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ON BIOLOGICAL ACTIVITY OF SELENIUM COMPOUNDS
(Ideas of G.M. Abdulayev in modern perceptions about biological role of Se).

T.M. GUSEYNOV?, T.R. MEHDIYEV !, R.T. GULIYEVA?, B.SH. BARKHALOV!
1Inst_itute of Physics of ANAS, H.Javid ave., 131, AZ-1143, Baku, Azerbaijan
2[nstitute of Biophysics of ANAS, Zahid Khalilov., 117, Baku, AZ 1141

The inorganic compounds (sodium selenide) and organic compounds (Ebselen) can significantly influence on the
development of virus infection including COVID-19. The oxidative stress is the one of COVID-19 key damaging elements.
One of the main reasons of its activity is that M-RNA COVID-19 has the gens of important seleno-containing proteins (GP,
TRX, SelenP) for synthesis and expression of which use the internal resources of selenium, forming its deficit that leads to
limit of selenoprotein synthesis of organism. That’s why selenium status can have the significant value for both processes of
infection beginning and severity of disease carrying out and following complications connected with damage of immune

response and development of oxidative stress.

keywords: sodium selenide, Ebselen, selen, COVID-19, selenium in human health
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INTRODUCTION

In the history of selenium research, since its
discovery by |.Berzelius in 1817, one can distinguish
some separate stages associated with investigation of
its activity and distribution in nature, in particular, in
cells of living organism [1,2]. First of all, these are
works of American scientist K.Shwatrz who
established the anti-necrotic role of Se in organisms of
several animals in 1957 [3] and thus, he proved the
illegality of attitude to this element only as purely
toxic [4, 5].

The information that known antiperoxide
enzyme glutathione peroxidase [6] protective towards
hemoglobin, is the seleno-dependent protein having
the wide antioxidant properties was given in 1973 in
works of L.A. Floe and I.H. Rotruk [7,8]. The works
of Azerbaijan scientist G.M.Abdullayev, whose
activity stimulated the complex study of selenium
biological properties in Azerbaijan scientific centers
on physics and biology, play important role in
development of this stage of investigation. The facts
of light sensitivity amplification of organ of sight by
selenium (sodium selenite), stability of tissues and
cells to oxidative stress and also stability of whole
organism to such disturbing factor of environment as
radioactive radiation and mutagenesis caused by it and
others, were established. The big cycle of works is
devoted to the influence of selenium on growth and
multiplication of vegetable objects and micro-
organisms, selenium metabolism in organs and tissues
of oncological sicks, deceleration mechanism by
selenium of tumor cell growth on inhibition model of
activities of DNA and RNA polymerases. The cycles
of works are made on the example of the flu virus and
the effectiveness of sodium selenite on inhibition of
replicative and transcription processes associated with
genetic material of flu virus A (HsN2). Note that
Azerbaijan chemists synthesized the series of effective
selenium organic compounds in 70-80™ which showed
the high biological properties against series of
pathologies. Comparing the structural formulae of
these compounds with those which nowadays are used
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in clinic medicine and agriculture (veterinary)
(Ebselen, selenpiran and others) we accept that choice
of synthesis of effective selenium organic compounds
is right.

In 70-80™ it was shown that Se localizes in all
cells of organism [9,10] and mortality from cancer
depends on regional soil supply by Se [5,11,12].
Selenium deficit increased the virulence of low-
activity virus Koksaki-B3 damaging the heart muscle
so-called Keshan disease by Chinese province
suffering from selenium deep deficit [13,14]. The
three selenium-containing enzymes on different levels
taking part in regulation of iodine exchange were
identified in 90™ [15]. These discoveries stimulated
big interest to its intracellular regulation functions.
Nowadays, more than 25 of selenium-containing
proteins in the cells of most different organs and
tissues have been identified. It is established that the
part of the selenoproteins has the concrete
physiological functions, moreover, that many of them
have anti-oxidative functions [15,16]. The unique
mechanism of selenoprotein synthesis so-called
SESIS-mechanism had been also discovered. It
includes 21 required amino-acid selenocysteine which
is coded by stop-codon UGA in structure m-RNA.
Selenium is included in selenoproteins through
selenocysteine t-RNA which is synthesized by the
means of transition of Se group in serine t-RNA from
selenium-phosphate. This mechanism is unique
because it has co-translation character at which the
protein  synthesis on ribosomes takes place
simultaneously with synthesis of 21 amino-acid (i.e.
transformation of serine in selenocysteine) [16,17].

In the end of 90" and early 2000 there was the
supposition that Se has the anticancer activity along
with antivirus one [13,18]. Earlier known fact of
Koksaki-B3 inhibition virus activity is the reason of it
[18]. Recently, it had been revealed that such virus
diseases as Khant fever [19], Zika [20], hepatitis
C[21], HIV [22-24], Ebola [25-27], different flus [28-
30] take places difficultly at selenium deficit which
along with Zn and vitamin D plays the important role
in supply of normal immunity [31,32]. The mortality
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from HIV in selenium-deficit regions was in 3-5 times
higher than in normal ones. For HIV infection the
mortality in several regions of Africa achieved 20-
multiple exceed [22,23]. Taking under consideration
that genome COVID-19 contains the elements of HIV,
Ebola, SARS-CoV-1 and etc. [24-26, 33, 34, 35] on
the base of analysis of the present publications,
collaborators of Institute of Biophysics of ANAS
made an assumption that increasing selenium deficit
in many countries is caused by significant decrease of
ecological situation [35]. In particular, the increasing
atmosphere gas contamination leading to soil
oxidation, heavy metals and chemicalization of
agriculture lead to strong decrease of selenium slip
forms, i.e. to depletion of plants by selenium and
correspondingly, to weakening of supply of animals
and plants by selenium [35]. Note that last 40-50 years
the thinning-down of atmosphere ozone layer and
consequently, increase of hard component of sun UV
radiation stimulating the photo-oxidative processes
required the compensation and increased discharge of
anti-oxidants including Se has been taken place. We
can add that general climate warming including so-
called greenhouse effect can lead to increase of
selenium deficit and correspondingly, to appearing of
earlier “sleeping” virus types or increase of virulence
of already present ones [35a].

Nowadays, considering the Se participation in
many biological processes including the development
of virus infections, it is necessary to accept that
predictions of G.M.Abdullayev on role of this element
in life processes and activity of biological objects in
many aspects were prophetic ones.

The widely spread dangerous virus diseases, that
have appeared recently, are caused, as a rule, by RNA-
viruses containing selenoproteins in their genome
(glutathione peroxidase, tioredoxinreductase, SeP and
others). The attempt to generalize previously available
facts and information on Se participation in
development processes of these virus infections is the
aim of the present investigation. This is important for
both understanding of Se role and generation of
optimal method use of seleno-containing compounds
for medical treatment of virus diseases.

COVID-19 (SARS-COV-2)

Not considering details of SARS-CoV-2 appear,
one can make some static analysis of factors
influencing on  its  distribution,  virulence,
pathogenicity of ecological factors taking under
consideration the clear irregularity of its consequences
on people health in different countries, having the
different both social-economical and geographical
conditions. Here we note the analogy with earlier
known virus diseases connected with disturbance of
immune response, in particular, we note HIV infection
[25,26] the genome of which is the part of present
COVID-19 genome [33, 34].

Note, that we earlier noted that HIV infection
distribution is geographically connected with regions
of Se low content in soils. In Africa HIV infection has
become the pandemic character and quarter of

population suffers from this disease. In particular, in
Zambia, Botswana and Zimbabwe the quantity of
infected people is 20-25% [35]. Besides, Senegal in
West Africa has the lowest indexes of distribution of
AIDS and cancer along with highest soil levels
enriched by Se [36].

The connection between increased mortality
from AIDA and selenium ecological deficit is shown
for US [35]. It was shown that the increased mortality
from AIDS is observed at selenium lowered level. The
investigations carried out by Etan U.Taylor and his
collaborators also proved that AIDS, Kaposi's sarcoma
and cancer diseases are more spread in regions with
seleno-deficit soils and this is true for not only for
Africa, but for whole World [34]. In China seleno-
deficit regions are known as “Chinese disease belt”.
Here, the everyday average selenium consumption is
less than 10 pg (norm is 100 pg) that leads to
activation of Koksaki B3 virus mutation leading to
heart pathological state in regions of "Chinese disease
belt”. The increase of selenium content in food ration
can also significantly decrease the sphere of cancer
activity and decrease of mortality from cardiac
infarction [13,14].

In Europe, Russia and Ukraine the monitoring
investigations which have revealed the seleno -deficit
of population, are carried out. The legislative
measures on enrichment of food ration by selenium
have been accepted in several states. It is mentioned
that last 20-30 years the supply of selenium with food
has decreased in 50% even in such conservative and
healthy country as Great Britain. We don’t mention
the countries of “third world” where very bad situation
with food. The wide use of import products of
“intensive agriculture production” (this is actual for
Azerbaijan population) is included in number of
factors defining the selenium content in organisms
[35, 37, 38]. Note that genome of many RNA viruses
contains the code for seleno-dependent glutathione-
peroxidase (GP). Some changes in environment that
have appeared in the end of 20" to beginning 21%
hundred have significantly improved AIDS
competitive ability that became the reason of AIDS
wide spread. These changes were analyzed in the
works of Taylor and his colleagues [25, 25, 34]. These
authors also showed that in the middle of 90" there
was virus group having the gen coding the seleno-
dependent glutathione peroxidase. This virus group
included HIV-1 and HIV-2, also virus Koksaki B3
defining the development of cardiomyopathy (cardiac
infarction) and viruses of B and C hepatitis’s and
others. The authors supposed that this fact is
connected either with Se role as oxidant minimizing
the consequences of oxidation stress or with its
influence on gen activity in the response on HIV
infection [35].

In 2014 — 2016 Taylor and his collaborators,
carried out detail comparative investigations of Ebola
and HIV-1 genomes showed that in their genomes
towards with glutathione peroxidase the specific
weight of another seleno-containing enzyme
thioredoxinreductase (TRx) the gens of which overlap
each other. Thioredoxinreductase has big oxidation-
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recombination influence on replicative processes that
causes extremely depletion of organism by Se at
development of this diseases [34].

According to COVID-19 we can mention that
secondary respiratory symptoms are considered more
dangerous ones than the primary ones, i.e. COVID-19
is rather vascular disease than respirator one [33, 34,
40, 41]. The injury of heart and vascular system is the
main reason of mortality. It is seemed that more than
50% mortality causes by myocardium disturbance
(main activation symptom of Koksaki B3) and system
global blood coagulability leading to hypoxia or
asphyxia [41]. On the base of analysis of present
publications one can conclude that patients with
normal selenium level in blood and glutathione
peroxidase, revealed in period of previous pandemia
of HIN1 flu, significantly easier treat this disease [33,
34]. On model tests (on mice) the analogous results
had been obtained, i.e. mice which were given
selenium died in 3 times [33,34]. The analogous
results were obtained for flu virus A (HsN2) [34]. In
last epidemiological investigations connected with
COVID-19 carried out in China by international group
of scientists were shown the presence correlative
connection between selenium content in hair and
recovering: survival rate in 5 times (Hubai province,
center Uhan) in comparison with lowered selenium
status  (Heylunczan province). Moreover, the
weakening of development form of disease itself is the
important index. This is seen even on the example of
one Chinese province (Uhan) but in different cities
with different selenium status where mortality ratio is
1:3 [42].

In order to answer to question how Se can
influence of virus infection, in particular, on COVID-
19 and other similar RNA virus infections, it is
necessary to pay attention on following circumstances.
The virus particle consists of hydrophobic membrane
with protein matrix on external part of which the
spikes containing glycoproteins and also esterase
proteins locate; in internal part of hydrophobic
membrane the carrier of its genome, MRNA (it codes
29 proteins) in the form of looped form covered
nucleocapsid protein locate [43, 43a]. These strikes
interact with membrane apparatus of host cells (i.e.
cells of healthy organism) and form the contact with
their receptor proteins with following destroy of
membrane integrity promoting the penetrating of virus
genetic material inside host cells. Taking under
consideration that SARS-CoV-1,SARS-CoV-2 destroy
mainly on vascular system (lungs, heart, kidneys, eyes
and etc.) then we mention that cell membrane of
vascular epithelium includes the series of integral
proteins (ACE2 is angiotensin-convertingenzyme2,
trans-membrane protease, metal-peptidase and others),
having the ability to interact with virus protein SARS-
CoV-1u SARS-CoV-2(sociability COVID-19 is in
more than 10 times higher than for SARS-CoV-1, that
is explained by peculiarities of strike protein
composition) [43, 44]. Thus, the interruption of virus
contact with cell membrane because of structure
change of any protein being on strike is the preventive
measure for development of infection process [40].

And what is about Se? The fact is that sulphur the
content of which in nature from 300 up to 1000 times
and in 500 times higher that selenium itself, is the
nearest analogue of selenium. The main fact is that Se
plays the leading role in formation of protein structure
because of SH-groups formation and disulfide bridges
(S-S) joining the different groups of protein molecule
[2]. Note, that protein disulfide isomerase (PDI)
actively take participation in realization of
glycoprotein  strike contact SARS-CoV-2 with
membrane receptors of host cells and their inhibition
makes difficult the virus penetration inside healthy
cells [40,44].

NATRIUM SELENITE

Sodium selenite presents itself the white crystal
powder or crystals dissolved in water. Selenium
preparations in small doses act similar to E vitamin,
i.e. they take part in processes of tissue breath and
oxidation phosphorylation. Sodium selenite has anti-
coagulation and anti-toxic properties. As strong anti-
oxidant it decreases and breaks the peroxide
formation, prevents the overoxidation of fatty acids
and accumulation of toxic peroxides in organism and
thus  normalizes the  metabolism.  Selenium
preparations in big doses are toxic and by their
activity are similar to arsenic compounds.

However, in case of Na selenite having the
intensive intracellular oxidation metabolism [45-47], it
actively reacting with SH-groups of important strike
protein  SARS-CoV-2-PDI-(SH), catalyzes their
oxidation by following scheme:

PDI- (SH), + Se** — PDI-S-S-PDI +Se?*[44]

Thus, in case if the oxidation modification PDI
by sodium selenite then this protein loses the ability to
interact with integral protein ACE2 of host (organism)
membrane cells and the difficulty of contact between
virus and healthy cells of organism takes place. There
are series of useful properties of sodium selenite in
opposition with RNA infection which can be
expressed in the form:

1. As it is mentioned above in genome of such
viruses as HIV, Ebola, Khant, series of flus, C
hepatitis, SARS-CoV-1, SARS-CoV-2 and others
are coded such selenoproteins as glutathione
peroxidase, thioredoxinreductase, Se-P protein and
others. The selective capture of mRNA part
responsible for Se-Cys of amino acid for
expression of selenoproteins [25, 26], firstly,
enzyme thioredoxinreductase which is supplier of
protons for necessities of DNA synthesis of healthy
cells takes place at penetration in cell of RNA virus
host as a result of anti-meaning interactions of mMRNA
virus and mRNA host cells [23,34]. Thus, as a result
the double selenium resource consumption of
organism cells necessary for synthesis of both virus
selenoproteins and eigen necessities takes place. Thus,
selenium deficit state leading to formation of active
forms of oxygen [25, 26, 33, 34] and weakening of
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immunity on phone of oxidation stress and decrease of
organism antioxidation defense appears. In this
connection sodium selenite is the successful selenium
form which promotes to rapid selenium penetration
into cellular structures including the overcoming of
hematoencephalic barrier [34, 45-48], that allows us to
use sodium selenite for support of essential level of
selenoproteins  defending organism cells from
oxidation stress [12, 48, 49].

. On model tests with application of tumor cells it is
established that sodium selenite suppresses the
polymerase reactions of RNA and DNA and thus it
can inhibit the tumor growth that shows on the
possibility of braking and virus reproduction in
host cells [50]. The confirmation of this is the fact
that sodium selenite inhibits the reproduction of A
group virus already in 80" [50a].

. Using the known fact that SARS-CoV-1 and
SARS-CoV-2 have the series of general genome
properties one can make the conclusion about
selenium  (sodium  selenite) influence on
development of SARS-CoV-2 infection by SARS-
CoV-lanalogy. For SARS-CoV-1 it is established
that nucleocapsid protein (similarly to SARS-CoV-
2) forming RNA fiber, activates the nucleocapsid
factor (NF-kB) taking participation in transcription
that is accompanied by hard inflammatory process
[51,52]. It is seemed that selenium actively inhibits
NF-kB protein synthesis, i.e. nucleocapsid factor
[53,54], thus it inhibits the virus development in
organism cells. On importance of nucleocapsid
protein inhibition confirms the fact that it is the
key value in transcription processes at HIV
infection [55] the genome of which as it is
mentioned above has many similar properties with
COVID-19 genome.

. The massive attack of interleukins IL-6 (cytokine
storm) on infected organism [56,57] and the
destroy of immune response [58] is the one of
more dangerous consequences of COVID-19
development. In this context selenium is known as
regulator of immune response on all levels:
nonspecific, humoral and cellular, simultaneously
it limits the activity of T-helpers [59, 60, 61, 61a].

is mentioned COVID-19 is not only
respiratory disease but the vascular one connected
with generation of blood supercoagulability [62]
and thrombocytopenia formation [63].
Thromboxane formation A2 (TxAZ2) carrying out
the platelet aggregation being the reason of blood
coagulation in vessels beginning from smallest
alveolar arteries up to big pulmonary ones (effect
of “focusing screen”) not only in lungs but in other
organs enriched by vessels (heart, kidneys, retina,
atrabiliary capsules and others) is in the base of
these processes. [63, 64]. Sodium selenite has anti-
aggregation effect based on decrease of
thromboxane formation [48, 65, 66]. Note that last
30-40 vyears in whole World the series of

commercial semisynthetic and synthetic, organic
seleno-containing compounds including Se-Met,
Se-Cys in the form of biological additions (BAD)
regulating or supplying the necessary selenium
status has been prepared [67].

Thus, the totality of mentioned positive
properties of sodium selenite gives the possibility for
its wide use in the capacity of medioprophylactic
means in adjuvant therapy against virus diseases
including COVID-19. In spite of advantages of
sodium selenite, it has obvious disadvantages: narrow
concentration range of therapy action requiring
medical attention, fast action effect especially at
intravenous introduction (1-2 min) [46], the
withdrawal of its significant part from organism not
providing the cumulative effect [45, 46, 47, 67].

“EBSELEN” PREPARATION

From above mentioned it is followed that the
necessity of study of selenium organic compounds
which are seemed more perspective ones in struggle
with virus infections because of their low toxicity and
action duration [48, 67]. However, not all seleno-
organic compounds can successfully apply for
prevention and medical treatment of virus diseases
including COVID-19 taking under consideration the
small time of virus infection development [43]. The
fact is that selenium coming to organism from organic
compounds passes the complex metabolic way of
selenoprotein synthesis taking part in regulation of
oxidative, immune, thrombogenic and other processes
[61, 67]. As a rule, it stays unavailable until not
releases from “organics” transferring into ion form
(from Se** up to Se?), i.e. up to selenite which is
applicable for synthesis of intrinsic organism
selenoproteins [45, 61, 67]. It is character that L-
selenomethionine which is one of the often met in
BAD or vitamin additions less that sodium selenite is
applicable for adjuvant medical treatment of virus
infections especially COVID-19 because of multi-
stage release of selenium from selenomethionine for
its resynthesizing into new selenoproteins of organism
[67]. In this connection L-selenomethionine or L-
selenocysteine yield to sodium selenite which comes
to organism by the way of passive transport in short
time, it can be used intravenously, intramuscularly,
per os being the cheapest and available compendial
preparation of Se produced in Russia, Ukraine,
Germany and etc. known as commercial name as
“Selenase”.

Note that selenoorganic compound with
commercial name “Ebselen” synthesized by scientists
A.Vendel, P.Graph, M.Parnkhaym and others, has
significant effectiveness in group of emphasized
compounds. The preparation is seemed the most
effective and low-toxic with wide circle of important
therapeutic properties: cardiovascular, anticancer,
anti-diabetic, anti-bacterial, anti-inflammatory, anti-
thrombotic and others. [68, 69]. It is explained by the
circumstance that Ebselen has the intrinsic glutathione
peroxidase and  thioredoxinreductase  activity
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(peroxiredoxin) carrying out their functions in the
absence of these enzymes [70, 71] and also ability to
interact with thiol groups in proteins with
selenosulfide formation that confirms its action
spectrum range on different proteins [72]. Recently
the news on anti-virus activity of selenoorganic
compound Ebselen on example of HIV and Ebola
virus [73], C hepatitis have appeared. Ebselen
principal ability and counteraction mechanism to
COVID-19 [74,75] has been established in model
system. The one of main protein of COVID-19 is the
chymotrypsin-like protease [MP®] which has the
active cysteine site. This protease splits the long
polypeptide on separate polypeptide fragments taking
part in replication and transcription processes having
in genome. Selenium of Ebselen covalently connects
with cysteine of MP™® protein and deprives its
functional activity on virus genome replication. By
other words selenium not splitting from Ebselen
molecule blocks its active center MP™ [67, 74].

These unique Ebselen properties are the reason
for its study and evaluation of its anti-virus
effectiveness in comparison with other known
preparations which inhibit MP™. Besides, it has strong
anti-oxidation properties connected with glutathione
peroxidase and thioredoxinreductase activities [68 —
71] under conditions when selenium from Ebselen
doesn’t consume for natural (intracellular) synthesis
GP and TRx because of formed deficit of selenium
(that takes place at the use of many other selenium
compounds). It protects from oxidative stress being
the main reason of virus infection mortality [33, 34,
48, 79-81]. The carried out screening investigations
with high transmission capacity showed the some low-
molecular  ligases probably having inhibition
properties among 1000 tested compounds in the
capacity of more effective inhibitors MP™® acting on
catalytic site of this enzyme. Here Ebselen is very
interesting [74]. In new investigations it is shown that
sensitivity of Ebselen with cavity of catalytic center
MP™ takes place. The last investigations show that
there is unknown site connecting with Ebselen in

dimerization region and it is localized between 2" and
3 domains of this protein. This means that Ebselen
connecting between 2" and 3 domains has an
allosteric effect which regulates access to catalytic
center by the means of interaction by the loop of this
protein and this causes the change of its configuration
[82]. All these investigations show that Ebselen as the
best antivirus preparation can found the wide clinic
application.

CONCLUSION

The inorganic compounds (sodium selenide) and
organic compounds (Ebselen) can significantly
influence on the development of virus infection
including COVID-19. The oxidative stress is the one
of COVID-19 key damaging elements. One of the
main reasons of its activity is that M-RNA COVID-19
has the gens of important seleno-containing proteins
(GP, TRx, SelenP) for synthesis and expression of
which use the internal resources of selenium, forming
its deficit that leads to limit of selenoprotein synthesis
of organism. That’s why selenium status can have the
significant value for both processes of infection
beginning and severity of disease carrying out and
following complications connected with damage of
immune response and development of oxidative stress.

The application of selenium compounds in
particular, sodium selenite having the active
metabolism in organism sells on all stages of
development of virus infection, is the perspective
direction in the search of adjuvant means for anti-virus
therapy.

Selenoorganic therapeutic compound Ebselen
known its unique biological properties is the one of
the most perspective anti-virus prepatations the
activity of which is based on the inhibition of
replication processes especially of transcription of
virus genome for clinic use in medical treatment of
COVID-19 and its accompanying complications by
data  of  high-velocity  screening  analysis.
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AB INITIO CALCULATION Al, Co, Sr DOPED GRAPHEME

S.S. HUSEYNOVA, S.0. MAMMADOVA, A.A. SADIGOVA
Institute of Physics of ANAS, H.Javid ave., 131,
AZ1143 Baku, Azerbaijan

This paper introduces the results of first-principle calculations of the electronic and magnetic properties of graphene
doped by Al, Co, Sr. In according to theoretical calculations by doping Co and Al graphene energy gap is opened.
Furthermore, substitution of the Sr atom for a carbon atom in graphene increases magnetization. In addition, density of state
was explored for Al, Co, Sr atoms doping of the graphene structure.

Keywords: first-principle calculations, DFT, ATK, graphene, Al, Co, Sr-doped, supercell, DOS, magnetic moment.

PACS: 31.10. +z, 31.15.E-, 75.50.Gg.

INTRODUCTION

Graphene is a zero band gap semiconductor or
semimetal which consists of an sp? hybridized single
atomic layer of carbon atoms organized in a hexagonal
lattice. Each of tetravalent carbon atoms, connect to
three neighboring atoms by covalent bonds, which left
a free electron on each carbon atom. These free
electrons lead to the high electron mobility and high
conductivity of graphene. Graphene has also the
advantage of being atomically thin conductive
material [1-4].

Ferromagnetic properties for alkaline earth
doped graphene such as Mg-graphene, Sr-graphene
and Ba-graphene were predicted [5]. The calculations
are devoted to the evaluation of electric properties of
zigzag graphene nanoribbons influenced by the doping
of Co [6,7] and Au [8]. Many studies about transition
metal  incorporated with  armchair  graphene
nanoribbons have been conducted, such as Mn [9], Fe
[10], and Ni [11]. In [6] reported an ab initio study of
atomic and electronic structure of Co atoms
incorporated in graphene nanoribbon with armchair-
shaped edges.

In according to the electronic, optical, thermal,
magnetic, mechanical and electrochemical properties
of graphene become attractive for studying in various
fields of research, such as electronics [12],
optoelectronics [12,13], energy conversion and storage
devices [14,15], sensors [16,17] and biomedicine
[18,19]. In [20] have overviewed recent methods
adopted to the electronic and magnetic properties of
graphene and the possible practical applications of
these methods in various areas of research. In
addition, the challenges faced by individual methods
are also included.

The energy gap (Eg) of Al doped graphene [21]
is opened upon adsorption of (CO, CO,, NHs, NO,
NO; and SOy) in various way. The Al doped graphene
with NO gas adsorption has the ability to donate
electron; it needs to small energy to remove an
electron to become a cation. To overcome the
insensitivity of these molecules on pristine graphene,
doped graphene will be appreciated because of the
formation of a 3D structure. It is set that doping
graphene with metals the higher sensitivity of
graphene toward different molecules could be
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achieved [22-24]. Doping causes an improvement in
the electronic behavior of the semiconductor
materials. For instance, behind doping with B or N
atoms, graphene expanded into p-type or n-type
correspondingly [25]. Theoretical studies
demonstrated that the doped atom on graphene could
transform the band structure as well as the electron
transfer so the applications of graphene could be
mainly enhanced [26-28]. Among diverse metals, Al,
Ag, Cu, Au, and Pt are the atoms which have been the
most utilized for the doping of graphene [29]. By
doping graphene with Al, the electron density around
the doped atom reduces because of catching electron
by surrounding C-atoms.

COMPUTATIONAL DETAILS

The electronic properties of vacancy in graphene
was studied by the density functional theory (DFT)
method  within  the  Generalized  Gradient
Approximation (GGA). The band structure (BS) and
density of states (DOS) have been calculated. DFT
have been performed to explore the electronic and
magnetic properties of graphene doped Al, Co, Sr.
The magnetic moments calculation were down by
Mulliken population analysis.

First-principles calculations based on the spin-
polarized density functional theory, were performed
using the periodic Atomistix Tool Kit (ATK). The
generalized gradient approximation in the Perdew-
Burke-Ernzerhof  (PBE)  parameterization  was
employed for the exchange—correlation functional.
The kinetic cut-off energy was 150 Ry. The primitive
cell of Graphene was relaxed and optimized with force
and stress tolerances of 0.01eV/A and 0.01eV/A3,
respectively. A 4 x 4 x 1 k point was used for
geometry optimization and total energy calculations.
Our calculations were performed for a number of
supercells with as many atoms as 18.

Al, Co, Sr-DOPED IN GRAPHENE

In result of our theoretical calculations we
observed that energy gap opening of graphene by
doping Co and Al. We calculated the energy gap for
Co and Al is Eg=0.76eV, E4=0.375eV respectively.
Figure 1 displays the Projected Density of States
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(PDOS) which was constructed for s-, p- and d-
electrons of Al atom in the 18-atom graphene
supercell. The upper curve correspond to electrons
with the direction of the spin up and the lower the
direction of the spin down. Ab initio calculation

a)

c)

PDOS for graphene showed that Fermi level for the p,
s, d- electrons with spin-up and spin-down are almost
similar [Fig. 1 b,c,d]. In figure 1-d is shown for the
spin-down and spin up d- state below Fermi level.

b)

d)

Fig. 1. The DOS for spin up and spin down p-, s-, d- electrons of the dopant Al atom in the 18 atom supercell:

a) DOS, b) p-state, ¢) s-state, d) d-state.

Figure 2 illustrates the atomic structure of the Sr
doped graphene plane and density of state.

In addition, this paper is devoted to investigation
of magnetic properties of graphene doped with Sr
(Fig. 2). In case of Sr atom substituted C 18 atoms in

graphene calculated magnetic moment acquired
1,349uB. According to calculations, Sr (C)
substitution leads to the ferromagnetic (FM) spin
ordering.

12
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Fig. 2. Sr doped 18 atoms grapheme.
CONCLUSIONS

Ab initio calculated electronic and magnetic
properties of Al, Co, Sr atoms doped graphene. To
simulate the doping effect, we have introduced our
calculations for 18 atom-contained supercells. In
addition, our investigation demonstrated that Sr
doping graphene is an effective route to obtain a
magnetization. Total magnetic moment derived from
Mulliken population analysis in the graphene by
doping Sr is 1,349up. In this paper has been also

explored theoretically that in supercell constitute
of 18 atom graphene carbon atom substitution with Al
and Co this supecell appeared band gap 0.375eV,
0.76eV, respectively.  Note that, we investigated
density of state for graphene structure by the doping
of Al, Co, Sr atoms.

According to providing theoretical program
packet we are grateful to Guliyev Jeyhun programmer
of the Institute of Physics.
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THE THERMAL POWER AND CONDUCTIVITY OF
SUPERCONDUCTING Bi2Sr2Ca0.4ZnosCu20y
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Institute of Physics of Azerbaijan National Academy of Sciences
H. Javid ave., 131, AZ-1143, Baku, Azerbaijan
E-mail:agayevagunel@myrambler.ru

The temperature dependence of the resistivity and thermoelectric power of bismuth Bi2Sr2Cao4Zno,sCu20y
superconductor in the range 77-320K is carried out. The experimental results on thermoelectric power are analyzed within the
framework of the Xin’s two-band model and the band gap of Bi-O layers is determined as E¢=0.059 eV.

Keywords: superconducting material, specific resistivity, thermal power.

PACS: 74.62.Bf; 74.25.F

1. INTRODUCTION

The discovery of high-temperature
superconductors La.x(Ba/Sr)xCuO4 and YBa,CuzO7-x
with critical superconducting transition temperatures
T~40K and T¢~90K, respectively, led to an intensive
search for new oxide superconductors with even
higher T.. Michel et al. [1] reported the discovery of
superconductivity between 7 and 22K in Bi-Sr-Cu-0O,
which was not a rare earth element. However, due to
the great interest in yttrium superconductors with a
critical temperature of 90 K, this report did not
generate wide interest. However, the addition of the
element Ca to the Bi-Sr-Cu-O cuprate system led to
the discovery of bulk superconductivity at 85K and
the proof of superconductivity up to 110K in the Bi-
Sr-Ca-Cu-0O system [2].

It is known that in bismuth superconductors there
are phases with different numbers of CuO (n) atomic
planes [3, 4]. With an increase in the number of planes
to n=3, the critical temperature increases to Tc =110K.

Investigation of the transport properties of
bismuth  superconductors  Bi;Sr.CuQOs  (n=1),
BiszzCﬂCUzOg (n :2) and BiszzC&zCUgOlo (n:3)
have been devoted to many works [1-7]. However,
there is still no consensus on the mechanism of HTSC
superconductivity. The transport properties of the
normal state of HTSC, namely, the linear temperature
dependence of the resistivity in a wide temperature
range, as well as the strong dependence of the
thermoelectric power on the hole concentration in the
CuO:; layers are unusual.

It is known that the coherence length of HTSC is
rather small. This leads to the fact that structural
inhomogeneities such as double boundaries, defects,
grain boundaries, etc., will affect the transport
properties of the superconductor in the normal state.
The introduction of various impurities and various
modes of synthesis affect both the phase formation
and the physical properties in this system. On the
other hand, atomic-crystal defects arising due to
distortions of superconducting CuO- layers, as well as
point defects in layers formed by calcium atoms when
they are replaced with various elements, are pinning
centers in Bi based high-temperature superconductors.
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Therefore, it is of interest to replace the element Ca by
others, in particular, zinc.
This paper analyzes the results of studying

transport  properties, such as resistivity and

thermoelectric power of Bi>Sr,Cag.4ZngsCu20s.

2.  EXPERIMENTAL RESULTS AND
DISCUSSION

The investigated superconducting composition

Bi>Sr,Cap4ZngsCu20s was obtained by solid-phase
synthesis, mixing in a stoichiometric proportion of
highly pure powders Bi,Oz, CaCOs, SrCOs, ZnO and
CuO. The sample was annealed for 10 hours at a
temperature of 840°C, then cooled at a rate of
1.5°C/min to room temperature.
X-ray structural analysis was carried out on a Brucker-
D2 Phaser at room temperature with a resolution of
A(26)=0.05%n the range 5°<20 <80°. The obtained
result is shown in Fig. 1. Some structural parameters
of the investigated sample were determined from the
data of X-ray structural analysis.

It was found that Bi,Sr,Cag4ZnosCu20Oy consists
of two phases. The main phase corresponds to the
orthorhombic Pnnn group with lattice parameters
a=5,429, b=5,431, c=30,840 A. And the other phase is
the tetragonal I4/mmm group with lattice parameters
a=3.8097, c=24.607 A, respectively. According to the
intensities of the diffraction peaks, the tetragonal
phase prevails.

The crystallographic structure of bismuth high-
temperature superconductors is given in [8, 9]. The
crystal structure can be considered as a three-
dimensional packing of Bi,Sr.CaCu,Ogalong the c
axis, the main feature of which is the presence of two
Bi-O layers separated by 3.0 A and shifted relative to
each other (crystallographic shift) in the diagonal
direction of the perovskite subcell. Tarascan et al. [10]
showed that the 100K phase has the formula Bi-2:2:2:
3 and its structure contains three CuO. layers. The
three phases Bi-Sr-Ca-Cu-O can be represented by the
general formula Bi,Sr.Can 1CunOy (n =1, 2 and 3) and
have a pseudo-tetragonal structure (Fig. 2), which can
be described as the packing of the basic block
Bi,SroCuQO¢ with zero, one or two inserted CaCuO;
plates.
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Fig.1. X-ray diffractogram of Bi2Sr2Cao.4Zno.6Cu20s.

Fig. 2. Crystallographic structure of bismuth superconductors: 1-Bi2Sr2CuQe+y (c=24.6 A); 2- BizSr.CaCu20g+y
(c=30.7 A); 3- Bi2Sr2CazCuzO10+y (c=37.1A) [11].

The lattice parameter - ¢ increases from 24.6 to
30.6 A and finally to 37.1 A when going fromn =1 to
2 and 3. This increase is the result of the gradual
addition of 2x1 and 2x2 (doubled from - due to
crystallographic shift) CaCuO,, each with a thickness
of about 3 A, packing sequence in a unit cell. For
Bi,Sr,CaCu,0g, the folding sequence is Bi-Sr-Cu-Ca-
Cu-Sr-Bi. In Bi,Sr,Ca,CusO1o the sequence of layers
is Bi-Sr-Cu-Ca-Cu-Ca-Cu-Sr-Bi.

As can be seen from the crystal structure, the
element Ca plays an essential role in the critical
temperature of a bismuth superconductor. Naturally, it
was interesting to determine the effect of the

16

substitution of zinc for the element calcium on the
conductivity and thermo power.

Figures 3 and 4 show the temperature
dependences of the resistivity and thermoelectric
power of the investigated superconductor. As can be
seen from the figure, the temperature dependence of
the resistivity in the normal state has a linear course
and decreases with temperature. This indicates that the
concentration of charge carriers increases with

temperature. The superconducting critical temperature
of BizSr,CapsZnosCu,0g was Tc=78.2K. The
temperature coefficient of specific resistivity is
dp/dT=1,2-10°Chm-cm/K.
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Fig..4. The temperature dependence of thermal power of Bi2Sr2Cao.4Zno.sCu20s.

In the entire investigated temperature range, the
thermopower has a positive sign corresponding to the
hole type of conductivity. The S(T) dependence passes
through a maximum before the phase transition and
sharply decreases to zero with decreasing temperature.
In the normal state, the thermoelectric power
decreases  with  increasing temperature. The
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temperature of the maximum thermopower is ~117K
and has a negative slope dS/dT=-0,015uV/K? Hole
type of conductivity and negative temperature
coefficient of thermoelectric power, indicates the
participation of electrons in conduction at the same
time. It is known that in bismuth superconductors in



G.I. AGAYEVA

Bi-O layers, electronic conductivity dominates, and in
Cu-0, hole conductivity prevails [5, 12, 13].

Xin et al. [3] propose a two-zone model, where
one zone is formed by Cu-O and the other by Bi-O
planes. The Cu-O plane contributes to the
conductivity of holes, while the conduction electrons
in the Bi-O planes are of a semiconducting nature.
According to [3], the thermopower is determined by
the expression;

2 [T e

kdll’l‘[(E) —E /kT

e dInE e (1)
Taking into account the linear and exponential

parts, expression (2) can be represented as

S=AT+(BA+CT)exp(-A/T) )
where A, B and C are constants for a given material, T
is the temperature, A=E/ks, Ec=E4/2 -is the energy gap
between the bottom of the conduction band and the
middle of the band gap, ks is the Boltzmann constant.
As can be seen from expression (2), the value of the

constant A determines the contribution of holes in the
Cu-O planes.

The obtained value of A was used to calculate the
band gap of the semiconductor type Bi-O layers. The
parameter A, which is included in the exponent
depends on the band gap between the Bi-O band and
the conduction band. From the expression A=E./ks
and Ec=Ey/2, the band gap of the investigated sample
is determined as E4=0.059 eV. The values of the
adjustable constants A, B, C were equal to
A=0.068 uV/K?, B=-0.13435 pV/K?, C=-
0,03746 pV/K?2, respectively.

CONCLUSION

The temperature dependence of the thermo
power of Bi>Sr,CagaZnesCu20y is analyzed within the
framework of the Xin’s two-band model. The
calculation is carried out and the width of the
forbidden zone of the semiconductor type Bi-O layers
is determined Eg = 0.059 eV.
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THE PRODUCTION OF A CHARGINO PAIR IN POLARIZED
LEPTON-ANTILEPTON COLLISIONS (1)
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Within the framework of the Minimal Supersymmetric Standard Model, the process of annihilation of a lepton-

antilepton pair into a pair of charginos is considered: ¢/~ + /" — Zi + ff . Taking into account the polarization states of

the lepton-antilepton pair and the chargino, an analytical expression is obtained for the effective cross section of the process.
Diagrams with the exchange of Higgs bosons H , h, A and scalar neutrinos v, are considered in detail. The longitudinal
and transverse spin asymmetries caused by the polarizations of the lepton and antilepton, as well as the degrees of the
longitudinal and transverse polarization of the chargino, are determined. It is found that the longitudinal spin asymmetry
arising from the interaction of polarized leptons with unpolarized antileptons is equal to the longitudinal spin asymmetry
arising from the interaction of polarized antileptons with unpolarized leptons.

Keywords: Minimal Supersymmetric Standard Model, Higgs boson, lepton-antilepton pair, chargino, longitudinal spin

asymmetry, transverse spin asymmetry.

PACS: 12.10.—g, 12.15.-y, 12.60.—, 14.80.Ly, 14.70.Bh, 14.70.Hp

1. INTRODUCTION

With the discovery of the Higgs boson Hg,, at

the Large Hadron Collider (LHC) by the ATLAS and
CMS collaborations in 2012 [1, 2] (see also reviews
[3-5]), a new era in elementary particle physics began.
The Standard Model (CM) of fundamental interactions
received its logical conclusion and acquired the status
of a standard theory. According to SM, there are six
leptons and six quarks in nature, making up three
generations and three types of interactions:
electromagnetic, weak and strong, which are

transported by a photon, W*, Z -bosons and gluons

(gravitational interaction is still described by
Einstein's general theory of relativity). Now they are
supplemented by the Yukawa interaction carried by
the Higgs boson Hg,,. Based on the SM, one can

calculate Feynman diagrams of various processes and
compare them with the corresponding experimental
data. The agreement between standard theory and
empirical evidence is convincing.

Despite the success of SM, this theory has its
own difficulties. One of the difficulties is related to
the renormalization of the Higgs boson mass. The fact
is that for all SM particles, the mass renormalization
works well, and in the case of the Higgs boson Hyg,, a

problem arises: the vacuum has a strong effect on the
mass of the Higgs boson, its mass increases trillions of
times, and such a particle can no longer play the role
of the Higgs boson. Note that there is no restraining
factor inside the SM that stops the growth of the Higgs
boson mass due to virtual particles. Here such a way
out of the difficult situation is possible. If there are
some other particles in nature that are absent in the
SM, then in virtual form they can compensate for the
increase in the Higgs boson mass. In the Minimal
Supersymmetric Standard Model (MSSM), the
compensation of the Higgs boson masses arises by
itself by the construction of the theory.
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The MSSM introduces two doublets of the scalar
field with hypercharges -1 and +1 [6-10]:

Y H:
= o P = .
S CTY I %)

To obtain physical Higgs bosonic fields ¢, and

@, are written in the form:

1 (0, +HY+iR?
Wﬁ( H, J
1 H2+
(pz:ﬁ(uz+H§+iP2°)

Here H?, P’, HY and P} are the fields describ-
ing the excitations of the system with respect to vacu-

um states < @ >—iu and < >—iu
1 ﬁ 1 2 ﬁ 2

By mixing the fields HY and HY, one obtains
CP-even Higgs bosons H and h (mixing angle o ):

H cosa sina \H/]
h) \-sina cosa )\H?)

Similarly, the fields P’ and P, are mixed, as well as

H; and H; and get the Goldston bosons G° and

the CP-odd Higgs boson A, Goldston bosons G* and
charged Higgs bosons H* (mixing angle B ):

G’ cosp sin B\ P’
( A] (—sin B cos ﬁj(PZOJ'
G* cosB sin S\ H,
[HiJ (—sin B cosﬁ}( j

H,
Thus, five Higgs bosons appear in the MSSM:
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CP-even H and h bosons, CP-odd A-boson and only two parameters are considered free: mass M,

charged H™ -bosons. In this model, the Higgs sector ~and angle tgB. The rest of the parameters are ex-
is characterized by mass parameters M, M,, M,, pressed through them:

MHi and angular parameters o and p. Of these,

M :%[M§+MZZ + J(M2 +M2)2 —4M2M 2 cos? 23]
2 2 2
MZ, =M;+M7Z,

M2 4+M?2 V4
tgea =tg2f 2"z | % < 0],
A S VESIVE ( 2 j

M, and M,, — masses of gauge Z- and W*- | M M, \/EMW sin 8

bosons. c = '
Wine W and higgsino H* are superpartners of \/EMW cos H

gauge W * - and charged Higgs H* -bosons. The mass Where M, and p - are the mass parameters of wine

matrix of wine W* and higgsino H* is nondiagonal, ~W* and higgsino H®*. The matrix M. is

which results in mixing of these spinor fields. The  diagonalized by two real two-row matrices U and V .

resulting new particles are called charjions ’)Zfz. The  After diagonalizing the matrix M., new chargino

masses and constants of interaction with Higgs bosons  states with masses are obtained
are determined by the mass matrix [6, 10] |

m? :%{Mf £ 12 +2ME F/(MZ—12)? +AME (M2 cos? 23+ M2 + 17 +2M ,psin 28)}

+
X1,2

With a very large value of the parameter |y The longitudinal ~and  transverse  spin

. . asymmetries caused by the polarizations of the lepton-

(| = o), light chargino corresponds to the state of antilepton pair, as well as the degrees of the

wine with mass m_. ~M,, and heavy chargino longitudinal and transverse polarization of the

Xl o ) chargino, have been determined. The dependence of

corresponds to the state of higgsino with mass  these characteristics and the cross section of reaction

m.. ~ b/ . However, when M, >>u/ and |u/~M;, (1) was studied depending on the energy of the lepton-
antilepton pair and the angle 6.

u

both chargino %, and ¥, exchange roles: m, ~
1
2. AMPLITUDE AND WIDTH OF DECAY

m_, =M,.
COST

x2
Supersymmetric  (SUSY) particles can be
produced in the LHC in the decays of squarks and The annihilation of a lepton-antilepton pair into
gluinos: §—>q+§, G—>q+%;. One of the main a chargino pair is described by the Feynman diagrams
sources of pair production of charginos is high-energy ~ ShoWn in Fig. 1 ), b) and c) (4-momenta and

lepton-antilepton  (electron-positron  and  muon- polarization. vectors of particles are written in
antimuon) colliders of the new generation [11, 12]. brackets). Diagram 1a) corresponds to the exchange of
In a number of works, the processes of a photon and a neutral Z-boson between a lepton-

production of a pair of charginos and neutralinos in ~ @ntilepton pair and a chargino pair. This diagram was

electron-positron collisions have been considered [14-  Studied in detail in the first work (1) [13].
16]. The second diagram corresponds to the

In the present work, we study the process of ~exchange of a virtual Higgs boson @ (H”, h™ or

creation of a chargino pair upon annihilation of an A"). From this diagram for the matrix element of the
arbitrarily polarized lepton-antilepton pair: _ ~ o~ .
- process £ +{" — y +y;, we obtain the
U+l >+ Zi - (1) following expression (we assume that the intermediate
Taking into account the polarization states of the ~ @ -boson interacting with the lepton-antilepton pair
lepton-antilepton pair and the chargino, an analytical ~ simultaneously possesses CP-even and CP-odd
expression is obtained for the effective cross section  components):
of reaction (1).
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Fig. 1. Feynman diagrams of process ¢~ ¢* — 7 %] -

1

M =ig4,[0(P,,8,)(@+bys)u(p,,s;)]- S_MZ +i[,M, X
- L R '

x g[u(ky, s)(9 P + 95 P )u(k,, 81)]. (2

Here g,, - is the constant of interaction of a @ - | 1
: : - G, =——[U,V,e -U\V.d.]
boson with a lepton-antilepton pair; a and b — are L \/Esine i2% j1~k i1¥ j2"k
some constants, and at a=1 and b =0 the ® -boson is W ©)
CP-even (like the bosons H, h),and at a=0and b =1 1 )
1 Gy :\/—.—[Vilu i2€k -V,U jldk]8k1
we obtain the CP-odd A-boson; ————»~ - 2sin 6,
s—Mg +il[; M,

® -boson propagator; M, and I, - its mass and 0, - Weinberg angle; g =¢,=1, &;=-1;

overall width; g - is the constant that determines the

mass of the calibration W * -boson
1
2 ) 2
My ==0g°(v; +0;);
2
P r =%(1J_ry5) — chirality matrices; g"ﬁ( =G, and

giTk:GR — Higgs boson coupling constants H,
(k=1,2,3 for H, h, A bosons) with a chargino pair
[6-8]:

‘2: géeegz
(s—-M3)*+TeM

‘ i—>f

coefficients e, and d, are equal:
e, =+C0Sa, €,=-Sina, €,=-sing,
d,=-sinea, d,=-cosa, d,=+c0sp.

In a standard way, for the square of the amplitude, we
find:

LA B IGR )+ 5  f

X[_m(zz _(Sl 'Sz)(pl ’ p2)+(p1 '52)(p2 '51)]_2Re(ab*)mz[(p1 'Sz)"‘(pz ' pl)]_

- 2 Im(ab*) pl/l p2v Slps €

20 % uvpo

PG +GA)IK, k) +m_m_ (s-s)]+

"’(Gf _Gé)[m;i— (kz 'S)+ mﬂ (k1 'S')]*‘ZGLGR[_m;i— mijr _(kl -kz)(S~S')+(k1 'S')(kz 'S)]},

where m, —is the lepton mass

Let us find the effective cross section for reaction (1) in the case when the lepton-antilepton pair is
polarized arbitrarily, and the chargino pair is polarized longitudinally:

~ 92,9°s
o=
2'[(s-M2)2+T2M 2]

JA, ) T8 +[of T - (A& )AE, )1+ ~[o] 1%

x[(&:€2) — (N8,)(ME,)]+2 Re(ab ) [(ME, ) — (M€,)] - 2Im(ab™)(A[E,E, DH(GE +Gg) x

x(1-r, -r, YA+hh,)+(GZ-G2)(h, +h,) [A(r, r, ) —4G, Gy (A+hh,) r, T, } ®

Here fi — is the unit vector directed along the lepton

momentum; & and &, — are unit vectors directed
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along the spins of the lepton and antilepton in the rest
systems of each of these particles, respectively; h;

and h, - helicity of chargino ¥ and 7%;;

s=(p,+p,)* - the square of the total energy of a

lepton-antilepton pair in their center-of-mass system;
Ar,. j) — is the known kinematic function of the

two-particle phase volume:
— —_ J— 2 —
A(r, r, )=Q-r, r, ) —4r, r,

where the notation:

~ 92,9°%s
O'_
2'[(s-Mg)* +TeM ;]

2 2
m__ m._.,
22
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= , r, =
Zi IS Zj IS

Let us consider some special cases of the
effective cross section (4). First, assume that the
lepton-antilepton pair is longitudinally polarized:

& =n4, & =-N4,,
where A, and A, — are the helicities of the lepton and

antilepton. In this case, the effective section (4) takes
the form

r

[ar, . r,) 0" +o 1@+ 4,4,) - 2Re(ab™) (4, + 4,)}{(G? +GZ)

x(1+hh,)2-r, —rlj)—4GLGR(1+ h.h,)\r, o, +(G? =G2)(h, +h,) M(rli,r){j )} )

As can be seen from this section, the lepton and antilepton, as well as the charginos 7; and ')ZJ* separately, must

have the same helicities: A, =—A4, =1, h, =h, =+1. Consequently, diagram b) in Fig. 1 corresponds to

four spiral  sections:lepton-antilepton  pair and chargino % and %] polarized  right
(A, =4, =h, =h, =+1).
Ormmr ~[a-b{(GL +GR)(A-1,, ~1, ) =46 Gp [r, T, +(G] ~GE) i(r,,.1, )} 6)
lepton-antilepton pair and chargino ; , 'ﬂ polarized to the left (1, = A, = h; =h, =-1):
o ~[a+b{(GE+GR)A-r, —rxj)—4GLGRM—(Gf ~GR), [Mr,.r, )} @
the lepton-antilepton pair is polarized to the right, and the chargino %; and if — to the left
Oraus ~ 1@ -b{(G +GR)A-1, ~1, ) =46 Gy [T, 1, — (G ~GR) Al .1, )} (8)

the lepton-antilepton pair is polarized to the left, and the chargino y; and i} — to the right:

2
Oure ~ [+ (G + GR)(A-1,, —1, ) ~4G Gg. [r, T, — (G ~Gg). [A(r,,.r, )} ©)

In these cases, the directions of momenta and
particle spins are shown in Fig. 2. As can be seen from
the figure, the directions of the spins of the lepton-

antilepton pair and the chargino ; , if are oriented

oppositely, therefore, the sum of their spins is equal to
zero, the spin of the intermediate @ -boson is also
equal to zero. As noted in the previous work (I), due

to the conservation of helicity of particles in the
process (" +07 = (3 Z7) > x7 +x;, the
lepton-antilepton pair (also the chargino pair) should
have  opposite  helicites A, =—-A4, =%1,
h, =-h, =+1:

A +7?j+R; UL+0% > I +%j+L; (o +107 = 10 +)-E;R; lo+00 = Yn +??J'+L-

The directions of momenta and particle spins in
these spiral processes are shown in Fig. 3. As you can
see, in all cases the directions of the spins of the initial
(final) particles are parallel to each other, their sum is
equal to 1 (in units 7). That is how it should be, since
the photon and Z -boson carrying the interaction have

|spin 1.

From the above considerations it follows that
using left- or right-handed lepton-antilepton beams, it
is possible to separate the contribution to the cross
section of the diagram b) from the contribution of the
diagram a) in Fig. 1.
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Fig. 2. Directions of momenta and particle spins in the process ¢ (* — (®") - i

Fig. 3. Directions of momenta and particle spins in the reaction ¢ ¢* — (y"; Z2") — %X

Summing over the chargino polarizations in (5), we represent the resulting expression in the form:

x{(G +GE)(L-r, -1, )-4G G Jr, -1, }.

[, . r,) {llal® +]b|* 1@+ 4,2,) — 2 Re(@b ") (4, + 2, )}x

(10)

90 9°S
0-(21’12)2 q}fz/ 2 212
32[(s-M2)? +T2d0?]
Let us determine the longitudinal spin |

asymmetries due to the polarizations of the lepton and
antilepton:

_ 1 o(A,0)—0(-1y,0) _ 2Re(ab))
" A o(2y,0)+0(-2y,0) \a\z +‘b‘2 ’

. (1)
_ 1 0(0,2,)-0(0, -%,) __2Re(ab’)

"y 00, k) +0(0, 2y) a4 pf

Here o(A,,0) (o(0,1,)) — is the annihilation cross

section for the interaction of a longitudinally polarized
lepton with an unpolarized antilepton (an unpolarized
lepton with a polarized antilepton). From expressions
(11) it follows that the longitudinal spin asymmetries
A[_ and AF are equal to each other. This means that

the longitudinal spin asymmetry arising from the
interaction of polarized leptons with unpolarized
antileptons is equal to the longitudinal spin asymmetry
arising from the interaction of polarized antileptons
with unpolarized leptons.

Note that the study of longitudinal spin
asymmetries can provide valuable information about
the CP-even or odd nature of the Higgs boson @ . If
the ® -boson is a CP-even particle (like the bosons
H, h) or a CP-odd particle (like a A-boson), then the

experiments will not reveal longitudinal spin
asymmetry.

Now suppose the lepton-antilepton pair
transversely polarized. Wherein

is

(ﬁgl) =(n7,) =0, (ﬁgz) =(n7,) =0, (621622) = (11,77,) = m7, COS @,

where 1, and 7, — are the transverse components of the spin vectors of the lepton and antilepton (at full
transverse polarization n, =m; =1), ¢ —is the angle between these vectors. In this case, for the effective section

of the process ¢~ + /" — ¥ + 'ﬂ , the expression is obtained:

95,9°S
32[(s-M2)* +T2d32

o(ny,m,) =

] [A(r,, r,) -{]a|2 +|b|2 +[|a|2 —|b|2]771772 COS ¢ —
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—2Im(ab”)n,n, sin gH(G{ +GZ)A-r, =1, )=4G G Jr, 1, 1.

(12)

This effective cross section leads to the following transverse spin asymmetries associated with the

polarizations of the lepton-antilepton pair:

o(p=0)-oc(p=x) [a -’

A =

o(¢=0+o(g=7) |a’ +|b)
_o(g=-7/2)-0(p=7/2) _

P olp=-n/2)+o(p=n/2)

For a complete transversely polarized lepton-
antilepton pair (n, =n, =1), we have A =1, if the

intermediate @ -boson is a CP-even boson H or h
(a=1, b=0). For an odd CP ® = A boson, the
transverse spin asymmetry is A =-1 (a=0, b=1).
Hence, by measuring the transverse spin asymmetry
A, one can obtain information about the nature of the
Higgs boson. |

o(h, h)==

where

géwgz : 1[ (

32[(s—M2)2 +T2D2 ]

Oy =

ao[1+hh +(h, +h,)R],

2 Thilzs (13)
2Im(ab”)
2 > il - (14)
&+l

The nonzero transverse spin asymmetry also
indicates CP-parity violation in the reaction

_ R * ~ o~
C+lT > (D) p +x5-
The effective cross section of the reaction with

allowance for the longitudinal polarizations of the
chargino can be represented as:

(15)

[|| +|b| G +GR)A-r, —r, )—4G, Gy / r,1 @6

— the effective cross section of the considered process in the case of unpolarized particles, and B, the degree of

longitudinal polarization of the chargino

(G2 -G2)JAr, . T, )

P = :
I
(Gl +GR)A~r, —r, )=4G Ge Jr, -1,

(17)

If the charginos are transversely polarized, then the cross section of the process under consideration can be

represented in the following form:

A 1 1
0(77,77)=Zao(1+7777 P).

where

2c0s9-[G Ge(L~r, —r, )= (G +GR)r, T, ]

(18)

l:

— is the degree of transverse polarization of the
chargino due to the polarizations n and ', ¢ —isthe

angle between the spin vectors of the chargino 7 and

=

n-.
Let us estimate the degree of longitudinal and
transverse polarization of the chargino in the processes

CH 0 > 0+ >+,
0TSy + Y, and 0+ 0>y,
Calculations show that in all these processes the

constants of the interaction of the chargino with the
Higgs bosons ® =H, h and A G, =Gy, because of

this, the degree of longitudinal polarization of the
chargino B vanishes, and the degree of transverse

(GZ+Gi)(A-r, -1, )—4GGy, \/rli T,

(19)

! polarization of the chargino P, is equal to the cosine
of the angle ¢ between the spin vectors i and 7':

P, =cosg. (20)

In Fig. 4 shows the dependence of the degree of
transverse polarization of the chargino P, on the

angle ¢. When ¢=0 the degree of transverse

polarization is maximum and is 1, with an increase in
the angle ¢, the degree of transverse polarization of

the chargino decreases and vanishes at ¢ =90°. Then

the sign changes and becomes negative at the end of
the angular spectrum at ¢ = 180° P, =-1.

24



THE PRODUCTION OF A CHARGINO PAIR IN POLARIZED LEPTON-ANTILEPTON COLLISIONS (11)

1 and mT are determined at parameter values of
2
0.8 |
- tgp=1, M, =150 GeV, pn=200 GeV. The total
P, width of the Higgs boson decay was chosen to be
) I, =4 GeV, and the Weinberg parameter was
B i Xy = 0.2315. With an increase in the Higgs boson
G i i i I . . .
4 = o0 120 150 140 Mass the effective cross sectlpn mcr?ases and at
92 6, deg M, =-/s=500 GeV reaches its maximum value.
04 | Further increase in mass leads to a decrease in the
06 Cross section.
08 | Fig. 6 illustrates the dependence of the effective
’ Cross section of the process
4

w+p > (H) > % +% on the energy /s of

Fig. 4. Dependence of the degree of transverse muon-antimuon beams at the same values of the

polarization on the angle ¢ . parameters as in Fig. 5. The mass of the Higgs boson
is chosen to be M, =600 GeV. With increasing
1.4 energy, the cross section increases and reaches its
. maximum value at ~/s = M,, = 600 GeV.
1F 35
o 08 30
o
]
0.6 | 25
04 a 20 t
a
6
0.2 15 |
0 10
380 420 460 500 540 580
My, GeV 5|
Fig. 5. Dependence of the reaction 0
550 575 600 625 650

uwp' — (H") > %%, cross section on the .
Higgs boson mass. A o
In Fig. 5 shows the dependence of the cross Fig. 6. Energy dependence of the reaction

R * ~_~4 .
section of the process p~ +u" —%; +%, atanenergy W = (H) = XX, cross section at

- . M,, =600 GeV, T}, =4 GeV.
of colliding muon-antimuon beams of /s =500 GeV

on the Higgs boson M, mass. Chargino masses m%,
1

3. AMPLITUDE AND CROSS SECTION OF THE REACTION (/" - (v, ) > 7~C|_7~CT

Now we turn to the calculation of the diagram c) Fig. 1 with scalar neutrino v, exchange. The amplitude
corresponding to this diagram can be written as

M, = iezg;Z}NL [T; (ky, s)PLU, (pys ST

0,(p,,8,)Pv;(k,,s)], (@
(kl—pl)z—m% [0,(P,,s,) LUJ(Z )] Ry

2
where g%m =G?= Vi) _ is the constant of interaction of the chargino with the lepton and the sneutrino [6];

1
(k,— py)? - m%L
We define the square of the modulus of the matrix element (21) in the standard way:

— scalar neutrino propagator.
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‘2_ e4G4 1
[(kl - p1)2 _m&Z‘L] 4

x[(p, 'kz)_mzm;}j (5,:8)—m,(s;-k,)+ ms, (p, -s")]. (22)
Using (22), for the cross section of the process under consideration in the case of longitudinally polarized
lepton-antilepton pairs, we find the following expression:

d 2G4
d(cc?s@) - 32[(k, fogl)z img ]z m.(l—xl)(l_xz) «
X[ r —r = [, 1, ) cose]lL—r, +r, — [A(r,, T, ) cos6], 23)

here (the lepton mass is neglected in comparison with the energy ﬁ)

S
(k, — p,)? :E[r”‘ +r, -1+ M(rli, r, )cosd].

As seen from the differential effective cross section (23), the lepton and antilepton should have left-handed
helicities A, =1, =-1. At A, =+1 or A, =+1, the process is prohibited by the law of conservation of the total

[(pl 'kl)_mfm;i (S’Sl)_mz(sl 'k1)'|'m;;i (s p1)]><

‘ i—>f

moment at the vertex ¢~ — v, +¥; (¢" —V,+7%;). This means that there is no interference between diagrams
a)andc)at A, =2, =-1.
Now we assume that the lepton-antilepton pair is unpolarized and the chargino %; is longitudinally

polarized. In this case, the differential cross section of the process under consideration is determined by the
following expression:

do 1 do,
== @+h,P), (24)
d(cosd) 2 d(cosé)
where
do ra’G*s
e - A ) L, 1, - [A(r, r,, ) cosd]x
d(cos 6) 32[(k1 - p1) - mJL]
x[-r, +r, - M(rli, r, ) cos ] (25)
is the differential cross section of the reaction in the | 1
case of unpolarized particles, and B, - is the degree of
longitudinal polarization of the chargino: 08
0
| =
/’1(%’ rxj)—(1+ r, —rlj)cosé? i
Py = FCONNE
I+r, —r, - [A(r » rlj)cose 5 o4l
1
02 |
08 |
0 ' L ' 1 L
Pi 0 30 60 90 120 150 180
06 6, deg
Fig. 8. Angular dependence of the cross section in the
el reaction e’ — (V,) = X, Xs -
| In Fig. 7 shows the dependence of the degree of
R longitudinal polarization of the chargino on the angle
0 at energy ~/s =500 GeV, M,=150 GeV, p=200
02 . . : ; s GeV, M,, =80.385 GeV. At the beginning of the
0 15 30 94d5 w9 angular spectrum (0°<0<90°), the degree of
, deg

longitudinal polarization is negative and with an
increase in the emission angle 6 it increases.

Fig. 7. Angular d d f the P, th | : . .
9 ngular dependence of the R on the angle © The dependence of the effective cross section on
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the angle @ is illustrated in Fig. 8 at ~/s =500 GeV,
Xy =0.2315, M, =150 GeV, p=200 GeV, m; =40

GeV. As follows from the figure, with an increase in
the angle 6, the effective cross section at the

beginning of the angular spectrum (0°<6<90°)
decreases, and at 6 > 90° it no changes.

CONCLUSION

We discussed the creation of a chargino pair in
the annihilation of an arbitrarily polarized lepton-

antilepton pair ¢~ +¢* — ¥; +7% . The contribution to

the cross section of the diagram with the exchange of
the Higgs bosons H, h and A, as well as the scalar

neutrino v is studied in detail.

The longitudinal and  transverse  spin
asymmetries caused by the polarizations of the lepton-
antilepton pair, as well as the degrees of the
longitudinal and transverse polarization of the
chargino, have been determined. The angular and
energy dependences of these characteristics, as well as
the cross section of the considered reaction, are
investigated in detail. The calculation results are
illustrated with graphs.
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PHASE TRANSITION AT TERMAL TREATMENT OF TlnixSnxSe2
AMORPHOUS FILMS
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The crystallization process of TlInSe2 amorphous films doped by tin impurity is investigated by method of high-energy
electron diffraction. It is shown that crystallization of amorphous films by width 30nm obtained in high vacuum by thermal
method takes place by regularities established by Abraham-Kolmogorov and it is described by analytical expression Vi =
Vo[l — exp(-kt™]. The influence of tin impurity on values of nucleation activation energies and their further growth is
defined by kinematic electron diffraction pattern of TlIni«SnxSe: films.

Keywords: electrography, doping, structure, amorphous phase, kinetics, crystallization.

PACS: 61.66.Fn

INTRODUCTION

The investigation of structural characteristics of
nanothickness semiconductor films of A"B"'C type
with different impurities and solid solutions on their
base becomes more actual one day by day. The
compounds including in the given group, belong to the
wide-band-gap semiconductors in which the forbidden
band width can be gradually changed. Their structure
can be modified by change of technological process of
film obtaining and also by doping [1 - 4]. These
complex semiconductor compounds are anisotropic

ones and they are of interest for modern
optoelectronics [5 -8].
TlinSe, compound is the one of the

representatives of incomplete valence semiconductor
compounds with chain structure having the specific
structure of crystal lattice. The crystallization Kinetic
parameters of TlInSe, nano-dimensional films are
investigated and established in [9]. The experimental
data on atom interactions in solid substances, valence
electrons in atoms can be obtained by methods of
electron diffraction [10, 11] from which the electron
diffraction method is the more suitable for the
investigations in the given direction. Using this
method the influence of Sn chemical element doping
on phase transition kinetics of TlInSe> amorphous
films crystallizing in structure with tetragonal volume-
centered lattice corresponding to symmetry group
Ds®-14/mcm  were investigated [12]. The
experiments on semiconductor study doped by
impurities can be divided on two groups. The works in
which the band structure change is studied caused
mainly by distortion of semiconductor crystal lattice,
belong to the first group. The investigation of state
density tail spreading deep into the forbidden band
belong to the second group.

The study difficulty of these questions is in the
fact that the film growth mechanism is often
unknown. The investigation of temperature-time
dependence of film crystallization promotes the
explanation of their growth mechanism.

131, H.Javid ave, AZ-1143, Baku
ANAS, Institute of Physics
E-mail: jophphysics@gmail
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EXPERIMENTAL PART

The investigated thin films are obtained by
different methods the one of which is the thermal
evaporation in vacuum installation. In the given work
TIIN1«Sn,Se; (x=0.02+0.09) amorphous films of width
~30 nm are obtained in vacuum 3x10®° Pa in
installation BVII-5 by thermal method and
simultaneous deposition of TlInSe; and Sn from two
molybdenum furnaces on the substrate consisting of
fresh cleavages of KCI, NaCl and KJ being lower than
403K and previously covered by carbonic film. The
deposition time is 5-10 sec. The value of substance
separation coefficient is taken under consideration for
obtaining of films with impurity uniform distribution.
The carbonic film by width 2-3 nm is marked again on
obtained films for prevention of evaporation of easily
volatile component and oxidation processes in the
result of further thermal treatment of films. Dissolving
the substrate, the investigated film is transferred on
tungsten furnace-substrate where it is subjected by
thermal treatment.

The distribution of condensate composition on
coordinates on condensation plane is defined with the
help of known formula in crystallography [10]:

Q 1

= 1).
A Azh* (1+a)% =

Here ¢ is amount of substance per unit of
substrate surface plane, Q is amount of evaporated
substance, h is distance from evaporation source to
any point on condensate plane, coefficient o = x/h,
where x is distance from the point being directly under
evaporator to any point on substrate plane. The film

thickness obtained by vacuum evaporation is
calculated by following formula:
_a ),
P

where p is substance density. Besides, the film
thickness is controlled by spectrometer «Spekor-250»,
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and fill composition is controlled by atomic-
adsorption spectrophotometer «ShimadzuAA-6300».

The crystallization kinetics of TlIni«SnxSe;
amorphous films is investigated on electron
diffractometer of OMP-102 type using the energy
filter for separation of inelastically scattered electrons
and electric registration of diffraction line intensity
appearing as a result of amorphous phase
crystallization. The size of intensity electronic pickup
slot at electric registration of chosen line intensity of
crystal phase is defined from ratio 2/3d=I, where d is
slot width, | is half-width of registered line. The
recording maximum level of chosen line intensity can
be achieved by regulation of signal amplification. The
investigated film is heated at constant temperature in
region of phase transformation, i.e. crystallization on
this recording level. The crystallization temperature of
TlIn1xSnxSe; amorphous films is 420 — 480K. The
thermal treatment of amorphous films at the given
temperature leads to the fact that phase transformation
begins. The investigated film being in the original
carbonic capsule, is totally defend from oxidation and
evaporation at transfer in electron diffractometer and
further thermal treatment. The high quality of electron
diffraction patterns obtained from the films deposited
on KCI is observed. But not all obtained samples are
seemed applicable for the investigation as substrate
roughness on atomic level and stress on interface film-
substrate influence the destructive action on the films
during their separation from the substrates that is
confirmed in [13].

The kinematic electron diffraction patterns in
which the isothermal phase transformation is
observed, i.e. the changes of the quantity and
intensities of increasing crystal phase lines
corresponding to different time moments are
observed, are obtained at temperatures 420, 450 and
480K.

RESULTS AND THEIR DISCUSSION

Tllng.gsSno.07Se: films are chosen from obtained
TlIn1xSnxSe; (x=0.02+-0.09) films by the way of
change of phase composition. Three diffusion lines:
S=4rsin0/A = 0.212; 0.349; 0.519 nm™* are observed
in the beginning on kinematic electron diffraction
pattern obtained at 450K (Fig.1) showing the process
phase transformation.

Fig. 1. Kinematic electron diffraction pattern showing
TlIno.9sSno.o7Sez crystallization at temperature
450K.
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The threshold temperature at which the
instantaneous crystallization of amorphous film not
allowing us to observe the whole dynamics of phase
transformation process takes place, is 483K. The
diffraction lines from polycrystal on kinematic
electron diffraction pattern are indicated on the base of
parameters of tetragonal cell TlInSe, with values
a=b=0.8075, ¢c=0.6847 nm [12].

The measurements of intensity, reflex radius and
others are carried out for interpretation of electron
diffraction pattern. As it is known [10], lna line
intensity is connected with irradiated volume of
crystalline substance by following expression:

2

Dy
Q

dﬁklA P
4nl A

\Y; 3).

Ihkl =|o/1

where |, is intensity of primary beam radiation, A is
electron wavelength, @ is structural amplitude of
diffraction reflection which is calculated from atomic
scattering factors in kinematic approximation, Q is
volume of elementary cell, V is irradiated volume of
polycrystal preparation. Parameters dna and A show
the interplanar spacing and small region of Debye ring
correspondingly, P is multiplicity factor of diffraction
reflex amplification, LA is device constant which is
defined in the dependence on applied voltage
accelerating electrons.

The measurements of diffraction lines on
electron diffraction pattern show that process of
amorphous film crystallization takes place regularly,
i.e. lng ~ V. The widths and intensities of lines from
different regions of kinematic electron diffraction
pattern is defined by microphotometer MF-4 (Fig.2).

Fig.2. Microphotograms from different regions of
kinematic electron diffraction pattern taken at

450K.
The temperature-time dependences of
crystallization are formed with taking under

consideration the intensities of diffraction lines of
increasing crystal phase corresponding to different
annealing moments (Fig.3).
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Fig.3. Kinematic curves of crystallization of
amorphous TlIno.93Sno.o7Se2.

The obtained isotherms are compared with
analytical expression (4) for kinetic curves of phase
transformation:

Vi = Vo[1 - exp(-kt™)] (4)

where V: is crystallized volume in the given time
moment t; V, is amorphous phase volume in the
process beginning; k=1/3nwc® is reaction rate
constant; o is the rate of germ-formation of new phase
in unit of non-transformed volume; ¢ is crystal linear
rate of growth; m is parameter characterizing the
crystal growth dimension which is seemed equal
approximately to 3 (m~3) in considered case. This
confirms the two-dimensional growth of forming
germs. The dependence graph InInVo/Vo-V: on Int for
420, 450 and 480K temperatures (Fig.4) which is
described by analytic expression (4) is constructed on
the base of electric registration on reflex intensities of
diffraction pattern (t,1,Vy).

o
Inin
Vo =V 480 K

450 K 220 K

1.8
1.4
1.0 1
0.6
0.2 1
0.2 1
-0.6 1
1.0 4
-1.4 4
-1.8 1
-2.2 4

26 4

32 36 40 44 48 52 | 56 Int

Fig.4. Dependence of InInVo/Vo-V: on Int for crystallization
of amorphous TlIno.93Sno.o7Sez.
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Fig.5. Dependence of Ink on reversal temperature for
crystallization of amorphous TlIne.e3Sno.o7Sez.

The value of total activation energy of
crystallization process is equal to Ei= 48.85 kcal/mol
and it is defined by inclination of Ink dependence on
inverse temperature 10%/T (Fig.5). The values of germ-
formation activation energy E4 and activation energy
of their further growth Eg which are given in table are
also defined.

Table
Activation energy
Compounds | m 7§, (kcal/mol) Eoqr Eq
(kcal/mal) | (kcal/mol)
TlInSe 3 45.74 14.71 16.32
i 48.85 15.69 17.47
xShxSe2
CONCLUSION

The investigation results by electron diffraction
methods of crystallization kinetics of TlIno.s3Sno.o7Se>
thin amorphous films are presented in the given paper.
It is confirmed that for these compounds the effective
crystallization activation energy increases on 6,8%,
i.e. crystallization of amorphous films with impurity
takes place at more high temperatures than without
impurity. The increase of temperature interval of
amorphous film crystallization up to 60°C is observed.
It is established that in phase transition process in the
investigated temperature interval the two-dimensional
crystal growth takes place. The lattice parameters of
elementary cells increase correspondingly to
syngonies in the given composition (at x=0.07) on
3.5% in crystalline films obtained after phase
transition. The change of lattice parameters in the
dependence on composition is non-lineal one. The
increase of activation energy and lattice parameters at
doping of TlInSe; with Sn impurity at unchangeable
space symmetry group with taking under
consideration of tin physical properties can be
considered as regular one.
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LONGITUDINAL SPIN ASYMMETRIES IN SEMI-INCLUSIVE DEEP-INELASTIC
SCATTERING OF POLARIZED LEPTONS BY POLARIZED NUCLEONS

S.K. ABDULLAYEV, M.Sh. GOJAYEV
Baku State University, Azerbaijan, AZ 1148, Baku, acad. Z. Khalilov, 23,
m_gocayev@mail.ru

Within the framework of the Standard Model, the processes of semi-inclusive deep inelastic scattering of longitudinally
polarized leptons (antileptons) by polarized nucleons are considered: ¢~ (¢/*)N — ¢~ (¢*)h*X , here ¢~ (¢*) - an electron
or muon (positron or antimuon), h* — charged 7* - or K*-meson, X - a system of undetected hadrons. By introducing
non-polarization and polarization structure functions of hadrons and taking into account the longitudinal polarizations of the

lepton and target nucleon, analytical expressions are obtained for the differential cross sections of the processes. All structure
functions of hadrons are found in the quark-parton model; they depend on the distribution and fragmentation functions of

quarks and antiquarks. The longitudinal spin asymmetries A,Z‘th?, Aﬁ‘f, A,'J,f and others are determined, the dependence of

the asymmetries on the invariant variables x, y and z is studied. The longitudinal spin asymmetry Ag‘t( is compared
with the experimental data of the COMPASS collaboration.

Keywords: Semi-inclusive deep inelastic scattering, structure functions, longitudinal spin asymmetries, spiral amplitudes,
distribution functions, fragmentation functions.
PACS: 12.15.-Y, 13.60.-R, 13.85.Nl, 13.87.FH

. 1 |

1. INTRODUCTION Aq(X, QZ) :q (X, QZ)_q (X, QZ),
The study of the quark structure of nucleons is AG(x, Q%) =T (x, Q%)-7q"(x, Q?),

one of the main tasks of modern high-energy physics. 2y 2 _ 2

In this direction, the processes of deep inelastic scat- Aqv(x’ Q%) =Aq(x, Q) -Aq(x, Q7).

tering (DIS) of longitudinally polarized leptons (mu-  \yhere qT and qi (qT and q*i) is the distribution
ons, electrons) by polarized nucleons are intensively

investigated in various laboratories around the world
(COMPASS, EIC, EMC, DEZY, HERMES) [1-8]. In
the first experiments, the polarization structure func- L . - =
. 0 n tributions of polarized sea U- and d -quarks

tions (SF) of the proton F,(x) and neutron F,'(x) _ S
i . L AU(x, Q%) —Ad (x, Q%) equal to zero or is it different

were measured in a wide range of variation of the ’ " . )
Bjorken variable x and it was established that the —from zero? We can give a positive answer to this ques-
integral tion by studying the processes of semi-inclusive deep
1 inelastic scattering (SIDIS) of polarized leptons by

dx i
J'_[I:zp (x) - F," (x)] = 0.235+0,0026. poIarlz_ed nucleons ) )
) X C(A)+N(h ) > (A)+hF+X, Q)
However, this result contradicts the Gottfried sum 4 + +
rules, according to which this integral is equal to 1/3. (A +N (hN ) > 7 (A)+h"+ X, ©)
The experimental results show that the distribution where A — is the helicity of the lepton (antilepton),
densities of sea u - and d -quarks in the proton U(x)  hy - is the longitudinal polarization of the target nu-

density of a quark (antiquark) whose spin is parallel
and antiparallel to the nucleon spin. This arises a very
interesting question: is the difference between the dis-

and d(x) are different: cleon, h*(n*, K*) - is the recorded hadron in the
1 _ B final state together with the lepton at coincidence, X
J.dx[d (X)—U(x)]=0.148+0.039 = 0. — is the system of nondetectable hadrons.
0 In [9, 10], the spin asymmetries in reactions (1)

Thus, in the DIS processes of unpolarized lep- and (2) were studied within the framework of the
tons in unpolarized nucleons ¢F+N — /7 + X , we quark—pa_rton model (QPM). I_—lowever, the§e v_vorks did
determine the distribution of sea (q) and valence not con5|d(_er the non-polarization a_nd poIarlzatl_on_struc—

) ) ] ture functions of hadrons. In this paper, within the
(0, =q-0a) quarks in a nucleon. The question arises,  framework of the Standard Model (SM), by introducing
what new information does the investigation of the the SF of hadrons, analytical expressions are obtained
DIS of polarized leptons on polarized nucleons pro-  for the differential cross sections of processes (1) and
vide? Here it becomes possible to determine the densi-  (2), a number of longitudinal spin asymmetries are de-
ty of distributions of polarized sea and valence quarks  termined, and the dependence of these asymmetries on
in polarized nucleons: invariant variables is studied in detail, x, y and z.
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2. KINEMATIC VARIABLES OF REACTION

The SIDIS process of a lepton on a nucleon is
described by the Feynman diagrams shown in Fig. 1.

The shaded area in the diagrams shows that the nucle-
on has an internal structure, which is taken into ac-
count by introducing the SF.

Fig. 1. Feynman diagrams of process /"N — ¢/"h* X .

Here k and k' — are the 4-momenta of the inci- | 5) the square of the total energy of the lepton-nucleon

dent and scattered leptons, P and B, — are the 4-
momenta of a nucleon and an inclusive hadron h*,
P, - is the total 4-momentum of undetected hadrons
X . The exchange between a lepton and a nucleon
occurs by a virtual photon " and a neutral Z" -boson,
these particles transfer a 4-momentum g =k —k’ from

a lepton to a nucleon. A number of invariant variables
are introduced to describe the SIDIS of a lepton on
nucleons:

1) energy transfer from lepton to nucleon

VZ(P.q):E_EI,
M

3)

where M - is the mass of the nucleon, E(E") —is the
energy of the initial (final) lepton;

2) square of transmitted momentum

2 2 1 2 Taim 2 0 2
Q°=-q° =—(k—-k')" =4EE'sin E—zm,,
where m, and 6 — are the mass and scattering angle

of the lepton; for the lepton mass EE'sinzg» m?

we can neglect and

Q? :4EE'sin2§; (4)
3) ordinary Bjorken variables DIS
2 P v
~Q P9 v ©
2Mvy (P-k) E

which range from 0 to 1;
4) variable Z that determines the fraction of the ener-
gy transferred to the nucleon carried away by the had-

ron h

Pa) v ©

system in the center of mass system

Q2

s=(k+P)?==—+M?+m?,
Xy
when Q% >> M? we get
s=-—_, )

Shown in Fig. 1, the process is called SIDIS of a
lepton on a nucleon if Q?>>M? and v>>M. In

this case, we can neglect the masses of the nucleon
and lepton.

3. NON-POLARIZING AND POLARIZING SF

According to the SM, the Lagrangian of the in-
teraction of an Z -boson with a fermion pair is:

= L9 (D) 75)+ 9 ()71 Z,
cos 6,

where g, (f) (gg(f)) — is the left (right) constant of
the interaction of the fermion with the Z -boson:

1
gL(K):_E-FXW’ gR(K):XW’

1 2
gL(u):E_EXW! gR(u):_EXW!(S)
11 1
gL(d):_§+§XW! gR(d):ng,
Xy =sin®8,, — Weinberg parameter (6,, — Weinberg
angle).

The amplitude corresponding to the diagrams
in Fig. 1 is written as:

Mi¢ =ig—22{[ﬁ(k')7au(k)]< Py, Py

+ G {U(k)7, [9 (DA +75) +9r (DA y:)u(k)} <Py, P,

JPP, S >+

Joﬂz"P, S >, )
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where
G M 2 2
Geff = . z ' 2Q 2 (10)
2\/572'@ Q + M 7

, — Z -boson mass, J{" and J{#) — electromagnetic and weak neutral hadron currents, G — Fermi constant

of weak interactions, S — 4-vector of target nucleon polarization.
The differential cross section of the SIDIS of polarized leptons on polarized nucleons with registration of
the lepton and hadron h in the final state is expressed by the product of the lepton and hadron tensors:

O 2ng?
ddXZydz = ﬂg? [L(uyv) H;(,yv) + Gy L(;BH ) +G L(/lzv) H (Z)] (1)

Here L) and H{ (LZ) and H{Z)) - are the tensors corresponding to the photon ( Z -boson) exchange, L\
(2) (1
Ly and L,/ are

and Hfl') are the interference of the photon and boson mechanisms. Lepton tensors L("
easily calculated based on the amplitude (9):

L(/j) =2[k k, +k k, —(k-k")g,, +ile, K K],
LS =19, (0) + 9a () = A(9. (1) - g (NILY), (12)
L) = 2[97(4) + 9a (1) = A(9{ () = ga (ML),

where A =+1 (1) — corresponds to the right (left) -polarized lepton.

v !

The hadron tensor in H{) (i=y, I, Z) the general case contains three non-polarization (F,", F{", F{")

and five polarization (G{" GZ('), G, G, G{") hadron SF [11, 12]:

H(l) —g +q q F(l)+ P/’P" F(l) i qapﬁ FO 4
" (P-q) 2P
. 4, i ( ) i 1 1 -=¢= c D (Sq) 5 D i
+|€/waﬂ (Pq) |:S,BGZL()+(Sﬂ ( ] ()j|+m|:E(PySV+S#PV)_P—.q)P’uPV:|G§)+
L (5-9) LGy qﬂqu 0
-0, +t—— G . (13)
NG q){(P he gt )7

Here

5 (P-q) s (S-a)
P,=P,—+—"q,, §,=5,-1q

u 2 u? 2 H 2 M
q q

all structure functions depend on three invariant variables x, z, Q?:
F.=F.(x,2,0%) (n=12,3); G, =G,(x,2,Q%) (m=1+5).
The differential cross section of the SIDIS of polarized leptons on unpolarized nucleons depends on the SF
O, B0, F0:

de (1) 4rza’ yj
= xy’F® +[1-y-x° F(')_x 1- = |FO |, 14
dxdydz ny y + y—x*y?—- Q y[ (14)

i=vy,Z and yZ correspond to the exchange of a photon, Z -boson and their interference, the factor n; is de-
termined as follows:
n, =1 nz=-Gg, M :Gesz )

lepton (antilepton) scattering corresponds to the upper (lower) sign.
SF for the processes of DIS leptons (antileptons) are equal:

FS =F, +[£29,(0) -9y (DIF3 +[9v (D + g2 () F 249, ()9, (D]IFS,

F =[x4g, (1)~ 9. (OIF" +129, ()9, () F A9y () + gL (DIFS .
Here g, (0)=9,(#)+9x(¢) and g,(¢) =g, (¥)—gr(¢) — vector and axial constants of interaction of a lepton

with a Z -boson.
The addition of polarized leptons (antileptons) by a polarized target to the differential cross section of the

(15)

34



LONGITUDINAL SPIN ASYMMETRIES IN SEMI-INCLUSIVE DEEP-INELASTIC SCATTERING OF POLARIZED....

SIDIS is proportional to the polarization of the nucleon h,, and depends on the polarization SF G —G{" :

do' (0 hy) _ dmo M2 ) YE M2
dx‘("deN) 2 MY z_y_zxzyZF Gl()“‘“ayZ?Gé’—zxZYFx

vz M g0 2 M2 22 M, 260
><1yny2 G3+1+2ny2 1yny2 G, +xy°Gg’ |;. (16)

It follows from this expression that the contributions to the cross section of polarization SF G{" and G{"

are proportional to the ratio M2/Q? , and therefore are suppressed, since in the DIS region Q2 >> M?.
In the deep inelastic region of lepton-nucleon scattering for differential cross sections of processes
/T +N = /T +h+ X , we obtain the expressions (it is taken into account that M 2/Q2 —0):

do®(1; hy)  4za?® h o1 i i
: = AR+A-y) IXFO £ Z[1-A-y)? IXFP + - y)FY -
dxdydz X0 77.{[ +(1-y) IxF, 2[ A-y) IxF" +A-y)F,

—hy [+ @-y) IXG FAN-(1-y)?IXG +2(1-y)G ]} , (17)

here we have introduced longitudinal SF by means of the relations
FO=F9-2xF",  GP =GP -2xG¥. (18)
Polarizing SF are determined by the expressions:

G =FAG] ~[9.()F A9y (D]-G{* +[29, (NG (DF A9y () + 9L (DIG!
GY =2xGY = 2x{-{gy () F 9 (0]-GZ +[9Z (1) + 92 (0) F 229, (1) ()G}

4. SF IN THE QUARK-PATRON MODEL |

1 _
Let's calculate the SF of hadrons in the QPM. R =EZQ:[Q(X)D:(Z)+Q(X)D2(Z)],
The electromagnetic and weak neutral quark currents g
are determined by the formulas F/ = XZ Qj[q(x)D[;' (2) +q(x)qu‘ (2)],
IO =% .Q,(@r,a) o
I =>ar,[9, (@ +7:9.(@)]a, F” =Y.Q,0, (@I[a(x)D; (2)+a(x)D? (2)],
4 q

7z _ h - h
Q, — where is the quark charge. F" = X; 2Qq Gy (q)[q(X)Dq @)+ q(X)Da (2]

On the basis of these currents, the following ex- z hiy & h
pressions were obtained in the QPM for the SF of had- R = Zq: 2Qq 94 (@)1a(x)Bq (2) ~G(x)Dg (2)],

rons (the contribution of valence quarks and sea

quark-antiquark pairs is taken into account): |

R = %Z[gvz (a) + g2 (@)Ia(x) Dy (2) +T(x) Dg (2)],
F;' =x2_[9y (a) + g4 (a)l[a(x) Dy (z) + T(x) Dg (2)],

Fy =220, (@)9.(@)[q(x)D, (z) - a(x)Dg (2)],

6/ =2 ¥ QAA4(D} (2) + ATK)D] (D),
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G} =GZ =0,

G/* =2 Q.9 ([Aa(x)Dy (2) +AG(x) Dy (2)],

G = X%, 2Q,9 4 (A)[A4(x)Dy (2) - AG(x)Dg (2)],

G = %, Qy 9.4 (9[AG(X)Dg (z) - AT(X)Dg (2)],

G = %Z [97 (@) + 94 (@)TAG(X)Dg (z) + AT(X) Dy (2)],

G, =x2,29, (8)9.(@)[Aq(x)Dg (2) - AG(X)Dg (2)],

Gy =9y (494 (M)[Ag(x)D, (2) - AG(x)Dyg (2)].

Here q(x) (q(x)) — are the variable distributions of
the number X of quarks (antiquarks) in a nucleon,
Ad()=0"(0) -0, (0 (A =0 (x)-q,(x)) - is

the difference between the distributions of a quark
(antiquark) whose spin is parallel and antiparallel to

the spin of a nucleon, D{(z) (Dg(z)) - is the function
of fragmentation of a q quark (g antiquark) into a
hadron h. Summation over q propagates over all
quarks and antiquarks, which are present in a nucleon
at a given value of the variable x.

As can be seen from expressions (21), in the
QPM, the SF of deep inelastic scattering of leptons by
nucleons depend on the scaling variables x and z,
and satisfy the relations

F, =2xF/, G} =2xGi,
which leads to the vanishing of the longitudinal SF:
F/ =0, G| =0. The reason for this is the lack of in-

teraction between quarks. In reality, however, quarks
interact by exchanging gluons with each other. Quark-
gluon interaction is described by quantum chromody-

da(4;hy)

dxdydz

namics. According to quantum chromodynamics, the
emission of hard gluons by quarks leads to logarithmic
breaking of scaling. With an increase in the square of

the transmitted momentum Q2 the number of gluons

emitted by quarks increases sharply, gluons give rise
to a quark-antiquark pair qg . These processes lead to

an increase in the density of gluons and sea qq -pairs

in the nucleon at large x. Thus, taking into account
quark-gluon interactions leads to the dependence of
the distribution functions and quark fragmentation on

the square of the momentum transfer Q?:

a(x,Q%), q(x,Q%), Dq(z,Q%, Dg(z,Q%).

Let us now substitute the hadron SF obtained in the
QPM (21) into the general expressions for the cross
sections (17). In the quark-parton approximation for

the cross section of the process ¢~ +N — ¢~ +h+ X ,
we obtain [9]:

= ﬂOleXX

x> {a(x)Dg (2)[(L+ A)(Feg + (L= y)*Fo) + (L= A)(FL + A~ y)* FR)I+

+q(x) th(z)[(1+ A)(Fa + A= y)*F) + (- A)(FL + - y)* R+
+hyAq(x) D(:](Z)[(l"' A)(Fe (L= y)*Fo) - A= A)(RL - (A-y)°’ R+

+hy AG(X)Dg (2)[(A+ A)(Fa — (L~ Y)* Fe) = (- A)(F& — (- y)* FI}

(22)

Here, Frr(q), Fr (), F (q) and F z(q) are the spiral amplitudes of the quark-parton subprocesses

gR +qR _)KR +qR' gR +qL _>€R +qL’

EL +qR _)EL +qR' EL +qL _>£L +qL'
respectively (the first and second indices correspond to the helicities of the lepton and quark). The spiral ampli-
tudes depend on the square of the momentum transfer Q? and on the charges of the neutral weak currents of the

lepton and quarks

36



LONGITUDINAL SPIN ASYMMETRIES IN SEMI-INCLUSIVE DEEP-INELASTIC SCATTERING OF POLARIZED....

Q,Q,

Faﬁ' (q) = Q2

+gw(f)gﬁ(q)
Q*+M]

(a; p=L,R). (23)

The differential cross section of the SIDIS of a polarized antilepton on a polarized nucleon ¢ +N — /" +h+ X

is obtained from the differential cross section (22),

Fre (@) © Fir(a), Fu(q) <> Feu(a) :

“(Aihy)
dxdydz

replacing the indices of the spiral amplitudes

= ﬂaZSXX

x> A4()Dy (DAL + 2)(Fk + QL= y) FL) + (L= 2)(F + (L= y) F)l+

+q(X)Dg (@[A+ A(FL + (A~ y)*FR) + Q- 2)(Fgy + (1~

+hyAq(x) D;(Z)[(]-"' ﬂ*)(FLZR
+hy AT (X) th (D)[@+A)(FL

5. LONGITUDINAL SPIN ASYMMETRIES

y)?

FRZL )]+

~(1-y)’ FLZL) _(1_/1)(F|1’2L ~-(1-y)’ FRZR)]+
_(1_ Y)z FLZR ) - (1_2)(FR2R

~(1=-y)* Fe)l

(24)

The set of spiral amplitudes F,5(q) (o =L,R) introduced above also determine the longitudinal spin
asymmetries in semi-inclusive reactions (1) and (2). The study of longitudinal spin asymmetries in semi-

inclusive reactions /¥ +N — ¢* +h*™ + X is an important source of information on the distribution functions of
polarized quarks, antiquarks and gluons in polarized nucleons. The longitudinal spin asymmetries include the

following expressions:

h*—h~

e (h) - (M)]-[oF (") - (h)]

N1 -

h*-h~

[o (h*)~oP (W) +[oF (W) -oR ()]
[ow () — o (W )] -[og (h*) —ogr (W )],

(25)

N2

ol (h*)-o (h*)
o (h)+o (")
_om (h)—or’ ("),
(h)+oi ()

h*
ANl

(26)

()
O rRr

ol (h*)-o” (h*)
o () +ol ()
o () -0l (h*) .

o’ (h*)+al’(h*)’

+

—e )=

L

A (eq
)

Az(e[ _eg):

or (h*) - (h*)
RL)(h7)+O-I(_JFr€)(h7)
ofd (h*)-aR (h*)

T o)

A =

(28)

2

sl (h*) (ol (h")), (R (h*) (cR(h")),
ol (h*) (o8& (h*)) and o (h* )(c )(h*)) are the
differential cross sections of semi-inclusive reactions

Here

_[ (+)(h ) O.(+)(h )]+[O'(+)(h ) O.(+)(h )]
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"+N—>/"+h"+X
(/" +N — ¢ +h* + X) at helicities of the lepton
(antilepton), A =-1, hy =-1, A =-1, hy =+1,

A=1,h,=1and A=1, h,=-1, o7 (h*)

and ¢’ (h*), (¢ (h*) and a”) (h*) - are
the differential cross sectlons of the SIDIS of the left
and right polarized lepton (antilepton) on an unpolar-
ized nucleon target It should be noted that it is precise-
ly this kind of longitudinal spin asymmetries that are
experimentally investigated in a number of laborato-
ries around the world (COMPASS, HERMES, EMC,
SLAC, SMC, etc. [1-8]).

When determining the «difference» longitudinal
spin asymmetry Al ™" the polarization states of the
target lepton and nucleon are shown in the diagram in
Fig. 2. First, left-handed leptons (¢, ) are scattered by
a left-handed nucleon (N, ) (the nucleon spin vector

is oriented against the motion of the lepton), and then
the direction of the nucleon spin vector is reversed, i.e.
left-handed leptons are already scattered by a right-
handed nucleon (Ny).
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a) L (o) ()=o) (h7)) =
b) L (o () =cfd (h7)) =}’

Fig. 2. Directions of the spins of the lepton and nucleon of the target.

The «difference» longitudinal spin asymmetry is equal to the ratio of the difference of the cross sections

to their sum (o{” +6{7):
v _ Lol ()=o) (M)]-[oie () ol ()]
" 6 ()= )]+[eR (h")-aQ (h)]

Based on the formulas for the differential cross sections of the processes ¢/~ +N — ¢~ +h™+ X and
"+N — (" +h"+X (22) and (24) for the longitudinal spin asymmetries (25) - (28), the expressions are ob-

tained:

AL =02 A4()ID," (2) Dy (DIIFL(a) — (1-y)* Fi ()] +
+2 Aﬁq(x)[fo+ (2)-Dg (DIF& (@)~ A-y)* FL (@)}
XEZ a()[Dy" (2) - Dy~ (DIIFL (A) + L= y)* Fia (@)]+
+ Z:: q()[Dg" (2)-Dg (D)F& (@) +A-y)* FL@} .

Al:" ={2.Ad()[D;" (2) - Dy (2)I[Fg () — (- y)* Fe ()] +
+> Aqq(x)[DQ* (2)-Dg (D)Fa (a) ~ - Y)* Fer (@)1}
><{qz a()[Dy" (2) - Dy~ (2)I[Fe (@) + @~ y)* Fa (a)]+
+ Zf, G()[Dg" (2)~Dg (D)Fe (a) + L~ Y)* Fre (@)1} .
Aur =2 Aq(x)Dg* ()[FL (@) -1~ y)* F&(@)]+
+2 Atl?(X)DQ+ (DIF& (@) - @-y)* FL ()]}
X{qz a(x)Dy* (IFL (@) + @~ y)* F& (@)]+

+ qz q()Dg* (D)[Fir (@) +@-y)*FL @
Al ={qZ AQ(X)D," (2)[Fge (A) = (L= ) Fa (@)1 +
+2 AqC_I(X)thi (2)[Fa (0) = (L~ y)* Fee (@)}
X{qz A(X)Dy" (2)[Feg (@) + (@~ y)* Fe (@)1 +
+ Zq:qc_l(x) D™ (D[Fr (@) + @~ y)* Fee (@)1}

2.[a()D,* (2) - q(x)Dg” (2)[Feg (4) — Fo (a)]

A ez —e)) = F(y) <

38

> [a()Dy* (2) +T(X)Dg* (2)[Fe () + Fe ()]’

(29)

(30)

(1)

(32)

(33)
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3 [a(9D" (2)-GODY* @IFE (@)~ 2 (@)
A o) = ) S b @ gD WF @ Fa @l
A = TS9P (@) ~T00DY @IIFE (@) F2 (@]
S [AGMID! (1) + ATCIDY (IF (@) + FE (@)l
{z [A(ID?* (2) + GID (DITFE (@) + F (0)] +

+2 . [Aq(x)Dy" (2) - AQ(X) Dy~ (2)I g (4) — FeL ()]} (35)

A, = F (Y [a()D,* (2) - G(X)Dg” (2)I[F g (@) - Fr (@)1 +
+ 2 [Aq(x)Dy* (2) + AT(x) Dy~ (2)][Fez (@) + Fr (@)1} x

x{D[a(x)Dg* (2) + T(x)Dg” (2)I[Fer (@) + Fr (@)1 +

+ [Aq(x)Dg* (2) - AG(X) Dy ()[Fer (@) + Fa (@)1} (36)

q
Introduced here function , Al and AT, do not depend on the functions
f(y) :ﬂ. (37) of quark fragmentation into hadron h. These asym-
1+(1-vy)? metries include only the distribution functions of

Due to the charge independence of strong in-  guarks in a nucleon q(x), q(x), Aq(x) and Aq(x).
teractions, the quark fragmentation functions in ©*-  For example, in the processes ¢/~ +p — ¢ +xn¥ + X

and K™ -mesons satisfy a number of relations (only the contribution of valence and sea u- and d -
quarks is taken into account), /~+N — /" +K¥ + X
D" (z)=D;*(z) =D{*(z) = D7 (2), (only the contribution of valence and sea u- and s-

_ _ quarks is taken into account), longitudinal spin asym-
D, (2) = D5 (2) = D7 (z) = D7 (2).

Calculations show that because of these rela- _
tions, the «difference» longitudinal spin asymmetries | las [9, 10]:

R +_ - + -
metries AT, " and A5, < are expressed by formu-

Ap " ={Au, (O[F (1) - (L= y)? F& (W]-Ad, ()[F (d) - (L-y)* F& (d)]+
+[1+ (@ - y) *1[Au, ()(FL (U) = F& () - Ad ()(F (d) - Fg (d)]}x

x{u, OQIFL () +(@-y)*F (W]-d, 0)[FL(d) +@-y)*F& (d)]+

+[1- @@= y)*1u, (O(FLU) = Fe ) —d, 0)(FL(d) - FR @)} (38)

An ¢ ={Au, (OIFL (U) ~ A= y)* F& U+ 1+ @~ y)*J[Au, (O(FL (u) - F& () -

- AS(X)(FLZL (s)- FLZR (s)HF={u, (X)[FLZL (u)+@-y)? FLZR W]+
+[1-@= ) Ju, (O(FL(U) = F& (u) =sO)(FL(s) — FR (SN} (39)

Here u,(x) and d (x), uy(x), d,(x) and s(x) are |ters — the distribution functions of valence and sea
the distribution functions of valence u- and d (sea duarksin a polarized nucleon. There are a number of
u-, d-and s)-quarks in a proton sets in the literature for the distribution functions of

The expressions for longitudinal spin asymme- quarks in nucleons [11, 13-19]. For numerical esti-
tries (38) and (39) contain phenomenological parame- mates of asymmetries, we used the distribution func-
tions of valence and sea polarized quarks in nucleons

39
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given in [19].
In Fig. 3 shows the dependence of the «differ-

+ -
T -7

pl
tion e +p—>e +n"+X on variable x at energy
/s =300 GeV and various fixed y =0.1 (curve 1),
y =0.4 (curve 2) and y =0.9 (curve 3). As follows
from the figure, the longitudinal spin asymmetry
AR
and monotonically increases with increasing variable
x . A similar dependence is observed for the longitu-

ence» longitudinal spin asymmetry A in reac-

in reactions e”+p — e~ +xn* + X is positive

dinal spin asymmetry A:ff‘K_ in the processes

e"+N —>e +KT+X (see Fig. 4, which illustrates

K*-K~

ol on the

the dependence of the asymmetry A
variable x for different y .

1.0

e pre X /
0e

L

0.6
04

0z |

0.0

(1] 0.2 0.4 0.6 0.8 1

x

Fig. 3. Dependence of asymmetry Agi_“_ on X in reac-

tions e p—>en*X at y= 01; 04 and 0.9
(curves 1, 2, and 3, respectively).

1.0

e p-se” KtX

08

RY=K"
Apy

06

04 |

02 r

0.0

] 0.2 0.4 0.6 0.8 1

X
K*-K~

pl on X in reac-

Fig. 4. Dependence of asymmetry A

tions e p—>e K*X at y=01; 0.4 and 0.9
(curves 1, 2, and 3, respectively).

For small values of the square of the momentum trans-
fer (Q*<<M2Z), the contribution of the Z -boson
diagram to the cross section of the processes
ef+poet+n+X, e +N ->ef+K¥+X canbe
neglected, while all spiral amplitudes for a given
quark subprocesses are the same
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Fu (@) = Fr () = Fpu (0) = Fer (0) = Qé?q )

then the «difference» longitudinal two-spin asym-

metry Al " will depend only on the distribution
functions of valence quarks:

_4Au,(x)-Ad, (x)

+ -
T -

TR R R
et

A =A(f((xx)) f(y),
o sy

As can be seen, for a polarized isoscalar deuteron tar-
get, the «difference» longitudinal spin asymmetries
coincide:

- e Au (X)+Ad, (X
Aér—;r :A(;I|<_K: U() u()'
u,(x)+d,(x)
where AQ, (X) = AQ(X) — AT (X) .
Longitudinal spin asymmetries A,[‘,* and Ay
contain the functions of fragmentation of quarks (anti-
quarks) into a hadron h* and h™:

D QI[AG(X) D +Aq(x)D ]

~ Y Q7[q(x)D! +q(X)D!]

41)

h+

(42)

where
1
D" =[DJ*(2)dz.
0

Using SU(2) and C -charge symmetries, at the

production of =" -mesons, we have three fragmenta-
tion functions:
SU(2) c

D,=D/* = D{ =D

sU(2)
T+ T—
= DI,
SU(2)

SU (2) C i
D,=D" = Dg’:DéH DI,
D,=D{" =D =D]" =D]".
Experiments conducted by the NMC, E866 and

HERMES collaborations revealed that the unpolarized
sea is not symmetrical.:

It

0.148+0.039 (NMC),
d (x) - (x)]dx =40.118+0.012 (E866),
0.16+0.03 (HERMES).

What we know about the polarized

seaj. [AT(X) + Ad (x)]dx = ?
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To answer this question, consider the flavor
symmetry of quarks SU;(3) (m, =my =m, =0). We

introduce the following notation
a, =AU+ AU +Ad + Ad + As + AS,

a, = AU+ AU — (Ad + Ad),

a8, = AU+ AT + Ad + Ad —2(As + AS),
where

(43)

1 1
AQ = qu(x)dx, AQ = J.A(T(x)dx :
0 0

From (43) we find the sum AU + Ad :
— 1
AU +Ad = (As+ AS) +§(a8 -T)., @4

here T, —is the first moment of the valence polarized

quarks in the proton:
1

I =Au, +Ad, = j [Au, (X)+Ad , (x)]dX. .(45)
0

Thus, knowing the distribution of valence quarks in a

nucleon Au,(x)+Ad,(x), we can find the sum

AU +Ad . The dependence of this sum on is a straight
line (see Fig. 5, which shows the dependence of
AU+Ad on T,).
From experiments carried out by the COMPASS col-
laboration on the DIS of leptons on nucleons, the val-
ue a,:

a, =0.35+0.03+0.15.
By the width of the decays of hyperons found a, :

a, =0.59+0.03.

Fig. 5. Dependence of the amount AU + Ad on I,.

Knowing (a,) and (ag), from formulas (43) we find
the sum (As +AS):

AS+AS =%(a0 —a,)=-0.09+£0.01£0.02.

For the sum of the polarized sea AU+ Ad , the follow-
ing linear dependence is obtained:
AU, +Ad, =0.2-0.5I,.  (46)
With a symmetric distribution of quarks in a nucleon,
we have:
[, =a3 =059 and AU = Ad =-0.075.
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If T, =0.4, then the distribution of polarized quarks
in the proton is asymmetric:
AT+Ad =0 — AU =-Ad .
From formula (41), we determine the distribution of
polarized valence quarks in a nucleon:
Au, (x)+Ad,, (x) = A7 (x)-(u, () +d, (X))
AU = Ad = AS 47)
where Ag‘+ ™ (x) is the «difference» longitudinal
spin asymmetry, (u,(x)+d,(x)) — is the distribution
of valence unpolarized quarks in a proton.

Fig. 6. Dependence of polarized valence quark Dis
tributions  x(Au, +Ad_) from a variable

X.

The X distribution of polarized valence quarks
in the nucleon was studied by the COMPASS collabo-
ration in the SIDIS processes of polarized muons with
an energy of 160 GeV on a polarized deuteron target
at Q% =10 GeV? and 0.006 < x <0.7 [20]. In Fig. 6
shows the dependence of the valence polarized quark
distributions x(Au, +Ad_) on the variable x. The
experimental results of COMPASS with the corre-
sponding errors are also noted there. The solid line
corresponds to the distribution functions of polarized
quarks from [17]. The results of the COMPASS ex-
periments show that the first moment of polarized

quark distributions is
0.7

j [Au, (x)+Ad, (x)]dx =0.40+0.08+0.05.
0.006
This result is consistent with the fact that the asym-
metric distribution of quarks (AU =-Ad) prevails

over the symmetric distribution (AU = Ad ).

It should be noted that the longitudinal spin
asymmetries A'T, AL5, Aen—e), A(e —er),
A and A,, in contrast to the «difference» spin
asymmetries, depend on the functions of quark frag-
mentation into a hadron h*. For example, the asym-
A A the
et +p—>et+n"+ X are determined by the formulas
(only the contribution of the diagram with the y -
quant exchange is taken into account):

metries and in reactions
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Ay =—A = T(D{QITAU, (D] (2) + Au, (x)(D" (2) + DF " (2))]+
+Qq[Ad, (X)Dg" (2) + Ad, (x)(Dg" (2) + D" (2) +2D{" (2))1}x
x{Q,Tu, (D™ (2) +u, (x)(D;" (2) + Df " (2))]+
+Qq[d, (X)Dg" (2) +d, (x)(DF" () + D" (2) + 2D (@)} " (48)

As for the asymmetry A (eg —e,), we note that, in contrast to other longitudinal two-spin asymmetries,

this asymmetry is due to the longitudinal polarizations of the lepton and antilepton. This one-spin asymmetry P
—is odd and is expressed by the formula:

A (er —e[) = f(Y]{[Fgr (1) - F W]lu, (D" (2) +u, (x)(DF" (2) - D7 (2))]+
+[Far (d) = Fo (d)][d, ()D™ (2) +d, ()(Dg" (2) - DI (2))I}x

x{[Fan (u) + Far (W[, (DI (2) +u, ()(DI" (2) + Df™ (2))]+
+[F& (@) + (I, (D5 (2) +d,(x)(D" (2) + D§" () +2DX" (@)} . (49)

Fig. 7. Dependence of asymmetries A;‘l+ (curves 1,2

and 3)and A, (curves1',2'and 3") on the

variable X at z=0.2, 0.5 and 0.8
respectively.

In Fig. 7 shows the dependence of the longitu-
dinal spin asymmetries A’y and A on the variable x

Fig. 8. Dependence of asymmetries AZI (curves 1, 2

and 3)and A, (curves1',2'and 3") on the

variable z at Xx=0.2, 0.5 and 0.8,
respectively.

at y=1 and a fixed value z=0.2, z=0.5 and
2=0.8. The asymmetry A, (A) is positive (nega-
tive) and with an increase in the variable x it increas-
es (decreases), an increase in the variable z leads to

an increase (decrease) in this asymmetry.
Fig. 8 illustrates the dependence of asymme-

tries A} and A on variable z at y=1 and a fixed
value x=0.2, x=0.5 and x=0.8. Asymmetry A,
(A) is positive (negative) and with increasing varia-
ble x slowly increases (decreases). In Fig. 9 shows
the dependence of the P -odd longitudinal spin
asymmetry A (e;—e,) on the variable x at a fixed

value of z=0.2, 0.5 and 0.8 (curves 1, 2, and 3). It
is observed here that with an increase in the variable

X, the asymmetry A (e; —e,") increases and reaches

a maximum at x=0.6, and a further increase in the
variable leads to a decrease in this asymmetry.

Fig. 9. Dependence of the P -odd longitudinal spin
asymmetry A (e —e,) on the variable x

at fixed z=0.2 (curve 1), 0.5 (curve 2) and
0.8 (curve 3).
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Fig. 10. Dependence of the P -odd longitudinal spin
asymmetry A (eg —e) on the variable z

at fixed x =0.2 (curve 1), 0.5 (curve 2)
and 0.8 (curve 3).

In Fig. 10 illustrates the dependence of the

asymmetry A (e —€/) on the variable z at fixed

x=0.2, 0.5 and 0.8 (curves 1, 2 and 3). The asym-
metry is positive and decreases with increasing z .

CONCLUSION

Here we discussed the longitudinal spin asymme-

tries AVM AN AN A(en—e), A in semi-
inclusive deep inelastic scattering of polarized leptons
(antileptons) by polarized nucleons:

" +N = /" +h*+X . By introducing the hadron
structure functions, analytical expressions for the dif-
ferential cross sections of the processes are obtained,
the hadron structure functions are calculated in the
quark-parton model, the longitudinal spin asymmetries
are determined, and the asymmetry behavior depend-
ing on the variables x, y and z is studied in detail.

The longitudinal spin asymmetry Af’“f is compared
with the results of the COMPASS experiments.
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EVALUATION OF NITRITE-INDUCED OXIDATIVE MODIFIiCATIiON OF
HEMOGLOBIN AND THE POSSIBILITY OF iTS REGULATION BY SODIUM
SELENITE BY RAMAN MiCROSCOPY

T.M. HUSEYNOV, M.Z. DADASHOV, S.Y. HUSEYNOVA
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The method of microscopic recombination scattering was used to assess the conformational changes in hemoglobin
under the influence of sodium nitrite (NaNOz2) taken in small (0-0.35 uM) and moderate (0.35-0.70 uM) final concentrations
and sodium selenite (Na2SeOs - 5puM) in incubation medium containing human erythrocytes (incubation time 30 min). Under
the influence of NaNOg, there is a dose-dependent decrease (up to 60%) in HbO2 content, an increase (= 25%) in the ability
of hemoglobin to bind ligands and an increase (=12%) in the ability of hemoglobin to release ligands (Oz), as well as an
increase (up to 13%) in the severity of symmetric and asymmetric pyrolic hematoporphyrin rings. Sodium selenite reduces
the oxidative effects of sodium nitrite decreasing the increase in MetHb accumulation and a decrease of hemoglobin

saturation by oxygen.

Keywords: sodium nitrite, sodium selenite, hemoglobin, erythrocytes, Raman scattering.
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1. INTRODUCTION

In the last 20-30 years, there has been an
increased interest in the participation of nitrogen-
containing compounds in human life, in particular
nitrites and its main metabolite which is nitrogen
oxide. One of the important aspects of this interest is
their toxicity due to high emissions of nitrogen oxides
into the biosphere by industrial enterprises and
transport, nitrites in agricultural production, nitrites in
the food and pharmaceutical industry [1-4]. The
toxicity of nitrites and its main metabolite, nitric
oxide, is due to their ability to influence the oxidative
status of hemoglobin (Hb), which transports O,, CO,,
and NO [1,2].

Relatively recently, it was found that NO takes
part in allosteric transformations of Hb [5], despite the
fact that NO has a significantly higher affinity
constant for hemoporphyrin (Fe + 2) than O2, and thus
competes with oxygen for binding to hemoglobin [3,

6.7], which determines its influence on the
hemoglobin conformation and on its affinity for
oxygen. Nitric oxide is incorporated into
hemoporphyrin, ~ forming  nitrosyl  hemoglobin

(HbNO), and cysteyl residues of the o and f
polypeptide chains of hemoglobin (nitrosothiols) [1].
Of particular interest is the incorporation of NO into
93BcysHb (SNOHb (B 93)) due to the proximity of
this fragment to heme, which allows the transition
from heme (HbNO position) to this position and vice
versa [1,7]. The binding of NO to the SH groups of
the o and B chains of Hb increases the affinity of NO
for hemoglobin and prevents the transition to the T-
conformational state, which has a low affinity of Hb
for oxygen. During the transition from the R-state to
the T-state, NO is released from the SH-residue 93p of
cysteine into the free state, or passes into
hemoporphyrin of hemoglobin (HbNO) [7]. Thus,
hemoglobin acts as a utilizer of excess NO; is
oxidized to metHb and possibly to deeper forms of
oxidation (1-6). In addition, an excess of NO (or
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nitrite) coming from outside or as a result of
endogenous synthesis can lead to a violation of the
prooxidant-oxidative equilibrium (oxidative stress) in
erythrocytes with the formation of reactive oxygen
and nitrogen species (peroxynitrite) [8]. Erythrocytes
have an effective antioxidant (AQO) system, which
includes superoxide dismutase (SOD), catalase,
glutathione peroxidase (GP), peroxiredoxin-2 (Prx-2),
glutathione reductase, etc. [9]. One of the important
components of the AO system of erythrocytes is
selenium, which is included in the active center of GP,
as well as nonspecifically included in hemoglobin,
replacing sulfur in sulfur-containing amino acid
residues [10,11] and affecting the oxidative resistance
of hemoglobin [12]. These considerations suggest that
the toxic effect of nitrite or NO on hemoglobin and on
erythrocytes in general can be limited by the use of
selenium in the form of sodium selenite, which has an
active metabolism in erythrocytes: it easily penetrates
into the cytosol, initially it is almost completely
incorporated into hemoglobin by a complex redox
mechanism, being reduced to selenide, it leaves
through the AE1 anion exchanger, partially remaining
in  hemoglobin, essentially in certain vacant
localization sites, as NO in polypeptide chains
(SNOBcys) [13, 14]. It should be noted that if the
93Bcys amino acid residue provides AO protection of
hemoglobin [15] protecting hemoporphyrin, then it
can be assumed that its selenium analog can do this
more efficiently due to its greater reactivity
(electronegativity) [16].

It follows that the toxic effect of nitrites or nitric
oxide in the form of oxidative effects on hemoglobin
and erythrocytes can be weakened by selenium when
the erythrocytes (hemoglobin) are enriched with
selenite. From the above, it can be seen that both
nitrites and selenites, when penetrating into
erythrocytes, are actively metabolized and
incorporated into hemoglobin, exerting a certain effect
on it, which can affect its functional activity and, first
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of all, its ability to bind with oxygen. This is closely
related to its conformational state.

In this regard, we used the method of
microscopic recombination scattering (MCR) to assess
possible conformational changes of hemoglobin
caused by nitrite and selenite exposure, which allows
non-invasively, by the characteristic frequencies of the
Raman spectrum, to trace the effects of induced
exposure: sodium nitrite and selenite [17,18,19,20].

2. MATERIALS AND METHODS

In the experiments, sodium chloride, sodium
nitrite, monosubstituted and disubstituted  sodium
phosphate monosubstituted and disubstituted were
used (CP quality, Russia).

In experiments in vitro, donor blood was used,
taken from the cubital vein into tubes with heparin (20
units / ml of blood). The main object of the study was
human erythrocytes and Hb. Separation of blood
plasma from erythrocytes was performed by
centrifugation (800 g for 15 min). To obtain a
suspension of erythrocytes, the erythrocyte sediment
was washed three times in a tenfold volume of sodium
phosphate buffer solution (SPB) (10 mM SPB pH 7.4;
0.15 mM NacCl), centrifuged at 800 g for 15 min,
followed by removal of the supernatant. Hemolysis of
erythrocytes was achieved by diluting the erythrocyte
mass with distilled water in a ratio of 1: 9, followed by
freezing, thawing and centrifugation at 10000 g. The
nitrite effect was carried out with sodium nitrite
NaNO:; in four final concentrations (small - 0.07, 0.15
mM and moderate -0.35, 0.70 mM), exposure time
from 0 to 30 minutes, at 37 ° C. These low toxicity
doses were taken to track the oxidative process of Hb
caused by nitrite. Raman spectra of Hb were recorded
using a microscopic system 3D-confocal Raman
spectrometer Nanofinder 30 (Japan). To excite the
Raman spectra, we used a laser with a wavelength of
532 nm, radiation power 10 mW, objective 50 x. The
presence of bands in the Raman spectrum reflects the
structural and functional state of the studied material -
hemoglobin. In particular, the state of the iron atom
(Fe) and its ligands (02, NO, COs, etc.) that bind to it,
affecting the state of the structure of the tetrapyrrole
cycle of hemoporphyrin (porphyrin ring) of
hemoglobin. To analyze the conformational changes
and O-binding properties of hemoglobin, we used the
characteristic bands of the Raman spectra of
erythrocytes 1172, 1355, 1548-1552, 1580-1588,
1618-1668 [17, 18, 19].

Sodium selenite, which has a high permeability
through the erythrocyte membrane and an active
metabolism in them, was used as a possible
antioxidant affecting oxidative processes. The final
concentration in the incubation medium was selected
based on previous experiments. In particular, before
using sodium selenite as an antioxidant, need to take
into account that selenite in excess, along with the AO
effect, can enhance lipid peroxidation, reduce the
content of NADPH, GSH, oxidizing the SH-groups of
hemoglobin and other proteins, and ultimately
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provoke hemolysis of erythrocytes [11]. In this regard,
it was necessary to choose its optimal concentration
range of antioxidant effects on erythrocytes. In our
early works, it was found that sodium selenite, with a
final concentration in the incubation medium of up to
10 uM (incubation period 0-30 min), does not have a
prooxidative effect, does not oxidize erythrocyte GSH,
and at final concentrations in the range of 1.0-10 uM,
it has a certain AO effect: it slows down the
accumulation of MetHb, slightly increases the activity
of catalase and GP, and has no effect on lipid
peroxidation [21]. Based on this, the final
concentration of sodium selenite 5 pM was chosen as
the optimal one.

To assess the ratios of nitrite-oxidized forms of
Hb in erythrocytes, two series of experiments were
carried out with the incubation times of the samples
(30 min) at 25 ° C. Each series included one control
and one prototype. The control sample contained 2.0
ml of erythrocyte suspension and 0.2 ml of buffered
saline solution, and the test samples - 2.0 ml of
erythrocyte suspension and 0.2 ml of NaNO2 with
different final concentrations.

The accumulation of metHb was assessed using
semiempirical formulas [22]. The hemoglobin content
was assessed by the standard cyanide method.

Statistical processing of the obtained results was
carried out using the t-test at a significance level of p
<0.05 [23] using the Microsoftexcel 2010 software
package.

3. RESULTS AND THEIR DISCUSSION

Figure 1 shows the Raman spectrum of
erythrocytes, which essentially reflect the spectrum of
hematoporphyrin (600-1800 cm-1). The family of
bands (1375-1355 cm-1) is the frequency region
responsible for the vibrations of C-N bonds, the
position of which depends on the oxidation state of the
iron atom, while the frequency section 1650-1562 cm-
! is responsible for the vibrations of C=C bonds,
whose positions depend on the spin of the iron ion.
The binding of such ligands as O, and NO causes a
conformational rearrangement, which is associated
with a change in spin. The content (concentration) of
HbO?2 (zero spin charge) is estimated from the ratio of
the intensity of the bands (11375 / 11355 + 11375). The
formation of a complex of hematoporphyrin with NO
is possible in two variants: one is realized without
breaking the bond on histidine of the protein part of
Hb (ratio 11620 / 11580), in the second variant, this
bond is broken (ratio 11658 / 11580), which means the
ability of NO to regulate the release of oxygen from
hemoglobin, i.e. its transition from a low-spin state to
a high-spin state (5/2). In the case of direct oxidation
of hemoglobin by sodium nitrite, m-electrons are
"pumped" from the iron ions (Fe 2 — Fe %) to the
orbital of nitrogen oxides, reducing them to nitrates,
which is reflected in the vibrational component of the
binding energy (shift 1379-1372 cm™ ), as well as a
decrease in the maximum at 1357 cm ~* (characterizes
the growth of MetHb) [17, 18].The substitution of NO
for Oz in the Hb porphyrin macrocycle ultimately
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leads to a change in the position of the iron atom (Fe
2*) with respect to the plane of the macrocycle, which
is reflected in the spin state, i.e. allows to judge the
degree of conformational rearrangement [17, 18, 19].

It is known that nitrites, both in isolated
erythrocytes and in vivo, depending on their dose,
oxidize hemoglobin to different oxidation states. This
process is accompanied by a decrease in the level of
oxyhemoglobin (HbO,) [1,6,7]. In our previous works,
it was shown that even low final concentrations of
NaNO-

(0.007-0.070 mM) in the incubation medium already
in the first 15-30 min can significantly affect the
accumulation of methemoglobin, without accelerating
the development of LPO, rather, on the contrary,
inhibiting it [24, 25]. In experiments using sodium
selenite as an antioxidant, it was also found that it can
inhibit the accumulation of MetHb and the
development of LPO (moderate doses of NaNOj)
[24,25].
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Fig 1. Raman spectra of hemglobin in human erythrocytes diluted 1/50 in buffered saline (pH 7.4; 25 ° C, laser A = 532 nm).

Figure 2 shows the results of experiments on the
induced oxidation of hemoglobin with low and moderate
doses of sodium nitrite and the inhibitory effect of sodium
selenite taken at a dose of 5 UM (30 min incubation). The
accumulation of MetHb is due to the decrease in HbO,,
which can be traced using Raman spectroscopy, which, in

contrast to optical spectroscopy, is distinguished by
higher selectivity and sensitivity.

In particular, Fig. 3 shows the estimated relative
intensities of the peaks responsible for the state of heme
groups at 677 cm, 1375 cm, 1580 cm!, 1640 cm™.
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Fig 2. Accumulation of MetHb at various final concentrations of NaNO2 and participation of Na2SeOs (5uM) (25 ° C, 10mM

SPB, pH 7.4; 30 min)
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Fig 3. Intensity of Raman spectra of erythrocytes incubated with NaNO2 (0.07, 0.15, 0.35, 0.70 mM) (25 ° C, 10mM SPB, pH

7.4; 30 min)
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Fig. 3 shows that as the final concentrations
NaNO:; increase, the peaks at 677 cm™, 1375 cm?,
1580 cm™, 1640 cm™ decrease or even disappear (a
band characterizing the bond with hemoglobin). The
most sensitive to the spin state is the 1375 band,
which characterizes the degree of decrease in the
HbO, saturation.

Table shows the main parameters of Raman
scattering spectroscopy of human erythrocytes
incubated in a medium containing sodium nitrite in
various final concentrations from 0 to 0.70 mM and
sodium selenite with a final concentration of 5 uM for
30 min (25 ° C, 10 mM sodium phosphate buffer, 0.15
M NaCl). It can be seen from it that the treatment with
NaNO; leads to:

1. A dose-dependent decrease ( to 60%) of the HbO,
content, which is estimated from the ratio of the
intensity of the peaks 11375 /11355 + 11375.

2. A noticeable increase ( =~ 25%) in the ability of
hemoglobin to bind ligands, including Oz (11355 /
11580).

3. Some increase (<12%) in the ability of hemoglobin
to give ligands, including oxygen (11375 / 11580).

4. Certain multidirectional change in the affinity of
hemoglobin for oxygen, estimated by the ratio (11355
/11550) / (11350 / 11580).

5. A noticeable increase in the severity of symmetry
and asymmetry of vibrations of the pyrrole rings of
hemoglobin in isolated erythrocytes (11375 /11172).

6. A significant decrease in the proportion of
hemoglobin complexes with NO (up to 50%,
depending on the final concentration of NaNO,) in the
presence of a bond between the Fe?* atom and globin
(11618 / 11580).

7. Some increase in the proportion of complexes of
hemoglobin with NO, with the separation of the bond
of the Fe?* atom and globulin, which changes little
depending on the concentration of NaNO, (11618 /
11580).

8. Sodium selenite (5 pM) introduced into the
incubation medium has a clear AO effect, reducing the
effects of the oxidative effect of NaNO-, i.e. reduces
the effects of conformational rearrangements. This is
especially noticeable in the effect of inhibition of
reducing the saturation of hemoglobin with oxygen
(HbO2). This AO effect is hardly noticeable in the
range of low concentrations (0.07 -0.35 mM), but
above 0.35 mM, i.e. at moderate final concentrations
of NaNO?2, it is noticeably pronounced.

It is also important to note here that sodium
selenite smoothes not only a decrease in the HbO;
level and, accordingly, an increase in MetHb, but also
changes in other parameters of conformational
rearrangements caused by nitrites. One of the possible
mechanisms of this effect is the very fact of the
inclusion of selenium in the globular part of
hemoglobin at position 93fBcys, replacing sulfur,
thereby affecting the affinity of hemoglobin for

oxygen under conditions of nitrite exposure, changes,
in general, the electron density around heme [26].
Table 1 shows that sodium nitrite affects the
conformation of hemoglobin and this rearrangement is
the deeper, the greater the dose of NaNO2 (final

concentration). However, on the affinity of
hemoglobin for oxygen, in the indicated final
concentrations, NaNO2 has a  somewhat

multidirectional effect: small doses (0.07-0.15 mM)
can increase the affinity, and moderate doses (0.35-
0.70 mM) can reduce. This seems to be due to the fact
that the affinity of hemoglobin for oxygen is
influenced by two opposite processes. Formed during
nitrite exposure, NO is incorporated into heme with
the formation of nitrosyl hemoglobin, contributing to
the formation of five-coordinate nitrosyl iron (HbNO)
by separation of the proximal ligation. This leads to
the stabilization of the T-state, which provides an
easier release of oxygen, ie, a decrease in affinity [27],
which takes place for moderate doses of NaNO2. On
the other hand, by nitrosylation (inclusion of NO at
the 93BcysHb position), the formation of SNO-Hb
increases the affinity of Hb for oxygen due to a
change in the electron density [7].

It also follows from the ratio of the intensities of
the peaks | 1375: | 1172 that sodium nitrite has a
dose-dependent effect of increasing (up to 13%) the
severity of symmetric and asymmetric vibrations of
the pyrol rings of hematoporphyrin. This effect can be
associated with an increase in the proportion of
membrane-bound hemoglobin in isolated erythrocytes
[28]. Our earlier results also indicate this [25,29,30],
ie, an increase in the accumulation of membrane-
bound hemoglobin, which penetrating through the
AEL anion exchanger into the erythrocyte membrane
can stimulate the LPO process [28].

The totality of the results obtained allows us to
draw certain conclusions: Raman microscopy makes it
possible to determine with high sensitivity the onset of
conformational rearrangements in hemoglobin caused
by the action of sodium nitrite. This can be seen: 1) by
the example of fixing multidirectional changes in the
affinity of Hb for oxygen, depending on the "dose" of
the effect of sodium nitrite on erythrocytes
(hemoglobin); 2) depending on the final
concentrations of sodium nitrite, a rupture of the bond
between hemoglobin and an iron atom and a change in
the valence of an iron atom (Fe? * — Fe®*) may occur;
3) by the effect on the oscillatory processes in the
pyrol rings of hematoporphyrin, which can give
information about the accumulation of membrane-
bound hemoglobin, which stimulates the development
of oxidative processes in erythrocytes; 4) Included
selenium from sodium selenite smooths out the
conformational effects induced by sodium nitrite,
while weakening oxidative processes on Hb, reducing
the accumulation of MetHb and reducing the
proportion of membrane-bound hemoglobin.
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