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BBEJIEHME

HayuHo-TexHu4eckas peBOJIOLMS, BbI3BaHHAs OYpHbIM POCTOM (YHAAMEHTAIbHBIX M IPHU-
KJIQJHBIX HAYK, IIPEKIE BCErO HAyK O MPUPOAE,0TKPbLIA IIUPOYANIINE BOZMOKHOCTH IIEPE]] YEI0BE-
gyecTBOM. OHa MopoaMiIa TakXkKe P HOBBIX NMPOOJIEM, peLIeHHe KOTOPHIX BPs JU OyAeT BO3MOXKHO
0e3 naspHeiero pa3BuTHs Bcex oTpaciiel Hayku. O4eBUIHO, 4TO (PyHIaMEHTaJIbHAS U NPUKJIAIHAS
¢u3uKka U B JanpHeieM OyneT OKa3blBaTh 3HAUUTENIBHO €BIUSHUE HAa Pa3BUTHE YEJIOBEYECKOH LU-
BUJIM3ALUH.

®dusuka sBIsSETCS HAyKOH, U3yyarolieil Hanbosee MpocThie, 00IIKe 3aKOHBI MPUPOABI U ChIT-
pajla OCHOBHYIO POJIb B Pa3BUTHM COBPEMEHHON TEXHUKHU U TEXHOJIOTUH, NEPENOBBIX OTPACIEH KO-
HOMUKH, IPOMBILIUIEHHOCTH, IIPOU3BOACTBA.

®dusuka B Y30eKkuCTaHEe, KaK U B HAyYHBIX LIEHTpaxX APYTUX CTPaH MHUpA, UMEET HMPOUYHYIO U
HNPUHLUIHAIBHYIO OCHOBY. JIOCTHXKEHUS HALMX YYEHBIX B 3TONH 00JIACTH HALIUIM ¥ HAXOAAT MEKAY-
HapOJHOE MPHU3HAHKUE, OTPAXKEHbl B MHOTOUMCIICHHBIX IMyOIMKAIMIX, KaK B OT€YECTBEHHBIX, TaK U B
3apyOeXKHbIX KypHajax, IIPOBOAATCS COBMECTHBIE HCCIIEAOBAHMS C 3apyOEKHBIMU HAYUYHBIMHU II€H-
Tpamu. Ha ocHOBe Hay4yHbIX pa3pabOTOK OCBAaUBAETCS U OCYILECTBIISIETCS BBIITYCK HOBBIX BUJOB Hay-
KOEMKOM INPOJYKIMH B pECITyOJINKH.

B nenax noaseneHUss UTOrOB HAYYHO-UCCIIENOBATEIBCKON AESITEIbHOCTH, KPUTHUECKOIO OC-
MBICJICHHS PE3yJIbTaTOB (DyHAAMEHTAIBHBIX U MPUKIIAJHBIX UCCIEJOBAaHUMN, ONpeeNICHNUs IPHOpUTe-
TOB Ha Onmkaimme roasl B ®usuko-rexuuyeckom uHcturyre HIIO “®usuka-Connne” AH PVY3
TPaIUIIMOHHO MPOBOJUTCS KOH(pepeHus “DyHaaMeHTanbHble U MPUKIAIHbIE BONpOockl Gpu3uku’. B
3TOM Trofly KOH(EpEeHLHs IPOBOAUTCS B MEXIYHAPOAHOM (OpMATe, YTO AACT BO3MOKHOCTh YUEHBIM
V36ekucrana, pabOTarOIUM B PA3JIMYHBIX HAINPABICHUAX (PU3NYECKON HAyKH, HE TOJIBKO OOCYIHUTH
pe3yIbTaThl CBOEH HAyYHO-HCCIIENOBATENLCKOM ASSITETFHOCTH B O0Jiee MUPOKOH 1, MBI HaJieeMCsl, B
Oonee KPUTUYHON MEXIYyHapOTHOI ayJUTOPHM, HO M CONOCTaBUTh MX C TEHICHIMAMHU MUPOBOI
HAyKH, a TaKXKe BOCIIOJIB30BATHCS MEXIYHApOJHOM SKCIEPTHU30i NpU IJIAaHUPOBAHUM OyIyIIuX

(byHIaMEHTAIbHBIX U MPUKIJIAHBIX UCCIIEI0BAHUI U Pa3pabOTOK.

Peoaxkuuonnan konnezusn
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INTRODUCTION

The scientific and technological revolution caused by rapid growth of fundamental and applied
researches, first of all in natural sciences opens wide opportunities for the development. It also
creates a number of new problems which solution will be hardly possible without further develop-
ment of all branches of science. It is obvious that development of researches in fundamental and ap-
plied physics will impact considerably the development of a human civilization.

The physics is the science studying the simplest and general laws of the nature and it had
played the significant role in the development of the modern techniques and technologies, all
branches of economy, industry and the production.

The physics in Uzbekistan, as well as in scientific centers of other countries of the world, has a
strong basis. Achievements of our scientists have found the international recognition, and they are
reflected in numerous publications in international scientific journals. We are collaborating with
many international scientific centers. We believe that scientific results will be reflected in develop-
ment of new types of the knowledge-intensive production in our republic.

The conference "Fundamental and applied problems of physics™ is traditionally organized by
Physical-technical institute of Scientific Association “Physics-Sun” of Academy of Sciences of Uz-
bekistan to summaries the newest results of scientific researches in Uzbekistan in the field of physics
and to define the most promising directions of their development. Now our conference has an inter-
national format and we believe that participation of our colleague from different scientific centers
and countries not only intensifies our future collaborations but also bring more courage to discussion

on the conference.

Editorial board



Meorcoynapoounas kongepenyusn « PynoamenmanvHole u RpUKiaousie gonpocut gusuxuy 13-14 uons 2017e.

|. PU3UKA AAPA U DJIEMEHTAPHBIX YACTHL, UX
HPUKJIAJHBIE ACIIEKTbBI, ACTPOHOMUSA U
ACTPODPU3IUKA

THE SIZES OF EMISSION SOURCES OF DEUTERONS AND « PARTICLES IN **Op
COLLISIONS AT 3.25 A GeVl/c

K.Olimov !, B.Yuldashev , K.Olimov *,
A.Kurbanov !, A.Olimov !, S.Lutpullaev*
physical Technical Institute of SPA Physics Sun of Uzbek Academy of Sciences,
28 Bodomzor yuli street, Tashkent, 100084, Uzbekistan, e-mail:olimov@uzsci.net.
?Institute of Nuclear Physics of Uzbek Academy of Sciences,
Tashkent, Ulugbek, 100214, Uzbekistan

Abstracts

The sizes of emission sources of deuterons and alpha particles in **Op collisions at 3.25 A GeV/c were
determined from analysis of their experimental one dimensional correlation function, assuming the simulta-
neous excitation and decay of sources (of identical particles), whose coordinates are distributed according to
Gaussian function. The peak was observed in experimental correlation function for the pairs of alpha par-
ticles in region g < 25 MeV/c, which was deduced to be due to decays of unstable of unstable ®Be »°B nuclei
at various kinetic energies of these unstable nuclei. This result does not contradict to the popular assumption
of other authors about existence of a condensate state in **0 nucleus, because unstable ®Be »°B nuclei can
also be formed from decay of & condensate state of oxygen nucleus, if such a state does exist.

Keywords: Source of emission of identical particles (bosons); deuterons; alpha particles; one dimensional

correlation function; fragmentation of nuclei

Investigation of correlation of identical particles allows one to obtain information on spatial picture
of emission of particles in relativistic hadron-nucleus and nucleus-nucleus collisions [1,2]. Presently,
guite much experimental data exist on the sizes of emission regions of pions and protons in nuclear reac-
tions at intermediate and high energies [3—7]. However, the experimental data on sizes of emission re-
gions of deuteronsand a particles are considerably less. To our knowledge, there are just two works [8,9]
on determining the size of emission source of a particles from their correlation analysis.

WA98 experiment measured [7] the correlation function for protons and deuterons in Pb+Pb colli-
sions at 158 A GeV in target fragmentation region and determined the sizes of their emission regions,
which proved to be 3.14 £ 0.21 fm and 2.50 = 0.28 fm, respectively. In Ref. [8], the sizes of emission
sources of aparticles in collisions of ?Ne and Mg nuclei with nuclei of nuclear emulsion at 4.1 A GeV/c
and 4.5 A GeV/c, respectively, were measured. For correlation measurements, the authors considered only
those collision events, in which at least three particles with Z = 2 were observed (all of them were as-
sumed to be « particles) in central pseudorapidity region. At such conditions, the size of emission source
of aparticles proved to be 2.84 + 0.28 fm [8], which coincided within uncertainties with the sizes of emis-
sion sources of protons and deuterons, obtained in WA98 experiment. The above given results were ob-
tained based on analysis of one dimensional correlation function:

C(A)=N (Yiy(a)/Fis(@)), €
where q = |p;i — p;|/2 — is a half of a modulus of a difference of momenta of identical particles i and j when
i #J, Yij(q) — the summed value of g, measured and calculated in each hadron-nucleus or nucleus-nucleus
collision; Fi;(q) — is a background distribution, obtained by mixing momenta p; and p; of identical par-
ticles i and j emitted in different collision events, N — is a normalization coefficient. The above given cor-
relation function C(q) was approximated by expression:

C(q) = 1 + Zexp(-q°R?), 2
wherel — is a normalization coefficient; R — size of emission region of identical particles. This expression
was derived in theoretical model [1], which assumed the simultaneous excitation and decay of sources (of
identical particles), whose coordinates are distributed according to Gaussian function.

Based on above mentioned experimental material and using the same selection criteria, authors of
Ref. [8] also measured [9] the transverse and longitudinal sizes of emission source of a particles using the
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multidimensional parameterization for correlation function, suggested in Ref. [10] for approximation of
experimental spectra. The transverse and longitudinal sizes of emission sources of aparticles were found
to be 1.81 +0.22 fm and 2.38 + 0.23 fm, respectively. When y factor was accounted, the longitudinal size
(10.6 £+ 1.2 fm) of emission source of a particles proved to be compatible with the average size of a nuc-
leus in a nuclear emulsion (<R>¢y, = 12.9 fm).

The present work is devoted to investigation of correlations between identical particles for deute-
rons and aparticles, emitted in **Op collisions at 3.25 A GeV/c. Experimental statistics consists of 10 014
collision events with registration of all the charged particles and fragments, measured at 4z solid angle.

The experimental data were collected using 1 meter hydrogen bubble chamber of the Laboratory of
High Energies (LHE) of Joint Institute for Nuclear Research (JINR), exposed to beams of *°O nuclei, ac-
celerated to momenta of 3.25 A GeV/c at Dubna synchrophasotron. For identification of fragments by
their masses, the following momentum intervals were selected in laboratory system: singly charged posi-
tive particles with 4.75 <p<7.75 GeV/c were taken to be deuterons (°H nuclei). The doubly charged posi-
tive particles with 10.75 < p< 15.75 GeV/c were taken as « particles (*He nuclei). The collision events
with two or more deuterons or aparticles, whose track lengths in chamber volume were greater than 30
cm, were considered. At such a condition, the admixtures of isotopes with masses close to those of deute-
rons and a particles among these selected particles did not exceed of 4%, the average relative uncertainty
in measuring the momenta of these particles was 3-4%, and an angle between two emitted deuterons (or «
particles) was determined with a precision of A@ = 0.1°. The experimental procedures are described in
more detail in Refs. [11-14].

One dimensional correlation functionC(q) given in (1) for deuterons, emitted in **Op collisions at
3.25 A GeV/c, is shown in fig. 1. The background distribution was constructed by mixing deuterons emit-
ted in different *°Op collisionevents. The number of combinations in background distribution was norma-
lized to that of experimental distribution in region g> 0.2 GeV/c, where no correlations are expected be-
tween emitted deuterons. The result of approximation of experimental correlation function C(q) by the
function in (2) using a minimum x> method is given by a solid curve. As seen from fig. 1, the function in
(2) describes quite well the experimental C(q) spectrum. We obtained the following values for parameters
of fitting the experimental spectrum by function in (2) at a minimum x? value: A= 0.41 + 0.22 and R =
11.9 + 3.7 (GeV/c) '= 2.4 + 0.7 fm. This value of R for the size of emission source of deuterons in “°Op
collisions at 3.25 A GeV/c coincided within statistical uncertainties with the result of Ref. [7], obtained
for deuterons in Pb+Pb collisions at 158 A GeV in target fragmentation region. This result suggests that
the size of emission region for deuterons, generated in relativistic hadron-nucleus and nucleus-nucleus
collisions, does not depend on incident energy and mass number of fragmenting nucleus.

One dimensional correlation functionC(q) given in (1) for a particles, emitted in *°Op collisions at
3.25 A GeVl/c, is presented in fig. 2. The background distribution was constructed by mixing a particles
generated in different *°Op collisionevents. The number of combinations in background distribution was
normalized to that of experimental distribution in region g> 0.2 GeV/c, where we do not expect correla-
tions between emitted aparticles. Because the kinematical characteristics of aparticles depend on degree
of excitation of fragmenting oxygen nucleus [15], we accounted for the topology of collision events, i.e.,
the composition of fragments in individual collision event, while constructing the background distribu-
tion. In other words, the background distribution was constructed separately for each type of collision
events, i.e., separately for events with the number of doubly charged fragments in final state equal to two,
three, and four, for events consisting of at least two « particles. Then the total background distribution
was obtained by adding these separate background spectra taking into account the weight of each type of
collision events in experimental C(q) spectrum of « particles.

As observed from fig. 2, the value of correlation function at g< 25 MeV/c exceeds by more than six
standard deviations that for the next g point (bin). The remaining experimental points decrease gradually
until the values C(g) = 1 at g> 150 MeV/c. Then a question arises whether such a large magnitude of cor-
relation function C(q) at g< 25 MeV/c is related to existence of a condensate state in light nuclei, which
experimental indication was obtained in Ref. [16] for carbon-12 nucleus? In Ref. [16] the kinematical
analysis of nuclear reaction *°Ca+'“Cshowed that 7.5 = 4.0% from decays of*?C nuclei in first excited
state (0" state at excitation energy of 7.654 MeV) consisted of direct decays on three a particles with the
same (within the errors) kinetic energies, which were associated with formation of acondensate in **C
nucleus. Let us note that the first excited state of **C nucleus and the sixth excited state of *°0 nucleus (0*
state at excitation energy of 15.097 MeV) can be described quite well by a condensate type functions,

6



Meorcoynapoounas kongepenyusn « PynoamenmanvHole u RpUKiaousie gonpocut gusuxuy 13-14 uons 2017e.

and, hence, are good candidates for observation of acondensate [17, 18]. In Refs. [19, 20] it was shown
that, at certain symmetry of microscopic Hamiltonian, acondensate state can also exist at normal nuclear
density. Authors calculated the energy spectra of multi « particle state of **C and *°0 in generalized El-
liyot model. The results of calculations reproduced quite well the experimentally measured energy spectra
of excited states of these nuclei [19, 20]. If we take into account that the maximum structure of the expe-
rimental correlation function C(q) at q< 25 MeV/c is due to «a particles with very close (practically the
same) kinetic energy values, our result does not contradict to the existence of a condensate like structure
in 0 nucleus. Our result also goes along with the theoretical predictions of Refs. [19, 20], which de-
scribed quite at excitation energy of 15.097 MeV) can be described quite well by a condensate type func-
tions, and, hence, are good candidates for observation of acondensate [17, 18]. In Refs. [19, 20] it was
shown that, at certain symmetry of microscopic Hamiltonian, acondensate state can also exist at normal
nuclear density.

18
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| | |
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q, MeV/c

Fig. 1. One dimensional correlation functionC(q) given in (1) for deuterons, emitted in *Op collisions at 3.25 A GeV/c. Solid
curve is the result of ,fitting of experimental C(q) spectrum by function in (2).
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Fig. 2. One dimensional correlation functionC(q) given in (1) for « particles, emitted in **Op collisions at 3.25 A GeV/c.
Solid curve is the result of y*fitting of experimental C(q) spectrum by function in (2).

Authors calculated the energy spectra of multi « particle state of **C and *°O in generalized Elliyot
model. The results of calculations reproduced quite well the experimentally measured energy spectra of
excited states of these nuclei [19, 20]. If we take into account that the maximum structure of the experi-
mental correlation function C(q) at g< 25 MeV/c is due to « particles with very close (practically the
same) kinetic energy values, our result does not contradict to the existence of a condensate like structure
in 0 nucleus. Our result also goes along with the theoretical predictions of Refs. [19, 20], which de-
scribed quite well the experimental spectra, about existence of a condensate state in even-even nuclei,
including those of **C and *°0, at normal nuclear density. As seen from Fig. 1, such anomalous structure
is not observed in experimental correlation function C(q) of identical deuterons at g< 25 MeV/c, even
though they are bosons as well. This can be explained by that oxygen nucleus, according to modern per-
ceptions and our experimental results [14, 15, 21, 22], possesses « cluster structure, whereas the data on
deuteron cluster structure of this nucleus are absent. Such an « condensate state of *°0 nucleus can possi-
bly be realized at normal nuclear density, when all the four a clusters in a nucleus have practically the
same kinetic energy values.

On the other hand, the direct reason for the maximum of experimental C(q) function at g< 25
MeV/c, observedin fig. 2, can be ®Be—2a decays of unstable ®Be nucleus in its ground state (0) with the

7
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energy release of 0.1 MeV, and decays °B—2a +p with the energy release of 0.3 MeV 0.3 MaB [23]. The
final state interactions of identical particles, not accounted in formula (2), can also contribute to this max-
imum structure at q< 25 MeV/c. To check this assumption, we considered distributions of the pairs of a
particles on their excitation energies AE = M,, — 2M,. The distribution of the pairs of « particles on their
excitation energies (AE = M,, — 2M,, in MeV) is shown in fig. 3. It is seen that, at AE = 0.25 MeV, the
experimental distribution on excitation energies has a maximum, which value exceeds by approximately
six standard deviations the value of the spectrum for the next point (bin). The first maximum in AE spec-
trum, as mentioned above, is probably due to decay of unstable ®Be nuclei in its ground state (0) with the
energy release of 0.1 MeV, as well as decays of °B with the energy release of 0.3 MeV, and maybe final
state interaction effects. The second wide maximum is likely due to decays of unstable ®Be nuclei in its
first excited state (2%) with the energy release of 3.04 MeV [23]. The background distribution was con-
structed accounting the topology of collision events and normalized in region AE > 6 MeV. As observed
from Fig. 3, the background distribution describes quite well the experimental spectrum on AE in region
AE > 6 MeV. The excess of the number of experimental combinations over the background in Fig. 3
proved to be 554, which makes up (22.0+1.0)% from the total number of combinations in experimental
spectrum. This excess corresponds to the cross section of total yield of unstable ®Be u’B nuclei equal 13.6
+ 0.6 mb. This cross section coincided within the statistical uncertainties with the total inclusive cross
section (13.3 + 0.5 mb) of formation of unstable *Be u’B nuclei in °Op collisions at 3.25 A GeV/c, de-
termined earlier in Refs. [21, 24, 25].

Hence, we can conclude that the peak observed in experimental spectrum of one dimensional corre-
lation functionC(q) at g< 25 MeV/c is due to decays of unstable ®Be u°B nuclei in *°Op collisions at 3.25
A GeV/c. However, this result does not contradict to the assumption of existence of a condensate state in
0 nucleus, because unstable ®Be u°B nuclei can also be formed from decay of « condensate state of
oxygen nucleus.

Because of experimental conditions of selection of collision events and registration of particles, the
authors of Ref. [8] could measure the correlation function for identical particles only in region g> 60
MeV/c. Besides it, all the particles with Z=2 in Ref. [8] were considered asa particles, which shows con-
siderable admixture of ®He nuclei, used for calculation of correlation function of identical « particles. Our
experiment showed [21] that the fraction of *He nuclei among doubly charged (helium) nuclei makes up
about 20%. On the other hand, the conditions of our experiment allowed to identify « particles with the
probability greater than 95%, and measure their momenta with the average relative error not larger than
4%.Usage of the beam of the relativistic oxygen nuclei impinging on hydrogen target allowed us to meas-
ure the momenta of all the charged fragments, with momenta starting from zero value in oxygen nucleus
rest frame. Therefore, we could measure the correlation functions for identical deuterons and aparticles in
°Op collisions at 3.25 A GeV/c for the whole interval of change of g, starting from a zero value.

It is interesting to mention that the value of correlation function C(qg) at q< 25 MeV/c remains con-
stant within statistical uncertainties for different values of momenta (p1, p.) of the pair of « particles:

C(q) = 12.76 + 1.38 at ps, p2> 25 MeV/c; C(q) = 12.73 + 1.42 at p;,p2> 50 MeV/c;
C(q) = 12.34 + 1.45 at p1,p2> 75 MeV/c; C(q) = 11.50 + 1.48 at p,p>> 100 MeV/c.

This fact can be interpreted by that the pairs of « particles with g< 25 MeV/c are due to decay of
unstable ®Be u’B nuclei at various excitation levels (energies) of **0 nucleus, and, hence, at different ki-
netic energies of these unstable nuclei.

Because the behavior of correlation function C(q) at g< 25 MeV/c differs from that in region g> 25
MeV/c, approximation of C(q) for the pairs of « particles by expression in (2) was conducted in region g>
25 MeV/c. As observed from fig. 2, the experimental spectrum C(q) is described quite well by function in
(2). We obtained the following best values of parameters of function in (2) at a minimum »* value: A= 2.2
+02and R =117+ 0.7 (GeV/c)'= 2.3 £ 0.1 fm, which practically coincided with the size of emission
region of deuterons in *°Op collisions at 3.25 A GeV/c.

In conclusion, we summarize the main results of investigation of experimental one dimensional
correlation function C(q) for identical particles — deuterons and « particles emitted in **Op collisions at
3.25 A GeV/c. The peak was observed in region gq< 25 MeV/c in experimental C(q) spectrum for the pairs
of a particles, which could not be described by the theoretical model, expressed by function in (2), which
assumed the simultaneous excitation and decay of sources (of identical particles), whose coordinates are
distributed according to Gaussian function. Based on analysis of the spectrum of invariant masses of the
pairs of a particles, we deduced that the peak of experimental C(q) spectrum in region g< 25 MeV/c was

8
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due to decays of unstable ®Be u’B nuclei, generated at different excitation levels (energies) of **O nuc-
leus, and, hence, at different kinetic energies of these unstable nuclei. Our result does not contradict to the
popular assumption of other authors about existence of a condensate state in *°0 nucleus, because unsta-
ble ®Be u’B nuclei can also be formed from decay of « condensate state of oxygen nucleus, if such a state
does exist.

200 4
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Fig. 3. Distribution on excitation energies of the pairs of aparticles in *Op collisions at 3.25 A GeV/c. The solid curve is the
background distribution.

The sizes of emission sources of identical deuterons and a particles were determined from fitting
their experimental one dimensional correlation functions C(q) by expression in (2) in regions g> 0
MeV/cu g> 25MeV/c, respectively. The so obtained sizes of emission sources of deuterons (2.4 + 0.7 fm)
and « particles (2.3 + 0.1 fm), generated in °Op collisions at 3.25 A GeV/c, coincided within the uncer-
tainties. The size of emission source of deuterons in **Op collisions at 3.25 A GeV/c coincided within sta-
tistical uncertainties with the result of Ref. [7], obtained in WA98 experiment for deuterons in Pb+Pb col-
lisions at 158 A GeV in target fragmentation region, suggesting that the size of emission region for deute-
rons formed in relativistic hadron-nucleus and nucleus-nucleus collisions does not depend on incident
energy and mass number of fragmenting nucleus. Some difference in the sizes of emission sources of a
particles, obtained in present work and in Ref. [8] (2.84 + 0.28 fm) for collisions of #Ne and *Mg nuclei
with nuclei of nuclear emulsion at 4.1 A GeV/c and 4.5 A GeV/c, is likely due to that, in the latter work,
all the fragments with Z = 2 were considered as « particles (though the admixture of ®He nuclei among
doubly charged fragments makes up around 20%). Besides it, only the doubly charged fragments in cen-
tral pseudorapidity region were analyzed in Ref. [8].
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AHHOTANMA

IIpeocmagnenvt HOGble IKCHEPUMENMATbHbIE OAHHblE NO UZYYEHUIO KOpPelAyuu 8 00pazosanuu 3aps-
JHCEHHBIX NUOHO8 U NecKUX pazmenmos c maccosvimu yuciamu A = 2—4 @ 160p-c0ydapeﬂuﬂx npu 3.25 A
I3B/c. Ilokazano, umo mexanusmvl 00pazo8anus nezkux gpaemenmos ¢ A = 2—4 u npoyeccovl eeHepayuu
3apAX’CEHHbIX  NUOHO8 He  3asucam  Opye om  Opyea. Habniodaemvie Kkopperayuu — medxicoy
MHodcecmeennocmamu neekux aoep “H, *H+>He u *He u namuuuem/omeymemeuem 6 cobbimuu 3apajiceniozo
nUOHA 00y Cl081eHbl O0IbUel/MeHbULell nepedayell SHEPLUU-UMNYIbCA PpaeMeHmupyoujemy aopy.

KarodeBble cJjioBa: MHOXXECTBEHHas T'eHEpalWsl dacTUI, (parMeHTanus sjaep, Jerkue (parMeHTsl,

KJIaCTEphI, CTPYKTYpa AAep.

W3BecTHO, YTO BapOH-SIJEPHBIX COYAAPEHUSX MIPH SHEPTHUAX B HECKoNbKo 9B cpenHsist MHOKECT-
BEHHOCTh POXKJIEHHBIX YacTHUI] (THOHOB) HEOOINbIAas U OHU B OCHOBHOM O0Opa3yIOTCS 32 CUET HEeyImpyroi
nepe3apsiIKi HyKJIOHa CHapsia WK sIpa-MHUIICHH WM 33 CUeT pacrajga OapuoHHOro pesonanca [1-8],
00pa3oBaHHOTO B sifipe MUIIeHH. [Ipr 3TOM BKJIaJ B MHOKECTBEHHOCTh ITMOHOB OT MX MTAPHOTO POXKICHHUS
(m+1"), ecTeCTBEHHO HEOOJIBITION.

Hamm skcniepumedT Ha 1M BOIIOPOMHOM My3BIPEKOBOI Kamepe IMO3BOJIAET C JOCTATOYHO OOJbIIeH
TOYHOCTBIO HACHTH(DUIMPOBATH YacTHIEl ¥ (parMeHTsl ¢ A< 9 mo macce. B °Op-coynapenusx mpu
3.254 I'B/c nopasisromiast yactb (>95%) BHOBb poXkACHHBIX (00pa30BaHHBIX) YACTHIL SIBIISICTCS THOHA-
MH. B CBs31 Cc BBIIIEH3T0KEHHBIM B HACTOAIIEH paboTe MUCCICIYIOTCS KOPPESILUU B 00pa30BaHUU 3apsi-
KCHHBIX [THOHOB ¥ nerkux aaep — H, °H, *°H, *He u *He B **Op-coynapenusx npu 3.254 T'3B/c.

OKcIepuMEeHTANBHBIA MaTeprall OblI MMOMYYEH C MOMOIIBIO 1-M BOJOPOAHOM My3BIPEKOBOW Kame-
pe1 JIBD OUSIU, o6myuenHoit myukoM siep °O ¢ ummynscom 3.254 TaB/c, na [lyGHeHCKOM CHHXpOda-
3otpone OUSN. JlanHble, nody4yeHHbIE B 3TOH paboTe, oCHOBBIBatOTCs Ha ctatuctuke 10042 m3mepen-
HBIX HEYNPyrux " Op-coObiTuii. Jis naeHTH(HUKAIIE HParMEeHTOB 110 Macce OBLUTH BBEICHBI CIEIYIOIIIE
MHTEPBaJIbl UMITYJIbCA B 1aOOPaTOPHON CHCTEME KOOPAMHAT: OAHO3apsAHble pparMenTsl ¢ 1.75 <p< 4.75
I'3B/c cunranuch npotoHam, ¢ 4.75 <p < 7.75 I'B/c otHocumucs k °H u ¢ p> 7.75 [3B/c— x syapam °H.
JIByx3apsiaubie parmentsi ¢ p< 10.75 T'3B/c otrocmmmcs k *He, a ¢ 10.75<p < 16 I'3B/c— k “He. Takoe
OrpaHHYEHNE CBEPXY HA UMITYJIbC “He CBS3aHO C TeM, 4TO M3-3a HECTAOHILHOCTH sIpa “He MBI «BHIIM
TOJIBKO 3apsDKEHHBIN MPOIYKT (0-4acTHIly) ero pacmajga Ha o+Nn. M3-3a manocTu cedeHus: o0Opa3oBaHUs
saep *He (1.03+0.23 m6u [9]) B °Op-coymapennsx mpu 3.254 IB/c MbI ux He uccaegyem. OTMETHM,
TaKXe, 4TO MPH TaKOM BHIOOpE MHTEPBAJIOB HMITYJIHCOB (DParMEeHTOB, MPUMECh COCEHHUX MO Macce U30-
TOIIOB SIJIEP B CBSI3H C MEPEKPHITHEM MX MMITYJILCHBIX CIIEKTPOB He mpesbiimaet 3—4%[10, 11]. Jpyrue
METOIMYECKHEe OCOOCHHOCTH 3KCIIEpPHUMEHTA MpHBeieHbI B [12].

Junst m3ydeHust Koppensiiuidi B 00pa3oBaHUU 3apsHKCHHBIX THOHOB M JIETKUX (ParMeHToB sijpa KH-
CJIOpOJIa BO B3aUMOJEHCTBUSIX ¢ poToHamu mipu 3.25 A I'3B/c nonuslit ancamO1b 16Op—coy;lapeHI/H?I ObU1
pasziesieH Ha ClIeAyIoIue 2 TPyl a) B COOBITHH OTCYTCTBYET KaKOH-100 3apsKeHHBIA MUOH, Ny = 0;
0) B coOBITHN UMeeTCs XOTs ObI OIMH 3apsKEHHBIA TTHOH, Ny >1.

Honst coObITHH, CpeiHnE MHOKECTBEHHOCTH JIETKUX ()ParMEeHTOB, a TAKXKe MPOTOHA OTHAYM JIs
BBIIIIEYKA3aHHBIX TPYNI COOBITUI NpuBeAeHsl B Ta0m. 1. M3 Tabn. 1 BuaHO, 4TO B pubausuTensHo 45%
COOBITHI HE TIPOHUCXOJUT 00pa30BaHUs 3apPSHKEHHOTO TTHOHA, a JIOJISI COOBITUH ¢ 00pa3oBaHUEM XOTsI Obl
OJTHOTO 3apsDKEHHOTO MHOHA COCTaBiseT okoiio 55%. CpemHre MHOKECTBEHHOCTH BCEX JIETKHX (hpar-
MEHTOB spa KUcCiIopoaa — lH,ZH,sH,gHe u “He B coObITHSX C o0Opa3oBaHUEM XOTsI OBl OJTHOTO 3apsKEH-
HOTO TTHOHA (Ny: >1) — OKA3aIUCh CYIIECTBEHHO OOJIBINE, YeM B COORITHSIX 0e3 00pa30BaHus 3apsKCHHBIX
HOHOB (Ng. = 0). DTO, MO-BUAMMOMY, SBISIETCS CIIEJCTBUEM TOTO, YTO 00pa30BaHUE XOTS OBl OJTHOTO 3a-
PSDKEHHOTO IIHOHA MPOUCXOIUT MPH 3HAYMTEIBHOHN mepeliaue SHEPTUU-UMITYNbca (pparMeHTUpyoLeMy
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SIIPY ¥, COOTBETCTBEHHO, €r0 OOJBIIIEM Pa3pyIICHUH B CPABHEHUH ¢ COOBITHAMU 0e3 00pa3oBaHUS 3apsi-
JKEHHBIX THOHOB. Ha 3T0 yka3bIBaeT Takke CpeqHee 3HaYCHHE CYMMAapHOTo 3apsna GparMeHToB ¢ 3 < Z
<8 <Q3g> B paccMaTpHBaeMbIX KJaccax COOBITHH. B coOBITHIX 0e3 00pa3oBaHUs 3apsHIKCHHBIX MHOHOB
(nz. = 0) oTa BenmunHa okaszagach paBHON <Qsg> = 4.92 + 0.04, a B COOBITHSIX ¢ 0Opa30BaHUEM XOTS ObI
OJTHOTO 3apsHKeHHOrO MUOHA (N >1) <Qag> = 3.88 & 0.04. He3aBUCHMO OT HATHYHS 3apsHKEHHOTO TTHOHA
B coObITHH (N.= 0 WK N> 1) B peienax CTaTUCTUYCCKUX TOTPEITHOCTEH COBNAIAl0T CPEIHUEC MHOXKE-
CTBEHHOCTH JIETKHX 3€pKabHBIX siAep — *H u *He B kax0it uccienyemMoil rpymnmne. IUHTepecHO OTMETUTS,

YTO TAKOE COBIALCHHE HAOIIONANIOCH PaHee B HHKII03UBHOM *Op-peakmuu [10,13].
Tabnuna 1
Jons cobbituii (%), cpeiHne MHOXKECTBEHHOCTH JIETKUX ()parMEeHTOB C MacCOBBIMU YHCIaMu A<4, a TaKXe MpoTo-
Ha OTAa4u Ny B 3aBUCUMOCTHU OT HAJTNIU 3aps’KCHHOI'O MMMOHA B COOBITUH

Hamiame 7- Honsicobei- Tun yacTuip! win GparMeHTa
Me30Ha B COOBI- tuii(W), B P
THH % H ’H °H *He *He Ny
Nn,.=0 44.7+0.7 1.58+0.03 0.28+0.01 0.11+0.01 0.12+0.01 0.46+0.02 0.70+0.01
N=>1 55.3+0.7 1.94+0.03 0.37+0.01 0.17+0.01 0.16+0.01 0.54+0.02 0.59+0.01

U3 tabn. 1 Takke BUAHO, YTO CPENHSST MHOKECTBEHHOCTh IPOTOHA OTJAaud OOJbIIEe B COOBITHIX
0e3 00pa30BaHWs MMHOHOB, Y€M B TAKOBBIX C POXKJIEHHUEM 3apsDKEHHBIX MHOHOB. DTO MOXKHO OOBSICHUTH
TeM, 4TO YacTh 7 -ME30HOB MOKET ObITh 00pPa30BaHa 3a CUET HEYNPYroil Hepe3aps Ky IPOTOHA MUIICHH
Ha T -ME€30H M HeWTpoH. M3 Ta6i. 1 HeTpyaHO ONpeeNuTh 0N 3apsia MOTEPSHHOTO MPOTOHOM-
MULIEHH B Pe3yJIbTaTe ero HEeYIpPyroii Iepe3apsaaKku COrIaCHO Peakuu p — N + M U 3apa1000MEHHOTO
mporecca ¢ HEUTpOHOM cHapsima pn — np. Jloms 3apsga MOTEPSHHOTO TPOTOHOM-MUIIICHH
paccUuThIBaIaCh 10 POPMYIIe

W(p — n)= W( n.= 0)(1- ne(ne=0))+ W( n>1)(1- nie(ne>1)),
KoTopas okazanack paBHoi W(p—n) = 0.36 = 0.02. DTOT pe3ynbTaT coBnagacT ¢ Ko3hOUIIMEHTOM HEYII-
pyroii epesapsiaki nporona-mumend (0.37 £ 0.01) B *°*Op-peaxium, momyuennsiM B paGote [14].

UroObl BBISICHUTH CBSI3aHbI JIM HaOM0aeMble B Taba. 1 KOppEnsauu MeXIy MHOKECTBEHHOCTSIMH
JIETKUX (PParMEeHTOB U HAIMYHEM 3apsHKEHHOTO MTHOHA B COOBITHH, C 3aBUCHMOCTSIMA MEXaHU3MOB 00pa-
30BaHUs 3TUX ()PArMEeHTOB M 3apsSHKEHHBIX MTUOHOB, MBI UCCIIEIOBAIIN KHHEMAaTHIECKHE XapaKTePUCTHKU
JIETKUX (parMeHTOB OTACIHFHO B KAKAOH U3 aHATU3UPYEMBIX TPYIIIL.

B Tabun. 2 npuBeneHsl cpeHUE 3HAYCHUS MTOJTHOTO UMITYJIbCA B CUCTEME IMOKOs pa KHCIOpoaa U
MOMEPEYHOTO UMITYJIbCa, a TAKXKE MX HIMPHH JJIS JIETKUX (parMeHTOB — 'H,?H,*H,*He u *He B 3aBucumMo-
CTH OT HAJIMYHSI HITU OTCYTCTBUS 3apsKEHHOTO IMHOHA B COOBITUH. B CBSI3U ¢ TeM, 4TO CpeTHHEe MHOXKECT-
BEHHOCTH U KWHEMAaTUYECKHUE XapaKTEPUCTUKU 3E€PKAIBHBIX SIEP *He u °H cosmamaror [10,13], ms
Jy4Iled CTATUCTHKH JaHHBIE 110 3THM siipaM 00beTMHEHBI B IAaHHON M TIOCJIEAYIOIINX Ta0IHIax.

Tabnuua 2
CpemHue 3HaYEeHHS TIOJTHOTO U TIONEPEYHOT0 UMIYIIBCOB M UX MIUPHUHEL (B M1B/c) s nerkux ¢pparMeHToB ¢ Mac-
COBBIMH yHcTaMi A < 4 B 3aBHCUMOCTH OT HAIWYHA 3apsHDKEHHOTO TTHOHA B COOBITHH.

Hanuuue 7*- Tun ¢
Beanunna M€e30Ha B parmerTa
COOBITUH ’H SH+°He “He
<p> n.=0 35247 367+ 8 293 +4
Ny >1 351+5 362 +6 296 +3
D(P) n,.=0 243+ 9 236+ 9 180+ 7
N1 241+ 6 229+ 9 1795
<P n,.=0 257+6 234+ 6 189 +3
N1 253 +£5 236 £4 189 +3
D(P) n,.=0 215+8 173 +£8 149 £8
N1 207 £6 175+7 143 £6
<P> n,.=0 116 £8 122+ 10 21+6
N1 118 +6 129 +7 29+5
D(PL) n,.=0 234 +4 282+8 244 +£3
N1 239+5 288 +10 239+4
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W3 tabun. 2 BUgHO, YTO:

e B IQpejeNiax CTaTUCTHMUYECKUX IMOTPEIIHOCTEN CpeJHHE 3HAYEHHs MOJHOTO U MONEPEeYHOro HM-
MYyJIbCOB M UX LIMPHH JUIA JITKUX (ParMEHTOB HE 3aBUCAT OT HATMYHSA WJIM OTCYTCTBHUS 3apsKEHHOTO
MMMOHA B COOBITHH;

e  CcpeIHME 3HAYCHUS MOJHOTO MMITYJIbCAa M UX IIUPHUH B NMPEAEIax CTATUCTUYECKUX ITOTPELIHOCTEMH
0Ka3aJIMCh OJJMHAKOBBIMU JJIS ICUTPOHOB U 3€PKaJIbHBIX SIAEP (3H+3He);

e  Bce HCcleAyeMble KHHEMaTHUECKHUE XapaKTEPHUCTUKU (-YaCTHIl OKa3aJUCh MEHBIIE, YeM y JieH-
TPOHA M 3epKANBHBIX A7ep, KOTOPOE CBA3AHO C XapakTepoM obpasosanus suep “He (sapa ‘He sBssch
UCXOJHOU CTPYKTYpo# snpa-cHapsana [15] oOpasyroTcs B OCHOBHOM, MPH MallbIX BO30OYKICHHAX sapa
KHCIIOPOa);

e  CcpeHee 3HAUCHHE IOTHOTO MMMynbca 3epkanbubix sgep (PH+°He), oka3azoch 3aMeTHO MEHb-
MM, Y€M TaKOBOE Y JIEHTPOHOB, YTO CBA3aHO C OTHOCHUTEIHHO MaJIbIM CPEIHUM YTJIOM BBUIETA SIAEP
(3H+3He) B CPaBHEHUH C AIpaMHU °H.

Crnenyer nn U3 HaONOJAEMOro B HKCIEPHUMEHTE COBNAACHUS CPEAHUX 3HAUYEHUH HMYJIbCHBIX
XapaKTePUCTUK U UX IIMPHH AJIsl pACCMaTPUBAEMBbIX SIAEP B IBYX I'PYIIAX COOBITUN MAEHTUYHOCTH (HhOpM
X HMITYyJIbCHBIX crekTpoB? Kak mokazan aHamu3, (OpMBI HMITyJbCHBIX CIEKTPOB HCCIEIyEMBIX
¢dparmeHTOB (ZH, °H, *He n 4He) COBIIAJIM B MpEJeNiaX CTATUCTHYECKUX MOTPEIIHOCTEH I 00enX TPy
coObIThii. B xadecTBe mpuMepa, Ha puc. 1 U 2 MpUBENEHBI CIIEKTPHI TIOIHOTO (B CUCTEME ITOKOS SApa KH-
CJI0pO/a) M MOMEPEYHOr0 UMIYIBCOB IS SAIep ’H. Kak BHIHO u3puc. 1 1 2, KaK CIEKTPhI MOJHOTO, TaK
U TIOTIEPEYHOr0 HMMITYJIbCOB JEUTPOHOB COBIAJAIOT B MpeiesiaX MOTPEeIIHOCTEH B JBYX HCCIEIYEeMBIX
KJlaccax COOBITHM, YTO yKa3bIBAeT HA HE3aBHCUMOCTh MEXaHHU3MOB (POPMHUPOBAHUS 3THX (ParMEHTOB U
00pa3oBaHMs 3aPSHKEHHBIX THOHOB.

W3 mpuBeneHHOro BBIIIE CIEAYeT, YTO TaKKe CpelHHEe KMHEMAaTHYeCKHe XapaKTepUCTUKU 3aps-
JKCHHBIX IMOHOB HE OJDKHBI 3aBUCETh OT MEXaHNW3Ma 00pa30BaHus Jerkux (pparMeHToB. M3BecTHO, 4TO B
00pa3oBaHMH JETKUX (YParMEeHTOB BBUICTAIOIIUX B MEPEIHIO NOTycepy B cucTeMe MOKOS siApa KUCIIO-
pona (® < 90°) oCHOBHOM BKJIaJ| IAI0T MEXAHU3MBL: «HucnapeHuey», OepMu-passaj, KBasuynpyroe BbIOU-
BaHKE MTPOTOHOM-MUIICHBIO, CIUSIHNE ABYX U O0Jiee HYKIOHOB, a TAKXKE pacrajibl BBICOKOBO30YKICHHBIX
anep ¢ MaccoBeIMU uuciamu A>3. Torga kak jgerkue (pparMeHThl, BBIJICTAIOIINE B 3aJHIOK0 mosychepy
(©®>907), 06pa3yroTCcs B OCHOBHOM 3a CUET MEXaHM3MOB «HcrapeHus» u GepMu-paspana. B cBsas3u ¢ atuM
MBI CPaBHWIN CpeJHHME 3HAYEHHS MOJHOTO U MOMEPEeYHOr0 MMITYJILCOB U UX UIMPHUH JJIS T -ME30HOB OT
yTJa BBUIETa JIETKUX (PparMeHTOB B CHCTEME ITOKOS Apa KHciaopoaa (cM. Tadi. 3).

Kak BuaHO U3 Ta0I1. 3, cpenHue 3HaYeHUs IOJIHOTO, MONIEPEYHOTO UMITYJIHCOB M UX IIUPHUH IS OT-
pHUIATETBHBIX MTHOHOB OKA3aJMCh B Tpelelax CTaTUCTUYECKUX MOTIPEIIHOCTeW HEe3aBHCHMBIMH OT YTJa
BBIJIETA JIETKUX (PparMEHTOB. DTO MOATBEP)KAAET HE3aBUCUMOCTh MEXaHU3MOB 00Pa30BaHUs 3aPSKEHHBIX
MHOHOB OT MEXaHU3MOB 00pa30BaHMS JETKUX (PparMEeHTOB B lGOp-Coy,Z[apeHI/ISIX npu 3.254 I'3B/c.
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Tabmuna 3
CpemHue 3Ha4eHUS TIOTHOTO (B TA0OPaTOPHOI CHCTEME) B TIOTIEPEYHOTO UMITYIIHCOB M WX MHPHH (B M1B/c)
JUISL T - ME30HOB B 3aBHCHMOCTH OT yIJIa BBUICTA (B CUCTEME ITOKOS spa KUCIOPOa) JIEerKuX pparMeHToB —
’H, *H+’He 1 *He

Y R— VYron BeuteTa (par- Tun ¢parmenra
MeHTa H *H+He "He
<p> ®<90°, Bnepen 653+ 15 655+ 17 622+ 14
©>90°, Hazan 654+ 21 648 + 22 613+ 16
D(P) ®<90°, Bnepen 428 +£17 432 +18 411+ 15
0>90°, Hazaz 414 £ 22 407 £ 22 424 £ 16
<P ®<90°, Bnepen 189+5 193+5 186+ 4
0>90°, Hazaz 189+ 7 197+ 7 189 + 5
D(P) ®§9OOC,> BIIEpe 125+ 6 128+6 127+5
©>90", Hazaj 124+ 7 135+£8 130+ 6

OTOT BBIBOJ MOATBEPXKIACTCS TAK)KE HE3aBUCUMOCTBIO CPEIHUX MHOXKECTBEHHOCTEH 3apsyKEHHBIX
MMMOHOB (151 COOBITHIA ¢ 00pa30BaHMEM TI0 MEHBIIIEH Mepe OHOTO 3apsHKEHHOTO IMMOHA) OT YIJIa BBUIETa

JIETKUX (parMeHTOB, KOTOPHIE IIPEICTABICHHI B TA0I. 4.
Tabnuma 4

CpeILHI/Ie MHOXCCTBCHHOCTHU 3apsAKCHHBIX MTMOHOB B 3aBUCHMMOCTHU OT yI'Jia BbUIETA JICTKUX (I)paI‘MeHTOB B CUCTEMC
TIOKO4 sAipa KUcjaopoaa

Tun ¢pparmenta
VYroun BeUIETa (PparMeHTa bp

’H *H+He *He
©<90°, Biepen 1.53+0.02 1.56 +0.02 1.57 +£0.02
0>90°, Hazan 1.53+0.03 1.57 +0.03 1.53+0.02

W3 Tabn. 4 BuAHO, 4TO CpeAHNE MHOXKECTBEHHOCTH 3apsDKEHHBIX IMHOHOB, CONPOBOXKAAIOLINX 00-
pasoBaHue JErKuX (parMeHTOB, B IpeAeiax CTaTHCTHYECKHX IMOTPELIHOCTEH HE 3aBHCAT OT UX THIIA.
Takxe BHIHO, YTO CpeAHHE MHOKECTBEHHOCTH 3apsHKEHHBIX MHOHOB B MpefefiaX CTaTUCTHYECKUX IO-
TPEIIHOCTEH HE 3aBHCAT OT Yriia BbUleTa 3TUX (pparmentoB. Ecnu ydecTs, 4To MeXxaHU3MBI 0Opa30BaHuUs
(parMeHTOB, BRIJICTAIOIIMX B 3aIHIOI0 U IEPEIHION NoIycdepy OTIMYAOTCS, TO MOXKHO 3aKIIOYUTh, YTO
MeXaHU3Mbl 00pa30BaHus JIETKUX (ParMEeHTOB U 3apsDKEHHBIX TTHOHOB SIBIISIOTCS HE3aBUCHMBIMHU.

3axioueHue

Wzyuens! koppemsiuuu B 00pa30BaHUM 3apsHKEHHBIX TMOHOB U JIETKUX ()ParMEHTOB Apa KUCIOPO-
Jla BO B3aUMOJICHCTBUAX ¢ MpoToHaMu tipu 3.25 A ['aB/c. [lns u3ydennst koppemnsiuii B 00pa3oBaHUU 3a-
PSDKEHHBIX TTHOHOB U JIETKUX (PparMeHToB sijipa KUCIOpPOJa BO B3aMMOJICHCTBUSAX C IPOTOHAMU IpH 3.25
A I'»B/c nonubiii ancamOb 16Op—coy;lapeHI/Iﬁ ObUI pazzesieH Ha CleAyIoIUe 2 TPyl a) B COOBITHH
OTCYTCTBYET KaKOH-1H00 3apsKEHHBIA HOH; 0) B COOBITHM MMEETCS XOTs Obl O/IMH 3apsKEHHBIN MHOH.

CpenHrie MHOXKECTBEHHOCTH BCEX JIETKHX (parMEHTOB sifjpa KUCIOpoJa — 'H,°H,°H,*He u “He B
COOBITHSIX ¢ 00pa3oBaHHEM XOTsI ObI OJTHOTO 3apsDKEHHOTO MHOHA OKa3aJiCh CYIECTBEHHO OOJbIIE, YeM
B COOBITHSIX 0€3 00pa3oBaHus 3apsHKEHHBIX THOHOB. JTO CBSA3aHO C TE€M, YTO 00pa3oBaHUE XOTs Obl OJTHO-
r0 3apsDKEHHOrO NMHMOHA MPOMCXOAMT NPU 3HAYMTENBHOH mepenade SHEpPruu-uMIlynbca GparMeHTHPYIO-
IeMY Py U, COOTBETCTBEHHO, €r0 OOJIBIIIEM Pa3pyIICHUN B CPABHEHHUU C COOBITHSAMM 0e3 00pa30BaHus
3apsDKEHHBIX TTMOHOB.

CpeHHe 3HAYCHHUS MOJNHOTO ¥ TIOMEPEeYHOr0 MMyIbCOB i HX mmpus s saep “H,°H+°He u “He,
OKa3aJIMCh HE 3aBHUCAIIMMU OT HaJH4YWS B COOBITUM 3apsSHKEHHOTO MUOHA. Taxke (pOpMBI MMITYJIbCHBIX
CIIEKTPOB HCCIEAYEMBIX (parMeHToOB (ZH, *H+He u 4He) COBNAIM B TIpeJenax CTaTUCTHYECKUX
MOTPEIIHOCTEH 11 00eHX TPy COOBITHH.

CpenHyrie 3HaU€HUS MTOJIHOTO W MOTEPEYHOr0 UMYJIbCOB U WX IMUPHH JJISl OTPUIATEIFHBIX MHOHOB
OKa3aJIiCh HEe3ABHCAIIMMHI OT YIIIa BBUTETA (B CHCTEME TOKOS syIpa Kucitoposa) nerkux saep “H,°H+°He u
‘He.

Taxum 06pa3oM, MOJKHO 3aKJIIOYHUTh, YTO MEXaHU3MbI 00pa30BaHUs JeTKuxX GparMeHToB ¢ A =24
Y TIPOIIECCHI TeHEepalny 3apsDKEHHBIX IMMOHOB HE 3aBHCAT APYTr OT Apyra. HaOmromaemble Koppemsannu
MKy MHOXKecTBeHHOCTsMH Ierkux syiep “H,°H+°He u “He u Hanuunem/0TCyTCTBHEM B COOBITHH 3aps-
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’KCHHOTO TTHOHA OOYCIIOBIICHBI OOJbINCH/MEHBIIIEH mepenadeii SHepruu-uMIyibca (HparMeHTHPYIOMEMY
A1py. ;"

[TommydenHsle maHHBIE YKa3BIBAIOT HA TO, YTO T€HEpANHs MHOHOB B — Op-coymapeHusx mpH 3.25 A
I'B/c nporcxoauT NperuMyiecTBEHHBIM 00pa30M B HyKIIOH-HYKJIOHHBIX COYJIApEHHSX.
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OCOBEHHOCTHM OBPA30OBAHMSI ITIPOTOHOB U JJEUTPOHOB B °OP-
COYJAPEHUAX ITPH 3.25 I'DB/C HA HYKJIOH

B.C.IOapawmes, 3.X.bo3zopos, K.Oiuumos, C.JL. Jlyrny/uiaes

Quzuko-mexuuyeckuii uncmumym HIIO « Qusuxa-Conrnyen AH PY3

AHHOTAUMSA

Ilpeocmaenensvt sKcnepumeHmanbHble pe3yIbmamol U3yYeHus: MexaHuzmMo8 00pa308aHuUs NPOMOHO8 U
Oetimponos & *°Op-coyoapenusx npu 3.25 A IB/c. Onpedenenbi 6x1a0bi MPex OCHOBHBIX MEXAHUIMO8 00pa-
308aHUsL NPOMOHOS.

Tokaszano, umo cmpykmyphvie QYyHKYUU no umnyivcy odvicmpwix oetimponos (1>75 M»>B) yooeremeo-
PUMENILHO ONUCHIBACTCSL MOOEIbIO KOANECYEHYUU.

KaroueBble ciioBa:MHBapUaHTHAsI CTPYKTYpHAst (DYHKIMSL, TIPOTOH, AEHTPOH, SAPO, CIUSHUSL.

KonnuecTBeHHBIE BKIIA/IbI PAa3IMYHBIX MEXaHU3MOB 00pa30BaHUs NPOTOHOB U ACHTPOHOB SBIISIOT-
CS1 KpUTHYHBIMH JJIS1 JUCKPUMUHALIMK Pa3HBIX TEOPETHUECKUX MOAXO0A0B K ONMCAHHUIO MPOLECCOB (hpar-
MeHTanuu. K HacToseMy BpeMeHH HaJIe)KHO ycTaHoBiIeHO[ 1—5], uTo oOpa3oBaHue Jerkux GparMeHTOB
Aapa B aIpoH-SAEPHBIX B3aMMOJEHCTBUAX IPH BBICOKMX JHEPIUSAX MPOUCXOIUT Ha BCEX CTAIUSIX aKTa
COyIapeHus: BHYTPHUSACPHOIO Kackala HaJeTaloIIero aJpoHa, NpPU pacnane BO30YXKIEHHOIo sipa-
ocraTka (TepMalTi30BaHHBIN (epMH-pa3Bai), OCTABIIETOCS MOCIIE MPOXOXKACHUS JTUINPYIOIIETO aJpOHa U
TIOTJIOMICHUST POKJCHHBIX MTHOHOB SIIPOM, U B MPOIECCE «UCTIAPEHUS» HCXOAHOTO sijipa Npu nepudepu-
YECKHX COYAApEHUSIX WM AEeBO30YXKICHHS MHOTOHYKJIOHHBIX (DparMeHTOB (MCHAapUTEIbHBIM Hpolecc),
00pa3oBaHHBIX B pe3yibTaTe pacnana spa-octarka. [[oCKOJIBKY MMITYJIBCHBIE CHEKTPHI JIETKHX (par-
MEHTOB, OTBEYAIOIIMX PAa3IMYHBIM MEXaHH3MaM UX O0Opa30BaHHMA, HAKJIAJBIBAIOTCA APYT HA ApPYyra, UX
paszereHne BO3MOXKHO TOJBKO CTATUCTUYECKH, HAIPUMEP, C MOMOIIBI0 WHBAPHAHTHBIX CTPYKTYPHBIX
GbyHKIMA [S] wim pacnipeneneHnii o MHOXECTBEHHOCTH [6].

OTcyTCTBHE TIOpOTra PerucTpayy MPOTOHOB-(hParMeHTOB B HAIlIEM KCIEPUMEHTE, TIO3BOJIUIIO OTI-
pelleNUTh KOJIMYECTBEHHBIE BKJIAJIBI TPEX OCHOBHBIX MEXaHHU3MOB — «HUCIIAPHTENBLHOTOY», (epMHU-pa3Balia
¥ IPAMOTO BHIOHBAHMS B 0Opa30BaHHE NPOTOHOB B °Op-coymapennsx mpu 3.25 A T'aB/c, ¢ momomiso
(GUTHPOBAHMS PKCIIEPUMEHTAIBHBIX CIIEKTPOB CIIEIMATIbHO BEIOPAHHBIMU (DYHKIHSIMH.

Ha puc.1(a,0) npuBeseHa 3aBUCUMOCTb OT MMIIYJIbCa B aHTUIA00PAaTOPHOU CHUCTEME KOOPAMHAT
(an.c.K.) SKCIIEPUMEHTAILHON MHBAPMAHTHOMN CTPYKTYpHOH (yHKumu mpotoHos Elo;d’s/dp® B °Op-
coynapenusix npu 3.25 A I'3B/c mist Bcex pOTOHOB (@) U Uil HPOTOHOB BBUICTAIOIIUX B HEPEIHION U
3anHI00 nojaycdepsl (0). Paccmorpenue o0enx monycdep BbUIeTa IPOTOHOB MO3BOJISET BbISCHUTh KHHE-
MaTHYECKYIO JIOKATU3aHI0 MEXaHU3MOB 00pa3oBaHus MPOTOHOB. CpaBHEHHE UMITYJILCHBIX CIIEKTPOB B
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3THX Nosycepax MO3BOISIET 3aKII0UUTh, YTO B IIEpeIHEH morycdepe BblleTa IPOTOHOB KPOME «HUCTIapH-
TEJNBHOTO» MEXaHH3Ma U TepMaM30BaHHOTO (pepMH-pa3Baja siapa ACHCTBYET TaKK€ MEXaHHU3M BBICOKO-
SHEPTUYHOr0 Kackaja IMPOTOHA-MUIICHHU, B PE3YJIbTaTe pean3alii KOTOPOro MOSBIISIOTCSA BBIOMTHIE U3
siIpa KUCIIOpoaa OBICTPBIE MTPOTOHBI-PparMeHTHI.

CrutomHple UHUKM Ha puc.1(a,0). — pe3ynbTaThl ammpoKCUMALUU SKCIEPUMEHTAIBHBIX JTAaHHBIX
¢dyHKIUMEH BUaa

f (p) = a; exp(-b,p?)+ & exp(-bp?)+ as exp(-bsp) 1)

rae a;, by, 8, by,a3,b; - dburupyemsie mapamerpsr pacnpeaenenus. Ha puc 1.a mrpuxoBbIMu KPUBBIMA 1,
2, 3 moka3aHbl NMapUUaIbHbIC BKIAIbI KXKIOTO WieHa BeipaxkeHus (1).

W3 pucynka Buano, uro ¢yHKIus (1) yIoBIETBOPUTEIHHO OMMUCHIBAET IKCIEPUMEHTAIbHbIC CIIEK-
TpBI U1 IpoTOHOB. [lapameTps! annpokcuMany npuBeneHs! B Tabauue. Vcnonb3ys 3T JaHHBIE U UH-
Terpupys BeipakeHue (1), HaMu OBLIM OMpeesieHbl TOJIM MPOTOHOB, OMHCHIBAEMBIX KaXKABIM M3 TpeX
45ieHOB BhIpakeHHUs (1) (COOTBETCTBYIOIINM «HCIAPUTEIHLHOMY» MEXaHU3MY, MEXaHU3MY (epMHU-pa3Baia
¥ MEXAaHHM3MY IPAMOTO BHIOBIBAHMS) s ' Op-B3aHMO/CHCTBHM, KOTOPEIE OKA3aIUCh paBHbIME (27.4 +
0.5)%, (32.0+0.6)% u (40.6+0.7)%, COOTBETCTBEHHO.

U3 puc 1.6 BuaHO, 4TO cpey MPOTOHOB, JIETSIIMX B 3aJHIO0 NOJycdepy, BKIaJ MEXaHu3Ma IMpsi-
MOTO BBIOMBaHUS (T.€. OBICTPBIX IPOTOHOB) MPAKTUUYECKH OTCYTCTBYET, © OCHOBHBIMH MEXaHH3MaMU SIB-
nsieTcst ucrapenue (MMmynbeHbId uaTepBan 0 — 0.22 MaB/c) u ¢pepmu- pa3an (MMIynbcHbINH HHTEpBa 0
— 0.8 MaB/c).

st nccrnenoBaHys MEXaHU3MOB 00pa30BaHUsl JEUTPOHOB MBI HCIIOJIB30BAIM PACIPEACICHUE TI0
MOJTHOMY HUMITYJIBCY THX YaCTHUI[ B CUCTEME IIOKOS SApa KUCIOPoaa. DKCIIEPUMEHTAIbHbIC JaHHbIE ObUIN
CpaBHEHBI pacueTaMu MO0 KacKaJHOW (yparMeHTanuoHHo-ucmaputenbHoi Monenu (KOWUM) [7, 8]. Ha
pHcC. 2 IPUBEACHO IKCIEPHUMEHTAILHOE UMITYJIbCHOE PACIPEACICHUE ACHTPOHOB, a TAKXKE pacyeT COOT-
BeTCTBYHOIUX creKTpoB B KOVM. BunHo, 4TO MOJENbHbBIE pacueThl KAYECTBEHHO OMKCHIBAIOT IKCIEPU-
MEHTAJIbHBIC JJAHHBIC B MHTEpBalie UMIY/IbCoB < (0.4 ['3B/c. DTO CBUIETENLCTBYET O TOM, YTO POXKICHUC
JeWTpoHOB ¢ umnynbcamu < 0.4 I'3B/c mpoucxoauT, B OCHOBHOM, Yepe3 UCHAPUTEIbHBIH MEXaHHU3M.

fip), l":aB‘zt:zt:Tep‘1

P, TaB/c

16 .
Puc. la. lnBapuanTHast CTpyKTypHask QYHKIMS JUII TPOTOHOB-()PAarMEHTOB B ajl.c.K. Uisl - Op-coynapeHni npu
3.25 A I'3B/c. CrutomrHast KpuBasi — pe3yJbTaT allpOKCHMAIIUH SKCIIEPUMEHTAIBHOTO CIieKTpa QyHKuei (1),
MYHKTHPbI- BKJIAJ] KaXJI0H SKCIOHEHTHI (1) 1o oTaensHOCTH.

3 -1
C crep

B

fip), M8

TN

LT CETD CED 8.5 188 1.25

F.lFaBle

Puc. 16. uBapuanTHast CTpyKTypHast pyHKIUS JUIs IPOTOHOB-(ParMeHTOB B aJI.C.K.JUIs 16Op-C0yI[ap€HI/II71 npu 3.25
ATH3B/c (¢ -c0<n/2, A-c0>n/2)

B nonb3y 3TOr0 CBUAETENBCTBYIOT JAHHBIE PHUC.3, HA KOTOPOM CPaBHEHBI MMITYJIbCHBIEpACIIpEie-

JIEHUS] AEUTPOHOB, BRUIETAIONINX B MEPETHIOI0 U 33/IHIONI0 TIOIycdepy B CHCTEME MOKOS siipa KUCIOPOa.
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Bunno, 9To OpPMBI CIIEKTPOB B ATHX ABYX CIIy4as KapIWHAIBHO pa3nu4aroTcs. [Ipu 3Tom cormacue sKc-
MEPUMEHTAIBHBIX CIICKTPOB JJIs JCUTPOHOB, BHUICTAIONIUX B 3aJIHIOI0 MOIYyC(Epy, B KOTOPOH OCHOBHBIM
MEXaHU3MOM HMX 00pa30BaHUs SABJISCTCS MCTAPUTEIBHBIM MeXaHu3M, ¢ pacderamu o KOWM BeipaxkeHo
3HAYUTENHHO Jy4IIle.

Pacxoxnenue npeackazannii KOUM ¢ skcriepuMeHTaIbHBIMU TaHHBIMA OCOOEHHO CHJIBHO BBIpa-
JKeHO B obOnactu uMmmyiabcoB p > 0.4 ['3B/c, T.e. BeposITHOCTh 00pa30BaHUs SHEPTUYHBIX JCHUTPOHOB IO
MeXaHn3My (hepMu-pa3Bajia C pOCTOM MX SHEPTUU YMEHBIIAEeTCS CYIIECTBEHHO OBICTpee, YeM B IKCIIEPH-
MeHTe. Hanmmane OpICTpoii YacTH UMITyJIECHOTO B DKCIIEPUMEHTE yKa3bIBA€T Ha JIEHCTBHE HE YUTCHHBIX B
K®UM mexann3moB oOpa3oBaHus ASUTPOHOB. Hanbosee BEpOsATHBIM MPOIECCOM, MTPUBOISIINUM K 00pa-
30BaHUIO OBICTPBIX (PPAarMEHTOB, MOXET SIBJISTHCA CIMSHUE KACKAIHBIX HYKIOHOB C MaJIBIMH OTHOCH-
TEIHHBIMHU UMITYIIHCAMHU.

1/N*aN/aP
-+
*

0,0 0,2 0,4 0,6 08 1,0 1.2 1.4
P.laBlc

Puc. 2 Pacnipenenenuie neHTPOHOB [0 UMITYJIbCY B CUCTEME MOKOSI siipa KUCIOPOAa B 16Op-coyz[apeHHslx mpu 3.25 A
IB/c (e — sxcepument, o- KOUM).

10

10" s ¢

1N* AN/ AP

1 1 1 1 1 1 1
0,0 0,2 0,4 0,6 0,8 1,0 1,2 14

P, MB/c

10°

Puc. 3. Pactipenenenue nefTpOHOB IO TOJTHOMY HMITYJICY B CHCTEME TTOKOS sipa Kucinopoaa. OO03HauCHUS: KPY>KKH ® — IS
JEHTPOHOB, JIETAIINX B MIEPEIHIO0 MOIychepy; © — s JeHTPOHOB, JICTAIMINX B 33AHIOI0 HOIychepy.

Ceuenue oOpa3zoBaHus (parMEHTOB C MAacCOBBIM YHCJIOM A B paMKax Mojenel ciausHaus [9] Beipa-
JKaeTcsl Yepe3 CeYeHHe BhIX0/Ia IPOTOHOB KaK:
EAdgCSA/dpgA:CA(Ep dgﬁp/dpSD)A, (2)
B IIPEHEOPEIKEHUN PA3IMYMEM MMITYJIECHBIX CIIEKTPOB IIPOTOHOB M HEMTPOHOB. 311eck PA=AP,, C, — ko-
3G GUUMEHT CIUAHUS, KOTOPBIN c1a00 3aBUCUT OT MAacChl MHUILIEHHM M HE 3aBHCUT OT 3HEPIHM CHapsiia
yria Beiiera ¢parmenta [10].
W3 cpaBHEHNS UMITYJIbCHBIX CIIEKTPOB (hparMeHTOB C MPECKA3aHUIMHU JIBYX Pa3UYHBIX MOJeNei
— K®VM m koajleCIieHIIMH MOKHO CJeJaTh 3aKII0OYCHHE, YTO B 160p-33aHM011e1‘/'ICTBI/151x HMEETCS, 10
KpaiiHell Mepe, 1Ba HCTOYHMKA (DOpMHUpPOBaHUs AEUTPOHOB. OHUM M3 HHUX SIBJISETCS OCTATOYHOE TEpMa-
JM30BaHHOE BO30YXKICHHOE SO, pacrajaroiieecs M0 MeXaHusMy (epMu-pasBasia. OparMeHThl 3TOTO
MCTOYHHKA COCTaBIISIOT OCHOBHYIO YacTh CEUEHHs OOMIETO BBIXOAA. JI[pyrMM HCTOYHUKOM, MCITYCKaro-
KM ObICTpBIe (PparMeHTsl, SBJIsETCS 001acTh sIpa, OXBaYeHHAs! BHYTPHUSAEPHBIM KacKaJoM BIIOJb Ha-
NpaBJeHus CHapsaa. B Hel 3a cueT ciaustHus OBICTPBIX U OJIM3KHX TI0 UMITYJIbCAM HYKJIOHOB 00pa3yroTcs
MaJIOHYKJIOHHbIE (PparMeHThl — ’H, *H u *He. Henb3s HCKITIOUNTD TAKKE 00pa3oBaHHs MEJICHHBIX (par-
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MEHTOB H OT pacliajia OCTaTOYHOTO Spa, KOTJa YJHEPTUS ero BO30YKISHHU Majla, HO JOCTAaTOYHA TSI FIC-
IIyCKaHWs UM MaJIOHYKJIOHHOI'O s/pa.
Tabmuna 1
Pe3ynbraThl anmpoKCUMaIMK UMITYJIbCHOTO paclpeieieHus B ajl.C.K. HHBAPHAHTHOM CTPYKTYPHOH (YHKIMH IPO-
TOHOB IS 160p-B3aMMo;[eI71CTBMI71 npu 3.25 A I'3B/c hopmyioii (1)

MMapa- Tt B3asMoeficTBIA
MEeTPEL 150p
Bee Henymen- | Hemyimen-
IIPOTOHBL | HBIE BIIEpeX | HBIE Hazasm
a, 94.46+3.47 | 4529+2.17 | 49.45+2.88
b, 126.1+3.8 111.9+4.1 149.7+8.4
a, 4.55+£0.30 1.80+0.13 3.22+0.46
b, 14.57£0.91 | 9.8320.99 | 24.34x+391
a, 0.84+0.07 0.56+0.09 0.54+0.24
b, 3.71£0.12 3.2810.19 8.78+1.23
x3u.c.cB. 1.35 1.12 0.72

B 3akmtouenue nprBeaeM OCHOBHBIE BBIBOJIBI IIPOBEJCHHOTO UCCIIEIOBAHUS.

Bo-nemex, YCTaHOBJICH KOJINYECTBEHHBIN BKJIa[] TPE€X OCHOBHBLIX MCXaHU3MOB O6pa3OBaHI/I$1 npo-
TOHOB — UCIIAPUTENILHOTO, (pepMH-pa3Bana U MPsAMOro BeIOMBaHUS. BO-BTOpBIX, HA OCHOBE COMOCTAaBIIe-
HUS DKCIIEPUMEHTANBHBIX TAHHBIX ¢ pacdeTamu 1mo Moxaenu ciusausi u KOMM nokaszano, uro oOpas3oBa-
HUC ﬂCﬁTpOHOB IMPOUCXOAUT KaK B PE3YJIbTATC HCIAPUTCIBHOTO MEXaHHU3Ma, TaK U CIIMAHUA 6BICTpI)IX
KaCKaJHbIX HYKJIOHOB.
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HEKOTOPBIE OCOBEHHOCTH OBPA3OBAHUAA-YACTHII B PA3JIMYHbIX
TOHOJIOI'MYECKUX KAHAJIAX PA3BAJIA AJEP KUCJIOPOJA BO
B3AUMOJIEMCTBUSX C MIPOTOHAMM ITPH 3.254 T3B/C

b.C.lOanawes., C.JL.Jyrnyaaaes, K.Oaumos, 3.X.bo3opos, I11./I.To:xxumamatos

Quzuxo-mexuuveckui uncmumym HIIO « Dusuxa-Coarnyen AH PY3

AHHOTAUA

Ipedcmasnenvl 3KCnepuMenmabHble Pe3yibmanmbl USYUeHUst PAIUYHBIX KUHEMAMUYeCKUX Xapakmepu-
CIUK G-Yacmuy 8 3a8UCUMOCMU OM MONOJ02UU COObIMUL 8 160p-coy0apeHuﬂx npu 3.25 A I'>B/c. Obuapy-
JHCEHO, YMO CPpeOHUe 3HAYEHUsl NOJIHO20 U NONEPEYHO20 UMNYTILCOS, d MAKN’CE Y208 BbLICMA O.-4aACMUY 1675
JOMCSL MAKCUMATLHBIMU 8 Monoaozuyeckom kanaie (2). Ocnognoll 8Knad 6 ceyeHue 00paz08anus a-4acmuy
datom mononoauu ¢ 00paA308aHUEM PA3IUYHO2O YUCIA 08YX3apsA0HbIX pazcmenmos — (2), (22), (222) u
(2222).

KiroueBble ci0Ba: TOMOJIOTHS, 0-4aCTHIA, (pparMeHThl, MHOTOHYKIIOHHBIC S/Ipa, WHKJIIO3MBHOE CEYCHUE,

KJIaCTEpHAsl CTPYKTYpa.

I/I3yquI/Ie PAa3JIMYHBIX XAPAKTCPUCTUK (bpaFMeHTOB MHOT'OHYKJIOHHOTO sApa, 06pa3OBaHHBIX B €T0
B3aPIMO]IeI>'ICTBPI$IX C IPOTOHOM, JAa€T BaXHYIO I/IH(i)OpMaHI/IIO O BO3MOXXHBIX MC€XaHU3Max aaApOH-AJCPHBIX
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B3aUMOJIEMCTBUM MIPU BBICOKUX SHEPTUAX U POJIM MCXOAHOIO COCTOSHMS Anpa B (POPMUPOBAHUU KOHEU-
HBIX TPOAYKTOB peakuuu.B Hammx padotax [1, 2] npu uzyuyeHnn QparMeHTanyy siapa KUCIOpoJa BO
B3aMMOJEWUCTBUAX C mpoTroHamu Tipu 3.25 A I'»B/c Obuto ycTaHOBIEHO, YTO CPEIH MHOTO3APSIIHBIX
(parMeHTOB TOMUHHPYET 00pa30BaHUs IBYX3apsAOHBIX (hparMeHTOB, OCHOBHYIO 4acTh (~80%) KOTOPHIX
COCTaBIISIIOT O-4acTUIIBl. MHKITI03MBHOE cedeHne 00pa3oBaHusl 0-4acTUI] B 3THX COYAApPCHHUSNX OKa3ajloCh
paBHBIM 164 + 1.9 MOH, YTO COCTABIISET MONOBHHY HEYHPYroro cedeHus - Op-peakumn (334 + 6 MOH).
OO01ee IMCIIO BO3MOKHBIX TOIIOJIOTHYECKUX KAaHAJIOB pa3Bayia sapa Kuciopoaa paBHO 22. B skcmepu-
MEHTe He HaOromaroTcs Tormoorud (35), (44) u (233), B KOTOPBIX MOJHOCTHIO COXPAHAETCS MCXOTHBINA
3apsin cHapsiaa. MHTepnperanys UX OTCYTCTBUS MpuBeAeHa B padote [3]. U3 skcnepuMeHTaIbHO HAOIIO-
nmaeMbIx 19 Tomomorwmii passana simep xkucimopoza ((1), (2), (3), (4), (5), (6), (7), (8), (22), (23), (24), (25),
(26), (222), (223), (224), (2222), (33), (34)) — 10 BrumroUaroT ABYX3apsiaHbie GpparMeHTsl [4]. 3aech 1Hd-
pBl B CKOOKax O3HA4aloT 3apsii MHOTO3apsIHOrO ()parMeHTa, a WX YUCIO — KOJIMYECTBO YKa3aHHBIX
(parMeHTOB 3a HCKIIOYeHHEM TOmoIoruH (1), KOTopasi 03Ha4aeT pa3Baj siapa KUCIopoJa TOJNBKO Ha OJl-
Ho3apsiiHble (parMeHTel. CyMMapHOE CeueHHEe TOIOJIOTHH, ColepKalluX OOUH U Oosiee ABYX3apsIHBIX
dparmenTos, coctaisier 134.6 + 2 MOH — 40% Heynpyroro ceuenus °Op-peakiui.

OTMeTHM, YTO W3 SKCIEPUMEHTAILHO HaOMoAaeMbIX 3-x KaHaioB ((26), (224) u (2222)) ¢ cym-
MapHBIM 3apsIoM (hparMeHTOB paBHBIM 8 TOJBKO B ABYX ((26) 1 (2222)) coXpaHSIOTCS BCE HYKJIOHBI HC-
XOJTHOTO sijipa Kuciaopoaa.B Tomomornyeckom kaHaie (224) 4-x 3apsaHblid pparMEeHT COCTOUT TOJBKO U3
"Be [5]. OcHoBHast gacTh (2/3) TOMOJIOTMYECKOTo KaHaNa pa3Bajia supa KHCIOpOAa Ha o-dacTHiy H °C
peanu3yeTcs 3a cueT BHIOMBaHMS OJHOTO U3 0-KJIACTEPOB SApa KUCIOPOAa, a OCTaJbHbIC TPH CIIMBAIOTCA B
a1po yraepoa-12 [6]. DToT pe3ynbTaT HHTEPIPETUPYETCH KaK JOKa3aTebCTBO OONaMaHus SAPOM %0 a-
KJIACTEPHOU CTPYKTYpPOil.

He naBno [7] HaMu Takke ObLTO U3yYEHO MOBEICHUS KUHEMAaTHYCCKUX XapaKTEPHCTUK Ol-H4aCTHIL
TP PA3IMIHBIX YPOBHSIX BO30YXKACHUS SApa KUCIOPOAa BO B3aUMOJECHCTBHAX C MPOTOHAMHU TpH 3.254
IB/c n o0HapyxeHa MX CHJIbHAs 3aBUCHUMOCTh OT CTEIICHU BO30YXKICHHS (pparMEeHTUPYIOIIEro sipa.
Taxoke ObUTO TIOKa3aHO, YTO TPH MaJbIX 3HAYCHUSX BO3OYKIEHHS sIIpa KHUCIOPOAaOObIIel CTETEHH CO-
XPaHsETCs ero a-KJacTepHasi CTPYKTypa.

Hacrosmmas pa®ota mocBsilieHa HCCIEIOBAHUI0 KUHEMATHYECKHX XapaKTEPUCTUK (-4acTHUIl B
Pa3IMYHBIX TOMOJIOTHUECKUX KaHajax pa3Balia saep KHCIOPOAa BO B3aUMOACHCTBHAX C MPOTOHAMH IPU
3.25 4 I'B/c. DxciepuMeHTaIBHBIA MaTepral OBLT TOIYYeH C TOMOIIBI0 1 M BOAOPOAHOH My3BIPHKOBOM
kamepsl JIBD OUSAU, obaydenHo# siapaMu Kuciopona ¢ uMirynbeoM 3.254 1'3B/c na JlyOHeHCKOM CHH-
Xpo(ha30TpoHe W COCTOMT U3 8712 MOTHOCTBIO M3MEPEHHBIX HEYNPYrux —Op-cobbiTuii. Jlst Gonee Ha-
JexxHOW maeHTH(UKaKH (pParMeHTOB M0 Macce pacCMaTPUBAIUCH COOBITHS, B KOTOPBIX JUTMHA TPEKOB
JIBYX3apsaHbIX (parMeHToB B pabodeM oObeMe Kamepsl cocTaBisiiia He MeHee 30 cM, uyTo obecnieunBaeT
BBICOKYIO TOYHOCTh UMIIYJIBCHBIX M3MepeHuH. JByx3apsnaeie ¢pparmentsl ¢ p>10.75 I'3B/c oTHOCHMNIHCH
K o-yactunam. [lpu Takom oTOope npumecs siaep “He cpenn a-yactuil He npeBbimaet 3.4%.

PaccMmoTpuM 3aBHCHMOCTH CpEeIHHMX 3HAYCHHMH HOJHOTO (B CHCTEME ITOKOS siipa KHCIOpoaa), IMo-
TEPEUHOr0 MMITYIbCOB, @ TAKKE YIIOB BBUIETA 0-4ACTHI[ OT TOMONOTHH COOBITHA B °Op-COyIapeHHsX
npu 3.25 A I'3B/c. B sxcnepumenTe 00pa3oBaHus 0-4acTHIl HAOI0AaeTCst U3 BO3MOXKHBIX 11 Tomonoru-
4ecKuX KaHaioB B cieayronmx 10-tu kananax: (2), (22), (222), (2222), (23), (24), (25), (26), (223), (224)
(3mech nudpa B ckoOKax ykaspIBaeT Ha 3apsij (pparMeHTa, a UX YUCIIO — KOJIMYECTBO ()parMeHTOB B COOBI-
Tun). B skcnepuMente He HaOMIOmaeTCsl TOMOJOTHYecKUi KaHai (233), OTCYyTCTBHE KOTOPOTO CBSI3aHO
KaK C BBICOKMM 3Ha4eHUEM SHEPTUU BO30YXKACHUS SIpa JJIsl peallu3allii 3TOM TOMOJIOTHH 110 CPAaBHEHHIO
C SKCHEPUMEHTAIFHO HAOJIOAaeMBIMU KaHAJIAMH, TaK M NepecTpanBaHUEM HCXOAHOH (ol -KJIacTepHOM)
CTPYKTYpHI 7pa Kuciaoposa [8].

B tabn. 1 npuBeneHs! cpeaHne 3HaUCHHUS MOJTHOTO (B CUCTEME TIOKOS siipa KHCIOPOaa) U Monepey-
HOT'O HUMITYJIbCOB, @ TaK)Ke YIJIOB BBUJIETA (.-4AaCTHIl B pacCMaTPUBAEMBIX TOMOJIOTHSX pa3Bajia saep Ku-
ciopoa B “*0p-coymapennsix npu 3.25 A I'sB/c Kak BUIHO u3 TabiL. 1, 4To cpeHne 3HAUCHHS MOTHOTO,
MIOIIEPEYHOr0 UMITYJIBCOB, a TAKXKE YIJIOB BBUIETA (-4ACTUI] HUMEIOT CBOE€ MaKCUMallbHOE 3HaYCHUE B TO-
noJjoruu (2), T.e. B KaHaJlaXx ¢ 00pa3oBaHUEM OJHOH O-4aCTHLIBI.

OcrajbHasl 9aCTh KCIIEPUMEHTAIBHBIX JAHHBIX 10 CPETHUM 3HAYEHHUSIM KHHEMAaTHUECKUX Xapak-
TEPUCTHK O-4aCTHUI] I10 TOTIOJIOTUSM JIEJIATCS Ha ABe Tpynmnsl: | rpynmna — s3to Tononoruu (22), (23), (24) n
(26), cooTBeTCTBYIOIIAs, B OCHOBHOM BBIOMBAHHMIO OJTHOTO M3 0-KiacTepoB sipa; |l rpymma —(25), (222),
(223), (224) u (2222), cooTBeTCTBYIOIIAs MEPUPEPUICCKOMY pa3Bally PparMEHTUPYIOLIETo sijapa. XOTs
Tonoyorus (26) UMeeT MEHBIIYIO IOPOTOBYIO SHEPTHIO peann3anuy, 4eM KaHaisl (22), (23), (24), Tem He

18



Meorcoynapoounas kongepenyusn « PynoamenmanvHole u RpUKiaousie gonpocut gusuxuy 13-14 uons 2017e.

MEHEE B OTUX TOIOJIOTHAX CPEIHUE 3HAYEHU ITOJTHOT'O U MOIEPEYHOI0 UMILYJILCOB, a TAKXKE YIJIOB BBLIC-
Ta 0-4aCTHLL B IPeIesiax SKCIEPUMEHTAIBHBIX NOTPEITHOCTEN OKa3aJIMCh OJIMHAKOBBIMU.
Tabmuma 1
Cpennue 3HaUEHHS TOJHOTO (B CHCTEME MTOKOS Spa KUCIOPO/a) ¥ HONEPEYHOTO UMITYIIbCOB, & TAKXKE YTTIOB BBLIE-
Ta (-4acCTHI] B 3aBUCUMOCTHU OT TOIIOJIOI'MH pa3Baja siAep KUCIopoaa B 16Op-coyz[apeHH;1x mpu 3.25 ATB/c

TomnoJorust <P>, MaB/c <P, MaB/c <0>, B YIJ10BBIX MHHYTaX
(2) 384+ 11 254+9 66 +2
(22) 317+5 208 + 4 55+1
(23) 338+ 16 202+ 12 5243
(24) 326+ 19 202+ 15 51+4
(222) 291 +5 170 +4 44 + 1
(223) 284+ 16 176 £ 13 47+ 4
(25) 293 + 13 168 +8 4542
(26) 306 + 14 213+ 12 55+3
(224) 290 + 23 174 £ 15 45+ 4

(2222) 283+ 8 174 +7 4742

Kak mokazan ananus nepudepryeckoro KaHajaa paszBana saep KUCIOpoJa Ha ABYX- U HIECTH3apsa-
Hble QparMeHThl (Tomonorus (26)) [9], 9To 3ameTHAs YacTh COOBITHH ATOW TOIOJIOTHH PEAN3yeTcs 3a
CUET BHIOMBAHMUS MPOTOHOM-MHIIECHBIO OJJHOTO M3 O-KJIaCTepOB siipa Kuciopoaa. biaromaps atomy mpo-
1eccy CpeHHE 3HAUCHHUS KHHEMAaTHUECKUX XapaKTEePUCTUK (i-4aCTHIl U3 TOMOJNOTUH (26) CTaHOBATCS Ha
15-20% OGompire, ueM B Tomonorusix (25), (222), (223), (224) u (2222).

Teneps a7t TONHOTHI MHGOPMALMK 0 MEXaHU3Me 00pa30BaHMA O-4ACTHULl PACCMOTPHUM HWHKIIO3HB-
HBIC CCUCHHS UX 00pa30BaHMS B 3aBUCUMOCTH OT TOIOJIOTHUHU COOBITUH. J{71s1 3TO# 11eu OyeM MCIOb30-
BaTh Pe3yJbTaThl pabOT M0 CEYEHHUSIM BBIXO0JIA PA3IMYHBIX TOMIOJOIHYECKUX KAHAJIOB C yYacTHEM JIBYyX3a-
psanabx GparmentoB [10], a Takke HOIAM 0-9aCTHUI] CPEIH ABYX3apsIHBIX (parMeHTOB B pacCMaTpUBac-
MBIX TONOJOTHMYecKHX KaHamax [11] pa3Bana smep Kuciaopoia BO B3aMMOAEWCTBUSAX C MPOTOHAMU NPHU
3.25 A T'3B/c. UnKmo3uBHBIE cedeHUs] 00pa30BaHUs 0-4aCTHIl B PA3JIMYHBIX TOMOJIOTHYECKUX KaHaiIax
pas3BaJia siiep KUCJIOpoia ONPEASISUINChH CIEAYIOIINM 00pa3oM:

aini(tOp) = o(top)*n*p,(top),

rae o(top) — ceyeHue BBIXOJa JAHHOTO TOMOJIOIMYECKOr0 KaHaia, N — YUCIIO JBYX3apsIHbIX (parMeHTOB
B TAaHHO# TOMONOTUH U Py (tOP) — OIS 0-4aCTHUIL CPeH ABYX3aPSIHBIX (PPArMEHTOB B JaHHOW TOIOJIOTHH.
U3 s10i1 popmMyssl BUAHO, YTO MHKIIFO3UBHOE CEUCHHUE O0PA30BaHMUS (.-4ACTHLl B PACCMATPHUBAEMOM TOIIO-
JIOTHH OTIpEJIeIISIeTCs, B OCHOBHOM CEYEHUEM BBIXOJIa IAHHOTO TOTIOJIOTUYECKOTO KaHaAJIa M YUCIIOM JIBYX-
3apsAHbIX ()parMeHToB B HeM (mosm o-yactuil (P,(top)) cpean nByx3apsiiHbIX (parMeHTOB U3MEHSFOTCS
coBceM Majio, Beero aumb ot 0.6 mo 0.84) [11].

B Tabn. 2 npuBeneHbl MHKIIO3WBHBIE CEYEHUS] 00pa30BaHUs (.-4ACTHUI] B PACCMATPUBAEMBIX TOIIO-
JIOTMYECKHX KaHajax pa3Balia siep KUCIopoa BO B3aUMOJICHCTBUSX ¢ mpoToHamu Tipu 3.25 4 I'3B/c.

Tabnuua 2
WHKumo3nBHBIE ceueHnst 00pa3oBaHuMs 0-4acTHUIl B PA3IMYHBIX TOMOJIOTHYECKUX KaHAJIaX pa3Baa siaep Ku-
16
ciopona B - Op-coynaperusx mpu 3.25 4 I'3B/c

Tomnosaorus 2 (22) (23) (24) (25)
Gincl, MOH 14.0+1.0 47.1+14 79+0.8 4.6+0.6 50+£0.6

Tomoaorus (26) (222) (223) (224) (2222)
Gincl, MOH 73+£0.7 65.5+1.05 42+0.5 1.3+£0.3 10.0+0.7

Kak BumHO U3 Tabi. 2, MakcUMallbHOE ceueHre 00pa3oBaHUsl 0.-4aCTHIl HAOJII0JaeTCsl B TOMOJIOTH-
yeckoM KaHaie (222), a MUHUMaiabHOe — B Torosioruu (224). [locneanee 00CTOATENHECTBO CBA3AHO C Ma-
JICHbKUM 3HaYCHHEM CEUYEHHs BBIXO/a caMoit Tomoyioruu (224). B Tononorusix (24), (25) u (223) unKIIO-
3MBHBIE CEUCHHS O0PA30BaHUS 0-4aCTHIl B TPEAEIax CTATHUCTHYECKHUX MOTpelIHocTell coBnagaror. Cym-
MapHOE€ HWHKJIIO3MBHOE CE€YeHHE OOpa3oBaHUs 0-4acCTHIl B PACCMATPHUBAEMBIX TOMOJOTHYECKUX KaHajax
oKazasochk paBHbIM 166.9 + 2.1 MOH, 4TO B Ipeaenax CTaTUCTHYECKUX MOTPEIIHOCTEH COBMANAET C UHK-
JIFO3UBHBIM cedeHneM obpasoBanus a-dactuil (164.0 £ 1.9 M6H) B *°Op-peaxtmu npu 3.25 A I'sB/c [12].

AHanu3 N30TOIMHOTO COCTaBa B TOMOJIOTHSAX C BBEIXOMOM sifep Oeprmtus (224) u yraeposa (26) mo-
Ka3bIBAeT, YTO B IEPBOM CiIydae HAGIOLACTCS TONBKO sipa 'Be, a Bo BropoM 70% cocrout u3 sinep 2C,
~25% - "'Cn=35%-"°C.
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B romonorimdeckoM Kaxaie (25) BKiax u30tonos °B i "B B mpejenax MOTrPEMIHOCTEH dKCIepH-
MEHTa OKa3bIBaETCSl ONMHAKOBBIMU U HE 3aBUCHT OT TOTO, KAKOH M30TOH TeJHs 00pa3yeTcsi B KOHEYHOM
COCTOSTHUH.

Takum 00pa3oM, MOXKHO 3aKIFOYHTh, YTO MAKCUMAITBLHBIC CPEJHNE 3HAYCHUS] KHHEMATHUECKIX Xa-
PaKTEPUCTHUK (.-4aCTHIl HAOMIOAIOTCA B TOMOJIOTHYECKOM KaHaie (2), COOTBETCTBYIOIIEMY HAaHOOJbILIEMY
BO30YXKICHHUIO Spa KHCIOPOJa, 2 MUHUMAJIbHBIE — B TOTIOJIOTHUECKUX KaHanax (25), (222), (223), (224)
u (2222). OcuosHoii Bkiaf (82 + 1.4%) B cedenne oOpa3oBaHUs 0-4aCTHUI] JAIOT TOMOJIOTUIECKIE KaHAJIbI
(2), (22), (222) n (2222). Bxknag 1pyrux TOMOJIOTHH, B KOTOPBIX 00pa30BaHUS 0.-4ACTHI] COMPOBOKIAECTCS
JpyTUM MHOTO03apsaHbIM (pparmentom — (23), (24), (25), (26), (223) u (224) cocraBusier Bcero aumb (18
+0.3)%.
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OCOBEHHOCTH HUCITYCKAHMUSA HE(Z=2) PPAI'MEHTOB CHAPAJIA BO
B3ANMOJIEMCTBUSAX SIIEP 30JI0TA C SHEPTHUEM 10.6 4 T3B C AG, BR
AAPAMU DOMYJIbCHUU

Y.V.Aonypaxmanos, B.IIl.HaBoTHbI#
Qusuxo-mexnuueckuti uncmumym HITO "®usuxa--Connye" AH Pecnybnuku Y30exucman, Tawkenm

AHHOTANMA

Bo e3aumooeiicmsusx soep 3onoma c suepeueu 10.6 A I'5B ¢ Ag, Br adpamu smynvcuu npu cpeonux
napamempax yoapa u3yyeHvl 3d6UCUMOCMU XaApaKmepucmux UHOUGUOYANbHbIX aKmoe ucnyckanus He-
@pazmenmos cHapada Om YeHMpPaIbHOCHbY 83AUMOOEUCIBUs U CheneHU Ou3eHmezpayuu A0pa.

KuaroueBble ciioBa: cpequuii nonepeunuid uMmnysbsc, He-gparmenT, cHapsia, MUIIEHb, SApa, CTOJIKHOBEHUSI.

1. DkcnepuMenT

B sgepnoit ¢dotosmynscun, o0myduéHHOW Ha yckoputene BNL/AGS sapamu 30m0Ta ©
kuHeTH4eckoi sHeprueit 10.6 A B 0Obuio HaiimeHo 1057 Heynpyrux B3auMojaewcTBuii. B kaxmaom
COOBITHH B 3aBUCHMOCTH OT MOHHW3AIMH BCE TPEKH BTOPHYHBIX 3apsHKCHHBIX YACTHII, UCIYIIEHHBIX MPH
B3aMMO/ICICTBHY, MOJpa3e/sUINCh Ha Cleyrolme Kateropuu: vepHbie (D-Tpekn), cepwie (g-Tpekw),
PENSATUBUCTCKUE (S-TPEKH), a Tarke (parMeHThl cCHapsga ¢ 3apsaom Z > 2. Kputepum pasueneHus
PasInYHBIX KaTeropuil TPEKOB MpHBEICHbI, Hampumep, B pabore [1]. [nsa Bcex nepeuncieHHBIX

KaTeropuil 4acTuI ObUIM HM3MepeHbl TonspHble & W a3uMyTaibHbIE () YINbI HCIYCKAHHS, a TaKkKe
OIpeIEeNeHbl 3apsbl MHOro3apaaHbIX ( Z > 2) ¢pparmMenTos cHapsga. K ¢pparmentam cHapsga (rpynma f)
OTHOCUIMCH (ParMeHTHl CHapsAga C 3apafioM Z>2 ¥ OJHO3apsAHbIE (pParMeHTHl CHaps/a,
MIPEJICTABIISIONNE cOO0M S-4acThIlbl ¢ yriamu ucnyckanms @ <1°. @parMeHTHl CHapsiia C 3apsiaoM
Z = 2 upenTudUIMPOBAINCH BU3yanbHO. VOHM3aIUsA HAa TPeKax TAKUX YACTHUIL OCTOSHHA Ha OOJIBIION
nnuHe W paBHa | = 4|0, rae |0 - MUHWMAaJIbHAsI MOHW3AIM Ha TPEKax OIHO3aAPSAHBIX dacThil. Jlis
oTpe/ieNieHns 3apsa0B GParMeHToB ¢ Z > 3 HCIONb30BANICH H3MEPEHHs IIIOTHOCTH O -3JIeKTPOHOB HA
qmmHe He MeHee 10MM; kammOpoBKa MPOBOAMIACH HAa TEPBUYHBIX ClIeJ]aX HW3BECTHOTO 3apsijia U
dparmentoB ¢ Z=2. Tounocts ompeneneHus 3apsaaos i ¢parmento ¢ Z<10, 10<z<28,
28<7<40 u z>40 cocrasmsna 0.5, +1, 2, £3, cooTBeTCTBEHHO.
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s ananu3a Obutd oToOpaHbl 340 cOOBITHH HEYIPYroro B3aMMOACHCTBHUSA sAiep 30ii0Ta ¢ Ag, Br
SpaMi AMYJIbCHHM TPH CPEJHUX IapameTpax ynuapa. OTH COOBITHS YIOBJICTBOPSUIN CICAYIOIIMM
KpHUTEpHUSIM 0TOOpA:

1. uucno dparmentos Muwenn Ny +n, = 8;
2. amcno parmenTos cuapsna ¢ 3apsaom Z=2 N,_, >3.
B oToOpaHHBIX COOBITHSIX YHCIIO He(zzz) (hparMeHTOB cHapsima U3MEHSIOCh OT 3 1o 16. CpenHss

MHOXECTBEHHOCTD He(Z:Z) (hparMeHTOB cHapsifia B paccCMaTpHBacMOM aHcaMOJie COOBITHH COCTaBIIsIa

(n,,) =5.75+0.12.

2. Cpeanuii nonepeyHuii UMIyJibc Ha HYKJI0H He-gparmenToB cHapsaa
B HHIUBHUIYAJIHLHOM COOBITHHI

Wzyuenune oOpa3zoBanus He-pparMeHTOB cHapsiia MPOU3BOJIMIOCH C ITOMOIIBIO BEIHYMH,
XapaKTepU3YIONIMX WHIWBUIYyaldbHbIE COOBITHA. OJHOM W3 TaKkuX BEIUYUH SBISCTCS CpPEIHUN

nonepequﬁ HUMITYJIbC Ha HYKJIOH He-(bpaFMeHTOB CHapsJa B UHIUBHUIYaJIbHOM COOBITHH
n

SR/ A
— =l
<(PT / A) He/ — '
n o
rae N - gucio He-¢hparMeHTOB B HHANBUAYAIEHOM COOBITHH. B mipenmonoxeHnn, 94to Kaxaerid | -prit He-
(parMeHT CcHapsga WMeEET NPOAOIBHBI WMITyIhC Ha HYKJIOH Kak TIEPBUYHOE SIPO, BEITHUYHMHA

MOMEPEYHOTO  UMITyJibca Ha HyKJIOH |-ro  He-pparmenta cHapsima ompenensercss — Kak

(F’T / A)He = PosinHi, rne 0 - mnonspmblii yronm ucmyckanus He-(pramenta u Po - HMIIYJIBC,
|

NPUXOAIIMICSA Ha HYKJIOH HaJIETAKOIIEro Apa.
Akcnepumentanshoe pacnpenenenue no (B / A),,) - cpemnemy momepeunemy mMmyIhCy Ha

HykJIoH He-(hparmMeHTOB cHapsiga B MHAMBHUIYAJIILHOM COOBITHH, TTOKa3aHHOE Ha pHC. 1, He cormacyercs ¢
pacnpeneneHueM, moJiydeHHbIM B pamkax mojeinn FRITIOF-M [2].

B momenn FRITIOF-M ocyiiecTBieHHO

IIOJIHOE MOJEJIMPOBAHNE B3aUMOJICHCTBUN sIED

3oi0Tta ¢ sHepruedt 10.6 4 I=B c¢ smpamnu

(hOTO3MyYNIBCHH WM CTE€HEPHUPOBAaHHBIE COOBITHUS

MIOJIBEPrajIuCh otoopy, HMHUTHPYIOLIEMY

SKCIIEPUMEHTAIBbHYI0  CHUTyauuio.  Mojenb

FRITIOF-M MIPEJICTaBIISIET coboi

KOMOWHHUPOBAaHHYIO MOJIEJIb, I/Ie TIepBasi CTaaus

e peakuuii  pasbIrpbIBAeTCs c MTOMOIIIBIO

Oj((PTfA).,,)- N BU;': (heHOMEHOIOTHIECKOTO MoAX04a [3],

HCHOJB3YEMOr0 B MOAMMUIIMPOBAHHON BEPCHUU

Puc. 1. Pactipenenenue no cpeiHeMy MoNepeyHEMY moznemu FRITIOF [4], a pacraz siiep-oCTaTKoB

HUMITYJIbCY Ha HYKJIOH He'(l)paFMeHTOB CHaps/Ja B o CTaTHCTHYECKOM MOJIENH

WHAWBUAYAJIbHBIX aKTax BSaHMOﬂeﬁCTBHﬂ AACp 30J10Ta €
. MynabTHdparMenTanuu  saep [5]. B moxmenn
sHeprueit 10.6 A I'3B ¢ Ag, Br simpaMu sMynscun mpu ERITIOE-M
cpenHuX napamerpax yaapa. Crutonisas TuHus - YYTCHBL  3aKOHBI  COXpaHCHM
SHEPTUH-UMITYJIbCa u IIpeANoIaraeTcs

SKCHEPUMEHT, MyHKTHP - Moens FRITIOF-M.
CTATUCTUYECKU M3OTPONHBIM  pacrnan saep-
OCTaTKOB, HAXOJISAIIMXCS B TIOKOE, HO HE 3AJI0KEHBI KOPPEISAIIK, 00YCIIOBICHHBIE KAKUMHU JTUO0 APYTUMHU

MIPUIHHAMH.
B 1abn. 1 mpuBeneHB! BETMYNHEL:

1 N
(R T A = WZ«F’T [Aw) ()
i=1
YCPCAHCHHBIX 10 N coObITHSM aHcaMOJIs1 3HAaYEHHUI CpC€AHUX NOIMNCPCUYHBIX UMITYJIbLCOB HAa HYKJIOH

He-dparmMeHToB cHapsia B WHAMBUAYaJIbHBIX aKTaX B3aUMOAEUCTBHA siaep 30i0Ta ¢ sHeprued 10.6 4
B c¢ simpaMu sMynsCHE TTPU CPEAHUX MTapaMeTpax yaapa u psjia mojaancaMOeit, garompe nHPOopMaIuro
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o 3asucumoctu (((B / A),.)) oT mpuienbHOro MapameTpa B3aMMOMEHCTBHS (XapaKTepU3yIOUIErocs

BEJIMYMHOM CBA3aHHOIO 3apsja s1pa-ocTaTka Z,,,.q, T.€. CyMMapHOro 3apsjaa (parMeHTOB CHapsja
3apsaoM Z>2) W OT CTENEHM JW3MHTErpaldu (pparMEHTUPYIOIIErO sapa (XapakTepu3yrouIeics
BEJIMYMHON MaKCUMAJBHOTO 3apsiaa Z ., MPOAYKTOB €ro pacnaia).
Tab6imma 1
Ycpennennbie mo N co0bITHAM aHCaMOJIs 3HAYEHHSI CPEAHUX MONEPeYHbIX HMITYJIHLCOB Ha HYKJIOH He-
¢parmeHTOB CHApsiIa MHAUBUIYAJIBLHOTO COOBITHS, 2 TAKIKE <(glr) He> - cpeHNe 3HAYEHHS NTOKa3aTeJiei

ACUMMETPHUHU BEJIHYUH NMOINEPEIHBIX UMITYJIBCOB

N (R T AL MoBe (9)re)
HKCIEPUMEHT FRITIOF-M SKCIEPUMEHT FRITIOF-M
8eco 116 + 3 61+ 1 0.21 + 0.03 0.05 + 0.04
131+ 6 59+ 1 0.30 + 0.05 0.12 + 0.04
6< Zbound <30
109 + 4 64 + 1 0.18 + 0.04 -0.07 + 0.07
30<z,,, <50
106 + 4 70+ 1 0.14 + 0.05 -0.28 £ 0.13
Zbound 250
126 + 6 55+ 1 0.28 + 0.05 0.15 + 0.06
2<z,.,, <10
114 + 4 64 + 1 0.22 + 0.04 0.07 £ 0.05
10<z,,, <30
z >30 104 + 4 66 + 1 0.08 + 0.06 -0.24 + 0.09
max —

Kax Buano m3 Tabm. 1, skcnepumentansnoe snadenne (((B /A),.)) pacrer mpm mepexome k

Gosiee LIEHTPAJILHBIM B3aUMOJICHCTBHAM (C YMEHBIIEHUEM Zp g ), @ TAKKE PACTET C yMEHbIIEHUEM Z . ,

B TO Bpemsa kak B monemu FRITIOF-M naGmromaercsi majgeHWe STOHW BENWYHHBI C YMEHBIIICHHUEM
napaMeTpa yaapa.
OnHO# U3 MpUYHMH Hecoryacus (JOPMBI MOJICIIBHOTO M SKCIIEPUMEHTAIBHOTO pachpeesieHnit (puc.

1), a TaKKe TOBBIIEHHOTO MO CPABHEHUIO ¢ MOJETBHBIM dkcriepumenTanbroro snadenus (((B / A),.))

(cMm. Tabm 1), mo-BUAMMOMY, SIBISIETCS KOJUIGKTHBHOE MBW)KEHHE SApa-OCTaTKa, Kak Ieloro, B
MOTIEPEYHOM IJIOCKOCTH B3aMMOEHCTBYSA, He yanThiBaeMoe B Moaenu FRITIOF-M

3. Ioka3areabr acHMMeTPUH BeJWYMH TNOMEPEYHBIX HUMNYJbcOBHeE--pparMeHToB B
HHIUBUAYAIBHOM COOBITUM
[ToMumMO CcpeaHEro MOIMEPEYHOro  UMITYJIbCa, BEJIMYMHOM,

JApyToM XapakTepu3yrouein

o '
WHANBUAYAJIbHBIM aAKT HWCITYCKaHUSA He-(l)paFMeHTOB, MOXKET CIIYXXUTb BCJIIMYMHA gl -I10Ka3aTcJib

ACMMETPUH pacroiioxkeHus: He-gpparMeHToB B mIKasie BETHYUH WX MOMEPEYHBIX HMITYJIBCOB [6]:

Jn-1 m
Oy = = 0
n-2 m,

m=-3(-00) . (0=23%, @

i=1

rae M, - neHTpanbHBIA MOMEHT | -TIOpsIKa

n-ancio He-pparmenToB B coObITnm; X = (PT / A)He =P sin 0, - BemMUMHA MOTIEPEYHOTO MMITYIIECA HA
I

Hyk1oH | -ro He-¢pparmenTa cHapsiza.
Ecmn B coObitim (N—1) He-¢pparMeHTOB cHapsjga MMEIOT OJMHAKOBBIC 3HAYCHUS BEIUYMHBI

(PTi IA), paBHBIC &, a s onHoro He-dparmenra (PTI IA)=Db, 1o
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0, =lmpua<b
0;,=-1 npua>b (5)
npu m060M 3Hauennn a u D (8 #D) vesaBucumo ot n .
BhilleykasaHHble 3Hauenns (5) BeTHUnHbl §; COOTBETCTBYIOT COOBITHAM C HAaHBBICIIEH CTETIEHbIO

ACUMMETPUN BCJIMYHUH TIIOINICPCUYHBIX HMITYJIbCOB. HpI/I CUMMETPHUYHOM pPaACIIOJIOKECHUN BEIIUYNH

I —_
MOMCPCYHBIX UMITYJIbCOB 3HAYCHUSA gl - 0 .

a I ¢ ~1 Ha puc. 2 mokazaHbl XapaKTepHEIC
KapTUHBI ~ pacrosioxkenust He-(parmeHros
CHapsJ0B B IIKAJE MOMEPEYHBIX MMITYJILCOB

WHANBUAYAIFHOTO  COOBITHSI B Cllydae
| | JKCTpEMaJbHOW acCUMMETpUHd (a, 6) W B
¢ &=0 ClIydasiX CHMMETPHH (8, &, 0).
!
I I Otmertum, uTo BenuuuHa {; sBIsSeTCS
2 g=0 .
napaMeTpuyeckd HWHBAPHAHTHOH, T.e. He
| | | . 3aBUCHT OT CIBWTA Hayajga oOTcueTa |
0 g =
(P./A) - M3MEHEHHUs] MacmTaba MIKaNbl ITOTEePEYHBIX
T 3
Puc. 2. T H ! UMITYJIbCOB  WHAMBUAYAIBHOTO  COOBITHSL.
uc. 2. Ilpumepsl pacnonoxxenusi He-pparmeHToB B 1IKane DKCMEPUMEHTATBHOE pacTpe/iesenye

BEIMYMH HUX TMOMNEPEUYHBIX HMITYJIbCOB HHIMBUIYATLHOTO ,
COOBITHS W COOTBETCBYIOIME OSTHM  KOH(UTypamusim COOBITMA 1O BenumunHe (; 3aKIIOYCHO B

4 .
3Ha4YCHUA IMMOKa3aHUAg aCUMMCETPHUU gl . HWHTCPBAJIC —1— +1

B pacrmpenenennn sKcriepuMEHTANBHBIX COOBITHI AN

4
no BenuuuHe (; (puc. 3) mpeobnagaroT coObITHS C

'
IOJIOKHUTCIIbHBIMU 3HAYCHUSAMU gl’ T.€. COOBITHS C

TakoW acuMMeTpuel, xorga OompmuHCTBO  He-
¢parMeHToB CMEIICHO K Haygary IIKaJIbI
YHOPAAOYCHHBIX B IMopAaKe BO3BpacCTaHUA ux
MOMNCPEYHBIX UMITYJIbCOB UHANBHUIYAJIbHOTO COOBITHSL.

Kak BUIHO W3 MpUBEACHHBIX B Ta0j. 1 3HaueHUi

12 o 0 L 1 L
(gl> , ycpemnennbix no N -coObrtusM  ancambrei, 0 05 0 08 g 10
1
addext aCHMMETPHH OTHOCHUTEIBHO gl' =0 Puc. 3. Pacpenienenus coObITHI 10 BEIUYHHE
!
' 0, - nokasarens acummerpun He-dpparmenTo
OKCIIPEPUMEHTAIBHOTO  PACHpPEACICHHsT 110 0,

CHapsdAa B HIKaJIC BEJIMYMH UX MTONCPCUHBIX
, HUMITYJIbCOB. CrutomnHast TMHUS - OKCIICPUMCHT,
®opma pacnpeneneHus no BenuuuHe §; B Mogenu nmyHKTHp - Mosiestb FRITIOF-M.

YCHMIMBACTCA C POCTOM LCHTPAJIBHOCTHU CTOJIKHOBEHUI.

FRITIOF-M (puc. 3) HE COOTBETCTBYET 3KCIIEPUMEHTAIILHOM.

4. 3axi104eHne

Bo B3aumopeiictBusx siaep 3omota ¢ sHeprueit 10.6 4 I3B ¢ Ag, Br sapamu smynbcun npu
CpeAHUX MapaMeTpax yAapau3ydeHbl 3aBUCUMOCTH XapaKTEPUCTUK MHIUBUIYAIbHBIX aKTOB MCITYyCKAHHS
He-pparmMeHTOB CHapsiia OT LEHTPAILHOCTHH B3aWMOJICHCTBUS M CTEICHH JM3CHTErpaluu spa.
[okazaHo, 4TO cpellHee 3HAYCHUE MOIEPEYHOro uMITyiibca He-pparmMeHTOB CHapsija Ha HYKIIOH pacTeT
pu nepexojie K 0oJee HeHTPAIbHBIM COOBITHSM, a TAK)KE PAaCTET C yMEHbIIEHHEM CTIICHH AU3UTETPaliu

anpa Z,,, , B To Bpems kak B Mozenu FRITIOF Habmronaercs najeHue 3Toi BEIUYHUHBI C yMEHBIICHUEM

napameTpa yaapa.
Astopsr 6marogapas! yaactaukaM EMU-01 coTtpynmHudecTBa 3a COBMECTHYIO paboTy Mo Habopy
JKCIIEPUMEHTAIBHOTO MaTepHana.
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AHHOTAIIUSA

Ipedcmasnenvl HOGble pe3yibmamvl, NOAYYEeHHble ¢ UChOIb306anuem Hetimponnozo I'enepamopa (HI- 150)
HAD AH PY3 6 kauecmee ucmounuxa dOvicmpuix Heumporos. [lonyuenvl nepgvie pe3yibmamsl N0 UsMEPEHUIO
ceuenus e3aumooeiicmeus netimponos ¢ *>Th. Credyem ommemums, makaice, Wmo noxy4eHHble NOTHbIE CeHeHUs]
mopusi oo delicmeuem ObiCMpbIX HEUMPOHO8 HAULE20 2EHEPAMOPA 8 YENOM CONACYIOMCS € OAHHBIMU, NOTYYEH-
HbIMU OpY2UMU ABMOPAMUC UCHONL30BAHUEM DASIUYHBIX OPY2UX 2eHepamopos OblcmpuiX Hellmponos. A He-
oonvuue (npumepro 10%,) pacxoocoenuss mMozym omHoOCUMbCA K HEOOCMAMKAM Memood UMepeHust U OHU Mo-
2ym Obimb YCmpanensl ¢ UCHOIb308aHUEM HOBbIX PA3PAOOMOK CNEKIMpOoMempa.

CymecTByromue mpo6yieMsl TpaAUIIMOHHON aTOMHOM 3HepreTuku: 1) BeposATHOCTh aBapHii C BbI-
OpoCcOM paZMOaKTHBHOCTH B OKPYKAIOILYIO Cpeay, 2) HEeIOCTaTOYHOCTh TEXHOJOTUH NepepaboTKH U
YTUIM3aLUU 0TPaOOTAaHHOTO SIIEPHOTO TOIUIMBA M JIOJITO BpeMEHHAs XpaHEHHE BHICOKOAKTUBHBIX Pajilo-
AKTHUBHEIX OTXOJIOB, 3) OrPaHMYEHHOCTH 3amaca U IO OLEHKE SKCIEPTOB MPHBEET K HEIOMEPHOMY
YIOPOKAHMIO HEPTHH U MOXKET CYLIECTBEHHO 3aMEIJINTh MUPOBOE SKOHOMHYECKoe pa3utue. IlosTomy
HEKOPPEKTHO TOBOPUTH 00 aTOMHOW 3HEPreTHKE, OCHOBAHHOW TOJIBKO Ha OOOTAaIlleHHOM ypaHe, Kak
TIOJTHOLIEHHOM allbTEpHAaTUBE OPraHMYECKOMY TOIUIUBY. B CBS3M ¢ 3TMM B mocieaHee BpeMs YUEHBIE B
MHpe Hauaiu o0palaTh BHUMAHHE HA BO3MOXHOCTH Hcroib3oBanusa U u “**Th s 510 memu, KoTo-
pBle UMEIOT 3HaYUTENIbHbIE 3anackl Ha 3emiie. Ho B cymiecTByromux u 1axke B IEPCIIEKTUBHBIX PEaKTOpax
OHU MPAKTUYECKU HE «TOPSIT» B CHIIy BBICOKOTO Topora JieneHus 1-2 MaB. AnbTepHaTHBHBIM CIOCOOOM
MOJTyYEHHUs] aTOMHOM 3HEPTUU MOXKET CIIYKUTh HCIOJB30BaHHUE YIPABISEMBIX YCKOPUTEIEM MOIKPUTH-
YECKHX Pa3sMHOXKAIOLINX CHUCTEM Ha3bIBAEMBIX NETPOSIIEPHBIMU [1] 170171
ADS(AcceleratorDrivenSubcritical) [2]. B Takux cucremax sjaepHOE TOIUIMBO B paboyell 30HE
HOJAKPUTHYECKOTO PeakTopa 00IydaeTcsi HEHTPOHAMH HJIH APYTUMH U3IydeHusMu [3].

OTH HEUTPOHBI MOTYT OBITH HOJYYEHBI C MOMOIIBI0 MHTEHCHBHBIX IIYYKOB BBICOKOIHEPIHMUYHBIX
3JIEKTPOHOB, IPOTOHOB WK OoJjiee THKENbIX siep. B mocnennue roxsl paboTa B 3TOM HalpaBJICHUH 3Ha-
YUTENBHO aKTHBU3UPOBAJIaCch Kak B 00J1acTH QyHIaMEHTAILHBIX HCCIIEAOBAaHHMN, TaK U B pa3padOTKe KOH-
KPETHBIX MPOCKTOB YCTAHOBOK, MPOU3BOIAIIUX dHEepruto [1- 6].

Jist IpOM3BOJICTBA 3HEPTUM B MOJKPUTUYECKOM PEXHMME MHTEPECHBIM OKa3bIBA€TCS BapUaHT,
CBSI3aHHBI ¢ M30TONOM ~>°U. DTOT M30TONM MOKET BOCIPOM3BOAUTECS B PEAKTOPE, y KOTOPOTO SICPHOE
TOIUTHBO COCTOMT M3 CMECHH HPHPOAHOro Topust --Th n ***U, mpu 06/lydeHNN MHTCHCHBHBIM TOTOKOM
HEHTPOHOB. A 3TO M €CTh HENPEMEHHOE YCIIOBHE PadOTHl peakTopa B MOAKPUTHYECKOM pexxume. Torna
npy OOJyYeHHMH peakTopa HEHTPOHAMHM, MOJNyYEHHBIMU C TIOMOLIBIO YCKOPUTENS, UAYT JABa OCHOBHBIX
mporecca: BO-IIePBBIX, MPH B3aHMO/CHCTBIN HeiiTpoHa ¢ “*U IpONCXOIHT JeNeHne, KOTOPOE U SIBIIAETCS
MICTOYHHKOM 3HEPIHH, 1, BO-BTOPKIX, U 3aXBaTe HEHTPOHa sapoM ~>Th uieT Hernouka peaiuii :

22Th + 0 —> ()2*Th — (8)**Pa — (5)*U )

2
Kaxkaast peakius Je/IeH s IPUBOINT K yOBLIN OHOTO siapa ~2U, a kaxmas peaxius (1) mpuso-
JINT K TIOSIBJICHHUIO TAaKoro sizpa. Eciam BeposTHOCTH Tpoliecca AelieHns U mporiecca (1) paBHBI, TO KOJH-
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gecTBO m30Toma U mpu paboTe peakTopa MPHXOAUT K HEKOTOPOMY PABHOBECHOMY 3HAYCHHIO, TO €CTh
TOTUIMBO BOCIIPOU3BOJUTCS aBTOMATHYCCKH.

[MosToMy, B Hacrosiee BpeMs, OOJIBIIIOE BHUMAHKE YIENAETCS U3YYCHHIO CEUCHHs B3aMMOJICH-
CTBHS HEUTPOHOB C ATUMH U30TOMAMH TOPHS U ypaHa. Takxke MPENCTaBIsAET HHTEPEC U3YUCHUE CCUCHHUS
B3aUMOJICHCTBUST HEHTPOHOB C TOIUIMBOM, COCTOSIIIUX M3 CMecel THX M30TomoB. B  pabGorax [4-11]
MPUBEICHBI OOIIUPHBIC TAHHBIC O CCYCHHMSIX 3aXBaTa HEUTPOHOB TOPUEM U YPAHOM TIPU Pa3IMYHBIX SHEP-
rusx. OJHAKO aHAW3 3TUX Pa0OT MOKAa3al, YTO MOKa HE CYNIECTBYEeT OKOHYATEIhbHO YCTaHOBIICHHBIX
JAHHBIX 110 3THM MPOIIECCaM.

Kak npaBuio, HeWTpoHHBIC 3P (EKTUBHBIC CEUCHUS U3MEPSIIOT B 3aBUCUMOCTH OT DHEPIHH HEH-
TpoHOB. HanGonee TOYHO U IPOCTO MOKET OBITH H3MEPEHO MOJTHOE CEUCHUE B3aMO/ICHCTBHS HEHTPOHOB
C BEIIIECTBOM Oy, IO OCTA0JICHHIO ITyYKa HEHTPOHOB B 00pasiie (MeTo mporryckanus)[ 12].

[Ipomyckanue ecTh OTHOIIECHHE TUIOTHOCTU MOTOKA, MpoIeAnIero yepe3 oopasen @, k nmagaroie-
My Ha HETO MEPBUYHOMY OTOKY Do:
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DKCIOHCHIMATBHBIA 3aKOH OCIIA0JICHUS TUIOTHOCTH MOTOKA HEUTPOHOB CTPOTO BBITIONHSACTCS MPH
YCIIOBHHM, YTO HEUTPOHBI B 00pa3iie pacCEUBAIOTCS HE 00JIee 0JIHOTO pa3a, YTO HaKJIaIbIBACT OTPAaHUYCHHE
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OTcroza BUJIHO, YTO JUISI M3MEPEHUS ITOJIHOTO CEYCHUSI HET HEeOOXOAUMOCTH B aOCOIIOTHOW Tpa-
IYUPOBKE AeTeKTopa Mo 3 dekTuBHOCTH. OTHONICHNE TUIOTHOCTEH MOTOKOB HEUTPOHOB MOYKHO OITpeie-
JUTH C XOPOIIeH TOYHOCTHIO. Bce BEMMUYMHBI B MTPaBOi 4acTH COOTHOIIEHHUS (3) MOTYT OBITH OIpe/IeNIeHBI
C BBICOKOHTOYHOCTBIO. MI3MepeHne TOIUHbI 3aTPyIHEHO TOJNBKO B CIIydae OYeHb TOHKHX 00pa3LoB MM
HAJIN4Msl HEOAHOPOJHOCTEH B ToNMHE 00pasua. [10cKobKy CKOPOCTh CUeTa IIMEKTPHYECKUX UMITYIbCOB
OT JETEKTOpa MPOIMOPLHOHATIbHA YHCIY MAJAIOIINX HA HErO0 HEHTPOHOB, TO MPOIycKaHue T MOXKHO Ha-
XOJUTHh HEMOCPEICTBEHHO M3 OTHOIICHHUSI CKOPOCTEH cueTa HEWTPOHOB ¢ dHeprueit Ey nerekropom ¢ 06-

pasuom N u 6e3 obpasia No:
T=—o. 4)

Jlroboe B3ammopelcTBHE B 00paslie, BHIBOJSILEE HEUTPOHBI W3 My4YKa B PE3yJbTaTe PacCesiHUA
WM IPYTOH peaKilny, JaeT BKJIaJ] B U3MEpIeMOe TAKUM 00pa3oM TOJTHOE CeUeHHE.

[IpomyckaHne U3MEPSIOT B YCIOBHUIX «XOPOIIECH T€OMETPUU». DIEMEHThI SKCIIEPUMEHTAIBHOTO
YCTPOMCTBA (I€TEKTOP, HICTOYHUK U 00pa3elr) T0DKHBI ObITh PACIOI0KEHBI BIOIb OJHON MPSIMOI.

Tak kak oOpa3el] JOJDKECH MOJHOCTBIO 3aTEHSTh JETEKTOP OT HCTOYHHKA, TO HAKIIAIBIBAIOTCS yC-
JoBUs Ha TuameTrp obpasna. Mcmonb3oBaTh 00pasel] CIUIIKOM OOJBIIOTO JAUaMeTpa HeXeNaTeNbHO, TaK
KaK BBICTYIAIOIINE 3a MPeIesibl IMydKa 4acTH 00pa3la yBEJIMYHMBAIOT paccesHUEe HEUTPOHOB B JIETEKTOP.
[Ipy TOYHBIX W3MEPEHUSIX TPOITYCKaHUsI HEOOXOJMMO PACCMOTPETH BOIPOCHI, CBSI3aHHBIE C COCTABOM 00-
pasna. JKenarelbHO MCIONB30BATh XUMUYECKH YUCTHIE 3JIEMEHTHI. VI3MepeHus! CKOpOCTH cueTa ¢ 00pas-
oM U 0e3 Hero pasesieHbl BO BPEMEHH, NO3TOMY HE0OXOANMO KOHTPOJIMPOBATh 3HAYEHHE IUIOTHOCTH
MOTOKA MEPBUYHBIX HEUTPOHOB.

IIpu u3MepeHusX MONHBIX CEYEHHH C TOMOIIBI0 MCTOYHHKOB MOHORHEPIeTUYECKHX HEHTPOHOB
KaXkz1asi mapa u3MepeHuii ¢ 00pas3loM 1 0e3 HETO MO3BOJISIET MOMYUHTh Gio/IIsl OAHOTO 3HAYCHHS SHEPTUU
HEWTpOHOB E. J{ys momy4eHus 3aBUCUMOCTH 0y, E) TocnenoBaTeIbHO U3MEHSFOT SHEPTUI0 HEHTPOHOB.

[epes BeIYMCICHUEM TIOJHOTO CEUSHHSI B TIOJTYYCHHbBIE DKCIIEPHUMEHTAIbHBIC JIAHHBIE HEOOX 0 TH-
MO BBOJIUTH TMOIPABKH. B 3KcrepuMeHTax 1o MPOITyCKaHUIO HY)KHO YYUTHIBATH (POH HEHTPOHOB, pacce-
SIHHBIX OT CTEH ITOMEIICHUs, KOTOPBIH U3MepSIeTCs MPHU YCTaHOBJICHWH Ha MECTE PAacoJIOKEeHHUs o0pasua
«TEHEBOT0 KOHYCa», NCKITIOYAIOIIEro MoMaJaHue B AETEKTOp HEHTPOHOB NEPBUYHOTO MMyUKa.

Jns u3ydeHns ceyeHHs: B3aUMOJCHCTBHSI HEUTPOHOB C 3TUMH M30TONAMH TOPHA U ypaHa HaAMHU
Obula cO3/1aHa YCTAaHOBKA, IPUHIMIINATIBHAS cXeMa KOTOpol moka3ana Ha Puc.1.Ha nmepBom sTane n3me-
peHuii ObLT peanu30BaH MPOCTEHIINIA BapUaHT C MCHOJIb30BAHHUEM MOJIYHNPOBOAHUKOBBIA KPEMHHMEBBIN
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nerektop ¢ tommuHoi 700MKM M muaMeTpoM 24 MM B KadeCTBE NETEKTOPA - CIIEKTPOMETPa OBICTPHIX
HelTpoHoB. Ha pucyHnke 1 mpuBe/ieHa MPUHIMITAATBHAS CXeMa 3TOH YCTAaHOBKH.

d

det

dmf‘

TiT-target

Si - detector }\ tarocet neu{mn
' SJlux deuteron

Puc. 1. [puHIMNHATBHAS CXeMa CIEKTPOMETPHH HEHTPOHOB OJHUM Si-I€TeKTOPOM

B xauecTBe HCTOYHHMKA OBICTPHIX MOHOHEPIeTUUYECKUX HEHTPOHOB MCIIONB30BAJICA HEUTPOHHBIN
reneparop MSA® AH PY3 HI'-150. BeicTpble HEWTpPOHBI, BO3HUMKAIOIIKE MO peakuuu 1+d— Nn+o mpu
B3aMMOJICWCTBUN YCKOPEHHOTO A0 dHeprun ~ 150k3B mydka nedTpoHOB ¢ TOHKOW TPUTHH - COMIEpIKaIIen
muiensio (TIT — target), umerot suepruio Eq~ 14 MaB 1 npakTHYeCKH U30TPOITHOE YIIIOBOE PaCIpesie-
neHre. B TakoM KcriepuMeHTe HcclieayeMasi MUIIEHb U JCTEKTOp Pachojararorcs 0e3 BakyyMHUpPOBaHUS
Ha OJHOM MPsSMOH C MCTOYHHKOM HEHUTPOHOB (C TOYKOHM MOMAJaHUS NEHTOHHOTO IyYKa Ha TPUTHEBYIO
MHUILEHb) 0], HEKOTOPBIM YTIJIOM (6y) OTHOCHTENBHO HAIPABJICHUS] BHYTPEHHET0 AeHTOHHOTO myuka HI -
150, KOTOpBI BEIOMPAETCSI C Y4ETOM KOHCTPYKTHBHBIX 0cobeHHOCTel MumeHHoro y3ia HI-150 u HeoO-
XOJIUMOM CTETICHH MOHOXPOMATHYHOCTH MOTOKAa HEUTPOHOB. PaccTosiHUS Oy M Uger BHIOMPAIOTCS ONTH-
MaJIbHBIMH C yYETOM MHTEHCHBHOCTH HEWTPOHHOTO IOTOKAa M MHUHMMH3ALHMU alepTyphl AETEKTOpa 0w,
YBEJIMYEHHE KOTOPOrO MPHUBOJHUT K POCTY BKJIAJa NETEKTUPYEMBIX YIPYro PacCcesHHbIX B MUIIEHU Heil-
TpoHoB. Kpome Toro, paccrosiuue oT MuteHu A0 AeTeKTopa (Aget - Grar) TOIDKHO OBITH OOJIbILE TIpOOEra B
BO3/IyX€ BCEX 3apsHKCHHBIX YaCTHIL, KOTOpbIE 00pa3yroTCs MPH B3aUMOACHUCTBUHM HEUTPOHOB C AOpaMH
muiieHd. [Ipu sToM Hccnemyemas MHIIEHb M IETEKTOpP MOMEINAIOTCS B y3KHM KaHajl, OKPYXKEHHBIN 3a-
MEJIUTEIIEM HEUTPOHOB (TapaduH).

Puc. 2. IlonbHbli cekTp OT feTekTopa(6e3 MULLICHN)

W3mepeHust TpOBOASATCS C MUILIEHBIO M 0€3 MuIeHH. [Ipu OTCYyTCTBUM MUILEHH NTPH B3aMMOIEH-
CTBHHM IIEPBUYHOTO NTOTOKA HEUTPOHOB 3HEPrue Ey c MaTepuanoM AeTeKTopa, COAEpKaIero B OCHOBHOM
u30TON 2°Si, B eTEKTOpE MPOTEKAET s peakumii (B ocHoBHOM (N,p) U (N,L)), HAMOOMEE FK3OTEpPMHUC-
CKOI1 M3 KOTOPBIX SIBISETCA peakius - Si(N,0)*°’Mg. COOTBETCTBEHHO, B SHEPIETHUECKOM CIIEKTPE BCEX
3apsDKEHHBIX YacTUI], BOSHUKAIOMIMX B JAETEKTOPE M MM K€ perucrpupyemsix (cm. Puc. 2.), rpynma o-
YACTHII, COOTBETCTRYIONIAs 00Pa30BaHMIO sIpa ~> Mg B OCHOBHOM COCTOSIHHH, HMEET HAHOOIBIIYIO SHEp-
THIO, U XOPOIIO OTAEJIEHA OT OCTAJIBHOM 4acTH crekTpa. IIoHITHO, 4To mIomanp nMuKa 3TOM rpyIIbI o.-
YaCTHI NPONOPLUHOHAIEHA HHTErpaly OT IIOTOKAa HEUTPOHOB ¢ 3HEpruen Ey, mpomexamero yepes aeTek-
TOp. COOTBETCTBEHHO, MIPH MEPEKPHITHH MMOTOKA HEUTPOHOB B AETEKTOP MCCIETyeMON MHUIIIEHBIO, WHTECH-
CHUBHOCTb 3TOr0 IIMKAa YMEHBINAETCS 3a CUET pEaKkLUMid M HEYNPYroro paccesiHusl HEUTPOHOB B MUILECHH.
Tak e OYeBUAHO, YTO YacCTh YNPYro PacCESIHHBIX HEHTPOHOB BCE )K€ IMOMAJAET B TEJIECHBIA Yoyl Jw.
OTH HEUTPOHBI UMEIOT MPAKTHYECKH Ty XKe dHepruto Eg, n OynyT 3aperucTpupoBaHbl Kak MEPBUYHBIHN, HE
IIPO B3aUMOJIEUCTBOBABIIMNA ¢ MULIEHBIO HEUTPOHHBIHN MOTOK.
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Ha BrOopoM BapuaHTe WU3MEpPEHHU 3TOT My4YOK KOJUIMMHPOBAJIOCH C IMOMOIIBIO CIHEIHATEHOTO
KoyMaTtopa JuimHoM 20 cM, Takxke Oblla MCHONb30BaHa JOMOJHHUTENbHBIE 3aIIUTHBIE cpeAcTBa. Hamu
OBLIH TTOTYYESHBI CIICTYIONIHE PE3yIbTAThL:

o, (onsa *35Th ) = 0,41 + 0,06 bapH; o, (ana *35Th ) = 0,38 + 0,06 GapH;

Takum o06pa3om, ¢ ucnons3oBanueM HewrporHoro I'enepatopa (HI'- 150) SI® AH PY3 B kade-
CTBE UCTOYHHUKA OBICTPBIX HEUTPOHOB, MOJNYYCHBI MEPBbIC PE3YNLTATHI N0 U3MEPEHUIO CCUCHHS B3aUMO-
neficTBus HEHTPOHOB ¢ **Th. CleayeT OTMETHTh, TAKXKE, YTO TOTyYEHHbIE MOIHBIC CEUCHHS TOPHS IO
JeicTBHEM OBICTPBIX HEHTPOHOB HAINErO T'eHEpaTopa B IICJIOM COMIACYETCS C JTAHHBIMHU MOJYyYSHHBIMU
npyrumu aBTopaMu[4-10] ¢ uCoNb30BaHUEM JPYTHX Pa3IMYHBIX TeHEPaTOPOB OBICTPHIX HEHTPOHOB. A
ManeHbkue (mpumepHo 10%) pacxoKaeHus] OTHOCUTHCS K HEAOCTaTKaM METOJIa U3MEPEHUH U OHU MOTYT
OBITH yCTpaHEHBI C UCTIONB30BAHUEM HOBBIX Pa3pabOTOK CIIEKTPOMETa.
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BbBICOKOYYBCTBUTEJbHBIN HBETOBO}?'I HHINKATOP HOIJIOIEHHON
JO3bI U3JIYUYEHUSI SIIUTEILIOBBIX HEUTPOHOB

I' A.KynaoayainaeB,A.A.Kum,A.®@.HebecHnblii,
I'.A.Adaynnaesa, 3. X.Bo3opos, I'.T./I:kypaesa, III. H.Caiitn:xanos

Hayuonanenoiii Yuusepcumem Ysoexucmana

AHHOTAUUA

Ipedcmasnenvl pezyromamsvl pazpabomky HEUMPOHHO20 UHOUKAMOPA, COCMOAWe20 U3 PACMBEOPd apCceHd3o
Il ¢ ecadonenmemosoii xucromoii, Komopuwiil NO3605IEN OYEHUBAMb NO2AOWEHHYIO 003) INUMENT08020 HEUMPOH-
HO20 00ny4enus ¢ Xopouiel MOYHOCMbIO, U CHUMCAem OWUOKY U3MepeHUs, CEA3AHHYI0 C USMEHeHUueM yeema Kpacu-
meinetl noo 8o3zoelicmeuem opyaux paxmopos (céem, memnepamypa u m.o.)

Uccnenoarns mo H3T TpeOyroT mpoBeaeHus TO3UMETPHH MTO3BOIISIONIEN B pEalbHOM MacIiTade
BPEMEHHU ONPECNITh MOTJIOMIEHHYI0 103y. CyIIecTBYIOIINE Ha CErOAHSIIIHUN TEeHb METOJIBI U CPEelCTBa
JIO3UMETPUM HEWTPOHOB KaK IPaBUJIO PACCUMTAHbl HA HEUTPOHBI BBICOKMX 3HEPIrUil, a Il HEUTPOHOB
HU3KUX DHEPTHil HE 00JIaaloT JOCTATOYHONW TOYHOCTHIO M HE Jal0T BO3MOXKHOCTH OINPEACIICHUS IOTIIO0-
IIEHHOH J103BI cpasy mociie oomydeHus. Llenpro nccienoBanus ObLapa3padoTKa BBICOKOYYBCTBHTEIHHO-
T'0 IIBETOBOTO MHAMKATOPA MOTJIONMICHHON 036l M3TyUeHUS dIUTEIIIOBBIX HEUTPOHOB ¢ 3Hepruen ot 0 1m0
10 x9B.

Hapsiny ¢ no3umerpamu pa3iuyuHbIX THUIOB B TE€UEHHUE JOJITOrO BPEMEHHM HCIHOIB3YETCS XUMHYE-
CKasl JO3UMETPUSI HOHU3UPYIOLIKX M3IIYYeHU, B TOM YUCIE [[BETOBbIE MHAUKATOPHI MOTJIOLIEHHON JO3bI
MOHU3HPYIOMNX H3TyIeHHH. Takne HHIUKaTOphl MOTYT OBITh CTIOIB30BAHbI JUISI SKCITPECCHOTO OTpee-
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JICHUSI TIOTJIONIEHHOW 03Bl M3JyYEHHUS SMUTEIVIOBBIX HEUTPOHOB MpPU HEHUTPOH-3aXBATHOW Teparuu.
Kpowme Toro, Takue HHAUKATOPBI MOTYT HAMTH HIMPOKOE MPUMEHEHHE [T TO3UMETPUH ITyUKa SUTEIIO-
BBIX HETPOHOB M B KaUeCTBE HHAMBUIYAIbHBIX JO3UMETPOB P HEUTPOH-3aXBATHOH TEpAITHH.

XopoIIo N3BeCTeH XUMHYECKUN WHIANKATOP JA03bI, COCTOSIIINI U3 pacTBOpa cyibdara xene3a, Tak
Ha3bpIBaeMblil peppocynbdarHeiii o3umeTp win no3umerp @pukke. Llupoko pacnpocTpaHeHHbIH A03U-
MeTp Dpukke mpencTaBiseT COOOH HACHIEHHBI BO3AYXOM BOAHBIM PacTBOp, COACPIKAIIUN 1.10°
Moas/1 FeSO,, 0,4 mons/m H,SO,, 1.10°® mons/nm NaCl. [TpoayKThl paarosn3a BOJbl OKHCIISIFOT Fe?* no
Fe**, npu sToMm BbIxox noHoB G = 15,6 (wist sHEprun v-kBantoB Ey / 0,3 M»B). Ha BbIx0x Fe* Bmsiior
KOHIIEHTpAIsl KUCIOpOJia U MPUCYTCTBHE OpraHMYECKUX 3arpssHeHu. Ilpenensl mpuMeHnMocT! 103H-
metpa Opukke ot 107 10 10° I'p [1].

Kpome Toro, B simepHO# (PHU3MKE TaKKe HMCIIONB3YETCs XUMHUYECKUH No3uMeTp DprKKe ¢ paBHO-
MEpPHO pacIpeeIeHHbIM ralofuHueM. [[03UMeTp MO3BOISIET U3MEPSITh CYMMapHYIO MOTJIOEHHYIO SHEP-
THIO OT TaMMa-M3JIy4YeHUs,, KOHBEPCUOHHBIX 3JEKTPOHOB, 3JEKTPOHOB OXe, pEHTT€HOBCKOI'0 M3Iy4EHUs
HEHTPOH-3aXBaTHON peakliy raJoNnHuA.B KkadecTBe cTaHmapTHOTO (peppocynbpaTHOTO TO3UMETpA HC-
TOJIB30BaH creaytommii coctas: 2 T FeSO, « 7H,0, 3 NaCl, 110 cm® konuenTpuposannoit H,SO4, pac-
TBOPEHHOH B TUCTHTUPOBAHHON BOJE, HA 5 JI JO3UMETPUUECKOTO pacTBOpa. B roToBbIi pacTBop nobas-
asiiot GACl3*6H,0 B konmentparmu 10 1/71. PacTBOp pasiuBarOT B MPO3pavHbIC aMITyJIbl, KOTOPBIE 3aTeM
MMOMEIIAIOT B TIOJIe M3IMYyYEHUs IJIs OomnpeAeneHus 1036l [losiBiieHne MOHOB TPEXBaJICHTHOTO JKele3a Xa-
pakTepusyeTcsi UI3MEHEHHEM OINTHYECKON ITUIOTHOCTH pacTBopa. MaKCUMyM IOTJIOUIEHHS B CIIEKTpE BH-
nuMoro ceera peructpupyercs mpu 305 um. [Ipumenenne GAClz*6H,0 He BHOCHT n3MeHeHHH B (GOH J10-
3UMETpa MPU COXPaHEHUH JTUHEHHOCTH «ONITHYECKasl INIOTHOCTh — 1032, 9TO nenaeT qo3umerp dpukke
C XJIOPHJIOM TaJOJHHHs HauOoJiee MOAXOAIIMM JIIs Jo3uMeTpudeckux uccienosanuii GAH3T.Beixon
JIO3MMETPA OCTACTCS MOCTOSHHBIM MPH 3HAUeHHH MomtHocTH 0 10° I'p/c.

Hunanazon geppocynbhaTHOTO JO3UMETPA C XJIOPUIOM TaJ0NHHHUSA, B KOTOPOM €r0 MOXKHO TIpUMe-
HSITh JUTS F3MEPEHHUS [OTJIOMICHHBIX 03, JT&XHT B Ipeeax ot 5 - 2 « 10° I'p. PactBop nosumerpa Tpeby-
€T HACBILICHHS KUCIOPOIOM U MPUMEHEHHS XUMHYECKH 0CO00 YHUCTBIX COSAMHEHUI [2].

XuMHYecKre JO3UMETPhl IMEIOT MHOTO TpenMytiecTB. Cpein HUX: TKAaHEOKBUBAICHTHOCTD, TPS-
MO€ HM3MEpEeHHEe IOTIIONMEHHON 03bl, IMPOCTOTa MPHUTOTOBIICHHUS, BBICOKAsI CTAOMIBHOCTH, XOPOIIO H3-
BECTHAsl YYBCTBHUTENBHOCTh K Y-U3IYYCHHUIO U 3JIEKTPOHAM, BO3MOKHOCTh U3MEPSTH 03y B OOBEKTE C
WHKOPIIOPUPOBAaHHBIM HCTOYHUKOM, BBICOKAas TOYHOCTh M MPOCTOTa M3MEPEHHH, UyBCTBHUTEIBHOCTH K
HEUTpOHAM, JEMIEBU3HA PACTBOPA, BOSMOXXHOCTh NMPUHITHS JO3UMETPOM 000 (OPMBI, T.K. PacTBOp -
SKAIKUM.

K HegocTaTkaM MOXHO OTHECTH: BIMSHUE TTOCTOPOHHUX MPUMEcel Ha MOKa3aHus, HE0OX0AUMOCTh
OBICTpOI 00Pa0OTKY MOKA3aHUH MOCIIE IKCIIEPUMEHTA, B CBA3U C BO3MOKHBIMH IIOCTOPOHHUMH PEaKIINS-
MH, HEOOXOIUMOCTh JOCTATOYHO OOJBIION 03Bl OOMY4YEHHsI CTAHAAPTHOTO PAcTBOPA JUIS TONYYCHUS
JIOCTOBEPHBIX MOKa3aHUH. Takxke HEJOCTATKOM SIBIIIETCS TO, UTO PACTBOPHI MHANKATOPA HE COXPAHAIOTCS
mociie OOJy4eHHUsI B T€UCHUE JIMTEIBHOTO BPEMEHHU, YTO MOXKET JaBaTh HE OYEHBb BHICOKYIO TOYHOCTh
OTIpeIeNICH s TIOTIIONIEHHON 03Bl U JIOBOJIBLHO OOJBIIYIO MOTPEITHOCTH B OIIEHKE MOTJIOMIEHHOM JTO3BI.

Lenbio nccnemnoBanus ObUIapa3paboTKa TOYHOTO, IPOCTOTO B H3TOTOBIEHUH U d(P(EKTUBHOTO BbI-
COKOYYBCTBUTEIHHOTO [[BETOBOT'O WHAMKATOPA MOTJIOMIEHHOMN 036l U3TYYeHHS MUTETIOBBIX HEUTPOHOB
¢ s”eprueit ot 0 1o 10 x9s..

Hamu ObuT pa3paboTan MHIMKATOP HA OCHOBE pacTBopa Kpacutens apcenaso 111 u ragoneHTeToBoi
KHCJIOTHI, TIO3BOJISIONIEr0 JOCTATOYHO TOYHO OMPEAEIATH MOMIOIICHHYIO 103y B Auanasoue ot 2 10 10°
I'p. B nanHoi#1 pa3paboTke UCTIOIK30BaHBI CBOMCTBA apceHaso I1I, KoTopklil Hemonp3yeTcs B KadecTBe Me-
TaJNIOMHIUKATOPA, MEHSIOIIET0 OKPACKy TP CBS3bIBAHWH C HOHAMH MeTairioB. [Ipu moporoBoit mormo-
IIEHHOH 103€¢ MPOMCXOIUT PA3PyIICHHE raf0NeHTETOBON KHCIOTHI ¢ BEICBOOOKAeHHEM noHOB Gd**, Kko-
TOpBIe 00pa3yloT KOMIUIEKC ¢ apceHaso llI, n3meHsronmii OKpacKy pacTBopa ¢ KpacHoro Ha cuHuil. Mc-
MOJIb3YEMBIH /1715 TO3UMETpPa PACTBOP YCTOHUYUB MPH XpaHEHUH PU KOMHATHOH TeMIeparype 1 THEBHOM
OCBEIIIEHUH B TEYCHNE HECKOJIBKUX MECSIIEB.

IIpu o6irydeHUN MHIMKATOPHOTO PAcTBOpA ITYYKOM SMHUTEIJIOBBIX HEUTPOHOB METUIIMHCKOTO Ha-
3HaueHus npu MoiHocTH 0361 oT 0,009 I'p/c mo 0,035 I'p/c mornomennyro 03y ot 2 g0 1000 I'p omnpe-
JIEIISIOT CIIEKTPOPOTOMETPUYECKH Ha JiTuHe BOJMHBI 540 HM. [ToromenHyro 103y OMpeeNsioT 1Mo Kaluo-
POBOYHOMY TpaduKy.

[Ipu oOnydeHNH WHAMKATOPHOTO PAcTBOpa ITyYKOM SIUTEIUIOBBIX HEHTPOHOB MEIUIIMHCKOIO Ha-
3HaueHus npu MoIlmHocTH 1036 oT 0,009 I'p/c mo 0,035 I'p/c mornomennywo mo3y ot 3,5 *10° I'p no
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6,5°10° I'p onpenensitoT BU3yanbHO MO 1[BETOBOM Mikaje. [Ipyu ucnoib30BaHUM PaCTBOPOB € Pa3TUUHBIMU
KOHIIGHTPALMSIMU TaA0NEeHTETOBON KUCIOTHI (0T 15% mo 50%) mpoucxoauT moporoBoe H3MEHEHHUE 1IBETa
WHNMKATOpa ¢ KpacHOro Ha cuHUH. Iloporosoe n3mMeHeHue BETa YETKO BBIPAXKEHHOE U II03BOJISIET OIpe-
JeNATh TOTJIOUIEHHYIO 103y BU3yaiabHO.L[BET pacTBOPOB MHAMKATOPOB 10 OOJy4YEHHUS U IIOCIIE HEro Joc-
TATOYHO YCTOHYMB BO BPEMEHHU MPU XpPAaHEHWH B TEMHOTE WJIM IIPU UCKYCCTBEHHOM OCBELICHWUH HIIU pac-
CESITHHOM COJTHEYHOM CBETE.

Takum o6pa3zoM, pazpabOTaHHBI HAMH HHIAKATOP, COCTOSIIINHI 13 pacTBopa apceraszo lll ¢ ramo-
MIEHTETOBOM KUCIIOTOM, MO3BOJISIET OLICHUBATH IOIJIOMIEHHYIO 103y 3IHMTEIUIOBOIO HEMTPOHHOTO 00Iyue-
HUS C XOPOILEH TOYHOCTBIO M CHIDKAET OIIMOKY M3MEPEHUs, CBSI3aHHYIO C M3MCHEHHEM IIBETa KpacuTe-
nieit mox Bo3aeicTBIEeM ApYTUX (PakToOpoB (CBET, TeMIeparypa u T.1.)

Pa3zpaborannslii Jo3uMeTp 00J1a1aeT OBBIIIEHHOW YyBCTBUTEIBHOCTHIO K HEHTPOHHOMY H3ITyde-
HUIO 32 CYET COAEP)KaHMs B PaCTBOPE TaJOJMHMUS, UMEIOIIEro OOJbIIOe CeUeHHE 3aXBaTa HEHTPOHOB, U
SBIISIETCSl TKAHE-IKBUBAJICHTHBIM. KpoMe TOro, MpeAsioeHHBIA JO3UMETP COXPaHSET CIEKTPOPOTOMET-
pHUECKHE XapaKTEPUCTHKH IOCIE O0MydEeHUs B TEUCHUE HECKOJIBKUX HEJNEJb, YTO MI03BOJIIET HCIIOIb30-
BaTh €ro JUI M3MEPEHUS TIOTJIOUICHHON JI03bI, KaK B PEXXHMME PeanbHOr0 BPEMEHH, TaK U C OTCPOUYEHHBIM
W3MEpEeHHEM B TeUCHHE HECKONBKUX Heaelnb. JlaHHas pa3paboTka Oblia OAaHa M 3apPETHCTPUPOBaHa Kak
3asiBKa Ha mateHT: «Kymabaynmaes I'. A., Kum A.A., HeGecusrit A. @., JIxypaesa I'. T., Cafitmkanos L1I.
H. IlBeToBoif MHANKATOP TOTJIOMIEHHOW 1036l HEHTPOHHOTO M3ITyueHus. 3asBka Ha mateHt Ne |AP 2014
0320 ot 30.07.2014».

CIIMCOK UCIIOJIb30BAHHOM JINTEPATYPbI

[1] Tony6es B.II1. Jo3uMeTpus U 3amuTa OT MOHM3HPYIOIMX H3ITydeHHH. MockBa, «AtoMusmar», 1976.
[2]KnbikoB C.A. Peakiust Gd(n, Y) Kak UCTOYHUK HOHH3HMPYIOIIETO W3JTyUSHHUs /IS HEWTPOH-3aXBATHOM Tepanuu.
JuccepTanyst Ha COUCKaHUE YUeHOI CTeneHn KaHauaara Gpusnko-maremarnieckux Hayk. O6uuHck 2003.

PAJIUALIMOHHO-CTUMYJIUPOBAHHBIE YB* -YB* NYB* - YB®
MPEBPAILIEHUSIB MOHOKPUCTAJLJIAX U HAHOKEPAMHMKAX CAF,-YBF;

M.X.AmypoB 1,I/I.Hypl/lT)1PlHOB 2, C.T.Boii6oGoena

LTHIIIT “@onon” PY3., yn. C. FOcynosa 50, Tawkenm, 100054, Vs6exucman.
2 Unemumym Aodepnoii @usuxu AH PY3., noc. Yayebex, Tawkenm, 100214, Yz6exucman, karimboev@inp.uz

AHHOTAUUA

Hccnedosana paduayuonnas yemoiiuusocms nazeproii kepamuku CaF2:Yb* (3 mon. % YbF3) 6 cpasne-
HUU ¢ MOHOKpUcmaniom oauskozo cocmasa (3.6 mon. % YbF3) noo oelicmauem 2amma-usny4eHus UuCmouHu-
ka ®°Co. Vemanoenena 61usocms cnekmpanbhbix xapakmepucmux Heobiyuennvix o6pasyos. Xoms o6nyue-
Hue cmumynupyem odunaxosvle eanenmuvle uzmenenusn Yb* —Yb* ¢ monoxpucmannax u 6 kepamuke  Ke-
pamuyeckux obpasyax co30aromces cneyuguueckue paouayuoHHO-HageoeHHble 0eheKmHble YeHmpbl, KOmo-
pble 00yCcrasIueaom cyujecmseentble OMaudus CKOpoCmetl GaleHMHbIX NPeepaweHUtl U omaicuea HageoeH-
HbIX 0eghexmos.

KaloueBble cjoBa:paguanioHHasl YCTOIYMBOCTG, Jia3epHas KepaMHUKa, raMMma-Hu3JyueHHe, CIIEeKTPaJIbHbIE

XapaKTEePUCTUKH, Ae(DEKTHI.

1. BBenenne

B nocnennee Bpems ycunne uccienoBaTeleld HAalpaBIeHO HA HMCCIIEAOBAaHHME CBOMCTB MOHOKPH-
CTaIIoB 1 HaHOKepaMuK CaF,, akTHBHPOBAHHEIX HOHaMK Y D', Kak MepCreKTHBHBIX Ta3epHBIX MaTepHa-
JIOB, HAKAYMBAEMBIX JIA3€PHBIMHU IMOJAMH, a TAK)Ke BO3MOXKHOCTBIO JJISl TIOJIyYEHHsI TIEpECTPanBaEMOro
nazepHoro m3nydeHus [1]. M3BecTHO, uTO MOHBI YD B CTPYKTYpY KPHCTAJUIOB M HAHOKEPAMHK OJJHOBpE-
MEHHO MOTYT BXOJIUThH B JIByX- M TPEXBAJICHTHOM BHJIC B PA3JIMYHBIX COCTOSHUSIX CUMMETpUU. B 3aBucH-
MOCTH OT YCJIOBHH POCTa, HAIMYUS COAKTHBATOPOB M MOHH3HMPYIOIIETO M3IyYCHUsST MOTYT M3MEHSThCS
COOTHOILIECHHSI UTTEPOHEBBIX IIEHTPOB, YTO UMEET BAXKHOE 3HAUYEHHE MPU YIPABICHUH CBOMCTBAMH STHX
MatepuaioB [1-5]. B Hactosmieit pabote ObUTH HCCIEIOBAHBI PaIUAllMHHO-CTUMYJINPOBAHHBIE H3MEHE-
HUS Pa3IMYHBIX UTTEPOUEBBIX IIEHTPOB B MOHOKpHCTA/IaX U HaHOKepamukax CaF,-YbF;.
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2. JKcnepUMeHTAJIbHASA YacTh

Crextpbl ontudeckoro moriomeHust (OIl) HCXOMHBIX KPUCTATITUYECKUX U KEpaMHUUECKUX 00pas-
1IOB OBLTH MIIEHTHYHBIMA U coaepxanu mnonoceioriomennid (I111) ¢ makcumymamu mipu 214, 227, 260,
271, 320 u 360 am B Y- obnactu (puc. 1, a u 6, kpussie 1), a Takxke rpymny auauAi npu 860-1060 HM ¢
MakcuMmymamu 1ipu 922, 940, 944, 964, 978, 1010 u 1030 um B K- o6nactu (puc. 2, a u 0, kpuskie 1).
WHTEHCUBHOCTH COOTBETCTBYIOIIMX IIOJIOC Ui KPUCTALUIMUECKHMX W KEPaMHUUYECKUX O0pas3loB ObLTH
cpaBauMbL. TTTT mpu 214-360 HMCOOTBETCTBYIOT NEKTPOHHBIM MEpexoaM U3 ypoBHs So(4fy) Ha ypo-
BeHb 4f1,5d moros Yb*,a pu 920-1060 uM — nepexomam *F7p, - 2Fsj, moros Yb*" [5].

B macTosimee Bpemsi aGCOpOLMOHHbIE XapakTepucTHKH HoHOB Yb®* HcciieJoBaHbI OTHOCHTENBHO
ToJIHee, YeM XapakTeprcTiky HoHoB Yb?'. MsBectHo, uto noust Yb Bxomsr Bmecto Ca?’, kotopsiit 3a-
HUMaeT Kyoudeckoe Oy monoxenue B perretke CaF,. Koraa utrepOuii BXOIUT B COCTOSIHUU Yb3+, TUTST
COXpaHEHHs DIEKTPOHEUTPATBHOCTH CUCTEMBI TpeOyeTcs KOMIIEHCAIUs AOTIOHUTEIBHOTO MOJI0XKUTEINb-
HOT'O 3apsijia, KOTOPOe, KaK MPaBHJIO, OCYLIECTBISIETCS OTPULATEIBHO 3apsSHKEHHBIME MEXKII0Y3€IbHBIMU
nonamu ¢ropa Fi [6].Ecnm KpucTauibl CHHTE3UPYIOTCS B BOCCTAHOBUTENBHBIX YCIOBHSIX C M30BITKOM
¢Topa npu cpaBHUTENBHO HU3KOM (<0,5 ar.%) coiep:kaHUM MOHOB UTTEPOHS, TO B KPUCTAJUIEC HAPSIIY C
kybuueckumu nentpamu (Oy) Ge3 TOKaTbHOM KOMIICHCAINH 3aps10B, co3aarTcs Yh* - mentpsi ¢ Terpa-
roHanpHON cumMmeTpueit (Cyy), B KOTOPHIX HOHBI Fi 3aHMMaeT Onmkaiiliiee COCeACTBYIONIEee ¢ UTTepOreM
MmexnoysensHble monoxkeHus (NN), a Takke TpuroHanpHO#M cuMmmerpueit (Csy), Tae noHsl Fi HaxoaaTcs B
nostoxkeHusix (NNN) [7]. [Ipu Gosiee BBICOKHMX COJIEpyKAHUSIX UTTEPOMS aKTUBATOPHBIC MOHBI 00pPa3yroT
pasnuuHbIe KiacTepHble cocTosHus [8]. Takas cloXHas CTPYKTypa MPUMECHBIX IEHTPOB MPUBOIUT K
00pa30BaHMIO CIIEKTPOB MOTJIOMICHHUS C IMUPOKUMH TOJIOCaMHU.

Ilon meticTBHEM y-00ITydeHHUs P KOMHATHON TeMIIepaType B MHTEPBAJE 1103 10°-108 pal UHTEH-
CHBHOCTH BCeX 110J10¢ HOHOB Yb?' B mmamasone 200-400 uM yBemmumBatotcs (puc. 1 1 2, KpuBbIe 2), HH-
TEHCUBHOCTb T'PYMI JIMHUI HOHOB Yb* B o6mactu 860-1060 HM HECKONBKO YMCHBIIAETCS] B 000X TH-
1max oGpasIioB, 4TO cBUIETENbCTBYET 0 BamentHoM Yb* — Yb?* mepexone Ha mpuMecHsIx noHax [6].

AHanm3 u conoctaBieHue crekTpoB Ol ncxoaHpIx, 00TydeHHBIX M BRIIEPKAaHHBIX TOCIIE 00Iyde-
HUsl 00pa3IOB MOKa3bIBAaET, YTO B O0Opa3lax MpH OOJyUYEHUH M BBIICPKKH IOCIE OOIYYCHHS, KPOME
Yb*— Yb** mepexonos, mpoucxomir cuoxueie Yb**— Yb®* mpeoGpasosanms BHyTpH cammx Yb'-
COCTOSIHUM.

154
1.2 1,84
0,94 a

0,64 0,94

0,6
0,34

1 0,34 1

0,0+ T T T T T T ) 0.0
200 250 300 350 400 450 500 550 U000 280 300 350 400 450 500 550
A, HM A, HM

Puc. 1. Cnekrpsl onruueckoro mnoriorierus (a) kpucramia CaF,-Yb; (3,63%) u (6) nanokepamuku CaF,-Ybs (3%) B Y®- oGunac-
H: 1) HCXOHBIHA, 2) TIocie y- 0GmydeHust 1030# 10%pa i 3) depes CyTKH mociey- 06Ty deHHs.
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Puc. 2. Crextp ontudeckoro norsoienus (a) kpucramia CaF,-Ybs (3,63%) u (0) nanokepamuku CaF,-Ybs (3%) B UK- o6ac-
TH: 1) HCXOIHBIH, 2) TIoce Y- 0GIydeHHs 10301 10°pan 1 3) depes CyTKH mociey- 06IyueHNs..
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[Ipu y- obmyueHnu 0Opa3IOB OYEHHh CHIIBHO YMEHBIIACTCS MHTCHCUBHOCTH IMOJIOCHI 779 HM, He-
CKOJIBKO YMEHBINIAIOTCS HHTEHCUBHOCTH TMOJIOC ¢ MakcuMyMmaMu 922, 945, 966, 979 u 990 M, yBenn4un-
BalOT CBOM MHTCHCUBHOCTH TOJIOCHI ¢ MakcuMyMamu 919 u 962 um (puc. 3 a u 6, kpussie 1). [Tocne npe-
KpaieHus o0ixydeHust UAET MPOLEecC BOCCTAHOBIICHHUS CIIEKTPa, OJHAKO Yepe3 CYTKU OH He MOJHOCTHIO
BOCCTAHABIIMBAETCS 10 COCTOSIHUSA CIIEKTpa B HEOOIydeHHBIX oOpa3nax (puc. 3 a u 6, kpusble 2 u 3). Ye-
pe3 CYTKH Iociie OOIYYIeHHUSI YHUCIO0 IEHTPOB, OOYCIIOBIEHHBIX TOJI0CAMH TIOTIIOMIEHHS] ¢ MAKCHUMyMaMHU
319, 362 u 376 HM B 00My4YeHHBIX 00pa3lax HECKOJNBKO OOJbINE, YeM B MCXOAHOM HEOOIyYeHHOM CO-
CTOSIHHH, OJTHAKO KOHIICHTPAITUS IIEHTPOB, CBA3aHHBIX C TI0JI0OCaMHM THorjomeHus 922, 945, 965, 981 am —
MeHsbIe (puc. 3 a u 6, kpuBbIe 3). DTOT QaKT NEHCTBUTEIHHO CBUACTEIHCTBYET O TOM, YTO B MpoOIlecce
o0iyueHHs, 1 0COOCHHO, MOCIe MPEeKpaIeHus] 00TyYeHUs] MOHOKPHCTAIUIOB M HAHOKEPAMHUK Ha OCHOBE
CaF,-YbF;, npoucxoast He TonbKo mpespaiienus Tuna Yb* — Yb®*, Ho u nepexos tima Yb**— Yb*,
HAXOSIIMXCS B PA3THIHBIX CHMMETPHYHBIX COCTOSHIAX HOHOB Yb®",

ComnocraBieHUe Pa3HOCTHBIX CIEKTPOB OOJYYCHHBIX W BBLICPKAHHBIX MOHOKPHUCTAUTUYCCKUX H
HaHOKEpPaMHUYECKUX 00pa3noB (puc. 3) MOKa3bIBaeT, C OJAHOW CTOPOHBI HANWYKME OOUIMX TEHACHIHH, C
IPyTOil — OTIMYNTENbHBIE OCOOEHHOCTH MPOIIECCOB MPOTEKAIONINX B MOHOKPHUCTAJUTMYECKUX U HAHOKe-
pamudecknx oOpasnax BO BpeMs OOIydeHHs W IpoIlecce WX BBIICPXKKH rmociie oOmydeHnss. OCHOBHBIMU
OTJIHUMSMU SIBJISFOTCS: CYIIECTBEHHO Manoe KommuecTso nosos Yb®*, mepexomsmux B cocrosuue Yh* B
HaHOKepaMHUKax 10 CPaBHEHHIO C MOHOKPHCTAIaMH; OBICTpOE, MO CPaBHEHUIO ¢ MOHOKPHCTAJUIAMHU,
BoccranoBieHne Yh* - ieHTpoB B 06IydeHHBIX 06pa3ax 10 HCXOIHOTO COCTOSHMS B HAHOKEPAMHUKAX;a
TaKKe M3MEHEHHE COOTHOIICHHs pasandubix Yb®* meHTpoB B 06:1ydeHHbx o6pasuax. [Ipeamonaraercs,
YTO 3TH OTJINYMS OOYCJIOBJICHBI HAJIUYHUEM OOJIBIIOT0 KOJUYECTBA MEKIPAHUYHBIX MMOBEPXHOCTEH B Ha-
HOKEpaMHYEeCKUX 00pasIiax.
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Puc. 3. Pa3HOCTHBIE CTIeKTpHI TOTJIOMIEHNUS: (2) 1) Y- 00Iyd9eHHOTO U HCXOAHOTO HEOOIydeHHOTo 00pasia; 2) BEIIep)KaHHOTO
nociie o0Jy4eHHns B TeYeHHe 19 ¥ UCXOTHOTO; 3) BBIZIEPIKAHHOTO T0cie 00IyUeHHsI B TeUeHHe | -X CYTOK M HCXOJHOTO KpHcTalia
CaF,-Ybs (3,63%); (6) To xe mis HaHokepamuku CaF,-Yhs (3%).

3. Pe3yabTaThl U 00CyxKIeHHE

Cornacno [1,6,9,10], mormomienue, Habmoaaemoe B oopasmax CaF,-Ybs B o6mactu 900-1000 HMm,
00YCJIOBJICHO CJICAYIOIIMM: IOJIOCHI ¢ MaKCUMyMaMHu B 922 u 963 HM — CBsA3aHbI ¢ KyOu4ueckumu; 966 HM
— terparoHanbHBIMU; 910, 936 u 966 HM — TpUrOHAIBHBIMH LeHTpaMu; 945,6 u 956 HM — ManBIMU Kia-
crepamu; 980 HM — rekcaMeTpUYeCKUMU Kiactepamu. Hamu skcrnepuMeHThl MOKa3alu, YTO MOJIOCHL 922,
965 1 981 HM SBISIOTCS CIOKHBIMHE H STH TOJOCH! IEPEKPHIBAIOT MOTIIOMEHHE HECKOTbKNX Yb®* men-
TpoB. O0 3TOM K€ CBHAETENHCTBYIOT HCCIEIOBAHUS TEMIIEpaTYpPHON 3aBUCHMOCTH TOTJIOIIEHUS KpH-
crayuioB CaF,-YDF; B pabote[9]. MHTepecHO TO, Y4TO T€ MOJOChI, KOTOPhIE YMEHBIIAIOT CBOM HHTCHCHB-
HOCTH TP HOBBILICHUH TEMIIEPaTypbl B HE0OMy4deHHBIX oOpasuax (922, 940, 962 u 976 um), B 0b6myUeH-
HBIX 00paslax yBeIMYUBAIOT MHTEHCHBHOCTH C YBEIMYCHUEM BPEMEHH HX BBIZICPIKKH ITOCIIE O0IyUYCHUSI.
KoHueHTpanus Takux HEHTPOB CTAHOBUTHCS HECKOJBKO OOJbIIE MOCIE BBIICPKKH OOMyYEHHBIX 00pas-
LOB B TEUEHHE OJHUX CYTOK. Pa3sHOCTHBIH CIIEKTp ramMma-o0JydeHHOTO0 M MCXOJHOTro 0Opas3loB TOYHO
COBITQ/IAET CO CIIEKTPOM HU3KOTEMIIEPATypHOTO TMOTJIOMICHUS HEOO0IydeHHOTO 00pasiia, MPUBECHHOTO Ha
puc. 8 B padote [9]. DtoT 3pdpekT MOKHO 0OBACHHUTE clexyromuM oopa3oM. Bo Bpemst o0aydeHus 00-
pasloB Y- Jy4aMu MEXJI0y3eJbHbIe HOHBI ()TOpa, TOIyYHB SHEPTHIO 3JICKTPOHHBIX BO30YKIEHHH, yia-
JISIIOTCS OT TETPArOHAIBHBIX U TPUTOHAJIBHBIX LEHTPOB, a TAKXKE OT MaJIbIX M IeKCaMEeTPUIECKUX KIIacTe-
poB. Ilpu 3ToM Hapsiiy ¢ yMEHBIIEHHEM 3THX LEHTPOB (O YeM CBUAETENLCTBYET YMEHBIICHHUE HMHTCH-
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cuBHOCTEH mooc 922, 940, 965 u 981 HM mocie 00IydeHus, CM. pUC. 3) YBEIHMYUBACTCS YUCIIO KyOnde-
CKUX LEHTPOB (IPOMCXOIUT HEKOTOPOE yBEIHMUeHHEe MHTEHCHBHOCTEH mosoc 916, 962 u 976 HM mocie
o0my4enus, cM. puc. 3). Ha atux xyOmdeckux Yb** menrpax MOTYT 3aXBaThIBATHCS AJIEKTPOHEI, IIEPEBOIS
PUMECH B JIBYXBaleHTHOE cocTosune. C TedeHneM BpeMenn YD COCTOSHHS MOTYT TepMHYECKH HOHH-
30BaThCA, IPH ITOM YBEIHUMBACTCS Kybuueckue Yb> LeHTpbI, 4T CTUMYIHpPYET CO BpeMEHEM yBeIHue-
HUSl UHTEHCUBHOCTEW WX TOJIOC TOrIomeHus B 916, 962 u 976 HM. DTH 110JIOCH 00YCIIOBIEHBI 3ICKTPOH-
HBIMH TIepexofamu 1— 7, 1— 6 u 1— 5 B kyOuueckux Yb*- nentpax.

Takum 06pa3zom, B kpuctauiax u HaHokepamukax CaF,-YDbF; Bo Bpemst y- 00i1ydeHUs U BBIICPIKKU
nocite oGmyuenns Hapsiny ¢ Yb¥ o Yb? mepexomamu ocymectsmstores Take Yh* —Yb* mpespame-
HUSL.
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AHHOTANNA
Hcnonv3ys memoo smuccuonHoll meccoaysIpo8CcKol CReKMpOCKONUY ¢ MAMEPUHCKUMU U30MONAMU 119mTg
u 1195, HAX0O0AUWUMUCS 8 COCMOAHUU PAOUOAKMUBHO20 PABHOBECUS, 8 OOHOM IKCNEpUMeHMme NOLYYeHd UH-
Gopmayus 0 mecme NOKAMUZAYUU U BATEHIMHOM COCMOSHUU OOYEPHUX AMOMOS 1ome, obpasyrowuxcs u3
MAMepPUHCKUX amomos 19} 4, 19MTe ¢ CMPYKMYPHOUL CemKe CIMeKi1000Pa3HbIX XANbKO2eHUO08 MbIUbIKA.
KiroueBble ¢j10Ba: paJlMOaKTUBHOE PaBHOBECHE, MeCCOAYyIPOBCKAsT CIEKTPOCKOMHSI, XaIbKOTEHHU bl MBIIIIb-
sIKa.

B nacrosimee Bpems A MCCIEAOBAaHUS COCTOSIHHMS NPUMECHBIX aTOMOB B KPHCTaNIMYECKHX U
CTEKJIOOOpa3HbIX MaTepHalax IIUPOKO HCIOJB3YeTCs SMUCCUOHHBIA BapuUaHT MeccOay’pOBCKOM CIeK-
Tpockormu Ha m3otore °"Sn ¢ marepmHckuME sapamu TSh u M*"Te, xorma B mccmemyemMoe CTEKIO
BBOAMTCS PaJINOAKTHBHBIN MAaTEPUHCKHI M30TOII, TIOCNE paciaja KOTOPOTO 00pasyeTcst JOYEepHUNH aToM
19MSN [1 - 4]. DMHCCHOHHBIH BAapHAHT CHEKTPOCKOIHH MO3BOJISET MCCIEI0BATh IIPUMECHBIE ATOMEI C
npeenbHON KoHIeHTpamueil ~ 107 cM 2, 4To SBIAETCS NPUHIMIHANGHO BAXKHBIM H3-32 MAJIOH PAcTBO-
PHMOCTH 0JI0Ba B XaJIbKOTGHHUIHBIX cTeknax. CXeMbl paciiaga MaTepuHCKEX atoMoB °Sb u *"Te mpu-
BEJICHBl Ha pHUC.] M OYEBUIHO, YTO B 3aBUCUMOCTH OT XMMHUYECKOW MPUPOIBI MAaTEpUHCKOTO M30TOIa
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BO3MOYXKHO BBEJICHHE JIOUYEPHETO aToMa JIN00 B CTPYKTYPHYIO CETKY, 0Opa30BaHHYIO aTOMaMH ITHUKTOTe-
Ha (MaTEPUHCKHE aTOMBI °Sb), THGO B CTPYKTYPHYIO CETKY, OOPa30BAHHYI0 aTOMAMHU XalbKOTeHa (Ma-
TepHHCKHE aTOMBI " Te).

B cooTBeTcTBHM C 3THM, MpOIeCcC MPUTOTOBICHHUS MeCCOAYIPOBCKUX UCTOUHUKOB CBOJHUTCS K TO-
My, 4TO B HCCIIEAyeMblil MaTepHasa BBOAUTCS MO0 GE3HOCHTENbHBIA mpermapar “°Sh, momyuenHsi Mo
peaxrmu 2°Sn(p, 2n)*°Sb [1], 1u60o GesnocuTenbHbIl npenapar 2" Te, moxydyeH st Mo peakimu - SN(a,
2n)"¥"Te [2, 3].EcTecTBeHHO, B 060MX CIydasx Ul MOMyYCHHS GE3HOCHTENBHBIX MPENApaToB HEOOXO-
MO HX XpoMatorpadudeckoe Boinenenne. Hakoner, Mecc6ayspoBCKHil HCTOUHMK ~"Te MOXHO MpH-
FOTOBHTH, BBOJIA B HCCIIEAyeMblil MaTepuan cmech " 'Te + '°Sh, u BeizepxuBas o6paser; 0 T0CTHRKE-
HUS THHAMUYIECKOTO PaJHOAKTHUBHOTO PABHOBECHS MEXKTY 19 Te i 119Sh [1 — 4] (x0Tt IpH STOM TepsieTcs
3aMETHAs YacTh aKTHBHOCTH H30TOmoB ~°Sh i 19" Te).

119me i
complex ‘/E C :

ll‘)Sb

E, keV

Sk 18ns 3/2(+)

0 12(+)

ll9sn

119 119
Puc. 1. Cxema pacnajia MAaTepMHCKUX M30TOIIOB ~ " Te 1 - Sb.

B nacrosield pabote mpezasaraeTcs METoJ] M3MEPEHHsT SMUCCHOHHBIX MeccOay?pOBCKHUX CIIEKTPOB
JUTSL MCTOYHMKOB, CONEPYKAIINX OJHOBPEMEHHO MaTePHHCKHE M30TOHBI ~"'Te u Sb, me Tpebyrommii
JUTMTEIILHOM BBIAEPIKKH 00pas3loB 1O MOMEHTa U3MEPEHUsI MeccOayIpOBCKHX CIHEKTPOB U IO3BOJISIOIINI
MOJNy4aTh MHPOPMAIMIO OJHOBPEMEHHO O COCTOSHHM MAaTEPHUHCKUX M JOYEPHUX NMPHUMECHBIX aTOMOB
TeNTypa, CypbMBI 1 010Ba. Kak cremyer u3 puc. 1, pacman MaTepHHCKEX aTOMOB “""Te HPOHCXOMUT C
00pa30BAHMEM JOUEPHHX PAJHOAKTHBHBIX Aaep “°Sh, I K MOMEHTY YCTAaHOBICHHS MOBIKHOTO PaBHO-
BecHsl 00pa3yeTcst CMeCh PaJOaKTUBHBIX aTOMOB TeJUTypa (MX AOJS B €AMHUIIAX UCXOIHOTO COJCP KaHMsI
19MTe cocramster 0.575, u 0603Haunm ux "Tel) u cypsMsI (ux gons cocrasiser 0.195, u 0603HaUIM
Hux 119Sbl). DTa cMeCh CIIaBJIUIIACh C CoOeMMHeHHIMH As,S3 1 As,Te; ¢ ocenyromiel 3aKkalkoi pacroia-
Ba HA METAIMYECKYIO IUTy. IIpH 5TOM aToMbl ~°Sh1 OKA3BIBAIOTCS B y371aX MBIIIBAKA (MBIIIBIK 1
CypbMa SIBIISIIOTCS 3JIEMEHTaMH TJIABHOW MOJIpYIIbI MsAToN rpynmsl Tadmunel J.M. Menneneea), a ato-
Ml "Te (ciemoBaTenbHO, M aTOMBI - Sh2, 06pasyolIecs 10ciIe UX Paciaja) OKa3bIBAIOTCSA B y3/1axX
XaJIbKOTeHA CTPYKTYPHON CETKH CTEKIO00pa3HOTO CIUIaBa, TAK YTO COCTABBI MeCCOAYIPOBCKUX HUCTOYHH-
KOB MOTYT OBITh 3amucansl, Kak (As, °Sh),(X,**"Te)s.

DMHCCHOHHBIE MeccOaydpOBCKHE CIEKTPhI 2SN camMaick npu 80 K B MHTepBale BpeMeH 10Cie
MIPUTOTOBJICHUS MeccOayIpoBckoro ncrounuka At = 0 — 9.5, 9,5 — 19.0, 19.0 — 28.6, 28.6 — 38.1, 38.1 —
476, 476 — 57.1, 57.1 — 55.6 u 66.7 — 76.2 uac (3a t = 0 B3IT MOMEHT 3aKaJKH CIUIaBa
(As,"Sb),(X,"*"Te);). B kadecTBe CTAHIAPTHOrO MOTTOTHTENS HCmOMb3oBaacs CaSnO; ¢ MOBEPXHOCT-
Hoii TmotHocThIo 0.1 /M o m3oTomy SN,

U3 puc. 2aBUIHO, 4YTO OKCIEPHMEHTAIbHBIE MeccOay3pOBCKHE CHEKTpHl —"SN  cruiaBa
(As,"°Sb),"*"Te; npencrapmsoT co6oi HaNOKEHHE ABYX IHHHIL. MeHee MHTCHCHBHAS JINHHS TIPH H3Me-
penun criekrpa B naTepBaie Bpemenu 0 — 19.05 yvac nmeer nzomepHsrii casur 2.61(2) Mmm/c, oH OIU30K K
M30MEPHOMY CBHIY MecchayspOBCKOTO CHEKTpa °Sn monyMeTaminyeckoro coeunenns SNAS u, cie-
JIOBATEITHHO, Ty JTHHHIO MOKHO IIPHIICATH IPUMECHBIM LIEHTPaM 0110Ba "Sn’, 06pa30BaBIIHXCs MOCTE
pacnaaa aToMOB 19 Te] B y3max temrypa (cuextp 1). M3omepHbIi caBur 60j1ee MHTCHCUBHOM JTMHUU ATO-
rO CIEeKTpa cocTaBiseT 3.65(2) mm/S, oH OJIM30K K M30MEPHOMY CABHIY MeCcOaydpOBCKOTO CIEKTpa
195N coemmuenns SNTe u, ClIeI0BATENBHO, STy INHHIO MOXHO IPUIICATH ABYXBAICHTHBIM MPHMECHBIM
neHTpam onosa ~"Sn?*, 06pasoBaBIIMXCS TTOCTE paciaga atoMoB “°Sh1 B y3max memmbska (crektp II).
BHJIHO, YTO OTHOCHTENbHAS MHTEHCUBHOCTH MeccOaydpoBckoro crekrpa - "Sn’ B moapemeTke Temtypa
BO3pacTaeT c Bo3pacTaHuem At.
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(0-9.5) nac

(28.6—38.1) wac (28.6— 38.1) wac

\ J,/J;

Omnocumesnas ckopocims cuema

Omuocnmensnan cKOpocing cuema

(66.7 - 76.2) uac

£ -4 -2 L] 2 4 6 -6 -4 2 0 2 4 13
Cropocing, mwc Cropocmb, Mwe

Puic. 2. DMHCCHOHHbIE MeccGaydPOBCKHIE CIIEKTPBI SN B cTek1006pasHbIX (As, 11°Sh), M Te, (a) u (As, 1°Sh),(S,1™Te), (b).
Mecc6ayapoBCKHE HCTOUHHKH TOTOBHIIMCH CIUIABJICHHEM CIUTaBa AsyX3 U CMECH 1omTe + 119gh (31ech X — xanbkoreH). CriekTpbl
cuaumanuch npu 80 K B untepane Bpemer 0 — 9.5, 28.6 — 38.1 u 66.7 — 76.2 uac nocie IpuroToBIeHuUs MeccOayIpOBCKOTO HC-
TouHuKa. [[oKa3aHO MONI0KEHNE INHUHN, OTBEYAIOIINX [IEHTPAM Sn° Sn?* m Sn**,

Od4eBUIHO, 4YTO B HaYalbHBIA TMEPUOJ M3MEpeHUs MeccOayIpoOBCKOro CIEeKTpa oOpasiia
(As,*°Sh),"""Te; ocHoBHoIt Bkiax B criektp “*"Sn maror mMatepuuckne atomsr 9Sbl (mocrosHHas pa-

JUOAKTUBHOTO paclaja Aad HUX Ag, =5.05- 10° ¢ ), Torna kak 1o Mepe Ux pacnana GyjeT BO3pacTaTh
1

MHTEHCHBHOCTh CIIEKTpAa OT MATEPMHCKMX aToMOB ''°Sb2 (oHHM 06pa3yloTcs Tocjie paciajza aTOMOB

U9MTel u g1 HEX A =17-10° ¢ ).Jlns KONMYECTBEHHOTO ONKMCAHHSI U3MEHEHHSI CTPYKTYPBI MeC-

c0ay’pOBCKOTO CIIEKTpa 119N 1o Mepe U3MCHEHHsI BPEMEHH W3MEPEHUsI ObUTH PacCUYNUTaHbl 3aBHCUMO-
ctu otnomierus P = SI/(SI+S1l) or momenTa t cunTe3a obpasiia (As,llQSb)zllngeg mia At = 0.25x Ty
(3nech Sl u Sl — momaau Mo HOPMUPOBAHHBIME MeccOayIpoBckuMu criekTpamu | u |l cooTBeTCTBEH-
1o, Ty, — mepuos monypacraza “°Sh)). Ipu stom pacma sixep “°Sb1 onmceiBancst cooTHONIEHHEM

Ngy = Ngbl eXp(_XSbt) ; 1)
a HaKOILICHHe siep  Sh, 0OpasyIoLuXcs B pe3y/bTaTe paciana aToMoB " T€l, 3amichIBaIoch B BHIC
A
Ngy, = ﬁ Ns(,Jb [exp(_}\‘Sbt) - exp(_xTet)] + N'(I')e eXp(—Art), 2
Te ~/Vsb

0 0
rae Sl Te _yyeno aromos “°Sbl u M Tel B Moment Bpemeru t = 0, NSbl, NSbZ— YUCJIO aTOMOB
"9Sh1 u "'°Sh2 B momeHT BpemenH t.

Paccunrannbie 3aBucumoct P(t) BMecTe ¢ skcreprMeHTanbHbIME BennunHaMu P(t) mpuBeneHbt
Ha puc. 3a. Buano, uro ecnu pacuer ornomenus SI/(SI+SIl) Begercss B mpeanosokeHnuu 3ampera mnepe-
Memienus aToMoB °Sh1 (M3 moApemeTky MbIIIbAKA B IIOAPENMIETKY TEILTypa) i aToMoB "Tel (i3 mox-
pELIETKH TEJUTypa B MOJAPENIETKY MBIIIbIKa) B MPOIIECCe M3MEPEHUsI MeccOaydIPOBCKUX CIEKTPOB (pHLC.
3a, 3aBUCHMOCTD 1), TO OTCYTCTBYET COTJIACHE PACUYETHBIX M IKCIIEPUMEHTAIbHBIX BenmuuH P(t). s co-
IJIACOBAHUSI 3TUX BEIMYMH HEOOXOANMO MPEAOJIOKUT, YTO B MIPOLIECCE U3MEPEHHUS CIIEKTPOB IPOUCXO-
mut nepememenwe (0.15 + 0.02) nomu atomoB " Tel U3 MOAPEIIETKH TeUTypa B HOAPEIIETKY MBbIIIbIKA
(puc. 3 a, 3aBUCUMOCTSH 2). DTO MEepeMeeHHEe MOXKET IMPOUCXOIUTh 3a CYET SPHEPIHH OTJAuH, IOTydae-
Mot ouepHHMH atoMamu °Sh2 npu pammMoakTHBHOM pacrane aToMoB ' Tel. OTMETHM, YTO HOTyUYeH-
HAsl HAMH JIOJIS CMEILEHHBIX aTOMOB "' Tel U3 IOJpeNeTKH TeITypa B MOAPEIIETKY MbIIIbIKA HAXOIUT-
Cs B COTJIACHM C JAaHHBIMH, ITOJIyY€HHBIMU aBTOpaMu [4] mMpu M3MEpeHHH SMUCCHOHHBIX MeccOayIpoB-
CKHX CITIEKTPOB ~""SN 06pa3IoB TEILTypHIa MBIIIIKA, ICTHPOBAHHEIX " T€.

Kak BuaHo u3 puc. 2 b, skcmepumeHTanbHble MeccOaydpOBCKHE CIEKTphl ' "SN cruiasa
(As,"Sb),(S,**"™Te); mpencrapmsii coGOi HATOXKEHHE TPEX JIHHHIL: JHHHIO C W30MEPHBIM CIBHIOM
2.61(2) Mm/C creyeT IpUIICATh MPUMECHBIM IEHTPaM ooBa - "Sn’, 06pa30BaBIINXCS TOCTE Paciana
atomoB *"Tel B y31ax cepsl (cuektp ), TMHHIO ¢ M30MEPHBIM CABUIOM 3.75(2) MM/C CliefyeT IpUIIH-
caTh JBYXBAJIGHTHBIM MPHMECHBIM LIEHTpaM onoBa '°"Sn*, 06pa3oBaBIIMXCS IOCIE Paciaza aTOMOB
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1199h1 B y3max Mbimrbsika (crekrp Il) 1, HAKOHEL, JIMHKIO ¢ H30MEPHBIM cABHroM 1.48 MM/c crexyer mpu-
IHCATh YeTHIPEXBATCHTHBIM MPHUMECHBIM LIEHTPaM ooBa - "Sn**, o6pasoBaBIiXCcs mOCe pacmana aTo-
MoB °Sb1 B y3max memmbsika (ciextp 11). Kak u B ciydae crexrpos (As,'9Sb), """ Te,, orHocuTenbHas
MHTEHCHBHOCTD MeccOayspOBCKOro crekTpa ~"Sn’ B moapemerke XanbKoreHa BO3PACTACT C BO3PACTA-
HueM At. J[Is KOJTHYECTBEHHOTO OIMCAHMS H3MEHEHHS CTPYKTYPhI MeccOayspOBCKOro CrekTpa SN mo
Mepe M3MEHEHUs BpeMEHH M3MepeHHs ObUM paccuuTanbl 3aBucuMoctr oTHomenus P = SI/(SI+SI1+SIII)
oT MoMeHTa t cuHTe3a 0Opasia (As,“ng)g(S,“nge)g mis At = 0.25% Ty, (3mecs Sl, SIl u Sl — mromann
0T HOPMHUPOBaHHBIMH MeccOayspoBckumu criektpamu |, Il u 11l coorBercTBenHO). Paccuntanusie 3aBu-
cumoctu P(t) BMecTe ¢ skcriepuMeHTanbHbIMU BennunHamu P(t) mpuBenenst Ha puc. 3 b.

SI(SI+SIT)

SIASI+SID

Puc. 3. 3aBucumoctu ortaomenuii SI/(SI+SIT) u SI/(SI+SII+SII) oT MOMeHTa CHHTE3a CTEKII000pa3HBIX 06pasioB (AS,
11961),119™Tes (a) 1 (As, *°Sb),(S,*"Te); (b). SI, S i SIII- mIomaIH 10 HOPMHPOBAHHBEIMI MeCCGAYIPOBCKUMI CIIEKTPaMH
IpHMeECHBIX aToMoB ~9"Sn?, 1Mgn2* 5y MMGn4* oo rpercTBeHHO. | — 3aBHCHMOCTH IS CIY4As OTCYTCTBHS BO3MOXKHOCTH IIepe-
MereH s aToMoB 2" Tel U3 MoIpeleTKy TeaTypa B MOAPCIICTKY MBIIIBAKA; 2 - 3aBHCHMOCTb JUIS CIydast ePEeMEICHHS JacTH

atomoB " Tel W3 MOAPEIIETKY TETypa B MOAPEIIETKY MBIIIBIKA 33 CUET MOCT-3((EKTOB paHOaKTHBHOTo paciana " Te,

Buno, uto ecinu pacuer otnomienust SI/(SI+SI+SII) Benercs B mpemonoxkeHun 3amnpera mepe-
Memenus atoMos Sbl u "™ Tel B mpouecce u3MepeHus MeccOayIPOBCKUX CIEKTPoB (pHc. 3 b, 3aBu-
CHMOCTb 1), TO OTCYTCTBYET COTJIACHE PACUETHBIX M IKCIepUMeHTanbHbIX BennunH P(t). s cormacosa-
HUS 3THX BEJIMYMH HEOOXOJMMO MPE/IOI0KUTh, YTO B MPOIECCe H3MEPEHHUS CIIEKTPOB MPOUCXOINT TIe-
pementenne (0.28 + 0.02) nomu atomoB 2" Tel U3 MOAPEIIETKH Cephl B MOAPEIIETKY MbIIIbsKa (puc. 3 b,
3aBUCUMOCTH 2). OTMETHM, YTO MOJIy4YeHHAss HaAMH JIOJII CMEIICHHBIX aTOMOB WMTe] u3 MOAPEIIETKA
CephI B MOJIPEMIETKY MBIIIBSIKAa HAXOJUTCS B COTJIACHU C TAHHBIMU, NTOJTy4YEeHHBIMHU aBTOpamu [4] npu u3-
MEPEHHH SMHCHOHHBIX MecCOaydpOBCKHX CIIEKTPOB *"SN 06pasioB Cynb(uaa MbIIIbIKA, JETHPOBAH-
upix *MTe,

Takum 00pa3oM, B OJIHOM DKCIEPUMEHTE ToIydeHa MH(opMalys 0 MecTe JOKaIu3alul aTOMOB
CYPBbMBI U TEJTypa B CTPYKTYPHOH CETKe CTeKI000pa3HOro As;T€; 1 O BaJIGHTHOM COCTOSHUU JOYEPHHUX
aTOMOB 0JIOBA, OOPA3YIONIMXCA M3 MATEPUHCKHX aTOMOB ' SD, OKAIH30BAHHBIX B PA3JIMYHBIX CTPYK-
TYpPHBIX y3JIaX CTEKJIa.
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REDUCED E2-TRANSITION PROBABILITIESOF ALTERNATING-PARITY
SPECTRA OF LANTHANIDE NUCLEI

M.S. Nadirbekov', E.B. Makhmanov?

YInstitute of Nuclear Physics, Tashkent, 100214, Uzbekistan, nodirbekov@inp.uz
“Karshi Engineering Economics Institute, Karshi, 180100, Uzbekistan, emaxmanov.1976@mail.ru

Abstract

Reduced B(E2)-transition probabilities for intra- and inter-band transition between the collective states
in the yrast, first non-yrast and second non-yrast alternating-parity bands in the lanthanide nuclei **Nd,
1521%4gm 134Gd, 1%6py, *921%Er are studied. The calculated B(E2)-values and some ratios between probabili-
ties, and are compared with available experimental data. In addition, the comparison of the B(E2)-transition
probabilities with the Alaga rules provide an estimation about the sensitivity of the E2-transitions to the qua-
drupole deformations of the considered nuclei.

Key words: yrast, first non-yrast and second non-yrast alternating-parity bands, Alaga rules, quadrupole and

octupole deformations, lanthanide nuclei.

1. Introduction

The collective spectra of atomic nuclei with quadrupole and octupole deformations are characte-
rized by rotational bands with alternating parity [1-4]. A non-adiabatic collective model with oscillator [1]
and Gaussian [2] potentials good describe the sequences of energy levels in alternating parity spectra of
yrast and non-yrast bands of the lanthanide and actinide even-even nuclei with the soft and stiff collectivi-
ty. In these works were demonstrated an importance of the quadrupole-octupole motion in the collective
excitation of heavy nuclei. The good agreement between experimental and theoretical values of the ener-
gy levels in the different bands motivates an extension of the study by considering the intra-/inter-band
reduced transition probabilities as a necessary test for the relevance of the obtained model descriptions.

The purpose of the present work is to examine the validity of the energy descriptions with respect
to the attending intra-/inter-band reduced E2-transition probabilities. The calculated values are compared
with available experimental data. Also, we examine the model dependence of various transition ratios on
the parity-shift parameters and compare them with the Alaga rules. As it will be seen below the imple-
mented analysis allows us to make a conclusion about the relevance of the applied model formalism.

2. Wave functions

The wave functions of Schrodinger equation have the following form in polar coordinates [1,2]

@l (0:0)=F (0)n.l¢"). @
where
Yop| - €T
Zv(é ) N,H (f )exp | (2)
with
=T, ol g+g° o, =,/Cf , 3)
where N, is normalization coefficients, H are the Hermite polynomials, w.is the frequency of e-

vibrations, C, is the stiffness parameter for the g-vibrations, B is the mass parameter, tggrepresents the
minimum of the potential energy of the e-vibrations.

Now, we will determine Fli (0) for approximations in Refs. [1,2].
q\/

N.H%(¢ 2
F.j;(a)=VT;)exp(—%j, @

here N . Is normalization coefficients, H (5) is Hermite function
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1) -brba 1S e r(k—ﬂ ©

v k! 2
here
§=—p”(+0_0°), Py ccon, (6)
lul_valv lul_v
Quantities p;, = o, / o, >1 satisfy following equality for [14]
+ B s +1)_ ..
(o (i, )= e | 0

wherev=0,1,2...are “angular” phonon numbers, quantity Gliv indicates new states of the equilibrium for

| * [16], oo is minimum of the potential energy for c-vibrations.
1

u, =u{1+4[l(l +1)7 ZEE]}A, ®)

lv

here y“ =h® /(C‘,Ba(‘)1 ) is dimensionless parameter of theory, C, is the stiffness parameter for the o-
vibrations. And qf is root of transcendental equation [1-3]:

H;(—p—g]:o. ©)
' Hiy
E/ =2—?Ef, (10)

E are eigenvalues of equation for angular part of Schrodinger equation [1,2]. These quantities are the

splitting energy of the v-th level [1]. Here E:' and E'V’ are yet doubly degenerate. Taking into account the

tunneling under the potential barrier separated nuclear reflection-symmetry shapes leading to their split-
ting.
Quantities p,iv satisfy following equality for [2]

(. F(pi. -t (b - |- Utz | )

1t —ﬂ{b—Z(p.*v ~1f Jeo |- (o, —1)2]+[ “ T['(l +1)F 3E3]} , (12)

P

<

3. Reduced E2-transition probabilities

The electric quadrupole transition between energy levels |qfi ;) and (q; I | [1] are

BE2q:1, > 1, )=B,(E21, > 1,)52. . (E2)exp(—2 ZC J (13)

here [13]
B,(E2.1, mf):%qg(lizom 1,0, @®)
VA

are the reduced E2-transitions probabilities in the rigid axially symmetric rotor, where Q, is the quadru-
pole moment of the static nucleus and we introduce new parameter by following expression
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3 h
Q, =, —Q,exp| ———— |. 14
=152 0% 5 (14)

B(E2.0: 1, ¢, 1,)=3(1,200}/1,0F S2. . (E2). (15)

vive

Thus,

The factors S:; ” (E2) are determined by expression

quﬁ quf R 1 1 £yt
Sy (E)=——= [ |— . HZH* e dg. (16)
Gy 9 ¢ 20-0 pﬁ A /’lﬂvi é’ +1 ILIFfo é’ +1 a9 S

-

/L‘rivi
Intra-/inter-band reduced E2-transitions probabilities (15) are expressed by parameters: E'j, Q,

and 4 . Note that similar works were performed in Ref. [3]. But in Ref. [3] solutions ¢ of transcenden-
tal equation (9) considering as approximately integers. Therefore we decided integral (16) a numerically
by take into account accurate values of the quantity ¢ in equation (9).

4. Comparison with experimental data and conclusion

The obtained theoretical calculations, we apply to deformed axially asymmetric nuclei, for which
there is enough available experimental data [5] for the E2-transition probabilities.

In tabl. 1 are presented the intra-/inter-band reduced E2-transition probabilities in yrast, first non-
yrast and second non-yrast bands for deformable axial even-even nuclei: **°Nd, *°#'>*Sm, **1°01%¥Gq,
5Dy, 621%Er with quadrupole and octupole deformations. For considered nuclei were obtained good
descriptions, with the exception of nuclei ***Gdand ***Dy for intra-/inter-bands E2-transition probabilities
in yrast and first non-yrast-bands.

Table 1

The comparison intra-/inter-band reduced E2-transition probabilities in the energy levels of yrast- and first
non-yrast-bands with experimental data [5,8].

Snpa E2-transitions Theory [1] Theory [2] Exp. [5,8] [6,7]
1 2 3 4 5 6
Nd 02'—>00" 0.5765 0.5779 0.56(3)
E." =0.061 04*—02* 0.8197 0.8251 0.82(4)
E* =035 06" —04" 0.9127 0.9113 0.98(9)
l - .
Q,=1.7 08*—06" 0.972 0.9488 1.21(12)
1 =0.4127 12*—00" 0.0579 0.0471 0.0014(3)
12* 04" 0.1814 0.118 0.067(3)
12* 10" 0.5601 0.5579 0.60(5)
04*—02" /02*—00" 1.4218 1.4282 1.46(17) 1.4286
06" —04"/04"—02* 1.5831 1.5773 1.20(11) 1.1014
0806 /06" 04" 1.686 1.6423 1.23(12) 1.0468
*’Sm 02" 00" 0.6766 0.6759 0.67(15)
E. =3.377 04*—02" 0.9661 0.9662 1.017(14)
E* -4.868 06*—04" 1.0436 1.0697 1.179(33)
1 - .
Q,=1.84 08*—06" 1.0961 1.1603 1.40(8)
14 =0.3498 010*—08" 1.1483 1.1765 1.55(15)
10*—02* 0.2644 0.3019 0.18(2)
12* 04" 0.1318 0.1507 0.098(2)
12*—10" 0.6814 0.6299 1.01(3)
04*—02" /02*—00* 1.4278 1.4295 1.62(13) 1.4286
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Continuation of table 1

1 2 3 4 5 6
1.48(8)
1.517(38)
1.86(40)
06"—04" /04" —>02" 1.0802 1.1071 1.21(11) 1.1014
1.04(20)
1.158(32)
1.16(4)
08*—06" /06" —>04" 1.0503 1.0847 1.19(70) 1.0468
1.16(17)
1.231(186)
010*—08" /08*—06" 1.0476 1.014 1.11(12) 1.0271
1.31(41)
14*—12%/12*>10" 1.383 1.5011 1.50 1.0125
>Gd 02*—00" 0.7682 0.7683 0.7668
E. =0274 04" 02" 1.0972 1.0976 1.3226
E."=3.145 06"—04" 1.2108 1.2087 1.4010
Q,=1.96 08" —06" 1.2678 1.2653 1.5260
11=0.342 010°—08" 1.3014 1.2999 1.73
10*—02* 0.2635 0.1954 0.2580
04" —02"/02*—00" 1.4283 1.4286 1.60(22) 1.4286
1.516(51)
06°—04* /04" 02" 1.1035 1.1012 1.36(28) 1.1014
1.17(5)
08" 06" /06"—04" 1.0471 1.0468 1.18(33) 1.0468
1.11(6)
010*—08" /08*—06" 1.0266 1.0273 1.13(14) 1.0271
12*—10*/12*—00" 14.9641 18.7016 125(50) 1
14%12% /14 —>02" 14.0702 19.8183 408(40) 1
Sm 02*—-00" 0.834 0.834 0.843(21)
E, =5.145 0.843(21)
EL =476 04" 02" 1.1914 1.1914 1.186(39)
Q,=2.042 1.21(7)
11=0.2701 06" 04" 1.3122 1.3121 1.374(47)
1.41(6)
08" 06" 1.3736 1.3736 1.49(15)
1.57(10)
010°—08" 1.4108 1.4108 1.60(12)
04*—02* /02" —00" 1.4286 1.4286 1.29(5) 1.4286
0.97(0.06)
06"—04" /04" 02" 1.5734 1.5734 1.16(4) 1.1014
1.09(0.07)
08"—06" /06" —04" 1.6471 1.647 1.08(4) 1.0468
1.03(7)
010*—08" /08*—06" 1.6917 1.6917 0.99(10) 1.0271
"Dy 14 12" /14*—02" 10.8483 18.1512 540(160) 1
E, =14 1180
E," =4.057 16"—>14"/16—04" 12.0723 20.7673 1000(300) 1
11=0.3607 2300(470)

39




Meoicoynapoonas kongepenyus « PynoamenmanvHvle u npUKIaoHble onpocyl Gusukuy 13-14 uons 2017e.

Continuation of table 1

1 2 3 4 5 6
162Er 06+—>04+ /04+—>02+ 1.1025 1.1026 1.01(14) 1.1014
o 91(7

E, =1.633 08+—>06+ /06+—>04+ 1.0489 1.0474 0.91(7) 1.04

E,"0.144 010+—08+ /08+—>06+ 1.0259 1.0259 0.80(7) 1.0271

M =0.3507 012+—>010+ /010+—>08+ 1.0169 1.0186 0.65(6) 1.0177

014+—012+ /012+—010+ 1.0144 1.0136 0.38(9) 1.0125
164Er 04+—02+ 1.3828 1.3826 1.38(14)

E," =2.622 06+—04+ 1.5231 1.523 -

E. =017 08+—>06+ 1.5945 1.5943 1.78(13)
Q,=22 1.86(9)
=03 010+—08+ 1.6377 1.6379 1.70(16)
1.91(12)
12+00+ 3.2576 3.2853 0.2969

04+—>02+ /02+—>00+ 1.4285 1.4286 1.27(12) 1.4286

06+—>04+ /04+—02+ 1.1015 1.1015 1.1014

08+—>06+ /06+—04+ 1.0469 1.0468 1.0469

010+—08+ /08+—06+ 1.0271 1.0274 1.0271 1.0271
1.03(10)

In last column of tabl. 1, ratios of reduced E2-transition probabilities are compared with results for
Alaga rules [6-7].These comparisons allow to determining the sensitivity of E2-transition probabilities to
the presence of axial quadrupole deformations, but give a good agreement only for ratios of reduced E2-
transition probabilities in yrast-band. It seems that, in yrast-band the rotational motion plays the dominant
role.

Note that in second column we use following notations for further simplification: g =0 for yrast

band, g =1 for first non-yrast band. As well as introduced parameter Q, has an identical value for both

approximations [1-2]. It is associated with by method the solution of Schrédinger equation [1-3]. These
solutions are identical.

An accounting of the nucleus deformability, in addition to changing the location of the energy le-
vels must substantially affect the reduced E2-transition probabilities of the excited collective states. It is
known that E2-transitions are very sensitive to the specific structure of the wave functions (1) and they
provide an opportunity for detailed tests of nuclear wave functions. Therefore, the study of electromag-
netic transition probabilities would make the model more sensitive to the presence of dynamical deforma-
tions.
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AHHOTANHSA

Hccenedosanue ceuenust 6030yicoenust U30OMEPHbIX COCMOSHUL 8 A0EPHbIX PeaKyUsix NO360Jsem NOIYYamb
YeHHble C8eOeHUsl O CIPYKMYpe amoMHO20 0pa u mexanusmax sioepuvix peakyuil [1]. Conocmasnenue skc-
NepUMEeHMANbHBIX OGHHBIX N0 U3OMEPHbIM OMHOUWEHUSM 8 A0EPHBIX PeaKyusax ¢ pe3yibmamamu meopemude-
CKUX pacuemos, no360Jiaem Noay4ums C6e0eHUsl 0 CNUHOBOU 3A8UCUMOCIU NIOMHOCMU YPO8Hell A0pd.

3HaynTeNbHAs YacTh HalmeYaTaHHBIX pabOT OTHOCHUTCS K M3YUYECHHIO H30MEPHOTO OTHOIICHUS B pe-
aKIUSIX, THUIIMAPYEMbIX YaCTHLIAMH, BO B3aUMOJICHCTBUU (POTOHOB C SIAPaMHU 3TOT BOIPOC MCCIEI0BAIICS
OYEeHb MaJIO U Ul OTPAaHWYEHHOIo Kiacca peakuuil. Kpome Toro, sTu naHHble HEOOXOAMMO AJISI IPUIIO-
KeHui Gu3uKn GOTOSIEPHBIX peakiuii [2].

B nacrosmeill pabore MeTOJOM HaBeJIGHHOW aKTUBHOCTH HCCIIEJOBaHBI CEUYCHUsS! BO30YKIACHUS
M30MEPHBIX COCTOSHMIA B peakiusx (y,n) u (N,2Nn) Ha sape *Sc. Takxke ¢ TOMOIIBIO IPOrPAMMHOTO MaKe-
ta TALYS-1.6 [3] MozeIHpOBaHBI ceueHHs 00pa3oBaHMs H30MepHbIX cocTosumil ™9S¢, Ceuenus peax-
UM OIpPEIeNCHbl HA OCHOBE SKCICPUMEHTANIBHBIX JAHHBIX M30MEPHBIX OTHOIIEHHH BBIXOAOB PEAKLUU
3¢ (y,n)*™9Sc, koTopsie H3MepeHs! B paboTe [4].

OKCNepUMEeHThI POBOAMINCE Ha HEWTpoHHOM reHepatope HI'-150 USI® AH PVY3. HeltponHsii
rergepatop HI-150 peanmusyer moToku OBICTPBHIX HEUTPOHOB C 3HeprusiMu ~ 2.4 u 14 MdB u3 peakuuit
D+d —>*He+n mwmm T+d —> a+n IIPU UCIOJIb30BAHUM EUTEPUEBBIX U TPUTUEBBIX MullleHel. [Ipu sTom
IOTOKH HEHTPOHOB COCTAaBNAIOT cooTBercTBeHHO ~ 10° M 10" H/cex. Bpemst 06myueHus HEATPOHHBIM
MOTOKOM ¢ 3Heprued 14 MaB cocrarnser 30 MuH. MOHUTOPUPOBAHUE TIOTOKA HEHTPOHOB OCYIIECTRIISI-
JIOCh C TIOMOLIBIO IUIACTUHKHM M3 aJIOMHHHS HAaTYpaJbHOIO M30TOMHOIO COCTaBa, KOTOpPhIE OOIydalnCh
BMECTE ¢ MULIEHSIMU. Macca MOHUTOPOB cocTaBisIIOT 151,4 mr. B kadecTBe MUILIEHENW HCIOIB30BAINUCH
o0pa3iipl CKaHaus BecoM 1 T B Bujie TabJCTOK qUaMeTpoM 15mm.

HaBenennas akTHMBHOCTh MHIIEHEW H3MepsUlach Ha ramma-cnextpomerpe ¢upmbel Canberra, co-
crosimeM u3 repmanueBoro nerekropa HPGe (c otHocutensHON 3¢ dexkTuBHOCTRIO - 15 %, pazpemennemM
st mrEEE ©°Co 1332 k9B — 1,8 k9B), undpooro anammsaropa DSA 1000 i mepcoHanbHOro KOMITBIOTE-
pa ¢ nporpaMmmMHubiM nakeToM Genie 2000 15 Habopa 1 00pabOTKU raMMa-CIIEKTPOB.,

Wnentndukanus 3aceieHUss H30MEPHOTO U OCHOBHOTO YPOBHEH MPOBOAMIIKCH MO Y-THHUSIM 271
KB (44mSC: Ti2 =2,44 cyt, J'=6") u 1157 k5B (44gSC: Tip =3,92 u, J*=2"). CieKTpoCKOMUYECKHE XapaKTe-
PUCTHKHU SIACP-TIPOAYKTOB peakuuit (y,n) u (N,2Nn), HeoOXoauMbIe s 00paOdOTKH pe3ysbTaTOB H3Mepe-
HUH, B3STHI U3 PabOTHI [5,6].

Jlist monmyueHust abCONMOTHRIX 3HAYEHHMH CeueHWi peakiuit (N,2N) UCIONMb30BAMCh METOBI CPaB-
HEHHUs BBIXOJIOB MCCIIElyeMOH 1 MOHUTOPHOM peakiuu. B kauecTBe MOHUTOPHOMN peakIMM UCIO0JIb30Ba-
mace ZAl(n,a)*Na (Ty=15 «, E,~1368 k3B), ceyeHne KOTOpOro paBHO: Gy =114+ 6 mMOH mpu E,
=14,6+0,3 M»aB [7]. [Ipu onpeneneHnn ceUeHUH yYUTHIBAIUCH CTATUCTHYECKAs MOTPEIIHOCTh CUETOB B
¢doronrke M3MepsSeMOH y-TUHHUH, OIIMOKA ONPEAEICHUs] CEYeHUs] MOHMTOPHOM peakuuu U 3(dexTus-
HOCTb PETUCTPALMU Y-U3TTyYeHUs. PacdeTsl H30MEpHBIX OTHOIIEHHH CEUYCHUH OCYIIECTBIISIIMCH MO (Qop-
Mmyie [8].

Ta6mwuma 1
Ceuenne peakuun (n,2n) Ha *°Sc
Peaxrust En.M>B G, MO Gg, MO Om/Oq Hcrounuk
*Sc(n,2n)*sc 14,8 192+15 207+17 0,928+0,105 [9]
*Sc(n,2n)*Sc 14,1 97+5 114+8 0,87+0,05 Hacrosimas paGota
*Sc(n,2n)*sc” 14,0 95 140 0,68 Hacrosimas paGota

"Pacuer ceuennit mpoBouIock o mporpamme TALYS-1.0.

Panee ceueHns 06pa3oBaHUs M30MEPHBIX cocTosHuil *™ISC B (hOTOHEHTPOHHEIX peakuusx (y,N) Ha

4 o
siape “°Sc msmepsuics B paGote [10]. B pa6ote [10] SKCIepHMEHTBI IPOBOJUINCH B OGIACTH SHEPTHil
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13-19 M»sB, xoTOpble MOJHOCTHIO HE OXBATHIBAIOT O0JIACTH MFAHTCKOrO AMIIONBHOTO pe3oHaHca. [lo-
3TOMY Ha OCHOBE JAHHBIX 3TOH pabOThl HEBO3MOXKHO ONPEJICIIUTh IMapaMeTPhbl TUTAHTCKOTO JTUTIOJIBLHOTO
pesonanca. Kpome toro, B padore [10] He npuBeIeHBI JaHHBIE aHATN3a OIIHOOK SKCIIEPUMEHTA.

B paGore [4] wu3ydeHB! 3aBHCHMOCTH W30MEPHBIX OTHOIICHWI BBIX0HOB O=Y /Y peakumii
#Sc(y,n)*™ISc o1 MakcHMaTBHOI SHEPrUHM TOPMO3HOTO M3TydeHHs E,mpx B 06macTn 10+35 MaB ¢ 1ma-
rom 1 MaB. ObnyueHne MulieHei MPOBOAMIOCH HA TOPMO3HOM ITyuke Oetarpona. Ha puc.1 mpuBenena
SHEepreTHYCCKas 3aBUCHMOCTh M30MEPHOIO OTHOIICHHS BBIXOXOB peakmuu “Sc(y,n)*™9Sc, momyuenusre
B pabore [4].

Y IY

ST iy

| . Ym/Yg
0,16 } } ‘ Boltzmann of Ym/Yg ‘
0,08 E+

*Sc(y,n)*sc

10 20 30
MeV

vmax’

Puc. 1. DHeprernueckas 3aBUCHMOCTb U30-
MEPHOT'O OTHOILICHHS BEIXOJIOB PEAKIMH
#5¢(y,n) #™Isc [4].

Hcnonp3ys monyueHnblie B pabote [4]okcnepuMeHTabHble H3oMepHbieoTHOHIeHUs d (cM. puc. 1) u
uMesi TIOJTHOe ceveHune(y, n)-peakinu G, Ha u3otone ckaHaus [11], HaMu MeTonoM OOpaTHON MaTpPHUILBI
[12] 6b110 paccumTanoceuenue peakmmn “Sc(y,n)**™9Sc.

DKCHepUMEHTAIbHAS 3aBUCUMOCTh ceuenuii peakmmn °Sc(y,n)* ™9S¢ ot rpanmanoii sHEpriu Top-
MO3HBIX KBaHTOB alnpoKcuMupoBaiack (yHkuueil JlopeHia, mapaMeTpsl KOTOPO# (MOJOKEHHE MaKCH-
MyMa ceueHus Ep, 3HaueHHe ceueHns: B MaKCUMYME G LIMPHHA paclpeliesieHHs Ha MOJI0OBHUHE €ro BbI-
cotTel [') ompenensuinck METOJI0M HAaMMEHBIIUX KBAJIPAaTOB MO HA0OPY AKCHEPUMEHTAIBHBIX 3HAYCHHU.
[MapameTpsl anmpoKCHMAIMKM W WHTETPAIbHBIC CEUCHUs peakiuy MpHuBelieHbl B Tabn. 2. [lorpemHoctn
OLIGHEHBI UCXOJSl U3 CTATUCTUKU 3aPETUCTPUPOBAHHBIX OTUETOB. MI30MepHBIE OTHOIICHHUS CEYEHUI peak-
Uil paBHO I'=01/0,=0,16+0,03 nnu oy/og= 0,20+0,03.

Tabnuma 2
Ceuenne peakuun “°Sc(y,n)*™9Sc
Peaxrust En, r, Om Gints Ep, HcTounuk
M»>B M»>B MO MbsB-M0 M»>B

Sc(y,n)*'Sc 19.44 8 39.4 399 28.1 [14]

Sc(y,n)*Sc 19.5 75 25 158 25.2 [15]
Sc(y,n)*9sc” 18,8+0,2 6,1+0,9 45 440+77 30 Hacrosimast paGota
Sc(y,n)*™Sc 18,2+0,3 7,1+0,3 75 110+10 19 [10]
Sc(y,n)*Msc” 18,8+0,2 6,4+0.6 45 47+6 30 Hacrosimast paGota
Sc(y,n)*MSc 19,2+0,1 8,2+0,6 6+1 101+8 25 Hacrosimast paGota

+ . "
IIpumedanne. Pacuer cedeHmid mpoBoamiaoch mo mporpamme TALYS-1.0.0i— HHTerpanbHOE cedeHue peakuuu, Ey - BepxHUit
HpeeN HHTETPHPOBaHHUSL.

st o1leHKH M CpaBHEHMS SKCIEPUMEHTAIBHBIX PE3yJIbTaTOB HAMH MPOBEACH pacyeT CEUEHUs pe-
aKIUKM ¢ MoMomIpio mporpamMmHoro makera TALYS-1.0 [3]. B kauectBe pacnpeneneHus Y-KBaHTOB I10
sHeprud W(E,,E,max) uctons3obaics cnekrp Hlndda. 1o 06ycnosneHo Tem, 4To B IKCIEPUMEHTAX AJIs
MOJY4YEHHs TIyYKa yY-KBAaHTOB HCIIOJIB30Bajach BOJIb(PaMOBas MULIECHb TOJNIMHONW 2 MM, YTO CYIIECTBEH-
HO MEHbIIIE PaJUAIIMOHHON JUIMHBI st BoabPpama (L~4,3 MM). Pe3ynpTarThl TEOpEeTHUECKUX PacUETOB
npuBeAeHbl Takke B Tabn.2. Kak BuaHO B Taln. 2, 3HaYeHHE CEYCHUSI B MAKCUMYME Om U LIMPHUHA pac-
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TpeseenHns Ha TIONOBHHE €ro BHICOTH I BO Beex paboTax B Tpesenax MOTPENIHOCTH M3MEPEHHMii cora-
CYIOTCS MEXIy COB0it. DHEpreTHUecKoe MON0KEHNe MAKCUMyMa ceuerus peakimuSc(y,n)* ™9S¢ B mpe-
Jie7ax TIOTPENTHOCTH COBMAIAET C SHEprueil TMraHTCKOTO AUMOIFHOTO PE30HAHCA ~S¢, OnpeeseMoi mo
sMIupudeckoMy cooTHomenno E_=75- A™ | koropsiii pasro 20,8 MaB.

JIn1st cpaBHEHHs ¢ SKCHEPUMEHTOM HAMM IIPOBEIEHb] PAcyeT H30MEPHBIX OTHOIIEHHUH 110 CTaTHCTH-
yecKoi MojienH spa. I110THOCTh YpoBHeli BO30Y:KIEHHOTO Spa OlleHUBanach 1o ¢popmyie [15]:

20 +1 (J+1/2)
U J)=——"""  .exp|2dJauU - ~————2 |,
'O( ) 24\/§all4U 5/403 P 20.2

re © - IapaMeTp OrpaHMYeHHs CIHHA, ¢ - MapaMeTp IUIOTHOCTU ypoBHeH, U - sHepruu Bo30yKIeHHS,
o] KOTOPOH moHuMaeTcs 3ppeKkTuBHas SHEPTHUSI.

VYIIy4muTh KONUYECTBEHHOE COIJIACHE PAacueTOB C HKCIIEPUMEHTOM yIaJIOCh IpU (UKCAMK mapa-
MeTpa CIIMHOBOTO OrpaHHYeHus. [Ipr 3TOM yI0BIETBOPUTEIILHOE coTlacue JocTuraercs npu o = (2+3)k

PesynpTathl, modydeHHbIE B HacTosmeil paboTe, MOTYT OBIT MCIOJIB30BAHbI Uil PELICHUS MPH-
KJIaJHBIX 3a/1a4, a TaKKe IPU IUIAHUPOBAHUM SKCIEPUMEHTOB 10 M3YYEHHIO M30MEPHBIX OTHOIICHUH B
(OTOSIIEPHBIX U HEUTPOHHBIX SACPHBIX PEAKLUUAX U PU N3YUYCHUH MEXaHU3Ma PEaKIHi.
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TRIAXIALITY IN EXCITED COLLECTIVE STATESOF EVEN-EVEN NUCLEI
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*Tashkent Pharmaceutical Institute, Tashkent, 1000015, Uzbekistan.
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Abstract
Quadrupoletype excited states of even-even nuclei are studied on the framework of free triaxiality model.
It is shown that the inclusion of high-order terms in the expansion of the rotational-energyoperator in the va-
riabley improves agreement theoretical andexperimental data. The proposed model makes it possible to ex-
plain the complex character of the spectrum of excited states of even-even nuclei.
Key words: collective excitation, triaxiality, ground-state, 3- and y-bands, quadrupole-vibrations, rotations,
energy levels.

1. Introduction

Quadrupole collective states are a fundamental collective type of low-lying excitation in nuclei,
which deserves a detailed analysis [1]. Therefore, the problem of describing, within non-adiabatic collec-
tive models [2,3], excited collective states in the ground-state, - and y-bands of even-even nuclei and
changes in the spectrum of energy levels upon going over from one nucleus to another is important and
great topical interest. Excited modes which are responsible for the B-band are peculiar to almostall de-
formed nuclei. In addition, these modes are characterized by quite intense E2-transitions. This allows suf-
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ficient grounds to interpret excited modes generated by collective quadrupole vibrations as rotations of
the respective triaxial nucleus [4].

A detailed analysis of the energy levels of excited states in the ground-state, 3- and y-bands of
even-even nuclei from the lanthanide and actinide regions have been performed in Ref. [3] on the basis of
various non-adiabatic collective models [4], and it was found, in the case of the zero-order approximation
in the expansion of the rotational energy operator in the variable v, the free triaxiality model describes the
above mentioned energy levels better than the other non-adiabatic models. In Ref. [3], however, higher
order terms in the expansion of the rotational-energy operator in the variable ywere treated as small cor-
rections to the energy levels of the various bands. Nevertheless, the contributions of these expansion
terms to the energy levels of excited states in the ground-state, p- and y-bands of even-even nuclei have
not been estimated. It is also worth noting that, for some nuclei from the lanthanide and actinide regions,
low-spin energy levels of the B-and y-bands are degenerate [5].

The goal of the present study is to perform a quantitative analysis of low-lying collective states of
the positive-parity ground-state, y-rotational, and p-rotational-vibration-bands, to describe the degeneracy
of low-spin levels of the - and y-bands [5] in the spectra of heavy even-even nuclei with allowance for
the first- and second-order terms in the expansion of the rotational-energy operator in the variable vy, and
to estimate their contribution to the energy levels of collective states in the ground-state, y- and 3-bands.

2. Energy levels

The possibility of describing energy levels in theground-state, y-rotational and [-rotational-
vibration bands on the basis of a Hamiltonian involvingfive dynamical variables was considered in [2,3].
It is free triaxiality model [2]. In the present study, we take into account transverse yvibrations by expand-
ing the rotational-energy operator in a power series near the equilibrium deformation of yin the ground
state.

Energy spectrum in considered approximation expressed by following expression:

-2
Eonie = 2nﬁ+\/4n #72 +&, +u, +% 5" +E+E,, 1)
0

where N and nare the quantum numbers; | is total angular momentum; for given I, the quantum num-

ber t=0,1,2,... labels the different eigenvalues; 4, and g, are dimensionless fitting parameters; &, is

the eigenvalues of the rigid-rotor equation [2]. The energy levels of excited states (1) are described in
terms of the quantum numbers n,nglt.

The quantities E; and E, in (1) take into account first and second terms of the perturbation theory
on the rotational energy operator in the variable y and are expressed by following formulas:

. o || 2cos(y +2713) 2cos(y —27/3) [ 1(1 +1)-K?  2cosy . ,
Elz_ZAn(Au( 3 +— +—— K*+x
= sin®(y +27/3)  sin®(y-2xz1/3) 8 4sin® y
1 {2c05(y+27zl3) 2COS)/ 2713) }Z[l Yo 1AL, AL + AL AL, )F(K) o

KO | )
“16/ sin (y+2713) sin(y-2713) & N
where A is the eigenfuntions of the rigid-rotor equation [2]; K is the projections of the total angular

momentum lonto third axes of the intrinsic frames; 5K0 is a Kroneckersymbol.

And
2 2
E, = Y Al Ax {[2a(3a—2)+2b(3b—2] dt +2_ A 2°(3°;2)K }x
K>0
S 1) 5 [ Bl * A A0
K>0 J1+ 6.,
here
a=sin?(y-2x/3), b=sin?(y+2x/3), c=sin" y, @)
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f(K) =1 + K+2)1 + K+1)1 —K -1)1 - K). ®)
Formulas (1), (2) and (3) expressed by fitting parameters: 7o (keV), 7, (deg), p,and gy

In the present study, the Davidson potential forandvariables [3] is used to solve the Schrodinger
equation [3]. We note that, this potential take into account a contribution of the centrifugal energy. In the
proposed model, the projection of the total angular momentum onto the axis orthogonal to the symmetry
axis of the nucleus is not conserved.

3. Comparison with experimental data

In thetab. 1 given values of the theoretical parameters: i@, y,, M, , pg, values of the root-

mean-square (RMS) by taking into account quantities E; and E, in expression (1) and contribution of the
expressions(2) and (3) to results of zero-order approximation [3] (in percent). The values presented in the
Table show that the inclusion of higher order terms in the expansion of the rotational energy operator in
the variable yimproves substantially the results that we obtain for nuclei: *****Sm, ***Gd, *****®py, **?gr,
170Hf and 232'234U.

Nuclei are characterized by an equilibrium shape.In many cases, these shapes are rigid with respect
tochanges in the nuclear surface [2]. In the Table is shown that the above mentioned nuclei are predomi-
nantly rigid with respect to the B-deformation. This is not so only for the **Nd, ***Sm and °Dy nuclei,
which are soft with respect to the p-deformation [2].

Nuclear collective motions belong to the most interesting cases of dynamics between the order and
chaos regions, which is characterized by the Alhassid-Whelan arc of regularity. Investigation into classi-
cal motion makes it possible to find the dependence of chaos on the nuclear excitation energy.In the Al-
hassid- Whelan arc of regularity [5], the B- and y-band states are nearly degeneratethat is, Eqi91~Eqoz2.
Among the nuclei included in the table, those that satisfy the condition

R= [Eoczz ~ Eo <0.05. ©)
0022
are the following: "*°Gd (Re;=0.0907 and Ripeo=0.0994), **Dy (Re;=0.0467 and Ry, =0.0546), “°Hf
(Rexp=0.0754 and Rineo=0.0068), **Th (Rexy=0.0696 and Rier=0.0780) and “°U (Rex,=0.0405 and
Rineor=0.0553).

The Nuclear collective motion belong to the most interesting case of the dynamic in the boundary
between order and chaos, which characterized by Alhassid-Whelan arc of regularity. Degenerated energy
levels of the B- and y-bands (Eoi01 and Egozo, respectively) are connecting with three types of dynamical
symmetries by chains U(5) (spherical nuclei), SU(5) (deformed nuclei), O(6) (y-non-stable nuclei). This
regularity is depicted in fig. 1.

4. Results and discussions.

The comparison theoretical and experimental values [6] of energy levels show that the inclusion of
higher order terms in the expansion of the rotational energy operator in the variable yimproves substan-
tially the results are obtained for nuclei: **>***Sm, **Gd, *****Dy, **Er, Y°Hf, and *****U.

This is also confirmed by improved changes in the values of the root-mean square deviation for the
BONd, 1221%4gm, 14102Gq, 19818y 102py 100yp 1704f 232234 and %Py nuclei. It is noteworthy that at
energies not higher than 100 keV, the RMS value is a good criterion of the applicability of various models
[3]. In conclusion, we can estimate that the deformation and the triaxiality change rather smoothly for a
broad range of nuclei under study with the exception of **°Nd, ***Sm, and **°Dy.

We have shown that the proposed free triaxiality approximation [3] describes well the energy levels
of excited states in the ground-state, 3- and y-bands of heavy and super-heavy nuclei and may predict bet-
ter as-yet-unknown bands in newly synthesized super-heavy nuclei. The inclusion of higher order terms in
the expansion of the rotational energy operator in the variable yimproves the results substantially. We
have also shown that the model in question permits explaining a more intricate spectrum of excited state
of heavy nuclei, including the degeneracy of low-energy levels of these states. The proposed approxima-
tion can be applied to describe other high-spin effects of high order.
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Table 1

Values of the theoretical parameters: 7@ YoM, Hs, RMS values and contribution of the expressions(2)

and (3) to results of zero-order approximation [3] (in present).

Nucleus ho K, My Y RMS %
BONG 369.3 0.9233 1.4699 12 35.6 3.523
B2gm 317.7 0.4231 1.7806 11.5 123.6 8.849
B4Gd 438.4 0.3471 14.1344 13.1 241.96 5.998
>Sm 538.6 0.2688 1.3572 8.9 41.66 9.039
oDy 349.4 0.4383 0.8928 13.9 64.94 22.321
el 529.2 0.2806 0.2158 10.4 100 -1.112
Dy 519.4 0.2873 0.2941 12.6 75.32 12.824
Dy 519.98 0.2746 0.1840 11 160.2 -1.2
=y 524.8 0.2987 0.5446 12.8 36.77 8.075
%2Gd 712.9 0.2189 0.9823 11.5 13.4 3.597
o2Er 563.7 0.2777 0.1346 12.9 85.3 0
Dy 578.1 0.2625 0.2078 12.4 43.3 0.688
Te0Er 659.6 0.2289 0.2047 12.2 123.4 0
%8vh 468.8 0.3191 0.4888 12.5 124.9 2.422
88y 574.8 0.2699 0.2042 12.2 67.56 0
B8t 456.5 0.3504 0.2000 13.6 35.36 0
%8yp 567.6 0.2675 0.2126 11.5 9.9 0
10 446.3 0.3238 1.7527 12.2 32.6 8.683
0w 523.3 0.3439 0.1990 14.4 40.87 0
0vp 416.3 0.3309 0.2159 10.6 139.87 0
28T 410 0.2465 0.2261 8.9 14 0
207 333.4 0.2872 0.2163 10.5 71.7 0.417
22Th 356.5 0.2622 0.2183 9.8 87.11 0.559
22y 3334 0.2650 1.1963 9.2 25.7 5.861
2y 408.3 0.2219 1.0272 8.3 12.1 14.789
2%y 454.2 0.2166 0.2057 8.4 5.5 0
28y 427.5 0.2222 0.2222 7.9 43.96 0
20py 372.9 0.2408 1.5529 7.8 104 2.164

O(6)
m— AW arc of regularity - (}d g
BBD}' P
e
Th
236U .
U(s) SU(3)
Fig. 1 Alhassid-Whelan arc of regularity.
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SHEPTUA U BPEMSI )KU3HU AJIb®A-PACITAIA HOBBIX CBEPXTSIZKEJIBIX
SAJEP C BOCCTAHOBJIEHHOU BUTHEPOBCKOMU SU(4)-CUMMETPUEU
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AHHOTAIHUSA

Paccuumanul snepauu u 6pemena JcusHu 0—pacnaoa HecKOIbKUX 0—YenoueK HOBbIX CEePXMAICENIX A0ep
HA OCHOBe USHEPOSCKOU MACCOBOU hopMybl 6e3 8K1ada 8 Maccy A0pa CNUH-OpOUMANTLHOZ0 83AUMOOeLiCI-
6Usl, YMO COOMBEMCmEYem 60CCHAHOGIEHHOU BUSHEPOBCKOL CRUH-U30CNUHO60U cuMmempuu. Paccuuman-
Hble IHepeUU 0—pacnadd CO2NACYIOMCsL C IKCREPUMEHMOM Jyyuie, Yem Opyaue cogpeMeHHble meopemuyecKue
n00x00bi. Coenan 61800, UMoO 6 CLYUAe NOJIHO20 60CCMAHOBICHUS 8USHEPOSCKOU cnun-usocnunosol SU(4)-
CUMMEMPUYU CMPYKMYPA CEEPXMANCENbIX A0ep Oy0em ananocuina CmpyKkmype amomd.

KioueBble ciioBa: o—pacraj, o—Ilerodka, maccoBas (opmyina, crmuH, uzocnuH, SU(4)-cummerpwus,
CBEPXTSDKEIBIE SIIPpa, BOCCTAHOBJICHNE CHMMETPHH.

1. BBenenne

B mocnexgHue rombl Ha MydYKax TSDKENBIX MOHOB SKCIEPUMEHTAIBHO WUIACHTU(DUITUPOBAHBI HOBEIE
AIIEMEHTHI ¢ OPSAKOBBIM HOMepoMm Z=114-118 [1,2]. DT cBepXTsKENbIe sapa OTHOCATCS PErHOHY HYK-
JIUIOB O] Ha3BaHMeM “ocTpoB crabunbpHOCcTH” [3,4]. CormacHo TeopeTHYecKuM MpeackasanusM [3,4]
saapa u3 001acTu “ocTpoBa CTAOMILHOCTH MOJDKHBI MMETh BpeMEHa )KU3HU B MUJUTHOHBI M TaYKe MUJLITH-
apger 1eT. Ho OTKpEIThIE HOBBIE CBEPXTSDKENBIC Spa HEe CTAOMIBHBI, XOTS )KHUBYT TOpa3ao JAOJbIIe Oojee
JIETKUX COCECH U3 TPaHCYpaHOBOH 00JIaCTH.

B pabGorte [5], Ha OCHOBE AKCIEPUMEHTAIBHBIX JAHHBIX MO MaccaM aTOMHBIX siiep, ObLIO JIOKA3aHO
BOCCTAHOBJICHHE HAPYIICHHON BUTHEPOBCKOM CIIMH-U30CTTUHOBOM SU(4)-cMMETpHH B 00JIACTH TSKEIBIX
snep. B Hacrosmei paboTe mpemiaraeTcsi HOBBIH METOJ BBIYHCIICHUS SHEPTHH o—pacrhaja M BpEeMEeHH
JKM3HU HOBBIX CBCPXTSDKCIIBIX AACP B paMKax BOCCTAHOBJIEHHOM BHFHCpOBCKOﬁ CIIMH-U30CITUHOBOM
SU(4)-cummetpun. TosydeHHbIE pe3ybTaThl CPABHUBAIOTCS C AKCIICPUMEHTAIBHBIMEA TaHHBIMH, U Pe-
3yJNbTaTaMU COBPEMEHHBIX TEOPETHUECKUX METONOB. [IporHO3MpyeTcs SHepruu a—pacraja psaa u30To-
OB 0—IICTIOYEK JIJIS SIEP C MOPSAKOBBIM HOMepoM Z=120, OMCK KOTOPBIX B HACTOSIIECE BPEMS BEICTCS.

2. Pacuer 3Heprum anb(a-pacnaaa

BaxxHoiT XapaKTepHUCTUKON 3aperHCTPUPOBAHHBIX JETEKTOPAMHU (—4aCTHI] SBIISIETCS WX JSHEPTHs,
KOTOpasi MO3BOJISIET ONPEEIIUTh SHEPTHIO o—pacnaja sapa. JHeprus o—pacnaaa Q, onpeaernsiercs ¢ yue-
TOM 3 QeKTa 0TAaYH Yepe3 pa3HOCTh MAcC CBA3AHHBIX G—PaclaioM sijiep BhIpakeHHeM [6]

Qu(Z,N)=M;-M, M, +E, -E, O

rae M; u M, Macca OCHOBHOTO COCTOSIHMSI MAT€PHHCKOTO M JO4YepHero sapa, M,—Maccao—dactunsl, E,,

E, —»sHeprus Bo30yXKIEHHOTO COCTOSHMS MAaTEPHHCKOTO U JIOUYEPHETO spa COOTBETCTBEHHO. 3Has 3KC-

MEepHUMEHTAIbHBIC 3HAYECHUsI SHEPTUU o—pacnaaa Q,, MOXXKHO BBIYHCIHT BPEMS KHU3HH OOHAPYKCHHOT'O
HOBOT'O W30TOIIa 10 3MIuprueckoit popmyne Buonbi—Cubopra [7]

l9T,(Z,N)=(aZ +0b)Q,"*+(cZ +d) +h (2),

e &, b, ¢, d, hi — SMIMpPHYECKHE apameTpsbl, win o Gopmyne [lapxomenko—Cobuuesckoro [§]

1/2

gT (z,N)=az[Q _((Z, N)—E_Z]_ +bZ+c (3).

B nocnennem seipakennn a=1.5372 b=-0.1607 u ¢=-36.573 Tapamerp E, npencrasiuser

co0Oi CpeIHEI0 PHEPTHUIO BO3OY:KAECHUS Jl09epHero saapa. Jnsg yeTHo-yeTHsIX anep E, =0 s HeueTHo-
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YETHBIX AP E_2 = Ep =0.113 MDbB, 115 4eTHO-HEYETHBIX SIEp E_2 =E,=0.171 M5B u 15 ueuer-

Ho-nevernsix anep E, =E +E; [8].

B pabGote [9] aBTOPHI BHIOTHIIM pacueT SHEPTHH o—pacraga 25 HOBBIX CBEPXTSKEIBIX sSuep B
paMKax caMocoTrjacoBaHHOW Teopur KOHEUHbIX Depmu-cuctem (DPII). OHu mpom3BenH AeTalbHOE
CpaBHEHHE TOJIYYEHHBIX PE3yJbTAaTOB C MNpeackaszaHusMu Metona Ckupma-Xaptpu-®oxa (CXD) [10],
MHUKpO-Makpockonuiyeckoro Metoga (MMM) [11] u momysmMnupuyeckoid MoAenar 00O0M0oYeK AJSl Macc
(ITIBSMOM) [12]. PacyeTsl 3TUM METOJOM CIOXHBI, HE 00JIaAaf0T HATIIITHOCTHIO U UCTIONB3YIOT O0bIIOe
KOJIMYECTBO MOJATOHOYHBIX MTAPAMETPOB.

B toxxe Bpemst maccoBas (opmyina Burnepa B 061acTH CBEpXTSDKENBIX AP C BOCCTAHOBICHHON
crrH-u30cuHOBOM SU(4)-cuMmMerpreii o0mamaeT HanOOIbIIEH HATTSAHOCTRIO M IIPOCTATOM. B HacTos-
1iee BpeMst MaccoBast popmyiia Buraepa umeet cinenyromuii Bu [13]

M ,a(AZ)=a(A)+b(A)C, + Eqy (A Z)+Eg (Z,N), (4)

rae M, (A Z) —macca sapa (e atoma), a(A), b(A) —smnupudeckue pynximu Burnepa, Eqg (A Z) -

nucl

KYJIOHOBCKast SHEeprus aapa, Eg, (Z,N) — BkJ1aJ] CIIMH-OPOUTATBHOTO B3aUMOJICHCTBUS B MACCY OCHOBHOTO

cocrostaus siapa, u C, —oneparop Kasumupa SU(4)-anre6psr [14].
Owmnupuueckue GyHkiuua a(A) u b(A) UMEIOT CIICAYIOUIUI SBHBIN BUI [15]

a(A)/ A= a exp(ayA) +agexp(a,A) + ag exp(agA) + a; exp(agA), (5)

b(A) = by exp(b, A) + by exp(b, A). (6)

YucneHHbIC 3HAYCHHS TAPaMeTpoB a;—ag U b1—b, B hopmynax (5) u (6) Takosl [15], uTo B obmactu

cBepxTsDKeNbIX HyKIuaoB (A >>1) unensl KpoMe MepBBIX ABIAIOTCSA He3HayamuMu. [oaromy GpopMysisl
(5) u (6) Ans CBEPXTSHKENBIX AEP YIPOIIAIOTCS H UMEIOT BUJT

a(A)/A=a exp(a,A), (7
b(A) =b,exp(b,A). (®)
B pabote [16] Ha OCHOBE 3KCIIEPUMEHTAIBHBIX JJAHHBIX OBLIO IMOKA3aHO YOBIBAHUE BKJIa/Ia B MacCy
A1pa CIUH-OpOUTAIBFHOTO B3auMozencTsus. [lo HameMy MHEHUIO, 3TOT (aKT SIBISETCS CICICTBHEM BOC-
CTaHOBJICHHS BUTHEPOBCKOW CITUH-M30cTIMHOBON SU(4)-cuMMeTpuu B 00JIaCTH TPaHCYPAHOBBIX U CBEPX-
TSDKETIBIX siiep. B o0macTu cBepXTsHKeNbIX siiep BKIAJ] B MacCy siipa CIMH-OpOUTaIBHOTO B3aUMOICHCT-
Bus Maibl (~ 100 k3B) B pe3ynpTaTe BOCCTaHOBJIECHHS BHTHEPOBCKOH cummerpuu. [losTomy pacuers
sHeprum o—pacnaga Q, no popmyne (1) nmpoussenem npu E(Z,N) =0, uro cooTsercTBYyeT BOCCTa-
HOBIIeHHOW cuMmMeTpuu Burnepa.lloacrasnss (7) u (8) B (4), yanTsiBas sBHBIH Bu oniepaTopa Kazumupa
2 -
C, =0.5(T; +4T, + &), u nonoxus Eg(Z,N) =0 umeem

M (A Z) = Aa, exp(a,A) +0.5b; exp(bZA)(I'Z2 +4T, +6) + Eqy (A 2). 9

B (9) 6=3.0, 1.5 u 0 qns neuernsix Z, N, meuernoro A myetnnix Z,N, coorBerctBenno [5].

B pa6ora [17] BaagumupoB u Lllyneruda B IpeanoiIoKEHHH O peaM3allii B AI€PHBIX SBICHUIX
BUrHEpOBCKOH SU(4)-cHMMETpUH TEOPEeTHYECKH HM3YYWIIM CIIUH-U30CIMHOBYIO 3aBUCHMOCTH KYJIOHOB-
CKOM SHEPruu Uil OCHOBHOT'O U aHAJOIOBOI'O COCTOSHMH sipa. sl KyJIOHOBCKOW SHEPruM sapa MOiy-
YEHHOE aHAIMTUYECKOE BBIPAXKEHHE COCTOUT U3 MIaJKON U ocuuiuupyroen yacteid. ABTopsl [17] 3aBu-
CUMOCTb IJIaJIKOM YaCTH KyJIOHOBCKOM SHEPIUH OT MAcCOBOIrO 4ucia A anmpoKCUMHUPYIOT BhIPAKEHHEM

702,16A_1/3(1—1,28A_2/3). Cornacho [17] ocummnupyronias 4acTh KyJOHOBCKOH 3HEPTHH 3aBHCUT OT
KBaHTOBBIX YHCEJ CYyNEePMYJIbTHILIETA, KOTOPOMY NPUHAUIEKUT OCHOBHOE COCTOSIHUE PACCMaTPUBAEMOT0
anpa. K coxanenuto, B HacTosiedl paboTe BOCIONB30BaThCs pe3yibTaTaMu padoTsl [17] He mpeacTaBis-
€TCsl BO3MOXKHBIM BBUY HEONPEIEIIEHHOCTH HEKOTOPBIX 3MITMPHUYECKUX MapaMeTpoB. Ocuumipyromas
4acTh KyJIOHOBCKOW »Hepruu He Benuka. [loaToMy KynoHoBckast sHeprus B (15) HaMH BBIYHCISIIOCH 110
dopmye [15]

E~. (A Z)=7032Z°AY3(1-1.28A72/3) £ 4.5 kB (10)

Coullh £) = 103 - T 4.9, :
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UncneHHbIe 3HAYCHHUS SHEPrHH o — pactiaga Q, Bbruncnens! no gopmyie (1) ¢ ucnons3oBaHmeM
maccoBoii ¢opmynsl Burmepa (9) ¢ mapamerpamm @ =93179Q11) xeB, a, =-5.11(5) ¥107°,
b, =152247) 3B n b, =-0.00291). ITomy4yeHnsle pe3yabTaTsl NpuBeAcHHI B Ta0a. 1. Tam e mpuse-

ACHBI 3KCTICPUMCHTAJILHBIC 3HAYCHUA QO! U TCOPCTUUCCKUC MPEACKa3aHusl YIIOMAHYTBIX BBIIIC MOOXO-

JIOB, 3aMMCTBOBaHHBIE 13 paboTHI [9].

JIJI1 KOJTMYECTBEHHOM OIICHKH TOYHOCTH TEOPETHYCCKUX IIOJIXOI0B Ha MOCIEAHEH cTpoke Tabi. 1
MPUBENICHBI CPEAHCKBAAPATHUSCKUE OTKIOHSHUSI OT SKCIICPUMEHTAIBHBIX JaHHBIX JIJIS KOKIOT0 METO/A.
W3BecTHO, YTO uYeM MeEHbBIIE CPEIHEKBAIPAaTUYCCKOE OTKIIOHCHHE, TeM OOJIBIIEC COTJIACHE TEOPHUU C
skcniepuMenToM. Kak BUIHO U3 Tabm. 1, HAMITYYIIUM Mpe/cKa3aTelbHbIM KaueCTBOM TIPU pacyeTe dHep-

ruu o —pacnaga Q, CBEPXTHKENBIX siiep 00IaaaeT Hall METO/, ONUPAIOIIMICS Ha MACCOBYIO HOPMYITY

Burnepa.
Tabuuma 1

OHeprus ¢ —pacnaja Qa (MbB) cBepXTsKenbIX siaep. DKCIIepUMEHTAIbHbBIEC 3HAUCHNUS Qa U TIpe/icKasa-
aus OPI1, CXD, MMM u I[ISMOM noaxo10B 3aMMCTBOBaHBI U3 paboTHI [9].

Marepus. Okc. [To Buruepy O0I1 CXdD MMM ISMOM
SAPO
24118 11.81 11.33 11.45 11.40 12.11 11.55
20) v 11.00 10.92 11.81 10.70 11.08 11.42
26 10.33 10.51 10.06 10.30 10.86 11.11
24117 10.96 10.77 10.98 11.10 11.43 10.90
20115 10.09 10.36 10.24 10.40 10.65 10.80
26113 9.76 9.94 9.31 9.40 9.98 10.50
%2Rg 9.13 9.52 9.16 9.10 9.85 10.00
28 Mt 9.69 9.10 9.76 9.45 9.55 9.49
574 Bh 8.93 8.67 9.35 8.77 8.83 8.88
23117 11.14 10.95 11.07 11.00 1153 11.23
29115 10.45 10.54 10.58 10.40 10.74 11.05
%113 0.88 10.12 9.33 9.50 10.21 10.69
Ry, 10.89 10.75 10.56 10.80 10.91 11.17
B 10.16 10.33 9.81 9.80 10.56 10.89
2cn 9.67 9.91 9.66 9.60 10.16 10.46
9 pg 9.84 9.49 10.35 10.08 10.24 9.93
s 9.44 9.07 10.11 9.60 9.11 9.33
2 gg 8.67 8.64 8.57 8.20 8.71 8.70
29115 10.523 10.54 10.59 10.40 10.74 11.05
%113 10.027 10.12 9.33 9.50 10.21 10.69
28115 10.63 10.71 10.72 10.70 10.95 11.27
24113 10.11 10.29 9.35 9.50 10.68 10.87
%0Rg 9.89 9.87 10.18 10.20 10.77 10.36
276 Mt 9.81 9.45 10.19 9.85 10.09 9.77
22gp 9.14 9.03 8.95 8.66 9.08 9.13
CpenHekBaapaTUUECKOe 0.26 0.40 0.30 0.40 0.55
OTKJIOHCHHUC

B Ta6u1. 2 npuBesieHbl BpEMs KU3HU ¢f —pacriaia |, CBEpPXTSKENBIX siep pacCuMTaHHbIe o (op-

myie (3). Benmanna T nonyuena s Q

9KCn
o .

49




Meoicoynapoonas kongepenyus « PynoamenmanvHvle u npUKIaoHble onpocyl Gusukuy 13-14 uons 2017e.

Cormacue PACUCTHBIX 3HAYCHMI 3HCpFI/Iﬁ o —pacnaga Qa BBIIIOJTHCHHBIX Ha OCHOBC HpOCTOfI Mac-

coBoit popmynel Buraepa (9) ¢ akciepuMeHTOM SBISETCS AOMOTHUTENFHBIM apTyMEHTOM B ITOJIB3Y BOC-
CTAHOBJICHHS BUTHEPOBCKON CMTUH-N30CTUHOBONSU(4)-CHMMETPHHB CBEPXTKEITBIX SIapax.
B 3akiroueHue B KauecTBE MPOTHO3a MbI IPUBOJAUM TaOIUILY 3 C pacueTOM 3HEPIHU ¢ — pacmaja

Buel
Q, u BpemeHn xu3uu T, Y psima CBEpXTSDKENBIX SAEp IS o — LETOYKH U3 5 3ICMEHTOB, HAUMHAIO-

muiics ¢ aneMenTa nopsakoBsiM HomepoM Z =120 u maccobim unciiom ot A =300 no A =304 TIlo-
UCK THIIOTETUYECKOTO sIpa ¢ MOPsIIKOBBIM HOMepoM 120 B HacTosiiee Bpems Beaetcs [18].

Tabnuma 2

Bpewms sxxusHu ¢ — pacnaga Ta CBEPXTSDKEIBIX SAepP. DKCIIEPUMEHTAIbHbIEC 3HAUCHNUS Ta u pacyets 1o OPII,

CX®, MMM u IIDMOM wmeToaam, 3aMMCTBOBAHbI U3 paboThI [9]. T; " Bpranciens! o Gopmye (2) Ha OCHOBE

OKCIICPUMEHTAJIbHBIX 3HAYCHU I Qa .

MaTepI/IH. SAAPO Ta T aarccn TaBuznep TaS(DH TaCX<D TaMMM TaH3MOM
24118 0.89mc | 1.76 mc 22 mc 11.7 mMc 15.4 mc 0.39 mc 6.88 Mc
RY, 7.1mc | 35.5Mmc 54.8 mc 0.47 mc 199 mc 22.7 Mc 3.6 MC
26 0.13 ¢ 0.13 ¢ 0.14 ¢ 23¢ 0.5¢ 19 mc 4.8 mc
24117 78 Mc 0.47 ¢ 1.44 ¢ 041 ¢ 0.21 ¢ 31 mMc 0.67 ¢
20115 16 mMc 25 Mc 44 ¢ 94¢ 34¢ 0.7 ¢ 03¢
26113 20 ¢ 50 ¢ 145 ¢ 203 ¢ 10.5 ¢ 113 ¢ 04c¢
%2Rg 0.5l ¢ 151 ™ 539¢ 12.1 M 19m 5.7¢ 2.1¢
28 Mt 7.7 ¢ 35¢ 3.7wm 22 M 18 M 9wm 13.6 m
274 Bh 53¢ 148 ¢ 18.1 M 7.2M 8.3 M 52Mm 3.6 M
23117 14 mc 61 mc 180 mc 91 mc 136 mc 7 Mc 37 mMc
#9115 0.22 ¢ 0.85 ¢ 05¢ 0.39 ¢ 12¢ 0.15¢ 0.025 ¢
%113 55¢ 71¢ 15¢ 51m 92 M 0.8 ¢ 0.05 ¢
2y 18 Mmc 178 mc 420 mc 1300 mc 302 mc 158 mc 36 Mc
BIE| 0.48 ¢ 3.6¢ 12¢ 36¢ 38 ¢ 03¢ 04c¢
2cn 38¢ 19¢ 3.8¢ 20.1¢ 314c¢ 0.8 ¢ 0.1¢
9 pg 0.2¢ 13¢ 13.6 ¢ 0.6 ¢ 03¢ 0.1¢ 0.7 ¢
s 0.19 ¢ 4¢ 54 ¢ 0.5¢ l4c 40 ¢ 8.5¢
2 gg 19m 32 M 4.1m 6.9 M 131 ™ 24 M 2.6M
#9115 0.26 ¢ 0.55¢ 05¢ 0.36 ¢ 1.16 ¢ 0.15¢ 0.025 ¢
%113 l4c 27¢ 15¢ 304 ¢ 92 ¢ 0.8¢ 0.05¢
28115 0.17 ¢ 0.81c¢ 0.51 ¢ 0.47 ¢ 0.53 ¢ 0.12 ¢ 0.02 mc
24113 0.94 ¢ 48¢ 15¢ 907 ¢ 306 ¢ 0.14 ¢ 0.04 ¢
20Rg 3.53 ¢ 44c¢ 49¢ 0.7¢ 0.6 ¢ 0.02 ¢ 02¢
215 Mt 0.68 ¢ 1.6 ¢ 17.8 ¢ 0.1¢ 12¢ 03¢ 2.1¢
2i2gp 3.53 ¢ 32¢ 73 ¢ 127 ¢ 1160 ¢ 49 ¢ 34c

Tabmnuua 3.

Dueprus o —pacnaga Q,, (MaB) cBepxTsKenbIx siziep U3 o — nenouxu, Haunnarommiicss ¢ Z =120, paccunran-

HBIE C HCTIOJIB30BaHHEM MaccoBOi (opmyisl Buraepa (9). [lon 3HaueHmsIMU Qa NIPUBOJIUTCS BPEMsI JKU3HU Ta

COOTBETCTBYIOHMICTO HYKJIMAA.

H H H H H
YKIH Qa YKIIH, Qa YKINA Qa YKINA Qa YKIIN Qa
TO! TO! TO! TO! TO!

30120 11.42 %1120 11.24 %2120 11.07 33120 10.89 3120 10.73

0.58¢ 0.14 ¢ 149 ¢ 334 ¢ 1™

2%118 11.01 27118 19.83 28118 10.66 29118 10.48 30118 10.31
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158 ¢ 35¢ 46 ¢ 10.1 ¢ 39.1m
292 10.60 293y 10.72 294y 10.25 25y 10.07 S RY 9.89
0.58 ¢ 66.8 ¢ 149 ¢ 553 M 11m
288r) 10.18 289 10.00 290F) 9.83 21| 9.65 292 9.47
16 m 3.5Mm 45 ¢ 3364 39.1m
24Cn 9.76 2cn 9.58 26cn 9.41 27cn 9.22 288Cn 9.05
5M 66.8 ¢ 4.654 1.88 m 11 M

3. O6cyxaeHne MOJYYeHHBIX pPe3yJIbTATOB

B roapr TeopeTnyecknx MOMCKOB “OCTpoBa cTabmibHOCTH [3,4] CYIIECTBEHHBIX IKCIIEPUMEHTAIb-
HBIX JAHHBIX, CBHJCTEIBCTBYIOIIMX O BOCCTAaHOBJEHHMH BUrHepoBckod SU(4)-cummerpun B obnacTu
CBEPXTSDKENBIX sAep, He ObL10. [103TOMYy B TEOpPETHUECKHX pacueTax MEXaHU3Mbl, BOCCTAHABIUBAIOIIUE
BUTHEPOBCKYIO CHMMETPHIO, KOHEUHO, HE YUUTHIBAINCH. B CBSA3M C 3THM Il yTOYHEHHS XapaKTEPUCTUK
“ocTpoBa CTAaOMIBHOCTH TPEOYIOTCS HOBBIE MCCIEIOBAHUS TEOPETHUECKOTO XapaKTepa C y4eTOM BOC-
CTaHABJIMBAIOIINX BUTHEPOBCKYIO CHMMETPHUIO (PaKTOPOB.

CymecTByomuil GakTHdeckuii MaTepraia He MO3BOJISIET JieaTh BBIBOJA O IOJHOM IOAaBICHUHU
CTIMH-OPOUTAIEHOTO B3aUMOJICHCTBHSA B CBEPXTSDKEIBIX sapax. MMeercs Hane)kaa Ha Hamugue BOIW3H
marugeckoro N =184 nocraTouno uHTEHCHBHOrO CIMH-OPOMTANLHOIO B3aUMOIEHCTBHUSA, GIaromaps
KOTOpPOMY “‘OCTpOB CTaOWIBHOCTH OyleT BO3MOXKHO IKCIEPHUMEHTaIbHO OOHapykeHo. B mpoTuBHOM

ciyuae, eciu Marndeckoe N =184 menocratouno nposBUTH ce6si, THIIOTE3y CYMIECTBOBAHHS “OCTPOBA
CTaOMIBHOCTH CIEyeT CYATATh HEOOOCHOBaHHOM.
Hosble cBepxTskenble sapa ¢ nopaakosbiM Homepom Z =116,117 n118 [1,2] u3 “octposa cra-

6I/IHBHOCTI/I” OKa3aJluCh HeCTa6I/IJ'H)HLIMI/I. He[laBHO OTKPBITBIC HOBBIC 3JICMCHTHI KUBYT ropa3go J0JIbIIC
Oosee Jerkux cocenell u3 HabmIOgaeMoil TpaHCypaHOBOW o0OyacTh. B TO ke BpeMs OHU JKHBYT Topasfio
MEHBIIIE THIIOTETHYECKUX, TEOPETHUECKH MPEACKa3aHHBIX siiep u3 “ocTpoBa crabmnbHocTr” [3, 4]. Ilpen-
CKa3aHHBIC U HaGmIOMacMble BpeMeHa pasnudarorcst Ha 10°-10% pas. [locaenHee 06CTOATENBCTBO BOC-
MIPUHUMAETCS] MHOTUMH aBTOpaMH Kak npuemiiemoe. HekoTopble aBTOphI CIIpaBeAIMBO CUUTAIOT “‘OCTPO-
Ba cTtabuinpHOCTH — ‘““Menbio ctabmimbHOCTH [9]. Takas oleHka CBs3aHa C KCIEPUMEHTAIBFHO OMpee-
JICHHBIMHU 3HAYCHUSAMU BPEMECH ¢ —IICPEXOA0B CBCPXTKCIIBIX AACP.

B nmpenpinyiieM nmyHKTe HaMu ObUIM BBIYHMCIICHBI C UCIOJIb30BaHHEM MaccoBoi (opmynsl Burnepa
SHEPTUsl ¢ —pacnaja psaa o — UEeloueK CBEPXTDKENbIX siaep. [Ipoctas u HarnsaHas METOINKA TIO3BOJIS-
€T MOJIyYUTh PEe3yJbTaThl, KOTOPHIE XOPOLIO COMVIACYIOTCSI C HKCIEPUMEHTOM M 00JIaAaloT HaWIydIINM
KaueCTBOM Cp€au COBPEMECHHLIX TCOPETHYCCKHUX IMOAXOJ0B K PCIICHHIO HpOGHeMBI. HpI/I‘IeM pacyeThl

MPOU3BEICHBI B MpenoiaokeHun E sl (Z,N) =0, xoropast COOTBETCTBYET ITOJHOMY ITOJIaBICHUIO BKJIA/1a B
Maccy sjipa CIIMH-OPOUTAIBHOTO B3aMOCHCTBHA. B pealbHBIX CBEPXTSIKEINbIX sipax Esl (Z,N) ornu-

4aeTCs OT HyJIs U 10 HaumM oueHkam Eg (Z,N) =—-100 k3B. ®u3nu4ecKH 3TO COOTBETCTBYET MOJIHOMY

BOCCTaHOBJICHHIO BHUTHEPOBCKON CIMUH-M30CIHMHOBOI SU(4)-CHMMETpHH B CBEPXTSDKEINBIX sAPaxX, KOrna
CIHMH-CIIMHOBOE B3aUMOJICHCTBHE MEXIy HYKIIOHAMH Ipeo0agaeT Hajl CIIMH-OpOUTAIbHBIM B3auMOJIeH-
crBueM. [103TOMy B CBEpXTSDKEIBIX siApax JOHKHO peaan30BaThes LS— cBs3b, Kak B 00JIACTH JIETKHX
sIep, B OTJIIMYUE OT CPEAHUX M TSOHKENBIX SAEp, Ul KOTOPBIX HMeeT MecTo jj— cBsi3b. Coriiacue pe3ysbTra-
TOB 9KCIIEPUMEHTA M HAIIIUX PAcUeTOB, MIO3BOJISIET, BHIABUHYT MIPETIONI0KEHUE O BO3MOXKHOCTH OOBSICHE-
HHS HAOJIFOJTaeMBIX BPEMEH JKU3HH HOBBIX CBEPXTSDKEIBIX sIICp BOCCTaHOBJIEHHEM BUTHEepoBckoit SU(4)-

cummerpun. Hamydinee cormnacue Mex Ly 9KCIepUMEHTOM 1 pacuetoM Q,, , BBIIOJIHEHHBIE 110 Buruepy

0e3 BKJIa/la CIIMH-OPOUTAIBLHOTO B3aMMOCHCTBUS B Maccy f7pa, YeM JAPYrue COBPEMEHHBIC TEOPETHYC-
CKH€ TIOJXO[IbI, YKa3hIBAIOT HAa HEOOXOIAMMOCTh APYroro MOJAX0Aa K MPOoOJIeMe CBEPXTSIKENbIX sep. B
cllydae TIOJHOTO BOCCTAHOBIIECHHMS BHTHEPOBCKON CIHMH-M30CTHHOBON SU(4)-cMMMETpHE CTpPYyKTypa
CBEPXTSDKEIIBIX siiep OyIeT aHaJIOrMYHa CTPYKTYpe aToma.

B 3akmoueHne Beipakaro cBoro OmaromapHocth mnpod. Y.C. Canmx0aeBy 3a HpeAOCTaBICHHYIO
BO3MOXKHOCThH BHITIOJIHUTH HACTOSIYIO padoty, mokoiHomy npod. FO.H. Kobnuk 3a o0cyxneHus u 1ieH-
Hble 3amedanus, A.¢.-M.H. A.Jl. PaxumoBy u 3.M. TypcyHOBY 3a 00CYXICHHsI pe3yIbTaTOB M KPUTHKY.
[punomnry ceoro Gmarogaprocts K.C. XKusHxomkaeBy 3a TEXHUYECKYIO TOMOIIIb.
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WHYTHERATEOFP+P—D+E"+vg REACTION IN THE SUN DOES NOT DEPEND ON
THE FORM OF NN POTENTIAL?

B.F.Irgaziev, Z.Kanakov, F.Safarov

National University of Uzbekistan, E-mail irgaziev@yahoo.com

Abstract

The proton-proton reaction is a key reaction in the Sun and many stars which luminosity lies on main-
sequence of the Hertzsprung—Russell diagram. We have calculated the astrophysical S-factors and the rate of
proton-proton reaction going in the core of the Sun as well as the flux of neutrino at the distance 1AU (as-
tronomic unit) applying the simplest nucleon-nucleon (NN) potentials (Gauss and Yukawa types) being only
attractive, and two potential having the repulsive core at small distance between nucleons (Malfliet-Tjon and
Reid potentials). Application of all considered potentials describes well the effective range parameters. Ana-
lyzing of this reaction shows that all calculated data is not sensitive to the type of NN potential if we apply
the parameters under the conditionscreated in thecore of the Sun.

Keywords: weak interaction, pp-chain, neutrino flux, nucleon-nucleon potentials

1. Introduction
It is known thatthe main source ofradiated energy by stars of mass equal toorless than the massof
the Sunis thenuclear chain converting four protons into one helium nucleus:

4p — “He+2e" +2v,. (1)
The generated energy in the cycle is Q=26.73 MeV. This chain starts from reaction
p+p—od+e+v,, (2

where Kinetic energy of 0.42 MeV is distributed between positron and neutrino. We note the reaction (2)
as pp reaction. For the first timethis reaction, goingthrough a weak interaction,was considered by Bethe
and Critchfield [1]. The detailed analysisof this reactionwas carried outin the work [2]. Wehave calcu-
lated thereaction of (2) (see Ref. [3]) witha few number of the simpleattractive nucleon-nucleon poten-
tials, whilein thecalculations performed by Bachall and May the wave functionsof the relativemotion of

52


http://link.aps.org/doi/10.1103/PhysRevC.7.296
http://inspirehep.net/record/1334800/references
http://inspirehep.net/record/1334800/references

Meorcoynapoounas kongepenyusn « PynoamenmanvHole u RpUKiaousie gonpocut gusuxuy 13-14 uons 2017e.

the protonsand the wavefunction of the deuteronwerebased on the theoryof the effective range. The reac-
tion (2)was assumedindependenton the type ofnucleon-nucleon potential according to approach applied
by Bachall and May.

The present work was undertaken to perform accurate calculation of the rate reaction (1) and flux
of neutrinos at one astronomic unit (AU) and to check its sensitivity to form of the nucleon-nucleon po-
tential. We applied Gauss, Yukawa, Malfliet-Tjon (M-T) [4] and Reid [5] potentials.

2.Theoretical concept of pp reaction and its rate

The differential cross section of the reaction (2) can be written according to the golden Fermi rule
as

2 A2 p(E) .
do= p <f|HW||>| v dp,, (3)
where H,, is the Gamov-Teller weak transition operator; v; is the relative velocity of two protons; <i|| (<f])
is the initial (final) state of the system; p(E.) is the density of states of positron.

The final state wave function <f| is the product of the deuteron wave function and plane waves cor-
responding to positron and neutrino. The deuteron wave function is decreasing exponentially and it leads
to cutoff the range of integration in the matrix element. The initial wave function <i|| is a continuum
wave function of the relative motion two protons which is superposition of the regular and irregular Cou-
lomb wave functions in the asymptotic region.

If we present the initial and final state wave function as

<i|:‘Ppp' <f|:\Pd‘Pe\Pv’ @
we can rewrite the transition matrix element in form
<f|HW|i>:Hif :J‘[\Pd\PE\Pv]+HW‘{,ppdT! ’ (5)

where wave functions of positron and neutrino can be taken as plane waves. The transition operator is a
Hamiltonian of the weak interaction (effective):

H, =G,3(f, —1.)8(T, -7, )6 7. (6)

Here for the Gamow-Teller transition H,,we have applied the zero-range interaction of leptons with

nucleon; fp, Fe and FVS are coordinates of the proton, positron and neutrino, respectively; G, is coupl-

ing constant. The operator & is the Pauli operator while the operator 7O
The spin vectors of the released positron and electron neutrino are parallel.

The total cross section is obtained by integration over the total range of the positron momentum
and summation over spins. Finally, total cross section of the pp reaction is given by equation

6(m,c*)°Ga 2
0= 7 2 ( )Msr)ace'
7 (he) (v, 1 Ok,

where m. is electron mass, v,, relative velocity of colliding protons, Mgpase €quals to

Mspace = J-upp (r)(od (r)dr, (8)

where up,(r) and oq (r) are the radial wave function of pp system in continuum and deuteron, respectively,
and f(w) is

converts proton into neutron.

(7)

w

FOW) = [ 2 1) W W)W, W,
1 1—exp(-277,) ©)
2
W E +ch ,
m,c

where 1 is Sommerfeld parameter for positron.
It is convenient to introduce the so-called astrophysical S-factor defined by equation
S(E) = (cE)e*™, (10)
where n is the Sommerfeld parameter for colliding protons. It is slow changing with energy and at E=0 it
is not equal to null. This allows us toparameterize the cross section of reaction nearzero energywhichcan-
not be achievedby experiment. Usually the astrophysical S-factor is approximated by a polynomial
S(E)=S, +S,E+S,E* (11)
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The number of reaction per unit of time and per unit of volume (rate of reaction) is
2

nP
R = < oV, >, (12)

pp

where <> means averaging over the standard Maxwell-Boltzmann distribution function; n, is density of
protons in the star interior. Integrating the reaction rate (12) over the volume of the Sun we find the total
flux of neutrinos emitted by the Sun. Dividing this total flux by the area of the sphere of the radius of
1AU we obtain the neutrino flux ®,, passing through a unit area of the Earth surface.

3. Applied potentials

We performed the calculations with the four types of nucleon-nucleon potentials: the Gauss, Yu-
kawa, Malfliet-Tjon (M-T), Reid (soft-core) potentials.

0.6

&(r) (fm"?)

o
[N

0.0

) L ) . . A
0 5 10 15 20 25 30 35
r (fm)

Fig. 1. The deuteron wave function vs distance calculated by the Gauss (dash), Yukawa (dash-dot), M-T (dot), and
Reid (solid) potentials.

The parameters of the Gauss potential

V(r)=-V,exp(-r’/R}), (13)
the Yukawa potential V(r)= —V—Ore'”'r. (14)
-

the M-T potential
exp(-r/R,) Y, exp(-r/Ry)

V(r)=V
(=i r/R, R rIR

V<0V, >0, (15)
R

and the Reid potential

V(i =>V, Ln'r’”) 1 =0.7fm™, (n; is integer number) (16)
n u
are determined through the low energy nucleon-nucleon data for the singlet and triplet spin states,
moreover Reid potential describes the scattering phase shift up to 300 MeV in the laboratory frame.

The solutions of the radial Schrodinger equation with these potentials are shown of fig. 1 and 2.
The figures showthatthe asymptotic behavior ofthe wave functionsas a continuousenergy spectrum, so the
boundstate behavethe same wayin the asymptotic region while small difference exist inside the nucleon-
nucleon potential region. The difference at small distance can be explained by various type of the nucle-
on-nucleon potential which is short-range potential.

0.10

0.08 -

0.06 -

u(r)

0.04 -

0.02 -

0.00

0 20 40 60 80 100

r (fm)
Fig. 2. The pp continuum wave function vs distance calculated by Gauss (dash), Yukawa (dash-dot), M-T (dot), and
Reid (solid) potentials.
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4. Results for the astrophysical S-factor, rate and flux of neutrino

The results of calculation of the astrophysical S-factor (Eq. (11)) with the considered potentials are:
with the Gauss potentials

S, =4.21x10% MeV -b, S, =4.75x10* b, S, = 3.02x10% MeV™"-b;

Yukawa potential

S,=4.11x10"MeV b, S=4.64x10* b, S,=2.93x10% MeV™"-b;
M-T potential

S, =4.18x10% MgV -b, S,=4.74x10* b, S,=3.37x10% MeV*-b;
Reid potential

S, =4.16x10” MeV-b, S,=4.71x10* b, S,=3.31x10” MeV™-b.

The difference between wave functions at small distance does not occur on the rate of pp reaction
which is shown in fig. 3. We see thatthe deuteronfusion reactionto occurinside of thecore of the Sundoes
not exceedone third ofthe solar radius.

The modern devices for the measurement of the flux of neutrino from pp reaction is not possible
owing smallest energy of neutrino. However, there are the several theoretical prediction for this flux. We
present the results for the flux of neutrino obtained by us at 1 AU with application of the Standard Solar
Model BS2005-OP.

The Gauss potential: @, = 6.196x10" cms™;

The Yukawa potential: @, = 6.070x10" cm™s™;

The M-T potential: @, = 6.156x10" cm™s™;

The Reid potential: @, = 6.135x10" cms™.

The Bahcall et. al [6] applied the simple approach without using any nucleon-nucleon potential
and got the result for the flux: ®,, = (5.987+ 0.052)x10"° cm™s™,

10

pp --- x10

rate (cm™s”)

0.0 0‘1 0.2 0?3 04
R
Fig.3. The rate of pp reaction vs the interior radius of the Sun.

The calculated rate by the Gauss, Yukawa, M-T , and Reid potentials are almost the same.

3. Conclusion

The obtained results for the astrophysical S-factor defined only by the description of elementary pp
process confirm the independence on the type to the nucleon-nucleon potential. Calculations with the
most widely used NN potentials like the Paris, the Argonne AV18, the CD-Bonn and the Nijmegan poten-
tials must give the same result for astrophysical S-factor as we received using the Gauss, Yukawa, M-T
and Reid potentials, because the small distance between nucleon at the considered energies gives very
small contribution into overlap integral. The flux of neutrinos obtained by us coincides with the Bahcal’s
results if we take into account the d-part of the deuteron wave function. We mention that the survival
probability of solar neutrino from pp reaction is under question.
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B(E1)-REDUCED TRANSITION PROBABILITIES IN ALTERNATING PARITY
SPECTRA OF EVEN-EVEN NUCLEI

E.B.Makhmanov, M.J. Korjovov

Karshi Engineering Economics Institute,
Karshi, 180100, Uzbekistan, emaxmanov.1976 @mail.ru

Abstract
(E1) reduced probabilities for intra- and inter-band transition between the collective states in the yrast,
first non-yrast and second non-yrast alternating-parity bands in the lanthanide *****sm, **Gd, "°Dy,
16218%E and the actinide ?2*Ra, 2*%®U, 2Py nuclei are studied. The calculated B(E1)-values and some ra-
tios of the reduced probabilities are compared with available experimental data.
Key words: collective states, yrast, first non-yrast and second non-yrast alternating-parity bands, lanthanide
nuclei, transition probabilities.

1. Introduction

The collective spectra of atomic nuclei with quadrupole and octupole deformations are characte-
rized by rotational bands with alternating parity [1-15]. The non-adiabatic models which provides not
only a qualitative but also a quantitative explanation of the properties of alternating parity bands. Descrip-
tions of the excitation spectra and EL-transition probabilities (L=1;2;3) are important. Here the formalism
[14-15] is modified soas to describe B(E1)-reduced transition probabilities in the higher lyingalternating-
parity bands along with the extended treatment of the model energy quantumnumbers.

The aim of the present work is to examine the validity of the energy descriptions reported in [14-
15] with respect to the attending intra-/inter-band E1-transition probabilities. In present work simple ex-
pressions for energy levels of even and odd bands are obtained. The calculations of B(E1)-values and
someratios probabilities are performed by numerically.

2. Energy levels and wave functions

Schrédinger equation for Bohr's Hamiltonian with quadrupole and octupole deformations has the
following form in terms of polar coordinates (c,€) [10-13]:

n*| d*> 1d 1 d? 211 +1) sl
_ -2 4= V(o,&)-E; |®;(0,6)=0, (1
ZB|:dO'2 +O'dO'+O'2 daz}{ 6Bo? V(o) - (@i(0.2) @

where

V(o,e)=V(o)+ zcg (e %2, ), 2)

2
(o)
here B is mass parameter, +g, and C, are present the minimum of the potential energy and the stiffness
parameter for the of e-vibrations. In these case variables (c,€) in (1) are separated:

i (0,6)=F*(0)z, "), ®)
Where wave functions g, ((f i) and Fli (O') satisfactory following equations, respectively:
d ZZV gi ZB + Cg —_ +
%)-Fh—z[Ev +7(8+80)2:|ZV(§ ):Oy (4)
2 2 + + 2 +
—h—{d i 2(0)+ 9F, (G)}[h (1) Ly ()= = —Ef}F,i(a)=0. (5)
2B| do odo 6Bo o

Eigenvalues of equation (5) for oscillator potential energy [14]:

V(G):%(G—GO)Z, (6)

4 2 2
s _ 2 1 H ool [ YT +D) } 1 p;, -1
Ef. =ho [qv+2jJ1+(prvj[|(|+1)+3EV]+[prVM - TE; +2[—ﬂ J .(7)
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Quantities p;, = o, / o, >1 satisfy following equality for (6) [14]
+ . +1)_ .
(pfv)s(va —1)=ﬂ4{(T)+2EV—] (8)

herev=0,1,2...-“angular” phonon numbers [15], quantities Gliv indicate new states of the equilibrium for

If [16], oo--minimum of the potential energy for c-vibrations,
1

i, =u{1+p%[l(l +1)F 2E;*]}4, 9)

lv

here 1" = h? /(CGBGS ) - dimensionless parameter of theory, C, is the stiffness parameter for the o-

vibrations. And @ - root of transcendental equation:

H: (— p_.J 0. (10)
Y lulv
E, =;—ZBE:, (12)

Ef - eigenvalues of equation (4).
Eigenvalues of equation (5) for Gauss potential energy

V(0)=Ce% exp{("_% I } (12)

2

e _n wpn)” | [10+) B2
ha p.v p,, -1 6 2

lv

+th<p.: 1 lool- (v —1)2[;1 Jbovseefa 2] w
p;, satisfy following equality for (12) [15]

(2. J (b, e |- (. —ﬂw“[ui E;*] (14)

ui, = ﬂ{b_ 2(ps, 1 ool (o, —1)2]{%]4[' (1 +1)73E; ]}i, (15)

Energy levels are expressed by formulas (7) and (8) described by parameters: ho, E'Vi and u. The

guantities E'f in these formulas are the splitting of the v-th level [13]. Here EV*' and E; are yet doubly

degenerated. Taking into account the tunneling under the potential barrier separated nuclear reflection-
symmetry shapes leading to their splitting.

The wave functions q)li(a, 8) of the equation (1) presented as (3), where

2,(E°)=N,H (éi)em{—@] )
withe* = BT &) =g, (18)

2

57



Meoicoynapoonas kongepenyus « PynoamenmanvHvle u npUKIaoHble onpocyl Gusukuy 13-14 uons 2017e.

N,-normalization coefficients, Hv(fi) are the Hermite polynomials, w. is the frequency for of e-
vibrations, tg, represents the minimum of the potential energy of the e-vibrations.

Fi

Iy

(0)-

NqﬁHqif(g)
V2o

o

here H qi (cj)-Hermite function, N,. -normalization coefficients and variable ¢ has following form

4

3. B(E1)-transition probabilities
Reduced E1l-transition probabilities conveniently are expressed in terms of the reduced transition

probability for an axially symmetric rigid rotator B,(E1,li—1y):

We introduce new parameter

B,(ELI, > 1,)=

here Dy is polarization electric dipole moment [11].
The factors S(E1) are determined by expression

Pi,

S(ED=N, N j

— pliv(o-_o-O)

+
/’llvo-lv

3

4z

Q, = \/iDo eXp| -
4

Iv

B(ELI, > 1,)=B,(ELI, - If)SZ(El)exp[—

+
\ —p—'i"£§<oo.

DS (1,100] 1, 0)°.

n

JBC, )’

+
plvf

2/J|ivi O-Ivi é’ + 2O-O plivi Zlulivf O-Ivf é/ + 2GO p;tvf
Integral (24) are calclated by numerically.

qvi

2h

JBC,

|

(19)

(20)

(21)

(22)

(23)

Ho (OHL (Qeds . (29)

Intra-/inter-band reduced E1-transitions probabilities (24) are expressed by parameters: E § E'V‘,
Q; and p and their values for considered nuclei are presented in tab. 1.

Tablel
The values of fitting parameters and their units for considered nuclei.
Nucleus E; E, Ef E, H Q,

[14] [15] [14] [15] [14] [15] [14] [15] [14] | [15]
B2gm 338 | 091 | 847 20.83 4.87 2.4 2.42 8.66 0.35 | 0.39
Gd 027 | 015 9.8 20.29 3.15 5.88 3.23 3.87 034 | 031
Bism 515 | 0.17 | 6.17 22.05 4.76 1.83 0.32 5.69 027 | 0.26
Dy 1.4 1.06 | 9.74 22.2 4.06 6.81 0.93 0.29 0.36 | 0.31
82gy 163 | 417 | 10.34 19.46 0.14 1.52 3.2 3.42 0.35 | 0.33
o4Er 262 | 637 12.9 25.25 0.17 0.16 7.63 14.15 0.3 0.31
“’Ra 155 | 3.94 2.2 1.33 0.08 0.195 | 2.84 4.83 0.3 0.31
=0y 059 | 034 | 13.88 29.7 0.28 2.28 0.34 0.14 022 | 0.21
=8y 019 | 082 | 12.32 25.52 0.27 3.35 0.42 3.42 022 | 0.21
“Opy 289 | 7.68 | 9.58 14.75 0.74 0.91 3.99 6.17 0.27 0.3

Note that, in experimental data E1-transition from more high bands than, first-non-yrast band are

absent. Therefore, in tabl. 1 values of the parameters E; and E, are not written.

4. Results and discussions
In tabl. 2 are presented the intra-/inter-band reduced E1-transition probabilities and their ratios in
yrast and first non-yrast bands for deformable axial even-even nuclei: *****Sm 'Gd, *°Dy, ***'**Er,
*Ra, 2% and *°Pu with quadrupole and octupole deformations. From tabl. 2 clear, that represented
model describes well reduced E1-transition probabilities considered nuclei.
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Table2

The comparison intra-/inter-band reduced E1-transitions probabilities of the energy levels of yrast- and first
yrast-bands with experimental data [18].

Nuclei E1-transitions [14] [15] Exp.[18]
*’Sm 02°—>03702° 01" 1.5099 1.4623 1.35(33)
01 —02/01"—00" 2.0111 2.0814 1.81(3)
1.81(6)
1.82(10)
1.825(24)
030403 502" 1.3232 1.376 1.60(5)
0.91(3)
0.91(16)
1.02(6)
05" —06"/05—>04" 1.1413 1.2066 2.2(2)
07" 0807 06" 1.0772 1.2032 1.16(14)
09'—010"/09'—>08" 1.0690 1.1026 3.2(18)
011'—0127/011°-010° 1.0789 1.1055 <9.1
11'5027/11'—00° 1.3747 0.7447 2(10)
1350471302 1.149 1.0829 9.1(33)
01'—>127/01' 02" 0.1785 0.1271 62.5(150)
®Gd 01'—027/01'—>00" 1.9988 2.0035 1.07(6)
1.43(61)
030403 502" 1.3279 1.3378 0.213(13)
0.4(2)
®'Sm 01'—027/01'—>00" 1.9997 2.0013 1.96(16)
1.80(2)
030403 502" 1.3313 1.3351 1.25(22)
1.05(22)
Dy 03 >04%/03' 02" 1.3201 1.342 ~0.63
05 —06"/05 >04" 1.1816 1.207 ~0.77
070807 >06" 1.1236 1.1491 ~1.00
09'-010/09' 08" 0.9164 1.0958 1.80
011'—012°/011"—010" 1.0714 1.0814 18
%Er 0102701 >00" 2.0134 2.0973 1.78
Er 01'—027/01' 00" 1.9994 2.072 2.86(41)
1.80(18)
0304703 502" 1.3294 1.3756 0.87(12)
05 —06"/05 >04" 1.1911 1.2249 1.8(14)
“'Ra 030403 02" 1.3201 1.3552 2.78(115)
=0y 01'—02"/01"—00" 1.9999 2.004 3.6(12)
U 03 —04/03 02" 1.3331 1.3339 1.33(2)
13504713502 1.3315 1.3395 0.51(5)
“Py 0102701 00" 1.1996 2.08 2.22
2.2
030403 502" 1.3312 1.3738 1.9
171

The B(E1) reduced transition probabilities are known to provide a sensitivetest for the structure of
the alternating-parity sequences it is of special importance toexamine their behaviour in the non-yrast part

of the spectrum.

The present work provides a model description of intra-/inter-bands reduced E1-transition probabil-
ities and their branching ratios in lanthanide and actinide nuclei within the non-abdiabatic collective mod-
el [16]. The theoretical formalism and the obtained model descriptions exhibit a possible way for the de-
velopment of nuclear alternating-parity spectra toward the highly non-yrast region of collective excita-
tions. On this basis the model can predict possible intra-/inter-band E1-transitions between states with
opposite parity including high spin states.
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Note that for the description of E1l-transition probabilities we used fitting parameters, which were
used for description in the energy levels of yrast, first non-yrast and second non-yrast bands with alternat-

ing parity.
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MHOFOBJIEMEHTUHLIFI HENTPOHHO-AKTUBAILIMOHHBIN AHAJIN3 B
IJIOJOOBOIIHOM MPOAYKIIVH, JEKAPCTBEHHBIX TPABAX 1 CBOPAX

A.A.AxmenoB, B.K.Kyaba:kanos, E.A. Jlannnosa
Huemumym Hoepnou @usuxu AH PY3, Tawxenm, 100214, V3bexucman, yakhub@inp.uz

AfcTpakT
C nomowbro MemoouKy nPoaHanuuposansl 6 yeaom oxoio 400 npod ona 6oree 200 6udos pacmenuii, nio-
00080WHOU NPOOYKYUL U UX COCTNABHBIX Yacmell. Mzmepenbl cO0epicanus 6cex HCUSHEHHO BAICHBIX Ol opea-
HU3MA 4el08eKd JNIEMEHMO8, d MAK’Ce HEKOMOPbIX SIEMEHMO8 ¢ MALOU3y4eHHoU ponblo. Onpedenenvl npobul ¢
ROBLIUEHHBIMU U ROHUNCEHHBIMU COOPHCAHUAMU 14 HCUSHEHHO 8ANCHBIX U 3 MOKCUUHBIX DAEMEHMO8.
KiioueBble €10Ba:Makpo- U MHUKPOIIEMEHTBI, FaMMa-CIIEKTPOMETp, PaJAuOHYKIIHIBI, CIEKTP HEHTPOHOB,
HEHTPOHOAKTHBALIMOHHAS METOIHKA.

HM3BecTHO, 4TO B OpraHU3Me UeJIOBEKA COJICPIKUTCS MMPAKTUUECKH Best Tabuuia Meneneesa — 81 u3
92 mMakpo- U MHUKPO3JIEeMEHTOB. M30bITOK MM HEZOCTATOK OAHOTO M3 HUX NMPHBOAUT K TEM MM HHBIM
3a00JI€BaHUSAM U TATOJOTMYECKUM COCTOSHUSM, KOTOPBIE OOBSICHAIOTCS TUCOAIAHCOM COJIEpXKaHuUs 3je-
MEHTOB B OpraHH3Me. DTO B CBOIO OYEpeab YaCTO SBJIAETCS MPUUNHONW TOTATbHON pa30alaHCUPOBKH MHU-
HepanbHOro ooMeHa. Iluia siBisleTcsT OCHOBHBIM MCTOYHHKOM MOCTYIUIEHHS] MHKpPO3JIEMEHTOB B Opra-
HU3M 4esoBeka. [loaToMy nccnenoBanne cofepKaHus JIEMEHTOB B HEH, paBHO KaK U B JIEKaPCTBEHHBIX
TpaBax M cOOpax, MPUMEHIEMBbIX IJIs JICYEHUS Pa3IMIHbIX 3a00JI€BaHUN MHUKPOAJIEMEHTHOTO XapakTepa,
npezicTaBiIsieT co00i 0coObIl MHTEpEC.

B nureparype uMmeeTcss HeMallo JaHHBIX 110 3JIEMEHTHOMY COCTaBYy IMPOAYKTOB MUTAHMS, MOITY4EH-
HBIE METOJIaMH HEHTPOHHO-aKTHBAIMOHHOTO aHann3a.OHaKko OOJBIIMHCTBO paOOT BBITIOIHEHO JI0 TOSIB-
JICHU ACTCKTOPOB Y- U3JTYUYCHUA C BBICOKHUM DHEPTECTUYCCKUM Pa3pCIICHHUCM. Hcnonp3oBanne TeXHUKHU
Ha 0a3e MOoIyNpPOBOJHUKOBBIX JIETEKTOPOB M3 BHICOKOUUCTOrO repManus ¢ BbicokuM (1.8 k3B) paspermie-
HHEM CYLIECTBEHHO YJIyUIIMIO BO3MOXKHOCTH aHAIMTHYeCKHX padot. Tak, mpoBeJeHHbIE HAMH IpeaBa-
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pUTENbHBIE HUCCIIEIOBAHNS TTOKA3aJH, YTO B PACTUTENBHBIX MPOOaxX MPOSBISIOTCS JIMHUN PAIUOHYKIUAOB
35—-40 XUMHYECKHX DJIIEMEHTOB. DTO MPEIONPECIHIIO eIecO00pa3sHOCTh pa3pabOTKU COOTBETCTBYIO-
el aHATMTHYECKOH METOIMKH M NPOBEICHHE MHOTORJIEMEHTHOTO aHali3a IUPOKOT0 Kpyra MPOgYKTOB
MUTaHUS PACTUTEILHOTO MPOUCXOKICHHS, a TAKXKE JIEKAPCTBEHHBIX TPaB, IIPOU3PACTAIOIINX HA TEPPUTO-
pun Y30eKucTaHa.

[Ipu pa3paboTke METOMWKH aHAIN3a MPOBEICH BECH UK HEOOXOANMBIX PACUETHO-METOAMIECKUX
WCCIICIOBAaHNH, BKIIOYAIOIINX B ceOs BBISABICHHE MEPEYHS ONPEACTSIEMBIX JIEMEHTOB, MCCICIOBaHUS
BO3MOJXKHBIX TOMEX JIS aHaJIN3a, BHIOOP aHAJUTHYECKUX PAAUOHYKIHIOB, ONTHMH3AIINI0 BPEMEHHBIX
MapaMeTpoB aHAIIM3a U OIpe/IeIeHNe TIPEAeTIOB OOHAPYKEHHS JIIEMEHTOB.

[Ipu HEHTPOHHO-aKTHBALTMOHHOM OTPENEICHIH 3JIEMEHTHOTO COCTaBa BEIIECTBA CYLICCTBYIOT TPU
TUTIa MEIIAIMX (HaKTOPOB: KOHKYPHUPYIOLIHE sACPHBIE Peaklny, HHTepdepeHIrs (HaloKeHne) raMmma-
JUHUHA pa3TUYHbIX PAAHOHYKINIOB U KOMIITOHOBCKAN (pOH OT Gosiee BRICOKOPHEPTHYHBIX Y-TTUHUH, TTO/I-
HUMAIOIINHA TheACCTal MO/ aHATUTHYECKOH JIMHHEW OINpenensieMOoro 3JIeMEHTa M, TeM CaMbIM, YXYyJ-
IIAKOIIUN COOTHOIICHUE CUTHAI/(DOH.

CriekTp HEHTPOHOB SJIEPHOTO PEAKTOPA, I/Ie 0OIyUJaIOTCs aHAIM3UPYEMbIE 00pa3Iibl, IMEET IIHPO-
Kkuii quamna3oH sHepruii (ot 0 mo ~ 15 M»aB), Tak 4to, kpome ocHOBHOTO (N,Y), OTKPBIBAIOTCS U IpyTHE
(moporoBeie) KaHAJIBI peakluid, MO KOTOPHIM MOTYT 00pa3oBaThCs aHATUTHYECKUE PAJUOHYKIHIBI OT
IPYTHUX 3JIEMEHTOB. PacdeTsl, MpoBeIeHHBIE C WCIOIB30BAHUEM SACPHO-(DM3MUECKUX KOHCTAHT OCHOB-
HBIX U KOHKYPHUPYIOIINX PEaKIui, MOKa3alld, 4TO ISl PAAHOHYKIHIOB BCEXPAaCCMATPUBAEMBIX DJIEMEH-
TOB BKJIAJ] KOHKYPUPYIOIIUX PEAKIUi HUYTOKHO MaJ U €r0 MOXKHO HE YYUTHIBAaTh. biaromapsi BEICOKOMY
pa3pelIeHnIo TaMMa-CIIeKTPOMETPHUECKOH anmapaTyphl, cly4aeB HAJIOKeHUs JIMHUH (MHTepdepeHnn) B
npenenax +2 k3B B HaleM ciydae He BcTpedaeTcs. M3BecTHO, YTO B CIIEKTPE Y-U3IYUCHUH aHAUTHYe-
CKH€ JTMHUHM MHOTHX ONPEACNIEMBIX JJIEMEHTOB HaXOMATCS Ha KOMIITOHOBCKHM TIheecTane OT Oolee
BBICOKODHEPIHYHBIX JIMHHUNA. YITyUYIICHHs OTHOIIEHHS CUTHA/(OH MOXHO JOOWUTHCS, TONBKO BapbUPys
BpPEMEHHBIE MapaMeTPhl aHAIN3a. JTUM MyTeM JOOWBAIOTCS MOITYYEHHsI ONTUMAIbHBIX MMapaMeTpOB aHa-
JM3a TPY OTpe/IeIeHUN KOHKPETHBIX PaJuoHYyKInaoB. OJHAKO B HAllleM clly4yae MpH NPOBEICHUU OJHO-
BPEMEHHOTO MHOTO3JIEMEHTHOTO aHaJM3a MIPUXOJUTCA OTPaHUINBATHCS HAXOXKJICHHEM ONTUMyMa He s
KOHKPETHOTO PaJlMOHYKIIN/A, a JIUIIb JJIsl TPYIIIIEI SJIEMEHTOB.

VY4uuThIBas CKa3aHHOE BHIIIE, MBI CIPYIIMPOBAIM ONpEACseMble 3JIEMEHTBl Ha CIEAYIONINE TPU
TPyNIEl C YKa3aHHBIMH YCIIOBHSAMH U PEXXIMAMH aHAITN3A!

I'pynna 1. Mg, ClI, I, Mn, Cu, Na, K, npu 00;1y4eHHH KOTOPBIX TCIIOBBIMH HEHTPOHAMH, 00pa3y-
FOTCSI KOPOTKOXKHBYIIHE paguonykmuast > Mg, *°Mn, *Cl, **T u ap. ¢ nepuogamu momypacmazga ot He-
CKOJIBKMIX MHUHYT JI0 HECKOJBKUX YacoB. ONTUMAaNIbHAS JTUTENLHOCTE OOMYYeHHs COCTaBIsET 15 ¢ mpu
MUIOTHOCTH MTOTOKA HEWTpOHOB f = 10" m/cm’c B TEIUIOBOM KaHalie peaktopa; to, = 10—15 mun. s omn-
penenenus Cu, Na, K u I t,;,, = 200 c. dns onpenenenns Mg, Cl, Mn t,,,= 50 c.

I'pynna 2. B oty rpymiy BXoaaT cpenHexuBynme Hykauasl Ca, Sm, Mo, Lu, U, Yb, Au, As, Nd,
Br, La, Cd. OnTuMaibHas JIHTEIBHOCTh OOJYYEHHS COCTABISAET 15 4acoB MPH IUTOTHOCTH MOTOKA HEH-
Tponos f = 10" w/em®e, t,,= 10 mHel, t,., =200 c.

I'pynna 3. Te xe npoObl (00Iy4YeHHBIE TIO TPYyMIE 2) BBIAEPKUBAIOTCS IJsi OCThIBaHUS 30 CyTOK
s onpenenenus ainementoB Ce, Se, Hg, Th, Th, Cr, Hf, Ba, Sr, Ag, Cs, Ni, Sc, Rb, Fe, Zn, Co, Ta, Eu,
Sb o ponroxuByimM HykauaaM. JmurenbHOCTh H3MepeHuii coctasisier 400—-600 c.

N3mepeHust CrieKTPOB TaMMa-H3JIy4eHUs 00JIyUEHHBIX MPOO M ATAJIOHOB (CTAaHAAPTHBIX 00Pa3IOB)
MPOBOJMIN HAa KOMITBIOTEPU3UPOBAHHOM TaMMa-CIIEKTPOMETPE BBICOKOTO pa3penieHus (pupmbl
“Canberra”.Ilepen Ha4aioM H3MEPEHHI CIIEKTPOMETP HACTPAHUBAIM C MOMOIINBIO 00Opa3IOBBIX raMma-
nctoyHnkoB (OCI'H). ConepxaHre 371€MEHTOB OINPEENAIN OTHOCUTENBHBIM METOI0M ITyTEM CPaBHEHUS
AKTUBHOCTH PaJIMOHYKIIUAA OINPENEIIEMOr0 IEMEHTa C aKTUBHOCTBIO TOTO )K€ 3JIEMEHTA B ATAJIOHE WIIN
B CTaHAapTHOM 00pa3ue. OCHOBHBIE OIEpaIy M0 00pabOTKE Y-CIIEKTPOB MPOBOIMIIN C TOMOIIBIO TaKeTa
nporpamm Genie-2000, KOTOpBIH yIpaBisieT MPOIECCOM M3MEPEHHH, TPOBOJUT KaTUOPOBKY Y-CIEKTpa,
OTIPEJIEIISIET SHEPTHU Y-TMHUHN, BBIYUCIISIET UX WHTEHCHUBHOCTH (TUIOIA M 11O/ aHATUTHYECKOH JINHUEW) 1
CTaTUCTUYECKYIO MOTPELIHOCTD ONpeNesIeHNsI HHTeHCUBHOCTH JTMHUM. [1o sHEeprusiMm ramMmma-nuHui mpo-
BOJIUTCS OJHO3HAYHAsI WACHTU(UKALUS PaJIUOHYKIIMAOB XUMHUYECKHX 3JIeMEHTOB. [lo moryueHHbIM HH-
TEHCHBHOCTSIM raMMa-JITHUU MPOOBI U 3TANOHA OMepaTop MPOBOJUT BBIYHCICHUE COJEPKAHUN dJIeMeH-
TOB B IIpo0ax.
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PazpaboTrannas MeTOIMKa IMO3BOJIMIIA ONIPEICTUTL 0KOJI0 40 3JIEMEHTOB B MP00Oax pacTUTEIHLHOTO
npoucxoxkeHus. JJoctonHcTBaMu pa3pab0oTaHHONW METOAMKH SIBJISIOTCS MHOTORJIEMEHTHOCTD U BBICOKAs
YyBCTBUTENBHOCTH ONIPEEIICHNUS OONBIIOTO KPyTa JIEMEHTOB.

Hccrnemyemple ekapcTBEHHBIE TPABBl B OCHOBHOM IIPHOOPETAH B BRICYIIICHHOM BHJIE B allTEKaX, y
YaCTHBIX TPOJABLIOB (CIEUUATM3UPYIOMIMXCS Ha cOOpe M MpoAaxke JIEKapCTBEHHBIX TPaB), a OBOLIH,
(GPYKTBI ¥ HEKOTOpBIE TPAaBEl — B €CTECTBEHHOM (HE BBICYIIEHHOM) Buje. lIpm mpruobperennn mpod mo
BO3MOKHOCTH YCTaHABJIMBAJIN MECTO UX MPOU3PACTAHMS.

OTtoOpaHHBIE TTPOOBI TIIATENFHO MPOMBIBAIA CHAadYaJla BOJIOTPOBOJHON BOJMOW, a 3aTeM JBAXKIIBI
JTUCTHJUTMPOBAHHOM BOMIOM. 3aTeM MpoOBI pa3pe3any Ha MENKHE KyCOYKH W CYIIMIN B CYIIMJIFHOM IIIKa-
¢y npu temneparype 60 °C. BricymenHsle mpoOsl m3Menbdanu B ¢ap(opoBoil CTynke W MpOITyCKaIH
4yepe3 CHUTO, KOTOPbhIe, KaK MPaBUJIO, JOCYIIMBAIN IO JIAMIIONW A0 MOCTOSITHHOTO Beca. M3 3THX M3Mernh-
YEHHBIX TPOO roTOBMIIM HaBeckH 1Mo 100 Mr i1 00Iy4eHUs Ha peakTope.

Pazpaborana HOBast BBICOKOYYBCTBHUTEbHAS HEUTPOHOAKTHBAIIMOHHAS METOAMKA aHallN3a PacTH-
TETLHBIX MPO0 ¢ ompeneaeHrneM B oqHOH pode 1o 40 xuMudeckux deMeHToB. [IpoBeneH ananmns Oonee
200 HaMEHOBaHHWU MPOJYKTOB PACTUTEIBHOTO MPOMCXOKICHHS.

[Tonmy4eHn OompLION MaccMB HOBOW aHAIMTHYECKOHW MH(OPMAIMH, CYHMIECTBEHHO MOMOIHSIOUINN
0aHK HAayYHBIX MAHHBIX IO 3JIEMEHTHOMY COCTaBY PacTUTENbHBIX mpo0. UHcTUTYT simepHoi ¢pmsnkn AH
PY3 rotoB paccMoTpeTh BOIPOC O IEIeCO00Pa3HOCTH UCIOIb30BaHMS JaHHOW METOAMKHU aHAIU3a JJIs
IMPOBCACHUA COBMECTHBIX pa60T, B TOM 4YHCJIC, BBIIIOJHCHUA COBMECTHBIX HAYUYHBIX IIPOCKTOB I1O (bYHZ[a-
MEHTAIBHBIM U TPUKIIAJTHBIM UCCIIEIOBAHUSM.
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AHHOTALIMA

Lna pazeumus mexnono2uii npou3eo0Cmea QYHKYUOHATbHBIX MAMEPUATIO8 HA INEKMPOHHBIX YCKO-
PUmMensix Heobxooumvl 0osumempol 01 bonvuux 003. [Jozumempuueckue kpucmannvl LiF obayuanu
Ha yckopumene nomoxom snekmponog 0.3x10% sa/em’c ¢ snepeueii 4 M>B. Haxaniueas umme-
epanvuyio 003y om 1.8-10" 0o 1.810" an/cm® u nocnedosamenvro uzmepsis cnekmpwl noznouenus,
8bIAIGNIEH BKIAO HEeCMADUILHBIX 3APANCEHHBIX YEHMPO8 U HAHOKIACMEPO8 hmopa u IUmus 8 KUHemuKy
yoanenus 3enenoii okpacku npu pexombunayuu 3apsooe morexyrapuoix M', M, R*, R" yenmpos.
Cmabunvnas okpacka cesazana ¢ netumpanvuvimu Fn yenmpamu u xonnoudamu Li, komopwix modxicHo
UCTIONB306AMY OJ151 UHINEHCUBHOU 003UMEMPUL.

KuroueBbie ciioBa: kpuctamwibl LiF, obnydenue 31ekTpoHaMu, CIIEKTPhI MOTJIOMICHHS, MOJICKY-
JSIPHBIE LIEHTPBI OKPACKH, KOJIOU/BI L.

1. BBenenne

[Ienouno-rayonHbIe HOHHBIE KpUcTALTBILIF ¢ camoit mmpokoii 3anperieHHo# 30HO0H J1aBHO HC-
MOJIB3YIOTCSl B Ka4€CTBE CUUHTHIUIATOPOB U TEPMOIIOMHHECLIEHTHBIX JO3UMETPOB SAEPHBIX M3Iy4YEHUH,
TepecTpanBaeMBbIX JIa3epOB M MACCHBHBIX JIa3€PHBIX 3aTBOPOB, a TakKe B onTodnekTponnke (Baldacchini,
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2001a, 2002b; Basiev, 1994; Bonfigli, 2010; Courrol, 2004; Kawamura, 2004; Lakshmanan, 1996; Santo,
2004). DTUM pUMEHEHHSIM TPEALIECTBOBAIH AeTalbHble (pyHIaMEeHTabHbIE HCCIICAOBAHHUS YIApHBIX U
HEYIApHBIX MEXaHU3MOB PAAMALIIOHHBIX BO3JEHCTBUI ¢ 00pa30BaHUEM Iap TOYEUHBIX NE(PEKTOB B aHU-
OHHOI1 mopemeTke (BakaHcus F - Mexaoy3enbHbI atoM H), X mocnenyromiel peKoMOMHAIINHN WK ar-
peranuu B CIOXHBIE TeQeKThl Fp, n3MepeHbl TeMnepaTyphl UX OTXKUTa, JOKAa3aH TOMUHHUPYIOUINHA Mexa-
HU3M PaJIN0Jin3a UOHHBIX KPUCTALIOB (AnekcaHapoB u np., 1989;JIymuk u ap., 1989).Jlucumnuna u ap.
(2001) u bammaumam (2001) 00o0OITMIM ONITHYECKHE XapaKTEPUCTHUKH IIEHTPOB OKPACKH JJISI KPHCTAJIIIOB
LiF: Bakancus ¢Topa, 3aXBaTHBIIAs SJIEKTPOH, 3TO CTAOMJIBHBIN F—IIeHTp, OTBETCTBEHHEIN 34 H30IUPO-
BaHHYIO ToJocy norjouieHus 250 HM, 3aTeM M0 MeXaHW3My arperanuu obpasyercs JuBakaHcus ¢ropa
F, (M) uenrp, obycnosnuBaroruii momocy 450 um, tpuBakancus Gpropa F3 (R) meHTp, CBA3aHHBIN C TO-
mocoii 380 M, KoMIniekc deThipex Bakamcuii F4 (N) cBs3zan ¢ momocamu 517 u 547 M. YCTaHOBIIEHO
Tarke, uto F-1ienTpsl napamarautHbie (Seidel, 1968), a ux nBUKeHHE CHIBHO KOppenupyeT ¢ 1uddys3u-
eit Li'c sneprueii axtuamuu 0,65 3B U MOKET BbI3BaTh 3HAUMTEJbHBIN SAEPHbIN CIIMHOBBINA PE30HAHC
st 'Li u *°F (Klempt, 2001).

Hcnonb3oBanue nazepHoi (OTOIIEKTPOHHON MPOESKIIMOHHOW MUKPOCKOIHHU € MPOCTPAHCTBEHHBIM
paspemenueM 30 M no3Boamuio Konomnckomy u 1p.(1996) B mukpokpucramiax LiF B ¢popme Hanouron-
ku paguycom 600 HM yBUAeTh F, arperatHbie IEHTPHI IPH KOHIIEHTPAIUN 10" cm™ Ha paccrosinuu 100-
170 am mpyr oT Apyra 6maromapst BHemmHeMY GoTodddexty (poroamuccus u3z cios rmyouHoi 10 10 HM).
Kyppon u ap. (2004) npumeHwIn yabTpa-KOpPOTKHE Ja3epHble UMITYIbCh 60 (¢ ¢ BRICOKOM MHTEHCHBHO-
cteio 10 I'BT ana onpeneneHus: nmopora reHepaluy LEHTPOB OKPACKHU 2 TBr/eM® n NPEAJIOKUIN MeXa-
HU3M (hopMupoBaHus 1e(hEeKTOB HA OCHOBE MHOTO(OTOHHBIX BO30YKISHHIM.

B nocnenHee BpeMsi 00JbIIONH MHTEpPEC BBI3bIBaCT 00pa30BaHHE HAHOKOJLIOMIOB Li mpu oOmyde-
HUM TaMMa-Ty4aMH U MTyYKaMH 3JIEKTPOHOB U JPYTUX 3apsHKeHHBIX dacTHll ¢ sHeprusMu ot 100 k3B mo
200 M»B u ux Bkian B cBoiicta (Beuneu, 2002; bproksuna, 2012; Davidson, 1995; N6parumosa, 2012a,
2015b; JIucununa, 2010a, 2013b; Manuk, 2003;Montereali, 2010; ®emopos, 2013). Pasubie aBTOpHI IPH-
MUCHIBAIOT KO/UToMaaM Li MIMpoKkyro moa0Ccy MorIomeHust ¢ MakcuMyMoM oT 420 1o 520 HM, a MOJIEeNTb-
HBII pacyer JaeT MaKCUMYM SKCTHHKIMK HaHokiIactepoB Li B 437 um (Montereali, 2010). BprokBuHo# 1
ap. (2012) nccnemoBanbl TEPMO- B POTOCTUMYITUPOBAHHBIC TTPOIECCHI CO3/IaHUS HAHOYACTHUI] METaJLTNYe-
ckoro Li mpu arperamun F-uentpos B kpucrammax LiF:Mg,OH npu ®Co ramma-o6myuennn no3amu 10
5-10° P u mocne omkura npu 450-650 K; mokaszaHo, 4TO JJIMHA BOJHBI TOJIOCH! TIOTJIOIICHUS KoJutouaa Li
pactet ¢ yBenmdeHueM ero pazmepoB oT 10 go 80 am.JIucunmuoii u ap. (2013) mpeacraBneHsl goKa3a-
TenbeTBa (PopMUpPOBaHUS B KpHcTayuindeckoil matpuiie LiF HanonedekToB mpu o0ayd4eHUH AJIEKTpOHA-
MU, B COCTaB KOTOPBIX BXOJST MOJMBaJIEHTHbIE HOHBI akTHBaTopa (Li, W, Ti, Fe) u kucnopoa B pa3nuy-
HBIX COCTOSTHMSIX (027, OH , 072), YTO TaKWe HAHOJE(PEKTHI SBJISIOTCS MECTOM CTOKA DIIEKTPOHHBIX BO3-
Oysxnenuii. berto u ap. (2002) HabGmoaaM MIMPOKUIA MapaMarHUTHBIA CUTHAI OT HAHOKOJUTOMI0B Li mo-
cie oOyuenus anektponamu mpu 300 K. @enopor u np. (2013a, 2014b) meronamMu HaHO- ¥ MHUKPOWH-
JNEHTUPOBAHUS, XMMUYECKOTO TPABJICHUS, ONTHYECKOW M aTOMHO-CUIIOBOH MHMKPOCKOIHMH HCCIIEIOBAIN
n3MeHeHue aedopManuyu M paspyuieHuss B kKpucrtamwiax LiF, oOmydeHHbIX OeTa-dacTumamMu (SHEPrust
31eKTpoHOB 75 k3B, dmoenc ~4,3-10"° 51/M%) 1 06HApy)MIH HOPMHUPOBAHHE HA HX MOBEPXHOCTH TOH-
KHX CIIOEB C BBICOKOM HAHOTBEPAOCTHIO.Manuk u ap. (2003) o6nyyanu kpuctamwibiLiF nmpu 30 °C ssek-
tporamu (35 u 100 M3B) B unTepsane 103 10°~10™ sn/cm? i motHOCTH ToKa 100 — 1000 HA M 0GHAPY-
UM HEMOHOTOHHYIO 3aBUCUMOCTH ITOABWXKHOCTH AMCIOKALMHA OT J03bl, CBS3aHHYIO, I0-BUJUMOMY, KaK
C KOHLEHTpaLMeH pagualluOHHBIX 1eQEKTOB, TaK U ¢ 0COOEHHOCTSIMH IPOLECCOB IBOMHOTO MONEPEIHOTO
CKOJIBKEHUSL.

Panee mamu (MyccaeBa, 2011) meranbHO HCciieOBaHa J030Basi 3aBUCHMOCTH CIIEKTPOB TOTIIONIE-
HUs KpUCTALIoB TommuHoi 1 Mm nocie ®Coramma-o6:yuenus kpucramios LiF:CU pu MOIHOCTH 10361
520 P/c u 300 K B nnrepsane 103 10*-10° P u mokasamo, uto mosnoca mormoutesust F-iientpos 250 HM
HACHINIAETCS IO ONMTHYECKOH TioTHOCTH D=3.5, a 3arem mocie 10361 0.73 MP mpoucxomut ee paciiersie-
HUe Ha AyOJeT W MosiBICHHE MOJIOCH! HorjomeHus F-ieHTpoB npu 445 HM, KOTOphIe 00pa3yroTCs NpU
JUIIOJIFHOM B3auMoOJeiicTBuM Onu3kux nap F-neHTpoB C mepeHocoM 3apsiga. B cBoro odepens monoca
TIOTJIONICHHST F,-TICHTPOB TOXKEe HACBIMIAETCS JO ONTHYECKOM IuioTHOcTH D=3.5, a 3atem mocie 03B
>10"P npoMCXOuT ee pacilellieHHe CHAYaIa Ha Ay6JIeT, a IOTOM Ha TPHUILIET, YTO XApaKTEPHO UL MO-
nekynsipabix nenTpoB (Konopski, 1996). Takum oOpasom LiF MoxHO mcrmonp30BaTh Kak J03HUMETP C
npenesnom 10’ P. M3-3a merkoctn atomoB Li TomsKko mocie Beicokoit 10361 10°P B criekTpe peHTreHOBCKO#
audpakiy Xopoiio BUIHbBI y3kue peduiekchl (200) oT HaHOKpucTawutoB Li ¢ pasmepamu 8 um (Ibragi-
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mova, 2012a). [IpumeHeHue 0oiee BEICOKOUYBCTBUTEILHOIO METO/Ia TaMMa-TFOMUHECIICHIINN TT03BOJIHIIO
B YCJIOBUSX >10° P u Bbime 370 K nabmonats arperanuio F-uenTpoB B F4 LIEHTPHI ¢ MONOCOH U3Tyya-
TEIBHOM TEPMOCTHMYJIMPOBAHHON pPEKOMOMHAIIMK HOcUTened Ha uHTepdeiice Li-manomeramt- LiF-
IuaIeKTpHK B o6aactr 570 um (Ibragimova, 2015b).

Henbio HacTosimel pabOTHl — UCCIICOBAHUE HAKOIUICHUS M Pacliajia TOYSYHBIX M arperaTHBIX
JMe(EeKTHBIX [[EHTPOB, CO3/IaBAEMBIX B HOHHBIX KpHcTautax LiF mos my4koM 351eKTpOHOB B MPOMBIIILICH-
HOM YCKOpUTEJIe ¢ SHeprHed OJIM3KoH K MAKCUMAITLHBIM HOHU3AIUOHHBIM TTOTEPSIM.

2.9KCIepUMEHT

Jlnis viccrieIoBaHMs MCITOIBb30BAIH CHMHTHIUIATOPHBIC KpucTamisl LiF:Cu tommunoi 3 mm. O6y-
yeHus] poBoAmiu Ha yckoputene DJIY-003 anexTpoHamu co cpemneii sHeprueit 4 MsB mpu mnotHOCTH
ToKa mydka 50 HA/cM’, uTo cooTBeTCTBOBANO MOTOKY 0.3%10% 91/cM’c. KprcTamn kpermucs Ha S1eKTpo-
W30JTUPOBAHHON MOJICTABKE, CIIEUALHO HE OXJIAXKIAJCS M er0 TeMIIepaTypa He KOHTPOJIUPOBaiach. MH-
TerpaibHas /o3a ((pIroeHc) HaKammuBazach B 6 3TamoB MOCIEAOBATEIIEHOTO OOydeHUs OT 1.8:102 1o
1.8-10" sn/cM’. DTO COOTBETCTBYET MOHM3ALMOHHOM 03¢ 0T 0.3 10 30 MP. Iry6uHA NPOHHKHOBEHHS
AIIEKTPOHOB B Marepual R, (HM) ompenemnsuiachk u3 BeipaxxeHus Kanaita-Oxasima (Pay, 2012):

R, = 0.0276 AE,"%" | pZ7°%%°

rae R, — rmyOrHa MPOHUKHOBCHHUS JIEKTPOHOB B MUIICHD, E, — SHEpTHs MEepBUYHBIX 3JICKTPOHOB,
k3B, Z — atomMHBII HOMEp, A — aTOMHBIH BeC, I/MOJIb, P — IUNIOTHOCTh MaTepralia MUIIICHH, r/em’, DHep-
rust snektporos st (DJIY-003) 4000 x3B. IlnotHoCTs MaTeprana murnenn msiliFp=2.64 r/cm® a cpen-
HHUE 3HaYCHUSI aTOMHOTO BecaA s = ¥2(6.9+19) = 13 r/mon u 3apsna Z i = ¥2(3+9) = 6. [myOuna npoHuk-
HOBEeHUs 31eKTpoHOB B LiF cocraBmma R,= 27640 umM = 27.6 MKM, 9YTO HAMHOTO MEHbIIIC €r0 TOJIIHHBI 3
MM U 00ecleunBaio HaKOIUIEHHE HEPaBHOBECHOTO 3apsijia B JUAIEKTpHUecKoM oOpasiie. CHEeKTphl ONTH-
YECKOIo MOTJIONIEHHUS, CHUMAaIH Ha criekTpodoToMeTpe CD-56 B unTepBaie 190-1100 um, uepe3 30 mu-
HYT MOCJe KaXKJIO0ro dTana o0ay4eHus, 4ToObl YBUICTh HECTAOUIIBHBIC IICHTPhI M JUHAMHKY pellakcaiuu
IPOCTPAHCTBEHHOTO 3apsi/ia IPH TOPMOKECHUH DIICKTPOHOB IMy4Ka B Kpuctaie LiF.

3. Pe3yabTaThl M 00CYKIEHHE

CriekTphbI moronieHus KpuctamuioB LiF, cHATEIe cpasy mocie 00ydenus, moKa3aHbl Ha puc. 1.
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Puc. 1 Cnekrpsl noromienus kpucramioB LiF mocne oGmydenns 4 MaB snektpoHamMu B MHTEpPBae (DIIIOEHCOB:
1-1.810%cm? 2-6.6-10" 3-1.6-10", 4 - 3.54.10" 5 8.34-10", 6 — 1.8-10".

ButHO, 9TO yKe ¢ HauambHOM 10361 00ydenmst 1,8-10™ cm™ (0,5 MP) mOSBISIOTCS y3KHeE peso-
HaHCHBIE MUKW ¢ MakcuMymamu 1pu 200 HM, 225 aM, 280 HM (TO €cTh HACHIIIEHNE KOHIIEHTpanuu F-
IIEHTPOB W pacIIEIUICHHE TIOJIOCHI Ha MyOJeT MPOM30IUIO P MEHBINEH f03¢) U cinadas monoca mpu 450
M (F; uentp), 370 am (F3; ueHtp), a Taxke MUPOKUE MONOCH 625 HM, 960 HM. 3 crieKTpoB BUAHO, YTO
MIPH  YBEITUYCHHUH JTO3BI OT 1.8-108 o 1.8-10% sn/cm? muk norjouienus cMmemaercs ot 280 Hm 10 330 HM,
a mmpokast monoca 450 HM 1oclie HACIMEHHs! paciierusiercst Ha ayomer mpu 3.5-10™, a satem mpu mose
8.34-10" na TpUIUIeT. B cOOTBETCTBUY C Teopueir Mue 00 SKCTHHKIINHA HAHOYACTHI] JO3OBBIA CABHUT ITO-
JIOCHI TIOTJIONIEHUs KoJutounoB dropa ot 275 um g0 330 HM (HabmromaeMblid Ha puc.1) cBsi3aH ¢ pOCTOM
ux pasmepoB. Ckopee Bcero, 310 miuHa 1D kpayanona (Jlymmk, 1989), oOpasyromerocs B MiIOCKOCTH
(111).Beicokoe oTpHIIaTeNbHOE dIIEKTPOHHOE cpojacTBo LiF ot — 2,3 10 -2,7 3B (Konopski, 1996) no3eo-
nsier (OTOMOHM3AIUI0 F; — IEHTPOB MpH TOTJIONICHWHU JIByX KBAaHTOB M 3acelicHHE MeTacTaOMILHOTO
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TPHILIETHOTO yPOBHS "M, KOTOpBIil HAGIIONACTCS B CIeKTpax Ha puc. . Takue ske CIIeKTpsI HAOIOIa-
JUCHh HAMH Cpazy Iocjie raMMa-o0y4deHus, Ho mupokue nonoce! 620 u 960 HM ObUIM HaMHOTO ciadee
(Myccaesa u ap., 2010, M6parumosa u ap., 2012). Pacmierienne rayccoBoil moxocs Ha AyOJeT Wil TPH-
IJIET MOXKET MPOUCXOIUTH H3-3a POCTa AWMCIIEPCHH MOKA3aTells MPEJOMIICHHUS B pe3yJibTaTe B3aMMOJIei-
CTBHSA DJIEKTPOHHBIX OCHIUIATOPOB B ONU3KMX BaKaHTHBIX y3nax. ClleAyeT OTMETHTh, UTO Cpasy Iocie
00JTyueHHs KpUCTaIJI MPHOOpeTal 3eJICHYI0 OKPAacKy, CBA3aHHYIO C 1mojiocoi 620 HM, MIOTHOCTb KOTOPOM
pocna BMecTe ¢ noiocoi 450 HM ¢ HaKOIUIEHHEM J103bI. MHOTHE aBTOPHI MPUIHCHIBAIOT MMOJIOCY 625 HM
HecTabunbHOMY F," LIeHTpy, MOCKONBEKY IpH ero pacnaje Bo30ysxkaaercs GpoTomoMUHECIEHIUS 670 HM
HelTpanbHOro F, nentpa. PekomOuHanmonnas karopo-moMuHectieHnus B 670 u 910 HM (M BO3MOXXHO
muATenbHas GochopecteHnrs MPH pelakCalui 3allaceHHOro 3apsaa) OCialisIeT PEeTHCTPUPYEMYIO OII-
THYECKYIO IDIOTHOCTH B 3TOM 00JIACTH CIIEKTPA.

[Tockonbky npu 00JIyYeHUHN BIIEKTPOHAMHU MPOUCXOAUT 00pa30BaHKE CIOKHBIX IIEHTPOB M3 TOUEY-
HBIX, BKJIFOYast F3 menTpsl ¢ moriomierneM B 300-320 HM, 3T0 3HAYUT, YTO HArPEB KPUCTAILIA MO ITyYKOM
3JIEKTPOHOB IIPH IIOTHOCTH Toka 50 HA/cM? 1 HaGope 10361 10™ cv™ He mpesbimmaer 370 K.
Ha puc. 2 nokaszaHsl 1030Bble 3aBUCUMOCTH HOJOC MOJIEKYSPHBIX M IIEHTPOB MOCiE OOIyUeHHS IIEK-
TpoHamu ¢ sHeprueit 4 MoB dumoencamu: 1.8-10%, 6.6-10%, 1.6-10™, 3.54-10"cm™. Cresa Ha puc 2.
BUJIHO JIMHEIHOE 030BOE HAKOIUIEHHE M-IIEHTPOB ¢ monocoit mpu 450 uM 1o 3.54-10™ cM, 3atem po-
HCXOJUT pacuierieHue (puc.l) B pe3yabTaTe JUIOJb-IAUMOIBHOTO B3aMMOACHCTBUS JBYX OJMU3KHX M-
nentpos. Cripasa Ha puc.2 BHAHO, uTo M' momoca 620 HM pacter cyGmmHeiHO 1 mocie 10361 4-10™ cv™
MPaKTUYECKH BBIXOAWUT HA HackllleHne. HaOmogaeMplil XxapakTep J030BOH 3aBUCHMOCTH Ipoliecca o0pa-
30BaHUA3APSHKEHHBIX MOJEKYJISIPHBIXIIEHTPOB B BUJE KPUBOI C HACHIIIIEHHEM MOXET UMETh CIEAYIOIIee
oObsicHeHue. B nerupoBanHbix Kpuctauiax LiF Gosbinast 4acTh 3JIEKTPOHHBIX BO30YKICHUH pacramgacT-
csl Ha (PpEeHKEICBCKUE Maphl HE B 00bEME PEIeTKH, a B o0nactu HaHonedekTa. [Ipouecc cozmanus F—
LEHTPOB B 00JIacTH HaHOAe(EeKTa BKIIOUAET /IBa dTama: co3fAanue F-IeHTpOB Ha TOpaJAuallMOHHBIX MPH-
CYTCTBYIOIINX B HaHOAE(DEKTe aHHOHHBIX BaKAHCHSX M pacrmaj skcuToHa (e°) B 06macTi cospanHoro F-
1eHTpa Ha ppenkenesckyto napy (JlucumprHa u ap., 2013).
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Puc. 2 J{030BOe HAKOILIEHHE LIEHTPOB OKPACKH: clieBa - M monoca 450 uM, cipasa - M 'nonoca 620 BM

Ha puc 3. nmoka3aHa KHHETUKA yMEHbIIEHHs ONTHYECKOH mIoTHOCTH monoc 620 um (M) u 960
HM (M) mocse aByX (hJIFOCHCOB B pe3ylibTaTe paciajia 3apsiKeHHBIX MOJIEKYJISIPHBIX IIEHTPOB.
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Puc. 3 KuneTnka pacmaja HecTaOHIBHBIX IIEHTPOB OKPAacKH: clIeBa 1 B IeHTpe - M'F," momocsr 620 am
(rroercer 3.54-10%cm 1 8.34-10* em®); cipasa - MF,~ monocer 960 um (daroenc 8.34-10% em?).
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ITocnenoBarensubie u3Mepenus npu 300 K B TeueHne HECKOIBKHUX YacOB IMOCTIC 0OTydIeHUS TTOKa-
3aiM, 4To nojoca 620 HM ocnabmnsercst o cTeneHHOMY 3akoHy. [ mnepOonuyeckuii pacnaja o3HavaeT pe-
KOMOWMHAIIMIO HOCHUTEJEH, KOTr/Ia MPpH KYJIOHOBCKOM MPUTSDKEHWH M~ LEHTPHI OTAAIOT 1O OJHOMY JJIEK-
TpoHy M" entpam ¢ o6pasosanuem HeitrpanbHbix N (F4), BMemaromux kosnouas! Lis. Jiucuiuna u ap.
(2001) Toxe oTMeuana HecTaOMITBHOCTD 3apsDKSHHBIX OMBaKaHCHM, co3JaHHbIX B LiF uMImynbcHBIM 371eK-
TPOHHBIM 00JTy4YECHUEM.

M3BECTHO, YTO MOJIOKUTENbHAS BakaHcHs noHa mutus Vi npu 300 K ouens mogsmxna (240 me-
PECKOKOB/CEK), YTO MPHUBOJIUT K ¢ PeKOMOMHAIINY ¢ aHuOHaMu F~ u oOpa3oBanuto atomoB ¢ropa. Hamu
paHee MMoKa3aHo, YTO TPAHCHOPT Hocutene B kpuctauiax LiF:Cu, npeaBapurenbHo raMMa-o0TydeHHBIX
nozamu 10" u 10° P B unrepsane temmeparyp 273—473 K onpesensercss MEXaHH3MOM HPBIKKOB IO JOKa-
nusoBanHBM coctostauaM Ig(o-TY2) ~ T Arperarupie F-nentpsl u HaHOpasMepHbIe KomTomas! Li cos-
JTAIOTCS TIPU MOHU3UPYIOIMINX BO3IEHCTBUAX B HHTEPBAIIE TEMIIEPATyp, KOT/Ia JIOKATN30BaHHBIE HOCHUTENN
0CBOOOXKIAIOTCS U3 JIOBYILEK IIEHTPOB OKPACKH M BAaKAHCHUHU V| j BHICOKOIIOIBUYKHBI.

Kynukos (2007) uccnenosain 3¢ (HeKTHBHOCTD MPOLIEcca JOKANU3aUN HEPABHOBECHBIX AJIEKTPOHOB
neHTpamu 3axBara B LII'K, kBapue, monmnMeTmiMeTakpuiaTe MpH UMITYIHCHOM 3JIEKTPOHOM OOITydIeHUH
(250 x3B, 18 He, 3-20 A/cm?). HakoIuieHHe 3aXBaueHHOTO 3apsiia OLEHUBAIOCH [0 AICKTPH3ALHH BEICO-
KOOMHBIX MarepHaioB npu oOnyuenuu. [lokazano, 4ro B 0Opa3nax TUIEKTPUKOB MPOUCXOAUT OIYCTO-
IIeHUEe JIOBYIIEK, 3aXBAaTHBIINX TEPMAIM30BaHHBIC 3JIEKTPOHBI, 32 CUET MpOoIecca YAapHOW HMOHU3AIUN
MOJT ACWCTBHEM TIEPBUYHBIX AIIEKTPOHOB ITyYKa  BTOPUIHBIX AIEKTPOHOB.

BuiBoabI

3a uckimovYeHneM (peHKENeBCKOM Napbl MePBUYHBIX aHUOHHBIX HYJb-pazMepHbiX (0D) nedexTos,
octanbHble Habmoxaemble B LiF rienTpsr umerot pasmeproctu 1D (F, u mosekyinst Fy), 1D wiu 2D (F; ,
F4) u 3D (xosoumst Li). TToaTomMy rayccoByro ¢popMy MOJIOCH MOTJIONMICHHS HMEIOT TOJBKO U30JIUPOBAH-
HbIC (TO €CTh HeB3auMoaelcTRyomue) 0D HeHTphI.

ITpu 06IydeHHH SIEKTPOHHBIM Iy4KOM (IIOTHOCTb TOKa 50 HA/CM?) IIEIOYHO-TATOUTHBIX KPH-
crautoB LiF, mproOperan 3emeHyio OKpacKy, CBA3aHHYIO ¢ HECTaOWILHOM M0m0coit 620 HM, TIOTHOCTH
KOTOPO# PacTeT ¢ HaKOIIeHHeM 10361 o6myderns ot 1.8-10" cm? 1o 1.8-10"cm? 1 ocmabsiercs B Tede-
uue 5 gacos mpu 300 K.CtabunsHast okpacka CBsi3aHa ¢ HEHTpanbHBIMHU Fp, ieHTpamu 1 koyutongamu Li,
MOTJIOIIEHUE KOTOPBIX MOKHO HCIONb30BaTh U1l MHTEHCHUBHOW ao3umeTpun. Hanpumep, nonoca 370-
380 HM F3 meHTpa He JOCTUTAeT HACHIIICHUS B HCCIIEOBAHHOM HHTEpBase 103 4 MaB anekTpoHoB 10% -
10" cM, IpUMEHAEMBIX B TEXHONOTHSX HA OCHOBE SMEKTPOHHBIX ITYJKOB.

J1030BBIi pOCT KOHIEHTPALIMK LIEHTPOB MPEKPaIaeTcsl U COOTBETCTBYIOIIAS T10JIOCA TOTJIONISHHUS
pacIeruisieTcs, Koraa JOCTUTaeTCsl KPUTUIECKOe MEKIIEHTPOBOE PACCTOSIHUE, TIPH KOTOPOM OJWHOYHBIC
HEHTPHl HAYMHAIOT B3aUMOJEWCTBOBATh M 0Opa3yIOT MapHbIe IEHTPHL. biHM3KHe B3auMOJIEHCTBYOIINE
HEHTPBI BEAYT ce0 KaK MOJIEKYJIbI U XapaKTePH3YIOTCS TyOJIETHBIMA aCHMMETPUYHBIMHU MOJIOCAaMH (CKO-
pee MMHUAMH) TorIiomieHns. KopoTKOBOIHOBBIE U UTMHHOBOJTHOBEIE CTOPOHBI YITUPSIOTCS B Pe3yIbTaTe
BKJIaJ[a MOJIEKYIISIPHOTO PACCEsHHS U TUTIONb-TUTIONFHOTO B3aUMOIEHCTBHS. ECiii eHTpHI mapaMarHuT-
HBIE, TO 00ABNIIETCS MarHuTHOE B3amMmoseiicTere. Harnopasmepusie 3D kommonast Li ¢ Metamnnyecku-
MU CBOWMCTBaMH OTBETCTBEHHHI 3a MOJIOCKH OT 420 10 520 HM u mmpokue mia3MoHsl B 620 u 900 am. OHu
Y4acTBYIOT B M3JIy4aTeIbHON pPEKOMOMHAIIMU IIEHTPOB W HOCHUTENEH MPH BBHICOKHX (IFOEHCAX W ITOBBI-
meHHbIX Temieparypax >100°C (370 K).

Pabora nognepxxuBaercs rpanrom KKPHT PVY3 6828/03-2016-0908141713.
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EFFECTIVE ACTION AT WEAK COUPLING LIMIT

B.A. Fayzullaev, M. Ergasheva
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Introduction
In [1] the following system of equations for the QED effective action was derived:

H 51/7I H 51//I i — -1 pv
—lenTr (5—77 7/#} =—lehaTr [5_77'7//’j = ‘]/1 — El//;/#l// + DyvA

—iehgiyﬂ = iehﬁ =7, —[y?(x)(i5+e,&+ mﬂ

5JL on «
iehyﬂ%//ii = iehg—; =-n —[(ié—eA—m)w]a
u

where D; - g,waz _(1_3) 2,0, is free photon propagator and
a
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oW _ oW oW
F,lﬂ:——,A

V= on ":E

are vacuum expectations of quantum fields in the presence of external sources 7,77, J u

Here W is the effective action, i.e., action which contains all quantum corrections. Our aim is to
investigate these equations in the weak coupling limit € — 0 . It is obvious that in this limit the system
above turns to be algebraic one instead of previous differential form. This means the point e=0 is a
singular point for this system of equations. In this case we can not to find perturbative solutions to starting
equations as regular expansion over small e . In this case we should to search such expansion as singular
perturbative one [2] dividing our fields into regular and singular parts as follows:

w =y +1ly, 7 =y +11y, A = A +TIA,
where ITf means the singular part of the field f. Equations for regular parts of the above
system has been solved and presented in many textbooks as standard Feynman graphs.

11. Singular part

We will acting according to method presented in [2]. Equations for singular parts of quantum
fields are worse than for regular ones and they have following form:

__ (6lly(ecie) | . _ (6llw(esie) | _
|hTr[—5p ;/ﬂj—lhTr[—@5 7, |=ellw(eoie)y v (eoie)+ (1)

+ey (ecie)y, Iy (eo;e)+elly (ecie)y v (ec;e)-D, . TIA" (ec;e);

0N (eoie) ST A(ec;e)

s5i, " 5
ef7 (ec;e)[1A(ec;e) el (ec;e) [1A(eae)

—-TMy(eie)|i6-+m -l (ecie)TTA(eoie)- ()

. oOlly(ecie) . éT[A(eae)__ 5 . - .
iy, 5, =ih o = (ua m)Hl//(ec,e)+eA(eo-,e)Hy/(eo,e)+(3)

el1A(ec;e)y (ea;e) +ellA(ea;e) 5Ty (ease)

Recall that fields y (eo;e), 7 (eo;e) and A, (es;e) are regular parts of corresponding fields, but
they are functions not of s=(J,,,77), but of ec=(ej,.ep,ep)
At first step we should to extract zeroth order equations from above mentioned ones:

ihTr(éHO—W(o_)yﬂ] =inTr (mf’—'p(a)y J =-D, T1, A" (o) 4)

op op “
CSL7(o) . STLA() s -
in 5. 7, =in 5 7, =T, A (G)Hol//(a)(laJr m) )
.. oll, . 5H0A =
iny, 5‘;_/(6) =ih 5/3(0) :—(la—m)Ho v (o) (6)

"

It is easy to find a general form of solutions for ] y (c)and 1, (o)
i - A 2 — ire | A 2
Hoz//zexp(ﬁ(la—m) jj fll,w="f exp(—E(la+m)Jj )

hereunknown function f are functions of these type : f (5, 0)=f (op)p
Substituting (7) into second equations in (5) and (6) and taking into account (4) we can find an
second order differential equations for fand f :

68



Meorcoynapoounas kongepenyusn « PynoamenmanvHole u RpUKiaousie gonpocut gusuxuy 13-14 uons 2017e.
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Ve i (.x A , i (.3 A
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It is very difficult to analyze this equation in general form we will put jy =0 Finally, the last

equations take a simple form as

th;‘f"+h2D;‘f—+(ié—m)i=0

;(, o X (10)
hZD;'f"+h2D;;———('é+m)=o
X X

_ =_nn . . .
where X = pPp = e—2 . Any of these equations has singular points at X=0and x =oo. They corres-

pond to e’ =ocoand €2 =0 , respectively. This means that the effective action W has singularity at these
points.
I11. Conclusion

2
The singularity at © = is not physically interesting, but the singularity at X =°°, which corres-

pondsto € = 0 , IS very interesting — its existence means that we can’t “switch off” electromagnetic inte-
raction and go to “free electron” in general. We find that effective action in QED has an essential singu-

2
larity at® = 0 1t is the time to remember Dyson’s proof [3] that perturbation series in QED is asymptot-
ic one. Our consideration shows that QED effective action can’t be an analytic function in the neighbor-

hood of e’ =0 , consequently, any series in this region can’t be convergent one.

In the light of this singularity the notion of “free electron” should be revised — because it is imposs-
ible to “switch off” the electromagnetic interaction the existence of free, noninteracting electrically
charged particle is questionable. But this point is very hard one and more accurate studies required to be
conclusively established.
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Abstract
In this article a mathematical question of zero charge limit& — 0 in QED is considered. It is shown, that
e =0 point is singular one for the effective (full quantum) action Win QED. This means that commonly
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used notion of the notion of “free electron” should be revised — because it is impossible to “switch off” the
electromagnetic interaction the existence of free, noninteracting electrically charged particle is questionable.
Introduction
In [1] the following system of equations for theeffective action in quantum electrodynamics (QED)
was derived:

H 517‘ H é‘l/ll i — - v
—ieaTr (5—77 yﬂ) =—lenTr (5—# Y ] =J,—eyy,w+ DﬂiA

on 3557, =ten S [ 7 (e
—leh—y =leh—=1. — X)|10+eA+m
537 7 Sy =T 7 (%)

a

ieny, Sy = iehé—A =-n —[(ia—eA—m)W]

83, on a
where D/j = gwa2 _(1_l) 2,0, is free photon propagator and
(04
W o W A W
Ve T e T sl

M

are vacuum expectations of quantum fields in the presence of external sources 7,77, J . -Here W is the

effective action, i.e., action which contains all quantum corrections. Our aim is to investigate these equa-
tions in the weak coupling limit € — 0 . Here eis charge of electron. It is obvious that in this limit the

system above turns to be algebraic one instead of previous differential form. This means the point € =0
is a singular point for this system of equations. In this case we can not to find perturbative solutions to
these equations as regular expansion over small e . In this case we should to search such expansion as
singular perturbative one [2] dividing our fields into regular and singular parts as follows:

v =y +Iy, 7 =g, +11y, A, = A% +TIA,

whereI'Tf means the singular part of the fieldf.Equations for regular parts of the above system has been
solved and presented in many textbooks as standard Feynman graphs.
11. Singular part
We will acting according tomethod presented in [2]. Equations for singular parts of quantum fields
are worse than for regular ones andthey have following form:
ihTr[—(snw(eae)y ]:ihTr(—SHW(ea’e)
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Recall that fields l//(eO';e), l/7(eG;e) and A, (ea;e) are regular parts of corresponding

fields, but they are functions not of S = (Jﬂ 1 77) , but of eoc = (ejﬂ ,ep, eﬁ)
At first step we should to extract zeroth order equations from above mentioned ones:

o (Slhw(o) \_. o (STLw(o) \_ o a (@)
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It is easy to find a general form of solutions for [, w (o-) and [], 1/7(0-)

[Tyy = exp( (la m) jf,Hogﬁ:f_exp(—Af;h(lmm)jj @

Here unknown function f are functions of these type : f (5, o) = f (o) p
Substituting (7) into second equations in (5) and (6) and taking into account (4) we can find an
second order differential equations for fand f :
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ah
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It is very difficult to analyze this equation in general form we will put j# =0 Finally, the last equ-

ations take a simple form as
th“f”+h2D’jf—+(ié—m)i=0
H £ X X (10)

hZD;,‘futhgf——i(iéer):o
X X

Wherex:pﬁ:@
e

. Any of these equations has singular points at X=0and x =oo. They correspond
to e’ =ocoand e° =0, respectively. This means that the effective action W has singularity at these points.
I11. Conclusion

The singularity at e’ =oojs not physically interesting, but the singularity at x = oo, which corres-

ponds to €° =0, is very interesting — its existence means that we can’t “switch off” electromagnetic inte-
raction and go to “free electron” in general. We find that effective action in QED has an essential singu-
larityat e?=0. It is the time to remember Dyson’s proof [3] that perturbation series in QED is asymptotic
one. Our consideration shows that QED effective action can’t be an analytic function in the neighborhood
ofe?=0, consequently, any series in this region can’t be convergent one.

In the light of this singularity the notion of “free electron” should be revised — because it is imposs-
ible to “switch off” the electromagnetic interaction the existence of free, noninteracting electrically
charged particle is questionable. But this point is very hard one and more accurate studies required to be
conclusively established.
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Abstract

In this paper we develop a mathematical model, based on the collective coordinate approach, for the dy-
namics of multi-soliton molecules in dipolar Bose-Einstein condensates. We mainly focus on four- and five-
soliton molecules, governed by the nonlocal Gross-Pitaevskii equation. Detailed comparison of the analyti-
cal and numerical results is presented.

1. Introduction

One of the interesting aspects of matter - wave solitons in dipolar Bose - Einstein condensates
(BEC) is that, they can form stable bound states. Dynamical features of soliton bound states are similar to
those of ordinary molecules, assembled from neutral atoms. That is why such soliton compounds are fre-
quently named as "soliton molecules". The existence regimes and some dynamic properties of two-soliton
molecules in dipolar BEC were investigated [1,2]. A molecular type of interaction, when two solitons at-
tract each - other at large separation, and repel when they are close, is the most important property inhe-
rent to solitons in dipolar BEC. Mutual interactions and scattering of solitons in dipolar BEC are strongly
influenced by this property [3].

It should be noted that matter-wave solitons in ordinary BEC with contact atomic interactions, and
optical solitons in fibers with uniform dispersion, described by usual Gross-Pitaevskii (nonlinear
Schrodinger) equation, do not exhibit such a property. Consequently, true soliton molecules with finite
binding energy do not exist in ordinary BEC and uniform optical fibers. The situation is different in so-
called dispersion - managed optical fibers, where alternating fiber segments with anomalous and normal
group velocity dispersion are linked sequentially. Conditions for the existence of soliton molecules in
such optical fibers can be favorable. Indeed, two- and three-soliton molecules for the first time were expe-
rimentally observed in dispersion- managed optical fibers [4,5]. Potential application of soliton molecules
as carriers of information in fiber optic communication systems is discussed [6].

In this paper we explore the dynamics of multi-soliton molecules in dipolar BEC. Initially we de-
velop a collective coordinate approximation (CCA) for the dynamics of soliton molecules. Then we ob-
tain the stationary shape of the soliton molecule, using the time-independent version of CCA, and check
its stability by Vakhitov - Kolokolov criterion [7]. Next, stationary multi-soliton states are introduced in
GPE as initial conditions and evolved in time under periodically varying strength of dipolar interactions.
Theoretical predictions of CCA are compared with the results of numerical simulations of the governing
GPE.

2. The model and collective coordinates approach

The governing equation of our model is the one-dimensional non-local Gross—Pitaevskii equation,

given in dimensionless form as

Oy 10 T
S o Wy ey JR(k=gv (5.0 d5 -0 ®

Wherez//(x,t) is the mean-field wave function of the condensate,  is the coefficient of local contact

interactions and g (t) is the time-dependent coefficient of long-range dipolar atomic interactions. The

+00
2
wave function y(x,t) is normalized to N = Hl/l(X)‘ dx, which is a conserved quantity of Eq. (1),
proportional to the number of atoms in the condensate. R(x) is the response function, which characterizes
the degree of non-locality of the medium. For simplicity, we consider a Gaussian response function,
which is normalized to one.
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1 X2
R(x)= Exp| — (2)

27TW 2w
This response function is qualitatively similar to the response function with a cutoff parameter,
which was obtained by S. Sinha and L. Santos [8]. At large separation the response function with a cutoff

parameter tends to zero as ~ y while the Gaussian response function exponentially tends to zero. The

Gaussian function is simple for analytical treatment and gives quite good results for stationary state of the
molecule, as well as its small amplitude dynamics near the equilibrium. It is sufficient for qualitative un-
derstanding of the properties of nonlinear waves in dipolar BEC [1,9].

It is easy to verify, that Eq.(1) can be derived from the foIIowmg Lagrangian density

2=y ol -3l - D (xof TR(x-elv e oz @

2.1. Collective coordinate approach for four—sollton molecules
As a trial function for 4-soliton molecules we use the third order Gauss—Hermite function

2x° x? . . .
w =A(t)x ~—3 |exp| — ~+ib(t)x* +ip(t) 4
a(t) 2a(t)
where A(t), a(t), b(t), ¢(t)are time-dependent variational parameters, meaning the amplitude, width, chirp
parameter and phase of the soliton molecule, respectively.
Substitution of the response function (2) and ansatz (4) into the Lagrangian density (3), and integra-

+00

tion over space variable leads to averaged Lagrangian L = I Ldx

t)N
T 7at? - 47O 9() F (aw) ©)
da 512\27ra 2\2r
where N =3a AZ\/; = const and
[w“ +3w’a’ +9wfa’ +—W a’ @W a’ @w a' Walzj
2 64 64 256
(W2 N a2 )13/2

The Euler-Lagrange equations d/dt(JL/07;,)—aL/dn; =0 for variational parameters provide

following relations

F(a,w)= (6)

N, =0, at=2ab,bt=%_2bz 21Ng_ 9(O)N oF (aw) -

512a°\2rx 14\/ ra oa

The equation for the parameter a can be derived from Eqgs. (7)
1 21gN g(t)N oF (a,w)

==- ®)
= 256a’\2z 72z  ©oa
This equation is similar to that of a unit mass particle, moving in the anharmonic potential
6U _ 1 21gN _g(t)N

_ U(a)= F(a,w 9)
PR (3) 2a° 256\2ra  7\2x (8.w)
The minimum of the potential dU/6a=0 corresponds to the stationary state of soliton molecule

and gives its parameter &, . In fig. 1 we illustrate the shape of a 4-soliton molecule, which corresponds to

the minimum of the potential Eq. (9). In the right panel of the same figure we compare the waveforms
obtained by CCA and Nijhof’s method [10], adapted for nonlocal GPE.

To check the accuracy of our model we introduce the stationary waveform, shown in fig. 1 into
GPE (1) as initial condition, and propagate in time. For constant coefficients of GPE solitons remain mo-
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tionless at their equilibrium positions. In weakly perturbed molecule solitons perform oscillations near
their equilibrium positions with a frequency

1
|3 21N _g(YN I F(aw))?
° |a* 12827 7\2r  &a?

(10)
a=a

—CCA, Nijhof's method

| N Al

x) |

|
|
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o
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Fig. 1. Left panel: The shape of a 4-so|ito;1 molecule, as predicted by CCA for w =5, qx: 0,9=20,N=5,a=1.596, A=0.481.
Right panel: Comparison in logarithmic scale of the waveforms obtained by CCA (blue solid line) and Nijhof's method (red
dashed line).

As alternative test of our model we explore the dynamics of a 4-soliton molecule under periodically

varying strength of dipolar interactions. The result is shown in fig. 2, where the positions of individual
solitons (from left to right) are found using the following relations:

fcm=—%’\/9+\/5_7’ —%«/9—«/5_7, %\/9—«/5_7, %\/9“/5_7 11

here &, is a peak position
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Fig. 2. Left panel: At stationary state of the molecule with a = 1.596, A = 0.481, all four solitons stay motionless at their equili-
brium positions. Right panel: Dynamics of the molecule under periodically varying strength of dipolar interactions

g(t) = go @+ esin(at)). for =01, ®=0.65, g =0, gy=20. In both panels the density plot corresponds to GPE (1), while
dashed lines refer to positions of solitons according to CCA and found from Eq.(11).

As can be noted form this figure, the CCA provides quite accurate description for the dynamics of
4-soliton molecules in dipolar BEC.

2.2. Collective coordinate approach for five-soliton molecules
Applying the same procedure for the following 4-th order Gauss—Hermite function

4x*  12x°

w(xt)= A(t)£a4—(t)—a2—(t)+3] Exp(—%z(t)+ ib(t)x* + i(p(t)J (12)

with the norm N = 24\/;A2a , one finds the averaged Lagrangian for a 5-soliton molecule
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Equations for the width and potential have the following forms:
1 961N t)N oG (a,w
8, == q 2+g() (a,w) (15)
a’ 1638427a’ 9V2x oa
1 961Nq g(t)N
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(a) 2a’ 1638427a 9\2r (aw)
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Fig. 3. Potential curves plotted for different strengths of the contact interaction q=-0.5,0,0.5 from the top to the bottom
with parameters a=1.72, A=0.26, N=5, g(t)=const=20 and w=5.
The stationary waveform corresponding to the minimum of the Eq. (15) and its comparison with
the data from Nijhof’s method, is illustrated in fig. 3.

N P 1.0 2
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Fig. 4. Left panel: Plot of the trial function (12) for a=1.72, A=0.261. Right panel: The shape of a 5-soliton molecule found from
CCA (blue solid line) is compared with the data of Nijhof's method (red dashed line), applied to GPE (1), usingw =5, q=0, g =
20,N=5.

The positions of solitons in the molecule can be estimated from equations:

b= 3 (1R) - [H(1-VR e 0 M1Vl (1ol @

2
The frequency of small amplitude oscillations of solitons is give by
1
(3 9INg  g(YN&G(aw) ) 18)
Clat 81927t 9V2r Gt ) |
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Fig. 5. Left panel: For stationary state with a = 1.72, A = 0.261 solitons remain motionless at their equilibrium positions. Right
panel: Dynamics of a five-soliton molecule under periodically varying strength of dipolar interactions g(t) = go(1+ sin(at)).
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for £=0.1, @=051, q=0, gy =20. The density plot corresponds to GPE (1), while dashed lines refer to soliton positions Eg.
an.

2.3. Stability of soliton molecules
Stability of solitons and their bound states can be examined by the Vakhitov-Kolokolov criterion

[7]. To employ this method, we look for the stationary solution of the GPE as w (x,t) =g(x)e ™,
where £ is a chemical potential. Then time-independent GPE (1) acquires the form

+00

1
/“(P"‘E(Dxx +q(p3+g¢(x)j R(|X—Z|)q)2(z)dz =0 (19)
The corresponding Lagrangian density ig
1 1 1 1 v
Z==0p —=up’*—=qp*—=9¢*(x) | R(|x-2|)¢*(2)dz=0 20
70— k0" =7 00" =200 ( )L (x-7)¢*(2) (20)
To illustrate the method for a 5-soliton molecule we consider the following ansatz
4x*  12x° x?
X)=A —— +3 |Exp| —— 21
o)A 28 3o ) -

By substituting eq. (21) into eqg. (20) and integrating over the space variable, we obtain the aver-
aged Lagrangian
2 4 4,2
2NN, N 77841z A'aq _144JzA'a’g
a

102442 2

Now, using the Euler-Lagrange equations we get the following expressions for the chemical poten-
tial and norm

(a,w) (22)

60543Ng  2gN a oG (a,w)
=— - G(aw)+-——" 23
655361272 27 [ (8.w) oa @)
N — 147456+27 (24)

a[43245q +655369aG (a, w) ~16384ga’ aG(a:W)j

where the function G(a,w) is given by the same expression (14). According to the Vakhitov-Kolokolov
stability criterion, negative value of the derivative dz/dN <0 means the stability of the nonlinear loca-
lized wave. The curve can be drawn as a parametric plot of Egs. (23) -(24), which is shown in Fig. 6
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Fig. 6. Parametric plot of the chemical potential as a function of the norm u = y(N). Left panel: different values of g from top
to bottom g=10,20,30 and g = 0. Right panel: for different values of g from top to bottom g=10,20,30 and q=-1. Negative
value of the derivative dg/dN <0 implies the stability of the 5-soliton molecule.

3. Conclusion

In this work we have developed a collective coordinate approach for the dynamics of four- and
five-soliton molecules in dipolar BEC. Stability of solution molecules is confirmed by direct numerical
simulation of the GPE, and by means of the Vakhitov-Kolokolov criterion. Theoretical predictions are
compared with numerical simulations of the GPE, and good agreement between them is found.
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STABILITY OF SOLITON MOLECULES IN BOSE-EINSTEIN CONDENSATES

B.Turmanov
Physical-Technical Institute, Uzbek Academy of Sciences, 100084, Tashkent, Uzbekistan,
E-mail: turmanovbekzod@gmail.com

Abstract.

In this work, using Lagrange-formalism stability of soliton molecules is studied. Here we show, how to

define stable conditions from total energy or binding energy of a two-gaussian system, where variational eq-
uations are used for analyzing its dynamics.

Key words: soliton, dipolar interaction, binding energy.

1. Introduction

Nowadays, ultra-cold atomic and molecular systems are seriously considered to offer more control
than solid-state systems. It is emphasized that these systems will find highly nontrivial applications in
guantum information (quantum computers for a special purpose) or quantum metrology. In other areas of
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physics, such as fiber optics and fiber lasers, the subject of soliton molecules is developed much better.
The existence and some properties of soliton molecules in dispersion-managed optical fibers have been
investigated in [1, 2]. The molecules stability against perturbations such as reflection from surfaces, scat-
tering by barriers, and collisions with other solitons has been investigated in [3]. The conditions for stabil-
ity and some dynamical effects with solitons in 1D dipolar Bose - Einstein Condensate (BEC) were stu-
died in [4, 5, 6].

In this paper we investigate the stability of soliton molecules in dipolar BEC. At first we develop a
collective coordinate approximation (CCA), which allows to find the stationary shape of the soliton mole-
cule in dipolar BEC. Then we calculate the binding energy of a two — soliton molecule, represented by
two Gaussian functions. Using stability condition, we find initial values of variational parameters and cor-
roborate it by solving nonlocal Gross-Pitaevskii equation (GPE) numerically. At the end, we briefly
summarize our findings.

2. Theory and numerical simulations

The dynamics of quasi-one dimensional dipolar BEC is governed by the non-local GPE, which is
written in normalized units as follows

Oy 10w 2 R 2
IEJFEWHJM l//+g§1/J;OR(|X—Z|)|w(Z,t)| dz =0, (1)
where the coefficients q and g characterize local attractive (q>0) and non-local attractive (g>0)

atomic interactions, respectively. Negative values of these coefficients correspond to repulsive atomic
interactions in BEC. The response function R(x) characterizes the degree of nonlocality of the medium.

For the long-range dipole-dipole interactions, we take the response function as a Gaussian

1 X’
R(x)=——exp| - — |, 2
(9= 20~ | @
which is normalized to one f R(x)dx =1. This response function is simple for analytical treatment and

gives qualitatively correct description of the problem [7].
Eqg. (1) is obtained from the following effective Lagrangian density

L =%(w/ —t//l//f)—%ll//xl2 +%Iw(><,t)|4 +%|y/(x,t)|2_[oR(x— 2)ly (2.t dz. &)

To develop the CCA, we consider superposition of two Gaussian functions y =y, + v,

2 2

w(X,t)= Aexp —(X;aé) +i9(x+§)+i(p+i51]+AexpL—(XZ_f) —,9(x—§)+i(p+i52].

In the CCA the time dependent variational parameters A(t), a(t), &£(t), 9(t), ¢(t), meaning the

amplitude, width, center-of-mass position, velocity and phase, respectively, are considered to be indepen-
dent. To avoid singularity of solution of the Euler - Lagrange equations we have fixed the width parame-

ter a(t). Here, o =6, -0, is time-independent relative phase. However, in our earlier work [8] devoted
to study of vibration of soliton molecules, as an ansatz we have taken the first Gauss - Hermite trial func-
tion and the separation between solitons was represented through the width: A= 4a/ \ﬁ Therefore, that

approach was accurate only for small displacements of individual solitons from their equilibrium posi-
tions.
The norm of the molecule is

o 2 4 02
N, = J'|z//|2dx = 2Azaﬁ[1+exp£—%}cosdj. 4)

It depends on the center-of-mass position. Obviously, our approach works well, if solitons are some
distance apart, since the number of atoms in the condensate must be conserved quantity. Similar work has
been published [9] to present CCA and to model the dynamics of two interacting nonlinear Schrodinger
solitons. But, that model cannot describe stable bound states, since molecular type of interaction can exist
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only in presence of non-local term in Eq. (1), which characterizes the long-range dipole-dipole interac-
tions between atoms in BEC.

Total energy of the two-gaussian system can be obtained from the averaged Lagrangian
L= J'_w Ldx and its relation with the energy density L = f (é(z//tl//* —yy,) —gj,

s _E(W

"2l a

-(1+ 2a282)+

A \/;(a -2¢ )C085~6Xp(—§2+a492 j}

a’ a’

2

2 p4 2 a'$(a® +2w’) +(3a” + 2w* ) &2 2
ga’A ”[1+exp( 20 j+4exp[— ( ) ( )5 Jcos[ a ‘ggzjcoséJ
a

2 2 | g4q2 2(&2 +a'9?
—%A“a 2n{1+2exp[Zaiz}r%xp(%}cos(%)coséﬁtexp[?Jcos(%)}

Jazrw? 2 a?+w’ 2a° (a” +w*) 2

+W
+exp[—2(§+—2alg)}'(exp( 22a4‘922J+cos(25)J. (5)

a a +w

2

ANz gaA'r ga’Ar
When solitons stay in their equilibrium positions, the velocity can be set to zero in Eq. (5). If soli-
tons far away from each other £00 a, one can see that E,, = 2E..
3. Results
The main problem consists in defining the shape of the interaction potential between two-solitons.
The existence of a minimum of in the potential and its related values for collective coordinates, are fairly

enough to see the stability of the solitons molecule. Since the Euler-Lagrange equations for our collective
coordinate parameters are quite complicated to find interaction potential through the Newton’s law

&"(t)=-0U(&)/0¢, we analyze the binding energy between solitons. A stable solitons solution corres-

ponds to a minimum in the binding energy or total energy at finite non-zero values of the solitons width
[10]. One can see that, binding predicts stability of the complex system as qualitative as interaction poten-
tial. We can get the binding energy by using this relation

Ebe = Em (é:)_ Em (ZjD a)' (7)
Note that, the norm of a molecule must be conserved quantity, where atoms in the real BEC don’t
disappear. Therefore, instead of amplitude A in the binding energy we put its relation with the norm in
Eq. (4). By numerically solving the following equations for a given fixed norm
OE,, 0 OE,,
da O
a,and &, can be found. Notice that, since £ =0 is singular point of the binding energy, when we find root
of Eq. (8), there might appear a problem for required value &,. The parameter A, can be evaluated from
relation Eq. (4). Here we show the dependence of stability of a soliton molecule on the relative phase ¢ .
We can assert that soliton molecule is stable, if the relative phase between solitons is 7z (black solid line
in fig. 1), while the molecule merge into one soliton, if the relative phase is zero (green solid line in fig.
1). These two solid curves, which are depicted in this figure, for small & tend to constant negative ener-
gy. In fact they must rise to a positive domain. The reason for this unexpected result is that, here we as-
sumed the norm of the molecule to be constant for any &. But, from Eq. (4) we see that the norm is re-

duced for small values of center-of-mass position. However, here we focus only on stability of the two
soliton bound system, and how to find out, if there is instability domains by using energy curves. As well

2
Total energy for a single soliton y, = A-exp(—zx—j is:
a

E

(6)

=0, (®
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as, when 6 =7+ /64, and 6 =z + /12 the energy curves are declined around & <&, physically, the
system tends to small perturbation (red dashed and blue dot-dashed curves in Fig. 1), and lastly, if
0 =12, evidently, the corresponding curve has a local minimum solely at & =0, it means that, a two-
soliton system is unstable, its behavior is similar to that of a breather (pink long-dashed line in fig. 1)

0 S —
-1 /,///
g_z / g i
-3 i e
& 0= a3
L 6=1
: —5.5';'! 6=0
-6
0 2 4 6 8 10

Fig. 1.The binding energy for different relative phases between two solitons. The norm is fixed as N,, =4 for all curves. Other
parameter values are set as following g = 20, q = 0.

In fig. 2 we show the evolution of the wave function for different relative phases, according to nu-
merical solution of the governing Eq. (1). We have employed the split-step method and fourth order
Runge-Kutta algorithm, programmed in Matlab. The parameter values are the same as in fig. 1.
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Fig. 2. Evolution of a two-soliton system for different relative phases. (a) — solitons remain at their equilibrium positions for
o=m, a=1438, £= 0.818, A= 1.684. (b-c) —solitons can move for 6 =z + 7 /64, 7+ /12, respectively. (d - strongly per-
turbed system for 6 =7 /2, (e) — solitons merge into one soliton for & =0.
The parameter values are the same as in Fig. 1.

In the next part, we analyze in detail the criteria, where our theory coincides with numerical solu-
tion of GPE. To realize it, we vary the norm from 0.2 till 100 and values of stable condition parameters
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for each norm in our case: width, center-of-mass position, and amplitude, are found. These values are
used as initial conditions for our ansatz in Eq. (1). Numerical simulations of the system showed that our
model works quite well for 1< N <100, while for small norm N_ <1 the comparison indicates to dif-
ferent result, as illustrated in Fig. 3. As expected, the bigger norm N (or number of atoms) of the mole-
cule corresponds to stronger binding energy, high amplitude, small width and center-of-mass position.

30 : y s 14
0 | & | 0) E © -
25 P =12 gt
| | i v
¢ L \ 1 w P~
£ _ 38 | ~Theory | & =
2 — Theory 2 | \ / 208 iy
2 / - GPE =6 O g ~ Theon
iy A Nijhof a4 Ny =045 i / - GPE
i )‘ P 1)00 [ \ =04
Va 1 3 \ \ -
| ] f % ]
0'00 ) 4 6 3 10 0 1 2 3 4 3.3 1.0 H 20 25
Norm Width Width

Fig. 3. Comparison of theoretical (solid blue line) and numerical results (black dashed line). The figures depict a failure of the
model, when N, <1, while the agreement is good for N, > 1. The results obtained by Nijhof’s method [11], applied to GPE,
shows good agreement (a).

In numerical simulation of GPE the parameters, which characterize the amplitude A,, width a,
and center-of-mass position & for each individual solitons depend on our collective coordinate parame-
ters by following relations: A = 0.625A, a, [ 0.5a, & [1 2&. These parameters are retrieved from the
results of GPE simulation w(x,t) as follows

* 2 2 * 2
A = max(y]). 2 J EY P fox lvFax
J lw o Jo lw o

(9)

4. Conclusions

Stability of a two-soliton molecule, described by the non-local Gross-Pitaevskii equation, has been
studied through the collective-coordinate approximation. The presence of a local minimum in the binding
energy as a function of separation between solitons, indicates to system’s stability. The results have
shown that, only anti-phase configuration for solitons provides most stable bound state. Comparison be-
tween the results of numerical simulations of the GPE and predictions of the CCA shows a good qualita-
tive agreement.
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KUCHAYTIRISHI VA SO‘NISHI NOSIMMETRIK TAQSIMLANISHLI BREGG
PANJARALARINING XOSSALARI

N.X. Xushvaqtov, E.N.Tsoy
O ‘zR FA Fizika-texnika instituti, Toshkent, O zbekiston. e-mail: hnurali8889@gmail.ru , etsoy@uzsci.net

Annotatsiya

Bu ishda, biz bir o ‘Ichamli foton kristallining, ya’ni kuchaytirishi va so ‘nishi bir jinsli bo ‘Imagan Bregg
panjarasi (BP)ning xossalarini o ‘rganamiz. Optik to‘lginlarning qaytish va o 'tish koeffitsientlari
hisoblangan. BP sistemaning parametrlariga bog'liq funksiyasidek, optik filtirlar, kuchaytiruvchi yoki
so ‘ndiruvchi bo ‘lishi ko ‘rsatilgan.

Oddiy BP deb — nur sindirish ko‘rsatkichining (SK) haqiqiy qismi davriy (panjara davri — A)
o‘zgaradigan strukturali muhitga aytiladi. Oddiy BPning o‘rganish 40 yil ilgari boshlangan. Uning
xususiyatlaridan hozirda filtrlar, rezonatorlar, datchiklar, sensorlar va boshga magsadlarda keng
foydalanilayapti [1].

Hozirgi vaqtda, BPni SK fazosida mavhum qismini ham o‘zgartirib o‘rganilayapti. O‘zgartirish esa
kuchaytirish va so‘nish tagsimlanishiga mos keladi. Muhim turdagi shunday sistemalar fazo-vaqt simme-
triyali (parity-time (PT) symmetry) BP hisoblanadi. PT-simmetriyali BPda kuchayish va so‘nish tenglash-
tirilgan. Boshgacha aytganda, shunday BPning kompleks SK n(z)=n’(-z) munosabatga bo‘ysinadi. Bu
yerda koordinataning z o‘qi nur tolaning o‘qi bilan bir xil yo‘nalgan [2, 3].

Biz umumiy holda ko‘proq PT-simmetriyani bajarishi shart bo‘lmagan aktiv panjaralarni qaraymiz.
Aynigsa, kuchaytirish / so‘nish ta’minlaydigan doimiy qism, hamda hagigiy va mavhum gismlari orasi-
dagi fazalar fargi ¢ bo‘lgan SKni kiritamiz. Buning uchun yuritilgan fikrlardan foydalanib, SKni quyida-
gicha ko‘rinishda yozib olamiz,

N(®, z, p) =Ny (@)+ng COS(27Z/A)+i (no,—(a))+ n, cos(27rz/A+(p)) : 1)

Chizigli yaginlashuvda tarqaluvchi to‘lginning elektr maydoni uchun Maxwell tenglamasini va
modalar bog‘lanish nazariyasini qo‘llaymiz [1]. Natijada ABP uchun quyidagi differensial tenglamalar
sistemasiga olamiz

—i£%+%%]:ia& +(x+ige”)E,, i(%—%%j:iaa} +(x+ige™)E,. @
Buyerda E, (E,)— o‘tuvchi (qaytuvchi) elektr maydon amplitudalari, v, = c/|| — gruppaviy tezlik, |f|
— (1)-tenglamadagi SK ning moduli, Kk = 7N, /A — modalarning bog‘lanish parametri, a =2zn,, /A,
g=7n, / A — doimiy va davriy kuchaytirish/so‘nish parametrlari. (2)-tenglama modalar bog lanish ten-
glamasi deyiladi.

(2)-tenglamalar sistemasining yechimini topish uchun uni quyidagi ko‘rinishda qidiramiz:
(E((z.1).E, (z,t))T =(F,B)" -exp(igz—iwt). FvaB uchun netrivial yechim quyidagi dispersion
munosabatni (DM) keltirib chigaradi,

q2:(5+ia)2—(Kz—gz+2i1<gcos((p)). 3)

bundaﬁza)/vg — chastotani sozlash. (3)-tenglama o =0, @¢=t7/2 va |g|<7c giymatlarda foton

uchun tagiqlangan zonaga mos keladi. Bu esa BPdagi zonadan to‘lqin qaytishini bildiradi. Parametrlarn-
ing umumiy giymatlarida targalish konstantasi q kompleks bo‘ladi. Demak, ABP ichida maydon ekspo-
nental o‘sadi yoki so‘nadi. Bu hodisalarni quyida yanada batafsil ko‘rib chiqgamiz.
(2)-tenglamani F(z) va B(z) statsionar amplitudalar uchun keyingi sistemani olish mumkin,
.OF(z . C . 0B(z . . i
—i @) =(5+|a)F(z)+(1<+| ge"")B(z), [ 6( ) =(6+ia) B(z)+(/c+| ge"q’)F(z). (4)
z
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(4) — tenglamalar sistemasini L uzunlikdagi optik nur tola uchun F(0)=1vaB(L)=0 chegeraviy
shartlarda F (Z) va B(Z) funksiyalarning aniq ko‘rinishini topamiz. Aniqlangan funksiyalar yordamida
ABPning qaytarish koeffitsienti R =||3(0)|2/||: (o)|2 va o*tkazish koeffitsienti T =|F (L)|2/|F (0)|2 anigla-
shimiz mumkin. Ya’ni, R gaytarish koeffitsientining ko‘rinishi quyidagicha:

R=[i(x+igexp(-ig))sin(aL)/(qcos(qL)—i(J +i a)sin(qL))‘
T =‘q/(q cos(qL)—i(6+ioz)sin(qL))‘2 .

Bu ifoda uchun R(&) bog'lanish grafiklarini keltiramiz.

1-rasmdan ko‘rinadiki, ABPdagi qaytarish koeffitsienti ¢ parametrga bog‘liq ekan. Ya’ni, maksi-

mum qiymatlarni hosil qilishga va ularni chastota bo“yicha o‘zgartirishga yordam beradi.
Biz (2)-tenglamaning sonli modelini tuzganimizdagi statsionar yechim, parametrlarning aniq qiy-
matlarida nomuvozanatli bo‘lishini anigladik.Masalan, g > x ¢iymatlarda.Shuning uchun, pastda fagat

barqaror to‘lginlarning xossalarini muhokama qilamiz.

2

(5.9)
(5.b)

1-rasm. ABP qaytarish koeffitsienti R(5): k=1, §=05, ¢=01,a L=1;b) L=3.

Bunday muhitda gvaca parametrning ahamiyatini bilish magsadida quyidagi 2-rasmni keltiramiz.
2-rasmdagi (g, &) tekislikda ko‘rsatilgan sohalarda (R, T) turli juft giymatlarga mos keladi. ABPga te-

gishli rasmda gizil rang T <0.05 va R>0.95 (filtr), ko’k rang T >0.95 va R<0.05 (kuchaytirgich),
yashil rang T <0.05va R <0.05 (so‘ndiruvchi), binafsha rang T >0.95 va R>0.95 (kuchaytiruvchi)
giymatlarga mos keladi.

g

g g

1 ; |
08 08 '
06 06
04 0.4
02 0.2
 J— - ; 5 U2 - . = = _J‘ha“
a) b) c)

2-rasm. k=1, L=3,a a=-02, p=—7/2; b)) a=-02, p=7/2;¢) =05, ¢=0;
Rasmdagigizil — T < 0.05va R > 0.95sohaning, yashil - T < 0.05 va R < 0.05sohaning, kok — T >0.95va
R < 0.05sohaning, binafshaesa— T > 0.95va R > 0.95 sohaningranglaribo‘lib, TvaRkoeffitsientlaruchunberilganpara-
metrlardagandayoraligdagigiymatgabulgilishiniko‘rsatuvchisohalarningranglaridir.
2.a-rasmdamuhitninggaytarishqobilyatiyuqoriekanligi (gizilrang) vabinafsharangga-
to‘g rikeluvchinugtalarda  optic  nurtoladaoldingaham,  orgagahamnurlanishmavjudbo‘ladi. ~ 2.b-
rasmdamuhito‘ziningABPekanliginiko‘rsatadivaaktivmanbagaaylanadi.  Ugisgaintervaldaoddiyshaffof-
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muhitdek (T =1) bo‘ladi. g ning g < x giymatlaridaABPfagatqgaytarishgobilyatininamoyishqgiladi.
2.crasmdaesamuhitimizningyutishgobilyatihampaydobo‘ladi (yashilranglisoha). Shundayqilib, paramet-
rlarninggiymatlarinitanlashorgaliABPnifagatgaytaruvchiyokifaga-
to‘tkazuvchisifatidafoydalanishmumkinekan.

Shundaytekshirishusulidanfoydalanib,  parametrlargagiymatberib, keraklixulosalarniolishmum-
kin.BuesaABPdanturlivazifalarnibajarishgaimkonberadi.

Shundayqilib, ko‘rilganishdan, () van, (z) orasidagifazalarfarqi ¢ nio‘zgartirishorgali R vaT
ningmaksimalgiymatlarini s bo‘yichasurishgayordamberadi. g (5 ) grafikorgaliABPnifagatqaytaruvchiyo-

kifagato‘tkazuvchisifatida g va o parametrlarninggiymatlarinitopishmumkin. Tashqi optic nurlanishdagi g
vaa yordamida R vaT giymatlarinio‘zgartirishmumkin.
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KOHAEHCAT BO3E-QMHIITEMHA C OTTAJIKUBAIOIIUM MEKATOMHBIM
B3AMMOJIEMCTBUEM B AHTAPMOHHWYECKOM JIOBYIIKE BUJA X*
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Tamkent, 100095, V30ekucran, hayotismat@gmail.com

AHHOTANMA

Ipeonoarcen anzay ona konoencama bBose-Diinwmerina 6o eHewinem nomeHyuaie 8uoa x*. Ansay 8b10pan npu
HOMOWU YUCTEHHO20 CPAGHUBAHUSA CINAYUOHAPHO20 BOTHOB020 NAKEMA C PA3IUYHLIMU AH3AYAMU.

Kirouesnle ciioBa: Konnencar boze-DifHiTeliHa, aHTapMOHUYECKHH MOTEHITHAT

1. BBenenue

HccnenoBanne HU3KOW SHEPTHH KOJUIEKTHBHBIX BO30YKICHHI NMEeT BAXKHOE 3HAYCHHE IS TIOHU-
MaHUS JUHAMUKA aTOMHOW KBaHTOBOH KUIKOCTH [ 1].BOMBITMHCTBO M3 ATUX TEOPETUUCCKUX U IKCIIEPU-
MEHTAJBHBIX MCCIICIOBAHUH, BBHITOJHSIIACH IS KOHJEHCAaTa B TapMOHUYECKOH JIOByIIKe. Onrcanue Jau-
HAMUKH{ BOJTHOBOW (DYHKIIMM KOHJICHCATa B TAKOH JIOBYIIIKE MMEET MHOTO YITPOIIEHHBIX CBONCTB KaK JIJIs
C OTTAJIKUBATENIbHBIM XapaKTepPOM B3aUMOJECUCTBUS MEXKIY aTOMaMH TaK U JJIsl C MPUTSKATEIbHBIM Xa-
paktepoMm. Teopusi ocHoBaHa Ha ypaBHeHUHM ['pocca-lluTaeBCKOro, KOTOpOE SIBISETCA HEIWHEUHBIM
ypaBHeHueM lpeaunrepa ¢ TMHEHHBIM MOTEHIMAIOM OCLIILISITOPA.

AHanu3 OTTaJKHUBAIOIIEr0 KOHJEHCATa MOKAa3bIBA€T, YTO B TAKOM MOTEHUUANE ABMXKCHUS LEHTpa
Macc KOHJICHCATa HE 3aBUCHT OT KOJICOAHUH HMIUPUHBI KOHJIEHCATa, ¥ HA00OPOT. DTO e CBOMCTBA CIIpa-
BEJTMBA U JIJIA ciydas ¢ mputsokareabHsiM BEK, Trie B kBazu-1D reomeTpuu MOTYT CyIiecTBOBATh BOJTHBI
COJIUTOH MaTepHH. DTO CBOMCTBO MOXKET OBITh TIOKa3aHO KaK Ha YPOBHE CHMMETpHUH 1-MepHOro ypaBHe-
Hue ['pocca-IluTaeBCKOro. U ¢ UCMONIB30BAHUEM MeTOAa MOMEHTOB. OT/IeIbHbIC PE30HAHCHI B KOJICOaHH-
SIX TITUPHUHBI ¥ TIO3UIINH COJIUTOHA, OBIITN MCCIEA0OBaHbI B [2].

B cnydae aHrapMoHHYeCcKoM JOBYLIKM CBOMCTBA AMHAMHUKU MOCTYNATEIBHOTO JBUXKEHUS OTHOCHU-
TEJIHHO JIOBYIIKH (JBUKCHHE IIEHTPA MacC) U BHYTPEHHOTO pexnMa (KolleOaHWe MIUPUHBI) CTAHOBSITCS
CBSI3aHHBIMH. JTO MPUBOJIUT K BO3MOXKHOCTH KOHTPOJUPOBATh BHYTPEHHHUE KOJICOAHHS MyTeM MaHHIITY-
JUPOBAHUS TMO3UIUU JIOBYIITKU. Takas BO3MOXXHOCTh MOXKET OBITh TOJIE3HA TAKXKE U B CO3JIAHUM HOBBIX
TEXHUYECKUX YCTPOMCTB, B TOM YUCIIC KBAHTOBBIX KOMIIBIOTEPOB, H B YJIBTPa-4yBCTBUTEIBHBIX HHTEP]E-
pomeTpax.

J171st CONMMTOHHOM BOJIHBI B ITapab0JInYeCKOM MOTEHIIHANIe, XOPOIIO U3BECTHO, YTO KOJICOAHHS LICH-
Tpa Macc MOJHOCTBIO OTJICJICHbI OT BHYTPEHHETO BO30YKIIEHUS, U 3TO MPEJICTABIAET COOOH aHaIor Teo-
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pembl KoHa 111 COIMTOHHOrO BOJHOBOIO Nakera J[MHaMHMKa OJHOKOMIIOHEHTHOro bose KoHzeHcara B
napaboNnYecKOi JTOBYIIKE UMEET YIPOIIECHHBIH XapakTep, OJarogapsi TOMy, YTO KoJeOaHUs IUPUHBI U
KOOPJMHATHI IIEHTPa Macc KOHJEHCaTa He 3aBHCAT JPYT OT Apyra. ITO CBOHCTBO MPUBOIUT K HEBO3MOXK-
HOCTH YIIPaBJICHUS IIHPUHON KOHJEHCAaTa M3MEHssI MMO3UIMI0 KOHJEHCAaTa OTHOCHUTENBHO mapabonnde-
CKOH JIOBYIIKHU.

B pa6ore [1] 6bL1 paccMOTpeH ciyuaii anrapMmonmueckoii noBymku V(X) = x> + mx’, ¢ MansiM na-
pamMeTpoM M, U MMOKa3aHo, YTO B aHTAPMOHHYECKON JIOBYIIIKE KOJeOAHNS MIMPHUHBI U KOOPAMHATHI IEHTPa
Macc KOHJIEHCaTa B3aUMHO CBS3aHBI, 8 IMEHHO, KOJieOaHUs IIEHTpa Macc MPUBOIAT K KOJIeOaHUSIM IIUPH-
Hbl KOHJIeHcaTa. B acuMMeTpuuecKkux MOTeHIMadaX BO3MOXKHO TakXkKe YIpaBlIeHHE AMHAMUKOM ILEHTpa
Macc MaHUITYJINPOBAHNEM 3HAYCHHUSIMH ITUPUHBI KOHJeHcaTa. B maHHO#N padoTe n3ydyeHa quHaMHUKa KOH-
neHcara ¢ OKycUpyroliell HeTMHEHHOCTRIO BO BHEIIHEM noTeHuane Buaa V(X) = x*. TIpenosxen am3ar
JUIs1 BBIBOJIa OOBIKHOBEHHBIX An((epeHInaIbHbIX YpaBHEHUI B BAPHALIMOHHOM TPUOIKEHHH.

2. Moaean

JnHaMuKa KBa3HOAHOMEPHOTO KOHAeHcaTa bo3e DWHIITEeliHA OIICHIBAETCS OJJHOMEPHBIM ypaBHe-

HueM I'pocca-IIuraesckoro,
2

ing, = —h—Aqﬁ +5xp +2naw| g ¢- 1)

rZle m Macca aToMa KOHJEHCATa, as JIMHA PaccestHus, W 4acToTa OCIIIIIATOPA B TIEPIICHIUKYIISP-
HOM HallpaBJIeHUHU. DTO YpaBHEHHE NOIy4YeHO U3 3-MepHoro ypaBHeHus I pocca-IlnTaeBckoro ¢ CUIBHBIM
AQHHM3O0TPOINHBIM BHEIIHUM MOTEHIIMAIOM, TJIe YaCTOTHl TAPMOHHUYECKOTO MOTEHIIalla MHOTO pa3 0oJblie
B TIEPIICHIUKYISIPHBIX HANPABJICHUSX, YeM B MPOJOIGHOM HANpaBleHUH. JMHAMHKA B TIEPIICHIUKYIISP-
HBIX HANpaBJICHUSX YCpPEeIHseTCS W KoJeOaHWs NPOIOJIBHOTO HANpaBIeHHUs KOHICHCATa OMHCHIBACTCS
ypaBHeHueM (1). Ansiyqo0CTBO BBIYHCICHUH, TAKKeJIsl YHUBEPCAILHOCTH Pe3yIbTaTOB MPUBOAUM YpaB-
Henue (1) k cnenyromemy obe3pazMepeHHOMY BuAy (rae t u x 6e3pa3MepHbIe BETMYHHBI):

== o+ X9+ 9 |9F @)

3nech BpeMs t 1 paccTOSHUE XHOPMHUPOBAHBI HA YAaCTOTY U Ha JJIMHY I'PaMOHHUYECKOI0 OCLUILIATO-
pa cooTBeTcTBeHHO. HikHue uHaekcs! t u X o3HavyaoT AudQepeHupoBaHus 0 BpeMEHH U KOOpJUHATE
COOTBETCTBEHHO, g - KO3()(HUIIMEHT ABYXYaCTUUYHOTO B3aWMOJEHCTBUS, KOTOPOIO Mbl CUUTAEM OTpHLIA-
TEJbHBIM.

VYpaBuenue (1) MoxeT ObITh TIOTy4€HA U3 BAPUAIIMOHHBIX YpaBHEHHH

oL oL oL g, 3)
0 * Oxop* Otog*

rZe BEpXHUM HHIEKC * 0003Ha4daeT KOMIUIEKCHOE COMpsDKEHHE, IUIOTHOCTH Jlarpamxuana is

ypaBHeHus (1) nan ypaBHeHHEM

i 1 , X 2 9 4 2
L=— *_p* _= = It ( )
2(¢t¢ $*9) 2|¢x| 2|¢| 2|¢|
3. Anzansl
Jis BotHOBOM (hyHKITMH KOHZAEHcaTa U(X,t) MBI MICCIIEIOBAIN CIIEYIOIINE aH3aIlbl:

o(t)) + |k(t)(x _ Xo(t)) + |b(t)(X - XO (t))z) ) (4)

(x
¢=Alexp(——— 2(0) 7

¢ A(t)exp( |X Xo(t)l |k(t)(X—Xo(t))+ Ib(t)(X—XO(t)) )1 (5)

3a%(t) 2
(x=% )" iD(t)(x — %, ()’ (6)

= Aerp(- e Dk (0) + D),

¢= A(t)sech(%s”) exp(ik (1) (X — X, (£)) + ib() (X — X, (£))?) (1)

¢=A(t)sech(%)exp(ik(txx—xo(t))+ib(t)(x—xo(t))2) (®)
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3
(X %)) i : :
¢ = A)sech(=—3 =) exp(k (3, 0) + DO -3, (0)°) ©
rae mapametpsl A, a, b, X0 k ammuTyna, mmpuHa, 4upn, HEHTP MAacChl U CKOPOCTh , COOTBETCT-
BeHHO. [lepBblil U3 3THX aH3aueB ['aycCOBCKMl aH3all], MMOKa3aJl XOPOILIYI anlIpOKCHUMAIHUI0, B cllydae
TapMOHUYECKOTO BHEITHETO OTEHIINAIA.
s Hatero ke cirydyasi i3 paCCMOTPEHHBIX aH3alleB COTJIACHO HAIIMM pacueTaM HauboJjee Moaxo-

nuT anzana (3). Arzansl (7-8) uMeroT npo0IeMy B IMOIy4eHHH yepenaeHHoro Jlarpamxmana
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X.H.Uemartynnaes

Hayuonanwuwiti ynueepcumem Yzoexucmana, (yin. Y uuepcuterckas, 4)Tamkenr, 100174, Y36ekucras.
E-mail: hayotismat@gmail.com

AHHOTANHUA

H3yuenvl KoanekmugHvle KONEOAHUS KBA3U-OOHOMEPHO20 O0BYXKOMNOHEHMHO20 KoHuoencama bose-
Ditnwmetina 6 napadoauueckom nomerHyuale ¢ OMmManKusaWUM MENCKOMIOHEHMHbIM 63AUMOOCCMEUEM.
B sapuayuonnom npubnusicenuu nonyueno ypaenenue onpeoensioujee CMayuOHAPHOE 3HAUYCHUE MENCKOMNO-
HEeHMHO20 PACCMOAHUA

KiroueBble c10Ba: TByXKOMIIOHEHTHEIH KoHACHCAT bo3e-DitHITelHA, BapHalnOHHOE IPUOIIKEHHUE.

1. BBenenune

Brnieperie bo3e-DiiHInTeliHOBCKas KOHACHCANMS B Mapax IIEJIOYHBIX METAJIIOB Obliia OOHapyKeHa
B 1995 roay [1]. C Tex mop u3ydeHne TUHAMUKH OJHOKOMIIOHEHTHOTO KOHJICHCATa Pa3BUBAJIOCH B pas-
HBIX HampaBlieHUsX. bpina m3ydena nuHaMuka bose KoHIEHCaTa pY U3MEHSIOMIEMCS BO BPEMEHH KO3 (-
(UIMCHTE HEMHEHHOCTH M MPOBOJIUIMCH PACUYCTHI KOJICKTUBHBIX KOJCOAHUN KOHJIEHCATa MPH MEePHO-
JMIMYECKON OCITWIUIAIMN CHJIBI BHelTHETo moJjs [2]. Takke M3ydeHbl CBOWCTBAa KOHACHCATa BO BHEITHUX
MPOCTPAHCTBEHHO MEpUOInYecKuX noysx [3,4]. Jlunamuka ofHOKOMIIOHEHTHOTO bo3e KoHAeHcaTa B na-
pabonmueckoil JIOByIIKe, Olarofaps TOMy, YTO KoJjeOaHUsl IIMPUHBI W KOOPAWHATHI IIEHTPAa MacC KOH-
JIeHCcaTa HE 3aBUCAT JIpyr OT Jpyra, MMEET YMPOIICHHBINH XxapakTep. B aByxkommonenTHOM bo3e-
KOHZIeHcaTe OblIa MpejcKkazaHa Oojee Ooratas TMHAMHUKA MO0 CPABHEHHIO C OJJHOKOMIIOHEHTHBIM KOH/ICH-
CaTOM H3-32 HEIMHEWHOH CBS3M MEXIy KOMIOHEHTaMH KoHieHcara[5]. B maHHOU pabore m3ydaercs
CBOOOIHBIC KOJICOAHUS ITUPUHBI KOMIIOHCHTOB KOHJIEHCATa TPYU OTCYTCTBHU PACCTOSHHUS MEX/Yy IIEHTpa-
MU MacC KOMIIOHEHTOB KOH/IeHcaTa. VIcoap3yeTcsl BapuallnOHHBIA aHAJIW3 C IPUMEHEHHUEM TayCCOBCKO-
ro anzana. PaccmatpuBaetcst ciydyaid, Korna B3auMOJEHCTBHE MEXKIY KOMIIOHEHTAMH HMEET XapakTep
OTTAJIKUBaHMA.

2. BapuanuoHHbIii aHaTU3

JnHaMuKa NByXKOMIOHEHTHOTrO bo3e KOHIeHcaTa ONUCHIBAETCS ABYMsI CBSI3aHHBIMU YPABHEHUSIMU
I'pocca-IIuraesckoro,

. 1
19y :_E(ﬂlxx +V(X)o, +9; [ |? o+ 01| 0, |? D15
1)
) 1
1Py Z_Efpzxx +V(X)p, + 9, |0, |2 ®, + 91, | |2 Py,

rae ¢12 = ¢12(X,t) BOJTHOBBIC MaKeThl KOMIIOHEHT KOH/EHCATa, HIKHUE MHIEKCHI | M X 03HA4YaroT
(D epeHIHPOBAHUS IO BPEMEHH H KOOpJMHATE COOTBETCTBeHHO, V(X)=1/2X° BHemHee momne, J; U O
K03(pPULIMEHTHI BHYTPH-KOMIIOHEHTHOTO B3aUMOJCHCTBHS, (12 KO3 PULIHMEHT MEKKOMIOHEHTHOT'O B3aH-
MOJICHCTBUS, BpeMsl t B paccTOsIHUE X HOPMHPOBAHBI HA YaCTOTY M HA JUIMHY OCHUIIISITOPA COOTBETCT-
BEHHO, U B CJIEJICTBHH, | 1 X Oe3pa3MepHbIe BETUYNHBI.

86


http://www.goldenpages.uz/street/?Id=5607
mailto:hayotismat@gmail.com

Meorcoynapoounas kongepenyusn « PynoamenmanvHole u RpUKiaousie gonpocut gusuxuy 13-14 uons 2017e.

JIost BOSTHOBO# (DyHKITMH KOHAEHCATa @1 5(X,t) MBI HCIIOIb3yeM rayCCOBCKHIA aH3all

(x—x;(1)? ib; )(x—x; (©)* :

a—+|k O (x—x J(t)) > +|gj(t)),J=1,2, 2

i

rae A, aj, b, X; Kjut &) ammutyza, mmprHa, 9upI, IEHTP MacChl, CKOPOCTh 1 JIMHEHHas (a3a, cooT-
BETCTBEHHO.

Cucrema (1) MoxkeT OBITB MOJTyYeHA U3 BapUAIIMOHHBIX YPaBHEHUH

oL o o o d _0,j=12, 3)

a(pj *  OX a(pjx * ot a(pjt *

I/ BEpXHUHU HHJEKC * 0003HAYaeT KOMILUICKCHOE COIpsbKkeHue, L Jlarpamkuan cucTeMbl JaHHBIH
ypaBHEHUEM

@; = A;(t)exp(-

L= oo 0n * 0~ Elon =X 1oy =2y +
2 1t 71 1t 1 2 1x 2 1 2 1

i 1 x? g @
ML G e LM e L e L A R
[Toxcrasmnss mpobHyro yHKIHIO (2) B ypaBHEHUE (4) U yCpenHss ee
L= j L(x)dx, (5)
MBI TIOJIyYMM YCPEIHEHHbIN Jlarparknuan B mapaMeTpax rayccoBOro aH3ara
L by, 1 a’h’ 1., a’+2x’ gA1
= a( L v — KXy +——+ 2+ =k, + L 1 L1y
\/; Al iy D 1t 4a12 4 5 4 2\/—
1 a’b’ 1, , a’+2x,"> ¢,A’°
-~ a(2 Ly KX, + +—22_ 4 k42 2 4222y 6
ASa, Do — KXy 4a22 4 52 4 2\/5 (6)
(X, = X,)?
A12a1A22329129Xp('1222
a,” +a,

Vr(a,” +a,”)

Jlns moyiydeHHs: YpaBHEHHHA JJisi apaMeTpoB 1) poOHOM GyHKIUK (2) UCHONB3yeM ypaBHEHHUS
Diinepa-Jlarpanxa:

s 2% o @)

[Moxacrasiss ypaBHeHue (6) B ypaBHeHUE (7) HOIYYHM CIEAYIONIYIO0 cucTeMy audepeHImnaIbHbIX
YpaBHEHUH JUIsI TapaMeTPOB KOHJICHCATA:

2912N2(X1—X2)exp[ (12 )" J

a, +a2

Xy = —Xg +
Jr(@’ +a,°)?
29;,N; (X, - Xl)eXp[ (al +Xa2) ]
Xoyg ==X + . 2 (8)

Jr(a? +a,%)° |

raea;=ay(t), a=a(t), Xs=Xy(t), Xo=xo(t). J[nst HOpM KOMIOHEHTOB KOHJICHCATa MBI BBEJIM 0003HAYE-
A 2. .05 N —A 2 .05
aust Np, No 1 Ni=A"agm >, No=Ay arnt
3. YcToiiunBbIe CTAHOHAPHDBIE PelieHHsT
BelunTas mocieHue ABa ypaBHEHHS CUCTEMBI (8) IPYT OT Apyra, U BBOZS 0003HAUYEHHE AX = Xp —
X1 MBI TIOJIYYHM YPaBHEHHE JIJISl PACCTOSIHUS MEXKTy IICHTPAMH Macc KOMIMOHEHTOB bo3e KoHeH aTa:
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+a

A 2
2912(N1 + Nz)eXpL'zxzj
a +a,
2 213 )
J7(a’ +a,%)

AX, =—AX(1- ©)

W3 ypaBHenus (9) BUAHO, YTO €CJIM HAYANBHOE PAcCTOSIHUE M HaYaJbHAs CKOPOCTh MEXKAY KOMIIO-
HEHTaMH paBHBI HyIO, T.e. AX(0) = 0 u AxX¢(0) = 0, To 11 paccTOSHUS MEXIy KOMIOHEHTAMH MBI UMEEM
pewenne B Buzae AX = 0. B3aumopneiicTBue MeXay KOMIIOHEHTaMH HMMEET XapakTep OTTAaJIKHUBAHUS
(912>0). Perrerne AX = 0 ycTOHYHBOE, €CITH

1- 29,(N; +N,) >0

2 233
7(a’ +a,’) (10)
Ecmu pemenre AX = (0 He yCTOWYHMBOE, TO MBI MMEEM YCTOWYMBOE CTAIlMOHAPHOE PEIICHHE Ha
MEXKOMIIOHCHTHOM PAaCCTOSTHUHN ONPEACTIACMBIM YPaBHCHUEM

(11)

AX
29;,(N, + N, )exp| -———
a +a

B ommumun ot koHmeHcata ¢ (3p<O0, JIByXKOMIIOHEHTHBIH KBa3W-OAHOMEpHBIH bo3se-
DOUHINTEHHOBCKUI KOHAEHCAT C OTTAJIKUBAIOIIUM MEXKOMIIOHEHTHBIM B3aMMOAEHCTBUEM HMEET OoJiee
CJIOKHYIO THHAMHKY. PaccTosiHMEe MeXAy LIEHTpaMU MacC KOMIIOHEHTOB MMEET OTJIMYHOE OT HYJs yC-
TOMYMBOE CTALIMOHAPHOE PELIECHUE, BEIMYMHA KOTOPOrO 3aBUCUT OT CHJI BHEIIHETO MOTEHUUANAa U MEX-
KOMIIOHEHTHOTO B3aUMOICHCTBUS.
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FAST FORWARD OF ADIABATIC DYNAMICS OF THE SOFT-WALL
CONFINEMENT: NATURE OF NONADIABATIC FORCE
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Faculty of Physics, National University of Uzbekistan
Vuzgorodok, Tashkent 100174, Uzbekistan,gobabaganova@gmail.com

Abstract

We present a scheme of quantum dynamics for the exact fast forward of adiabatic control of the soft-wall
confinement with use of electromagnetic field. The idea allows the acceletation of both the amplitude and
phase of wave function throughout the fast forward range. We choose a harmonic oscillator with the time-
dependent frequency and elucidate the nature of the nonadiabatic force caused by the electromagnetic field.

Key words: fast forward of adiabatic dynamics, nonadiabatic force

1.Introduction

Various methods to control quantum states have been reported in Bose-Einstein condensates
(BEC), quantum computations and many other fields of applied physics. It is important to consider the
speed-up of such manipulations of quantum states for manufacturing purposes and for innovation of tech-
nology.

In the context of the transient phenomena of quantum tunneling, Khujakulov and Nakamura [1] re-
cently found a way of fast-forwarding of quantum dynamics for charged particles by applying the elec-
tromagnetic field, which exactly accelerates both amplitude and phase of the wave function throughout
the fast-forward timerange. This means the fast forward with complete fidelity. The scheme suggests a
possibility to accelerate the adiabatic control of bound systems. The scheme of Khujakulov and Nakamu-
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ra as it stands, however, is not useful and must be innovated so as to be suitable to the adiabatic dynamics
characterized by infinitesimally-slowly changing control parameters.

In this paper we present the theory of adiabatic dynamics of a quantum harmonic oscillator with
time-dependent frequency. Although the present system is transitionless, we show an interesting nonadia-
batic force due to the electromagnetic field. We shall obtain the nonadiabatic force operator and its expec-
tation.

2.General fast-forward theory

The Schradinger equation for a charged particle in standard time is represented as

0 h?
ih % = (—% 72+ Vy(x, t)) Yy - 2.1)

Yo = Po(x,t) is a known function of space x and time t under a given potential Vy(x,t) and is
called
a standard state. For any long time T called as a standard final time, we choose ¥, (t = T) as a tar-
get state that we are going to generate. LetA(t) be the advanced time defined by
t

AE) = f a(t)dt, 2.2)

0
where t is a time scale shorter than the standard one. a(t) is a magnification time-scale factor given by
a(0)=1,a(t)>1(0<t<T),a(t) =1(t = Trr) . Weconsider the fast-forward dynamics with a new
time variable which reproduces the target statei, (T)in a shorter final time Trz (< T) defined by

TR
T = f a(t) dt. (2.3)
0
The explicit expression for a(t) in the fast-forward range(0 < t < Tgp) is typically given by [2-4]
as:
21
a(t) =@ — (@— 1) cos (— t), 2.4)
TFF

where @ is the mean value of a(t) and is given by @ = T /Trr. The fast-forward wave function Yy in
this paper does not include the additional phase and is given by

Wpr(x, 1) = Yo (x, A()) = o (x, £)(2.5)
Y 1S just like a movie film projected on the screen in a shortened time scale. Eq.(2.5) guaranteesthe
complete fidelity, name(yr|o) = 1 throughout the fast forward time range.

3. Fast forward of adiabatic dynamics

Now we shall investigate the fast forward of adiabatic control of 1D bound states with use of the
electromagnetic field, which ensures the perfect fidelity. We shall take the following strategy: (i) A given
potential V, is assumed to change adiabatically, and we find an adiabaticstate 4, which is a solution of
the time-independent Schrodinger equation with the instantaneous Hamiltonian; (ii) Then both v, and V,
are regularized so thatthey should satisfy the time-dependent Schrédinger equation; (iii) Finally, taking
the regularized state as a standard state, we apply the scheme in Section 2, where themean value & of the
infinitely-large time scaling factora(t) will be chosen to cope with the infinitesimally-smallgrowth rate €
of the quasi-adiabatic parameter and tosatisfy & x e= constant.Let’s consider the standard dynamics with
a potentialcharacterized by a slowly-varying control parameter R(t)given by

R(t) = Ry + et, (3.1)

with the growth rate € . We assume that it requires a very long time T = O G) to see the recognizable
change of R(t). The time-dependent Schrodinger equation is:

. 0o h’
ih a0 = <—% v? + Vo(x,R(t))) Yo (3.2)
The bound state ¢, satisfies the time-independent counterpart given by
- h?
E¢o = Hopo = [_%axz + Vo(x,R)] b0 - (3.3)
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One might conceive the corresponding time-dependent state to be a product of ¢, and the dynami-
cal factor as

it ' '
Yo (.t ) = o (x, R(t))e o FREDE, (3.4)
However, as it stands, 1, does not satisfy Eq.(3.2). Therefore we introduce a regularized state

577 = o RO)ee (R O) i E(R)e

, (3.5)
= ¢geg (X,R(t))e_ﬁfo (R(t ))dt

together with a regularized potential
V0 = Vo(x, R()) + €V (x,R(D)) . (3.6)
6 and ¥ will be determined self-consistently so as to fulfill the time-dependent Schrédinger equa-

tion,
61/)”9 h?

ih 5t ﬁa,%ngeg +Vy Oy (3.7)

up to the order of €.
Rewriting ¢ (x, R(t)) with use of the real positive amplitude ¢, (x, R(t)) and phase n(x, R(¢t))

as
do(x, R()) = do(x, R(t))en (xR®), (3.8)
we see that 6 and ¥/ prove to satisfy
— m _
Ox ((.b(% 0,0) = _%aqu(Z) , (3.9
|4 h
& = —0g1 = — 0,1 0. (3.10)
Integrating eq.(3.9) over x, we have
0,0 = hqﬁ aqubde , (3.11)
0

Takinglpgeg as a standard state, we shall apply the scheme in Section 2 and define the fast-forward
version of ,°? as
Ve (6,0 = 977 (1 R(A)) e wh U = G20 g e mah FAOT (312)
Yrr (x,t) is assumed to obey the time-dependent Schrodinger equation for a charged particle in the
presence of electromagnetic field. Thenqboeg (x, t) satisfies
a(preg 1 h q 2 ireg reg
T ﬁ(?ax - EAFF) G0 + (qVer + Vo — E + V)P, (3.13)
where Apr and Vi are gauge potentials to guarantee the exact fast forward. Here Vy = 1 (R(A(t))) and

V = V(R(A(t))). It should be noted: The dynamical phase in Eq.(3.12) has led to the energy shift in the
(R(

potential in Eq.(3.13).
Now, applying our central strategy to take the limit ¢ - 0 and @ — oo with e = ¥ being kept fi-
nite, we can reach the issue:

ih

AFF = —hv(t)(‘) 9
fl 2
Vip = ——v(t)a 0 9,1n ——(v(t)) (0,0)% — hv(t) 9zn (3.14)
where, with use of

2
v(t) = }E)T%) ea(t) =v(1 — cos(— ),

o Trr 2n
In the same limiting case as above, Y is explicitly given by
l/)pp = (l_)() (x, R(/l(t))) ein(xrR(A(t))e_%fo E(A(t )dt . (316)

4. Fast forward of adiabatic control of the soft-wall confinenment
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We choose a quantum harmonic oscillator with the time-dependent frequency. The original adia-
batic dynamics is described by

0
ih &d)o(x, R(®)) = Ho(x, R(®))o(x, R(D)) (4.1)
with
h? 1
Ho(x,R(®)) = — %63 + Emwz (t)x2. (4.2)
Here wis the frequency which varies slowly through the adiabatic parameter R as
R(t) = Ry + €t, (4.3)

the adiabatic eigenvalue problem

Hy(x,R)¢ = E(R)¢ (4.4)
gives the eigenvalue and eigenstate as

E, = (n + %) hw(R),

_ (mw(R) 1/4 1 _mo ®) 2 mw(R)
"\ mh (Z"n!)l/ze " " h

x (4.5)

with n=0,1,2,---.Here H,(-)s are Hermite polynomials. Applying the general result in the previous
Section, the fast forward state is given by

5 = (nR(a(0)) e e b1k (46)

The time-dependent Schrédinger equation to realize ng}) is given by Eq.(2.7) with Agpand
Vrravailable from Eq.(3.14). Here, substituting ¢, in Eq.(4.5) into Eq.(3.11), we find

m xodw
6x9 = - ﬁ Za—R (47)
and
_m dw x>

irrespective of the quantum number n. In the special case w = R(t), one can suppresg—:f, andAprand

Verprove to take
maw

App = ———
FF 2 wx
mao )
VFF = —§E.X (49)
where w = v. Finally the electric field
By =~ 4 gy G _30° 4.10
FF = ot FF = mZa) 4a)2x (4.10)

By applying the gauge transformation, we can eliminate the potentials Ap» andVyr and the trans-
formed wave function y proves to satisfy Schrodinger equation without coupling with the electromag-
netic field. To be explicit, in the case of unit charge g = 1, we introduce a suitable phase ffor the gauge
transformation.

m w

f= EZ’CZ' (4.11)
Then Yz is given by ‘
Vpp = e_i%le/)FF (4.12)
and the total driving potential becomes
. 1 , & 3a%)
VFF=VFF+V0+fl6tf=§m w +%—W X“. (413)
The corresponding general solution for 15 is given by
~ .m e i 1\ ot ' ’
Per = ). Catu (o REA@Y)) e i e (DB FAEDM g 1)
n=0
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5. Nonadiabatic force
When a given cavity in one dimention has a size Land its wall is fixed, the force on the wall due to

the quantal gas inside the cavity is defined by F = —aai" .

In the case of the soft-wall confinement, with

use of eigenvalues E,, = (n + %)hw and the confining size L = /%,the above definition of the force

2
givesriseto F, = (2n+ 1) %L% .

Let’s consider the quantum gas consisting of non-interacting particles. Then,the contribution from
all particles is expressed as F = Yo— F, f (E,,), where f(E,) stands for the Fermi distribution function.
At zero temperature, f(E,) =1 for 1 <n < N and f(E,) = 0 otherwise. This force is called the adia-
batic force. When the wall moves, the wall receives the extra force depending on its velocity, which
comes from the electromagnetic field. The general definition of the force operator is possible with use of
the time-dependent canonical transformation. We shall make the canonical transformation of H related to

the scale transformation of both the coordinate x and amplitude of the wave function :

. J\ .
H =e U (H - iha) e, (5.1)
where
U= —— (%5 + pR)l L(t)—'( a+1>1L(t) 5.2
= —55 (&P +p%)In =ilxg-+5)In . (5.2)
This canonical transformation leads to the scaling of the coordinate x,
e WUxelV = xL(t). (5.3)
The amplitude of the wavefunction is scaled as
d(x,t) = e Uip(x, t) = VLY (xL, t). (5.4)
Finally the Schodinger equation is transformed to
. 0¢ .

with the new Hamiltonian
1 r*0* L o ikl 1 (A*1 1\,
H1:—ﬁ;W‘Fthx%ﬁ'?zﬁ'Em(WL—z—LL)X . (56)
Taking L derivative of H;
- 0H,; 1h*0* Lo o 1y 1 (h*2 .\,
F=_Ez_L_?’Eﬁ+lhﬁ(xa+§>+§m<ml,_3+ll>x . (57)
Now, carrying out the inverse canonical transformation (xL — x, etc.), we have the force operator
expressed in the original space as

. 1h202+,hL( a+1>+1 h22+£ 5 .
~TImoaxz "2\Mox T 2) T2 2 s T L)Y 58)
which certainly satisfies
(| Flw) = (®|F|®) (5.9)
The statistical mean of the force operator is given by
F =Tr(pF). (5.10)
Here p is the density operator satisfying the von Neumann equation
., 0p
lha= [HFF!p]' (511)
With use of the exact solution{|m)} of the time-dependent Schodinger equation, p is solved as
p =) Im)fpn(ml, (5.12)
n=0
where f;,, is the Fermi-Dirac distribution at the initial time, i.e.,
1

fm = FE @0 +1 P (>13)

Then
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[ee]

F = z py E, = Flad) 4 Flnad) (5.14)

n=0
At T = 0 (zero temperature), with use of the total number of electrons N,

N-2

—(ad) h?2n+1 h® N?

F =220; B - m2B (>15)
n=

and
N 2
i h22n+1 h2NZ .
Frad) = ZZ L= — L (5.16)

These results are also verified by using the variation of the energy
JEFF—Z"Jrlh2 ! +1 LL 5.17
L) (>17)

with respect to L and by taking the statistical averaging over the quantum numbers n.F ™) plays a
role in the nonequilibrium equation of states for a very rapid piston. In the case of a very slow piston,
F(@d) gives a dominant contribution to the quantum analogue of Boyle — Charle’s law and of Poisson’s
adiabatic law. But, in the case of a rapid piston F4) predominates the equations of motion, leading to a
big power of the nanoscale heat engine.

6. Conclusion

Applying the idea of fast forward to the quantum harmonic oscillator with the time-dependent fre-
guency, we find the electric field to guarantee the transitionless dynamics. Then we obtained the force
operator and its statistical mean, which play a big role in the rapid piston. The statistical mean of the force
operator at finite temperature (T # 0) will be studied elsewhere.
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Abstract

We introduce Khujakulov and Nakamura’s scheme for the exact fast-forwarding of standard quantum
dynamics for a charged particle. Their idea allows the acceleration of both amplitude and phase of the wave
function throughout the fast-forwarding time range. Firstly we shall apply the proposed method to free wave
packet dynamics in 2D and then we proceed to study the fast-forward of quantum tunneling dynamics in 1D.

Key words: fast-forward, free wave packet dynamics.

1. Introduction

Khujakulov and Nakamura [1] investigated a way to accelerate quantum dynamics with use of a
suitable electromagnetic field. One can accelerate a given quantum dynamics to obtain a target state in
any desired short time. This kind of acceleration is called the fast-forward of quantum dynamics, which
constitutes one of the promising ways of the shortcut to adiabaticity. We briefly summarize Khujakulo-
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vand Nakamura’s theory of the fast-forward of quantum dynamics. The Schrodinger equation on standard
time scale is represented as

. 0Py /R
lha—t= —ﬁV 1,[)0+V0(x,t)1,b0. (1)
Yo = Yo(x, t)is a known function of space x and time t and is called a standard state. For any long time T

called a standard final time, we choose Y (x,t = T) as a target state that we are going to generate.
Let 1o (x, t) be a fast-forwarded state of 1, (x, t) as defined by

Yolx, t) =y (x,/l(t)) = Yer(x, t) (2
with
A(t) = [ a(t)dt. A3)
a(t)is a magnification scale factor defined by
a(0) =1,
a(t) > 1 (0<t<Tgp),
a(t) =1 (t = TFF)' (4)

Trr is the final fast-forward time defined by
T = [ a(t) dt. ()
At t = Trp ,we can obtain the exact target state

Yrr(Trr) = Yo(T). (6)
The explicit expression for a(t) in the fast-forward range (0 <t < Tgr) is proposed by Masuda
and Nakamura [2] as

a(t) = @ — (@ — 1) cos (TZT”Ft) 7)
where & is the mean value of a(t) and is given by @ = T/TFF' Khujakulov and Nakamura tried to realize

Yrr by applying the electromagnetic field, Errand Beg.
Their resultis summarized as follows:
We write 1), as

o = pe' (8)
with use of the real amplitude p and phase n defined by
p = p(x,A(D)
n = n(x A®)). (9)
Then, one finds that
which satisfies,
_ e
V-App + 2Re [M] Agr + A(a — 1Im [‘lﬂ] =0 (11)
Yo Yo
and that
2
Vip = —(a = Dhsi — = (a? = 1)(V)2. (12)

dA(t) 2m
with use of the driving vector Agr and scalar Vpr potentials in Egs. (11) and (12), we can obtain the fast-
forwarded Y rp in Eq. (2).
The driving electromagnetic field is given by,

51;}:}7 - VVFF,BFF =VXx AFF' (13)
Noting Brr = V X App = 0, only the electric field Exy is required to accelerate a given dynamics.

With use of Egs. (10), (12) and (13), Egf is given explicitly by
2_ 2
Epr = haVn + h=0,V5 + - (a? — DV(Vn)>. (14)
2. Fast forward of free wave packet dynamics.

To illustrate the general framework of the fast-forward, we choose a moving Gaussian wave packet
(WP) in 2D free space. The time evolution of the standard state is given by

lIJO(XJ Y, t) = (27-[)_1/2

Epp = —

AO + lht/zmoAO

-t —Po 2 2
XEXp[4A5+i2ht/m0{(X mot) +y}
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2
L PR
12m0ht +is x]. (15)
mg,Ag and £2 are the electron mass, the initial width, and the group velocity of WP, respectively. WP
mo

moves in the x direction and its width diffuses as A(t) = /A3 + h2t2/(4mZA3).
The above WP has the phase n as

2he 2
n= mo ” 2{(9(—&15) +y2}
@+ (or)
0
2
PO 4 PO, ht
2moht +7 % —arctan (zmoA%). (16)

From 7, we can evaluate the electric field E = (E,,E, ). Figs 1 and 2 show the WP and electric
field in case offr’l—O =1,T=57Tp = g =1 with@ =5.
0

Fig. 2. Electric field component E, as a functions of space coordinates x and y for:
t:O, (b) t= O.ITFF, (C) t=20.5 TFF'TFF =1.

3. Fast-forward of tunneling of wave packet.

Confining to the 1-D motion, we investigate the time evolution of a localized wave packet when it
runs through the delta-function barrier. The initial wave packet centered at x = —x, and having the mo-
mentum Kk is expressed as

ll)(o)(x, 0) = \/’Ee—[)’lx+x0|eik(x+x0)_ (17)
O (x, 0)satisfies the normalization condition [ | (x, 0)|2dx = 1. Therefore, < x >= —x, and
<p>=katt=0.

Time-dependentSchrodinger equation with a § function barrier at x = 0 is given by

[i70, + (h?/2m)97 1o (x, £) = V (xX)iho (x, t) (18)
withV (x) = Vy6(x). In order to simplify the notation, we shall use “natural unit” (A = m = 1).
The explicit solution for t > 0 was given by Elberfeld and Kleber [3] as
PO (x,t) = \/E[Ml(x + xo; k —iB; t)
+Mp(—x — xo; —k — 1f5; )]
+Wo[BIS1 (x0, %5 £) = S3(x0; =4 1)
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+eT1X0[S3(0,=2;8) + $4(0, 2 1)]] (19)
where A =  — ik and S(¢, A; t) is defined by:
SE A4t =[1/Vo — DIIM (x| + & —iVp; £)

—M,(Ix] + & —id; 0)]. (20)

Here M (x; k; t) is “Moshinskiy” function defined in terms of the complementary error function by
k) = L pitkx—k2t/2) x—kt

M(x; k; t) —Ze1 * erfc(m), (21)

which is interpreted as the wave function of a monochromatic particle that is confined to the left half-
spacex < Oatt =0.

The first bracket on r.h.s of Eq. (19) describes the time evolution of the free (V, = 0) wave packet,
and the second bracket denotes a sum of reflected and transmitted waves.

Now we analyze the fast forward of tunneling of wave packets, and find the corresponding current
density. Here we shall present the results not investigated by [1]. By extracting the space-time dependent
phase nof the wave function in Eq.(18), one can obtain both vector and scalar potentials in Egs. (10) and
(12). Under these driving potential, one can generate the fast-forward state of a tunneling wave packet
through the barrier as

ll)FF (X, t) = l,[)() (X, A(t))r (22)

which accelerates both amplitude and phase of Eq.(19) exactly. The current density is obtained as

) 1/h
Jrr (X, t) = YEp(x, t) - (TV - AFF) Yrr(x, t)

= 2 a()p?(x, AD)) V1 (%, A)). (23)
From Eq.(23), the tunneling current density for the fast-forward tunneling phenomenon is:
Jrr(x,t) = a(©)j(x, A1), (24)
where j(x, t) is defined by
JGe,t) =Imyg (x, £)0, o (x, )] (25)

(@) (b) ()
Fig.3. 3D plot of wave function amplitude (a)|¥|? with Trr = 3; (b)|Wgp|?with & = 10and Trr = 0.3; (C)|Wrr|?with @ =
20 and TFF:O-15-

Fig. 3 shows the probability amplitude as a function of x and t. In our numerical analysis we
choose xy=2k=2 and pB=1. We use typical space and time scales like

L = 1072 x the linear dimension of a deviceand T = 1072 X the phase coherent time and put

R — 1(x [2t71). Therefore the above choice means xo=2(XL),k=2(xL Y and g =1(x L71). We

m

shall show the standard dynamics up to T = 3(X 1) and its fast-forward version up to Trp = g(r) with

use of the mean time acceleration factor @ = 10 and & = 20.

We see the exponential wave function partly goes through the barrier and is partly reflected back.
The dynamics up to T on the standard time scale is reproduced in the fast-forward dynamics up to Tgg.
The phenomena in the latter is just the squeezing (along time axis) of the one in the former.

Fig. 4 shows the standard and fast-forward tunneling currents as a function of x and t. Here we
choose T =5, Trr = 0.5 and a = 10.
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(a) (b) (c)
Fig.4 3D plots of current density as a function of xand t(a) standard current density j(x, t) in Eq.(19); (b) fast-forward current
in Eq.(15) witha = a — (@ — 1) cos (;—" t); (c) fast-forward current in Eq. (15) with a =1+ 6(a — 1)TL (1 - L) T =
FF FF

Trp
5: TFF = 0.5, a = 10.

As for fast-forwarding we have employed two kind of time-magnification factor;
(i) cos-type, a = @ — (@ — 1) cos (2—” t) and (ii) parabola-type, 1+6(a — 1)L (1 - L) We find the
TFF TFF TFF

temporal behavior the current density is both squeezed and amplified, as compared with the standard ver-
sion of j. Also we see this result is not affected by the functional form of a(t).

4. Conclusion.

With use of the electromagnetic field, we presented the fast-forward of a free wave packet dynam-
ics and of quantum tunneling dynamics in 1D. We showed that the results are not affected by the func-
tional form of the time-scaling factor a(t).
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DISORDERED ELECTRON-PHONON INTERACTION INDUCED SMALL POLARON
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Abstract

A system with disordered electron-phonon interaction is considered. It is appearing that all parameters of
the polaron induced by disordered electron-phonon interaction are site dependent. In the system polaron’s
size is also site dependent. The study leads to conclusion that accepted polaron’s size definitions require re-
consideration.

Key words: disordered electron-phonon interaction, small polaron

1. Introduction

Polaron concept was introduced in the 30™ years of XX century by Landau [1] and later was theo-
retically developed by several researchers (see review [2]). Though in the field of polaron physics there is
substantial understanding of main features of polaron related phenomena in a variety of solids, there re-
main open issues to be clarified. One of them is the application of the theoretical models to the real solids,
in particular, to various disordered systems. Interplay of lattice disorder and electron-phonon interaction
in such systems, as it is well known, determines charge carrier dynamics. In the past decades, Holstein
polarons [3] were studied in a variety of medium, including near an impurity [4-6] and in a disordered
lattice [7-14]. The all above mentioned works except of Ref.[4] deal with local electron-phonon interac-
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tion, in which charge carrier interacts only with onsite intra-molecular vibrations. In reality, charge carrier
interacts simultaneously with all ions of the lattice and the range of this electron-phonon interaction ex-
tends over many lattice units. At the same time disorder influences coupled electron-phonon system too.
Noteworthy that in work [6] it was shown opposite effect namely that electron-phonon interaction renor-
malizes disorder potential and that disorder seen by a polaron is different from the bare disorder [13]. In
this sense, an electron sees the disordered ions and consequently it interacts with them via electron-
phonon interaction which is spatially disordered as well. Such type of disordered electron-phonon interac-
tion and its role in polaron formation was not studied yet. In order to remedy this shortcoming we further
develop an idea of Ref.[15] with regard of polarons and apply it to disordered lattice.

2. The model Hamiltonian

We deal with the extended Holstein model in one dimensional lattice in which electron-phonon in-
teraction is disordered. The Hamiltonian of the model is [15]

H=H,+H,+H,, (1)
where H, = —tZ:(CICn+a +H.C.) is the electron’s hopping energy,
2172 2,2
Hm=2{-haz+Mw%j @
m U 2Mou, 2
is the Hamiltonian of the vibrating ions, and
H, =Y f,(n)-u,clc, (3)

is the Hamiltonian that describes an interaction between the electron that belongs to a lower chain and the
ions of an upper chain (see below). Here t is the nearest neighbour hopping integral, cz (c,) is a creation

(destruction) operator of an electron on a cite n, U, is the c- polarized displacement of the m-th ion and

f_(n) is an interacting density-displacement type force between an electron on a site n and the c- pola-
rized vibration of the m-th ion. M is the mass of the vibrating ions and w is their frequency.

m
Q o o .0

a
n
Fig.1 An electron hops on a lower chain and interacts with the ions vibrations of an upper infinite chain via a densi-

ty-displacement type force f_(n). The distances between the chains (c) and between the ions (a) are assumed equal
to 1.

We consider an electron performing hopping motion on a lower chain consisting of the static sites,
but interacting with all ions of an upper chain via a long-range density-displacement type force, as shown
in fig.1. So, the motion of an electron is always one-dimensional, but a vibration of the upper chain's ions
is c- polarized (perpendicular to the chains). The form of the density-displacement type electron-phonon
interaction force is:

C K,
(n-mF +c?)

where x,, is some force coefficient, which characterizes charge states of the upper chain's ions, and

372 (4)

|n—m| is measured in units of |a|. In contrast to previous works we choose &, as uniformly distributed

random number in the interval of (0,1), so k,, # k. and &, €(0,1). For this reason, the value of x,

changes randomly in passing m from one site to another site. Originally the model was introduced in or-
der to mimic high-T¢ cuprates, where the in-plane (CuO,) carriers are strongly coupled to the .-axis pola-
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rized vibrations of the apical oxygen ions. Randomizing &, the model acquire capability to study, in

particularly, effects of (i) structural and (ii) charge disordering in the subsystem of out-of-plane ions in
cuprates. There are a lot of examples for the systems where such type of charge fluctuations or structural
modulations occurs (see for example [16-18]. Modulations of charge states of ions of the lattice may oc-
cur in many other systems like manganites and organic semiconductors. Here we consider only charge
modulation (fluctuation) driven disorder of electron-phonon interaction and its consequences in polaron
formation. So, our consideration is relevant to all compounds where polaron formation is possible and it
occurs in the presence of charge modulation's (fluctuation) driven electron-phonon interaction.
3. Results and Discussion

The possible ways of changing of the value of x; are illustrated in fig.2.
1.0

0.8
0.6
04

=20 -10 0 10 20
m

Fig.2 The possible values of K, at m. K|, is taken as uniformly distributed randomized number in the interval (0,1).

1.0
08¢
0.6
S
041

0.2

0.0

Fig.3 The possible dependence of disordered density-displacement type electron-phonon interaction force f_(n) on m.

In turn density-displacement force Eq.(4) acquires a peculiarity of randomized (i.e. disordered)
electron-phonon interaction force. From now the force Eq.(4) has two features: (i) it is still longer-ranged

and descends as r>, where r- is the distance between the electron and ion under consideration, and (ii) it
is randomized (disordered). In Fig.3 the possible dependence of the value of density-displacement elec-
tron-phonon interaction force Eq.(4) on site indexes m are presented. As it is seen from the plot randomi-
zation of the electron-phonon interaction force changes the picture of the phenomenon drastically (quali-

tatively and quantitatively). Indeed, for a regular lattice we have f,, (n)> f_,(n)if [m|</m’|. But for

our case of the lattice with the disordered electron-phonon interaction the above relation is not always
true i.e. on some sites f,, (n) < f,,(n) even if |m|<m’|. This is the effect of considering disorder on

the density-displacement type electron-phonon interaction. As a result of all parameters of the polaron
will be affected by the disorder. In order to show this explicitly we calculate just some basic polaron's

parameters like E - polaron shift, gz- band-narrowing factor, y- a numerical factor that depends on
crystal structure and binds the polaron energy E, to band-narrowing factor g2 via relation

g% = 7(E, / hw) and ®(n—n") - gradient of which in corresponding direction is important to determine
the mass of polaron in a regular lattice.
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Polaron shift

m,@s_-_..g_._.él_.;_.%,_ﬂ_l;
20

n

Fig.4 The value of polaron shift EP at sites n due to disordered electron-phonon interaction.

In strong electron-phonon coupling limit and nonadiabatic regime one uses the standard procedures
such as Lang-Firsov transformation [19] that eliminates electron-phonon interaction term (3). Subsequent

use of perturbation expansion of the transformed Hamiltonian H, with respect to parameter

up to the first order in the hopping integral yields
E,(n)=
Z f (n)-f (n+a)

A WY

AT=2IE,

zzfug th S| fa ()= fy () f (n+a) |,

) q)(n_n,) = Z fm(n)' fm (n')'

Though these parameters were obtained by perturbation theory under certain assumptions we ac-
cept them as starting point expressions for the discussion of the influence of disordered electron-phonon

interaction on polaron's parameters. In Fig.4, Fig.5 and Fig.6 we presented the plots of values of Ep(n),

g°(n,a) and y(n,a), respectively, on different sites n
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Fig.6 The value of ) at sites n due to disordered electron-phonon interaction.
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Fig.7 The value of ®(N—n’") at sites n due ;o disordered electron-phonon interaction.

As it is seen from the presented date all these parameters are randomized too. Depending on disor-
dered electron-phonon interaction polaronic effect might be enhanced or diminished. The values of ®(n)
on different sites n are given in Fig.7. Randomization undergoes also polaron's hopping integral from
one site to on another site of the lattice. Within the used framework one can estimate the value of hopping
integral from ratio T /t[J exp(g?) and plot its values for different disorders, Fig.8. One can observe the

same tendency for hopping integral. Findings indicate that disorder changes picture of polaron formation
and it is appears that all polaron's parameters are site dependent i.e. disordered. Something similar ideas,
namely about site dependence of polaron energy (shift) and local electron-phonon interaction's coupling
constant on n can be found in [20].

1000
7

t
800

200

(R " S
10

0 &

2

8
Fig.8 The value of renormalized hopping integral versus g2 calculated taking into account disordered character of elec-
tron-phonon interaction.

The above results were obtained under assumption that the values of &, are uniformly distributed
within the interval (0,1). But our model can be straightforwardly generalized to the case when the values
of k,, belong to an arbitrary interval (p,q) and is defined within it by some function of distribution

(Gaussian, Poisson, Bernoulli and so on). There are a great variety of options for simulation here. In our
model it is also possible to simulate string like structures and study a polaron formation in such structures.
For this purpose it is sufficient to select a required set of values of k., for example k.,
=...,0,0,1,1,1,1,0,0,1,1,1,1,...). There are also other possibilities.

Another question that we would like to discuss here concerns the size of the polaron in the lattice
where electron-phonon interaction is disordered. As for the Hamiltonian (1) there are two points of view

on this matter. Ref.[15] treats the polaron of the model (1) as small Frohlich polaron, while Ref.[21] treats
the polaron of the model (1) as large Holstein polaron. Here we follow the definition in which small pola-

ron is formed at t/E_ [J 1 and large polaron is formed at t/ E [J 1 [20]. Since in our model the ratio
t/ Ep fluctuates from site to site one cannot say clearly about size of polaron even it formed by long-rang

electron-phonon interaction (4). For some sites the condition of small (large) polaron formation is satis-
fied, while for other sites it is ruled out. Then one may say that in the systems with disordered electron-
phonon interaction polaron's size also modulated by the disordered electron-phonon interaction. It seems
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that such property of polarons in disordered structures is common since in Ref.[5] a mixed behaviour typ-
ical for large (away impurity) and small (near impurity) polarons was also expected for a crystal with im-
purities. The results obtained here suggest further study of polaron formation in disordered structures tak-
ing into an account not only on-diagonal and off-diagonal aspects of the disorder, but also the disordered
nature of the electron-phonon interaction as well.

REFERENCES

[1] Landau L.D., 1933. O gBrxeHHH 3JIEKTPOHOB B KpUcTaLTHyeckoi peuretke. Phys. Zs. Sowjet. 3, 664. [2]
Alexandrov A.S., Devreese J.T., 2010. Advances in Polaron Physics, 1* ed. Springer-Verlag, Berlin. [3] Holstein T.,
1959. Studies of polaron motion. Part 1. The molecular-crystal model. Ann. Phys. 8, 325.[4] Hague J.P., Kornilo-
vitch P.E., Alexandrov A.S., 2008. Trapping of lattice polarons by impurities. Phys. Rev. B, 78, 092302.[5] Mish-
chenko A.S., et al., 2009. Localization-delocalization transition of a polaron near an impurity. Phys. Rev. B 79,
180301(R). [6] Ebrahimnejad H., Berciu M., 2012. Trapping of three-dimensional Holstein polarons by various im-
purities. Phys. Rev. B 85, 165117. [7] Cohen M., H., Economou E.N., Soukoulis C.M., 1983. Polaron formation
near a mobility edge. Phys. Rev. Lett. 51, 1202. [8] Emin D., Bussac M.N., 1994. Disorder-induced small-polaron
formation. Phys. Rev. B 49, 14290. [9] Bronold F.X., Fehske H., 2002. Anderson localization of polaron states.
Phys. Rev. B 66, 073102. [10] Chatterjee J., Das A.N., 2005. Effect of different site energies on polaronic proper-
ties. Eur. Phys. J. B 46, 481. [11] Berciu M., Sawatzky G.A., 2008. Light polarons and bipolarons for a highly in-
homogeneous electron-boson coupling.Euro. Phys. Lett. 81, 57008.[12] Berciu M., Mishchenko A.S., Nagaosa N.,
2010. Holstein polaron in the presence of disorder. Euro. Phys. Lett. 89, 37007. [13] Ebrahimnejad H., Berciu M.,
2012. Perturbational study of the lifetime of a Holstein polaron in the presence of weak disorder. Phys. Rev. B 86,
205109. [14] Tozer O.R., Barford W., 2014. Localization of large polarons in the disordered Holstein model. Phys.
Rev. B 89, 155434. [15] Alexandrov A.S., Kornilovitch P.E., 1999. Mobile small polaron. Phys. Rev. Lett. 82, 807.
[16] Ohtomo A., et al., 2002. Artificial charge-modulationin atomic-scale perovskite titanate superlattices. Nature
419, 378. [17] Peng L.M., et al., 2000. Charge modulations in La,CuQ,-based cuprates. Phys. Rev. B 62, 189. [18]
Hashimoto M., et al., 2014. Direct observation of bulk charge modulations in optimally doped
Bi; sPbg ¢Sr154CaCu,0g.s . Phys. Rev. B 89, 220511(R). [19] Lang I.G., Firsov Yu.A., 1962. Zh. Eksp. Teor. Fiz. 43,
1843. [20] Bottger H., Bryksin V.V., 1985. Hopping Conduction in Solids, 1* ed. Academie-Verlag, Berlin. [21]
Fehske H., Loos J., Wellein G., 2000. Lattice polaron formation: Effects of nonscreened electron-phonon interac-
tion.Phys. Rev. B 61, 8016.

NON-MARKOVIAN DYNAMICS OF HARMONIC OSCILLATOR COUPLED WITH HEAT
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Abstract
We study the non-Markovian dynamics of a harmonic oscillator coupled with the heat bath in the context of

nanoscale Otto cycle. We also propose a general scheme to accelerate such dynamics with use of the electromag-
netic field, by extending the Khujakulov — Nakamura theory of fast forward.

1. INTRODUCTION

Evolution of an open quantum system coupled to its environment and possibly influenced by exter-
nal driving fields is of much interest because of the recent advances in quantum information theory, quan-
tum computation and mesoscopic and nanoscale physics [1 — 3].

Our objective is to consider non-Markovian dynamics of harmonic oscillator coupled with heat
bath in the context of nanoscale Otto cycle. We study a quantum Otto cycle based on a harmonic oscilla-
tor with time-dependent frequency.

In this Otto cycle are (see Fig. 1): (a) Isentropic compression A — B: in this case the oscillator is
isolated from the reservoirs and its frequency is increased from w; to w,. Work is added to the system
during this process whereas entropy is constant. (b) Hot isochore B — C: the frequency is kept fixed and
the system interacts with hot heat bath. (c) Isentropic expansion € — D: in this case the frequency is de-
creased from w, to w;. The system does work to its outside. (d) Cold isochore D — A: the frequency
kept fixed and the system interacts with cold heat bath. The hot reservoir’s temperature is T, and the cold
reservoir’s temperature is T1, where T, > T;
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N
<H>

W, w, (:)
Fig.1. Otto cycle.

We consider Otto cycle in two cases. Firstly we consider simple Otto cycle which is not coupled
with external electromagnetic field and then we consider it in the presence of external electromagnetic
field.

In this paper, confining to the process B — C and D — A, we shall study the non-Markovian dy-
namics of a single harmonic oscillator coupled with heat bath. The frequency of the oscillator is assumed
to be constant. Then we shall present a general scheme the fast forward of such dynamics with use of the
external field.

2. NON-MARKOVIAN QUANTUM LANGEVIN EQUATIONS WITHOUT EXTERNAL
ELECTROMAGNETIC FIELD

Let us define the microscopic total system (internal subsystem plus collective subsystem), which
will be used to obtain non-Markovian quantum stochastic Langevin equations and time-dependent trans-
port coefficients for the collective subsystem. The corresponding quantum Hamiltonian, which is explicit-
ly dependent on the collective coordinate R, canonically conjugate collective momentum p and internal
degrees of freedom, is given by:

pz mw?R? ; ;
H= o+ ot Zhwvbv b,,+Zg,, p(b,t + b)) 1)
The coupling parameter g, is
AT?
2 v
gV h ’

where A is parameter which measures the average strengths of the interactions and I, are the coupl-
ing constants. va and b,, are the phonon production and annihilation operators that describe internal ex-
citations of the system with energy aw,,.
Using Hamiltonian (1), we obtain a system of quantum Heisenberg equation for the operators re-
lated to the collective and internal motion

—mo—ﬂl+2%@*®+ba»

d

Zp® = -ma’R(). @
and

E01 = b, O+ 0,00

dt

() = ~iw,b, (O ~ 19,00 ©)

The solutions of Eq. (3) are

t

b, () =FT® - Jdrei’*’v(t_f)ﬁ(r),

h

V

103



Meowcoynapoonas konpepenyus « Dynoamenmanvuvie u npukiaousie eonpocwvl pusuxuy 13-14 uions 2017e.

v
hw,

b, (t) = F,(t) = ——p(t) +

t
o f dre=@vEp(7), )
v
0

where
froy — |y v iyt
EI© = b, @+ op(©] e

R = [b,0) + hgajv pO)] et .

Substituting Eg. (4) into Eq. (2), we eliminate the bath variables from the equations of motion of
the collective subsystem and we obtain the nonlinear integro-differential stochastic dissipative equations

t

R() = %t)+ f() + f dtp(D)K(t — 1),
P(O) = —m?R@). ©

The presence of the integral parts in these equations indicates the non-Markovian character of the
system. In equation of motion (5), u is the renormalized mass and K (t — 7) is the dissipative kernel.

1.1 N

uom - hw,’

2
Kit—1)=2 Z%cos(wv(t —17)).

To solve Eqg. (5) analytically, we use the Laplace transform method. After finding the expressions
for the images, we obtain explicit expressions for the originals:
t
R(t) = A1 (©)R(0) + A,(t)p(0) + j A (Df (t —1)dr,

0
t

p(t) = B;(t)R(0) + B, (t)p(0) + f B, (0)f (t — t)dr, (6)
where ’
3 3 1
A (1) = Z Bi(s; +y)s;esit, A, (t) = Z Bi (E — Ay) (s; +y)esit,
i=1 i=1
3 3
By (t) = —mw* Z Bilsi+y)et, B,(t) = Z Bi(si(s; +¥) + Aymw?)estt,
i=1 i=1

We see in the Markovian limit y — oo of the dissipation. To determine the friction and diffusion
coefficients, we will consider equations for the coordinate o, (t) =< ¢*(t) > —< q(t) >, momentum

o,y () =<p?(t) > —<p(t) >2, and coordinate-momentum g, (t) = % < q®)p() +p(O)q(t) >
—< q(t) >< p(t) > respectively. The time dependences of the collective energy is given by:

0y (D) +< p(t) >2 N mw? (ogp () +< R(t) >2)
2m 2 '

3. GENERAL SCHEME OF FAST FORWARD OF NON-MARKOVIAN DYNAMICS

We shall consider the acceleration of the non-Markovian dynamics of the harmonic oscillator
coupled with electromagnetic field. Here, we shall extend the idea of Khujakulov and Nakamura [4] as
follows.

The Heisenberg equation of motion for the oscillator is defined by

< E(t) >=

)

dpy i

Tk E[HOJPO]:

dqy i

Tk E[HO'%] . )
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with the Hamiltonian

pé
Hy = m + Vo (qo, t) - 9
We assume py = po(t) and qo = qo(t) to be known (operator) functions of time t. For any long

time T, we choose po(t = T) and qy(t = T) as a target that we are going to generate.
Let the variables

prr (8) = po(AQ)),

qrr(t) = qo (A(t)) . (10)
to be the fast — forward variable of p,y(t) and gy (t). In Eq. (10),
t
A(t) = fa(t’)dt'. (1)
0
is the advanced time, and a(t) is a time — magnification factor defined by
a(0) =1,
at) >1 (0<t<Tp),

Trr is final time of the fast forwarding defined by

Trr

T=f a(t)dt . (13)

0

At t = Tpp, we obtain the target variable prr (Trr) = po(T) and qrr(Trr) = qo(T). A typical
explicit form for a(t) is:

a(t)=a— (a—1)cos <72,—nt) , (14)

FF

where & is the mean value of a(t) and is given by @ = TL
FF

prr(t) and qpr(t) are realized by applying a suitable electromagnetic field, and Heisenberg equa-
tion of motion for them is:

d i
APFFT R [Her, prrl

d i
EQFF =7 [(Her, qrr] (15)
with
1 2
Hpp = ﬂ(pFF — qArp)® + qVier + Vo (qrr, AQD)). (16)

q is a charge of the particle. Using Eg. (10) in Eq. (15), we have

; .
Zp0(A®) = = [Her, Bo (A
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d i
= 0(A®) =7 [Hr, 4o (A@)]. (17)

On the other hand, by replacing t by A(t) in Eq. (8), we have
d i
EPO(A(t)) = E“(t) [HO,PO(A(t))] )

; .
Z00(A®) = 5a(®[Ho, a0 (A®)] (18)

Eliminating the left — hand sides between Egs. (17) and (18), we shall have the equation for the un-
known vector (Agr) and scalar (Vgr) potential, to be solved.

The scheme described above is also applicable to the ¢ — number variant of Heisenberg equation
of motion.

In our case, the harmonic oscillator is also coupled with the heat bath. But, after eliminating the
degree of freedom of the heat bath, we have the explicit solution R(t) and p(t) in Eq. (6) whose time
scale is governed by {t}. The fast forward solution is simply Rpr(t) = R(A(t)) and prr(t) = p(A(t))
with A(t) in Eq. (11).

Corresponding to Eq. (15), Rgr (t)(R(A(t))) and prr (t) (p(A(t))) must satisfy the generalization
of Eg. (5) to the system in the presence of Az and Vg fields. On the other hand, corresponding to Eq.
(18), one can rewrite Eq. (5) by replacing t by A(t). Eliminating ;—tR(A(t)) and %p(A(t)) between the
above pair of equations, we can obtain A and Vi potentials. The details of calculation will be done in a
separate paper.

4. CONCLUSION

In the context of the nanoscale Otto cycle, we explicitly presented the non-Markovian quantum
dynamics of a harmonic oscillator coupled with heat bath. Then, to greatly accelerate the dynamics,
we described a general scheme of the fast forward with use of the electromagnetic field. The scheme
is a Heisenberg equation variant of the Khujakulov-Nakamura’s theory. The detailed result will be
given in a separate paper.
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O HU3KOTEMITIEPATYPHOM 3ABUCUMOCTHU TEMIIEPATYPBI JIEBAS

H. Xuaupos, C. Paxmanos, A. [lapnues
Huemumym Hoepnou puszuxu AH PY, 100214, Tamkenr, kKhidirovi@yandex.ru

AHHOTANNA

Ipu nomowu ananuza gynkyuu Jebas, ceszvieaioweii memnepamypol Jebas 6 1 U usmepsemou memnepa-

mypur T nokasano, umo memnepamypa /lebas Kpucmainiog ymeHbulaemecs npu NOHUNCEHUU meMnepamypsl om
KOMHAMHOU 00 abconomnozo HyasA. [annoe ymeepiicoeHue NOOMEEPHCOAeMCs COBPEMEHHbIMU IKCHEPUMEH-
MANbHLIMU OAHHBIMU, NPUBEOCHHBIMU OJis P0G KPUCIATIO8 PA3TUUHBIX KIACCOS.

KarwuesBble cioBa: temmeparypa Jebas,pynkuus Jlebas,koMHAaTHasI TeMIIeparypa, TeMueparypa abcomoT-
HOTO HYJISI, CPEIHEKBAIPATUIHAS aMIUIUTY 1A TEIUIOBBIX KOJIEOAHUA aTOMOB.
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Temmneparypa [le6ast 6, sBisetcs OHON U3 BAXHBIX XAPAKTEPUCTHK KPUCTAILIA, XapaKTepU3yio-

el ero TermmoPpu3nIecKue U MPOYHOCTHBIC CBOMCTBA. B Teopnu TEIIOBBIX KOJIcOAHWA aTOMOB B KPH-
crayiax temneparypy Jebas 6 7 CUMTAIOT TOYTH MOCTOSHHOM (B npeeine ~ 10 %) npu HU3KKX TemIle-

parypax T<@ ; (KittelCh. 2005; Amkpodt H. B., Mepmun H. [T, 2013; Illyasue I'. 1971.). Onnaxo, kak

MOKa3bIBAIOT MOCJIEAHUE IKCIICPUMEHTANbHbBIC JaHHbIC Ui Takux coequHenuid, kak TiC (Xuaupos U.
ullapmues A.C.2011; Xumupos U. 2014.), Zr,Nb,,C,Ny(I'ycer A. 11.2013.),GaS, GaSe, GaTe u psaga
npyrux coenuHenuit (AnmkanoB M.A. u np.2005.) B untepane temmneparyp 300-0 K temneparypa Je-
0as ymenbnaetcs ot 22% 1o 40 %. B HEKOTOPBIX IuTepaTypax MociaeIHHUX JIET It TeMneparypsl Jebast

npUTEMIIEpaTypax abCOTIOTHOTO HyIs G MatoT 3Hauenne Gompime, yem 6, (MarmalyukA.A etal. 1998.).

Takum 0Opa3om, BONPOC 00 YMEHBIICHUU WU YBEIWYCHUU JTUOO O MOCTOSHCTBE Temrieparypbl Jlebas
MPY YMEHBIIICHUN TEMIIEPATyPhl BEIIECTBA JI0 A0COIIOTHOTO HYJISI OCTA€TCS OTKPBITBIM. MOXKHO JIH Haii-
TH OTHO3HAYHEIN OTBET Ha 3TOT Bompoc? Llens manHoit paboTH HAHTH OTBET Ha TOT BOTIPOC.

CormnacHo TeOpUH paccestHUsl PEHTICHOBCKUX JIydeil 1 HEUTPOHOB, MEXAY aMIUIUTYAON TEILIOBBIX

KoJicOaHUi aTOMOB B KpHCTAJLIC ,/? u teMrieparypoii [lebas umeercs cnenyromas cia3b (MBepeHoBa

B. U; Pekepuu I'. I1. 1972; Kpusormnaz M. A. 1967.):
h? @ 1
0= (P9 4, &
472 k-m -u2 "

2

rae 0 1 - Temneparypa Jebas, U - cpenHekBaIpaTHyHas aMIUIMTY/Ia TEIUIOBBIX KOJICOaHWA aTo-
MOB B dJIeMEHTE (MJIM aTOMHOT'O KOMIUIEKCA B CIIJIaBax), 0OyCIOBJICHHAS TETUIOBBIMH KOJICOAHHUSAMH aTo-
MOB, h - mocrosinnas [Tnanka, k- mocrosianas bosiplmana, M — cpeHsst Macca aToMa B dJIeMEHTe (WIn
aTOMHOTr0 KOMILIEKCA B CIUIaBax), @d(x) - nporabynuposannas Gynkuus ebas; x = € T - oTHOIIEHKE
temmieparypsl [ebas k remmneparype usmepenus 1 (B K). [Ipoananuzupyem dpopmyay (1) B cirydae otcyT-
cTBHA (Pa30BBIX MpEBpalICHUI NMPU KPUOTEHHBIX Temiieparypax. (B cinydyae Hamnums $azoBbIX mpeBpa-
meHuil Termodu3nyeckue XapakTepUCTUKU BEIECTBA MOTYT NpeTepreBaTh aHOMANBHBIA CKadok). B
¢dhopmymy (1) BXomaT nBe mepeMmenHble: GyHKuusa Jebas u cpegHeKBaapaTHIHAS aMILTUTYa TETUIOBBIX
KONeOaHNil aTOMOB, || KOTOPBIC 3aBHUCAT OT Temnepatypsl. CornacHo coiictam dynkimn Jedas (Kpu-

Borna3 M. A. 1967.), oHa ¢ yMeHbIIIeHHeM TeMmrepaTypsl 1 (C yBelIWYeHHeM X) YMEHbIIIAeTCs, TPUYEM B
xojne npubmmxennst T k abcomotHOMy HyIiO (T—0 K) dyakmus Jlebas ctpeMuTensHO (3KCITOHSHIINATb-

HO) NPHUOIIKAETCS K Hy/O (puc. 1). 3To JOIDKHO NPUBECTH K YMEHBIICHUIO Temiepa-Typsl ebas 6
—
npu T—0 K. IIpaBaa, yTo npu NOHMKEHUH TeMIIEpaTyphl yMeHbInaercss U  Toxe, uto coryacHo (1), 3to

2
JIOJDKHO TIPUBECTH K YBEJIUUEHHIO O - Omnako U ymeHbIIaeTes ropaszo Meuiennee, yem Gynxuus [e-

0ast. Ecnu 00bIYHO aMITIMTY/1a TEIUIOBBIX KOJICOaHWI aTOMOB TP KOMHATHOM TeMIIepaType COCTaBIsIeT 5

—7 % ot cpeanero aromHoro paccrosiHus (Kpusormnasz M. A. 1967.), To npu
o)

1.0+

0.6 4

0.4

0.24 \K\‘\_&'
0.0 —— ——

0 5 10 15 20
Puc. 1. I'paduk 3aBHCHMOCTH (YHKINH @(x) ot x (cormacHo manaeM (KpuBormasz M. A. 1967.)).

X
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2
T= 0 K amrumuTya Hy/1eBbIX Konebanuii coctapsier 2-3 %. OTCIoa BHAHO, 9TO yMeHbineHne U
BuHTepBaine temmeparyp 300 — 0 K He Tak yx Oonpioe, 4eM yMeHbIIIeHHE BeIpakeHned(x), KOTOpoe B
untepsaie 300 — 0 K ymenbiiaetcs B passl.
Taxkum oOpazom, ananus ¢opmynsl (1), cBs3piBatomield Temneparypsl Jebas u cpenHexBaapa-
TUYHOW aMIUTHTYJIbl TETUIOBBIX KOJIeOaHUI aTOMOB uepe3 GpyHKIuio /lebas, MO3BONISET YTBEPKAATh, UYTO

TpU KPUOTEHHOH TemrmepaType Npu U3MeHeHuu Temrepatypsl Jlebas ot € no 0, onpenensiomas poib

UTpaeT CuibHOe yMeHbIeHne ¢yHkiun Jlebas, 9To MPUBOIUT MPH 3TOM K YMEHBIIEHUIO TEMIIEPaTypPhl
0 1 - Takoe yTBEpKACHNE OATBEPKAACTCS PE3YNIbTATAMU P SKCIEPH-MEHTOB MocieaHnX JeT ( Xunu-

pos U. ullapnuer A.C.2011; Xugupor U. 2014; I'yces A. 1.2013; AmmkanoB M.A. u 1p.2005.).
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PEINETKA HEJJMHEMHBIX ONTUYECKHUX BOJTHOBOJIOB C PT —
CUMMETPUEN

C. 1l TanmnMypaTonl, D. X. Aﬁuynnaenz

Y @TH HITO «@usuxa — Kyéuw» AH Pecnybnuxu Y36exucman,
2 Department of Physics, Kulliyyah of Science, UM Kuantan, Malaysia

AHHOTAIHUA

Hccnedyemca pacnpocmpanenue onmuueckux nyukoe 6 PT—cummempuunotl cucmeme c6A3aHHbIX Onmuye-
CKUX 6010K0H. PT—cummempus peanusyemes sxuouenuem ycunenus / samyxanus. Ilpu smom coceonue 6010kHa
HAXO0OAMCS 8 NPOMUBONONONCHBIX PENHCUMAX. eCU OOHOM U3 OIHOB0O08 ONMUUECKUL CUSHANL YCUTUBACMCS, MO
8 coceonem 3amyxaem. AHAMUMUYECKU BbIBOOSINCS HEKOMOPbIE CEOUCMBA 2AMUTLIMOHUAHA TMAKOU CUCTIEMbL.
Iokasano, ymo naOMHOCMU dHEPUU 8 BOTHOBOOAX C YCUNICHUEM U 3AMYXaHUeM 6ce20d OCMAIOMCs PasHbIMU (8
PT—cummempuunom pescume). Obodbwerno ycnosue napyuenus PT—cummempuu na nenunetinviii cayuail. Yuc-
JIEHHO npogepeHbl ycenosue pearuzayuu PT-cummempuu u pesyriomamaol, nOgYy4eHHbIE AHATUMUYECKU.

KiroueBsle ci1oBa: BoaHOBOAb!, PT—cuMmmMerpus

BBeaenue

KaK HU3BCCTHO, B KBaHTOBOﬁ TeOpI/II/I I/ICHOJ’II)SyIOTCSI TOJIBKO i)pMI/ITOBBI TaMHJIBbTOHHAHBI, IIOCKOJIb-
Ky, (pu3ndeckas BenuuuHa (3HEPTHUS), SBISIONMIAACST €r0 COOCTBEHHBIM 3HaUE€HUEM, JOJDKHA OBITh JEHCT-
BUTENBbHON. OHAKO, CYIIECTBYIOT ONEPAaTOPHI, KOTOpPHIE, HE OyIydn 3pMUTOBBIM, TEM HE MEHEE, MOTYT
UMETh JICUCTBUTENLHBIE cOOCTBeHHbIe 3HaueHus [1]. VMcmonp30BaHne TakuMX ONMEPaTOPOB B KBAHTOBOI
TEOPUHU BOMPOC €IIle OTKPHITHIHA, HO B APYTUX 00NacTsAX (U3UKUA, OCOOCHHO, B ONTHKE, UCIOIH30BAHUC
TaKHUX OIEPATOPOB MOXHO CUMTATh CBEpIIUBIIHUKCS dakToM. Kiaccom Takux omepatopos siBisitoTcst PT—
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CUMMETPUYHbIE TaMIJIbTOHHAHBI, KOTOPBIE B TIOCJIEAHEE BPeMsI HHTEHCUBHO M3y4yaroTcs (CM. Halpumep,
[2-13]). Ilpu HEeKkOTOpHIX 3HAYCHHSAX MAPAMETPOB TAKHE raMUIBTOHHAHBI UMEIOT JCUCTBUTEIBHBIC COO-
CTBEHHBbIE 3Ha4deHus (pexxum PT—cummerpun), 3TO 03HAYaEeT, YTO STH CHCTEMbl UMEIOT CTal[HOHAPHBIE
pemenns. OQHOM U3 MOAETH TaKMX CHCTEM SIBIISIETCS PEIIECTKA JMHEHHO CBSI3aHHBIX BOJHOBOJOB C YCH-
neHueM / 3atyxaHueM. [lpumeuarenbHO, YTO Takue CUCTEMBl peaii30BaHbl dKcrepuMeHTansHO ([7,8]).
HccnenoBaHnio TakuX CUCTEM TOCBSILIEHO 00bIIoe Yncio padboT. M3yuaroTcst THHEHHbIE M HeJTMHEHHbBIE
CBOICTBA, paclpOCTPaHEHUE COIUTOHOB B TAKUX CUCTEMAaX, yCTOWYMBOCTb COOCTBEHHBIX MOJ, Oudypka-
LU HETMHEHHBIX MOA U3 JIMHEMHBIX W APYI'HE acleKThl 3TOH mpobiaembl. OueHb BayKHBIM SIBIISICTCS HMC-
ClleIoBaHHE YCIOBUM HapymeHus PT—cuMMeTpuu: mpu Kakux MOpPOTOBBIX 3HAUCHHSX MapaMeTpoB coO-
CTBEHHBIE 3HAUEHUS IEPECTAHYT ObITh IEHCTBUTENBHBIMU. B CBSA3M C 3TUM CTAaHOBUTCS aKTyaJbHbIM HU3Y-
YEHHE BO3MOXXHOCTU YIPaBJICHHs IapamMeTpaMu CHUCTEMBI, KOTOPbIE PEaM3ylOTCsl BBEIEHHUEM OBICTPO-
MEHSIOLINXCSA BO3MYIIEHUH B CUCTEMY.

B HacTosimielt paboTe MBI pacCMOTPUM TPOU3BOJIbHOE, YeTHOe unciio (2N) cBA3aHHBIX HETHHEH-
HBIX BOJTHOBOJIOB C yCHIIEHHeM / 3aTyxaHueM. Mccieayem crarpioHapHbIe penieHns 3Toil cucteMbl. Haii-
JIEM COOTHOLIEHHE, KOTOPOE CBA3BIBAET MJIOTHOCTH SHEPTUHM MOJI, HAXOJSAIIMXCS B BOJHOBOAAX C yCHUIIe-
HUEM U 3aTyxaHueM. [lomyduM coXpaHsIOUIyIoCs BEIMYUHY — OOIIYIO MJIOTHOCTH 3HEpruu (HopMy). Mc-
MOJIB3YS WX, 0000ImKM ycroBue HapymeHus PT-cuMMeTprun Ha HelnWHEWHBIA ciaydail. UncneHHBIM pe-
LIEHWEeM ypaBHEHUI IPOBEPUM I10JyUECHHBIE PE3yIbTATHL.

PT — cumMeTpu4YHasi cHCTeMa YPaBHEHUH A1 pellleTKH CBSI3AHHBIX BOJTHOBO0B

Pemierka nuHEHO CBS3aHHBIX HEJIMHEHHBIX BOJHOBOIOB C YCHJICHHEM/3aTyXaHHEM OIMCBHIBACTCS
JUCKPETHBIM aHaJIOrOM HelMHeHoro ypasHenus lllpenunrepa

P28 = (g + Pnsr) — Gl PP + I 1), =1, 2N,(1)

e\, —TpeACcTaBiIsIeT co00W aMIUTMTYy BOJHBI B N - OM BOJHOBOME,K—K03(DPHUITHEHT TUHEHHOH

CBSI3M MEXy BOJIHOBOAAMH,J—KOd(h(GUIIMEHT HEMTWHEHHOCTH,{— SBOIIONIMOHHAS TIEpEMEHHAsI, B JaHHOM

cllydae 3TO KOOpJAMHATA BJIOJb BOJOKHA,Y — KOOQQHIMEHT ycuiieHus /3aryxanus.CucreMy Hajao JIOTOJI-

HUTh TPAaHUYHBIMU YCIOBUSAMHU Wo=0, Won+1=04711 OTKpBITOH cucTeMbl (ycioBue [IMpUXie) WIHyo=yaN

1= Wan+1 U TIEPHOINYECKOM CHCTEMBI. Y JOOHO 3Ty CHUCTEMY Mepenucarh OTAeIbHO Ul YETHBIX U He-
YETHBIX BOJIHOBOZAOB. JlJIsl 3TOT0 ONpeaeinM

WZn—len a\VZn—lzvna n=1,..N. (2)
Toraa BmecTo ypaBHeHus (1) momryanm
LU, ,
l at = _k(Vn—l + Vn) - g|Un|2Un - lyUn' (3&)
v, ,
? = _k(Un + Un+1) - g|Vn|2Vn + lyVn' (3b)
['paHuyHbIC YCIOBHUS MPUMYT BHU]I
V=0, Un:1 =0, 4)
JUTSL OTKPBITON CUCTEMBI
Vo=Vn, Uns1i=Uy, (5)
JUTSL TIEPUOAMYECKON crcTeMbl. Kak BHIHO, B HEYETHBIX BOJHOBOJAX CHTHAJ 3aTYXaeT, a B YETHBIX

YCUIINBAETCSL.
Paccmotpum craronapusie pemenust U, = X.exp(-iEt), V, = Y.exp(-iEt) aroii cucremsr. [Tox-
CTaBUM HX B ypaBHEHUS (3) U MOTy4UM

EXn = _k(yn—l + Yn) - 9|Xn|2Xn - innf (6&)

EY, ==k(Xn+X,,1)— g|Yn|2Yn + iyY,. (6b)
I'pannunsie yenoBust (4) u (5) nmpeoOpa3yroTcs B

Yo=0, Xy41 =0, (4:)

Yo=Yy, Xyi1 =4X1. (5)

B pabote[16] (cm. Takxke[14]) mis THHEHHON YacTH 3TOW CUCTEMBI, ObLIA pellieHa 3a/1a4a Ha c00-
CTBEHHbIE 3HAYEHUS U HAWJIEHO YCII0BHE HapyleHne PT—cummerpun

E= \/4k2c052 (%) -2, (7

rae g = 2jmt /(2N+1) nnst otkpseiToit cucremsl, u g = 2jr/N, j=1,...,N 1151 mepuoudeckoi CHCTEMBI.

MuHUMaNibHOE 3HA4YeHHE TIePBOrO WieHa TMOJA PAJMKajIOM OINpeessieT I[OpPOroBoe  3Hade-
HueyHapyueHusPT—cummerpun
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ve = (4kcos?@)) . ®)
27/ min
OtmeruMm euie pa3, uTo 3Ta Gopmyia Oblna mosydeHa Oe3 ydera HeduHeWHOro uieHa.B paborax
[17], [18] ObL1 OTYYCH HENMMHEHHBIN aHANIOT COOTHOIIEHUS (7) st qumepa (N=1).
W3 ypaBHenwii (6) moIyduM HEKOTOPHIE CBOMCTBA X PEIICHUN. Y MHOXKAsl HEUETHHIE YPaBHEHHS
Ha X, *, a geTtHsre Ha Y, *, (T1e 3Be3/109Ka HaJ OyKBOM 0O3HAYAET KOMIUIEKCHOE COTIPSHKEHNE) U CKIIAAbIBAs

BCC YPAaBHCHUS MOJIYUYUM

N N
E Y (Xl + 1% = =k ) (XiYos + XiY, + X, X+ VX 0] =

n=1 n=1

N N
DI CARTADELSYCAEIIAD)
n=1 n=1

Jlerko yOeanuThCs, UTO 3[€Ch KPOME MOCIIEIHETO CIaraéMoro BCe OCTAIBHBICUICHBI JEHCTBUTEIb-
HBI, TOT/1a TOCIIEHEE CIIAraeMO€E PAaBHO HYJIIIO U OTCIOZA MOJTy4aeTCst
gzl |Xn|2 = gzl |Yn|2 (9)
Takum 06pa3zoM, HOPMBI (TIFIOTHOCTH SHEPTHH) BYCHIIMBAIOMIMX M OCIA0ISIONINX BOJTHOBOJAX PaB-
HBI MEXIy c000il. ITOT (hakT, KOHEUHO, sBIsieTcs chnencreueM PT-cummerpun cucrempr. OTMETHM, YTO
3TO COOTHOILIEHHE COBEPILEHHO O0IIee, OHO HE 3aBHCHUT, KaK PacIOOKEHbl YCHIUBAIOILUE U OCIa0IIsI0-
e BoJaHOBOABI. Jlanee yuntbiBas (9),MOXKHO MOTYYUTHCOXPAHSIONIYIOCS BEIUUUHY (HOpMY) IS ypaB-
Henuit (3)
Zrl\zlzl(lxnlz + |Yn|2) = const = P (10)
4TO €CTECTBEHHO Ul CTALMOHAPHOTO CIIydasl.
Hcronb3ys 3TH CBOHCTBA CTAl[MOHAPHBIX PEIICHUH, MOKHO 0000IUTh ycinoBue (7) A HENWHEH-
HOro ciyd4as. [y aToro umem pernenns (6) B BUIe
2nj
)

X, = Aexp(iqn),Y, = Bexp(iqn), q = —~ J=L..N. (11)
OTMETHUM YTO, OTH PEIICHHS YIOBICTBOPSIOT TPAHUYHBIM yciIoBUsM (5°). [TocTaBuB 3TH perieHus

B (6)u Bocmonb3oBaBIIch cootHomeHusME (11)u (10) momyunm

E= —%i \/4kzcosz (%) —y2. (12)

Ora ¢dopMmyna SBISieTCS HENWHEHHBIM aHAIOrOM YCIIOBHH ycToitunBocti PT—cummerpun. Ilomo-
JKUTENBHBIA 3HAK Mepe KOPHEM COOTBETCTBYET CHMMETPHUYHBIM, a OTPHULIATENBHBIN 3HAK— aHTHCUMMET-
puuHbIM pemenusM. @opmyna (12) mokassiBaeT, YTO BKJIIOYEHHE HEIMHEHMHOCTH HE U3MEHSET 3HAYCHUS
ycnoBus Hapymenuss PT—cummerpuunoctu. M3—3a HenuneitHoctn E HaunHaeT 3aBuceTh OT HOPMBIP. 3a-
MeTHM, 4To hopmyiy (12) MBI TOXYYMIH Ui TEPUOJMUYECKIX TPAHUYHBIX YCJIOBHHA U K TOMY K€ JIJIsI
omnpenenaeHHoro, vactuoro Buaa (11) pemenwnii. Tem He MeHee, MPOBEpKa YUCICHHBIM PEIICHUEM CHUCTE-
MBI (6) KOTOPYIO NIPUBEAEM B CIEAYIOIIEM pasfelie, MOKa3bIBaeT YHUBEPCAIBHOCTh 3TOH (HOPMYJIBI IS
NEepUOJNUECKUXIPAHUYHBIX YCJ0BUH. boJiee TOro, 4ncieHHbIN pacyeT MOKas3blBaeT YTO, TaKas e
JIMHEHasg3aBUCUMOCTb BEpPHA U /Il FPAaHUYHBIX YCJI0BUN [lupuxie.

YmncineHHOe MOJeTHPOBAHUE

Xota cooTHoueHue (9), Mo XapakTepy HOIyYeHHs], SBISETCS TOUYHBIM, TEM HE MEHEe, Mbl PeIlIn
MIPOBEPUTH €Tr0 YHCICHHBIM CYeTOM. J[JI 3TOro, MBI CPaBHUBAJIM HOPMBI B Pa3HBIX BOJIHOBOJIAX pellasy-
paBHeHUs (0) Ui pa3NUYHBIXOOIIMX HOPM p. PesymbraThl mpoBeneHsl B puc.l, KOTOpbIe MOKa3bIBaIOT
TOYHOE BBITIOJTHEHUE ATOTO COOTHOIIEHHS MIPU Pa3IMYHOr0 0OIIETO YKCIia BOJTHOBOIOB.

—_— - e

a5t o

aof °

10 15 20 25 20 35 40 45 50

Puc.1. 3aBucumoctsE|Y 2 ot2|Xf  mpu pasmuansixaopm p. 3xecsk = 1,N=27g= 1, v = 0.05. Crutomrsas mumms rpadux
QyHkiwm Y = X.Kpykkamu 3azaHa 3asiciumocts 2|Y[? otZ|X .
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Puc.2. I'paduk 3aBucumoctu Eot p mis Puc.3. I'paduk 3aBucumoctu Eot p aust yenosuit {upuxite, npu k = 1,
NEPUOUYECKUX TPAHUYHBIX YCIOBUIL, IpU g=1, N=17,y=0.05.
k=1,9=1, N =17, y=0.05. HenpepsiBHas HenpepsiBHas nunust rpaduk £ mo popmyse (12). Kpyxkamu 3agana
nuHus rpadukE no dpopmyne (12). 3aBUCHMOCTH EOT p, OTy4YeHHasl YUCIEHHBIM pelIeHHEM CHCTEMSI (6).
Kpyxkamu 3agana 3aBuCHMOCTE EOT p, XO0T4 371ech Pe3yNIbTaThl HE COBNAJAIOT, HO BUAHO YTO YHCIICHHBIE pe-
IIOJIy4CHHAS! YUCICHHBIM PELICHUEM CHCTEMBI 3yJBTaThl HMEIOT JIMHEHHYIO 3aBUCHMOCTb.

(6)

@opmyay (12) MBI TOTYYHIIH, HCTIONB3YS pemieHus onpeaeneHHoro Buaa (11), mosromy Mbl mpo-
BEPHUM CIPABEAJIMBOCTD STOH (OPMYIIBI TAKXKE MPSIMBIM YHCICHHBIM PelICHUEM ypaBHeHHH (6). MBI 4rc-
JICHHO pelaiyn ypaBHeHHs (6) I pa3HbIX P U CPABHIIN PE3yJIbTaThl CO 3HAUCHUSAMU E BBIUMCICHHBIMU
no ¢opmyne (12). B puc.2cpaBHHBaOTCS pe3yinbTaThl MOMYYCHHBIMU IBYMs MyTsiMUA. HenpepbiBHAS J1H-
HUSI COOTBETCTBYET Tpaduky 3aBucuMoctd E mo dopmyne (12),kpyKkaMu OTMEUEHBI PE3yNIbTaThl YHC-
neHHoro cueta. Kak BuamM, coriacue mpeBocxomHoe. XoTs, Ui yciaoBud J(upuxie Mbel TOJOOHYIO aHa-
JIUTHYECKYIO (hOPMYJTy HE TIOJYYHIIM, YACICHHBIN CYET U I 3TOTO CIIy4ae JacT JTUHCHHYIO 3aBUCUMOCTh
Eot p(puc.13), XoTs mpsiMble MOMyYEHHBIE YUCIEHHO U 10 dopmyie (12) 1 oTnuyYaroTCSIHAKIOHOM. 3a-
KJII0YeHHe

B manHO# paboTe MBI HCCIIEIOBATN CBOMCTBA CTAllMOHAPHBIX pemeHni B PT—cuMMerpuyHOl crc-
TeMe, COCTOSIIEH W3 MPOU3BOJIBHOIO, YETHOTO YMCJIA CBSA3aHHBIX HEJIMHEHHBIX BOJIHOBOIOB. BuIsiBmIN
PaBEHCTBO IJIOTHOCTH PHEPTuil B yCHIMBAIOIINX U OCIAOJIAIOIUX BOJHOBOAAX. Q000N yCIIOBUS Ha-
pyuieHus PT—CUMMETpUYHOCTH AJI1 HEIMHEUHOTO ciydyas. UNCIeHHBIM pelIeHUEM YpaBHEHUH TTOKa3aiu
CYILIECTBOBAHUE CTAL[MOHAPHBIX PELICHUH ISl COOTBETCTBYIOIIMX 3HAUCHUM mapameTpa ¢. YucaeHHbIH
CUCT TAKXKE MOATBECPANI MPABUIBHOCTh AHAJIUTUYCCKU IMMOJTYYCHHBIX PE3YJIbTATOB:PaBCHCTBO HOPM B pa3-
HBIX BOJIHOBOJIaX U yCJIIOBHE HapyleHus: PT—cuMMeTpun B HETMHENHOM cilydae
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ELECTRON EXCHANGE BETWEEN DOPANT IRON SITES IN GLASS FILMSOF
ARSENIC SELENIDE

A.Marchenko, V.Kiselev, A.Rasnyuk, A.Shaldenkova, P.Seregin
St. Petersburg, 191186, Russia, e-mail: al7140@mail.ru, Herzen Russian State Pedagogical University

Abstract

Using the method of Mosshauer spectroscopy, the electron exchange between the neutral and ionized iron dopant
sites in glass films of arsenic selenide modified by iron, which gives rise to changes in both the electronic den-
sity and the tensor of the electric field gradient on the nuclei of the iron atoms, is investigated.

Keywords: chalcogenide glass, dopant iron atoms, electron exchange, Mossbauer spectroscopy

1. Introduction

Mossbauer spectroscopy allows one to determine the charge state of dopant atoms, the symmetry
and chemical nature of their local environment, and the kinetic parameters of the electron exchange
processes between the neutral and ionized states of dopant atom sites. The present work is devoted to stu-
dies on the electron exchange process between the neutral and ionized states of iron dopant atoms in glass
films of arsenic selenide, As,Sez, modified by iron.

2. Experimental

The As,Se; films were modified by iron in an argon atmosphere at a pressure of 10 Torr and fre-
quency of 13.6 MHz using the method of high-frequency ion-plasma sputtering of arsenic selenide and
metallic iron enriched with the *'Fe isotope to 90% followed by subsequent annealing of the films at
150°C for 30 min. The iron concentration, Ng,, Was varied from 0.5 to 4.0 at % and controlled by the me-
thod of X-ray fluorescent analysis with an error of 0.1 at %. The amorphicity of the films was tested by
the X-ray diffraction method. The *’Fe Mossbauer spectra in the range of temperatures from 80 to 400 K
were recorded using a *’Co radiation source in a palladium matrix.

3. Results and discussion

It was shown in [6] that iron dopant atoms form a one-electron donor-type level with an ionization
energy of 0.24 + 0.03 eV (the energy is counted from the bottom of the conductivity zone) in the forbid-
den zone of arsenic selenide glass. If Ne<2 at %, then all the donor iron sites in the low-temperature field
(T <297 K) appear to be ionized and, consequently, a quadrupole doublet with the central shift, S;, and
quadrupole splitting, A;, corresponding to the triplycharged Fe** ion, the local environment symmetry of
which is lower than cubic symmetry, is observed in the Mossbauer spectra of >’Fe dopant atoms (fig. 1).
When the Fermi level is close to the donor iron level (this occurs at Ng.>2 at %), then a part of the iron
sites appears to be in the unionized state, and the second quadrupole doublet with the central shift, S;, and
quadrupole splitting, A,, corresponding to the Fe*‘ion emerges in the Mossbauer spectra of *’Fe dopant
atoms. In this case the local environment symmetry of the Fe** ions is lower than the cubic symmetry (fig.
1). The fraction of the Fe*" ions can be calculated by the following equation:

p=— &)
S, + S
wheres,and s;are the areas under the Mossbauer spectra recorded at 80 K and corresponding to theFe** and
Fe" ions, respectively.
The fraction of the Fe?* ions increases with an increase in the iron concentration, and the concentra-
tions of the (N,) neutral and (N;) ionized sites atNg, ~ 4 at % become equal (fig. 1).

112



Meorcoynapoounas kongepenyusn « PynoamenmanvHole u RpUKiaousie gonpocut gusuxuy 13-14 uons 2017e.

It is obvious that when the Fermi level is close to the level of iron, then the electron exchange be-
tween the two oxidation states of iron (Fe** and Fe*") is possible, which should give rise to the convergence
of the central shift values of the Mossbauer spectra of the Fe?* and Fe®* sites. In the limit of fast electron
exchange, when the lifetimes of the Fe?* and Fe® states are much shorter than the lifetime of the *"™Fe
nuclear isomer (~10" s), the Mossbauer spectrum of the averaged state of iron with the following central
shift should appear:

_ S, (80K)+PS, 80K)

S 2
P+1 @
where
N_..
P=—-<1 3)
NFe3"

and S,(80 K)and S;(80 K)are the central shifts of the Mossbauer spectra recorded at 80 K and correspond-
ing to the Fe?* and Fe®" sites, respectively.

80 K

AsSe; +2at % ‘FCX'X ‘
2 G \ :/\

V. U’

W\ -
As,Se; + 4 at % Fe \\\\\W

Relative counting rate

3 2 1 0 1 2 3
Velocity, mm/s
Fig. 1.Fe Mossbauer spectra of films of arsenic selenide modified by iron.
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Fig. 2. Temperature dependences of the central shifts of the Mossbauer spectra of Fe sites in As2Se; films for an iron concentra-
tion of (1) 2 and (2) 4 at %, and (3) of Fe?* sites for an iron concentration of 4 at % (3); the dashed lines correspond to the tem-
perature dependences of the central shifts of the Mossbauer spectra of the (1) Fe and (1) Fe sites, which are determined from the
temperature dependences of the squared Doppler shifts in the Fe Mosshauer spectra.
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The temperature dependences of the central shifts of the Mossbauer spectra of Fe** and Fe®* sites at
Nee= 2 at % (when P~ 0) and Ng.= 4 at % (when P= 1) are shown in fig. 2.

For the case when P = 0, only the quadrupole doublet corresponding to the Fe3+ ion is present in
the Mossbauer spectrum, the central shift of which in the range of temperatures from 80 to 440 K only
slightly decreases with an increase in the temperature, which can be explained by the manifestation of the
transverse Doppler effect. In most cases, the central shift, S, of the Mossbauer spectra is determined by the
isomeric shift, 8, and the squared Doppler shift, D

S=0+D, 4)
and the temperature dependence of the central shift is determined by the temperature dependence of the D
value, which looks as follows in the Debye approximation:
3 _ kAT AT
P ZEOMCZf[Hj ©)
where Eyis the energy of the isomeric transition for the *™Fe isoptope, k is the Boltzmann constant, Mis themass of
the irradiating *'Fe atom, cis the speed of light in vacuum, 6 is the Debye temperature of the investigated
material, f(AT/0)is the Debye function, and ATis the difference between the temperatures at which the
Mossbauer spectra of the sample are recorded.

The theoretical temperature dependences of the squared Doppler shift of the Mossbauer spectrum
of the *'Fe isotope (the used Debye temperatures are 120 and 200 K) and the experimental temperature de-
pendence of the central shift of the Mossbauer spectrum of the Fe*" sites at P~ 0 are shown in fig. 3. As is
seen from the plots, there is satisfactory agreement between the theoretical and experimental dependences.
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Fig. 3. Theoretical temperature dependences (solid lines) of the Doppler shift of the Mossbauer spectrum on the *'Fe isotope for Debye tem-
peratures of (1) 120 and 200 (2) K and the experimental temperature dependence of the central shift of the Mossbauer spectrum of the Fe sites
in As,Se3 films for an iron concentration of 2 at %.

0.50 -

0.45 -

=

~

=]
T

G, mm/s

=

(L)

wn
T

0.30 £~

1 1

50 150 250 350 450

0.25

T K
Fig. 4. Temperature dependences of the spectral line widths of the Mossbauer spectra of Fe sites in As,Se3 films for an iron concentration
of (1) 2 and (2) 4 at %, and (3) of Fe sites for an iron concentration of 4 at %.
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Fig. 5. Temperature dependence of the fraction of Fe  sites in the Mossbauer spectra of As2Se3: Feat NF, =4 at %.

For the case when P~ 1, two quadrupole doublets corresponding to the Fe** and Fe®* sites are
present in the Mossbauer spectrum, the central shifts of which become close to each other with an in-
crease in the temperature (see fig. 2), the spectral lines are broadened (fig. 4), and the relative area under
the spectrum corresponding to Fe?* sites is decreased (fig. 5).

The spectra in fig. 1 and results of their processing in figs. 2 and 4 illustrate the typical pattern of
theelectron exchange between the two iron oxidation states, Fe** and Fe**. A decrease in the relative area
under the spectrum corresponding to Fe** sites does not indicate a decrease in the concentration of Fe®*
sites with an increase in the temperature but a more distinct dependence of the Mossbauer coefficient on
the temperature for the compounds of doubly charged iron in comparison with the compounds of Fe*".

Taking into the consideration that the local symmetry of Fe** and Fe*" sites is lower than cubic sym-
metry, it is reasonable to expect the electron exchange to be accompanied by a change in the tensor of the
electric field gradient (EFG); i.e., the quadrupole splittings of the Fe?" and Fe** Mossbauer spectra should
change with an increase in the temperature.

Actually, if the local symmetry of the °""Fe Mossbauer probe is lower than its cubic symmetry, then
the energy level of the °™Fe nucleus decomposes into two sublevels as a result of the interaction of the qua-
dru-pole moment, Q, of the iron nucleus with the EFG tensor on it, and the quadrupole splitting of the
Moss-bauer spectrum arises. The Laplace equation, U+ Uy, + Uzz = 0, is applicable for a diagonalized
EFG tensor, and this EFG tensor is determined by the following two parameters: the main component,
U, of the EFG tensor and the asymmetry parameter,n = (U— Uyy)/U,(here X, y, and z are the main axes
of theEFG tensor, which are chosen based on the inequality |U.| < [Uyy| <|U,,|).The Mossbauer spectrum is
represented by a doublet with the following distances between the components:

2

1/2
1 n
A=ZeQU_ |1+ | . 6
ZQZZ{ 3} (6)

In general, there are the following two EFG sources on the atomic nuclei: the ions of the structural
lattice of glass (they produce crystalline EFG) and nonspherical valence electrons of the Mossbauer atom
(they produce valence EFG). Accordingly,

Uzz = (1 -'Y)VZZ +(1 - RU)WZz! n= (1 - Y)szncr L(l - Ro )sznval , (7)

2z

where U, V, and Wyare the main components of the total, crystalline, and valence EFG tensors, respec-
tively; 1, me, and nya, are the asymmetry parameters of these tensors; yand Rqare the Sternheimer coeffi-
cients (they take into account the shielding and deshielding of EFG produced by the external charges and
by the internal electron shells of the probe atom).
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If the valence shells of the Mossbauer atom are completely or half-filled (the Fe** ion is a typical
example), then only the charges of neighbor atoms should be taken into account for such an atom upon
the calculations of EFG; the Avalue in this case is insignificant, and its temperature dependence is deter-
mined by the temperature dependences of the interatomic distances in the crystal and in the structural lat-
tice of glass, and this dependence is very weak as a rule. However, if the valence shells of the Mossbauer
atom are filled only partially (Fe** is a typical example), then the valence electrons are the main source of
EFG; therefore the Avalue is significantly increased, and it noticeably decreases upon an increase in the
temperature.
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Fig. 6. Temperature dependences of the quadrupole splitting of the Mossbauer spectra of Fe sites in As2Se3 films for an iron concentration of (1)
2and (2) 4 at %, and (3) of Fe  sites for an iron concentration of 4 at % (3).

The temperature dependences of the quadrupole splittings of the >’Fe Mossbauer spectra correspond-
ing to the Fe** and Fe** sites are shown in fig. 6. It is seen that a small value of the quadrupole splitting, A;,
and its insignificant decrease with an increase in the temperature are observed in the range of tempera-
tures from 80 to 400 K for the case with an iron concentration of less than 2 at % (iron is stabilized only
in the Fe*" state), as expected for the triply-charged Fe®" state of iron. In the case with an iron concentra-
tion of 4 at % (iron is stabilized in the two equally populated Fe?* and Fe** states), small values of the qu-
adrupole splitting, A;, and their decrease with an increase in the temperature are observed in the Mossbau-
er spectra of the Fe** sites in the range of temperatures from 80 to 350 K, whereas the Ajvalue starts to
increase anomalously upon a further increase in the temperature. For the spectra of Fe** sites, the quadru-
pole splitting value, A,, for the same samples is significantly larger, and the rate of its decrease upon an
increase in the temperature has the following two areas: the area at the temperatures ranging from 80 to
350 K, in which the quadrupole splitting considerably decreases, and the area at T > 350 K, in which this
decrease becomes more rapid.

Thus, the quadrupole splitting values of the Mossbauer spectra of the Fe** and Fe®* sites in the films
of arsenic selenide glass approach each other upon an increase in the temperature, which indicates that the
EFG tensor parameters produced on the atomic nuclei of the neutral and ionized iron donor centers be-
come closer.

4. Conclusions

In glass films of arsenic selenide modified by iron, the Fe** and Fe®" sites corresponding to the neu-
tral and ionized states of the one-electron donor iron center are detected. Both the central shift and qua-
drupole splitting values of the Mossbauer spectra of the Fe**and Fe*" sites become closer upon an increase
in the temperature, which indicates that the electronic densities and EFG tensor parameters on the atomic
nuclei of the neutral and ionized iron donor centers are equalized.

REFERENCES

[1] Marchenko, A.V., Rabchanova, T.Yu., Seregin, P.P., Zharkoi, A.B., and Bobokhuzhaev, K.U., Origin of
the electrical activity of iron atoms in vitreous arsenic selenide, Glass Phys. Chem., 2016, vol. 42, no. 3, pp. 246— 250.

116



Meorcoynapoounas kongepenyusn « PynoamenmanvHole u RpUKiaousie gonpocut gusuxuy 13-14 uons 2017e.

AJICOPEIIMOHHBIE M TEILTIO®W3NYECKHUE CBOMCTBA HEKOTOPBIX
META/IMYECKHUX, HEMETA/VIMMECKUX HAHOYACTHUI U UX BJIUSAHUE HA
MOBEJEHWUE PACTBOPUTEJIEH

M.M.Cadapos, A.C.Hazpynioes, /I.C.J:xypaes, M.M.XoankoB

Kypean-mwoobunckuil snepeemuieckuti UHCIMUmym,

Kyprasn-tio6e, Tamkukuctan

Taooicuxckuii 2ocyoapcmeennulil nedazozuyeckuil ynugepcumem um. C. Avinu,
Hymian6e, TamKukucTan

Taoocuxckuii mexnuueckuil yHusepcumem um.AxaoemurxaM.C.Ocumu,
Hyman6e, TamKukucTan

mahmadl@mail.ru; juraev/7@mail.ru

AHHOTaLUA

B pabome npusodsmcs pezynbmamol 9KCHEPUMEHMANLHO20 USMEPEHUsT MENIONPO-600HOCMU U MENJo-
emrxocmu cucmemvl euopazun u gyanepyn-Ceo u YHUT npu paznuunvix memnepamypax u oasnenusix. Ha oc-
HOB8e 3aKOHA COOMBEMCINBEHHBIX COCMOAHUN U Pe3VIbMamos UsMepeHus noayieHvl IMnupuieckue ypagHe-
Hust. Obwas OMHOCUMENbHASL NOZPEUWHOCIb USMEPEHUS MENLONPOBOOHOCIU U THENI0EMKOCIU NPU 008epU-
menvHot gepoamuocmu 0.=0,95 pasua 4,3 u 3,2%.

KiroueBble cjioBa: TEIUIONPOBOJHOCTb, TEIIOEMKOCTh, (DyIUICpEH, YIIepOHbI HAHOTPYOOK, METOI pery-

JISIPHOTO TETUIOBOTO PEXXUMa IEPBOTO POJa.

B HOBBII BeK 4€JI0BEYECTBO BCTYIHIIO C SMOXAJIBHBIMHU OTKPBITUSAMH, KOTOPBIM CY)KICHO HHTEIPH-
POBaThCSI B €IMHYIO HAYYHYIO MApaIuTrMy-OTKPBITHSIMU C SHEPTETHYECKOTO YCTPOMCTBA MUpa, HAHOMHUPA
U CyNpaMOJIEKyJApHbIX IpoueccoB. OTKprITHE (yIepeHOBHOBON (OPMBI CYLIECTBOBAaHMS OJHOTO M3
CaMbIX PaclpOCTPAaHEHHBIX 3JIEMEHTOB Ha 3eMJiie yriepoAa, MPU3HAHO ONHUM U3 YAMBHUTEIbHBIX U BaXK-
HEHIINX OTKPBITHH B Hayke XX cToneTus. HecMOTpsi Ha TaBHO M3BECTHYIO YHHUKAIBHYIO CIIOCOOHOCTH
aTOMOB YTJIepOAa CBA3BIBATHCS B CIOXKHBIE, YACTO Pa3BETBICHHBIE M 00bEMHBIE MOJIEKYJISIPHBIC CTPYKTY-
PBI, COCTABIISIIOILYIO OCHOBY BCEH OPraHMUYECKON XMMUH, (paKTHUeCKasi BO3SMOXXHOCTh 00pa30BaHUs TOIb-
KO M3 OJHOTO yIJIepoJa CTaOMIIbHBIX KapKAaCHBIX MOJICKYJ BCE PAaBHO OKa3aJloCh HEOXKUIAHHOU. DKCIIe-
pPUMEHTAFHOE TIOATBEPKACHUE TOTO, YTO MOJIEKYJBI OJOOHOTO THIA, cocTosimue u3 60 u Oonee aro-
MOB, MOTYT BO3HHMKAaTh B XOJI€ €CTECTBEHHO MPOTEKAIOLIUX B MPUPOAE MPOLECCOB, Mpon3onuio B 1985 r
[1]. 3agonro 10 3TOro HEKOTOPBIE aBTOPHI NPEAIoIaraiyu CTaOMILHOCTh MOJIEKYJI C 3aMKHYTOH yIiiepoJ-
Hoit cepoii. Eme B 1970 roay E.Ocapa B SInoHNYU MpeAnonokuil BBICOKYIO CTaA0OMIBHOCTh MOJICKYJIBI Cgq
B BHJIC YCEUYCHHOTO MKocadzapa [2], a B 1973 roay coBerckue xumuku J[.A. bousap u E.I'. T'annepn [3]
MPOBEJIM IEPBbIE KBAHTOBO-XUMHUYECKHE PACUETHI TAKOM THIIOTETHYECKOW CTPYKTYpPBhI-3aMKHYTHOI'O IO-
mmapa Ceg. Pacuer mokasan, 4to mogoOHasi CTPYKTypa yriiepoaa UMeEeT 3aKpBITYIO 3JIEKTPOHHYI0 000-
JIOUKY U JIEHCTBUTEIBHO JOJDKHA 00J1a/1aTh BHICOKON SHEPIreTHUSCKON CTaOUIBHOCTBIO. DT paObOThI ObI-
JI1 MAJIOM3BECTHBI BIJIOTH /10 BTOPOM mosoBHHBI 1980-X T0/10B, MOKa HE MOJYYHMIM HEOXKMIAHHOTO 3KC-
MEPUMEHTAIBHOTO MOATBEPKAeHU B acTpoHomuH [4]. B 1990 romy cpeny pU3MKOB U XUMHUKOB BO3HHK
OyM HccIeIoBaTeNbCKUX paboT, BEI3BAHHEIM COOOIIEHHEM O MOJYYeHUH HOBOTO BelllecTBa - (yuiepura,
COCTOSIIIETO M3 MOJIEKYJ yriepoja - ¢gymieperoB. CTpykTypa Qyijiepura, ero cBOMCTBa, METObI Oy~
YEeHHUs! - BCE 3TH BOINPOCHI OKa3ajHch B (OKyce BHUMaHUs ucciepoBareieid. OTKpbuIMCh Oorareiinne
BO3MOXKHOCTH IS CO3/[JaHUS Ha OCHOBE HOBOT'O BEIIECTBA Pa3IMYHOIO POJa COEAMHEHUH U CTPYKTYp C
HEOOBIUHBIMH (PU3UKO- XUMUYECKHMH CBoWicTBamMu [5]. Kak M3BeCTHO, OHOM M3 CaMbIX pacipoCTpaHEH-
HBIX KPUCTAIMYECKUX MOAW(UKALMKA yriepona siBiasiercs rpadut, Haxoaqmui mupoyaiiiiiee npuMeHe-
HUE B CaMbIX Pa3HOO0Opas3HbIX cdepax YeIOBEUECKOW AEATENBHOCTH - OT KapaHJAIIHBIX Ipudenei 1o
OJIOKOB 3aMeJIIeHHs1 HEHTPOHOB B SIEPHBIX peakTopax [6-9]. PacmonoxxeHne aToMOB yriiepojia B Kpu-
CTaJUIMYECKOH CTPYKType rpadura BecbMa HEOOBIYHO. OTHENbHBIE aTOMBI, COCOUHSACH MEXIY COOOH,
(OpPMHPYIOT HIECTHYTOJILHBIE KOJIbIA, 0Opa3yroume ceTKy. MHOXECTBO TaKMX CETOK pacloilararoTcs
JpyT Hall JAPYroM CIIOSIMH. PaccTosHuEe MeXIy aToMaMH, PacllOOKECHHBIX B BEPIIMHAX MPAaBUIBHBIX
mecTuyroibHuKoB, paBHO 0,142 uM. CocenHue aTOMBI BHYTPH Ka)KJIOTO CJIOSI CBSI3aHBI KOBAJIEHTHBIMHU
CBSI35IMH, [TI03TOMY CJIOH aTOMOB, 00Pa3yIOINX FeKCArOHAIBHYIO CETKY, JOCTATOYHO MPOUYEH U CTaOWIIEH.
A cnou B rpaduTe pacroyiaraloTcsi Ha JIOBOJIGHO OOJIBIIIOM PAaCCTOSHUH JAPYT OT Jpyra OHO PaBHO
0,335HM, 4TO OOJiee YeM B J[Ba pa3a MPEBBIIIAET PACCTOSHUE MEXAY YIIIEPOJHBIMH aTOMaMH B TeKCaro-
HaJIbHOU ceTKe. bonbloe paccTosiHue MEXAy CIIOSIMH ONpenenseT claboCcTh CHIl, CBS3BIBAIOLINX CIIOH.
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Taxast cTpyKTypa IIPOYHBIE CJIOH, CJIa00 CBSI3aHHbIE MEXly COOOM - onpeAessieT crenu(puieckue CBonCT-
Ba rpadurTa: HU3KYIO TBEPAOCTb U CIIOCOOHOCTH JIETKO pacclanBaThCs Ha MellbYaiine yemyiiku. Jpyroi
KpUCTAJUTMYECKOW Moau(UKanuen yriepoaa spisieTcs anMa3. Kaxerid aToM yriepoja B CTPYKType aji-
Ma3a pacloiioKeH B LEHTPE TeTpasapa, BEPLIIMHAMHU KOTOPOIo CIyXaT deTsipe Ommkaimux aroma. Co-
CeIHUE aTOMBI CBA3aHBI MEXAY COOOH KOBAICHTHBIMU CBA3SIMU. Takasi CTPyKTypa onpeaessieT cBoiicTBa
ajmMasa - CaMoro TBEpOro BEIleCTBa.

B pasHoe Bpems OblIM OTKPBITHI Apyrue (GOpMBI yIriepona, Takue, Kak aMopQHbIA yriepos, Kap-
OmH, Oenbrit yriiepon u T. . OqHAaKO Bee 3T (POPMEI SBISTFOTCSI KOMITO3UTaMH, T.€. CMECHhIO MalbIX (hpar-
MEHTOB anMasa U rpadura. [lo mociaeqHero BpeMEeHH CYMTANOCh, YTO CYIIECTBYET TOJBKO JBa crocoba
PAacIIoNOKEHNsT aTOMOB YIJIEpOJa B IPOCTPAHCTBE, MO3BOJIAIOLUINX HOIYYUTh KPUCTAUINYECKYIO (opMy
yriepoaa. B Hacrosiiee BpeMsi H3BECTHO CBBILIE MIJUIMOHA COEAMHEHHMH YIiepola ¢ APYTUMHU 3JIEMEH-
TaMu. MX u3ydeHHe cocTaBiseT MpeaMET OIPOMHOIO pas3jesia HayKH - OpraHudeckoil Xxumuu. B 1o xe
BpeMsl HCCIICAOBAaHHUA B OOJIACTH XMMHHU YHCTOTO Yrjepoja Hadaluch CPaBHHTEILHO HEAAaBHO. 3a MOC-
nenuue 20 et ¢pyHAaMEeHTaIbHbIE HCCIEA0BAaHUA 03HAMEHOBAIHNCH BBIAAIOIIMMUCS yCIeXaMH B IOJTy4e-
HHU TPUHIMITHAIBHO HOBOM TpeThel GopMbl urcToro yriepona [1-8].

®Dyepensl - MoJekyaspHas ¢gopma yriaepoaa.Hosas dopma yrinepona siBisieTcss HOBOH IO
cyuiecTBy. B mpoTuBOmonoxHocTh rpaduTy u anMasy, CTpyKTypa KOTOPBIX IPEeACTaBIsieT co00il mepro-
JUYECKYIO PEIIETKY aTOMOB, TPeThs ()OpMa YHCTOTO yriepoaa SBJSETCS MOJIEKYSIPHOH. DTO O3HAYaeT,
YTO MUHUMAJIBHBIM 3JIEMEHTOM €€ CTPYKTYpBI SBJISIETCS HE aTOM, a MoJieKyna yriepoaa. Oxa3piBaercs,
MOJIEKYJIbl YHCTOTO yIJIepoa MPEACTaBIAIOT COO0H 3aMKHYTYIO TOBEPXHOCTh, UMEIOLIYIO (hopMy chepsl
win cheponna. Takue MoseKysl Ha3Baidu QyisiepeHaMu. bobIioil HHTEpeC K MOJIEKYJIIPHOMY YIJIEpO-
Iy Bo3HHK B 1985 rony, korma Obuta oTkpbiTa 60-aTroMHas Mosekyia Cegq . Kpome Toro, ObUH 0OHApyXke-
HbI MOJIEKyJbI C7g C7¢, Cgq M T. 1. Bce onM nMEIOT pOpMy 3aMKHYTOH IMOBEPXHOCTH, HA KOTOPOM pacmo-
nararoTcs aTombl yraepona [1,7]. OCHOBHBIM 3JEMEHTOM CTPYKTYpPbl (DYJUIEPEHOB SBISETCS IIECTH-
yronpHEK, 1-11I B BepmmHax KOTOPOTo pacrloioKeHbl aTOMBI yriepoja. Kak Obl1o oTMEUeHO BbINIE, MO-
JOOHbBIE HIECTHYTOJBHUKH TaKKe XapaKTepHBl Ul CTPYKTypsl rpadura. Mcxons u3 3TOro, JOrHYHO
NPEAIOJIOKUT, YTO I'padHT TOJDKEH HCIONb30BaThCs KaK UCXOTHOE ChIpbE U cuHTe3a (ysuiepeHos. B
HACTOSAIIEEC BPEMs TBEPJO YCTAaHOBJICHO, YTO Haubosiee 3((HEKTUBHBIM CIIOCOOOM MoNTydeHus: QyIiepe-
HOB SIBIISIETCS TEPMUYECKOE Pa3IOKEeHUE CIOUCTON CTPYKTYpHI rpaduTa Ha Majble (parMeHThl, U3 KOTO-
pBIX 3aTeM npoucxomut GopmupoBanne Cgy U APYTUX 3aMKHYTHIX MOJIEKyIN yriepona [5-9]. Ecnu cun-
TaTh, 4TO MoJieKyJia Cgy COCTaBICHA TOJBKO M3 INECTHUYTOibHBIX [ pparmMeHnToB rpadura, TO €€ paguyc
nomxeH ObITh paBeH 0,37 HM. Ha camom xe nene TouHoe 3HaueHHe pajauyca Cgp, YCTAHOBICHHOE PEHT-
TEHOCTPYKTYPHBIM aHaiIu30M, cocTasisieT 0,357 HM. Ota BennunHa Bcero Ha 2% OTINYAeTCsl OT paccyu-
TaHHOH. Pasnuune B paamycax CBsi3aHO C TEM, YTO aTOMBI YIJIEpoJa pacrojiararoTcs Ha cepuueckon
MIOBEPXHOCTH B BepinnHax 20 MpaBHIBHBIX MIECTUYTOJIBHUKOB U 12 MPaBUIILHBIX MSTHYTOJIBHUKOB, BO3-
HUKIIKX B Tiporiecce popmupoBanus Cgy. Takum 00pa3oM, CTPYKTYPHBIE 3JI€MEHTHI (yIIepeHOB 110100~
HBI CTPYKTYPHBIM 3j1eMeHTaM rpadura. [lnockas ceTka mecTHyTroJIbHUKOB (B ciy4ae rpaduTa) CBEpHYyTa
U CIIUTa B 3aMKHYTYIO chepy wiu chepoun. [Ipu 3ToM 4acTh MIECTHYTOIBHUKOB MTpeodpa3yeTcs B MATH-
yroibHUKH.B criocobe monyueHus naiaaniicoaepKaliero Karaim3aropa THIpHpoBaHus ITyTeM BOCCTa-
HOBJICHHUS IByXBaJIECHTHOTO NaJUTaJHsl U3 UCXOAHOTO COSAMHEHMS M OCAXKICHHS BOCCTAHOBJIEHHOI'O IMaJ-
Janusl Ha YIIIepoAHbI MaTepual B KaueCTBE MCXOJHOTO COEIMHEHUS HCIOJIB3YIOT TeTpaaKBanaiaanii
(I) mepxynopar, a BOCCTAaHOBJIEHHBIN MaljaAuii OCAXJAIOT HA YIJIEPOAHBIN HaHOMaTepual, B KauecTBE
YIJIEPOAHOTO HaHOMAaTepHana MOTYT UCHONb30BaTh QysuiepeH Cgo, yIIIEpOAHBIE HAHOTPYOKH, KaTOAHBINA
JIETIO3UT; B Ka4eCTBE yIJIEPOJAHOTOHAHOMATEpHaia MOTYT HCIOIb30BaTh cMech (ysuiepenoB Ceou Coolipu
clenyroleM cooTHomeHuu, Mac.%: dyiepeH Cgo- 60-80, dymnepen Cro- 20-40. Takum oOpa3om peria-
eTcs 3ajada Co3JlaHus crocoda MOydeHHsNaIaIuiicoIepKalllero KaTajan3aropa TuAprupoBaHusi, KOTO-
pBIii oOsiamaeT OOMNbIIEH KaTaJUTUYECKOW aKTUBHOCTHIO M padoTaeT B Oojiee MATKHX YCIOBUSX (IpU
KOMHATHOH TeMIepaTrype 1 HOpMaJIbHOM (aTMOCEPHOM) 1aBICHUH.

Poct nmotpeGHOCTH B aKTUBHOM OKCHJIE aTFOMHUHUS OOYCIIOBIIEH Pa3BUTHEM TaKHX IPOIIECCOB HE-
TenepepaboTKH, Kak pUPOPMHUHT, THAPOOUUCTKA, TUAPOKPEKUHT (B KOTOPBIX HCIOJB3YIOTCS KaTalau3a-
Tophl, coaepxamue 80-90% okcuaa amOMHUHUS), a TAKXKE MIMPOKUM IPUMEHEHHEM €ro B MpoLeccax al-
copOIuH.

AKTHBHBII OKCH]I AJTIOMUHUS

AKTHUBUPOBAHHBIA OKCHJ aJIOMUHMS IIMPOKO HCIIONB3YETCS] B KAUECTBE OCYLIMUTENS! HPUPOIHOTO
ra3a. [I[poMBITIIIEHHOCTBIO BBITYCKAETCS aKTHBUPOBAHHBIN OKCHJ| aIFOMUHUS HECKOJIBKUX MAapoK M pas-
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HOH (POPMBI: TpaHyIMPOBAHHBIN, IIMIHHAPHICCKIN U MAPUKOBBIA. [IperMyIIiecCTBOM ke OKCHIIa aTFOMH-
HUS SIBIISIETCS CTOWKOCTD 10 OTHOIICHHIO K KaNeIbHOH Biiare u o0ecrnedeHne TayO0oKoH CTEeHN OCYIIKU
— 110 TO4KH pockl -60°C B 0051aCTH BBHICOKOTO BJIAr0OCOAEPKaHUS OCyImaeMoro rasza. [lpu Hammauu B ocy-
[IIaeMOM Ta3e KalleJIbHON BOJBI B IENAX MPEAOTBPALICHUS PACTPECKUBAHIS OCHOBHOTO CIIOSI OCYIITHTENS —
CHJTUKAreyiss MO)KHO PEKOMEHOBATh 3achlaTh HEOONBIION CII0 OKCHAa allOMHHUS Ha BXOJE Ta3a B KO-
JIOHHY. AKTHUBHBIN OKCHUJI aTt0-MUHUS(IIIAPUK). AKTUBHBIN OKCHJ| ATFOMUHUS (4EPEHOK).

OcHOBHBIE 00J1aCTH TPAMEHEHUS aKTUBHOT'O OKCH/IA ATFOMHHUS:

1. AncopOumoHHas ocyIIka ra3oB. BrIcOkast akTHBHOCTh OKCHAA aTFOMUHUS TIPH B3aUMOICHCTBHH
C TOJISIPHBIMU aicopOTUBaMH (MIpEXkIe BCETO, MapaMu BOJIbI) 0OecreuynBaeT rIyOOKYIO OCYIIKY Ta30B 10
Touku pockl MuHYyC 60°C u HIKe. OH HHTEHCUUINPYET TMOJIMMEPHU3AIUI0 HETIPEAETBHBIX YTIEBOJOPO-
TIOB, 0Opa3yIOMIMXCS MPH KPEKUHTE B CTAINH BRICOKOTEMITEPATypHOU aecoporwm. OqHaKO BO3MOXKHOCTh
MHOTOKPAaTHOW TeMIlepaTypHOW pereHepaniy MyTeM BBDKHIa KOKCOBBIX OTJIOKEHHH 00ecleunBaeT J0J-
TOJIETHIOIO Pa0OTy afcopOeHTa KaK OCYIIUTENsl 01e(UHCOAEPKAIIMX MOTOKOB. BaXHOH MONOKUTETHHON
CIOCOOHOCTBIO OKCHIA aTFOMHHUS SIBIISIETCAET0 BOJOCTONKOCTh. VIMEHHO 3TOT MOKa3aTelb 4acTo Ompe-
JeTsieT BBIOOP OKCHA aJIOMHHUS B KauecTBe aJcopOeHTa Il OCYIIKH U MepepaboTKH Cpel, B KOTOPHIX
MPUCYTCTBYET KarlelbHasl Bara.

2. AncopOuroHHas 0YMCTKa Macen (Mpekie Bcero TpaHCc(hopMaTOpHBIX). AMGBOTEpHBIH XapakTep
OKCHJIa alTIOMUHUS JenaeT ero 3(h(HeKTUBHBIM aJICOPOSHTOM KHCIIOT — MPOJAYKTOB OKHCIICHUS Macell, Ha-
KOTUICHHE KOTOPBIX CHIKAET AUAIEKTPHUCCKHE CBOMCTBA Mace.

3. [IpumeHeHne B CTaTUYECKHUX afCcOPOIMOHHBIX CUCTeMaX. AKTUBHBIA OKCHJ] aTFOMHHUS HAXOIUT
MpUMEHeHHe KaK 3P (EKTUBHBINA OCYIIUTENh MPU KOHCEPBAIIUU MTPHOOPOB U 000pYyIOBaHMUS, a TaKXKe IS
TaKMX CHCTEM, KaK JIbIXaTeNIbHbIC KIIallaHbl IUCTEPH, TPaHC(HOPMATOPHI U T. 1.

4. AncopOIIMOHHAsT OYMCTKA ra30BbIX U KHUJIKOCTHBIX IIOTOKOB OT COCIMHEHHH, coaepkamux Gpro-
puonbl. CriocOOHOCTh OKCHAA ATFOMUHUS XeMOCOPONPOBaTH()TOPHOHBI UCIIONB3YETCS AT OYUCTKU BOJ C
MOBBIILIEHHBIM cofiepikaHneM (ropa, yiaapnuBanus napoB HF u3 razoB cynepdocdarHbix U 35eKTponus-
HBIX TIPOU3BOJICTB.
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AHHOTAIMS.

Hccnedosanvl mexanusmuvl npeobpasosanus momunecyenmuvix yenmpos Cel u Ce2 6 kpucmannax
Y,SiOs, [Toxazano, umo npu mepmoobpabomke KpUCMAIO8 8 B0CCIMAHOSUMENbHBIX YCI0BUSX, 30 CYem YO a-
JIEHUs. KUCIOPOOA U3 CMpYKMypbl KPUCMATILA, KUCIOPOOHbBIE CEMUBEPWUHHUKY NPeobpasyiomes 6 uiecmu-
6EPUIUHHUKUL.
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KuroueBble cjioBa: moriomieHne, OTOTIOMHHECIIEHITNS, 00JIyIeHHE, TEPMOOOpaboTKa

BBenenne. Kpucramisl okcnoprocunukara UTtpust Y,SiOs (YSO) sBisitoTCs MpeBOCXOIHBIM MHO-
ro)yHKIMOHAJIBHBIM ONTHYECKUM MaTepHajoM [1], IMEIOT MOHOKIMHHYIO CTPYKTYPY C IPOCTPAaHCTBEH-
Hoit rpymmoit C2/c (C62h) [2,3]. Mousr Y** 3anmMaror 1Ba KprcTamiorpahuyaecknx HE3aBHCHMBIX TTOJIO-
JKEHHSI C KOOPAMHAMOHHBIMH YHCIIAMHU TI0 KUCIOpPOAy 6 U 7 cOOTBETCTBEHHO. VIOHBI peko3eMeIbHBIX
3JIEMEHTOB MOT'YT 3aMEHUTh MOHBIY ', 3aHHMAs YKa3aHHbIE TIOJOXKEHHs [4]. AKTHBHPOBAHHEIE PEAKO3E-
MEJIbHBIMU HJIM HEPEXOJHBIMH dJIeMEHTaMU KpHCTALIBl Y,SiOs MPUMEHSIOTCS B PA3IMYHBIX OTPACIIX.
Kpucramst YSO:Ce®* 06/1a1a10T BHICOKMM BBIXOZOM JIFOMHHECIICHIIHH, KOPOTKMM BPEMEHEM 3aTyXaHHs
Y TIPUMEHSIOTCS KaK OTIIMYHBIA CUUHTWIIIATOP AJISl PErHCTPAlMd BHICOKOIHEPTETHUECKUX SACPHBIX U3-
nydeHuit [5,6]. YSO:Yb* u YSO:Pr¥* apnsrorcs ogaumu us JMYYINX KaHJAUAATOB JUIS TBEPJOTEIbHBIX
nasepo [7-9]. Kpucrammsr YSO:EU** mmpoko mccieayiores Kak MaTepuan UIsi ONTHYCCKOH MaMsITH
[10,11], TFOMHHECHEHTHBII MaTepuan st AbPOBBIX peHTreHoBeKuX cucteM [12]. KpucramisrY SO:Cr*
IPUMEHSIOTCS B BHJIE TBEPIOTEJIBHOIO HACBHIIAIOMIETOCsS MOIVIOTUTENS B KauyecTBE IEPEeCTPanBacMoro
3NIEeMEeHTa MOIYJISIIAU JoOpoTHOCTH Jaszepa [13].Henerupoanusiii kpuctamn Y SO MoxeT ObITh UCTIONb-
30BaH B KaueCTBE dIMUTAKCUANBHOM nouioxku [1] u ap.

CBoiicTBa KpUCTAJUIOB CHJIBLHO 3aBUCST OT HaJW4Ms B 00BbEME CTPYKTYPHBIX IedekToB. OmHaKo
paboTHI, IOCBAIIEHHBIE TAKUM HccienoBaHusM misi Y SO orpanmuensl. B HacTosmie paboTe MBI ¢ To-
MOIIBIO BOCCTAHOBUTEIHHOM TEPMOOOPAOOTKU HCCIIEOBAIN CO3[aHNE U TPE00pa30BaHUE CTPYKTYPHBIX
nedexto B kpucramiax YSO. Tak Kak ONTHUECKHE CIEKTphl HOHOB Ce®* 06yCIOBICHBI B OCHOBHOM
3NIEKTPOHHBIMU nepexonamu 4f-5d, KoTopble O4YeHb UYBCTBUTEIBHBI K JIOKAIBHOMY OKPYXEHHIO 3THX
WOHOB (T.€. HUINYHS CTPYKTYPHBIX A€()EeKTOB), MBI B CBOMX MCCJIEIOBAHUIX B KAYECTBE 30H/A CTPYKTYP-
ubIx gedexToB B YSO ucrons3osany nons Ce®.

O0pa3upl AJ1s HccIeJOBAHUSI M MeTOAUKA IKcIepuMeHTa. CrienaabHO HeJeTUPOBAHHBIC U Jie-
rHpOBaHHBIE HiepueM KpucTawibl Y,SiOs ObUIH BBIPAIIEHbl METOA0M HOXpallbCKOTO WHIYKIIMOHHBIM Ha-
TPEBOM, C UCIIOJIBb30BaHHEM MPUAMEBBIX TUIJIEH B HHEPTHOU atMocdepe. VicxoqHpIMI MaTepruanaMu I
pocta ciyxunn Y,03, SiO, u CeO,, unctoToit He Xyke 99,99%, B CTEXHOMETPHUSCKOM COOTHOIIICHHUH.
[Tony4yeHHbIE MOHOKPHUCTAIIBI UMENU pazMepsl mpuMepHo 20 MM B auametpe u 50 MM B ayinHy. KoHuen-
Tpauus Uepusi B aKTHBUPOBAHHBIX KpUCTaiax cocrasisuia mpumepHo 0,1 mo1.% mo Y. s uccnemosa-
HUsI ObLIM MCIIOJIb30BaHBI MMOJHPOBAHHBIE IO ONTHYECKOr0 KadyecTBa oOpasibl pazmepamu 10x10x(1+2)
MM®, BEIpe3aHHbIe 13 6y, YacTh 06Pa3IOB OTHKUranach B BOCCTAHOBUTEILHOM aTMocdepe, ¢ HCIIOIb30-
BaHHEM MMOPOIIKO0Opa3Horo rpadura, npu temmeparype 700 u 800°C B reuennel-10 4.

JlroMuHeCHIeHIINS B KpPUCTaUIaX BO30Y)KJanach KCEHOHOBOH JiamMnoi. CeKTpbl BO30YXACHUS 3a-
MUCHIBAINCH € TIoMoIlpio  MoHoxpomaropa CJIJI-12, a CHeKTpsl JIOMUHECHEHIIUH H3MEPSUIHCH
MOHOXpoMaTopoMSPM-2 ¢ ucnosnb3opanrneM @OY-100. CriekTpbl ONTHYESCKOTO TOTJIONICHUS CHUMAIUCh
Ha crnekTtpoporomerpe «JlsmOxa 35» ¢upmel Ilepkun Dnmep. Bee uzmepenus nmpoBOIMINCH IPH KOM-
HaTHOW TeMIlepaType.

JKcnepuMeHTANILHBIE Pe3yJbTAaThl U UX 00cy:kaeHue. Ha puc.1, kpuBas 1mpuBeseH CIeKTp OIl-
trueckoro noruorienus (OIT) kpuctamia Y,SiOs:Ce, rae HabmomaoTes nosock! norsorerus (T1T) ce*
B Y®-o6mactu ¢ makcumymamu Ha 220, 264, 298 u 355 um, obycnosiennbie 4f-5d nepexomamu, riae Bo3-
Oyxmarotcs nojiockl  (hotonmomuHecueHmn (OJI) ¢ makcumymamu 393 u 422 um (puc.2, kpusas 3).
Cruektp Bo30yxaenus (CB) ®JI npu 422 HM AEHCTBUTEIBHO COACPIKHUT MOJIOCHI ¢ MakcuMmyMmamu 220,
260, 293 u 348 um (puc.2, xpusas 1). Kpome Toro, npu Bo30yxaeann B oomactu 380 HM (Ha AITUHHO-
BOJIHOBOM XBOCTE I10JIOCHI ITOrJIommeHus B obnactu 360 HM) oOHapyxuBaeTcsi cMelieHue Makcumyma dJI
Kk 435 HM ¥ yHIUpEeHHUE MOJOCHI JIOMHHECIICHIIMY B JTTMHHOBOJIHOBYIO CTOPOHY (puc.2, kpuBas 2). [Ipu
cHiTHH criekTpa Bo3OyxaeHus PJI B obnactu xBocta - mpu 500 HM - HAOMIOIAIOTCA MOJIOCH C MAKCUMY-
mamu 320 u 375 1M (puc.2, kpuBas 4). DTH TaHHBIE XOPOLIO COMIACYIOTCS C pe3yibraramu pador [7-12].

[Mocne BoccTaHOBHUTENBHON TepMOOOPaOOTKH B criekTpax OIl mpoucxoisT HEKOTOPbIE H3MEHEHHSI.
B o0pasuax, oopadoranubix npu 700°C 1 yac, HabGMr0AaeTCs YBEIUUEHUE TIOTJIOIEHHS B 00JaCTH HIKE
400 HM, B pa3HOCTHOM crieKkTpe TepmoobpadoranHoro mpu 700°C U HCXOJHOTO 0OPa3IOB MOSIBISIOTCS
HOBBIE ToJI0ChI B o0mactu 230 n 270 HM 1 yBennuuBaioTcs nHTeHcHBHOCTH nMerotuxcs 111 ¢ makcumy-
mamu B 220, 260, 290 u 360 um (puc.1, kpusas 2) u OJI (puc. 2 a u 6, kpussie 2 u 6) nonos Ce®*. TTobI-
LIEHHE BPEMEHH TepMooOpaboTKH 10 4 4acOB MPHUBOAUT K JaJbHEHIIEMY YBETUUEHUIO HHTEHCUBHOCTEH
nosioc 230 u 270 HM, OJTHAKO, MHTEHCUBHOCTH nojoc ¢ MakcumyMamu 220, 260, 290 u 360 HM HECKOJIBKO
YMEHBIIAIOTCS ¥ TOABISAIOTCSA HOBBIE TOJOCH B obmactsax 320 u 375 um (puc.l, xpussie 3,4 u 5). llpu
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9TOM TIPOMCXOANT 00IIee YMEHBIICHHE HHTEHCHBHOCTH JIIOMUHECIIEHIIMN TTPH BO30YKICHUH Ha TIOI0CaX
260, 290 u 360 M (puc 2 a u 0, kpuskle 3,4,7,8).
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Puc.1. Cnekrpsi OII ucxomuoro neobpadorannoro (1), repmoodpadorantoronpu 700°C B Teuenunu 14.(2), 44. (3) u
7 4.(4) B BoccTaHOBHTENBHOI cpene kpuctamioB Y SO:Ce®, pasnocts criextpos 3 u 4 (5).

Ha pa3HOCTH HOPMHPOBAHHBIX CIEKTPOB JIOMUHECIICHIINN HEOOpaOOTaHHBIX W TEPMOOOpadOTaH-
HBIX 00pa3loB MpH BO30YKIeHUU Ha Toioce 320 HM HabOJronaeTcss yMEHbIIEHHE HHTEHCUBHOCTH CBEUe-
Hus B obmactu 400 HM 1 yBenmdeHue Ha moJjioce ¢ MakcuMyMoM 460 HM (puc.3). DTH AaHHBIE XOPOIIO
COIJIaCYIOTCSI C U3MEHEHUSIMU B CHEKTpax noriomeHus. CienyeT OTMETUTb, YTO C YBEJIMYEHHUEM BpeMe-
HU WM TEMIIEPaTypbl TepMUYECKOi 00paboTkH, HabmogaemMble 3h(HEKTh YCUITNBAIOTCA.

U3BecTHO, YTO CIEKTPHI TMOTJIOMICHUS, JIOMHUHECHCHIMH M BO30YXKICHUS JIIOMUHECICHIINN
YSO:Ce, o6ycrnosnensl aByMs Thmamu akTiBatopHsix Ce®'- (tak massiBaembix Cel- n Ce2-) HEHTpOB.
Hentpy Cel mpumuchiBaioTCsa MOJIOCH! JIOMUHECIIEHIIMK ¢ MakcuMyMaMmu 393 u 422 HM, KOTOpBIE BO3-
Oyxmarorcs Ha nojocax 260, 290 u 360 HM, B TO e BpeMs I10JIOCY JTFOMHUHECLICHIIUN ¢ MaKCuMyMoM 460
HM U ee nosiocy Bo30ysxkaenust 320 u 375 um — otHocAT k uentpy Ce2. [4,14]. B pa6ore [15] ¢ mpumene-
HUEM CHEKTPOCKOIHMH JIEKTPOHHOTO MapaMarHUTHOTO pe30HaHca ObUIO MOKAa3aHO, YTO B KpHUCTaUIax
Lu,SiOs, crpyktypHO oueHb Omu3kux K Y,SiOs, okoiao 95% wnoHOB Ce* sanmmaror monoxenns Lul,
ok0110 5% wuonos Ce*'- 3annmaror mecta LU2, n, aro Cel LEHTPBI OKPYKEHBI C CEMBIO JIEraHIAMH KH-
ciopona, a Ce2 neHTpsl — IIeCThbIO JieraHaamu. HegaBHue Tteopernyeckue pacuetsl [16] moarBepauiu
BBIBOZIBI paboThl [15]. BrelenpuBeeHHBIE SKCIIEPUMEHTANILHBIE JAHHBIE CBUIETENBCTBYIOT 00 YMEHb-
menuu konudectsa Cel- u yBenuuenuu gucia Ce2- MEHTPOB MPU BOCCTAHOBUTEIHLHON TEPMUIECKOHN 00-
pabotke kpucTamioB Y,SiOs:Ce.

[Ipu BbICOKOTEMIIEPATYPHOM OTXKUI'€ OKCHUIHBIX KPHCTAJUIOB B BOCCTAHOBUTENBHBIX YCIOBHUAX HO-
HBI KHCIIOpo/ia MOTYT AudQyHIMpoBaTh U3 KPUCTAJIA HA €ro MOBEPXHOCTh, 00pasysi B 00beMe KpUcTal-
J1a aHuOHHBIE BakaHcuu [17]. s kucimopoja BBITOJHO OCTaBIATH CBOM 3JIEKTPOHBI B 3THX BAKAHCHSIX,
pu 3ToM o0Opa3yrores F- wimu F+- neHTpsr:

0%+t — [Vt 2e]+0%=F + 0%;
0% + V+t — 2[V + €] + 0% = 2F"+ O°1.

Kpome Toro, B lernpoBaHHBIX aKTHBATOPaMHM MIEPEMEHHON BaJIeHTHOCTH 00pa3iax 3JEKTPOHBI MO-
TYT TaK K€ 3aXBaThIBATHCSI HA aKTUBATOPAX, YMEHBINAs X BAICHTHOCTH [18]. B cooTBeTCTBYIOMUX yCITO-
BHSIX BBIPAIMBAHUS 06pasioBY,SiOs:Ce 4acTh aKTHBATOPOB HEPHS MOTYT HAXOAUThCA B cocTosimm Ce’
[19]. DnexTpoHBI, OCTaBICHHBIE KHCIOPOAOM IIPH BOCCTAHOBUTEIBHOW TEpMOOOpaOOTKE, MOTYT 3axBa-

ThIBATBHCA HA 9TUX YCTBIPCXBAJICHTHBIX MOHAX LCPUs, IEPCBOJAA UX B TPCXBAJICHTHOC COCTOAHUC!
0% + 2Ce*" + t— 0°1+ 2Ce*".
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Puc.2. Cnexrpsl ®JI, Bo30yskaeHHbIe Ha Tostocax 350 (a) u 320 HM (0), a TakkKe CIIeKTPBl BO30YKICHUS CBEUCHHS
npu 420 vM (a) u 500 HM (6) ncxoxHOTrO HeoOpaboTanHoro (1,5) M TepMOOOPaOOTAHHOTO B BOCCTAHOBHUTEIBHBIX
yenoBusix mpu temneparype 700°C luac (2,6), 4 gaca (3,7) u 10 gacos npu 800°C (4,8) kpucramia YSO:Ce®".

JeiicTBUTENHHO, IPY BOCCTAHOBUTEIHHON TEPMOOOPAOOTKE 1 CHEIHATHFHO HEIETHPOBAHHBIX, U aK-
TUBUPOBAHHBIX IlepreM KpucTaiioB Y SO B ClieKTpe MOTIOMICHHs! MOSBISIOTCS IOJI0CH B 0bnacTsx 230
u 270 um (puc, 4), o0ycioBlieHHbIC BakaHCUsMU kuciopona [20]. C yBelInYeHHEeM BPEMEHHU H/WIH TeM-
nepaTrypsl 00paOdOTKH KOJMYECTBO BAaKaHCUH YBEIMUMUBAETCS, MIPH 3TOM YBEIHMUUBAETCS HHTEHCHUBHOCTH
norJomenus B 230 u 270 um.
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Puc.3. HopmupoBaHHBIE CTIEKTPBI (POTOTFOMHUHECIICHIINH Puc.4. Criextpsl orsornieHust ucxoaHoro (1), TepmoodpaboTan-

HeoOpaboTtanHoTO (1) M TepMOOOpaboTanHoro 10 4. MIpH Horo 44.(2) u 104. mpu Temneparype 7000C (3) HenmernpoBaHHO-

800°C (2) 063108 Y,SiOs:Ce®*. Ha BeraBke mpuBesieH pas- o kprcramma YSO. Ha BeTaBke MOKa3aHbI PasHOCTHBIC CTIGKTPHI
HOCTHBIH ciekTp s 1 u 2. it 1 u 2 (4), artaxe s 1 u 3 (5).

HHTepecHoe siBIeHne HaGmogaeTcst B oGmacTy normomenns notos Ce®'. B Hauane TepmooGpaboT-
ku, npu Temieparype 700°C npumepHo 10 1 yaca, IPOMCXOAUT POCT HHTEHCHMBHOCTH MOTJIOIIEHHUS B 00-
nactsix 260, 290 u 360 HM, YTO CBHIIETENBCTBYET 00 YBETMUCHHN KOJIUYECTBA TPEXBAJICHTHBIX HOHOB Iie-
pust B monoxkeHusix Cel mpu BHICOKOTEMIIEPATypHOH BOCCTAHOBUTEIBHOIN TepMOOOPaOOTKE KPUCTAIIIOB,
3a cuer nepexona Ce**—Ce® (puc.1). TIpu JanbHeimeM MOBBIICHHH BPEMEHH H/HAIN TEMITepaTyphl BOC-
CTaHOBUTEJBHON TepMOOOPabOTKH, C OAHON CTOPOHBI, HAOIIOAAETCS YMEHBIIICHHE MTOTJIONICHHS Ha TI0JI0-
cax 260 u 290 HM, ¢ Ipyroi CTOPOHEKI, CIIOKHBIC H3MEHEHHUS Ha mojoce 360 HM: YMEHbBIIICHUEe HHTCHCHB-
HOCTHU morjonieHus B oonactu 340-350 HM U yBEJIMUCHUE MOTJIONICHUS B oOnactu 365-380 M (puc. 1).
[Ipr 3TOM TPOMCXOAMT MPOSBIEHHUE IOJIOC MOTJOMEHU ¢ MakcuMmyMamu B oOmactsax 320 u 380 HM
(puc.1, kpuBas 5), Ha KOTOpPBIX Bo30yxKmaeTcs momuHeceHnus Ce2 neHTpoB. Uem Oombiie BpeMs W/UIn
TeMIeparypa oopaboTKH, TeM 00JIbIlle HHTEHCUBHOCTD 1M0J10¢ 320 1 380 HM, U TeM OO0JIbllIe YMEHBIIICHHE
KOPOTKOBOJIHOBOM 4acTH Noj0ckl 360 HM.

Kaxk ormeuanocs Bsiiie, mociie Tepmoodpadotku mpu 700°C cHavana MpOUCXOIUT YBEIHUCHUE HH-
TEHCHBHOCTH JIOMHHecHeHun HoHoB Ce>’, a ¢ yBemueHneM BpeMeHH TepMOOOPAGOTKH IPOHCXOIHT
YMEHBIICHHE HHTEHCHBHOCTH JIIOMUHECLICHIINY U TiepepacipeieieHie HHTeHCuBHOCTel cBeuenus Cel u
Ce2 nenrpoB B nosib3y Ce2. DT U3MEHEHHSI OCOOCHHO OTYETIMBO HAONIONAIOTCS HA Pa3HOCTHOM CIICK-
Tpe HOPMHUPOBAHHBIX 1O WHTEHCUBHOCTH DJI MCXOTHOTO M TEPMOOOPaOOTAHHOTO 00PAa3IOB, BO30YXKICH-
HBIX Ha mostoce 320 uMm (puc. 3).
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BrlmeykasanHble 9KCIIEpUMEHTAJIBHBIE JaHHbBIE [TOKA3bIBAOT, YTO BBICOKOTEMIIEpPATypHAas BOCCTa-
HOBUTENbHAs TepM00OpadoTka KpucTawioB Y,SiOs:Ce MPUBOIUT K JIOKATBHBIM U3MEHEHUSIM CTPYKTYPbI
B OKPECTHOCTH MOHOB Liepus (urTpusi). Hivke npuBeneHsl HallM pacCy>KACHUS IO MEXaHU3MY AaHHOTO
SIBJICHUSL.

B crpykrype Y,SiOs WTTpHii-KUCIOPOIHBIC NISCTUBEPIIMHHUKA COCOUHSIOTCA C KPEMHUIi-
KHUCJIOPOIHBIMU TETPa3JpaMH TOJBKO uepe3 OOLIMe BEepUIMHBI, TOTAAa KaK WTTPHUH-KUCIOPOIHBIE CEMH-
BEPITUHHUKH C OJHUM W3 KPEMHHH-KHCIOPOIHBIX TETPAdIPOB COCTUHSIOTCS depe3 oomme pedpa [2,3].
CornacHo Tpetbemy npaBuiy llonnHra, n3-3a OIM3KOr0 PacroloKEHHUs KaTHOHOB CMEXHBIX MOJIM3APOB
U CHUJIBHOTO TOsiBIEeHUS KyJTOHOBCKOTO OTTaNKHMBaHUS, HaJHMUUe OOIIMX pedep MeXIy KOOpAWHAIMOH-
HBIMH TTOJIUDIPAMH TTOHIKAET YCTOWYMBOCTh CTPYKTYPHI KpucTauioB [20]. [TosTomMy cemMuBEepIIMHHUKA
SIBJISIIOTCSL OTHOCHUTENBHO HEycTOiunBbIMH ydacTkaMu Y,SiOs U mpu BOCCTaHOBUTENBHOH TepMooOpa-
0OTKE MPENOYTUTEIBHO YXOIIT HOHBI KUCIOPOJa UMEHHO U3 CEMUBEPIIMHHUKOB, KOTOPBIE UMEIOT 00-
mme pebpa ¢ TeTpas’apamu. [Ipu 3TOM ceMUBEPIIMHHUKHUIIPEBPAILAIOTCS B IIECTUBEPIIMHHUKH, YAAJSET-
Csl HeyCTOWYMBas CBSA3b depe3 oOuiue pedpa, 0OJHAKO B COCEIHEM KPEMHEKHCIOPOIHOM TETPasApe CO3-
Jar0TCsl KUCIOPOAHbIe BakaHcuu. [Ipy yxojie MOHBI KUCIOPOa OCTABJISIFOT AJIEKTPOHBI HA CBOMX BaKaH-
CHSIX B TETpadpax, MPH 3TOM co3naroTcs F- uiam F+- meHTph1, KOTOphIe MOrIoIaloT cBeT B obnactu 230
¥ 270 uM. Eciu ke 371eKTpoHbl 3axBaThiBaroTcs HoHamu Ce'’, MMEromuMucs B KpUCTAILTE, TO OHH Mepe-
xomaT B coctosrne Ce®* ¥ yBeTHMUMBAaeTCsS HHTEHCHBHOCTH Toryomenns nouoB Ce® B o6mactn 340-400
HM. C yBeJIMUYECHHUEM BPEMEHU H/WJIH TEMIIEpaTypbl BOCCTAHOBUTEIBLHOW 00pa0OTKU BCE OOJIBIINE CEMHU-
BEPLIMHHUKOB NEPEXOIUT B LICCTUBEPIINHHUKH, B TOM YHCIIE U B TE€X MECTaX, A€ JIOKAJIM30BaHbI HOHbI
Ce®, 4T NPUBOMUT K YMEHBIICHHIO MONIOMEHHS U TroMuHecueHIuH Cel-IeHTPOB U YBETHUCHHIO 10-
rIIomeHus u JomMuHectieHmu Ce2- IeHTPOB.

3akuio4yeHue. DKCIEPUMEHTAIILHO MTOKa3aHO, YTO TMPH BEICOKOTEMIIEPaTypHOH BOCCTAHOBHTEILHON
TepMo0OpaboTke KpucTauioB Y,SiOs 4acTh HOHOB KHCIIOPO/a TOKUIAIOT KPUCTAUT. ATOMBI KHCIOpOIa
YXOIAT U3 HTTpHﬁ-KHCHOpOHHBIX CCMUBCPUIIMHHUKOB U3 TE€X MECT, I'IC OH COCIHMHAIOTCA C erMHI/Iﬁ'
KHCIIOPOIHBIMHU TETpadapamMu 4yepe3 obuiue pedpa. [Ipu 3ToM ceMHUBEpUIIMHHUKH MPEBPAIaOTCs B IIeC-
TUBEPLIMHHUKH, CO3/IAI0TCS BAKAHCUH KUCIIOPOAA B KPEMHUN-KUCIOPOAHBIX TETPadApax, a B KpUCTaIax
Y,SiOs ymenbIaercs moromenue u momuHectenms Cel- nentpos (oo Ce®* B ceMepHOM OKpyke-
HUM TI0 KUCJIOPOIY) M yBEJIMYUBAETCS TOTJIOIIeHHe U JoMuHecHeHus: Ce2- neHTpoB (MOHOB Ce* B
LIECTEPHOM OKPY>KEHHH IO KHCIOpoay). Takum o0pa3oM 3KCIEPUMEHTAIBHO JOKa3bIBACTCS MOJIOKECHUE
0 TOM, YTO TIOJIOCHI TIOTJIOMIEHUs ¢ MakcuMyMmamu B 260, 290 u 360 HM 1 mosiocs! (POTOTOMUHECTICHITUT
¢ Makcumymamu 393 u 422 um B kpuctamiax Y;SiOs otHocaTes k nonam Ce®* B ceMepHOM OKpyXeHHH
o kucyiopoay - Cel nentpam, a nojocsr noriomieHus B 320 u 375 HM 1 nojioca (OTOTFOMUHECIEHITUH C
MakcuMyMoM 460 HM oTHOCsTCS K MoHaMm Ce’” B ImecTepHOM OKpYKeHHH 110 Kucnopoay — Ce2 IeHTpam.
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STRUCTURE OF ESSENTIAL SPECTRA AND DISCRETE SPECTRUM OF THE
ENERGY OPERATOR OF FIVE-ELECTRON SYSTEMS IN THE HUBBARD MODEL
IN THE ONE-DIMENSIONAL LATTICE. FIRST QUARTET STATE

S. M. Tashpulatov
Institute of Nuclear Physics of Uzbek Academy of Sciences, Tashkent, Uzbekistan, toshpul@inp.uz

Annotation

We consider the five-electron systems in the Hubbard model and investigate the structure of essential
spectra and discrete spectrum in the sextet and first quartet states. We prove that the essential spectrum of
the system in a sextet state consists of a single segment and the five-electron antibound state or five-electron
bound state is absent. We show that the the essential spectrum of the system in firs quartet state is the union
of seven segments. We also prove that five-electron antibound states or five-electron bound states absent in
first quartet state.

1. Introduction

In the early 1970s, three papers [1]-[3], where a simple model of a metal was proposed that has be-
come a fundamental model in the theory of strongly correlated electron systems, appeared almost simul-
taneously and independently. In that model, a single nondegenerate electron band with a local Coulomb
interaction is considered. The model Hamiltonian contains only two parameters: the matrix element t of

electron hopping from a lattice site to a neighboring site and the parameter U of the on-site Coulomb re-
pulsion of two electrons. In the secondary quantization representation, the Hamiltonian can be written as
H=t Zar;yyamﬂw +U Zar:,Tam,Tar;,iam,¢ ! (1)
m

m,z,y

wherea,  and &, denote Fermi operators of creation and annihilation of an electron with spin y on a

m,y
site m and the summation over z means summation over the nearest neighbors on the lattice.

The model proposed in [1]-[3] was called the Hubbard model after John Hubbard, who made a
fundamental contribution to studying the statistical mechanics of that system, although the local form of
Coulomb interaction was first introduced for an impurity model in a metal by Anderson [4]. We also re-
call that the Hubbard model is a particular case of the Shubin—Wonsowsky polaron model [5], which had
appeared 30 years before [1]-[3]. In the Shubin—Wonsowsky model, along with the on-site Coulomb inte-
raction, the interaction of electrons on neighboring sites is also taken into account. The Hubbard model is
an approximation used in solid state physics to describe the transition between conducting and insulating
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states. It is the simplest model describing particle interaction on a lattice. Its Hamiltonian contains only
two terms: the kinetic term corresponding to the tunneling (hopping) of particles between lattice sites and
a term corresponding to the on-site interaction. Particles can be fermions, as in Hubbard’s original work,
and also bosons. The simplicity and sufficiency of Hamiltonian (1) have made the Hubbard model very
popular and effective for describing strongly correlated electron systems. The Hubbard model well de-
scribes the behavior of particles in a periodic potential at sufficiently low temperatures such that all par-
ticles are in the lower Bloch band and long-range interactions can be neglected. If the interaction between
particles on different sites is taken into account, then the model is often called the extended Hubbard
model. It was proposed for describing electrons in solids, and it remains especially interesting since then
for studying high-temperature superconductivity. Later, the extended Hubbard model also found applica-
tions in describing the behavior of ultracold atoms in optical lattices. In considering electrons in solids,
the Hubbard model can be considered a sophisticated version of the model of strongly bound electrons,
involving only the electron hopping term in the Hamiltonian. In the case of strong interactions, these two
models can give essentially different results. The Hubbard model exactly predicts the existence of so-
called Mott insulators, where conductance is absent due to strong repulsion between particles. The Hub-
bard model is based on the approximation of strongly coupled electrons. In the strongcoupling approxi-
mation, electrons initially occupy orbitals in atoms (lattice sites) and then hop over to other atoms, thus
conducting the current. Mathematically, this is represented by the so-called hopping integral. This process
can be considered the physical phenomenon underlying the occurrence of electron bands in crystal mate-
rials. But the interaction between electrons is not considered in more general band theories. In addition to
the hopping integral, which explains the conductance of the material, the Hubbard model contains the so-
called on-site repulsion, corresponding to the Coulomb repulsion between electrons. This leads to a com-
petition between the hopping integral, which depends on the mutual position of lattice sites, and the on-
site repulsion, which is independent of the atom positions. As a result, the Hubbard model explains the
metal—insulator transition in oxides of some transition metals. When such a material is heated, the dis-
tance between nearest-neighbor sites increases, the hopping integral decreases, and on-site repulsion be-
comes dominant. The Hubbard model is currently one of the most extensively studied multi- electron
models of metals. But little is known about exact results for the spectrum and wave functions of the crys-
tal described by the Hubbard model, and obtaining the corresponding statements is therefore of great in-
terest. The spectrum and wave functions of the system of two electrons in a crystal described by the Hub-
bard Hamiltonian were studied in [6]. It is known that two-electron systems can be in two states, triplet

and singlet [6]. It was proved in [6] that the spectrum of the system Hamiltonian H® in the triplet state is
purely continuous and coincides with a segment [m, M ], and the operator H* of the system in the sing-

let state, in addition to the continuous spectrum [m, M ], has a unique antibound state for some values of

the quasimomentum. For the antibound state, correlated motion of the electrons is realized under which
the contribution of binary states is large. Because the system is closed, the energy must remain constant
and large. This prevents the electrons from being separated by long distances. Next, an essential point is
that bound states (sometimes called scattering-type states) do not form below the continuous spectrum.
This can be easily understood because the interaction is repulsive. We note that a converse situation is

realized for U < 0: below the continuous spectrum, there is a bound state (antibound states are absent)
because the electrons are then attracted to one another. For the first band, the spectrum is independent of

the parameter U of the on-site Coulomb interaction of two electrons and corresponds to the energy of two
noninteracting electrons, being exactly equal to the triplet band. The second band is determined by Cou-
lomb interaction to a much greater degree: both the amplitudes and the energy of two electrons depend on
U , and the band itself disappears as U — O and increases without bound as U — oo The second band
largely corresponds to a one-particle state, namely, the motion of the doublet, i.e., two-electron bound
states. The spectrum and wave functions of the system of three electrons in a crystal described by the
Hubbard Hamiltonian were studied in [7]. It is known that three-electron systems can be in three states,
quartet and first and second doublet states [7]. It was proved in [7] that the spectrum of the system Hamil-
tonian in the quartet state is purely continuous and coincides with a segment [3A—6Bv,3A+6Bv], and
the three-electron bound state is absent. The essential spectrum of the operators of the system in the doub-
let states is the union of at most three segments. In the work [7] it is proved, also that three-electron
bound states or three-electron antibound states exist in doublet states. The spectrum and wave functions
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of the system of four electrons in a crystal described by the Hubbard Hamiltonian were studied in [8] and
[9]. It is known that four-electron systems can be in six states, quintet, three triplet and two singlet states
[8, 9]. It was proved in [8] that the spectrum of the system Hamiltonian in the quintet state is purely con-
tinuous: o(H,)=[4A—-8Bv,4A+8Bv], and the four-electron bound state is absent. The essential

spectrum of the system in a triplet states is the union of at most three segments. In the work [8] is proved
that four-electron bound states or a four-electron anti-bound states exists in a triplet states. In the work [8]
also is proved that in the system exists three type triplet states and their spectrum are different. In the sys-
tem exists two four-electron singlet states, and they are different origins. In the singlet states the essential
spectra of four-electron systems is consists of the union no more three segments. Furthermore, in the sys-
tem exists no more one four-electron anti-bound states or no more one bound states [9].

We consider the energy operator of five-electron systems in the Hubbard model and describe the
structure of the essential spectra and discrete spectra of the system for sextet and first-quartet states.

2. Sextet state

The Hamiltonian of the chosen model has the form

H=A>a’ a, +B> >a; a... +U2a;¢am,¢a;‘¢am,¢. (2)
m,y m

m,z,ym,y

here, A is the electron energy at a lattice site, B is the transfer integral between neighboring sites
(we assume that B >0 for convenience), 7 =+e,, j =12,...,v, where €; are unit mutually orthogonal

vectors, which means that summation is taken over the nearest neighbors, U is the parameter of the on-
site Coulomb interaction of two electrons, y is the spin index, and an*w and a,, are the respective elec-

tron creation and annihilation operators at a sitt me Z".The energy of the system depends on its total
spin S. In the case of a saturated ferromagnetic state (S = N, /2, where N_ is the number of electrons

in the system), the solution of the problem is exact and trivial for any admissible number of electrons N..
In that case, the system is an ideal Fermi gas of electrons with the same direction of the spin projections.
Along with the Hamiltonian, the N, —electron system is characterized by the total spin

S=S5, Smax —L-sSpin+Spax = N /2, S,., =0,1/2. Hamiltonian (2) commutes with all compo-
nents of the total spin operator S =(S*,S7,S*), and the structure of eigenfunctions and eigenvalues of
the system therefore depends on S. The Hamiltonian H acts in the antisymmetric Fock space E,. Let

@, be the vacuum vector in the space E_.. The sextet state corresponds to the free motion of five elec-

trons over the lattice with the basis functions s3'2 | =ar .a',a; a;,a; ¢,. The subspace Eg,,, cor-

responding to the sextet state is the set of all vectors of the form

w= D f(mnpar)sdi .. el where I;° is the subspace of antisymmetric functions in the
m,n,p,q,rez"”

space 1,((Z")°).
Theorem 1.The subspace Ef’z is invariant under the operator H, and the restriction

H:, = H/Es,2 of H to the subspace Ef’z is a bounded self-adjoint operator. It generates a bounded
self-adjoint operator H,, acting in the space 1;° as

(ﬁ;,zf)(p,q,r,t,l) =5Af (p,q,r,t,1) + BZ[f(p+r,q,r,t,I)+ f(p,q+z,r,tl)+

f(p,g,r+z,t,)+ f(p,q,r,t+7,0)+ f(p,q,r,t,1+7)]

@)

The operator H,, acts on a vector y € E*'2as H¢,,p = D (He F)(poart sy
p.q,r.t|l
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We let F denote the Fourier transform: F:1,((Z")°) — L,((T*)®) = ES,,, where TV is the

v —dimensional torus endowed with the normalized Lebesgue measure dA, A(T") =1.
We set H;,2 = FH;,,F . In the quasimomentum representation, the operator H5,2 acts in the

Hilbert space L3°((T")°) as (HZ,, ), 11, 7,60,7) =h(A, 11, 7,0,0) T (A, 11, 7,6,7m), T e L,((T")*),
where L5 is the subspace of antisymmetric functions in L, ((T")*) and

h(A, i,7,60,n) =5A+ ZBZ[cos A, +COS 14, +COS y; +C0S &, +cosn;]. (4)

It is obvious that the spectrum of H5,2 is purely continuous and coincides with the segment
[5A-10Bv,5A+10Bv]. Therefore, the sextet state spectrum is independent of the Coulomb interac-

tion parameter U and is the set of energies of five noninteracting electrons moving in the crystal. This
result is totally natural because the sextet state cannot contain states with two electrons at a site. Hence, in
the sextet state, the spectrum of five-electron systems can be evaluated exactly and is purely continuous.
3. First quartet state
In the system there exist four type quartet states. The first quartet state corresponds to the basis

function g . . =a, ar,a .a;,8 ¢, The subspace lE3’zcorresponding to the first quartet
state is the set of all vectors of the form y = > f(mn, p,q, )03 oqrs T €15°, where 17° is the
m,n,p,q,rez"”

subspace of antisymmetric functions in the spacel, ((Z")°).
Theorem 2.The subspace 1E§’2 is invariant under the operator H, and the restriction

'H{'? =H/,_,.0of H to the subspace ‘E2'? is a bounded self-adjoint operator. It generates a
q
bounded self-adjoint operator *H *'? acting in the space |;° as

(HZ2f)(p,q,r,t,1) =5AF (p,q,r,t,)+BY [f(p+7,q,r,t 1)+ f(pg+7,r.t1)+

f(p,q,r+z.t,1)+ f(p,q,r,t+7,0)+ f(p,q,r,t,1 +7)]+U[6,, +5,, +J,, +0,,

The operator *H'? acts on avector y<'EX'?as "H %y = > (‘H? f)(p,a.r.t, I)qu;’qz”, :

®)

p,q,r.tl
We set l|—~|q3’2 =F'H2?F . In the quasimomentum representation, the operator 1Hq3’2 acts in the

Hilbert space L3°((T")°) as

(HY? ) (A 7, 0,m) = WAy 1,7, 0,7) (A, 7, 0,m) +U [[F(5, 2+ p=5,7,0,m) +
T (6)
+ (s, i, A+y—=5,0,n)+T(s, 1,7, A+0—-s,1n)+ (S, 1t,7,0,4+n—5)]ds,
where L3 is the subspace of antisymmetric functions in L, ((T")®) and h(A, &, 7,8,7) has form (4).
Using that the function f (A, 1, 7,60, 1) s the antisymmetrical function, we verify that the operator

q q3’ 2can be represented in the form
'H2=H, ®I1Q1+I®H, ®1+I®1®H, ()

where (H , f, )(2) = {2A+4BZcos(A'/2)cos(A'/2 M, (/1)+ujf (s)ds,

i=1

(H )0 = {2A+4BZcos(A' /2)cos(A, 12—y,)}, (y)+Ujf (s)ds,

i=1
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(Ha, f0,)(A) ={A+2BY" cos(A, — 4 )}, (1) -2U [ f, (s)ds, and A=y +0',
i=1 TV

Ai2 =] +,ui, Ai3 =} +77i.
We must therefore investigate the spectrum and bound states of the operators H~Al , I—~|A2 and |—~|A3.

It is clear that the continuous spectrum of the operator H, coincides with the segment

Ay

Coom(H ) =[2A—4BY cos(A} /2),2A+ 4B cos(A! /2)].

i=1 i=1

Let D; (2) =1+U _[(dsldsz .ds, [(2A+4BY cos(A} /2)cos(A} /12— 1) - 2)).
TV i=1

Lemma 2. The number Z = Z;, not belonging to the continuous spectrum of the operator |:|A1 isan
eigenvalue of that operator if and only if it is a zero of the function Dy (z),i.e., Dy (z,) =0.

We consider the one-dimensional case. Let U <0 (U > 0). Then the equation D,,(z2) =0 hasa
unique solution z, = 2A—\/U 2 +16B% cos®(A,12) (Z, = 2A+\/U 2 +16B” cos®(A,/2) ) at the
below (above) the continuous spectrum of operator H A IN the two-dimensional case the analogous situ-

ation is holds. We consider the three-dimensional case. We denote

3 . .
m= j(dsldszdsg /(Zcos(A'1 [2)(L+cos(A}/2-5s))). If U<-4B/m, then the equation
T3 i=1

Df;1 (z) =0 has a unique solution z, < mil at the below the continuous spectrum of operator H~A1. In

the case —4B/m<U <0, the equation Di1 (2) = 0 has no solution at the below the continuous spec-

trum of operator H, .

3 . .
We denote M = [(ds,ds,ds; (Y cos(A}/2)(L—cos(A, /2-5,))). If
T3 i=1

U >4B/M, then the equation D} (z) =0 has a unique solution Z, > M3 at the above the continuous
spectrum of operator H~Al. In the case 0 <U <4B/M, the equation Dil (2) = 0 has no solution at the
above the continuous spectrum of operator H A, - We now investigated the spectra of the operator H oL

is clear that the continuous spectrum of the operator H N coincides with the segment

Gon(AL) =[2A— 4B cos(A} /2),2A +4BY cos(A, /2)]
i=1 i=1

Let D}, (2) =1+U [ (ds,ds,...0s, (2A+4BY cos(A, /2)cos(A, /2~ 1) ~2))
T i=1

We consider the one-dimensional case. Let U <0 (U > 0). Then the equation Dy, (z2)=0 hasa

unique solution z, = 2A—JU? +16B%cos’(A, /2) (Z, = 2A++JU? +16B2cos?(A,/2) ) at the
below (above) the continuous spectrum of operator H A, - In the two-dimensional case the analogous situ-
ation is holds. We consider the three-dimensional case. We denote

3 . .
M = j (ds,ds,ds, /(D cos(A, /2)(1+cos(A,/2-5,))). If U<-4B/M, then the equation
T3 i=1

Df\2 (z) =0 has a unique solution z, < miz at the below the continuous spectrum of operator |:|A2 .In

the case —4B/m<U <0, the equation Diz (z) =0 has no solution at the below the continuous spec-
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~ 3 . .
trum of operator H, . We denote M = j (ds,ds,ds, /(D cos(A', /2)(1—cos(A, /2—-5,)))). If
T3 i=1

U >4B/M, then the equation D} (z) =0 has a unique solution Z, > M3 at the above the conti-
nuous spectrum of operator H~Az .Inthe case 0 <U < 4B/M, the equation D} (z) =0 has no solution
at the above the continuous spectrum of operator H~A2 . We now investigated the spectra of the operator
H,..Itis clear that the continuous spectrum of the operator H , = coincides with the segment

Teom(H,,) =[2A—2Bv,2A+2BV].

D (2)=1-2U _[(dsldsz s, [(A+2B) cos(A; —s;) — 2)).
TV i=1

It is clear that the v =1 and U >0 (U <0), the equation Dia(z) =0 has a unique solution

Z,=A-23U? +B? (z, = A+2JU? +B?) at the below (above) the continuous spectrum of opera-
tor |—~|A3. In the two-dimensional case the analogous situation is holds. We now consider the three-

dimensional case. We denote M = I(dsldsz...dsv /(3+ZCOS(Ai3 -S,)) IfU > B/r?l, then the equa-
TV i=1

tion Dis (z) =0 has a unique solution z, < mf\g at the below the continuous spectrum of operator |—~|A3 .

If 0<U < B/ﬁ:m then the equation D23 (z) =0 has no solution at the below the continuous spectrum of
operator |:|A3. We denote M = .[(dsldsz...dsv /(C:’—Zcos(Ai3 ~s.))). If U<0Oand U<-B/M,
Tv i=1

then the equation Dia (z) =0 has a unique solution 'z~'3 > M atthe above the continuous spectrum of

operator |:|A3 If —B/M <U <0, then the equation Dia (z) =0 has no solution at the above the con-
tinuous spectrum of operator H A, - NOW the using the obtaining results and the representation (7), we
describe the structure of essential spectrum and discrete spectrum of the operator l|—~|§" Z,

Theorem 3.1f v =1and U < 0, then the essential spectrum of the system first quartet state opera-
tor *HZ'? is exactly the union of seven segments: o, (*H¥?)=[a+c+eb+d+ flufa+c+

z;,b+d+z;]ula+e+z,,b+ f+z,]Uula+z,+2,,b+2, +z;]Uu[c+e+z,d+ f +z,]Ufc+
2, +125,d+2, +z,]Ule+2, +2,, f +2,+2,]. The discrete spectrum of the operator *H 2 is empty.

A A A A
Here a:2A—4Bcos71,b: 2A+4Bcos71, c= 2A—4BcosTZ,d = 2A+4Bcos72,

e=A-2B,f =A+2B,z, = 2A—\/U > +16B”cos®(A,/2), z, = 2A—\/U ? +16B*cos®(A,/2),
z, =A+23JU” + B>,

Theorem 4.1f v =1and U > 0, then the essential spectrum of the system first quartet state opera-
tor 1|f|§’2 is exactly the union of seven segments: o

ess

(H¥?)=[a+c+eb+d+ flufa+c+
Z;,b+d+7Z,Jula+e+Z,,b+ f +Z,]Jula+Z, +Z,,b+Z, +Z,Juc+e+Z,d + f +Z,]JU[c+
7, +75,d+Z, +Z,]U[e+Z, +7Z,, f +7,+7,]. The discrete spectrum of the operator *H 3’2 is empty.

Here 7, = 2A+,JU2 +16B2 cos?(A, /2), Z, = 2A+/U? +16B2 cos? (A, / 2),
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3 i i
Z,=A-24U? +B”. We let m= J'(dsldszds3 /(Zcos%(u cos(% -5.)))),
T3 i=1
~ 3 Ai Ai = 3 Ai
i = [ (ds,ds,ds, /(D 00371(1+ 003(71 =), M = [ (ds,ds,ds, /(3+ 2003(73 =s,)),
T3 i=1 T3 i=1

m’ = max{4B/m,4B/m,B/M}.
Theorem 5. If v =3and —m’'<U <0, then the essential spectrum of the system first quartet
state operator 1ﬁ§’ 2 is single segment:

~ 3 . .
Oes (HS'?) =[5A—6B — 4B (cos(A'; / 2) + cos(A', / 2)),5A+

i=1

3 B i ~
+6B + 4BZ (cos(A’; /2) +cos(A', / 2))]. The discrete spectrum of the operator *H*'? is empty.

i=1
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SEARCH OF COLLECTIVE EXCITATIONS FOR RESONANT HIGH HARMONICS
GENERATION

M. V. lllokupos
Camapranockuii 20cy0apcmeenublil yHugepcumen,
Yuueepcumemckuiioynveap 15,
140104 Camaprano, Y3bexucman

High harmonics generation (HHG) is a process of conversion of frequency of intense coherent light
due to recombination of laser-accelerated electron on parent ion. This radiation of harmonics is simple,
cheap and highly coherent source of light in “extreme ultraviolet” spectral range with the only drawback
of low energy conversion efficiency. Resonant HHG [1] partly solved this issue by more than 200-fold
enhancement of the 13th harmonic of 800-nm Ti:Sapphire laser radiation in nonlinear medium (“laser
plasma”) created by laser evaporation of solid indium targets. However, application of this resonant HHG
technique to other solid targets (such as Sh, Sn, Cr, Mn, Cg) targets was only partly successful, because
the resulting HHG enhancement was approximately two- to tenfold. Understanding of the physical origins
of resonant enhancement of HHG turned out to be necessary for optimization of resonant HHG. Currently
several theoretical models exist [2-4] which can be used to explain the nature of resonant HHG and per-
form optimization of resonant HHG by control of coherence length and ionization degree of the laser
plasmas. But the theoretical background for the search of new resonances for resonant HHG has not been
deeply investigated.

Initially it was assumed that all strong resonant lines can be used for resonant HHG by proper tun-
ing of the frequency of seed radiation. But up to now no successful resonant HHG for systems with a sin-
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gle optical electron has been experimentally reported. Although it is possible to construct a theoretical
model of resonant HHG using single active electron approximation [3], the resonant level in it has to be
introduced artificially and cannot be proven to have the structure of the real resonance in the laser plas-
mas. All this leads to conclusion that the systems useful for resonant HHG should contain many electrons
which are optically active in the desired spectral range.

Most of the resonances which have been used for resonant HHG have many spectral lines corres-
ponding to them. The line with the highest gf oscillator strength is usually considered as the one responsi-
ble for resonant HHG. But there is no theoretical proof for this assumption. On the contrary, it can be suf-
ficient for the resonance to be useful only to be distinctly manifested at the conditions of HHG experi-
ments. Taking into account resonance-like HHG enhancement in fullerenes [5] collective excitation of
atoms can be a key for efficient search of transitions for resonant HHG. The semi-classical approach for
calculation of absorption due to collective effects that is useful for both calculation of laser plasma ab-
sorbing properties and collective resonance oscillation is presented below.

In the “local plasma frequency” model distribution of electronic density in complex atom defines
plasma frequency according to the well-known relation:

ameZn(r)

m

)

wy (r) =

This frequency is considered to define the position of resonance during interaction of atomic or io-
nic systems with laser. The spectra of excitation of the systems averaged by many transitions correspond
to the spectrum of excitation of plasma oscillations of their electronic shells with the frequencies corres-
ponding to (1).

Defining the spectral function of the considered system as:

g() = [n(r) §(w — w,(r)d>r (2)

one can derive a statistical photoabsorption cross-section of an atom [6]:

a7lw 2 n(r,) . _
c P eI’ Wp () =w (©)

Gph(w) =
So the photoabsorption cross-section can be found as functional of electronic density in the atom
taken at the distance defined by the plasma resonance condition (1) for given frequency. For the correct
photoabsorption cross-section and resonance analysis electronic densities n(r) should be obtained from
guantum mechanical calculations. Stability of the corresponding resonances in intense laser field can be
investigated by solving a time-dependent problem for n(r,t) and comparing the n(r,t) averaged by duration
of a cycle of laser pulse with static n(r).
As a conclusion, local plasma model has been suggested for search of optimal targets for resonant
HHG.
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aexkmuenvie 3ppexmuvl 6 amomnwvix cnexmpax. COOPHUK TE3UCOB JOKIAIOB KOH(EPESHIIMH U IIKOJIbI MOJIOJBIX YU&-

HBIX 10 (GyHAaMeHTaIbHOM aToMHO# criekTpockoru DAC - XX. 2013. 23 — 27 cenrs6ps, Boponex, Poccus, c.
194-196.
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AKTHUBAIIMOHHBIE SHEPT'MW BHYTPEHHEI'O IBU’KEHUS A
KIIACTEPU3AINIUA JEPEKTOB B HAHOPASMEPHOHN PEHIETKE
CYIIEPUOHHOI'O MTPOBOJHUKA LaF3

B.Kpusoporos, C.Mup3aes, I'.Hyxnos

Tawxenmcxuti I'ocyoapcmeennwiii Texnuueckuii Yuueepcumem
Tamxent 100095, yn. YHuBepcuTeTckas, 2. www.tdtu.uz.

IIpeocmaenenvi pe3ynomamosi KEAHMOBO-XUMUUECKUX PACUEMO8 NpOPUILL SHYMPUKPUCIALIULECKO20 NO-
MEHYUAIbHO20 penveda 6 Hanopeulemxe cynepuonno2o kpucmaina LaFs, cooepacaweii 1200 uornos, pasmepom
3.5%2.0%2.2 nm coomgemcmeaenHo 8001b Kpucmannozpaguueckux oceil X, Y u Z. Ycmanosenerno, umo 6 cynep-
UOHHOUL (asze dHepeemuyecKly 8bl200HAs KOHDueypayusa degpekmos Ppenkens 6 peuwemxe LaF; npeocmasnsemca
obvemom, oauskum K cgpepuueckomy. C nomowwro nakema npoepamm MOPAC 2016 npogedensi pacuemul npo-
@una nomeHyuanbHo2o perveda 6 YeHMPAIbHOU YACMU HAHOPeWemKY NPU 2NEMEHMAPHOM aKme pasynopsaoo-
Yenus 8 camoll 1eckonnagkoll noopeuemxe uonos Fi. Iloxaszano, umo 6 ousnexmpuueckou ¢asze Kpucmania
LaF; agppexmusnas eenuuuna bapvepos Ey, npensmcemeayiowux ogusicenuio Fi, pasna 0.37 9B, 6 cynepuonnom
ace cocmoanuu bapvep ymenvuiaemes oo 0.15 sB. Yemanosneno, umo 3navenue snepeuu E, akmusayuu pasy-
nopsioouenus noopewemxu uonos Fy 6 ousnexmpuueckom cocmosinuu pasro 0.16 3B u 0.04 3B ons cynepuontoti
gasvl.

1. Beeaenue.

YacTHBIM CIy4aeM B IIMPOKOM KJIacCe MOHOIPOBOMALINX COCTUHEHWH SBISIOTCS CyNEepUOHHBIE
(CN) xpucTtamisl — 0COOBIH Ki1acc TBEPIAbIX MaTEPUANIOB, B KOTOPBIX (a3oBbie npeBpaineHus (PII) crsaza-
HBl C TEeMIIEPAaTYPHbIM Pa3yNOPAIOYEHHUEM OIHON M3 KPHUCTAIMYECKHX IOJIPEHIETOK U ONPEACISIOTCS
MIEPEXO0I0OM CUCTEMBI HOHOB 13 MudJieKTprueckoro ([13) cocrosaus 8 CU. B mepom npubmmkennu 8 CHU
(haze OHM MPEJCTABIIAIOT COOOM “KUIKOCTh MOABMKHBIX HOHOB, TEKYIIYIO B TIOAPEIICTKE HEIOIBUAKHBIX
noHoB. C TOYKM 3peHHs (yHIAMEHTANbHBIX IPOLIECCOB, B YaCTHOCTH IPOLECCOB MEpeHOca, 3TH Ma-
TEpUaIbl 3aHUMAIOT IPOMEXYTOUHOE MOJ0KEHUE MEXIY KUAKOCTHIO M TBEPABIM TEJIOM.

B kauectBe 00bekTa MccnenoBanus BeIOpan TpudTopu nantana LaF; u ero ananoru cTpyKTypHO-
ro tuna Tuconurta — LnF; (Ln = La, Ce, Pr), npencrasnstomine co00il TUIHYHBIC TBEPIBIC HISKTPOIUTHI C
npoBoAUMOCTHIO Topsizka 10°~1073S/cm [1-3], koTopast mpuMepHO Ha 5—7 MOPSIKOB MPEBOCXOHT MPO-
BOJIMMOCTH OOBIYHBIX MOHHBIX KpUCTaioB. B kpucramnax LnF; nepexon u3 12 dazer B CU pa3meIT B
HEKOTOPOM MHTEpBaje TEMIEPATyp U HE COMPOBOKAAETCS 3HAUUTEIHLHON MEPECTPONKON CTPYKTYpPhI KpH-
CTaJNIMYECKOH pemieTku [4, 5]. Hanpumep, pasynopsioueHre aHHOHHOW NoJpelieTky B Kpuctamie LaF;
npoucxoaut B o0iactu temmneparyp ~ 180—460 K u npomomkaeTcs 10 TeMIepaTypsl TUIABICHHS PEeT-
ku. Ipu atom B obmactu = 180-300 K pasynopsinoueHue pemerky ornpenensercs IBKEHHEM B TOpe-
nretke noHOB Fy, cocraBmsromux 2/3 ot obuiero yrcia noHoB gropa. OcraBumecs nonsl gpropa F; u Fs
00pa3yloT BMeCTe ¢ HOHAMU MeTajlta 0a30Bble aHMOHHO—KAaTHOHHBIE II0cKoCTH. [loapemerku 3Tux mo-
HOB pa3ynops104MBaloTCA IPU TeMIepaTypax, npesbimatommx 400420 K [1, 2].

WuTepec, nposBiseMplil crielMaIicTaMy 0 UCCIEI0BaHUIO MPOIIECCOB nepeHoca, k Lnks, B mep-
BYIO O4epe/ib, ONpenessieTcs MUPOKMMHA BO3MOKHOCTSAMHU UX NPHIIOKEHHS B PA3IHYHBIX TEXHUYECKHX
oOmactsix. OHM HaxOAAT IIMPOKOE MPUMEHEHHE B KadecTBe Marepuana Juisg pabouux MomayJeil B TBepAo-
TENBHBIX Oarapesix, dIEKTPOXPOMHBIX JUCIIIESX, JJIEKTPOXUMHUYECKHX CEHCOpaX, ra30aHaTUTHUYECKUX
JIATYMKAX W PA3IAYHBIX ONTOMOHHBIX YCTpoicTBax [6—8]. JlocTaTrouHO BayKHBIM (haKTOPOM TIPH Pa3IIny-
HBIX TEXHHYECKUX MPUIOKEHHUSX BBICTYNAET U TO OOCTOSATENBCTBO, YTO CPABHUTEIILHO BHICOKOM MOHHOM
MIPOBOJIMMOCTBIO KpUcTaJlIbl LNF3 00sanaroT yxxe npu komHatHOM Temnepatype (7= 300 K).

2. MeToauka pacuyeTos.

K ocHOBHBIM napameTpaM nepeHoca HOHOB OTHOCSITCSA 3Hepruu £, 00pa3oBaHMs TOYSUHBIX Je(eK-
TOB THIIA BAaKaHCHS—MEXY3€IbHBIH HOH ¥ BEUYMHBI MOTEHIMANBHBIX 0aphepoB Ky, OrpaHUYUBAIOIINX
syeedHble nepeMerienns noHoB ¢ropa (puc. 1). K Hactosmemy Bpemenu m3ecto [1, 9, 10], gro, x
npumepy, B kpuctaiuie LaF; xapakrepusle st E, u Ey, 3Ha4eHUS SHEPTUY aKTHUBALMH JIeKaT B MHTEpBaJie
0.20-0.60 eV. IloHsATHO, YTO TaKWe pa3JIMYAOLIMECs 3HAUYeHUs 3Hepruil £, u E, TpeOyroT HOBBIX MO-
JIENLHBIX TI0X0JI0B K MEXaHU3MaM “‘TIIaBJIeHHs” aHWOHHOMW IMOJIPENISTKA W WHOW MHTEPIIPETaIMU TOJTY-
YEHHBIX PE3YJbTaTOB, & TAKXKE JOMOJIHUTEIbHBIX SKCHEPUMEHTAIBHBIX HCCIEJOBAHUH C TPUMEHEHHEM
Oonee “TOHKHX METOAMK U MPHUEMOB.
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Suepzua,
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Puc. 1. Cxema npo¢uiist TEOpEeTHIECKOT0 MMOTEHIIANBEHOT0 penbeda Mexay BakaHcHel Fi 1 IeHTpoM MeXI0y3/us B pe-
LIETKE CTPYKTYPHOTO TUIIa THCOHUTA, ITOKA3BIBAIONIAs CBSI3b MKy BEIIMUMHON MOTEHIMAIBHOTO Oapbepa Ep, sHeprueii akru-
Bauuu npwxkeHust Eq u sneprueii E, aktuBanuu nponecca pa3ynopsaodeHus aHHOHHOM OIPEIIETKH.

B HacTosmei#t paboTe mpu mOMOIIX MakeTa KBAaHTOBO-XxuMmueckux mnporpamm MOPAC 2016 [11]
BEIYHCIICHA dHEpPruss oOpa3oBaHWs pPa3NUYHBIX KOHGHUryparuii nedekroB pemetku LaFscomepikameit
1200 noHoB, pazmepom 3.5%2.0xX2.2 HM COOTBETCTBEHHO BJOJb Kpuctayuorpadpuueckux oceit X, Y u Z.
HanomuuM, 4to mox nedekTom clieyeT MOHUMATh Mapy ToUeqHbIX AedexkroB DpeHkes THIa aHnOHHAs
BaKaHCHS—aHUOH B MEXIOY3JIMH, 00pa3yroIuX cBOero poaa nedexr—aumnois. IlonsTHo, uTo Bee nedek-
THI—IUTIONH B KaXI0HW M3 KOH(UTYpalii OpHEHTHPOBAHBI ONTUMAIEHBIM (OMHAKOBBIM) 00pa3oM (B co-
OTBETCTBUU C HAIIPABJICHUEM ‘‘3apOJIBIIICBOr0” Ae(heKTa—qUIIOs).

Tax e paccunTaHbl BeJIMYMHBI 0apbepPOB 1 MUHUMYMOB Ha IyTH IBH)XEHUS MOHOB F; B Omikaii-
1Iee MeKA0Y3JIHE € LETbI0 IOCTPOSHUS NPO(UIIs MOTEHIMAIBHOTO penbeda KpucTaiia B mpouecce oopa-
30BaHUs eIMHUYHOTO nedekta kak B /19, Tak u B CU dasze.

3. Pe3yabTaThl U 00CyxKACHUS.

B [10, 12] moxazaHo, 4TO pa3ynopsaaoueHiue aHHOHHOW MOAPENIeTKN B KpucTamiax LnF; mporcxo-
JIAT TIyT€M TETUIOBOTO MepeMelleHHsi HOHOB (TOpa B DHEPTeTHYECKH 3KBUBAJICHTHBIC MEXJIOY3JIUs, pac-
MOJIOKEHHBIE MEXK]Ty aHUOHHO—KATHOHHBIMH THIOCKOCTSIMH, ¢ 00pa30BaHMEM MacCHBa TOYEUHBIX jedek-
TOB THIAa AHHOHHAs BaKaHCHA—MEXKY3€JbHbIM aHMOH. Ilpym 3TOM MakcCHUManbHO pa3yHnopsA0YMBAETCS
JTUIs OKoslo 17 % aHMOHHOW MOJPENIeTKH, XOTs, TIOHITHO, YTO BO BHYTPEHHEM JBHXEHHH YYaCTBYIOT
Bce HoHbI Propal12].

3amaanMcs BOIPOCOM, Kakas KoHGHUrypauus ae(ekroB Hanbonee SHEPreTHYECKH BbIrOIHA B pa3y-
nopsizounBaroineiics pemerke LaF;. Mimes B Bumy, 4To BHyTpEeHHEe JABWKEHUE B 3HAYUTEILHONW CTETIEHU
OTIpENeNAeTCS CTPYKTYPHBIMH OCOOCHHOCTSIMH PEIIETKH, ObUIA MPEIIPUHSITA MOMBITKA YCTAHOBUTH KOH-
¢urypanmio gedexros, Ha 00pa3oBaHHE KOTOPOW 3aTpauMBaeTCs HaUMEHbIIEEe KOJMYECTBO SHEPIHU pe-
LIETKH.

Ha puc. 2 HyneBas KoHQUTrypalusi TOYCUHBIX JE(PEKTOB COOTBETCTBYET HJICANBHOW CTPYKTYpe
LaF; (pemetke ¢ ynopsiioueHHOM CTPYKTYpoit). Jiist pacuera pereTouyHoi 3Heprun cBsizeil ObLTH BEIOpa-
HBI CJIEAYIOIIUE PEIIETOUYHbIE KOHDUTYpaly, 00pa3yeMble CEMBIO IIapaMy TOUYEUHBIX 1e(EeKTOB!

1) mepBast KOH(UTYpaLUsl COCTOUT U3 CeMHU Je(EeKTOB, PACIIONOKEHHBIX 110 BCEMY KJacTepy Ha
JIOCTaTOYHOM yJIAJIIEHUH JIPYT OT JApyra. B aToMm ciydae, O4eBHIIHO, YTO UX B3aUMOJICHCTBUE CTAHOBUTCS
MPEeHEOPEKUMO MaJIbIM.

2) BO BTOpPOH KOH(GUrypauuu, mecTb Ae(PEeKTOB pacroyoKeHHbIX B IUIOCKOCTH XY B COCEIHHUX
MEXJIOY3IIUAX, 00pa3yloT OKPYKHOCTb; CEIbMOM ke JIe(h)eKTHAXOUTCS B €€ IIEHTPE;

3) TpeThsi KOH(UIYypallks COCTABJICHA U3 IATH Je()EKTOB, PACIOJOKEHHBIX B IJIOCKOCTH XY; MpHU
3TOM 4eThIpe JedekTa 00pa3yroT MpsMOYrOJbHUK, a MAThIM HaxoauTcs B ero ueHtpe. Llectoit medekt
pacronaraeTcs HaJl IICHTPaIbHBIM Je(eKkToM, a ceibMol edekT — 1o HuM. [lonmydeHHas KoHpUryparus
HATIOMHHAET [IEHTPUPOBAHHBIN OKTadIP.
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4) yerBepras KOH(GUTYpAIHS COCTOUT U3 Je(eKTa B IICHTPE HAHOPEIIETKH, a TaK Ke U3 JIBYX IPYIIIT
nedexToB (B Kaxaoi mo 3 npedekTa), pacrojoXKEeHHBIX HaJ U MO IICHTpadbHbIM nedekToM. Takas KoH-
¢urypanus BKIIOYAET JBE TPEXTPaHHBIE MHUPAMHIBI C OOIIEH BepIIHHOHN, 00pa3ys KBasHC(epUIEeCKHit
o0Bem.
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4
Tunbl KoHUrypauun et ekToB

Puc. 2. Pemerounsie HEpTUy MpH pa3IMYHBIX TUIAX KOHPHUTYpauuil GppeHkeneBckux aeekToB B HaHOpenIeTke LaF;.

[TpoBeneHHbIE pacyeThl MOKA3aJId, YTO PELISTOYHAsI SHEPTUs BO 2-0i U 3-eif KOH(PUTypalusx BbI-
e, ueM y 1-oif koHpurypauuu. UHeIME cioBamMu, 2- ¥ 3-51 KOH(OUTYpauy 3aMETHO YBEITMYHBAIOT Pe-
LIETOYHYIO SHEPIHIO, U MOITOMY MX (OPMUPOBaHHE B KPUCTAIMYECKON PEIIETKE BO3MOXHO, HO Majo-
BEPOSATHO KakK HE JKeJlaTeiabHoe. BMecTe ¢ TeM sHeprus penieTku ¢ 4-ii KoHQUrypammei Huxe, 4eM y pe-
uretku ¢ 1-if koHdurypanueit, o6pa3oBaHHONH OTHOCHUTEIBHO AAJEKO JPYT OT ApYyra pacrojoXeHHBIMU
nedeKkTaMu, MPaKTHYECKH “HE YYBCTBYIOIIMMH X HOPYT Apyra. M3 4ero MOXXHO cAenaTh Ha HaIl B3I
JIOCTaTOYHO BaXKHBIN BBIBOA: B pemeTke CU tpudTopunos crpykrypHoro tumna LaF; dopmuposanne BII
(a3l HAaUMHAETCS C MaJIbIX KBasucheprueckux “neeKTHhIX” o0acTeld, 00pa30BaHHBIX Pa3ylopsI0UYCH-
HeIMH HOHaMu (ropa F; u nx Bakancusimu. CrnemoBarenbHo, dhopmupoBanue CU coctosHus B 00pasiie
LaF; mpoucxoaut TakuM oOpa3zoM, 9TO BHaYaiIe o0pa3yroTcs cepornogodHbie nedeKkTHpie 001acTH, KO-
TOPBIE C POCTOM TEMIIEPATYPhI YBEIMUUBAIOTCSA U ¢ HEKOTOporo Momenra (npu 7 > 260-280 K) nauuna-
10T TiepecekaTthes (camBaThest), pacnpoctpansis BIT coctosiHie B moapemerke F; Ha Bech 00beM 0Opasia.
OueBUAHO, YTO 3TO 3aKIIOYCHNUE MPUMEHUMO Ko Bcemy psany CU TpudTopuaoB peaKux 3eMeb.

Ecnu pacnpenenuts CU cocTosiHue Ha Bech 00beM 00pasiia, TO MOJYYCHHYIO KOH(HUTypaIuio pa-
3YMOPSZOYEHHOW PEHIETKH MOXHO OTHECTH K “‘KBa3UC(epUuecKoW” C IJIMHEWHBIMH pa3Mepamu
3.5%x2.0x2.2 mm. llpencraBnseTcss MOCTATOYHO WHTEPECHBIM PACCUUTATH MPOGWIH MOTCHIUAILHOTO
penbeda eAMHUYHOTO paszynopsaoueHus B noapemerke Fy nast 12 u CU coctosiHUi peleTKy.

Ha puc. 3 s 1D cocrostHus (pu OJIM3KOW K HYJIO CTEMEHHU PasyNopsAAOYeHHS HAHOPEUIETKH,
kpuBas 1) u CU ¢a3bl (kpuBas 2) mokasaHbl pe3yibTaThl pacueToB NPo(UiIs NOTEHIMAIBHOIO penbeda
MIpH TIepeMENIeHNH HoHa Fy U3 y371a B EHTP MEXI0Y3JHUs B IIEHTPAILHON YacTH “KyOMUYecKoi~ HaHope-
metku LaF;. [TapameTrp I cooTBETCTBYET IepeMEIIeHUIO MOHA U3 y3i1a (HyJeBasi Touka Ha puc. 3) B LIEHTP
MEXI0y37usl (BOChMas TOUKa).

s momydeHus 3HepreTudeckoro npoduis noreHuuanbHoro penseda B [ dasze LaF; ogun u3
MOHOB F; mocienoBaTenTsHBIMU BOCEMBIO IIaraMH IepeMeIIajcs B MEX/I0Y3JHe B IIEHTPAIbHON YacTu
uaeanbHOU pemerku. [Ipu 3ToM 3HEprus cBA3€ill pPEeIeTKH pacCUUTHIBATIACH JUISl KAXI0r0 Takoro Iiara.
3areM M3 TaKuX MOLIATOBBIX 3HAUYCHUN SHEPTUH CBA3EH PEIIETKU BBIYMTAIOCH YCTAHOBIEHHOE paHee 3Ha-
YeHHEe KOTE€3WHHON PHEPruM uaeansHol pemetku. [lodydyeHHble 3HaUeHUs U30BITOYHON SHEPIUU 3a]aBa-
T pO(UITB TOTEHIMAIBHOTO pelibeda, BJI0JIb KOTOPOro UOH F; mepeMemiaeTcs U3 y3iia B MEXJI0Y3IIHe B
I3 cocrostaum kpuctana LaFs.

s pacueta BHyTpUKpHCTaIUIMYeCKOTo mpoduis B HaHopemtetke LaF; B CU daze Bce mexaoys-
JIUSL HAaHOpEIIeTKH (KpOMe OJHOTO, PAcIONIOKEHHOTO B €€ IMEHTPAIbHON YacTH) 3alOJHSINCh MOHAMHU
¢dTopa. [Ipu 5TOM paccunTHIBAIaCh SHEPTHSI CBSI3eH B TaKOH “‘HeJ03aroHEHHON perieTke. 3aTeM B CBO-
00aHOE MEXA0Y3JIHE 110 ONMCAHHOM BBIIIE METOJMKE IepeMelIaics OAUH U3 HoHOB Fi, u mpousBoauics
pacuer Kore3uiiHOH 3Hepruu B HaHOpeweTke LaF; mpu kaxmom Takom mare. Takum criocoboM ¢ yueTom
SHEPTUM CBS3EH B ‘“HENIO3ANOIHEHHOI pelIeTKe MO0 BOCBMHU TOYKaM ObUI MOJIydeH MpOoduiIb MOTEHIH-
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anpHOTO penbeda, o KOTOpoMy MOH F; coBepIaeT eMEeHTapHBIN akT pasynopsaoueHus B CH cocTos-
Huu LaF;. C yueTom TOTo, 4TO IIepeMeIICHIE HOHA COBEPINAIOCH B IOTSHIIMAILHOM T0JIe, 00pa30BaHHOM
BCEMH OCTAILHBIMH YACTHIIAMH PENIETKH, TAKOW MEePEeHOC MOHA TO3BOJISUT JOCTATOYHO KOPPEKTHO BBI-
YUCITUTH MPOQIITH penbeda Mex Ty KOHKPETHBIM aHHOHHBIM Y3JIOM U IIEHTPOM Mexmoy3mus [13, 14].

Yi doaéy, yA

2 0 2 4 6 8 10
dedé i dee diocéed
Puc. 3. [Ipodunm noteHmmansHOro penbeda B “TpexmepHoit” pemerke LaF 3 mpu nepememennu noHa Fy u3 y3ma B mex-
noys3nust: Kpusast 1 — nuanekrpuueckas dasa (T <T, = 263 K [14]), kpusas 2 — cynepronnas ¢aza (T >T,).

Crenyer 3aMeTUTh, YTO OJHO3HAYHO HE YCTAHOBJICHO TOYHOTO KPUTEPHsI OnpeaeiaeHus: 3PPeKTuB-
HOW BETTMYMHBI HECKOJBKUX OJIN3KO PacIlONIOKECHHBIX 0aphepoB Ha MYTH MEpeMEIeHNs] MOOMIILHON Yac-
tutet [10]. JocTtaTouHO pasyMHBIM IPEICTABIISETCS TOJIO0XKEHHE, IO KOTOpOoMY 3a 3¢ ekTuBHOE 3HaUe-
HUE TakuxX OapbepoB, B MEPBOM MPHOIMKCHUU, MOKHO MPUHATH UX CyMMapHylo BenuuuHy. Toraa s¢-
(eKTHBHAsI BeJIMYMHA BceX OapbepoB Ey Ha IMyTH NepeMeleHns HoHa F; mpruMepHO paBHA X CyMME U B
I3 daze (kpuBas 1) coctaBnsier BenmmuuHy £y =~ 0.11 eV+0.26 eV = 0.37 eV. B CU ¢aze (xkpusas 2) a¢-
(bekTuBHAs BenuunHa OaphepoB Ky, yMEHbIIAETCS B HECKOJIBbKO pa3 no 3uavenuii 0.15 eV (0.07 eV+0.08
eV). B atom citydae 3HaueHHS dHEPTruu Fy MBUKCHUS B COOTBETCTBUU C COOTHOIICHUEM Fy = Ey + Ey co-
crapisiiot 0.21 eV (0.37 eV-0.16 eV) B JID daze u 0.11 eV (0.15 eV-0.04 eV) B CU da3ze. 3aech 3HaUe-
Hus 0.16 u 0.04 eV COOTBETCTBYIOT aKTHBAIIMOHHBIM JHEPTHUSAM E, pa3ylopsaoYeHHs MOJpemeTku Fy
cootBercTBeHHO B /1D 1 CU dazax LaF; (puc. 2). Xopomo BuaHo, uto B CU daze sneprust E, pazynopsi-
JOYeHHs yMeHbIaercs B 4 pasza. CieyeT 3aMeTHTb, YTO B CBSI3U C HEBO3MOXKHOCTHIO MIPSIMOTO TEOPETH-
YECKOT0 pacueTa 3JIEKTPONPOBOIHOCTH (IO MPUYMHE TPYAHOCTH PacdyeTa 3HEPreTUUYECKUX MapaMeTpoB,
OTBETCTBEHHBIX 33 HOHHBIN MEPEHOC) MONTydYeHHbIe 3HaUeHUs E,, Eq U Ey TpeACcTaBIAIOTCS BaXKHBIMU IS
MPABHJIBHOTO OMHCAaHUS U MOHUMAaHHS OCHOBHBIX 3aKOHOMEPHOCTEH 3JIEKTPONPOBOAHOCTH MOHHBIX KPH-
CTaJIIOB.

3aMeTHM, 4TO MEXIy 3HAYCHUSMH SHepreTmueckux napamerpoB LaF;, momyueHHBIX KBaHTOBO-
XUMHYECKUMH pacdeTaMy U, HallpuMep, METOAaMHU HEYIIpyroro paccesHus ceera B LaF; [14], coorBercT-
BHUE JIOCTATOYHO XOpOILEe.

4. 3akiar04eHue.

BaxxupiM UTOroM aHanusa pe3yibTaTOB KBAHTOBO—XMMHMYECKHX PACUETOB NMOTEHINATIHHOTO Pellbe-
¢a, peoj0IeBaeMOro MOBIKHBIMU HOHAMH Topa Kak B obiactu Temnepatyp T <T,, tak u s T >T,,
SIBIISIETCS 3aKJIIOYEHUE O TOM, YTO OHM ITOKa3bIBAIOT Oe3ycIoBHOE Hanu4ue B obaactu 7 > 7, HEKOTOPOro
addexTa, onpeaesIeMOro BEICOKOW KOHIEHTPALUEH pa3ylnopsIOUYeHHBIX HOHOB. JTOT 3 (dekT, Kak yxke
OTMEYANOCh, MPOSIBIISIETCS B 3HAYUTEIHEHOM YMEHBIICHUH [1apaMeTPOB MOTEHIIMATBHOTO pelibeda BOIH3H
ne(eKTOB THIIA BaKaHCHS—MEXY3eIbHbIA HOH (puc. 3) u B uTeparype no CH npoBogHUKaM Ha3bIBAETCS
KoomnepaTHBHBIM. [IpruemM 3TOT BBIBOJ IMOJy4EH HE IMYTEM IMOCTPOEHUS COOTBETCTBYIOIIMX MOJAEIEH U
CBSI3aHHBIX C HUMH MPEINOJIOKEHNN M MPENOChUIOK, a Ha 0a3e JIMIIb ABYX MOJOXEHHH: @) Oblia mo-
CTpOeHa KpHCTaJUIMYecKasl pemieTka THIa THCOHWTA, B KOTOpod (s moaenupoBanuss CU coctosHus)
KaXXZIblii IecTOd MOH (TOpa OmpenesieHHBIM 00pa3oM MepeMelalics B Opkaiiiiee MexXI0y3Iue — TeM
caMBbIM 3aJ]aBaach “paciiaBiieHHas” CTPYKTYpa, COOTBETCTBYIOLIAs TOMY MM MHOMY THITY pa3yHopsiao-
yenns pemetku B BII ¢aze, 6) mnst CU kpucramna LaF; Obutn onpeneneHsl 3Ha4eHUS SHEPTUU CBs3EH
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JUTSI BOCBMH TOYEK Ha IYTH IEePEeMEIICHHsI Pa3INIHbIX HOHOB F; M3 y3J7I0B B COOTBETCTBYIOIIHE MEKI0Y3-
Jus. DTH J1Ba TIOJIOKEHUS TMO3BOJIMIIN JIOCTATOYHO HAJISKHO YCTAHOBHUTH, UTO MpH mepexoxae us /19 co-
crosans B CU ¢a3y moTeHIIHabHBIA penbed) Ha ITyTH ABIKEHUS MOHA (TOpa IMpeTepIrieBaeT 3HAYUTEIb-
HBIC U3MCHEHUSI.

JlocTaToOYHO MHTEPECHBIMH UTOTOM aHAIM3a MOTCHIMAIBHOTO peiibeda, MPeoI0JIeBaeMOro IMO/I-
BIKHBIMU MOHaMU (propa B obsactu temmeparyp 1 <7,.,TpeJCcTaBIseTCS BBIBOJ, BHITCKAIONINN U3 KBaH-
TOBO—XMMUYECKHUX PACUYCTOB MMapaMETPOB BHYTPUSUYCCUHOTO MOTCHIMAILHOTO penbeda - Al HaHOpa3-
MEPHBIX KIIACTEPOB B TOJHOW MEpe COXPaHSIOTCS OCHOBHBbIe ocobeHHOCTH CU MarepHanoB, u Jis HUX
MOXHO TipuMeHsATh moHATHsI JID u BII cocTosHMil cO BceMu CBONCTBEHHBIMH UM 3aKOHOMEPHOCTSIMH,

Oco00 OTMETHM TO OOCTOSITENBCTBO, YTO KBAHTOBO—XUMHUECKHE PACUEThl PEIICTOYHOMN SHEPTHH
JUTsE HaHOKTacTepa LaF; mo3Bommim cienares ciemyroliee 3aKkitodeHe: Ha Ha4allbHOM dTare (popMupoBa-
Hust CU ¢a3el B o0pasie LaF; u3 pa3ynopsioueHHbIX HOHOB TOpa 00pa3yroTcs KBazuchepuueckue 00-
nactu — Hocutenu BII cocTosiHYsI, KOTOPBIE C POCTOM TEMIIEpaTyphl HAUMHAKOT MEPECEKAThCS, 3aIOJHSS
CO BpEeMEHEM BeCch 00pasell.

[IpuBeneHHBIC BBIIIC BHIBOABI MOTYT OKa3aThCs KpaliHE BaKHBIMHU U TTOJIC3HBIMU TIPU BBIOOPE CIIO-
coba popmupoBaHus pabOYKX 3IEMEHTOB HA OCHOBE HAHOCTPYKTYPHPOBAHHBIX HOHOIIPOBOISINNUX MaTe-
pHANOB B Pa3NHYHBIX TEXHUUECKUX YCTPOMCTBaX. B 4YacTHOCTH, MpH KOHCTPYUPOBAHUU SHEPTOESMKHUX
aKKyMYJIATOPOB U OaTapeil, paboTaromux B 00JIaCTH KOMHATHBIX TEMIIEPATypP, BMECTO IEIbHBIX KPUCTA-
JIOB, IO—BHIUMOMY, MOXHO (B LIEJISIX YCKOPEHHs Tpoliecca CHHTE3a HOHOMPOBOISIIEr0 MaTepruaia u ero
HKOHOMHH) HCIOJIh30BaTh HAHOKPUCTAIIIUTH MHOTOCIIOWHOTO HAMbUICHUS, 0¢3 3aMEeTHON MOTEepH ILIOT-
HOCTH MOHHOTO TIOTOKA.

TakuMm 00pa3oM, pe3ynbTaThl, MOJy4aeMble MOCPEACTBOM KBAaHTOBO—XMMHUYECKHUX PacdeToB Kore-
3UWHOM 3Hepruu HaHopemeTok CH mMarepuanoB, 3aMETHO PACIIUPSIOT CIEKTP (U3NYSCKUX MPOIECCOB,
UCCIIEyeMbIX METOJOM KOMIBIOTEPHOTO MOJCIMPOBAHMSA. A caMH pe3yJbTaThl UCCICAOBAHUNA MOTYT
OBITH UCIIOJIBL30BAHBI JIJIsl ONITUMH3AIUK (POPMBI pa0OUYMX MOJAYJICH B IPOIIECCe CO3JaHMs, HATPUMEp, CO-
BPEMEHHBIX BTOPWUYHBIX HCTOYHHKOB JJIEKTPHUYECKON SHeprum (Oaraped BBICOKOW EMKOCTH, aKKy-
MYJISITOPBI ¢ BBICOKHMH IDIOTHOCTSIMU TOKA M TIP.) HA OCHOBE HAHOCTPYKTypupoBaHHbx CH MaTepHasos.
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TEXHOJIOI'USA ITPOU3BOACTBA P®II HA LINAC 1 UCITOJIB3OBAHUE
MOIIHOI'O IIOTOKA 9BK OT 9KCKJ/IIO3UBHbIX PA/ITMON30TOIIOB AJIsA
JOKAJIbHOM, MOHU3AIIMOHHOM EPAXUTEPAIIUU PAKA B OBBEME
OIIYXOJIEBOM OBJACTH

P.Bab6axxkanos, 3.Kanokxos

Hayuonanenuiii ynusepcumem Yszbexucmarna um.Mupso Yayzbexa
rbabadjanov@mail.ru; zokirjon@yandex.com

[Totok anexTpoHOB BHyTpeHHEH koHBepcun (DBK), mcmyckaeMbIx Tipu pacmajge KOpOTKO B yMe-
PEHHO XUBYIIMX M30MEPHBIX COCTOSHHM, BKIIOUEHHBIX B TaOJIWIy SKCKJIIO3UBHBIX sEp, 00pa3yroTcs B
(bOTOAIEPHBIX PEaKIMAX, HA U30MEPOoOoOpasyromux sapax [1-4].

HavanpHast akTHBHOCTD siiep HPOAYKTOB (POTOSAEPHBIX PEAKINH, YIOBIECTBOPSAIONINX HX MPHME-
HEHHIO B MEIUIIMHE, 3aBUCUT OT apaMETPOB MOIIHBIX YCKOPHUTENIEH 3J€KTPOHOB.

TpeboBanus k Linac: sHeprust yckopeHHbIX 31eKTpoHOB 10-22 MeV, cpeanee 3HaueHUE BEIUYH-
HbI ToKa |; = 10-40 ma; cooTBeTCTBYyIOLIEE 3HAUCHHE IPAHUYHON SHEPIrHMU TOPMO3HOTO M3nmydeHus E,=
10-22 MeV; HauanbHasi akTUBHOCTH paguon3oTornos, ucmyckaomux JDBK ne menee 10 Kropu. Takas
AKTUBHOCTB U3JTydeHUs obecreunBaeT 3Q(OEeKTHBHOE HOHU3AIMOHHOE pa3pylIeHUE MOJICKYJ TKaHeH paka
B OTIpEACTIEHHOM OITyXOJIEBOM 00beMe M TOPMOKEHHE OMOJIOTHIECKON aKTUBHOCTH TKaHEH paka.

[elicTBrUE paguon30TONOB, UCHycKaromux Todbko DBK ¢ Manoil kuHeTHueCcKOr SHEprueu, npouc-
XOJIUT JIOKAJIBHO, B 3apaHee YCTAHOBJICHHOM O0BEME OITyXOJIH, YTO 00CCIICYMBACT PAIUAI[MOHHYIO0 0€30-
MACHOCTH 3JIOPOBBIX OPTaHOB, OKPYKAIOIINX 3Ty 00JIaCTh.

C menpto OpaxuTepanuu paka (MpsIMOE BBEIECHHE B OITyXOJEBYIO 00JACTh OOJIBHOTO M30paHHBIX
KOPOTKOKMBYIIIUX PaJUOU30TONOB), HAMH pa3paboTaHa, MCIbITAHA, ATEHTOBAaHA W OMHKCAHA CUCTEMa
OBICTPOH TPAHCIIOPTHPOBKU OOIYYEHHBIX MUILIEHEH OT ycKopuTels A0 norpedurens [1]. Wcnbitana Bo3-
MOKHOCTH MTPOM3BOJICTBA BBICOKOAKTHUBHBIX (Oonee SK/dac) paarmom30TONOB Ha MOIIHBIX YCKOPUTEISIX
anekTpoHoB (« @akem» UAD um. Kypuarosa) [2].

TexHosnorusa Mpou3BOJICTBA PaJXOM30TOIIOB Ha Linac gomonHsEeT BO3MOKHOCTD UX IPOU3BOJICTBA
Ha TPAIUIIMOHHBIX MEAUIIMHCKUX IIUKIOTPOHAX W aTOMHBIX peakTopax. boiee Toro, mpemiaraemas HaMu
TEXHOJIOTHS WMEET DS/ CYIIECTBEHHBIX MPEUMYIECTB, OTHOCHTEIHHO aHAJIOTOB, KOTOPHIE IMOAPOOHO
OIKCaHbI B MyOauKaiusx [3-4].

B cBs13u ¢ ocoObiM BHUMaHUEM, [IpaBuTenncTBa B HACTOSIIEE BpEMs], Ha pa3BUTHE aKaJeMHUECKOM
HayKH, MIEPEOCHAIIeHNEe TEXHUIECKON 0a3bl HAYYHBIX YUPEXKIECHUHN, CUUTaeM IieJecoo0pa3HbIM, BHECTH B
TUTaH 3aKYIKH COBPEMEHHOI'0 000pYIOBaHHUs MPHOOpeTeHre (M3rOTOBJICHUE 0 3aKa3y), MOIIHOTO YCKO-
putenst a1ekTpoHoB (Linac) u 31eKTpOMarHUTHOTO Macc-cenaparopa.

YTBepKaaeM, 4TO OKyIIaeMOCTh 3aTpaT Ha U3TOTOBJICHUE (TIPHOOPETEHUE) 3TUX IBYX YHUKAIBHBIX
YCTaHOBOK, OyZIeT oOecliedeHa B TeUEHUE OJTHOTO roJia WX IKCIuryaranuu. KoHcTaTupyem, 4To B peciryo-
JIMKE ITOAT'OTOBJICHBI BI)ICOKOKBaJ’II/I(bI/IHI/IpOBaHHBIC CIICHUATIMCTBI IO 3KCILTyaTalluid YHUKAJBbHBIX YCKO-
puTenel 3MeKTPOHOB U APYTOTO SIEPHO-(PU3NIECKOTO 000PYI0BAHHUS.

Takum 00pa3oM, HEOOXOAMMOCTh peANTH3alMY HAIIMX TEXHOJOTHH 32 cueT (PMHAHCOBBIX CPEICTB
peCyOJIMKH SBJISICTCS CBOCBPEMEHHOM, aKTyalbHOU, BOCTPEOOBAHHOM CO CTOPOHBI MOTpeOUTENeH 1 ObI-
CTPO OKYIIa€MOM.
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PATMALIUSABUM YCIAYBIA YOKJIAHI'AH NOJTUBUHWIXJIOPU
N30J0UAJTOBYN HANYAJAPHUHI XOCCAJIAPH

M.TammeroB, H.Ucmartos, P.Caunos
100214 Towwenm, Y3P @A Aopo gusuxacu uncmunymu

AHHOTAUMA

Paouayuanune nonumep mamepuaninapu xoccaiapuea mavCupu YpeaHuiub Qusuka-mexaHuxasui
Xoccanapu 6a HypaaHuu 0o3acu Kuumamu opacuoazu O002nuKAuK —anuxianean. Iloausununxaopuo
UBOTUAYUANIOBYUY HAWYA HAMYHACUHUHE MYCMAaXKamaueu romunean 003a Kuumamu 40 klp oyreanea xaoap
opmeanauy xamoa yrapuune snekmp mycmaxkamaueu gutimamu 80 kl'p iomunuw dozacuoa 16 kB/mm oan
19.9 kB/mm eaua opmeaniueu anukaanou.

Kasut cy3map: noJuBUHUIXIOPU], paiualMsaBUi YOKIAII, FOTHIUII J03aCH, JEKTP MyCTaXKaMIIHK.

1. Kupum

Martepuan Ba MaxCyJOTJApHH paiualMsBUN HIUIOB OEpUIIl OPKAJIM YIApHHUHI XOCCaJapHHU
SXIIMJIANI Xama OOIIKApHUIIl KeHI MMKOHHAT OepajuraH 3aMOHaBHi HyHanuuuiapaan xucoomanamu [1].
Xo03Upru BakTAa HWOHIANITUPYBUM HypJiap Typid MaTepHajulap XOcCCaJapHHH  OOMIKApHIIIa
KYJUIaHWIMIIKA OujaH OWp KaropAa IOJUMEPJIapHH MOAM(UKAIMIAIIAA XaM MYXUMIUp. AManuid
KUXATIAH TMOJUMEpIapHU paualusBhii MoAu(UKalUsIalma YOKIall SHT axaMHUATIWIapaaH Oupu
xucoOmananu. Pagnanussuii ycynn Ounan MoauduKanysuiaHral Oy MaxcyJioTiap/a KyHIalaHT YOK XOCHI
OYNMMIIM UCCHUKIMKKA YMIAMIWJIMKHUHT Ba MEXaHUK MYCTAaXKaMJIMKHHUHI OLIMIINra ONu0 KeJlaau xamaa
“maxsr xotupacu dhdeKkTr” XOocun OVIUIKM UCCUKIUKIAH KHYPAIOBYN MYy(QTaJapHUHT, HailYalapHUHT,
MamKETIapHUHT Ba TacMaJapHUHT MyXuM ad3aummkiapuian Oupuaup. PaamanusiBuil 4oKiIaHTaH
OyHzmall MaxcyloTiiap arpeccMB MyXUTiapra YHIaMINAup, Y30K MyZANATiad, YTKa3uiIaIuraH
MaxCyJIOTJIADHUHT I[IAKIMHU OJaau, H3OLIIMAIaid, KOppO3MAra Kaplid XUMOS KaTJIaMHUHH XOCHI
KWJIaad, MEXaHUK XUMOSICHHHU OIIWPAIH, TUAPOU3OILIIMIIANIN, Kabemnap Ba kaben YTKa3rnuIapHUHT
W3OJSIUACUHHA  OIIUPAIH, JJIEKTp VYTKa3TWwiap CHPTHHH TEPMETHK KWIMIIHUHT WIIOHYWIN YCYJIH
xucobmanaau [2]. IlommMep MaxcCyJOTIapUHH paavalUsasBUil ycynmaa MoauduKanusIam >kapaéHuaa
panuanusBUi MOUTOB OEPHII TEXHOJIOTHICHTa Ba MaxCyJOTIAPHHHT TapkKuOura OOFMUK OYnraH xoiaa
YJIApHHUHT XOcCalapy EMOHJIAIIUIITA 0JIMO KEeIyBUYH Jerpanaius xapaéuu xam 103 Oepanu. Ly cabadmm,
TypJid TOJMMEpP MaTepuall Ba MAaxXCyJOTIAPHUHUHI XOCCAIAPUHU paJdalMsSIBUH HIUIOB OepHIl
HaTWXacuAa SXUIMWIall MakcaauAa YJIapHUHT Xap Oupu ydyH MakOyja OynraH IOTHIMII [03acH,
HYPJIQHTHII SHEPTHsICH Ba OOIIKa KaTTATMKIAPHU aHUKJIAraH XOJ/ia TEXHOIOTHSUIAP SPATHII JIO3UMIUD.
[Tonumep MaxCyJIOTIADUHUHT XOCCAIAPUHU MOAMGHUKAIMATIALIIA acoCaH 3JIEKTPOH Te3NaTTHwiapiaH
¢oiinanann® paguanuod unuioB Oepuianyu [1]. ByHuHT acocwii cababnapugan OUpH KHCKa BakT MYWIA
KaTTa XaKMJIard MaxCyJoTiapra HiuioB Oepuil MMKOHUHHUHT MaBxyanuruaup. Ly tydaiinu nomumep
MaxCyJOTJIApUHU MOIU(UKANUSIIAN UILIAHMATAPUHHA SPATHIIA YIApHUHT (U3NKABHI-MEXaHUKABUH
xXoccajlapura 3JI1eKTPOHIAPHUHT TAbCUPUHH YPraHUII MyXUM axaMHUsATIa 3rajgup.

2. JKcnepUMMeHT HATHKAJIAPH

Yy TaaKUKOTAaH MaKCa/J PaAHAlMSHUHT TOJIMMEp MaxCyJloTiapu (U3NKa-MeXaHUKaBHN
Xoccajlapura TabCUPUHHM YpraHWIl Xamja YHHHI XOCCAacH Ba HypPJIaHMII J103acCH KMWMaTH Opacuaaru
OOFNMMKJIMKHU ~ aHUKJIAWAWD. DByHUHr y4yH TagKMKOT HamyHa cudaTuga TOJMBHHUIXJIOPUA
W3OJISIUSIIOBYH Haifuanap Tanaal OJMHHIH.

Tagkukor HamyHanmapu ‘“OnekTponuka Y-003" pycyMianm 4YH3HMKIH DJICKTPOH Te3JIaTTHduia
3NIeKTPOHIAPHHUHT YpTaua sHepruscH 5 MsB, nacra tokuuuar suamarn 0.07+0.095 MxA/cM® Gynran
xoima 20, 40, 80, 100, 120 xI'p roTuiumr qo3ara Kaaap paadaldsBUi UIIOB OSPIUIIH.

Hamynanmap wmycraxkammuruauar kuiimatnapuy “PARAM  XLW—(PC)” MuKpokoMIbIOTED
Oomkapysiau aBroMaTuk y3um MammHacuga “T'OCT 11262-80” 6yitnua ymyanau, oMMHraH Taxpuda
HaTwxanapu l-pacmaa xkentupuirad. HamyHa y3uiuin MycTaxXKaMJIMTHHUHT IOTWITaH J103ara OOFIaHMII
rpadurnan ['ayce pyHKIMsICH OpKay Kyluaarida nudoanan MyMKAH:

A 20K
o=Yy+t—p—¢ " (1)
W4/ 7/2
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Oy epma, ¢ — Y3WIUII MyCTaXKaMJIUTH OYnMO KyWHIard KaTTIHKIApra Kapad Xap Xmi KHAMaTIapHH
KaOyJ KUIaau. Yo — Taxkprubara OOFIMK OynMaraH OOLIIaHFUY HyKTa, YHUHT KuiiMaTe 17.6 H ra TeHr, X.-
MaKCHMaJl Y3WIHII IOKJIaMacH STrajulallli MyMKHAH OYJraH 3HT KaTTa KWMMaTra SPUINAAWraH OTHITaH
no3a, apHu 41.38 xI['p ra TeHT, W- UK OaNaHATUTHHUHT SPMUIArd KEHTIUK (SIbHH YpTa KeHTIINK) 0YiIHo,
y 40.6 xuiiMaTra TeHT, A-3ca MUKHUHT 03ach KuiiMatu OynuoO, y 171.05 ra Tenraup, D-totunran mosa
KUHMaTH.
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1-paCM. HOJ‘II/IBI/IHI/IJ'IXJ'IOpI/I)I HM30JIALMSIIOBYN Haiiua HaMyHAaCH y3WJIHII MYCTaXKaMJIMTMHUHI FOTUJIT'aH J03ara 60FJ‘II/IK,J'II/IK
rpadurn.

Pacmpan xypunu® typubmuku, 40 x['p roTwiran gozarada MOJMBHHWIXJIOPHI H30IHALUSIOBUN
Hailua HaMyHaCHHHUHI MyCTaxKamJIMrd omrad. by sca HamyHaza 3/eKTpOHIap TabCUPHUIA paiualysIBUl
JOKJIAI kapaéHu 103 Oeprammuruaad ganonar Oepaau [3]. FOtwiaran mosanunr kuitmata 40 x['p max
OLIMIIY OWJIaH HAMYHa MYCTaXKaMIUTHHUHT KaMalWIIK Ky3aTwiad. by sca I0THITaH T03aHUHT OUIMIIHA
OmnmaH Kywid MoONeKymsap (yrinepon-yriepon) OOFIapHUHT Y3WIWINKA Tydailin HaMyHaHUHT
MYCTaXxKaMJIUTH KaMaiuiim pyit Gepuiiiau ounmupau [4].

PagunanusiBuii 4OKIATHUHT TOJIMBUHUIXIOPH] M30JALUSIIOBUN HalaIapy SJIEKTP HU3OJSIHUACUTa
TabCUPHHHU YpraHuIl Makcaauaa Oounuianrud HamyHa Ba 20, 40, 80, 100 Ba 120 xI['p rotunum no3anapra
KaJap paavanysBUi UIUIOB OepuiiraH HaMyHaslapAa TaIKUKOTIAp YTKa3UIIH.

Hamynanapuunar E, — amektp Mmycraxkamuuru AMM-70 snektp Kypuimacuia Yiadanau. 1-
KaJlBI/a MMOJIMBUHUIXJIOPUI HAMYHAIAPUHUHT (OOIUIAHFUY AJIEKTP MycTaxkamiurd 16 kB/MM) siektp

MYCTaXKaMJINT'1 KHﬁMaTHHHHF HOTWIMII J03ajlapura GOFHI/IKHI/IFI/I KCJITUPUJITaH.
Kanpan 1
[oMMBHHUIXIOpHI HAMYHATAPHHUHT (OONIUTAHFUY JIEKTP MyCTaxKamIIUTH 16 KB/MM) 3JIeKTp MycTaXKaMJIATH
KUAMATHHUHT IOTHIINII J03a1apura OOFIHKIIUTH.

Ne KOTnanm no3acu D, JJekTp MycraxkamaukE,, kB/mMv
|N)
1 20 18
2 40 19,5
3 60 19,7
4 80 19,9
5 100 19,6
6 120 18

3. XyJioca

IOxkopunarunapaan IIyHH Xyjoca KHIMII MYMKHHKH, TIOJMBHHWIXJIOPUA H3OIHSLHUSIOBYH
Haifuamapura sSHeprusicu 3+5 MbdB Ba jgacra TokuHMHT suammru 0.07+0.095 MrA/cm® Gynram
anekTponap okumu Ounan 40--80 k['p roTunuin Ko3acuaa pagualisBUi UIUIOB OeprO YOKJIAIl MaKCcazra
MYBOQHUKAND.

[NonmuBruHMUNIXNOpHUA M3OAMALMATOBUM Haldanapu 40 k['p roTunui mo3acuaa HypJIaHTUPUITaHAA
MycTaxkaminr ~20 % ra oMM, 3JIEKTP MycTaxKaMJIMTa KuiiMaTth 3ca 80 kI'p roTunuim nozacuaa ~25
% ra OPTUIIH aHUKJIAHIH.

By unmuit Hatmwkanap Y36ekucton Pecniy6ukacu ®an Ba TeXHONIOTHAIAPHH PHBOXIaHTHPHILHMA
MyBoduxnamtupuil Kymutacuanar @A-A12-0008 noiinxacu noupacuaa OJHMHIAH.
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ELEKTRONLAR DASTASI YORDAMIDA NURLANTIRILGAN POLIETILEN
MAHSULOTI VA POLIVINILXLORID NAYCHASINING MEXANIK XOSSALARINI
O’RGANISH

E.T.Ro‘ziyev, M.Yu.Tashmetov, R.R.Xolmatov
100214 Toshkent, O ‘ZR FA Yadro fizikasi instituti. ruziyevb477@mail.ru

Polimerlarning ulkan makromolekulalar tuzilishida bo‘lishi, amorf, kristall, suyuq kristall holatlarni
hamda qattiq va suyuq fazalarda o‘ziga xos fizik va relaksatsion jarayonlarni namoyon qilishi, tashqi
ta’sirlar ostida tuzilishi, o’zgarishi, shuningdek, ularning polimerlar asosidagi materiallarni boshga
turdagi materiallarga nisbatan yengilligi, egiluvchanligi,katta migdorlarda ishlab chigarilishi va ularga
bo‘lgan talablarni kun sayin oshib borayotganligi polimerlar fizikasini har tomonlama o‘rganishni taqoza
etadi [1].

Polimerlardan tayyorlangan mahsulotlar agressiv muhitlarga chidamli, o‘tkaziladigan mahsulotning
shaklini oladi, izolyasiyalaydi, korroziyaga garshi himoya gatlamini hosil giladi, mexanik himoyasini
oshiradi, gidroizolyasiyalashni, truba o‘tkazgichlarni himoya choklarini, kabellar va o‘tkazgichlarni
izolyasiyasini, kontaktlar va elektr o‘tkazgichlar sirtini germetik qilishning ishonchli manbasi
hisoblanadi[2].

Bu tadgiqot ishida Ichki diametrlari 0’lchami 12 mm va 15 mm bo’lgan polimerli (polivinilxlorid)
naychaga hamda qalinligi 0.03mm, 0.036mm, 0.06mm, 0.07mm, 0.08mm, 0.09mm bo’lgan polietilen
gadog mahsulotlari tanlab olindi. Bu ishdan asosiy magsad namunalarning mexanik xossalarini elastikligi,
mustahkamligining radiasiyaga bog’ligligini o’rganish. 1-rasmda namuna sifatida olingan polivinilxlorid
naycha va polietilen gadog mahsulotlari keltirilgan. Tadgigotlar uchun F-Y336 markali (MDPE tipli)
polietilen gadog mahsulotlari tanlab olingan.

1-rasm. Polivinilxlorid naycha(a)va polietilen gadoqg(b) mahsuloti[3].

Polietilen gadoq mahsuloti namunalari uchun olib borilgan tadqiqotda namunalarni “I'OCT 14236—
81” da keltirilgan uslubga asoslanib o‘lchashga tayyorlandi. “TTOCT 11262-80” yordamida polivinilxlorid
naychalari namunalari ustida o’Ichash ishlari olib borildi.

2-rasmda elektronlar dastasi manbai sifatida ishlatiladigan chizigli elektron tezlatgichi keltirilgan.
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2-rasm. “Elektronika U-003" rusumli chiziqli elektron tezlatgichi.

Polietilen namunalarining uzunligini 1=50 mm va enini a=10 mm dan qilib “PARAM XLW-

(PC)” mikrokompyuter boshqaruvli avtomatik uzish mashinasida mexanik kattalik qiymatlari o‘lchandi.
3-rasmda avtomatik uzish mashinasi hamda uning texnik parametrlari ko’rsatilgan bo’lib uning
yordamida topilgan mexanik kattaliklardan foydalanib namunaning maksimal uzilish yuklamasi,
mustahkamligi va ularning nisbiy xatoliklari aniglandi. Uzish mashinasining texnik parametrlaridan

foydalanib namunalarni har xil tezliklarda cho’zishi va buni bevosita kompyuter orqali kuzatib borish
mumkin.

Technical Specifications
e
Items
Test Range 100N, 200N, 500 N (one of them is available)
Accuracy 1% of reading value
Test Speed 50, 100, 150, 200. 230, 300. 500 oum'oun
Number of Specimens 1
30 mom (Standard Grip)
Specimen Width — Gop)
Sample Clamp Mamsal
Stroke 600 zom
Instrument Size 430 mm(l) x 450 mm{W) x 980 mm{H)
Power Supply ACINV 50Hz
- Net Weight 65kg

3-rasm. Avtomatik uzish mashinasi va uning texnik parametrlari[4].

“PARAM XLW—(PC)” mikrokompyuter boshqaruvli avtomatik uzish mashinasi namunalarni
cho’zish orqali uzilish kuchining absolyut uzayishga bog’lanish grafigini va namunaning o’lchangan
mexanik kattalik giymatlarini kompyuter orgali quyidagicha 4-rasmdagidek chiqgarib beradi. 4-rasmda

ko’rib turganimizdek polietilen qadoq mahsulotining olti marta o’lchangan kattaliklari va grafiklari kelti-
rilgan.

Eolys | ST || sampie: FE
18 | GHT
16 IS || From lnen
14 Sampled Madeby GBT
12 SRS | Length: 50w
| 500
10
5 Femarks Thickness; 0. 380mm
 Print Amount. B
d o Standard:  |GE
4 " Frame
Temperaturel2s
P Curves B Ta0a
&
mrm i Batch: ot
0 @80 160 240 320 400 480 560 G40 720 GO0 | Mul speed S
Results ) 143422
Mar(N] Platinf%] Dis. (] Time:
51 | 1390 7822 3911 Humidity. 0%
52 | 1288 7464 373.2 Testname:  |Tensile
53 [ [1525 B04.3 4024 )
s |33 [Trrewm | meoo Machine:  U(PC]
54 16.10 904.5 452.4 Test_ho: 2
55 13.23 §122 4061 Provider:  |Labthnk
56 15.64 676 4338 Mo ——
Aver T4E667 | 9615334 | 4307667 Qperator: ormama

4-rasm. Polietilen gadoq mahsuloti uchun olingan tadgigot natijalari va grafiklari.
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Yadro fizikasi institutidagi “Elektronika U-003" rusumli chizigli elektron tezlatgichi bilan
elektronlarning o’rtacha energiyasi 5 MeV, tok zichligi (0.07+£0.085) mkA/sm* bo’lgan holda 120 kGr
dozaga qgadar radiatsiyaviy ishlov berildi. Bu tadgigotda polivinilxlorid naycha namunalariga 20, 40, 80,
100, 120 kGr migdorlarida elektronlar dastasi bilan radiasiyaviy ishlov berildi. Radiasiyaviy ishlov
berilgan polivinilxlorid naychalariga issiqlik ta’sirida, bosim berilgan holatda ularning ichki diametrlari
1,5 martagacha ortganligi kuzatildi. Diametrlari kichkina bo’lgan izolyasiya qilinishi kerak bo’lgan
mahsulotlarga qizdirilib ishlov berilgandan keyin naychalarning diametrlari avvalgi holga gaytganligi
aniglandi. Chunki polivinilxlorid naychalarini bunday usulda kengaytirish yoki toraytirish izolyasiya
materiallari bo’lgan polivinilxlorid naychalarini diametrlari to’g’ri kelmagan holatlarda qo’llash
imkoniyatini beradi. Nurlantirilmagan va nurlantirilgan holatlardagi ichki diametri 15 mm bo’lgan
polivinilxlorid naycha namunalarining uzish mashinasida aniglangan maksimal uzilish yuklama
giymatlari o’rtacha 107 N ni tashkil qildi. Namunalarning mexanik xossalarini o’lchashdan oldin ularni
issiglik hamda bosim ostida 1.5 martagacha kengaytirilib yana avvalgi holatiga gaytarildi. Ichki diametri
12 mm bo’lgan polivinilxlorid naycha namunasi uchun olib borilgan tadqiqot natijalari 5-rasmda
ko’rsatilgan. Bu grafikdan maksimal uzilish yuklamasi qiymati ya’ni mustahkamligi 50 kGr yutilish
dozasiga qadar ortganini ko’rishimiz mumkin. Tadqiqot ishidan shunisi ayon bo’ldiki polivinilxlorid ma-
teriallarini har xil nurlantirish sharoitlarida qo’llasa ham bo’ladi. Bu namunani tahlil gilishda keltirilgan
(1) formuladagi Gaussian formulasiga tayanib grafik chizilgan. Chizilgan grafikdagi nugtalarni silliglash-
da funksiyaning olingan tajriba nugqtalariga mos tushishi quyidagi x* Kattaligi bilan xarakterlanadi. 5-
rasmdagi grafik uchun bu qiymat 0.4 ni chiqarib bergan. Bu giymat qanchalik kichik bo’lsa olingan tajri-
ba natijalarining gauss formulasiga tushishi shunchalik yaxshi bo’ladi.

D—x¢)?

F=yot e vt )
bu yerda F-maksimal uzilish yuklamasi bo’lib quyidagi kattaliklarga qarab har xil qiymatlarni qabul qila-
di, yo — tajribaga bog’liq bo’Imagan boshlang’ich nuqta uning giymati 84.66 N ga teng, x.-maksimal uzi-
lish yuklamasi egallashi mumkin bo’lgan eng baland qiymatga erishadigan yutilgan doza ya’ni 38.89 kGr
ga teng, w- pik balandligining yarmidagi kenglik(ya’ni o’rta kenglik) bo’lib u 26.77 giymatni qabul qildi,
A-esa pikning yuzasi 555.41 ga teng bo’lgan, D-tajribalar yordamida beriladigan yutilgan doza giymati.

Diametri 12 mm bo’lgan polivinilxlorid naychasi ustida gilingan tajriba natijalariga asosan 6-
rasmdan namunaning elastikligini bilib olish mumkin. Bu namunaning qalinligi 0,7 mm bo’lib uning
graigini chizishda (2) formulada keltirilgan chizigli funksiya bo’yicha grafik chizilgan.

E=A+B*D (2)
bu formulada E-elastiklik modulini toppish uchun D-yutilgan doza giymatlaridan foydalaniladi. A va B
o’zgarmas kattaliklar bo’lib ularning qiymatlari quyidagicha: A=58.45+2.32, B=0.054+0.031.

120 90
=z
w 110 4 NE 80 -
= 2
g 100 + e 70 o
£ uf
=
3, % =00
=]
5 8
§ e E 50 4
= =
£ K
S w
60 T T T v v M v 30 T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Yutilgan doza D, kGr Yutilgan doza D, kGr
5-rasm. Polivinilxlorid naycha namunasi maksimal uzilish 6-rasm. Polivinilxlorid naycha namunasi elastiklik modulining
yuklamasining yutilgan dozaga bog’lanish grafigi. yutilgan dozaga bog’lanish grafigi.

Polietilen gadog mahsuloti ustida gilingan tadgigot natijasida aniglangan mustahkamlikning
yutilish dozasiga bog’ligligiga etibor beradigan bo’lsak. Polietilen gadog mahsuloti namunasiga 15 kGr,
25 kGr, 40 kGr miqgdorida nurlantirish doza giymatlari uchun o’lchangan mustahkamlik giymatlari 18
N/mm? dan 25.5 N/mm? giymatgacha ortgan. Maksimal giymatga 22 kGr larda erishishini origin pro-
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grammasi orgali olingan chizmalardan aniglandi. Mustahkamlik giymatining ortishini polietilen namuna-
sidagi kuchsiz bog’larning uzilishi va uning o’rnini kuchli bog’larning egallashi bilan tushuntirildi. Chun-
ki kuchli bog’lar kuchsiz bog’larga nisbatan o’n martalargacha kuchliroq bog’langandir. Polietilen mah-
sulotida kuchli bog’larni (C-C) bog’lar hosil qilsa kuchsiz bog’larga (C-H) bog’ni aytish mumkin[5].

Yuqori doza giymatlarida maksimal uzilish yuklamasi ya’ni uzilish kuchi hamda namuna mustah-
kamligining tushishi kuzatildi. Bunga sabab sifatida namuna elastikligining kamayishini destruksiya ja-
rayonini aytishimiz mumkin. Yutilgan doza qiymatini oshirgan sari har ikkala bog’lar ham uzilishi uchun
energiya yetarli bo’lib qoladi.

Tadgiqgotda olingan mustahkamlik giymatlarini har xil galinliklardagi polietilen gadog mahsuloti
namunalari uchun ham olindi. 7-rasmda har xil galinlikdagi namunalar uchun maksimal uzilish yuklama-
sining yutilgan dozaga bog’lanish grafigi keltirilgan. Bu grafikda ko’rinib turganidek namunalarning qa-
linligini qancha orttirib boraversak uning maksimal uzilish yuklamasi ya’ni mustahkamligi qiymati ham
ortib boradi.

26

24

F,N

22 -

Maksimal uzulish yuklamasi

o

L] ot ] . 1 y L] b
0,03 0.04 0,05 0.06 0,07 0,08 0.09
Qalinlik  d, mm

7-rasm. Har xil qalinlikdagi polietilen gadog mahsuloti namunalarining maksimal uzilish yuklamasi giymatlari.

7-rasmda ham yuqoridagi kabi chizigli funksiya asosida nugtalar silliglandi.
F=A+B*d 3)

Bu yerda qalinlikga(d) bog’liq ravishda maksimal uzilish yuklamasi(F) topildi: A=5.69+1.04,
B=146.66+15.67.

Tadgigot natijasida polivinilxlorid naycha namunalariga radiatsion ishlov berish uchun
elektronlarning optimal energiyasi (3-5) MeV ekanligi aniglandi.

Yutilish dozalarini 50 kGr ga gadar nurlantirilgan polivinilxlorid naychalar mustahkamligiva elstik-
ligi yaxshilanganligi aniglandi.

Polietilen gadog mahsuloti namunasi mustahkamligi 25 kGr yutilish dozasi giymatiga gadar
yaxshilandi.

Namunalarning galinliklari ortgan sari maksimal uzilish yuklama giymatlari ham ortib bordi.

Yugori doza giymatlarida mustahkamlik giymatlari kamayishi kuzatildi.

Yuqori dozalarda mo’rtlashish hodisasining kuchayishi aniglandi.
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Abstract

We investigate effect of General Relativity as anisotropy of the speed of light as interpretation of Sagnac
effect in the fourth-order theory of conformal Weyl space-time.

Key words: Conformal Weyl gravity, Sagnac effect

1. Introduction

Motivations for the more recent new alternatives to the theory of general relativity (GR) are almost
all cosmological, associated with or replacing such constructs as "inflation™, "dark matter" and "dark en-
ergy"”. The discovery of unexpected rotation curves (Rubin et al (1978)) for galaxies and angular fluctua-
tions in the cosmic microwave background (CMB) spectrum among other astrophysical observations as
spectrum of type la supernovae provide evidence for "dark matter". Could there be more mass in the uni-
verse than we are aware of, or is the theory of gravity itself unsatisfactory? The consensus now is that the
missing mass is new form of matter called "cold dark matter", which could be detected only by its grav-
ity. However that agreement has been only reached after trying alternatives to general relativity. Among
many other alternative theories of gravity, the theory of conformal Weyl gravity (Mannheim and Kazanas
(1989)), a fourth-order extension of Einstein's second-order general relativity, is a possible solution to
current cosmological puzzles, such as dark matter and dark energy.

As an alternative to the Einstein-Hilbert gravitational action, Weyl demanded that the Einstein
theory of general relativityshould be invariant with respect to the similar conformal transformation as

9, (X) > (x)g,, (%), )

whereQ(x) is a scalar function of spacetime coordinates. The vacuum solution of static spherically sym-

metric source for conformal Weyl gravity is given by the spacetime metric (Mannheim and Kazanas
(1991))

2GM dr’
CIS2 :—(1— . +}/er2 dt2+2G—M+ rz (d92+5in2 9d¢2)
cr - r )
cr

- Z(a) r’— jyr)sin2 fcdtd g,

where y(cm’l) is the integration constant of spacetime which is required by conformal gravity, M is the
mass of the (spherical symmetric) source, Gis the universal gravitational constant, cis the speed of the
light, o = ZGMj/czr3 is the angular velocity of dragging inertial frames, j=J/Mc is the specific angular
momentum being equal to the total momentum J of the gravitating object per unit mass.

2. Synchronization of clocks

Knowing the spacetime metric its not enough for a full description of the physical picture of the
world. Separation of four-dimensional world into the physical time and three-dimensional physical space
of simultaneous events is useful tool to describe the physics of spacetime. In addition to introducing the
concept of proper time measured by the clock on reference frame and a single standard equipping of
clocks of their own time, it is also necessary to synchronize these clocks to be abble to determine the
temporal relationship of any events and proper positions in physical space.
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Let P, and P; are the events on the world line y of some clock being at rest in a given reference

system. The events correspond to the emission and registration of a light signal reflected ( P’ event) from
the mirror, which is at a short distance from the first one together with the other clocks reference system

(see Fig.1). Each of these events correspond to the points of proper time of 7(R), 7(P,)and z(P’). The
events P, P’ and P; are causally connected to each other, so they are in a certain time relation: P,
event happened later than P’ event, and the P’ event - later than P, . Events in the world line y which
happens after P; and before P, are also in a certain time relations with P’ .

A simultaneous event P is the event P, which the moment of it’s proper time satisfies the condi-
tion
a dx"

«(P)=[r(R)+7(R)]+ 2+ (R)-7(R)]x J ’

2 , . 3
[gik _ Yo jdx'dxk ®)

00
here dx' =X (P)-X'(P’). Clocks are synchronized if z(P")=z(P). The condition (3) differs from the
1
Einstein definition of simultaneity which is z(P) =E[I(E)+T(F’3)] with terms proportional to the pro-

jection of the metric vector @, which is direction is given by simultaneous events Pand P’ (see Fig.1).
The distance between them is defined by the following formula

¥

4

Fig. 1. P and P, are the events on the world line y , the event P’ belongs to light lines P, P"and P', P, (dashed lines). The

event P, is the middle of the interval [ﬂ, P3] and at the same time, simultaneous with the event P", according to Einstein. This
is true when the speed of light does not depend on directions. If the speed of light is bigger in the direction from » to P’ then

the event P, simultaneous with P', lies in the range (Pl, I32) , otherwise, in the interval (Pl, P3)

dl? = h, dx'dx", 4)

where
My =0 — 9o G —a;a,. 5)

00

Using equation (3) one can obtain the expression for the interval of the proper time between two
arbitrary but close events expressed by the formula

dz =1/-0y (dxo +hdx‘j+aidx‘, (6)

00
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while the differential of the time is expressed as

dt=e { oo, {dxo +%dx‘j+ adx’ } @
00

From expressions (7) and (4) the interval dS can be written as
ds® =—e**dt* + 2e *adx'dt +dI?, (8)

were @, are the covariant components and a is the module of the metric vector can be defined as

gOn a= gika'iak (9)
V"% 1_gmjamai

From the expression (8), quadratic form of the interval comes out the formula for the module of the
speed of light in the direction to the metric vector and having an angle « with it:

g =e (—a cos ar ++/1+a*cos® ) (10)

So, at a given point, the speed of light depends on the direction of propagation. It has the smallest
value towards the metric vector and the highest value in the opposite direction.The speed of light is con-
stant in all directions forming the circular conical surface with apex in the given point and the axis of
symmetry along the metric vector. From the equation (10) one can see that the product of absolute values
of the speed of light in any two directions is constant in a given point, and following equation comes out

9.9 =1, (11)

a, =

where §C is the speed of light propagating in the opposite direction.

The difference in time of light rays propagating in the same closed loop in opposite directions can
be calculated by the curvilinear integral so that

11
At =[ﬁ[§_§jdl’ (12)

C c

where dl is the path element.

In axial symmetric space-times metric vector is perpendicular to the axis of symmetry. For the light
rays, counter-propagating in the plane @ = /2, one can choose the angles « being equal to Oand =
and

4 (a=r,0)=¢ (ia+x/1+ a2 ) (13)
Using equations (11) and (13) we can write expression for the time difference (12) in this way
3-9 9.9
At=[f)% e d =[ﬁwdl = 2[fje’adI. (14)
‘90‘90 —Ooo
Now using above expressions one can easily calculate time delay in slowly rotating space-time
metric (2).After the coordinate transformation ¢ — ¢+ Qtand in equatorial plane @ = z/2, the line ele-
ment of the metric (2) will look as

2GM 2GM
ds’ :—(1— : +yr—92r2+29(wr2—jyr)jczdt2+(1— :
c’r c’r

+7/rjdr2
(15)

+ridg’ + 2((9—(0) r’+ j;/r)cdtdgo,

where Q is the angular velocity of the gravitating object.
One can find only one nonvanishing component of the metric vector (9) of the above metric (15) as
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(o-w)r’c’ +jyr

3 = !
2GM o'r’ of o' (16)
1-——+yr-—3 +2—| ——Jyr
cr C c\ ¢
and its absolute value in the linear approximation takes the form
Q-w)r’
N CLLLIN an

Finally using the expression (17) we can calculate time delay (14) between two counter-
propagating rays in the rotating Weyl space time as

At 4zR (Q-w)Rc” + jRr .
c 2GM o’R* o wR® (18)
1-——+yR-——F—+2— - jyR
¢’R c c\l ¢

The expression (18) is obtained using an alternate approach of interpretation of Sagnac effect
which is based on anisotropy of the speed of light.

In this paper we studied effect of General Relativity as anisotropy of the speed of light as interpre-
tation of Sagnac effect in the gravitational field of the slowly rotating object in conformal fourth-order
Weyl gravitational theory and found that it can be affected by the y integration constant of the theory

which is responsible for the dark matter in galaxies (Mannheim (1992), Mannheim and Kazanas (1994)).
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ISOFREQUENCY PAIRING ORBITS IN THE VICINITY OF BLACK
STRINGSPACETIME

S. Shaymatov
Ulugh Beg Astronomical Institute, Astronomicheskaya 33, Tashkent 100052, Uzbekistan

Abstract

We investigate isofrequency pairing of geodesic orbits in the vicinity of the black string spacetime and
demonstrate that the presence of an extra compact dimension gives rise to the particles to move along the
black string spacetime. It is shown that isofrequency pairing geodesic spiral orbits, which have the same
three frequencies 27, 2%, and 2, can occur in a particular area of the black string spacetime. The effect of
compact dimension parameter w causes orbits of the particles to vibrate and increases the isofrequency pair-
ing of geodesic spiral orbits around the black string spacetime.

Key words: Isofrequency, Black string, Schwarzschild black hole

1. Introduction

Recently, we have studied the isofrequency pairing of non-geodesic orbits in the vicinity of non-
rotating Schwarzschild black hole immersed in an external magnetic field (Shaymatov etal. (2014)). It has
been extended from the research of Warburton et al. (2013) on isofrequency pairing ofgeodesic orbits in
Schwarzschild and Kerr geometries. Here, we extend this analysis to the black string (BS) spacetime.lt is
well known that the first exact solution of thevacuum Einstein equations in four dimensions obtainedby
Schwarzschild (1916) describes a spherically symmetricblack hole. The spacetime metric indeed de-
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scribesa five-dimensional black string when the additionalcompact dimension is added to the
Schwarzschildspacetime metric. It was first suggested by Kaluza(1921). Recently, the geodesic motion of
test particlesin the five-dimensional non-rotating androtating black string spacetime has been studied in
detailin Grunau and Khamesra (2013). The geodesicand non-geodesic motions of the colliding particles
havebeen also studied in the static and rotatingblack string spacetimes by Tursunov et al. (2013). An ex-
tensive discussion of the particle motion in different metrics being relevantto the black string can be
found e.g. in Aliev (1988); Galtsov (1989); Ozdemiret al. (2004).

In this paper, we introduce and discuss a new extra compact spatial frequency 2¢in the black string
vicinity. We also show that bound geodesic orbitscan be confined to compact spiral orbits given in the
range h,;(e = 0) < h,< h,(e = 1). Boyer-Lindquist (BL)coordinates can be modified as (t, r, 6, ¢, ) in the
black string spacetime, and the motion of bound orbits can be periodic with four frequencies. In general,
there are three types of frequencies, such as 27, 2% and 2®around the compact gravitational object,
where 27, 029 are referred to “libration” type frequencies which are responsible to the radial and longitu-
dinal periods. Meanwhile 2% is a rotation” type frequency for the azimuthal period. In the case of black
string spacetime, we deal with a new frequency 2% in addition to three frequencies mentioned earlier.
Assuming that the orbitis equatorial one (6 = 7/2) around the black string spacetime, we do not consider
19 Hence, the bound geodesic orbits can be characterized by three frequencies: radial frequency 2°, azi-
muthal frequency Q¢ and new compact frequency 2® associated with coordinates r, ¢ and ®, respec-
tively.

2. Isofrequency pairing orbits in black string spacetime

If an extra compact spatial dimension © is added to the Schwarzschild solution, the spacetime met-
ric takes the form (Grunau and Khamesra (2013))

2M 2My\7! (1)
ds? = - (1 - T) dt® + <1 - 7) dr® +r*(d6?* + sin® 0 dp?) + dw?

where M is expressed through the total mass of the gravitational object inblack string spacetime. This so-

lution describes a gravitational field of neutraluniform black string.
Next, the radial motion of geodesic test particles in the equatorial planeof a black string spacetime

satisfies to equation
- 2M o I? (2)
Vosr (L) = (1 —7> (1 +J? +r—2) ,

where L= L/m, and j= J/m are constants of the motioncorresponding to the particle’s specific energy, an-
gular momentum, and newconserved quantity due to an extra dimension o, respectively.It is wellknown
that bound orbits exist whenL>2v3Mwith 2v2/3<E< 1 for the Schwarzschild black hole. In the case of
black string bound orbits existwhenL>2v/3 (1+ J)**Mwith 2v/2 (1+ J)%/3 <E <(1+ J)““whenthe motion of
particles around the gravitational object is restricted by theturning points, which can be labeled as the pe-
riastron r, and the apastronr,, respectively.Using the condition Vs (r;) = Vers (r) = E “we obtain the spe-
cific energyE and angular momentum L of the particle in terms of the parameters p ande, where p meas-
ures the size of the orbit while e measures its degree ofnoncircularity as stated in Darwin (1961). Explicit-
ly,

_p-2-29)( 22 + 2e) A+,

p(p—3 —e?) 3)
22

p=_tH¥

EZ

—mﬂ +7),

Following to Cutler et al. (1994), it is possible to introduce the integration of the geodesicequations
for the coordinates t(r), ¢(r), and w(r) as following

0=k [ —"—, ®
F(E? = Vogr )?
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- dr
o) = LJ- T
TZ(EZ - Veff)z (5)
and
- d
o) =] [ ——.
(E2 =V, )2 (6)

By using the expressions (4-7), one can obtain the following expressions with the parameter y rela-
tedto the coordinates t, ¢, and w as

1 1
dt  Mp*[(p — 2)* — 4e®]2(p — 62e cos x) 2

dy (p—2—-2ecosy)(1+ecosy)* ' O
1
de p?
¥ _ -,
dy (p—6—2ecosy)? ®)
.3 1
do _ JMp2(p —3 — e?)2

- _ . - ,
dx (1+72)z(p — 6 —2ecos y)z(1 + e cos y)>? ©)

The radial period and radial frequency are determinedfrom the above expressions (Warburton et
al.(2013); Cutler et al. (1994)) as

- r” dt p o 2
= e X, = —,
o ax Tr (10)

The azimuthal frequency of the orbit will take the form

1 (Td A
=] ZLa=2
Tr ), dt " (11)
where azimuthal phase Ag is computed as
1

2nd 2m 7 4
“"’=f d_(def : 1‘“(:4\/?’((‘_6)' (12)
o X 0 (p—6—2ecosy)? € €

where € = p - ps(€) = p - 6 - 2e andK(x)= fO"/Z
first kind.

The new extra frequency arising from the effect of the compact dimensionw of the orbit can be de-
scribed as

de (1 — xsin?6)~1/2is thecomplete elliptic integral of the

1 (7 dw Aw

0 =—| —dt=—,
T ), dt " (13)

where Aw is the new extra phase accumulated over time interval T7.

Now we plan to investigate the isofrequency and bound orbits of the particlesin the vicinity of the-
gravitational object in the black string spacetime. Weconsider orbits lying extremely close to thesepara-
trix € in order to estimatethe divergent quantities of the azimuthal phase, the new extra phase, theradial
period, and their ratio in Egs. (12) and (14). Considering the nearseparatrixanalytic expansions we obtain
the corresponding expression forAw as

1 1

JM (3+2e—e?z[(6+2e)%\? € 64e

S = i [1+0()|m (—) , 14)
(1 +J2)z2(1 + 2e) € € €

The occurrence of isofrequency pairing orbits is more related to the presence of boundary regions-

such as separatrix and circular-orbit duals (COD) and each and every circularorbit in the open range be-

tween the separatrix and singular curve as well asbetween the singular curve and COD has a dual isofre-
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guency. In fact, theexistence of the separatrix plays an important role to occur such dual orbitsin the iso-
frequency scenario. It is also essential to consider the singular curveand the circular orbit duals in the par-
ticular area of the gravitational object. The COD also plays important role as a boundary region keeping
pairs ofisofrequency orbits to be existed in such area (Warburton et al. (2013);Shaymatov et al. (2014)).

Now we investigate the effect of the extra dimension on the occurrence ofthe isofrequency pairing
of geodesic orbits in black string spacetime. Basedon our above discussions and egs. (11-13) we keep the
result for which therange of frequencies of any pairs of orbits in the black string 2¢ = (M/r33 b)/2is
given as

N?,_0=0.062<0? <N?,_,=0.125
and compute the values of radial and azimuthal frequencies tabulated intabl. 1.

(15)

Table 1
Numerical values for the frequencies and 2¢ of isofrequency pairing of geodesic spiral orbits around the black
string for the different values of eccentricity e.

e 0.1 0.3 0.4 0.5 0.6 0.7 0.8 0.89 0.96 1
0? | 0.063 0.068 0.073 0.079 0.091 0.103 0.109 0.115 0.121 0.125
Q" | 0.0069 |0.0124 | 0.0152 | 0.0181 | 0.0226 | 0.0272 | 0.0304 | 0.0334 | 0.0362 | 0.0380

As can be seen from tabl. 2 the value of the extra frequency of the particles is becoming bigger
with increasing the forth conserved quantity J, but the height of the horizontal direction along black string
is becoming smaller for both values of eccentricity. However, we found that when the value of the fourth
conserved quantity attains the critical value J = 0.09(6) geodesic spiral orbits are not allowed to appear
along the black string. In this sense, it is only possible that the pairs of circular spiral orbits of particles
occur beyond this critical value and in a particular area of a gravitational object with the same values of
radial 27, azimuthal 2%, and new extra 2% frequencies, but with the different quantities of energy and
angular momentum. Then the pairs of such orbits of particles are forced to be moved and vibrated along
the black string in a special cylindrical area.

It turns out that pairs of such orbits appear in a particular cylindric area around the black string.
With decrease of the conserved fourth constant such cylindrical region starts to become bigger. As the
result this causes in turn to play an important role not to restrict the motion of the particles along the black
string and to increase the amount of isofrequency pairs of geodesic spiral orbits in the region between the
separatrix and circular-orbit duals and also horizontal length hz, that is, the particular area of the black
string. To make results more concrete, one say that there would exist infinite number of pairs of circular
spiral orbits having the similar values of three frequencies in spite of different energy and angular mo-
mentum in the particular region around the gravitational massive object. So the occurrence of such kind
of spiral orbits would be more crucial to explain the behavior of black string spacetime and also its pres-
ence around gravitational objects like black string.

Table 2
Numerical values for the frequency 2¢ of isofrequency pairing of geodesic orbits around the black string for the
different values of the fourth parameter in the range J < Jcr = 0.09(6).

] 0.01 0.03 0.05 0.07 0.09
e=0 0n¢ 0.007 0.021 0.035 0.049 0.063
r 27.17 13.05 9.29 7.43 6.29
h, 26.51 11.59 7.09 4.38 1.89
e=1 0¢ 0.006 0.019 0.033 0.046 0.059
r 28.25 13.57 9.66 7.73 6.55
h, 27.53 11.98 7.25 4.36 1.45

3. Conclusion

In this paper, we have investigated isofrequency pairing of geodesic spiral orbits in the gravita-
tional field of the black string and have studied the effect of a compact dimension parameter ® on the
isofrequency pairing of geodesic orbits. Warburton et al. (2013) have provided an intuitive explanation
that the isofrequency pairing of geodesic orbits could be occurred in the Schwarzschild and the Kerr ge-
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ometry in the special area between the separatrix and circular-orbit duals.Our results have shown that the
presence of the compact dimension parameter wgives rise to the orbits of the particlesto occur around the
gravitational black string with the same three frequencies 2", 2, and 2®. We have also found the criti-
cal value of the forth conserved quantity to be /.. = 0.09(6) for the blackstring spacetime. The occurrence
of the isofrequency pairing of geodesic spiralorbits is only valid up to the critical value /... Beyond this
value, it is not possible for the isofrequency pairing orbits to appear around the black string. The results
obtained in this paper are expected to explainnot only the possibility of occurrence of such isofrequency
spiral orbitsaround the black string, but also the behaviour of the black string. In this respect, theoretical
results and discussions can be applied to the possible interpretationof the gravitational signals, giving rise
to a new informationon gravitational objects through future astrophysical observations.
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JIBUJKEHUE HAMATHAUYEHHOM YACTUIIbI BOKPYT UEPHOM JILIPBI HA
BPAHEBO BHEITHEM MATI'HUTHOM I1OJIE

A.A. A6ayxa66apos’?, M.®.Paxmary.iaesa’

1 .
Hucmumym aoeprou gpuzuxu AH PV3,

2 N .
Tawxenmckuil ynusepcumem un@opmayuonnvix mexuonoauil, Tawxenm

B mocneanue roapl HaOMIOAAETCS POCT KOJIMYECTBa paboT, MOCBSILEHHBIX W3YUYCHHIO JBHKCHUS
YacTHUI] BOKPYT KOMIIAKTHBIX OOBEKTOB, CO3AAIOLINX BOKPYT ce0s CHIIbHOE TPaBUTALMOHHOE M0JIe, KOTO-
pBI€ Ha3BIBAIOTCS YePHBIMU JbIpamMu. CyIIeCTBYIOT HECKOJIBKO TOUHBIX BaKYYMHBIX PelIeHUH ypaBHEHUN
OHHIITeWHA U1l TPaBUTALMOHHOTO MOJIS acTPOPU3NIECKUX OOBEKTOB, B YUCIIE KOTOPHIX MOKHO YIIOMSI-
HyTb pemenus [IBaprmmibaa, Keppa, Kepp-HY T, HYT, Paiicuep-Hopacrpem [1, 2, 3] u T.1. Kaxnoe u3
9THUX PELICHUH SBJISIETCS COOCTBEHHBIM PEILeHHEM Pa3HBIX ciydaeB. Hanpumep, pemenue IlBaprmmib-
Jla SIBJSIETCS] CaMbIM TPOCTBHIM M XapaKTEepHU3yeT He BPAaIarollylocs BOKPYT COOCTBEHHOW OCH M He3aps-
JKEHHYIOUepHYI0 Jbpy (1 ynpomenus 3anadn G =C =1), koropas xapakTepusyercsi TONLKO Maccoii
(M — mostHas Macca 4€pHOM JBIPHI)

-1
2M 2M .
ds® = —(1——]dt2 +[1——j dr® +r’d@” +r’sin’ 0de’.
r r
Pemenue Keppa uMeeT CI0XKHBIH BHJI M ONKUCHIBACT YEPHBIC JIBIPHI, BPAIIAIONIUECS BOKPYT COOCT-

BEHHOMU OCH.

]
ds? :—(1—%%? —4MrasmZ 9dtd¢+(r2 +a’+

2 Al 2
M}inzmz%drz esdo?

2 2 2
3MeCh UCTIONB30BaHO 0003HaueHne = = I~ +a“ Ccos“ 4.
N3BecTHO, uTo MeTpuka PaiicHepa-HopacTpema xapakTepusyeT Imosie BOKPYT HE BPalllaroIIerocs
KOMITAKTHOTO O0BEKTA C IJIEKTPUICCUKHIM 3aPSIIOM:

2 2\1
dszz{l—ﬁJrQ Jdt2+(1—M+Q—2) dr® +r’d@® +rsin®0de* (1)

r r’ r r

34€Ch Q-BJ’ICK’I’pI/I‘leCKHﬁ 3apsaJd KOMIIAKTHOI'O 00BEKTA.
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Amnanorom pemenueM Paiicuepa-Hopactpema sisnsiercs peuienne JIMIIP 1 oHo nMeeT cnenytouui
BU/I;

r
3aeck Q —Beiins mapametp unu mapametp bpana.

B manHO# paboTe MBI paccMaTpuBaeM IBM)KCHHE HAMarHWYEHHOH MPOOHOW YaCTHIIBI, BOKPYT HE
BpalIamoIIerocs KOMIIAKTHOTO 00bekTa ¢ bpaH mapaMeTpom, KOTOpBIA HaxoslIeics B OJAHOPOIHOM
MarHuTHOM monie. Llenbio qanHOW paboTHI SBIsAETCS M3ydeHHE BIMAHUS bpaH mapamerpa Ha JBM)KEHHUE
paccMaTpuBacMOM HaMH MPOOHOM YaCTHIIEI.

-1
dszz_(l_m+%jdt2+(1—ﬁ+%) dr’ +r’dé® +r’sin’6de” (2
r ror

4-norenumanst A" = C, &) +C, &) [4]91EKTPOMAarHUTHOTO MO B MPOCTPAHCTBE-BPEMEHH 3a-

JaHHO#M MeTpukor (1) MMEIOT BUI:
1 .
A, :EBorzsmze ?3)

31ech By — HANPsDKEHHOCTh OJJHOPOAHOTO MarHUTHOTO TIOJISI BOKPYT KOMIIAKTHOTO OOBEKTA.
C noMOIIBIO BBILIEYKA3aHHBIX YPABHEHUH HAXOAWM BBIPKEHHS VISl TEH30pa JIEKTPOMArHUTHOTO

nons F, = oA —aA" .
ookt ox”
F., =rB,sin’ @
2 -
F, = r<B,sin 20
2
(Ft(p = Fr@ = 0)

W ny1st MarHUTHOTO TIOJISE UMEEM CIIEYIOIIEE BRIPAKCHHUE:

1
B, =1 B,r*sin26{1-2M 1 4 |’
4 rr

BI)IBOI[I/IM YPaBHCHUEC AOBUKCHHUA HaMarHU4eHHOM HpO6HOI>i YaCTUUbl B OAHOPOJHOM MAarHuTHOM
I10JI€ BOKPYT' KOMITIAKTHOTO 00BEKTA. I[J'IH yopoumeHus 3aaa4u pacCMOTpUM cnyqaﬁ, B KOTOPOM HacTHLla

T
ABWXETCA B OKBATOPHUAJIBHOM IINIOCKOCTH, T.C. 9 = E . I[J'ISI 9TOTr0 HUCIIOJIB3YEM YPABHCHUC 'amunbTOHA-

Sxobwm [5]:
g“'P,P, —mD*"F, +m? =0,

3neck D"~ Tensop nonspusanuu.
YpaBHeHHE ABHKCHUS, KOTOPOE MOJTy4YaeTcsl u3 ypaBHeHus [ amMuibToHa- k00U, BBITIISAIUT TaK:

aM Ztﬂ) —¢? —(1—2TM+%j[1+'r—z—ﬁK[z]j @)

T r

3anuchIBaeM BhIIIEYKa3aHHOE ypaBHEHHUE JBUKEHHS B O0JIee yIPOIIEHHOM BUJE.

2
4M2(Z/’) =e’-V
T

3nech V3 heKTHBHBIN MOTSHIINAN, OH UMEET BHI:
2M 12
v =(1——+%j(1+—2—ﬂl<(la)
r r r
3nech =—.
m

s u3ydeHus: paanycoB CTaOWIBHBIX OPOMT HEOOXOAMMO PEIIUTH CIEAYIOIIME IBA YPaBHEHMS
OJIHOBPEMEHHO:
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dr oV
e O _—
dr or
COOTHOHIGHI/IG MC)KI[y TCH30pOM nonﬂpmaunn, BXOOAIINM B COCTaB Sq)(l)eKTI/IBHOI‘O IIOTCHIIMAJIa U
MAarHuTHbBIM MOMECHTOM YaCTUIIbI BBIpa)KaeTCfI CJ'IC,Z[YIOI]_II/IM 06pa30M

v vpA,
D,U :nﬂpup/uﬂ.

0

"

3Hast, 4To
— [04
Fo="1,,BU,+2u,E]
13 TCH30POB MOJISIPU3AIIUH U 3JICKTPOMATHUTHOTOTIONISTIONYYHAM CIEIYIONYI0 CKAUTIPHYIO BETHYUHY

DF = 2B,/K(4,)

3M1eCh £/ - MAarHUTHBIMMOMEHT 4YaCTHIbI, a K(la)— KOX(HIIMEHT CBSI3aHHOCTH W [f MarHUTHBIA

napamerp.
o
ror
K(4,) = T
[1—2m+q2 erz)z
ror
nu
2.B
ﬂ: 0
m

JInst u3ydeHus: pajguyca CTaOMIBHBIX OPOHMT YAaCTHIIBI HCIIOJIB3YEeM BBIMICYIIOMSHYTOE ypaBHEHHUE
3¢ GEKTHBHOTO MOTEHINAIA, T.€. TOCTPOUM IpaduK.

+ [ 8
E a--0.1

g--0.05

-0z
q--0.01

oz

04

Puc.1. I'paduk 3pPeKTHBHOTO MOTEHIHAIA COOTBETCTBYIOMINI HECKOIBKAM 3HAUCHHSIM ITapaMeTpa
BpaH B 0JTHOPOAHOM MarHUTHOM TIOJIE.

Hcnons3ys meTpuky (2) 1 mociie AOJATUX BBIYUCICHUN MOTYyYUM CIIEAYIONIee BRIPAXKEHUE IS yT-
JIOBOI'O MOMEHTA

4T+ Tt +T, =0
xotopoe t=N%, T, =48(4+ 9V + QV)M® +108V2M?, T, =3(40+QV)M* u T, =-3(12M* +QV) .

®)

B cneﬂy}omeﬁ T3,6J'II/II_I€ NPUBEACHO 3HAYCHUC YIIJIOBOI'O MOMCHTA AJid BHYTPCHHUX CTaOMIBLHBIX
0p6I/IT HaCTHL, BBIYUCICHHOC YUCJICHHBIM METOAOM IPH PA3INYHBIX 3HAYCHUAX ITapaMeTpa BpaH

[ q= 001 | BRIN=1 | M=1 | n=-247, n,=106, ns=278 ]
[ q= 010 | BRI =1 | M=1 | m= 247, n=107, na=27d1 |
[ g= 040 | BKN=1 | M=1 | mi=-304, ny=778  na=2300 |
[ q= 080 | BRN =1 | M=1 | 1= 303, n,—708  ns—256 |
7= 010 BRI =2 M=1 n1 = 480, n2=103, 1z=200
7= 040 BE\ =2 M=1 np = 480, ma=1L0, ra=273
g= 010 | BRI =4 | M=1 | m= 792 |
= 040 | BRN =4 | M=1 | = 817 |
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enbto manHON paboOTHI ABISAIOCH ONpe/IeieHue BiIusHus bpan mapamerpa Ha paguychl CTaOHIb-
HBIX OPOUT JBIKCHUS HAMarHWYCHHON YaCTHUIBI BOKPYT KOMIIAKTHOTO OOBEKTa, KOTOpas HAXOIUTCS B
OJTHOPOJIHOM MAarHuTHOM Tone. J[ns 3toro m3ydeHa mpupona 3(pQeKTHBHOrO MOTEHIMANA, KOTOpas
BKITFOYaeT B ceOst bpan mapamerpa, MarHUTHBIA MOMEHT YaCTHIIbI, SHEPTUIO M YIIIOBOW MOMEHT YaCTHIIBI.
N3BecTHO, 4TO MAarHUTHOE TIOJIE PACIIUPSET 00JIACTh CYNICCTBOBAHUS CTA0OMIIBHBIX OPOUT YacTHIbL. BhI-
SIBJICHO, YTO TlapaMeTp bpaH ynansier 061acTh CyIIeCTBOBAaHHE CTAOMIILHBIX OPOUT YAaCTHUI] OT TOPU3OHTA
COOBITHH, T.€. C YBEIMUEHHEM MOy ITapamMeTpa OpaHa, YaCTHIII COBEPIIAIOT KPYTOBEIE OPOUTHI B 00-
Jiee yJANCHHBIX PACCTOSHHUSAX OT KOMIIAKTHOTO 00BheKTa. PacueThl MPOBOMUIUCH ISl HE BPAalIaloNIerocs
KOMIIAKTHOTO 06BEKTa, KOTOPHIH HAXOAUTCS B CHibHOM MaruuTHOM more (10° Taycc).
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JABUKEHUE YACTHUILl B OKPECTHOCTU KOMITAKTHBIX 'PABUTAIIMOHHBIX
OBBEKTOB C HYT HAPAMETPOM BO BHEIHHEM MAI'HUTHOM ITOJIE

A.A.A6ayxa66apos %, K.B.Xaiizapos

1 o

Hncmumym sioeproii pusuxu AH PY3, Tawkenm
2 . .
Tawxenmekuii ynugepcumem un@opmayuonnvix mexronoautl, Tawkenm

CymecTBoBaHHE COOCTBEHHOT'O BJIEKTPOMArHUTHOI'O IOJIS SIBISIETCS OAHHMM M3 BaXKHBIX CBOICTB
TakuX acTpoduzndeckux oObEKTOB Kak mylbcapbl. B padorax ['mH30ypra u O3epHoro [1] BriepBbie ObLIO
MOKa3aHOo, YTO DJICKTPHUUECKH HEWTpaibHas yepHasi Ablpa HE MOXET MMETh COOCTBEHHOTO MArHUTHOTO
nosisl. OgHAaKo JOMYCTUB, YTO 4YEpHas AbIpa, HAXOASACh OKOJIO HEMTPOHHOM 3BE3Mbl WIM MarHeTocTapa,
OIIyIIEeHA BO BHEIIHEE MAarHUTHOE ToJie, Yo [2] Hallen TOYHbIe BaKyyMHBIE pelieHus ypaBHeHni Mak-
cBeJUla Ui ACUMIITOTMYECKHM OJHOPOJHOIO MarHuTHoOro nois. Ilocime 3Toro cBoiicTBa 4EpHOM IBIPHI,
MOMEIIEHHOTO BO BHELIHEE MarHUTHOE T0JIe, ObUIA U3YYeHBI APYTHUMHU aBTOPaAMH.

HecmoTtps Ha TO, 4TO 10 HACTOSIIIETO BPEMEHH OTCYTCTBYET HaOJNIOAATENbHbIE J0KA3aTEeIbCTBA O
CyILLIECTBOBAHME T'PABUTOMArHUTHOI'O MOHOIIOJNIS, YTO SIBJISIETCS CIIEACTBUEM 3K30THUECKUX PELICHHUN
ypaBHeHus DWHIITelWHa (Tak Ha3zpiBaeMmble HYT pemieHus1), u3ydeHue 3IeKTPOMAarHUTHBIX SIBICHUIN BO-
KPYT' 3TOH METPHKH MHTEPECHO C TOYKM 3PEHMS HaXOKACHUS HOBBHIX 3(p(heKTOB CBA3aHHBIX C HEAMArO-
HaJIbHBIMH KOMITIOHEHTaMHU METPHUYECKOT0 TEH30pa.

PaccmoTpum snektpomarautHoe noiie B okpectHocTd Kepp-Tay6-HYT koMnakTHOro rpaBUTaIu-
OHHOTO 00BEKTa, METPUKA KOTOPOT'0, B C(HEPUIECKUX KOOPIUHATAX OMUCHIBAeTCA Kak [3]

ds? = _;(A_az sin® 49)dt2 + ;[A;(—a(z+ ay)sin® 9]dtdgo+

1 : )y
+z[(2+a;()2 sin2 0 z2Aldg? +dr? 1 2do? ()
rjie mapameTpsl L, A M ¥ onpejensiorcs Kak
Y=r?+(1+acosd)’, A=r’-2Mr-I*+a’, y=asin’6d-2lcosé, (2)
3neck | - rpaBuTOMarHMTHBI MOHOMONE, A = J /M ynenbHBI yrioBoit MOMEHT ¢ mosHoit Maccoit M .

B at10ii craThe ucmosb3yercs: Metpudeckas curHarypa (-1,1,1,1) u reoMeTpu3upoOBaHHbBIH CHCTEMa €/TH-
nu: G=c=1. [lanee Bocnoab3yemcst B 9TOM NPOCTPAHCTBE-BpeMeHn Bekropamu Kuumnra gy n &),

KOTOpBIE OTBETCTBEHHBI COOTBETCTBEHHO 32 CTAIIMOHAPHOCTh W aKCHAIBHYIO CHMMETPHYHOCTH T€OMET-
pHH, yIOBJIETBOPAIOIINE YpaBHEeHNIO KuyunHra:

fa;ﬂ + gﬁ’;a = O ' (3)
Taxkum O6p3,30M, OHU YHOBJICTBOPSACT TAKKEC B BAKYYMHOM IPOCTPAHCTBC-BPCMCHU BOJIHOBOMY
YpPaBHCHUIO:
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a
¢" =0, )
U TIO3TOMY MblI MOXEM B34Tb PCHICHUC JIA BCKTOPHOI'O0 MOTCHIHMAJIA JJICKTPOMArHUTHOIO ITOJIA Aa,
YAOBJICTBOPAKOUICTO YPABHCHHUAM MaKCBCHHa, B BUJC:

a a a
A" =C.&, +C,80, )
B ypaBuenunu (5) Beipaxxenust st kodpuupentos C,u C, MOKHO HAalTH C OMOLIBIO aCHMIITO-

THYECKHUX CBONCTB MeTpHKH (1) B B cOOOpaKeHHUH, YTO KOMITAKTHBIH OOBEKT PAcIoIOKEH B MarHUTHOE
none B, mapamrensusiii k ocu Bpamienus [4] u mo3ToMy OHM cooTBeTcTBeHHO paBHel: C, =aB u

C, = B/2. B urore uetbpexmepHblii noTeHuman A, IpuHAMAET crexyommii BIL:

A, :—;{A(a—%j+a[%(z+a;()—az}sinz0}:—%, (6)

As:E{Ag[a—%j+(z+a;g)E(Z+a;()—a2}sin2e}z%. (7)

>

OpTOHOpMaJ'H)HI)Ie KOMITIOHCHTBI 3JICKTPOMAIrHUTHOI'O IIOJIA, NU3MEPCHHBIC H36H}OI[3TCHCM C HYJIC-
BbIM YI'JIOBBIM MOMEHTOM, MOT'YT OBITh BBIPA’KCHBI B BUJEC:

Ef=— 2rBsind {|:A—(l—sz—aZSin29i|(Z+a}({a—lj
22./(Z+ay)?sin’ 0— y°A r 2

—i[ZA—a(ZJra;()sinz@]}, (8)
P Bsin® @ 2
E°=- [{A(I+acos€)+2a(2+a;(—2a )c056}2(2+a;5)
22 JA((E+ay)?sin?6- z2A)
~ (s +ay —2a%)- 2K (] +acosa)}si;$ } (9)
Bf =— Bsing [;(A(I +acosd) - (S—ay)Z+ay —2a° )cosd
2\/(2+a;()zsin26—;(2A
—ZZK(Z +ay)l+acos 9)} : (10)
B/ =— 2rBA {A—(l—MjE—azsinZH}(a—ij—1223in20}. (11)
22 JA(Z+az)?sin? 6- ?A) r 2)" 2

B npeiesie mI0cKoro MpocTpancTsa, T.e. ipu M /r — 0, Ma/ r’>0ul /1 — O Boipaxenus (8) -

(11) mepexoasT K BAKYyMHOMY PEUICHHUIO ypaBHEHH MakcBensa i1 OJHOPOJHOIO MarHUTHOTO TOJIS B
npocTpaHcTBe-BpeMeHd HploToHa:

B =—Bcosd, B?=-Bsing, Ef=0, E?=0. (12)

B cBs13u ¢ TeM, 4TO ABMKEHHE 3apsHKEHHON YacTHUIIBI BOKPYT BBILIE PACCMOTPEHHOTO0 00BEKTa BbI-

3BIBACT OTPOMHBIN MHTEPEC C TOUKU 3pEeHHs acTPOPH3MKH, Jaee OyaeM paccMaTpUBaTh JUIS TaHHOH 3a-
nauu ypaBHenue [amuibrona-Akobu:

g”v(ﬁ—eA j( &5 —e,%j:—m2 (13)

ox* N\ ox”
rZe € W M 3apsj M Macca YacTHIIEl COOTBETCTBEHHO, a S 3TO JeHCTBHE, KOTOPOE ISl HANIETO CIydas
MOYKHO Hamucath B BUjie[S]:

S=-Et+Lo+S,(1¢), (14)

3JIECh DHEPTHUSI U MOMEHT MPOOHO# dacTuibl. [Ipu TakoMm BHe JecTBUS ypaBHEeHHE [ aMuIbTOHA-
SxoOu NpUHUMAET CIICAYIOIINN BUI:
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2 2 2 . o ) 2
A(&Smj {asmj +(2+a;() sin?0— y A(:@+eBKj ~

or 06 Asin? @ )
.9 2 ain 2 2
Z(Az—a(2_+2a;g)sm 9)[@+ eBKj(®Jr eBLjJFA—a_ szln 6’(®+GBLJ _m?s—0. (15)
AsIin- 0 ) ) AsIin- @ >

Paznenuts nmepemenHsie B ypaBHeHHE (16) oKka3pIBaeTCS HEBO3MOKHBIM, OJTHAKO B 9KBATOPHUAIBHOM
IUIOCKOCTH, T.e. 6 = 7r/2, 5T0 pa3jeleHHe BO3MOKXHO OCYIIECTBUTH [6] U paanaIbHOE ypaBHEHHE [IBH-
JKEHUS IPUHUMACT CIICAYIOUTUI BH/I:

(drj _ 2 _1-N(=@rbal), (16)

do
rae o - COOCTBEHHOE BpeMs BIOJIb TPACKTOPUH YACTHUIIBI. Benuduny:

212 2 2 2 2 Y
E+bKij b’K> a (1+a j(EerKJ 2 +2Mr-a

V(E’L’r’b’a'l):_( ME  2M75Z 3

MS 2% M 2y
Y Y 2
+7A 22 a a(‘@+bKj(®+ bL j—A ? (®+ bL) a7
) MX MZ 2> MX

MOJKHO OTIPENCIUTh B BUIC 3PPEKTUBHOTO MOTSHIIMAIA PAUAILHOTO JABIKEHUS, T1ie Oe3pa3MepHbIi ma-
pamerp b =eBM /monpenensier Buemnee noine, u B ypaHenusx (16) u (17) BeTHIMHBI SHEPrHH H MO-
MEHTa HOPMHPOBAHBI B €IMHHUIAX Macchl. M3 puc. 1 BHAHO, 9TO MPH CHIIBHOM BHEIIHEM MarHHTHOM IO~

Jie BIIUSTHUS TPaBUTOMArHUTHOTO MOHOIIOJBHOTO 3apsijia Ha JIBWKCHHUS 3apSHKCHHOW YacTHUIIBI HE OYCHBb
BEJIMKA, XOTs BOJIM3M KOMIIAKTHOT'O O0OBEKTA BCE TAKU 3TOTO BIUSHUS MOXHO OOHAPYKHUTh.

TITIT!
—oe
[=V}

|

£=0.1

|
=]
o
RN |

~ oo
=

07 £=0.15

—0.55

.65

075

2 4 5 g 10 -1 L L I I
oM 2 4 é & 0
a) 6) M
Puc.1. PamnansHas 3aBucumocts 3¢ dexruBHOro noteHnumana Kepp-Tayo-HY T rpaBUTallmOHHOTO HCTOYHHUKA C

Pa3HBIMH 3HAUYEHUSIMU IIapaMeTpa | Bo BHCIHEM OJIHOPOJTHOM MarHUTHOM TOJIE€ C TTApaMeTPoM a) b=0.1u 6)

b=0.15.

I[J'ISI OMpPEACICHUS KPYTOBBIX Op6I/IT MBI BOCIIOJIB3YEMCA CIICAYIOIIUMU YCIIOBUSIMH OKC-
TPEMAJIbHOCTHU:

E’-1-2V(E,L,r,b,al)=0, (18)
oV (E,L,r,Db,al) 0. (19)
or

a TaK)K€ yCJIIOBUEM CTaOMJIbHOCTH:

82V(E,L,;’,b,a,l)so'

or (20)
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Anrebpandeckue ypaBHEHUS, ONPEICIISIONINE PAANyChl CTa0OMIBHBIX KPYTOBBIX OPOUT IOIYyUCH-
HBIX TIOCJIE MaTeMaTHYeCKUX BbIYMCIeHUI ypaBHeHHi (18)-(20), pemuTh aHATUTHYECKH HE BO3MOXKHO.
[TosToMy Hamu OBUTM HPOBEIEHBI PsAA YUCICHHBIX BBIYMCICHHMH, Pe3yJIbTaThl KOTOPBIX NPHUBEICHHI B
Tabm. 1.

Tabnuma 1
KpyroBsie opOUTHI 3apsKeHHOM YacTHITBI BOKPYT He Bpaniatonierocss HYT ucrounnka B 0JJHOpPOTHOM MarHUTHOM TIOJIE.
b=0.1 3.66650 | 3.66460 | 3.66154 | 3.62072 | 3.53294
b=0.2 2.83292 | 2.83288 | 2.82876 | 2.79448 | 2.72020
b=0.3 2.55504 2 55500 2.55162 | 2.52360 | 2.46338
b=0.4 2.41614 | 2.41610 | 2.41326 | 2.38984 | 2,33994
b=0.5 2.33282 | 2.33280 | 2.33036 | 2.31032 | 2.26794
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PARTICLE ACCELERATION IN THE POLAR CAP OF DEFORMED NEUTRON
STARS
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Abstract

Thepolar cap particle acceleration has been also studied, in particular, considering theeffect of
deformation of spacetime on the y- factor for a relativistic chargedaccelerated particle and the electrical
field beingparallel to magnetic field Ejwhich accelerating charged particles along magnetic field lines in the
polar cap ofslowly rotating deformed neutron star. Moreover, the charged particle trajectory has been
shown.

Key words: Neutron stars, magnetic field

1. Introduction

Pulsars are rotating neutron stars. This has been suggestedby [1] and [2]. There areseveralmodels
introduced by several authors to understandthis radiation properties and reasons of the emission(see for
example [3,4,5]). Whole radiation processes happen in the areawhere magnetic fieldlines are open . In
fact, the closed field lines are frozen, electrons and positrons trajectoriesby the lines are stationary,
because on this closed field lines areas the magnetic fieldsdominate, but in theopen magnetic field lines
area the motion of particles goon with different scenario. It is important and interestingto study charged
particle motion and the influenceof general relativistic effects on the motion where themagnetic lines
open so called polar cap region.

Neutron star magnetic field linesconsist of two types: open and closed field lines. Itisalways actual
to consider the mechanism of energylosses and particle acceleration on polar cap region.Several authors
had considered different models of generalrelativistic particle acceleration on polar cap region.For
example authors of[6]had studied inuence of non-vanishing NUT (Newman-Unti-Tamburino) parameter
of the neutron star to momentumof accelerating charged particle and [7] had obtained the condition for
accelerationof charged particle on polar cap region of theneutron star and have analyzed Lorentz factor in
differentconditions of plasma electrical currents. Here factor defines the total energy of accelerating
particleas Wy =y moc? in special relativity.

It is known that non-Kerr spacetime is not exact solutionof Einstein equation. The spacetime was
investigatedby authors of [8] in analternative theory of gravity. The effects of spacetimedeformation have
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already been scrutinized by severalauthors. For example in [9] theeffects of spacetime deformation to
distortion of shadowof a non-Kerr black holes have been studied and the upperlimit for the dimensionless
deformation parametere<19 using comparison of the obtained theoretical resultson the polarization angle
with the observationaldata on Faraday rotation measurements (see [10]) have been obtained, and e<22
was obtainedin [11].

This work is dedicated to study of influence of deformation of geometryon y-factor for the
relativistic charged particle and particle acceleration in the polar cap region of the deformed neutron
stars.

2. Particle acceleration polar cap of deformedmagnetized neutron stars

The slowly rotating metricwith deformation parameter is easily obtained fromthe non Kerr metric
in the cases a®—0 (see, for moredetails [8],[12]).

ds? = —f2(1 + h)dt? + f2(1 + h)dr? + r?d6? + r?sin*0de? — 2w (r)(1 + h)r?sin®0dedt(1)
here f2 =1 —2M/r is the lapse function and w(r) = 2 aM/r3 is the angular velocity of the dragging
of inertial frames, so called Lense-Terring angular momentum,a is rotation parameter of the compact ob-
ject (a =J/M) with total mass of M neutron star with radius R, J is total angular momentum,h =
e M3 /r3is deformation parameter in the slowly rotating case and e is deformation coefficient of the
spacetime.

In thissection we study influence of spacetime deformation onparticle acceleration, in particular on
y-factor for thecharged particle.Our previous work [13] was dedicatedto study the inuence of spacetime
deformationon the magnetosphere of neutron stars in slowly rotatingnon-Kerr geometry and Goldreich-
Julian chargedensity was obtained in following form

NB ¥ k
Pey __Z_nCN—’m[l_rT(l-'_h) 2)

Where we had introduced k = [/I, dimensionless momentof inertia, | is moment of inertia of the
rotatingcompact object and unit of inertia moment isI, = MR?. And B, = 2u/R? is Newtonian value of
the magnetic field in the surface of the neutron star, u is magnetic dipole moment. ¥ is radial function
for radial component of the magnetic field.

It is clear that magnetic field lines of neutron star depend onthe spacetime structure. That is why we
have to definite induction of magnetic fields for a slowly rotating neutron starin the spacetime possessing
deformation parameter. For example,in the spacetime metric of the slowly rotating neutronstar

components of dipolar magnetic field have the form
3

. R , | 2M M
v =—W<lnN +7(1+7)> 3)
Inour previous Rayimbaev et al. (2015) work had been found the expression of the radial function
in the following form
¥ = ¥,(1+ ah) 4)
here a is correction coefficient being responsible foreffect of the deformation parameter and it is found in
numerical way that @ = 3/20.
General relativistic equation of motion for a chargedparticle with charge e and mass m in
anelectromagnetic field can be written in following form

e
— + 1t v =EF”JUJ (5)

here v* = dx* /dtis four-velocities of the particle, F’;Ais Cristoffel symbol (the coordinate connection
coefficients) for given spacetime, t affine parameter and F*° -tensor of electromagnetic field.

In the small angle (6[rad] « 1) approximation (since, thepolar angle is small and the value is of
order 5° ) forpolar cap region the equation of motion for charged particlecan be written by replacing the
affine parameter twith a spatial variable r.

d d
g(N\/l +hy)=N"2(1+ h)_lgqb(s) (6)
These formally coincide with the equations of motionfrom [7]. Here the Lorentz factory =
—vky, = NV1+m® = 1/(1 — V)12 therelative 3-velocityV! = v¥ R/, /y, the projection tensorh® =
9% + u*uPand the following normalizedvariables (proposed by [7]) are introduced:

s =+/2QBye/mc?r, ¢ = %d)(r).
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The approximate value of Goldreich-Julian chargedensity (2) is

0B, Y7 1 w 1+h .

Pg) = ZﬂCN\/m[ Q( + )] )

Fig.1 is plotted using the result of our previouswork (see [13]) related to parallelelectric field.In

this work it was found using Poissoncoefficient for scalar potential & and the d®/dras a parallel

accelerating electrical field which is beingproportional ask ~ (1 + 2Zh)/r. So it is possibleto replace

the term d¢p/ds — d®/drin equation(6) to E|. One can see from the red (negative deformation)and blue

(positive deformation) lines that incase of negative deformation of spacetime the gammacoefficient- is

greater than positive case. This scenariocan be considered as a extension of our previouslyconclusions in

[13]. The followingresults were obtained: in the negative deformationthe Goldreich-Julian charge density

smaller than positiveand zero-deformation case, the accelerating parallelelectrical field increases with

increasing value of negativedeformation and finally the total loss of energy alsoincreases with increasing
value of negative deformation.

52000,
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51000,
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- 49000 50000,
48000
48000,
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‘
1 2 5 0 Py 0 10
y y

Fig. 8. Numerical solution of equation (6) withdifferentvalue of deformation coefficient of spacetime. Black linefor zero-
deformation, red lines for negative deformation and blue lines for positive deformation. y = r/R — 1.

Now we will analyze the parallel electrical field components. Because the parallelcomponents of
electrical field plays important poleon acceleration of particle. The acceleration of chargedparticles which
accelerating along magnetic field lines isproportional to the parallel accelerating electrical field can be
define in the following form.

W_‘p 8
) ) ) dt  mc’! ®
Here he parallel electrical field given as
E-B
By == 9

One can plot the parallel accelerating electrical fieldusing the results related to non-vanishing
electromagnetic field components which have obtained above. Itis seen from the figure 2 that the negative
deformationincreases the value of the parallel accelerating electrical field, but the positive deformation is
vice versa, i.e.an increase of positivedeformation value of the parallelaccelerating electrical field
decreases.
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T
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-
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Fig. 2 Normalized accelerating parallel electrical field to the Newtonian value of electrical field at the surface of neutronstar with
diffierent value of deformation coefficiente. Here the black thick line for € = 0, red lines for negative deformationand blue lines
for positive deformation.

The radial dependence polar angle is

. — r .
Sin®(r) = /—Rlyr Sin®,
here notions Sin®, = /ﬁ, and € = eM3/R3.
LC

It is obvious that from Eq. (10) one can get particle trajectoryequation in the form d®/dr. In fig.
3projection ofparticle trajectory to z = constplane on the polar cap forthe different values of the
deformation parameter is shown.For the positive values of deformation coefficient the particleleaves polar
zone with larger (wider) step withcompareto the case when eis zero or negative.

=10

10 \ 05 05 0 15

1k

Fig. 3.Projection to z = const plane of the path of the particles on thepolar cap of the neutron star for the different values of the
deformationparameter.

3. Conclusion

The solution of equation for Lorentz factor whichdefines the total energy of accelerating particle.
Itis seen from figs 1 and 2 that the negative deformationcould accelerate more than positive and
zerodeformations. As writtenabove that the result whichwe have found in previous section extension of
physical scenariosresults of our previous work regarding generalrelativistic effects of deformed neutron
stars in [13].
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SHADOW OF ROTATING WORMHOLE IN PLASMA ENVIRONMENT
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Abstract

The massless particle motion around rotating wormhole in the presence of plasma environment has been
studied. It has been shown that the presence of the plasma decreases the inner radius of the circular orbits of
photons around rotating wormhole. The shadow cast by rotating wormhole surrounded by inhomogeneous
plasma with the radial power-law density has been explored. It has been shown that the shape and size of the
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wormhole shadow is distorted and changed depending on plasma parameters, wormhole rotation and incli-
nation angle between observer plane and axis of rotation of wormhole. As an example we have considered an
inverse radial distribution of the plasma density and different types of the wormhole solution.

Keywords: Wormhole, photon motion, plasma environment, shadow.

1. Introduction.

Wormholes are exciting objects predicted by general relativity which are topological tunnel-like
structures of the space-time playing a role of bridge connecting disconnected regions in one or different
universes. The first traversable general relativistic wormhole solution has been obtained by [1] and its
properties have been studied by [2], (for the comprehensive review please look to [3]). The discussed
wormhole solutions were obtained in the framework of general relativity, if some standard conditions on
the energystress tensor are modified, due to e.g. quantum effects or so. However, there are some attempts
to obtain wormhole solutions in modified gravity due to the corrections introduced by the modifications
[4]. Possible ways to observationally distinguish wormholes from othercompact gravitational objects, in
particular, through the effect of gravitational lensing are extensively discussed inthe literature (see e.g.
[5],[6]). In paper [7] have recently provided the first numerical globally regular rotating wormhole solu-
tions and analysed their physical properties.lt is believed that the most strong evidence of the existence of
the black hole can be achieved only through the direct observation of its image. Due to this reason the
study of the shadow of the black hole has received much attention inthe recent years motivated by the
presence of the supermassive black holes (SMBH) at the galactic centers and the highresolution of the
current and future telescopes as Event Horizon Telescope (EHT),1 International Space Very Long Base-
line Interferometry (VLBI) project RadioAstron and future Cosmic Radio-interferometers as Millimetron
etc. EHT project consists in phasing up millimetre and submillimetre telescopes scattered over the world,
which together will form an effective high-resolution Earth-sized telescope. The orbital motion of the
stars surrounding SMBH Sgr A*, which is the compact radio source at the center of the Milky Way, indi-
cates that its mass is 4 x 10°Me[8]. Dexter et al. have calculated the structure surrounding the supermas-
sive black hole candidate at the centre of M87 which drives an ultrarelativistic jet visible on kiloparsec
scales [9] . M87 is also one of the two largest black holes on the sky (along with the Galactic Center
SMBH candidate, Sgr A*). Its mass is ~6.4x10° M@ [10], which is 1600 times larger than Sgr A*. At a
distance of 16 Mpc, the angular size is about 4/5 that of Sgr A*. Recent VLBI observationsat 1.3 mm
have detected source structure in Sgr A* on event horizon scales [11], allowing a direct comparison be-
tween observations and black hole accretion theory. These observations also have the potential to detect
the black hole shadow [12], which would provide the first direct evidence for an event horizon.

2. Wormhole surrounded by plasma.

The axially symmetric solution of wormhole within standard Einstein theory of gravity was first
proposed by [13] and in Boyer-Linquist coordinates (t, r, 8,¢) has the following general form

ds?> = —N?2dt? + (1 - é) ' dr? + r’K?[d6? + sin®0(de — w, dt)?], (1)
where in general the metric functions N, b, K and wLT are functions of both r and fcoordinates. Function
K(r, ) is a positive, nondecreasing function that determines the “proper radial distance” R measured at (r,
) from the origin, N(r, 8) is the so-called lapse function. The spacetime metric (1) is regular on the sym-
metry axis 6= 0,zand has no event horizons or curvature singularities.

In the limit of zero rotation and spherical symmetry theexpression (1) is going to Morris and
Thorne spacetime metric [2]:

N(r,8) -» e’® b(r,0) - b(r), K(r,0) -1, wyr(r,0) > 0. )
A(r) is the radial function, b(r) is the shape function and two identical, asymptotically flat regions joined
together at throat r = b. The neck of the wormhole corresponds to the minimum r = ro= b(ro) where

g—:’ < 1. For the traversable wormhole there is requirement for the lapse function N so that it should be
finite and nonzero every-where.

One can introduce new radial coordinate as

l=+ [,/r(r -1 +In(Vr + \/r——l)] €)

If the rotation of the wormhole is sufficiently fast, the metric functiong,, = (N*w?;rr*sin*6)be-
comes positive in some region outside the throat, indicating the presence of an ergoregions where par-
ticles can no longer remain stationary with respect to infinity. This occurs when r% = |2asind| > 1and
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la] > % However, the ergoregions does not completely surround the throat, but forms a tube around the

equatorial region instead of ergosphere in Kerr metric. This is characteristic of traversable wormholes: the
ergoregionwould necessarily intersect an event horizon at the poles, but since the latter is ruled out by
definition, the ergoregioncannot extend to the poles.
Now we will use the Hamilton-Jacobi equation to obtain the equation of motion of massless par-
ticles around wormhole in the presence of plasma
2
s 1
LI P — (2 —1) (2o
9o 2 g papﬁ (Tl 1) <%) ] : (4)
The four momentum of the photon is related to the action S in the form p, = ;% Using the fact

of existence of two conserved quantities E and L one can choose the action for photons in the following
form

S =2mPc —Et + Lo +S,(r) +5,(6) , (5)
where m is the mass of the particle which is zero for the photon. Then the equations of motion of photons
around thewormhole surrounded by plasma take the following form

2dt _ p2p {_N = K=
Ndo__nE wLTL’ 1_2(10__@; rKdo'_\/a!
and
do N?
NZE=er(E+wLTL)+WL’ 2 v
where the following notations R = (E — w,rL)* — Q,IzVW —(1-n®E? and 0 =Q — Siize :

Now we will introduce the effective potential being a useful tool for describing the photon motion
which is necessaryfor considering the wormhole shadow. One may rewrite the radial equation of motion
of the photons around wormhole surrounded by plasma in the form

P+ Vogp =0, ©)
with the effective potential
1-b/r

2

Verr = ot [(E = wyrL)? — Q5 — (1 — n?)E?] . ®)

In tab.ladopted from one can find masses of some stellar and supermassive black holes, distances

to them and the corresponding linear and angular diameters of their shadows [14]. One can see that angu-

lar sizes of the shadows of the stellar mass black holes are very small (less than nanoarcseconds). Howev-

er, the angular Schwarzschild radius of the supermassive black hole Sgr A* is about 10 uas and thus the

angular diameter of the shadow is of the order of 50 pas which can be obtained from the rough evaluation

of the shadow as 2.6rS where rS = 2GM/c2 is the Schwarzschild radius, c is the speed of light and G the

gravitation constant, using the values of the distance of Sgr A* from the Sun as 8 kpc, and the massof Sgr
A*.

Masses, distances and estimated diameters of the shadows of the various black holes T
Compact object | Mass/M@ | Distance, kpc om SChwarZS:E'”d radius s Estimatec(ijc():ivi:rﬁe;sr of sha-
Ste'fglte"a"k 10t 1 2.95x10° | 1.97x107 0.0002 0.001
Sgr A 4.1x10° 8 1.09x10% 7.28x10 2 9.10 45.48
M31 3.5x10’ 800 1.03x10% 6.88x10 * 0.86 4.30
NGC4258 3.9x107 7200 1.15x10% 7.76x10 0.11 0.53
Mm87 6.4x10° 16100 1.89x10% 1.26x10? 7.82 39.08

The ergoregions around the throat of the wormhole for this particular choice of the metric parame-
ters are shown in fig. 1. From the plots one can observe that the ergoregion around the rotating worm-
holes increases with the increasing the angular momentum of the wormholes and consists of tube around
equatorial plane.

162




Meorcoynapoounas kongepenyusn « PynoamenmanvHole u RpUKiaousie gonpocut gusuxuy 13-14 uons 2017e.

JiM? =001 JM?=02

10 =05 00 05 10 -10 =05 00 05 10
XM
IM2=03 IM*=09

-2

Fig. 1. The cross-section of ergotorus around the throat of the wormhole for the different values of the angular momentum of the

wormhole. The dark areas correspond to the throat of the wormhole. The solid blue lines correspond to the static limit defined as
a surface gy= 0.

The radial dependence of the effective potential of the radial motion of the photons are shown in
fig. 2for the particular case when the constants in metric function parameters have the following values:
o=0=y=0.

In fig. 2the plots from the left to right correspond to the different values of the angular momentum
ofthe wormhole as J/M?= 0.01and J/M?= 0.7, respectively. The solid, dashed and dotted lines in theplots
correspond to the values of k/M = 0and0.4, respectively.
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Fig. 2.The radial dependence of the effective potential of the radial motion of the photons around wormhole surrounded by plas-
ma for the different values of plasma parameter k/M.

0.40L

Here we setw?, /w? = k/r. The solid, dashed and dotted lines in the plots correspond to the values
of k/M= 0 and0.4, respectively. The plots from the left to right correspond to the different values of the
angular momentum of the wormhole as J/M?= 0.01and J/M?= 0.7, respectively.

3. Shadow of the wormhole.

In this section we study the shadow cast by the wormholein plasma environment. Assume that one
of the two regionsof the spacetime connected by the wormhole illuminated bya far source of light. Then
an observer at the infinity willobserve the photons scattered away from the second visibleregion of the
spacetime which, as a model assumption,is considered not containing the light source. The photonorbits
plunging into the wormhole and passing through itsthroat cannot be observed by the observer and this
causesthe dark spot on the observed image which corresponds tothe wormhole’s shadow.In order to de-
scribe the apparent shape of the wormholeone needs to consider the closed orbits around wormholesur-
rounded by plasma which depend on the integration constantsE, L and the Carter constant Q. The equa-
tion of motionof the photons can be parametrized using the normalizedparameters ¢= L/E and 7= Q/E
The boundary of theshape of the shadow of the wormhole surrounded by plasmacan be found using the
conditions

R =0=20 9)
Using these equations one can easily find the expressions for the parameters ¢and #in the form
B fBZ c r2K?2
§=a+ m—;andn= NE [(l—a)LTf)—1+n2], (10)
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where we have introduced the following notations A = ¥ w,; — w07, B = 2w7% — w'yp, C = X(n? —
252
H—nn", and 2 = %%logi?iérﬂg ) .
The boundary of the wormhole’s shadow can be fully determined through the expression (9). How-
ever, observer will observe the shadow on ‘his sky’, thus usually one needs to introduce the celestial

coordinates related toreal astronomical measurements. The celestial coordinates are defined as [15]
T 2 do T 2 do
a = lim, (—r sinf, ;)and B =lim, 1y - (11)

Using the equations of motion (6) one can easily find the relations for the celestial coordinates for
the case ofwormhole surrounded by plasma in the form
a=—-—*andp = "L (12)

nsinf

For the particular case when the constant parameters in metric functions have the values aso= 6= y=
0 the images for the shadow of wormhole surrounded by plasma are shown in fig. 3.
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Fig. 3 The shadow of wormhole surrounded by plasma with the refraction index to be chosen in the way thatw?, /w? = k/rand
k/M = 0.9. (dashed lines). The solid lines correspond to the case when wormhole is in vacuum. Here we take the metric parame-
ter to be as a=6=y=0.

For the comparison we alsoplot shadows for the vacuum case (solid lines in the plots). The dashed
lines in plots correspond to the wormhole surrounded by plasma, where the plasma refraction index has
been chosen in the way thatw?, /w? = k/r and k/M = 0.9.

4. Conclusions

In this paper we have studied shadow of rotating wormhole in the presence of plasma with radial
power-law density. The obtained results can be summarized as follows. The analysis of the equation of
motion of photons around wormhole in the plasma environment shows that the presence of the plasma
decreases the inner radius of the circular orbits of photons around wormhole. In the presence of plasma
the shape and size of the wormhole shadow is changed depending on plasma parameters, wormhole rota-
tion and inclination angle between observer plane and axis of rotation of wormhole. We have shown that
the influence of the plasma on wormhole shadow images is essential. Particularly, the plasma influence is
dominated in the left hand side of the wormhole shadow when the angular momentum of the wormhole is
relatively small. The plasma influence is strong on the right hand side of the shadow when the angular
momentum of the wormhole is relatively large (see fig. 3). It has also been shown that due to the presence
of plasma the increase of the angular momentum of the wormhole changes the curvature of the rightmost
point of the shadow. In the case when the angular momentum of the wormhole is small the presence of
the plasma prevents the shadow to be highly distorted. The analogous effects can be observed for the dif-
ferent values of the inclination angle between observer plane and axis of rotation of the wormhole.
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ABYMEPHAS MHOT'OYACTHYHASA ®U3UKA JJI5I KBAHTOBOI'O
KOMIIBIOTEPA

B.JIyrosoii

Qusuxo-mexuuueckuti uncmumym HITO « Qusuxa-Connye» AH PY3,
yin.Booomsop 26, Tawxenm 100084, YVzbexucman,lugovoi@uzsci.net

AHHOTANNSA
Ceoticmea panee NOLYYEHHbIX HUMEBUOHBIX O8YMEPHLIX KGAHMOBLIX CINPYKMYP 6 00HOPOOHOM MASHUM-
HOM NnOJle UCRONb3VIOMCS OISl HAXOXMCOEHUs YCI08UIL UX (hOpMUPOBAHUS. HA OBYMEPHOLU NOBEPXHOCTNU 6 2em e-
pocmpykmype. Ilonyueno xoruwecmeennoe 0b60CHO8aHUe 01 NPpeodnazaemol NPUHYUNUATLHOU cXembl apug-
Memu4ecKoll onepayull 8 K8AHMOB8OM KOMNbIOMepe.
KiroueBble c10Ba: KBaHTOBBIC CTPYKTYPHI, KBAaHTOBBI KOMITBIOTEp, apupMeTHdeckas omepanus, d3pQPexT
Xonna

1. BBenenne

IIpu orpann4eHnH JBHYKEHUS NIEKTPOHA BJIOJIb OAHON U3 OCEH KOOPAUHAT B IIPEJenaxX PacCTOSIHUL
MOpsIAKA JJIMHBI €ro BOJIHBI ¢ Bpoiinsg OH HauMHAaeT MpOosIBIATH BOJHOBBIE CBOMCTBAa. Ecinu BOosb 3TOM
OCH HaIpPaBUTh OJTHOPOJIHOE MAarHUTHOE I0JIE, TO B MEPIEHAUKYIISIPHON MIOCKOCTH 3HEPTHUS JIEKTPOHA
OyJeT IpUHUMATh JUCKPETHBIN Psiji 3HAYCHUH, Ha3bIBaeMblil ypoBHsIMHU JlaHmay. B CHIIbHBIX MarHUTHBIX
MOJISIX AJIEKTPOHBI HAYMHAIOT MPOSBIIATH KOJJIGKTUBHBIE CBOWCTBAa. Hanbomnee ApKUM UX IPUMEPOM SIBIIS-
eTcs KBaHTOBBIH 3¢ ekt Xosa (KOTOpbIi MOXKET BO3HMKATH Jjayke IIPM KOMHATHOM TeMIeparype, B rpa-
¢ene). C apyroii CTOpOHHI 3a/1a4a CO3/IaHUsI KOMIIbIOTEpa, PadOTAIONIEro Ha MPUHIIUIIAX MaHUTYJIHPOBa-
HUSl OTHENbHBIMM (EpMHOHAMH UYPE3BBIYAHHO CJIOXKHA, aKTyalbHa M HMHTepecHa. BomHoBas mpupona
MUKpPOMHpPA CHIIBHO YCIIOKHSIET TEOPETUUECKHE U 3KCIIEPUMEHTAIBHBIE TOUCKH TaKUX CBOMCTB KBaHTO-
BBIX YaCTHII, KOTOPBIE MOTJIH ObI OBITH MCTIOJIL30BaHbI B Oy/AyllleM KBaHTOBOM KoMIbioTepe. bonee Toro,
MPAKTHYECKH HEBO3MOXHO M30JIMPOBATh KBAaHTOBYIO YacTuIly. [103ToMy MOMCK M M3y4eHHE KOJUIEKTHB-
HBIX KBAaHTOBBIX CJIA00 CBSI3aHHBIX (KOPOTKOXKMBYILMX) CTPYKTYP, HAIPUMEP U3 HECKOJIBKUX ()EPMHOHOB,
C TpEeCKa3yeMbIMU CBOMCTBAMH, C BO3MOKHOCTBIO MX JIOKAJM3AI[MM M M3MEHEHHUS 4HCciia 9acTHUIl, BXO-
JSIIIUX B COCTaB CTPYKTYPBI, MOTJIO OblI, KaXKeTcs, ObITh OJJHUM W3 BO3MOJKHBIX HAIIPaBJICHHH IMOMCKA.
Takast monbiTKa OblTa MpeAnpuHATa B padote [1], rae ObUIM MCMONIB30BaHbI PE3yJIbTAThI, MOIYYCHHBIC
Jlannay [2], v npeiyioxKeHO pelieHre XOPOIIO H3BECTHOTO ONMEPATOPHOrO YPABHEHHsI C BOJIHOBOW (yHK-
e, Hahiaennor Jlammay. B [1] miast aBymepHOW CHCTEMBI MMOKasaHa MPUHIAIMAIBHAS BO3MOKHOCTH
¢dopmupoBanus pepMHOHaMU Ca00CBSI3aHHBIX HUTEBUIHBIX KBAHTOBBIX CTPYKTYP C Pa3JIMUHBIM YHCIIOM
depmuoHoB. B HacTosimeit paboTe MbI CBSI3bIBaEM HCIIOIb30BaHHOE B [1] MCXoqHOE ypaBHEHHE C 4acTo
HCTIONB3yeMol “kanmuOpoBkoi Jlanmay” misi 3J€KTPOMArHUTHOTO BEKTOPA-TIOTCHIIMANIA; MCCIIETyeM YC-
J0BHsI (POPMHUPOBAHNS HUTEBHIHOW KBAHTOBOW CTPYKTYPHI KaK CaMOCTOSITEIFHOTO KBAaHTOBOTO OOBEKTa
Ha JIBYyMEPHOW MOBEPXHOCTH; IMpEIaracM MeTOoJl pacdéra s MaHUIYJIUPOBaHHS STUMHU KBaHTOBBIMHU
CTPYKTypaMH Kak CYTH BBIYMCIMTEIBHOTO MIpolecca B OyAyleM KOMITBIOTEPE; Ha OCHOBE CBOMCTB HUTE-
BHUIHBIX KBAHTOBBIX CTPYKTYp OOCYy’KIaeTcs BO3MOKHOCTh (POPMUPOBAHUS PA3BETBIEHHOTO CIy4aifHOTO
BBIYHCIUTEIBHOTO IIPOIECCa.

2. Ci1a00 cBsi3aHHbIe KBAaHTOBbIe CTPYKTYPHI. IIponcxoxknenue, cBoiicTBa, NPUMEHeHHE

B pamkax HepenIsITHBHCTCKOI KBaHTOBOW MEXAaHHKH B CITydae HAIWYHS BHEIIHETO MarHUTHOTO T10-

— —

- -
751 B, onuckIBaeéMoOro mocpencTBOM BekTop-noreHuuana A(t.e., B=rotd) , oneparop 0000IIEHHOTO UM-
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IyJIbCa PAJIEKTPOHA C MACCON M, U 3apSIOM € CBS3aH C ONEPATOPOM ETO CKOPOCTH VOIEPATOPHBIM yPaB-
HeHneM [2]
3_5 ez
m,v=p— ZA . @
B 1930 rony JI.1.Jlaunay [2] peumn ypaBuenue Llpenunrepa uist qBIKSHUS] BO BHELIHEM TTOCTO-
P -
SIHHOM OJTHOPOJAHOM MAarHWTHOM Iosie B=rot4 (HampaBieHHOM MapauIeibHO OCH Z ), TA€ U1 KOMIIOHEHT

BEKTOP-TIOTCHLMANA A MMEIOTCS COOTHOMICHHS
A, =4,=0 , A= —By . (2)
Jlannay nomyumin (cM. puc.la), 9To BOOIs ocel Z u XANEeKTPOH JBIKETCS KakK IUTOCKasi BOIHA, TO-
r7ia KaK BJOJIb OCH Y IBI)KCHUE TIPOUCXOIMT MO 3aKOHAM KBAHTOBOT'O JIMHEWHOTO OCIIMJIISTOpA C BOJHO-
BOU (yHKimed ¥, (y) ¥ KBAaHTOBBIM YHCIIOM N, KOTOPOE OMpenessieT SHEPruio neKTpoHak, kak sHep-
THIO JIMHEWHOTO KBAHTOBOTO OCIWIIATOpa. MiMeHHo 3T1a sHeprus E, paBHa SHEPTHH SJIEKTPOHA B IUIOCKO-
cru (X,Y).
Takum 00pa3om, pu yciaoBuu (2) , BAOJIb ocu Y onepaTopHoe ypaBHEeHHUE (1) MOKET OBITh IpUME-
HEHO K BOJIHOBOM GyHKImH ¥, (V), ONMUCHIBAOIIEH KBAaHTOBBIH aHCAMOJIb,
me0, ¥, (y) = Dy % () - 3
Nmennostoypasuenue(cm. (32.8) B [3])0butonccnenoBanos padore[l].Ilepeuncium u obcyanmHe-
KOTOpbIepe3ybTaThi[1], KoTOpBIEOYyAEeMuCTIONb30BaTh. B[1] B kauectBe ¥, (y)BbIOpaHa coOCTBEHHAsS
(GYHKIMS TapMOHMYECKOTO OCHMIUIATOPA, MUl KKIOro (MKCHPOBAHHOTO KBAHTOBOTO YHCIAa M M Mar-

HUTHOTO 110/t B B1omb ocn Y (cM. puc.1b) momydeHsl TPACKTOPUH KBAHTOBOTO aHCaMOJIs (3aBUCSIIAst OT
n cnoxHas (QYyHKUHS KOOPIUHATHI Y OCHMJUIMPYET cO BpeMeHeM). Ha Kaxmoil TpaeKTopuHM HMMEIoTCs
KBaHTOBBIE “TOYKH MOBOPOTA”[2], rIeCKOPOCTHH UMITYIBC CTpeMsTes Kuymo(cM. hopmyry (32.8) B [3]).
KoopauHatel 3TuX To4Yek paccuuThiBaroTcs (cM. puc.1,2 B [1]) 1 cxemMaTH4ecku mpeACTaBICHBI 37IeCh Kak
BEPTHKAJIbHBIC CHHHE TTATOYKH Ha pHc. 1. 3a mpenenamu kpaHUX ’TOYEK MOBOPOTA” BOIHOBAS (PYHKIIUSI
¥, (y)ctpemurcst Kk Hymo. Takum 00pazoMm, (OpMaibHO TPACKTOPHs pacmagaeTcss Ha HU30JMPOBAHHbBIC
OJIMH OT JIPYroro CerMeHThl. YHCI0 CerMEeHTOB COBIAJO ¢ KBAaHTOBBIM yucioM N. M3-3a Toro, uTo cer-
MEHTBI U30JIMPOBaHbI OAMH OT APYTOro, KaXKAbIM cerMeHT 0e3 HapylieHus: npuHuuna [layiau MoxxeT ObITh
3aI0JIHEH OAHUM (EepMHOHOM (JUI YIPOLIEHUS PACCMOTPEHHS CIIUH HE yuuThiBaeTcs). Bo3Hukaer Hure-
BUJIHAsI KBaHTOBas CTpyKTypa (cM. puc.lc). OOBIYHO KBAaHTOBBIE “TOYKH IMOBOPOTA’ BO3HHUKAIOT Ha rpa-
HUIle MoTeHnuansa. Ecin Ha TpaeKTOpUM U3 HECKOJIIBKMX CETMEHTOB €CTh TOJIBKO OJIMH 3JIEKTPOH, TO OH
MOJET “TYHHEJIMPOBaTh  4epe3 “TOUKM MOBOpOTa”, MepeMerniasich no Bceil TpaekTopuu. OOCykKIaeMblid
MOTEHIIMAI BO3HUKAET MPHU MOSBICHUH BTOPOTO M MOCIEAYIOUINX 3JIEKTPOHOB, HECYIIMX 3apsi U 3aIoJ-
HSIIOIIMX CErMEHTHI cornacHo npuHuumy Ilaynu. J{1s HarnsaAHOCTH, TO3BOJIBTE MPOBECTH OUEHD MPHOITH-
3UTEbHYIO Mapajlieib MEKIY ‘MaTpHUIlei” HUTEBUIHONW KBAHTOBOW CTPYKTYphI (puc.lb)u “martpumeir”
opOuTasiell 3IEKTPOHOB aToMa, Ille 3JIEKTPOH MOXKET ‘“‘CBOOOAHO” MepeMelarbesi M0 OpOUTaIsIM 0 TeX
Top, MOKa He OYyT MOSBISTHCS APYTHE IEKTPOHBI, 3aMOJIHIONINE OPOUTAITN coriacHo npuHImy [lay-
JH 5 ¥ TIOATOMY MEXIY OpOHMTAISIMU, KaXKeTCsl, €CTh HEUTO, MOJO0HOE “TOYKam MoBOpoTa”, (GOpMHUPYIO-
IIMM HEKOTOPYIO MOBEPXHOCTh M yCTAaHABIMBAIOIUM I'PAaHULIBI 00IAaCTH KX 101 opOUTAaIy.
[IpocTpancTBeHHas “kBaHTOBast mMarpuia’” (puc.1b) mposiBnsiercst mo Mepe 3amoyiHeHus! (COriacHoO
npunnmny Ilaymu) eé cermentoB Ay, (B) B3auMHO HepasIMYUMBIMM dJeKTpoHamH (puc.lc), obracTb
KBaHTOBOTO B3aMMOJEWCTBHS KOTOPBIX OIEHMBAETCS (MIPH IBMKEHUU BAOIH ZU X) pazMepamu JUIMH HX
BostH 1e Bpoiins Af.p., glie (pnc.1d). B pesynbrare NOSBIAETCS HUTEBMAHAS KBAHTOBas CTPYKTypa
(puc.lc,d), omuceiBaemasi BOJHOBO# (yHKuueit ¥, (¥), KOTOpasi COOTBETCTBYET 3HEPruu ocumuistopa E,
(sneprum B minockoctu XY).Ilpu GpukcupoBaHHOM NMBI HE MOKeM (IO KpaiiHel Mepe MoKa) TOYHO 3HATh
pacripeneneHre 3JEKTPOHOB 110 SHEPIHMH BHYTPU HUTEBUAHOW CTPYKTYPHL. SICHO TOJNBKO, YTO 3aKOH CO-
XpaHEeHHUs SHEPTUH JOJKEH BBIOJIHATHCA, TO €CTh CyMMa SHEPIUi 3THX AJIEKTPOHOB JI0JKHA OBITH paBHA
E,, (MBI HCTIONTE3YEM HEPENATUBUCTCKOE MpHOIIKeHue). [103ToMy MOKHO BBECTH MOHSTHE CPETHEHN dHEp-
run E; Takoro sJIeKTpOHA KaK pe3yibTaT JIEJICHUS DHEPruu ocHmuisaTopa E,Ha 4HCIIO 3JIEKTPOHOB M,
3aMOJHAIOIIUX “MaTpUIly CTPYKTYpPBI”, TO €cTh M MeHseTcs oT 1 no n.Ilo3aromy, ecnu HuKIMYecKas yac-

eB 1
TOTa BNEKTPOHA We = —— , TO IHEPIHs E; = hw, (n + E) /mOyneT MUHUMaJbHa, €CII BCe N CETMEHTOB
e
m=n.E¢ = ho, (1 + = 6 E¢ 6
3aI10JIHCHBI BHCKTPOHaMI/I, T.C.M=I, n = (l)e o)’ U HaAo OpOT, BHCpI‘I/ISI n y,Z[CT MaKCuMaJibHa,

1
€CJIM 3aII0JIHCH TOJIBKO OJHMH CCIMCHT, T.C. m:l,Eﬁ = h(l)e (n + 5) CJ'IC,Z[OBaTCJ'IBHO, QJICKTPOHAM SHEP-
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TETUYECKH BBITOJIHO 3allOJIHUTH BCE CETMEHTHI, TaK KaK JIO BXOXJICHUS B HUTEBUJIHYIO CTPYKTYPY DIIEK-
1 1
TPOH UMEI HECKOJIBKO OOJBIIYI0 SHEPTUIO B MHTEPBAIE OT /iw, (1 + E) 1o Aiw, (n + 5) , TO €CTh KBaHTO-

Basg CTPYKTypa MMEET TEHACHIIHIO K POocTy.PaccMOTpUM 3JEKTPOHHYIO IBYMEPHYIO CHCTEMY C OTHOCH-
TensHO GombmuM cpeauuM paccrosaneMd~1004[4] Mexay >1eKTpoHAMH BO BHEIIHEM OJHOPOIHOM
MarHuTHOM noje B~10 Tecsna, npu HU3KON TeMmmepaType, U OTBETUM Ha BOIPOC: KOTJa HUTEBUAHAS
KBaHTOBAsl CTPYKTYPa MOXKET ObITh paCCMOTpPEHA KaK CaMOCTOSATEIbHBIN KBAHTOBBIH O0BEKT?

N
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Puc.1 (a)Pemenne [2] ypaBuenust Ilpemunrepa [uist 37eKTpoHa (KPACHBIH KPYKOK) BO BHEIIHEM OJHOPOJHOM MarHHUT-
HoM nosie B = rotA(Ay = A, = 0,Ay = —By). 3necs ¥, (y) - 310 BonHOBas DyHKIMA IHHEHHOIO KBAHTOBOIO OCLIII-

nsropa. (b) Marpuna ansHUTEBHIHON KBAaHTOBOM CTPYKTYpHI Kak pemieHue [1] ypaBuenusi(3). Unucno cerMeHTOB COB-
najaer ¢ KBaHTOBBIM YHCIIOM N . (C)HuTeBHAHAs KBaHTOBas CTPYKTypa MpPOSBHJIACh, TO €CTh KBaHTOBas marpuua (b)
3amoiHmIach Gpepmuonamu (anekrponamu, nonamu). (d) Toxe, uro Ha puc.(c), HO ¢ yuérom Bomssl 1e Bpoiins y yac-
tuil.(f) MneanbHas cxema CTpyKTypHOTO JBHXKeHHs 31eKTpoHOB Ha (X, Y)-IIOCKOCTH BO BHEIIHEM OJHOPOJHOM Mar-
nutHoM moneB(B, =0, By =0, B, =B), ecimu d > Agerogliec - OOJACTh KBAHTOBOTO B3aUMOJAEHCTBHS OTMEUEHA
xenTeiM. PQ-9T0 “och” HUTEBUIHOM CcTpYKTYpHI.PQ mapannensna ocu Y.

PaccmoTpuM ByMepHYIO TIOBEPXHOCTh B reTepocTpykrype. Ecnm temmeparypa 6nmska x 1K, To
CCTh BSaI/IMO,Hef/'ICTBI/ICM C CI)OHOHaMI/I MOKHO npeHGGpeqL, 1 BBICOKA IMOABUXHOCTD JJICKTPOHOB U, TO €CTh

uBc™t > 1 (cm. crp.117 B [5]), TO eCTh BBINOIHEHH! YCIOBHS HAGMIOEHHS KBAHTOBBIX P(EKTOB, KOraa
SHEPrus HUTEBUHOU CTPYKTYpPHI B IIockocTd XY paBHa E, = fiw, (n + %) MOo>KHO paccyuTaTh U COOT-
BET-CTBYIOLIYIO JUIMHY BOJIHBI Ji¢ bpoiins AZeBrOglie = 2mh/(2m,E,)/?. PaccmoTpum mporecc pocta
SHEPTETHYECKM BBITOAHBIX HUTEBHIHBIX CTPYKTYP, & POCT HEW30EXeH, Tak Kak (CM.BBIIIE) BEIHYMHA
Ef = hw, (1 + %) nagaer ¢ pocroM n. M3 nomydenHoro B [1] puc.2 Bumno, uTo (nipH PUKCHPOBAHHOM

B = 10T) ¢ poctoM n(umcia 4acTUIl, BXOIAIIUX B CTPYKTYPY, IJIe BCE COCTOSIHUS 3aMOJHEHbBI) YMEHbIIIA-
€TCsl paccTosiHue E(B) MEXly YacTUlaMU BIOJb ocu Y. IIOTHOCTh AJIEKTPOHOB MOJJEPKUBAETCS
TIOCTOSIHHO#, O3TOMY BO CTOJIBKO K€ Pa3 yBEIMUUTCs paccTosHue Ax, (B)MexkLy 4acTHI[AMK BIOIb OCH
X. B tabnune 1 npuBeeHs! pe3y IbTaThIpacyera i MIOTHOCTH YIeKTpoHoB N, = 102cm™2. U3 Ta6-
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muubl 1 Ipy cpaBHEHUH 3HaUYeHUH Ax, U A%,z glie BAIHO, UTO JUIsl N > 4BBINOJIHUTCS HEPABEHCTBO
Ax, (B) > A5.5,0 glie » TO €CTb KBAHTOBOE B3aMMOJCHCTBUE MEXK/y COCEIHUMH HUTEBUAHBIMU CTPYKTY-
paMU CTaHET He BO3MOXKHBIM [2], m03TOMY pOCT (d4epe3 CIUSHKE) HUTEBUIHBIX CTPYKTYP MPEKPATHTCS, U
OHH MOTYT PacCMaTPHBATHCS KaK CAMOCTOSITEIBHBIN KBAHTOBBII 0OBEKT, KOTOPBIA UMeeT (IpH (GpUKCHPO-
BaHHBIX N U B)onpenenénnble snepruoE, u amuny y"* (B) = n - Ay, (B)Broas ocu Y. D10 Te Xapak-
TEPUCTUKH, KOTOPBIE, KAXKETCS, MOTYT IIO3BOJINTH HAaM IIOCTPOWTH BBIYMCIUTENBHBIN mpomecc. Ha
puc.1fsnauenne Ax, (B) , Ipu KOTOPOM POCT HUTEBHAHBIX CTPYKTYp NPEKPATHTCS, 0603HAUEHO KaK du
NOKa3aHa MpUOIM3UTEIbHAS CXeMa, KOTOpast MOXKET ObITh CO3/1aHa M BBIYMCIICHA TI0 U3JI0KCHHOMY BBIIIIC
AIITOPUTMY.

Tab6imma 1

Pesyabrarel pacuera Besnunn Ay, (B), AX,(B), AfeprogiieIPH PpKcHpOBaHHBIXBH n.

B, Tecna n E(B). A E(B), A N(}eb’roglie ’ A
10 1 324 30 350
10 2 130 80 230
10 3 113 90 195
10 4 97 105 170
10 10 70 142 120
10 15 30 333 93
10 50 10 1000 12

Koneuno, B o01em citydae, 13-3a BOJHOBBIX CBOMCTB 3JIEKTPOHOB B MPOLECCE MOSBIISETCS MHOTO
cilydailHOCTEH, KOTOpbIe MPUBEAYT K 00Pa30BaHMIO CTPYKTYP C PazIMYHBIMUMCIOM 4actul n. OgHaxo,
npu (UKCUPOBAaHHBIX N U B ,COTIacHO anroputMy, IETalbHO OMUCAaHHOMY B [1], MBI MOXXEM TOYHO pac-
CUHMTATh JUTHHY HUTEBHIHOU CTPYKTYpHI Y'** (B) BmOMNB momnepednHoit ocu Y (B paMKax BBIOpaHHOM Ka-
T00poBKH (2)), a TakKe MOXKEM HCIOIB30BATh TO, YTO HUTEBHUIHOW CTPYKTYPE SHEPTETHIECKH BBITOTHO
pactu (BmonbToit ke ocu Y). IlosToMy, ecu B uiockocTuXY co3/1aTh IBYMEPHBIA MPOBOJHUK C IAPH-
HOH paBHOM Y™ (B) (s GUKCHPOBAHHBIX M U B), TO NMPU YCJIOBHSAX, aHAJOTHYHBIX OIMUCAHHBIM, MBI
MOJXKEM TMOJIYYHTh TOK CO CTPYKTYPOM, H300pakeHHO# Ha puc.1f, mpu 5TOM HUTEBUAHBIE CTPYKTYpHI OY-
OyT OIMHAKOBOM 3HEPIHH M UIMHBL. A 3TO, B CBOIO OY€pellb, II03BOJIUT OPTaHU30BaTh apu(pMETUIECKUE
oTiepaluy 13 3TUX CTPYKTYyp (cM. puc.3). Bojee Toro, kaxnas cTpykTypa HHPOPMATHBHA, TO €CTh HMEET
CBOM DHEPTHUIOE,, W KBAaHTOBOE YMCIIO N, COBIA/IAIONIEE C YHCIOM YacTHUI] B CTPYKTYpE.

ITokaxkem, 9TO MEXIy HAIIUM PACCMOTPEHHMEM M LIEIOYMCIIEHHBIM KBaHTOBBIM 3¢ dexkrom Xoiia

HpOTI/IBOpe‘lI/Iﬁ HET. Yy — KOOpAuWHaTa IICHTpa OCUUIIALINNA [2] HOSTOMy Ayo OHpeacA€T pacCTOAHUC
Ap,c
eB

C JUTMHOW HUTEBUIHON CTPYKTYpHl V' (B) = n- Ay, (B) (cm. puc.1b). ITostomy AZ;C =n- Ay, (B).

MEXY COCETHUMH OCIimmsTopamu [2,5], To ectb Ay, = . B mamewm pacemorpennn[1]Ay, coBmamaer

Ay, (B — —
Otkyna Ap, = eBn- y”T() Ecnu Ay, (B)u Ax, (B)3amarot pa3mep IUIOMAIH JOKATH3AHH OJJHOTO CO-
CTOSIHHSI, ¥ €CJIH BCE COCTOSIHHS 3aIlOJHEHBI, TO MIOTHOCTH 3J1EKTPOHOB N, = 1/(Ay,(B) - Ax,(B)) =
Apx _ eBn

Bc
— = IMostomy (B cucteme CI'C) comporusienre Xomia [6]Ry = — TmoCie MOJICTaHOBKH
hAy, (B) hc nee

. hc? h
3HAYEHUS N, NIPUHUMAET CTaHAAPTHBIN BUI Ry = oz hm Ry = m(B cucreme CU), rie BMecTo dak-

Topa 3anoiHeHus (cM. [5]) cToMT HOMep KBAHTOBOTO YPOBHSI 1 , TaK KaK BCE COCTOSHUS 3all0JIHEHBI (4TO,
KakK ObUIO BBIIIE MTOKA3aHO B HAIIIEM IMOJXOJE, IS AJICKTPOHOB SHEPreTHUECKH BHITOHO). [lo3TOMy Ha-
1Ie pacCMOTpEHHE He MIPOTUBOPEUUT KBaHTOBOMY 3 dekty Xoia.
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Puc.2(Tlonyuen 6 [1]).3asucumocms cpeoueii onumvt Ay,(B)  Puc.3.Jlpunyunuanshas cxema apugpmemuueckoii one-
00H020 CcezMenma, 6X00Ae20 6 HUMESUOHYI0 KEAHMO8YI0 — DAYuL, KOMOpdas Modcem Oblmb OCYUECENIeHd 60
cmpykmypy uz N ceamenmos (cm. puc.1b,c,d), sensowuxcs (kax — 6HeuiHeM OOHOPOOHOM MAZHUMHOM HOJNe 34 Cuem
yenoe) NUHEUHbIM KEAHMOGHIM OCYULIAMOPOM C KEAHMOGLIM — CGOUCME HUMEBUOHbIX KEAHIMOGbIX CHMPYKmMYp (omme-
yuciom N, om nonepeurnozo mazhumnozo noii B( By = 0, ueHvl ocenmvim), CchOPMUPOBAHHBIX INEKMPOHAMU
B, =0, B, = B) npu pazmuunsix . npoBooUMCIU (KPACHble KPYICKU) 6 MPEX 08YMEPHBIX
NPOBOOHUKAX C PACCUHUMBIBACMOU UWUPUHOU.

3.3aka104eHne

Panee [1] ObutM mMOMydYeHBI IBYMEPHBIC DJICKTPOHHBIC HUTCBHUAHBIC KBAHTOBBIC CTPYKTYPBI BO
BHEIITHEM OJJHOPOJHOM MAarHUTHOM mosie. B Hacrosieil paboTe HaiIeHbl KOJINYECTBEHHBIE YCIOBHUS HX
00pa3oBaHusl B OJHOPOTHOM MarHWTHOM TIOJIE€ B IBYMEPHBIX CIOSIX TETEPOCTPYKTYp MPHU HU3KOM Temile-
partype (Korja SHeprus HX TEIUIOBOTO JIBIKSHHMS Ha TIOPSIOK MEHBIE Pa3HOCTH ypoBHeH Jlanmay kBaH-
TOBAaHHOW MAarHUTHOW SHEPTUH) M BBICOKOW IMOJBIKHOCTH SJICKTPOHOB [ T€TEPOCTPYKTYPHI (KOTJa mar-
HUTHAsl SHEPTHsl TAaKXKe OOJIbIIE SIEKTPHUECKON). DTH MOMy4YeHHBbIE (U3UUECKUE YCIOBUS M BO3MOXK-
HOCTh TOYHO BBIYUCIISITH TEOMETPUUECKUE Pa3Mephbl 00JIACTH JIOKATH3AIUH JJIEKTPOHOB (CM. Tabnuiy 1),
YYacTBYIOMINX B CO3J[AHUHM HUTEBHIHOHN CTPYKTYpPHI ¢ (PUKCHPOBAHHBIM YHCIIOM 3JIEKTPOHOB U BEITHYHHBI
MarHUTHOTO TIOJIS, O3BOJISIFOT HAaM MPEIOKUTh HCIOJIB30BATh MOIYYSHHBIH MOAXOM U CO3MaHus (Qu-
3MYECKOTO JIBYMEPHOTO 3JEMEHTapHOro Npubopa Ajsl MPOBEACHHUsS, HAIPUMED, MPOLEAYPHI ONepaluu
croxeHus 1ByX uncen (puc. 3). Hamm nccnenoBaHus MpoBEICHBI IPH HU3KUX TEMIIEpaTypax, B TeTepo-
CTPYKTypax ¥ BO BHEIIHEM OJHOPOJHOM MarHHUTHOM rojie. VIMEHHO TpH 3THX yCIOBHAX HAOIIOTAeTCs
kBaHTOBBIH 3 ekt Xomra [5]. [Toaromy B pazmene 2 ObUIO MOKAa3aHO, YTO HALI TOAXO/ HE MPOTUBOPE-
gynt 3¢ dekry Xomna.
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STRING LOOP IN ELECTROMAGNETIC FIELD
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Abstract

Relativistic current-carrying circular strings moving along the chosen axis of symmetry in electromagnet-
ic background is studied. Dynamics of circular string with scalar field in flat spacetime and comparison of
the motion of string loop with a charged particle dynamics is investigated. Interaction of the string loop with
external magnetic field and the electric field generated by point charge is analyzed. The problem of string
loop has a methodological interest and the results presented here can be useful for understanding of the phe-
nomena of general strings and cosmic strings in particular.

Key words: string loop, electromagnetic interaction, dynamics, flat spacetime
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1. Introduction

Current carrying strings moving axisymmetricaly along the axis of a Kerr black hole (T. Jacobson
and T. Sotiriou, 2009; M. Kolo$ and Z.Stuchlik, 2013) could represent a toy model of plasma that exhibits
associated stringlike behavior via dynamics of the magnetic field lines in the plasma or due to thin iso-
lated flux tubes of plasma that could be described by an one-dimensional string. Tension of such a string
loop prevents its expansion beyond some radius, while its worldsheet current introduces an angular mo-
mentum barrier preventing the loop from collapsing into the black hole. It hasbeen proposed in (T. Jacob-
son and T. Sotiriou, 2009) that the current carrying string can be used as a model for relativistic jet forma-
tion around the black hole and in (Z. Stuchlik and M. Kolos, 2014) that it can model high-
frequency quasiperiodic oscillations in the vicinity of black holes horizon.

L - - > e

Fig. 1.Schematic picture of a string loop moving in flat spacetime. Assumed axial symmetry of the string loop allows to investi-

gate only one point on the loop; one point path can represent whole string movement. Trajectory of the loop is then represented
by the black curve on the picture, given in 2D x-y plot.

So far was the string loop electromagnetic neutral (Fig.1) - there was no self electromagnetic field
interaction and there was no external electromagnetic field. Motion of electrically charged string loops in
combined external gravitational and electromagnetic fields has been recently studied for a Schwarzschild
black hole immersed in a external homogeneous magnetic field (A.Tursunov et al.2014; A.Tursunov et
al.2013). Now we are extending our sting loop research and we are examining dynamical properties of
electromagnetic current-carrying string loop in electric field of point charge Q.

In this proceeding we give some simple physical interpretation of string loop parameters and we
will show how string loop in flat spacetime electromagnetically interact with uniform magnetic and elec-
tric field of point charge Q (T.Oteev et al. 2017).

2. Physical interpretation in flat spacetime

The string current localized on the worldsheet is described by a scalar field ¢( ). Dynamics of
the string, inspired by an effective description of superconducting strings representing topological defects
occurring in the theory with multiple scalar fields undergoing spontaneous symmetry breaking, is de-
scribed by the action S with Lagrangian L

§ = [ Ldodr, L = —p/=h = V=hh® g}, 1)
where ¢ , = j, determines current of the string and (u > 0) reflects the string tension.The total angular
current is described by relation

J2 =)t 4 ()

Flat spacetime described by Minkowski has the highest possible degrees of symmetry. As long as
the external field is not introduced, which breaks the symmetry, string loop’s dynamics will be simple and
motion will be regular.Minkowski metric in cylindrical coordinates
t(time), x(radial), y(vertical), ¢ (angular coordinate) has nonzero coefficients

e = =1, g =1, gyy =1, gpp = x2.(3)

For dynamic variables x, y, P, P, we can express Hamiltonian as

_1p2 1,2 1.5 1.)° 2
H = pr +5Py _EE +E(;+X) ,(4)
where we used integrals of motion, energy E energy and angular momentum L.
From the first set of Hamiltonian equations of motion for string’s motion we get the relations

_ _dx . _ _dy .
ho=P =F=1% P =P =22 =y(5
We can express also the second set of Hamiltonian equations for string motion
4
X = 1—3 — u®x, j = const.(6)

Right side of the first equation can be described as two opposite forces acting on string loop’s ele-
ment along x direction:
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4
» Centrifugal forceF, = 1—3 created by scalar field on string. This force is inversely proportional to

the third degree of string’s radius (strongest for small radii), which tries to stretch the string.

« String’s tension force F, = —u®x, is linearly dependent on string loop’s radius trying to shrink it
to the point. String’s tension y is not dependent on stretching of x- string is perfectly elastic.

Hamiltonian (2) is not dependent on y, and therefore, corresponding component of four momentum
P, becomes constant of motion. In y direction, no force acting on string and motion along y axis is totally
free.

From the H = 0 condition we can express string’s energy

E?=x2+7y%+ (]; + x)2,(7)

where we already rescaled energy E — 5 and current ] — j—ﬁ . We introduce also energy in x and y di-
rection by the relations

B, =92 B2 =3+ (54 x% = (5 + x0)? = E.(8)

Total energy of string is conserved and constant of motion. Whereas, string’s motion in x and y di-

rections in flat spacetime are not dependent (4), therefore, both energies E, and E,, are conserved. Energy
in x direction which we denoted E| is totally defined by minimal x; and maximal x, ranges of string (in-

ner and outer radius).
1 —
xilo :E<E0+ ’E02—4]2>. (9)

Energy E, is if string’s oscillation in x direction terminates — inner outer radii of string converge
x; = x, =] .(10)
It corresponds to equilibrium position, when centrifugal and tension forces compensate each oth-
er.Even though string is not oscillating, it has energy associated with the current on string
EO(min) = 2](11)
Energy can be interpreted as internal energy of the oscillating string independent of motion along
y.Consisting of potential and kinetic parts; only in x; = x, case internal kinetic energy is zero, internal
potential energy is equal to 2.
Boundaries restricting string’s motion in flat spacetime has simple form
2
E=E,(x,y) = f; + x,(12)
where Ej (x,y) energy boundary function of motion which is independent of y coordinate. Function di-
verges E, — oo for x = 0 and x — oo; hence forming the barrier for string’s motion.
From the conditions for the existence of stationary point of E, (x) function we find the minimum of
E}, (x) function at
Xmin = ]r Emin = 2]'(13)
for arbitrarily y, in direction of y coordinate E}, (x, y) function is constant.

50

40

X; J Xo

0 5 10 15 20 25 30 "0 5 10 15 20 25 30
Fig.2. String loop in flat spacetime starting from point [5,5] with P, = 0,P, # 0 and parameters ] = 11, E = 29.2. On the left we

see the progress of E, (x) function (thick curve) with minima at x = ] prescribing the boundaries of motion, on the right we con-
crete trajectories of the string.

On fig.2 is illustrated the behavior of E}, (x, y) function — convex shape of E}, (x) for all y is guar-
anteed, since here always inner and outer radius for motion in x coordinate direction exist. The string lo-
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cated at x,,;, point with energy E = E,,;, = 2] does not oscillate — all its energy contains in potential
part of Ej.

3.Effect of electromagnetic field on dynamics of string

In a section 2, we have investigated neutral scalar field on string — not interacting with electromag-
netic field. Let us now show the impact of electromagnetically interacting scalar field on the dynamics of
string.

External electromagnetic field defined by four - potential A* we consider the same as (2) metric
firmly given in advance. Requirement for axial symmetry of the problem is that, it is assumed that A, has
only t and ¢ nonzero components. In flatspacetimewe can use classic electrodynamics for description of
stationary external electromagnetic field with relations

A" = (0,4), E=-Vo, B=VxA. (14)

To understand the impact of electromagnetic field on string loop’s dynamics we investigate two
simple cases — (1) string is in electrostatic field of point charge Q = 0 and (2) string is in homogeneous
magnetic field B > 0 oriented parallel with y axis. Corresponding four-potential A# in cylindrical coor-
dinates ¢, x, y, ¢ (1) takes the form

AH gy = %(1, 0,0,0),d =2 (15)

T'
At gy = g(l, 0,0,0),B = (0,B,0) (16)
where r is the distance from the origin of coordinatesr? = x2 + y2 and x is radial coordinate in cylin-

drical coordinates. For permittivity € and permeability pwe used e = 1 and u = 1.
We introduce action for string loop in electromagnetic field as

S = [ Ldodt, £ = —pV—h = 5V=hh% (g, + A) (s + 4p), (17)
where A, = A, XY |,. The first part of the form classic action for Nambu-Goto string with only tension y,
the second part represents the interaction of scalar fieldp with four-potential A, of electromagnetic field.
Mentioned action (17) is effective action for the description of string, created by bosons or fermions on
superconducting string. To action (17) we can add a part providing Maxwell equations for the develop-

ment of 4,

Sem = =152 ] F** Fyu d*x, (18)

where F,, is electromagnetic field tensor
By = Ay = Ay - (19)
Further, we assume that external electromagnetic field A* is firmly given in advance, and strin-
gown electromagnetic field is relatively weak. Thereafter, it is possible to neglect the effect of string on
itself (self interaction). We will use test string loop and therefore the action (18) further we do not consid-
er.
Variation of action (17) with respect to scalar field ¢ we present
[V=hh® (¢)q + Ag))p = 0. (20)
Axial symmetry implies that ¢,, = 0 and Ay = A, # A, (¢) , therefore, from equation (20) fol-
lows the existence of conserved quantity 22 and n, defined as
Q=¢|T +A‘[, n=(p|o'a (21)

2 2
whereby J? = Q%.Varying the action (17) with respect to induced metric h,, we get the energy-

momentum tensor of string
0% +(n+44)? 0% +(n+44)? —0(n+4y)
T o0 -~ "¢ _ 0l = ———2- 22
2 200y THL 209 199> 2098 (22)
Current density created by the string we obtain varying Lagrangian from action (17) with respect to

four-potential A,
5L . ap _ 9
=22 _ _ yu (Z =
J 54, PX e + 7% 5 T 50 (23)
where we observe that string loop has current density along string j =n + A, and constant density of
electric charge p = 2 .Variation of action (17) with respect to X* coordinates leads to the equations of

motion in relation
D D
Ellﬂ(T)JrEH#(a) =0, (24)
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where we introduced canonical momentum

oL
M, = o G X e + 04, (25)
1, = m =Yg X e — (n+4,)A, . (26)
With similar approach as in part for electromagnetically interacting string we come to Hamiltonian
1 1

H= 59“‘8 ([ — 24) (15 — 245) + > 900 [(E™)* - ()] (27)

together with Hamilton-Jacobi equations

o X OH My oM

Pt = d¢ oI, d¢ ~ axk’ (28)

From the first equation of (28) we obtain the relation between canonical [J* and mechanical P*
momentum in form

P =TJ* — NA*. (29)

Symmetry defines the conserved quantities — energy E and angular momentum L
—E=1T]; =P, + NA,, (30)
L= H¢ = g¢¢, ZTU + .QAq_v, =—-0n. (31)

Effect of electromagnetic field on dynamics of string is understandable, as long as we perform
graphical comparison with the motion of charged particle in the same field. Hamiltonian for the motion of
electrically charged test particle with mass m and charge g is

1 1
Hp =59“ﬁ(l_[a _qAa)(Hﬂ _qAB)+Em2r Pt =T[* — qA*. (32)
We assume that the particle rotates along the circular orbit with radius x constant angular velocity

¢ . .
W= %. Energy of the particle E = —[], and angular momentum L = [], are conserved quantities.

Hamiltonian for particle on circular orbit (32) and string loop’s Hamiltonian in the field of point
charge Q are

2
Hp(1)=%Px2+%Py2_%(E_g)2 +%m2+i_2’ (33)
2
Hyay=3P2+3P% =3 (E - 2972 + - (ux + D)2, (34)
Particle’s motion in this case can be only central, since symmetry of electric field is central. Plane
of motion can be chosen as equatorial, when P, = 0 is necessary. Particle’s motion remains regular. On
other hand, string’s motion can take place also outside of equatorial plane (parallel with it), but in this
case motion is no longer regular, but in general chaotic. In Hamiltonian (34) we see the impact of radial
Coulombic force ~2Q /r? on element of string with charge 2 ; force is attractive for 2Q < 0 and repul-
sive for 2Q > 0. Radial force field violates symmetry toward the transfer of string along y axis and
string’s motion no longer can be regular, see the fig.3.(a).
Using the condition (21) we can introduce parameter w4

=%j—2, -1S wq < 1, (35)
and express energy boundary function of the motion Ej, (x, y) for string loop in the filed of point charge Q
as

wq

Ey(x,y) =ux + +\/_w1]Q (36)

w1 = —1 case responses to the situation with opp03|te charges Q and 2, w; = 0 is uncharged string and
w1 = 1is like charges case.

/
| 40
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Fig.3.Effect of electromagnetic field on dynamics of string. String in field of point charge Q affected by spherical symmetric
force, violating the symmetry of the problem and leading to irregularity of motion. String in homogenous magnetic field B expe-
riences a new force trying only to change the radius; configuration with n < 0 from energetic point is the most stable against
n > 0 configuration.

We determine the dynamics of test particle and string loop in homogeneous magnetic field B
oriented parallel with y axis from Hamiltonian for the motion of particle and string (32-27)
Hy@) =3P +5B2 -2 E? +§(§—§Zx)2+§m2,z (37)
Hyy=5P2+3P% —3E2 +5 (e + + 2 x + Tx3)2. (38)
Here electromagnetic field does not violate symmetry; independence of both Hamiltonian from y
coordinate means the conservation of Py2 and free motion in y direction. The first and second elements in
bracket of Hamiltonian (38) for the string’s motion are already known for us as tension x and angular
momentum L. Comparing with Hamiltonian for particle’s motion (37) we see that third element
represents Lorenz force, caused by current — n acting in x direction. The last element in bracket of Hamil-
tonian (38) is the density of magnetic field. It is interesting the element representing impact of Lorenz
force is changing as ~x, which means as the same as part coming tension — Lorenz force generates “mag-
netic tension” on string loop. The same part created by Lorenz force “tension” appears in the case of
charged particle.
Using condition (21) we can introduce parameter w-,

_\/L?]z —1<w, <1, (39)
and express energy boundary function of motion for string loop Ej, (x,y) in homogeneous magnetic field

B in relation

wy =

_ ]2 wyJB B? 4
Eb(x)—,ux+;—Tx+?x . (40)

Cases w, = +1 response to the current flowing along the string in positive and negative directions,
w, = 0 string without current.

From the investigation of stability loop with current in magnetic field B > 0 we see for n > 0
(w, < 0) string loop is unstable, for n < 0 (w, > 0) string loop is stable position, see Fig.3.(b).
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