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B pamMkax KMHETHYECKOTO MOAX0/1a UCCIIELYeTCS SBOJIIONUA HeJIMHEHHBIX BOTH KOHEYHOM aM-
IIUTYAbI B C1a00CTOIKHOBATEILHON MAaKCBE/IJIOBCKOM 11a3Me. [[j1st onmcanus CTOIKHOBEHUMA
3JIEKTPOHOB C HEUTPAJIHHBIMU YaCTUIIAMU HCIIOJIH3YETCH MHTErPAJl CTOJIKHOBEHU B (opme
Bxarrmarapa —['pocca — Kpyka, a KOJUIEKTUBHBIE B3aUMOI€UCTBUAL OIIPENeIFI0TCA IIOTEHITNA-
siom FOxaspi. Tlosiyyennble COOTHOIEHUS [T03BOJISIOT OLEHUTH PA3MED U THUIl BOZHUKAIOIIUX
CTPYKTYD.

Karouesvie crosa: HenmeasbHas IJIa3Ma, CIa0ble CTOJIKHOBEHUS, KOT€PEHTHBIE CTPYKTYPHI,
BOJIHBI KOHEYHON aMILJIUTY/IbI.

1. BBesenue. B nacrosimeit pabore paccMaTpuBaeTCss OJUH U3 BO3MOXKHBIX CIIEHA-
DHEB BOJIIOLUY KOTEPEHTHBIX KUHETUYECKUX CTPYKTYD (HeMHelHbIe JIEHIMIOPOBCKUE BOJI-
HbI KOHEYHOM aMILIUTY/IbI, 3JIEKTPOHHBIE IBIPKY U T. [I.), BO3HUKAIOIIUX B CIa00CTOIKHOBHY-
TETHHON MaKCBEJJIOBCKOH Turasme. /lanHas 3a1a9a NMpenCcTaBsieT MHTEPEC KaK C TOYKH
3PEHMs PA3BUTHUA KOJJIEKTUBHBIX METONOB yCKOPEHHS, TAK ¥ MHOIOYUCICHHBIX €CTECTBEH-
HbIX Hpuiioxkenuii (cum., nanpumep, [1-10]). B 6eccroikHOBUTENIbHBIX UK C1AOOCTOJIKHO-
BHUTEJIbHBIX IJIA3MEHHBIX CpetaxX 00pa30BaHME U PA3BUTHE TAKUX CTPYKTYP OIPEIEISCTCS
XapaKTepoM B3anMOJIEHCTBHSA BOJIH C YaCTUIIAMA. B 9aCTHOCTH, OTBETCTBEHHOE 34 3TH TIPO-
recchl 3aTyxanue JlaHmay MOMKHO TpakToBaTh [3, 4] Kak (dha3oBoe nepemernnBaHue He3a-
TYXaloIux coOcTBeHHBIX Moz, Ban-Kammena [11, 12], KoTopble, B CBOIO OY€PEb, MOXKHO
paccmarpusarb kKak BI'K-mozpl B siuneiinom upenese [13].

Opnako nuHelHas Teopus OECCTOIKHOBHTEIBHOIO 3aTyXaHUd CIPABEIJIUBA TOJILKO
IS BpeMeH t <K T, = <e<£7)22)1/ 2 rme k — BomHOBOE WmCI0, P9 — AMIUIITYIA IIOTEH-
UaJia JIEKTPUIECKOro mojisd. ljis Goybmux BpeMeH (t > 7,.) CJeAyeT yIuThbIBATh 3aXBaT
3JIEKTPOHOB B MOTEHIMAIBHYIO sIMy BOJIHBI KOHEYHOW aMImTyas! [3, 14], uto nenaer 3a-
Jady CyInecTBeHHO HequHelnoi. K ToMy ke mig 60bmmX BpeMeH Ha, JUHAMUKY 3aXBaTa,

JIOJIZKHBI OKA3bIBATH BIIMSHUE PA3JIMYHbIE CTOJIKHOBUTEJIbHBIE poriecchl. Hampumep, eciaun
ITa3Ma COIepKUT HefATPaIbHbIE YaCTHIIbI, TO Jid BpeMeH t ~ v~ 1 (v — "acToTa CTOIKHO-
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BEHUI 3JIEKTPOHOB C HEATPAJIbHBIMU YACTUIIAME ) IPUIETCH TAKIKE YIUTHIBATD COYAAPEHUsI
3JIEKTPOHOB C HERTPAJIbHBIMA YACTUIIAMU.

IlosTOMYy HWHTEPECHO OJHOBPEMEHHO PACCMOTPETH PE3OHAHCHBLIE W IUCCUIATHBHBIE
MIPOIECCHI B HEJIMHEHHOM DeXKnMe, Kak Obuto mpogenaHo B [15,16]. Hacrosimas paora
MIPEICTABJISIET COOOM MOMBITKY MOJONTH K PENIEHUIO JAHHON 33 a9H.

2. IlocranoBKa 3azaum. PaccMOTpuM KOHTHHYYM B3aUMOJEHCTBYIONIAX YACTHIL C
MOTEHNIUAIOM TAPHOTO B3anMozeiicTeus K (r,r’) BOIM3M KAK PDABHOBECHBIX, TAK W CyIIle-
CTBEHHO HEPABHOBECHBIX cocTosgHuil. IIpeamnonokum, IT0 NOHBI 0OPA3YIOT HEIOIBUKHbIH
omHOpOaHbIH (oH. ImHAMUKA TaKOW CHCTEMbBI OMPE/IEIACTCS KUHETUIECKAM YPABHEHTEM

of |
Bt

F of

Vf+ v

= I, (1)

3aech f — dyHKIMA pacnpesesnenus 3jeKTpoHoB; F — cuia, neficTByiomast Ha JacTHUILY
¢ maccoit m. Marerpan cronkuosennii 1. 3amucan B ¢popme Bxarnarapa —I'pocca — Kpyxka:

=—v(f = [, (2)

rae fe — paBHOBeCHas (PYHKIMA PACHPEIENCHUs 3JIEKTPOHOB. KaK OTMEYaoch BBIIIE,
JIJISt TPOCTOTHI 31€Ch MBI OTPAHUYIMBAEMCST PACCMOTPEHHUEM CJIydast TOJBKO CTOJKHOBEHHIH
3JIEKTPOHOB € HEATPAIHHBIMU YACTHIAMHU C 9ACTOTOH v = const. IIpeamomaraercss, 9o
B3aMMOJIEHCTBUE MEXKIYy YaCTHIAMU 3aBUCHT TOJHKO OT PACCTOSTHUS MEXKIY JaCTHIAMU
|r — 1’|, mostomy cuy F moxHO 3anmucaTs gepes ckansapubri morermman & = O(t, r) B Bume

F=-Vo.

OH ompeesisieTcss BbIpaKeHUEM
B(t,r) = [ Kl =)0, v)dedy’ + 10t v) 3)

B KoTOpoe BBeseHa byukuus II(t,r), orpaskaoias JeficTBre BHEITHUX JEKTPUYECKUX U
MarHUTHBIX moJeil. B mporecce paboTsl GymeM paccMaTpuBaTh COOCTBEHHYIO JAWHAMUKY
IJIA3MEHHOI CPe/ibl B OTCYTCTBHE BHELIHMX CHUJI, IIOTOMY B pamkax 3azauu 1I(¢,r) = 0.

Creays [17, 18], wactroe perenue cucreMsl (1)—(3) MOKHO IPeICTABATH KAK KOHEY-
HbLit psaz [19]:

L

C 2 ok
) = 3 [e DA W) + g0 S @

k=0
a PABHOBECHYIO (PYHKITHUIO PACIIPEIETICHNS CASLYOMUM 00pa30oM:

felt,r, V) ZCkeXp[ v QTV)T@’“. (5)

B (4) u (5) Cy — upousBosbHas 10cTOsiHHAsE, V — IIOCTOSIHHAS CKOPOCTH Jsipeiida, KOH-
craaTra T > 0 UMeET CMBICI TEMIEPATYPBI, ONEpaTop [ ONpemenaseTcs BhIpasKeHueM

V-—-v
D=——-—-=-V,,
v e’
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a KOHCTAHTBI Ck CBA3aHbI OTHOINIEHUEM

Ck

Cenr = T

Dyuxius Wo(v) onucsiBaeT nepepacipeiesieHue YacTull, B IPOCTPAHCTBE CKOPOCTEit. DTo
MOKeT ObITh KaK PABHOBECHBIM, TAK ¥ HEPABHOBECHBIM IIPOIIECCOM, ITPOUCXO/IAIINM B PaC-
cMaTpuBaeMoii cucreme, Ho Wy (v) momkHa obecrnednBaTh KOHEYHOCTh MOMEHTOB UCKOMOI
dyukuuu pacupegesnenus u norenumpana P, koropsiit qus II = 0 upu noxcranoske (4)
B (3) 3amaercd ypaBHEHHEM

LR )
o(t,r) =Y / O+ D @ (6)
k=0_"_
B (6) C = Cy(27T)>/?, a Bemuuna D), onpesensieTcs cOOTHOIIEHAEM

Dy = / DF*Wo(v)dv.

— 00

3. JlokasibHO-paBHOBECHBII npeaesi. B KadecTBe mpocTeiiero, HO COIEepKaTETb-
HOTO CJiy4asi, K TOMY K€ JE€MOHCTPHUPYIOIIEr0 KOPPEKTHOCTb HCIOJIb3YEMOT'O IIO/IX0/IA,
BO3bMeM Wy MaKCBEJJIOBCKOTO THIIA:

Wo(v) =

(276)3/2 P {_ 20

rie KoHCTanTa § > 0 urpaer posb BTOpOi Temmeparypbl. Paccmorpum ciaydait L — oo,
Korza (4) cBoauTCs K ypaBHEHUIO

L - (v-Vv)? @

f(t,r,v) = W@ teXp [—VT + §:|
(v—-V)?2 @
T Gz P { o © T]

IIpu srom (6) npumer cieryomuii Bu:
“+oo “+o0
d(t,r) =e / K(lr—1'|)exp(®/0)dr’ + C / K(lr—r1'|)exp(®/T)dr’. (8)

Henuneitnoe unrerpasbuoe ypasHenue (8) J0OIycKaeT IPOCTPAHCTBEHHO OJHOPOIHOE
pewtenue. [Togcrasus ®g = P(t) B (8), nonyuum ypasuenue

By =y (77 H /0 4 CeBIT) 9)

riae

“+oo
v = /K(\r—r’\)dr’ < 0.
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B obmmem ciaygyae maHHOE HeJMHEHHOE airebpamdecKoe ypaBHEHHUE ONpEE/seT IBYXTeM-
neparypHoe pacupegesenue g 6 # T. B upenene § — T coornoienue (8) nepexonur
B OOBIYHOE JIOKAJIbHO-PABHOBECHOE PACIIPEIEIEHNE.

. . P
Paccmorpum sToT mpenmesibHbBIM caydail npu ‘TD < 1, Korma MOXKHO OTPAHUIUTHCS

TOJILKO JIMHEHHBIM NPUO/IMZKEHUeM B Pa3J/I0zKeHUH COOTBETCTBYIONUX IKCIOHEHIINAIbLHBIX
uenos B (9). Torma, nosoxus § = T, uz (9) Haxomum, 4To

—vt
By — y(e "+ C)

I O)T (10)

Coornoutenue (10) upu vt — 00 NEPEXOAUT B COOTBETCTBYIOIEE CTAMOHAPHOE COCTOSHUE,
Ompeie/IsieMOe BUIOM TIOTEHIINAJIA B3ANMOAENCTBYS Yepe3 KOHCTAHTY . Kak u 0:xumaaoch,
B CJIy9ae JIOKAJIbHO-PABHOBECHOTO PACIIPEIEICHNS BHE 3aBUCAMOCTH OT THUIA MEKIACTHI-
Horo morenrmana K (r,r') 3a BpeMena TopsgKa vl cECTeMa NMPHXOAUT B PABHOBECHOE
cocrostame. OHAKO /1azKe B TAKOM CJ1ydae BO3MOXKHA HETPUBUAJILHASA JIMHAMUKA CUCTEMBI.

YT006bI HCCIEIOBATH JUHAMUKY CHCTEMbI BOJIM3HW 3TOrO JIOKAJTBHO-PABHOBECHOTO CO-
CTOsIHMS, IPEJCTABUM MOTEHIMAJ] B BHJE CyMMbl paBHOBeCHOro norennuana (10) u ero
BO3MYIIIEHUS:

D=0y + 0.

IMoacrasus nannoe coornowenue B (8), 1HOJy4UM BbIPAzKEHHE

e®o/T

T

“+oo
0P — (e7""+C) / K(lr—r1'|)6®(xr')dr’ = 0. (11)

[Tpoananu3upyemM mOBeEHAE OMUCHIBAEMOIl CUCTEMBI B mipeene vt — 0o, Korma (11) mo-
[IyCKAeT CTAIMOHAPHOE DEIEeHUE BUIA

50 = Ae'kr, (12)
IMoncrasus (12) B (11), naxoaum, 4To
—+o0
11—\ / K(|r—1'|)exp(—ik(r —r'))dr’ = 0. (13)
B (13) BBemen mapameTp
by /T
T, C) = %"/)_

Wurerpan

+o0
J= / K(|r -1’ |)exp(—ik(r — r'))dr’
—o0
MOXKHO MpeoOpa30BaTh K BUIY

2w

0} of K (p) exp [—ikp cos(9)] p? sin(9)dpdddp =

J:

—+o0

=4 [ K(p)psin(kp)dp.
0
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B pesynbrare MoIydnM AUCIEPCHOHHOE cooTHOIIEHHE [20]

“+o0

4\

1= 52 [ Kip)psin(koidp = 0. (14)
0

[I03BOJISTIONIEE OIIPEIETUTD Pa3Mep U TUI 00Pa3yoNuXCst CTPYKTYP B 3aBUCHMOCTH OT COOT-
HOmenus mapamerpos P, T, C, a TakkKe Aapa MeKIACTHIHOrO B3anmoeiicteus K (r,r’).

Tak, B ciayuae norerrnuana FOKaBbl spo HMAPHOrO B3aMMOJAEHCTBUS ONPEIEIISIeTCst
BBIPAYKEHUEM

K(rx') = ot exp(—glr = '), (15)

v
rJe KOHCTAHTBI [t U ¢ 3ABUCAT OT THIA B3auMOAEHCTBUA (B3auMOAefiCTBue aJpPOHOB MK
SKpaHUPOBAaHHOE KyJIOHOBCKOE moje). 3 (14) Haxoaum ypaBHeHue

AT\
1-— m =0,
KOTOpOe HMeeT JeHCTBUTeILHBIE KOPHH, €CJIH BLIMOJHAETCHS COOTHOIIeHme 4m\y > g2,
a IPOCTPAHCTBEHHEIH MAcIITa0 BO3HHKAIOMEH CTPYKTYpHI Ompejenderca B Bume k! =
(dmhp — qQ)% ¥ 33/1a€TCs BXOAANIAMA B A HAYAIbHBIMU XapaKTEPUCTUKAMY U MTapaMeTpa-
MU B3aUMOJEHCTBUA U, q.

4. 3akJirmovenune. B nacrosmeir paboTe HCCIEIOBATOCH OJTHOBPEMEHHOE BJIMSHHIE
PE30HAHCHBIX W JUCCHUIIATUBHBIX MPOIECCOB HA (DOPMUPOBAHWME HEJIUHEHHBIX CTPYKTYD
BOJIN3U JIOKAJBHO-PABHOBECHOTO COCTOSTHUS CJIA00CTOJIKHOBUTEIBHON mm1a3mbl. Onucan-
HBII 9aCTHBIN Caydail — GHOpMUPOBAHNE OJHOTEMIIEPATYPHOTO PACIPEIE/IEHNsT MAKCBEJ-
JIOBCKOT'O THTA Ha OOJBIINX BPEMEHAX — OTHOCHUTCS K IIPOCTEHITNM BaAPUAHTAM SBOJIIOTIUN
npeaiozkeHHon mogean. OQHaKO IPUBEJEHHbBIN IIPUMEDP IIOKA3bIBAET, KAK U3 OIHOPOIHOIO
COCTOsIHUSI, OIaroAapsi KOJJIEKTUBHOMY B3aWMOIEHCTBUAIO, MOXKET BO3HUKHYTDH IIPOCTPAH-
CTBEHHO HEOJIHOPOIHAS CTPYKTypa. DTU PE3yabTaThl Kak Mo (opme, Tak 1mo cBoemy bu-
3UYECKOMY COJIEPKAHUI0 OJIM3KM K TOJIyI€HHBIM B PA0OTaX MO JAWHAMHUKE 3JIEKTPOHHBIX
JILIDOK B MaKCBEJUIOBCKOI 11a3me [4, 7], rae Bo3byxKaaercs COJUTOHONOJOOHBIN OTeH-
nuas. IlpuaMas BO BHHMaHHE BBICOKYIO IyBCTBHTEILHOCTH PACCMATPUBAEMOM MOJIETH
K BO3MYIIEHUSIM B HAYAJbHBIX YCJIOBHUIX, MOYKHO CIAEJIATH BBIBO/I, 9TO CYIIECTBYET HEOO b
0¥ WHTEPBAJI APAMETPOB CUCTEMbBI, B KOTOPOM MOXKHO YBHETH PEAbHO OMUCHIBAEMBIi
sddekt. Takke ciiegyeT OTMETUTh, 9TO mpu ¢ > 1 norernnuman (15) nepexoauT B MOJENb
TBEP/BIX IIAPOB, OMKUCHIBAIOIIYIO CTOJIKHOBEHNE HENTPAJBHBIX YACTHI], B PAMKAX KOTOPOi
dopMupOBaHNE YIOPSIIOYEHHBIX JUHAMUYIECKUX CTPYKTYDP B MAKCBEJLJIOBCKOH IJIa3Me Ma-
JIOBEPOSITHO.

IIpenyioxkennass MeTOAMKA XOPOIIO MPUMEHUMA, B CiIydae Chepuueckoil cuMMeTpud-
HOCTH 3aaun. B ciyuae 0OoJiee CI0KHOM KOHPUTYpAIWK MOJTyYEHHBIE PE3YIbTATHI MO-
TyT TIOMOYb B ONMUCAHWY, HO MOJETh TpeOyeT CyIIeCTBEHHBIX m3MmeHeHuit. Bosee mcmosib-
3yeMbIMU OKa3bIBAIOTCS 1I0/IXO0/Ibl, OCHOBAHHBIE Ha ducjeHHOM Mogeauposanuu [9,10]. Ho
¥ B TAKOM CJIydae 3apaHee MPOCYUTAHHBIE AHATUTAYECKH HAHIEHHDBIE YIIPOIIEHUS MOTYT
3aMETHO CHU3UTH TpeOyeMoe KOJMYIECTBO BbITUCICHUIA.

IIpencraBiieHHbIil METOI MOXKET OBITH MPUMEHEH IJI CPEI C PA3IUIHBIMU PABHOBEC-
HbIMU TOTeHImajaMu. s 3Toro mHeobxomammo B KadecTBe GbyHKIuUA Wy HUCIOIb30BATH
Apyryio DYHKIUIO PACIPEIeIeHrs JACTUIL 10 CKOPOCTSM, B YACTHOCTH PACIPEIETIEHUE
Qepvu — /lupaka JacTUIl 10 KUHETHIECKAM JHEPTHUIM.
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C mareMaTm4ecKOil TOYKM 3pEHMsl MaKCBEJLUIOBCKUE Caydail OBbLI 3aJaH BHIOOPOM
Wo (v) (cm. coornowienue (7)). B pesysibrare uMeem Mozeiib, OLMUCHIBAIOLLYIO KBA3UPABHO-
BECHYIO CPE/LY, I/I€ BO3MOXKHO HOJTy YeHHE OIPAHUICHHOIO KJIACCa JUHAMUYECKIX CTPYKTYP.
ITosTOMy NpUBEIEHHBIE PE3YJIBTATHI CJEAYET TPAKTOBATH KAK MPEIBAPUTENbHBIE, YKA3HI-
BaIOIIVe HAITPABJICHNE, TJE B CPEJAX C KOJJIEKTUBHBIM B3aMMOJEHCTBHEM BO3MOXKHO 00pa-
30BaHME HEJMHEHHBIX CTPYKTYD.
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The problem of determining wave dynamics, considering the evolution of nonlinear waves
of finite amplitude in a weakly collisional, Maxwellian plasma, is the focus of this article.
Considering this medium with a certain interaction potential associated with a certain limited
core of pairwise interaction, the dynamics of the distribution function was studied using
the Vlasov equation. Collisions of electrons with neutral particles are described using the
collision integral in the Bhatnagar — Gross — Krook form. Having constructed its particular
solution and the equilibrium distribution function in the form of a series, an equation was
obtained that makes it possible to determine the potential function. Considering the case of
a Maxwellian plasma, an integral potential equation was obtained. Based on it, an equation
was constructed that determines the perturbation of the potential relative to the spatially
homogeneous one. At the same time, this perturbation appears due to the existence of some
spatial-temporal stable structure. Based on this, a dispersion relation was obtained, which
makes it possible to estimate the spatial scales of the coherent structure.

Keywords: nonideal plasma, weak collisions, coherent structures, waves of finite amplitude.
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