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B MACCHUBE YIVIEPOAHbBIX HAHOTPYBOK C UCITIOJIb3OBAHUEM
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BhInosHeHO MOIEIMPOBAHUE PACIIPOCTPAHEHUSI KBA3UMOHOXPOMATUYECKOI'O JIa3€PHOr0 My4YKa B cpefie ¢
yIJepoaHbIMU HAaHOTpyOKamu. ITojiydeHbl ypaBHEHHUSI, ONMUCHIBAIOIINE AVHAMUKY JIa3epPHBIX MYyYKOB B
MAacCHUBE YIJIEPOIHBIX HAHOTPYOOK Ha OCHOBE M'MAPOAMHAMMUYECKOIO MOAX0Ia IJisl HEJIMHEMHOIO YpaBHe -
Hus pémuHrepa. [JlaHHOe ypaBHEHHE PEIIeHO YMCIEHHO C MCIIOJIb30BAHUEM METOMA CIVIa>KEHHBIX Ya-
ctull. [IpoaHann3npoBaHa 3BOIOLMS IIyYKa B 3aBUCUMOCTH OT YAaCTOTHI 3JIEKTPUYECKOTO IT0JISI.

DOI: 10.31857/S0367676523703040, EDN: QKEFOV

BBEAEHUE

Vraeponusie HaHOTPYOKU (YHT) [1] u ux KoM-
Mo3uThl [2] 00J1amaloT He TOJILKO BBIIAIOIIMMMUCS
MEXaHUYEeCKNMM, 3JIEKTPUUECKUMHU U TEIJIOBBIMU
CBOICTBaAaMM, HO U YHMKaJbHBIMU HEJIUMHEUHBIMU
ONTUYECKMMMU CBOMCTBAMM, KOTOPbIe HAXOOSAT I~
pOKOe IpMMeHeHE B 00J1aCTU HEJIMHETHO-ONTHYe-
CKMX MPUJIOKEHU [3], B TOM 4mCe IJIsT TeHepaluu
OINTUYECKUX UMITYJIbCOB Majloii AauTeabHOCTH [4]. B
MOCJICAHNE TOABl JaXke BBIICIMIOCH HalpaBJICHUE,
CBSI3aHHOE C OIITUKOI IIpeaejibHO KOPOTKMX MM-
MyJbCOB [5], OMHON M3 BaXHBIX MPOOJIEM KOTOPOTO
SIBJISIETCS TIOMCK YCIIOBUM IS CTAOMJIBHOTO PacIIpo-
CTpaHEHMsI DJIEKTPOMATHUTHOIO U3IydeHus [6], a
TakXe TeHepaluu MpeaeabHO KOPOTKUX UMITYJILCOB
[7, 8]. OTMeTHM, YTO €CTh yXKe U IKCIIEpUMEHTaJIb-
HbI€ TMOATBEPXACHUS YCHEITHOTO MPUMEHEHUS yT-
JIEPOIHBIX HAHOTPYOOK B 3THUX IIEjSIX, HAIIpUMED,
JUISI TeHepalud CyOHAHOCEKYHIHBIX CBETOBBIX M-
myJabcoB [9], a TakKe IIPU CO3MaHUM BOJOKOHHBIX
Jazepos [10].

C nosiBJIeHUEM Bce 0oJiee CIIOXKHBIX 3aJ1a4 BO3HU-
KaeT HeOOXOOVMOCTb B MOIIHBIX BBIYUCIUTEIBHBIX
pecypcax M IIPUMEHEHHWM HOBBIX KOMITBIOTEPHBIX
TEXHOJIOTHii, B TOM 4McCJie ITapajuieJbHbIX. K Takum
3aJa4aM OTHOCHUTCS M MOJIENMPOBaHUE AUHAMUKUI
JIa3epHOTO MMyYKa B cpelie, coaepKaileil yriiepomHbIe
HaHOTPYOKMU.

Merton criaxkeHHbIX dyactull (SPH — smoothed-
particle hydrodynamics) [11] siBiaseTcsI TOTHOCTBIO
JIarpaHXeBbIM M HE MCIIOJIB3yeT MTPOCTPAHCTBEHHOM

CEeTKM, TMO3BOJISIIOLICH anmpoKCUMUPOBATh MPOU3-
BOJIHbIE. DTO BHOCUT CYLIECTBEHHBI BKJad B OCO-
OEHHOCTU HaXOXIEHUS pelleHusl. Takke OTMETUM,
YTO B CETOYHBIX MeTOAaX peleHue ypaBHeHus Lpé-
JIIMHTEepa COMPSIKEHO C MPOroHKaMu, KOTOphIE MoKa-
3bIBAIOT TUIOXME Pe3yJbTaThl MPU pacnapajjienBa-
Huu [12]. [ToaToMy B JaHHOI paboTe ObLIO pelIeHo
OCTaHOBUTH CBOM BBIOOp Ha Metonme SPH, xopomo
3apEKOMEHJOBABIIIEM Ce0sl B Pa3IMUYHBIX HayYHBIX
o0JacTsx, B TOM yncie actpopusuke [13], MmexaHuke
CIUTOITHOM cpens! [14] u op.

MOJIEJIb 1 OCHOBHBLIE YPABHEHUA

PaccmoTtpuM pacripocTpaHeHUe Ia3epHOTO ITyyKa
B MacCCHBE 3UTr3aroo0pa3HbIX YIJIEPOIHBIX HAHOTPY-
0OK, TMOMEIIEHHOM B IU3JEKTPUYECKYIO Cpeny, B
TIePTIICHINKYIIPHOM MAacCHUBY HallpaBJIeHUU (OCh
0Z). Ocu YHT cuurtaeM coHONpaBJIECHHbIMU U TIa-
pautenbHbIMU ocu OX (puc. 1).

DHepreTuyecKuii crnekTp 3JeKTpoHoB B YHT
MOXKHO 3anncaTh B Buze [15]:

e(py,s) = yo\/l + 4cos(apx)cos(E) + 4cos’ (E), e
m m

rae s = 1, ... m, HaHOTpyOKa umeet tun (m, 0), p, —
MPOEKIIMS KBa3MHUMITYJIbCa 3JeKTpOHA TTPOBOAUMO-
ctu Ha ock YHT, v, = 2.7 5B — nHTerpan rnepeckoka,
ONpEAESIONIMM SHEPTUI0, KOTOPYIO HEOOXOAUMO
COOOLIUTb JIEKTPOHY IJISl TIEPEMELLICHUST MEXY CO-
CEeIHMMMU y3JIaMU B pelieTke, a = 3b/2h, b= 0.142 oM —
paccTosiHUE MEXITY COCEIHUMU aTOMaMU YIJIepo/a.

1763



1764

X - - -
l- - - E
l i
|
!
VA Y

Puc. 1. CxematnuHO€ U300pakeHE TEOMETPUM 3a1aUH.

DnexTpuyeckoe IoJie JITa3epHOTO IMydKa HMeeT
sun: £ = (E(y,z1),0,0), IIIOTHOCTD 2JIEKTPUYECKO-
rotoka j = (j(y,21),0,0).

g KOMITOHEHTBI 3JeKTPUYECKOTo IIOJs, Ha-
npasjieHHO Bmoib ocu YHT c yyeroMm 3ameHBI:

- e
E=— 8A/ 0f W PAa3IOXEHUS] DHEPreTUYECKOro
CITEKTpa JIEKTPOHOB B psii Dypbe, BOTHOBOE ypaB-
HeHue umeet Bu [16]:

ea[@A BAJ_@y_A_

dy’ 97 ¢ or @)
- oJOZZb Sm(qae ) =0,
g=1 s=1

e ¢ — CKOpOCTb CBE€Ta B BAKyyMe, € — IUDJICKTPpHUYIC-

cKasl IPOHULIAEMOCTb CPENbI, (), — XapaKTepucTuye-
cKasl yacToTa, e — 3apsi dJEeKTPOHa,

J coS(qr) exp (—i —as,qzosfqr)] dr
B
, (3)

5,4 -1 g=1

Yo I exp (_Z ocs,qcos(qr)] &
kT

- q=1

bs,q =—-q

kg — nmocrostHHas bosblmana, 7'— Temrieparypa, o , —
KO3(OdULIMEHTE B pa3JIoKeHWM 3aKOHa IHUCIIEPCUU
a71eKTpoHOB (1) B psia Dypoe.

BBsenem 0Ge3pasmMepHYI0 MPOEKIIMIO BEKTOPHOTO
MoTeHIIMaja Ha ocb Ox caeayoIluM 00pa3oM:

j:%A:ZO(y,z)cos(wt—kz—(P), 4)

N3BECTHUA PAH. CEPUA OUBNYECKAA

KOHOBEEBA u 1p.

Ay (v,z) — orubarommasi MPOeKUMU BEKTOPHOTO MO~

TeHInajia Ha ocb Ox, k = ove/c — MOJYJIb BOJTHOBO-
To BEKTOpA, () — HaYaJIbHas da3za.

IMoncraBnsiem (4) B ypaBHeHUE (2) U IIpUMEHSIEM
MPUOTUXKEHUE MEIJIEHHO MEHSIOLIUXCS aMIUIATY U
da3 [17]. ITpu momoim popmysl 1151 dyHkuuu bec-
CeJIs LISJIOTO MOoPSAKa U €€ Pas3JIoKeHUsI IojiydaemM 3¢h-
(dexTuBHOE ypaBHeHue Ira (GyHKIMU (),Z2)

= A4, (y,7)exp (i©), onpenensionieil aMIIMTy1y BEK-
TOPHOTO MOTEHLIMAIA C YIETOM Mepexona K 6e3pas-
MEpHBIM BETNYMHAM:

2
a—\g + 2i1<al! -
Jg ot
© m oo (_l)r q2r+1 |W|2r (5)
- b, =0
W;; ’q; 2T (r+1)T(r +2)

3nech ['(7) — raMMa-byHKLYS, K = kc2/ 0, C=yw, /e,
T=2z0my/c.

Jlanmee Bocroab3yeMcs Ipeodpa3oBaHueM Majne-
JiyHra [ 18] u nepenuiieM ypaBHeHue (5) B BUle, aHA-
JIOTUYHOM YPAaBHEHUSIM TMIPOIUHAMUKU:

pﬁi(pu) =0

Cle
ur+(uiju: 19 —(
dJg pdg

2
Pz_é[l)gg_%], Fent = (6)

=Lizm:[ i _1) rq2r+1pr+1 ]
2 2 2r+1

= (r+ )T (r+ )T (r+2)

P+ Poyr),

snech p = [y, u = x7! 0¢/0C, Pcny — ciaraemoe,
omnpenensieMoe HeJIMHEeIHOCThIO, cBsA3aHHol ¢ YHT,
P — anasnor kBaHTOBOrO naBieHus1. [locKoabKy ypaB-
HeHue (5) umeeT BUJ aHAJIOTUYHbIN HEJIMHEWHOMY
ypaBHeHuo IlIpénmHrepa, KOTOpoe OIMMCHIBAaeT BOJI-
HOBYIO (DYHKIIMIO KBaHTOBO-MEXaHWYECKOU CUCTe-
MbI, TIORTOMY W JaBjieHUWe B Moaxoae ManeiyHra
MPUHSATO Ha3bIBaThb KBAHTOBBIM. CTOWT OTMETHTb,
YTO YWIEH KBAaHTOBOTO JaBJIEHUS TAKXKe MOXHO 3aru-
caTh B TepMMHAX KBAaHTOBOTO nnoteHuana boma [19],
KOTOPBI yIIpaBIIsIeT IBMKEHNEM KBAHTOBBIX YACTHII.
Ho st ucnonb3yemMoro B JaHHOM paboTe MeTona Ta-
Kast (hopMyITMpOBKa HeyToOHa.

PE3VYJIBTATDI
YNUCJIIEHHOI'O MOJEJIMPOBAHUA

MEI GyneM ucciaemoBaTh MHTEHCUBHOCTD JIa3ep-
HOI0 py4yKa, MPONOPLUHMOHAIBHYIO BEJIWYUHE .
Ne 12
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Puc. 2. PacrnipeneneHre MHTEHCUBHOCTH JIa3€PHOTO ITy4-
Ka B pa3IMYHble MOMEHTBHI BPEMEHM: CIUIOLIHAS JIMHUS
cooTBeTcTBYeT T = 0, ToueuHast JuHUsI — T = 15, myHK-
TUPHAS JIMHUS — T = 35, INTPUXIIYHKTUPHAS JIMHUS — T =

= 50. Enquauiia o ocu { cootBeTcTByeT 3 * 1076 m.

VYpaBHeHUe (6) pemiajoch YnciaeHHo MeTogoM SPH ¢
SIIPOM B BUIIE, IpeMIOKeHHBIM MoHaraHowm [20, 21]:

2 3
1—L$%+Q%%30Sx<L

2
W (x,h) = 7

3
02#2—%),13x<2 (7)
0, x=2.

Jliobas ¢u3nueckass BenuumHa B(x) B Mmerone
SPH B omHOMepHOM cirydae OyIeT 3a7aBaThCd B BUIE:

m.
— J
B(x) = Z_A(XJ)W(X = x;,h),
7 Pj
3leCh m; — Macca j-oi 4acTula, KOTopasi onpesiessi-
€TCsI COITIacHO (popmyiie:

()

2

m; = aedyexp -, )

S

YTO COOTBETCTBYET HauaJbHOMY YCIOBHIO: Y (G, 0) =
2 /52

= aoexp(—g / I; ) a, — HavyaJbHas aMILIUTY/a SJI€K-

TPUYECKOTO IOJIsA MyKa, /. — HavaIbHast OTYIIUPU-
Ha ITyJKa.

OTMeTUM, 4TO MepPBOE ypaBHEHUE CUCTEMEI (6) —
9TO 3aKOH COXPaHEHUsI Macchbl, KOTOPOMY YIOBJe-
TBOpSIET Hallla AWCKpeTusalusi. TakuM oOpas3om,
HEO0OXOIMMO PEILIUTh BTOPOE YpaBHEHUE CUCTEMBI,
KOTOpPOE OINUCHIBAET NBUXKEHUE YACTULL U TO3BOJISIET
OMpeaeuTh YCKOPEHNE KaXX10i YaCTUILIbI.

TunuuHoe pacnpenesieHe WHTEHCUBHOCTU Jia-
3epHoro nydka ([y?/|a,?) npu ero pacnipocTpaHeHUN
no oGpa3sly IpeacTaBieHo Ha puc. 2. IloayyeHHBIE
3aBUCUMOCTH MO3BOJISIOT TOBOPUTH O CTAOUIHLHOM
pacCIIpOCTPaHEHUU 3JIEKTPOMATHUTHOIO ITy4yKa, KO-

MN3BECTUA PAH. CEPUSA ®USNYECKAA  tom 87

1765

wP?/lao?
Lo}

0.8
0.6
0.4
0.2

() il 1 !

Puc. 3. PacnpeneneHI/Ie MHTECHCUBHOCTHU JIa3€PHOIO ITy4-

Ka JUIs pa3HbIX 3HAYEHU I YaCTOTHI TOJISI: CILIOLIHAS JIN-
HUSI COOTBETCTBYET ® = 4 - 104 c_l; TOYECYHAsl JIUHUS —
o=_8-10" c_l; =130 (a), 50 (6). Enurua o ocu { co-

OTBETCTBYeET 3 - 1070 m.

TOPBII IIPOXOIUT pacCTOsSSTHUE OOJIbIle TN PaKIINOH-
HOM JJIMHBI.

Taxxe HamMu ucCClAeNOBaHO BIWUSIHUE YaCTOThI
3JIEKTPUYECKOTO TI0JIsI UMIYJIbCa HA AUHAMUKY MTy4-
Ka B HequHeliHoi cpene ¢ YHT. 3aBucumMocTs op-
MbI JIa3€pHOTO My4yKa OT KOOPAWHATHI JJISI pPa3HbIX
3HAYCHM BEJIMYMHBI (O ITOKa3aHa Ha puc. 3.

BunHo, 4TO yBeIMueHNE YaCTOTHI 3JIEKTPUIYECKO-
I'0 IOJIsI UMITYJIbCA IIPUBOIUT K 3aMeIJIEHUIO pacIipo-
CTpaHEeHUsI JIa3epHOTrO ITyYKa B Cpele C YIIIepOTHBIMU
HaHoTpyOKamu. IlIupuHa mmydyka mpu 3TOM OCTaeTCs
Heu3MeHHO. O0I111e BEIBOAEI U3 PE3Y/ILTaTOB MOJIE-
JIIPOBaHUS IJI JTa3epHBIX IMydkoB MeTomoM SPH
COBITAJIAIOT C MOJYYSHHBIMM paHee pe3yjibTaTaMU Ha
OCHOBe pelleHMust 00001eHHoro ypaBHeHus Illpe-
JUHTepa MPU NOMOIIY HEeSIBHON YMCICHHOI CXeMBbI
[22]. Takke oTMeTnM, uTo MeTon SPH ycToiiuus 1 He
NPUBOAUT K PACXOTUMOCTSIM.

3AKJIIOYEHHME

Takum obpa3oM, B paMKax IT'MIpOIMHAMUYECKOTO
MOaXoa BeIBeIeHO 3((HEKTUBHOE YpaBHEHUE, OMU-
ChIBalOIIIeE paCIPOCTPAaHEHNE MOHOXPOMATUUECKOTO
JIa3epHOTO Iy4YKa B Cpejie ¢ YIIepOIHbIMU HAHOTPYO-
Kamu. [IpomeMoHCTpUpOBaHa BO3MOXKXHOCTL IPUMeE-
HEHUS MeTO/Ia CIVIAXKEHHBIX YaCTULL C UCITOJIb30BaHM -
€M NapaUIeJIbHBIX TEXHOJIOTM IS MOJEIMPOBAHUS
JIUHAMUKA MOHOXPOMATUYECKOIrO IMy4yKa B MacCHBE
HaHOTPYOOK. YCTaHOBJIEHO, 4YTO JIA3€pPHBIN ITyYOK
CTaOWJILHO paCIpOCTpaHsIeTCsl B CpeAe YIrJepOaHBIX
HAHOTPYOOK C HE3HAUUTEJIbHBIMU TTOTEPSIMU IO aM-
TUTATY/IE BCJICACTBUE YIIUPEHUS. YBEIUUCHUE YACTO-
ThI JIEKTPUYESCKOTO IT10JISI UMIIYJIbCa BIIMSIET Ha CKO-
pPOCTh pacnpOCTpPaHEHUS MydYKa, UYTO MPOSBISIETCS B
€€ YMEHBIIICHUM.

Ne 12 2023
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Simulation of the dynamics of laser beams in an array of carbon nanotubes
using the hydrodynamic approach
N. N. Konobeeva® *, R. R. Trofimov¢, M. B. Belonenko}

“Volgograd State University, Volgograd, 400062 Russia
*e-mail: yana_nn@volsu.ru

We simulated the propagation of a quasi-monochromatic laser beam in a medium with carbon nanotubes.
Equations describing the dynamics of laser beams in an array of carbon nanotubes are obtained based on the
hydrodynamic approach for the nonlinear Schrédinger equation. This equation is solved numerically using
the smoothed particle method. The evolution of the beam is analyzed depending on the frequency of the elec-

tric field.

Keywords: laser beam, carbon nanotubes, hydrodynamic approach
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