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BJIMAHUE YIVIEPOAHBIX HAHOTPYBOK HA OBPA3SOBAHUE
YIAPHbBIX SJTEKTPOMAI'HUTHbBIX BOJIH
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Ha ocHoBaHuM yKOopOYeHHBIX ypaBHeHUIT MakcBesu1a Il HeTMHEMHOM cpelbl, coaepKalleil yriepoaHbie
HAHOTPYOKH MOJYTIPOBOAHUKOBOTO TUIIA, U3yUYeHO 00Opa3zoBaHue ynapHbIX BoJH. PaccmarpuBaeTcs kinac-
cuyeckast HeJIMHeHas cpeia ¢ KyOM4ecKoil HEJTMHEMHOCTBIO U AUCTIepCUeil. YCTaHOBJIEHO, YTO BBEACHUE
YIJIEPOAHBIX HAHOTPYOOK CTAOMIU3UPYET YIbTPAKOPOTKU A ONTUYECKUI UMITYJIBC U TTPENSTCTBYeT 00pa3o-
BaHMIO yIapHBIX BOJH. BMecTe ¢ TeM MMITYJILC OCTaeTCs TOKATU30BAHHBIM.
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BBEIAEHME

Ilon ymapHBIMU 3JI€KTPOMAarHMTHBIMM BOJIHAMU
MMOHUMAIOT BOJIHBI, Y KOTOPBIX TPYMNIIOBasi CKOPOCTh
3aBUCUT OT MHTEHCUBHOCTH [1]. B 3TOM Ccitydae mpo-
WCXOIUT HU3MEHEeHMHE (GOpPMBI HMIYJIbCa, KOTOPOE
CBOAUTCS K OOJIBbIIIE KPYTU3HE eTo MepeaHero Win
3aHero (ppoHTa, YTO OIIpeAcsIsieTCs] 3HAKOM HEeJIr-
HeiitHocTn. OOpa3oBaHME TaKMX BOJH HOCTAaTOYHO
IIMPOKO OCBEIIEHO B JUTepaType, CM. HampuMep,
[2—5]. OT™MeTuM TakKe BaKHBIE IIPAKTUICCKUE IIPU-
MEHEHUSI TaKuX BOJH. Tak IIpM BXOIE 3JEKTpOMar-
HUTHOTO UMMYJIbCA B YCUJIMBAIOILYIO cpedy (co3naH-
HYIO, HalIpUMep, TTPY MOMOLIYA MHBEPCUHU 3aCEJIEHHO-
CTH) BaXXHO, YTOOBI TIepen MepemHuM (GPOHTOM
UMITyJIbCa He ObLUIO MOMOJHUTEIbHBIX JIOKAJTbHBIX
MaKCUMYMOB, KOTOPbIE CHUMYT MHBEPCHUIO U OCIA0SIT
yCHJICHNEe MaKCUMyMa UMITyiIbca. M36aBuThCs OT Ta-
KUX JIOKQJIbHBIX MAaKCUMYMOB ITOMOTAlOT yHdapHbIe
BOJIHEI Ha niepeaHeM (DPOHTE UMITY/IbCa, YTO He Tpe-
OyeT TIpUMEHEHUS NOIMOJHUTEIILHBIX 00pe3arorimx
YCTPOMCTB. DTO MO3BOJISIET peaIM30BaTh COBMECTHOE
yCUJIEHHE M BPEMEHHOE CKATHE MOIIHBIX 3JIEKTPO-
MarHUTHBIX MMITYJIbCOB B aKTUBHOM cpene. Takum
00pa3oM, YITOMSIHYTbI€ BBIIIE BOJTHBI HAXOIST 3HAYM -
TeJIbHOE MpaKTU4eCKOoe IIpuMeHeHne. BaxkxHo oTtMe-
TUTh, YTO paHee 00pa3oBaHME YIAPHBIX JIEKTPOMar-
HUTHBIX BOJIH pacCMaTpUBaIoCh MOAPOOHO B cpenax
C HeJIMHEMHOCThI0O Keppa m He 3arparuBaio Helu-
HeifHocTH npyroro Tuma [6, 7].

BwMmecTte ¢ TeM mocTaTOYHO MOJIHO OBLIO IPOBEAL-
HO MCCieOBaHUE paCIpPOCTpaHEHUS YJAbTPAKOPOT-
KX UMIYJIbCOB (MJIM MYYKOB CBETA MPU IPYTOM BBI-
Oope Oeryieit KoOOpaguHATHl) B Cpele YIJIEPOTHBIX

HaHoTpyOoK (YHT). InHamMuKa Takux CTpyKTyp ObI-
J1a paccMoTpeHa B [§—10]. B aTux ke paboTax mpuBe-
JIeH MOIPOOHBIN BBIBOJ YKOPOUYECHHBIX YpaBHECHWIA.
HecMmoTpst Ha TO, YTO HEJIMHEHHOCTDb B Cpelie yIJjie-
POIHBIX HAHOTPYOOK OTJIMYAETCS OT KJIACCUYECKOM,
B HEll BO3MOXHO OOpa3oBaHME COJUTOHOB. Takue
COJIUTOHBI OKA3aJUCh YCTOMYMBBIMU KaK TIPU JOIH-
POBaHMU YIJIEPOIHBIX HAHOTPYOOK MPUMECIMU, TaK
W TIpY BO3AEHCTBUY HA HUX BHEIMHUX TTo1eit [ 11—13].
EcTecTBeHHBIM 00pa3oM BO3HMKAET BOIMPOC, Kak
ckaxetcs BBeneHue YHT B HelMHelHYO cpeay Ha
00pa30BaHUU YIAPHBIX 2JIEKTPOMArHUTHBIX BOJIH.
Kpome Toro, Bo3HUKaeT BOIIPOC U 00 YCTOMUYMBOCTU
aHaJIOrOB COJIMTOHHBIX pelleHuii. PelreHuio 3Tmx
3ajJay4 1 MOCBsIlIeHa HacTosIas padoTa.

OCHOBHBIE YPABHEHMUAA

3anuineM ypaBHEHHUE [UISI 3JICKTPOMArHUTHOTO
TOJIST B HEJIMHEMHOM cpefie ¢ 3Ur3aroo0pa3HbIMU yT-
JIEpOIHBIMU HaHOTpyOKamu. Bynem paccmaTpuBaTh
OTHOMEPHEIC YIBTPAKOPOTKME 3JIEKTPOMATHUTHEIC
UMIIYJIbChI, KOTOPBIE PACTIPOCTPAHSIIOTCS TTepIICHI -
KYJISIpHO OCH HaHOTpYyOOK (ocu Oz). [Ipuuem BekTOp
3JIEKTPUYECKOTO II0JISI ITapajiiesieH ocu Oy, 1, Claeao-

BatenbHo, E = (0, E(z,1),0).

BonHoBoe ypaBHeHME HAa BEKTOPHbII MOTEHLIMAT
9JIEKTPUYECKOIO TIOJISI MMITyJbca MpU Y4yeTe, UYTO
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rie ¢ — ckopoctb cBera, j = (0, (z,7),0) — ruioT-
HOCTh DJJIEKTPUUYECKOTO TOKa. TpeThbe ciliaraeMoe B
paBoii yactu ypaBHeHUs (1) yIMTBHIBaeT CBOMCTBA

cpensl P = (0,P(z,1),0) — monsspusanusi.

BripaxeHue s moiasspu3aliii MOXHO 3amnucaTh
B BUIIE:

P = PL + PNL’ (2)
roc ISL — JIMHEMHAas 4acTb InoJiipru3anunu, a ]SNL —

KEppoBCKasid HeJIMHENHAas 4acTh.

I1710THOCTh 37EKTPUYECKOTO TOKA MOXKET OBITh
orpenesieHa cortacHo popmyite [14]:

j—2eZI

s=1 7B
IJI€e e — SIEKTPUYECKUIA 3apsl, p — KOMITOHEHTA KBa3H-
UMITyJIbCA  DJIEKTPOHA BIONb OCU  HAaHOTPYOOK,
V, (p) = 9g, (p)/dp — cKOpOCTB B11EKTPOHOB, [ (p,s) —
dbyHkuust @epmu, € (p) — 3aKOH IUCTIEPCHUY AIIEKTPO-
HoB YHT tuma (m, 0) [15]:

g (p) = iyo\/ + 4cos(ap)cos(m) + 4cos (%), 4)

,m, Yy =2.7 3B, a= 3b/2h, b=10.142 -

(p,s)dp, 3

rme s =1,...
<1077 em

B sTOoM caydae mojiyyaeM ypaBHEHUE Ha HEHYyJIe-
BYIO KOMITOHEHTY BEKTOPHOI'O IOTeHIIMAJIA:

9’4 _ 19’4

077 o or )

+ 4maenyy, qusin(qaeA) _4moP _ 0,

c = c c ot
1y — KOHILIEHTPAIIK 3JIEKTPOHOB,

exp( / kgT)
b, =) a, | dpcos 6
a Zs“ q“»L P (pq)1+exp /kBT ®)

kg — mocrosinHag bosbumaHa, T — Temrmepartypa,
1BZ o6o3Hayaet nepByto 30Hy bpuiutiosHa, a,, — Ko-

3(1)(1)I/IHI/ICHTBI B Pa3JIOKEHUU € (p) B pAan (Dypr:
1N
83 (p) = _Zzasqcos(pq)a (7)

= [ dpcos(pa)e, (p). ®)

OrmeTum, 9ro KOa(pbULUEHTDI b, OBICTPO YMEHb-
IIAIOTCSI C POCTOM ¢, YTO MO3BOJISIET HAM OCTaBUTH B
pacCcMOTPEHUM TOJIBKO TEepBble HECKOJbKO cliarae-
MBIX [8].

YuuTbiBasi IpUHSITHIE BbIllIE OTPAaHUYEHUS, TIPU-
BeneM ypaBHeHue (5) K addexkTuBHOMY Buay. Ilose
UMIyJIbca B cpene 0yaeM CUMTaTh KBa3MMOHOXpOMa-
TUYECKUM U OIUIIEM B paMKax MPUOIUXKEHUS MeI-

BEJIMBUXWH u np.

JICHHO MEHSIOIMXcsI aMIumTya 1 ¢gas [17, 18] ¢ momo-
IIBIO 3aMEHBI BEKTOPHOTO MoTeHuajna A(z, f) B BUIE:

A(z,1) = Re{B(z,t)exp (i (kz — wt))}. ©)

MenneHHOe U3MEHEHME BEJIUYMHBI BO BPEMEHU
MOIPa3yMeBaeT, YTO XapaKTEePHOE BPEMSI f,,,, 3a KO-
TOPOE TTPOMCXONIUT CYIIECTBEHHOE U3MEHEHUE TAHHOM
BEJIMYMHBI, MHOTO OOJIbIlIE BPEMEHHOTO Teproaa nU3-
MEHEHUSI TT0JIsI TTaIalo1Iei 2JIeKTPOMarHUTHOM BOJTHBI,
T.€. Ly, > 21/®. YacToTa usnyyenus @ = 105 ¢!, 1, =
=5 1071 ¢, 4TO COOTBETCTBYET JAHHOMY YCJIOBUIO.
MenjeHHOEe U3MEHEeHUE BEIMYMHBI B TPOCTPAHCTBE
O3HAYaeT, YTO XapaKTEePHBbIE PACCTOSTHUS Z,, Ha
KOTOPBIX UMEIOT MECTO 3HAUMTENbHBIE OTHOCUTEIb-
HbI€ USMEHCHUI ﬂaHHOﬁ BCJIMYUHDbI, CYIIECCTBCHHO
MPEeBOCXOISAT MPOCTPAHCTBEHHBIN TIepuol (IUTMHY
BOJIHBI) TalalOIIETO U3JYUYECHUS, T.€. Zyow > 2T/k

(2105 M > 1075 m).

3amaB TIPOCTPAHCTBEHHO-BPEMEHHYIO 3aBUCH-
MOCTb ITOJISI BOJTHBI B hopMe (9), IprUMEHSIST yCIOBUS
MIPUOIVEKEHUST MEIICHHO MEHSIOIINXCSA aMILIATYI 1
da3, a Takke NMPoOM3BOImSI yCPETHEHHE IO TIEPUOIY
27/ nagaroleii BOJIHBI, IpeobpasyeM ypaBHeHUe (5) K
CIIeIyIONIeMY BULY:

o(|B’ B
@+Qa—B—R|B|2B+iuM—
Jdg 2097 ot (10)
(Do o o 1 2/+1|B|21
B zbq ,22/ =0

30ech (), = 2ea\TnyY, — XapakTepucTuyeckas dYa-
CTOTa, G = 7, / ¢, T= ®yf — BpeMsI B COITyTCTBYIOIIEI
CUCTEME KOOpAWHAT, B = eaA/ ¢, D — pucnepcus
TPYIIIIOBBIX CKOpocTeil, R — Ko3hpUIIMeHT Heln-
HeltHOCTH, | — mapaMeTp camoobocTpeHus [19].
bosiee moapoOHbIit BeiBOA NpuBeneH B [20]. daH-

HOE YpaBHEHUE PeIlajioCh YMCIEHHO MPU MOMOIIN
pa3HocTHOM cxeMbl Jrodopra—Dpankens [21].

PE3YJIBTATbI
YUCJIEHHOI'O MOJEJIMUPOBAHUA

VYpaBuenue (10) pelranoch co CIeAyIOIIMMHA Ha-
YaJIbHBIMU YCJIOBUSIMU:

(T—To)2
B(1,0) = Qexp —1—2 ,
j 5 (11)
20u(t—1,) (tT—1)
— gz T )

—B(1,0)=
2 5(x0)

rme Q — aMIIJIMTyIa BOJHEI Ha BXoje B cpeny ¢ YHT,
[, omipenesisieT ee UPUHY, T, — KOOpAUHATa MaKCH-

MaJIbHOM MHTEHCUBHOCTH ITOJISI My4YKa, ¥ — Hadajlb-
Hasi CKOPOCTh UMMYJIbCAa.
MU3BECTUS PAH. CEPUS ®USUYECKAA TOM 87 Ne 12 2023



BIIMAHUE YIJIEPOOHBIX HAHOTPYBOK

Puc. 1. 3aBUCUMOCTb HAIPSKEHHOCTU 3JICKTPUYECKOTO
TOJIST UMITYJIbCA OT KOOPAWHATHI T B PA3JIMYHBIX TOYKAX
npoctpanctBa z =0 (a); 4 (6); 8 (8); 10 (¢). Enmauna o £
COOTBETCTBYET 107 B/m.

o Iy

120

180

Puc. 2. 3aBUCHMOCTh HANPSDKEHHOCTU JJIEKTPUYECKOTO
TIOJISI UMITYJIbCA OT KOOPIMHATHI T /1S Pa3HbIX 3HAYEHUIA ra-
pametpa u = (z =10, D= 0.01, R=0.01) 0.001 (a); 0.01 (6);
0.1 (6). Enmauna no £ COOTBETCTBYET 107 B/M, enununa
moD—5-10"23 Cz/M, enuHuIA o R — 3 Br!- M_l, enu-
HUIIA O WL — 10072 Br - mle.

DBoMOLUSI UMITYJIbCA MpeAcTaBiIeHa Ha puc. 1.
BunHo, 4TO UMITy/IbC ¢ TeYeHUEM BpEMEHM UCTIBITHI-
BaeT He TOJIbKO 3aTyXaHUe, HO U YKpyYeHue (PpoHTa.
3aTeM npolecchl HEIMHEMHOCTY YCHIMBAIOTCS M Ha-
CTyIaeT 6ajaHC ¢ TUCTIEPCUEiA, YTO TIPUBOIUT K CTa-
ounuszauuuy ummnysibca (puc. le).

3aBUCUMOCTbD JIEKTPUUECKOTO TMOJIsI UMITYJIbca OT
Ko3dduimeHTa |\ nokazaHa Ha puc. 2. BousgHue ma-
paMeTpa caMOOOOCTPEeHUS MPOSIBISICTCS B U3MEHE-
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Puc. 3. 3aBUCUMOCTb HAIPSKEHHOCTU JICKTPUIECKOTO
TOJIST UMITYJIbCA OT KOOPIMHATHI T JUISI Pa3HbIX 3HAYCHUIA
napametpa D =(z=10,u=0.1, R=0.01): 0.001 (a); 0.01 (6);
0.005 (6). Enyauiia o E cooTBETCTBYET 107 B/M, emnaniia
noD—5-10"2 Cz/M, emuuiano R—3Br ! -m! , EIUHU-
armo w— 10721 -mle.

HUU aMILIUTYIbl UMITYJIbCA, HO TIPU 3TOM HE MEHSIET-
cs KpyTU3HA UMITYJIbca. JIaHHBIN ITapaMeTp OTBeYaeT
3a 00pa3oBaHNE yOIAPHBIX BOJH, KOTOPHIE TTPHW HAJIM-
yuu B cpene YHT He HabmogaroTcs.

3aBUCUMOCTb TIOJISI UMIIYJIbCA OT JOMCIEpPCHUU
TPYIIIOBbIX cKOopocTeit D moka3zaHa Ha puc. 3. [1pu-
BeJeHHbIe rpadMKU MOKA3bIBAIOT, YTO C POCTOM JMC-
MEepCUM TPYNIOBBIX CKOpocTeil D HabiomaeTcss He
TOJIBKO YBEJIWUYEHUE aMIUIMTYAbl MUMIYJIbca, HO U
YMEHbIIIEHWE KPYTU3HbI €ro IepenHero (GpoHTa.
CuibHOE BJIUSIHUE OMCIIEPCUU TPYIIOBBIX CKOPO-
CTeil Mpexe BCero o0bsICHsIETCS UBMEHEHUEM OajlaH-
ca Mexnay nucrnepcueii 1 HEJIMHEMHOCTBIO, YTO U BEIET
K UBMEHEHUIO (DOPMbI U aMIUTATYAbI UMITYJIbCA.

Taxke HamMu OBUIM TIPOBENCHBI MCCJIEIOBAHUS
MPOCTPAHCTBEHHO-3HEPTeTUYECKUX XapaKTEPUCTUK
UMIYyJIbCca OT KO3(dpuIImeHTa HeJIMHeHOCTH R, KO-
TOpBIE TTOKAa3aJI1, OTCYTCTBHE TAKOIl 3aBUCUMOCTHU.

3AKJIFTOYEHHME

IToctpoeHa Monenb paclpoCTpaHEHUs SJIEKTPO-
MAarHUTHBIX BOJIH B cpejie C YIJIepOIHBIMU HAHOTPYO-
KaMH, B KOTOPOI BO3MOXHO 0Opa3oBaHUE YIAPHBIX
BOJIH. YCTaHOBJIEHO, YTO BBeJACHUE YIIIEPOIHbBIX Ha-
HOTPYOOK CTaOMIM3UPYET YABTPAKOPOTKUIT ONTHYE-
CKUI UMITYJIbC Y TIPETISITCTBYET 00Pa30BaHUIO YIAPHBIX
BOJIH. [Tp1 5TOM UMITYJIbC COXpaHSIET CBOIO 00JIACTh JIO-
Kanu3anuu. BeIsIBIIeHO HAaUOObIIee BIUSIHUE TUCIIEP-
CUM TPYIIOBBIX CKOPOCTEI Ha ITPOLIECC PacCIpoCTpaHe-
HUSI UMITYJIbCA.

HccrenoBaHue BBITIOJHEHO MpU Toaaepxkke Poc-
cuiickoro HaydHoro ¢oHma (mpoekt Ne 23-71-00016,
https://rscf.ru/project/23-71-00016/). Pabota BbIITOI-
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HEHa C UCIoJIb30BaHUEM 00opynoBaHus LleHTpa kosn-
JIEKTUBHOTO ITOJIb30BaHUSI CBEPXBBICOKOIIPOU3BOIM-
TEJIbHBIMUA BBIYMCIIUTENIBHBIMU pecypcamu MIY
umenu M.B. JlJomoHocoBa.
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Influence of carbon nanotubes on the formation of shock electromagnetic waves

S. V. Belibikhin?, N. N. Konobeeva® *, [M. B. Belonenko]*
“Volgograd State University, Volgograd, 400062 Russia
*e-mail: yana_nn@volsu.ru

Based on the shortened Maxwell equations, for a nonlinear medium containing carbon nanotube of the semi-
conductor type, the formation of shock waves is studied. A classical nonlinear medium with cubic nonlinear-
ity and dispersion is considered. It has been established that the introduction of carbon nanotubes stabilizes
an ultrashort optical pulse and prevents the formation of shock waves. However, the pulse remains localized.

Keywords: shock waves, carbon nanotubes, nonlinear medium
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