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Hamsmu P.-J]. A. babaodcan
®YHKIUA PACIIPEJEJEHUS 1151 3BAMKHYTOM
HYJIb-CTPYHbI C OCEBOM CUMMETPHUEM, PAJITUAJTIBHO
YBEJIMYUBAIOIIEN CBOM PASMEP
IEa6a09fcaH P.-/I. A.L Jenakos A. I

QDusuxo-mexnuveckuii  uncmumym,  Kpoimckuii  pedepanvuulii  ynueepcumem — umenu
B. U. Bepnaockozo, Cumepeponons 295007, Poccus
*E-mail: lelyakov_a_p@cfuv.ru

IIpemnoxken  Bux ~ (QYHKOMM  paclpeneieHHs,  ONMCHIBAIOIIEH  JABIDKCHHE  CKAJSIPHOTO  IIOJI,
CKOHIICHTPUPOBAHHOT'O BHYTPU «TOHKOH 00JacTH» M paAuMabHO yBeNWYMBalolieil cBoil pasmep. Haiinenst
YCIOBHS, MPU KOTOPBIX, B MpEJAeNe CKAaTUs CKAIAPHOTO IO B OJHOMEPHBIH OOBEKT (HYNb-CTPYHY),
KOMIIOHEHTHI TE€H30pa SHEPTUH-UMITYJIbCAa CKAISIPHOTO IOJISI ACHMITOTUYECKH COBMAJAIOT C KOMIIOHEHTaMU
TEH30pa YHEPTUU-UMITYJIbCA 3AMKHYTOMN HYJb-CTPYHBI IBHXKYIIEHCS MO TOH JK€ TPAEKTOPHHU.

Kniouesvie cnoga: Hynb-CTpyHA, TPABUTAIMOHHOE I10J1€, (DYHKIHS pacHpeieNeHNs.

PACS: 04.60.CF

BBEJEHHE

B HHE3KOTEMIIEpaTypHBIX CHCTEMaxX KOHAEHCHPOBAHHOTO COCTOSHHUSI CYIIECTBYET
MHOTO TIPUMEPOB JIMHEHHBIX TOMOJOTHYECKHX Je(eKTOB, HalpUMep, BHXPH B
CBEPXTEKyYeM TelIMU WIA B aTOMHOM bo3e-DiHInTeliHOBCKOM KoHaeHcate. [lomoOHbIe
CTPYKTYPBI OOBIYHO BO3HUKAIOT B PE3y/IbTaTe CIIOHTAHHOTO HAPYIICHUS CUMMETPUU TIPU
(ha30BBIX IEpeXx0ax B HU3KOTEMIIEpaTypHbIe (hasbl.

KocMudeckune CTpyHBI — 3TO aHAJIOTHYHBICE OOBEKTHI, KOTOPBIE MOTIH OBITh
chopmupoBansl B panHHeld Bcenennoit. OHuM Morim o00pa3oBBIBaTBCS B Ipoliecce
HApyIaIIUX CUMMETPUIO (a30BBIX MEPEXOJIOB MPEICKA3aHHBIX MOJENsIMH (DU3HKU
YaCTHII, HATIPUMED, MOJIENH, ACCOIIMUPYEMbIE CO CIOHTAaHHBIM HapyIIeHHEM CHMMETPHHU B
Teopun Bemukxoro OObenunenust [1-5]. Kocmuueckue CTpyHBI MOTYT JOCTHTaTh
KOCMOJIOTHYECKHUX Pa3MEpOB W, HECMOTPSI Ha YPE3BBIYANHO HEOOIBIIYIO TONIUHY, OHH
JIOCTaTOYHO MaCCHBHBI, YTOOBI JaBaTh 3aMETHbIC IpaBUTAIMOHHBIC (P deKThI [6-9].

Hynb-cTpyHBI  peanu3yroT TpeACNbHBIA CIyd4ald HYJICBOTO HATSDKCHUS IS
Kocmu4deckoi cTpyHsbl [10—13] (T.e. onuchIBaIOT NpeneabHBIN Cilydail, B KOTOPOM TOYKH
CTpyHbl ~ MOTYT  B3aUMOJIEWCTBOBaTh  TOJIBKO C  OKPYXaKIUM  (BHEILHHUM)
TPaBUTAITMOHHBIM TI0JIEM (HO HE NIPYT ¢ Apyrom)). Hymab-CTpyHBI MOTIIH 00pa30BBIBATHLCS
HAa paHHUX JTalax SBOJIIONHUY BCelneHHOU U, TakuM 00pa3oM, BO3MOXKHO, yJ4aCTBOBAIH B
mpoieccax (hopMHPOBaHHS CTPYKTYphI HaOItojaeMoi BeeieHHOIA.
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Tak, B pabote [13] Obuta paccMOTpeHa BO3MOKHOCTh HYJIb-CTPYHHOI'O MEXaHH3Ma
uHbsIIMn U ciaydas D-MepHbIX npoctpaHcTB @puamana-Podeprcona-Yokepa (OPVY).
B »10li pabore ObuTa OTMEYEHA BO3MOXKHOCTH CYIECTBOBAHUS (Da3pl MAEaTbHOTO Tasa
HYJIb-CTPYH (CXKMMAIOIIMXCS WM  PACHIMPSIIOIIUXCS) W ONUCBIBAEMBIX  TOYHBIM
YpaBHEHUEM COCTOSHUS

p=P(D-1)

PaccmatpuBas 3Ty ¢a3y raza HyJIb-CTPYH KakK JOMUHAHTHBIA UCTOYHHUK TPABUTAIUU
B nipocTpancTBax ®PY OblIM BEIYMCICHBI BO3MOXKHBIC CKIMIIMHTIOBbIE (DaKTOphl R(7):

R0 =g -2, 1<,

2
Ry (1) =[q [Qt—tc)]ﬁ), 121,
rae g =(4rlGDA/(D —1)(D —2))1/2, Gp, A, t, — KOHCTaHTHI. Pemenne R, () onuchiBaer

PeXKHUM YCKOpEHHOTro cKaths D-mepHoit Bceenennoii ( dR/dt <0, dZR/ dr* <0) ¢

KOJIJIAIICOM B MOMEHT ¢ =1, . Bropoe pemenune R;; () ONUCHIBAET PEKMM 3aMEIJICHHOTO

pacumpenust Beenennoit ( dR/dt >0, d2R/ dr* <0) wu3 CBEPXCIKATOTO COCTOSIHUA C

HYJIEBBIM 00bEMOM.

OpHrM W3 HampaBiIeHWH B WCCIENOBAaHUM Ta3a HYJNb-CTPYH MOTYT CTaTh 3aJadd O
BIUSHUA (QOPMBI HYIb-CTPYHBI Ha €€ TpaBUTAIMOHHBIE CBo¥cTBa. [Ipexkae Bcero
WHTEPECHO HMCCIIEI0BATh BOMPOC O BIUSHUN (DOPMBI HYIb-CTPYHBI HA OCOOCHHOCTH HYJIb-
CTpYHHOIO Ta3a HaiijeHHble B paborax [l14-19], Hanpumep, Ha BO3MOXKHOCTH
00pa30BBIBaTh JOMEHHYIO CTPYKTYPY MPOCTPAHCTBA, 3aOJIHEHHOTO TAKUM T'a30M.

HccnenoBanne rpaBUTAIMOHHBIX CBOMCTB HYIJIb-CTPYHBI CHIIBHO OCJIOXKHSIET HAJTMIne
O-byHKIMI B COOTBETCTBYIOIIEM TEH30pE OJHEPIUH-UMITYJIbCA, YTO TMPHBOIUT K
mpoOjieMaM B MHTETPHPOBAHUH CHCTEMBI YpaBHCHUN DWHINITEHHA.

Jns Toro 9ToOBI O0OWTH 3Ty TPYMHOCTH YIOOHO BOCIOJB30BATHCS AITOPHUTMOM,
MpeJUIOKCHHBIM B paboTe [14], a WMEHHO, paccMaTpUBaTh KOMIIOHEHTHI CTPYHHOTO
TEH30pa PHEPIHU-UMITYJIbCA KaK MPeAes HEKOTOPOTO «pa3Ma3aHHOTO» PACIIPEICICHUS, B
KadecTBe KOTOPOTO YyIOOHO BHIOpATh BEIIECCTBEHHOE 0O€3MaccOBOE CKAaISIPHOE IIOJe
(TIOCKOJIBKY HYJBb-CTPYHA OTO CKAJSIPHBIA «HYJIb-O0BEKT»), a 3aTeM CTSHYTh 3TO
«pa3Ma3zaHHOE» paclpeielicHHe B HYJb-CTPYHBI TpeOyeMol (OpPMBI M ABIKYIIYIOCS IO
JTAHHOW TPAeKTOpPUH, TPeOys MpH 3TOM, YTOOBI KOMIIOHEHTHI TEH30pa YHEPTUU-IMITYJIbCa
CKaJISIPHOTO TIOJISA, B TIPEJIeNie CHKATHsl, ACHMITOTHYECKH COBIAIM C KOMITIOHEHTaMH HYJIb-
CTPYHHOTO TEH30pa OJHEPrUU-UMITYyNbca. [Ipu TakoM moaxole MbI (DAaKTHYECKU
OTKa3bIBaEMCsi OT OJHOMEPHOCTH HYIb-CTPYHBI UM TEpeXoJuM K  (QU3NYecKH
000CHOBAaHHOW MOIETN HYJIb-CTPYHBI B BHJIE TOHKOH TPYyOKH («pa3Ma3aHHON» HYJIb-
CTPYHBI).

[Ipennaraemast paboTa TOCBSIIEHA MOCTPOCHMIO (YHKIHMM  paclpenesieHUs
BEIIIECTBEHHOI0 0€3MaccoBOI0 CKaSIPHOTO IMOJsL AN «pa3Ma3aHHOW» 3aMKHYTOH
paaraibHO PaCHIUPSIONICHCS HYIb-CTPYHBI C OCEBOM CUMMETPHUEN.
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1. CUCTEMA YPABHEHUMI DMHIITENHA

TeH30p 3HEpPrUn UMITyNbca AJI1 yEAUHEHHOH HyJIb-CTpYHBI MMeeT BuA [13]:

" [-g =yjdrdax;’x§54(x’ -x(1,0)), (1)

rae uHAeKcHl m, n, | nupuammaror 3Havenus 0, 1, 2, 3; ¢yskuum x" =x"(1,0)
ONPENENAIOT TPAECKTOPUIO JBMKEHUS HYJIb-CTPYHBI, I M O IIapaMeTphl Ha MHUPOBOM
TIOBEPXHOCTH HYIb-CTPYHBI; X7 =0xm/0T; g,n — METPHYECKHIl TEH30p BHEIIHETrO
IPOCTPAHCTBA BPEMEHH; g =|gmn|; Y = const.

B uununapuyeckoi cuctemMe KOOpAWHAT (=1, x' = 0, X’ =6, x=z7) dhyHKIIH

x7(1,0) , onpenensionue TPaeKTOPHUIO IBUKEHUS (MHPOBYIO MOBEPXHOCTh) 3aMKHYTOM
HYJIb-CTPYHBI TaHHOM 3aJ]a4uM, UMEIOT BUJ

t=1, p=1,8=0, z=2(6), r0[0,+=), cO[0;27], (2)
rae GyHkuust Z(6) ymnoBIeTBOPSET YCIOBUSIM 3aMKHYTOCTH HYJIb-CTPYHBI
2(0) oy =76 gy @
U MHBAPHUAHTHOCTU OTHOCHUTCIILHO MHBCPCUU 9 Ha _9
Z(0)=2(-6). 4)

MOXXHO OTMETHUTH, YTO TPAECKTOPHUSIM (2) COOTBETCTBYET CiIy4aid paJuaibHOIO
pacuIMpeHuss 3aMKHYTOH  HyJIb-CTPYHBI, IpH KOTOpOM (opmMa  HyJb-CTPYHBI,
ompexnensemMas GpyHkuueir Z(6), He 3aBUCHT OT BPEMEHHU, M BCE TOUKH HYJb-CTPYHBI B
KaKABIH MOMEHT BPEMEHH t HaXOAATCS Ha OJUHAKOBOM PACCTOSIHUM OT OCH Z (HaXOJATCs
Ha [IOBEPXHOCTH LIWJINHIPA).

Ha puc. 1 mpuBenmeHb TpUMEpPhl BO3MOXKHBIX KOH(MUTYpAITUii 3aMKHYTOW HYJIb-
CTPYHBI, KOTOpBIC YAOBICTBOPSIIOT (2) M COOTBETCTBYIOT BhIOOpY: a) Z(6) =cos(26),

0) Z(6)= cos(39) ,B) Z(6)= COS(SB) ,T) Z(O) = cos’ (56) +sin? (46) .

IToacrapnss (2) B (1) HaxoAuM BbIpaXEeHUS JJIi KOMIIOHEHT TEH30pa SHEPIruu-
HUMITYJIbCA HYIb-CTPYHBI TPACKTOPHS IBIKCHUS 1T KOTOPOH OMpenesieTcsl paBeHCTBaMHU

(2)

" \~g =¥

Az-Z(8)d(p-1). (5)

S O = o=
S O = o=
S o O O
S ©O O O
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B)
Puc. 1. Ilpumepsl KoHUTYpaLHii HYJIb-CTPYHBI, YIOBJIETBOPstoIne (2)

[ockonbky mist Tpaektopuu (2) popma HyNIb-CTPYHBI NOJDKHA OBITH MHBapHAHTHA
OTHOCUTENBHO MHBepcuH 6 Ha —€ TO KBaaparndHas (QopMa MPOCTPaHCTBA-BPEMEHU
JOJDKHA OBITH MHBApUAHTHA OTHOCHTENBEHO MHBepcHH & Ha —@, Tornaa

g (t.0,0,2)=g,.(t,0,-6,2). (6)
CnencteueM (6) ecTh
802 = 81283 =0. @)

Tarxke MOXXHO 3aMETHUTh, YTO KBaJpaTWdyHas (opMa MPOCTPAHCTBA-BPEMCHU B
peraemoii 3ajaue A0KHA ObITh MHBAPUAHTHA OTHOCUTEILHO OJHOBPEMEHHOW MHBEPCHU
Z — —Z nuHBepcun 6 Ha —6+ 77/n , 1€ N — MOPSIIOK OCH CHMMETPHH, TOT/Ia

8 (1.0,0,2) =g, (t,p0,—6+ 1/n,~z). (®)
Otkyna
803 =831 =0. )

Bocnone3oBaBmucs cBobomoit BbIOOpa cucteM KoopauHaT B OOmeit Teopun
OTHOCUTEIIBHOCTH YaCTUYHO 3aUKCHPYEM €€ BEIOOPOM
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801 =0. (10)

YuuteBas (4) — (7) xBampatmuHas ¢opma, Ul pelracMod 3amaddl MOXKET OBITH
Mpe/ICTaBIICHA B BUJIE

ds? =e (di)’ - A(dp)” - B(a6) - e (dz), an

rae V, 4, A, B — GyHKINHU TIEpEMEHHBIX 1, 0,0,z , yIOBIETBOPAIOT yciaoBusam (4) u (6), a
TaKXe OYCBUAHOMY YCJIOBHIO (CIIECTBUE 3aMKHYTOCTHU HYJIb-CTPYHBI)

(v. 1. A, B),_, =(v. 1. A, B)|_, - (12)

KoMmmoHeHTBI TeH30pa SHEPriH UMITYJIbCA IS HYIb-CTPYHBI JOJDKHBI YAOBIECTBOPSTH
PaBEHCTBY

T7 =0. (13)
M (5), (11), paBenctBo (13) npuHUMaET BUJ
-u v \/Z
10+1 =X )¢ N2 5(:-28)d(p-1)=0, (14)
0 1 \/E \/Z o’ (z @)o(p-1)
OTKya
e’ =A. (15)

Torna, yuutsiBas (15), kBagpatuunas popma (11) MoxkeT OBITH IpeACTaBICHA B BUE
as* =& ((ar)’ - (ap)’ ) - B(d6) - (az)’, (16)

rae V, 4, B — GyHKIMK IepeMeHHbIX f, 0,6,z 1 yIOBIETBOPSIOT yCiuoBusM (6) u (8).

AHanu3Upysl CUCTEMY YpaBHCHMH OHHINTEHHA Ui KBampatudHoi ¢opmbel (16),
MOYHO JOONpPEACTUTh (YHKUMOHAIBHYIO 3aBUCUMOCTh METPHUYECKHX (QYHKUWH, a
UMEHHO:

v=v(n.6.2), u=p(n.6.z). B=B(n.6,z). n=1-p, (17
MIPH 3TOM CHUCTEMa YpaBHEHUH DUHINITEITHA MOYKET OBITh IIPEICTaBICHA B B
2
B 2 (B B
- N/ /- - 2=
Hon =5 p ('uﬂ) -{ZBJ +2V,/7{/1,/7+2B] XToo» (18)
1B, B B B
Y M2, Y S —
g Ty g g Ve T M M0 9)
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2
_ B 2 B B B
2 , : , :
2H) {V,Zz +—2;Z +(|/’Z) _(_ZI;j —UV, ——2; (,u,z -V, +—2; ]}+

(20)
+%{ng9 g+ (Vo) + (1) ~22 1y v, Mﬁ} -0,
e%(zu,zz +3(v, )’ —2V’Z,u’z) 2w gt~ (V) =0, 1)
(v.) +v. % —e%u[m/w +3(vy) +vy %) =0, (22)
Vet Hpe _%(Vﬁ + ﬂ,e) ~H, (V,e ‘:U,e) =0, (23)
Vo, +v,z(uﬁ—,qg)—vﬂ&=0. (24)

B

2.CUCTEMA YPABHEHHMI DSHHIITEMHA JJISI «PA3BMA3AHHOI'O»
PACIIPEJEJIEHUSA

TeH30p PHEPrHU-MMITYJIbCA JUISl BEIIECTBEHHOIO 0€3MacCOBOTO CKAISIPHOTO MO
nmeeT BuJ [3]
1
Ta,B = ¢,a¢,ﬁ _EgaﬂL ’ (25)
rie L=g% Pabp. Pa =0¢/0x", ¢ — QyHKUMS pachpeneNeHHs CKAaNIPHOTO MO,

uHIekcsl @, 8 npuauMarot 3Hauenus 0, 1, 2, 3. s obecrieueHns caMOCOTTIAaCOBAHHOCTH
ypaBHeHU# DiHIITEHHA, TocTpoeHHBIX Ais (16), (1), Oynem TpeboBaTh

Top =Tpp(1.60,2) - §=9(17,6,2). (26)

PacmuceiBas (25) ns (16), (26), Haxoaum

v 2 2
T =(¢,) +- (f§) +(¢;) : 27)
2 2 2
Ti=(0,) -5 —(f’fﬂ) +—(¢Z) , (28)
I = _%[(ﬁe)z _e%(¢,z)2j, (29)

10
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1 2
Ty =5((¢,z)2 —%(%)2], (30)
- _(¢,f7)2’ =000  T5=0.80  Ts="Ti3=9,9.. (D)

Hus  (16), (17), (27)—(31), cucrema ypaBHEHWH DOUWHINTEHHA MOXET OBITh
MIpe/ICTaBIICHA B BUJIE

By 2 (B, ’ B, _ 2
_llﬂﬂ B 2B _('uﬂ) + 2B +2VJ7 'uﬂ + 2B _X(¢,’7) ’ (32)
1B,B. B B
1z L/ S ,2 —
— -y -—— - V. =- , 33
2B 1]z 4 B B ZB »Z 2B H” HU »Z X¢a,7¢7z ( )

2
- B B B B
e2(v #) {V,zz * 2’2 +(V»Z )2 _(23] “HV. T 2; ['UZ Vet 2; J}-F

€2V 2 2 B’g _
+§{V,99 *+ U "'(V,e) "'(,U,e) _E(,u,g +V’,9) +,u’9|/’9} = (34)
(e, ()
- 2| B |
2
B
ez%(zv,zz +3(V,z )2 _2V,ZIU,Z) _2v,t91u,t9 ( .0 ) :g (¢9)2 - (f;) > (35)
2
(VsZ)Z+V,z%_%[2'/,99+3('/,9)2 "'Ve [ ¢0) j (36)
Vo * g =52V o + o) =Ky (Vo Ho) = X100, (37)
V,Bz + V2 (V,9 _lu,é’) - V,B% = X¢,9¢,z : (38)

PaccMoTpum monyuyenHyro cuctemy ypaBHeHuil (32)—(38) s pacmpeneneHus
CKJIIPHOTO TIOJISl, CKOHIEHTPUPOBAHHOTO BHYTPH «TOHKOI» 3aMKHYTOW 00IacTH, A
KOTOPOH NEPEMEHHBIE /] ¥ Z U3MEHSIOTCS B IPE/eax

nO[-n:An], z0[Z(6)-Az:Z(6) +Ac]., (39)

rne A7 wu Az — TONOXKWUTEIbHbIE KOHCTAHTBI, KOTOPBIC OIPEAEISIOT «TOJIIHHY>
oOiactu
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An<<l, Dz <<l, (40)

a B TIpeJiesie CKaTHsI TAKOW «TOHKOW» 00JIaCTH B OJHOMEPHBIN 00BEKT (HYIb-CTPYHY)
An - 0,Az - 0. (41)

Torma mpocTpaHCTBO-BpeMsi, B KOTOPOM JABIKETCS Takas «pa3Ma3aHHas» HYJb-
CTpyHa U AJI1 KOTOPOTO IIepeMeHHbIE M3MEHSIOTCS B Tpeaeax

7 0(=e0;+00), z (=003 +00), #0O[0;277] , (42)

YCIIOBHO MOKET OBITh pa3ielicHO Ha TPH 00JIaCTH:
obmacts I, s koTopoi

7 0(=e0;=An) O(Ar; +e0) | z0(—00;+e0) , §0[0;277], (43)
obmacts 11, mis KoTopoit
nO[-AmAn], z0(-0;Z(8) - Ac) O(Z(6) + Az +0) , 0[0;27], (44)
obmacts 111, s KoTopoit
nO[-Bm:bn), z0[Z(6) - x:2(6)+ 2], 60[0:27]. (45)

TlockonbKy TpH CTSITMBAaHWUK CKAJSPHOTO MOJS B CTPYHY cUcTema ypaBHEeHUM (32)—
(38) mas cxadspHOTrO MO JOJIKHA aCUMITOTHUYECKUA CTPeMHUThCS K cucteme (18)—(24)
JUISL 3aMKHYTOHM HYJIb-CTPYHBI, TO B o0macTsx [ u 11

$-0,¢,-0,¢0,-0, ¢,-0. (46)

CpaBHHBas CHUCTEMY ypaBHCHHH I 3aMKHYTOW HYJIb-CTPYHBI C cucteMoit (32) —
(38), MOXHO ciesaTh BBIBOJ, O TOM, UYTO MPHU CTATMBAHUM CKaJISIPHOTO MOJISI B CTPYHY, TO
ectb ipu A - 0, Az - 0

- 0,

(0.0 (06): (,8.): (82 80): (4018.)}

(¢,)

n-0,z-2(0) (47)

— 00, 8=0.2r
n-0,z-2(0)

3. ®YHKIUSA PACIIPEAEJIEHUS CKAJISAIPHOT O ITOJISI

Hns monmyueHHbIx ycnosuid (46), (47) QyHKOHMIO pacnpelesieHnsl CKalspHOTO ITOJs
y1oOHO NpeACTaBUTh B BHIIE

$7.6.2)=1n L. 8)
(@) + A f ()

12
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rae 7 =9(z,60) =z—-Z(0), y — HEeKOTOpas MOJOKUTEIbHAS KOHCTaHTa, (QYHKIIUS

1
A =7(1 -an)), (49)

0

f, = const. ®ynknun & (/7) 54 /1(/7) CUMMETPUYHBI OTHOCUTEIILHO UHBEPCHUH /] HA —/]:

a(n)=a(-n), A(n)=A(-n). (50)
®yuxuus a(17)+A(n) f(F) orpannuena
0<a(n)+A(n)f(9)=1, (51)
(yHKIT (48), MOKET PHHAMATH 3HAUCHHS OT
¢=0,mupu a(n)+A(n) f(9) =1, (51)
1 10
¢ — o mpu a(n)+A(n) £ () -0, (52)
nprem B 061act I, B cootBeTCTBHN C (46), (49), (51)
a(n) -1, A(n) - 0. (53)

CoracHo (46), GyHKITHS pacrpeaesIeHus CKaIsIpHoro moiist B obmactu Il crpemutcs

K HYJIIO, TOTJa TNpH l7D[-AI7;AI7] 1 M000M (PUKCUPOBAHHOM 3HAUYECHUH IEPEMEHHOM

2= D(—OO;Z(H) —AZ) O (Z(H) +Az; +°°) , JIOJKHO OBITh BBIIIOJIHEHO

a(n)+A(n)f(z) - 1. (54)

B obmactm III, gma Tex oKe  3HAYEHUM ﬂD[—A/];AI]] U IpH
2=2,0[Z(6) - D: Z(6) + ]

0<a(n)+A(n) f(z)<L. (55)

U3 (53)-(55) cmemyer, 4TO TIIpPU BCeEX ZD(—OO;Z(Q)—AZ)D(Z(Q)+AZ;+°°)

3HAYCHUS QYHKIH f(Z) HE 3aBUCHT OT Z, T.C.

f(z) — fo =const, (56)
Ipu stom f, # 0. [l obnactw 111,
o<a(n)+(1-a(n))f(8)/ f, <1, (57)

13
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toraa u3 (52), (57) cnenyer, 4To nmpu @ — oo

a(n) -0, f(9) -o. (58)

Takum 00pa3om, B BEIpaKEHUH TSI GYHKITHN PACTIPEICIICHIS CKaJIIPHOTO MO (48),
dbyHKIIIN O (17) uf (19) OTpaHUYCHHBI U AJI1 BCEX 3HAUCHUHN MEPEMEHHBIX /7D(—00; +00)

), D(—OO; +00) M3MEHSIOTCA B MpeAenax

0<a(n)<1, 0 f(I)<f,. (59)
Hwuxe npusenen npumep QyHKIOuA O (/7) 51 f(z9), YJIOBJIETBOPSIOIINX HalJIEHHBIM
YCIIOBUSAM
a(n) =exp|———— 1, (60)
e+(én)

£(8)= foexpy—p| 1-exp; - (61)

1
2
(¢9)
rae KoHCTaHTel & U { — ONPENEssIOT pa3sMep «TOJIIHHY» KOIbIa, BHYTPH KOTOPOTO

CKOHIICHTPUPOBAHO CKAISIPHOE TIOJIE, MO MEPEMEHHBIM /] U Z, COOTBETCTBEHHO, a Kak
caenyet u3 (4.14), (4.15), mpu Az - 0 A - 0

E_'OO’C_’OO’ (62)

IpPH ITOM TOJIOKUTEIIbHbIE KOHCTAHTBI & W [/ O0O0CCIEYUBAIOT BBIMOJHCHHE YCIOBHIA
(46), @7, upu z=2(6),n - 0, Az - 0, A - 0, a umenno, npu Az <<1, An <<1

£<<1, u>>1, (63)

a MpY JaTbHEHIIEeM C)KaTUU B OJHOMEPHBIN 00BEKT (HyIb-CTPYHY), TO €cTh pu Az — 0,
A/] -0

Ucnonszys (49), (60), (61) nns (48) momyuaeM BBIPRXKEHHE OJHOTO U3 BO3MOKHBIX
BEIpaXXCHHUI (PYHKIIUU pacrpeaesicHusi 0€3MacCOBOT0 BEIIECTBEHHOI'O CKAIISIPHOTO ITOJIS,
KOMITOHEHTBI TEH30pa OJHEPTUU-UMIIYJbCa, JUISI KOTOPOTO B TIpedene CKaTus B
OJTHOMEPHBI O0OBEKT aCHMITOTUYECKH COBMANAIOT ¢ KOMIIOHCHTaAMH TEH30pa dHEPTUU-
UMITYJIhCa UCCICTyeMOM 3aMKHYTOH HYJIb-CTPYHEI.

OtMernM, 9TO BUI (YHKIMH pactupenencHus (48), He sBIseTCs oOIuM, a e¢ BBIOOp
HY)KHO paccMaTpHUBaTh KaK OJWH W3 BO3MOXKHBIX CIIOCOOOB «pa3MasbIBaHUS» HYJIb-
cTpyHbl. Bun (GyHKIMM pacmpeneneHds CKalsIpHOTO TIONise JOJDKCH BIMATH Ha
TpaBUTAITMOHHBIC CBOMCTBA MOJCIHM CTPYHBI B BHJE TPYOKH CKaIIpHOTO mojs. OmHaKo

14
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MOCKOJIBKY HYJb-CTPYHE COOTBETCTBYET CiTydyail, B KOTOPOM CKaJIsIpHOE MOJIE CTATUBAETCS
B OTHOMEPHBIN 00BEKT, TO CTIOCO0 «pa3Ma3bIBaHUSI» B MPEAETHHBIX ciiydasx (62), (64) He
MOXET OBbITh CYILIECTBEHEH.

Ha puc.2 nna dyskumm ¢, ompeaensiemoit paBenctBamu (48), (60), (61), mis

3HaYeHUH KoHCTaHT & =¢ =3, mpelcTaBieHbl PACIPEICICHNSI CKAISIPHOTrO IO, IO
MIEPEMEHHBIM X D[—12;12] , Y D[—12;12] 111 GUKCUPOBAHHOTO MOMEHTa BpemeHH ¢ =10,
npu z =0, KOTOpbIE COOTBETCTBYIOT pa3HBbIM BhIpaKeHHSIM (QyHKIMH Z (6’), a MMEHHO:
a) Z(6’) =cos(2«9), 0) Z(6’) =cos(59), B) Z(H) =sin? (29)+cos(39),
Z (9) =sin? (49) +cos? (59) . Ha aTux prucyHkax yepHBIM IIBETOM BbIJIeJIeHa 00JacTh, T1e

$-0.

0)

B) r)
Puc. 2. Pacpenenenue cKaJiipHOTo HOJs B ce4eHUH z = (0, KOTOPBIE COOTBETCTBYIOT
pa3nuIHBIM QYHKIUSAM Z (6’)

Ha puc. 3 npeacraBieHs! paciupeeaeHns CKaJsspHOro Hois B Imockoctu z = Const ,
ompezenseMble paBeHcTBamu (48), (60), (61), mis Gyukuun Z (0) = cos(3t9) , 1=10,
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KOTOPBIC COOTBETCTBYIOT Pa3HbIM 3HAUCHHSM KOHCTaHT &,¢, a uMeHHO: a) £ =¢=1.1,
0) £=¢=3,8) £=¢=6.

B)

Puc. 3. Pacnipenenenue cKalapHOTo NOJIs B CEYCHUU Z = CONSt., KOTOPbIE COOTBETCTBYIOT
Pas3IMYHBIM 3HAYEHUSIM KOHCTAHT &,

W3 puc. 3 HemOCPENCTBEHHO BUIHO, YTO C YBEIHUECHUEM 3HAYEHUH KOHCTAHT & U ¢

00macTh, B KOTOpOH (DYHKIMS paclpeesicHus CKaIsPHOTO IMOJs CYIIECTBEHHO OTIMYHA
OT HyJs, CY)KaeTCsl, YTO COOTBETCTBYET YMEHBIIECHHUIO «TOJIIUHBI» KOJbIA, B KOTOPOM
CKOHIICHTPHUPOBAHO CKAISPHOE TIOJIE.

3AK/IIOYEHUE

CpaBHHMBas CHUCTEMYy ypaBHEHMH OMHIITEIHA, NMOCTPOECHHYIO AJIA paclpeneieHHs
BEIIECTBEHHOTO 0€3MaccoBOI0 CKAISIPHOTO TIONSA, CKOHIEHTPUPOBAHHOTO BHYTPH
«TOHKOH 00JIacTH», C CHCTEMOW YpaBHEHUN OWHINTEHHA I 3aMKHYTOH paaraibHO
pacmmpstomeics HyJIb-CTPYHBI C OCEBOM CHMMETpHEH, MBI HAIUIM YCJIOBHA, MpH
BBHIMIOJTHEHUM KOTOPBHIX B TpEZAeNie CKaTHs CKaIIPHOTO TOJNS B OJHOMEPHBIH OOBEKT
(Hynb-CTpYHY)  KOMIIOHEHTBl ~ TEH30pa  JHEPrUM-UMIIYJIbCA  CKAJSIPHOIO  IOJIA
ACHMIITOTUYECKU COBIAJAIOT ¢ KOMIIOHEHTaMM TEH30pa SHEPTUU-UMILYJIbCA 3aMKHYTON
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Hynb-CTpyHBL. [IpennoxkeH BuA (YHKIHMU pacrlpeiesicHUs, OMUCHIBAIONIETO IBIKCHUC
CKaISIPHOTO TIOJSI, CKOHIICHTPHPOBAHHOT'O BHYTPH «TOHKOW 00JacTU» W paaualibHO
yBEJIMUMBAIOU CcBOMl pasMmep. IlpuBeneH mpumep pacnpelesieHus] CKalIpHOIo Mo,
YIOBJICTBOPSIIOIIECTO HAWJICHHBIM YCIOBUSIM. [IpomomkeHueM maHHOW paboThl Oyxaer
WHTETPUPOBAHUE  ypaBHCHWH  OWHINTEHHA ¢  TIENBI0  IIOMCKA  OCOOCHHOCTEH
TPaBUTAIMOHHOTO TIONS 3aMKHYTBIX HYJIb-CTPYH C OCEBOM CHMMETpHEH, a Takke
WCCIICJIOBAHUIO BIIMSHUS (DOPMBI HYJIb-CTPYH OOpa3yoIUX Tra3 Ha €ro BO3MOXHBIC
CBOJICTBA.

B pabome npusedenvl pesyivmamei 6bINYCKHOU KEAMUDUKAYUOHHOU padbombl
babaoacan Paucwi-J{osnemol Anexcandposroi.
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FUNCTION OF DISTRIBUTION FOR CLOSED NULL STRINGS WITH AXITAL

SYMMETRY RADIALLY INCREASING ITS SIZE
Babadzhan R.-D. A.| Lelyakov A. P.”

Institute of Physics and Technology, V.1. Vernadsky Crimean Federal University, Simferopol 295007,
Russia
*E-mail: lelyakov_a_p@cfuv.ru

A form of the distribution function describing the motion of a scalar field concentrated
inside a «thin region» and radially increasing its size is proposed. Conditions are found
under which, in the limit of compression of a scalar field in a one-dimensional object (null
string), the components of the energy-momentum tensor of a scalar field asymptotically
coincide with the components of the energy-momentum tensor of a closed null string
moving along the same trajectory.

Keywords: null string, gravitational field, distribution function.

Nk wn =

O 0N
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FRACTIONAL OPTICAL VORTICES: STABILITY DECAY AND
TRANSFORMATION

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

V. I. Vernadsky Crimean Federal University, Vernadsky Prospekt 4, Simferopol 295007, Russia
*E-mail: yana_akimova 1994@mail.ru

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. Starting from representation of the
fractional-order vortex states as a superposition of an infinite number of integer-order vortices with certain
energy distributions (the vortex spectra) we showed that the smooth wave front of the fractional vortex beam
can either decay into an asymmetric array of integer-order vortices or, vice versa, the array of optical vortices
can form a smooth helicoid-shaped wave front. We showed that by superimposing a finite number of the
fractional-order vortex beams one can shape symmetric singular beams with arbitrary valued topological
charges. 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.

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

PACS: 41.85. —p

INTRODUCTION

The unexpected prediction of vortices with half of a quantum unit of circulation in
superfluid *He in the 1970s [1] at first provoked bewilderment among physicists because
the problem was far from an obvious understanding. The fact is that the quantized
circulation is connected with a superfluid flow and can have integer values only. For a
long time, that prediction had been considered as a mathematical misunderstanding until
J.Jang et. al. [2-4] have experimentally revealed half-quantum vortices in different
condensed-matter  systems from Bose-Einstein condensates to  spin-triplet
superconductors. To match the experimental results of the half-integer circulations with a
generally accepted conception, the deficient phase 77 (a half-integer order of the
circulation) came to be called the “hidden phase” that is not connected with the circulation
of the mass current but is induced by the circulation of the spin current in Cooper pairs
[4]. In other words, the spin-orbit interaction plays here the key part.

At last, there appeared a new approach for describing such physical processes based
on analogy between spinor Bose-Einstein condensates and singular optical systems (see
e.g. [5] and references therein).

At the same time, the optical states with fractional orders of the energy circulation are
not so a drastic problem for flows of optical fields both in scalar and vector cases as it
turns out to be for the superfluid cases (Fermi liquids). Nevertheless, propagation
processes of singular beams bearing optical vortices with fractional-order topological
charges face also the key questions of a structural stability of optical states under
propagation or other negligibly small perturbations.
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Past recent years of singular optic’s [6] development have been marked by the surge
of interest to optical vortices with fractional topological charges [7, 18]. The first
announcement of the fractional-order vortex instability in principle was reported by
Soskin et al [7, 8] for the vortices produced by a computer-generated hologram while the
vortices propagate in free space. The authors observed experimentally evolution of vortex
beams with different half-integer order topological charges. If the vortex beam at the
hologram has a nearly C-shaped form, far from the hologram the beam breaks out onto a
great number of integer-order vortices.

Later, Berry starting from analogy with the Aharonov-Bohm effect in quantum
mechanics and hydrodynamics [9] has theoretically shown the splitting of an optical
vortex of the fractional-order into infinite chain of the integer-order vortices [10]. He
caught sight of a deep analogy between the quantum and the optical singularities. Besides,
Berry denoted that the fractional-order vortex propagation results inevitably in decaying
the initial phase structure in free space, i.e. the fractional-order vortex beams are
structurally unstable ones under the propagation.

These reports stimulated a new chain of theoretical and experimental investigations
[11-15] that confirmed the decay of fractional-order vortices into an infinite number of
integer-order vortices. Although most of mathematical models of the fractional vortices is
based on the Bessel-Gaussian beam presentation (see e.g. [13, 14], authors of the paper
[15] supplemented the analysis with the Laguerre-Gaussian beams. Difference between
these approaches lies in different contribution of the individual integer-order vortices in
the complex field when the fractional-order beam evolves through the optical medium.
Some typical features of such dynamical transformations were considered experimentally
in the recent paper [18].

On the other hand, authors of the paper [17] found out a strange behavior of the
vortex-beam with a half-order topological charge for the erf-Gaussian (erf —G ) beams.

The smooth wave front of the fractional vortex beam can either decay into an asymmetric
array of integer-order vortices or, vice versa, the array of optical vortices can be gathered
together forming a smooth wave front with a helicoid-shaped phase distribution.

Authors of the paper [21] 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 [14, 27] authors obtained a nearly linear

dependence between /. and a topological charge p on the base of assessed theoretical
results. However, the computer simulation of the process and physical analysis [21]
revealed a complex behavior of the function /, ( 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 [, =int eger( p) and p =0. The presented results are evidence of a

complex interference coupling between a great numbers of the integer-order vortices in a
fractional-order vortex beam.
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One more unexpected property of the fractional-order vortex beams revealed the
authors of the paper [16]. 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.

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.

1. FREE SPACE PROPAGATION OPTICAL QUARKS

As a rule, a beam field in a complex optical system contains a lot of simple
composition Laguerre-Gaussian (LG), Hermit-Gaussian (HG), Bessel-Gaussian (BG) etc
beams bearing an energy-limited optical flux. Each element of these mathematical
constructions is an optical vortex-beam bearing an integer-order topological charge. Some
of such beam combinations possess of extraordinary properties. The singular beam
behavior depends on the energy distribution among the integer-order vortices and their

phase parameters i.e. a spectral density ,0( p) of optical vortices. A striking example is a

fractional-order vortex beam. Its properties are defined by both the value of the
topological charge p and type of its complex amplitude (BG, LG, etc).

In the following sub-sections, we set a task to uncover the basic properties of
different types of the fractional-order vortex beams and to build up from them the integer-
order vortex beams.

A. Optical quarks as a fractional optical vortex

Let us consider, at first, typical vector supermodes in free space or a uniform
isotropic medium made up of the Bessel-Gaussian beams. We focus our attention on
monochromatic wave beams with the carrier frequency @ that enables us to exploit the

vector Helmholtz equation for the vector potential A under the condition of Lorentz
gauge [17]. The electric E and magnetic H fields can be defined as

E=il{A+k—12D(DD\)},H=DXA, (1)

with the wavenumber k .

Our interest is the paraxial approximation where ‘aiA‘ <<‘k2A‘ so that the

longitudinal components E_ and H_ can be expressed in terms of the transverse E_ and

H, ones
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lz:éDJEmlﬁ:éDﬁHWDDEgm+%Qﬂ )

For the beam propagating along the z —axis of the complex amplitude A of the

kz

vector potential A = A (x, v, z) e obeys the paraxial wave equation

(02 +2ik0,) A, =0. (3)

The choice of the vector A is defined by a type of the wave beam. If we take, for
example, the vector A to be directed along the x—axis (a linearly polarized basis)

A =e A exp (ikz) then the solution to the vector wave equation is reduced to the scalar

equation (3) for the function W (x, y, z) = A, with the solution [20]

WY =NF(X,Y)G(x,y,2), 4)
where
kr?
G(x,y,z)= ' 1Z
(x,7,2) exp(z sz (5)

stands for the Gaussian envelope, Z =z —iz,, z, =kw, /2 is the Rayleigh length with

2ikZ

rr=x’+ y2 and K is the arbitrary beam parameter that can take on both the real and

K2
the radius of the beam waist w,, X =x/Z,Y=y/Z, N:woexp(— J,

complex values.
At the same time the function F (X Y ) obeys the two dimensional Helmholtz

equation
R
—+—+K" |F=0. 6)
(a X oy’
In the cylindrical coordinates the solution to the equation (6) can be written as

2

F,(R.¢)= jexp{i[p¢'—KRcos(¢'—¢)]} ', %
0

Here the parameter p [J (—00, 00) is arbitrary real value, R> = X > +Y”. The real part

of the parameter K is connected with the half angle @ of the plane wave’s cone of the
Bessel beam.
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Such a representation of the beam charge p D(—OO,OO) enables us to expand any

regular complex beam into the series over different fractional-charged optical vortices just
as it can be presented in the form of the series over different integer-order charged optical
ones.

To obtain the explicit form of the function Fp in (7) let us use the Fourier
transformation

inp s o im
o _ € sm(ﬂp) e’
T ,,,Z‘w p-m

e

®)

The parameter p here can be regarded as a fractional topological charge, that is
responsible for the array of the integer-order vortices with topological charges

m=-0,.-1,0,1,..+0 with the spectral vortex density ,O(p) = (p —m)_1 . When
p =m all terms of the series vanish except the term e™ . Ina general case the function
,0( p) can be defined by a preassigned way as, for example, in the paper [15] for
Laguerre-Gaussian beams, but for our purposes we restrict its dependence to the simplest
case of,O(p) = (p—m)_l.

On the other hand the definition of the Bessel function is

2
2mi" Jm(KR) = jexp{i[m{p+ Kcosqo]} dg 9)

0
with @=¢@' —@ . As aresult, we find

o em _im@

|p>:W(r,¢,z,p):2NG(r,z)sin(lTp) e’ z L e

m=—w P M

J,.(KR), (10)

Thus, the fractional topological charge p can serve as a global parameter of the
complex optical beam. The obtained equation implies two possible propagation processes
depending on the value of the K —parameter. The real K —parameter is associated with
the phase front wreathed by a net of integer-charged vortices at the initial z =0 plane.
For example, when propagating, the vortices with p =1/2 begin to form a group in such
a way that the vortex net vanishes. There appears the smooth wave front looking like the
helix with the phase shift A® =77 and the C-shaped intensity distribution. For the

imaginary value of the K —parameter, the process evolves in the opposite direction [17].
Consider such a process in details.

B. Half integer-order vortices beams

The fractional-order vortex beams permit us to construct unusual wave structures
with the broken axial symmetry. In contrast to the usual axial symmetric TE and TM
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modes with a local linear polarization in each point of the beam, the broken symmetry of
the TE and TM mode beams with a fractional order p ==*1/2 vortices in each polarized

component contains local elliptic polarizations at different points of the beam cross-
section under the conditions £, =0 for TE and H, =0 for TM beams along the beam

length. The broken symmetry of the vector field dictates the choice of the basis in the
form of circularly polarized components.

From the equations (2) we obtain for the TE mode (E, =0, A, =0)
0,E, =—0,E ord A =-0A (11)
and
0.H,=—0 H ord A =-0A, (12)

for the TM mode (HZ =0, A, =0).

It is convenient to employ the circularly polarized basis

A=A -IA, A=A A (13)
and a beam vortex structure needs new complex coordinates
u=x+iy=re™, v=x—-iy=re’ (14)

so that

20
, (15)
e? i
d0,=0 +i0, :—(a, +—6¢j
2 r
Then we find for TE' modes A, =0,W , A.=-0 W or
E, :N{aqu +ikéFP}G,
(16)

E = —N[OVFP +ik%FP}G,

where the function Fp obeys eq.(7).

In optical paraxial cases, where ‘6M,F p‘ << k‘F p‘ , we can use the approximation

E.=iNk-FG, E,=-iNk——FG. (17)
27" 27"
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Similarly we obtain TM mode beams
. % . u
‘—=lNk—FpG, E+=lNk—FpG. (18)
27 27

Half-order (2n +1) / 2 —vortex-beams occupy a special place among variety of the

fractional-charged optical fields because they can be easily and reliably generated at the
initial plane by g-plates [23], photonic crystals [24] and arrays of microchip lasers [25].
Special types of singular beams with the fractional topological charges and fractional
orbital angular momentum (OAM) in the closed form (e.g, erf-G beams and others) have
been recently considered in number of papers [17, 18, 21, 26].

In this sub-section we will obtain the general closed form of the half-order vortex
beams.

As a basic point we take the equation (7) and rewrite it in the form of

2n+l  T-¢/2
! ¢ i(2n+ —iKRos
F,(Rg)=Ke >~ [ Criveoqg (19)

)

Remember that
[n+1/2] A
cos (2n+1) pd = z (-1)" € sin* gcos" g=

j=0

[n+1/2] n-
= 2( )" jsz,fHC'" sin?V™ @ d (sing),
=0 m=0 00
Sln(2n+])gpd¢ Z( ) 2n+ls-n2j+1 ¢C052(n—j)¢=
Jj=0
_ZZ( )m+, C),nC5, cos "™ g d(cosw)
Jj=0 m=0
C" — abinomial coefficient.
For example,
3p=(1-4sin’ @)d (sin @),
cos 3¢ ( sin qo) (sin @) o

sin3@= - (4 cos’ g— 1) d (cos ).

After substituting (20) into (19) and integrating [22] we obtain

i2n+1 [n+1/2] - . n 2j i
F,=F,=Ke ? {Z S (-1) L E 4 Y S (A1) el m} (22)

j=0 m=0 j=0 m=0
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where

I'(j+m+;j—r(j+m+1/2, —2iKRsin2§j

F(ir)t = +j+ ’
7> (_zl.KR)I/Z jtm
| (23)
F(j+m+j—r(j+m+1/2, 2iKRcos2¢j
() = _ 2 2
ij - . 1/2+j+m g
(2iKR)
r (n, x) stands for the incomplete Gamma function.
For example, the fractional beam with p =3/2 is described by the expression
NG ) ()]
W, = TK{F3(/2) +1F3(/2)} e’
(v) . ¢ —Dsinzﬂ . ¢
F,; =- 4x/ﬁsmae 2 +ym(0-2)erf ESIHE /N0,
(24)

—Dcoszg
Fl :{ -0 cos%e 2 —\/I_T(D +2)erf(\/ﬁcos§j}/\/ﬁ,

U =2iKR.

It is useful to mark that the function W,,, in eq. (24) is a periodic one with the period
27T despite the factors Cosg and sing in the functions F3(,62"Y) . In order to prove it, it is

.3
12¢

necessary to take into account the factor e > in the function W,, and oddness of the

function erf (x) .

The presented above results are of a new family of asymmetric scalar vortex beams
with p == (2n + 1) /2 that we call Gamma-Gaussian beams ([' =G beams) referring to

the complex amplitude W ,- The =G beams are a natural generalization of the

erf —G beams [17] over all set of half integer-order vortex topological charges.

Typical representatives of the ' =G family of the singular beams are shown in
Fig. 1. Thus, the field distributions at the beam cross-section depend essentially on the
value of the K — parameter. When the K — parameter has a pure real value (Fig. 1) the
intensity distribution has a C — like profile at z =0 with the only half-integer order
vortices near the center (see e.g. [17]).
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However, when propagating the intensity profile is drastically transformed turning
into broken Bessel beam at the length z >> z, with integer-order vortices scattering over

the beam cross-section. For the pure imaginary K — parameter (|K | is constant), the

process is reversed.

The phase distributions shown in Fig. 1 (b) illustrate a complex phase structure for
different half-order vortex topological charges.

A smooth growth of the phase up to ® =77/2 for p =1/2 is replaced by the phase
oscillations in the broken second branch of the two-leaved helicoid for the topological
charge p =3/2. The phase loss is A® = 77/ 2. The same phase construction is observed
for the topological charge p =5/2 where the third branch of the three-leaved helicoid
lacks also the phase A® = 77/2. All phase losses are accompanied by smooth variations.
The sign alternation p — —p changes the direction of the helicoid twist.

All the above equations enable us to build a great number of asymmetric transverse
electric TE and transverse magnetic TM beams. Some of them are shown in Fig. 2.

Fig. 1. (a) Intensity distributions of the Gamma-Gaussian (G — " ) beams with different
topological charges p at the initial plane and at the far diffraction zone
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Fig. 1. (b). Phase distributions ® (r,¢) at the initial plane 7 =0

Fig. 2. The field distributions of the [ =G beams for different topological charges at the
background of the intensity distributions
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The fine structure of these fields is reshaped along the beam length, so that the beams
are structurally unstable under propagation in free space. In contrast to standard TE and
TM modes the asymmetric paraxial beam fields in Fig. 2 are elliptically polarized at each
point of the beam cross-section with distinctive orientations of the ellipse axes. Near the
optical axis, the field tends to form two polarization singularities of a kind (the star or
lemon [12]). Far from the center, the directions of the linear polarization are wound into
Archimedean (for TE) and logarithmic (for TM) spirals.

The peculiar feature of the ' =G beams is also their capacity to gather together
integer-order vortices into one with the fractional topological charge at far diffraction zone
when the K — parameter is a pure real value while a pure imaginary value of the K —
parameter induces the reverse process — the fractional vortex decays into an infinite
number of integer-order vortices. Such beam behavior reflects the inherent processes in
the fractional-order vortex structures in contrast to the representation of the inevitable
vortex decaying.

In essence, all types of the considered above fractional order beams are the
structurally unstable under propagation.

C. Shaping the integer-order vortex beams
Can the fractional-order vortex beams form a stable state of the singular beam with
the centered integer-order vortex? This a key question of our consideration here.

At first, we will analyze a dipole structure consisting of two orthogonal states | p>
and |— p> :
o m img
[po=p)=|p)*=p) =@ 3~ d, (KR). ©5)

m=—oo

where Q = 2NG(r,Z)Sin(lTp) e™ . The state (25) we can regard as the initial
topological dipole.

T
After rotating the initial dipole through an angle ¢q =— (Fig.3) so that
q
T
@ - @ +— we obtain

0 sm img imE
|P,_P,Q>:Q z %Jm(KR)e 1,

m=—w P "M

(26)

Superposition of the equations (25) and (26) gives a new dipole
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| p.=p.%)=|p.=p)+|p.~p.q) =
img@

® gm imLT . 27
:QZ%JW(KR)(W J 7

oo P M

If g =1 the terms with m =2m' +1 for a sign (+) vanish while the residual terms

forming the state

[p.2.4)=i40 (1) (zmz) Si?z( 2r)’?}) Jon (KR). (28)
m=0 p°—(2m

In turn, for a sign (—) , the terms with m = 2m' vanish and we find the state

(2m+1) Jsin[ (2m+1)¢ ]
p2 - [(Zm + 1)] 2

The first state (28) does not contain any optical vortices but only the set of edge
dislocations of the order p =2 as well as the equation (29) with p =1.

Jyme (KR). (29)

p2-)=-s05 (1)L

In order to obtain hight-order beams, e.g. with p =4, we set a phase difference

between two dipole states (30) equal to A@, = /7. As a result one obtains

o0 i2mg imit
pag)=0y () BT ) k) g
m=-oo pz_(ZWl)
so that the two states are
i m |4 in (4
pas)=i203 (1) B)snlind) ) oy an
m=0 p _(4m)
for the sign (+) , and
A m (4m+2)sin(4m+2)¢
,4,4) =102 -1 J,, (KR). 32
|p > L Q’;)( ) pz_(4m+2)2 4 ( ) ( )

for the sign (—)
By means of such a recurring procedure one finds the general expressions
( 1)m (4s m) sin (4s m¢)

2 2 J
p —(4sm)

| p.2s) = i2Qi (KR), s=1,2,...,, (33)
m=0

4sm
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T

s(2m+1)+1 (KR)’ (34)

s=0,1,2....

where s is a number of the recurring transformations, whereas 2s and 2s+1 are
topological indices of the wave constructions.

T
The following step is to rotate the initial dipole through an angle @, :E. Such a

transformation turns sine in (33) and (34) into cosine at m =0 at arbitrary index s. As a
result we obtain the states with the centered optical vortices of the required integer-order
topological charges [ =2s or [ =2s+1

|p.2)=|p.s), £i| p.s),,, (35)

Intensity distributions of the axially symmetric fields shown in Fig. 3a, c illustrate the
optical constructions built up of the broken fractional vortex-beams on the base of the
expressions (33) and (34).

Fig. 3. Intensity distributions and L-lines of the axially symmetric beams shaped by
the fractional-order vortex beams
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Astonishing feature of these structures is that there are no optical vortices in them.
Instead we see in Fig. 3b, d the curlie-wurlie of the degenerated edge dislocations (L-lines
[48]) webbing tightly around the beam pattern. Three (Fig. 3 b) and six (Fig. 3 d) nodal
lines intersect each other at the axis.

As a result, expressions (35) and (36) are responsible for shaping the optical tracery
shown in Fig. 4 consisting of the interchangeable arranged vortex arrays and degenerated
edge dislocations around the centered optical vortex with the topological charges [ =3
and [ =6.

Fig. 4. Intensity beam distributions with centered higher-order vortices and complex
vortex framing

Thus, a simple rotation of two topological dipoles through discrete angles (Fig. 5)
enables us to form singular beams with the required, centered integer-order optical
vortices.

Fig. 5. The sketch of the topological dipole and its angular rotation
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When propagating such a complex beam transforms it’s framing far from the axis
while the central part preserves the singular structure.

At the same time, all the beam states (both with the integer-order and fractional-order
vortices) in free space or uniform isotropic media are degenerated, i.e. have the same
propagation constants independent on the topological charge values. The choice of the
beam representation in one or other basis is determined by the intrinsic symmetry of the
optical system. Despite the fractional vortex beam degeneracy in free space, the results
presented above enable us to originate new vortex-beam constructions that can open their
extraordinary properties in non-uniform anisotropic media as we will see it later.

Also, the problem of the “hidden phase” of the fractional-order vortices [4] in the
circularly polarized field components slipped out from our consideration since the
fractional-order vortex, as a rule, decays into an infinite number of the integer-order
vortices under propagation.

However, the exclusion is the [ =G beams that can either break down the fractional
vortex into a set of integer-order vortices or, vice-versa, gather them together into one
fractional vortex at far diffraction zone. The control for these counter-directed processes
brings into effect the modulation of the beam parameter K .

Further we consider two examples of the possible manifestations of the fractional-
order vortex beams in the uniform and non-uniform anisotropic media with the distinctive
intrinsic symmetry.

2. DECAY OF OPTICAL QUARKS IN UNIAXIAL IN BIAXIAL CRYSTALS

A. General remarks
The fractional-charged beams propagating in uniaxial crystals has been partially

regarded in [26] for the vortex beams in states |il/ 2> (the so-called erf-G beams).
Authors showed conversion between the states |il / 2> |1/ 2+ 2> in circular polarized

components. It is easily to generalize this rule to arbitrary states | p> | pt 2>. However

all the states with different fractional-order vortices are degenerated.

Alternatively, biaxial crystals have one interesting type of the dielectric tensor
singularity — Hamilton’s diabolical point [28] that defines particular behavior of the vortex
beams propagating along one of the crystal optical axes — so called the conical refraction
predicted by Hamilton due to a peculiar space-variant birefringence (see Fig. 6).

The internal conical refraction is in spreading a narrow light beam propagating along
the crystal optical axis into a hollow cone [29]. The initial circular polarization of the
beam splits into a cone of local linear polarizations in such a way that the electric vector
E rotates though an angle 77 after a full path tracing around the cone axis as shown in
Fig. 6. Generalization of Hamilton's approach onto Gaussian beams introduces corrections
into a fine structure of the field propagation and distribution [28]. The phenomenon is
called the conical diffraction. The conical form of the beam suggested the solutions of the
problem in the form of Bessel beams. At the same time, the polarization distribution in
Fig.6 has also much in common with that of erf —G and I' =G beams in Fig. 4 [17].
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Little misalignments of the field patterns far from the optical axis can be referred to a
complex structure of the fractional-charged vortex beams.

Fig. 6. (a) The shaping of a diabolic point (DP) in a biaxial crystal as intersection of two
wave surfaces. The callout illustrates places of the ray and wave cones of the conical
refraction; (b) Space-variant directions of the biaxial crystal birefringence under the
conditions of the conical refraction on the background of the beam intensity

The unexpected results presented in the papers [29, 30, 31, 32] have shown that the
uniaxial crystal exhibits a tendency to turn into a biaxial one after twisting it around the
optical axis. The space-variant symmetric field of TE or TM eigen modes inherent to a
uniaxial crystal [33] at the initial plane z =0 transforms into the asymmetric field
distribution similar to that shown in Fig. 6. In contrast to the standard conical diffraction
in the typical biaxial crystals, the intensity distribution in the twisted uniaxial crystal has
not the pronounced C-shaped form or the circular form with Poggendorff rings [29] but
the pattern gets smeared over the cross-section with the singular point at the axis.
Nevertheless, the fine structure of the pattern can be controlled by means of either
mechanical or electrical devices.
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The presented results point out on the fact that eigen mode beams of the conical
diffraction and adjoining phenomena are worth searching among the fractional-order
vortex-beams.

Thus, the aim of the following sub-section is to study the propagation and conversion
of the fractional-order vortex-beams of the Bessel type along one of the optical axes of the
biaxial crystal. We will focus our attention to the question: could the input beam field with
a space variant polarization identical to that of the crystal birefringence (say,

the state | p>) propagate without structural perturbation (to be the propagation-invariant

wave constructions)? If yes, then we can expect the fractional-order mode beam to be an
eigen mode of the medium.

B. The theoretical treatment

The underlying idea of our treatment leans on the constitutive papers [34—37] where
authors consider evolution of the electric field E (rather than the electric displacement
D) of Bessel beams in biaxial crystals under the condition of conical diffraction. The fact
is that the wave normal is not directed along the beam propagation in a biaxial crystal so
that there appear additional terms in the vector wave equation because of changes in the
permittivity tensor. In our case we can use this tensor in the form [37]

ga 0 _813
£=| 0 & 0 | (36)
-&, 0 ¢
where £a:q+g—qglg,@:£@J5p53=Jq%@5—qx%—£J/Q,

”12 =&, 1122 =&, 1132 = &, are the principal refractive indices of the crystal along the axes
xl’ yl’ Z' )
The optical axis directed at the angle & to the axis z'

tan 8 = . § <E <&

passes through a diabolic point where slow (s) and fast (f) wave fronts are tangent to each
other as shown in Fig. 7.

Author of the papers [35, 38] showed that the circularly polarized beam components
with the spectral function at the crystal input A (ku) (kg is the transverse wavenumber of

the initial beam), are
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o0 2
E (r.¢.2)= D " j i" koA (ko) J . (kDr)exp{—iszD zjcos( Vokoz)dk-e”*,

b

m'=—oco

o0 2
E_(r.¢.2)== 3 i"e" P [k,A, (ky) T, (kDr)exp(—iZkTDzjsin( Vokoz) dkpe.

b

(37)
Zf
n, s z
nl
f
/
6 s
0 n, x'

Fig. 7. Sketch of the surface of normals of the slow (s) and fast wavefronts and the optical
axis direction

It means that the right-hand circularly polarized beam bearing a series of the vortex-
beams of the m-order and a complex angular spectral distribution A(kD) at the crystal
input stimulates an excitation of a series of the vortex-beams of the m+1 — order with the
same angular spectrum A (kD) in the left-hand circularly polarized component.

Similarly, it can be shown that the composition of the vortex beams of the m+1 —
order with the spectral distribution A(kD) in the left circularly polarized component at
the crystal input excites a series of a series of the vortex-beams of the m — order with the

same angular spectrum A (ku) in the right-hand circularly polarized component, i.e.

0o

2
E,(r.¢.2)= Y """ [koA, (ko) T, (kDr)exp(—iz%D ZJsin (Vokoz) dk e,

b

m'=—o0

hd 2
E (r.g.2)= 2, imrei(m'HWJ-kDAm' (ko) J e (kDr)exp(—iZkTDchos(%sz)deeiﬂz,

b

m =—oo0

(38)
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The circularly polarized single Bessel beam E.' =J (kD r) exp (lm¢) e with
integer-order topological charge m , directed along the crystal optical axis (axis z in

Fig. 7), has the conical spectral distribution A(kD = kéo)) = const . In order to obtain the

beam propagation of such a beam it is sufficient to multiply eq. (37) by the factor

o (kD —kéo) ), and taking into account m' —» m we find
E = E, _ J, (kDr)eXp(im¢) COS(y'()kDZ) exp —ik—éz P .(39)
E. ~J e (kor) exp[z(m+1) ¢] sin ( Yok 2) 2k,

where [ =n,z, k, =kn, /2(1+$2 /é‘b), Vo = &5 126,.
Similar to that we can obtain from eq. (38) for the initial field in the form
E"=-J,, (k;7) exp[i(m+1) ¢:| " the expression

J (k J i k 2 ,
E, :(E+J: m( DV)GXP(lm¢)Sln(K) DZ) exp —ik—Dz % (40)
E J o (kDr) exp[l (m +l) ¢:|cos (yOsz) 2k,

Combination E, £iE, of (39) and (40) gives

JWL (kDr) €xp (lm¢) i[ﬁ+y0ku+ﬂ]z
E=— alle'™ (41)
20 7., (kDr)exp{i(m+1)¢—iE}
and
J, (kor)exp(im@ {40 sl
)

2 J o (kDr) exp{i(m +1)¢ +g} ©

The equations (41) and (42) show that such fields with space-variant polarization can
propagates through the crystal without any structural transformations but with different
2

_ 0
propagation constants '81 "~ 2k, * Vokg + ‘.
Difference between the propagation constants S, of the mode beams is connected
with rotation of the mode fields E, and E, through an angle 77. Fig. 6 demonstrates the

situation when the local directions of the space-variant birefringence An(¢) of the

crystal coincides with the local directions of the local field distribution that corresponds
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the propagation constant [3,. The field rotation at the angle @, = 7T results in changing

the sign of the local birefringence An(¢) N —An(¢) that corresponds to replacement

ﬂ+ - ﬂ—'

The polarization state distribution of the s at the mode beam cross-section (6) has a
complex form in contrast to the standard structure shown in Fig. 6. A typical space-variant
polarization illustrates Fig. 8 for the mode index m =6.

Fig. 8. The polarization state distribution of the mode beam with the index m =6 (a) and
(b) the dependence of the ellipticity degree S, (r) along the beam radius

Directions of the polarization ellipse axes {/ are depicted on the background of the
mode intensity distribution. The ellipticity states specified by the Stokes parameter S, as
a function of radial position in Fig. 8 b oscillate from the right-hand S, =1 to left-hand
S, =—1 states. However, the ellipticity S, preserves its value along the azimuth direction

@ . Although the path-thracing around the beam axis through an angle @ =77 is
accompanied by the ellipse rotation through an angle (¢ =77/2, the full path-tracing

results in reinstating both the polarization state and beam phase. Such a space-variant
polarization of the eigen mode manifest itself in the ring pattern of intensity distribution
while the linear space-variant polarization is in line with C-shaped distribution in Fig. 6.
The partial solutions (41) and (42) in the form of eigen modes can be extended to a
general solution as a superposition of (41) or (42) with different values of indices m . In

(+)

,  Wwith the propagation constant B. and the fractional

particular, the mode field E

topological charge p in the right-hand component can be presented as
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i i"J, (kDr)_exp (im¢)
m=-0o p—m iB,z —

r _§ (ke ifn 1))

m=-co p -m

(43)

i i"J, (kor)exp(img)
_ m=-co p—m eiﬁ+z —— |p>
& " (kor)expli(m+1)¢] ~Cpu|P ]

-2

— p+1—(m+1)

>J6XP(-iﬂ+z),

ipITr

where ¢, = sin 7Tp €””. Similar to that we can write down the mode field E(p_) with the

propagation constant [ :

El) =(, 7) >jexp(—i,6’_z), (44)

ic,,|ptl

2

k
with B, = i + ), k., — [ and we employ the expression (44).
b

Typical field distributions on the background of the beam intensity is shown in Fig. 9
for the |O.5> and |7.5> fractional states.

We calculated the states for the potassium gadolinium tungstate KGd[WO4]> (KGW)
biaxial crystal with refractive indices n, =2.013,n, =2,045,n, =2.086, for the

wavelength A =0.63m, so that the crystal and beam control parameters are

¥, =0.0087 rad , €, =4,224, k;=1.7400°m™'. We found the beams in all beam

states to have a linear polarization at the cross-section. In contrast to the integer-order
vortex charges (see Fig. 8), an angle rotation of the liner polarization {/ of the fractional-

order states is multiple to 77 after a full path-tracing around the axis and depends on both
the topological charge p and a transverse position 7. Besides, we found that the greater

the value of the parameter k the greater the number of polarization variations along the

radial T directions.
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Fig. 9. Field distributions of the fractional-order vortex beam in the potassium gadolinium
tungstate KGW biaxial crystal

The beat length in our case equals to L, =271/ (ymkD) = 4.15mm . It means that the
states | p> and | pt 1> appear alternately at this length while the eigen mode states (43)
and (44) in Fig. 9 emerge at the lengths L, , = IT(Zn + 1) / (4ymkD),n =0,1,2,....

Thus, the right-hand circularly polarized Bessel beam with the p — fractional-order

vortex at the crystal input induces the beam with p +1— fractional-order vortex at the

left-hand circular polarization at some crystal length z. At the beam length

z= d (2n +1), n=0,1,2,... all energy state is transported from | p> into | p +1>

2ykg

state. However the eigen modes E(pi) for different charges p have the same propagation

constants (i.e. are degenerated). Any superposition of the fractional-order vortex beams
obeys the same transformations (45) as the single field states.
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Thus, the energy transport of the conical diffraction process in biaxial crystals is
carried out from E, component in | p> state into E£_ component in | D +1> state and

vice-versa for wide types of the field structure of fractional-order vortex beams. However,
difference of the propagation constants between the orthogonal field components is the
same for all types of the fractional-order vortex-beams. There is not an appropriate
physical mechanism in the biaxial crystals that could make the polarization structure of
the beam to follow the singular structure with the fractional-order index of the
birefringence directions. As a result the biaxial crystals cannot maintain the single
fractional-order vortex beams without their decay into a set of the integer-order vortices.

Let us now peer more attentively into shaping the beam structure in space-variant
birefringent media.

CONCLUSION

Different types of symmetry of optical media are the key points that specify
properties of the singular beam propagation. It is such starting points that were the base of
our consideration. At first, we have considered variety of vector fractional-order vortex
beams that can be transmitted through free space or a uniform isotropic medium. Among
them the Gamma-Gaussian beams (the [' =G beams, in particular, the erf-G beams)
occupy a special place. The fact is that in contrast to the prevalent opinion about decaying
the initial fractional-order vortex into a cloud of integer-order vortices, the [ —G beams
either break apart of the fractional vortex or, vice-versa, gather together integer-order
vortices into one fractional-order vortex at far diffractive zone. However, all types of such
vortex beams are unstable under propagation.

On the other hand, we revealed that singular beams with the stable centered integer-
order vortices can be formed by four fractional-order vortices. Such constructions remains
stable for different values of the topological charges p .

We found that the space-variant birefringence with one singular point shown in Fig.6
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 p . 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.
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JPOBHBIE OITUYECKHUE BUXPU: YCTONYUBOCTH U
INPEOBPA30OBAHHUE
Bonap A. B., Anexcees K. H., Ezopos FO. A., Akumosa A. E."

QDusuxo-mexnuveckuii  uncmumym,  Kpoimckuii  pedepanvuulii  ynueepcumem — uUMeHuU
B. U. Bepnaockozo, Cumepeponons 295007, Poccus
*E-mail: yana_akimova_1994@mail.ru

B nanHo#l pabore Mbl M3ydmin (HOPMHUPOBAHWUE W DBOJIIONUIO CUHTYJSIPHBIX MYYKOB,
MIEPEHOCSINUX ONTHYCCKHE BHXPH C JPOOHBIM TOIOJIOTHMYECKUM 3apsijioM Kak B
OJTHOPOJTHOM, TaK M HEOTHOPOIHOW aHM3OTPOIMHOW cpeme. Buxpu apoOHOTO mopsiaka
MOTYyT OBITh TPEICTABIEHBl KaK CYNEpHo3ulusi OeCcKOHeYHOro 4rcia BUXpel
LEJOYUCICHHOTO TMOpsIAKAa C OMNPENEICHHBIM pAacHpECICHUEM SHEPrUuu (BUXPEBBIC
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cniekTpel). B pa0ore moka3aHO, YTO THAJKHA BOJHOBOW (PPOHT BHXpPS C JIPOOHBIM
TOTIOJIOTHYECKUM 3apsAOM MOXKET pachajaThCsi Ha aCHMMETPUYHBI MAacCCHB IENBIX
BUXpEH, JTHOO HA00OPOT, MAacCCHB ONTHYCCKUX BHUXpPEH MOXET 0O0pa30BbIBaTh IIIAIKUMN
TeIMKOUAANIGHBIA BONHOBOW (poHT. [loka3aHo, YTO HalOKEHHWEM KOHEYHOTO YHCIIa
BUXPEBBIX IyYKOB APOOHOTO TMOPSIKa MOXHO cHOPMHUPOBATH MYYKH C MPOU3BOIBHBIMU
3HAYEHUSMH TOIOJIOTMYECKUX 3apsSAoB. MBI MPOJEMOHCTPHUPOBAIHN, YTO B JBYXOCHBIX
KPUCTAJUTAX TMPH YCIOBUM KOHUYECKOH TU(PpPAKIHUKU IPOOHBIC BUXPU HE YCTOWYHBEHI, a
TaKke, 4YTO KOJIBLIEBBIE MAcCHUBBI BOJIOKOH C IPOCTPAHCTBEHHON Bapuanuen
JBYITy4eNPUIOMIICHHUS SBISIOTCA MOAXOAIMICH CPeIoi ISl BUXPEBBIX IYYKOB IPOOHOTO
MOPSAKA.

Knrouesvle cnoga: ontuyecku BUXPHU, JAPOOHBIA TOIMOJOTHUYSCKUN 3apsiji, CYIEPMOJIbI
JpOOHOT0 TOPSIJIKA, CKPhITas ()a3a, MACCHB ONITUYECKUX BUXPEH.
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B pabore sKcriepuMeHTaIbHO M0Ka3aHa BO3MOXKHOCTb MYJIbTHIUICKCUPOBAHMS CJIOXKHOTO CHI'HAJa, HECYIIEro
OIITUYECKHE BUXPH, B ONTHYECKOM MaJOMOJOBOM BoJioKHe ¢ V =3.8 u co3maBaemoro myukamu Jlarrepa-
I'aycca ¢ Tononorn4eckum 3apsaaoM / = + — 1 1 nupKyaspHoi nonsipusanued s =+ — 1. Tem cambIM ynanoch
YBEIHYUTH KOJMYECTBO KAHAIOB JUIS Iepefaddl HH(OpMauy B BOJIOKHE, YTO OOECIICUUT JOMOITHUTEIBHYIO
CTeNeHb CBOOOIBI UISl My IbTHINIEKCHPOBAHUS JaHHBIX B BOJIOKOHHO-ONTHYECKUX JIMHUSX CBSI3M.

Knroueswvie cnoga: myuxu Jlarrepa-I'aycca, MyIbTHIIIEKCHPOBaHHE, TOTIOJIOTHYECKUH 3apsiit, MOIIPH3ALIHSL.

PACS: 42.81.Uy

BBEJIEHUE

O0wvem Tpaduka HaHHBIX Yepe3 WHTEPHET JIOCTUTACT OTPAHWYCHHM, HallaraeMbIX
BOJIOKOHHO-ONITHYECKUMU  HenuHeWHbiMU 3P dekramu  [1]. TunuuaeiM  criocoOom
YBEJIUYCHHS TPOMYCKHOW CIIOCOOHOCTH B ONTHYCCKUX CHCTEMax CBS3H SBISCTCS
MYJIBTUIIEKCHPOBAaHUE MHOXKECTBA HE3aBHUCHUMBIX KaHAJIOB JaHHBIX. Hampuwmep,
HECKOJIbKO HE3aBHCHMBIX KaHAJOB JAHHBIX MOTYT OBITh PACIONOXKEHBI Ha Pa3TUIHBIX
JIIIMHAX BOJIH, c pa3IuYHBIMU MOJISIPU3ALUSIMU, COOTBETCTBYIOIIUMU
MYJIBTUIIEKCUPOBAHUIO C Pa3/eIeHHEM 10 JUTHHE BOJHBI, ¥ MYJIbTHUIUIEKCUPOBAHHUIO C
paszjzieIeHleM 1o noJisipusanuu [1].

Panee B gaHHBIX METONAX HCHOJB30BAIUCH CTaHAapTHbIC ['ayccoBwl myuku [1]. B
CBOCH paboTe MBI MCHoib30BayM mydku Jlareppa-I'aycca, M3BecTHBIC KaKk ONTHYECKUE
BUXpH [2], KOTOpBIC TPHU PACTIPOCTPAHEHUH B ONTHYCCKOM BOJIOKHE OJyraromapsi CITHH-
OpOUTATLHOMY B3aWMOJICHCTBUIO HMMEIOT pa3HbIE IMOCTOSHHBIE PACIPOCTPAHCHUS, YTO
MO3BOJIUT YBEIMYUTH KOJUYECTBO KAaHAJOB JUIsl Tepenayr WH(OPMAIMM B BOJIOKHE.
Ilepenava napOpMaIK B BOJIOKHE C TIOMOIIBIO ONITHYSCKUX BUXPEH SBIISICTCS OIHON U3
Hamboyee TEPCIEKTUBHBIX TEXHOJOTUH YBEIHMYEHUS CKOPOCTH TNepeladd JaHHBIX.
Xopoio u3BecTHO [3—5], 4TO moJjie U3IYUYEHUS MaJIOMOJOBOIO ONTUYECKOrO BOJIOKHA
OOBIYHO CONEP)KUT TOYKH CHHTYJSIPHOCTH, TOJOXXEHHE KOTOPBIX 3aBHCHUT OT YCIIOBHIM
BO30YXKJICHHUS, BHEITHINX BO3MYIICHUN M OPHEHTAIMU TMOJSIPU3ATOPa, Pa3MelieHHOTO Ha
BBIXOJIC W3IY4YCHHS W3 BOJIOKHA. EJMHCTBEHHBIM CIOCOOOM aHajaW3a IMPOIECCOB B
BOJIOKHE SIBJISICTCS] CKAHUPOBAHKUE TOHKON CTPYKTYPBI IOJIS U3Ty4YEHUS STOTO BOJIOKHA.

B pabore »sKcmepMMEHTaTbHO WCCIEAYETCS MPOIECC MYIbTUIIIIEKCHPOBAHUS
CIIO’)KHOT'O CHUTHAla, MepeaBaeMoro MmydykaMu C Pa3iu4YHbIMH TUIAMU MHOJSpU3ALUU U
pa3IUYHBIMU TOMOJIOTUYECKUMU 3apsiIaMu.
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1. MOJIEJIb

BnepBeie 0 monsx ¢ (a3oBBIMH CUHTYISPHOCTSMH YIOMHHAeTCS B CTaThe
Jx. Haem u M. beppu [3], Tae aBTOpHI Hal0T MOAPOOHBIA aHAIN3 0COOBIX COCTOSHUI
MOJISl C TeIIMKOUIaTbHBIM BOJHOBBIM (DPOHTOM M PA3IMYHBIMHU €T0 MOIUDUKAITUSIMH.
Takue OCOOCHHOCTH TMOJS aBTOPHl HAa3BAJIHM JUCIOKAIUSIMH BOJHOBOTO (pOHTA.
Ocoboe BHHMaHHE OBUIO yIEJIEHO YHWCTO BHHTOBOHM MHCIOKAIMHM, KOTopas ObLIa
Ha3BaHa ONTHYECKUM BUXxpeM. K B HacTosiiee BpeMsl ONTUYCCKHE BUXPH
MPUBIICKAIOT K cebe BHHMaHWE Osarojgaps CBOUM YHHKaIbHBIM CBOWCTBaM,
MMEIOIIMM 3HAYUTENIbHOE TPAKTHIECKOe 3HAUEHHE.

I[Mox nucnokammeidl BOJNHOBOTO (pPOHTA CKAISIPHOTO MO TTOHHUMAETCS
TpeOoBaHNE OJTHOBPEMEHHOTO OOpaIeHUs B HYJIb JEHCTBUTEIHPHON U MHUMOHN YacTH
nons. B dacTHOCTHM, MOA AWCIOKAIMel SIEKTPOMArHUTHOTO TMOJS TMOHHMAETCS
TpeObOBaHNWE paBEHCTBA HYJNIO ACUCTBUTEIbHOW W MHHMOW dYacTeld OIHOPOIHO
NOJNSIPU30BAHHOTO B MOMNEPEYHOM  CEUEHHUHM  DJIEKTPOMAarHUTHOTO  TOJI.
MaTemaTH4eCcKu 3TO YCJIOBHE MOXKHO 3alKcaTb, YUYUTHIBask TO, YTO OJHOBPEMEHHO
JIefiCTBUTENbHAS M1 MHUMAs 4acTh BOJTHOBOW (YHKIIMK oOpaImiaeTcs B HyJIb

ReW(x,y,z) =0,

1
ImW(x,y,z) =0. M

Pemrass sty cmcTeMy ypaBHEHHUI, ToJiydaeM OCOOYH JUHUIO, Ha KOTOPOWH
JNEeWCTBUTENbHAS W MHUMAas 9acTH HANPSIKEHHOCTH DJIEKTPUYECKOTO M MAarHUTHOTO
noJieil oOpamaroTcs B HYJb, a a3a Mmojs SBISETCS HEONpeaeIeHHON. JTa TUHUS U
OyJeT TpaeKTOpHUeH MUCIOKAIUH BOJTHOBOTO (pPOHTA.

CBOMCTBa CHHTYJISIPHOCTEH CKaJISPHBIX ONTHYCCKUX TOJeH Hambosee SpKo
MPOSIBIISIIOTCST B TTyukax Jlareppa-I'aycca LGy (onmrudeckue Buxpu). BomHOBOW (GpoHT
myukoB Jlareppa-I"aycca LGy u3-3a HeonpeneneHHOCTH (Das3bl B TOUKE TUCITOKAIIMHA UMEET
BU/JI MPSMOT0 TEIUKOUAA, a HapaBlICHUE 3aKPYTKU CIHUPAIU TEIUKOUIA ONpEAcisieT
3HaK TOMOJIOTHYECKOTO 3apsana [ PaccTosHue Mexmy IByMs «IUIOCKOCTSAMK» Ha OJHOM
JUCTE TEIUKOWAA PaBHO AJMUHE BOJHBL. ONTHYECKUH BUXPb MapaKCHUAIbHOTO IMyYyKa
MOXET OBITh OIKMCAaH MPOCTHIM BBIPAKCHUEM

W =(x+iy) )

U3BecTHO, 4TO B HanbpHeM HoJie qudpaknuu GyHIaMEHTaIbHOTO rayccoBa MyJKa
Ha Kpar JIHAJIEKTPHUYECKOro KiWHa (HOpMUpYeTcsl IErnovYKka ONTHYECKUX BHXPEH.
MexaHn3M (OPMHPOBaHHS ONTHYECKOTO BUXPS MpU TUGPAKINU TayccoBa MyvKa Ha
KJIMHE A0BOJBbHO mnpocT [4]. HeoOxomammo, 4YTOOBI TayccoB My4OK Mmajxail Ha
MNOBEPXHOCTh MPO3PAYHOr0 AUAIEKTPUUECKOTO KIWHA TakuM oOpa3oM, YTO OJHA
4acTh MPOXOJWiIa 0 cBOOOJHOMY MPOCTPAHCTBY, a Apyras yepe3 KIHH.
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2. OdKCHEPUMEHTAJIBHBIE PE3YJIbTATbBI

J1g 3KCTIepUMEHTATIBFHOTO HCCIeIOBaHMS IIpoIiecca MyJIbTHIDICKCUPOBAHUS CUTHAIA
B MaJOMOJIOBOM BOJIOKHE ObUIa coOpaHa 3KCIIEPUMEHTalbHAs YCTaHOBKa (puc. 1).
IIpuHuun uccrenoBaHUsl MydKa 3aKIIOYAETCS B TOM, YTO IOCJE Pa3[CeiCHUs JHUHEHHO
MOJISIPU30BAHHOTO TMy4YKa Ha J[Ba My4YKa, NMEIOIMINX PAa3TUYHOE COCTOSHHE MOJSPU3AIIUT
(puc. 2) u pa3nuyHblE 3HAKK TOMOJIOTHYECKOrO 3apsja, MYJbTUIUIEKCUPOBATh CUTHAI.
IIpu 3TOM Ha BBIXOJE BOJOKHA, MPOAHAIU3UPOBAB CYNEPIIOZUIIMIO TYYKOB MO MOJOBOMY
COCTaBy, MBI MOXKEM pa3IM4YUTh BXOAHON curHai. OTindue My4yKoB MO OpPOHUTATBHBIM
YIJIOBBIM MOMEHTaM BO3MOKHO OCYIIECTBUTh HHTEPPHEPOMETPUICCKUME METOIaMU, MPU
WU3MEPCHHUH COCTOSHHIA MOJIIPU3AIMH C TIOMOIIBIO TOJISIPU3AIIMOHHBIX (PHIIBTPOB.

B BonOKHE M3-32 CIIMH-OPOUTATHLHOTO B3aWMOJICHCTBHSI YTIIOBEIX MOMEHTOB ITYYKOB,
COCTOSIHHE€ TOTIOJIOTMYECKUX 3apSAA0B ONTHYECKUX BUXPEH M COCTOSHHUE TMOJSPU3AIIIU
MyYKOB, CMEIIMUBAIOTCA. JJisi BBISICHEHUS OCHOBHBIX TMOJSPU3ALMOHHBIX IPOLIECCOB,
MPOTEKAIONINX B BOJOKHE, MBI HCIIOJNB30BaIN MU hepeHIInaNbHbI CTOKC-TIONSIPUMETD,
TIO3BOJISIOLITUI M3MEPATHh pacrupeesieHHe COCTOSHHS MOMSPHU3ANHA U3TYICHHAS B KaXIOM
MHUKCelle N300payKeHHS U BEIBOJUTH COOTBETCTBYIOIYIO KapPTy Ha TUCILICH KOMITBIOTEPA.

Puc. 1. Cxema sxkcnepuMeHTanbsHON ycTaHOBKU: (Ls) nazep,
(P1, P2, P3) monspuzaropsl, (A/4) 4eTBepTHBOTHOBAS IIACTHHKA, (Bsi, Bsy) nenurenbHbie
kyoukw, (L1, L,) munssr, (M1, M») 3epkaina, (Ci, C,) AMAIEKTPUIESCKIE KITUHbS,
(Fmf) manomoznoBoe Bostokuo (V = 3.4), (CCD) kamepa
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Puc. 2. IlpeoOpazoBanue ciuHa s = =1 peanusyeTcs ¢ Y4eTBEPTHBOIHOBOH MIIaCTHHOM

JluneiiHo mnongpuzoBanHoe uznyueHue He-Ne (Lsl) nmazepa ¢ JIJIMHOW BOJIHBI
A=0.6328 um, mpoxoas dYepe3 MEeNUTENbHBIH KyOwk (Bs;), SBISIONMEHCS YacThIO
paBHOIUIeUHOTO MHTEphepomerpa Maxa-llennepa, pazaensercsa Ha aBa mydka. Kaxsrid
n3 my4ykoB ['aycca mpoxoaut uepe3 amdnekrpuueckuil kianH (C; u Cy) u gudparupyer,
pokgasi OonTHYEeCKHe BUXpU. [laHHBIM METOJ TEHEpaldd ONTHYECKOTO BHUXPS OBLI
UCTIOJIB30BaH B CBS3M C TPOCTOTOM peanu3anud W OONBIIONH JHEPTreTUYECKOM
3()PEKTUBHOCTHIO, YTO SBISETCSA BaXKHBIM JUIsI BO30YXKICHHS ONTHUYECKOTO BOJIOKHA.
Jamnee, st momydeHHsT HEOTHOPOMHO TOJSPHU3OBAHHOTO W3Ny4YeHHs, 00a IydKa
npoxonuian depe3 moispuszatopel (P m P;) uw cocraBHyro (a3oBy0 IUIAaCTHHKY,
HACTPOCHHYIO Tak, 4YTOObl TIpU TMPOXOXKICHUW IUIACTHHKU W3IyYCHHUE Jasepa
MPHOOPETAIO MUPKYJSIPHYIO TOISPU3AMMIO PAa3HBIX 3HAKOB (pHC. 2). 3aTeM JaBa IydKa
CBOAMINCh Ha JENUTEIHHOM KyOWKe monsgpuzanuoHHOro (unsTpa (Bsz), TeM caMbiM
MyYKH MYJIbTHUILUIEKCUPOBATNCH. ManaoMOJ0BOE BOJIOKHO, BO30YXKIaloCch CBETOM,
MPOIIEAIIUM Yepe3 MUKPooOBeKTHB (L1).

B pabote ucmosip30Baioch HaBUTOE BOJIOKHO [5] (puc. 3).

Brimo mokaszaHo, 4TO B 3aBHCHMOCTH OT KOJHMYECTBAa BUTKOB M mara H mexmy
BUTKAMU MOXHO JIOOWTHCS TAaKHX YCJIOBHM, TMPU KOTOPBIX IPOUCXOJHUT BBICBETKA
BEICIIMX MOJA. TakuM o00pa3oM, BIOJIb ONTHYECKOW OCH ONTHYSCKOTO BOJOKHA
pacmpocTpaHsercss BuUXpeBas Moja. HHTephepeHIHOHHbIE KAPTHHBI MYYKOB C
Pa3HBIMH TOMOJIOTUYECKUMH 3apsaMy TOCIE CBEJEHHs] Ha JIETUTENHLHOM KyOuke
OIS PU3aOHHOTO GUIbTpa (Bs2) MOXKHO yBHAETH Ha puC. 4.
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Puc. 3. Moaeas HaBUTOTO MaJIOMOJOBOI'0 BOJIOKHA

(a) (6) (B)
Puc. 4. Uarepdeporpamma ABYX MyUIKOB C
3apagamu:a) [, = +1, L,= +1;0)[ = +L ,= -1;6),= -1, ,= -1

Jnst Toro 9Tto OBl OMpENEeNuTh Kakue MOJSPHU3ANUOHHBIE MPOIECCH MPOTEKAIOT B
BOJIOKHE MBI BOCIOJIb30BanuCh CTOKC — MOJSIPUMETPOM, C MOMOIIBI0 KOTOPOTO MOKHO
W3MEpPUTh pACTpeeNieHne TMONAPU3alNHA, COOTBETCTBYIONIEE KaXJAOMYy IHKCEINIO
M300paKEeHNs W BBIBECTH MOJSPU3ALMOHHYIO KapTy Ha sKpaH MoHHTOpa. [lapamerpst
Crokca pacCUUTBHIBATHUCH IO GPOopMyIaM

Sy =1 +1, S, =21, -8,
s, =2I,-8, S, =1 -1,
4 3)
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rae I, I, SBISAIOTCS WHTEHCHBHOCTSMH TMPABOLMPKYISPHON M JIEBOLUPKYISIPHON

KOMITIOHEGHT CBETOBOTO TOTOKAa, COOTBETCTBYIOIIHE OpUEHTANuu A /4 — IUIaCTHUHBI
BJOJb Y-OCH, a OCH IIPOIyCKaHus Nojsigpusaropa nox yraamMmu a =37/4 n
a =7/4 x y-ocu, B TO Bpems, Kak [ , [, — COOTBeTCTBYIOT @ =0u a =/7/4 npu

TOM JK€ TIOJIOXKEHWHW OCH 4YEeTBEpTh BOJHOBOW IIJIACTUHEIL. Bce monydeHHbIE
n300pakeHUs (QUKCUpPOBAIKUCH U 00padaThIBAIUCh C TIOMOINBIO MPOTPAMMEI
Hud depennuansubiit [loxspumerp [6].

B xone skcriepuMeHTa ObIITH MOTYYeHBI KAPTHHBI paclpe/ielicHie HHTEHCUBHOCTH U
pacnpeselieHus] COCTOSIHHN TMOJIIPU3AIUH CII0)KHOTO CHTHAJIA Ha BBIXOJE MajJOMOJIOBOTO
BOJIOKHA (puc. 5 a, 0, B).

(a

Puc. 5. a) Pacnipenenenrue ”HTEHCUBHOCTH U KapTa PacpECICHUs COCTOSTHUM
MTOJISIPU3AIINH CIIOKHOTO CHTHAJIA HA BBIXOZE MAJIOMOJIOBOTO BOJIOKHA:

~

Tononoruyeckuii 3aps nydkos [, =+1, [, =—1 u nonspuzanumeii s, =—1, s, =+1
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feom=—=x3
Wit
I+ Ly =L 5, =+1
Feeld 3
N l" i !
g B Y, H ot
m\:ss .' , :

- -

B
53
s

R
I =-1 5=+1 I,=+L 5 =+1
(B)

HpO,Z[OIDKeHI/IC Puc. 5. Pacnpe):[eneHI/Ie HWHTCHCUBHOCTHU U KapTa paCcupeCaACIICHUA
COCTOSIHUM MoJIsIprU3alri CJIOKHOI'O CUI'Hajla Ha BBIXO€ MAaJIOMOJOBOI'O BOJIOKHA!

6) Tononornyeckuii 3apsan myuxos [, =1, =+1 u nonspusanmeii s, =-1;8) [ =—1n

L=+, s,=+1
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Pacnpenenenre ”HTEHCHBHOCTHY U MOJSAPU3ALMH, IPECTABIEHOE HA PUCYHKE S5a, I
nyukoB ¢ auHoi Bonusl A = 0,63 Lm, Tononorunueckumu sapsnamu [, =+1 u [, =—1
COOTBETCTBYET  OPTOrOHANBbHBIM 8, =—1,s5, =+]  HUPKYIAPHBIM  MONSPH3ALKUSIM.
Pacnpenenenre MHTCHCHBHOCTH W TOJSpH3anuu (puc. 50) COOTBETCTBYET ITyYKaM C
OJIMHAKOBBIM TOMONOrHyeckuM 3apsitoM L =1, =+1 wu neBommpkymsproit s,, =—1
noJisipu3anuen. Pacnpenenenne MHTEHCUBHOCTH M MOJISpU3aliuy (pUC. 5 B) COOTBETCTBYET
myykam ¢ Ttomosorndeckumu 3apsimamu [ =—1 wu [, =+] wu npaBormpKyIspHBEIME
s, = +1 nongpuzanuamMu.

MHOX€eCTBO HOJSPU3ALMOHHBIX MOPTPETOB IIYYKOB, COJEpXkAaT HEOOJIBIIOE YHUCIIO
MOJIAPU3ALIMOHHBIX CHHTYJISIPHOCTEH, B YAcTHOCTH, Mo TepmuHonorun JIx. Has wnx
Ha3bIBAIOT «3BE3/1a», «JIUMOH» U «MOHCTp» [7]. TumuyHOe pacmpeneneHne COCTOSHUS

MOJISIPU3AIMM IyYKOB C OPTOTOHANBHOW TMOJNSApH3alMeld BBINIOJHEHHOE Ha (oHe
pacrpeneneHsl HHTEHCHBHOCTH CBETOBOTO ITOTOKA IEMOHCTPUPYET pHC. 6 (a).

(a)

(©) (B) (T)

Puc. 6. a) CymmapHas noJsipu3aiiioOHHas KapTHHA ITyYKOB UMEIOIINX OPTOTOHAIBHYIO
MIOJIIPU3AIIHNIO C BBICTICHHBIMU OMOMITUKAMU.
Pacnpenenenre HHTEHCUBHOCTH IYYKOB: 0) MYYOK C TOMOJIOTHYECKHM 3apsiioM [=+1;
B) ITy4YOK C TOTIOJOTHYECKUM 3apsiaoM [= —1, 2) cymMMapHasi HHTEHCUBHOCTD ITy4YKOB
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[ToxazaHbl HHTEHCUBHOCTH MEPBOTO U BTOPOIrO My4Ka OTACIBHO, a TAaKXKE CyMMapHas
WHTEHCHUBHOCTh JIByX OPTOTOHAJNBHBIX ITydkoB (puc.6 ©0,B). B coorBercTBHH C
knaccupukanuen Has B Hamem ciydae OHH COOTBETCTBYIOT CHHTYJISIPHOCTSIM THIIA
«3Be3lla» U «JIUMOH». 3Has MOJAPU3ALUOHHYIO KapTUHY IOCJIE€ BOJOKHA, MBI MOXXEM
aHaJTU3UPOBATh MOJOBBIM COCTaB MOJISI U3TYUYCHUS U COCTaB CUTHAJA Ha BXOJE B BOJOKHO.

3AKIIOYEHHUE

Hamu Obul mpemmokeH METON, KOTOPBIH MO3BOJSIET MOBBICUTH IPOMYCKHYIO
CIIOCOOHOCTh ONTHYECKUX BOJIOKOH M TIOBBICUTH 3alUINEHHOCTh CYIICCTBYIOIIUX
KaHaJIOB  ONTOBOJIOKOHHOW  CBSI3W.  OKCIEPUMEHTAIBHO  HCCIEIOBaH  IPOIIECC
MYJBTUINIEKCUPOBAHUS  CIIO)KHOTO  CHTHana, HECYIIero ONTHYeCKHe BHUXPH B
ONTUYECKOM MaJIOMOJOBOM  BOJIOKHE, CO3/1aBaeMOro IMy4YKaMH C Pa3IUYHBIM
TOMOJIOTUYECKUM 3apsAOM U C Pa3IU4HON moispusanueil. Tem camblM MOKa3aHO, YTO
BO3MOYXHO MYJIBTUIUIEKCHPOBATh CIIOKHBIM CHTHAJ, COCTOSIIMN W3 OBYX WU Ooiee
IIyYKOB B ONTUYECKOM BOJIOKHE, TEM CAMbIM YBEIUYUTH KOJTUYECTBO KAHAJIOB B BOJIOKHE.

[To xapTuHam pacopeaelieHUsl MOJAPU3AIUU MPU IOMOIIM CHHTYJISIPHOCTEH
OCYIIEeCTBJICH aHaau3 curaana. OOHapyXKeHO, 4TO TomoJiornaeckui maaekc C-touek [7],
COOTBETCTBYET 3apsly HCXOJHBIX IyYKOB. 3Hasl TOJSPHU3AMUOHHYIO KapTHHY IOCHe
BOJIOKHA, BO3MOXKHO aHAJIU3UPOBATh MOJOBBIM COCTAaB MOJS U3IY4YCHUS U COCTaB
CHTHajia Ha BXOJI€ B BOJIOKHO. [IpoaHanu3npoBaB Cynepro3uLUI0 MyYKOB [0 MOJOBOMY
COCTaBy, MOXXHO pa3lIW4YUTh BXOAHOW CHUTHAJ, TPOBEAS €ro OKOHYATEIbHOE
JeMyJIbTUILIEKCUPOBAHUE.
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ANALYSIS OF THE PROPERTIES OF RADIATION FIELD AFTER
MULTIPLEXING THE LAGUER-GAUSS BEAMS INTO A LOW-MODE
OPTICAL FIBER

Ilyasova A. A.*, Halilov S. L., Rubass A. F.

Institute of Physics and Technology, V. I. Vernadsky Crimean Federal University, Simferopol
295007, Russia
*E-mail: arife-ilyasova@mail.ru

The possibility of multiplexing of the complex signal which are carried out by optical
vortex in an optical low-mode fiber with V = 3.8 and created by Lagguere-Gaussian beams
with a topological charge / =+ — 1 and circular polarization s = + — 1, are experimentally
shown. Thus, it was possible to increase the number of channels for transmitting
information at the optical fiber, which would provide an additional degree of freedom for
multiplexing data in fiber-optical communication lines.

Keywords: Lagger-Gauss beams, multiplexing, topological charge, polarization.
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Ha rpanune Meramna u AWAIEKTPUKA C TOMOIIBIO ONTHYECKOTO H3IYYEHUS MOTYT ObITh BO30Y)KIEHBI
MOBEPXHOCTHBIE IIa3MOH-TIospuToHbl (IITIII) mpy BBHIMOMHEHHM COOTBETCTBYIOIIUX I'DAaHUYHBIX YCIIOBHM.
IIpn orpaxkeHMu oT 007aCTH HEOAHOPOMHOCTH B METANIMYECKOM cClloe mMajaromue U paccesHusre [TIIT
uHTephepupyIoT. B MHTEpEpEeHINOHHOM HOJIe BO3HHUKAIOT CHHTYJISIPHBIE TOYKH, B KOTOPHIX (aza BekTopa
IlotinTunra I umeer BuHTOBYIO auciokaunuto. Takue Buxpu IIIIII Ha MOBEpXHOCTH MeTallla MOKHO
OOHapyXHTbh C MOMOIINBIO 30HAA, NPEICTABIIONIEro cO00H MeTaNIMIecKHi HAHOIPOBOM, PAaCHOJIONKEHHBIH
Hax BuxpeM. [Ipu aTom B Hano3oHzae Bo3Oyxnaercsa mozaa 1111 ¢ HanpaBneHreM UPKYISPHOH MOISPU3ALMH,
3aBHCSIIUM OT TOMOJIOTHYECKOTO 3apsia BUXPS.

Kniouesvle cnosa: noBepXHOCTHBIN MIIa3MOH-TIOSIPUTOH, TUIA3MOH-TIOJSIPUTOHHBIA BUXPb, HAHOTIPOBO.

PACS: 73.20.Mf

BBEJIEHUE

B nocnennue ronpl reHepanus, ynpasieHHe U perucTpanys nia3MOHHbIX BOJH [1-6]
NPUBJIEKAIOT OOJBIIOE BHUMAaHUE HCCIENOBATENCH B CBA3U C MEPCHEKTHBON CO3MaHMS
IUIa3MOHHBIX IPOLIECCOPOB C OBICTPOJEHCTBUEM, IPEBOCXOSIIUM ObICTPOAEHCTBHE
TIOMyIPOBOIHUKOBBIX TIporieccopoB B~ 10° pa3. Takoe HpeBOCXOACTBO B CKOPOCTH
TUTa3MOHHBIX MPOLECCOPOB HAJ TPAAUIMOHHBIMHU MOIYINPOBOJAHUKOBBIMH MPOLIECCOPAMHU

obycrmoBneHo uX paboToif Ha onTHyeckmx uactotrax ~ 10" I'm B omamume ot

MerarepioBbix yacToT ~ 10° ' yHKIMOHUPOBAHKS MOTYTIPOBOJHUKOBEIX YCTPOUCTB.
[Ima3mMoHHBIE BOJHBI BO30YXKIAIOTCS BIIEKTPOMArHUTHBIM IIOJIEM B MPOBOISIIMX
cpesiax, B YaCTHOCTH, Ha TpaHUIle MeTaia ¢ qudjieKkTpuueckoit cpenoi [1]. Ha mmockoi
TrpaHulle pa3zjiena MPOBOAAIIEH U JAUIIEKTPUUECKOHW Cpell JIEKTPOMATHUTHOM BOIHOMN
MOryT OBITb  BO3OYXKICHBI IOBEPXHOCTHBIE IUia3MoH-nosiputonsl  (IIIIIT) ¢
KOMIOHEeHTamMu nons E ,E , B, ~exp(—ia)t+i,[5’y+a'Mz) B MpOBOJSAICH cpede, U B

AMdIeKTpudeckon cpene E L, E_, B, ~ exp(—ia)t +ify —a’oz), rae a,, >0, a,>0 -

v
nornepeyHble JekpeMeHThl KoMmoHeHT mnosis. [T joxanmu3yroTcss ¢ JBYX CTOPOH
TpaHMIIBI pa3zesia IByX CPel, 3aTyXaloT BAOIb HOPMAIBHON K TPaHUIIC pa3jielia Cpell OCH
Z , a paCIpOCTPaHSIOTCS MO MPOAOIBHOM OCH Y .

JusnekTpuyeckas IPOHUIAEMOCTb MeTala &,, ~ 1 — a)f / ) 3aBHCHUT OT OTHOLICHUS
IUTa3MEHHOM DJIEKTPOHHOM YacCTOTBI (J, M YacTOTHI DJIEKTPOMArHUTHOW BOJIHBI G, H

MOKET UMETh KaK IOJIOKHMTEIBHOE, TaK U OTPHUIIaTeIbHOE 3HaueHue. IIpu BBIOMHEHUH
TPaHUYHBIX  YCIOBMH  —&,0, =&, B 00IacTd OTPHLATENBHBIX 3HAYEHHMII
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JU3IEKTPUUECKON IPOHULIAEMOCTH MeTamia &, <O K TONOXUTEIbHBIX 3HAYEHHH
JUDIEKTPUYECKON ITPOHUIIAEMOCTH cpenbl &, >0 B aManasoHe ontudeckux vactot I

pactpoCTpaHSIOTCS B TOHKOM CIIO€ BIOJbh TpaHMIBI paziena cpeld. B obOmactu
HEOJHOPOJHOCTH B METajUle MPU MOJOXKUTEIBHBIX 3HAUYCHUAX JUAJICKTPUUYCCKOU
NPOHULAEMOCTH &,, >0, HanpuMep, B OTBEPCTHU B METAIUIMYECKOM CJIO€, TPaHHYHbIC

ycnoBusi Hapymarotes, TIIII1 pacceuBaroTcss Ha TpaHuIe 00JacCTH HEOAHOPOTHOCTH. B
MOCIEIHEM  CiIy4ae TpsAMbIE W OTPaXKEHHBIC BOJHBI  IIa3MOH-TIOJSPUTOHOB
untephepupyror. Hutepdepenuus IIII1, magaromuXx M OTPaXEHHBIX OT 00JIACTH
HEOJMHOPOTHOCTH C KPUBOJMHEHHOW KOHGUTYyparuell TpaHHUIBl, NPHUBOIUT K
BO3HUKHOBCHHIO psina 3¢(dekToB, B yacTHOCTH, K ¢okycupoBke IIIIII, a Takxke k
dhopmupoBanuio Buxpeit [7-11]. Ilpu orpaxenun ITIIII oT KpHUBONMHEHHOW TPaHMIIBI
HEOJIHOPOJHOCTH Ha IOBEPXHOCTH MeTala B WHTEP(EPCHIIMOHHOM II0JIe BO3HUKAIOT
CHUHTYJISIpHBIE TOYKH, B KOTOPBIX oOpasytorcs Buxpu IIIIIl ¢ BUHTOBOH auciokanuen
¢aszer  [12-15]. Ilpm sTOoM TomoONOrUsi HMHTEP(EPEHIHMOHHOTO MO 3aBHUCUT OT
KOH(HTYpaIlUK IPAHUIIB.

IIIIIT Ha NOBEpPXHOCTH MeETaula MOXKHO HaOJIOAAaTh C TOMOINBI0 METOOB
O KHETONbHON ~ MuKpockoruu.  CkaHuUpylomias — ONIKHENONbHAS  ONTHYECKas
mukpockornus (Scanning Near-Field Optical Microscopy, SNOM) [16] mosiBuiack Kak
MPOAODKEHHE W pa3BUTHE METOAOB CKaHUPYIOMIEH 30HAOBOM  MHKpPOCKOIIHH,
MO3BOJIMBIIMX TO3ULMOHUPOBATE M3MEPHUTENBHBIN 30HA C TOYHOCTBIO JO JOJeH
aHICTpeMa HaJl MOBEPXHOCTHIO 00pasa. [lepBoHaYaIbHO M3MEPUTENbHBIA 30HI B SNOM
M3TOTABJIMBAJICS B BHUJIE 3a0CTPEHHOTO KOHIIa cBeroBoja ¢ amepTypoit 50 — 100 HwM,
MOKPBITOI'O METaUTMUeCKUM cioeM. Ilpomyckaromas crmocoOHOCTh TaKOro 30HAA PE3KO
MajaeT MpU YMEHBIICHUU JWaMeTpa BXOJHOTO OTBEPCTHSI, & CHUTHAI SKCIIOHCHIIUAIBHO
3aTyXaeT B ONTHYECKOM BOJOKHE. [[OMHMO 3TOro, TPOMCXOIWUT pa3MBITHE KpaeB
n300pakeHus n3-3a BO30YKICHHUS MJIa3MOHHBIX BOJIH B METAJUIMYECKOI 000J0YKe 30HAA.
[pennoxennstit B 2000 romy MeTton Oe3amepTypHOW CKaHHpYIOLIEH OJNMKHENONbHON
ontryeckoir Mukpockomuu (Apertureless Scanning Near-Field Optical Microscopy,
ASNOM) [16] mo3Boima pe3Ko TMOBBICUTH MPOCTPAHCTBEHHOE paspemieane a0 0.8 HM.
Meton ASNOM 3akimoyaeTcd B HCIOJB30BAHMU B KauecTBE M3MEPHUTEIBHOTO 30HAA
3a0CTPEHHOTO0  IPOBOJHUKA, 3aKPEIIEHHOTO Ha KAaHTWIEBEPE AaTOMHO-CHIIOBOTO
MHKPOCKOTIa. JTOT METAIUIMYCCKUIT HAHO30HI CIYXXUT INTHIPEBOM  aHTCHHOM,
PETUCTPHUPYIOLIEH ONMKHEE MOJIE HCCIIEAYeMOro 00beKTa.

HanpsbkeHHOCTH OIS BOJIM3H OCTpHS HAHO30HAa MPEBOCXOAUT aMILTUTYAY IOJIS Ha
CKaHMPYEMOW TOBEPXHOCTH METajUla Ha HECKOJIBKO MopsakoB [16]. BzammopeiicTere
HAaHO30HAAa C HaOMIOaeMbIM OO0BEKTOM HambOosee 3PGEeKTHBHO, KOTMA JJIEKTPUUICCKUN
BEKTOp B OJVDKHEM II0JIC HAIPABJICH HOPMAJbHO K IMOBEPXHOCTH METaJUia BIOJIb OCH
HaHo3oHAa. Buxps IIIII Ha moBepXHOCTH MeTajlla UMEET HOPMAJIbHYIO KOMIIOHEHTY
anexTpuaeckoro moist. [Tostomy Buxps IIIIIT momken 3 dexTnBHO BO30YKIaTh CHTHAT B
HaHO30HJE — METAJUIMYECKOM HAHOIPOBOJIE, PACIIOI0KEHHOM HAaJl CUHTYJIIPHON TOUKOH
uHTepdepeHunonHoro mons. CurHan B HAHO30HIAE BO30yxmaercsi B ¢opme
MMOBEPXHOCTHON MOJIbl C LIUPKYJIApHOW mosisipuzanuent [17—-18]. IIpu 3TOM mIa3MOHHBIE
MOBEPXHOCTHBIC BOJHBI PACHPOCTPAHSIOTCS BIOJb HAHOMPOBOAA HAa PACCTOSHUSA B
JICCATKA ¥ COTHH JJIMH BOJH. Takod CHUTHAN MOXHO PErHCTPUPOBATh KaK METOJAMHU
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ASNOM, Tak ¥ ¢ MOMOIIBIO Pa3INYHBIX JATUYUKOB, pEarMpyOMUX Ha 3JIEKTPOMarHuTHOE
U3JIy4€HHE C BBIXOJHOI'O KOHIIAa HAHOIPOBOJA (HAHOAHTEHHBI) (CM. CIIUCOK JIUTEPATyphl
0630pa [16]).

Lens paboTel — uccienoBath yciaoBusi Bo3Oyxkaenust mox IIIIT ¢ mmpkymnspHoi
noJsipu3alueil cUrHaja B METaVIMYeCKOM HAaHOIPOBOJE, PACIIONOXKEHHOM HaJl BUXPEM
TIIII1, xoTopsIii chopMHPOBAH Ha TUIOCKOH OBEPXHOCTH METaJlIa.

1. ”AHTEP®EPEHIUA MO/ IIIITT HA HOBEPXHOCTHU METAJIJTIA

Ha 1utockoif TMOBEpXHOCTH HEMAarHWTHOTO MeTayia C  JIUDJICKTPUYCCKOU
HPOHUIAEMOCTBIO &, , TPAHUYAIIETO C JUIIEKTPUUECKOH Cpeoil ¢ IPOHULIAEMOCTBIO &,

IpU TPAaHUYHOM YCIOBHU —&,,0, = &,(,, MOxKeT ObITh Bo30y:xaeHa TM-mona IIIIIT ¢
KOMIOHeHTaMu noist £, E_, B, [1], pacnpocTpaHndromnascs BoJib OCH Y,

ca,Ae”9*
E =-i—"——explig,, )
y C(EO ( M)
-ayz
E =Pt (i) (1)

0
B, =Ae ™* exp(i@M ),

rne A =const, O, =(,8A24 —c_zwzeo)l/z — TIOTEpEYHbIl JEeKPeMEHT MOABI BIOJb
HOpPMaJbHOIl K TpaHUIE Cpea OCH I B JUAJIEKTPUKE C JUDJIEKTPUUECKOH
MPOHUIAEMOCTRIO &,, B, =c 'w(e, &) (e, +&,) "> - nocTosHHas pacnpocTpaHeHHs,
@y = By y—wt — daza TM-monst TIIIIT. TM-mopaa IIIII, pacnpocTpasstomasics BAOIb
OCH Y, UMEeT IUIOCKHI BOJTHOBOH (DPOHT MapajuIeTbHBIA ITONIEPEUYHON OCH X .

TM-Moza aiaeT Ha rpaHully 00JacT HEOIHOPOIAHOCTH B CJI0€ METaJlla, TPAaHUYHBIE
ycnoBusi pacnpoctpanenus [T napymarotcs, IIIIII oTpakaroTcs OT TpaHMIBI MOJ
VIJIOM ¢ OTHOCHUTEIHPHO HOPMaJIM K KacaTeIhbHOW K TpaHWIle B JaHHOW Touke. [lpum

orpakeHud TM-MOJBI OT IpaHUIBl HEOJHOPOAHOH 00macT B MeTamwie hopmupyercs E-
mona IITIII. BomnoBeie Bektopsl IIIIII TM-Moabl, OTpa)k€HHBIX OT KPHUBOJMHEHHOM
TPaHUIIbI, TOBOPAYMBAIOTCS HA YTOI 2¢) MPOTHB YaCOBOM CTPEIKH, WM HA yrod —2¢ 1o
YacOBOM CTpeNIKe B MaHHOM Touke rpaHuIlsl. Otpakenusie [T pactpocTpaHsItoTes 1O
yriamMi *2¢ 10 OTHOWICHUIO K TpomosibHOM ocu y . KommoneHtsl moist E-mopr,

koTopas popmupyercs orpakeHubiMu [IIT1, umerot Bua [12—15]

cayAe % sin2¢ cayAe % cos 2@
E=-i—2 expligy) E=i—2 explig; ),
xE a)£0 p( wE) yE a)£0 p( ¢E)
A _
E,= %—eexp(i%), B, =—Ae ™ cos2pexplig, ) 2
0
B = —Ae ™ 5in2¢ exp(i(pE )
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rae ¢, = ,BQx| sin2@ — ycos 2¢) - wt — ¢daza E-moner T

Komnonentst Bektopa Iloiintunra IIIIII Ha T1OBEpXHOCTM MeTala MpH
uaTepdepernur TM-Monbl 1 E-Moab1 UMEIOT BHIT

<
4n

c c
S =~ EzB,v ’ S"M =Z'[E B, Sy =_(ExBy _EyBx)’ )

e 4
rue Ex =ExE’ Ey = E_yTM +EyE > Ez = EZTM +EzE > Bx :BxTM +BxE’ B_y = B_yE .

Tononorus wmHTepdepenunonHoit kaptuasl M1 ompenensercs ¢oxycupoBKon
(medoxycupoBkoii) pu orpakenusx [IIII1 oT KpUBOIMHEWHOW TPaHUIIEI HEOTHOPOIHOM
obOnactu. B TOuKy MOBEpXHOCTH MeTajula ¢ KOOpAWHATAMH (x,y) npuxonsaTt tpu IIIIII:

MajgaloONui, OTPaXCHHBIM IO yriaoM +6, W OTpPaKECHHBIH Mox yriioM -6, Tme
0 =2¢ = arctan (Ix|/ ym) — yrox otpaxenus [1I1I1; mocne orpaxkenus yron 8 = const s

IIIIII. Kommnonentsl BekTopa IloiinTmHra IIIIIT (3) MOXHO MpEeACTaBUThH B BUJE
) _ 2 %

Siv =S exp(z¢jM ), rue Sin= [(ReSj) +(ImSj) ] - aMILUIUTY 1,

¢y = arctan (Im S;/Re Sj) — (daza, (ReSjM +iImSjM) = Su exp(i @M). ITpu obxoxe mo

3aMKHYTOMY KOHTYpPY BOKDYTI' CUHTYJISIDHBIX TOYEK, B KOTOPbIX Re S, =0 n ImS,, =0,

daza ¢, Il wn3mensercs Ha BeAMYMHY, KpaTHY© 271, TO  €CTb

§er¢§M =§d¢jM =2 4y, TAe ), =*1,£2,.. — Tomonmornyeckuii sapsia Buxps [19]. B

CHHTYJISIDHOH TOYKE BOJHOBOHW ()POHT MpHOOpeTaeT cHupaibHylo (opMy, U BO3HHKAET
BUHTOBAsI JUCIIOKALUS BOJIHOBOTO (PpOHTA.
KommoneHTs! HHTEP(EPEHIIMOHHOTO MO B TOUKE (x, y) UMEIOT BUJ

E. =iA; sin6 exp(iqag)— exp(iqog )J,
E, =-iA; { exp(i(ﬂrM ) = cos H[exp(i@; ) +exp (l(ﬂE )]}, 4)
E.=A, exp(i(ﬂm )+ exp(i(ﬂg)+ exp(iqog)],

B, =-A,cos@ exp(iqag ) + exp(i(llg )]

B, =Ao{exp(i(pFM)+sint9€xp(i¢;)—exl)(i¢g)]}, ©

rie A, = Ay [even /(& tEu NP Ar = A e /e tEN )-8, Ay = AeTTE,
Gy =ByY —wt, @ =By []x|sin(i 19)—Yc0s6’]—a)t, Y=y+y, . Pacnpenencuue

koMmroHeHT BekTopa lloiaTuHra (3) nmpu umaTepdepenuuu IIIIIT B paccmarpuBaemom
ciyvae npencrasieHo Ha puc. 1 [12, 13].
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(a) — ammunTy 14, (0) — da3a, (B) — dazosbie Buxpu [I1I1
Puc. 1. UaTepdepeHunonHast KapThHa HOpMAJIFHON K TOBEPXHOCTH METaslIa
KOMIIOHEHTHI BekTopa IloinTunra S, npu orpaxkennu IIIIT oT KpuBOIMHEHHON
IPaHHIBI HEOAHOPOIHOCTH, A, = 0.6 um , &,, =-8.77 +il.37 (3010T10). Tonmonornueckue
3apsanabl BUXpeil: ,, =+1 (kpacHas CTpellka, IPOTHB 4acoBoM), ,, = —1 (3eneHas
CTpEJIKa, 110 YaCOBOM), pa3MePBI 10 OCSAM OTIO0KEHBI B MUKpPOMETpax

B Toukax mMOBEpXHOCTHM MeTaula, B KOTOPBIX AMIUIMTYABI JJIEKTPUYECKOTO M
MarHuTHOro mnonel wuHTepdepenunonHoro moisiss [IIII paBubl Hymo (puc. 1 (a)),
00pasyroTcsl TIa3MOH-TIOISAPUTOHHEIE BUXpH (puc. 1 (B)). B mHTEpdepeHIImOHHOM T0JIe
TIIII, npeacTaBneHHOM Ha puC. 1, BUXpU BO3HUKAIOT B Toukax nepecedeHus: tpex IT1I1,
HampuMmep, B BbLaeneHHoW oOmactu (puc. 1 (B)). Buxps I umeer Tomonormyeckuit
3apsan  ,, =+1 (kpacHasg CTpejiKa IPOTUB 4acOBOM) MM ,, =—1 (3eyeHas CTpenka Io

YacoOBOM1).
2. MO/ bI OIIII METAJIJIMUECKOI'O HAHOITPOBOJA

Paccmorpum mpouece ¢opmuposanus Moz IIIIII B HeMarHUTHOM MeETaIIMYECKOM
HAHOIIPOBOJIE C KPYTOBBIM CEUEHUEM pajauyca d HpH BO30YKAEHUU MOHOXPOMAaTUYECKUM
THOJIEM C YacTOTOH (L. 3aBHCHMOCTb KOMIIOHEHT 3nekTpoMarnutHoro nmomst E u B or
BPEMEHU BbIOMpaeM B Gopme exp(— i a)t). Torna ypaBHeHust MakcBeiuia Uit KOMIIOHEHT
nonsd npuHuMaroT Bux [UxB=-igk E, UxE=ikB, rne k,=w/c. Ilepeiinem B
[WINHAPUYECKYI0 CHCTEMY KOOPIHMHAT (r,¢,z). Pemienuss cuctembl ypaBHEHHit

Makcgemra BeiOMpaeM B ¢opme Mmon IIIIII, pacnpocTpaHSIOIMUXCS MO TOBEPXHOCTH
NpOBOJIAa BAOJNb €r0 OCH Z C YIJIOBOW 3aBHCHMOCThIO @, E,B~exp(i ¢+ifz), tne

=0,£1,+2,... — a3uMyTanbHOE YKHCIO, [5 — MOCTOSIHHAS PACIPOCTPAHEHUSI MO B aTOM
Cllyyae CUCTeMa ypaBHEHHI peo0paszyeTcs K BULY

ro

—B, —,BB¢ =—-ck,E,, —E, —,BE¢ =k,B
r r
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ifB, — —igkyE,), ipE, - =ik,B,, 6)
0B, i 6E j
1p,+ —¢——B =—ick)E, , lE¢ 2 -LE =ikB..
or r r or r

IIpencramicHue TONEBBIX YpPaBHCHWH B BHIAE CHUCTEMBI (6) TIO3BOJIIET BBIPA3UTh
MONEPEYHBIC KOMIIOHEHTEI MO E¢,Er, B¢,B, qepe3 Npoa0JIbHBIE KOMIIOHEHTBI EZ,BZ:

1 0E  k 1( B 0B
E =—|-if—+—9B , E 7
r kz( ﬁar ’ zj ¢ kz( arj 0
1 0B £k, 1( g aE
B =——|if—+—2LF , B, = 8
' k? (Z'B or r ZJ a kz[ O or J ®)
TIe k? = Bz - £k§ YpaBHeHUs AJi MPOJOIbHBIX KOMIIOHEHT MOJ] EZ M I0JIS BZ HMEIOT
BUJT

0°E, 10E, (., 7). _
?*7?‘[" i S ®

0°B, 10B, (,,. >, _
F‘l‘;?_(k +7 BZ_O' (10)

YuTteMm, 9TO BHYTPH METALIMYECKOTO TPOBOAA MUAICKTPHUECKAs MPOHHUIIAEMOCTD
cornmacuo teopun Jlpyne-Jlopenna pasua £ =1-a? / (a)2 +iw, a)), e o =47®°n,/m —
KBaJIpaT IEKTPOHHOH IIa3MEHHOM 4acTOThl, @), — 4acToTa penakcauuu. Ha gactoTax
IIITIT BIIIOTE 1O ONTHYECKUX W< G, AMINEKTPHYECKAs MPOHHUIAEMOCTh METala HMEET

OTPULIATEIbHYIO JEHCTBUTENBHYIO YaCTh & = —&'+i&" . JlJId IpONONbHBIX KOMIIOHEHT MOJ
TIITII ypaBHEHHE B METAJJIE MOKHO MPEJCTABUTH B BUJIE

0°F,, . 10F, , 2
+—=M | k2 —— |F, =0, 11
or>  r or (M rZ] M (ih

rae k2 =(e'-ie" k2 - B*. Ha NMOBEPXHOCTH METALTHYECKOTO MPOBOMA, OKPYKEHHOIO
BO3/LYXOM &, =1, ypaBHEHHE JUIsl IPOJIOILHBIX KoMIoHeHT Moy [T umeet Bun

°F _10F (
+

o’ ror kz*‘JF 0, (12)

r

rne k* = B° —k; >0. Peutenus ypasuenus (11) BoiGupaem B popme dynkumii Beccens
J (kM r), a pemenne ypaBHeHus (12) — B popme dynkumii Maknonamsaa K (kr). Torna
npononsHele KomnoHeHTsl Mo [IIT npencraBum B Bue

60



WHIUKAIAA TIITAZMOH-IIOJAPUTOHHBIX BUXPEN C TOMOIIBIO...

E,, :AJJ(”(rM/)a), B, :BJJ(“(;/;), (13)
E, :AKK(VE:V/)CZ ) B,= BKK(VZV/)G ) (14)

rone u =ak, , w=ak. llonepeunsie kommoHeHTsl Mox IIIII (7)-(8) c¢ yderom
BeIpakeHni (13) u (14) mpuHUMAIOT BU

S oy
Ey =fv—2[A7ﬂKI£W(rW/)“)+iB k‘;w K}((W(:V/)a)], (16)
B, = —Z—Z(w% K K(W(:V/)“) +A fo KIEW(’W/)“)J (17)
= | p LA -t )
S,
Ep = —Z—E[AT'BJ 5”2:)") +iB kz” / 'J(”(ru/)a)} (20)
B, :Z_z l,B;uJ }u(};t/)a)+A kOrgM Jﬁm(fu/)a)]’ o
B,, = _Z_E[B r,BJ ﬁuzu/)a) i kOZMu J 'J(u(ru/)a)]’ )

rae mrpux 0003HAYaET MPOU3BOJHYIO MO apryMeHTy. TakuM o0pa3oM, BBIPOKEHUS IS
MpomoNbHEIX KoMITOHEeHT (13)—(14) m momepeynsix kommoHeHT (15)—(22) wmon
MOJHOCTHI0 onuchiBatoT Mokl I ¢ mupkynspHOM moJgpu3anyeid B METaUTMYECKOM
HAaHOMIPOBOJE C KPYT'OBBIM CCUCHHUEM.

[IpupaBHuBas TaHreHIUANbHBIC KOMIIOHEHTH MOJ Ha TpaHULIe MPOBOJIA 7 =a,
MOJIy4aeM CUCTEMY YPaBHEHUU JUIsl aMILIUTY T

PR
- iko[ ‘EZJJ (LS‘) + fK ((WW))]A + ,6’(% +Mi2 JB =0. (24)
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[IpupaBHuBas omnpeAenuTENs CUCTEMBI ypaBHEHMM (23)—(24) k Hymio, MOJydyaeM
JIUCTIEPCUOHHOE YpaBHEHUE JIJIS ONPEEIeHU MOCTOSHHBIX pacipocTpanerus: Mo [TTTIT

[Jr(u)m(w) J[ eMJ'(u)m(w)J: %’Z(L;j 03)

uJ (u) wK (w) uJ (u) wK (w) ki \w* u’

W3 TpaHCIEHJAEHTHOTO ypaBHEHHUS (25) C MOMOIIBIO YUCIEHHBIX METOJIOB MOXKHO
HAalTH TOCTOSHHBIC paCIpOCTpaHeHus ™Moxa [ rnie m=12,... — HOMep KOpHI

m?
MWIAHAPUYIECKOW (QYHKINH, T.e. paAWabHBIA HHICKC MOIBL. AMIUTUTYAY MarHHUTHOTO
MOJIS MOXHO ONPEACNIUTh Yepe3 aMIUIMTYly AJIEKTPUUYECKOro MOojsl M3 ypaBHeHUU (23)
niu (24)

2, 2 ' ' -l
B:i_ﬁu +wo [ J (u)+K (w) A 26)
ky uw*w® \uJ (u) wK (W)
B=i& ww ( &,J '(u)+ K '(w) A @7
Bu+w | w () wK (w)
Ins Mox ¢ asumyTainbHbIM HMHAekcoM =0 wu3 ypaBHenus (25) mosiydaem jBa
JUCTIEPCUOHHBIX YPaBHEHHS
Ky'(w) , Jo'lu)
=0, (TE-monpr) (28)
WKO(W) Jo(u)

0] £olo)
ul (“) WK, (W)

=0. (TM-MozpI) (29)

[Ipu cTpemieHUM a3UMyTaJbHOTO HMHJEKCA MOJABI K HyIl0 — 0 M HEpaBEHCTBE
HYJIIO BBIp@KEHHUS B CKOOKax W3 BbIpaxeHus (26) momydaem B =0. B astom ciyuae
IPOJOJIbHAS KOMIIOHEHTAa MAarHUTHOTO NOJISL MOABI paBHa Hymo BY =0. Takue Mombl
TIITII siBnsitoTCs MonepedHo-MarHuTHeIMUA (TM), 1711 HUX MUMEET MECTO JAUCTIEPCUOHHOE
ypaBHeHue (29). 13 Beipaxkenust (27) npu - 0 U HEPABEHCTBE HYJIO BBIPAXKECHUS B
ckoOKax Toiydaem, 4TO JODKHO A — 0. B 3TOM ciydae mpomoiibHas KOMIIOHEHTA
JJIEKTPUYECKOTO II0JIA paBHA HYJIIO ES =0. Takue monel IIIII sBAstOTCA MONEpPEYHO-

anektpuyeckumu (TE), nng HuX umeet Mecto aucnepcuoHHoe ypaBHeHue (28). B obmem
cinyudae pu  # 0 mozs! [IIII1 umeroT Bece mecTb KOMIOHEHT 3IEKTPOMAarHUTHOTO TOJS.

3. BO3BYXAEHHE MO/ IIIII B METAJNIMYECKOM HAHOIIPOBOJIE

Ecom Ham TOYkOW pacmoioKeHWs BHXPS HAa ITOBEPXHOCTH MeTallla Pa3MECTHUTH
HaHO30H]I B BUJE METAINIMYECKOr0 MPOBOAA C KPYTrOBBIM CEUEHHEM pajuyca da, TO MpU
BBITNIOJITHGHUH TPAaHMYHBIX YCIIOBHI B 30HAC OyayT BO30YXKIaThCs BOJHBI B (hOpME MO
TIIIIT (15)—(22) ¢ uupkynspHoi nonspusainueid. KommnoneHnTsl Bektopa IloMHTHUHTA MO
TIIIII, pacopocTpaHsIomuUXcs BAOIb IPOBOAA, UMEIOT BUJT
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SrW:

c c c

g (E,8.-E.B,), Sy = - (EB.-EB). S, :E(Er% ~E,B,). (30)
B cunrynspaoit Touke uaTepdepenunonnoro mois [T Ha moBepxHOCTH MeTasa

HOpMaJibHas KoMroHenra S, Bekropa IloiinTuara Buxps I1IIIT umeeT TomoaOrnyeCcKuii

3apag * ,, (puc.1 (B)). Husa Toro, 4yroObl B MpPOBOAE HAHO30HAA BO30yIMUIACh

MMOBEPXHOCTHAST BOiHA, MOTOK d3Heprum IIIIII momkeH OBITH HampaBieH BIOJIb OCH
nposoga, S, — S, . Ilpy 5TOM [OKHBI OBITH COTJIACOBAHBI TaHICHUHMAIbHBIE

xomnonentsl IIIIT (14) E ) Ha MOBEPXHOCTU NPOBOJAA M HOPMAJIbHAs K MOBEPXHOCTH

2 2 _ 2
MeTala KoMIoHeHTa (4) E_. B TOYKax OKPYXHOCTH (x—xo) +(y—y0) =a”, rae
Xy, Y, — KOOpIMHATBI LEHTpa BUXps. B sToM ciydae Bo3Oyxpatorca moxel IIIIIT na

MOBEPXHOCTH HAHOMPOBOAA C paguycoM cedeHus r =a . C y4eToM TOro, 4TO TIOTOK
sHeprun Buxps IIIIII 3aTtyxaer Ha paccTosHMH ~ 1/20, OT NOBEPXHOCTH METAJlIA, TOPELL

HaAHOIIpOBOJA 30HIa MOJDKCH HAXOAWTHCA HaJ IMOBEPXHOCTHIO METalllla Ha BBICOTE
Az<1/2a,.

3AKIIOYEHUE

Pacnpoctpanstomuecss no mnoBepxHoctd Metamuia I u  paccesHHble Ha
KPUBOJIMHEHHON rpanune HeogHoponHoctu B Metayute [T untepdepupyror. Ilpu
unrepdepennun 1111 BOZHUKAIOT CUHTYIISIPHBIE TOYKH, B KOTOPHIX 00Pa3ylOTCs BUXPH C
BUHTOBOH pauciokanuei ¢aspl. Takme Buxpu IIIIII Ha moOBepXHOCTH MeTaia OymyT
BO30YXKJaTh MOJbI C MUPKYJSAPHOH MONIsIpH3allieil B METANTMYeCKOM HAHOMIPOBOJIE,
pa3MEIIEHHOM HaJ CUHTYJSIPHOW TOYKOM, MpPU BBHINOJIHEHWH TPAaHUYHBIX YCIOBUHM Ha
MOBEPXHOCTH HAHONpPOBOAA. ['paHWuYHbIC YCiIOBUA BO30OyxkaeHus wmox [T B
METaJTTMYEeCKOM HaHOIIPOBOJIE 30HA COCTOST B COTIIACOBAHMH HOPMAJIbHOW KOMITOHEHTHI
anexkTpudeckoro nois Buxps II1I1 Ha noBepxHOCTH MeTalna U MPOJOIBHON KOMIIOHEHTHI
MoOnbl HaHompoBoza. [Ipum 3TOM TOper] HAHOMPOBOJAA MAOJKEH HAXOMUTHCS HaJ
MOBEPXHOCTHIO METaJTa Ha BBICOTE He Oojee, yeM oOpaTHas BEIMYMHA YJBOCHHOTO
MIOTIEPEYHOT0 JIEKPEMEHTa HOPMAIbHON KOMIIOHEHTHI SJIEKTPHUYECKOTO BEKTOpa BHUXPS
[III1. HanpaBnenue mupkynsgpHod nonspusanuu monbl IIIII1 HaHO30HAA 3aBHCHUT OT
Tononorudeckoro 3apsna suxps [T Ha moBepxHOCTH MeTaa.

Takum 00pa3oM, HHIUKAIHS TIA3MOH-TIOJIIPUTOHHBIX BUXPEH, CPOPMHUPOBABIINXCS
Ha TOBEPXHOCTH METaUIa, BO3MOXHA C IOMOILNBI0O HAaHO30HAA. YTPABIEHHE BUXPAMHU
[IIII Ha rpaHune Metamaa U AUAIEKTPHUKA, UX MOCIEXyIOlas WHAWKALKSA C TTOMOIIBIO
HAHO30HOB MO3BOJIAT PEaTM30BaTh HOBBIE DJIEMEHTHI IIA3MOHHBIX IIETeH, TNTA3MOHHbIE
JIOTHYECKHUE YCTPOHCTBA U MPOLECCOPHI ¢ OBICTPOJCHCTBUEM, TPEBOCXOISIINM B JECSITKU
TBICSAY pa3 OBICTPOJCHCTBUE CYLIECTBYIOIIUX OTYIIPOBOIHUKOBBIX YCTPOHUCTB.
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INDICATION OF PLASMON POLARITON VORTICES BY NANOPROBE

Gorishniy V. A., Pereskokov V. S., Dzedolik 1. V. *

Physics and Technology Institute, V. 1. Vernadsky Crimean Federal University, Simferopol 295007,
Russia
*E-mail: igor.dzedolik@cfuv.ru

Surface plasmon polaritons (SPPs) can be excited by optical radiation on the boundary of
metal and dielectric, when the corresponding boundary conditions are satisfied. The
incident and scattered SPPs interfere when they reflected from the area of inhomogeneity
in the metal layer. In the interference field, the singular points appear where the phase of
the SPP Poynting vector has a screw dislocation. The probe can detect the SPP vortices,
which is a metal nanowire that is located above the vortex on the surface of the metal. In
this case, the SPP mode with the circular polarization direction is excited in the
nanoprobe, and the mode polarization depends on the topological charge of the vortex.
Keywords: surface plasmon polariton, plasmon polariton vortex, nanowire.
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B pabote paccMmarpuBaeTcs NpeayoKeHHas KOHCTPYKIHS alepTypbl M3MEpPHTEIBHOrO HpeobpaszoBaTeis ¢
KOHILICHTPATOPOM 3JICKTPUYECKOro mouis. IIpoBefieH TEOPeTHYEeCKH pacyeT M aHalM3 JAHHOH CTPYKTYPHI.
OcCyIIEecTBICHO YHUCICHHOE MOJCIMPOBAHHUE PACIIPENEICHUS MOAYI HANPSHKEHHOCTH JIEKTPHYECKOro OIS
BOJIM3M anepTyphbl NPH Pa3IMYHBIX IapaMeTpax M3MEPUTENbHOI anepTypbl. UuciieHHas Mozaelnb Oasupyercs
Ha NPSIMOM YHMCJICHHOM METOJIe KOHEUHBIX 3JIEMEHTOB. B pesysbTaTe YHCICHHOTO MOACIUPOBAHHUS BBISBICHO
MOBBIIICHUE JIOKATH3AIMN MOYJISI HAIIPSDKEHHOCTH HJIEKTPUIECKOTO TOJIS BOJIM3H anepTypHI.

Kniouegwvie cnosa: CBY, m3mepurenbHblil mpeodpa3oBaTels, anepTypa, KOaKCHAIbHBINA BOJHOBOJ, YHCICHHOE
MOJIEJIIPOBAHHE.

PACS: 98.80. £k

BBEJIEHHE

Becema mepcnektuBHbIM < MeTonoM CBY  agmarHocTHKM - SIBISETCA  METO.X
MHUKPOBOJTHOBOM MHMKPOCKONHUH. OTO OOYCIOBIEHO BBICOKON UYYBCTBHTEIHHOCTHIO,
HEPa3pymaeMocThi0 00BEKTa WCCIENOBAaHWS TPH  TPOBEIEHUM  HCCIIEJOBAHUY,
JKCIIPECCHOCThIO, OECKOHTAKTHOCTHIO, BO3MOXKHOCTBIO HCCIEHAOBAaHUS HE TOJIBKO
MOBEPXHOCTH 00pa3la, HO W OOBEMHOW TPUMOBEPXHOCTHON oOmactu [1]. Metoxg
MHUKPOBOJTHOBOM ~ MHUKPOCKONUHM  HIMPOKO  TPHUMEHSeTCS  UIA  HMCCIEIOBaHUS
BBICOKOTEMIIEPATYPHBIX ~ CBEPXIPOBOJHUKOB,  JUAJICKTPUKOB,  MOJYHIPOBOJIHHUKOB,
MaJIopa3MepHBIX OMO00BEKTOB [1]. OCHOBHBIM 3JIEMEHTOM MHKPOBOJIHOBOT'O MUKPOCKOIIA
SBIISICTCST M3MEPHUTENbHBIN TpeoOpazoBatens (MIT) [2]. Haunbomee 9yBCTBHUTEIBHBIMU
SBISIOTCSL  pe3oHaHcHeie MII [2]. Ameprypa HU3MEpUTENIBHOTO TIpeoOpa3oBaTess
MpeIHa3HAYeHA I OCyIIecTBIeHUs B3aumoeiicTust most MIT ¢ oOpasiiom, a Takxke ais
COTJIaCOBaHUS BBIXOAHOTO compoTuBieHus WII ¢ compormBiennem obpasma. Ha
CETOHSAIITHUHN JICHD IMUPOKO MTPUMEHIETCS KoaKCHallbHas arepTypa [2]. 3To 00ycIoBIeHO
€€ TIPOCTOTON ¥ BO3MOKHOCTBIO PETYJIMPOBKH CBSI3U ¢ 00pa3I[OM B IIMPOKKUX TpeAeIiaX.

OnekTpou3nyecKue mapaMeTpbl o0pasima (OTHOCHUTENBbHAs —JIHAJICKTpUYecKas
MPOHUIIAEMOCTh M TAHTEHC YIVIa TIOTEPhb) B3aUMOJEHCTBYS C PE30HAHCHBIM
U3MEPUTEIbHBIM  TIpeo0pa3oBaTeneM  IMOCPEIACTBOM  amepTyphl  HM3MEHSAET  €ro
WHGOPMAITMOHHBIC TApaMETPhI: TOOPOTHOCTH M PE30HAHCHYIO YacToTy [1, 2].

IIpocTpaHCTBEHHOE pa3pelieHue COBPEMEHHBIX MHKPOBONHOBBIX MHKPOCKOIIOB
YCTyIaeT aHAJIOTUIHOMY ITapaMeTpy ONTHYECKUX W aTOMHO-CHIIOBBIX [1]. DTO cBs3aHO ¢
HEBO3MOXHOCTBIO  OJHOBPEMEHHO  YBEIWYUTh  JIOKAJIM3ALUHUI0O  30HAUPYIOLIETO
JJEKTPUYECKOTO TOJii B  MOJNANEpTypHOW oO0macTh ©  00eCHednTh  BBICOKYIO
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YyBCTBUTENBHOCTh [2]. PaHHHME cXeMBbl MHUKPOBOJHOBBIX MHUKPOCKOIOB MPUMEHSUIM B
KauecTBe M3MEPHUTEIHHOTO MPeoOpa3oBaTelisi YUCTO YETBEPTHBOIHOBBIA KOAKCHAIHHBIN
pezonatop [1]. IIpocTpaHCTBEHHOE pa3peleHHue TaKUX MPHOOPOB COCTABIBIIO OKOJIO
10 MM [1]. [ KoakcHanbHOW amepTypbl € 3a0CTPEHHOW IEHTPAIBHOM >KUION
HaOmonaercs 3pdext «rpomoorBoma» [1]. JlaHHblii 3(deKT cocTOMT B BBICOKOMH
KOHIICHTpAIIMH JJIGKTPUYECKOTO TOJII Ha OCTPHE. OITO TO3BONIAET YBEIHYUTH
MPOCTPAHCTBEHHOE PAa3pPCIICHUE BCET0 MHUKPOBOJHOBOTO MHUKpOCKOmHa. SIBieHue
00yCIIOBIMBAaETCS  OOpaTHO  MPONOPIMOHAILHOW  3aBHUCHMOCTBIO  HANPSHKEHHOCTH
JMEKTPUYECKOTO0  TMONIE  OT  paadyca  OCTpUsS  TPOBOJHWKA,  AHAJIOTUIHO
aieKTpocTatnyeckoMy ciayvaio [3]. HemocTtaToxk maHHOM KOHCTPYKIIMM COCTOUT B
3HAQUUTEIBHBIX U3Iy4YaTeIbHBIX TOTEPSIX, 4, CJIeA0BaTEIbHO, MajoW pa3peluaroei
CIOCOOHOCTH W HU3KOH JIOOPOTHOCTH BCEr0 HM3MEPUTENLHOTO mpeobpaszomarens. s
YCHJICHUS JIOKATU3AINN AIEKTPHYECKOTO T0JIe M YMEHBIICHUS U3IYYCHHUS U3 OTKPBITOTO
Topla pa3paboTaHa arepTypa B BUAE Cyxkaromierocs koakcuana [1]. Takas KoHCTpyKIus
MO3BOJISIET MOYYUTh MPOCTPAHCTBEHHOE Pa3pelIeHne I TUAIIEKTPHUECKUX MaTepHaioB
OoKoJIO 1 MKM.

B omnTuke MIMPOKO WCMONB3YIOTCS ONTUYSCKUH JWH3BI [4]. DT  OOBEKTHI
OCYIIECTBISAIOT (DOKYCHPOBKY JJIEKTPOMArHUTHOM BOJIHBI B TOAANEPTYPHOH 00JacTw.
[IpencraBusiercs  1enecooOpa3HBIM  HMCCIENOBAaTh  BO3MOXHOCTH  YBEIHMUYEHUS
MPOCTPAHCTBEHHOT'O paspeuieHus HU3MEPUTETEHOTO peoOpazoBaTens JUTSt
MHUKPOBOJHOBOIO  MHKPOCKONA 32 CUET IOBBIIICHUS CTEHNEHU  JIOKATU3alUU
30H/IUPYIOINIETO 3JICKTPHUUECKOTO TIONS B MOJANEPTYPHOH 00JAcTH TPH HMCIOIh30BAHUH
JIUDIIEKTPHYECKOT0 KOHIIEHTPATOPa.

Lenpto paboOTHI ABISIETCS YUCICHHOE HCCIICIOBAHUE KOHCTPYKIIUN H3MEPUTEIBHOTO
npeobpaszoBatesis € JUIICKTPUYSCKUM  KOHIIGHTPATOPOM  JIJII  MHKPOBOJIHOBOTO
MHUKPOCKOIIA.

1. UICCJIEAYEMAS MOJIEJIb

OOumwmii  BUA KOAKCHANbHON amepTypsl C  JIUDJICKTPUYECKOW JIMH30M  JUis
U3MEpPUTENBHOTO TpeoOpa3oBaTensi mpuBeneH Ha puc. l. OHa BKIIOYAaeT OTPE30K
KOAKCHAJIBHOTO BOJIHOBOJA, IIMHONH L, COCTOSIIUI U3 LEHTPAIbHOMN JKUJIBI, C PAIUyCOM
Ry ¥ BHYTpEHHHM pajauycoM R,. Ha Topie anepTypsl nomeleHa nomxycdepa, paanycom
R w3 nudnexTpuKa ¢ OTHOCUTENBHOM JAMDICKTpHYecKod mpoHunaemocteio €. Topen
amepTypbl HarpyXeH Ha CcBOOOAHOE MpocTpaHcTBO. OTHOMOIOBBIM pexuM T-BOJHEBI
KOaKCHaJIbHOW JTMHUH 00ecIieynBaeTCs Ha yacToTax [5]:

f<c¢/mR +R,) , @Y

IJie ¢ — CKOPOCTh CBETA B BaKyyMe.

ITapaMeTpsl KOaKCcHaIBLHOUW amepTypsl (1Mo puc. 1) BeIOpaHbl, coriacHo (1), TaHHBIX
JUTEpPaTYpHBIX ~HcTOYHMKOB [1-3] cmemyrommmu: R, /A =0,05; Ry/R, =0,01;
L/A=0,4; R=R;, npu A =8 MM. MaTepuan CTCHOK KOAKCHAIBHOIO BOJHOBOZAA U
LHEHTPAIIbHON KHUJIbI — WJI€aJIbHBINA TPOBOJIHUK.

67



IMOJIETAEB /1. A., COKOJIEHKO Bb. B.

Ry R,
r Y
L
s e
/g // > 4
X
E
v y

Puc. 1. KoakcuanbHas anepTypa H3MepUTEN-HOTO Ipeodpa3oBaTens

Pacmipenenenre 3MEKTPOMAarHUTHBIX TOJIEH BOJMU3M amepTypbl PacCYUTHIBAIOCH
MPSMBIM YHCIICHHBIM METOJOM KOHEUYHBIX 3jeMeHToB [6]. Ilpm »TOM mpocTpaHCTBO
MOJIEH Pa30MBAIOCh HA PSAJ TETPAdAPOB, B KAKIOM U3 KOTOPHIX PEIIAIHCh CIETYIONINe
BOJIHOBBIE YPABHEHHSI METOJOM KOHEUHBIX 3JIEMEHTOB [6]:

Ox(u'O%E)-k*¢E=0, 2)
Ox(u'OxH)-k’cH=0, 3)

rne E — BCKTOP HANPSKCHHOCTU IJJICKTPUYCCKOI'O ITOJIA; k — KOMIIJIEKCHOE BOJIHOBOE
qUCJI0; & — KOMIUIEKCHAasE IUDJICKTpUYECKas IIPOHHUIAEMOCThb;, A — OTHOCHUTEIIbHAS

MarHuTHas npoHuiiaeMocth; H — BEKTOp HANpsHKEHHOCTH MArHUTHOTO TIOJS.
I'parndaHbIe YCIOBHUS UMENH BHIT [6]:

E.=Z (nxH,), 4)

rac ET , HT — TaHTCHIMAJIbHAd KOMIIOHCHTBI BEKTOPA HAIIPS?KCHHOCTU 3JICKTPUICCKOTO U
MarHuTHOI'O HOHeﬁ, COOTBCTCTBCHHO, ZS — TIOBEPXHOCTHOE COIIPOTHUBJIICHHUE, N —
CIIMHUYHBIN BCKTOP HOpMaJIA K ITOBCPXHOCTH.
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2. PE3YJIBTATHBI

Ha puc.2 mnpeacraBieHa paccuyuTaHHAash YHUCJICHHBIM METOJOM 3aBUCHUMOCTD
HOPMHUPOBAaHHBIX Ha MaKCUMAaJIbHOE 3HAYEHWE MOJYJSl HANPSKEHHOCTH AJIEKTPHUECKOTO
MOJIST MOJTYJIEH HANPSHKEHHOCTHU DJIEKTPUUYECKOrO IMOJISL OT PACCTOSHUA Y 0 TOYKU O (Ha
puc. 1) 1©pu H3MEHEHHUH OTHOCHUTEIBLHON JHANEKTPUUECKOM MpOHULAEMOCTH &
nonycdeprr. Ha rpadukax (mo puc. 2) SBHO 3aMETCH CKauOK MOJIYJIS HAMpPSHKEHHOCTH
9JEKTPUYECKOTO TMOJISI Ha TpaHulle pasfena Cpel C Pa3IuYHbIMU OTHOCUTEIbHBIMU
JMUDIIEKTPUYECKUMHU TPOHHIIaeMOocTAMHU. Kak BHIHO W3 puC. 2, MOIYIb HANPSHKEHHOCTH
ANIEKTPHYECKOTO TMOJIsI JOCTUTAET CBOEr0 MakCUMyMa Juisi Toiycdepsl ¢ £ =12 Ha
PacCTOSTHUM PAaBHOM PaINyCy IEHTPATLHON KIITBL.

Ha pwuc.3 mnpencraBmeHa pacCUMTaHHAs YHCICHHBIM METOJOM 3aBHCHMOCTH
HOPMHMPOBAHHBIX HAa MaKCUMAaJIbHOE 3HAUCHUE MOIYJSl HAMPSIKEHHOCTH JICKTPUUYECKOTO
MOJISl MOJYJIEH HANPSHKEHHOCTH DJIEKTPUYECKOTO TOJIS OT PAacCTOSHUSA X IO TOYKH O (Ha
puc. 1) nOpu U3MEHEHWH OTHOCUTEIBHON JUIJIEKTPUYECKOW MpoHUlIlaeMocTh &
nonycdepsl Ha paccrosHuM y =R;. Hawmmydmas QoxycupoBka HaOmomaeTcss s
nosrycdepei ¢ £ =12.

10 , | g =1
04 ': I 2-£=2
1 Il
0.s - . —
07 'II | ,531 © g
DIE bl |i '}‘ | ©=
IJJE ] l\ .\\ | 5.‘ e =12
q o +—] |
0,4 q{%‘\\ \'\ Q ' '
RN NN l
0,3 ___o-- LN i ‘-\1. - |
0s ,;4 J \*‘“ii*k |
1. "~ iji;‘_v;
01 _"‘\:\\ "-_._I I %
0 S} | |
0 2 4

¥R,

Puc. 2. PacnpenencHre HapsKEHHOCTH DJICKTPHYECKOTO BOJTU3H artepTyphI OIS 110
BEPTHUKAIIN
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Puc. 3. Pacnpe):[eneHI/Ie HAIPSKCHHOCTHU 3JICKTPUYICCKOI'O MOJIA BOIM3U ariCpTypsI 1O
TOpU30HTAIN

3AK/IIOYEHHUE

B  pabore mpemiokeHa ~ KOHCTPYKIMSL — amepTypbl Uil U3MEPUTEIHHOTO
npeoOpas3oBartessi MUKPOBOJIHOBOTO MHKPOCKONA C AMAIEKTPHYECKUM KOHLIEHTPATOPOM.
[ocTpoena ee uncneHHast MOZEIb, MOTYYEHBI pe3ysbTaThl. Ha nX 0OCHOBaHMM c/ienaH BBIBOJ
00 YBEIMYEHUH CTETIEHH JIOKAJIM3ANH AIEKTPUIECKOTO TOJIS B ITOJATIEPTYPHON O0IACTH.

Pesynbratel paboTel MOTYT OBITH HNPUMEHEHBI Ul MPOSKTHPOBAHUS amnepTyp s
M3MEPUTENBHBIX MpeoOpazoBaTenell COBPEMEHHBIX MHMKPOBOJIHOBBIX MHKpPOCKONOB. B
JANbHEUIIeM TUIAaHUPYeTCS  HCCIEeNOBaTh 3aBUCHMOCTh  CTENEHH  JIOKAIHM3AIHUU
ANEKTPHUYECKOTO OISt OT TEOMETPHUYECKIX Pa3MEPOB MOTYCHEpPHI.
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MODELING PARAMETERS OF RESONATOR MEASURING CONVERTER
WITH DIELECTRIC CONCENTRATOR

Poletaev D. A.”, Sokolenko B. V.

Physics and Technology Institute, V. 1. Vernadsky Crimean Federal University, Simferopol 295007,
Russia
*E-mail: poletaevda@cfuv.ru

In the article construction of a resonator measuring converter with an electric field
concentrator is considered. The method of microwave microscopy is a very promising method
because of it high sensitivity and expressness. This method does not destroy the sample. The
method of microwave microscopy is widely used to study high-temperature superconductors,
dielectrics, semiconductors, small-sized bioobjects. The main element of the microwave
microscope is a measuring converter. The most sensitive are the resonant measuring
converters. The aperture of the measuring converter is construted for the interaction of the
field with the sample, and also for matching the output resistance with the sample resistance.
Today, a coaxial aperture is widely used because of of it simplicity. Electrophysical
parameters of the sample (relative dielectric constant and loss angle tangent) affect to
converters information parameters (q-factor and resonant frequency). The spatial resolution of
modern microwave microscopes is less than in optical and atomic-force microscopes. There
are impossible to increase the localization of the probing electric field and provide high
sensitivity simultaneously. The early models of microwave microscopes used a quarter-wave
coaxial resonator as a measuring converter. The spatial resolution of such devices was about
10 um. For a coaxial aperture with a pointed central core, the effect of a "lightning rod" is
observed. This effect consists in a high concentration of electric field on the tip. This allows to
increase the spatial resolution of the whole microwave microscope. The disadvantage of this
construction is big radiative losses, and low quality factor of the entire measuring converter.
Optical lenses are widely used in optics. It seems useful to investigate the possibility of
increasing the spatial resolution of the measuring converter for a microwave microscope by
increasing the localization of the probe electric by using a dielectric concentrator. The aim of
the work is modelling the parameters of measuring converter with a dielectric concentrator.
Keywords: microwave, measuring converter, aperture, coaxial waveguide, modelling.
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CYKEHUE JINUHUU AMP B CHCTEMAX C BHYTPEHHEN
MOJIEKYJISIPHOM TOJABAKHOCTBIO
Paoywxun /. C.
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PaccMOTpeHBI BO3MOXKHOCTH CYXXEHHS JIMHHUH SAEPHOTO MarHUTHOTo pe3oHanca (SIMP) B TBepnbIx Temax c
JIUIIONb-TUMOTIBHBIM B3aMMOJEHCTBHEM sIep MPH HAIUYUM CTOXAaCTHUECKUX IpoleccoB. B kauecTBe Monenu
BBIOpAaH raycc-MapKoBCKMHM mpornecc. Iloka3aHo, 4TO HCHONB30BaHHE HMMITYJIBCHBIX IOCIEIOBATENBHOCTEN
WHH-4 u MREV-8 mno3Bomsier 3QGeKTUBHO Cy)KaThb CHIHal B CHCTEMax C Majloi U BBICOKOMA
MHTEHCHBHOCTBIO BHYTPEHHUX IBIXKEHHH. B 00macTu MemJeHHbIX ABMKEHUH BO3MOXKHOCTH JAHHBIX CepHit
OTPaHUYCHEL.

Kniouegvie cnoea: sinepHBbII MaTHUTHBIM PE30HAHC, JIMHMS IOTJIOMICHUS, CYXAIOIIUE ITOCIEA0BATEILHOCTH,
craj; cBOOOTHOM Mpeneccuy, MOMEHTHI JinHiH SIMP.

PACS: 74.25.nj

BBEJIEHHE

Cnextpsl AMP, B npuHLUIIE, OTPa’KalOT BCE B3aUMOJCUCTBUSI, IPUCYTCTBYIOIINE B
obpasne. Ho, kak mpaBmito, STH B3aMMOJICHCTBUS PA3INIHBI 110 CBOCH MHTCHCHUBHOCTH U
MOTOMY OTM0arolias CIeKTpa COOTBETCTBYET HauboJiee CHIIBHOMY M3 HUX (Kak TpaBHIIO,
JUTIONb-TUTIOTBFHOMY), B TO BpEMs KaK JIETAIH CIa0bIX B3aWMOJCHCTBUI CKPBITHI OT
uccienosarens. B HacTosmiee BpeMms CYIIECTBYET PSA  METOIWK, MO3BOJISIOMINX
HEHTpanM30BaTh AWIIONb-AUIIONbHBIE B3aMMOICHCTBUS B TBEpAbIX Tenax. K Hambomee
MOMYJIAPHBIM M3 HUX OTHOCATCA MHoroumiyiscHele cepun WHH-4 1 MREV-8 [1-8].
OOBIYHO TIPW aHANU3E JAHHBIX MMOCJIEOBATECIBHOCTEH CUMTACTCS, YTO PEUIeTKa SBIISETCS
J)KecTKol. Mexly TeMm, BOIpPOC O BIUSHUM BHYTPEHHEW MOJEKYJISIpHON MOJBMXHOCTH B
TBEPABIX Telax Ha 3(pGEKTUBHOCTH CyxeHUs nuHun SIMP Bo3HMKaeT, Kak MUHUMYM, I10
JIByM TPUYUHAM. BO-TIepBBIX, MOABIKHOCT MMPUBOINUT K CyxeHUI0 Jiuauu SIMP, u6o npu
HAIMYUH CIyYaiHBIX MPOIECCOB JIOKAJIbHBIE TOJS IOABEpPraroTcs ycpeaHeHuo. Bo-
BTOPBIX, BHYTPEHHSASA IOJABIDKHOCTH IIJIOXO CKAa3bIBAETCS HA COTJIACOBAHHOM JIBIDKEHUH
MarHUTHBIX MOMEHTOB SiZIp TOJ JICHCTBHEM UMITYyJIbCOB. Takum 0Opa3oM, MpeICTaBIISET
HUHTEpEC BOMPOC O TOM, KaKasi U3 ATUX ABYX TCHIICHUUU SBISCTCS OMpPEAeIsIomel U eCTh
M 3/IeCh Kakas-Tu00 3aBUCUMOCTh OT WHTCHCUBHOCTH BHYTPEHHUX MOJCKYISPHBIX
JIBYDKCHUH.

B Hacrosmielt paboTe BBIUUCIICHBI CUTHANKBI cnana cBoOoaHoi mpeneccun (CCID) B
MHOTOYACTHYHBIX CHUCTEMax MpH HAIWYMM B HUX CTOXACTHYECKOTO TpoIlecca raycc-
MapkoBckoro tuma. [Ipoanann3mpoBaH BONPOC O MPUMEHHMOCTH CYXAIOIIUX CEPHH K
CHCTEMaM C Pa3IMYHON HHTEHCUBHOCTHIO BHYTPEHHUX JBHKCHUH.
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CCII B CEPUSAX WHH-4 1 MREV-8

P ACCMOTPUM TOMOAACPHYIO CUCTCMY, COACPIKAIIYIO AJpa CO CIMHOM, OTJIIMYHBIM OT
HYJIA. B oaTtom cjiydya€ TaMHJIbTOHHAH OUIIOJIb-IUIIOJIBHOI'O B3aPIMOZ[eI>'ICTBPIH B
HpI/I6J'II/DKeHI/II/I CHJIBHOT'O ITIOJIsI UMECT BH

H :%ZDQJZ (2Iizljz _Iixljx _Iivljy) ’ W
ij

rae Défz €CTh zZ-KOMIIOHEHTA TeH30pa JUIOJIb-AUINOILHOT0 B3aUMOJCHCTBUS [2].

B PaBHOBECHOM COCTOSAHUU IIPHU HATMYUHN CUIIBHOT'O IIOCTOAHHOI'O MAarHuTHOI'O I10JIA,
HAIIpaBJICHHOI'O BAOJIb OCH Z, OIICPATOP MATPHUILILI INIOTHOCTH UMECT BU

pO)=1.. o)

C moMOIIbI0 MOATOTOBUTEIBHOTO HMMITYJIbCA, HE BXOMSAIIETO B COCTaB CY)KAFOIIUX
cepwuii, mpeobpazyem (2) B

pO)=1,. 3)

ITogBepraeM CIIMHOBYIO cHcTeMy BozxaewcTBuio cepun WHH-4, T.e. coBokymHOCTH
pe3oHaHCHBIX  90-rpaaycHbIX uUMIynbcoB  90°, — 27— 90°%—7-90°%—27-90°, — 7.

Habmtonenue Bexercss B MOMEHT BpeMeHH 67 . Bynem cuuTath, 4TO KaXIOMY HMITYJIbCY
COOTBETCTBYET OIEPATOp MOBOPOTA, BIMSHUEM CIHMH-CIIMHOBOW pENlaKCallid B TEUEHUE
JEHCTBUS KayKAOTO UMITYJbCa IpeHeOperaem.

B uHTepBanax Mexy UMIyJIbCaMHU OIIEPAaTOP MATPHULBI INIOTHOCTU PAa3BUBAETCS MO
JeficTBUEM raMMIbTOHHAHA BHYTPEHHUX B3aUMOJCHCTBUII B COOTBETCTBUU C YPaBHEHHEM
JuyBunns

p=i[p.H]. 4)

Takum oOpa3zoMm, B MoMmeHT BpemeHH 0* (cpa3y mocje MepBOTO HMITYJIbCA CEPHH)
OmepaTop p NpUMET BUJT

T T

pO)y=e 272" 5)

B moment BpEMCHU 2T (HeHOCpeI[CTBCHHO nepea BTOPbIM I/IMHy.]'H:COM) ornepaTrop
MaTpuUlibl INIOTHOCTHU NPCBPATUTCS B

2r 27
_ ~i[H@ar _m Ay i H@a

pen=e o iyl (6)

HpOI[OIDKaH TaK W [AajieC, MNOJYy4YHM OIepaTtop MaTpulbl IUIOTHOCTU B MOMCHT
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BpeMeH! 67 ¥ MCTOJB3YeM €ro IS BRIYUCIICHHUS CUTHAA 10 001IIei hopMyre
Gt)=Tr(p)1,)/Tr(1,?). (7

Jns Beraucienus ciena B (7) BOCHONB3yeMCs TOJTHBIM HaOOpOM COOCTBEHHBIX
¢dyakuit ramuiabTonuadHa (1). Kpome Toro, mpumeM B KauyeCTBE MOJICIU Traycc-
MapKOBCKHI MPOIIECC, U1 KOTOPOTO

(aXt)ext")) = M, +DMe * ®)

rae M, — BTOpPOH MOMEHT JIMHHMH TOIJIOIIEHHs B OBICTPONOJBHXKHONM cucreme, AM, —
Pa3HOCTh BTOPBIX MOMEHTOB JIMHUH B JKECTKOM M OBICTPONOJABHKHOW cUCTeMax, T, —

BpeMs KOPpEJISIMU, TO €CTh CPEeIHee BPeMs KM3HU CHCTEMBl B 3aJaHHOM pPEIIeTOYHOM
KoHurypauuu [9].
OKOHYATENBHO HAXOJIUM:

[~

2r 37 4t

“Hde T —de T e T ©)

~

G(6T) =exp| -AM,7.2| 45 —5+4e
T

c

Ha puc. 1 npencraBieHa 3aBUCMMOCTh CHTHajda B MOMEHT BpPeMEHH 67 OT /7. Ipu
3HayeHMsAX napamerpa AM>r?=0,5; 1; 2 (ceepxy BHuM3). Kak BugHO, IaHHas
3aBUCUMOCTh WMEET THUIWYHBIA JJI1 HMITYJIbCHBIX  OKCIIEPUMCHTOB  XapakTep,
OTpaKAMIIUH Claj] CHWrHajlla NpW HarpeBaHWHM oOpa3la W ero BOCCTAHOBIICHHE IPU
BBICOKHX TeMIIepaTypax.

Puc. 1. 3aBUCHMOCTS CUTHAJIa B MOMEHT BPEMEHH 67 OT Oe3pa3MepHON BEIIMYUHBI 7/7, TIPH
3HaueHusx mapamerpa AMor*> = 0,5 (kpusas 1), 1 (kpusas 2), 2 (kpusas 3)
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Jns BBIACHEHHS BOMNpPOCa O BO3MOXKHOCTH cyxeHus junuu SAMP mpu nHanumuuu
CTOXaCTHYECKHX TPOIECCOB OBLIO NMPOBEJCHO CPaBHEHHE TOJYYECHHOTO BBIPAKEHUS C
OOBIYHBIM CITAIOM CBOOOJHOW TIPEIICCCHM, PETHCTPUPYEMBIM Tiociie omHoro 90-
rpagyCHOTO UMITYJIbCA!

G(r) = exp —%Mf oMt e -1 ] (10)

CpaBuenre (9) u (10) nmokaseiBaeT, 4To 4WieH ¢ M, OTCYTCTBYeT B NEPBOH M3 JTUX

dopmyi. Mexxy TeM Aake IpH BBINOIHEHHU YcloBHs M, <<M, ero NpUCYTCTBHE WUTpPaeT

BR)XHYIO POJIb MPU MHTCHCUBHBIX TEIUIOBBIX NBIKeHUsX. Ha puc. 2 mpencrasnenst CCII,
MOCTpOCHHBIE 1O opmyiie (9) (crutorHas auHuUs), U 1o popmyie (10) (mpepbIBUCTAs JIHHHS).

(a) (6)
G(%lﬁﬂ

20
Mmt

(B)

Puc. 2. Cnag cBo0OIHO¥ TpeliecCHH U OTKJIMK CUCTeMBbI Ha cepuio WHH-4 B jxecTkoii (a)
1 OBICTPOTIOABIDKHOM (0) cHcTeMax, a TaKKe TIPU TeMITEPaTypax, OTHOCSIIUXCS K
MepexoHON 00J1acTH (B)
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IIpu sTOM B (9) mpuHUMaNoCh, 4to ¢ = 67. OTHOIIEHNUE BTOPOTO MOMEHTA CYKEHHOMN
JIBMKCHHEM JIMHAM KO BTOPOMY MOMEHTY JIMHHUU JKECTKOW CHCTEMBI pPaBHSJIOCH
JIOCTaTOYHO XapakTepHoMy 3HadyeHuto 10. B kadecTBe Oe3pa3MepHOro mapameTpa
BBIOMpasach BenMunHa Mot.”, B Ka4ecTBe Oe3pasMepHoil nepeMenHon — M, Cryuaii (a)
COOTBETCTBYET KecTKoM cucteme (Maz.2 = 100), mpyu 5TOM CcIIaj Nocje CyKafolel cepun
3aTyxaeT HamHOTO MemieHHee oopraHoro CCII. JlaHHOE 0OCTOATENTHCTBO YKa3bIBacT Ha
Cy)KEHUEC JIMHUM TIOTJIONICHUWs. AHajOrmyHas KapThHa HaOmromaeTcs W JIs
OBICTPONOABIKHOM cucteMbl (Mot.2 = 0,001), cMm. cinydaii (6). UTo KacaeTcst nepexomaHom
0071aCTH, COOTBETCTBYIOIICH MeIJICHHBIM aBMKeHHMsAM (AMoyt? =0,5), ciydaii (B), To
3/1ECh pa3Inyie CUTHAJI0B MUHUMAJIBHO.

Pacuer, BbimonHeHHBIN it cepun MREV-8, nmaer A0BOJBHO TpPOMO3IKHIA 11O
cpaBHeHHI0O ¢ (9) pe3ynpTaT, KOTOPHIH 0O0JIamaeT TEeMHU JK€ BPEMEHHBIMH U
TEeMITepaTypHBIMH 0COOCHHOCTSIMH, UTO M OTKJIMK Ha neficteue cepun WHH-4.

3AK/IIOYEHUE

B nanHoii paboTe paccMOTpeH BOIPOC O BO3MOKHOCTH CYXKEHUS JINHUU TOTJIOIIEHUS
SAMP B cucremax ¢ JOMUHHUPOBAHHMEM JUIOJb-TUINOIBLHOIO B3aWUMOJICUCTBUSL TIPU
HaJU4YUU BHYTPEHHEH MOJEKyJsipHOM moaBuxHocTH. [lokazano, uto cepun WHH-4 u
MREV-8 mo3BOJNSIOT YacTUYHO HEUTpaIW30BaTh BIMSHUE AUIONb-TUMNOIBHOTO
B3aMMOJICUCTBUS B ONM3KUX K JKECTKUM M OBICTPOIOJIBIKHBIX cHcTeMax. B obGmactu
MEJICHHBIX JBIWKCHHH (T.e. B TIEPEXOAHOH 00IacTH) JPQPEKTUBHOCTh JaHHBIX
MOCJIEIOBAaTEIbHOCTEH MHHHMAbHA, YTO TOBOPUT O 3HAYUTCIHHOM BIUSHUU
cToxacTrueckux 3 (HexToB npu GOPMUPOBAHUU OTKIMKOB Ha CYXKAIOIIHE CEPUH.
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NMR LINE NARROWING IN SYSTEMS WITH INTERIOR MOLECULAR
MOBILITY

Ryabushkin D. S.

Institute of Physics and Technology, V. 1. Vernadsky Crimean Federal University, Simferopol
295007, Russia
E-mail: druabushkin@cfuyv.ru

The possibilities of narrowing the nuclear magnetic resonance (NMR) line in solids with
dipole-dipole interaction of nuclei in the presence of stochastic processes are considered.
The Gauss-Markov process is chosen as the model. It is shown that the use of pulse
sequences WHH-4 and MREV-8 allows to narrow the signal effectively in the rigid and
fast-moving systems. In the area of slow motions the capabilities of these series are
limited.

Keywords: nuclear magnetic resonance, absorption line, narrowing sequences, free
precession decay, moments of the NMR line.
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B pamkax 5SMOHpPUYECKOTO MOAXOJAa NPOBEIACH aHATM3 MEXKHOHHBIX B3aUMOACHCTBUH B ci1abom
anTudeppomarteruke FeBOs. Ycranosnena komMOuHaIMs napamerpoB noreHuuana bopua-Maiiepa- Xarruuca
s ceszei (O —O) u (B —O), koTopast oTBeyaeT, Kak yCTOMYUBOCTH HOHOB B CTPYKTYpPE, TaK M U3BECTHBIM
ynpyrum coiicrsaMm kpucramia FeBOs.

Knruesvie cnosa: FeBO3, KoMIIBIOTEpHOE MOJEIUPOBAHUE, YIIPYTUE CBOUCTBA.

PACS 60.51.Ah, 62.20.dj

BBEJEHHE

KomnberorepHoe wMoxpenupoBanue (KM) sBasieTcss OJHUM M3 COBPEMEHHBIX
WH(QOPMATHBHBIX METOJIOB MCCIICAOBAHUS CTPYKTYPHl M (PH3HMUYECKUX CBOWCTB BEIIECTB B
KOHAEGHCHUpOBaHHOM coctosiHuu [1]. Takoe wMopenupoBanue mpoBoAMTCS JHOO C
UCIIOJIb30BAHNUEM TOAXOJA «HU3 NEPBBIX MPUHIUIOB» (ab initio), TMOO ¢ UCIIOIH30BAHHEM
MOMYSMIIUPUIECKUX METOMOB. {71 MOAENMpOBaHUS «H3 TMEPBBIX MPHUHIUIOB» OOBITHO
MPUMEHSIOTCS  JOPOTOCTOSIIAE KOMMEPYECKHM JOCTYIHBIE  CHeIHaIn3upOBaHHBIE
MPOrpaMMHBIE TTIAKETHI, TaK KaK pa3pad0TKa OPUTHHAILHOTO aJICKBATHOTO MPOTPAMMHOTO
o0ecrieueHus MPaKTHIECKH HEBO3MOKHA.

B ocHoBe mnomysmnupuueckux MetrogoB KM nexuT pacdyeT MNoTeHIHana Hu
HaNPSKEHHOCTH BHYTPUKPUCTAIIINYECKOTO AEKTPUUECKOTO MO Ha BCEX CTPYKTYPHO-
HEIKBUBAJICHTHBIX MOHAX B AJIEMEHTAPHOHN SYeiiKe KPUCTala, a TAaKKE SHEPTUU U CUJIbI
MEKHOHHOTO OTTAJIKWBAHHMS, BBI3BAHHON MEPEKPHITHEM BHEITHUX IEKTPOHHBIX 000JI0UEK
COCEHUX HMOHOB. VIMEHHO MONYSMIUPUYECKHH MOAXON OOBIYHO M HCIONB3YeTCS IS
aHanmu3a CTPYKTYPbl M CBOWCTB Oopcoaepkamux coeauHeHuid [2—-10], a mis omucanus
B3aMMOJEHCTBUIM OTTalKMBaHUS TpUMEHsEeTCs MoTeHuuan bopHa-Maliepa-Xarruaca
(BMX). ITorenuuan bMX nisg napHOTO B3aUMOJIEUCTBUS MOHOB I —TO U j-TO COPTa UMEET
clenyouui BU;

W,); = A exp(=r; /o, )+ C;, [ (1)

rae (W,);j — pHeprust OTTAJIKUBAHUS, rjj — PACCTOSHUE MEXIY HOHOM [—TO U j—TO COpTa, a
Aij, p7 1 Cj— mapameTpsl moTeHImana. [Ipu 3TOM BBIpaKEHHE VIS SHEPIHH i-TO HOHA
npuoOpeTaeT BUI:

W, =g, -pE +D W), 2)

k=1
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TJE ¢; ¥ P; — COOTBETCTBEHHO 3(PPEKTUBHBIN 3apsi1 U MEKTPUICCKUHN AUIMOIBHBI MOMEHT
i-ro woHa, @ u E;— moTeHNMans W HAOPHKEHHOCTh SICKTPUUYCCKOTO MOJS B TOUKE
PaCIOJIOKEHHUST 3TOT0 MOHA, 1 — YHCIIO0 OMMKanIMX coceneit. OTMETHM, YTO JAMIOIbHBIN
BKJIaJ] B dHepruio npu nposeneHnn KM B Gopcopepikamux COSAMHEHUSX yUUTHIBAETCS
JIOCTaTOYHO peako [4], a 3¢dexkTuBHBIC 3apsaabl UOHOB OOBIYHO CUMTAIOTCS PaBHBIMU
dbopmanbHbIM: g = + 3le|, gre=+ 3le|, go=—2le|, Tme |e| - abcomtoTHOE 3HaUeHHE 3apsaa
a1eKTpoHa [2-5, 8].

UzBectnas uHpopmamms o mnapamerpax mnoreHuuana bMX B Oopcoaepiamux
okcunax npuseneHa B Ta0n. 1. Kparuaitimee paccrosaue (B —O) B 3TUX COCOUHEHUSIX
cocTaBisieT BenmmuuHy mopsiaka (1.3-1.4) A [2, 11], mo3aToMy 11erecoo0pa3HO MPOBECTH
CpaBHEHHUE MIPUBEACHHBIX B Ta0J. 1 mapamerpoB s cesizeit (B — O) mist aToro auamasoxa
MEXXaTOMHBIX PACCTOSIHUM MO OTBEUYAIOLIUM UM 3HAYEHUSIM DHEPrUM OTTankuBaHus Ws.o)
U CHJIBI MEXHOHHOT0 oTTajkuBanus Fg.o).

Tabmuna 1. M3BecTHBIe mapaMeTpbl noteHnrana bMX B 6opcomepikaiyx COeqUHEHUIX

ITapameTpsl noreHunana bMX B CChIJIKa
/1(}3,0), eV L£B-0), A C(B,o), 3B %6 /1(0,0), eV £0-0), A C(o,o), 3B %6

1843 0.169 0 1919.8 | 0.284 - 0.984 2]

592 0.192 0 8207 0.235 - 1.028 [2]

761 0.29 0 352.7 0.35 - 0.095 [3]

848 0.286 0 5486 0.239 22.17 0.011 [4]
529.3 0.29 0 648 0.29 - 0.457 [5]

984 0.29 0 1888 0.29 - 0.285 [6, 7]

815 0.29 0 1889 0.29 - 0.038 [8]
537.3 0.198 0 141704 | 0.183 - 0.968 [9]
1164.8 | 0.198 0 141704 | 0.183 - 0.818 [9]
180390 | 0.124 0 9027 0.265 85 0.315 [10]

Bripaxxerne mis Fs.o) merko nmomygaercs u3 (1) ¢ yaerom Toro, uto mapamerpom C B
JTAHHOM CITy4ae MOXKHO MpeHeOpeyb:

A W
|Fo) | 2 exp| - L |=—&2 3)
(B-0) PB-0) PB-0)

Pesynbrater pacueta Wep.o) u |Fs.0)| M1 mati HaGOpOB mapaMeTpoB MOTEHIIHATA
BMX wu3 tabn. 1 npuBeaeHs! Ha puc. 1.

HarmsimHo BuAHO, 9TO B PacCMOTPEHHOM AMAIa3OHE 3HAYEHHWH Fp-o) MOTydaeMbIe
3HaueHuss We.o) u |Fg.0) pasnmuuaroTcss OYeHb CYIIECTBEHHO W HH OIWH W3
PacCMOTpPEHHBIX HaOOpOB HE MOXKET OBITh BBIOpaH, KaK MPEANOYTUTEINBHBIN IS
nposeneHnss KM CBOHCTB OKCHIHBIX Oopcomepikamux coenuHeHnid cemeiictBa ABO3
(A = Fe, Al, Ga) 0e3 npoBepKd UX IPUMEHUMOCTH K KOHKPETHOMY OOBEKTY.
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.0y

Puc. 1. 3aBucumoctu suepruu Wg.o) u ciibl |F(g.0)| OTTaNKUBaHKS OT PACCTOSHHUS F(B-0)
JUTST HEKOTOPBIX HaO0opoB noTeHItnaza bMX mis ceszeit (B — O) u3 taom. 1

Hcxonst u3 BBIIIEU3I0KEHHOTO, OCHOBHOM LIENBI0 JAHHOU CTaThU SIBISETCS IPOBEPKA
Y ONITHMH3AITMS U3BECTHRIX HA0OPOB MapaMeTpoB moteHnuana bMX mis B3auMoaeicTBIs
(B-0) u (O - 0O) Ha npumepe kpuctaia Oopara xene3a FeBO3; B paMkax ynpomeHHOR
MOJIENTA TOYECYHBIX 3aPs/I0B.

1. AHAJIM3 YCTOMUYHUBOCTU NOHOB KUCJIOPOJIA B FeBO3

B ycnoBusx TepMOOMHAMHYECKOTO PaBHOBECHS CyMMapHas CHJIa, JAEUCTBYIOIIas Ha
KaXIBId MOH JIIOOOTO KpUCTaUIa, JOJDKHA OBITh TOXKICCTBEHHO pPaBHA HYNIO, a SHEPIUs
KpHUCTaJUIM4YeCKo peleTku — MmuHuManbHa. Kpuctamn FeBOs; umeer Todyeunyro rpynmy
CHUMMETpPHH 3m, a CTPyKTypa 3TOro Kpucramia takosa [12], uto mo3unmu umoHos B u
Fe’* 3a cuer cuMMeTpuu ONVKAMIIErO KHUCIOPOIHOTO OKPYKEHHUs SBJISAIOTCS 3aBEIOMO
ycrounBbIMH. 1loaTOMYy HCKOMBIE HAa0OpBI MapaMeTpoB moreHnuansa BMX momKHBI
VAOBJIETBOPSITh KAK MHHUMYM YCJIOBHIO YCTOHYHNBOCTH HOHOB KHCIIOPOAA.

B pamMkax ucnonb3yemMoit Moenu i-s1 KOMIOHEHTA (i = X, y, Z) PE3YIbTUPYIOIIEH CHUIIBI
F, neiicTBytomieli Ha BbIJEICHHBIA HOH, MOXKET OBITh IIPEICTABIICHA B BHJIE:

F;' = qeﬁEi +(Fr)i (4)
e o — OS0dexkrTuBHbIA 3apsn uoHa; FEi— i-1 kxommoHeHTa Bektopa E, F,-—

PE3yNBTUPYIOIIas CHja OTTAIKHUBAHUS, EHCTBYIOIAs HA 3TOT K€ MOH. Takum obOpa3zom,
HECOOTBETCTBHE HCIIONIb3YEMBIX HAa0OpOB TapaMeTpoB moTeHiuana bMX ycnoBuro
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YCTOHUMBOCTH HOHOB KHCIOPOJA MOXET OBITh OXapaKT€PU30BaHO COOTHOLIEHHEM
,B=|(F(, -F,)/F,|, tne F.— KkymoHOBckas cuia, OEHCTBYIOIIas HA BBLIEICHHBIH HOH

KHCITIOpOa.

Ha mepBoM sTame ObLna mpoBeleHa IMPOBEPKa MPUTOJHOCTH H3BECTHBIX HAaOOPOB
napameTpoB noreHuuana BMX cesazeit (B—-0) u (O-0) nis mpoBeneHUs aHaIU3a
cTpyKTypbl kpucTtauia FeBOs. PacueTs! tokanbHOro anekTpudeckoro nois E B cTpykType
FeBOs Obuti ipoBeIeHBI IO TOYEYHOH MOHHOW MOJCIH C MCIIONb30BaHUEM (hOpMaTbHBIX
3HAQYCHHI 3aps/I0B MOHOB M CTPYKTYPHBIX [aHHBIX, NpuBelCHHBIX B [12]. [lanee, B
npeanonokenud, uto Ageo)=11025B u Preoy=0.329 A [14] mns Bcex HaGOpos
moteHnpana BMX ObIM paccudMTaHbl OTBEYAIONIME WM 3HadeHus Imapamerpa p.
Pesynbratsl pacueTa [ Takke MpUBEAEHBI B Ta0II. 1.

s manpHeimero aHanu3a ObUTH BBEIOpaHBI TPU HAOOpa MapamMeTpoB MOTEHITMAJA
BMX mnst B3aumogpeiictus (O — O) u3 Tadi. 1, oTBEHaOMUX MUHUMAIBHOMY 3HAUCHUIO
[, a Takke J1Ba aJbTEPHATHBHBIX HAOOpa MapaMeTPOB, U3BECTHBIX M3 JUTEPATyphl [14,
15]. BT HabOpHI MpeacTaBieHbl B Ta0M. 2. 3HAYCHUS A©.0) U Qo-0) GUKCHPOBAIUCH, &
IapaMeTphl TMOTEHIMANa Ag-0) U OB.0) BAPBUPOBANKCH B Auana3oHax (200 — 14000) oB u
(0.145 - 0.345) A ¢ auckpetHocTsio 15B 1 0.001 A COOTBETCTBEHHO UIS MOMCKA TAKHUX
KOMOMHAIMA A@B.0) © OB-.0), KOTOpble OTBeyaroT 3HaueHuio [<0.005. OmnHako sTOMY
YCIIOBHIO I KaXA0ro Habopa orBewaeT A0 50 KOMOMHAIWK MapaMeTpoB IMOTCHITUANA
orrankuBaHus s mapel (B — ). B Ta0n. 2 nmpuBeneHsl NpeneibHbIe KOMOWHAIMH — C
MUHUMAJIFHBIMHA 3HAYEHUSIMHU O(B-0) M OTBEYAIOIINE UM 3HAYCHUS YHEPTHH OTTAJIKWBAHUS
(W,)5.5, IpUXOASAIIECHCS HA SIIEMEHTAPHYIO SIYEHKY KpUCTala.

Tabnuna 2. IlpenensHbpie KOMOMHALIMK apaMeTpoB notenuuana bBMX cesseit (B — O),
OTBEYAIOIIHE YCTOHYNBOCTH HOHOB KHCIIOPOa MPU BEIOPAHHBIX 3HAYCHUSX A(0-0) ¥ 00-0)

[apameTtps! noteHnuana bMX

Ne AooreV |goorA | C | AsoyeV | psonA| C (W) 2B S
13436 | 0.165 | 0- | 169.54

L] 3527 1035 | - ™ 009 | 0265 | 0 | 213.95 [2]
13271 | 0.163 | 0 | 164.82

2| 1889 | 029 | - g3 0264 | 0 | 20578 | 7]
14132 | 0.163 | 0 | 15801

3| 5486 | 0239 | - g3 0265 | 0 | oor72 | I
13476 0.165 0 158.06

4 8547 0219 | - 1012 0264 | 0 202.61 [15]
13624 | 0.167 | 0 | 160.91

S | 2764 | 0149 - T4 | o264 | 0 | 20897 | 4

W3 Tabn. 2 BuAHO, 4TO NpeACIbHbBIC 3HAYCHHUS BO3MOXKHBIX KOMOWHAIIVI TTapaMEeTPOB
norernuana bMX st cBszeit (B — O) mis Bcex paccMarpuBaeMbIX HAOOPOB TOCTATOTHO
OJIM3KH, KaK U COOTBETCTBYIOMTHNE 3HAUCHUS (W), 5.
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2. AHAJIN3 YIIPYTUX CBOWCTB FeBO3

Jis  manpHEMIero Cy»XeHHs KOJMYEeCTBA BO3MOXKHBIX KOMOWHAIMI TapaMeTpOB
nmoreHnrasia bMX OO BBIOPAaHO COOTBETCTBHE PACUETHOTO W IKCIECPHUMEHTAIBHO
OTIPEICICHHOTO 3HAYCHUI MOJIYJISl OTHOOCHOTO CKaTHs k. U kodddunmenta [Tyaccona L.
Cornacao [16] k. = 0.0038 I'Tla™!, a 3HayeHne { GBUIO PACCYUTAHO U3 M3BECTHBIX JAHHBIX
o ympyrux cpoiictBax FeBOs [12]: p#114.0. B mpenenax BoImonHeHHs 3akoHa [yka
W3MCHCHHE ODHEPTUM KPHUCTAIUIA, TNPUXONAIMIECHCS Ha OO0BEeM DJJIeMEHTAPHOW SYCHKH
KpUCTaJIa B TEKCArOHAIBHOM MpencTaBieHuu (AW); mpu OJHOOCHOM H30TEPMUYECCKOM
CKaTUU MOYKHO TIPEICTABUTH B CIEIYIOIIEM BUIE:

(AW), =05 vV [k )

rie V- o00beM DJleMeHTapHOW sYelKH, E£=-Oc/c— OTHOCUTENbHOE H3MEHCHHE
MMOCTOSTHHOM dneMeHTapHoi stueiiku c. Ilpm €= 0.08 3mauenme (AW); cocraBiseT
BenmunHy 1.408 7B.

ITpu 3amannoM 3HaueHuu £= 0.08 1 BapbUPOBaHUU [/ MOKHO PACCUUTATh U3MEHEHUE
sHeprun kpuctamma (AW),, mpuxomsiieecs Ha 3JIEMEHTapHYIO SUCHKY KpHCTalia B
cootrBercTBUU ¢ (2). PaccumthiBas (AW), nns koMOMHAIMii mapaMeTpoB NOTEHLMANA
OTTaJIKMBaHUs, OTBeUaromux ycioBuio F<0.005, MOXXHO YCTaHOBHTH KOMOWHAIIHIO,
kotopasi oreedaet yciosuto (AW), = (AW), npu p= 4. Pesynbrarel pacuera (AW), mis
psaa KOMOWHAIIWIA TapaMeTPOB MOTEHITNAIA OTTAIKUBAHUS TIPUBOJIATCS HA PHC. 2.

-0,54

N
w
g
(¢}
(o2}
~
o]

Puc. 2. VI3ameHeHHe 23HEPTUM KPUCTAILIA TTPH OJJHOOCHOM CoKaTw| it HabopoB Ne 3, 4, 5
IIPH pa3HbIX 3HaYCHHUAX Koddduienta [Tyaccona. [TyHKTUPOM MpenCTaBIeHO 3HAYCHHE
(AW), = 1.408 3B
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Takum  00pa3oM, COOTBETCTBHE  OKCICPHUMEHTAJIbHO  YCTAHOBICHHBIX U
MIPOMOJICTTUPOBAHHBIX YIIPYTUX CBOHCTB KpucTtauia FeBO; obecrnieunBaeT TOIBKO OHA U3
BO3MOXXHBIX KOMOWHAIMI MMapaMeTpoB MOTEHIMANTA OTTAJKWBAaHUSA. DTOH KOMOWHAIMEH
SIBJISIETCS TIpeeNTbHas KoMOuHaIws 1t Habopa Ned : Ag.o) = 13476 5B u O(s.0) = 0.165 A.

3AK/IIOYEHUE

[Moxazano, uto Habopw! nmoteHmana bBMX ceszeli (B — O) u (O — O), ycTaHOBICHHBIE
paHee I pa3iIMUYHBIX OOpCOACpXAIMUX OKCHIHBIX COCIUHCHHWN TMPU MPUMCHEHUH K
Kpucramry 6opata xene3a FeBOs He 00ecrneunBaOT yCTOMYMBOCTA HOHOB KHCIOpOa B
KpUCTAJUIMYECKON CTPYKType. B pe3ynbrare MPOBEACHHOIO BBILIC aHANIM3a YCIOBUS
YCTOMYHUBOCTH MOHOB U COOTBETCTBUS PKCIECPUMEHTAIBHO YCTAHOBJICHHBIX U PACUCTHBIX
3HAYCHUN MOIyJsi OJHOOCHOTO cCxaTwsi W Koddduiuenta IlyaccoHa monydeH Takon
Habop mapaMeTpoB TOoTeHIHama bMX, KOTOpBIi MOXET OBITh HCIIOJIB30BaH IPHU
MOJICJIMPOBAaHUH CTPYKTYpHl M CBOMCTB coenuHeHnid Tuma GaBOs; m AIBOs;, a Takxke
MOJICJIMPOBAHUH JIOKAIM3AallMd HOHOB OOpa B BHJAE NMPUMECH B JPYIHX KHCIOPOIHO
OKTadIPUUECKUX COCTNHEHHSIX.
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ANALYSIS OF THE INTERIONIC INTERACTIONS IN FeBO3 CRYSTAL

Yatsenko A. A., Sinani G. A., Yatsenko A. V.*

Institute of Physics and Technology, V. 1. Vernadsky Crimean Federal University, Simferopol
295007, Russia
*E-mail: yatsenkoay@cfuy.ru

Some features of computer simulation of the structure and properties of boron-containing
oxide compounds are considered on the example of the weak antiferromagnetic FeBOs.
Within the framework of the empirical approach, an analysis of the Born-Mayer-Huggins
potential sets for the (O-O) and (B-O) bonds known from the literature is carried out.

On the basis of the fulfillment of the condition of the equilibrium state of all ions in the
crystal lattice and the correspondence of the experimentally established and simulated
elastic properties of FeBOs;, a combination of the Born-Mayer-Huggins potential
parameters for the (O-O) and (B-O) bonds is estimated, which meets these requirements
and substantially differs from known ones.

This combination can be used to simulate the structure and properties of compounds such
as GaBOs and AIBOs3, and also to simulate the localization of boron as impurity ion in
other oxygen-octahedral compounds.

Keywords: FeBOs, computer simulations, elastic properties.
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B HacTosmem uccienoBaHuu Ha MEPBOM 3Tale BBISBISUIM paCIPOCTPAHEHHOCTh CUHAPOMAa MOIMOHAIBHOTO
BBITOpaHUsl KaK JUarHOCTUYECKOIro MpHU3HaKa cuHApoma XxpoHudeckod ycrtamoctu (CXY) cpeau CTyIeHTOB
MEJIMIUHCKOTO By3a (BeIOOpKa 60 cTymeHTOB B Bo3pacte 18-24 ner). CHHAPOM SMONMOHAIEHOTO BHITOPAaHUS
65611 o0HapyxkeH y 30% uccnenyemsix. 13 Hux y 17% nabmronaercs ¢a3a HanpspkeHus1, 28 % — pe3ucCTeHINT U
y 56% — ucromenus. Ucneiryemsie ¢ CXVY npouutn o0cineoBaHle y TepaneBTa U Kapauoyiora. Y I0JIOBHHBI
o0cneioBaHHBIX HaOmoAaeTcsa 3 U 6onee AUArHO30B, U JIMIIb Y OJHOTO UCIBITYEMOr0 He ObUIO BBIIBICHO HU
OJHOTO JMarHo3a. YpPOBHM CaMOYYBCTBHS U aKTHBHOCTH Yy HCIBITYeMBIX ¢ (pazaMu DPE3UCTEHTHOCTU U
ucrolieHus1 (BTOPOil M TpeThei) CTaTUCTHYECKH 3HAYMMO Hipke. HeraTwBHas CBsi3b (ha3bl SMOIMOHAIBHOTO
BBITOPAHUS C YPOBHSMH CaMOYYBCTBHS U aKTHUBHOCTH (DOPMHPYET CBOETO POjia MOPOYHBINA KPYT, CIIOCOOCTBYS
JJIbHENIIed coMaTu3aluy HeraTUBHBIX IcUxuueckux nposiienuii CXVY, pazopBaTh KOTOPBIH BO3MOXHO, C
OJTHOW CTOPOHBI, IIPOBO/IS TUCTIAHCEPH3ALUIO CTYACHTOB U HACTOSTEIBHO CIIOCOOCTBOBATH UX HM3JICUCHHIO OT
COMATHYECKUX 3a00JICBaHMA, C IPYTroH, YACISITh BHUMaHUE MICHXOJIOTMICCKUM H MICHXOCOUATBHBIM METOAaM
KOPPEKLUH CHHIPOMA SMOLIMOHAIBHOTO BHITOPAHHUS.

Knrwouegwle cnoea: cuaapoM XpOHUYECKOH YCTAIOCTH, SMOLHMOHAIBHOE BHITOPAHHE, CTYACHTHl MEAUIITHCKOTO
BY3a.

PACS: 42.62.Be
BBEJIEHHE

ITo craTucTHYECKUM JTAaHHBIM B MUPE PACcIpPOCTPAHEHHOCTh CHHIPOMA XPOHUYECKOH
yctanoctu (CXVY) cocrapmser ot 0,01 mo 2,8% [1,2]; B BenmukoOpuraHun CHHIPOMY
nmoaBepkeHbl okoyio 38% Hacenenus [3]. JlanHoe 3a0oeBaHNEe SBISICTCS aKTyaJIbHBIM U
quist ctpadn CHI He TONTBKO B MEIUIIMHCKOM, HO TaKXKE B SKOHOMHUYECKOM M COIMATHLHOM
acnekrax [4, 5].

CHHIOpOM XPOHMYECKOH yCTajJOCTH BIIEPBBIE BBIAEIEH B CAMOCTOSTEIHHYIO
kateropuio B 1988 roay neHTpoM KOHTpOJIst 3a0oneBanuii (T. Atianta, CLIA) [6, 7].

CHHIPOM XPOHHYECKOH YCTAIOCTH KIACCUDUITUPYETCS KaK COCTOSHUE, TTOIXOIAIICEe
O] KJIaCCUYECKOE MOHATHE «00JIe3Hb», U BXOJIUT B MEKIYHAPOJIHYIO KIACCH(PHKAIMIO
oomezneit MKb-10. DTo 3aboneBanue 10 KOHIA HEM3YUCHHOM DTHOJIOTHH, OCHOBHBIM
MIPOSIBJICHUEM KOTOPOTO SIBIISICTCSI MPOTPECCUPYIOIIasl YCTalIOCTh, HEMOTHBUPOBAaHHAS
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oOmast cnabocTe, Ha JUIMTENIBLHOE BpeMs JHWIIaonias OOJNBHOTO aKTHBHOIO YYacTHs B
TOBCETHEBHOW JKHM3HH, CHIDKEHHE paboTocrmocoOHOCTH. BoibHBIE YacTO KaTyrOTCS Ha
TOJIOBHBIE OOJH, apTpaiTrui, MUAITHH, CHIKCHHE TTAMSITH, JAETIPECCHIO, PACCTPONCTBA CHA,
a B psjie CllyyaB — Takxke Ha cyOdeOpuiIbHyI0 TeMIepaTypy, O0Je3HEHHbIE OIIYIEHHUS B
ropie, yBelWdeHHE IIeHHBIX juMdoy3noB [1,5,8)]. I'mapueiM oraumumem CXVY ot
OOBIYHOTO TIEPEeyTOMIICHUS ABISETCS OTCYTCTBHE TEHICHIMH K TMOJHOMY €€
HCYE3HOBEHUIO Na)K€ MOCIE MPOJOJDKUTEIBHOTO OTABIXa, B TO BpeMsl, KaK TUIHWYHAS
YCTaJIOCTh HOCUT BPEMEHHBIN XapaKTep U YCTPAHSIETCs] OTHOCUTEIBHO KPAaTKOBPEMEHHBIM
oTIBIXOM [9].

Opnuum n3 kpurepue CXVY sBigeTCs ero HaIM4KeE y MallMeHTa ero NpU3HakoB [1] Ha
MPOTSHDKEHNUU HE MeHee 6 MeCsILEB.

[IpumeuaTenbHO, 4YTO  CHHAPOM  XPOHHYECKOW  YCTAJIOCTH  SIBISIETCA |
MCUXO(PU3NOIOTHUIESCKIM CHMITTOMOM SMOITMOHABEHOTO BBIropanus [10], a HekoTopbie
aBTOpPBl OTMEYAIOT TOXAECTBEHHOCTh CXVY M sMoumoHanmpHOro BbIropaHus [11]. Mer
TaKk)Ke TpUIePKUBAEMCS JAHHOTO MHEHHS MCXO[S M3 TOXKECTBEHHOCTH MX CHMIITOMOB C
YYIE€TOM HEBBIICHEHHOH 3THONOTHH CXY.

ITo B. B. boiiko [12], 3MoImoHaibHOE BBITOPAHHME — BHIPAOOTAHHBIN JUYHOCTHIO
MEXaHH3M MCHXOJIOIMYECKOH 3aluThl B (JOpME MOJHOTO WM YACTHYHOTO HCKITIOUCHHS
sMonui (MOHIKEHUS] WX DHEPreTUKH) B OTBET HAa M30paHHBIE ICHXOTPaBMHUPYIOIINE
BO3ZeiicTBUA. B nuTeparype BcTpewaroTcsl M ApYrHe OIpPENENeHUs 3TOTO COCTOSHUS:
«CHUHIIPOM TICHXMYECKOTO BBIFOPAHUA», «HH(POPMALMOHHBIA HEBPO3», «CHHIPOM
MeHemkepa». CHHIOpoM (WM KpaWHsIS CTENEHb) OMOIMOHAILHOTO  BBITOpPAHUS
BeIsIBIIsICTCSA ¥V 13,1%, a BBICOKAsS CTETICHh AIMOIIMOHAIBHOTO BRITOpaHus — y 49,7% Bpaueit
nepBuyHOTO 3BeHA. [IposiBnenus cydbontumanbHoro CXY B MEAWIIMHCKOHN MPaKTUKE pa3 B
MecsIl WK Yaiie HabmoaaoTes y 24,2% Bpadeld epBUYHOTO 3BEHA, M Haubosee yacTo (B
17,7% cirydaeB) 3TO BRIpaKaeTCs B BUE HEHAIJIC)KAIETO OTHOIICHUS K TAIlICHTaM U HX
npobiiemam [13].

B cBs13u ¢ akTyaapbHOCTBIO JaHHOH MPOOJIEMBI CPEIU MEIUITMHCKUX PabOTHHKOB, a,
3HAYUT, WM OYyIOyIIMX Bpadyeill — CTYJEHTOB MEIWIIMHCKOTO BY3a, — 3aJlauell JaHHOTO
MCCIIEIOBaHNS OBLIO BBISICHEHHE PACIPOCTPAHEHHOCTH 3MOIMOHAIBHOTO BBITOPAHUSA KaK
mapkepa CXVY. Jlyumee moHMMaHHEe NOpoOJEMBI, TNpeIBApPUTEIbHBIA  aHAIN3
pacIpoCTPaHEHHOCTH, a TaKXKe TEOPETUUCCKUN aHaN3 ITHOJIOTHYeCKUX mpuunH CXY
HEOOXOAMMBI I pa3pabOTKH METOAOB okazaHus oMoty npu CXY u SMOITMOHAIEHOM
BBITOPAHUU CTYJIEHTAM MEIULIMHCKOTO BY3a, UCXOJI U3 UX IMPUYUH, & HE UCKIIOYUTEIHHO
MaHU(ECTUPYIOIIUX MPU3HAKOB.

1. MATEPHAJIBI U METO/BbI

Cpemy METOAWK ISl OIEHKH TICUXHUYECKMX COCTOSHHM W CBOWCTB OblIa BBIOpaHa
Oarapes u3 3 ompocHukoB (B. B. Boiiko, A. BbenmoBa, «camMo4yBCTBHE-aKTUBHOCTh-
Hactpoerne» — CAH). Ompocuuk boiiko sBisieTcsi, COOCTBEHHO IUATHOCTUYCCKUM
KpUTEpUEM JUISI HANWYMS/OTCYTCTBUSI SMOIIMOHAIBHOTO BBITOPAHUSA, KOTOPOE SIBISETCS
MpaKkTUYECKU TMcuxonornueckuMm koppemsitom CXYVY; ompocHuk benoBa omnpeneneHus
MPeoOIATAOIIETO TUIIA TEMIIEPAMEHTA U BEISBICHUS IPEJICTABICHHOCTA B HEM CBOWCTB
JIPYTHX THIIOB TPUMEHSUICA HaMHU JJIsl TECTUPOBAHUS TUIOTE3Bl O OOJbIIeH/MeHbIIeH
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MOJABEP>KEHHOCTH JIMI] C OMpeAeieHHbIM TunoM Temmepamenta CXVY. Meroguka CAH
NpUMEHsJIach HamMH Ui BBIBICHHWSI  NPEOONafalomero TuUha  JUHAMHYECKH
HU3MEHSIOMIUXCSA ITICUXUYECKUX COCTOSHHM C OTHOCHUTEIBHO YyCTOMUMBOM  (hazoit
SMOIMOHAILHOTO BHITOPAHUS, YTO HEOOXOJUMO KaK C JMAarHOCTHYECKON TOUYKH 3PEHUS,
TaK U JJIs TOHUMaHUS TOYKH MPIIIOKEHUS CHJT TIPU TIOCIIEIYIOIINX TICHXOKOPPEKITHOHHBIX
MEPONPUATHUSX.

B wucciaemoBanum JOOPOBOJMBHO C TONYYCHHEM WH(POPMHUPOBAHHOTO COTJIACHUS
npuHAIH ydactue 60 ctyneHToB 1-4 kypcoB B Bo3pacte 18—24 ner.

Taxxe Opla TpoOBeAEHA OIGHKA COCTOSHHUS CEPACYHO-COCYIUCTON CHCTEMBI
METOJIOM CHATHS W aHalln3a AJIEKTpOKapauorpaMMel. [1o kaxkmoMy u3 00CIeTOBAaHHBIX
MOJTy4YaJTH 3aKIIIOUCHHE TepareBTa Ha OCHOBAHUHM OCMOTpa U cOOpa aHaMHe3a.

IIpexne Bcero, OBUIO TPOBENECHO TECTHpPOBaHWE 110 oOmNpocHUKY B. B. boiiko
«MeToauKa AUAarHOCTHUKU YPOBHS 3MOIIMOHAIBHOTO BBITOpAHUS» (aJalTHPOBAHHOE IS
CTYyICHUCCKOM ayIuUTOpUHU), KOTOpPBIM MpeAHa3HAYeH HE TOJBKO [IJs OIpeaeieHus
HAIIMYUSA/OTCYTCTBHS ~ OMOIIMOHATLHOTO  BBITOpaHHs, HO © ero (aspl, CTajuH.
DOMOIMOHATHHOE BEITOPaHHUE BRISBICHO y 18 ucnbiTyeMbrx (30% pecrioHACHTOB).

B panbpHeiimeM ucciaeIOBaHUM MPUHUMANIHM Y4acTHE JIMIIL 3TH 18 HCHBITYEMBIX C
BBISIBIICHHBIM SMOLIMOHAIBHBIM BHITOPAaHUEM, a, 3HAYUT, B KIMHUYECKOM OTHOUICHUH — C
CXY, unmu 1o KpaifHel Mepe, COCTOSIIIAMH B TpyIie pucka mo CXV.

TectupoBanue no metoauke CAH mpoBoauinock Ha IPOTSKEHUU Mecslia — B Havale
U TI0 OKOHYAHHWIO YYeOHOW HENEeNH IO IOHEJSIbHUKAM W MSTHUIAM. KchbeiTyembie
OTBEYaJM Ha BOMPOCH OIIPOCHUKA BO BTOPO MOJOBUHE IHS (TI0ciie 3aHATHi). JlaHHbIEe IO
meromuke CAH  mpenmcraBineHsl 10 ceMHOA/UTBHOM — IMKaje  CEMaHTHYECKOTO
muddepenunana ot 1 1o 7.

Y4acTHUKY Takke ObLTN MPOTECTUPOBAHBI IO MeTOMKe A. benoa s onpenencHus
tura Temnepamenta (IIpemocrasisercs 4 0J10ka BOMPOCOB, XapaKTEPU3YIOMINE KaXK bl
THUII TEMIIEPAMEHTA).

B kadecTBe MaTeMaTHMKO-CTATHCTUYECKHUX METOJOB OOpabOTKM MaHHBIX OBbLTH
UCIIOJIb30BaHbl ONHUCATEIbHBIC CTATHCTUKHU (CpellHhe apUMETUYECKUEe W CTaHAApPTHHIC
OmKOKKH  cpeaHero), oOAHO(MAKTOPHBIM  AucnepcHoHHbI aHamu3 (ANOVA) ¢
MOCJIEIYIOUUMHU  alIOCTEPUOPHBIMU  MOMAPHBIMU ~ MEKTPYIIOBBIMA CPAaBHEHUSIMHU  C
MOMOINIBI0 KpUTepusl THIOKH.

2. PE3VYJIbTATBI U UX OBCYKJIEHUE

Cpenu oocnenoBanbix ¢ CXY y 17% nabmogaercsa 1 dasza nHanpspkenus, y 28% —
BTOpass (haza PE3UCTEHTHOCTH, W y 56% — ¢daza WUCTOUICHHS, YTO SBISICTCS BeChMa
HeOJIaronpusTHBIM COOTHOIIGHHWEM. B pe3yibraTte TECTHpPOBaHUS OO0CIEIyeMBIX TIO
MOHE/IEbHAKAM M TISITHUIIAM B TEYEHHE YETBIPEX Hejelb, I0CNe TMPUMEHEHHUS
OTHO(AKTOPHOTO JUCIICPCUOHHOTO aHaju3a OBLIM IMOJYYSHBI CICAYIOUIUE PE3yIbTaThl
3aBUCHMOCTH CaMOOIICHKH COCTOSIHUH OT (ha3bl SMOIMOHATILHOTO BEITOpaHus (Tadmura 1).
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Tabnuma 1. OnucaTensHbIe CTATUCTUKY TIOKa3aTeseil caMOYyBCTBHS, aKTUBHOCTH U
HacTpoeHwus (1ikana ot 1 710 7), u ux pacnpeaeicHue mo Ga3am SMOIHOHATILHOTO

BBITOpaHUS
daza 1 2 3 p-
MOIMOHATIBHOTO |  Hanpsikenue | PesucrteHTHOcTh | MICTOlllEHHE | 3HAYUMOCTH
BbIT'OpaHUs pa3 J'H/ILII/Iﬁ
mo ANOVA
CocTtostHue
CamouysctBue | 4,65 0,18 3" | 4,09 +£0,14 ! 3.82+0,10"' | 0,00058
AKTHBHOCTh 470+0,14% |3,70+0,14"' 3,73+0,10' | 0,00002
Hactpoenue 4,69 +0,21 4,56 + 0,17 4,32 +0,12 0,23

* — [lpumedanue: OTMEUEHBI TPYIIBI, C KOTOPHIMH Y JAHHON TPYNIbl MUMEIOTCS
MomnapHeIe cTaTucTUYecku 3HauuMebIe (p < 0,05) mo anocrepuopHoOMy KpUTepuro ThIOKH.

VYPpOBHU caMOYyBCTBHSA U aKTHMBHOCTH y UCIIBITYEMBIX C (pa3aMH PE3UCTEHTHOCTH U
UCTOILEHHs (BTOpOM M TpeThel) 3HAYMMO HIDKE, Ye€M Yy HCHBITYeMbIX cC (¢a3on
HanpsDKEHUs (IepBOii), B TO BpEeMsl, KaK pasjIMuus MEXIy YPOBHSIMHM CaMOYYBCTBUS U
AKTUBHOCTH HE CTOJIb CYLIECTBEHHO OTJIMYAIOTCi Yy HCHBITYeMBIX C (a3amu
PE3UCTEHTHOCTH W HcTomeHus. [Ipm 3TOM ypoBEHb HAcCTpOEHHS B MEHBILICH CTENEHH
CBs13aH ¢ (aKTOpoM (pa3bl SMOLMOHAIEHOTO BHITOPAHHSL.

Mexny MONyKOJIMYSCTBEHHBIM 3HaueHHeM TecTa boiiko (dasa u cragus) u
KOJINYECTBOM YCTAHOBJICHHBIX JMAarHo30B HAONIOJaeTCsl YMEPEHHAs! MOJIOKUTEIbHAs
KoppenaunonHas cBsi3b (+0,34 mo Cnupmeny). C yueToM TOTO, 4TO MHOTHE U3 TUAarHO30B
OTPaXalOT XPOHWYECKHE M JUINTEIBHO TpOTEKalomue 3a00JeBaHMSA, MOXKHO
HPETOJIOKUTh, YTO HAJIMYKE TAaKOTO poja 3a00J1eBaHUM Pa3IUYHBIX CUCTEM OpPraHU3Ma,
sIBIIsieTCs (PaKTOPOM, MTPOBOLUPYIOLINM YTSHKEIICHHE 3MOLMOHAIBHOTO BRITOPAHUSL.

He ObIIO BBISBIEHO CTATHCTHYECKH 3HAYMMBIX CBA3EH MEXAY TEMIIEPAMEHTOM,
(a30ii SMOIMOHAIFHOTO BHITOPAHHMS, A TAK)KE C YPOBHAMH CaMOUYBCTBHS, aKTUBHOCTU H
HACTPOEHMS.

B pesynprate oOcnenoBaHuil y TepameBTa M KapAHOJIOra JIMIIb y OJHOTO
UCIIBITYEMOTO HE OBbUIO BBIIBJIEHO HU OJHOIO JIMAarHo3a; OAMH JHAarHO3 — y OJHOI0
UCIIBITYEMOTO, ABa JMArHo3a — y CEMEPhIX HCIBITYEMBIX, TPU JMAarHos3a — y MIECTEpbIX,
YeThlpe — Y ABOMX, U MATh — y OfHOr0. TakuM 00pa3oM, OTHOCHUTEIHHO YCTaHOBJICHHBIX
JUarHO30B COMAaTHYECKUX 3a00JeBaHUN OOHApY)KUBAeTCs TPEBOXKHAS TEHACHLMA: Y
HOJIOBHHBI OOCIIETOBAaHHBIX HabOmromaercss 3 u Ooyiee TMArHO30B, M JIMIIb Y OJHOTO
UCTIBITYEMOTO He OBIJIO BBISIBJIEHO HU OJHOTO AMArHo3a.

Cpenu 3aboneBanuii y wucmneityeMbix ¢ CXY mpeobnamand BereTo-cocynucTas
JUCTOHUS (y AEBATH OOCIIENOBaHHBIX), XPOHMUYECKHE OOJIE3HM >KEIyIO0YHO-KUILIEYHOTO
TpakTa (y ILIecTephbiX), HEmoJiHas OJioKaja MpaBod HOXKHM Tydka [mcca cepama (y
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YETBEPhIX), 3a00JICBAaHUS OMOPHO-JABHTaTeNILHOrO ammapara (y Tpoux). Cpeau mpoumx
pexe BcTpedaromuxcs (y OIDHOTO WM JBOMX HWCIBITYEMBIX) 3a00JieBaHUN OBLTH
OOHApY)XCHBI ~ XPOHWYECKHA  OpOHXUT, MOYECKaMeHHas  OOJe3Hb,  TUCILTA3US
COCIMHUTEIILHOW TKaHW, TOJUITHO? Ha amOpo3wio, CHHAPOM PeliHO, XpoHHYECKUI
raiMOpUT, OpaTuKapIvs U TAXUKAPIUS.

HeratuBnas cBsi3b (ha3bl SMOIMOHATILHOTO BBITOPAHUS C YPOBHSIMH CAMOYYBCTBHUS U
aKTUBHOCTA (POpPMHpYET CBOETO poja MOPOYHBIH KPYT, CHOCOOCTBYS AalibHEHIIeiH
COMaTH3allMd HETaTUBHBIX Icuxuueckux mnposieienuit CXY, pa3opBath KOTOPBIH
BO3MOJKHO, C OJHOW CTOPOHBI, TIPOBOJS IHCIAHCEPU3AIMIO CTYJACHTOB U HACTOSTEIHHO
CIoCcOOCTBOBaTh WX H3JICUCHUIO OT COMATHYCCKUX 3a00JCBaHWIA, C JAPYroW, YACISATh
BHUMAHHME TICUXOJIOTMYECKUM U TCHUXOCOIHUANIBHBIM METOJAM KOPPEKUUU CHHApOMA
SMOIIMOHAIFHOTO BBITOPAHUSI.

Bo MHOrMX WCTOYHHMKAax TPEACTaBICHBI THIIOTE3BI O BHPYCHOH TEOPHH
BO3HUKHOBeHUsI CXY. OmHaKO 3TO MPEAINONIOKEHUE HE MOATBEPXKAACTCA pe3ylbTaTaMu
cepoJioTnuecKux ucciempoBannid [12, 15, 16]. Ckopee BHpyCHas THIIOTE3a MAaCKHPYETCS
O]l BIMSIHUE BHEIIHUX (haKTOPOB (pagraliiOHHOTO, TOKCHYECKOTO, TICHXOTEHHOTO U HX
COUeTaHMs), KaK CIEJCTBHE, — BO3HUKACT JCHPECCHs UMMYHHOW CHCTEMBbI, Ha (oHE
KOTOPOW aKTUBU3UPYIOTCS BHPYCHBIC arcHThI [7, 17]. Takum oOpa3oMm, eCTh OCHOBaHUS
moJjlarath, 4To ojxHa u3 npuunH CXYVY 3akirodaercss B HApYIICHUSX HUMMYHHOTO OTBETa
[18]. B uMMyHHOM cTaTyce OONMBHBIX YCTAHOBJICHHI T-TUMQONECHUS, YMEHBIICHUE YUCIIA
T-xennepoB u T-MHAYKTOPOB, B pe3yibTaTe YEro MMMYHOPETYISTOPHBIN HHACKC «T-
xenmepsl / T-cympeccopbl» CyIecTBEHHO CHIDKamCs [17].

Nvmmynnyio Teoputo martoreHesa CXVY HampsMylo HOKa3bIBAIOT JaHHBIE O
JTUCHYHKIIMA UMMYHHOUW CHUCTEMBI Y TIAIIMEHTOB C ATOM MaTolorueil. Y HUX OTMEYaroTCs
IUTOTOKCUYECKHE PEAKIMU ¥ TOBBIIICHHE YPOBHS MUMMYHOTIIOOYTWHOB G, yBeIUUCHUC
YpOBHS IINTOKMHOB B IUIa3Me KpOBH W B JHKBope. lIpm MMMyHOJIOTHYECKOM
UCCICAOBAHUM TAaKXXE BBISIBICHO TIOBBILICHUE YPOBHA MHTEpPICHKUHA-2 W TraMMa-
uHTep(hEepoHa, YTO CONMPOBOKIACTCS CHIKCHUEM CHIBOPOTOYHBIX KOHICHTpanmii Ig A, Ig
E. Annepruueckmii kommoHeHT matoreHeza CXVY moarepkaaeTcst npoBeneaueM PHK-
MOJIMMEPA3HBIX ITICTTHBIX PEeaKIMi, KOTOPhIE TOKa3bIBAIOT YBEIMYCHUE YPOBHS (akTopa
HEKpo3a omyxolnei-anbha u uaTepdepona-anbda. B To ke Bpems CHUKAICS ypOBCHb
uHTepiieikuHa- 10, Kak mokazano B uccienoBanuu [12]. "OTMedeHO, 4TO HMMYHOTPaMMBI
MAI[IeHTOB ~ XapaKTepH30BaJNCh  XPOHWYECKHM  HHU3KUM  ypPOBHEM  aKTHBHOCTH
TyMOpajJbHOTO 3BeHa uMMyHHUTeTa. OT™MeuaeTcs HapymeHue Gynkuuu T-mumdoruTos, B
YaCTHOCTH, — ECTECTBEHHBIX KIWJICPOB, MPUYEM CTUMYIIALNS UHTEPICHKUHA-2 BO MHOTHX
Cly4asix HE BbI3bIBAJIa BOCCTAHOBJICHUSI OTBETA €CTECTBEHHBIX KUILIEPOB [8].

EcrecTtBeHHO, UTO OJHY M3 KJIIOYEBBIX poJiel mpu Bo3HUKHOBeHMH CXYVY wurpaer
HapylIeHue npoleccoB aaanrtanuu [4, 18].

IIpn cuHApPOME XPOHWYECKOW YCTAIOCTH pa3BUBAaETCAd AMCPYHKINS MPAKTHUYECKH
BCEX TOPMOHAIBHBIX CHCTEM, HO 0CO0O€ BHUMAHHWE YJIENSETCS W3YyYCHUIO0 M3MEHCHHU
(hyHKIMI TUNOTANaMO-TUIIO(U3apHO-aIPEHOKOPTUKATLHOW CHUCTEMbI, OTBETCTBEHHOH 3a
(dopmupoBaHue (CHOTHITUYECKOW ajanTallid OpraHu3Ma K JecTaOHIM3UPYIONIHM
BO3NICHCTBHSIM, B TOM HYHCJIE, — CTPECC-MHAYIIUPOBAaHHBIM. V3MeHeHHne GyHKITHH
TUTNOTAIaMO-TUIO(QU3aPHO-aIPCHOKOPTHKAIILHOW CUCTEMBI MPOSBISICTCS  CHUYKCHHUEM
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YpOBHS LUPKYJIUPYIOIIETO KOPTHU30JIa B KPOBH, CIIOHE M Moue mnanumeHToB ¢ CXYV.
IIpumeuaTenbHO, YTO MOHMKEHHE YPOBHS KOPTH30JIa aCCOIUHUPYETCS C MPOSBICHUEM
xapakTepHbIx il CXVY (Kak 0TMEUaoCh BHINIC) KIMHHYCCKUX CHMIITOMOB: UYpe3MEpPHOU
yCTaNOCTbIO, Jenpeccueii, O0MAMU B ropiie W MBIIIAX, HapylleHHeM cHa. Hapymenue
(GYHKIMH  THUIOTaNaMo-THIIO(QH3apHO-aJPEHOKOPTUKAILHOW —~ CHCTEMBI  MPU  9TOM
3a00JIeBaHUM MOXKET OBITH CBSI3aHO C M3MEHEHHEM JSHIOTE€HHOTO NHPKAJTHOTO PHUTMA
cexperuu ropmoHoB (AKTI u xoptuzona) [18].

Otmevaercss HapylieHHe 3peHHss y OombHeIXx ¢ CXVY: yBenmuueHHE 4YacTOTHI
COCYIUCTON W nIUCTpOPUUECKOW MATOJIOTHHM oOpraHa 3peHus. B wmccrmemoBanmm [17]
cocyaMcTas IaToyorMs opraHa 3peHus BeigBaeHa y  70,2%  uccienyeMslx,
muctpopuueckas — y 52,8%, codeTaHHas COCyIUCTas W AUCTpoduyeckas MaToIOTHs
opraHa 3peHHUs AuarHocTupoBaHa y 21,1% mammeHTOB. BEISBICHHAS NATONOTHA VY
narmeHToB ¢ CXVY 3HAYWTENBbHO MPEBBINIANA YacTOTY AHAJOTUYHOW ITaTONOTHH B
KOHTPOJIBHOM rpymie. B To ke Bpems, He OBIJIO OTMEYEHO AOCTOBEPHBIX pa3Iuuui
BBISIBIICHUS aHOMaiwii pedpakuuu B rpymnmne 0ombHBIX CXY M COMAaTHYECKH 3I0POBBIX
nui. CnenoBarenbHO, B TaroreHe3e (OPMHPOBAHHS COCYAMCTOW W JTUCTPOGUUECKON
MATOJOTHM 3pUTENBHOTO aHanmu3aTopa y jun ¢ CXVY CyIIeCTBEHHYIO pOJIb UIPAIOT
HapylIeHUs UMMYHHOI'O CTaTryca, a TaKK€ PaHee BBIABICHHBIE MHUKPOLMPKYJIALNOHHBIE
casuru [17].

[lyrem omeHku BapuaOeIbHOCTH CEPAEYHOTO PHUTMA, BEreTaTHBHBIMHU MPOOaMu ¢
3aJepKKON  JbpIXaHus, mnpoOod BanbcanbBbl, oOHeHKH aucOanaHca CHMIATHKO-
MapacuMIaTHYECKOT0  B3aMMOJEHCTBHA  BBISBICHO  MPHU3HAKA  JAHCPETYIISIIUU
BereTaTUBHOTO Oananca y 83% wu ¢ nposiBiieansmu CXVY [7, 9].

Y mnammentoB ¢ CXVY Habmromancs BBICOKMH YpOBEHb aMHUHOTHIPOKCH-H-
METHJIPOJIUINHA, KOTOPOMY IpUCBOEHO Ha3BaHue mapkepa CXVY-1. Taxxe HaOmonaercs
BBICOKWW YPOBEHb BBIACIICHUS [-ajaHWHA, THPOKCHHA, AKOHUTOBOW, SHTApHON U
[IIyTaAMUHOBON KUCIOT. Takke BbIJENIEH HEOMO3HAHHBIA MOYEBOM METa0OIHUT, KOTOPOMY
npucBoeHo HazBanue CXVY-2 [12].

3AK/IIOYEHHUE

Cpemun obOcnemoBaHHBIX ¢ oOHapykeHHBIM CXY (30% ot obmero dmcia
o0clleIOBaHHBIX CTYyIEHTOB | —4 Kypca MEAWIMHCKOTO BY3a) y 17% Habmromaercs
nepBasi Qasza HanpsbkeHus, y 28% — BTopas ¢aza pe3ucTeHTHOCTH, U y 56% — ¢a3za
UCTOILEHHS], UTO SIBJISIETCS] BEChbMa HEOJIaronpusaTHBIM COOTHOIIEHUEM.

B pesynbraTe TecTupoBaHMsA OOC/IEAYyeMBIX IO IIOHEIENbHUKAM M ISTHULAM B
TEUYEeHHE YeThIpeX HeJeNb, MO0CIe MNPUMEHEHHUs OAHO(AKTOPHOIO JUCTIEPCHOHHOTO
aHanu3a ObUIN MOJIYYEHBI CIIEIYIOLIUE Pe3yIbTaThl 3aBUCUMOCTH CAMOOLIEHKH COCTOSIHUMN
oT (a3l >PMOLMOHATIBHOTO BHITOPAHUS. YPOBHH CAMOYYBCTBUSI M aKTHBHOCTH Y
UCTIBITYeMbIX C (ha3aMH PE3UCTEHTHOCTH W HCTOLICHUs (BTOPOl W TpeTheil) 3HaUYMMO
HUKE, UM Y UCIIBITYEMBIX ¢ (a30i HanpshKeHuUs (MIEpBOi).

B pesynprare oOcnenoBaHuil y TepameBTa U KapAuoyiora JIMIIb Yy OZHOTO
ucnbityeMoro ¢ CXY He ObUIO BBISBJICHO HU OJHOTO IMArHo3a; OAWH IUarHo3 — y OJHOTO
UCIBITYEMOTO, JBa AMArHO3a — Y CEMEpPBIX HCMBITYEMBIX, TPU IMArHo3a — y IIECTEPBHIX,
YeThIpe — Y JBOMX, U ITh — y OJHOro. Takum oOpa3oM, OTHOCUTEIIbHO YCTaHOBJIEHHBIX
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JIMaTHO30B COMAaTHUYECKUX 3a00JIeBaHU OOHApYKUBACTCS TPEBOXKHAS TEHACHIUS: Y
NoJI0BUHBI 00cnenoBanHbIX ¢ CXY 06110 3 1 OoJee JUarHO30B.

B cBs13u NOIy4YEHHBIX HAMH pe3yJIbTaTaMH 0COOOTO BHUMaHUS 3aCITy>KUBAIOT JaHHBIE
0 TOM, 4TO, W3 BceX OonpHBIX CXY OTKIOHEHHS B TICHXOAMOIMOHAIBLHOU cdepe
BeIsIBIICHO 98,7% mo ompocanky MMPI [12], 9ro, omHako, HE yMmauseT 3HAYUMOCTH
MONMyYeHHBIX HaMH pPe3ylbTaTOB, IOCKOJIBKY, B omimaue oT wmerogukn CAH
(IMHAMHWYECKH XapaKTePU3YIOUIYI0 HM3MEHEHHS TMCUXUYECKUX COCTOSHUHM), MOKa3aTelau
MMPI (MHOTO(aKTOPHOTO MHHHECOTCKOTO JIMYHOCTHOTO OIMPOCHHKA) OCTAITCS
JIOCTaTOYHO CTAOWJIBHBIMA Ha TPOTSHKEHHH JKU3HH M XapaKTEepHU3YIOT IICHXHYECKHe
CBOMCTBa MHIUBUIA U JIUYHOCTH.

Jnis yTOuHEHHs poJiM pa3nuYHbIX (QaKTOpOB, AalomuX Bkiax B Hanmmune CXY, mo
HalleMy MHEHHIO, HEOOXOOUMBI: OmpeiefieHHe YpOBHEH MelaTOHWHAa B MOUE,
TECTOCTEpPOHA B KPOBH, TOPMOHOB IIMTOBUIHON >Kene3bl, (POJUTHKYIOCTHMYIHUPYIOIIETO
TOPMOHA, TPOTECTEPOHA, XOJWHACTEpa3bl (KaK TMPOBOCHAIHMTEIBHOTO  (akKTopa),
MpOBEJIeHNE OOIIero aHalin3a KPOBH, WMMYHOJIOTHYECKOTO aHajim3a I OIICHKHU
(yHKIMOHANBHOTO cocTostHUST CD-KIIeTOK (MMEIoNX OEIKOBYIO MPUPOIY U WUTPAFOIIUX
BaXKHYIO POJIb B UMMYHHOM OTBETE), BHIABICHUE B3aUMOCBSI3EH MEXKY UX MOKAa3aTEISIMU.

Ha ocHoBanuu uccnegoBanus o pe3ylbTaTaM MOCICAYIOIMINX UCCIEIOBAHUNA MOTYT
OBITh CHOPMHUPOBAHBI KOMIUICKCHBIE PEKOMEHIAIMK OTHOCHTEILHO TPO(UIAKTHKU U
JICYCHUS] CUHAPOMA XPOHUYECKON YCTAIOCTH.

Cnucok auTepaTypbl

1. Hazap O.B., Tuxomup A. . CuHAPOM XpPOHHYECKOH yCTaJOCTH — OOJE3Hb IMBUIN3ALMU
(coBpeMmeHHbI# B3 Ha pobnemy) // Cimeitna menuuuna 2005. Ne3. C. 91-93.

2. bypumnckuii C.I. Helipodapmakosoruueckue MOIXOAbl K Tepanud CHHAPOMA XPOHHUYECKOH
ycranoctu // XKypHan mnpakTHyHOro Jkaps: coewiaiizoBane iHdopmariiiHe Bumanns. 2005. Nel.
C. 48-51.

3. TIpaueB.M. CuHapoM XpoOHHYECKOH YCTaJOCTH, NPHYMHBL, MOCICACTBHS M INPOQPHIAKTHKA
[onexrponnbiii  pecypc] URL: www.aversnpk.ru/publications/chronic-fatigue-syndrome/  (nmara
obpamienus 01.09.2017).

4.  Cawmoiinosuu B. A., T'yrapesa H. B. 3nauennst (i3n4HMX YHMHHUKIB B MiJBHIIEHHI PE3UCTEHTHOCTI

OpraHi3My CTYICHTIB 3 CHHAPOMOM XpoHiuHo1 Bromu // [Tpo6nemsr meauunubt. 2002. Ne 1/2. C. 13-15.

Hopoxenok . Cunapom xponndeckoit ycrangoctu // Bpaua. 2001. Ne 7. C. 7-8.

6.  CawmoiinoBuu B. A., TI'yrapesa H. B., Towuniit JI. . BB ¢isnunux ¢akropiB Ha OioeneKTpHuHi
BJIACTUBOCTI KIITHHHHX sjep OyKaJbHOTO EHITENI0 Yy CTYIEHTIB i3 CHHIPOMOM XpOHIYHOI BTOMH //
Jlixapceka crpasa. 2005. Ne5/6. C. 60-64.

7.  Bepuep O. M., Mypamixo H. K. Eninemionorisi, niarHocTuka i JiKyBaHHS HacJliAKiB HeHpoiH(eKmiii :
Cunpgpom xponiuHoi BrommoBaHocTi // Jlikapeska cripaa. 2012. Ne 6. C. 78-81.

8.  Huaxosckuii H. A. Cungpom xponudeckoit ycramoctu // Dbdepentnas tepamus. 2000. T. 6. Ne 3.
C. 25-31.

9.  Mummues B. J[., Ilymxkapesa T. H., Kymnup 0. A. [lenpeccuBHble paccTpoiicTBa B CTPYKType
CHHAPOMa XPOHWYECKOH YCTaJOCTH Y JKEHIIMH PENpOJyKTHBHOTO BO3pacTa : KIMHUKA M MPUHIUIIBI
Tepanud // 3n0poBbe xeHmuHbL. 2011, — Ne 7. — C.90-92.

10. TIInmaronos lO. I1. ITcuxomorus korpmukTHOTO oBeAeHus. CII0. : Peus, 2009. 544 c.

11. Matsm A. A. CuHIpOM SMOLMOHATIBHOTO BRIFOPaHUsI — CHHIPOM MeHeKepa. // [DnekTpoHHbIH pecypc]
URL:www.matyash.info/sindrom-emocionalnogo-vygoranija-sindrom-menedzhera.htm (mara
obpamenus 01.09.2017).

12.  Crebmrok B. B., Bypnaka O. B. Cunapom XpoHiuHOI BTOMH: CydacHHW craH mpoosiemu // Menudna
peabimitauisi, kypoprosoris, iziorepamis. 2000. Ne 4. C. 29-32.

e

91



KAPIIOBHUY A. B., TPUT'OPBEB I1. E., TYCKOBA IO. C.

13. IOpseBa JI. H., Cemenuxuna B. E. Cunzapom "3MOLMOHAIBFHOTO BBITOpaHHUA" y Bpauei-ICUXHATPOB U
HApKOJIOTOB:  IHAarHOCTHKA, NPOGHIAKTHKA ©  IICHUXOKOppekuws //  [DnexTpoHHBIH  pecypc]
URL : www.rusnauka.com/NIO/Medecine/jur_evasind..rtf.htm (zata obpamenus 01.09.2017).

14. ba6anos C. A. CuHIpOM 3MOLHMOHATIBHOTO BeIropanus // Bpau ckopoii momormu. 2012. Ne 10. C. 59-65.

15. Kiebanosa B. A. Cunnpom xponmdeckoro yromieHus (063op)// I'mruena u canmtapus. 1995. Ne 1.
C. 35-38.

16. Tmpina O. M., JlemssxoBa T.T., Pyniuenxo B. M. CuHapoM XpoHIYHOI BTOMJICHOCTI y TIPAaKTHIi
cimeiinoi MemunuaU. IloBimomnenHs 1// VYxpaincekmii MemummyHuidi wacomuc. 1999. Ne 2 (10).
C. 77-81.

17.  ®ponos B. M., [lerpynst A. M. Ilatosorust oprana 3peHus! IpU CUHAPOME XPOHHUYECKOH ycTtanocTtu //
Bectauk odranemonoruu. 2003. T. 119. Ne 2. C. 45-47.

18. ®ommuuesa E. E., ®unarenkoa T A., Ppibakuna E.I. AKTHBHOCTH THIIOTaIaMO-THIIO(U3apHO-
aJICHOKOPTUKAIBGHON CHCTEMBI NPU MHAYKIHUU CHHAPOMA XPOHHYECKOH YCTAJIOCTH B HKCIIEpUMEHTE //
Poccutiickuit pusmonornueckuii xypHan uMm. M1.M. Ceuenosa. 2009. T. .95. Ne 1. C. 11-18.

MEDICAL-BIOLOGICAL AND PSYCHOSOMATIC ASPECTS OF THE
CHRONIC FATIGUE SYNDROME IN STUDENTS OF THE MEDICAL HIGH
SCHOOL

Karpovich A. V.!, Grigoriev P. E."*, Luskova Yu. S.?

!Physics and Technology Institute, V. I. Vernadsky Crimean Federal University, Simferopol 295007,
Russia

’Medical Academy named after S.I. Georgievsky, V.I. Vernadsky Crimean Federal University,
Simferopol 295007, Russia

*E-mail: grigorievpe@cfuv.ru

The syndrome of chronic fatigue is classified as a condition suitable for the classic
concept of "disease", and is included in the international classification of diseases of ICD-
10. This disease until the end of unexplored etiology. The main manifestation of which are
progressive fatigue, unmotivated general weakness, for a long time depriving the patient
of active participation in everyday life, a decline in efficiency. Patients often complain of
headaches, arthralgia, myalgia, memory loss, depression, sleep disorders. In some cases
also subfebrile temperature, sore throat, cervical lymph nodes are manifested. The main
difference between chronic fatigue syndrome and normal fatigue is a lack of a tendency to
its complete disappearance, even after a long rest, while typical fatigue is temporary and
eliminated by relatively short-term rest. One of the criteria for chronic fatigue syndrome is
its still presence in the patient of its signs for at least 6 months. It is noteworthy that the
syndrome of chronic fatigue is also a psychophysiological symptom of emotional burnout.
Some authors note the identity of syndrome of chronic fatigue and emotional burnout. We
also hold this opinion on the basis of the identity of their symptoms, taking into account
the unclear etiology of chronic fatigue syndrome. Emotional burnout is a mechanism of
psychological defense developed by the individual in the form of a complete or partial
exclusion of emotions (a decrease in their energy) in response to selected psychotraumatic
effects. According to modern data, the syndrome (or extreme degree) of emotional
burnout is revealed in 13.1%, and a high degree of emotional burnout— in 49.7% of
primary care physicians. The manifestations of suboptimal syndrome of chronic fatigue in
medical practice are observed monthly or more often in 24.2% of primary care physicians,
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and most often (in 17.7% of cases) this is expressed as improper treatment of patients and
their problems. In connection with the urgency of this problem among medical workers,
and, hence, in future doctors — students of a medical high school, — the task of this study
was to determine the prevalence of emotional burnout as a marker of chronic fatigue
syndrome. As a result, a better understanding of the problem, identification of prevalence,
and a theoretical analysis of the etiological causes of syndrome of chronic fatigue is a
necessary step for developing methods of assisting with syndrome of chronic fatigue and
emotional burnout for medical students, based on their causes, rather than manifestations.
At the first stage of present research it was studied the prevalence of emotional burnout
syndrome as a diagnostic indication of chronic fatigue syndrome among medical students
(sample of 60 students aged 18-24 years). Burnout syndrome was found in 30% of
subjects. Of these, 17% of subjects had phase of tension, 28% — phase of resistance and
56% — exhaustion. At the second stage of research persons with chronic fatigue syndrome
took part. The subjects were examined by a physician and cardiologist. At half of the
surveyed 3 or more diagnoses were detected, and only one subject did not have any
diagnoses. In the semi-quantitative value of Boyko test (phase and stage of emotional
burnout syndrome) and the number of diagnoses observed a moderate positive Spearman
correlation. Under the Belov test for evaluating of temperament, the statistically
significant relationship between temperament and emotional burnout phase not been
revealed. For this cohort also conducted a test “wellbeing-activity-mood” to assess the
psycho-emotional state, for a month at the beginning and at the end of educational week.
Levels of wellbeing and activity in subjects with phases of resistance and exhaustion are
significantly lower than in subjects with a phase of tension, and the differences between
levels of wellbeing and activity is not so different in subjects with phases of resistance and
exhaustion. The level of mood is not depended from the phase factor of burnout. The
levels of well-being and activity in subjects with phases of resistance and depletion (the
second and third) are significantly lower than in subjects with a voltage phase (the first).
As a result of the examinations of the therapist and the cardiologist, only one patient with
CFS did not have a single diagnosis; one diagnosis — one subject, two diagnoses — seven
subjects, three diagnoses — six, four — two, and five — one. In connection with the results
obtained by us, special attention should be paid to the data that, out of all patients with
chronic fatigue syndrome, abnormalities in the psychoemotional sphere were revealed in
98.7% of the MMPI questionnaire. This result, however, does not detract the significance
of the results obtained by us, because, unlike a test “wellbeing-activity-mood”
(dynamically characterizing the changes in mental states), results of MMPI are quite
stable throughout life and characterize the psychic properties of the personality. To clarify
the role of various factors contributing to the presence of chronic fatigue syndrome, it
could useful to: determine the levels of melatonin in the urine, testosterone in the blood,
thyroid hormones, follicle-stimulating hormone, progesterone, cholinesterase (as a pro-
inflammatory factor), conduct a general blood test, analysis for the evaluation of the
functional state of CD cells, revealing the relationships between their indices. Based on
the study on the results of subsequent studies, comprehensive recommendations for the
prevention and treatment of chronic fatigue syndrome can be formed.
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