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KBAJIPATUYHAS ®OPMA JIJIA AKCHAHBHO-CHMMETPHqHOﬁ,
3AMKHYTOM HYJIb-CTPYHBI, I[BI/I)KYH.[EFICH BE3 N3BMEHEHUS
O®OPMBbI
Jenaxos A. II., Ocoxkun K. C.

Dusuxo-mexnuveckuii  uncmumym,  Kpoimckuii  pedepanvuulii  ynueepcumem — umenu
B. H. Bepnaockozo, Cumepepononn 295007, Poccusn

*E-mail: oxygen93@ya.ru

B pabore HailineHo pemeHue ypaBHeHHH OWHINTEHHA Ul aKCHAaIbHO-CUMMETPHYHOH, 3aMKHYTOW HYIb-
CTPYHBI, HampaBJeHHE ABMKEHUS I KOTOPOH B KaXKAblii MOMEHT BPEMEHU OPTOTOHAIBHO IJIOCKOCTH, B
KOTOpOil HaxoguTcs HylIb-cTpyHa. Iloka3aHO OTCyTCTBHE MpPEAENbHOTO Iepexoa MEXAy HalaeHHBIM
pelleHreM U pelleHHeM ANl 3aMKHYTOH HYJb-CTPYHBI MOCTOSHHOTO pajadyca, 4TO MOXET TOBOPUTH 00
YCTOHUMBOCTH KOH(UTYpaluu 3aMKHYTON HYJb-CTPYHBI B BHJE OKPY)KHOCTH IIPU JBHXKEHHU BO BHEIIHEM
IrPaBUTALOHHOM IIOJIE, BJIMSHHE KOTOPOIrO IJIS TaKOM HYJb-CTPYHBI MOXET CBOJIUTHCS K M3MCHEHHIO €e
JBIDKEHMS Kak 11e0ro (6e3 n3MeHeHust (JOpMBI M pa3Mepa) WM K I3MEHEHHIO ee pauyca.

Knrwuesvie cnosa: ypaBHeHus DIHIITEHA, HYIb-CTPYHA, TPaBUTALIOHHOE I10JI€, TOYHOE PEIICHUE.

PACS: 04.20,jb

BBEJEHHE

Hynb-cTpyHBI peanusyroT mpelen HyJIEeBOIOo HATSKEHHS (BBICOKOTEMIIEPATYPHYIO
(hazy) Teopuu cTpyH [1—-14], T.e. MOrIM 00pa30BBIBATHCS HA PAHHUX 3TAmax SBOJIOLUH
Bcenennoit um TakuMm 00pa3oM, BO3MOJKHO, Hapsiigy CO CTPYHaMH, MOHOIIOJISAIMH U
MeMOpaHamMH, TpPUHUMaId y4yacTHe B Mpoueccax (GOpPMUPOBAHUS  CTPYKTYPHI
Habmronaemoii Beenennoit. Tak, HapuMep, MHTEpEeCHa BO3MOKHOCTD y4acTusl ceTH (rasa)
CTpyH, B (OpPMHUPOBaHMH «TeMHOW» wMatepum [15-17], a Takke HyJIb-CTPYHHBIN
MeXaHU3M WHQIIALUOHHOTO CLeHApHsl, IPeATIOKEeHHBIN B padote [14].

UccnenoBanne IBIKEHHS TNPOOHON HYyNb-CTPYHBI B TPaBUTALMOHHOM TIOJIE
3aMKHYTOM HYJIb-CTPYHBI ITOCTOSHHOTO (HEHM3MEHHOTO CO BpeMeHeM) pamuyca [18],
MpoBeIeHHOE B padote [19], a Takke B TpaBUTAIMOHHOM II0JIC 3aMKHYTOH HYJIb-CTPYHHI,
paaviambHO  pACHIMpSIOUIEcS WIM  PagUualbHO KOJUIANCHPYIOMIEH B  IJIOCKOCTH,
nmposeneHHoe B padote [20, 21], mo3BosieT mpeamoiaraTh BO3MOKHOCTE CYITICCTBOBAHMS
psiga WHTEPECHBIX, C TOYKH 3pEHUs] KOCMOIIOTHMH, CBOMCTB rasa Hylb-CTpyH. Tak,
HampuMep, ObUI0O OTMEYEHO, YTO HaIW4He IJsl MPOOHOW HYINb-CTPYHBI TOJIBKO «Y3KOM»
obOnactu («30HBI B3aUMOJICHCTBUSI»), HAXOJSACh B KOTOPOU MPOOHAas HYJIb-CTPYHA MOXKET
B3aHMO/ICUCTBOBATh C HYJIb-CTPYHOM, MOPOXKAAIONIEH TPaBUTAIMOHHOE I0JI€, TOBOPUT O
BO3MOXKHOCTH PEaTM3alliU «3EPHUCTOM» CTPYKTYPHI MIPOCTPAHCTBA, 3aMIOJIHEHHOTO Ta30M
HYJIb-CTPYH.
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Hanuune nis kaxmoit mpoOHOM HyNb-CTPYHBI, TIONABILEH B «30HY B3aUMOJIEHCTBUS»
AHOMAJIBHBIX YYaCTKOB TPAeKTOpUHU, HAa KOTOPBIX IPOOHas HYJIb-CTpyHa 3a O4YCHb
KOPOTKHH IIPOMEKYTOK BPEMEHU WJIM YCKOPEHHO BBITAJIKUBAETCSI HA OECKOHEUHOCTb, WIN
YCKOPEHHO TIPUTATHBAETCS W3 OECKOHEYHOCTH, MOATBEPXKIACT, XOTS W KOCBEHHO,
THIIOTE3y O BO3MOXKHOH CTPYHHOH TNpUPOAEC MeXaHW3Ma HUHQIAIUH BceleHHOH,
peIoKeHHON B pabote [14].

AHanu3 pemieHUi ypaBHEHUH ABMKEHUS NMPOOHOW HYJIb-CTPYHBI, MPHUBEICHHBIA B
paborax  [19-22] Takke TIOKazal  BO3MOXHOCTh  peallu3allid  YCTOHYHMBBIX
MOJIIPU30BAHHBIX COCTOSHUM ((a3pl) Traza HYJIb-CTPYH, a TaKKe BO3MOXKHOCTh
00pa3oBaHHs JOMEHHON CTPYKTYPHI B IPOCTPAHCTBE, 3aII0OTHEHHOM T'a30M HYJIb-CTPYH.

WHTepecHBIM TPONOHKEHHEM MOXET CTaTh WCCIEeIOBaHUE BIUSHHUA (HOPMBI
3aMKHYTOH HyJIb-CTPYHBI Ha CBOICTBA €€ I'PaBUTAL[IOHHOTO OIS,

HccnenoBanne rpaBUTAlIMOHHBIX CBONCTB HYJIb-CTPYHBI CHJIBHO OCJIOXKHSET HAaIHIHUE
-QyHKIMIA B COOTBETCTBYIOLIEM TEH30pE SHEPTUU-UMITYNIbCA, YTO MPUBOIUT K MPodIeMaM
B WHTCTPHUPOBAHHWM CHUCTEMBI ypaBHCHHWM OWHImTeHHA. [ Toro 49ToOBI 00OWTH 3Ty
TPYIHOCTh yIOOHO BOCIIONB30BAaTHCS AITOPUTMOM, MPEIJIOKEHHBIM B padore [18], a
UMEHHO, paccMaTpuBaThb KOMIIOHEHTBl CTPYHHOIO TEH30pa SHEPrUU-UMIyJbca Kak
npefen HEKOTOpOro ‘“‘pa3MazaHHOro” pacipelefieHHs, B KadecTBe KOTOPOro yJoO0HO
BBIOpaTh BEIIECTBEHHOE 0€3MaccoBO€ CKAIApHOE Hoje (IIOCKOJIBKY HyNb-CTpYHa 3TO
CKaJIAPHBIN «HYIIb-00BEKT»), @ 3aTeM CTSHYTb 3TO ~pa3Ma3aHHOe” pacrpeeicHUe B HyJlb-
CTpYyHBI TpeOyeMol (hOpMBI U ABHXKYIIYIOCS 1O AaHHOW TPAaeKTOpHHU, TpeOys MPH 3TOM,
YTOObI KOMIIOHEHTB! TE€H30pa IHEPrUU-UMITYJIbCa CKAISIPHOIO IOJIsl, B Ipenelie CKaTus,
ACHMIITOTUYECKH COBH@IM C KOMIIOHEHTAMHM HYJb-CTPYHHOIO TEH30pa 3HEPruM-
ummyibsca. [lpu Takom moaxozae Mbl (akKTHUECKH OTKa3bIBAEMCS OT OJHOMEPHOCTH HYJb-
CTPYHBI M IEPEXOJIUM K (PU3HYECKH 0OOOCHOBAHHON MOJENN HYJIb-CTPYHBI B BUIC TOHKON
TPYOKH («pa3Ma3aHHON» HYIb-CTPYHBI).

[Ipennaraemass paboTa MOCBSIIEHA MOCTPOCHHUIO PEIICHHS CHUCTEMbl YpaBHEHHI
OWHIITEeWHA IS «pa3Ma3aHHOI», aKCHAJIbHO-CUMMETPHUYHOM, 3aMKHYTON HYJIb-CTPYHBI,
HalpaBJIeHHE ABMXECHHUS AJIs1 KOTOPOil OpTOrOHAJIBHO IIOCKOCTH PACIIOJIOKEHHUS.

1. YPABHEHUS DUHIITENHA

KoMmmoHeHTsl TeH30pa SHEPrUU-UMITyJIbCa HJsl HYyJIb-CTPYHBI, IBIDKYLICHCS B
MICEBAOPUMAHOBOM MIPOCTPAHCTBE-BPEMEHH, OTIPEAEIISAIOTCS paBeHCTBaMH [ 14]:

T \[~¢ =k[drdox;x;d* (¥ - 1.0)), (1)

rae uHAeKcel m , n, | npurumart 3HaueHwe O, 1,2,3, dynkuuun x"=x"(7,0)
OTIPENIENIAIOT TPAEKTOPHIO IBHKEHHS HYJIb-CTPYHBI (MHPOBYIO IMOBEPXHOCTB), T U O
napaMeTpbl Ha MHPOBOM TOBEPXHOCTH HYJb-CTPYHBI, x’”; =0xm/02', 4 :|gmn|’
8mn — METPHYECKHI TEH30p BHENIHETO IIPOCTPAHCTBA-BpEMEHH, k =const. B
UTHHIPHYCCKON CHCTEME KOOPAUHAT
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— — 2 3
=, x=p, =60, 1 =¢

¢yakuuun x" (7,0), ONPeNensIoNe TPACKTOPHIO IBHKEHHS 3aMKHYTON HYJb-CTPYHHI,
paccMaTpuBaeMyro B paboTe, UMEIOT BUI:

t=1, p=R(O), 8=0, z=-T 2)
rie: TD(—00,+00) , JD[O;ZIT] , Qyakms R(6) yaoBIETBOPSET YCIOBUAM:

ROy = ROy
(ycnoBue 3aMKHYTOCTH HYJIb-CTPYHBI), U
R(6) =R(-0),

(yciIoBHE WMHBAapUaHTHOCTH OTHOCHTENBHO uHBepcun €6 Ha —6). OTtmerum, YTO
TpaeKTopHs (2) ONHCHIBAET IBHXEHHE 3aMKHYTOH HYJb-CTPYHBI BAOJb OTPHIATEIHHOIO
HaIpaBJIEHUsI OCH Z, IIPU KOTOPOM OHA B KaX/blii MOMEHT BPEMEHHU ITOJIHOCTHIO JIEXKUT B
TUIOCKOCTH, OPTOTOHAJBHOM 3TOH OCH, HpU 3TOM, (GopMa 3aMKHYTOH HYJb-CTPYHHI,
omnpeaensemMas GyHkimeil R(6), mpu IBUKESHUU HE H3MEHSCTCS.

KeagpaTtuunast ¢opma MpoCTpPaHCTBa-BPEMEHH, ISl pacCMaTpUBAcMON TPAaeKTOPUHU
nBrokeHus (2), JOIDKHA OBITh MHBAPHAHTHA OTHOCHTENRHO MHBepcuu @ Ha —@, a Takke
OTHOCHUTEIHLHO OJTHOBPEMEHHON UHBEPCUU ¢ — —t, 7 — —Z , TOTJA

gmt.0,0,2)=g, (t,p0,—0,2), 3)
gmt.0,6,2)=g, (—t,0,60,-7). 4)

Cnencreuem (3) ecTb  gp, =8, =83, =0. CnencrBuem (4) ectb g, =g;, =0. B
JOTIOJTHEHUE, UCTIONB3Ys cBoOOy BeIOOpa cucteM koopauHaT B OTO, ynobHO yacTHUHO
3auKCHpoOBaTh ee TpeOoBaHUEeM g,; =0. Takum oOpa3oM, kBajpaTHuHass (Gopma s

pemaeMoﬁ 3aa4Y1 MOXCET 6BITB MMpEaACTaBJICHA B BUJC
ds? =e* (dr)* — A(d p)* — B(dO)* —e** (dz)*, (5)

rne V, U, A, B byHKIMH TEpeMEHHbIX ¢, O, 6, 7. AHanu3 CHUCTEMbl ypaBHCHUIl

OiHmrelina, nmoctpoeHHot s (1), (2), (5), MO3BOASET OOOMPEACTUTH 3aBUCUMOCTH
(dyHKIMI KBaapaTHUHOM HOpMEI (5), a UMEHHO:

V=u,v=v(gp0), A=A(q,p.0), B=B(q,p.0) (6)
rue
g=t+z. (7)

s (6), (7), kBagpatuaHas ¢popma (5) IpUHUMAET BUT

ds? = ((dn)? - (d)?) - Adp)’ - B(d6Y, ®)
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rae V, A, B QyHKIUM EpeMeHHbIX g, O, &.
KoMITOHEHTBI TEH30pa SHEPrUU-UMITyJbCa [UIs BEIIECTBEHHOr0 0E€3MaccoBOTO
CKaJIAPHOTO MOJIst UMEIOT BUf [2]:

1
Taﬁ = ¢,a¢,,8 _Ega[}L B (9)

e L=g™¢ o Pua =6¢/ ox?, ¢ _ byHKuMS pacmpeeleHHs] CKAISPHOrO OIS,
uHICKCH @, [, @, A npunuMmarot 3Hadenue 0, 1, 2, 3. Jist Toro, 4ro06bl 00ECTIEYNTh
€aMOCOIIaCOBaHHOCTh ypaBHeHMH DiHITelHa 171 (8), (9), Oyaem TpedoBaTh

Top =Tos(9.0.0)= ¢ = $(q.0.6) . (10)
Cucrema ypaBHEHUH DHUHINITEITHA MOYKET OBITH IIPEICTABICHA B BUIE:
A, B A, B, 1[(A,\* (B, >
L BT _2Vq L RIS B P L B R & =_2)((¢q) > (1)
A B g A B 210 A B ’
1) B 1(BpY) 1B 2 A, B
- —ﬁ+_ i p '0—2|/ 2(V,0) +V,0 ;p—;p +
A B 2\ B 2 B A ’ LA B
2
1| Agg 1(Ap 1Bg Ag 2 Bg Ap
I I L AprIl e LA It LA LA, TR } Y’ Y ——-—2 |} = 12
B| A 2(/4 5 A e 2ve) el (12
2 2
=y (¢,p) +(¢,9)
A B |

2 2 (13)
Bo  Ag () _(40)
t—Wegpt2(Vg| —Vg|—+——|;= — - ,
{ 66 ( e) 9[3 A } X A B
v v i
—£ iln l/pez'/,fE +29 iln v ge?V 4 =0, (14)
Alop | All B log |~ B
B A, B 1B,(A, B
—P 4oy VP R B A Pt ToN e R By ) , 15
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Ag A, B,) 144(B, A
s +2V -v q + »q _ - 5 4 _ 4 :_2 , 16
[A ’gjq ’HL A Bj 2 Al B A X049 (16)
Ag B,p
2 e =2V VotV p W Ve =XPpP.6- (17)

Ecnu paccmatpuBate cucreMy ypasHeHui (11)—(17) nnda pacnpeneneHus CKaIsipHOTO
NOJIsI, CKOHIIEHTPUPOBAHHOTO BHYTPHU “TOHKOM 0o0nactu” (pa3mMa3aHHOW HYJb-CTPYHBI),
U1 KOTOpPOW IepeMeHHble ¢ (ompexaenseMol paBeHCTBOM (7)) U O NPUHUMAIOT

3HaA4YCHUC B UHTCPBAJIC
q0[-0q,+0q], pO[RO) -Dp,R(6) +0p], 6=0...271, (18)

rae pyakmus R(6) onpemenser GopMy 3aMKHYTOH HyIb-CTpYHBI, Ag u Ap Maibie

MTOJIOKHUTEIbHBIE KOHCTAHTBI, ONIPEACIISIONINE «TOJITUHY» pa3Ma3aHHOW HYJIb-CTPYHBI, TO
€CTh

Ag <<1, Ap<<1, (19)
U TpHU JaJbHEHIIIEM CKATHH TAKOTO «TOHKOI'O» «KOJIblIa» B OJHOMEPHBIA 00BEKT (HYJIb-
CTpYHY)

TO TPOCTPAHCTBO, B KOTOPOM HAaXOIWTCSl Takas «pa3Ma3aHHas» HYJIb-CTpyHa, W s
KOTOpPOTO IEpPEMEHHbIE ¢ W O TNPUHUMAIOT 3HAUYEHUE B HHTEpBase qD(—OO, +00),

0 D[O, +00) , YCIIOBHO MOKHO Pa30HUTh Ha TPH 00IaCTH

— 0bnacth I, 15 KOTOPOt
qO(-0,-0g) (+Ag,+), pO[0,+x), 8=0...27, Q1)

— o6nacts 11 , Tst KOTOPOiA
q0(-0g.+Aq), pO[0,R(O) -Dp) (R(O)+Ap,+), §=0...27, (22)

— obnacts I , 1 KOTOPO#
qO[-0gq.+0q], pO[RO) - Dp,R(6) +p], 6=0...271, (23)

CpaBHHMBas CHUCTEMY YypaBHEHMH OWNHIUTEHHa A7 3aMKHYTOM HYJNb-CTPYHBI C
cucremorr (11)—(17), MOXHO TONYYUTH YCIOBHS Ha (YHKUUIO paclpeieleHus
CKaJIIPHOI'O IOJIs, & UMEHHO NPH CTATMBAHUM CKAJSIPHOTO IOJIS B CTPYHY, TO €CTh IIpU
Ag - 0, Ap - 0, 1OJKHO OBITH BBIIIOJIHEHO
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2
)

q-0,0-R(0)

=0, (0,85 -0, 24

q-0,0-R()

<0 (0] L. 0 (2)

-0, (¢,8,)

’

2
(2,)
q-0,0-R(6)

(2.2,)

q-0.0~R(8) q-0.0-R(6)

a BHE 00JIACTH, Te CKOHLIEHTPUPOBAHO CKaJIsIpHOE ToJe (B obnactu I u II')
$-0,¢,-0,¢,-0,¢0,-0, (25)

Jnst npuBeAeHHBIX ycaoBuil (24), (25) ¢yHKOMIO pachpeneneHus CKaIIpHOTo MO
y10OHO NpeACTaBUTh B BHIIE

1
#(q.0.6)=In , (26)
(#.£.6) [(a(q>+A(q>f(f7>)yJ

rne nN=n(p,6)=p-R(O), y — HEKOTOpass MOJOXKUTEIbHAsI KOHCTaHTA, (QYHKINA

a(q)+A(q)f () orpanuueHHas

O<a(g)+A@Qfin=1, 27)
OyukIus (26), B COOTBETCTBUU C (27), MOKET MPUHUMATH 3HAYCHUS OT
¢ - 0,mpu a(g) +A(@) f() -1, (28)
U 110
¢ — o, mpu a(q)+A(q)f(7) -0, (29)

OtmeruM, uTo BUI QyHKIMU pactpeneneHus (26), He sBiseTcs o0muM, a ee BEIOOp
HY)KHO paccMaTpuBaTh KaK OJMH U3 BO3MOXHBIX CIIOCOOOB «pa3Ma3bIBaHUS» HYIIb-
CTpyHBI. Bum QyHKIIMH pacmpenencHuss CKaIPHOTO IO  JOJDKEH BIMATH Ha
TpaBUTAITMOHHBIC CBOMCTBA MOJCIHM CTPYHBI B BHJE TPYOKH CKaIIpHOTO mojs. OmHaKo
MMOCKOJIBKY HYJIb-CTPYHE COOTBETCTBYET CITydaid, B KOTOPOM CKAJIIPHOE TIOJIE CTATHBACTCS
B OJJTHOMEPHBIN 00BEKT TO CIIOCO0 «pa3Ma3bIBaHUSA» B MpeAeabHBIX cirydasx (19), (20) ve
MOJKET OBITh CYIIICCTBCHEH.

MosxHO moKazaTh, 4TO AJA pacnpenenceHus (26), ycnosus (24), (25) npuBodsT K
CIIEAYIOIINM OTpaHMYEHUAM Ha QyHKIHKH d(q), A(g) u f(17):

1. pyukuuu A(g) u a(g) CBA3aHBI COOTHOIIEHHEM

Mg =(1-a@)/ fy, f,=const, (30)

2. byaxkmum a(g) m f(/]) orpaHWYCHHBIC W JJIST BCEX qD(—OO,+00), pD[O,+00),

6=0 277, npUHUMAIOT 3HAUYCHHS B HHTEPBAJIC

10



KBAJIPATUYHAS ®OPMA JIJI1 AKCUJIbHO-CUMMETPAYHOM 3AMKHYTOM...

0<a(g)<l,0<fu<fp, (31)

npu4eM
D oty (ragey = 1 A@], o = 0, (32)
FUD| 0 0001-80) (r@rspw) = Jor £, =0 (33)

Taxke B mpenene cKaThs B OZHOMEPHBIM OOBEKT (HYNIb-CTPYHY) OOJDKHBI OBITH
BBINOJTHEHBI ycnoBus (pu Ag — 0, Ap - 0):
as‘[

a(q)

Iy

oo, —— f”
£

,qx >

-0, —1 -0 (34)
70 alq) fa)

q-0,7-0

Hwuxe mpuBeneH onuH u3 npumepoB GyHKIME Q(g) u f(1]), YAOBICTBOPSIOIIMX

HalJeHHBIM YCJIOBUAM

a(g)= CXP( (35)

-1 ]
£+(&9) )

F =1 exp[—u[l —exp[ : ;)2 m , (36)

rae KoHcTaHThl & U ¢ ONpeneNsioT pasMep (KTOJIIHHY») «KOJIbIa», BHYTPH KOTOPOTO

CKOHLCHTPHUPOBAHO CKAJIAPHOC MOJIC I1I0 NEPEMEHHBIM g U O COOTBETCTBCHHO, 4 MMCHHO,

Kak cienyet u3 (35), (36), mpu Ag - 0, Ap - 0
f - 0, Z - ©, (37)

a TIOJIOKHUTENbHBIC KOHCTAHTHI £ W [/ 00ECIedrBaloT BBITONHEHUE ycioswii (32)-(34),

npu Ag - 0, Ap -0, p - RO, 8=0...21, g - 0,aumenno, ipu Ag 1, Ap 1
e 1, u 1, (38)

a IpH JaJbHEUIIIEM CKATHH B OJHOMEPHBIH 00BeKT (HyJIb-CTPYHY), TO ecTh ipu AP — 0,
Aq -0

£-0, oo (39)

Hcnons3zys (30), (35), (36) mist (26), moiydaeM BBIpa)KEHHE OJHOTO U3 BO3MOKHBIX
pacrmpenencHUi CKaSIPHOTO TIOJISA, KOMIIOHEHTHI TEH30pa DJHEPTHU-UMITYJIbCa IS
KOTOPOTO TIPH CXAaTHH B OJHOMEPHBI OOBEKT ACHUMITOTHYECKH COBIAJIAIOT C
KOMIIOHEHTaMHU TEH30pa SHEPTUU-UMIIYJIbCa 3aMKHYTOMH HYIb-CTPYHBI, JBHXKYIICHCS IO
TpaekTopuH (2).

11



JIEJIAKOB A. II., OCOKHH K. C.

2.PEIIEHUE YPABHEHUW DSWHIITEMHA IS «PA3BMA3AHHOI'O»
PACIIPEIEJIEHUS

JomnomauM cuctemy ypaBHeHuit OitHmreiiHa (11)—(17) ypaBHEHHEM CKaJsIpPHOTO
oJIsi, KOTopoe Jj1st TeH3opa (9) ecth

(¢2.) =0 (40)

rJie ToYKa C 3alAToi 0003HaYaeT KoBapuaHTHYIO rpou3Boanyo. s (8), (10) ypaBHeHHE
(40) npuHUMAaET BUJ

¢, a 2v B ¢,9 a ZV\/Z —
Tp{%ln{¢pe Z}}+?{ﬁln{¢ge E:|} =0, (4D

CpaBumuBas ypasHeHus (14) u (40), Haxoaum

V,p = C(q)¢,p s V,H = C((])¢,,9 (42)
OTKyaa

v =v(q,p,0)=v(q,m =c(q)p(q.n) +Vy(q), (43)
rae, cornacHo (4), (7), dyukuuu c(g) U V,(g) CUMMETPUYHBI OTHOCUTENIBHO 3aMEHbI ¢
HA —¢ .

s (43) ypasaenue (17) MOKeT OBITH MPUBEICHO K BUAY

2C(q)¢(l+ j( ] B A
iln (¢,7 )28 2¢(q) :_’p—LG,—B. (44)
an B R, A

MoXHO 3aMeTHTh, YTO TpaBas 4YacThb IOJYYEHHOTO paBEHCTBA €CTh (PyHKIUS
TIEPEMEHHBIX ¢ U /] :

B A
Zo_ Ve o pgm, 45)
B R, A
U3 (45)
B=B(q.p,0)=BB,, A= A(q.p.0) = Aa, (46)

rae B, =B,(q.,n7), B, =B,(q.0), A, =A(q.n), a,=a,(q) .
Wuterpupys ypasuenue (44) mis (46), HaxommMm

(Cl )2 (¢,, )2 ezc(q)¢[1+26f(q)]

B,

) (47)

12



KBAJIPATUYHAS ®OPMA JIJI1 AKCUJIbHO-CUMMETPAYHOM 3AMKHYTOM...

2
rae (c1)2 = (c1 (q)) “KOHCTaHTa” MHTETPUPOBAHUS.

VpaBuenue (13) nns (17), (43), (46), npu ycnoBuu

R, %0, (48)
MIPUHAMAET BHU]T
%j = 2% . (49)
Huterpupys ypaBuenue (49), Haxoaum
B,(q.6)=B(Rg)". (50)

rne B=/(q) “xKoHCTaHTa” MHTErPHPOBAHUS.

Hnsa (43), (46), (50) ypaBHeHue ckamsspHoro mnois (41) u ypasHenue (12),
COOTBETCTBCHHO, IPHHUMAIOT BH]]

0 a, A+ BB, | 5
on n[¢’”[a1,81/A131 }e ] GD

A +pBB
9 {—(al il l)’”}z—zvﬂ. (52)

—1In
on VAB
Wuarerpupys ypasuenus (51), (52), yantsiBas (43), (47), Haxomum
X
el —|¢

a,A, + BB, = c,c,a,Be™ Ve [ 2‘(‘”] : (53)

ety g
(A +BB,), =cicsp, e Ve o) : (54)

rae ¢, =c,(q) 1 ¢y =c;(q) “koHcraHThl” uHTerpupoBanus. Juddepenunpys paBeHcTBO

(53) o nepeMeHHOH /] , HAXOAUM BbIpaskeHUE I PyHKIUU ¢4 (q) :

ey(@) ==, B(g)cy ()] clq) ——X— |. (55)
2c(q)

MoxHo oTMeTuTh, uto ans (43), (46), (50), (53) ypaBuenue (14) BbIONHSAETCA
TOXJIECTBEHHO.

[Ipumensss paBerctBo (47) miusg (53), monmyyaem anreOpanveckoe YpaBHEHUE,
cBsI3bIBatoNee QYHKIHMIO B, M QYHKIMIO pacIpeeIeHUsI CKIIPHOTO OIS @

13



JIEJIAKOB A. II., OCOKHH K. C.

B(B)* —bB, +a=0, (56)
rae 0003Ha4eHo
b= clczcrl,Be_ZV‘](’”e_C ' ¢£1_ch((’”] ,a=a,(c )2 (¢,7 )2 eZC(qW[HZCZ((q)] . (5D
OtmeTuM, 4To cornacHo (47), (53)
b=(a,A +BB), a=aAB,, (58)
JuckpumuHaHT ypaBHEHHS (56), uctonbiys (57), (58), ecThb
D=(a,A -BB). (59)
"3 (59) cnenyer, uto D =0 B cnyuae
A = BB, (60)
u D >0 B cioydae
a,A % BB,. (61)

Kax cmenyer w3 (43), (47), (53) caywait (60) TpUBOANT K YypaBHECHHIO,
CBA3BIBAIONIEMY (DYHKIIUIO DPACOPEACICHUS CKAIAPHOTO TOJIT ¢ U «KOHCTAHTBI»

HUHTCTPUPOBAHUA:

26”(”’)¢+'/°(q)(15,,7 =\ (@Bq) . (62)

Huarterpupys (62), HaxoamMm

__Y%@ 1
#am==" S (e @a @B+ 4@). (63)

rae @,(q) «KOHCTaHTa» MHTErpupoBaHus. JIerko 3aMeTuTh, 4To QyHKIHA (63) HE MOXET
peann3oBaTh PACHPOCTPAHCHHE JIOKAIN30BAaHHOTO MO NMEPEMEHHON O 00BEKTa, MOITOMY
ciyuyait (60) He peanusyercsa. Kopau ypasuenus (56), mis (59), (61) cnenyromue

—
2vy=¢ ..
Bi(q./2 =lclczale ( 20) 1+ [1- 2—¢"7 , (64)
2 a,fBe,
TOr1a ucnonb3ys (53)
—
1 —20p=¢ C—% ¢
Al(g.1D, = cic,Pe -2 N I . (65)
2 alﬁcz
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KBAJIPATUYHAS ®OPMA JIJI1 AKCUJIbHO-CUMMETPAYHOM 3AMKHYTOM...

OcraBiuecs Tpu ypaBHeHust cuctemsl: (11), (15) u (16), paccMatpuBaeMsble 1is (43),
(64) u (65) onpenessiOT YCIOBUS, CBA3bIBAIOIIECE MEKIY CO00M (PYHKIUU («KOHCTAHTHI»

uHTerpupoBanus): c(q), ¢ (q), c,(q), a,(q), V,(q), B(q), uX Npou3BOIHbIC, U
KOHCTaHTy ).
Tak pa3HocTs ypaBHeHutt (15) u (16), nns (43), (46), (50), ectb

((,GBI),q _(alAl),qJ . % ((ﬁBI),q _(CnAl),qJ((B;).n +(A1)Jz}:0_ 66)

ﬁBl alAl ﬁBl alAl 1 Al

Cornacho (26), (30) dyukuus @(g,/7), onpenensromias pacupeacIcHue CKaIsIpHOTO
TOJIS1, YAOBJIETBOPSIET YPABHEHUSIM:

1
¢,/]/] - f];.””” ¢,/7 _;(¢J’ )2 =0. (67)
a 1
8.4 _a’_,mﬁq _J_/(¢.q )2 =0. (68)
7
Dan ~ F (q) ¢ 8, =0. (69)

Hns (64), (65), (67), (69) ypaBHeHHE (66) MOKET OBITh 3aIUCAHO B BUJE
Yo+ b+, +sh, WD, B+ B0, + s (9,) B+
+, (¢,,,)3 b+, (¢Jl )3 4, (¢,,7 )3 @y t¢ofn =0,

rne ,, 1=0,1, ,10 — ¢yHkuu, coiepxamue «KOHCTAHTBI» HHTETPHPOBAHHSA, HX

(70)

NPOW3BOJIHBIE, KOHCTAaHTY )/, a Takke (YHKIHMH, OINpPENeNSIoNne pacrpeelicHHe
CKaJIIPHOTO TIOJIS, HATIPUMED,

f 1 20,(q) f 1
wo /7/7 1 [ (Q)e j 1//2 [y+2 ( )j ;,] ’ ‘//10 :[}_/+2C(Q)J

N (@ B(q)c,(q) 7

MoxHo IIoKa3aTb, 4TO Tp€6OBaHI/I€

[l+2c(q)) =0, =>c(g)=c =—i=c0nst., (71)
14 2y

A (q)ez'/o(q)

Ja @B @

=const., (72)
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JIEJIAKOB A. II., OCOKHH K. C.

€CTh «TpUBHMAIbHOE» penieHue ypaBHeHus (70) (T.e. pemieHuwe, Jisd KOTOpOro .,
i=0,1, ,10), u koTopoe s ypaBHEHHs (66) COOTBETCTBYET CITydaro
(8B), (a4),

- =0. (73)
ﬂBl alAl

C npyroi cTOPOHBI, MOXHO ITOKa3aTh, YTO TPEOOBAHHE

[l + 2c(q)J #0, (74)
4
KOTOpO€ AJIs ypaBHEHUS (60) COOTBETCTBYET CIIy4Yaro
[B aA
(5), (an), o
BB, a4

MPHUBOAUT K NpoTHBOpeunto. Tak, mius (74), npupaBHUBas K03()(QHUIIMEHTHI, CTOSIINE TPU
OJIMHAKOBBIX CTEMEHSX (YHKIHH ¢ U €€ TPOM3BOAHBIX, ypaBHeHmii (69) m (70), B

YaCTHOCTH, T0JIy4aeM TpeboBanue {J/, =0, KOTOpoe NPUBOAUT K yPABHEHUIO

M:O’:f(ﬂ):c/7+é (76)
fa

rae ¢ U ¢ KOHCTAHTBI, PEIICHUEe KOTOPOro, OYEBUIHO, HE MOXKET BBIMIOJHUTH TPEOOBAHUS
(33), (34). IloaToMy cayuaii (75) He peanusyercsl.

CymmMma ypaBaennii (15) u (16), mus (43), (46), (50), (64), (65), yuutsBas (71)—(73),
ecTb

2 d 1 _
Pn ‘W(d—qln(/1(61)61(q)\/al(q)ﬁ(q))Jﬁf, —;¢,q¢,,, =0. (77)

IMpupaBauBas K03()(MHUIMEHTHI, CTOSIINE TPH OJMHAKOBBIX CTENEHAX (YHKIHH @ U ee
MIPOU3BOHEBIX ypaBHeHUH (69) u (77), momydaem

1+2
d%ln(A(q)q(q%/%(q)ﬁ(q)) - %Xyzdiqln (A). (78)

Hurerpupys (78), HaxoamMm

-
o(=g @)
U e @B

rjae ¢, KOHCTaHTa HHTErPHPOBAHUSL.

(79)
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KBAJIPATUYHAS ®OPMA JIJI1 AKCUJIbHO-CUMMETPAYHOM 3AMKHYTOM...

Hns (43), (46), (50), (64), (65), yautsiBas (71)—(73), (79), ypaBuenue (11) ecth

W@ +d,, +W (g, +W,(8,)° =0. (80)
rac
y(1+2)(y2)()| J A [/1 T
W = A Ty 4+ (1+2 4 , 81
0@ (1-2x) (A0 ), T 2] Aq) oy
(1+207) 4 A
1) =y |l T4 (1+2 4 82
1(@)= =20, (q) [(1—2)(;/2) S(+207%) o (82)

w,=[L-yy i -2 ) v (1207 ) + x| (83)
(21/ ] [21/2 8y* ]

[MpupaBHuBast KO3)UIIMEHTHI, CTOSIINE MPU OJWHAKOBBIX CTEMEHIX QYHKIUK @ U

ee IpOU3BOJHBIX ypaBHeHHH (68) n (80), HaxonuM ycnosus Ha Qynkuuun V., 1=0,1,2,
ypaBHeHus (80):
W,(g) =0, (84)
a
W (¢)=—%, (85)
a
-q
1
l.|J2 = ——. (86)
14
[Tpumensis (83) s (86) monydyaem anredpandeckoe ypaBHEHHE
4x’yt +12xy° +9=0, (87)

KOTOpPOE UMEET €IMHCTBEHHOE TOJIOKUTENbHOE perieHue (MOCKoIbKy ) >0 ):
3
= . 88
V=, / o (88)
M (81), (88) paBencTBO (84) mpuHUMAET BU

p)
2, (q) :/i—‘” . (89)

q

Hurerpupys (89), Haxoaum (y4uThIBas 4€THOCTh QyHKIUH V() (q) )
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JIEJIAKOB A. II., OCOKHH K. C.

@ = ¢ ‘/] (90)

ol

rae ¢; KoHcTaHTa uHTerpuposanus. Otmerum, yro g (30), (82), (88), (89) paBeHcTBO

(85) BBIIIOITHAETCS TOXKIECTBEHHO.
Takum oOpa3zom, ucnons3ys (26), (43), (46), (50), (64), (65), (71), (72), (79), (88),
(90), mommyyaem BBIpaKEHHUE JJIs1 HCKOMBIX METPUUECKUX (DYHKIMN KBagpaTHYHOH (HOPMBI

(8):
e =¢s|A,|(a@ + A fm). oD

(£,) (Ra)

0
6 a
1 J1=|c, |—f
[“ X ”’]
3cic,

2
f
A =7A2<q>(a<q> +A(q) f (1) (1) (93)

Tk
1+ /1—(c4 ;f,,}

TAC 3HAYCHHUC KOHCTAHTBI C, (HOpMHpOBO‘IHaH KOHCTaHTa) JOJIXKHO obecrieunBaTh

2
O<(c4\/§fﬂJ <I,

a ee BEJMYHMHA, B COOTBETCTBUM C (36) 3aBUCHUT OT 3HAUYEHMS KOHCTAaHT f,, { U (,

3cic,

B =7A2(q)(a(q) +A(q) f (1)

(92)

BBITIOJTHCHHUEC HCPABCHCTBA

OTIPEACTSIONINX pa3Mep («TONIIHUHY») «KOJIbLla», BHYTPH KOTOPOTO CKOHIIEHTPUPOBAHO
CKaJIAPHOE T0JI€ 10 IEPEMEHHON L0, a UMEHHO

Jx
. %94)
Jol ?

I[JIH OIIPCACJICHHUS 3HAYCHUsI KOHCTAHTBI ¢ y,Z[06HO HCCJICAOBATh BBIPAXKCHUEC JIA

Cy

af _uv

CKasIpHOW KpuBM3HBL K =g""¢" R, 5, , A€ Ry, — TCH30D Pumana-Kpucrodderns,
KOTOPOE JJIsl HAlIEHHBIX METPUUECKUX (DYHKIIUH UMEeT BUJT
2 2
¢ Do -

A B | aa(a@A@rm)
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KBAJIPATUYHAS ®OPMA JIJI1 AKCUJIbHO-CUMMETPAYHOM 3AMKHYTOM...

CpaBHuBas (95) ¢ mpaBoi 4acTelo ypaBHeHHA (12), BUAHO, YTO IMpPH CTSITUBAHUH
CKaJsIpHOTO TIONSI B CTPyHy, TO ecTh mpu Ag - 0, Ap - 0, B obmactm I,

ompezaenseMoit (23), TOHKHO OBITh BBIITOIHEHO

__ X
K - - 0 N 96
|qa0,f]a0 EIC4F ( )
rae, npumenss (30), (35), (36),
F=(exp(-1/)+(1-exp(-1/))e ) . 97)

B ob6nmactu I w obmactu Il , onpenensembix (21) u (22), cormacuHo (30), (32), (33),
hyHKIUSA (a(q) + A f (/7)) - 1. Torma u3 paBeHctsa (95) cnenyer

K = _i, (98)

c\cy

U3 paBencts (94), (96), (97), (98) BUgHO, YTO CKaJspHAsl KPUBU3HA IPOCTPAHCTBA B
obnmactsx [ —III 3aBUCUT OT 3HAYCHUS KOHCTAHT, OTPEICISIONINX pa3Mep («TOIIITHHY» )
«KOJIbLIa», BHYTPU KOTOPOTO CKOHIEHTPUPOBAHO cKaispHoe moje. [Ipuuem, B mpenemne
CKaTUA «pPa3Ma3aHHOTO» PACIPEICICHUS B OJHOMEPHBIH OOBEKT (HYJIb-CTPYHY), B
obnactu I w obnmactu Il Takxke JOKHO OBITH BhIMOMHEHO: K — 0. @ukcupys B (95),

(98), Hanpumep, ¢, = \/} (c4)_2F ! monydaem

2 3’
fokd? (a(@) + A f )
IIpumensa (37), (39) nosyyaeM, 4TO NMPHU CKATHU «Pa3Ma3aHHOT0» PACTIPEICIICHUS B

OJTHOMEPHBIN 00BEKT (HYIb-CTPYHY) paBeHCTBO (99) NpuHUMAET BHI:
B obnactu / u obnactu I/

99)

|q—~0,l]—>0 -

S LY (100)

K= 2
Joud

B oomnactu 111

__XF
K[, op 0 s 0. (101)

3HaueHHe KOHCTaHTBl ¢; B BbIpakeHHH (91), xoTopas SBISETCS MacCIITaOHBIM
MHOKHUTEJIEM, YA00HO BHIOPATh PaBHBIM

c. = 3ciey _ 3folid?
I F

VYuureias (91)—(93), (102), kBaapatudnas ¢popma (8) MOKET ObITH 3arrcaHa B BHJIE

(102)
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2 2 2 2
ds? =w ‘fq‘ ((dt)Q‘(dz)z)_ ( ,p) (dp) ) (fﬂ) (dg) e
X(g) 1 i=(ef,) | 1 1=-(es,)
THoe ¢, =¢, 6 )
X

W =W(q.n) = A (@la@)+ A ).

2
3fokd
F
YacTHBIM cilydyaeM TpaeKTOpUM JIBIDKEHUS, ompenenseMbix (2), sBIgercs
TPAeKTOPHsI, COOTBETCTBYIOIIas TpeboBanuio R(E)=R =const, KOTOpas OIHUCHIBACT

JBUKEHHE BAONb OCH Z 3aMKHYTOW HYJIb-CTPYHBI IOCTOSIHHOTO (HEM3MEHHOTO CO
BpeMEHEM) paamyca R, pelIeHHe CHCTeMbl YpaBHCHHH DWHIITEWHA, ISl KOTOPOH OBLIO
HalimeHo B pabore [18]. MHTEpecHO OTMETHTBH, YTO CHCTeMa YypaBHEHWUH OWHINTEHHA
(11)~(17), nns axkcHaIbHO-CUMMETPUYHOW HYJIb-CTPYHBI, B TIPEICIBHOM CIydae
R(6) =R =const TOJHOCTHIO COBHANAaeT C CHUCTEMOHM IJIsi HYJb-CTPYHBI TOCTOSIHHOTO

pamuyca R, a pemenne (103) B mpenene R(6) —» R =const He MOXeET OBITh IPUBEIEHO K
pemenuro, HaiinenHoMy B padore [18]. OrcyrcrBue npu R(6) — R =const npeaeabHOTO

nepexofa MeXAy HaHHBIMH pEIICHHSIMH MOXET TOBOPUTh 00 YCTOWYHBOCTH
KOHQHTYpallui 3aMKHYTOH HYJIb-CTPYHBI B BHJE OKPY)KHOCTH TIPH JIBWKEHHUH BO
BHEIIIHEM T'PAaBUTAI[MOHHOM TII0JIe, BIHUSHUE KOTOPOTO JJIsi TaKOW HYJb-CTPYHBI,
CJEeI0BATEIbHO, MOXET CBOJUTHCA K H3MEHECHHUIO €€ MBIDKCHMSI Kak IeJoro Wih K
M3MEHEHHIO ee pajnyca.

3AK/IIOYEHUE

B pabote, cpaBHHMBas cucTeMy YypaBHEHHH OHWHINTEHHa, IOCTPOSHHYIO IS
pacmpeseseHus BEIECTBEHHOTO 0e3MacCOBOr0 CKAISIPHOTO MOJIs, CKOHIEHTPUPOBAHHOTO
BHYTPH «TOHKOM 00JacTH», € CHCTEMOW ypaBHEHUH OWHINTEHHA JUIS 3aMKHYTOM
aKCHAIbHO-CHMMETPUYHONH HYJIb-CTPYHBI, KOTOpas JABIDKETCS BIOIb OCH Zz, 0e€3
U3MEHEHUs! POPMBI U B KaXAbI MOMEHT BPEMEHH ! TOJHOCTBIO JISKUT B IUIOCKOCTH,
OpPTOTOHAJBHOM 3TOW OCH, MbI HAIJIX YCIIOBHS, IIPH BBIOJHEHUH KOTOPBIX, B MpEAese
CKaTUsl CKAJIIPHOTO TIOJII B OAHOMEPHBI O0BEKT (HyJb-CTPYHY), KOMIOHEHTHI TEH30pa
SHEPTUU-UMITYJIbCA CKAIAPHOTO TOJS ACHMIITOTUYECKH COBMAAAIOT C KOMIIOHEHTaMHU
TEH30pa JHEPTUU-UMITYyJIbCAa 3aMKHYTOW HyNb-CTpYHBI. [Ipemmoxen Bua QyHKOUN
pacnpeneneHus, ONUCBHIBAIONIETO ABM)KEHUE CKaJSPHOTO TOJS, CKOHLEHTPHUPOBAHHOTO
BHYTPHU «TOHKOI 007acTi» BAOJIb OCH Z .

Haiineno pemenwe ypaBHeHWH OWHINTEHHa IS «pa3Ma3aHHOW», aKCHaJIbHO-
CUMMETPUYHOM, 3aMKHYTOH HyJIb-CTPYHBI, IOBM)KYIIEWCA BIOJb OCH Z, U B KaXAbII
MOMEHT BPEMEHH { TOJHOCTHIO JISKALIEH B MIJIOCKOCTH, OPTOTOHAIBHOM 3TOM OCH.

IlokazaHo OTCYTCTBHE IIPENENbHOTO IEpPEX0a MEXIY pPELIIEHHUEM CHUCTEMBI
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ypaBHEHUI DHHIITENHA AJI1 aKCHaJbHO-CUMMETPUYHON «pa3Ma3aHHON» HYJIb-CTPYHBI U
pelIeHueM Ul 3aMKHYTOH HYJIb-CTPYHBI IIOCTOSHHOI'O pajinyca, KOTOpPOE IIPUBEICHO B
pabote [18], YTO MOKET TOBOPUTH 00 YCTOHYHMBOCTH KOH(MUI'YPALUHd 3aMKHYTOH HYJIb-
CTpYHBl B BHJI€ OKPYKHOCTH TNpH ABI)KEHHH BO BHEIIHEM TIPAaBUTAIIOHHOM IIOJIE,
BIIMSHUE KOTOPOIO MJsl Takoil HyJb-CTPYHbBI MOXKET CBOIMTBCS K H3MEHEHHIO €€
JBIDKEHMS Kak 1enoro (0e3 usMeHeHus! (POpMbl U pa3Mepa) WM K H3MEHEHHUIO ee pajuyca.
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QUADRATIC FORM FOR AXTALLY SYMMETRIC CLOSED NULL STRING,

MOVING WITHOUT CHANGE OF ITS SHAPE

Lelyakov 4. P., Osokin C. S.*
Physics and Technology Institute, V. I. Vernadsky Crimean Federal University, Simferopol 295007,
Russia
*E-mail: journal.phys.tech@cfuv.ru

A solution of the Einstein equations for an axially symmetric closed null string has been
found in the paper. The direction of motion for null string at each moment of time is
orthogonal to the plane in which it is located. It is shown that there is no limit transition
between the solution found and the solution for a closed null-string of constant radius.
This can indicate the stability of the configuration of a closed null-string in the shape of a
circle when moving in an external gravitational field. The effect of such field for such a
null string can be reduced to a change in its motion as a whole (without change of the
shape and size) or to a change of its radius.

Keywords: Einstein equations, null string, gravitational field, exact solution.
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SIMPLE PHOTONICS CRYSTALS AS A MEDIUM FOR EXISTENCE OF
OPTICAL QUARKS

Volyar A. V., Alexeyev C. N., Egorov Yu. A., Akimova. Ya. E.

V. |. Vernadsky Crimean Federal University, Vernadsky Prospekt 4, Simferopol 295007, Russia
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In this paper we demonstrated that in biaxial crystals under the condition of the conical diffraction the
fractional-order vortices are unstable. We also demonstrated that the circular fiber array with a space-variant
birefringence is an appropriate medium for fractional-order vortex beams in such arrays the supermodes may
bear the half-integer order vortices in circular components. The decisive role in forming such supermodes
plays evanescent-coupling assisted phase locking of individual fiber modes combined with tunneling of
polarization states between anisotropic fibers in the array. We showed that integer-charge phase increment in a
fractional-order supermode consists of two half-integer charge phase contributions. The implicit half-integer
charge phase contribution (or the “hidden phase”) comes due to the sign alteration of the amplitude factors in
the field components that corresponds to the wavefront cuts. We have also made the comparison of the hidden
and hydrodynamic phases in superfluidic fractional-charge vortices with analogous phases in fractional-order
supermodes.

Keywords: optical vortices, fractional topological charges, the fractional-order supermodes, hidden phase, the
array of optical vortices.

PACS: 41.85. —p

INTRODUCTION

In this paper we studied the shaping and evolution of singular beams bearing optical
vortices with fractional topological charges both in uniform and non-uniform anisotropic
media. Authors of the paper [3] remarked also unusual behavior of the orbital angular

momentum /. (OAM). At first glance it seems that the fractional-order vortex topological

charge is an indicator of the OAM of singular beams at least records nearest values to its
physical quantity. In some first papers ([7], [13]) authors obtained a nearly linear

dependence between L and a topological charge p on the base of assessed theoretical
results. However, the computer simulation of the process and physical analysis [12]
revealed a complex behavior of the function 7 (p). Small values of the charge p <10
correspond to a nearly linear dependence /. p with a small amplitude of oscillations.
The growth of the value p >10 results in increasing the amplitude of oscillations between
the values I =int eger( p) and p =0. The presented results are evidence of a complex

interference coupling between a great number of the integer-order vortices in a fractional-
order vortex beam.

One more unexpected property of the fractional-order vortex beams revealed the
authors of the paper [15]. They tried to answer experimentally the question: can the
fractional-order vortex beams control the states of the integer-order ones? They achieved a
success using two beams: the pump and probe ones.
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The pump beam is of a topological dipole field consisting of two Y2- order vortices
with opposite signs of their charges. The pump beam lays a course in a nonlinear medium
for the probe singular beam of a smaller intensity. Changing parameters of the dipole they
can steer the state of the probe beam. In fact, the fractional-order topological dipole is not
destroyed inside the nonlinear medium forming the waveguide channel for the probe
beam.

The example of structural stability of fractional-order vortex beams is a discrete fiber
array with supermodes bearing half integer-order vortices [14].

1. THE SPACE VARIANT UNBOUNDED BIREFRINGENT MEDIUM

The brightest representatives of the space-variant media are the so-called g-plates [1].
The g-plate is, in the first version, a slab of a birefringent medium (liquid crystal) with
different local directions of the crystal birefringence while the slab has uniform phase
retardation. The space-variant birefringence of the g-plates is defined by the topological
charge q equal to a rotation of the optical axis in a path circling around the plate center.
Obviously, the value of q can be integer or half inter. The q— value can be controlled
either by mechanical or by the electrical way ([2, 3]) that implements a polarization
modulation at the input beam cross-section. The beam turns into a new wave state due to a
superposition of a great number of plane waves with different polarization states. As a
result the field distribution has a set of elliptic polarization states differ essentially from
the birefringent structure of the g-plate.

There is not an appropriate physical mechanism in the device that could promote
imprinting the space-variant birefringence structure into the propagating field. In that
respect, the processes of the conical diffraction in the uniform biaxial crystal are not to
differ from the effect of the g-plate. In essence, the main mechanism to construct the
structured field in the g-plates are the superposition of the uniform propagating waves
with the space-variant polarization far from that imprinted by the birefringent distribution
of the anisotropic medium while the obtained wave construction maintains the desired
fractional angular momentum. It means that the g-plate is solely destined for controlling
the orbital angular momentum rather than for creating a stable fractional-order vortex-
state.

At first sight it seems that the only physical mechanism of shaping the beams with
the space-variant polarization in unbounded media is a superposition of the uniform
propagating waves but for one little detail. The Fourier analysis is an appropriate approach
only for unbounded media. However, such approach in the paraxial case cannot be applied
to the wave beams in restricted media with a boundary surfaces where along with
propagating waves exist non-radiative (evanescent [14]) waves.

One of such media is photonic crystal fibers that consist of a tightly compressed array
of structured optical fibers. Their total birefringence is specified by the structure of a fiber
stacking and local properties of single fibers [4—6]. The photonic crystals have two
indefeasible advantages: the wave guiding property and the controlled fiber coupling. The
simplest model of the photonic crystal is a discrete circular fiber array [7].

In the following section we will try to uncover basic physical processes responsible
for the structural stability of vortex constructions with half integer-order topological
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charges in non-uniform media with a discrete space-variant birefringence and the rules to
form them integer-order vortex beams.

2.THE DISCRETE FIBER ARRAY: NON-ADIABATIC FOLLOWING AND
OPTICAL QUARKS

A. Supermodes of anisotropic arrays
We will focus our attention on the discrete system of single mode birefringent fibers

inserted into a transparent continuous medium with a uniform refractive index n, lesser

than that of the fiber core n_ <n  ([7-9]). Each optical fiber is located at the vertices of a

regular N-gon as shown in Fig. 1. We will assume that the principal birefringence
refractive indices n, and »n, are such that n =n =n , On=n,-n, <<l and

AMn=n,—n <<on .

Fig. 1. Sketch of the birefringent fiber positions in the discrete circular fiber array

The principal point of our consideration is a distinctive distribution of the axes
birefringence over the optical fibers: the birefringent directions at the ;- th fiber makes

an angle y; with the X axis of the global frame

21Tp j . T
yjp = ]vpj :2¢p.]’ ¢p :Wp’ (1)

where j=0,1,2,..N-1 and p is a number of rotations of the fiber birefringence axis,

i.e. the index p controls the position of the director of the anisotropic medium. The index

p= (2np +1) 12, n =0,1,2,.. sets the characteristic index of the fiber array. The angle
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¢, points out the position of the local fiber in the array. Besides our consideration is
restricted to the case of even N .

The fibers in the array are coupled due to a mutual penetration of the guided fields
inside neighboring fibers. The coupling coefficient a (with the dimension m~ ) is

general for all array and depends on the radius of the core. As a result, the coupled fiber
modes form stable phase-locked field combinations (so-called super-modes) propagating
with certain propagation constants. The field structure and the spectrum of their
propagation constants are determined by the perturbation matrix [7]:

0O 1 0 .. 0 -1

1 01 0 .. 0
5 2¢010 0 @
=acos
i 0 1 01’
0O .. 01 0 1
-1 0 .. 01 0

built through averaging over X',Y'— polarized fundamental modes located at individual

fibers. The mode spectrum P 1is found from the eigenvalue equation
PK, =PK, 3)

For the components K’ of the eigenvector K one has the following solution

J

Kv] = \/N exp(ij¢2m+l)’ (4)

The composite index v in (4) consists of two elements v =(&,m) so that its first

element assumes two values: £ =1, m=0,1, .. N/2 -1 and the eigenvalue read as

P, =¢gacos2@, cos@,, ., . 5)
The expression for supermodes are built on the basis of the components K’ and are
given by
N-1 ) N-1 )
X, = Z; K/Gi , Y, = Z; K/Gj, . (6)
j=C j=C

where i', j. are the unit vectors directed along X',Y" axes associated with the ;- fiber.

For the radial function we chose the Gaussian approximation [1]
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r
szE(e)(p(—z:V2 , (7)

where E is the field amplitude, w is the waist radius equal w=p, /\/2InV, p, is the

radius of the fiber core, V = kp,v20n, k is the wavenumber in free space.

The supermodes (51) are formed of fundamental modes of local fibers polarized
along X',Y' local axes. The propagation constant B of the X ,Y, supermodes is
given by [2]

P

B =B+ > % + kin, (8)

where ,E stands for the scalar propagation constant of each local fiber. The signs (i)

denote the upper indices in 8", correspondingly.

Further we will analyze the supermode structure (6) in the circularly polarized basis.
Thus, in the general case the mode field of each local mode is elliptically polarized so that
the contributions to the j-th local fiber make the right-hand circular polarization in the

form of the phase factor exp[i 2mj (m -n, ) /N ] and the left-hand one in the form of

the exp[i 2mj (m +tn, +1) /N } factor. When we consider the array as a whole, the j

index changes from 0 to N —1 so that the total increments of the phases over the vertices
of the array are 27T(m—np) and 27T(m+np +1). As we have in detail shown in [8]

these increments from opposite circular polarizations set the integer-order vortex charge
of the discrete fiber array. At first sight it seems that we can conclude that such fiber array
cannot support the propagation of vortex modes with the fractional-order topological
charges. However, we have showed in the first sub-section that fractional-order vortices
can be formed by the superposition of the integer-order vortex modes. It proves also
possible to form of the supermodes (4) the simple combinations that explicitly contain the
circularly polarized components bearing the fractional-order vortex fields.

The basic point of our consideration lies in choosing the eigen modes bearing the
fractional-order vortices. We can reach the desired results through combining the

degenerated modes of the fiber array. In fact, the eigenvalues of the matrix P in (2) are

. =K it follows

—&,N/2-m-1

double-degenerate because P =P (see eq. (5)) Since K’

-&,N=2-m-1 £
that K belongs to the same eigenvalues as K . Further we have (K D() =0, i.e. the
vectors are linearly independent. Thus, we choose new set of eigenvectors in the form

= KV _KV —_ KV +KV

e, =——*, e =
1 ’ -1
2

2i ®
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The new set of the eigenvectors can be conventionally divided into two parts with
£ =1 for the e eigenvectors and £ = -1 for e, ones. In accordance with eq. (2) we can

obtain the alternative representation of the eigenvector components

j:L Sin(j¢2m+l)’£:1
= Tl e 00

while the spectrum of the propagation constants remains defined by eq. (5) and the
eigenvectors are recovered by replacement K’ — I’ in eq. (6). On the one hand, the

function '’ is responsible for a number of zeros in eigen modes of the circular fiber

array, but, on the other hand, the function I'’ lodges the field zeros synchronously with
the birefringence directions on the concrete local fibers in the array. We will call the fields
with £ =1 and £=-1 theodd E , andtheeven E  mode beams, respectively.

For example, at £=1 for the amplitudes at the j—rh fiber for circular components

of the X supermode we obtain exp(—2i¢p j) sin (¢2"+] j) in the right circular polarization
and exp(2i¢p j)sin(¢2nﬂ j) in the left hand component. For the case £=-1, the sines

should be replaced multiplied by cosines multiple by the factor £’ . In this case, the total
phase increments in the components over the vertices of the array are  277p . In fact, the

birefringence symmetry itself of the fiber array inserts the fractional-order topological
charges p into supermode fields.

Following [3] we can write for the electric field components E* of the eigen
supermodes:
. < Iy,
E? (r,¢,z) = G\/NZ [/ exp —gcos(¢—2¢j) 2ipp, —if,z |, (11)
j=0 w
where G = Eexp[—(r2 +r ) / (sz)], r, is the array radius.

Typical field patterns on the background of the intensity distributions of the
supermodes are shown in Fig. 2.

The pattern in Eq. 11, a has the C-shaped form where the electric field directed along
the X' direction of the birefringence axis in each local fiber (see also Fig. 1)

(|1/2) =E,). In the pattern in Fig. 2 b, the intensity distribution is the mirror-reflected

intensity in Fig. 2 a.
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Fig. 2. The polarization and polarization distributions for the supermodes with p = +3/2

However, the electric fields in each local fiber are directed along the Y' axis
(|—1/2> =E , ) under the condition that the fiber array index p remains the same (the
local birefringent directions do not change). In accordance with the eq. (8) the propagation
constants differ from each other by the value A= -pB  =2kAn . The patterns in
Fig. 2 ¢ and d have the mirror-reflected positions of the field zeros (m = 1) but the fields
in each local fiber are directed along the X' (|3/2> = E: ) and Y’

(|—3/2> = E,, ) axes, correspondingly. The difference between the propagation constants

is AB=pB,-pB.,, =2kbn .
Curiously, the point x =y =0 around which the full path-tracing is accorded by the
rotation of the liner polarization by ¢ = 77 is not the singular point in a sense. The fact is

that although the field has a space-variant linear polarization over all cross-section, the
central point x =y =0 cannot be related to any well-known polarization singularities.
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Typical polarization singularities (star, lemon or monstar) imply the presence of the
circular polarization at the center [9].

It is important to note that the local liner polarization in each eigen supermode of the
fiber array follows the birefringence axes in the local fibers. Such optical phenomenon has
much in common with the phenomenon of the adiabatic following in a twisted birefringent
medium (in particular, in liquid crystals) [11]. In contrast to this classical effect, the
matching of the field polarization and the fiber birefringence in the discrete fiber array is
realized by jumps from one fiber to the other due to the mode coupling from the direction
of neighboring fibers. In keeping with the adiabatic following phenomenon in the
continuous anisotropic media we call the above effect the non-adiabatic following that
underlies shaping all eigen supermodes in the discrete circular fiber array.

B. Is the “hidden phase’ hidden indeed?

The following point of our treatment is to study the phase composition in the
fractional-order vortex mode components. We plotted the phase patterns using the
expressions (11) for the components of the vortex-beams shown in Fig. 3.

Fig. 3. The ladder-like phase patterns of the supermodes with p =+1/2

One observes the ladder-like structure of the phase for the topological charges
p ==*1 for the even and odd field components where the phase jump A® =77 is present

at the center. However, in accordance with our notion in sub-section the fractional-order
vortex beam is an infinite sum of the integer-order vortex beams. It is the set of integer-
order vortices that makes up the phase deficiency A® = 7. But we do not observe any
traces of the integer-order vortices in Fig. 3.

Perhaps the presented plotting does not feel the hidden vortices? To answer this
question and analyze the fine phase structure we studied the interference of the fractional
beam with the plane and spherical waves. The interference patterns in Fig. 4 are formed
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by the superposition of the odd E’, component with the topological charge p=1/2 and

the plane (a) and spherical (b) waves.

a b

Fig. 4. The interferential patterns of the £’ component with p =1/2

We observe again the ladder-like structure in the phase construction. There is only
one broken fork at the end of the cut of the interference fringes (Fig. 4 a) and the cut of the
interference spiral (Fig. 4 b) attesting to the phase jump 77 in the phase structure that

resembles the Y2-charged vortex imprinted in the field component. There are no any
integer-order vortices in the patterns. Besides, such phase distribution preserves its
structure when propagating along the fiber array in contrast to the fractional order vortex
in free space that is ruined to an infinite number of integer-order vortices [12].

On the other hand, the overall phase increment of 277, as should have been for a
physical meaningful field, is composed of a continuous phase increment of 7 value

which we attribute to a ¥2 - vortex charge and of a phase 77— jump at the cut of the wave

front that preserves during the mode propagation in the wave guided medium. But such a
treatment is only a simple explanation of the interference pattern without a successive
physical mechanism that we will consider later on.

At first, let us show that the fractional-order vortex field component has no phase
singularities. For this purpose, one can study the scalar optical current defined for a scalar
field W [13]

J=i(WOW -wow). (12)

Taking into account eq. (11) and (12), one can obtain the expression for the
transverse components of the optical current [13]

J,=J, 0 g exp[er0 cos(¢—¢m+n)cos(¢m_n)/wzjsin(2p¢m_n)sin @, sing,

n,m=0

(13)
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The summed expression in (13) is antisymmetric in m and » indices that gives
J.=J,, i.e. the optical current does not contain vorticities. However, around the phase

singularities the optical current should forms the closed trajectories [10]. Therefore, the
circularly polarized component of the fractional-order vortex field (11) does not contain
phase singularities.

C. Non-adiabatic following and optical quarks

The essential distinction between the continuous and discreet cases is that the smooth
field distributions inside the optical fibers are broken by the gaps with other refractive
indices and other field nature. In the continuous medium the only propagation wave
participates in the transmitting process, at that the beam field of a unified infinite number
of integer-order vortices at the initial plane scatters into an infinite number of self-
dependent vortices. However, two waves — propagating and evanescent (arising at the
refractive index gaps) influence the shaping supermodes of the discreet fiber array.
Infinite number of the integer-order vortices in the supermode propagates as a single
whole as if the vortices are glued together by the evanescent waves (the fiber coupling)
along all length of the fiber array.

A part of the gluing between the fiber fields in the array plays evanescent waves [14]
(a fiber coupling). It is the evanescent waves that are responsible for the non-adiabatic
following effect shaping the extraordinary field structure different from that in other
propagating fields in continuous media (e.g. in the conical diffraction processes in biaxial
crystals and g-plates). The influence of the evanescent waves on the mode shaping falls
into place if one imagines that the evanescent waves vanish in a blink. But then the wave
guiding effect vanishes too and the supermode turns into an array of divergent light beams
with a space-variant polarization so that we return to the q-plate case.

If we traverse around the array center at the radius r (Fig. 2a) then the inclination
angle of the linear polarization in each local fiber changes by jumps from 0 to 77. Such a

polarization evolution is mapped on the Poincare sphere as a motion along the equator.
As a result, each component of the supermode (11) with the topological charge p =1/2

acquires the Pancharatnam—Berry phase [15] @, =T that is of the *“hidden phase”

considered above.
Let us consider a diagram representation of transmission of the vortex field with
integer-order topological charges through a fiber array with half-integer-order index p

presented in Fig. 5.
Case 1. Let the circularly polarized field with the integer order vortex charge ¢ =1

be formed at the input z =0 of the array with the index p =1/2 . Naturally, we must
expand the vortex state |1> over the eigen states |1/ 2) and |—1/ 2> propagating with

their own propagation constants B and B respectively.
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Fig. 5. Diagrams of the conversion of the |1/ 2) and |—1 / 2) supermode states

The first step to turn the initial vortex field into the topologically neutral one at the
arbitrary array length consists in shaping the eigen supermodes |q> and |—q> into two the

dipoles (|1/2,-1/2)), . and (|1/2,-1/2)), . rotated through an angle ¢, =7/2 with

,=0 ¢, =nl2

respect to each other (the first line in Fig. 5 a).
The second step is of their superposition with the phase shift 77/2

cos

)= | (172-12)), 1 (2-1r2), (14)
isin @ =0 Po=712

where @=kAnz/2 . However, the second term in eq. (14) is nothing but than the sum of

the odd and even states

(j172.-172)), _ =(j1/2,-1/2)) +(|1/2,-1/2))". (15)

@y=1/2

In turn, each topological dipole can be presented as a sum of two modes |1/ 2) and

|-1/2) supermodes (the second line in Fig. 5 a). As far as the supermodes are transmitted
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through the array with different propagation constants A= - , we will observe
the conversion of these states at the beating length A =77/AB . The conversion of the
integer-order states |1> e’ - |—1> ¢ in the form of changing the phase starcase CD(x, y)
is shown in Fig. 5 b.

Case 2. Let the transverse electric field (|T E ) mode state) be incident on the array

input. The input field is of a superposition of two vortex constructions |1> e, |—1> e that

have been regarded in Case 1. The state conversion develops in the frameworks of the
above written diagram. We will observe the consecutive alternation of the |TE> and

2
|TM > (transverse magnetic) states at the half-beating length L, , =—— shown in Fig. 5
kln

m
whereas the conversion of the |1/ 2) o |—1 / 2> states take place at the length L, =——.
kln

The detailed calculation shows ([1-8]) that if the projections of the electric field at
the array input z =0 onto the X'.¥' local axes of the j—h fiber are I, and L , the

amplitudes of the circularly polarized components A, at the a - fiber in the global
coordinates X,Y can be written as

iLﬂzz ivh
AL=Y KUK (1e® iLe™)e ” ” (16)

v,Jj

Let a right polarized field with the amplitude
A! Osinng, exp(-i2jg,) . (17)

where the indices n-odd and ¢ - half-integer, be incident onto the fiber array with the
index p . Then the field amplitude at the z — section of the array is

A* [ G\/ﬁg AZ exp{r—rgcos(qﬁ —2¢a)} X
a=0 w
(18)

_'a
cos@e

. az . .

o — sm[a¢n ——cos ¢2p sin ¢z,,-2q sin ¢nJ
isin@e B

In fact, the obtained equation is the analog of the expressions for the expansion into a
series of the field with a fractional-order vortex fields over the integer-order ones in a
continuous medium but for the fields in the discrete anisotropic media. When propagating
the initial right hand polarized field with the fractional charge ¢ induces the left hand
polarized component with the fractional charge 2p —¢ modulated by the factor sing

while the right-hand polarization has the factor cos @ . Otherwise, we observe the energy
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conversion along the array between the wave fields with the orthogonal circular
polarizations but with different fractional topological charges.

Thus, the discrete fiber array with the inherent space-variant anisotropy is a particular
medium for translating and preserving light fields with the fractional-order optical
vortices. Any other fields bearing the integer-order vortices propagate through the array
only as a superposition of the fractional-order eigen supermodes. After the fiber array, the
supermode decays into many integer-order vortex beams.

From this point of view, we can regard the fractional vortex states | p> as optical

quarks (predicted in [13]) similar to that in the Standard Model of particle physics, in
particular, in the Gell-Mann’s quark model of the hadrons [12]. The optical quarks in a
free state can exist only inside the media with the inherent symmetry of the permittivity
tensor. Out of the medium the optical quarks break up into the guided modes of the new
optical structure.

CONCLUSION

We found that the space-variant birefringence with one singular point is inherent in
the fractional-order vortex-beams at the crystals input under the condition of the conical
diffraction. Typical scenario of the beam propagation here evolves in such a way that the
topological charges of the fractional-order vortices in the circularly polarized components
of vector beams differ from each other in one unit. The difference between the
propagation constants of the components is independent on the value. It means that the
biaxial crystal does not feel distinction between the fractional- and integer-order vortex
beams. The same processes we observe also in the so-called g-plates, Moreover the
polarization states at the beam cross-section are distributed by the complex way far from
that of the birefringent directions in the crystal. Naturally the fractional-order vortex
beams in the biaxial crystals and g-plates are also unstable one under propagation.

Quite another situation occurs in the discrete circular fiber array. The space variant
birefringent axes in the fiber array are exactly recreated at the field cross-section. Such a
polarization distribution is well preserved along all fiber array length in the form of a
supermode. The shaping of the array eigen supermode is carried out due to the non-
adiabatic following of the polarization states between the modes of the neighboring fibers
when a linear polarization of different parts of the field follows strictly the birefringent
axes of the local fibers. Thus, the fractional topological charge of the supermode is
specified by the space-variant birefringence of a fiber array. A part of the “glue” of a great
number of integer-order vortices into a single fractional-order one plays the evanescent
waves between the local fibers.

We revealed a remarkable effect of shaping the integer-order vortex in a fiber array.
Each integer-order vortex is of a superposition of four fractional order vortices with
different propagation constants so that the integer-order mode decays and gathers together
again along the array. We came to call them the optical quarks owing to resemblance of
their behavior with that of quarks in the Standard Model of particle physics. The optical
quarks can exist only inside the medium with an appropriate structural symmetry. Outside
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the medium, the optical quarks are transformed into a cloud of standard integer-order
vortices.

References

1. L. Marrucci, E. Karimi, S. Slussarenko, B. Piccirillo, E. Santamato, E. Nagali, F. Sciarrino, J. Opt. 13,
064001 (2011).

2. S. Slussarenko, A. Murauski, T.Du, V. Chigrinov, L.Marrucci, E.Santamato, Opt. Express 19,
40854090 (2011).

3. F. Cardano, E. Karimi, L. Marrucci, Corrado de Lisio, E. Santamato, Opt. Express 21, 8815-8820 (2013).

4. T.Ritari, H.Ludvigsen, M. Wegmuller, M. Legré, N. Gisin, J. R. Folkenberg, M. D. Nielsen, Opt.
Express 12, 5943-5939 (2004).

5. A. Bezryadina, D. Neshev, A. Desyatnikov, J. Young, Z. Chen, Yu. Kivshar, Opt. Express 14, 8317-8327
(2006).

6. S.Lee Yong, G.Lee Chung, Jung Yongmin, Oh Myoung-kyu, Kim Soeun, J. Opt. Soc. Korea 20,
567-574 (2016).

7. C.N. Alexeyev, A. V. Volyar, M. A. Yavorsky, Phys. Rev. A 80, 063821-12 (2009).

8. C.N. Alexeyev, A. O. Pogrebnaya, G. Milione, M. A. Yavorsky, J. Opt. 18, 025602 (2016).

9. M. R. Dennis, Opt. Commun. 213, 201-221 (2002).

10. M. V. Berry, J. Opt. A 11, 094001 (2009).

11. A. Yariv, P. Yeh, Optical waves in Crystals (John Wiley & Sons, 1984), 102 p.

12. S. M. Wong, Introductory Nuclear Physics (Wiley Interscience Publication, 1998) 355 p.

13. A. V. Volyar, Ukr. J. Phys. Opt. 14, 31-42 (2013).

14. Fornel F. de, Evanescent waves (Springer, Heidelberg, 2001) 111 p.

15. M. V. Berry, “Quantal Phase Factors Accompanying Adiabatic Changes”, in Proceedings of the Royal
Society A 392, 45-57 (1984).

IMPOCTBIE ®OTOHHBIE KPUCTAJLJIbI KAK CPEJICTBO
CYHIECTBOBAHUS OIITUYECKUX KBAPKOB
Bonsap A. B., Anexcees K. H., Ezopog I0. A., Akumoea A. E’

Qusuro-mexuuueckuii  uncmumym,  Kpvimckuii  pedepanvuviii  ynusepcumem — umenu
B. H. Bepnaockozo, Cumepeponons 295007, Poccus
*E-mail: yana akimova 1994@mail.ru

B nacTosimieli paboTe moka3zaHo, 4TO B IBYXOCHBIX KpUCTaJIaX MPH YCIOBUU KOHUYECKOM
IUQpakuuu ApoOHbIE BUXPHU HEYCTOWYHMBBL. MBI Takke MPOAEMOHCTPUPOBAIH, YTO
KpYroBasi BOJIHOBasl pellleTKa C IIPOCTPAHCTBEHHO-BAPUAHTHBIM JBYJIy4elpEIOMIICHUEM
ABJSIETCS. MOAXOAAINEH cpelod Uil BHUXPEBBIX IIYYKOB ApOOHOro mnopsiaka. B Takux
MaccuBax CyHepMOJbl MOTYT HMETh IOJYLENbIE TOPSIAKOBBIE BUXPH B KPYTOBBIX
KOMITOHEeHTax. Pemaronias poiab B pOPMHPOBAHMM TaKUX CYNEPMOJ UTPAET yCKOPEHHE
(a3l CHHXPOHU3ALUH OTACNBHBIX BOJOKOHHBIX MOJ B COYETAaHWU C TyHHEIHPOBAaHHUEM
COCTOSTHUM NOJSPHU3aLUN MEKIY aHM30TPOIHBIMU BOJIOKHAMHU B MaccuBe. MBI MoKa3anu,
YyTo mpupauieHue (aszbl MEJOYHCICHHOTO 3apsia B CyNepMOAy ApPOOHOTO MOpsaKa
COCTOMT U3 JIByX BKJIam0B (Da3bl ¢ MOJOBHHOM Iiesoro 3apsiga. HesBHbIM Bkiaa ¢asbl ¢
nojayuenod cymMmMod (WM  «cKpbiTasg ¢asa») oOyCIOBIEH W3MEHEHHWEM 3HaKa
aMIUTUTYIHBIX KO3((HUIUEHTOB B KOMIOHEHTaX IOJSA, COOTBETCTBYIOLIMX pa3pe3aM
BOJTHOBOTO (hpoHTa. MBI TaKk)Ke MPOBENIN CPABHEHHE CKPBITBHIX M THIPOIMHAMHIECCKUX (a3
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B CBEPXTEKYYHX APOOHBIX BUXPSAX C AHAJOTUYHBIME (azaMu B CymepMojax IpOOHOTO
MOpsIKA.

Knwouesvie cnoea. onTHUECKU BUXPH, APOOHBINH TOMONIOTMYECKHUN 3apsill, CyHEpMOIbI
JIPOOHOTO TOPS/IKA, CKPBITas (pa3a, MACCUB ONITUYCCKUX BUXPEH.
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MBI NoKa3any BO3MOXHOCTb YBEINYCHHUS KOJIMYECTBa HHYOPMAIIMOHHBIX KaHAJIOB B BOJIOKOHHO-ONTHYECKOH
JIMHHUH CBSI3H, UCIIOJB3Ys BUXPEBBIE YUK C TOMOJIOTUYECKUMH 3apsafamMu [ = +1, COCTOSIHUEM MONSAPU3ALUH
s=*1 w® paByMA JUIMHAMH BOJNH. A TaKKe C TOMOIIBI0O TOHKOH CTPYKTYpHI HOJISI BOJIOKHA,
UJICHTU(QUIIMPOBAIN KaXKIbIH M3 BXOJHBIX MYYKOB 10 COCTOSIHHIO MOJIIPU3ALUK U TOIIOJIOTMYECKOMY 3apsy,
MOCJIE TPOXOKACHUS BOJIOKHA.

Knioueevie cnosa: OpONTANBHBIA yIJIOBOM MOMEHT, ONTHYECKHH BHXPb, TOMOJOTHYECKHH 3apsi,
CUHTYJIAPHOCTb.

PACS: 42.81.Uv

BBEJIEHHE

CkopocTp mepenadd JaHHBIX IO BOJIOKOHHO-ONTHYECKUM JIMHUSIM  CBSI3H
npubamKaeTcs K MakCUMajbHO  BO3MOXHBIM  JUIsI  TPaJUIMOHHBIX  METOJIOB
MyJIbTHITIEKcHpoBanus curaana B8 BOJIC [1-5].

Opb6uranbheiii yrioBoit MoMeHT (OYM) BUXPEBOTO Iy4Ka, KOTOPHIA B ONEPEUHOM
CEUEHNH HWMEET CIHMPaIbHyI0 (a30Byi0 CTpPYKTypy exp(ilg), roe @ — momepedHbiii

a3UMyTaIbHBIA yroJl, [ — BenmanHa OYM BHUXpEBOTO MydKa, KOTOpas TCOPETUICCKU HE
OTpaHMYEeHa W JaeT HOBYIO CTENEHb CBOOOIBI B YBEIMYCHWH KOJIMYECTBA KAHAJOB B
BoslokHe (OYM OTHOCHTCS K TPOCTPAHCTBEHHOH (a3e Iydka, a HE K COCTOSTHHIO
MOJIIPU3ALINK, KOTOPBIA CBSI3aH CO CIIMHOBOM KOMIIOHEHTOM Iydka). BUXpeBble IMydKHu C
pazmumuHbiMd  BenmunHamMu  OYM  B3aMMHO ~ OpPTOTOHANBHBI, YTO  IO3BOJIAET
MYJIBTHINIEKCUPOBATh W JEMYJIbTUIUIEKCHPOBaTh MX Mo BennyrmHaM OYM, ¢ HH3KUM
YPOBHEM MEPEKPECTHBIX MTOMEX.

[IpennoxkeHHass HAMH SKCHEPUMEHTAIbHAS CXEMa, MO3BOJISIET: MYJIbTUILICKCUPOBAThH
¥ JIeMyJbTUIUIEKCHPOBATh CIIOKHBIM CHUTHAl B ONTHYECKOM MaJIOMOJOBOM BOJIOKHE.
Takxke aHaNIU3UPOBATH TOJE HA BHIXOAEC W3 MaJOMOJOBOrO BOJOKHAa MetoaoM CTokc-
MOJIAPUMETPHH, JUIS PA3IMYHBIX KOMOWHAIMI CKJIaJ[bIBAEMBIX CHTHAJIOB B 3aBUCHMOCTH
OT 3HAKOB U BEJIMYMH TOTOJOTHYECKUX 3apAIOB ONTHUYECKUX BUXpPEH M HAIPaBIEHHOCTH
MUPKYJSIPHO-TIONIIPA30BAHHBIX KOMIIOHEHT.
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1. MOJEJIb U PE3YJIbTATbBI

HJ’IH HCCJICA0BaHNd Tponecca ACMYJIbTUIVICKCUPOBAHUA BHUXPEBOI'0 CHUIrHajla IIOCJIC
MaJIOMOJOBOT'O BOJIOKHA 11O JJIMHAM BOJIH, UCIIOJIb30BaIaCh YCTAaHOBKA Puc. 1.

Puc. 1. Cxema 5KkcrniepuMEHTaNbHON YCTaHOBKU: (Ls,, Ls,) — MCTOYHUK CBETA,
(P) — nonspuzarop, (A /4) — geTBepTh-BONHOBAS IUIACTHHKA, (C) — IMOKPOBHOE CTEKJIO,
(Tr) — da3oBblit Tpancnapant, (D) — nuadparma, (Bs) — JCIUTEIbHBIA KYOUK,
(L) —MukpooObekTuB, (Fmf) — MaloOMOZ0BOE ONTHYECKOE BOJIOKHO,
(Dr) — nudpakunonHnas pewmertka, (CCD) — xamepa

Hcrounuk cBeta Ls, ¢ mmmHOM BomHbI A, =0.6328 MKM, MMeromUiA MpaByro
KOMIIOHEHTY Toyspr3anui s = +1, mpoxojs depe3 mokpoBHoe crekino C [6], mudparupyer,
00pa3oBbIBast «IIEMOYKY», COCTOSIIIYIO U3 ONTHYECKUX BUXpEH. Perynmpys quameTpom mydka,
MOYXHO BBIJICTIUTh EIWHUYHBIN ONTHYECKWH BUXPb C TOMOJOTHYECKMM 3apsiamoM [ =+1
(Puc. 1 a, 6). lanee uctoynukom cera Ls, ¢ JUIMHHOM BomHBI A, =0.5328 MKM, HMEFOIIMHA
JICBYIO KOMIIOHEHTY ToJsipu3aiuu s =—1, mpoxonsd dYepe3 (Da3oBbIi TpaHCHAPaHT,
nudparupyer, 00pa3oBbIBast YIJIOBOM CIICKTP, COCTOSIINI U3 ONTHYECKUX BUXPEH.

(a) (©) (®) (r)

Puc. 2. (a), (B) pacnipenenieHue HHTEHCUBHOCTH; (0), (T) HHTEp(eporpaMMa OnTUIECKOro
Buxps ¢ ['ayccoBbiM monem. (a), (0) onTHYeCKUid BUXPb, ITOIYUYEHHBIH Ha TOKPOBHOM
CTEKJIC C TOMOJIOTHYECKUM 3apsiaoM [ = +1; (B), (T) ONTUYECKUNA BUXPb, MOTYUCHHBIN C
MTOMOIIEI0 a30BOT0 TpaHCIIApaHTa, C TOTIOJOTHISCKUM 3apsaoM [ = —1
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C nmomompio auadparMel D BBLAETSIEM BUXPH, C TOMOJIOTHYECKUM 3apsaoM [ =—1
(Puc. 2 0, B). [lanee, nBa BUXPEBBIX IIy4Ka MYJIBTUIUIEKCUPYEM Ha ACTUTEIHHOM KyOHKe
Bs n ¢ momouipto JIMH3BI L, COOCHO MPOEIHPYEM B TOPEL MAJIOMOJOBOIO ONTHYECKOTO
BOJIOKHA Fmf .

B skcnepuMeHTe HMCHONB30BAIOCh HM30TPOIHOE BOJOKHO C  TpaJUeHTHBIM
MOKa3aTesleM MPEeJOMIICHUS, UMEIOLIUI KPYTJyl0 CepALEBUHY. BOMHOBOAHBIM napameTp
V  Takoro BOJOKHA, HJs M3IydeHHs C JUIMHOW BomHBI A =0.6328 MKM cocTaBUI

V,=3.8,amm1 A, =0.5328 mxm — V, =4.37. [Ipu Takux AByX 3HAYEHHI BOJHOBOIHOTO

napameTpa, B BOJIOKHE pealii3yeTcsl JBCHAIIaTUMOIOBBIN pexkuM [7-9]. s dunbTpanyu
HE BHXPEBBIX MOJOBBIX KOMOHMHAIIMI ONTHYECKOE BOJOKHO 3apaHee HABUBAJIOCh Ha
KBapIleByl0 TpyOKy. M3-3a reomerpuueckodd (OpMBI CUpagd HE BUXPEBbIC MOJBI, B
YacTHOCTH (PyHIaMEHTAIbHAS MOJa, CMEIIAIOTCSl C CepILEBUHBI K MepU(peprul BOJIOKHA,
(dhopmupys B cepaLeBIUHE BUXpeBble kKomMOuHauuu [10—13].

(©)
Puc. 3. (a) pactipenenenne HHTEHCUBHOCTH TIOJISI BOJIOKHA TIOCTIE
JeMyJbTUIIIEKCUPOBAHUS 110 IJIMHAM BOJH (cneBa i A, =0.5328 mxwM, cipaBa [ist
A, =0.6328 Mxm); (6), (B) mHTEpheporpaMMa COOTBETCTBYIONIHUX TOJIEH BOJIOKHA C
layccoBbiM nonem
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ITociie mpoxoXAEeHUsS BOJOKHA, IOJIC HM3IIyYCHUS C TOMOIIBI0 JU(PPAKIIMOHHON
pemetkn Dg , pa3menseTcss Ha JBa KaHaja C Pa3IUYHBIMH JJIUHAMH BOJIH M PE3yibTaT

dukcupyer CCD kamepa Puc. 3 (a).

Jlns M3MepeHnsi BETUIMHBI TOMOJIOTMYECKOTO 3apsia, JOMOTHUTEIRHO OBUT COOpaH
untephepomerp Maxa-llennepa. Kak BugHO W3 umHTEpdeporpamM, BEIUYMHA W 3HAK
TOTIOJIOTMYECKOTO 3aps/ia mosst BoiokHa Puc. 3 (0), (B), coBmajaeT ¢ BEIMYHMHON 1 3HAKOM
TOTIOJIOTHYECKOTO 3apsa BXoaHOro myuka Puc. 2 (0), (T).

Pt i o =l
B it i

(6) A, =0.5328 mMxm., s=+1, [=-1 A, =0.6328 mMxMm., s=+1, [=-1

Puc. 4. BextopHas kapTa pachpe/eeHns NoIpHU3alniy 0ol BOJIOKHA, TIOCie
JEMYJIbTATIIIEKCUPOBAHUS TI0 JUTHHAM BOJIH: (@) MEePBBIN 1 (0) BTOPOH SKCIIEPUMEHT C
Pa3TMYHBIMUA BXOJHBIMU TTapaMeTpaMH ITydKa
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Janee st MACHTUDUKAIUN KAXKIAOTO M3 IYYKOB MOJS BOJOKHA IO BEITUYMHAM
TOIIOJIOTHYECKOTO 3apsila M COCTOSHUS TOJIAPH3AllUK, CTPOMM BEKTOPHYIO KapTy
noJistpu3anuy MeToaoM CTOKC-TIoJsIpuMeTpun [ 14].

Kak BUIHO W3 TOHKOW CTPYKTYPHI MMOJIsI BOJIOKHA TOCJIE Pa3AeieHs 110 JJIMHAM BOJTH
Puc. 4: monsipuzaloHHass CHHTYJSPHOCTh THIA «JIAMOH» TPHCYTCTBYET y BXOJHOTO
My4Ka ¢ BEITHMYUHOM TOMOJOTHMYECKOro 3apsina [ =+1, a CHHTYJSIPHOCTh THIIa «3BE371a»
MPHUCYTCTBYET Y MYyYKOB C BEIMYMHOW TOMOJOTHYECKOro 3apsaa [ =-—1, a 3Hak 3tux C-
TOYCK YKA3bIBACT HA COCTOSIHUE TOJISPU3AIUN BXOAHOTO ITyYKa.

3AK/IIOYEHHUE

Hamu SKCTIEPUMEHTAIIHHO ObuTa MPOIEMOHCTPUPOBAHA BO3MOKHOCTB
MYJbTHUIDIEKCHPOBAaHUS W TIOCTE€  MPOXOXKIEHHS  MaJOMOJOBOTO  BOJIOKHA — —
JIEMYJBTUILICKCUPOBAHUS MO AJIMHAM BOJH LIUPKYISIPHO MOJISPU30BAHHBIX BUXPEBBIX TYYKOB
C BEMYMHOW TOIOJIOTHYecKoro 3apsma [ = 1. Meromom CTOKC-TTONIIPUMETPUH TTPOBEACH
aQHAJIU3 TOHKOM MOJIAPU3AIMOHHON CTPYKTYphl MO BoJoKHA. [lokazaHa BO3MOXKHOCTH
WICHTU(UKAITUH KaXKIOTO U3 BXOJHBIX CHTHAJIOB T10 JUTMHAM BOJH U OPOUTAIBEHBIM YTJIOBBIM
MoMeHTaM. OOHapYKEHO, YTO B TIOJIC U3ITyYCHHUS Ha BBIXOJC U3 MAJIOMOJIOBOIO ONTHYECKOTO
BOJIOKHa mMeeTcsi C-Touka, XapaKTepu3yrolias 3HaK HUPKYISPHOI MONSpU3aiii BXOIHOTO
myyka. Takke, BeMUMHA TOMOJOIMYECKOTO 3apsiia MCXOMHOrO ITy4YKa, MOMABIIErO Ha
BXOJHOM TOpel BOJIOKHA, COOTBETCTBYET C-TOUYKH TOMOJIOTHUECKOTO HHICKCA.

Kaxk Obuto moxazaHo, JaHHAs METOAWKA MOACPKUBACT TEXHOJOTHIO CIIEKTPAIBHOTO
WDM ymioTHeHUss W TO3BOJSET YBEJIMYHUTH KOJUYECTBO KAHAJIOB B HBIHEIIHEH
BOJIOKOHHO-ONITUYECKOMN JIMHUU CBSI3U MUHUMYM B 4 pasa.
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EXPERIMENTAL STUDY OF THE PROCESS OF DEMULTIPLEXING THE
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We have shown the possibility of increasing of the number of information channels in the
fiber-optic communication line, using vortex beams with topological charges [ = 1, the
state of polarization s = =1 and two wavelengths. Also, using the fine structure of the field
of fibers, each of the input beams was identified by polarization state and topological
charge after passing through the fiber.
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Bona mpexacraBmsier co0oif HEYMOPSAOYEHHYIO JKHIKOCTb, BOJOPOIHBIC CBS3M B KOTOPOH  SIBISIFOTCS
KOPOTKOXKUBYIINMH. B paboTe nmpuMeHeHB! ONTHYECKHe METOIBI UCCIIEIOBAHNS M3MCHEHHMH, IPOUCXO/SIINX B
CTPYKType BoAbl cciienoBaHbl KacTepHble KAPTHHBI CTPYKTYpBl IIOBEPXHOCTH Karun BoAsl. [lokazaHo, uTo
BOZIa 00NalaeT YHUKAJIBHBIMU CBOHCTBAMH, CBS3aHHBIMH C HAIMYHEM ITOPSIKA B PA3INYHBIX €€ COCTOSHHSIX
BCJIE/ICTBHE KOOIIEPATUBHOTO 3((deKTa CTPYKTYPHOTO M JUHAMHYECKOTO U3MEHEHHH B HEOJHOPOIHOIl CeTke
BOJIOPOJHBIX CBS3EH.

Knrouesvie cnosa: xnacrepsl, QpakTalibHO-KIACTEPHAS CTPYKTYPa BOJbI, ACCOLIUATHI.

PACS: 42.25.Fx

BBEJIEHUE

B mocnennue rogsl Bo3pactaeT HHTEPEC K BOIPOCAM HCCIENOBAHMS CTPYKTYPhI BOIBI
KaK CO CTOPOHBI OMOJIOTOB, XUMHUKOB MJIM MEJUKOB, HO TAKXKE U CO CTOPOHBI ()U3UKOB.

Boma, mmpoko pacnpoCTpaHEHHBIH pPAacTBOPUTENb, 007aNacT HEOOBIYHBIMU
cBoiicTBaMu. bmaromapst MeXMOJEKYISIpHBIM BOJIOPOAHBIM CBsI3IM OHa IO CBOHM
CBOMCTBAM OTJIMYACTCS OT APYTHX TUIAPUIIOB U HMEET AaCCOIMATUBHYIO CTPYKTYpy H
SIBJISIETCS. B CTPYKTYPHOM OTHOIICHHHM OYEHb YYBCTBUTEJIBHON CHCTEMOM, B KOTOPOM
MMEETCS] OTPOMHOE KOJMYECTBO METAcCTaOWIBHBIX COCTOSHHUHA. Bompoc o Hammauu
CTPYKTYPBI BOJBI W BOIJHBIX PACTBOPOB YK€ Teperied B IUIOCKOCTh M3YUCHHS BIUSHUS
U3MEHEHMSI CTPYKTYpbl BOABI U BOAHBIX PAcTBOPOB Ha pPAa3JIUYHbIC TEXHOJIOTHYECKUE
MpOLIECChl, a TaKKe Ha YpPOBEHb 30pOBbA ueioBeka [1-8]. OTcyTcTBHE Ke CTPOrux
MPEACTABICHUNA O CTPYKTYpE BOABI M €€ OpraHu3alld Ha MOJCKYISIPHOM YpPOBHE
TOPMO3HUT Pa3BUTHE METOAOB HE TOJHKO KOJMUECTBEHHOTO aHAIM3a, HO W KaueCTBEHHOU
OIIEHKH CTPYKTYPHUPOBAaHHOCTH BOJIBI.

OcoOeHHOCTH CTpPOEHUS BOABI MOXKHO OOBSCHUTh HAJIWYHEM TMOpPSJIKA B €€
Pa3IMYHBIX COCTOSHHUSAX, KOTOPBIM SIBISIETCS CIIEACTBHEM KOOIMEPATHBHOTO J(dekTa
CTPYKTYPHO U3MEHSIIOIIEHCS HEOJTHOPOIHOM CETKM BOJOPOAHBIX CBi3el. BeneacTeue uero
CTPYKTYPY BOIBI MOXHO CBS3aTh C HaJIMYMEM BOJOPOMHBIX CBS3ei M 00Opa3oBaHUEM
TUAPATUPOBAHHBIX  HOHOB,  (DOPMUPYIOIIMX  CIOXKHYH  TPEXMEPHYIO  CETKY.
Terpasnpudeckuil OMMKHMI HOPAIOK CKOPEE BCETO ONpPENeNseTCs Sp° TMOpHan3alyei
JNIEKTPOHHBIX OpOUT. UMCIO BO3MOXKHBIX CIOCOOOB COCAMHEHUS TETPAdIPHUICCKIX
MOJICKYJT BOJBI APYT C APYTOM U CTaOWIBHBIX KOH(UTYpaluii Ha MX OCHOBE OTPOMHO, B
CBS3M C YEeM HECTallMOHAPHBIE TPOIECChl NPUBOAAT K OOpa3oBaHUIO KIACTEPOB.
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OtnenbHBIE  MOJEKYJBl, COEAWHEHHBIC BOJOPOIHBIMH CBSI3SIMH, OOBEOMHSIOTCS B
accoIHMAaThl MK KJIacTephl, pa3Mephl KOTOPBIX 3aBHUCAT OT PAa3HBIX YCIOBHIH, MPEXKIE BCETO,
oT Temmneparypsl [9-11].

OmHMM W3 BaXXHBIX CBOMCTB IOBEPXHOCTHOTO CJOS BOABI SIBISIETCA W3MEHEHHE
KOO(pPHUIMEHTOB TMPOXOXKICHUS W TPETOMIICHUS JIa3epHOrO M3IIydeHus, Omaromaps
KOTOpPBIM TIOSBISIETCA BO3MOXKHOCTH "BUAETH" KIIACTEPHl, ONPEAEIATh HX pasMephl U
konnuectBo [12—13]. Cuutaercs, 4To BpeMs CyIIeCTBOBaHUS YCTONYMBBIX HAHOKIACTEPOB
B 00beMHOM (asze Boasl He mpesbimaer 10 '°c. Haxonsmuecs B 5Toii (asze KIacTepsl ¢
OoxpmuM  unciaoM Moiekyn (n < 150) nHempepbiBHO oOpa3yrorcs u wucuesaioT [14].
[lomagas u3 oObeMHOH (a3l B MPUMOBEPXHOCTHYIO, KOPOTKOXHBYIIHE KIAaCTEPHI
CTaOWIN3UPYIOTCS B HEH, M BPEMSI HX JKU3HH CYLICCTBEHHO BO3PACTacT.

Crabunmzanusi KJIacTepOB B IPUIIOBEPXHOCTHOM CJIO€ BOJBI CBSA3aHA C BBICOKOM
CTPYKTYPHOH YHOpPSAOYEHHOCTBIO cios. [lo Mepe yhaleHus OT MOBEPXHOCTU pazferna
BIIYOb KUIKOCTH CTETIEHb YIIOPAJOYEHHOCTH MOHMKaeTcsl. Ha HekoTopom paccTossHuN OT
MIOBEPXHOCTH YIOPSI0YEHHOCTh COOTBETCTBYET COCTOSHHIO KHIKOCTH B 00heMHOI (hase.

CBoiicTBa JKUIKON BOJBI, KOTOPBIE 00YCIOBIUBAIOT PACTBOPEHHE BEIIECTB, SBISIOTCS
pe3yiabTaTOM ABIMKEHUI MOJEKYI BOABI B TIOCTOSHHO MEHSIOIIEHCS CTPYKTYpPE CETKH
BOJIOPONHBIX cBs3eil. [lomHoe mpeacTaBieHrWEe O JUHAMHUKE CETKH BOJOPOIHBIX CBS3E
HEOOXOAMMO JJisi TIOCTPOCHHWSI aJEKBATHBIX MOZENeH BOABI, HapUMep, IJIs pacdera
XUMHAYECKHX PEaKIi.

Jo mocnenHero BpeMeH! He MOJyYeHO MOJMHOW KapTHHBI CTPYKTYPHBIX 00pa3oBaHHN
B Bojie. B myOnuKanusax MpUBOAATCS JHIIH OOPBIBOYHBIE JAHHBIE O BO3MOXKHBIX BHAAX
accoInaToB, 00pa3yeMbIX MOJIEKYIaMHU BOIBI.

OnHoM U3 CIIOXKHBIX 337a4 SBJISIETCS SKCIIEPUMEHTANbHAs paciIupoBKa CTPYKTYpHI
BOIBI M JIOKA3aTeIbCTBO CYIIECTBOBAHMUA CTAOWIIBHBIX CTPYKTYPHBIX €€ 3JIEMEHTOB. T.K.
BOJIa YyBCTBUTENIbHA K BHEITHUM BO3ACHUCTBUSAM, TO JJISl U3yUEHUS IBOIIOLMU €€ CBONCTB
HEOOXOOMMO MPUMEHSTDH aIeKBaTHbIE Hepa3pyIIAOIINe METOIBI UCCIEIOBAHUSL.

Ienbro naHHOM padoThI SABISETCS IPUMEHEHHE ONTUYECKNUX METOJOB NCCIIEOBAHUS
M3MEHEHUH CTPYKTYpPHI BOIBI, KaK HEYMOPSIOUYEHHON XKUAKOCTH, KOTOpasi, HECMOTpPS Ha
TO, YTO BOJOPOXHBIC CBSA3M B HEW SBISIOTCS KOPOTKOKHMBYLIMMH, CHOCOOHAa K
CaMOOpraHW3allud  BCIEACTBHE  OOpa30BaHUS HOBBIX  BOJAOPONHBIX  CBA3eH U
KOOTIEPATHBHBIX dPPeKTOB. B pesynbrare 00pa3yroTcs accoluarsl TpH-, TeTpa-, MeHTa-, U
TeKCaMepoB, a TAK)K€ U CBOOOIHBIX MOJIEKYI BOJIBI.

HNCCIEJOBAHHME BOJIIOIHUHA CTPYKTYPBI BOJbI

Jns  Busyanm3anyul BBIIICONMCAHHBIX CTPYKTYpP B TPHUIIOBEPXHOCTHOM CIIOE
OMANCTIIIMPOBAHHON  BOJBI, KOTOPBIA  OTIMYaeTcs OT  «OOBEMHON»  BOMBI
k03 (HULIMECHTOM TIPEIOMIICHHS CBETa, B HACTOsIIEH paboTe HaMH ObLI IPUMEHEH METOI
nazepHOl WHTEepdepoMeTpHr, O0COOEHHOCTh KOTOPOTO 3aKJII0Yaliach B HCIIOJIb30BAHHU
aMIUTATYIHO-()a30BOM MOAYISAIUN PACHIMPEHHOTO JA3epHOTO MyYKa MPU MPOXOKICHUU
yepes3 CIIoW Karii Boas! [15].

Kamns uccnenyeMoit Bombl NoMellaiiach B TPEYTOJbHYIO A4YEWKY, MOKa3aHHYIO Ha
puc. 1. JIyu ot renuii-ueoHoBoro nasepa JI'H-208 A ¢ mmHO# BomHBI A = 0,6328 MKM,
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MOITHOCTRIO 2,0 MBT, quameTpoM ITydka JIa3epHOTO W3IydeHHS Ha paccTtosaud 40 mMm
nopsizaka 0,6 — 0,8 MM, OTpaXEHHBIH OT IJTOCKOTO 3epKalia, MPOIyCKaJCsl yepe3 0OBbEKTHB
MHUKpocKona (x8) ¥ QOoKycHpoBaJiCsl Ha Kalullo McCleayeMoi Boabl, c(opMUpOBaHHOH B
TPEYrOJIbHOM SYelKe Ha MPEAMETHOM CTEKJIE, paclOJOKEHHOM Ha OIPENeIICHHOM
paccTossHUH 0T O0BEKTHBA MUKPOCKOTIA.

Puc. 1. Cxema 5kcriepIMEHTaIBbHON YCTAaHOBKH 10 BU3yaIH3aluH (paKTaabHO-
KJIACTEPHOW CTPYKTYPHI OMANCTHIUIMPOBAHHON BOABI B JTa3¢pHOM U3ITyYECHUHU

OnrtryecKkylo KapTHHY NpH HOMOIIM BTOPOTO 3€pKajia MPOCHHPOBAINM HA OSKpaH
pasmepom 300 x 500 MM, Tak 4yTOOBI MPOEKLUS H300paKeHHUS 3aHMMaja OONBLIYIO YacTh
9kpaHa. Jlns QUKCHpOBaHUS BH3yaJbHBIX KAapTHH OBOJIOLNMUA CTPYKTYPHI BOIBI
UCIIONIB30BalI LU(POBYIO (POTOKaMepy BBICOKOTO pa3pelieHus, KoTopas (HUKCHpoBaa
(bpakTambHBIE CPe3bl MPUIIOBEPXHOCTHOTO CJIOS TIPH MIPOXOXKICHUH JIA3EPHOTO M3Iy4eHHS
1o ¢dokyca u mocie ¢okyca chepruueckoli BOTHOW JHMH3BI B TEUECHHE HCIIAPEHHS KaIulld
(puc. 2).

Hanee ¢parMeHTHl MOMY4YEeHHBIX HM300pa)KeHWH yBennumBaiu npumepHo B 10 — 20
pa3 ¥ Ais JIydiled BU3yalu3aluu U300pakeHHe JeNlajld 4epHO-OesbIM, U3MEHSS TOJIBKO
APKOCTb U KOHTPACTHOCTb.
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Puc. 2. Bua moBepXHOCTH SIIIMIITHYECKON OMOUITHKY BOTM3H OKYCa CHCTEMBI
«BOJITHAS» JTHH3a — MUKPOOOBEKTHB, ()PaKTATBHBIC CPE3bl KOTOPOI HCCIICOBAHBI B
JTAaHHOU paboTe

JluHamuka M3MEHEHUH (PaKTaIbHO-KIACTEPHONW CTPYKTYPHI TTOBEPXHOCTHOTO CIIOS
OMANCTIITUPOBAHHOM BOBI TIPEICTaBIICHA Ha pHC. 3.

Ha pucynke 4 npusenena ¢ororpadus BbICOXIICH BOISHOM Karuiv. BuaHo, 4To oHa
HE WMEeT HH TMPOCTPAHCTBEHHBIX, HH IUIOCKOCTHBIX KIACTEPHBIX CTPYKTYP.
IIpuCyTCTBYIOT TONBKO OTrMOaroImue KayCTUYEeCKHEe TIOBEPXHOCTH, Ha KOTOPBIX
MPOCIICKUBAIOTCS KpaeBble AU PaKIIMOHHbIC THHUH.

Taxum 006pa3zom, momydeHHbIE KAPTUHBI ABOITIOIUH CTPYKTYPHI OMINCTHILTNPOBAHHOMN
BOJBI JOCTATOYHO yOEIUTENbHO CBHJETENHCTBYIOT B TOJB3y TOTO, YTO B JKUIKOH BOZE
MIPUCYTCTBYIOT BEChbMa YCTOWYHBBIE TIOJMMEPHBIE CTPYKTYPHI, UTO BIIOJIHE COTTIACYETCS C
MHEHHEM amepukaHckoro xumuika Kena Jlxopaana, npemnoxuBmiuM B 1993 roay
BapUaHThI YCTONYHMBBIX «KBAHTOB» BOJBI, COCTOSIMMX U3 6 ee Moyiekyn [ 14]. MaTepecHoi
0COOCHHOCTBIO 3TOW MOJIETM SBISCTCS TO, YTO W3 HEEe aBTOMATHYECKH CIEIYEeT, YTO
CBOOOJIHO pACTYIIUE KJIACTEPBI BOJIBI, JOJDKHBI OOJIaaTh INECTHIYYEBOH CHMMETPHUCH,
YTO HAMMISAIHO MOATBEPXKIAETCS pE3yTbTaTaMH ITPOBEACHHBIX HAMH SKCIIEPUMEHTOB.

OO6pa3zoBaHme KIacTePOB, HATHMYHUE UX HEYMOPSITOYCHHOTO OPOYHOBCKOTO JIBYKEHUS
U BIHMSIHAE HA HUX Pa3IMYHBIX (PAKTOPOB MPHUBOMAT K Pa3pyHICHUIO BOJOPOTHBIX CBSI3CH.
B pesynsrare mpu uX B3aMMOICHCTBHM MOTYT 00pa3oBbIBaTbcs pagukansl OHe u
H;0 + (H;O,+), koTopble NpUBOAAT K 0Opa30OBaHMIO aTOMApPHOIO BOJOPOAA M HOBBIX

KJIACTEPOB.
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K

Puc. 3. OBomtonus ¢ppakTaabHO-KIACTEPHON CTPYKTYPhI OMANCTHILTUPOBAHHON BOABI IIPH
MPOXOXKICHUH JIa3ePHOTO U3ITyYCHUS Yepe3 KaIUTio BOBI B 01131 (POKyca CHCTEMBI
«BOJSTHAS» JIMH3a — MUKPOOOBEKTHUB MPH €€ BBICHIXaHUHU (BpeMsI BBICBIXaHHUs t = 2,8-
3,0 MUHYTBI): @ — aCCOIUATHI TETPAIPUICCKON POPMBIL; O, 6 — TPH- B TEKCAMEPBL; 0 — M —
0TOOpaKEHUsI IPOCTPAHCTBEHHBIX U IJIOCKOCTHBIX ()PAaKTATBHO-KIACTEPHBIX CTPYKTYP,
c(OPMHUPOBAHHBIX B PE3yJIbTaTe KOOIEPATUBHOTO 3(h(heKTa CTPYKTypHOTO
JIMHAMHAYECKOT0 U3MEHEHUI B HEOAHOPOJHOM CETKE BOLOPOIAHBIX CBS3E€H: B OCHOBHOM
nposiBisirores rekcaukibl (HoO)e, L-kmactepsr —(H20)20 u T-ximactepst — (H20)27,
KOTOpPBIE COOTBETCTBYIOT MOAEIISIM, IPUBEACHHBIM B padote [14]
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Puc. 4. Bux BoastHOM Kariiy MOCJIE€ BEICBIXAHMS

I A. lompageB u JI. A. CenuBaHOBCKMH TpPENIOKUIN TUIOTE3y CYIIECTBOBAaHUS
MEXaHOXMMHYECKUX PEaKITi paTuKaTbHON AUCCOITUAITAN BOEI [ 16], ncxomst w3 TOro, 910
JKUIKas BOJa SIBIISETCS NMHAMHYHON HECcTaOWIhLHOW moimuMmepHou cuctemoi. [lomoGHO
peakuysiM B MOJIMMEPax MPH MEXaHMYECKOM BO3IEHCTBUM HA BOLY SHEPTHsi, HeoOXonuMast
i paspbiBa cBazed H- OH, nmokanmusyercs B MHKpOOOBEMAx CTPYKTYpHI BOABI MO
cxeme: (H,0)n (H,0...H-...-OH) (H,0) m- - -+ ¢ (H,0) (n+1) (,H)+(.OH)(H,0) m,
IJe € — HEeCMapeHHBIH 3MeKTpoH. [lockonmbKy aucconmanys MOJEKYNl BOABI U pPeaKlnuu
paauKamoB U MPOUCXOIAT B ACCOLMHUPOBAHHOM COCTOSHHH JKHIKOW BOZBI, PaIrdKajIbl
MOTYT HMMEThb JUINTEIIbHBIE TPOMEKYTKH XH3HH (IECATKH CEKyHI H Ooiee), 4To U
MOATBEPKAAeT CYIIECTBOBAaHHME B BOJAE JOCTAaTOYHO YCTOWYHMBBIX CHMMETPHYHBIX
KJIACTEPHBIX CTPYKTYp (pHc. 3).

3AK/IIOYEHHUE

B pesynbsrare mpoBEACHHBIX HCCIECIOBAaHUN MOATBEPKACHO M HAMIATHO IMOKA3aHO,
YTO Bo/la 00Ja/1aeT YHUKAIFHBIMU CBOMCTBaMH, KOTOPBIE CBS3aHBI C HAJMYHEM TOPSAKA B
ee pa3sHOOOpPa3HBIX COCTOSHUSIX BCJICIACTBHE KOOIMEPaTHBHOTO 3(dekTa CTPyKTypHOrO U
JUHAMAYECKOTr0 U3MEHEHUI B HEOTHOPOJHOM CETKEe BOAOPOJHBIX CBSA3CH.

CrpyKkTypa IOBEPXHOCTHOTO CJIOS KaIUTH BOABI (hOpMHUpYeTCs KIacTepaMHt, KIIACTepPhI
MOCTPOCHBI W3 MOJIEKYJl BOIBI, KOTOpPBIE YIEP)KHUBAIOTCS BOMOPOTHBIMU CBA3SIMH. B
KJIACTEPE MOXKET OBITh Pa3IMYHOE KOJUYECTBO MOJIEKYN, KOTOPBIE MOTYT OOpa3oBHIBATH
accouuarbl pa3auuHoit Gopmel. OO0HapykeHO (pHC. 3), UTO, IPYIIUPYICh, OHU 00Pa3yIOT
TETpayIpbl MOJEKYd BOIbI (@), M3 KOTOPBIX B Tpolecce OOpa3oBaHMs KIACTEPOB
(hopMupyIOTCS pazHOOOpA3HbIC MPOCTPAHCTBEHHBIE W TUIOCKOCTHBIE CTPYKTYPHI (6 — M).
Kak BUIHO W3 MONYyYEeHHBIX (PaKTAIBHBIX KAapPTHH KIACTEPHI TMPEACTaBISIOT COOOU
MHUKPOOOBEMBI, KOTOPBIC COIEPIKAT B CBOCH CTPYKTYpe KaK acCOIMHPOBAHHBIC MOJIEKYIBI
BOJIBI, TaK W (PparMeHTHI, OONANAIONINE Pa3BUTON CTPYKTYPOH C CHJIBHO BBIPAKCHHOUN
YHOPSIIOYEHHOCTHIO, a TAK)KE MTyCTOTAMU MEXKIY HUMH.
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Puc. 5. Monenu knacTepHoil CTpyKTyphI BOABL: a —1u-Mep, 6 — rekcauuki (H20)s,
8 —(H20)0 nmm L-xmacrep, ¢ —(H20),7 mim T-xnactep [14].

Takum 00pa3oM MOXHO KOHCTaTUpPOBaTh, YTO CTPYKTypa BOJABI SIBISCTCS
(pakTajdbHOW, B HEW MOJIEKYJIBl BOJBl OOBETUHEHBI B KIACTEPHI C OMPENEIICHHBIM UX
MIEPEeMEHHBIM KONMHYECTBOM. KiacTepsl depemyloTcs C IMyCTOTaMu («IbIPKaMK»).
OCHOBHBIM CTPYKTYPHBIM 3JIEMEHTOM KIIACTEPOB SIBIIIETCS TETPA3APhI, KOTOPBIE 00Pa3yIOT
JIOBOJIBHO YCTOWYHMBBIE CHUMMETPUYHBIC ceTkH. Kepapxus wmomynel «(pakTaibHON»
CTPYKTYPBI BOABI COOTBETCTBYET MOJIENSIM, HpPEACTaBICHHBIM Ha puc. 5. llepBuyHBIMU
CTPYKTYpaMH, B KOTOPBIX MOTYT SBJISTHCS AU-MEPBI, TPU-MEPBI, TEKCALUKIEHL...,
OJIUTOMEPHI, W3 KOTOPHIX B JajbHEHIIEM OOpPa3ylOTCAd IUKIUYCCKUE CTPYKTYphl B
OCHOBHOM IISTH- U NIECTUYIICHHBIC, KOTOphIe (YOPMHUPYIOT pa3IMyHbIE IPOCTPAHCTBEHHBIE
MHOTOTpanHuku [14, 15]. Hambonee mNpUBICKAaTETLHBIME SIBIISIIOTCS MHOTOTPAHHHKH,
UMEIOIINE OCh CHUMMETPUU IMATOTO MOpsAaka (JOAEKa’Ip M HMKOcadap), TaK KaK 3TO
00BSCHSIET MHOTHE CBOWCTBA BOJIbI, HAIIPUMED, €€ TeKY4eCTh, CIOCOOHOCTh 00pa30BHIBATh
ra3oBbl€ THIPaThI U JIp. [9]

B mpaktuyeckoM IUIaHE pe3yNbTaThl HACTOSIIETO HCCIEIOBAHUS MOTYT CIIY>KHUTb
OCHOBOM JUIsI HOBBIX IMPOCTBIX IO HCIIOJHEHHUIO JA3€PHBIX METOIOB OINEPATUBHOIO
OTIpesieNIeHusT CTPYKTYPHl OWANCTWITMPOBAHHOW BOABI, MPHMEHAEMON B KauecTBe
PacTBOPHUTENS B Pa3TUYHBIX KHUJIKUX PACTBOPAX OT JIEKAPCTBEHHBIX BEIECTB J0 MHUIIEBhIX
MPOIYKTOB.

Asmopbl evipadicarom 6nazodaprocms doyenmy Jlanaeeou C. B. u 3asedyrowemy
aabopamopusmu kageopol obwel Qusuxu Bepwuyxkomy B. M. 3a yeunvie cosemvl u
HOMOWb 8 NPOBEOCHUU IKCHEPUMEHMA.
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VISUALIZATION OF THE CLUSTER WATER STRUCTURE WITH LASER

RADIATION

Shostka V. I .}, Shostka N. V.2, Donenko I. L.}

lnstitute of Physics and Technology, V.|.Vernadsky Crimean Federal University, Simferopol
295007, Russia

2Scientific research department, V. 1. Vernadsky Crimean Federal University, Simferopol 295007,
Russia

*E-mail: vshostka@yandex.ru

In recent years, there has been growing interest in the study of the structure of water both
from biologists, chemists or physicians, but also from physicists. The absence of strict
ideas about the structure of water and its organization at the molecular level inhibits the
development of methods not only for quantitative analysis, but also for a qualitative
assessment of water structurization. Optical methods for studying the changes taking place
in the structure of water are used in this work. Fractal patterns of clusters of the waters
structure are investigated. It is shown that water has unique properties that are associated
with the presence of order in its various States due to the cooperative effect of structural
and dynamic changes in the heterogeneous network of hydrogen bonds. The structure of
the surface layer of water droplets formed by the clusters formed from water molecules
held by hydrogen bonds.

Keywords: clusters, fractal-cluster structure of water, associates.
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JIMHEMHBIE U HEJIMHEWHBIE MOJIbI TIOJIOCKOBOI'O BOJTHOBOJIA
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Teoperuyeckn HUcCIeIOBaHbl JIUHEIHbIE U HEIUHEUHBIC ILIA3MOH-NOJSPUTOHHBIE MOJBI METALIUYECKOIO
MI0JIOCKOBOT'O BOJIHOBOJIA, PACIION0KEHHOTO Ha AUIEKTPUUECKON MOAT0XKKe. PaccMOTpeHbl HelpephIBHBIN U
UMITYJTbCHBIA PEKHMBI.

Kniouesvle cnoea: TONOCKOBBIM BOJHOBOJ, IUIA3MOH-TIOJSAPUTOHBIE JHHEHHBIE W HENUHEIHbIE MOJBI,
TUI1a3MOH-TIOJISIPUTOHHBIA HMITYJIBC.

PACS: 73.20.Mf
BBEJIEHUE

ITnazmon-nongpuronsl (III1) mpuBiekalOT BHUMaHHE HCCIENOBaTENed B CBA3U C
3a/1auaMi Mepeiaur CUTHAIIOB U YMPABICHUS SIEKTPOMATHUTHBIMU MOJISIMU ONTHYECKHUX
yactor B IIII-ycTpoiicTBax, co3gaHMs ONTHYECKUX MPOIECCOPOB, CHA3EPOB, APYTHUX
YCTPONCTB W DIJIEMEHTOB ITIa3MOHHOW TexHuku [1-7]. Curmamer B IIII-ycTpoiicTBax
MEPENAIOTCsl MEXAY JJIeMEHTaMH IUIa3MOHHOM Iemd IO MOJIOCKOBBIM BOJHOBOJAM,
pAacCIONOKEHHBIM Ha JTUAJICKTPUUYCCKON TOMJIOKKE U OKPYKCHHBIM JUAICKTPHUUECKOU
cpenoit [8—12].

ens paboOTBI — TEOpPETHUECKH HWCCIEAOBaTh Tmporecc TeHepamuu Mox IIIT B
METaJUIMYECKOM  TIOJJOCKOBOM  BOJIHOBOAE IMPU  HENPEPHIBHOM H  UMIYJIBCHOM
BO30YX/JICHUM B ONTHYSCKOM JMAala3oHe B JIMHCHHOM W HEJIMHCWHOM pEeXUMaxX U
CpPaBHUTh UX CBOMCTBA. AHaJIM3 CBOMICTB JIMHEMHBIX U HEIMHEWHBIX MOJ IIOJIOCKOBOTO
BOJTHOBOJIA TIO3BOJIUT BEIOpATh TpeOyembie pekuMbl paboTsI [1I1-351eMeHTOB.

1. JUHEHHBIE MOJIBI TOJIOCKOBOT' O BOJTHOBOJIA

Paccmotrpum dopmuposanne nunelinbix [1I[1 Mom B MeTaquIM4ecKOM MOJIOCKOBOM
BOJIHOBOJIE C pa3MEpaMH TIONMEPEYHOro Cce4YeHus 2aX2b ¢ AUDIEKTPUYECKON U
MarHUTHOM NPOHULIAEMOCTAMU &, 4, , PACIIOJOXKEHHOIO Ha IOAJIOXKKE C IapaMeTpamu
&, 4y, U OKPYXKEHHOTO C TpeX CTOpPOH Cpeloil ¢ mapameTpamu &,, K,, (puc. 1).

[TosockoBBIN BOTHOBOJ] B paCCMaTPHUBAEMOM CIydae CHMMETPUYEH OTHOCUTEIHHO OCH X,
HO aCHMMETPHYEH OTHOCHUTENIBHO OCH Y W3-3a Pa3HBIX AMAJIEKTPHYECKOW M MarHUTHOM

npoHunaeMmocteit cpea 2 u 3. JAudnekTpuyeckas NpOHUIIAEMOCTh MEeTallila Ha ONTHYECKUX
4acTOTax SIBISETCS KOMIUIEKCHOW BETMYMHOM C OTpUIATEIbHON JEHCTBUTENbHON YacThIO
&y =—€',+i&",, . lloaToMy NOCTOSIHHBIE PAcCIPOCTPAHEHUSA MOJ IIa3MOH-NOIIPUTOHOB

L =LF3+i3" Takxke OyayT KOMIUIEKCHBIMM BeIMYMHAMH. VX MHHMBIE YacCTH
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xapaktepu3syioT 3atyxanue I1I1 B1oib ocu Z , T.e. ONPEAESSIOT JUIHHY PACIPOCTPAHCHHUS
I1IT B MeTamnmuyeckom cioe L=1/203" [4].

&t ji
a
-b b
&Lk > Y
-a
&3, s

Puc. 1. ITogockoBBIl BOTHOBO Ha TUAIEKTPUUECCKON MOATIOKKE

JusnexkTpudeckure MPOHUIIAEMOCTH cpen HMEIOT BUJI [6]:
Wiy Wy
‘gM (C()) = 1 + 2 a)z . - 0)2 .
QDM B _ler tiw,w B MeETallie, u
w, w;
gD (CL)) =1+ ID eD

+
Q,-W-ilyw o -« —il yw

QJICKTPOHHAsA PCE30HAHCHAsA YacCToTa, QD — PC30HaHCHAad YacCToTa KpPICTaJ'IJ'IPI‘-IeCKOfI

B JUDIIEKTPUUYECKON cpene, TIe ) —

pemerkn, «f =478°N,/m, — WOHHAas IUIa3MeHHas dacToTa, f =47B°N,/m, —
SNEKTPOHHAs IUIa3MEHHAs 4acToTa, &, ,/,,,/;, — 4acTOThl pelaKcalud B MeTajuie H

TIADJICKTPHKE.
KoMImoHeHTsl 3MeKTpuueckoro M MarHutHoro BekTopoB IIIT  ynoBneTBOpsiOT

ypaBHeHusM Makceemia OxH=c'@E/dt, OXE=-c ' t0H/0t. Beipaxkenns s

nornepevHslx  Kommnonedt moms Il EE, w H,H,, 1ponopurOHAIbHBIX

~ exp(i,Bz =i a)t), B cpenax 1, 2 u 3 nmeror Bup (Ilpunoxenne A)

q, Ox Oy . dy 0x W
i OE OH i OE 0H
E, =—1| B~k —=|, H,=—| k&, —=+B—=|,
y rzﬂ(ﬁ ay Olum ox J y 31( 0“m dx ﬂ ay )

rae qi=k§£j,uj— £*, m=1,2,3. IpogonbHble KOMIOHeHTbl moms III1 E. uv H,

YIOBJIETBOPSIIOT YPAaBHEHUIO
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> d* L \|E
B S *t=0. 2
[dxz dy* q’"j{Hz} @

'panuuHbIe yCIOBUS I TaHTEHIMAIBHBIX KOMIOHeHT mons [II1  jmomkHb
BBITIOHATHCS BO BCEX TOYKAaX BEPXHEW M HIDKHEH, MPABOH U JICBOW TPaHUIl TIOJOCKOBOTO
BOJTHOBOJIa, B TOM 4YHCJE, B ToukaXx x =*a, y=0,u x =0, y =b (puc. 1). B obmactsax

2 B 3 KOMIIOHCHTHI IIOJICH JOJIKHBI Y6I>IBaTI> npu yJaJCHHUU OT T'paHUI] BOJHOBOAA,
IMO3TOMY npeacTaBuM IIPOAOJILHBIC KOMITIOHCHTBI B o0mactu 2 B BUAC

E, = A, exp (—a'zx), H, =B, exp(— a'zx) opp  x2a, " E; =A exp(a'3x),
H, =B, exp(a'3x) npu x<-a; E, = 2e)cp(— a'zy), H, =B, exp(— a'zy) npu y2b, u
E, =A, e)cp(a'2 y), H, =B, exp(a'zy) npu y<-b. Jlnsi BBINOJHEHUS T'PaHUYHBIX
YCIOBUH BO BCEX TOYKAaX TIpaHUI] BHIOMPAaeM UYETHOE pELIeHWEe YpaBHEHHWH (2) s
MPOIOIbHBIX KOMIOHEHT Mo ([Tpunoxenue A)

E. = A cos(Kx)cos(yy),

H, =B cos(/a)cos(yy), 4
TOT/Ia MOTIePEeYHbIE KOMITOHEHTHI MO/ (1) OyayT UMETh BU
E = _Lz{ﬁ/ﬂ% Si”(Kx)COS(W) +koy4 B, COS(K’C)Si”(W)}’
1
B, == cos)sin) -y sinleostys),
1
: “)
H, = L{k0W1A1 cos(wx) sin(ys) ~ BrcB, sin(k)cos(p)}

x 2
1

q

i . .
H, = __z{koK51A1 sm(Kx)cos(yy) + BB, cos(Kx)sm(yy)},
1
rae K’ +y2 =q12.
XapakTepuCTHYECKHE YPaBHEHHS IS MOMEPEYHBIX KOMIIOHEHT BOJTHOBBIX BEKTOPOB
K ¥ ) 4YeTHBIX MOJ TIOJy4aeM M3 TPaHWYHBIX YCIOBHH Ha CTE€HKaX BOJIHOBOZA

(ITpunoxxenue A)

cos(Ka)

cos(yb) = exp[a'2 (b - a)] , (5)
a-a>
% = exp[(a'2 -a, )a] . (6)

VpaBaeHus (5) u (6) HYKHO IONOJHUTH XapaKTEPUCTUYECKNMH YpPaBHEHUSIMU,
MOJTy4YEHHBIMU U3 YPaBHEHUH (2) B BOJTHOBOJE
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kigu —k*—y*-pB* =0, (7)

U B obmactax 2 u 3
koot +a; = B =0, 8)
kig s +ai - B> =0. 9)

ITocTosHHYIO pacnpocTpaHeHUsi MOJIbI B BOJIHOBOJIE HaiiieM u3 ypaBHeHUs (7)

1/2 .
L= (kgal,ul -k’ - yz) . Hckirouas MOCTOSIHHYIO pacrpocTpaHeHus [ W3 ypaBHEHHIM
(8) u (9), morydaeM morepeyHbIe JEKPEMEHTHI BOJHOBBIX BEKTOPOB B 00MacTsX 2 u 3

a, =[k§(51,u1_52/12)_’(2_1/2]1/2’ (10)
a, = [kg(gl,ul — & lty) - K —yz]m. (11)

Pemenus cuctemsr ypaBuenuit (7)—(11) ompenensioT 3HAYCHUS KOMIIOHEHT
BOJIHOBBIX BEKTOPOB MOJ K, ), O,, A3 U [B COOTBETCTBYIOIIEH Moxbl. BonHoBO#HAs

Moaa nucye3act npu PaBCHCTBC HYJIIO IMOCTOSIHHOH pacrnpoCTpaHCHUuA

/2
b= (kgé’l M= qz)l =0, 10 ecTh IpH g, =k, (&‘hu1 )1/2, OTKY/1a HAXOJUM YaCTOTY OTCEYKH

_ 172
ot @, =cqlg4)"? , tae g, :(K2+yz) .
2. HEJIMHEWHBIE MO/JIbI ITIOJIOCKOBOI'O BOJTHOBOJIA

Paccmorpum  opmupoBaHME  HENMHEWHBIX MOJ|  IUIA3MOH-TIOJIIPUTOHOB B
MOJIOCKOBOM BOJTHOBOJE (pucC. 1). YpaBHEHHE 17151 DIEKTPUYECKOTO BEKTOPA, MOTYUEHHOE

U3  ypaBHCHWH  MakcBemia, HMEET  BHUJ 0°E - D(DE)+k§ HEE =0, Tnme
£ - &, TATX) (E;:Ex + E)Ey + E:EZ) — HENMHEHHAs JMDIICKTPUYECKash IMPOHMLIAEMOCTh
cpen I, 2 m 3, X(3) — AMANICKTPUYCCKAS BOCIPHUMYHMBOCTh TPETHETO NOPAAKA, L — M,

E ~ exp(—ia)t). [Tomaraem, 4TO AMDIEKTPUYECKAss NPOHUIAEMOCTh BOJHOBOJA €CIIH
U3MEHAETCS, TO IUIABHO, HAa PACCTOSHMAX IOPSAIKA IOJOBMHBI JUIMHBI BOJIHEI IIIa3MOH-
nossputoHoB, To ectb [U/n&=0. Torma u3 Teopemsl I'aycca Ui 3IEKTPUYECKOTO
BEKTOpa D(EE) = (DS)E + &JE =0 maxomum, uro LE = —(D In E)E =0. B sTom ciy4ae
YPaBHEHME JUIA DJIEKTPUYECKOTO BEKTOpPAa MOXHO NPEACTaBUTH B BHJE CUCTEMBI
YPAaBHEHHH JUISl €0 KOMIIOHEHT.

[IpencTarmsis pemieHUs CUCTEMBI YPaBHEHUH IJIS MTOJIOCKOBOTO BOJTHOBOZA B (hopMe
MOJI C MEJIJICHHO MEHSIOIIMMHUCS aMIUTATyAaMuU [6, 13-16]

1~ A o\ ~ _ - .
E; =ZEj (z)(e”“ +e ”“Xe’” +e ’W)exp(zﬂz), rae Ej(z) — IEHCTBUTEIBbHBIE AMILITUTYBI.

IIpeneGperas HECHHXPOHHBIMU TIPOCTPAHCTBEHHBIMU TapDMOHHKAMH ~ ¢™' > g ¢*?¥
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1 ~ A . A y
cnaraempix  EE, = e E? (2 +e T )(2 +e' ™M+ o7 ), NOJy4aeM  CHUCTEMY

ypaBHeHu#t 1t ammutyn moJ (Ipunoxenue b)

2

f+12,6’ ’+KE o ko)(E > E;=0, (12)

Jj'=x,y,2

dz*

e K2=k2 =k =2 = B k2 =k phe, . X =47 Xy j=x0.2
Cucremy ypaBHeHHMH (12) MOKHO TIPEICTaBUTh B BHJAC OJHOTO YpaBHEHUS IS

BEJIMUMUHBI [ = ZEJZ, MPONOPIHMOHAIBHON TIOTHOCTH 3Heprum mojs [ YMuHoxkas
Jj=xy.z

ypaBHCHHS CHCTEMBI (12) Ha COOTBETCTBYIOIIMC aMIUIMTYABI KOMIIOHCHT moiei E; u

CKJIaJibIBasA, MMOJIydacM YpaBHCHUC U1 HCIIPCPBIBHOI'O B036y)KZ[CHI/I$I BOJIHOBOJa

1d°1 =
—— tip— + K +— k xI* z), 13
e ipe o oX1* = £(2) (13)
rae fl(z) =y (dE I dz)2 . Vuureisas, 4TO B YpaBHEHUU (13)
Jj=x,y.z
k* = kg,u(e’('n +i£€1))5 k?+ik'* — KoMIUIEKCHas BENMYMHA, MOXHO pAa3leIHTh €ro

ﬂeﬁCTBHTCHBHyIO U MHUMYIO 4aCTH

ﬂ+21< e Lz =04 (), (14)
dz* 2
g k=0, (15)
dz

Pemenne nuHeiHOro ypaBHenua (15) [=1, exp(— K Hzﬁ_lz) XapaKTepu3yeT
JUCCHUTIALIMIO 3HEeprun npu pacrpoctpanenuu 111 Bmonb ocu BOTHOBOJA. AHATUTHYECKOE
pellleHde HeauHEeWHoro ypaBHeHus (14) wumeer ¢opMy KHOMIAIBHBIX BOJH —
MIEPUOANYECKUX HETMHEHHBIX BOJH, €CIHM Y4YeCTh MEIJICHHOCTh M3MEHEHHS aMIUTUTYHA U

npeHeOpeys MpaBoi YacThIO, MOJIaras (dE I% dz)2 - 0, (Ilpunoxenue B)

1 =&'cn2(¢,1€)+l;sn2(¢,l€), (16)
~ _ ~ 2— - ~

rme @ = 5 ¢ @ - k(;)( z1l, k= il li — MOIYJb 3JUIHNTHYECKOTO HHTErpaia
a-—c¢

neporo poma F (¢,k), NOCTOSIHHBIE ~ d,b,C  ONpENeNnsroTcs W3  ypaBHEHUH

Ghe =3p* /KX, Gb +bhE +ac =0, G+b+E=-6K2/kXX,
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2
=, 2 ~\7
P :(ﬂj +2K 213+%k§)‘(13, P, :—F(¢,k}~0. Bupn kHOMIaneHON BodHBEI (16)

dz ), Jai-¢

MIpEJICTaBIICH Ha pUC. 2.

Puc. 2. KHonznanbHast BonHa /(@) IIa3MOH-TIOJSPUTOHOB B TI0JIOCKOBOM BOJIHOBOZE (BCE

BEIMYMHBI HOpMHUpOBaHHbIe, d =0.9, b =0. 3, k= 0.97)

lpn b O wmomyms k — 1, cn2(¢,g) - cosh_z((D), sn2(¢,;) - tanh2(¢), u
IJIOTHOCTB HEPIUH ONPEENSAETCS COOTHOIEHHEM

I :(a—E)cosh‘2(¢)+E. (17)

U3 BeIpaxkenus (17) cinemyeT, 4YTO 9TOM 4aCTHOM CIIyuae COOTHOIIEHHS MapaMeTpoB

BOJIHOBOAA INIOTHOCTh DHEPTHUU ITJIAa3MOH-TIOJIAPUTOHOB y6I>IBaeT BJOJIb OCH BOJIHOBOJA 7z

TIPOMOPLHOHATBHO ~ cosh ™ (CD) naxe 0e3 ydera TUCCUTIAITNH.

W3 cpaBHeHus BbIpaXKEHMH Ui JMHelnHon moawl IIT 71, = ZEJZ ~exp(i2ﬁz)

j=x,y,z
(BbpakeHust (4)—(5)) w 1ig  HenuHeWHOW Moxmel [y, = ZE,Z ~cn(¢)+sn(¢)
j=x,y,z<

(Beipaxkenue (16)) ciemyeT, 9TO B HEIMHEHHOM PEXUME MPOUCXOIIT aHTApMOHUICCKUE
mynscaruu wiotHoctd 3Hepruu [II1 Bmome ocu BoaHOBOAa (puc.2) B OTIIMYUE OT
TapMOHUYECKOTO W3MEHCHHS IUIOTHOCTH DHEPrUM B JIMHEHHOM pexume. llepuon
nynbcauuil miotHoctH 3Hepruu IIII ~7,, 3aBUCUT OT BEIUYUHBI JUINIEKTPUUECKOM

BOCIIPHUMYHBOCTH ~ X(;) BOIHOBOZA. OTOT 3¢dexkT aHaJoru4eH BO30YKICHHIO U

TpaHchOpMaLU HEIMHEHHBIX MOl B ONTHYECKOM BOJIOKHE [15, 16].
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3. AMITYJIbChI B HEJTMHEMHOM ITOJIOCKOBOM BOJIHOBO/IE

Paccmorpum nunamuky ummnynsca [111 B HenrHEHHOM MOJI0CKOBOM BOJIHOBOAE. [Ipu
pacrpocTpaHeHUH WMITYJIHCOB B HEIWHEHHOM II0JIOCKOBOM BOJIHOBOAEC HEOOXOIMMO
YUUTBIBATh HEJIMHEHHBIM OTKIMK  CpEbl E(t), 3aBHCAIIMN OT BpeMeHH [6].
PacnipocTpaHeHne WMIyJILCOB B TIOJIOCKOBOM BOJIHOBOAE C YYETOM HEITHHEHHBIX
3¢ ()eKTOB MOXKET OBITh ONMUCAHO C MOMOIIBID YPAaBHEHUS JUIS JJIEKTPUUECKOTO BEKTOpA

1 0°suE -

0°E ——2—'L21 =0, e € > €, + X1 (t) HESIBHO 3aBUCHUT OT BPEMEH 4Y€pe3 MEIJICHHO
c” ot

MCHSIIOIMECST BO BPEMCHU aMILIUTYIbl E; (t,z) KOMITIOHEHT 3JEKTPUYECKOT0 BEKTOpa

E; :iﬁj (t,z)(e““ +e Xe’w + e_i”’)exp(i,ﬁz - ia)t) .

W3 maGopaTtopHO CHUCTEMBI OTCUETa IEpeiiicM B TMOIBIKHYIO CHCTEMY OTCYETa C
MOMOIIIBIO BBEJICHUS «CMEIEHHOTO BpeMeHu» I =ft—z/v, tae v=da/dk =const —
CKOPOCTb HMITyJIbCa. CkopocThb UMIYJIbCa OTpeaeITuM Kak

-1
V= (dk/ da))_1 = c[ ,ug&l) (1 +dlin 8('1) / 2da))} . Torma mojydaeM YypaBHEHHE [UIs

UMITYJILCHOTO BO30YxeHus BonHoBoAa (I[Ipunoxenue )

d’I ary  dl -
(I_QII)P_“Z(EJ _“3E+“41+0512:2fz, (18)

. -1 , -1 ., ) -1
rae a, = kX[ 1 _ kgg(l) a, = kx| 1 _ kg‘g(l) @ = 2k§£(l) 1 k025(1)
1 40.)2 V2 a)z H 2 26()2 vz a)z 5 3 W v2 a)z ,

-1 -1 -1
—.[1 ki 1, (1 kg Y B =
ZK[_7<>J | aﬁakgx(v_z_o?ﬂ . f[_7<>] B

BEpLIMHBI UMITYJIbCa IPHU dE ;/dr -~ 0 n3 (18) momyyaeM ypaBHCHHE C HACBILICHHEM

HEJIMHEWMHOCTH /IS INIOTHOCTH OHEPrun UMIIyJbCa

d*I _ a0 +al” (19)
dr? al-1

B uyacTHOM ciy4ae, NpHM COOTHOIIEHHWH IapaMETPOB HUMITyJbCa M BOJHOBOJA
- 2
ln|all - 1| <<b'b, (all - 1) , pemenue ypasHeHus (19) umeet Bun (Ilpunoxenue [1)

)2 _
= 4b,G, —b; sinh(al\/gf+fo)+M (20)

2a,b, 2ab, ’
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a  q

a a a
4 5 — Y5
_2+_3 R bz__3,

1

—byIral, ~1|-b,(a1, ~ 1] =2by(a,]y -1), b =2
0
3. Ananus pemenus (20) MOKa3bIBAET, 4TO

ﬂf

rae G, :(dT
, Ty =arsinh
J 4,6, -52)"?

2b, (a1, —1)+b
UMITYJIbC, TIOJAHHBIA Ha BXOJ B HEJIMHEHHBIM ITOJIOCKOBBIM BOJHOBOI, BO30YyXaaeT

_ Al a, , 2as

by = 2[—2 T
a4

yJapHYIO BOJIHY, PacpOCTPaHAIONIYIOCA 110 BOJHOBOAY (puc. 3).

Puc. 3. Ynapuas Bonna [ (T), BO30YKICHHAS UMITYJIbCOM B ITOJIOCKOBOM BOJIHOBO/IC
(Bce BeIMYMHBI HOPMHUPOBAHHBIE)

Ecnu mioTHOCTE 3HEPTUU IUTa3MOH-TIOIIPUTOHHOTO UMITYJIbCa HE CIUIIKOM BEIHKa
a,] <<1, 1 HachllleHUs HEIMHEHHOCTH HE BO3HMKAET, TO BOJIM3M BEPILIUHBI MMITYJIbCa
2D

ypaBHeHue (18) MOXXHO MpeICTaBUTh B BUJIE
d’l
+a,d +a,l* =0 .

dr?
Pemenue ypaBuenus (21) umeet Bua (Ilpunoxenue E)
I =&'cn2(¢,l;)+ l;snz(cp,lg), (22)
Na-¢ 2a la-b  oe o, S o
rne @ @y —+|—T|, k= ——=, abc=3¢"/2ay, ab+bc+ac =0,
2 3 a-—c
2
dl 2, 2a5 3 2 ~llo
+a,l; + I, @, =——=F\9, J4 ]
4l 0 0 m (

a+b+c=

—3a,/2as,
BhIpaxkeHHs (22) CIIeyeT, YTO UMITYJILC, TIOJaHHBII Ha BXOJ BOJIHOBOJIA, B O0IIIEM clydae
HE COXpaHsSET CBOIO (hOpMy, HO BO30YXkTAa€T B BOJHOBOJC HEITMHECWHBIC BOJIHBL.
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[Ipu coorHomenun mapamerpoB b [Ic, k — 1, Il ummynsc pacnpoctpaHseTcs B
HEJIMHEWHOM TI0JIOCKOBOM BOJIHOBOJIE B (JOpPME COJIMTOHA € TbeecTanoM (puc. 4)

1=(d -5 )cosh™(@)+5 . (23)

Puc. 4. I1na3MOH-TONIApUTOHHBIN UMITYJIbC [ (CD) B IIOJIOCKOBOM BOJIHOBOJZIE

(Bce BeMYMHBI HOPMUPOBaHHbIC, d =3,b =1)

Jia peanuzanuu pekuma paclpOoCTPaHEHUs] COJUTOHHOIO MMITYJIbCA MapaMeTphl
MMIyTbca ¥ BOTHOBOJAA JIOJKHBI YHOBIETBOPATH ypaBHeHMAM ab’ =3&°/2as,

a+2b=-3a,/2as. Torna a=-2b —-3a,/2as, a b onpenensercs 1eHCTBUTEILHBIMH
pELICHUAMH KyOMYHOTO ypaBHEHHEM

b* +(3a,/4a5)b? +3E /4as = 0. (24)

Habop KOpHEH YpaBHEHUs (24) AMEET BHJ I;I =AtA,,

o=l W3+ fila] 2. ha=lar2ey0)”,

q=20a,/4a;,) /27 +3& /4as, p=-(3a,/4a5) /3, Q=p*/2T1+4*/4.
3AKJTIOYEHUE

JluHeiitHbIE MOABI TOJIOCKOBOTO  BOJHOBOJA  PAclpoOCTpaHAoTcs B ¢opme
rapMOHMYECKHX BOJH. [Ipu 3TOM momepedHasi CTpYKTypa JIMHEWHBIX MOJ] OINUCHIBACTCS
MPOU3BEACHUEM CHHYCOB M KOCHHYCOB C YHCIOM MaKCUMyMOB M MHUHHUMYMOB,
3aBUCSIIUM OT MONEPEYHBIX PAa3MEPOB, AUICKTPUUECKON U MArHUTHON MPOHUIIAEMOCTEN
BOJIHOBO/I.
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HenuneliHpie MOMBI TOJIOCKOBOTO BOJIHOBOJIA PAaCHpPOCTPAHSIOTCS B (opme
KHOUJAJBHBIX BOJH, TEPHOJ KOTOPBIX 3aBUCHUT OT HEIMHEWHOW IHAIEKTPHUIECKOMN
BOCIIPUUMYHBOCTH TPETHETO TOpPSIAKA Cpeapl BomHOBOAAa. lIpm 3ToM momepedHas
CTPYKTypa HEITUHEHHBIX MOJI MOXET OBITh anmnmpOKCUMHUpPOBaHA IPOU3BEICHUEM
rapMOHHYECKUX (PyHKINH, echu mIoTHOCTh sHeprun mois [1I1 He cnumkom Benuka, 1 HeT
HEOOXOJUMOCTH YYUTHIBATh HENMHEHHbIE SPQEKTHl B IMOMEPEYHOM TIOJE MO, UYTO
00BIYHO pean3yeTcs Ha MPaKTUKE.

NmnynscHOE BO30YKIEeHME TIOJOCKOBOTO BOJIHOBO/IA TTPUBOUT K BOSHUKHOBEHUIO B
HeM KHOWUJANbHBIX BOJH 111, 100 COMMTOHHOTO UMITYIIBCA C MBENECTATIOM, YTO 3aBUCHUT
OT COOTHOIIICHHS MapaMeTPOB BO30YKIAIOIIETO UMITYJIbCA U BOJTHOBO/IA.

HHPUJIOKEHHE A

VYpauenuss MakcBemra [IxH = c'@E/0t, OxE= —c_l,uc?H/ Of I JUHEHHBIX
MOJI BOIHOBOJA ~ exp(i,Bz =i a)t) HMEIOT BUJI

0H, . e 0E, . _.wu
ay _lﬁHy —_ITEX, ay _lﬂEy —ITHX,
_aHz +i,3HX=—i£E,, —ai+iﬂEx=i%H,, (A.1)
Ox c Ox c
oH
v _OH,__,aE . OF, OE, _, oty
ox 0Oy c ° ox 0Oy c

W3 cucremsl ypaBHeHu# (A.1) moiydaeMm BBIpa)KE€HUs AJS MONEPEUYHBIX KOMIIOHEHT
nos [l E,E, w H ,H,,

* 0 0 0 0.
q X y y (A2)
i oE 0H I oE 0H

E =4 S —kuSs |, H, = ke e+ p 2|,

Yog? ('B dy o Ox J Y qz( o ox p dy J

e q°> =kj&u— 3% . JIng NpoaoIbHEIX KOMIIOHEHT MOJs E. n H_ nomydaeMm ypaBHEHHs

d>  d’ E,
it )

B BOJIHOBOAC pCHICHUA JI1 MPOAOJBHBIX  KOMIIOHCHT {Ez , Hz} — w(x, y)

BTOPOTO TIOPSIKA

npeIcTaBUM B (akTOPH30BaHHOUW (opme (x, y) =X (x)Y(y). Torga u3 ypaBHeHUS
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2 2 2
d +d—+q =0 nomywyaeM [Ba ypaBHEHHS X +Kk°X =0 u —+yzY 0,
dx*  dy* dx*

rie K° + ) =¢°. Obuiye peleHus 5THX YPaBHEHUH UMEIOT BUJL
X =A sin(Kx) + B, cos(l(x),
Y=A4, sin(yy) +B, cos(yy).

[IpeacTaBum yacTHbIC pelieHUs Y A MPOAOIBHBIX KOMIOHEHT IOJIA B BOJIHOBOJE
B BHUJIE

(A.4)

Wss (x.y) = Asin{rx)sin(s). (A.5)

C( X,y ) = Asin(l(x)cos(yy), (A.6)
t//cs( x,y) = Acos(kx)sin(ps) (A7)
Yee (x, y) = Acos(/(x)cos(yy). (A.8)

IIpupaBHUBasi COOTBETCTBYIOIIME KOMIIOHEHTHI TMOJIEH MOJI Ha BEpXHEW TpaHHIlE, a
TaKKe Ha HIDKHEH TpaHHIle BOJHOBOJA, M COOTBETCTBYIOIIMX oOJacTel, moiaydaeM
YPaBHEHMs JUI aMIUIMTy[ monel. IIpupaBHuBasg KOMIOHEHTHI Mojed E, Ha TpaHMIax
BOJIHOBOZA: B ToYke x=a,y =0, A cos(Ka) =A, exp(— aza), u B Touke x=0,y=b,
A cos(yb) =A, exp(— azb), [OJIy4aeM XapaKTEPUCTUYECKOE YPAaBHEHHE JJISl MONEPEUHBIX
KOMIIOHEHT BOJTHOBBIX BEKTOPOB YETHOW MOJIBI

cos\ka
(ka) _ expla, (b-d)]. (A.9)
cos(yb)
[lpupaBHuBas KOMIIOHEHTBI TMOJEH Ha rpanuiax: E, B Touke x=a,y=0,
K a
5 By sin(ka)= p, ~2 B, exp(-a,a),  m E, B TOUYKE x=-a,y=0,
1 9,
K . . _a,
U— B, szn(Ka) =l — B, exp(— a'3a), MOJTy4aeM XapaKTePUCTHYECKOE ypaBHEHHE
1 q;
0,45
P20 = oxpl(a, -y )a). (A.10)
K059
NPUJIIOKEHUE b

BexropHoe ypaBHEHHE DZE—D(DE)+k§/J£E=O MPEJCTaBUM B BHJIE CHCTEMBI
ypaBHEHUI
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0’E; 0°E; O’E, [
I+ + I+

2,125 * —
oy kK +k X ZEj,Ej,JEj-o, (B.1)

J'=xy.z

rae k2=k§,u<€(1), )_(=4IZU)((3), j=x,y,z. Pemienns cucremsl ypaBHeHuid (b.1) mis

IIOJIOCKOBOI'O BOJIHOBOJA B (bopMe Mo C MCIJICHHO MCHAIOMIMMHUCA aMIUIUTydaMUu

— 1 ~ ( iKkx —inX iy —iyy) . - o
Ej —ZE]-(Z)E +e e” te exp(l,é’z), e Ej(Z) — AOCUCTBUTCIIBHBIC aMILIMTYIbI.

Torza, npeHeGperas HECHHXPOHHBIMH MPOCTPAHCTBEHHBIMU FAPMOHHUKAMH ~ ™ 2% ¢*12/
B cnaraembix EE; = %E (2 + el oI )(2 +e'?¥ + e_iZ”'), u3 (B.1) nonyyaem cucremy
YpaBHEHUH I aMIUTUTY I MOJ
d’E. LT
/ +12,8 E +— ! ko)(E ZE =0, (b.2)
dZ dz Jj'=xy,z
e K =k>-K> -y =B
MNPUJIIOKEHUE B
d’I
[IpencraBum  ypaBHEHUE (14) el + 2K T+— k0 x> =0 B ¢dopme
z
1d(d
2K T +— k Xl |—=0, u MIPOUHTETPUPYEM ero
2dz(dzj ( oA jdz P PPy
dry __tly=2 2572 .
_[d ) —J AK “I +kyxI~ (I, HaxO0JIUM TIePBBIi HWHTETrpa
I, < Iy
2
ary _[dr =-2K I’ —lkg)_(l3 +2I?21§ +lk§)_(lg. Bropo#t uHTerpan ypaBHEHUS
dz dz ), 3 3
! di
WIIEM B BHAC OJUIMNTUYECKOrO HHTETpaia J. — 7 =2, The
I (p2 2K 1% = kg xI’ /3)
p’= (%) +2K 2 +%k§)_(13 . IIpencTaBuM 2JUIMNITUYECKUAN UHTErPaAl B BUIE
ZJo
j dl f dl _|kx .
ia-06-1)e-1)" #a-16-1)e-1)" 3
riae (a I (b I)(c —-1)=3p*/k;x - 6K 2I*/kix -1, a TmocTosHHBIE ab,c
OTIPEIENISIOTCS u3 ypaBHCHU I abc =3 pirkiX, b +b&+ac =0,
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~ = _ 2 - kz)_(
d+b+¢=-6K*/kiy. UNurerpupys, mHonydaem F\g,k|=¢ —wfo—z, rae
oX pupy yd \/ﬁ ( ) o 3

2

~ . . la-1 ~ a-b

F\@,k | — snimnrudecknii WHTErpan mepBOro poxpa, @ =arcsin,—-=, k = |———

a-b a-—-c

MOJIYJIb SJUTUOTUYCCKOTO HWHTErpana, a>x>b>c
1y

dl 2

~\/y
b= |- — ~ — = iz F(¢’kla . OOpamas >1IMNTHYECKHI MHTErpal,
al(a—])(b—l)(c—l)] a-c
~—7 ~ =~ 2y
T0JTy4aeM ¢= f Py =sn %[% - 03X z],k , OTKyJa HaXOIUM
q-

1 =5cn2(¢,g)+gsn2(¢,g), roe @ = a-¢ £¢0 - kg)_(z}

2 3
NPUJIOKEHUE I
[IpeneOperass HECHHXPOHHBIMH TPOCTPAHCTBEHHBIMH TaPMOHHKAMHU ~ et gt
2
U3 BeKTOpHOTo ypasHerus [1°E _iza(;é‘_/;lE =0 mosyyaeM CHCTEMY ypaBHEHUI
¢ t
2 1 2 2 I~ 2 I~
0 Ej _kOE(l) 0 Ej +i2ﬂan +i2k0€(1) an +I?2E:.
> o ort 0z w o /
23 327 2— aE' 2— -
_koXa_ij_zkoXa_I it koXﬂEj (T.1)
407 Ot 4ar 0t Ot 4w Ot
>y 9°E, >y OE, -
BV Rl B L G R VS )
407 Ot 4w Ot 4

Ej " CKIIaJAbIBasd, IMOJy4acM YPaBHCHHUE JIA IIJIOTHOCTHU SHEPIUHM ILIa3MOH-TIOJIAPUTOHOB

B BUIIE

rae j=x,y,z. YMHO)as ypaBHeHUs cucTeMbl (I'.1) Ha COOTBETCTBYIOUIME AMIUIATYAbBI
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. 0’E, 2 ¥ \~ 0°E,
E—L-"9lg +Z1|E. !
j=xz,y,z|: J 622 af( (1) 4 j J at2

sz =
vl Lt O ey (T.2)
0z w Ot
k2x %1 kg)—((azjz k2x oI )
- (KX [OL) | ko X O Lios
407 0 4 “awor a0X

[IpencraBuM  mepBoe  crlaraeMoe C cyMMoﬁ B ypaBHeHun (I".2) B
VE, K Xz OF | 1[0 & X )01
ey +41 |E—* &y t+4
BUC _%Z[ j az a)z( (1) 4 ] Jj 6t2 aZ 6()2( (1) 4 ]a fZ( )

~ \2 ~ N2
oE 2 Y .\ OF;
rue f, (z) = > [—’J —%(5(1) +%I j{—’} , Torna ypasaenue (I'.2) npuaumaer

j7xyz|\ 02 01
BH]I

ﬂ_ﬁ(€(1)+iljﬂ+ 2[3 LOLY Sy
2

612 a)z 24 o> w 0t C3)
kix 0°1 ko)_((alj 0)(61 22

X O K X[OTT ek X Oy 1 pavye =y
27 0 202\ ar)  dwor 2 £e)

[epeiiieM B MONBMKHYIO CHCTEMY OTCYETa C TIOMOIIBIO BBEJICHUS «CMEIICHHOTO
BpeMeHn» T =t—z/v,tne v=da/dk =const — CKOPOCTh UMITyJIbca. Torma ypaBHEHHE
(I'.3) mpuHUMAET BU

2 v 2 2k
[L_k_o(f(l)ﬁ—xlﬂﬂ—iﬁﬂ o dl ke

vioWr 4 dr’? v dr w dr
. T.4)
oX 3k0)_( dl 22
— I +— k 1-=2
2a)2( j 2w dr 0 X £

- N2

2 dE .

e fz(z):L—l2 ];)2(8(1) i( I ﬂ A_Z [d—rjj . PazgenuM nmelicTBUTENHHBIE U MHUMBIC
J=x,y,2

yacTu B ypaBHeHnH (I'.4), moydaem 1Ba ypaBHEHUS

kien \d?1  2kig =
[L_ 0 (1)Jd L _2Roé& dl | oy

vi o o |dr? w dr
(T.5)
3k X , d°I koz)_((dlj .
- ) e = —k 2=2
4 dr* 20 \dr oX £
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ke d’1 {kéf(') ﬁ}dl e

o dr’ w dr 6
3k2)_(d1

L=
e £ (2).

VYpaBuenue (I'.5) omuchiBaeT OTUHAMUKY IUIOTHOCTH HEPTHHU HMITYJIbCA IIa3MOH-
MOJIIPUTOHOB B HEJTMHEHHOM IIOJIOCKOBOM BOJTHOBOIE, a ypaBHeHHE (I'.6) XapakTepusyer
JIACCHUTIAIIAIO SHEPTHH UMITYJIbCA TIPH PACTIPOCTPAHEHUH €0 BJIOJIb BOJTHOBO/IA.

HPUJIOKEHHUE [

[IpencraBum ypasaenue (19)

d’l _a,I+a,l’

ar*  al-1
B popme
d(dIY _adtasl” dI
dr\dr al-1 dr
roldry Lol 1%dr
U IPOUHTErpUpPYeEM ero (d| — | =2a +2a. | ———, moiy4aem
P PPy ,I (dr 4,’[5111 -1 5,{a11—1 v

dayY (diY _2
CAREAFET TR I R I |

OTcroma HaXoANM TIEPBBIN HHTETPaN ypaBHEHUS

(ﬂj —2[a4 +—Jln|a11 1|+ - (5111 1) +2(a4 +2a5J(a11 1)
a

dr a, q i 4  q

2
rie G, [;ﬂj 2[a;+a5Jln|all —1|

T )y a  q 1 a a

(all -1) —2( a; + 26;5 J(all0 ~1). Bropoit
a

X -1/2
WHTETpal ypaBHEHUS HMEET BH]I _[ (bl ln|X | +b,X 2 +b, X +G0) dX =aT, rne
Xo

2
X=aql-1, b= 2[61—‘2‘ +a—§J, b, =%, by = 2[61—‘2‘ +%J. [lepenmmem wuHTETpan B
1 1 1 1 1

bopme )Jg(ln|X| +b'b,X* +b'b,X +b1_1G0)_1/2dX =a1\/b_1r U IpeHeOpexeM ln|X| 1o
Xy
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CpaBHCHUIO C OCTaJIbHBIMHU cl1araCMbIMH o1 KOpHEM, HaxoJuM HUHTCTpal

X - b + X
J'(bl_lbzX +b b X +b1_1G0) V2ax =2 are sinhzb#bﬂ2 . Torma momy4aem
% b, l4n,G, -2) " 1%
2b,X + 2 I,-1)+
arc sinh—22X +bs = =an[b,T+1,, THe T, =arcsinh LACHA )1/133 , TO €CTb
(4b G, b2) 4b,G, —b§)
pemenue ypaBHEHHUSI B JIAHHOM NPHOIMKEHAN MMeeT BU]I
( B 2)1/2 B
1= 36,6y, = b3 sinh(al\/ZT + T0)+ 2b,=by .
2a,b, 2a,b,
MNPUJIOKEHUE E

Ypasuenue (21)

2
ﬂ+a4l+a512 =0
dr’

2
Ll (o +ar?) L =0,
2dr dr dz

2
1 2
NPOMHTETPUPYEM M HAXOAUM TEPBBI HHTETpa (dd_j =-a,l’ —%I S+ &2,
r

npeacTaBuM B hopme

2 dl 2, 205 3 .
& = d_ +a,dj+ TIO . Bropoii unterpan ypaBHeHHUS UIIEM B BUJIE€ DJTUNITUYECKOTO
ZJo

1 dl
HHTErpana I (

& —a,0*-2a5°/3)"

=T, TOrHa MoJIy9acm

j dl I dl __ [|2as
al (b I)(c— J/Z la I(b I)(c— J1/2 307
rie (@-1)p- 1)(c —1)=38/2a - 3a,1*/ 2as - I, Ghe =38/ 2a;,
b +b& +ac =0, +b+¢ = —3a,/2as. HuTerpupys MOJIy4acMm
2 ~ [2
—F (¢,k)= P — ;5 T, tne F (¢ k) — DIUMITHYECKHH HWHTErpaj MEPBOrO poja,
a-c
la-1 ~_l|a-b - >
=aresin, | — ik k =,|—— — MOIyJb DUIMNITHICCKOTO WHTETpaia, d >x>b >,
a- a-c
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2 ~Y/o
¢, =——=F (b,lcl~ . Obpamas ITUNTHYECKUI UHTErpai, OJIy4aeM
O Ja-¢ ( a
9= a _{. = s Y€ @, — %T k|, OTKyJa HaXOJIUM
a-b 2 3
~ ~\ ~ ~ a-c 2
I=acn’ CD,k)+bsn2(CD,k), rae @ = a2 < @, — %
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LINEAR AND NONLINEAR MODES OF STRIP WAVEGUIDE

Pereskokov V. S., Dzedolik | . V.*
Physics and Technology I nstitute, V. |. Vernadsky Crimean Federal University, Simferopol 295007,
Russia
*E-mail: igor.dzedolik@cfuv.ru

Linear and nonlinear plasmon polariton modes of a metal strip waveguide that located on
a dielectric substrate are studied theoretically. Continuous-wave and pulsed operations are
considered.

Keywords. strip waveguide, plasmon polariton linear and nonlinear modes, plasmon
polariton pulse.
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VJIK 537.874
PAINONIOTJIOINAIOIIAS CTPYKTYPA HA OCHOBE PE3UCTUBHO-
EMKOCTHBIX IIVIEHOK

Ilonomapenko B. H.* , Jlazynoe H. M., Bampaxoe I1. A.

Qusuxo-mexnuueckuit  uncmumym,  Kpoimckuit  gedepansuviit  ynusepcumem — umenu
B.H. Bepnaockozo, Cumghepononv 295007, Poccus
*E-mail: vponom@gmail.com

Ha ocHoBe nudpakinOHHO-KBAa3HCTaTHYECKOTO II0JX0/a MOJTy4YEHbl YacTOTHbIE 3aBUCHMOCTH, B JHAINa30HE
CBEPXBBICOKHX 4acTOT, 3()(EKTHBHOIO ITOBEPXHOCTHOTO CONPOTHUBICHUS U 3(PEKTUBHON IHAIEKTPUYECKOM
MIPOHMLIAEMOCTU AJIS CTPYKTYPHl U3 PE3UCTUBHO-EMKOCTHBIX JICHT M JUINIEKTpudeckux cioes. IIposenena
YaCTOTHAsI ONTHMHM3AINS KOY(PPHUIMEHTa OTPAKCHUS OT UCCIIELyeMOoil CTpyKTyphl. [lokazaHO IpenMyIecTBo
JaHHOM CTPYKTYpHI, IO CPaBHEHHIO CO CTPYKTypOH W3 YHCTO PE3UCTUBHBIX IUICHOK, NIPH pa3paboTke
pasuoNnONIOMAOIINX MaTEPHATIOB.

Knrouesvie cnoea: paavionorionalomue CTPYKTYpbl, KOMIIO3HLMOHHBIE MaTrepuaibl, Kod(duuueHTt
OTpakeHHsI.

PACS: 41.20.Jb

BBEJIEHUE

[lormoTtuTenn SNEKTPOMAarHWTHBIX BOJIH MIMPOKO TMPUMEHAIOTCS B TEXHHUKE
CBEPXBBICOKMX YacTOT IS PaTUOMAcCKHPOBKH OOBEKTOB, 000pyZOBaHHS O0E33XOBBIX
kamep u Jgpyrux quemed [1,2]. OgHUM U3 TPaAMLMOHHO  IPHUMEHAEMBIX
PaMONOTIONIAIOIINX MAaTepUANIOB SIBJISIIOTCS PE3UCTUBHBbIE TIeHKH [3]. B wacTHOCTH,
pEe3UCTHBHAs TUIEHKA MPHUMEHSETCS B YETBEPTHBOJIHOBOM CJIO€, CTaBIIeM Hamboiee
paHHEe#W  peanm3anueldl  pPaJAMONOIIIOTHTENS,  JKPaHUPYIOMIETO  METaUIMYECKYIO
MOBEPXHOCTh. bojiee IMPOKOMOJOCHBIMH, TIO CpPaBHEHHIO C YETBEPTHBOJIHOBHIM
MOTJIOTUTENIEM, SIBIAIOTCS MHOTOCIIOMHBIE CTPYKTYPBI, COCTOSIIHE M3 HECKOJIBKHX
PE3UCTUBHBIX IUICHOK pa3HBIX HOMHHAJOB, pa3fClieHHBIX  JAMIICKTPUYCCKUMHU
npocioiikamu [4].

Kak mokazano B [5], ecim TOMEIIEHHYI0 B TIEPEMEHHOE JJICKTPHUCCKOE IIOJIe C
[UKIUYECKOM YacTOTOM (0 TIUIOCKYH PE3UCTHUBHYIO IUICHKY C IOBEPXHOCTHBIM
COIMPOTHUBIICHUEM P PA3CIUTh Ha OTJCNBHEIC JICHTHI, pUC. |, C IIMPUHOW 2b, TOCTATOYHO
MaJIol 1O CpPaBHEHUIO C JJWHOW BOJHBI, TO TPU HANpPaBIECHUU TMOJS BJOJb OCH Y
3 dexTuBHOE TOBepXHOCTHOE compoTtuBiaeHue (DIIC) Takoi CTPYKTYPHI CTaHOBUTCS
KOMIUICKCHBIM p g =p' +ip" , IpHOOpeTas EMKOCTHYIO KOMIIOHCHTY.
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Puc. 1. Ilmockas pemreTka u3 pe3UCTUBHBIX JICHT, OCCKOHEUHAs B HaINpaBiIeHUsIX X, Y

B03MOXXHOCTh BapbUpOBaHUSI 3HAYCHUI p' U p" PE3UCTUBHO-EMKOCTHOH IICHKH

(PEII), myTemM m3MeHEHUs MapaMeTpoB P, b, h pacIIupsieT, M0 CPaBHEHHIO CO CIDIONTHOM
IUICHKOW, 00Jamaromeil 4YncTo OMHUYECKHM  TIOBEPXHOCTHBIM  COINPOTUBIICHUEM,
BO3MOXXHOCTh BJIMSIHUSI Ha XapaKTepUCTUKH HCKYCCTBEHHBIX nudnekTpukoB (M) u
PagUOTIOTIIONMAOIINX  CTPYKTYp, comepxkammx PEIL. Tak, B [6-9] moka3aHbl
MPEUMYILIECTBa PATUOTOIIIOMIAIOIINX CTPYKTYP € HATUYUEM EMKOCTHOM KOMIIOHEHTBHI
MPOBOJUMOCTH, [0 CPABHEHUIO CO CTPYKTYpPaMHU, COACPKAITUMU PE3UCTUBHYIO TUICHKY.

Lensto  HacTosmedr  pabOTHI  SBISAETCA  MOJCIMPOBAHWE HA  OCHOBE
9JEKTPOJIMHAMUYECKUX PACUETOB MHOTOCIONHBIX CTPYKTYpP, COACPKAIIUX PE3UCTHUBHO-
€MKOCTHBIC TJICHKH.

1. ACKYCCTBEHHbI JIUJIEKTPUK

Hccnenyemast cTpykTypa, n3o0paxeHHas Ha puc. 2, IEPUOTUICCKAs C TIEPHOAOM 2b
mo ocu Y u OeckoHeuHas MO ocu X, COCTOMT W3 N pPEHICTOK PE3UCTUBHBIX JICHT

OJIMHAKOBOW MIUPUHBL, hi= hy=... = hy.;=h C TOBEPXHOCTHBIMU CONPOTUBICHUSIMU
Pi=P2=...=Pn=P, U N+ TUPNEKTPUUECKUX CIOEB C TOJIIUHAMU
_ _ _d _
dl—dNﬂ—d/ZN, d, _N’ n=2, ,N, ()

rae d — oOmas TonmuHa CTpYKTyphl. OTHOCHTENbHAS AUANEKTPHUYECKas MPOHULAEMOCTh
OURJICKTPUUECKUX CJIOEB OJMHAaKoBa M paBHa €. OrHocutenbHas dPQPeKTHBHAS
JudIeKTpuueckas npoHunaeMoctsb (3II) cTpyKTypsl Eer BBOAUTCS aHanorudHo [10]:
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i _(Ry-1)(R, -1 ,
(R #1)(R,+1) @

rae Ry > — komruiekcHbie KO3(DOUIMEHTH OTPKEHHS M0 aMILTUTYIIE MOJSPU30BAHHOM
BJIOJIb OCH Y BJIEKTPOMArHUTHOM BOJHBI, HOPMAJIBHO MaJarolleld Ha CTPYKTYypy pHc. 1,
pacnonoXKeHHYI0 Ha MeTainiaeckoM 3epkaie (R1) 1 Ha MmarHuTHOM 3epkane (Ry).

o 2b hy XY
A t >
Z d; &
Py o o | o o
d. £
h. 2
d B —_— o o

Puc. 2. CprKTypa 13 PE3UCTUBHO-CMKOCTHBIX PCHICTOK U JUIJICKTPUUCCKUX CJIOCB

3navyenust koapduuuenta orpaxkeHus (KO) BbYMCIAINCE MaTPUYHBIM METOJOM
[11], mpu 3TOM Kaxkaas pPE3UCTUBHO-EMKOCTHAs IUICHKA paccMaTpUBalach Kak CIOH
NmpeleNbHO  Mayoii  TommmHbl T << {d,} ¢ aOCONITHOH JUANIEKTPUICCKON
IPOHMIIAEMOCTBIO, paBHOK i (wtp)! [12]. DIIC pe3uCTUBHO-EMKOCTHOM ILIEHKH,
M300paXKeHHOU Ha puc. 1, BBIYUCISUIOCH IO hopMmymnam [S]:

TU
P =] 1+ ———— . 3)
Ab(2K+lnj
o
A=-2i0EEp, K=—gAb, a =1+cos(Th/b), @)

Te € — IUIJIEKTpHUIECKas MPOHUIIAEMOCTh BaKyyMa.

Ha puc. 3, 4 npuBeaeHsl 3aBUCUMOCTH OT AJIMHBI BOJIHBI BEIIECTBEHHOM U MHUMOMU
yacTel 3PPEKTUBHOrO MOBEPXHOCTHOTO COMPOTHUBIICHHS PE3UCTUBHO-EMKOCTHON TUICHKH
npu P = 100 OM, b = 5 MM, € = 4 1 pa3TMYHBIX BEIUYMHAX 3a30pa O MEXK/Ty JICHTAMH.
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Puc. 3. 3aBucumMocTh p :eff OT JJIMHBI BOJIHBI TPU PA3JIMYHBIX BCJIMUMHAX 3a30pa MCIKIY

aeHTaMu: 0= 0, »=0,5 MM, O3=1 MM, 1= 2 MM

n

Puc. 4. 3aBucumocts p !,

OT JJIMHBI BOJIHBI IPU PA3JIMYHBIX BCJIMUMHAX 3a30pa MCIKIY

aeHTaMu: 0;=0, »=0,5 MM, O3=1 MM, 1= 2 MM
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n

U3 PUCYHKOB BUJHO, YTO C YBCJIHMYCHUCM 3a30pa BO3PACTACT KaK p off

!
eff » TAK M p

(0T MUHUMAIBHBIX 3HaueHHd p', =1000M u p’; =0 mpu 0=0), mpuuem obe

e
KOMITOHEHTHI Peff BO3PACTAIOT C YBEIIUUYCHUEM AJIMHBI BOJIHBL.

Ha puc. 5, 6 mpuBeaeHB! 3aBUCUMOCTH OT JIJTMHBI BOJHBI BEIICCTBEHHOW W MHUMOM
yactet DIl mpu N=35, p;=1000m, i=1,2,...,N, €=4, d=15cMm, b=0,5¢cMm u
pa3IMYHBIX 3a30pax MEXIy JIEHTaMu. M3 pHCyHKOB BHIIHO, YTO, MEHS IINPHUHY 3a30pa,
MOJKHO BapbUPOBATh Peif B IIMPOKHUX Mpeenax.

C menpi0o TPOBEpKH afeKBaTHOCTH omnwucanus WMJ[ ¢ TakumMu mapamerpamu
3¢ GEKTUBHON IUAIEKTPUUECKON MPOHULIAEMOCTBIO (MPOLeAypa TOMOTEHH3ALUH) OBUIN
nposegensl pacyethl KO mo ammmryge R =R'+i/R" ¢ ucnomssosanuem DI mpu
PAacIoIOKEHUH CTPYKTYPBI Ha OECKOHEYHOM CJI0€ IURJIEKTPUKA C MPOHULIAEMOCTEIO € = 4,
a TaKKe CTPYKTYpHl ABOMHOW TOMMHBEI ¢ N = 10, pacrnoiokeHHOW Ha METaIIIMYECKOM
3epkane. CpaBHeHHe mMonmydeHHBIX 3HaueHHH KO co 3HadeHWsMH, BBIYMCIEHHBIMH W3
pelieHns 3a1aul OTPaXEHUs OT MHOTOCIOWHOM CTPYKTYpBI, MMOKa3aJl0 UX COBMAJECHUE C
rpaduyeckoii TOYHOCTHIO. B TO ke Bpems, NMpH yMEHBIICHWH Yucia N TOYHOCTh
TOMOTEHH3alN YMEHBIIIAeTCsl.

Ha pwuc. 7 npuBeneHsl it CTPYKTYpBI TOMmMEHON d =3 cM ¢ N =6 3HadeHus R;
KOMIUIEKCHOTO  KOX((UIIMEHTa OTPaXXCHUsI, BBIYMCICHHBIE W3 pCEHICHHUS 3aJadu
OTpaXEHUS OT MHOTOCJIOWHOHW CTPYKTYpHI, U 3HaueHUs R, koddduimeHTa oTpakeHus,
BBIYKCIICHHBIC IO 3HAUYCHUSAM Ecfr, IPUUEM IOCIEIHUE BBHIYUCISIUCH U3 PEIICHUS 3a1a4d
oTpaxenus npud=1,5cmc N=3.

1

Puc. 5. 3aBUCHMOCTD ¢!, OT JJIMHBI BOJHBI IIPH Pa3IMYHBIX BEJTMYMHAX 3a30pa MEKILY

aeHTaMu: O;=0, »=0,5 MM, O3=1 MM, 1= 2 MM
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Puc. 6. 3aBucumocts g

ot OT JUJIMHBI BOJIHBI IIPH PA3JIMYHBIX BEIMYIHMHAX 3a30pa MCKIY

aeHTaMu: 0= 0, »=0,5 MM, O3=1 MM, Os=2 MM

Puc. 7. 3aBucumocts koMnoHeHT KO 0T cTpyKTyphl, pacroioke€HHOM Ha MarHUTHOM
3epkaie, Ry 1 Ry oT JuIMHBI BOJTHBL, TPH Pa3nUYHOM KOJIMYECTBE PE3UCTUBHO-EMKOCTHBIX
pemetok, N=6,d =3 cm, p=100 Om, 0= 1 mm, b = 0,5 cm, € = 4: Ry — BEIYHCIIEHHBIE TTO
OTPaXKEHUIO OT CTPYKTYPHI; Ry — BEIYHMCIIEHHBIE OT CJIOS TOIIIHHON d = 3 ¢M ¢
3¢ (HeKTUBHOM NMPOHUIIAEMOCTBIO, HAMICHHON A1 CTPYKTYphl ¢ d = 1,5 ¢cMm, N =3
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U3 PUCYHKA BUJHO, YTO BCJIMYNHBI R, u R, 3aMeTHO oTInU4aroTCs, 4TO YKa3bIBaCT Ha
CHMXKCHHUE TOYHOCTHU 'OMOI'€HHU3alluU ¢ YMCHBIICHUEM YUCJIa IEPUOOOB CTPYKTYPBI.

2. PAIMONOIJIOINAOIIUE CTPYKTYPhBI

Ha puc. 8 npuBeeHbI 3aBUCUMOCTH OT JJTUHBI BOJHBI KO3 PUIHEHTa OTPasKEHUS T10
MOIITHOCTH Ry OT CTPYKTYpHI pHC. 2, PacloNoKeHHOW Ha METaNIMYeCKOM 3epKaje, Mpu
b =5 MM, TommuHe CTPpYKTYpel d =1 cm ¢ N =3 u tommuHe d = 1,5 cMmc N =4,

Puc. 8. 3aBucuMocTi Ry OT IITHHBI BOJTHBI IIPH PA3IMIHOM KOJIMYECTBE PE3UCTHBHO-
€MKOCTHBIX PEIIETOK JUISI ONTUMHU3UPOBAHHBIX CTPYKTYP, PACIIONOKEHHBIX Ha
MeTamnaeckoM 3epkaie: Ry —d=1c¢cm, 0=0, N=3,€=4,9, p1 = 380 Om, p, = 300 Owm,
P3=96 OM; Rmo—d=1,5cm,0=0,N=4,£=23, pi =773 Om, P2 =552 Om,
P3=449 Om, ps =481 OM; Rm3—b=0,5cm,d=1cm, 0=1 MM, N=3,€=1,7,
P1=360M, p2=310M, p3=360OM; Rms—b=0,5cm,d=1,5cm,0=1mm, N=4,
€=2,1,p1=1149 Om, p2 =372 OM, p3 =229 OM, ps = 172 Om

PaccmaTpuBanock HOpMalbHOE TAJICHUE JIEKTPOMArHUTHOW BOJIHBI HA CTPYKTYPY.
PacueTsl MPOBOAMINCH KaK Ui CIUIOMIHBIX TIeHOK (&= 0), Tak U i1 PE3UCTHBHO-
E€MKOCTHBIX TIEHOK (O = 1 MMm). [TuanekTprueckas MPOHUIIAEMOCTD € U 3HAUCHUS BETMIMH
pi, i=1,2,..., N, npuBeicHHbIE B MOJINWUCH K PHUCYHKY, BBIYUCIISUIUCh W3 PEIICHUA
METOJIOM  KOOpJAMHATHOTO cmycka [13] 3amaum  onTUMU3aluu, TPU  3TOM
MUHAMH3UPOBAJICS KPUTEPUH Rm max — MAKCHMAIIEHOE B BOJHOBOM JHAIa30HE 3HAYCHHE
Rym. C menpro HaxXOXACHHS TI00aTbHOTO MHUHHUMYMa Rmmax, BBIOMPANACH pa3IUIHBIC
HaYaJIbHBIC 3HAYCHUS TTapaMeTPOB [, E.
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W3 pucyHkoB BHIHO, UYTO CTPYKTYpbl C PpPE3UCTUBHO-EMKOCTHOM IUIEHKOH
00ecreurnBa0T HAMHOTO JIYYIIHHA KPUTEPHH ONTUMAIBHOCTH KaK MpHU ToMmuHE d = 1 cM,
tak U npu TomumHe d= 1,5 cm. Tak, crpykrypa TommumHOi d=1,5cMm ¢ 0= 1 mm,
b=5wMMm obecieunBaeT Rmmax = 8,9%, Torma kak CTpYKTypa TaKOW >K€ TOJIITUHBI CO
cromHbIMU wieHKamu (O = 0) umeeT Ry max = 14,5%.

3AKIIOYEHHUE

Ha ocHoBe pemeHus 3amauul OTpaXXEHUS DIEKTPOMArHUTHOM BOJHBI  OT
MHOTOCJIOMHON CTPYKTYpBI, COCTOSIIEH W3 YepeAyIoLIuXCs CIIOEB AUDICKTPUKA U
PE3UCTHUBHO-EMKOCTHBIX TUIEHOK, COCTABJICHHBIX M3 pa3felieHHBIX 3a30paMHU PE3UCTUBHBIX
JIEHT, PpAacIMONIOKEHHOW Ha HWAealbHO OTpaXalolmell IOBEpPXHOCTH, BBIYMCIICHA
¢ peKkTrBHAS NUAIEKTPUUYECKas IPOHUIIAEMOCTh HCKYCCTBEHHOTO MAHMAJICKTPUKA Ha
OCHOBE PE3UCTUBHO-EMKOCTHBIX IUIEHOK. B oTiauume oT npeminoxeHHoro B [10]
TUQPaKIMOHHOTO  TIOAXO0Ja K TOMOTCHHU3allMd HWCKYCCTBEHHOTO  JTUIJICKTPHKA,
MPUMEHEHHBI B  HACcTOsIIEH padoTe TMOAXOJ] MOXKHO OXapaKTepH30BaTh Kak
T PaKIIMOHHO-KBa3UCTATUICCKHM, MTOCKOJIBKY a¢dexTrBHOC MTOBEPXHOCTHOE
COTIPOTHBJICHHE PE3UCTHBHO-EMKOCTHBIX IUIEHOK BBIYHCISUIOCH B KBa3HCTATHYECKOM
NPHUOIMKEHNY HA OCHOBE W3BECTHOTO PEICHUS COOTBETCTBYHOIIEH 3amauu. [lokaszaHa
aJICKBATHOCTh MPOLEAYPHl TOMOTCHHU3AINUHY TPU JIOCTATOYHO OOJBIIOM KOJMYECTBE CIIOCB
M MaJlOCTH XapakTePHBIX pa3MEpPOB CTPYKTYpPHl MO CPaBHEHUIO C JJIMHON BOJHBEI.
ITokazaHo, 4TO pacCMOTPEHHBIN UCKYCCTBEHHBIN AUAICKTPUK UMEET XapaKkTep AUCIEPCUN
3¢ (HEeKTUBHON TUAIIEKTPUYSCKON MPOHUIIAEMOCTH, OJIATONPUATHBIA JJI €r0 MPUMEHCHUS
B PAJAMOIOTIIOMIAIOIINUX TOKPBITHSIX.

Pemena 3amada onTEMH3aMKA YaCTOTHOW 3aBUCHUMOCTH KO3 HUIIMEHTa OTpasKeHUs
HOPMAaJIbHO TAaJaroieil 3JeKTPOMArHUTHOM BOJHBI OT PaJUOMNOTIOUIAIONICH CTPYKTYpPhI
Ha OCHOBE PE3UCTUBHO-EMKOCTHBIX IJICHOK, PACIIONIOXKEHHOM Ha METAJUIMUYECKOM 3€pKalie.
[Tagarormmas BoHa MOJNSPU30BaHa TMOMEPEK Pe3NCTUBHBIX JIeHT. [lokazaHo cymiecTBeHHOE
MPEUMYIIECTBO TaKOM CTPYKTYpPHI IO CPABHEHHUIO C aHAJIOTMYHOU CTPYKTYpPOU Ha OCHOBE
YUCTO PE3UCTUBHBIX IUICHOK. PaccMoTpeHHass CTpyKTypa SIBISICTCS MOISPU3ALUOHHO
3aBucuMOi. OIHAKO BBHUIY MAJOCTH 3a30pPOB MEXAY JEHTaMHU CIEAyeT OXHAATh, YTO
KOO GUIMEHT OTPaXKCHHSI OT TaKOW CTPYKTYPhI JOCTATOYHO OJIM30K K KO3(D(QHUIUCHTY
OTpaXKEHUSl TOJSIPU3ALUOHHO-HE3aBUCUMOM CTPYKTYphl Ha OCHOBE PE3UCTHUBHBIX
KBaJpaToB, pAa3delICHHbIX MalbIMU 3a30paMH, TIOCKOJBKY 3a30pbl, MapajljieibHbIC
JIEKTPUIECKOMY BEKTOPY, HE Pa3MBIKAIOT TEKYIIIHE TI0 TUNIEHKAaM JJIEKTPHYECKHE TOKH.
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A RADAR ABSORBING STRUCTURE ON THE BASIS
OF RESISTANT-CAPACITIVE FILMS

Ponomarenko V. I.", Lagunov |. M., Batrakov P. A,

Ingtitute of Physics and Technology, V.I.Vernadsky Crimean Federal University, Simferopol
295007, Russia
“E-mail: vponom@gmail.com

On the basis of the diffraction-quasistatic approach, was obtained frequency dependences,
in the ultrahigh frequency range, effective surface resistance and effective dielectric
constant for a structure of resistive-capacitive tapes and dielectric layers. Was made
frequency optimization of the reflection coefficient from the structure. The advantage of
this structure made, in comparison with the structure of purely resistive films, in the
development of radio absorbing materials.

Keywords: radio-absorbing structures, composite materials, reflection coefficient.
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B 0030pHO#l cTaThe paccMOTPEHB! IPHHIMIBI MOAEIUPOBAHMS JJIEKTPOCTUMYJIALNH CHHHHOTO MO3Ta.
VYka3aHbl pa3nuuMs TNPEACTABICHHBIX MoOfeNeil Kak Ha ypOBHE OTHAEIBbHBIX MOJEIUPYEMBIX 3JIEMEHTOB
CMMHHOTO MO3ra, TaK M HAa ypPOBHE OTMAENbHBIX HEHpOHOB. IlokazaHo, 4TO COBpEMEHHBIE MOJEIH HE
YUYHUTBIBAIOT MOP(OIOrHYecKre 0COOEHHOCTH AOPCANbHBIX U BEHTPAIbHBIX 3JIeMeHTOB. YacTo popcalibHbIe U
BEHTPAJIbHbIE 3JIEMEHTHI MOTYT BOOOIIE OTCYTCTBOBATh B MOJEIH, KaK HECYILIECTBEHHBIE.

C TOuKM 3peHHUs OMOPH3MYECKOH MOAeIM HEWPOHOB IOKa3aHO, YTO OOJBLIMHCTBO MOJENEH HCIOIB3yeT
HEeCcTOXacTUUeCcKue MoJielH HeliponoB. Hanboee gyacTo ucnons3yeMbIMI MOJeTIME ABIstoTcst Mogenu CRSS
(Chin-Ritchie-Stagg-Sweeney) u MRG-neiipon (Mclntyre-Grill) B KOTOpBIX HCHOIB3YETCd HEKOTOPOE
YIPOIEHHOE MOJIEIMPOBAHHE AeiiCTBIE HOHHBIX KaHATOB. PAacCCMOTPEHBI CTOXAaCTHYECKHE MOJIEIH HEHPOHOB,
MOJICTIMPYIOIINE IIyM HOHHBIX KaHAJIOB.

Kniouesvle cnosa: 3neKTpoCTUMYIISILUS, SMUYypanbHas CTUMYJIALUS, HEHPOH, MOJIeNN HepoHa

PACS: 87.10.Kn
BBEJEHHE

OnextpoctTuMysanus (3C) CIMHHOIO MO3ra, K KOTOPOW OTHOCHUTCS 3MUAYypalibHas U
Yepe3KOXKHASI CTHMYJIALNS, SBISETCS TEPCIEKTHBHON METOIMKOW, MPUMEHSIOIENCS BO
MHOTHX c(hepax MeIUIIUHCKOM aesTenpHoCTH [1].

OparMy w3 Ham0oJee WHTCHCUBHO pa3BUBAIOMIMXCS obOnacteld mpumeHenus OC
SIBIISTIOTCS ITOJABJICHHC HepornaTuieckoi oomu [2-4] 3| JIBATATCIIbHAS
Helpopeadbmmrtanus [S5—11].

Uccnenoanus Heliponatudeckodt Oomm [12—15] w  cmoco0oOB  OCYIIECTBICHUS
JIBUTATEIHHOU HeWpopeaOmmmranyu [16—18] TecHO CBSA3aHBI ¢ MPOBEACHHUEM OCTPBIX
SKCIIEPUIMEHTOB Ha Pa3IMYHBIX JKUBOTHBIX MoAaemsx. CormacHO KaHOHAM JOKa3aTeIbHOU
MEMIIMHBI, BCE METOJIUKU TIepe]] BHEAPCHUEM B MPAKTUKY OJDKHBI allpOOMPOBATHCSA HA
monsax. OAHAKO TPU OTCYTCTBHUM JIOJDKHBIX TapaHTUN O€30MacHOCTH JUISL 30POBbS
MAIEeHTa 3TO COMPSDKEHO ¢ MHOXKECTBOM TPYIHOCTEH 3THYECKOTO XapaKTepa.

Kpome Toro, mpucyTrcTBYIOT TPYJHOCTH METOJIMYECKOIO XapakTepa JUisl pa3BUTHUS
UCCIEOBAaHUNM M TMOJHOTO HCHOJB30BAHMUS WX BHEIPEHUYECKOTO IMOTEHIIMANA,
00yCIIOBJICHHBIE WHJUBUIYaTbHBIMA (DU3HOJOTHYECKHMH DPAa3IHYUsIMH TAIlMEHTOB W
HEJOCTAaTOYHO XOPOIIUM COOTBETCTBHEM JKHBOTHBIX MOJEJEH HOIMIENTHBHOW CHCTEME
yenoBeka. Tak, B pabote [19] yka3piBaeTcs Ha pa3auuus B CTPOSHUH M OHOPU3NIECKUX
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CBOMCTBaxX TKaHEW y JIOAEH pa3IMYHOTO BO3pacTa W mona. B ciiydae OOphOBI C
HelponaTuyeckoil OONBI0 OTMEYaeTCs, YTO JKMBOTHBIE MOJENU IUIOXO IepenaroT
HOIIMLIENITUBHYIO CHCTEMY YeJIOBEKa, B YaCTHOCTH IS CIy4aeB XPOHHYECKUX Ooieit
CIIUHBI, CKEJICTHOMBIIICUHBIX OO0Jei, OoJiell BHYTPEHHHUX OpPraHOB, MUTPEHH M TIPOYUX
XPOHUYECKHUX 00JIEBBIX paccTpoiicTs [20]. JlaHHBIE OrpaHIYCHUS MOXKHO YaCTUIHO CHATD,
WCTIONB3YysI MOAEITUPOBAaHUE KaK OCHOBHON METOJ WHTEPIPETallid W MPOTHO3a Ha BCEX
JTamax MCCIEAOBATEIbCKOTO IMKJIA — OT Pa3BeNOYHOro (HAYaIBHOTO B OTHOIICHHUU
anpo0Oanyuy HOBOW TUMOTE3bl WM AKCIEPHUMEHTAIBHON METOAMKH) JI0 3BPUCTHYECKOTO
(MHTEpHIONSIIAY W IKCTPANOJSAIUH TIONYYEHHBIX JMIUPUYECKUX JAaHHBIX B OCTPBIX
JKCIICPUMEHTAX, TOCTPOSCHUM HAa WX OCHOBE SMIHUPUYECKUX JAHHBIX B OCTpPBIX
JKCIICPUMEHTaX, TOCTPOSCHUH HA X OCHOBE SMITUPUYECKUX MATEMATUICCKUX MOJIEICH).

C nmaganma 1980-x rr. OBUIO MOCTPOSHO MHOXKECTBO MOJIEICH, IPU3BAHHBIX OMHCAThH
MIPOIIECCHI, MIPOTEKAIOTITHE B HEPBHOI TKaHU pu 2C CITUHHOTO
Mmo3ra [21-23, 25, 26, 37, 39]. [lomydeHHble OMOGU3NYECKHE MOJEIH, Kak NpPaBUIIo,
ABISAIOTCS y3KOCTEIHAIN3NPOBAHHBIMU M CTPOWJINCH IO PE3yNbTaTaM 3KCIEPUMEHTOB
BO3/IEICTBHA Ha HEPBHYIO TKaHb. 3a4aCTYIO 3a/1a4¥ YHUBEPCAIHFHOCTH U 3BPUCTHYECKOTO
MOTCHITUAJIA MOJICITH JTAXKE HE CTaBST, MIOCKOJBKY, B 3aBUCIMOCTH OT THIIA MOJACIHPYEMOM
HEPBHOM TKaHH, UCTIONB3YIOTCSA pa3Hble MOJEIN HEHPOHOB [55].

JlaHHBIN 0030p CTAaBUT CBOCH I1EIBI0 CPOPMUPOBATH IPEICTABIICHHUE O COBPEMEHHBIX
METOJIUKaX OMO(PU3NIECKOTO MOJISITUPOBAHUS ANEKTPOCTUMYJISIIUN CIIMHHOTO Mo3ra. J{is
3TOro OBLI MPOBENEH TOUCK JMTEPATyphl B HAYYHBIX MOUCKOBBIX cucteMax PubMed u
Google Scholar.  beuto  mHaiimeno  cBeimmie 600 Thic.  craTeif,  MOCBAMIEHHBIX
SIEKTPOCTUMYIISALNU CIUHHOTO Mo3ra. M3 HUX ObUIM BBIOpAHBI CTAThH, 3aTPardBaroOIINe
MOJICTTMPOBAHHUE JJICKTPOCTUMYJISIIIUA CIHHHOTO MO3ra. M3 KOTOpBIX OBLIM BBIICICHBI
ob0mue  meromuku — Oumodmsmueckoro  mojenupoBanuss ~ OC,  ONUCAHHBIE B
COOTBETCTBYIOLINX METONWYECKHX cTaThsiX. CoJepaHWe 3TUX METOAMYECKHX cTaTeit
SIBJIICTCS TIpeAMETOM o0030pa B JaHHOW crathe. CTpyKTypa CTaThu OTpa)aer
JIOMHHUPYIOIINA B HACTOSINUHA MOMEHT KOMOWHUPOBaHHBIA TOJXO] K MOJCIUPOBAHUIO
JNEKTPOCTUMYIIALINU CIIMHHOTO Mo3ra. BHawane o030pa oOcykjgaeTcs NOCTaHOBKAa W
pemienne GU3NIECKON 3a7a9u pacpeIeIeHNs AIEKTPHUECKOTO TTOTEHIHAla BHEIITHETO TI0
OTHOIIICHUIO K CTUHHOMY MO3TY 3JIEKTPOMArHUTHOTO 1oJist. OTACITEHO OTOBapUBACTCS PsiT
VIPOIIEHUH B CYHMIECTBYIOIINX MOJEISIX T€OMETPHIECKON CTPYKTYpPHI CIIMHHOTO MO3Ta,
€ro JOpCalbHBIX W BEHTPaJbHBIX dJeMeHTOB. Criemom wuaér 0030p METOAMK
MOJICTIMPOBAHHUS HEPBHOW TKaHW Ha KJICTOYHOM YpPOBHE U OOCYKJCHHE OCOOSHHOCTEH
KOKIOH M3 HUX. B KOHIlE CTaThu NAIOTCA KPAaTKHE BBIBOJBI O CIOCO0AX YIyYIICHUS
CyIIecTBYIOmMUX Mozeieit DC CTMHHOTO MO3Ta.

1. TEOMETPUYECKHWE MOJIEJIM HEPBHBIX TKAHEN

Kak mpaBuiio, monenu DC SBASIOTCS THOPUAHBIMH, TO €CTh BKIIOYAIOT B CeOsl: a)
TCOMETPHUYECKYI0 MOJICNIb TKaHEH B HEKOTOpOM 00BEMe, 0) OMO(MU3NYECKYI0 MOJCIb
HEPBHBIX TKaHEH. |eoMeTpuueckwe MOACTH CIIyXaT IeHd ONPEACICHUS METOIOM
KOHEYHBIX 3JICMCHTOB 3HAYCHHUS AJICKTPUYECKOrO IOTCHIMANa BOJTM3U  COMEI
uHTepecyroe HeliponHoi nenu. CyTh METOa KOHEUHBIX DJIEMEHTOB 3aKIIOYAETCS B
pa3OnMeHny TIPOCTPAHCTBA MOJIEHM Ha MHOXKECTBO AUCKPETHBIX DJIEMEHTOB IMPOCTPAHCTBA
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(KOHEYHBIE JJIEMEHTHI), KaxXJblii W3 KOTOPHIX OJHOPOJCH IO CBOMM (U3NYCCKUM
cBoiictBaM. COBOKYNMHOCTh KOHEYHBIX DJIEMEHTOB, OOJIAJarOINX OJHUMH H TEMH XKeE
(bU3MYECKUMU CBOWCTBAMH, M, 00pa3yrollde HEMpepbIBHBIA 00BEM, 00pa3yrOT IOMEH.
Takum 00pa3oM, BO3MOXKHO CO37aTh NPHOMKEHHOE IUCKPETHOE OTOOpaskeHHe
HEMIPEPHIBHON TEOMETPUH pPEabHOH HEOMHOPOTHOW (DH3MIECKON CHCTEMBI Kak
COBOKYITHOCTH JOMEHOB. llocTaHoBKa ¢m3ndeckod 3amadu CBOAUTCS K (POPMyIHPOBKE
HAYaJbHBIX M TPAHUYHBIX YCIOBHM I Kaxkaoro nomeHa [36]. ITpumenutensHo k 3C,
(u3mueckoil  3amavel  SABISIETCS  DJIEKTPOMArHWTHAs — 3ajJada  pachpesesieHUs
3JIEKTPUIECKOTO TIOTEHITHANA @ B 00hEMe Mogenu (1). [IpocTpaHcTBeHHOE pacIipenesieHue
MPOBOJIMMOCTH ¢ M BOJIHOBBIX CBOWCTB &, (¢ TKaHEW ompenensercs popMoi U B3aMHBIM
PacloNIOKEHUEM OTJISNBHBIX (U3NYECKUX JIOMEHOB MOJENU. HavyalbHBEIMH yCIOBHSIMH
BBICTYIIA€T 3aKOH WM3MEHEHHUs MOTEHIMalla Ha CTUMYJIHUpYIoleM 3JiekTpoae Vac(2).
I'paHUYHBIME yCTOBHSIMH SIBJISIETCA 3aTyXaHHE MOTEHIMalla Ha OECKOHEYHOCTH, YTO B
PeaNBbHBIX MOJIEISIX 3a4aCTyr0 O3HAYaeT 3aTyxXaHKe MOTCHIIMAIa Ha TpaHUIax Mojaenu QQ, a
MOJACIUPYEMBINE 00BEM BBIOMpACTCS TaKUM O0pPa3oM, UTO pa3MEPhl MOJCTH SIBILSTFOTCS
3HAYHUTETHLHO OOJIBIIIE pa3MEPOB MOACIUPyeMOn obacTu uHTEpeca (3).

O JD¢+£0£%D¢ =0, (1)
$=V, (). @)
$(Q)=0. (3)

Ha ocHOBaHmm pemeHus DSIEKTPOMAarHWTHOW 3aJadyd  JeNaeTcsl BBIBOA O
BO3MOXKHOCTHU BO30Yy>KIEHUH HEPBHBIX TKaHed. B pabore [45] mokazaHo 4eThIpe KpUTEpHUs
omnpeNescHUs] Hayana aKTUBALMK HEpPBHOUM TKaHU. [lepBblit KpuTepuit — 3TO CpaBHEHUE
BBIYMCIICHHONW IIJIOTHOCTH TOKa C TMOJY4YeHHOW U3 ypaBHEHU XOKKHHA-XaKClIu
HOPO20B8Oll NIOMHOCMbIO MOKA IUIE KOHKPETHOHW OMO(M3WYecKOoW MOJAeNN HEeWpoHa.
BtopeiM  kpuTepuem  SBISETCS ~ NPSAMOE  CpPaBHCHUE  MONYYCHHBIX  3HAYCHUU
JIEKTPUYECKOTO TIOTEHIIMAala ¢ C OKCIEPUMEHTAJIbHO IIONYYCHHBIMH 3HAYCHUSIMU
MOpPOroBOro  moTeHIuaia Hedpona [58,59]. Tperuit kputepuil mNoaApazyMeBaeT
UCIIOJIb30BaHUE IMOPOrOBOT0 3HAYEHUS HANPSHKEHHOCTH 3iekTpuueckoro mons [60]. K
4eTBEPTOMY KPHUTEPUIO OTHOCUTCS MCIOJb30BaHHE aKTUBAIIMOHHOW (pyHKImMu PatTas f,
IUIT  OMWHOYHOTO KOMIIAPTMEHTa, MPEACTaBIAIOmero coboil mpocTtyio RC-mers,
«pa3Ma3zaHHyIO» MO TpEM COCEIHMM KOHEYHBIM dneMeHTaM n— I, n,n+ 1 [41]. [nda
BOJIOKHA C TIOCTOSIHHOM JIMHOM AxX, TUaMeTpOM d, BHYTPUKIIETOYHBIM COIIPOTUBIICHUEM i
U EMKOCTBIO ¢, QYHKIINS aKTHBAIIUK TPUHUMACT BH/I:

— d ¢n—l ~ 2¢n + ¢n+1
4clp, Ax*

I ; 4
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l ¢n—1 _2¢n +¢n+1
C A x*

Ja = &)

W3 (5) Bumno, uro mnpu koddduipenrte 1/C HaXOAUTCA BBIPAXKCHHE BTOPOMH
MPOU3BOJHON BJIEKTPUYECKOTO TOTEHLMANa BAOJL HAMPABICHUS HEPBHOTO BOJOKHA

7o s

5 O6acti, B KOTOPBIX 3
0x X

nmoTeHMaa (craiika). Cama ke QyHKITHS uMeeT (GU3UIeCKUi CMBICT BUPTYaJILHOTO TOKA,
WH)XCKTHPYEMOTO B HEWpOH. [loNOXWUTENBbHBIN 3HAaK (YHKIMKA aKTHBAIMA OTBEYACT
NpOIIecCy ACTONSAPU3alluK TIa3MaTHIeCKoW MeMOpaHbl. OTpHIIATEBHBIN 3HAK (DYHKIIUH
aKTHBAaIlMU OTBEYAET 33 CTPEMIIEHHE MEMOPAHBI K TUTIEPIIOJS PH3AIHH.

Bribop reomerpun moaenupyemoit obmact JC sBIsieTCS KPUTHUYECKH BaKHBIM
acnekToM. Tak, MpakTHYEeCKH BCe CYLIECTBYIOIIME Ha TEKyIIMH MOMeHT moaenu OC
WCTIONB3YIOT KaKoe-Tuho MpHONmKEeHNEe TeOMETPUH HCXOJsi W3 KOHKPETHOW 3amayn. B
paboTax, MOCBSIIEHHBIX IBUTATEIBHON HeWpopeaOWINTAINU, KaK MPABUJIO ITOIHOCTHIO
UTHOPHUPYETCS pOJIb JOPCAIBHBIX KopeuikoB [26, 37]. M XoTs Takol MOJAXOJ MPUHOCUT
cBou mioel [61, 37, 18] cyliecTBYIOT CBHAETENBCTBA O BIUAHUU ad(EPEHTHBIX IIeMel Ha
MOIYJISITNIO MOTOPHEIX Tiereit [16, 17]. B 3agauax CTUMYJISAIIAN CITMHHOTO MO3Ta C IEIbI0
NOJaBIICHUS HEHpOomaTHYecKol OOJHM y MAIMEeHTOB (TaK Ha3bIBAEMBIE «TpalWMOHHAS
CTUMYJISIIUA CIIMHHOTO MO3Ta», MPOBOAMMAS C YaCTOTOW CTUMYIHPYIOIIUX HMITYJIbCOB
no 1kI'n, u, «BBICOKOYACTOTHAsI CTHUMYJSILUSI CIOMHHOTO MO3Ta» — C YacTOTOM
CTUMYNUPYIOMKUX UMITYyIbcoB 1—-10 k['11) 3MeKTpoasl pacmoiioKeHbBl B AOPCAIBHOM
nosynpoctpancTBe. CIIENCTBHEM TaKOro MOJOKEHUS CTUMYJIHMPYIOIIHUX 3JIEKTPOIOB
CTaHOBUTCSl BeCbMa OTpPaHMYEHHBIA BKIJIAJ PAa3NUYHBIX DJIEMEHTOB CIIMHHOTO MO3ra Ha
pacnperneneHue MOTEHLMala dJJIEKTPUYECKOro TMoJis OT MpoBoaHUKa [23,25]. B
pabote [25] Obul0 mMOKa3aHO, 4YTO JUIA MOJENHMPOBaHMSA aHTHHOUMUENTUBHOH OC
CIIMHHOTO MO3Ta HAJIWYME BEHTPAIBHBIX KOPEIIKOB SBISETCS HEOOsI3aTeNbHBIM
mapaMeTpoM, IOCKOJBKY BONM3M HHUX HampsHKEHHOCTD JIIEKTPHYECKOTO TONS  TPHU
TUTOBBIX TOKaX CTUMYJISIUH SIBJISICTCS HECYUIECTBEHHOM. B TO ke Bpems, psn paHHHX
paboT Mo CTUMYJISILIUK AOPCAIILHOTO CTOJI0a HE YUYUTHIBACT POJIb JOPCANBHBIX KOPEIIKOB.
K HacrosmeMy BpeMeHH TOCTOBEPHO YCTAHOBIIEHO, YTO JOPCAJIbHBIE KOPEUIKH SBISIOTCS
BaXXHBIM Y3JIOM BOCXOJIIMX CEHCOPHBIX KAaHAJOB, MNEPENAIOIIUX KaK pPeLENTOPHYIO
MHQOpPMaIMIO, TaK M HOUMLENTUBHYIO HHopmanuio [52]. Bomee Ttoro, B mepemaue
HOITUIICTITUBHON WH(OpMAIMKM  JTOpCalibHBIE KOPEIIKH HWIPaOT PONb  MOCIEIHEr0
UHQOPMAITMOHHOTO JKI'yTa, HOIMIICNITHBHAS HWHQOpMAIMs B KOTOPBIA MoOMana TOocCie
MYJbTUILICKCUPOBAHUS BCEX BXOJIHBIX HOLUMIEITUBHBIX KaHAJIOB B TAHIJIMU JAOPCAIBHOTO
kopemika [51]. Takum o00pa3oMm, HCCACIOBAHHE BIUSHHUS 3JCKTPOCTUMYJISIIIMA Ha
JIOpCaJIbHbIC KOPEIIKH CTAaHOBHUTCS aKTyalbHON 3aJadel, Cynsimiedl pa3paboTKy HOBBIX
MIOIXOJIOB K 3ajaue MOJaBIICHUS HeWpomnaThudeckoil 6omu. Psg pabot [38, 39] mertaercs
Y4€CThb B3aHMHOE PACIOJIOXKEHHE TOPCAIBHBIX KOPEUIKOB OTHOCHTEIBHO APYr Apyra u
CTUMYJUPYIOMUX  3NeKTponoB. OpHako ¢  (QU3HONOTMYECKOW TOYKH  3pEHHUS
TEeOMETPHUYECKasl 9acTh MOJEIHN CHJIBHO YIPOIIEHa — JOpCabHbIE KOPEIIKOBBIE HUTH B
KpaHUAIbHO-KayIaTbHOM HaNpPaBICHUU PACIIONI0XKEHBI CTPeNoBUIHO [38], B TO Bpems Kak

>0 sBmAroTca OOJACTAMM HMHHIMALANA BCIUIECKA
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B peaJbHBIX CETMEHTAX CIIMHHOTO MO3Ta KOPEIIKH UMEIOT TPaleueBUAHY0 Gopmy [57].
JInbo pacmoyoxeHHe OOPCATbHBIX KOPEIIKOB pacCMaTpPUBAETCA TOJBKO IS
pPeayILMPOBAHHOMN 3JIEKTPOMArHUTHOM 3a1a4u, cHOPMYIUPOBAHHON IS TOPU30HTAILHON
MPOEKIUU COUHHOTO Mo3ra [39].

2. BAO®HU3UYECKUE MOJIEJIA HEPBHOM TKAHU

Buodusnyeckass MoIeiIb HEPBHOW TKAaHU IPEACTABISET CO00H (HYHKIIMOHAIBHYIO
MOJIETb M TMPEICTABIET COOOW DIEKTPHUYECKYIO IIETb, MOJEIHPYIOUIYI0 pealbHYI0
HelpoHHyIO0 ceThb. Cama ke HEUpOHHAsl CETh MOXET COCTOSATh KaK U3 OJHOPOIHBIX IO
CBOMM CBOMCTBaM HEUPOHOB, TaK U HEOJHOPOJHBIX. B ciydae OTHOPOIHBIX HEHPOHHBIX
IeTel UCIoIb3yeTC s 0/THAa Hanbolree moaxoAsIas onodu3ndeckas MoAelb Helipora [38].
Heonnopoanbie HEHPOHHBIE LMK COCTOST M3 OTAMYAIOMIMXCA APYT OT Apyra Mo CBOUM
CBOMCTBaM HEHUpOHOB. B 3TOM ciyuae Ajisi KaXIOTO U3 ATUX HEHPOHOB CTPOUTCS CBOS
ouoduznueckas Moaeis [39].

B ocHOBe BceX COBpPEeMEHHBIX OWO(PH3MYECKUX MOJeNeld HEHPOHOB JICHKUT
pabora [47], omnuchBaooIas  pacnpoCTpaHCHHWE  MOTCHIMANAa  JIEHCTBHS  TIO
HEMUEJIMHU3UPOBAHHOMY aKCOHY. Tako¥ MOoJaxoj JO CHX MOp OCTAa€TCs CIpPaBEIJIUBBIM,
TaKk Kak OBUIM MONy4YeHBI SKCIIEpPUMEHTAJIbHBIC [TaHHBIC, TOBOPSIIHE O TOM, YTO BO
BHEIITHEM 3JICKTPHUYSCKOM TI0JI€ BO30YIMMOCTBIO 00JIalaeT MMEHHO aKCOH KJICTKH, B TO
BpeMs KaK TEJO KIETKH OCTaETCsl MaJOBOCIPUMMUUBBIM K 3JIEKTPOCTUMYIISIIUM [53, 54].
DaKkTUYECKH, MpU MOJETUPOBAHUM HEHPOHHBIX ILE€NEeH MCIONb3YETCI MHOXKECTBO
Monupukanuid ypaBHeHUS XOJDKKHHA-XaKCIH, MPU3BAHHBIX YYHUTHIBATH IMPOBOIAMMOCTH
MHEJIIMHU3UPOBAHHOTO HEPBHOT'O BoJIOKHa [48, 24, 27, 28], peaKuuo BUAA
«BCE-unu-Huuero» [40, 43], pacnpocTpaHeHHe MOTEHIINAJIOB MOCJIEAEHCTBUSA
(afterpotential) [31]. B ocHOBe Kaxmoli u3 3THX MOIUGUKALUN JIEKHUT Pa3I0KCHHE
TPaHCMEMOPaHHOTO TOKa Ha OTJICITEHBIC TOKOBBIC BKJI&JIbI WOHHBIX
kaHayioB [30, 24, 42, 31] 1 cMHANITHYECKUX JIUTAHI-MOHHBIX KaHajoB [62]. 3HaUNTEIbHBIM
[IaroM BIIEpEN CTajl MPUHIMI TPEICTaBIECHUS HEHpoHA Kak HaOopa CBSI3aHHBIX MEXIY
coboii komMmapTMeHTOB (compartment) [49, 41]. Kaxpiii KOMIapTMEHT OIUCHIBAET YacTh
KJIETKH, TPUYEM KPYITHBIC YaCTU KIETKH MOTYT COCTOATh U3 MHOXKECTBAa KOMIIAPTMEHTOB.
Hampumep, coma MOTOHeHpoHa  MOXeT OBITh  MPENCTaBI€HA  HECKOJIBKUMU
kommnaptMeHTamu [32]. [Ipyrum Ooyiee 4YacTBIM MPHUMEPOM SIBIIICTCS IPEICTABICHUC
aKCOHa MJICKOIIMTAIONIETO B BHUJAC YCPESAYIOMIMXCS MEXAY COOOH KOMIIAPTMEHTOB
OTBEUAIOIIMX 32 MHEJIMHU3UPOBAHHYIO 4YacTh W IepexBaThl PauBbe [32]. JlaHHBIN
MIPUHIIMI TIO3BOJISIET CTPOUTH CKOJIb YTOAHO CIIOKHOE CTPOCHHE HEPBHOM KJIETKH M OBLIT
MOJIOKEH B OCHOBY peallu3allid psiia MPOrpaMMHBIX MAKETOB JJIS MOJIEIHPOBAHUS
HEHPOHHBIX IEMeH, cpenu KOTOphiXx M momyisapHbed makeT NEURON [56]. AxTuBHOE
UCIIOJIb30BaHUE  Momu(UKaIruii  ypaBHCHHH  XOKKWMHA-XaKCIWM W MPUHITUNA
KOMIIapTMEHTOB MpuBEN K co3nanuio Oonee 1100 mocTpoeHHBIX Mojeneil HeHpOHOB
Pa3HO¥ cTeneHu TOYHOCTH TOJNBKO B OJIHOM 13 6a3 mojeneit ModelDB [50].

B wmemoMm ke, B5TH MojenH, HaszbiBaeMble HeWpoHamu XOJKKUHA-XaKCIH,
XapaKTepPU3yITCS JIOCTATOYHO OOJBIIUM HaOOpOM MapaMeTpoB, KOTOPhIE HEOOXOIAMMO
moI0MpaTh A7 KaXKA0i KOHKPETHON HEHPOHHOM 1IeTn U 3a7auH.
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W3BecTHO, YTO BO3HUKHOBEHHWE U PACOpPOCTPAHCHUE MOTEHIMANa JeHCTBUSA
00yCII0BIICHO pabOTON MOHHBIX KAaHAJIOB, PACTIONOKECHHBIX B IJIa3MaTHYCCKOH MeMOpaHe
HelipoHa [63]. B HacTosiiee BpemMs chOpMUPOBAJICS TOCTATOUHO OOJNBIION 00BEM 3HAHUI
0 CTPYKTYpe U paboTe pa3inyHbIX HOHHBIX KaHanoB (Nat, K*, Ca*") kak 4yBCTBUTEIbHBIX
K BHEIIHEMY DJICKTPUYECKOMY TIOJIO [64], TaK W UYyBCTBHTEIHHBIX K OMPEACIEHHBIM
THTIaM HeWpomeauatopos [46]. DT naHHBIE, OTPAKAIOIINE COBPEMCHHBIE TTPEICTABICHUS
0 paboTe BO30YIUMBIX BOJOKOH, MOOYXIalT sl OMO(PU3NKOB BHOCUTH TIOMPABKU B
BBIPaXCHHS IS MOHHBIX TOKOB, YTO JMa€T CYIIECTBEHHO 00Jiee TOYHBIE MOJICITH OTKIHKA
OTAEJNIBHBIX HEWPOHOB M, B KOHEYHOM CYETE, BCEH MOAEIUPYEMOW HEpPBHOMU
TKaHu [44, 45]. OnHON W3 aKTHUBHO HCHOJB3YIOIIHUXCS B HACTOSIIMM MOMEHT BpPEMEHU
MOJICJICH, YYHMTHIBAIOIIMX OCOOCHHOCTH pPa0OThl HMOHHBIX KaHajoB Na*, K*, sBnsercs
Moxenb  akcoHa  Schwarz-Reid-Bostock  (pyc. [IBapu-Pelin-bocrok) [29, 30],
OTIHMCHIBAIOIIAS PACTIPOCTPAHEHHE MOTSHIINATAa aKTHBAIIMHU B YEIIOBEYECKOM HEepoHe.

HNonnpie kaHalmbl B  LEJIOM  YacTO  PAcCMATPUBAIOTCS  KaK  MCTOYHHUK
TPaHCMEMOPAHHOT'O TOKOBOTO IIyMa (KaHAIBHBINA ITyM) [67], KOTOpBIi, B CBOIO OYepe/ib,
SIBJISIETCS] IPUYMHON MHO’KECTBA SIBJICHUI B OTAEIBHBIX HEMPOHAX M HEMPOHHBIX LIEMSIX B
ueiaoMm. KananbHBIA 1IyM U3MEHSET MOPOT YYBCTBUTENBHOCTHU [68], BpeMeHHBIC
XapaKTEPUCTUKU  CHAWKOB [69], BpeMEHHbIC HUHTEPBAJIBI  MEXAY  OTACIbHBIMU
crnaiikamu [71], BeIWYMHY CTOXaCTHMUECKOTO  pe3oHaHca [72] W  BIMSHUE Ha
CHHAINTUYEeCKYI0 HHTerpanuio [73]. Takke KaHANbHBIA IIYM BHOCHUT BKJIAJ B TOYHOCTH
MOTOPHBIX M CEHCOPHBIX Ileneil ®KUBOTHBIX [74, 75, 76, 77] 1 HanmaraeT orpaHUYCHHs Ha
pa3Mepbl HelipoHoB [78]. s yuéra Bcex 3TuX 3PpPEKTOB HEOOXOIUMO HCIIOJIb30BaTh TaK
Ha3bIBaeMble CTOXAaCTUYECKHE MOJEIN HeHpoHOB. Ha TeKyuii MOMEHT CyIIecTBYeT ABa
KPYIHBIX TOJX0/a, YUYUTHIBAIOIINX CIy4YailHYI0 MPUPOIY U3MEHEHHUS COCTOSHHSI HOHHBIX
KaHAJIOB: HCIIOJIb30BAHUE HEJIMHEUHO-CBSI3aHHBIX HENPEPBHIBHBIX BO BPEMEHHU Iemei
Mapkosa (HIIM) [65] w® wucCHONB30BaHHE CTOXAaCTHYECKHUX nuddepeHInaTbHBIX
ypaBHeHuii (CHY) [66]. HecmoTpa Ha TO, YTO HEKOTOPBIMU aBTOopamH To4HOCTH CJY
CTaBUTCS TOJ COMHeHHe mno cpaBHeHHI0O ¢ HIIM [66] ckopocTh CUMYISIMH TIpU
ucrnonp3oBanuu CIY cumraercs Beime, gem y HIIM [66], a cam metom CJIY akTtuBHO
pasBuBaeTcs B HacTosiee Bpems [70].

OTMeTuM, YTO Ha TEKYIIMH MOMEHT OYeHb Majo paboT mo Mmojenupoanuto DC
CIIMHHOTO MO3Ta, HCIONB3YIONUX CTOXAaCTHYECKHE MOZeNn HeipoHOB. OCOOEHHO 3TO
CHIJIBHO BBIPQKEHO B CiTy4ae padoT Mo JBUTATENHHON HeHpOopeaOuInTaIig.

3AK/IIOYEHUE

IlogBonmst KpaTKWii WTOr BBIIEU3I0KEHHOMY, €CTb OCHOBAaHHUS IOJlaraTh, YTO
JadbHEHIINE YCHINA MO THOPUAHOMY MOJEIHPOBAHUIO 3JIEKTPOCTHMYJISIIUN CIMHHOTO
MO3ra CTOHT pa3BHBATh B CIEIYIOMINX HAMPABICHUAX:

1. IlomyueHrne yHHBEpCATbHON MOJETH HANPsDKEHHOCTH JIEKTPHYECKOTO MOJS B
o0macTsiX WHTEpeca B 3aBUCUMOCTH OT B3aMMHOTO pAacIOJIOKEHUS Ha AypalbHOU
HOBEPXHOCTH CTHUMYJIHPYIOLIIUX 3JIEKTPOIOB M BEIHMYMHBI IUIOTHOCTH TOKA CTUMYJISIINU.
K obnactam wuuTepeca oTHOcsTCA: saapa ad@epeHTHHIX U IPQPEpEeHTHBIX HEHPOHHBIX
Herned COUHHOTO MO3ra, JOpcalibHble BIEMEHTHl CIHHUHHOTO MO3Ta, BEHTpAJbHBIC
9JIEMEHTHI CIMHHOTO MO3Ta.
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2. Buenmpenrne (GyHKIIMOHANBHBIX MOJICNICH WOHHBIX KAHAJIOB, YTO ITOCIYXKUT
cO31aHuI0 0oJiee TOYHBIX OMO(GU3NYCCKUX MOJEICH HEHPOHOB M, KaK CIEACTBHE, Oojiee
TOUYHBIX Mogmeneit Heliponusix merner [HC. YuureiBas 3HAUWTEIRHOE pazIudue B
pe3ysbTaTax MEXay JCTCPMHUHHUPOBAHHBIMA U CTOXACTHYCCKUMHU MOJICIISIMUA HEHPOHOB,
HEOOXOIMMO YYHUTHIBATh TICEBIOCIYYAHHYIO MPHUPOAY IHMKIOB aKTHBAIIMH-WHAKTHBAIUH
OTJIETbHBIX HMOHHBIX KaHAOB. B ciydae HEWpOHHBIX Ieneil HeoOXOAWMO YYHUTHIBATh
JIUTaHJ-MOHHBIC KaHAJbI, YTO MMO3BOJIUT CYIICCTBCHHO YIIYYIIUTh MTOBEJACHUE MOJICIU B
00nacTH ACHIPUTOB U COMEI.

3. Ucnonp30BaHre TMOCIEAHUX MoAu(UKaui OHOPHU3UIECKOr0 MOACTUPOBAHHS
HEPBHOHN TKaHU COBMECTHO C aHATOMHYECKH TOYHOH TE€OMETPUYECKON MOCIBIO TTO3BOJIUT
CO3/1aTh CYIIECTBEHHO Oojiee TouHbIe Mojenn DC COIMHHOTO MO3ra. DTO CYJIUT Pa3BUTUC
cymecTByromux MeToauk DC It TBUTATEIFHOW HEHPOPEaOMIINTAIINN U METOIOB OOPHOBI
C HeHlpomaTWyecKuMH OOJsIMH. A TakkKe 00eclednT BO3MOXKHOCTh MOHWCKA HOBBIX
MOJIXOJIOB K pEIICHUIO 3aja4 JBUTATEIBHON HelipopeaOunutanuu u OOpHOBI C
HeHponaTHyecKUMH OOJISIMHU.
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PRINCIPLES OF MODELING OF ELECTRICAL STIMULATION OF THE

SPINAL CORD

Glushenkov A. N., Grigoriev P. E.
Physics and Technology Institute, V.I. Vernadsky Crimean Federal University, Simferopol 295007,
Russia
*E-mail: an.glushenkov@yandex.ru

In the review article, the principles of simulation of electrical stimulation of the spinal
cord are considered. Differences of the presented models are indicated, both at the level of
individual simulated elements of the spinal cord and at the level of individual neurons. It
is shown that modern models do not take into account the morphological features of dorsal
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and ventral elements. Often, dorsal and ventral elements may not be present in the model
at all, because they are considered as non-essential.
From the point of view of the biophysical model of neurons, it is shown that most models
use non-stochastic models of neurons. The most frequently used models are CRSS (Chin-
Ritchie-Stagg-Sweeney) and MRG-neuron (Mclntyre-Grill) models, which use simplified
simulation of the ion channels. Reviewed the stochastic models of the neurons, which
simulate the noise of the ion channels.

Keywords: electrical stimulation, epidural stimulation, neuron, neuron models
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