-4,22].
According to Mann & Rose, the p capture occurs
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mainly at the energies of E~10xeV, but according
to Bayer, muons survive till thermal energies
[2,20]. In many papers different authors predicted
the p capture energies in the range from a few
dozens to thousands eV. The standard theoretical
approach to problem bases on the known Born
approximation with the plane or disturbed wave
functions and the hydrogen-like functions for the
discrete states. In papers by Vogel etal and Leon-
Miller the well-known Fermi-Teller model is used
(the atomic electrons are treated as an electron
gas and a muon is classically described) [2-4].
In paper by Cherepkov and Chernysheva [2] the
Hartree-Fock (HF) method is used to calculate the
cross-sections of the capture, elastic and inelastic
scattering of the negative pu on the He atom. In
recent years more advanced approaches using the
fermion molecular dynamics method are used to
solve the scattering and capture problem [4,5].
The Kravtsov-Mikhailov model [4] describes
transition of a muon from the excited muonic
H to He based on quasimolecular concept. The
series of papers by Ponomarev et al on treating
the muonic nuclear catalysis use ideas of Alvarets
et al [5]. More sophisticated methods of the
relativistic (QED) PT should be used for correct
treating the muon capture effects by multielectron
atoms (nuclei). In Refs. [20] it has been presented
the theoretical basis of a new relativistic energy



formalism. Here we reviewed some aspects of
this approach to calculation of the cross-section
of the negative muon capture by atoms, using
relativistic many-body PT [20,24-27] and listed
some computing results for the cross-section of
w capture by the He atom.

2. Relativistic energy approach to the muon-
atom interaction

2.1. General Formalism

In atomic theory, a convenient field procedure
is known for calculating the energy shifts AE
of the degenerate states. Secular matrix M
diagonalization is used. In constructing M, the
Gell-Mann and Low adiabatic formula for AE
is used. A similar approach, using this formula
with the QED scattering matrix, is applicable
in the relativistic theory [20,24-27]). In contrast
to the non-relativistic case, the secular matrix
elements are already complex in the PT second
order (first order of the inter-electron interaction).
Their imaginary parts relate to radiation decay
(transition) probability. The total energy shift of
the state is usually presented as follows:

AE = ReAE + i ImAE, (1a)

Im AE = -T2, (1b)
where I' is interpreted as the level width,
and the decay possibility P=I". The whole
calculation of energies and decay probabilities
of a non-degenerate excited state is reduced to
calculation and diagonalization of the complex
matrix M. To start with the Gell-Mann and
Low formula it is necessary to choose the PT
zero-order approximation. Usually, the one-
electron Hamiltonian is used, with a central
potential that can be treated as a bare potential
in the formally exact QED PT. There are many
well-known attempts to find the fundamental
optimization principle for construction of the
bare one-electron Hamiltonian (for free atom or
atom in a field) or (what is the same) for the set
of the one-quasiparticle (QP) functions, which
represent such a Hamiltonian [24-27]. Here we
consider closed electron shell atoms (ions). For

example, the ground state 1s? of the He atom or
He-like ion. As the bare potential, one usually
includes the electric nuclear potential V, and
some parameterized screening potential V.. The
parameters of the bare potential may be chosen
to generate the accurate eigen-energies of all
two-QP states. In the PT second order the energy
shift is expressed in terms of the two-QP matrix
elements [20,24-27]:

V(12:43) = (20, +1)(20, +1)(2i5 +1)(2}, 1)

Wthtittmtm,

(=1) (2)
ooy ee A | Jyeeene iy
xz(_l)v{]l J3 :||:Jz J4 :| /%;uz
o m;.—m,.v | m,.—m,.v
Here Q2" is corresponding to the Coulomb

inter-particle interaction:

il — (R, (1243)S,(1243) + R, (1243)S, (1243) +
+R,(1243)S,(1243)+ R, (1243)S,(1243)}, 3)
where R (1,2;4,3) is the radial integral of the
Coulomb inter-QP interaction with large radial
Dirac components; the tilde denotes a small Dirac
component; S, is the angular multiplier (see details
in Refs.[20,24-30]). To calculate all necessary
matrix elements one must have the 1QP relativistic
functions. Further we briefly outline the main
idea using, as an example, the negative muon
capture by He atom: ((Is)’/JM], & *)—(Isel,c /).
Here J. is the total angular moment of the initial
target state; indices € *and ¢ . are the incident and
discrete state energies, respectively to the incident
and captured muons. Further it is convenient to
use the second quantization representation. In
particular, the initial state of the system “atom

plus free muon” can be written as ;" ®¢ state.
The final state is that of an atom with the discrete
state electron, removed electron and captured
muon; in further |/> represents one-particle (1QP)
state, and |F> represents the three-quasiparticle
(3QP) state. The imaginary (scattering) part of
the energy shift /m AE in the atomic PT second
order (fourth order of the QED PT) is as follows
[20,24,25]:
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ImAE = nG(e,, ¢, ,¢},.€% ), 4)
where indices e,v are corresponding to atomic
electrons and G is a definite squired combination
ofthe two-QP matrix elements (2). The value 6=-2
ImAE represents the capture cross-section if the
incident muon eigen-function is normalized by the
unit flow condition. The different normalization
conditions are used for the incident and captured
state QP wave functions. The details of the whole
numerical procedure of calculation of the cross-
sections can be found in Refs. [20,24-27].

2.2 The Dirac-Kohn-Sham Relativistic Wave
Functions

Usually, a multielectron atom is defined by a
relativistic Dirac Hamiltonian( the a.u. used):

H =3 hr)+ 3V (rr,)

i>

()

Here, h(r) is one-particle Dirac Hamiltonian
for electron in a field of the finite size nucleus and
V'is potential of the inter-electron interaction. The
relativistic inter electron potential is as follows
[20,24,25]:

V(”,-”j) - exp(iwg’ﬂj)'wa

T

(6)

where ®, is the transition frequency; o .0 are
the Dirac matrices. The Dirac equation potential
includes the electric potential of a nucleus and
exchange-correlation potential. One of the
variants is the Kohn-Sham-like (KS) exchange
relativistic potential, which is obtained from a
Hamiltonian having a transverse vector potential
describing the photons, is as follows [31]:

VRS . 3 [B+B+D)7] 1
Vilp(r),r1=Veo (r) {21n—,8(/)’2+1)”2 2}» (7)
where

B=0B7p(r]"/c (8)

The corresponding correlation functional is
[20,31]:

Velp(r),r]1=—-0.0333-b-In[1+18.3768- p(r)"*1,  (9)
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where b is the optimization parameter (see details
in Refs. [20,27,32]). Earlier it has been shown
[27-32] that an adequate description of the atomic
characteristics requires using an optimized base
of the wave functions. In Ref. [24b] a new ab
initio optimization procedure is proposed. It is
reduced to minimization of the gauge dependent
multielectron contribution /mAE  ~of the lowest
QED PT corrections to the radiation widths of
atomic levels. In the fourth order of QED PT
(the second order of the atomic PT) there appear
the diagrams, whose contribution to the ImAE
accounts for correlation effects. This contribution
is determined by the electromagnetic potential
gauge (the gauge dependent contribution). All the
gauge dependent terms are multielectron by their
nature. The dependent contribution to imaginary
part of the electron energy is obtained after
involved calculation, as [24b]:
1 1

2 +

wfmsf Oy + Oy O

IméE,, (a-s|b)= —C%””dﬁdﬁdrgdm =0, )

XW; (rl )l‘y:,(rz )lp:(r;;)l]/:(rs) [(] _alaz) / riz]' {[a3a4 - (a3n34)(a4n34)]/r34

xsin[@,, (1, + )]+ [1+ (yny, ) aym,)]o,, cos@,, (1, +1,)]}
><Sym (1"3 )yja (r4)yjn (rz )S”; (}'i )

(10)

Here, C is the gauge constant, f'is the boundary of
the closed shells; n > f" indicating the vacant band
and the upper continuum electron states; m < f
indicates the finite number of states in the atomic
core). The minimization of the /mAE  leads to
the Dirac-like equations. In concrete calculation
it is sufficient to use the simplified procedure,
which is reduced to the functional minimization
using the variation of the parameter b in Eq.(9)
[20,25].

2.3 Capture of negative muons by helium atom

The results of calculation of the cross-section
for the negative muon capture by atom of He are
shown in Figures 1-3. The scheme includes 2x10°
points till distance 25a, (a, is the Bohr radius).
The main contribution to the capture cross-section
is provided by transitions with the moment /=0-3.



cm

1 0—19

10—21

20

Figure 1. The calculated dependences of the Auger

capture cross-section (solid line— E=50eV; dotted

line - E=20eV) on orbital number / for different »

values for incident g energies 20, 50 eV (from Refs.
[2-4,20]).

G,
sz

10—17

Figure 2. The capture cross-sections in dependence

on the orbital number 1 after summation on the n

number (digits in figure — the muon energies in eV;
from Refs. [2-4,20]).

First we studied the behaviour of curves of
the p capture cross-section in dependence on the
principal quantum number » with summation on
the orbital moments / for several values of the
muon initial energy. In whole our curves are lying a

little higher than the corresponding curves of Refs.
[1-3]. The analysis shows that for the incident p
energies 16 and 50eV the capture cross-section
begins to decrease for all » with growth of the /
number (/>10). The states with large / for the muon
energies (lower or higher in comparison with the
atomic ionization potential value) are populated
less probably than in a case of the p energy of the
ionization potential order. In figure 1we present
the calculated dependences of the Auger capture
cross-section on the orbital number / for different
n values for the incident p energies of 20 and 50
eV. In figure 2 we present the calculated capture
cross-section in the dependence on the / number
after summation on 7.

In figure 3 we present the total capture cross-
section in terms of energy (with summation on
all n,/): data on the Auger capture cross-section
— curve 7 (elastic and inelastic scattering cross-
sections) — curves 2,3 [20]. We also present the
results by Copenman and Rogova in the Born
approximation with using the hydrogen-like wave
functions (curve 5) and the HF data [2] (curve 1),
the inelastic scattering cross-section by Rosenberg
(curve 4), the transport cross-section (x symbol)
[2,3,20]. The analysis of the results shows that
the data [2-4, 20] are in physically reasonable
agreement. But, there is an essential difference of
the Mann-Rose and Bayer data [1-3].

0+

cr,cn-12

]0-1?

1071

1075 B 100
Figure 3. Total cross-section of p~ capture in depend-
ence on an energy: the Auger capture cross-section
— curve 7; elastic and inelastic scattering cross-sec-
tions — curves 2,3 by Glushkov et al; cross-section
of capture by Copenman and Rogova (curve 5);
the HaF data by Cherepkov-Chernysheva — curve
1; inelastic scattering cross-section by Rosenberg —
curve 4; the transport cross-section — x (from Refs.
[2-4,20]).
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The relativistic corrections were to found to be
small here, but computing heavy atoms (nuclei)
requires a proper treatment for both relativistic
and correlation effects.

3 Concluding Remarks and Future Per-
spectives

We have presented a new relativistic approach
to calculation of the cross-section of the negative
n capture by atoms. The approaches are based
upon the relativistic many-body PT theory, energy
approach. Note that further development of
electron-p-nuclear spectroscopy of atoms (nuclei)
is of a great theoretical and practical interest. The
development of new approaches [2-6,21-23] to
studying the cooperative e-,u-y-nuclear processes
promises the rapid progress in our understanding
of the nuclear decay. Such an approach is
useful, providing perspective for search for new
cooperative effects on the boundary of atomic
and nuclear physics, carrying out new methods
for treating (the muonic chemistry tools) the
spatial structure of molecular orbitals, studying
the chemical bond nature and checking different
models in quantum chemistry and atomic physics
[3-8,18-23,49].
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A. V. Glushkov

RELATIVISTIC ENERGY APPROACH TO THE NEGATIVE MUON CAPTURE
BY AN ATOM

Abstract

We reviewed a new effective consistent approach to determination of the cross-section for the
negative muon capture by an atomic system. The approach is based on the relativistic many-body per-
turbation (PT) theory with using the Feynman diagram technique and a generalized relativistic energy
approach in a gauge-invariant formulation. The corresponding capture cross-section is connected with
an imaginary (scattering) part of the electron subsystem energy shift ImoE (till the QED perturbation
theory order). The some calculation results for cross-section of the negative muon p capture by He
atom are listed and reviewed. The theoretical and experimental studying the muon-y-nuclear interac-
tion effects opens prospects for nuclear quantum optics, probing the structural features of a nucleus
and muon spectroscopy in atomic and molecular photophysics.

Key words: Cooperative muon-y-nuclear processes, muon capture by an atom, Relativistic energy
formalism
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PEJATUBUCTCKUM SHEPTETUYECKHWHI MOAXO] K ONUCAHUIO TPOIIECCA
3AXBATA OTPUHATEJIBHOI'O MIOOHA ATOMOM

Pe3rome

B pabote 0630pHO M37105KEHBI OCHOBBI HOBOTO 3(h()eKTUBHOTO MOJXO0AA K OMPENIEICHUIO0 CEUCHUI
3axBaTa OTPULATEIBHOIO MIOOHA aTOMHOM CHCTEMOM, OCHOBAHHOTO Ha PEISTUBUCTCKOM MHOrOYa-
CTUYHON TEOPHH BO3MYILEHUS C UCIOIb30BaHHUEM (eHHMAaHOBCKOW TUarpaMMHOM TEXHUKH M 0000-
IIIEHHOM PEJISITUBUCTCKOM SHEPreTHYeCKOM (hopMasiu3Me B KaTHOPOBOUHO-MHBAPHUAHTHON (hOpMyITH-
poBke. COOTBETCTBYIOLIEE CEUEHHE 3aXBaTa OTPULIATEILHOIO MIOOHA aTOMOM OIPEEIIAETCS MHUMON
4acThIo SHepreTrdeckoro cisura ImSE snexrponnoii noacuctemsl. OO30pHO MPEACTABICHBI PE3YIb-
TaTbl HEKOTOPBIX PAaCUYeTOB CECUEHHUs 3axXBaTa OTpULATEeIbHOro MrooHa aroMoMm He. Teopernueckoe u
HKCIIEPUMEHTAIbHOE n3yueHHe 3(p(PeKToB MIOOH-raMMa-sIIEPHBIX B3aMMOJICHCTBHI OTKPHIBAET Iep-
CTIIEKTUBBI Pa3BUTHsI HOBON 001acTH KBAaHTOBOU ONTHKH, a KIMEHHO, SIJCPHON KBaHTOBOW ONTHKH,
BO3MO)KHOCTH 30HJIMPOBAHMS CTPYKTYPHBIX 0COOCHHOCTEH spa (atoma) M JalbHEHIIero pa3BUTHs
HATPaBICHUS MIOOHHOH CIIEKTPOCKOIIUY B aTOMHOW U MOJIEKYJISIPHOU (pr3HKe.

KuroueBblie ci10Ba: KoomnepaTUBHBIE MIOOH-FaMMa-sJIEPHBIE MTPOLIECCHI, 3aXBaT MIOOHA aTOMOM,
PENSATUBUCTCKUNA SHEPTETHUECKUIN (POpMaIH3M

YJIK 539.182
O. B. I'nywkos

PEJATUBICTChbKUI EHEPTETUYHWI OIJIXII 1O ONUCY MPOILECA
3AXOIVIEHHSI HETATUBHOI'O MIOOHA ATOMOM

Pesrome

VY po06oTi OIIA0BO BUKIIAJAECHI OCHOBH HOBOTO €()EKTUBHOTO IMiIXOAY 10 BU3HAUYEHHS MEPETUHIB
3aXOIUICHHS] HEraTUBHOTO MIOOHA aTOMHOI CHCTEMOIO, 3aCHOBAHOTO Ha PEISATHBICTCHKINM OaraTodac-
TUHKOBIH Teopii 30ypeHb 3 BUKOPUCTAHHAM (PEeHHMaHIBCHKOX JiarpaMHOI TEXHIKHU 1 y3araJbHEHOMY
PENSATUBICTCHKOMY €HEepreTHuyHOMY (opMaii3mi y KajaiOpyBalbHO-iHBapiaHTHOMY (DOPMYITIOBaHHI.
BinnoBigHuii nepeTuH 3aXOIUICHHS HETaTMBHOTO MIOOHA aTOMOM BH3HAYA€THCS YSBHOIO YaCTHUHOIO
eHepreTruuHoro 3cyBy ImOE enexkrponHnoi migcucremu. OmIsg0BO MPEACTABICH] pe3yabTaTH JSsIKUX
PO3paxyHKIB IIEPETHHY 3aXOIJICHHS HETaTUBHOTO MIOOHA aroMoM refisi. TeopeTnyHe 1 eKcriepuMeH-
TaJbHE BUBYCHHS €(DEKTIB MIOOH-TaMMa-sICPHUX B3a€MOJIiH BiIKpUBA€E MEPCIIEKTUBU PO3BUTKY HOBOT
rairy3i KBaHTOBOI ONTUKH, a CaMe, sIIEPHOT KBAHTOBOI ONITUKH, HOBI MOXJIMBOCTI 30H/IyBaHHS CTPYK-
TYpHHX OCOOJIMBOCTEN siipa (aToMa) i MOAAIBIIOT0 PO3BUTKY HANPSAMKY MIOOHHOI CIIEKTPOCKOIIT B
aTOMHIH 1 MONIEKYISIpHOi (OTOPI3MIII.

Kiro4oBi ciioBa: koonepaTuBHI MIOOH-TaMMa-siJIepHi MPOLECH, 3aXOMJICHHS MIOOHA aTOMOM, pe-
JSATUBICTCHKUN €HEPreTHUHUH hopmanizm
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STUDY OF THE IMPURITY PHOTOCONDUCTIVITY AND LUMINESCENCE IN ZNTE:V
CRYSTALS

The photoconductivity and photoluminescence spectra of ZnTe:V crystals in the visible spectral
region are studied. It is established that the high-temperature impurity photoconductivity of ZnTe:V
crystals is controlled by the optical transitions of electrons from the ground state 4T1(F) to high-
energy excited states, with subsequent thermally activated transitions of electrons to the conduction
band. A photoconductivity band associated with the photoionization of V impurities is revealed. The
intracenter luminescence of ZnTe:V crystals is efficiently excited with light corresponding to the

intrinsic absorption region of V2+ ion

Introduction

In the last few years, ZnTe crystals doped with
transition metals have been extensively used as
materials for various laser- and nonlinear-opti-
cal applications. ZnTe:Cr crystals were used to
achieve lasing at 2.5 pm [1]. ZnTe:Fe crystals
served as a basis for the production of tunable la-
sers emitting in the wavelength range from 4.35
to 5.45 um [2]. The use of ZnTe:V crystals for at-
taining lasing in the IR region is hindered by the
problem of the observation of IR luminescence at
temperatures higher than 150 K [3].

At the same time, the above-mentioned crys-
tals can be used as photodetectors for visible and
microwave radiation [4]. Therefore, studies of the
photoconductivity and luminescence of ZnTe:V
crystals in the visible spectral region present a
topical problem.

In this study, we explore and identify struc-
tural features of the photoconductivity and lumi-
nescence spectra of ZnTe:V crystals in the visible
spectral region. It is shown that, in the spectra,
there are photoconductivity and luminescence
bands associated with the V impurity.

The goals of this study is to identify structural
features of the photoconductivity and lumines-
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cence spectra of ZnTe:V crystals in the visible
spectral region.

Experimental

The samples to be studied were produced by
the diffusion doping of initially pure ZnTe crys-
tals with V. The nominally undoped crystals were
produced by the free growth method on a ZnSe
single crystal substrate oriented in the (111) plane.
The advantage of diffusion doping is the possibil-
ity of obtaining specified impurity concentrations
and doping profiles. The V content in the crystals
was determined from the variation in the band gap
of ZnTe crystals under variations in the V impu-
rity concentration. The vanadium concentration
varies from 3-10"7 to 3-10" cm?. For reference
samples, we used specially produced and studied
ZnTe samples subjected to heat treatments at the
same temperatures as those of the treatments of
V-doped crystals.

The photoconductivity spectra were recorded
with an MUM-2 monochromator with a 1200
grove mm ' diffraction grating. A halogen lamp
served as the source of light. The power of the
light flux from the lamp was kept constant at dif-
ferent wavelengths.



The photoluminescence (PL) spectra were re-
corded with an ISP-51 prism spectrograph. The
emission was detected with an FEU-100 photo-
electric multiplier. The luminescence signal was
excited with Edison Opto Corporation light-emit-
ting diodes (LEDs) and an ILGI-503 nitrogen
pulse laser. The photon energies corresponding to
the emission peak of the LEDs were 3.1, 2.69 and
2.25 eV, and the photon energy of laser emission
was 3.74 eV.

Analysis of the photoconductivity spectra

The undoped ZnTe crystals exhibit only one
photoconductivity band with a peak at 2.26 eV
at 300 K (Fig. 1, curve 7). This band arises from
interband optical transitions. On doping of the
crystals with vanadium, this band shifts to lower
energies. As the V concentration is increased, the
shift increases and corresponds to a change in the
band gap determined from the optical absorption
spectra.

Doping with vanadium brings about the appear-
ance of series photoconductivity bands in the pho-
ton energy range from 1.4 to 2.1 eV (Fig.1, curves
2-3). The intensity of these bands increases, as the
V concentration is increased. In the spectra, we
can distinguish bands at 1.47, 1.55, 1.7, 1.8, 1.87
and 2.09 eV. It is established that the 2.09 eV band
changes position under variations in the V concen-
tration. The position of other bands remains un-
changed, as the degree of doping is increased.

At the temperature T = 77 K, only one inter-
band photoconductivity band is observed in all
of the crystals under study. As the temperature is
elevated from 77 to 350 K, the impurity photo-
conductivity makes a weightier contribution to
the spectrum. We observed a similar effect previ-
ously in studying the photoconductivity of ZnSe
crystals doped with Fe, Ni, Cr [5,6].

As the temperature is elevated from 300 to 350
K the 2.09 eV photoconductivity band shifts to
lower photon energies by 20 meV. Such shift cor-
responds to the temperature change in the band
gap of ZnTe. Other impurity photoconductivity
bands do not change their position with tempera-
ture, suggesting that the corresponding transitions
are of intracenter character. In addition, the po-
sition of the above mentioned bands agrees well

with the position of optical absorption bands de-
tected for these crystals previously. In [7] visible
absorption bands were attributed to intracenter
optical transitions that occur within the V** ions.
The above result suggests that these photocon-
ductivity bands are due to the same optical transi-
tions as those involved in optical absorption. The
energies and identification of optical transitions
are given in the table. The table summarizes the
data obtained in studies of optical absorption,
photoconductivity and luminescence.

T

E eV

Fig. 1. Photoconductivity spectra of (1) ZnTe and
(2, 3) ZnTe:V crystals. The V dopant concentra-
tions are [V] = (2) 5-1018 and (3) 3-1019 cm-3.

The photoconductivity process in the crys-
tals under study occurs in the manner briefly de-
scribed below. The 2.09 eV photoconductivity
band is associated with optical transitions from
the 7' (F) ground state of the V*" ion into the con-
duction band. Comparison of the photon energy
corresponding to the peak of this photoconductiv-
ity band with the energy position of the intrinsic
photoconductivity peak for the crystals with the V
concentration [V] = 5-10"%cm™ (2.23 e¢V) allows
us to believe that the level of the ground state of
the V** ion is 140 meV above the top of the va-
lence band.
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Energies of optical transitions in ZnTe:V crystals

Line Absorption Photoconductivity, | Luminescence, | Stokes shift,
No E,eV Transition E, eV E, eV E, meV
1 T/(F)— A:(F) +e .y 2.09
2 2.19 T\ (F)—’E(D) 2.13 60
3 2.08 T/(F)—’E(G) 2.06 20
4 1.87 T (F)=°T,(D) 1.87 1.85 20
5 1.80 T(F)—"T\(P) 1.80 1.78 20
6 1.70 T/(F)—°T,(H) 1.7 1.67 30
7 1.54 T)(F)—’E(H) 1.55 1.52 20
8 1.46 T(F)—"T\(H) 1.47 1.42 40
9 1.36 T/ (F)—"T(H) 1.33 30
10 1.26 T,(F)—"T,(P) 1.24 20
11 1.23 T (F)=’T»(G) 1.20 30

The other photoconductivity bands are formed
in a two-stage process. Initially, the intracenter
optical transitions of electrons from the *7(F)
ground state to the higher excited states of the V**
ions (table) occur; then thermally activated transi-
tions of these electrons to the conduction band are
observed. As a result the local centers transit to the
V3" charged state. Later the V** centers trap elec-
trons and the centers transit to their initial V** state.

It should be noted that the results of studies of
the thermoelectric power are indicative of the elec-
tron photoconductivity of the ZnTe:V crystals.

Analysis of luminescence properties

The PL spectra were studied in the tempera-
ture range from 77 to 300 K. The PL spectra of
undoped crystals excited with nitrogen laser ra-
diation (A =337 nm) at T = 77 K exhibit one emis-
sion band with peak at 2.31 eV (Fig. 2, curve 1).
In previous studies the 2.31 eV emission band
was attributed to emission of excitons localized at
neutral zinc vacancies [6].

Upon doping of the crystals with vanadium,
the excitonic emission bands shift to lower ener-
gies (Fig. 2, curve 2). The shift corresponds to the
change in the band gap with the vanadium con-
centration [V] in ZnTe.

Doping of the crystals with vanadium brings
about a series of long-wavelength emission lines
with peaks at 1.20, 1.24, 1.33, 1.42, 1.52, 1.67,
1.78, 1.85, 2.06, 2.13 eV (Fig. 2, curve 2). As
the V concentration is increased, the intensity of
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these emission lines increases, whereas their posi-
tion remains unchanged.

Figure 2 (curve 3) shows the absorption spec-
trum of the ZnTe:V crystals at T = 77 K. The
spectrum involves lines that correlate with the
emission lines observed in this study. As can be
seen from the table, the Stokes shifts of the PL
lines with respect to the corresponding absorption
lines are in the range 20—-60 meV.

It is established that the relative luminescence
intensity of the ZnTe:V crystals heavily depends
on the photon energy of excitation light.

Emission with the lowest intensity is excit-
ed with a nitrogen laser with the photon energy
3.67 eV. The highest emission intensity is attained
on excitation with LEDs with the photon energy
in the emission peak 2.25 eV. This suggests that
the band-to-band excitation of long-wavelength
luminescence of the ZnTe:V crystals is ineffi-
cient. At the same time, under changes in the ex-
citation photon energy, the position of emission
peaks remains unchanged. It is also established
that, as the excitation photon energy is lowered,
the contribution of low-energy bands to the lumi-
nescence spectrum increases. This effect is typi-
cal of intracenter luminescence.

As the temperature is elevated from 77 to
300 K, the intensity of all emission lines de-
creases, while the positions of the peaks remain
unchanged. Similar temperature behavior was ob-
served for the corresponding absorption lines.



IPL; D, arb.un

1.2 1.6 20 gy

Fig. 2. (1, 2) Photoluminescence and (3) absorption
spectra of (1) ZnTe and (2, 3) ZnTe:V crystals.

This suggests that the absorption and lumines-
cence lines under study are due to intracenter op-
tical transitions that occur within vanadium ions.

Conclusions

1. It is shown that the high-temperature long-
wavelength photoconductivity of the ZnTe:V
crystals is controlled by intracenter optical ransi-
tions within the V?* ions and by subsequent ther-
mally induced transitions of electrons from the
levels of the excited V** states into the conduc-
tion band.

2. It is established that doping with vanadium
gives rise to a series of emission lines in the vis-
ible spectral region. The luminescence bands de-
tected for the ZnTe:V crystals are attributed to
intracenter transitions in the V' ions.

3. Efficient excitation in impurity-related lu-
minescence of the ZnTe:V crystals is attained
with light corresponding to the region of intrinsic
absorption in the V?* ions.
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STUDY OF THE IMPURITY PHOTOCONDUCTIVITY AND LUMINESCENCE IN ZnTe:V
CRYSTALS

Abstract

The photoconductivity and photoluminescence spectra of ZnTe:V crystals in the visible spectral
region are studied. It is established that the high-temperature impurity photoconductivity of ZnTe:V
crystals is controlled by the optical transitions of electrons from the ground state *7'(F) to high-energy
excited states, with subsequent thermally activated transitions of electrons to the conduction band.
A photoconductivity band associated with the photoionization of V impurities is revealed. The intra-
center luminescence of ZnTe:V crystals is efficiently excited with light corresponding to the intrinsic
absorption region of V** ion

Key words: zinc telluride, diffusion doping, vanadium impurity, photoconductivity, photolumi-
nescence.
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1O. @. Baxcman, FO. A. Huyyk, A. B. Kopenkosa

UCCJIEIOBAHUE MIPUMECHOMN ®OTOIMPOBOJIUMOCTH U TIOMUHECIHEHIIUA
B KPUCTAJIJIAX ZnTe:V

Pesrome

HccnenoBana (HoTonpoBoauMOCTh U (OTONMIOMUHECIICHIINs KprcTamuioB ZnTe:V B BuanMoii 00-
JACTU CIIEKTPa. YCTAHOBIEHO, YTO BBICOKOTEMIIEpaTypHas (OTOMPOBOJUMOCTh KpucTauioB ZnTe:V
00yCIIOBIICHA ONTUYECKUMHM TIEPEXOIAMHU SIEKTPOHOB M3 OCHOBHOTO coctosnus *7 () Ha Oonee BbI-
COKHE BO30YKICHHBIC SHEPIreTUYCCKUE YPOBHU HOHA V?' ¢ MX MOCIEAYIOIIeH TEPMUIECKOM aKTHBa-
1Uel B 30Hy IPOBOAUMOCTH. D((HeKTUBHOE BO30Yk/IEHUE BHYTPULICHTPOBOH JTIOMUHECLIEHIINH KPH-
cramioB ZnTe:V ocyliecTBIsSETCS CBETOM M3 00JIACTH IPUMECHOTO MOTIONICHHSI HOHOB V27,

KiroueBble ciioBa: Teurypua uHKa, A1 dy3nonHoe nerupoBanue, mpuMech BaHausl, (OTomnpo-
BOJMMOCTb, (DOTOTIOMUHECIICHITHSL.
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JOCJIKEHHS JOMIIIKOBOI ®OTOIMPOBIIHOCTI TA JIIOMIHECLEHLII B
KPUCTAJIAX ZnTe:V

Pesrome

Jocnimxeno (otonpoBigHICTh 1 (oTomoMiHecueHlilo kpucraniB ZnTe:V y Buaumiii obmacti
criekTpy. BecraHoBieHo, 1110 BUCOKOTeMIIepaTtypHa GoTonpoBiaHicTh kpucTainiB ZnTe:V oOymoBneHa
ONTUYHMMH TIEPEXOJAMH €JIEKTPOHIB 3 OCHOBHOTO cTany *7'(F) Ha OinbII BUCOKI 30y/IXKeHI eHepre-
TUYHI piBHI 10HY V*' 3 iX MOAAIBIIO TEPMIYHOIO aKTHUBAIII€I0 B 30HY MpoBigHOCTI. EdexTrBHE 30Y-
JOKEHHSI BHYTPHITHBOLIEHTPOBOI JIIOMiHecHeHIiT kpuctaiiB ZnTe:V BinOyBaeTbcs CBITIOM 3 001acTi
JIOMIIIIKOBOI'O MOTIMHAHHSA 10HIB V2.

KarouoBi cioBa: tenypun 1MHKY, 1udys3iiiHe JeryBaHHs, TOMIIIKa BaHAJIil0, (OTOMPOBIAHICTS,
(OTONIOMIHECIICHITIS.
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SPECTROSCOPY OF THE COMPLEX AUTOIONIZATION RESONANCES IN
SPECTRUM OF BERYLLIUM

We applied a generalized energy approach (Gell-Mann and Low S-matrix formalism) combined
with the relativistic multi-quasiparticle (QP) perturbation theory (PT) with the Dirac-Kohn-Sham
zeroth approximation and accounting for the exchange-correlation, relativistic corrections to studying
autoionization resonances in the beryllium Be spectrum, in particular, we predicted the energies and
widths of the number of the 2pns resonances. There are presented the results of comparison of our
theory data for the autoionization resonances 2pnl with the available experimental data and those
results of other theories, including, methods by Greene, by Tully-Seaton-Berrington and by Kim-

Tayal-Zhou-Manson etc.

1. Introduction

Here we continue our investigations of study-
ing the autoionization state and AR in spectra of
a few electron complex atoms and ions. Let us
note [1-5] that theoretical methods of calculation
of the spectroscopic characteristics for heavy at-
oms and ions are usually divided into a few main
groups [1-21]. Let us remind At first, one should
mention the well known, classical multi-config-
uration Hartree-Fock method (as a rule, the rela-
tivistic effects are taken into account in the Pauli
approximation or Breit hamiltonian etc.) allowed
to get a great number of the useful spectral in-
formation about light and not heavy atomic sys-
tems, but in fact it provides only qualitative de-
scription of spectra of the heavy atoms and ions.
Another more consistent method is given by the
known multi-configuration Dirac-Fock (MCDF)
approach. Besides, different methods such as
various forms of the R-matrix method, the multi-
configuration Tamm-Dancoff approximation, the
hyperspherical method, a hyperspherical close-
coupling calculation, and a multiconfiguration
relativistic random-phase approximation have
been employed [3].
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In this paper we applied a new relativistic ap-
proach [11-15] to relativistic studying the auto-
ionization characteristics of the beryllium atom.
The method wich has been used is in details pre-
sented in our prwvius papers (see, for example,
[4]). LHere we remind that the new elements of the
approach include the combined the generalized
energy approach and the gauge-invariant QED
many-QP PT with the Dirac-Kohn-Sham (DKS)
“0” approximation (optimized 1QP representa-
tion) and an accurate accounting for relativistic,
correlation and others effects. The generalized
gauge-invariant version of the energy approach
has been further developed in Refs. [12,13].

2. Relativistic approach in autoionization
spectroscopy of beryllium atom

Inrefs. [11-15, 17-20] it has been in details pre-
sented, so here we give only the fundamental as-
pects. Inrelativistic case the Gell-Mann and Low
formula expressed an energy shift AE through the
QED scattering matrix including the interaction
with as the photon vacuum field as the laser field.
The first case is corresponding to definition of the
traditional radiative and autoionization character-



istics of multielectron atom. The wave function
zeroth basis is found from the Dirac equation with
a potential, which includes the ab initio (the op-
timized model potential or DF potentials, electric
and polarization potentials of a nucleus) [5]. Gen-
erally speaking, the majority of complex atomic
systems possess a dense energy spectrum of inter-
acting states with essentially relativistic proper-
ties. Further one should realize a field procedure
for calculating the energy shifts AE of degenerate
states, which is connected with the secular matrix
M diagonalization [8-12]. The secular matrix ele-
ments are already complex in the second order of
the PT. Their imaginary parts are connected with
a decay possibility. A total energy shift of the state
is presented in the standard form:

AE=ReAE +iIlmAE ImAE =-T/2,

(1
where I is interpreted as the level width, and the
decay possibility P =T". The whole calculation of
the energies and decay probabilities of a non-de-
generate excited state is reduced to the calculation
and diagonalization of the M. The complex secu-
lar matrix M is represented in the form [9,10]:

M=M"+ M+ M+ Mm®), 2)

where M) is the contribution of the vacuum dia-

grams of all order of PT, and M 0 , M (2),M )
those of the one-, two- and three-QP diagrams

respectively. The diagonal matrix M ™ can be
presented as a sum of the independent 1QP con-
tributions. For simple systems (such as alkali
atoms and ions) the 1QP energies can be taken
from the experiment. Substituting these quanti-
ties into (2) one could have summarized all the
contributions of the 1QP diagrams of all orders
of the formally exact QED PT. The optimized
1-QP representation is the best one to determine
the zeroth approximation. In the second order,
there is important kind of diagrams: the ladder
ones. These contributions have been summarized
by a modification of the central potential, which
must now include the screening (anti-screening)
effect of each particle by two others. The ad-
ditional potential modifies the 1QP orbitals and

energies. Let us remind that in the QED theory,
the photon propagator D(12) plays the role of this
interaction. Naturally, an analytical form of D de-
pends on the gauge, in which the electrodynamic
potentials are written. In general, the results of all
approximate calculations depended on the gauge.
Naturally the correct result must be gauge invari-
ant. The gauge dependence of the amplitudes of
the photoprocesses in the approximate calcula-
tions is a well known fact and is in details inves-
tigated by Grant, Armstrong, Aymar-Luc-Koenig,
Glushkov-Ivanov [1,2,5,9]. Grant has studied the
gauge connection with the limiting non-relativ-
istic form of the transition operator and has for-
mulated the conditions for approximate functions
of the states, in which the amplitudes are gauge
invariant (so called Grant’s theorem). These re-
sults remain true in an energy approach as the fi-
nal formulae for the probabilities coincide in both
approaches. In ref. [16] it has been developed a
new version of the approach to conserve gauge
invariance. Here we applied it to get the gauge-
invariant procedure for generating the relativistic
DKS orbital bases (abbreviator of our method:
GIRPT). A width of a state associated with the
decay of the AR is determined by square of the
matrix element of the interparticle interaction
Lo V(B,B,, B,k)|?. The total width is given by
the expression:

. . 2re
F(nlohoan(z)];);-]) = % ZZCJ(ﬁIﬂ2)X

0 BB ﬂl‘ﬁé

J v
X C (IBI 182 );V \B23 B Py VﬂKﬂ ’ﬁlvﬂé

3)

where the coefficients C are determined in [4].
The matrix element of the relativistic inter-
particle interaction

V(rl.rj ) = exp(ia)y.rlj ) (-o0)/r, (4)

(here o, —the Dirac matrices) in (3) is determined
as follows:

BiBoi BBy = (2 ji+1(2 o +1)(2 j5+1)(2 jy+1)
X(—l)jl tjat 3t jatmptmy )
ul Ji Jyoa)J, Ja a
Xg(_l) (ml_mJ ,uj(mz_”% ,U]X

xQ,(ml, jin,l, jyin,l, junslsjs),
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0,=0+0; (6)

Here QS " and Qf is corresponding to the
Coulomb and Breit parts of the interlparticle in-

teraction (6). The Coulomb part Qf“l is expressed
in the radial integrals R, , angular coefficients S,
as follows:

~{R,(1243)S,(1243)+

+ R, (1243)s, (1243 )+ (7

+R,(1243)s,(1223)+

+ R, (1743)s,(1243)}
The calculation of radial integrals ReR,(1243)

is reduced to the solution of a system of differen-
tial equations:

= KSZP(edalr ),

¥i = i fiZP el ),
y:; - [.ylfzf4 + .)in.f:;

(8)

1-2

In addition, y,(o0)=ReR,(1243), y,(0)=X,(13).
The system of differential equations includes

also equations for functions f/r=-, g/p-1 ZS),

Zf). The formulas for the autoionization (Au-
ger) decay probability include the radial integrals
R _(akyB), where one of the functions describes
electron in the continuum state. When calculat-
ing this integral, the correct normalization of the
function ¥, requires the attention. The correctly
normalized function should have the following
asymptotic at r—0:

f}—)(lco [W+(aZ r/s1n(h+5
& (aZ r/cos kr+5

When integrating the master system, the func-
tion is calculated simultaneously:

N(r)= {lm)k [sz [mJt +(uZ)_2]+ g:[mk + (U.Z'l)”}% (10)

Other details can be found in refs.[10-13,16-
20] as well as description of the “Superatom” and
Cowan PC codes, used in all computing.
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3. Results and conclusions

In figure 1 there are presented the Be+ ion-
yield scan across the 2pns and 2pnd resonances
(circles connected by a black line) and a least-
squares fit curve of Fano profiles (gray curve)
[3]. In Fig.2 there are presented The Be+ ion-
yield scan across the 2pns and 2pnd resonances
(solid line) together with calculated cross sections
by Green (dash-dotted line), by Tully-Seaton-
Berrington (gray solid line), and by Kim- Tay-
al-Zhou-Manson (dotted line). The experimental
data [3] were scaled to match the theoretical cross
section (from Ref.[3]).
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Figure 1. Bet ion-yield scan across the 2pns and 2pnd
resonances (circles connected by a black line) and a
least-squares fit curve of Fano profiles (gray curve) [3]
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Figure 2. The Be+ ion-yield scan across the 2pns

and 2pnd resonances (solid line) together with cal-

culated cross sections by Green (dash-dotted line),

by Tully-Seaton-Berrington (gray solid line), and

by Kim- Tayal-Zhou-Manson (dotted line). The

experimental data [3] were scaled to match the
theoretical cross section.



In Tables 1 we present the resonance energies
and widths for the 2pns resonances in the beryl-
lium spectrum. The experimental (by Wehlitz-
Lukic-Bluett, WLB; by Mehlman-Balloffet-Este-
va, ME; by Esteva-Mehlman-Balloffet-Romand,
EMR) and alternative theoretical data by Chi-
Huang- Cheng (CHC), Tully-Seaton-Berrington
(TSB) and by Kim- Tayal-Zhou-Manson (KTZM)
are taken from Ref. [3].

Table 1a.
The energy position E, width I'of the Be 2pns
resonances (see text)

5 [77.000] 78 [ 76 73 78
6 | 47.3) | 42 - - 51
7 [ 29.3) | 22 - - 33
8 | 163) | - - - 18
9 | 305 - - - 5
10 | 305 - : _ 4
11 - - - 4
12 - - - 3

In the Table 2 we present the comparison of
our data on the the resonance energies and widths
for the AR 2pnd resonances in the beryllium spec-
trum.

- — ' Table 2.
The energy position E (¢V) Theoretical data for positions (eV) of the Be
n Exp, | Exp, | Th, | Th, Th, Our 2ond dt iousl b-
WLB |(EMR)| (TSB)|(CHC) KTZM| data pnd resonances compared to previously pu
(ME) lished resonance positions (see text)
3 [10.889(10.933|10.915/10.63 [10.910(10.903 The energy position E (¢V)
10.71 n | Exp, | Exp, | Th, | Th, Th, Our
4 112.112/12.096]12.102/12.09 12.092{12.098 WLB [(EMR)| (TSB)|(CHC) [KTZM| data
11.97 (ME)
5 [12.571112.572|12.571]12.64 [12.558]12.570 3 |11.840/11.855/11.840{12.03 [12.831[11.848
12.53 6) |11.862
6 [12.812/12.811{12.80012.91 [12.79112.806 4 112.460(12.503|12.448|12.61 12.437|12.458
12.78 (6) [12.466
7 112.944(12.945(12.932 13.06 [12.924[12.952 S5 |12.74212.789(12.735[12.89 |12.72712.746
12.92 (6) |12.757
8 13.022113.029] - 113.15 13.007013.028 6 - |12.952]12.893|13.05 [12.886(12.908
13.01 12.919
9 [13.07813.083 - 1321 13.062]13.092] T30
10 |13.123]13.121] - [13.25 [13.101]13.130 8 - - - - - :
11 [13.143|13.152] - - [13.129]13.152 On the one hand, there is sufficiently good
12 [13.178|13.170| - - - |13.180| accuracy of our theory, the secondly (bearing in
13 - - - - - [13.213| mind that most of the listed methods are devel-
14 - - - - - [13.248] oped specifically for the study helium and can
not be easily generalized to the case of the heavy
Table 1b. multi-electron atoms) the definite advantage of

The energy position E, width I'of the Be 2pns
resonances (see text)

The width I'of the resonance (meV)
n Exp, Th, Th, Th, Our
WLB | (TSB) | Green | KTZM | data
3 531. 606 530 473 473
(10)
4 174. 180 168 162 176
(10)

the presented approach. Let us note that in ref.
[14] (see also [5,12]) it had been predicted a new
optics and spectroscopy effect of the giant chang-
ing of the AS width in a sufficiently weak electric
field (for two pairs of the Tm, Gd AR). Naturally
any two states of different parity can be mixed
by the external electric field. The mixing leads
to redistribution of the autoionization widths. In
a case of the heavy elements such as lanthanide
and actinide atoms the respective redistribution
has a giant effect. In the case of degenerate or
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near-degenerate resonances this effect becomes
observable even at a moderately weak field. We
have tried to discover the same new spectral ef-
fect in a case of the Be Rydberg autoionization
states spectrum using the simplified version of
the known strong-field operator PT formalism
[5,14]. However, the preliminary estimates have
indicated on the absence of the width giant broad-
ening effect for the helium case, except for mi-
nor changes of the corresponding widths, which
are well known in the standard atomic spectros-
copy. In whole an detailed analysis shows quite
physically reasonable agreement between the pre-
sented theoretical and experimental results. But
some difference, in our opinion, can be explained
by different accuracy of estimates of the radial
integrals, using the different type basis’s (gauge
invariance conservation or a degree of accounting
for the exchange-correlation effects) and some
other additional computing approximations. In
our theory there are used gauge-optimized basis’s
of the relativistic and such basis has advantage in
comparison with the standard DF type basis’s.
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SPECTROSCOPY OF THE COMPLEX AUTOIONIZATION RESONANCES IN
SPECTRUM OF BERYLLIUM

Abstract

We applied a generalized energy approach (Gell-Mann and Low S-matrix formalism) combined
with the relativistic multi-quasiparticle (QP) perturbation theory (PT) with the Dirac-Kohn-Sham ze-
roth approximation and accounting for the exchange-correlation, relativistic corrections to studying
autoionization resonances in the beryllium Be spectrum, in particular, we predicted the energies and
widths of the number of the Rydberg resonances. There are presented the results of comparison of our
theory data for the autoionization resonance 3s3p 'P, with the available experimental data and those
results of other theories, including, method Greene, by Tully-Seaton-Berrington and by Kim- Tayal-
Zhou-Manson etc

Key words: spectroscopy of autoionization resonances, relativistic energy approach, beryllium
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A. B. Cmupnos, B. B. Byaoowcu, A. B. Henamenko, A. B. Itywxos, A. A. Ceunapernko

CIIEKTPOCKOIINA CJIOKHBIX ABTOMOHU3ALIMOHHBIX PE3BOHAHCOB B
CIIEKTPE BEPWLJINA

Pesrome

OO0o001meHHbIH 3HepreTHuecKuit moaxor (S-marpuunslii popmanusm [emn-Mana u Jloy) u pensitu-
BUCTCKasi TEOpUsI BO3MYILECHUHN C TUPaK-KOH-IIMOBCKAM HYJIEBBIM MPUOIMKEHUEM M Y4ETOM OOMEH-
HO-KOPPEJALMOHHBIX U PESITUBUCTCKUX IONPABOK MPUMEHEHbI K M3YYEHUIO aBTOMOHU3AIIMOHHBIX
PE30HAHCOB B aTroMe OepWIUIHA, B YaCTHOCTH, MPEACKa3aHbl SHEPTHU U IIUPUHBI psifa pUaOeproBbIX
pe3oHaHcoB. IlpencTaBneHsl pe3ynbTarbl CpaBHEHMSI JaHHBIX HAIIEH TEOpHH, B YaCTHOCTH, JIS aB-
TOMOHU3AIMIHHOTO pe3oHaHca 2pnl ¢ UMEIOLMMUCS SKCIEPUMEHTAIBHBIMUA JAHHBIMHU M PE3YJIbTaTaMu
JpYTHX TEOpHii, B ToM uncie, Teopuit Greene, Tully-Seaton-Berrington, Kim-Tayal-Zhou-Manson u T.1.

KiodeBble ¢J10Ba: CIIEKTPOCKOIHUS aBTOMOHU3ALMOHHBIX PE30HAHCOB, PEISATUBUCTCKUI SHEPreTH-
YeCKUi 1Moaxos, Oeprunit
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A. B. Cmipnos, B. B. bysioocu, I B. Ienamenko, O. B. I'tywikos, A. A. Ceunapernko

CIIEKTPOCKOIIS CKJIAJTHUX ABTOIOHIZAIIIMHUX PE3OHAHCIB B CIIEKTPI
BEPHUJIIIO

Pe3rome

VY3aranbHeHu eHepreTuIHui miaxia (S-marpuunuii popmanizm I'emi-Mana ta Jloy) u pensitu-
BICTCBhKa Teopis 30ypeHb 3 JlipaKk-KOH-IIEMIBCLKHM HYJIBOBHM HAONMKCHHSM Ta ypaxyBaHHSAM  00-
MIHHO-KOPEJISIIHHUX 1 PEIATUBICTCHKUX TMOMPABOK 3aCTOCOBAHUK 10 BUBYEHHS aBTOIOHI3alIMHMX
PE30HAHCIB Y aToM1 OepuiIito, 30KpemMa, repeadaveHi eHeprii Ta MUPUHU PSAAY PiaOeproBUx pe3oHaH-
ciB. IIpeacramieni pe3yiabraTu MOPIBHSAHHS JaHUX HAIIOI TEOpii, 30Kpema, JJisi aBTO10HI3alIHOTO
pe3oHaHcy 2pnl 3 HaSBHUMH €KCTIEPUMEHTAJIBHUMHU JTAHUMH 1 pe3yJIbTaTaMH iHIIMX TEOpPii, y ToMy
guci, Teopiit Greene, Tully-Seaton-Berrington, Kim-Tayal-Zhou-Manson i T.11.

Ku11040Bi ¢Jj10Ba: CIIEKTPOCKOIIisI aBTOIOHI3AIIMHUX PE30HAHCIB, PEISTUBICTCHKUM €HEPreTUIHUI
X1, Oepritiid
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RELATIVISTIC THEORY OF SPECTRA OF USUAL AND EXOTIC ATOMS: NITROGEN
HYPERFINE TRANSITIONS ENERGIES

A new theoretical approach to the description of spectral parameters pionic atoms in the excited
states with precise accounting relativistic, radiation and nuclear effects is applied to the study of
energy and spectral parameters of transitions between hyperfine structure components. As an example
of the present approach presents new data on the energies of the hyperfine structure transitions 5g-
4f, 5f-4d in the spectrum of pionic nitrogen are presented and it is performed comparison with the
corresponding theoretical data by Trassinelli-Indelicato

1. Introduction

Our work is devoted to the further application
of earlier developed new theoretical approach [1-
3] to the description of spectra and different spec-
tral parameters, in particular, radiative transitions
probabilities for pionic atoms in the excited states
with precise accouting relativistic, radiation. Here
problem to be solved is estimate of the hyperfine
structure components transition energies in the
pionic atom of nitrogen. Earlier we have present-
ed the corresponsing data on the radiation prob-
abilities [1].

As it was indicated earlier [1-3] nowadays in-
vestigation of the pionic and at whole the exotic
hadronic atomic systems represents a great inter-
est as from the viewpoint of the further develop-
ment of atomic and nuclear spectral theories as
creating new tools for sensing the nuclear struc-
ture and fundamental pion-nucleus strong inter-
actions [1-15]. It is, above all, the strong pion-
nucleon interaction, new information about the
properties of nuclei and hadrons themselves and
their interactions with the nucleus of the meas-
ured energy X-rays emitted during the transition
pion spectrum of the atom.

While determining the properties of pion at-
oms in theory is very simple as a series of H such
models and more sophisticated methods such
combination chiral perturbation theory (TC),
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adequate quantitative description of the spectral
properties of atoms in the electromagnetic pion
sector (not to mention even the strong interaction
sector ) requires the development of High-preci-
sion approaches, which allow you to accurately
describe the role of relativistic, nuclear, radiation
QED (primarily polarization electron-positron
vacuum, etc.). pion effects in the spectroscopy of
atoms. The most popular theoretical models are
naturally based on the using the Klein-Gordon-
Fock equation, but there are many important
problems connected with accurate accounting for
as pion-nuclear strong interaction effects as QED
radiative corrections (firstly, the vacuum polari-
zation effect etc.). This topic has been a subject
of intensive theoretical and experimental interest
(see [1-16]). The perturbation theory expansion
on the physical; parameter aZ is usually used to
take into account the radiative QED corrections,
first of all, effect of the polarization of electron-
positron vacuum etc. This approximation is suffi-
ciently correct and comprehensive in a case of the
light pionic atoms, however it becomes incorrect
in a case of the heavy atoms with large charge of
a nucleus Z.

The more correct accounting of the QED, fi-
nite nuclear size and electron-screening effects
for pionic atoms is also very serious and actual
problem to be solved more consistently in com-



parison with available theoretical models and
schemes.

2. Theory

The basic topics of our theoretical approach
have been earlier presented [1-3], so here we are
limited only by the key elements. Naturally, the
relativistic dynamic of a spinless boson (pion)
particle is described by the Klein-Gordon-Fock
(KGF) equation. As usually, an electromagnetic
interaction between a negatively charged pion and
the atomic nucleus can be taken into account in-
troducing the nuclear potential A in the KG equa-
tion via the minimal coupling p— p — gA,. The
relativistic wave functions of the zeroth approxi-
mation for pionic atoms are determined from the
KGF equation [1]:

m*c*W¥(x) = {%[ih@l +eV,(r]’ +h’Vi¥(x) (1)
c

where 4 is the Planck constant, ¢ the velocity of
the light and the scalar wavefunction ¥ (x) de-
pends on the space-time coordinate x = (ct,r).

Here it is considered a case of a central Cou-
lomb potential (V (r),0). Then the standard sta-
tionary equation looks as:

(L4 e, (O + 1V —mictip =0 )
C

where E is the total energy of the system (sum ofthe
mass energy mc” and binding energy e ). In prin-
ciple, the central potential ¥, should include the
central Coulomb potential, the radiative (in partic-
ular, vacuum-polarization) potential as well as the
electron-screening potential in the atomic-optical
(electromagnetic) sector. Surely, the full solution
of the pionic atom energy especially for the low-
excited state requires an inclusion the pion-nucle-
ar strong interaction potential. However, the main
problem considered here is computing the radia-
tive transitions probabilities between components
of the hyperfine structure for sufficiently high
states, when the strong pion-nuclear interaction is
not important from the quantitative viewpoint.
However, if a pion is on the high orbit of the atom,
the strong interaction effects can not be accounted
because of the negligible value.

The next step is accounting the nuclear fi-
nite size effect or the Breit-Rosenthal-Crawford-

Schawlow one. In order to do it we use the wide-
spread Gaussian model for nuclear charge distri-
bution. The advantages of this model in compari-
son with usually used models such as for example
an uniformly charged sphere model and others
had been analysed in Ref. [1-]. Usually the Gauss
model is determined as follows:

plrlR)= 47 [N Jexpl- 177,

where y =4 R2 , R 1s an effective radius of a
nucleus.

In order to take into account very important ra-
diation QED ceftects we use the radiative potential
from the Flambaum-Ginges theory [15]. In includes
the standard Ueling-Serber potential and electric
and magnetic form-factors plus potentials for ac-
counting of the high order QED corrections such as:

D,y () =@y (1) + @ (1) + D (r) +.

©)

+O,(r)+ %q)?fgh_”’d” (r)
4)

where

D, ,(N=0,(r)+D,(r)+D(r)+.

+O,(r)+ %@{'fgh_”’d”(r)
(5)

Here e — a proton charge and universal
function B(Z) is defined by expression:
B(2)=0.074+0.35Za.

At last to take into account the electron screen-
ing effect we use the standard procedure, based on
addition of the total interaction potential SCF po-
tential of the electrons, which can be determined
within the Dirac-Fock method by solution of the
standard relativistic Dirac equations. It should be
noted however, that contribution of theses correc-
tions is practically zeroth for the pionic nitrogen,
however it can be very important in transition to
many-electron as a rule heave pionic atoms.

Further in order to calculate the energies and
probabilities of the radiative transitions between
energy level of the pionic atoms we have used
the well known relativistic energy approach (look
[17-19] and Refs. in [16], which is used for com-
puting probabilities.
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The expression for the energy of the hyperfine
splitting (magnetic part of) the energy levels of
the atom in the pion:

v Hy Hyetighc”

47Z(E(’)’l - <nl|V0(rlnl>) g

. { F(F+1)- 1(211+ 1)-1(7+ 1)} <n l‘r’3‘nl> (6)

Here m, = eh/2m »C ; other notations are stan-
dard. In a consistent precise theory it is important
allowance for the contribution to the energy of the
hyperfine splitting of the levels in the spectrum of
the pion atom due to the interaction of the orbital
momentum of the pion with the quadrupole mo-
ment of the atomic nucleus. The corresponding
part can be presented as follows [3]:

<LIFM\WQ\LIFM> A+B (C+1) (7)

where
C=F(F+1)-L(L+1)-I(I+1), (8)
__3_ €0 (7 L[y - D)
4121 =1) \JL(L+1§ 2L — 1§ 2L +1§ 2L +3)
)
A= C0U+D) (7 Ll |y - LLL+1)

(21 -1) JL(L+1§ 2L 1§ 2L +1§ 2L +3)
(10)
Here L — is orbital moment of pion, F is a total
moment of an atom.

3. Results and conclusions

As example of application of the presented ap-
proach, in tables 1, 2 we present the data on ener-
gies (in eV) of the hyperfine transitions 5g-4f in
the spectrum of the pion nitrogen): Thl- data by
Trassinelli-Indelicato; Th2- our data. In theory
by Trassinelli-Indelicato (look, for example, [4])
it has been used the standard atomic spectroscopy
amplitude scheme when the transitions energies
and probabilities are calculated in the known de-
gree separately. In table 2 we present our data for
energies (in eV) of the hyperfine transitions 5f-4d
in the spectrum of the pion nitrogen: our data
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Table 1.

The energies (in eV) of the hyperfine tran-

sitions 5g-4f in the spectrum of the pion nitro-

gen: Thl- data by Trassinelli-Indelicato; Th2-
our data

F-F’ T.I: P (5g-4f) TIL: P (5g-
41)
5-4 4055.3779 4055.3728
4-3 4055.3821 4055.3777
4-4 4055.3762 4055.3715
3-2 4055.3852 4055.3804
3-3 4055.3807 4055.3765
34 4055.3747 4055.3710
Table 2.

The energies (in eV) of the hyperfine tran-
sitions 5f-4d in the spectrum of the pion nitro-
gen: our data

F-F° Our data

(5f-4d)
4-3 4057.6819
3-2 4057.6915
3-3 4057.6799
2-1 4057.6978
2-2 4057.6905
2-3 4057.6789

In whole, the computed values of energies for
considered transitions between hyperfine struc-
ture components in the spectrum of the pion
within theory by Trassinelli-Indelicato and ours
demonstrate physically reasonable agreement.
, however our values are a little different. This
fact can be explained by difference in the comput-
ing schemes and different level of accounting for
nuclear finite size, QED and other effects (look
details [1-3,20,21]).
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RELATIVISTIC THEORY OF SPECTRA OF USUAL AND EXOTIC ATOMS WITH
ACCOUNT OF THE NUCLEAR AND RADIATIVE CORRECTIONS: NITROGEN
HYPERFINE TRANSITIONS ENERGIES

Abstract
A new theoretical approach to the description of spectral parameters pionic atoms in the excited
states with precise accounting relativistic, radiation and nuclear effects is applied to the study of
energy and spectral parameters of transitions between hyperfine structure components. As an example
of the present approach presents new data on the energies of the hyperfine structure transitions 5g-
4f, 5f-4d in the spectrum of pionic nitrogen are presented and it is performed comparison with the
corresponding theoretical data by Trassinelli-Indelicato.
Keywords: relativistic theory, hyperfine structure, pionic atom
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U H. Cepea, T. A. Kynaxnu, A. B. Cmupnos, O. FO. Xeyenuyc, B. B.byaoocu

PEJIATUBUCTCKASA TEOPUSA CIIEKTPOB OBBIYHBIX N OK30TUYECKHUX
ATOMOB C YYETOM PAIMAIIMOHHBIX ITOITPABOK: DOHEPI'MM ITEPEXO/10OB
MEXIY KOMIIOHEHTAMHA CBEPXTOHKOM CTPYKTYPBI A30TA

Pesrome

HoBplil TeopeTHuecKuii MOIX0/ K OMUCAHUIO CIIEKTPAIbHBIX TApaMETPOB MMOHHBIX aTOMOB B BO3-
OyX/IEHHOM COCTOSIHUU C yYETOM PEIATUBUCTCKUX, PAJHALIMOHHBIX 3(P(PEKTOB IPUMEHEH K U3yUCHHIO
HHEPIreTUUECKUX MapaMeTPOB MEPEXOA0B MEKIY KOMIIOHEHTAMU CBEPXTOHKOW CTPYKTYphl. B kaue-
CTBE IIpUMepa MPUMEHEHHSI IPEICTABICHHOTO MOIX0/1a, TPECTABICHBI HOBBIE JAHHBIE 110 SHEPTHIM
NEePEeXo0B MEKIY KOMIIOHEHTaMH CBEPXTOHKOM CTPYKTYpbI niepexonoB Sg-4f, 5f-4d B ciektpe nuoH-
HOTO a30Ta U MPOBEJCHO CPAaBHEHHUE C COOTBETCTBYIOLUIMMH TEOPETUUYECKMMHU JaHHBIMU Trassinelli-
Indelicato.

KiroueBble c10Ba: pesiTUBIUCTCKAsE TEOPUs, CBEPXTOHKAsl CTPYKTypa, MHUOHHBIA aToM
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L. M. Cepea, T. O. Kynaxni, A. B. Cuipnos, O. FO. Xeyeniyc, B. B. bysoacu

PEJIATUBICTCHKA TEOPISA COEKTPIB 3BUMAVMHNUX TA EK30TUYHHUX ATOMIB
3 YPAXYBAHHSAM PAJTIAIINHUX IOIMPABOK: EHEPT'II IEPEXO/IIB MIK
KOMIIOHEHTAMHW HAJITOHKOI CTPYKTYPHU A30TY

Pesrome

HoBuii TeopeTHYHMN MiAXiA 10 OMKCY CIIEKTPATbHUX MapaMeTpiB MIOHHUX aTOMIB Y 30y/’KEHOMY
CTaHI 3 ypaxyBaHHIM PEJSATHBICTCHKUX, paaialiifHux edekTiB Ha oCHOBI piBHsAHHS Kieitna-I opaona-
@oxka 3acTOCOBAHO /0 BUBYCHHS €HEPreTUUYHUX MAapaMeTPiB MEPEXO/IiB Mi’K KOMIOHEHTaMHU HaJITOH-
KOi CTPYKTypHu. SIK MpHKIIAJ 3aCTOCYBaHHS IPEACTABICHOTO MiAXO0My, IPEACTaBIeHI HOBI AaHi TPo
eHeprii mepexoiB Mi>k KOMIIOHEHTAMH HAJATOHKOI CTPpYyKTypu nepexoxi 5g-4f, 5f-4d B cnexrpi mio-
HOTO a30TY 1 MPOBEJICHO NOPIBHSHHS 3 BIAMOBITHUME TeopeTndHnMu qanumu Trassinelli-Indelicato.

Ki1r04oBi c10Ba: pensTUBICTCHKA TEOPisl, HAATOHKA CTPYKTYpa, MOHUHA aToM
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DEPENDENCE OF PHOTOLUMINESCENCE OF NANOPARTICLE ENSEMBLES OF
STANNUM (IV) COMPLEXES IN SILICA POROUS MATRIX ON CONCENTRATION OF
SATURATING SOLUTION

'T. I. Mechnikov National University of Odessa, Dvoryanska St., 2, Odessa, 65026, Ukraine
2 Institute of Physics, Wroctaw University of Technology, W.Wyspianskiego 27, 50-370 Wroctaw,
Poland

Dependence of photoluminescence of high-molecular nanoformations of dyes on the basis of
stannum (IV) complexes in porous glass on concentration of saturating solution has been researched.
The results have been compared with photoluminescence of corresponding solutions, in which the
effect of concentration quenching, was due to the Franck-Condon principle, was observed. It was found
that intensity of luminescence for nanoparticle ensembles was always higher than in solution. At that,
decrease of luminescence intensity alongside with concentration growth of saturating solution was
observed as well. However, the observed dependence was more complicated than in solution. It can be
explained by the fact that the pores with maximal sizes are filled at large concentrations of saturating
solution of dye. The dye particles act almost the same as in solution, where photoluminescence is

fainter, in such pores.

1. Introduction

It is known [1-2] that the dyes on base of the
4-valence stannum complexes are most sensitive
to the gas composition of environment, therefore
they can be used for construction of gas sensors,
used for the ecological monitoring [3]. It is a big
group of dyes, which are close structurally and
differ with some details of their molecular com-
position only. Previous investigations show [4]
that the luminescence centra in specified dyes are
probable concentrated on the surface of mole-
cules. So surface development of particles of this
substance by creating of nanoparticles ensemble
inside matrix of porous glass may result in in-
crease of luminescence. We created such ensem-
ble by soak glass with corresponding solution. At
that concentration of the soaking solution is its
most importable characteristic. Dependence of
luminescence properties of nanoparticle ensem-
ble on concentration of the soaking solution and
also comparison of this result with luminscence
of the solution itself are the subject of present pa-
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per. Such research will permit to elaborate ways
of affecting their optic and photoluminescence
features that will considerably widen the sphere
of functional hybrid nanomaterials. An important
factor, affecting the effectiveness of dye lumines-
cence, is interaction of separate dye molecules
when its concentration in solution grows [5-6]. In
this case aggregating takes place, i.e. formation of
molecular assemblies (clusters) [7]. As centers of
dye luminescence are concentrated on surface of
molecule [4], aggregating causes self-passivating
of dye [8] that must considerably decrease lumi-
nescence. Use of porous glass minimizes inter-
action between molecules and aggregations and
also among molecules of dye inside assemblies,
weakening this effect and strengthening lumines-
cence [9]. Quantity of nanoparticles, formed in
pores, must depend on concentration of solution,
saturating glass [10].

Two dyes on the basis of complexes of four-
valent stannum [11]: 4-amic-benzoyl hydrazone
of tetra-dimethyl aminobenzaldehyde (hereinaf-



ter — dye (I)) and 4-hydroxyl-benzoyl hydrazone
of tetra-dimethyl aminobenzaldehyde (hereinaf-
ter — dye (II)) was studied in the present paper.
Dependence of luminescence spectra of nanopar-
ticle ensembles of specified dyes in porous glass
on their concentration in dimethyl formamide
(DMFA) solution, which was soaked glass, was
researched. Results of research were compared
with photoluminescence of solutions these dyes
having correspondent concentration [12].

2. Materials and methods

Ensemble of nanoparticles of dye was formed
by way of saturation of A-type porous silica glass
with corresponding solution in DMFA. The po-
rous glass A4 is obtained from sodium boro-sili-
cate glass. The glass is heated at the temperature
of 763K at 165h in order to separate phases rich in
silica and sodium-boron. Then it is immersed in
0.5N hydrochloric acid and deionized water. The
porosity determined from the mass decrement af-
ter etching was: 38%. The texture parameters of
investigated glasses were determined by adsorp-
tion poroscopy method. The average diameter
of pores was 30 nm, total average pore volume
was 292 mm?®/g and the average surface area was
54,7 m?/g. The residual fine dispersed second-
ary silica gel presents in pores of glass after this
chemical treatment.

Duration of saturation process was 10-12 hours
and its end was fixed in accordance with visual
changes in the system. After the end of saturation
the sample was keeping by room temperature dur-
ing a day (so called low temperature annealing) in
order to secure uniform enough dimensional dis-
tribution of nanoparticles in the glass [1, 10].

For experimental research of influence of satu-
rating solution concentration on photolumines-
cence of nanoparticle ensemble of dye in porous
matrix, porous glass was saturated by two types of
dye solutions on the basis of complexes of four-
valent stannum: dye (I) or dye (II). Structural for-
mulas of both types of dyes are shown in Fig. 1.
One can see, that both substances are very much
similar as to their structure: they have the same
tautomeric form «4», the same substituent type
(benzoyl) and almost the same coodination set
(there is “extra” hydrogen atom in dye (II), se-

curing electrical neutrality of the molecule). They
differ in substituent: it is amic in dye (I) and hy-
droxyl in dye (II).

Hy
HN 7 \ CH;
N< N
~ 7 N//c] CH;
\ Cl

(I) O\Sn\
Cl/ Cl
HO /CH3
N~
V CH;
D) O~gq—
/\ Cl
a a

Fig.1. Structural formulas of dyes, for which de-
pendence of luminescence on solution, saturating
matrix, wasresearched: dye (I)—4-amic-benzoyl hy-
drazone of tetra-dimethyl aminobenzaldehyde,dye
(II) — 4-hydroxyl-benzoyl hydrazone of tetra-di-
methyl aminobenzaldehyde

Saturating solutions were of five concentra-
tions (107, 5x107, 10*, 5x10* and 10~ gMole/l).
The first one can be considered rather low, and
the last one is close to limiting concentration of
solution.

Photoluminescence spectra were excited with
UV laser LCS-DTL-374QT (wavelength A=355
nm, power 15 mW) and were recorded by stan-
dard set-up [13].

3. Experimental results

Fig.2 shows the groups of luminescence spec-
tra for nanoparticle ensembles of dye (I) and dye
(I), obtained at different concentrations of cor-
responding saturation solutions. One can see, that
the spectra have one maximum at all concentra-
tions of saturating solution for both dyes. The
glow intensity of dye (II) with hydroxyl substitu-
ent is more than for dye (I) with amic substitu-
ent at any concentration of saturating solution.
Maxima of glow intensity of glow intensity are
situated rather close to each other for all cases.
However, whereas photoluminescence spectrum
for dye (II) remains practically hyperchromic at
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all concentrations of saturating solution, a small,
but noticeable, bathochromic shift takes place for
dye (D) if the concentration of saturating solution
is maximal. Decrease of photoluminescence in-
tensity corresponds to this shift.
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Fig. 2. Photoluminescence spectra of nanopar-
ticle ensemble of dye (I) (on the top) and dye (II)
(on the uppon) in porous matrix at different con-
centrations of saturating solution

Fig.3 shows the experimental concentration
dependence of photoluminescence parameters of
nanoparticle ensemble for dye (I) (on the left) and
for dye (II) (on the right) in silica porous glass
matrix. Upper part of the figure corresponds to
dependence of glow intensity on concentration of
saturating solution, and its lower part corresponds
to its maximum position of concentration of satu-
rating solution. One can see in Fig.3 that the in-
crease of photoluminescence intensity accords
with “piecewise-linear” law, when concentrations
of saturating solution are low. Photoluminescence
intensity reduces for nanoparticles of dye (1), if
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the concentration of saturating solution is almost
limiting one. At that, such reducing is not ob-
served, if the concentration of saturating solution
is high, for nanoparticles of dye (ZI).
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4. Discussion

«Piecewise-linear» law of increase of lumi-
nescence intensity of nanoparticle ensemble of
dye (I), when concentration of saturating solution
grows, is associated, evidently, with nonunifor-
mity of filling different sizes of pores [13] when
nanoparticles of dye are formed in porous glass.
When concentrations of saturating solution are
low not many molecules of dye penetrate into
pores, and they either penetrate into the smallest
pores one by one, or stay on surfaces of larger
pores as a quantity of small dye particles (such
as “dew”). The silica gel particles, which gather
round these dye particles, will prevent merging
of them [14]. Photoluminescence intensity at
that slowly increases with concentration growth.
Similar processes take place, when concentration
of saturating solution reaches “middle” values.
However, the surface of nanoparticles, appear-
ing inside pores, turns out to be more developed
due to increase of quantity of dye molecules. That
leads to faster increase of glow intensity [15-16].
When concentration of saturating solution comes
close to limiting one, luminescence intensity re-
duces.

It’s interesting to compare these results with
dependence of luminescence of dye (I) solution in
DMFA on its concentration in solution (left part of
Fig.4, see [12]). Intensity of glow increased lin-
early with concentration growth, when concentra-
tions are low. When solution concentration comes
close to limiting value, effect of concentration
quenching was observed, and intensity of photo-
luminescence started decreasing almost paraboli-
cally. Concentration quenching of luminescence
for dye (I) solution in DMFA is explained by
presence of two competing processes in the sys-
tem: light radiation and light absorption, which
take place simultaneously [17] in according with
the Franck-Condon principle. If concentration of
solution is low, number of radiation transitions in-
creases with its grow, and glow intensity increas-
es too. When concentration of solution is rather
high, the process of absorption of the light, which
radiated by the solution, starts to prevail, obvi-
ously, that causes concentration quenching. This
supposition is supported by concentration depen-
dence of photoluminescence maximum position:

when concentrations are low, spectrum is hyper-
chromic, and when they are high, bathochromic
shift takes place. This shift indeed accords with
supposition on prevalence of absorption process,
as high energetic quanta of light are always ab-
sorbed first.

PL intensity
PL intensity

maximum position
maximum positien

concentration’ of solution concentration of solution

Fig. 4. Model concentration dependence of photolu-
minescence parameters of dye in solution [12]: when
concentrations are low, both types of dye act simi-
larly, but for dye (II) parabola, which corresponds to
concentration quenching, is beyond the figure bounds

Our results for nanoparticles ensemble are in
accord with this statement. However, reduce of
luminescence intensity is not associated with
concentration quenching, in contrast to solution,
but with the fact that the largest pores (about hun-
dreds of nanometers) turn out to be filled in this
case. There would be so many small particles in
the large pores, that they would merge in aggre-
gation already at the stage of their formation and
silica gel particles would passivate surface of dye
molecules partially only wraping around already
formed aggregations [7, 9, 14]. That is why the
most part of dye, which penetrated into the large
pores, acts as in solution, i.e. decrease of pho-
toluminescence intensity, which has almost the
same value as that for solution, is observed. This
process is also followed by intensive absorption
of high energy light quanta (as the lower part of
Fig.3 shows). That leads to additional decrease of
dye glow intensity.

For DMFA solution of dye (II) when concen-
tration of solution was high, glow intensity con-
tinued to increase linearly and no concentration
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quenching took place (right part of Fig.4, see
[12]). Apparently, limiting concentration for this
dye is achieved before this effect appears. At that
spectrum remained hyperchromic at all concen-
trations of the solution. These results reasonably
accord with regularities, were found in our works
[18-19]. Deviations of concentration dependence
of photoluminescence intensity from linearity
also take placefor ensemble of dye (II) nanopar-
ticles, as in the case with dye (I), on comparing it
with solution. They also are associated with non-
uniformity of filling with dye molecules various
sizes of pores. At that, decrease of glow intensity
i1s not observed, when concentration of saturat-
ing solution is high, as there was no concentra-
tion quenching in solution, too. This assertion is
supported by absence of bathochromic shift of
spectra, is typical when absorption processes in
the system prevail. Photoluminescence spectrum
remains hyperchromic practically, when concen-
tration of saturating solution grows, as the lower
part of Fig.3 shows.

5. Conclusions

Photoluminescence spectra of formed nanopar-
ticle ensembles have one maximum and differ
only in glow intensity and position of its peak for
all concentrations of dye solutions on the basis
of complexes of four-valent stannum, saturating
porous matrix. At that, both in solution and for
nanoparticle ensemble, first increase of photolu-
minescence intensity is observed, when concen-
tration of solution grows, and when it comes to
solubility limit, its decrease takes place, which
is associated with prevalence of the process of
photons’ absorption over their radiation. This is
supported by the fact that intensity increase is
followed by hyperchromic spectrum, and its de-
crease is followed by bathochromic shift.
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DEPENDENCE OF PHOTOLUMINESCENCE OF NANOPARTICLE ENSEMBLES
OF STANNUM (1IV) COMPLEXES IN SILICA POROUS MATRIX
ON CONCENTRATION OF SATURATING SOLUTION

Abstract

Dependence of photoluminescence of high-molecular nanoformations of dyes on the basis of
stannum (IV) complexes in porous glass on concentration of saturating solution has been researched.
The results have been compared with photoluminescence of corresponding solutions, in which the
effect of concentration quenching, was due to the Franck-Condon principle, was observed. It was found
that intensity of luminescence for nanoparticle ensembles was always higher than in solution. At that,
decrease of luminescence intensity alongside with concentration growth of saturating solution was
observed as well. However, the observed dependence was more complicated than in solution. It can be
explained by the fact that the pores with maximal sizes are filled at large concentrations of saturating
solution of dye. The dye particles act almost the same as in solution, where photoluminescence is
fainter, in such pores.
Key words: photoluminescence, porous glass, dyes on base of stannum complexes, nanoparticle
ensembles, concentration of saturating solution
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C. A. l'esentok, E. Puwuskesuu-Ilacex, I. K. /{otiuo

3AJIEXKHICTh ®OTOJIOMIHECHEHIII AHCAMBJIIB HAHOYACTHHOK
KOMILIIEKCIB 4-BAJJEHTHOI'O CTAHYMY BCEPEJIVHI IIITAPUCTOI
CHUJIKATHOI MATPHUIII Bl KOHIEHTPAIIII HACHYYIOUOI'O PO3UHUHY

Pesrome

JlocnikeHo 3anexHiCTh (POTONOMIHECICHIIIT BUCOKOMOJNIEKYIAPHUX (pOopMyBaHb OapBHHKIB Ha
0a31 KOMIUIEKCIB YOTHPHUBAJICHTHOTO CTaHYMYy BCEpEIUHI LIMApUCTOrO CKJa BiJ KOHIEHTpalii Ha-
CHUYYIOUYOTO pOXUWHY. Pe3ynmbTard MOPIBHSHO 13 (POTOTIOMIHECIEHIIIEIO BiIMOBIAHUX PO3YHUHIB,
y SIKUX CIIOCTEpIraeTbcs e(eKkT KOHLEHTPAIHOrO raciHHs, 3yMOBJIeHUH npuHImnoM dpaHka-
Konmoma. BusBiieHo, 10 IHTEHCHBHICTD JIOMIHECHEHINT aHcaMOII0 HAHOYACTHMHOK 3aBXKIM BHIIA,
aHDK y po3uuHi. [Ipy 11bOMy, T€X CIIOCTEPIraeThCcs 3MEHIIECHHS IHTEHCUBHOCTI JFOMIHECLEHIIT MPH
HaOMMKeHHI KOHIEHTpaIlil HACHYYI0UOro PO34MHY JI0 TpaHMIll po3drHHOCTI. [IpoTe, 3anexHicTh, 1110
CIIOCTEPIraeThCs, € CKIAIHIIION, aHK Yy PO34MHI, 1 MOKE MOSICHIOBATHCS 3alIOBHIOBAHHSM ILIMApUH
MaKCHMaJbHHUX PO3MIpIB y BHUIMAIKY BEJIHKUX KOHIEHTpAIliil HACHUyIOUOro po3unHy. Tox OapBHHMK
MOBOJIUTH ce0e BCepeINHI TaKUX LIMApUH Maibke, Haue y PO34MHi, J1e GOTOTIOMIHECLEHIIis caalmia.

Krouosi ciioBa: horomomiHecHeHIis, MMapucTe CKI0, OApPBHUKHU Ha 0a31 KOMIUIEKCIB CTaHyMY,
aHcaMOJ1i HAHOYaCTUHOK, KOHLIEHTPAIlisl HACHYIYIOUOTO PO3YHHY
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C. A. I'esentox, E. Pvicakesuu-Ilacex, Y. K. Jlotiuo

3ABUCUMOCTH ®OTOJIOMUHECHEHIIUU AHCAMBJIEM HAHOYACTHI]
KOMILIIEKCOB 4-BAJJEHTHOI'O OJIOBA B TIOPUCTOM CUJIMKATHOM MATPUIIE
OT KOHHEHTPAIIMU HACBIINAIOIIET'O PACTBOPA

Pesrome

HccnenoBana 3aBUCUMOCTh (DOTOIFOMUHECIICHIIMU BHICOKOMOJICKYIISIPHBIX HAHOOOpa30BaHUN Kpa-
CUTEJel Ha OCHOBE KOMIUIEKCOB YETHIPEXBAJICHTHOTO OJI0BA B MIOPUCTOM CTEKJIC OT KOHLIEHTPAIIUH
HACBHIIIAIONIETO pacTBopa. Pe3ynasraTsl cpaBHUBAIOTCA € (POTOTIOMHUHECHEHIIMEH COOTBETCTBYIOIINX
pacTBOpOB, B KOTOPBIX Habmomaercst 3pPEeKT KOHIEHTPAIIMOHHOTO TallleH!s], CBSA3aHHBINA C TPUHIIN-
nom @panka-Kongoma. OGHapyx)eHo, 4yTO Al aHcaMOieli HAaHOYaCTUI] UHTEHCUBHOCTD JIIOMUHEC-
LICHIIMU BCET/a BhIIIE, 4YeM B pacTBope. IIpu 3ToM Tak jxe HabIroqaeTcs yMeHbIICHHE HHTEHCUBHOCTH
(OTOMIOMUHECHEHIIMY TIPU MPHOJIMKEHUU KOHIICHTPAIMK HACBHIIIAIOLIET0 pacTBOpa K Ipeelny pa-
crBopuMocTh. OnHako, HaOo1aemMast 3aBUCUMOCTh 0oJiee CJI0KHas, YeM B PACTBOPE, U MOXKET OBITH
00BsCHEHA TEM, YTO MPH OOJBIINX KOHIIEHTPALIUAX HACHIIIAIOIIETO PACTBOPA KPACUTEIISI OKA3bIBAIOTCS
3aMOJHEHHBIMU MOPBI MAKCUMAaJIbHBIX Pa3MepOB, B KOTOPBIX KPacUTENb BEAET ceds MOYTH, Kak B pa-
CTBODE, T7ie (GOTOTIOMHUHECLICHIINSA citadee.

KiroueBble cjioBa: (HOTOTIOMUHECIIEHITUS, TTOPUCTOE CTEKIIO0, KPACUTEIN Ha OCHOBE KOMILJIEKCOB
0JI0Ba, aHCAMOJIM HAaHOYACTHII, KOHIIEHTPAIlHs HACHIIIAIOLIETO PacTBOpa
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THE HYPERFINE STRUCTURE AND OSCILLATOR STRENGTHS PARAMETERS FOR
SOME HEAVY ELEMENTS ATOMS AND IONS: REVIEW OF DATA BY RELATIVISTIC
MANY-BODY PERTURBATION THEORY CALCULATION

Theenergies and hyperfine structure constants for some heavy Li-like multicharged ions are calculated
within the relativistic many-body perturbation theory formalism with a correct and effective taking
into account the exchange-correlation, relativistic, nuclear and radiative corrections. The magnetic
inter-electron interaction is accounted for in the lowest order on o (a is the fine structure constant)
parameter. The Lamb shift polarization part is taken into account in the modified Uehling-Serber
approximation. The Lamb shift self-energy part is accounted for effectively within the generalized
Ivanov-Ivanova non-perturbative procedure. The combined relativistic energy approach and relativistic
many-body perturbation theory with the zeroth order optimized one-particle approximation are used
for computing the Li-like ions (Z=11-42,69,70) and Cs energies and oscillator strengths, in particular,

of radiative transitions from the ground state to the low-excited and Rydberg states 2s
(n=2-12) in the Li-like ions. A comparison of the calculated oscillator strengths with

npl/z,s/z'nds/z,S/z

12 7 AP 5

available theoretical and experimental data is performed.

1. Introduction

The research on the spectroscopic and struc-
tural properties of the heavy neutral and highly
ionized atoms has a fundamental importance in
many fields of atomic physics (spectroscopy,
spectral lines theory), astrophysics, plasma phys-
ics, laser physics and so on (see, for example,
refs. [1-22]). One could also mention here the
important astrophysical applications. The experi-
ments on the definition of hyperfine splitting also
enable to refine the deduction of nuclear mag-
netic moments of different isotopes and to check
an accuracy of the various computational models
employed for the theoretical description of the
nuclear effects.

The multi-configuration relativistic Hartree-
Fock (RHF) and Dirac-Fock (DF) approaches
(see, for example, refs. [3-5, 8-18] are the most
reliable versions of calculation for multi-electron
systems with a large nuclear charge. Usually, in
these calculations the one- and two-body rela-
tivistic effects are taken into account practically
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precisely. It should be given the special attention
to three very general and important computer
systems for relativistic and QED calculations
of atomic and molecular properties developed
in the Oxford and German-Russian groups etc
(“GRASP”, “Dirac”; “BERTHA”, “QED”, “Di-
rac”) (see refs. [3-5, 8-18] and references there).
The useful overview of the relativistic electronic
structure theory is presented in refs. [12, 13,17-
20] from the QED point of view.

In the present paper the combined relativistic
energy approach and relativistic many-body per-
turbation theory with the zeroth order optimized
one-particle approximation are used for comput-
ing the Li-like ions (Z=11-42,69,70) and Cs en-
ergies and oscillator strengths, in particular, of
radiative transitions from the ground state to the
low-excited and Rydberg states 2s ,— np,,,,,
np, ,,,-nd,, , (1=2-12) in the Li-like ions. Re-
view of data and a comparison of the calculated
oscillator strengths with different available theo-
retical and experimental data is presented.



2. Relativistic method to computing hyper-
fine structure parameters of atoms and multi-
charged ions

Let us describe the key moments of the ap-
proach (more details can be found in refs. [11,
14, 20-23]). The electron wave functions (the
PT zeroth basis) are found from solution of the
relativistic Dirac equation with potential, which
includes ab initio mean-field potential, electric,
polarization potentials of a nucleus. The charge
distribution in the Li-like ion is modelled within
the Gauss model. The nuclear model used for the
Cs isotope is the independent particle model with
the Woods-Saxon and spin-orbit potentials (see
refs. [24]). Let us consider in details more simple
case of the Li-like ion. We set the charge distribu-
tion in the Li-like ion nucleus r(r) by the Gauss-
ian function:

plrfR)= (4Y3/ 2/ \/E)GXP(— v ) (1)
where g=4/pR’ and R is the effective nucleus ra-

dius. The Coulomb potential for the spherically
symmetric density 7( 7 ) is:
%)
()

Consider the DF type equations for a three-
electron system 1s?n/j. Formally they fall into
one-electron Dirac equations for the orbitals Is
and n/j with the potential:

V)= 2 M) V) Va0 i)

V(r|R) includes the electrical and the polarization
potentials of the nucleus; the components of the
Hartree potential (in the Coulomb units):

Vil R) =~/ ) ' {1
0

© L] 1
R)+ | drrp(r
r

Vel = § dFpldi 77
d 4)

Here P (III) is the distribution of the elec-
tron density in the state | i >, V_is the exchange
inter-electron interaction. The main exchange
effect will be taken into account if in the equa-
tion for the valent electron orbital we assume

V)=V lrleore)+ Vrlnbi) and in the equation for the nlj

orbital V()=2"{b.rlcore) (here b is the optimization
parameter; see below). The rest of the exchange

and correlation effects will be taken into account
in the first two orders of the PT by the total inter-
electron interaction [11, 12,15]. A procedure of
taking into account the radiative QED corrections
is in details given in the refs. [11,14,20-22]. Re-
garding the vacuum polarization effect let us note
that this effect is usually taken into consideration
in the first PT theory order by means of the Ue-
hling-Serber potential. This potential is usually
written as follows:

\/? -2 c(e)

3nr

U(r) = 2% T deexp(- 2rt/ch)(l +1/242 )
3nr ] (5)
where g=r/(aZ). In our calculation we use more
exact approach [22]. The Uehling potential, de-
termined as a quadrature (6), may be approxi-
mated with high precision by a simple analytical
function. The use of new approximation of the
Uehling potential permits one to decrease the cal-
culation errors for this term down to 0.5 — 1%.
A method for calculation of the self-energy part
of the Lamb shift is based on an idea by Ivanov-
Ivanova (see refs. [11]). It is supposed that for any
ion with n/j electron over the core of closed shells
the sought value may be presented in the form:

Egp(Z,nlj)=0.0271485 Az, nlj) (cm‘l ) |
JE
(6)
The parameter x=(E,)"*, E, is the relativistic
part of the bounding energy of the outer electron;

the universal function f(&,nlj ) does not depend
on the composition of the closed shells and the ac-
tual potential of the nucleus. The energies of elec-
tric quadruple and magnetic dipole interactions
are defined by a standard way with the hyperfine
structure constants, usually expressed through the
standard radial integrals [27]:

A={[(4,32587)10°Zcg ]/(4c-1)}(RA) ,

B={7.2878 107 Z2Q/[(4c>-1)I(I-1)} (RA) .,
(7)

Here g, is the Lande factor, O is a quadruple

momentum of nucleus (in Barn); (R4) ,, (RA) ,are
the radial integrals usually defined as follows:
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(RA) 5= Ofdnz F()G()UQ/ %, R),
0

(RA).5,= Tdrrz[Fz(r) +G (UL R) (8)

The radial parts F and G of the Dirac function
two components for electron, which moves in the
potential V(r,R)+U(r,R), are determined by solu-
tion of the Dirac equations. To define the hyper-
fine interaction potentials U(1/7",R), we use the
method by Ivanov et al [11]. The key elements
of the optimized relativistic energy approach to
computing oscillator strengths are presented in
[1,15,29]. Let us remind that an initial general
energy formalism combined with an empirical
model potential method has been developed by
Ivanov-Ivanova et al [11], further more general
ab initio gauge-invariant relativistic approach
has been presented in [12], where the calibra-
tion of the single model potential parameter b
has been performed on the basis of the special
ab initio procedure within relativistic energy ap-
proach [12] (see also [1529,30]). All calculations
are performed on the basis of the numeral code
Superatom-ISAN (version 93). The details of
the used method can be found in the references
[1,11,14,21-24].

4. Results and Conclusions

Firstly we present the results of computing the
oscillator strengths of transitions in spectra of the
Li-like ions (Z=11-42,69,70). There are considered
the radiative transitions from ground state to the
low-excited and Rydberg states, particularly, 2s, ,

=P, ,,, 0P, 5,70dy,, (0=2-12). To test the ob-
tained results, we compare our calculation results
of the oscillator strengths values for some Li-like
ions with the known theoretical and tabulated re-
sults [29,31]. As an example, in table 1 we pres-
ent the computed oscillator strength values for the
2s,,—2p,, ,, transitions in Li-like ions S***, Ca'”,
Fe?*, Zn®", Zr’" , Mo®*, Sn¥"*, Tm®" , Yb%*. The
DF calculation data by Zilitis [31b] and the “best”
compillated (experimental) data [31a] for the low-
Z Li-like ions are listed in table 1 for comparison
too. Note that the experimental data on the oscilla-
tor strengths for many (especially, high-Z) Li-like
ions are missing.

Overall, there is a physically reasonable agree-
ment of the listed data. The important

features of the approach used are using the op-
timized one-particle representation and account
for polarization effects. It should be noted that an
estimate of the gauge-non-invariant contributions
(the difference between the oscillator strengths
values calculated with using the transition op-
erator in the form of “length” and “velocity”) is
about 0.3%, 1i.e., the results obtained with dif-
ferent photon propagator gauges (Coulomb, Ba-
bushkon, Landau) are practically equal. In Table
2 we present our results (RMPT) of computing
the reduced matrix elements (atomic units) of
different radiative transitions in the '#Cs spec-
trum [1,30b]. The experimental (Exp) and other
theoretical (SD- the results of computing within
the relativistic DF single-double approximation
[4a]; DF, RHFc — the Dirac-Fock and relativistic
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Table 1
Oscillator strengths of the 2s,, —2p, , ., transitions in Li-like ions

Method DF [31D] DF [31D] [31c] [31c] [30b] [30b]

Ion 28122p1n 2812-2p3n 28102p12 | 28122p3n 2812-2p1n 2812-2p3n
sb* 0.0299 0.0643 0.030 0.064 0.0301 0.0641
Ca'”" 0.0234 0.0542 0.024 0.054 0.0236 0.0541
Fe™" 0.0177 0.0482 0.018 0.048 0.0179 0.0481
Zn’"" 0.0153 0.0477 - - 0.0156 0.0475
Zr’" 0.0114 0.0543 — - 0.0118 0.0540
Mo>* - - 0.011 0.056 0.0107 0.0556
Sn*’* 0.0092 0.0686 - - 0.0095 0.0684
Tm®" - — — - 0.0071 01140
Ybo'* 0.0067 0.1170 — - 0.0069 0.1167




Table 2

The reduced dipole matrix elements (a.u.) of some transitions in the Cs (see text)

Tran- SD Scaled DF RHF RHF[4 QDA RMPT Exp.
Sition [4a] [4a] [4b] [4c] d] [21c] [1,30b]
6p12-6s 4.482 4.535 4.510 4.494 - 4.282 4.486 4.4890(7)
6p3p-6s | 6.304 6.382 6.347 6.325 - 5.936 6.320 6.3238(7)
Tp1/2-6s 0.297 0.279 0.280 0.275 0.2825 0.272 0.283 0.284(2)
Tpan-6s | 0.601 0.576 0.576 0.583 0.582 0.557 0.582 0.583(9)
8pi2-6s 0.091 0.081 0.078 - - 0.077 0.087 -
8pi2-6s 0.232 0.218 0.214 - - 0.212 0.225 -
6pin-7s | 4.196 4243 4.236 4253 4237 4.062 4231 4.233(22)
6p32-7s 6.425 6.479 6.470 6.507 6.472 6.219 6.478 6.479(31)
Tpip-7s | 10254 | 10310 | 10289 | 10.288 | 10.285 | 9.906 10.308 | 10.308(15)
Tp3p-Ts 14.238 14.323 14.293 14.295 14.286 13.675 14.322 14.320(20)
Table 3
The hyperfine structure constants of some Li-like ions: A=Z’g, 4 (cm") and z__Z2°0 Bl )
1Q21-1)
nlj Z 20 69 79 92
3s A 26 —03 51-03 63 03 90 03
4s 4 15-03 19 -03 24 03 36 03
2pip 4 25 -03 56 03 71 -03 105 —02
3pin 4 81 -04 16 —03 20 -03 31-03
4pin A 32-04 72 04 91 -04 1103
2p3n 4 50 -04 67 04 71 -04 72 —04
B 9-04 13 04 15 -04 17 -04
3psn 4 13 -04 19 —04 21 -04 22 04
B 31-05 51-05 55-05 62 05
4psp 4 62 05 89 05 92 05 8-04
B 10 05 20 -05 22 05 26 —05
3dsp 4 88 —05 10 —04 11-04 12 -04
B 51 -06 9-05 10 -05 11-05
4dsp 4 3505 5105 5505 58 05
B 12 06 44 06 50 -06 56 06
3dsp 4 36 05 48 —05 50 -05 52 05
B 21 -06 38 06 39 06 40 -06
4ds, 4 1505 19 05 20 05 2105
B 59 -07 15 -06 16 —06 17 -06
4fs) 4 06-05 12 -05 13 05 14 05
B 16 —07 5307 58 07 63 07

Hartree —Fock method data with accounting for
the second order correlation corrections; QDA-
the data by the perturbation theory with the quan-
tum defect approximation) [4,21,29,30] data are
listed too.

In table 3 we present the calculated data of
the hyperfine structure constants for some Li-like

ions. There are presented results for the param-

7’0 -

eters: A=Z’g, 4 and p_ Bl )
1Q21-1)

In table 4 the experimental (4%%) and theo-
retical data of the magnetic dipole constant A
(MHz) for the valent states of '**Cs atom (/=7/2,
g,=0.7377208) are presented (from Ref. [1,5,29]).
The theoretical results are obtained on the basis
of the standard RHF (4**F) calculation, the RHF
(A®F+dA) calculation with taking into account
the PT second and higher corrections (look Refs.
[5,15,29] and references therein) and the RMPT
(A®MPT) calculation (our data). The analysis shows

51



Table 4

The values (in MHZ) of the hyperfine structure constant A for valent states of the **Cs isotope:
AP - experiment; AR - the RHF calculation data; AR"*+dARYF - the RHF calculation data with
taking into account the PT second and higher orders contributions [5]; ARM*T — the RMPT cal-

culation data [29] (look details in Refs.[5,15,29])

State ARHF dA ARHF+dA dARMPT ARMPT AExp
[5] [5] [5] [29] [29]

681/ 1426,81 864,19 2291,00 870,96 229445 2298,16

781/ 392,05 151,99 544,04 152,45 545,480 545,90(9)

op1, 161,09 131,58 292,67 130,08 292,102 291,90(13)

D15 57,68 35,53 94,21 35,64 94,317 94,35(4)

6ps/, 23,944 25,841 49,785 26,322 50,205 50,275(3)

7D3/2 8,650 7,605 16,255 7,920 16,590 16,605(6)

5dsy, 7,802 16,422
that taking into account the correlation and QED 3. L.Labzowsky, W.Johnson, G. Soff, S.
corrections is important to reach the physically Schneider, Phys.Rev.A. 51,4597 (1995);
reasonable agreement between theoretical and V.Dzuba, V. Flambaum, M.S.Safranova,
experimental data. Phys. Rev A. 73, 022112 (20006).

The fundamental reason of physically reason- 4. S.A. Blundell, J. Sapirstein, W.R. John-
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O. Yu. Khetselius, P. A. Zaichko, V. F. Mansarliysky, O. A. Antoshkina

THE HYPERFINE STRUCTURE AND OSCILLATOR STRENGTHS PARAMETERS FOR
SOME HEAVY ELEMENTS ATOMS AND IONS: REVIEW OF DATA BY RELATIVISTIC
MANY-BODY PERTURBATION THEORY CALCULATION

Abstract

The energies and hyperfine structure constants for some heavy Li-like multicharged ions are calcu-
lated within the relativistic many-body perturbation theory formalism with a correct and effective tak-
ing into account the exchange-correlation, relativistic, nuclear and radiative corrections. The magnetic
inter-electron interaction is accounted for in the lowest order on a* (a is the fine structure constant)
parameter. The Lamb shift polarization part is taken into account in the modified Uehling-Serber
approximation, the Lamb shift self-energy part - within the generalized Ivanov-Ivanova procedure.
The combined relativistic energy approach and many-body perturbation theory with the zeroth order
optimized one-particle approximation are used for computing the Li-like ions (Z=11-42,69,70) and Cs
energies and oscillator strengths, in particular, of radiative transitions from the ground state to the low-
excited and Rydberg states 2s ,—np,,,, np, ,,,-nd,, ., (n=2-12) in the Li-like ions. A comparison of
the calculated oscillator strengths with available theoretical and experimental data is performed.

Key words: Hyperfine structure — Oscillator strengths - Relativistic perturbation theory

VK 539.184

0. I0. Xeyenuyc, 11. A. 3auuxo, B. @. Mancapnutickuii, O. A. Anmowkuna

CBEPXTOHKASA CTPYKTYPA U CHJIBI OCHUJIVIATOPOB PAINALIMOHHBIX
INEPEXOJO0OB JJISAA PAJA ATOMOB U HOHOB TAKEJIBIX EJJEMEHTHUB: OB30P
JTAHHBIX BBIYACJIEHUI HA OCHOBE PEJIITUBUCTCKONH MHOTI'OYACTHYHOM
TEOPUU BO3MYIIIEHUI

Pe3rome

DHepruu U KOHCTAHTBI CBEPXTOHKOM CTPYKTYPHI JIsl HEKOTOPBIX TsLKEIbIX Li-mogoGHBIX MHOTO-
3apsAHBIX MOHOB BBIUKCIICHBI B paMKaxX PEISITUBHUCTCKON MHOTOYACTUYHOW TEOPUH BO3MYILEHUH C
3G (GEKTUBHBIM ¢ y4eTOM OOMEHHO-KOPPESIUOHHBIX, PEISTUBUCTCKUX, SIEPHBIX U paIUallMOHHBIX
MOTIPaBOK. MarHUTHOE MEX3JICKTPOHHOE B3aMMOJICHCTBHE YUUTHIBACTCS B HU3IIEM TIOPsIKe Ha a” (a
MOCTOSTHHAs! TOHKOM CTPYKTYpbl) apamertpy. [lonspusanmronnas yacts casura JIam0a yduThiBaeTCs
B MoauduIpoBanHoM npubnmxennn FOnunra-Cepodepa, COOCTBEHHO-IHEpreTUYeCcKas 4acTh CABUra
JIbmba - addexTuBHO B pamkax 0000IIeHHON HenepTypOaTuBHON npoueaypsl MBanosa-lBanoBoii.
OO60011IeHHBIH PEeISITUBUCTCKUN YHEPTeTUUECKUM MOAXO0A U MHOTOYACTUYHASI TEOPHH BO3MYIICHHIM
C ONTHUMH3UPOBAHHBIM HYJIEBBIM MPHUOIMKEHUEM HCIOIb30BAHBI ISl OTPEACNICHUS] SHEPTUH, CUI
OCITMJUIATOPOB MepexonoB B cnekrpax Cs, Li-momooHsIx noHOB (Z = 11-42,69,70) 1, B 4acTHOCTH,
paiMallMOHHBIX TEPEXOI0B U3 OCHOBHOTO COCTOSIHHS B HU3IINE BO30Y>KICHHBIE U PUIOEPrOBCKUE

54



2s,,—1p,,,,, 0P, 5,-0d, , o, (0=2-12) cocrositmst B Li-nono0ubix nonax. [IposeseHo cpaBHeHHE dKC-
NIEPUMEHTAJILHBIX TAHHBIX U PE3YJIbTaTOB PacueTOB HA OCHOBE PA3JIUYHbBIX TEOPETUUECKUX METO/IOB.
KuroueBnbie cioBa: CBepxToHKasi CTpyKTypa, Cuibl OCHUILIATOPOB, PensSTUBUCTCKAs TEOPUSI BO3-

MYILEHHUI

VK 539.184

0. 0. Xeyenuyc, 11. O . 3aiuko, B. @. Mancapnivcokuii, O. O. Aumowxina

HAJITOHKA CTPYKTYPA I CWJIN OCIHIUISITOPIB PAILTIAINIMHUX TEPEXO/IB
JJISI JESIKAX ATOMIB TA IOHIB BAKKHWX EJJEMEHTIBXK OIVISII JAHUX
OBUYHNCJIEHb HA OCHOBI PEJSITUBICTCHKOI BATATOYACTUHKOBOI TEOPII
3BYPEHD

Pesrome

Eneprii 1 KOHCTaHTH HAATOHKOI CTPYKTYpPH JUIS JESKUX BaXKHX Li-momiOHUX Oarato3apsaHHUX
10HIB O0YHCIICHI B paMKax pensTHBICTCbKOi baratouacTkoBi Teopii 30ypeHb 3 €(eKTUBHHM 3 ypa-
XyBaHHSIM OOMIHHO-KOPEISLIHHUX, PENATUBICTCHKUX, SACPHUX 1 paaialilHUX MONpaBoK. MaruitHa
MDKEJIEKTPOHHA0 B3aEMOJIisi BPAXOBY€EThCS B HW)KYOMY IMOPSIIKY Ha a (a -CTaja TOHKOI CTPYKTYPH)
napametpy. [lonspusaniiina yactuHa 3cyBy JlemOa BpaxoByeThCsl B MOJAM(IKOBAHOMY HAOIMKEHHI
FOninra-Cepbepa, B1acHO-eHepreTuyHa 4acTHHa 3cyBy JlemOa - e()eKTMBHO B paMKax y3arajibHEHOI
HenepTypOariBHOI mpouenypu IBaHOBa-IBaHOBOI. Y3araJbHEHHH pPENATHBICTCHKUNA EHEPTEeTHUHUIM
miaxia i 6araTouacTMHKOBA Teopii 30ypeHb 3 ONTHUMi30BaHUM “0” HAOMMKEHHSIM BUKOPUCTaHI1 JUIsl BU-
3HAUEHHsI EHepriii 1 CHJI OCIMIIATOPIB MepexoiB B ciekrpax Cs, Li-nmonionux ionis (Z = 11-42,69,70),
30KpeMa, pajialiiiHiX [IEPEXO/IB 3 OCHOBHOIO CTaHy B HHKYI 30y/DKCHI 1 puiOEproBeki 2s, ,—np, , ., »,
np, ,,,-nd,, ., (0=2-12) cranun y Li-nonibuux ionax. IIpoBeaeHO MOPIBHSHHS CKCICPUMEHTAIBHIX
JAaHUX 1 JaHUX OOYMCIICHb Ha OCHOBI PI3HUX TEOPETUYHUX METO/IB.

Kuarwouosi cioBa: Hagronka ctpykrypa, Cuin ocumistopis, PenstuBicTcbka Teopist 30ypeHb
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RELATIVISTIC THEORY OF SPECTRA OF HEAVY PIONIC ATOMIC SYSTEMS WITH
ACCOUNT OF STRONG PION-NUCLEAR INTERACTION EFFECTS:
93Nb, 173Yb, 181Ta, 197Au

It is presented a consistent relativistic theory of spectra of the pionic atoms on the basis of the Klein-
Gordon-Fock with a generalized radiation and strong pion-nuclear potentials. There are presented data
of calculation of the energy and spectral parameters for pionic atoms of the 93Nb, 173Yb, 181Ta,
197Au, with accounting for the radiation (vacuum polarization), nuclear (finite size of a nucleus )
and the strong pion-nuclear interaction corrections. The measured values of the Berkley, CERN and
Virginia laboratories and alternative data based on other versions of the Klein-Gordon-Fock theories
with taking into account for a finite size of the nucleus in the model uniformly charged sphere and the
standard Uhling-Serber radiation correction and optical atomic theory are listed too.

1. Introduction

In papers [1-3] we have developed a new rela-
tivistic method of the Klein-Gordon-Fock equa-
tion with an generalized pion-nuclear potential
to determine transition energies in spectroscopy
of light, middle and heavy pionic atoms with ac-
counting for the strong interaction effects. In this
paper, which goes on our studying on spectros-
copy of pionic atoms, we firstly applied method
[1-3] to calculating calculation of the energy and
spectral parameters for pioninc atoms of the **Nb,
13YDb, ¥1Ta, 17 Au, with accounting for the the ra-
diation (vacuum polarization), nuclear (finite size
of a nucleus ) and the strong pion-nuclear inter-
action corrections..

Following [1-3], let us remind that spectros-
copy of hadron atoms has been used as a tool for
the study of particles and fundamental properties
for a long time. Exotic atoms are also interesting
objects as they enable to probe aspects of atomic
and nuclear structure that are quantitatively dif-
ferent from what can be studied in electronic or
“normal” atoms. At present time one of the most
sensitive tests for the chiral symmetry breaking
scenario in the modern hadron’s physics is pro-
vided by studying the exotic hadron-atomic sys-
tems. Nowadays the transition energies in pionic
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(kaonic, muonic etc.) atoms are measured with an
unprecedented precision and from studying spec-
tra of the hadronic atoms it is possible to investi-
gate the strong interaction at low energies meas-
uring the energy and natural width of the ground
level with a precision of few meV [1-10]. The
strong interaction is the reason for a shift in the
energies of the low-lying levels from the purely
electromagnetic values and the finite lifetime of
the state corresponds to an increase in the ob-
served level width. For a long time the similar
experimental investigations have been carried out
in the laboratories of Berkley, Virginia (USA),
CERN (Switzerland). The most known theoreti-
cal models to treating the hadronic (pionic, ka-
onic, muonic, antiprotonic etc.) atomic systems
are presented in refs. [1-5,7,8]. The most difficult
aspects of the theoretical modeling are reduced
to the correct description of pion-nuclear strong
interaction [1-3] as the electromagnetic part of the
problem is reasonably accounted for.

2. Relativistic approach to pionic atoms
spectra

As the basis’s of a new method has been pub-
lished, here we present only the key topics of an



approach [1-3]. All available theoretical models
to treating the hadronic (kaonic, pionic) atoms are
naturally based on the using the Klein-Gordon-
Fock equation [2,5], which can be written as fol-
lows :

2PW(x) = {ci2 [ih0, + eV, (r)]” +h*V> ¥ (x) (1)

where c is a speed of the light, / is the Planck con-
stant, and ¥ (x) is the scalar wave function of the
space-temporal coordinates. Usually one consid-
ers the central potential [V (1), 0] approximation
with the stationary solution:
¥ (¥) =exp(-iEt/h )p(x) , ()

where @(x)is the solution of the stationary equa-
tion:

jp(x)=0  (3)

{Ci2 [E+eVy(r)] +R’V? —m’c?

Here E is the total energy of the system (sum
of the mass energy mc* and binding energy ¢ ).
In principle, the central potential ¥, naturally in-
cludes the central Coulomb potential, the vacu-
um-polarization potential, the strong interaction
potential.

The most direct approach to treating the strong
interaction is provided by the well known optical
potential model (c.g. [2]). Practically in all papers
the central potential V, is the sum of the following
potentials. The nuclear potential for the spherical-
ly symmetric density p(dR) 1s [6,13]:

© L '
R)+ jdrrp(r
r

The most popular Fermi-model approxima-
tion the charge distribution in the nucleus p\r
(c.f.[11]) is as follows:

Vnucl(r|R) = _((l/r)}drvrvzp(’”'
0

R) “4)

p(r)=po l+exp[(r—c)/a)l}s  (5)

where the parameter a=0.523 fm, the parameter ¢
is chosen by such a way that it is true the follow-
ing condition for average-squared radius:

<p?>12=(0.836xA4"?+0.5700)fm.

The effective algorithm for its definition is
used in refs. [12] and reduced to solution of the
following system of the differential equations:

V’nucl(r,R): (1/r2 yjdr'r'zp(r’,R)E (1 r? )y(r,R)
0 (6)
Y (r.R)=r?plr.R). (7)
P'(1)=(p,/ @)exp[(r —c)/ al{l +exp[(r—c)/a)]}*  (8)

with the corresponding boundary conditions. An-
other, probably, more consistent approach is in
using the relativistic mean-field (RMF) model,
which been designed as a renormalizable meson-
field theory for nuclear matter and finite nuclei
[13].To take into account the radiation correc-
tions, namely, the effect of the vacuum polariza-
tion we have used the generalized Ueling-Serber
potential with modification to take into account
the high-order radiative corrections [5,12].

The most difficult aspect is an adequate ac-
count for the strong interaction. On order to de-
scribe the strong N interaction we have used the
optical potential model in which the generalized
Ericson-Ericson potential is as follows:

V} ©)

—v;,,,<r>———{q<> alr)
(10)

1+4/37(r)

)( ”]{bop ()+b.lp,()-p, ()]}
( (r)+ B,p(r}p ()}

ey

Here p, (r) — distribution of a density of the
protons and neutrons, respectively, &— parameter
(£=0 corresponds to case of “no correlation”,
& =1, if anticorrelations between nucleons); re-
spectively isoscalar and isovector parameters b,
CO’BO, b.c, ’ C, B,, C,—are corresponding to the
s-wave and p-wave (repulsive and attracting po-
tential member) scattering length in the combined
spin-isospin space with taking into account the
absorption of pions (with different channels at p-p
pair By, ) and p-n pair B( ), and isospin and
spin dependence of an amphtude 7N scattering
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(byp(r)— by p(r)+ by, (r) = p, (r)f>

the Lorentz-Lorentz effect in the p-wave interac-
tion. For the pionic atom with remained electron
shells the total wave-function is a product of the
product Slater determinant of the electrons sub-
system (Dirac equation) and the pionic wave
function. In whole the energy of the hadronic
atom is represented as the sum:

E~E+E+E,+E; (12)

Here E, -is the energy of a pion in a nucle-
us (Z ,A) with the point-like charge (dominative
contribution in (12)), £y is the contribution due
to the nucleus finite size effect, £, is the radia-
tion correction due to the vacuum-polarization
effect, £y is the energy shift due to the strong
interaction V).

The strong pion-nucleus interaction contribu-
tion can be found from the solution of the Klein-
Gordon-Fock equation with the corresponding
pion-nucleon potential.

3. Results and conclusions

In table 1 our data on the 4f-3d, 5g-4f transi-
tion energies for pionic atoms of the **Nb, '*Yb,
81Ta, 7Au are presented. The measured values
of the Berkley, CERN and Virginia laboratories
and alternative data based on other versions of the
Klein-Gordon-Fock theories with taking into ac-
count for a finite size of the nucleus in the model
uniformly charged sphere and the standard Uh-
ling-Serber radiation correction [5, 15] and opti-
cal atomic theory [17,18] are listed too.

The analysis of the presented data indicate on
the importance of the correct accounting for the
radiation (vacuum polarization) and the strong pi-
on-nuclear interaction corrections. Obviously, it
is clear that that the contributions provided by the
finite size effect should be accounted in a precise
theory. Besides, taking into account the increas-
ing accuracy of the X-ray pionic atom spectros-
copy experiments, it can be noted that knowl-
edge of the exact electromagnetic theory data will
make more clear the true values for parameters
of the pion-nuclear potentials and correct the dis-
advantage of widely used parameterization of the
potentials (9)-(11).

Table 1. Transition energies (keV) in the spectra of some heavy pionic atoms (see text)

m-A Trans. Berkley CERN EKGF+EM EKGF—EM EN EN EN,
EEXP EEXP [5, 15] [16, 17] [5] [14, 18] Our data
PNb | 5g-4f - 307.79%0.02 - - - - 307.85
"PYD | 5g-4f - - - - - - 412.26
"'Ta | 5g-4f | 453.1204 [453.90%0.20| 453.06 453.78 - | 453.52 | 453.71
453.62
"TAu| 5g-4f| 5325105 [533.16£0.20| 528.95 - 532.87| 531.88 | 533.08
PNb @f-3d - 140.310.1 - - - - 140.81
3yb 4f-3d - - - - - - 838.67
"1Ta [4f-3d - 1008.4% 1.3 - - - 1992.75 | 1008.80
" Au 4f-3d - 1187.3%1.9 - - - |1167.92] 1186.35
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RELATIVISTIC THEORY OF SPECTRA OF THE PIONIC ATOMIC SYSTEMS WITH
ACCOUNT OF STRONG PION-NUCLEAR INTERACTION EFFECTS: *Nb, '*Yb, "*'Ta, ’Au

Abstract

It is presented a consistent relativistic theory of spectra of the pionic atoms on the basis of the
Klein-Gordon-Fock with a generalized radiation and strong pion-nuclear potentials. There are pre-
sented data of calculation of the energy and spectral parameters for pionic atoms of the **Nb, YD,
181Ta, 17 Au, with accounting for the radiation (vacuum polarization), nuclear (finite size of a nucleus
) and the strong pion-nuclear interaction corrections. The measured values of the Berkley, CERN and
Virginia laboratories and alternative data based on other versions of the Klein-Gordon-Fock theories
with taking into account for a finite size of the nucleus in the model uniformly charged sphere and the
standard Uhling-Serber radiation correction and optical atomic theory are listed too

Key words: strong interaction, pionic atom, relativistic theory

VK 539.182

A. H. Boicmpanyesa, O. FO. Xeyenuyc, FO. B. [[yopoeckas, JI. A. Bumaseykas, A. I bepecmenxo

PEJATUBUCTCKASA TEOPHUSA CIIEKTPOB IIMOHHBIX ATOMHBIX CUCTEM C
YYETOM 3®PEKTOB CUJILHOI'O MAOH-AJEPHOI'O B3AUMOJENCTBUS: *Nb,
173Yb, 181Ta R 197Au

Pe3rome

IIpencrapnena nocienoBaTenbHas pEASTUBUCTCKAS TEOPUS CIIEKTPOB MMOHHBIX aTOMOB HA OCHOBE
ypaBuenust Kneiina-I'opnona-®oka ¢ 0000IIEHHBIMU paJMalliOHHBIM U CHJIBHBIM THOH-CPHBIM
MOTEHLMAJIOM. BBINOIHEH pacueT SHEPreTUYeCKUX U CIEKTPAJIbHBIX TapaMeTPOB ISl TMOHHBIX aToO-
MoB **Nb, '*YD, '®'Ta, 7Au, ¢ yuyeToM paguaniMOHHBIX (ITOJIAPU3AIMsA BaKyyMa), SACPHBIX (KOHEU-
HBIA pa3Mep a1pa) 3(p(eKkToB U MmonpaBKu Ha CHIIBHOE NMUOH-HYKIIOHHOE B3aUMOJAEHCTBHE. Takxke
JUIsL CpaBHEHUSI TIPE/ICTaBIICHbI JaHHble n3MepeHuil B naboparopusix Berkley, [IEPH u Bupmxunus
U TEOPETHUYECKUE PEe3yNbTaThl, OIy4YE€HHbIE HA OCHOBE ajbTepHATUBHBIX Teopull Kieitna-I'opaona-
doxka ¢ yueToM KOHEYHOTO pa3Mepa sJipa B MOAEIH PaBHOMEPHO 3apsiKEHHOM cephl U CTaHAAPTHOM
KOnunr-Cepbep norpasku.

KiroueBble c10Ba: CHIIbHOE B3aUMO/IeCTBUE, TMOHHBIA aTOM, PEISTUBUCTCKAs TEOPUS
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A. M. Bucmpsanyesa, O. FO. Xeyeniyc, FO. B. J[yoposcvka, JI. A. Bimaseyvkab A. I bepecmenxo

PEJISITUBICTCBKA TEOPISI CIIEKTPIB IIOHHUX ATOMHHUX CUCTEM 3 YPAXY-
BAHHSIM E®EKTIB CUJIBHOI IIOH-SIAEPHOI B3AEMO/II: **Nb, '*Yb, ¥'Ta, ’Au

Pesrome

[IpencraBieHa nociiJOBHA PEISTUBICTChKA TEOPIsl CIEKTPIB MIBOHINA aTOMIB HA OCHOBI PIBHSIHHS
Keiitna-I'opnona-®oxka 3 y3araJbHEeHHUMH PaJlialliiHUM 1 CUJIBHUM MiBOHISI-SIIEPHUM TTOTEHITIAIOM.
BukoHaHO po3paxyHOK €HEPreTHYHHX i CIIEKTPaJIbHUX TapaMeTpiB i mioHux atomiB Nb, YD,
81Ta, 17 Au, 3 ypaxyBaHHsIM pamiamiiHux (MOJIspU3allis BAKyymy), siiepHux (KiHIIEBUI po3Mmip siapa
) edeKTiB Ta MONPaBKU HA CHJIbHY MIOH-HYKJIIOHHY B3a€MOJIit0. Takox /Il MOPiBHSHHS MPECTaBIeH]
naHi BuMiproBanb B saboparopisx Berkley, IEPH i1 Bipmkunis i TeopeTHUH1 pe3y/bTaTi, OTpUMaHi
Ha OCHOBI ajbTepHaTuBHUX Teopii Kieitna-I oprona-®oka 3 ypaxyBaHHSIM KIHIIEBOTO PO3MIpY spa B
MojielTi pIBHOMIPHO 3apsypkeHoi cdepu 1 ctanaaptHoi FOminr-CepOep monpaBk. .

KrouoBi ciioBa: cunbHa B3a€MOIisl, TIOHHUNA aTOM, PEIATUBICTChKA TEOpis
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THE ELECTRICAL CHARACTERISTICS OF NANOSCALE SnO2 FILMS, STRUCTURED BY
POLYMERS

The electrical characteristics of nanoscale tin dioxide layer were studied. They showed the significant
differences in the conductivity values of films in vacuum and in air, which indicates a visible influence of
adsorption interaction with oxygen in the air. The dark current temperature dependence activation character
was established due to different donors type centers contribution to the conductivity which are “shallow” at
low temperatures and are more "deep" at high temperatures. The values of the energy depth of these levels were
calculated. The films’ conductivity changes at their heating at vacuum and at the subsequent cooling at vacuum
till the initial temperature are reversible and repeatable many times, which testifies the stability of the electrical
characteristics of the SnO2 films and is perspective for use of the layers as adsorptive-sensitive elements of gas

SE€Nsors.

1. Introduction

A good combination of physical properties of
tin dioxide (conductivity, its sensitivity to the ex-
ternal environment changes and electromagnetic
radiation), stability of characteristics and low-
cost production makes it to be one of the most
popular and promising material for sensor [1, 2].

Tin dioxide plays its important role as a mate-
rial for solid-state gas sensors whose operation is
based on changing the conductivity of a sensitive
layer at gas adsorption. Various kinds of nano-
structured SnO, exhibit better properties com-
pared to their bulk types both for gas analysis and
for a wide range of other applications. Chemical
and electrical properties of tin dioxide in nano-
crystalline state depend strongly on particles’ size
[1, 2]. The grain size decreasing influences both
the defects role in surface layers on electronic
processes in them and increases the contribution
of grain boundaries to the transport processes of
charge carriers.

Tin dioxide is a degenerative semiconductor
with electronic conductivity due to a wide range
of donor levels in the bandgap with activation en-
ergies of 0,21, 0,33, 0,52, 0,6, 0,72 eV [3, 4]. The
SnO, film samples have donor levels which are
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typically shallow. Their activation energies are in
thin interval of 0,15 eV and they decrease with
the increase in charge carriers quantity.

Semiconductor metal oxides’ conductivity ex-
ists due to their composition deviation from stoi-
chiometry. Defects (anion and cation) vacancies
also play an important role in their conductivity.
In the oxide semiconductor films deviations from
stoichiometry, and hence the electrical properties,
change reversible at their interaction with the gas
environment. Their conductivity significantly de-
pends on the structure of the layers, grain size and
barrier effects on the grain boundaries, adsorption
processes on surfaces, effect of temperature and
external electric field. All these factors must be
taken into account at the analysis of experimental
results.

Since the main physical parameters (grain
size, considerable surface area, the grains’ struc-
ture features etc.) are determined by technologi-
cal peculiarities, then electrophysical properties
also depend on technological factors. [5]

The present work is devoted to the investi-
gation of current-voltage characteristics (I-V)
and the dark current temperature dependences
(DCTD) of nanoscale SnO,, structured by poly-



mers, aiming the study their electrical conductiv-
ity mechanisms and the influence of adsorption
processes on their electrical properties.

2. Sample preparation and experimental
techniques

Nanostructured tin dioxide thin films were
obtained using polymer materials by the sol-
gel method [6]. Bis(acetylacetonato)dichlorotin
(BADCT) was used as a tin dioxide precursor [7].
The polyvinyl acetate (PVA) was used as a poly-
mer material for structured of nanofilms.

Experimental technique for SnO, nanofilms’
electro-physical characteristics measurements was
based on a standard method of current-voltage and
current-temperature dependence registration.

The SnO, films were supplied with contacts of
Indium thermally deposited in a high vacuum on
the surface of the films shaped as two parallel strips.
The distance between the electrodes was 2 mm.

3. Results and discussion

Fig. 1 shows current-voltage characteristics of
SnO, films with different content of the precursor,
measured on air at room temperature. They were
independent on the polarity of the applied voltage
and linear, which indicates the Ohmic type of in-
dium contacts conductivity and negligible barrier
effects influence.
I A
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Fig. 1. I-V characteristics of SnO, with the content
of precursor 1% (1), 5% (2) and 10% (3), measured
in air (T = 290 K).

It may be seen the correlation between the
precursor’s concentration increasing in the initial
solution and the films’ resistance reduction. This
may be connected with precursor’s concentration
increasing which resulted in the film’s thickness
growth, with the subsequent growth of charge
carriers concentration and number of defects
which contribute to the film conductivity increase
too. Besides that, it is known that carrier mobility
increases with film thickness increasing what also
influences the conductivity.

Current—voltage characteristics of one of the
samples measured in air (curve 1), and then in
vacuum (curve 2) are shown in Fig.2. As it can
be seen, the electrical conductivity of the films in
vacuum increases significantly. The latter suppos-
es that the value of the electrical conductivity of
the investigated films greatly affect the processes
of adsorption (desorption) of oxygen on their sur-
face [8].
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Fig. 2. I-V characteristics of sample with precursor
content of 5% in air (1) and in vacuum (2).
(T =290 K).

The oxygen influence on the conductivity of
the films is also confirmed by the results presented
in Fig.3. Curve 1 (Fig.3) depicts the current—volt-
age characteristic of one of SnO, films measured
in air at 290 K. Then, air was evacuated from the
measuring chamber (to a pressure of about 107
mm Hg). The film was heated in vacuum to a tem-
perature of 410 K and then again cooled to a room
temperature. After that measuring of I-V curves
(at 290 K) in vacuum was repeated (Fig. 3, curve
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2). The significant increase in conductivity of the
film (more than two orders of magnitude) is asso-
ciated with desorption of oxygen and the forma-
tion of oxygen vacancies acting as donors [8] on
the films’ surfaces.

Curve 3 (Fig.3) was measured in 15 min after
the atmospheric air was let into the chamber. It
may be noticed a decrease in the electrical con-
ductivity of the film due to atmospheric oxygen
adsorption.
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Fig. 3. I-V curves of the SnO, film with the precur-
sor content of 10% (T =290 K) (commentary in the
text).

The decreasing current relaxation (Fig. 4) was
observed in the process of air inlet into the cham-
ber.

Straightening of the initial section of the cur-
rent-time dependence in the coordinates Ind =t
shows that in the initial time interval (0 to 30
seconds), the current decreases with time accord-
. . I~exp (—E)!-x-e.zr:p (—E)
ing to exponential law T T
. Calculated from the graph the value for the re-
laxation time constant, T was approximately 18
seconds. In later periods the rate of relaxation
decreases monotonously. Thus, the processes of
oxygen adsorption on the film surface at room
temperature are characterized by definite inertia.
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Fig. 4. Relaxation of current in the sample at let-
ting air in the measurement chamber (V = 60 V).

The decreasing relaxation of current is asso-
ciated with interaction of the film surface with
oxygen at the inlet of atmospheric air. The ini-
tial section of the graph is associated both with
a relatively rapid filling of the surface centers by
oxygen ions, thus capturing electrons of conduc-
tivity and the disappearance of oxygen vacancies.
In the future, the process of current relaxation
slows down, because the near-surface layers of
adsorbed oxygen limit the access to the surface
for air oxygen.

The temperature dependences of dark current
were fulfilled for the studied SnO, films. The re-
sults of these calculations for films with content
of the precursor 1%, 5% and 10% are presented
in Fig.5.

A
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9,01

3
50 2
1
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24 2,6 2,8 3,0 32 34 10/T,K

Fig. 5. The temperature dependence of dark current

measured at U = 60 V for SnO, with the content of

the precursor 1% (1), 5% (2) and 10% (3). Curve (3)
measured at the sample cooling (U =80 V).



The DCTD curves have the activation charac-
ter at heating. The conductivity is contributed by
different types of donor centers, “shallow” at low
temperatures and “deeper” at high temperatures.

Depth values of the energy levels calculated
from the slopes of the straight sections DCTD
curves for different series of specimens are shown
in the table.

Table
The content of
precursor (%) ! > 10
The ionization 0,19 0,13 0,23
energy of 0.27 0,21 0,31
donors (eV) 0,34 0,53

Obtained energies’ values of 0.19 eV and 0.13
eV are close to literature value of donor level at
0.15 eV associated with double ionized oxygen
vacancies formation [9]. The nature of donor cen-
ters, associated with other energy values in the
table, remains unclear.

A large set of obtained values of the activa-
tion energy can be related to the fact that in the
test films due to their nano structure the energy of
known levels may change, for example, for those,
which corresponds to oxygen vacancies. The ad-
ditional levels associated with peculiarities of the
films production and their storage may appear.
There may be levels due to the presence in the
films of tin monoxide SnO, etc.

Curve 3’ (Fig.6) depicts DCTD of the samples
measured at cooling. As can be seen, the current
decreases at cooling enough slowly.

The conductivity of the film after its cooling to
room temperature remains much higher than pri-
or to the procedure of heating the film. This may
be due to discharging of donor oxygen levels at
high temperatures when the surface curve of en-
ergy bands decreases (the thickness of the surface
potential barrier decreases correspondingly), thus
resulting in the films conductivity increasing. It
worth to note, that the above described features of
DCTD behavior, measured at cooling, were ob-
served for all series of the samples.

The process influencing the conductivity mag-
nitude changes of the films by heating and subse-

quent cooling at vacuum till initial temperature
is reversible and repeatable many times. For ex-
ample, if at the end of the measurement the curve
3’ (Fig. 6) the measuring chamber is filled with
air, then after a certain period of time the current
is reduced to levels (at the same temperature) cor-
responding the curve 3 (Fig.6).

The latter supposes that the electrical charac-
teristics of the SnO, films is quite stable, which
allows using them as adsorptive-sensitive ele-
ments for gas sensors.

4. Conclusions

The studies of electrical properties of nanolay-
ers of tin dioxide revealed the following features:

The conductivity of the investigated films in
vacuum and in air differs more than an order of
magnitude, which indicates the considerable in-
fluence of adsorption interaction with oxygen in
air.

Curves DCTD taken at heating the samples are
of activation type due to different types of donor
centers contribution to conductivity. Obtained
values of the energies of 0.19 eV and 0.13 eV are
close to the known from literature value of the
ionization energy of the donor level at 0.15 eV
associated with the formation of double ionized
oxygen vacancies.

The change in conductivity of the films dur-
ing heating and subsequent cooling at vacuum till
the initial temperature is reversible and repeatable
many times, which shows the stability of the elec-
trical characteristics of the SnO, films and allows
using them as adsorptive-sensitive elements for
gas sensors.
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THE ELECTRICAL CHARACTERISTICS OF NANOSCALE SNO, FILMS,
STRUCTURED BY POLYMERS

Abstract

The electrical characteristics of nanoscale tin dioxide layer were studied. They showed the sig-
nificant differences in the conductivity values of films in vacuum and in air, which indicates a visible
influence of adsorption interaction with oxygen in the air. The dark current temperature dependence
activation character was established due to different donors type centers contribution to the conductiv-
ity which are “shallow” at low temperatures and are more “deep” at high temperatures. The values of
the energy depth of these levels were calculated. The films’ conductivity changes at their heating at
vacuum and at the subsequent cooling at vacuum till the initial temperature are reversible and repeat-
able many times, which testifies the stability of the electrical characteristics of the SnO, films and is
perspective for use of the layers as adsorptive-sensitive elements of gas sensors.
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EJEKTPUYHI XAPAKTEPUCTUKU HAHOPO3MIPHUX IIJIIBOK SNO,,
CTPYKTYPOBAHUX 3 BUKOPUCTAHHSAM ITOJIIMEPIB

Pesrome

[TpoBeneni B poOOTI JOCTIIKEHHS EIEKTPUYHUX XapaKTEPUCTUK HAHOPO3MIPHUX LIApiB A1IOKCUILY
0JI0BA JIO3BOJIMJIM BUSBUTHU 1CTOTHI BiZIMIHHOCTI B 3HAYEHHSX MPOBITHOCTI IJTIBOK Y BaKyyMi i Ha mo-
BITpI, 1110 CBIAYUTH NPO NOMITHHNA BIUTUB aJcOPOIiItHOI B3aeEMOIiT 3 KUCHEM NOBITps. BcTaHoBIeHO
akTuBauiifHui xapakrep kpuBux T3TT 3pa3kiB, 110 00yMOBIEHO BHECKOM Y TIPOBIIHICTh PI3HUX THITIB
JOHOPHUX LIEHTPIB - OIbIIE «JIpIOHUX» MPU HU3BKUX TeMIleparypax i OuIble «ITTMOOKUX» TpU BU-
COKHX TemIieparypax. Po3paxoBaHO 3HaueHHS INIMOMHHU 3aSTaHHS [IUX EHEPreTUYHUX PiBHIB. 3MiHA
BEJIMYMHU TPOBIAHOCTI IUTIBOK MPU MPOTPiBl y BaKyyMi il HACTYITHOMY OXOJIOMKEHHI y BaKyyMi 10
BUX1/THOT TEMIIEpaTypu € OOOPOTHHUM 1 6araropa3zoBo BiATBOPIOBAHHUM, III0 CBITYUTH MPO CTAOUIBHICTD
€JIEKTPUYHMX XapPaKTEPUCTUK TOCIIDKYBAaHUX MIBOK SnO), i MEPCIEKTUBHO 1JIs1 BUKOPUCTAHHS Il1a-
PiB B SIKOCT1 aJICOPOIIIIIHO-UyTIIMBUX €JIEMEHTIB T'a30BUX CEHCOPIB.

KirouoBi ciioBa: 1iokcu 0J0Ba, HAHOPO3MIPHI IIAPH, EIEKTPUUHI XapaKTEPUCTUKU

PACS 73.61.Le, 73.63.Bd

JI. H. Qunesckas, A. I1. Yebanenro, B. C. I punesuu, H. C. Cumanosuu

AJEKTPUYECKHUE XAPAKTEPUCTUKHA HAHOPASMEPHBIX TIVIEHOK SNO,,
CTPYKTYPUPOBAHHBIX C UCITIOJIB3OBAHUEM INOJIUMEPOB

Pe3rome

[IpoBenennsie B paboTe UCCIENOBAHUS AIEKTPUUECKUX XaPAKTEPUCTUK HAHOPA3MEPHBIX CIOCB
JIMOKCHJIa 0JIOBA MO3BOJIMJIA BBISIBUTH CYIIECTBEHHBIE OTJIMYUS B 3HAYEHUSIX MTPOBOJAMMOCTHU TUIEHOK
B BaKyyMe€ U Ha BO3JlyX€, UTO CBHUJIETEILCTBYET O 3aMETHOM BJIMSIHUU aJICOPOIIMOHHOTO B3aWMOJICH-
CTBUS C KUCJIOPOJIOM BO3yXa. YCTAaHOBJICH aKTUBAMOHHBIN Xapaktep kpuBbix T3TT o6pa3ios, 4To
00yCIIOBJICHO BKJIQJIOM B IIPOBOAMMOCTh PA3JIMYHBIX THUIIOB JOHOPHBIX IIEHTPOB — 00OJIee «MEIKUX»
MIPU HU3KHUX TeMIepaTypax u 0ojiee «mTyOOKHX» MPU BEICOKUX TeMIlepaTypax. Paccuntansl 3HaYeHUS
[TyOWHBI 3aJIETaHUs ATHX DPHEPreTUUECKUX YpoBHEH. MI3MeHeHne BETMUMHBI TTPOBOJUMOCTH TICHOK
[IpY IPOTPEBE B BAKYyME U MOCIEAYIOIIEM OXJIAXKIEHUH B BAKYyME J10 UCXOAHOM TeMIIepaTyphl SBIIS-
eTcsi 0OpaTUMBbIM U MHOTOKPATHO BOCIPOM3BOAMMBIM, YTO CBUETEIHCTBYET O CTAOMILHOCTH DJIEK-
TPUYECKHMX XapaKTEPUCTHK UCCIIENYEMBIX IUIEHOK SnO, 1 MEPCIIEKTUBHO JUIS UCTIOIL30BAHUSA CJIOEB B
Ka4eCTBE aJICOPOIMOHHO-UYyBCTBUTEIBHBIX AJIEMEHTOB Ta30BBIX CEHCOPOB.

KuroueBble cj1oBa: THOKCH 0JI0BA, HAHOPA3MEPHBIE CIIOU, AIEKTPUUECKUE XapAKTEPUCTUKHI
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STUDYING PHOTOKINETICS OF THE IR LASER RADIATION EFFECT ON MIXTURE OF THE
CO2-N2-H20 GASES FOR DIFFERENT ATMOSPHERIC MODELS

A kinetics of energy exchange in the mixture of the atmosphere CO2-N2-H20 gases under passing the
powerful CO2 laser radiation pulses within the three-mode model of kinetical processes is studied. More
accurate data for the absorption coefficient are presented.

At present time the environmental physics has
a great progress, provided by implementation of
the modern quantum electronics and laser phys-
ics methods and technologies in order to study
unusual features of the “laser radiation- substance
(gases, solids etc.) interaction. A special inter-
est attracts a problem of interaction of the pow-
erful laser radiation with an aerosol ensemble
and search of new non-linear optical effects. The
latter is directly related with problems of mod-
ern aerosol laser physics (c.f.[1-13]). One could
remind that there is a redistribution of molecules
on the energy levels of internal degree of freedom
in the resonant absorption of IR laser radiation by
the atmospheric molecular gases. As a result of
quite complicated processes one could define an
essential changing of the gases absorption coef-
ficient due to the saturation of absorption [1].

One interesting effect else to be mentioned is
an effect of the kinetic cooling of environment
(mixture of gases), as it was at first predicted in
ref. [2,5]. Usually the effect of kinetical cool-
ing (CO,) in a process of absorption of the laser
pulse energy by molecular gas is considered for
the middle latitude atmosphere and for special
form of a laser pulse. Besides, the approximate
values for constants of collisional deactivation
and resonant transfer in reaction CO,-N, are usu-
ally used. In series of papers (see, for example,
[11-13], computational modelling of the energy
and heat exchange kinetics in the mixture of the
CO,-N,-H,0 atmospheric gases interacting with
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IR laser radiation has been carried out within the
general three-mode kinetical model. It is obvious
that using more precise values for all model con-
stants and generally speaking the more advanced
atmospheric model parameters may lead to quan-
titative changing in the temporary dependence of
the resonant absorption coefficient by CO,.

Let us remind that the creation and accumula-
tion of the excited molecules of nitrogen owing to
the resonant transfer of excitation from the mol-
ecules CO, results in the change of environment
polarizability. Perturbing the complex conductiv-
ity of environment, all these effects are able to
transform significantly the impulse energetics
of IR lasers in an atmosphere and significantly
change realization of different non-linear laser-
aerosol effects.

The aim of this paper is to present more accu-
rate data for kinetics of energy and heat exchange
in the mixture CO,-N,-H,0 gases in atmosphere
under passing the powerful CO, laser radiation
pulses on the basis of using the more advanced
atmospheric model and more precise values for
all kinetical model constants.

As usually, we start from the modified three-
mode model of kinetic processes (see, for exam-
ple, [1,11-13] in order to take into consideration
the energy exchange and relaxation processes in
the CO,— N, — H,O mixture interacting with a la-
ser radiation. As in ref. [11-13] we consider a ki-
netics of three levels: 10°0, 00°1 (CO,) and v = 1
(N,). Availability of atmospheric constituents O,



and H,O is allowed for the definition of the rate
of vibrating-transitional relaxation of N,. The sys-
tem of balance equations for relative populations
is written in a standard form as follows:

d:;tZ =ox] —(0+ 0+ Pyy)xy +Ox3 + onx(z)a
dx
T2 =501 ~ (30 + P )3 + P

(1)
Here the following notations are used:
xlleoo/NO )
x2:N001/N02’ 2
X, = SNNZ /Ng L

where N, N, are the level populations 10°0,

00°1 (CO,); N, is the level population v =1 (N,);
N, , 1s the concentration of CO, molecules; 8 is
the ratio of the common concentrations of CO,

and N, in the atmosphere (8 = 3.85x10%); x, x]

and x! are the equilibrium relative values of pop-
ulations under gas temperature 7

3)

The values E, and E, in (1) are the energies
(K) of levels 10°0, 00°1 (consider the energy of
quantum N, equal to E)); P, P, and P, are the
probabilities (s™') of the collisional deactivation of
levels 10°0, 00°1 (CO,) and v =1 (N,), Q is the
probability (s) of resonant transfer in the reac-
tion CO, — N_,o is the probability (s) of CO,
light excitation, g = 3 is the statistical weight of
level 02°0, B = (1+g)"' = 1/4. As usually, the so-
lution of the differential equations system (1) al-
lows defining a coefficient of absorption of the
radiation by the CO, molecules according to the
formula:

(4)

a0 2 =‘5(1"1_X2)N0 2"

The o in (4) is dependent upon the thermody-
namical medium parameters as follows [2]:

1
S PKTJA, )

B\ 1o

Here T and p are the air temperature and pres-
sure, o, is the cross-section of resonant absorp-
tion under 7= T, p = p,. One could remind that
the absorption coefficient for carbon dioxide and
water vapour is dependent upon the thermody-
namical parameters of aerosol atmosphere. In
particular, for radiation of CO,-laser the coef-
ficient of absorption by atmosphere defined as
A, =0 , T 0y isequal in conditions, which
are typical for summer mid-latitudes, ag(HZO) =
2.4-10° cm, from which 0.8:10° cm™ accounts
for CO, and the rest — for water vapour (data are
from ref. [2]) . On the large heights the sharp de-
crease of air moisture occurs and absorption coef-
ficient is mainly defined by the carbon dioxide.

The changing population of the low level
10°0 (CO,), population of the level 00°1, the
vibrating-transitional relaxation (VT-relaxation)
and the inter modal vibrating-vibrating relaxa-
tion (VV’-relaxation) processes define the phys-
ics of resonant absorption processes. Moreover,
the above indicated processes result in a redistri-
bution of the energy between the vibrating and
transitional freedom of the molecules. Accord-
ing to ref.[1], the threshold value, which corre-
sponds to the decrease of absorption coefficient
in two times, for the strength of saturation of
absorption in vibrating-rotary conversion give
I_=(2+5)10°W cm? for atmospheric CO,. In
this case the pulse duration 7, must satisfy the con-
ditionz, << 1 <t,, wheret,and ¢, are the times of
rotary and vibrating-transitional relaxation’s. by
The fast exchange of level 10°0 with basic state,
and by the relatively slow relaxation of high level
00°1define a renewal process of thermodynamic
equilibrium is characterized. The latter provides
an energy outflow from the transitional degree of
freedom onto vibrating ones and in the cooling
of environment. It is easily understand that using
more powerful laser radiation sources can lead to
a strong non-linear interaction phenomena and, as
result, significantly change a photo-kinetics of the
corresponding processes.
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In table 1 we present mode accurate our data
(column C) for the relative coefficient of absorp-

tionag ., which is normalized on the linear co-
efficient of absorption, calculated using (1) on

corresponding height H. All data for ag ,are
obtained for the height distribution of the pres-
sure and temperature according to the advanced
mid-latitude atmospheric model (all data are pre-
sented in series of refs. [14-20]). In table 1 there
are presented also the analogous data from ref. [2]
(column A) , from ref. [13] (column B).

Table 1.
Temporary dependence of resonant absorp-

tion relative coefficient og 5 ( sm™) of laser
radiation (4=10,6pum ) by CO, for rectangular
(R) laser pulses (intensity I=10° W/sm?) on the
height (H, km) for the mid-latitude atmospher-
ic model [1]: A- data of modelling [2]; B- data
of modelling [13], C- data of modelling [14], D-

this work
T A 2] Al2] B[13] | B[13]
us 10xI; R | 10xLR | 10xI; G | 10xI; G
H=0 H=10 H=0 H=10
0 1,0 1,0 1,0 1,0
1 0,60 0,12 0,57 0,13
2 0,52 0,08 0,46 0,05
3 0,63 0,27 0.59 0,19
4 0,67 0,35 0,64 0,28
T C|[14] | C[14] | D,this | D, this
us 10xI; G | 10xI; | 10xI; G | 10xI; G
H=0 G H=0 H=10
H=10
0 1,0 1,0 1,0 1,0
1 0,54 0,11 0,54 0,11
2 0,42 0,04 0,42 0,04
3 0.57 0,16 0.57 0,16
4 0,60 0,25 0,60 0,25

In Refs.[2 13,14] the analogous data for the rela-

tive coefficient of absorption o , and the height
distribution of pressure and temperature are pre-
sented and obtained in a case of using the Odes-
sa-latitude atmospheric conditions according to
atmospheric model [7,8]. Here we use the world
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standard atmospheric model conditions [14-20].
Important moment is also connected with the
more correct choice of probabilities P, , P,, and
P, of the collisional deactivation of levels 10°0,
00°1 (CO,) and v = 1 (N,), probability Q of reso-
nant transfer in the reaction CO, — N, probabil-
ity o of CO, light excitation and other constants
in comparison with refs. [2,13]. Let us in conclu-
sion to note that obviously a quality of choice of
the corresponding molecular constants and the
corresponding atmospheric model parameters is
of a great importance in modelling the effect of
kinetic cooling of the CO, under propagation of
the laser radiation in atmosphere. Naturally, prin-
cipally another situation will occur in a case of
the super intense laser pulses using for the atmos-
phere monitoring. Obviously, the modified mod-
el of photokinetical processes is to be developed
in this case.
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Abstract. A kinetics of energy exchange in the mixture of the atmosphere CO,-N,-H,0 gases under
passing the powerful CO, laser radiation pulses within the three-mode model of kinetical processes is
studied. More accurate data for the absorption coefficient are presented.
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NEW RELATIVISTIC APPROACH TO CALCULATING THE HYPERFINE LINE SHIFT
AND BROADENING FOR HEAVY ATOMS IN THE BUFFER GaS

It is presented a new consistent relativistic approach, based on the atomic gauge-invariant relativ-
istic perturbation theory and the optimal construction of the interatomic potential function within
exchange perturbation theory . As illustration it is applied to calculating the interatomic potentials,
hyperfine structure line collision shift and broadening for heavy atoms in an atmosphere of the buffer
inert gas. The accurate account for the relativistic and exchange-correlation and continuum pressure
effects is necessary for an adequate description of the energetic and spectral properties of the heavy

atoms in an atmosphere of the heavy inert gases.

The broadening and shift of atomic spectral
lines by collisions with neutral atoms has been
studied extensively since the very beginning of
atomic physics, physics of collisions etc [1-16].
High precision data on the collisional shift and
broadening of the hyperfine structure lines of
heavy elements (alkali, alkali-earth, lanthanides,
actinides and others) in an atmosphere of the
buffer (for example, inert) gases are of a great in-
terest for modern quantum chemistry, atomic and
molecular spectroscopy, astrophysics and metrol-
ogy as well as for studying a role of weak interac-
tions in atomic optics and heavy-elements chem-
istry [1-14]. As arule (see [15]), the cited spectral
lines shift and broadening due to a collision of
the emitting atoms with the buffer atoms are very
sensitive to a kind of the intermolecular interac-
tion. It means that these studies provide insight
into the nature of interatomic forces and, hence,
they provide an excellent test of theory. Besides,
calculation of the hyperfine structure line shift
and broadening allows to check a quality of the
wave functions (orbitals) and study a contribution
of the relativistic and correlation effects to the
energetic and spectral characteristics of the two-
center (multi-center) atomic systems.

The detailed non-relativistic theory of colli-
sional shift and broadening the hyperfine struc-
ture lines for simple elements (such as light alkali
elements etc.) was developed by many authors
(see, for example, Refs. [1-3,15]). However, un-
til now an accuracy of the corresponding avail-
able data has not been fully adequate to predict
or identify transitions within accuracy as required
for many applications. It is obvious that correct
taking into account the relativistic and correlation
effects is absolutely necessary in order to obtain
sufficiently adequate description of spectroscopy
of the heavy atoms in an atmosphere of the buffer
gases. This stimulated our current investigation
whose goals were to propose a new precise rela-
tivistic approach perturbation theory approach to
calculating the interatomic potentials and hyper-
fine structure line collision shifts and broadening
for the alkali and lanthanide atoms in an atmos-
phere of the inert gases. The basic expressions
for the collision shift and broadening hyperfine
structure spectral lines are taken from the kinetic
theory of spectral lines [6,7,11,12].

In order to calculate a collision shift of the
hyperfine structure spectral lines one can use the
following expression known in the kinetic theory
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of spectral lines shape (see Refs. [11,12,15]):

=22 1 gkl (Rexl-U(R)E R
Lo (12)
(1b)

2 ( UR)Y?
g(R): m(—k—Tj , U <0,

0, U>0,

Here U(R) is an effective potential of intera-
tomic interaction, which has the central symme-
try in a case of the systems 4—B (in our case,
for example, 4=Rb,Cs; B=He); T is a tem-
perature, w, is a frequency of the hyperfine
structure transition in an isolated active atom;
dw(R)=Dw(R)/w, is a relative local shift of the
hyperfine structure line; (1+ g(R)) is a tempera-
ture form-factor.

The local shift is caused due to the disposition
of the active atoms (say, the alkali atom and he-
lium He) at the distance R. In order to calculate an
effective potential of the interatomic interaction
further we use the exchange perturbation theory
formalism (the modified version EL-HAV) [1]).

Since we are interested by the alkali (this atom
can be treated as a one-quasiparticle systems, i.e.
an atomic system with a single valence electron
above a core of the closed shells) and the rare-
earth atoms (here speech is about an one-, two- or
even three-quasiparticle system), we use the clas-
sical model for their consideration. The interaction
of alkali (A) atoms with a buffer (B) gas atom is
treated in the adiabatic approximation and the
approximation of the rigid cores. Here it is worth
to remind very successful model potential simu-
lations of the studied systems (see, for example,
Refs. [32-41]).

In the hyperfine interaction Hamiltonian one
should formally consider as a magnetic dipole
interaction of moments of the electron and the
nucleus of an active atom as an electric quadru-
pole interaction (however, let us remind that, as
a rule, the moments of nuclei of the most (buffer)
inert gas isotopes equal to zero) [6].

The necessity of the strict treating relativ-
istic effects causes using the following ex-
pression for a hyperfine interaction operator
H,, (see, eg., [1,5]):

e’h
2mpc ,

)

_ 3 oa,xr,
HHF_ GZIT&F—Q.IU

i=1 i
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where [ — the operator of the nuclear spin active
atom, a, — Dirac matrices, m, — proton mass,
4 - moment of the nucleus of the active atom,
expressed in the nuclear Bohr magnetons. Of
course, the summation in (2) is over all states
of the electrons of the system, not belonging
to the cores. The introduced model of con-
sideration of the active atoms is important to
describe an effective interatomic interaction
potential (an active atom — an passive atom),
which is centrally symmetric (J,='/) in our
case (the interaction of an alkali atom with an
inert gas atom).

Let us underline that such an approximation
is also acceptable in the case system “thallium
atom — an inert gas atom” and some rare-earth
atoms, in spite of the presence of p-electrons
in the thallium (in the case of rare-earth at-
oms, the situation is more complicated).

As it is well known (see also Refs. [1, 2]), the
non-relativistic Hartree-Fock method is mostly
used for calculating the corresponding wave func-
tions. More sophisticated approach is based on
using the relativistic Dirac-Fock wave functions
(first variant) [12]. Another variant is using the
relativistic wave functions as the solutions of the
Dirac equations with the corresponding density
functional, i.e within the Dirac-Kohn-Sham the-
ory [8,15]. It is obvious that more sophisticated
relativistic many-body methods should be used
for correct treating relativistic, exchange-corre-
lation and even nuclear effects in heavy atoms.
(including the many-body correlation effects, in-
tershell correlations, possibly the continuum pres-
sure etc]). In our calculation we have used the
relativistic functions, which are generated by the
Dirac Hamiltonian [8]. The potential of the inter-
electron interaction with accounting the retarding
effect and magnetic interaction in the lowest or-
der on parameter a? (the fine structure constant) is
as follows:

3)

where w, is the transition frequency; a, ,a; are the
Dirac matrices. The Dirac equation potential in-
cludes the electric potential of a nucleus and elec-
tron shells and the exchange-correlation poten-
tials in the Kohn-Sham approximation. Besides,



we introduce into the zeroth order Hamiltonian
the corresponding correlation functional [5]

Ve [p(),7]=—-0.0333-b-In[1+18.3768- p(r)l/S] , (4)

where b is the optimization parameter (for details
see Refs. [5,8,15]). The optimization is reduced
to minimization of the gauge dependent multi-
electron contribution /mdE,  of the lowest rela-
tivistic perturbation theory corrections to the ra-
diation widths of atomic levels. The minimization
of the functional /mdE, leads to the Dirac-Kohn
Sham-like equations for the electron density that
are numerically solved. The further elaboration
of the method can be reached by means of using
the Dirac-Sturm approach [5]. To calculate an ef-
fective potential of the interatomic interaction we
use a method of the exchange perturbation theory
(in the modified version EL-HAV [1]). Within
exactness to second order terms on potential
of Coulomb interaction of the valent electrons
and atomic cores a local shift can be written
as:

S, C
+Q,+Q, =) ==, 5
1-s, ' 7 R" ®)

n

& (R)=

where values W , W, are the non-exchange and
exchange non-perturbation sums of the first or-
der correspondingly, which express through the
matrix elements of the hyperfine interaction op-
erator. The other details are in Refs.[1,8,15].
Further we present some test results of our
studying hyperfine line collisional shift for alkali
atoms (rubidium and caesium) in the atmosphere
of the helium gas. In Table 1 and 2 we present our
theoretical results for the hyperfine line observed
shift fp (1/Torr) in a case of the Rb-He and Cs-He
pairs. The experimental and alternative theoreti-
cal results by Batygin et al [11] for f  are listed
too. At present time there are no precise experi-
mental data for a wide interval of temperatures in
the literature. The theoretical data from Refs. [11]
are obtained on the basis of calculation within
the exchange perturbation theory with using the
He wave functions in the Clementi-Rothaane ap-
proximation [42] (column: Theory?®), and in the
Z-approximation (column: Theory®), and in the
Lowdin approximation (column: Theory®).

Table 1.

The observed f (10 1/Torr) shifts for the

systems of Rb-He and corresponding theoret-
ical data (see text).

T.K |Exp.| [13] | [11]a |[11]b] [11]c | This
223 | - |13 ] 79 | 67| 81 | 116
323 | 105|101 | 73 | 56 | 75 | 103
423 | - | 89 | 62 | 48 | 64 | 91
523 | - | 80 | 55 | 43 | 56 | 83
623 | - | 73] 50 | 38 ] 50 | 75
723 | - | - - N
823 | - | - - - - |

Note:* —calculation with using the He wave
functions in the Clementi-Rothaane approxima-
tion; ° — calculation with using the He wave
functions in the Z-approximation;

¢ —calculation with using the He wave func-
tions in the Lowdin approximation;

Table 2.
The observed f (10~ 1/Torr) shifts for the
systems of the Cs-He and corresponding the-
oretical data (see text).

T,K | Exp |[I1]a | [11]b | [I1]c | This
223 - 164 | 142 | 169 | 175
323 | 135 | 126 | 109 | 129 | 136
423 - 111 | 96 | 114 | 122
523 - 100 | 85 | 103 | 110
623 - 94 | 78 | 96 | 103
723 - - - - 96

823 - - - - 91

Note:* —calculation with using the He wave
functions in the Clementi-Rothaane approxima-
tion; * — the Z-approximation; ¢ —the Lowdin ap-
proximation;

The important feature of the developed opti-
mized perturbation theory approach is using the
optimized relativistic orbitals basis, an accurate
accounting for the exchange-correlation and con-
tinuum pressure effects with using the effective
functionals [18,34].
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The difference between the obtained theoreti-
cal data and other alternative calculation results
can be explained by using different perturbation
theory schemes and different approximations for
calculating the electron wave functions of heavy
atoms. It is obvious that the correct account for
the relativistic and exchange-correlation and con-
tinuum pressure effects will be necessary for an
adequate description of the energetic and spectral
properties of the heavy atoms in an atmosphere of
the heavy inert gases (for example, such as Xe).
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AND BROADENING FOR HEAVY ATOMS IN THE BUFFER GaS

Abstract

It is presented a new consistent relativistic approach to hyperfine structure line collision shift and
broadening for heavy atoms in an atmosphere of the buffer inert gas, based on the atomic gauge-in-
variant relativistic perturbation theory and the optimal construction of the interatomic potential func-
tion within exchange perturbation theory . As illustration it is applied to calculating the interatomic
potentials, hyperfine structure line collision shift for heavy atoms in an atmosphere of the buffer inert
gas. The accurate account for the relativistic and exchange-correlation and continuum pressure effects
1s necessary for an adequate description of the energetic and spectral properties of the heavy atoms in
an atmosphere of the heavy inert gases.
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HOBBIH PEJIITUBUCTCKUI MOAXO0/1 K ONPEJAEJEHUIO CIBUTA U
YIIUPEHWSA JUHUI CBEPXTOHKOM CTPYKTYPBI B TSIZKEJIBIX ATOMAX B
BY®EPHBIX T'A3AX

Pe3srome

[IpencraBieH HOBBIN PEIATUBUCTCKUM MOAXO/ K ONPEAEIICHNIO CIBUTa U YIIMPEHUS] TMHUU CBEPX-
TOHKOW CTPYKTYpHI TSDKEJIBIX aTOMOB B arMocgepe OydepHbIX ra3oB. MeTon OCHOBaH Ha aTOMHOM
KaJTMOPOBOYHO-MHBAPUAHTHON TEOPUU BO3MYILEHHH M ONTHUMAIbHOW KOHCTPYKIIMH MEKAaTOMHOTO
NoTeHIMajda B OOMEHHON TeopuH BO3MYILEHUN. B kauecTBe MiuTtoCTpanus NpUBEIEHBI PE3YIIbTAThI
pacueTa CIBUIa CBEPXTOHKHUX JIMHUM Ps/ia TSKENBIX aTOMOB, B YaCTHOCTH, IIEJIOYHBIX aTOMOB B aT-
Mocdepe OyhepHBIX MHEPTHBIX ra30B. AKKYPaTHBIH y4YeT PeNsiTUBUCTCKUX, 0OMEHHO-KOPPESIIHOH-
HBIX U 3()()EKTOB JaBICHUS KOHTUHYyMa HEOOXOAUM JIJIsl aJIeKBaTHOTO OMHCAHMSI SHEPIe€TUYECKUX U
CIEKTPaJIbHBIX CBOMCTB TSKEJBIX ATOMOB B aTMOC(epe TAKEIbIX UHEPTHBIX Ia30B.

KuroueBblie cjioBa: pesITUBUCTCKas TEOPHUS BO3MYILIEHUH, CTOJIKHOBUTEIbHBIA CIBUI JIMHUUI
CBEPXTOHKOU CTPYKTYpPBI
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HOBUH PEJISITUBICTCHKUM MIIXII JTO BUSHAYEHHSA 3CYBY TA YIIUPEHHSA
JITHIA HAJITOHKOI CTPYKTYPHU Y BAXKKKUX ATOMAX B BY®EPHUX I'A3AX

Pesrome

[IpencraBieHo HOBUH PENATHBICTCHKHMNA MiAXiJ 10 BU3HAYEHHS 3CYBY Ta YUIMPEHHS JiHIT Haj-
TOHKOT CTPYKTYPH Ba)KKHX aTOMIB B arMocdepi OypepHux raziB. Metoa 0azyeTbcst Ha aTOMHIN Kaui-
OpyBajbHO-1HBapiaHTHIN Teopii 30ypeHb Ta ONTUMAJIbHIN KOHCTPYKIIii MI>KAaTOMHOTO TTOTEHITIATy B
oOMiHHIN Teopii 30ypeHb. Sk LIrocTpallist HaBeJeH1 pe3yabTaTH PO3PaXyHKY 3CYBY HAATOHKHUX JIHIH
POy BaXKKHUX aTOMIB, 30KpeMa, JIy)KHHX aToMiB B arMocdepi OydepHUX 1HEpTHUX ra3iB. AKypaTHUN
OOJIIK peNATUBICTCHKHUX, OOMIHHO-KOPEIAIIIHHNX 1 €()eKTIB THCKY KOHTHHYYMY HEOOX1THUH JTsI aJeK-
BaTHOTO OIUCY €HEPTeTUYHUX 1 CIIEKTPAIbHUX BIACTHBOCTEH BaXXKUX arOMiB B aTMOC(epi BaKKUX
IHEpPTHHUX Tra3iB.

KurouoBi ciioBa: pensaTuBicTChbKa Teopis 30ypeHb, 3CYB 3a PaxXyHOK 3ITKHEHb JIiHIM HAJITOHKOI

CTPYKTypH
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NONLINEAR CHAOTIC DYNAMICS OF ATOMIC AND MOLECULAR SYSTEMS IN AN
ELECTROMAGNETIC FIELD

It has been numerically studied a chaotic dynamics of diatomic molecules (on example of the
GeO molecule in an infrared field) and some laser systems. An advanced generalized techniques such
as the wavelet analysis, multi-fractal formalism, mutual information approach, correlation integral
analysis, false nearest neighbour algorithm, the Lyapunov exponent’s (LE) analysis, and surrogate data
method, prediction models etc is used. It has been shown that systems exhibit a nonlinear behaviour
with elements of a low-or high-dimensional chaos. There are firstly presented the numerical data on
topological and dynamical invariants of chaotic systems, in particular, the correlation, embedding,
Kaplan-York dimensions, LE, Kolmogorov’s entropy etc for GeO molecule in an electromagnetic

infrared field in the chaotic regime..

In last years the phenomena of dynamical
chaos and dynamical stabilization attract a great
interest as a manifestation of this effect in pho-
to-optical systems may in a significant degree
change a functional regime (e.g.[1-15]). Cited
effect is usually observed in the physical sys-
tems and related to a type of non-linear effects.
As a rule, dynamical chaos is manifested in the
quantum systems, which are not linear in a clas-
sic limit. Above especially effective manifesta-
tions of this effect in the quantum systems one
could mention systems which interact with ex-
ternal, time dependent, for example laser, field. It
has been discovered that dynamics of atomic and
molecular, cluster and nano-optical systems in a
laser field has features of the random, stochas-
tic kind and its realization does not require the
specific conditions. The importance of studying a
phenomenon of stochasticity or quantum chaos in
dynamical systems in laser field is provided by a
whole number of technical applications, including
a necessity of understanding chaotic features in a
work of different electronic devices and systems.
The important topic of the laser-atomic dynamics
and hierarchy systems physics is connected with
governing and control of quantum chaotic diffu-

sion and stabilisation effects in atomic systems in
the intense laser field (especially important case
is atoms in electromagnetic traps and heat bath)
[2,15,16]. The principal aim of coherent control
is to steer a quantum system towards a desired
final state through interaction with light while
simultaneously inhibiting paths leading to unde-
sirable outcomes. Controlling mechanisms have
been proposed and demonstrated for atomic and
solid-state systems. Gibson performs calculations
for three-level systems and 1D model of a two-
electron molecule (see refs in [3]). Transitions to
excited state occur via a 12-photon interaction
for an 800 nm intense pulse of length 244 au, or
just over 2 cycles. The stabilization dynamics of
model He beyond the dipole approximation and
with two active electrons was is investigated [6]
in the presence of a high-intensity and high-fre-
quency laser pulse. There may exist a laser fre-
quency and intensity regime in which the total
ionization yield decreases with increasing laser
amplitude. In the near future, free electron lasers
will further deliver laser pulses of such high fre-
quencies and intensities to meet the conditions
needed for the stabilization of atomic systems
more easily. Along with those technological de-
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velopments, a wide range of theoretical methods
including analytical model calculations, Monte
Carlo simulations and numerical calculations
have been applied to the ionization of hydrogen-
like atoms. Further progress was achieved con-
cerning the ionization and stabilization of atoms
with two active electrons. In ref.[11,12] an effec-
tive approach to adequate treating and sensing a
spectral hierarchy and dynamical stabilisation in
atomic systems in the intense laser field is consid-
ered and based on non-relativistic and relativis-
tic time-dependent complex rotation method (for
atomic systems) and non-Hermitian Floquet for-
malism (for molecular systems). The stabilization
of helium (study of the 2D two-electron atom) in
intense high-frequency laser pulses is modelled
within the relativistic scheme. It has been carried
out modeling generation of the atto-second VUV
and X-ray pulses under ionization of atomic (mo-
lecular) system by femto-second optical pulse.

In this paper we present the results of analysis
of the chaotic dynamics for diatomic molecules
in an electromagnetic (infrared) field. In this pa-
per we numerically studied a chaotic dynamics of
diatomic molecules (on example of the GeO mol-
ecule in an infrared field) and some laser systems.

An advanced generalized techniques such as
the wavelet analysis, multi-fractal formalism,
mutual information approach, correlation inte-
gral analysis, false nearest neighbour algorithm,
the Lyapunov exponent’s (LE) analysis, and sur-
rogate data method, prediction models etc (look
details in Refs.[3-19]) is used. It has been shown
that systems exhibit a nonlinear behaviour with
elements of a low-or high-dimensional chaos.
There are firstly presented the numerical data on
topological and dynamical invariants of chaotic
systems, in particular, the correlation, embedding,
Kaplan-York dimensions, LE, Kolmogorov’s en-
tropy etc for GeO molecule in an electromagnetic
infrared field in the chaotic regime.

The analysis is based on the numerical solution
of the time-dependent Schrodinger equation and
realistic Simons-Parr-Finlan model for the po-
tential of diatomic molecule U (x) (the quantum
unit). Secondly, it is based on using an universal
approach to analysis of nonlinear chaotic dynam-
ics (chaos-geometric unit). The Simons-Parr-Fin-
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lan formulae [20] for the molecular potential is:
U(r) =Byl r=r)/rF+Y b r-r)y  (12)
or introducing x=r - r, :

U(r)=BO[x(x+r0]2{1+2bn[x(x+r0]”} (1b)

n

where the coefficients b, are linked with corre-
sponding molecular constants [20].

The problem of dynamics of diatomic mole-
cules in an infrared field is reduced to solving the
Schrédinger equation:

ioVY/ot=[H,+U(x)—d(x)E, e(t)cos(w,t] ¥

where E - the maximum field strength,
e(t)=E,cos(nt) corresponds the pulse envelope
(chosen equal to one at the maximum value of
electric field). A molecule in the field gets the in-
duced polarization and its high-frequency compo-
nent can be defined as:

P.(t) = pE‘) (t)coswt + ps[x)(t}sino)t,
P,(t) = pgy) (t)coswt + pS@) (t)sinwt,

p&(£) = G) $Wp (O] dy, [P())coswtadt, 5
where T — period of the external field, d —dipole
moment. The power spectrum can be further de-
termined as s(w) = |F[p(t)]|>. To avoid the numeri-
cal noise during the Fourier transformation, the
attenuation technique used,i.e. at t> t,p (t) is re-
placed by
p(t)cos?{m(t —t,)/[2(T —t,)]} (t, <t <T)
with T=l.6tp.
4)

It is understood that in the regular case of mo-
lecular dynamics, a spectrum will consist of a
small number of the well resolved lines. In the
case of chaotic dynamics of molecule in a field
situation changes essentially. The correspond-
ing energy of interaction with the field is much
higher than anharmonicity constant w > xhQ. It is
obvious that a spectrum in this case become more
complicated [17,18].

We have carried out the numerical comput-
ing dynamics of the diatomic molecule GeO in
the electromagnetic field (the molecule and field

parameters are as follows : 1Q=985.8 cm™, yhQ



=42cm’, B = 048 cm’, d, = 3.28 D, M=13.1
a.e.m.; the field intensity is 2.5-25 GW/cm?,
respectively: W = 3.39-10.72cm™). The corre-
sponding Chirikov parameter in this case is as:
Sn = 2(Ed/B): » 1.

According to classical-dynamical treating
[41], these parameters correspond to chaotic re-
gime. The principle of quantum mechanics enter,
of course, into the mixed interpretation in terms
of classical trajectories [42]. From one side, the
final answers are at least understandable intui-
tively, from other one they are result of numerical
analysis of complex molecular dynamics, which
involve a superposition of high-order energy
transitions, intensive interaction of non-linear
resonances and chaotic motion of a molecule
[41,42,44,46]. In fig.1 we list the computed theo-
retical time dependence of polarization for GeO
molecule in an electromagnetic field in a chaotic
regime. In order to perform numerical analysis of
the systems dynamics we used an advanced gen-
eralized techniques such as the wavelet analysis,
multi-fractal formalism, mutual information ap-
proach, correlation integral analysis, false nearest
neighbour algorithm, the Lyapunov exponent’s
(LE) analysis, and surrogate data method, pre-
diction models etc [4-16]. The further step is an
analysis of the corresponding time series (with
the time step D=4x10"%s ). In Table 1 we list the
computed values of the correlation dimension d,,
embedding dimension d , which are computed
on the basis of the of false nearest neighbouring
points algorithm with noting (%) of false points
for different values of the lag time t. Accordingly
in Table 2 we list the computed values of the Ka-
plan-York attractor dimension (d,), LE (1, i=1-3)
and the Kolmogorov entropy (K _ ).

entr
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Figure 1. The computed characteristic time de-
pendence of polarization of the GeO molecule in a
field in a chaotic regime (see parameters in text).

Table 1.

The correlation dimension d,, embedding

dimension dg, which are computed on the ba-

sis of the of false nearest neighbouring points

algorithm with noting (%) of false points for
different values of the lag time t

T d, (d)

42 3.04 5(4.2)

4 2.73 3(L.1)

6 2.73 3(1.1)
Table 2.

The Kaplan-York attractor dimension (d, ),
LE (I, i=1-3) and the Kolmogorov entropy (K_ )

entr-

}\'1 }\'2 }\'3 dL entr
0.146 0.0179 | -0.321 | 2.51 0.16

Analysis of the received data on the LE, cor-
relation, Kaplan York dimensions, Kolmogorov
entropy etc shows that the dynamics of the Geo
molecules in an electric field has the elements of a
deterministic chaos (low-D strange attractor) and
this conclusion is entirely agreed with the results
of the classical-dynamical treating [18]. It is im-
portant to note that the Kaplan-York dimension is
less than the embedding one confirming the cor-
rectness of the choice of the latter.
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NONLINEAR CHAOTIC DYNAMICS OF ATOMIC AND MOLECULAR SYSTEMS IN AN
ELECTROMAGNETIC FIELD

Abstract

It has been numerically studied a chaotic dynamics of diatomic molecules (on example of the GeO
molecule in an infrared field) and some laser systems. An advanced generalized techniques such as the
wavelet analysis, multi-fractal formalism, mutual information approach, correlation integral analy-
sis, false nearest neighbour algorithm, the Lyapunov exponent’s (LE) analysis, and surrogate data
method, prediction models etc is used. It has been shown that systems exhibit a nonlinear behaviour
with elements of a low-or high-dimensional chaos. There are firstly presented the numerical data on
topological and dynamical invariants of chaotic systems, in particular, the correlation, embedding,
Kaplan-York dimensions, LE, Kolmogorov’s entropy etc for GeO molecule in an electromagnetic
infrared field in the chaotic regime.
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HEJIMHEVMHASI XAOTHUYECKASI TUHAMHUKA ATOMHBIX U MOJEKYJISAPHBIX
CUCTEM B 2JIEKTPOMAI'HUTHOM ITIOJIE

Pesrome

IIpencraBieHbl pe3ysibTaThl YHUCICHHOIO aHAJIW3a U MOJEIMPOBAHUS XAOTUYECKOW JUHAMMKHU
JIBYXaTOMHBIX MOJIEKYJI (Ha mpumepe MoJieKyibl GeO) BO BHEIITHEM 3JIEKTPOMarHuTHOM ( MH(pakpac-
HOM) TmoJie. B ananm3e ncnonb30BaHbl A3PPEKTUBHBIE BEPCUU TAKUX METOJIOB aHAIN3a KaK MYJIbTU(-
PaKTAJIbHBIN U BEUBIIET-aHAIN3, METO KOPPEISIIUOHHOIO UHTETPajla, alrOPUTMBI CPEIHEN B3aUMHOU
MH(OPMALIUH, JTOKHBIX ONMKaUIINX cOCeNlel, CyppOraTHbIX TaHHBIX aHaIu3 okazateneil JismyHoBa,
sHTponuu Konmoroposa,

CIEKTpajbHble METOABI U T.1. Iloka3aHO, YTO IByXaTOMHAasl CUCTEMA B JJIEKTPOMAarHUTHOM I10JIE
JIEMOHCTPUPYIOT HEJIMHENHOE ITOBEAEHUE C AIIEMEHTAaMU AUHAMUYECKOro xaoca. [IpeacrasieHsl yuc-
JICHHBIE JJaHHBIE O TOIMOJOTUYECKUX U JUHAMUUYECKHX NHBAPUAHTOB CUCTEMBI B XaOTUUECKOM PEXKHU-
Me, B 4YaCTHOCTH, KOPPEIIALMOHHOI Pa3sMEPHOCTH, pasMepHocTeii Baoxenus, Karmnana-Mopka, moxa-
3areneit JIsimyHoBa, sHTponuu KosnMoroposa aHTponus u T.1. 171 MosieKynbl GeO B 3J€KTpOMarHuT-
HOM MH(]paKpPACHOM I0JIE€ B XaOTUYECKOM PEKUME.

KuroueBble ciioBa: MONEKyJIsIpHasi CUCTEMA, JIEKTPOMAarHUTHOE 110JIE, Xa0TUUECKasi TUHAMUKA,
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HEJIHIMHAX XAOTUYHA JIMHAMIKA ATOMHHUX TA MOJIEKYJISPHUX CUCTEM
B EJIEKTPOMAT'HITHOMY I10JII

Pe3rome

[IpencrapieHi pe3ysabTaTd YUCEIHLHOTO aHATi3y 1 MOJEIIOBAHHS XaOTHYHOI TUHAMIKH JBOATOM-
HUX MOJIeKyn (Ha mpukiaai mojekynmu GeO) B 30BHINIHBOMY €JIEKTPOMArHiTHOMY (iH(ppadyepBOHO-
My) nojie. B aHanizi Bukopuctani e()eKTHBHI Bepcii TAKUX METOIB aHAJII3y K MYJIbTIPpaKTaIbHUH 1
BEUBIIET-aHaJIi3, METOJI KOPEJAIIHHOTO 1HTEeTpasia, alfTOPUTMHU CEpeIHbOI B3aeMHOI iH(opmarrii, mo-
MUJIKOBUX HAHOIMKUMX CYCiJIIB, CYpOTaTHUX JaHMX aHalli3 moka3HuKiB JlsmyHoBa, eHTporii Komamo-
rOpoBa, CIIeKTpalibHI MeToH 1 T.i. [IlokazaHo, 110 ABOATOMHA CHCTEMA B €JIEKTPOMArHITHOMY ITOJIi Jie-
MOHCTpY€ HeJiHIHEe MTOBEAIHKY 3 eJIeMEHTaMU JUHAMIYHOTO Xaocy. [IpeacTaBieHi YrcenbHi 1aHi Mo
TOTIOJIOTIYHUM 1 TMHAMIYHUM 1HBapilaHTaM CUCTEMHU B XaOTHYHOMY PEKHUMi, 30KpeMa, KOpeSIIiinHOT
po3MipHOCTi, po3mipHocTi BKnanenns, Kamnana-Mopka, nokasuukis JlsmyHoBa, enTpomnii Koiamoro-
poB.a toro st Mosiekyr GeO B eeKTpOMarHiTHOMY iH(pauyepBOHOMY I0JIE B XAOTUYHOMY PEKHMI.

Karwou4oBi ciioBa: MosekysipHa cHCTEMa, €IEKTPOMArHiTHE MoJIe, XaOTUYHA JMHAMIKA
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NEW NONLINEAR ANALYSIS, CHAOS THEORY AND INFORMATION TECHNOLOGY
APPROACH TO STUDYING DYNAMICS OF CHAIN OF QUANTUM AUTOGENERATORS

A chaos-geometric approach [7-11] that consistently includes a number of new or improved known methods
of analysis (the correlation integral, the fractal analysis, algorithms of the average mutual information, and false
nearest neighbors, the Lyapunov exponents analysis, the Kolmogorov entropy, the method of surrogate data,
a set of the spectral methods, a neural network algorithms, etc. .) is used to solve the problem of quantitative
modeling and analysis of chaotic dynamics of a chain of two quantum autogenerators. There are theoretically
studied a chaos scenario generation and obtained quantitative data on the dynamic and topological invariants of

the system in the chaotic regime.

1 Introduction

In many papers (see, for example, [1-18]) it
has been noted that a chaos is alternative of ran-
domness and occurs as in very simple determin-
istic systems as quite complex ones. Although
chaos theory places fundamental limitations for
long-rage prediction (see e.g. [1-9] ), it can be
used for short-range prediction since ex facte
random data can contain simple deterministic re-
lationships with only a few degrees of freedom.
Chaos theory establishes that apparently complex
irregular behaviour could be the outcome of a
simple deterministic system with a few dominant
nonlinear interdependent variables. The past dec-
ade has witnessed a large number of studies em-
ploying the ideas gained from the science of chaos
to characterize, model, and predict the dynamics
of various systems phenomena (see e.g. [1-13]).
The outcomes of such studies are very encourag-
ing, as they not only revealed that the dynamics
of the apparently irregular phenomena could be
understood from a chaotic deterministic point of
view but also reported very good predictions us-
ing such an approach for different systems.

In a modern quantum electronics and laser
physics etc there are many systems and devices
(such as multi-element semiconductors and gas
lasers etc), dynamics of which can exhibit cha-
otic behaviour. These systems can be considered

in the first approximation as a grid of autogenera-
tors (quantum generators), coupled by different
way [2,14,15].

In this paper a chaos-geometric approach [7-
11] that consistently includes a number of new or
improved known methods of analysis (the corre-
lation integral, the fractal analysis, algorithms of
the average mutual information, and false near-
est neighbors, the Lyapunov exponents analysis,
the Kolmogorov entropy, the method of surrogate
data, a set of the spectral methods, a neural net-
work algorithms, etc.; see details in Refs. [1-34])
is used to solve the problem of quantitative mod-
eling and analysis of chaotic dynamics of a chain
of two quantum autogenerators. There are theo-
retically studied a chaos scenario generation and
obtained quantitative data on the dynamic and
topological invariants of the system in the chaotic
regime

2. Methods of studying dynamics of the la-
ser systems

As used non-linear analysis, chaos theory
and information technology methods to study-
ing non-linear dynamics of the laser systems
have been earlier in details presented [1-20] here
we are limited only by the key ideas. As usu-
ally, we formally consider scalar measurements
s(n) = s(t, + nDt) = s(n), where ¢ is the start
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time, Dt is the time step, and is # the number of
the measurements. Packard et al. [18] introduced
the method of using time-delay coordinates to re-
construct the phase space of an observed dynami-
cal system. The direct use of the lagged variables
s(n +t), where t is some integer to be determined,
results in a coordinate system in which the struc-
ture of orbits in phase space can be captured. First
approach to compute t is based on the linear auto-
correlation function. The second method is an ap-
proach with a nonlinear concept of independence,
e.g. the average mutual information. Briefly, the
concept of mutual information can be described as
follows [5,7,13]. One could remind that the auto-
correlation function and average mutual informa-
tion can be considered as analogues of the linear
redundancy and general redundancy, respectively,
which was applied in the test for nonlinearity. If a
time series under consideration have an n-dimen-
sional Gaussian distribution, these statistics are
theoretically equivalent as it is shown in Ref. [22].

The goal of the embedding dimension determi-
nation is to reconstruct a Euclidean space R? large
enough so that the set of points d, can be unfolded
without ambiguity. There are several standard ap-
proaches to reconstruct the attractor dimension
(see, e.g., [1,7,23]), but let us consider in this study
two methods only. The correlation integral analy-
sis is one of the widely used techniques to inves-
tigate the signatures of chaos in a time series. The
analysis uses the correlation integral, C(r), to dis-
tinguish between chaotic and stochastic systems.
To compute the correlation integral, the algorithm
of Grassberger and Procaccia [23] is the most com-
monly used approach. According to this algorithm,
the correlation integral is

€)= lim s ;H(H vi-y,1)

(1<i<j<N) ( 1 )
where H is the Heaviside step function with
H(u) =1 for u> 0 and H(u) = 0 for u £ 0, r is the
radius of sphere centered on 'y, or y, and N is the
number of data measurements. If the time series
is characterized by an attractor, then the integral
C(r) is related to the radius » given by

d = 1imi2gc)
i logr

2)
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where d is correlation exponent that can be de-
termined as the slop of line in the coordinates
log C(r) versus log r by a least-squares fit of a
straight line over a certain range of 7, called the
scaling region.

There are certain important limitations in the
use of the correlation integral analysis in the
search for chaos. To verify the results obtained
by the correlation integral analysis, we use sur-
rogate data method. The method of surrogate data
[1,7,19] is an approach that makes use of the sub-
stitute data generated in accordance to the proba-
bilistic structure underlying the original data.
Advanced version is presented in [7-9].

The next step is computing the Lyapunov’s ex-
ponents (LE). The LE are the dynamical invari-
ants of the nonlinear system. A negative exponent
indicates a local average rate of contraction while
a positive value indicates a local average rate of
expansion. In the chaos theory, the spectrum of LE
is considered a measure of the effect of perturbing
the initial conditions of a dynamical system. Note
that both positive and negative LE can coexist in
a dissipative system, which is then chaotic. Since
the LE are defined as asymptotic average rates,
they are independent of the initial conditions, and
therefore they do comprise an invariant measure
of attractor. In fact, if one manages to derive the
whole spectrum of the LE, other invariants of
the system, i.e. Kolmogorov entropy and attrac-
tor’s dimension can be found. The Kolmogorov
entropy, K, measures the average rate at which
information about the state is lost with time. An
estimate of this measure is the sum of the posi-
tive LE. The inverse of the Kolmogorov entropy
is equal to an average predictability.

Estimate of dimension of the attractor is pro-
vided by the Kaplan and Yorke conjecture. There
are a few approaches to computing the LE. One of
them computes the whole spectrum and is based
on the Jacobi matrix of system [27]. In the case
where only observations are given and the system
function is unknown, the matrix has to be estimat-
ed from the data. In this case, all the suggested
methods approximate the matrix by fitting a local
map to a sufficient number of nearby points.

In our work we use the method with the lin-
ear fitted map proposed by Sano and Sawada [27]
added by the neural networks algorithm [7-10].



3. Chaotic elements in dynamics of the grid
of two autogenerators and conclusions

Here we present results of non-linear analysis
of the chaotic oscillations in a grid of two autogen-
erators. Dynamics of this systems has intensively
studied from the viewpoint of the corresponding
differential equations solutions (e.g. [2,14,15]).
In Refs.[2,14,15] the time series for the character-
istic vibration amplitude are presented in a case
of two semiconductors lasers connected through
general resonator. We have studied the time se-
ries in a regime of the hyper chaos (input data
contain 4096 points). Firstly we have computed
the variations of the autocorrelation coefficient
for the amplitude level. Autocorrelation function
exhibits some kind of exponential decay up to a
lag time of about 100 time units. Such an ex-
ponential decay can be an indication of the pres-
ence of chaotic dynamics in the process of the
level variations. On the other hand, the autocor-
relation coefficient failed to achieve zero, i.e. the
autocorrelation function analysis not provides us
with any value of t. Such an analysis can be cer-
tainly extended to values exceeding 1000, but it
is known that an attractor cannot be adequately
reconstructed for very large values of t. The cor-
relation dimension is computed on the basis of the
correlation integral scheme.

To verify the results obtained by the correla-
tion integral analysis, we use surrogate data meth-
od. The method of surrogate data is an approach
that makes use of the substitute data generated in
accordance to the probabilistic structure underly-
ing the original data. This means that the surro-
gate data possess some of the properties, such as
the mean, the standard deviation, the cumulative
distribution function, the power spectrum, etc.,
but are otherwise postulated as random, gener-
ated according to a specific null hypothesis. We
have evaluated the percentage of false nearest
neighbours that was determined for the amplitude
level series, for phase-spaces reconstructed with
embedding dimensions from 1 to 20. In Table
1 we list the computed values of the correlation
dimension d,, embedding dimension d, which
are computed on the basis of the false nearest
neighbouring points algorithm with noting (%) of
false points for different values of the lag time t.
Accordingly in Table 2 we list the computed val-

ues of the Kaplan-York attractor dimension (d,),
LE (1, i=1-3) and the Kolmogorov entropy (K_ ).

Table 1
The correlation dimension d, , embedding di-
mension d_, which are computed on the basis
of the false nearest neighbouring points algo-
rithm with noting (%) of false points for differ-

ent values of the lag time t

T d, (dy)

64 7.9 10 (12)

10 7.1 8(1.2)

12 7.1 8(1.2)
Table 2

The Kaplan-York attractor dimension (d, ), LE (1,
i=1-3) and the Kolmogorov entropy (K_ ) for the
system of two semiconductors lasers connected
through general resonator (the hyperchaos regime)

7\'1 }\'2 7\'3 dL entr
0.515 0.198 -0.146 6.9 | 0.745
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NEW NONLINEAR ANALYSIS, CHAOS THEORY AND INFORMATION
TECHNOLOGY APPROACH TO STUDYING DYNAMICS OF CHAIN OF QUANTUM
AUTOGENERATORS

Abstract

Chaos-geometric approach that consistently includes a number of new or improved known meth-
ods of analysis (the correlation integral, the fractal analysis, algorithms of the average mutual infor-
mation, and false nearest neighbors, the Lyapunov exponents analysis, the Kolmogorov entropy, the
method of surrogate data, a set of the spectral methods, a neural network algorithms, etc. .) is used to
solve the problem of quantitative modeling and analysis of chaotic dynamics of a chain of two quan-
tum autogenerators. There are theoretically studied a chaos scenario generation and obtained quantita-
tive data on the dynamic and topological invariants of the system in the chaotic regime.

Keywords: chain of quantum autogenerators, dynamics, chaos, nonlinear analysis
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I I1. Ilpenenuysa, C. B. bpycenyesa, A. B. [{yoopes, O. IO. Xeyenuyc, I1. I bawkapvos

HOBBIN TOJXO0J HA OCHOBE HEJIMHEWMHOI'O AHAJIN3A, TEOPUU XAOCA U
NHO®OPMANMOHHbBIX TEXHOJIOI'MU K U3YYEHUIO JUHAMHWKHU KBAHTOBbIX
I'EHEPATOPOB U JIABEPHBIX CUCTEM

Pe3rome

Xaoc-reoMeTpu4eCcKuil MoX0/1, KOTOPBIA €IMHOOOPa3HO BKJIHOYAET Psii HOBBIX MJIM YCOBEPILEH-
CTBOBAHHBIX M3BECTHBIX METOJIOB aHaIH3a (KOPPEIAIMOHHBIN HHTETpasl, (GpakTaIbHBIA aHATU3, aJl-
TOPUTMBI CpeIHEN B3aUMHON MH(OpPMAILINHU, JIOKHBIX OMMKAWIINX coceneid, mokaszarenu JIsmyHoBa,
3HTp0HI/15[ KOJIMOFOpOBa, METOI cypporaTme JaHHBbIX, CHeKTpaJIBHBIe METOAbI, HCprOCCTeBBIe aJl-
TOPUTMBI U T.J.) UCTIOJB30BaH JJIsi PEIICHUS 3a7a4u KOJIWYECTBEHHOTO MOJCIMPOBAHUS M aHATN3a
Xa0TUYECKOM JUHAMUKH LEMOYKH JABYX KBAaHTOBBIX aBTOT€HEPATOPOB. TeopeTHueCcKr U3yUyeH ClIeHa-
pPIfI reHepam/H/I Xxaocau HOJIy‘ICHI)I KOJIMYCCTBCHHBIC JAHHBIC 110 JUHAMUYCCKHUM U TOIMIOJIOTUYCCKHUM
WHBapUaHTaM CHCTEMBI B XaOTHYECKOM PEKUME.

KurroueBble cj10Ba: 11enoyka KBAHTOBBIX aBTOI'€HEPATOPOB, IMHAMUKA, Xa0C, HETMHEWHBIN aHAIIU3
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I I1. Ilpenenuysa, C. B. bBpycenyesa, A. B. [{yoopes, O. IO. Xeyenuyc, I1. I bawkapvos

HOBMH MIJAXIT HA OCHOBI HEJIIHIMHOT'O AHAJII3Y, TEOPIi XAOCY TA
IHOOPMAIIMHUX TEXHOJIOI'TK 10 BUBYEHHSA JTUHAMIKHA JIAHIIOKKA
KBAHTOBUX ABTOI'EHEPATOPIB

Pesrome

Xaoc-reoOMeTpUYHHUH MiAX1, 0 OHOMAHITHO BKJIIOYA€ HU3KY HOBHX a00 YIOCKOHAJEHUX BiJIO-
MHUX METOJIIB aHaJIi3y (KOpeIAiHHUH iHTerpal, ppakTanbHU aHali3, aITOPUTMH CEPETHBOI B3aEMHOT
iHpopMarii, XuOHUX HAMOMMKINX CyCiiB, Moka3Huku JlamyHoBa, entpornis Koinmoroposa, cyporar-
HUX JJaHUX, HEJIIHIMHUNA IPOrHO3, CIEKTPaJIbHI METOAM, HEHPOMEPEKEBI AITOPUTMH TOILI0) BUKOPHUC-
TaHUN JJI BUPIMICHHA 3a/lad KUIbKICHO MOJIEJIOBAHHS Ta aHaji3y XaOTHYHOI JUHAMIKHU JIAHIIOKKA
KBaHTOBUX aBTOTeHeparopiB. TeopeTHuHO BUBUCHUH cLieHapiil reHepalii xaocy, OTpuMaHi KiIbKiCHI
JIaH1 10 TMHAMIYHUM Ta TOTOJIOTTYHUM 1HBapiaHTaM CUCTEMHU Y XaOTHIHOMY PEIKUMI.

Kuro4oBi cj10Ba: aHIIOKOK KBAaHTOBUX aBTOT€HEPATOPIB, TMHAMIKA, Xa0C, HEMHIMHUN aHaATI3
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RELATIVISTIC THEORY OF EXCITATION AND IONIZATION OF HEAVY ALKALI RYDBERG
ATOMS IN A BLACK-BODY RADIATION FIELD: NEW DATA

The combined relativistic energy approach and relativistic many-body perturbation theory with the zeroth
Dirac-Fock potential approximation are used for computing the thermal Blackbody radiation ionization
characteristics of the alkali Rydberg atoms, in particular, the rubidium and caesium in Rydberg states with
principal quantum number n=20-100. Preliminary application of theory to computing ionization rate for the
Rydberg sodium atom in the have demonstrated physically reasonable agreement between the theoretical and
experimental data. The accuracy of the theoretical data is provided by a correctness of the corresponding
relativistic wave functions and accounting for the exchange-correlation effects.

In Refs. [1,2] it has been proposed a combined
relativistic energy approach and relativistic many-
body perturbation theory with the zeroth model
potential approximation for determination the
thermal Blackbody radiation ionization charac-
teristics of the Rydberg atoms. As example, there
have been computed the ionization parameters of
the sodium in Rydberg states with n=17,18,40-70.

A great progress in experimental laser physics
and appearance of the so called tunable lasers al-
low to get the highly excited Rydberg states of at-
oms. In fact this is a beginning of a new epoch in
the atomic physics with external electromagnetic
field. It has stimulated a great number of papers
on the ad and dc Stark effect [1-12].

From the other side, the experiments with Ryd-
berg atoms had very soon resulted in the discovery
of an important ionization mechanism, provided by
unique features of the Rydberg atoms. Relatively
new topic of the modern theory is connected with
consistent treating the Rydberg atoms in a field of
the Blackbody radiation (BBR). It should be noted
that the BBR is one of the essential factors affect-
ing the Rydberg states in atoms [1].

The account for the ac Stark shift, fast redistri-
bution of the levels’ population and photoioniza-
tion provided by the environmental BBR became
of a great importance for successfully handling
atoms in their Rydberg states.

The most popular theoretical approaches to
computing ionization parameters of the Rydberg
atom in the BBR are based on the different ver-
sions of the model potential (MP) method, quasi-
classical models. It should be mentioned a simple
approximation for the rate of thermal ionization
of Rydberg atoms, based on the results of our sys-
tematic calculations in the Simons-Fues MP [1].
In fact, using the MP approach is very close to the
quantum defect method and other semi-empirical
methods, which were also widely used in the past
few years for calculating atom—field interaction
amplitudes in the lowest orders of the perturba-
tion theory. The significant advantage of the Si-
mons-Fues MP method in comparison with other
models is the possibility of presenting analyti-
cally (in terms of the hypergeometric functions)
the quantitative characteristics for arbitrarily high
orders, related to both bound-bound and bound—
free transitions. Naturally, the standard methods
of the theoretical atomic physics, including the
Hartree-Fock and Dirac-Fock approximations
should be used in order to determine the thermal
ionization characteristics of neutral and Rydberg
atoms [2]. One could note that the correct treat-
ing of the heavy Rydberg atoms parameters in an
external electromagnetic field, including the BBR
field, requires using strictly relativistic models. In
a case of multielectron atomic systems it is neces-
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sary to account for thee exchange-correlation cor-
rections.

Here we apply an energy approach [11-16]
and relativistic perturbation theory (PT) with the
Dirac-Fock zeroth approximation [16-20] to com-
puting the thermal BBR ionization characteristics
of the heavy alkali Rydberg atoms, in particular,
the rubidium, caesium. It is self-understood that
the other alkali elements are also of a great actual-
ity and importance.

Qualitative picture of the BBR Rydberg at-
oms ionization is in principle easily understand-
able. Even for temperatures of order T=10* K, the
frequency of a greater part of the BBR photons
o does not exceed 0.1 a.u. One could use a sin-
gle- electron approximation for calculating the
ionization cross section o, (w). The latter appears
in a product with the Planck’s distribution for the
thermal photon number density:

2
w

, 1
ric’lexp(o/ F )-1] )
where £=3.1668x107¢ a.u., K™! is the Boltzmann
constant, ¢ = 137.036 a.u. is the speed of light.
Ionization rate of a bound state n/ results in the

integral over the Blackbody radiation frequen-
cies:

pw,T) =

P, (T)=c Taﬁ (w)p(w,Tdw .

|Ey |

)

The ionization cross-section from a bound
state with a principal quantum number » and or-
bital quantum number / by photons with frequen-
cy w is as follows:

Ar’w 5

O, (a’)zm[ PN

+U+DM] ] ®
where the radial matrix element of the ioniza-
tion transition from the bound state with the ra-
dial wave function R (r) to continuum state with
the wave function R, (r) normalized to the delta
function of energy. The corresponding radial ma-
trix element looks as:
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We apply a generalized energy approach [11-
15] and relativistic perturbation theory with the
MP zeroth approximation [16-20] to computing
the Rydberg atoms ionization parameters. In rela-
tivistic theory radiation decay probability (ioni-
zation cross-section etc) is connected with the
imaginary part of electron energy shift. The total
energy shift of the state is usually presented in the
form: DE = ReDE + i G/2, where G is interpreted
as the level width, and a decay probability P =
G. The imaginary part of electron energy shift is
defined in the PT lowest order as:

62

mABEB =-<  y vl
T a>n>f
[a<n< £]

(6)

where (a>n>f) for electron and (a<n<f) for va-
cancy. The matrix element is determined as fol-
lows:

‘A;})J/ =[ d1d 061 )0 (1)

sin‘a)‘rl

(010904 20 (1)

h
‘%ﬂ:ldldﬂ;( l/ﬂj(fz)squ(1'0103)@Zfzﬂf(f1)
‘ 1 (7)

Their detailed description of the matrix ele-
ments and procedure for their computing is pre-
sented in Refs. [12,13,15]. The relativistic wave
functions are calculated by solution of the Dirac
equation with the potential, which includes the
Dirac-Fock consistent field potential and addi-
tionally polarization potential [20]. All calcula-
tions are performed on the basis of the numeral
code Superatom-ISAN (version 93).

In Ref[1] there were presented the results
of computing the ionization rate calculation for
the Rydberg sodium atom in the states (17,18D,
18P) at temperatures of 300 K and 500 K and ob-
tained physically reasonable agreement between
the theoretical and experimental (by Kleppner
etal and Burkhardt etal [4,5]) data. Besides, there
are listed new results for for the Rydberg sodium
atom ionization rate (s') with n=20-70 induced
by BBR radiation (T = 300 K) . Here (Table 1)



we present new data on the ionization rate (s™) for
different alkali atoms Rydberg states (with n=20-
70) induced by BBR radiation (T =300 K) .

Table 1.

Ionization rate (s) for the heavy alkali atoms
in the Rydberg states (with n = 20-100), in-
duced by BBR radiation (T = 300 K; our data).

Atom 20 30 40
KS 80.5 103 84.5
KP 201 210 159
KD 736 584 391
Rb S 118 170 130
Rb P 159 172 125

Rb D 718 621 432
CsS 108 181 150
CsP 471 597 451
CsD 465 495 368

Atom 50 70 100
KS 66.4 37 17
KP 113 61 27
KD 264 128 57
Rb S 105 60 28
Rb P 89 45 18

Rb D 298 151 68
CsS 114 66 29
CsP 329 1671 78
CsD 261 140 67

Obviously, the accuracy of the theoretical data
is provided by a correctness of the corresponding
relativistic wave functions and accounting for the

exchange

-correlation effects.
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RELATIVISTIC THEORY OF EXCITATION AND IONIZATION OF HEAVY ALKALI
RYDBERG ATOMS IN A BLACK-BODY RADIATION FIELD: NEW DATA

Abstract

The combined relativistic energy approach and relativistic many-body perturbation theory with
the zeroth Dirac-Fock potential approximation are used for computing the thermal Blackbody radia-
tion ionization characteristics of the alkali Rydberg atoms, in particular, the rubidium and caesium
in Rydberg states with principal quantum number n=20-100. Preliminary application of theory to
computing ionization rate for the Rydberg sodium atom in the have demonstrated physically reason-
able agreement between the theoretical and experimental data. The accuracy of the theoretical data
is provided by a correctness of the corresponding relativistic wave functions and accounting for the
exchange-correlation effects.

Key words: Rydberg alkali atoms, relativistic theory, radiation field.

VIIK 539.182
11 A. 3auuko

PEJIATUBUCTCKASA TEOPUA BO3BYXIEHUA U MOHU3AIUU TAXKEJIBIX IIE-
JIOYHBIX PUABEPTOBCKHUX ATOMOB B IIOJIE U3JIYYEHUSA YEPHOI'O TEJIA: HO-
BbIE IAHHBIE

Pesrome

KoMOMHUPOBaHHBIN PENATUBUCTCKUN SHEPTUTUYECKUN MOAXOA M PEIATHBHCTCKAs TEOPHUS
BO3MYIIICHUH MHOTHUX Tl C ONTHMH3HPOBAHHBIM JUPAK-(OKOBCKUM HYJIEBBIM MPUOIMKEHUEM
UCTIOJIB3YIOTCSI JITIs1 BBIYMCICHHUS HOHU3AIIMOHHBIX XapaKTEePUCTHK IEIOUYHBIX pUIOEPrOBCKUX aTOMOB
B I10JI€ TETJIOBOTO U3JTy4YEHHUS YEPHOTO TeJla, B YaCTHOCTH, aTOMOB PYyOHIUS U LIe3Us B PUIOEPTOBCKUX
COCTOSIHMSIX C IVIaBHBIM KBaHTOBBIM uuciaoM n=20-100. [IpenBaputenbHOoe NPpUMEHEHHE TEOPUU K
BBIYUCIICHUIO CKOPOCTH MOHHM3ALIMU aTOMa HAaTPHsI pUAOEPTOBCKUX COCTOSIHUAX MPOJEMOHCTPUPOBAIIO
¢u3nUecKn pasyMHOE COIIaCHE MEXIy TEOPETUYECKUMH M HKCIIEPUMEHTAIbHBIMU JIAHHBIMH.
TOYHOCTB TEOPETUYECKUX TAHHBIX 00ECIIEYMBACTCS KOPPEKTHOCTHIO BBIYMCICHHUS COOTBETCTBYIOIINX
PENATUBUCTCKUX BOJHOBBIX (DYHKIIMIA U MOJHOTOW yyeTa 0OMEHHO-KOPPETSIUOHHBIX 3((EKTOB.

KiroueBble cjioBa: puaOeproBCKUE INEIOYHBIE aTOMBI, PEISTUBUCTCKAas TEOPHUs, TEIIOBOE
U3JTy4YeHHUE.
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VIIK 539.182
11. O. 3aiuko

PEJIITUBICTCHKA TEOPISI 3BYPEHHSI TA IOHI3ALIT BAXKKHX JTYKHIAX
PIIBEPTIBCBLKMX ATOMIB Y ITOJII BAIIPOMIHIOBAHHSI YOPHOT'O TLJIA:
HOBI JAHI

Pesrome

KombiHOBaHMI pPENATUBICTCHKUM EHEPreTMYHMH MiAXiJ 1 peIsITHBICTChKAa Teopis 30ypeHb
0aratb0X TUI 3 3 ONTHUMI30BaHUM ipaK-(OKIBCHKUM HYJIHOBHUM HAOIMKEHHSM BUKOPHUCTOBYIOTHCS
JUIs OOYMCIICHHS 10HI3alIMHUX XapaKTEPUCTUK JYKHHUX PiAOepriBCHKUX aTOMIB B IMOJI TEIUIOBOTO
BUIIPOMIHIOBaHHSI a0COJIOTHO YOPHOTO Tija, 30KpeMa, aToMiB pyOiiio 1 1e3i0 B piaOepriBChKUX
CTaHax 3 TOJIOBHUM KBaHTOBUM umciioM n = 20-100. [Tonepenne 3acTrocyBaHHs TEOPii JO OOUUCICHHS
MIBUJIKOCTI 10HI3aIlil aToMa HATpPil0 pUAOEProBCKUX CTaHAX MPOIEMOHCTPYBAIO (i3UYHO PO3YMHY
3roly MiK TEOPETHYHUMH 1 EKCIIePUMEHTAIbHUMH JaHUMHU. TOYHICTH TEOPETUYHHMX JTaHUX
3a0e3MeYy€eThCsl KOPEKTHICTIO OOYHMCICHHS BIAMOBIIHUX PENATUBICTCHKUX XBWJIBOBUX (YHKLIN 1
MOBHOTOIO YpaxyBaHHS 0OMiHHO-KOPEJSAIIHHNX e(eKTiB.

KurouoBi ciioBa: pinOepriBebKi JyKHI aTOMHU, PENSTUBICTCHKA TEOPis, TEIUIOBE BUITPOMiHIOBaHHS.
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STUDYING PHOTOKINETICS OF THE IR LASER RADIATION EFFECT ON MIXTURE
OF THE CO2-N2-H20 GASES FOR DIFFERENT ATMOSPHERIC MODELS

A kinetics of energy exchange in the mixture of the atmosphere CO,-N,-H,0 gases under passing
the powerful CO, laser radiation pulses within the three-mode model of kinetical processes is studied.
More accurate data for the absorption coefficient are presented.

At present time the environmental physics has
a great progress, provided by implementation of
the modern quantum electronics and laser phys-
ics methods and technologies in order to study
unusual features of the “laser radiation- substance
(gases, solids etc.) interaction. A special inter-
est attracts a problem of interaction of the pow-
erful laser radiation with an aerosol ensemble
and search of new non-linear optical effects. The
latter is directly related with problems of mod-
ern aerosol laser physics (c.f.[1-13]). One could
remind that there is a redistribution of molecules
on the energy levels of internal degree of freedom
in the resonant absorption of IR laser radiation by
the atmospheric molecular gases. As a result of
quite complicated processes one could define an
essential changing of the gases absorption coef-
ficient due to the saturation of absorption [1].

One interesting effect else to be mentioned is
an effect of the kinetic cooling of environment
(mixture of gases), as it was at first predicted in
ref. [2,5]. Usually the effect of kinetical cool-
ing (CO,) in a process of absorption of the laser
pulse energy by molecular gas is considered for
the middle latitude atmosphere and for special
form of a laser pulse. Besides, the approximate
values for constants of collisional deactivation
and resonant transfer in reaction CO,-N, are usu-
ally used. In series of papers (see, for example,

[11-13], computational modelling of the energy
and heat exchange kinetics in the mixture of the
CO,-N-H,0 atmospheric gases interacting with
IR laser radiation has been carried out within the
general three-mode kinetical model. It is obvious
that using more precise values for all model con-
stants and generally speaking the more advanced
atmospheric model parameters may lead to quan-
titative changing in the temporary dependence of
the resonant absorption coefficient by CO,.

Let us remind that the creation and accumula-
tion of the excited molecules of nitrogen owing to
the resonant transfer of excitation from the mol-
ecules CO, results in the change of environment
polarizability. Perturbing the complex conductiv-
ity of environment, all these effects are able to
transform significantly the impulse energetics
of IR lasers in an atmosphere and significantly
change realization of different non-linear laser-
aerosol effects.

The aim of this paper is to present more accu-
rate data for kinetics of energy and heat exchange
in the mixture CO,-N_-H 0 gases in atmosphere
under passing the powerful CO, laser radiation
pulses on the basis of using the more advanced
atmospheric model and more precise values for
all kinetical model constants.

As usually, we start from the modified three-
mode model of kinetic processes (see, for exam-
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ple, [1,11-13] in order to take into consideration
the energy exchange and relaxation processes in
the CO,— N, — H,O mixture interacting with a la-
ser radiation. As in ref. [11-13] we consider a ki-
netics of three levels: 10°0, 00°1 (CO,) and v =1
(N,). Availability of atmospheric constituents O,
and H,O is allowed for the definition of the rate
of vibrating-transitional relaxation of N,. The sys-
tem of balance equations for relative populations
is written in a standard form as follows:

?=—B(w+2§o A +h 0 +208 )XIO,
92 o —(@+ 0+ By )+ @3+ B A
7 %
a

CI=002-(0+ B )m+ By X

(1

Here the following notations are used:

XIZNIOO/NO 20
x2:N001/N0 20 (2)
x,= 8Ny, /Ng ,

where N, N,

100, 001

00°1 (CO,); Ny, is the level population v = 1

are the level populations 10°0,

(N,); N, , is the concentration of CO, molecules;
0 is the ratio of the common concentrations of

CO, and N, in the atmosphere (6 = 3.85x10); x/

, x5 and x; are the equilibrium relative values of
populations under gas temperature 7:

x =exp(- £ /7).

2 = =exp(B,/7);
H=1 3)
The values E| and E, in (1) are the energies
(K) of levels 10°0, 00°1 (consider the energy of
quantum N, equal to E)); P,, P, and P, are the
probabilities (s!) of the collisional deactivation of
levels 10°0, 00°1 (CO,) and v =1 (N,), Q is the
probability (s) of resonant transfer in the reac-
tion CO, — N,,» is the probability (s) of CO,
light excitation, g = 3 is the statistical weight of
level 02°0, B = (1+g)"' = 1/4. As usually, the so-
lution of the differential equations system (1) al-
lows defining a coefficient of absorption of the
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radiation by the CO, molecules according to the
formula:

ap , =0(x - )Ny ,- 4)
The o in (4) is dependent upon the thermody-
namical medium parameters as follows [2]:

1
o= o0 P[T]A, )

AN

Here T and p are the air temperature and pres-
sure, o, is the cross-section of resonant absorp-
tion under 7= T, p = p,. One could remind that
the absorption coefficient for carbon dioxide and
water vapour is dependent upon the thermody-
namical parameters of aerosol atmosphere. In
particular, for radiation of CO,-laser the coef-
ficient of absorption by atmosphere defined as

A, =0¢g , t0y isequal in conditions, which
are typical for summer mid-latitudes, (xg(H=O) =
2.4-10° cm!, from which 0.8:10° cm™ accounts
for CO, and the rest — for water vapour (data are
from ref. [2]) . On the large heights the sharp de-
crease of air moisture occurs and absorption coef-
ficient is mainly defined by the carbon dioxide.
The changing population of the low level 10°0
(CO,), population of the level 00°1, the vibrat-
ing-transitional relaxation (VT-relaxation) and
the inter modal vibrating-vibrating relaxation
(VV’-relaxation) processes define the physics
of resonant absorption processes. Moreover, the
above indicated processes result in a redistribu-
tion of the energy between the vibrating and tran-
sitional freedom of the molecules. According to
ref.[1], the threshold value, which corresponds
to the decrease of absorption coefficient in two
times, for the strength of saturation of absorption
in vibrating-rotary conversion give [ = (2~ 5)
10° W cm™ for atmospheric CO,. In this case the
pulse duration 7, must satisfy the condition 7, <
t <t,, where 7, and ¢, are the times of rotary
and vibrating-transitional relaxation’s. by The
fast exchange of level 10°0 with basic state, and
by the relatively slow relaxation of high level
00°1define a renewal process of thermodynamic
equilibrium is characterized. The latter provides
an energy outflow from the transitional degree of
freedom onto vibrating ones and in the cooling



of environment. It is easily understand that using
more powerful laser radiation sources can lead to
a strong non-linear interaction phenomena and, as
result, significantly change a photo-kinetics of the
corresponding processes.

In table 1 we present mode accurate our data
(column C) for the relative coefficient of

absorptionag ,, which is normalized on the
linear coefficient of absorption, calculated using
(1) on corresponding height H. All data for

ap ,are obtained for the height distribution of
the pressure and temperature according to the
advanced mid-latitude atmospheric model (all
data are presented in series of refs. [14-20]). In
table 1 there are presented also the analogous data
from ref. [2] (column A) , from ref. [13] (column
B).

Table 1.
Temporary dependence of resonant absorption

relative coefficient ag (sm™) oflaserradiation
(4=10,6pm ) by CO, for rectangular (R) laser
pulses (intensity I=105 W/sm?) on the height
(H, km) for the mid-latitude atmospheric
model [1]: A- data of modelling [2]; B- data
of modelling [13], C- data of modelling [14], D-

this work
T A[2] Al2] B[13] | B[13]
us | 10xI; R | 10xL;R | 10xI; G | 10xI; G
H=0 H=10 H=0 H=10
0 1,0 1,0 1,0 1,0
1 0,60 0,12 0,57 0,13
2 0,52 0,08 0,46 0,05
3 0,63 0,27 0.59 0,19
4 0,67 0,35 0,64 0,28
T C[14] C[14] D, this | D, this
us 10xI; 10xI; G | 10xI; G | 10x]; G
G H=10 H=0 H=10
H=0
0 1,0 1,0 1,0 1,0
1 0,54 0,11 0,54 0,11
2 0,42 0,04 0,42 0,04
3 0.57 0,16 0.57 0,16
4 0,60 0,25 0,60 0,25

In Refs.[2 13,14] the analogous data for the

relative coefficient of absorption <@g ,and the

height distribution of pressure and temperature
are presented and obtained in a case of using the
Odessa-latitude atmospheric conditions according
to atmospheric model [7,8]. Here we use the
world standard atmospheric model conditions
[14-20]. Important moment is also connected
with the more correct choice of probabilities P,
P, and P, of the collisional deactivation of levels
10°0, 00°1 (CO,) and v = 1 (N,), probability Q
of resonant transfer in the reaction CO, — N,
probability @ of CO, light excitation and other
constants in comparison with refs. [2,13]. Let us
in conclusion to note that obviously a quality of
choice of the corresponding molecular constants
and the corresponding atmospheric model
parameters is of a great importance in modelling
the effect of kinetic cooling of the CO, under
propagation of the laser radiation in atmosphere.
Naturally, principally another situation will occur
in a case of the super intense laser pulses using
for the atmosphere monitoring. Obviously, the
modified model of photokinetical processes is to
be developed in this case.
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STUDYING PHOTOKINETICS OF THE IR LASER RADIATION EFFECT ON MIXTURE
OF THE CO,-N,-H,0 GASES FOR DIFFERENT ATMOSPHERIC MODELS

Abstract. A kinetics of energy exchange in the mixture of the atmosphere CO_-N,-H,0 gases under
passing the powerful CO, laser radiation pulses within the three-mode model of kinetical processes is
studied. More accurate data for the absorption coefficient are presented.

Key words: photokinetics, laser field, mixture of gases, atmospheric model
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W3YYEHUE ®OTOKMHETUKHU B3AUMOJIENACTBUS UK JIASEPHOI'O U3JIYYEHUSA
CO CMECBIO CO,-N,-H,0 T'A30B JJIs1 PASHBIX ATMOC®EPHbBIX MOJIEJIEA

Pestome. Paccmorpena orokunernka sneprooomena B cmecu CO,-N, -H,0 armocdepHbIx razos
TIPU NPOXOXKJEHUH Yepes arMocdepy mominoro usinydenus CO, nazepa B paMKax yTOYHEHHOU 3-Mo-
JIOBOI MOJIeNIn KHHETUYeCKUX nporieccoB. [lomyueHsl Oonee ToUHbIE 3HAYSHUS KOAPPHUIUEHTA T10-

IJIOLIECHMS.
KiroueBble ci1oBa: HOTOKMHETHKA, JTa3€PHOE 0JIE, CMECh Ta30B, aTMOC(hepHas MOAEIb

VK 530.182:510.42

1O. bynsaxosa, T. @nopro, O. Iywkos, B. Mancapniticoxuu, I Ilpenenuys, A. Ceunapenxo

JTOCJJIIKEHHA ®OTOKIHETUKH B3AEMO/III 1Y JIASEPHOI'O BUITPOMIHIOBAHHS
I3 CYMIIIEA CO,-N,-H,0 I'A3IB JIJIs1 PI3BHUX ATMOC®EPHUX MOJEJEH

Pesrome. PosrngHyTo (1)OTOK1H€TI/I'Ky eHeproo6M1§y y cymimy CO,-N.-H, 0 armocdepuunx rasis npu
IPOXOKEHHI CKpi3b armocgepy minHoro sunpominoBanHa CO, nasepa y Mexax yTOYHEHOiI 3-Mo-
JOBOT MOJIeNl KIHETUYHUX MporeciB. OTprMaHi O1IbII TOUHI OLIHKK JUIS KOe(ili€eHTa MOTIMHAHHS.

Kuouosi ciioBa: porokineTrka, 1azepHe mojie, CyMill ra3iB, atMoc(epHa Moselb
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NONLINEAR DYNAMICS OF RELATIVISTIC BACKWARD-WAVE TUBE
INAUTOMODULATION AND CHAOTIC REGIME WITH ACCOUNTING
THE EFFECTS WAVES REFLECTION, SPACE CHARGE FIELD
AND DISSIPATION

It has been performed quantitative modelling, analysis, forecasting dynamics relativistic backward-
wave tube (RBWT) with accounting relativistic effects, dissipation, a presence of space charge etc.
There are computed the temporal dependences of the normalized field amplitudes (power) in a wide
range of variation of the controlling parameters which are characteristic for distributed relativistic
electron-waved self-vibrational systems: electric length of an interaction space N, bifurcation
parameter L and relativistic factor y0. The computed temporal dependence of the field amplitude
(power) are very well correlated with the results by Ryskin-Titov, who give the detailed studying the
RBWT dynamics with accounting the reflection effect, but without accounting dissipation effect and
space charge field influence etc. The analysis techniques including multi-fractal approach, methods of
correlation integral, false nearest neighbour, Lyapunov exponent’s, surrogate data, is applied analysis of
numerical parameters of chaotic dynamics of RBWT. There are computed the dynamic and topological
invariants of the RBWT dynamics in auto-modulation(AUM)/chaotic regimes, correlation dimensions
values), embedding, Kaplan-York dimensions, Lyapunov’s exponents (LE: +,+) Kolmogorov entropy.

1. Introduction

The backward-wave tube is an electronic de-
vice for generating electromagnetic vibrations
of the superhigh frequencies range. In refs.[1-
14] there have been presented the temporal de-
pendences of the output signal amplitude, phase
portraits, statistical quantifiers for a weak chaos
arising via period-doubling cascade of self-mod-
ulation and for developed chaos at large values of
the dimensionless length parameter. The authors
of [1-14] solved the different versions of system
of equations of nonstationary nonlinear theory for
the O type backward-wave tubes with and with-
out account of the spatial charge, without energy
losses etc. It has been shown that the finite-di-
mension strange attractor is responsible for cha-
otic regimes in the backward-wave tube.

In our work it has been performed quantitative
modelling, analysis, forecasting dynamics relativ-
istic backward-wave tube (RBWT) with account-
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ing relativistic effects (g,>1), dissipation, a pres-
ence of a space charge field etc. There are com-
puted the temporal dependences of the normalized
field amplitudes (power) in a wide range of varia-
tion of the controlling parameters which are char-
acteristic for distributed relativistic electron-waved
self-vibrational systems: electric length of an inter-
action space N, bifurcation parameter L one and
relativistic factor g,. The computed temporal de-
pendence of the field amplitude (power) are very
well correlated with the results by Ryskin-Titov
[7], who give the detailed studying the RBWT dy-
namics with accounting the reflection effect, but
without accounting dissipation effect and space
charge field influence etc.

2. Method and Results

As the key ideas of our technique for nonlinear
analysis of chaotic systems have been in details
presented in refs. [ 13-28], here we are limited only



by brief representation. The first important step is
a choice of the model of the RBWT dynamics.
We use the standard non-stationary theory [3-7],
however, despite the cited papers we take into ac-
count a number of effects, namely, influence of
space charge, dissipation, the waves reflections
at the ends of the system and others [12,13]. Usu-
ally relativistic dynamics is described system of
equations for unidimensional relativistic electron

phase ¢(z0e,) (which moves in the interaction
space with phase ¢, (¢,I[0; 2p]) and has a coor-
dinate z at time moment t) and field unidimen-

A _ I A 2
sional complex amplitude F(&;O) =E/ (230UC )

as [240, 249]:
02010 =Ly 1+ ——00/8¢) - BT"
27N
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with the corresponding boundary and initial con-
ditions. In is important to note that the system
studied has a few controlling parameters which
are characteristic for distributed relativistic elec-
tron-waved self-vibrational systems: electric
length of an interaction space N, bifurcation pa-

rameter L =228 /y, (here C- isthe known Piers

parameter) and relativistic factor 7, = (1-/5,)""
. As input parameters there were taken following
initial values: relativistic factor g =1.5 (further
we will increase g, in 2 and 4 times), electrical

length of the interaction space N =kl { 27)=10,
electrons speed v,=0.75c, vrp=0.250, dissipation
parameter D = 5Db, starting reflection param-

eters: s = 0.5, r=0.7, 0<@ <2p . A choice of j due
to the fact that the dependence upon it is periodic.
The influence of reflections leads to the fact that
bifurcational parameter L begins to be dependent
on the phase j of the reflection parameter (see
discussion regarding it in [7,8]).

Since processes resulting in the chaotic behav-
iour are fundamentally multivariate, it is neces-

sary to reconstruct phase space using as well as
possible information contained in the dynami-
cal parameter s(n), where n the number of the
measurements. Such a reconstruction results in a
certain set of d-dimensional vectors y(#n) replac-
ing the scalar measurements. Packard et al. [19]
introduced the method of using time-delay coor-
dinates to reconstruct the phase space of an ob-
served dynamical system. The direct use of the
lagged variables s(n + t), where t is some integer
to be determined, results in a coordinate system
in which the structure of orbits in phase space can
be captured. Then using a collection of time lags
to create a vector in d dimensions, y(n) = [s(n),
s(n +t), s(n + 2t),....,s(n + (d-1)t)], the required
coordinates are provided. In a nonlinear system,
the s(n + jt) are some unknown nonlinear com-
bination of the actual physical variables that
comprise the source of the measurements. The
dimension d is called the embedding dimension,
d,. According to Mafi¢ and Takens [24,25], any
time lag will be acceptable is not terribly useful
for extracting physics from data. The autocorre-
lation function and average mutual information
can be applied here. The first approach is to com-
pute the linear autocorrelation function C,(d) and
to look for that time lag where C,(d) first passes
through zero (see [18]). This gives a good hint of
choice for t at that s(n + jt) and s(n + (j + 1)t) are
linearly independent. a time series under consid-
eration have an n-dimensional Gaussian distribu-
tion, these statistics are theoretically equivalent
(see [15]). The goal of the embedding dimension
determination is to reconstruct a Euclidean space
R?large enough so that the set of points d, can be
unfolded without ambiguity. In accordance with
the embedding theorem, the embedding dimen-
sion, d,, must be greater, or at least equal, than
a dimension of attractor, d , i.e. d, > d . In other
words, we can choose a fortiori large dimension
d,, e.g. 10 or 15, since the previous analysis pro-
vides us prospects that the dynamics of our sys-
tem is probably chaotic. However, two problems
arise with working in dimensions larger than real-
ly required by the data and time-delay embedding
[5,6,18]. First, many of computations for extract-
ing interesting properties from the data require
searches and other operations in R? whose com-
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putational cost rises exponentially with d. Sec-
ond, but more significant from the physical point
of view, in the presence of noise or other high-D
contamination of the observations, the extra di-
mensions are not populated by dynamics, already
captured by a smaller dimension, but entirely by
the contaminating signal. There are several stand-
ard approaches to reconstruct the attractor dimen-
sion (see, e.g., [3-6,15]). The correlation integral
analysis is one of the widely used techniques to
investigate the signatures of chaos in a time se-
ries. The analysis uses the correlation integral,
C(r), to distinguish between chaotic and stochas-
tic systems. To compute the correlation integral,
the algorithm of Grassberger and Procaccia [10]
is the most commonly used approach. If the time
series is characterized by an attractor, then the in-
tegral C(r) is related to the radius r as

d =1im €€ 2
i logr

where d is correlation exponent.The saturation
value of correlation exponent is defined as the
correlation dimension (d,) of attractor. The Lya-
punov exponents are the dynamical invariants of
the nonlinear system. In a general case, the orbits
of chaotic attractors are unpredictable, but there
is the limited predictability of chaotic physical
system, which is defined by the global and local
Lyapunov exponents. Since the Lyapunov expo-
nents are defined as asymptotic average rates,
they are independent of the initial conditions, and
therefore they do comprise an invariant measure
of attractor. In fact, if one manages to derive the
whole spectrum of Lyapunov exponents, other in-
variants of the system, i.e. Kolmogorov entropy
and attractor’s dimension can be found. The Kol-
mogorov entropy, K, measures the average rate
at which information about the state is lost with
time. An estimate of this measure is the sum of
the positive Lyapunov exponents. There are sev-
eral approaches to computing the Lyapunov ex-
ponents (see, e.g., [5,6,15-18]).

In figure 1 we list the data on the time de-
pendence of normalized field amplitude

AN A 2
F (&O)_E/(zaOUC ) (our data subject dissipa-

tion, the influence of space charge, the effect of
reflections waves) at the values of the bifurcation
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parameter L:(a) — 3.5, (b) — 3.9 (other parameters:
g=1.5, N =10,5=0.5,1=0.7, #=1.3p).

7 -
Fum L

5 -

] ] ] | |
0 20 40 60 80 T

(b)
Figure 1. Data on the time dependence of normal-
ized field amplitude F(z,t )(our data with account-
ing dissipation, the influence of space charge and
an effect of wave reflections) at the values of the
bifurcation parameter L: (a) — 3.5, (b) — 3.9 (other
parameters: g =1.5, N =10, s=0.5, r=0.7, ¢ =1.3p).

Figures 1a,b are corresponding to the regimes
of quasi-periodical automodulation (a) and essen-
tially chaotic regime (b). Importantly, our results
obtained are very well correlated with the results
by Ryskin-Titov in Ref. [7], where it has been in
details studied the RBWT dynamics with account-
ing the reflection effect, but without accounting
dissipation effect and space charge field influence
etc. In table 1 we list our data on the correlation
dimension d,, embedding dimension, determined
on the basis of false nearest neighbours algorithm
(d,) with percentage of false neighbours (%). cal-
culated for different values of lag t (data on figlb,
regime of a chaos).



Table 1.

Correlation dimension d,, embedding dimen-

sion, determined on the basis of false nearest

neighbours algorithm (d,) with percentage of

false neighbours (%) calculated for different
values of lag t

T T d, (dy)

60 68 8.1 10 (12)
6 9 6.4 8(2.1)
8 12 6.4 8(2.1)

In Table 2 we list our computing data on the Lya-
punov exponents (LE), the dimension of the Kaplan-
York attractor, the Kolmogorov entropy K_ .

Table 2.
The Lyapunov exponents (LE), the
dimension of the Kaplan-York attractor, the
Kolmogorov entropy K . (our data)

A A A A K

1 2 3 4

0.507 | 0.198 | -0.0001 | —-0.0003 | 0.71

For studied series there are the positive and
negative LE values. he resulting dimension Ka-
plan York in both cases are very similar to the cor-
relation dimension (calculated by the algorithm
by Grassberger-Procachia). More important is
the analysis of the RBWT nonlinear dynamics in
the plane “relativistic factor — bifurcation param-
eter.” Actually in this context a three-parametric
relativistic nonlinear dynamics is fundamentally
different from processes in non-relativistic BWT
dynamics.

Conclusions

In this work we have performed quantitative
modelling, analysis, forecasting dynamics relativ-
istic backward-wave tube (RBWT) with account-
ing relativistic effects (g,>1), dissipation, a pres-
ence of space charge, reflection of waves at the
end of deceleration system etc. There are com-
puted the temporal dependences of the normal-
ized field amplitudes (power) in a wide range of

variation of the controlling parameters which are
characteristic for distributed relativistic electron-
waved self-vibrational systems: electric length of
an interaction space N, bifurcation parameter L
(the automodulation and chaotic regimes) rela-
tivistic factor g,=1.5-6.0). There are computed
the dynamic and topological invariants of the
RBWT dynamics in auto-modulation/chaotic
regimes, correlation dimensions values, embed-
ding, Kaplan-York dimensions, LE(LE:+,+) Kol-
mogorov entropy. In the further work we will try
to present the bifurcation diagrams with defini-
tion of the dynamics self-modulation/chaotic ar-
eas in planes: «L-g», «D-L», predict emergence
of highly-d chaotic attractor, which evolves at a
much complicated scenario.
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S. V. Brusentseva, A. V. Glushkov, Ya. I. Lepikh, V. B. Ternovsky

NON-LINEAR DYNAMICS OF RELATIVISTIC BACKWARD-WAVE TUBE IN SELF-
MODULATION AND CHAOTIC REGIME WITH ACCOUNTING THE WAVES
REFLECTION, SPACE CHARGE FIELD AND DISSIPATION EFFECTS

Abstract
It has been performed quantitative modelling, analysis of dynamics relativistic backward-wave
tube (RBWT) with accounting relativistic effects, dissipation, a presence of space charge etc. There
are computed the temporal dependences of the normalized field amplitudes in a wide range of variation
of the controlling parameters which are characteristic for distributed relativistic electron-waved self-
vibrational systems: electric length of an interaction space N, bifurcation parameter L and relativistic

factor Y0. The computed temporal dependence of the field amplitude is in a good agreement with
theoretical data by Ryskin-Titov regarding the RBWT dynamics with accounting the reflection effect,
but without accounting dissipation effect and space charge field influence etc. The analysis techniques
including multi-fractal approach, methods of correlation integral, false nearest neighbour, Lyapunov
exponent’s, surrogate data, is applied analysis of numerical parameters of chaotic dynamics of
RBWT. There are computed the dynamic and topological invariants of the RBWT dynamics in auto-
modulation, chaotic regimes, correlation dimensions values), embedding, Kaplan-York dimensions,
LE(+,*) Kolmogorov entropy.
Key words: relativistic backward-wave tube, chaos, non-linear methods

VIK 517.9

C. B. bpycenyesa, A. B. Inywrxos, A. U. Jlenux, B. b. Tepnosckuii

HEJUHEWHASI JTMHAMMKA PEJIITUBUCTCKOM JIAMITBI OBPATHOI BOJIHBI B
ABTOMOAYJISIIIUOHHOM U XAOTUYECKOM PEXKHUMAX C YYETOM D®DPEKTOB
OTPAKEHHSI BOJIH, BJUSTHUS T1OJISI IPOCTPAHCTBEHHOT O 3APSIJIA U
JTUCCUIALIAU

Pesrome
IIpuBeneHbl pe3ynbTaTbl MOAEIMPOBAaHUS, aHAIW3a JUHAMUKU NPOIECCOB B PEISITUBUCTCKON
namrne oOparHoil BomHbl (PJIOB) ¢ ywera penstuBUCTCKUX 3(PQEKTOB, AUCCUNAIMU, HATHMUUSI
IIPOCTPAHCTBEHHOIO 3apsia M T.J. BblunMcieHsl  BpeMEHHBbIE 3aBUCMMOCTH HOPMHUPOBAHHOMN
aMIUIATYABI MOJISI B HIMPOKOM JIMANa30HE M3MEHEHUs YIPaBIIAIOIIUX [1apaMETPOB: JIEKTPUUECKasl
JUIMHA MIPOCTpaHCTBa B3auMoseiicTBusa N, Oudypkannonnslii napamerp L u pensituBuctckuii pakrop

Y0. BerauciieHHast 3aBUCUMOCTb aMILIUTY/IbI IIOJI1 HAXOAUTCS B XOPOILIEM COITIACHH C TEOPETUUECKUMU
naHHbIMH Pricknna-TutoBa o nuHamuke PJIOB ¢ yyetom addexra orpaskeHus BOJIH, HO Oe3 yueTa
3 QEeKTOB AUcCUNAlMKA U BIUSHHS TOJS MPOCTPAHCTBEHHOTO 3apsija, T.M. TeXHUKa HEIWHEHHOTOo
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aHaN3a, KOTOpasi BKJIIOYAET METO/IbI KOPPESIIMOHHBIX HHTEIPAJIOB, JIOKHBIX ONMKalImx cocenei,
9KCIOHEHT JIsimyHOBa, CypporaTHbIX JaHHBIX, UCIIOJIb30BaHa /I aHAJIM3a YMCIIEHHBIX [1apaMeTpOB
xaoTnueckoro pexuma B PJIOB. Paccuntansl AMHAMHYECKHE M TOIOJIOIMUYECKHE HWHBAapUAHTbI
nuHamuky PJIOB B aBTOMOIYISIIMOHHOM U XaOTHUECKOM PEKHUMAaX, KOpPPENLIMOHHASI pa3MEPHOCTb,
pasmepHocTH Boxenus, Kannan-Hopka, nokasaremn Jlsmynosa (+, +), suTponus Konmoroposa.
KiroueBble c10Ba: pensTUBUCTCKAs JIaMITbl OOPAaTHOM BOJIHBI, Xa0C, HEIMHEHHBIE METOIbI

YIK 517.9

C. B. bpycenyesa, O. B. Inywkos, A. 1. Jlenix, B. b. Teprnoscokuii

HEJITHIMHA TUHAMIKA PEJIITUBICTCBKOI JIAMIIN 3BEPHEHOI XBIJII B
ABTOMOIVJIAIIMHOMY TA XAOTUYHOMY PEXXHUMAX 3 YPAXYBAHHSIM E®EKTIB
BIIJIBEPKAJIEHHS XBWJIb, BILIUBY MOJISA IPOCTOPOBOI'O 3APAY 1 TMCHUITAILIIL

Pesrome
HaBeneni pesynbraté MOAETIOBAHHS, aHaNi3y OUHAMIKH TPOLECIB B PENSATHBICTCHKOI JIaMIIi
3gopotHoi xBwii (PJI3X) 3 ypaxyBaHHSM pensATHUBICTCHKHX e(]eKTiB, AuCHUMalii, HasBHOCTI
MPOCTOPOBOTO 3apAay i T.i. OOUKCIIeH] YacoBi 3aJI€KHOCTI HOPMOBAHOI aMILTITY/IH MOJISl B ITMPOKOMY
Jiarna3oHi 3MiHM KepyIOUUX apaMeTpiB: elIeKTpHYHA TOBKUHA TPocTopy B3aemonii N, OidypramiitHuit

napametp L, 1 pensatuicTebkuii daxrop Y0. OOunciaeHa 3a1eKHICTh aMIUTITYAU T10JIs 3HAXOIUThLCS B
XOpoliii 3rofi 3 TeopeTHUHUMH JaHuMH Puckina-TuroBa mono auHamiku PJI3X 3 ypaxyBaHHIM
eeKTy BiI3epKaJICHHS XBIIb, alie 03 ypaxyBaHHS e()eKTiB TUCHIAL] 1 BIUIUBY IOJISI IPOCTOPOBOTO
3apsiny, Tomo. TexHika HelMiHIHHOTO aHai3Yy, SKa BKJIIOYAa€ METOAN KOPEISIIHHUX IHTErpaliB, XUOHUX
HaONIMKYNX CyCiiB, eKCTIOHEHT JIsImyHOBa, CypOraTHUX JaHUX, BAKOPUCTAHA JIJIS aHAJ3y YHCEIbHUX
napameTpiB xaoTnyHux pexumiB y PJI3X. Po3paxoBani AMHaMiyHiI Ta TOIOJOTIYHI IHBapiaHTH
muHaMmikun PJI3X B aBTOMOIYNAIIIOHOMY 1 XaOTHMYHOMY pEXHMax, KOpelsliiiHa pO3MIpHICTB,
po3mipHocri Bk1anenns, Karmnan-Hopka, mokasauxu JlsmynoBa (+, +), enrpormis KonMoroposa.
Kir04oBi ci10Ba: pensTUBICTCHKA JTaMITH 3BOPOTHOI XBHJIL, Xa0c, HEHIIHI MeTON
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V. A. Borschak, M. I. Kutalova, N. P. Zatovskaya, L. N. Vilinskaya, A. O. Karpenko

FEATURES of VOLT - FARAD DEPENDENCE of NONIDEAL HETEROJUNCTIONS
BARRIER CAPACITY

Abstract.

Abnormal dependence of volt-farad characteristics of «nonideal» heterojunction barrier capacity
1s investigated. It is shown that in heterojunctions with the big concentration and non-uniform distri-
bution of defects tunnel currents essentially influence on the barrier capacity size.

The model for an explanation of abnormal barrier capacity dependence on the voltage, using
tunneling-recombination mechanism of carriers carry through the area of a spatial charge is offered.
The put forward assumptions put in a model basis, are confirmed experimentally.

Key words: nonideal heterojunctin, volt-farad characteristic
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B. A. bopwax, M. I. Kymanosa, H. I1. 3amoscvka, JI. M. Binincoxka, A. O. Kapnenko

OCOBJIMBOCTI BOJIBT-®APAJTHOI 3AJIEXXHOCTI BAP’EPHOI €MHOCTI
HEIJEAJIBHUX T'ETEPOIIEPEXO/IIB

Pesrome

JlocmipkeHO aHOMAJIbHY 3aJIeKHICTh BOJIBT-(hapaJHOi XapaKTepUCTUKU Oap’€pHOI EMHOCTI «Heife-
abHUX» reTeponepexoiB. [lokazaHo 110 B rereporepexogax 3 BEIUKOIO KOHIICHTPAITIEIO 1 HEOTHOP1-
HUM PO3IO/ILIIIOM JIe(EeKTIB TYHENIbHI CTPYMH 1CTOTHO BIUIMBAIOTh HAa BEIMYMHY Oap’€pHOT EMHOCTI.

3anporoHOBaHO MOJIEIb ISl TIOSICHEHHS! aHOMAJILHOT 3aJIeKHOCTI Oap’€pHOT €MHOCTI BiJl HAMPYTH,
10 BUKOPUCTOBYE TYHEIHLHO-PEKOMOIHAIIIMHUN MEXaHI3M MEPEeHOCY HOCIIB 4epe3 001acTh MPOCTOpO-
BOTO 3apsiy. BUCYHYTI mpHUIMyIIeHHS, TOKJIAJeHI B OCHOBY MOJIENI, MiITBEPAKEHI EKCIIEpUMEHTAIBHO.

KiroueBi crnoBa: HeifeadbHUIl TeTepomepexis, BOIbT-(hapazHa XapaKTepHCTHKA, CTPUOKOBa
IIPOBIAHICTh
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B. A. bopwax, M. U. Kymanosa, H. I1. 3amoesckas, JI. H. Bununckas, A. A. Kapnenko

OCOBEHHOCTH BOJIBT-®APAJTHOM 3ABUCUMOCTHU BAPBEPHOM EMKOCTH
HEUJIEAJIBHBIX 'ETEPOIIEPEXO10B

Pesrome
HccnenoBana aHomalibHasl 3aBUCUMOCTD BOJIBT-(apaJHON XapaKTEepUCTUKU OapbepHOW €MKOCTH
«HeuieaJIbHbIX» reTepornepexooB. [lokaszaHo 4To B rerepornepexojax ¢ O0JIbIION KOHIIEHTpauuel 1
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HCOAHOPOAHBIM PaCIpPCACIICHUCM ,Z[G(i)CKTOB TYHHCJIBHBIC TOKH CYHICCTBCHHO BJIMAIOT HA BCIUYHUHY

OapbepHOI EMKOCTH.

[Tpennoxkena Moaenp i 0OBbSICHEHUS! aHOMAJIBHOW 3aBUCUMOCTH OapbepHOM €MKOCTH OT Hamps-
YKEHHUS1, UCTIOIB3YIOIIast TYHHEIbHO-PEKOMOUHAIIMOHHBIN MEXaHU3M IepeHoca HOCUTeNeH uepe3 00-
JIACTh IPOCTPAHCTBEHHOIO 3apsa. BeIIBUHYTHIE IIPEIITIOIOKEHHUS], [TOJIOKEHHBIE B OCHOBY MOJEIH,

MMOATBCPIKACHBI SKCIICPUMCHTAJIbHO.

KiroueBble c10Ba: HeUIeaIbHbIN reTepornepexo/], BOIbT-(hapagHas XapaKTepUCTHUKA, IPBDKKOBAs

IMPOBOJAUMOCTD

At selection of semiconductor substances for
heterojunction (HJ) creation the semiconductor
“ideal” pairs are considered those which crystal
lattices constants differ on the tenth part of per-
cent. However at the majority of the semiconduc-
tor compounds suitable to manufacturing HJ with
necessary properties, crystal lattices constants
differ in some percents. Such lattices discrepancy
creates on the interface high density of states (~
10 sm?) [15], being the centres through which
recombination and tunneling can be carried out.
These phenomena usually degrade the HJ work,
nevertheless some “nonideal” heteropairs are per-
spective. Classical type of “nonideal” HJ is pair
CdS - Cu,S, used as a photo cell with efficiency
of 7...9 %.

In the present work cadmium sulfide — cupper
sulfide HJ, received in a aninted vacuum cycle on
a glass substrate with the transparent SnO, con-
ducting layer were investigated. The technology
of HJ obtaining is based on consecutive thermal
evaporation of cadmium sulfide and copper chlo-
ride in vacuum.

Formation of heterojunction CdS-Cu_S occurs
as a result of solid-state  substitution reaction
by ions Cu * ions Cd*" on a surface of cadmium
sulfide at heating of the CdS-CuCl structure in
vacuum [2].

Crystal lattices constants of CdS and Cu,S dif-
fer on 4 % [3] that is the reason of occurrence
of the big concentration of mismatch dislocation
which can serve as centres of recombination, and
also centres of capture for holes and electrons.
These centres play the important role in processes
of current transport and charges separation and
are located in the spatial charge region (SCR),
completely laying in volume of cadmium sulfide,
because of heterojunction asymmetry.

Data on these centre parameters and on do-
nor concentration distribution in SCR can be re-
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ceived, by investigating the barrier capacity de-
pendences on voltage. Measurement of volt-farad
characteristics of “nonideal” HJ usually gives in
coordinates C2...U a straight line with one or sev-
eral breaks (fig. 1, curve a). These sections testify
the presence of areas with various charge concen-
tration amounts in SCR [1].

For CdS-Cu,S heterojunctions, received on the
described technology, volt-farad  characteristic
had more complex character shown in abnormal
behaviour of curve ~ C2...U dependence at small
negative and positive voltages (fig. 1, curve b).

C k10" F*

\\\ \
Olllllll\\ll\l

-1 0 +1 UV

Fig. 1. Dependence of C? amount on a voltage for
heterojunction with the step distribution of charge
concentration inbase: a-theoretical dependence;

b - experimental curve

Presence of two linear sections 1 and 3 on the
experimental curve is connected to existence of
two layers with various charge carrier concentra-
tions. These layer extents L, and L, were calcu-
lated under the formula:

N =

2¢¢,(p—el)

1,2 2
e NL2




Where ¢, - absolute dielectric permeability;
¢ - relative dielectric permeability of of cadmi-
um sulfide; e - electron charge; U - the voltage
biased to heterojunction; ¢ - the barrier height
determined on a cut-off voltage: ¢, = 0,27 €V,
@, = 1,05 eV. Concentration of a charge in layers
is determined by expression

) d(C‘z)
dU

-1

N1,2 =

g,eS’

where S — HJ area.

For layer L = 0,51 microns, N, = 4,1-10" cm
’. For layer L, = 0,12 microns, N,=2,2-10"°cm”.
Smaller values of concentration N, of boundary
layer L, are connected to copper diffusion into
cadmium sulfide volume at heterojunction forma-
tion. Copper atoms are acceptors in cadmium sul-
fide and, lower the charge density by compensat-
ing donor centres.

On fig. 2 the band diagram constructed on cal-
culated values N, N, and L, L, is given. How-
ever, such model allows to explain only volt-farad
dependence submitted by the curve a on fig. 1.

L, L,

Cu,S -

CdS

Fig. 2. The band diagram of heterojunction,
constructed on the data of the experimental volt-
farad dependence

As itis obvious from fig. 1 (curve b), the exper-
imental curve has an abnormal section on which
the capacity grows with reduction of a direct volt-
age. The behaviour of the volt-farad dependence
curve on a section 2 does not find an explanation
within the framework of model [ 1 ].

The observable trend of curve can be the con-
sequence of a field devastation of the electronic
capture levels located in volume of cadmium sul-
fide near to HJ border. Intensity of an electric field
necessary for this process is realized in SCR at
negative and small positive biases. The competi-
tion of the deep electronic traps filling processes
and their full devastation results in increase or re-
duction of SCR width. Change of the barrier ca-
pacity amount in this case should be accompanied
by a current relaxation at change of bias polarity.
However the experiment which has been carried
out in a wide range of frequencies, has not found
out current relaxation that does not allow using
the described mechanism.

For interpretation of abnormal course experi-
mental volt-farad characteristics the assumption
that conductivity G, of layer L, is much more than
conductivity G, of layer L, is made. The assump-
tion is made contrary to inequalities: L, > L,, n, <
n,, however is justified as conductivity in barrier
areas of nonideal HJ can be connected to the tun-
nel mechanism.

For more information on the current trans-
port mechanism temperature dependences of
heterojunction conductivity were investigated.
Temperature dependence of samples conductiv-
ity at positive bias on junction in an interval of
temperatures from nitrogen up to room is badly
straightened in /nG...T"' coordinates. The average
amount of activation energy, determined on the
specified dependence, is equal 0,012 eV. Howev-
er the measured temperature dependence is well
straightened in G...T"" coordinates. According to
Mott-Devis theory [6] such dependence observ-
ing in homogeneously - disorderly semiconductor
substance what the area of heterojunction CdS-
Cu,S spatial charge is, and also the abnormal
low energy of thermal activation of conductivity,
specify on jumping mechanism of current trans-
port on local states. This is specified with observ-
ing frequency dependence of active component
of conductivity G...o"* in a range of frequencies
5 <o <200 kHz.

Conductivity of barrier areas of researched
samples in the greater degree is determined by a
tunnel transparency, than the carrier concentra-
tion. At cupper diffusion into CdS boundary layer
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arise a plenty of failures of a crystal lattice that
provides multistage process of tunneling through
rather extended area L, [7].

G, mS

30
20

0,6 0.8 U,V

Fig. 3. Dependence of dark conductivity on positive

bias on heterojunction (frequency of a measuring
signal is equal 10 kHz)

HJ capacity, measured experimentally, is con-
nected to a layer of the lowest electroconductivity. At
negative bias on junction when SCR has the big ex-
tent, and at performance of inequality G, >> G, the
capacity of only layer L, is measured, and layer L, is
perceived by the measuring device as series connec-
tion resistance.

At the apply on HJ positive bias thickness of L,
layer decreases and it should result in increase of
measured capacity. Simultaneously there is a redis-
tribution of measuring signal voltage: it grows on L,
and decreases on L,.

UDC 525.315.592

Under these conditions, the capacity of both lay-
ers is measured and the abnormal behavior of volt-
farad dependence is observed. Reduction of capacity
proceeds until SCR does not become equal to layer
L, thickness. At the further increase of positive bias
capacity SCR, laying only in layer L, is measured, as
now this area has the lowest conduction. In these con-
ditions, the normal section of volt-farad characteristic
is again observed.

The confirmation of the offered model is the mea-
sured dependence G=f(U) submitted in fig. 3. Really,
at the voltages appropriate to an abnormal section of
a curve C? = f(U) and to redistribution of decline in
potential between areas L, and L. sharp increase of
heterojunction electroconductivity is observed.

It is typical for the given band diagram, that he po-
sition of L, border has “biographic” character while
the width of L, layer depends on the bias voltage or
other influences. At excitation of heterojunction by
light the space charge region has smaller extent as a
result of the capture level filling by photoexcited holes
[4]. In such conditions at zero bias on heterojunction
the space charge region is placed only in the compen-
sated layer, characterized, as it was shown above, by
tunnel-recombination mechanism of conductivity.

Thus, on the example of classical nonideal struc-
ture on the basis of semiconductor compounds cad-
mium sulfide — cupper sulfide it is shown, that in
heterojunctions with the big concentration and non-
uniform distribution of defects in boundary region
tunnel currents essentially change dependence of bar-
rier capacity on a voltage.

This article has been received in April 2016.
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FEATURES of VOLT - FARAD DEPENDENCE of NONIDEAL HETEROJUNCTIONS
BARRIER CAPACITY

Abstract

Abnormal dependence of volt-farad characteristics of «nonideal» heterojunction barrier capacity
is investigated. It is shown that in heterojunctions with the big concentration and non-uniform distri-
bution of defects tunnel currents essentially influence on the barrier capacity size.

The model for an explanation of abnormal barrier capacity dependence on the voltage, using
tunneling-recombination mechanism of carriers carry through the area of a spatial charge is offered.
The put forward assumptions put in a model basis, are confirmed experimentally.
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OCOBJIMBOCTI BOJIBT-®APAJTHOI 3AJIEXKHOCTI BAP’EPHOI EMHOCTI
HEIJEAJIBHUX TI'ETEPOIIEPEXO/IB

Pesrome

JocnipkeHo aHOMaJbHY 3aJI€KHICTh BOJIBT-(PapaHOi XapaKTepUCTUKU Oap’€pHOT €MHOCTI «He-
i1eanbHUX» rereponepexonis. IlokazaHo 1o B rerepornepexoax 3 BEJIUKOIO KOHIEHTpPAL€0 1 HEo-
JTHOPITHUM PO3MO/ITIOM 1e(heKTiB TyHENIbHI CTPYMH iCTOTHO BIIMBAIOTh HAa BEJTMUUHY O0ap’€pHOT €M-
HOCTI.

3arponoOHOBAHO MOJIEIIb JUIsl TOSICHEHHS aHOMAJIbHOT 3aJ1€KHOCTI 0ap’€pHOT EMHOCTI BiJl HAIIPyTH,
1110 BUKOPUCTOBY€E TYHEIbHO-PEKOMOIHAIIHUN MEXaHi3M IIepeHOCy HOCIIB yepe3 001acTh MPOCTOPO-
BOTO 3apsiay. BucyHyTi npumnyuieHHs, NOKJIaJeHl B OCHOBY MOJIEN1, NIATBEPAKEH1 €KCIIEPUMEHTAIIb-
HO.

KiroueBi cioBa: HeifeanpHHI rereponepexil, BOJbT-(hapajgHa XapaKTEpPUCTHKA, CTPUOKOBa
MIPOBIAHICTH
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OCOBEHHOCTH BOJIBT-®APAJTHON 3ABUCUMOCTHU BAPBEPHOM EMKOCTH
HEUAEAJIBHBIX 'ETEPOIIEPEXO/10B

Pesrome

HccnenoBana aHoManbHasi 3aBUCUMOCTb BOJIBT-(hapaJHON XapaKTEpUCTUKU OAphepHONW €MKOCTH
«HEeUIeaJIbHBIX» TeTeporepexooB. [TokazaHo 4To B rereporepexojax ¢ O0IbIION KOHIICHTpaluel 1
HEOJTHOPOJHBIM pacripesieieHHeM Je(eKTOB TyHHEJIbHbIE TOKH CYIIECTBEHHO BIIUSIOT HA BEJIUUYUHY
0apbepHON EMKOCTH.

[Tpennoxena Moaenp it 0OBSICHEHUS! aHOMAJIbHOW 3aBUCUMOCTH OapbepHOM €MKOCTH OT Hamlps-
KEHMSI, UCIIONb3YIOIasl TYHHEIbHO-PEKOMOMHAIIMOHHBIM MEXaHU3M IepeHoca HOCUTENEH yepe3 00-
JaCTh MMPOCTPAHCTBEHHOTO 3apsiia. BeIIBUHYTHIE NPEANIONOKEHNUS, TIOJIOKEHHBIE B OCHOBY MOJEIH,
MOATBEPKIEHBI IKCIIEPUMEHTAIIBHO.

KuroueBble ciioBa: HeuiealbHbIN reTeponepexo, BoibT-papaHas XapaKTepUCTUKa, IPbLKKOBAs
IIPOBOIUMOCTh
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ENERGY AND SPECTROSCOPIC PARAMETERS OF DIATOMICS WITHIN
GENERALIZED EQUATION OF MOTION METHOD

The spectral data on energies of transitions in spectrum of the nitrogen diatomics e are presented
on the basis of calculation by modified motion equations method (MEM) with effective account for
important correlation effects within a density functional approach. It differs from the standard version
of the MEM by method by effective accounting for interelectron correlation effects, namely, effects of
the “two holes- two particles”. As a result an inaccuracy of calculation of the molecular excited states
energies decreases significantly in comparison with the standard 1p-1h MEM approximation, namely,
from 1.5-2 eV to decimal parts of eV, if you take into account the 2p-2h effects.

In last several decades quantum chemistry
methods has been refined with a sophisticated and
comprehensive approaches of the correct inter-
electron correlations and electron-nuclear dynam-
ics treatments [1]. Information about excitation
energies, probabilities and oscillator strengths of
electron transitions in molecules is very impor-
tant for a whole number of applications including
different fields of a photo-chemistry and photo-
physics. Different calculation methods, namely,
ab initio method of multi-configuration interac-
tion (MCI), perturbation theory with Hartree-Fo-
ck zeroth approximation (Moller-Plesset theory),
density functional theory (DF) etc [1] are used in
calculations of atoms and molecules. As alterna-
tive in this situation one may consider method of
equations of motion (MEM), which has been ini-
tially carried out by McKoy and co-workers with
account for correlation effects within random
phase approximation (RPA) (c.f.[2,3]). In series
of papers [4-7] new approach in the MEM, based
on account of correlation effects within DF ap-
proximation and essentially improving the stan-
dard version of the MEM, has been developed.
Such an approach allows direct calculating am-
plitudes of different quantum processes, includ-
ing absorption and emission of photons etc., and

114

avoiding problems, connected with calculation of
the wave functions and entire energies of mole-
cules. Though it does not provide exact results, as
for example, known limited variants of variation
solving problem, however, it is sufficiently effec-
tive in calculations of the excitation energies and
oscillator strengths of the electron transitions. In
this paper new advanced method, which general-
izes the MEM one is presented and applied to de-
termination calculation of the transition energies
and oscillator strengths for the nitrogen molecule.
It differs from the standard version of the MEM
by method to effective accounting for interelec-
tron correlation effects, namely, effects of the
“two holes- two particles” (2h-2p) polarization
interaction). As it is shown, for example, in ref.
[4,5], on order to reach an acceptable accuracy of
calculation one may use sufficiently limited (on
volume) basis’s of orbitals. However, an account
of such important correlation effects (effects, con-
nected with 2p-2/ interactions, a pressure of con-
tinuum, energy dependence of the self-consistent
field potential, etc.) is obligatorily needed. It is
well known that an account of majority of these
effects based on standard methodic (for example,
within perturbation theory) results in significant
complication of calculation procedure (c.f. [1-4]).



According to ref. [2,], operator Q; , which

generates an excited state ‘X> of the atom from

the ground state ‘0>, ie. ‘7»> = Q; ‘O>, is an exact
solution of equation of motion:

<O[SQK,H,O;}O>=mx[80x,0x+} (1)
Here w, is the transition frequency, amplitudes

.
Q, are elements of matrix of the transition |0) ®

‘k> . Equation (1) can be reduced to matrix equa-
tion for amplitudes {Y ng} u {ng} with account

for the 1p-1h excitations as:
D 0 Y1)
0

A B |Y%)
-B* - A4 A7)

the matrix elements 4, B, D are as follows:

.

ewnc],

. (2)

A

Gy H, Gy >

B

nynd

D =<6@J1qﬁ>

Here C* is the particle-hole creation operator
(C — destroying), indexes m, n denote the particles
states; indexes d, g — the holes states; H is a Ham-
iltonian of quantum system in the representation
of second quantization. The wave function of the
ground state can be chosen in the following form:

(4)

where [7= (1/2)2 Coms C;/ C;S,‘ HF> 1s the Har-

tree-Fock function. With account for equation (4)
the matrix elements 4, B, D have the following
form:

Ay =A%+, 1, —(1/2)e, +5,-25, )02 ]
-0, [T;s _(1/2)(5m -¢, _‘95)10;2)]?
B,.s =By ,s+(-1)'S

2 2
D, . =06, 85 +5, p¥ —&; p.

0)= N,(1+ U) HF),

)

mmo >

The matrices A°, B’ etc are in details described
in ref. [15]. Variables e in eq. (5) define the Har-

tree-Fock orbital energies; piz and piz) are the
corrections to matrix of density of the second or-
der and dependent upon correlation coefficients.
If the corrected coefficients are omitted, then ma-
trix elements will be reduced to the correspond-
ing matrix elements of the RPA [2]. In this ap-
proximation, the equations of motion for defini-
tion of the 1p-1A-amplitudes {Y}, {Z} and corre-
sponding excitation energies w can be solved by
standard methods of linear algebra. Acceptable
accuracy of calculation is reached even using the
limited basis’s of orbitals due to the correct ac-
counting for most important PI effects, connected
with excitations of the 2p-2h type. From physi-
cal point of view, its inclusion is corresponding
to an account for self-consistent reconstruction of
the holes orbitals in a process of the virtual exci-
tations in the ground configuration. An account

of the 2p-2h-components in Q; is equivalent to

renor-malization of matrices in Eq.(3). It leads to
dependence on the frequency w and reduces to
appearance of the weight multiplier in the matrix
elements [14- 18]:

a(r)=[1-2,(r)] -

In approximation of the quasiparticle DF a
variable S expresses through the corresponding
correlation functional [13]. In the simplified form
of applying out methodic a variable a(r) can be
exchanged by (0) without essential loss of accu-
racy and according to well known procedure in
theory of atomic photo-effect, which is based on
the RPA with exchange (c.f.[11]). Indeed, the pa-
rameter a is corresponding to the known in spec-

(6)

troscopy one, which is a spectroscopic factor F,

. Its standard definition for atomic or molecular
system (it is usually defined from the ionization
cross-sections) [6]:

)
F, =1-—>", [—(V.I.P)k]}
{ =2 (7

The terms 8> loe and Y, is directly linked
[6]. In the terms of the Green function method
expression (7) is in fact corresponding to the pole
strength of the Green’s function [6]. Calculation
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is carried out with using the correlation functional
of the Lee-Yang-Parr (LYP) (look details in ref.
[8-12]).Note further that amplitudes {Ymg} and
{ng} define the moment of  transition M.

M, =) Y, 006, + 2, 006, | ®)
my
and oscillator strength:
£, =(2/3)Go, | M,,|” 9)

Here G is the degeneration factor, M is the
particle-hole matrix element. Besides the proce-
dure of account for the 2p-2h effects, other de-
tails of our calculation procedure are fully simi-
lar to scheme of the standard MEM approach
(c.f[10,14]). In tables 1 and 2 we present the
results of our calculation (d) for the excited states
energies and oscillator strengths of some states in
N

2

Table 1.

Excited state energies (eV) for N, (see text).

B, | &M, |42 | B°Y, | WA,
a 9,6 11,5 8,4 11,3 10,1
b 7,5 8.8 7,8 10,2 9,4
c 8,06 | 9,66 | 7,14 9,5 8,59
d 812 | 9,71 | 7,14 9,6 8,73
E 8,1 9,3 7,8 9,7 8,9

2. o', | X0 | n, | b,
a 11,3 12,0 | 16,8 13,3 17,4
b 10,6 | 11,0 | 15,0 10,8 14,0
c 9,61 10,2 | 1428 | 11,3 13,92
d | 9,74 |10,31| 14,38 | 11,39 | 13,92
E 9,9 10,3 | 14,4 11,1 12,8

The chosen geometry of the molecule is cor-
responding to generally accepted one for N,
[1]. There are also presented the analogous data
by McKoy et al in the 1p-1h (a) and 2p2-h (b),
Glushkov (c) and experimental data (E) for com-
parison too. As one can wait for, an account of the
2p-2h effects is very important An inaccuracy of
calculation of the transitions energies to low lying
excited states in the 1p-1h MEM approximation
decreases significantly, namely, from 1.5-2 eV to
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decimal parts of eV, if you take into account the
2p-2h effects.

Table 2.

Oscillator strengths for some electron tran-

sitions in the /V,

State a c d Exp
0,11 | 0,10 | 0,13 0,14 | 0,16
c“z; +
0,04
0,32 | 0,26 | 0,28 | <0,3
b'TI,
0,49 | 0,39 | 0,41 0,83 | 0,40
b/lz;
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ENERGY AND SPECTROSCOPIC PARAMETERS OF DIATOMICS WITHIN
GENERALIZED EQUATION OF MOTION METHOD

Abstract

The spectral data on energies of transitions in spectrum of the nitrogen diatomics e are presented
on the basis of calculation by modified motion equations method (MEM) with effective account for
important correlation effects within a density functional approach. It differs from the standard version
of the MEM by method by effective accounting for interelectron correlation effects, namely, effects of
the “two holes- two particles”. As a result an inaccuracy of calculation of the molecular excited states
energies decreases significantly in comparison with the standard 1p-1h MEM approximation, namely,
from 1.5-2 eV to decimal parts of eV, if you take into account the 2p-2h effects.
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OHEPI'ETUYECKHUE U CIIEKTPOCKOIIMYECKHUE ITAPAMETPDBI /IBYXATOMHbIX
MOJIEKY.JI HA OCHOBE PACUETA OBOBIIEHHBIM METO/IOM YPABHEHU IBU-
KEHUA

Pe3tome. Ha ocHoBe pacuera 00001IeHHBIM MeTOIOM ypaBHeHu# nBmwkeHus (MY]]) ¢ abdexTus-
HBIM YYETOM Ba)KHEUITUX KOPPEISAIUOHHBIX 3()()EKTOB B MPUONMIKEHUH KOPPEISIIMOHHOTO (DyHK-
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LIMOHAJIA [JIOTHOCTH MOJIYYEHBl SHEPIeTUUECKUE U CIIEKTPOCKONUYECKUE JaHHbIE 110 YHEPTHUSIM BO3-
Oy’KJICHHBIX COCTOSIHUM M CHJIaM OCLWJUIATOPOB psilia MEepexofoB B MoJieKyse azora. HoBas Bepcus
OTIIMYACTCS OT CTaHAapTHOU Bepcuu MY]l metonukoir 3((HEKTUBHOTO yueTa MEKIICKTPOHHOTO d(-
(EKTOB KOPPEISIIK, 8 UMEHHO, YPQEKTOB THUTIA «JIBYX YaCTHUIIBI — JIBE IBIPKW». B pesynbsrare HeTou-
HOCTb pacuera SHEPruil MOJEKYISIPHBIX BO30Y>K/IEHHBIX COCTOSIHMM 3HAUYUTENIbHO YMEHBIIAETCS 10
CPaBHEHHUIO O cTaHmapTHBIM 1p-1h MV]] npubnmkenneM, a UMeHHO, OT 1.5-2 3B 110 necaTbIx gomiei
5B npu yuera 2p-2h s dexTos.

KiroueBblie ciioBa: MOJIEKyna, IO JIEKTPOHHOM KOPPEISLIMM, METOJ YPAaBHEHHMM JBHKCHUS,
(yHKIMOHAJ MJIOTHOCTH
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EHEPI'ETUYHI I CHEKTPOCKOIITYHI ITAPAMETPU IBOATOMHUX MOJIEKY.JI
HA OCHOBI PO3PAXYHKY V3AT'AJIBHEHUM METO/1OM PIBHAHDb PYXY

Pe3ome. Ha ocHOBI po3paxyHKy y3araJbHEHHM METOIOM PiBHsAHB pyxy (MYP) 3 edexruBHUM
ypaxyBaHHSM HaWBaKIUBIIINX KOPEIALIHHNX e(PeKTIB B HAOIMKEHHI KOpEIsIiitHOTO (hyHKIioHaNa
TYCTHHHA OTpPUMaHi €HePreTHYHi 1 CHEKTPOCKOMIYHI JaHi MO eHeprisx 30y/IKeHUX CTaHIB 1 CHJIaM
OCLWJISITOPIB PSAY TEPEXoliB B MOJIEKY: i a30Ty. HoBa Bepcist Bipi3HAETBCS Bi CTaHAApTHOI Bepcii
MV]I Mmetoaukoro e(heKTHBHOTO 00Ky MEKEICKTPOHHUX e(eKTiB Kopeslii, a came, eheKTiB THITY
«JIBl YaCTWHKH - JIBI IipKM». B pe3ynbraTri HETOYHICTh pO3paxyHKy €HEpriii MOJEKYISIpHUX 30ypKe-
HUX CTaHIB 3HAYHO 3MEHIIYETHCS B MOPIBHAHHI 31 cTangapTHUM 1p-1h MVY]l HabnmkeHHsIM, a came,
Big 1.5-2 eB 1o necsatux yactok eB npu ypaxyBanus 2p-2h edexris.
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ADVANCED LASER PHOTOIONIZATION SEPARATION SCHEME AND TECHNOLOGY
FOR HEAVY RADIOACTIVE ISOTOPES AND NUCLEAR ISOMERS

We present new optimal scheme of the separating highly radioactive isotopes and products of
atomics energetics such as 210-214Fr, 133,135,137Cs and others, which is based on the selective
laser excitation of the isotopes atoms into excited Rydberg states and further autoionization or DC
electric field pulse ionization. As result, requirements to energetic of the ionized pulse are decreased
at several orders. And an effectiveness of a scheme increases. There are theoretically calculated values
of the characteristics of heavy Rydberg atoms in an external electromagnetic field (DC Stark effect) In
particular, data on the energy level, the energy widths of Stark resonances for Rydberg Cs, Fr (n <45).

In series of our papers we considered the dif-
ferent schemes of a laser photoionization isotopes
and nuclear isomers schemes. In this work, which
goes on this studying, we present an advanced
scheme of the separating highly radioactive iso-
topes and products of atomics energetics such as
210214 and  133135137Cs, which is based on the se-
lective laser excitation of the isotopes atoms into
excited Rydberg states and further autoionization
or DC electric field pulse ionization. Following
to [1,4], let us remind that related a search of
the effective methods for isotopes and nuclear
isomers separation and obtaining especially pure
substances at atomic level is related to number of
the very actual problem of modern nuclear tech-
nology, quantum and photoelectronics.The basis
for its successful realization is, at first, carrying
out the optimal multi stepped photo-ionization
schemes for different elements and, at second,
availability of enough effective UV and visible
range lasers with high average power (Letokhov,
1977, 1979, 1983; etc) [9]. The standard laser
photo-ionization scheme may be realized with us-
ing processes of the two-step excitation and ioni-
zation of atoms by laser pulse. The scheme of se-
lective ionization of atoms, based on the selective

resonance excitation of atoms by laser radiation
into states near ionization boundary and further
photo-ionization of the excited states by addi-
tional laser radiation, has been at first proposed
and realized by Letokhov et al (Letokhov, 1969,
1977) [1]. It represents a great interest for laser
separation of isotopes and nuclear isomers. The
known disadvantage of two-step laser photoioni-
zation scheme a great difference between cross-
sections of resonant excitation s_ and photo-ion-
ization s . It requires using very intensive laser
radiation for excited atom ionization. The same
is arisen in a task of sorting the excited atoms and
atoms with excited nuclei in problem of creation
of g -laser on quickly decayed nuclear isomers.
Originally, Goldansky and Letokhov (1974) [17]
have considered a possibility of creating a g -la-
ser, based on a recoilless transition between lower
nuclear levels and shown that a g -laser of this
type in the 20-60 keV region is feasible. But, it is
obvious that here there is a problem of significant
disadvantage of the two-step selective ionization
of atoms by laser radiation method. The situation
is more simplified for autoionization and Stark
resonance’s in the atomic spectra, but detailed
data about characteristics of these levels are often
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absent [1-16]. Several new optimal schemes for
the laser photo-ionization sensors of separating
heavy isotopes and nuclear isomers are proposed
[1,4]. It is based on the selective laser excitation
of the isotope atoms into excited Rydberg states
and further autoionization and DC electric field
ionization mechanisms.

Let us remind that in a classic scheme the la-
ser excitation of the isotopes and nuclear isomers
separation is usually realized at several steps: at-
oms are resonantly excited by laser radiation and
then it is realized photo ionization of excited at-
oms. In this case photo ionization process is char-
acterized by relatively low cross section s, =10
17-10-8¢cm? and one could use the powerful laser
radiation on the ionization step. This is not ac-
ceptable from the energetics point of view [1-8].
The alternative mechanism is a transition of at-
oms into Rydberg states and further ionization by
electric field or electromagnetic pulse. As result,
requirements to energetic of the ionized pulse are
decreased at several orders. The main feature and
innovation of the presented scheme is connected
with using the DC electric field (laser pulse) au-
toionization on the last ionization step of the laser
photoionization technology. There is a principal
difference of the simple ionization by DC electric
filed. The laser pulse ionization through the auto
ionized states decay channel has the advantages
(more high accuracy, the better energetics, uni-
versality) especially for heavy elements and iso-
topes, where the DC electric field ionization from
the low excited states has not to be high effective.
This idea is a key one in the realization of sorting
the definite excited atoms with necessary excited
nuclei of the A" kind, obtained by optimal method
of selective photo-ionization of the A kind atoms
at the first steps. The suitable objects for model-
ing laser photoionization separation technology
are the isotopes of alkali element Cs, long-lived
transuranium elements etc.

We considered the isotopes of 2'%'“Fr and
133.135.137Cs,. For example, the resonant excitation
of the Cs atoms can be realized with using dye
lasers with lamp pumping (two transitions wave-
lengths are: 6°S, ®7 °P,, 4555A and 6°S,,®7
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°P,,4593A). The next step is in the further ex-
citation to the Rydberg S,P,D states with main
quantum number n=35-50. The final step is the
autoionization of the Rydberg excited atoms by a
laser pulse or DC electric field pulse ionization and
output of the created ions. The scheme will be opti-
mal if an atom is excited by laser radiation to state,
which has the decay probability due to the auto-
ionization (pulse ionization) higher than the radia-
tion decay probability. So, one could guess that
the accurate data on the autoionization states ener-
gies and widths and the same parameters for the
DC Stark resonances are needed. The consistent
and accurate theoretical approach to calculation of
these characteristics is based on the operator per-
turbation theory formalism [18] and corresponding
advances relativistic version with model potential
approximation [22, 23]. In Fig.1a we present the
energy dependence (note that the level energy in
the absence of field is taken as zero) of Stark com-
ponents (/',|mj|) of the caesium state 39D Cs field
strength: Experiment - squares, circles, triangles,
diamonds [33]; Theory 1 - semi-empirical pertur-
bation theory on the field by Zhao et al [25]; 2 —
our data; In Fig.1b we list the Stark shift (in MHz)
for the state 46D Cs in dependence on the square
of the field: the experiment - squares, circles, trian-
gles [25]; Theory — continuous.
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Fig.1 a — The energy dependence (note that the lev-
el energy in the absence of field is taken as zero) of
Stark components (i,|mj|) of the caesium state 39D
Cs field strength: Experiment - squares, circles, tri-
angles, diamonds [25]; Theory 1 — semi-empirical
perturbation theory on the field by Zhao et al [25];
2 — our data; b — Stark shift (in MHz) for the state
46D Cs in dependence on the square of the field:
the experiment - squares, circles, triangles [25];
Theory — continuous

In Fig.2 we present a dependence of the Stark
component (]',|m/.|) energies (MHz) of the state
44D for the francium atom of the square of the
electric field (the first data).
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Fig.2. Dependence of the Stark component (j,|mj|)
energies (MHz) of the state 44D for the francium
atom of the square of the electric field (our data)

In figure 3 we present the numerical modeling
results of the excited and ground states popula-
tions in the photoionization scheme of the **!*’Cs
isotopes separation process with auto- and elec-
tric field ionization by solving the corresponding
differential equations system [4].

M,
™,
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0.6 \ :
\1
0.4 T
\-‘__ :
0.2 /_—\_2 e
‘/
1 2 3 4T

Fig.3. Results of modelling '***’Cs isotopes separa-
tion process by the laser photo-ionization method (
d+dashed — laser pulse optimal form; see text)

The following definitions are used: d+dashed
line is corresponding to optimal form of laser
pulse, curves 1 and 2 are corresponding to pop-
ulations of the ground and excited states of Cs.
The d -pulse provides maximum possible level of
excitation (the excitation degree is about ~0,25;
in experiment (Letokhov, 1983) with rectangular
pulse this degree was ~ 0,1). It is worth to turn
attention on some analogy between modeling re-
sults for diferent alkali isotopes. Indeed, the rela-
tive populations for indicated atoms in the highly
excited states are very closed to each other, how-
ever the absolute values of the radiation param-
eters for different isotopes naturally differ. Let us
remember data regarding the Cs excitation and
the ionization cross sections: the excitation cross
section at the first step of the scheme is ~10""'cm?;
the ionization cross-section from excited 7°P,
state: s,=10"°cm?, from ground state s,=10"*cm?
[2]. One can see that the relation of these cross
sections is 10° and 107 correspondingly. This fact
provides the obvious non-efficiency of standard
photoionization scheme. Using d-pulse indeed
provides a quick ionization, but the ionization
yield will be less than 100% because of the stick-
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ing on intermediate levels. So, from energetic
point of view, this type of ionization can be very
perspective alternative to earlier proposed classi-
cal two-step and more complicated photoioniza-
tion schemes (Letokhov, 1983) [1]. The similar
situation and analogous conclusions are obtained
for the Sr and I isotope separation with the cor-
responding difference in the energetic and ra-
diative characteristics data. So, one can say here
about sufficiently optimal scheme of the separat-
ing highly radioactive isotopes and products of
atomics energetics such as Cs and others. The key
features of the corresponding scheme (technol-
ogy) are based on the selective laser excitation of
the isotopes atoms to the excited Rydberg states
and further autoionization (or DC electric pulse
ionization). One could remember here that a step
of laser isotope separation has to be very impor-
tant one in solving the modern actual problems
of the transmutation of radioactive elements and
decreasing the energy loses in the modern atomic
energetics cycles [20,21].
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ADVANCED LASER PHOTOIONIZATION SEPARATION SCHEME AND TECHNOLOGY
FOR HEAVY RADIOACTIVE ISOTOPES AND NUCLEAR ISOMERS

Abstract

We present new optimal scheme of the separating highly radioactive isotopes and products of atom-
ics energetics such as 2!¢214Fr, 133135137Cs and others, which is based on the selective laser excitation
of the isotopes atoms into excited Rydberg states and further autoionization or DC electric field pulse
ionization. As result, requirements to energetic of the ionized pulse are decreased at several orders.
And an effectiveness of a scheme increases. There are theoretically calculated values of the character-
istics of heavy Rydberg atoms in an external electromagnetic field (DC Stark effect) In particular, data
on the energy level, the energy widths of Stark resonances for Rydberg Cs, Fr (n <50).

Key words: laser photoionization method, highly radioactive isotopes, new scheme
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T. O. @nopro, A. B. Imywxos, A. B. Uenamenxo, O. FO. Xeyenuyc, A. A. Ceunapenxo,
B. b. Tepnosckuii

YAYUYIIEHHASA JIASBEPHO-©@OTONOHU3ALIMOHHBIE CXEMA PA3JIEJIEHUSA
N30TONOB JUIA TAXKEJIBIX PAAMOAKTUBHBIX N30TOIIOB U AAIEPHBIX
N30MEPOB

Pesrome

[IpencraBneHa HOBasi ONTHMAJIbHASI CXEMa JIA3EPHOTO Pa3/IeICHUs BRICOKO PaIHMOAKTUBHBIX H30TO-
OB, ITPOYKTOB aTOMHOI SHEPreTUKHU TakuX Kak '*2Fr, 133:135137Cs » npyrux, 6asupyromiasics Ha ja-
3epHOM BO30YX/I€HUU aTOMOB M30TOIIOB B PHIOEPTOBCKHIE COCTOSHUS U JaJIbHEHIIIeH aBTOMOHU3AIIUH
WM MOHU3AIMU UMITYJIBCOM 3JIEKTPHYECKOTO MoJIst. TeopeTHYeCKH BBIYHUCIICHBI 3HAUCHHS XapaKTepH-
CTHK TSDKEJBIX pUAOCPrOBCKUX aTOMOB BO BHEIIHEM aniekTpomarHuTHOM none (DC addexr HlTapka),
B YaCTHOCTH, JAHHBIC [0 YHEPTUSIM YPOBHEH, SHEPTUSAM, IIMPUHAM IITAPKOBCKUX PE30HAHCOB IS
punodeprosckux Cs, Fr (n <50).

KaroueBble cioBa: j1a3epHblii (HOTOMOHU3AIMOHHBIA METO], BBICOKO PaJMOAKTUBHBIC M30TOIIBI,
HOBas cxema
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T. O @nopxko, O. B. I'ywkos, I B. Ienamenxo, O. FO. Xeyeniyc, A. A.Ceunapenko, B. b. Tepnosckuu

MOKPAIIIEHA JIABEPHO-®OTOIOHIBAIIMHA CXEMA MOALIEHHSA 130TOIIIB JIJIS
BAKKUX PAIIOAKTUBHMUX I3OTOIIIB TA AJEPHUX I3OMEPIB

Pesrome

[IpencraBieHa HOBa ONTUMAaJIbHA CXEMa JIa3ePHOTO MOJIJICHHSI BUCOKO Pa/lioaKTUBHUX 130TOMIB,
NPOIYKTIB aTOMHOI €HEPTeTHKH, 30KpeMa, Takux sk 2'024Fr, 13313537Cg ta iHmm, ska 6a3yroTbesi Ha
Ja3epHOMY 30y/DKEHHI aTOMIB 130TOIIB y puA0EproBi CTaHU Ta MOJAJIBIIIH aBTO10HI3aIiT a00 10H13aIi1
IMITYJIECOM €JIEKTPUYHOTO MOoJIs. TeopeTHyHO 00UHCIIeH] 3HAYeHHS XapaKTEPUCTHK BAXKKUX pUIOep-
TOBCKHX aTOMIB y 30BHIIIHbOMY esiekTpomarHiTHOMY noni (DC edext Illtapka), 30kpema, qaHi mo
SHEpTifx piBHIB, CHEPTisM, IIUPUHAM MITAPKIBCHKUX pe30HaHCIB 1 pindeproBux Cs, Fr (n <40).

Kurouosi ciioBa: nazepuuii (poToioHiI3aiiiHUIA METOI, BUCOKO paJi0aKTHUBHI 130TOIH, HOBA CXeMa
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EFFECT OF WATER VAPORS ON THE TIME-RESOLVED SURFACE CURRENT
INDUCED BY AMMONIA MOLECULES ADSORPTION IN GaAs P-N JUNCTIONS

1. I. Mechnikov National University of Odessa, Dvoryanska St., 2, Odessa, 65026, Ukraine
“National University "Odessa Maritime Academy", Odessa, Didrikhsona St., 8, Odessa, 65029,
Ukraine

The time-resolved surface current in an n-conducting channel, due to ammonia and water molecules
adsorption in GaAs p-n structures was studied. It is shown that the presence of water vapors in the
ambient atmosphere strongly affects the current decay curves after the ammonia vapors removal.
The current decay curve in this case has three exponential components with different characteristic
times: , and , as well as a component with . The results are explained in terms of a simple model
taking into account a dynamic equilibrium between the free electrons in the conducting channel and
electrons on slow surface centers. Each decay curve exponential component is due to the emptying
of corresponding centers. The characteristic time of a current decay curve exponential component is
determined by the depth and density of the corresponding surface levels, as well as the conducting

channel thickness.

Key words: p-n structure, ammonia vapors, water vapors, adsorption, conducting channel, current

decay, surface centers.

1. Introduction

Barrier structures on Si and GaAs, such as p-n
junctions [1-4], porous membranes [5, 6], and
nanowires [7], are promising materials for the
gas sensors development. The Si p-n junctions
can be combined in a transistor, which has much
higher gas sensitivity than a single junction [8].
They can be easy integrated into microelectronic
circuits. And the GaAs p-n junctions have a very
high gas sensitivity, as well as a threshold ammo-
nia vapors partial pressure of 0,1 Pa [4].

The sensitivity of the mentioned barrier struc-
tures, as well of GaP [9] and InGaN [10] p-n junc-
tions, to ammonia vapors was observed only in
presence of water vapors.

The aim of this work is a study of the influ-
ence of water vapors on the time resolved surface
current in GaAs p-n structures, due to ammonia
molecules adsorption.

2. Experiment

The measurements were carried out on GaAs
p-n structures, described in the previous paper
[10]. I-V characteristics of the forward and re-
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verse currents were measured in air with various
concentrations of ammonia vapors and saturated
water vapors at T=290 K. The chemical composi-
tion of the ambient atmosphere was changed in
2 s by placing the sample in an appropriate con-
tainer.

The curve 1 in Fig.1 represents the time depen-
dence of the forward current, measured at /=0,3
Volts in a p-n structure, which was first placed in
dry air; at £,=200 s — in air with wet ammonia va-
pors (NH, partial pressure P=200 Pa); at £,=3800
s — in dry air. After changing the ambient atmo-
sphere from wet ammonia vapors to dry air (at
>t,) the current drops from / =122 nA to 0,1
I inatime of 71 s. In the case of the curve 2,
at £,=3800 s the sample was placed in the atmo-
sphere, containing air and saturated water vapors.
And after 3 hours, at £,=14600 s the sample was
placed in dry air.

It is seen that the current decay curve 2 has
three different sections: a “fast” section; a “slow”
section; and a drop after the atmosphere changing
from wet air to dry air.



Fig. 2 shows the time dependence of the current
in the same sample for a following atmosphere
change: dry air — (t,) air + water vapors—(t,)
dry air. It is seen from Fig. 2, that maximum cur-
rent in wet air is of 8,2 nA, which is considerably
lower than in the “slow” component of the curve 2
in Fig. 1. This indicates that the slow decrease in
the current after the atmosphere change from wet
ammonia vapors to wet air can be explained only
taking into account the presence of some electri-
cally active centers on the crystal surface.

3. Discussion

The experimental results can be explained with
the model, depicted in fig. 3 [11]. Ionized ammo-
nia molecules 2 are located on the natural oxide
surface

Their electric field bends the depletion layer 3
and forms a n-conducting channel 4. The forward
current consists of two components. Arrow a cor-
responds to the through component /, of the cur-
rent in the channel

And arrow b represents the current component
I due to electron injection from the channel into
the p* layer at the contact.

The adsorbed water molecules (without am-
monia molecules) also form such an n-conducting
channel and remarkably enhance the current in the
p-n junction, which is evident in Fig. 2.

In the uniform section of the channel, the fol-
lowing equation can be written

N, =N -N, -N_+N,-N_,

7

(1)

where n _is the free electrons number in the channel
per lem? of the surface; A, is the adsorbed ions sur-
face density; v and N are the densities of filled
fast and slow acceptor surface centers, respectively;
w7, 1s the ionized donor surface centers density; y
is the number of ionized acceptor centers in the sur-
face depletion layer per 1cm? of the surface:

N, =N,w; (2)

N, is the ionized acceptor concentration in p- re-
gion; w, is the surface depletion layer thickness
[10].region; w, is the surface depletion layer
thickness [10].

The section of the curve 2 in Fig. 1 at # >,
can be decomposited in three exponential com-
ponents, presented in Fig. 4. The characteristic

times for the fast component, presented in Fig. 4a
1s 7, =30s.

For two “slow” components, showed in Fig.
4b, 7, =1900s and 7, = 9400 s, respectively, are
obtained.

The mentioned decomposition includes also a
“constant” component with a characteristic time
r, » r, with the amplitude If: =30nA . The fast
decay component of the curve 2 in Fig. 1 can be
ascribed to the desorption of ammonia ions. An
analogous component has curve 1 in Fig. 1.

The components 2, 3 and 4 of the curve 2 in
Fig. 1 can be explained taking into account pres-
ence of some slow centers on the naturally oxi-
dized GaAs surface [4, 12, 13]. These centers are
responsible for the peculiarities of the stationary
characteristics [4] and the response time [13] of
GaAs p-n structures as gas sensors.

The gradual descent in the curve 2 in Fig. 1 at
t>1t, 1s due to gradual decrease in the density
of filled slow acceptor surface centers ¥_ in (1).
After an atmosphere ammonia — water vapors
changing, the ions surface density drops. There-
fore the electrons number » in the conducting
channel strongly falls down, which corresponds
to the «fast» exponential component of the cur-
rent decay curve, presented in Fig. 4A. And the
electrons number N on slow acceptor surface
centers gradually decreases due to their thermal
transitions to the conduction band. These transi-
tions generate free electrons in the channel, slow-
ing the decrease of the current. This effect can be
described with a differential equation

d(N,, +N) ~
dt

where G is the electrons generation rate in the
cannel due to donors (water molecules) adsorp-
tion; r1is the electrons life time in the channel.
In the case of a dynamic equilibrium between the
free and captured electrons, a relation is valid

G-N, /1,

€)

N_-N _N_/Nd)exp[(E - E)/kT)], (4)

where N is the full density of slow acceptor
surface centers; N_denotes the effective states
density in the c-band; d is the channel thickness;
E - E_ is the slow surface acceptor level depth;
kT is the Boltzmann factor.

The initial condition for equation (3) is
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N, (=N >Gr, (5)

because at =0 the ambient atmosphere is changed
from wet ammonia to water vapors.

Equation (3) under this initial condition has a
solution

N ()=Gr+(v' —Gr)exp(-t/z,,),(6)
where "
7, =1+, (7)
and
v-N_/N.d)yexpl(E, - E)/(kT)].  (8)

It is seen from (7) and (8) that the channel cur-
rent decay time after an ammonia — water vapors
atmosphere change depends from the depth and
density of slow surface levels, as well from the
channel thickness. Two exponential components
of the current decay curve, presented in Fig. 4b,
are due to the presence of two slow surface cen-
ters on the GaAs natural oxide.

4. Conclusions

A change from wet ammonia vapors to wa-
ter vapors in the ambient atmosphere results in
a decrease of the surface current in GaAs p-n
junctions. The current decay curve has a fast
exponential component with a characteristic
time t,<100 s and three slow components with
T, P, >, .

The complicated shape of the current decay
curve can be explained in terms of a simple mod-
el taking into account a dynamic equilibrium be-
tween the free electrons in the conducting chan-
nel and electrons on slow surface centers. Each
decay curve exponential component is due to the
emptying of corresponding centers.

The characteristic time of a current decay
curve exponential component is determined by
the depth and density of the corresponding sur-
face levels, as well as the conducting channel
thickness.
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EFFECT OF WATER VAPORS ON THE TIME-RESOLVED SURFACE CURRENT
INDUCED BY AMMONIA MOLECULES ADSORPTION IN GaAs P-N JUNCTIONS

Summary

The time-resolved surface current in an n-conducting channel, due to ammonia and water mol-
ecules adsorption in GaAs p-n structures was studied. It is shown that the presence of water vapors in
the ambient atmosphere strongly affects the current decay curves after the ammonia vapors removal.
The current decay curve in this case has three exponential components with different characteristic
times: 7, =30s, 7z, =1900s and z, = 9400 s, as well as a component with z, > 7. The results are ex-
plained in terms of a simple model taking into account a dynamic equilibrium between the free elec-
trons in the conducting channel and electrons on slow surface centers. Each decay curve exponential
component is due to the emptying of corresponding centers. The characteristic time of a current decay
curve exponential component is determined by the depth and density of the corresponding surface
levels, as well as the conducting channel thickness.

Key words: p-n structure, ammonia vapors, water vapors, adsorption, conducting channel, current
decay, surface centers
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0. O. Ilmawenko, ®@. O. [Imawenxo, , B. P. I'inbmymoinosa

BIIJIUB ITAPIB BOAU HA KIHETHUKY ITIOBEPXHEBOI'O CTPYMY, IHITYKOBAHOI'O
AACOPBIICIO MOJIEKYJI AMIAKY B P-N IIEPEXOJAX HA OCHOBI GaAs

Pe3rome

JlocimkeHo KIHETUKY TTOBEPXHEBOTO CTPYMY B 7-TIPOBIAHOMY KaHaI, 0OYMOBJIEHOMY aJ1copOIIi-
€10 MOJIEKYJI aMiaKy 1 BOJu, B p-n nepexofax H ocHoBl GaAs. [loka3aHo, 10 HasiBHICTH MapiB BOIU Y
HaBKOJIMIITHBOMY CEpEIOBHILI CHJIBHO BIUIMBAE HA KPWBI CIIAJaHHS CTPYMY IICJIsl BUIAJIICHHS IMapiB
amiaky. KpuBa cnajanHsi cTpyMy B IIbOMY BHITQJIKy Ma€ TPH €KCIIOHEHITIaJIbHI KOMITOHEHTH 3 Pi3HH-
MM 3HAQYEHHSAMH XapaKTEPUCTHYHOIO 4acy: 7, =30c¢, 7, =1900 ¢ 1 7, = 9400 ¢, @ TAKOK KOMIIOHEHTY
3 7, > r,. Pe3ynbTaTu NOACHIOIOTECA B paMKax IIPOCTOI MOJIENI, fKa BPaxoBye IMHAMIYHY PiBHOBA-
I'y MK BUIBHUMH €JICKTPOHAMH Y TPOBITHOMY KaHaJli Ta eIEKTPOHAMH Ha MOBUIBHUX ITOBEPXHEBHX
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neHTpax. KoxxHa eKCroHeHIianbHa KOMIIOHEHTa 00yMOBJICHA CITYyCTOIIEHHSM BiJIMOBIIHUX IIEHTPIB.
XapaKkTepUCTUIHHI Yac KOXKHOI €KCTIOHEHITIaTbHOI KOMIIOHEHTH KPUBOT CIIa/IaHHs CTPYMY BHU3HAYa-
€THCS TIMOWMHOIO 1 NIUIBHICTIO BIAMOBIIHUX MOBEPXHEBUX PIBHIB, @ TAKOXX TOBIIMHOK IPOBIIHOTO
KaHaly.

KurouoBi ciioBa: p-n cTpykTypa, napu aMmiaky, BOJAsSHI IapH, aacopOLis, IpoBIIHUI KaHal, cra-
JIaHHS CTPYMY, IIOBEPXHEBI IIEHTPH.

PACS: 73.20.Hb, 73.25.+I; UDC 621.315.592

A. A. IImawenxo, ®. A. [Imawenxo, B. P. ['unemymournosa

BJIMAHUE ITAPOB BOIbI HA KHHETUKY ITIOBEPXHOCTHOI'O TOKA,
UHIYIIUPOBAHHOI'O AJICOPBIIUEN MOJIEKYJI AMMMAKA B P-N IIEPEXOJIAX HA
OCHOBE GaAs

Pesrome

HccnenoBana KMHETHKA TIOBEPXHOCTHOIO TOKA B 7-TIPOBOJISIIEM KaHase, 00yCIIOBIEHHOM a1cop0-
Mel MOJIEKYJl aMMHaKa M BOJbl, B p-n nepexojax H ocHoBe (GaAs. [lokazaHo, yTO Hanu4ue napos
BOZIbl B OKPY>KAIOIIEH Cpelie CUIIbHO BIMSAET HA KPUBBIE CHaJaHUs TOKA MOCJE yAaJIeHUs [apoB aM-
muaka. KpuBas cnagaHusi TOka B 3TOM CIIy4ae MMEET TPU SKCIOHEHUMAJIbHbIE KOMIIOHEHTHI C pa3-
JINYHBIMU 3HAYCHUSAMH XapaKTEPUCTHUUECKOTO BpEMEHU: 7, =30¢c, 7, =1900 ¢ 1 7, =9400 ¢, a TaKXKe
KOMIIOHEHTY C 7, > 7,. Pe3ynsTarsl 0ObsACHAIOTCA B paMKax IPOCTOM MOJIENH, KOTOPasi yYUThIBAET JIU-
HAMHUYECKOE PAaBHOBECHE MEXKIY CBOOOAHBIMU JIEKTPOHAMH B IIPOBOISAIIEM KaHAJIC W AJIEKTPOHAMU
Ha MEIJIEHHBIX TTOBEPXHOCTHBIX LIEHTpaX. XapaKTEPUCTUUECKOE BPEMS KaK/10M 3KCIIOHEHIIMAJIBHOU
KOMITOHEHTHI KPHUBOU CTIa/IaHUsI TOKA OTPEACIIAETCS TIIyOMHOHN U MIIOTHOCTHIO COOTBETCTBYIOIIMX T10-
BEPXHOCTHBIX YPOBHEMN, & TAKKE TOJIIMHOW MPOBOASIIETO KaHaja.

KutoueBble ci1oBa: p-n cTpyKkTypa, mapbl aMMHUaKa, BOAHbIE Mapbl, acOPOIIHsI, TPOBOIAIINMI Ka-
HalJl, ClIaJJaHe TOKAa, IIOBEPXHOCTHBIE LIEHTPEIL.
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The technology of semiconductor crystal processing in the corona discharge has been developed.
It was established that as a result of this exposure, the samples acquire alternating spectral

sensitivity.

The observed phenomenon is explained by the emergence of a saddle of the potential barrier in
the element surface region the unusual properties which can allow the creation of a new type device.

It is known that the properties of semiconduc-
tor crystals can vary within wide limits depending
on the quantity and quality of the formed defects.
It must have an effect on the contact of the semi-
conductor sample.

In the present work we consider the problem
about the behavior of the originally ohmic con-
tact to the semiconductor at the appearance in its
space charge region of charged unevenly distrib-
uted electron traps. Despite the urgency of this
problem, in the literature it is almost not lit.

The introduction of the trapping centers in
the crystal contact layer can dramatically change
this region energy structure. In particular, in the
case of electronic traps, the formation of the lock-
ing barrier is possible. This significantly changed
the conditions of current transfer and hasspecific
effects, similar in nature to the negative photo-
conductivity.

To analyze this situation it is necessary to elimi-
nate the dependencies that describes the kind of
arising barrier in the conduction band, as in the
dark and in the light. As well as depending of the
parameters of this barrier, its width, height, the
maximum coordinate, the wall slopes — on the
properties of trap — theirs energy depth, initial con-
centration and distribution in the sample depth.

The aim of this work is to show that the
charged unevenly distributed of electron traps are

able to form a locking barrier in ohmic contact
space charge region. Its parameters are associ-
ated uniquely with the parameters of the traps and
thus can manage technologically. In this case
thank to the resulting barrier the sensor based on
semiconductor crystal acquires new properties,
including anomalous.

The change of photoconductivity, caused by
the processing of cadmium chalcogenides mono-
crystal samples in the gas discharge was studied
by authors [1-3]. The technology of this treat-
ment is as follows. The element was placed in a
vacuum

1. The effect of traps on the barrier structure

If the contact is formed for high-resistance
semiconductor, due to the considerable differ-
ences of transmissibility prectically all the space
charge region (SCR) is in its contact layer.

Let’s in such a semiconductor were introduced
electron traps N, which concentration decreases
from the surface deep into the volume according
to the law

X

N,=Nge " (3)

where N - the concentration on a geometric sur-
face, and /- a characteristic length that indicates
how far the number of traps decreases in e times.
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The activation energy of the traps (E.-E).
Then, just at the contact (region I Fig.1), traps are
below the Fermi level. Such traps are filled with
electrons regardless of the free charge concentra-
tion . On the surface their distance from the Fermi
energy and, consequently, the filling will be at its
maximum. Therefore, at point x=0 the appearance
of such trap concentration of free electrons and
the energy distribution do not change. Still they
are described by formulas (1) and (2).

As can be seen from Fig.1, the greater is the
depth of the traps (E —~E)), the wider is the region
1, enriched by electrons, as for large coordinate x
traps are below the Fermi level and in the region
of the Fermi level.

And, as will be further shown, the greater the

initial concentration of traps N, the steeper the

&

dependence goes up. Both of these factors,

acting together, should provide greater height of
the formed barrier.

On the contrary, in the depth of the volume at
x > L, the aquarance of electronic trap conditions
will change significantly. The traps are partially
filled and are able to capture an additional charge.
The concentration of free charge, initially account
n, (curve 1 Fig.1a) should decrease, which is ac-
companied by increase in the distance from the
bottom of the conduction band up to the Fermi
level.

Let’s consider the impurities N, edge of the
front of spreading (region III of Fig.1a). The con-
centration of traps in the region x = L, is small,
so in general it remains electroneutral. The part
of free charge goes to the traps. The equation of
electroneutrality in this case looks like:

CE() _x

N;=ne ¥ +Nge "
Given the fact that numerically the of ion-

(4)

ized donors concentration N; is equal to n, and
using the decay exponent in the range from (4)
obtain

X

E(‘x) _N e Lo
- t0 .

o pr
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From which

X

Nig kTe "

x—>L,

E(x)

)

0

Decreasing of the x coordinate to the surface
side, the value of the energy of the conduction
band edge increases, although only slightly. If all
the free charge n, will move to traps, then (E-E )
~ kT (on the border of areas II and III).
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Fig. 1. (a) - structure of the SCR of ohmic contact

to the high resistance semiconductor: (1) - the ini-

tial state; (2) — after the introduction of the traps;

(b) - the distribution of the electron traps concen-
tration in depth of the sample

The studied processes on the edges of the SCR
are sufficient for predicting the energy distribu-
tion changes. If in the volume depth the energy
curve E (x) is directed upward, and on contact
with the metal comes to the same point where
it was without taking into account the traps, the
overall profile of the SCR should be bell-shaped
(curve 2 Fig.1a). And its width is controlled only
by these traps penetration depth determined by
technological factors in the crystal processing.

1. The energy distribution in the crystal
near-contact layers with traps for electrons

The profile of the barrier in region I of Fig.la
can be determined by using the Poisson equation

d’E, 4rné 4re’
T2, W=

[N =N,@)-n()] (©



where E — the energy, a NZ =n,<<n,. Using
expressions (2) and (3) formula (6) takes the

form

d’E, 4rné - a Y
=—|-N,e °—n . (7

dx? & 0 “Na+x )

Note that negative values of the second de-
rivative indicate the convexity of the function £,
in the region I.

After integrating

47 e

E\(x)= {—EOZN,Oe"’"+nka21n|a+x|+C]x+C2] )

The values of the constants C, and C, can be
determined from comparison with the distribution
(1) for a pure semiconductor.

When using for contact of metals with possi-
bly small work function the value of the jump at
the boundary of AE(0)—0. In this case, when x=0
(E.F)=0 and n_ = N_ = 10"cm”. According to [4]
value of cadmium concentration on the surface ~
10*'em?. Taking this quantity for 0.1+1% of the to-
tal values we obtain that on the surface N <n,.

Considering also the calculations described
in paragraph 1, regarding the filling of the traps
without the free charge concentration changing,
would be fair:

dE dE,
d_|X:0 = EL‘:O or from (7) and (1)
x
T 4zé o
T _dze (N, e+ +C1:|,where as
at+x ¢ a+x
=0 is obtained  C, :%TT4;2 N, —na. (9)

The value of the constant C, in (8) can be found
from the condition £, (0) = 0. From this it follows

C,=0'N,-na'ha. (10)

Finally (8) with (9) and (10) becomes:

2

2 S
E(x)=27¢ FDZNM[I(Z "ﬂ]+ma21n

a+x (24T ¢
o 2L
£ a

a 4re

[mn@%an

The resulting expression is too cumbersome
for further analysis. Therefore, we believe that the

value [ in the traps distribution is large enough,
and the point of linkage with the function £, (x)
(i.e. the width of region I) lies in the coordinate
that is smaller than the screening radius a. Then
expanding in a number of the exponent and the
logarithm of (11) will obtain the expression:

E](X):szTx (12)

which, as expected, not influenced by the pa-
rameters /, and traps N, . In the surface layer the
distribution of the energy barrier represented by
almost a straight line with a slope 2k7/a. In this
graph E (x) lies above the curve 1 Fig. la. This
means that from the beginning with the coordi-
nate increasing the concentration of free charge
decreases faster than the concentration of traps.

2. The barrier structure in depleted layer

In the central part of the barrier (region II Fig.
1) free charge virtually absent and the concentra-
tion of electrons on traps significantly exceeds
the number of ionized donors, since for these dis-
tances x number of traps is still quite large. Then

n,(x)> N, ;n(x). In this case, the charge den-
sity
p(x) =—en,(x)=—eN, (x)[f(x)
where f(x) - the probability of filling traps
Fermi — Dirac
(E ~E)~(E ~F)

Ax)=e ~

5 -E,
V/a

£ -F
y’a

=c =

In this expression, the first exponent associ-
ated with the activation energy of the traps, with
the coordinate does not change, and the rate of the
second exponent depends on x.

Finally, the Poisson equation has a view

2 _* E,
L) ge e (13)
where
> E,—E,
a= A7 Nye © (14)

It is seen that in this region the second deriva-
tive is negative. The curve is concave. Using the
substitution
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= _[i +ﬂ] (15)
have ty KT
2
d = - A 2 (16)
Or dx kT
2
ld(%j :iezdz.
2 \dx kT
Where after integration
2
(@j =2ie2+cl (17)
dx kT

The value of C, can be obtained at the position

of the maximum, where C:I—E = (. Then
X

1 2 P Ep
]\71 =|—| —=2=4 " .g
L, kT

On the rising curve where x<x max and E< E
max is true (see 15)

(18)

C, << Az
kT

For strong enough barriers on the drop-down
of the value of x and x__that have the same order,
and £ < E_ . Therefore, this condition remains
valid here. In general formula (17) takes the form

B
dx kT

From where

z
% -+ /%ef
dx kT -

In accordance with (11) on the ascending part

of the curve the derivative is negative. On falling

apart for all aE < AT (i.e. slow decay), it also

x L,
remains in force. Then in (19) should leave the
sign «—». Where after integration is determined

V4
—2e ? z—Jﬁx—Cz'
kT

(19)

(20)
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Substituting (10) into (16) and simplifying the
expression, it turns out

E,(x)= —kTi+2kT1n( /ix+C2J. (21
0 2kT

2. Detalization of the explicit form of the
energy distribution function

From the equality of the derivatives at the
point of stitching x, is obtained

[ 4
2kT__kT 2kT 26T

oW T4
“ 0 Xor| ——= +C,
2kT 1

1
< J—
From where for large /,, when 20, ;
mei +C, = awli
2kT 2kT (22)
Then the value
CZ
Xy =a-—
4 . (23)
2kT
After substitution into the expression

E (x,)= E,(x,) we can find:

a\/%}——/x{a—\/%}zkrln[a\/zzj (24)
2%T 2%T

In the second term on the right in (24) takes
into account the dependence (22). Reducing 2kT

2kT
a

and bringing like, it turns to 2/, > a

ool o f e

If the growing part of the barrier sufficiently
sharp, then the value x, in (23) is not large com-
pared to a. In this case, from a comparison of

(23) and (25) follows h[a [A J< ,>and
finally 28
A

C,=a,|——

2kT

E,(x)= —]2—Tx+2len{‘ ’% (x+a)} (26)

As can be seen from (26) in the maximum
when

(25)



dE, kT
=+

dx l,

Xm=2€0—3%250.

2kT

X, +

=0

(27)

The width of increasing side of the barrier and,
consequently, the field strength is controlled by
the parameters of the distribution of traps 2/,
Substituting (27) in (26) is determined by the val-
ue of the function £, in maximum:

/ A
E ~ 2kT +2kTIn,|——(2¢.).(28)
2max 2kT ( 0)

The more the 2/, the higher the barrier.

The dependence on the initial concentration
of traps N, and their activation energy (E_-E)
E.~E,

4 re”
Nye ¥

is dened by the value A=

&
From (28) it follows that with increasing of these

parameters, the barrier height also increases lin-
early in proportion to (E. — E) and logarithmi-
cally proportional to N_.

The total width of the SCR can be determined
when E,(x)=0:

Ly | | A
20, _h{ ZkTsz' (29)

It is considered that for this task the traps dif-
fuse on L, and already at the maximum coordinate
isx > a.Equation (29) does not allow to explic-
itly obtain the dependence of L,(/,, 4), but allows
to reveal tendencies of this dependence by using
methods borrowed from the theory of numbers.

Consider (29) in the form

L2
20,

The type of traps is not changed (i.e., fixed A),
but at the expense of technological methods in-
creasing /,. In this case, since the right part does
not change, and the denominator of the first term
increases, the value of L, should increase, al-
though not proportionally. If L, is not changed,
the left side of (30) is also decreased. This follows
from

R
2kT

(30)

d( 2LZ —In LZJ . .
—= - - l-="T<0
dL, 20, L,
Conversely, /=const, and the value of A in-
creases. Then the left side in (30) should increase.
Since the logarithmic function y = InL, slower lin-

ear change = 2L

2, in general, L, increases.
()

With increasing concentration of the traps on the
surface of the N, and their activation energy (E —
E) of the SCR width increases.

Note that for this conclusion it is impor-
tant simultaneous increase in both parameters.
Fundamentally, it is possible when there are few

deeper traps [exp(5) more] on the geomet-
ric surface (less N ). Since the value of N is con-
trolled technologically, this competition can be
avoided.

3. Energy profile of the barrier in the bulk
of semiconductor

After stitching at point x, the function £,(x) in
the depth of the volume has also been found as-
sociated with the surface condition (see 6).

The standard procedure for suturing in the
depth of the scope of functions E (x) and E(x)
leads to a too complicated system of equations
that can be solved only by numerical methods.

Therefore, it was applied workaround [5]. The
value of the function at the maximum at x=x_is
equal to

A
2kT, | ——
dEy(x,) _ KT N2kT \/sz_O

dx L, A B

a0 G

From that

1/—A x, +C, =2£0,/—A
2kT 2kT
A
C, =.—(2¢,—
and 2 ‘fsz( 0 xm)-

This is after substitution in £,(x) gives

kT A
E =——x+2kTIn| ,|—(x+2(, —
0= [./M (e+20, xm)}

(€2))

and in maximum ( x=x, )
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It is seen that the closer to the boundary the
barrier forms (x, decreases), the higher it is. With
increasing concentration of traps N and their
depth (E. — E) (i.e., increases) the barrier also
increases. This coincides with the previously ob-
tained.

At the point of stitching the barrier function
E (x) with the function in the quasi-neutral region
E = kT. Therefore, we can assume that x , deter-
mines the overall width of the SCR: x = L,. It
turns out:

f A L
2In| | —(L, +2¢, — =241
[ 2kT( 2 0 xm):| ’, s

L,
and L,>>I, and therefore —= >>1 |

0
Then (32)

or

L, ~20,m(20,/=L).

The width of the space charge region increas-
es with increasing 2/, which also coincides with
the previously obtained.

The technology of sample doping

In [2], a method of creating electron traps on
the semiconductor surface due to the processing
gas discharge is described. The advantages of this
technique are associated with the presence of an
electric field during technological operations. By
varying the magnitude and direction of this field
it is possible to control the process of introduction
of defects and profile of their distribution.

In [6] indicates significant migration of the im-
purity ions in wide band gap semiconductors in
the fields of order 10° V/m.

In addition to creating electronic traps and
managed process of introducing them into the
volume of semiconductor sensor, the proposed
method of treatment in a corona discharge con-
tributes to the formation of donor on the surface
of the sample [3]. The same electric field which
promotes the outflow of these traps, accumulates
donors in the surface layers, increasing their con-
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ductivity. Thus, it becomes possible to make pro-
cessing of crystals with pre-applied contacts and
in the same cycle to make measurements without
the presence of air in the chamber.

The sample was a rectangular plate of mono-
crystal cadmium sulfide with a thickness of ~ The
width of the space charge region increases with
increasing 210, which also coincides with the
previously obtained.

The technology of sample doping

In [2], a method of creating electron traps on
the semiconductor surface due to the processing
gas discharge is described. The advantages of this
technique are associated with the presence of an
electric field during technological operations. By
varying the magnitude and direction of this field
it is possible to control the process of introduction
of defects and profile of their distribution.

In [6] indicates significant migration of the
impurity ions in wide band gap semiconductors
in the fields of order 105 V/m.

In addition to creating electronic traps and
managed process of introducing them into the
volume of semiconductor sensor, the proposed
method of treatment in a corona discharge
contributes to the formation of donor on the surface
of the sample [3]. The same electric field which
promotes the outflow of these traps, accumulates
donors in the surface layers, increasing their
conductivity. Thus, it becomes possible to make
processing of crystals with pre-applied contacts
and in the same cycle to make measurements
without the presence of air in the chamber.

The sample was a rectangular plate of
monocrystal cadmium sulfide with a thickness of
~ 1,5 mm and an area of the front surface of about
one square centimeter. The crystal was placed in a
vacuum chamber, which created a vacuum of the
order of 10-2+10-3 mm. Hg.

Stable symmetric discharge (Fig. 2.b)
managed to create [7] when the cathode end was
attached to the conical form. When an insufficient
degree of vacuum in a chamber, the discharge
passed into the avalanche and was twisting, and
in the working field of high voltage the twisting
moment was almost independent of the field. All
the following results are obtained after processing
in the mode of glow discharge.



The best results are obtained when the gap
width is 8-12 mm. We attribute this to the fact that
with the insufficient value of the period expiring
on the electron has not gained enough energy to
create defects in the structure of the investigated
crystal.

The high voltage of the order of 4-5 kV was
created by high-voltage rectifier. In this case, the
contrast described earlier (see [1-3]) is to use DC
voltage for processing.

For processing in a gas discharge were selected
samples, which have symmetrical linear graphs
like the VAC in the dark and in the light. Has been
used quite photosensitive crystals. In both cases
— and in the dark and when illuminated — after
the manufacturing process, the overall resistance
of the crystal increased. After the appearance of
these traps initially low resistivity space-charge
region of the ohmic contact due to formation of the
barrier significantly increases its resistance. The
base resistance in the dark was ~ 5-10* Ohm, in
the light - (2+3)10* Ohm. Insignificant difference
of the obtained values leads to the conclusion that
the resulting width of the barrier is determined
only by the penetration depth of the traps. Far
from the surface of the crystal layers of the traps
is very small and therefore they are already filled
in in the dark. The light does not change their fill
and, therefore, the width of the SCR, and with it
the resistance.

a) b)
Fig. 2. The design of the arrester (a) and processing
of the samples the vacuum in the gas discharge (b)

When illumination by strongly absorbed light
carriers are generated in the surface layers of

the sensor and must move along the surface by
the applied field. Processing in a gas discharge
contributes, according to [1,2], the formation
on the surface additional donor centers. In this
case the surface conductivity increases, and the
impact of recombination is weakened.

In the spectral range 540-600 nm by the
impact of a gas discharge, we observed a slight
increase of the photocurrent. This indicates the
predicted occurrence as a result of processing of
crystals of deep trap levels.

Conditions of formation barrier in our
structures are also seen in the dependence of the
curve shape of the spectral distribution of the
photocurrent polarity from the applied voltage.
For conventional barriers with increasing
applied forward bias, the barrier height and width
decrease. The field strength in the SCR barrier,
as the ratio of these quantities varies little. When
changing the polarity of the applied field on the
opposite of both these parameters — the height
and width are simultaneously increased, but
their ratio is again significant changes does not
undergo.

In our case it is not. The resulting width of
the barrier is determined only by the penetration
depth of the traps and does not depend on the
applied voltage. An external electric field in
this case reduces the height of the barrier and
distorts its symmetry (see Fig.1). The side of
the potential barrier, the field strength at which
is opposite to external, is reduced to a greater
extent. Because it is one-sided coverage, short-
wave and long-wave part of the curve the spect

Experimentally proved to be correct to
investigate the spectral distribution of the
emerging photo — EMF. Such an approach
allows not to take into account the nuances of the
formation of the photocurrent — recombination
in the inner regions of the crystal, the influence
of the resistances of its parts, etc. But instead to
identify the main — effect of the emerging traps
in the surface layers of the sample due to the
processing in a gas discharge and donor levels
on its geometric surface.

Without the participation of the external field
on the samples processed in a gas discharge, for
the longitudinal conductivity, we observed the
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unusual origin and distribution of EMF in the
excitation light of different wavelengths. A curve

is represented in Fig. 3
9
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Fig. 3.The spectral distribution of the photo EMF
for crystals, processed in a gas discharge

In our case, we found that the magnitude of
photo-EMF under white light of 100 Lux was less
than that in monochromatic light. This is due to
the unusual form of a graph Fig.3. Shortwave and
longwave contributions do not add up as usual in
the white light, and subtracted.

This happens due to the unusual kind of
barrier. Typically, SCR is either a growing part
from the surface deep into the crystal (ohmic
contact) or falling (gate contact). In our case
presented both of the slope of the barrier (Fig.1).
It shifted in the whole volume of the crystal from
the surface. In this regard, when illuminated from
the side of a contact on the surface of the sample,
first, the absorption occurs in the increasing part
of the barrier to short wavelength light with
strong absorption. Photoexcited electrons by
the field barrier are returned to the contact on
the illuminated surface, where they increase the
negative potential relatively to the lower contact
to the sample. In Fig.3 we adopted this value for
the positive part of the curve (area 440-540 nm).

As can be seen from the figure, with increasing
the excitation wavelength, the contribution of this
component decreases. This is because of that
for larger wavelength the absorption coefficient
decreases, and part of the photons reaches the
deeper layers of the crystal, where the falling part
of the barrier is. In this case, the field strength
causes the non-equilibrium electrons move in the
opposite direction. It is obvious that for a wave
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length of 540 nm, when in Fig.3, there is a curve
crossing the x-axis, both processes balance each
other and the resulting potential difference is
equal to zero.

With further increase in wavelength, more
photons are absorbed by the falling part of the
barrier (Fig.1). Field barrier primarily directs the
electrons into the sample, a negative potential of
lower contact increases.

For sufficiently large wavelengths ~ 800 nm
or more, the signal Fig.3 stabilizes, remaining
negative. This indicates the predominant light
absorption in the right side of the barrier (Fig.1).
In addition, the photons can penetrate deep
enough into the crystal and be absorbed outside
the SCR contact without making any contribution
to the signal formation Fig. 3.

The limit of the change curve Fig.3 is a
conventional spectral distribution of photo reply.

Used processing methods cause changes in
this schedule with some ratio of temperature,
light, tension, the used field and the duration
of the treatment. In our case the best results we
have obtained with 15 min treatment with 8 mm
distance to the needle on which it was 4000 V.
Then the schedule gets abnormal appearance with
maximally large negative values.

If too large saturation of the traps during
processing in a gas discharge, their concentration
gradient is insignificant, and the spectral
distribution returns to its original state. This is the
same crystal, which just increased the resistance
due to the presence of traps.

Thus, the proposed technology of sensors, in
full accordance with the developed model allows to
obtain sensors with abnormal spectral sensitivity.
The view according to Fig. 3 makes it possible
to use them as receptors in a certain, prescribed
in the course of technological processing, the
wavelength of the radiation. Moreover, since
at this point the value of the signal is zero, this
sensor will be completely insensitive to any noise
and interference, including artificially supplied.

In addition, since the light from different
spectral regions the sign of the EMF and therefore
the current is reversed, this property can be used
to create optical devices of new generation.
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FEATURES LUMINOUS CONDUCTIVITY IN
THE CRYSTALS TREATED IN A CORONA DISCHARGE

Abstract

The technology of processing of semiconductor crystals is developed in the corona discharge. It is
established that as a result of this exposure, the samples acquire alternating spectral sensitivity.

The observed phenomenon is explained by the emergence of a saddle of the potential barrier in the
surface region of the element, the unusual properties which can allow the creation of a new type of

device.

Key words: LUMINOUS CONDUCTIVITY, THE CRYSTALS, CORONA DISCHARGE
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I I'Yemepecrox

OCOBEHHOCTH CBETOBOM IMTPOBOJIMMOCTHU B KPUCTAJLIAX,
OBPABOTAHHBIX B KOPOHHOM PA3PSJIE

Pe3rome
Pa3zpaborana TexHomorus oOpaOOTKH TMOIYINPOBOJHUKOBBIX KPHCTAIIIOB B KOPOHHOM paspse.
YCTaHOBJICHO, YTO B pE3y/IbTaTe TOr0 BO3ACHCTBUS 00pa3iibl MPHOOPETAIOT 3HAKOTIEPEMEHHYIO CIIEK-
TpaJNbHYIO YyBCTBUTEIBHOCTh. Habmomaemble ssBneHUS 00bsICHEHBI BOSHUKHOBEHHEM JBYXCKAaTHOTO
MOTEHIIMATBHOTO Oaphepa B MPUMOBEPXHOCTHON 0OIACTH IEMEHTa, HEOOBIYHBIE CBOMCTBA KOTOPOTO
MOTYT MO3BOJIUTH CO3/IaHKE TPUOOpa HOBOTO THIIA.
KuroueBsle ciioBa: Kpucramibl, KOpOHHBIN pa3psif] , CBETOBas POBOJUMOCTb,

VIK 621.315.592

O. I1. Minaesa, A. C. Cumanosuy, H. I1. 3amoecwka, FO. M. Kapaxic, M. I. Kymanosa, I I Yemepeciok

OCOBJIMBOCTI CBITJIOBOI ITPOBIJTHOCTI B
KPUCTAJIAX, OBPOBJIEHUX Y KOPOHHOMY PO3PAII

Pe3srome
Po3po0iieHo TexHOMoriio 0OpOOKH HamiBIPOBIIHUKOBUX KPHUCTATIB y KOPOHHOMY DPO3pSi.
BcranoBieHno, mo B pe3yibTaTi LOTO BIUIMBY 3pa3kd HaOyBalOTh 3HAKONEPEMIHHY CIIEKTPalib-
HY YyTJIMBICTh. SIBUINA, 110 CIIOCTEPIraloThCs, MOSICHEHI BUHUKHEHHSIM JIBOCXWJIOTO MOTEHIIIHOTO
Oap'epa B MPUIMOBEPXHIii 001aCTI eeMeHTa, HE3BUUYalHI BIACTUBOCTI SIKOTO MOXKYTh JI03BOJIUTH CTBO-
PEHHS IpujIagy HOBOTO TUILY.
KirouoBi ciioBa: kpucranu, KOPOHHHUM po3psij, CBITIOBA IPOBIAHICTH
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NEW QUANTUM APPROACH TO DETERMINATION OF THE MOLECULAR
SPECTRAL CONSTANTS AND PROBABILITIES FOR COOPERATIVE VIBRATION-
ROTATION-NUCLEAR TRANSITIONS IN SPECTRA OF DIATOMICS AND THE
HADRONIC MOLECULES

It is proposed a new approach to construction of the potential function of diatomic molecules
as a sum of the known perturbed Morse oscillator function, the Simons-Parr-Finlan molecular
potential in the middle of the potential curve, function of the -Cn/R" type at the large internuclear
distances. Within this approach it is presented a precise scheme for computing the molecular spectral
parameters, namely, vibrational, rotational, centrifugal constants for the electronic states of diatomics.
As application it was carried out calculation of the of molecular constants (cm-1) for the X'X* B'IT
states of the KRb dimer and rubidium dimer and performed further comparison with experimental
data. Within consistent approach to calculation of the electron-nuclear y transition spectra (set of
vibration-rotational satellites in molecule) of molecule there are obtained the estimates for vibration-
rotation-nuclear transition probabilities in a case of the emission and absorption spectrum of nucleus
27T (E7= 203 keV) in the molecule of H1271 for different approximations of the for potential curves:

the harmonic oscillator, the Dunham model and presented approach.

From physical viewpint it is obvious that any
alteration of the molecular state must be mani-
fested in the quantum transitions, for example,
in a spectrum of the g-radiation of a nucleus (see
for example [1-9]). In result of the gamma nucle-
ar transition in a nucleus of a molecule there is
arised a set of the electron-vibration-rotation sat-
ellites, which are due to an alteration of the state
of the molecular system interacting with photon.
The known example is the Szilard-Chalmers ef-
fect which results to molecular dissociation be-
cause of the recoil during radiating gamma quan-
tum with large energy.

In series of works [3-9] it has been carried
out detailed studying the co-operative dynamical
phenomena due the interaction between atoms,
ions, molecule electron shells and nuclei nucle-
ons. There have been developed a few advanced

approaches to description of a new class of dy-
namical laser-electron-nuclear effects in molecu-
lar spectroscopy, in particular, a nuclear gamma-
emission or absorption spectrum of a molecule.
A consistent quantum- mechanical approach to
calculation of the electron-nuclear g transition
spectra (set of vibration-rotational satellites in
molecule) of a nucleus in the multiatomic mol-
ecules has been earlier proposed [5,7] and gen-
eralizes the well known approach by Letokhov-
Minogin [4]. Earlier there were have been ob-
tained estimates and calculations of the vibra-
tion-nuclear transition probabilities in a case of
the emission and absorption spectrum of nucleus
Py (E(°>g= 82 keV) in the molecule of /rO,,
18805 (E<°)g= 155 keV in OsO, and other molecules
were listed. In Ref [8] there are firstly presented
theoretical data on the vibration-nuclear transition
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probabilities in a case of the emission and absorp-
tion spectrum of the nucleus of rhenium '*Re (E©®
. 186.7 keV) in the molecule of ReO,, estimated
on the basis of the simplified version [5,7] of the
consistent quantum-mechanical approach to co-
operative electron-g-nuclear spectra (a set of
the vibration-rotational satellites in a spectrum of
molecule) of multiatomic molecules.

In this paper we present a genetralization of
the cited theory of cooparative electron-gamma-
nuclear (vibrational, rotational) transitions in a
case of the diatomic moleules using new prin-
ciple of construction of the potential curves for
diatomic, which is in some degree analogous to
the Smirnov approach [10,11]. Moreover the pro-
posed method allow to determine the molecular
spectral parameters, that ic checked on the ex-
ample of the some alkali dimers. Besides, we will
give a short generalization of the theory on a case
of the exotic hadronic (pionic) molecules.

It should be noted that the diatomics potential
function can be obtained on the decision of the
electronic Schrodinger equation, however, due to
significant computational difficulties in the pres-
ent, this problem is reliably solving only for the
case of the simplest diatomics having a small
number of electrons [10-15]. In this regard, the
first promising more used semi-empirical meth-
odsy, where the potential curves are determined
in the adiabatic approach using experimental vi-
brational and rotational spectroscopic constants.
Some authors have studied solutions of the Sch-
rodinger (or Klein-Gordon) equation with some
known physical potential models, such as the
Morse potential, Rosen-Morse potential, Man-
ning-Rosen potential, Poschl-Teller potential,
Deng-Fan potential, ring-shaped potential, and
hyperbolic Scarf potential etc (look details for ex-
ample in Ref. [10,16-18]).

Ler us remind shortly a scheme for computing
the cooperative on the vibration-nuclear transi-
tion probabilities in a case of the emission and
absorption spectrum of the nucleus of diatomics
as the corresponding method is earlier presented
in details (look [5-8]). The aim is to compute pa-
rameters of the gamma transitions (a probability
of transition) or spectrum of the gamma satellites
because of changing the electron-vibration-rota-
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tional states of the molecule under gamma quan-
tum radiation (absorption).

Our purpose is calculation of a structure of the
gamma transitions (probability of transition) or
spectrum of the gamma satellites because of the
changing the electron-vibration-rotational states
of diatomic molecules under the gamma quantum
radiation (absorption). In adiabatic approxima-
tion a wave function of molecule is multiplying
the electronic wave function and wave function
of nuclei: y(r )y(R,,R,). Hamiltonian of interac-
tion of the gamma radiation with system of nucle-
ons for the first nucleus can be expressed through
the co-ordinates of nucleons r " in a system of the
mass centre of the first nucleus [4,7]:

H(ry) = H(ry Yexp(—iky Ry) (1)
where kg is a wave vector of the gamma quantum.
The matrix element for transition from initial

state “a” to final state “b” is presented as usually:

< ‘I‘Z(fn) | H(ry) |V 5 (1) > @

W ¥RL R R (R Ry > (2)

The first multiplier in (1) is defined by the
gamma transition of nucleus and is not dependent
upon an internal structure of molecule in a good
approximation. The second multiplier is a matrix
element of transition of the molecule from initial
state “a” to final state “b”:

Mpy =< Wp(re) | Wa(re) > o

c<¥pRL.R) IR W, RR) > (3)

The expression (7) gives a general formula for
calculation of the probability of changing internal
state of molecule under absorption or emitting gam-
ma quantum by nucleus of the molecule and defines
an amplitude of the corresponding gamma satellites.
Their positions are fully determined by the energy
and pulse conserving laws as follows [2]:

£ B, + By +(U2)ME =B + By U )MP (4)

My £ hky =My

Here M is the molecule mass, v, and v are ve-
locities of molecule before and after interaction of



nucleus with g quantum, E_and E, are the ener-
gies of molecule before and after interaction, E_ is
an energy of nuclear transition. Then an energy of
the g satellite is as follows):

Ey = E 4 hkyvg + Rop +(Bp —Eg) (5

Here R is an energy of recoil: R = [(Eg(")]
2/2Mc?. It is well known (c.f.[4,7]) that the practi-
cal interest are presented only transitions between
vibration-rotational levels of the ground electron
state, including transitions into continuum with
further molecular dissociation. The matrix ele-
ment of transition for these transitions is

Mpq =<3 (R, Rp)le 10 |%,(Ry, Ry)> ()
The values of energy, accepted by vibration
and rotational degrees of freedom of the molecule
are as follows:
EvibeVh =R om(my/my),
smtzBJ2=R0m(m2/m1).

(7)

The simple adequate model for definition of
the rotational motion is the rigid rotator approxi-
mation. In this approximation the wave functions
with definite values of quantum numbers J,K are
the eigen functions of the angle momentum op-
erator, i.e.:

Y(R1,R2).=Yk(8, ¢). (8)

In a case of the vibration motion the wave func-
tions with definite value of the vibration quantum
number are numerically found by

solving the corresponding Schrodinger equa-
tion with potential function, choice of which was
discussed above. The simple approximation is
surely the harmonic oscillator onee. The harmon-
ic oscillator wave functions were used for esti-
mating matrix elements of the vibration-nuclear
transitions in ref. [4]. In general the matrix ele-
ment of the vibration-rotation-nuclear transition
can be written as follows:

wt¥a  =Am) I DRI DS

Jp-Kp3Sa.Kq
Jg+Jy
3 feyt? v, (20 2y @)Y, >
14y,

Tadp 1\ Sx (Tadpl

000 ) 2y kym

m——

a:(Ey(o)/bc)(mz/M)R*(]+Q/[(m)1/2R o

)

Here Q=(R-R )(m)"?, m=m m /M is the re-
duced mass of the molecule, m and m, are the
masses of nuclei. The co-ordinate of mass centre
of the first nucleus relatively the molecule mass
centre is defined by expression:

R, =~(m M)R=-(m /M)[R +Q/(m)""] =
-(m/M)R ~(m/m M)"*Q

The corresponding probability can be written
in the following form:

PJV:}/Z =21 +1)

Jatdp 172 2
Y WU+L<Yy, |(n/20)" " T 0@y, A7 -

475 T
(Ja Ty 1)2
000
(10)

Our new approach in in construction of the fi-
nal potential function as a sum of a few potenty-
ial curves. Each diatomic potential curve dimer
is approximated by three functions corresponding
to different portions of it. As in Ref. [10], the first
portion is approximated by the known perturbed
Morse oscillator function:

U(R)=V. (yz + Z bnyn> )
n=4
y=1-exp[—p(R—-R)| (17
where R, R - and equilibrium internuclear inter-
nuclear distance;V,, p, b - the parameters of the
Morse oscillator function.

tion VM.

Often in the middle of the potential curve ( it is
experimentally investigated range of vibrational
quantum numbers) it is usuaaly used the poten-
tial of the Rydberg-Klein-Rees (look for example
[10-15,18]). This potential curve has not the ana-
lytical form, and it is builtas a set of R . andR_
classical turning points for experimental study of
vibrational energy levels. Insit of it in our new
scheme we apply the Simons-Parr-Finlan molec-
ular potential which looks as follows [15]:

Uy=B)l(r - r)/ P4 3 B I 1)/ T} (12a)

or introducing x=r - 7, :

U(=By[x/(x 1Lt T8 [xAx 1} (12b)

where the coefficients bl. are linked with corre-
sponding molecular constants [14].
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Finally, the plot of the potential curve for large
values of the internuclear distance is approximat-
ed by the standard function:

Cp
{HR%:D(—EZRﬂ—AUngL

(13)

where D, - experimental value of dissociation en-
ergy; C - the function parameters (6); n = 3-8.
Let us note that the model (11)-(13) is obviously
more exact and consistent in comparison with a
simple harmonic oscillator one. As an application
it was carried out computing the rubidium dimers
(Rb2, KRb) diatomics spectral parameters. The
results of calculation of molecular constants (cm
" for the X'T" state of the KRb dimer are pre-
sented in table 1 tohether with experimental data
[10,19,20] and theoretical data [10,11] obtained
with using the Morse- Rydberg - Klein - Rees (M-
RKR) method.

Table 1
The molecular constants (cm™) for the X'X*
state of the KRb dimer: Experimantal data —

Exp; Theory: a- [10]; b- our data

Table 2
The molecular constants (cm™) for for the B'IT
(b) state of the KRb dimer: Experimantal
data — Exp; Theory -our data

KRb B'II
Theory Exp
o, 61,258 61,256
o X, 0,2095 0,2089
Y, 2,88(—3) 2,87(-3)
oz, —1,034(-4) —-1,031(-4)
B, 0,03287 0,03288
a, 7,54(=5) 7,41(=5)
?, -1,12(-5) -1,13(=5)
D, 3,75(-8) 3,79(-8)
H, 5,5(-14) 5,7(-14)

Tables 3 and 4 contains the same data for states
of the rubidium dimer for the IE*g and (1)'IT (B)
states.

Table 3
The molecular constants (cm?) for the 'X*
state of the Rb2 dimer: Experimantal data —

KRb ) ON
Th: a Th: b Exp
o, 75,846 75,844 75,842
X, 0,230 0,230 0,230
Y, -3,7(-4) -3,8(-4) -3,9(-4)
oz, -3,7(-6) -3,5(-6) —-3,1(-6)
B, 0,03815 0,03812 0,03813
a, 1,21(-4) 1,20(-4) 1,20(—4)
7, -7,3(-7) -7,3(-7) ~7,4(=7)
D, 3,85(—8) 3,85(—18) 3,86(—8)
H, 3,7(-14) 3,7(-14) 3,7(-14)

Table 2 contains the results of calculation of
molecular constants (cm™) for the B'IT (b) state of
the KRb dimer
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Exp; Theory: a- [11]; b- our data

[16] Our data Exp

o, 31,4883 31,4884 31,4880
wx, | —0,1140(~ | —0,1142(- | —0,1144(-
1) 1) 1)
oy, | —4,255(-4) | —4,263(-4) | 4,269(-4)

oz 7,20(=7) 7,31(=7) 7,40(-7)
B, | 0,13433(— | 0,13435(— | 0,13431(-
1) 1) 1)
a, | —1,449(-6) | —1,468(-6) | —1,485(-6)
v, | 4136(=7) | —4,132(— | —4,122(-7)

7)




Table 4

The molecular constants (cm™) for the (1)'I1 (B)

state of the Rb2 dimer: Experimantal data —
Exp; Theory: our data

Rb, Theory Exp
o, 47,471 47,470
X, 0,1431 0,1430
Yy, -8,351(=7) -
B, 0,19529(-1) | 0,19523(-1)
a, 1,02(— 4) 1,00(— 4)
?, 1,564(-7) 1,561(-7)

Analsysis of the listed data show a physi-
cally reasonable agreement beyween thepretical
and experimental data. Further we present the
accurate data on the probabilities for vibration-
rotation-nuclear transitions from state with v =0,
J.=0 and state v =1, J =0 in a case of the emis-
sion and absorption spectrum of nucleus '*’I (E©
.~ 203 keV) linked with molecule H™T in the
ground electron state X'S (molecular parameters:
R =1.,6 1A, n =2309 cm™, B=6,55cm™ ). The recoil
energy for this molecule is 0,172 eV. Parameters
which define excitation of vibrations and rota-
tions for this molecule because of the recoil, are
as follows: a =1.30 and e_=5.29%107 It should be
noted also that a width of the gamma lines are
corresponding to temperature T=300K. In figure
1 we present the calculated spectrum of emission
and adsorption of nucleus '*’I in the H'?'T .

(b)

Fig. 1. Computed emission (solid curve) and absorp-
tion spectrum of nucleus I (E“’)g= 203 KeV) in the
molecule H'?I. Initial state of molecule: a). above
n =0, J =0 and b). below n =1, J =0 (our data)

We have made comparison of the correspond-
ing vibration-rotation-nuclear transition parobai-
lities from state with v =0, J =0 and state v =1,
J =0 in a case of the emission and absorption
spectrum of nucleus '?I (E(O)gz 203 keV) in the
H'™T for different approximations of the for po-
tential curves: the harmonic oscillator [4], the
Dunham model [5,7] and presented approach.
The wvalues for probabilities, calculated within
the present approach and Dunham model for po-
tential curve [7,8], differ from the corresponding
ones, calculated within the harmonic oscillator
approximation [1], in average on 5-20%. A direct
experimental observation of the cooperstive
electron-ganna-nuclear effects represents a great
fundamental interest. Finally let us note that the
presented theory is related to usual molecular sys-
tems. At the same time in the last years a great at-
tention is turn to the exotic (hadronic) atomic and
molecular systems such pionic and kaonic atoms
and molecules. The difference between the usual
and exotic molecules at the theoretical level is ob-
viously provided by using the Schrodinger equa-
tion in a case of usual molecules and the Klein-
Gordon-Fock equation for the pionic and kaonic
systems. Taking into accout the results of the last
two decades on succseful solutions of the Klein-
Gordon-Fock equation with the difeerent (for ex-
ample, Morse etc) [18] potentials our theory is
naturally generalized on a case of exotic diatomic
molecules. All theoretical positions are remained
the same. Simulteniuosly it is self-undrestood
that the relatively quick radiative processes with
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chartacteristic life less than the negative pion and
kaon lifetime (~10%s) are of a direct theoretical
and practical interest.
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A. S. Kvasikova, V. F. Mansarliysky, A. A. Kuznetsova, Yu. V. Dubrovskaya, E. L Ponomarenko

NEW QUANTUM APPROACH TO DETERMINATION OF THE MOLECULAR SPEC-
TRAL CONSTANTS AND PROBABILITIES FOR COOPERATIVE VIBRATION-ROTA-
TION-NUCLEAR TRANSITIONS IN SPECTRA OF DIATOMICS AND THE HADRONIC

MOLECULES

Abstract

It is proposed a new approach to construction of the potential function of diatomic molecules as
a sum of the known perturbed Morse oscillator function, the Simons-Parr-Finlan molecular potential
in the middle of the potential curve, function of the -Cn/R" type at the large internuclear distances.
Within this approach it is presented a precise scheme for computing the molecular spectral param-
eters, namely, vibrational, rotational, centrifugal constants for the electronic states of diatomics. As
application it was carried out calculation of the of molecular constants (cm™) for the X'X" B'II states
of the KRb dimer and rubidium dimer and performed further comparison with experimental data.
Within consistent approach to calculation of the electron-nuclear g transition spectra (set of vibration-
rotational satellites in molecule) of molecule there are obtained the estimates for vibration-rotation-
nuclear transition probabilities in a case of the emission and absorption spectrum of nucleus '*’I (E©©
203 keV) in the molecule of H'?'I for different approximations of the for potential curves: the
hadmonic oscillator, the Dunham model and presented approach.

Key words: electron-g-nuclear transition spectrum, molecules, spectral parameters

VK 539.183

A. C. Keacuxosa, B. @. Mancapnutickuii, A. A. Kysneyosa, IO. B. J[yoposckas, E. JI. [lonomapernko

HOBBII KBAHTOBBIN MMOAXO/ K OPEJIEJEHHAIO MOJIEKYJISIPHBIX
CIIEKTPAJIbHBIX KOHCTAHT U BEPOSAITHOCTEM KOOIIEPATUBHBIX
KOJIEBATEJIBHO-BPAIIIATEJIBHO-AIEPHBIX ITEPEXO/I0B B CIIEKTPAX
JABYXATOMHBIX 1 AIPOHHBIX MOJIEKYJI

Pe3rome

[Ipennaraercst HOBBII MOAXO/ K IOCTPOCHHIO MOTCHIMAILHON (PYHKIIMY TBYXaTOMHBIX MOJICKYJI B
BUJIC CyMMBI H3BECTHOTO BO3MYIICHHOHN (DYHKIMH OCIIIUIATOpa Mop3e, MOJIEKYISIPHOTO MOTeHIIUAIA
Simons-Ilappa-Finlan B cpenneii yacti noreHuManbHoM KpuBo#, Gpynkiuu tuna -C /R" npu Gonmbmx
MEKbSJICPHBIX PACCTOSHHSIX. B pamMkax 3TOro moaxoja pa3BuUTa MPELUU3NOHHAS CXeMa BBIYMCICHUS
MOJICKYJISIPHBIX CIIEKTPAJIbHBIX ITAPAMETPOB, @ MMEHHO KOJIe0aTeIbHBIX, BPAallaTeIbHbBIX, IEHTPOOECK-
HBIX MMOCTOSIHHBIX ISl 3JICKTPOHHBIX COCTOSHHMH JBYXaTOMHBIX MOJIEKYN. B KauecTBe MpHIIOKECHUS
NPOBEICHO BBIYMCIICHHE MOJICKYJISIPHBIX KOHCTAHT (cM-') i coctostanit X'E" B'IT numepa KRb u
JMMepa pyOuars U BBIMOJHEHO CPAaBHEHHUE C SKCIEPHUMEHTAIBHBIMU JaHHBIMU. B paMkax mocinerno-
BaTEJILHOTO TOJIX0/Ia K pacyeTy CHEKTPOB AJIEKTPOHHO-TaMMa-sIEPHBIX TEpexoaoB (Habop koneda-
TEJILHO-BPAILATEIbHBIX CITyTHUKOB B MOJICKYJIE) B MOJICKYJIC TIOJyYCHBI OIICHKU ISl KOJleOaTeIbHO-

147



BpalaTeIbHBIX-SICPHBIX BEPOSATHOCTEH MEPEXOA0B B Clyyae MCITyCKAHWS WM MOTIONICHHS CIIEKTpa
sapo 271 (E<°)g= 203 keV)) B monekyne H'?'l s pa3nuyHbIX NPUONMKCHUN IS MOTCHIIUATBLHBIX
KPHUBBIX: MOJICJIA TAPMOHHUECKOTO OCHMIUIATOPA, MOJICIN Ha OCHOBE MOTEHIMaia J[aHxaMm u mpen-
JIO)KEHHOTO B pab0Te HOBOTO IMOJIXO/IA.

KiawueBble cJIoBa: CICGKTP JJICKTPOH- g -SJIEPHBIX MEPEXOJ0B, MOJCKYIbI, CICKTPAIbHbIC
napamMeTpsbl

VK 539.183

I C. Keacuxosa, B. ®. Mancapniticokuii, A. O. Kysneyosa, IO. B. /[yopoeceka, O. JI. [lonomapenko

HOBHI KBAHTOBHUI MIAXIJ 10 BUSHAYEHHSA MOJIEKYJIIPHUX
CIIEKTPAJIbHUX KOHCTAHT I IMOBIPHOCTEN KOONNEPATUBHUX
KOJIMBAJIBHO- OBEPTAJIBHO -AJJEPHUX IIEPEXO/IB Y CIIEKTPI IBOATOMHUX
I AAPOHHUX MOJIEKYJI

Pe3rome

[TpornoHy€eThCst HOBHH MiIX1]1 10 TOOYAOBY MOTEHIIIHHOT (DyHKIII{ TBOXaTOMHUX MOJIEKYJ y BUTIISAI1
cymH Biomoro oOypenoi ¢yHkuii ocumnsropa Mop3e, MosekyaspHoro norenuiany Simons-Ilappa-
Finlan B cepenniii yacTuni norenuiinoi kpupoi, Gynkuii Tumy -C / R" py BENMKUX MEX’ AIEPHUX
BiJICTaHsAX. B paMKax 11b0ro miaxoay po3BUHEHA Mperu3iiiHa cxemMa 00UHCIeHHS MOJICKYJIIPHUX CIIeK-
TpaJIbHUX TapaMeTpiB, a caMe KOIMBaJIbHUX, 00EpTaNIbHUX, BIALEHTPOBUX MOCTIHHUX JIJIs €JEKTPOH-
HUX CTaHIB JABOXaTOMHHUX MOJIEKYJ. SIK JOAATOK MPOBEACHO OOYUCICHHS MOJICKYISPHUX KOHCTAHT
(em-") mnst craniB X'E* B'I1 numepa KRb i qumepa pyOifito i BAKOHAHO TOPIBHSHHS 3 €KCIIEPU-
MEHTAJIbHUMH JaHUMHU. B pamkax MOCIHIZOBHOTO MiAXOAY 10 PO3PAaXyHKY CIIEKTPIB €JIEKTPOHHO-
raMMa-siIepHUX nepexoaiB (Habip KonebaTebHO-00epTalbHUX CYNYTHHUKIB B MOJIEKYJIi) B MOJICKYJ
OTpHUMaHi OIIIHKH I KojieOaTenbHO-00epTaIbHUX-SIEPHUX HMOBIPHOCTEH MEpexo/iB B pa3i BUITY-
CKaHHS 1 MOTIMHAHHS CTIeKTpa sipo '] (E(O)g= 203 keV) B monekymi H'?’l 1i1st pisHUX HaOMMKSHB JUIS
MOTEHIIIMHUX KPUBHUX: MOJIEII TapMOHIHHOTO OCIHIISATOPA, MOJIET HAa OCHOBI moTeHmiany Jlanxem i
3aIIPONIOHOBAHOTO B POOOTI HOBOTO ITiIXOY.

Ki11040Bi c10Ba: CIEKTp €NEKTPOH- g -SIIEPHUX MIEPEXO/IiB, MOJIEKYJIH, CIIEKTPaJIbHI TapaMeTpu

148



Indopmanis 15 aBTOPIiB HAYKOBOI0
30ipauka «Photoelectronics»

¥ 36ipuuky "Photoelectronics " ApyKyrOThCS CTATTI, IO MIiCTATH BIJIOMOCTI TIPO HAYKOB1 JOCIPKSHHS
1 TeXHIYHI pO3pOOKHU B HANIPSIMKaX:

* (pisuka HaniBIPOBIAHMKIB;

* rerepo- i HU3LKOPO3MIPHI CTPYKTYpPH;

* (pizmka MikpoeJIeKTPOHHUX NPUJIA/IB;

* jiHiiiHAa i HesliHiliHA ONITHKA TBEPAOIO Tija;

* ONTOEJIEKTPOHIKA TA ONTOEJTEKTPOHHI NPHJIAIH;

* KBAHTOBA EJICKTPOHIKA;

* CEHCOPHUKA
36ipauk "Photoelectronics BUIA€ThCS aHTIIHCHEKOI0 MOBOIO. PyKOTMHC MOAETHCS aBTOPOM Y JBOX
NPUMIPHUKAX aHIIIHCBHKOIO 1 pOCIMCHKOI0 MOBAMHU.

EnexkTponHa Komist cTaTTi MOBMHHA BIANOBIIaTH HACTYITHUM BUMOTaM:

1. JInst TeKCTy 103BOJISIOTHCS HACTyHI popmaru - MS Word (rtf, doc).

2. Pucynku npuitmarotscst y popmarax — EPS. TIFF. BMP, PCX, JPG. GIF, CDR. WMF, MS Word I
MS Giaf, Micro Calc Origin (opj).

Pykonucu HaICMJIAI0THCS 32 a/IPecolo:

Bian. cexp. Kyranosiit M. 1., Byn. I1actepa, 42. ¢pi3. pak. OHY, m. Oneca, 65082
E-mail: photoelectronics@onu.du.ua

ten. 0482 - 726 6356 .

36ipuuku "Photoelectronics" 3naxonsaTees Ha caifri: http://photoelectronics.onu.edu.ua

o pykonucy 101a10ThCs1:

1. Konu PAC 1 YJIK. JlommyckaeThCsi BAKOPUCTAHHS AEKUIBKOX MIM(PIB, 10 PO3AUISAIOTHCS KOMaMU.

2. Ilpi3Buma i iHiliaau aBTOPIB.

3. YcraHoBa, MOBHA MOIITOBA ajpeca, HoMep TenedoHy, Homep ¢akcy, aapecH eIeKTPOHHOI MOIITH
JUIL KO)KHOTO 3 aBTOPIB.

4. Ha3Ba crarri.

5. Pestome oOcsarom g0 200 ciiiB MUAMIETHCS AHTIIIMCHKOIO, POCIHCHKOIOO 1 (17151 aBTOPIB 3 YKpaiHu)
— YKpaiHCHhKOIO MOBAMHU.

Texcm npykysatu mpudToM 14 myHKTIB uepe3 JBa iHTepBaiu Ha Oitomy manepi popmary A4. Hazsa
CTaTTI, a TAKOXK 3aTOJIOBKH MIAPO3/IITIB IPYKYIOTHCS TPOMMCHUMH JIITEPaMH. .

Pisnanna neobxinHo apykyBaru B penaktopi popmyn MS Equation Editor. HeoOxiaHo naBatu Bu3Ha-
YEHHS BEJIMYHH, 1110 3'SIBIISTIOTHCS B TEKCT1 BIIEpIIIE.

Ilocunannsa Ha niTepatypy APyKyBaTH dYepe3 JiBa iHTEpBaJd, HyMEpyBaTUCS B KBaJPATHHUX IY)KKax
MOCIII0BHO, Y TIOPSIIKY TXHBOI MOSIBU B TEKCTi cTarTi. [locunarucs HeoOXi1HO Ha JiTeparypy, 110 BU-
nana mizHime 2000 poky.

ITionucu 1o puCyHKIB 1 TaOJMUIh JPYKYIOTHCS B TEKCTI PYKOTIHCY B MOPSIKY iXHBOT LTFOCTpAIlii.
Peztome obcarom 1o 200 ciiiB APYKYETbCS aHIIIMCHKOIO, POCIHCHKOIO 1 YKPAaiHCBKOIO MOBaMU (U151
aBTOpiB 3 Ykpainm). [lepen TekcToM pe3roMe BiAIOBITHOIO MOBOIO BKaszyroTbes Y/IK, mpisBuma ta
1HIIIiaJIA BCiX aBTOPIB, Ha3Ba CTaTTI.
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Nudopmanus 1y aBTOPOB
Hay4ynoro coopauka «Photoelectronics »

B c6opnuke "Photoelectronics " nmeyararoTcst cTaThi, KOTOPBIE COJAEPIKAT CBEJACHUS O HAYYHBIX HC-
CJIEJIOBAaHUAX M TEXHHUECKHUX Pa3padOTKax B HAMPAB-JICHUSX:

* ¢pu3uKa MOJTYNPOBOIHUKOB;

* reTepo- M1 HU3KOpPa3MepHbIe CTPYKTYPbI;

* (pu3uKa MUKPOIJIEKTPOHHBIX NPUOOPOB;

* JIMHeHAasl M HeJIMHEHAS ONTHKA TBEPAOro TeJia;
* ONITOJIEKTPOHUKA W ONTOYJIEKTPOHHbIE TPUOOPBI;
* KBAHTOBAsA YIEKTPOHMKA;

* CEHCOpHUKA

COopHuk'"Photoelectronics u3gaérca Ha aHIIMHCKOM s3bIKe. Pykonuch mojaercst aBTOpOM B ABYX
IK3EMIUISIpaxX Ha aHIIMHCKOM U PYCCKOM SI3bIKaX.

DJIEKTPOHHASI KOMUS CTATHH J0/:KHA OTBEYATH CJIeIYIOIIHM TPeOOBAHUSIM:

1. Inst TexkcTa nomyctuMsl cienyroue popmarel - MS Word (rtf, doc).

2. Pucynku npunumatotcs B popmarax — EPS. TIFF. BMP, PCX, JPG. GIF, CDR. WMF, MS Word 1
MS Giaf, Micro Calc Origin (opj).

Pykonucu npucsLiIaTcs Mo ajapecy:
Ots. cekp. Kyranosoit M. ., yn. [lactepa. 42. pus. pak. OHY, r. Onecca, 65026
E-mail:photoelectronics@onu.du.ua ten. 0482 - 726 6356 .

Crarbu ¢0."Photoelectronics " HaxoasTcs Ha caite: http://photoelectronics.onu.edu.ua

K pykonucu npuiaraercs:

1. Kogpt PAC u Y]IK. [JorryckaeTcst HCTIONB30BaHNE HECKOIBKUX MU(MPOB, KOTOPBIE PA3NIEIISIOTCS 3aIISTOM.
2. ®aMWINK U UTHULUAJIBI aBTOPOB.

3. YupexaeHue, NOITHBIN MOYTOBBIN anpec, HoMep TenedoHa, Homep (akca, ajpeca >IEKTPOHHOM
MOYTHI JIJIS1 KAXJIOTO U3 ABTOPOB.

4. Ha3BaHue cTaTbH.

5. Pestome o0bemoM 10 200 c0B MUIIETCS] HA AHIIMICKOM, PYCCKOM SI3bIKax U ([UIsl aBTOPOB U3
VYKpauHbl) — Ha YKPaWHCKOM.

Texcm nomxeH nevararbes pudToM 14 MyHKTOB uepes ABa MHTepBajia Ha Oernoii Oymare opmara
A4. Ha3Banue crarby, a TaKXKe 3aroJOBKU NOAPA3/IEI0B [1€4aTaI0TCs IPOIUCHBIMU OyKBaMH U OTMe-
YaroTCsl MONTY>KUPHBIM HIpU(TOM.

Ypasnenus neobxogumo nedarars B penakrope popmyn MS Equation Editor. Heo0xonumo naBarb
OIIpe/IETICHUE BEINYMH, KOTOPBIE MOSIBISIOTCS B TEKCTE BIIEPBBIE.

Ccoinku Ha TUTEPaTypy JTOJKHBI I1€4aTaThCcsl Yepes3 JiBa MHTEpPBaia, HyMEpOBaThCsl B KBaIPaTHbIX
CKOOKax IOCIJIeA0BaTeIbHO, B MOPS/IKE MX MOSBIECHUS B TeKCTe cTaThi. CcbUlaTbes HEOOXOOUMO Ha
IuTeparypy, kotopas uznana nosauaee 2000 roaa.

Iloonucu x pucyHKaM M TabuIaM 11e4aTaloTCs B TEKCTE PYKONUCH B HMOPSAKE WX WILTIOCTPAIUH.

Pestome oobemoMm 10 200 c0B meyaTaercs Ha aHIIMMCKOM, PYCCKOM SI3bIKaX M Ha YKPaMHCKOM
(nnst aBTOpOB M3 YKpaunsl). [lepen TekcToM pe3toMe COOTBETCTBYIOUIUM SI3bIKOM yKa3biBatoTcs YK,
(dbaMuIMK 1 UHUIHAIIBI BCEX aBTOPOB, HA3BaHUE CTATbHU.
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Information for contributors of
«Photoelectronics» articles

“Photoelectronics” Articles publishes the papers which contain information about scientific research
and technical designs in the following areas:

¢ Physics of semiconductors;

¢ Physics of microelectronic devices;

e Linear and non-linear optics of solids;

¢ Optoelectronics and optoelectronic devices;
e Quantum electronics;

e Sensorics.

“Photoelectronics” Articles is defined by the decision of the Highest Certifying Commission as the
specialized edition for physical-mathematical and technical sciences and published and printed at the
expense of budget items of Odessa I.I. Mechnikov National University.

«Photoelectronics» Articles is published in English. Authors send two copies of papers in English.
The texts are accompanied by 3.5» diskette with text file, tables and figures. Electronic copy of a
material can be sent by e-mail to the Editorial Board and should meet the following requirements:

1.The following formats are applicable for texts — MS Word (rtf, doc).

2. Figures should be made in formats — EPS, TIFF, BMP, PCX, JPG, GIF, WMF, MS Word [ MS
Giaf, Micro Calc Origin (opj). Figures made by packets of mathematical and statistic processing
should be converted into the foregoing graphic formats.

The papers should be sent to the address:

Kutalova M.I., Physical Faculty of Odessa I.I. Mechnikov National University, 42 Pastera str,
65026 Odessa, Ukraine, e-mail: wadz@mail.ru, tel. +38-0482-7266356. Information is on the site:

http://www.photoelectronics.onu.edu.ua

The title page should contain:

1. Codes of PACS

2. Surnames and initials of authors

3. TITLE OF PAPER

4. Name of institution, full postal address, number of telephone and fax, electronic address

An abstract of paper should be not more than 200 words. Before a text of summary a title of paper,
surnames and initials of authors should be placed.

Equations are printed in MS Equation Editor.

References should be printed in double space and should be numbered in square brackets
consecutively throughout the text. References for literature published in 2000-2009 years are
preferential.

[llustrations will be scanned for digital reproduction. Only high-quality illustrations will be taken
for publication. Legends and symbols should be printed inside. Neither negatives, nor slides will be
taken for publication. All figures (illustrations) should be numbered in the sequence of their record
in text.

For additional information please contact with the Editorial Board.
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