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UDC 621.315.592

A. Tereshchenko, V. Smyntyna

Odesa National I.I. Mechnikov University, Odesa, Ukraine

INTERACTION OF TIO; NANOPARTICLES AND PROTEINS
OF AN IMMUNE COMPLEX IN PHOTOLUMINESCENCE
BASED BIOSENSOR

Interaction between nanostructured semiconductor thin layers and immune complex based proteins is a
fundamental issue of the formation of nanobiointerface in the various biosensors, in particular, optical
biosensors. In this work, the main aspects of the interaction between photoluminescent TiO, nanoparticles
and Bovine leucosis virus (BLV) protein gp5/, used as a model protein, during the formation of photolumi-
nescence based immunosensor have been discussed. The antigens of gp5/ were immobilized on the surface
of a nanostructured TiO, thin film formed on the glass substrates. As a result, an increase of the photolumi-
nescence (PL) signal intensity and PL peak shift from 517 nm to 499 nm were observed. An incubation of
TiO./gp51 structure in a solution containing anti-gp5/ antibodies resulted in the backward PL peak shift from
499 nm to 516 nm and decrease of the PL intensity. The main reason of the changes in the PL spectra (i.e. PL
maxima shifts and PL intensity variations) as a result of BLV protein gp5/ adsorption on the surface TiO,
thin film is an electrostatic interaction between negatively charged surface of TiO, and positively charged
atoms and groups provided by the adsorbed gp5/ protein due to the presence of partial uncompensated

charges within the proteins.

Introduction

Nanostructured Titanium dioxide (TiO,) is
a well-known material for biosensors applica-
tion due to its good bio-compatibility and high
chemical stability [1-4]. As a wide band gap
semiconductor that has an intense photolumi-
nescence (PL) at room temperature, TiO; is
broadly applied in optical biosensors and im-
munosensors due to its affinity towards pro-
teins [5,6]. Optical transduction is an attractive
technique for biosensing due to its high sensi-
tivity and specificity, applicability in real-time
monitoring, capability for high throughput and
simple sample pre-treatment. Both label-free
and labelled determination of the target analyte
are possible by TiO, based optical transducers
[7]. Recently, immunosensors based on optical
transducers e.g. photo-luminescence, ab-
sorbance, reflectance etc, are of great interest
since they demonstrate simple, fast and accu-
rate determination of the target analytes [6,7].
Among various optical immunosensors, the
photo-luminescence-based sensors seem to be
the most promising for the improvement in the
diagnosis of virus induced diseases, such as
Bovine leucosis that is a lethal cancerous dis-
ease caused by Bovine leukemia virus (BLV)

[5,8]. Immunosensors are the class of biosen-
sors that based on the reaction between anti-
body and antigen by formation of an immune
complex (Fig. 1) [7]. Interaction between anti-
gen-antibody couple is highly specific and se-
lective one. The main advantage of the optical
systems is that optical signal can detect the
bio-molecular interaction contactless, i.e. with-
out contamination or significant damage of the
bio-samples. Besides, no additional labels
(such as quantum dots or dyes) for the target
analytes and no electrical contacts for mea-
surements are required. However, despite of
many reports on photoluminescence-based im-
munosensors, the interaction of biomolecules
with semiconducting materials, which are used
as analytical signal transducers in the most
promising PL-based immunosensors, is poorly
discussed [4-8]. In this research an optical im-
munosensor based on TiO, thin film which
consisted of TiO, nanoparticles for the deter-
mination of Bovine Leucosis antibodies has
been developed and the origin of the changes
in the photoluminescent properties of TiO»
nanoparticles as a result of the adsorption of
Bovine leucosis proteins have been deter-
mined.



Experimental

The TiO; thin film consisted of TiO, nanopar-

ticles (anatase, d~32 nm, purchased from
Sigma Aldrich) was formed by sol-gel synthe-
sis on the glass substrates. The details of the
deposition procedure and structural characteri-
zation of TiO; thin film are described in some
previous authors’ works [2,8].

Analyte

(anti-gp51)

Biosensitive
layer (gp51) -
Transducer —

TiO,

Glass

Substrate —

Figure 1. The scheme of photoluminescence im-
munosensor based on TiO2 nanoparticles.

The PL spectrum of TiO, nanoparticles, shown
in figure la, is characterized by broad non-
symmetric maximum around 500 nm, which
can be splinted (using Origin 8.0 Pro) in two
peaks, related to self-trapped exciton (STE)
emission and luminescence caused by oxygen
vacancies (Vo)) [9]. Bovine leucosis antigens
gp51 were immobilized on the surface of a
nanostructured TiO; thin film by direct adsorp-
tion similarly using the process described in
[5,6,8,10]. In brief: a solution of PBS contain-
ing gp51 antigens at a high concentration was
directly immobilized on the TiO, surface
(Fig.1). Then the sample was placed into a
Petri cup for the incubation in a medium satu-
rated with water vapor at 25°C. After 10 min-
utes of incubation, the surface of the sample
was washed with PBS solution in order to re-
move non-immobilized antigens on the TiO,
surface. To prevent a nonspecific interaction
(i.e., binding of anti-gp51 antibodies directly
to unmodified TiO, surface), the surface of
TiO, was further treated with a solution of
bovine serum albumin (BSA) that filled possi-
ble adsorption sites that remained free after the
modification of TiO, surface with gp51.

It was found that immobilization of gp51
leukemia antigens on the surface of TiO, is ac-
companied by an increase of photolumines-
cence signal of the sample as well as the shift
of the photoluminescence peak from 517 nm
to 499 nm was observed after modification of
the TiO, by adsorbed gp51 antigens (Fig. 2).
Further interaction of immobilized gp51 anti-
gens with gp51 antibodies resulted in reversed
changes in TiO2 photoluminescence spectra,
i.e. a decrease in PL intensity and the back-
ward PL peak shift from 499 nm to 516 nm.
The sensitivity of the obtained immunosensor
was in the range of 2-8 mg/ml (Fig. 2) [5,8].

1,0

TiO2

TiO2/gps1
0,9 -

TiO2/gp51/BSA
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2

TiO2/ gpS1/BSA /anti-gp51_4 mg/ml

0,7 4 TiO2/ gp51/BSA /anti-gp51_6 mg/ml
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Figure 2. Photoluminescence spectra of TiO, nanoparti-
cles before and after the immobilization of gp51 anti-
gens on the TiO, surface, subsequent BSA deposition
and after the interaction of TiO./gp51 based im-
munosensor after with analyte (anti-gp51 antibodies) of
different concentrations.

Results and Discussion

Interaction of proteins and semiconductor
nanostructures can take place in a few possible
mechanisms of interaction: charge transfer,
electrostatic interaction, resonance energy
transfer and some others [1]. Since Bovine
Leucosis protein gp51 is not a redox protein,
i.e. it cannot be involved in reduction-oxida-
tion reactions therefore the charge transfer be-
tween gp51 antigens and TiO, nanoparticles is
not possible [11]. Meanwhile, the proteins
consist of amino acids that might contain posi-
tively and/or negatively charged radicals that
are determining the charge of the different pro-
tein domains [12]. A large quantity of nega-
tively charged groups such as aldehyde (-
CHO), hydroxyl (-OH), carboxyl (-COOH)
and primary amine (-NH,) and some other



groups, involved into the structure of amino
acids, are responsible for the partial (6+ and
0-) charges of particular protein domains.
Therefore the proteins are characterized by
electrostatic properties, and sometimes even
significant electrostatic ‘asymmetry of protein
molecule’ because the atoms and functional
groups forming the protein molecules are
charged differently both in their sign and in
absolute charge value. Naturally, the charges
at least partly are compensating each other, but
since the ternary structure of proteins is rela-
tively rigid and the charged groups have only
limited degree of freedom to move within the
protein globule, therefore in some parts of the
protein some uncompensated charge on the
surface and inside of the protein still remains.
It should be taken into account that even if the
structure of the most proteins is at some extent
‘rigid’ there 1s some degree of flexibility be-
cause both secondary and tertiary structures of
the protein are supported by a large number of
hydrogen bonds but many of them are not very
strong. The electrostatic bonds, which are
based on Coulomb forces, between the oppo-
site charges, van der Waals forces and disul-
fide bonds also play an important role in the
formation of both secondary and tertiary struc-
tures of protein [13,15].

Ti0, (anatase) is known as a semiconductor
of n-type conductivity, usually with an ‘up-
ward’ band bending of the energy levels when
closing the surface of TiO,, which indicates
the accumulation of a negative charge (bound
at surface levels) on its surface [12]. The ad-
sorption of the most of molecules is known to
introduce an additional charge on the solid
state surface and it can change the existing sur-
face energy levels or form the additional ones
that are involved in the exchange of charges
with the volume of a solid material [14]. The
presence of the mentioned above partial
charges "6-" and "6 +" suggests that the elec-
trostatic influence on the surface charge of
TiO, from the side of partially uncompensated
charges in those parts of the gp51 protein that
located on the surface of TiO, is responsible
for the adsorption of this protein on the TiO»
surface. The Coulomb interaction takes place
between charged groups in the gp51 protein
and the negatively charged surface of the TiO,
because such electrostatic interactions are very

strong at small distances ranging from several
Angstroms to few nanometers. Therefore,
among the other interactions such as hydrogen
bonds, disulfide bonds, Van der Waals interac-
tion, etc, which also have significant role dur-
ing the adsorption of proteins, the electrostatic
interaction plays one of the most important
role during the adsorption of proteins to elec-
trically charged surfaces, such as TiO,. In ad-
dition, the local electric fields of charged do-
mains of adsorbed proteins are affecting the
PL-centers of TiO, and it causes the shift in
the photoluminescence spectra of TiO,
nanoparticles (Fig. 3). Therefore, the photolu-
minescence maximum caused by STE shifts
from 517 to 499 nm (i.e., to 18 nm), which
corresponds to ~ 0.086 eV that is less than 0.1
eV, and it is one of the proofs of electrostatic
interaction based physical adsorption of gp51
[10,13].

h*

Figure 3. Energetic levels of TiO,/gp51 immunosensing
structure.

Further interaction of TiO./gp51 structure with
anti-gp51, which is also a protein, led to the
inverse changes in the photoluminescence
spectra, i.e., to UV-shift of the spectrum and
decrease the photoluminescence intensity to
the value that corresponds to the pure TiO,
(Fig.2). The latter effect is based on the forma-
tion an immune complex between immobilized
antigens gp51 and anti-gp51 antibodies, which
were present in aliquot. Formation of this im-
mune complex, besides of the van der Waals
interaction and other interactions, at a very
high extent is based on the interaction between
oppositely charged domains, functional groups
and atoms in gp51 and anti-gp51 antibody
molecules (including the formation of number
of hydrogen bounds, which can be estimated
as specific kind of electrostatic interaction). It



can be assumed that uncompensated charges
(0+ and &-) of both proteins are involved in
electrostatic interactions during the formation
of immune complex (Fig. 3). As a result, some
of the charged groups that were originally in-
volved in the interaction between gp51 and
TiO, are at least partially compensated by the
opposite charge of the anti-gp51 protein
groups, thereby reducing the direct electro-
static effect from immobilized gp51 proteins to
the charged surface of TiO, and to light emit-
ting centers. The effects described above have
an effect on the shift of PL-maximum and on
the decrease in the potential barrier on TiO,/
gp51 interface due to the charge-charge inter-
action between TiO, and gp51. The potential
barrier at the interface between TiO, and gp51
has greater value in TiO,/gp51 structure in
comparison with that in TiO,/gp51/anti-gp51
due to partial compensation (decrease in value)
and/or delocalization of charges, which were
initially involved into interaction between
TiO, and gp51 after formation of TiO./gp51
structure [13,15].

The distribution of charges in TiO./gp51
structure can also be interpreted as a model
based on an ‘imaginary flat capacitor’, formed
as a result of the electrostatic interaction be-
tween oppositely charged protein gp51 layer
and the TiO, surface (Fig. 4). The capacitor is
formed as a result of protein gp51 adsorption
on TiO, surface, after which the charges are
distributed in energetically most favorable
way, partially compensating each other. Con-
sequently, the positive ‘imaginary capacitor
plate’ is based on the positive charges, which
are predominant in the protein gp51 area that
after adsorption appears in close proximity to
TiO,/gp51 interface and/or due to the negative
electrostatic effect of TiO, are induced/at-
tracted closer to negatively charged surface.
These charged atoms/groups/domains of gp51
that are localized in the close proximity to the
Ti0O, surface and they electrostatically affect
the TiO, emission centers and the energy value
of the surface potential barrier. Hence, the po-
sition of the energy levels of the TiO, emission
maximum depends on TiO, surface modifica-
tion stage (TiO, or TiO./gp51) shifts from/
backwards the initial position of the demarca-
tion level. Figure 4a demonstrates an imagi-
nary flat capacitor consisting of a negatively

charged plate on the surface of TiO, and an
‘imaginary positively charged plate’ formed in
gp51 protein in close proximity to TiO»/gp51
interphase. Hence, the interaction of TiO»/
gp51 with anti-gp51 antibodies and the forma-
tion of gpS51/anti-gp51-based immune complex
leads to a ’deformation® and the reduction of
charge ‘stored’ on ‘the positive imaginary ca-
pacitor plate’ (Fig. 4b).

TiO,
surface

Figure 4. Flat capacitor based model of the charges in-
teraction between TiO, surface and gp51 proteins: a)
electrostatic interaction of partial uncompensated
charges of immobilized gp51 antigens with negative
charges located on the surface of TiO,; b) model of in-
teraction that takes into account the electrostatic interac-
tion of charges within gp51 antigens and anti-gp51 anti-
bodies of BLV immune complex.

This is mainly due to the redistribution and
partial compensation of charges during the for-
mation of the gp51/anti-gp51 immune com-
plex, which in turn reduces the charge of ‘the
imaginary capacitor plate’ based on gp51 (q»
<q1). Due to this reduced charge it can be in-
terpreted as the reduction of the area of the
same plate (S,) and/or the increase of the dis-
tance (d,) between the two imaginary capacitor
plates based on gp51 and TiO, which leads to



the decrease of capacitance according to equa-
tion (1).

C =¢egS/d (1)

This effect is observed because some of the
gp51 protein charges move from the TiO,/
gp51 interface towards interacting anti-gp51
protein and are partially compensated by the
charge present in anti-gp51, whereby an imag-
inary positive gp51-based capacitor plate of
the capacitor is reduced in imaginary surface
area and/or correspondingly moving apart
from the negative TiO, plate. This effect leads
to a decrease in the capacitance of this imagi-
nary capacitor and the electric field induced by
gp51 becomes reduced. Therefore, after the in-
teraction of TiO,/gp51 with anti-gp51 antibod-
ies and the formation of gp51/anti-gp51 com-
plex, which is involved into TiO,/gp51/anti-
gp51 structure, the electrostatic effect of gp51
initially adsorbed on TiO, towards the TiO,
surface significantly decreases. The PL shifts
are attributed to the variations in the self-
trapped exciton energy level, which were in-
duced by the changes of electrostatic interac-
tion between positively charged atoms and
groups, provided by the adsorbed gp51 protein
and negatively charged surface of TiO,
[10,13,15].

Conclusions

The main aspects of the interaction mecha-
nism between nanostructured TiO, layer and
BLV proteins gp51 have been evaluated dur-
ing the formation of photoluminescence-based
immunosensor. Bovine leucosis protein gp51
was adsorbed on the surface of a nanostruc-
tured TiO, thin film, formed on glass sub-
strates. A photoluminescence (PL) peak shift
from 517 nm to 499 nm was observed after
modification of the TiO, by adsorbed gp51
(i.e. formation of the biosensitive layer gp51/
Ti0O,). An incubation of gp51/TiO; in a solu-
tion containing anti-gp51 resulted in the for-
mation of a new structure (anti-gp51/gp51/
Ti0,) and the backward PL peak shift from
499 nm to 516 nm. The PL shifts are attributed
to the variations in the self-trapped exciton en-
ergy level, which were induced by the changes
of electrostatic interaction between positively
charged atoms and groups, provided by the ad-

10

sorbed gp51 protein and negatively charged
surface of TiO,. The charge—charge-based in-
teraction in the double charged layers gp51/
Ti0, can also be interpreted as a model based
on ‘imaginary capacitor’, formed as a result of
the electrostatic interaction between oppositely
charged protein gp51 layer and the TiO, sur-
face. Development of advanced bioanalytical
systems based on photoluminescence im-
munosensors seems to be very promising di-
rection in the development of new biosensors.
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A. Tereshchenko, V. Smyntyna

INTERACTION OF TIO; NANOPARTICLES AND PROTEINS OF AN IMMUNE
COMPLEX IN PHOTOLUMINESCENCE BASED BIOSENSOR

Summary.

It has been investigated an interaction between nanostructured semiconductor thin layers and
immune complex based proteins that is a fundamental issue of the formation of nanobiointerface
in the various biosensors, in particular, optical biosensors. In this work, the main aspects of the
interaction between photoluminescent TiO, nanoparticles and Bovine leucosis virus (BLV)
protein gp5/, used as a model protein, during the formation of photoluminescence based
immunosensor have been discussed. The antigens of gp5/ were immobilized on the surface of a
nanostructured TiO, thin film formed on the glass substrates. As a result, an increase of the
photoluminescence (PL) signal intensity and PL peak shift from 517 nm to 499 nm were
observed. An incubation of TiO,/gp5/ structure in a solution containing anti-gp5/ antibodies
resulted in the backward PL peak shift from 499 nm to 516 nm and decrease of the PL intensity.
The main reason of the changes in the PL spectra (i.e. PL maxima shifts and PL intensity
variations) as a result of BLV protein gp5/ adsorption on the surface TiO, thin film is an
electrostatic interaction between negatively charged surface of TiO, and positively charged
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atoms and groups provided by the adsorbed gp5/ protein due to the presence of partial
uncompensated charges within the proteins.
Key words: TiO, nanoparticles, photoluminescence, biosensor.

UDC 621.315.592
A. Tepemenko, B. CMuHTHHA

B3AEMOIISA HAHOYACTHUHOK TIO; TA BIUVIKIB IMYHHOI'O KOMIIVIEKCY Y
BIOCEHCOPI HA OCHOBI ®OTOJIIOMIHECIEHIIIT

Pesrome.

JocmipkeHa B3aeMoJlisi MK TOHKUMHM HAHOCTPYKTYPOBAHHMMH  HamiBIPOBIIHUKOBUMHU
niapaMu Ta OUIKaMHM Ha OCHOBI IMyHHUX KOMIUIEKCIB, fKa € (YyHJaMEHTAJbHUM HUTAHHIM
¢dopmyBaHHs HaHOOIOIHTEep(elicy B pi3HUX OioceHcopax, 30KpeMa, B ONTUYHHUX OloceHcopax. B
po0OOTI 0OTOBOPEHO OCHOBHI aCHEKTH B3aeMOAIl (OTOMFOMIHECIIEHTHUX HaHo4yacTHHOK Ti0; 3
oinkom gpS51 Bipycy neiiko3y Benukoi poraroi xymaoou (BLV), skuii BUKOPHUCTOBYETHCS SIK
MOJCIbHUM OUTOK, Tiag dYac (opMyBaHHS IMYHOCEHCOpa Ha OCHOBI (POTOITFOMIHECIICHIII.
AnTurenu gp51 Oynu iMMOOLTI30BaHI Ha MOBEPXHI HAHOCTPYKTYpoBaHOi TOHKOI MIiBKU TiO»,
chopMoBaHOi Ha CKISHHUX MiOKIaAkax. B pesynbrari crnocrepiranocs —30UIbIICHHS
iHTeHCcUuBHOCTI curHaiy (otomominecuenuii (PJI) ta 3cyB miky ®PJI 3 517 umM g0 499 HM.
InkyOanis ctpykrypu TiO»/gp51 y po3uuHi, 10 MICTUTh aHTUTLIAa A0 gpS1, nmpusBena 10 3CyBY
niky ®JI y 3BopoTHOMY HampsMKy Bifg 499 HM no 516 HM Ta 3HMXKeHHA iHTeHCUBHOCTI DJI.
OcHoBHOW0O mpuunHOIO 3MiH y cnekrpax DJI (tobro 3cyBiB MakcumyMiB PJI Ta 3MiHH
inTencuBHocTi DJI) B pesynbrati ancopouii 6iika BLV gp51 na noepxHi ToHkoi miiBku TiO; €
€JIEKTPOCTaTUYHA B3a€EMOJIS MK HETaTUBHO 3aps/DKEHOI0 moBepxHeo TiO, Ta MO3UTHBHO
3apsDKEHMMHU aTOMaMM Ta Tpynamu ajicopboBaHoro 6inka gpS1 yepe3 HasBHICTh YaCTKOBHUX
HECKOMIIEHCOBAaHUX 3apsiJliB BCEpEAHI OUIKIB.

Kuarouosi cioBa: TiO, HaHOUAaCTUHKH, (POTOTIOMIHECLIEHIIIS, 010CEHCOP.

UDC 621.315.592
A. Tepemenko, B. CMbIHTBIHA

B3ANMOJIECTBUE HAHOYACTHI] TIO; M BEJIKOB UMMYHHOI'O
KOMIIVIEKCA B BUOCEHCOPE HA OCHOBE ®OTOJIIOMUHECHEHIIUU

Pe3rome

HccnenoBano B3aUMOJICHCTBHE MEXKIYy TOHKHMH CIOSMH  HAHOCTPYKTYPHUPOBAHHBIX
MOJyIPOBOJTHUKOB U OelKaMd Ha OCHOBE HMMYHHBIX KOMIUIEKCOB, KOTOpPOE SIBJISETCS
dbyHnameHTanpHOW — mpobnemMoit  ¢opMmHpoBaHUS — HaHOOMOHMHTEep(delica B pazIMYHBIX
OWoceHcopax, B YaCTHOCTH, ONTHYECKUX OnoceHcopax. B pabore 00CyXmarOTCs OCHOBHBIE
ACTMEeKThl B3aUMOACHUCTBUS (HOTONIOMUHECIIEHTHRIX HaHodacTull TiO, ¢ Oemxom gpS51 Bupyca
Jeliko3a KpymHoro poratoro ckora (BLV), ucnonb3yemMpiM B KauecTBE MOJCIBHOTO O€NKa, Mpr
dbopMUPOBaHUM WMMYHOCEHCOpPa Ha OCHOBE (DOTONOMHUHECHEHIIMH. AHTUTEHBI gpS1 ObLIH
MMMOOWIM30BaHbl Ha TIOBEPXHOCTH HAHOCTPYKTYPUPOBAaHHOM TOHKOW TuIeHKH Ti0,,
c(OpMHUPOBAaHHON Ha CTEKJISIHHBIX TMOJJIOKKaX. B pesynbrare HaOIIOMAIOCh YBEIHUCHUE
WHTEHCHUBHOCTU curHaia ¢otomomuHectieHIuu (DPJI) u cnur muka DJI ¢ 517 am 1o 499 HMm.
WukyOamms crpykrypel  TiO./gp51 B pacTBOpe, copepikalieM aHTHTelNa NpoTuB gpSl,
npuBoAwiIa K oopatHoMmy casury nuka PJI ¢ 499 um 1o 516 HM U CHIYKEHHIO WHTEHCUBHOCTH
@®JI. OcHOBHOI NpUUMHON nM3MeHeHui crnekTpoB DJI (T.e. cABUrOB MakCMMyMOB M BapHUalUi
uateHcuBHoctu DJI) B pesynprare aacopomuu Oenka gpS1 BLV Ha moBepXHOCTHOW TOHKOMN
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wieHke TiO, sABAseTcs  AJIEKTPOCTATUYECKOE B3aUMOJCHCTBHE MEXIY OTPHIATENIBHO
3apsokeHHOM mMoBepxXHOCThI0 TiO, M TMONOXKHUTENBHO 3apsDKEHHBIMH aTOMaMU U TpyIamMu
azcopbupoBanHoro Oenka gpS1 u3-3a HaMMYMS YaCTUYHBIX HECKOMIICHCHPOBAHHBIX 3apsi/iOB
BHYTpHU OEIIKOB.

Karuesble ciioBa: TiO, HaHOYaCTUHKH, (POTOTIOMHHECIICHIINS, ONOCEHCOD.
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USING THE PYROELECTRIC RESPONSE TO STUDY
THE POLARIZED STATE IN A TYPICAL
FERROELECTRIC POLYMERS

This article examines the correlation between the pyroelectric response in typical films of ferroelectric
polymers and the value of the residual ferroelectric polarization. The pyroelectric response was obtained by
the thermal pulse method proposed by Collins. The magnitude of the residual polarization was measured de-
pending on the magnitude of the applied electric field during primary electrification (poling) and during its
switching. It is shown that the used method has the high sensitivity. It was found that the magnitude of the py-
roelectric response depends significantly on the polarized state, which is determined by the values of the elec-
tric field during electrification and polarization switching and on the duration of exposure to this field. The
identity of the graphs of the dependence of the residual polarization on the field and time and the correspond-
ing graphs of the magnitude of the pyroelectric response led to the final conclusion about the proportionality
of the magnitude of the response to the residual polarization. Thus, it is concluded that the pyroelectric re-
sponse method can be used to estimate the magnitude of polarization in ferroelectric polymers.

Introduction
Ferroelectric  polymers, in particular
polyvinylidene fluoride (PVDF) and its

copolymers with tetrafluoroethylene P(VDF-
TFE) and trifluoroethylene P(VDF-TrFE),
have been considered for a number of years as
an alternative material for replacing ceramic
ferroelectrics in production of various types of
sensors and electromechanical converters [1].

The most important parameter of such ma-
terials is the magnitude and stability of the
residual ferroelectric polarization P. Such po-
larization is created in original materials, usu-
ally thin films, by electrifying (poling) them in
a strong DC electric field, which is carried out
either by the sandwich method (a polymer film
is located between two metal electrodes [2]),
or under the action of corona discharge [3].

Performance characteristics of the finite el-
ements, such as the piezoelectric and pyroelec-
tric coefficients, depend on the magnitude of
the residual polarization.

At the same time, it is known that the mag-
nitude of the residual polarization in ferroelec-
tric polymers depends on the value of the ap-
plied electric field during poling, as well as on
the duration of poling, and on temperature [4].

It is also known that a part of the formed
residual polarization can be switched back, if
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the conditions for neutralizing the depolarizing
field, which inevitably arises during electrifi-
cation, are not provided [5].

Given the above, it is clear how important
to know the magnitude of the polarization. Un-
fortunately, the known methods for determin-
ing the value of the residual polarization are
rather complicated and cumbersome. The most
commonly used method is to construct a hys-
teresis curve in the coordinates of the depen-
dence of polarization on the changing electric
field [6]. The Sawyer-Tower method [7] often
used in the study of ceramic ferroelectrics for
obtaining dielectric hysteresis loops at fre-
quency of 1 kHz is not suitable for ferroelec-
tric polymers because of the long relaxation
time in such polymers [8]. To obtain the cor-
rect polarization values, measurements must
be carried out at infra-low frequencies during
long time.

The purpose of this article is to prove that
the dependences of the polarization value on
the field strength and the poling time in ferro-
electric polymers correlate with similar depen-
dences of the pyroresponse obtained by the
heat pulse method.

The carried out experimental studies con-
firm this position, which allows us to recom-
mend the pyroresponse method for the rapid



determination of the value of ferroelectric po-
larization in ferroelectric polymers.

Pyroelectricity in ferroelectric polymers

Pyroelectric effect in PVDF films was dis-
covered more than 40 years ago. However, de-
spite the large number of works, the nature of
pyroelectricity in PVDF still remains unclear.
A series of papers were devoted to the pyro-
electric properties of the ferroelectric poly-
mers, the results of which are summarized in
reviews [10-13] that describe the main pro-
posed models of pyroelectricity in PVDF. It is
stipulated in all models that electrostriction,
fluctuation of dipoles and change in the di-
mensions contribute to the pyroelectricity.

Under the pyroelectric effect, one means
the range of phenomena associated with re-
versible changes in the electric displacement D
vector (induction) when the temperature
changes. Since induction depends on the inter-
nal polarization P, then for the case of a flat
short-circuited sample with homogeneous po-
larization P we obtain

_9D_gP_da _3lq/S)

P or ~or "or ot
where p, is the pyroelectric coefficient, g and o
are magnitude and density of the bound

surface charge; S is the surface area.
In the experimental conditions, the current

I(T) d

(1)

dt
temperature change (d7/dt), and the pyrocoef-
ficient p is considered to have the following
value

is measured occurring when the

_1dq _1 I(T)
P=sdar ~sdr/ac @

Investigating the pyroelectric effect in
PVDF, Lines and Glass [8] came to the con-
clusion that this is a real pyroelectricity, but
not a depolarization effect observed in many
polar electrets, because the crystalline phase of
PVDF completely corresponds to the defini-
tion of a ferroelectric, as a pyroelectric with
reversible spontaneous polarization under ap-
plication of the electric field.

Fedosov and von Seggern [4,14,15] proved
that compensating charges localized on the
surface of crystallites are very important in
two-component ferroelectric polymers of the
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PVDF type for obtaining high and stable po-
larization. It is generally accepted that the py-
rocoefficient in PVDF is directly proportional
to the value of the residual polarization.

Material and methods

We studied thin films of ferroelectric poly-
mers, such as PVDF and its copolymer with
tetrafluoroethylene P(VDF-TFE). Samples of
PVDF and P(VDF-TFE) films having thick-
ness of 20-30 um were obtained from the ex-
perimental batches of "Plastpolymer", St. Pe-
tersburg, produced by the method of extrusion,
followed by uniaxial orientation (stretching) in
the ratio 1:4 at the temperature of 100 °C fol-
lowed by annealing at 120 °C for 1 hour. The
degree of crystallinity of PVDF and P(VDF-
TFE) films according to the manufacturer was
(47 £ 3) %. The crystallites sizes according to
the results of X-ray analysis have the follow-
ing values: L, = 96£6 A, Lz = 70+£8 A. The
percentage of tetrafluorethylene in P(VDF-
TFE) was 5-10%.

Biaxually oriented PVDF films of the
Kureha Co. had a thickness of 12.5 um. In or-
der to determine the relation between non-po-
lar a-phase and ferroelectric -phase, transmis-
sion and reflection spectra of all types of films
in the range of 400-650 cm™ were studied us-
ing the IR spectrometer FT-IR Perkin-Elmer
1750 with Fourier transform. Judging by the
magnitude of 535 and 510 cm™ peaks, it was
found that the ratio 43:57 was between a and 3
in PVDF (Plastpolymer) films, 30:70 in
Kureha Co. films, and 5: 95 in P(VDF-TFE)
films.

The pyroelectric effect is usually investi-
gated in quasi-static or dynamic mode. In the
first case, the pyroelectric current is measured
during the slow heating of the short-circuited
sample, while in the second case, the variable
component of the current is studied during a
rapid change of temperature. The main diffi-
culties of the quasi-static method are the sepa-
ration of the pyroelectric (reversible) compo-
nent of the thermal shock from the relaxation
(irreversible) component in the Thermally
Stimulated Depolarization (TSD) current.

We measured the pyroelectric dynamic co-
efficient by the thermal pulse method devel-
oped by Collins [16] and used in a number of
other studies.



The light pulse of 50 us duration was gener-
ated using the Metz 45 CT-3 flashlight and
was used as a reproduced heat source that pen-
etrates the surface of the poled films. The py-
roelectric signal was recorded using a broad-
band Tektronix TDS 510A. oscilloscope. This
method is the dynamic one.

With the help of a highly sensitive pyro-
electric sensor it was established that light
pulses are characterized by a rather high repro-
ducibility. The average energy scatter in mea-
suring of 200 consecutive pulses was 2.4%.
The magnitude of the pyroelectric coefficient
was judged by the maximum value of the elec-
tric signal. Thus the results were obtained in
relative units.

Dependence of the residual spontaneous
polarization on electric field and poling time
was studied on samples of PVDF by the
method of poling and switching of polarization
described in details in works of Fedosov and
von Seggern [4,14,15]

Results and discussion

Pyroelectric studies of PVDF films have an
independent value, since PVDF is widely used
in pyroelectric sensors. However, it is
interesting to study pyroactivity in conjunction
with the residual ferroelectric polarization,
because it will allow on one side to clarify the
nature of the pyroelectricity in PVDF, and on
the other to ensure its stability.
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Fig. 1. The pyroelectric signal after the polarization
switching of PVDF film by applying 2 kV voltage for
50 seconds. Pyroelectricity was measured after 1.5 min
after the voltage switching off.

Measurement of the pyroactivity by the
Collins method was carried out immediately
after poling or polarization switching. Fig. 1
shows how the pyroelectric signal changes
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when the polarization is fully switched from a
fully polarized state. Although the value of the
pyrocoefficient can only be judged in relative
units, it is evident that the sensitivity of the
method is rather high and the signal is com-
pletely symmetric after the full switching. In
Fig. 2 it is shown that full switching occurs
only if the voltage pulse duration exceeds 100
s. At a shorter duration of the voltage pulse,

thel‘e 1S Only a partial switching of polarization judging from the data of Fig. 2.
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Fig. 2. Dependence of the pyroelectric signal on the
duration of the polarizing pulse in the range from 10 ps
to 100 s during initial poling of the PVDF film by 2.5
kV voltage.

Fig. 3 shows the results of four series of
experiments, in which the polarization switch-
ing was performed at different durations of the
voltage pulse, but with the same magnitude in
each series. At a voltage of 0.5 kV (Fig. 3) that
provides a field strength of about 40 MV/m,
being in the same order as the coercive field,
even with a pulse duration of 50 s, only 6.4%
of the polarization is switched, which in prin-
ciple can be switched, and if the pulse duration
is shorter than 50 ms, no switching is practi-
cally happening.
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Fig. 3. Pyrosignal at sequential polarization switching in
PVDF films by pulses of 0.5 kV voltage with duration
from 5 ms to 50 s. The duration of the voltage pulse is
indicated near the curves.



At the voltage of 1 kV applied for 50 s,
44.4% of the residual polarization is switched,
that is, the sample is almost converted to the
state with zero mean polarization. At this volt-
age, the 2.2% polarization is switched even
within 50 ps of the switching voltage applica-
tion. Increasing the voltage to 1.5 kV leads to
the switching of 79.4% of the residual polar-
ization by 50 s application of voltage.

At a voltage of 2 kV for 50 s, the polariza-
tion is completely switched. It is interesting to
note that the specific shape of the pyroelectric
signal when switched polarization is more than
50%, that is, when the direction of the average
predominant orientation of the dipoles changes
to the opposite direction.

200 ;
Z02 ~ &
B | 60| =
> G
o =
B 20| 2
01+ £
g 80| o
A f/

0,0+ T e 40

107!
Time, s

Fig. 4. Evolution of pyroelectric activity and stable
ferroelectric part of polarization obtained by sequential
application of switching voltage pulses with increasing
duration from 0.5 ps to 50 s and at different field
strength.

In the electrode zone, which the thermal
pulse passes during z, = 0.2 ms, when the po-
larity direction changes to the opposite, a non-
symmetric in shape pyroelectric signal is
formed in relation to the initial one. In the
vicinity of the electrode, the direction of the
pyroelectric signal change is maintained dur-
ing the switching of polarization indicating the
existence of a near-to-electrode layer of thick-
ness about x=+/ At, where A is the thermal con-
ductivity of PVDF. According to the literature
data, the coefficient of thermal conductivity of
PVDF is A = 6-:10® m?/s, thus the thickness of
the electrode layer is of the order of 3 pm. We
believe that the feature revealed by us is due to
the fact that the originally formed polarization
in this layer does not switch even in high fields
[17].

It is natural to assume that polarization
near the electrode does not increase sharply,
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but there is some transition layer in which the
polarization grows from zero at the electrode
to a maximum uniform value in the volume of
the film.

According to the Poisson equation, inho-
mogeneous polarization in any layer can be
stable only with the presence of a compensat-
ing charge in this layer [15]. Apparently, this
charge was trapped by deep traps and not re-
leased during the polarization switching. The
revealed phenomenon is similar to the estab-
lished by us feature about impossibility of im-
proving the polarization uniformity if its initial
formation took place in weak or medium fields
[17].

It was found that polarization switched un-
der the action of several successive short volt-
age pulses is much smaller than the polariza-
tion switched by one pulse of the duration
equal to the total time of several short pulses.
This indicates that there is some distribution of
switching times, i.e. some dipoles are easily
switched, while others require more time to be
switched. Under the influence of short voltage
pulses, only "fast" dipoles are switched, while
during the continuous voltage application both
"fast" and "slow" dipoles are switched, so the
total switched polarization significantly in-
creases.

All described experiments were carries out
on PVDF and P(VDF-TFE). It was found that
obtained results were identical for both kinds
of samples.

Conclusion

In this paper, polarization switching at dif-
ferent times and field strength is compared
with the values of the pyroelectric signal under
the same poling and switching conditions. The
absolute similarity of the above experimental
graphs indicates that there is a direct propor-
tional relationship between the residual ferro-
electric polarization and the value of the pyro-
electric coefficient in the studied ferroelectric
polymer. This provision makes it possible to
use the technically simple pyrocoefficient
measurement to evaluate the polarized state of
poled ferroelectric polymer films, that is, to es-
timate the magnitude and the direction of the
residual polarization.
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USING THE PYROELECTRIC RESPONSE TO STUDY THE POLARIZED STATE IN
A TYPICAL FERROELECTRIC POLYMERS

Summary

In the presented paper, the correlation between the pyroelectric response in typical films of
ferroelectric polymers PVDF and P(VDF-TFE) and the value of the residual ferroelectric
polarization was investigated. The pyroelectric response was measured by the thermal pulse



Collins method. Dependence of the residual polarization on the value of the applied electric field
during primary electrification (poling) and during its switching was also measured. It has been
found that the used methods have high sensitivity and reproducibility. It was shown that the
magnitude of the pyroelectric response depended significantly on the polarized state, which was
determined by the values of the electric field during electrification and polarization switching
and on the duration of exposure to this field. The identity and absolute similarity of the residual
polarization dependence graphs on the field and time and corresponding graphs of the
pyroelectric response magnitude led to the conclusion that the magnitude of the pyroelectric was
proportional to the residual polarization. Thus, the pyroelectric response method can be used to
estimate the value of the residual polarization in ferroelectric polymers.
Key words: ferroelectric polymers, pyroelectricity, residual polarization
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BUKOPUCTAHHS ITNIPOEJIEKTPUYHOI'O BIATI'YKY JJA JOCJIIIKEHHSA
HOJIAPU30BAHHOI'O CTAHY Y TUIIOBUX CETHETOEJIEKTPUYHUX
HHOJIIMEPAX

Pesrome

VY mnpexcraBieHiit poOOTI JOCHIPKEHO KOPEJSLII0 MK MIPOEIEKTPUUYHUM BIATYKOM Y
TUNOBUX IUTIBKax cerHetoenekTpuyHux mnoiniMepiB [IB/I® ta [I(BAD-TOE) ta BenuuuHOO
3aqMIIKOBOi  moisipuzanii. IlipoenexkTpuuHy peakiito BuMmiptoBaaun MetogoM KoumiHza
TEIJIOBOTO IMITYJIbCY. BHUMIPSITHO TaKOX 3aJIeKHICTh 3JIMINKOBOI TMOJSIpU3aIlli BiJ BEIUYHUHU
eJIEKTPUYHOTO TMOJIS il Yac MepBUHHOI eIeKTpH3allii Ta mij yac ii mepemukanHs. BeraHoBieHo,
0 BHUKOPUCTaHI METOAM MAalOTh BHCOKY 4ymiIHBICTh. llokazaHo, 110 BenMYMHA
MiPOENEKTPUYHOTO  BIATYKY 3aJIeKHUTh BiJl TOJSIPU30BAHOTO CTaHy, SKUH BHU3HAYaBCS
BEJIMYMHAMU €JEKTPUYHOTO TOJS MpH eNeKTpu3allli Ta MepeMUKaHHI Moysgpu3alii Ta Bij
TPUBAJIOCTI BIUIMBY TMOJiA. TOTOXHICTH Ta abCoMOTHA MOMIOHICTh TpadikiB 3aJeKHOCTI
3aJIMIIKOBOI MOJIIPU3alii BiJ MOJIS Ta Yacy Ta BIAMOBIIHUX rpadikiB BETUYUHU MIPOETEKTPUYHOL
peakiii J103BOJNIMIIM 3pOOMTH BUCHOBOK, IO BEJIMYMHA MIPOCNEKTPUYHOrO BiAryKy Oyia
MpOMNopIiiHA 3aTUIIKOBIM nosspu3anii. TakuM 4MHOM, METO MIPOEIEKTPUUHOTO BIATYKY MOXKeE
OyTH BUKOPHCTAaHHMH JUISl OI[IHKM BEJIMYMHHU 3aJMIIKOBOI MOJISApHU3allii B CErHETOCIEKTPUUHUX
MmoJriMepax.

K11040Bi cj10Ba: cerHeTOENEKTPUYHI MOJIIMEPH, MIPOETEKTPUKA, 3aTUILIKOBA MOJISIPU3aLLis
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HNCHHOJBb30BAHUME ITUPOIJIEKTPUUYECKOI'O OTKJIMKA J1JIAA
NCCIEJOBAHUSA NOJAPU3NPOBAHHOI'O COCTOAHUA B TUITMYHbIX
CETHETOQJIEKTPUYECKUX ITIOJIMMEPAX

Pesrome

B npencraBnenHoi paboTe ucciepoBaHa KOPPESIUs MEXTy MUPOITEKTPHUUECKUM OTKIMKOM
B TUIIMYHBIX [JIEHKaX cerHerolyiekTpuieckux mnonumMepos [IBJI® u II(BAD-TDD) u Benuunnoit
OCTaTOYHOU CETHETORJIEKTPUUYECKOU MOosipu3auuu. IIuposaeKkTpuuecKky0 peakuuo H3Mepsin
METOJIOM TEIUIOBOTO MMITyJbCa, npemnoxkeHHoro Kommma3oMm. M3MepeHa Takke 3aBHCHMOCTB
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OCTaTOYHOM MOJSPU3ALMU OT BEJIMUYMHBI MPUIIOKEHHOTO 3JIEKTPUUECKOTO MOJIsi P MEPBUYHOMN
AIIEKTPU3ALIMU U TIPU €€ TePEeKIIOYEHUH. Y CTAaHOBJIEHO, YTO UCIIOJIb30BaHHBIE METO bl 00JIaat0T
BBICOKOM  YYBCTBUTEJIBHOCTBIO W  BOCHpOM3BOAUMMOCThIO. [lokazaHo, d4ro BenWyMHA
MAPOIJIEKTPUIECKOTO OTKIMKA CYIIECTBEHHO 3aBUCUT OT TOJSPU30BAHHOTO COCTOSTHUS,
ONPENIETAEMOT0 3HAUYCHUSIMU DJIEKTPUYECKOTO TMOJS TPH DBJIEKTPU3ALUM U TEPEeKIIOYCHUN
NOJIIPU3AIUM U TMPOJOJIKUTEIBHOCTH BO3JEHCTBUS 3TOro mojis. ToxaecTBo M aOCOMIOTHOE
CXOACTBO TpadUKOB 3aBUCHMOCTH OCTaTOYHOW TMONSAPU3AIMHM OT TONS M BpPEMEHU U
COOTBETCTBYIOMINX Ipad)UKOB BEIMYUHBI MAPOIIEKTPUUECKON PEAKIIMH TIO3BOJIMIN 3aKITIOYUTH,
YTO BeJIMYMHA THUPOIJIEKTPUYECKOrO OTKJIMKA ObUla MPOMOPLMOHAIBFHA  OCTATOYHOM
noJyisipu3anuu. Takum 00pa3om, METOT MTUPOITEKTPUIECKOTO OTKIIMKA MOXKET OBITh HCIIOJIL30BaH
JUTS1 OLIEHKU BEJTMYMHBI OCTATOYHOM MOJISIPU3ALNH B CETHETOAIEKTPUUECKUX MOJIUMEpPaXx.
KuroueBble cji0Ba: CerHETONOIMMEPHI, MUPOITEKTPUUYECTBO, OCTATOYHAS TOJISPU3AIIHS
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EVOLUTION OF LUMINESCENT PROPERTIES
DURING STORAGE CdS QDs IN AIR

This paper presents the results of a study the CdS QDs and nanostructures of CdS / ZnS QDs obtained by
the sol - gel technology in an aqueous solution of gelatin and the effect of storage on their luminescence. An
increase in the luminescence intensity was found after storage the samples in air. It is revealed that the high-
est growth factor of the luminescence intensity is observed in CdS QDs without a shell. A mechanism has
been formulated that affects the luminescent properties of CdS QDs and nanostructures of CdS / ZnS QDs

during storage.

Introduction

One of the most unique properties semicon-
ductor nanomaterials in terms of their practical
application 1s luminescence. In this case,
nanocrystals (NC) or quantum dots (QDs)
must have an effective emissivity, controlled
by the emission spectrum, and stable physical
and optical characteristics. Studies of physico-
chemical and optical phenomena in QDs are
relevant for their practical application. [1 — 5].

First of all, interest is the question of how
these phenomena depend on the conditions for
the synthesis of NCs. In the colloid — chemical
method, the physicochemical properties of the
obtained NCs are influenced by many factors,
including such as: the ratio of the concentra-
tions of the initial components of the chemical
reaction, the temperature and speed of the
process, the type and concentration of stabiliz-
ers limiting the growth of nanocrystals, alloy-
ing and introduction of inorganic and organic
substances forming shells covering the surface
of nanocrystals [6 — 8]. From the point of view
of the practical application nanocrystals and
nanostructures based on them, the question of
the stability the optical, electrophysical, and
chemical properties of quantum dots during
their storage in air is the interest. Semiconduc-
tor NCs are gaining increasing attention for us-
ing in light-emitting devices and biological
markers. For these applications, important fac-
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tors are high luminescence efficiency, which is
very sensitive to the nature of the particle sur-
face. However, the effect of the surface on ra-
diation hasn't been completely studied. The is-
sue of improving the efficiency of the emitting
properties of nanocrystals by technological
methods is gaining relevance.

Materials and methods

Cadmium nitrate Cd(NOs), and sodium sul-
fide Na,S, as well as zinc salt ZnCl2, which
was used to create a CdS NC shell (manufac-
tured by the company "Simestavaal", Odessa),
were used as precursors in the synthesis of NC
CdS. An aqueous solution of gelatin was used
to stabilize the size of the NC.

To measure the optical density spectra, an
SF-26 spectrophotometer with a spectral range
from 186 to 1100 nm was used. The lumines-
cence spectra were measured using an LCS-
DTL- 374QT solid — state laser with pumping,
semiconductor diodes operating in the optoa-
coustic modulation mode.

Synthesis of CdS QDs without and with a
shell

In this work, the objects of study were CdS
QDs without a shell and CdS QDs covered
with a ZnS shell. The synthesis of NCs CdS
was carried out by the colloidal - chemical
method as a result of the exchange reaction be-



tween the cadmium salt Cd (NOs), and the sul-
fur salt and Na,S. 5 ml. is added to an aqueous
solution of 1% gelatin an aqueous solution of
Cd(NOs), (0.25 mol / L), followed by stirring
for 10 min, after which 5 ml. was added drop-
wise. an aqueous solution of Na,S (0.25 mol /
L).The synthesis reaction took place for 20
minutes at a temperature of 40° C with contin-
uous stirring. As the reaction proceeded, the
color of the solution changed from clear to or-
ange.

Our previous studies [7] showed that the
build-up of the zinc sulfide shell occurs when
an aqueous solution of ZnCl, and Na,S is
added to the solution in which NCs CdS are
synthesized. In this work, the growth of the
shell on the CdS NC was carried out at such
concentration parameters. In a colloidal solu-
tion of 1% gelatin containing CdS nanoparti-
cles, 5 ml. of an aqueous solution of ZnCl,
(0.25 mol/L) was added with the addition of an
aqueous solution of sodium sulfide (0.25 mol /
L) to the growth reactor. In order to increase
the shell thickness, the volume of the added
sodium sulfide solution was varied from 1 to 5
ml. With continuous stirring of the solution for
10 minutes, the color of the solution changed
from orange to light yellow. The synthesis re-
action is as follows (1):

CdS + ZnCl, +Na,S—CdS/ZnS + 2NaCl (1)

The average radius of nanoparticles was esti-
mated by formula (2), in accordance with the
theoretical concepts of the theory of absorption
in spherical nanoobjects [9].

h

R=—
JBudEg

2)

Here & — Planck's constant; p = ((me) ' +
(mp+) ', where me+ = 0.19m,, my« = 0.8m, are
the effective masses of an electron and a hole
in cadmium sulfide, respectively, me is the
mass of a free electron; AE, is the difference
between the band gap in a nanoparticle and a
bulk CdS crystal (2.4 eV). The average radius
of CdS QDs, according to calculated estimates,
was 2.2 nm.

Results and discussion

To study the effect of storage of quantum
dots in air on luminescence, the following
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samples were selected, namely, CdS QDs
without a shell, CdS QDs with a shell: CdS /
ZnS + Na,S (I mL.); CdS / ZnS + Na,S (2
mL.); CdS / ZnS + Na,S (4 mL.). It was found
that storage of CdS QD samples in uncoated
air led to an increase in the luminescence in-
tensity (Fig. 1).
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40 —»— CdsS(1)

o] ()
o o
1 1
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1
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Fig. 1. CdS QD photoluminescence spectra: freshly
grown (1), after 5 months of storage (2).

A similar fact of the effect of storage on the
luminescence intensity was found in samples
of CdS/ZnS QDs prepared with different con-
centrations of added Na,S (Figs. 2—4).
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Fig. 2. Photoluminescence spectra of CdS / ZnS + Na,S
(1 mL): freshly grown (1), after 5 months of storage (2).

The data on the change in the intensity of
the luminescence bands of CdS QDs, CdS /
ZnS nanostructures and the luminescence en-
hancement factor during storage in air are
summarized in Table 1.
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Fig. 3. Photoluminescence spectra of CdS / ZnS + Na,S
(2 mL): freshly grown (1), after 5 months of storage (2).
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Fig. 4. Photoluminescence spectra of CdS / ZnS + Na,S
(4 mL): freshly grown (1), after 5 months of storage (2).

It is noteworthy that the highest luminescence
enhancement factor is observed for the CdS
QD sample without a shell and decreases with
increasing shell thickness.

Table 1. Data on changes in the intensity of the lumines-
cence bands of CdS and CdS / ZnS QDs during storage

in air

Freshly grown samples After air Gain

y grow P storage factor
A, I, A, I,

Sample types nm. | a.u. | nm. | a.u.

CdS 640 | 12.7 | 654 | 37 2.9

CdS /ZnS +

NasS (1 mL.) 645 | 21 650 | 41 1.95

CdS /ZnS +

Na»$ (2 mL) 625 | 18 640 | 31 1.7

CdS /ZnS +

Na»$ (4 mL) 596 | 27 589 | 37 1.3
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To explain the changes in the luminescent
properties of the samples under study during
long-term storage in air, the mechanisms asso-
ciated with the features of their structure are
considered. Nanocrystals dispersed in matrices
are structures containing organic (polymer
molecules, organic media, DNA) or inorganic
environment (shells of semiconductor com-
pounds). In the case of the complexity of the
formation of nanostructures synthesized in col-
loidal solutions, it is necessary to take into ac-
count the influence of the specific conditions
of their synthesis, the influence of external fac-
tors on the state of the surface of nanocrystals.

For example, in [10], the results of observ-
ing an increase in the luminescence intensity
of NCs CdSe as a result of their irradiation
with UV light are described. The authors ex-
plain this phenomenon by the action of the ox-
idative mechanism: water, penetrating through
the gelatinous shell, which is surrounded by
CdS NCs, leads to the replacement of gelatin
chains attached by amino groups to the surface
cadmium atoms by hydroxyl groups. The NCs
themselves practically lose the surface layer of
cadmium atoms, which are now associated
with hydroxyl groups. As a result, conditions
are created for the formation of a cadmium hy-
droxide compound, which can play a coating
role for cadmium sulfide nanocrystals. At the
same time, a decrease in the size of nanocrys-
tals was observed, which manifests itself in a
shift of the absorption spectrum to shorter
wavelengths.

The effect of oxygen on the luminescence
of CdSe nanocrystals was discovered in the
work. [11]. The authors observed an increase
in the luminescence intensity of nanocrystals
after exposing the samples to air without
changing the position of the emission band
maximum and the band half-width. The photo-
electric effect was not taken into account,
since all solutions were in darkness, except for
photoluminescence measurements. The au-
thors explain the fact that luminescence is en-
hanced by the reaction of nanocrystals with
dissolved oxygen, which leads to surface pas-
sivation. As described in [12], oxygen reacts
with NCs CdSe with the possible formation of
surface CdO and SeO.,. In addition, CdSe NCs
in a growth solution with substances (TOP /



TOPO) did not show an increase in photolumi-
nescence, which confirms the interaction of
oxygen with the “bare” surface of nanocrys-
tals.

In our experiment, CdS QDs were synthe-
sized in air without fulfilling the conditions for
degassing the growth solution. In this process,
similar to [11, 12], the solution will be satu-
rated with oxygen. The NCs CdS were syn-
thesized in a gelatin solution in the open air,
which facilitates the saturation of the solution
with oxygen. Cadmium ions on the surface of
nanocrystals form complexes in the metal as-
sociate of several gelatinous molecules sur-
rounding the nanocrystal. Oxygen in a gelati-
nous medium can interact with cadmium to
form cadmium oxide.

Thus, the mechanism for increasing lumi-
nescence is the diffusion of oxygen to the sur-
face of cadmium sulfide nanocrystals and the
formation of cadmium oxide - CdO. The re-
sulting cadmium oxide will act as the outer
coating layer. The luminescence of cadmium
sulfide nanocrystals, as a result of this alleged
process, will be enhanced. Although thermo-
dynamic reasoning suggests that adsorbed
oxygen molecules react with CdS to form sur-
face oxides, the adsorbed oxygen molecules in
our samples do not create a macroscopic oxide
layer, which can lead to a decrease in the NC
size, as well as a loss of photoluminescence ef-
ficiency.

Our results show that when the proposed
mechanism is implemented, the luminescence
enhancement factor for CdS / ZnS samples rel-
ative to CdS QDs without a shell should de-
crease, which is observed in our experiment
(see Table 1).

Thus, the results obtained on the evolution
of the properties of colloidal CdS nanocrystals
indicate the complexity of physicochemical
processes occurring during synthesis in open
air and the need to take into account the inter-
action between the nanocrystal surface and the
environment, namely, with oxygen.

Conclusion

This work describes the results of studies of
changes in the optical properties of CdS
nanocrystals and nanostructures of the core-
shell CdS / ZnS type during storage in air. Ex-
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perimental data are demonstrated that indicate
an increase in the QD luminescence intensity
during storage in air. It was revealed that the
highest growth rate of photoluminescence dur-
ing storage is observed for CdS nanocrystals
without a shell. A mechanism is proposed for
improving the luminescence intensity associ-
ated with the adsorption of oxygen and the
passivation of the surface of CdSnanocrystals
through the formation of cadmium oxide on
their surface.

References

Fébio Pereira Ramanery, Alexandra An-
celmo Piscitelli Mansur, Herman Sander
Mansur. Synthesis and Characterization of
Water-dispersed CdSe/CdS  Core-shell
Quantum Dots Prepared via Layer-by-
layer Method Capped with Carboxylic-
functionalized Poly(Vinyl Alcohol). Ma-
terials Research. 2014; 17 (Suppl. 1): 133-
140. DOI: httpl://dx.doi.org/10.1590/
S1516-14392014005000060

Adolfas K. Gaigalas, Paul DeRose, Lili
Wang, and Yu-Zhong Zhang. Optical
Properties of CdSe/ZnS Nanocrystals.
Journal of Research of the National Insti-
tute of Standards and Technology. Volume
119 (2014). P.  609-628. http:/
dx.doi.org/10.6028/jres.119.026

. Bonghwan Chon, Sung Jun Lim, Wonjung
Kim, JongcheolSeo, Hyeonggon Kang,
TaihalJoo, Jeeseong Hwang and Seung
Koo Shin. Shell and ligand-dependent
blinking of CdSe-based core/shell
nanocrystals.  Phys. Chem. Chem.
Phys.,2010,12, 9312-9319 DOI: 10.1039/
b924917f

Synthesis and Characterization of Zinc-
Blende CdSe-Based Core/Shell Nanocrys-
tals and Their Luminescence in Water. J.
Phys. Chem. C, Vol. 112, No. 6, 2008
Sung Jun Lim, Bonghwan Chon, Taiha-
Joo, and Seung Koo Shin. 2008, 112,
1744-1747 10.1021/jp710648¢g

. James Cassidy, Mikhail Zamkov.
Nanoshell quantum dots: Quantum con-
finement beyond the exciton Bohr radius.
J. Chem. Phys. 152, 110902
(2020); https://doi.org/10.1063/1.5126423

Yu.A.Nitsuk, M.I. Kiose, Yu.F.Vaksman,
V.A. Smyntyna, [.LR. Yatsunskyi.: Optical



https://doi.org/10.1063/1.5126423
https://aip.scitation.org/author/Zamkov%2C+Mikhail
https://aip.scitation.org/author/Cassidy%2C+James
http://dx.doi.org/10.6028/jres.119.026
http://dx.doi.org/10.6028/jres.119.026

properties of CdS nanocrystals, doped 10. S.R. Cordero. P.J. Carson, R.A. Estabrook,

with zinc and copper. Physics and technol- G.F. Strouse, S.K. Buratto. PhotoActi-
ogy of semiconductors, 2019, volume 53, vated Luminescence of CdSe Quantum
no. 3, 381 — 387. Dot Monolayers // J. Phys. Chem. B 2000,
7. V. M. Skobeeva, V. A. Smyntyna, M. L 104, 12137-12142.
Kiose, N. V. Malushin.: Increasing the 11. Noseung Myung,Yoonjung Bae, and Allen
photoluminescence efficiency of cdsnc J. Bard. Enhancement of the Photolumi-
grown in a gelatinous environment. Sensor nescence of CdSe Nanocrystals Dispersed
Electronics and Microsystem Technolo- in CHCI; by Oxygen Passivation of Sur-
gies 2021 —T. 18, Ne 1, 10 — 19. face States. NANOLETTERS 2003 Vol. 3,
8. V.A. Smyntyna, V.M.Skobeeva, V.M., No. 6 747-74910.1021/n1034165s
N.V. Malushin, Lyuminescentnye svojstva  12. Liping Liu, Qing Peng, and Yadong Li.
nanokristallov sulfide kadmiya, legirovan- An Effective Oxidation Routeto Blue
nyh atomami litiya 1 alyuminiya. Sensor Emission CdSe QuantumDots. Inorg.
Electronics and Microsystem Technolo- Chem. 2008, 47, 8, 3182-3187. https:/
gies. T. 2 (8) 1/2011. C..55-58. doi.org/10.1021/ic702203c.

9. A.LL Gusev, A.A. Rempel'. Nanokristal-
licheskie materialy (M., Fizmatlit, 2000),
c.224.

PACS 81.05. Dz, UDC 621.32;
V.M. Skobeeva’, V.A. Smyntyna', M. I Kiose', N.V. Malushin’

EVOLUTION OF LUMINESCENT PROPERTIES
DURING STORAGE OF CdS QDs IN AIR.

Summary This paper presents the results of a study of the of CdS QDs and nanostructures of
CdS / ZnS QDs obtained by the sol - gel technology in an aqueous solution of gelatin and the ef-
fect of storage on their luminescence. An increase in the luminescence intensity was found after
storage of the samples in air. It is revealed that the highest growth factor of the luminescence in-
tensity is observed in CdS QDs without a shell. A mechanism has been formulated that affects
the luminescent properties of CdS QDs and nanostructures of CdS / ZnS QDs during storage.

Key words: Luminescence, cadmium sulfide, zinc sulfide, core-shell nanostructure, storage
in air.
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EBOJIIONIA JTIOMIHECIHEHTHUX BJJACTUBOCTEM ITPU 3BEPITAHHI KT CdS
Y HHOBITPI.

Pe3tome B pobGoti mpexacrasineni pesynabtatd pociipkeHHs KT CdS Tta manoctyktyp KT
CdS / ZnS, oTpMaHuX METOJIOM 30JIb - T'eJlb TEXHOJOT1 B BOAHOMY PO3YHHI KEJIATHHU 1 BIUIUBY
30epiraHHs Ha iX JIIOMIHECIICHINI0. BUsSBIEHO 3pOCTaHHS IHTEHCHUBHOCTI CBITIHHS Ticis 30epi-
raHHs 3pa3KiB Ha MOBITpi. BusBieHno, mo HaiOLIbIMKA KOEQIiEHT 3pOCTaHHS IHTEHCUBHOCTI
momiHectieHIii crnoctepiraetbess B KT CdS 6e3 o6onmonku. CopMynpoBaHO MeEXaHi3M, IO
BIuMBae Ha momiHecueHTHI BinactuBocTi KT CdS Ta manoctyktyp KT CdS / ZnS npu ix 30epi-
T'aHHI.
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Pe3iome B pabote mpencraBiensl pe3ynbrarbl uccnenoBanus KT CdS m manoctyktyp KT
CdS / ZnS, nonydeHHBIX METOJOM 30JIb - I'ellb TEXHOJOTHH B BOJAHOM DPACTBOPE KEIATUHBI U
BIIUSTHUS XpaHEHUs Ha UX JIOMUHecHeHIni0. OOHapyKeH pOCT MHTEHCUBHOCTU CBEYEHUS MOCIIEe
XpaHeHus1 00paslioB Ha Bo3ayXe. BuIsBIeHO, YTO HAMOONBIINKI KOAPPHUIUEHT pOocTa UHTCHCHB-
HocTu JromuHecueHuu Habmonaercs B KT CdS 0e3 o06onouku.ChopMynupoBaHO MEXaHU3M,
Biusronuil Ha moMuHecueHTHbIe cBoricTBa KT CdS u nanoctyktyp KT CdS / ZnS npu ux xpa-
HCHHU.
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SnO; AND ZnO FILMS STRUCTURED USING POLYMERS
FOR AMMONIA DETECTION

The electrophysical properties in air and in the atmosphere with ammonia vapor content of nanosized
films of ZnO and SnO; structured in the process of production using polymers were studied. The investigated
electrophysical properties of those films in air and in an atmosphere containing ammonia vapors showed the
presence of significant changes in the conductivity of both types of films. The nature of these changes is
somewhat different. In ammonia vapors, the current in a zinc oxide film is many times greater than in air.
And the tin oxide film in ammonia vapor becomes more high-resistant in comparison with its resistance in
air. It was found that the conductivity of both types of films is controlled by intercrystalline potential barriers.
However, upon contact with ammonia vapors, these barriers decrease in the zinc oxide films, while the oppo-
site process is observed in the tin dioxide film. The reversible nature of the processes of ammonia molecules
interaction with oxide films is observed in both cases. Both for ZnO and for SnO, the sensitivity to ammonia
is recorded already at room temperature. It was also established that the initial characteristics of both types of
films were quickly restored without additional measures. These facts make the studied nanostructured films

of ZnO and SnO, using polymers to be promising material for sensitive elements for ammonia gas sensors.

Introduction

Nanosized oxide materials, in particular tin
and zinc oxides are actively used as ones for
gas analysis [1-3]. Due to their electronic char-
acteristics (large band gap), chemical resis-
tance in the active medium, as well as a large
active surface area, they provide a significant
response in their conductivity and long-term
operation. To increase the efficiency of these
materials as sensitive elements of gas sensors,
various technological methods are used to in-
crease their active surface, for the main physi-
cal and chemical processes responsible for this
parameter occur mainly at the interface, being
the surface of the sensitive element. Among
the production technologies are both physical
(atomic layer-by-layer deposition, magnetron
sputtering, etc.) [4] and chemical (vapor-phase
deposition on a heated substrate, methods of
decomposition of organometallic compounds,
sol-gel methods [5,6], hydrothermal method
[7]). The latter are the most popular due to
their relative simplicity and low cost. By such
methods with various modifications it is possi-
ble to receive various nanostructures - from
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film to micellar-like [8].

The ammonia content control, like of many
other pollutants, is essential to ensure the
safety of the environment. This applies to pub-
lic places, ambient air and the air of produc-
tion areas. This makes the need for constant
monitoring of the gaseous environment com-
position and the improvement of devices for it
as a priority for environmental protection.
Therefore, the creation of efficient, high-speed
and renewable gas sensors elements sensitive
to ammonia becomes a necessary solution to
this problem. Oxide nanomaterials, namely, tin
and zinc oxides, exhibit high sensitivity to am-
monia vapors and are used as materials for
sensitive elements of ammonia sensors. [9].
For the operation of sensors based on them, as
a rule, additional heating and a sufficiently
long recovery time of the active element after
interaction with the detected gas are required.
Therefore, lowering the operating temperature
and rapid recovery after interaction with the
detected gas is necessary to save energy and
materials when creating and operating sensors.

In the work, the electrophysical properties
in air and in the atmosphere with ammonia va-



por content of nanosized films of zinc and tin
oxides structured in the process of production
using polymers were studied in order to evalu-
ate their application as effective and renewable
sensitive elements for ammonia sensors.

Methods for films production and re-
search

The precursor’s solutions (organometallic
compounds of zinc and tin) were mixed with
polymer solutions during their preparation and
applied by drop coating method onto prepared
glass substrates. Zinc acetate was used as a
precursor for zinc oxide, and bis(acetylaceto-
nato)dichlorotin(IV) was used for tin oxide.

The latter was obtained by the technology de-
scribed in [10]. The workpieces dried in a dry-
ing oven were annealed in air in a muffle fur-
nace. After the removal of the products of
polymer thermal decomposition during anneal-
ing, the transparent nanostructured metal ox-
ides remain on the substrate. Figure 1 shows
an electronic microscope image of the ob-
tained zinc oxide films (a), as well as a three-
dimensional AFM image of the surface of tin
oxide films. The images confirm the presence
of nanostructuring in the films under study.

The study of the electrophysical properties
in air and their changes in the presence of am-
monia vapors were carried out according to
standard methods in the equipment described
in[11].

b)

Fig. 1. SEM image of the studied zinc oxide film (a) and three dimensional tin dioxide film’s surface view (b).

Results and discussion

The band gap of the obtained oxide films
established from its optical density vs energy
study was from 2.9 to 3.15 eV for both types
of films. The resistance of both types of oxide
films calculated from the current-voltage char-
acteristics was (0.2-3) x10° Ohm, what is ex-
pected for wide gap materials.

The electrical conductivity of polymer-
structured nanosized zinc and tin oxide films
was found to be sensitive to the ammonia con-
tent in the surrounding atmosphere. It is inter-
esting that the character of the conductivity
change of the films is not similar.

Figure 2 shows the current-voltage charac-
teristics of the studied films of zinc oxide (a)
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and tin dioxide (b) in air (curves 1 in both fig-
ures) and in an atmosphere with an ammonia
vapor content (curves 2). It can be seen in both
figures that current-voltage characteristics
measured in the atmosphere with an ammonia
vapor content, differs from [-V characteristics
measured in air .

Curve 1 in Figure 2a shows the current-
voltage characteristic of the ZnO film mea-
sured in air. The exponential nature of the de-
pendence of the current on the applied voltage
is confirmed by the straightining of the CVC
in Inl-V * coordinates (1/4). This means that
the current flow in the ZnO film in air at room
temperature is conditioned by over-barrier
Schottky emission over thin intercrystalline
barriers [12]. The presence of these barriers is



also confirmed by the nanocrystalline grain
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Fig. 2. CVC of ZnO film (a) and SnO; film (b) in air (curves 1 in both figures) and with ammonia vapor (curves 2 in

both figures) at 290 K.

The CV characteristic of SnO2 films in a
dry air atmosphere (curve 1, Fig. 2b) is super-
linear and shows a weak an exponential depen-
dency of the current on the applied voltage.
This dependence is also due to the barrier
mechanisms of current flow. Thus, the inter-
crystalline potential barriers in the tin dioxide
film, as in the zinc oxide film, noticeably in-
fluence the current flow.

Curve 2 in Fig. 2a shows the I-V character-
istic of the ZnO film in an atmosphere with
ammonia vapor. It is noteworthy that in am-
monia vapor, the current in the film (especially
in the region of low voltages) is several times
higher than in air. As shown in [13], during the
adsorption of ammonia on the surface of ZnO,
the nitrogen atom (N) is mainly bound with the
surface zinc atom (Zn). This configuration is
stable when NH3 is adsorbed on the zinc oxide
surface. NH3 molecules are molecular
chemisorbed on the ZnO surface and become
charged donors. With this character of adsorp-
tion, the equilibrius surface energy bands
bending decreases, which leads to the conduc-
tivity growth of thin zinc oxide films under the
influence of NH3 vapors. This is the nature of
the current flow change in zinc oxide films in
an atmosphere with ammonia vapor in Fig. 2a.
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In ammonia vapor, the studied SnO2 film, un-
like to the ZnO film, on the contrary, becomes
more resistive than that in air. The superlinear-
ity of its CV characteristic also increases (Fig.
2b, curve 2). Thus, it may be supposed, that
the adsorption of ammonia molecules pro-
motes the intercrystalline potential barriers
growth in the tin dioxide film and an increase
of the blocking bend of the surface energy
bands. It is known [14] that ammonia mole-
cules can form complexes SnO, [NH3] on the
surface of tin dioxide. The formation of such
complexes on intergranular barriers increases
the surface bending of the zones. The conse-
quence of this is a decrease in the conductivity
of the film.

The conductivity decrease upon contact of
a tin dioxide film with ammonia is possible in
the processes of physical adsorption of oxygen
and ammonia, besides the creation of ammonia
complexes with surface atoms of tin or its ox-
ides. These processes can take place at room
temperature. But in the case of physical ad-
sorption, there is no exchange of carriers
(charges) between the adsorbate and the adsor-
bent. However, the nanostructuring of the film
grains leads to a slight decrease of the
chemisorption reactions temperature. In addi-
tion, it is also possible to influence the current



transfer due to a decrease in the carrier mobil-
ity of the near-surface region and an increase
in barriers to current flow due to physical ad-
sorption, which can also lead to a decrease in
conductivity.

Figure 3 shows the current temperature de-
pendences in the ZnO (a) and SnO2 (b) films.

The zinc oxide film current temperature de-
pendence measured in air and in ammonia va-
por has an activation character. The activation
energy of conductivity in ammonia vapor cal-
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culated from its slope is Ea~0.32 eV. The ob-
tained value of Ea is close to the activation en-
ergies obtained with the CTD of the ZnO film
in an air atmosphere (0.35-0.37) eV (in the in-
set in Fig. 3a). The established values indicate
that the electrical conductivity is controlled by
intercrystalline potential barriers and the cur-
rent flow mechanism in both cases can be de-
scribed by a semiconductor model with large-
scale fluctuations of the potential relief [15].
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Fig.3.The current temperature dependence in ZnO film in dry air and in ammonia vapor (V = 100 B) (a) and SnO»

film in dry air and in ammonia vapor (U = 150 V) (b).

The same picture is observed in the current
temperature dependence of tin dioxide films
(Fig. 3b). The only difference is in a decrease
in conductivity in ammonia vapors. The slope
of all curves is almost the same and corre-
sponds to the activation energy Ea = 0.39-0.45
eV. This slope shows that the conductivity is
also controlled by defects and the activation
energy approaching the depth of the levels cor-
responding most likely to ionized molecularly
adsorbed oxygen [16]. A decrease in the con-
ductivity in this case is possible due to the sur-
face oxygen molecules influence in the pres-
ence of ammonia molecules when complexes
are formed on the SNO2 [NH3] surface. The
curves’ slope retention may indicate both the
localization of ammonia molecules on the
same surface defects where oxygen has al-
ready been preliminarily adsorbed, and bind-
ing with oxygen itself.
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The current kinetic changes during periodic
inflow of ammonia vapors or dry air into the
measuring chamber are shown in Figure 4a. It
can be seen that the presence of ammonia
leads to an almost double current growth in the
ZnO film. The response time (the time of
reaching 90% of the steady-state current value)
is about 48 s, which indicates to low inertia of
the ammonia absorption process. The current
strength decrease to its initial value (that is, the
process of ammonia desorption) after admit-
ting dry air into the chamber is more inertial
than the adsorption process. The recovery time
(the time necessary to reach 90% of the current
from its stationary value) is about 180 s. It can
be seen that the decrease in the first seconds is
quite sharp. This behavior indicates to a weak
bond of the most of the adsorbed molecules
with the zinc oxide surface.
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Fig. 4. Kinetics of the current in the ZnO film measured at periodic inflow of ammonia vapor or dry air into the
chamber (V =175 B) at T =293 K(a) and for the SnO2 film (V =300 V) (b).

A slightly different picture of nanosized
SnO, films sensitivity to ammonia is shown in
Fig. 4b. The current strength decreases when
ammonia is let into the test chamber. The re-
sponse time in this case is slightly higher and
amounts to about 70-75 s. The recovery time is
close to the response time. The short desorp-
tion time shows a weak bond of adsorbed mol-
ecules with the surface of the tin dioxide film,
which can be supposed at room temperature.
The said also confirms the physical nature of
the adsorption of ammonia on tin dioxide films
at room temperature. Desorption of
chemisorbed molecules even on nanosized
crystallites would require more energy, which
means that during desorption (with the admis-
sion of dry air) such a sharp change in conduc-
tivity would not be registered.

Despite all the differences in the mecha-
nisms of sensitivity of zinc oxide and tin diox-
ide, their behavior when interacting with am-
monia has common features. Both types of
films show a fairly rapid recovery of the origi-
nal characteristics without additional actions -
an increase in temperature or field action. Be-
sides that, the observed processes of both ox-
ides films’ interaction with ammonia occur at
room temperature. These properties are ex-
tremely important in gas analysis applications
as sensitive elements.

Conclusions

The investigated electrophysical properties
of nanosized films of zinc and tin oxides,
structured using polymers in the process of
production, in air and in an atmosphere con-
taining ammonia vapors showed the presence
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of significant changes in the conductivity of
both types of films. The nature of these
changes is somewhat different.

In particular, in ammonia vapors, the cur-
rent in a zinc oxide film (especially in the re-
gion of low voltages) is many times greater
than in air. And the tin oxide film in ammonia
vapor becomes more high-resistant in compar-
ison with its resistance in air, that is, its electri-
cal conductivity decreases. These facts indi-
cate to different mechanisms of chemisorption
processes on different oxides, since ammonia
acts as a donor for zinc oxide, and exhibits ac-
ceptor properties for tin dioxide.

It was found that the conductivity of both
types of films is controlled by intercrystalline
potential barriers. However, upon contact with
ammonia vapors, these barriers decrease in the
zinc oxide films, while the opposite process is
observed in the tin dioxide film.

The reversible nature of the processes of
ammonia molecules interaction with oxide
films is observed in both cases. At the same
time, both for zinc oxide and for tin oxide, the
sensitivity to ammonia is recorded already at
room temperature. It was also established that
the initial characteristics of both types of films
were quickly restored without additional mea-
sures. These facts make the studied nanostruc-
tured films of tin and zinc oxides using poly-
mers to be promising material for sensitive el-
ements for ammonia gas sensors.
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SnO; AND ZnO FILMS STRUCTURED USING POLYMERS FOR AMMO-
NIA DETECTION

Summary The electrophysical properties in air and in the atmosphere with ammonia vapor
content of nanosized films of ZnO and SnO; structured in the process of production using poly-
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mers were studied. The investigated electrophysical properties of those films in air and in an at-
mosphere with ammonia vapors showed the presence of significant changes in the conductivity
of both types of films. The nature of these changes is somewhat different. In ammonia vapors,
the current in a zinc oxide film is many times greater than in air. And the tin oxide film in ammo-
nia vapor becomes more high-resistant in comparison with its resistance in air. It was found that
the conductivity of both types of films is controlled by intercrystalline potential barriers. How-
ever, upon contact with ammonia vapors, these barriers decrease in the zinc oxide films, while
the opposite process is observed in the tin dioxide film. The reversible nature of the processes of
ammonia molecules interaction with oxide films is observed in both cases. Both for ZnO and for
SnO, the sensitivity to ammonia is recorded already at room temperature. It was also established
that the initial characteristics of both types of films were quickly restored without additional
measures. These facts make the studied nanostructured films of ZnO and SnO, using polymers to
be promising material for sensitive elements for ammonia gas sensors.
Key word: tin oxide, zinc oxide, nanosized thin films, sensitivity, ammonia detection.
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IIVIEHKH SnO; U ZnO, CTPYKTYPUPOBAHHBIE C UCITIOJIb3OBAHUEM I10JI1U-
MEPOB JJIs1 OBHAPYXEHUA AMMHNAKA

Pesrome

W3yuensl 3nekTpodu3nvecKkue CBOMCTBA Ha BO3AyXe M B aTMocepe ¢ colaep aHUeM IapoB
aMMHaKa HaHopa3MepHbIX IIeHOK ZnO u SnO,, CTPyKTYpUPOBAaHHBIX B MPOIECCE MOTYyUEHUS C
UCIOJIb30BaHUEM MONKUMeEpoB. MccaenoBanuble 371eKTpopU3MUEcKe CBONCTBA 3TUX IJICHOK Ha
BO3/lyXe U B aTMoc(epe ¢ nmapamu aMMuaka 1oka3ajiyd HaJu4yue 3HAaUUTeIbHbIX U3MEHEHUH Mpo-
BOJIMMOCTH 000UX TUMOB IUIEHOK. [Ipupona 3Tux u3mMeHeHui paznuyna. B mapax aMMuaka TOK B
IUIEHKE OKCHJA LIMHKAa BO MHOTO pa3 OoJibllle, YeM B BO3AyXe. A IJIEHKa OKCHJIa 0J0Ba B Mapax
aMMMaKa CTAaHOBUTCSI 00jiee BHICOKOOMHOMW 10 CPaBHEHHIO C €€ CONPOTHBIIEHHMEM Ha BO3IYXeE.
bruio 0OHapyXeHO, YTO MPOBOJIUMOCTh 00OUX THIOB IJIEHOK KOHTPOJIUPYETCS MEXKKPUCTAILIH -
YEeCKMMHU NOTEHIMAIbHBIMU Oapbepamu. OHAKO MPU KOHTAKTE C MapaMHu aMMHUaKa 3TU Oapbepsl
YMEHBINAIOTCA B IUIEHKAaX OKCHJA LIMHKA, TOr/la KaK B IUIEHKE JMOKCHIA O0J0Ba HaOJI0JaeTCs
oOpatHbIil mpouecc. B oboux ciydasx HabaromaeTcst 0OpaTUMBIA XapakTep MPOLECCOB B3aUMO-
JIEHCTBHUS MOJIEKYJI aMMHUaka ¢ OKCUAHbIMU 1uieHKaMu. U g ZnO, u jyist SnO2 4yBCTBUTEIND-
HOCTh K aMMHUAKy PETHCTPUPYETCs yKe MPU KOMHATHOM Temmneparype. Taxke OblJIO yCTaHOBIIE-
HO, YTO MCXOJHbIE XaPAaKTEPUCTUKH OOOUX THUIIOB IIEHOK OBICTPO BOCCTAHABIIMBAIUCH O€3 J10-
MOJTHUTENBHBIX Mep. DTH (haKThl JAENat0T UCCIIE0BaHHbBIE HAHOCTPYKTYPUPOBAHHBIE C UCIIOIb30-
BaHUeM noiuMepoB MmieHKH ZnO u SnO, NepcrneKTUBHBIM MaTE€pPHAJIOM JUIS 4yBCTBUTEJbHBIX
JJIEMEHTOB I'a30BbIX CEHCOPOB aMMMAKA.

KuiroueBrble €10Ba: OKCHJI IMHK, JTUOKCH]] 0J10BA, HAHOPA3MEPHBIE TOHKHE IIJIEHKH, YyBCTBH-
TEJIbHOCTb, IETEKTUPOBAHUE AMMHAKA.
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IJIIBKH SnO; I ZnO, CTPYKTYPOBAHI 3 BUKOPUCTAHHAM INOJIMEPIB, 1JIsA
BUSABJIEHHA AMIAKY
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Pesrome

BuBueHo enekTpodiznyHi BIACTHBOCTI Ha MOBITP1 Ta B arMocdepi 3 BMICTOM MapiB aMmiaky
HaHOPO3MipHUX MIiBOK ZnO Ta SnO,, CTPYKTYpOBAHUX Y MPOIIECI O/ICpP’KaHHS 3 BUKOPUCTAHHSIM
noriMepiB. Jlociimkeni enekTpodi3ndHi BIACTUBOCTI IUX TUTIBOK Ha IMOBITPI Ta B atMocdepi 3
napamMH amiaky MOKa3alM HasBHICTh 3HaYHMX 3MiH MPOBITHOCTI 000X TUMIB IuTiBOK. [Ipupona
X 3MIH pi3Ha. Y Mapax aMmiaky CTpyM Y IUTIBIIl OKCHAY IIMHKY B Oarato pasiB OUIbIIUM, HIXK Y
MOBITpi. A IJIIBKa OKCHJy 0JI0Ba B Mapax amiaky cTae OuIbII BUCOKOOMHOO MOPIBHSHO 3 ii omo-
poM Ha noBiTpl. BusiBieHo, 1110 NPOBIAHICTh 000X TUIIB IUIIBOK KOHTPOIIOETHCS MIKKPUCTAIIY -
HUMM MOTEHIiHUMHU Oap'epamu. OJJHAaK MPU KOHTAKTI 3 MapaMu amiaky 1i 6ap'epy 3MEHIITYIOTh-
Cs B IUTIBKaX OKCHAY LIMHKY, TOA1 SIK IUTIBIN MIOKCHY OJIOBA CIIOCTEPIra€ThCs 3BOPOTHUMN TPO-
nec. B 06ox Bumagkax crioctepiraeTbcss 00OpOTHUI XapakTep B3aeMOJIii MOJEKYJ aMiaky 3 OK-
cugHuUMU TiBKamu. | s ZnO, 1 nist SnO2 9yTauBICTh 10 aMiaKy peeCcTpPYEThCS BXKeE 3a KIMHAT-
HOi Temmeparypu. Takox Oys0 BCTaHOBJIEHO, IO BUXIJHI XapaKTEPUCTUKU 000X THIIIB ITIBOK
IIBUKO BITHOBIIOBANMCS 0€3 J0/aTKOBHX 3axodiB. Lli ¢aktu poOiasiTh MOCTIKEHI HAHOCTPYK-
TYpOBaHI 3 BUKOPHCTaHHAM MoJiiMepiB MiBkM ZnO Ta SnO2 mepcneKTUBHUM MaTepiajioM JUis
YYTJIMBHUX €JIEMEHTIB Fa30BUX CEHCOPIB aMiaKy.

Kur040Bi ci10Ba: okcu IIMHKY, 110KCH]T 0JI0BA, HAHOPO3MIPHI TOHKI IUTIBKH, Yy TJIUBICTh, JI€-
TEKTyBaHHS amiaky.

This article has been received in October 22, 2021.
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THE STUDY OF HOMOGENEOUS AND HETEROGENEOUS
SENSITIZED CRYSTALS OF CADMIUM SULFIDE.
PART V. HETEROGENEOUS DOPPING

A technology for processing semiconductor crystals in a corona discharge has been developed. It w2as
found that as a result of this exposure, the samples acquire alternating spectral sensitivity. The observed phe-
nomena are explained by the appearance of a two-pitched potential barrier in the near-surface region of the
element, the unusual properties of which may allow the creation of a new type of device.

Introduction

This publication is a continuation of the re-
views [1-4]. In order to preserve the generality
of the work, the numbering of sections is se-
lected general. Numbers of formulas and fig-
ures are presented by sections. References to
the literature in each review are given individ-
ually.

Cadmium sulfide crystals are used in our
research as a convenient model material. The
results obtained on them and the constructed
models also apply to other semiconductor sub-
stances.

In the previous parts of the review, it is con-
sidered how the photovoltaic properties of a
semiconductor changes, in which, under the
influence of external factors (light, electric
field, temperature), the redistribution of a sen-
sitive impurity occurs. Samples in which the
conductivity is controlled by the Bube-Rose
model are selected as systems that are particu-
larly sensitive to these influences. That is,
crystals initially already contain R — and S-
centers.

It is of interest to investigate how the prop-
erties of the elements will change if the alloy-
ing additive itself is an external factor. That is,
a change in the photoelectric properties of ini-
tially uniformly alloyed samples, in the contact
layers of which, from the surface, an alloying
impurity appears.
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It should be noted that the heterogeneous
distribution of the impurity in this case is a
typical situation that one has to face in prac-
tice.

It is known that the properties of semicon-
ductor crystals can vary widely depending on
the quantity and quality of the defects formed.
This should also affect the contacting part of
the semiconductor sample.

In this paper, we consider the problem of
the behavior of ohmic contact to a semicon-
ductor in the initial state when unevenly dis-
tributed charged electron traps appear in its
spatial charge region. Despite the urgency of
this problem, it is practically not covered in
the literature.

The introduction of trap centers into the
contact layer of the crystal can radically
change the energy structure of this area. In
particular, in the case of electronic traps, the
formation of a locking barrier is possible. At
the same time, the conditions of current trans-
fer change significantly and specific effects
occur that are close in nature to negative pho-
toconductivity.

To analyze this situation, it is necessary to
derive dependencies describing the type of
barrier that occurs in the conduction band,
both in the dark and in the light. As well as de-
termining the relationship of the parameters of
this barrier — its width, height, coordinates of
the maximum, the steepness of the walls -
from the properties of the traps — their energy
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depth, initial concentration and distribution
over the depth of the sample.

The goal of this work is to show that un-
evenly distributed charged electron traps are
able to form a locking barrier in the area of
the spatial charge of the ohmic contact. Its pa-
rameters are uniquely related to the parame-
ters of traps and, therefore, are controlled
technologically. At the same time, due to the
barrier that has arisen, the sensor based on a
semiconductor crystal acquires new proper-
ties, including anomalous ones.

Changes in photoconductivity caused by
the treatment of single-crystal samples of cad-
mium chalcogenides in a gas discharge were
investigated by the authors [5-7]. The technol-
ogy of such processing is as follows. The ele-
ment was placed in a vacuum ” 10°®107
mmHg. between the electrodes, to which a
voltage of the order of several kilovolts was
applied. Variable fields of industrial frequency
were used. In the resulting discharge streamer,
charged particles bombard the sample surface.
It has been established that gas discharge treat-
ment of the surface of cadmium chalcogenide
crystals leads to the creation of a large concen-
tration of electron traps in the near-surface
layer.

In the case of crystal excitation by strongly
absorbed light, nonequilibrium carriers are cre-
ated in a thin near-surface layer. At the same
time, it should be borne in mind that the treat-
ment of a single crystal with a gas discharge, it
is in this layer that causes an increase in the
concentration of traps. Therefore, the change
in photoconductivity in this case depends on
the ratio of the depth of penetration of exciting
light into the sample and the depth of propaga-
tion of the trap centers. The most favorable
condition for changing the photoconductivity
can be considered the coincidence of the depth
of light penetration with the depth of propaga-
tion of traps.

In a pure semiconductor for ohmic contact,
the energy distribution changes according to

the logarithmic law
1+ 1)
a (8.1)

where, a there is some characteristic length.

E = Zlen(
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The distribution of the electron concentration
in this case is expressed by the ratio

E

-1

_'-‘SI

o

M=, eXp

8 ..-{I_

X/ (8.2)

Thus, the semiconductor layers bordering
to the metal electrodes, the thickness of which
~ a, they can be "filled” with charge carriers.
At the same time, the concentration of carriers
near the contacts ny, as formula (8.1) shows, it
does not depend on their concentration in the
depth of the semiconductor, which may be
small (insulator). Therefore, the electrical con-
ductivity of such a contact can be high, even if
the specific electrical conductivity of the semi-
conductor (in the absence of contact) is negli-
gible, for example, in the case of a wide-band
CdS.

8.1. The effect of traps on the barrier
structure

If the contact is formed for a high-resis-
tance semiconductor, then due to the signifi-
cant difference in conductivities, almost the
entire area of the spatial charge (ASC) is lo-
cated in its contact layer.

Let electronic traps be introduced into such
a semiconductor N, the concentration of
which decreases from the surface deep into the
volume according to the law

X

N, b
Nt_NtOe

5

(8.3)

where Ny — this is their concentration on a
geometric surface, and /, — a characteristic
length showing at what distance the number of
traps decreases in e times.

The activation energy of these traps (E.—
E,). Then, directly at the contact (area I fig.
8.1), the traps end up under the Fermi level.
Such traps are filled with electrons regardless
of the concentration of free charge. On the sur-
face itself, their distance from the Fermi en-
ergy and, consequently, filling, will be maxi-
mal. Therefore, at the point x=0 the appear-
ance of such traps will not change the concen-
tration of free electrons and the distribution of
energy. They are still described by formulas
(8.1) and (8.2).

As can be seen from Figure 8.1, the greater
the depth of the traps (E—E,), the wider the



electron-enriched region I, since up to large x
coordinates the traps are located below the
Fermi level or in the Fermi level region.

At the same time, as will be shown in more
detail below, the greater the initial concentra-
tion of traps Ny, the steeper the dependence

dE
goes up . Both of these factors, acting to-

gether, should ensure a greater height of the
barrier formed.

On the contrary, in the depth of the volume
at x > L, the appearance of electronic traps
will change the conditions significantly. The
traps are partially filled and are able to capture
an additional charge. In this case, the concen-
tration of the free charge, initially constituting
ny (curve 1 Figure 8.1), it should decrease,
which is accompanied by an increase in the
distance from the bottom of the conduction
band to the Fermi level.

Consider the far edge of the impurity prop-
agation front N (area III of Figure 8.1). The
concentration of traps in the area x = L, it is
small, so in general it remains electroneutral.
Part of the free charge goes to the traps. The
equation of electroneutrality in this case looks
like this:

X

_EM™)
+ _ kT t
N, =nye +N,e .

(8.4)

Taking into account that numerically the
+

concentration of ionized donors ~ ¢ equal to
no and using the exponential expansion in a se-
ries, from (8.4) we obtain

X

E(x) A
n =N, e °
0 kT t0
Where from
E0)|., =X kre ©
2 no

(8.5)

As the x coordinate decreases towards the sur-
face, the energy value of the edge of the con-
duction band increases, although slightly. If
the whole free charge no will switch to traps,
then (E-E.) ~ kT (on the border of regions II
and III).
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Fig. 8.1. (a) — the structure of the ASC ohmic contact to
a high-resistance semiconductor: (1) - initial state; (2) -
after the introduction of traps; (b) - distribution of the
concentration of electronic traps by depth

The processes considered at the edges of
the ASC are sufficient to predict changes in
the energy distribution. If there is an energy
curve in the depth of the volume E.(x) rushes
upwards, and at the very contact with the
metal comes to the same point where it was
without taking into account traps, then in gen-
eral the ASC profile should have the form of a
bell-shaped maximum (curve 2 Fig. 8.1a).
Moreover, its width is controlled only by the
penetration depth of electronic traps, deter-
mined by the technological factors of crystal
processing.

8.2. Energy distribution in the contact
layers of a crystal with electron traps

The barrier profile in area I of Figure 8.1 a
can be determined using the Poisson equation

d’E, _4rné

4 2
dx2 _ 7Z'€|:

p(x) N =N,(x)=n(x)]

. (8.6)

+
where E — energy, and = ¢ = ny << n,. Using
expressions (8.2) and (8.3) formula (8.6) ac-

quires the form:
jz
] (8.7)

|

Note that negative values of the second de-
rivative indicate the convexity of the function
E; within area I. After integration

d’E, 4rné’ a

dx?

& a+x



x

dré’ 7
~C,’Ne " +na’*Inja+x|+Cx+C,

E(x)=

(8.8)

values of constants C; and C, can be deter-
mined from a comparison with the distribution
(8.1) for a pure semiconductor.

When used for metal contacts with possi-
bly small output operation, the value of the
jump at the boundary AE (0) — 0. In this case,
when x=0 (E~F) = 0 and ny = N. = 10”sm>.
According to [8], the value of the cadmium
concentration on the surface ~ 10*'sm™. Tak-
ing this amount as 0.1-1% of the total value,
we get that on the surface it is true Ny < ny.

Taking into account also the calculations
given in clause 8.1, regarding the filling of
traps without changing the concentration of
free charge, it will be fair:

dE| _dE,
de " dx
or from (8.7) and (8.1):

2 -~ na’
24T =47T—e[f0Nt0e fop X +C]}

x=0

a+x & a+x

b

when x = 0:

LUT e

C
: a 4ré

—t,N,,—na
(8.9)

The value of the constant C, in (8.8) can
be found from the condition £, (0) = 0. It fol-
lows from it

C,=t,'N,-na’lna . (8.10)

Finally (8.8), taking into account (8.9) and
(8.10), takes the form:

t’N, [1 —e%]+nk02 Tty [%—T £ __¢N, —nkajx}
a a 4re

(8.11)

dré

El(x): A

The resulting expression is too cumbersome
for further analysis. Therefore, we assume that
the value of /, in the distribution of traps is
large enough, and the stitching point with the
function £, (x) (i.e., the width of the area I)

lies at a coordinate smaller than the radius of
the shielding a. Then putting the exponent and
the logarithm in a row, from (8.11) the expres-
sion is obtained:

E (x)= 2kT X

a | (8.12)

which, as expected, is not affected by trap pa-
rameters /y and Ny. In the near-surface layer,
the energy distribution in the barrier is repre-
sented by an almost straight line with a slope
2kT/a. At the same time, the graph E;(x) lies
above the curve Ifig. 8.1a. That is, from the
very beginning, with the growth of the coordi-
nate, the concentration of the free charge drops
faster than the concentration of traps.

8.3. Barrier structure in the depleted
layer

In the central part of the barrier (region II of
Figure 8.1), there is practically no free charge
and the concentration of electrons on the traps
significantly exceeds the number of ionized
donors, since for these distances x the number
of traps themselves is still quite large. Then

n(x)>>N,

density:
plx) ==en,(x) = =N, () (x)

; n(x). In this case, the charge

where f(x) - Fermi-Dirac probability for filling
traps:

(Ec—E,)~(Ec~F)

fx)y=e &

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

Finally, the Poisson equation has the form

=e

2 X E
LED
dx . (8.13)
where
2 E.—E,
A 4 e Nje i
€ . (8.19)



It can be seen that in this whole area the
second derivative is negative. The curve is
concave. Using substitution

Z- _[f; E_j
o KT)  (3.15)
we have
d’z _ A4 .
Or
2
ld(fJ =iezdz
2 \dx kT
From where after integration
2
[éj = Ziez +C,
ax/ KT (8.17)

The value of C, can be obtained at the max-

. ., . dE
imum position, where i 0. When
2 7xmax _Emax
C = 1 _zie b Lo kT
t, kT

. (8.18)

On the ascending curve, where x<x . and E<
E . rightfully (see 8.15)

C, << 2 A 7
kT

For sufficiently sharp barriers on the de-
scending part of the magnitude x and X, of
the same order, and E<E ,.. Therefore, this
condition remains true here. In general, the
formula (8.17) takes the form:

&
dx kT
Where
Z
d_, A4
dx kT

(8.19)

In accordance with (8.11), the derivative is
negative on the ascending part of the curve.

On the falling part for everyone 9E < kT
dx 1,

(that is, a slow decline), this also remains in
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force. Then the “—" sign should be left in
(8.19). As a result, after integration, it is deter-

mined
P
kT .

Substituting (8.15) into (8.20) and simplifying

the expression, we get
(‘ }—Z:Tx + Czj
. (8.21)

(8.20)

E,(x) = —kT% +2kT In

0

8.4. Detailing of the energy distribution
function explicit form

From the equality of derivatives at the
crosslinking point x; is:

A
ur _ kv s

a t A
X, 72kT+C2
therefore for the big ones [/, where
1 1
<<—
2L, a , we get
| 4 | 'I
T+ C. =a. |
Noer T TN T
(8.22)
Then the value
Xo=a— le
2kT (8.23)

After substituting it into the expression E;(x)
= E>(xy) we find:

2kT C,

==
\ 2kT

kT
——|a
fO

c, 4
T |
(8.24)

In the second term on the right in (8.24), the

dependence (8.22) is taken into account.



ducing by 24T and giving similar ones, we get
for 20, >>a

(s P

If the increasing part of the barrier is sharp
enough, then the value x, in (8.23) is not great
compared to a. In this case, from equation
(8.23) and (8.25) follows

In a‘/i <<1
2kT

and finally

C, = a‘/i
2kT’
A
f—(x+a):|
{ 2T . (8.26)

As can be seen from (8.26) at the maximum
when

(8.25)

E,(x)= —k—Tx+2len

0

dE, kT 2kT
dx t, x,+a
meaning = =20, —a~= 2f0. (8.27)

The width of the increasing part of the bar-
rier and, consequently, the field strength here
is controlled by the parameters of the trap dis-
tribution 2/,. Substituting (8.27) into (8.26) de-
termines the value of the function £, at the
maximum:

E, =-2kT +2kTIn /i (2¢,)
2kT . (8.28)

More than 2/, the higher the barrier.

Dependence on the initial concentration of
traps N, and their activation energies (E—E)) 1s
set by the value

4 7re?

A=

It follows from (8.28) that with an increase
in these parameters, the height of the barrier
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also increases linearly proportionally (E.— E))
and logarithmically proportional N,.

The total width of the ASC can be deter-
mined when E,(x)=0:

L, =In iL2
2¢, \ 24T

(8.29)

It is taken into account here that, accord-
ing to the conditions of the problem, the traps
diffuse further L, and already at the maximum
coordinate x,.>a. Equation (8.29) does not
explicitly allow to obtain the dependence L:(/,
A), but it allows us to identify the trends of this
dependence using methods borrowed from
number theory.

Imagine (8.29) as

L, —InL, :m,/i
2KT (330)

2¢,

Let the type of traps not change (i.e. “A" is
fixed), but due to technological techniques it
increases /). In this case, since the right part
does not change, and the denominator of the
first term increases, the value L; it should in-
crease, although not proportionally. If only L,
it did not change, the left part (8.30) also de-
creased. This follows from

—lanj R

28,

LZ

d
&

On the contrary, let /,=const, and the value
of "A" increases. Then the left part at (8.30)
should increase. Since the logarithmic function
L2
2¢C, -
generally L, increases. With the increasing
concentration of traps on the surface Ny and
their activation energies (E.—E;) the width of
the ASC increases.

Note at the same time that for such a con-
clusion, it is important to simultaneously in-
crease both parameters. In principle, a situa-
L.—E,

LE)

kT

0

dL,

-1t 10
L

2

y=InL, changes slower than linear Y

tion is possible when deeper traps [e)Cp(

more] on a geometric surface is not enough
(N less). Since the value of N managed tech-
nologically, this competition can be avoided.



8.5. Energy profile of the barrier in the
semiconductor volume

After stitching at the point x, type of func-
tion E>(x) the depth of the volume also turned
out to be related to the state of the surface (see
8.6). The standard procedure for stitching in
depth volume functions E,(x) and E(x) leads to
an overly complex system of equations that
can be solved only by numerical methods.

Therefore, an artificial technique was used
dE,
dx

[9]. Function value at the maximum

when x=x,, is equal

A
2kT | ——
B, (x,) _ KT | N2kT
dx

t /
0 ixm +C,
2kT

Jixm +C, =20, A
when V 2&T 2kT

A
C, =,|—(2¢, -

This after substituting in £,(x) gives

kT A
E (x)=——x+2kT1n{ —(x+2¢,—x,, }
2 t, \lsz( 0

and at the maximum (x=x,,)
4f02j

kT A
(8.31)

(ZkT

2max

——Xx, +2kT In
14

0

It can be seen that the closer to the inter-
face the barrier is formed (x, decreasing), the
higher it is. With the increasing concentration
of traps Ny and their depths (E.— E;) (i.e. “A"
increases) the barrier is also increasing. This is
the same as the one received earlier.

At the stitching point of the barrier func-
tion E>(x) with a function in the quasi-neutral
domain, the value £ =~ kT. Therefore, we can
assume that x,, determines the overall width of
the ASC: x,,=L.. Obtain:

)} L
t

Zln{

i(L2 +20,—x,
2kT
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i>>1

when L,>>[, and therefore, o

L,

20,
e
L,+2C0,—x, = \/Z
When kT
or

A4
2kT

1, 26,2t ) 632

The width of the spatial charge area in-
creases with growth 2/,, which also coincides
with what was received earlier.

8.6. Sample doping technology

The article [6] describes a method for cre-
ating electronic traps on the surface of a semi-
conductor by treating it with a gas discharge.
The advantages of this technique are associ-
ated with the presence of an electric field dur-
ing technological operations. By varying the
magnitude and direction of this field, it is pos-
sible to control the process of introducing de-
fects and the profile of their distribution.

At [10] indicates a significant migration of
impurity ions in wide-band semiconductors in
fields of the order 10° V/m.

In addition to creating electronic traps and
a controlled process of their introduction into
the volume of a semiconductor sensor, the pro-
posed corona discharge processing method
promotes the formation of donors on the sam-
ple surface [7]. The same electric field that
promotes the outflow of electronic traps accu-
mulates donors at the surface, increasing the
conductivity in the subsurface layers. In this
case, it becomes possible to process crystals
with already applied contacts and in the same
cycle to make measurements without the pres-
ence of air in the chamber.

The sample under study was a rectangular
plate of monocrystalline cadmium sulfide with
a thickness of 1.5 mm and a frontal surface
area of about one square centimeter. The crys-
tal was placed in a vacuum chamber, where a
vacuum of the order of 102®10° mmHg was
created.

A stable symmetrical discharge (Fig. 8.2.b)
was created [11] when the end of the cathode
was given a conical shape. With an insufficient



degree of discharge in the chamber, the dis-
charge turned into an avalanche and was laced,
and in the working area of high voltages, the
moment of lacing practically did not depend
on the field. All the results given below were
obtained after processing in the glow discharge
mode.

(A) (B)

Fig. 8.2. The design of the spark gap (A) and the pro-
cessing of samples in vacuum in a gas discharge (B)

The best results were obtained with a gap of
8-12 mm. We attribute this to the fact that
when the gap was insufficient, the expiring
electrons did not gain enough energy to create
defects in the structure of the crystal under
study.

A high voltage of the order of 4-5 kV was
created using a high-voltage rectifier. In this
case, the difference from the one described
earlier (see [5-7]) is the use of constant voltage
for processing.

For processing in a gas discharge, samples
were selected that had symmetrical linear CVC
graphs both in the dark and in the light. Suffi-
ciently photosensitive crystals were used. In
both cases — both in the dark and under illumi-
nation — after the technological process, the to-
tal resistance of the crystal increased. After the
appearance of electronic traps, the initially
low-resistance area of the spatial charge of the
ohmic contact significantly increases its resis-
tance as a result of the formation of a barrier.
The resistance of the base in the dark was ”
5<10* Om, in the light (23)10* Om. A slight
difference in the obtained values allows us to
conclude that the width of the formed barrier is
determined only by the depth of penetration of
traps. There are very few traps in the layers far
from the crystal surface, and therefore all of
them are already filled in the dark. The light
does not change their filling and, therefore, the
width of the ASC, and with it the resistance.
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When illuminated by strongly absorbed
light, carriers are created in the near-surface
layers of the sensor and are forced to move
along the surface by the applied field. Gas dis-
charge treatment promotes, according to [5,6],
the formation of additional donor centers on
the surface. At the same time, the surface con-
ductivity increases, and the effect of recombi-
nation weakens.

8.7. Photoelectric properties of the ob-
tained samples

In the spectral range 540—-600 nm for sam-
ples pretreated in a gas discharge, we observed
a slight increase in photocurrent. This indi-
cates the predicted appearance of deep trap
levels as a result of crystal processing.

The conditions for the formation of a bar-
rier in our structures are also manifested in the
dependence of the shape of the spectral distri-
bution curve of the photocurrent on the polar-
ity of the applied voltage. For conventional
barriers, as the applied forward displacement
increases, the height of the barrier and its
width decrease. At the same time, the field
strength in the ASC of the barrier, as the ratio
of these values, changes little. When the polar-
ity of the applied field is reversed, both these
parameters — height and width — simultane-
ously increase, but their ratio again does not
undergo significant changes.

In our case, this is not the case. The width
of the formed barrier is determined only by the
depth of penetration of traps and does not de-
pend on the applied voltage. In this case, the
external electric field lowers the height of the
barrier and distorts its symmetry (see Figure
8.1). The side of the potential barrier in which
the field strength is opposite to the external
one decreases to a greater extent. Since one-
way illumination is produced at the same time,
the short-wave and long-wave part of the spec-
tral distribution curve of the photocurrent with
a change in the polarity of the offset are dis-
torted in different ways.

If, under the action of the applied field, the
increasing — from the lighting side — half of the
barrier is modified more (see Figure 8.1), then
the short-wave (with strong light absorption)
part of the spectral dependence changes signif-
icantly.



On the contrary, if the direction of the field
is such that it mainly changes the back, falling
side of the barrier, then basically changes
should be expected for photocurrents excited
by long-wave, deeply penetrating light.

Experimentally, it turned out to be more

correct to investigate the spectral distribution
of the emerging photo-EMF. This approach
makes it possible not to take into account the
nuances of photocurrent formation — recombi-
nation in the inner regions of the crystal, the
influence of the resistances of its parts, etc.
And instead, the main thing to identify is the
influence of emerging traps in the near-surface
layers of the sample due to processing in a gas
discharge and donor levels on its geometric
surface.
Without the participation of an external field
on samples treated in a gas discharge, for lon-
gitudinal conductivity, we observed the occur-
rence and unusual distribution of EMF when
excited by light of different wavelengths. The
curve is shown in Figure 8.3.

In our case, we found that the value of the
photo-EMF in white light up to 100 lk it
turned out to be smaller than with monochro-
matic lighting. This is due to the unusual ap-
pearance of the graph Fig. 8.3. The short-wave
and long-wave contributions do not add up, as
usual, in white light, but are subtracted.

This happens because of the non-trivial
type of barrier. As a rule, the ASC is repre-
sented either by an increasing part from the
surface deep into the crystal (ohmic contact),
or by a falling part (shut-off contact). In our
case, both slopes of the barrier are represented
(Fig. 8.1). It is all displaced in the volume of
the crystal from the surface. In this regard,
when illuminated from the contact side on the
sample surface, absorption first occurs in the
increasing part of the barrier for short wave-
lengths of light with strong absorption. Pho-
toexcited electrons by the barrier field return
to the contact on the illuminated surface,
where they increase the negative potential rela-
tive to the lower contact to the sample. In Fig-
ure 8.3, we took this value for the positive part
of the curve (the area of 440-540 nm).

As can be seen from the figure, as the exci-
tation wavelength increases, the contribution
of this component decreases. This happens be-
cause the light absorption coefficient decreases
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for longer wavelengths, and some of the pho-
tons reach deeper layers of the crystal, where
the falling part of the barrier is located.
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Fig. 8.3. Spectral distribution of photo-EMF. For crys-
tals treated in a gas discharge

In this case, the field strength causes the
nonequilibrium electrons to move in the oppo-
site direction. Obviously, for a wavelength of
540 nm, when Fig. 8.3 there is an intersection
of the graph and the abscissa axis, both of
these processes balance each other and the re-
sulting potential difference turns out to be
Zero.

With a further increase in the wavelength,
more and more photons are absorbed from the
side of the declining part of the barrier (Fig.
8.1). The barrier field mainly directs electrons
deep into the sample, the negative potential of
the lower contact increases.

At sufficiently large wavelengths of ~800
nm or more, the signal stabilizes (Fig. 8.3), re-
maining negative. This indicates the predomi-
nant absorption of light in the right side of the
barrier (Fig. 8.1). In addition, part of the pho-
tons can penetrate deep enough into the crystal
and be absorbed outside the contact ASC zone,
without making any contribution to the forma-
tion of the graph Fig. 8.3.

The technological techniques used cause
changes in this graph with a certain ratio of
temperature, lighting, the intensity of the field
used and the duration of processing. In our
case, we got the best results when 15 min pro-
cessing with a distance of 8 mm to the needle
on which it was 4000 V. Then the graph takes
on an anomalous appearance with the largest
possible area of negative values.

The limit of changes in the curve of Figure
8.3 is the usual spectral distribution of the pho-



toresponse. If there is too much saturation of
traps during processing in a gas discharge, the
gradient of their concentration turns out to be
insignificant, and the spectral distribution re-
turns to its initial state. This is the same crystal
in which the resistance has simply increased
due to the presence of traps.

Thus, the proposed technology for creating
sensors, in full accordance with the developed
model, makes it possible to obtain sensors with
abnormal spectral sensitivity. The type of de-
pendence of Fig. 8.3 makes it possible to use
them as receptors for a certain wavelength of
radiation, predetermined in advance during
processing. Moreover, since the signal value is
zero at this point, such a sensor will be com-
pletely insensitive to any noise and interfer-
ence, including artificially supplied.

In addition, when illuminated from different
regions of the spectrum, the EMF sign, and
hence the current, changes to the opposite.
This property can be used to create a new gen-
eration of optical devices.
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THE STUDY OF HOMOGENEOUS AND HETEROGENEOUS SENSITIZED CRYS-
TALS OF CADMIUM SULFIDE. PART V. INHOMOGENEOUS ALLOYING

Summary

The technology of CdS semiconductor crystals processing in the corona discharge is devel-
oped. 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.

Keywords: inhomogeneous alloying, corona discharge, barrier structure
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DETECTORS BASED ON FIELD EFFECT TRANSISTORS

The possibility of using the method of combining several sensor elements with opposite sensitivity to
various external influences to obtain new designs of sensors for light, temperature and magnetic field has been
experimentally investigated. Standard industrial samples of FEJT and a MOSFET in saturation mode with
two-pole connection, when the gate is closed with the source, were used as sensor elements in the work. It is
shown that the FEJT has a negative temperature coefficient of current change, while the MOSFET has a
positive one. At the same time, the sign of the radiative action factor of the MOSFET is determined by the
initial value of the drain current before irradiation. It has been experimentally confirmed that the use of four
transistors in a bridge measurement circuit increases the sensitivity of the sensor tenfold compared to one
transistor due to the internal mechanism of increasing the sensitivity for series-connected pairs of transistors.

1. Introduction

The employment of the IoT concept in
industry, transport and everyday life has led to
a rapid growth in research on new designs of
various sensors that fill intelligent control and
control systems with numerical information.

Light sensors occupy a special place
among sensors of physical quantities, since in
our life photodetectors are used everywhere
from devices for automatic switching of street
lighting to cameras and optical signal detectors
in fiber-optic communication lines. More and
more sophisticated technologies are being used
to improve the performance of photodetectors.

Thus, in paper [1], a modern design of a
high-speed contact photodiode with a Ge-on-
Si structure with surface illumination and
increased efficiency is presented. High
external quantum efficiency is achieved due to
the peculiarities of capturing photons by a
surface with micro-holes.

In [2], a new architecture of a photodiode
detector with resonant cells is proposed, in
which the mirrors are replaced by lattice-
patterned metasurfaces. It has been shown that
structured mid-IR photodetectors less than 10
um thick with a 75 nm HgCdTe photoabsorber
can provide maximum efficiency.
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Photodiodes based on mixed one-
dimensional (1D) and three-dimensional (3D)
p-n-heterostructures with synergistic
properties of various dimensions have shown
unique optical properties due to their large
transition areas and high absorption cross-
section, which provides excellent
optoelectronic characteristics [3]. However,
due to the complexity of designing and
constructing a proper 1D-3D p-n-junction,
their electronic properties are still unclear. As
a photo detector, it covers the range from
ultraviolet to visible light.

The work [4] presents the development of
germanium vertical p-i-n-photodiodes with a
matrix of holes in the shape of a pumpkin.
Photodiodes were fabricated on a germanium
substrate with a sensitivity of 0.74 A/W. It is
estimated that the design of the pumpkin-
shaped hole provides higher optical absorption
compared to the cylinder-shaped hole.

In paper [5] microstructures for capturing
photons were introduced into photodetectors
based on GeSn and achieved highly efficient
photodetection at 2 pm with a sensitivity of
0.11 A/W. The demonstration samples were
implemented on the basis of a GeSn/Ge p-i-n-
photodiode with quantum wells on the GeOlI
architecture.



In paper [6], designs of organic phototran-
sistors are considered and it is argued that the
practical application of inorganic photodetec-
tors is significantly limited due to many disad-
vantages, including complex manufacturing
processes and poor mechanical flexibility. In
this scenario, organic phototransistors emerge
as potential competitors with impressive per-
formance characteristics such as high flexibil-
ity and ease of manufacture and low cost,
making them suitable for next generation
wearable electronic devices.

Investigations of new designs of tempera-
ture sensors are of great interest, since all in-
dustries and research without exception re-
quire temperature control of technological pro-
cesses. Temperature sensors are needed to
control the parameters of all electronic sys-
tems, environmental parameters, in medicine,
in everyday life. They are used in most hard-
to-reach places, even where other parameters
cannot be measured. Often, according to their
readings, other physical parameters are also
evaluated (pressure, density, ignition intensity,
rate of nuclear decay or chemical reaction,
etc.). Therefore, in recent years, new designs
of temperature sensors based on FET have
been developed for narrow applications: in the
aviation industry [7], for measurements in bio-
medicine [8], for implantation devices [9], for
fire extinguishing systems [10], for monitoring
the energy efficiency of buildings [11].

At the same time, magnetic field sensors are
among the most common sensors. In every car,
the sensor device for position and crankshaft
speed sensors are magnetic field sensors; in
every modern mobile phone there is an elec-
tronic compass based on a NigFey thin-film
sensor [12] a motion tracking device based on
a fluxgate sensor [13], in any a computer and a
processor device have magnetic storage de-
vices based on magnetic tunnel junctions [14],
systems based on Hall sensors are used for the
finest research in biomedicine and neuro-
surgery [15], and based on magnetoelectric
sensors in magnetic resonance imaging [16].
Therefore, the study of new designs of highly
sensitive and low-energy magnetic field sen-
sors is urgent.

With the development of the IoT concept, a
new class of intelligent temperature sensors
that built directly into the object, began to ap-
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pear. Such smart sensors are found in abun-
dance in any [oT network from computers and
cars to smart homes and smart cities. It often
turns out that their power consumption limits
the further development of the sensor network.
Therefore, new designs of ultra-low power
sensors are being developed [7, 9], special en-
ergy-saving technologies are used [17, 18].

However, the use of special designs and in-
novative technologies requires significant
costs for research and manufacture of devices,
and also significantly increases the cost of fin-
ished products. In this work, we studied the
possibility of using the existing element base
to create cost-effective temperature and light
sensors that would meet modern requirements.

In addition, sensors are often used in ex-
treme conditions of increased level of ionized
radiation, near nuclear reactors [19], in ele-
mentary particle accelerators [20], in the upper
layers of atmosphere [7] and in outer space
[21]. It is well known that ionizing radiation
fundamentally changes the electrical properties
of any sensitive structures [22, 23], and for
sensors that are exposed to radiation, special
methods are needed to compensate for such ef-
fects [21]. However, neither new designs of
sensors, nor the latest materials and compo-
nents of sensors are practically studied from
the point of view of the influence of ionizing
radiation.

FETs are more sensitive to external influ-
ences and consume less power than bipolar
transistors. In addition, advanced CMOS tech-
nologies have allowed the development and
implementation of fully integrated with digital
systems, low-power intelligent sensors based
on sensitive MOS elements. Therefore, in re-
cent years, it is FETs that are increasingly used
as sensing elements of various sensors.

To obtain the required properties, various
designs of field-effect transistors (FETs) are
used: an organic field-effect transistor (OFET)
[24], a floating gate field-effect transistor
(FGFET) [8], an FET based on a polymer fer-
roelectric [25], as well as state-of-the-art man-
ufacturing technologies FET such as inkjet
volumetric printing and chemical vapor depo-
sition [17].

However, the use of FET-based sensors re-
quires a special approach, since the electrical
parameters of the FET are highly dependent on



unwanted external influences such as ionizing
radiation.

The aim of this work is to study the possi-
bility of using standard industrial FETs as
sensing elements in cost-effective temperature,
magnetic field and light sensors at objects with
an increased background radiation.

To fulfill the set goals, we used the method
of combining several sensory elements with
opposite sensitivity to various external influ-
ences.

Until now, the most preferred sensor circuit
is a measuring bridge of four resistors, one of
which is sensitive to the measured effect, for
example, a thermoresistor [26]. The advantage
of this scheme is the simplicity of establishing
the zero value of the output signal at 7= 0 °C,
its further calibration and correction.

The sensitivity of the sensor is doubled if,
instead of a constant resistance, a second sen-
sor of the same type is connected to the diago-
nally opposite shoulder of the bridge.

However, it is also possible to further in-
crease the sensitivity of the sensor if there will
be elements sensitive to external influences in
all four branches of the bridge. A feature of
this combination of sensitive elements is that
two pairs of sensors must have opposite resis-
tance coefficients. Sensor elements with the
same resistance coefficients should be located
in diagonally opposite branches of the bridge.

In this work, it is shown that if, instead of
bridge resistors, FET pairs with opposite sensi-
tivity to the measured effect are used, then it is
possible to obtain sensors with a sensitivity
that is an order of magnitude higher than that
of a single sensor.

2. Temperature detector

FETs can be used as temperature sensors;
however, the spread of the temperature-sensi-
tive parameter values causes certain difficul-
ties in calibrating such sensors. The most con-
venient sensitive parameter for recording ex-
ternal influences is the saturation current of the
FET at two-pole switching, when the gate of
the transistor is closed with the source.

In our work [27], it was experimentally es-
tablished that the temperature coefficient of
the current change is negative for FEJT, and
positive for MOSFETs. This difference in the
properties of the two types of FETs can be
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used for temperature stabilization of reference
current generators, as in [27], and also in our
case to increase the sensitivity of the combined
bridge temperature sensor.

In this way, the advantage of the bridge
measurement can be maximized by connecting
temperature-sensitive FETs to all four of its
branches (Fig. 1).

FEJT 3
Th
FEJT1 W
MOSFET4
T
e

Figure 1. Schematic diagram of the bridge tempera-
ture detector

In the first pair of elements FEJT1 and
FEJT3, connected in opposite branches of the
bridge, the current decreases with increasing
temperature, and in the other pair of MOS-
FET2 and MOSFET4 in other branches, it in-
creases. The voltage of the output signal in the
measuring diagonal of the bridge for such a
circuit for switching on the primary converters
has the form:

(1

where U, — bridge supply voltage; R — is the
resistance of the transistor channel in the
“source-drain” circuit; AR — is the change in
this resistance with a change in temperature.
The trimmer resistor is used to accurately set
the zero value of the output signal.

As the first pair, we used FEJT type KP202
(analogs: C681 or 2N3958) with a p-n-junction
as a gate. The experimental value of the tem-
perature coefficient of the current of such tran-
sistors is f=—-3281 ppm/°C, and the saturation
current decreases with increasing temperature
due to a decrease in the mobility of charge car-
riers in the channel [27]. A KP305 type MOS-
FET (analogs: MFE3002 or 2N4224) was con-



nected as the second pair. The experimental
value of the temperature coefficient of the cur-
rent of such transistors is = +14285 ppm/°C,
and the saturation current increases with in-
creasing temperature. This happens due to an
increase in the gate cutoff voltage when the
charge changes on the surface states under the
gate [27].

It was experimentally established that the
sensitivity of a sensor with four FETs a =
1 V/°C at a power supply voltage Uy, =20 V in
the temperature range from 0 °C to +30 °C,
which is 10 times higher than the sensitivity of
bridge sensors based on one FET. However,
the linear range of the output characteristic is
limited to 30 °C.

The linear range of the output characteris-
tics of such a temperature sensor can be ex-
panded by connecting a stabilizing resistor into
the source circuit of each FET [28].

At Fig. 2 shows the experimental depen-
dence of the output voltage of a bridge temper-
ature sensor with four FETs and four stabiliz-
ing resistors. Sensor sensitivity o = 0.28 V/°C
at power supply voltage U, =20 V in the tem-
perature range from —20 °C to +190 °C. Out-
side this range, the sensitivity decreases and
the nonlinearity of the sensor output character-
istic increases.

10F

Voltage (V)

-50 50 100 150 200 250
Temperature (°C)
5k

@

Figure 2. Temperature detector output characteristic
with four FETs and four stabilizing resistors

Balancing resistors can be used instead of a
trimmer to balance the bridge at any given
temperature.

In our previous work [29], experimental
studies of the effects of radiation on the FET
were carried out. To study the effect of radia-
tion on transistors, a batch of FEJT samples of
the KP202 type and MOSFET of the KP305
type were irradiated with gamma quanta with
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an exposure dose of 107, 10°, 10°, 10" and 10®
R. The work on irradiation was carried out
within the framework of the state budget re-
search work "Radiation effects in semiconduc-
tor sensors", which was carried out by order of
the Ministry of Education and Science of
Ukraine, state registration number
0115U000855. It was found that the electrical
properties of different types of FETs react dif-
ferently on the received dose of ionizing radia-
tion.

Experiments have shown that the saturation
current of the drain for all FEJT samples after
irradiation decreases, while according to the
radiation sensitivity, MOSFETs are divided
into two groups depending on the initial value
of the saturation current before irradiation. For
all samples of the group with low saturation
currents before irradiation (low concentration
of electrons in the channel), the saturation cur-
rent continues to increase, and for all samples
from the group with high saturation currents
before irradiation (high electron concentration
in the channel), the saturation current de-
creases. Thus, it was found that all MOSFETSs
selected for the second group due to high satu-
ration currents have a radiation sensitivity the
same as that of a JFET. However, their tem-
perature sensitivity remains the opposite. For
the manufacture of samples of radiation-stable
temperature sensors, just such MOSFET were
used.

It was experimentally established that the
imbalance of the bridge with four FETs at
doses of 10* R and 10° R is disturbed by only
4% and 6%, respectively. Subsequent irradia-
tion stabilized the operation of the bridge and
after a dose of 5-10° R the imbalance was only
3%, but after a dose of 10° R it was 40 %, and
after a dose of 107 R it was already 80 %. The
sensitivity of the detector samples remained
within 250-60 mV/°C up to 10° R.

Thus, by combination in the opposite
branches of the bridge specially selected FEJT
and MOSFET pairs with opposite signs of
temperature sensitivity, but with the same sign
of sensitivity to ionizing radiation, it is possi-
ble to obtain a temperature sensor with high
sensitivity and with a minimum number of
constituent elements. It was experimentally
confirmed that the temperature sensor obtained
in this way consumes 49 mW of energy, with a



linear output characteristic and sensitivity
o =0.28 V/°C in the temperature range from —
20 °C to +190 °C, with readings deviations of
no more than 6% before doses irradiation
5-10°R.

3. Magnetic field detector

When the FET operates as a primary con-
verter of any external influence, in order to re-
duce the dependence of the output signal on
the supply voltage, it is convenient to connect
it as a two-pole, when the gate is closed with
the source, and the gate voltage is absent Ug =
0. In this case, the saturation current of the
FET is defined as

L =An*p, )

where n, @ — concentration and mobility of
charge carriers in the channel; 4 — constant,
which is determined by the geometric and
electrical parameters of the channel, which de-
pend on the supply voltage.

If the FET through which the electric cur-
rent flows is situated in a magnetic field trans-
verse to the direction of the current, then the
charge carriers begin to move along spiral tra-
jectories, a magnetoresistive effect arises, con-
sisting in a decrease in the effective free path
of the majority charge carriers in the direction
of the electric field. A decrease in the mean
free path of charge carriers along the direction
of the electric field is equivalent to a decrease
in their mobility, and hence, according to (2),
the saturation current FET. The relative
change in the mobility of charge carriers in
weak magnetic fields, with sufficient dimen-
sions of the sample transverse to the electric
field, is described by the formula [30]:

Ap

—:_CH232
[T

€))

where ¢ — coefficient depending on the scatter-
ing mechanism and the geometric dimensions
of the sample. When the semiconductor is lim-
ited in the direction transverse to the electric
field, then the Lorentz force can be compen-
sated by the force of the Hall electric field, and
the flow of charge carriers will cease to be de-
flected by the magnetic field. What was said
above fully applies to the FET channel, placed
in a transverse magnetic field [30], while, for
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the magnetoresistive effect to appear, the
transverse dimensions of the channel must be
greater than its length. This condition is satis-
fied, for example, by an FEJT of the KP303
type (analogue of 2N5556) with an n-type
channel and a p-n junction as a gate, therefore
it can be used as a magnetically sensitive field-
effect transistor (MFET).

After substituting expression (3) into equa-
tion (2), we obtain the dependence of the satu-
ration current MFET Is on the transverse com-
ponent of the magnetic field induction B:

I, = An* (1 — cpu’B?). 4)

It can be seen from relation (4) that the sat-
uration current of the MFET in a magnetic
field will decrease. However, as experiments
have shown, the change in the saturation cur-
rent of FEJT type KP303 in a magnetic field
up to 0.5 T is only about 3%. This is due to the
fact that in the serial KP303 transistor the
transverse dimensions of the channel are not
large enough for the complete absence of the
Hall effect in weak magnetic fields. Only in
magnetic fields greater than 0.5 T the radius of
the spiral trajectory of the charge carriers in
the channel decreases so much that the Hall ef-
fect is absent for the standard transverse di-
mensions of the KP303 channel. Therefore, the
use of an individual KP303 as an independent
magnetic field sensor for detecting weak fields
is ineffective. It is possible to use separate
FETs as an independent weak magnetic field
sensor if special MFET designs are made in
which the transverse dimensions of the chan-
nel are much larger than its length.

However, standard industrial transistors of
the KP303 type can be used to detect weak
magnetic fields as sensor elements in a com-
bined bridge sensor based on four FEJTs, be-
cause in this case, an internal mechanism of
increasing the sensitivity arises in both legs of
the bridge in each pair of series-connected FE-
JTs [30]. Fig. 3 shows a schematic diagram of
a bridge magnetic field sensor with four FE-
JTs. Two transistors of the first pair MFEJT1
and MFEJT3 are located in opposite arms of
the bridge and must be oriented so that the cur-
rent in the channel flows across the magnetic
field, then they play the role of sensitive ele-
ments. And two transistors of the second pair
FEJT2 and FEJT3 are located in the other arms



of the bridge and must be oriented so that the
current in the channel flows along the mag-
netic field, then there is no magnetoresistive
effect in them, therefore they play the role of
load elements for the first pair.

With this inclusion of FEJT, an internal
mechanism for increasing the sensitivity oper-
ates in each arm of the bridge for a pair of
transistors [30]: a decrease in the mobility of
charge carriers in a magnetic field in any of
the MFEJT transistors leads to an increase in
the voltage drop across it and a decrease in the
voltage drop across the paired FEJT, which
causes an additional an increase in the resis-
tance of the MFEJT channel and an additional
decrease in the resistance of the FEJT chan-
nel, and, hence, an additional increase in the

voltage U.
i

® (- MFEIT3

N
.il Ii.

MFEJT1 ! ] ( ! FEIT4

Figure 3. Magnetic field detector bridge with four FE-
JTs

FEJT2

U

Resistor trimmer serves for precise zero set-
ting (bridge balancing) in the absence of a
magnetic field. As with all magnetic field sen-
sors, a prerequisite for using such a scheme is
strict adherence to the orientation of all ele-
ments.

For experimental studies of the characteris-
tics of a bridge magnetic field sensor on four
FEJTs, standard industrial FEJTs of the
KP303B type were used. The experimental de-
pendences of the bridge misbalance voltage U
on the magnetic induction B of the external
field are shown in Fig. 4 for supply voltage Uy
=25V.

Fig. 4 it is clearly seen that the output char-
acteristic of the sensor is linear. The magnetic
sensitivity of such a bridge sensor is = 10160
V/A/T, which is two orders of magnitude
higher than that of silicon Hall sensors. Exper-
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iments have shown that, unlike magnetoresis-
tors, the magnetic sensitivity of sensors based
on FEJT is maximum in the region of weak
magnetic fields due to the internal mechanism
of increasing the sensitivity associated with an
increase in the resistance of the FEJT channel
with increasing voltage at the I-V-characteris-
tic saturation region and a corresponding in-
crease in bridge misbalance.

In addition, such a bridge circuit eliminates
the temperature drift of the output voltage
zero, since all four FEJTs have the same satu-
ration current temperature coefficient. Accord-
ing to the experimental data, in the tempera-
ture range from 0 to 120 °C, the relative
change in the magnetic sensitivity does not ex-
ceed 0.2%.

[ R S O T =

Voltage,

0 01 02 03 04 05

Magnetic induction, T

Figure 4. Output characteristic of a bridge sensor
with four FEJTs

Experimental studies of the effect of ioniz-
ing radiation on the characteristics of FEJT-
based sensor elements have shown that after
gamma irradiation of FEJT samples doses of
the order of 10° R, the saturation current de-
creases by more than 10% [29]. This fact im-
poses restrictions on the use of FEJT-based
sensor elements in conditions of increased
background radiation. However, the use of a
bridge measurement circuit eliminates this
drawback: since the same FEJTs are used in
the bridge sensor, ionizing radiation equally
affects all four bridge elements, and the bal-
ance of the bridge does not change. It was ex-
perimentally established that after irradiation
of the bridge sensor elements with Co®
gamma quanta on a K100000 cobalt irradiator,
the output signal changed by no more than



0.6% up to doses of 10° R.

If two sensitive elements of the bridge sen-
sor MFEJT1 and MFEJT3 (Fig. 4) are situated
at spaced points of an inhomogeneous mag-
netic field, then the output signal will be pro-
portional to the difference in magnetic field in-
duction at these points where the MFEJT
channels are located. Such a sensor can be
used to measure the gradient of an inhomoge-
neous magnetic field.

Thus, using the method of combination of
several sensor elements with characteristics in-
sufficient for use in modern sensor networks in
a bridge measurement circuit, it is possible to
obtain a sufficiently sensitive, thermostable,
radiation-resistant magnetic  field sensor,
which at the same time consumes a minimum
of energy. The use of four transistors in the
bridge measurement circuit increases the sen-
sitivity of the sensor tenfold due to the internal
mechanism of increasing the sensitivity for se-
ries-connected pairs of transistors.

4. Photodetector

It is obvious that the method of combina-
tion several sensor elements using the advan-
tages of the bridge measurement circuit can be
applied to the creation of a photodetector (PD).
To do this, it is necessary to select pairs of
FETs for which the saturation current flowing
through one pair increases when exposed to
light, and decreases through the other.

A typical industrial MOSFET (Fig. 5, a)
with a built-in channel (CH) based on an n-
type semiconductor has a very thin oxide film
(O) between the channel and a thin film of the
metal gate (G). When the MOS structure is il-
luminated from the side of the semitransparent
metal gate (G), the light passes through a thin
oxide film (O) and is absorbed in the (CH)
channel, the concentration of charge carriers in
it increases, and the current through the MOS-
FET increases.

MOSFETs of the second type (Fig. 5, b)
differ in that an n-type semiconductor layer (S)
is located between the metal layer of the gate
(G) and the oxide film (O). The metal-semi-
conductor contact is a Schottky diode (SD).
Such SMOSFETs with a Schottky barrier are
used in optical frequency converters [31].
When this structure is illuminated from the
side of a semitransparent metal, a photo-emf
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appears in SD: "plus" — on the metal, "minus"
— on the semiconductor. This photo-emf acts
as a negative input for the SMOSFET and re-
duces the carrier concentration in the channel.
As a consequence, the current through the
SMOSFET is reduced when exposed by light.
In this case, all light is absorbed in the n-layer
of the gate and does not reach the channel.

f f
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- CH CH
|-
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Figure 5. MOSFET with built-in channel (a), SMOS-
FET with Schottky barrier (b)to

L
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Figure 6. Equivalent bridge photodetector circuit

SMOSFET]1

The operation of the bridge light sensor is
explained using an equivalent circuit (Fig. 6).
The first pair of sensing elements SMOSFET 1
and SMOSFET3 are connected in opposite
legs of the bridge, and the other pair of MOS-
FET2 and MOSFET4 are connected in the
other legs. When there is no illumination, the
resistance of all MOSFETs in the bridge legs
is the same. The supply voltage U, is distrib-
uted equally between SMOSFET1 and MOS-
FET2, the potentials U, and U: in the measur-
ing diagonal of the bridge are equal to each
other and the output signal U = U, — U, = 0,
i.e. the bridge is balanced. In reality, MOS-



FETs have some variation in parameters,
therefore, using a trimming resistor, the initial
balancing of the bridge is performed. Lighting
causes the resistance of channels of MOSFET?2
and MOSFET4 to decrease and the resistance
of channels of SMOSFET1 and SMOSFET3 to
increase. This leads to an imbalance in the
bridge, the potential U, increases, the potential
U, decreases, i.e. the output signal U = U, — U,
increases with increasing luminous flux. In
this case, the internal amplification mechanism
appears in both branches of the photodetector
bridge for each pair of MOSFETs, as in the
bridge magnetic field sensor.

For experimental studies, we used MOS-
FET samples made on the basis of a standard
industrial KP305 (analogs — MFE3002 or
2N4224). With a source-drain voltage Usp =
10 V and a closed MOSFET gate, the channel
resistance was ~ 10 kQ. To illuminate the pho-
totransistors, a "green" LED of the AL102DM
type was used (maximum radiation at a wave-
length of A = 0.56 pm). The maximum illumi-
nation power was 0.6 mW with a 100 mA
LED current. It was found that the sensitivity
of the experimental samples of the photodetec-
tor at Uy = 20 V was an order of magnitude
higher than that of a bridge photodetector
based on one MOSFET.

The use of a bridge measurement circuit
makes it possible to stabilize the photodetector
readings during temperature fluctuations, since
the bridge sensor uses a MOSFET of the same
type, the temperature change affects all four
bridge elements equally, and the voltage on the
bridge measuring diagonal does not change.
According to the experimental data, in the
temperature range from 0 to 120 °C, the rela-
tive change in the sensitivity of the photode-
tector does not exceed 0.4%.

To stabilize the readings of the photodetec-
tor when exposed to ionizing radiation, it is
necessary to select the MOSFET pairs accord-
ing to the initial value of the drain saturation
current before the radiation exposure. As noted
above, it was experimentally determined [29]
that, according to the radiation sensitivity,
MOSFETs are divided into two groups, de-
pending on the initial value of the saturation
current before irradiation: for all samples of
the group with low saturation current values
before irradiation (/5o <0.1 mA), the saturation
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current increases upon exposure to ionizing ra-
diation and for all samples from the group with
large saturation currents before irradiation
(Iso> 3 mA), the saturation current decreases
upon exposure to ionizing radiation. To obtain
a radiation-stable photodetector, it is necessary
to use in one circuit MOSFETs, either all with
low or all with high saturation current values.
It was experimentally determined that after ir-
radiation of the photodetector sensor elements
with Co® gamma quanta on a cobalt irradiator,
the output signal changed by no more than
1.8% up to doses of 10° R.

Thus, by combination various photosensi-
tive elements using the advantages of a bridge
measurement circuit, it is possible to obtain a
sufficiently sensitive, thermostable, radiation-
resistant light sensor based on existing indus-
trial transistors with a minimum number of
parts.

5. Results and conclusions

It is shown in the work that by combination
specially selected FEJT and MOSFET pairs
with opposite signs of temperature sensitivity,
but with the same sign of sensitivity to ioniz-
ing radiation, in the opposite branches of the
bridge, it is possible to obtain a high sensitiv-
ity temperature sensor with a minimum num-
ber of constituent elements. It has been experi-
mentally confirmed that the temperature sen-
sor obtained in this way, when exposed to ra-
diation, retains high sensitivity and linearity of
the output characteristic in the temperature
range from —20 °C to +190 °C with deviations
of readings of no more than 6% up to radiation
doses of 5-10° R.

It has been experimentally confirmed that
when used in a bridge measurement circuit, the
method of combination of several sensor FET
elements with characteristics insufficient for
their use in modern sensor networks, it is pos-
sible to obtain a sufficiently sensitive, ther-
mostable, radiation-resistant magnetic field
sensor, which at the same time consumes a
minimum of energy due to the minimum the
number of items.

The use of four transistors in the bridge
measurement circuit increases the sensitivity
of the sensor tenfold compared to one transis-
tor due to the internal mechanism of increasing



the sensitivity for series-connected pairs of
transistors.

It has been experimentally confirmed that
by using four photosensitive MOSFETs in the
bridge circuit instead of one, it is possible to
obtain a photodetector with a sensitivity ten
times higher than that of a single transistor.
Moreover, such a photodetector has increased
temperature stability, as well as radiation resis-
tance with preliminary selection of transistors.

The described sensors can be widely used
since only a standard element base is used in
their design, they are very energy efficient due
to the minimum number of constituent ele-
ments, they have increased thermal stability
and radiation resistance.
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Summary. The possibility of using the method of combining several sensor elements with
opposite sensitivity to various external influences to obtain new designs of sensors for light, tem-
perature and magnetic field has been experimentally investigated. Standard industrial samples of
FEJT and a MOSFET in saturation mode with two-pole connection, when the gate is closed with
the source, were used as sensor elements in the work. It is shown that the FEJT has a negative
temperature coefficient of current change, while the MOSFET has a positive one. At the same
time, the sign of the radiative action factor of the MOSFET is determined by the initial value of
the drain current before irradiation. It has been experimentally confirmed that the use of four
transistors in a bridge measurement circuit increases the sensitivity of the sensor tenfold com-
pared to one transistor due to the internal mechanism of increasing the sensitivity for series-con-
nected pairs of transistors.

Key words: FEJT, MOSFET, temperature detector, magnetic field detector, photodetector,
temperature stability, radiation resistance
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JATYUUKHU HA OCHOBI ITIOJBbOBUX TPAH3UCTOPIB

Pe3rome. ExcriepyuMeHTanbHO JOCTIIKEHO MOMIJIHMBICTH BUKOPUCTaHHS METOIY KOMOiHAIIil
KUTbKOX CEHCOPHHX €JIEMEHTIB 13 MPOTHJICKHOI YyTJIMBICTIO 0 PI3HUX 30BHILIHIX BIUIMBIB IS
OTPUMaHHS HOBUX KOHCTPYKIIiM JaTYMKIB CBITJa, TEMIEPATypu Ta MarHiTHOro moussd. B skocTi
CEHCOPHHX €JIEMEHTIB B po0OOTi OyJiM BUKOPUCTAaHI MPOMHUCIIOBI 3pa3KH MOJbOBUX TPaH3UCTOPIB
3 p-n-niepexoaoM B sikocTi 3atBopy (FEJT) i MOH IIT (MOSFET) B pexumi HacU4eHHs TpU
JIBOTIOJIIOCHOMY BKJIFOUEHHI, KOJIM 3aTBOP € 3aMKHYTHM 3 BUTOKOM. [lokazano, mo y FEJT tem-
nepaTypHUi KoedillieHT 3MiHU cTpyMy HeratuBHuUl, a y MOSFET — no3utuBHMA. Y TOii ke yac
3HaK koedimienta panianiiinoro BBy MOSFET Bu3HauaeThcsi MOYaTKOBOIO BEIMYUHOIO CTPY-
My CTOKY /10 ONpOMiHEHHS. EKcrieprMEeHTaIbHO MiATBEPIKEHO, 110 BUKOPUCTAHHS YOTHPHOX
TPaH3UCTOPIB Y MOCTOBOi CXE€Mi BHUMIPIB MiJIBUIIY€ YyTJIMBICTh AATYMKA B JIECATKU pa3iB y
MOPIBHSAHHI 3 OJIHUM TPAH3HCTOPOM 3a PaxXyHOK BHYTPILIHHOI'O MeXaHi3My 30UIbIICHHS 4yTJIH-
BOCTI TSI TIOCJTIOBHO 3'€THAHUX TIap TPAH3UCTOPIB.

Kurouosi cnoBa: nonvoBuil Tpansucrop, MOII-TpaH3ucTop, JaT4MK TeMIepaTypH, AaTUUK
MAarHiTHOTO MOJs, POTONETEKTOp, TeMIIepaTypHa CTa0UIbHICTD, pajiialliiHa CTIHKICTh
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JATYUUKU HA OCHOBE ITOJIEBBIX TPAH3UCTOPOB

Pe3oMe. DKCIEpUMEHTAIBHO MCCIIEI0BaHa BO3MOXKHOCTh MCIIOJIB30BaHUS METOJIa KOMOUHA-
MM HECKOJIBKHUX CEHCOPHBIX AJIEMEHTOB C IPOTHUBOIIOIOKHON YyBCTBUTEIBHOCTBIO K pa3iiny-
HBIM BHEILIHUM BO3JEHUCTBUAM I IIOJIYYEHUs HOBBIX KOHCTPYKLHH JaTYMKOB CBETA, TEMIIEpa-
Typbl U MarHUTHOTO TOJIsSI. B KauecTBe CEHCOPHBIX 3JIEMEHTOB B paboTe OBLIM HCIOJIB30BAIHNChH
MPOMBIIIJICHHbIE 00pa3Ibl MOJIEBBIX TPAH3UCTOPOB C p-n-TiepexoJoM B kauecTse 3atBopa (FEJT)
u MOII IIT (MOSFET) B pexxuMe HachIIIEHUs IPU ABYXIOJIOCHOM BKJIIOUYEHHUH, KOT/Ia 3aTBOP
3aMKHYT ¢ ucTokoM. [Tokazano, uro y FEJT temnepatypHblii k03¢ huineHT n3MeHeHus Toka oT-
punarensHbiid, a y MOSFET — nonoxxurensHsiil. B To jxe Bpems, 3Hak koddduiinenTta paguanu-
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onnoro Bo3zaeicTBust MOSFET omnpenensercss HauanbHOM BEIMYMHOM TOKa CTOKa 10 oOiyde-
HUSA. DKCIEPUMEHTAIBHO MOATBEPKIAEHO, YTO UCIOJIB30BAHUE YETHIPEX TPAH3UCTOPOB B MOCTO-
BOM CXeMe M3MEPECHMI INOBBIMIAECT YyBCTBUTEIBLHOCTh JATUYMKA B JIECATKU pa3 110 CPAaBHEHHUIO C
OJIHMM TPAaH3UCTOPOM 3a CUET BHYTPEHHEr0 MEXAHU3Ma YBEJINYEHUS YyBCTBUTEIBHOCTH IS TO-
CJIEI0BATEIILHO COCIMHEHHBIX I1ap TPAaH3UCTOPOB.

Kurouessle ciaoBa: noseBoi tpansucrop, MOII-Tpan3ucTop, 1aT4uK TEMIIEpaTyphl, TaTYUK
MarHUTHOTO MOJIs, (OTOIETEKTOP, TeMIIepaTypHasi CTAOMIBHOCTD, pauallMOHHAs CTOWKOCTBIO
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ENTROPY AND ELECTIONS.
SOCIAL SYSTEMS ANALYSIS BY STATISTICAL PHYSICS
METHODS

The article proposed a formula for assessing the level of freedom of choice of a person during
elections, similar to the formula is used to compare the freedom of elections in the presidential and

parliamentary elections in Ukraine.

Introduction

Statistical physics confidently gains new
positions in the areas, which seemingly have
nothing to do with it. One of the fundamental
concepts of statistical physics is the concept of
entropy. In 1877, the brilliant Austrian physi-
cist Ludwig Edward Bolzman was the first to
understand the connection between the en-
tropy of the physical system and the probabil-
ity of its stay in one or another macroscopic
state associated with the number of micro-
scopic states that implement this macroscopic
state [1-4]. In 1948, the famous American
electrical engineer and mathematician Claude
Elwood Shannon proposed to use the concept
of entropy to assess the uncertainty of infor-
mation about a particular event [5-7]. Thus, he
launched a new mathematical discipline - the
theory of information, where entropy was
called information entropy. The connection of
information entropy with the probability of the
onset of a particular event, he proposed in the
same form as the connection of the system's
stay in one or another macroscopic state, that
is, actually used the Bolzman formula for in-
formation entropy. Consider the formula for
information entropy.

Entropy, intormation entropy and elec-
tion entropy

Let us conduct a random experiment with
the consequences E,, E,, ..., E,, that can be
implemented with probabilities of P, P, ...,
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D,. Then the information we received in the
afterbirth of this experiment is a random value
that takes the value ( E ) when the experiment

i

is a consequence E;. At the same time
I(Ei) = _logz(pi)-

The mathematical expectation of this infor-
mation (information entropy), that is, the aver-
age amount of information that accounts for
one consequence of the experiment, is deter-
mined in a standard way [§8]

M(I):g pI(E,).

The last result can be recorded in a form
adopted for statistical physics and information
theory

S=- le pilogz(pi)‘

Many political processes resemble a ran-
dom experiment. In particular, in our opinion,
this process is elections of different levels. If
the possible consequences of this political
process are considered to be the victory of a
particular candidate, i.e. the events of E,, E,,
..., E, with probabilities p;, P, ..., P,, you
can use the previous formula to assess the
election results. Now it would be expedient to
use instead the term information entropy of the
term election entropy. First of all, it character-
izes the level of uncertainty of the election re-
sults. The more candidates for an elected posi-


mailto:valtarmax@ukr.net

tion and the more evenly the probabilities of
victory of different candidates are distributed,
the greater is the entropy of elections, the
greater is the information entropy. This uni-
versal property of entropy was also warned by
Ludwig Edward Bolzman.

In the case of two candidate who have
equal chances to win, that is, in the simplest
political random experiment of election en-
tropy, as well as information entropy, we get
the result 1. In theory of information, this
amount of information is called a bit. In our
case, it would be more appropriate to call it
differently, for example, fried - from the first
letters of the English word freedom. It is pre-
cisely in order for in the simplest political ex-
periment that we get the answer unit, the loga-
rithm in the formula for the entropy of elec-
tions is advisable to take on the basis of two.

It should be noted that in many countries,
the level of democracy in which is considered
high, in fact, elections take place between two
candidates with approximately equal chances
of winning. It is clear that in this case, the en-
tropy of choice will be quite small, compared
to, for example, with Ukraine.

In the Soviet Union, elections have always
been held on a non-alternative basis. This
means that one of the probabilities, for exam-
ple, is p;=1, and all others are zero. In this
case, the formula for election entropy gives
zero result.

Is the elections are held in two rounds, then
for the second round you should use the same
formula for election entropy, and the results,
according to the universal properties of en-
tropy of two independent subsystems of the
same system, should be compiled

S: Sl+SZa

where

S,=- 21 pilOgZ(pi)’

Nl

S,=- Z{ P,log,(P,).

From our point of view, the uncertainty of
the election results indicates the level of voter
freedom in such elections, that is, the level of
freedom of the elections themselves. There-
fore, since there are no competing options for
definition for obvious reasons, we propose to
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call the entropy of elections a level of freedom
of elections. At the same time, if a voter votes
for i-th candidate, he exercises his freedom of
choice in quantitative terms as — 10g2( pi).

The question of the source of information
about the probabilities of victory of individual
candidates is important. In fact, the main
source of information about these probabilities
is the election results. Then these probabilities
are simply equal to the fates of voters who
voted for this candidate. Quite accurately, in-
formation can be obtained about these proba-
bilities and based on the study of various soci-
ological studies, but this is also an election
with a rather limited sample size, that is, vot-
ers.

Such a political substance as power is inex-
tricably linked with elections. Unrestricted
power never relies on any elections. In 1917,
the Bolsheviks came to power in the Russian
Empire without receiving a mandate for power
from voters. Their power was frightening.
Then the Communist Party began to imitate
elections in some secondary levels of public
administration, conducting them on a non-al-
ternative basis. The entire party hierarchy,
which had absolute power in the country,
never received the mandate of voters. It seems
to us that such a concept as power is inextrica-
bly linked with such a well-defined character-
istic as entropy, or rather the entropy of elec-
tions. As such a connection, we offer its sim-
plest option. The government, the mandate for
which elections are given, is the value inverted
to the entropy of elections, that is,

V=1/S.

In this case, the power gained in non-alter-
native elections, or without edict at all, is ab-
solute. In our mathematical model is infinite.
Such was the power of the Communist Party
in the Soviet Union, as is the current power of
the Communist Party in China.

Presidential and parliamentary elections
in Ukraine

It is quite useful to test the proposed formu-
las based on the results of the elections in
Ukraine. On the Internet, the relevant informa-
tion is easily accessible, so in the future we
will not use specific links to its sources. The
following chart shows the results of the presi-



dential elections in Ukraine during the years

of independence.
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The diagram shows that the level of free-
dom of elections in Ukraine is extremely high,
possibly the highest in Europe. This level was
the lowest at the first elections in the modern
history of Ukraine. In our opinion, this was
due to the inertia of thinking of voters, as well
as candidates, as a result of the recent Soviet
past. This level was relatively small in elec-
tions in 2014. Then Ukraine was imminent
war with the Russian Federation. The wishing
to lead the state at this tragic time for Ukraine
was relatively small. Elections in two rounds
would be too dangerous for the country. The
responsibility of voters for the fate of the state
determined just such a result. One of the can-
didates confidently won in the first round.

The highest level of freedom of elections
was at the last elections in 2019. Here the
elections were held in two rounds. The num-
ber of candidates was unprecedentedly high.
The winner of the second round in the first re-
ceived only a little more than thirty percent of
the votes.

60

If we follow all the presidential elections in
independent Ukraine, then there is a clear ten-
dency to increase the level of freedom of elec-
tions.

The second significant result of the presi-
dential election is that the potential of the gov-
ernment gained by the winner of the elections
is quite small, perhaps the smallest in Europe,
and this potential tends to decrease. That is,
the freer the elections, the less power dele-
gated by voters ends up in the hands of the
winner. The level of freedom of elections is
the level of real power of the people. The po-
tential of power is, in fact, the real power of
the winner. If the winner forgets about the
limits of his power, then the rebellion of the
people with tragic consequences for the
usurper is inevitable. Such experience is al-
ready in recent Ukrainian history. The  fol-
lowing charts show similar results of parlia-
mentary elections in Ukraine during the years
of independence
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The level of freedom in parliamentary elec-
tions is also quite high and correlates well
with the level of freedom of presidential elec-
tions. It also tends to grow. The lowest free-
dom of elections was in the first parliamentary
elections in 1994, which is consistent with the
lowest rate of presidential elections. However,
it was the highest for Ukraine in 2014. The
real chances of winning were given to more
political parties, and the votes were more
evenly distributed between them than in other
parliamentary elections. Having elected in
May the president, a Ukrainian voter on a pa-
triotic wave brought a huge number of nation-
ally conscious deputies to parliament. There
were also parties that, under other conditions,
did not have such a chance. The parliament
did not have a large number of deputies from
the regions of Ukraine occupied by the Rus-
sian Federation, traditionally orthogonal to
Ukrainian values. Parliament has never
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worked as effectively as it did between 2014
and 2019.

Presidential and parliamentary elections
in the Russian federation

Ukrainian elections are most useful com-
pared with elections in countries that arose on
the ruins of the Ukrainian elections are most
useful compared with elections in countries
that arose on the ruins of the Soviet Union. An
important factor here is the commonality of
the starting political and economic conditions.
Also an important aligning factor is the men-
tality of the Soviet person, present in all, even
the most remote corners of the former Soviet
Union at the time of its collapse. If the elec-
tion results in different countries revealed sig-
nificant differences, then these differences,
first of all, would be due to differences in eth-
nic origin.
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The choice of the Russian Federation as an
object for comparison is quite understandable
for various reasons. Of course, it would be ex-
tremely expedient to conduct a comparative
analysis of all the countries formed on the ter-
ritory of the former Soviet Union, but this is
already material for many subsequent publica-
tions. The results of the elections in the Rus-
sian Federation are also easily accessible from
the Internet and we will not make special links
to these results.

The diagram shows that the level of free-
dom of the presidential elections in the Rus-
sian Federation immediately started from a
fairly high level in 1991. In 1996, it peaked,
and in the last almost twenty years it has
shown an obvious tendency to decrease. The
direct reasons for this behavior of the level of
freedom of elections are both a decrease in the
number of candidates and an increase in the
uneven distribution of votes between them.
That is, a large number of candidates receives
a symbolically small number of votes, but one
of the candidates receives an unprecedentedly
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high number of them.

An interesting trend is the tendency to sig-
nificantly increase the potential of the presi-
dent's power in the Russian Federation over
the past twenty-eight years. Starting from a
level typical of other democracies, it quickly
increased to a level that can be called authori-
tarian.

The results of the parliamentary elections
are given in the following chart. This chart
also demonstrates the high level of freedom of
parliamentary elections in the Russian Federa-
tion in 1994, 1996, 2000. However, it also
demonstrates a powerful tendency to reduce
this level over all the years analyzed. There is
also a strong correlation between the results of
the presidential and parliamentary elections.
Such a correlation, as in the case of Ukraine,
indicates, in our opinion, the objective nature
of the election process for each people, no
matter what the elections are called. That is,
the nature of elections is an imprint of the
mentality of one or another people, its funda-
mental ethnic values.
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Comparison of elections in Ukraine and
in the Russian federation

Only comparing the results of elections in
different countries makes it possible to decide
on our own place in the modern world politi-
cal process. In the following chart, this com-
parison is given for the presidential elections
in Ukraine and the Russian Federation.

The chart shows that the level of freedom
of elections in 1991 started in both countries
from almost the same level. This can be ex-
plained by the inertia of thinking of Ukraini-
ans and residents of the Russian Federation.
Generations of voters in both countries were
fully formed in the conditions of the same po-
litical reality — the Soviet Union. But over
time, disagreements began to increase. This
happened as generations of politically formed
or even born in an independent Ukrainian state
began to come to the electoral urns in Ukraine.
Accordingly, the number of voters whose out-
look was formed in the Soviet Union began to
decrease significantly for natural reasons. The
same evolution began among voters of the
Russian Federation, but in the exact opposite
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direction. It seems that Soviet education was a
compromise for the various ethnic groups that
inhabited the Soviet Union. The collapse of
the Soviet Union was both the disappearance
of this compromise.

Then began the evolution of each ethnic
group to its own, characterized by it mentally
worldview. In the result, we received the high-
est level of freedom of choice in the last presi-
dential elections in Ukraine, and the lowest in
the presidential elections in the Russian Feder-
ation, respectively. At the same time, these re-
sults differ significantly.

In the following chart, we have a compara-
tive analysis of the presidential elections in
both countries.

Freedom of parliamentary elections in
Ukraine and the Russian Federation will also
differ significantly in favor of greater freedom
of elections in Ukraine compared to the Rus-
sian Federation. For Ukraine, there is a clear
tendency to increase freedom of elections, for
the Russian Federation there is a clear ten-
dency to reduce it. However, there are certain
differences.
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Freedom of parliamentary elections in the
Russian Federation started from higher values
compared to Ukraine.

The tendency to significantly reduce the
freedom of parliamentary elections in the Rus-
sian Federation has become clear over the past
twenty years, when the concentration of power
in the hands of the president has increased
markedly.

As in the case of presidential elections, the
results of all recent parliamentary elections in
both countries differ significantly in favor of
significantly greater freedom of elections in
Ukraine.

From the above comparative analysis of the
presidential and parliamentary elections in
Ukraine and the Russian Federation, we be-
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lieve that the significant difference in the re-
sults of elections in both countries for almost
thirty years indicates a significant mental dif-
ference between Ukrainians and residents of
the Russian Federation. Most likely, this dis-
tinction is programmed at the genetic level.
The very opportunity to notice and analyze
the smallest details of both presidential and
parliamentary elections in both countries at the
number level indicates, in our opinion, that the
formulas proposed by the author for quantita-
tive analysis of elections are an effective tool
for quantitative research of this political
process. We are confident that this approach
can be applied to quantitative analysis and
other aspects of the political life of our coun-

try.
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The author expresses sincere gratitude to
his colleagues for the fruitful discussion of the
results of the article [9], as well as Yuriy
Ivanovich Radkovets not only for useful dis-
cussions, but also for the very idea of applying
the mathematical apparatus to the analysis of
political processes.
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ENTROPY AND ELECTIONS.
SOCIAL SYSTEMS ANALYSIS BY STATISTICAL PHYSICS METHODS

Summary

The paper proposes a formula for assessing the level of human freedom of choice during elec-
tions, similar to the formula for entropy in statistical physics and informational entropy in infor-
mation theory. The formula is used to compare the freedom of elections in the presidential and
parliamentary elections in Ukraine and the Russian Federation.Keywords: entropy, probability,
freedom of choice, presidential elections in Ukraine, parliamentary elections in Ukraine.

Keywords: entropy, probability, freedom of choice, presidential elections in Ukraine, parlia-
mentary elections in Ukraine.
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Pesrome

B cratbe npenoxena Gopmyia OLEHKH YPOBHS CBOOOBI YeTIOBEKa BO BpeMsi BEIOOPOB, aHa-
JgoruyHasi popmyJsie Ui €HTPOIIUM B CTAaTUCTUYECKON (pU3MKe U MH()OPMALIMOHHON SHTPONMHU B
teopuu uHpopmanuu. PopMyIia HCIIOIB30BaHA JJIsi CPABHEHHS YPOBHS CBOOOIBI HA TIPE3HICHT -
CKUX U MapJIaMEHTCKUX BBIOOpAxX B YKpauHe
KiroueBbie ciioBa: SHTPOIUS, BEPOSTHOCTh, CBOOOA BBIOOpaA, MPE3UACHTCKUE BHIOOPHIB YKpau-
He, IapJaMEHTCKUE BBIOOPHI B YKpauHe.
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GAS SENSITIVITY OF SOME NANOPARTICLES ENSEMBLES
IN POROUS GLASS

The importance of substances’ surface development suitable for sensor technology by dispersing them to
the level of nanoparticles’ ensemble within a certain matrix has been demonstrated. It has been proven that
the best matrix for the formation of the specified ensemble of nanoparticles is porous silicate glass. Methods
of formation of ensembles of nanoparticles of some compounds in porous glass are briefly considered. The
applicability of the mentioned systems for sensors is demonstrated by the example of their luminescent
response sensitivity to the presence of ammonia or HCI vapours in the environment.

Introduction

The Iuminescence centers of materials
useable as active elements of luminescent gas
sensors are mostly located near the surface,
and just the near-surface substance layers are
affected by gas composition changes of the en-
vironment. Hence, the best registration of the
specified changes, is in the maximum possible
developement of the substance active surface
which is achieved by dispersing the specified
substance to nanometer sizes. As soon as it is
inconvinient to operate with individual parti-
cles of nanometer sizes, it is reasonable to
place them in a system of the appropriate
size"tubes", which can be a matrix containing
small cavities in the form of through pours. In
this case an ensemble of nanoparticles is
formed, consisting of the indicated small parti-
cles of the substance and the matrix itself, in
which they are placed. The matrix properties
must meet certain restrictions, due to which it
will not affect the gas sensitivity of the studied
substance and, moreover, will positively influ-
ence its luminescent properties. Such limita-
tions include chemical inertness, mechanical
durability, and its luminescent response may
be present only in the spectrum regions that
are not essential for the substance under inves-
tigation. Some authors use polymers [1-2] or
gelatin [1, 3] as a matrix. These compounds do
not luminesce and are quite chemically inert.
Thanks to the peculiarities of their structure,
they are able to keep the clusters of the studied
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substance formed inside them. However, these
clusters can have arbitrary sizes and shapes,
and their growth will not be restrained by
polymer or gelatin, but on the contrary, they
will uncontrollably form the backbone of the
matrix by themselves. Sparse silicate glass
with voids of nanometer size is free of this de-
fects. The sizes of interpenetrating pours can
vary from few nanometers to several hundred
nanometers. In addition, the quartz skeleton of
the compound is quite durable, so it limits the
size of the particles that are formed, because
they cannot exceed the size of the pours. The
columnar structure of the glass allows to influ-
ence both the inner surface of the pours and
the nanoparticles created inside them. In the
most cases, such nanoparticles can be conve-
niently created by saturating the matrix with
solutions of suitable substances. Thus, porous
silicate glass perfectly meets the requirements
formulated to the matrix, inspite of the fact
that it does not exist in nature. It can be ob-
tained from two-phase sodium-borosilicate
glass by a not very complicated technology

[4].

Types of porous silicate glass and the
technology of their production

Two-phase sodium borosilicate glass has
the complex chemical formula
S10,%[Na,0%B,0s]. The melting temperature
of such glass exceeds 750°C. In addition, the



melting point of the silicate component of the
glass is much higher than the melting point of
the sodium borate complex, and therefore
there is a temperature at which the sodium bo-
rate component of the glass is in a liquid state,
while its silicate component is simply very
heated. A temperature of 650°C corresponds to
this condition. If the charge for boiling two-
phase glass, which has been brought to 750°C,
is cooled adiabatically to 650°C, then the sepa-
ration of phases occurs at the indicated tem-
perature, the sodium-borate complex will still
melt, forming large bubbles that will form the
silicate skeleton. Due to the viscosity of the
melt, it is kept in such conditions for several
hundreds of hours, until both phases mutually
completely dissolve in each other, and then it
i1s slowly cooled to room temperature. The
two-phase glass obtained is quite large (up to
hundreds of nanometers) areas of mutually in-
tertwined silicate and sodium borate phases.
These phases, in particular, show unequal
chemical stability, thanks to which a mixture
of hydrofluoric, nitric and glacial acidic acids
can be used to completely etch the sodium bo-
rate phase, while almost not affecting the sili-
cate phase, which forms a quartz skeleton with
through-through cavities in places of the
etched sodium borate phase. These cavities
have quite large dimensions, however, due to
mutual dissolution, the rather small, powder-
like particles of SiO, also got inside the
sodium borate phase, and after its etching off
should settle inside the resulting cracks. Such
settled powdery particles are called residual
silica gel. Chemically, they are completely
identical to quartz skeleton and differ from it
only in their fineness. The glass produced in
such a way is conventionally called porous
glass of type C. Such glass is unsuitable for a
number of applications, because due to suffi-
ciently large pours, particles of the investi-
gated substance of significant size will form in
it. Therefore, the sufficient expansion of its
surface will remain impossible.

For the formation of smaller pours in the
glass, the technological modes of two-phase
glass production should be slightly changed.
The charge for its melting must be cooled adi-
abatically to a lower temperature, which is
close to the melting point of the sodium borate
phase, but lower than it (about 490 °C). If the
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charge is kept at such a temperature for hun-
dreds of hours, it will lead to the formation of
rather small bubbles in the sodium borate
phase and, after cooling to room temperature,
phase separation will occur, as a result of
which the two-phase glass will be small (about
tens of nanometers) areas of interwoven sili-
cate and sodium borate phases. After the etch-
ing of the unstable sodium borate phase in the
above-described manner, a rather fine-cracked
silicate glass will be formed, which will also
contain residual silica gel in the pours. Glass
created in such a way is conventionally called
porous glass of type A.

The presence of silica gel inside the pours,
depending on the conditions of a specific sci-
entific problem, can be both desirable and
harmful. Thus, the presence of silica gel makes
the glass more finely porous, but at the same
time reduces the free space for the formation
of nanoparticles of the studied substance. On
the other hand, the presence of silica gel im-
proves the adsorption properties of glass, but
worsens its mechanical properties (deforma-
tion of the sample may occur due to the
swelling of the gel in a humid environment [5-
71). It is true that special treatment can im-
prove the mechanical properties of glass, but
this will not always have a positive effect on
its other properties [8]. Within the scope of the
surface development problem for a substance
suitable as an active element of a certain sen-
sor, the separating ability of silica gel is defi-
nitely useful, which prevents the process of ag-
gregation of particles ensemble formed in the
gaps [1, 9]. Nevertheless, for cases where the
presence of silica gel in cracks is harmful, the
method of leaching silica gel developed in [10]
is quite applicable, which impoverishes the
glass from this formation, or completely elimi-
nates it. According to this technique, the fin-
ished glass is etched in an alkaline etchant
based on KOH. This etchant interacts with the
finely dispersed silica gel rather quickly and
acts much more slowly on the continuous (at
least spongy) walls of the matrix. Due to this,
the majority of the silica gel is removed, while
the walls of the matrix backbone are only
slightly etched [4, 11]. Type A glass treated in
this way is conventionally called type B glass,
and type C glass is called type D glass.



The results of studying the structure of all 4
above-mentioned types of glasses using an
electron microscope are shown in Fig. 1. It is
clearly visible that the glasses of types A and
B are finely porous, while the pours in glasses
of types C and D are much larger. Particles of
residual silica gel appear as white spots in the

.

images corresponding to glasses A and C. In
type C glass they are larger, in type B glasses
they are almost invisible (this confirms that the
leaching technique leads only to impoverish-
ment of the glass with silica gel [4, 11]), and in
type D glasses they are absent at all.

Fig. 1. Electron microscopic images of four poures types glass structures

Figure 2 shows the size distribution of
pours for all specified types of glass. One can
make sure, that in each of the glass types there

are mainly two fractions of pours sizes, but
any of the types contain small amounts of any
pours from about 10 to over 100 nanometers.
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Fig. 2. Typical pours sizes distribution for four types of slotted glass

Formation of nanoparticles ensembles.

The formation methods of nanoparticles’ en-
sembles in the porous glass matrix depend on
a number of factors. The first of them, is the
chemical composition of the particles’ sub-
stance, the ensemble is to be formed. It should

be taken into account that porous glass is al-
most pure quartz SiO,, therefore the formation
of silicon nanoparticles’ ensemble, which are
the component of the matrix, is possible
through their chemical treatment [12-13]. For
this, it should be based on the fact that silicon
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is the main chemical component of both the
framework of the porous glass and the residual
silica gel in the pours. Both formations are
chemically identical and differ only in disper-
sion. And since carbon in its chemical proper-
ties is similar to silicon, but more active, it is
able to squeeze it out of the oxide at the appro-
priate temperatures. Thus, if the pours are sat-
urated with carbon, under the right conditions
it will push silicon out of the oxide, primarily
from silica gel, as a more dispersed formation.
Silicon will be in an energetically disadvanta-
geous atomic state, and since carbon will turn
into carbon dioxide, which is heavier than air
and will prevent the re-oxidation of atomic sil-
icon, the latter will have time to turn into sili-
con clusters, which will settle on the walls of
the silicate skeleton, during the time required
to remove CO2 from the pours like grape for-
mations. In the future, the surface of these
clusters will oxidize and a porous glass will
be formed, enriched with silicon along the
walls of the pours. This process is called car-
bon processing.

If it is necessary to form the nanoparti-
cles’ ensemble of a substance whose compo-
nents are not included in the chemical compo-
sition of the matrix, but the specified substance
is well soluble in water, alcohol or a special
solvent that does not destroy the matrix, then
the ensemble of nanoparticles can be formed
by immersing the matrix into the appropriate
solution. This will lead to the matrix impreg-
nation with the subsequent formation of
nanoparticles inside the pours. A classic exam-
ple of such a substance is a group of dyes
based on tetravalent stannum [4, 14]. These
rather complex organic compounds are actu-
ally an aggregation of interwined benzene
rings with nitrogen bridges and they are per-
fectly soluble in the organic solvent dimethyl-
formamide (CH3)2NCO (abbreviated DMFA).
By varying the concentration of the solution,
the duration of the immersion and the tempera-
ture of the process, it is possible to obtain a
whole nanoparticles’ ensemble series of the
specified molecular crystals with quite diverse
properties, which can be particularly used in
Sensors.

In some cases, the substance itself is poorly
soluble or insoluble in matrix-safe solvents.
However, it can be synthesized as a result of
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the reaction of soluble substances. In this case,
the specified synthesis should be performed di-
rectly inside the pours of the matrix. At the
same time, after saturation of the matrix with a
soluble component of the reaction, it is not
necessary to interact with another substance,
and sometimes it is enough to perform a ther-
mosynthesis (as in the case of SnO, [15]) or
coprecipitation (as in the case of RuO, [16]). It
is worth to note that the above-mentioned car-
bon treatment , consisting of two stages, at the
primary stage also represents the thermosyn-
thesis of glucose, which is renewed to carbon
in the form of graphite.

And finally, in some cases, after saturating
the matrix with a soluble component of the re-
action, it is necessary to place the saturated
matrix in the solution of the second component
of the reaction. This occurs when an ensemble
of CdS [17] or AgBr [18] nanoparticles is
formed. In these cases, after the completion of
the reaction, the surface should be thoroughly
cleaned so that the ensemble of nanoparticles
does not shunt through it.

The nanoparticles’ ensembles application
in sensor technology

Highly dispersed ensembles of nanoparti-
cles with a well-developed surface should be
useful, first of all, as active elements for gas
sensors. Nanoparticles’ ensembles of dyes
based on tetravalent stannum are especially
applicable in this sense [19-20]. The molecules
of these substances consist of two parts: a co-
ordination node, which is a complex set of
benzene rings, and a hydrazone fragment,
which consists of one benzene ring located
outside the coordination node and connected to
it by an ordinary C-C bond. One of the hydro-
gen atoms of the hydrazone fragment is re-
placed by a certain group of atoms (e.g., the
amine group NH3), which is analogous to a
substitution impurity in semiconductors. At the
same time, a ligand consisting of stannum and
chlorine is contained inside the coordination
unit, and is analogous to an impurity penetra-
tion in semiconductors. Both of these forma-
tions can be centers of light emission

Our studies demonstrate that the intensity of
the dye with an amine ligand luminescence
depends on the concentration of the solution



impregnating during the formation of nanopar-
ticles’ ensemble. This dependence is non-lin-
ear and has a maximum at a certain concentra-
tion, exceeding of which leads to a sharp de-
crease in luminescence [21]. Basing on this
property, it is possible to register the presence
of ammonia in the environment. In fact, if an
ensemble of nanoparticles is created at a con-
centration that provides maximum lumines-
cence, then in the presence of ammonia in the
environment, the system will begin to behave
as if it was formed at an overestimated concen-
tration of the impregnating solution and its lu-
minosity will drop sharply. This is the opera-
tion principle basis of the proposed ammonia
transducer [22].

The coordination unit ligand itself is not
enough active, for it is protected from all sides
by a set of benzene rings. There are two types
of ligands, SnCly; and SnCls. Both of them
form a certain distribution of negative charge
inside the dye molecule. In this case, the
SnCl3 ligand corresponds to a more intense
glow. The presence of HCI vapours in the en-
vironment enriches the coordination node with
negative Cl- ions. This changes the charge dis-
tribution in the molecule to that typical for a
dye with the SnCl, ligand, and the lumines-
cence intensity of the system decreases sharply
again. This property is the basis of the estab-
lished action principle for the suggested hydro-
gen chloride vapor sensor [23].

After the actuation of both of these sensors,
they should be subjected to low-temperature
short-term annealing. to restore their perfor-
mance This is the main drawback of these de-
vices. This drawback does not occur in the
case of using an ensemble of SnO, nanoparti-
cles. This system is not sensitive to HCI va-
pors, but in the presence of ammonia in the en-
vironment it also sharply reduces the intensity
of its emmitance. However, after being trans-
ferred to a clean atmosphere, within a short
time it completely restores itself its perfor-
mance . [24].

Conclusions

Porous silicate glass is the best matrix for
creating ensembles of nanoparticles of all
kinds of substances due to its durability, chem-
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ical inertness and separation properties of
powder-like formations inside slots.

The molecular structure peculiarities of
dyes based on tetravalent stannum make it
possible to use them as active elements for
some gas Sensors.

In the dye molecule of the specified struc-
ture, there are two types of luminescence cen-
ters: a substituent in the hydrazide fragment,
which is analogous to a substitution impurity
in a semiconductor, and a ligand in the coordi-
nation node, which plays the role of a penetra-
tion impurity. The substituent is responsible
for sensitivity to ammonia, and the ligand is
responsible for sensitivity to HCI vapors.

The sensitivity principle of dye nanoparticle
ensembles to the presence of these gases in the
environment is manifested in their lumines-
cence intensity decrease.
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GAS SENSITIVITY OF SOME NANOPARTICLES ENSEMBLES IN POROUS GLASS

Summary The importance of substances’ surface development suitable for sensor technology
by dispersing them to the level of nanoparticles’ ensemble within a certain matrix has been
demonstrated. It has been proven that the best matrix for the formation of the specified ensemble
of nanoparticles is porous silicate glass. Methods of formation of ensembles of nanoparticles of
some compounds in porous glass are briefly considered. The applicability of the mentioned sys-
tems for sensors is demonstrated by the example of their luminescent response sensitivity to the
presence of ammonia or HCI vapours in the environment.

Key words: gas sensitivity, photoluminescence, porous glass, ensembles of nanoparticles.

UDC 621.315.592
ortiuo LK., @inescora JI.M., I pinesuu B.C.

I'A309YTJIMBICTD JEAKUX AHCAMBJIIB HAHOYACTHUHOK Y IHITAPUCTOMY
CKJII

Pedepat [IpoieMoHCTpOBaHO Ba)JIMBICTh PO3TOPTAaHHS MOBEPXHI PEYOBHH, MPUIATHUX IS
BUKOPUCTAHHS y CEHCOPHLI, IIUISIXOM AUCIEPryBaHHS IX J0 PIBHA aHCAMOJII0O HAHOYACTUHOK BCe-
penuHi neBHOI Marpuul. JloBeneHo, 110 HalKpalo MaTpULEo A8 (GOpMyBaHHs 3a3HAUYCHOIO
aHCcaMOJII0 HAHOYACTHHOK € IIMapucTe CHIiKaTHe k0. KopoTko po3risiHyTo ciocoou (Gopmy-
BaHHs aHCaMOJIiB HAHOYACTHHOK JI€SKUX CIHOJYK Y IIHapUCTIM CKJIi. 3aCTOCOBHICTh 3a3HAYEHHUX
CHCTEM y CEHCOpHULI MPOJEMOHCTPOBAHO HA MPHKJIAAl YyTJIMBOCTI IXHBOT'O JIFOMIHECILIEHTHOTO
BIJIKJIMKY /10 HasiBHOCTI amiaky a6o mapiB HCl y goBkisui.
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€IMHECHU B CKBOKHCTOM cTekIe. [[puMeHseMOCTh YKa3aHHBIX CHCTEM B CEHCOPHUKE MOKa3aHa Ha
pUMepe YyBCTBUTEIHLHOCTH WX JIIOMHUHECIICHTHOTO OTKJIMKA K HAJIMYUIO aMMHAKa WU MapoB
HCI B okpyxkaroreii cpene.
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INFLUENCE OF TECHNOLOGICAL CONDITIONS OF
SYNTHESIS ON THE FORMATION OF
PHOTOLUMINESCENCE SPECTRA OF CdS QDs

Here are presented the results of influence of two parameters of synthesis process of quantum dots sulfide
cadmium (CdS QD) on the spectrum luminescence, namely, the acid-base balance of the growth solution and
the correlation of reaction components (cadmium and sulfur salts). Carried out the syntheses in which the pH
solution was changed in the interval of values from 2 to 10. There were also synthesized CdS QD with
different ratios of the initial components. The results obtained by evidence of the fact that the technological
process has a significant impact on the formation of bands luminescence CdS QDs.

Introduction

Quantum dots (QDs) are nanocrystals 2 to
10 nm in diameter synthesized from semicon-
ductor materials.

Semiconductor CdS QDs have attracted
considerable interest due to their unique prop-
erties, which are absent in bulk materials due to
the effect of quantum confinement of charge
carriers. For a number of areas of science and
technology, colloidal quantum dots are a
promising material. They are of particular in-
terest as a basis for creating biomedical mark-
ers and sensors[1].

A necessary condition for the practical im-
plementation of CdS QDs is the development
of a technology for obtaining them with con-
trolled properties. One of the simplest and tech-
nological methods of QDs synthesis is the col-
loidal chemical method. The colloidal method
of synthesizing quantum dots attracts a lot of
attention, as it provides an opportunity to pre-
cisely control the size and surface properties of
the resulting nanoparticles. The properties of
QDs obtained by this method depend on such
parameters as the concentration of the starting
materials, the pH of the growth solution, etc.

The greatest interest, from the point of view
of application of quantum dots (QDs) of A,Bg
compounds, is caused by their luminescent
properties. A large number of works have been
devoted to the study of the luminescence of
CdS QDs, but the question of the nature of the
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centers that determine the luminescence and
form the luminescence spectrum still remains
relevant. Currently, the question of the nature
of the luminescence centers and which lumi-
nescence bands are created by intrinsic and
impurity lattice defects [2] remains relevant.
Modern literary sources only mention the pos-
sibility of defects, but do not pay attention to
the disclosure and description of their nature
and the conditions of their creation in the
process of synthesis [3]. This issue also in-
cludes the development of controlled synthe-
sis, during which QD luminescence spectra
can be predicted.

The colloidal-chemical synthesis of CdS
QDs is influenced by a large number of fac-
tors related to the conditions of the synthesis
(duration, rate of introduction of reaction
components, synthesis temperature). The for-
mation of luminescence centers in CdS QDs
depends on many technological factors, in-
cluding the concentration of cadmium and sul-
fur ions and their ratio, as well as the acid-al-
kaline balance in the aqueous growth solution
of CdS QDs. The results of the influence of
these factors are presented in this study.

1. Object and Research Methods

The studied nanocrystals of cadmium sul-
fide were obtained by a chemical method from
solutions of cadmium and sulfur salts in a col-
loidal solution of gelatin. The formation of
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CdS particles occurs as a result of the exchange
reaction: Cd(NO;),+Na,S=>CdS+,NaNO:s.

To obtain a colloidal solution, 5% gelatin
and equimolar concentrations of cadmium and
sulfur salts were used. The volumes introduced
into the colloidal solution of the components
were the same. The pH values of the solutions
were changed by adding a solution of alkali or
hydrochloric acid to an aqueous solution of
gelatin with cadmium nitrate to obtain the re-
quired pH values (2 + 10).

Samples were also created in which the con-
centration of cadmium and sulfur ions and their
ratio changed. The pH value during the synthe-
sis process was constant and equal to 7. During
the study, four combinations of solutions with
different ratios of the initial components of cad-
mium and sulfur were created. The molar con-
centration ratio of the initial components
Cd(NOs),/Na,S was equal to: 1/4, 1/2, 1/1, 2/1.
In each of these combinations, seven samples
were obtained: with a constant volume of
CdNOs, namely 5 ml, but in each of them the
volume of introduced Na,S changed: 0.25; 0.5;
1;2;3;4and 5 ml.

The luminescence was excited by a pulse
laser LCS-DTL-374QT with a light wavelength
of 355 nm. Laser power - 35 mW.

2. Analysis of Results

2.1. The effect of the acid-base balance in an
aqueous solution with QDs of CdS.

It is known that salts are hydrolyzed in aque-
ous solutions. In our case — hydrolysis of nitrate
and sodium sulfate. The molar concentration of
cadmium ions is calculated according to formulas
(1-2) and graphically presented in Figure 1.

Co = [Cd?*] + CA(OH)* + Cd(OH)Y, (1)

|ca*t] 1 kiay,

a; = = ; —_—reat

= = kK kikzo "2 = ;
Ced(No3); 1+|~,;£¢T+ 12 [H*]

[H+]*
_ kikpay

a3 = W (2)

where a — molar concentration of components; k
is the ionization coefficient (taken from the table
[4]).

It can be seen that at pH values <8, the con-
centration of cadmium ions in the solution is
dominant, and up to pH = 6, it remains un-
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changed. At pH > 6, the concentration of cad-
mium ions decreases and Cd(OH)" is formed.
At pH values greater than 9, cadmium hydrox-
ide Cd(OH), 1s formed.

—=—Cd"
0,84 —e— Cd(OH)"
—A— Cd(OH)),

0,64

04

0,24

The molar composition of the hydrolysisproducts@®®,),

6 .8 10
Solution pH

Fig. 1 — Dependence of the concentration of ions on the
pH of the solution

Cadmium sulfide nanocrystals were synthe-
sized at the following pH values of the solu-
tion: 2, 4, 7, 10.

Regarding the hydrolysis of sulfur sulfide, it
is known that the hydrolysis of sulfur salts oc-
curs at pH values>6. At lower pH values, the
source of sulfur is impurity sulfur, which is
present in gelatin.

In fig. 2 shows the normalized luminescence
spectra of CdS QDs synthesized at different pH
values. It can be seen that the luminescence
spectra of samples obtained at low pH (2 and
4) and at pH (7 and 10) differ sharply. from. At
low pH values, a short-wave luminescence
band with a wavelength of An. = (480 — 490)
nm dominates, and at higher values, a long-
wave band localized at Amax = (700 — 720) nm.

It was interesting to study the sensitivity of
the luminescence spectrum of already grown
CdS QDs to the acid-base composition of the
colloidal solutions in which they are located,
to determine whether the defect formation
process is reversible as a result of a change in
the pH of the solution, and how the pH value
affects the change in QD size.

CdS QDs obtained at a neutral pH = 6 (ini-
tial sample) with an equimolar ratio of cad-
mium and sulfur ions with a wide lumines-
cence band in the region (Amax = 667 nm)
were chosen as the objects of the study. To the
colloidal solution containing these QDs, solu-
tions of alkali or hydrochloric acid were added
to obtain pH (2, 4, 6, 8).
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Fig. 2 — Normalized luminescence spectra of CdS QDs
grown at different pH values of the solution: 2(1), 4(2),
7(3), 10(4)

As a result, colloidal solutions of CdS QDs
were obtained, the color of which changed
from yellow to orange (Fig. 3). It can be seen
that the color of the solutions corresponding to
pH = 2 and 4 is practically the same, which is
confirmed by the data of the absorption spectra
presented in Fig. 4.

Fig. 3 — Samples of CdS QDs obtained at different pH val-
ues

Extrapolation of the absorption curves to the
energy axis gives the value of the effective band
gap of nanocrystals at different pH, and, accord-
ingly, the size of the particles can be determined:
2 and 4 (2.9 nm), 6 (3.5 nm), 8 (4 nm).

The average particle radius was estimated
from optical absorption spectra.
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Fig. 4. Normalized absorption spectra of CdS QDs grown
at different pH values of the solution: 2(1), 4(2), 6(3), 8(4)

According to the theory of interband absorp-
tion, the effective band gap of nanocrystals Eg*
(the transition energy between the upper hole
and lower electronic levels) increases with de-
creasing particle radius according to the law:

o=E, +E,,*" 3)

whereE," - optical band gap width of bulk crys-
tal; E;," — dimensional quantization energy,
which is inversely proportional to the square of
the nanoparticle radius; / andn — orbital and
principal quantum number. The dimensional
quantization energy is defined as the difference
between the effective band gap of a nanocrystal
and a single crystal. It can be calculated using
the formula (3):

El'ne'h :]’l2 (DLnZ/Z me,hrz (4)

wherem,;— effective masses of an electron and a
hole; » — average radius of the nanoparticle; ¢;,—
the root of the Bessel function (for quantum
numbers / =0 andn =1, po=3,142).[5]

The observed results can be explained by the
following phenomena. A decrease in the size of
QDs wupon addition of hydrochloric acid
(pH=2.4) may occur as a result of their dissolu-
tion, the size of QDs decreases from 3.5 nm to
2.9 nm. The reason for the increase in QDs size
when alkali is added can be their coagulation, or
the formation of a cadmium hydroxide shell.



Normalized luminescence spectra of samples
measured after acid-alkaline treatment of already
grown CdS QDs are shown in Fig. 5.

The obtained spectra repeat the results of the
experiment on the influence of pH of the solution
during the synthesis of nanocrystals [6].

In the spectra of nanocrystals with low pH (2
and 4), a short-wave luminescence band (570
nm) is detected. At high pH (6, 8), a long-wave-
length band localized at a wavelength of Amax
=690 nm dominates, the nature of which is asso-
ciated with intrinsic defects in nanocrystals.

It was found that both in an acidic environ-
ment (pH=2.4) and in an alkaline environment
(pH=8) the luminescence spectrum consists of
two bands. The short-wave band (Amax = 580
nm) dominates in an acidic environment, and the
long-wave band dominates in an alkaline envi-
ronment (Amax = 683 nm).

—a— pH 2
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700
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Fig. 5 — Normalized luminescence spectra of CdS QDs
grown at different pH values of the solution: 2(1), 4(2),
6(3), 8(4).

In studies carried out earlier [6], when the acid-
alkaline balance of the solution changed during
the synthesis, a change in the spectrum was ob-
served with the help of a change in the nature of
surface defects. In this publication, the acid-base
balance of a previously prepared solution with
QDs was changed. In this case, it was noted that
the change in the position of the luminescence
spectrum correlates with the change in the size of
the CdS QDs.

Thus, despite the different conditions of con-
ducting the experiment regarding the effect of
pH on the luminescence spectrum of CdS QDs,
both obtained at different pH values during the
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synthesis and processed after synthesis, a quali-
tative correspondence between their lumines-
cence spectra is observed.

2.2. The influence of the relative concen-
tration of the starting components on the PL
of CdS QDs

The graphs presented in Figure 6 correspond
to the relative concentrations of Cd(NOs),./Na,S
components: 1/4, 1/2, 1/1, 2/1 (Figure 6 a, b, c,
d, respectively). It can be seen that with an in-
crease in the concentration of cadmium, the
short-wavelength (Amax = 490 nm) band becomes
dominant, and in Fig. 6 (a), where the concen-
tration of cadmium is quite low, this band is
hardly noticeable.

This also confirms the nature of the evolu-
tion of the spectra of Figs. 6 (a, b, ¢, d) in which
Na,S:0.25 was added to the initial solution; 0.5;
1, 2; 3, 4 and 5 ml, (curves 1-7), respectively.
Indeed, it can be seen that the addition of sulfur
contributes to the increase in the intensity of the
long-wave band. In the experiments, the sam-
ples containing the short-wave luminescence
band (A =462 + 493 nm) have an excess of cad-
mium, and the long-wave band (A = 660 + 711
nm) has an excess of sulfur.

Thus, the curves of the luminescence spectra
in both experiments are composite, that is, they
consist of several elementary bands. In this re-
gard, the luminescence spectra were approxi-
mated by Gaussian curves, as a result of which
three luminescence bands were detected in CdS
QDs. Table 1 shows the schedule results.

Note that in the photoluminescence spectra
of nanocrystals, a band is recorded in the region
A = 555 = 598 nm. This band develops in
nanocrystals, the synthesis of which was carried
out at the same concentration of cadmium and
sulfur ions.

Thus, the given results indicate that the lu-
minescence of CdS QDs obtained by the
method of colloidal chemistry is due to their
own defects and it is related to the influence
of the stoichiometric composition of cadmium
and sulfur. Some discrepancy in the localiza-
tion of the luminescence maxima of individual
bands can be explained by the spread of QD
size.
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Fig. 6 — Luminescence spectra of CdS QDs obtained at the molar ratio of the initial components CANO3 /Na2S: 1/4

(a); 1/2 (b); 1/1 (c); 2/1 (g).

Table 1. Dependence of the position of the maxima of the QD luminescence bands, obtained as a result of spectrum
decomposition, on the pH value of the solution and at different ratios of the initial components.

The influence of the acid-base balance in | The influence of the relative concentration of
an aqueous solution with CdS QDs the initial components on the PL of CdS QDs
Fig. 2) (Fig. 6)
pH | M\, nm A2, NM A3, nm CdNO; /Na,S A, nm | A, nm | A3, nm
2 490 - 716 2/1 (curve 1) 462 555 660
4 493 - 708 1/1 (curve 3) 462 573 690
7 483 592 694 1/2 (curve 5) 464 598 703
10 481 578 703 1/4 (curve 7) - 593 711
Conclusions The work also investigated the effect of two

The results of the research showed that the
luminescence spectrum of CdS QDs depends
on the acid-alkaline composition of the
medium. At low pH values, the bands local-
ized in the 500-580 nm region dominate, and
at high values - in the 640+680 nm region. It is
shown that the luminescence spectrum can be
changed both by changing the synthesis condi-
tions and by changing the acid-base composi-
tion of colloidal nanocrystals.

parameters of the QD synthesis process on
their luminescence spectrum, namely: the acid-
alkaline balance of the growth solution and the
ratio of reaction components (cadmium and
sulfur salts). Syntheses were carried out in
which the pH of the solution varied in the
range from 2 to 10. CdS QDs with different ra-
tios of starting components were also synthe-
sized. The obtained results indicate that the
technological process has a significant effect
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on the formation of cadmium sulfide QD radi-
ation bands. In both cases, the radiation spec-
trum contained three bands localized in the
wavelength range A, = 462 + 493 nm, A, = 555
+598 nm, A; =660 ~ 711 nm.

The observed features of the influence of
the mentioned technological factors on the lu-
minescence spectrum of CdS QDs are ex-
plained by the fact that the concentration of
cadmium and sulfur ions is a determining pa-
rameter in the synthesis. In the first, the con-
centration of ions is regulated by the starting
pH of the solution, and in the second, by the
initial concentration of Cd(NOs), and Na,S.
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INFLUENCE OF TECHNOLOGICAL CONDITIONS OF SYNTHESIS ON THE FOR-
MATION OF PHOTOLUMINESCENCE SPECTRA OF CdS QDs

Summary

The purpose of the work is to study the influence of technological conditions of synthesis on
the formation of photoluminescence spectra of CdS QDs. This article presents the results of the
effect of pH on the luminescence of colloidal CdS QDs. A qualitative agreement was shown be-
tween the luminescence spectra of CdS QDs, both obtained at different pH values during synthe-
sis, and CdS QDs subjected to treatment after synthesis. It was shown that the luminescence
spectrum can be changed both by changing the synthesis conditions and by changing the acidity
of colloidal CdS QDs. It are presented the results influence of two parameters of synthesis
process of quantum dots sulfide cadmium ( CdS QD) on the spectrum luminescence, namely,
the acid-base balance of the growth solution and the correlation of reaction components (cad-
mium and sulfur salts). Carried out the syntheses in which the pH solution was changed in the in-
terval of values from 2 to 10. There were also synthesized CdS QD with different ratios of the
initial components. The results obtained by evidence of the fact that the technological process
has a significant impact on the formation of bands luminescence CdS QDs . In both cases, the lu-
minescence spectrum had three bands that are localized at A, = 462 +~ 493 nm, A, = 555 + 598
nm, A3 = 660 + 711 nm. The observed features of the effect of these technological factors on the
spectrum luminescence of CdS QDs are explained by the fact that, in the synthesis, the concen-
tration of cadmium and sulfur ions is a determining parameter. In the first case, the ion concen-

80


mailto:klara2010@meta.ua

tration is controlled by the pH value of the solution, and in the second, by the initial concentra-
tion of Cd (NO3) , and Na,S.
Keywords. cadmium sulfide quantum dots, absorption, photoluminescence, nanomaterials.
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BIIVIMB TEXHOJIOI'TYHUX YMOB CUHTE3Y HA ®OPMYBAHHAA
CIEKTPIB ®OTOJIOMIHECHEHIIII KT CdS

Pedepar
Merta poOoTH ToJIsITae B JOCTIKEHH] BIUTUBY TEXHOJIOTIYHUX YMOB CHHTE3y Ha ()OPMYBaHHS
cnektpiB (dortomominectiennii KT CdS. ¥ poGoti HaBemeHo pesynbratd BIMBYy pH Ha
mominectieHniro konoimaux KT CdS. Tlokazano sKiCHy BiNOBIJHICTE MK CIIEKTpaMu
mominectieHnii KT CdS, orpumanux mpu pizaux 3HadeHHsX pH mig gac cuaTtedy, 1 KT CdS,
miggaHux oOpoOIi micns cuHTe3y. Takok TOKa3aHo, IO CHEKTp JIIOMIHECHEHIT MOKHa
3MIHIOBaTH SK 3MIHOIO yYMOB CHHTE3y, Tak 1 3MiHOW KuciotHocTi konoimaux KT CdS.
[IpencraBieni pe3ynbTaTH BIUIMBY JBOX IapaMeTpiB MpPOIECYy CHUHTE3Y KBAaHTOBHX TOYOK
cynbdiny kammiro (KT CdS) Ha cnekTp mroMmiHECHeHIlli, a came, KUCIOTHO-JIYKHOTO OajaHCy
POCTOBOTO PO3YHHY 1 CITIBBITHOIIEHHS KOMIIOHEHTIB peakilii (Coeit kaamiro i Cipku). 31iliCHEHO
HU3KY EKCTICPUMEHTIB 3 CHHTE30M, B IkoMy pH po3unHy 3MiHIOBaNacs B iHTEpBaJi BEJIHMYUH Bij
2 o 10. Takox Oynu cuatezoBani KT CdS 3 pi3HUM CHiBBiIHOMIEHHSM BUX1IHUX KOMIIOHEHTIB.
OTpumaHi pe3yibTaTH CBiT4aTh MPO TE, MO TEXHOJOTIUYHUH MPOIEC Ma€e CYTTEBUN BIUIMB Ha
dbopmyBanHs cmyr unpomiHioBanHs KT CdS. B 00ox Bumagkax CIEKTp BUIIPOMIHIOBAHHS
MICTUB TPH CMYTH, sIKi JOKami30BaHi y Ay = 462 + 493 um, A, = 555 + 598 mM, A3 = 660 + 711
HM. CroctepexyBaHi OCOOJIMBOCTI BIUIMBY 3a3HAYCHHUX TEXHOJOTIYHUX (DaKTOpIiB Ha CIIEKTP
mominectieHnii KT CdS mosicHIOIOThCS THM, IO B CHHTE31 BHU3HAYAJIBHUM I1APAaMETPOM €
KOHIIGHTpAIlis 10HIB KaaMil0 Ta CIpKW.Y TMepImoMy — KOHIICHTpAlis 10HIB PEryirOeThCs
3HaueHHsSM pH po3umny, a y npyromy — BuxigHoro koHieHTtpaiiiero Cd(NOs), Ta Na,S.
Kio4oBi cjioBa. KBaHTOBI TOYKH CyJb(iay KaaMmilo, MOTIMHAHHS, (POTOIIOMIHECIICHITI,
HaHOMAaTEpiaIn.

This article has been received in October 22, 2021
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SIMULATION CHAOTIC DYNAMICS OF RELATIVISTIC
BACKWARD-WAVE OSCILLATOR WITH USING CHAOS
THEORY AND QUANTUM NEURAL NETWORKS

Nonlinear simulation and forecasting chaotic evolutionary dynamics of such complex system as
relativistic backward-wave oscillator is treated using the new combined method, based on the chaos
theory algorithms, concept of geometric attractors, and algorithms for quantum neural network
simulation. It has been performed modelling the dynamics of multilayer photon echo neural network
for the case of noisy input sequence. It has been performed analysis, modelling and processing the
temporal dependence of the output amplitude for the backward-wave oscillator, described by system
of the nonstationary nonlinear theory equations for the amplitude of electromagnetic field and motion
of a beam. The data on the Lyapunov’s exponents, Kolmogorov entropy, correlation coefficient
between the actual and neural networks prognostic rows, referred to a temporal dependence of the
output signal amplitude of the nonrelativistic (relativistic) backward-wave oscillator are listed. The
combining the advanced algorithms of the modern chaos theory, concept of a compact geometric
attractors and one of the effective neural network algorithms, or, in a more general using an effective
model of artificial intelligence etc, could provide very adequate and quantitatively correct description
of temporal evolutionary dynamics of most complicated systems, in particular, in the field of modern

ultrahigh-frequency electronics

1. Introduction.

It is well known that the multiple physical,
chemical, biological, technical, communi-
cation, economical, geophysical and other
systems (devices) demonstrate the typical
complex chaotic behaviour. In many important
situations typical dynamics of these systems is
a world of strong nonlinearity. Naturally, there
1S a quite considerable number of works,
devoted to an analysis, modelling and
prediction evolutionary dynamics of different
complex systems from the viewpoint of theory
of dynamical systems and chaos, fractal sets of
physics and other systems [1-11]. In a series of
papers [10-20] the authors have attempted to
apply some of these methods in a variety of
the physical, geophysical, hydrodynamic
problems. In connection with this, there is an
extremely important task on development of
new, more effective approaches to the
nonlinear modelling and prediction of chaotic
processes in different complex systems (e.g.[1-
22]). Especial interest attracts research of
regular and chaotic dynamics of nonlinear
processes in various classes of devices of the
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so-called  relativistic  ultrahigh-frequency
electronics (see, e.g. [1-8]). Earlier we have
developed an effective approach to analysis,
modelling and forecasting chaotic evolutionary
dynamics of complex systems , which is based
on the based on the chaos theory algorithms,
concept of geometric attractors, and algorithms
for quantum neural network simulation [17-
20]. We are developing a new approach to
analyze complex system dynamics based on
the chaos theory methods and neural network
algorithms [21-27]. The basic idea of the
construction of the cited approach to
prediction of chaotic processes in complex
systems is in the use of the traditional concept
of a compact geometric attractor in which
evolves the fundamental dynamic
characteristics, plus the implementation of
neural network algorithms. The existing so far
in the theory of chaos prediction models are
based on the concept of an attractor, and are
described in a number of papers (e.g. [17-24]).
For example, very useful review of the
subfield that has attracted great interest in the
last years, namely, the application of various
approaches from complex network theory in



the context of nonlinear time series analysis,
has been presented in ref. [21,26] (see refs.
therein). The time series mining focuses more
on indexing, clustering, classification,
segmentation, discovery, and forecasting [21].
According to [21], there has been a
considerable amount of rapid developments of
data mining tools initiated by the advent of big
data and cloud computing reflecting the
increasing size and complexity of available
datasets. It should be underlined that hitherto
however, there has been practically no
multiple overlap between the nonlinear time
series analysis and complex neural network
methods (e.g. [13-15]).

In this paper we present the results of the
nonlinear simulation and forecasting chaotic
evolutionary dynamics of such complex
system as relativistic backward-wave oscillator
[5-7] using earlier developed new combined
method [22-27], based on the chaos theory
algorithms, concept of geometric attractors,
and algorithms for quantum neural network
simulation.

2. Mathematical approach

As the main fundamental ideas of the our
combined approach, based on the chaos theory
algorithms, concept of geometric attractors,
and algorithms for quantum neural network
simulation [17-20], here we will concern only
the principally important items of this
studying. As usually, let us remind that from a
mathematical point of view, it is a fact that in
the phase space of the system an orbit
continuously rolled on itself due to the action
of dissipative forces and the nonlinear part of
the dynamics, so it is possible to stay in the
neighbourhood of any point of the orbit y (n)
other points of the orbit y" (n), r = 1,2,..., N3,
which come in the neighbourhood y (1) in a
completely different times than n.

According to ref. [22-24,27], in terms of
the modern theory of neural systems, and
neuro-informatics (e.g. [12,15]), the process of
modelling the evolution of the system can be
generalized to describe some evolutionary
dynamic neuro-equations (miemo-dynamic
equations). Considering the neural network
with a certain number of neurons, as usual, we
can introduce the operators S; synaptic neuron
to neuron u; u;, while the corresponding
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synaptic matrix is reduced to a numerical
matrix strength of synaptic connections:
W = || wjj | |. The operator is described by the
standard activation neuro-equation
determining the evolution of a neural network
in time:
N
s, =sign(Y_ w;s, —6,), (1)
=1
where 1<i<N. Naturally it easily to understand
that a state of the neuron (the chaos-geometric
interpretation of the forces of synaptic
interactions, etc.) can be represented by
currents in the phase space of the system and
its the topological structure is obviously
determined by the number and position of
attractors. To determine the asymptotic
behavior of the system it becomes crucial an
information aspect of the problem, namely, the
fact of being the initial state to the basin of
attraction of a particular attractor. The domain
of attraction of attractors are separated by
separatrices or certain surfaces in the phase
space. Their structure, of course, is quite
complex, but mimics the chaotic properties of
the studied object. Then, as usual, the next step
1S a natural construction parameterized
nonlinear function F (x, @), which transforms:
yin = y(n+1)=F(y(n),a), (2)

and then to use the different (including neural
network) criteria for determining the
parameters a (see below). Although, according
to a classical theorem by Kolmogorov-Arnold
-Moser, the dynamics evolves in a
multidimensional space, the size and the
structure of which is predetermined by the
initial conditions, this, however, does not
indicate a functional choice of model elements
in full compliance with the source of random
data. One of the most common forms of the
local model is the model of the Schreiber type
[3] (see also [17-20]).

The easiest way to implement this program
is in considering the original local
neighbourhood, enter the model(s) of the
process occurring in the neighbourhood, at the
neighbourhood and by combining together
these local models, designing on a global
nonlinear model. The latter describes most of
the structure of the attractor. As shown



Schreiber [3], the most common form of the
local model is very simple:

+Za”’s( (j-1)t) @)

n+ An

where An is the time period for which a

forecast. The coefficients a(f’, may be
determined by a least-squares procedure,
involving only points s(k) within a small
neighbourhood around the reference point.
Thus, the coefficients will vary throughout
phase space. The fit procedure amounts to
solving (ds+ 1) linear equations for the
(di+1) unknowns. When fitting the
parameters @, several problems are
encountered that seem purely technical in the
first place but are related to the nonlinear
properties of the system. If the system is low-
dimensional, the data that can be used for
fitting will locally not span all the available
dimensions but only a subspace, typically.
Therefore, the linear system of equations to be
solved for the fit will be ill conditioned.
However, in the presence of noise the
equations are not formally ill-conditioned but
still the part of the solution that relates the
noise directions to the future point is
meaningless. Other details of modelling
techniques are described, for example, in refs.
[22-26].

The new element of our approach is using
the NNW algorithm in forecasting nonlinear
dynamics of chaotic systems [9,10]. In terms
of the neuro-informatics and neural networks
theory the process of modelling the evolution
of the system can be generalized to describe
some evolutionary dynamic neuro-equations.
Imitating the further evolution of a system
within ~ NNW  simulation  with  the
corresponding elements of the self-study, self-
adaptation, etc., it becomes possible to
significantly improve the prediction of its
evolutionary dynamics. The fundamental
parameters to be computed are the
Kolmogorov entropy (and correspondingly the
predictability measure as it can be estimated
by the Kolmogorov entropy), the LE, the KYD
etc. The LE are usually defined as asymptotic
average rates and they are related to the
eigenvalues of the linearized dynamics across
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the attractor. Naturally, the knowledge of the
whole LE allows to determine other important
invariants such as the Kolmogorov entropy
and the attractor's dimension. The Kolmogorov
entropy is determined by the sum of the
positive LE. The estimate of the dimension of
the attractor is provided by the Kaplan and

J+Z1 AJQA,, Vv
j+1

where j is such that Z A,>0 and Z A,<0, and

i=1 i=1
the LE are taken in descending order.

Yorke  conjecture

3. Standard dynamical model of a
backward-wave oscillator and neural
networks modelling.

Nonlinear dynamics of the system (the
backward-wave oscillator) is usually described
by system of the nonstationary nonlinear
theory equations for the evolution in time and
space for the amplitude of the electromagnetic
field and the motion of the beam (single model
BWT) (e.g.[7,8]):

_%i__‘:?:—gje‘”“da,
T g EL @)
2
o o _@'ReFeis
ag?

with the corresponding boundary and initial
conditions:

00,
'Ba|5=ll=a's =01

9% (5)
F|l=l=O, 'FITH-U=F(E7 0}1

Here 6( &, 1,0() 1s a phase of the electron,

which runs in a space of interaction with
phase 0 in a field, F(&,t) dimensionless
complex amplitude of  the wave
Er,t) — Relli(x, t)explivot — ifow)], &
=BoCx — the dimensionless coordinate, L

=Bo/C=2nCN- the dimensionless length of the
interaction space, / is a length of a system, N-



is a number of slow waves, covering over the
length of system, ¢ V90K /(AU) s the
known Pierce parameter , I, is a current of
beam, U is an accelerated voltage, Ko-
resistance of link of the slowing system,

T = woC' (L a/vg) (1 + v /o) !
(i.e. T —&/Vvy) is the dimensionless "retarded"
time, C is modified gain parameter (see more
details in refs. [2-8]). In refs. [5-8] there is
presented the detailed information about
numerical solution of the corresponding
system and performed an analysis of the
fundamental topological and dynamical
invariants. For numerical simulation we have
used a software package, based on the photon
echo neural network, which imitates
evolutionary dynamics of the complex system
[15]. It has the following key features: multi-
layering, possibility of introducing training,
feedback and controlled noise. There are
possible the different variants of the
connections matrix determination and binary
or continuous sigmoid response (and so on) of
the model neurons. In order to imitate a tuition
process we have carried out numerical
simulation of the neural networks for
recognizing a series of patterns (number of
layers N=5, number of images p=640; the
error function:

lI'l"l'l'l dx

(- p )= 0P

Pmax

3
p=l

SSE =
(6)

where O(p,k) — neural networks output k for
image p and #(p,k) is the trained image p for
output x; SSE is determined from a procedure
of minimization; the output error is
RMS=sqrt(SSE/Py.); As neuronal function
there 1s wused function of the form:
f(x)=1/[1+exp(—6x]]. In our calculation
there is tested the function f(x,T)=exp[(xT)*]
too.

In order to check the possibilities of the
(neural networks package NNW-13-2003 [15])
of the multilayer neural networks, it has been
performed processing noisy input sequence.
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Fig. 2 demonstrates the results of modeling the
dynamics of multilayer neural network for the
case of noisy input sequence [24]. The input
signal was the Gaussian-like pulse with adding
a noise with intensity D. At a certain value of
the parameter D (the variation interval .0001-
0.0040) the network training process and
signal playback is optimal. The optimal value
of D is 0.00168.

FoFegrFoFrgd g e

Figure 1. The results of modeling the dynamics of
multilayer neural for the case of noisy input sequence
(see text).

The farther step was in analysis, modelling and
processing the temporal dependence of the out
amplitude (solution of the system (4)-(5). For
illustration we present the results of
calculation the Lyapunov’s exponents, the
Kolmogorov entropy K. for the system,
which is described by the system (4)-(5). The
governing parameter L is equal 4.05.

Table 1. Numerical simulation data for the Lyapunov

exponents (LE: Ai1—A4) and the Kolmogorov entropy
K (L=4.05)

K
0.26

M
0.261

A
0.0001

As
—-0.0004

A4
—0.528

In table 2 we present data on the correlation
coefficient (r) between the actual and neural
networks prognostic rows, referred to the
temporal dependence of the output signal
amplitude of the backward-wave oscillator (1)
for L=4.05 (NN is number of neighbours for
pre-ahead 100 points numerical series of the
amplitude temporal dependence). The more
details can be found in ref. [6,22-24]. One can
see very closed coincidence between the actual
and predicted row values for the temporal



dependence of the output signal amplitude of
the backward-wave oscillator (tube).

Table 2. The correlation coefficient (r) between the
actual and prognostic rows, referred to the temporal
dependence of the output signal amplitude of the
backward-wave oscillator (1) for L=4.05 (see text) .

NN
r

85
0.94

225
0.96

250
0.96

Analysis of the PC experiment results
allows to make conclusion about sufficiently
high-quality processing the input signals of
very different shapes and complexity by the
applied neural network. This is concerning the
results of modelling the temporal dependence
of the output signal amplitude of the
backward-wave oscillator (1). We believe that
the combining the advanced algorithms of the
modern chaos theory, concept of a compact
geometric attractors and one of the effective
neural network algorithms, or, in a more
general using an effective model of artificial
intelligence etc, could provide very adequate,
quantitatively correct description of temporal
evolutionary dynamics of most complicated
systems, in particular, in the field of modern
ultrahigh-frequency electronics (see, e.g. [1-

&)).
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PACS: 05.45.Pq 52.75.Va
Kondratenko P. O., Khetselius O. Yu.

SIMULATION CHAOTIC DYNAMICS OF RELATIVISTIC BACKWARD-WAVE
OSCILLATOR WITH USING CHAOS THEORY AND QUANTUM NEURAL
NETWORKS

Summary. Nonlinear simulation and forecasting chaotic evolutionary dynamics of such
complex system as nonrelativistic (relativistic) backward-wave oscillator is treated using the new
combined method, based on the chaos theory algorithms, concept of geometric attractors, and
algorithms for quantum neural network simulation. It has been performed modeling the
dynamics of multilayer photon echo neural network for the case of noisy input sequence. It has
been performed analysis, modelling and processing the temporal dependence of the out
amplitude for the backward-wave oscillator, described by system of the nonstationary nonlinear
theory equations for the amplitude of the electromagnetic field and the motion of the beam. The
data on the Lyapunov’s exponents, Kolmogorov entropy and the correlation coefficient between
the actual and neural networks prognostic rows, referred to the temporal dependence of output
signal amplitude of the nonrelativistic (relativistic) backward-wave oscillator (tube) are listed.
The combining the advanced algorithms of the modern chaos theory, concept of a compact
geometric attractors and one of the effective neural network algorithms, or, in a more general
using an effective model of artificial intelligence etc, could provide very adequate and
quantitatively correct description of temporal evolutionary dynamics of most complicated
systems, in particular, in the field of modern ultrahigh-frequency electronics.

Key words: Keywords: non-relativistic and relativistic backward-wave oscillator (tube),
spectrum of radiation, spectroscopy, chaotic dynamics, concept of geometric attractor. quantum
neural networks
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PACS: 05.45.Pq 52.75.Va
Konopamenxo I1.0., Xeyeniyc O.IO.

MOJIEJTFOBAHHSI XAOTUYHOI JMHAMIKHA PEJISITUBICTCBHKOI JIAMITA
OBEPHEHOI XBWJII 3 BAKOPUCTAHHSIM TEOPIi XAOCY TA KBAHTOBHUX
HEWUPOMEPEX

Pe3tome. HeniniiiHe MopentoBaHHS Ta MPOTHO3YBAHHS XAOTHYHOI €BOJNIOIINHOI AMHAMIKU
Takol CKJIQJHOI CHCTEMH, SK JIaMIla 3BOPOTHOI XBWJII, PO3IJISJAETHCS 32 JOIMOMOTOI0 HOBOTO
KOMOIHOBAaHOTO METO/Y, 3aCHOBAHOTO Ha aJTOpPUTMax Teopii XaocCy, KOHIEMIii reOMEeTPUIHHUX
aTpaKTOpiB Ta KBAaHTOBO HEMPOHHO-MEPEKEBUX alIropuTMax MojentoBaHHsA. [IpoBeneHo
MOJICJIFOBAHHS JIMHAMIKM OaraTomapoBoi ()OTOHHOI HeHpoMmepeki A BHUIAJIKy 3alIyMIIEHOI
BX1JTHOT TOCI]iTOBHOCTI. [IpoBeneHO aHaii3, MOJENIOBaHHS Ta OOpOoOKa 4YacoBO1 3aJIeKHOCTI
BUXIJIHOI aMIUTITyd M HEPeIsITHBICTCHKOI (PEeNATUBICTCHKOI) JaMIH, IUHAMiKa SKOT
ONMCYETHCSI CHUCTEMOIO pIBHAHb HECTalllOHApHOI HENiHIMHOT Teopli [ aMIUNTYAH
€JIGKTPOMArHiTHOTO TOJs Ta pyxy nmyuka. HaBeneni faHi nmpo mokasHuku JIAmyHoBa, EHTPOIIiO
KonmoropoBa,  koedimieHT  Kopensauii MDK — (QakTHUHUM 1 HEMPOHHO-MEPEKEBUMU
IPOTHOCTUYHUMH JaHUMH YacOBOI 3aJIEKHOCTI aMIUIITYAM BMXIJHOTO CHUTHATY PO3IIISAHYTOT
JaMIIA  3BOPOTHOI XBWII TomO. [ToeTHaHHS yIOCKOHAJIEHUX aITOPUTMIB Cy4acHOI Teopii Xaocy,
KOHIIETIil KOMIAKTHUX TE€OMETPUYHUX aTPAaKTOpiB 1 OXHOro 3 e(eKTUBHUX HEHPOHHO-
MEpPEKEeBUX aTOPUTMIB, a00, y OLIbII 3aralbHOMY CEHCl, BUKOpPHCTaHHS €(EeKTHBHOI MoJenl
HITYYHOTO 1HTEJEKTY TOILO, MOXe 3a0€3MeUUTH Ay>Ke aJeKBaTHHM 1 KUIbKICHO KOPEKTHHUH onuc
4acoBOi €BOJIOLINHOI JUHAMIKY HaWCKIAAHIMNX (PI3UYHUX CHUCTEM, 30KpeMa, y chepi cydacHol
HA/IBUCOKOYACTOTHOI €JICKTPOHIKH.

KurouoBi cjioBa: HepensTUBICTChKA Ta PENSATUBICTCHKA JlaMIa 3BOPOTHOI XBWJIl, CIIEKTP
BUIIPOMIHIOBAaHHS, CIIEKTPOCKOIIisl, XaOTHYHA JUHAMIiKa, KOHIIEIis TeOMETPUYHOTO aTpaKTopy,
KBAHTOB1 HEHPOHHI Mepexi

This article has been received in October 26, 2021
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SPECTROSCOPY AND DYNAMICS OF NONLINEAR PROCESSES IN
RELATIVISTIC BACKWARD-WAVE TUBE WITH ACCOUNTING FOR
EFFECTS OF SPACE CHARGE, DISSIPATION AND WAVE
REFLECTIONS

An effective universal, approach to solving the problems of quantitative modelling and analysis of
the fundamental characteristics of spectroscopy and dynamics of the nonlinear processes in relativistic
microwave electronics devices, in particular, a relativistic backward wave tube (RBWT) has been
developed and implemented. It has been performed modelling, analysis, and prediction of chaotic
dynamics of RBWT with simultaneous consideration of not only relativistic effects, but also the
effects of dissipation, presence of space charge, wave reflections at the ends of the decelerating
system, etc in a wide range of changes at different values of control parameters, which are
characteristic for the distributed relativistic electron-wave self-oscillating systems. From physical
viewpoint the transition to chaos in the dynamics of the studied RBWT occurs according to the
scenario everywhere in the sequence of period-doubling bifurcations, but with the growth of
relativism, the dynamics become fundamentally complicated with the alternation of quasi-harmonic
and chaotic regimes (including the appearance of the "beak" effect on the bifurcation diagram) and the
transition everywhere intermittency to the high-D attractor.

1. Introduction

At the present time, the study of regular and
chaotic dynamics of nonlinear processes in
various classes of devices of the so-called
relativistic  ultra-high-frequency electronics
definitely belongs to the number of extremely
relevant and extremely complex directions in
the physics of elements, systems and devices
of electronics. It is well known that the
development of relativistic  microwave
electronics and an increase in the pulse power
of microwave radiation by several orders of
magnitude was immediately caused by the
appearance  of  high-current  electronic
accelerators [1-20]. The use of intense
relativistic electron beams for the generation
of microwave radiation already in the first
experiments conducted led to the achievement
of record levels of the output power of
microwave generators [1-10]. At the moment,
with the help of relativistic sources, practically
the entire microwave range has been mastered,
and for centimetre waves the level of pulse
power is over 10" W, for millimetre waves -
10° W. The main tasks of relativistic
microwave electronics naturally include, first
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of all, the quantitative study of energy
conversion mechanisms of high-intensity
electron flows accelerated to relativistic
velocities into powerful coherent
electromagnetic radiation and, of course, their
use in various devices for further application
in various fields of science and technology,
including, for the purposes of nano-sec
location, special radio-technical applications,
accelerators with an ultra-fast rate of particle
energy collection. Powerful generators of
chaotic oscillations of the microwave range are
also of great applied interest in the tasks of
plasma heating in controlled thermonuclear
fusion installations, the construction of modern
information transmission systems with such
new possibilities as the use of dynamic chaos
and other applications [1-6]. However, their
application in practice faces a number of
problems, in particular, it is about the need to
increase the stability and efficiency of
generation, increase the energy in the
microwave pulse, maintain high coherence of
radiation for high values of the generation
power, the possibilities of wide adjustment of
the generation frequency and so on.



The need to generate -electromagnetic
radiation of greater power contributed to the
study of relativistic RBWT, which are actually
the first devices implemented in a one-time
mode based on a strong current electron
accelerator. The peculiarity of RBWT is that
the interaction of the microwave field with the
electron beam 1is carried out through the
synchronous harmonic of the wave, which
propagates towards the electron flow. In
contrast to non-relativistic BWT, the study of
nonlinear dynamics of complex processes,
different modes of functioning in RBWT is
characterized by a significantly lower level of
understanding. The inconsistency between the
calculated and experimental values of the
RBWT parameters is caused, in particular, by
the use of simplified numerical models that do
not adequately describe its relativistic
dynamics, by an insufficiently correct
approximation of accounting for only the Ist
harmonic of the space charge, and by the
observed decrease in the efficiency of the
generator at an increase in the current of the
high-current beam caused by the increase in
the forces of the volume charge, etc.

Here we present a further development of
an effective approach to solving the problems
of quantitative modeling, analysis and
forecasting of the characteristics of
spectroscopy and the dynamics of nonlinear
processes in relativistic microwave electronics
devices, in particular, a relativistic backward
wave tube (RBWT) [18-20]. There are
presented the results of modelling, analysis, of
the RBWT chaotic dynamics  with
simultaneous consideration of as relativistic
effects, as also of the effects of dissipation,
presence of space charge, wave reflections at
the ends of the decelerating system, etc in a
wide range of control parameters, which are
characteristic for the distributed relativistic
electron-wave self-oscillating systems.

2. Spectroscopy and dynamics of
relativistic backward wave tube:
Advanced model

Let us consider the system of equations of
the dynamics of RWBT, which takes into
account the influence of the space charge. It
should be noted right away that when deriving
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the master equations of non-stationary
nonlinear theory, in fact within the limits of
the method of slowly changing amplitudes, the
assumption is usually used that with the
appropriate choice of independent variables
(tot—x/0,.0% )" The equations of motion of
electrons are written in the same form as in the
stationary theory of RBWT [1-4,8-12,18-20].
The same is true when taking into account the
influence of the space charge field [8,11,20].
Next, using the traditional notation of the
space charge parameter introduced by Peirce,
namely:

4QC = (UJ;: (UJ“C)'):’, (1)

(where ®, is a plasmas frequency, ®, —
synchronization frequency, and C is the Peirce
interaction parameter), it is possible to write
down the system of equations of the dynamics
of RBWT taking into account the influence of
the space charge, leaving the excitation
equation and boundary conditions unchanged.
As a result, under the assumption of a wide
beam, taking into account the movement of the
influence of the space charge, we have the
equation of dynamics:

926/9(% = —L*yZ[(1 + ——036/00)>
(067 = ~LRI0L +575500/00)
—B&1ZRe[ F exp(if) +

M
4QC .
—|—,—Z I, exp(ik8)]
ik
k=1
(2a)
0F/0t-0F/0+dF=—L1I, (26)
[, = l_fe o
kT T[” 1]
(2¢)

Note that in (2) the space charge field is
represented by a Fourier series in terms of the
variable 0, which characterizes the electron
phase relative to the high-frequency filling of
the wave field, and the finite number of
members of the series M is taken into account.



in a number of works (see, e.g., [18-12,18-20].
According to this analysis, the physics of the
effect is as follows: while the operating current
of the BWT is relatively small, the space
charge field does not play a significant role.
But when the current increases, due to the
occurrence of regrouping in the beam and due
to feedback mechanism, from a certain point in
time a new automodulation mode may appear
in the system. Further, with the increase of the
current due to the increase of the space charge,
from a physical point of view, the existing
Coulomb repulsion prevents the convergence
of electrons and their mutual overtaking and,
accordingly, the occurrence of rearrangement,
which qualitatively should lead to the
suppression of automodulation in the system.
That is, the influence of the desired effect can
be considered as a rather interesting means of
qualitatively changing the intensity of one or
another mode, in particular, automodulation or
even the dynamic chaos mode. At the same
time, it should be remembered that only in
specific numerical or experimental studies of a
certain BWT, an accurate quantitative picture
of the impact of the effect can be established.
It should be noted that there are currently no
qualitative and quantitative data on the
indicated effect for RBWT. Another
significant factor that can affect the dynamics
of real BWT is the effect of the presence of
wave reflections at the ends of the decelerating
system The qualitative physics of the effect is
quite obvious (see, e.g., [1-4,9-12,20]). In fact,
it is well known that at the end of the system,
where the energy radiated by the beam arrives,
only a certain part of it is transmitted to the
output path, and the other part is transformed
into reflected waves that transfer energy in the
opposite direction (in the direction of electron
motion). Since such waves are not
synchronous with the beam in terms of their
phase velocity, they should probably be
expected to propagate without significant
interaction with the electron beam. At the
same time, having reached the opposite end of
the system, the sought waves will be partially
absorbed, partially reflected, and part of the
energy will be transformed back into a
working wave, that is, an additional feedback
mechanism may take place. Further, if the
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working and reflected waves are marked with
"+" and "-" signs, i.e.:

E =Re[ E (x,0)e™ ™

€

]

b

3)
E_ — RC |: [}:-_ (x? f ) e;"[lluf | -"|JJ[:.\':|
then for the corresponding complex
amplitudes the equations are true [14]:
LOE, OE, 1 .
rp] ~ =5 == __Bg K{JII (4&)
ot ox 2
L OE_ OE
oy —+—=0 (4b)
ot Ox

with boundary conditions at the ends of the
retarding system

E_(0,t)=R\E,(0,1),

E (1,t)=RE (,t) 5)

where R, and R complex reflection
coefficients at the left and right ends of the
deceleration system.

Since, the general solution for the amplitude of
the reflected wave can be written as

E (x.,f):./'(.r—.'_;]pf)

3

where f — arbitrary function, this variable can
be excluded from consideration, leaving only
the equations for the operating wave and the
boundary condition with a delay:

CE, _CE. _ 1o, 7
U]lll (A - = (f\ — = __['Jll_} K[]Il
ct X 2"
, (6)
E‘I (!jf):pel;ole (()"r['lrJllr Dlp)



Here P and pare a modulus and a phase of

the product of complex reflection coefficients
R,R, =pe"

The master system of equations for RBWT
with taking into account wave reflections at
the ends of the decelerating system, can be
written in the following form:

o0 = —Re[l’exp(r’{] )]
ac

2n
OFIot-0F/0g+dF=—=[ e *'dp, (7
0

c0

' E |__'_0:

2

0

9

0] =0,
L=u (7b)

F(L,t)=pe"F(0,T—sL)

b

(7c)

where _(1 _H) (1 —H{) — parameter of

. u=u0,/0_
group  desynchronization, "
dimensionless group velocity.

From a physical point of view, the
parameter s (or u) is responsible for the
frequency distance between adjacent modes
that form an equidistant spectrum. It is obvious
that the frequencies at which the amplitude of
stimulated oscillations is maximal are the
natural frequencies of the corresponding
resonator. Given this condition, the equidistant
spectrum will be:

@,=Qm+¢)/(1+s), (8)

accordingly, the mode distribution is
determined by the value 27/(1+s).

Obviously, from the point of view of the
influence on the dynamics of processes in the
RBWT, it is worth expecting a quantitative
influence of the presence of wave reflections
at the ends of the retarding system of the
BWT. But, one could guess that only in
specific numerical or experimental studies of a
certain RBWT there can be established a
precise quantitative picture of the influence of
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this effect. To carry out numerical calculations
with the aim of solving systems of differential
equations of the type (2) and others, and
further numerical modeling of the dynamics of
nonlinear processes in RBWT, a set of
programs is applied, which is based on the use
of finite-difference schemes of the "predictor-
corrector" type and the Thomson sweep
method for solving the corresponding system
of linear algebraic equations (e.g.[21-26]).

3. New physical results and conclusions

In this subsection, for the first time in the
physics of RBWT, we will present the results
of a full numerical simulation taking into
account all above listed effects. As a master
system, a system of differential equations with
corresponding boundary conditions is taken:
(2)~«(7). It should be noted that in such a
setting the problem turns out to be very
difficult even from a numerical point of view,
so below we specify all the input parameters,
based, first, on the correspondence to the
parameters of real devices (see [1-4,8-12]),
secondly, fixing some parameters from the
very beginning, keeping in mind the main goal
- to investigate the nonlinear dynamics of a
specific RBWT, taking into account most of
the key physical effects in the chaotic regime,
with the clarification and construction of the
corresponding bifurcation diagrams in the
"relativistic factor - bifurcation parameter"
plane, proportional to the electron beam
current L=2 1t CN/y,.

The following initial values were taken as
input parameters: relativistic factor y,==1.5
(further on, we will increase y, by 2 and 4
times), electric length of the interaction space
N=k,1/(27)=10, electron speed v=0.75s,
vip=0.25s, dissipation parameter D=5dB,
starting parameters of reflection: s=0.5, p=0.7,
0<@<2m. The choice of ¢ is due to the fact that
the dependence on it is periodic. The influence
of reflections leads to the fact that the
bifurcation parameter L begins to depend on
the phase ¢ of the reflection parameter. The
obvious optimal values of the parameter
(formula 8) are those for which ¢, is close to
the resonance frequencies, e.g., @o--m. It is
obvious that self-excitation of the system will



be difficult if @, is located in the center of the
interval between two natural frequencies. It is
not difficult to estimate the most optimal and
suboptimal phase values for self-excitation,
respectively, $~0.48m and ¢~1.48n. In the case
of sufficiently large values of the parameter p
(namely, this case should be considered the
most interesting and complex, since for weak
reflections the dynamics are similar to those
discussed above, and the automodulation
mechanism is related to the amplitude
nonlinearity of the distributed system), the
corresponding automodulation limit  will
obviously have a complex shape.

In the region 0<@<n modes with indices n=
-1,-2,-3 will be excited. As a result of the
strong interaction, the second mode is
suppressed, which leads to a two-frequency
generation in the stationary mode. In the
region <@<27n  self-modulation occurs for L
values smaller than in the previous case. At the
same time, the presence of dissipation will
increase the corresponding L values.

Fig.1 shows the numerical data for the
normalized field amplitude

F(&r)=E/(2pUC)

with the input parameters specified above. The
corresponding theoretical results of test
modeling of non-stationary processes in
RBWT at the values of the bifurcation
parameter L: (a) — 2.7, (b) — 3.5, (¢) — 4.0.

It should be noted that, in contrast to the
dynamics of RBWT, considered in the
previous subsection, in the implemented
model, all the considered effects have a
significant impact. First, taking into account
the effect of space charge leads to a certain
suppression of automodulation, taking into
account dissipation leads to an increase in the
bifurcation = parameter L, at  which
automodulation is realized.

The effect of strong reflection leads to a
complex picture in the output spectrum of the
system. From the beginning, there is a single-
frequency generation corresponding to the first
mode, but as L increases, this mode is
suppressed by the second mode (n=-2).

At L=2.7 (see Fig. 1a), modes with n=-2, -4
have the largest amplitudes. With further
growth of the bifurcation parameter L above 3,

93

both even and odd modes are excited (n=0, -1,
-2, -3, -4); in fact, the automodulation mode is
implemented, while two maxima of the field
amplitude, spreading from the collector end to
the gun end, are formed periodically along the
length of the system, which is the reason for
the doubling of the automodulation period.

7

Figure 1. - Numerical data on the time dependence of

. _ F(Lr)=E/ (2[-5,:,(,.-'(?-‘-)
normalized field amplitude -
(our data with accounting for dissipation, a space
charge, wave reflections) for bifurcation parameter (a)
2.7; (b)3.5; (c)4.0; (other parameters: yo=1.5, N =410,
s=0.5, p=0.7, ¢=1.37).



In fig. 2 shows the calculated spectrum of
the output signal for the value of the parameter
L=3.9-4 (other parameters of the system are as
follows: y=1.5, N=¢10, s=0.5, p=0.7, ¢
=1.3n).

soe| | -# |

Fa

Figure 2 — Theoretical spectrum of the output signal for
the value of the parameter L=3.9-4 (other parameters of
the system are as follows: y,=1.5, N=1¢10, s=0.5,
p=0.7, p=1.37).

With a further increase in L, the quasi-
periodic self-modulation mode is established
again (Fig. 1b; period 13.8 ns) and, finally, a
significantly chaotic mode appears (Fig. 1c). It
is important that the results obtained by us are
very well correlated with the results of [8,11],
where the dynamics of the BWT is studied
with taking into account the effect of
reflections, but without taking into account the
effect of dissipation and the influence of the
space charge field, etc. It is of a great
importance to underline that from physical
viewpoint the transition to chaos in the
dynamics of the studied RBWT occurs
according to the scenario everywhere in the
sequence of period-doubling bifurcations, but
with the growth of relativism, the dynamics
become fundamentally complicated with the
alternation of quasi-harmonic and chaotic
regimes (including the appearance of the
"beak" effect on the bifurcation diagram) and
the transition everywhere intermittency to the
high-D attractor [15,16,18].
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SPECTROSCOPY AND DYNAMICS OF NONLINEAR PROCESSES IN
RELATIVISTIC BACKWARD-WAVE TUBE WITH ACCOUNTING FOR EFFECTS
OF SPACE CHARGE, DISSIPATION AND WAVE REFLECTIONS

Summary. An effective universal, approach to solving the problems of quantitative
modeling, analysis and forecasting of the characteristics of spectroscopy and the dynamics of
nonlinear processes in relativistic microwave electronics devices, in particular, a relativistic
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It has been performed
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modelling, analysis, and prediction of chaotic dynamics of RBWT with simultaneous
consideration of not only relativistic effects, but also the effects of dissipation, presence of space
charge, wave reflections at the ends of the decelerating system, etc in a wide range of changes at
different values of control parameters, which are characteristic for the distributed relativistic
electron-wave self-oscillating systems. From physical viewpoint the transition to chaos in the
dynamics of the studied RBWT occurs according to the scenario everywhere in the sequence of
period-doubling bifurcations, but with the growth of relativism, the dynamics become
fundamentally complicated with the alternation of quasi-harmonic and chaotic regimes
(including the appearance of the "beak" effect on the bifurcation diagram) and the transition
everywhere intermittency to the high-D attractor.
Key words: relativistic theory, backward-wave tube, spectroscopy, chaotic dynamics
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CHEKTPOCKOINIA TA TUHAMIKA HEJITHIMHUX ITPOIIECIB B
PEJATUBICTCBKIN JIAMIII 3BOPOTHOI XBHJII 3 YPAXYBAHHSM E®EKTIB
MMPOCTOPOBOI'O 3APALY, JMCHUITALII TA BIABUTTSA XBUJIT

Pe3lome. Po3poOieno HOBuI e(eKTHBHUI yHIBepCalbHUM MiAXiA A0 BHUpIMIEHHS 3a1a4
KUTBKICHOTO MOJICIOBAHHS, aHaji3y Ta MPOTHO3YBaHHS XapaKTEPHUCTUK CIEKTPOCKOIii Ta
JUHAMIKA HENIHIHHUX TPOLECIB y MPUCTPOSIX PEISATUBICTCHKOI MIKPOXBHIIBOBOI €IEKTPOHIKH,
30kpeMa? penaTHBICTCHKOI sammu 3BopoTHoro xBwii (PJI3X). Bukonano MopemroBaHHS Ta
¢iznuHnit anamiz xaotuyHoi AuHamiku PJI3X 3 omHOUaCHMM BpaxyBaHHSM SIK PEJISITUBICTCHKUX
e(deKTiB, Tak i epeKTiB TUCHTIAIlli, HASBHOCTI MPOCTOPOBOTO 3apsly, BIIOUTTS XBHJIb Ha KIHIIX
CHCTEMH, WO CIIOBUIBHIOETHCS, TOIIO, B MpPHU PI3HUX 3HAYCHHAX KEPYIOUUX MapaMeTpis,
XapaKTepHUX I PO3MOJAUICHUX PENATUBICTCHKUX €NEeKTPOHHO-XBUIBLOBHX aBTOKOJIMBAIBHUX
cucteM. 3 (i3MYHOI TOYKH 30py IMepexiJ A0 XaoCy y JAMHaMili mociimkyBaHoi PJI3X
B1I0YBA€ETHCS 3a CIIEHAPIEM Yepe3 MOCHTIIOBHICTh OldypKalliii MoJBOEHHS MEepioay, aje 3 pOCTOM
pEeNATHBI3MY JMHAMIKa TPUHIMIIOBO YCKJIAAHIOETHCS 1 3BOJUTBCA OO YepeayBaHHS
KBa3irapMOHIMHUX Ta XAOTHYHHUX PEKHUMIB (BKIIOUYAIOUM IIOSIBY HOBOTO (PeHOMEHAIBHOTO
edexTy «a3p00a» Ha BIANOBIIHIN OidypKamiliHiii qiarpami) i B KIHIIEBOMY pe3yJIbTaTi Iepexomy
yepes MepepruBYaCTICTh IO BUCOKOPO3MIPHOTO aTPakTopy.

Kao4oBi ci1oBa: pensTHBICTChKA TEOPist, JamIia 3BOPOTHOT XBUJIi, CIEKTPOCKOITisl, XaOTUYHA
TUHAMIKa

This article has been received in October 26, 2021
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OPTIMIZED RELATIVISTIC MANY-BODY
PERTURBATION THEORY IN CALCULATIONS OF
ATOMIC SPECTRAL AND RADIATION
CHARACTERISTICS: Eu ATOM

The new formalism of the relativistic gauge-invariant perturbation theory (RMBPT-ODF) with the optimized
Dirac-Fock approximation and a generalized energy approach is applied to the study of energy, radiation, and
spectroscopic characteristics of a group of heavy atomic systems, in particular, energy levels and transition
probabilities and oscillator strengths of the transitions 41"(*S)6s? S, 417(®S)686p *Psi.7202, 417(3S)687p *Psnra,
41"(®S)658p ®Py.70 in spectrum of the europium atom Eu 1. It is shown that the required formalism, in compa-
rison with the standard non-optimized relativistic Hartree-Fock and Dirac-Fock methods, allows obtaining
more accurate data both on energies and amplitudes and probabilities of radiative transitions, which is due to
the use of the optimized zero ODF approximation, a fairly complete and effective account of complex many-
body exchange-correlation effects. The contribution due to the polarization of the core reaches 30% of the
value of the oscillator strength; the value of the calibration-invariant contribution to the radiation width is
fractions of a percent, in contrast to all existing methods of modern atomic spectroscopy, for which the con-

tribution reaches 5-50%.

1. Introduction

The study of energy, radiation, spectro-
scopic, and generally structural properties of
heavy neutral and highly ionized atoms (so-
called multiply charged ions) is of fundamen-
tal fundamental importance in many areas of
atomic physics (theory of atomic spectra, spec-
troscopy, theory of spectral lines), astrophysics
, plasma physics, laser physics, etc [1-34]. The
development of new directions in the field of
atomic optics and spectroscopy, laser physics
and quantum electronics, such as precision
spectroscopy of heavy and superheavy atoms
and multi-charged ions, the latest astrophysical
research, pulsed heating methods in experi-
ments on controlled thermonuclear synthesis,
the creation of fundamentally of new schemes
of lasers in VUF, as well as further improve-
ment and development of new experimental
technologies, in particular with the use of new
laser technologies, accelerators, etc., deter-
mines the urgent need to solve urgent and im-
portant tasks of atomic optics and laser physics
on to a fundamentally new relativistic level of
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theoretical consistency and accuracy. In the
last decade, relativistic theoretical spec-
troscopy of heavy both ordinary and exotic
atomic systems, the so-called relativistic multi-
electron and hadronic atoms, as well as heavy
multi-charged ions, which covers the ultravio-
let and X-ray spectrum ranges, has been ac-
tively developing. It is well known that the
study of the structure of the spectral lines of
such atomic systems is of great interest for the
further development of atomic and nuclear the-
ories, as well as the theory of fundamental in-
teractions, including electroweak and strong.
Experiments to determine the properties of the
splitting of spectral lines, in particular, the
study of the characteristics of the ultrafine
structure, make it possible to specify the val-
ues of the nuclear magnetic moments of vari-
ous isotopes and to check the accuracy of vari-
ous computational models used for the theoret-
ical description of atomic nuclei in heavy sys-
tems [1-25].

Most of the standard methods of the theory,
despite the known progress in their develop-
ment, are not able to provide a simultaneous


mailto:ternovskyvb@gmail.com

precise description of all the listed groups of
effects and corrections. Indeed, despite numer-
ous attempts to develop precise methods for
describing the spectra of heavy atomic systems
(the mega-Dirac-Fock (DF=DF) method, the
R-matrix method, the relativistic coupled-clus-
ter method, various versions of the TK etc.;
packages: "SUPERSTRUCTURE", "Dirac"-
package, "Beta-package", "QED", "GRASP",
"BERTHA", etc.), a whole set of problems of
simultaneous high-precision calculation re-
mains unsolved above mentioned effects.
Moreover, there is no information about a
rather large number of particularly heavy and
superheavy atoms (as well as the correspond-
ing multicharged ions) of Mendeleev's peri-
odic table, and the situation related to the
study of the characteristics of superheavy ele-
ments has acquired a particularly crisis charac-
ter due to the lack of any reliable data. A simi-
lar complex of complex theoretical problems is
also observed in the relativistic spectroscopy
of heavy hadronic (in particular, kaonic) multi-
electron atoms, for most of which no reliable
spectroscopic data are given in the literature
[26-29]. In our paper we present a formalism
of the relativistic gauge-invariant perturbation
theory (RMBPT-ODF) with the optimized
Dirac-Fock (DF) approximation, which is ap-
plied to the study of energy, radiation, and
spectroscopic characteristics of a group of he-
avy atomic systems, in particular, energy le-
vels and transition probabilities and oscillator
strengths of the transitions 4f7(®S)6s> *S;»
4f7(8S)6s6p 81)5/2,7.2,9.2, 4f7(8S)6S7p 8P5/2,7\2,
417(®S)6s8p *Pyn.72 in spectrum of the europium
atom Eu I. A generalized energy approach is
used to calculate the transitions probabilities
and oscillator strengths.

2. Relativistic many-body perturbation
theory with optimized Dirac-Fock zeroth
approximation

As the method of computing is earlier pre-
sented in detail, here we are limited only by
the key topics [25-30]. The theoretical founda-
tions of our method of combined relativistic
RMBPT with optimized Dirac-Fock-Breit
(ODF) zeroth approximation and generalized
energy approach for consistent description and
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calculation of energetic, radiative, and spectro-
scopic characteristics of heavy multi-electron
atomic systems with consistent, maximally
precise consideration of relativistic, nuclear ef-
fects (including the effects of Breit-Rosenthal-
Crawford-Schawlow, as well as Bohr-Weis-
skopf) and radiation QED corrections (includ-
ing the radiative corrections for vacuum po-
larization, the self-energy part of the Lamb
shift, as well as corrections of higher orders of
PT, in particular, Kéllen-Sabry of order o*(0.Z)
and Wichmann-Kroll of order a(Za)", etc. The
starting basis for the development of our new -
approach to the calculation of energy, radia-
tion and spectroscopic characteristics of heavy
atomic systems is the adiabatic formalism of
Gell-Mann and Lowe and the ab initio PT for-
malism with using the Feynman diagram tech-
nique. The well-known S-matrix adiabatic for-
malism of Gell-Mann and Lowe leads to PT
series on the coupling constant (in our case,
the electromagnetic interaction) for shifts dE.
The PT series are diagrammed in the standard
way (using the usual technique of Feynman di-
agrams). At the same time, it is natural that
new approximations in the theory of multi-
electron systems are conveniently formulated
as methods of summarizing Feynman dia-
grams of a certain type.

In the theory of the relativistic atom, there
is a technique related to the diagonalization of
the own matrix M for calculating the energy
shifts dE of the states, and the corresponding
matrix elements are complex. For a multi-elec-
tron atomic system in the relativistic theory,
the energy shift of the excited state is repre-
sented in the standard complex form as [1,31-
35]:

AE = ReAE + 1 ImAE, (1a)
Im AE =-1'/2, (16)

. . . A : .
Their imaginary part of =dE is con-

nected with the radiation decay (radiation)
possibility. The whole calculation of the ener-
gies and decay probabilities of a non-degener-
ate excited state is reduced to the calculation
and diagonalization of the complex matrix M.



The complex secular matrix M is repre-
sented in the form [1,31]:

{0

M=M

+ ]1,31 (1 n l’f el l’ f 3] .

2)

where M is the contribution of the vacuum
(2)

diagrams of all order of PT, and M" M

M"" those of the one-, two- and three- quasi-

particle diagrams respectively. M is a real
matrix, proportional to the unit matrix. It de-
termines only the general level shift. We have

assumed M =0. The diagonal matrix M
can be presented as a sum of the independent
one-quasiparticle contributions. For simple
systems (such as alkali atoms and ions) the
one-quasiparticle energies can be taken from
the experiment. The first two order corrections

to ReM"™ have been analyzed previously using
Feynman diagrams (look Ref. in [2,3]). In the
second order, there are two kinds of diagrams:
polarization and ladder ones.

The polarization diagrams take into account
the quasiparticle interaction through the polar-
izable core, and the ladder diagrams account
for the immediate quasiparticle interaction
[31-36].

Some of the ladder diagram contributions as
well as some of the three-quasiparticle dia-
gram contributions in all PT orders have the
same angular symmetry as the two-quasiparti-
cle diagram contributions of the first order.
These contributions have been summarized by
a modification of the central potential, which
must now include the screening (anti-screen-
ing) of the core potential of each particle by
the two others. The additional potential modi-
fies the one-quasiparticle orbitals and energies.
The relativistic polarization potential [39] by
Glushkov is used in our method.

In the QED theory, the photon propagator
D(12) plays the role of this interaction. Natu-
rally the analytical form of D(12) depends on
the gauge, in which the electrodynamical po-
tentials are written. Interelectron interaction
operator with accounting for Breit interaction
has been taken as follows:
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1-a,a;
V(rirj)=exp(ia)rij) : m,

ij

3)

where, as usually, ¢; are the Dirac matrices. In
general, the results of all approximate calcula-
tions depended on the gauge. Naturally the
correct result must be gauge-invariant. The
gauge dependence of the amplitudes of the
photoprocesses in the approximate calculations
is a known fact and is investigated by Grant,
Armstrong, Aymar and  Luc-Koenig,
Glushkov-Ivanov-Ivanova et al (see review in
[9,32]). Grant has investigated the gauge con-
nection with the limiting non-relativistic form
of the transition operator and has formulated
the conditions for approximate functions of the
states, in which the amplitudes of the photo
processes are gauge invariant (see review in
[9]). These results remain true in the energy
approach because the final formulae for the
probabilities coincide in both approaches.
Glushkov-Ivanov have developed a new rela-
tivistic gauge-conserved version of the energy
approach [32]. In ref. [30,35-40] it has been
developed its further generalization. Here we
applied this approach for generating the opti-
mized relativistic orbitals basis in the zeroth
approximation of the many-body PT.

The fundamental point of our approach is
the selection of the optimized Dirac-Fock
(ODF) potential as the zero approximation,
and the procedure for constructing a one-
quasiparticle representation is based on the
principle of constructing optimized atomic
bases in compliance with the principle of
gauge invariance, in particular, by minimizing
gauge-invariant contributions to the radiative
widths of the levels. Here it is important to
emphasize that this procedure is implemented
in this approach for the first time, in contrast to
alternative approaches in relativistic spec-
troscopy of heavy atoms and ions, where zero
approximations were built: unoptimized (stan-
dard) DF, Dirac-Hartree-Slater, Dirac-Kohn-
Sham (DKS), XV, relativistic HF, Hartree-
Fock-Slater, as well as model methods (model
potential, pseudopotential, etc.). The function
of a certain state of the system (ASF) with the
total angular momentum J, with its z-projec-
tion M and parity p has the form:



W (IMP) = Z (YD (Y MP) @)
Un(1) Yi(N)|
(D(YmJMP} = Z d;

(1)

)|
thy(N) 5)

where ¢ - configuration mixing factors for the
state s; d(y,,JM *) - state functions of a certain
configuration, that is, the Slater determinant of
4-component Dirac bispinors; y; - one-electron
relativistic wave functions.

The one-electron wave function can be
defined as

1 Pax(r)- Q. (0. ¢)
r\iQuu(r)- Q" (6,9)

(6)

where Q*_.',-(H.d.‘w) - angular 2-component
spinor, P(r) and Q(r) are the major and minor
radial parts of the wave function, respectively.
The optimization of the PT one-electron basis
has been fulfilled by means of introduction of
the parameter to the exchange potential and
further minimization of the gauge-non-invari-
ant contributions into radiation width of
atomic levels with using relativistic orbital
bases, generated by the corresponding zeroth
approximation Hamiltonian [1,32-36]. Other
details can be found in Refs. [25-47].

3. Some results and conclusion

In this subsection, we present the results of
the calculation of transition energies and prob-
abilities of some transitions in the spectrum of
heavy complex atoms (of the lanthanides
group) of europium Eu L.

Table 1 shows the considered transitions, as
well as the corresponding wavelengths that we
calculated. In the table w we present the re-
sults of our calculations (column F) of oscilla-
tor strengths of electric dipole transitions to-
gether with available experimental data (col-
umns E1, E2). For comparison, this table also
shows the calculation results (see details in [1,
4,5,48]) within the framework of the popular

and well-known Coulomb approximation (col-
umns A, B, C correspond to the calibration of
the photon propagator: Coulomb Babushkin,
Feynmann) [3] and the multi-configurational
DF method (column D), F — RMBPT with the
empirical model potential zeroth approxima-
tion; G - the results of our calculation.

Table 1. Transitions and corresponding wave-lengths (in
A) in the spectrum of Eul (our data)

N Transition

47(3S)6s” 8S7, =417 (*S)6s6p *Psp2
4f'(*S)6s” ¥S7, —>41'(*S)6s6p *P1
417(*S)6s? 8S7, —41(*S)6s6p *Poy
4f'(*S)6s” ¥S7, —>41'(*S)6s7p *Ps,
4f'(*S)6s? 8S7, —41'(*S)6s7p *Pop
4f'(*S)6s” ¥S7, —>41'(*S)6s7p *P1x
4f'(*S)6s? 8S7, —41'(*S)6s8p *Po
4f'(*S)6s” ¥S7, —>41'(*S)6s8p *P1
41'(*S)6s? 8S7, —41'(*S)6s8p *Psp
Wavelength (in A)

4661,77

4627,15

4592,01

2743,16

2738,48

2731,33

2471,09

2461,68

2520,45

OO0 QAN N[ B[ WIN|—=[ZO|o QAN ||| W[ |~

The analysis of the obtained data allows us
to conclude that, firstly, our theory is in fairly
good agreement with the experiment, much
better in comparison with the well-known mul-
ticonfigurational DF method, as well as with
the simplified Coulomb approximation.

Secondly, as can be seen, in the Coulomb
approximation, the calculation data using dif-
ferent calibrations of the photon propagator are
quite different from each other, while in our
theory the difference in the data regarding the
strength of the oscillators does not exceed
0.05% (for the Coulomb calibration and the
Babushkin calibration ).
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Thirdly, the calculation demonstrated an ex-
tremely significant quantitative contribution
(up to 30%) due to the effects of interelectron
correlation (polarization and shielding interac-
tions) as effects of the second and higher or-
ders of the PT. Finally, the analysis shows that
the experimental data for the transitions
4f7(*S)6s%* S+, —417(*S)6s7p* Py, Ta 417(*S)6s”
8S7n —417(®S)6s7p*P712, obviously contain some
error that in principle, it is explained by the ex-
tremely significant complexity of studying the
specified spectrum.

Table 2 Oscillator strengths of series of transitions in
the spectrum of Eul atom: experiment — E1, E2; A, B, C
— Coulomb approximation (data correspond to gauge of
photon propagator: Coulomb, Feynman, Babushkin), D
— multiconfiguration DF method, F — RMBPT with em-
pirical model potential zeroth approximation, G — our
RMBPT-ODF data

N A B C D

1 0,205 0,264 0,469 0,280
2 | 0,272 0,350 0,622 0,374
3 0,342 0,439 0,781 0,540
4 | 0,0228 | 0,0293 | 0,052

5 | 0,0381

6 | 0,0303

7 | 0,0157

8 | 0,0098

9 | 0,0075

N El E2 F G

1 0,433 0,49 0,478 0,475
2 | 0,588 0,59 0,591 0,589
3 0,740 0,74 0,740 0,741
4 | 0,012 0,015 0,014
5 | 0,0024 0,028 0,025
6 | 0,0027 0,022 0,026
7 10,0015 0,0017 | 0,0016
8 | 0,0060 0,0063 | 0,0062
9 | 0,0045 0,0049 | 0,0047

Key to the adequate accuracy of the de-
scription of the spectroscopic characteristics of
europium is the precise consideration of re-
lativistic, radiation and exchange-correlation
effects, the use of optimized orbital bases. A
comparison of our results with the data of cal-
culations within the relativistic PT with the
Dirac-Kon-Shem approximation shows that
there is a certain difference in the values of en-

ergies and transition probabilities, which is in-
deed connected with the different degree of
consideration, including exchange-correlation
corrections.

The main conclusion of our calculations is
that the method of relativistic many-body per-
turbation theory RMBPT developed by us with
the optimized Dirac-Fock zeroth approxima-
tion (ODF) has a fairly high theoretical consis-
tency and precision, and can be used for calcu-
lations of such complex systems as atoms of
lanthanides, actinides, in general, heavy and
superheavy atoms as well as multicharged
ions.

References

1. Grant 1. Relativistic Quantum Theory of
Atoms and Molecules. Oxford Univ. Press:
Oxford, 2007.

2. Glushkov, A.V. Relativistic quantum the-
ory. Quantum mechanics of atomic systems.
Astroprint: Odessa, 2008.

3. Khetselius, O.Yu. Hyperfine structure of
atomic spectra. Astroprint: Odessa, 2008.

4. Khetselius, O.Yu. Quantum structure of
electroweak interaction in heavy finite
Fermi-systems. Astroprint: Odessa, 2011.

5. Khetselius, O.Yu., Glushkov, A.V.,
Dubrovskaya, Yu.V., Chernyakova, Yu.,
Ignatenko, A.V., Serga, 1., Vitavetskaya, L.
Relativistic quantum chemistry and spec-
troscopy of exotic atomic systems with ac-
counting for strong interaction effects. In:
Concepts, Methods and Applications of
Quantum  Systems in Chemistry and
Physics. Springer, Cham. 2018, 37, 71-91.

6. Khetselius  O.Y., Ternovsky  V.B.,
Dubrovskaya Y.V., Svinarenko A.A.,
Electron-f-Nuclear Spectroscopy of atomic
systems and Many-Body perturbation
theory approach to computing [B-Decay
Parameters In: Glushkov A., Khetselius O.,
Maruani J., Brindas E. (Eds) Advances in
Methods and Applications of Quantum
Systems in Chemistry, Physics, and Biology,
Ser.: Progress in Theoretical Chemistry
and Physics, Cham: Springer. 2021,
Vol.33, P. 59-89. https:.doi.org/
10.1007/978-3-030-68314-6

7. Kunisz M.D., Coulomb approximation os-
cillator strengths for some transitions in rare

101


https://doi.org/10.1007/978-3-030-68314-6
https://doi.org/10.1007/978-3-030-68314-6
https://scholar.google.com/scholar?oi=bibs&cluster=8844798776525073199&btnI=1&hl=en
https://scholar.google.com/scholar?oi=bibs&cluster=8844798776525073199&btnI=1&hl=en
https://scholar.google.com/scholar?oi=bibs&cluster=8844798776525073199&btnI=1&hl=en

earths. Acta Phys.Polon. 1982, 62, 285-296.

8. Kotochigova S.A., Identification of VUV
absorption spectra of Eul 1. Calculation of
states 4f75d (9D)np. Opt.Spectr. 1983, 55,
422-428.

9. Khetselius, O.Yu. Relativistic perturbation
theory calculation of the hyperfine structure
parameters for some heavy-element iso-
topes. Int. Journ. Quant.Chem. 2009, 109,
3330-3335.

10. Khetselius, O. Relativistic calculation of
the hyperfine structure parameters for
heavy elements and laser detection of the
heavy isotopes. Phys.Scr. 2009, TI35,
014023.

11. Khetselius, O.Yu. Optimized relativistic
many-body perturbation theory calculation
of wavelengths and oscillator strengths for
Li-like multicharged ions. Adv. Quant.
Chem. 2019, 78, 223-251.

12. Dietz K., He¥ B.A., Single particle or-
bitals for configuration interaction derived
from quantum electrodynamics.
Phys.Scripta. 1989, 39, 682-688.

13. Dubrovskaya, Yu., Khetselius, O.Yu., Vi-
tavetskaya, L., Ternovsky, V., Serga, I
Quantum chemistry and spectroscopy of pi-
onic atomic systems with accounting for
relativistic, radiative, and strong interaction
effects. Adv. in Quantum Chem. 2019,
Vol.78, pp 193-222.

14. Bystryantseva, A., Khetselius, O.Yu.,
Dubrovskaya, Yu., Vitavetskaya, L.A.,
Berestenko, A.G. Relativistic theory of
spectra of heavy pionic atomic systems with
account of strong pion-nuclear interaction
effects: °Nb, '°YDb, '*'Ta, " Au. Photoelec-
tronics. 2016, 25, 56-61.

15. Khetselius, O., Glushkov, A., Gurskaya,
M., Kuznetsova, A., Dubrovskaya, Yu.,
Serga, ., Vitavetskaya, L. Computational
modelling parity nonconservation and elec-
troweak interaction effects in heavy atomic
systems within the nuclear-relativistic
many-body perturbation theory. J. Phys.:
Conf- Ser. 2017, 905(1), 012029.

16. Svinarenko, A., Khetselius, O., Buyadzhi,
V., Florko, T., Zaichko, P., Ponomarenko,
E. Spectroscopy of Rydberg atoms in a
Black-body radiation field: Relativistic the-
ory of excitation and ionization. J. Phys.:
Conf- Ser. 2014, 548, 012048.

17. Khetselius, O.Y. Hyperfine structure of
energy levels for isotopes *Ge, "As, *' Hg.
Photoelectronics. 2007, 16, 129-132.

18. Khetselius, O.Y., Gurnitskaya, E.P., Sen-
sing the electric and magnetic moments of a
nucleus in the N-like ion of Bi. Sensor
Electr. and Microsyst. Techn. 2006, N3, 35-
39.

19. Khetselius, O.Yu., Lopatkin, YuM,,
Dubrovskaya, Yu.V, Svinarenko, A.A.
Sensing hyperfine-structure, electroweak
interaction and parity non-conservation ef-
fect in heavy atoms and nuclei: New nu-
clear-QED approach. Sensor FElectr. and
Microsyst. Techn. 2010, 7(2), 11-19.

20. Florko, T.A., Tkach, T.B., Ambrosov,
S.V., Svinarenko, A.A. Collisional shift of
the heavy atoms hyperfine lines in an at-
mosphere of the inert gas. J. Phys.: Conf.
Ser. 2012, 397, 012037.

21. Glushkov, A., Vitavetskaya, L. Accurate
QED perturbation theory calculation of the
structure of heavy and superheavy element
atoms and multicharged ions with the ac-
count of nuclear size effect and QED cor-
rections. Herald of Uzhgorod Univ. Ser.
Phys. 2000, 8(2), 321-324.

22. Svinarenko, A. Spectroscopy of autoioni-
zation resonancesin spectra of barium. Pho-
toelectronics. 2014, 23, 86-90.

23. Glushkov, A.V., Malinovskaya, S.V.,
Dubrovskaya, Yu.V., Sensing the atomic
chemical composition effect on the beta de-
cay probabilities. Sensor Electr. and Mi-
crosyst. Techn. 2005, 2(1), 16-20.

24. Glushkov, A.V., Khetselius, O.Yu.,
Svinarenko A.A. Theoretical spectroscopy
of autoionization resonances in spectra of
lanthanides atoms. Phys. Scripta. 2013,
T153,014029.

25. Svinarenko, A., Glushkov, A, Khetselius,
0., Ternovsky, V., Dubrovskaya Y.,
Kuznetsova A., Buyadzhi V. Theoretical
spectroscopy of rare-earth elements: spectra
and autoionization resonances. Rare Earth
Element, Ed. J. Orjuela (InTech). 2017, pp
83-104.

26. Khetselius O.Yu., Ternovsky V.B., Serga
IN. and Svinarenko A.A. Relativistic
Quantum chemistry and Spectroscopy of
some kaonic atoms: Hyperfine and Strong
interaction effects. In: Glushkov A.V.,

102



Khetselius O.Y., Maruani J., Bridndas E.
(Eds) Advances in Methods and Applica-
tions of Quantum Systems in Chemistry,
Physics, and Biology, Ser.: Progress in
Theor. Chemistry and Physics, Cham:
Springer. 2021, Vol.33, P. 91-110.

27. Glushkov, A.V., Khetselius, O.Yu., Sv-
inarenko A.A., Buyadzhi, V.V., Ternovsky,
V.B, Kuznetsova, A., Bashkarev, P. Rela-
tivistic perturbation theory formalism to
computing spectra and radiation character-
istics: application to heavy element. Recent
Studies in Perturbation Theory, ed. D.
Uzunov (InTech). 2017, 131-150.

28. Glushkov, A.V., Svinarenko, A.A., Ter-
novsky, V.B., Smirnov, A.V., Zaichko,
P.A. Spectroscopy of the complex autoion-
ization resonances in spectrum of helium:
Test and new spectral data. Photoelectron-
ics. 2015, 24, 94-102.

29. Ternovsky V.B., Theoretical studying
Rydberg states spectrum of the uranium
atom on the basis of relativistic many-body
perturbation theory. Photoelectronics. 2019,
28, 39-45.

30. Glushkov, A.V. Ternovsky, V.B,
Buyadzhi, V., Zaichko, P., Nikola, L. Ad-
vanced relativistic energy approach to radi-
ation decay processes in atomic systems.
Photoelectr. 2015, 24, 11-22.

31. Ivanov, L.N.; Ivanova, E.P. Mecthod of
Sturm orbitals in calculation of physical
characteristics of radiation from atoms and
ions. JETP. 1996, 83, 258-266.

32. Glushkov, A.V., Ivanov, L.N. Radiation
decay of atomic states: atomic residue po-
larization and gauge noninvariant contribu-
tions. Phys. Lett. A 1992, 170, 33-36.

33. Glushkov, A.V.; Ivanov, L.N. DC strong-
field Stark effect: consistent quantum-me-
chanical approach. J. Phys. B: At. Mol. Opt.
Phys. 1993, 26, L379-386.

34. Glushkov, A.V. Relativistic and corre-
lation effects in spectra of atomic sys-
tems. Astroprint: Odessa, 2006.

35. Glushkov, A.V. Multiphoton spec-
troscopy of atoms and nuclei in a laser
field: Relativistic energy approach and radi-
ation atomic lines moments method. Adv. in

Quantum Chem. 2019, 78, 253-285.

36. Glushkov, A., Loboda, A., Gurnitskaya,
E., Svinarenko, A. QED theory of radiation
emission and absorption lines for atoms in a
strong laser field. Phys. Scripta. 2009,
T135, 014022.

37. Glushkov, A. Spectroscopy of cooperative
muon-gamma-nuclear processes: Energy
and spectral parameters J. Phys.: Conf. Ser.
2012, 397, 012011.

38. Glushkov, A.V. Spectroscopy of atom and
nucleus in a strong laser field: Stark effect
and multiphoton resonances. J. Phys.: Conf.
Ser. 2014, 548, 012020.

39. Glushkov, A.V. Relativistic polarization
potential of a many-electron atom. Sov.
Phys. Journal. 1990, 33(1), 1-4.

40. Glushkov, A., Svinarenko, A., Ignatenko,
A. Spectroscopy of autoionization resonan-
ces in spectra of the lanthanides atoms.
Photoelectronics. 2011, 20, 90-94.

41. Khetselius, O.Yu. Spectroscopy of coop-
erative electron-gamma-nuclear processes
in heavy atoms: NEET effect. J. Phys.:
Conf. Ser. 2012, 397, 012012.

42. Buyadzhi, V., Zaichko, P., Antoshkina,
0., Kulakli, T., Prepelitsa, G., Ternovsky,
V.B., Mansarliysky, V. Computing of radia-
tion parameters for atoms and multicharged
ions within relativistic energy approach:
Advanced Code. J. Phys.: Conf. Ser. 2017,
905(1), 012003.

43. Glushkov, A., Gurskaya, M., Ignatenko,
A., Smirnov, A., Serga, I., Svinarenko, A.,
Ternovsky, E. Computational code in
atomic and nuclear quantum optics: Ad-
vanced computing multiphoton resonance
parameters for atoms in a strong laser field.
J. Phys.: Conf. Ser. 2017, 905, 012004.
Glushkov, A.V., Ternovsky, V.B,,
Buyadzhi, V., Prepelitsa, G.P. Geometry of
a Relativistic Quantum Chaos: New ap-
proach to dynamics of quantum systems in
electromagnetic field and uniformity and
charm of a chaos. Proc. Int. Geom. Center.
2014, 7(4), 60-71.

44. Moore C., NBS Spectra Database, NBS,
Washington, 1987.

103



PACS 32.30.-r
V.B. Ternovsky

OPTIMIZED RELATIVISTIC MULTIPARTIC DISTURBANCE THEORY IN
CALCULATIONS OF ATOMIC RADIATION AND SPECTRAL CHARACTERI-
STICS: Eu ATOM

Resume. The new formalism of the relativistic gauge-invariant perturbation theory (RMBPT-
ODF) with the optimized Dirac-Fock approximation and a generalized energy approach is ap-
plied to the study of energy, radiation, and spectroscopic characteristics of a group of heavy ato-
mic systems, in particular, energy levels and transition probabilities and oscillator strengths of
the transitions 4fq(88)6s2 887/2 4f7(8S)6S6p 8P5/2,7_2,9.2, 4f7(SS)6s7p 8P5/2,7\2, 4f7(8S)6S8p 8P9/2,7\2 in Spec-
trum of the europium atom Eu L. It is shown that the required formalism, in comparison with the
standard non-optimized Hartree-Fock and Dirac-Fock relativistic methods, allows obtaining
more accurate data both on energies and amplitudes and probabilities of radiative transitions,
which is due to the use of the optimized zero ODF approximation, a fairly complete and effective
account of complex many-body exchange-correlation effects. The contribution due to the polari-
zation of the core reaches 30% of the value of the oscillator strength; the value of the calibration-
invariant contribution to the radiation width is fractions of a percent, in contrast to all existing
methods of modern atomic spectroscopy, for which the contribution reaches 5-50%.

Key words: Relativistic theory, optimized Dirac-Fock method, study of energy and ra-
diation characteristics, Eu atom

PACS 32.30.-r
B.b. Tepnoscwkuii,

ONITUMI3OBAHA PEJISITUBICTCBKA BATATOYACTUHKOBA TEOPIS 35YPEHD
B OBUMCJIEHHAX ATOMHUX CIIEKTPAJIbHUX TA PAJIIAIIIAHUX XAPAKTE-
PUCTUK: ATOM Eu

Pe3tome. HoBuii ¢opmaiizm pelsITHUBICTCHKOI KaaiOpyBallbHO-1HBapiaHTHOT Teopii 30ypeHb
(RMBPT-ODF) 3 onTuMi3oBaHMUM HYyJbOBHUM HaOmmwkeHHsM Jlipaka-Poka Ta y3aralibHEHHH
EHEePreTUYHUN TIAXIJT 3aCTOCOBAHO JI0 BUBUYCHHS CHEPTEeTUYHHX, PaJialliiHUX 1 CIIEKTPOCKOIII-
YHAX XapaKTEPUCTHK TPYMH BAXKKUX AaTOMHHUX CHCTEM, 30KpeMa, eHeprii piBHIB Ta
iiMoBipHOCTElH mepexoniB Ta cun ocuunaTopiB 4f7(3S)6s? *S;, 417(3S)6s6p *Psn7292, 417(3S)6s7p
P51 70, 417(*S)68p *Pyyn 70 aToMy €Bpomiro Eul. [lokazano, mo mykanuii popMaiizM y IMOPiBHSH-
Hi 31 CTaHIAPTHUMHU HEONITHUMI30BaHUMH PEISATUBICTCBKUMH MeTomaMu XapTpi-Poka ta Jlipaka-
@doka [03BOJSIE OTpUMATH OUTHINI TOYHI JaHi SK IO EHeprifiX, TaKk ¥ aMIUiTyaaM Ta
HMOBIpHOCTSM pajialliiHUX MEePEXoiB, MO 00YMOBJIECHO BUKOPUCTAHHSM OINTHMI30BAaHOTO HY-
ap0BOr0 HabmmwkeHHs: ODF, 1ocuTh MOBHUM €(eKTHBHUM ypaxyBaHHSM CKJIaJHUX O0araroyacTH-
HKOBUX OOMIHHO-KOpesiiHuX edekTiB. BHecok 3a paxyHOK mossipusaiii octoBy aocsarae 30%
BiJI 3HAYEHHS CHJIM OCLMIIATOPA; BEIIMUMHA KaTiOpyBalbHO-HEIHBAPIaHTHOTO BHECKY B pajiauiifHy
MIMPUHY CKJIAJIA€ JIOJI TMPOIICHTY Ha BIJIMIHY BiJl YCIX ICHYIOUHMX METOJIB CY4YacHOI aTOMHOI
CIEKTPOCKOTIIT, ISl IKMX BHECOK jgocsrae 5-50%.

Kawuosi cioBa: PenstuBictchka Teopis, ontumizoBanuii meron [lipaka-doka, BUBYCHHS
E€HEepreTUYHUX Ta paJiallifHIX XapaKTepHCTUK, aToM Eu

This article has been received in October 26, 2021

104



PACS 36.10.-k

O.Yu. Khetselius and Yu.V. Dubrovskaya

Odessa State Environmental University, L’vovskaya str., 15, Odessa
E-mail: dubrovskayayv(@gmail.com

SPECTROSCOPY AND DYNAMICS OF HEAVY EXOTIC
PIONIC ATOMIC SYSTEMS: ADVANCED RELATIVISTIC
THEORY

An advanced relativistic approach is presented to studying spectroscopy and photodynamics of the
exotic (pionic) atomic systems based on the Klein-Gordon-Fock equation approach and relativistic
many-body perturbation theory with accounting for the fundamental electromagnetic and strong pion-
nuclear interactions. The strong pion-nuclear interactions are taken into account by means of using the
generalized strong pion-nuclear optical potential model with the effective Ericson-Ericson potential.
The nuclear finite size effect is taken into consideration within the Fermi model. In order to take the
nuclear quadrupole deformation effects on pionic processes into account we have used the model by
Toki et al. The radiative corrections are effectively taken into account within the generalized Uehling-
Serber approximation to treat the Lamb shift vacuum polarization part. The advanced data for the
energy and spectral parameters for pionic atoms of the '*Yb, Lu, "’Au, *Pb, #**U with accounting
for the radiation (vacuum polarization), nuclear (finite size of a nucleus ) and the strong pion-nuclear

interaction corrections are listed.

1. Introduction

Our work is devoted to the further
development of the relativistic theoretical
approach [1-3] to the description of spectra
and different spectral parameters, in particular,
radiative transitions probabilities for hadronic
(pionic) atoms in the excited states with
precise accounting for the relativistic, nuclear
and radiative effects.

Here we present an advanced relativistic
theory of spectra of the exotic (pionic) atomic
systems based on the Klein-Gordon-Fock
equation approach and relativistic many-body
perturbation theory with accounting for the
fundamental electromagnetic and strong pion-
nuclear interactions. The latter has been
performed by means of using the advanced
strong pion-nuclear optical potential model
with the generalized Ericson-Ericson potential.
The nuclear finite size effect is taken into
consideration within the Fermi model. In order
to take the nuclear quadrupole deformation
effects on pionic processes into account we
have used the model by Toki et al. The
radiative corrections are effectively taken into
account within the generalized Uehling-Serber
approximation to treat the Lamb shift vacuum

polarization part. In order to take the
contribution of the Lamb shift self-energy part
into account we have used the generalized
non-perturbative procedure, which generalizes
the Mohr procedure and radiation model
potential method by Flambaum-Ginges. The
results of calculation of the energy and
spectral parameters for pionic atoms of the
'YDb, ""Lu, "“’Au, **Pb, **U with accounting
for the radiation (vacuum polarization),
nuclear (finite size of a nucleus ) and the
strong pion-nuclear interaction corrections are
presented.

As it is well known [1-22] spectroscopy of
hadronic atoms already in the electromagnetic
sector is extremely valuable area of research
that provide unique data for different areas of
physics, including nuclear, atomic, molecular
physics, physics of particles, sensor electronic
etc. While determining the properties of pion
atoms in theory is very simple as a series of H
such models and more sophisticated methods
such combination chiral perturbation theory
(PT), 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-precision approaches,
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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 for
pionic and kaonic atoms are naturally based on
the using the Klein-Gordon-Fock equation, but
there are many important problems connected
with accurate accounting for as pion-kaon-
nuclear strong interaction effects as QED
radiative corrections (firstly, the vacuum
polarization effect etc.). This topic has been a
subject of intensive theoretical and
experimental interest (see [1-23]). A
development of the comprehensive theory of
computing energy, spectral and radiation
characteristics is of a great interest and
importance in a modern theory of the hadronic
atom spectra too [1-36].

2. Relativistic Spectroscopy of pionic
atomic systems

Here we present a brief description of the
key moments of our approach (more details
can be found in Refs. [1-3]). As a negative
pion is the Boson with spin 0, mass: M, -
=139.57018 Mb»B, r,=0.672+0.08 fm, the
relativistic  particle wave functions are
determined from solution of the Klein-
Gordon-Fock equation with a general potential
Ve, which includes an electric and polarization
potentials of a nucleus (plus the strong pion-
nuclear interaction potential). Generally
speaking, the Klein-Gordon-Fock equation can
be rewritten as the corresponding two-
component equation [1-3]:

{0y

[—(a3+ zfrzﬁﬂ +osp+ (03 4109 ]\",'.;:If',' + Vo' |9 = B,

(1)

where o; are the Pauli spin matrices and

i

_1( A+ (E-V)/ws:
2\ a-E-vO e ) o

This equation is equivalent to the stationary
Klein-Gordon-Fock equation. The correspond-
ing non-stationary Klein-Gordon-Fock equa-
tion can be written in the following standard
form:

et (x) = -:%{ma, +el (N + AV 1W(x)

C

€)

where c is the speed of light, / is the Planck
constant, - is the reduced mass of the pion-
nuclear system, and Wo(x) is the scalar wave
function of the space-temporal coordinates.
Usually one considers the central potential
[Vo(r), 0] approximation with the stationary
solution:
Y(x) = exp(-iks/ A g x)

; (4)

#¥)is the solution of the stationary

where
equation:

{L| E+eVy(r) +h'V' — e tg(x) =0
‘ (%)
Here E is the total energy of the system (sum
of the mass energy mc” and binding energy &).
In principle, the central potential V is the sum
of the following potentials: the electric
potential of a nucleus, vacuum-polarization
potential. The strong interaction potential can
be added below.

Generally speaking, an energy of the pionic
atomic system can be represented as the
following sum:

ExEo+Ep +E,, +E.,

“OED

(6)

E.. . .
where "*¢1is the energy of a pion in a nucleus

7. A) . o o
( ) with the point-like charge, Eis s the
contribution due to the nucleus finite size

effect, Eivis the radiation QED correction,

Fvis the energy shift due to the strong
interaction

Further let us consider in details the
radiation or QED effects since their consistent
and accurate accounting for is of a great
importance and interest in spectroscopy of the
pionic atomic systems. In order to take the
radiation (QED) corrections into account,
namely, the important effect of the vacuum
polarization, one could use the procedure,
which is in details presented, for example, in
the Refs. [21-24]. Figure 1 illustrates the
Feynman diagrams, which describe QED
effect of the vacuum polarization: Al — the
Uehling-Serber term; A2, A3 — terms of order
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Figure 1. The Feynman diagrams, which describe QED
effect of the vacuum polarization: Al — the Uehling-

Serber term; A2, A3 — terms of order [O(( Za)EI”
(n=2,..); A4- the Kaillen-Sabry correction of order

a (az) ; A5 —the Wichmann-Kroll correction of order

ol Za|" (n=3).

An effect of the vacuum polarization is
usually considered in the first PT theory order
by means of the generalized Uehling-Serber
potential with modification to account for the
high-order radiative corrections. In particular,
the generalized Uehling-Serber potential can
be written as follows:

2t ¢ | 2

U(r)=— 2% [ drexp(-2rtfar )1+ 120 ) Y0 = (),

’o- I 3Tr

(7
where g=r/(aZ). More correct and consistent
approach is presented in Refs. [21-24].

The vacuum-polarization block includes the
radiation potential of the standard vacuum-
polarization contribution of the Uehling-
Serber, supplemented by the contributions due
to the Kaillen-Sabry [~% | “Z) order] and
Wichmann-Kroll [~a ( Za |"order] corrections.
The nuclear potential for the spherically
symmetric density p(rV R) can be presented
as follows:

Vo (;| R) =—(1/ ;‘)j drrp (.ﬂ R ) + I (fr'r'p[ir" R)
| (8)

In the concrete calculations one should use the
formulas for the finite size nuclear potential

and its derivatives on the nuclear radius. Here
we use the known Ivanov-Ivanova et al
method of differential equations (look details
in  Refs. [16-18,36,37]). The effective
algorithm for definition of the potential
V..alrV R is used in Refs. [16,23,24] and
reduced to solution of the following system of
the differential equations (for the Fermi
model):

V'nucl(r,R):(llrz)Idr'r'zp(r',R)E (1/r%)y(r,R)

9

y'lr,R)=r’plr,R), (9)

p'(r)=(p,la)exp (10)

with the corresponding boundary conditions.
The analogous expressions for determination
of a density can be provided by the Gaussian
model or within a consistent relativistic mean-
field model [23].

In order to take into consideration the
nuclear quadrupole deformation effects on
pionic processes we used the model by Toki et
al [19,20]:

plri=pulr+3 2K 1)y 3(7)

11
e V167 (n
where the quantity pi(r) is defined as
follows:
167 . 6(r—r, A
PYCRNELINNT) - f’y;!(;q.m
F =1 ! (12)

One should consider the case k=2, which
corresponds to the nuclear quadrupole density.
The Woods-Saxon-like form for the nuclear
density distribution in the intrinsic frame is
(see, e.g., [21]:

ﬁ(r):pN/ll+eXp(r_§(9)) , (13)
where
R(9)=R(1+BY5(6)),  (14)

P is the normalization constant, g is a
N

quadrupole deformation parameter.
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Further in order to calculate probabilities of
the radiative transitions between energy level
of the pionic atoms we have used the well-
known relativistic energy approach (c. g.[16-
18,23-28, 36-39]).

More simplified and sufficiently popular
approach to treating the strong interaction in
the pionic atomic system is provided by the
well known optical potential model (see, e.g.,
[4,10]). Recall that in the model of optical
potential for the description of pion-nuclear
interaction the potential

V =RelV +ilmV

= Niopt)

(15)

is used. Dedicated, as a rule, separate s-wave
and p-wave pion-nuclear scattering are derived
in accordance with the repulsive and attracting
parts of the optical potential. In order to
describe the strong #ZN interaction we use the
optical potential model where the generalized
Ericson-Ericson potential is as follows [4]:

a(r) }
1+4/3x2a(r)
(16a)

4rx
Vfr N = Vo,rn‘ (I) == ; {q(’ )V

o0)~{1+2= .0+ o, )=, 1

+(1+2";;N (B, (1) +Byplrloplr]], (16b)

alr)= (1 g ]_I )+ clp,(r)-p, (r)]i+

my,
mTI
+( 1+
s

N

-1

[C,0*(r)+C,plr)8p(r)]. (16¢)

Here pp,,,(r) — distribution of a density of the
protons and neutrons, respectively, -
parameter (=0 corresponds to case of “no
correlation”, £=1, if there are anticorrelations
between nucleons); respectively isoscalar and
isovector parameters by, co, Bo, bi,c1, Co By, C,
— are corresponding to the s-wave and p-wave
(repulsive and attracting potential member)
scattering length in the combined spin-isospin
space with taking into account the absorption
of pions (with different channels for p-p pair
By, and p-n pair By(,,), the Lorentz-Lorenz

effect in the p-wave interaction and isospin
and spin dependence of an amplitude nIN
scattering:

bop(r)— byplr)+b,[p,(r|=p,lr)], (17)

The description of numerical values of the
potential parameters is in details described in
Refs. [1-4,10-152]. Other details are in Refs.
[1-3,34-40].

3. Results and conclusions

In Table 1 the advanced data on the 4f-3d,
5g-4f transition energies for pionic atoms of
the YD, "”Lu, "’Au, ***Pb, **U are presented.
There are also listed the measured values of
the Berkley, CERN and Virginia laboratories
and alternative data obtained on the basis of
computing within alternative versions of the
Klein-Gordon-Fock (KGF) theory with taking
into account the finite size of the nucleus in
the model uniformly charged sphere and the
standard Uehling-Serber radiation correction
[1-3,5,6, 14, 15, 34, 35].

Table 1. The 5g-4f and 4f-3d transition energies (keV)
in the spectra of heavy pionic atoms (see text)

CERN EKGF+EM EKGF-EM
T-A Berkley |[[5,6,14] [7,8]
EEXP
YD | 5g-4f - - -
PTAu |5g-4f] 533.16+0.20 | 528.95 -
532.5+0.5
28T] | 5g-4f| 561.67+0.25 | 559.65 | 559.681
2%2Pb | 5g-4f| 575.56+0.25 | 573.83 | 573.862
B8U |5g-4f| 732.0+0.4 | 725.52 | 725.574
731.4+1.1
'3Yb |4f-3d - - -
'Lu |4f-3d - - 919.085
YTAu |4f-3d| 1187.3¢1.9 - -
2%ph [4f-3d| 1282+2.2 - -
AN Ex Ex Ex,
[5] [14, | Our data
15,34]
'Yb |5g-4f - - 412.26
YTAu |5g-4f]  532.87 531.88 | 533.08
*5T] |5g-4f]  560.93 - 561.63
22pp [5g-4f|  575.21 - 575.78
B8U |5g-4f]  729.80 - 730.92
'BYb | 4£-3d - - 838.67
Ly |4f-3d - - 923.14
Y7Au |4£-3d - 1167.92| 1186.35
2%pb | 4£-3d - 1261.23] 1281.78

108



The analysis of the presented data confirms
an importance of the consistent and correct
accounting for the radiation (vacuum
polarization) and the strong pion-nuclear
interaction corrections. The contributions due
to the nuclear finite size effect and electron
screening correction should be accounted in a
precise theory too. A correct treatment of the
nuclear, relativistic, radiative and other effects
could provide the physically reasonable
agreement  between  experimental and
theoretical data on the multi-electron pionic
atoms.
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PACS 36.10.-k
O.Yu. Khetselius, Yu.V. Dubrovskaya,

SPECTROSCOPY AND DYNAMICS OF HEAVY EXOTIC PIONIC ATOMIC
SYSTEMS: ADVANCED RELATIVISTIC THEORY

Summary. An advanced relativistic approach is presented to studying spectroscopy and
photodynamics of the exotic (pionic) atomic systems based on the Klein-Gordon-Fock equation
approach and relativistic many-body perturbation theory with accounting for the fundamental
electromagnetic and strong pion-nuclear interactions. The strong pion-nuclear interactions are
taken into account by means of using the generalized strong pion-nuclear optical potential model
with the effective Ericson-Ericson potential. The nuclear finite size effect is taken into
consideration within the Fermi model. In order to take the nuclear quadrupole deformation
effects on pionic processes into account we have used the model by Toki et al. The radiative
corrections are effectively taken into account within the generalized Uehling-Serber
approximation to treat the Lamb shift vacuum polarization part. The advanced data for the
energy and spectral parameters for pionic atoms of the '*Yb, '"Lu, "’Au, **Pb, **U with
accounting for the radiation (vacuum polarization), nuclear (finite size of a nucleus ) and the
strong pion-nuclear interaction corrections are listed.

Keywords: relativistic theory, pionic atomic systems, spectroscopy and photodynamics
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CIHHEKTPOCKOIIIA TA JTUHAMIKA BAKKUX EK30TUYHUX NIOHHUX
ATOMHHUX CUCTEM: YAOCKOHAJIEHA PEJIATUBICTCBKA TEOPIA

Pe3rome. Po3po6nieHO  ylOCKOHQJIEHUI — PeNATUBICTCHBKMM — MiAXi [0  BHUBYEHHSA
(GbyHIaMEHTaJIbHUX TapaMeTpiB CHEKTpOocKomii Ta (OTOAMHAMIKM €K30THYHUX (TIIOHHUX)
aTOMHHMX CHUCTeM Ha OCHOBI piBHsHHA Kielina-I'opnona-doka Ta pensTUBICTCHKOI Teopii
0araToyaCTMHKOBOI 30ypeHb 0araTboxX 3 ypaxyBaHHSIM (YHIAMEHTAJIbHUX €JIEKTPOMATHITHHUX 1
CWJIbHUX HIOH-sIepHUX B3aeMoaiid. Edextu cuiibHOi MioH-A7epHOi B3a€MO/IIi BPaXOBYIOThCS 3a
JIOTIOMOTOI0  y3arajJbHEHOI MOJEeJIl CHUJIBHOTO MIOH-SAEPHOTO0 ONTHYHOIO MOTEHLIany 3
epexkTuBHUM noTeHuianioM Epikcona-Epikcona. SnepHuit epexkT CKIHYEHHOro po3Mipy
BpaxoBYyeTbcs B pamkax mojeni depmi. 3 METOI0 ypaxyBaHHS BIUIMBY SA€PHOI KBaAPyHOJIbHOL
nedopMallii Ha MIOHHI JUHAMIYHI TPOLECH, BUKOPUCTaHO Mojenb Toki Ta iH. Pamiarmiiiai
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MOIPaBKH €()EeKTHBHO BPaxOBYIOTHCS B paMKax y3araibHeHoro HabmwkeHHs Yiinra-Cepbepa
st 00poOKM dacTWHM ToJisipu3amii Bakyymy JlemOa. Hapemeni mpernusiitai  jgaHl s
€HEepreTUYHUX 1 CHeKTpaIbHUX MapamMeTpiB i moHHUX atoMiB 173Yb, 175Lu, 197Au, 208Pb,
238U 3 ypaxyBaHHSIM paJlallifHUX, AAepHUX (CKIHYEHHMH pO3MIp spa) MOMpaBOK Ta e(eKTiB
CWJIBHOI TIOH-IEPHOT B3a€MO/Iii.

KurouoBi ciaoBa: penstuBicTcbka Teopis, IMIOHHI aTOMHI CHCTEMH, CHEKTPOCKOMIS Ta
doronuHaMika
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RELATIVISTIC APPROACH TO COMPUTING
WAVELENGTHS OF TRANSITIONS IN SPECTRA OF ATOMIC
SYSTEMS IN PLASMAS

New relativistic approach to computing the spectral parameters of multicharged ions in plasmas for
different values of the plasmas screening (Debye) parameter (respectively, electron density,
temperature) is presented. The presented approach is based on the generalized relativistic energy
approach combined with the optimized relativistic many-body perturbation theory with the Dirac-
Debye screening hamiltonian as a zeroth approximation, adapted for application to study the energy
and spectral parameters of atoms and ions in plasmas. The special exchange potential as well as the
electron density with dependence upon the temperature are used. The wavelengths for a number of
transitions, including (A): E(1s2p 'P)-E(1s* 'S); (B) E(1s3p 'Pi)_E(1s* 'S); (C)AK: E(1s2p
3Py) E(1s2s °S); (D): E(1s3p *P1)_E(1s2s *S) of the helium in plasmas for various Debye lengths are
calculated and compared with the corresponding data by Kar-Ho.

1. Introduction.

The properties of laboratory, thermonuclear
(tokamak), laser-produced, astrophysical plas-
mas have drawn considerable attention over
the last decades [1-5]. It is known that multi-
charged ions play an important role in the di-
agnostics of a wide variety of plasmas [1-23].
From the other side, studying spectra of ions in
plasmas remains very actual in order to under-
stand the plasma processes themselves. In
most plasma environments the properties are
determined by the electrons and the ions, and
the interactions between them. It has stimu-
lated a great number of papers, devoted to
modelling the elementary processes in laser,
collisionally pumped plasmas and construction
of the first VUV and X-ray lasers with using
plasmas of Li-, Ne-like ions as an active
medium.

Such well-known atomic methods as the
multi-configuration Dirac—Fock, R-, T-matrix,
relativistic distorted-wave methods, coupled-
cluster theories, and more simplified ap-
proaches such as the quantum defect and
Coulomb approximations, pseudo- and model
potential methods, the classical and quasiclas-
sical models and others have been intensively
applied to problems considered. At present
time a considerable interest has been encapsu-

lated to studying elementary atomic processes
in plasmas environments because of the plas-
mas screening effect on the plasmas-embedded
atomic systems. In many papers the calcula-
tions of various atomic and ionic systems em-
bedded in the Debye plasmas have been per-
formed [1-28]; a development of the advanced
computational quantum methods and models
for the further accurate computing wave-
lengths and oscillator strengths for the atomic
systems in plasmas, including the Debye plas-
mas, remained a very actual and difficult prob-
lem (for example, see [1-42] and Refs. therein)
. To say strictly, solving of the whole problem
requires a development of the quantum-elec-
trodynamical approach as the most consistent
one to problem of the Coulomb many-body
system.

Nevertheless, there are known principal the-
oretical problems to be solved in order to re-
ceive the correct description of the elementary
atomic processes in laser, collisionally pumped
plasma. First of all, speech is about develop-
ment of the advanced quantum-mechanical
models for the further accurate computing os-
cillator strengths, electron-collisional strengths
and rate coefficients for atomic ions in plas-
mas, including the Debye plasmas. As usu-
ally, a correct accounting for the relativistic,
exchange-correlation, plasma environment ef-
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fects is of a great importance. To say strictly,
solving of the whole problem requires a devel-
opment of the quantum-electrodynamical ap-
proach as the most consistent one to problem
of the Coulomb many-body system.

In this paper, which goes on our work [15-
20], we present New relativistic approach to
computing the spectral parameters of multi-
charged ions in plasmas for different values of
the plasmas screening (Debye) parameter (re-
spectively, electron density, temperature) is
presented. The presented approach is based on
the generalized relativistic energy approach
combined with the optimized relativistic
many-body perturbation theory with the Dirac-
Debye screening hamiltonian as a zeroth ap-
proximation, adapted for application to study
the energy and spectral parameters of atoms
and ions in plasmas. The special exchange po-
tential as well as the electron density with de-
pendence upon the temperature are used.

2. Theoretical Approach.

Some fundamental aspects of the approach
developed were earlier presented (see, for
example, Refs. [20-26]). Therefore, below we
are limited only by the key and as a rule new
points of a theory, following to Refs. [20-23].
Let us start our consideration from formulation
relativistic many-body PT with the Debye
shielding model Dirac Hamiltonian for
electron-nuclear and electron-electron systems.
Formally, a multielectron atomic systems
(multielectron atom or multicharged ion) is
described by the relativistic Dirac Hamiltonian
(the atomic units are used) as follows:

H = hir )+ V(rr ).
| | (1)

Here, h(r) is one-particle Dirac Hamiltonian
for electron in a field of a nucleus and V is
potential of the inter-electron interaction.
According to Refs. [6] it is useful to determine
the interelectron potential with accounting for
the retarding effect and magnetic interaction in
the lowest order on parameter o (o is the fine
structure constant) as follows:

(f ~aa, )

V (1;;‘}_ ) = e’_\;p(.fwl,l,}j,. )‘7’,
o r.

)
where ®j is the transition frequency; o ,o; are
the Dirac matrices.

In order to take into account the plasmas
environment effects already in the PT zeroth
approximation we use the known Yukawa-
type potential of the following form:

Wi 1) = (Zali/|raems|)exp (-pteframs]) — (3)
where r, 7, represent respectively the spatial
coordinates of particles, say, A and B and Z,
Zydenote their charges.

The potential (3) is well known (look , for
example, [1-4,24] and Refs there) well known,
for example, in the classical Debye-Hiickel,
theory of plasmas. The plasmas environment
effect is modelled by the shielding parameter
u, which describes a shape of the long-rang
potential. The parameter u is connected with
the plasma parameters such as the temperature
0 and the charge density n as follows:

p~ve’nlk,T (4)

Here e is the electron charge and ks is the
Boltzman constant. The density 7 is given as a
sum of the electron density N, and the ion
density Ny of the k-th ion species with the

_ 2
nuclear charge ¢, : 1=N e"'zk: QN 1t is very

useful to remind the simple estimates for the
shielding parameter.

For example, under typical laser plasma
conditions of T ~ lkeV and n~ 10* cm™ the
parameter u is of the order of 0,1 in atomic
units. By introducing the Yukawa-type
electron-nuclear attraction and electron-
electron repulsion potentials, the Debye
shielding model Dirac Hamiltonian for
electron-nuclear and electron-electron
subsystems is given in atomic units as follows
[20-22]:

H = Z[acp — pmc’ — Zexp(—pwr;)/ 1]+

v Z—U _f‘“-") exp(—r)
i>j i

()
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where ¢ is the velocity of light and Z is a
charge of the atomic ion nucleus.

The formalism of the relativistic many-
body PT is further constructed in the same way
as the PT formalism in Refs. [20,24-32]. In
the PT zeroth approximation one should use a
mean-field potential, which includes the
Yukawa-type potential (insist of the pure
Coulomb one) plus exchange potential and
additionally the correlation potential (for
example, the Lundqvist-Gunnarson potential
with the optimization parameter b can be used)
as in Refs. [24-26]. As alternative one could
use an optimized model potential by Ivanova-
Ivanov (for Ne-like ions) [1,30], which is
calibrated within the special ab initio
procedure within the relativistic energy
approach [24-27].

Let us concretize the corresponding mean-field
potential. In particular, one of the possible
versions U(r) is as follows (sum of the

Coulomb or Yukawa-type potential plus
exchange potential:
U(I"): UCoul—Yuk(r) + Uex(r); (6)

With the exchange potential as follows:

p(r)+n_“(p(r))2

4
Uo(iw(r): Tp(r)[l-l-G T3/2 3 T3/2

-1/3

(7)
where p(7) is an electron density.

The electron density can be presented as a
sum of the following terms:

p(r)=pi(r)+ pa(r), (8)

pl(r)Nle 'Pnl(r)uz 9)
pr1 =YL 3] e - U“Mn)] .
T T
(10)
y>%(U(r)+EO), (10

where UZT, 1t 1s a chemical potential and

E, is a boundary between state of discrete
spectrum and continuum.

The averaged numbers of fulfilling electron
states can be determined on the basis of the
Fermi-Dirac expression:

NHI:Z(21+1)ll+exp(%(Enl+p))]_ (12)

The point of accounting for the many-body
exchange-correlation corrections within a pre-
sented theory can be treated as in an usual per-
turbation theory for free multicharged ions.
As usually, in the PT second order, there are
two kinds of the exchange and correlation dia-
grams: polarization and ladder ones. The po-
larization diagrams take into account the
quasiparticle interaction through the polariz-
able core, and the ladder diagrams account for
the immediate quasiparticle interaction. An ef-
fective procedure of their accounting are in de-
tails described in Refs. [6-9,20-24]. The modi-
fied PC numerical code ‘Superatom” [24-32]
is used in all calculations. Other details can be
found in Refs. [33-40].

3. Results and conclusions.

Below we will present our data on the
wavelengths for a number of transitions, in-
cluding (A): E(1s2p 'P))-E(1s* 'S); (B) E(1s3p
'P1)_E(1s*'S); (C)AK: E(1s2p *P;)_E(1s2s°S);
(D): E(1s3p °P;) E(1s2s °S) of the helium in
plasmas for various Debye lengths and com-
pare with the corresponding data by Kar-Ho
[2]. It should be noted that Kar-Ho [2] have
used the highly correlated basis functions for
singly excited S, P, D states and Cl-type basis
functions for doubly excited meta-stable D sta-
tes, and the plasmas effect has been taken into
account by using a screened Coulomb (Yuka-
wa) potential obtained from the Debye model
that admits a variety of plasma conditions. The
analysis shows that the presented data are in
physically reasonable agreement with the theo-
retical data [2].

However, some difference between the
corresponding results can be explained by
using different relativistic orbital bases and by
differences in the numerical realization of
model for accounting for the screening effect
as well as some numerical differences
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Table 1. Transition wavelengths (in A ° ) of helium
atom below the He+(1S) threshold for different Debye
lengths (A): E(1s2p 'P)-E(1s* 'S); (B) E(1s3p
'Py)_E(1s* 'S); (C)AK: E(1s2p *Pi) E(1s2s °S); (D):
E(1s3p °P;) E(1s2s *S); See text
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RELATIVISTIC APPROACH TO COMPUTING WAVELENGTHS OF TRANSITIONS
IN SPECTRA OF ATOMIC SYSTEMS IN PLASMAS

Summary. New relativistic approach to computing the spectral parameters of multicharged
ions in plasmas for different values of the plasmas screening (Debye) parameter (respectively,
electron density, temperature) is presented. The presented approach is based on the generalized
relativistic energy approach combined with the optimized relativistic many-body perturbation
theory with the Dirac-Debye screening hamiltonian as a zeroth approximation, adapted for
application to study the energy and spectral parameters of atoms and ions in plasmas. The special
exchange potential as well as the electron density with dependence upon the temperature are
used. The wavelengths for a number of transitions, including (A): E(1s2p 'Py)-E(1s* 'S); (B)
E(1s3p 'P1)_E(1s*'S); (C)AK: E(1s2p *Py)_E(1s2s*S); (D): E(1s3p *P;)_E(1s2s *S) of the helium
in plasmas for various Debye lengths are calculated and compared with the corresponding data
by Kar-Ho.

Key words: atomic spectroscopy, plasmas, energy approach, relativistic theory

PACS 31.15.-P

Tepnoscokuu € B.

PEJATUBICTCHKHUHA MIJAXIJ 10 OBUMCJIEHHA JOBXKHWH XBIWJIb
MNEPEXO/IIB Y CIIEKTPAX ATOMHUX CUCTEM Y IIJIAZMI

Pestome. IlpencraBieHo HOBHI PENATUBICTCHKUNA MiAXil A0 OOYHCIEHHS CHEKTPaJbHUX
napaMeTpiB aTOMHUX CHCTEM Y TUIa3Mi JUIs Pi3HUX 3HA4YeHb napaMmerpa ekpanyBanHs ([leOas)
m1a3Mu (BIAMOBIHO, €IEKTPOHHOI TYCTHHH, TeMriepatypu). [IpencraBnennid miaxim 6a3yeTbest
Ha y3arajJlbHEHOMY PeNIITUBICTCHKOMY €HEPreTHYHOMY IiXO/i B MOEIHAHHI 3 ONTHMi30BaHOIO
PENIATUBICTCHKOI0 0araTo4acTUHKOBOIO TEOpi€l0 30ypeHb 3 MOJENbHHM  TaMiIbTOHIAHOM
Hipaka-Jlebas sk HyJIbOBUM HaOJIIKEHHSIM Teopii 30ypeHb, aJanTOBaHUM ISl JAOCIHIHKEHHS
EHEPreTUYHUX Ta CHEKTPaJbHUX IMapaMeTpiB aTOMIB Ta 10HIB y IUia3Mi. BHKOPUCTOBYETHCS
cremialbHUi OOMIHHUI TIOTEHINaJ, a TaKOX eJEeKTPOHHAa TYCTHHAa B 3aJIEKHOCTI Bif
TemreparypH. JIOBKXHHYU XBHIIb JUIS psALy nepexodis, Bkmouaroun (A) E(1s2p 'Py)-E(1s* 'S); (B)
E(1s3p 'Py) E(1s* 'S); (C)AK: E(1s2p *P;) E(1s2s *S); (D): E(1s3p °P,) E(1s2s °S) remio B
1a3Mi s pisHUX JOBXKHUH JleOass 00UMCITIOIOTHCS Ta MOPIBHIOIOTHCS 3 BIAMOBIIHUMH JTaHHUMH
Kap-Xo.

KiiouoBi cjioBa: aToMHa CHEKTPOCKOMIis, MJja3Ma, €HEPreTUYHHM MiAXil, PeNsITUBICTChKA
Teopis
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THEORETICAL STUDY OF RYDBERG ALKALI ATOMIC
SYSTEMS IN A BLACK-BODY RADIATION FIELD:
RELATIVISTIC APPROACH

We present the results of studying the characteristics of Rydberg alkali atomic systems in a black-
body (BBR; thermal) radiation field, in particular, BBR induced Stark shift coefficient k. As
theoretical approach the combined generalized relativistic energy approach and relativistic many-
body perturbation theory (PT) with ab initio Dirac zeroth approximation is applied. Application of
theory to computing the spectral parameters of studied atomic systems have demonstrated physically
reasonable agreement between the theoretical and experimental data. carefully. It should be noted that
our method takes carefully into account such important factors as the implementation of a gauge
invariance principle when calculating the corresponding matrix elements, the correct degree of
consideration of complex exchange-correlation effects (primarily, the effect of polarization of the
core), and also generates a fairly optimal one-quasiparticle representation in within the limits of many-
body relativistic PT with ab initio zeroth Dirac-Fock (Kohn-Sham) approximation. In any case, the
formalism developed in this work, as it follows from the given results, can be used for precise

calculations of the Stark shift coefficient k, the BBR shift parameter B, and other parameters.

1. Introduction

Modern theoretical photo-optics and spec-
troscopy of atomic systems, laser physics, pho-
toelectronics and related physical fields are
characterized by rapid development, connec-
ted, on the one hand, with the unprecedented
progress of modern experimental methods and
technologies due to the appearance of intense
and super-intense sources of coherent laser ra-
diation, pulses from several tens of femtose-
conds to units of picoseconds and the ability to
achieve peak intensities from 10" W/cm2 to
promising relativistic and higher ~10** W/cm?
(we are primarily talking about modern types
of free electron lasers such as TESLA, XFEL
etc.), the active use of beam-foil spectroscopy
methods, magneto-optical traps with the pro-
duction of single Rydberg atoms, collider and
accelerator technology, etc. [1-25].

Relatively new topic of the modern theory
is connected with consistent treating the Ryd-
berg atoms in a field of the Blackbody radia-
tion (BBR). It should be noted that the BBR is
one of the essential factors affecting the Ryd-
berg states in atoms [1].

The account for the ac Stark shift, fast redi-
stribution of the levels’ population and photo-
ionization provided by the environmental BBR
became of a great importance for successfully
handling atoms in their Rydberg states. The
vast majority of existing papers on the descrip-
tion of Rydberg atoms in the thermal radiation
field (c.g. [1-32]) are based on the Coulomb
hydrogen-like approximation, different ver-
sions of the quantum defect method, classical
and quasiclassical model approaches, the mo-
del and pseudo — potential methods. consider
the problem of calculating the shift in the fre-
quency of atomic transitions induced by BBR
radiation, which is of fundamental importance
for the operation of, for example, atomic
clocks. It is well known that the main contri-
bution to systematic frequency shifts is due to
the Stark shift.

The so-called BBR shift is one of the most
important contributions at room temperature
for many frequency standards. A detailed ove-
rview of the problem is given, e.g. in works [3-
11, 20,21] and numerous sources cited there.

It should be noted that at the present time,
the sought-after research has been transformed
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into a separate highly intensive scientific field
of research, and close attention is paid to
theoretical developments, since the appropriate
experimental measurements of BBR landslides
are an extremely difficult academic task. In
works [3-11,20], the current state of theoretical
calculations of BBR shifts in various systems,
which are of interest for the development of
both microwave and optical frequency
standards, is considered.

At the same time one should note that for
heavy Rydberg atoms (both in the free state
and in an external electromagnetic field) it is
fundamentally important to accurately account
for both relativistic and exchange-correlation
effects. The quality and consistency of accoun-
ting for these effects also determine the accu-
racy of description of the energy and spectro-
scopic parameters of the heavy Rydberg
atoms, including these atoms in a thermal ra-
diation field. 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 ther-
mal ionization characteristics of neutral and
Rydberg atoms [1,2].

In this paper the results of studying the cha-
racteristics of Rydberg alkali atomic systems
in a black-body (BBR; thermal) radiation field,
in particular, BBR induced Stark shift
coefficient k, on the basis of a new approach
[20-22] are presented. As theoretical approach
the combined generalized relativistic energy
approach and relativistic many-body PT with
ab initio Dirac zeroth approximation is ap-
plied (e.g.[23-33]).

2. Relativistic approach to atom in a
Black-body radiation field

It is worth to remind that the electric field
corresponding to thermal radiation according
to Planck's law:

"‘1‘('.\'3 .4,'3(.1‘11.,'

E?(w)dw = B ;
() m exp(w/ksT)—1

(1

leads to non-resonant perturbation of atomic
transitions, the corresponding electric field

shift is then [7]:

! - 4
(E?) = (831.9 V/m)? (1;{[1;)) .
« 2)

The shift in the atomic transition frequency
due to the action of an electric field is known
to be related to the static polarizability as:

T(K)
300

) 1 i i !
Sy = —5{831.9 V fx'm)z ( ) ag(l+mn),

€)

where 1 is an insignificant dynamic correction.
It is not difficult to understand that the shift in
the atomic transition frequency is actually the
difference between the shifts of individual lev-
els.

The key fundamental parameter is the p pa-
rameter of the relative BBR temperature-de-
pendent atomic transition frequency shift,
which is defined as [7,20]:

v (T(E)\* (EEY
w=(x) (1“( ) )
(4)

where, as usual, To=300K. The parameter 3
can be calculated directly on the basis of data
on the Stark coefficient k according to the ex-
pression:

B = E (831.9 V/m)®.
]
(5)

The fact is that the Stark coefficient is
determined from the ratio for the frequency
shift in a static electric field Jv=kE".
Accordingly, it can be related to the
polarizability for the case of the initial and
final states of the atomic system:
1
k= —3[0'1}'-'.1:) T ﬂ'uff}]-
= (6)

It is also worth quoting formulas that define a
scalar and tensor polarizability, namely, a
scalar polarizability can be standardly defined
as (see, for example, [1,2]):
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where [ is the nuclear spin, J - total electronic
moment.

Further let us give characteristics of the
used generalized energy approach [9-20] and
relativistic perturbation theory with the zeroth
approximation [21-32] to computing the
atomic radiation and spectral parameters. Ac-
cording to Ref. [11,22], the RMBPT zeroth or-
der Hamiltonian of the Rydberg atomic system
is as follows:

H, =) {acp, — pmc® +[-Z/r, +
Uy (7; | b) + ch(’} )]

where ¢ is the velocity of light, a;,a; — the
Dirac matrices, w; —the transition frequency,
Z is a charge of atomic nucleus. The general
potential in (4) includes self-consistent Cou-
lomb-like mean-field potential UMF(r Vv b), ab
ibitio one-particle exchange-correlation (re-
lativistic generalized exchange Kohn-Sham
potential plus generalized correlation poten-
tial) ch(r Y% b) with the gauge calibrated
parameter b (it is determined within special re-
lativistic procedure on the basis of relativistic
energy approach (e.g. [1,2,21-26]).
The perturbation operator is as follows:

B =3 explianyr, ) 1% _
i>f if
Z[UMF (1) + Vi (r; |D)]

; ©)
The multielectron interelectron exchange-cor-
relation effects (the core polarization and scre-
ening effects, continuum pressure etc) are ta-
ken into consideration as the RMBPT second
and higher orders contributions. The details of
calculation of the corresponding matrix ele-
ments of the polarization and screening intere-

“4)

lectron interaction potentials are described in
Refs. [9,22,33-38].

In order to calculate the values of A in (7)
we use the known relativistic energy approach.
Within it in the relativistic theory a radiation
decay probability (ionization cross-section etc)
is connected with the imaginary part of elec-
tron energy shift. The total energy shift of the
state is usually presented in the form: AE =
ReAE + i I'/2, where I is interpreted as the
level width, and a decay probability P =T". The
imaginary part of electron energy shift is
defined in the PT lowest order as:

2
e )
ImAE(B)=——— Y Vlm%z‘
T a>n>f

[a<n<f] , (6)

where (a>n>f) for electron and (a<n<f) for
vacancy. The matrix element is determined as
follows [23-25]:

sinjo|r 2

[l dndry#; (r)¥ ; () (1-

.',-'}d "2
— oy Wi (r2) ¥ (1)

(7)
Their detailed description of the matrix ele-
ments and procedure for their computing is
presented in Refs. [20-25]. The relativistic
wave functions are calculated by solution of
the Dirac equation with the potential, which
includes the Dirac-Fock consistent field poten-
tial and additionally polarization potential [1].
The detailed procedures of calculation of the
radial and angular integrals (amplitudes) in the
matrix elements are described in Refs.
[1,2,23,24,29-38]. All calculations are per-
formed on the basis of the numeral code Su-
peratom-ISAN (version 93).

3. Results and conclusions

Until now, a considerable number of works
have been used to calculate the Stark shift
coefficient k (10~ Hz/(V/m)*) and the BBR
shift parameter . Among the theoretical
approaches used to calculate the specified
parameters, various improved versions of the
multi-particle relativistic PT method, taking
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into account corrections up to higher PT
orders, are repeatedly mentioned in this work.
In table 1 there are presented the experimental
and theoretical values of the Stark shift
coefficient k (10~ ' Hz/(V/m)?) for transitions
between components of the hyperfine structure
of the ground state): Thl — linearized coupled
cluster method; Th2-the PT method with
screened Coulomb interaction; Th3 is our
RMBPT-DKS theory (see, e.g., [7,8,20]).

Table 1. The value of the Stark shift coefficient k (in 10"
" Hz/(V/m)*): Thl — linearized curled-cluster method;
Th2 —-TK method (PTSCI); Th3 -our RMBPT-DKS
theory (see text)

®Na | 3s(F=2 | Thl 20.1285
“F=1) | Th3 -0.126

Exp -0.124(3)
YRb | 55 (F=2 | Thl 1272
-F=1) Th2 -1.240
Th3 -1.226

Exp -1.23(3)
%Cs | 6s(F=2 | Thl -2.271
-F=1) Th2 -2.260
Th3 -2.245

Expl | -2.271(4)

Exp2 | -2.05(5)

The analysis of the presented data shows
that, firstly, the theoretical results correlate
reasonably well with each other. It is important
to note that all theoretical calculations, as the
most important component, include procedures
for taking into account exchange-correlation
corrections, although the classification of
sought corrections and specific accounting
schemes differ.

The method of connected clusters uses a
standard methodology. It should be noted that
in the PT method with screened Coulomb in-
teraction (known as PTSCI), or the correlation
potential method, the key approximation is the
relativistic Hartree-Fock approximation using
the correlation potential and random phase ap-
proximation. It should be noted that our
method takes carefully into account such im-
portant factors as the implementation of a
gauge invariance principle when calculating
the corresponding matrix elements, the correct
degree of consideration of complex exchange-
correlation effects (primarily, the effect of po-
larization of the core). It is important to not too

that our method generates a fairly optimal one-
quasiparticle representation in within the limits
of many-body relativistic PT with ab initio
zeroth Dirac-Fock (Kohn-Sham) approxima-
tion.

In any case, the formalism developed in this
work, as it follows from the given results, can
be used for precise calculations of the Stark
shift coefficient k, the BBR shift parameter £,
and other parameters.
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THEORETICAL STUDY OF RYDBERG ALKALI ATOMIC SYSTEMS
IN A BLACK-BODY RADIATION FIELD: RELATIVISTIC APPROACH

Summary. We present the results of studying the characteristics of Rydberg alkali atomic
systems in a black-body (BBR; thermal) radiation field, in particular, BBR induced Stark shift
coefficient k. As theoretical approach the combined generalized relativistic energy approach
and relativistic many-body perturbation theory (PT) with ab initio Dirac zeroth approximation is
applied. Application of theory to computing the spectral parameters of studied atomic systems
have demonstrated physically reasonable agreement between the theoretical and experimental
data. carefully. It should be noted that our method takes carefully into account such important
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factors as the implementation of a gauge invariance principle when calculating the corresponding
matrix elements, the correct degree of consideration of complex exchange-correlation effects
(primarily, the effect of polarization of the core), and also generates a fairly optimal one-
quasiparticle representation in within the limits of many-body relativistic PT with ab initio zeroth
Dirac-Fock (Kohn-Sham) approximation. In any case, the formalism developed in this work, as
it follows from the given results, can be used for precise calculations of the Stark shift coefficient
k, the BBR shift parameter 8, and other parameters.
Key words: Rydberg alkali atoms, relativistic theory, black-body radiation field.

PACS: 31.15.ac, 31.15.ag, 31.15.aj
I'.0. Ky3neyosa, A. Canonep

TEOPETUYHE JOCJJIAXEHHS PIABEPTIBCBKUX JIY)KHUX ATOMHUX
CHUCTEM Y MOJI BATIPOMIHIOBAHHSI YOPHOT' O TUIA: PEJISTAUBICTCHKHI
MIAXIT

Pe3lome. HaBeneHo pe3ynbTaTd JIOCTIKEHHS XapaKTEPUCTUK PigOEpriBCbKUX JTYKHUX
aTOMHUX cHcTeM Yy moui 4opHoTuibHOro (BBR; TemioBoro) BumpoMiHIOBaHHS, 30KpeMa
innykoBanoro BBR koedimienTta mrapkiBcbkoro 3cyBy k. B sSKOCTI TEOpeTHUHOTO MigXO1y
3aCTOCOBAaHO KOMOIHOBAaHUM y3arajJbHEHMH peNSITUBICTCHKHI eHepreTHyHuil miaxig 1
PeNATHBICTCHKY 0araTroyacTUHKOBY TEOpito 30ypeHs 3 ab initio Hy1b0BUM HabMmkeHHsIM [lipaka.
3acTocyBaHHSA Teopii Al OOYMCIIEHHS CIEKTPAIbHHUX MapaMeTpiB JOCIIKYBaHUX aTOMHHUX
CHCTEM IMpPOAECMOHCTPYBaIO (Pi3MUHO OOIPYHTOBAHY Y3IODKEHICTh MK TEOPETHUYHUMH Ta
eKCIEPUMEHTAIbHUMH JaHUMH. 3allpOlOHOBAHUN TMIAX1J PETENIbHO BpPAXOBYE TakKi Ba)JIMBI
YUHHUKY, $K peali3alis NpUHIMIY KadiOpyBaidbHOI 1HBAapiaHTHOCTI TMpPH PO3PAXYHKY
BIJIMOBIIHUX MaTPUYHUX €JIEMEHTIB paialliiiHUX MepexoiiB, aTOMHUX MOJIIPU30BAHOCTEH,
JOCUTh KOPEKTHUHM CTyHiHb BpaxyBaHHS CKIQJHUX OOMIHHO-KOpENSAIINHUX  e(deKTiB
(macammepen, edexTy moJspuzaiii aTOMHOTO OCTOBY), a TaKOXX T'€HEPY€E TOCHUTHh ONTHMAIIbHE
OJTHOKBA31YaCTMHKOBE IPEJCTABICHHS B MeEXax peNATHBICTCbKOI 0araroyaCTHMHKOBOI Teopii
30ypeHb 13 OoNTUMalIbHUM HYJIbOBUM HaOmmkeHHsM Jlipaka-®oxa (Kona-lllema). Po3BunyTuii
METOA MOXKe OyTH BUKOPHUCTaHHMH JJIS MOAANBIINX 00YncieHb iHaykoBaHoro BBR koedirienta
HITapKiIBCHKOTO 3CYBY, MapameTpa 3cyBy BBR Tta inmmx xapakrepuctuk aromi y BBR moui.

KrouoBi ci1oBa: pinoepriBehKi JIysKHI aTOMH, PENTUBICTChKA TEOPisi, YOPHOTLUIbHE TEIIOBE
BUITPOMIHIOBaHHS.

This article has been received in October 26, 2021
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ADVANCED STUDY OF SPECTRAL AND HYPERFINE
STRUCTURE PARAMETERS FOR Li-LIKE
MULTICHARGED IONS WITHIN RELATIVISTIC
THEORY

The relativistic many-body perturbation theory with the optimized Dirac zeroth approximation is
applied to calculation of some fundamental characteristics of the hyperfine structure of middle and
heavy Li-like multicharged ions. The relativistic, exchange-correlation and other corrections are
accurately taken into account. The optimized relativistic orbital basis set is generated in the optimal
many-body perturbation theory approximation with performance of the gauge invariance principle.
There are listed the calculated values of derivatives of the one-electron characteristics, including the

hyperfine structure parameters, on nuclear radius for

corresponding analysis.

1. Introduction

In the last few decades a study of energy,
spectral and radiation properties of the mul-
ticharged ions has a subject of significant in-
terest for many physical, astrophysical and
chemical applications. The levels energies,
transitions probabilities, oscillator strengths
and so on are very important in atomic physics
(spectroscopy, spectral lines theory), astro-
physics, plasma physics, laser physics,
quantum electronics. They are very much
needed in research of thermonuclear reactions,
where the ionic radiation is one of the primary
loss mechanisms and so on. The spectral lines
belonging to the radiation of many mul-
ticharged ions have been identified in both
solar flares and nonflaring solar active regions,
observed in high-temperature plasmas, such as
pinches and laser-produced plasmas, and in
beam-foil spectra.

The multiple observations of satellite lines
of the He-, Li-, Be-like multicharged ions in
the solar corona and in laboratory plasmas
have emphasized the need for accurate values
of the energetic and spectroscopic parameters
for multicharged ions (c.f.[1-15]).

Theoretical methods used to calculate the
spectroscopic characteristics of heavy and su-
perheavy ions may be divided into three main
groups: a) the multi-configuration Hartree-

the Li-like multicharged ions with the

Fock method, in which relativistic effects are
taken into account in the Pauli approximation,
gives a rather rough approximation, which
makes it possible to get only a qualitative idea
on the spectra of heavy ions. b) The multi-con-
figuration Dirac-Fock (MCDF) approximation
(the Desclaux program, Dirac package) [1-4]
is, within the last few years, the most reliable
version of calculation for multielectron sys-
tems with a large nuclear charge; in these cal-
culations one- and two-particle relativistic ef-
fects are taken into account practically pre-
cisely.

Howver, it is well known that in the region
of small Z (Z is a charge of the nucleus) the
calculation error in the MCDF approximation
is connected mainly with incomplete inclusion
of the correlation and exchange effects which
are only weakly dependent on Z; c) In the
study of lower states for ions with Z40 an ex-
pansion into double series of the PT on the
parameters 1/Z, oZ (o is the fine structure
constant) turned out to be quite useful. It per-
mits evaluation of relative contributions of the
different expansion terms: non-relativistic, re-
lativistic, QED contributions as the functions
of Z.

Nevertheless, the serious problems in cal-
culation of the heavy elements spectra are con-
nected with developing new, high exact meth-
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ods of account for the QED effects, in particu-
lar, the Lamb shift (LS), self-energy (SE) part
of the Lamb shift, vacuum polarization (VP)
contribution, correction on the nuclear finite
size for superheavy elements and its account
for different spectral properties of these sys-
tems, including calculating the energies and
constants of the hyperfine structure, deriviat-
ives of the one-electron characteristics on nuc-
lear radius, nuclear electric quadrupole, mag-
netic dipole moments etc (c.f.[1-15]). In this
work the relativistic many-body perturbation
theory with the optimized Dirac zeroth approx-
imation (e.g.[13-15]) is applied to calculation
of some fundamental characteristics of the hy-
perfine structure of middle and heavy Li-like
multicharged ions. There are listed the calcu-
lated values of derivatives of the one-electron
characteristics, including the hyperfine struc-
ture parameters, on nuclear radius for the Li-
like multicharged ions with the corresponding
analysis. It should be noted that the Li-like
ions was always a subject of intensive theoreti-
cal and experimental studying (e.g. [1-4, 13-
15, 18]).

2. Relativistic theory of determination
hyperfine structure parameters

The theoretical basis of the RMBPT with
the Dirac-Kohn-Sham zeroth approximation
was in details presented in papers [13-15] (see
[2-4] too), and here we will only present the
essential features. As usually, we use the char-
ge distribution in atomic (ionic) nucleus p(7)
in the Gaussian approximation:

plrv R)=layWr)exp(-y’) (1)

where y=4/7R’ and R is the effective nucleus
radius. The Coulomb potential for the spheric-
ally symmetric density p( r ) is:

R] + ’Jvl'c\la’ﬂl".*‘lp(rl

r

V.de(."'|R] = "((l.-“("')fdf'rf'rzp(»‘"
0

R @

Further consider the Dirac-like type equations
for the radial functions F' and G (components
of the Dirac spinor) for a three-electron system
Is’nlj. Formally a potential V(r|R) in these
equations includes—electric and polarization
potentials of the nucleus, Vy is the exchange

inter-electron interaction (in the zeroth appro-
ximation). The standard Kohn-Sham (KS)
exchange potential is [2]:

R == B pn)]

3)

In the local density approximation the relativi-
stic potential is [33]:

SE [ plr
v, Loty = 22,
op(r)
4
where ©i1P)]ig the exchange energy of the
multielectron system corresponding to the ho-

mogeneous density "), which is obtained
from a Hamiltonian having a transverse vector
potential describing the photons. In this theory

the exchange potential is [3,4]:

i I 3 (BB N
V. [p().r]=V5 SJ=In—--1
[P IT=Vi () i I A D) 2
)
where /=721 1¢ e s the velocity of
light. The corresponding one-quasiparticle

correlation potential

Volp(r).r]==0.0333-h-In[1+18.3768 - p(r)" ']

. (6)

(here b is the optimization parameter; see
below). The perturbation operator contains the
relativistic potential of the interelectron
interaction of the form:

[—aa,)
(—ﬁ—) explie.r;)

ENCh

(here a; ,q; are the Dirac matrices, w; is the
transition frequency) with the subsequent
subtraction of the exchange and correlation
potentials. The rest of the exchange and
correlation effects is taken into account in the
first two orders of the PT (c.g.[2-4].

In Refs. [2-4,17-22] it was presented the
effective relativistic formalism with ab initio
optimization principle for construction of the
optimal relativistic orbital basis set. The
minimization condition of the gauge

V)
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dependent multielectron contribution of the
lowest QED PT corrections to the radiation
widths of the atomic levels is used. The
alternative versions are proposed in refs. [30-
37]. The general scheme of treatment of the
spectra for Li-like ion is as follows. Consider
the Dirac-type equations for a three-electron
system 1s’nlj. Formally they fall into one-
electron Dirac equations for the orbitals 1sls
and nlj with the potentials:

Vi(r)=2V(rv 1s)+V(rv nlj]+V (r]+V(r Vv R
(8)

V(rVv R) includes the electrical and the
polarization potentials of the nucleus; the
components of the self-consistent Hartree-like
potential, Vis the exchange inter-electron
interaction (look below). The main exchange
effect will be taken into account if in the
equation for the 1sorbital we assume

Vir)|=V(rv1s)+V(rv nlj| )
and in the equation for the nlj orbital
Vir)=2V(rv 1s (10)

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 [13-15,18-20].

The used expression p(r\/ 1s)
coincides with the precise one for a one-
electron relativistic atom with a point nucleus.
The finiteness of the nucleus and the presence
of the second 1s electron are included
effectively into the energy E,.

Actually, for determination of the properties
of the outer nlj electron one iteration is suffi-
cient. Refinement resulting from second
iteration (by evaluations) does not exceed
correlation corrections of the higher orders
omitted in the present calculation.

The relativistic potential of core (the

for

"screening" potential) ZVU)(r\/ 1s)=V,, has
correct asymptotic at zero and in the infinity.
The procedures for accounting of the nuclear,

radiative QED corrections are in details

presented in Refs. [2-4,13-24].
3. Results and Conclusions

Energies of the quadruple (#,) and
magnetic dipole (W, ) interactions, which

define a hyperfine structure (hfs), are
calculated as follows [4]:
W,=[A+C(C+1)]B,
w.=0,5 AC,
A=-(4/3)4x-1)I+1)/[i(I-1)(2I-1)],
C=F(F+1)-J(J+1)-I(I+1). (11)

Here I is a spin of nucleus, F is a full
momentum of system, J is a full electron
momentum. Constants of the hyperfine
splitting are expressed through the standard
radial integrals:

A={[(4,32587) 10" Zyg.)/(427-1)}(RA), (12)
B={7.2878 10”7 Z°O/[(47-DI(I-1)} (RA).s,

Here g; is the Lande factor, Q is a quadruple

momentum of nucleus (in Barn); radial
integrals are defined as follows [4,18]:
(RA), = jdrrf F(rG()U/r*,R),
0
(13)

(RA) ; = Idrrz[Fz(r)+Gz(r)]U(l!r3,R)

and calculated in the Coulomb units (=3,57
10*Z*m?; = 6,174 10°*°Z’m> for valuables of
the corresponding dimension). The radial parts
F and G of two components of the Dirac
function for electron, which moves in the
potential V(r,R)+U(r,R), are determined by
solution of the Dirac equations (look above).
In table 1 there are listed the calculated values
of  derivatives of the  one-electron
characteristics on nuclear radius (in cm™'/cm)
for 21,31,41 (1=0) states of the Li-like ions with
minimally possible valus of ;:

V1) JAR=Z°DV (cm™/cm);
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d{|U)) /dR=Z’DU (cm’'/cm),
dA/dR=Z7'g:DA (cm™'/cm).

(14)

Here lcm™ is an energy unit and lcm is a
length unit.

Table 1 Derivatives of the one-electron characteristics
on nuclear radius (in cm/cm) for 2s,3s,4s states of the

Li-like ions: d(V)) /dR=ZDV, d(U)) /dR=ZDU,
dA/dR=Z'giDA
nlj Z 30 41 59
2s;, | DV | 20+11 41 +11 | 121 +12
DU| 14+06 | 16+06 | 20+06
DA | 19406 | 24406 | 44+06
3s;0 | DV| 60+10 | 12+11 | 35+11
DU| 42+05 | 44+05 | 60 +05
DA | 56+05 | 74405 | 12+06
4s,, | DV| 24+10 | 51+10 | 13 +11
DU| 17+05 | 18+05 | 24 +05
DA 23405 30 +05 | 55105
nlj 7 69 79 92
2512 | DV | 223 +12 | 415+12 | 967 +12
DU | 25+06 36 +06 | 64 +06
DA| 63+06 | 101+07 | 197 +07
3si | DV | 65+11 | 122+12| 293 +12
DU| 81+05 | 10+06 | 18+06
DA | 18406 | 29406 | 57+06
4s,, | DV| 26+11 | 50+11 | 121 +12
DU| 32405 | 47+05 | 80+05
DA | 81405 | 11405 | 23+05

Let us remember that here V' is a potential
of the elctron-nuclear interaction and U is the
Serber-Uehling vacuum-polarization potential.
Considered value of full moment is ;j=3/2 for
deriviative of the constant B on nuclear radius
OB/¢R and value j=3/2 for other operators. It
should be noted that the corresponding
characteristics are less sensitive to the nuclear
size for states with the large values of moment

j. In any case cited effects are not observed in
the modern experiment. In table 2 we present
the calculated values of derivatives of the hfs
constant B on nuclear radius (in cm/cm);
dB/dR= -Z'QDB/[1(2I-1)].

Table 2 Deriviatives of the hfs constant B on nuclear
radius (in cm™/em) dB/dR= -Z'QDB/[1(2I-1)].

Nj |z 20 41 59
2ps» | DB | 02+02] 11402 | 17+02
3ps. | DB | 19+01] 37+01 | 57+01
4py, | DB | 03+01] 11+01 | 21+01
nji | Z | 69 79 92
2p3/2 | DB | 27+02| 40+02 | 71+02
3p3/2 | DB | 95+01| 15+02 | 27+02
4p3/2 | DB | 38+01| 60+02 | 12+02

Let us note that for derivatives in tables 1,2
the main member of degree dependence upon
a charge Z is separated. The remained Z-
dependence is directly connected with
relativistic and nuclear (the finite nuclear
charge) effects in the one-electron functions.
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ADVANCED STUDY OF SPECTRAL AND HYPERFINE STRUCTURE
PARAMETERS FOR Li-LIKE MULTICHARGED IONS WITHIN
RELATIVISTIC THEORY

Summary. The relativistic many-body perturbation theory with the optimized Dirac zeroth
approximation is applied to calculation of some fundamental characteristics of the hyperfine
structure of middle and heavy Li-like multicharged ions. The relativistic, exchange-correlation
and other corrections are accurately taken into account. The optimized relativistic orbital basis
set is generated in the optimal many-body perturbation theory approximation with performance
of the gauge invariance principle. There are listed the calculated values of derivatives of the
one-electron characteristics, including the hyperfine structure parameters, on nuclear radius for
the Li-like multicharged ions with the corresponding analysis.

Keywords: Relativistic theory, spectral and hyperfine structure parameters, Li-like
multicharged ions
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YIOCKOHAJIEHUI AHAJII3 MIAPAMETPIB CIIEKTPIB TA HAJITOHKOI
CTPYKTYPH Li-IOAIBHUX BATATO3APSIITHUX IOHIB B MEJKAX
PEJSITUBICTCBHKOI TEOPIi

Pe3lome. PensiTuBicTchka 0araTouyacTMHKOBA TeOpis 30ypeHb 3 ONTUMI30BaHUM HYJIHOBHM
HaOmmkeHHsM Jlipaka 3acTocoBaHa MAiii OOUYMCIEHHS (GYHIAMEHTAIbHUX XapaKTEPUCTUK
HAJTOHKOT CTPYKTYpPH CEpeIHiX i BaKkux Li-momiOHUX Oarato3apsaHuX i0HIB. PelsTHBICTCHKI,
OOMIHHO-KOpEJIAIIMHI ~ Ta  IHINI  TONpaBKH  BpaxoBaHi  edekTuBHO. OnNTUMI30BaHUH
PENATHBICTCEKUN ~ OpOiTanbHUN  0a3Wc TeHEepYeThbCsI B ONTHMAJIbHOMY  HAONMKEHHI
0araro4acTMHKOBOI  Teopii 30ypeHb 13  3aCTOCYBaHHSM TPHUHIUIY  KamiOpyBajabHOT
iHBapiaHTHOCTI. HaBeneHi po3paxyHKOBi 3HAYCHHS MOXITHAX OJHOEIEKTPOHHUX XapaKTEPUCTHK,
y TOMYy YHCIIi, TTapaMeTpiB HAATOHKOI CTPYKTYpH, BiJ pajiyca siapa s psaxy Li-momiOHux
0araTo3apsTHUX 10HIB 3 BiJIMOBIIHUM aHATI30M.

Kiro4oBi ciioBa: penaTuBicTChKa TeOpis, MapaMeTpH CHEKTPIB Ta HAATOHKOI CTPYKTypH, Li-
noiOHi Garato3apsiHi 10HU

This article has been received in October 26, 2021
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THEORETICAL STUDYING SPECTRAL CHARACTERISTICS
OF TM ATOM WITHIN OPTIMIZED RELATIVISTIC MANY-

BODY THEORY

Theoretical studying Rydberg spectrum of complex lanthanide atom of Tm has been performed within
the relativistic many-body perturbation theory and generalized relativistic energy approach. The
zeroth approximation of the relativistic perturbation theory is provided by the optimized Dirac-Kohn-
Sham-Breit ones. Optimization has been fulfilled by means of introduction of the special gauge
parameter to the Fock and Kohn-Sham exchange potentials and further minimization of the gauge-
non-invariant contributions into radiation width of atomic levels with using relativistic orbital sets,
generated by the corresponding zeroth approximation Hamiltonian. The calculated energies and
widths of autoionization resonant states 4f™; 6s(J12)nsnp[J] of the Tm atom with n=25-35 are
presented and compared with known theoretical results, received within other approaches. Two main
types of the Rydberg autoionization resonances decay, namely, the classic Beutler-Fano decay channel
and a new Ivanov et al reorientation-type decay channel arde studied. It is noted that, for example, for

autoionization resonant states 4 f 52 651,2(3) ns; [J ] with the considered values of n, the decay of
resonances occurs along both channels, and it is extremely difficult to understand a priori which of

them is dominant.

1. Introduction

The development of new directions in the
field of optics and spectroscopy, laser physics
and quantum electronics, such as precision
spectroscopy of heavy and superheavy atoms
and ions, the latest astrospectroscopic re-
search, pulse heating methods in controlled
thermonuclear fusion research, the creation of
fundamentally new schemes of lasers in the
VHF, X-ray regions of the spectrum, etc., de-
termines the need to solve the urgent and im-
portant tasks of atomic optics and laser spec-
troscopy at a fundamentally new level of the-
oretical consistency and accuracy. In the last
decade, the spectroscopy of multi-charged
ions, covering the UV and X-ray D-ranges of
the spectrum, has also been intensively de-
veloped. Significant progress in the develop-
ment of experimental methods of research, in
particular, a significant increase in the intens-
ity and quality of laser radiation, the use of ac-
celerators, heavy ion colliders, sources of syn-
chrotron radiation and, as a result, the possibil-

ity of a precise study of increasingly energetic
processes, stimulates the development of new
in the theory of heavy atoms theoretical meth-
ods of calculating their characteristics, in par-
ticular, radiation and autoionization. It is
known that autoionization states (AS) play a
significant role in various elementary atomic
processes such as autoionization, selective
photoionization, scattering of electrons on
atoms, atom - and ion - atom collisions, etc.
The presence of AS in ions significantly af-
fects the characteristics of the radiation spec-
trum of high-temperature astrophysical and
laboratory plasma. Their radiative decay is ac-
companied by the formation of the most com-
plex spectra of dielectron satellites to the res-
onance lines of ions of the next ionization mul-
tiplicity, which contain information about the
state of the plasma used for its diagnosis, as
well as when studying the physical conditions
in the solar corona, etc. astrophysical objects
[1-28]).

In many papers the standard Hartree-Fock
(HF), Dirac-Fock (DF) methods, model poten-
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tial (MP) approach, quantum defect approxim-
ation etc in the different realizations have been
used for calculating energies and oscillator
strengths. However, it should be stated that for
the heavy alkali atoms (for example, such as
lanthanides and actinides atoms) and particu-
larly for their high-excited (Rydberg) states,
there is not enough precise information avail-
able in literature. The multi-configuration
Dirac-Fock method is the most reliable version
of calculation for multielectron systems with a
large nuclear charge. However, one should re-
member about very complicated structure of
spectra of the lanthanides atoms and necessity
of correct accounting for different correlation
effects such as polarization interaction of the
valent quasiparticles and their mutual screen-
ing, iterations of a mass operator etc.).

In this paper we present the results of
studying the spectral characteristics of various
autoionization states (AS) (including narrow
and abnormally narrow) in a spectrum of the
Tm atom. The method of study is an accurate,
ab initio method of relativistic many-body per-
turbation theory for three-quasi-particle atomic
systems with a gauge-invariant zeroth approx-
imation [25-30] and an energy approach,
which is based on S-matrix formalism of Gell-
Mann and Low [31-38]. Optimization has been
fulfilled by means of introduction of the spe-
cial gauge parameter to the Fock and Kohn-
Sham exchange potentials and further mini-
mization of the gauge-non-invariant contribu-
tions into radiation width of atomic levels with
using relativistic orbital sets, generated by the
corresponding zeroth approximation Hamil-
tonian [35-38]. The calculated energies and
widths of autoionization resonant states 4f;
6s(J12)nsnp[J] of the Tm atom with n=25-35
are presented and compared with known theo-
retical results, received within other ap-
proaches (e.g. [2,3,18,32-34]).

2. Theoretical method

As the method of computing is earlier
presented in detail, here we are limited only by
the key topics [25-30]. Generally speaking, the
majority of complex atomic systems possess a
dense energy spectrum of interacting states
with essentially relativistic properties. In the
theory of the non-relativistic atom a conveni-

ent field procedure is known for calculating
the energy shifts AE of degenerate states. This
procedure is connected with the secular matrix
M diagonalization [10-22]. In constructing M,
the Gell-Mann and Low adiabatic formula for
AFE is used. In contrast to the non-relativistic
case, the secular matrix elements are already
complex in the second order of the electro-
dynamical PT (first order of the interelectron
interaction). Their imaginary part of AE is
connected with the radiation decay (radiation)
possibility. In this approach, the whole calcu-
lation of the energies and decay probabilities
of a non-degenerate excited state is reduced to
the calculation and diagonalization of the com-
plex matrix M. The complex secular matrix M
is represented in the form [31-38]:

M=M=
(1)

where M is the contribution of the vacuum
12]

diagrams of all order of PT, and m" , M
M"" those of the one-, two- and three-

quasiparticle diagrams respectively. M is a
real matrix, proportional to the unit matrix. For
simple systems (such as alkali atoms and ions)
the one-quasiparticle energies can be taken
from the experiment. Substituting these
quantities into (1) one could have summarized
all the contributions of the one -quasiparticle
diagrams of all orders of the formally exact
QED PT. However, the necessary
experimental quantities are not often available.

The first two order corrections to ReM" have
been analyzed previously using Feynman
diagrams (look Ref. in [1,2]). The
contributions of the first-order diagrams have
been completely calculated.

In the second order, there are two kinds of
diagrams: polarization and ladder ones. The
polarization diagrams take into account the
quasiparticle  interaction  through  the
polarizable core, and the ladder diagrams take
into account the immediate quasiparticle
interaction [28-31,35-38]. Some of the ladder
diagram contributions as well as some of the
three-quasiparticle diagram contributions in all
PT orders have the same angular symmetry as
the two-quasiparticle diagram contributions of
the first order. These contributions have been
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summarized by a modification of the central
potential, which must now include the
screening (anti-screening) of the core potential
of each particle by the two others.
Interelectron interaction operator with
accounting for the Breit interaction has been
taken as follows:
l1-a,a;
V(rr;)J=expior,) - (—ﬁ’), ()

where, as usually, ¢; are the Dirac matrices.

The total probability of a ** -pole transition is
the sum of the electrical P} (electric multipole
decomposition) and magnetic py
(corresponding decomposition) parts and is
calculated within the relativistic energy
formalism [31-42]. In the energy approach
with respect to the complex multielectron
atomic system the energy shift in the complex
form is: 8E = RedE + i ImdE, Im 8E = -P/ 2,
where P- probability of decay (transition). For
a single quasiparticle atomic system ImJE and,
accordingly, P in the 2nd perturbation theory
order (the perturbation operatorUMp(ri V b)-

Ju(x)A%(x), where A is the vector of the
electromagnetic field potential, J is the current
operator, Uyr is a mean-field potential ) is
proportional to the matrix element with Dirac
bispinors ¢;" " (ab initio RMP HanmxkeHHs):

Vi = d a6 (1)e™ (1)[(1- ;)

sin [ @ |1, /7,108 (1) (1)

€)

which are decomposed into a series of Bessel
functions of the 1st kind (analog of multipole
decomposition). In general, the results of all
approximate calculations depended on the
gauge. Naturally the correct result must be
gauge-invariant. The gauge dependence of the
amplitudes of the photo processes in the
approximate calculations is a well known fact
and is in details investigated by Grant,
Armstrong, Aymar and  Luc-Koenig,
Glushkov-Ivanov et al (e.g., see reviews in
[2,3,18,29,30] and Refs. therein). For
simplicity, it is worth to remind that an
autoionization decay in the one-quaiparticle

approximation can be represented as (i=l-
31— Bk, where B; (i=1-3) described a set of
quantum numbers of bound states, k -a state of
free electron. Decay is possible only into the
state of the continuous spectrum, which
coincides in terms of parity and total moment J
with the original AS. The width of the state
associated with AC decay is determined by the
connection with the continuum states and

actually Too|V(BiB., PBsk)|>. ie., is
proportional to matrix element of the
interaction operator (2). The latter is
determined by the known sum

Q=Q;"+Q (3)

where respectively Q'and Q2" correspond to
the Coulomb and Breit parts of the potential
(2). These parts are expressed through the
known atomic radial integrals R and known
angular coefficients S. All details can be found
in [2,28-38]. All calculations are performed
with using the PC code Super atom [2,25-
30,35].

3. The results and conclusions

The Tm spectrum is particularly complex.
It is characterized by the position of the
closely lying 4f'6snl Tm ionization limits and
quite complex scheme of the autoionization
decay of the 4f"*6snl Tm Rydberg states. The
presence of 2 pairs of closely lying ionization
limits (with vacancy states in the 4f™ core: : 4
f,y4fsy) causes 2 main types of
autoionization decay [2,34]:

1). the classic Beutler-Fano decay (BFD)
channel —

4f15/2681/2 (le)n1-4f17/2681/2 [le'] Tm++leje,
n>7, J12=2;3, J12'=3;4

i1). A new reorientation-type decay channel
(ROD) for AS spectroscopy -

41} 6515(J12)nl-4f1j681,,[712']Tm +leje)
n>25, 112=3, J12'=2:4 j=5/2,7/2,

Here, ROD denotes the decay of AC of the
reorientation type, (BFD) is the channel of the
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Beutler-Fano decay known in theory. The 4f
's» 6s1onl  states are subject to both BFD and
ROD decay. In contrast to BFD decay, ROD
decay is a low-energy process that preserves
one-electron quantum numbers of the atomic
core: 4f]" ,6s1n. ROD decay can be either
monopole or quadrupole.

Below we present the calculated energies
and widths of AS 4f"'; 6s(J12)nsnp[J] of the
Tm atom with n=25-35. The obtained results
are presented in tables 1-4. Table 1 shows the
calculated values of the widths I'2 (in ¢m™)
and energies E2 (10 cm') of the AS
af %/32 551/2(3) nsl/z[J ] of the Tm atom, for which

ROD decay 1is the only channel of
autoionization decay. For  comparison,
calculation data obtained by Ivanov et al.
(E1,G1) [32-34] and Glushkov et al (E,G3)
[2,18].

Table 1
Widths and energies of the AS 4 f12 6s,,(3)ns,,[J ]
of the Tm atom

J=5/2
n I'l I3 2
25 | 1.18(-5) 1.29(-5) 1.25(-5)
26 | - - 1.13(-5)
30 | 5.77(-6) 6.72(-6) 6.12(-6)
33| - - 3.79(-6)
35| - - 3.21(-6)

J=5/2
n El E3 E2
25 4985 4981 4983
26 - - 4975
30 4995 4993 4994
33 - - 4996
35 - - 4998

J=7/2
n 12 E2
25 1.58(-2) 4986
26 1.34(-2) 4988
30 | 3.98(-3) 4995
33 1.58(-2) 4998
35 3.18(-3) 5000

Table 2 shows our values of widths and
energies of the AS 41, 651/2(3)npj[1] and AS
4féz,’2651,2(2)nsl,2[1], for which the ROD is a
single decay channel for AS studied.

Table 2.

Widths and energies of the AS 4 f ;?2 6s, /2(3) np; [] ]

of the Tm atom (our data)

26 | 1.75(-1) 48979
30 |1.07(-1) 49941
33| 8.20(-2) 49972
35 16.59(02) 49993

QD (312.3/2) (1/2,5/2)

n| 12 E2 2 E2
25 |4.68(-5) 49862 | 1.40(-1) 49858
26 | 422(-5) 49877 | 133(-1) 49874
30 | 2.42(-5) 49939 | 1.03(-1) 49937
33| 1.80(-5) 49971 | 7.54(-2) 49968
35| 1.39(-5) 49992 | 5.72(-2) 49990
i) (32,52) (1/2,7/2)

n| 12 E2 k2
25[1.92(-1) 49865 | 3.72(-2) 49848

3.45(-2) 49863
2.38(-2) 49938
2/12(-2) 49961
1.76(-2) 49982

(3/2,9/2)

QD (32,72)
n

12 E2

2 E2
25| 3.46(-1) 49867
26 | 3.24(-1) 49884
30 | 2.38(-1) 49952
33| 2.05(-1) 49977
35| 1.56(-1) 49992

3.98(-1) 49869
3.71(-1) 49886
2.62(-1) 49953
2.26(-1) 49978
1.729(-1) 49993

Table 3

shows our values of widths and

energies (in cm™) of the 4fL,6s,,(2)ns,,J]

AS.

Table 3.

Widths and energies of the AS 4 1, 651/2(2) ns,, [J]

of the Tm atom (our data)

1=3/2 J=3/2
n 2 E2
25 2.64(-5) 5836
30 1.27(-5) 5845
35 8.89(-6) 5850

J1=5/2 J=5/2
n 2 E2
25 5.32(-5) 5838
30 | 2.78(-5) 5846
35 1.54(-5) 5852

Analysis of the data shows that the
computational method used provides a
physically reasonable agreement between the
theoretical and experimental data. However,
comparison of the corresponding results for widths
demonstrates again sufficiently large discrepancy.
In our opinion, this fact is explained by
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insufficiently exact estimates of the radial
integrals, using the non-optimized basises and
some other additional calculation approximations.
Table 4 shows the calculated widths and energies

of the 4fé?2651/2(3)nsl,2[l] , states, for which

autoionization decay can pass through both

channels: ROD and BFD.

Table 4. Widths and energies of the AS
4L 65,,(3)n8,,|J | of the Tm atom (our data)

2 J=52 =712

n | [(ROD) I'(BFD)| T(ROD) I'(BFD)
25 [1.39(-2) 2.85(-5) | 1.36(-5) 5.41(-5)
30| 3.32(-3) 1.52(-5) | 6.81(-6) 2.78(-5)
35|1.01(-3) 8.68(-6)|3.53(-6) 1.56(-5)

It is important to note that for AS
AfE,6s,,(3)ns,,,[J] (table 4) with the
considered values of n, the decay of

resonances occurs along both channels, and it
is extremely difficult to understand a priori
which of them is dominant.
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THEORETICAL STUDYING SPECTRAL CHARACTERISTICS OF TM ATOM WITHIN
OPTIMIZED RELATIVISTIC MANY-BODY THEORY

Summary. Theoretical studying Rydberg spectrum of complex lanthanide atom of Tm has
been performed within the relativistic many-body perturbation theory and  generalized
relativistic energy approach. The zeroth approximation of the relativistic perturbation theory is
provided by the optimized Dirac-Kohn-Sham-Breit ones. Optimization has been fulfilled by
means of introduction of the special gauge parameter to the Fock and Kohn-Sham exchange
potentials and further minimization of the gauge-non-invariant contributions into radiation width
of atomic levels with using relativistic orbital sets, generated by the corresponding zeroth
approximation Hamiltonian. The calculated energies and widths of autoionization resonant states
41 6s(J12)nsnp[J] of the Tm atom with n=25-35 are presented and compared with known
theoretical results, received within other approaches. Two main types of the Rydberg
autoionization resonances decay, namely, the classic Beutler-Fano decay channel and a new
Ivanov et al reorientation-type decay channel ar4e studied. It is underlined that, for example, for

autoionization resonant states 4 f 2 6sy,(3)ns, ,Z[J | with the considered values of n, the decay
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of resonances occurs along both channels, and it is extremely difficult to understand a priori
which of them is dominant.

Keywords: Relativistic perturbation theory, optimized zeroth approximation, spectroscopy,
Tm atom
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TEOPETUYHE BUBUEHHSI CHEKTPAJIBHUX XAPAKTEPUCTHUK Tm-ATOMA HA
OCHOBI OIITUMI3OBAHOI PEJSITUBICTCHKOI TEOPII

Pe3tome. Teopetnune MOCHIKEHHS PiIOEpTiBCBKOTO CIEKTPY CKJIAIHOTO aroma (3
JaHTaHOIZiB) Tm BUKOHAaHO B paMKax ONTHUMI30BaHOI PENATUBICTCHKOI 0araToO4acTMHKOBOI
Teopii 30ypeHb 1 Y3arajllbHEHOTO pPEISITHUBICTCHKOTO EHEpPreTHYHOro miaxonay. Hymeose
HaOMIDKEHHST PeNSTUBICTCHKOI Teopii 30ypeHb BH3HAYAETHCS ONTHMI30BAHUM HAOIMKEHHSIM
Hipaka-Kona-lllam-bpeiira. OnTumizainito BHKOHAHO IIJISXOM BBEJIEHHS CHELIabHOTO
KaiOpyBaibHOro mapamerpa 10 oOMiHHMX mnoreHmianiB @oka ta Kona-lllema Ta momambiunoi
MiHIMI3alii KaniOpyBaJbHO-HEIHBApIaHTHUX BHECKIB B pajialliifiHy IIMPUHY aTOMHHUX PIBHIB 3
BUKOPUCTAHHSAM  DPEJSATUBICTCBKUX  OpOITaJbHUX  HAOOpIB, MOPOKEHUX  BIAMNOBIIHUM
raMuIbTOHIAaHOM HYJbOBOro HaOmwkeHHs. HaBegeHo po3paxoBaHi eHeprii Ta IIMPUHU
aBroioHizauiiinux cranis 4f™'; 6s(J12)nsnp[J] aroma Tm 3 TOJOBHUM KBaHTOBUM YHCIIOM N=25-
35 Ta TOpPIBHSIHO 3 BIIOMHUMH TEOPETHUYHUMH pPE3yJIbTaTaMH, OTPUMAHWMHU B paMKax iHIIUX
migxomiB. JIOCHiPKEHO JBa OCHOBHUX THIIM PO3Maay piaOEpriBCbKUX aBTOIOHI3AIIMHUX
pe30HaHCIB, a caMe, KJIaCMYHWUW KaHan posnaay beitnepa-®ano Ta HOBUU KaHAI pPO3Maay
peopieHTaliiHOTO TUITY, BIIKpUTUN [BaHOBHM-JIeTOXOBUM Ta iHII. 3a3Ha4YeHO, 1110, HAIIPUKIIAJ,
JUISL  aBTOIOHI3ALIMHUX PpE30HAHCIB 3 PO3IJISHYTUMH 3HAYEHHSAMH N po3MajJ pPEe30HAHCIB
BiZIOyBa€eThCs 10 000X KaHaNax, 1 alpiopi 3pO3yMITH, SIKHH 3 HUX € JOMIHYIOUUM, HaJI3BUYAHO
BaXKO.

KirouoBi cioBa: penstuBicTChKa Teopist 30ypeHb, ONTHMI30BaHE HYJIbOBE HAOIMKEHHS,
CIEKTPOCKOMis, aToM Tm
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NON-LINEAR ANALYSIS OF CHAOTIC SELF-OSCILLATIONS
IN BACKWARD-WAVE TUBE

The paper presents the results of the analysis and modelling of topological and dynamic
invariants for the regimes of chaotic self-oscillations in the backward-wave oscillator, in
particular, the analysis of chaotic time series for the amplitude of the output signal, which is
the solution of the equations of the non-stationary nonlinear theory for the O-type backward-
wave oscillator (without taking into account space charge, relativistic effects, energy losses,
etc.). The main attention is paid to the calculation and analysis of the spectrum of Lyapunov
exponents based on the Sano-Savada algorithm. Numerical data of the Lyapunov backward-
wave oscillator calculated for the time series of the amplitudes of the output signal are given,
which definitely indicate the presence of elements of advanced chaos in the dynamics of the

system.

1. At present time study the powerful
generators of  chaotic  oscillations  of
microwave range are of a great interest for
radar, plasma heating in fusion devices,
modern systems of information transmission
using dynamic chaos and many other
applications. Among the most studied of
vacuum electronic devices with complex
dynamics are backward-wave oscillators, for
which the possibility of generating chaotic
oscillations has been theoretically and
experimentally found [1-12]. The backward-
wave oscillator is an electronic device for
generating electromagnetic vibrations of the
superhigh frequencies range. Above nost
interesting for our study papers one should pay
the attention on the following works.

Firstly, the papers [4,5] contain very
important results. The authors of these works
have solved the equations of nonstationary
nonlinear theory for the O-type backward-
wave oscillator without account of the spatial
charge, relativistic effects, energy losses etc. It
has been shown that the finite-dimension
strange attractor is responsible for chaotic
regimes in the backward-wave oscillator. The
authors have in details presented the numerical
data on the different dynamical characteristics
of the non-relativistic  backward-wave
oscillator, namely, phase portraits, statistical

quantifiers for a weak chaos arising via period-
doubling cascade of self-modulation and the
same characteristics of two non-relativistic
backward-wave oscillator. It is shown that the
chaos formed in the dynamics of the oscillator
is characterized by more than one positive
Lyapunov exponent (developed chaos or
hyperchaos). the Lyapunov correlation
dimensions as well as in general a whole set of
the dynamical and topological characteristics
of the strange attractor are also calculated.

Naturally the quantitative study of the
dynamical and topological characteristics of
the strange attractors in dynamics of the
nonrelativistic and relativistic backward-wave
oscillators have been performed in many
papers (e.g. [1-12] and refs. therein)
Depending on the key control parameters of
the system, many researchers have discovered
a rather complex scheme of alternating
regular,  auto-modulation, and chaotic
(hyperchaotic) generation modes, and in the
end, the processes ended with a transition to
highly irregular broadband chaotic
(hyperchaotic) oscillations with a sufficient
spectrum.

In the last decade, a large number of
numerical studies have been carried out using
ideas derived from the science of chaos to
characterize, model and predict the regular and
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chaotic dynamics of various electronics
systems, including the studies of the dynamics
of backward wave oscillators listed above (see
[1-6,24]). The results of such studies are very
encouraging, since they not only showed that
the dynamics of complex and regular and
chaotic phenomena can be understood with a
sufficiently  high accuracy from the
quantitative point of view, but also proved
sufficiently efficient models for predicting the
dynamics (time series) of complex chaotic
systems, at least in the first approximation
(e.g.[7-22)).

A variety of different techniques for
characterizing chaotic dynamics of the
nonlinear systems identifying the presence of
chaotic elements is used [1,2]. Usually a
mutual information approach, correlation
integral analysis, false nearest neighbour
algorithm, Lyapunov exponent's analysis, and
surrogate data method and others are used for
comprehensive characterization. The
fundamental quantities to characterize chaotic
behaviour of the complex dynamical systems
are the exponential divergence of nearby orbits
(computing positive Lyapunov exponents'),
positive finite Kolmogorov entropy, and a
noninteger dimension of the attractor [7-26].
These characteristics are usually invariant
under the corresponding smooth
transformation of coordinates. There are
several determination schemes among these
quantities, and if the Lyapunov spectrum can
be determined, the rest can be estimated as
equalities or upper or lower bounds. So, the
definition of the highest Lyapunov exponents,
as well as the full spectrum of the Lyapunov
exponents is an important task in the nonlinear
analysis of the complex dynamical distributed.
It is well known that the Lyapunov exponents
are a quantitative measure sensitivity to the
values of the initial conditions. Since the
Lyapunov exponents are defined as asymptotic
average rates, they are independent of the
initial conditions, and therefore they do
comprise an invariant measure of attractor
There are several different methods for
computing  the Lyapunov ~ exponents
[e.g.2,3,13-25]). One of the most spread
algorithms to compute the leading Lyapunov
exponents is Benettin algorithm [21] (see also
[4,5]. The generalized algorithm allows to

compute the full spectrum of Lyapunov. The
disadvantage of the algorithm is that its
applicability is only in those cases where when
the corresponding evolutionary equations of
the studied dynamical system known; besides,
it is possible to measure all of it phase
coordinates, which is not always possible.

Another approach is in computing the
senior indicator for a sample from a single
coordinate. The algorithm named after Wolf
et al [20] calculates the leading Lyapunov
exponent from sampled from a single
coordinate, and is used when the equations are
unknown evolution of the system. This
algorithm gives quite satisfactory results, but
requires very large samples, which is
problematic for real data sets. In the last years
it has become very popular computing the full
Lyapunov spectrum using neural networks
algorithms (e.g. [3,7-11,23-26] and reds
therein). The use and optimization of neural
networks is one of the directions in improving
the performance and accuracy of algorithms
for calculating Lyapunov exponents. Besides,
it should be noted that in the latter it could be
possible to organize a training a neural
network on samples, which allows use short
samples or noisy data. This gives significant
advantages over classical methods. At last , it
1s necessary to add that in order to increase an
accuracy of computing the Lyapunov
exponents, one should use various
orthogonalization methods , for example, the
classical Gram-Schmidt method and the
modified Gram-Schmidt method.

This paper is devoted to numerical studying
the chaotic self-oscillations regimes in the
backward-wave tube, namely, to application of
the some numerical analysis techniques to
analysis of the chaotic time series as solutions
of the equations of nonstationary nonlinear
theory for the O-type backward-wave
oscillator. The main attention is paid to
computing and analysing a spectrum of the
Lyapunov exponent’s within the Sano-
Sawada method [23] ( see other details in refs.
[2,9,10]). The advanced numerical data on the
Lyapunov exponents of computed for the time
series of output signal amplitudes, which are
the solutions of nonstationary nonlinear theory
for the O-type backward-wave oscillator

141



without account of the spatial
relativistic effects, energy losses etc.

charge,

2. The main mathematical object of the
numerical investigation is the time or other
series of the amplitude of the dynamic
parameter of the system, which is to be carried
out, we introduce it formally:

x(to + nAt) = x(n),

(1

where #, — some initial point in time, Af is the
time interval during which further members of
the time series are selected, # + n$¢ — “i” point
in time.

By definition, the procedure of construction
(restoration) from a scalar time series { s; } to
a series of state vectors { y; } is called phase
trajectory reconstruction. It should be noted
that depending on the class of the problem,
more precisely, the system or device under
investigation, any dynamic parameters can act
as y(n),

Further it is usually necessary to reconstruct
phase space using as well as possible
information contained in the dynamical
parameter s(n), where n the number of the
measurements. Such a reconstruction results in
a certain set of d-dimensional vectors y(n)
replacing the scalar measurements. Packard et
al. [7] introduced the method of using time-
delay coordinates to reconstruct the phase
space of an observed dynamical system. The
direct use of the lagged variables x(n + 1),
where 1 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 x in d dimensions,

x(n) = [x(n), x(n + 1), X(n + 21), ...,

x(n + (d-1)7)], (2)

the required coordinates are provided.

In a nonlinear system, the x(n + jt) are some
unknown nonlinear combination of the actual
physical variables that comprise the source of
the measurements. The dimension d is called
the embedding dimension, dE. If t is chosen
too small, then the coordinates x(n +jt) and
x(n+ (j+ 1)r) are so close to each other in
numerical value that they cannot be

distinguished from each other. Similarly, if t is
too large, then x(n +jt) and x(n + (j + 1)1) are
completely independent of each other in a
statistical sense. Also, if T is too small or too
large, then the correlation dimension of
attractor can be under- or overestimated
respectively  [8,18]. The autocorrelation
function and average mutual information can
be applied here.

Usually the main aim of the embedding
dimension determination is to reconstruct a
Euclidean space Rq large enough so that the set

of points dA can be unfolded without
ambiguity. There are several standard
approaches to reconstruct the attractor
dimension (see, e.g., [2,3,11-17]). The

correlation integral analysis is one of the
widely used techniques to investigate the
signatures of chaos in a time series. The
analysis uses the correlation integral, C(r), to
distinguish between chaotic and stochastic
systems. To compute the correlation integral,
the algorithm of Grassberger and Procaccia
[16] is the most commonly used approach.

The Lyapunov 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. A negative exponent
indicates a local average rate of contraction
while a positive value indicates a local average
rate of expansion.

In our case the quantity If {x,) (n=1,2, . ..)
denote a time series of some physical quantity
measured at the discrete time interval (0 in fact
this is an output signal amplitudes, which are
the solutions of nonstationary nonlinear theory
for the O-type backward-wave oscillator).

Further, according to the the Sana-Sawada
algorithm [23], one should consider a small
ball of radius ¢ centered at the orbital point x,,

and find any set of points {xi) (i=1,2, ..., N)
included in this ball, i.e.:
{y)= {xa—=xil || xe—=xi || <&}, 3)

where y; is the displacement vector between
xx and x;. After the evolution of a time
interval t=mA¢ t, the orbital point x; will
proceed to Xjm and neighboring points {xi}to
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{Xim}. The displacement vector y'=x,,—x is
thereby mapped to

{z)= {Ixi—=xil || xk—=xi || <&,},

“4)

According to Ref. [23], if the radius ¢ is small
enough for the displacement vectors {y} and
{z}to be regarded as good approximation of
tangent vectors in the tangent space, evolution
of y' to z' can be represented by some matrix
A, as: Z=A;y'.

Further one should proceed proceed to the
optimal estimation of the linearized flow map
A; from the data sets {y} and {z}. According
to Ref. [23], a plausible procedure for optimal
estimation is the least-square-error algorithm,
which minimizes the average of the squared
error norm between z and Ay with respect to
all components of the matrix A is as follows:

N
mimn S (A7) —mm( ]ZHz — Ajyil| #= 2

The Lyapunov exponents can be computed in
a standard way as the corresponding limit of a

sum l|47€/ll- Other details can be found in
Refs. [23,24]. In fact, if one manages to derive
the whole spectrum of Lyapunov exponents,
other invariants of the system, i.e.
Kolmogorov entropy and attractor'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
positive Lyapunov exponents. The inverse of
the Kolmogorov entropy is equal to the
average predictability.

Let us present some obtained results. All
input data have been taken from ref. [4,5,24].

In Table 1 we present our data on the
correlation dimension d,, the embedding
dimension determined based on the algorithm
of false nearest neighboring points (dx) with
percentage of false neighbors (%) calculated
for different values of time lag 4 for two
regimes of of chaotic self-oscillations in the
backward-wave oscillator, in particular, for
the amplitude of the output signal for L=4.1 (I)
and L=6.1 (II). Here L 1is normalized
backward-wave oscillator length , which plays
a role of the main control (governing)
parameter of the backward-wave oscillator
(e.g.[4,5]). The corresponding amplitude of the

output signal is the solution of the equations of
the non-stationary nonlinear theory for the O-
type backward-wave oscillator (without taking
into account space charge, energy losses, etc.)

(e.g.[4,24]).

Table 1. Correlation dimension d, the dimension of the
attachment determined based on the algorithm of false
nearest neighboring points (dy) with percentage of false
neighbors (%) calculated for different values of time lag
T

Chaos (I) Hyperchaos (II)
T d, (dv) T d, (dv)
60 3.6 5 67 7.2 10
(5.5) (12)

6 3.1 4 10 6.4 8
(1.1) (2.1)

8 3.1 4 12 6.4 8
(1.1) (2.1)

In Table 2 we list the results of computing the
Lyapunov’s exponents and Kolmogorov
entropy Kene-

Table 2. Numerical parameters of the chaotic self-
oscillations in the backward-wave tube: A,—A, are the

Lyapunov exponents in descending order, K is
Kolmogorov entropy
Regime A A K
Chaos 0.261 0.0001 | 0.26
(L=4.2)
Hyperchao | 0.514 0.228 | 0.74
s (L=6.1)
Regime A3 Aa K
Chaos —0.0004 | —0.528 | 0.26
(L=4.2)
Hyperchao | 0.0000 | —0.0002 | 0.74
s (L=6.1)

One could see the that the Lyapunov
exponents have as positive as negative values.
So, the main conclusion is that the chaos
formed in the dynamics of the oscillator is
characterized by more than one positive
Lyapunov exponent (developed chaos or
hyperchaos). The received data are quite
satisfactory agreed with the corresponding
results of [4,24]. However, some difference in
values of the Lyapunov exponents is
connected with using another algorithm.
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PACS: 52.75.Va, 84.40.Fe, 05.45.Pq
Tjurin A.V., V.G. Shevchuk, I.1. Bilan

NON-LINEAR ANALYSIS OF CHAOTIC SELF-OSCILLATIONS IN BACKWARD-
WAVE TUBE

Summary. The paper presents the results of the analysis and modelling of topological and
dynamic invariants for the regime of chaotic self-oscillations in the backward-wave oscillator, in
particular, the analysis of chaotic time series for the amplitude of the output signal, which is the
solution of the equations of the non-stationary nonlinear theory for the O-type backward-wave
oscillator (without taking into account space charge, relativistic effects, energy losses, etc.). The
main attention is paid to the calculation and analysis of the spectrum of Lyapunov exponents
based on the Sano-Savada algorithm. Numerical data of the Lyapunov backward-wave oscillator
calculated for the time series of the amplitudes of the output signal are given, which definitely
indicate the presence of elements of advanced chaos in the dynamics of the system.

Key words: non-relativistic and relativistic backward-wave tube, spectrum and dynamics,
non-linear methods, optical chaos, Lyapunov exponents
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Twpin O.B., lllesuyk B.I'., binan I.1.

HEJITHIMHUAM AHAJII3 XAOTUYHHUX ABTOKOJIMBAJIBHUX PEXXUMIB ¥
JIAMIII 3BEPHEHOI XBWJII

Pe3tome. B poOoTi mpenacTaBieHi pe3ysbTaTH aHali3y Ta MOJENIOBAHHS TOMOJOTIYHUX 1
JUHAMIYHUX 1HBapiaHTIB JUIsl PEXHUMY XAOTHYHUX aBTOKOJHMBAHb B JIaMIll 3BOPOTHOI XBWIII,
30KpeMa, BUKOHAHUH aHalli3 XaOTUYHUX YAaCOBUX PSAIB IS aMIUTITYIM BUX1THOTO CUTHAIY, sIKa
€ PO3B’A3KOM DIBHSIHb HECTAIllOHAPHOI HEJIHINHOI Teopii A JaMnu 3BOPOTHOI XBuIl O-TUIY
(0e3 ypaxyBaHHS NPOCTOPOBOTO 3apsly, PEIATHBICTCBKUX €QeKTiB, BTpaT €Heprii ToIIo).
OcHoBHa yBara nmpujieHa OOYHCICHHIO Ta aHali3y CIEKTpa MOKa3HUKIB JIsSmyHOBa Ha OCHOBI
anroputmy Cano-CaBaau. HaBeneHo uucenbHi JaHi MOKa3HUKIB JIAMyHOBa po3paxoBaHUX TS
94acoBOTO PsIIy aMIUTITYl BUX1HOTO CUTHAITY, sIKi 0€3yMOBHO BKa3ylOTh Ha HasBHICTh €JIEMEHTIB
PO3BHHEHOTO Xa0Cy B IMHAMIIll CUCTEMHU.

KirouoBi ciioBa: HepensTHBICTCbKA Ta PENATHUBICTChKA JamIia 3BOPOTHOI XBWJIl, CHEKTp 1
JMUHaMiKa, HeNiHIKHI METOIU, ONITUYHUN Xa0C, MOKa3HUKH JIamyHoBa
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ON SOME NUMERICAL MODEL TO SOLVING DYNAMICAL
EQUATIONS OF NONRELATIVISTIC AND RELATIVISTIC
BACKWARD-WAVE TUBE

It is developed an effective computational approach to solution the master corresponding system
of differential equations, which describe the nonlinear stationary and non-stationary electromagnetic
processes in the nonrelativistic and relativistic backward-wave tubes (carcinotrons) with maximal
accounting for the different physical factors such as the relativistic effects, effects of dissipation, the
presence of a space charge, wave reflections at the ends of the slowing system, stochastic factors by
means including the special elements in a whole system etc as well as the detailed investigation of
characteristics (dynamical and topological invariants) of dynamics of a carcinotron in automodulation
and chaotic regimes with construction the corresponding bi-furcation diagrams. Below in order to
further solve the master system of dynamical equations for carcinotron it is presented in brief the
realizing numerical scheme, based on the use of the conservative finite-difference schemes of the

"predictor-corrector” type and the sweep algorithm.

1. Introduction

One of the most quickly developing
directions of the modern physical, quantum,
sensor and phototo-electronics is theoretical
and experimental study of physical processes
in systems and devices of relativistic
microwave range electronics, including the
backward-wave tubes (lamps, oscillators)
their chains and others under different regimes
of their functionating (for example, look [1-
12]).

It is known that the backward-wave tubes
or carcinotrons are an electronic devices for
generating electromagnetic oscillations in the
microwave range, in which a beam of
electrons interacts with an electromagnetic
wave in a retarding system in situations where
the phase speed of the wave is close to the
speed of electrons, and the group speed is
opposite in direction [1-8]. Thanks to the first
condition, the electrons are exposed to the
effective action of the wave field: clumps are
formed in the beam, and a high-frequency
component of the current appears. Surely, at
the present time there are developed a great
number of different simple and quite

complicates stationary and nonstationary
models  to describe  the  nonlinear
electromagnetic processes in the

nonrelativistic and relativistic backward-wave
tubes (for example, look [1-8] and refs
therein).

There have been presented quite much
numerical approaches to find numerical
solutions of the stationary and nonstationary
systems of differential equations which are
describe the nonlinear electromagnetic
processes in the nonrelativistic and relativistic
backward-wave tubes [3-8].

It should be stated that the implementation
of mathematical models on computers takes
place using the methods of applied
mathematics, which, of course, are constantly
being improved along with progress in the
field of computer technology. The solution of
the mathematical model of the problem, which
should provide the criterion of efficiency and
optimality, can be obtained faster with the help
of a suitable efficient algorithm.  Any
reduction of the problem of relativistic
microwave range (little and large power)
electronics, including the backward-wave
tubes, is usually reduced to the solution of
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algebraic equations of one or another structure
(for example, look details in [9-16]).

As a result, most methods of applied
mathematics are related to reducing the
problem to a system of algebraic equations and
their subsequent solution. One of the fairly
widespread methods of solving problems in
mathematical physics and applied mathematics
is the finite difference method [15] (see also
[16-20]).

In recent years, the problem of wide
application of various methods of constructing
difference schemes in the problems of
mathematical physics, physics of systems,
elements and devices, including physical and
quantum electronics [3-12].

The main aim of our work is develop
effective computational approach to solution

the master corresponding system of
differential equations, which describe the
nonlinear  stationary and non-stationary
electromagnetic processes in the

nonrelativistic and relativistic backward-wave
tubes with maximal accounting for the
different physical factors such as the
relativistic effects, effects of dissipation, the
presence of a space charge, wave reflections at
the ends of the slowing system, stochastic
factors by means including the special
elements in a whole system etc as well as the
detailed investigation of characteristics
(dynamical and topological invariants) of
dynamics of the backward-wave tube in
regular, automodulation and chaotic regimes
with construction the corresponding bi-
furcation diagrams. Below in order to further
solve the system of differential equations for
the backward-wave tube it is in brief described
the realizing numerical scheme, based on the
use of the conservative finite-difference
schemes of the "predictor-corrector" type and
the method of the sweep method.

2. Standard system of differential
equations for a backward-wave tube

In the ref. [1-8] it has presented the
detailed explanation of the master systems of
equations  describing the  fundamental
processes in the system, so we should only
present the corresponding system in the
suitable form. According to ref. [3-6], the

component of the wave field that interacts with
the electron beam can be represented as

E(x,t):R[E(x,t)ei“’“_iB[’x],

where E(x,t) is a slowly varying complex
function.

The high-frequency current arising in the
electron beam as a result of the action of the
wave field on it is represented in the following
form [5]:

I(x,t) = Re|l,(x, t)eim”(t"ﬁ) +

L (x, t)e2iwolt=x/vo) 4 ],
(1)

where I,(x,t), I,(x,t)... — slow amplitudes of
the first, second and subsequent harmonics
First master equation can be written in the
standard form (see details in Refs. [3-5]):

10E 0E_-

1,0,
== BK, T
v, 0t 0x 2 Pk, 2)

where K, — the coupling resistance of the

retarder system for the working spatial
harmonic at the frequency .
The second component of the self-

consistent theory is the formulation of the
electron motion equation which has the
standard form [7,8]:

d 2 o ~ -
w f = Re[E (x._t)e“”"""”“"]
Further  usually one could define

=T, + ‘1.—-‘ .
Xt )=t +x/ v, +1x1,) as a time of

arrival at the point * of the electron that flew
into the interaction space at the moment #,.

Due to the slowness of the change of the
complex amplitude in time and the smallness
of the change in the speed of electrons in the
process of interaction, one has the right to

replace in the right part E(x,t(x,to)) Ha
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E(x,t0+x/00) i(ot/o x)f'D on v,°, and further
it can be written as:

(0%E/0x?)¢, = —m%%Re[E(x, t+x/
Uo)eiwg[t0+f(x,t0))] _ (4)

After reduction to dimensionless variables and
parameters, the equations and boundary
conditions take the following form [4-7]:

0°0/07*=~ R|Fexp|if)),

OF/0t—-0F/0¢=1,
N _1271 )
iI=—[e"do, (5)
T 5

00,_,=0,, 06/071,_,=0,

FDZZL:05 (6)

where {(=B,Cx ,

(7)
T=w,C (t - x/vo)( 1+ UO/Uep)_l -
are the dimensionless independent variables
are coordinate and "local time". Due to the
introduction of "local time", which is counted
at each point of the space of interaction with
the displacement x/v,, there is no derivative in
the equation of motion by r which facilitates
the construction of a difference scheme for the
numerical solution of the system of equations.
This is also convenient in the sense that in the
dimensionless form of the equations, the
parameter of the ratio of the group velocity to
the beam velocity is excluded, which now
appears only in the coefficient connecting
dimensional and dimensionless time. As
usually, the value 6({, 7, 8, )characterizes the
phase relative to the wave for an electron that
has flown into the space of interaction with the
phase 6, , and

F(¢,7)=E/(2B,UC?

is the dimensionless complex amplitude of the
high-frequency wave field. Pierce's parameter

c=y1,K,/(4U),

where is [, the constant component of the

beam current, U is the accelerating voltage,
assumed to be small.

3. Numerical differences scheme

In order to further solve the system of
differential equations for the backward-wave
tube it has been developed a numerical
scheme, which is based on the use of finite-
difference schemes of the "predictor-corrector"
type and the method of the sweep method (see
details in refs. [3-7]). The finite-difference
scheme has been constructed and analogous
the scheme [5,6]. Namely, the following
substitutions have been applied:

[Q = exp(ig)],
X= (1/L)d6)/d. )
the corresponding master system:
0%0/0(* = —Re[F exp(if)],
dF /Tt — dF J0¢ =1,

~__l 2T _i@
I= Hf e dg,,

v 9)
has the following form:
a—Q:iLXQ
0
(10)
%?z—LRdFQ)
Further the initial filed distribution 1is

determined in the points of the net on the
coordinate. The known method of largest
particles is used. As wusually the initial
distribution of a field is determined by the
distribution of the main amplitude mode. For
each particle (index j) and each time moment
(index 1) it is solving the equation of motion
according to the standard predictor—corrector
scheme:

XQ:XHLM%:X&DP{

i+5

(11)
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Q’,=Q/+iLx/QS=q/+DLX/Q]

1
3

where

D=LZ,
P = —Re[FQ]

is a particle acceleration

Then it has been calculating (at the next step):
Py = —Re{l(Fi + Fi2)/210X] 3.

x/

i+1

d¢= X/ + 2DP/

i+1/2°

=X/ + LP}

i+1/2

b —_ g ipvi i

i+1 = @ TILX} 50044 /,0C
—nl ; J J
= Qi +2iDLX; 1 /5Qi41/20 (12)

The values of the first harmonic of the current

in each node are determined by the standard

expression:

J
I i:(2/ J ) Z Q{

j=1
After determining the current values at each
point of the grid, the induced field is then
determined. To solve the excitation equation, a
second-order scheme is used; accordingly, the
iterative procedure for calculating the next
time value of the field at each node along the
coordinate has the form:

F{*' = aFly + ayF] T ‘131;'1'!—1 E
— D[byli,byl{~ +b3l;_4] (13)

Other details can be found in the refs. [3-10].
In conclusions let us note that it is supposed
the further generalization and development
more advanced approach with maximal
accounting for the different physical factors
(such as the relativistic effects, effects of
dissipation, the presence of a space charge,
wave reflections at the ends of the slowing
system, stochastic factors by means including
the special elements in a whole system etc) as
well as the further detailed numerical
investigation of characteristics (dynamical and
topological invariants) of dynamics of
nonrelativistic and relativistic backward-wave
tubes (carcinotrons) in different regular,
automodulation and chaotic (hyperchaotic)
regimes with construction the corresponding

bi-furcation diagrams and understanding the
features of so called (generally speaking) self-
oscillating distributed dynamical systems,
which are characterized by the absence of rigid
scenarios of the transition to chaos, in contrast
to common known scenarios in more simple
systems.
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Tkach T.B., Kvasikova A.S., Shpinareva [.M.

ON SOME NUMERICAL MODEL TO SOLVING DYNAMICAL EQUATIONS OF
NONRELATIVISTIC AND RELATIVISTIC BACKWARD-WAVE TUBE

Summary. It is developed an effective computational approach to solution the master
corresponding system of differential equations, which describe the nonlinear stationary and non-
stationary electromagnetic processes in the nonrelativistic and relativistic backward-wave tubes
(carcinotrons) with maximal accounting for the different physical factors such as the relativistic
effects, effects of dissipation, the presence of a space charge, wave reflections at the ends of the
slowing system, stochastic factors by means including the special elements in a whole system etc
as well as the detailed investigation of characteristics (dynamical and topological invariants) of
dynamics of a carcinotron in automodulation and chaotic regimes with construction the
corresponding bi-furcation diagrams. Below in order to further solve the master system of
dynamical equations for carcinotron it is presented in brief the realizing numerical scheme, based
on the use of the conservative finite-difference schemes of the "predictor-corrector”" type and the
sweep algorithm.

Key words: nonrelativistic and relativistic backward-wave tubes, carcinotrons, computational
approach, chaotic dynamics, difference scheme and sweep algorithm
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Txau T.b., KBacukosa A.C., [lIninapesa [.M.

PO AESAKYIO YNCJIOBY MO/JIEJIb 10 PO3B’SI3YBAHHSA IMHAMIYHUX
PIBHSIHb HEPEJISITUBICTCBKOI TA PEJSITUBICTCBHKOI JIAMITIA 3BOPOTHOI
XBUJII

Pe3tome. Po3pobnieThes edekTHBHUN OOYHMCIIIOBATBLHUN MIAXI 10 PO3B’sSA3aHHS BiAMOBIAHOL
MacTepHOI CHUCTEeMH JWHAMIYHUX pIBHSAHb, $KI ONUCYIOTh HEJIHIMHI CTalllOHapHI Ta
HECTAalllOHApHI E€JEeKTPOMAarHiTHI MPOIECH B HEPEISATHBICTCHKUX Ta PENIATUBICTCHKHUX JIaMIlax
3BOPOTHOT XBMJI (KapCHMHOTPOHAX) 3 MOJANBIIMM MaKCUMAJIbHUM YPaxyBaHHSAM Pi3HHUX
¢13UYHUX (QaKTOpiB, TAaKUX SK PEIATHBICTCHKI edekTH. , edexTu aucumnaiii, HasBHICTb
IIPOCTOPOBOTO 3apsily, BIJOWUTTS XBWJII Ha KIHIAX CIOBUIBHIOBAHOI CHUCTEMH, CTOXaCTHUYHI
(bakxTopH 3a JOTIOMOTOI0 BKITIOYCHHS CIICIIAIBHUX €JIEMEHTIB y BCIO CHCTEMY TOIIO, a TaKOX
JOCTIDKEHHSIM ~ XapaKTepUCTUK (AMHAMIYHUX 1 TOMOJIOTIYHMX 1HBApiaHTIB) JMHaMiKa
KapCUHOTPOHA B aBTOMOJYJISIIIHHOMY Ta XaOTHYHOMY PEKHMax 3 IMOOYIOBOIO BiIMOBIIHUX
Oipyprauiinux giarpam. [l po3B’si3yBaHHSA TOJIOBHOI CHCTEMM JMHAMIYHHUX pPIiBHSIHb
KapCHHOTPOHA HAaBEJCHO pealli3yeMy YHCEIIbHY CXeMy, fKa 3acHOBaHa Ha BUKOPUCTaHHI
KOHCEPBATHUBHOI PI3HUIIEBOI CXEMU TUITY «IIPEAUKTOP-KOPEKTOPY Ta aJrOPUTMY PO3TOPTKH.

KuarouoBi cioBa: HepensITUBICTCbKI Ta PENSITUBICTCHKI JIaMIIM  3BOPOTHOI  XBWIII,
KapCUHOTPOH, OOYMCIIOBAJIHUM MiJIXiJ, XaOTHMYHA JWHAMIiKa, PI3HUIEBA CXeMa Ta alTrOpPUTM
PO3TOPTKH

This article has been received in October 26, 2021

151



PACS 32.30.-r

A.V. Glushkov', A.A. Kuznetsova’
'Odessa State Environmental University, L’vovskaya str.15, Odessa
?Odessa National Maritime Academy, Didrikhson str. 4, Odessa
E-mail: glushkovav@gmail.com

RELATIVISTIC ENERGY APPROACH TO ATOMIC

SYSTEMS IN A STRONG ELECTROMAGNETIC FIELD IN

PLASMAS

The fundamentals of a consistent relativistic approach to determination of radiation and spectral
characteristics of the atomic systems (atoms, multicharged ions in plasmas conditions) in a strong
external electromagnetic field (EMF), which is based on a relativistic energy formalism (REA)
(adiabatic Gell-Mann and Low formalism) and relativistic many-body perturbation theory (RMBPT)
formalism for atomic systems in a plasmas are presented. Within an energy approach in relativistic
approximation the Gell-Mann and Low formula expresses the imaginary part of an atomic level energy
shift 6F through the QED scattering matrix, which includes an interaction as with an EMF as with the
photon vacuum field (spontaneous radiative decay). It results in possibility of an uniform simultaneous
consideration of spontaneous and (or) induced, radiative processes and their interference. The
radiation atomic lines position and shape fully determine a spectroscopy of the plasmas atomic systems
in an EMF. The effective modified technique, based on the Ivanova-Ivanov method of differential
equations, for computing the infinite sums in expressions for a spectral line shifts and broadening is
shortly described. The fundamentals of a formalism of the relativistic gauge-invariant RMBPT with

the optimized Dirac-Kohn-Sham (DKS) and Debye-Hiickel zeroth approximations are presented.

1. Introduction

Spectroscopy of atomic and molecular systems
in a strong electromagnetic field belongs to
one of the most relevant and practically
important directions of modern optics and
spectroscopy, in particular, as one of the main

sources of spectroscopic information for
atomic, molecular, nuclear physics, laser
physics, quantum and photo-electronics,

plasma physics, astrophysics, etc. In recent
years, great interest in both the theoretical
fundamental and its numerous applied aspects
has grown dramatically. This is due to many
reasons, and first of all, we are talking about
significant progress in the development of new
experimental research methods, in particular, a
significant increase in the intensity and quality
of laser radiation, the use of accelerators,
heavy ion colliders , sources of synchrotron
radiation, neutron sources, etc. (e.g.[1-26]),
which opens completely new opportunities for
the study of increasingly energetic processes,
stimulates the development of new theoretical
methods for calculating their characteristics in
spectroscopy due to collisions of electrons,

photons, atoms, molecules. It’s appropriate to
remind that in many modern plasma
experiments (using tokamak plasma, laser
plasma, etc.), as well as in astrophysical,
space, laboratory, etc. electric fields of various
classes are available in the plasma, including
quasi-monochromatic electric fields with a
relative width of the frequency band,
broadband electric fields, finally, the specified
environment is influenced by powerful
electromagnetic pulses, which as a result
induce extremely complex from a theoretical
point of view, physical processes in plasma.

In this paper we present the fundamentals
of a consistent approach to atomic systems
(atoms, multicharged ions in plasmas
conditions) in a strong external
electromagnetic field (EMF), which is based
on a relativistic energy formalism (REA)
(adiabatic Gell-Mann and Low formalism)
[23-34] and relativistic many-body
perturbation theory (RMBPT) formalism for
atomic systems in a plasmas (e.g. [35-37]).
Within an energy approach in relativistic
approximation the Gell-Mann and Low
formula expresses the imaginary part of an
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atomic level energy shift OF through the QED
scattering  matrix, which includes an
interaction as with an EMF as with the photon
vacuum field (spontaneous radiative decay).
The fundamentals of a new formalism of the
relativistic gauge-invariant RMBPT with the
optimized Dirac-Kohn-Sham and Debye-
Hiickel zeroth approximations are presented.

2. Relativistic energy approach to atomic
systems in an electromagnetic field in
plasmas

The theoretical basis of the relativistic
energy approach in atomic spectroscopy was
widely discussed earlier (see, e.g. [21-32]) and
here we will focus on the key topics following
to Refs. [22,27-29,32]. Let us note that in the
theory of the non-relativistic atom a
convenient field procedure is known for
calculating the energy shifts OF of degenerate
states. This procedure is connected with the
secular matrix M diagonalization [27,28]. In
constructing M, the Gell-Mann and Low
adiabatic formula for &F is used. In relativistic
version of the Gell-Mann and Low formula 6E
is connected with electrodynamical scattering
matrice, which includes interaction with a
laser field. Naturally, in relativistic theory the
secular matrix elements are already complex in
the second perturbation theory (PT) order.
Their imaginary parts are connected with
radiation decay possibility. The total energy
shift is usually presented in the form [27-29]:

OF = ReoE +ilmolL,
(1a)
Imol =-T/2,

(1b)
where I is the level width (decay possibility).
As it was said, spectroscopy of an atom in a
laser field is fully determined by position and
shape of the radiation emission and absorption
lines. The lines moments M, are strongly
dependent upon the laser pulse quality:
intensity and mode constitution [7-
13,23,24,27-32]. Let  us describe  the
interaction “atom -EMF” by the following
potential:

Virt)=V{ r)jdm_{’{m -a,) Z cos(a,l +ant)
2)

Here @, is the central EMF radiation
frequency, n is the whole number. The
potential V represents the infinite duration of
EMF pulses with known frequency t. Next we
will consider the interaction of an atom with a
single pulse. The function flw) is a Fourier
component of the EMF pulse. The condition:

J.:fml_{"' () =1

3)
normalizes potential ' /) on the definite
energy in the pulse. It is worth to comment
that the EMF pulses with Lorentzian,
Gaussian or more complicated shape can be
considered. As it was indicated in Ref. [28-
32], the main program results in the
calculating an imaginary part of energy shift
ImoE,, (@) for any atomic level as the function
of the central laser frequency wo. An according
function has the shape of the resonance, which
is connected with the transition o-s (o, s-
discrete levels) with absorption (or emission)
of the “k” number of photons. We will
calculate the following quantities for the
multiphoton resonance:

oo(s—ualk) = j dolmol (o) (o—wo,, k)N,

(4)
M, = [dm:’;mik’”( o) (w-—a k) /N,
()
N = ja’ru!mrﬁﬁu(m) \
(6)
@, =, +k-oo(s—alk)
(7)

where N is the normalizing multiplier; @y, is
position of the non-shifted line for transition
s-a, ow(s-alk) is the line shift under k-photon
absorption. To determine the quantities M, ,
one should need to obtain an expansion of E,
to the following PT series:

SE =Y0F "(w,).

(8)

An external EMF shifts and broadens the

atomic levels. The standard quantum approach

. . }‘\; 2
relates complex eigenenergies ok =0k, +il
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and complex eigenfunctions to  the
corresponding resonances [12,24,32]. The
field effects drastically increase upon going
from one excited level to another. The highest
levels could overlap forming a “new
continuum” with lowered boundary. In the
case of a strong field, its potential should
appear in the Dirac equations already in the
zeroth-order approximation (the solution is
Dirac-Volkov type function). On the other
hand, it is convenient to use methods such as
operator PT with included well known
“distorted-waves” zeroth approximation” in
the frame of the formally exact PT.

As usually [32], next one should use the
known Gell-Mann and Low adiabatic formula
for 0FE, with QED scattering matrix.
According to [27-32], the representation of the
S- matrix in the form of PT series induces the

expansion for 0E,:

oL (@)= limy Z ek doyyoky)J (ki k),

| ©)
J (kb k ) =118,
: 119, (10)
S\ = (=) [ dt [t (P W),
* - (1 1)
Vi=exp(iH )V (rt, yexp(—iH f Yexp(yt,) (12)

where S, is QED scattering matrix, y is an
adiabatic parameter, H, is the unperturbed
atomic Hamiltonian (below it will be defined
for atomic systems in the Debye plasmas), ¢
(ki, ka,...,k,) are the numerical coefficients. The
details of rather cumbersome transformations
are presented in Refs. [32], where the structure
of matrix elements S, is also described. As

an example, let us note that can be

determined as follows:

'\'.'Ij:. - _[ ”J'{. J "';‘;_‘- L‘b\])l y(h+1, }}“{; :ex}3(‘iH:'-": ]L'[""n )

< o

exp(—iH g, Yexp(iH )V (1, Jexp(—iH b, ) |W ).

(13)
After some transformations one can get the
expressions for line moments. The final results
for quantities (5) for the Gaussian shape laser
pulse are as follows:

Sw(s—a k)=[nA/ (k+1)k][E(s.o, [ k)= E(a.m,, k)],

Mz = Az/k .
M, = 47N [k (k+1) [ EGsao, (k) = E(ao, 5],
(14)
where
E(j.o k) ]ZV VoI | |
oo, TRy == V.V, — 4 —|
' ' P N N SO N OB
(15)

The summation in (15) is over all atomic
states. The equations (1)-(15) describe the
main characteristics of the radiative emission
and absorption line of atomic system near the
resonant EMF  frequency ./k. The
corresponding expressions for the Lorentzian
shape laser pulse are given in Refs. [23,32].
For the soliton-like pulse it is necessary to use
some approximations to simplify the
expressions and perform the numerical
calculation [32]. The next serious problem is
calculation of the sum (15), which includes
infinite summations over the complete set of
unperturbed (or distorted in the zeroth
approximation in a case of a strong EMF)
atomic states. One of the most widespread
methods for calculating the sums (20) is the

Green function method (look below).
However, as it was indicated in Refs.
[23,25,27-30], the more preferable and

effective method is based on the advanced
algorithm of differential equations, initially
developed by Ivanova-Ivanov [28]. It is worth
to note that this method has been frequently
used earlier in calculations of different atomic
system energy and spectroscopic
characteristics (see, e.g., [23-34]). The
necessary sums can be expressed through sums
of the following one-electron matrix elements:

S Z{H}_’m !"|ir|)::::r. :"{”:Xﬁ”l |!'|r?,‘_’m>;" [é,'” . é]

(16)
where (num) — quantum numbers of one-
electron states, &g, mtw/k 1s the energy
parameter. One-electron energies €, include
the rest energy (aZ)°, where « is the fine
structure constant and Z is charge of a nucleus.
Here and below we use the Coulomb units (1
C.u.=7’ a.u.e.; a.u.e.= 1 atomic unit of energy).
For definiteness, let wus concretize an
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interaction of atom with a EMF. In particular,

for the typical dipole interaction the
corresponding potential is:
nr)=(a,a), (17)

where a is a vector of polarization of radiation;
a is a vector of the Dirac matrices.

One should introduce a bi-spinor of the
following form [28-32]:

WV o Zr/)ﬁlz_”._l <n. z,m ‘if"n,‘{m> [él - ;)

(18)

The radial parts F, G of a bi-spinor ¥ satisfy
the system of the following differential
equations [28,32]:

F'laZ +(1+ ) F [azrv AG=C(aljlm,. jim)f,, aZ
(19a)

('_r"ff(z)’, “(1=1)G aZr+ A F =( {‘1 gy, I;',f;m:] g, a’
(19b)

A =U, (n+1i{aZ) ¢ (20)

Here Z is a nuclear charge, a is the fine

structure constant, " and G are the components
Uy ()

of the bi-spinor (18); 1S some atomic

mean-field potential (see possible expressions,

e.g., in Refs. [23-25]). The final expression

for the sum (16) can be written as follows:

S = [drr*[f,,. - G(r)-Cl(aljlm,j,l,m,)]

FGny " F(7) -E{nljfmj_.jj_{]_m]_}] (21)

The alternative approach to calculating (16) is
based on the using method of the Green’s
function of Dirac equation and presented, for
example, in Ref. [32] in the Dirac-Kohn-Sham
model of multielectron atom. The Green’s
function is defined as the solution of the
inhomogeneous Dirac equation:

(?I—Z)GE(r1r2):5(r1_r2)a (22)

where H is the Dirac Hamiltonian, ¢ is an
The spectral
decomposition of the Green’s function is as
follows:

energy parameter. known

G(rir,VE)=) ¥, (r)) ¥, u(r)/E,,~E)

nym

(23)
where one can wusually allocate partial
contributions with a fixed y (Dirac's angular
quantum number), each of which is a product
of the radial G(r LV E,x ) and angular parts.
In the relativistic theory, the Green's function
is a 4-component matrix:

Glrr |E x)=|
(1_| Z) G(}_

where ru(r_,) is more (less) of TIy,r,.
According to Ref. [32], the system of the
corresponding Dirac equations for F and G
component in  the  Dirac-Kohn-Sham
approximation is as follows:

F':_(X+‘X‘)F/r+a ' [VN(F)+VDKS(r) _l‘f _a72:|G;

G=lx-IlGIr=a - [Vilrl+v™Clr]-ig+a *]F,
(25)

.....

l_:"_ (Z 1 |)/|)1‘ /74 {}”\ (}) . I”M(J) !:- (}:] (‘;

C}' (Z 4 |Z|)(;' ,I‘ (}_”’r\. (;} | I',-,.-).Jk-_".{;_) f; | (} 2 Ij'-_
(26)

where d=aZ, VN(r) is the potential of a
nucleus. The functions (F, G) represent the
first fundamental solution, which is regular for

r—=>0 and singular for 7—>%©. Any
o F.G)+ X" (F.G .

combination ‘- AP satisfies the

above written equations for (7.G) and

represents singular solution at zero [29,32].

The right chosen combination (F.6) for the
single value of the mixing coefficient X
(regular for 7 =) is second fundamental

solution /> gf) . The corresponding condition is
as follows:
(F,G)~exp(-Ar);, A=(a *+&%)". 27)

Other details can be found in Refs. [26-32].
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3. Relativistic Debye model for atomic
systems in plasmas

Below we shortly present the fundamentals
of a relativistic many-body perturbation theory
(RMBPT) with the Debye shielding model
Hamiltonian for electron-nuclear and electron-
electron systems [35-37]. The optimized one-
electron representation in the PT zeroth
approximation is constructed by means of the
correct treating the gauge dependent
multielectron contribution of the lowest PT
corrections to the radiation widths of atomic
levels. Within the known model by Debye and
Hiickel (e.g. [2-4,35], a plasmas environment
effect is modelled by the shielding parameter
1, which describes a shape of the long-rang
potential. An interaction potential between two
charged particles in a plasmas can me
described by the known Yukawa-type
potential. A difference between the Yukawa
type potential and standard Coulomb potential
is in account for the effect of plasma, which is
modeled by the shielding parameter. This
parameter u is connected with the plasma
parameters such as the temperature 7 and the
charge density n 1is as follows:

p~ye*nlk,T (28)
Here e is the electron charge and kz 1is the
Boltzman constant. The density #z is given as a
sum of the electron density N. and the ion
density N, of the k-th ion species with the

_ 2
nuclear charge ¢, : 1=N e"'zk: QN 1t is very

useful to remind the simple estimates for the
shielding parameter. For example, under
typical laser plasma conditions of 7~ lkeV
and n~ 10* cm” the parameter y is of the order
of 0,1 in atomic units. By introducing the
Yukawa-type electron-nuclear attraction and
electron-electron repulsion potentials, the
Debye shielding model Dirac Hamiltonian for
electron-nuclear and electron-electron
subsystems is given in atomic units as follows
(e.g. [35,36]):

H =3 [acp—fmc* —Zexp(—pur,)/
(1-a;a; )
n]+ zi}j TL_ELEXP[: —Hry)
J

(29)

where ¢ is the velocity of light and Z is a
charge of the atomic ion nucleus. The
formalism of the relativistic many-body PT for
atoms in a plasmas is further constructed in the
same way as the analogous RMBPT formalism
for the free relativistic atomic systems (e.g.
[25-32]). However, in the PT zeroth
approximation of our RMBPT version we use
a mean-field potential, which includes the
Yukawa-type potential (insist of the pure
Coulomb one) plus exchange Kohn-Sham
potential and additionally the Lundqvist-
Gunnarson correlation potential (with the
optimization parameter b) as in Refs. [16-
23,25,32]. As alternative one could use an
optimized model potential by Ivanova-Ivanov
(for Ne-like ions) [6], which is calibrated
within the special ab initio procedure within
the relativistic energy approach [28,31]. As
usually, a standard field procedure is used for
calculating the energy shifts 0F of degenerate
states of atomic system. This procedure is
connected with the secular matrix M
diagonalization [27,29]. In constructing M, the
Gell-Mann and Low adiabatic formula for 8F,
is used. The secular matrix elements are
already complex in the PT second order (the
first order on the inter-electron interaction).
Their imaginary parts are connected with the
radiation  decay  (transition,  scattering,
ionization etc) possibility. It is important to
note that the computing the energies and
radiative transition matrix elements is reduced
to calculation and the further diagonalization
of the complex matrix M .and determination of
matrix of the coefficients with eigen state
vectors Bff w [27-29]. To calculate all
necessary matrix elements one must use a
basis of the one-quasiparticle relativistic
functions. Namely this basis is proposed to use
in computing radiation spectral lines
characteristics of atomic systems in a plasmas.
This is a novelty element of a whole theory.

4. Conclusions

To conclude let us note that in this paper we
shortly present the fundamentals of a new,
consistent relativistic approach to
determination of radiation and spectral
characteristics of the atomic systems (atoms,
multicharged ions in plasmas conditions) in a
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strong external EMF, which is based on a
adiabatic Gell-Mann and Low formalism and
RMBPT formalism for atomic systems in a
plasmas. Within an REA the known Gell-
Mann and Low formula expresses the
imaginary part of an atomic level energy shift
oF through the QED scattering matrix, which
includes an interaction as with an EMF as with
the photon vacuum field (spontaneous
radiative decay). The fundamentals of a new
formalism of the relativistic gauge-invariant
RMBPT with optimized Dirac-Kohn-Sham
and Debye-Hiickel zeroth approximations and
consistent technique for generating an
optimized single-quasiparticle representation
for atomic systems in the Debye plasmas are
presented. It is well known that an adequate
description of the radiation and spectral
parameters requires using optimized basis’s of
relativistic wave functions. The approach
presented includes an effective ab initio
optimization basis construction p[procedure in
a natural way. There is used the minimization
of the gauge dependent multielectron
contribution of the lowest RMBPT corrections
to radiation widths of atomic levels, which is
determined by imaginary part of an energy
shift 6E. In the RMBPT higher orders there
appear diagrams, whose contribution into
ImOFE accounts for the polarization effects.
This contribution describes collective effects
and it is dependent upon -electromagnetic
potentials  gauge (gauge  non-invariant
contribution 6FE,;,). This value is considered to
be the typical representative of -electron
correlation effects, whose minimization is a
reasonable criteria in the searching for the
RMBPT optimal one-electron basis [23-27]. In
conclusion, it should be noted the approach
presented can be applied to many actual
problems modern nuclear physics too as well
as astrophysics, laser physics and quantum,
photoelectronics (e.g. [5,6,23,38-40]).
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RELATIVISTIC ENERGY APPROACH TO ATOMIC SYSTEMS IN A STRONG
ELECTROMAGNETIC FIELD IN PLASMAS

Summary. The fundamentals of a consistent relativistic approach to determination of
radiation and spectral characteristics of the atomic systems (atoms, multicharged ions in
plasmas conditions) in a strong external electromagnetic field (EMF), which is based on a
relativistic energy formalism adiabatic Gell-Mann and Low formalism) and relativistic
many-body perturbation theory (RMBPT) formalism for atomic systems in a plasmas are
presented. Within an energy approach in relativistic approximation the Gell-Mann and
Low formula expresses the imaginary part of an atomic level energy shift 6F through the
QED scattering matrix, which includes an interaction as with an EMF as with the photon
vacuum field (spontaneous radiative decay). It results in possibility of an uniform
simultaneous consideration of spontaneous and (or) induced, radiative processes and their
interference. The radiation atomic lines position and shape fully determine a spectroscopy
of the plasmas atomic systems in an EMF. The effective modified technique, based on the
Ivanova-Ivanov method of differential equations, for computing the infinite sums in
expressions for a spectral line shifts and broadening is shortly described. The fundamentals
of a new formalism of the relativistic gauge-invariant RMBPT with the optimized Dirac-
Kohn-Sham and Debye-Hiickel zeroth approximations and consistent technique for
generating an optimized single-quasiparticle representation for atomic systems in the
Debye plasmas are presented.

Keywords: Relativistic energy approach, many-body perturbation theory, atomic systems,

plasmas environment, electromagnetic field,
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PEJATUBICTCHKNM EHEPTETUYHWI OIJIXIT 10 ATOMHUX CUCTEM
Y CWIBHOMY EJIEKTPOMAT'HITHOMY I10JII B IIJIA3MI
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Pe3tome. Po3po0iieHi OCHOBHM TMOCHIZOBHOTO MiJXOAY JIO BHU3HAYEHHS EHEPreTHYHUX,
pajaialifHUX Ta CHEKTPOCKOMIYHHUX XapaKTePUCTHK aTOMHHMX CHUCTEM (aToMiB, Oarato3apsiiHuX
10HIB y TJIA3MOBHMX YMOBaX) Y CWJIBHOMY 30BHIIIHbOMY elleKTpoMmarHiTHomy nouti (EMII), sxuii
0a3yeThCsl Ha PENATUBICTCHKOMY eHepreTHuHoMy ¢opMaiizMi (aaiabatuunuit popmanizm [emn-
Mana ta Jloy) i1 penstuBicTchKili OararouacTuHkoBill Teopii 30ypers (RMBPT) nns aromuanx
CUCTEM Y IJIa3Mi. Y paMKax pelTHBICTCHKOIO €HepreTHYHOro niaxoay popmyna ['enn-ManHa 1
Jloy BUpaskae ysiBHY 4acTUHY 3CyBY eHeprii aroMHoro piBHs uepe3 KEJI MaTpuitio po3citoBaHHS,
ska BKiItouyae B3aemofito sk 3 EMII, Tak 1 3 ¢oTOHHUM BakyyMoM (OCTaHHE BiJIOBIAA€ 3a
CHOHTaHHUHM palialiifHuii po3mag B cuctemi). B mexax po3poOieHoi Teopii € MOXKIUBUM
MOCITIZIOBHE OJJTHOYACHE ypaxyBaHHS CIIOHTaHHUX 1 (a00) 1HAYKOBAaHUX paJllalliiHUX MPOIIECIB Ta
ix iHTepdepenuii. [Tomoxenns i popma aTOMHUX JIiHIH BUIPOMIHIOBAHHS TOBHICTIO BU3HAYAIOTh
CHEKTPOCKOMII0 aTOMHUX cCHCTeM B Iuta3Mu y 30BHiIHbOMY EMIIL. Omnmcano edextuBHy
MoU(IKOBaHY TEXHIKY, 3aCHOBaHY Ha MeTOJli Au(epeHIiaibHuX piBHIHb [BaHOBOI-IBaHOBA, /17151
00YMCIIEHHSI HEeCKIHYEHHUX CyM Y BHpa3ax JUIsl 3CyBY Ta YIIUPEHHS CIEKTPAJIbHUX JIHIH, Ta
(abo) BupasiB, 10 BiAMOBiAAIOTH Apyromy mnopsaky RMBPT. IlpenctaBieHi oCHOBH HOBOTO
dbopmalisMy penATHUBICTCHKOT KanmiOpyBasibHO-iHBapianTHOi RMBPT 3  onrtumizoBanumu
HyJ1b0BUM HaOmwkeHHsIM [lipaka-Kona-Illema ta JleGas-Xrokkens i BU3HAYEHO IOCIHIJOBHY
CXeMy  TeHepallil ONTHMI30BaHOTO OJHOKBA314YaCTWHKOBOTO TIPEJICTABICHHS IS aTOMHHX
CHCTEM Y IUIa3MOBOMY CEpEIOBHIITY.

Kurouosi CJI0Ba: PENATHUBICTCHKHM €HEepPreTUYHNN X1, peNATUBICTChKA
OaraTouyacTMHKOBA Teopis 30ypeHb, aTOMHI CUCTEMH, IUIa3MOBE CEPEIOBHIIE, EIEKTPOMArHiTHE
noje
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RELATIVISTIC SPECTROSCOPY OF ATOMIC SYSTEMS:

SPECTRAL LINES BROADENING AND SHIFT FOR HEAVY

ELEMENTS IN THE BUFFER GAS AND PLASMAS
ENVIRONMENT

It has been developed a modified relativistic approach to describing the shift and broadening due
to collisions of spectral lines of hyperfine structure for alkali atoms in an atmosphere of buffer (inert)
gases. The approach is based on the generalized kinetic theory of spectral lines, exchange, relativistic
perturbation theory with the Dirac-Hartree-Slater zeroth approximation and accounting for the
complicated correlation effects by means of using the many-body polarization density-dependent
functionals. The basic expressions for the collision shift and broadening hyperfine structure spectral
lines are taken from the kinetic theory of spectral lines. The exchange perturbation theory (the
modified version EL-HAV) has been used to calculate the corresponding potentials. The results of
calculating the interatomic potentials, local shifts, temperature dependent spectral line shifts for the
systems of the Rb, Cs-He are listed and compared with available theoretical and experimental data.
The important feature of our scheme is correct taking into account the correlation (polarization)
effects with using special effective functionals from. The difference between our theoretical data and
other calculation results can be explained by using different perturbation theory versions and different
approximations for calculating the wave functions basis’s.

1. Introduction

The behavior of atomic and molecular sys-
tems in different gas and plasmas environ-
ments is an actual problem of modern physics,
namely, molecular, physics, photoelectronic,
optics and spectroscopy etc.  On the one
hand, sources of high-energy (e.g. ultraviolet)
radiation have become widely used, including
the technique of picosecond and femtosecond
laser pulses. In particular, dyes have become
widely used in various fields of optics , spec-
troscopy, atomic and molecular physics, quan-
tum and photoelectronics (including for recor-
ding information (compact discs), dyeing fa-
brics, as working substances of lasers based on
dyes, etc).

In the last two decades, a number of funda-
mentally new discoveries have been made in
atomic physics, in particular, obtaining a Bose
condensate in pairs of Rydberg atoms of alka-
line elements (by the way, the question of the
shift and broadening of the spectral lines of
atoms in such a gas is an extremely urgent mo-

dern task), the creation of fountains of cold
atoms, the possibility of building Tl quantum
measure, and so on, which is largely due to the
unprecedented progress in the development of
new experimental methods of research (ma-
gneto-optical traps, accelerators, sources of in-
tense laser radiation, etc.). This stimulates the
possibilities of studying the spectroscopic cha-
racteristics of atoms, including the parameters
of spectral lines for atoms in the external gas
of plasmas environments, increasingly with hi-
gher accuracy. Although modern atomic spec-
troscopy has a wide range of different quan-
tum methods (in particular, Hartree-Fock self-
consistent field (HF) and Dirac-Fock (DF) me-
thods, methods of quantum defect, model po-
tential, density functional (DF), various va-
riants of perturbation theory (PT), including
the Rayleigh-Schrodinger, Moller-Plesset PT,
various versions of the exchange PT, and even
new methods such as mega-DF, "Bertha" and
so on) for calculating the electronic structure
of atoms, interatomic potentials, various spec-
troscopic characteristics, etc., however, most
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of them still have a number of fundamental
shortcomings.

High precision data for collisional shifts
and broadening the hyperfine structure lines of
heavy elements (alkali, alkali-earth,
lanthanides, actinides and others) in an
atmosphere of the inert gases are of a great
interest for modern quantum chemistry, atomic
and molecular spectroscopy, astrophysics and
metrology as well as for studying a role of
weak interactions in atomic optics and heavy-
elements chemistry [1-27]. As a rule, the cited
spectral lines shift and broadening due to a
collision of the emitting atoms with the buffer
gas or plasmas atoms and ions are very
sensitive to a kind of the interatomic
interaction potential. Besides, calculation of
the hyperfine structure line shift and
broadening allows to check a quality of the
wave functions and study a contribution of the
relativistic and correlation effects to the
energetic and spectral characteristics of the
two-center (multi-center) atomic systems.

Modern representations about the
characteristics of spectral lines of atomic
systems, the most widespread variants of the
theory of spectral lines of atoms and, in
particular, the theory of shift and broadening
of spectral lines of the hyperfine transitions for
atoms (ions) in an atmosphere of buffer (inert)
gases are presented in Refs. [1-5].

An analysis of modern quantum methods
for calculating the characteristics of the
spectroscopic characteristics of atoms and ions
is presented, taking into account correlation,
relativistic and radiation corrections to one
degree or another is given in Refs. [3-6].

In this paper it has been developed a modified
relativistic approach to describing the shift
and broadening due to collisions of spectral
lines of hyperfine structure for alkali atoms in
an atmosphere of buffer (inert) gases. The
approach is based on the generalized kinetic
theory of spectral lines, exchange, relativistic
PT with the Dirac-Hartree-Slater zeroth
approximation and accouting for the
complicated correlation effects by means of
using the many-body polarization density-
dependent functionals. The basic expressions
for the collision shift and broadening hyperfine
structure spectral lines are taken from the
kinetic theory of spectral lines [1,9,10]. The

exchange perturbation theory (the modified
version EL-HAV) has been used to calculate
the corresponding potentials (see details in [2-
8)).

The important feature of our scheme is
correct taking into account the correlation
(polarization) effects with wusing special
effective functionals from [1,4-7,16-18]. The
difference between our theoretical data and
other calculation results can be explained by
using different PT schemes and different
approximations for calculating the wave
functions. Some of the obtained results of
calculating the interatomic potentials, local
shifts, temperature dependent observed
spectral hyperfine line shifts for the systems of
the Rb, Cs-He are listed and compared with
available theoretical and experimental data.

2. Fundamentals of the method

As the key features of the presented

approach gave been described in Ref. [10-
12], below we will concentrate on the
original moments of our approach.
As usually, in order to compute a collision
shift of the hyperfine structure spectral lines
one should use the following expression,
which is known in the kinetic theory of
spectral lines shape (see Refs. [7-9]):

D 47TW0 )
f, = =T _gdw Jexp(~U(R)/KT)R*dR
(1
Here T 1is a temperature, U(R) is an

effective potential of the a-b interatomic
interaction, wp 1s a frequency of the
hyperfine structure transition in an isolated
active atom; dw(R)=Dw(R)/w, 1s a relative
local shift of the hyperfine structure line.

The local shift is caused due to the
disposition of the active atoms (say, the atoms
of lead Pb and helium He) at the distance R.
In order to calculate an effective potential
of the interatomic interaction further we use
the exchange PT formalism (the modified
version EL-HAV) [1,8,9].

The relative local shift of the hyperfine
structure line is defined as follows:
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8o (R)=

Ea,b:(la,b+Ela,b)/2 (Zb)
Here Sy is the overlapping integral; Cs is the
van der Waals coefficient; / is the potential of
ionization; E1,p 1s the energy of excitation to the
first (low-lying) level of the corresponding
atom. The values Q;, Q, in Eq. (2) are the first
order non-exchange and exchange non-
perturbation sums correspondingly [8-10].
These quantities can be determined by the
following way:

2 ; <(DI[1 (I) ‘Hal‘fﬁ ‘(D;&(l) Wio
] N(I_Sﬂ)pn k E!I_Ek
Q- 21 Z 9! (D;J(l)‘H;H-' ‘(D:(-(l)>Uk[J
N (]_50),‘% k E, - E,

po =< O (1) |[H e |05 (1) Y/ < 05 (1) 4 (1))
3)

where Hy; is the operator of hyperfine
interaction; N is the total number of
electrons, which are taken into account in
the calculation; Ej, @L(l)ZF}(u(l)(pkb(Z..N)
are an energy and a non-symmetrized wave
function of state k ={k,, k»} for the isolated
atoms a and b.

The non-exchange matrix element of the
Coulomb interatomic interaction is as:

Vio =< % (1) [ V() [0 (D) >

Correspondingly  the matrix

element is as follows:

exchange

D=3 (o lviifey i) o

The operator V (i) (for example, in a case of
the system “a-b”) is as follows:

X ]
V(l): User (’1:3 ) +User (’1;4 )_ W (R) +—(6)
bi!

where Uscr(r) is the self-consistent field,
created by the lead atomic core.

E E+E, ) ,(2a)

The van der Waals coefficient C; for the
interatomic a-b interaction can be computed on
the basis of the standard definition (see details.
For example, in refs. [2,9-12,23]:

3M*-L(L+))

CollM)=Cool)~ o7 or o3y

Ce (),
(7

Here Cip (L) is the isotropic component of the
interaction and Ce, (L) is the component
corresponding to the P(cos ) term in the
expansion of the interaction in Legendre
polynomials, where the angle specifies the
orientation in the space-fixed frame. The
dispersion coefficients Ceo (L) and Ce» (L) may
be expressed in terms of the scalar and tensor
polarizabilities  &,(L;iw) and  a,(L; iw)
evaluated at imaginary frequencies [9]. Other
details can be found in Refs. [8-21].

The key original moment of any
computational scheme is connected with the
method of calculation the electron wave
functions.

As a rule, (see, for example, Ref. [8]), the
non-relativistic Hartree-Fock or relativistic
Dirac-Fock methods are used for calculating
the corresponding wave functions [8-14].
Another variant is using the relativistic wave
functions as the solutions of the Dirac
equations with the corresponding density
functional (the Dirac-Kohn-Sham theory) and
effective  potentials [7,14,15]. In our
calculational scheme the relativistic optimized
Dirac-Hartree-Slater scheme  with  basis
formulas [10-12] is used.

3. Results and conclusions

In Tables 1,2 we present our theoretical
results for the line shift £, (1/Torr) in a case of
the Rb-He and Cs-He pairs. The observed
value (experiment) of the line shift (T=323K)
and other theoretical results [6,10] for f, are
listed too. The theoretical results in Ref. [8]
are obtained on the basis of calculation within
the exchange PT with using the He wave
functions in the approximation by Clementi et
al (Theory® [8]) and wave functions in the
Hartree-Fock approximation Theory® [8]). The
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Dirac-Kohn-Sham scheme gas been used in
Ref.[10].

Table 1. The observed fx (10° 1/Torr) shift for the
diatomic system Rb-He: data of [8a] with using the
He wave functions in the approximation by Clementi et
al; (see text).

a-b | Rb-He | Rb-He Rb-He Rb-He
T K Experi- | Theory | Theory® This
’ ment [10] [6] work
323 105 101 75 102
423 - 89 64 91
523 - 80 56 82
623 - 73 50 75

The important feature of our scheme is correct

taking into account the  correlation
(polarization) effects with using special
effective functionals from [19,22]. The

difference between our theoretical data and
other calculation results can be explained by
using different PT schemes and different
approximations for calculating the wave
functions. It is obvious that the using correct
version of the exchange PT was well as the
optimized basis’s of wave functions and
correct accounting for the exchange-
correlation effects is principally necessary for
an adequate description of the energetic and
spectral properties of

Table 2. The observed fx (10° 1/Torr) shift for the
diatomic system Cs-He: data of [8a] with using the
He wave functions in the approximation by Clementi et

al; [8b] -wave functions in the Hartree-Fock
approximation (see text).
a-b | Cs-He | Cs-He | Cs-He | Cs-He | Cs-He
TK Experi- | Theory *| Theory * | Theory*| This
’ ment [6] [6] [10] work
3231 135 126 109 137 137
423 - 111 96 123 123
523 - 100 85 112 112
623 - 94 78 105 105

the alkali elements in an atmosphere of the
heavy inert gases. It is represented a great
interest a generalization of the presented
approach on energy and radiation properties

and studying spectral lines characteristics for
atomic and ionic systems in the corresponding
plasmas environments.
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RELATIVISTIC SPECTROSCOPY OF ATOMIC SYSTEMS: SPECTRAL LINES
BROADENING AND SHIFT FOR HEAVY ELEMENTS IN THE BUFFER GAS
AND PLASMAS ENVIRONMENT

Summary. It has been developed a modified relativistic approach to describing the shift and
broadening due to collisions of spectral lines of hyperfine structure for alkali atoms in an
atmosphere of buffer (inert) gases. The approach is based on the generalized kinetic theory of
spectral lines, exchange, relativistic perturbation theory with the Dirac-Hartree-Slater zeroth
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approximation and accounting for the complicated correlation effects by means of using the
many-body polarization density-dependent functionals. The basic expressions for the collision
shift and broadening hyperfine structure spectral lines are taken from the kinetic theory of
spectral lines. The exchange perturbation theory (the modified version EL-HAV) has been
used to calculate the corresponding potentials. The results of calculating the interatomic
potentials, local shifts, temperature dependent spectral line shifts for the systems of the Rb, Cs-
He are listed and compared with available theoretical and experimental data. The important
feature of our scheme is correct taking into account the correlation (polarization) effects with
using special effective functionals from. The difference between our theoretical data and other
calculation results can be explained by using different perturbation theory versions and different
approximations for calculating the wave functions basis’s.

Key words: relativistic spectroscopy, spectral lines shift and broadening, atomic systems,
relativistic theory, perturbation theory, gas and plasmas environments,
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PEJIATUBICTCBKA CIIEKTPOCKOIIIAA ATOMHUX CUCTEM: POSIIUPEHHA TA
3CYB CHEKTPAJIbHUX JITHIN IJIS1 BAXKKUX EJTEMEHTIB Y BY®EPHOMY
I'A30BOMY TA IIVTIASMOBOMY CEPEJOBUIIAX

Pe3iome. Po3pobneHo MoaudikoBaHMH PENATUBICTCBKMM TMIiAXiT IO OMHCY 3CyBY Ta
PO3LIMPEHHs 3a PaxXyHOK 3iTKHEHb CHEKTPAIbHUX JIiHIM HAJATOHKOI CTPYKTYpH IS JTY>KHHUX
aTtomiB B atMocdepi OydepHux (iHepTHHX) Ta3iB. [1iaxin 6a3yeThCsl HA y3araabHEHIH KIHETHYHIN
TeOopii CIeKTPaTbHUX JIiHIH, 0OMiHY, PENSTHBICTCHKIN Teopii 30ypeHb 3 HyIbOBUM HAOIMKEHHSIM
Hipaka-Xaptpi-CieTepa Ta BpaxyBaHHSIM CKJIQJIHHX KOPEISIIIHHUX €(EeKTIB 3a JIOMOMOTOI0
BUKOPHUCTAHHS TOJSPHU3AIIHHINX 0araTOYaCTUHKOBHX 3QJICKHUX BiJ] TYCTUHU (PYHKIIOHAIB.
OCHOBHI BHUpa3d I KOJI3IMHOTO 3CYyBY Ta PO3IMIMPEHHS CHEKTPaIbHUX JIHIA HAATOHKOI
CTPYKTYpHU B3ATi 3 KIHETHYHOI Teopii CHeKTpadbHHUX JiHii. s po3paxyHKY BiIIOBITHHX
MOTEHITIAiB BUKOPUCTAaHO Teopito oOMiIHHMX 30ypeHb (MomudikoBana Bepcis EL-HAV).
HaBeneHo pe3ynbpTaTu po3paxyHKiB JIOKQIbHUX 3CYBIB, TEMIIEPATYPHO-3aJICKHUX TIOBHUX 3CYBiB
CHEeKTpaNbHUX JiHiIA g cucreM Rb, Cs-He Ta mnpoBelneHe TMOpIBHAHHS 3 HAasBHUMHU
TEOPETUYHUMHU Ta EKCIEPUMEHTAIBHUMH TaHUMHU. Ba)KIMBOIO OCOONMBICTIO HAIIOiI CXEMH €
KOPEKTHE ypaxXyBaHHS KOPEIAMIMHMX (TMoJsipu3aiiiHux) eQeKTiB 13  3acTOCYBaHHSIM
creniaibHUX e(EeKTUBHUX (YHKI[IOHANIB TYCTHHHU. PI3HWIIO MK HAlIUMH TEOPETUYHUMHU
JAHUMHU Ta IHIIMMH pPE3yJIbTaTaMU PO3PaXyHKIB MOXHA TIOSCHUTH BUKOPUCTAHHSIM PI3HUX
Bepciil Teopii 30ypeHp 1 pi3HUX HAOIMKEHb Ui PO3pPaXyHKY 0a3uCy XBHIBOBHX (YHKIIIH.

Kaw4oBi ci10Ba: pensTHBICTChKA CIIEKTPOCKOIIIS, 3MIIIEHHS Ta PO3IIMPEHHS CIICKTPATBHUX
JiHINA, aTOMHI CHCTEMH, PENSTHBICTChKA TeOpis, Teopis 30ypeHb, ra3oBe Ta IJIa3MOBE
CepeIoBUIIIA.

This article has been received in October 26, 2021
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RELATIVISTIC AND CORRELATION EFFECTS IN AUGER
SPECTROSCOPY OF ATOMS AND SOLIDS

It is presented an advanced, consistent theoretical scheme for determination of the energy and
spectral characteristics of the Auger process (decay, transition) in atomic systems and solids with cor-
rect accounting for the relativistic and nuclear effects. As the basic approach to calculating the Auger
spectra of solids there is used a consistent theoretical method, based on the S-matrix formalism by
Gell-Mann and Low and relativistic many-body perturbation theory formalism. Universal relativistic
Dirac-Hartree-Slater method is taken as a theoretical method for calculating the electronic wave func-
tions and energies of the states and transitions. The advanced data on the Auger electron energy for
some solids (Ge,Ag) with accounting for the relativistic and nuclear finite size effects are listed.

1. In the modern atomic, molecular physics,
physics of solids and surfaces there are used
different methods of spectroscopy of electro-
magnetic radiation and spectroscopy of char-
ged particles in order to provide an analysis,
diagnose and sensing the composition (analy-
sis) of the energy and radiative properties of
atomic, molecular systems, surface and near-
surface layers of solids. Usually a classifica-
tion of the main methods of spectroscopy used
to analyze the above listed physical systems is
based on the type of particles used to excite
the spectrum and particles - carriers of infor-
mation about the composition of the substance.

One of the most effective and spread me-
thods to study the chemical composition of so-
lid surfaces and near-surface layers [1-8] is the
Auger electron spectroscopy. Analysis and
sensing the Auger spectra in atomic, molecular
systems and solids allow to get the important
information a for the whole number of scienti-
fic and technological physical and chemical
applications, including many topics of modern
optics and spectroscopy, laser, astrophysics,
ultra cold plasma diagnostics, forecasting pro-
perties of Rydberg substance, Bose-condensate
of Rydberg atoms etc. One should underline
the theoretical and practical interest for a such
of applications and related physical discipli-
nes, which include atomic, molecular, quan-
tum optics and spectroscopy, quantum electro-

nics, 1 construction of kinetic models of new
short-wave laser circuits, physics of laborato-
ry, astrophysical plasma, quantum , sensor and
photoelectronics etc.

Naturally, at the present time there are car-
ried out relatively a great number of different
theoretical models and schemes in order to cal-
culate the corresponding energy and s[spectro-
scopic parameters of the Auger transitions,
and, generally speaking, a total set of characte-
ristics of the Auger spectra. Surely there are
developed a group of effective experimental
methodises in order to measure the Auger
transitions characteristics (e.g. [1-12]).

It should be noted that there is a whole gro-
up of methods based on the use of data on pho-
toionization cross sections and measurements
of the dependence of the intensity of photo-
electron lines on the kinetic energy of photo-
electrons by varying the energy of the exciting
X-ray radiation (for example, using synchro-
tron radiation) or by choosing an appropriate
set of photoelectron lines (see, e.g., [1-5]).

The most popular in the theoretical Auger
spectroscopy is so called two-step model,
which is used most widely when calculating
the Auger spectra (transitions, decay) characte-
ristics [1-16]. The physical aspects of the cited
model are quite reasonable. It is known that
since the vacancy lifetime in an inner atomic
shell is rather long (about 10" to 10'%s), the
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atomic system ionization and the Auger emis-
sion processes are considered to be two inde-
pendent processes. Though the more correct
dynamic theory of the Auger effect [3,7-9] is
developed and the above mentioned processes
are not believed to be independent from one
another in this theory. The fact is taken into
account that the relaxation processes due to
Coulomb interaction between electrons and re-
sulting in the electron distribution in the va-
cancy field have no time to be over prior to the
transition. One should note that the consistent
and quantitively correct Auger decay theory
should take a definite number of the physically
important complicated exchange-correlation
effects into consideration. Above them one
should separate such effects as exchange-
polarization effects, an energy dependence of
the vacancy mass operator, a continuum pres-
sure, spreading of the initial state over a set of
configurations etc. In a great number of papers
it has been shown that in order to ger a current
information about energy and spectral charac-
teristics of the Auger process (decay, transi-
tion) it is necessary to provide a correct acco-
unting for the relativistic, radiation and nuclear
finite size effects contributions especially un-
der consideration of the middle and heavy ato-
mic and molecular systems, solids etc (eg.[10-
14]).

The aim of the work is to provide a consi-
stent theoretical scheme for determination of
the energy and spectral characteristics of the
Auger process (decay, transition) in atomic
systems and solids with correct accounting for
the relativistic, and  (relaxation) effects. As
the basic approach to calculating the Auger
spectra of solids we use an consistent theoreti-
cal method, based on the S-matrix formalism
by Gell-Mann and Low and relativistic many-
body perturbation theory formalism, presented
in Refs. [11-14]. However, in contrast to the
original version of the theoretical approach
used [9-14], a simpler and more universal rela-
tivistic Dirac-Hartree-Slater method was taken
as a theoretical method for calculating the
electronic wave functions and energies of the
hundred states. The numerical data on the
Auger electron energy for some solids (Ge,Ag)
with accounting for the relativistic and nuclear
finite size effects are listed. Other details can
be found in Refs. [9-16]

2. As the key moments of our method fpor
accounting the relativistic and nuclear effects
in Auger spectroscopy are shortly have been
mentioned in Refs. [9,10], here we are limited
only my the principally important model
points. It should be recalled that when collid-
ing with an atomic system, the primary elec-
tron e, which has energy sufficient to ionize
one of the main levels of the atom, knocks out
the electron ej from this level, transferring the
atom A to an ionized, unstable state A" with a
hole at the level which in the general case may
correspond to some set of final states Ex.

Following to Ref. [9,11], one should deter-
mine the uger transition probability and the
Auger line intensity through the square of an
electron interaction matrix element ( the classi-
cal golden Fermi rule) having the form
[11,13]:

s _[f z 3 : = j.l( flf'i
Viaa =01 2 Xz Xia X Efﬁ(‘” Ly —m3

mx Re 0 (1234)

0, :Q:?"i +er' (1)
The terms Q%" and Q}' correspond to subdivi-
sion of the relativistic interelectron potential
into Coulomb part cos|w|r;»/r;> and Breit com-
ponent cos|o|r;au0/ri2. The real part of the
electron interaction matrix element is deter-
mined using expansion in terms of the known
Bessel functions:

cojoiny  «

¥ [ 1. )P, (cos
na 2.\.'|1112 /120(/1')"},{_', |2(I(0:’-:, )J._/{._ 12(|({)|f")} A(CO";I]TE}
)

where J is the 1% order Bessel function,
(AM)=2A+1. The Coulomb part QY is expressed
in terms of radial integrals R, , angular coeffi-
cients S, [11-13]:

ReQQ" = % Re{R;(1243)5; (1243)+ Ry (1243 )5, (1243 )+

+ Ry, (1233)5; (1343)+ &y (1233)s,, (1233 )}

As a result, the Auger decay probability is ex-
pressed in terms of Re(0,(1243) matrix ele-
ments:
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Re R, (1243) = [[anird )0 02) a2 26) 2 )

4)

where fis the large component of radial part of
single electron state Dirac function; function Z
and angular coefficient are defined in refs.
[7,8].

The other items in (3) include small compo-
nents of the Dirac functions; the sign «~»
means that in (3) the large radial component f;
is to be changed by the small g; one and the
moment /; is to be changed by [,=1,—1 for
Dirac number @,> 0 and /+1 for &<0. The
Breit interaction is known to change consider-
ably the Auger decay dynamics in some cases.
The Breit part of Q is defined in [7]-9]. The
corresponding basis’s of the relativistic wave
functions are determine within the standard X,
method (e.g. [11,15,16]).

The calculation of radial integrals
ReR;(1243) is reduced to the solution of a sys-
tem of differential equations [11-13]:

W = fifs2alolry >
v = 2 f4Z ) el 2+

¥4 =[nisafa +v2013122 (ol 5)

In addition,

3(0)=ReRx(1243),
yi(0)=Xa(13). (6)

In order to get the consistent relativistic ex-
pressions for the Auger widths and Auger
electron transitions energies we use an consi-
stent theoretical method, based on the S-matrix
formalism by Gell-Mann and Low and relativi-
stic many-body perturbation theory formalism,
presented in Refs. [11-14].

The Auger width is obtained from the adia-
batic Gell-Mann and Low formula for the en-
ergy shift [7]. In particular, the expression for
the key contribution to the Auger level width
with a vacancy n.lyj.m. 1s given as follows
[10-12]:

2
Z ()\)(ja> BZ Z Q,lak yB)Q; (By ka)(7)

And further the corresponding “exchange dia-
grams” contribution is as:
)T[ ¥} Jlr ¥ ;\'2}
,ju 7K'|

(8)

(. )Z 2.2 0, (akyB)O,, (Brka

hiha Pr=fh=f

The partial items of the ; zk: - sum answer
Y

to contributions of o'—>(By)'K channels re-
sulting in formation of two new vacancies By
and one free electron k: w=w,+mp—m,. The fi-
nal expressions for the width in the representa-
tion are listed in Refs. [9-13].

Regarding the accounting for the exchange-
correlation corrections. The standard Slater po-
tential and the modified correlation potential
of the Gunnarson-Lundqvist type has been
added into the Dirac-Hratree-Slater equations
(see details, e.g., [10-15]).

The key element of novelty is the genera-
tion of optimized bases of relativistic Dirac-
Hartree-Slater orbitals. To achieve this goal,
one should use the formally accurate iterative
approach, which is based on the procedure of
minimizing the contribution to the imaginary
part of the electronic energy shift due to the
relativistic perturbation theory second order
polarization diagrams associated with the ex-
change of longitudinal photons. The contribu-
tion of these diagrams depends on the calibra-
tion of the photon propagator. It is also impor-
tant to correctly take into account exchange-
correlation effects of "2" and higher PT orders,
in particular, corrections for the polarization.
The standard many-body polarization func-
tional is usually used and added to the inter-
electron interaction operator (see the details,
for example, in refs. [10-16]). Very important
point of the whole scheme is application of
correct procedure for taking into account the
states of the continuum within the Dirac-
Slater-Sturm method (see details in Refs.
[10,12]). The contribution of the lower order
radiative corrections to the energy and spectral
characteristics can be also taken into account
with using the methodology [9-15], however,
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one should wait for a quite little contribution
into studied characteristics.

The formulas for the Auger decay probabil-
ity include the radial integrals R.(okyp), where
one of the functions describes electron in the
continuum state. Following to Ref. [10], the
energy of an electron formed due to a transi-
tion jkl is defined by the difference between
energies of atom with a hole at j level and dou-
ble-ionized atom at &/ levels in final state:

2+(kl,L

E,[jkl,L,)=E} " (10)
To single out the above-mentioned correlation
effects, the equation (12) can be presented as:

EAUM,‘?SJ’]LJ )=E(j)-E(k)- E(]) —&(k,f;stLJ]
(an

where the item A takes into account the dy-
namic correlation effects (relaxation due to
hole screening with electrons etc.)

Further, in order to take these effects into
consideration, one should use the standard pro-
cedure, which is elaborated in an atomic spec-
troscopy (e.g.[2,3,11,15]).

For solid phase, the more precise form of
equation (11) is given by the following equa-
tion [9]:

ES (k125N ) = E (k. 25ML ) + AES + R,y + 0@
(12)

where AE’ is a correction for the binding en-
ergy change in the solid; R,.;, the same for out-
of-atom relaxation; e® takes into account the
standard work of output. The other topics can
be, for example, found in refs. [9-16].

3. In table 1 we present our theoretical data
(column “This”) the data on the Auger elec-
tron energy for some solids (Ge, Ag) as well as
the experimental data (column E), theoretical
semi-empirical method data within the
Larkins’ equivalent core approximation [2,3]
(column A), non-gauge-invariant relativistic
Dirac-Fock method (colimn B), the gauge-in-
variant relativistic Dirac-Fock method (column
O)[1,3,10].

Table 1. Experimental and theoretical data for Auger
electron energy: E- experiment; A, semi-empirical
method - [2]; B- [8]; C—[15]; D —[3], E- this work;

Solid| Auger line E Th: A | Th:B
Ge | LsMysMys'G, | 11462 | 1147.2 | 1146.6
Ag | MsNysNys'Gy | 3534 | 358.8 | 354.1

Solid| Auger line E Th: C This
Ge | LsMysMys'Gy | 1146.2 | 1146.2 | 1146.3
Ag | M5sNysNys 'Gy | 3534 | 3534 | 353.6

The analysis of the presented data shows
that, firstly, the computational accuracy of the
classical Larkins’ method is about a few eV as
an average. The data, obtained within the rela-
tivistic perturbator theory methods ([10] and
ours) are more correct. The corresponding im-
provement of the calculational accuracy is
reached due to a considerable extent to more
correct and consistent accounting for complex
interelectron (vacancy) exchange-correlation
effects as well as the relativistic and other
solid state corrections. The data in the columns
“C” and “This work” are more correct in com-
parison with data in the column B because of
the more correct gauge-invariant procedure of
generating the relativistic wave functions ba-
sis’s. Besides, application of correct procedure
for taking into account the states of the contin-
uum within the Dirac-Slater-Sturm method
(see details in Refs. [10,12] is also very impor-
tant for adequate model. Naturally, accounting
for the effects of the polarization interaction of
quasiparticles (electrons and vacancies) and
the screening on the basis of the using effec-
tive relativistic exchange-correlation function-
als is important too. There is of a great interest
an application of the method to studying the
Auger processes in more heavy systems.
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Sofronkov A.S., Tjurin A.V.

RELATIVISTIC AND CORRELATION EFFECTS IN AUGER SPECTROSCOPY OF
ATOMS AND SOLIDS

Summary. It is presented an advanced, consistent theoretical scheme for determination of
the energy and spectral characteristics of the Auger process (decay, transition) in atomic systems
and solids with correct accounting for the relativistic and exchange-correlation (relaxation) nu-
clear effects. As the basic approach to calculating the Auger spectra of solids there is used a con-
sistent theoretical method, based on the S-matrix formalism by Gell-Mann and Low and rela-
tivistic many-body perturbation theory formalism. Universal relativistic Dirac-Hartree-Slater
method is taken as a theoretical method for calculating the electronic wave functions and ener-
gies of the states and transitions. The advanced data on the Auger electron energy for some
solids (Ge,Ag) with accounting for the relativistic and nuclear finite size effects are listed.

Key words: atomic spectroscopy; Auger spectroscopy; relativistic theory; energy approach;
atomic, plasmas, solids systems.
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Cogponros O.H., Tiopin O.B.

PEJISAATUBICTCHKI TA KOPEJALINHI EOEKTH B OXKE-
CIIEKTPOCKOIII ATOMIB TA TBEPJIOT'O TLIA

Pe3ome. IlpencTaBieHO BJIOCKOHAJIEHY IOCHIOBHY TEOPETHYHY CXEeMy JJsl BU3HAUYEHHS
E€HEPreTUYHUX 1 CIIEKTPaIbHUX XapaKTepHCTHK mporecy Oxe (po3many, Mepexoay) B aTOMHHX
cucTeMax 1 TBepIuX TUIaX 3 KOPEKTHUM BpPaxXyBaHHSAM PENIATUBICTCHKHUX 1 KOpesUiiHuX (pena-
KcaliliHuX) edekTiB. B gK0CTI OCHOBHOTO MiIXOQy 0 po3paxyHKy Orke-CIeKTpiB aTOMHUX CHU-
CTeM, 1 Jajii TBEpPAUX TUI BUKOPUCTOBYETHCS MOCIIIOBHUNA TEOPETUUHUI METOJ, 3aCHOBaHUH Ha
dopmanizmi S-marpuni ['enn-Manna 1 Jloy Ta ¢opmanizmi pelasiTUBICTCbKOI Teopii 30ypeHb
OaraTboX TiJ. YHiBepcalbHHH pensiTuBicTchkuil Metos ipaka-Xaptpi-Crnerepa Oeperbcsi sk
TEOPETUYHUN METOJl PO3PaxyHKY €JIEKTPOHHUX XBWJIbOBUX (YHKIIH 1 €Hepriil cTaHiB Ta mepe-
xoxiB. HaBesieHo nmepesoBi JaHi PO €HEPrito 0XKe-eNeKTPOHIB s Aeskux TBepaux Tin (Ge,Ag)
3 ypaxyBaHHSIM PEJIATUBICTCHKOIO Ta SAEPHOTO €(PEeKTIB KIHLIEBOTO PO3MIpY.

KarouoBi cioBa: aromHa crnekTpockorisi; OxXe-CHeKTPOCKOIIis; PeNsTHUBICTChKAa Teopis;
€HePTeTUYHUHN MMiIX1; aTOMHI CHCTEMH, IIa3MOBE CEPEIOBHUIIE, TBEPJE TLJIO.
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OPTIMIZED QUANTUM DEFECT METHOD IN
RELATIVISTIC THEORY OF SPECTRA OF LI-LIKE
MULTICHARGED IONS

The relativistic theory of radiative transitions using the general relativistic quantum defect
approximation (GDA) was also used to study the wavelengths and oscillator strengths for the 1s?2s
(®S12) — 1s*3p (°Py) transitions in Li-like multicharged ions with a nuclear charge Z= 14-70. and.
The obtained results were compared with available theoretical and experimental (summarized) data.
An important point is related to the accurate accounting of the complex contributions of the exchange-
correlation (polarization) effect and the use of an efficient single-quasi-particle representation based
on the general relativistic approximation of the quantum defect, which significantly ensures a
physically reasonable agreement between the theory and the experiment.

1. Introduction

In the last two decades, the sought-after in-
terest grew even more, when the fundament-
ally important role of multi-electron Rydberg
atoms (RA; i.e., atoms in highly excited states)
and multi-charged ions, photon emission and
absorption processes with their participation in
a wide class of physical applications became
apparent. We are talking, first of all, about the
problems of astrospectroscopy, astrophysics
(radiation processes in nebulae and fragments
of Nadnova; according to the idea of Ginzburg
et al., radiation transitions between the com-
ponents of the fine, ultrafine structure of H-,
Li-, Be-like ions, N, Fe provide diagnostics of
the sought-after radiation), physics of the Sun
and auroras (radiation of Ne, Ca, Fe ions, etc.),
diagnostics of laboratory, astrophysical, ther-
monuclear plasma, topical problems of laser
physics and quantum electronics, including
creation of short-wavelength lasers (razers,
grazers etc) [1-30].

There have been sufficiently many papers,
devoted to calculations and compilation of en-
ergies and oscillator strengths for the Li-like
ions and other alkali-like ions (see, for ex-
ample, [1-14]). Particularly, Martin and Wiese
have undertaken a critical evaluation and com-

pilation of the spectral parameters for Li-like
ions (Z=3-28) [1,2]. Khetselius [3] has studied
the radiative transitions wavelengths and oscil-
lator strengths for some Li-like multicharged
ions within the relativistic many-body pertur-
bation theory with the optimized Dirac-Kohn-
Sham zeroth approximation and an effective
taking the relativistic, exchange-correlation,
nuclear, radiative effects into account. The
method includes the generalized Glushkov-
Ivanov-Ivanova procedure (relativistic energy
approach) for generation of the optimal basis
set of relativistic electron wave functions with
fulfilment of the gauge invariance principle
[17-22]. The results of the non-relativistic cal-
culations of the energies and oscillator
strengths of 15225;1522p for Li-like systems
up to Z = 50 are presented in Ref. [12]. The
Hylleraas-type variational method and the 1/Z
expansion method have been used. In ref. [13]
there are listed the nonrelativistic dipole-
length, -velocity, -acceleration oscillator
strengths for 1s22s—1s22p transitions of Lil
isoelectronic sequence calculated within a full
core plus correlation method with using mul-
ticonfiguration interaction wave functions.
Fully variational nonrelativistic Hartree-Fock
wave functions were used by Biémont in cal-
culating 1s2n2L (n<8=s,p,d,f; 3<Z<22) Li-like
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states [14]. In many papers the Dirac-Fock
(DF) method, model potential, quantum defect
approximation in the different realizations
have been used for calculating the energies
and oscillator strengths of the Li-like and sim-
ilar ions (see Refs.[3-18]).

In our paper the relativistic theory of radia-
tive transitions using the general relativistic
quantum defect approximation (GDA) is used
to study the wavelengths and oscillator
strengths for 1s*2s(*S12) — 1s?3p (*P1») transi-
tions in Li-like multicharged ions with a nu-
clear charge Z= 14-70. and. The model [15,16]
has received the further development. The ob-
tained results were compared with available
theoretical and experimental (summarized)
data. An important point is related to the effec-
tive accounting of the contributions of the ex-
change-correlation (polarization) effect and the
use of an efficient 1-quasi-particle representa-
tion based on the general relativistic approxi-
mation of the quantum defect, which signifi-
cantly ensures a physically reasonable agree-
ment between the theory and the experiment.

2. The theoretical method

In atomic spectroscopy there is well known
a nonrelativistic and relativistic quantum de-
fect approximation (QDA). Usually, the most
exact version of the QDA is provided by using
the empirical data in order to determine the
quantum defect values for different state. IN
[15,16] it was presented ab initio optimized
QDA scheme, satisfying a principle of mini-
mization for the gauge dependent radiative
contributions to Im OF,, for the certain class
of the photon propagator calibration according
to ideas of Refs. [19-22,25,26]. A relativistic
quantum defect is usually defined as (see, for
example, [15,16]:

w(E,)=n-v,+y =[x/, (1)

where y is he Dirac quantum number, and
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In the non-relativistic limit (i.e. the fine struc-
ture constant a—0) expression (1) transfers to
the well known non-relativistic expression for
quantum defect:

VA
O

where 7 is the principal quantum number, n* is
an effective quantum number, E, is an electron
energy and z is a charge of a core (ion).

At present, there are detailed tables of QD
values for states with different 1 for a number
of one-quasiparticle atomic systems, in partic-
ular, neutral atoms of alkaline elements (see,
e.g. [16] and refs therein). At the same time, it
should be noted that for most ions of the iso-
electronic series of alkali and other atoms and
ions, detailed data, as a rule, are not available,
since the standard method for determining the
QD is a fitting from the experimental values of
the energy levels, which for a huge number of
multiply charged ions are currently generally,
are missing. In the corresponding review of
Section 1, we presented the usual Ritz-type
variational formula for the series expansion for
QD. Calculation of CD is carried out accord-
ing to the standard formula of the form:

ulNR(En)zn—n *n—

. (n) = a + b/(n-a)’+c/(n-a)'+
+d/(n-a)’+e/(n-a)’ , 4)

where a, b, ¢, d, e are the Rydberg-Ritz coeffi-
cients. The corresponding orbitals of the rela-
tivistic QDA without the use of exchange-cor-
relation potentials are determined by the ana-
lytical solution of the Dirac-type relativistic
equation with a model Hamiltonian containing
QD.

In our generalized QDA the "shell-external
particle" interaction potential is improved by
means of adding the model potentials of the
following type:

VGMMP(r):V?(r)+V§(1(r)+VC[r \Y, b} (5)

where Vg— QDA potential of atomic core, Vit
is an exchange -correlation potential of the
Kohn-Sham type and Gunnarsson-Lundqvist
type. The datils regarding the last potentials
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can be found in Refs. [15,16]. Further, the key
element of our approach is the use of an itera-
tive procedure for building an optimized one-
electron representation for relativistic bi-spin-
ors of the QDA model and, accordingly, a new
ab initio scheme for determining the QD pa-
rameters, based on the fundamental principle
of minimizing gauge-non-invariant contribu-
tions to the radiation widths of atomic levels
AE,iny, Which is related with the exchange of
longitudinal photons. Accordingly, the proce-
dure for minimizing AE, is further reduced to
a chain of variations (in fact, we are talking
about a system of equations of the Dirac-QDA
type).

In the usual versions of the QD theory it is
mandatory to have reliable experimental infor-
mation in fact for the corresponding fitting of
the CD. The expression for the normalized rel-
ativistic wave functions (Dirac spinors) of the
discrete spectrum E, < 0) for r > 1, has the
standard form is as:

G, _, (% )z -2x) i
F ()| |4zS(E)(v, +y+DI(v, —y+1)

W, 112y QA E(), + OW, i1, A7)},
(6a)

where

2> du, (E]

z dE (6b)

z
{ (E )_1+ M=
Here Wj, .(x) is the Whittaker's type function, a
Y, A, Un , € are determined on the basis of stan-
dard formulas.

For a continuous spectrum (E>0), the wave
functions can be represented as a linear combi-
nation of two linearly independent relativistic
Coulomb functions. The coefficients in this
linear combination are determined so that at
r—00:

Gx [:Ef T‘) e |E sin +
F,(E,T) 1.,,| mp ccrs[pr

yin2pr+&—argl (y + 1+ iy) —¥+ 5,(E)
(7a)

where

p=VE[l+¢],

e=1+a’E,
)’Zz
p b
X-iZ
) (7b)
E—Zarg y —ly

Within an anergy approach [18-22] the proba-
bility of the E dipole transition is:

@,

(7]
e (9)
where the matrix element is determined as fol-
lows:

‘w‘ B * * sin‘a)‘rlz * *
Vi = Jdndn¥; (rz)Y’j(rz)T(l —a102)¥(r2) ¥ (1)
(10)
The corresponding  oscillator  strength:

gf =A% I',,/6.67 - 10", where g is the degen-
eracy degree, A is a wavelength in angstrems
(A). The relativistic QDA wave functions are
substituted into matrix element (10). To in-
crease an accuracy of computing oscillator
strengths we add the two-quasiparticle polariz-
ation potential [19] into the radiation transition
matrix element. All computing was performed

with using the modified PC code “Superatom-
ISAN” (version 93).

3. Results and conclusion

We applied the above described approach to
calculating the energies and oscillator
strengths of transitions in spectra of the Li-like
ions with Z-13-70. Below we list the corre-
sponding data for some chosen ions, namely
S13+ Cal7+ Fe23+ Zn*" Zr'"" Mo*" Sn*"*
Tm®* Yb®", There are considered the radiative
transitions from ground state to the low-ex-
cited and Rydberg states, particularly, 2si, —
npi.,3.n2, 1’1p1/2,3/2-1’1d3/2,5/2 (n=2-12). To test the Ob-
tained results, we compare our calculation data
on the oscillator strengths values for some Li-
like ions with the known theoretical and com-
pillated data [1,2,6-17,25].

As example, in table 1,2 we list our oscilla-
tor strengths values (ORMP and OQDA) for
281,—2pip3e  transitions in  Li-like ions
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S13+,Cal7+’F623+’Zn27+’zr37+’ MO39+’ Sn47+’ Tm66+,
Yb67+ .

Table 1. Oscillator strengths of the 2si, — 2pi transi-
tions in Li-like ions

DF Our data Exp.

Ton 251/2*2131/2 2S1/2*2p1/2 28—

2p1/2

SB 1 0.0299 0.0304 0.030

Ca'”"| 0.0234 0.0239 0.024

Fe* | 0.0177 0.0183 0.018
Zn”"| 0.0153 0.0159 -
Zr'" | 0.0114 0.0123 -

Mo** - 0.0116 0.011
Sn** | 0.0092 0.0099 -
Tm®* - 0.0078 -
Yb"| 0.0067 0.0075 —

The DF calculation data by Zilitis [6] and
the “best” compillated (experimental) data
[1,2] for the some low-Z Li-like ions are listed
in tables 1,2 for comparison too. It should be
reminded that the experimental data on the os-
cillator strengths for many (especially, high-Z)
Li-like ions are absent.

Table 2. Oscillator strengths of the 2si, — 2ps, transi-
tions in Li-like ions.

DF Exp. Our data
Ion 2S1/2—2p3/2 28— 251/2—2p3/2
2193/2

SB10.0643 0.064 0.0645
Ca'”| 0.0542 | 0.054 0.0546
Fe?* | 0.0482 | 0.048 0.0486
Zn*™" | 0.0477 - 0.0480
7’ | 0.0543 - 0.0545
Mo** - 0.056 0.0564
Sn** | 0.0686 - 0.0689
Tm®" - - 01146
Yb"| 0.1170 — 0.1173

Let us note that an estimate of the gauge-
non-invariant contributions (the difference
between the oscillator strengths values calcu-
lated with using the transition operator in the
form of “length” and “velocity”) is about
2.5%. It means that the results are very closed
within schemes with using the different photon
propagator gauges.

In is worth to underline that the QDA

oscillator strengths data become more exact
with the growth of the principal quantum num-
ber. The most optimal variant is consideration
of essentially Rydberg atomic starts. At the
same time the accuracy of the DF data may be
decreased. The agreement between the Martin-
Weiss data and our results for the transitions
between low-lying terms is sufficiently good.
An important point is related to the accurate
accounting of the complex contributions of the
exchange-correlation (polarization) effect and
the use of an efficient single-quasi-particle re-
presentation based on the general relativistic
approximation of the quantum defect, which
significantly ensures a physically reasonable
agreement between the theory and the experi-
ment.
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OPTIMIZED QUANTUM DEFECT METHOD IN RELATIVISTIC THEORY OF
SPECTRA OF LI-LIKE MULTICHARGED IONS

Summary. The relativistic theory of radiative transitions using the general relativistic quan-
tum defect approximation (GDA) was also used to study the wavelengths and oscillator strengths
for the 1s*2s (*Si2) — 1s°3p (°Py,) transitions in Li-like multicharged ions with a nuclear charge
Z= 14-70. and. The obtained results were compared with available theoretical and experimental
(summarized) data. An important point is related to the accurate accounting of the complex con-
tributions of the exchange-correlation (polarization) effect and the use of an efficient single-
quasi-particle representation based on the general relativistic approximation of the quantum de-
fect, which significantly ensures a physically reasonable agreement between the theory and the
experiment.

Key words: relativistic theory, quantum defect method, radiative transitions, lithium-like ions
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OIITUMI3OBAHUI METO/]] KBAHTOBOI'O IE®EKTY B PEJATUBICTCHKIN
TEOPII CHEKTPIB JITIA-IOJIBHUX BATATO3APSAJIHUX IOHIB

Pe3tome. PendtuBicTchbka Teopis paiallifHUX MEPEXOJiB 3 BUKOPUCTAHHSAM y3arajJbHEHOIrO
PeNATHBICTCHKOTO HaOMMKeHHs KBaHTOBOro Jiedekty (GDA) BuKkopHcTaHa 1 3 Ui JOCTIKSHHS
JIOBXKHH XBUJIb Ta CUJI OCHWJIATOPIB s mepexonis 1s?2s (*Sin) — 1s*3p (*Pi») Ta inmmx y Li-
noiOHuX OaraTo3apsiHUX 10Hax 13 3apsioM aapa Z=14-70. [IpoBeeHo MOPIBHAHHS OTPUMaHHUX
pe3yJbTaTiB 3 HASBHUMH TEOPETHYHHMHU Ta CKCIIEPHUMEHTAILHIUMH (3BEJICHUMH) NaHUMH. Bax-
JMBHIA MOMEHT PO3po0sIeHOi MOJIeNi OB’ A3aHUM 3 TOJATKOBUM €(EeKTHMBHUM YpaxyBaHHSAM 00-
MIHHO-KOPEJIALIHHOTO (MOJIIpu3aliiHoro) e(exkTy Ta BUKOPUCTAHHAM €(EeKTHBHOITO OJHO-
KBa31YaCTMHKOBOT'O IPEJICTABICHHS HAa OCHOBI y3arajbHEHOIO PEISATHBICTCHKOTO HAOIMKEHHS
KBaHTOBOTO JIe(DEKTy, IO CYTTEBO 3a0e3mneuye (i3MIHO PO3YMHY Y3TO/KEHICTh MK TEOPIEIO Ta
€KCIIEPUMEHTOM.

KurouoBi ciioBa: pensTuBIiCTChKa TEOPisl, METO/ KBAaHTOBOTO JeheKTa, pajaialiiiHi nepexoam,
JITIH-1010H1 10HU
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DENSITY FUNCTIONAL AND GREEN’S FUNCTIONS
METHOD TO COMPUTING SPECTRAL PARAMETERS OF
DIATOMIC MOLECULES

It is presented a new effective method of calculating the energy and spectral parameters of diato-
mic molecules based on the hybrid theory of the quasi-particle density functional and the theory of
Green's functions. As an illustration, the data of the calculation of the vertical ionization potentials and
the coupling constants (vibrational structure) of the photoelectron spectra of a number of diatomic mo-
lecules, in particular, N,, are received. It is presented a detailed comparison of the received results
with the data of standard theories of the Hartree-Fock type, the multi-configuration electron propaga-
tor method, and the extended theory based on Koopmans' theorem using multi-configurational self-
consistent field wave functions with different sets of basis functions. Iit is shown that the consistent,
maximally precise consideration of exchange-correlation effects and reorganization effects within the
framework of the combined theory leads to a rather significant improvement in the agreement of the-
oretical and experimental data both in terms of ionization potentials and photoelectron spectra in gene-

ral..

1. Introduction

Currently, the optics and spectroscopy of
ordinary molecular, as well as combined and
hybrid photon-atom-molecular systems, and,
as a part of it, photoelectron spectroscopy
(PES), belong to one of the directions of
modern optics and spectroscopy, which are
intensively developing, which, firstly, is
associated with the use of fundamentally new
methods and technologies in relevant
experimental research, in particular, based on
new powerful sources of laser radiation, and
secondly, with the sharply increasing
theoretical and applied value of relevant data
regarding energy and spectral properties of
ordinary molecular (diatomic and polyatomic
molecules), as well as combined and hybrid

photon-atom-molecular  systems, that is,
molecules in the field of intense
electromagnetic  radiation for numerous
physical and other applications and

applications [1-28]. Modern molecular optics
and spectroscopy has in its theoretical and
computational arsenal a rather huge number of
diverse  theoretical approaches to the

calculation of energy and spectroscopic
characteristics of molecules (ionization and
excitation potentials, spectra of excited states,
potential  energy curves, spectroscopic
molecular steels, dipole moments, parameters
of the vibrational and rotational structure of
the spectra, etc.). Among them, such well-
known powerful and consistent approaches as
self-consistent field methods of the Hartree-
Fock-Rothaan (HFR), Hartree-Fock-Slater
(HFS), X ¥ -method, in multi- and even mega-
configurational versions should be especially
noted and highlighted, the density functional
method (DFT) in numerous implementations,
the Green's function method (GF), coupled-
cluster theories (CCT), the wvalence bond
method (RCI-VB)  with  configuration
interaction and various versions formalism of
perturbation theory (RT), etc.

In this paper we present new effective
method of calculating the energy and spectral
parameters of diatomic molecules based on the
hybrid theory of the quasi-particle density
functional and the theory of Green's functions
[1,9-11]. As an illustration, the data of the
computing vertical ionization potentials and

179



the coupling constants (vibrational structure)
of the photoelectron spectra of a number of
diatomic molecules, in particular, N,, are
given, and a detailed comparison of some
available data.The approach is based on the
Green’s function method (Cederbaum-Domske
and Khetselius versions) [2-4] and Fermi-
liquid DFT formalism [5-8].

2. Combined Green’s functions and
Fermi-liquid quasiparticle density
functional theory

As the key moments of the combined
method have been presented in Refs. [1,9-11],
here we concern only such a points, which are
important for computing vertical ionization
potentials and the coupling constants (vibra-
tional structure) of the photoelectron spectra of
diatomic molecules. According to [1,2, 9] the
molecular Hamiltonian van be written in the
following form as follows:

)
H=H +Hy+HA+HZ (1)
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with n,=1 (0), ief (igf), oo=1 (0), (ijkl)eoy.
where the index set v; means that at least @,
and @or ¢; and @;are unoccupied, v, that at
most one of the orbitals is unoccupied, and v;
that ¢, and ¢@or ¢and @; are unoccupied,;
€ [R)are the one-particle HF energies and f
denotes the set of orbitals occupied in the HF
ground state; R, is the equilibrium geometry
on the HF level); the @,are the HF frequencies;
b,,b; are destruction and creation operators for
vibrational quanta, Q, are dimensionless nor-
mal coordinates are as follows:

The usual way is to define the HF-single-
particle component H, of the Hamiltonian (4)
is as in Refs. [1,2]. Correspondingly in the
one-particle picture the density of occupied
states is given by

J re.ufr '(r— }.f 0>,
(5)
M
H,= Z hmbb‘-i—z g (b +b' )+
= §=1 5=1 (6)

§,8'=1

+ih ' H
O ¢ |

N(D(E ) -

de, .1 de

:— YSS':i_ N An |

\/2 aQs 0 4 aQsaQs’ 0

(7)

To get function N, (E) one calculates the GF
Gkk,(e)(see details in Refs. [1,2,9]:

i

Gyo(€) =—il "E die”" {wo| T{ a,(a(0) | o)
(8)

Choosing the unperturbed H, to be
HOZZ €;a; a;+ H, one could define GF as

Gor (£)= kb i exp[— in"'(g, F Aa)t]-

S aJu, o) i

The direct method for calculation of Ni(€ )
as the imaginary part of the GF includes a
definition of the vertical I.P. (V.I.P.s) of the
reference molecule and then of Ni(€ .

The zeros of the functions:

. 9)

exp(tin, -&,t)
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Dl )=e -[e®+z(e)],  (10)

where (e » +Z)kden0tes the k-th eigenvalue of
the diagonal matrix of the one-particle ener-
gies added to matrix of the self-energy part,
are the negative V. I. P. 's for a given geo-
metry. One can write [1,5,9]:

V.I.P.|,=-(€ +F,)
szzkk(—((v.I.P.)Z)z < 1)

1-0%, (€ ,)/0.
(11)

Expanding the ionic energy E, 'about the
equilibrium geometry of the reference mo-
lecule in a power series of the normal coordin-
ates leads to a set of linear equations for the
unknown normal coordinate shifts 0Qs, and
new coupling constants:

gi=t(12)[a(e ,+FJI0Q),  (12)

1
yll=i(z)[62(€k+Fk)/6 Q/99,];
The coupling constants g, Y, are calculated by

the well-known perturbation expansion of the
self-energy part. One could write:

ke

(_21(6): Z (Vhff ~ fo-s;r'r' )V ksif +Z (Vks:'f B ka }V kesij

i E+E_‘_ =y _E_; i E-I—E_‘_ — & -E_,f
sl sel”

(13)

and the coupling constant g, are as [1,3]:

. 13g1+q, (@/8€)> ul-(V.1.P),]
85 R0 1-(6/0 &) ul-(.LP),]
(14)

The pole strength of the corresponding GF:

B {1 - éz -V 1.P), ]} 12 p, 20,

g zgfo[pk +q,{-(ﬂ¢ _1)]-

g =+2"%p¢, /160, (15)

It is important to underline that computing
the latter parameters by the standard methods
requires serious resources. But there is more

Zkk(ek)

effective and quite precise approach to this
problem. It is connected with using quasi-
particle Fermi-liquid theory of the DFT in ver-
sions [1,5-7,9]. Especially this approach is ef-
fective in computing he vertical I.P. (V.I.P.s),
phoelectron spectra (the coupling constants of
vibrational structure). The master equations
can be obtained on the basis of variational
principle, if one starts from a Lagrangian of a
molecule L, [5,7]. It should be defined as a

functional of quasiparticle densities:
Vu("}:zna|d),:(f')|l~ (16)
v =Sn|ve,@,  (17)
A
(18)

vo(r) =D n,[ @0, —® D, ].

The densities v and v, are similar to the HF
electron density and kinetical energy density
correspondingly; the density v, has no an ana-
log in the HF or DFT theory and appears as
result of account for the energy dependence of
the mass operator £. A Lagrangian L, can be
written as a sum of a free Lagrangian and Lag-
rangian of interaction: L, = L, + L,™, where
the interaction Lagrangian is defined in the
form, which is characteristic for a standard
DFT (as a sum of the Coulomb and exchange-
correlation terms), but, it takes into account for
a mass operator energy dependence of X:

m I :
L3 =Ly = 2 [ BuF Ciom)vi (v (),

ik=0

(19)
where F is an effective exchange-correlation
interaction potential. The constants f are
defined in Refs. [1,5,6]. The constant (), can
be calculated by analytical way, but it is very
useful to keep in mind its connection with a
spectroscopic factor F,[5-7]:

F_= 1—{—:‘T —(V.I.P.
5P { [?‘ EZ H‘[ ( .)}( ]}

(20)

The multiplier [1-X,] is easily calculated if the
Gunnarsson-Lundqvist-like correlation poten-
tial is used as Vxc and X, is determined as fol-
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lows:

D (r)=0,254p(r)[0328p " (r) +
(21

+0,204p 2 (r) 11418376 0% (r)}]

The new element is linked with using the DFT
correlation Gunnarsson-Lundqvist as well as
the Lee-Yang-Parrr functionals etc. (c.g.[12-
16]). For all calculations it has been used the
PC code Supermolecule (version 93).

4. Results and conclusions

As an illustration, Table 1 shows the exper-
imental values of VIP (a), single-particle HF
energies (b), the value of VIP calculated on the
basis of the Koopmans theorem (KT) plus the
reorganization correction (EKT; ¢), VIP calcu-
lated by the usual and extended GF method
(d,f,g ), our data within the combined GF-DFT
theory (h). For comparison, the data of the
multi-configuration electron  propagator
(MCEP) method, an extended theory using
Koopmans' theorem (EKT) are also given (the
extended EKT theory uses multi-configura-
tional self-consistent wave functions with dif-
ferent sets of electron orbital basis functions
(from res. [1-3,7,8,13,14]).

Table 1. Theoretical and experimental VIPs (eV) for the
nitrogen molecule: experiment (a), HF single-particle
energies (b), VIP values based on Koopmans' theorem
(KT) plus reorganization correction (EKT; c), VIP cal-
culated by the conventional and extended method GF
(d,f,g ), data from the multi-configuration electron
propagator (MCEP;e) method, our data from the com-
bined GF-DFT theory (h).

Orbital| Exp KT EKT GF
@ | -e; < €,

(b) (€] (d)
30, 15.6 17.24 | 16.37;16.13 | 15.31

16.84; 15.66

17 16.98 16.73 16.73 16.80
2T, 18.78 | 21.13 21.13 19.01
Orbital| MCEP| GF+ GF-All Our
-} | Reorg (2) Data

(e) ® (h)
30 15.52 16.0 15.50 15.58
17 17.24 15.7 16.83 16.97
2T, 18.56 19.9 18.59 18.77

In table 2. given data for the bond constants
g (in eV) for the N, molecule in different ap-
proximations: g’— the value of the constant g
in the HF approximation without taking into
account corrections for correlation and reor-
ganization; g® is the value of the constant g,
taking into account only the correction for the
effect of reorganization; g*“® and g®*“® - are
values of the constant g, taking into account
corrections for correlation and reorganization,
obtained within the framework of the
Sederbaum-Domsky DFT method (a) and our
QP-DFT (b).

Table 2 Bond constant g (in eV) in different
approximations for the N, molecule (see text)

Orbital g’ gt
30, -0.095 -0.074
1w -0.344 -0.334
20, +0.268 +0.267
Orbital gR+C () gR+C (b)
30, -0.0965 -0.0964
T 20337 20.3302
50, 10.177 10.1635

The results listed in the tables show slightly
better agreement between data of the presented
approach and experiment than the results of
calculations in other versions of the DV
method.

It is obvious that a carrying out more
perfect than the existing methods to computing
spectral molecular characteristics of molecular
systems should include more careful
accounting for correlation effects,. Developed
one-quasiparticle representation used here can
be taken as the zeroth approximation in one of
the sophisticated versions of the many-body
PT such as , for example, the Moller-Plesset
PT etc.
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New approach to quantization of the

PACS 33.20.-t

Ignatenko A.V., Mansarliysky V.F., Zaichko P.A., Sakun T.M.

DENSITY FUNCTIONAL AND GREEN’S FUNCTIONS METHOD TO COMPUTING
SPECTRAL PARAMETERS OF DIATOMIC MOLECULES

Summary. A new effective method of calculating the energy and spectral parameters of dia-
tomic molecules based on the hybrid theory of the quasi-particle density functional and the the-
ory of Green's functions is described. As an illustration, the data of the calculation of the vertical
ionization potentials of the coupling constants (vibrational structure) of the photoelectron spectra
of a number of diatomic molecules, in particular, N,, are given. It is presented a detailed compa-
rison of the received data with the data of standard theories of the Hartree-Fock type, the multi-
configuration electron propagator method, and the extended theory based on Koopmans' theorem
using multi-configurational self-consistent field wave functions with different sets of basis func-
tions. It is shown that the consistent, maximally precise consideration of exchange-correlation ef-
fects and reorganization effects within the framework of the combined theory leads to a rather si-
gnificant improvement in the agreement of theoretical and experimental data both in terms of i0-
nization potentials and photoelectron spectra in general.

Keywords: optimized one-quasiparticle approximation, Green's function, density functional,
diatomic molecules, spectral characteristics

PACS 33.20.-t
lenamenxo I'.B., Mancapniticoxuti B.®. , 3aiuxo I1.A., Cakyn T.M.

METO/]I ® YHKIIIOHAJTY TYCTUHHU TA ®YHKIIIA I'PIHA JJI1 OBYUCJIEHHS
CIHHEKTPAJIBHUX ITAPAMETPIB IBOXATOMHUX MOJIEKY.I

Pe3iome. BuknageHo HOBUH epEKTMBHHUH METOJ OOYHMCICHHS EHEPreTMYHUX Ta
CHEKTPAIbHUX MapaMeTpPiB JBOATOMHHUX MOJIEKYJ, 10 0a3yeThcs Ha TiOpuaHii Teopii KBasiua-
CTUHKOBOTO (PyHKITIOHAIA TYCTUHH 1 Teopii ¢pyHkmii ['pina. Sk imrocTpallis HaBeIeHi 1aHi 004M -
CJIGHHS BEPTUKAJIBHUX MOTEHINIaiB 10HI3alil 1 KOHCTAHT 3B'A3KY ( KOJMBAJIBHOI CTPYKTYpH) (o-
TOENIEKTPOHHUX CIIEKTPIB DSy JBOXaTOMHUX MOJIeKyNd, 30kpema, N,. IlpoBeaeno moknaane
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MOPIBHSAHHA JEAKUX OTPUMAHUX JAHMX 3 JAHUMM CTaHAApTHUX Teopidt Tumy Xaptpi-Doka,
MeToay OaraToKOH(ITYpaIlifHOTO EJIEKTPOHHOTO TMPOMaratopy, pO3IIMPEHOI0 TEOpi€lo Ha
ocHOBI TeopeMu Koopmans’ 3 BUKOPUCTaHHSAM 0araTOKOH(IrypariifHux camoy3roJKeHUX XBH-
JHOBUX (PYHKIIN 3 pi3HUMHU Habopamu OasucHuX QyHkuii. [lokasaHo, 110 MOCHIIOBHE MaKCH-
MaJIbHO KOPEKTHE BpaxyBaHHS OOMIHHO-KOpeNALiHHUX eQeKTiB, e(eKTiB peopraxizauii B
paMKax KOMOIHOBaHOi Te€Opii MPU3BOIUTH IO JIOCUTH ICTOTHOTO TOJIIIIEHHS 3TOIU TEOPETH-
YHUX Ta EKCINEPUMEHTATbHUX JaHUX SK MO MOTEHIlanaM i0Hi3allii, Tak i (OTOEIeKTPOHHUM
CIIEKTpaM B3arali.

Karo4oBi cjioBa: onTMi3oBaHe OJJHOKBa314aCTMHKOBE HAaOJMkKeHHs, ¢pyHKuia ['piHa, pyHK-
[[I0OHAJ TYCTHUHH, JBOATOMHI MOJIEKYJIH, CIIEKTpaIbHl XapaKTepUCTUKU

This article has been received in October 26, 2021
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HayKoBOro 30ipuuka «Photoelectronics»
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* (hismka HaNiBNPOBIIHUKIB;
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* jgiHiiHA i HeJIiHIITHA ONTHKA TBEPAOrO Tija;

* OITOEJIEKTPOHIKA TA ONTOCJEKTPOHHI NIPUJIAIM;
* KBAHTOBA €JIeKTPOHIKa;

* CeHCOpHKA.
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	where с – coefficient depending on the scattering mechanism and the geometric dimensions of the sample. When the semiconductor is limited in the direction transverse to the electric field, then the Lorentz force can be compensated by the force of the Hall electric field, and the flow of charge carriers will cease to be deflected by the magnetic field. What was said above fully applies to the FET channel, placed in a transverse magnetic field [30], while, for the magnetoresistive effect to appear, the transverse dimensions of the channel must be greater than its length. This condition is satisfied, for example, by an FEJT of the KP303 type (analogue of 2N5556) with an n-type channel and a p-n junction as a gate, therefore it can be used as a magnetically sensitive field-effect transistor (MFET).
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	Резюме. Розроблено новий ефективний універсальний підхід до вирішення задач кількісного моделювання, аналізу та прогнозування характеристик спектроскопії та динаміки нелінійних процесів у пристроях релятивістської мікрохвильової електроніки, зокрема? релятивістської лампи зворотного хвилі (РЛЗХ). Виконано моделювання та фізичний аналіз хаотичної динаміки РЛЗХ з одночасним врахуванням як релятивістських ефектів, так й ефектів дисипації, наявності просторового заряду, відбиття хвиль на кінцях системи, що сповільнюється, тощо, в при різних значеннях керуючих параметрів, характерних для розподілених релятивістських електронно-хвильових автоколивальних систем. З фізичної точки зору перехід до хаосу у динаміці досліджуваної РЛЗХ відбувається за сценарієм через послідовність біфуркацій подвоєння періоду, але з ростом релятивізму динаміка принципово ускладнюється і зводиться до чередування квазігармонійних та хаотичних режимів (включаючи появу нового феноменального ефекту «дзьоба» на відповідній біфуркаційній діаграмі) і в кінцевому результаті переходу через переривчастість до високорозмірного атрактору.
	Ключові слова: релятивістська теорія, лампа зворотної хвилі, спектроскопія, хаотична динаміка
	This article has been received in October 26, 2021
	The optimization of the PT one-electron basis has been fulfilled by means of introduction of the parameter to the exchange potential and further minimization of the gauge-non-invariant contributions into radiation width of atomic levels with using relativistic orbital bases, generated by the corresponding zeroth approximation Hamiltonian [1,32-36]. Other details can be found in Refs. [25-47].
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	An advanced relativistic approach is presented to studying spectroscopy and photodynamics of the exotic (pionic) atomic systems based on the Klein-Gordon-Fock equation approach and relativistic many-body perturbation theory with accounting for the fundamental electromagnetic and strong pion-nuclear interactions. The strong pion-nuclear interactions are taken into account by means of using the generalized strong pion-nuclear optical potential model with the effective Ericson-Ericson potential. The nuclear finite size effect is taken into consideration within the Fermi model. In order to take the nuclear quadrupole deformation effects on pionic processes into account we have used the model by Toki et al. The radiative corrections are effectively taken into account within the generalized Uehling-Serber approximation to treat the Lamb shift vacuum polarization part. The advanced data for the energy and spectral parameters for pionic atoms of the 173Yb, 175Lu, 197Au, 208Pb, 238U with accounting for the radiation (vacuum polarization), nuclear (finite size of a nucleus ) and the strong pion-nuclear interaction corrections are listed.
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	(3)
	where respectively and correspond to the Coulomb and Breit parts of the potential (2). These parts are expressed through the known atomic radial integrals R and known angular coefficients S. All details can be found in [2,28-38]. All calculations are performed with using the PC code Super atom [2,25-30,35].
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	NON-LINEAR ANALYSIS OF CHAOTIC SELF-OSCILLATIONS
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	2. The main mathematical object of the numerical investigation is the time or other series of the amplitude of the dynamic parameter of the system, which is to be carried out, we introduce it formally:
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	It is developed an effective computational approach to solution the master corresponding system of differential equations, which describe the nonlinear stationary and non-stationary electromagnetic processes in the nonrelativistic and relativistic backward-wave tubes (carcinotrons) with maximal accounting for the different physical factors such as the relativistic effects, effects of dissipation, the presence of a space charge, wave reflections at the ends of the slowing system, stochastic factors by means including the special elements in a whole system etc as well as the detailed investigation of characteristics (dynamical and topological invariants) of dynamics of a carcinotron in automodulation and chaotic regimes with construction the corresponding bi-furcation diagrams. Below in order to further solve the master system of dynamical equations for carcinotron it is presented in brief the realizing numerical scheme, based on the use of the conservative finite-difference schemes of the "predictor-corrector" type and the sweep algorithm.
	2. Standard system of differential equations for a backward-wave tube
	,
	(3)
	are the dimensionless independent variables are coordinate and "local time". Due to the introduction of "local time", which is counted at each point of the space of interaction with the displacement x/υ0, there is no derivative in the equation of motion by τ which facilitates the construction of a difference scheme for the numerical solution of the system of equations. This is also convenient in the sense that in the dimensionless form of the equations, the parameter of the ratio of the group velocity to the beam velocity is excluded, which now appears only in the coefficient connecting dimensional and dimensionless time. As usually, the value 𝜃(𝜁, 𝜏, 𝜃0 )characterizes the phase relative to the wave for an electron that has flown into the space of interaction with the phase θ0 , and
	where is I0 the constant component of the beam current, U is the accelerating voltage, assumed to be small.
	In order to further solve the system of differential equations for the backward-wave tube it has been developed a numerical scheme, which is based on the use of finite-difference schemes of the "predictor-corrector" type and the method of the sweep method (see details in refs. [3-7]). The finite-difference scheme has been constructed and analogous the scheme [5,6]. Namely, the following substitutions have been applied:
	the corresponding master system:
	(9)
	has the following form:
	Further the initial filed distribution is determined in the points of the net on the coordinate. The known method of largest particles is used. As usually the initial distribution of a field is determined by the distribution of the main amplitude mode. For each particle (index j) and each time moment (index i) it is solving the equation of motion according to the standard predictor—corrector scheme:
	Then it has been calculating (at the next step):
	(12)
	The values of the first harmonic of the current in each node are determined by the standard expression:
	Other details can be found in the refs. [3-10]. In conclusions let us note that it is supposed the further generalization and development more advanced approach with maximal accounting for the different physical factors (such as the relativistic effects, effects of dissipation, the presence of a space charge, wave reflections at the ends of the slowing system, stochastic factors by means including the special elements in a whole system etc) as well as the further detailed numerical investigation of characteristics (dynamical and topological invariants) of dynamics of nonrelativistic and relativistic backward-wave tubes (carcinotrons) in different regular, automodulation and chaotic (hyperchaotic) regimes with construction the corresponding bi-furcation diagrams and understanding the features of so called (generally speaking) self-oscillating distributed dynamical systems, which are characterized by the absence of rigid scenarios of the transition to chaos, in contrast to common known scenarios in more simple systems.
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	Резюме. Розроблється ефективний обчислювальний підхід до розв’язання відповідної мастерної системи динамічних рівнянь, які описують нелінійні стаціонарні та нестаціонарні електромагнітні процеси в нерелятивістських та релятивістських лампах зворотної хвилі (карсинотронах) з подальшим максимальним урахуванням різних фізичних факторів, таких як релятивістські ефекти. , ефекти дисипації, наявність просторового заряду, відбиття хвилі на кінцях сповільнюваної системи, стохастичні фактори за допомогою включення спеціальних елементів у всю систему тощо, а також дослідженням характеристик (динамічних і топологічних інваріантів) динаміка карсинотрона в автомодуляційному та хаотичному режимах з побудовою відповідних біфуркаційних діаграм. Для розв’язування головної системи динамічних рівнянь карсинотрона наведено реалізуєму чисельну схему, яка заснована на використанні консервативної різницевої схеми типу «предиктор-коректор» та алгоритму розгортки.
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	The fundamentals of a consistent relativistic approach to determination of radiation and spectral characteristics of the atomic systems (atoms, multicharged ions in plasmas conditions) in a strong external electromagnetic field (EMF), which is based on a relativistic energy formalism (REA) (adiabatic Gell-Mann and Low formalism) and relativistic many-body perturbation theory (RMBPT) formalism for atomic systems in a plasmas are presented. Within an energy approach in relativistic approximation the Gell-Mann and Low formula expresses the imaginary part of an atomic level energy shift E through the QED scattering matrix, which includes an interaction as with an EMF as with the photon vacuum field (spontaneous radiative decay). It results in possibility of an uniform simultaneous consideration of spontaneous and (or) induced, radiative processes and their interference. The radiation atomic lines position and shape fully determine a spectroscopy of the plasmas atomic systems in an EMF. The effective modified technique, based on the Ivanova-Ivanov method of differential equations, for computing the infinite sums in expressions for a spectral line shifts and broadening is shortly described. The fundamentals of a formalism of the relativistic gauge-invariant RMBPT with the optimized Dirac-Kohn-Sham (DKS) and Debye-Hückel zeroth approximations are presented.
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