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XI MexayHnapornHast KoH(pEpEHITHS 1 MOToA&KHas 1Kona «HpopMaImoHHble TEXHOMOTHH 1 HaHoTexHoxorun» (MTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

Tpaccuposka nyuent B CAIIP Kommnac-3D

C.A. CwmdoHKUH
CamMapcKuii HaITMOHAIBLHBIN HCCIIE/I0BATENbCKUI YHUBEPCUTET
uM. akanemuka C.I1. Koponéra
Camapa, Poccus
sergei.silifonkin@yandex.ru

Annomauua — B cTaThe JIeMOHCTPHPYETCS HCIIO/IL30BAHIE
nporpammHoro uaTepgeiica CAIIP Komnac-3D st mostyyeHust
JOCTYNIa K BO3MOKHOCTSIM T'€OMETPHYECKOro siipa CHCTeMBbI,
MO3BOJISIIOIMM ~ TIPOM3BOJIUTH  TPACCHPOBKY JIydeil mpH
MPOXOKACHNN HX 4epe3 MOBEPXHOCTH H 3JIEMEHTBI CJI0KHBIX

dopm.

Kmioueevie cnoea —  npozpammnusiii  unmepgeiic,
mpaccupoexa ayueil, HOpmMaib, 00bEKm, NOGEPXHOCHIL

1. BBEJAEHUE

TpaccupoBka nyueH TpeOyeT aHamM3a MOBSPXHOCTCH,
yepe3 KOTOPBIC MPOXOTAT 3TH Jy4H. MeToh TPaCcCHPOBKH
nyqep"l 3aKI0YACTCA B TOM, YUTO HC YYHUTBIBACTCSA BOJHOBAA
npupona ceeta [1]. Tem He MeHee, LA MOCTPOCHUS
TPACKTOPHH XOJA Ny4YCH HCOOXOOMMO 3HATH KOOPIMHATHI
TOYKH NEPCCCUCHI JTy'a C MOBCPXHOCTHIO Hal'[paBJI}IIOIl[I/II\/II
BEKTOP HOPMAJIH K MOBEPXHOCTH B 3TOH TOUKE.

ITpu cuMyIALMHE TPACCHPOBKH Yepe3 MAJIoe KOIHIESCTBO
MOBEPXHOCTEH,  JICTKO  ONHCBIBACMBIX  AHATUTHYCCKH
(HanmpmMep, IIOCKOCTH, C(Ephl, 3IUIMICOMIBI W KOHYCHI),
CEPBE3HBIX MPOOIEM HE BO3HHUKACT: BO3MOYKHO HAHTH TOUKH
TIEPECCUCHHS TyYEH M MOBEPXHOCTEH — a TAKXKE HOPMAJH B
3THX TOYKAX — IPH NOMOIM PEIICHHA ypaBHEHHU. Ilpm
VCIOKHCHMH 33Ja4d TAKOH MOAXOA MOMKET OKA3aThCA
TynukOoBbIM. Hampumep, OpH HCCACAOBAHMH OTPAKCHHA
Iy4eil OT HEeAaHATUTHICCKOH KPUBOH MOBEPXHOCTH, THOO TIPH
COCTABJICHUH CJIOJKHBIX ONITHYCCKUX CHCTEM.

B nmanHHON paboTe MPEIIOKCHO PEHICHHE MAHHOM
mpoOJeMbl HA OCHOBE HCIOJB30BAHUS IPOTPAMMHOTO
naTepdetica CATIP Kommac-3D.

II. MATEMATHYECKHUE OCHOBEI TPACCHPOBKH JIVUENA

TpaccupoBka  Jyuci OCHOBAaHA  HAa  3aKOHAaX
TEOMETPHUCCKON ONTHKH, U3 KOTOPBIX CJICAYOT BEKTOPHBIC
(OpMyTBI, WCHONB3YEMBIC a1 pacyéra HANMPABIIFOIINX
BEKTOPOB OTPAKEHHOTO H MPETOMIAEHHOTO JIYUCH.

HaxoskIcHuE HAPABILIIOMETO BEKTOPA OTPAKEHHOTO U
HOPCTOMIICHHOTO JIyda, COOTBCTCTBCHHO, HAXOMHUTCA MO
(dopmymam [2]

e =é—2(mn, 1

_)’ .
[IC e — BCKTOp HANPABJICHUS OTPAXKEHHOTO, JHOO
prs e
MPETOMISHHOTO JI4a; € — BSKTOP HANMPABICHHA MATAOIICTO

- (V)
(HaYaIBHOTO) JIy4a; N — HOPMAJIN30BAHHBIM BEKTOP HOPMAJIH
K MOBEPXHOCTH, ¢ KOTOPOH MPOMCXOAMT B3AMMOJCHCTBHUE, B

C.A. Jlertsapes
Camapckuii HAITMOHAILHBIN UCCIIEN0BATEILCKUI YHUBEPCUTET
uM. akajgemuka C.I1. Koponéra
Camapa, Poccust,
WMucturyT cucrtem o6paGoTku m3o6pakeHutt - puman GHII |
«Kpuctamiorpapus u poronmnkay PAH, Camapa, Poccust
sealek@gmail.com

TOYKC €€ TEePECeUCHMS C JIyYOM;, N, — TIOKA3areib
OPCTOMIICHHS.  CPEIBI, B KOTOPOH  PacOpOCTPAHSCTCS
NAJAOLIKNA JIyY;, N, — HOKA3ATCIb HPEIOMICHHS CPCIBL, B
KOTOPOI PACIIPOCTPAHSACTCS NPSTOMISHHBIHA JIyH.

Kaknpnii myd uMeeT CBOM ONTHYECKHI IyTh, PABHBIHA
TIPOM3BEACHUIO MTPOHICHHOTO TEOMETPHICCKOTO PACCTOSHHUS
HA ONTHYECKYIO INTOTHOCTB CPEABL, B KOTOPOUM OHO MPOUACHO.
DHepruA JayucH BEMUCIEICTCA 0 (popmymam OpeHe.

111 AJITOPUTM TPACCHPOBKHM JIVUEN

INoaroroeiaeHHas HporpaMMa peajin30BaHA HA S3BIKS
Python 3 ¢ wucmomb3oBanmem OuOmmorekn NumPy i
peanm3aimu BeKTOpHBIX onepanuii 1 COM-uaTepdeiica amst
MOJKJIFOUCHUS K NpOorpaMMHOMY wmHTEp(eiicy. Anropurm
HCIOJIB3YET BO3MOJKHOCTH IEOMETPHUYECKOIO PpeIaTeit
cucrembl Kommac-3D i momyuenmst uH(OpMammm o
NMOBEACHHHM CBETA B  IOCTPOCHHOH  IONB30BATEICM
ONTHYECKOH CHCTEME HA OCHOBE AITOPHTMAa TPACCHPOBKH
ayqeit. Hmwke mpeacrasiaeHa cxema padOTHI AATOPHTMA.

Havano
MOETT OMTUHECKOI CHCTeMbI
& Komnac-3D noaroToeneHa
nonb3oBaTenem

BEOA: MOBEPXHOCTH, TOUKH, HajaNbHbIe
HarpageHiA Nyueit, max_iterations
(MaKCHMATIHOE KOMMHECTBO HTEpaLit),
NOW_poirt  HauansHan Touka ny-a),
direction ( HauansHoe HanpasmeHue )

Count <= max_iterations

Court = court + 1
(8 Python)

Baanmoneiicrene ¢
okeTom "Tena"
Monyuerie Hopmary,
TOUKN MepeCeUeHIA,

Tvina peakyym
(5 Komnac-3D)

v

Touk nepeceuerA

HavifeHb!
Vetua

PeakiA 0bbeiTa
TNy Ha Hopmans,
lBHeceHIe TouH B ero
ceolicea

MocTpoWTS B08 My-h
(5 Komnac-3D)

Puc. 1. Jlornueckas cxema TpacCHPOBKH OTHOTO JIy4a.

(8 Python)
I |

Ha pucynke BbIIE count 0603HAYACT KOJIMHECTBO YIRS
CIYyYMBIINXCA B3AMMOACHCTBHM 1y4a C MOCTPOCHHBIMH
MOBEPXHOCTAMM, A  max iterations —  MaKCUMAJIBHO
JOMYCTHMOE KOJHMYECTBO OSTHX B3amMoacHcTeBud. JlaHHAS
MEpEMEHHAA NPSAyCMOTPEHA HA  CAOy4ad, eCIM  JIy4
3aIUKINTECS B KAKOM-HHOyAb MECTe. JTOH IIEPEMCHHOM
MOJKHO YIIPABJIATH H YBEJIMYUABATE AT CIOKHBIX ONTHYCCKHIX
cucteM. Ilociae TOro, kak pacCUMTAHBI TPACKTOPHH BCEX

010102
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3R SpatD S Xzbcgpy bhpzzcat ncb{ johdgbdh'm ycHbT phscnS S Spa
S%N WaD Y U{aD S thcbpD U Wijpy'j%diepa SS mepag'm
_{ibiacgj % &&R % oy L'L# % _ LQ"R%LQ'Q'
8& <jpg{hD r “dyy {pj pam rezycbdm® Uiabhiy ik «yithpz{cg
Xzbegpy fn}hj neb{ «ct{ xkkcgc'ag| S r <jpg{hD U Ypdh'hD r
Fofnpct{ikhD F G'ha'bD Y Wchjg{%Yphb" SS Xzbcgj xqzh'jj % &K
% oy RM'J# % _ QQJI%QQKM VXET R'RLMQSXxRM "QQJI
S _ihkch™D r_ _{pj jeatdyphcbc’j pam izbcgpy <ihbcg'j ca z{ibiacgj S
r_ _ihkch*D rr €dg{ecp~D FX dhspbisD F «dim~p}cjD FH
€fiacapD SdH €dy-gica SS _{ljicgi%z ~{c % &&R % oy M('K# %
JKI%KRR VXET R'LLMJS*H &&R'J'LI&K
§Q €fihcaD _r Xzbcgpy mb'gbcia ik «pyd'j ik j "zphpb® ps”hhpbcigj dicat
p edybcY%gfpaa’y keyb'h epbg{’m ncb{ z{pj" %o hac~" kdagbcia] S _r
€fihcaD F, oiyibij~c|D FH €{iacap S Uiezdb'h Xzbcg) % &&R
% oly QC'Q# % _ (&(%(LL VXET R RK&KIS&QR&YMRIIVUX%I'M
§¢ UphpbyycD V f{ Wisca zhisy'e kih b{ wpzypg" "Zdpbcia ca p b{h™
mce ajciapy jbphyc~" miepca S V Uphpb'yycD _ x WecggeD < c'ycj S
rzzy Ypb{Uiezdb % &RR % oy &RK'L# % _ JRL%JIRI VXET
R RRMSe peg &RR 'L RQM
SWMb Fzeg{pyD w Fdz'h'yczjp p jdz’hkihedy” S w Fzcg{py SS Ypb'epbc~p%
“}e~p%Eakihepbc~pD _hp{pT _hie'b{'dj % && % oy &DHI R % _

QYoM
8 *45?D 277 92P-9@- 5/3-.@- ]<=02T
8*/27S *45?D  *9/59D $+.2/ % *709/T

D &&R % &K 7 T25 % EFGH 1JK%(%I&&RY%RIR(%L
SK -3)2)60*D 52:8@ -,.20- 9 ]*042*9/.22
M42=-702P 7274-8 [746 RS -3)2)60*D  *9-70/? %
*709/T 3)/4-56749* 28 v /<8/ % && % R&M7 %
EFGH 19K%(%J'LKY6((&%(
Sb  €iacapD FH , ahpbcia ik edybc%giabidh zypa™ gdhe’j dicat «ihb'q
spej S FH €fiacapD r_ _ihkch's SS Xzbc~ "<ap# % &&R % oy
&&l VXET R'RRMS: cy'i &&R RMM&I
SR> WimhctiD «r _iyleihz{cg s'pej pam Hpbdh® cajzch'm gchgdchj kih
izbcgpy gdhh’ab S «<r WimhctiD f ryc'sp SS Fgcabckeg Wzinbj %& RN
% oy M'L(LQR# VXET R RLKSjh’zL(LQR
SRR> WimcaD Er W gitachcia ik npe khiab ps hhpbciaj b|z’j gihh“jziamcat
bi jecaty” %o hac~ kdagbciaj khie b{" zpbb'ha ik b{" zicab jzh’pm
kdagbcia ca b{’ kigpy zypa® dicat a'dhpy a'bnih~j S Er WimcaD FH
€fiacapD _, Fhpkceiecg{D FG _izie SS Uiezdb'h Xzbcg) % &&
% oy QQ' M# % _ I&L%IL' VXET R RK&KJISEQR&YMRIIVUXYKR'
SR& €fiacapD FH rapylicj ik b{’ npekhiab ps “hhpbciaj spj'm ia a dhpy
abnih~j zhig'jicat Ikb{" cab’hk’hithpej ncb{ p giacgpy h'k'h'ag’
s'peS FH €liacapD _r €fihcaD Ho _bhis SS rzzyc'm _{licgj G
% &&& % dy R&K'# % _ M%JIM VXET R RJISgLQ%'&8%6IIIK

'R'R&&



NE ->)<./,¥)./? 0%.:-,-.12? 2 8*5%)0>./? AO*5/ .:*,8/12%..@- 4-P.*5*;22 2 ./ *4-P *5+,221 "  06&'&(#
-012? R *8]6[4-,./? *]420/ 2 ./.*:*4*.20/
Al 1%4) ) !
11 +1),) !BC
u ;59 52-9 v 8-*9
,@8702B :-)-,/56.@B <.29-,724-4 ,@8702B :-)-,/56.@B <.29-,724-4 ,@8702B :-)-,/56.@B <.29-,724-4
28 -, )70%* 28 -, ) 70%;* 28 -, )70**
28:-,*]*56D *772? 28:-,*]*56D *772? 28:-,*]*56D *772?
|dhc] fihis"gkde hd pyc ep}c}&J'Q tepcy gie *'m de’hi®"~czd%hg hd
>-8/57)2.*9 <P/.2. @+/76
,@8702B :-)-,/56.@B <.29-,724-4 ,@8702B :-)-,/56.@B <.29-,724-4 ,@8702B :-)-,/56.@B <.29-,724-4
28 -, )70%* 28 -,)70%;* 28 -,)70%*

28:-,*]*56D *772?
hdj m}{ epy|pmcais“epcy hd

™ [1,28-,- 1<=0/ -77-57? J*0/3/.* =4*
7) 7 2742.*B *|42=-70*B /0429.¥746[ )*]<70/-4
93/28.*- 1,-*+,/3*9/.2- ]<=0*9 7 ,)2/56.@8 2
/328<4/56.@8 ,/7],-)-5-.2?82 1*5?,23/122 *0/3/.*
4/0>-D =4* )*T74[4*=* T5[+*- 9*38<A-2- T7.-)@ 7
2742.*B  *|42=-70*B  /0429.*746]  52.-B.@8
)9<5<=-],-5*85-.2-8  1,29%)24 0  ,/3,<A-.2[
23%4,¥|.*B 4*=02  *0,-74.*742 Z4*B 4*=02 *]42=-70/?
/0429.*746 1%)/957-47? 52.-B.@8 )9<5<=-],-5*85-.2-8D
410 =4* 7,-) 7 0*8+2.2,*9/..@8 42]*8 /.23*4,¥]22

-;2,<-4 0/0 7, 7 2742.* 52.-B.@8
)9<5<=-],-5*85-.2-8
" e

1778*4,28 1*9-)-.2- -)2:,052,<["2P
Z5-04,%8/;.24.@P ]<=0*9 9 0,274/552=-702P
74,<04<,/PD P/,/04-,274202 0*4* @P *]27@9/[47?
)2/;*./56.@82 4-.3*%,/82 )275-04,2=-70*B
1,*.21/-8*742 2 *]42=-70*B  /0429.*742
1) @)< 2P  2775-)*9/.2?P § D> +@52 23<=-.@

79*B749/ +-77-5-9@P ]<=0*9 7 *]42=-70282 92P,?82 9
79%+%) %8 |,*74,/.749- 2 ¥).* *) *B 7,-)- v42 ]<=02

*+@=% T*P,.?[4 T9* 74,<04<,<D *)./0* )/>-
.-3./=24-56.*-  52.-B.*- )9<5<=-],-5*85-.2-
9@3@9/-4 238-.-.2? 9 74,<04<,- +-77-5-9%* ]<=0/
S3LDQ> ,*8- 4**D ./52=2- 8/5*B 74-]-.2 *]42=-70*B
/0429.¥742 9 )9<5<=-],-5*85?[A-B  7,-)- 8*>-4
7<A-T49-.% 8%)2:212,%*9/46 [*5? 2 1/,/8-4,@ 9*5.

Z42P 1<=0*9

1
*0
/778*4,28 75<=/BD 0*;)/ 10429./? 7,-)!
19)9-,:/-47? 75/+*8< *) %7 *8<
)9<5<=-],-5*85-.2[ ,-)]*5*>28D =4*  8->)<
)2/;*./56. @82 Z5-8-.4/82 4-.3*,/ *]142=-70*B
10429.*742
K ' '— <=
z ' K ' D«<z' "D "R#
r3< D' <3<

28:- *56D *772?
|dhc| tihis“gkde hd

28:- *]*56D *7727
hdspjj"gkds hd

)- RF+< DF #4-.3% *]42=-70*B /0429.*742D  #
9%5.%Q*. =275* 9 79%+*).*8 |,*74,/.749-D 9@]*5.?-477?
7**4 *A-.2-

fLFi D fj £ ¢t "

52 97-P *74/56.@P 75<=/-9D 905[=/? 75<=/B 7,-)@ 7
23*4*].*B  *]42=-70*B  /0429.*746[D  ,/3.*746
75-8-.4*9 4-.3%/ *142=-70*B 10429.%742
SFZF% TL 2 4- 23*4*.@P 4*=-0 .-4 9* 97-8
)2/]I3%.- +-;<A2P O*5. 2 Z4*8 [3.¥746 Z5-8-.4*9
4-.3*% ] )2Z5-04,2=-70*B ],*.21/-8*742 -7 -%uL
7<A-749-.* 8-6A- /3.¥742 75-8-.4*9  4-.3%/
'2%4¥]22  SC + T@®<L 2*27@9/-47? 0/0 -jj <

752 -z2'D 4* 9 7274-8- *).**7.@B 0,274/55 ™
-)2:,1;2,<[*2B ]<=*0 28--4 23*4,*].<[ 4*=0< uU<D
9 0*4**B 7]-04,/56.@- 0,29@- """ #Z %N"#

271@4@9/[4 70/=0**+,/3.@- 238-.-.2?D / /8]524<).@-
1/,/18-4,@ 1<=0/ 8> VO W#4*>- 8-.2[47? 0/0

9 Ze+ S, # &"-%<& DKk % 2&"-3%<f#S-<

& &< +&"-3 % <&H#"<" 3D
)- -<)225-04,2=-70/? 1,*.21/-8*746D 3/927?7[? *4
4-.3%] 24,5122 v4* <,/9.-.2- ]*0/3@9/-4D =4*
0/>)*8< ,-A-.2[ 7**49-4749<-4)9- 7*+749-..@P 8*)@
7 1¥74*2.@82 7],%74,.-2? " 2 % D
7*¥49-4749-. *

7 "< #%"s"- % &<s#S" &'+ "J— D "Q#

)- X 0%*Z:212-.4  )27]-,722 ]<=0/  [>)*B
[¥74%2.*B [7],%74,/.-.2? " T**49-4749<-4 I,/
0%*Z::212-.4*9 "D " "&# 5-)<? ],/925/8 ,-A-.2B
7274-8@ *).**).@P <,/9.-.2BD 1*5/;/-8 %R
*9-)-.2- 0,29@P 9  *0,-74.*742 *=02
U7 U9%0/,)2./56.% 238-.247?D 2 7/8/ 4*=0/ U%
-,-74/.-4 *]27@9/46  23*4,*].@B75<=/BD P*4? -O
9-52=2./ *74/.-47? .-238-..*B [3.*746 ]*74*?..@P
J71,%74,1.-.27 +<)-4 9./
& — | K7 %H&S <#-< D 2 1*74*2.@P
J7],%74,1.-.27 +<)-4 ,19.]

& &b &z

3.¥746

&'&<S <# - "(#

'R'&Q&

"L#


mailto:yuriyegorov@cfuv.ru
mailto:rus.dzhemalyadinov@mail.ru
mailto:yuriyegorov@cfuv.ru
mailto:e.d.umerov@kipu-rc.ru
mailto:rubass@cfuv.ru

NE ->)<./,*)./? 0*.:-,-.12? 2 8*5*)0>./? AO0*5/
-012? R *8]6[4-,./? *]420/ 2 ./.*:*4*.20/

| 27 R 1,-)74/95-.@ 7]-04,/56.@- 0,29@- )57
0%Z::212-.4*9 VY U# 2 FZ¥ U#7 ¥%SV /5*-
9*38<M-.2- 1j 1,29%)24 0 3./=24-56.@8 238-.-.278
0%Z::212-.4*9 VY U#D / 28-.*T

+Z #z! F 'RA/* U[#— % “'
"M#
yce VOU |#—!
L (Y
\V 95 ]
wooF
$ +-
. % % )
% & & & & TR
Ik p9 96 c g +
@
27 R 27}72*.@- 029@- G¥ U# 2 FzU# )5?

2)2:/:2,<[2P ]<=0"9 9 42=-702 /0429.*B 7,-)-

v4* <0/3@9/-4 . 4*D
J<=*0 .- 9*7],2.28/-4
0,274/55/ 2 ,-1;2,<-4
)9<5<=-],-5*85-.2-

=4* 9 *7*+*B 4*=0-U + UX
*142=-70<[ /0429.*746

4*560* . 52.-B.*-
,-3<564/4- 7*+749-.@-
8")*0@- ]<=02 7 92.4*9@8 J17],-)-5-.2-8
1*5?,23/122 ],-*+,/3<[47? 9 8*)*9@- ]<=02 7
/328<4/56.@8 "fx# 2 ,/)2/56.@8 "fY# ,/7],-)-5-.2-8
]¥*52,23/122

v .,/ 08123 o.e \

%% Q)

9.45687 &3 R

7
%]

0 2=
Y

27 & 104,/56.@- 0,29@- G¥ U# )5? 0,274/55*9 7 a ZRD(QQ D

>+RD((RBZLYRY 2,/352=@82 SF

/15@- 238-.-.2? ,/3.*742 )2/;*./56.@P Z5-8-.4*9
8/4,21@ *142=-70*B 10429.*742  1,29*)?4 0

L*,8/12*.@- 4-P.*5*;22 2 .[.*4-P.*5*;221 "

%&'&(#

3./=24-56.@8 238-.-.2?8 /8]524<).@P 1/,/8-4,*9
<=0/ V¥D 0*4* @- *4*+,/>-.@ ./ 27 &

/0 92).* 23 27 LD ],2 _47')5? /8]524<).@P
11,18-4.%9 VY 9@]*5.2[472 T**4.*A-.22 " T#

*)9%)? 24*D 8*>.* *48-4246D =4* 9 0,274/55/PD
<)*95-49* 2[ 2P /778/4,29/-8*8< <75*92[D
74,<04<,/ 1*5? <=0/ 7256.* 3/92724 *4 9-52=2.@
[*]-,-=.%%  9*5.*gx:*x =275/ U 5?7 3./=-.27?
U UF 0,274/55 ,-/;2,<-4 ./ ]<=*0 .*,8/56.* 752
F[ D 4* 0,274/55 )-8*.74,2,<-4 ]*5*>24-56.<[
*]42=-70<[ /0429.*746 752 U [UF D 4* ,-/012?
0,274/55/ 74/.92472 [*8/56.*BT *. ]*?95?-4
79*B749/ 0,274/55/ 7 *4,21/4-56.*B *]42=-70*B
10429.%746[

wy

27 L 04/56.@- 029@- VY U# 2 'l¥ )57 0274/55%9 7
7RD(QQ D a zRD((RD t 7L VYR2 rt 2%I%R'%Re

EEE /05[=-.2-

*0/3/.*D =4* 9 *0,-74.*742 *7*+*B 4*=02 U +UF9
0,274/55- )*82.2,<[4 ],*1-77@ 7 =274@8 52.-B.@8
)9<5<=-],-5*85-.2-8 ./) ],*1-77/82 7 12,0<5?,.@8
)9<5<=-],-5*85-.2-8 44 > 9.-8? )57
Ue UF 1.*1-77@ 7 12,0<5?,.@8
)9<5<=-],-5*85-.2-8 1¥)/95?[4 ],*1-77@ 7 52.-B.@8
)9<5<=-],-5*85-.2-8D 2 +-77-5-9 ]<=*0 9 4/0*8
0,274/55- ,I7],*74,1.2-47? 0/0 9 7,)- 7 =274*B
*]42=-70*B /0429.*746] 5? /.23*4*].@P 7,-)D .-
<)*95-49% ?[N2P <75%92[ " THD *AT<ATA9<-4 *T*+[?
4*=0/ U +UF D 2 ,-/012? 0,274/55/ .- 238-.2-4 3./0

*142=-70*B  /0429.*742 |,2 5[+@P 3./=-.2?P
J¥]-,-=.%;* 9*5 *Q*:* =275/ U U ghcb
1
775-)*9/.2- :2.1.72,%9/5*76 *772B7028

J<=.@8 :*.)*8D ;,/.4 » 8QWR&%&"RL

SR> _bhiepD xF f{ cakyd'ag ik b{ apbdhpy pam epta’bcg f|hibhiz| ia

b{ ziyphc}pbcia pam “a'ht| ik b{ *gbih Gjy yct{b s'pej S xF

“bhiep SS _hig Hpby rgpm Fgc Gyphdj Fh _{j Ypb{ % &'& %

Oy R% _ T%R"

8& XhyieD F _hizptpbcia ik G’y s'pgj gphh|cat izbcgpy «hbcg’j S F
XhyieD € W Tyj~cJD 0 Fecyt scgcdD r Fbpscacj SS Xzb Uieeda %

&'& % oy &1 % _ R(%RM(
Sb> YcifhpD FW re'gbih papylicj ik p Gji'y spe S FW Ycjthp SS Xzb
Uieeda % RIR %oy K( %  R(%RMR
SQ €pip~D HF ;a’hpbcia ik G'jj'y yct{b s'pej dam'h b{" giamchcia ik

cab hapy giacgpy h'khpgbcia SHF €p}p~D Hr €cyiD rr W[{ scg{ SS

Edpab Xxy'gbhia % RIIl % oy & %  R&%R&Q

8¢ TaD < r mckkhpgbcia s'pe kc'ym “gzh’jim pj b{ jdz hziichcia ik
pdjjicpaspefS<TaD Y Gh'pypy SS«< rgidib Fig re % RIKK
% oy KL % _ RI&%RIM

'R'&Q&



NE ->)<./,*)./? 0*.:-,-.12? 2 8*5*)0>./? AO0*5/
-012? R *8]6[4-,./? *]420/ 2 ./.*:*4*.20/

- D) |

+

-,/:28*92=

/8/,702B ./12*./56.@B 2775-)*9/4-56702B <.29-,724-4
28 /0/)-820/  **5-9/

/8/,ID *772°f
mecbh|j"hpkceiecg{"tepcy gie
.*4]127? ™ 775-)<-477? 7,/9.24-56./?
Z::-0429.*746 ,/7]*3./9/.2? 9*5.*9@P /+-,,/12B ],2
1*8*"2 790,4*=*B .-B,*..*B 7-42 "UHH# 7 /,P24-04<,*B
o, ]* 0/,42./8 )2:,/0122 ./ 52.-B.*8 2 +2./,.*8
/0720*./P ,*9-)O. ,/7=04)/4/7-4/ )5? *+<=-.2? UHHD 9
0*4**8 )57 0/>)** 23 9@+,/.@P 9*7682 42]*9
[+-,,/12B 78%*)-52,*9/.@ 0/,42.@ )2:,/0122 ./ )9<P
42]/P /0720**9 9 :*0/56.*B ]5*70*742 | *7.*O-
*+<=-2? UHH 9 Q' Z]*P/P ]*0/3/.*D =4* )*742;.<4/?
7,-).2? [+7*5[4.1? *A2+0/ ,/7]*3./9/.2? [+-,,/12B ],2
27]*563*9/.22 +2./,.*;* /0720*./ .- ],-9@A/-4 'D'RLKD
=4* 3./=24-56.* 8-.6A-D =-8 )5? 52.-B.*;* /0720*./
"DRIL#

5[=-9@- 75*9/ ™ 9*5*9@- /+-,,/122D 52.-B.@B 2
+2./,.@B /0720*.D 79-,4*=.@- .-B,*..@- 7-42

5/772:20/127 [+-,,/12B 9*5.*9%* : * 4] &R
2;,/-4 05[=-9<[ ,*56 9 7*9,-8-.@P *]42=-702P
7274-8/PD 4/02P 0/0 /74,*.*827D 5/3-,.@- 4-P.*5*:22 2
8-)212.70/? )2/;.*7420/ §&%Q> 38-.-.27 9 9*5.*0*8

. *.4- 8%<4 ],29-742 0 3./=24-56.@8 *]42=-7028
270/>-.278D =4* )-5/-4 3/)/=< 4*= *B 2)-.42:20/122
[+-,,/12B *T*+-..* [04</56.*B

).28 23 .[2+*5-- Z::-0429.@P 8-4*)*9 /./523/
2957-47? 27]*563*9/.2- 79-,4*=.@P .-B,*..@P 7-4-B
"UHH#D 7]*7*+.@P 9@?95?46 75*>.@- 923</56.@-
1/44-,.@ 9 0/,42./P :<.0122 ,/77-2.2? 4*=02 " #

§(%I> /39242- 8-4%)*9 8/A2..%;* *+<=-.2? |*39*57-4
3./=24-56.%  ]*9@7246  A4*=*746 2  70**746
05/772:20/122D 2705[=/? .-*+P*)28*746 75*>.@P
8/4-8/42=-702P 8*)-5-B )5? *+,/+*402)/..@P

)..*B [+*4- [77814,29/-477 ],28-.-.2- UHH
)52 ,/7]*3.19/.22 [+-,,/12B -,.20- 9 *]42=-70*B
7274-8- 7 :/3*9@82 )2:,/012*.@82 /0720*./82
7]¥563<-8/? 8*%)-56 .-B,*..*B 7-42 ],-)./3./=-.
)57 1./523/ 23*+,/>-.2B D 0*4* @- :*,82,<[47? 9
*0/56.*B  ]5*70*742 9 ],27<474922 ,/352=.@P
9*5.*9@P 270/>-.2B  [..@B ]*)P*) ]*39*57-4
194%8/4232,%9/46 1,*1-77 2)-.42:20/122 [+-,,/12B 2
82.28232,%9/46 9527.2- =-5¥9-=-70** :/04*,/

775-)*9/.2- .[],/95-.* ./ [./523 Z::-0429.*¥742
8-4*%)] 7 <=-4*8 ,/352=.@P 42]*9 /0720*.*9D 0*4* @-
238-.?[4 74,<04<,< :*,82,<-8*%* <=0/ J+*4-
JT78*4,-.@ )9/ 42]/ /0720*.*9T 52.-B.@B 2 +2./,.@B
)2:,/012*..@- /0720*.@ P 952?.2- ./ 4*=*746

L*,8/12%.@- 4-P.*5*;22 2 .[.*4-P.*5*;221 "

%&'&(#

$*,2.
/8/,702B ./12*./56.@B 2775-)*9/4-56702B <.29-,724-4
28 /0/)-820/  **5-9/
181,/ID *7727f
~{ihca zpTjjpd hd

05/772:20/122 *1-.29/5*76 7 27]*563*9/.2-8 R( "
23*+,/>-.2BD  ],-)74/95?["2P 0/,42.@ 1.2
/352=.@P 9-52=2./P 9*5.*9@P /+-,/12BD / 4/0>-
3./=-.2?P ]//8-4,/ [0720*./ 7 )*]*5.24-56.*B
/<;8-.4/12-B

$1ox +
/778*4,28 52.-B.@B :/3*9@B )2:,/012*..@B
/0720*. 7 :<.012-B ],*]<70/.2?T

Fr8# 2 N_ b9RS#D "R#

). +&@cC % 9*5.%9* =275*D N % )52./ 9*5.@
235<=-.2?D ]/,/8-4, /0720*./p Zjca, D *],-)-57-4
<:*5, ./05*./ 5<=-B 0 *|42=-70*B *72

0720*. 92)/ "R# 2957-47? 7*+2,/[*28D 0*4* @B
]*39*52-4 :* 82,*9/46 ]<=*0 -77-5? 91/,/072/56.*B
*45/742 § D > 2 0*561-9% ,/7],-)-5-.2-
2.4-.729.¥742 9 :*0/56.*B ]5*70*742 3R&%R(> /0>-
P**A* 239-74.@8 °?957-47? +2./,.@B /0720*. 7
:<.012-B ],*]<70/.22T

FB78;)% "q_§ pht §gij"~7'h#" D "&it
0*4* @B 1,29%)24 0 :%,82,9/.2[ 9 :*0/56.*B
]5%70%742 )9*B.*;* 79-4*9%;* 0*561/ SRMD RJ

57 *27/.27 [+-,,2,X9/.%;* Q*5.XQ%x x4
27]*563<[47? ]*52.*8@ -,.20- SRKD RbT

Id "hD,#5  "h#§8" "*

Sjca"e,#«
)- ra % .*,82,*9*= @B 0*Z::212-.4 2 ed ;)
N2/56.@- 1*52.*8@ -,.20- /,27 R],-)74/95-.@

3@ "9-,P.?? 74,*0/# 2 0/,42.@ ".2>.?? 74,*0/#
)5? 52.-B.*;* "p#D "+# 2 +2./,.%;* "9#D ";# /0720*.*9 +-3

[+-,,/12B 21,2 ./52=22 [+-,,/12B "./ ],28-,- | R#

"L#

%

"4 "t "O#
2) [0720%*9 2 7*49-4749<["'2P )5?

nep

27 R I R

'R'LL&


mailto:dmitryserafimovich@gmail.com
mailto:khorin.pa@ssau.ru

NE ->)<./,*)./? 0*.:-,-.12? 2 8*5*)0>./? A0*5/
-012? R *8]6[4-,./? *]420/ 2 ./.*:*4*.20/

| 27 & 1,-)74/95-.@ 23*+,/>-.2? 23 )/4/7-4/D
7:%82,%9/.%* 7  27]*563*9/.2-8  52.-B.*;*
/0720%./ "9-P.2? T4*O0M# 2 +2./,.%* [0720%./
"2>.27 74,%0/# 7 )*]*5.24-56.*B /<;8-.4/12-B

27 &  3*/>-2? 23)/AI7-4]

2,

-B,*..I? 7-46 +@5/ *+<=-./ ./ )I4/7-4- 23 R("
23*+,/>-.2B ,/38-*8 (R&,(R& ]207-5-B ,2 Z4*8 )5?
*4<=-.27 27]*563*9/5*76 K'=D / )52 4-742,%9/.2? -
23*+,/>-.2B 23 )/4/7-4/D =/746 0*4* @P 1,-)74/95-. ./
,27<.0-

5? ,/7=-4*9 27]*563*9/577 7* 75-)<["282
P/,/04-,27420/82T ],*1-77*, Eab’y Uih® ¢(%R&Q""D
*1-,/429./? 1/8?46 VVWQ L& D 92)-*0/,4/ ,”ihg’
WFN QM 5?7 82.2823/122 1*4-.6 9 ],*1-77-
*+<=-.2? 27]*563*9/57? *]42823/4*, rmpeD :<.012?
]*4-,6 Upb tihcgpy©ghijj abhiz| )5? 05/772:20/122 8

05/77*9 [+-,/12B -,.20- @5/ 9@+,/./ UHH 7
/,P24-04<,*B o,
/ Q ZI*P )5? )..@PD [|*5<=-.@P 7

27]*563*9/.2-8 52.-B.*;* /0720*./] +@5/ )*742;.<4/
[+7*5[4./? *A2+0/ ,/7]*3./9/.2? "Yrx# ,/9./? 'DRILD

1)5?)..@P 7 +2./,.@8 /0720*.*8 Yrx 7.2325/76 )*
9-52=2.@ 'D'RKL "78 ,27 L#

89:;8#<#=:>7 ; <>?;@>A;#::>? B#C98?

DQ

27 L J:20 *8-/ Z"P2 0 Yrx
/ o0
,19.24-56.*- 2775-)*9/.2- J71*3./9/.27?
9*5.*9@P /+-,,/12B ]* 0/,42./8 )2:,/0122 ./

/0720*./P 7 27]*563*9/.2-8 UHH 7 /,P24-04<,*B o,,

]*0/3/5* Z::-0429.*746 +2./,.@P /0720*.*9 *=*746
*],-)-5-.2? 42]/ *4)-56.@P /+-,,/12B 23 8%82 05/77*9
)5? +2./,.%;* [0720*.] 7*74/95?-4 1IDQ— ")*742;.<4*-

Yrx 7*74/95?-4 'D'RKL#D [ 4*=*746 )5? 52.-B.*;*
10720*./ % 1JDL— ")*742;.<4*- Yrx 'DRIL#

1

775-)*9/.2- 9@]*5.-
_/<:.*;*
JI%R'R'RS

* 3/ 7=-4;,1.4] *772B70**

L*,8/12*.@- 4-P.*5*;22 2 .[.*4-P.*5*;221 "

*) e &Q%JII%R'R'RD {bbzjTSShjgk hdSzhie'ghS&Q% Xzbcgpy Figc'b|ik re’hcgpr % &R( % oy ERD% _

%&'&(#

SR> lpabD <U Gpjcg Ipekhiab rs'hhpbcia f{ih] kih Xzbcgpy
Y'bhiyit| S <U lpabD € Un'pb{SS rzzy Xzb Xzb xat % RI& %
oy N % RI&
8& %ofpiD E xkk'gb ik izbcgpy ps hhpbcia ik b'y'jgiz’j bi b{" ypj'h hpmph S
E %ofpiD » paD F «dD Y %ofiatD w Gpcmp SS _hig “mcatjik F_Ex %
&R' % oy IMM % _ IM(M(%o
s *8/*D v /523 /+-,/12B 4,-46-* 1*,?)0/ 52.3@
~5?S v *8/*9D ;<-. SS *gJ6[4-,./? }420/ %
&&L % QID+*Q % (MI%UR % VXET R RK&KIS&QR&YMRJIIYL
R&IM
8Q €fihcaD _r Fecedypbcia ik b{* -depa Y]zcg X' Uiha'p
Uiez'ajpbcia Gpj'm ia b{" rapyljcj ik rs'hhie'bhcg Vpbp S _r
€fihcaD FH €{iacap SS ocjcia % &&L % oy JD* R % _
VXET R'LLI'SecjciaJR"&R
§¢ .diD  Ip-khiab h'giajbhdgbcia ncb{ phbckcgepy a'dhpy a’bnih~j S «
diD H €hpsycaispD E WaD « Geyy' SS Xzbcgj xqzhljj % &M %
oy RQD*RQ % _ MQ(M%MQM&
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R RJS|'LQ%'RK%IM%Q
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Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

OopMUPOBAHUE CIIEKTPA YIJIOBBIX TAPMOHUK
pu (POKYCHPOBKE AIUIUIITHYECCKHU
ITOJIIPU30BAHHOI'O BUXPEBOTO Iy YKa

A.A. Kosanés
MuctutyT cucteM o6padotku uzobpakeruit, HAT|
«KypuaToBcKuit HHCTATYT»
Camapa, Poccus
CamMapcKuii HaITMOHAIBHBIN HCCIIEI0BATENbCKUI YHUBEPCUTET
uM. akajemuka C.I1. Koponesa
Camapa, Poccus
alanko@ipsiras.ru

Annomayua—IlonydeHsl  BbIpaKEHHS UISI  CHEKTpa
yriioBbIx rapMoHuk (OYM-cniektpa) mnpu  (poKycHpOBKe
ANTMNTHYECKH  TOJSIPH30BAHHOIO  BHXPEBOIo  IIy4Ka.
TMoka3aHo, 4TO mMoJsIpU3alUsA  BJIUSET HA ACHMMETpPHIO
CIIEKTPa, a paIAIbHAs 3aBICHMOCTh aMILTHTY/IbI OIIpe/IeIsieT

A0TA DHEePruW, WIyNHe B TJABHYI® H B IMOGOYHbBIE
KOMIIOHEHTHI CTIeKTPa.

Kouessie cnoea — cnexmp yenoesix apMOHUK, ocHipas
doxycuposxa, onmuteckuil GUXPY, VNI ecKas
nonapuzauus

1. BBEJAEHUE
CTPYKTYpPHPOBAHHBIA  CBET  MOXKCT  OMHCHIBATHCS

MHOTHMH TTAPAMETPAMH, HAHOOJIEe PACHPOCTPAHEHHBIME H3
KOTOPBIX SABLTHOTCA OPOUTANBHBIA YTJIOBOH MOMCHT H
tonogoruueckuit  3apsa [1]. Takke UW3BECTHBI TaKue
BEJHYMHBI KAK TAPAMETP KadecTsa myuka M2 [2], axcuece
[3], MomeHThI uHTECHCHBHOCTH [4]. Bce 5TH BEIMUMHBI
OTIHUCHIBAIOT CBETOBOC IOJIC B IICJIOM, HE OTIMCHIBASL, M3 KAKHX
MOJ COCTOHT Ny4OK. MOJOBBIH COCTaB CBETOBOTO MOJA
OTMCHIBACT CHHPAIbHBIN CHCKTP HIH CIEKTP YIJOBBIX
rapMoHUK [5]. B gaHHOM paboTe MBI HW3y4dacM CBOICTBA
3TOTO  CHEKTpa B OCTPOM  (POKYCE  IIIMNTHYCCKH
MOJSIPU30BAHHOTO BHXPEBOTO IyYKA. BO3HHUKHOBCHUE IPH
3TOM MOOOYHBIX YTJIOBBIX TAPMOHHK OTMEUANIOCH e1ié B [6].
Hx nosreHne 00BICHSIIOCH MPEOOPA30BAHUEM CIIHHOBOTO
VIJIOBOTO MOMECHTA B OPOMTAILHBINH, HO MX BKJIAJ B SHCPTHIO
MoJIsI He OICHWBAJCSA. B mamHOW padoTte paccmatpuBacTcs
CHEKTP YIJIOBBIX TAapMOHHK B OOINEM BHAC IIpH
MPOM3BOILHOM PAIHATbHOM PACIIPEACTICHHH AMILTHTY IbI
(pOKyCcHPYEMOTO BHXPS, YCTAHABIHMBAOTCS MpE/CIIbHbIC
3HAYCHMSI PA3HBIX KOMIIOHCHT W BIILTHHE AMIUIUTYIBI H
TOJIPU3AIIH HA BT CIIEKTPA.

II. OCTPAS ®OKYCHUPOBKA OIITTUYECKOI O BUXPSI C
SIUIMIITUYECKON TIOJISIPU3AITUENA

Paccmorpum  (DOKYCHpOBKY  BHXPEBOTO Iyuka C
3JUTMNTHYECKOM MOJIAPU3ALUCH:
. ax
E,(0.0)=4(O)exp(imo)| |

rae (0,9) — clecpuueckHe KOOPIWHATHI C LCHTPOM B
(okyce, m — TOMONOTHICCKHH 3P BUXPEBOTO my4Ka, A(0)

B.B. Kotsip
WuctutyT cucrem o0padotku uzobpakeruit, HAT|
«KypuaToBCcKUif HHCTATYT»
Camapa, Poccust
Camapckuii HAITMOHAIBHBIN UCCIIEA0BATEILCKUI YHUBEPCUTET
uM. akajgemuka C.I1. Koponesa
Camapa, Poccus
kotlyar@ipsiras.ru

— pamMaTBHOE PACHPENETCHUE aMIUTYIBL, (dy, a))T —
Bekrop Jxorca. Torma mosie B (JOKyCe HMEET BHA,

E(r.@.z)=—i""1e" [ax a, OJT

l_m, . il m+ .
+51 l(ax—lay)lzymﬂe( 2)‘P[l —i O]T

1 - . i(m—
+51 l(ax +1ay)]2)mfze( 2o [1

N lm (ax - iay )[l,mﬂei(erl)(P [0 0 l]T
¢[00 1],

1m-1

m .
+1i (ax -Hay)]

rae 7' — 3HaK TPAHCTIOHUPOBAHHUA,

I, = 2kf£ sin""! (%) cos™ ™ (%j cos'?(0) )
x 4,,(0)exp (ikz cos0)J,, (krsin®)do.

CornacHo (2), CBeTOBOC TOJIC B (DOKYCE COCTOUT W3 IATH
YITIOBBIX TAPMOHHK MOPAAKOB OT M — 2 A0 m + 2. YTIOBYIO
TAPMOHHKY /m-TO TOpAAKa OyJeM Ha3hIBaTh IJABHOM, a
BO3SHHKIIHUC HOBBIC YIJIOBBIC TAPMOHUKH, OTJIUYIHBIC OT m-fl,
OyaeMm manee Ha3bpiBaTh MoOOYHBIMH. W3 (2) BHIHO, 4UTO
MOOOYHBIE TAPMOHUKH TOPSAKOB /1 + 2 WMCIOT KPYTOBYIO
MO/BIPHU3ALUI0, a4 TapMOHUKH MOpgakoB m+1 -
TIPOIOTBHYIO.

I1I. VIIPABJIEHUE ACUMMETPHUEN CIIEKTPA YTJIOBBIX
TAPMOHMK 3A CUET HOJISIPU3ATTMUA

Ha puc. 1 moxkazaHel pacHpelcCHHA WHTCHCUBHOCTH
(a,B,i K)) M CHOEKTPBl YITOBBIX TAPMOHUK I 3THX
pacupenencHuit  (6,r,¢,3). Jna pacuéra ObutH BHIOpAHBI
CACAYIOIIMC TAPAMCTPBL, JJIHHA BOJMHBI A = 532 HM,
(oxycHoe paccTosHHC cepmacckoii muH3BI [ = 10 MKM,
TONONIOTHYCCKUH  3apsx  (POKyCHpyEeMOTOo BHXpSL m =3,
MoJLIpM3anysl MOJ00paHa Tak, 4YTOOBI NMPaBblc MOOOYHBIC
KOMITIOHECHTHl (C TOMOJOTHYCCKHMMH 3apsgamMu 4 u 5)
MPEBBIIANY JIEBbIE (C TOMOJIOTHMUYECKUMHE 3apsaaMu 1 u 2) B
0 pa3 (puc.1(a,06)), B o pa3 (puc. I(B1)), B 1 pa3
(puc. 1(z,e)), B 2 pasza (puc. 1(;x,3)). Ha puc. 1 Buauo, 4ro,
PACCUUTAHHbIC CIICKTPHI YTTIOBBIX TAPMOHHK JCHCTBHTEIHHO
00IaJAFOT 3aJAHHOH ACHMMCTPHCH.
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XI MexayHnapornHast KoH(pEpEHITHS 1 MOToA&KHas 1Kona «HpopMaImoHHble TEXHOMOTHH 1 HaHoTexHoNorun» (MTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

Knaccudeckunii, monsipu3alluOHHbIA, ¥ THOPHTHBIA
OpOUTAIBbHBIA YTJTIOBOM MOMEHT BEKTOPHBIX ITOJICH
C MOJISPU3AIMOHHBIMU CUHTYJISIPHOCTIMUA

B.B. Kotsip
MuctutyT cucteM o6padotku uzobpakeruit, HAT|
«KypuaToBcKuit HHCTATYT»
Camapa, Poccus
Camapckuii HaIIMOHANILHBIA UCCIIEI0BATENLCKUI YHUBEPCUTET
uM. akagemuka C.I1. Koponesa
Camapa, Poccus
alanko@ipsiras.ru

Annomauua— Hapsiny o CKUISIpHBIMH  ONTHYECKHMH
BHXPSIMH, XapaKTepU3YHOUIMMHCS TOMOJOTHYECKHM 3apsiaoM
(T3) u opGuUTATLHBIM YII0BBIM MoMeHToM (OYM), m3BecTHBI
TaK/Ke TOJISIPU3AHOHHbIC ONTHYECKHEe BUXPH, MOJSPH3ALAS
KOTOPBIX MEHsIleTCsI ¢  a3UMyTaIbHBIM  yriom. Takmue
MOJISIPU3alHOHHbIe CHHTY/ISIPHOCTH ONHCBHIBAKTCS
nHeKkcamu, aHaaormdHbMU T3. Tlo aHaMOrHH €O CKATSPHBIM
OYM, B naHHOii padoTe paccMaTPpHUBAIOTCH JABAa BO3MOKHBIX
onpegesieHust  noJsipusanmoHHoro  OYM. Omun OYM
MPOTOPIHOHAICH yIJ10Boii CKOPOCTH W3MEHEeHHUsI
HATIPaB/IeHHs] BEKTOPa JIMHEHHOH MoJsipu3aluy, Torga Kak
ApYroii NpONMOPUIMOHATCH YIJIOBOH CKOPOCTH H3MEHEeHHs!
UTHIITHYHOCTH JITUIICA TOJISIPH3ATIHIL

Kmoueevie croea— cmpykmypuposannsiii ceem, (hazoeasn
CUHZY/TAPHOCHID, nosApU3aAUIORHAA CUHZYTTAPHOCHID,
OpOUmMAILHLIL 210601 MOMEHm, pacnpedenieniie noJApU3auuIL

1. BBEJAEHUE

W3BEeCTHO, 4YTO BHXPCBBIC JA3CPHBIC TMYUKH HMCHOT
(ha30BYI0 CHHTYJIPHOCTH, 4 TAKKC TOMOJOTHUCCKHH 3apsa
[1] m opOuramsHsli yrmoeoit wmoment (OVM) [2].
BekTopHBIC TYYKH TAKOKE MOTYT HMCTh TOJIAPH3ALHOHHBIC

CHHTYJIIPHOCTH, XapaKTEPH3yEMBIE HHICKCAMHU
CHHTYJHIDHOCTH moipm3anuu  [3]. Bo3Hmkaer Bompoc:
MOTYT J TOJLIPU3ATHOHHEBIC BUXpH HMCTh

nospr3anoHHeli OYM # Kako# OH mMeeT (DH3HUCCKUH
cmbicn? Tpagumuonusii OYM CKaIIpHOTO IO YKA3hIBACT
HA CPEIHIOK a3UMYTAIBHYFO CKOPOCTh W3MCHEHHS (pasbl m
MPOSIBISIETC B CIIOCOOHOCTH BHXPEBOTO IyUKA BPamIaTh
YacTUIly TO Kpyroeodl Ttpackropun [4]. Ha mnpaktuke
BEKTOPHBIC TOJSIPH3ALMOHHBIC BUXPH MOTYT OCYIICCTBILITH
MacCcomepeHoc [5] B NOMAPHU3ALHOHHO-YYyBCTBHTCJIBHON
cpeae [6]. Tlo »>Toli MpPUYMHE MBI CUHUTAEM HHTCPECHBIM
paccMoTpeTh BeWUHHBL, MOom00HBIe OYM, Il CBETOBBIX
TmoJIcH ¢ HCOOHOPOIHOH mojApu3amucii. B 3tolt pabote MBI
BBOJUM H HcCieayeM aBa HOBbIX OYM: noisipu3annOHHbIH
OVYM, npomopuHOHANBHBIH  A3MMYTAIBHOH  CKOPOCTH
HM3MCHCHHS HAKIOHA BEKTOPA TMOJLIPU3ALMH, W THOPHIHBINH
OVYM, npomopuHOHANBHBIH  A3MMYTAIbHOH  CKOPOCTH
H3MEHEHHUS 3JUTUIITHYHOCTH ITOJSIPU3ALINH.

II. OPBUTAJILHBIA VITIOBOM MOMEHT CKAJISIPHEIX U
BEKTOPHLIX ITOJIEH

OpOurampubrii yrmoBofit MoMeHT (OYM) CRAmApHBIX
MYYKOB PABEH [2]

A.A. Kosanés
WuctutyT cucrem o0padotku uzobpakeruit, HAT|
«KypuaToBCcKUif HHCTATYT»
Camapa, Poccust
Camapckuii HAITMOHAIBHBIN UCCIIEA0BATEILCKUI YHUBEPCUTET
uM. akajgemuka C.I1. Koponesa
Camapa, Poccus
kotlyar@ipsiras.ru

02w

J, :Im“.E*(r,(p)%E(r,(p)rdrd(p. ¢))

00

Jnsa BeKTOPHBIX CBETOBBIX mojcH OYM TpaauoHOHHO
onpeaesIeTcs Kak [7]

w2

J=tm[[ ¥ E(rxV)E,rdrdo, ©)

0 0 p=x,y.2

rae r = (x, y, z) — paAuyC-BEKTOP TOYKH B CCUCHHH IMyYKA.
JUi1  mapakCHaNbHBIX — MOJIEH  CYIIECTBEHHA  TOJIBKO
MPOJOJIbHAS COCTABILIOMIA BEKTOpA (2):

o
J,. :ImII z E;(r,(p)iEp(r,(p) rdrde.  (3)
00 o

Ommueckun Bektop OAM  (3) mpeacraBageT CoOOH
CPEIHIOKD Aa3MMYTAJbHYEO CKOPOCTb HW3MEHECHHSI (assl
KQKIOU U3 MONMEPEYHBIX KOMIOHEHT HOJS. /11 BEKTOPHOTO
Mol C  TPOH3BONBHOM  HEOJHOPOOHOM — THHEHHOH
TMOIpH3anieH, KOTAa (DYHKIHH KOMIUICKCHBIX AMILIHTY
KOMITOHEHT TIOJA F U F, nericturembael, OVYM (3) pasen
Hymo. [lostomy TpamummoHHbli OYM HE MOXKET
XapaKTepH30BaTh TOJEIPH3ALHOHHBIC 0COOCHHOCTH
BEKTOPHOTO moJii. 110 3T0# mpHyYMHE HAJO HAWTH AHAJOTH
OVYM, crHocoOHBIE XapaKTEpU30BaTh MOJLIPH3ANHOHHbIC
puxpu. PaccMOTpuM HECKONBbKO KaHAmaatoB HA OYM
TOIPU3ANHOHHBIX BUXPEH.

III.  OPBUTAJILHBLIMA VIJIOBOM MOMEHT HEOTHOPO/THOT'O
BEKTOPHOI'O TIOJISI C JIOKAJILHOM JIMHEMHONU
[TOJISIPU3ALIUENA

BrenéMm BeHUMHY, 33JAHHYFO HHTCTPAJIOM, MOIOOHBIM
ckapapaoMy OYM (1), HO ompeneIEHHYIO I BEKTOPHOTO
TOJTA CTICIYEOLIIM 00PazoM:

0 2m

. 0
J,, = 2ReJ. J. E (r,(p)%Ey (r.@)rdrdp. 4

00
byaeM HaspBaTh 3Ty BCIMYHHY HOAPU3AIHOHHBIM

OYM (mOYM). Kak Bugno u3 (4), tOYM OTIHYCH OT HYJIA,
ecm  (QyHkmmum F. w FE, nedicreutenbHBL Hampumep,
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Cexnust 1. KommbioTepHas onTHka # HaHO(DOTOHHKA

paccMOTPUM LMIMHAPHYCCKHA BEKTOPHBIH IIyYOK #-TO
MOPAIKA:

Mn@=mmf*m@} )
sin(no)
rme  A(r) -  (ysHxmma, —3agaromas  pagHaabHOC

pacnpeacacHIE KOMIUICKCHON aMIUTHTY AL

Ioacrasmas ammmaty st (5) B (4), momyuuMm J, .= nlV (W
— 3Heprua moya), Torma kak OYM (3) maér HOmb. MoskHO
moka3atb, 4ro nOYM (4) ONHCHIBACT  CPCIHIOKD
A3UMYTAIBHYI0 CKOpPOCTb BPALICHHS BEKTOPOB JIMHCHHOIM
noppu3anud B CCUCHUH HCOAHOPOAHOIO  BCKTOPHOIO
Iy4Ka.

Iv. OPBUTAJIBHBIN VTJIOBOM MOMEHT TMEPHUJIHOI'O
BEKTOPHOI'O ITOJIS C SJUTMIITHUECKOM HOJISPU3ALTUENA

Ompeaencane mOVM  (4) MOXKHO MOAH(DHITMPOBATH,
€CIIM BMECTO JACHCTBUTCIBHON YaCTU KOMILIEKCHOTO 4HCIIA
B34ATh MHHMYHK YaCThb. Tor/:[a Mbl TIOJIyYHUM HOBOC
ompeneacHue mompu3amuorHoro OVM. [Inga otamumsa ot
ompeaeincHus (4) Mbel HaspBacM 3T0T OYM THOPHIHBIM
moysrpusanuoHEEM OYM (tOYM):

w21

. 0
i :2Im“‘Ex (r,(p)%Ey(r,(p)rdrd(p. ©)

00

Ecmu mome (5) moacrasuts B TOYM (6), TO MOMyIHM
HONb. Temeph paccMOTpHM THOPHIHOE BEKTOPHOE IIOJE,
KOTOpPOE COYETACT B ceOE CBOMCTBA KAK LHIMHIPHICCKOTO
BEKTOpHOTO momt (5), Tak HM TOJA C KPYyroBOH
TOJEIPH3AIUCH!

(7

mn@=Av{2§Z$}

C pocroM  a3WMYyTambHOTO  yIJIa  TOJIPH3ALMS
BEKTOpHOrO moyi (7) MEHSeTCs ¢ JIMHCHHOHW Ha
JUIMNOTHYECKYIO M KPYTOBYK), M Jajee CHOBA C
3JUTMNTHYECKON HA JIMHEHHYIO, MEPUOJUYECKH MOBTOPSACH.
TMoacraemaa ammutyasl (7) B ypaBHeHHE (6), MOdyUYaeM Jy,
= nlV. Takum oOpazom, rubpumaeii OYM (6) ykas3eBacT
A3UMYTAJIbHYIO CKOPOCTh H3MCHCHUS CTENICHH
SJUIMNTHYHOCTH  CBETOBBIX IMYYKOB C  HECOJHOPOJHOMU
3JUTMITHYECKON mosspu3anueil. Jlanee B KaUeCTBe MpUMeEpa
PaccMOTPUM BHXPEBOH MyYOK C TOMOJOTHYCCKUM 3apsaaoM
m H ¢ MIIHHAPHYCCKOM MOAPU3ALMEH 77 -0 MOPAAKA, TO
eCThb y TAKOTO My4YKa ¢CTh W (Da30Bast CHHTYIAPHOCTH, H
TOIPU3ATHOHHASA.

®)

E(r, )= A(r)exp(imcp)[cos(nq))J .

sin(np)

IMoacrasmas (8) B (3), moxydaeM, uro oOsraHEI OYM
ny4ka (8) paseH J,; = mW. Ecrm (8) moacrasuts B (4), TO
MOJIyYHMM, 4TO Moripu3aunoHHeii OYM myuxka (8) paseH J,,;
= nW. T'ubpumaeii OYM mnyuka (8) paseH HYJIO.
AHAOTHYHO PACCMOTPHM 34CCh BHXPCBOH TYyUYOK C
THOPUITHOM NMOJIPH3ALMCH:

cos(np) ] ‘ ©

E(r,0) = A(r)exp (im(p) [i sin(no)

Jna myuka (9) merko gokasars, uto Jy = ml, J,.= 0, Jy;
=nW.

V. 3AKJIIOYEHUE

IMomo6HO H3BECTHOMY BCKTOPHOMY oYM,
XAPAaKTCPU3YIOIEMY  a3MMYTAJIbHOC  H3MCHCHHE  (Da3bl
MOMEPEUHBIX ~ KOMIOOHCHT  DICKTPHYECKOrO  BCKTOPA,

paccMoTpeH mosspu3anuoHHelE OYM, XapakTepH3YIOMUH
A3UMyTaJTbHOC H3MCHCHHC HAIPABJICHHA BEKTOpA
moysipusanun, W THOpuaHeT OVYM, XapakTepH3yrOIIHil
A3UMYTaJIbHOE H3MECHCHHE CTCIICHH HIUTUIITHYHOCTH 3JUIHIICA
MOJSIPU3AIMH B CEYCHHH THOPHIHOTO BEKTOPHOTO IIOJL.
3HaucHuA 3THX OYM OBUIH TOMYYCHBI AN HECKOIBKHX
MPUMEPOB BEKTOPHBIX MOJCH.

BJIATOIAPHOCTH

Pabora BbIIOIHEHA TP TTOAIEPrKKE TpaHTa Poccuiickoro
HayuHOTO (poHmA Ne 22-12-00136 (B wacTH TCOpHH) H B
pamkax T'ocymapcreennoro 3aganus HUL[ «Kypuarosckuit
HMHCTHUTYT» (B YaCTH MOJCTHUPOBAHMS).
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Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

AKTYyaJILHOCTB H IIpo0OIeMaTHKA UCIIOJIb30BAHUS
nporpaMmMHOro kommiaekca B-CALM it pereHust
3aJ1a4 JU(PpaKIuu

JI.B. Conmmkon
Camapckuii HaIIMOHANILHBIA UCCIIEI0BATENLCKUI YHUBEPCUTET
uM. akanemuka C.I1. Koponesa
WuctutyT cucteM o6padotku uzobpakeruit, HAT|
«KypyaToBCKHUI HHCTATYT»
Camapa, Poccus
soshnikov.d.v(@mail ru

Annomaunua—B paHHol paGoTe mpeacTaBlIeH KpaTKHil
0030p MPOTPAMMHBIX KOMILIEKCOB JIISl pellleHHs] ypaBHeHHil
Maxkcgenia FDTD meronom Ha Buaeokaptax. IlpuBeneHbl
npodjieMbl  TporpamMmuore  Komiuiekca B-CALM  m
MpeAIaraloTest My TH UX PelIeHus.

Kmrouessie cnosa— FDTD, GPU, B-CALM, modermposaniie,
cHipozas meopus oudpaxunn

L BBEJIEHUE

B pa3muHbIX 0071aCTAX HAYKH KAK H B ONTHKE TICPSI TeM
KaK MPOHM3BOIMTH HEKOTOPOC YCTPOMCTBO, €r0 HEOOXOIHMO
PacCUHMTATH H MPOBECTH €TI0 MPOBEPKY B MOJCTUPOBAHUH H B

CIIy4ae, CCJIH XApPAKTCPHCTHKH TAKOTO mpudopa He
COOTBETCTBYIOT ~ TpeOyeMbIM,  TO  MPOBECTH  €r0
ONTHMHU3ALIHIO.

MHorue 3aga4M B COBPEMCHHOH ONTHKE PEIIAIOTCA
HCKIIIOYATETBHO B PAMKAX CTPOTOM TEOpHH AW(PAKIHH,
CBSI3AHHOHW C peIneHueM ypasHeHHH Makceemna. Hambonee
MOMYJBIPHBIM METOAOM TAKOTO PEIICHHMA HA HACTOSIIHIA
MoMeHT — npusHaetcs FDTD [1].

Hambonee momyIsipHbIC MPOTPAMMHBIC KOMILTEKCHI I
npoBeacHUs Moaenuposanuss FDTD wmetogoMm — 370

kommepueckuit  ANSYS LUMERICAL FDTD [2] n
csoboausrit MEEP [3].
Ob0a 3THX TPOTPAMMHBIX  HPOAYKTA  MPOBOIAT

BBIMHCJICHHA HA [CHTPATHLHOM TPOLECCCOpPE, XOTA OBLIO
nokasano, yto FDTD meroa OYeHb XOPOIUO MOAXOIUT SIS
BBIUNCJICHHH Ha BHACOmpoleccope [4-6] m Bpems padoTh
MOKCT COKpaTuThCa Ha mopsaku. (OTCI0Aa  BBITCKACT
mOTPeOHOCT B MPOTPAMMHOM — HPOAYKTS, KOTOPBIH
npoogut FDTD MoaenupoBaHHEe C HCNOJIb30BAHHEM
BHICOKAPTHL

II. B-CALM U ET'O AHAJIOTH

B-CALM (Belgium-California Light Machine) [7] — 310
MPOTPAMMHBIH KOMITJIGKC C OTKPBITBIM HCXOJHBIM KOJOM
ang pemcHust ypapHeHud Makcseia FDTD meromzom Ha
rpapuueckux ycrkopuremax (GPU). Bmepseie kox B-CALM
6bu1 omyOxmmkoBaH B 2011 romy. OCHOBHEIMH aBTOpaMHu
mpoekra sBisrorcs Pierre Wahl, Dany Sebastien Ly Gagnon
w3 (akymsTeTa  3ACKTPOTCXHHKH Crandopackoro
vHuBepcuTeTa [7]. JlaHHBINH MPOAYKT OBLT NOMYJBIPEH CPeIu
HCCICA0BATENCH 71 TMPOBEACHUS PA3IHYHBIX ONTHYCCKUX
moaenuposanuit [4, 5, 8, 9], ogHako ¢ 2016 roga mpoekT
SIBILIETCS 3A0POIICHHBIM M 32 TMTOCICAHUCE T'O/IbI HE BBIXOINIIO

JIJIL Tonopankus
CaMapckuii HAITMOHAIBHBIN UCCIIEA0BATEILCKUI YHUBEPCUTET
uM. akajgemuka C.I1. Koponesa
MuctutyT cuctem o0padotku uzobpakeruit, HAT|
«KypuaToBcKuif HHCTUTYT»
Camapa, Poccus
golovashkin.dl@ssau.ru

HH omHOM cratbu rae B-CALM wHCHOIB30BAICA UL
MO/ICTHPOBAHHS.

gptMax [10] — em¢ oguH HMPOTrPaMMHBIA MPOAYKT C
OTKPBITBIM HCXOTHBIM Ko70M At pemeHist FDTD wa GPU u
HA CCH [CHb AKTHBHO IOIJICPYKHBACTCS HCCICAOBATCILIMHU
paboTarommMu B 007aCTH TCO(M3UKH U K COKAICHHUIO HE
TIOTYJBIPEH CPEJH ONTHKOB, YTO OOYCIOBICHO HMPOOIeMaMHu
CBSI3AHHBIMH C €r0 HCIIOJB30BAHHEM B COOTBECTCTBYIOIICH
MPSAMCTHOH 0071aCTH.

Em¢ oauH nporpaMMHbII KOMIUIEKC [ PEIICHHUS
ypapacHuit Makcsemmia FDTD meromom Ha GPU — 3to
fdtd3d [11], xoToppli [0 CHX TOp HPOAOIDKACT
TOIACPKUBATECA paspaboTunkamu. OTHAKO B CHIIY KAKHX-
TO NPUYUH HE HAMEI PACHPOCTPAHCHHS CPEAM IIMPOKHX
Kpyros ucciaenosatenci [12-14].

H3eectHO MHO>KECTBO JpYTHX TIPOIYKTOB:
MaxwellFDTD jl, maxwell-b u ap., Tak ke He HamreAIMX
pacIpocTpaHeHUs cpenu HCCIIeIoBaTeNeH, 4TO

oOyciaBimBacT HeOOX0IUMOCTh pazBuTHI B-CALM.

III. HEAOCTATKH B-CALM

OtvMeTrM B KauecTBe (DAKTOPOB  CACPKHBAFOIIMX
pacupoctpancHuI B-CALM crie AyroImue HeTOCTaTKH:

IMporpammesti komimiekc B-CALM, crankuBaercs ¢
(hyHIAMEHTATbHOH MPOOIEMOH — OTCYTCTBHEM TOJNCPIKKA
¢ 2016 roma. JT0 ACTACT €T0 VA3BHMBIM B KOHTCKCTC
COBPEMCHHBIX HAYYHBIX M TEXHOJOTHUCCKUX TPCOOBAHUI.
[Tporpamvuoe olecmeueHne, KOTOPOE HE OOHOBILICTCS,
MOCTETICHHO TEPACT COBMECTHMOCTh C HOBBIMH BEPCHSIMH
OTCPAIIMOHHBIX ~ CHCTEM, OHMOIMOTEK W  ammapaTHOTO
obecneueHns. B cayuae B-CALM 310 0COOEHHO KPUTHYHO,
Tak KaK OH AakKTHBHO wHcmoub3yeT TexHosmormd CUDA,
KOTOpBIC 3a TOCIACAHWUC TOABI NPETCPICIN 3HAYUTCIIHHBIC
H3MCHCHUSL.

IIpu mepsom 3HakomctBe ¢ B-CALM cranoBuTCA
OUCBHIHBIM, YTO K01, HanmucaHubli HA MATLAB, comepskut
MHOKECTBO mpoOieM. OTCyTCTBHE (POPMATHPOBAHHS ICTIACT
€ro TPAKTHICCKH HCYHATACMBIM, qTo SHAYHUTCIBHO
3aTpyaHACT aHATH3 H Moau(pukammo. Kox He mMeeT 4eTkoi
CTPYKTYPBI, OTCTYIIOB H KOMMEHTAPHUEB, YTO XAPAKTEPHO AT
paHHHX  pa3paboTOK,  co3daBaBmUXCS  Oe3  yuéra
HEOOXOAUMOCTH JOITOCPOYHOH moamepskku. Kpome toro, B
KOOC HCHOJNB3YEOTC YCTApeBIIHEC (DYHKLIHH, KOTOPBIC
paspadorunku  MATLAB Oonpmie HE  PEKOMECHAYIOT
MPUMEHATE. JTO MPHBOJUT K MOSBICHHIO TPEIYyMPESKACHUH
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Cexnust 1. KommbioTepHas onTHka # HaHO(DOTOHHKA

W OmmOOK TPH TONMBITKE 3aIyCKa MNpOrpaMMbl HA
coBpeMeHHBIX Bepcmsix MATLAB.

IMocme wcmpaenerms mpodaem ¢ MATLAB-koaoM u
reHepaumu BXomHoro (ainma B ¢opmare HDFS Bosnmkaer
cremyromas  mpodnema:  C/CUDA-uacte  mpoTpamMMsl
HEKOPPEKTHO CUMTHIBACT JAHHBIC. JTO MPOSBILICTCS AAXKE HA
CTaHAAPTHOM mpuMepe, mocTaBisieMoM ¢ B-CALM. Anamm3
BO3MOJKHBIX IPHYMH YKA3bIBACT HA HECKOJBKO KIFOUEBBIX
MOMeHTOB. Bo-miepBbix, Oudmmoreka HDFS, ncnons3yemast B
B-CALM, moxer ObITh OPHCHTHPOBAHA HA YCTAPEBIIMH
API, yT0 TPHBOIUT K OIMMOKAM HHTCPIPETANUH JAHHBIX.
Bo-BTOpBIX, BO3MOXKHBI IPOOIEMBI C BBIICICHHEM TNAMSITH
nm cuuxponmzanuer B CUDA-koae, 0coOEHHO €ciu OH
Obu1 HammcaH Ang paHHHX apxutektyp NVIDIA. 3tm
OITHOKH OJIOKHPYIOT BBIMOJHCHHE MOJCIHUPOBAHMS, JEias
HHCTPYMEHT HE()YHKIHOHAIBHBIM «H3 KOPOOKI».

IV. 3AKJIIOYEHHUE

Hecmotpst Ha ommcamHele mpobmemsr, B-CALM
COXpaHACT TOTCHIMAN JI1 MOJCPHU3ALUM, OCOOCHHO
VUHTBIBAA €r0 HM3HAYAIbHBIC MPEHMYMIECTBA — BBICOKYIO
cremep onrmvmzammu  nox GPU  w  moaymeHOCTH

apxXUTeKTypsl. KIFOUCBBIM HANPABICHHEM PA3BHTHA MOTIJIA
OBl cTaTh 3aMCHA YCTapPEBINUX 3JICMCHTOB HA COBPEMCHHBIC
pemenus. Hanpuvep, MATLAB-uacTh, OTBEHAOIIIO 3a
TIPENPOLCCCHHT JAHHBIX M BH3YAIHM3AIHI0, MOXKHO 3aMCHUTH
HA aHAJOT C OTKPBITHIM MCXOJHBIM KOJIOM — octave, python
(o ananoruu ¢ MEEP) nim BooO1me HammcaTth rpaduieckuit
wm web wmHTep(eiic. 210 TOBBICHIO OB yI0OCTBO
HCTIONB30BAHAS M TIPHBICKIO OBl HOBYIO ayIHTOPHIO,
BKIIFOYAs CIICIHAHNCTOB U3 MPUKJIATHBIX 00IACTCH.

JpyruM mEepCHeKTHBHBIM INATOM SBISCTCSH OOHOBJICHHE
CUDA-yactu ¢ yuétom coBpeMeHHbIX apxurekryp GPU mn
ONTHMH3ALMH, TPCIIOKCHHBIX B MOCICAHHX BEPCHAX
(¢peiimBopka. [lepexox HA AKTyaJdbHBIC OMONHOTCKH IS
padorst ¢ HDF5 momor ©Obl pemmrh mpoOieMy
COBMCCTHMOCTH.

Paree B mmpoxo m3BecTHOM makete ANSYS mo 2016
roma  BCE BBMHCJICHHA  OBLIH OPHEHTHPOBAHHBI
HCKJIIOYATEIBHO HA IICHTPATBHOM MPOLECCOPE, OJHAKO C
Bepcun 17.2 B HCKOTOPBIX MPOAYKTaX MOABHIACH
BO3MOKHOCTH IIPOBOAMTH pEHICHWS Ha TpauuecKux
mpoueccopax, Ho mpoaykr ANSYS LUMERICAL FDTD
Bce emg ocracrcs CPU-opucHTHpOBAaHHEIM. TakmM 00pa3om
TAaKOH nepexoa ABIACTCA CCTCCTBCHHBIM H JKCJIAHHBIM, TCM
6onee uro FDTD merox ObLT peanm30BaH HA BEKTOPHBIX
mpoueccopax ¢upmer CRAY [15], mpeamectryromux GPU
H HAa TOJBKO YTO MNOJABHBIIHXCA TOTAA rpa(pnqecmx
npoueccopax [16], mpu TOM 4TO A3BIKOB MPOTrPAMMHPOBAHUA
BBICOKOTO YPOBHS UL HUX €II¢ HE CYIIECTBOBAIO.

AHANOTHYHO aBTOPHI MPEAIOIATAIOT, YTO B HEKOTOPOH

nepcniektuee  B-CALM, mnpum  ycloBHH — MO3TAIHOH
MOJICPHH3AIIHH, MOT 651 3aHATH HUIILY
CICLMAIM3UPOBAHHOIO HHCTPYMEHTa I 3ajJad4, IAe

KPHTHYHA CKOPOCTH Pacuéra BOIHOBBIX mpoueccoB Ha GPU,

HO TpeOyeMas THOKOCTh TPCBBIMIACT
CTAHOAPTHBIX KOMMCPUICCKHUX MMAKCTOB.

BO3MOKHOCTH

JIMTEPATYPA
[1] Taflove, A. Computational Electrodynamics: The Finite-difference

Time-domain Method / A. Taflove, S.C. Hagness. — London : Artech
house, 2005. — 1006 p.

[2] Ansys TLumerical [Electronic resource]. — Access mode:
https://www.lumerical.com (14.02.2025).

[3] MEEP Documentation : [Electronic resource]. — Access mode:

https://meep.readthedocs.io/en/latest (14.02.2025).

[4] Urbonas, D. Numerical simulation of resonance structures with FDTD
algorithms based on GPU B-CALM and CPU Meep / D. Urbonas, M.
Gabalis, R. Petruskevicius // Optical and Quantum Electronics. — 2014, —
Vol. 46. — P. 1021-1026. DOL: 10.1007/s11082-013-9816-8.

[5] Urbonas, D. Numerical simulation of microring resonator biosensor
with FDTD algorithm based on GPU and CPU architectures / D. Urbonas,
M. Gabalis, R. PetruskeviCius // 2013 15th International Conference on
Transparent Optical Networks (ICTON). — IEEE, 2013. — P. 1-4. DOL
10.1109/ICTON.2013.6602894.

[6] Baumeister, P.F. A performance model for GPU-accelerated FDTD
applications / P.F. Baumeister, T. Hater, J. Kraus, D. Pleiter, P. Wahl //
2015 IEEE 22nd International Conference on High Performance
Computing (HiPC). - IEEE, 2015. - P. 185-193. DOL
10.1109/HiPC.2015.24.

[71 Wahl, P. B-CALM: an open-Source multi-GPU-based 3D-FDTD with
multi-pole dispersion for plasmonics / P. Wahl1, D. Ly-Gagnon, C. Debaes,
D.A.B. Miller, H. Thienpont // Progress In Electromagnetics Research. —
2013. - Vol. 138. — P. 467-478. DOL 10.1007/s11082-012-9558-z.

[8] Audet, R.M. Investigation of limits to the optical performance of
asymmetric Fabry-Perot electroabsorption modulators / R.M. Audet, E.H.
Edwards, P. Wahl, D.A B. Miller // IEEE Joumal of Quantum Electronics.
—2011.—Vol. 48(2). — P. 198-209. DOL: 10.1109/JQE.2011.2167960.

[9] Zhang, B. Proposal and numerical study on capsule-shaped
nanometallic semiconductor lasers / B. Zhang, T. Okimoto, T. Tanemura,
Y. Nakano // Japanese Journal of Applied Physics. — 2014. — Vol. 53(11). —
P. 112703. DOIL: 10.7567/JJAP.53.112703.

[10] gprMax [Electronic resource]. - Access mode:
https://www.gprmax.com/index.shtml (12.02.2025).
[11] fdtd3d [Electronic resource]. - Access mode:

https://github.com/zer011b/fdtd3d (12.02.2025).

[12] Balykov, G. Parallel FDTD solver with optimal topology and
dynamic balancing // Supercomputing: Third Russian Supercomputing
Days, RuSCDays 2017, Moscow, Russia, September 25-26, 2017, Revised
Selected Papers 3. — 2017. — P. 337-348. DOL https://doi.org/10.1007/978-
3-319-71255-0 27.

[13] Balykov, G. Parallel FDTD Solver with Static and Dynamic Load
Balancing // Supercomputing: 4th Russian Supercomputing Days,
RuSCDays 2018, Moscow, Russia, September 24-25, 2018, Revised
Selected Papers 4. — 2019. — P. 301-313. DOL https://doi.org/10.1007/978-
3-030-05807-4 26.

[14] BanwikoB, I'.A. IlapayulensHbIi aNropuTM pEIIEHUS] YpaBHEHMH
MakcBemia METOIOM KOHEUHBIX Pa3HOCTEH BO BpPEMEHHOM OOIacTH ¢
nomrepkkoit MPI u Cuda Borumcnennii / I A. Banbikos, A.Il. CymuproB /
JIOMOHOCOB-2017.—2017. - C. 92-94.

[15] Jordan, H.F. Experience with FDTD techniques on the Cray MTA
supercomputer / H.F. Jordan, S. Bokhari, S. Staker, J.R. Sauer, M.A.
ElHelbawy, M.J. Piket-May // Proceedings of the SPIE. — 2001. — Vol.
4528. — P. 68-76. DOL https://doi.org/10.1117/12.434878.

[16] Krakiwsky, S.E. Graphics processor unit (GPU) acceleration of finite-
difference time-domain (FDTD) algorithm / S.E. Krakiwsky, L.E. Turner
and M.M. Okoniewski // 2004 IEEE International Symposium on Circuits
and Systems (IEEE Cat. No.04CH37512). - 2004. DOL
10.1109/ISCAS.2004.1329513.

010462


https://www.lumerical.com
https://meep.readthedocs.io/en/latest
https://www.gprmax.com/index.shtml
https://github.com/zer011b/fdtd3d
https://doi.org/10.1007/978-
https://doi.org/10.1007/978-
https://doi.org/10.1117/12.434878

NE ->)<./,*)./? 0*.:-,-.12? 2 8*5*)0>./? AO0*5/

L*,8/12%.@- 4-P.*5*;22 2 .[.*4-P.*5*;221 "

%&'&(#

-012? R *8]6[4-,./? *]1420/ 2 ./.*:*4*.20/
11
: l #4 $
1*+) >1 5% !
1 =~ , 1
-=0/.*9/

/8/,702B ./12*./56.@B 2775-)*9/4-56702B <.29-,724-4

28 /0/)-820/

**5-9/

18/,/ID *772?
**g{~paip z"tepcy gie

™ *Q.)-*  2775-)%9/.2-  Z:-0429.%742
28--2?  -B*.@P 7-4B )57  *]-)-5-22
4¥]45%:2=-70%* 3/,?)/ 92P,-9@P ]<=0*9D ],-*+/3*9/..@P
9.-7-2-8 [-4<,*B [7288-422 @52 78%-52*9/.@
)2:,/012%..@- 0/,42.@D ./ 0*4* @P *+<=/5/76 .-B.*./?
7-46  -3<564/4- 2775-)*9/.2B ]*9-)-. 7,/9.24-56.@B
11523 4%=*742)57? []- A<, [3.%* 92)/

7 " &

142=-702- 92P,2 " # ],-)74/95?[4 7*+*B *7*+@B
05/77 79-4*9@P [*5-BD P/,/04-,23<["2P7? ./52=2-8
/3*Q*B 72.;<5?,.¥742 2 *+24/56.%* <;5*9%* 8*8- 4/
" # SR ]*75-).2- M@  97- =/"- ],295-0/[4
9.28/.2- <=-.@PD 4/0 0/0 ./P*)?4 A2,*0*- ],28-.-.2- 9
4/02P *+5/74?PD 0/0 *]42=-70/? 0*88<.20/12?D 09/.4*9/?
2.:*,8/420/D 7274-8@ *]42=-70*B 79?32D 905[=/? |-,-)/=<
2.%8/122 1% 9*5*0.<D / 4/0>- 5/3-./? *+[+*40/
8/4-,2/5*9 % >

)*B 23 9/>.-BA2P P/,/04-27420  ?957-47?
4¥]¥5%:2=-702B 3/,?) " #D 0*4* @B 75*>.* )-4-042,%9/46D
410 0/0 *. 79?3/. 7 72.;<5?, *T46[ :/3*9%;* [7],-)-5-.2?

57 923</523/122 =/74* 1,28-2[47? 8-4%@
#]42=-70%;* ],-*+,/3¥9/.2?D ./],28-,D 9.-7-.2- 9*5.*0@P
[+-,,/12B 252 []-,4<,.*B [7288-4,22 SL%M>

5?2 /./523/ )2:,/012*.@P 0/,42.D :*82,<-8@P
92P,-9@82 |<=0/82D =/74* 27]*563<[47? 8-4%@
BIA2..%* *+<=-272D 9 =/74.*742 790,4*=.@- .-B,*..@-
7-42 "UHH# 83 v42 8-4%)@ ]*39*5?[4 /94*8/42=-702
05/772:212,%9/46 .| *7.*9- 9P*).@P )/..@PD =4*
*7x4o % 9[> % )52 3))/=D ;)- 4,-+<-47? +@74,/? 2 4*=./?
x4 [+%40] 2.:* 8/122

).*B [+*4- 7*3). T72.4-42=-702B )/4/7-4
)2:,/012*.@P 0/,42. 92P,-9@P /<77*9@P ]<=0*9D
1,*A-)A2P =- -3 /]-,4<,@ ,/352=*B :*,8@ "4,-<;*56.@-D
09/),/4.@- 2 |242<;*56.@-# [ *7.*9- 7*3)[..*;* )/4]7-4/
+@5/ *+<=-./ UHH )57 /94*8/42=-70*B 05/772:20/122
,¥9-)-.  7,/9.24-56.@B /./523 4*=*742 UHH *
N-,4<,/8

2P,-9*B /<77*9 |<=*0*]27@9/-47? 9@,/>-.2-8T

S FP&X&EESBRLX|Q|e

5 N WO "
KP)zqz,,/o/oL&)h L) R#

)- L% ,)2<7]-,-4?>02 /<77*9/]<=0/D e %
92P,-9*B :/3*9*B 72.;<5?,.*742
,28-, 9P*).*;* 1*52 1,-)74/95-. ./ ,27<.0- R

1%,2)*0

27 R [42.@ 24-729*742 74])4.@P 92P,-9@P /<77*9@P
<=0*9 7 ,/352=.@82 D ,/9@822)-0< 6

/5-- 8%)-52,<-477)2:,/012? ./ 8.*%;*<;*56.*B
N1-,4<,-D 1,*]<70/.2- 0*4*,*B 3/)/0477? :<.012-BT

-752 "PD<# -*+5/742 /]

2./=-

7288-4,2=./? []-,4<,/ 1,29%)24 0 270/>-.2|
]<=0/D =4* ]*39*57-4 923</5232,*9/46 D ./],28-,D 9
)/56.-B 3*.- )2:,/0122D 0*4*,/? ,/77=24@9/-47? =-,-3
],-*+,/3%9/.2- <,6-T

= )+ §(l &

Z * o [ #)o
- ™ XL A% +@T74,%;% ],-%+,/3%9/.2? <,6-

5? ],-*+,/3*9/.2? 92P,-9*;* <=0/ 27]*563*9/5276
N-,4<,@ 4,-P ,/352=.@P :*8T 4,-<;*56.@-D
09/),/4.@-D ]?42<:*56.@- [ ,27<.0- & ],-)74/95-.@
,-3<564/4@ 8*)-52,%9/.2? 2.4-.729.*742 9@P*).*;*
1*5? 1,2 ,/1352=.@P 3./=-.2? 4*]*5*;2=-70*;* 3/,?)/

27 & 142.@ 24-729*742 D ]-*+/3*9l.@P 9.-7-2-8
-4<,*B [7288-4,22

R'(1&

4<,@D
#@


mailto:vechkanova.p@gmail.com

XI MexayHnapornHast KoH(GEpEHITHS 1 MOToA&KHas 1Kona «MHpopMarmoHHble TEXHOMOTHN 1 HaHoTexHonorun» (MTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(DOTOHHKA

TpeyromsHas  ameprypa  (QopMupyeT  IU(PpaKIHOHHBIC
KapTHHBI C YETKO BBIICICHHBIMH MakCHMyMamu. [Ipu
NPUMCHCHAM ~ KBAQAPATHOH  amepTypbl  BBIXOAHOS — MOJC
CHMMETPHYHOEC M YCIOMKHACTCI C yBemmdeHumeM 13, Jlmt
DATAYTOJBHOM  amepTypsl PasiuuUd MEKIYy PasHBIMH M
BRIpOKCHBI crabee. Tawke MOXKHO 3aMETHTh, YUTO JULI
KBAJPATHOW W IIATHYTOJIBHOI ameptypsl mpu T3=1 BbIXOIAHOE
TIOJIE MAJIO OTJIMYACTCS OT BXOAHOTO KOJIbIIA.

Pamuychl BHXPEBBIX MNYYKOB MOIYT M3MCHATBCA TIPH
PacTpOCTpaHEHUH B CBOOOTHOM TPOCTPAHCTBE U MPOX0KICHIN
Yepe3 ONTHYCCKHE CHCTEMBL, XOTSA CYIICCTBYIOT HICANGHBIC
BHXPH C TIOCTOSHHBIM pamuycoMm. i mmsyammarmu T3
TpeOYIOTCS HAAC)KHBIE METOABL. XOTS pacder IIeH OT
T()paKImi HA TPEYTOJIBLHON aIlepType BO3MOKEH, OH Tpedyer
yUacTHA YCIOBCKA. [ ONTHMCCKOM mepenavn HH(POPMAIHH
HEOOXOMMBI aBTOMATH3HUPOBAHHBIC CPEACTBA ACTCKTHPOBAHMU
W PACIIO3HABAHMSL

Ha ocHOoBammmM TIONMyYEHHBIX M300PQKECHHUH  MOYKHO
TIPCTOJIOKHUTh, YTO TPSYTOJbHASA amepTypa Hambomee Oouce
TICPCIICKTHBHA I KIACCH(HKAMY, TAK KAaK KOJIMUYCCTBO
MAKCHMyMOB HA JU()PAKLIHOHHOH KAPTHHE YCTKO PA3THINMO H
VBEIMUMBACTCS IPOTIOPIMOHATBHO yBeImucHMIO m. [
KBAJPATHOW W IATHYTOIBHON amepTyp HET ABHBIX IPH3HAKOB
BIyamm3anie 13, 0THAKO TOYHOCTH KIACCH(pHKAIH OyICT BO
MHOTOM 3aBHCETH OT BRIOOpA MAPAMCTPOB HCHPOHHOH CCTH.

III.  PEAJIM3AIMS MOJIEJIU

Jna peammampm mporiecca OOYUCHHA HCHPOHHOHW CCTH,
TIpEAHA3HAYCHHON 111 Kiaccuuraimm T3 BHXPEBBIX MyUKOB,
HCTIONB30BANIACH 6udmoreka  TensorFlow, KOTOpas
00CCIICUMBACT TIOCTPOCHHE APXUTCKTYPhI CETH, ONTHMH3ALMIO
MapaMeTpoOB U YIPABICHUE IpoLeccoM 00yucHu. bbuT co3tan
CHHTCTHYCCKUH IATACET, COACP KA KAPTHHBI HHTCHCHBHOCTH
BHXPEBBIX TAyCCOBBIX IIVYKOB, NPOLICAIINMX YEPE3 aANEPTYPhI
Pa3THIHBIX (DOPM: TPCYTONIBHBIC, KBAAPATHBIC, ISITHYTOIGHBIC H
KOMOWHAIIMFO BCEX TPEX THIIOB.

OO0y4aronmic JaHHBIC OBLTH PA3ACIICHBI HA TPCHAPOBOUHYTO
W BAIMJANMOHHYIO BBIOOPKH B cooTHomeHmH 80% k 20%.
TectoBass BHIOOpKA CO3OABANACH OTACIBHO I OLCHKH
0000MmAroIIEi CIOCOOHOCTH MOZICIIH.

Hcnoms30Bamich 1Ba CBEPTOUHBIX CIIOS C SAPAMH PAa3MEPOM
3X 3, KOKIbIH W3 KOTOPBIX COIPOBOMKIAICS OICpaLmeit
MAKCHMAJIBHOTO TyJHHTA 2 X 2. AKTHBAIMOHHAS (PYyHKIHS —
ReLU. Iocne cBepTOYHBIX CIOCB NAHHBIC OBLTH MPeoOpa30BAHB
B OJHOMCPHBI BekTop ¢ momompro crost Flatten. 3arem
JOOaBeH TIONMHOCBSM3HBIM crnod ¢ 128  HelipoHavu u
akruBanoHHON (yHkimer ReLU. BoixogHoit crod conepxan
HCHPOHBI N0 KOJHYSCTBY 3HAYCHHUH TOTIOJOTHYCCKOTO 3apsaa ¢
¢yHKmueH  aktmBampm  softmax M MHOTOKIIACCOBOH
KIacCH(pUKAImy.

OOyueHre BKIIOYAIO J0 15 310X, B TCUEHHE KOTOPBIX BEca
CCTH OOHOBIUTNCH MCTOJOM OOPATHOTO PACHPOCTPAHCHHA
onmOKH. ONTHME3ALAA TAPAMETPOB BHIIOIHAIACH C TIOMOIIBIO
amropurMa Adam ¢ HavyaneHOH ckopocTeio oOyueHmst 0.0001 u
KOd(rmmeHTOM BecOBOTO 3aTyxXamms 10, OyHkImsa moteps —
sparse categorical crossentropy.

Tlo 3aBepiucHUN KAKIOH SMOXU MPOBOMIIOCHh TECTUPOBAHUEC
MOJCTH HA BAIMJANMOHHOH BBIOOPKS, HYTO TIO3BOJIJIO
OTCIICKMBATh AWHAMHUKY W3MCHCHHS (YHKIMH TOTEPh M
OLICHHUBATh CIIOCOOHOCTh MOZCIH K 0000ImeHmi0. B pesynsrare
OOyUCHHSI MOJETH TMPOJACMOHCTPHPOBAIA BBICOKYH) TOYHOCTD
KIacCH(pUKAImm.

IV.  PE3VJLTATEI UCCIEJIOBAHUS U UX AHAJIN3

B pesynbrare mpoBeAEHHBIX MCCNCIOBAHME OblIa 0OydeHa
CNN mr knaccndukamym T3 BHXpEeBbIX [aycCOBBIX MYyHKOB,
MPOLICANIAX Yepe3 amepTypsl pasmudHbIx (opm. Jatacer,
HCTIOJIB3YCMBI A1 OOYUCHHS, COACPKANT AH(DPAKIMOHHBIC
KapTHHBI TPEYTOJIBHBIX, KBAAPATHBIX U IIATHYTOJIBHBIX AIIEPTYP C
Pa3MHYHBIME 3HAYCHHAMH TOTIOJIOTHYCCKOTO 3apsa.

Ha ocHOBE NOIy4YeHHBIX pE3yJIBTATOB ObLT IPOBSACH
CPaBHMTEIIbHBII AHATIN3 TOUYHOCTH PabOThI MOJCTH I KAYKIOTO
THra anepTypel. Tadbmvma I mpencTaBsieT MeTPUKA TOUHOCTH 71
Pa3HBIX THIIOB aTIEPTYP.

TaGmura I. CPABHEHVE METPUK TOUHOCTY PAJIMUHEIX ATIEPTYP
MeTpuxku Obmasn Tun aneprypst
TOMHOCTH | TOYHOCTb | Tpeyzonvnan | Keadpamnan | Ilamuyzonvnan
accuracy 0,99 0,98 0,96 0,94
loss 0,05 0,06 0,09 0,010

U3 aHamM3a JaHHBIX BHIHO, YTO TPEYTOJBHASA ameprypa
ofecricyrIia HAMOO0JIeC BRICOKYIO TOYHOCTD KITACCH(PHKAIWH, HTO
TIOATBCPKIACT PAaHEE C/CTAHHBIC TPENONOKCHMS O  ef
TICPCTIICKTUBHOCTH.  J[I1 KBAIpAaTHOM M IATUYTOJIBHOH amepryp
TOYHOCTh HIDKE, OTHAKO MOJEINb BCE e CIIOCOOHA PACIO3HABATH
TOTIOJIOTHICCKHH 3apsT HA TPHEMIIEMOM YpoBHE. OTMETHM, UTO
JIMHAMEKA 3MCHCHES (DyHKIHH oTeps (10SS) BO BpeMst 00YHUCHHA
JICMOHCTPHPOBATA CTadMIIBHOC CHIDKCHHE, YTO YKA3bIBAaCT HA
3(CKTHBHOCTD BHIOPAHHOH APXUTCKTYPHI HCHPOHHOM CCTH H
KOPPEKTHOCTH Tiporiecca oOyueHrst. CTpaTeryst paHHEH OCTAHOBKA
(carly stopping) mo3BOMHIA MROCHATH TICPCOOVUCHHMS MOJICIIH,
obectieurB e CrIoCOOHOCTB K 000OIICHHAEO.

V.  3AKJIIOYEHUE

B nanHO# paboTe ObLTH PACCMOTPCHBI METOIBI ONPSACTICHIS T3
BUXPCBBIX ['ayCCOBBIX TYYKOB, HCKKEHHBIX — PAIHYHBIME
aneprypam, ¢ ucnos3oBaHreM CNN. BbIT CO31AH CHHTCTHUYCCKHI
JataceT  MU(PAKIMOHHBIX — KAPTHH,  NPOAHAI3HPOBAHBI
0COOCHHOCTH BBIXOAHBIX TOJCH AT TPSYTOMBHBIX, KBATPATHBIX H
TSTHYTOIBHBIX ANIEPTYP, a TAKOKS pazpadorana 1 o0yucHa CNN 1t
ABTOMATHHCCKOH KIIACCH(PHKALIMH TOTOJIOTHYSCKOTO 3apsiia.
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BivsiHue HETUHEWMHOTO YCHUIICHUS
Ha CTAOMJIM3AINIO ONITHYECKON HHKEKITUEH
IAPOKOANECPTY PHBIX ITOJYIIPOBOJHUKOBBIX VCSEL
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A. A. Kpeni
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Annomayns— IInpoxoaneprypanpie VCSEL (moBepxHocTHO-
HATyYalonNIie Ja3epbl ¢ BepTHKATHHBIM PE3OHATOPOM) HMEIOT
TeHTEHITHIO K TeHePAITH Hepery ISIpHOro M3 Ty9YeHnsi, BbBBAHHOTO
MOy ISIIIOHHBIMIT HeY CTOIIBOCTSIMI, o TpuIiHe
B3aNMO/IEIiCTBIST GOJILINOTO UHCIA TIOTIEPEYHBIX MO Pe30HATOpA.
M3BectHO, 4YTO BBeleHHe B CHCTeMYy BHEIIHET0 ONTHYECKOTO
WuIydeHnsi  Maioli  aMILIATYALI  TIO3BOJIsieT  TIOJaBHTH
HeyCTOINBhbIe MOILI M JI0CTHYL TPOCTPAHCTBEHHO-0THOPOTHOTO
murydenns. B Hactosimeidi paGoTe 0GoOIMIeHBI pacuerbl IS

cuctemMbl  MakcBesia-biioxa ¢ yderoM  paIuanMoOHHON
PeKOMGHHAITIIL JeMoHCcTpHUpYyercs, 910 BK/IIOUEHHE
Ko3prmenTa HelWHeliHOTO YCWTeHHsi He TPUBOIAT K

HapymeHnio ¢ deKTa cTaImTH3aTfm.

Kiouesste cnoea— WHpoKoanepmypHsle Jua3epvt, 6HEUIHAA
ORMHYCCKAA UHMNCEKNHUA, cmaﬁu.fuuauu;l U3JIyHeHUA.

1. BBEJIEHUE

[TOBEPXHOCTHO-M3NMYUAONIME  JIA3EPBI C  BEPTHUKAJBHBIM
pesoraropom (VCSEL) 00mamaroT mpeHMYIHCCTBAMH TIPS
TPAAMLMOHHBIMH JIA3¢paMH C TIOJIOCKOBOM TEOMETpHEH, a
AMCHHO KOMIIAKTHOCTBEO W BO3MOXKHOCTBEO — YBCIIMUCHHS
MOIIHOCTH. Onnako IIAPOKOATICPTY PHBIC VCSEL
CTAJIKMBAFOTCSL C TMPOOIEMOH YXYIICHUS KAUeCTBA H3IIyUCHHUS
W33 KOHKYPCHIMH TONCPESYHBIX MOJ, YTO TPHBOAUT K
TPOCTPAHCTBCHHO-BPEMCHHBIM HEYCTOMUIHMBOCTSIM M CHIDKCHHUFO
KOTEPEHTHOCTH My4Ka [1]. 11 mogaBieHusT HEYCTOMYUBOCTEM,
TAKUX KAK MOJYJLIMOHHASA HEYCTOWYMBOCTD, BBI3BIBAOIIAS
(pMIAMEHTAIMIO, TPHUMEHSFOTCS METOJBI  HMPOCTPAHCTBEHHO-
BPEMCHHON MOAYJUIMK TOKA HAKAYKH, ONTHICCKOH OOpaTHOH
CBA3M M BHEIMHCH omnrmyeckor wmkekimm [1,2]. TMocmemrmit
MeTOA TOKA3an 3()(CKTHBHOCTh B CTAOWITH3AIMH YACTOTHI H
TPOCTPAHCTBECHHO-BPCMEHHON JAMHAMUKHY, JAKE MPH HAIMYHH
YyacTOoTHOM  orcrpoiikum  [3]. B Hacrosmmed — pabote
paccMaTpuBacTCs CAyvad HEIMHEHMHOIO VCHJICHMS, KOIJa
VUHTHIBACTCS KOA(P(HMIMEHT pagualiOHHON PEKOMOMHAIHI C
yYacTHEM JABYX HOCHTCICH 3apdga - TapameTp, KOTOpBIi
XapaKTEPH3YeT BEPOSITHOCTh PEKOMOMHAIWMH 3JICKTPOHOB M
JBIPOK B TIONYIPOBOAHMKE C W3MydcHHEM (hoToHA. Pamee [4]

JI.W. 3aBepimHCKUit
CamMapckuii HaITMOHAIBHBIN HCCIIEI0BATENbCKUI YHUBEPCUTET
uM. akanemuka C.I1. Koponepa
Camapa, Poccus
Camapckuii ¢prmman Ou3nIeckoro MHCTATYTa
uM. IL.H. JIeGenesa PAH

Camapa, Poccus

dimanzav@mail.ru

H. E. Monepuu
CamMapckuii HaITMOHAIBHBIN HCCIIEI0BATENbCKUI YHUBEPCUTET
uM. akanemuka C.I1. Koponepa
Camapa, Poccus
Camapckuii ¢prmman Ou3nIeckoro MHCTUTYTa

uM. IL.H. JIeGenesa PAH
Camapa, Poccus

nonna.molevich@mail.ru

ObLIO YCTAHOBICHO, YTO, XOTA KOI((HIMCHT HCIMHCHHOTO
VCHICHHS [5 Mal, OH OKA3bIBACT CYHICCTBCHHOS BIIHSHHC HA
OJHOPOAHOC CTALHOHAPHOC PEIICHHE, €0 YCTOHYHBOCTD H
00macTs  YCTOWYHBOCTH  (DOPMHUPYIOMIMXCA COJHMTOHOB, B
TIPS IBIAYIIIX HCCICAOBAHMAX, IPH BKIFOUCHAH 3TOH MOTPABKH
B ko3 uimeHT ycmicHWs ypapHenmit Makceema-brioxa,
ObUT0 OOHAPYKEHO, YTO OHA TPUBOAWT K 3aAMCTHOMY
W3MCHCHHFO BPCMCHH TCPCKITFOUCHHA COJHTOHOB [4]. 3210
HM3MCHEHHE MOKET OBITH KPUTHICCKHA BAYKHBIM 1A JIOTHICCKUX
omepaimil. B CBA3M C 3TUM aKTyaJabHO PACCMOTPETh BIIMSIHHC
3TOTO MAPAMETPA HA CTAOMITH3ALMIO ONTHISCKOH HHYKCKIHCH.

II. MOAEJE IMIUPOKOATIEPTYPHOI'O VCSEL € VUETOM
KOBOOUILIMEHTA HEJIMHEMHOI'O VCHJIEHUS

PaccmoTpuM  OOIIETIPHHATYIO MOJENb IS OIUCAHHA
MPOCTPAHCTBCHHO-BpeMeHHOH muHamuku VCSEL: [1,3]:

%E =6[Einj — (1+i0) + (1—io)f (D)]E +iA | E,
ey
oD 2
— =1-D-|E|"f(D)+dA, D,
ot
CI/ICTeMa OIMUCBHIBACT 3BOJIOITUIO MCIOJICHHO

MCHAOIIUXCA AMIUIHTYA  JICKTPHYECKOro mout E u
MHBEPCHH HACENCHHOCTEH D , mpH 3TOM B CHCTEMY
JOOABJICHO BHEIIHEE ONTHYECKOE H3IYYCHUE C aMIUTHTYIOH
Einj. Mogens yuuTsBacT o - (GAKTOP YBEIMYCHHA INMPHHEL

manan (paktop [eHpw), O -4acTOTHAA OTCTpOIKAa MEXKIY
YaCcTOTOHN T€HepalM M 4acTOTOH pe3oHaropa. Hocuremn B
AKTHBHOH 00IIaCTH T€HEPHPYIOTCA TOKOM Hakauku [ . Kpome
Toro, B JganHOH cucteme ¢yukuua (D) cozepxur
3aBHCHMOCTh KOX(p(HIHCHTA YCHJICHHSA OT IUIOTHOCTH
HOcuTeNeH u panee B [1,3] ObLIO CACTAHO YNMPOINCHHE, UTO
f(D)=D . B ncHCTBHTCIHPHOCTH KpHBasd MAKCHMAJBHOTO
VCHJICHHA JIyYIIE ANMPOKCHMHPYETCS B TPEATOI0KCHHHI
KBAJPAaTUYHON 3aBHCHMOCTH OTHOCHTCJIBHO IUIOTHOCTH
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Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

[ Tonsipu3anronHbid uaTeEpdepomerp Maxa-Lienaepa
1 IYYKH CTPYKTYPHUPOBAHHOI'O CBETA

JI. 1. PemmerHrkoB
Canxr-lleTepOyprexuii
T'OCY/JApCTBEHHBI YHUBEPCUTET
Canxr-lletepOypr, Poccus
d.d.reshetnikov(@gmail.com

E. A. BamykeBuu
Canxr-lleTepOyprexuii
T'OCY/JApCTBEHHBI YHUBEPCUTET
Canxr-lletepOypr, Poccus
vashukevichea@gmail com

B. I0. BeneguxTon
Cankr-lleTepOyprexuii
TOCY/JApCTBEHHBI YHUBEPCUTET
Canxr-lletepOypr, Poccus
vlad.venediktov@mail.ru

Annomauua — HccienoBaHne HaIPaB/IeHO Ha pa3padoTKy
" JKCIIePUMEHTATHHOe H3yUeHHe HOBoIl cXeMbl
uHTepdepoMeTpa, B KOTOPOM HCHOJIB3YIOTCH KyOHUecKue
VIOJKOBBIE OTPAKATEIH €O CHeNHUATLHBIM (ha30CIBHTAIOIIEM
MOKPBITHEM, i1l TeHepalid TMYYKOB €  HEHYJIeBbIM
TOTIOJIOTHYECKAM 3apsiioM " PpasTNIHbIMHA
MOISIPU3aNHOHHBIME CTpYKTYpamMu. Cxema uHTepdepoMeTpa
MOKeT ObITh NPUMEeHeHa ISl TeHepalui ONTHYeCKHX BUXpeii
B 3a1a4aX KBAaHTOBOIl KpunTorpaduu, KBaHTOBOIl CBS3H, a
TaK/AKe B CHCTeMaxX CIYTHHKOBOH ONTHYeCKoil mepexaqn
JaHHBIX.

Kmoueevie ciosa — onmuyecKuii 6UXPb,
CHIDYKIYPUDPOGAHHOUL Céem, OPOUMAILHBIL Y2/i060ii MOMeEHM,
Kybuueckue yzoikoevie ompaycamen, pempopediekmopot,
nOJAPUSAUNUOHHLIL  UHmMEP(epomemp, noAPUIAUUA  ceema,
AKCUATILHO-CUMMEMPUUHbIE NOJAPUIAUILOHHDIE NYUKIL

1. BBEJIEHUE

B Hacrogmiee BpeMd aKTyaabHON TEMOHM B 3aJadax KAk
KJIACCHYCCKOM, TAK M KBAHTOBOH MH()OPMAILMOHHOM ONITHKA
SIBILIFOTCSL TYYKH C OPOHMTAIbHBIM YIJIOBBIM MOMCHTOM
(OYM) wm onrtmiyeckue BUXpH. Tak B pabdorax [1-3]
MPEICTABICHBl HMHTEPECHBIC peanm3allil  aTMOC(EPHBIX
ONTHYECCKUX KAHAJIOB CBA3M, I B KauecTse ampaBuTa I
KOZWPOBAaHWSA WH(POPMALMH HCMOIB3YIOTCS MNYYKH C
pasmmaabiMu  3HauUCHHAMH OVYM. [lyuxm mogxomar i
HCTIONB30BAHAS B KAHAJNAX CBSA3M CIYTHUK-CIYTHHK M
cnyTHHK-3eMI [4], a Take B CHCTEMAaX KBAHTOBOTO
pacnpenencuus  kmoua (KPK) [5, 6]. Takue mnyuku
HHTCPECHBI TEM, HYTO HMX OCCCHMMETPHYHASI CTPYKTYpa
MO3BOJIET HM30ABUTHCS OT HEOOXOTUMOCTH IOJICTPOHKH
TIEPEJAKOIICH U MPUEMHON CHCTEM OTHOCHTEIBHO MOBOPOTA
BOKPYT OCH pacmpocTpancHua myuka [7]. Ommoii u3
0COOCHHOCTEH ONTHYCCKOTO BHXPS SABJLICTCS CIIOCOOHOCTH
coxpanaTs 3HauecHHE OYM 1mpu TPOXOXICHHH {epe3
TypOyJIeHTHBIE cpeapl [8].

Lens paboThL, pe3yapTaThl KOTOPOIl NMPEACTABICHHI B
HACTOSIIICH CTaThe, 3aKIIOYACTCA B PEaTH3alMd HOBOH
CXEeMBI TIOJEIPH3ALHOHHOTO HHTEP(EpPOMETpa ISl TCHEPALHH

A. A. Perxas
Cankr-IlerepOyprexuit
SIIEKTPOTEXHUIECKUH YHUBEPCUTET
«JIOTN», Canxr-1lerepGypr, Poccus
ryzhaya.nastyal999@gmail.com

A. A. CeBprorue
Cankr-IlerepOyprexuit
SIIEKTPOTEXHUIECKUI YHUBEPCUTET
«JIOTW», Canxr-1lerepGypr, Poccus
sevr_sasha@mail.ru

M. E. I1laBenmHa
Cankr-IlerepOyprexuit
TOCY/JAPCTBEHHBI YHUBEPCUTET
Canxt-IlerepOypr, Poccus
pavelina.maria@yandex.ru

A. JI. Cokonon
HarmoHamsHB1A
HCCITEI0BATEIbCKII
yHUBepcUTeT « MOy,
Mocksa, Poccns
alsokolov@bk.ru

B. M. Ilerpos
Cankr-IlerepOyprexuit
TOCY/JAPCTBEHHBIA YHUBEPCUTET
Canxr-IlerepOypr, Poccus
vikpetroffi@mail.ru

COCTOSHHH OIITHYCCKOTO BHUXPA Ha OCHOBC
MomupumpoBanHoro mHTEpPepomerpa Maxa-Llenaepa ¢
KyOmueckumMu  yronkosbiMu oTtpaxkaremivmu  (KYO) co
CIICITHAJIBHBIM (I)BSOCI[BI/IFaIOL[[eM TIOKPBITHCM.

1. OCHOBHEIE TEOPETUYECKUE IMOJIOXEHHUS

B padorax [9, 10] moapoOHO ommcaH MpHHIMI PAOOTHI
MoJLIpU3anoOHHOT0 mHTEp(epomerpa. [lydok, mamarommui
HA KYO, HCHBITBIBACT TOCICAOBATCIBHBIC OTPAKCHUSA OT
TPEX TPaHEH, Ka’KI0€ W3 KOTOPBIX MPHUBOAUT K CABUTY (pazsl
MEXKAy  OPTOTOHANBHBIMH  KOMIIOHCHTAMH  BEKTOpA
HATPSDKEHHOCTH JJIEKTPHUECKOTo not E.

[NepBoHauaMBHBIM BOJIHOBOH (DPPOHT IMydKa, IMANAFOIIECTO
Ha KYO, pazgensercs Ha 6 HacTel, Kakmas W3 KOTOPBIX
HMEET CBOE COCTOSHHE Hosipu3anuu W Hader ¢asel. B
3aBHCHMOCTH OT mapametpos KYO wu momapu3aumu
HCXOJHOTO Iy4KA, B PE3yIbTATE MPOLECCOB HHTEP(CPCHINA
u  gappaxmmm  Oyaer  (OPMHPOBATBCA  CIIOXKHAS
mu(ppakouorHad KaptuHa aaxeHero mons (AK/MD) mywka,
orpaskeHHOTO 0T KYO.

B pamkax maHHOU padoThl HHTEpECHA KOH(UTYpanus, B
KOTOPOH CKIIABIBAFOTCS IyYKH, OTPa’kKeHHBIC OT ABYX KYO,
MOBEPHYTHIX HA yroa 30° OTHOCHTEAbHO APYT Apyra. Ecmm
3TH YCJIOBHS OVIYT BBINOJHCHBL, TO B 3aBHCHMOCTH OT
mosIpu3anuy  Iy4dkoB, majaronmx HA KYO, a Tamke
(ha30BOTO CIBHra MEKAY HAMH, MOTYT OBITH CHOPMHUPOBAHBI
pa3myHbIC KOH(UTYPAIH ONTHYCCKUX BUXPEH.

I1I. OKCIEPUMEHTAJIEHAS YACTh

[Nomass omTHyeckas cXeMa  IKCHEPUMEHTATbHOH
VCTAaHOBKH IIPECTABICHA HA puC. | W MoapoOHO ommcaHa B
cratee [11]. Cxema mHa puc. 1 mpeacraBmier coboit
uaTepepomerp Maxa-lleHaepa, B mjcYax KOTOPOTO
BMECTO 3epkal yeranosicHsI KYO. KoMOHHAIINS BOTHOBBIX
mractuHok (9, 10, 14, 15) ¢ mnoadpu3anMOHHBIMHU
ceerogemuresiMu (8, 13) moMoraeT CreHepHpOBATH HA
BBIXO/IC uHTep(epoMeTpa MPOCTPAHCTBEHHO-
CTPYKTYPHPOBAHHBIE IYYKH C PA3IUYHBIMH BEKTOPHBIMU
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oypm Fpe|j{~ca Vecbhc| Gd~{phie rapjbpjcp Wy ~iep
Fbiy bie oypmcech Fbpb™ eace"hjcb| Fbiy'bie oypmcech Fbpb™ eace hjcb| Fbiy bie oypmcech Fbpb® sace hjcb|
oypmcechD Wdjjcp oypmcechD Wdjjcp oypmcechD Wdjjcp
jcezy sypmcdj epcy hd sd{phisma”tepcy gie y'y'~inp p’lpam’q hd
ramh’| rshpeie Vecbhc| Gimdaie rabia €d}a’bjie
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mcigcm”  ecghijghiyyj ncb{ z'hcimcg jbhdgbdh® cj m'eyiz’m o L o
Eachcpyy|D p zihidj keye cj kihe’m s| ypj*h psypbciaD kiyyin'm s| f{" zhizij'm p b{h™"%jbpT" e b{im casiy+j ypj'h jlab{’jc]
mizcat ncb{ yca'ph gphsia g{pcaj jbpscycy'm s| tiyik P zihidj bcbpacde mcigcm® kcye kiyyin'm s| e’g{pacgpy
apaizphbcgy'j *cp Fzhp|cat%<b e'b{im “capyy|D ecghijghiyjpepbcia ik ecghi%hiyy jljb'ej “"ct # _h ecidj ‘gz hce abj
ph> gh'pb’m s| b{’ sypmcat e'b{im f{ jbhdgbdh® ik b{{p*" [{ina b{pb e’bpy%gphsia giezy'q’j spj'm ia yca'ph
jpezy’j ¢j m amhcbcg pam z'hcimcgD ncb{ m'b heca'm jc}gphksia jbpscyc}'m s| Tiym apaizphbcgy'j gpa t a’hpb™ p
jbhdgbdhpy ‘y'e’abj xy gbhiz{]jcgpy zhiz'hbc’j ph® jbdmc jeBackcgpab peidab ik z{ibi'qgcb'm "y gbhiaj §&> Ea b{cj nih~D
h*s’pycat z{ibi'y’gbhcg pgbcecb| ncb{ Zdpabde ‘kkcgc'ag| dzmi zhizij’ p e'b{im kih zhimdgcat bcbpacde mcigcm’
QM- dam’h izbcec}'m giamchciaj r Fg{ibb~| mcim™ eim’y cjecghijghiyyj miz'm ncb{ yca ph gphsia g{pcaj djcat b{" sypm’

zhizij'm ncb{ pa "hhih ik ai eih” b{pa R— f{" jbdm| pyji ~ zhig'jicat e'b{im f{cj e b{im cjspj'm ia e g{pacgpy cezpgb
giezph'j ncb{ gizz’h pam chia apaizphbcgy %miz'm jljb’ejDjk p eiscat sypm' ia b{’ fci kcye jdhkpg pyiat p
kcamcat b{e pj scpsy” pyb"hapbc+’ zh'm'b’heca'm bhpe'gbih| ""ct &# f{cj pzzhipg{ pzz'phj bi s
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Ycghi%pam apaijbhdgbdh’j spj'm ia bcbpacde mcigcm®
"u # ph’ zhiecjcat caaispbce’ epb hcpyj b{pb ph™ pgbce’y|
h'j’phg{"m ca <phcidj kc’ymj md" bi b{’ch dacZd" iz hpbciapy
pam z{|jcgpy zhiz'hbc’j fcXc apaijbhdgbdh’j ph™ dj'm ca b{
m’e'yize ab ik {cT{%z hkihepag® z{ibigpbpy|bcg g yy|D jiyph
g'yyjD jajih pam z{ibig{hiecg m’ecg’jD gipbcatj kih
scie 'mcgpy cezypabjD pam ib{"h {ct{%b g{ pzzycgpbciaj fcXc NP NN Lo, -
paikcyel b (G vetlb Faiohe-chlD. 3 ooy pamiha pots e Jebebpacde e el ok Fabik
e'g{pacgpy jbpscycb|D pam daczd® izbcgpy zhiz'hlgesshD Q ™ ypih hpmepbciaD (™ mch'gbcia ik eise’abD M ™ epta’bjf
V'z'amcat ia b{" m'th™" ik igcmpbciaD b{’| ‘q{cscb ecq‘mé%# Uo/qrdhm‘zElct_)cia{cabi_ f_gX&jbh}c\lgdeI RT'V'jds_jbf;][l))b‘D\SfcT%#ij_plai}})fr‘DkL
'y gbhiz{|jcgpy g{phpgb hcjbcgj pam gpa cagh'pj” b{" "y gbhcgpga ph gphsia g\pca Jopscyc; m S| Tiym apaizpnocgy Ji lymear |
giamdgbcech| md’ bi jdhkpg® m*k'gbj pam z{ibigdhh ab mdrﬁ?&ﬁ:PdeyT{nT R;\M g'h'dlkfc.@;gye ncb{ U%rdD & ™ ecghibdsdy jD L ™
chhpmcpbcia SR> f{ ch {ct{ h’khpghce’ cam’q pyyinj b{"e bi%P D Q ™mch gbcia ikewe
dj'm ca izbcgpy pzzycgpbciaj ophcidj e b{imj ph® dj'm kih
b{" jlab{jcj ik fcX ecghi % pam apaibds’jD n{cg{ djdpyy]|
h*Zdch® giezycpag' ncb{ giezy q giamcbciajD cagydmcat {ct{
b ez hpbdh’jD zh'jjdh’jD pam jctackcgpab bce” “gqz'amcbdh’j
rj pa pyb hapbce’ bi e'b{imj b{pb mi aib h’Zdch® jbhcgb
giezycpag® ncb{ giezy'q jlab{"jcj giamcbciajD n° gpa
zhizij" p b{h"%jbpt" jg{’e" b{pb pyyinj isbpcacat ‘gb’am™m
jpezy’j ik ecghi%pam apaibds’j ncb{ pa ihm hm jbhdgbdh®
pam zhiecjcat z{ibi'y'gbhcg zhiz'hbc’j ca p h'ypbce'y| j{ihb

bce” ot & FxY cept ik feX&ecghiighiyyj isbpca'm s|b{” sypmeat e'bfim
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f{ jpezy’ ncb{ b{" ecghijghiyy jljb’e npj "gpeca'm f{" epqcede h'ypbce® “hhih ik b{" eim’y mcm aib "qg""m
djcat pbiecg kihg' ecghijgiz|] "r'Y# sib{ ca apbdhpy (-D n{cg{ camcgpb’j cbj {ct{ pm'Zdpg| f{ jcedypbcia
pbeijz{’h" pam ca epgdde f{cj pyyin'm dj bi isbpca h’jdybj ph" giajcjb’ab ncb{ b{’ mpbp isbpca'm khie b{* jbdm|
gdhhab%-iybpt" g{phpgb’hcjbcgj "EoU# ik b{" bdaa ygafpy jpezy’j
gdhh*ab khie cbj jdhkpg® “ct L zh'jabj b{" e pjdh'e’ab
h'jdybj ik EoU pb p jcaty’ zicabT “ct Lp ca pchD “ct Ls ca = JG64LPMIG
epgdde r jctackcgpab mckk'h’ag® ca b{" gdhh ab%eiybpt . . .. NN . S . .
g{phpgb’hcjbcgj thpz{j ca *pgdde pam ca pch cj isj"he"mD A .h qubj tk pa gz h\ce_abp_y;bdm| pam eim yc_a’( 1k b{
n{cg{ ¢j ‘qzypca'm s| b{’ zh'j°ag" ik kh** “y’gbhiaj ca b{" y gbhiz{|jcgpy g{phpgb hcjbcgj ik ecghiphhp|j miz'm ncb{
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Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

MeToa onmopHBIX KBaJpHK I pacdera JIOD
B HPUOJIMKCHUM CKAJISIPHON TeopuM JuppaKIinu

JLJL JlockonoBuu
MucTutyT cucteM 00paboTKU
m3oOpaxkerutt, HUI «Kypuarosckuit
UHCTUTYT»

Camapa, Poccus
leonid@ipsiras.ru

E.A. Bezyc
MucTutyT cucteM 06paboTKU
m3o6paxkenutt, HUI | «KypuatoBckuit

JI.B. Conmukon
Camapckuii HaITMOHAIILHBIA
HCCIIEIOBATENHLCKUN YHUBEPCUTET UM.
akagemuka C.11. Koponesa
Camapa, Poccus
soshnikov.d.v(@mail ru

A.A. Munrasos
WucturyT cucteM 06paboTKu
m3oOpaxkerutt, HUI «KypuaToBckuit
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Camapa, Poccus
mingazov88@gmail.com
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WucturyT cucteM 006paboTKU
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Camapa, Poccus Camapa, Poccus
evgeni.bezus@gmail.com bykovd@gmail.com

Annomaunua—B pamkax ckanasipHoii Teopun audpaxmun
pa3paboTan BapHaHT MeToAa onopHLIX KBagpuk (MOK) mis
pemieHusi o0paTHOil 3agaum  pacdera JU(PPAKIIMOHHOTO
ontu4yeckoro stemMenra (J10J). B merone dasosas dpyHkims
J02 npeIcTaB/ieHa B napaMeTpu4ecKoM BHJIC,
COOTBETCTBYHIIEM CYIeprno3sunun (pa3oBbIX (QYHKIMI JIHH3
(kBagpuk). Pacyer mapaMeTpoB KBaJApUK OCHOBaH Ha
TPAIMEHTHOM MeToJe MHHHMH3auui (YHKIUH OMHOKH,
npejacTapisiomeii  oranune dopMupyeMoro u TpedyemMoro
pacnpenenenuii uHTeHcHBHOCTH. IIpomsBognble  QyHKIUH
OIMOKN MOJIyYeHbI B aHAIHTHYecKoM Bujie. IIpeacraBiieHHBIIT
pacueTHbIii mpuMep [JeMOHCTPHpYeT Xopomme paGoume
XapaKTepPHCTUKH MeTo/1a.

Kmrouesste cnoea —  oOudpaxuynonnsui  onmutueckuii
IeMenm, oopamnan 3adaud, Memoo OHOPHBIX KEAOPIK,
CKAAPHAA MeopUa Oudparumil, 2pacuenmustii Menoo

1. BBEJAEHUE

@®azoBblc  AU(DPAKIMOHHBIC ONTHYCCKUE  3ICMCHTBHI
(JO3) mmpoK0 NPHUMCHAOTCA B Pa3THIHBIX 33424aX
mpeoOpa3oBaHuA W (JOKYCHPOBKH JIA3CPHBIX MYyYKOB. Pacuer
JO3 saenserca oOpaTHOH 3amaqcii, COCTOAMIEH B pacuere
TakoH (ha30BOH (PYHKUWH, KOTOpPAs B PAMKAX CKAILIPHOH
teopun mu@pakuun (CT) obecmeumBacT (HhopMHPOBAHHC
CBETOBOTO MOJ C 33JaHHBIMH XapAKTEPHCTHKAMH (KaK
MPABWIIO, C TPEOYEMBIM paCHpPEICICHAEM HHTCHCHBHOCTH).
Jdna  pacuera [JOD Obumn  TPCATOKCHBI  PA3THYHBIC
HTCPALMOHHBIC M TPaguCHTHbIC amroputmel [1]. dasosas
(yHKIHA J032, paccuuTaHHAA «CTAHTAPTHBIMY
HTCPANMOHHBIM  QJTOPHTMOM, HMEET, KAaK IIPABHIIO,
CIOKHBIA W  HEeperyuIpHbli  BuA.  Ju(ppakuHOHHBIH
MHKpOpenbe(), COOTBETCTBYIOINMKA TakoH (pase, ClOKEH B
H3TOTOBJICHUH, 4 TOTPEINHOCTH HM3TOTOBJICHHS IPHBOIAT K

HEKOHTPOJIUPYEMOMY  pACCESHHIO  CBETa,  KOTOPOES
3HAYATEIHHO CHIDKACT  Ka4eCTBO (hopmupyemMoro
pacnpeneneHmsl. B 3ro  cBa3m  OONBION  WHTEpec

MPSACTAaBIACT paszpaboTka MerogoB pacuera 0D ¢
KYCOYHO-TJIAAKOH (pa3oBol (yHkumei. g pacueTa Takmx
J0O2 HCTONB3YIOTCA «THOPHIHBICY MCTOIBI, OCHOBAHHBIC HA
«COCAMHCHUI» UTCPALMOHHBIX ANTOPUTMOB, pabOTAOIIIX B
mpubmokeHnn CT /I, 1 TCOMETPOONITHUCCKIX METOAOB [2, 3].
370 CBA3aHO C TeM, 4T0 (pazosast PyHKOHS, pacCUNTAHHAS B
TMPHOIKCHIH TCOMCTPHYUCCKON ONTHKH, SBILICTCA TIIATKOH

M, KAaK IPABUJO, COXPAHIECT PEryJSIPHbIM BHI M TOCTC
ONTHMH3ALMA B HTCPALIMOHHOM anropuTMe B pamkax CT/I

OmHEM U3 IMHPOKO HUCTIOTB3YCMBIX TCOMETPOOTITHUCCKUX
MCTOAOB ABILICTCA T.H. MCTOA OMOPHBIX kBaapuk (MOK) [4,
5]. JlaHHbIii METOA ABIETCS YHUBEPCAAbHBIM U IIHPOKO
HCTIOJNB3YCTCA AN PCIICHUS OOPATHBIX 3a4a4 pacdera
ONTHYECKUX 3JCMCHTOB Pa3IMYHbIX THNOB. B HacTosmei
padote Bhepseie paspadoran Bapuant MOK mma permewms
oOparHO# 3amaun pacuera (aser JJOD B paMKax CKaIIpHOI
Teopud Au(paKIum.

II. METOJ1 OTIOPHELIX KBAJIPUK

[Tycts BO BXOmHOH mockocTd z=0 pacmonoxeH O3 ¢
(dazosoii  Qyukumeir @), ueG , e u=wyv) -
JICKapTOBBI KoopawHATHL. B coorBerctBun ¢ MOK [4, 5]
(azosyro pyukmro J0O3D onpeaemuM B BHAC:

o) = p(u:'¥) = max (g, (w:x,.¥)), (D)

e P, (W)=Y, —k(x,-u)’/2f, i=1,..,N -
(hazoBble QpyHKUMH THH3 (KBaAPHK) C POKyCaMH B TOUKAX X,
BBIXOJHOM TUIOCKOCTH Z=f, k =27/A — BOJHOBOE YHCIIO,
¥=(,.,¥Y,) — dazoBelc nocToAHHbIC TUH3. MOKHO
nokasatsb, uto obnactu C(x,;¥Y) c G,i=1,...,N , B KOTOpBIX

¢azoBas (¢QyEkmusa (1) coBmamaer ¢ (asamMm  JIHH3
Prens; (W), ABIAFOTCH SMCHKAME B3BEHICHHOM AT PAMMBI
Bopororo mmt Touek (okyco Xx,, i=1,..,N . Byzem
CUMTaTh, 4TO (JOKYCHI JHMH3 X, PACIOJOXKCHBI B y3/Iax

HCKOTOPOH TUCKPCTHOM CETKH, MOKPHIBAFOMICH 001acTs D, B

KOTOpOH Tpedyercs c(hopMupOBaTH 3a7aHHOC
pacnpenenecHue MHTCHCHBHOCTH I(x). 3HAUCHHA
Y=(v¥,.¥Y,) B Q) SIBITFOTCA napamMeTpaMu
ONTHUMHU3AIIHHI u OTIPEACTIIOT pachpeseicHAe

uHTCHCHBHOCTH [, (X;¥) =|w,, (x;‘I’)|2, (opmupyemoe B

ez
BBIXOJHOM mockoctd B pamkax CTH, roe w,,(x;¥) —
KOMIIIEKCHAA aMITHTYAA (GOPMHPYEMOTO MOJIA.

3agady pacuera (azoBod (YHKIHMH CHOPMyIHpPYEM Kak
33734y MUHHMH3AOUH (BYHKIMH OITHOKH
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XI MexayHnapornHast KoH(pEpEHITHS 1 MOToA&KHas 1Kona «HpopMaImoHHble TEXHOMOTHH 1 HaHoTexHoxorun» (MTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

MeTtoapl IITyOOKOTO 00Oy4YeHHST HA OCHOBE
apxuTeKkTypbl ResNet50 n1s naeHTU(pUKaIu
BOJIHOBBIX a0eppaliui

AL Jzroba
Camapckuii HaITMOHAIILHBIA
HCCIIEIOBATENHCKUM YHIBEPCUTET
uM. akanemuka C.I1. Koponesa
Camapa, Poccus,
alexeydzyuba98@gmail.com

Annomauua—B nannoii paGoTe paccMaTPHUBAIOTCS METO/IbI
riayGokoro oGydeHnsi, ocHOBaHHbIe Ha apxuTekType ResNet50,
VIS aBTOMATHYeCKoil WIeHTHQHKAIMH KaK OJHHOYHBIX
BOJIHOBBIX  abeppaiii  ONTHYECKHX  CHCTeM, Tak U
CYNepHo3uiuu  IBYX TuNoB abepparun. MHcnonb3oBaHue
residual connections ofeclieunBaeT BBICOKYI0 TOYHOCTH
Kmaccupukanum — TANOB  aGeppammii  (medoKycnpoBKa,
acrurmatmsm 1-ro m 2-ro mopsiika, KoMa, TPWIHCTHHK,
YeTBHIPEXJIUCTHHK W cdepuyeckast) M WX BeJIUYHH 110
pacnpeeeHusIM WHTEeHCUBHOCTH c HECKOJIbKHM
IUQPAKIHOHHBIMI TOPSIIKAMH, MOJIYYeHHBIMH C TOMOUIILIO
MHOIroKkaHaabHbIx  J1OD.  YUncieHHble  IKCIEpUMEHTHI
AeMOHCTPUPYIOT 3¢ ¢eKTHBHOCTH MPEIIOKEHHOT0 MOIX01a B
aBTOMATH3AIMH  PACTIO3HABAHUSA, YTO0  Jeaer  ero
MePCHeKTUBHBIM VISl HCHOJIB30BAHHSL B PERKHME PeaTbHOro
BPEeMeHH B aIanTHBHOI onTike 1 odpraatpmoorni. Ha ocHoBe
o0yueHnsi ceru B 20 3110XaX MMOIYUYEHO, YTO LIS BATUIANNOHHO
BBIOODKH cpeqHsisi a0co/il0THast ommOKa pacrlo3HaBaHUS
aGepparuii He mpeBbimaeT 0.0056.

Krrouessie cnoea— znyboxoe ooyuenue, ResNet50, eonnosste
adeppaunu, Kaccuguxayis apeppauiil, adanmuenas ONMUKA

1. BBEJAEHUE

BonHOBEIC abeppauyy SIBISIFOTCS KIFOUYCBBIM (DaKTOPOM,
BIMSFONIAM HA KAYECTBO H300PAKCEHHS B  PA3IHYHBIX
MPUIOKCHUAX, TAKAX KAK ACTPOHOMHSA, O()TAIBMOJIOTHS H
MHKPO3JCKTPOHHKA. TPAagHUHOHHBIC METOOBl AHAIM3A
abepparmit  TPeOVIOT — 3HAYMTCIBHBIX  BBHIMHCITUTCIBHBIX
PECYPCOB H BPCMCHH, YTO OTPAHHYUBACT HX MPUMCHCHHE B
PESKHEME PCATbHOM BPSMCHH.

Panee BBIIOTHEHO OOyUCHHE CBEPTOYHOH HEHPOHHOU
CCTH HA OCHOBC apXHTCKTYphI Xception B (oxamsHOH [1] 1
BHC(DOKATBHBIX [2] TUIOCKOCTAX IS OAHHOYHBIX abeppariuii.
OnmHako, TpW ONpEIEeICHWH THIIA W Beca adeppalmu B
CYTICPIO3UIMH XOTs ObI U3 2-X abeppanunii TOUHOCTh KPAaTHO
CHIKaeTcsa. JII CHIDKCHHSI OINMOKH  PACHO3HABAHI
IIPEAIaraaoch HCTIOIIB30BaTh MHOTOKAHAIIbHbIC
TA(paKIHOHHBIC onTHYCCKHE 3eMeHTH (JI03) [3].

Msbl mpeanmaracM HCHOJb30BATh MOIH(DHIHPOBAHHYIO
apxurektypy ResNet50, koropas apdexTuBHO cripassiercs ¢
3a7a4aMH KIACCH(HUKALMA U PETPECCHH /I ICTCKTHPOBAHHS
THIIOB BOJIHOBBIX adeppaumii W WX BeawuwH. biaromaps
ocoboit crpykrype residual connections (OCTaTOYHBIX
COCIMHCHUM), MOJCNb OOCCIICUYMBACT YCTOMUMBOCTh K
mpoOJeMe 3aTyXaHUs TPAJUCHTA IPH YBEIHYCHUH TIyOHHBI
CETH, UTO MO3BOJIIET AOCTHIATh BRICOKOI TOUHOCTH JAKE TPH
padote ¢ 6oTPIIMMH 0OBEMAMH TAHHBIX.

ILA. Xopun
CamMapckuii HaITMOHATLHBIA
HCCIIEIOBATENLCKUI YHUBEPCUTET
uM. akagemuka C.I1. Koponesa
Camapa, Poccus,
khorin.pa@ssau.ru

II. TEOPETTYECKHE OCHOBEI

A. Abeppayuu sonrnosozo ¢hponma

PaccmotpuMm  aOeppHpOBaHHBIH ~ BONHOBOH  (DPOHT,
KOTOPBIN OMUCHIBACTCS CICAYIOIIHM YPABHCHUEM:
w(r, @) =exp| i) . Zi(r,9) |. (1

nm

rae (ha3za MOKET OBITh MPCACTABICHA KAK CYMCPIIOSHIHSA (Crum
— BecoBoi k0a(burmenT) pynkimit Lepauke Z7 (v, @) [4]:

20(n0) = [T LRy | S5 @)
TR sin (mq)

rac R"(r) — pagmanpHelc nOmHHOMBI Llepamke [5].[6],

|m|<n, (n—m) —utTHOC.

B. Ceépmounas neiiponnas cems

Apxurckrypa  cBEprouHOH  HelipomHOW cetm  ResNet50
TIPCACTABIIICT COOOM MOCNIh C OCTATOMHBIME CB3sME (resicual
connections), MO3BOEIOIIYE0 (P(HCKTHBHO 00YHATH TIIYOOKHS CCTH
0c3 mpoOIeM 3ATYXAHW TPAIUCHTA, YTO OOCCTICHHBACT BBICOKYEO
TOYHOCTb B 3371a4aX KIACCH(MKAIN 1 PETPECCHHL

B xmaccmueckont apxmrektype ResNet50 kakapni cro
OPTaHH30BAH B BUJC OJIOKOB, TIC BHIXOJHBIC JAHHBIC OIHOTO CTIOS
HE TOJIBKO MCPSAAIOTCA JANBIIS, HO H CYMMHPYEOTCA C BXOJHBIMH
JIAHHBIME 1epe3 poTycKHoe coemHeHue (skip connection). Takas
CIPYKTypa TO3BOJBICT CCTH YUMTBCA HC — AOCONFOTHBIM
TPCOOPAOBAHIAM, A JIHINb OCTATOYHBIM W3MCHCHHM (resicuals),
YTO 3HAYHTSIIBHO YIIPOINACT mporece oOyucHus. braroaaps 3roit
ocoberHocTH, ResNet50 Moker ycremHo padoTath C O4CHB
GOJBIIMMH KOIMHECTBAMH CIIOCB (10 HECKOJIBKUX COTCH MM JIAKE
THICSM), OOCCTICUMBAS ~ BBICOKYI0 TOYHOCTP B 3a0a4ax
KOMITHFOTCPHOTO 3PCHHA, TAKHX KAK KIACCH(DHKALTIS H300PAKCHHUI,
JICTCKTHPOBAHHC OOBCKTOB W CCTMCHTALIHSL

Jma 3amaum  WacHTH(DMKALME —BOJIHOBBIX  a0Cpparmil 1o
MHOTOKAHAJIGHOH ~KAPTHHE WHTCHCHUBHOCTH C  HCCKOJIBKHMH

Gyaxmvm paccesamst Touku (OPT) [7] apxurexrypa ResNet50
ObI1a MOIH(DHIMPOBAHA CIICAYFOIIAM OOPa30M.

Bo-mepBbIx, W3MEpCHHS BXOOHOTO CNOSl OBUTH H3MCHCHBI B
COOTBETCTBHH C I3MCPCHHAMH H300PKCHAN HCTIONB3YEMOTO
Ha0opa MaHHBIX. BO-BTOPHIX, BMECTO HCXOHOTO KIACCH(HKATOPA
ResNet50 Ob11 HCTIOB30BAH KIACCH(DHKATOP, COCTOSIIHI W3 CTOS
GlobalAveragePooling?D st niprriaHus KOPPEKTHBIX H3MEPSHHH

010882
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Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

AHaIM3 MOTPEITHOCTEN FOCTUPOBKHU
10 KapTHUHE AU PaKIMU JIa3€pHOro U3y YCHUS
HA MUKPOAKCHKOHAX

P.A. Karmarion
CamapcKuit HaIMOHATBHEIN HccTIeoBaTeNnhekuil yHuBepeuTeT uM. akagemuka C.I1. Koponesa
Camapa, Poccus,
smatlte-rusl kashapov(@gmail . com

Annomauun— B naunoii paGoTe npeAcTaB/IeHa pa3padoTka
MporpaMMHOTO  ofecriedeHnsi i  aHATH3a  JIaHHBIX,
MOIY9YeHHbIX TPH MOJeTNPOBAHUH TH(PPAKIHN JIa3epHOTo
HIyYeHHss HAa  MHKPOAKCHKOHAX ¢  VYeTOM  TaKHX
MOTPEITHOCTell  IOCTUPOBKH, KAK CMellleHle W HAKJIOH
ONITHIECKOTO 3TeMeHTa TI0 OTHOIMEHHI0 K MaJaionieMy
mynydennio. IIpu paccMOTpeHHH AKCHKOHA B BHUJe TOHKOTO
JJIeMeHTa  MOJETHPOBaHHEe HAKIOHA  BBINOIHIIOCH C
WCMOTL30BaHNeM  BHeCeHHsl BOJHOBLIX  aGeppanuii B
nmagaomuil MyJoK, TAKAX KaK acTUTMATH3M H Koma. st
Kraccnukammy TAGPAKIIOHABIX KapTHH pa3padoTaHa H
ofydeHna  cBEépTouHasi  HeiipoHHasi ceTh, KoTOpast
JAEeMOHCTPHPYET BHICOKYI0 TOUHOCTH TPH ONpeleieHHH TUTA
aGeppartum.

Krouesste cnosa— oudparuyusn, axcuxon,
ceépmounan  Heipounaa cemv, FDTD,
HUHMEUIeKMm.

adeppauuu,
HCKycCm@enHbliL

L BBEJIEHUE
Jdudpaxmusa ma3epHOTO H3NYUCHHSA WCIMONB3YEICA B

pasmuyHBIX  O0NACTSIX, BKIFOYAsA  ONTHKY, (DU3HKY,
MATCPHAJIOBSACHAC W HAHOTEXHOJOTHA [1,2]. DTOT Tpotece
MO3BOJICT ~ WCCACAOBATH  CTPYKTYPY M CBOICTBA
MHKPO3JICMCHTOB, TOHKHC TJICHKH, a TAKKE

MHKPOONTHYCCKHE YCTPOMCTBA W CHCTEMBL.

OTMeTHM, 4TO KapTHHA TU(PPAKIUH MOKET TIOIBEPTaThCs
CYIICCTBCHHBIM HCKAKCHUAM B PE3YyIBTATE
TCXHOJOTHYCCKHX HETOYHOCTCH HU3TOTOBJICHUA
MHKpopenbea (HampuMmep, HECOOTBETCTBHE BBICOTHI H
H3MECHCHHE CTPYKTYPHI 30H JH(PPAKIHOHHOTO ONTHUECKOTO
3JIEMEHTA), 4 TAKXKE TIPH HAMYIHUH IOTPEITHOCTH IOCTHPOBKA
ONTHYCCKOH  CHCTEMBI, BKIFOYaI  HECOOCHOCHOCTB
OCBCIIAKOIIEI0 IMy4YKa M ONTHYECKOro 3jeMeHra [3, 4].
AHATIOTHYHBIC HCKAKCHUS MOTYT HMPOSBIATHCS IIPH HATMIHH
abepparmif BOJTHOBOTO (DPOHTA OCBEIIAIOIICTO Ty4Ka |3, 6].

OCHOBHAS TCJTB PA3pa00TKH MPOTPAMMHOTO 00CCIICUCHHS
U1 aHATM3a JAHHBIX TH(QPAKUHH  3aKIFOYAcTCA B
aBTOMATH3AaMK Tporecca OOpPabOTKM M HMHTEPIIPETALIH
JKCTIICPUMEHTANBHBIX PE3YIbTATOB. JTO BKIFOYACT B cedA
cOOp JaHHBIX, UX NPEABAPHUTCIBHYI0 OOPAOOTKY, aHATH3 H
Br3yanuaunr0. COBPEMCHHBIC NMPOTPAMMHBIC PCLICHHSA, B
TOM YHCJIC HA OCHOBE MCTOA0B MAIIMHHOTO 00yyIeHuA [7-9],
MO3BOJLIIOT 3HAYHTCIBHO COKPATHTh BpPeMA HA AHAIM3 H
MOBBICHTH TOYHOCTB PE3YIBTATOB.

II. MATEMATUYECKOE MOJIEJIMPOBAHUE

ActurMatEsM W KOMa — 3TO a0cppamuu BOHOBOTO
()poHTA, KOTOPBIC MOTYT HCHOJB30BATHCA I OMUCAHHSA

HAKIOHA HW CMCHICHHA ONTHYUCCKOIO JJICMCHTA WA

HCCIIEYEMOTO OOBCKTA .

B cayuae actmrmarmzma BONHOBOH (DpoHT mMeeT
CICIYFOIIUN BUJI;

Ux,y) = e rm* -y (1)

rae ¥ - KO3(D(OHIUCHT, XapakTEPH3YIOIIWI CTCICHBb
aCTHTMAaTH3Ma B CHCTEME.

B oTymuume 0T acTUrMaTH3Ma, KOTOPBIHM MPOSBISCTCS
B Pa3THYHBIX (DOKYCHBIX PACCTOSHHAX M1 PA3TATHBIX
MCPHAMAHOB, KOMA BBI3BIBACT PACTHKCHHC H300PAKCHHA
BIOIb OJHOH OCH, c03AaBasA dPPexT xBocTa KOMETHL B 3TOM
ClAydac BOJHOBOH (DPOHT MOXKHO OIHCATh CJICAYFOIIUM
o0pasom:

Ux,y) = e rm+y) @)

rae ¥ - kK03()(pUimeHT, XapaKTepU3yFOIIIHA CTCTICHb KOMBIL.

OrveTi, 910 NPH MATTBIX KOX((HIMERTAX A0CPPALIHi KAPTHHA
(yaxmm paccesang Toukn (OPT) mpuMepHO OTMHAKOBAS H OJTH3KA
Kk uaeasHOH [ 10]. OrMeTrM, ¥TO HEHPOHHBIC CETH Pa00TAIOT 00JICe
3(pdekTiBHO W OOCCIEUMBAFOT ~ MCHBINYIO  NOTPEIIHOCTH
HICHTH()AKAMY 1T HAOOPOB, MMEIOIIMX HAWOOJBINNC OTIIHHHS
(AHATIOTHHHO YEIOBSUYECKOMY BOCIIPHSATHEO).

VYcweHne BH3yaTBHOTO BIMsHWS adepparmit Ha  OPT
BOSMO’)KHO 32 CYCT BHOCCHHS B ONTHHUCCKYEO —CHCTEMY
JOTIOJIHATENBHOTO IEMCHTA, HANPHMEP, AKCHKOHA., AKCHKOH —
3TO KOHHMCCKAA JHH3A B pedpaximonHoM Bapuante [11, 12] u
paguabHad pelieTka B AU(PaKIMOHHOM BapuaHTe [13]. Axcuxon
TpeoOpasyeT TATAFOIMHA TAYCCOB My4YoK B beccemeB mydok B
OmKHCH 0071ACTH H KOJIBIICBOC PACIIPSICTICHHS B TANBHCH 00JIACTH

J(DPAKIHH. KommmiexcHas (QyHKIIA TIPOTIYCKAHHUS
JH(PPAKIFIOHHOTO AKCHKOHA BHITJIIUT CIICAYEOLIFM 00pazoM:

e—iam’ 3)

rae o — mapameTp, ONPEAC/IFOIIMI YaCTOTy KOJbLIEBON
PEMETKH | paguyc (JOPMUPYEMOTO CBETOBOTO KOJIBIIA.

JlomoHeHHEe  ONTHYECKOH  CHCTEMBI  AKCHKOHOM
MO3BOJIIET BU3YAJIBHO VCHIMTh  BIMSIHHC  BOJIHOBBIX
abepparmif W/HMIH MOTPCIIHOCTCH ONTHYCCKOH CHCTCMBI HA
kapruay OPT (cm. TaOmimy I) W BBIACIHTH KJIFOUCBBIC
MPHU3HAKK, KOTOPbIE MOTYT OBITh HCIIONB30BAHBI I
Kmaccuukanuy TUMOB a0eppalMi C HCTIOIb30BAHHUCM
CBEPTOUHBIX HCHPOHHBIX ceteit (CNN).
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Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

DopMUPOBAHUE U IIPEOOPA3OBAHUE
HOJISIPU3AIMOHHBIX 0COOCHHOCTEH BEKTOPHBIX
IIy4YKOB IIPH BHEOCEBOH MHTEP(EPEHITUH

J1.B. MakcumoB
Kprrvckuit denepanbHbIl YHUBEPCUTET
uM. B.W. Bepnajckoro

Cumdeporons, Poccus
northerncomfort@bk.ru

A.O. Turosa
Kprvckuit denepanbHbIl YHUBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccrs
kurloza@yandex.ru

Annomauua— B paGote uccienyercs HHTepdepeHnus AByX
BEKTOPHBIX BUXPEBBIX MYYKOB € paHATILHBIM CMeIIeHneM H eé
BJIHsSIHUE Ha (JOPMHIPOBaHNE MOISIPH3AIMOHHBIX 0cODEHHOCTEH.
IMoka3aHo, 4YTo Takasi HHTepQepeHIs] NPHUBOIUT K
BO3HHKHOBEHHI0 HOBBIX TOJISIPU3AMOHHBIX CHHTYJISIpHOCTEH,
3aBUCANMX OT (a30Boil Pa3HOCTH M PACCTOSIHUS MEKIY
nyukami. IlosydeHHbIe pe3yIbTaThl MOTYT OBITH IPUMEHEHBI
JUIS1 YOPaBJIeHHs] CTPYKTYPHPOBAHHBIM CBETOM B ONTHYECKHX
KOMMYHHKAIUSAX W KBAHTOBBIX TeXHOIOTHSIX.

Kiouesste ciosa— onmuueckuii 6UXDb, ROJLAPUIAUHOHHAA
CUHZY/UAPHOCHTb, HEKOAKCUA/IbHAA uHmepd)epeHuu;l

1. BBEJIEHUE

Cunrymipras  omrmka  [l],  SBIIICE  AKTHBHO
Pa3BHBAIOIICIHCS 00NACTHI0 COBPEMCHHOHN (DM3HKH, H3Y4acT
CBETOBBIC TOJII C TOMOJOTMYECKH CIOYKHOM CTPYKTYpOH
($a30BOTO (PPOHTA M MOAPHBALMHOHHOTO COCTOSHUA. OTHIM
W3 KIIOYCBBIX OOBCKTOB JAHHOTO HAMPABICHHUS SABJLTFOTCA
BEKTOPHBIC CHHTYJLIPHBIC My4KH [2,3], XapakTepU3yOIUecs
MOJSIPU3AIHOHHBIME ~ OCOOCHHOCTSIMH. B ormmme ot
CKaJLIPHBIX CBETOBBIX IOJICH, BEKTOPHBIC IMYUYKH 00JANAOT
CIOKHOH CTPYKTYPOH MNOJIPU3ALMOHHOTO PACHpPEICICHUSL,
BKIIFOYAOIICH TakWe OCOOCHHOCTH, KaK MOJIIPHU3ALMOHHBIC
0cOOBIC TOYKM W IMHHH. OTH CTPYKTYPBl HAXOZT
MPUMCHCHAE B  KBAHTOBOM ONTHKE, HAHO(OTOHHKE,
ONTHYCCKOU CBA3H M MAHUILY JLIUH MHKPOYACTHLAMH [4].

OxHUM W3 METOOB CO3IAHUS W YIIPABICHUS CBOHCTBAMH
BEKTOPHBIX  CHHIYISIPHBIX  IYUKOB  SIBIICTCSL WX
CYNCPIO3ULMSI, B TOM UHCJIE BHEOCEBAS CYNCPIO3UIIAS.
BueoceBass cymepmo3mmus  NMPHBOAWT K M3MCHCHHIO
CTPYKTYPH (DAa30BBIX H TOIAPH3ALHOHHBIX OCOOCHHOCTCH,
YTO MO’KET BBI3BIBATH CIIO’KHBIC THHAMHYCCKHC IPOIECCHI,
BKIFOYAs POKICHHEC W AHHUTHILINUIO TOJLIPH3ALMOHHBIX
ocobenHoctel [5]. B oTmrume ot oceBoit mHTEp(EpEHINH,
MPUBOSIICH K TIPEACKA3YEMBIM (Da30BBIM H3MCHCHILIM,
BHCOCEBBIC IIPOIIECCHI MOTYT CYMICCTBCHHO BJIWATH HA
MPOCTPAHCTBEHHOE TEPEPaCTIPECICHIE TMOLIPH3ANHOHHBIX
XapaKTepUCTHK. JTH 3(PQEeKTsl BAXKHBI AT TMOHUMAHI
YCTOWYHMBOCTH M 3BOJIFOIMH CTPYKTYPHPOBAHHBIX CBETOBBIX
MOJEH B PpEaNbHBIX (H3HYECKHX CHCTEMAaX, TAKHX Kak
TYpOYJICHTHBIE CPEbI U CIOKHBIC ONTHICCKHUE 3TIEMCHTHL.

C.H. SIxyGoB
Kprivckuii GpefiepatbHbI YHIBEPCUTET
uM. B.W. Beprajckoro
Cumdeporons, Poccust
yakubov-selim@mail.ru

C.U. Xamros
Kprivckuii GpeiepatbHbI YHIBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccust
server.khalilov.94(@mail ru

C.H. JlammaeBa
Kprvckuii denepanbHbI YHIBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccust
myhomm@gmail.com

M.B. Bbperpko
Kprivckuii denepanbHbIl YHIBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccust
mihailbretcko4(@gmail.com

B namnoit pabote wmccheayeTcsi BAMSHHUE BHEOCCBOM

CYIICPIO3ULMH BSKTOPHBIX CHHIYJLIPHBIX IIYYKOB HA
JUHAMUKY MOJLIPH3AMUOHHBIX 0COOEHHOCTEH.
PaccMaTpuBarOTCs  OCHOBHBIC ~ MEXAHHU3MBI  H3MCHCHHA

MPOCTPAHCTBEHHOTO NEPEPACIPEICICHI MOJLIPH3AMOHHBIX
XapaKTEPHUCTHK U YCTOHUYMBOCTH CHHTYJBIPHBIX CTPYKTYP.

II. MOJIEJIL TTYUKA

B o0meM ciryuac mose CKaIIpHOTO ONTHICCKOTO BHXPS B
WIOCKOCTH z =0 B PagHaTbHBIX KOOPIHHATAX MOMKCT OBITh
MPSACTABJICHO KaK:

E, (r.p)=(r/w, )lf"| -expilg] -exp[—(r/wo)q , (D

tae r=+x*+)* , ¢ - rononormueckuii 3apan (T3),
@ =arg[x+iy|, W,- IEPETHKKA IayCCOBA MyUKa.

Jns  (opMHpPOBAaHHSI BEKTOPHOTO AHAJNOTA JAHHOTO
ONTHYCCKOTO  BHXPSA  HCOOXOAMMO  CJOKHTH  [JBA
OPTOTOHAITBHO MHPKYJIPHO-MOAPH30BAHHBIX ONTHICCKIX
BUXpA C OAMHAKOBBIMH AMIUIATY JHBIMHA HpO(I)I/IJ'I}IMI/I, HO
TMPOTHBOMOJIOKHBIMH IO 3HAKY TOIOJIOTHYUCCKUMH 3apAaaMHA
H OMPCACTICHHON OTHOCHTCTBHOH (ha30BOH Pa3HOCTHIO [6]

E(r.p)=E

+

e, +e’E e =
I : - ol )
=r ~exp[—r J(exp[z€¢]e++e exp[—lé@]ef),

IOC ¢ - OTHOCHTENbHAA (pa3a MEKAY ABYMS KOMIIOHCHTAMH,

MEHSA 3HAYCHHA KOTOPOM MOXKHO HOJYYUTh CTAHJAPTHBIN
HA0Op BEKTOPHBIX MO, Takux Kak TEq;,TM,,, HEZY m
HES? . TummdyHBlC KapTHHBI PACTIPCICICHHSA MOJIPU3ALNH
MEpEYNCICHHBIX  MOA  HAa  (OHE  pacmpencicHHsI
HMHTCHCHUBHOCTH IPEACTABJCHBI HA puc. 1 (a).

Korma nBa BekropHbIX myuka (2) wuHTEpHEPHUPYIOT
HECOOCHO, B ONPCACIEHHBIX TOYKAX MPOCTPAHCTBA HX
3NEKTPHUCCKAC BEKTOPHI CKIAABIBAIOTCS TAKHM 00Pa30M, 4TO
PE3YABTHPYIOLIAS MOIAPU3ALHA IIOJHOCTBIO HCUE3ACT. JTO
O3HAYACT, YTO B 3THX TOYKAX AMIUIATYJA 3ICKTPHYCCKOTO
nojt oOpamiacTcs B HOJb, 4 HANpPABICHUE MOJLIPU3ALHH
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XI MexayHnapornHast KoH(pEpEHITHS 1 MOToA&KHas 1Kona «HpopMaImoHHble TEXHOMOTHH 1 HaHoTexHoxorun» (MTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

IIpeoOpa3zoBaHue CTPYKTYPBI BEKTOPHBIX
CHUHTYJISIPHBIX IIyYKOB IIPA CEKTOPHOM BO3MYIIICHUH

C.H. SIxyGoB
Kprvckuit denepanbHbIil YHIBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccus
yakubov-selim@mail ru

A.O. TuroBa
Kprvckuit denepanbHbIl YHUBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccus
kurloza@yandex.ru

Annomauus— B pabore uccieyeTcsi BANSIHAE CEKTOPHOT O
IKPAHHPOBAHNS HA MOISIPU3AIMOHHYIO CTPYKTYPY BeKTOPHBIX
nyuyxoB cBera. IIpoBeieHO 4HCIeHHOe MOJEJIUPOBAHHE
pacnpocTpaHeHUsi TMYy4YKa TPH  YIVIOBOM  CEKTOPHOM
BO3MYIIEHHN, TOKa3aHbI H3MeHeHHs1 napaMerpoB CTokca
Mpolecc YaCTHYHOTO BOCCTAHOBJICHHSI TOJISIPU3ALOHHOI
cTpyKTyphl IlosydeHHbIe pe3yJbTaThbl MOTYT ObITH TOJI€3HBI
VISl YOPaBJIeHUs XapaKTepHCTHKAMH BEKTOPHBLIX IYYKOB B
3a1a4ax ONTHYECKOil CBSI3N U aIalITHBHOI1 ONITHKH.

Kiouesste cnoea— onmuueckuii GUXDb, ROJLAPU3AUIOHHbIC
CUHZY/UAPHOCHIL, CEKINOPHOEC 603MYUICHILE

1. BBEJIEHUE
CunarymipHas ontuka [1] — OOHO W3 MCPCIICKTUBHBIX
HATIPABJICHUH COBPEMEHHOU OIITHKH, HM3Y4aroIIee

OCOOCHHOCTH CBECTOBBIX IOJICH, CBS3aHHBIC C HAIHYHCM
(ha30BBIX W TMOJLIPH3AIMOHHBIX CHHIYJSIpHOCTEH. OcoObIiH
HHTEPEC TPEICTABILIFOT BEKTOPHBIC ONTHYCCKUE BHXPH —
MYYKH CBETA CO CJIOYKHOM MOJIIPH3ALUOHHON CTPYKTYPOH,
XAPAKTCPH3YIOMICHC MOPH3ALMHOHHBIMA O0COOCHHOCTAMHA
[2,3]. OtH mnyukd HAXOAAT TNPHMCHCHHC B O0IACTH
ONTHYECKOM CBA3H, MHUKPOMAHUITY TUPOBAHMA, KBAHTOBOM
ONTHKM W HAHO(MOTOHWKH Onaromapss WX VHHUKAIbHBIM
CBOMCTBAM, BKIIOYAA MOJNHBIA yIJIOBOM MOMEHT H
CIOCOOHOCTh K CAMOBOCCTAHOBJICHHIO TIOCJIE IPEISITCTBHH

[4].

OmHUM W3 aKTYaNbHBIX BOTPOCOB CHHIYIBIPHOM —OITHKH
SIBIICTCS TIOBS/ICHUE BEKTOPHBIX ITYUKOB TIPH MPOXOKICHHH Uepe3
pajTHuHBIC TNPCIMITCTBHA, B TOM YHCIC, HPH YACTHYHOM
SKPAHAPOBAHUK HX TonepeuHoro mpod [5,0]. Henpospadmsie
CEKTOPA, MPEPHIBAIOIIME PACTIPOCTPAHCHHE TUKA B OTPAHIMUYCHHON
VII0BOH 0ONACTH, TIPCACTABIIIOT COOOH OIHH M3 THITHYHBIX BHIOB
BO3MYIICHUY, CYIUCCTBCHHO W3MCHSIOMMX IPOCTPAHCTBCHHYEO
CTPYKTYpPY MOJBIPH3ALMH. TaKkue BO3MYILCHUS MOTYT MPUBOIUTH K
W3MCHCHMIO ~ VIVIOBOTO ~ MOMCHTA,  TIOSIBICHMIO  HOBBIX
TIOJSIPHM3ALMOHHBIX  OCOOCHHOCTEH, a TaKke K CIOBHTY H
TIEPEPACTIPEICTICHAO ONTHYCCKIX CHHTYJIPHOCTEH.

B masHON paboTe HCCICAYCTCS BIMSHHE —CCKTOPHOIO
SKPAHAPOBAHKS HA CTPYKTYPY BEKTOPHOTO CHHIYJBIPHOTO TIYYIKA.
PaccMarpuBaroTest 3AKOHOMCEPHOCTH TpaschopMALH
NOJSIPYBALMOHHON — TOTOJIOTUY,  AHATIBHPYEOTCS  M3MCHCHHSE
[APAMETPOB  JUTMICOATA TIOMIPUBAIMH, 4 TAKKS HCCIGAYCTCS
IBOJIFOLIFS XAPAKTEPUCTHE IO BPH3ALMOHHBIX CHHTYJLIPHOCTEH B
3aBHCHMOCTH OT TCOMCTPUYCCKHX MAPAMETPOB BO3MY LLICHHSL.

J1.B. MakcumoB
Kprvckuii GpefiepatbHbI YHIBEPCUTET
uM. B.W. Beprajckoro
Cumdeporons, Poccust
northerncomfort@bk.ru
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Kprivckuii GpeiepatbHbI YHIBEPCUTET
uM. B.W. Beprajckoro
Cumdeporons, Poccust
server.khalilov.94(@mail. ru
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Kprvckuii denepanbHbI YHIBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccust
myhomm@gmail.com

M.B. Bbperpko
Kprvckuii denepanbHbIl YHIBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccust
mihailbretcko4(@gmail.com

1I. MOJIEJIE BOSMYIIIEHHOI'O ITYUKA

B o0mem ciydae moJie CKaasapHOTO OMTHYSCKOTO BHXPS C
HYJICBBIM PAIHAJBHBIM YHCIOM B IJIOCKOCTH z=0 B
PAIHATBHBIX KOOPAWHATAX MOYKET OBITh MPEACTABICHO KAK:

LGO)f(r,(/)) (r/wo) exp[z&p] exp[ (r/wo)z} )

e r=+«x’+y* , ¢ - Tomojormdeckmii 3apam (T3),
) :a:rctan[y/x] ,
TMPOXOKACHAN ONTHYCCKOTO BHXPA UCPES3 HCMPO3PAUHBIH
3KpaH B BHAC YIJIOBOTO CEKTOPA C MOJIOBHHHBIM YTJIOM ¢ ,
KaK MOKA3aHO B padoTtax [5,6], ero mone mpeTepreBacT
CTI0KHBIC W3MCHCHHS, 3aTPATHBAIOMINC KAK AMILTHTYIHOC,
Tak u (ha30Bo¢ pacmpencicHue. [ KOPPESKTHOTO OMHUCAHHS
3TOTO TPOILIECCA LENECOOOPAa3HO TPEACTABHUTH HCXOTHBIH
BUXPECBOH IYYOK B BHAC Pa3IOXEHHS MO COOCTBEHHBIM
MOIOaM, YTO MO3BOJLACT YUHUTHIBATH BIMIHHC SKPAHUPOBAHUA
HA €r0 MPOCTPAHCTBEHHYIO CTPYKTYPY H IBOJIFOLHIO:

W, - MEepeTsLKKa rayccora myuka. Ilpm

PLG(r.p.cx Z C,,LG,, (r.9), @)

k03 drumenTsr Moa €, ONPEICIAIOTCA KaK

(il
T—x t—m
Co=7 =m0
22 |m|'
xsinc[(f—m)(ﬂ—a)},
re I'(x) - ramva-Qymxmms, —sinc[x] - QyHxuus

KAPIHHATIBHOTO CHHYCA, & - YTOJI CEKTOpA.

Jit  QopMmMpOBAHWA ~ BCKTOPHOTO — AHAJNOTA  JIAHHOTO
OIITHYECKOTO BHXPS HEOOXOIWMO CIIOXKHTH [1BA OPTOTOHABHO
IHPKY JPHO-TIOJEIPH30BAHHBIX ONTHUCCKAX BHXPS C OTHHAKOBBIMH
AMIUTHTYJHBIME TPO(HIBIME, HO IPOTHBOTIOJOKHBIME TI0 3HAKY
TOMIOJIOTHUECCKAMH  3apsiaMH M OIPSCTCHHOW OTHOCHTEJIBHOM

(ha30BOH PA3HOCTEHEO
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Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

®opMHUpPOBAHUE OCEBBIX U BHEOCEBHIX (POKAIHHBIX
HOPSIAKOB A pakiiuy (pa30BbIX HEapaKCHAIbLHBIX
ONTHYECKHUX DJIEMEHTOB

O.A. JlrokapeBa
Camapckuii HalTMOHAIILHBIN UCCIIeI0BaTeNbCKUl YHUBepeuTeT uM. akajiemuka C.11. Koposepa
Camapa, Poccus
dukarevaola@gmail . com

Annomauua—B pabore paccmaTpuBaercss JIuGpaKIHS
MyYKOB HA KBAHTOBAHHBIX HEHNAPAKCHAJIBHBIX ONTHYECKHX
snemenTax. Ilokaszano, uro popmupoBanme AHpPAKINOHHBIX
MOPSIKOB 3aBHCUT KaK OT 3HAYEHUSI YHCI0BOMH anepTypbl, TAK
n or ¢okycHoro paccrosgHusi. IIpm HemapakcHaAIbLHOM
pacnpocTpaHeHUH OCHOBHAsI YHEPIHsI PUXOUTCS HA TEepPBbIe
MOPSAKH TUQPAKINH, TaKAKe BO3MOKHO YCTPaHSATH OoJiblnee
YU CII0 TIOPSAKOB 110 CPABHEHUIO ¢ MAPAKCHATBLHBIM CIIy4aeM 1
BapbUPOBATh HX MOJI0KeHHe NP GUKCHPOBAHHOM (POKYCHOM
PACCTOSTHIM € UCIO/Ib30BAHHEM OTKJIOHSIIOMIEH peleTKH.

Kmouesvie cnoea—reanmosanue hazol, npeodpazoearue
Prnea-3ommeppenn0a, Henaparcuaipnas H3a, OMKIOHAIOWAA
pewemra

I.  BBEJEHUE

Ju(pakImOHHBIC ONTHYCCKAC 3ICMCHTHI C OMHAPHBIM
(a3oBbIM  MPO(HICM  OCTAHOBATCA OCHOBOH  MHOTHX
MyJIbTH(QOKATBHEIX CHCTEM U OOCCIICUCHUS YBEIMUCHI
TIyOHMHBI PE3KOCTH H THANMA30HA HACTPOHKH (DOKYCHOTO
paccTosiHUSs,  OIMPOKO  WCIOJB3YIOTCI B CHCTEMax
BH3YAIM3ALMHA,  PAaCIIMPSIFOT  CPEACTBA  BO3ACHCTBHA
JA3EPHOTO M3IYUCHHS HAa BEIIECTBO M YIIPABJICHUC TA3CPHON
00padOTKOM M CTPYKTYPHPOBAHHCM MATCPHAIIOB [ 1-6].

HenapakcuanbHbIC ONTHUCCKHE HIICMEHTBI TPHMEHSFOTCS
Uil PEIICHHA 33Ja4 B TCPArcploOBOM JHAIIA30HE, YTO
MO3BOJIICT UCIOIB30BATh METO/IbI HCHHBA3MBHOTO KOHTPOJI
B Ppa3IHYHBIX THIIAX TIPUIIOKCHUIA, BKJIFOYAS
OHOMCIHIMHCKYIO SKCICPTH3Y [7].

B paGote paccMaTpHBAIOTCS H3MCHCHHSA CBOHCTB
pPACIpPOCTPAHCHUS! TYYKOB HA OCHOBC KBAHTOBAHHBIX
(pa30BBIX BICMEHTOB IO MPOW3BOJBHOMY YPOBHIO MPH
Iepexose OT MAPAKCHANBHOM BOTHOBOM MOJCIHM K
HETAPAKCHATBHOM, YTO CBA3aHO KAK C YMCHBIICHHEM pazMepa
ONTHYCCKHX  3JIEMEHTOB 10  HECKOJBKHUX  JCCATKOB
MHUKPOMETPOB, TaAK H TIIOABJICHHCM  AOIIOJIHHTCIIBHBIX
CTETICHEH CBOOOIBL, 00YCIIOBIICHHBIX BapuanueH
TOJAPU3ATAOHHBIX XAPAKTCPUCTHK QJICKTPOMATHUTHOTO
TIOTIA.

II. MOJAEJIMPOBAHUE

B OmmxueH 30HC mu(pakmum 1 pacueTa MOJTHOMH
HHTCHCHBHOCTH BBIXOHOTO TOJI HCTOB3YCTCS BEKTOPHOC
mpeodpazoBanmsa Pames—3ommepdenpsaa mepsoro tuma [8],
rae  g(xy), glxy) TAHTCHLUHUAJbHBIC (TOIECPEYHBIC)
KOMIIOHCHTBI BXOJHOTO 3JICKTPHYCCKOTO MO, KOTOPHIC
MOTYT OBITH 3aJaHBl C TIOMOIIBI0  KO3(P(PHIHCHTOB
TIOJLIPHU3ALHH Cy, Cy:

E (u,v,z) = —2ij (5. (x.y)exp(ikt)/ I* (ik ~1/1) dudy,
V4

-R

E (uv,2) = —2ij [, Ceoy)exp (ikt) /7" (ik ~1/1) ddy,
Vi

-R

E.(uv2) =] [[e. (), (x0) -]

xexp (ikl )/ 1* (ik —1/1) dxdy,

l:\/(u—x)z-i-(v—y)z—i-zz,
E*=|E [ +|E [ +|E|.

[Tpu MOxeTMPOBAHMH HCTONB3YETCS UTMHA BONHBI A=1
MKM. BXOZHOE MOJIe OTpaHMYCHO PAaanycoM K ONTHYECKOTO
snmemeHTa.  KoadduimeHTs: y-THHEHHOW —MOISIpH3aLIUH
3aJar0TCA Kak ¢, = 0, ¢, = 1.

H3BecTHO, YTO KBAHTOBAHHAS MO CPETHEMY YPOBHIO

o2
mapakcwamsHast JmH3a g(r) =exp(—ikr” / (2f)) (>R
k=2m/A ) TOPOXKIACT JOMOTHHUTCIBHBIC HCUYCTHBIC
JU(PPaKIHOHHbBIC TOPSIIKA HA ONTHYCCKOH OCH C PABHBIMH
Becamu [9]. Tlockompky Mt KOPPEKTHOTO —pacdera
pacnpocTpaHeHHsI IYYKOB B HEIAPAKCHAIBHOH OO0MacTh
HCOOXOMMO TICPCHTH OT MPHUOILKCHHA MAPAOOTHUCCKIX

BOIIH K C(hepHICCKUM, KOMIUICKCHAS (DYHKIMS MPOITYCKAHUS
paccMarpuBacMOro IIyuka IIPEACTAaBMECTCA B BHAC

2(r) = exp(—ikr> + 7).

B o0meMm ciyyae mpH CYIIECTBCHHOM YMCHBIICHUH
()OKYCHOTO paccTOAHUA (HANpUMEP, NPH MEPEXoAe OT
3HAYCHMs1 4HCIOBOH ameprypsl NA=0,003 x NA=0,24)
MOJKHO HaOMI0AaTh NEPEPACHPEACICHHE 3HEPrUM MEKIY
JU(QPAKIHOHHBIMH ~ TOPAAKAMH TakUM  00pa3oM, 4TO
3HAYATEIBHAS YACTh YHEPTHH MPUXOAUTCS TOJLKO HA IICPBBIC
TIOPSIIKH, MPUYEM YETKAsI CTPYKTYPA TOJIOXKCHHA MOPSIKOB
BOJM3H BXOJHOHU IUIOCKOCTH HE COXPAHACTCS, YTO MOKA3aHO
Ha puc. 1. [ToCKOIBKY YETHBIC MOPAIKH IPH KBAHTOBAHHH T10
CpPEeIHEMY  VPOBHIO  OTCYTCTBYIOT,  CAMHCTBECHHBIM
BBIPAKCHHBIM MAKCHMYMOM HA OCH CTAHOBHTCS MAKCHMYM
mopsizka p = 1 B Touke (oxyca muH3BI yxe npu f < 4R. B
CIIy4asx, Korzaa /< R BCe AOMOIHUTEIbHBIC TH(PPAKIIMOHHBIC
NOPAAKH OTCYTCTBYIOT NOJHOCTBIO, OCEBOC PacHpeCICHHE
HHTCHCHBHOCTH  KBAHTOBAHHOTO  IYYKAa  KA4YECTBECHHO
TIPAKTHICCKA HJICHTHYHO PacHpeeICHHUIO,
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Cexkuus 1. KoMnopioTepHas ontrka H HAHO(POTOHHKA

DopMHPOBAHHUE HAHOPA3ZMEPHBIX paAAALIMOHHBIX
ITOTOKOB BOJTHOBOJHO-PE30HAHCHBIMH
PEHTI€HOBCKHMHU YCTPOMCTBAMHU

E.B. Eropos
HnetutyT npo6iieM TEXHOIOTHH MHKPO3IEKTpoHUKH PAH
UepHoroaoska, Poccus
egorov-iptm@mail.ru

Annomayua—BbInosHeH psAd  SKCNePUMEHTAAbHbLIX H
MOJENbHBIX HCCAEA0BAaHHIT oco0eHHocTel dopMupOBaHHSA
HAHOPA3MePHBIX MOTOKOB PEHTIreHOBCKOro
KBA3HMOHOXPOMATHYECKOI0o HU3J1y4eHHs ycTpoiicTBamu,
(pyHKUMOHUMpYIHOIIMMH B paMKax $BJEHHS BOJIHOBOAHO-
Pe30HAHCHOTO pAacNpocTpaHeHUs] PAaAHALHOHHBIX TOTOKOB.
HaiigeHb! noaxoabl, Mo3BOJIMBIIHE MOBLICHTL HHTerpajbHYIO
HHTEHCHBHOCTb  MJIOCKHX  PeHTTeHOBCKHX  BOJIHOBOAOB-
pe3oHATOpOB MpocTeiillleii KOHCTPYKUHUH H YMeHbLIUTb
YIUI0BYH PACXoAuMOCTh (POPMHPYEMBIX HMH PEHTT€HOBCKHUX
NMy4koB 0e3 H3MEHeHHs MNapaMeTpoB  JalopaTOPHBIX
HCTOYHUKOB M3JydeHus. Iloka3aHo, YTo COCTABHOI MJOCKHIA
PEHTreHOBCKHIl BOJTHOBOA-PE30HATOP, COCTABJEHHbIH M3 ABYX
BOJIHOBO/J0B-Pe30HATOPOB npocTeiileii KOHCTPYKLHH,
pacnojoKeHHbIX APYT 3a APYTOM H B3aMMHO CbIOCTHPOBAHHBIX
B TeoMeTPHM MapajielbHOCTH HX IIeJeBbIX 3a30pOB,
Mo3BoJisieT YMeHbIIHTh yrJoBylo pacxoauMocTh
(popmupyeMoro noToka npH COXpaHEHHH €ro HHTErpajbHOM
HHTEHCHBHOCTH, MPH 3TOM CYWIECTBEHHO YXYALIAs CTENEeHb ero
MOHOXpoMaTH4YHOCTH. Paspaorana d¢eHomeHosornyeckas
moaesb  Halawaaemoro 3¢pdexrta. IlokazanHo, uT0o B
CKPELIeHHOH reoMeTPUH, KOTAA LueleBble 3a30pbl MJIOCKHX
PEHTreHOBCKHX BOJIHOBOA0OB-PE30HATOPOB Pa3BEePHYTHI ApYyr
OTHOCHTEJIBHO ApYyra Ha 90 rpagycos, yaaercs cgopMHpOBATH
TOYE4YHBbIH HAHOPA3MEPHBLIA  PEHTreHOBCKHH My4o0K ¢
HHTerpaibLHoii MJ0THOCTbIO, MPHEMJ1eMoil AJs PeHTreHOBCKOii
aurorpadguu.

Knrouesvie c106a— 601H0600-pe30HAMOD, PACXOOUMOCHY,
AUMOpaAPUA, PEHMZEHOBCKOE U3TYUeHUE

1. BBEAEHHUE

HacrostenbHas He0o0X0IUMOCTh pa3paboTku
NpakTHIeCKOH 3(pEeKTUBHON TEXHOJIOTHH (HOPMHUPOBAHUA
PEHTT€HOBCKUX IMy4YKOB HaHOPa3MEPHOIO CeYeHHs MpUBeNa

K  OTKPBITHIO  SBJICHHA  BOJHOBOAHO-PE30HAHCHOTO
paclpocTpaHeHUs  pauallMOHHBIX  MoTokoB [1] u
paspaboTkn  $a30BOrO  YCTpPOMCTBA  PEHTTEHOBCKOM

HaHO(OTOHUKH — IUIOCKOTO PEHTTEHOBCKOTO BOJHOBOJA-
pe3onatopa (ITPBP) [2]. Ero cxema npenacTaeierHa Ha puc. 1.
CepaueM »Toro YycTpolicTBa sBIfeTcd IBa KBapLEBBIX
TUIOCKMX TOJNMPOBAHHBIX pe(IeKkTopa, pacroioKeHHBIX Ha
pacCTOSIHUHM, HE [PEBBILIAKOIIAM  [OJOBHHBl  UIHHBI
KOTEPEHTHOCTH W3JIyYEHUs, KOTOPOE IPEANONaracTcs UM
TPaHCIOPTHUPOBATh. VYerpolicTBo 3aXBaTbIBACT
PEHTICHOBCKUI  PAJMALMOHHBIA ITIOTOK B YIJIOBOM
WHTEpBaje, HE [MpPEBBIMIAOIINM YIBOCHHOC 3HAYCHUE
KPUTHYECKOIO yIVIa IIOJHOIO BHELIHETO OTPAXKEHUS [UIA
MaTepuasia peQIeKTOpPOB, TPAHCIIOPTUPYET €ro CBOUM
IUIOCKUM TIPOTSHKEHHBIM IIEJIEBBIM  3a30pOM  TOYTH 0€3
ocnabneHnsa ¥ QgopMupyeT Ha BBHIXOAE IMYYOK HUTEBUIHOI
(hOpMEBI, TOBBIICHHOM PaIUALMOHHON TIOTHOCTH C YTJIOBOit

B.K. Eropos
HHcTuTyT NpoGiieM TEXHOJIOTHH MUKpPO3IeKTpoHuku PAH
Yepnoronoska, Poccus
egorov(@iptm.ru

PacxoIUMOCTEHIO, COOTBETCTBYIOLEH  yIIy  3axBarta
H3JTYUCHHUA.

i
Puc. 1. CxemaTuueckoe YCTPOHCTBO Jeprkatens TIPBP,

NPEACTABNAIOIErO CO0OH [IOCKUH MPOTSKEHHBIH IIENEBOH  3a30p
HaHOpa3MepHOH mHpUHEL. 1. KOcTUpoBOUHBIE TOMOBKH, 2. YCTaHOBOYHAs
nnuta, 3. [Ipykunel, 4. KOcTHpoBOUHBIE BUHTEL 5. JlepkarTens BOIHOBOIA,
6. KBapuesrie pednektopsl, 7. Ti monockm.

TMockonbKy mmmHa KorepeHTHOCTH (L=ho*/AL) nmis
XapaKTePUCTHIECKIX PEHTTEHOBCKUX V3ITydeHUH,
TeHEPHPYEMBIX 1ab0paTOPHBIMH HUCTOYHHKAMH,
COOTBETCTBYeT HAHOPAa3MEPHOMY AuWana3oHy [3], mmpuna
HUTEBMIHOTO MOTOKa, (opmupyemoro Ha Bbixome [IPBP,
XapaKTepu3yeTcsl HAHOpPa3MepHBIM 3HadeHueM. Hampumep,
JuMHa KorepeHTHocTH m3mydeHust CuKoo cocraBiser 405
aM. [Ipu ¢GopMmupoBaHMM TOTOKa 3TOTO W3MyueHus [IPBP
ero mupuHa 6yner Menee 202 HM.

II. PE3YJILTATEI

PeHTreHOBCKHE TOTOKH, (OPMHUPYEMBIE BOJHOBOIHO-
PE30HAHCHBIMH YCTpOHCTBAaMH MpocTeiiliell KOHCTPYKLHH,
XAPaKTePU3YIOTCS ABYMS OYEBHAHBIMH HEJOCTATKaMH.
WnTterpaneHas HWHTEHCHBHOCTH  (opmupyemoro [IPBP
MOTOKa TOYTH HA [Ba MOpAAKA YCTyHaeT MO 3TOMY
napameTpy LIeleBbIM (GOPMUPOBATEIISIM, UCTIONB3YEMBIM IS
PEHTI€HOBCKON T(PPaKTOMETPHH. Kpome TOrO,
¢dopMupyemMblii MM TOTOK SBIAETCA PacXoMAIIUMCS C
YIJIOBOA PacxoarMOCTBIO 0,07+0,15°. IIpobaema
TIOBBIIIIEHHS WHTErpabHOM WHTEHCUBHOCTH MpU
COXpaHEHUHU OPYIHX MMapaMeTpoB (POPMUPYEMOTO TIOTOKA,
KaK OKa3alloch, JIETKO pellaeTcs IyTeM HCIOIb30BaHUA
YIJIOBOTO KOHLEHTPATOPa U3My4eHHs, yCTAHABIUBAEMOTrO Ha
Bxode [IPBP. DOkchnepuMmeHTalbHBIE WCCIEAOBAaHUA |
MOJEJTbHBIE pacdyeThl MOKAa3adH, YTO TaKas MOAU(GHMKALIS
MO3BOJISIET MPAaKTHYECKH TOJHOCTBIO  KOMIIEHCHPOBATh
UMEIOLIYI0  MECTO  HENOCTATOYHYHK)  HMHTEIPANBHYIO
HWHTEHCUBHOCTS [4].

INovicku pemeHNMs1 BTOPOil MPOOIIEMBI OKa3aIHCh MEHee
OYEBHIHBIMH. YIalock pa3paboTaTh [ABE KOHCTPYKLHH
IIPBP, npuMeHeHME KOTOpPBIX MO3BOJISUIO  COXPAHATH
UHTErPAIbHYI0 HHTEHCUBHOCTH (OPMHUPYEMOTO MOTOKA B
CpPaBHEHHH C BOJHOBOJAMHU-PE30HATOPAMU MPOCTECHIINX
KOHCTpYKUMiA. HMccnepoBanus rmokasanu, uro I[IPBP,

011202
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Annomauus— B pabore uccienayercs BIHsIHIE O00IIEro
ACTHTMATH3MA Ha reoMeTpuuecKoe oTobpaKeHme
CTPYKTYPHPOBAaHHBIX TiyukoB Jlareppa-I'aycca Ha cdepe
Tlyankape. TToka3aHo, YTO HAKJIOH IHJINHAPHYECKON JIHH3BI
NMPUBOAUT K  Tpeleccud  TpaeKropuum  Ha  cdepe,
CONPOBOKIAIOIIEIICS MOIY/IANKEN B BH/Ie OKPY/KHOCTH BOKPYT
ocl Si. Dto  gBJIeHHE OOBLSICHSETCS  JIOHOJHUTEILHLIM
(}a30BBIM C/IBHIOM, CBSI3AHHBIM € ACHMMETPHE ONTHYECKO
CHCTEMBL TlosiydeHHbIE pe3yiIbTATBl  MOTYT  OBITh
HCIO/IL30BAHbBI IS yIpaBJIeHUS rmapamMeTpamMu
CTPYKTYPHPOBAHHOTO CBETA B ONITHYECKHX CHCTEMAX.

Kmoueevie coea— cmpykmypupoeannviii  ceem, nyuKu
Jdazeppa-I'aycca, cpepa Ilyanxape, opéumanpnsii yeioeoii
MOMeRm

1. BBEJIEHUE

Hccnenopanue CTPYKTYPHPOBAHHBIX CBETOBBIX ITYUKOB
SABJICTCA AKTYAJIBHOM 3aJa4eH COBPEMECHHOH CHHIYIIPHOM
ONTHKH, HMCIOHMICH MHUPOKHEC MPUIOKCHHA B KBAHTOBOM
KOMMYHHKAIIMH, ONTHYCCKON MAHHITYJLIIHH, MCTPOJIOTHH H
aHamm3e CIOKHBIX omTHueckux cpex [1]. OcoOsiit mHTEpEC
TPEACTABIIFOT CTPYKTYpHUpOBaHHble my4yku Jlareppa-Iaycca
(cJID), XapaKTE PU3YIOIIHECS HAJIAIUEM
OBICTPOOCHHTHPYIOIIETO OPOUTAIBHOTO YTJIOBOTO MOMCHTA
(OYM) u crmenudmaeckumu (ha30BBIMH CBOMCTBaMHU [2].
Takwme OCOOCHHOCTH HAXOJAT TIPUMCHCHHE B 3a/1a4ax
nepeavi HHQPOPMALIK, MHKPOCKOIIMH CBEPXPA3PEILICHUS U
YIPABJIEMbIX ONTHYCCKUX B3aUMOICHCTBHIL.

OmpuM  ®W3  TOAXOMOB K  QHANM3y  CBOMCTB
CTPYKTYPHPOBAHHBIX ITYYKOB SIBILIETCA HX T€OMETPHUECKOE
mpeacrasicHue Ha ciepe [lyamkape [3]. [lepBoHAaYamBHO
pa3paboOTaHHBIH AN ONMCAHWS  MOJLIPH3ALUOHHBIX
COCTOSIHHH, 3TOT METO OBbIT 0000MIEH HA ONTHYCCKAE BUXPH
1 TI03BOJLICT BH3YATIU3UPOBATH YBOIOLHIO COCTOSHUI My4Ka
B TApaMETPHYECKOM MPOCTPAHCTBE. | eomeTpuyecKas
mHTepIpeTanusa  myukoB  Jlareppa-laycca B TakoMm
TPEICTABICHIH OOCCIICUMBACT YAOOHBIH HHCTPYMCHT I
aHamM3a WX JWHAMHKE W [PEeoOpa3oBaHWK  IIpH
MIPOXOXKICHUH YePEe3 ONTUUCCKAE CHCTEMBL.

Onmnako OONBIIMHCTBO HCCIEIOBAHUH PACCMATPUBAIOT
chepy IlyaHkape B KOHTEKCTC HACATH3HPOBAHHBIX MYYKOB
0c3 yucra omrmueckux adcppaumit. OgHON W3 3HAYHUMBIX
meopMamuii TYYKOB SABIACTCS ACTHTMATH3M, BKJIFOYAS

A.B. Bomsip
Kprvckuii deepanbHbI YHIBEPCUTET
uM. B.W. Beprajckoro
Cumdeporons, Poccust
volyar@cfuv.ru

C.H. SlkyGoB
Kprivckuii denepanbHbI YHIBEPCUTET
uM. B.W. Beprajckoro
Cumdeporons, Poccust
yakubov-selim@mail.ru

S1LE. AxumoBa
Kprvckuii denepanbHbI YHIBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccust
aklmova.yana@yandex.ru

JI.B. MakcumoB
Kprivckuii denepanbHbIl YHIBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccust
northerncomfort@bk.ru

o0Imuii acCTUrMaTH3M, BOBHUKAIOUMMH TIPH MPOXOKACHUA
My4Ka 4epe3 LMIMHIPHYCCKYIO JIHMH3Y, HAKIOHEHHYHO IO
MPOU3BOJBHBIM YIJIOM OTHOCHTENBHO €ro OCH. BmudHue
acrurmMaruzMa Ha mapamerpel  cJIIT myukoB Tpebyer
JETATbHOTO  H3YYCHMA, MOCKOIBKY OH TIPHBOAHMT K
H3MCHCHHIO MPOCTPAHCTBEHHOTO pacnpenencHusa
HHTCHCHBHOCTH M (DAa30BOM CTPYKTYpBI, HTO, B CBOIO
o4epeab, BIUACT Ha HX IpeAcTaBicHue Ha cepe Ilyankape.

B nmaHHO¥ paboTe MPOBOAUTCS AHAIH3 TCOMETPHICCKOTO
orobpaskenns cJII' myuxos Ha ciepe [lyankape ¢ yuetom

o01mero ACTUIMATH3MA. Hcnoms3yercs METOI
MPEACTABACHHS  Iy4YKOB B TCPMHHAX  MOMCHTOB
HHTCHCUBHOCTH  BTOPOTO  MOPSAKA, YTO  MO3BOJBICT

KOJIMICCTBCHHO OMUCATh H3MCHCHHA UX XAPAKTCPUCTHK.

IL MOJIEJIL CJIT TTYUKA

IIyuwox cJII' MOXHO TPEACTABHTH 4YEpe3 KOHECUHYIO
cymmy moa Opmmura-Iaycca (30) [2]:

2n+t
SLG,, (r,e,0) = (-1) /2" n! ; (i) ) [%) x "
X EKHGZnJrﬁfk,k (\/Er) >

Oc3pasMepHBIC

HOPMHPOBAHHBIC HA TIEPETAKKY W, ¢\

rae r=(x,y) - KOOPIMHATSI,
(a) — MOJOBBIC
KO3 PHUIHCHTH

g, =(+ge™)

JETAIbHO  PacCMOTpPEeHHblE B [4],

JBYXIIAPAMETPHYCCKAN  AMIUIMTYIHO-

(ha30BBIT MHOKHTCITb JIA VIPABJICHUS KKI0H Momon Ol B
cyneprnosunun  my4ka, HG,,,, . (\/Er) -  KOMIUICKCHAS
ammumTy aa my4dka Ol

PaccmoTpuM BO3ACHCTBHE LMIMHAPHYCCKOW JTHH3BI HA
JAHHBIM MYy4YOK, TAC ONTHYCCKAA CHCTEMA  JIMH3BI
OIHUCBHIBACTCS CJACAYIOIIMM BhIpaXKCHHEM [4]:

exp —%[xcosﬁ—ysinﬁ]2 —%[ycosﬂ—xsinﬂ]z .2
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Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

HucneHHoe MOAEIIMPOBAHUE SBOJIFOIAU
CUHTYJISIPHOTO My4Ka, T parupoBaHHOIO
HA ITOBEPXHOCTHBIX MEPUOTUUYECKAX HEOJHOPOIHOCTSX

B.B. Cokxonenko
Kpbmvckwii defieparbHblif YHUBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Pocerst
simplexx.87@gmail.com

B.B. CxakyH
Kppmvckwii GefiepatbHbI YHHBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccrs
vladimir.skakun. 92@]list.ru

Annomanina— C OMOMBIO YHCTIEHHON MOIeTH CKAISIPHOIT
INQpaknud  CHHTYJISAPHBIX  MYYKOB, OTPa:KeHHLIX  OT
TMOBEPXHOCTel, MMUTHPYIONINX HEOTHOPOTHOCTH C 3aXaHHOIT
BbICOTOI penbeda, KauecTBEeHHO TMOKAa3aHbl 0CO0EHHOCTH
IBoIONIN  (Ga3oBbIX CHHTYJISPHOCTEll BHXPEBBIX IMYyYKOB €
eTMHIIHBIM 1 JIBOITHLIM ToToJIoTHIecKIM 3apsitoM. IIpu Tom
MacmTad HCKaKeHH WCXOAHOTO BHXPEBOro TMyYKa TeM
fonbmie, YeM MeHbIle OTHONEHUWE TMUPHHLI BHATHHBI-
BBICTYNIa K pagHycy MyYKa B IUIOCKOCTH TOBEPXHOCTH C
MEePHOINIeCKIMI HEOTHOPOTHOCTIMU pebeda.

Kmouesvie cnosa— onmmveckuii  ¢uxpe,
dazoeeas neodnoepoonocmn, nepuoduuHoCHDb

oudparyus,

1. BBEJAEHUE

CHHTYpHBIC TYUKH, HCCYIIWC OINTHYCCKAH BHXPh C
TOTIONIOTHYECKIM  3apsioM /| HamOolee VIAOOHBI B KAuUecTBS
SOHIUPYFOLLECTO TIyYKA BT Pa3pabOTKH METO/IOB BOCCTAHOBIICHH
(ha30BOTO MPO(IEET TIPUMCHATSTIEHO K MCTPOJIOTHUCCKHM 3aIAYAM
[1] aram3a NOBEPXHOCTH OTPAKAIOIIIX 00PA3LOB, KOTOPHIC MOTYT
HMCTh HA POy CO  CIOKHBIM — PETbe()OM  TIOBSPXHOCTH,
TIOBCPXHOCTHBIC  JC()CKTHI MHKPOHHOTO M CYOMHKPOHHOTO
Macmmaba. B cBBH ¢ 3MM  aKTVambHBI  MCCTICAOBAHF
CHHIYJHPHBIX TIYYKOB HA MPSIMET PETHCTPALMH AMIUTHTYIBI H
(ha3pl TOILL, BBI3BAHHBIX B3AMMOJCHCTBHEM CBCTOBOM BOJHBI M
TIOBEPXHOCTHBIX HEOTHOPOJHOCTEH.

IMpuBnekas 3BoOLHMOHHEBI HHTCTpaT Pperen-Kupxropa u
MOZEb (DA30BBIX HEOHOPOIHOCTEH C TIEPHOAMMECKIM Perbe(ioM
B BHJC BBICTYTIOB H BIAJHMH HA MOBCPXHOCTH, MOCICAOBATCIIEHO
TPOAHANM3MPOBAH  OTKIIMK AMIUHTYZABI M (Jasbl Tydka TIpH
H3MCHCHAH BEJIMMHHBI TCOMETPHUCCKON PA3HOCTH XOJIA, YUHTHIBAL,
YTO B CIy4Yae OTPOKCHHS, SHAYCHHC BBICOTHI HCOTHOPOIHOCTCH
OyaecT BIOBOC MCHBIIC PC3YIIBTHPYEOIICH —TCOMCTPHUCCKOM
pasHocTH X072, B HacTosIIcH paboTe MBI OTPAHHYFIITHCE AHAJI30M
JBYMEPHOTO ~ PACHpPENCTCHUS MOyl AMIUMTYAbl  BSKTOpa
HANPSDKCHHOCTH  AMICKTPHYCCKOTO N0 M (Da3pl  CHHTYJIIPHBIX
MYYKOB MPCHMYINCCTBCHHO B JAJBHCH 30HC MU(PAKIHH pamn
OMPCACICHHOCTH W MPHOJIDKCHHOCTH K 3KCICPHMEHTATBHO
PeaTH3yeMBIM YCIOBHSAM.

Bocmoms30BaBmuCh HU3BCCTHBIM BBIPAKCHUCM A
layccoBa mydka w, mepedasd a1 yaoOCTBA UHCICHHOTO
MOJCIHMPOBAHMSL, K [JCKAPTOBOH CHCTEME KOOPIMHAT,
3aIUIIEM PE3yIbTHPYIOIEE PACIPEACICHUE KOMIUICKCHOH

C.H. SlkyGoB
Kprvckuii deepanbHbI YHIBEPCUTET
uM. B.W. Beprajckoro
Cumdeporons, Poccust
yakubov-selim@mail.ru

H.B. ITloctka
Kprvckuii denepanbHbI YHIBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccust
nataliya_shostka@mail.ru

J.A. Tlonetaen
Kprivckuii denepanbHbI YHIBEPCUTET
uM. B.W. Bepnajckoro
Cumdeporons, Poccust
dmltry@mail.ru

AMIUTUTYAbl CHHTYJAPHOTO My4YKA B HMCXOJHOH IIOCKOCTH
(z=90) C TOUHOCTBIO A0 HOPMHPYIOIICTO MHOXHTEILA [2]:
2

E(x, y,O) o exp(—%ﬁﬂ] exp (il arctan (y/x)) , (D
1)

0
rie o, —
HOBEPXHOCTH 00pa3Ia, / — TOMONOTHICCKHII 3apsT BUXPSL.

IEPETOKKA IMyYKa B IUIOCKOCTH NAACHHUA Ha

TIpOCTPAHCTBEHHYIO YBONOLIIO Mo Tyuka E (X,Y,z).

PacIpOCTPAHSIOIIETOCSI B CBOOOJHOM TIPOCTPAHCTBE HA
HCKOTOPOM PACCTOSHHH z OyJeM TPOBOJHTH, HCHOJB3YS
TMOIXOABI CKAAPHOH TeOpHH MH(PAKIHH W HHCJICHHOTO
pemcHna aupaxuuoHHOTO MHTErpaga dpenena-Kupxroda

B mpuOmpkeHnrn @peHemsI B JCKAPTOBOM  CHCTEME
KoopauHar [3]:
. k%7
E(X.Y.2) = exp(ikA) jw jw E(x,.0)x o

X exp {;—k[(X —x)2 +(Y _y)zJ}dxdy
z
®opma penbea B BHIAEC MOJOC PA3NIUYHON INHPHHBI U
BBICOTBI  3a7aeTCsl (PYHKOMEH TPOIYCKAHHUSI, KOTOpas
oOyClaBieHa TCOMETPHUYCCKOM  pAa3HOCTHIO XOJa Ha
HEKOTOPYIO M3BECTHYIO BemmuMHY A B BHAE (hazoBoH
J00aBKH, YUTCHHOH B (2) coMHOxmTeIeM exp(ikA). Pacuer

PCVIBTHPYEOIICTO PACTIPSICTICHAST AMIUIUTY bI TIOJBI TIPOBOIAIICS
B BHIC CYMMBI I0 BCGM VHYACTKAM HOOJHOPOJHOTO permseda ¢
pasOrCHHEM TPCICIOB MHTCTPUPOBAHKST COTJIACHO HHCIY ITHX

VUACTKOB.

BxomupMM  mapaMeTpaMM  ABLIEOTCS BOTHYHHA — Pammyca
TICPETSDKKA  BUXPEBOTO TyYKA @), B IIJIOCKOCTH peIbeHOU
MOBEPXHOCTH, JHMHEHHBIH MacmrTad HEOJHOPOIHOCTEH,
paccTosAHUE A0 IUIOCKOCTH HAOMFOACHHA Z H TEOMETPHUCCKAs
pazHocTh Xoxa. IIpocienuM MPOCTPAHCTBEHHYIO 3BOJIOLIMIO
0co0BIX  (a30BBIX TOUCK — CHHTYJSIPHOCTCH  BOJHOBOTO
(hpoHTa MOCIE OTPAXKCHUS OT TAKOH MOBEPXHOCTH.

II. PE3YJILTATEI

Ha pmc. 1.
MOJCITUPOBAHUSA

NPEACTABICH PE3yJbTaT YHCICHHOIO
Ju(paknouE  BHXPEBOTO  Iy4yka C
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Orbital Stokes parameters of stable and unstable
structured beams (Theory and Experiment)

Alexander Volyar
V.I. Vemadsky Crimean Federal University
Simferopol, Russia
volyar.singular.optics@gmail. com

Abstract—Our discussion addresses the problem of
measuring the orbital Stokes parameters, including the orbital
angular momentum (OAM), of stable and wunstable (in
particular, randomly perturbed) structured beams. Highlight
of our measurements is we need the only two shots of the
intensity pattern in the critical planes of the perturbed beam
followed by their computer processing to estimate all features
of structured beams

Keywords— Optical vortex, orbital Stokes parameters,
structured beams

1. INTRODUCTION

The development and implementation of photonic devices based
on structured vortex beams come across inevitably with direct
measurements of their key parameters such as OAM, topological
charge (TC), astigmatism, a hidden beam geometry etc [1]. As a
rule, indirect methods of measuring the mode spectrum are used to
determine them. But, on the other hand, equipped ourselves with the
second-order intensity moments approach [2] we can overcome such
an obstacle in a unified way employing the orbital Stokes parameters
[3]. It is the problem of direct measurement of orbital Stokes
parameters, including OAM and the hidden geometry of stable and
intrinsic unstable structured beams covering randomly perturbed
speckle beams, that underlain the basis of our discussion.

II. STABLE GENERALIZED STRUCTURED SHLG BEAM

The stability of the structured beams when propagating
is specified by the identical Gouy phases of the beam
eigenmodes. In contrast, the modes of unstable structured
beams have different Gouy phases, which lead to breaking
the beam structure down during propagation. The exception
is spiral beams [4], in which the phase uncoupling is
reimbursed with rotating the beam structure as a whole. As a
vivid example of a stable beam, we chose a four-
parameterized structured sLG-sHG beam capable of being
transformed into a structured Laguerre-Gaussian (sLG),
Hermite-Gaussian (sHG) beams, or their combination,
which significantly distinguishes it from a one-
parameterized Hermite-Laguerre-Gaussiam (HLG) beam
[5]. Its complex amplitude is read as [6].

¥, (x.v]e.0.p.q) =
v ey
= ch (5=0=P=Q)HGN7k,k (x,y),
k=0
where HGy . (x.p) - is HG mode

,«/E(x/wo,y/wo) —>(x,y) , wo stands for a beam waist
radius at z=0, N =2n+ {and

Mikhail Bretsko
V.I. Vernadsky Crimean Federal University
Simferopol, Russia
mihailbretcko4(@gmail.com

G =(2)f B (0)5 (.0 pa) e (4T, @

Pk(””") is Jacobi polynomial, T, is Gouy phase

L,=I-T, €)
where T, =arg[\/1/§x2J and T, :arg[«ll/qsz [6].
&, (5,0,p,q)=(pk +queik9) )

¢ and 96(0,27;) stand for the complex amplitude and
phase control parameters whereas p=(£l+i) and

q= (il, +i ) are realignment parameters which can take the

values indicated in brackets. Realignment parameters allow
us switching from one group of bundles to another one. For
example, for p=g=i, we obtain a standard structured sLG
beam [6], which can be represented as the sum of a standard
LG beam and a hybrid HLG beam rotated by an angle of -
4. If p=-1, g=1, and e=1, then a HG vortex beam is shaped
consisting of two HG modes, the axes of which are rotated
by an angle of /2 [7]. The phase &-parameter changes the
structure of the beam within the group. At very high
amplitude s-parameters, £ >>1 the HLG beam rotated by -
w4 is formed. Such an asymptotic property for all
realignment numbers has prompted us to call this broad sey
of these beams structured Hermite-Laguerre-Gaussian ones
(sHLG).

For our resecarch of measuring the orbital Stokes
parameters, we chose the stable generalized sHLG beam
with parameters p=-1, g=1, e=-1, which have a unique
property relative to other structured beam groups. Fig.1
illustrates, in essence, such exceptional propertics. The
dependence of the OAM on the phase d-parameter in Fig. 1a
shows that the OAM maximum is equal to six at a radial
number of n=3 and 7C = [. However, with increasing the
number 7, but for the same TC = 1 in Fig. 1b, the OAM
approximately doubles ¢, = 2n , so that at large n>>1 a

sharp burst of the OAM appears against the background of a
small ripple surrounding it.

III. UNSTABLE SPECKLE-LIKE SPIRAL BEAM AND EXPERIMENT

In a recent paper [6], we examined a method for
measuring the orbital Stokes parameters in uniform
astigmatic-free structured beams based on an analogy with
measuring the polarization Stokes parameters. In our case,
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{a[ Jc\dZ dfdzb<c< e]la[keh ~a[Z[\* @[ Zdb_g]
e Njde[e” f] dk™d]c f\ h'[f<d]c_f

oypmcech fizihisj~| Ey|p ,pyp~bciaie
Yijgin f g{acgpy *ace hjcb| ik Uieedacgpbciaj pam Yijgin f g{acgpy *ace hjcb| ik Uieedacgpbciaj pam
Eakihepbcgj Eakihepbcgj
YijginD Wdjjcp Yijgin _iy|b g{acg *a*hjcb|
bizihisj~cc©+"epcy hd YijginD Wdjjcp

cy|p tpyp~bciaikk™tepcy gie

4:;<=>?2&f{* papyljcj ik ades’h ik giabhiy "y'e’abj kih
sceihz{ m’'kihepsy" echhih bi cagh'pj” b{" ‘kkcgc'ag|
giez ajpbcia ik yin%ihm™h ps hhpbciaj c¢j z'hkihe'm rj p
ghcb’hcia b{" pggdhpg| ik % hac~" ziylaiecpyj T a hpbcia cj
cas’jbctpb'm Eb npj j{ina b{pb b{" MR “y'gbhim’j ca ~'|jbia’
tTie'bh| zhiecm’j b{" izbcepy “kkcgc'ag| ik h*zhimdgcscycb]| ik
ihb{itiapy ziy|aiecpyj ¢t R Uias'abciapy j'eczpjice” sceihz{ echhih

@ABCD=E;7:FID=LM EAWD=I>:KA IF==D= WFGF<A AKAIAG<
IA<MDE _A=GFOALDKBGDIF>K;,

GHIJKL6HMJIG

Uihh*gbcia ik mcjbihb*m npe'khiab cj g{pyy atcat bpj~ b{pb
gidym s’ jiye'm ncb{ ephcidj b g{acZd’jT zpjjce* ih pgbce
“chjb ia’j gpa s pbbhcsdb'm z{pj %Sbce %mce hjcb|D
pytihcb{ec}catD b{" ypbb'h cagydm’j z{pj" giescacat pam & Uypjicgpy ‘y'gbhim" thcmjT p# j te'ab%i{pz mD st {ia’|gies
pmpzbce® izbcgj SR%L> f{ ypbb'h cj dj'm pj 'kk’gbce™ e’b{im _ o o L . .
kih cezhice’ab ik ypj'h hpmcpbcia npekhiab §0DM>  f{ gdhepbdh™ ik b{" jeczpjice” m'kihepsy  echhih
«in*°hD “kkcgc'ab giez'ajpbcia ik b{ npekhiab Jdhkpg m'z'amj ia mckk'h'ab zphpe b hj pam cj Tce'a s| b{
pshhpbciaj kpg'j b{' zhisy'e ik kcamcat b{" izbcepyKkiyyincat Zdpbcia
giakctdhpbcia pam ades’h ik giabhiy ‘y'e'abj ik b{ L }
m’kihepsy™ echhih Ypa| papy|bcgpy e b{imj n°h> zhizij'm X ZR ZBEGuss OR; E B# &
kih “epydpbcia ik b{" giabcadidj m kihepsy" echhihj $JDK> ' e — 5 M /OR&"&R; &Qh"&hé&#
ejcat ik kcach %'y'e ab papyljcj npj ncm’y| dj'm kih jdg{ s b h di ik adhepbdh® b v:abheg ke'vmD
pzzycgpbciaj §I> Ea b{cjzpz 'h b{" kcacb %y e ab papyl|jcj n?)f e ¢ b{" hpmedj ik gdh-p Bpacj b{" 'y gbheg ke'ym
pzzyc'm bi ca«'jbctpb” b{" % "hac~" ziylaiecpyj h'zhimdgbcia + 5&S5/f b+B&h* b{* b{cg~a’jj’j ik zc'}ig'hpecg zypb’
kih ephcidj sceihz{ m kihepsy™ echhih yp|idbj pam echhih idsjbhpb® gihh'jziamcaty|D pam

< MQJI5R KOWJIQNb4O QMILJI R + fl Dx ph b{ Sidate eimdyc ik b{

Vjcta ik p gias"abciapy j'eczpjjce” sceihz{ echhih ¢j  zc'lig'hpecg epb’hcpy pam jdsjbhpb’ epb’hcpy <h™ n’
zh'jjab'mia“ct R Eb giajcjbj ik p zpjjce jdsjbhpb™ epm™ ik giajcm'h b{pb b{’ _icjjiasj gi'kkcgc'ab cj b{’ jpe" kih sib{
TypjjD jeycgp ih giiz*h pam pa pgbce” zc'}imcj~ kchey| fyd m bi, . . N . N .
b%/\pjjjdsjjb?:pgp f{gh‘ j Fi)a‘ ’fhidpz?m“ ‘y‘gghimj‘ s‘bn‘yell b)E‘ epb'hcpy] f{ jajcbcecb|_B ik b{ hidam sceihz{
jdsjbhpb™ pam b{* zc'}imcj~ pam p j'b ik 'y'gbhim’j zypg m igihh gbih gidym s~ “qzh’jj'm pj b{" hpbci s’bn™"a pzzyc'm
b{* idb’h jdhkpg" ik b{" zc'}imcj~ bi h'zhimdg® ephcidj eiybpt" pam jbhi~" ik b{* echhih jdhkpg'T

ps hhpbciaj SR'%R&> 1{"a jie" «iybpt" cj pzzyc'm bi giabhiy G& G&
'y'gbhim'jD b{" bhpaje’hj" zc'}i'y'gbhcgpy ‘kk'gb zhiecm’j "L#
echhih s’am Ek n giajcm'hD kih “gpezy'D h'gbpatdyph B .ex Qb&9/*
zc'}ig hpecg mcjg ncb{ b{’ jZdph" b{pa b{’ g{pat" ik b{’ n{’"h" Gcjb{" mcpe'b’hikzc'}i'y'gbhcg zypb
jZdph™ rF kihb{cj j{pz’ cj m kca'm pj EEE  XXYXfWS X_fEYE%rfEXH
67 “hie b{" zicab ik sc’n ik “ypjbcgcb| b{"ih|D p sceihz{
S 8 90D "R# m'kihepsy' echhih cj p b{ca zypb'D ¢ D {pecat pa phscbhph|

b{cg~a’jj ca b{" t'a’hpy gpj’D sdb jepyy giezphm bi b{’
n{’h> G c¢j b{" bhpaje’hj" zc'}i'y'gbhcg gi'kkcgc ablzj yiatcbdmcapy mce ajciaj

b{® pzzyc'm ceiybpt® pam cj b{" b{cg~a’jj ik b{ ,a’hpy s’amcat ik b{ca zypb" ¢j m jghcs m pj kiyyinjT
“Nv'abh .
ZC}'thbC\gzypl.’. L mo Ug U &0
f{’h" ph” «phcidj yplidbj ik b{" giabhiy "y"e abj ik b{ L)+ TMn%A%%g%O, VoYU N R YRR HE  "Q#
sceihz{ m'kihepsy" echhihjD kih “gpezy’T ~’|jbia” "ct &p# MQV & Q Q

ih {ia‘lgies “ct &s n{’h" Uc ph* b{’ cab"thpbcia giajbpabi
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f{cj kihedyp j{inj b{pb p sceihz{ m kihepsy" echhih

L*,8/12*.@- 4-P.*5*;22 2 .[.*4-P.*5*;221 "

%&'&(#

gpaaibD ca zhcagczy'D gihh’gb npe’khiab ps hhpbciaj ncb{ p

mth™ ik b{" hpmcdj ca ziyph giihmcapb’j h {ct{"h b{pa Q SRL>
Ea ihm h bi m*b heca” b{" izbcepy ades"h ik giabhiy "y e abj

kih gihh*gbcat ypht %jgpy” ps hhpbciaj ik b{" ypj"h hpmcpbcia

npe'khiab p jcedypbcia npj z'hkihe'm ca b{" rHFSF
jikbnph™ “aechiae’ab f{  zijjcscycbc’j ik h’zhimdgcat
%0 hac~" ziylaiecpyj gihh’jziamcat bi yin ihm hj "m’kigdjD
pjbctepbcjeD giepD pam jz{"hcgpy ps hhpbcia# n"h" papy|} m
f{ giabhiy "y'e’ab t7ie’bh| npj j'y’'gb"m bi s* thcmj ncb{
JD RID LID MRD IR pam R&J “y'gbhim’j phhpat'm ca p hp
jbhdgbdh’ ji b{pb b{* ph’pj ik pyy "y gbhim’j n*h" “Zdpy

f{ izbcec}pbcia ghcb hcia npj b{" h'jcmdpy WYF «pyd D

M &

T

<= 7> 77.@=TA <B<<@C

“ct Q rggdhpg] ik %0 hac~" ziy|aiecpyj %KD %olD %dRL kih b{" giakctdhpbcia
rikdpseriRgw kinepsy™ echhih ncb{ LJD MR pam IR "y 'gbhim’j

= JG64LPMJIG

fi kcam izbcepy yp|idb ik giabhiy 'y e abj b{" s*{pecih ik b{’

n{cg{ gihh’jziamj bi b{" zicah%s|%zicab jdsbhpgbcia ik Z{pj" sceihz{ m'kihepsy" echhih npj jcedypb'm ca rHFSF jikbnph® f{

jdhl_(\pg j nf:b{_p mcjgh'b zphbcb_ua ik R'&Q,R'&Q zicabj ‘f{giezphcjiaik b{* ~’|jbia’ 1 ie’bh| npj papy|} m kih 3%D RI%D LJ%D

z{pj’ pyd” cj ~aina pb "pg{ zicab G| jdsbhpgbcat b{" \reyp |R%D R&I%'y'gbhim' giakctdhpbciaj Eb npj j{ina b{pb izbcep
gihh’jziamcat z{pj" *pyd’j kih bni jdhkpgjD n" isbpca p 4esh ik pgbdpbinj kih sceihz{ nps'khiab gihh'gbih kih %o hac~"

‘y'gbhim’j cj isbpca'm iay| kih j{pz® h’giajbhdgbcia ik b{"

%o hac~" ziylaiecpyj “ct L j{inj b{" pggdhpg| ik
h*zhimdgbcia ik %. hac~" ziy|aiecpyj s| b{" h'jcmdpy WYF g
hpbci kih mckk™h*ab ades™hj ik giabhiy "y e abj kih yin%ihm®
npe khiab pshhpbciaj "%L%%R(# fi kcam b{ izbcepy
giakctdhpbcia ik "y gbhim’j kih p sceihz{ m kihepsy" echhih¥&,
cb j"ej pzzhizhcpb® bi g{iij’ s’bn""a b{h™" eimckcgpbciaj %

LID MR pam IR “y'gbhim’jD jcag™ b{" pggdhpg]| ik h*zhimdghcia

ik %o hac~" ziy|aiecpyj s| p RI%'y'e ab echhih cj yinD pam L
s| p R&J%’y e ab echhih% “qg’jjce’

Gpj'm ia b{" Thpz{j ca "ct QD b{" h'giajbhdgbcia ik b{"

b{chm jdhkpg™ % p mckk’h'ag" jdhkpg™ f{ giakctdhpbcia ikhbiﬁimdgbciadz bi R(ziy|aiecpy npj MR “y'e abj

VOWOIOG60P

ED %o ( sSj kh™%jzpg” izbegpy bhpajeciicia wh johiat pbeiz{hcg
bdhsdy'ag" Yj S %oE&ID E G Veihme'scg SS Xzbcgi whbhj % &RM %
QR'RQ# % _ LEK(@L&KK VXET R RLMQSXwQR L&K(

Gyeab’D r FZdabcpy izbcec)pbcia ik pmpzbes phhpj ca gifhab ypih
gieedacgpbegajS Gyeab™D < Y €pfaSSwet{orpe fofaly % &RL % dy
LR % _ RLIKL%RLKI XET R RRISwf &RL &&(QKQ

weD %o Ugescapbegaypy%em kgyhepsy %eechhih pmpzbce' izbegj jjjb e kih pbaiz{h
giez ajpbcia ca kh™ jzpg” gieedacgpbcia S %0 weD < UpiD N %dpiD | wed SS
Xzbcgj Upaedacgpbciaj % &RQ % dy L& % _ RMV%RM \XET
R RRMS- izbgie&RQ R'Q&

%0 hac~" ziy|aiecpyj %oKD %.ID %RL djcat p MR%'y gbhim’ @Q]I“ﬂ@hﬁ"p 00 Uym Fopg~mdgbdpbh Vkihepsy” Ychhih ki

{pj p {ct{"h pggdhpg| giezphm bi p LJ% y gbhim" echhihD
{in"e"hD b{" dj ik p IR% "y gbhim" gihh gbih cj aibedjbckc™m ca
b*hej ikyin h h*zhimdgbcia pggdhpg|T &%

% kih %KD b{" h*zhimdgbcia pggdhpg| cj I& M-D IJ R— pam

apbcia kh _{p “ydgbdpbcigj ca p fdhsdy'ab tejz{h™ S oo
fzhi~D r o €dmhipi{D 0o Fpeph~ca'bpy SS beiz{hcg pam Xgpacg
Xzbcgj % &8 % dy LL % _ (KQY%(' VXET R RRLQSFREQK(MEMEQN
fizihis~D o bm™ pz'hbdh' {cH{h'jiydbcia jopg~m%6pgbdpbin m'kihepsy” echhih
kih {ct{ zinh ypih s\pe ghh'gocia S o fzhif~ID r €mhipifsD o

~abpy SS hg FEx% &Rl % dy RKK % _ RKKI VXET

I (= kih b{" LJ%D MR% pam IR%"y gbhim" echhihjD h’jz’gbc+"y|f R RRRISR& &RRQQ

% kih %0ID b{" h*zhimdgbcia pggdhpg]| cj KJ (-D 1& M— pgm

fzhis~D ooD _clibpg~ mkihepsy” echhih nch{ {ct{ b'ofayitcgpy
Kcghceajj S oo fzhi-D ro €mh|pif'D oo Fpeph~ca b py SS«<

1Q Q- kih b{" LJ%D MR% pam IR%"y gbhim™ echhihjD h'jz’gbc*" Y[k T Uiak Eh % &R % o &RL %  RERI MET R RKKSRIQZe

% kih %oRLD b{  h'zhimdgbcia pggdhpg| cj KJ R-D IL J- pam

I(1-= kih b{" LIJ%D MR% pam IR%"y gbhim™ echhihjD h‘jz‘gbc-sh
Yih'ie"hD cagh'pjcat b{" ades'h ik giabhiy ‘y'e abj
n{cy" epcabpcacat b{ jdsjbhpb’ pz'hbdh" dag{pat m y pmj hi
p m'gh'pj” ca b{" jajcbcecb| ik b{" echhihD jcag" eijb ik b{"
ph'p ik b{" zc'}ig*hpecg mcj~ ncyy s” iggdzc'm s| cajdypbcat
bhpg~j pam b{" ph'p ik b{" "y gbhim™ ncyy m gh'pj &

R2ST
R wax

M(MS&RLSRSR&RI

yimphgl-D € Fgpypsy” jopg~m phhp| zc}iy'gbhcg mkhepsy” echhih kin
pibhiaiel pam ypih zhigicat pzzycgpbeig) S € Yimphght~D x GhigD H
Fofrphb)D b py SS We ik Fgc Eab % &RQ % ay K('&# %  &Q& XE
R RMLSR QKM(R&(

fizhiD o rzzycgpscycbikjepyy i} np- khiab ghhvgohh'jbi giez ajpb” kih

np+khiab mcjbihbeigj ca ypih Jjo'g S o fizhif~D r €dmhjpife b py SS
_hig F Ex % && % dy’ RR&MM % _ RR&MMRI VXET R RRRISR& &(QKL&(
fizihis—cc 0 0 y'qesy™ scehz{cg echhih neb{ {ct{ majch] ik giabhiy

‘y'gbhimj kin ghh'gbcat npekhiab pshhpbcigj S 0 o fizhig~ccD r r
F~hbjeD r 0 €&dmhjpife bpy SS<« Xzb fofaly &RI % dy KM % _ L&%LK

VXET R RLMQS<{f KM "L&

fzhi4D o Gcehz{ mkihepsy” echhih zphpeb'hj izbceclpbcia ca
pbeiz{hcg pzzycgpbcig) S o fizhif~D o Fpeph~caD r €dmhjpiD E
pyp-bciak SS _hg FEx % &8&& % dy RE&RK % _ R&ERKM WXET
R RRRISR& EML&IRQ

¥ Ao SRR fizhiD o «c1{ jzpbepy hijiydbciascehz{m kinepsy echhihkihyphs'pe

9xX wo PO
1;<= 7> ?27.@=7B<B<<@C

“ct L %o hac~" ziylaiecpy h'zhimdgbcia pggdhpg| s| b{ h’jemdpy WYF
spyd” kih mckk’h*ab ades’hj ik giabhiy "y e'abj kih yin%ihm'h npe'khiab
ps hhpbciaj

gigbhiy S o fizhe-D r F~hbjeD r &dmhjpife bpy SS_hg F Ex %
&RK % dy RRK % _ RRKSER VETR RRRISRS. &&4(K

&R& \peD , Y Yimpy giezajpbcia ik pbeiz{heg bahsdy'ag’ neb{ b o ik

%o hac~" zZiylaiecpyj pam€ph{da’a¥%wis kdagbcigjS , Y Ve SS <ddhapy ikb{’
Xzbcgpy FHoebl tk khegp r % dy  R& % _ GRK&Y6&RIL VXET
R RLMQS<HrR& "&RK&

'RRMM&
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CamMapckuii HaITMOHAITLHBIA
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JIJIL Tonoparxux
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Annomauyua— B pabore mnpeacTaBiIeHbl Ppe3ybTATHI
OLIEHKH AIeKBATHOCTH MO/Je/IH HAXO0KICHHS] ONTHMAILHOTO
pasMepa  TIONYJSIIAM B TEHETHYECKOM  aJITOpPHTME,
npeioxkeHHoil Yunmroii u IleTpoBbIM, MpH pelieHNA 3a1a41
pacuera (GOTOHHO-KPHCTANIHYECKHX 3JIeMEeHTOB. Pe3ybTaThl
BBIYHCIHTETBHbBIX IKCIIEPUMEHTOB JeMOHCTPHPYIOT
OTPAaHHYEHHOCTh TPHMEHeHHSI YNOMSHYTOH MoJed H
HeoGX0INMOCTh B ee TopaGoTKe.

Koueevie cnoea — moodeny zenemuueckozo anzopumma,
Jromonnsie Kpucmasist, pazmep nonyAUNL

1. BBEJAEHUE

OneMeHTHI TH(PPOBOH HHTCTPATBHOH (DOTOHHKH HMCEOT P
MPEUMYIIECTB MO CPABHCHHIO C TPATULIHOHHOM 3JICKTPOHHKOM:
BBICOKAS CKOPOCTh OOpaOOTKH JAHHBIX, YCTOIYHBOCTE K
BHEIIHEMY  3JICKTPOMATHUTHOMY  BO3JCHCTBHIO, IIHPOKHC
BO3MO)KHOCTH II0  aNIIaparHoOMy IMH(POBAHHMIO CHTHAJA.
[MosromMy mx pazpadoTKa MPCACTABIEICTC AKTYATbHOM 3a0ajucH.
Tak, celdac pa3padaTBIBAIOTCA TAKHC YCTPOICTBA KAK
HHTCP(CPCHIMOHHBIC ONMTHYCCKAC JIOTHUCCKAC ICMCHTHI [1],
ONITHYECKHE  TIEPECKIIOYMATEI  HAa  OCHOBE  (DOTOHHO-
KPHCTAIUTIICCKOTO pe3oHaTopa [2], onrmeckue (mistpsl [3] 1
1ap. K coxancanro, 3(p(eKTHBHOCTE (TI01 KOTOPOH TMOHMMACTCS
OTHOIICHHC WHTCHCHBHOCTH HA  BBIXOAC OJICMCHTA K
HHTCHCHUBHOCTH, TMOAABACMOI HA BXOA) HM3BCCTHBIX 3JICMCHTOB
HEBeTMKa. /I0OMBASICH €¢ TOBBIICHMS, TPHHATO HCIIOIB30BATH
pasmEdHBIC MeTOmBl omTmMIpBammm. Jimt pacuera (hOTOHHO-
KPHCTAJUTIMYIECKHX 3JIEMCHTOB XOPOIIO 3apSKOMCHIOBAT CEOs
TCHETHYECKUM aaroput™ [4], Tak Kak AAHHBIA METOJ SIBILICTCS
mo0ambHBIM ~ TE.  XapakTepU3yeTCs  CXOAUMOCTBIO  TIO
BCPOSTHOCTH K OIITHMAJIGHOMY PE3YJIBTaTy.

[Mpu HCHOJIB30BAHHK FCHETHYCCKOTO AJTOPUTMA BCTACT
BOTIPOC O BBIOOPS €ro mapaMeTpoB [5]: cmocoba otOopa
ocoleit Al CKPEHIMBAHUS, BEPOSITHOCTH CKPCIIUBAHUS P,
BEPOATHOCTH MYTalliH p,, W 4YHCIA OCOOCH B OAHOM

moxkoeHnn ~N.  [IpaBuibHBIH  BBHIOOp  mapamMeTpoB
CcrocoOCTBYeT  OBICTPOM  CXOAMMOCTH — QITOPHTMA, a
CIIEIOBATETIFHO,  CHIDKCHHIO ~ €T0  BBIYHCIUTCILHOH
cnokaoctd. B [6] Yummrott A.®. u Ilerpossmm FO.IO.
TIPEICTABICHA MaTreMaTH4IeCcKas MOZETb OILICHKH
ONTHMANTHHOTO  pa3Mepa  MOMyLIIMA B IPOCTOM

TCHETHYECKOM aJTOpPHTME. ABTOpBHI HACTOSIEH padoThI
BBIIBHTAIOT TPEIIONIOKECHHE O TOM, HTO MOJCTb,
MPEVIOKCHHAA B [6] MOXKET NPUMEHATCA NPH PEIICHUH
3a7a4H pacuyeTa (JOTOHHO-KPUCTALIHUSCKUX 3JICMEHTOB.

II. TEOPUTUHYECKUE TIPEJICKA3ZAHUS

[IpencraBuM TOAPOOHO MOACTB, NPSATIOKCHHYE) B
[6].ITycts N — pa3mep mOMyJisIUuH, L — ATHHA XPOMOCOMBIL,
P(SY) — BepoaTHOCTH  COOBITHA, KOTAA  TMOCIE
HHHUIHATH3AIHA TCHETHYCCKOTO aaropurMa modoro 1<k <
L, Bemonmsercs Hepaserctso: 0 < Y1, bl < N, by, — kit
6ur joi xpomocombl. Torma mmt cimydas L=/ MOXKHO
3aIHCATh.

P(SM) =1-P(S)) =1-(P(¥) + P(¥))),

rae WY — coObITHE, KOTIa BCE 0COOH B MOMY MK HMEKOT B

ceocit xpomocome 1, WY — coburrme, korma Bce 0COOH B

TOTIY JLINUH MMEFOT B cBoeH xpomocome 0. OueBuaHO, UTO
1

N
PWNY=pPW)) = (;) B CHIy HE3ABHCHMOCTH 0COOCH

JApyT ot apyra. Torza:
N

P(SM) =1-2 G)

Tak kKak Kaxabli T€H XpPOMOCOMBI HHUIHAIU3HPYETCS
HE3aBUCHUMO OT JPYTHX TCHOB, TO AMI OOIIEro ciay4as

MoTy4aeM:
P(SM) = <1 _2 G)N>L

W3 mnocmenHero COOTHOHICHHA — BBIPA3HM  PasMeEp
TIOMY LUK N
1-5%/P(Sy
N = [logs Lo VPG @

2 ’
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XI MexayHnapornHast KoH(pEpEHITHS 1 MOToA&KHas 1Kona «HpopMaImoHHble TEXHOMOTHH 1 HaHoTexHoxorun» (MTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

HaxoxmeHue onTuMaibHbIX MAaCOK B 3aJ1aUax
OCTpOH (POKYCHUPOBKH JIa3€PHOIO U3 Ty YECHHUS
C paIvaJIbHOU MOJIIPU3AITAEU

JLIO. Kananmkon
Camapckuii HalTMOHAIILHBIN UCCIIeI0BaTeNbCKUl YHUBepeuTeT uM. akajiemuka C.11. Koposepa
Camapa, Poccus
kalashnikov434(@mail.ru

Annomauua—PaGora TOCBsIEHA HCCIEIOBAHUIO OCTPOI
(OKYCHPOBKH  JIa3epHOT0  WU3IYYeHHsSI €  paIHAIbHOIl
noJIsipu3anueil 1 HaX0KICHHI0 ONTHMAIBLHOH KoHQUryparmn
OuHapHoil ¢dazoBoii Macku IS NOJyYeHHS] MHHUMAILHOTO
pasMepa OKyCHOro HSITHA 110 TMOJIYCHaAy MHTEHCHBHOCTH B
dokyce amnaHaTHdeckoro ob0bekTHBa. MojgenupoBaHue
npopoguiioce 1o  ¢opmyaam  Puuapiaca-Boabda s
PaIuATBHO-TIOJISIPH30BAHHOTO cBeTa. OnruMusanus GMHApHOIT
¢$a30Boii MacKkH TNPOBOIWIACH € TIOMOIIBLI) T'€HETHYECKOro
AITopuTMA.

Krrouessie cioea — ocmpas oxycuposxa, paouaibHas
nonapuzauua, CynepocuNULAYNL, OURAPHAA (azoeas Macka,
dopmynst Puuapoca-Boswmha

1. BBEJAEHUE

Octpas (OKYyCHPOBKA JA3CPHOTO M3AYUCHHSI — 3TO
()OKYCHpPOBKA CBCTA JIHH3AMH C BBICOKOH UHCIOBOH
anepTypoii, Takadg, MpPH KOTOPOH VK HENB3s MPSHCOPCUb
BEKTOPHOH TpHPOAOl CBeToBOM BONHBL [1]. bBoapmoe
KOJITMECTBO ONTHUYCCKUX MPUOOPOB U ONTHUCCKUX YCTPOUCTB
14 pabOTHI HCTIOTB3YIOT OCTPOC(OKY CHPOBAHHBIIH TA3CPHBIN
ayq. JIaHHAT TEXHOIOTHSA WCIONB3YETCd B PA3IHIHBIX
obnacrax TIPUMCHCHHS, HarpumMmep, mmrorpadus,
KOH(OKANBbHAS ~ MHKPOCKOIIMS, ONTHUCCKOE  XPaHCHHC
JaHHBIX. Tak Kak NpWHOWI PabOTHI JAHHBIX TEXHOJOTHH
YacTO OCHOBBIBACTCSI HA HCIOJIB30BAHHUN H3IYUCHHS C
HM3BECTHOM MOJIPH3AaLUCH, TO IEPBOCTCNICHHOE 3HAYCHUC
HMEET yUET BEKTOPHOH MPHUPOIBI CPOKYCHPOBAHHOTO ITyUKA.
Boxpmmas 4gacTe 1a3epoB, HCIONB3YIOIIMXCS B HACTOSINEE
BpEMSL, IMCIOT M3IyUCHHC C OJHOPOAHON MOJLIPH3ALMEH, HO
TIPH TIOMOINY JOIOJHHTEIBHBIX BHYTPHPE30HATOPHBIX HIIH
BHECPE30HATOPHBIX YCTPOMCTB MO’KET OBITH C(HOPMHPOBAHO
MHOKECTBO Pa3MHBIX THIIOB HEOTHOPOTHO
TOJSIPU30BAHHBIX IYYKOB C PA3THYHBIMH XaPAKTCPUCTHKAMH
[1]. Hambonee mpHBICKATCIBHBIMA I U3YUICHUS IBISFOTCA
MYYKH, KOTOPHIC HMCIOT OCCBYI0 CHMMETPHIO BCEX
XapPAaKTEPUCTHK H3IYUCHHSI, B TOM YHCIC MOJSIPH3ALMH —
paguanbHO ¥ A3WUMYTAJILHO TOJSIPH30BAHHBIC —IyUKH.
OCHOBHBIM METOJIOM, C MOMOIIBI0 KOTOPOTO AHAMHM3HPYIOT
C()OKYCHpPOBAHHBIC IOJBIPH30BAHHBIC IYYKH, SBJLTFOTCA
HHTETPAJIbL, moydcHHbIe Priapacom u BomsgowMm |2, 3].

B mocnegume Toapl OOIBINOC BHHMAHHC YACTIOCH

HCCJICIOBAHUEO TCOPUH CYHCPOCIMILIALIHE.
Cymepocummmpyromue  (QyHKIHA — 370 (YHKIMH C
OTPAHMYCHHBIM  JHATIA30HOM  YacTOT,  OOIaJaroInue

TAPaIOKCAILHBIM CBOMCTBOM — H3MEHATHCS OBICTPEE, YEM HX
camas ObicTpast Dypbe COCTABILTOMIAS, HA CKOIb YTOIHO
JUTATCTBHBIX HWHTEPBaNax. MaTeMaTHUYCCKHE HCCICAOBAHUSI
TOKA3BIBAIOT, YTO 3TH (PYHKIMH IPE3BBIMANHO MAIIBI TaM, TAC

OoHH OBICTPO OCHWUMPYIOT. HenaBHWH mporpecc B
pa3paboTKe W BHEAPCHHH CYNCPOCIMUTHMPYIOIINX JIMH3
MPOACMOHCTPHPOBAT 3(P(PCKTHBHOCTF W TOTCHIMAT A
TIOBBIIICHHUS IPOCTPAHCTBEHHOTO PA3PCIICHUS B CBETOBOH
MHKpockonuu [4, 5].

B mamnoii pabote mccmemyercs octpas (HDOKYCHpPOBKA
PaAaHAbHO-OAPA30BAHHOTO JTA3CPHOTO HBIYUCHHA H C
MOMOIIBIO TCHETHYECKOTO AMTOPUTMA  HAXOJMTCA
ONTHUMATBHAS KOH(HUTYpals OnHApHOi (Pa30BOH MACKHU I
MOJIYYCHHS MHHHMAJIBHOTO pasMepa (JOKYCHOTO IATHA IO
MOJyCNaAy HWHTCHCHBHOCTH B (JOKYyCe AaIIaHATHYCCKOTO
0OBEKTHBA.

II. MATEMATHYECKASI MOJIEJIL

b. Pumuapnac m E. Bomd B 1959 romy mpeanoxumm
TCOPHIO, KOTOPAS YUHTHIBACT IOJLIPU3ANUOHHBIC 3P(PEKTHI B
()OKANBPHOM TIOCKOCTH ISl ITHHCHHO-TIOJBIPH30BAHHOTO
cBera [2]. JlaHHBIC YPABHEHUSI MCTIOJIB3YIOTCS ML pacueTa
pacnpeneicHusT WHTCHCHBHOCTH JIA3CPHOTO M3IYYCHHS B

(oxyce OOBEKTHBOB, HWMCIOIIMX BBICOKYIO UHCIOBYIO
aneprypy.
Wnrerpamst  Pumuapaca-Bomsda  ama pagmaneHO

TOJIPU30BAHHOTO CBETA HMCHOT CIICY: FOIIUH BUA;

Er(r,z):AJ- 1(8)T(8) sin26 e*zcos8) (krsinf)de, (1)
0

a
E,(r,z) = ZiAJ- 1(B)T() sin? § etkzcosb (krsin@) db, (2)
0

rae [(0) — HaYambHOE PACHpPEACICHUE HAMPSKCHHOCTH
3NEKTPHUCCKOTO TONA B KOOPAMHATAX BBIXOAHOTO 3pavKa,
Jm(x) — dyuxmusa beccens mopsamka m, T(8) — QyHKImA
amoaM3alMy 3pavka, A — KOHCTAHTA, 6 — MAKCHMAJbHBIA
YIOJ, ONpEAcIIEMbIN YHCIOBOM anmepTypoil. M3 ypasHeHuit
(1) m (2) caeayer, 4ro C(HOKYCHPOBAHHBIH PaTHATLHO-
MOJUIPU30BAHHBIA CBET HMECT PAJHATBHO CHMMCTPHYIHOS
(DOKYyCHOC TIATHO.

Jns anmmaHaTHaeckoro 0OBEKTHBA (DYHKIHS AT0 H3AINI
HMCCT BHA:

T(6) =+vcosb. 3)

Jliia TOro 4ToObI MOJYYHTh HAYAIBLHOE PACTIPEICICHHE B

KOOPIMHATAX BBIXOIHOTO 3pauka, HEOOX0MMO
BOCIIOJIb30BAThCSI COOTHOIIEHHEM:

L(p) = U(fg(®)), @

011872
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XI MexayHnapornHast KoH(GEpEHITHS 1 MOToA&KHas 1Kona «MHpopMarmoHHble TEXHONOTHH 1 HaHoTexHoNorun» (UTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

HccnenoBanue npoaoabHONM KOMIIOHEHTHI BEKTOPA
[ToMiHTHHTa THOPHUIHO-ITOJIIPU30BAHHBIX
OITUYECKUX BUXPEN

B.J1. 3atiie
CamMapckuii HaITMOHAITLHBIA
HCCIIEJIOBATENbCKUI YHUBEPCUTET UM.
axanemuka C.11. Koponepa
Camapa, Poccus
zaicev-vlad@yandex.ru

Annomauyua— B panHoii paGore ¢ HCHO/IBL30BaAHHEM
popmammsma Puuapuca-Boabnda pacecmarpuBaercs ocrpasi
doxycupoBka ONTHYECKUX BHXpeil c ruépunHoii
nmoJisipu3anueii, coderaromeil B cebe cBoiicTBa a3UMYyTaTbHOIT
U Kkpyropoili mnonspusamuii. IloxazaHo, 9YT0 3TH NYYKH
00J12120T YHUKAJIBHBIM CBOIICTBOM: IIPOJ0JIbHAS KOMIIOHEHTA
BekTopa [oiiHTHHTa IMeeT aCHMMeTPUYHBII BHIL.

Kmioueevie  ciosa:  onmuueckue
nosapusauua,  ypasHeHus
Jorycupoera ceema.

euxpu,
Puuapoca—Bonva,

uopuonan
ocmpasn

I.BBEJIEHUE

B Hacrosimee BpeMsS B ONTHKE YBCIHYHBACTCS
KOJIMYECTBO IMyOIWKAIWH, MOCBSIICHHBIX IyYKAM C
rHOPUIHON moJspm3anuei. B To ke BpeMs ompencicHue
THOPUIHON TOJSIPU3ANMU TPAKTYETCS HCCIIET0BATECILIMHU
JOCTATOYHO IMHPOKO: MO’KHO BCTPETHTH HCCIICIOBAHUS
MyYKOB, B  KOTOPBIX  HAOMFOJAFOTCS  HM3MCHEHHA
TOJIPU3aLUU OT KPYTOBOM K paguaIbHOU MPH U3MECHCHUU
a3UMYTAJBbHOTO yriaa [1] WM pacCTOsHUA 0 ONTHUYECKOM
ocu [2], UMIMHAPHYECKHE BCKTOPHBIE MYYKH C
ONTHYCCKUMH BHXpAMH [3], Oy4YkH ¢ NOTAPH3AIMCH,
3agaHHON monokeHmsMH B cepe Ilyamkape [4] w T. &
OcoOblif WHTEpEC TPEACTaBIIET OCTpas (HOKyCHPOBKA
TaKUX MYYKOB, [5].

B nmannoit padore ¢ momompro moaxoma Puwuapaca-
Bomppa paccMaTpuBAROTCA ~ ONTHYCCKHC BHXPH C
THOPUIHON TOJIpU3ALMEH, cOUeTaromel B ceOe CBOWCTBA
a3MMYTaJIbHOM U KPYTOBOH MOIApH3ALMH [6].

IL. TEoPUS

[NoBeacHue ceera B obmacTu ocTporo (Poxyca MOKET OBITH
OMHCAHO ¢ MOMOMIBKO (popmysl Puuapaca-Bomsdal24]:

U(p,w,z):—%J.J.B(e,(p)T(e)P(e,(p)x o
X exp {ik [p sinecos((p—w)+zcose]} sin0dode,

rac U(p,y,z) — HanpsHKEHHOCTb JJICKTPUUECKOTO HWJIH
MarHuTHOro moist B (okyce, B(0,0) — ammmTyma
3MEKTPUHYECKOTO FUIM MATHUTHOTO IIOJIST BO BXOJHOM 3PauKe
IMHPOKOATICPTYPHOH ONTHYCCKOH CHCTSMBI (0 — TOIAPHBIN
yrox, ¢ — asuMyTanbHbIH), 7(0) — QyHKOMI anmogwsaumu
AUH3BL (And anaaHaTHYeckoH mum3bl T(0)=cos'?@), f —
(oxycHOC paccTogHue, k=27/. — BOJHOBOC UHCIO, A —
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JAMHA BOJHBI (B MOJACIAMPOBAHUM CYMTANACh PaBHOH 532
HM), 00— MAKCHMAJbHBIM MOJIPHBIA YIOJ, ONPEACTIACMBII
YUCITOBOH aneptypoi muH3bl (NA =sina), P(0,¢) — BekTop
MOJBIPU3alUd A1 HAIPSOKEHHOCTH 3NEKTPHYSCKOTO MO,
uMerorui Bug [7]:

1+cos” p(cos6-1)
P(0.¢) =|sinpcosp(cosO—1) |a(0,¢)+

—sinOcos
singcos (cosO—1) @)
+| 1+sin’ @(cosO-1) |5(6,9),
—sin Osin @
rie a(0,9) mw h(0,0) — (PYHKOHH, OMUCHIBAOIIHC
COCTOSTHHE MO/LIPH3aOUH  X- U Y-KOMOOHCHT

HANPSKEHHOCTEH (POKYCHPYEMBIX ITyYKOB.

B namHO¥ paborte paccMarpuBaeTcs (DOKyCHPOBKA
ONTHYECKOTO BUXPA C THOPHUIHON TOJLSIPH3ALUCH, BEKTOP
JKOHCA A1 HETO UMCET BH:

[ —isinm ([ —cosm
E:em[ g”} H=e’"¢[ g”} 3)

cosme —isinme

rIe /m — TMOPSAOK THOPHAHOTO BEKTOPHOTO IYYKa, /1 —
TOTIONIOTHYECKUI 3apsAa ONTHUYESCKOro BHXps. IlomoOHas
MosIpW3anisL, — coueraromas B cede  CBOWCTBA
a3UMYTaJIbHON TOJIAPU3ALHU H KpPYTOBOH,
paccMaTpuBajiaCh HaMH paHee B padore [6]. [JlaHHYIO
NOLIPU3aIUI0 MOKHO IMOJYYHTHh C MOMOIIBI0 BCKTOPHBIX
BOJHOBBIX INIACTHH U YCTBCPTHBOJIHOBBIX IITTACTHHOK.

B pmammoit palote  HWCCIEnOBAaNOCh — MOBEACHHC
MPOAOIBHONM KOMIIOHEHTHI BekTopa [ToiHTHHTA.

IIpoaonbHas
BBIHCJLAIACH KAK!:

COCTaBIArOIAA  Bekropa IloiHTHHTA

z
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AKTyaJIbHOCTh H IIpOOJIEMaTHKa HCII0JIb30BaHUSI
nporpaMmmuoro mnakera MEEP

E.D. CmonbHUKOBA
CamMapckuii HaITHOHAIILHBIN UCCIIEI0BATENBLCKUI YHUBEPCUTET UM.
axanemuka C.11. Koponepa
Camapa, Poccus
smolnikova.ee@ssau.ru

Annomauna—B JaHHOIT paGore pacKpbIBaeTcst
AKTYAJIbHOCTD " npodaeMaTHKa HCIIO/IB30BAHMS
nporpammuoro makera MEEP. OGcy:kgaercs pemienne

BbIABJ/JICHHDBIX HpOﬁ.]'[eM 3a CUeT Co3qaHust CBOGO}IHOFO aHaJiora
B paMKaxX UMIIOpTO3aMelnleHusI.

Kouessie cnoea—FDTD, MEEP, modenuposaniie, cmpozas
meopus oudppaxunn

1. BBEJAEHUE

IMporpammusii maker MEEP (MIT Electromagnetic
Equation Propagation) [l] gBmsgeTcs OTHAM W3 CaMBIX
PacIpOCTPAHCHHBIX HMHCTPYMEHTOB, KOTOPBIH peanu3yer
meToa koHeuHbIX pasHocteit FDTD (Finite-Difference Time-
Domain) [2]. Ero mauana pa3pabarsmsars B Hadane 2000-x
ronoB B MaccauyCeTCKOM TEXHOJIOTHUCCKOM HHCTHTYTE
(MIT) rpynma mccrenoBare/ic moa PyKOBOACTBOM Steven
G. Johnson. TomdkOM K CO3JAHMIO TIPOTPAMMHOTO
obecrieueHAS ObLIa HEOOXOIMMOCTh HMETh HHCTPYMEHT I
pelueHus ypaBHeHUM MakcBeia u3-3a AKTUBHOTO Pa3BUTHS
TaKUX 00JACTEH Kak ONTHKA M (POTOHMKA, KOTOPBIH MOT
00BbeAMHNUTL B Ce0C MPOCTOTY B HCIOJIb30BAHHH, BBICOKYIO
amanTHBHOCTh K 33Ja4daM, a TAKKEe JOCTYIMHOCTb I
IIMPOKOTO Kpyra wuccremosarencd. OOHHM W3 TIIABHBIX
stanoB B ucropuu pazsurust MEEP 6b11 BIxon 2006 roxy
mepBoit myOmmdaHOW Bepcum. A mo3zke B 2010 roay B
xypuane Computer Pfysics Communications BbIImia
nyomukamua  [3], r1ae  pa3spadOTYMKH  OIMHCHIBAIOT
ApPXUTEKTYPY M OCHOBHbBIC BO3MOKHOCTH IPOTPAMMHOTO
TIAKETA.

II. AKTYAJILHOCTDL

OOcyx)7gaeMplii TMAKET AKTHBHO HCHOJB3YETCAd B
HaHO(hOTOHHWKS, HAapuMep, B [4] y Montagnac M., Agez G.,
Patoux A. ®W OpyrHe HCCICAYIOT ONTHUCCKHC CBOHCTBA
THAICKTPAYCCKUX HAHOCTPYKTYD c MOMOIIBIO
(pOKYCHPOBAHHBIX IIUIMHAPHICCKIAX BEKTOPHBIX IyYKOB.

B pa6ore [5] Hanson J. C. mCmOmB3yeT YHCICHHOC
MOJCTUPOBAHHE MEEP IS HCCTICIOBAHUS
IIMPOKOIONOCHBIX  (Ja3HPOBAHHBIX AHTCHHBIX PEIICTOK.
CpaBHHMBaeT pPE3ynbTaThl, IIOJYUCHHBIC B TPEXMCPHBIX H
JIBYMEPHBIX MOJCIIIX, C TCOPCTUUCCKHMH PACUCTAMH.

OTKPBITHIA KO/ TPOTPAMMBI MO3BOJBICT HUCCIICIOBATCIIIM
HCIONTB30BaTh €ro il CBOMX 3a4a4, JOTONHSS HOBBIMHE
¢yaxkmmsvu. B padore [6] Friman A, pemaer mpoOmemy
HEBO3MOYKHOCTH MOJICIHPOBAHHS THPOTPOMHBIX CPE, TAKUX

JLJL T"onmoBanxuH
CaMapckuii HaITMOHAIILHBIN UCCIIEI0BATENLCKUI YHUBEPCUTET UM.

akagemuka C.11. Koponepa
Orzenenne "UHCTUTYT crucTeM 00pabOTKU H300pakeHUH —
Camapa" KypuaToBckoro koMIrekca KprucTamiorpadum
boToHMKH (deIepalTbHOTO TOCYAaPCTBEHHOTO OO IKETHOTO
yupexieHus "HalmoHa bHbIN HCCIe0BaTeNbCKU IIEHTP

"KypuaToBckuii UHCTUTYT"

Camapa, Poccus

golovashkin.dl@ssau.ru

KaK IUIa3Ma B MATHHTHOM IIOJie, 0OABIIII HOBBIA Kiacc B
HCXOIHBIH KO HMPOrPaMMbl, KOTOPBIH YUHTHIBACT BIIMSIHHC
MArHHTHOTO TOJI1 HA JUHAMUKY IUTA3MBIL.

B pabore |[7] Ama pacmmpeHHS BO3MOXKHOCTCH
MOJICTIMPOBAHUS JA3€pPOB W HACHIIAIOIMHKX a0copOepos,
Cerjan A., Oskooi A. F. u apyrumu 6s01a 100aBICHA HOBAs
MOZACIb OMUCAHUA MHOTOYPOBHCBBIX ATOMHBIX CHCTCEM B KOJ
OpOTPaMMBL, a TaKKe pACIIMpPeHHE (YHKUHOHANA s
MOJCTUPOBAHHA H3YUACMBIX IPOLIECCOB.

Takum o0pasoB B Hactostmee Bpemst maker MEEP
AKTUBHO MCIIOJB3y€TCA HCCICAOBATEIIMH Kak B 00IacTH
HAHO(OTOHMKH TaKk ™ Pa3pabOTUMKAMH MPOTPAMMHBIX
KOMILICKCOB.

I1I. HEJOCTATKU

HecMoTps Ha 3HAYUTEIFHOE KOJIMUECCTBO IyOMKANWH U
MPEUMYIIECTBA, OH BCE JKE YCTYHNAeT B NOMYIPHOCTH
KOMMEPUYECKUM HakeTaM, peammsyrommM wmerton FDTD,
Hampumep Ansys Lumerical [8]. B cmay cneayromux
TIPHHH;

e OrtcyTcTBHE TIOJTHOLICHHOTO rpaduaeckoro
wHTCP(CHCA TPHBOAUT K CIOKHOCTH HACTPOHKH
MOJCTIMPOBAHUS B CBSI3H C  HEJOCTYIHOCTHIO
BH3YAITBHOTO TIPEIBAPUTEIHLHOTO POCMOTpa
BBIMHCIMTCIIHGHON oOmactn. Ha JaHHBIH MOMCHT
opummanbHO  Pa3padOTYHKAMH  HE  BBINYIICH
rpapuucckuit  HHTCP(EHC, HO €CTh MHOKCCTBO
Heo(ummambHEIX TpockToB HA GitHub [9, 10],
MHOTHC HCHONB3YIOT Jupyter Notebook [1] mma
Pa3paboOTKH W OTIAAKH CKPHITOB, YTO YACTHYIHO
KOMITCHCHPYET OTcyTCTBHE NonmHoneHHoTo GUE.

e HeB0O3MOKHOCTD 3a74aHUS HEOJHOPOJHOM CETOYHOH
o0iacTh TNPHBOAUT JHMOO K  3HAUYMTCIHLHOMY
CHIJKCHHIO TOYHOCTH MOJCIHMPOBAaHMA, JHOO K
HCONPABIAHHOMY POCTY 3aTpaT MAMATH H BPESMCHH.
Oco0¢HHO 3TOT (DaKTOP HCTATHBHO CKA3BIBACTCS MPH
pabore B OOMacTIX C PE3KHUMH H3MCHCHHSIMH
MapaMeTPoOB  HCCIEAyeMBIX 00BekTOB.  JlaHHas
mpobmeMa B OpYTHX — MAKeTaX  PeIaeTcs
AOANTUBHBIMHA MCTOAAMH IMOCTPOCHHUA CCTOYTHBIX
obOmacrer, HO He peamm3obaHa B MEEP. Cumracm
HACTOAIICE NPETATCTBUC OCHOBHBIM K
PaCIPOCTPAHCHHIO TAHHOTO TAKETA.
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e BcrpocHHBIX  (QYyHKIMH  aHAMW3a  PE3YIIBTATOB
HCAOCTATOYHO [ TPOBCACHHSA  TOTHOICHHBIX
uccenoBanui.  Omymaercs HEOOXOAHMOCTH B

CO3O0aHUHU  JONOJHUTCIIBHBIX HHCTPYMCHTOB  OJIA
BH3YAM3ALHA U 00paOOTKA TAHHBIX.

e Bce napaMeTpal MOJEIMPOBAHUA BBOJATCS
HCCIICAOBATCIAMH BPYIHYIO, B TOM YHCIIC MPH YUCTEC
JUCTIEPCUU Marepuaja. Jma TOCICAHEH

MPEAIAracTCs Wb MOACTb JIOPEHIA, B KOTOPOH BCE
KPATHYCCKHEC YaCTOTBI JOJIKHBI OBITb BHECEHBI
BPYYHYI0, UTO KpaiHe Heyao0Ho [1].

Bce mepeumcrneHHOE peanm30BaHO B makere Ansys
Lumerical,  xapakTepu3yromeecs,  OJHAKO,  CBOWMH
HEyIOOCTBAMM, A WMCHHO. OTCYTCTBHEM BO3MO>KHOCTH
OPraHM3AlMH BBMHCICHUA HA CYNEPKOMIIBIOTEPAX (UTO
peamusoBano B MEEP), 3aKpbITOCTBIO MPOTPAMMHOTO KOAA
(8 MEEP OH OTKpBIT), KOMMEPUYECKUM PACIPOCTPAHEHUEM
(MEEP 6¢cmnareH).

1V. SAKIIIOYEHUE

H3no:xeHHOE B LIENOM, ¢ OJHON CTOPOHBL, MOATBEPKIACT
AKTYaJIbHOCTh ~ WMCIOJB30BAHWS MPOTPAMMHOTO  TMAKETa
MEEP ama uccrneaoBaHHSA B IMHPOKOM CIICKTPE 0OmacTei
(omTHKHM, 3JCKTPOOMHAMHKH, HAHO(OTOHHKS, TCOPHH
AHTCHH W T.0.), C APYroi 0OyCIaBIMBACT HEOOXOIUMOCTH
3HAYUTCIBHOM MOZ[I/I(I)I/IK":II.[I/II/I " JONMOJHCHHUA KOJA B C
LETbE0 AJANTAINH €r0 K MOTPEOHOCTAM IMHPOKHUX KPYTOB
MOTb30BATETICH.

B mepByro ouepens aBTOPHI OTMEHAKOT HEOOXOIMMOCTH
MOCTPOCHHUSA  CETOYHBIX  OONACTeH,  IPEABAPSIFOIINX
MOJCIMPOBAHWE B [JAHHOM IIAKETE, W COOHPArOTCA
HAMPABHUTh HA 3TO CBOM YCHIIHSL.

Bo Bropyro mpu3HacTCI HEOOXOAMMOCTH BBIOOpA
MOJETH HPOrPaMMHOIO KOMILUIEKCA IO3BOJLIIOIIEIO Jajce
MPOBOAWUTH €r0 MOJU(PHKAIMIO C TMOMOIIBIO OJHOH W3

TCOPHH COOTBCTCTBYHOIICH NMPCIMCTHOM OOIACTH HAYIHOTO
MPOTPAMMHPOBAHHA.
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IToBenenue ¢da3bl B 0CTPOCHOKYCUPOBAHHBIX
ONTHYECKHUX BUXPSX

C.C. Cradeen
MucTutyT cucteM o6padotku uzobpakeruit, HAT|
«KypuaToBCcKUit HHCTUTYT»
Camapa, Poccus
sergey.stafeev@gmail com

Annomauus— B nannoii paGote paccMOTpeHO TOBeIeHHe
($a3pl KOMIOHEHT HANPSIKEHHOCTH 3JJIeKTPUYECKOT0 OIS
0CTpochOKYCHPOBAHHBLIX ONTHYECKUX BHXpeil ¢ JIHHEeHoIl
noasipuzanueii. IlokazaHo, 4TO y KOMIIOHEHTBI, BHocsimeit
OCHOBHOH BKJIa/1 B ¢popMHpOBaHHE HHTEHCHBHOCTH B oKyce,
npu  GOIbINUX  3HAYEHHSIX  TOMOJIOTHYECKOro  3apsiaa
(IpeBBIMAIINX ABa) B INIOCKOCTH (oKyca dopMupyeTcs TpH
ONTHYECKNX BHUXPS, [IBa U3 KOTOPHIX HMEIT €IHHUYHBII
TOTIOJIOTHUECKUIA 3PS/ U CMeIleHbI 0T ONTHYECKOIT 0CH.

Kmoueevie cnoea— ocmpas Qoxycuposka, onmuuecKuii
GUXPb, CHIDYKHIYPUPOGAHHDIIL CEeHL

1. BBEJAEHUE

CBeToBBIE NYUKH C HEOAHOPOJHBIM PACIIPEICICHHEM
(1)33])1 — ONTHYCCKHUC BHUXPH, HCOBITBIBAIOT MOCICIHHC
JICCATHICTHSL POCT MHTEPECa K HHUM CO CTOPOHBI ONTHKOB.
Bpadore [1] M. Berry BBOAWMT AMI HCCICAOBAHHA
HCOOAHOPOAHBIX CKALIPHBIX CBCTOBBIX MoJICH TOHATHE
JOKAJILHOTO BOJIHOBOTO BEKTOpa Kak rpaameHTta (hasbl,
JEMOHCTPHPYS, YTO B HEHTPAX ONTHUYCCKUX BUXPEH MOIYIIb
JOKAJILHOTO BOITHOBOTO BEKTOpA CTpEMHTCS
k 6eckoncunoctr. [lo3aree B padorax H.U. Kenyaesa [2]
OTMEYACTCS, 4TO OOJBIION JOKAIBHBIH BOIHOBOW BEKTOP
YacTo HAOMOmAeTcsi B (POKYCHBIX IDITHAX, IOJYHCHHBIX
¢ IOMOIIBIO (P (eKTa CyISPOCINLLILHH [3].

B nmamnoit paboTe pPacCMOTPCHO TOBEACHHS —(Dasbl
H JIOKAJTBHOTO BOJHOBOTO BEKTOPA OCTPOC(OKYCHPOBAHHOTO
ONTHYCCKOTO BHXPA C JHHCHHOW mnompusamued. Ecmm
TOTIOJIOTHMECKHH  3apax  (POKyCHpyeMOro BHXPS PaBEH
€IMHUIIE, TO LEHTP CPOKYCHPOBAHHOTO BUXPS PACIIOJIAracTCs
HA ONITHYECKOH OCH. EC/i TOMOIOruyecKuil 3apsn paBeH ABYM,
T0 B (DOKANBHOH TJIOCKOCTH HAOMFOTACTCA TBA ONTHYCCKHX
BHUXPA C CAUHUIHbIMH TOTIOJIOTHICCKUMH 3apAaaMu,
CMEIICHHBIX C ONTHYECKOH OCH. ECIM TOmoIOruyecKuii 3apsn
TPEBBINACT ABA, TO B IUOCKOCTH (hoKyca (opMmupyercs Tpu
ONTHICCKAX BHXPSA, ABA W3 KOTOPBIX HMCHOT GI[I/II{I/I‘{I{])Iﬁ
TOTIOJIOTHYECKHUH 3apsi M CMEIICHBI OT ONITHYECKOH OCH.

II. TEoPUst

C momomsro mHTETpana Pruapaca-Bomega [4] B padote
[5] Obum  TWOAYYCHBI  3HAYCHUSA  HANPSHKCHHOCTCH
3NEKTPUYECKOTO M MArHHTHOTO ToJNeH B (JOKyce i
ONTHYECKOTO BHXPA C TOHNOJOTHYCCKHM  3apAaoM 7
" Kpyrosodl momipmammedi. C y4yeToM ajanTanuM 101
TMHEHHYR Tomspusammi  Ei=e™(1, 0)T  xoMmoHEHTHI
HANPSLKCHHOCTH 3JIEKTPHUYECKOTO TOJIA U3 [5] mpuMyT BUA:

B.B. Komsip
MuctutyT cucrem o0padotku uzobpakeruit, HAT|
«KypuaToBcKuit HHCTUTYT»
Camapa, Poccust

kotlyar@ipsiras.ru
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/ GOKYCHOC PACCTOAHUC AIIAHATHYCCKOM CHCTCMBI, A JTHHA
BOImHBI, NA =sin o wuncinosas ameprypa JmH3bL 1(6)
¢yHKOUA amoamsanum  JHH3BL, Ju(x) ¢QyHkmus beccens
mepBoro  poma, x=krsiné, (x,y.z) (r,¢,z) HICKApPTOBHI
U TOJISIPHBIC KOOPIMHATHL. B KadecTBe aMIDUTYIbI BXOAHOH
¢yakoun A4(6) MOKHO HCTIOTB30BATHCH JIFO0AS PAIHATHHO
cuMMeTpHIHAA (DYHKOUSA, 30¢Ch 0 — TOMApHBIH YTOIL,
CBA3aHHBII C paguANbHOM KOOPAHMHATOM YpPAaBHCHHEM
mpockiu y4ya r=£5inf. Takum oOpaszom, A(0) He 3aBUCHT
OT Aa3WMYTAJbHOTO yIJIA MW  SBIICTCA  PAJUAIbHO
CHMMETPHYIHOM.

IIpu QoxycupoBKE IMHEHHO-NOIIPH30BAHHOTO CBETA
HamOONpIMH BKIax B (OpPMHPOBAaHHE (DOKYCHOTO IIATHA
BHOCHUT KOMITOHEHTA K, MO3TOMY 1manee OyAeT PaccMOTpPEHA
mvMeHHO oOHA. M3 (1) cmemyer, uro vy E. B (oxyce
(opMHUpYETCS TPH ONTHYCCKHX BHXPS C TOMOJOTHUCCKUMH
3apsaaMu n, n+2, n-2.

I1I. MOJIEJIMPOBAHUE

PaccmotpumM ganee, kak moseaeT ceOs (aza mpu ocTpor
(DOKYCHPOBKEC  ONTHYCCKOTO BUXpI C  JHHCHHOI
moJsIpu3anuei, koraa BekTopHeie 3(dexTo! [4] B GoxycHOM
MATHC JOJDKHBI OBITh NPHHATHI BO BHUMAHHC. B Hamen
paboTe paccMaTpuBamachk (POKYCHPOBKA TMYYKA C UTHHOH
BOMHBI A=633 HM aNIAHATHYCCKAM  OOBCKTHBOM
(T(0)=co0s"?0) ¢ umciosoil aneprypoit NA = 0,95. BoHoBok
(¢poHT PoKyCHpPyeMOTO CBETa OYACM CUHTATH PABHOMCPHBIM
A(0)=1.
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XI MexayHnapornHast KoH(pEpSHITHS 1 MOToA&KHas 1Kona «HpopMaImoHHble TEXHOMOTHH 1 HaHoTexuonorun» (UTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

Ananu3 J1e()eKTOB KPEMHHUEBBIX IIACTHH
C IIpUMEeHEeHUEM U POBOM roorpadpuueckom
uHTEpPepoMeTpun

3.T. AzamaroB
HWM ©ITu MD HYY3, 100074,
TammxeHT, Y30eKHUCTaH,
zakir.azamatov(@mail.ru

Annomauua — B nannoii padoTe mpecTaBIeHbI Te3HCHI
HCCIeI0BaHUS, TOCBSIIEHHOTO TpuMeHeHno 1mdpoBoii
roJiorpagudeckoii nuaTepdepoMeTpun I WICHTUPUKAITAA U
aHaIn3a JedeKToB KpeMHHEBBIX I1acTHH. PaccmarpuBaroTtest
¢usnyeckne NPUHIUNBI  MeTO/a, €ro IpUMeHeHHe B
MHKPO3/JIeKTPOHUKEe M BO3MO/KHOCTH TOBBINIEHUS TOYHOCTH
muaraoctiky. [IpuBeeHbl SKCIepHUMEHTATBHbIC Pe3yJIbTaThl
M 00CY/IAI0TCS MePCIIeKTHBBI Pa3BUTHS JAHHOH TeXHOIOTHH.

Kmouessie coea — uugposasn 2onozpadus,
unmepdepomempusn, de)eKmockonis, Kpemuiessle niacHiinbl,
Hepazpymalouiiii KOHMpPOJib.

1. BBEJAEHUE

B mocnennue TOIB B MEKPO3JICKTPOHHKE HAOIIOIACTCA
CTPCMUTCIIFHOS VBCAMUCHHC TPCOOBAHMH K  KAUCCTBY
N0 TYyIPOBOAHAUKOBBIX MATCPHATIOB H KOMITOHCHTOB.
KOHTpOJ'II) COCTOAHMA KPCMHHUCBBIX IJIACTHH CTAHOBUTCS
KPHUTHYCCKH BAKHBIM 3TAMOM HPOM3BOACTBCHHOTO IIMKIIA,
0COOEHHO YUUTBIBASA BBICOKHC H3ACPKKH, CBIA3AHHBIC C
OTKa3aMu  00OPYIOBAHHA. TpaauLUOHHBIE  METOJBI
JUATHOCTHKH, TAKHC KAK PCHTTCHOBCKAA W 3JICKTPOHHAS
MHUKPOCKOIIHAA, YACTO OKA3BIBAKOTCA HCAOCTATOYHBIMH JJIA
JETATbHOTO AHANM3A CKPBITHIX JS(EKTOB, TAKHX Kak
IMyCTOTHI, TPCIIUHBI U BKIIKOUCHUA NMOCTOPOHHHX BCINCCTB.
[MosTomy pa3paboTka HOBBIX, 00JICC UyBCTBHTCIABHBIX H
TOYHBIX MCTOAOB KOHTPOJIA KAUCCTBA ABJLACTCA aKTyaJ'H:HOfI
3a7a4eil.

OmurM w3 TakuX TOAXOAOB ABAACTCA mH(poBAs
rojorpadpmucckas wmHTepPepomerpus (LIUTH), kotopas
COYCTAaCT mpewMylnecTBa rosorpadum u  Ou(POBOH
00paboTKH  H300pAKCHWIL. DTOT METOX  TO3BOJIICT
BH3YAITH3HPOBATh M KOJHYCCTBCHHO  AHAM3HPOBATDH
MHKPOCTPYKTYPHBIE M3MEHEHHA B MATEPHANIC, BBI3BAHHBIC
BHYTpeHHHMHE JAc(ekramu. OCHOBHAS HACSA 3aKIFOYACTCS B
perucTpanuu nHTEP(EPEHIIMOHHBIX MATTEPHOB,
BOSHHKAKOIIHUX IPHU MPOXOKICHHUHU CBCTOBBIX BOJH YCPE3
MaTepHaN, W IOCICAYIONICH KOMITBIOTEPHOH 00padoTke
3THX JAHHBIX JUI1 W3BICUCHUS HH()OPMALUH O CTPYKTYpE H
XapaktepucTukax negexros (1,2).

B muadposoii romorpadum, Kak m B MCTOAC IU(PPOBOH
rojorpapuucCKOd HHTCPPCPOMCTPHE AHATH3 BOTHOBBIX
()POHTOB OCYIICCTBIICTCA WX KOMIBIOTCPHOH 00pabOTKOIM.
Takas 00paboTKa MO3BOJLIET PETHCTPHUPOBATH TOJIOTPAMMBI
HEMOCPEACTBCHHO HA MATPHYHOM IM(POBOM JATUHKE H
00pabaThIBaTh  3ANMCAHHYI0 KAPTHHY  PaCIpelc/icHHS
HHTCHCHBHOCTH IH(ppoBbMH Merogamu (3.4). TloapobHoe
MATEMATHYCCKOC  ONMCAHHEC  MPOLECCOB  BAlACH |
BOCCTAHOBICHUS [U(PPOBBIX TOJOTpaMM, (uibTpaumn
H300PAKCHUI U T. 1. MOKHO HAWTH B padorax (5,6).

Ab. baxpomoB

HII OITu MD HY'V3, 100074,
TammxeHT, Y30eKHUCTaH,
abrorbahromov0101@gmail.com

A A CamaeBa
HUUM OITu MD HY V3, 100074,

TamxeHT, ¥Y30eKHUCTaH,
sapaeva.aigul.2035@gmail.com

II. LEJIL U METOJIBI UCCIIEJIOBAHUS

3JampermmeHHas  30HA KPEMHHS TPH  KOMHATHOHM
TeMIepaType uMeeT mmpuHy 1,12 3B, 4TO COOTBETCTBYET
Kparo (PYHOAMEHTANBPHOTO TIOTJIONMICHHS M3JIYUCHUS C
mmmHOM BOaHBI 1,1 MxM. MsnyucHme ¢ OOmbImcH AmiHON
BOIIHBI MOJKET IIOTJIOIIATHCS Onarozaps mepexotaM MEKIy
YPOBHAMH INPHMECEH H PA3PEIICHHBIMHE 30HAMH, A TAKXKE 32
CYeT BO30Y)KACHUS OSKCHTOHOB, KOJCOAHWH PpCIICTKH H
cBOOOAHBIX HOcuTeneH. Hammiame aedexToB M mpuMmeceH
MPUBOANT K OOPA30BAHMIO JHEPIECTHUYCCKUX YPOBHEH B
3aMPEIICHHOM 30HE, YTO BBI3BIBACT MOTIOIICHHUE H3JIyUCHUA
¢ MmMHOW BOMHBI Oombme 1,1 MKM, HYTO MOMKET
CBHUJICTEIbCTBOBATH O MPUCYTCTBHH 3TUX JC(PEKTOB.

Korma »nmekTpoHBI MEpexoms T B 30HY IMPOBOJUMOCTH,
BO3MOJKHO JIOTIOJHHUTCIHHOE IOTJIOMCHHE HH(PAKPACHOTO
H3JIYyYUCHUS, CBS3aHHOC C HENPSIMBIM IIEPEXOA0M MEXKIY
30HaMH. M3iayueHme B BHANMOM JHANA30HE, 3SHEPTHSA
KOTOPOTO TPCBHIIACT INMPHHY 3alPEIICHHOH 30HBI,
MOTJIOMACTCS TMOJTHOCTHI0 B IPHIOBEPXHOCTHOM  CJIOC
MOIYNPOBOJHUKA. JTO TNPHBOAWT K 3HAYHTCIHHOMY
VBEIMUCHHUIO  KOHICHTPALIMKM  3JCKTPOHOB B 30HC
MPOBOAUMOCTH B IPHIIOBEPXHOCTHOH OOJACTH H POCTY
TOTJIOIIEHHA M PACCEAHHS HW3IyYCHHS C JIHMHOH BOJIHBI
6oxpmme 1,1 Mxm. Takum 00pazoM, MPUCYTCTBHE BHAMMOTO
CBETa B CHCKTPE W3IYUCHHA IOBBINIACT MOTJIOICHHUC
HH(pPAKpaCHOW YACTH CHIEKTpPa B IPHIIOBEPXHOCTHOH
007IaCTH KPCMHHUCBOIH TIIACTHHBL

10T 3(dexT mno3BOSIET NPH KOHTPOJE KAdeCTBA
IUTACTHHBI OLCHUTH BKJIAJA IPHIIOBEPXHOCTHOTO CIOS, HTO
OCOOEHHO BKHO, TAK KaK MMCHHO 3TOT CIOH B OCHOBHOM
OIpenesIeT NEKTPOPU3UUECKUE CBOMCTBA HMHTErPaIbHBIX
cxeM. Takum oO0pa3’oM, HaJIMYHE IMHPOKOIO CIEKTpa
H3JTyHCHUS, BKIFOYAs BHANMBIA W ONGKHUN HH(PAKpaCHBIH
JUAMA30HBI, TACT BO3MOXKHOCTH OIICHHTH, KaK OOBEMHYIO,
TaK M MOBEPXHOCTHYIO COCTAB/LAIOLIYIO IIOIVIOIICHHA H
BBIIBHTH CTPYKTYPHO-IPUMECHOE COCTOSIHHE KaK 00BeMa,
TaK M MOBEPXHOCTH KPEMHHUEBOH IIACTHHBL

Wsmenenns (assl W3MydyCHWS, NPOMCIIMIETO depe3
KPEMHHEBYIO IIJIACTHHY, MOTYT IPEIOCTABHTh BAKHYIO
mHpopManmIO 0 cocTogHHH OO0BekTa. Pa30BBIA aHANH3
IOMOTACT BBUIBHTH JIOKAJTBbHBIC H3MCHCHHA ITOKA3aTCIIA
NPEIOMICHUA, KOTOPBIE CBA3aHBL C JAc()EKTaMH MM
npumecsamu. M3meperne (azsl MOKET OBITH OCYIICCTBICHO
C MOMOIIBIO FOJIOrPa)HICCKUX METOAOB.

[Tpu 3amucu MyJIBTHUINICKCHOW IH(POBOH TOIOTpPAMMBbI
HCCIICAYCMBIH OOBCKT Pa3MeImacTcs Ha paccrosHmm d ot
KaMCpPbI H OCBCIIACTCA KOTCPCHTHBIM HCTOYHHKOM.
OtpaskeHHAsI BOJIHA B3aUMOJACHCTBYET C OTIOPHOI BOJHOMH, U

012432


mailto:zakir.azamatov@mail.ru
mailto:abrorbahromov0101@gmail.com
mailto:sapaeva.aigul.2035@gmail.com

NE ->)<./,*)./? 0%.:-,
-012? R *8]6[4-,

-.12? 2 8*5*)0>./? A0*5/
.1? *]420/ 2 .[.*:*4*.20/

,-3<564/4 :2072,<-47? 12:*9*B 0/8-*B *5<=-./?
5% [88] T7%)-,>24 ).@- * :/3- 2 [8]524<)-
235<=-.27D |,*A-)A-;* =-,-3 *+t-04

4-.729.%746 ;*5*;,/88@ *],-)-57-472 0/0 7<88/
/8]524<) *+t-04.*B 2 ***B  9*5.D 2 )57
9*774/.¥95-.27 :/3@ 27]*563<-47? 4-*,2? )2:,/0122 9
1,2452>-.22  --5?  []27/..1?  ;*5*,,/88/
1,-)74/957-4 7*+*B 8/4,21< 2.4-.729.¥742D 23 0*4* *B
1.%:,/88.*B *+ [+*40*B 9*774/./9529/-477 4,-P8-, *-
23%+,/>-.2- /3@ -4%) ,-.-57% 2,P;*:/ ]*39*5?-4

|*5<=246 ,/7],-)-5-.2- /3@ 2 *1-.246 ;5<+2.<
)--04%9 9 *+ /31-
N271..12 12:%9/? ;*5*%;,/88/ 1,-)74/95?-4

7*+*B 8/4,21< *12:,*9/..@P 3./=-.2B 2.4-.729.*742D
1./5%:2=.<[ 8/4,21- 12:,*9@P 3./=-.2BD ]*5<=/-8@P
12:,*9*B 0/8-,*B 1,2 3/]272 12:,*9@P ;*5*;,/88 9
92)28*8 )2/]/3*.-D 4 - 8/4,21< 3./=-.2BD 23 0*4**B
1,%:,/88.*B *+ [+*40*B 9*774/./9529/-477 4,-P8-,./?
0/,42.] 3@ 235<=-.2?D  ]*A-)A-*  =-,-3
2775-)<-8@B *+,/3-1  ]*8*\6[ 8-4%)/ ,-.-5?%
P:*:/ I7],-)-5-.2- /3@ 8*>-4 +@46 ]*5<=-.* 9
5[+*8 7-=-.22 *+/31/D =4* )/-4 2.*8/12[ *
5<+2.- [T]*5*>-.27 )-:-04*9 ,28-.-.2- 8-4%)*9
12:*9*B  2.4-,:-*8-4,22  ]*39*5?-4  ]*5<=/46
J3,-A-.2- 1% ;5<+2.- NP {D ;)- N %)52./ 9*5.@D { %
Al; *12:*902 /],28-,D 1,2 NZR 808 2 {Z RS&M "Ke
+24*9/2 *12: *90/# 4%=*746 *],-)-5-.22
JT]¥5%>-.27 )-:-04/ |* ;5<+2.- T*74/924 ~Q .8

3/)/=- 2.4-:-%8-4,2=-70%* 7,9.-.2? )9<P
3*9@P  ,/7],-)-5-.2B  )*TAlA*=* 9@=-T46 *).*
23%+,/>-.2- 23 ),<**  [352=27 /3 8*>.* 3/4-8
1./5232,*9/46D 9*774/./9529/? ]*9-,P.*746 :/3*9@P
238-.-.2B /3,/+*4/.@ 1,*;,/88@ )5? 9*774/.¥95-.2?

2 ,/39-,4@9/.2? :/3D | 4/0>- <5<=A-.2? 4*=*742
238-,-.2B )-:-04*9 9 2.4 *70%]-

v07]-,28-.4/56./2  <74/.*90/  7*74*?5/ 23
)9<PO0/./56.*B  7274-8@  5/3-,.%*  235<=-.2?7D
* 82,<-8%* 7 ]*8*\6[ ,/3)-524-56.%* 052./ )2.

0/./5 27]*563*9/577? )52 :*,82,%9/.2? *]*, ** |<=0/D

94* *B ™ )57 *+{-04.%* ]<=0/ /3-,.@B 274*=.20
1,-)74/9525 7*+*B 49-,)*4-56.@B V_FF 5/3-, 7 )52.*B
9*5.@ R'M' .8 2 8*A*746] &" 84 *]*5.24-56.*
27]*563*9/5/76 5/8]/ ./0/529/.2? )5? ,/7TA2,-.2?
71-04,/56.%* )2/]/3*./  ,2-8.20*8 235<=-.2?
9@74<]/5/ %0/8-,/ 7 ,/3,-A-.2-8 J,J 808&

$ 1 " E

5?7 27]@4/.2B 27]*563*9/5276 15/742.@ 0,-8.2?D
93?24@- 23 4-P.*5*%2=-70** 1,*1-77/ ],*239*)749/
820,*7P-8 5/742.@ 28-5/ ,/38-,@ 'R"P'D( 88
,¥9-)-..@- 2775-)*9/.2? ]*0/3/52D =4* 9.<4,-..2-

*=.=.@- )--04@ 0,-8.2-9*B ]5/742.@ 8*;<4
9@]*5.746 ,*56 820,*52.3D 7*3)/9/? 4*=-=.@-
23*+,/>-2? 5?2 |*5<=-2? +*5-- )-4/56.*B
2.:*8/122 * )-:-04/P ]5/742.D )52 0/>)*B

*5%: [:2=-70*B  2.4,%;,/88@D 3/]27/.*B 9 ]*5-
0%-,-.4.%* 274*=.20/D ],*;,/88.% 74,*257? <,6-
*+./3 [77-2.%* | )--04/P 235<=-2?D 0*4* @B
27]*563*9/577 0/0 0,24-,2B )-:-04.%742 8/4-,2/5/

I 27TR 1-)74/95-.@ <,6- *+/3@ )9<P
*5%: [:2=-702P 2.4,%;,/88 0,-8.2-9@P ]5/742.

L*,8/12*.@- 4-P.*5*;22 2 .[.*4-P.*5*;221 "

%&'&(#

*572./ 15/742. 7*74/95?-4 'D( 88 5/742./D <,6-
*+,/3 0*4**B 1*0/3/. ./ ,27 RID +@5/ 1*52,*9/./ 7
*).*B 74**.@D /),<;/? ]15/742.] ™ 7 *+-2P 74**,

/ +

27 R <6 *+/3@ *5%/2=-702P 24%,/88D ]*5<=-.@P
)5? )9<P 0,-8.2-9@P [5/742.

19.-.2- 23*+,/>-2B ./ 27 R/D+ )-8*.74,2,<-4
3./=24-56.@- ,/352=27 9 <,6- *+,/3/P )9<P ]5/742.D
=4*  1)49-,>)/-4  Z::-0429.%746  ,[3,/+*4/..*B
8-4*)202 /./523/ )-:-04*9 0,-8.2-9@P ]5/742. 1028
%+ /3*8D 7¥]*74/95-.2- <,6- %4 |3%Q
*5%: :2=-702P 2.4,*;/88 Z4/5*.*B 2 2775-)<-8*B
15/742. 1*39*57-4 ],*9%)246 )2/,.*7420< 52
0*8]6[4-,.%;* [./523/ 8*>.* 7,/9.29/46 .- 4*560*
7/82 23*+,/>-.2?D * 2 )-70,2]4*,@ <,6- *+,/3*9D
[*5<=-..@P 9 P*- 3/]272  ;*5%,/:2=-702P
2.4,%,,/88

/o

-)5*>-. @B 8-4*) 12:*9*B ;*5*; [:2=-70*B
2.4-:-*8-4,22  <7]-A*  2)-.42:212,*9/5 2
*P/,/04-,23%9/5  /352=.@- 42]@ )-:-04*9 9
0,-8.2-9@P 15/742./P ,28-.-.2- 2.4-,:- *8-4,%9 9
7%=-4/.22 7 0*8]6[4-,.*B *+/+*40*B )/..@P
[*39*525%  )*742=6  9@7*0**  ,3,-A-.2? 2
=<974924-56.*742 0 820,%)-:-04/8  [3,/+*4].]
1.*1-)<,/D 1*39*52[/? 1,*9%)246 [94*8/42=-70<]
)2/;.¥7420< .| *7*9-  7,/9.-.2?  <,6-%*+,/3*9
*5%: [:2=-702P 2.4-,:-*,/88D =4* )-5/-4 Z4*4
8-4%)  1-,7]-0429.@8 )57  27]*563*9/.2? 9
1*8@A5-..@P  ],*1-77/P  0*.4,*52  0/=-749/
]¥5<],%9%).20*9@P 8/4-,2/5*9

SR DpedhpmispD HG rzzycgpbcia ik mctcbpy jphithpz] bi m 'b'gb mkghj ca
gbhcpyy S K G fpedhpmiepD %ofr}pqab X pziaiD
H H GplphspD r G Gp~{hpai* SS 1zzycm _{icgj TM&&LTM Qm™

_RR@R& VXET R (RLI\/IKSRIINPAﬂQKO/o&&LO/oQ%RR(O/oR&

8& 1pepbeD %o f Metebpy fphithpz{ kih mb'gocat mk'gbj ca epbhepyj S
%o [ fpepbirD 0 x pziaeD rr<as~+D rGGp~{h|e~SSW(j| pa
Yeghiygohecgg ™ &&L ™ agy@ ™ FMLYFEMM
VXETR RRLQSFRMLILIELMRIN

S ApepbirD %o f UYXF pam UWV epbhcgj ca Zjcgpy €pjdneabj S
%o [ fpepbsD E r Wp~jepbdyypD H E Ypepb~dysD “r€hcee SS
_hig"mcatjikb{" giak’h'ag \ EE Eab hapbciapy Uiak h'ag” Xzbcgj pam _{ibiacg
™ &RL\D Fpeph~pamD &RL

§Q@ jmepaD<| \ctchpy cepfeat kie ‘ygbhiacgpyy| mbgb'm {yithpg S
<l jimegpaD W Iwprh'ag'SS izzy _{j wpb ™RMI™ ay RR1#™
JJ%Jl VXETR RMLSR RJ(QL

& ridpDV Ypjdh'eabj ik caigb ncat mkihepbcia dicat {c {26z " m metchbpy
fyithpz{cg cab’hk’hiebh| S V rfdplD ™ Y amijp%FpabiiD E Y V' yp fhh'D
Y FoypohpcipD U Upyign%YamD V shapam} SS xgzh'jj Xdbcg) % &R ™
ay RKM#E™ _(MMRY%(MMJ VXETR' RLMQSXx RK(MMR

W éhpazpjDxr f{ Tdhch%hijay bhpakhe ca {yithpzicg
cabhk'hiebh|S x r €hpja|z bj* SS ddhapy ik Xzbegpy fofayitc]

cj™&M
™ ay JL'&# ™ II%R" VXETR RLMQS<Xf JL"M

'R&QL&



XI MexayHnapornHast KoH(pEpEHITHS 1 MOToA&KHas 1Kona «HpopMaImoHHble TEXHOMOTHH 1 HaHoTexHoxorun» (MTHT-2025)

Cexnust 1. KommbioTepHas onTrHka 1 HaHO()OTOHHKA

®oTo-TepMO-ped)paKTUBHbBIE CTEKIIA —
IEePCIEKTUBHBIC MaTepraibl (POTOHUKH
(CBOMCTBA, TEXHOJIOTHH B IIPUMECHECHHS )

H.B. HukoHopos B.A. Acees CruCHeB

Yuausepcurer UTMO Yuusepcurer UTMO Yuusepcurer UTMO

Cankr-lletepOypr, Poccus Canxt-IlerepOypr, Poccus Canxt-IlerepOypr, Poccus
Nikonorov(@oi.ifmo.ru Aseev(@oi.ifmo.ru EM. sgibnevem@gmail . com
B.B. IlecHsxoB X. Anxanabu A.A. DmbexoB

Yuausepcurer UTMO Yuusepcurer U”TMO CamMapkaHICKHI1 TOCY JapCTBEHHBIA
Cankr-lletepOypr, Poccus Canxt-IlerepOypr, Poccus yauBepcuteT uM. [1lapoda ParmmmoBa
v.pesnyackoffi@yandex.ru hadeelalhalabi98@mail.ru Camapkanj, Y306ekucTaH

Annomanun — ®oto-repmo-pedpaktuBHbie (DTP) crexia
MPeACTAB/ISIIOT €000l  cpely AJIsl 3allCcH  CBepXIVIy0OKHX
00bEeMHBIX TOJIOTPAaPUYECKHX ONTHYECKHX JJIEMEHTOB, B
KOTOpoil 1ot AeficTBHeM U3JIy4eHUs1 H TepMoodpadoTKi, T.e. B
pesyibTaTe (OTO-TEPMO-HHAYIMPOBAHHON KPHUCTAIN3AINH,
dopMupyroTC  MeTANINYeCKHe HAHOYACTHILI cepeGpa H
000/I0YKN B BHJE TAJOTeHWIOB cepeGpa u ¢propuaa HaTpHSL
Paznnume B mokasaTessix Npe/IOMICHHS] MATPHIBI CTeKIa U
HAHOKPHCTA/LIOB TaJ0TeHHW/IOB TI03BO/IsSIeT 3alHChbIBaTH B
oobeme @DOTP crexna BbicokoddeKkTHBHBIE OGPITTOBCKHE
pemerku. IlokazaHbl TpUMepbI CO3JaHUS ToJI0rpaduuecKux
ONTHYECKUX 3JIeMeHTOB Ha ocHoBe PTP crexod. IlpeniokeHnl
JBe TeXHOJI0ruu 1o Mogudukamnum nosepxHoctu ®TP crexoi:
HHU3KOTeMIIePATYPHBIIT HOHHBIT 00MeH W (oTOXHUMIYECKoe
TpaBiieHne. Takwke mpeAcTaBlIeHa KOMOMHAIMS — 3THX
TEXHOJI0THIl c (oTo-TepMO-UHIYIIPOBAHHO
Kpucranamsanueil crekina. Taxkas moaudukanus mo3BossieT
YBEJIMYUBATH MEXaHHYECKYH), TePMUYECKYI0 H ONTHYECKYIO
MPOYHOCTH GP3rTOBCKHUX penieTok Ha ocHoBe PTP crekna, a
TaKzKe co3gaBaTh 3D 1noJible MEKPOCTPYKTYPBI H BOJIHOBO/IbL.

Krouessie cioea — dpomo-mepmo-peppaxmignoe cmexio,

domo-mepmo-undyuuposannas  Kpucmavm3ayusa,  UOHHBIL
oomen, pomoxumuueckoe mpasienue.
1. BBEJEHUME
®doro-tepmo-peppakrusnbic (OTP) cTekna — 3170 HOBBIH
KJIacc (hOTOUYBCTBHTEIBHBIX MaTEpHAJoB,
MPETHAZHAYCHHBIH 11 TOJIOTpaduIeCKOM  3amucH
OOBEMHBIX Op3ITOBCKHX PEHICTOK, KOTOPBIE CETOMHS

KpaitHe BocTpeOoBaHbI Ha phIHKE (oroHMKH. H3MeHCHME
TOKa3aTes TPEJIOMIICHHUS T 00yCIIOBICHO
(HOPMHUPOBAHACM MCTAJUTMHUCCKHX HAHOYACTHII cepedpa |
POCTOM HA HHUX TaJOTCHUIOB cepedpa u ()ropuzaa HATPHUS B
00JyuCHHOH obnacTtu 3a cUer (oTo-Tepmo-
unayuuposannoil (OTH) kpucranmzanuu. U3menenue TT1
B OOIYyUYCHHOH OOJACTH MO CPABHCHHIO C HCOOIYUCHHOH
00JaCTBI0 MO3BOJUIET 3aMHCHIBATh (PAa30BBIC OOBEMHBIC
Oparroeckue permetkd (OBP) [1].

Ha ceromamHuii AeHb CO30aHA INHPOKAS JHHEHKA
3MEMECHTOB M YCTPOHCTB (POTOHHKH HOBOTO MOKOJICHH:
CBEPXY3KOMOTIOCHBIC CHECKTPATbHBIC (uIBTPHI,
YHUPIHUPOBAHHBIE OP3ITOBCKHE PEMICTKH 11 KOMITPECCHH
CBETOBBIX HMITYJIbCOB, CHECKTPANBHBIC MYJIbTHILICKCOPBHL,
CYMMATOPBI JA3EPHBIX MyYIKOB, TOJOTPAQHICCKAC TPH3MBL,

eshbekov-a@mail.ru

ONTHYECKHUE MOAYIH AT OYKOB JONOJHEHHOH peaabHOCTH,
JUMHATEPHI 11 3amuTHl  (JOTOMPHEMHHUKOB OT ACHCTBHSA
HMITyICHOTO JTAa3¢pHOTO M3mMy4dcHu [1].

B macrosme# padoTe MPSATIOMKCHBI JBC TCXHOJIOTHH IO

Moau(uKaMn TIOBEPXHOCTH OTP CTEKOT:
HU3KOTEMIICpaTypHbIH  HWOHHBIH oOomen (HHUO) wm
(OoTOXMMHYECKOE ~ TpaBICHHE. Takke  IpeacTaBlIeHA

koMOmHAIMA >THX TexHoJormd ¢ OTU kpucTammsanuci
CTEKIIA.

1L METOJIMUECKASI YUACTE U PE3YJILTATEI

A. @TH xpucmannusayus ¢ TP cmexne

OTP crekno mmeer coctaB NaO-AlLOs—ZnO-SiO>—
NaF — NaBr — KBr ¢ mob6asiaeamem CeO» (0,01 mon%),
Sb203 (0,05 mon%), Ag:O (0,15 mon%). B stom crexie
HOHBI LECPpHUA OTBCHUANOT 34 (I)OTO‘{yBCTBI/ITeJ'II)HOCTB H ¢€C
CHCKTPAJNbHYF) 005acTh, HWOHBI CYPBMBI H  cepedpa
BBICTYIIAFOT B POJHM JOHOPOB H AKLUCNTOPOB 3JICKTPOHOB,
HOHBI HATPHUS W TAJOTCHHOOB OTBCHAKOT 334 POCT
HAHOKPHCTAJUIOB B MATPHLE CTEKIa, T.C. 3a MPOLECC
KpUCTaM3anuy cTekna. Pazmuune B I kpucTammnueckon
¢a3sr B obOmyueHHoil oOmactm u [II1 crexmodaszsr B
HEOOIyYeHHOH O0JIACTH CTEKJIA HCIOJIBb3YETCA IS 3aIHCH
OFBP B ®TP crexme [1].

B. 3anuce OBP peutemox

Jna 3amucu OBP ucmons3oBanca YO He-Cd masep ¢
JUTHHOH BOJIHBI 325 HM, T.¢. OMM3KOM K MAKCHMYMY TIOJTOCHI
TIOTJIONIEHHS HOHOB Hepust. [Tocie o0mydueHus MpoBOANIACEH
TePMOOOPaOOTKA (TCPMOTIPOSABICHAS) TOJOTpaMM mpu T=
500 °C B Teuenne 10 wyacos. [lomyuennsie OBP wmmeroT
BBICOKYEO TH(pakimoHHYI0 3(derrusHocts (> 90%).
TMoapo6Ho TexHomoTHsA 3anucu OBP omucana B [1].

C. Hounwiii 06men

Conepsxanue B cTekie HaTpus (1o 15 mon%) mo3BoysieT
HCTOJIB30BATh TCXHOJIOTHEO HU3KOTCMIICPATYPHOTO HOHHOTO
oomena (HMO) mns co3gaHus IUIaHAPHBIX BOJHOBOIOB [2].
B JAHHOM IPOLECCE MICTIOYHBIC MOHBI U3 MATPHIBI CTCKIIA
(MOHBI HATPHSA) 3AMCINAFOTCA HOHAMH METaIa (cepedpa witH
Kkamsg) u3 pacmiasa coan (AgNOs mwm KNOs), B kOTOPEIi
morpyskeHa mopioxkka u3 @TP crekma. HUO mpoucxomut
npu Temmeparype T=320 °C ams oomena Nat-Agh u T=400
°C mma obmema Na™-K', 4Yro 3HAYHUTEILHO HUKE

012572


mailto:v.pesnyackoff@yandex.ru
mailto:Aseev@oi.ifmo.ru
mailto:hadeelalhalabi98@mail.ru
mailto:sgibnevem@gmail.com
mailto:eshbekov-a@mail.ru

NE ->)<./,*)./? 0*.:-,-.12? 2 8*5*)0>./? A0*5/
-012? R *8]6[4-,./? *]420/ 2 ./.*:*4*.20/

4-8]-,14<,@ 0,274/5523/122 "f%(" aU# 2
4-8]-,/4<,@ 74-05%9/.2?  74-05/ "ft-(L' aU#

* @B *+8-. Hp'%rt” [*39*525 ]*5<=246 9
74-05- |5/./,.@- 9*5.*9%)@ 7 9@7*028 ],2,*74*8 EE
" 27 'DR#D +*56A*B :5<+2.*B )2::<32% %% 75%7
" L'9%6Q" 808# 2 8/5@82 *]42=-70282 [*4-,282 "8-.--
'D& ) S78# 5-)<-4 *48-4246D =4* )57 7+*3)/.272
9*5.*9%).@P  74,<04<, ,/3,/+*4/.@ 7]-12/56.@-
8.*:*0%8]*.-.4.@- 72520/4.@- 74-05/ .28D ],->)-
97-:*D 8*>.* *4.-742 74-05/ 8/,02 G, LR 2 G, L(
JA-B ,[+*4- ¥0/3/.*D =4* 1,2 *)2./0*9@P <75*927?P

"0%.1-.4,/122 .24,/4] 7-,-+,] 9 7*5-9*B 9/..-D
4-8]-,14<,- 2 9,-8-.2 2% *:* *+8- [#  74-05* |*

79%28  P/,/04-,27420/8 .- <74<]/-4 7]-12/56.*
J3,1+*4]..@8 )57 3/)/= 2.4-;,/56.*B *]4202 74-05/8
G,LR 2 G, L(

5? *+8-./ 2**9 Hp%€" |*5<=-.@ ]5/./,.@-
1.23*4,*].@- 9*5.*9*)@ 7 ],2,*74*8 ?72 'D'RLD
)9*B.@8 5<=-],-5*85-.2-8 (aZz afY% afw 'D"L ";)-D
afY2afx% EE )5? fY 2 fx ]*5?,23/122#D ;5<+2.*B &'
808 2 *]42=-70282 ]*4-,782 - 'D& ) S78 °,2,*74 EEEE
)9*B.*- 5<=-],-5*85-.2- 9 75<=/- *+8-./ Hp%
€"+<75*95-.@ )-B7492-8 7>28/["2P )2::<32*..@P
1],?>-.2B "4 - Z::-04*8 FA*L],<*TA24 9
]*9-,P.*74.%8 75*- 74-05/D 0*4* @- )*742;/[4
+*56A*B 9-52=2.@ ")* RDL /# 3/ 7=-4 *+8-.] 2*.*9
J3.%* N2<7/T 'DIK )5? 2*.*9 ./4,2? 2 RDLL )57
2*.*9 0/52? /02- +*56A2- .[],?>-.2? +5/;*],2?4.*
952?[4 ./ :2320*%8-P/.2=-702- 79*B749/ 74-05/D
1*9@A/? -;* 8-P/.2=-70<[ 2 4-,82=-70<[ ],*=.*746D /
4/0>- 820,*49-,)*746

X z£ %o{ ! °«Z

*7.%9- *+1-)2.-.2? 2 2*.*%* *+8-./ 9
74-05- 5->24 ,/352=-.2- 9 4-8]-,/4<,/P
4-P.*5%;2=-702P  ],*1-77*9T  =("* )57
0,274/5523/122 2 -L"%Q"* )5? - ./1-,9*B

741)22 7*3)/-472 *+t-8./2 +,2:;*970/2 ,-A-40/ 3/ 7=-4

0,274/5523/122 1,2 *+5<=-.22 +*%Um 5/3-,*8
2 [¥75-)<["-B 4-,8%%+ [+*402 ],2 -("* 9 4-=-.2-
R' =/7*9  70*560< [*75- 3/]272 P/,/04-,274202
+,Z:*970*B  ,-A-402 74/+256.@ .- 4*560* 1,2
0*8./4.*B 4-8]-,/4<,-D * 21,2 9@7*02P 4-8]-,/4<,IP
"9]5%46 )* M"*# SRD 4* ]*75-)<[*2B "L"%
Q*# +<)-4 1*.82%9/46 9*5.*9%).@B 75*B ],2
7*P,[.-.22 +,Z;;*970*B ,-A-402
| % = "1 A

JA-B [+*4- 1*0/3/.*D =4* 70**746 4,/95-.2?

0,274/552=-70*B :/3@D 7*3)/.*B 3/ 7=-4
0,274/5523/122D 9 +° 0275*4- 9 &'%Q' ,/3 9I@A-D =-8
70%*746 4,/95-.2? 8/4,21@ 74-05/ v4*4 Z::-04D *
[./5%:22 7 239-74.@82 :*4*724/55/82 “ibdhpafYD
“ibikihe D _x,fY $LbD ]*39*52-4 7*3)/9/46 LV ]*5@-
820,*0/./56.@- 74,<04<,@ 9 *+t-8-  74-05/T
820,*,-/04* @D 820,*7-.7*,@D 820,*4<,+2.@D
820,*8207-,@D 5/+*,/4*,22 ./ =2]-

L*,8/12*.@- 4-P.*5*;22 2 .[.*4-P.*5*;221 "

%&'&(#
f z£ %o{ ! = "1

N O ez

J74*?7-B | [+*4- ]*0/3/.*D =4* 74-05*
)*]<70/-4  *+t-)2.-.2- 4,-P  4-P.*5%2BT

0,274/5523/122D :*4*P282=-70%* 4,/95-.27 2

| 1-,9*B 74/)22 1,*27P*)24  0,274/5523/12?D
905[=/[*? 3/]276 70,@4**  23*+ /[>-.27
235<=-.2-8 2 4-8%*?95-2- 23%*+/>-27 %
*82,%9/.2- 0,274/552=-70*B :/3@ "*74 7-,-+,2.@P
1*=[7421 =/742 2 ./.*0,274/55*9 Hp'# 9 *+5<=-_*B
*+5/742  74-05/ | 94**B  74/)22 ,-/523<-47?
P282=-70* 9@4,/9529/.2- 9 *+5<=-_*B *+5/742
0,274/552=-70*B :/3@ 2 *74/9A-B7? 74-05*/3@ 9
15/920%9*B 0275*4-D =4* ],29%)24 0 :*82,*9/.2]
]*5@P 820,*:5[2).@P 74,<04<, [ 4,-46-B 74/)22
-1523<-47? 9 [7]5/9- rtHXL "252 €HX 24D =4*
1,29%)24 0 J*9@A-.2[ EE 9 ]*5*8 0/./5- 2D
7%%49-4749-.*D 0 :*,82,%9/.2[ 9 .-8 9*5.%9%) *B

74,<04<,@ /028 *+,/3*8D *+t-)2.-.2-
1,-)74/95-..@P 4-P.*5*;2B " 0,274/5523/122D
*4*P282=-70*%;* 4,/95-.2? 2 #D ]*39*5?-4
05/772:212,*9/46 74-05* 0/0

8.*%;*:<.012*./56.@B 8/4-,2/5D ]*39*5?["2B ,-A/46
A2,*02B 0,<; 3/)/=)5? :*4*.202

/ o
J+*4- 1,-)5*>-.@ )9- 4-P.*5%;22 *
8%)2:20/122 1*9-,P.*742 74-0*5T 2
*4*P282=-70*- 4,/95-.2- /0>-  ],-)74/95-./

0*8+2./12? ZA2P4-P.*5*:2B 7  0,274/5523/12-B
74-05/ /0/? 8%)2:20/12? 1*39*5?-4 P/,/04-,23*9/46
74-05% 0/0 8.%*:<.012*./56.@B 8/4-,2/5D 9
0*4* *8 8*>*  3/]27@9/46 .- 4*560* *+1-8.@-
+,2:*9702- -A-402D .* 4/0>- 7*3)/9/46 LV ]*5@-
74,<04<,@ )5? 820,%5[2)202D  2*.**+8-.@-
*142=-702- 9*5.*9%)@ )57 2.4-;,/56.*B *]4202D /
4/0>- <9-52=29/46 8-P/.2=-70<[ 2 4-,82=-70<[
1.*=.*746 2 820,*490,)*746 *]42=-702P Z5-8-.4*9D 9

4*8 =275-D +,Z;;*9702P ,-A-4*0 ./ *7.*9-  74-05/
1
[+*4/ 9@]*5.-./ 1,2 ]*)-,>0- *772B70%;*
J<=Fx ox ) %204 « &8Q%WQL%&"&'#
SR> Hc~iahisD H o _{ibi%b{"hei%h'khpgbce" typjT p zhiecjcat
Zibiacgj epb’hcpy S H 0 Hc~iaihisD F r EepaiD x F Ydjc~{cap
SS ddhapy ik Xzbcgpy f ofaiyit| % oy I"L# % &&L % _ RQ&Y%RM'
VXET R' RLMQS<Xf I' "RQ&
8& Ffcsa*DSY Xzbegpy thpmcab npetdemj ca  z{ibi%eb{hei%

h'khpgbcee™ typjj kihe'm s| cia “qofpat” e’b{im S SY Ffcsa*D Ho
Hc~iaihieD oH opjcysD b py SS < wct{onpe fgfaly % &R( %
oy LL'RJ# % _ LIL'%LJL( VXET R'RRIS wf &R(&Q(M&LI

Sb  rsthpyyD _ wps%ia%g{cz bgfalyitcT Yp~cat p ecghikydcmcg a’bnih~
pam gidzycat cb cabi p giezy'b" ecghijjp’e ™ p h'sc’nS _ rsthpyyD
rY d SS« Yeghie'g{ Ycghiat % &'J % o RJI'@# % _ WR(
VXET R RKKS'M%RLRISRIS(SWR

'R&(J&


https://doi.org/10.1364/JOT.90.000142
https://doi.org/10.1088/0960-1317/17/5/R01

XI MexayHnaponHast KoH(GEPSHITHS U MOTOoA&KHas 1Kona «MHpopMarmoHHble TEXHOMOTHN 1 HaHoTexHoorun» (MTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

OLEeHKa PE30HAHCHBIX XaPAKTEPUCTUK
MHOTOMOJIOBBIX INIA3MOHHBIX CJIOUCTBIX CTPYKTYP
HA OCHOBE METO/A NMEPEAATOUYHBIX MaTPHIL 2 %2

J1.B. Hectepernko
MuctuTyT cucteM 06paboTKU U300pakeHUM,
HUIT «KypuaToBcKuii HHCTUTY T
Camapckuii HaIIMOHANILHBIA UCCIIEI0BATENLCKUI YHUBEPCUTET
uM. akanemuka C.I1. Koponesa
Camapa, Poccus
nesterenko(@ssau.ru

Annomauyua— B paGore mpemiaraercsi  NPHHIMIL
MOCTPOEHUS AHATTNTHYECKHX BBIPa/KeHH,
ANIPOKCUMHPYIOIIUX 2CHMMETPHYHbIC PE30HAHCHI B CHIEKTPax
MHOTOMO/IOBBIX CJIOHCTBIX CTPYKTYP, JI€MEHThI KOTOPBIX
JOIYCKAT  BO30Y/KIeHHe IUIa3MOHHBIX  Moa.  Metof
nepeIaToYHbIX MaTpHIL 2x2 HCIIO/IB3YeTCs 18t
dopMupoBaHuST  COCTaBHOH  MAaTpPHUIBL,  ONHCHIBAKOHICH
aMIUITUTYAbl TOJieil B TaKOoM  JIeMeHTe  CTPYKTYPbIL
KoadpdunmenTsl  cOCTABHBIX  MATpHUIl  NPEACTABIISIIOTCS
AHATNTHYE CKUMH BBIPA/KEHUSIMH, ONHCHIBAKIIIMEI
HHTepdepeHII0 Pe30HAHCHOIT U HePe30HAHCHOIl KOMIIOHEHT.
Tloka3aHo, YTO HPEI0KEHHBII MOIX0] MO3BOJISIET MOJIYYHTH
aHATNTHYECKHe BBIPa/KeHHSI 1St Pe30HaAHCHBIX
XapaKTePHCTHK CBA3AHHBIX PEe30HAHCHBIX CHCTEM.

Kmouesvie croea—  onmuteckue  mo0vt,  Cl0UCHIbIE
CINDYKIYPol, ANRPOKCUMAUILA, PE3OHAHCHbIE XAPAKIMEPUCIIKIL

Onrrdeckne  CIOUCTBIE  PE30HAHCHBIC CTPYKTYPBI HAXOIAT
MHOKCCTBO TPUMCHEHHMI B ONTHYECKOM CeHcopuke. [1],
crekrpockonmH [2], (ebrpamm [3] u 00padoTke maHHbIX [4]. [t
PE30HAHCHOTO TOBCICHUS AMIUIMTYZ TIOSI B CIEKTPaX OHO- U
JIBYMOJIOBBIX CHCTEM, JIOTIYCKAIOIIMX BO3OYKICHHC IUIA3MOHHBIX
MO/, OBIIH TIOJYHCHBI AIMPOKCHMAIWH B Buze (yHKImi DaHo [5—
8]. TIpencraBmcHre KO3(D(HIMCHTOB 3THX — ANMPOKCHMAIAH
AHATIATAYCCKIMH  BRIPDAKCHAAMH TIO3BOJIICT TMOJYYHTH OICHKH

XAPAKTCPHUCTHK PE3OHAHCA B CIICKTPAX B BHIC (DYHKIMOHATBHBIX
3ABHCHMOCTSH OT OITUYCCKAX M TOOMCTPHUCCKHX MAPAMCETPOB

CTpykTyp. T CTPYKTYp, AOMYCKAFOIIIX BO30OYKICHHC OOJBIICTO
YKCTA MOA, MPSAMOH BBIBOJ, TAKHX AHANHTHHYCCKUX BBIPAKCHHI
sarpyaacH. B maHHON paboTe MpeumaracTes MPeaAcTARIITh TAKHC
CTPYKTYPBI B BHZIC TIOCTICAOBATEIIBHOCTH PE30OHAHCHBIX TIOZICHCTEM,
Pa3ICICHHBIX ~ HEPC30HAHCHBIMM — moacucremamu.  Jlamee
paccMOTpUM  TIOCTPOGHHS TOJCHCTEM B paMKax MeTola
TIEPSIATOUHBIX MaTpul 2 X2 [8].

CBs13p aMIUTUTY BOJH HA TPAHHUIE Pa3zcia ABYX CIOCB
HCKOTOPOH  CIOHCTOM  CTPYKTYpBI  3aMHUCBIBACTCA  C
HCTIONB30BaHUEM  (popMamm3mMa METoma  IEPEAaTOHBIX
matpun 2x2 B Buzae [8]

Hl,l—l _ A] B] HHI,I
H ¢ D||H

-1 1+

; M
raec H,,, — KOMIUICKCHAs aMILIMTYJa TUIOCKOH BOJHBI,

nagaromei B cnoe Ly Ha rpanuiy pazaena cnoés Ly u L,
KO3((PHUIMCHTHI MATPHI MPSACTABICHBI BRIPAKCHUSAMH

B.A. Coiidep
Camapckuii HAITMOHAIBHBIN UCCIIEA0BATEILCKUI YHUBEPCUTET
uM. akajgemuka C.I1. Koponesa
Camapa, Poccust
soifer@ssau.ru

4= Vitrass B =V,

2
G = Vit /tl—l,l’Dl = (1_Vl’7,l—lr},l+1)/(Vltl—l,l)’

B KOTOPBIX HCTIOJB3YIOTCA CIEAYIOIME OOO3HAYEHHUSA: 77, —
K03(D()MIUCHT OTPAKCHHS BOJHBI, PACHPOCTPAHSIOIICHCS B
cnoe L oT rpamunsl pazmena cno€s L; u L, £,

KO3((PHUIHCHT MPOMyCKAHHA BOJHBL PACTIPOCTPAHSIOMICHCS
B cioe L; depes rpammny pasgena cmoéB L; m Ly, v, —

KOMIDICKCHBIH KO3((QHIMEHT TPAHCISIIAN aMITIATY IbI IO
BOJHBI NpPH € pacmpoCTpaHCHUH B ciaoe L; Mexdy ero
IpaHHLAMH.

B cayuae BO30yKICHHA MIA3MOHHOW MOJBI HA OJHOH W3
TPAHUII pa3gela MEXKIy CIOEM METAIAa M JHIJICKTPHKA,
HAIPHMED HA rpaHune cmoeB L; m Lpi1 pesoHaHCHAs
3ABUCHMOCTD KOI(D(UITHEHTA OTPAYKEHMS 7;,,, OT KOHCTAHTBI
pacmpocTpaHeHHs BO30YKIAOMEH BOJHBI BIOJb TPAHUIIBI
pa3gena cpex « 3amMChIBACTCS B BHAC CYTICPIIOZHIINH
PE30HAHCHON M HEPE3OHAHCHOU KOMIIOHEHT [6]:

SPP , -SPP

K
—  _ _Bosp , J1mKim
rl,l+1 - rl,l+1 + spp 7 (2)
=YV
rae 5" —  MCUICHHO-MCHSIOIAACS — HCPC30HAHCHAS

KOMIIOHEHTa KO3((PULMEHTA OTPAKEHHS, ¥,

spp spp 2
K = 2(71,z+1 (& =€)
KOMIUTCKCHBIH KO3(PHUIHCHT BO30YKICHAS MOABI BHCITHCH
BOIIHOHM, &, — IWRICKTPUYECKAs MPOHHIACMOCTH ciost L.

— KOHCTAaHTa

PACIPOCTPAHCHHST  MOJIBL,

3mecs m gamee KO3PQPHUIUCHTHL, OTMCUCHHBIC BCPXHCH
YEPTO#, XApaKTCPH3YIOTCS PE3OHAHCHBIM  TMOBCACHHCM,
Takke PE3OHAHCHBIM  XapakTep HMMEIOT  CIICOYIOLIHS

KOS(I)(I)I/II.[I/IGHTI)I Vg = s tl+1,l = l_r},l+1 > tl,l+1 = 1+rl,l+1 .

Hampumep, B caydae TpEXCAONHON CUCTEMBI CTOEB Ly —
L1 mageHuwe BOJHBL, pacmpocTpaHsromenca B ciaoe L,
BO30Y’KJACT IIIA3MOHHYIO MOy HA TPAHHUIIE pazacia cios L
KOHCYHOH IMHMPHHOH /1; ¥ cnost L. TpaauimoHHO pemeHue
HAXOJUTCA AJIA CHCTeMBI ypaBHeHUH (1) B BUIE

H

:Tl Hl+1,l , (3)

1,1+1
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Cexnust 1. KommbioTepHas onTHka # HaHO(DOTOHHKA

- |4 B
rae T, ={_’ _!' | — MaTpHIA, ONUCHIBAKOMIASL TPAHCIIALIHIO
D
1 1
aMImTy1 KoneOaHwH BOMH B cioe L, Pemenwe ma
AMIUTMTYAbl OTPAKCHHOM BOJHBI TPEACTABACTCA KAK

H,, ,=BD;'H, . TIockonbky B BbIPDKCHHH IPHCYTCTBYKOT
PC30HAHCHBIC KOMIIOHCHTBL, TO H TIOBCICHHC PCLICHHS TAKOKS
MIPHHUAMACT TAKOW BHJ, MHICHCHBHOCTb KOTOPOTO OIHCHIBACTCA
peloraHcHBM mpodirem DaHo.

Jit1  co3maHMsi  BO3MOKHOCTH  OIMCAHWS  PE30OHAHCHOTO
TIOBSJCHUA AMIUTMTYBI MOJA B HEKOTOPOH COCTABHOM CHCTEME,
JIOTIYCKAFOIICH BO30YKICHIC OTHOH FITH HOCKOJIBKIX TUTA3MOHHBIX
MOJ, PAcCMOTPHM 3JIEMCHTAPHYIO CTPYKTYPY, BKIFOUAFOILYIO,
rpanuy pasgena cpead Ly w Ly, Boas  koTopoit
pacnpocTpaHsIeTcs MIa3MOHHAs MOJA, PU 3TOM CJioit Ly B
o0ImeM ciayvac SBISIETCS CIOEM C KOHCUHOW HIMPUHOM /y:1.
J11 mOTEHIMANBHOW BO3MOYKHOCTH Y4€Ta B3aMMOJCHCTBHA
BOIIH C BOJHAMH JPYTHUX CIOUCTBIX PE3OHAHCHBIX CTPYKTYP
K 3THM CJIOAM NMPUCOCOUHAROTCA MOACUCTEMBI U3 OJHOTO HJIH
6omee cmoes L~ u LY co cropoH mcHbmieH u GojbImei
HyMEpanu#, COOTBETCTBCHHO.

Tpauncmsus AMIUTATY T TOJIA BOJIH HA
MPOTHBOMOMOKHBIX TPAHHLAX KPAHHUX CIOEB MOJYYCHHOU
CHCTCMBI MOJKCT OBITh 3aIMCAHA B BHIC MATPHIL 2 X2 KaK

H(:ut S| H:l
SETE T “
H in H out

rac H_

out

H H, — aMIJMTyABI BOJIH, PACHPOCTPAHAOIIHXCA
BO BHCITHEM K CHCTEME CIIO€ C MHHMMAJIBHON HyMeparuen
OT M HA TPAHMIy pa3idela CIOEB, COOTBETCTBCHHO, H. W

out

H! — aMIUTATYaBI

in

BOIIH, PACHPOCTPAHSIOIINXCS BO
BHCIHEM K CHCTEME CJIO€ C MAKCHMAJBHOU HyMEpauueH OT
u Ha TPaHUILY pazzmena CTOEB,
coorBercreento, TP =T T,T, T° -  KOMIO3HTHAK
MATPHIA, TMOJHOCTHIO  OIMMCHIBAIOINAS  PE30HAHCHOC
MOBEACHUE B 3JCMCHTAPHOW CTPYKTYpE, AONYCKAIOIICH

BO30Y KICHHE IIA3MOHHOH MO/IBI, TIpH 3TOM
_ |4 B
T = o ol MaTpPHULA, ONMHUCHIBAIOIAA TPAHCIALMIO

aMIUTHTYA KOIcOaHWH BHENIHMX BOIH Hepe3 mojcucremy L~
M BOJH Ha IpaHulE pazaena moacuctembl L~ u cmos L,

A B
C+ D"
AMIUTATYA BOJIH HA TpaHHIC pazaena cmosd Lo H

T = — MATpPHIA, OMUCHIBAFOINAS TPAHCITALIUIO

noacucTeMsl LY B aMIUMTYIBI BOJNH, BBILCAWMX H3
— A B

moxgcmcremer LY. B T, =7 HC  BCC
Cl+1 D I+1

KO3((PHUIUCHTHI ABIAFOTCSA PC3OHAHCHBIMHE.

B cioydac COCTaBHBIX PE3OHAHCHBIX CHCTEM CIOEB,
BKIIOYAIONTNX ~ TOJCHCTEMBI  CNOSB,  Marpmma TP
COOTBETCTBYET OJHOI M3 mojacucTeM. IlepenaTouHbIc MATPHIIbI
T u T' , BXOAMMHE B KOMIOHTHYRO Marpumy T7°
ONKCHIBAIOT ~ PACHpPOCTPAHCHUE MOJA B  INPHICTAIOIMX
nofcucTeMax. [Ipuieraromue noJCUCTEMbI MOTYT COCTOATD M3
OJHOIO M 00Jee CIOA, U TAKOKE MOTYT OBITh PE30HAHCHBIMU.
T- mw T° MOIYT TIPEACTABILITBCS  IPOM3BEICHHUEM

TCPCAATOHBIX MATPHIL, COOTBCTCTBYIOIMUX ONPCACIICHHBIM
CJI0SIM HJTH ToAcHCTeMaM. B CJIy4ac PC30HAHCHBIX IMOACHUCTEM,

OHH SBIIFOTCA KOMIIO3HTHBIMH, HATIPHMCP BHAA T | s
CIIOEB TOZICHCTEM, JIOTYCKAFOIIMX BOOYKICHHE MO,

MarpuyHBIH BHI CHCTEMBI YPABHCHUH (4) TIO3BOIEICT HOIYYHTH
AHAJIMTHMECKHUE BBIPAKCHIST U KOXD(HUIMEHTOB KOMIIO3HTHOHM
MATpHLBI B BUAC CYNICPIOZHLMU HEPC3OHAHCHOM M PE30HAHCHOM
KOMIIOHEHT, TIPH 3TOM PE30HAHCHBIC KOMIIOHEHTHI 3aBHCST OT
XAPAKTCPHCTHK BCEX BO30YKIACMBIX B CHCTEME MO,

BepakeHnst 11 aMIpTy TOJsT B TpeOyeMoH 00nmacTi B
Pe3YIIBTATS OCBEIICHUS CHCTEMBI CIIOEB MAJAFOIICH HA CTPYKTYPY

BOJHOH C HEHyJICBOW aMIUMTY[OH, Hampumep H, wm H, |

i
HaxXoZsITCs B (popMe, CBOIMMOI K pe30HaHCHOMY Tpodurmo daxo,
w3 BbIpakeHus (4). Ha OCHOBE 3THX BBIPDKCHHUI, B CBOKO OUCpeb,
BbUICIMIOTCS AHAMTHYCCKME BBIDAKCHHS AT KO3()MICHTOB,
ONPCICIHFOIAX ~ TAKHE PC3OHAHCHBIC —XAPAKTCPHCTHKH, KAK
XAPAKTEPHBIC IIHPAHA H BBICOTA PE30HAHCHBIX KPUBBIX B CIICKTPAX,
MAKCHMAJIBHOE YCHIICHHE TIOJIAL.

IMpencraBneHHplii. B pabote  moaxod  (hOPMHPOBAHKS
KOMIO3HTHBIX MATPUIl B paMKax (opMammsMa METoma
TIEPEIATOUHBIX MATpHLl 2X2 I ONPEACIICHUS AHAMTUYCCKUX
3ABACHMOCTCH MOy PC3OHAHCHBIMH — XAPAKTCPHCTHKAMH H

NAPAMETPAMH IUEA3MOHHBIX CTPYKTYP MOKET ObITh PACIIPOCTPAHCH
HA MOAPBI APYTHX TUIIOB.

BJIATONIAPHOCTH

Pabora BHIIOJHEGHA 3a CYET CPSACTB TOCYIAPCTBCHHOIO
samanmt HUL KypuatoBckuii MHCTHIVT (B 4acTH paspabOTKH
mOAX0Aa K PCaM3alid  KOMIIO3MTHBIX ~ MATpHL) H
TOCYJAPCTBCHHOTO 3a7aHMA B C(CpS HAYIHOH JCATCITHHOCTH
(mpoekr FSSS-2024-0014) (B uaCTH ONMMCAHWA MATPHIHOTO
(opMamBMa).
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Cexamus 1. KommbroTepHast onTHKa 1 HAHO(QOTOHAKA

YucneHHoe UCCIIeIOBaHUE PaCHpOCTPAaHECHUS

ny4koB Jlareppa-l aycca ¢ yBemmueHHOU

00JIACTBIO TEMHOTO B TYPOYJIEHTHBIX Cpeaax

N.B. CoGones
Camapckuii HalTMOHAITBHBIM HCCIIeI0BaTeNbCKUi yHUBepeuTeT uM. akajemuka C.11. Koponesa
Camapa, Poccus
sobolev.ilya.ff0000@gmail.com

Annomayua — PaGora T1oCBAIeHa HCCTETOBAHUIO
mpoliecca paclpocTpaHeHus1 onTudeckux Buxpeii Jlareppa-
Taycca ¢ yBeanmdeHHoil 00,1acTbI0 TeMHOTo B TYpOYJIEHTHBIX
cpenax. [IpuBeneHbI pe3yIbTaThl YHCICHHOTO MOJACINPOBAHNS
pacnpocTpaHeHUs1 TYYKOB B TYpOYJICHTHBIX cpegax u
HCCIeI0BAHNS  YCTOHYMBOCTH — TOMOJIOTHYECKOTO  3apsiia
MYYKOB K TYPOYJIeHTHBIM NCKAKEHUSIM.

Kmoueevie cnoea — nyuxu Jlazeppa-Iaycca, npeobpazoeanue
Dpenens, ammocdiepuas mypoyieHmMHOCHb, GUXPesble NYUKIL,
mononezuiecKuii 3apao.

1. BBEIEHUE
Ilpuy  pacnpoCTpaHEHHWH  ONTHYECKOTO  BUXPSA B
MPOCTPAHCTBEC, CHTHAT  MOXCT  OBITh  TOABCPIKCH

HCKAKCHUSIM, CBSI3aHHBIMHE C TYPOYJICHTHOCTBIO CPEAbL. ITO
MOXXET MPUBCCTH K U3MCHCHHUIO HHTCHCHUBHOCTH JIA3CPHOTO
H3IyYCHHUS M 3aTPYJHCHUIO PACTIO3HABAHMS ITAPAMETPOB
ontHuaeckoro myuka [1]. Jmg permeHus TaHHOH MPOOICMEI
HEOOXOAMMO  HCIIOTB30BATH  OOJNEE  YCTOMUMBHIE K
TYpOYJICHTHBIM HCKKCHHSIM IMydkH. B HacTostmeid padote
TIPEICTABICHBI Pe3YIIbTaThI MOJICTTHPOBAHUS
pacmpocTpaHeHusa onTHdeCKux Buxpen Jlareppa-I'aycca ¢
YBEIHYICHHOM O0IACTHIO TCMHOTO B TYPOYJICHTHBIX CPEAAX H
MPOBEPKA YCTOIUMBOCTH HMX TOIOJOTHYECKOTO 3apsiga K
TypOYICHTHBIM HCKAKCHUAM.

II. OIITUYECKUM BUXPh JIATEPS-TAYCCA B VBEJIMYEHHOMM
OBJIACTEIO TEMHOI'O

IMyuxn Jlareppa-T'aycca ¢ yBemmdCHHOH 00JACTHEO
TEMHOTO MPCSACTABILIOT COOOHM OCOOBIA KIACC OMTHYCCKUX
MO, KOTOPBIE XapaKTCPH3YIOTCS HAJMWYHEM PACIIHPCHHOH
LICHTPATBHOM 00JIACTH C HYJICBOW HHTCHCHBHOCTHIO (TCMHOH
oOnactu) [2]. 3TH NMydYKH ABIAOTCA TOYHBIM PCIICHHUCM
TAPAKCHATFHOTO YPAaBHEHIS [ €1bMIOTbIIA M OTIMCHIBAOTCS C
HCTIONB30BAaHMEM OOOOIMEHHBIX TOMMHOMOB Jlareppa
TaycCoBOH (PyHKITHH:

Bune(r, ) = e o IO Dymenn (L)), 1)
Wo Wo
TaC v — paguajabHas KOOpAWHATA, 71 — pa;:mam;nmﬁ HHACKC,
¢ — ajuMyTalbHAs KOOpAWHATA, M — A3UMYTAJIbHBIA
HHICKC, Wp — INHPHHA NEPETSHKKM B MM, L} —
00001meHHbINH MHOTO'WICH Jlareppa.

I1I. MATEPUAJIBI U METOJIBI

C momo1sto mpeoOpazoBanus Openen [ 3] mpoBoIUIOCH
MOJACIMpPOBAHHE  pacmpocTpaneHuss my4dyka (1) B
TypOVICHTHOI CpeJic HA pacCTOSHUE AMHHBI Pares ¢ menbio
ONPEACTINTh CTEIEHb YCTOWYHBOCTH TOMOJOTHYCCKOTO

3apsiga pe3yIbTHPYIOIETO MO K TYPOYICHTHOCTH CpPEIbl B
3aBHCHMOCTH OT NAPaMETPOB Iydka. [ MOACIMpOBAHHA
OBLT HCTIOIb30BaH MOIX0, OMMUCAHHEIHA B padoTe [3]. B xome

MOJICTTHPOBAHUS ObL1H 3a(hPUKCHPOBAHBI panuyc
KOTEPCHTHOCTH  po 0,087 MM ¥ HWHTCHCHBHOCTb
TypOyJACHTHOCTH ¢ = 7. Jnd MOACTMpOBAHHA OBLTH

BBIODAaHBI JABE TPYIIBI IYYKOB C  OAMHAKOBBIMH
TeopeTmuccKkuMu 2] TomomormaecKuMH 3apAaaMu 1 Cpeor =
1 u TCheor = 5, HO C PA3HBIMH TAPAMCTPAMH IYUKA. AJIA
nepBoi rpynnsl —m =4, n =3 um =8, n =7, 111 BTOPOH —
m=6,n=1um=8, n=23. Jlm1 00CHX TPy JTIMHA BOJIHBI
U pamuycC TMEPETsHKKH ObUTH 3a(MKCHPOBAHBI HA 3HAYCHUIX
532 am u 0,5 MM.

Jma  (GopmupoBarus  ()a30BOTO 3KpaHa TpeOyeTcs
TEHEepaNwsI CIy4alHOTO pacIpeeIcHU, Ha 6a3e KOTOPOro C
HCIIOJIb30BAHUEM KOPPEALHOHHO N MATPHLIBI [3]
(dopMupyeTCS KOHKpPETHAs peanm3aumsa (a30BOTO IKPAHA.
YuureBad, 4YTO U1 KAKIOH KOHKPETHOM peanu3auuu
cayyaiHOTO (Ha30BOTO 3KpAaHA 3HAUCHHE TOMOJIOTHYECKOTO
3apsga MOMKET MCHATBHCSA PA3IHIHBIM  00pazoM, OBLIO
mpoBeAcHO 20  MOJACIMPOBAHMH NPU  OJUHAKOBBIX
mapaMerpax Iydka, HO Pa3IMYHBIX HaOOpax HCXOTHOH
CIy4alHOH MOCNIECAOBATENBHOCTH. B KaXKIOM
MOJCTIMPOBAHUH AT PE3YJIbTHPYIOMETO (HA PACCTOSHHUH
Panes) mons HaMu OBUIO YMCICHHO PACCUHMTAHO 3HAYCHHC
TONOJIOTHYECKOTO  3apsAa, a Jajee TPOBEACHO —€ro
VCpEIHCHHE W OIICHKA JHMAana30Ha W3MEHCHWSI. Takum
obOpasoMm 3HauCHHC 7Cger MPEACTABIACT COOOH CpeIHCE
3HAYCHUE TOMOJIOTHYCCKOTO 3ap4aa B 20 MOAEIMPOBAHUAX.
Taxoxe OBLTH pacCUNTAHBI OTKIOHCHHA (B MPOLCHTAX) Eaver.

IV.  PE3VJLTATEI KOMITEIOTEPHOI'O MOJIEJIMPOBAHUS

PesymsraTst YHCJICHHOTO MOZACTMPOBAHUS
pacmpocrpascHus my4dkoB (1) B TypOymcHTHOH Cpexac
MPSACTABICHHI HA pucC. 1-4 u B Ta0mme 1.

Ta6numa L PE3YJIbTATHL PACURTA OTKIJIOHEHMM YACIIEHHOTO
3HAYEHMS TOIOJOTUYECKOTO 3APSIIA OT TEOPETMUECKUX PACURTOB
§ %
o P, m=3, m=8, m=6, m=8,
n=4 n=17 n= n=3

0,2682 | 1,0528 1,4808 0,0684 0,1420

27 0,174 | 0,6233 1,0370 0,0823 0,1130
0,087 0,9680 0,8675 0,0493 0,1936

0,2682 | 0,0849 0,0724 0,0577 0,0468

T 0,174 | 0,0800 0,1863 0,0106 0,0553
0,087 0,0729 0,2585 0,0090 0,0555

0,2682 | 0,0144 0,0083 0,0046 0,0030

72 0,174 | 0,0270 0,0131 0,0049 0,0041
0,087 0,0252 0,0221 0,0040 0,0037
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_f lal all[*_<]"g\lg"[ k[Ii[[f {cS2 df@ '_~_g< ScZc\_f jcla giabpgbj ia b{" jdsjbhpb™ n*h® epm” s| tfiym jzdbb hcat ncb{
gA[ '_M_g< ScZce\_f _1_[zZ[\]M_fc\ AT [Mce[< e_nN ta_]_fe\< b{‘ dj‘ ikj{pmin epj~
d* " Zc\d]c_f<m {_ @_ Jac<> ]cldfcgh ]*c<gZec@[>'_"_g< ScZc\_f df@
d a[][*_<]*g\lg~[ kI[Ilil[f Ja[h j[*"[ <bfla[<cl[@ df @ V OPL4HNGK KMP6LPPMJG
cfe[<]cld][@m {a[ ~[<gZ]< @[h_f<]rd][ Ja[ ~[Z[+df\[ _e g<cf|

f{cj jbdm| zh’j'abj p giezphpbce" papyljcj ik bni
z{ibim b gbihj m jcta'm kih m b gbcia ik h>m ypj h hpmcpbcia pb
p npeyatb{ ik ML& K ae f{ kchjb z{ibim'b gbih cj
@ABCDFEQFN;  *D=DH; NFKF?DG  MA<A=D;<=H78pighdgb'm khie zdh" _%FcD n{cy’ b{" j'giam dbcyc}j p

a[l[*_<]*g\lg"[< e_~ Ja[ @I[-[Z_"h[f] _e f[j [[f["d]c_f
ta_J_@[I[\]_"<m

LMD<DEA<A?<D= DL<DAKA?<=DGF?: {’b’hijbhdgbdh’ giezhcjcat _%Fc pam fcFL I cas’jbctpb’ b{'ch
z hkihepag™ g{phpgbhcjbcgjD cagydmcat z{ibigdhh abD h’jziaj
GHIJKLBHMIG bce’D h'gis"h] bce’D Zdpabde ‘kkcgc'ag|D m'b'gbcechb|D pam

f d° ik an bni%mce'ajciapy epb'hcpyj pam z{ibih‘jz_i\ajc-_ct\)l da\m_‘h phlcaT scpj -iypr‘J: "R o pam & o#
b hijbhdgbdh’j ncb{ b{'e cj h'y'spab pam iz'aj dz a'n PaMypihzin"h majcbc’j "L elSge&pam | elSge&# Eb
zijicscycbe’j kih b{" zhimdgbcia ik z{ibim'b*gbihj nch{ m*jch'n@P2s I akhie "ct Rb{pb sib{ z{ibimb"gbihj m"eiajbhpb
g{phpgb’hcjbcgj 3R> Ea b{* zh'j'ab'm nih~D p {b'hijbhdgy PPPSY hijziaj” bi yct{b f{* hjdybj j{in b{pb b{
epm’ ik bcbpacde bhcjdykem™ "fcFL# ncb{ zihidj jcycgia _"/gl{'ngim b 9?"“ spim 1a b{" { b_!]”bhd_gb_dh\ \chackcgpa_py|
pam zdh"_%Fc ph® giajcm'h'm idbz h\klt\m_] b{" zdh® _%Fc%spj'm z{ibim b gbih ca eijb

zphpe'b hj

fcR2 ca bni%mce ajciapy "&V# kihe c¢j pa a%b|z
jecgiamdgbih n{cg{ {pj p mch gb spam tpz ik pzzhigcepb'y|
R RK o pam b{" giag'abhpbcia ik g{pht® gphhc'hj ik
%J & 'RRge%& S&D L> _%Fc cezy e’ab'm cab{" gdhh'ab nih~¢j
p z%b|z" j"ecgiamdgbih ncb{ aphhin spamtpz $Q>

_%Fc cjpnyy%jbpsycj{'m epb hcpy kih z{ibisiybpcg m ecg’j
S( f{ zih’j pyyin b{" epbhcpy bi cagh'pj” cbj hpmcpbcia
Fc dj" ca b{" {’b’hijbhdgbdh” cj b{pb cb ncyy cagh'pj” b{" yct{b
psjihzbcia gpzpgcb| ik f & F giamD b{" { b hiedagbcia ncb{
_%Fc ncyy jyin mina b{" h'giescapbcia ik z{ibit a*hpb'm
'y gbhia%({iy" zpchj pam cagh'pj" b{"ch yck’bce™ f{* b{chm
s'a’kcb cj b{pb _%Fc ncyy cagh'pj” b{" pgbce" jdhkpg" ph'p kih
hpmcpbcia psjihzbcia r {b’hijphdgbdh® s'bn™a b{j - " N ok enheidi soud il e v T
epb’hcpy] giajbhdgbj p z%a ~dagbcia b{pb y'pmj bi pa Cezniyagh schy-ybpl- ki ot 2 2Pk S b G Pk keiagbeia KBS el
g{pht" gphhc’hj j'zphpbcia pam b{"ch h giescapbcia hpb’ r'pam 'G*ph” h’k’hh'mbib{ zdh™ _%Fc%spj"m Z{ibim'b gbihD n{cy" ycaj 'U*
pam 'V % hi b{" z{ibim'b"gbih spj'm ia b{” { b hijphdgbdh” wca’j ''RD GRD
f{djD b{" epb’hcpyj b{pb ep~" dz b{" {"b hijbhdgbdh URD VR*ph" h'ypb'mbi'L elSge& ypj'h yct{b zin'h m'ajch| n{cy yca’j'&D
giesca® “pg{ ib{’h’j zhiz*hbc'j pam b{’h'kih" giabhcsdb™ bi G&D UD V&*% bib{" 'l elSge& ypj h yct{b zin'h mrajch| wea'j D &D
cezhiecat b{" z{ibim'b'gbcia z'hkihepag"  giezph'm bi URD U&" ph® pbbhcsdb™m bi RoscpjD n{cy yca'j'GRD G&D VRD V&* % bi&os
camcecmdpy epb”hcpyj “ih cajbpag'D pj cb gpas® ja khie "ct &p pam "ct &mD
dam’h Roscpj pam 'L elSge&ypj h yct{bzin"h m ajcb|D b{’
z{ibigdhh ab kih b{* {’b hijphdgbdh™ h'pg{"m ' LI R'%J rD ca
Ea b{cj nih~D fcFL ¢j jlab{"jc} ' ms| b{" g{"ecgpy bhpajzihb giabhpjb bi ' 'QK R'%J r kih b{" zdh® _%Fc rmmcbciapyy|D b{
e b{im kiyyin'm s| ycZdcm “gkiycpbcia ca mce b{|ykihepecm’hjziaj" bce" ik b{* {’b hijpbhdgbdh %spj 'm z{ibim b gbih pb R
Ebj spamtpz cj “jbcepb’m pj R RK "o _%Fc npj jlab{’jc}' m spp pam 'L elSge&ypj hyct{bzinh m ajcb| npj aibpsy| jnckb
'y gbhig{ ecgpy “bg{cat ik z%bl|z" jcycgia pamD pggihmcaplbit 'R( j'giamjD giezph'm bi ' RMI j‘giamj kih b{" zdh™ _«
jidhg’jD {pj p spamtpz ik' & "0 3Q> f{ { b hijbhdgbdh™ npj Fcspj'm z{ibim b gbih

Dj50IMQOGHN4 KOHNM4P
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“ct & _{ibigdhh’abD deabde "kkege'ag|D pam m'b gbeecb| zyibj pj b{’ kdagbua ikb{" ypi'h yct{b zin'h m'ajcb| pb Ro scpj kih b{" zdh™ _%Fc%spjm Zfibi
"pD sD g# pam kih b{" z{ibim'b"gbih spj'm ia b{ {’b’hiphdgbdh™ "mD "D k#D h'jz'gbcey|

“ct &s pam “ct & meiajbhpb’ b{pb Zdpabde “kkcgc ag| \V OWOIOG60P

e'pjdh’e’abj kdhb{"h {cf{yct{b'm b{" pmepabpt’j ik b{’ R H L R e
S N N LT N pamc{pyycD H _hkihepag™ papylicj ik z{ibim'b gbihj spjm ia &V
{"b"hijbhdgbdh%spj m z{ibim'b"gbihD ncb{ *pyd’j ik R(R I epbyhepyj pam {bhijbhdgbdh’j S H Hpamc{pyyc SS Unhchegpy Ween
rS"lae# pb R o scpj pam 'L elSge& ypjh yct{b zin'h Fiycm Fbpb® pam Ypb'hcpyj Fgc'agj % &&Q %  R%KJ
m-ajcb|D idbz'hkihecat zdh® _%Fc spj'm z{ibim'b'gbifsg, fhczpb{cD H W'sc'nik behpacde bhcjdykem’ "fCFLT rais'y epbhcpy kih
Uihh'jziamcat m b gbcecb| spyd’j b{pb ph” j{inaca b{ "ct &g agb ta’hphbcia “y'gbhiacg pam izbcgpy m«cg’j S H fhczpb{cD o
pam “ct &k gihhisihpb® b{cj bh>amD ncb{ b{* { b hijohdghdh® %JJ'VI ‘D _ HphepD F €dephD r Wlel{capD pam _ Ycjfhp SS

p "hepy] Fge'ag® ca Fecgiamdgbih _higjjicat % &&R % oy R&J %

spj'm z{ibim b gbih pg{c’scat R(QILK R'L6qqeJ@r R(MI
giezph'm bi RI'MIL R1 16qq+J@r kih b{’ zdh® _%Fc% &, WieHcapD r Fbdm|ikjie' fYUj{b hijohdgbdh’j spam mcpthpej kih
spj m z{ibim b gbih z{ibiacgj pzzycgpbciaj S r Wiel{capD E ramh™«D r f echsdypbieD _

R ) . R N oL HphepD o _ypbiairD o _p* 'y['*D _ YcjfhpD H fhezpb{c SS &&Q N
Eab{" zh'ycecaph| giamdgb'm b{"ih"bcgpy "jbcepbcia SM> n" Eab'hapbciapy Uiak’h'ag~ ia ~Eakihepbcia f'gfalyit] pam
kidam b{pb b{" {'b"hijbhdgbdh’ dam"h giajcm hpbcia cj pbbhcsdb’ tipaib gfalyit| % &&Q % _ R%Q
bi b{" b]z7%R {"b hijbhdgbdhD ¢ b{ sibbie ik b{" fcFLSQ UpafpeD w epamsii~ ik zihidj jcycgia S w Upafpe % Fncb}hypamT
giamdgbcia spam yc'j psie” b{" sibbie ikb{" _%Fc giamdgbcia  Fzhcat’h WpeD &RK % RMRL z
spamD pam b{ biz ik b{" fcFL epy’ag’ spam yc'j s’yin b{> biz5¢ FphecypD G V\{)y I|E b%{ﬁaT zphpe'b'hj |ab§] z'hkihepag® IkZIhlgj
ikb{" _%Fc +py'ag’ spam Ea jdg{ p {b’hijbhdgbdh’D "y"gbhiaj ]Cr){gglricsgsmwz:ghl{?/ gt?hl:alcémgﬁej\p?/ gjo z{gLeg%pgyrFfQV&)l{C F\I’D'(IQ
pam {|yj kyin ca izzijcb® mch’gbciajD n{cg{ y pmj bi pa
W Wiel{capD r - b hijphdgbdh’j khie a'n yin%mce ajcia epb’hcpyj kih
cagh'pj’ ca b{' g{phf" gphhc'hj jzphpbcia ‘kkcgc ag| pa izbi'y'gbhiacgj pzzycgpbcia S rW Wi|eHcapD r_ YdhimisD
thinb{ ca b{" z{ibim"b gbcia "kkcgc'ag| f{djD b{" zh’j'ab’'m HphepD Er ramh™D rG f'echsdypbieD OE ~_ypbiaiD oF
‘qz hce abpy kcamcatj ph™ giajcjb’ab ncb{ b{® zh'ycecaph| _p-y|*D H fhczpb{c SS NNEE ryy%Wdijjcpa Fpephp |idb{ giez'bchcia%
giamdgbm b{"ih"bcgpy “jbcepbcia giak h'ag' ia izbcgiD ypj'h z{licgj pam zypjep z{ljicg] % &&Q % _
RK'%RK&
= JG64LPMIG
f{’i7 kcamcatj dam’hjgih® b{" zib’abcpy ik djcat
{’b hijbhdgbdh’j bi “a{pag” b{" z hkihepag" ikz{ibim b gbihj
iz’hpbcat ca b{" h'm npe'y atb{ hpat'D n{cg{ gidym y 'pm bi
pmepag eabj ca izbcgpy j"ajcat pzzycgpbciaj “dbdh’ nih~
ncyy ‘qzyih® b{" dam'hy|cat e’g{pacjej ik z hkihepag"
‘a{pag’e’ab ca b{’j" epb’hcpyj pam b{’ch jgpypscycb| kih
zhpgbcgpy pzzycgpbciaj

>6SGJT40KUQOGH

f{ jbdm| npj jdzzihb'm s| b{" thpab ik b{" Wdjjcpa
Fgc'ag’ “idampbcia Hi &(%&L%"QIQD
{bbzj TSShjgk hdSzhis gbS&(%&L %"QIQS
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XI MexayHnapornHast KoH(pEpEHITHS 1 MOToA&KHas 1Kona «HpopMaImoHHble TEXHOMOTHH 1 HaHoTexHoxorun» (MTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(QOTOHHKA

(DOpMI/IpOBaHI/Ie U UCCIICAOBAHHUC BUXPCBLIX 1IYYKOB
MUJIJIHMCTPOBOI'O AUAIIA30HA

AH. AradoHoB
CamMapckuii HaITMOHATLHBIA
HCCIIEIOBATEIhCKUN YHUBEPCUTET UM.
axanemuka C.11. Koponepa
Camapa, Poccus
agafonov.ssau@yandex.ru

A.B. Kupcanon
OejepalibHBII UCCIIeI0BATENBCKUIA
1eHTp MHCTUTY T IpruKIaHoN Qr3uKm
uM. A.B. l'artonoBa-1"pexopa PAH
Huwrxauit Hoeropo, Poccust

alexkirs@ipfran.ru

B.C. IlaBemneB
CamMapckuii HaITMOHAITLHBIA
HCCIIEJIOBATENBbCKUI YHUBEPCUTET UM.
axanemuka C.11. Koponepa

MucTutyT cucteM 06paboTKu
m3o0paxkerutt, HUI «Kypuaropckuit

H.A. bazjpipes
WHCTUTYT s1epHON U3HKH
uM. ["'1. byakepa CO PAH

WHCTUTYT aBTOMATHKU U
snexkrpomerpuu CO PAH
Hosocudupck, Poccus

n.a.bazdyrev@inp.nsk.su

M.B. Mopo3zkun
OejiepalbHBIA HCCIIEI0BATEILCKUIA
rieHTp MHCTUTY T TpuKiiaaHoit Gusiku
uM. A.B. I'antoHoBa-I"pexoa PAH
Huwrxuuit Hoeropo, Poccust

morozkin@jipfran.ru

ATl ®oxuu
OejepanbHbI UCCIEI0BATEILCKUIA
rieHTp MHCTUTY T TpuKinaaHoit Gusrku
uM. A.B. I'antoHoBa-I"pexoa PAH
Huwrxauit Hoeropo, Poccust

fokin@ipfran.ru

B.B. I'epacumoB
WHCTUTYT saepHON Qu3rKu
uM. I".1. byakepa CO PAH

HoBocuOupckuii rocy1apcTBEHHBIH
VHUBEPCUTET
Hosocubupck, Poccus

v.v.gerasimov@inp.nsk.su

B.W. ITmaronos
Camapckuii HaITMOHAIILHBIA
HCCIIEIOBATENLCKUN YHUBEPCUTET UM.
akagemuka C.11. Koponepa

Camapa, Poccus
platonov.vi.2@ssau.ru

A.B. Yupxkos
OeiepallbHBII UCCIIEI0BATENLCKUIA
TieHTp MHCTUTY T IpHUKIaHON Qr3uKm
uM. A.B. l'artonoBa-1"pexoa PAH
Huwrxauit Hoeropo, Poccust

chirkov@ipfran.ru

HHCTHTYT»
Camapa, Poccust
pavelev.vs@ssau.ru

Annomauua— B pabore mnpeacTaBiIeHbl pPe3YIbTATHI
HCCIeI0BAHHS  BHUXPEBBIX  INMYYKOB  MIJUIMMETPOBOTO
Auana3oHa, chopMHPOBAHHBIX € TOMOIIBIO TNPPAKITHOHHBIX
ONITHYECKIX 3JIEMEHTOB. Pe3yabTaThl HATYPHBIX
IKCIIEPUMEHTOB HAaXosATCA B COTJIACOBAHUU c
TeOPEeTHYCCKIMH OTIeHKAMH.

Kioueevie coea — euxpeevie nyuxu, opoumAbHbiil
Y2I0601L MOMEHM, MUUULMEMPOHLL OUANAZOH, ZUPOMPOH

1. BBEJIEHUE

CymecTtBoBanne becceneBbIX IyYKOB NEPBOTO poJa
BIIEPBBIC TEOPETUUECKH OBLIO MPEACKA3aHO J[ypHUHBIM B
1987 1. [1]. OHE SBIEOTCA OCOOBIM HECHHIYJIIPHBIM
peIeHUEM CKaJLIPHOTO BOJIHOBOTO VPaBHCHUS
FGJ'II)MFOJ'IBI.[a B THTAHAPHICCKIX KOOpAnHATAax.
JIOCTOMHCTBOM TaKMX IYYKOB SBJIETCA CBOMCTBO
«0e3nu(pakIHOHHOCTH» (T.€. COXPAHCHUE IONCPEYHOTO
aMILTHTY JHO -(Da30BOTO pacrpeneneHu pu
pacIpoCTpaHCHUH) B CBOOOJHOM IIPOCTPAHCTBE HA
(1001511174 PacCTOAHUAX, HAYUHAA C INIOCKOCTH HX
(¢opmuposanmsa. beccenmessl myukum mepBoro m 0omce
BBICOKHX IIOPAAKOB O0IAaZar0T OPOWTAIBHBIM VIJIOBBIM
MOMEHTOM (OYM), KOTOPOMY COOTBETCTBYET
OTIPEACICHHBIN TOMOIOTHYCCKHN 3apsit MOZBI Iy4Ka
(Bpawmaronuecs my4ku). Paza 3IEKTPOMArHUTHOTO MOJIA B
TMOTICPCYHOM CCUCHHH TAKOTO IyYKa ‘‘3aKpydeHa’, T.C.
MCHACTCA B 3aBHCHMOCTH OT Aa3UMYTAJBHOIO yrja H
paguambHOTO  PAacCTOSIHMS, A B LCHTPE  €CTh
HCOMPSACICHHOCTD (Pasel (CHHTYIpHOCTE) [2]. [Tommmo
0c3au(PAKIIMOHHOCTH, BpamArOIHeCs becCeneBl myaku
o0namaroT CcBoiicTBOM coxpaHath OYM gpaxe mpum

pacIpoCcTpaHCHUN uepe3 aMILTHTY JTHO-(pazoBbIc
HEOAHOPOAHOCTH, HTO HCIOIB3YCTCS, HAIPUMEDP, B
TEICKOMMYHUKANUOHHBIX TPHUIOkeHHUAX [3, 4]. Hpyrue
MPAKTHYECCKUE MPUIOKEHAS IMyukoB ¢ OYM paccMOTpEHBI
B [5]. HemanoBakHOE 3HA4YCHHWE [ TPUIOKCHUH
Bpamaromuecs  becceneBBl NyYKH HMEKOT H B
CYOMHIITIMETPOBOM W MHJUIEMETPOBOM CIIEKTPAIBHBIX
JUAMA30HAX B CO3AAHHUS HM300PAKAIOIMHMX CHCTEM H
CEHCOPHBIX YCTPOUCTB [6], HEPA3PYILAOIIETO
TeCcTHpOBaHMSA  00BCKTOB  [7].  Oskmpaercsa,  UTO
HCTIOJIb30BaHUE becceneBhIX IMyYKkOB BBICOKHX IOPSIKOB
TIO3BOJIAT pacIIMpHTH BO3MOXXKHOCTH CHCTEM
OccpOBOMHOH  CBS3M B OKHAX  IPO3PAvHOCTH
MHJUTAMCTPOBOTO JHANA30HA JTHH BOJH [8]. B padote [9]
TIPHUBE/ICHBI PE3YIbTaThl (DOPMHUPOBAHUS M UCCICAOBAHUS
BpAIIAIONIMXCS IYYKOB CyOTeparepnoBOro JAHMAIa30Ha
(amiHA BOMHBI A=0,855 MM) C TIOMOIOBIO OTPAKAIOIICTO
CIHPATHHOTO AKCHKOHA, H3TOTOBJICHHOTO (Ppe3epoBaHUEM.
B n1aHHOI paboTe BPAIIAIOMIUICS Iy4OK MHJUIMMETPOBOTO
auamna3oHa (mmmHA BOTHBI A=1,14 MM) (opMEpoBanCa ¢
TMOMOTIBI OTPAXKAOMCH (PAa30BOH CIIHPATBHON MIACTHHEI
¢ (¢asosoit  (yHKmECH, ompemensemoit  (asoi
(¢opmupyemoro becceneBoro myuka ¢ OpOWTATBHBIM
YTJIOBBIM MOMCHTOM (TOTIOJIOTHUCCKHH 3apsn / = 5).

II. DKCITEPUMEHTAJIEHOE UCCJIEJJOBAHUE

B okcmepuMeHTE HCHONB30BANOCH HBIYUCHHE C
JmHOH BoHBI A=1,14 MM (0,263 T '), reHepupyeMoe B
HENPEPBHIBHOM DPEXUME THPOTPOHOM C KPHOMATHHTOM
3aMKHYTOIO LHKJIAQ € MarHuTHeiM mojem 10 Ta [10].
Cxema 3KCnepuMeHTa ToKa3aHa Ha puc. la. Ksasurayccos
My4YOK, BBIHIA W3 THPOTPOHA, OTpakainca oT (ha3oBOTO
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Buxpebie nmyuku Jlareppa-1'aycca B kBaapare
B TYPOYJICHTHBIX Cpeaax

A.A. CaBenbena E.C. Koznora B.B. Komsip
MCOU HUIT «KypuaToBcKuit MCOU HUI «KypuaToBckuit MCOU HUIT «KypuaToBckuii
HUHCTUTYTY, HUHCTUTYTY, HUHCTUTYTY,

CamMapckuii HaITHOHAITLHBIA
HCCTIEIOBATENBCKUY YHUBEPCUTET UM.
axanemuka C.11. Koponepa
Camapa, Poccus
lexis2450@gmail.com

Annomauyua — B janHoii  paGoTe mpecTaBIICHBI
pe3yibTaThl pacupocTpaHenusi myukoB Jlareppa-I'aycca u
Jlareppa-T'aycca B KBajgpaTte B TYpOYJIEHTHBIX Cpeax.
IIpoBenen cpaBHHUTeIBHBIN aHATN3. Pe3ybTaThl MOTYT HallTH
NpHMEHeHHe B ONTHYECKUX TeJJeKOMMYHHKAIIHSIX.

Kmoueevie cnoea — napaxcuanvHole euxpeevie HyuKi,
OpOumMAIbHIIL Y2/10601 MOMeEnm, mypoOy/ieHmHble cpedvt

1. BBEJAEHUE
Buxpesble IMy4KH MPEACTABIIEOT COO0I CBETOBBIC ITOJI C
(a3oBOH  CHHTYJSIDHOCTBIO  (TOUKH, B  KOTOPBIX

HHTCHCHBHOCTh paBHACTCS HyM0) [1]. MoxkHO npuBecTH
JTOBOJIGHO MHOTO MPHMCPOB TAKHX MYy4KOB. CpPeIu HIX BCEM
XOpowmwo u3BeCTHble nyuku Jlareppa-l'aycca, beccemsi-
Taycca, Opmura-Jlareppa-I'aycca u apyrue. JIaHHBIC My4YKH
JIOBOJIHO XOPOIIO H3YUCHBI B ONITUKE W UCTIONb3YIOTCS A
peIICHWA MHOTHX TpPHKIATHBIX 3agad  [2-3]. Crowur
OTMETHTb, YTO HA MPAKTUKE BCE 3TH IYUYKU 3a4aCTYHO
PpachpoCTpaHAIOTC HE B BAKYYME, a B KOHKPETHOU cpeae, B
KOTOPOH MOTYT HMPHUCYTCTBOBATH PA3JIHIHBIC TYPOYICHTHEIC
NMOTOKH. Takue cpeapl MOIYT BIMATH HA ONTHYCCKUI CUTHAIL,
HCKaxas ero [4-6].

B  mammoii  paboTe  HWCCIACAOBANIOCH — BJIHSHIEC
TYpOYJICHTHBIX CPEJ HA XOPOMIO HM3BECTHBIC KIACCHUCCKHUC
myuku Jlareppa-I'aycca ¥ HOBBIH THI BHUXPEBBIX IIy4YKOB,
AMIUIMTYIa  KOTOPHIX  IPONOPHHOHATIBHA  MHOTOWICHY
Jlareppa B kagpate (JII)? [7]. VI3BECTHO, YTO KIACCHYCCKUE
myukn  Jlareppa-I'aycca  OOBONBHO ~ YCTOMYHBBL K
TypOYJCHTHOCTH, TO3TOMY PpE3yIbTAThl MOJCIMPOBAHMS,
NOJYYCHHBIC 14 OTHX IIYYKOB, pPACCMATPUBAKOTCIA B
Ka4eCTBE 3TAJIOHA.

OCHOBHBIMH ~ XapPaKTEPUCTHKAMH BHXPEBBIX IIYyUIKOB
SIBILIFOTCSL  OpOHMTanmbHBIH yrimopod MomeHT (OYM) u
tomonormueckuil 3apan (T3). Ilo ompenenenmo M. Beppu
T3 paBcH aarcOpantveCKOM CyMME IICNIOTO YHCIA CKAvKOB
(a3p! Ha 27 mpu 00X0A€ B CEUCHUM MYYKA IO OKPY)KHOCTH
6eckoneuHoro pazuyca [8]. T3 mpum pacmpocTpaHecHHH B
NPOCTPAHCTBE BCEIOA LENBIH H COXPAHACTCSH, MO3TOMY
cmabast TypOYJIEHTHOCTh HE Cpa3y TMPHBEACT K €TI0
m3meHeHnto0. B ormrame or OYM, KOTOPBIH OyIET MEHATHCA
mpu r000H cmadoi TypOyneHTHOCTH. TakuM 00pasoM,
MOZKHO CACJIATH BhIBOJ, uTO T3 ABIACTCA O0Jiee CTAOMILHOM
BemunHO. B maHHOI paboTre mCCneayeTcs  BIIMSHHC
TypOYJICHTHBIX cpex HAa T3 BUXPEBBIX IyUKOB.

Camapckuii HaITMOHAIILHBIA
HCCIIEIOBATENLCKUN YHUBEPCUTET UM.
akagemuka C.11. Koponesa
Camapa, Poccus
kozlova.elena.s@gmail.com

Camapckuii HaITMOHAIILHBIA
WCCIIEIOBATENLCKUN YHUBEPCUTET UM.
akanemuka C.11. Koponepa
Camapa, Poccus
kotlyar@ipsiras.ru

II. PE3YJIETATEI YUCJIEHHOT'O MOJIEJIMPOBAHMS

Paccmotpum my4uok (JIU)’, KOMIICKCHAS AMIUIHTYAA
KOTOPOTrO B HAYAIBHON IUIOCKOCTH UMEET BUJI.

2 2|m| 2\7?
E, (r,p)=Eexp {—% + i2mgo] [%} {L;" {%H , (D)

roe (¥, ¢) — TOMIPHBIC KOOPAWHATBL, W — PATUYC

NEPETSHKKH [AyCcCOBa Iy4Ka, [ —CBS3aHHBIA IIOJHHOM
m

Jlareppa, m — asmumyTamsHbeiil unaekc Jlareppa-T'aycca, n —

pamuamsHbIi HHACKC Jlareppa-T aycca.

B manno# paboTe MOICIHPOBAIOCH PACIPOCTPAHCHUC
ONTHYECKUX IyYKOB B TYpOYJICHTHOH CpeJic Ha PACCTOSHUA

2
_™ | rme A — JIMHA BOJHBI CBeTa. B 3TOM

A
CIIy4ae TOJIC MOKHO PACCUUTATH C MOMOMILIO PACHIHPEHHOTO

Panes

npuHumna [roiirenca — @peHens HA  HEKOTOPOM
PacCTOAHUN OT HCTOYTHHKA:
lk - +00 +00 ﬁ([xfuf +[y7v]2)
Flu,v,z,t)=——2=¢" x,y)e* X
(w.v,2,0) =~ — waf( v) o

Xe‘P(x,y,u,v,z)—ioxdxdy,

rae k = 2m/A — BOJIHOBOC YHCTIO, (X,)) | (1,v) — ICKApTOBHI
KOOPAWHATHI B HCXOJAHOW IDIOCKOCTH H B 00IacTH
HAOFOICHHSA, Z — PACCTOSHHUC OT MCXOTHOH IUTOCKOCTH J0
o0mactn HAOmMOOCHWA, ! — BpeMs, f{x,J) — TOIC B
ucrounuke, ¥(xyu,v,z) — CiIy4aHad KOMIUICKCHAA
(YVHKIOUSA, ONMHCHIBAOINAS HCPCTYIPHOCTH CPEOBL, @ —
yacToTa CBETA. OJTO YPABHCHHC COOTBCTCTBYCT MCTOAY
PritoBa [9].

Janee wmcxomHOe TMONE B HAYABLHOM  IUTOCKOCTH
VMHOKAJIOCh HA TIOJIE €O CiydaiHoil ¢azoit. CnyuaiiHas
(¢a3za monyyamach C  WCHONB30BAHWEM  CJCAYFOIICH
KOPPEJLIIIHOHHON MaTPHUIBI TYPOYICHTHBIX HCKKCHUH:

X +y7
UCO}“}“ x’y’Z = eXp YR (3)
(o2.2) Pi(2)
Iae po(z) — (QYHKIMSA UIHHBI KOTEPCHTHOCTH (paimyca)

pacmpocTpaHeHUs c(HepHICCKOl BOJHBI B PACCMATPHBACMON
cperne.

012992



XI MexayHnapornHast KoH(GEpEHITHS 1 MOToA&KHas 1Kona «MHpopMarmoHHble TEXHOMOTHN 1 HaHoTexHoxorn» (MTHT-2025)

Cexnust 1. KommbioTepHas onTHka # HaHO(DOTOHHKA

MO>KHO TIPEATIONOKUTD, UTO Po(z) = const U MOAOOPATH
K03(D(PUIHCHTBI Po, KOTOPBIE OYIyT COOTBETCTBOBATH CIA00H
po = 1,3785, HopmambHOU: po = 0,2682 M CHIBHOU: po =
0,1740  atmocgepnoit  TypOymeHTHOCTH.  JlMamaszoH
um3MeHeHHa (assl Ha ()a30BOM 3KpaHE ONPEACUICH O.
Paccmarpusascs ciyyai, KOrja ¢ paBHO 27

B Tabmumax 1-2 mpuBCACHBI PE3yNIBTATHI YHCICHHOTO
MOJCTHPOBAHEA A1 My4koB (JI)? u kmaccuuecknx mox JIT
¢ mapamerpamu m = 3, n = 2. Paguyc nepeTsiKku
BappupoBaicst w = 0,25 u w = 0,5. Pesynerarsl pacuera T3
(TCaver) TIONCH TOCTC PACHPOCTPAHCHHA B TYPOYICHTHOCTH
MPSACTABICHB B TAOmHUax 1-2. JImsg OICHKH YCTOHIHBOCTH
T3 K HCKaXEHHAM PACCUHTHIBACH TAKKE OTKIOHCHHA
YHCIICHHBIX 3HAYCHHUH OT TCOPSTHUCCKHUX (Eaver).

PE3YIIBTATEI OLIEHKU PACCUMTAHHOTO T3 JISI ITY UKA
(JIT')? HA PACCTOSIHMHY PoILIES (M=3, N=2)

Ta6mmna I.

Tabauma IV, PE3YJIBTATEI OLIEHKY PACCUUTAHHOTO T3 JIIISI ITYUKA

(JIT')*> HA PACCTOSHUHY PRIITES (M=30, N=2)

m=15,1n=2, TCipeor = 30, m=15n=2, TCgor=30, 6 =2m,
6=2m,w=0.25 w=0,5
po 1.3785 0.2682 0.1740 1.3785 0.2682 0.1740
TC ayer 30,1137 | 29,9758 | 30,1833 | 30,1444 | 29,9990 29,9988
Emer, % | 0,4480 | 0,7404 | 08949 | 0,4920 | 0,0046 0,0039
Tabauma V. PE3VIILTATHL OLIEHKU PACCUMTAHHOIO T3 I IIVUKA

JII' HA PACCTOSIHMU PoIUIES (M=30, N=2)

m=30,n=2, TCeor = 30, m=30,n=2, TCeor = 30,
c=2n,w=0,25 c=2n,w=0,5
Po 1.3785 0.2682 0.1740 1.3785 0.2682 0.1740
TC aver 29,9959 | 30,0967 | 30,3869 | 30,1245 | 29,6978 | 29,0524
Ever, 0 | 0,0136 0,3475 1,3095 1,1187 3,9906 4,4714

m:3an:2,TCtheor:6, m:3,n:2,TCtheor:6,
c=2n,w=0,25 c=2nm,w=0,5
Po 1,3785 | 0,2682 | 0,1740 1,3785 0,2682 0,1740
TCoer 59991 | 59970 | 59984 | 6,1894 | 6,1952 5,9051
Ewer %0 | 0,0163 | 0,0619 | 0,0307 | 3.1802 | 3.4085 5,1004
Ta6muma I1. PE3VIIBTATH OLIEHKY PACCUMTAHHOIO T3 IS IV UKA
JII" HA PACCTOSIHUM PoJIIES (M=3, N=2)
m=3,1n=2, TCyor=3,0 m=3,n=2, TCyper=3,0=
=2, w=0,25 21, w=10,5
Po 1,3785 | 0,2682 [ 0,1740 | 1,3785 0,2682 0,1740
TCaer | 2,9999 | 3,0000 | 2,0998 | 3.0000 [ 29497 | 2,9953
Caers % | 00155 | 0,0218 | 0,0197 | 0.0090 | 1,7038 | 0.1902
W3 nomyyeHHBIX PE3YJbTATOB BHOHO, 4YTO IIPH

OJMHAKOBBIX 3HAYCHWIX KOd(pduimeHros m = 3 un = 2
knaccmdeckue mydukm JIIT  XapakTepu3yrOTCS MCHBIIUM
OTKJIOHCHHUEM &, ONHAKO, CTOMT OTMETHTb, YTO B TAKOM
ciyuae myukd JII' u (JIT)? mmeror pasusii T3: JIT umeer T3
pasubiit 3, a (JIT)? pasusni 6. V3 paGoT apyrux aBTOpPOB
H3BECTHO, YTO HeM BbIIE T3, TEM CHIIbHEE €T0 HCKAKACT
TypOyicHTHAsA cpema. [loatomy OBITO PEIICHO MPOBECTH
aHANOTHYHBIE MOACTHPoBaHKA 171 Imy4ukoB JII' ¢ T3 = 6 (ipu
m =6, n=2)u cpasauts ¢ (JI[)%. Pe3yabTaTs MPUBEACHEI B
Tabmmre 3.

Ta6muma 111 PE3VIIBTATH OLIEHKY PACCUMTAHHOIO T3 IS IV UKA

JII" HA PACCTOSTHUM POIIIES (M=6, N=2)

m=06,n=2, TCyeor =6, m=6,n=2, TCyeor =06, 6 =21,
6 =2nw=0.25 w=0,5
Po 1,3785 | 0,2682 0,1740 | 1,3785 | 0,2682 0,1740
TC per 5,9805 | 5,7803 6,2562 | 6,0498 | 6,1899 6,2453
Emer, Yo | 0,3320 | 10,6641 | 12,4787 | 0,8344 | 8,4941 7,5350

W3 mony4yeHHBIX Pe3yabTaTOB MOJKHO CIAECNATh BBIBOJ,
uyro myukd (JIT)? mpu anamormudom T3 seismotcs Oojiee
VCTOMYHMBBIMH K TYPOYJICHTHOCTH HE)KEIM KJIACCHUCCKHC
moael JIT.

Uro0bI ONPeACIATS 3ABHCHT JTH YCTOHYHBOCTE T3 MydKOB OT
€10 BEJIMYMHBL, ObUIM PACUMTAHBI AHATOTHYHbEE TyukH (JIT) 1 JIT
¢ BoicokuM TopsakoM T3 = 30. TlomyueHHBIE pe3yIbTATHI
TIPHBCICHBI B TAOIMIAX 4-5. I3 PHUBCACHHBIX TAOHI BHIHO, YTO
TMPCBOCXOACTBO B YCTOWUMBOCTH K HCKOKCHIIM 13
TyPOYJNEHTHOCTBIO 1 myukoB (JI[)> COXPAHAETCS, HO HE TaK
BBIPAKEHO, KaK 71 ciydast 13 =6.

I11. 3AKJIIOYEHHUE

B pabore mpoBCACHO MOZACIHMPOBAHKE —PACIPOCTPAHCHIS
onrrueckux Buxpedt JIU m (JIT)? uepe3 TypOyJEHTHYIO Cpedy
pA3MMMHOM —~ MHTCHCHBHOCTH.  Pe3ynbTarbl  MOJCTHPOBAHUS
TIOKA3JIM, YTO TMPU YBEJMMCHUU JIMHHBI EpeTsokkd (W = 0,5) u
HOPSTIKA (€10 TOMONOTHHMCCKE 3apsy #7), ny4ok (JII)? cranoBaTC
00Jee YCTOHUMBBIM K TYPOYJICHTHOCTH, OCOOCHHO B CIYHUAfIX C
CHIIBHOHM Ty POy ICHTHOCTEEO (po = 0,1740). TToka3aHo, T B CHIIBHO
TypOyneHTHO# cpene my4ok (JIU)Y seisercs 0ojiee CTAOHIBHBIM B
CPaBHCHUM C KJIACCHYCCKOM Mojod JII' mpH OJHOM H TOM K&
3HaucHHH 13.
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Annomauua—/Ans co3nanust GOTOHHBIX cXeM Ha OCHOBe
TIepCIeKTHBHBIX MaTepHa/IoB JIIEKTPHYECKOil
HAaHO(GOTOHMKH  TIPUMEHeHHe  CTAHJapTHLIX  METOJ0B
JuTorpadun 3aTpyAHEHO CI0KHOCTHIO MoA00pa 3¢ PeKTHBHBIX
TpaButedeil. Ilpeniaraercs yHUBepCATbLHBIN OIX0 CHIOBOM
CKaHHUpYIoIIeil 30H10BOI JmTOorpaduu, 3aKIUalONIUiics B
JIOKAJIbHOM Y/IaJIeHHH MaTepHajia ¢ MOMOMIBI OCTPOil HIiibl
anrMasHoro  3onpa.  IIponeMoOHCTPUPOBaHBI  INVIAHADHBIE
BOJIHOBO/IbI M JINCKOBbIE MHKPOPE3OHATOPHI M3 Pa3IHYHBIX
MePCHeKTUBHBIX MATEPHAIOB: TUXATBKOTCHI/IbI TePeX0IHBIX
METAVIOB, TeKCAarOHAJILHBIIT HUTpUA Gopa, rajJoreHHIHbIe
TePOBCKUTHL

Kmouesvie cioea— cranupyioman 301006as umozpadus,
OuIteKmpuiecKas HaHnodomonKa, OUXATTLKOZEHIObI
nepexoonsIX Memaniog

1. BBEJAEHUE

Joa MHHHUATIOPH3ALUI
HEOOX0INMO HCTIONIb30BAHUC MaTEpHAIIOB,
oOecreunBaOIUX  JIOKamm3ammo  ceera.  CymecTByroT
HECKOJIBKO TIOJXOJ0B, OOCCICUMBAIOIINX JIOKATH3ALHIO.
Cpemn HHX MOKHO  BBIICTHTH  IDIA3MOHHKY[1] ©
JUAJICKTPUYECKYEO HaHO poTOHHKY|[2]. Henocratkom
IUTA3MOHMKH SBILTIOTCS OTHOCHTCIBPHO OOJBINHE TOTEPH,
TIPUBOSIIME K CHIBHOMY 3aTYXaHHIO CBETA B IUIA3MOHHBIX
BOJTHOBOJAX. JIAHHOTO HEAOCTATKA JHMINCHBI OOBEKTHI
JU3ICKTPUICCKOH HAHO(OTOHHUKH, Kak TIPABHUIIO
ABJIIFOIIUACCA IMHAPOKO30HHBIMH TOJYNPOBOAHHUKAMHA HJIH
Ju3nekTpukaMu. OHAKO, [T TOKAJIH3AIMK CBETA B TAHHBIX
MaTepHanax AODKHO BBIMIOIHATHCS YCIOBHE IPH KOTOPOM
pa3sMepsl 00BCKTa JOJDKHBI OBITH HE MCHBINC A/2n, TAC A
JUTMHA BOJHBI CBETA, a N- NMOKA3aTENb MPEIOMICHIU. TakuM
o0OpazoMm, mnd 3(P(PCKTHBHOH IOKATH3ALHAH HCOOXOIUMO
HCIIONB30BAHAEC MATECPHANIOB C KAaK MOKHO OOIBINNM
MOKa3aTeIeM TIPETOMIICHHS. Cpenn H3BCCTHBIX
KIIACCHYECKUX TOJYNPOBOAHMKOBBIX MATEPHAIOB MOXHO
BeimeuTh Si [3] m GaP [4] ¢ mokaszaTeneM MPEIOMIICHHA,
JocruraromuM 3,5. Oxnako Si HE SBISIETCS MPO3PAYHBIM B
puaumMoM — gauamazoHe.  GaP oOmamaer  CHIIBHBIM
MOTJIOIIEHHEM B KOPOTKOBOJIHOBOW BHAMMOH 00NacTH.
CrouT OTMETHTH, 4TO 11 Si m GaP KJIACCHUCCKHE METOIbI
murorpadun ((poromurorpadust, ACKTPOHHAS TUTOTPAPHST)
SIBILIFOTCSL OTPAOOTAHHBIMH W YK€ ITPOJECMOHCTPHPOBAHbI
y37161 (POTOHHBIX CxeM|[5,6].

pudOpoB (pOTOHHKH
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gasponi_li@mail.ru

B mocnenHme HECKOIBKO JIET, aKTHBHO BEAETCS IOHMCK
MATCpHANoOB  OONAJAIONIMM  BBICOKMM  ITOKA3aTeleM
TIPETOMIICHH, 0012 12F0IIIX TapaMeTPaMH,
mpepocxomamumu  mapamMeTpel Si m GaP. Cpemm Taxmx
MATCPHANOB CIEAyET BBIACTHTH PANMUYHBIC BaH-ACP-
BaanbcoBel MaTepHaibl, TEKCATOHAIBHBII HHTpHA Oopa
(hBN), muxamskOTCHHIBI MCPSXOAHBIX MeTawioB (M) ¢
MOKA3aTeTeM MPETIOMIICHHUS JOCTUTAIOIIIM 5, TAJOTCHUTHBIC
TEPOBCKUTHL U Ap.[7.8] BaKHO OTMETHTb, YTO CKOPOCTb
TIOSABJICHUA TNCPCICKTUBHBIX MaTCpHATIOB A
JUICKTPHICCKOH HAHO()OTOHHWKH, HA JAHHBIH MOMCHT
YBCIIA'IHUBACTCA. HpI/I OTOM, M1 JAHHBIX MATCPHAJIOB KAK
MPaBUJIO, HE CYINECTBYET OTPAOOTAHHOH TEXHOJIOTHH
murorpadum,  BCIEACTBHE — HEOOXOAWMOCTH  moadopa
3¢ ¢ekTuBHBIX TpaBuTeneH. TakuMm o00pazoM, pazpaboTka
VHHBEPCAILHOTO METOAA JIMTOTpauu, MO3BOJLIIOMICTO
CO30aBaTh MPOTOTHUIIBI Y3JI0B (I)OTOHHBIX CXEM, ABJLICTCA
aktyagpHOW. Llenpro maHHOM PabOTHI OBLIO HCCIICIOBAHHUC
BO3MOKHOCTCH CKAHHPYIOIEH 30HAOBOH nmrorpadum 1t
co3maHUA VY310B (DOTOHHBIX CXCM W3 TICPCHCKTHBHBIX
MATEPHANIOB TU3ICKTPHICCKOM HAHO(DOTOHUKH. .

II. MATEPUAJILI U METOJ/IBI

B kauecTBe MATCPHATIOB HCIOJNB30BAIHCH PA3IHIHBIC
MUXAJTbKOTCHUIB TCPCXOOHBIX MeTauioB (MoSe,, WS,
WSez), hBN, InGaSs, kBa3HABYMCPHBIC CITOH TAIOTCHHTHBIX
MCPOBCKATOB, a TAKKS I CPABHCHHA MOAMOKKH GaP u
GaAs. Jlurorpadus OCYmMICCTBIAMIACH HA CKAHHPYIOIICM
30HHOBOM MHKpockome Ntegra Aura (NT-MDT) ¢
HCTONB30BAHHEM  30HAOB C  MOHOKPHCTALTHYCCKOH
ammazsoit wrmoitk DRP_IN  (Tipsnano). B paborte
HCIOJB30BAJIICA METOJ CHJIOBOH CKAHHUPYIOIIEH 30HIOBOM
murorpagun (c-C3JI). B mamHOM METOAC TpPH KOHTAKTS
30HAA H TOBCPXHOCTH, B OOJACTH KOHTAKTA MPOUCXOIHUT
VIANCHHE MATCpHAla C IOBEPXHOCTH (30HA «LAPAINacT»
TMOBCPXHOCTH). CTOUT OTMETHTH, UTO HECMOTPS HA BBICOKYIO
TBEPAOCTh TUXAIBKOTCHHUIOB NMEPEXOAHBIX MeTaIoB, GaP u
GaAs paspymicHHE anmMa3HOH HITIBI HC TMPOHCXOIWNIO IPH
MPABHJIBHOM HOJ0OPE CHIIBI BO3OCHCTBHA HA MOBCPXHOCTH.
Meromom c-C3J1 co3naBamich TUCKOBBIC MHKPOPE30HATOPBI,
a TaKKe TOJIOCKOBBIE BOJTHOBOABL CO3JAaHHBIC CTPYKTYPBI
HCCCIOBATMCh C  NOMOIIBI0  H3MEPCHHS  CIICKTPOB
(DOTOMOMUHCCIICHIMM H  PAaCCCIHUA  (II1  AWCKOBBIX
MHKpPOPE30HATOPOB), a4 TAK/KE CIICKTPOB MPOIMYCKAHHA (IS
BOJTHOBOJIOB).
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I1I. PE3VJILTATEI

Uccrnenopanmst mokazamm, 4ro Ha 3(PHEKTHBHOCTH
yaancHuA MaTtepHama wmetogoM C-C3JI, moMHMO  CHITBI
HOKUMA, BISICT ()opMa KOHYMKA 30HAA. Ba’KHO OTMETHTS,
YTO KaK MPABHJIO KOHYHK 30HIA AIIPOKCHMHUPYETCS CPepor
H 30HZBl OJHOTO THNA ABIHIFOTCH B3aHMO3aMCHACMBIMH.
Omnako, TIyOMHA W IIHPHHA Pe3a AT 30HAOB W3 OTHOU
MAPTHH 0KAa3alack pa3znudHO. bonee toro, Ha rayOmHy M
OMPHHY pPEe3a BIWACT HANPABICHUC [BIDKCHUC 30HIA.
JleTanbHBIE WCCICAOBAHUS KOHUMKOB 30HIOB, IO3BOJIHIA
BBLIBUTH OCOOCHHOCTH OTPAHKH OCTPHSI W YCTAHOBHTH, UTO

HamOonpImass ToIyOMHA JOCTHTacTCs B  HANPABICHUH
NCPICHAMKYLIPHOM TpaHH oOCTpUA B HampasicHum,
COBMAMAOICM C peOpoM  ocCTpusa, TiyOmHAa ObLIA

MHHHMATHLHOH.

OO6napyxeHHBIC 0c0o0cHHOCTH ¢-C3J] MOmONHUTEIEHO
VCIOKHAIOTCA TPH JHUTOTPAa(HH MATCPHAOB, 0OIANAFOIIHX

BBIDKCHHOH  AHM30TPONMEH MEXAHHYCCKHX  CBOMCTB.
JeiicTBuTeIbHO, B  BaH-Acp-BaanbCoBBIX  MaTepuanax,
TBEPAOCTb BHYTPH CJIOA, CYIICCTBEHHO IPEBBINACT

TBEPAOCTh B HANPABICHHH INEPICHIMKYLIPHOM IIOCKOCTH
CIIOS.. DTO MPHUBOIUT K TOMY, UTO YBETHUICHHE CHJIBI HAXKUMA
HE YBEIMYMBACT IIyOHMHY pe3a, a NMPHBOAUT K OTCIOCHHIO
cnoés Oompmoit mnomamu. oM TPCOAONICHHA MAHHOM
CIIO’KHOCTH OBLT pa3paboTaH MeToA (PPHUKIMOHHON CHIOBOH
marorpadum.  MeToa  3aKMFOYACTCS B MHOTOKPATHOM
TMOBTOPCHHUH JHUTOTPA(PHUUECKOTO PHUCYHKA C CHJIOW HAKHMA
JOCTAaTOYHOM [T Pa3pe3aHust HECKOIBKHX MOHOCIIOEB.

Cpemu  pe3yibTaroB HCTMONB30BaHHA MeToma c-C3J1
MOKHO BBIACTHTH CICAYIONIME. CO3JAHHC IUIAHAPHBIX
PC30HATOPHBIX PCIIETOK M3 KBA3HABYMCPHBIX TAJTOTCHHTHBIX
MEPOBCKUTOB|[ 9], TOAICPKHBAOIIMX (opmupoBaHHEe
SKCHTOH-TIOJLIPUTOHOB ~MPH KOMHATHOH  TeMIICpaType.
Cozmanue MOIOCKOBBIX BOHOBOA0B w3 JAIIM, hBN, InGaS;
JAMHON JECATKA MHKPOMETPOB M mmpuHOH ~100HM [10].
Co31aHIC MHKPOINCKOBBIX PC30HATOPOB THAMETPOM ~2MKM
mw M, GaAs, GaP ¢ ontmueckoii JAOOPOTHOCTEHIO,
pocruraromeit 1000 B Buaumom guanaszone[11,12].

1V. SAKIIIOYEHUE

Pa3paboTana yHUBEpCATbHAS TCXHOJIOTHS THTOTPa(uH 1
co3maHuA Vy310B (DOTOHHBIX CXCM W3 TICPCHCKTHBHBIX
MATCPHAJIOB THAICKTPHYUCCKONH HAHO(OTOHHKH. TeXHOIOTHS
OCHOBAHA HA MCTOAE CHJIOBOH CKAHHPYIOWICH 30HAOBOM
murorpaduu M MO3BOIIET CO3JABATh Y3IbI C JIATCPAIBHBIM
pazpemeHueM ~100 HM.

BJIATOHAPHOCTH

Hccneaosanue BBIIOTHEHO 34 CUET rpaHTa Poccuiickoro
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Ilyuku beccemnsa-beccens-1"aycca Ha 0CHOBE My 4YKOB
beccens-1'aycca ¢ kBagparudHbIM apryMeHTOM
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Annomaniin — B a10ii padote mpeacraBiiennl nmyaku Beccers-
Beccensi-laycca ¢ nonynesibiM HOMEpOM M CJIOZKHOI 3aBHCUMOCTHEO
aprymentoB. IlpeacraBieHHble IYYKH, XOTS W He SIBISIOTCS
CTIPYKTYPHOCTA0WIbHBIME, HO ©1a00 M3MEHSIIOTCI B Xofle
pacripoctpaHennsi.  Briarogapst 31oMy CBOICTBY OHH MOTYT OBbITH
JOCTATOYHO YCTOIYMBBIM K TypOY/IeHTHBIM WCKAKCHUSIM H Haifru
CBOE IPHMEHEHNE B OTITITYECKITX KOMMYHHKALIHSIX.

Kmouegbie criosa — gy beccens, onmmteckiie eUXpH, Ry|Kit
beccens-beccenn-I aycca, mononocitecratii 3apso.

I BBEIEHUE

ITyuxu beccern [1] u beccensa-T aycca [2] M3BeCTHBI B ONITHKE €
1987 roga. BanManue k HEM HE 0CTAOCBACT B BHIY AKTHBHOTO
MPUMCHCHHA B PA3IMYHBIX 337a4ax [3]. V3BECTHBI pasmuMHbIC
Moguukamm  myukoB  beccemt  [4-5]. B mammOM  paGote
PacCMOTPEHO HOBOE OHOTIAPAMETPHYECKOE CEMEHCTBO IYUKOB
beccema-beccemstI aycca (BBl -yuxm).

1. OIMCAHME ITYYKOB BECCEJIS-BECCEISI-I AVCCA

B pabote [4] HAlACHO PCIICHHC MAPAKCHAIBHOTO YPABHCHHS
T'eapmMrombia;

0
8){2 8)}2 E]E(x:yrz)zor (1)

rae (x,),z) - JCKapTOBbl KOOPAMHATHL £ - BOIHOBOC HHCIIO,
E - 3aexTpHcUecKad HAMPSOKCHHOCTD MO JIJAHHOE PELICHUE
MIPEICTABICHO B BHiae mnpomsseacHus (QyHkomm ["aycca Ha
(yuxumio beccens ¢ monyeabM HOMEPOM M ApTYMEHTOM B
kBazapare (bl 2-myuxwn) [4]:

i[(l +B2w4)z - zo}f2

2
ZoW 4.9

Ebgz(r,@,z)qulq exp +ing |x
49—

pr
x| —— |-
q.9-

@)
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Hcnons3y4 pax u3 ¢pyrkmuit beccens (pazaen 5.7.8 B [6]):

0 2l+n
L g, (0=
lzzol!(l+n)! 2n(%)

1 4 1 4 @
=J, [xsin[—arcsin—thn [xcos[—arcsin—tn,
2 x 2 x

u my4yku (2) MOKHO mOCTpouth my4dku beccems-beccesi-
I'aycca-2 (BbI'2-my4ku) ¢ MOAYLEIBIM HOMEPOM U CIOKHOM
3aBHCHMOCTBIO aPTYMECHTOB!

i[(l +B2w4)z —ZO:|}"2
ZOW2q+q7

Ebbg2 (r,(p,z) = \/q . X
g

exp

© (cezch

)21+n/2 5
14

X J =

SN (I+n/2+1) 2’*’“[“ ]

1 i(l +[32w4)zr2 2

= exp 5 !
Ja.a 2w 4,4

N (B A 16 )
a.q.\2

x 4
wq,.q )

><Jn/2

\/Brz (Br B - 16¢%(q.0. )%™
4,9 V2

><Jn/2

rae g, =1+ szz/zo +iz/z, , p — ACHCTBUTCILHAS MOCTOSHHASL
BCIIHYMHA, OmpeAcisaromas Macmrad ¢yukmmm beccema

CemeiicTBo My4YKOB @, TIapaMETPU30BAHHOE
JCHCTBUTCIHHBIMH YHCIAMH ¢ W [}, 001amacT KOHEYHOH
JHepruel  Omarogapst — raycCoBy — SKCIIOHCHIHAIBHOMY

MHOXKHUTSTO. [Ipu ¢ = 0 my4ok (4) oOpamaeTcs B HYIIb I
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HCHYJICBBIX 3HAYCHUH 7, a MpH n =0 CBOAMTCA K Iy4Ky
Beccems-I'aycca-2 HyaeBoro mopsiaka (2) ¢ KBaJApaTHUHOH
3aBHCHMOCTBI0 apryMcHTa. BOmm3m omrmueckoil ocw (mpu
MaJoM 7) IMy4oK (4) CTAHOBUTCHA PaBHBIM IOPOKIAFOILEMY
myuky (2). AHaIM3 psaa B BeIpaKCHUH (4) MOKA3BIBACT, YTO
mpu yraax 2¢ =7p, p=0,1,2 ..., X03((HUIHCHTHI IO 3HAKOM
CYMMBI 71 Pa3HBIX HOMEPOB / OyAyT MOJOKUTEIBHBI. 3TO
MPUBOANT K CHH(pA3HOMY CIOXCHHIO BceX BBI2-my4dkoB B
cymme (4), uto 00YCIaBIMBACT BBICOKYI) HHTCHCHBHOCTH
BOMM3M JACKapTOBBIX oced. Hamporws, mpm ycnosum
2¢ = n/2+np xo3(purmeHTH psaga (4) OyAyT MCHATH 3HAKH H
mostoMy cocequme nyukm BBI2 Oyayr ckmameiBatbcsi B
mpotusoQase. B pesyasrate HMHTCHCHBHOCTH BAOJb
JUArOHAJCH KBAAPAHTOB CTAHOBHUTCA HIDKS, 4YeM Ha
JCKAPTOBBIX OCAX. TakuM 0OpazoM, MOKHO OXHIATh, YTO
pacnpenencHue nHTEHCHBHOCTH BBI2-myukoB Oyaer uMeTsh
YETHIPE JTOKATTbHBIX MaKkCHUMyMa (nemectka),
PACTIOJIOKEHHBIX BAOJIb ACKAPTOBBIX OCEH HA OMPEACTIEHHOM
VIAJNCHUW  OT  ONTHYECKOH  OoCH.  JIOTIOTHHTENBHO,
TmpupaBHABASA apryMcHT (yHKOHH beccenms B (4) K KOpHAM
beccend ¢ moyueabIMu HHACKCAME B HAYATbHOH IUTOCKOCTH
(z=0) Ha BOCBMMIIYUCBOH CTPYKTYpPE C YIJIaMH ¢ = 7ip/4,
p=0, 1, 2,..., momy4aeM VCIOBHA II1 (DOPMHPOBAHHA
3a7aHHOM MHTEPPESPCHIMOHHON KAPTHHBI.

Br2 (Br2 + \/[W) = Wanpe )

[pu yraax ¢ = np/4, p=1,3.5... 3HaK OA KOPHEM OyaCT
TIOJIO’KUTENBHBI M TOTAA KOOPAWHATHI HyJIEeH (yHKIMH
Beccenst Oyaytr HaxoawTca B TOUKAX HA 4X JHATOHATX C
KOOPAMHATAMH:

¥ = iyn/#'
P [ 2,2
B 4c +Yn/2,p

[Ipu weTHBIX p HA nMyuax @ =7p/4, p=0,2,4... 3HaK NOX
kopeeM B (5) OyACT OTPHIATCIGHBIH, W KOPCHb OyACT
JEHCTBUTEITFHON BETHYHHOM IPH YCIOBHH:

r=2 E. 7
>\/; 7

B (7) Hy)HO mOTpcOOBATH, YTOOBI MapaMeTp ¢ OBLI
6omsmie Hy1. Koopamaatel kopHe# (QyHkuuit beccens B
(4) caexyer uckare mpu yciaoBuu (7) HA AEKAPTOBBIX
OCSIX 3 CIEAYIOMIETO YPABHCHU:

(©6)

Yn/Z,p . (8)
2

Tep=*%

B Y?z/Z,p —4c

Ja obecmeucHUA ACHCTBHTCIBHOCTH BBIPAKCHUA (8)

HCOOXOMMO  BBIIOJIHCHUE YCIOBHA Y,/2, , >2¢ . Kopuu
¢yukumit  Beccemt B (4), pacmonoKEHHBIE — BJOJb
JEKAPTOBbIX Oced ®W JuaroHame (Ha 8§  Jyuax),

COOTBETCTBYKOT LCHTPAM ONTHYECKHX BHXPEH IIEPBOTO
TMOPAAKA C UYCpeAyromuMIca 3HakaMu (+1 u —1). Ot BUXpH
HE BIIAIOT HA TOMOJOTHYCCKHU 3apsna mydka (4), KOTOpbIid
ONpeeIACTCd  3apAAOM ILCHTPaNbHOrO Buxpa 7. llpu

PacmpoCTpaHCHUH B CBOOOJHOM IPOCTPAHCTBE aPTyMEHTHI
¢yuxumit beccenss B (4) CTaHOBSTCS KOMIUICKCHBIMH, YTO
MPUBOJAWT K B3AUMHOM KOMIICHCALMHM HELCHTPATIBHBIX
BHUXpEHl. B pesynabrate B MONMEPSYHOM CEUCHHMH My4YKA MPH
z > 0 0CTaeTCs TOIBKO LECHTPAIBHBIN ONTHYCCKHI BHXPb.

Xora nyuku (4) He SIBISEOTCS CTPYKTYPHO-CTAOIIBHBIME, HX
M3MCHEHU TPU PACTIPOCTPAHCHIH HE3HAYUTETBHBL B TanbHEH 30He
HX HHTCHCHBHOCTDb NMPHHAMACT BAI KOHLCHTPHUCSCKHX CBCTOBBIX
KoL, 310 OOBACHSACTCS CBOHCTBAMHE psiAa B (4): myuxu beccems ¢
OONBIIMM TOTIOJIOTHUCCKAM 3apSZIOM PACcXOAATCs ObICTpee, a X
aMIUTITYABI (BOCOBBIC KOMD(HIMCHTH PAma) YOBIBAKOT C POCTOM
sapsaa. CenoBaTeIBHO, HAMOONCE SPKOC KOJIBID B TATBHSH 30HC
COOTBETICTBYET IICpBOMY WicHY pama (4) — myuky beccemt ¢
3APATOM 1.

OnennMm  pacxoaumocts myuka (4). Ilydox beccens-
I'aycca ¢ xBagpaTHYHBIM apIryMEHTOM (IEPBBIA WICH PAAd)
HMEET HAYATIbHBIH PAIUYC, AHAJOTHYHBIA CTAHJAPTHBIM

Iy4YKaM Beccems-T"aycca: o0 woaln /2 . Ero
pactpOCTpaHEHHE JKBUBAJICHTHO TPOXO’KICHHIO HCpe3

cheprieckyro mHH3Y ¢ (POKYCHBIM paccTosuueM f= k/(2P).
To ecTb OH pacXOIUTCS KAK MOCTE MPOXOXKACHUS (OKyca, U
Ha pacctosHuM z =zy/10 ero pamuyc r, YBEIHUHTCS IO
CPaBHCHHIO C HAYATBbHBIM PAIIMYCOM Fo B YHCIIO Pa3, PaBHOC
OTHOIICHHIO (Zo/10-/)/f.

III. 3AKJIIOYEHUE

B nmanHO# padoTe TMpeIoyxeHO HOBOE OTHOTIAPAMETPHHUCCKOE
ceMelcrBo myukoB beccens-beccenst-Iaycca (4), omuchBacMoe
KOMIUICKCHOH ~ aMIUMTYJOH, KOTOpas TPEACTABLIET — COOOH
TIPOH3BCICHIC TAYCCOBOM (DYHKIMH W AByX (pyHKmit Beccems.
HecmoTpst Ha OTCYTCTBHE CTPYKTYPHOH CTAOFJIBHOCTH, TAKHC
MyYKH JCMOHCTPHPYIOT —HE3HAUWTCIBHBIC W3MCHCHMSI  IIPH
pactipocTpascHn. B manbHelH 30HE HX HHTCHCHBHOCTB (DOPMHPYCT
KOHIICHTPUYCCKUE ~CBCTOBBIC KOJBLA. OJTH  XapAKTCPUCTHKA
OTKPBIBAIOT BO3MOPKHOCTH TPUMEHCHMSI IIYUKOB B 337adax
meperaun  WH(QOpMAIMW, — HANPHUMEP, B ONTHYECKUX
KOMMYHHKAITHOHHBIX CHCTEMAX.

BJIATOIAPHOCTH

Pabora sBbmoNHEHA TpH ToANEpKKe Poccmickoro
HayuHoro (hoHma (rpant 23-12-00236) B yactax «Onucanue
myukoB beccemsa-beccens-Iayccay, «3axmoucHuey, n HUL]
«KypuaroBCKkuil HHCTUTYT» B 4acTH «BBeACHHEY.
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