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Pexum PEIATUBUCTCKOI'O CaMO3axXxBaTa JIA3€PHOI'0O UMITYJIbCA — S(bd)eKTHBHbIﬁ MEXaHU3M yCKOPEHUA JICK-

TPOHOB, HO3BOJI${IOH_H/II‘/JI JOCTUYDb IIPpeaeJIbHBIX 3HAYCHUN 3apda Ny9Ka BBICOKOHEPIreTUYIHBIX YaCTHUI[ U COOT-

BETCTBYIOIIETO KO3 DUIMeHTa KOHBEPCUH J1a3epHoil sHeprun. [lokazaHo, 9T0 B TAKOM peXUMe YKOPOUEHUE

AMITYIIbCa (HDEMTOCEKYHIHOTO JIa3epa ¢ UCIOIb30BAHIEM HWHHOBAIIMOHHOTO MeToma noctkommupeccuu CafCA [1]

JI0 TIPEJIETbHO KOPOTKUX JIJIMTEILHOCTEN C COXPAHEHUEM SHEPTHH JIA3EPHOTO Iy YKa TPUBOIUT K 3SHAUUTETHHOMY
[OBBINIEHUIO YD DEKTUBHOCTH YyCKOpeHus: dacTull. Jlanublil adekT mumocTpupyercs Ha puUMepe JIa3epHON
ycranoBgu “Mynbrurepa’ Uit IIPOEKTa, OCYHIECTBISIEMOro B paMkKax poccuiickoro Hanmonanabaoro Ilentpa

@usukn u Maremaruku (HIIOM).
DOI: 10.31857/S1234567823240011, EDN: obfrvk

1. BBeneuue. /lonroe BpeMsi cpeanm MeXaHU3MOB
JIA3€PHOI0 YCKOPEHUST 3JIEKTPOHOB IVIABHOE MECTO 3aHH-
MaJIO KMJIbBATEPHOE YCKOPEHUE B KJIACCHIECKOM PErKU-
Me BO30y KIEHUS TIIa3MEHHON BOJIHBI 2| miam B Tak Ha-
3bIBAEMOM pexkume 6ab6uia (“bubble’) [3], KoTopble 1m03-
BOJISLTE TIOJTY4YaTh MydYKHM YACTHUIL C HAMOOJIBINEN SHep-
rueii ¥ MOHOPHEPIeTHYHBIM CIEKTPOM, YeMy JIO0 CHUX
[OD YJEeNsIoCh OCHOBHOe BHHMaHue [4-6]. Bmecre c
TeM JJIsl Psifia BaXKHBIX 33J1a9 OKA3BIBAIOTCS JOCTATOY-
HBIME ¥ MEHBIIIHE SHEPIUU YCKOPEHHBIX JIEKTPOHOB,
HO TPEOYIOTCS 3HAYUTEHLHO OOJIBINNE CyMMapHbBIE 3a-
PSAJIBI YACTHIl, KOTOPbIE HE MOILYT OBITH JIOCTUTHYTHI
B KHUJIbBATEPHOM YCKODEHHUM C THUIMYHBIME 3apsIaMu
MyJIBTH-TIAKOKYJIOHHOTO ypoBHS |2, 3]. IIpu sTom HEOO-
XOJIMMO, YTOOBI, C OJTHON CTOPOHBI, JIA3EPHBIN MMITYIIHC
MOT' YyCTORYMBO PACHPOCTPAHATHCS BHYTPU MUIICHH HA
MHOT'O P3JIEEBCKUX JJINH, 3D PEKTUBHO TepeaaBast CBOIO
SHEPIUI0 YCKOPSIEMBIM YACTHUIIAM, a C JPYToil — Takas
MMUIIIEHD ObLIa OBl JOCTATOYHO IJIOTHOI, 9TO 06€CIIeUnIO
OBbI CyIeCTBEHHO OOjiee BBICOKHI TOJIHBIN 3apsii yCKO-
PEHHOTrO Iy4Ka 3jeKTpoHoB. Oba dakTopa JTOCTUrAIOT-
Cs1 TIPU PACIIPOCTPAHEHUN PEIATUBUCTCKI WHTEHCUBHOTO
HUMITYJIECA JIA3EPHOTO CBETA B PEXKUME PEJIATHBUCTCKO-
ro camozaxsata (PC3) B m1a3mMe ¢ IIOTHOCTHIO BILIOTH
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JI0 HECKOJIbKUX JIECSTKOB IIPOIEHTOB OT KPUTHUIECKOMN
wIoTHOCTHU. TaKoit pexkumM ObLT UIeHTUMOUIIUPOBAH B Pa-
Gorax [7—10] myst Ta3epPHBIX UMITYJILCOB YIBTPAPEIISITH-
BUCTCKOIl mHTeHCcHBHOCTH ¢ cyO-1IBT m IIBT MmotmmHo-
CTHIO, IIPA ITOM 3aPsiJl YCKOPEHHBIX MyJIbTU-M3BHBIX
3JIEKTPOHOB OKA3bIBAJICS HA HAHOKYJIOHHOM ypoBHE. Tem
HEe MeHee JIa3epbl TAKOH MOIIHOCTH He 00JIaIaf0T BBICO-
KO# 4aCcTOTOH IOBTOPEHUA UMILYIbCOB U 3a49aCTYIO XOPO-
meil crabuIbHOCTBIO, UTO TPeOyeTCst Jjist OOJIBITMHCTBA
MIPpaKTUIECKUX TpuUMeHeHuit. B 3Toit ¢BsA3u HEOOX0MMO
[MOHUMAHUE BO3MOXKHOCTHU PEAJM3AINU JIA3EPHOTO yYCKO-
penus 3j7eKTpoHoB B pexxume PC3 Ha ropaszmo Gosiee
PACIPOCTPAHEHHBIX (DEMTOCEKYH/IHBIX JIA3EPHBIX yCTa-
HOBKAaX C CYMIECTBEHHO MEHbBIIEH MOITHOCTHIO, 9eMY O~
CBSIINIEHa HACTosAIas pabora.

UccnenoBanne HA OCHOBE TPEXMEDPHOTO MOJIEJIUPO-
BaHUs MeTOIOM “gacruia-s-gdeiike’ (“particle in cell”,
PIC) [7, 8] BBHISIBIIIO BO3MOXHOCTH DPACIPOCTPAHEHHUS
PEJIATHBUCTCKA HHTEHCUBHOI'O JIA3EPHOTO HMITYJIHCA
B OJHOPOJHOI IJIa3Me OKOJIOKPUTUYECKON IIJIOTHOCTH
¢ dopMHUpOBaHUEM JIA3EPHO-TLIA3MEHHOTO COJINTOHA,
[IPEJICTABJISIIONIErO OO0 JIBHKYIIYIOCS CO CKOPOCTBIO,
OM3KOM K CKOPOCTH CBETa, KABEPHY, CBOOOJHYIO OT
9JIEKTPOHOB ¥ 3AIOJIHEHHYIO JIa3epHbIM cBeToM (“Ja-
sepHasi myss”; cp. [11]). JlasepHas nyss ycroiumpBo

[IPOXOJIUT PACCTOSHIE, MHOIO OO0JIblllee P3IJIEeBCKON
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JUIMHBI, II0Ka M3-38 I1I0T€Pb HE IPOUCXOJUT IIOJIHOE
UCTOIIEHNE JIA3EPHOIO HUMITYJIbCA. B 9TOM pexxume
PEJIATUBUCTCKON ~ caMOPOKYCUPOBKHA  TU(PPAKITHOH-
Hag PACXOJUMOCTH CBETOBOIO IyYKa COAJAHCUPOBAHA
PEJIATUBUCTCKOA HEJIUHEHHOCTBbIO CpeAbl, CBA3aHHONI
C PENSITUBUCTCKUM YTSZKEJIEHUEM 3JIEKTPOHOB U UX
KaBUTALUeH, 9YTO IPUBOJUT K CAMOCOIJIACOBAHHOMY
YCTAHOBJIEHUIO OIIPEIEJICHHOrO IIOIEPEYHOrO pa3Mepa
IJIA3MEHHOI KaBEpHBI, KOTOPBII OCTaeTCA IIPAKTUICCKHI
HEM3MEHHBIM B TEYeHHEe BCEr0 BPEMEHHU PacIpOCTpa-
HEHUs JIA3ePHOr0 MMILYJIbCA B MUIIEHH BILUIOTH J0 €ro
ucrorienus. [ToCKOIbKY Takoil PeXKuM pacipocTpaHe-
HUS, TIO CYIIECTBY, MOJ06€H BbIsiBJIeHHOMY ot 60 jier
HA3aJ[ CAMO3axXBaTy CJIAObIX CTAIMOHAPHBIX JIA3EPHBIX
[yYKOB, ONUCHIBAIONIMXCA HEJUHEHHbIM yPaBHEHUEM
IMpeauarepa ¢ KyOuueckoit HenmHeitHOCTHIO [12-14],
on 6pu1 Hassan PC3 [7]. Ananorudnblii HaiiieHHOMY B
paborax [12-14] cranuoHAPHBIA PEKUM JJIsi JIA3EPHOIO
[ydKa, PpACHPOCTPAHSIONIETOCS B PEISTUBUCTCKOL
wiasMe, ObLl OOHapy:KeH B paborax [15, 16] Ha oc-
HOBE YHUCJEHHOTO PelIeHHs] HEJIMHEHHOro ypaBHEHUS
HIpeaumrepa.
BaxKHbIM  11aroM, JOHOJIHSIONIAM — UCCJIEI0BAHIE
[7, 8] caygaem pexkuma PC3, Korja rpaHuiia Ha BXOZIE
JIA3EPHOTO MMITYJILCA HE PE3Kasl, & UMEET BUJI [Iperias3-
MBI (paMil IIoTHOCTH), siBWiack pabora [17]. Takas
CUTyallusl TUIAYHA JJI JKCIEPUMEHTa, U B paboTe
[17] 6bL1a JOKA3aHA BOSMOXKHOCTD PEAIU3AIMHE TAKOIO
peKMMa JIa3ePHOIO  PACIPOCTPAHEHUs B IUIA3ME C
HEOTHOPOIHBIM TpoduaeM maoTHocTH. [Ipn 3ToM 661710
[OKA3aHO, YTO IPU IPABUJILHOM BBIOOPE IIOJIOXKEHUSI
dokyca JlazepHOr0 MydYKa OTHOCUTEIHHO PODUIIs
JIOTHOCTU M pa3Mepa IATHA (DOKYCUPOBKH PEKUM
PC3 okasbiBaercs Tak ke 3PdeKTuBeH, KaK H B
OJIHOPOJIHON MUIIEHU. DTOT BAXKHBINA BBIBOJ, [IO3BOJISIET
BO BCEX HCCJIEJIOBAHUAX PACCMATPUBAEMOIO PEKUMA
UCIIOJIB30BATh MOJIEIb OIHOPOJHON IIJIA3MBI, YTO U
OPENOJIAraeTCsd HUMKE, XOTs YTOYHSIONME JeTaJIu
MOTYT OBITH HOJIyYeHBI, caenyst padore [17].
PaccmarpuBaeMble B HACTOAIIEH paboTe Ja3epHbIE
UMITYJIbCHI yMEPEHHOM MotHocTH (MyJibTu-TBT) Tunmg-
HO UMEIOT JIJIATEJIbHOCTD B HECKOJIBKO JIECATKOB (heMTO-
CEeKYHJ U JIa’Ke MOTYT O0JIaJIaTh PEIATUBUCTCKON HH-
TEHCUBHOCTBIO, TNpejcraBisitoneii narepec s PC3.
OHaKO, MX MOIIHOCTH MOYKET OBITH JIONOJHUTEIHHO
YBEJIMYEHA MyTeM HEJUHEHHOrO YKOPOYEHUsl JJTATe -
HOCTH MMILYJIbCA, HAIIPUMED, € UCIOJIb30BAHUEM [IOX0O-
na “cxarus nocie cxkarus’ (amrs. Compression after
Compression Approach, CafCA [1, 18, 19]). Iloxxox oc-
HOBAH HA UCIOJIL30BAHUU CAMOMOyJisiiuu (hasbl, BO3-
HUKAIOMEH [PU PACIPOCTPAHEHUU MOIIHOTO JIA3EPHO-
ro MMILyJIbCa depe3 TOHKHEe (~ 1 MM) aussieKTpudeckKue

IJIACTUHBI, U TOCJIeyonieil Koppeknuu dasbl CIeKTpa,
peann3yeMoil 3a CYeT OTPaKEHUs H3JIyUeHUsl OT II0-
BEPXHOCTH YHUPIHUPYIONUX 3€PKaJ C aHOMAJbHON Juc-
nepcueil TpynmnoBbix ckopocreit. CaMmoMoysius (pasbl
IPUBOJUT K YINUPEHUIO CIIEKTPA, 8 KOPPEKIusi (HPasbl
obecrieqnBaeT COKpAaIeHNe IJINTETbHOCTHU JI0 3HAYEHUN,
ommsknx Kk Dypbe Tperesly UMITYJIbCA C YIIAPEHHBIM
cuexktpoM. IIpumenenue CafCA mo3poJisier MHOTOKpaT-
HO YKOPOTHUTB JIA3ePHbBIA UMITYJIHC U [MOJHATH €r0 MOIII-
HOCTDb 0€3 CyIIEeCTBEHHBIX M3MEHEHU! B apXUTEKType U
CTOMMOCTH Jia3epHOil cucrembl. HeraBHsist SKCIIepuMeH-
ranpHad anpobamus meroga CafCA [20-25] nossossier
HaJeaThCsd Ha 3P PEKTUBHOE TPUMEHEHNEe He TOJHKO B
HOBBIX, HO U B YK€ CyIIECTBYIOIIUX JIA3€PHBIX CUCTEMAX.

B sroit pabore, umest B BULy BO3MOXKHOCTH YKOPO-
YEHHS JIA3€PHOI'0 UMITYJIbCA C COXPAHEHUEM €r0 SHEPrUuH
[26], MBI cTaBEM CBOEIH 1EIBIO TOKA3ATDH, 9TO 3ddeKTUB-
HOCTD JIA3€PHOT'O YCKOPEHUS SJIEKTPOHOB MOXKET OBITH
CYIIECTBEHHO IOBBIIIEHA C UCIOJb30BAHUEM IIPEIEJIHLHO
KOPOTKHUX JIA3€PHBIX HMIYJIbCOB MynbTu- BT ypoBHH,
YTO 3aBEJIOMO He O4YeBHIHO. TeMm He MeHee, 3TO JIOKa-
3BIBAETCSI IIPU YCKOPEHUU 3JIEKTPOHOB B pexkume PC3
¢ uCroJib3oBaHuEM TpexmepHoro umciienaoro PIC mo-
JIeJINPOBAHUS U 3TO YPE3BBIYANHO BayKHO, IOCKOJIBKY
OTKPBIBAETCS MPAKTUIECKAST BO3MOXKHOCTH 3HAUUTE/Ib-
HO TIOBBICUTH KO3(DUIIMEHT KOHBEPCUHN B BBICOKOYHED-
TeTUYHbIE JIEKTPOHBI 0€3 IOBBIIEHUS YHEPIeTUKH Jia-
3epHoOit ycraHoBKH. Huzke cOOTBETCTBYIONIAs NILTIOCTPA-
IUsl TaeTcs Ha MpuMepe Jja3epHoi ycranoBku “MysbTu-
repa” (HIIOM).

2. MoaenupoBaHue B3auUMO/I€MCTBUSI MYJIbTH-
TepaBaTTHOTO JIa3€PHOI'0 MMOYJbCA C ILJIA3MEH-
HOII MuIneHsbIo. /719 aHaan3a yCKOpPEeHUs SJIEKTPOHOB
B PEXHMe DEeJISITUBHCTCKOI'O CaMO3axBaTa JIA3€PHOI'O
UMITYJIbCA MYJIBTUTEPABATTHOIO YPOBHS MOITHOCTHU OBI-
JI1 TIpOBeJIeHbI cepun TpexMepHbix PIC-Mojiemmposannit
B3aUMOJIECTBUS JIA3€PHOTO IIYYKa C IJIa3MEHHBIMU M-
[IIEHsIMU PA3JIMIHON IJIOTHOCTH ITPU TOMOITH Koa V Sim
(VORPAL, [27]), B KOTOPOM pEIIAETCs CHCTEMa ypaB-
nenuit Biracopa—Makcpeiuia. B ipoBejieHHBIX pacuyerax
JIa3ePHBI UMITYJIBC C JInHOM BoJHBL 0.8 MKM pacipo-
CTPAHSJICA BJIOJIb OCH T U ObLI JIMHEHHO MOJIsIPU30BAH
BIIOJIb OCH 2. Pacuersl IPOBOIMINCH METOIOM JIBUKY-
IIIErocst OKHA TaK, YTOOBI IPU PACIPOCTPAHEHHUN JIa3ep-
HOTO HMIIYJIbCA BHYTPH MUIIEHA OH IOJIHOCTHIO HAaXO-
JIAJICST BHYTPH PACYETHOU 00JIACTH. DHEPIHsl Ja3epHO-
ro mmmynbca Obuta paHa 0.85 1K, B TO BpeMmsi Kak
€ro JJINTEJIBbHOCTb U Pajuyc (DOKAJIHHOIO ISTHA IIPU-
HUMAaJIN pa3jndHble 3Hadenns (cM. tabir. 1). Jlazepubrit
UMITYJIBC (DOKYCHUPOBAJICS HA TPAHUILY IJIA3MEHHON MU-
IIEHN, TIPEICTABJISIONIEN COOOIl TTOTHOCTHIO HOHM30BaH-
Hylo wia3Mmy resud. llociiennee spiisiercss onpasBiaH-
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Tabuauna 1. Iossblil 3apsg Qs20 U cyMMmapHas 3Heprus Wsog
YCKOPEHHBIX JIEKTPOHOB C SHeprusiMu, npesbimaomuvu 20 MsB,
CpeaHsisl SHEPIUsl TAKUX YAaCTHIL €920 U SHEPrus “orcedku”’ JIeK-
TPOHHBIX CIEKTPOB Emax, [OJIYUYEHHBIE JJIsI PA3INYIHBIX JIA3€PHO-
IJIA3MEHHBIX IapaMeTPOB

T 40 dbc 40 dc 10 dc
Rp 4 MKM 2 MKM 2 MKM
ap 3.57 7.14 14.3
Ne/ner 0.006 0.033 0.067
Q>20 0.01 uKon 2.0 uKi 3.1 uKu
Ws20 1 m/Ix 100 m/Ix 200 M/ Ik
£>20 130 M»B 55 M»sB 70 MsB
E€max 160 M»>B 90 M»B 120 M»B

HBIM, IIOCKOJIbKY 3HEprusi, TPeOyIoIasics Ha IOJHYIO
MOHW3AINI0 I'a3a B pacyeTHON 00J/IacTH, HE IPEeBBIIa-
er 10™* oT Ho/HO#t 3Heprum J1a3epHOro uMIryIbca. Kon-
[EHTpaIis 3JEKTPOHOB 7N, BbIOMpaJiach TaKUM oOpa-
30M, 9TOOBI pajuyc (POKYCHPOBKHU JIA3EPHOIO HUMITYJIb-
ca R; um xapakrepHas 06e3pa3MepHas aMILUIUTY/IA IOJIs
ap = eEr/mewic (tne E — XapakTepHasi aMILTUTYA
3JIEKTPUIECKOTO TIOJIsI JIA3€PHOIO IIydKa, € U M — 3a-
PsiJl U Macca 3JIeKTPOHA) IPUMEDHO OTBEYAJIH YCJIOBUIO
PEJIATUBUCTCKOI'O CaMO3aXBaTa:

c Ter
RL ~ —/Qo B (1)

wi Tle

rJle wW; — 9acTOTa JIA3EPHOTO UBJIYYEHUSA, N = 1.74 X
x 10%' em™3 — xpuTHuecKas mIOTHOCTB. B cirydae pe-
JIATUBACTCKAX WHTEHCUBHOCTEH JIa3€PHOI0 HMMILYJIbCA,
T.e. KOrjia ag > 1, BBINOJIHEHUE JIAHHOTO YCJIOBUS
obecrieanmBaeT yCTOMYMBOE PACIPOCTPAHEHUE JIA3EPHO-
IJIA3MEHHON COJINTOHHO#M CTPYKTYypPBhI BHYTPU MUIIEHU
Ha PaCCTOSIHUSI, CYIIECTBEHHO IIPEBBIIIAIONIIEe HECKOJIb-
KO pasteesckux sy [9, 10].

XapakTepHble JIJIATEILHOCTU JIA3EPHBIX UMILYJILCOB,
TeHePUPYEMBbIX HA JIA3EPHBIX YCTAHOBKAX MYJIBTHTE-
PaBaTTHOIO YPOBHSI MOIIHOCTH, TUIUYHO COCTaBJISIIOT
HECKOJIBKO JIECATKOB (PeMTOCEKYHJI, U II09TOMY B IIEPBOIi
Cepuu YUCJIEHHBIX PacYeTOB OBLIO PACCMOTPEHO B3au-
MOJIEICTBYE C MUINEHSIMHU PA3JIMIHON IIJIOTHOCTH JIa3€P-
HBIX HMIIYJIBCOB JJINTEJbHOCTHIO 40 dC U MOIIHOCTBHIO
20 TBr (0oxXugaeMbIx, HAIPUMED, Ha JIA3ePHOH yCTaAHOB-
ke “Mynbrurepa”’). Kak u3BeCTHO, IIPU IIPOXOXKICHUY
JIA3ePHOI0 UMILYJIbCa 9epe3 JIOCTATOYHO IIOTHYIO ILjIa3-
MY, & IMEHHO, KOI'/Ia €ro JJIMHA [IPEBBIIIAET JJINHY I11a3-
MEHHOH BOJIHBI CT > Ap, MOTYT (DOPMHUPOBATECH PA3TIHI-
HbIE JIA3€PHO-ILIA3MEHHbIE HEYCTOWYMBOCTH, TAKUE KaK
dusaMeHTasT ¥ CAMOMO/LYJISIIUS JIA3€PHOIO UMITYJIBCA,
[28]. Urobbl n3bexkaTh pasBUTHE TAKUX HEYCTONYMBO-
cTell CHaYaJ 1a PaCcIeThl IPOBOIMINCD JIJIs MAJIOILIOTHOM
ILJIA3MBI.
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B mumenu ¢ anexkrponnoit mirotaHocthio 0.00156n.,
KIJIbBATEPHBIM 06Pa3oM [2]| 06pasoBBIBATIACH TPEXMED-
Hasl TJIA3MEHHAs] BOJIHA U JIA3EPHBIA UMITYJIBC IOJHO-
CTBIO HAXOJWJICSI BHYTPH MEPBO MIA3MEHHO TOJIOCTH.
Taxkast HU3Kasl IIOTHOCTH 00y CJIABJINBAJIA JIUITH HEOOJIb-
[I0€ MPEBBIIIEHNE JIA3EPHOW MOUTHOCTH KPUTUIECKOTO
JiUTst caMOOKYCHPOBKIY 3HAUEHNUST U OKA3AJIACH HUXKE 10~
POTOBOIf MJIOTHOCTH CAMOUHZKEKITUH JIEKTPOHOB, KOTIA
JUISI YyCKODEHHsI 3aMETHOTO YHCJIa JaCTHIl TPeBoBasICs
6Bl JIOLOJHATEILHBL UCTOYHUK 9/1eKTPoHOB [29]. Kpo-
Me TOrO, B TaKOW MAaJOIUIOTHOHN IJIa3Me CaMOCOTJIACO-
BaHHBI pajauyc JiazepHoro ummysbca (1) oxasbiBaer-
csl JIOCTATOYHO OOsbIMM (IIOpsi/IKa 6 MKM, 9TO OTBe-
Yaer IOJIOBMHE JJIMHBI JIA3EPHOIO MMILYJILCA), & BEJId-
qMHA ap MaJa, 6n3Ka K 1, UTO He MO3BOJISIET BBIATH HA
pexkum PC3. Kax ciieicTBre HEBBICOKO HAIKPUTUIHO-
CTHU JIa3€PHOIl MOIIHOCTH, ee HEKOTOPOe UCTOIIEHNE HA
MAacIITabe pIJIeeBCKON JIMHBI TIPUBOJIIIIO K BO3HUKHO-
BEHUIO NP PAKITIOHHON PACXOIUMOCTH JIA3EPHOTO CBETA
HA 9TOM MACINTabe W JIa3epHO-IIIa3MeHHas CTPYKTYPa
peKpairiaia CBoe CyIeCTBOBaHIE.

IIpu moswimenun motTHocTH 1a3MbI 10 0.0067,.,- oc-
HOBHAsl YaCTh YHEPIUM MMITYJIbCA TAKKe COCPeIoTOYe-
HA B [EPBOI IJIA3MEHHOM ITOJIOCTH, XOTsI HeOOJIbIAs ee
4acTh OKa3blBaJiach U BO BTopoil (cM. puc.l). B arom

20
10
) firm
e ox il U
N
—10
20+— ' ‘ ‘ ' ' ' '
120 130 140 150 390 400 410 420
X (um) x (um)
Puc.1. (Uperno#t omnuaiin) JuHamMuka  J1a3epHO-

MJIa3MEHHON CTPYKTYPBI IIPU PACIIPOCTPAHEHIH JIA3ePHOTO
UMITyJIbCa AIUTENBHOCTBI0 T = 40dCc B MaIOMIOTHOM
0.006n., pacupemeneHue
9JIEKTPOHHON IIOTHOCTH B PaCcCMAaTPUBAEMOHN ILJIOCKO-

IUIa3MEHHOM MUIIEHH N =

CTH TIOKA3aHO CHUHE-CepbIM, I, KOMIIOHEHTa JIa3epHOTO
UMITYJIbCA TIOKa3aHa KpPAaCHO-CMHHMM 1BeToM. llamesm
cooTBeTCTBYIOT MoMeHTaM BpeMmeHn: 600 dc (neBast) u
1500 dc (npasast). ITosmoxKeHne J1eBO# IpaHUIBI MHUIIEHA

x = 50 MKM

cJIydJae JINIIb He3HAYUTEJBHOE IPEBbIIIeHNe JUINHOM NM-
IIyJIbCa IJIa3MEHHON JIJINHBI BOJIHBI HE IIPUBOJIMAJIO K Pa3-
BUTHIO JIA3€PHO-TJIA3MEHHbIX HeycToitanBocteit. Cdop-
MUPOBAaBIIAACS Ja3epHO-IJIa3MeHHasd CTPYKTypa B BUIE
IJIA3MEHHOM BOJIHBI C JIa3ePHBIM JIpaiiBepoM XOTd U Me-
Hs1JIA CBOIO (POPMY, HO PACIPOCTPAHSIACH HA PACCTOS-
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HUS, 3HAYUTEIHHOE MPEBBIIIAIONINE PIJIEEBCKYIO JITUHY,
JIEMOHCTPUDPYSI PEXKUM, OJIN3KUI K caMO3aXBaTy Ja3ep-
HOro mMmirysibca. Kpome Toro, paccMarpruBaeMast IJI0T-
HOCTB ITTa3MbI OKa3aJIaCh BBIIIE ITOPOTa, CAMOMHIKEKITUN
3JIEKTPOHOB, ITO3TOMY IPH PaCIPOCTPAHEHUH JIa3€pHO-
I'0 UMILYJIbCa BHYTPU MUIIEHU IIyYOK YACTHUIL C CyMMap-
HbIM 3apsaoM 10 nKa camMonmkeKTHpoBajcsa B 00JaCTh
YCKOPSIOIIEro MoJIs IUTa3MeHHOoi mostocTh. Takoit my4dok
3JIEKTPOHOB MOXKHO YBHJIETH CIIpaBa Ha pucC. 1 BHyTpu
IIepBO#l TJIa3MEeHHOUW KaBepHBbI. B wmTore, mpm yckope-
HUU YaCTUI] (DOPMUPOBAJICS KBa3UMOHOIHEPTreTHIHBIIM
CLIEKTD € MakcuMyMoM mpu ~ 145 MsB (cum. puc.2), a
KOHBEPCHUSI SHEPIUU JIa3€pHOI'0 HMIIYJIbCa B IHEPIHIO
YCKOPEeHHBIX JacTuly, cocrasuia =~ 0.1 %.

_ 1.0
> 10° £0.8
S )

2 10’ g
3 =04
= 10° /\ <02
= Al

0
25 50 75 100 125 150
e (MeV)

25 50 75 100 125 150
e (MeV)

Puc.2. (Ilgernoii onnaitn) CHeKTpBI JIEKTPOHOB, YCKO-
PEHHBIX B INIA3MEHHBIX MHUINECHAX IIPU PACIIPOCTPpaHCHUHN
JIa3€pHBIX UMITLYJIHCOB paB.HI/IqHOﬁ JJIUTEJIBHOCTU, B JIO-
rapudMuueckoM (cjeBa) u JIMHEHHOM MacmTabax (crpa-
Ba) IIs CJIEAYIOMIUX JIa3ePHO-ILIA3MEHHBIX APAMETPOB:
7 = 40dbc u ne = 0.006n. (kpacubiii), 7 = 40dc n
ne = 0.033n. (zenemsrit), 7 = 10dc u ne = 0.067n,

(cunwnit)

VBeMueHnsT KOHBEPCUU SHEPIUU JIA3EPHOTO WUM-
IIyJIbCa B dHEPIUIO YCKOPEHHBIX 3JIEKTPOHOB, & TaKiKe
YBeJIMYeHnusl CyMMAapHOIO UX 3apsiga MOXKHO JI0OUTHCS
IyTeM JAJbHEHIero yBeJMIeHUs! ILIOTHOCTU ILJIA3MBbI.
CooTBeTCTBEHHO, OBLIN IIPOBE/IEHBI PACIETHI IO PACIPO-
CTPAHEHUIO JIA3€PHOI0 UMITYJIbCA B IIJIa3Me IJIOTHOCTHIO
0.033n¢, ¢ COOTBETCTBYIOIIUM yMeHBbIIIEHUEM JTHAMET-
pa dokanbaoro narua (cM. tabu. 1). B arom ciayuae
JUINHA JIA3€PHOT0 UMILYJIBCA CYIIECTBEHHO IIPEBLIIIAJIA
JUIMHY TJIa3MEHHOI BOJIHBI U H3HAYAJILHO CHOPMUPO-
BaHHAsg CTPYKTypa B BHJE ILIa3MEHHOIO KaHAaJa, 3a-
XJIOTIBIBAIOIIETOCS 32 JIa3ePHBIM HMILYIBCOM, B IIPOIIecCce
pacnpocTpaHeHus: B MUIIIEHN Pa30MBAIaCh HA ILIA3MEH-
HbBIE TI0JIOCTH, 30 THEHHBIE JIA3€PHBIM UMITYJIHCOM (CM.
puc. 3). IIpu HabronaBIieiics caMOMOIYJIAIUY JIA3EPHO-
o UMILYJIbCA 3a/IHHE IIa3MEHHbIE ITOJIOCTH OKa3aJINCh
HeycroiunseiMu. [locie IPOX0oXkKaeHus J1a3ePHOrO M-
myJIbca paccTosuud ~ 250 MKM, IPUBOJIAIINETO K 3HAYM-
TEJIbHOMY €I'0 UCTOIIEHUIO, JIa3€PHO-TIJIa3MEHHAs CTPYK-
TyPpa BBIPOXKIAJIACH B OAUMHOYHYIO INIA3MEHHYIO KABEPHY
C OCTaBIINMCS JIA3€PHBIM CBETOM B ee I'OJIOBHOU JacTH,
THUIIA TaK HasbiBaeMoro “6abbia” [3]. Kpome Toro, K ro-
My BPEMEHHU TaKKe JaCTbh SHEPIUU JIA3E€PHOrO UMITYJIHCA

15

10 W2 e
rg 5 X . :{r;‘ i ¢, /"‘,2“‘
2 0 hal il W u;é"ﬂ | K "’@
= o i i |

10 1 2 /‘
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15 60 70 80 130 140 150 240 250 260 270
x (um) x (um) x (um)

Puc.3. (Isermoit omsaiin) JuHamMuka  JIa3epHO-

ILTA3MEHHOM CTPYKTYPBI IIPU PACIPOCTPAHEHNH JIA3€PHOTO
AMIIYJIbCa JUINTENbHOCTBI0 T = 40 dbc B maa3MeHHON MU-
menn ¢ ne = 0.033n.. [Tanenu coorBeTCTBYIOT MOMEHTAM
350 dc  (memast), 600dc (ueHTpasbHas) u
1000 dc (upasast). ITosmoxKeHne J1eBO# IpaHUIBI MHUIIEHA
z = 30 MKM

BpEMEHU:

U3 3aJHAX TOJIOCTENl paccemBajach B IOMEPETHOM Ha-
[IpABJIEHUN.

B mociegsem ciiydae CyMMApHBIH  3apsi]  yCKO-
PEHHBIX 3JIEKTPOHOB C JHEPIUsIMU, TPEBBIIIAIIMI
20 MsB, gmocTtur JI0CTATOYHO BBICOKOTO 3HAYEHWSI,
~2uKi. CrekTp 3JeKTPOHOB CTajJl WMETh ILIATO00-
pasuyio GhopMy B JOrapudMHUIECKOM MaciiTabe, UITo
moka3aHo Ha puc. 2. Cxoxkue 111aT000pa3HbIe CIEKTPHI
HaMU HaOJIOJAJINCH JJIsd 0oJiee MOIMHBIX JIA3€PHBIX
UMITYJIbCOB Tipu uccyenoBannn PC3 B mia3me oKoJio-
KPUTHIECKOI IJIOTHOCTU B CJIy4Yae ero ONTUMUBAINN 110
3apsiJly BbICOKOaHepreTnyHbix dacrui [30]. Kpome Toro,
AHAJIOTMYHBIN [epPexoJ] OT MOHOIHEPIeTUIHOIO CIIeK-
Tpa K ILUIATOOOPA3HOMY IPHU IOBBINIEHUU ILJIOTHOCTH
IJIA3MbI OOCYKIAJICS U B SKCIEPUMEHTAJIBHON paboTe,
[TOCBSATIEHHOM JIa36PHBIM UMITYJIbCAM C SHEPIUSMUA U
JUINTEJILHOCTSIMI, OJINBKUME K PACCMATPUBAEMbIM B
Hacrosieii padore [31]. 13 pucyHka 2 BHJIHO, 9TO SHED-
IUST OTCEYKU CIIEKTPA Emax, ONPEENsieMasi 0 YPOBHIO
107! or mMakcumyMma, pasmsTach npumepro 90 MsB, B
TO BpeMs KaK CPEJIHsIsl SHEPIUs YACTHIL C SHEPIUSIMU OT
20 M»sB oxkazasiace pasuoit 55 MsB. Takum obpazom, B
MeHee IIOTHOHN IjIa3Me SHEPIUH YacTull ObLIM BBIIIE,
OJIHAKO 3a CYeT YBEJUWYEHWs WX IOJIHOTO 3apsijia Ha
2 mopsiuka, B 0ojiee ILUIOTHOHM Ta3me, KO(MMUIHEHT
KOHBEepCHUH JIa3epHOii anepruu Bbipoc 10 12 %.

XoTsi ¢ yBeJMYeHWEM ILUIOTHOCTU ILJIA3MbI [TPOU30-
IO yBeJimdeHrne Ko3(hDUIIMEeHTa KOHBEPCUU B BBICO-
KOHEPreTUIHBIE YACTHUIIbI, HEYCTOWINBOCTH, BOSHUKAIO-
I B [IPOIIECCE PACIIPOCTPAHEHUSI JNIMHHOIO MMITYJIHCA
(eT > Ap) B IJ1a3Me, IPUBOJIMIIN K JOIIOJIHATEIHHBIM I10-
TepsiM ero sHepruu. PasBuTre TakmxX HEYyCTOWIMBOCTEIH
MOKHO M30€KaTh IPHU UCIOJIb30BAHNE DOJiee KOPOTKUAX
JIA3EPHBIX MMITYJICOB, KOTOPBIE MOTYT OBITH MOJIYIeHbI
Ha (PEMTOCEKYHIHBIX JIA3EPHBIX YCTAHOBKAX IIPU TTOMO-
mu Metoma CafCA mpakTudeckn 6e3 moTepu JIa3epHOIt
sueprun [1]. B memasueit pabore [24] 6pu10 MOKA3aHO,
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YTO TAKOW IHOJXOJI HO3BOJIAET MOJIYyYaTh JJIUTEILHOCTH
BIIOTH 10 10 dc, 94T0 U OBLIO B3ATO 338 OCHOBY HIXKE
IIPOBEJIEHHOI'O UCCJIEIOBAHUS.

Hamu 6b11m mpoBesensr pacuerst fuist 10 dc srazep-
HOI'0 MMILyJIbCAa C TaKON K€ JHeprueil, 4ro m y pac-
cMorpeHHbIX Bblnre 40 dc UMIyIbCOB. DTO 0becnevdn-
JIO yBeJMYEeHWe MOIIHOCTU H3JydeHus B 4 pasa, 0
80TBT, u, KaK cJieJICTBUE, yBeJIMdeHne Oe3pa3MepHOn
aMILUIATYIBI 1I0JISI B 2 pa3a, UTO [TO3BOJIUJIO UCIOJIb30-
BaTh erie 6oJee IIOTHYIO IIA3MEHHYIO MUIIEHb C KOH-
nenTpanueil 371ekTpoHoB 0.067n., HO yKe ¢ BBIIOJIHE-
HUeM HepapeHCTBa cT < \,. Ha pucynke 4 moxasana
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Puc.4. (Ipernoit omsaiin) JIuHamMuka  JIa3epHO-

ILTA3MEHHOM CTPYKTYPBI IIPU PACIPOCTPAHEHIH JIA3EPHOTO
AMIIYJIbCa JJIUTENbHOCTRI0 T = 10 dc B maasMeHHOit Mu-
menu ¢ ne = 0.067n.. Ilanesn cooTBeTCTBYIOT MOMEHTAM
Bpemenn: 150 dc (nesas) u 350 dc (npasas). ITonoxenne
J1eBO# TrpaHuIbl MutieHn © = 30 MKM

JIMHAMUKA PACIIPOCTPAHEHMsT 00Pa30BaBIIECs JIA3epPHO-
IJIA3MEHHOU CTPYKTYPBI B BHUJE YEeJUHEHHOU IJIa3MeH-
Hoit mosioctr. OHa MEPBOHAYABHO MOJHOCTHIO 3AI0JI-
HEHA JIA3EPHBIM UMITYJIbCOM U KBA3UCTAIMOHAPHBIM 00-
pa3oM IOACTpamBaeTCdA 10 CaMOCOIJIACOBAHHBIN IIOITe-
peunbiit pazmep. C TOYKH 3peHUsT U3YIaeMOil CIIOKHOMN
JUHAMUYECKOI CUCTEMbl PEeXKUM CaMO03aXBaTa IIPOABJILA-
eTCd KaK aTTPaKTOp, COOTBETCTBYIOMUI yCTORYIUBOMY
COJINTOHHOMY OOpa30BaHUIO: JIA3ePHO-IIA3MEHHAS Ka-
BepHa. K TakoMy aTTpakTopy NPUTSTUBAIOTCH TaKHe
UCXOJIHBIE COCTOSIHUSI, TAPAMETPhI KOTOPBIX MPUOJIN3H-
TEJILHO YJIOBJIETBOPAIOT OIIEHOYHOMY YCJIOBHUIO COTJIACO-
Banus (1), B KoropoM xorst U (DUIYPUPYIOT XapaKTep-
Hble 3HaYEHU IIOIIEPEYHOr0 pa3dMepa KaBepHBI, IJIOTHO-
CTH IJIa3MBI, JIA3€PHOI0 II0JIA, HO IIOCJIeJHIAE CaMU MEeH -
I0TCs B IIporiecce (hOPMUPOBAHUS COTUTOHHON CTPYKTY-
pbl. OJIHAKO CBOWCTBO yCTONYMBOCTH COJIMTOHHOTO pe-
IIeHAs He NPUBOJUT K €ro KadeCTBEHHOMY BHJIOHU3Me-
HEHHUIO IIPU 3BOJIOIUU II0 Mepe paclpoCTpaHeHud, Je-
MOHCTPHUPY# JIUIIb HEKOTOPble KOJIMYEeCTBEHHbIE U3Me-
HeHusT B (OpMe COJIMTOHA, B YaCTHOCTHU IIOIEPETHOE
KBaIlUCTAIIMOHAPHOE pa3byxaHne KaBepHBI IPUMEDPHO B
1.5 paza (cm. puc.4). Takoe pazbyxanue yzke HabJIIO-
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Jiasock paree [8, 32]. PacupocrpaHeHue J1a3epHOro MM-
yJIbCa BHYTPHU MUIIIEHU COTPOBOXKIAJIOCH ‘3aTeKanneMm”’
C 3a/IHel TPAHUIIBI [TOJI0CTH OOJIBIIIOrO 3aPsi/ia JJIEKTPO-
HOB, KOTOPBI ITIOTOM YCKOPSLJICS ITPOJIOTBHBIM TIOJIEM Kar~
BepHBI. B IIPOBEIEHHBIX pacyeTax 3apsij] YaCTHIl, YCKO-
PeHHBIX 710 SHepruii, npesbimaonux 20 MsB, okazasicsa
paBHBIM ~ 3 HKJI, YTO CyIECTBEHHO MIPEBBIIIAET PE3YIb-
TaT, MOJyYEHHBI JJIs JIA36PHOIO WMMILYJIbCA JJIUTEJb-
nocteio 40 dc. Kpome toro, xoaddunuent konsepcuu
SHEPI'UU JIA3€PHOI0 UMITYJIbCA B SHEPIUIO TAKUX YACTHUIL
yBeIMUIUIICS 10 = 23.5 %, 9T0 CONpOBOXKIAIOCH POCTOM
KaK CpeJIHeil, TaK 1 MaKCUMAJIbHO SHepruy 4acTuly (CM.
tabit. 1 u puc. 2). C ygerom Toro, uro B meroge CafCA
[P YKOPOUYEHUH JIA3€PHOTO UMILYJIhCA [TOTEPU IHEPIUU
npu TpascdopManuy He3HauuTeabHbI [26], TO cornac-
HO IIOJIyYeHHBIM HAMU PEe3YyJIbTaTaM IIPUMEHEHUE STOrO
MeToa obecrieanT Hanbosiee 3HPEKTUBHYIO TeHEPAIUIO
BBICOKOYHEPTETUIHBIX IJIEKTPOHOB. DTO O0DOCHOBBIBAET
11€71€CO00PA3HOCTD IIPOBE/IEHNS] COOTBETCTBYIOIIETO IKC-
[IEPUMEHTA.

Kak BugHO M3 pacderos, yCTOWYMBOE PACIPOCTPA-
HEHUE JIA3€PHOTO UMITYJIbCA, PEJIITUBUCTCKON HHTEHCHB-
HOCTH peaju3yeTcs, KOIJIa yCJIOBUE CT < Ap BBIIOJ-
HEHO, YTO HE II03BOJIET PA3BUTLCH HEYCTONIMBOCTSIM,
U KOTJa JU(PAKIMOHHAS PACXOIUMOCTb CKOMIIEHCAPO-
BaHA PEJISITUBUCTCKON CaMO(OKYCHPOBKOIA, T.€. BBIMIOJI-
HeHO ycjoBue ag > 1 u ycnosue (1). B srom ciy-
Yae BBIMOJIHSIETCS HEPABEHCTBO ¢T < R M HEPaBeHCTBO

W;/R?ct > 1, tne W; = a3R?ct — HOpMEpOBaH-
Hasl 9HePrud Ja3epHOoro uMiysbca. VI3 gero cieyer, 9To
VW /(eT)? > 1, re. aus 3aaHHOIl SHEPIUN JTA3E€PHO-
IO WMITYyJIbCA CYIIECTBYET HAMOOJIbINAs JJINTEIbHOCTD,
pu Kotopoit PC3-pexxuM pacrpocTpaHeHnst BO3MOYXKEH.
Cepust IHMCJIEHHBIX MOJEJNPOBAHUI TOKA3aJIa, 9TO JJIs
JIa3€PHOTO UMITYIbca ¢ dHeprueii 0.85 2K U TeIbHOCTD
40 dc oTBeYaET TPAHUIIE BBHIIOJHAMOCTHU JTAHHOTO yCJIO-
BHSL, IOITOMY JJIs1 O0JIee IJIMHHBIX JIa3€PHBIX UMILYJILCOB
PEXKUM paCIpOCTpaHeHus 0e3 HeyCcToWdmBOCTell, pac-
CMaTpUBaeMbIil B JaHHOW CTaTbhbe, OKA3bIBAETCS HE pe-
aJII3yeM.

3. BeiBoabl. B nacrosmeit pabore ObLI0 mpoBee-
HO WCCJIEOBAHUE YCKOPEHHUS SJIEKTPOHOB IIPU PACIIPO-
CTPaHEHWN JIA3€PHOTO UMITYJIbCA, MYJIBTUTEPABATTHOTO
yposHsi MmorHOCTH B pexkume PC3. Brito mokazano, 9to
JIUISL JIa3ePHOTO nMITyJsibca ¢ duHeprueit 0.85 Ik nnreiis-
HocTh ummyiabca 40 dc oka3bIiBaeTCs NMPEESTbHON I
ero pacmnpocrpanenns B pexkume PC3 6e3 paszBurus
JIa3epHO-TIIa3MeHHbIX HeycToiunBocTeir. [Ipu mpoxoxk-
JIEHUU TAKOTO UMIIYJIbCA Yepe3 MAJIOIJIOTHYIO MUIIEHD
dopmuposasicst 10 nKt my 9ok 3/1eKTpoHoB ¢ Koadhdurm-
eatoMm kousepcuu 0.01 % ot naszepnoii smeprun. B 3na-
YUTENHHO O0JIee IJIOTHON MUINEHU, XOTHA U PAa3BUBAJINCH
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JIa3epHO-IJIa3MEHHbIe HEYCTOMYUBOCTU, IIOJIHBIA 3apsl
YCKOPEHHBIX 3JIEKTPOHOB BhIpocTas A0 2 HKJI, a Ko3d-
dunument kousepcuu — 10 12 %. Opnako, HAaMGOIBITYIO
3¢ HEKTUBHOCTS 110 BeJIMINHE KOHBEPCUU U [TOJTHOMY 3a-
PsIly YCKOPEHHBIX YacTHUIl JeMOoHCTpupyeT pexxum PC3
B IJIOTHOII Ira30BOM IIJIa3Me, KOTOPBIA JOCTUTAETCA YKO-
POUYeHMEM JIA3€PHOTO UMITYJibca. B pabore, Ha rpumepe
mapaMeTrpoB Jia3epHoil ycraHoBKu “Mysibrurepa” OBLIO
ITOKA3aHO, YTO ITIOCTKOMIIPECCHUSI JIA3EPHOT'0 UMITYJIHCA 10
10 dbc mozkeT TOBECTH IOJIHBIA JIEKTPOHHBIN 3apsi U
ko3 punment tpanchopmarun g0 3HadeHuit 3uHKI u
23 %, cooTBercTBenHoO.

IIpoBesennOe UCc/IefOBaHNE HAMEYAET Iy Th K CO3/1a~
HUO 3 HEKTUBHOIO JIA3ePHOT0 YCKOPUTEIS 9JIEKTPOHOB
Ha ycranoske “Mynabturepa’. Ilpu aToM BakHast poJib
JIOJIKHA IpuHagjiexarsh Heapenuio meroauku CafCA
(“cxxkarme mocie cxkarus”), MO3BOJISIONUI CyIIECTBEH-
HO PAaCIIUPUTH HPUKJIAIHON IIOTEHIMAJ JIA3CpHON CHU-
CTEMBI.

WccneroBanue BBIIOJIHEHO B PaMKaX Hay4YHOI MPO-
rpamMbl  HammonaabHOro meHTpa (HU3NKA U MaTeMa-
tukn  (npoekT “@usmKa BBICOKMX IJIOTHOCTEH 3Hep-
run. dran 2023-20257). O. E. Baiic Bbipazkaer 6arogap-
mocth oHmy pasBUTHUS TEOPETUIECKON (DUBUKU U Ma-
remarnku “Bazuc” (rpant # 22-1-3-28-1).
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