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NEUTRON-INDUCED CENTERS IN A LUAG:Pr SINGLE CRYSTAL
Abstract

The absorption and gamma-luminescence spectra and thermal stimulated luminescence of pure LUAG and activated by
praseodymium LUAG:Pr crystals before and after irradiation with fast neutrons have been investigated to study the effect of
neutron-induced color centers on the optical features of a single crystal. The results of thermal and photo influence on neutron-
induced color centers and subsequent gamma irradiation allow suggesting that the color centers are competitors to the activator
Pr3* center, leading to decreasing luminescence as a result of charge transfer.
Key words: neutron irradiation; color centers in LUAG; gamma-luminescence; thermoluminescence; photo fading.
PACS: 29.40.Mc, 42.70.—a.

HEATPOHHO-WHIYIIUPOBAHHBIE IEHTPBI B MOHOKPUCTAJLJIE LuAG: Pr
AHHOTanUs

beumn uccrenoBaHbl CIEKTPhl MOIVIOIIEHMS, IaMMa-TIOMUHECLCHLUMM, a Talkke TEPMOCTHMYJIMPOBAaHHAs JFOMUHECLCHLUS
yructoro LuAG n aktuBupoBaHHOro npaseonuMoM LuAG:Pr kpucramioB 1o u mocie o0iydeHnst OBICTPBIMHA HEHTPOHAMH IS
U3ydeHHs] BIUSHMS HEHTPOHHO-MHIYIMPOBAHHBIX LEHTPOB OKPACKH HAa ONTHYECKHE XApaKTEPUCTHKH MOHOKPHCTAIIIA.
Pesynprarst TepMo- u (HOTO-BO3ACHCTBHS Ha HEHTPOHHO-MHAYIMPOBAHHBIE IEHTPHI OKPACKU M MOCIIEYyIONIee TaMMa-00TydeHue
TIO3BOJISIFOT TMPEMTIONOKATh, 9TO MEHTPH OKPACKU SABISIOTCS KOHKYPEHTAMH aKTHBATOPHBIM Pr3* meHTpam 4TO TMPHBOAMT K
YMEHBIICHHIO IIOMUHECIIEHIINH B pe3ylbTaTe IepeHoca 3apsiia.

KnroueBble ciioBa: HEUTPOHHOE 00IyUCHHE; IEHTPHI OKpacku B LUAG; raMMa-TrOMUHECIICHIINS; TEPMOTFOMUHECIICHITHS; (POTO
obecieunBanue, PACS: 29.40.Mc, 42.70.—a.

LUAG: PR KRISTALIDA NEYTRON-INDUKSIYALANGAN MARKAZLAR
Annotatsiya

Neytron-induksialangan rang markazlarining monokristalning optik xususiyatlariga ta'sirini o'rganish uchun sof LUAG va
praseodim bilan faollashtirilgan LUAG:Pr kristallarining tez neytronlar bilan nurlanishdan oldin va keyin absorbsiya va gamma-
luminesans spektrlari va termal stimulyatsiya luminesansi o'rganildi. Neytron-indusialangan rang markazlariga issiglik va foto
ta'sirining va keyingi gamma-nurlatishining natijalari, rang markazlari Pr3* aktivatori markazining uchun ragobatchilar bo'lib
zaryadni uzatish natijasida luminesansni kamaytirishga olib keladi.

Kalit so'zlar: neytron nurlanishi; LuUAGdagi rang markazlari; gamma-luminesans; termoluminesans; fotota’sirda rang yo’qotish.
PACS: 29.40.Mc, 42.70.—a.

Introduction. Scintillation materials are a part of devices intended for detecting high-energy radiation, gamma quanta,
accelerated charged particles and neutrons [1,2]. The study of new particles in high-energy physics involves the use of
appropriate scintillation sensors. The criteria for them are effectiveness of radiation-induced luminescence, response speed, good
energy resolution and radiation resistance for the radiation doses to be used [3]. Single crystals of aluminum lutetium garnet Lus
AlsO12 (LUAG) activated by the praseodymium ions Pr3* (LUAG:Pr) attract great attention for use in scintillators as crystalline
plates or fibers [4,5] owing to their high density (6.7 g/cm3), high speed (=20 nc) and high light yield (~20,000 ph/MeV) thrice
exceeding that of BisGesO12 (BGO) [6,7]. However, for their practical use, it is necessary to study their optical radiation stability,
i.e. the maintenance of optical and luminescent characteristics under radiation action. Over the ultraviolet and visible spectral
ranges the optical transparency degradation of nominally pure LUAG and LUAG:Pr after irradiation with gamma-ray quanta (y) to
10% Gy due to the appearance of defects associated with color centers has been shown [1,8,9]. Moreover, a decrease in the light
yield (11%) in LUAG:Pr after irradiation with 60Co y-quanta with a dose of 100 Gy and a decrease in the intensity of the
activator luminescence of Pr* in the 310 nm band (4.0 eV) (~9%) under the y dose up to 1.3-10° Gy were shown in [10], which is
caused by localization of charge carriers on impurities and intrinsic defects with formation of capture centers [11]. In contrast,
neutron irradiation can form color centers (captured charge carriers in deep traps) manifesting themselves as additional
absorption bands within the transparency range of crystal. It was shown that the intensity of neutron-induced color centers in the
crystals of yttrium aluminum garnet Y3AlsO12 (YAG) with characteristic absorption bands of 250, 310, 375 and 500 nm
monotonically increases with the raise in fast neutron fluence [12-14], which is associated with formation of additional structural
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defects. The test measurements for LUAG:Pr after irradiation with a neutron fluence of 10'? cm showed a 36% decrease in the
light yield [10].

To study the effect of neutron irradiation on activator luminescence in LUAG:Pr, we investigated the optical properties of
LUAG and LUAG:Pr crystals before and after irradiation with neutron fluxes, thermo and photo discoloration of induced defects,
which allowed us to make a sequential analysis of changes in activator luminescence under the action of neutron-induced color
centers.

Materials and methods. The samples of single crystals of nominally pure LUAG and LUAG:Pré* activated by
praseodymium ions (the Pr concentration 0.22 mol.%) were grown by the Czochralski method in an argon atmosphere (Furukawa
Co. Ltd, Japan). For optical studies, the plates of 4x4 mm? in size and 1 mm in thickness were prepared.

The samples were irradiated with mixed gamma-ray fluxes in a 10 MWt VVR-SM reactor at the Institute of Nuclear
Physics of the Academy of Sciences of the Republic of Uzbekistan (INP).

The reactor provided a neutron flux of 104 cm2-s within a wide energy range, a y-quantum flux of 37 Gy/s-cm? with
energy of 0.1-7 MeV. The samples were wrapped in an aluminum foil and placed in a cadmium glass with a wall thickness of 1
mm to transmit only fast neutrons with energy > 0.1 MeV. The glass was sealed in a quartz ampoule that was placed in a standard
aluminum container filled with distilled water. The neutron flux incident on the samples was determined from the induced
radioactivity of a monitor placed next to it with the threshold energy E>2.4 MeV and amounted to 3-10%% cm?-s [15]. Four
containers with the samples were irradiated with fast neutron fluences of 10'°, 106, 5-1016 and 107 cm2.

In order to recharge the neutron-induced centers after thermoluminescence up to 600 K, gamma irradiation was carried
out at a temperature of 310 K with a dose of 10° Gy from a 8Co source with the average energy of y-quanta 1.17 and 1.33 MeV
and the power 0.8 Gy/s at INP. For the losses from the dark tunnel charge transfer between traps to be reduced, the time elapsed
from the gamma irradiation completion to the start of optical measurements did not exceed 5 min.

For photo-discoloration of the neutron-irradiated samples, the mercury lamp (SVD-120A) lines selected by an MDR-12
monochromator were used to make estimation of contributions of various induced color centers.

The spectra of optical absorption (OA) before and after irradiation were measured at room temperature 305 K with
spectrophotometers SF-56 (LOMO) and LAMBDA-35 (PerkinElmer) within the spectral range 190-1100 nm.

The gamma-luminescence (GL) spectra were recorded for temperature 310 K with the use of a special diffraction
monochromator MSD-1 with PMT-39 within the spectral range 200-550 nm. The GL spectra were scanned at the maximally
possible scan rate 20 nm/s for the accumulated dose none-exceeding 12 Gy.

The integral peaks of thermoluminescence (TL) were recorded using an FEU-79 at a constant heating rate of 0.25 K/s
within the temperature range 300-605 K under the control of a chromel-kopel thermocouple. The spectral composition of the TL
peaks, i.e. thermoluminescence (TL), was measured within the range 250-450 nm (Pr3* luminescence and intrinsic defects in the
matrix) by the MSD-1 with the scan rate 20 nm/s in the uninterrupted mode. In this case, for the spectrum scanning time of 10 s
within the range 250-450 nm the temperature increased by 2.5 K, which was less than the half-width of the TL peak and could
not significantly affect the spectrum.

Results and discussion. The spectral dependences of the absorption coefficient o of a nominally pure LUAG single
crystal are presented in Fig. 1(a) before (curve 1) and after (curve 2, fast neutron fluences 106 cm and curve 3, fast neutron
fluences 107 cm) irradiation.
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Figure 1: The absorption spectra of nominally pure single crystal LUAG: a) initial (1), after the neutron fluences 1016 (2) and 107
cm2 (3), after measurements of the integral curves of thermoluminescence up to 605 K after irradiation with the fluence 107 cm
(4), after additional gamma irradiation with the dose 102 Gy (5). Inset: thermoliminescence curves after irradiation with the
fluence 107 cm2 (1) and after only gamma irradiation with the dose 103 Gy (2)

It can be seen that with the raise in neutron fluence up to 107 cm2 the maxima of the 250, 295, 390 and 570 nm bands
grow rapidly, which indicates the additional formation of color centers and the increase in their concentration as compared, for
example, with ionizing y-radiation [1, 8, 9].

Absorption spectrum of LUAG after exposure to fast neutron fluence 10" cm (Fig. 1 (a), curve 3) was decomposed into
5 Gaussians (G1-G5) as shown in Fig. 2, their parameters are listed in Table 1.
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Figure 2: Absorption spectrum of LUAG crystal after neutron fluence 1017 cm2 (solid curve), its Gaussian components (G1, G2,
G3,G4, G5) and their sum (dotted curve).
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Parameters of spectral decomposition of optical absorption curve. Tebled
Gaussian # ‘ Energy, eV Wavelength, nm FWHM, eV
LUAG after neutron fluence 107 cm2
Gl 217 570 0.48
G2 2.7 458 0.75
G3 3.2 387 0.80
G4 4.15 298 0.77
G5 4.95 250 0.90
LUAG:Pr after neutron fluence 107 cm2
Gl 2.16 573 0.49
G2 2.7 458 0.75
G3 3.2 387 0.80

According to [16], in the YAG crystal the 1 MeV neutrons transfer the average energy of ~220 keV to oxygen atoms and
~138 keV to aluminum atoms, which is much more than the threshold energy: Ed(O) = 40 eV, Ed(Al) = 56 eV, Ed(Y) = 66 eV
[17]. In this case, in the YAG spectra of optical absorption there is a number of the 250, 300, 375 and 500 nm bands and a
monotonic increase in their intensity with the raise in fluence up to 10%6-10° cm are observed, which is explained by formation
of intrinsic defects of the F-center type (an anion vacancy capturing two electrons), hole O~-center and F*-center (an anion
vacancy capturing one electron) [12,13,16,18]. The 250, 295 and 390 nm OA bands observed in the LUAG crystal after the
neutron fluence up to 10*” cm (Fig. 1(a), curves 2 and 3) coincide with the data presented in [12, 14, 16] for YAG. However,
unlike the YAG crystal where the 500 nm band exists, the 570 nm band is observed in the LUAG crystal, but their nature is not
discussed.

By analogy with YAG, the neutron-induced color centers in LUAG are associated with displacement defects in the
oxygen and aluminum sublattices. In the band gap these defects form the energy levels where electrons and holes can be
localized; their release can lead to light emission, i.e., thermal discoloration of induced color centers. For the thermal release to
be verified in the LUAG crystal irradiated with the highest fast neutron fluence of 1017 cm?, the TL spectra were measured within
the temperature range from 300 to 605 K (Fig. 1(b), curve 1). Here, the TL peaks are visible in the range 445, 515, and 545 K.
For the sample irradiated with only 8°Co y-quanta with the dose 10° Gy, the 445 K peak is not visible (Fig. 1(b), curve 2), which
is also confirmed in [9,19]. This can be associated with creating an additional local level responsible for TL at 445 K. Moreover,
the intensities of the TL peaks for 515 and 545 K in LUAG irradiated only with neutrons are about 5 times less than those of the
same peaks for irradiation with only 8°Co y-quanta. The reasons for this are associated with strong coloring (300-400 nm) of the
LuAG sample after neutron-gamma irradiation (Fig. 1(a), curve 3).

After TL measurements within the temperature range 300-605 K for the sample irradiated with the neutron fluence 107
cm2, a ~50% decrease in the maxima of the 250, 295 and 390 nm bands is observed in the OA spectrum, while the 570 nm band
is practically not observed (Fig. 1(a), curve 4). This can be associated with thermal release of charges from traps and their
recombination with carriers of the opposite sign at other centers that cause the TL peaks (Fig. 1(b), curve 1). In this case, the
neutron-generated defects where charge localization is possible can remain. Then, under subsequent irradiation of this sample
with 8°Co y-quanta, the color centers similar to those observed after irradiation with fast neutrons accompanied by a gamma-ray
flux (Fig. 1(a), curve 3) should be filled with carriers. For this, the sample irradiated with the neutron flux 1017 cm and heated
up to 605 K was then irradiated with ®Co y-quanta with the dose 10% Gy; after that the following was observed in the OA
spectrum (Fig. 1(a), curve 5): an absorption increase in the 250 and 295 nm band, restoration to the previous value of the 390 nm
band and growth of the 570 nm band, as compared to the (curve 3) state. The effect of y-irradiation is the charging of both
existing traps (radiation defects) [8, 9] and defects induced by neutron irradiation (curve 5). In this case, the OA increase in the
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570 nm band is apparently due to the fact that under prolonged reactor irradiation (for 6 years), the defects associated with the
570 nm OA band are partially empty.

Similar studies were carried out with the LUAG:Pr single crystals activated by praseodymium ions before and after
irradiation with fast neutrons. The LUAG:Pr single crystal is a scintillation material with activator luminescence of Pr3* in the
310, 325 and 375 nm bands associated with the d—f transitions [6,7,10].

The optical absorption spectra of the LUAG:Pr samples before and after irradiation with fast neutrons are presented in Fig. 3(a).
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Figure 3: The spectra of absorption (a) and gamma-luminescence (b) of activated LUAG:Pr single crystals: initial (1), after the
neutron fluence 10'° (2), 10% (3), 5-10%¢ (4) and 10% cm (5)

In the OA spectra of the initial sample (curve 1) and that irradiated with the 10%> cm? neutron fluence (curve 2) the
known bands of the Pr¥* ion are observed within the 240 and 285 nm range of the 4f—5d transitions, as well as the multiplet
bands within the 450-490 and 580-610 nm range of the 4f—4f transitions. With the raise in the neutron fluence up to 106 (curve
3) and 5-106 cm-2 (curve 4), the absorption coefficient for the 240 and 285 nm bands increases. For these bands, under
irradiation with the fluence of > 5-10%6 cm-2 (curves 4 and 5), the absorption coefficient o> 75 cm (for the sample thickness 0.1
cm) reaches the transmittance measurement limit. This increase is apparently due to strong overlap with the 250 and 295 nm OA
bands observed in nominally pure LUAG, which intensity also increases with neutron fluence growth (Fig. 1(a), curves 2 and 3).

Within the visible spectral range, the intensity of the 390 nm OA band observed for the neutron fluence >106 cm and
the wide 570 nm band for the fluences >5-106 cm (Fig. 3 (a), curves 3, 4 and 5) grows as in the case of the pure LUAG sample
(Fig. 1 (a), curves 2 and 3). It is interesting that for the fluence 5-10% cm the both samples became yellow-brown and this color
is intensified for 1017 cm? as in the YAG crystal irradiated up to 4.1-10%* ¢m-2 [14] and in YAG:Pr additionally doped with the
Mg?* ions after heat treatment to 1200°C in air [20]. Yellow-brown coloring with a characteristic absorption within the range
300-600 nm is associated with the charge transfer transition of Pr** (a transition from the oxygen ligand to Pr**) in the LUAG
matrix additionally doped with Mg?* and annealed in air: ceramics over the range of 700-1500°C [21] and a single crystal at
1200°C [22]. As a result, it turned out that additional Mg doping and annealing led to a decrease in the light yield.

From the data in Figs. 1(a) and 2(a), it can be seen that regardless of the presence of the Pr3* ion in the LUAG crystal,
neutron irradiation with the fluence >10% cm-2 causes yellow-brown coloring and appearance of the 390 nm OA band of the F*-
center and the 570 nm band due to structural displacement defects in the oxygen and aluminum sublattices. The induced 570 nm
OA band can be associated with an oxygen vacancy near the uncontrolled impurity cation VO(Cimp).

Under excitation by the 5°Co y-quanta of the initial LUAG:Pr sample, the 310, 325 and 375 nm luminescence bands of the
activator Pr3* are observed in the GL spectrum (Fig. 3(b), curve 1). The recombination energy of the generated electron-hole
pairs corresponds to the interband transition Eg = 8.13 eV (~152 nm) [23]. The luminescence in LUAG:Pr associated with the
5d—4f transitions of the activator below 4 eV is also excited by the 241Am a-particles [24] and X-ray radiation [22, 25, 26].
According to [26], under X-ray excitation the Pr3* ions act as traps for holes from the valence band:

Pr¥* +hy — Pr (1)

When an electron is captured from the conduction band and goes from the excited state to the 4f ground state the ion
emits a quantum:

Pr#* +ec- — (Pr®*)* — hv. )

As seen from Fig. 3(b), with the raise in the fast neutron fluence up to 1017 cm-2 the intensities of the 310, 325 and
375nm GL bands strongly decrease (curves 3-5). Perhaps this is due to the fact that an increase in the induced defects
concentration competes with Pr3* centers in the process of charge carrier capture and thereby prevents the energy transfer to Pr3*
to excite its luminescence. Partial reabsorption of the Pr3* activator luminescence by the color centers induced by fast neutrons
within the spectral range 300-400 nm is also possible (Fig. 1(a), curves 2 and 3, Fig. 3(a), curves 3-5), which is similar to the
decrease in the light yield of LUAG:Pr with the raise in the concentration of the Mg?* codopants and annealing in air [22].

For the influence of neutron-induced color centers within the visible range (390 and 570 nm bands) to be studied, the OA
spectra of LUAG:Pr were measured after irradiation with the neutron fluence of 10" cm™ and then after heating up to 605 K
(after TSL measurements) (Fig. 4(a)).
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Figure 4: The absorption spectra of activated LUAG:Pr single crystals: a) initial (1), after the neutron fluence 10" cm? (2), and
after measurements of thermoluminescence up to 605 K and the fluence 10" cm (3) and after additional gamma irradiation
with the dose 10° Gy (4). Inset: b) the thermoluminescence curve after irradiation with the fluence 10" cm and its
decomposition into Gaussian T1 —Ts.

In this case, for the TSL integral curve of LUAG:Pr irradiated with the neutron fluence 107 cm the peaks at 445, 515
and 545 K are observed (Fig. 4(b)); they coincide with those of nominally pure LUAG (Fig. 1(b)). Based on the equation from
[16], expanding the TSL curve into Gaussian components (Fig. 4(b)) and assuming that the TSL processes have second-order
kinetics, one can calculate the trap depth or activation energy Et for each peak:

Et = 3.5(kT?m /w) — 2kTm,

where k is the Boltzmann constant, Tm is the temperature at the peak maximum, w is the full width at half maximum
(FWHM) of the peaks. The activation energy for the TSL peaks 445, 515 and 545 K was 1.34, 1.62 and 1.95 eV, respectively.

For the LUAG:Pr sample irradiated with the neutron fluence 107 cm and heated up to 605 K the following values of its
OA spectrum parameters (Fig. 4(a), curve 3) were observed: the intensities of the 240 and 285 nm bands did not change, the 390
nm band of the F*-center was reduced by ~50% as for the pure LUAG one, and the 570 nm band of the Vo(Cimp)-center was
almost gone. The observed last two cases can be characterized by the fact that for the activation energy of 1.34, 1.62, and 1.95 eV
the charge carriers released from the traps (color centers) radiatively recombine with the Pr** centers. That was evidenced by a
separately measured spectral composition of the 445 and 545 K TSL peaks where 310 and 370 nm luminescence bands similar to
the GL spectrum (Fig. 3(b)) associated with the 5d-4f transitions in Pr3* were observed. Under subsequent irradiation of the
samples with y-quanta with the dose of 103 Gy, a decrease in the intensities of the 240 and 285 nm OA bands (Fig. 4(a), curve 4)
associated with Pr3* was observed, as well as an increase in the 390 and 570 nm bands as compared to the case before heating
(curve 2). That can be explained by the fact that the defects generated by fast neutrons under heating up to 605 K are retained as
for nominally pure LUAG. Under subsequent irradiation by y-quanta the electrons are captured by these induced defects, which
leads to an increase the absorption in the 390 nm band of the F*-center and in the 570 nm band of the Vo(Cimp)-center (curve 4).
In this case, according to process (1), a part of the holes is captured by Pr3* with formation of a Pr** hole-centers, which leads to a
decrease in the 240 and 285 nm bands of the Pr3* center (curve 4). It should be noted that under additional y-irradiation with the
dose 10° Gy after high-temperature annealing at > 873K in air (for 30 min) the 390 and 570 nm OA bands of the LUAG and
LuAG:Pr crystals irradiated by fast neutrons did not appear. Therefore, at the temperature > 873 K, interstitial oxygen diffuses to
the anionic vacancy and occupies it.

The optical fading of neutron-induced OA bands can be studied to determine a charge state of the 570 nm center.
Photofading at the corresponding wavelength release the charge carriers only from the levels located in the band gap of the
crystal. The change in the concentration of induced color centers should be also observed in measurements of
thermoluminescence. Those results indicate that the oxygen vacancies participate in the TSL process as electron traps.

Conclusion. As a result of fast neutron irradiation of nominally pure LUAG with the fluence up to 107 cm?, the
formation of color centers with characteristic optical absorption bands in the 250 nm range of the F-center and in the 295 nm
range of the hole O™-center is observed. Regardless of the Pr activator presence the color centers with the 390 nm band of the F*-
center and with the 570 nm band of the electron center are formed. In this case, the peaks at 445, 515 and 545 K with
characteristic activation energy of 1.34, 1.62 and 1.95 eV are observed on the integral TSL curves. After only y-irradiation the
445 K TSL peak is not observed, which is evidence of forming an additional local level in the band gap under neutron irradiation.
The decrease in the intensity of GL bands of the activator Pr3* center with the raise in the fast neutron fluence > 10'® cm? has the
following possible explanation:

- on the one hand, reabsorption of Pr3* luminescence by color centers (hole O and electronic F*) is possible within the
spectral range 300-400 nm, their concentration increases with the raise in neutron fluence;

- on the other hand, the data on additional y-quanta irradiation of a neutron-irradiated sample heated up to 605 K lead to
assuming that a hole is captured by the Pr3* center with the formation of a hole Pr** center, as a result of which the concentration
of the Pr3* centers decreases and the concentration of the electron F* and Vo(Cimp) centers increases.

The obtained results provide useful information for determining the radiation resistance of optical transparency and
luminescence centers since a decrease in the light emission and an increase in the after-luminescence amplitude can be controlled
by defects (impurity and structural) caused by ionizing radiation [1,8-10] and displacements of structure-forming atoms by fast
neutron fluences > 10%° cm2.
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DISULFID BOG’LARNING LIZOZIM OQSILI STRUKTURASI HAMDA XOSSALARIGA TA’SIRI:
MOLEKULYAR DARAJADAGI TADQIQOT
Annotatsiya

Lizozim muhim fermentlardan biri bo’lib ko’z yoshi, so’lak va sutda ko’p miqdorda ishlab chiqariladi. Lizozim bakteriyalar
hujayra devorlarining peptidoglikan komponentini bo’lib, mikroblarga qarshi vosita vazifasini bajaradi, bu esa hujayra o’limiga
olib keladi. Lizozimda to’rtta difulfid bog’ (DB) mavjud bo’lib bu bog’lar katalitik funksiyani bajarishda muhim rol o’naydi.
DBlar (6Sis—127Sis va 30Sis—115Sis) uzilganda konformatsion o’zgarishlar ro’y berishini molekulyar dinamika metodi
yordamida tadqiq qildik va olingan natijalar lizozimni turli sohalarida 3D o’zgarishlarni keltirib chiqardi. Bu o’zgarishlar
lizozimni katalitik funksiyasini o’zgarishiga sabab bo’lishi mumkin.

Kalit so‘zlar: Lizozim, Katalitik funksiya, molekulyar dinamika.

EFFECTS OF DYSULFIDE BONDS ON LYSOZIM PROTEIN STRUCTURE AND PROPERTIES: MOLECULAR
LEVEL STUDY
Abstract

Lysozyme is one of the most important enzymes and it produced in large amounts in tears, saliva and milk. Lysozyme destroys a
peptidoglycan component of the bacterial cell wall and act as antimicrobial agents, leading to cell death. Lysozyme contains four
difulfide bonds (DB), which play an important role in catalytic function. We studied the conformational changes for the case of
DB (6Cis — 127Cis and 30Cis — 115Cis) disruption using the molecular dynamics, and obtained results caused in 3D changes in
various areas of lysozyme. These changes may affect to the catalytic function of lysozyme.

Key words: Lysozyme, catalytic function, molecular dynamics.

BJAMSIHUE JUCYJIb®UIHbIX CBSI3EA HA CTPYKTYPY U CBOMCTBA JIM30LMMA BEJIKA:
HUCCIEJOBAHUE HA MOJIEKYJISPHOM YPOBHE
AHHOTALUSA

JlmzoumM — OIWH W3 BAXHEWIINX (PEPMEHTOB, KOTOPHI B OONBIIMX KOJIHYECTBAX BHIPAOATHIBACTCSA CO CIE3aMH, CIIOHON M
MOJIOKOM. JIM30LMM pa3pymiaeT INeNTHAOIIMKAHOBBI KOMIIOHEHT CTEHKM OaKTepHalnbHOW KIETKM M JefcTByeT Kak
AQHTMMUKDPOOHBIH areHT, 4TO NMPUBOAUT K rubenu xierok. Jlnsonum conepxut yersipe nudynspuansie ceazu (DB), koropsle
UrPalOT BOXKHYIO POJIb B KaTAIUTHYECKOH (QyHKIMH. MbI H3y4mii KOH(DOPMAlMOHHBIE H3MEHEHNUs JUIsl ciIy4as paspyueHus DB
(6Cis — 127Cis u 30Cis — 115Cis) ¢ ucrmonp3oBaHHEM MOJCKY/SIPHOM IHHAMHUKH W TOJYYHIH PE3YIbTaThl, CBSI3aHHBIC C
TPEXMEPHBIMH HM3MEHEHHSMH B Pa3JIMYHBIX OOJACTAX JIM30IMMa. OTH H3MEHEHHS MOTYT IOBIMATH HA KaTaIUTHIECKYIO
(YHKINIO TH300UMA.

Kniwouessie cioBa: JInzonnm, KaTATUTHIECKON (YHKIHH, MOJICKYIISIPHON THHAMUKH.

Kirish. Lizozim — tug'ma immunitet tizimining bir qismini tashkil etuvchi va hayvonlar hamda inson organizmi
tomonidan ishlab chigariladigan antimikrobial ferment sanaladi [1]. Lizozim bakterial hujayra devorining asosiy komponenti
bo'lgan peptidoglikan tarkibiga kiruvchi glikozidik bog’larning gidrolizini katalizlaydi [2]. Bu gidroliz, 0'z navbatida, bakterial
hujayra qobig’ining yaxlitligini buzadi va baktriyaning yorilib ketishiga olib kelishi mumkin [3, 4]. Chunki qobig’ining
peptidoglikan qavati shikastlatgan bakteriya osmotik stressga uchraydi. Tovuq tuxumi-oqi (TTo) lizozimi ustida o’tkazilgan
tadqiqotlardan so’ng, kataliz mexanizmi borasida ikki xil qarash bor, biri Fillipsning “lon mexanizmi” bo’lsa, ikkinchisi
Koshlandning “kovalent mexanizmi” [5, 6]. Har ikki mexanizmga ko’ra, TTo lizozimining aktiv tomonida joylashgan Glu35
(Glutamik) va Asp52 (Aspartik) aminokislotalar glikozidik bog’larni uzishda hal qiluvchi rolni bajaradi. Shuningdek TTo
lizozimi o’zining Katalitik faol bo’lmasa ham bakteriyalarni o’ldira oladi: kationik tabiatga ega lizozim manfiy zaryadlangan
bakterial membranaga botib kirib, stabil o’rnashib turishi mumkin [7]. Bu holat membranaga 0’z funksiyasini bajarishida salbiy
ta’sir etadi.

Lizozimning kashf etilishi ingiliz mikrobiologi Aleksandr Flemingga tegishli. Fleming tasodifan, uning burun tomchisi
plastinka ustidagi bakteriyalarning parchalanishiga olib kelganini aniglagan [8]. Bu tasodif organizmda juda yaxshi “bakteriolitik
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element” mavjudligining kashf etilishi edi. Fleming mazkur elementni lizozim (Lysozyme) deb atadi. Keyinchalik, lizozimlar
inson organlari, to'qimalari va sekretsiyalarida (taloq, yo'ldosh, ona suti, so’lak, ko’z yoshi, qon zardobi va boshgqalar) ko'p
miqdorda topilgan va shunga o'xshash litik fermentlar turli umurtgali, umurtgasiz hayvonlarning organlari va sekretsiyalaridan,
bakteriyalar va hatto o'simliklardan ajratib olingan [9]. Lizozimlar asosan uchta tipga ajratilgan, bular: c-tip (Chicken-type), g-tip
(Goose-type), i-tip (Invertebrate-type) [10]. Shuningdek yana, fag-tip, bakterial-tip, plant-tip kabi turlari ham ma’lum gilingan
[11]. Barcha lizozimlar bakterial hujayra qobig’ini parchalash qobilyatiga ega bo’lib, ularning strukturasi o’zaro o’xshash
bo’ladi. Bakteriyalarni o'ldirishdan tashqari, ba’zi lizozimlar zambrug’larni ham yo'q qilishga qodir.

C-tipidagi lizozimlarning birlamci strukturasi 129 aminokislota qoldig’idan iborat bo'lib, molekular og’irligi 14.3 kDa
(kilo Dalton). Ularning polipeptid zanjiri sakkizta sistein aminokislota orasidagi to'rtta disulfid bog'lanishlar (6Sis—127Sis,
30Sis-115Sis, 64Sis—80Sis ,76Sis—94Sis) orqali stabillashgan (qarang Rasm 1). Disulfid bog’lar (DB) ogsil uchlamchi
strukturasining termodinamik barqarorligini oshirib, proteazalarning ta’siriga bo’lgan qarshilikni kuchaytiradi.

a-SoxXa

p-soxa

— a-spiral

— p-gavat

— luplar(qayrilishlar)

(]

— kalavasimon

— B-ko’prik

— 310-spiral

D

— DBlar orqali bog’langan sisteinlar
Rasm 1. C-tipiga mansub bo’lgan tovuq tuxumi-ogi lizozimining tuzilishi.

DBlar kimyoviy jihatdan kovalent bog’lanadi. Ular ko’proq hujayralarning ichida emas, balki tashqarisida (ya’ni
ogsilning hujayra tashqarisiga chiqgan qismi yoki hujayradan tashqarida bo’lgan ogsilda) uchraydi. Bu albatta hujayra ichidagi
pH muhit bilan bog’lig. Chunki sisteinlarning —S—S— orqali 0’zaro bog’lanishi oksidlangan holat deyiladi. DBlarning hosil
bo’lib qolishi polipeptid zanjirining turli konfarmatsiyarga o’ralish jarayoniga ham ta’sir etib, uni birmuncha sekinlashtiradi.
Ya’ni o’ralish vaqtida DBlar tufayli stabillashgan bir qator oraliq konformatsiyalar shakillanib o’tishi mumkin. Kovalent
bog’lanish atomlar orasidagi eng mustahkam bog’lardan hisoblanadi. Shu boisdan DBlar ogqsil makromolekulasining turli
mubhitlardagi deyarli o’zgarmas 3D konformatsiyasini va bir butunligini saglashda muhum sanaladi. Bir garashda TTo
lizozimidagi DBlarning barchasi uzilsa, molekulaning globulyar shaklidan asar ham qolmaydigandek. Biroq amalda, ma’lum
shaklga o’ralgan yirik ogsillarning stabilligiga, kompaktligiga peptid zanjirlarning kovalent bo’lmagan, kuchsiz o’zaro
ta’sirlashuvlari ham ko’roq hissa qo’shar ekan. Ion bog’, vodorod bog’lanish, van der Vaals ta’sirlashuvi shular jumlasidandir.
Kuchsiz ta’sirlashuvning bog’lanish energiyasi juda kichik bo’ladi. Lekin yirik ogsilldagi minglab bu kabi ta’sirlashuv
energiyalari qo’shilganda kattagina bog’lovchi potensialni hosil qilishi mumkin (qarang: Jadval 1).

Jadval 1.
Polipeptidlarni stabillovchi kimyoviy ta’sirlashuvlar
Ta’sirlashuv Misol Tipik masofa Erkin ~ energiya (dissotsiyalanish

entalpiyasi)

Kovalent bog’ Ca—C 1.5A 356 kJ/mol (C=C bog’ uchun 610 kJ/mol)

Disulfid bog’ —Cys—S—S—Cys— 22A 251 kd/mol

Tuz ko’prigi —COO—.... NH3+— 2.8A 8—17 kJ/mol (o’rtacha hisobda)

Vodorod bog’ >N—H .... O=C< 3A 1—2 kJ/mol

van der Vaals —CH3 H3C— 3.5A 4 kJ/mol; 4—17kJ/mol ogsilning ichki
(gidrofibik) gismlarida

Shunday ekan, DBlar yoki ogsillarda uchraydigan kovalent tabiatli boshqa maxsus bog’larning ma’lum bir
makromolekula struktuktrasidagi tutgan o’rni qay darajada, ularning uzilishi 3D konformatsiyalarda qanchalik aks etadi, biror
sezilarli effekt kuzatiladimi, yoki yo’qmi? Biomolekulalar ustida izlanishlar olib borayotgan ko’plab tadgiqodchilar uchun bu
kabi savollar giziq tadgigot obyekti hisoblanadi. Binobarin, DBlarning uzilishi ogsilning strukturasiga, shunday ekan xossalari va
bajaradigan funksiyasiga ham ta’sir etishi mumkin.

Bugungi kunda molekulyar dinamika (MD) simulyatsiyalari ogsillar, lipidlar va kichik molekulalarning o'zaro ta'sirini
o'rganish va ko'plab hodisalarning atomar va molekular darajadagi tafsilotlarini o’rganish uchun muvaffaqiyatli qo’llanilib
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kelinmoqda. Turli jarayonlarda ogsillardagi strukturaviy ma'lumotlarini yuqori aniqlikda olish va ularning o’zaro
ta’sirlashuvlarini baholash eksperementda o'ziga xos murakkabliklarni keltirib chigarishi mumkin. Shu tufayli MD
simulyatsiyalari ushbu sistemalarni o'rganish uchun ideal vosita hisoblanadi.

Ushbu tadqiqotimizda biz TTo lizozimidagi DBlarni uzilishi tufayli ogsil strukturasida kuzatilishi mumkin bo’lgan
konformatsion o’zgarishlarni MD metodi yordamida tadqiq etdik.

Metod. DBlar uzilgach, TTo lizozimida namoyon bo’ladigan o’zgarishlarni ifodalash maqgsadida, tabiiy holatdagi lizozim
hamda 6Sis—127Sis (OX1) va 30Sis-115Sis (OX2) DBlari uzilgan lizozim ogsillari uchun standard MD simulatsiyalarini
o’tkazdik va olingan natijalarni o’zaro taqqgosladik. MD simulyatsiyalarini bajarishda GROMACS paketining 2020.1
versiyasidan foydalanildi [12]. TTo lizozimi molekulasining boshlang’ich kordinatalarini www.rcsb.org saytidan olindi (PDB
kodi 1AKI) va uni dodekaedr boksga joylab atrofini suv bilan o’radik. Sistemaga 0.1M konsentrasiyada NaCl ionlari qo’shildi.
Sistemadagi atomlararo ta’sirlashuvlarni ifodalash uchun AMBER99SB potensiali qo’llanildi [13]. Suv uchun SPC/E modelidan
foydalanildi [14].

Huddi shu sistemani DBlari uzilgan lizozimlar uchun ham hosil qildik. Dastlab “steepest descent” algoritmidan
foydalangan holda sistemaning potensial energiyasini minimal holatdga keltirib oldik. So’ngra lizozim molekulasini potensial
kuch bilan qotirib qo’ygan holda uning atrofidagi suv va ionlarni NVT va NPT sharoitlarida 100 ps vaqt davomida muvozanat
holatiga keltirdik. Keyin qotilgan potelsialni bekor gilib, sistemani NPT sharoitida 100 ns MD simulatsiya gilganmiz. Ikkala
sistema ham huddi shu bosgichlarda, bir xil fayllaridan foydalangan holda simulatsiya gilindi. Sistema zarrachlarning harakat
tenglamalarini vaqt bo’yicha integrallashda “leap-frog” algoritimini qo’lladik va vaqt qadamini 2 fs qilib belgiladik.
Muvozanatlashning NVT bosgichida sistemaga 310 K temperatura berdik, V-rescale termostatidan foydalandik NPT bosgichida
Berendsen barostatida 1 atmosfera bosimi berildi [15]. 100 ns NPT simulyatsiyada esa sistemada izotropik doimiy bosimni
ta’minlash uchun Parrinello-Rahman barostatidan foydalanganmiz [16]. Barcha intermolekular ta’sirlashuvlarni hisoblashda
zarrachalarning o’zaro ta’sir etadigan sferik radiusini (cutoff radius) 1.0 nm etib belgiladik. Keng-doiradagi elektrostatik
ta’sirlashuvlar PME (particle-mesh Ewald) algoritmi orgali hisoblandi [17]. Boksning barcha vektorlari bo’yicha davriy chegara
shartlari (Priodic Boundary Conditions - PBC) qo’llanildi. Lizozim atomlaridan boks devorlarigacha bo’lgan eng qisqa masofani
1.0 nm olganmiz.

MD simulatsiyalardan olingan trayektoryalar orqali sistemalarni analiz qildik. DBlar yo’q bo’lsa ogsil asosiy zanjiridagi
egiluvchanlik va harakatchanlik xossalari qanaday o’zgarishini bilish maqsadida tabiiy va DBIari uzilgan lizozimlarning asosiy
zanjiridagi o’rtacha kvadratik og’ishlarni (RMSD—Root-mean-square deviation) hisobladik. Huddi shu tarzda, lizozimlardagi har
bir aminokislota harakatchanligining simulatsiya davomidagi o’rtacha kvadratik o’zgarishlarini (RMSF—Root-mean-square
fluctuation) ham hisobladik. Qandaydir bog’larning uzilishi yoki mutatsiyalar tufayli makromolekula sezilarli o’zgarishlarga
uchrasa, bu uning ikkilamchi strukturasida aks etishi kerak. Shu boisdan, 3D konformatsiyalarni chuqurroq tadqiq etish
magsadida GROMACS dagi gmx do_dssp modulidan foydalanib, lizozimlarning simulatsiya mobaynidagi ikkilamchi
srukturalarini analiz qilib ko’rdik. Olingan analiz natija va grafikalarni o’zaro solishtirdik.

Natija va muhokama. Aksariyat ogsillar o’zining tabiiy holatida muayyan strukturaga ega boladi. Ogsillar asosiy
zanjirining shakli ularning ikkilamchi va uchlamchi strukturasini belgilaydi. Tashqi muhit ta’sirlari (issiqlik xaotik harakati, yon
zanjirlarni erituvchi bilan ta’sirlashuvlari) tufayli ogsilning asosiy zanjirida tebranishlar va og’ishlar muntazam ro’y berib turadi.
Ichki molekulyar ta’sirlashuvlar ogsil molekulasining yoyilib ketishiga yo’l qo’ymaydi. TTo lizozimida bir emas to’rtta DBlar
ogsil asosiy zanjirining turli sohalarini 0’zaro bog’lab turadi. Ogsildagi mavjud disulfid bog’lari uziladigan bo’lsa, asosiy
zanjirning ayni shu soxalarida tabiiy strukturaga nisbatan qandaydir darajadagi og’ishlar va chetlanishlar har doimgidan ko’ra
boshqacharoq bo’lishi mumkin. Shunga o’xshash holatlar sitoglobin va inson epidermal o'sish faktori ogsilida ham kuzatilgan
[18, 19]. Buni tadqiq etish magsadida, tabiiy va DBlari uzilgan OX1 va OX2 lizozimlardagi Ca-uglerodlarni asosiy zanjirlarining
simulyatsiya davomidagi o’rtacha kvadratik og’ishlarini hisobladik va ularni solishtirdik (Rasm 2a). Shundan so’ng har bir amino
kislota simulatsiya davomida og’ishlari va tebranishlari ham hisoblandi (Rasm 2b).
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Rasm 2. a) Tabiy, OX1 va OX2 lizozim Ca-uglerodlarni o’rtacha kvadratik og’ishlari (RMSD) grafiklari. b) Tabiy, OX1 va OX2
lizozim aminokislotalarini o’rtacha kvadratik o’zgarishlari (RMSF) keltirilgan.

2-rasmga ko’ra OX1 va OX2 lizozimning Ca-uglerodlari tabiiysiga nisbatan ko’proq og’moqda, tebranish amplitudalari
ham kattaroq. E’tibor bersak farqlar mavjud 0.5nm atrofida. Demak DBlari uzilgan lizozim molekulasi ham tabiiy lizozimga xos
shaklini saglamoqgda; faqat uning Ca-uglerodlari harakatchanligi nisbatan oshgan. Shu boisdan DBlari uzilgan lizozimning
sharsimon shakli nisbatan beqarorroq bo’ladi. Bu holat sistemalarning vizual analizida ham kuzatildi (Rasm 3).
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Rasm 3. a) Tabiy (yashil) va OX1 lizozimni 100ns modellashtirish traektoriyasidan olingan ikkilamchi 3D strukturalarni

solishtirish b) Tabiy va OX2 lizozimni 100ns modellashtirish traektoriyasidan olingan ikkilamchi 3D strukturalarni solishtirish.

3-rasmdan ko’rinib turganidek DBlar uzilishi lizozim strukturasiga konformatsion o’zgarishlarga sabab bo’ldi. Asosiy

o’zgarishlar kontur chiziq bilan belgilab qo’yilgan. Rasm 3a tabiiy va bir sistein bog’ni uzilishi lizozim strukturasida biroz
konformatsion farq bergan bo’lsa Rasm 3b ikki DBlarni uzlishi esa spiralsimon konformatsiyani yo’q bo’lishiga olib keldi. Ko’k
rangda belgilangan konturlar esa strukturalar halgalarida siljishlar ro’y bergan.

Xulosa. Molekulyar dinamika metodi yordamida tabiiy lizozim va 6Sis—127Sis (OX1) va 30Sis-115Sis (OX2) DBlari

uzilgan lizozimlar uchun konformatsion o’zgatishlar tadqiq etildi. DBlar lizozim strukturasini birligini va funksiyasini bajarish
uchun muhim o’rin tutishi aniglandi. Demak, faolligini o’zgartirish orqali modifikatsiyalangan lizozimni turli magsadlarda
foydalanish mumkin. Masalan, oziq ovgatni bakteriyadan tozalash, saratonni davolash va boshgalar [20, 21]. Qo’lga kitirilgan
natijalar lizozimni nanoo’lcham aniqlikda turli parametrlarini hisoblash va kelajakda aniq maqsadlarda qo’llash mumkin.
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INVESTIGATION OF DOPING EFFECT ZNO FILMS WITH ALUMINUM ON THE PHOTOCONDUCTIVITY AND
SURFACE MICROSTRUCTURE
Abstract
The article shows the results of a study of the surface microstructure and photoconductivity of thin-film ZnO: Al coatings. The
effect of the film thickness on the microstructure is shown. It was found that an increase in concentration from 1 to 6 at. % Al
leads to a shift of the absorption edge to the short-wavelength part of the spectrum due to the Burstein-Moss effect.
Key words: zinc oxide, transparently conductive oxides, photoconductivity, surface microstructure, Burstein-Moss effect

AJIJIOMAHUMN BUIAH JIETUPJAITHAHT ZNO IONKA IUTEHKAJIAPHUHT CHPT ®OTOYTKA3YBUAHJIUTH
BA MUKPOCTPYKTYPACHUTA TALCUPUHH VPTAHUII
AnHOTaLUA

Makonana ronka Kamiamian ZnO:Al KolulaMaJlapHHUHT CHPT MHKPOCTPYIKTypacd Ba ()OTOYTKa3yBYAHJIMTHHUHI YpPraHHII
HaTIDKaJapy  KeNTHpWIraH. [II€HKaHWMHT MHKpPOCTPYKTypacura YHWHT KAIMHIWTHHUHT TabCHPH aHMKIAHTH. Al
KOHIIEHTPaIMACHHUHAT 1 maH 6 at. % rauda oprunm bypmreitH-Moxu s dextn Tyhaian I0THINII Yerapacy CIeKTPHHUHT KHCKa
TYIKWHIIN KHCMUTA CHJDKHINTA OJHO KEJUIIH aHUKJIAHH.

Kanur cy3nap: pyx oxcuan, madpdod yTkazyBuan okcumiap, poToyTkazyBYaHIHNK, CHPT MHKPOCTPYKTypacH, bypmreiiH-Mocca

3 dexTH.

MN3YUYEHUE BJIUSHUSA JETMTPOBAHUSA TOHKUX IIJIEHOK ZNO AJIIOMUHUEM HA
OOTOMNMPOBOAUMOCTDb U MUKPOCTPYKTYPY IOBEPXHOCTH
AHHOTALUSA

B pabore mpuBeneHs! pe3ynbTaThl HCCIEIOBAaHUS MHKPOCTPYKTYPHI MOBEPXHOCTH M (POTONPOBOAUMOCTH TOHKOIIEHOYHBIX
nokpeiTiid ZnO:Al. [loka3aHo BIMsSHHUE TOJNIIUHBI TNICHKH HA MUKPOCTPYKTYPY. Y CTAHOBIICHO, YTO YBEJIHMUYCHHE KOHIICHTPAIIIH
c 1 mo 6 ar. % Al npuBOIUT K CABUTY Kpas OOJIaCTH IIOTJIONIEHHS B KOPOTKOBOJHOBYIO YacThb CHEKTpa m3-3a 3ddexTa
Bypmreitna-Mocca.

KnroueBble ciioBa: OKCHI IIMHKA, MPO3payHble MPOBOJUIIIME OKCHIBL, (OTONMPOBOANMOCTb, MHUKPOCTPYKTYpa MOBEPXHOCTH,
a¢dexr Bypmreitna-Mocca

BBenenue. Ha ceronusniamii AeHb Mpo3padHble NPOBO e okcuaHble (transparent conductive oxide - TCO) mokpbITus
HaxomsAT Bce OONbIIe MPUMEHEHHH B HAHODIEKTPOHUKE M (OTOHHOH TexHHKe. bonpmmii MHTepec Takwe MaTepHaibl
MPEJICTABISIOT U JUIS CONHEYHBIX 3eMeHToB. Hanbomnee pactipocrpaneHHsiM TCO Ha TaHHBIH MOMEHT SIBIISIETCSI OKCHJ HHJTHSL.
OnHAKO MOCTOSIHHO PacTyIIHe TEMIIBI IPONU3BO/ICTBA MPUBENIN K 3HAYNTEIFHOMY COKPAIIEHHIO 3aI1acoB MHIMA U, KaK CIEICTBHE,
PE3KOMY POCTy €ro CTOMMOCTH. Takasi CHTyaIlHs ITOBBIIIAET aKTyaIbHOCTh TTOMCKAa albTepPHAaTUBHBIX MarepuaioB. [1]. Becema
MEePCIEKTHBHBIM MaTepuaioM BHIUTCS OKcua LIMHKA, MMEIOINi BBICOKYIO ONTHYECKYIO MPO3PaYHOCTh B BHANMOM oOiacTH
criextpa (80-85%) [2].

IIpoBoarMOCTh U NMPo3pavyHOCTh ZnO MOXKHO MEHATH IyTeM JierupoBaHus [3]. s yBennueHus IpOBOIUMOCTH OOBIYHO
ucnone3ytor Marepuansl III (B, Al, Ga, In) wmu IV (Pb, Sn) rpymmbl nepuomuueckoid Tabmuupl [4]. HamOGomblee
pactpocTpaHeHHe MONTy4HiIo JiernpoBanue ZnO aTIOMHHUEM WM raumeM [5] B Hacrosmeil paboTe mpuBOAATCS pe3yibTaThl
WCCIIeI0OBAaHMI BIMSHHUS JIETHPOBaHUS Al Ha CTPyKTypHBIE B (POTOIIEKTpHIecKHe cBoicTBa ZnO.

O0pa3ubl 1 MeTOAMKA M3MepeHus. B padoTe MCHoiabp30BATNCH 00pa3ibl TOHKUX TUIeHOK ZnO tommuHoi 70,7 HM U
137,7 HM, JIeTHpOBaHHBIE AJIOMUHHEM, BBHIPAIIEHHBIE 30JIb-Telb MeTomoM Ha moroxkax Si[111]. Tlo yposHio mermpoBaHus
o0pa3sibl ObUIH pa30uThl Ha nBe rpymisl. KoHneHTpamus Al B cTpykTypax HepBoii rpymmnsl coctaBisiia 1 aT. %, B CTPYKTypax
BTOpOI1 rpynmsl 6 at. %.

Jlnst u3ydeHus: CTPYKTYPHBIX CBOMCTB IMOBEPXHOCTH TOHKUX IIEHOK ZnO:Al ncrosip30Baics 3MeKTPOHHbBI MUKPOCKOI
Jeol JSM-IT200. {auusiii Mukpockomn Obut cHaG)eH EDS 1eTeKTOpoM, MO3BOJISIONIMM KOHTPOJIMPOBATH 3JIEMEHTHBIA COCTaB
N3y4aeMbIX 00pas3IioB.
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Jlnst m3ydenust poTonpoBoANMOCTH 00pa3el MOMENIANcs B 3aKPBITYIO SKPaHHPOBAHHYIO sidelKy. B kauecTBe HCTOUHMKA
W3ITyYeHHs MCIIOJIb30BaJICS Oelblii CBETOANO] CO cneKTpoM m3iydenus ot 420 no 720 HM, ¢ MAKCHMyMaMHi MHTEHCHBHOCTH Ha
450 u 600 M. CBeToBOE M3JTydYCHHE IOJABaJOCh Ha 00Opa3sell uepe3 ONTHYECKYI0 CHCTeMY, COCTOSINYI0 K3 (OKYCHPYOLIeH
JIMH3BI ¥ TIOBOPOTHOTO 3epKana. DTO MO3BOJIMIO BBIHECTU CBETOAMOJ 3a NMPEAEIbl H3MEPUTEIBHON SUEHKM U HCKITIOUUTH HArpeB
obpasua. IIpu 3toMm yepe3 oOpaszen mpomyckancs Tok I = 0,2 MA U U3MepsIOoCh NaJeHNe HANpsHKCHUS Ha HeM. Bce maHHble
CHHUMAJICh B PEKMME PEATLHOTO BPEMEHH, [P TOMOIIM aBTOMaTH3NPOBAaHHON YCTaHOBKH, cojiepikamieii B cBoeM coctaBe ALII,
u nepenasanuck Ha [1K i nanpHeiimeir 00paboTKH.

Tlepen m3mepennem oOpaselr] BBIAEPKUBAICS HECKOJIBKO YacOB B ITOJHOW TEMHOTE B sUeiike, MOCIE Yero Ha HETo
M0/JJaBAJIOCH CBETOBOE M3ITydeHHe. JIUTeNbHOCTh OCBEIIeHHsT 00pasiia BEIOMpanach TaKMM 00pa3oM, 4TOOBI JOOUTHCS BEIXOZA
(doTonpoBoanMOCTH 00pasua Ha HackleHue. Ilocne BbIxona GoTOMPOBOANMOCTH Ha HACHILIEHHE OCBELICHUE OTKIIOYANIOCh U
HPOBOMIOCH M3MEPEHUE Pellakcaluy nporiecca GoTOnpoBoAUMOCTH. BpeMeHa HapacTanus u cnajga dpoTonposoaumoctu (>90%
ot nosHoro 3HaueHus1) coctasuian 300 - 350 ¢ u 600-700 cexyHA COOTBETCTBEHHO.

Pe3yabTaTthl u 0o0cyxaeHue. [IpoBeneHHbIe IPH MOMOIIM CKAHUPYIOLIEH 3JEKTPOHHOH MHKPOCKOIHMH HCCIICAOBAHUS
HOKa3aJlk, YTO MUKPOCTPYKTYpa MOBEPXHOCTH IUICHKH ZnO:Al MpakTHYECKH HE 3aBHUCUT OT KOHLEHTpAUUH aitoMuHus. OnHaKO
yBEJIMUYCHHE TOJIIUHBI IIeHKU ¢ 70,7 HM g0 137,7 HM npuBoIUIIa K 3HAUUTEIbHOMY U3MEHEHHIO CTPYKTYPBI [IOBEPXHOCTH.

Ha Puc.1 npuBeneHo n3o0paskeHre MOBEPXHOCTH 00pasla ¢ ToimuHOI mienkd 70,7 HM U KoHIeHTpanuer 1% at. Al
Kak BumHO n3 pucyHKa, pesbed) MUKPOCTPYKTYpHI HOBepXHOCTH ZnO IpeAcTaBisieT co00if MUKpooOpa3oBaHus B BUJIE TOUEK, C
JIHaMeTpOM Iopsiika 1 MKM.

Puc. 1 - M300paxkeHne 351eKTPOHHON MIUKPOCKOIIMY MOBEpXHOCTHU IuteHKH ZnO:Al Tommunoii 70,7 HM 1 KoHueHTpanuer 1% at.
Al

Ha Puc.2 nmpuseneHo m3o0pakeHHE cpe3a HcclenyeMoro obpasia. M3 pucyHKa BHIHO, YTO TOKPBITHE MOBEPXHOCTH
MHKPOCTPYKTYPHEIMH OOpa30BaHUSIMH HEPaBHOMEPHOE, HMEIOTCS YYacTKH, Ha KOTOPBIX CTpykTypa ZnO IOJHOCTBIO
OTCYTCTBYIOT, @ BEICOTa MUKPOCTPYKTYPHBIX 00pa3zoBaHuii Bapeupyercs ot 0.2 Mkm 110 0.5 MKM.

————— |

Puc. 2 - M3o0paskeHne 31eKTPOHHON MUKpOCKOTHH cpe3a rieHkH ZnO:Al tommunoit 70,7 HM 1 koHIeHTpanueit 1% at. Al

IInenxn ZnO:Al Tommunoit 70.7 HM, copepxamue 6% at. Al IMenu aHATOTHIHYIO CTPYKTYPY ITOBEPXHOCTH.

Ha Puc. 3 npuBeneHo n3obpaxkenue obpasia, coaepxaero 6% ar. Al, TommuHoN ieHKH 137HM HMEIOT HUTEBUIHYIO
CTpyKTYpy. HUTH MMEIOT AJMHY HOpsiaka pasMepoB o0pasia, W JJIMHA 3HAYMTENBHO MPEBOCXOAUT MX Juamerp. IIpu stom
TIOBEPXHOCTH 00pa3ia paBHOMEPHO MOKPHITa TAKUMU HUTAMH. TakuM 00pa3oM yBeIndeHHe TOMIHUHBI IteHkn ZnO: Al mpuBouT
K CYLIIECTBEHHOH MOIU(UKaNY MUKpopebeda MOBEpXHOCTH.

Puc. 3 - M3o0pakeHne 31eKTPOHHOH MUKPOCKOTIHHU MTOBEpXHOCTH TuIeHKH ZnO:Al Tommunoit 70,7 HM 1 KoHIeHTpanuei 1% at.
Al

Ha Puc 4 npuBeneHs! pe3yinbTaTsl u3MepeHus GporonposoauMocty mieHok ZnO:Al coxepkamux 1% ar. Al. OcBeruenue
obpasia HaurHANOCh B MOMeHT BpeMenH t1 = 100 cex. B MmomenT Bpemenu t2 = 400 cex ocBelieHne oOpasia NpeKpaniaioch u
HA4YMHAJIOCh U3MEPEHUE PEelaKCalluy nporiecca (HOTONPOBOAUMOCTH.
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Puc. 4 — 3aBucumoctu doromposogumocTy miaeHok ZnO:Al ¢ konneHTparueit 1% art. Al pa3Hoit TONIIMHBI, H3MEPEHHBIE IPU
300K

OTMeTuM, 9TO BpeMEeHHas 3aBUCHMOCTB (DOTONPOBOIMMOCTH MMeEeT Kitaccudeckuit urst mieHkn ZnO Bun. Hecmotps Ha
TO, YTO NIMpHHA 3anperieHHoH 30861 ZnO (3.36 3B) [4] Goblie sHEpriy BUAMMOTO CBETOBOTO M3nydeHus (< 3.26 3B), B Mukpo-
CTPYKTYpHUPOBaHHBIX IUIeHKaX ZnO (GOTOMPOBOAUMOCTh HAOMIOAACTCA Ja)Ke NMPH OCBELICHUH OENBIM CBETOM. DTO CBS3aHHO C
TeM, 4TO y MOJOOHBIX 00pa310B UMEETCS XBOCT IUNIOTHOCTH COCTOSIHHUM, HIKE Kpast 30HbI IPOBOAUMOCTH [6, 7].

Ipu 3TOM yIBOCHHE TONIIMHBI IUICHKH NPUBOJHUT K JBYKPATHOMY YBEJIMYEHHIO OTHOCHTEIBHOH (OTONPOBOAMMOCTH
obpasmna. Takoe yBenuueHne (HOTONPOBOAUMOCTH CBSI3aHO C YMEHBIIEHHEM BKJIaga PEKOMOMHAI[MOHHBIX TPOIIECCOB Ha
MOBEPXHOCTH U Ha rpanuiie paszaena ZnO — Si.

TloBbIIeHNe KOHIIEHTPAIMN ATIOMUHHESA ¢ 1 10 6 TIPOIIEHTOB NPHUBOMIO K HOJHOMY OTCYTCTBHIO ()OTOIPOBOIUMOCTH Y
00pa3noB Mpu 0OJYYECHUH WX BUIUMBIM CBeTOM. Ha Hamn B3rsa oTcyrcTBHE d3ddekTa GOTOMpOBOIUMOCTH B 00pasnax ¢ 6onee
BBICOKMM YPOBHEM JIETHPOBAHMS MOXKET OBITH OOBSICHEHO ciienylomuM obpasom. JlerupoBanne ZnO amOMHHHEM NPUBOIMT K
3HAQUUTENFHOMY POCTY KOHIEHTPAllMM CBOOOIHBIX HOCHTENEeH 3apsga W YBEIHYCHHIO LIMPUHBI 3allpelleHHOil 30HbL B
pe3yabTaTe MPOMCXOTHUT 3alOIHEHHE CBOOOAHBIX COCTOSHHN B 30HE NPOBOAMMOCTH IEKTPOHAMH JOHOPHOH MpHMecH. DTO
MPUBOJIUT K KOPOTKOBOJHOBOMY CIOBHTY Kpasi CIICKTpa MOTJIOLICHUs, BeaencTeue s¢dexra bypmreiina-Mocca[l]. B crencteun
TaKOTO CABUTA CHEKTP BO30YKIAIOIIETO0 M3ITydEeHHUs yXKe He 3aXBaTblBaeT XBOCT IIOTHOCTU COCTOSHHH pa3pelIeHHOH 30HBI
ZnOJ8].

3akmaiouenue. B HacTosIel paboTe MPUBOAATCS PE3yNIbTaThl HCCIESIOBAHII MUKPOCTPYKTYPHBIX U (POTOIIEKTPHIECKIX
cBOIcTB IuIeHOK ZnO JIerMpOBaHHBIX aMOMUHHMEM. [0Ka3aHO, 4TO MHUKPOCTPYKTypa MOBEPXHOCTH IUICHOK OINPEAENsIeTCs] He
COZEpXKAaHHEM JICTUPYIOIIEH TpUMecH aIIOMHHUS, a TOJINMHOW HCCISIYeMBIX IUICHOK. YCTAaHOBJICHO HaJM4He
(hOTONPOBOMMOCTH, YCTAaHOBJIEHO YTO YBEIMYCHHE KOHIEHTPAIMU alioMHHUS ¢ 1 g0 6 ar. % BegeT K HCYE3HOBEHHIO
(hoTOmpPOBOAMMOCTH B HCCIEAYyEMBIX OOpa3max mpu BHAMMOM cBeTe. Ha Ham B3rmsim 3ToT ekt cBs3aH ¢ 3ppexTom
Bypmireitna-Mocca, KOTOpHIH MPHBOAUT K CABHTY Kpas OOJAacTH TOTJIOMIEHHS B KOPOTKOBOJHOBYIO YacTh CIEKTpa C
YBEIMYEHHEM CTETICHH JISTUPOBAHHUS aTIOMHHUEM.
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ANISOTROPY OF MAGNETORESISTANCE IN GaMnAs AND GaMnAs: Be EPITAXIAL LAYERS
Abstract

Effect of codoping GaMnAs with a Be impurity on the anisotropy of the magnetoresistance measured at different orientations of
the magnetic field is investigated. It is shown that codoping with Be leads to a modification of the anisotropy of the
magnetoresistance in the range of fields up to 3000 Oe. The observed effect can be associated with a reorientation of the easy
axis from the in-plane direction to the out-of-plane direction. The reorientation of the easy magnetization axis can be caused by a
decrease of strain stresses in the bulk of the epitaxial layer with introduction of Be into the GaMnAs semiconducting matrix.

Key words: magnetic anisotropy, magnetoresistance, molecular beam epitaxy, easy axice, GaMaAs, GaMnAs:Be.

GaMnAs DF GaMnAs: Be JIINTAKCHAJI KATJIAMJIAPUIA MATHUT-KAPIIUJINK AHU3OTPOIIUSICUHUHT
TABCHUPHU
AnHOTaLUA
VYmby mMakoiga MarHUT MalJIOHHHHT TYpIIM HyHaIUIUIApHa YIT9aHTaH MarHUT-KapIIWIMK aHu3oTponmsicura GaMnAs Hu Be
OWJIaH JETHPIAIIHUHT TabCHUPUHH ypraHu® umkau. Be Omman nmermpnam 3000 O ra kagap OynraH MaiioHIapmard MarHuT-
KapIIWINK aHU30TPONIACHHUHT XapaKTepHJark y3rapuira oiand Kelamud KypcaTwigd. AHHUKIAHTaH 3Q@deKxT snmraxcuan
KaTjaaM TeKUCIUIruaa €raaurad WYHaIMIIAAH OJaT/a SMUTAKCHaJl KaTjiaM TEKUCIMTUIa TYFpU KeNlaauraH HYHaaulIgaH eHTUI
MarHUTIaHUII YKAHWHT HYHAIWIONHA Y3rapTupuin OwraH OOFMMK OYnmuImM MyMKWH. EHTUI MarHWUTIaHWII YKAHHHT
HyHanmumuHKn y3rapumu, GaMnAs HUHT SpUMYTKasTMWwId MaTpuuacura Be KupuTHIraHna, SMUTAKCHsUT KaTjlaM XaKMHJA
MEXaHHK Ky4IaHUIUIAPHUHT KaMaluIIy OnunaH OOFINK OY NI MyMKHH.
Kanut cy3nap: MarHuT aHU30TPONHUS, MAaTHUT KAapILIMINK, MOJIEKYJIAP HYp SIMUTAKCUACH, €HI'MI MarHuTiaaHuil Yku, GaMnAs,
GaMnAs: Be.

IOPEKTbI AHU30TPOIINU MATHUTOCOINIPOTUBJIEHHUSA B SIINTAKCHAJBHBIX CJIOAX GaMnAs U
GaMnAs:Be
AHHOTALUSA
B HacTosmeit craThe HcCnenoBaHO BIUSHAE COIETHPOBaHMs MpuMechio Be GaMnAs Ha aHU30TPOIHIO MAarHETOCOIPOTHBIICHHS,
W3MEPEHHOT0 MPH Pa3UYHbIX OPHEHTAlMsX MarHutHoro mois. [lokaszaHo, 4To cojerupoBaHue Be Bener kK HM3MEHEHHUIO
XapakTepa aHU30TPOIMH MarHEeTOCONPOTHBIICHNs B oOnacty noseit 1o 3000 3. OOHapyeHHbIH 3 GEKT MOXKET OBITh CBSI3aH C
WU3MEHEHHEM OPHEHTALMH OCH JIETKOTO HaMarHWYMBaHMs OT HAIPABJICHUS, JISKAIIETO B INIOCKOCTH DITUTAKCHAIBHOTO CIIOSI, K
HAINPaBJICHUIO JIeKallleMy HOPMaJbHO K IUIOCKOCTH OIUTAKCHAIBHOTO CJosi. VI3MEeHeHWe HampaBieHHS OCH JIETKOro
HaMarHWYMBaHUS MOXKET OBITH CBSI3aHO C YMEHBIIEHHEM MEXaHHUYECKHX HaNpsKEHHH B 00BeMe SMUTAKCHAIBHOTO CIIOS IpU
BBeJICHNH IprMecH Be B momynpoBogHuKoByto Matpuiy GaMnAs.
KnioueBble ci10Ba: MarHHTHas aHU30TPONHS, MAarHETOCONPOTUBIICHHE, MOJEKYIISIPHO-TydeBas SHHTAKCHS, OCh JIETKOTO
HamarauuuBanus, GaMaAs, GaMnAs:Be.

BBenenue. Ha ceronusmHuii 1eHb pa30aBieHHblE MarHUTHbBIE MOJYNPOBOAHMKM Ha OCHOBe coequHeHui A3BS
paccMaTpuBalOTCS B KauecTBe 0a30BBIX MaTEpHAJIOB CHMHTPOHMKU — OOJACTH MOJyIPOBOJHUKOBON 3JIEKTPOHUKH, B KOTOPOH
LIEHTPAIFHOE MECTO 3aHMMAEeT UCIIOJIb30BaHKUE CIIMHOBOI CTENeHN CBOOObI B TBEPAOTENBHBIX cuctemMax [1-3]. DddekTrBHOCTH
BHEJIPCHUSI HJIEMEHTOB CIIUHTPOHUKH B ITOJYIPOBOJHUKOBYIO HAaHOAJIEKTPOHUKY 3aBHCHT KaK OT BO3MOXKHOCTH 3((PEKTHBHOTO
KOHTPOJIS ¥ yIPABIICHUSI CIIMHOBOHN OpHEHTAaIMe HOCUTeNel 3aps/ia B 3THX AJIEMEHTaX, TaK ¥ OT BO3MOXKHOCTH MX HHTETPALIUH C
TPaANIMOHHBIMY, HEMAarHUTHBIMH, 3JEMEHTaMH HAHOYJIEKTPOHHBIX CTPYKTYp. Bo3MoKHOCTH co3maHMsI IPHOOPOB U CTPYKTYP
MOTYTIPOBOHUKOBOH CIHMHTPOHHUKU TPeOyeT CO3JaHUs MaTepHaliOB, COUCTAIONINX B ceOe MOIyNpPOBOAHUKOBEIE U MAarHUTHBIE
cBoiictBa. Hanbomnee moiHO OTBEHalOT 3TUM TPeOOBaHMSAM TBEpAbIe PACTBOPHI MarHUTHOM mpuMecd Mn B GaAs. B TBepapix
pacTBopax TaKOro THIA COCTOsSHHE (HEepPPOMArHUTHOTO yHOpsaoueHHe (HOPMHUPYETCsl MPU B3aMMOJCHCTBUM JIOKATH30BaHHBIX
MarHUTHBIX MOMEHTOB HOHOB Mn C /IeNOKaJM30BaHHBIMU CIIMHAMH HOcHUTelsel 3apsana (apipok). [Ipu sTom atomel Mn, 3aHuMas
nos3unmu B moapeuierke Ga, siBisitoTcs dddexTuBHbIMU akuentopamu. TakuM oOpasom nerupoBanue GaAs mpumecbio Mn
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MO3BOJISIET TOJYYUTh OJHOBPEMEHHO JIOKAJIM30BAHHBIE CIIMHBI B y3JaX pEIIETKH, TaK M MEJHaTOphl (eppOMAarHUTHOTO
B3aHMOJICHCTBHS B pa3pelIeHHbIX YHEPTeTHYECKUX 30HAX.

HeobxomuMo OTMETUTH, YTO KOHIEHTpals Mn, nocTaTouHas IJIsl CO3JaHUS (PEpPOMArHUTHOTO YNOPSIOYEHHS B
GaMnAs MoxeT OBITH TMONydYeHa TONBKO TPHU TIOMOLIM TEPMOAWHAMHYECKH-HEPABHOBECHBIX METOAOB, TaKHX Kak
HU3KOTEMIIEpaTypHasi MOJEKYIspHO-TydeBass smnutakcus [4, 5]. Ilpum sTom, aTOMHBIA pamumyc HOHOB Mn CyIIeCTBEHHO
IpEBHINIACT PagWyC 3aMemaeMblx HOHOB (Ga B pacTylleM OSIUTAaKCHAIBHOM CIIO€, YTO MPHBOAUT K BO3HHUKHOBEHHIO
MEXaHMYECKUX HAIpPsDKCHUH CKaThs B ero o0beMe. PocTy Takux HampspkeHHWH CIIOCOOCTBYET Tak K€ M BBICOKAs Ae(EKTHOCTh
SIHUTAKCHATBHBIX CJIOEB, MONYYSHHBIX METOJOM HHM3KOTEMIIepaTypHOH MOJEKyIIpHO-TydeBoil osmurakcuu. Hammaue
MEXaHMYECKUX HANpsDKCHUI NPHBOIUT K MOHIDKEHWIO Hopsaka cuMmMmeTpun GaMnAs W BO3HHKHOBEHHIO aHM30TPOIHH €ro
MAarHUTHBIX CBOICTB. AHU30TPOITHS MarHUTHBIX CBOIfcTB GaMnAs sIBIsI€TCS OJHUM U3 KPUTHUECKUX (PaKTOPOB, OMPEAESIISIONINX
cBoifcTBa MPHOOPOB U CTPYKTYP HA €r0 OCHOBE.

Ha cerommsimHuil meHbp yCTAaHOBIEHO, uTO mpupoAa 3(G¢eKToB, NPUBOAAIIUNX K BO3HHKHOBEHHIO MAarHUTHOU
aHn3otponu GaMnAs 3aBHCHT OT BEMMYMHBI M 3HaKa MEXaHWYECKUX HANPSDKCHHH B SMUTAKCHAIBHOM CJIOE, a TaKkKe
KOHLIEHTpalMUK HOocHuTened 3apsima [6-9]. UsBectHo, uto conerupoBanue GaMnAs mpumecsio Be mosBomser 3¢ ¢eKTHBHO
YIIPaBISITh KOHIEHTpanued Hocutenel 3apsaa B ero oobeme [10]. Kpome Toro, neruposanne GepriuiieM BeeT K yMCHBIICHAIO
MIOCTOSIHHOM peIIeTKH apCceHHJa Tajulis, 4YTO II03BOJISIET KOMIIEHCHPOBATh MEXaHWYECKHWE HaNpsDKEHHs, BO3HUKAIOIINE B
SnHTaKcHaTbHOM ciioe GaMnAs, B CIEICTBHM pPa3HUIBl HOHHBIX paamycoB Ga u Mn. IlosToMy MOXHO OXHZAATh, YTO
nerupoBaHue Be MokeT Oka3bIBaTh CYIIECTBEHHOE BIMSHHE Ha apaMeTphl aHU30TPOITNH ITUTaKCHAIBHOTO c10st GaMnAs.

OO6pa3upl 1 MeToAuKa dSKcnepuMenTa. Mcenenyemple oOpasnsl GaMnAs coiernpoBaHHbBE OepuiutieM (B AalbHEHIIEM
GaMnAs:Be) Obutn mONydYeHBI METOAOM HHU3KOTEMIEPATYpHOH MOJEKYISIPHO-TYYE€BOH SMUTAKCHU Ha IOTYHU30JUPYIOUIYIO
noutoxkky GaAs ¢ kpuctamutorpapudeckoit opuentanuei (001). TemmepaTypa MOIIOKKH B MPOIECCE SMUTAKCHU COCTABIISLIIA
275 0C. Konumentpaums mpuMecn Mn u Be B BbeIpammBaeMbIx 0Opasiax 3afaBanach TeMIlepaTypoil 3()(y3HOHHBIX sSUeeK,
kotopsie coctaBisuit 860 0C m 1100 0C coorBercTBeHHO. J[aHHBIE PEXMMBI SIMHMTAKCHH MO3BOJLSUIM BBIPACTUTH 00pasubl C
koHueHTpanueir Mn 0,78 ar.% u Be — 0,1 at.%. Tonmmua uccnenyeMsix o6pasnoB cocrapimsuia 250-300 uM. Temmepatypa
Kropu nccnenyempix o6pa3noB Obula onpeeneHa H3 H3MEpPEeHHH TeMIepaTypHOi 3aBUCHMOCTH aHOMAJIBHOTO d(dekTa Xoiia n
cocraBuia 50—55 K [11].

Msmepenns marHerocompotuBieHus (MC) mccieIoBaHHBIX B HAcTOSIIEH paboTe 0OpaslioB MPOBOIMINCH YETBIPEX
30HI0BBIM MeTOJOM B reomeTpuu Ban-Jlep-Ilay. B mpouecce namepennii MarHuTHOE moje OBLIO OPHEHTHPOBAHO HOPMAIEHO
OTHOCHTEIBHO HCCIEyeMOH OCH, KaK B INIOCKOCTH 00pa3iia, TaK M B HAIIPaBJICHUH MEPIEHIUKYJIIPHOM TOBEPXHOCTH 00pasIa.

Jnst yno6ceTBa npezcTaBiaeHus pe3ynbTatoB 3aBucumoctd MC ot H npencraBisiiics B HOPMHPOBAHHOM BHIE

R(H) — R(0)
h — R(O) ’

rae R(H) — conpoTusnenune, n3mepeHHoe NpH 3aJaHHOM 3HAUCHUH MarHuTHoro noJis, R(0) — conpoTuBnenne odpasia B
OTCYTCTBHH MarHUTHOTO ITOJISL.

s onpexeneHus BIMSHUS NpuMecd Be Ha aHM30Tpomuio MarHeTocompoTuBieHHs GaMnAs TONydeHHbIE B JTAaHHOM
paboTe pe3ybpTaThl COMOCTABIBLINCE pe3yiabTaTamMu m3MepeHnii MC HeconernpoBaHHBIX Be smurakcuansHbIX crnoeB GaMnAs,
BBIPAIIECHHBIX TP aHAJIOTHYHBIX PEKIMaX SIMHUTAKCHH.

PesyabTatel M ob0cy:kaennme. Ha puc. 1, 2 mpuBeneHB! 3aBHCHMOCTH BEIMYHHBI CONPOTHBICHHS HCCIETYEMBIX
SIHUTAKCHAJBHBIX CJIOEB OT HAIPSDKEHHOCTH BHEIIHEro MarHWTHOTO I0Jis, M3MepeHHble npu Temmneparype 20 K Bhoms
KpucTaorpadguyeckoro HampasieHus <110>. 3 npencraBieHHBIX 3aBUCHMOCTEH BHIHO, YTO IPH PA3IUYHON OpHUEHTALMH
MarHUTHOTO IOJIsI OTHOCUTENIBHO MOBEPXHOCTH 00paslia XapakTep MarHeTOCONPOTHUBICHHS CYIECTBEHHO paziandeH. OcoOeHHO
XOPOIIO Pa3IM4usl 3aMETHBI B 00J1aCTH CI1a0bIX MarHUTHBIX noseit 1o 3000 3.

Tak gms GaMnAs mpu HOpMandbHON OPHEHTAlMM MarHUTHOTO IIOJSI OTHOCHTENBHO ITOBEPXHOCTH oOpasia BONb
KPHCTAJUIMIECKOH OCH [110] naGmomaercs mnonoxurensHoe MC. BeluudHA [ONOXKHTEIBHOIO MarHeTOCONPOTHBICHHS
JIOCTUraeT MakCUMyMa IIpU 3HA4YEeHUSX HalpsDKEHHOCTH MarHutHoro moist H = 2500 O, npu npanpHeiiineM yBeqMueHUU
HAaIpsHKEHHOCTH MarHUTHOTO TIOJISI MarHUTHOTO IOJISI MarHETOCONPOTUBIICHUE MEHSET 3HAaK M CTAHOBUTCS OTPHLATENBHBIM.
Brone kpucrannmueckoit ocu [110] MC siBasiercss OTpHLIATENIbHBIM BO BCEM JIMAINa30HE HANPSKEHUH BHENIHEr0 MarHUTHOTO
nosst. OnHako, B o6actu noneit ot H = 2000 D mo H = -2000 D HabmomaeTcs miaTo, TO €CTh 00JacTh, B KOTOPOH 3HaUCHHE
MarHeTOCONPOTHBIICHNUS IPAKTUYECKH HE 3aBUCHUT OT BEJIMYMHBI BHELITHETO TIOJIS.

r
1000 &

0 s

I"'
0.030 - /g
=1,

R, arb. units

A
/o

OO0 -3000 0 000 0N

H. Oe
Puc. 1. MarseroconpoTHBIeHHE SNUTAaKCHAIbHBIX c10eB GaMnAs u GaMnAs:Be npu HopmanbHo# opuenTanun H
OTHOCHTEIIBHO MOBEpXHOCTH 06pasua: 1 — GaMnAs:Be [110], 2 — GaMnAs:Be [110], 3 — GaMnAs [110], 4 — GaMnAs [110].

Ha 3aBucumoctsix Rh(H), nomygennsix nims GaMnAs:Be ygactkn nonoxutensHoro MC oTcyTeTBYIOT i1t 00enx oceld, a
HaOmonaercss ynump miaaro MC mpu HampspkeHHOcTH MarHuTHoro moist H mo 1500-2000 D. Pasnmume B Xapakrepe
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MarHeTOCOIPOTUBIICHUS, H3MEPEHHOrO I KpucTaummueckux oced [110] u [110] NPOSIBISIETCA JIMIIb B HEKOTOPOM
YMEHbIIEHUH IWUpUHbI m1ato 11 ocu [110]. Takum oGpazom, Ipy OpUEHTAIIMH MAarHUTHOTO IOJISI HOPMAJIBbHO K MOBEPXHOCTH
oOpasua, B obmaacti MarHUTHBIX mosieit 1o 3000 O anmzorpommsa MC mna obpasuna GaMnAs:Be BelpakeHa ciabee, 4eM [is
o0pasiia HecolleTHpoBaHHOTO Be.

PaccmoTpuM Teneps MarHETOCONIPOTHBIICHNE AUTAKCHAIBHBIX CJIOEB IPH MapajuleIbHOW OPUEHTAIMH MarHUTHOTO OIS
OTHOCHTEJIFHO MOBEPXHOCTH o0Opasia. B sTom cirydae monokuTeabHOe MarHeTOCONpPOTHBIIEHHE Ha0IroqaeTcs Kak B oOpasmax
GaMnAs, Tak u B o6pasnax GaMnAs:Be.

HauGonpmass BennumHA IOJOKUTENBFHOTO MAarHETOCONPOTHBIEHWs HaOmomaercss Bmoiab ocu [110] mis oOpasma
coneruposanHoro Be. Kpome Toro, BennunHa moaoXKUTENbHOTO MarHETOCOIIPOTUBIIEHHUS OCTAETCS TOJIOKUTENBHOH BILUIOTH 10
3HaueHni 3500 3. JI711 KpUCTAITHYECKOH OCH [110] Takke HaGIOIAOTCS YYaCTKH IMOJIOKUTEIFHOIO MarHeTOCONPOTHBIICHUS B
o0acTu HampspKeHHOCTH MarHuTHoro nosst ot H=1000 3 mo H =-1000 3.
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Puc. 2. MarseroconpoTuBieHue auTakcuaibHbIX ciioeB GaMnAs u GaMnAs:Be npu napamnensHoit opuenTanun H
OTHOCHTEJIBHO MOBEpPXHOCTH 00pasia: 1 — GaMnAs:Be [110], 2 — GaMnAs:Be [110], 3 — GaMnAs [110], 4 — GaMnAs [110].

B o6pasmax GaMnAs 3 QeKT MON0KUTETHHOTO MarHETOCONIPOTUBICHHS BeIpaxeH ciaabee. Ha 3aBucumoctsax Rh(H),
M3MepeHHBIX Jasi obpasna GaMnAs, B obnactu moneid ot H = 500 3 ngo H = -500 D Tarxke HaOMIOMAOTCSA y4YacTKH
MOJIOKUTEIBHOIO MATHETOCONPOTHBIIEHHS, OJTHAKO BeJudyrHa ero He npessimaet 0,1% mist ocu [110] u 0,02% st ocu [110].

Takum 00pa3oM NpoBeIeHHbIE M3MEPEHHs] MarHEeTOCONPOTHBICHHS SNUTAaKCHAIBHBIX cioeB GaMnAs u GaMnAs:Be
MOKa3aJM, YTO COJITUpOBaHWE Be BeneT K HM3MEHEHHIO XapakTepa MarHUTHOW aHU3O0TPONHH NPH Pa3IHYHON OpHEHTaluU
MarHUTHOTO TIOJII OTHOCHTENIFHO HccienyeMoi ocu. Takoe M3MeHeHHe, Ha Halll B3I, MOXKET OBITh CBS3aHO C YMEHBIICHUEM
MEXaHWYECKAX HANpsDKEHUH B 00BEMeE SIHUTAKCHAIBHOTO CIIOS. YMEHBIICHHE MEXaHMUECKHX HAaIpsHKCHUH, B CBOIO OYepenb
BelIeT K M3MEHEHUIO OPUEHTAIMM OCH JIETKOTO HAMATHWYHMBAHHS OT HANpPAaBICHUS, JIEKAIIETO B IUIOCKOCTH SMUTAKCHAIBHOTO
CJ1051, K HAaIIPABJICHUIO MEPICHIUKYIAPHOMY IJIOCKOCTH SIUTaKCHAIbHOTO ciost [12].

3akaouenne. [IpoBeneHbl HM3MEpPEHHS MAarHETOCONPOTHUBIICHUS AMHUTaKCHANbHBIX cinoeB GaMnAs u GaMnAs:Be.
Iloxazano, uro xapaxrep aHu3oTponud MC 3aBUCUT OT OPHEHTALUUM MAarHUTHOTO MOJsI OTHOCHUTENIBHO IOBEPXHOCTH
SIHTAKCHAJIBHOTO CJIOS. YCTaHOBJIEHO, YTO H3MEHEHHE XapakTepa aHM30TPOIMM MOXKET OBITh CBS3aHO C MEXaHHYECKUX
HanpspKeHUH B 00beMe 3MMUTaKCHATBHOTO ¢JI0s1, Ipu coslerupoBanny GaMnAs npumeckio Be.
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HIGH ENERGY PARTICLE FROM ASTROPHYSICAL COMPACT OBJECTS
Abstract

In this work, dfirst, we have reviewed acceleration mechanisms of particles around astrophysical compact objects such as black
holes and neutron stars. It is important and actual issue in relativistic astrophysics to study energy extraction processes from
compact gravitating objects and acceleration of particles up to (ultra) high energies by such objects. We have studied electric
Penrose process with the black hole charge, Q<M have also been studied and shown that... . Moreover, we have studied
acceleration of charged particles on polar cap region of slowly rotating magnetized neutron stars in different regimes by Inverse
Compton scattering and curvature radiation processes.

Key words: high energy particle, black holes, neutron stars, cosmic rays, acceleration mechanisms

YACTHIIA BBICOKUX SHEPTHIT OT ACTPO®U3INYECKHUX KOMIIAKTHBIX OB BEKTOB
AnHOTaLUA

B 371011 paboTe, Bo-EepBbIX, MBI PACCMOTPENIN MEXaHU3MBI YCKOPEHHUS YaCTHIl BOKPYT acTPOPH3MYECKIX KOMIIAKTHBIX 00BEKTOB,
TaKUX Kak YEepHbBIC IBIPHl U HEWTPOHHBIE 3BE3[bl. BakHOW M aKTyalbHOW 3ajadeidl PeSITUBUCTCKOW acTpO(U3UKH SBISETCS
U3ydeHHe TPOIECCOB M3BICUEHHS YHEPIHH M3 KOMITAKTHBIX TPABUTUPYIOMNX OOBEKTOB M YCKOPEHHS MMM YacTHUIl 70 (CBEpX)
BBICOKHX 3HEepruil. MBI U3y4min sieKkTpudeckuil nmpomecc [leHpoysa ¢ 3apsgom depHO# Ieipbl, Q<M Tarke OBUTH M3YyYeHBI U
nmokasand, 4ro Kpome Toro, Mel HCClIemoBann yCKOPEHHE 3apsHKEHHBIX YacTHI[ B OONACTH TIOJIIPHOHM IIANKH MEAJICHHO
BPAIAIONINXCSl 3aMarHUUSHHBIX HEHTPOHHBIX 3BE3]] B PA3IMUHBIX PEKHMMAx 3a CUET MPOLECCOB OOPAaTHOIO KOMIITOHOBCKOTO
paccesiHus ¥ KpUBHU3HbI U3Ty4EHHUSL.

KnioueBble cj0Ba: 4acTHLbl BBICOKMX OSHEpPIUi, 4epHbIE IbIpbl, HEUTPOHHBIE 3BE3/bl, KOCMHYECKHE JIy4d, MEXaHU3MbI
YCKOpEHHUS.

ASTROFIZIK KOMPOKT OBYEKTLARDAN YUQORI ENERGIYALI ZARRACHA
Anotatsiya

Ushbu ishda, birinchi navbatda, biz qora tuynuklar va neytron yulduzlari kabi astrofizik ixcham ob'ektlar atrofidagi
zarrachalarning tezlanish mexanizmlarini ko'rib chigdik. Relyativistik astrofizikada ixcham tortishuvchi jismlardan energiya olish
jarayonlarini va bunday ob'ektlar tomonidan zarrachalarning (ultra) yuqgori energiyagacha tezlashishini o'rganish muhim va
dolzarb masaladir. Biz qora tuynuk zaryadi bilan elektr Penrose jarayonini o'rgandik, Q<M ham o'rganildi va ... ekanligini
ko'rsatdi. Bundan tashqari, biz teskari Kompton tarqalishi va egrilik nurlanish jarayonlari orqgali turli rejimlarda sekin
aylanadigan magnitlangan neytron yulduzlarning qutb gopgog'i hududida zaryadlangan zarrachalarning tezlashishini o'rgandik.
Kalit so'zlar: yuqori energiyali zarralar, gora tuynuklar, neytron yulduzlar, kosmik nurlar, tezlanish mexanizmlari.

General relativity and gravitation : 04.40.Dg, 04.40.Nr, 04.50.Kd

Introduction. The recent unprecedented discovery of extragalactic high-energy neutrinos has enabled pinpointing their
source to blazars, which are supermassive black holes at a distance of 1.75 Gpc with relativistic jets directed almost exactly
toward us. It is generally believed that such neutrinos are tracers of ultrahigh-energy cosmic rays (UHECRs) which are the most
energetic among particles detected on Earth, with an energy E>1018 eV that is unreachable by the current most powerful particle
accelerators, such as the Large Hadron Collider, with a maximum energy <1013 eV per beam. Constituents of UHECRs were
thought to be dominated by protons, as indicated by cosmic-ray fluorescence measurements, although recent observations are
suggesting heavier constituents. For Galactic cosmic rays, one should observe anisotropy in the arrival direction dominantly on
the Galactic plane. As observed by both the Pierre Auger Observatory in the Southern Hemisphere in the Telescope Array in the
North- ern Hemisphere, UHECRs with energy >1018 eV are extragalactic with very high confidence level. The spectrum of
cosmic rays exhibits the presence of the so-called knee and ankle. Cosmic rays with energy up to 1015.5 eV are generally
believed to be produced in Galactic supernova explosions, while the significant lowering of flux between the knee and 1018.5 eV
suggests a change in the source of such particles.[1]
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Figure 1: Cosmic-ray spectrum (energy flux multiplied by E2 versus energy of particles)
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The flux of cosmic rays with energies over than 1019 eV is extremely low, which causes the main difficulty in unveiling
their source and physics. In order to explain the highest energy cosmic rays, several exotic scenarios have been proposed,
including extra dimensions, violation of Lorentz invariance, and the existence of new, exotic particles. By analysing the radio
images of the blazar jets, Britten et al. Suggested that high- energy neutrino can possibly be explained by the collision of two jets.
Among the astrophysical acceleration mechanisms for UHECRS, relativistic shocks in a plasma of relativistic jets have been
previously considered among the most plausible. However, the recent results and estimates may indicate that shock acceleration
is not able to account for UHECR energies above 1020 eV. Therefore, the production and acceleration mechanisms of UHECRs
remain unclear. Cosmic rays consist of high energetic (charged and uncharged) particles, atomic nuclei and electromagnetic wave
(y-rays), that constantly come from the Sun, galactic and extragalactic sources.[2] The cosmic-ray spectrum measured on Earth
(Fig.2) traces a surprisingly regular declining power law over more than 10 orders of magnitude in energy ~101° + 1021 eV
(ultra-high energy protons). Many interests on the particles with the energy range originated outside our solar system. In fact, the
presence of breaks in the power law in the cosmic ray spectrum (so-called the knee at 1015 eV and the ankle at 1018 eV) implies
the changing of energy regimes and sources of the particles.[12]

Note that in Fig.2 observational data from Agricultural Technology Informa- tion Centre (ATIC) [3], PROTON [4],
RUNJOB [5], Tibet AS-y [6], KArlsruhe Shower Core and Array DEtector (KASCADE) [7], KArlsruhe Shower Core and Array
DEtector — Grande (KASCADE-Grande) [8], High Resolution Fly’s Eye-1 (HiRes-1) [9], High-Resolution Fly’s Eye-2 (HiRes-11)
[10], and Auger [11] are used. LHC energy reach of p p collisions (in the frame of a proton) is indicated for com- parison. Data
collected by R. Engel. Adapted from Kotera & Olinto (2011).

The measurement of a flux suppression at the highest energies [12], reminiscent of the “GZK cut-off” [13] produced by
the 25 interaction of particles with the cosmic mi- crowave background photons for propagations over intergalactic scales, has
appeased the debate concerning the extragalactic provenance of ultra-high energy cosmic rays. But the exact source is still to be
found, and how these particles can be accelerated to such energies is another enigma. Most of these particles are charged, and
thus deflected by cosmic magnetic fields at all scales, mainly Galactic and extragalactic fields depending on their energies.
Tracing back their trajectories to their sources is a challenge, given our poor knowledge of these magnetic fields. Above 1015
eV, particles cannot be detected directly. Because when the atmosphere acts like a calorimeter: the primary cosmic rays interact
with the air molecules and cause the secondary particles to rain. To reconstruct the characteristics of the primary parti- cles by
measuring these air-showers, one has to rely on hadronic interaction models, extrapolated at energies too high to be tested
experimentally. Some particles are in- deed detected with energies 40 million times larger than that reached with the Large
Hadronic Collider. Cosmic rays are also at the origin of most of the high-energy neutrinos and of the non-thermal radiation, in
particular of gamma rays. Hence, one natural strategy is to conduct multi-messengers studies that cross-correlate cosmic- ray,
neutrino, and gamma-ray information, to ultimately understand the mechanisms at play in the most poweétful sources of our
Universe. With the first detection of cosmic neutrinos with the Ice Cube experiment in 2012 and the consequent birth of high-
energy neutrino astronomy, we stand today at the threshold of an exciting multi messenger era.

Throughout this work, we use (-, +, +, +) for the space-time signature and system of units where G=c = 1. Latin
indices run from 1 to, 3 and Greek ones from 0 to 3.

Black holes as a source of high energy particles.

In fact, supermassive black holes are huge energy reservoirs in the universe, with total mass more than tens of millions
Solar mass or 1066 eV. This is a huge amount of energy. However, almost all (more than 90 % of) mass of the black hole
accumulated inside the sphere so-called event horizon where no particle, even light rays can not escape the region. So, in which
mechanism and/or process cause to accelerate particles around black holes. For the first time, R.Penrose has suggested his
mechanism.

According to Penrose process, a particle fall to the region between event and static horizons of the black hole so-called
ergoregion decays by two particles. Assumed that one of the particles falls down to the center of the black hole with negative
energy, and the second one goes out with the energy higher than the initial particle’s energy. However, the efficiency of the
process for extremely rotating Kerr black holes is about 20.7%. Later, N.Dadhich has suggested the Penrose process in the
presence of external magnetic field, so-called Magnetic Penrose process. The idea is that a neutral particle decays by two charged
particles with the same value, but different sign. The energy efficiency increases up to 120 % due to the Lorentz forces by the
external magnetic field. Recently, A.Tursunov and N. Dadhich have shown that three different regimes in the MPP: low,
moderate and ultra. For example, in p— decay and electron- positron pair production, the process carries by low efficiency regime
when escape particle is electron, while for positron escaped cases it carries in ultra regime with 106 %. Another much interesting
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and applicable version of the Penrose process called electric Penrose process also been formulated by Tursunov et al. assuming
the black hole has less electric charge that not enough to effect on the spacetime around the black hole.
Figure 2: Schematic view of classical Penrose process

In this section, we will carry their calculation for the case when the black hole charge is enough to effect on the spacetime
around the black hole. The spacetime around the electrically charged Reissner-Nordstom black hole in spherical coordinates
(xo={t, r, 8, ¢}) describes as follows,

ds = —f(r)dt? + mdr +12[d8? + sin?0d d? @)

with the following gravitational metric function

fe1-24L @
and the four electromagnetic potential around the BH
=2{1,0,0,0} ®3)
where M and Q are total mass and electric charge of the black hole, respectively. Generally the horizon of a black hole in

spacetime can be found in the following standard way g,- = o or g, = 0 and the radius of event horizon for the metric (1) in
the case of electrically charged black hole is

r+—1+\/: 4)

One can easily see from Eq.(4) implies Q < M . Following Arman et al., we will calculate energy of second particle

Q-0
E, = 90_01 (Eo + qoAr) — q24; ®)
2 1

where Q; = % is the angular velocity of the particles, i =0, 1, 2. Now, we consider

that the initial particle’s angular momentum can be found using the same approach as it is in Ref.[2] and decays at near
the horizon of the black hole. We also consider the initial particle is uncharged (q0 = 0, and gl = g2). So, the two particles
accelerates following their Keplerian orbits opposite to each other. Consequently, we have

) , -

Q=2JFOI-f@]  ou=-0,= L8 ®)

Assume that the energy of the initial particle is equal to its rest mass energy, | e., E0 =m0 and g2 = Ze, m0 = Amn where,
mn, e and A are atomic mass, elementary charge and atomic number.

High energy particles from highly magnetized neutron stars

In this section, we present to study high energy particles from highly magnetized neutron stars. Here, we use slow
rotation approximation for the spacetime of rotating neutron stars. As a proof of validity of the approximation, we calculate the
spin parameter as

a_J _ 1 _1

M M2 M® (lms) (14Mo) (10 km) Y

where M, RJ and | are the mass, radii, angular momentum and moment of inertia of the neutron star, respectively, and P
is the period of the star correspondingly, the angular velocity of the star is Q = 2?” . The estimation shows that the value of the

square of dimensionless spin parameter even for millisecond pulsars (with mass 1.4 M©® and radii 10 km) is about 0.0044 (
0.4%), so we can neglect it. This estimation implies that neutron stars best fit to slow rotation approximation.
The spacetime exterior to a slowly rotating magnetized relativistic star in Einstein- aether gravity can be expressed in
spherical coordinates (t, r, 6, ¢) in the following form: [14], [15], [16]
ds? = —N 2dt? + N72dr? + r2(d6? + sin?0[d¢ 2 — 2w*dtde)]
with the lapse function

2M | Cy4—2Cy3M?
N2=1——+%, r=R (8)
r 1-cq32r

where ¢13 and c14 the coupling constants of the aether theory. The frame dragging angular velocity in the spacetime (8)
can be expressed in the following form:

* = 2C13=C1a M ; _2
o' =w(l+ e r ) with w== 9)

where the quantity J] = IQ is the total angular momentum of the relativistic star with moment of inertia | and the angular
velocity Q. In general, the moment of inertia measurements for the neutron stars is one of the most difficult problems in
observational relativistic astrophysics. However, one may assume theoretically that the inertia moment can be expressed as I =
BMR?, where B stands for normalization coefficient reflecting spacetime effects (for uniform sphere in flat spacetime g = 2/
5). There has recently been growing evidence for the existence of neutron stars pos- sessing magnetic fields with strengths that
exceed the quantum critical field strength of 4.4 x 103 G, at which the cyclotron energy equals the electron rest mass. Such
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evidence has been provided by new discoveries of radio pulsars having very high spin-down rates and by observations of bursting
gamma-ray sources termed magnetars.

One of the most mysterious questions of pulsar physics that has no unique answers is the polar cap radiation mechanisms.
One likely scenario was described above: magnetospheric charges are accelerated along open magnetic field lines (which are
concentrated at the poles) and radiate y-rays that subsequently generate the electron- positron pairs in the strong magnetic field.
The primary beam and the pair plasma combined provide the mechanism of the electromagnetic radiation. This motivates the
studies of the equations of motion of relativistic charged particles in the plasma magnetosphere of the slowly rotating magnetized
neutron stars.

Now, in order to see the equation of motion of a charged particle in an electro- magnetic field, we use the following
equation [17]

avk v, v

-t le” v —F“ vy, (10)

where m and e mass and electric charge of the particle, vu = dxp/dt is four-velocity of the particle, I} are Christoffel
symbols for given spacetime metric and 1 is an arbitrary affine parameter. Since open field lines area (the polar cap) is small
(with an angular size of ~59), we can use the small angle (8 « 1) approximation for the polar cap region. Eq.(10) can be
rewritten as [17]

N2(s,c13,614) d d 1+1)

B G Rt

da 1 d

E(N(S, €13,€14)Y) = m%: (12)

here | is the multipole number and the Lorentz factor v is defined as

1
yzv”uﬂzﬁ, (12)

. Hpi
where up is the four-velocity of fiducial observer, V! = Z :“ is the 3-dimensional spatial velocity with the projection

2=,

52 By v

tensor hap gap + uaup, and for convenience we introduced the following normalized variables [17]
j=-EO gy =La(),

QB(s)
N 21N (s)pgj(s) — 2Q0Be
QB(s) ' 5= mc? T

where, B = |[B| = B" + 0(02), @ is the scalar potential of the electromagnetic field and p is the charge density on the
stellar surface. In order to clarify the relationship between j and "j at y = 0, we expand j in power series for small parameter
T - . .
y = —— 1 up to the first order in the following form [17]
_ -1
,— = o[l +y 228 (1 4 20y (13) -

1- C13
wherej=1— —(1 4 :c“
—Ci13

parameter provides addltlonal radial dependence on j In Fig. 3 we have shown dependence of Lorentz y-factor of the
accelerating charged particles on dimensionless height (y = n — 1) for different values of aether parameters c13 and c14, for
both cases j = 0.99j, and j = 1.01j;, Lorentz y-factor increase in the presence of the parameters ¢13 and c14. It is seen from
the figure that the velocity of the charged particle is zero at closer points in the right panel of the figure, in GR case the particles
up to a critical distance radiates electromagnetic radiation due to

J = 0.99j¢,; , the right one for j = 1.01j/,

inverse Compton scattering. In this scenario, the particle accelerates and due to the radiation it loses its Kinetic energy.

) with wp = w(r = R) Itis clear that the presence of non-zero MOG

1097
( i 10" S e = 1
0‘] o o

O —

v < , ¥
S [ !

10'}

— GR — GR

— c=10"2; ¢y =0 — C=10"%; Cy=0

10,000
'.'1" — C-J:'l(]"" Cy3=0 2 C"=$0~‘.:C“=0
L 0.001 PEDIOr.
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Figure 3: Numerical solution of Eq.(11) for the Lorentz factor y of a neutron stars with mass M = 2km, radius R = 10km and
rotation period P = 1ms for | = 2. As initial condition, we useyg = y-g = 1.000001. The left panel corresponds

Then again accelerates by electric field parallel to the magnetic field lines, in turn the accelerated particles radiates again
and again. In the distances over than the critic distance, the curvature radiation dominates. The Lorentz factor reaches up to about
60, it means that (50 < y < 104) the regime corresponds to resonance in Compton scattering in which the scattering cross-
section increases significantly and thus the energy loss of the accelerated charged particle is high. Then the accelerated
electrons/positrons radiate y-rays through inverse Comp- ton scattering with the energy enough to create e+ pairs, i.e. E, =
2m,c?, in turn, the y-rays start pair production y — et + e~ in the magnetic field of tB star. In the presence of aether
parameter, the accelerated electrons from the surface of the star radiate at the distances closer to the surface than in general
relativity and pair production process starts much earlier, because the charged particles are accelerating under two different
forces: those of the accelerating electric field and the gravita- tional field of the central object. Here, we test the effects of the
aether parameter on vy factor for the accelerating charged particle in a typical neutron star’s polar cap region. In j > case (the
bottom panel in figure 3) the value of the Lorentz factor at large distances reaches to more than 106 and the curvature radiation
dominates being a source of ultra-high/high energy y photons.
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Conclusions. The present work, dedicated to acceleration processes around charged black holes with linear electric
charge and rotating highly magnetized neutron stars, to understand the origin of high energetic protons, electrons and y-rays, in
cosmic ray spectrum. Energy release from charged black holes by electric Penrose process have been inves- tigated and shown
that.... Finally, we also have studied energetic processes on the polar cap region of rotating magnetized neutron stars by inverse
Compton scattering and curvature radiation processes. It is obtained that the presence of both aether parameters cause to increase
the y-factor of accelerating charged particles in both inverse Compton scattering and curvature radiation mechanisms. However,
in curva- ture radiation case the value of relativistic factor about ~10%times higher than it is in the case of inverse Compton
scattering. Moreover, when j > j;,the Lorentz factor tells about repeating radiation in the form of pulses continiously at close
distances to the surface of the neutron star. The distance become shorter in the presence of both aether parameters, while the
effect of c,, parameter is stronger than the effect of parameter c;5. In both panels, it is seen that at large distances the Lorentz
factor grows very slowly and reaches its saturation value.

Acknowledgements. This research is supported by Grants No. VA-FA-F-2-008, No. MRB-AN-2019-29 and No. YFA-
Ftech-2018-8 of the Uzbekistan Ministry for Innovational Development.

REFERENCES ~

1. Tursunov A. et al. Supermassive black holes as possible sources of ultrahigh- energy cosmic rays.//The Astrophysical
Journal.-2020. — 895.- 1.- p.14.

2. Blasi P., Epstein R. I, Olinto A. V. Ultra-high-energy cosmic rays from young neutron star winds.// The Astrophysical
Journal.-2000. — 533. -2.

3. Kotera K. Cosmic rays and pulsars: connections from low to ultrahigh e nergies. //Diss. UPMC-Paris 6 Sorbonne
Universités Id: tel-01968764, -2014.

4. AhnH. S. etal. All-Particle Spectrum Measured by ATIC-1. //International Cos- mic Ray Conference.-2008. -2. -p.79.

5. Grigorov N. L. et al.Energy spectrum of primary cosmic rays in the 10 11- 10 15 eV energy range according to the data
of Proton-4 measurements. 12th.//International conference on cosmic rays.-1971. -1. -p.172.

6. Apanasenko A. V. et al. All particle spectrum observed by RUNJOB.//Interna- tional Cosmic Ray Conference.-2001. — 5. -
p.1622.

7. Chen D. The cosmic ray all-particle spectrum in the wide energy range from 10 14 eV to 10 17 eV observed with the Tibet-
111 air shower array. //International Cosmic Ray Conference. -2008. -4. -p.103-106.

8. Kampert K. H. et al. Cosmic Ray Energy Spectra and Mass Composition at the Knee—Recent Results from KASCADE.
Nuclear Physics B-Proceedings Supple- ments -2004. -136. -p.273-281.

9. Apel W. D. et al. Cosmic Ray Measurements with the KASCADE-Grande Ex- periment.// arXiv preprint arXiv:0906.4007
-2009.

10. Abbasi R. U. et al. Measurement of the flux of ultra high energy cosmic rays by the stereo technique. //Astroparticle
Physics.-2009. — 32. -1. -p.53-60.

11. Abbasi R. U. et al. First observation of the Greisen-Zatsepin-Kuzmin suppres- sion. //Physical review letters. -2008. -100. -
10. -p.101101.

12. Aab A. et al. The Pierre Auger observatory: contributions to the 33rd in- ternational cosmic ray conference.// International
Cosmic Ray Conference arXiv preprint arXiv:1307.5059. -2013.

13. Abraham J. et al. Measurement of the depth of maximum of extensive air showers above 10 18 eV. //Physical review letters
.-2010. -104. -9. p.91101.

14. Berglund P., Bhattacharyya J., Mattingly D. Mechanics of universal horizons. //Physical Review D.-2012.-85.-12. -
p.124019.

15. Barausse E., Sotiriou T. P., Vega I. Slowly rotating black holes in Einstein-ather theory.//Physical Review D. -2016.-93.-4.
-p.044044.

16. Zhu T. et al. Shadows and deflection angle of charged and slowly rotating black holes in Einstein-Zther theory.//Physical
Review D. -2019. -100.-4. -p.044055.

17. Sakai N., Shibata S. General relativistic electromagnetism and particle acceler- ation in a pulsar polar cap. //Astrophysical
Journal.-2003. -584.-1. -p.427-433.

- 368 -



O‘ZBEKISTON MILLIY
UNIVERSITETI
XABARLARI, 2021, [3/2/1]
ISSN 2181-7324

FIZIKA
WWw.uzmuxabarlari.uz

Natural sciences

VIIK: 537.58:541.183.23:547.233:547.51
I'anuéoiun PAXMAHOB,
Odoyenm Hayuonanvholii ynusepcumem Y3bexucmaua
e-mail:rakhmanov.gt@ mail.ru
Typzynanu AXMA/I’KAHOB,
Odoyenm Hayuonanvholii ynusepcumem Y3bexucmaua
Hxpom YPOJIOB,
npenoodosamenvy Hayuonanvuwlil yHueepcumem Y30exucmana

TI'TY oomyenmu, .¢p-m ¢ 1. A6Oysoumos A. maxpusu acocuoa

ONPEJEJEHUE KO3®PUIUEHTA IOBEPXHOCTHOM HOHU3ALIMHU U OLIEHKA IIOTEHIIUAJIOB
HOHM3ALMU HEKOTOPBIX COEJUHEHUIA IIPA IUCCOLUATABHOM IIOBEPXHOCTHOM MOHU3ALIAA
AHHOTaLUA
B pabore mpuBeneHsl pe3ynbTaThl UCCICIOBAHUS TUCCOLMATHBHOW MOBEpXHOCTHOW MoHM3auuu (IIBM) HEKOTOPBIX MOJEKYI
OPraHMYeCKUX COCIMHEHHH M0 M3MEepEeHHH KOo3(@HUIHEeHTa MOBEPXHOCTHOH HOHM3AlMU 3 B HECTAalMOHApHBIX yclnoBusX. ITo
orpene€HHBIM K03 GHUIMEHTaM 1 U3MEPEHHOH paboThl BBIX01a OKHCIICHHOTO BOJIb()paMa OI[EHEHBI IOTEHINAIb HOHU3au V

HEKOTOPBIX PaUKaIoOB IPH aJCOPOINH MOJICKY) MOp(HHA 1 TebarHa Ha IIOBEPXHOCTH OKUCIIEHHOTO BOJb(hpama.
KnioueBbie c10Ba: MOBEpXHOCTHAss MOHM3AIMs, HECTAMOHAPHBIE MPOLIECCH, BPEMs JKM3HHU, KOHCTAHTHI CKOpOCTeH, paboTa
BBIX0/1a, TIOTEHIIMAI HOHU3ALUU

DETERMINATION COEFFICIENT SURFACE IONIZATION AND IONIZATION POTENTSIAL SAME ORGANIC
COMPOUNDS UNDER DISSOCIATION SURFACE IONIZATION
Abstract

This paper presents the results of a study of dissociative surface ionization (DSI) of some molecules of organic compounds by
measuring the surface ionization coefficient B under nonstationary conditions. The ionization potentials VV of some radicals
during the adsorption of morphine and thebaine molecules on the surface of oxidized tungsten are estimated from certain
coefficients and the measured work function of oxidized tungsten.

Key words: surface ionization, non-stationary processes, lifetime, velocity constants, output operation, ionization potentia

JTACCOLMATHUB CUPTUI NOHJIALIUII JKAPAKHALA CAPTANA HOHJIAIIUII KOYOOUIIAEHTUHA BA
BAB3U OPTAHUK BUPUKMAJIAPHUHI" HOHJAIIUII NOTEHIIUMAJIMHU AHUKJIAIL
Annotatsiya

Ushbu maqolada nostatsionar sharoitlarda sirt ionlanish koeffitsienti § ni o'lchash orgali ba'zi organik birikmalar ba'zi
molekulalarining dissotsiativ sirtiy ionlanishini (SI) tadgiq qgilish orgali nostatsionar sharoitlarda sirtiy ionlanish koeffitsienti  ni
o'lchash natijalari keltirilgan. koeffitsientlari va oksidlangan volframning o'Ichangan chiqgish ishi giymatlaridan foydalanib
baholanadi. Sirtiy ijnlashish koeffitsiyenlari va oksidlangan volframning o'Ichangan chigish ishi giymatlaridan foydalanib morfin
va tebain molekulalarining oksidlangan volfram sirtidagi adsorbsiyasi jarayonida ba'zi radikallarning ionlanish potentsiallari V
baholandi.

Kalit so‘zlar: yuzadagi ionlanish, statsionar jarayonlar, yashash vaqti, tezlik konstantalari, chiqish ishi, ionlanish potentsiali

BBenenue. SIBneHue TepMUUECKONH MOHU3AIMM aTOMOB M MOJICKYJI HAILJIM U HAXOJAAT MHOT'OYHMCIICHHbIE IPUMEHEHUHN B
MpakTHKe QU3NKO-XUMHUUECKUX uccnenaoBanuii. C momupio [1BM MOXKHO MOMYyYHUTh MOTOKH HOHOB, IETEKTHPOBAHIE HEUTPATBHBIX
YacTHLl, MOXKHO ONpEAeNUTh IOTEHLMAJIOB HMOHU3AIMM M CPOACTBA K JJIEKTPOHY, a TKXKE KHHETHYECKHUX XapaKTePHCTHUK
TEpMO/ICCOPOLIM M T'eTePOreHHON PEeaKlMy JAWUCCOLMAIIMA MOJIEKYJl Ha IOBEPXHOCTH KOTOPBIE OYCHb BAXKHBI JUII U3YYCHHS
B3aUMOJICHCTBHS MHOTOQTOMHBIX YAaCTHI] C TIOBEPXHOCTBIO TBEPAOTrOo Tena. MosleKyiasl OOpa3oBBIBATE HWOHBI ITyTEM
MMOBEPXHOCTHON HMOHU3AIMM U 3aKOHOMEPHOCTH 3MUCCHH MOJIEKYJISIPHBIX MOHOB, KaK MCXOJHBIX MOJIEKYJI, TaKKe MPOIYyKTOB
TETEPOTCHHON peakIuy AUCCOIHAUN Ha IMOBEPXHOCTH MOTYT OMPENENSATCS COOTHOIICHHSAMH KOTOPBIE CIEAYIOT M3 (OPMYIIBI
Caxa-Jlearmropa mis crernienu [1BU [1-4]. [ToBepXHOCTHO - HOHU3AMOHHBIE TOKH B OCHOBHOM 3aBHCAT OT COOTHOIICHHH MEXKIY
paboToii BEIXO/1a M TOTCHIIHAIOM HOHHU3AIHH.

Metonuka ucciegoBaHusi. OJAHUM M3 OCHOBHBIX XapaKTEPUCTHK aTOMOB M MHOTOATOMHBIX YacTHI, a TaKXe
MIOBEPXHOCTHU SIBJIACTCS paboTa BhIXOJA M MOTEHLMANT WMOHM3aUMU. OT 3THUX XapaKTEPUCTUK BO MHOTOM 3aBUCST IMPOLECCHI
azicopOunm, IecopOLMH M TeTepOreHHBIE PEaKIWH TUCCOLHMAllMd MOJISKYJ Ha IIOBEPXHOCTH. B CBOM Bpems MIMpOKOe
MpUMEHEHHE HAIUIO OTpeNesieHHs MOTEHINalla HOHU3AIA aTOMHBIX M MHOTOAQTOMHBIX YacCTHI[ C TIOMOIIBI0 ypaBHeHUs Caxa-
Jlerrmropa [1,4]

e[p; — V] o)
kT

r7e € — 3aps/ 3JEeKTPOHA; V; — MOTOK HOHHM3MPYIOIINXCS YacTHILl, KOTOpas paBHO V; =V - , TAe V — MOTOK YacTHI
MOCTYIAIOIIN Ha MOBEPXHOCTH, a § — Ko duimeHT noBepxHocTHOM noHM3armu ([TBI1) Ha MOHM3UPYIOUIMI TOBEPXHOCTD; (; —
HOHHAs paboTa BBIXOJA MOBEPXHOCTH W V; — MOTEHIMAT MOHM3AIMK HOHM3MpYomuxcs dactu. [To 3aBucumoctsam Inj(T) =

Ji = ev;Aexp
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5040 .
f (T) MO>KHO HaWTH Pa3HOCTh pabOTHI BHIXOJA U MOTeHLHa a HoHu3anuu. B metone TIBU npenMyIiecTBEHHO HOHU3HPYIOTCS

HE CaMH HCXOJHBIE MOJEKYIBI, a MPOAYKTHl MX TeTEPOTeHHOH peakuusl JUCCOILMAlUK Ha MOBEPXHOCTH [3], 3TOT MeTon He
IpHeMIIeMa, TaK KaK B 3TOM CIIy4ae KaK HOHHBIE TOKH, TaK U KO3()(OUIUESHT HOHU3ALMH f3, a Takke KO3()(UIMEHT reTeporeHHOH
peaKIMy UCCOIMAY MOJIEKYJ Ha IMOBEPXHOCTH J; 3aBHCST OT TEeMIEepaTyphl. B Takux cirydasx MeTo] OIEHKH ITOTEHIHAaja
MOHM3AI[UY MOXHO OIPEIENUTh [0 U3MEPSEMBIM BETHUHHAM KO3 (GUIIEeHTa TOBEPXHOCTHON HOHU3AINN.

OCHOBBIBasICh Ha ompenesieHne Ko3((UIMEeHTa MOBEPXHOCTHOW HMOHM3alMu M ypaBHeHHe Caxa-JIeHrMiopa MoxeMm
HOJIY4UTh COOTHOILIECHHUE [2]

InA(1 - B)
V=¢+ kTT (2)
rae f - kodbduireHTa MOBEPXHOCTHONH HOHM3AIMH, A — OTHOLICHHE CTATHCTHYECKHX CYMM B 3apsHKEHHOM U B
+
N T
HEUTPaIbHOM COCTOSIHUAX A = z"érg' JInst GOJBIIMHCTBO MHOTOATOMHBIX YacTHIl OHa Onu3ka eauHuie. M3 cootHomenus (2)

MOJKHO TOJYYHMT NOTEHIMAa MOHM3AMH PaJMKaloB MOHU3MPYIOIUX YacTHI, NPH ONPEAENICHHOW paboThl BBIXOJA H3MEPHB
kodpduenta f. Msl B maHHOW pabore st m3mepeHus kodddummenrta IIBM mcmonp30Ba M30TEPMHYECKHN METOJ
HecTauroHapHbIX npoueccos [1BM. KopoTko paccMOTPUM 3TOT METOA.

Ilyctb Ha OZHOPOIHBIH SMHUTTEpP MOCTYNAET HE H3MEHSIOUIENCS BO BPEMEHM IIOCTOSIHHBIM IOTOK MOJIEKYJ, Ha
HOBEPXHOCTH 3MMTTEpPa 3TH MOJEKYJIbl MOTYT YaCTHYHO NpEBpallaThCs B BUIOB 4acTHll. Ha puc.l, a mokasaHo U3MEHEHHE
KOHIICHTpAllMM M TOKa BO BPEMEHH, KOTAa Ha oTpe3ke BpeMeHH 0 + f MeXAy SMHTTEPOM U BBITSTHBAIOLIMM 3JEKTPOJIOM
HO/laeTcs 3a/Iep’KUBAOIIUE HOHBI Pa3HOCTb MoTeHnuanos U.

KoHeHTpanuss MOHHM3HPYIOIIMXCS YacTHIL, OOpa30BaHHBIX IPH XHMHYECKUX MpPEBpalICHUSX BO3pacTaeT, a IpH
W3MEHEHHH MOJSIPHOCTH 3JIEKTPHUYECKOTo Moy (t = f) KOHIEHTpaIys aacopOMpOBaHHBIX YacTUIl HAYWHAET mManaTh. [loaToMy B
KOJUICKTOPHOM IENM BO3HHMKAET BCIUIECK MOHHOTO TOKA i- YaCTHIl C IMOCIEAYIOIINM YMEHBIIEHHEM TOKa, KaK ITOKa3aHO Ha

puc.1,B.
M3MeHeHne moBepXHOCTHOM KOHLEHTpanuy N(t) ompeaesseTcs: ypaBHEHHEM HEMIPEPBIBHOCTH
(ULl
dt (3)

TZie V- TIOTOK YacTHI[, MOCTYMAIOIINX Ha IOBEPXHOCTh, T- TemmepaTrypa agcopOeHTa MM CyMMa KOHCTaHT CKOPOCTEH
BCEX I'eTepPOTEHHBIX MPOIIECCOB, BIMAIOMINX HA TOBEPXHOCTHYIO KOHIEHTPAIINIO HOHU3UPYEMBIX YACTHII.
B caygae I[IBM mpoaykToB XHMMHYECKHX TPEBPAICHWH MCXOAHBIX MOJIEKYJI HA TIIOBEPXHOCTH ” H3MEHEHHE
MOBEPXHOCTHOI KOHIIGHTPALMH 1 -ThIX YaCTHI] Ni(t) ClIeayeT ypaBHEHHIO
dn,(t)
1 —
+K(T)-n () =v,(t)
dt O]
d
. . . y . v,(T) = N{)K,
rae Ki(T)=Ki+ + Ki0 + Y Kimd, a 3¢ pekTuBHOI MOTOK i- THIX YaCTUI] HA TOBEPXHOCTH | i, rme N(t) -
KOHIIEHTPAIUs HUCXOMHBIX MoJeKyl, a KdMj- KoHCcTaHTa CKOPOCTH peaKIy AUCCOIUAIIIN HCXOJHOW MOJIEKYIIBI ¢ 00pa3oBaHUEM

i- olf yacTULIBL.
o
[ t, t, b
el

- \ ©
"[\ X £

Puc. 1. Mmroctpanus kK MeTOLy MOIYIISINH HANPsDKEHMS: a) GOopMa MOTYJIUPYIOLIETO HANpsDKeHUsT; 0) H3MEHEHHE BO
BpPEMEHH KOHIIEHTPAINH aJCOPOMPOBAHHBIX YaCTHI] HA TOBEPXHOCTH IMHUTTEPA; B) (pOpMa HMITYIILCOB TOKA
necopoupyromuxcs HoHoB; T = const; v = const.

Pemenne 3Toif ypaBHEHUHN UMEET CIIeTyIOUTUNA B

K K (T KSN; K (T
() =™+ (N, =Ny (e gy Kl g gy
K, (M) -K() K.(T) 5)
V3MeHeHre ToKa co BpeMEHEMi OTpeiessieTcs CIeAyIoInM 00pa3om:
E’ N N, N, —-N
Al =eCi exp(——')Kd[ 0 _ i ]efK‘(T)!_'_ 0 1 (efK(T)ﬁ _eK‘(T)l)
KT YUK (M) + KT K(T) Kimy —K(T) (6)

U3 pemenust (4) BUIHO, 9YTO U3MEHEHHE Al . TOKA HOHOB i- THIX YaCTHII HE CIIEAYET SKCIIOHECHIINAIFHOMY 3aKOHY U 3aBHCUT KaK
ot Kwm, Tak ot I'. Onnako B cmyaae MMH MOXKHO BBIIEIHTH CIIy9ad KOT/Ia u3MeHeHne Toka Al; OmichIBaeTCst 3KCIIOHEHTOM
Al ~ An, = An_ exp(—K;(T)-t) @

Hnst 5TOoro HEoO0X0AMMO, YTOOBI MPU HM3MEHEHHWH MHOJSIPHOCTH iekTpuyeckoro moiass MMH He Obuio yBennueHHs
MOBEPXHOCTHOW KOHLIEHTPALUH UCXOJHBIX MOJIEKYI N(t).
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D10 BO3MOKHO, ecmu Ky <« K Hampumep, KOorja MCXONHBIE MOJNEKYJIbI He NecOpOMpYIOTCS BBUIE HMOHOB H3-3a
OTHOCHUTEIIBHO BBICOKOTO 3HAUCHUs] TOTEHLHWada HOHHM3AIMM U TPEBPAIIEHHS UX Ha TOBEPXHOCTH B JpPyrHe YacCTHUIIBI
nonusupyemslie myteM I1BM. Oto wacto Berpedaemslil Ha npakTuke [IBU opranudeckux MoneKys ciaydail, Korja B BUJEC HOHOB C
60IIBII0H 3(QPEKTHBHOCTHIO JEeCOPOUPYIOTCS MPOIYKTHI AUCCOMHUAIINMH MOJIEKYII K He JecopOupytores M+ [5,6].

B sToMm ciydae mo 3aBucumocTaM Ln Al; = f(t) MOXHO ONpenennTh KUHETHYECKUE XapaKTEePHCTUK TEPMOIECOpOLMU
MPOJYKTOB XUMHIECKHX MPEeBpaNieHIH Ha TOBEPXHOCTH B BHJIE HOHOB M HEHTPAIbHBIX YaCTHUIIL.

TTomuMo 3TOTO, UCTIONB3YST METO MOIYJISILIMU HANPSDHKEHHS, MOXKHO OIPENENUTh OIHY U3 BaXHEHIINX XapaKTePUCTHK
18U - ko3¢ duuneHT noBepXHOCTHOI HoHM3awH 3 [4]:

p=tmh D

Kak n3pectno npu npumenennu MMH nns quccouuatusHoi 1181 MHOroaTOMHBIX YacTHIL B AKCIIEPUMEHTE OIPEACISIOT
00b19HO ', KOTOpask MEHBIIIE HCTUHHOTO 3HAUCHUS 3, Tak KaK HOHHU3UPYIOTCS HE CAMH MOJICKYJIBI, @ HX IIPOIYKTHI TeTEPOreHHOMN
peaKkIMy THCCOIMANY Ha MOBEPXHOCTH, KPOME 3TOr0 KOS(Q(HIMEHT TeTepOreHHOH peakuuy AMCCONMALMM 3aBHCHT KaK OT
KOHCTAHT CKOpOCTell TepMoJaecopOIMH, TaK M OT KOHCTAHT CKOPOCTEH TI'eTepOTeHHON peaKIMU IUCCOLMALMM MOJIEKYN Ha
noBepxHoctH [7-8].

DKCIepUMEHTHI OBUTH MPOBEICHBI B SKCIIEPUMEHTANBHON YCTAaHOBKE paHee ONMUCaHHON Hamu [9]. BeiOop oprannmieckux
coelHeHnH MopduHa U TebarHa 00OCHOBaHA TEM, YTO 3TH COEAWHEHHHU OBLIM XOPOIIO M3YYEHbI B CTAIIMOHAPHBIX YCIOBHAX
[10-11]

Pesynbrarst

Hcnonp3yst MeTox MOIYISIMK IOTOKa HpH aucconuaTuBHO# [IBM Momekyn mopduHa u TebamHa Ha IOBEPXHOCTH
OKHCIICHHOTO BOJb()pama IO BBINICyKa3aHHOW METOJWKe W3 cooTHomleHue (§) moiaydman Kod(QUIMEeHTOB HOHHM3AIMH VIS
panukanoB COH7N+CH3 (m/z=144) u C11HI120N+ (m/z=174) 144 coOOTBETCTBEHHO. 3aTe€M HCIIOJIB3ys COOTHOLICHHUE (2)
OLIEHWJIM 3Ha4E€HHUHU IIOTEHIala HOHU3AIUY 3TUX PaJUKalIOB.

Ancopbupyembie Juana3ox
MOJICKYJIbI JlecopGupyromuecs HOHL! temmepatrypsl (K) p v
Tebamna C19H2103N ( +
N —CH

m/z =311, O]

720-788 0.68 < 6.6

CHs

Mopdun C17HI9NO3 +
(M=285) QN —CH,

725-790 0.72 <638

3akmouenne. Takum oOpasom, Brepseie MeTogoM [1BU ompenennmm k03 QUIHEHTH TOBEPXHOCTHONH HOHHU3ALUH IS
panukanoB COH7N+CH3 (m/z=144) u C11H120N+ (m/z=174) monekyn MopduHa 1 TebanHa, a TaK)Ke OLCHHUIH ITOTEHIHAJIOB
MOHU3ALMH [T HEKOTOPBIX Pa/IMKAIIOB, IPOAYKTOB I'€TEPOreHHOM PeaKny JUCCOLUAIIMH MOJIEKYJT Ha TIOBEPXHOCTH.
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MOVEMENT OF BIOPOLYMER MACROIONS IN GRADIENT FIELDS
Annotation

In this study, it was found that the collision of C > 95% of macronions in the gradient field at a current | = 1 mA without collision
with the electrodes took more than t > 18 hours and t > more than 25 hours for the chitosan solution. fibroin solution. This result
was achieved by increasing the current 8 times (I = 8 mA) with 4.5 times (4 hours) for the chitosan solution and 4.2 times less
time (6 hours) for the fibroin solution. These results show that, according to Faraday's law, as the current increases, the macrons
move rapidly toward the electrodes and overlap.

Keywords: gradient field, shear stress, chitosan, fibroin, viscosity.

JBUXKEHUE MAKPOUOHOB BUOIIOJIMMEPA B I'PAJJMEHTHBIX ITOJIAX
AHHOTanUs

B stom uccnenoBanuu 6pu10 06HAPYXKEHO, UTO cTonKHOBeHHE C > 95% MakpOHHOHOB B IpaJHEHTHOM Ioie pu Toke I = 1 MA
0e3 CTOJIKHOBEHUS C IEKTPOAaMH 3aHsI0 Oomee t > 18 gacos u t > Gomnee 25 yacoB A pacTBOpa XUTO3aHA. pacTBOp PHOpoHHa.
DTOT pe3yabTaT ObUI JOCTUTHYT 3a CUeT yBelnuueHus Toka B 8 pa3 (I = 8 MA) ¢ 4,5 pasa (4 waca) s pacTBopa XuTo3aHa u B 4,2
pa3a MeHbIIe BpeMeHH (6 4acoB) s pacTBopa GpuOponHa. DTH Pe3yNbTaThl MOKA3bIBAIOT, YTO, coryiacHo 3akoHy PDapazes, npu
YBEJIMYEHUHU TOKA MAaKPOHBI OBICTPO JBIIKYTCS K 3JEKTPOJAaM U IIEPEKPBIBAFOTCSL.

KnroueBble cjioBa: rpaIieHTHOE MOJIe, HAPSDKEHHUE CIIBUTA, XUTO3aH, GUOPOUH, BA3KOCTb.

BUOIOJINMEP MAKPOUOHJIAPUHUHI I'PAIUEHTJIN MAMJTOHIA XAPAKATH
AHHOTALUSA

Ymoy mmpa toxk xkyun | = 1 MA Oynranga rpammenTin Maigonaa C > 95 % MakpoMOHIApHUHT ¥3apo TYKHAIIMacqaH
3JIEKTPOATAp TOMOH CHIDKHAO eTHO KEeJHUIIN XUTO3aH dpUTMacH yuyH t > 18 coatnman kympok Ba ¢ubponH sputMacu yuyH t > 25
coaraa KYmpoK BaKTHU Tanad ITHINHM aHWKJIaHTaH. ByHIail HaTmKara SpUIIHII yIyH TOK KyduHu 8 6apobap ommpuiranga (I = 8
MA) xuTo3aH 3putMacu yuyH 4,5 mapra (4 coarnma) Ba ¢ubpouH sputmacu yuyH 4,2 mapra (6 coarman) kam OynraH BakT
capdnaHra X0Ji1a SpUIINII MyMKHH SKaHJIUTH KypcaTWIraH XaMm/a ymoy BakT Ba TOK KYYHHUHI MUKAApJIapy TaHJIa0 OJIMHIaH.
by Harmxkanap ®apasieii KOHyHHra MOC PaBUIIA TOK KyYHHH OLINIIY OMIIaH MaKpOMOHJIAPHU JJIEKTPOIAp TOMOH XKaaanl Tap3a
CHJDKHIIM Ba €THO KeJIHO KOIUTAIIMHN KypcaTaiy.

Kanur cy3nap: rpaaueHTIN MaiI0H, CHIDKHII KYWIAHHIIH, XUTO3aH, GUOPOUH, KOBYIIOKIIHUK.

Introduction. Today, the production of ionogenic biopolymers for specific purposes, including surfactants, is an urgent
task, which can be achieved by in-depth study of the transfer of macroions and ions to the electrodes and their recovery on the
surface, such as metals of various shapes and reliefs.

The implementation of electrochemical recovery of biopolymers requires the preparation of their polyelectrolyte solutions and
the study of the ability of ionic macromolecules to move as giant macroions under the influence of an electric field. These
processes depend on the fact that ionic polymers exhibit viscosity depending on the molecular mass and are sensitive to the
effects of the electric field at the expense of ionogenic groups. lonogenic biopolymers, including chitosan and fibroin as
macroions, have the ability to move and electrochemically recover in solution under the influence of an electric field, as well as
the formation of micro- and nanoparticles on its basis.

Scientific research on the application of biopolymers in medicine and their practical application is being carried out in many
countries around the world. Kang D. G., J. Spitzer, and B. Poolman in their scientific work have shown that when
polyelectrolytes are exposed to external forces, including mechanical or electrical stresses, gradient fields [1] are formed and
macroions move along the power lines of these fields [2]. Wang T., Hu C., and other scientists believe that such fields, for
example, when a liquid flows from a capillary under mechanical pressure, when a liquid is rotated by a rotor to form a stable
laminar flow [3], or when electrophoresis and electrolysis processes ions and macroions [4]. studied to be observed in the lateral
shift. In general, in a gradient field formed under mechanical action, macroions move along the lines of force, rotating and
advancing [5], while in a gradient field formed under electric stress, functional groups of macroions move to the anode or
cathode as anions or cations [6]. conclusions can be seen in the works of H. Isambert, A. Dragon, J L. Viovy, and J. Prost. The
motion of macroions in gradient fields is cited in the scientific articles of Li X., Phan A. D., Schweizer K. S., the reason for the
choice of poles is the sensitivity of anions or cations to the action of an electric field [7,8].
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The following are the results of studies on the laws of displacement in the gradient fields of chitosan and fibroins as macroions
formed under the influence of mechanical and electrical forces.

Research Methodology. Studies on the displacement of macrons in the gradient field were conducted on a "cone-surface" cell
rheometer. At the same time, according to the Debye criterion, ChZ was diluted by 2% in the ratios CH3COOH:H20 and FB in
the ratio HCOOH:H20 (1: 1). Solutions with a concentration of C = 0.25 g / dl were used. The studies were conducted at
temperatures of 25 °C and 50 °C.

The objects of study were the control of chitosan (ChZ) and fibroin (FB) in dilute solutions (C = 0.25 g / dI) under the influence
of different amounts of electric current (I) and reaching the electrode to cover it, ie to reduce the concentration of solutions by
refractive index. the results of the studies showed that this process can be carried out in the range of current | = 0.1 - 10 mA. It
was observed that the current did not move the macrons in the area | <0.1 mA and that the solutions boiled in the area | > 10 mA.
Analysis and results. Studies to study the displacement properties of macroions in a gradient field under the influence of
mechanical forces were conducted in a "cone-surface” cell of the rheometer device (Figure 1).

==

Figure 1. Schematic view of the rheometer "cone-surface" cell
In this case, based on the results of viscometric studies based on Haggins's law [9], chitosan [11] according to Debye's criterion
[10] CTn1< 0.5 was diluted in CHsCOOH and fibroin [12] in HCOOH:H20 (1: 1), ie the concentration C= 0, 25 g / dl, solutions
in which macromolecules do not collide in the stream were prepared. The results of rheological studies of these solutions at 25 °C
and 50 °C are shown in Figure 2.
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Figure 2. Correlation of shear rate () to shear stress(®)

1-ChZ + 2% CH3COOH : H20 (25 °C) 1* -ChZ + 2% CH3COOH : H20 (50 °C;)

2*-FB + HCOOH : H20 (1:1) (25°C)  2- FB + HCOOH : H20 (1:1) (50 °C)
It can be seen from the graphs that as the shear stress increases, the shear rate increases in the curvilinear coupling, i.e., the
solutions exhibit a characteristic flow of non-Newtonian fluids. This is due to the change in the conformational state of the
macromolecules in the flow due to the rotational and forward motion. However, it was observed that such changes start after a
certain amount of shear stress, and based on it, the boundary leakage voltage (@), which corresponds to the onset of leakage, i.e.,
the leakage limit, was determined. As can be seen from the graph, as the temperature increases, the contact curves and the values
of the boundary leakage voltage shift into the field of small amounts of shear stress.
This condition is associated with an increase in ductility due to a decrease in macromolecular interactions due to an increase in
vibrational action under the influence of heat. The values of the limiting voltages determined at different temperatures are given
in Table 1.
Table 1. Quantitative current-voltage quantities of chitosan and fibroin solutions at different temperatures
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It is also represented by the rheogram in Fig. 3 that an increase in temperature leads to a decrease in the effective viscosity [13]
Inrl.sf' This appearance of rheograms is characteristic of non-Newtonian flow [14], which indicates the deformation

arrangement of macromolecules in the flow. As the temperature increases, the rheograms shift toward lower values of viscosity,
indicating a decrease in macromolecular interactions. Also, in the area of the boundary leakage voltage, i.e. at the minimum value
of the shear rate ( _’0), the amount of effective viscosity also decreases with increasing temperature. This condition minimized
the change in effective viscosity in the field of shear rate » >400c™ je., the non-Newtonian current was maintained even as it
approached the Newtonian current.

Figure 3. () link rheogram for effective viscosity at different temperatures “*«! shear rate:
ChZ + CH3COOH:H20 - 1 — 25°C; 2 — 40 °C; 3 — 50 °C;
FB+HCOOH: Hz20 (1:1) — 1* -25 °C; 2* — 40 °C; 3* — 50 °C.

To analyze the essence of this, the ratio of the change in effective viscosity based on the Frenkel-Eyring formula [15]
{Inn.z)s = (MMp)z 1 the change in temperature (1 / T)1 - (1 / T)2 from the tangent angle tga = Ea / R and the viscous current
activity energy Ea = Rtga

The amounts of viscous flow activity energy are close to the energy of hydrogen bonds, and this is the case when the
macromolecules move in the current, the weak bonds between them, i.e., energy bonds equal to the energy of hydrogen bonds or
hydrogen bonds [16], are broken down. This means that no significant changes occur with the macromolecule.

The displacement of ions [17] and macroions in a liquid under the influence of electric forces towards the poles (electrodes)
depends on their positive and negative valences (zi), radius (ri) size, charge (qi) and number of charges (ni), electric field strength
(E), temperature (T) and viscosity ). The acceleration of the displacement of ions as well as macroions in an electric field

continues until the electric force (Fer) is equal to the frictional force (Fr), i.e. Faw FfT These forces are expressed as follows:

Electric power F, = z;eE )

Stokes power Fpr = O, )

where e is the electron charge; 77 qovenvironmental viscosity; ui is the speed of ion movement. From this

6znru, =z,eE @)
If we divide both sides of this equation (3) by E/F and assume that E = 1 when the number of positive and negative charges is
equal, then the ui / E ratio is taken as ui. The result is the following expression:

6t (uF)=zeF @)
where F is the Faraday number and is determined from the second law of electrolysis. The uiF multiplication represents the
mobility of the ions, i.e. the displacement A

A =(zeF)/ 6z, (5)
This expression (5) shows that the displacement of ions is inversely proportional to the viscosity (7 of the medium (%) and the
radius (ions) of the ions. Given that the radii of ions in an electric field do not change their radii, then the displacement of ions
becomes a function of viscosity. Given that macroions are recognized by the effective radius [18] and can change their
conformation when they move in an electric field, then the displacement of macroions (ﬂﬂ)depends on the solution radius ) and
the amount of effective radius (ri) representing the change in the conformational state of the macro [17,18].
According to Newton's law 11, given that the viscosity, that is, the internal friction ) is expressed as the ratio of the shear stress

Polymer Solvent Concentration,, C, g / dl Boundary current voltage, (), Pa
25°C 50°C

Chz 2% CH3COOH: H20 0,25 15 10

FB HCOOH: H,0 (1:1) 0,25 30 20
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to the velocity gradient () to () then ions and macroions also move in the gradient field in the electric field. This is also
explained by the fact that ions in solution, as well as macroions, are at different distances from the electrode [19]. As the
electrodes are connected to a constant current source, the anions begin to slide toward the anode and the cations begin to slide
toward the cathode. This creates a gradient field with different power lines, and its intensity depends on the strength of the
electric current (1). To study its properties, studies were carried out on a specially assembled electrolysis device (Fig. 4), which is
shown schematically.

Figure 4. Schematic view of the electrolysis device

R - power supply; A - ammeter; V-voltmeter (diameter of graphite electrodes d = & 0.5 cm and distance between | = 1 cm)

The reason for the use of graphite electrodes is that they do not undergo an oxidation and reduction reaction on the surface.
However, the ions (macroions) that reach the electrode cover the surface of the electrode and form a new "sedimentary" phase
with a mass (m), as a result of which the concentration of ions (macroions) in the solution (€9 decreases. In this case, the
amount of m is inversely proportional to C and is determined according to Faraday's law [20].

m =kt (6)
where k is the electrochemical equivalent; t is the experimental time.
When the power supply is disconnected, the coating phase on the electrode surface breaks down, splits into ions (macroions),
redistributes back to the solution volume, and the concentration increases toward the initial amount.
Conclusion. In conclusion, it should be noted that the displacement properties of biopolymers as macroions in gradient fields,
effective viscosity and viscous current activity energy, sediment formation on the electrode surface under the influence of an
electric field, flow of dilute solutions in the displacement gradient field are characteristic of nonutonic fluids. in a partially
deformed ordered state, rotation and forward motion move, and the shear process depends on the temperature, and the ductility
also increases with increasing temperature.
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Illaxnoza ILHIOKHPOBA,
Mazucmpanm Hayuonanenwlil ynusepcumem Y3zbexucmana
Togyp S1IIOHKYJIOB,
Odoyenm Hayuonanvuouii ynusepcumem Y3bexucmaua
Hypoex ALLIYPOB,
cmapuiuil Hayunslil compyoux Mucmumym xumuu u ¢usuxu nonumepos AHPYs3,

TI'TY npogeccopu, .p-m ¢ 0. Canaes Y maxpusu acocuoa

UCCIEAJOBAHUE CTOYHBIX BOA METOAOM JUHAMHUYECKOI'O PACCESIHUS CBETA
AuHOTanUs
MeTroaoM AWHAMHUYECKOrO CBETOpAcCesiHUS ObUIM OMpeneeHbl pa3Mepbl W paclpefeseHHe YacTHI[ Pa3IUYHBIX HOHOB H
JHCIEePCHBIX YacTHI[ B CTOYHBIX BojAaX. [0ka3aHO 4TO B CTOYHBIX BOJAX HAOIIOMACTCS YACTHIBI C pa3MepamMy OT HAHO IO
MHKPOHHOTO pa3Mepa C IOJHMOJAIbHBIM pACIpeAeieHreM, pa3Mepbl KOTOPBIX CO BpPEMEHEM YBEIHYUBACTCS 3a CHUET
arJoMeparuu.
KnwoueBble cji0Ba: TMHAMUYECKOE CBETOPACCESHHS, TUCTICPCHBIC YACTHUIIBI, CTOYHBIC BOJIBI

OKOBA CYBJIAPHU EPYFJIMKHUHT JUHAMUK COYMJIUIIN METOAU BUJIAH TAJIKUK KAJIULI
AHHOTaALHSA
EpyFIuKHMHT IMHAMHK COUMIMIIE METOIHM OWIAH OKOBA CyBIApAard TypIH HMOH Ba JMCIIEPC 3apPaNapHHUHT YT4aMiIapd Ba
TaKCcUMOTH aHuKjgaHran. OKoBa CyBma yayamMd HAHO AaH MHKpOHrada OYiraH, yidamMu BakT YTHINN OWJIaH arjoMmeparus
XpcoOura KaTTanalairal Ba IMOJIHMO/al TAKCHMOTIa 3ra 3appaiap Ky3aTHJIHIIN KYpCaTHITaH.
Kanur cy3nap: épyFiIMKHUHT THHAMUK COYMJIMIIN, TUCTIEPC 3appajiap, OKOBa CYB.

STUDY OF WASTEWATER BY DYNAMIC LIGHT SCATTERING
Annotation
The size and distribution of particles of various ions and dispersed particles in wastewater were determined by the method of
dynamic light scattering. It is shown that in wastewater, particles with sizes from nano to micron with a polymodal distribution
are observed, the size of which increases with time due to agglomeration.
Key words: dynamic light scattering, particulate matter, wastewater.

BBenenne. Boma oGnajaer HEOOBIYHBIMH CBOMCTBAMH KaK (M3MYECKHMMH, TaK M XMMHYECKHMH, MO CPAaBHEHHIO C
JIPYTHMH KUAKOCTSIMU. Bona — BakHeHIuii sJeMeHT JKU3HU. B mocienHee Bpems HaOronaeTcs TEHACHIMS HEXBATKH YHCTOM
nuTheBol Boabl. [lo nanHbIM BeemupHoit Opranusanun 31paBOOXpaHEeHUs 3arpsi3HEHHas MMUThEBasi BOJA SIBISETCS OHUM U3
BaKHEHIINX (haKTOPOB MpexaeBpeMenHoi cmept [1-3].

Tlokazarenelf kadecTBa BOZBI MOXKHO pa3/elUTh B OCHOBHOM Ha TpPH TPYHIBI 3TO (pU3MUECKHE, XUMUUECKHE U
0aKTEepHUONOTHYECKUE ISl OLEHKH KOTOPBIX HCIONB3yeTcs OOJBIIOe KOJNMYECTBO Pa3NIMUHBIX MeToaoB [4]. Hampumep, Bkyc u
3amax BOABI ONPEAENSIOT OPraHONENTHIECKUMI METOJAMH; IIBET M MYTHOCTb, a TaKXKe COAEpXKaHHE xkemeza — (poToMeTpHeil;
JKECTKOCTB, COJIEp)KaHNE XJIOPHIOB M CyTb()aTOB — THTPHUMETPHEH; a JUI ONpeAeNICHUs] OMOIOTHYECKNX IMOoKa3aTeneld MOXHO
UCIIOJIb30BAaTh METOJ MEMOPaHHbIX (GUIIBTPOB.

Jlnst aHanm3a MyTHBIX OOBEKTOB KOHIIEHTPAIMH PACTBOPEHHBIX BELIECTB, /Ul ONpeAeNieHHe He(TEepOoIyKTOB B BOJE
UCIIONB3YeTCS METOJ CBETOPACCEesHUs, KOTOPbI OCHOBaH Ha M3MEPEHHH WHTEHCUBHOCTH CBETA, PACCESIHHOTO IHMCIIEPCHBIMH
cuctemMaMu [5-6]. Meton cBeTopaccesiHUsI MPUTOJCH Ul ONpEACNieHns BellecTB B obmactu koHueHtpauid 10-5—10-4 % c
TOYHOCTBIO OKOJIO *+ 5%.

Meron ma3zepHOM KOPPETSAIHOHHON CHEKTPOCKONHH OCHOBAaH HA OIGHKE pa3MepoB ABIXKYIMIMXCS YaCTUI[ IIO
ABTOKOPPEISIIMOHHON (YHKI[MH CHTHAJNA PacCesHHS, PETHCTPUPYeMOoro ()OTONPHEMHHUKOM B HEKOTOPOH TOUYKE CIEKII-TOJA.
CorylacHO TaHHBIM B HayYHOH JIMTEpaType W IPOBEICHHBIM SKCIIEPUMEHTaM, 3TUM METOIOM MOXKHO 3(Q(EeKTHBHO OICHMBATH
pa3Mepbl 4acTHI] B CHJIBHO Pa30aBIEHHBIX Cpelax M 00paslax cpeaHel creneHu MyTHocTH. Eciu B uccneyeMoii cpesie cTeneHs
MYTHOCTH CITUIIKOM BBICOKA, TO MaTeMaTH4yeckas o0paboTKa pe3yslbTaTOB H3MEPEHHUIl YCIIOXKHSETCS, a OLIEHKAa JHaMeTPOB
JacTUll CTAHOBHUTCSA MCHEC TOYHOM. )1)'[5[ HCCIIEN0BAaHUA MYTHBIX CpEA 3TUM METOAOM 663 W3MEHEHHUST ONTHYECKOH CXEMBI
paccesiHusl TpeOyeTcss He TOJIBKO YCJIO)KHEHHE MaTeMaTHYecKOi MOJENH, HO M Ooibliee KOJNMYECTBO ANpPHOPHBIX NaHHBIX O
JCTIEPCHOM cpene.

B cBs3m ¢ 3THM menplo JaHHOH paboTHl OBUTH ONpENeNHTh pa3Mephl M paclpeieNieHHe YacTHIl B CTOYHBIX BOJAAX
Pa3IMIHBIX HOHOB U JUCIEPCHBIX YaCTHI[ METOJIOM JHHAMIUYECKOTO CBETOPACCESIHUSL.

JKcnepUMeHTAIbHAsS YacTh. B KkauecTBe OOBEKTOB HCIIOIB30BAIHM BOABI M3 ApabCKOTO MOpS M CTOYHBIX BOJ M3
AJIMaJHKCKOr0 TrOpHO-MeTautypruyeckoro kombuHarta (AI'MK), y KOTOpBIX CoOnAep)KaJIMCh HOHBI METAJUIOB, a TaKKe
JHCIepcHbIe YacTuIlbl. Boaa n3 Apaibckoro Mopsi 1 CTOYHas BOAA M3 AJIMaIMKCKOTO TOPHO-METAJUTyprH4ecKoro KoMOHHaTa J10
(bumﬂ“pa OYUCTKHU OTIIMYAIIMUCH 110 IBETY, 110 COACPIKAHUIO JUCTIEPCHBIX YaCTULl KOTOPLIC BUAHBI HEBOOPYKEHHBIM I'JIa30M.
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OmneHka pa3MepoB HAHOYACTHI[ OKCHAA HUKENS IPOBOAMINCH METOJIOM IMHAMHYECKOTO CBETOPACCESHHS C ITOMOIIBIO
npubopa Photocor compact (OO0 «®ortokop», Poccus). HM3amepenume mnposogwnuck npu Ttemmeparype T=298 K,
TEepMOCTaOMIN3UPOBAHHBIH MOTYIPOBOAHUKOBBIN J1a3ep JTMHOM BOJIH 635.6 HM, ¢ MOIITHOCTHIO 25 MBT.

Pacceusarowjas cpeda (n,T,D¢, 1) )

MNadarowyuii ceem A

PaccesiHHell ceem G (T)

Puc.1. Cxema mporiecca paccestHusI CBeTa

PesyabTathl M uX o0cy:xkaeHue. MeTon IMHAMUYECKOTO PACCESHHS CBETa HCIIOJB3YETCS TaKoKe U HW3MEpeHHs
CKOpOCTEeH IOTOKOB JKUAKOCTEH M ra3oB. TpaAuIMOHHO, 3TOT BapUaHT METOJla HOCUT Ha3BaHHUE Ja3epHOH JOIUIEpPOBCKOMN
anemometpui (JIJIA). B wactHocTH, nanHas koHpurypamus mertona JIPC ucnonb3yercs Ui U3MepeHus 3JIeKTPOGOPETUICCKON
MOABM)XHOCTH HAaHOYACTHI], OTKY/a PACCUUTHIBACTCS UX J13€Ta-IIOTCHIHAI.

Juddy3ust MOHOIUCIIEPCHBIX HAHOYACTUII, IWUCIIEPIHPOBAHHBIX B JKUIKOCTH U XaOTHYECKOe OPOYHOBCKOE IBIDKEHHE
9THX YaCTHI[ NPHUBOJHUT K MHUKPOCKOIIMYECKUM (IYKTyalUsIM UX JIOKaJIbHOH KOHLEHTPAIMd M COOTBETCTBYIOIINM JIOKAIBHBIM
HEOJHOPOJHOCTSIM MOKa3aTelNs MpeoMiIeHus cpeabl. [Ipn mpoxoxIeHnn 1a3epHOro JIy4ya 4yepe3 TaKylo cpely 9acTh CBeTa OyaeT
paccesiHa Ha 3THX HEOTHOPOAHOCTIX. DIyKTyallud MHTEHCUBHOCTU PACCESTHHOTO CBeTa OyIyT COOTBETCTBOBATH (PIYKTYyaIHSIM
JIOKaJIbHOW KOHLEHTPALMH JUCIEPCHBIX dacTull. MHpopmarms o kodpduuuente mud@y3un 4acTHIl COOCPKUTCS B 3aBUCALICH
OT BpPEMEHU KOPPEIIIUOHHON (QyHKIUH (QIyKTyalMii MHTCHCUBHOCTH. BpeMeHHass aBTOKOppEISIUMOHHAs (QYHKIUS COTIACHO
OIPEICNICHUIO UMEET CICAYIOLUH BUA:

1 (tn
G(o) = U(O)I(t - 7)) = lim —f 1OI(t - 7)ot
tm—> tm 0

IJle MHTCHCHMBHOCTh | MMeEeT pa3iu4Hble 3HA4CHUs BO BpeMsa t W (t-T). tm - 3TO BpeMs MHTErPUPOBaHUSA (BpeMs
HAKOIUIEHUS KOPPEIIHOHHON QyHKIuM). OueBuIHO, yTO IpH =0, aBTOKOppEIAUHOHHAS QYHKIUSI paBHA CPEAHEKBAAPATUIHON
HWHTEHCUBHOCTH paccesHus <12>.

Jlnst GECKOHEYHOTO BPEMEHH KOPPENsiUs OTCYTCTBYET, W aBTOKOPPENLMOHHAs (DYHKIMS paBHAa KBaApaTy cpenHeil
WHTEHCHBHOCTH PACCESHUS:

G(2) =10t — 1)) = TO)NI(t — 1)) =(I)?
B cootBerctBuM ¢ rumote3oil OH3arepa, pellakcalds MHKPOCKOIMMYECKHX (IIyKTyallMii KOHIIEHTPAllMd K PaBHOBECHOMY
COCTOSIHHIO MOXKET OBITh OIMCaHa epBbIM 3akoHOM Puka (ypaBHeHUEM quddy3un):
"
2CD _ _pyece)
Jt

rae c(r, t) - xoHHeHTpamma U D - koaddumment nuddysmm dgactun. MoXHO TOKazaTh, YTO B TaKOH CHCTEME
ABTOKOpPPEISIMOHHAs (DYHKIIMS WHTEHCHBHOCTH PACCEsSHMsl CBETa DKCIOHEHIMAIBHO 3aTyXaeT BO BPEMEHH, U XapaKTepHOe
BpeMsl peJlakcallil OJHO3HauHO cBs3aHO ¢ D. KoppemsiuoHHas (yHKIMS MHTEHCHBHOCTH PACCESHHOTO CBeTa (JUIs Cirydas
KBAJIPaTHYHOTO JIETEKTUPOBAHHUS ) UMEET BUJ:

-2t
G(T)=a-exp( ; >+b
c
Benmumaer tc, a mw b Moryr OBITh HaifleHBl ITyTeM aNIpPOKCHMAIUU H3MEPEHHOH KOPPEISIMOHHOW (YHKIHH

TEOPETUIECKON SKCIOHCHIUANbHON (yHKuumer. s cepudecknx HEB3aMMOIEHCTBYIOMNX MEXAY cOOOW YacTHI] pa3Mep WX
MOXeT OBITh pacCUUTaH C UCTIOIb30BaHUeM (popmyisl CTokca-DHHIITeHHA:
kgT
" 6mnR

rae kB - xoHcranTta Bonbimana, T - abcostoTHas TeMiepaTypa U 1) - CABUTOBas BSI3KOCTh CPE/Ibl, B KOTOPOH B3BEIICHBI
yacTuuel paguyca R.

Kak nokasanu uccnenoBaHue y BOAbl U3 ApaJbCKOrO MOps HAaOIIOJAETCS YacTHIBI OT HAHOMETPOBOTO JMAara3oHa J10
MHKPOHHOTO pa3Mepa ¢ MOJMMOANbHBIM PACIIPECTICHHEM YacTHI, HO ITPU 3TOM HUMEIOT OOJBILIYIO. A0JII0 MUKPOHHBIC YaCTHIIbI
(puc.2.). A mpu WcClIeIOBaHWE CTOYHBIX BOJA AJMAMKCKOTO TOpHO-MeTauryprudeckoro komOmHata (AI'MK) no ¢uibrpa
HaOJIIOMaeTCsl YacTHIBI B HOHHOM BHJE, TAKXKE HAHOYACTHI[BI M MHUKPOHHBIE YaCTHIBI. BONBIIyI0 4acTh 4acTHI] HAXOAUTCS B
HaHOMETPOBOM JIHara3oHe, KoTopsle paBHO 150 HM. Kak BHIHO M3 9KCIIEpHMEHTAIBHBIX JAHHBIX PACIpeleneHne JUCIepPCHBIX
YacTHI] He UMEIOT ["ayccoBoi OPMBI, IMEIOTCSI ACHMMETPHYHOCTb.
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Puc.2. Pacnipenenenue mucnepcHbIX dacTuil B 1) ctounbix Bog ATMK, 2) Boge apajibCKoro Mopst

3akioyenue. TakuM o0pa3oM, MOKa3aHO, YTO METOJOM JHHAMHYECKOTO CBETOPACCESHHS MOXHO OLICHUTH YHCTOTY
CTOYHBIX BOJ|, OLICHUBAsl pa3Mepbl U pAaclpeleleHue AUCIICPCHBIX YACTHIL], a TAKXKEe ONpeAciuTh Koddduimenta nuddysuu.
BBISBICHO 4TO B BOAAX U3 ApaJIbCKOr0 MOpPS HaOIIOJACTCS YaCTHULBI OT HAHOMETPOBOI'O JHAIa30Ha 0 MUKPOHHOTO pa3Mepa ¢
TTOJTUMO/IATEHBIM, a Y BOJIBI AJIMATMKCKOTO TOpHO-MeTainTyprudeckoro komouHara (AIMK) no ¢punsTpa HabIroHaeTcss 9acTHIIBI
B MOHHOM BHJ€, TAK)KE€ HAHOYACTUIIBI U MUKPOHHBIE YacTHIBI. BoJbIIyIO YacTh 4acTHI] HAXOJUTCS B HAHOMETPOBOM JHaIa3oHe,
KOTOpbIe paBHO 150 HM.
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