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BBEAJEHUWE

JlazepHble ICTOYHUKM PEISITUBUCTCKUX JIEKTPO-
HOB SIBASIOTCS 3(MOEKTUBHBIM MHCTPYMEHTOM LIS
reHepaluu y-usinydyeHust MaB-Horo nuamnasona [1—4]
U HelTpoHOB [5, 6]. B ciyyae Xopoiio HaIpaBlIeH-
HBIX CUJIBHOTOYHBIX MYyYKOB PEJSITUBUCTCKUX DJIEK-
TPOHOB MOXHO JOCTMYb 3KCTPEMaTbHO BBICOKON WH-
TEHCUBHOCTHU TaKUX UCTOYHUKOB [7] ¥ UCTIOJIb30BaTh
ux B paguorpaduu [8, 9], amepHoii ¢usuke [10],
JUTST TIPOM3BOJICTBA panuousoTtorios [ 11, 12] u npyrux
NPUJIOXEHUA.

JlOCTUTHYTHIN B TOCIEIHUE OECATUICTUSI CyIle-
CTBEHHBII TIPOTpecc B U3yYSHUU MEXaHU3MOB U pea-
JIM3AaLIMU YCKOPEHUS 3JIEKTPOHOB [0 PEISITUBUCT-
CKMX DHEPrUil ¢ TMOMOIIbLI0 MHTEHCUBHBIX UMIYIb-
COB JIa3€pHOTO U3IYYECHUSI OTKPhIBAET BO3MOXHOCTD
CO3JaHUsI MHTEHCUBHBIX KMCTOYHMKOB PEHTIE€HOB-
CKOTrO U3NydyeHUs1. BaxkHbIMU IJIST CO3MAHUSI TaKUX
WCTOYHUKOB XapaKTePUCTUKAMU ITyYKOB YCKOPEH-
HBIX JIEKTPOHOB SIBJISIETCSI UX DHEPreTUYECKOE pac-
npeaeaeHe, HATIPaBJIEHHOCTh 1 CYMMAaPHbII 3apsi.
OpHa U3 BO3MOXHOCTEHM yBEJMYEHUS 3apsiga 3JeK-
TPOHHOTO Ny4YKa (BBILLIE HECKOJBKUX JIECSITKOB Ha-
HOKYJIOH) IIPU COXPAHEHUM SHEPIUU DIIEKTPOHOB
Ha YpOBHE OT JECSITKOB 10 coTeH M3 B 3akimouaercs

B MICIIOJIb30BAHWU IIPENMYILLIECTBA PEIIATUBUCTCKOTO
JIa3€pHOro B3aMMOJECUCTBUS C TJIA3MOM OKOJOKPU-
TUYECKOM TUIOTHOCTU [13—23]: KpuTuueckass KOH-

LIEHTpaL1s 3JEKTPOHOB A, = m(x)é / (41te2), rae m, e
U (0, — Macca, 3apsii 3JIeKTPOHOB U YaCTOTa JJa3epHO-
ro usiydeHusi. KBa3snMomHOPOMHYIO IIPOTSIKEHHYIO
IUia3My CyOMUJUIMMETPOBOM IJIMHEI ¢ OKOJIOKPUTHU-
YeCKOM KOHIIEHTPaLUel JIEKTPOHOB MOXHO CO3/1a-
BaTb, BO3ACHCTBYSI Ha MOJIMMEPHBIN a3poreiab HU3KOM
IUIOTHOCTHU OTIEJbHBIM HAaHOCEKYHIHBIM JIa3epPHBIM
UMITYJIBCOM C dHeprueii mopsaka 1 1K m "HTeHCUB-
HocTho okoito 10 Br/cm? [21, 22]. Kpome Toro, rua-
pOIMHAMMWYECKH CTaOMIbHAS TJIa3Ma C OKOJIOKPHUTH -
YeCKOM KOHIIEHTpallueil 3JIEKTPOHOB MOXET OBITh
oydyeHa npu 00JIydeHUHU CJI0ST adPOreJisl TOJIIUHOMN
OKOJIO 1 MM MSITKMM PEHTT€HOBCKUM U3JIydyeHUEeM [24].

ITpoBeneHHBIE K HACTOSIIIEMY BPEMEHU SKCIIepU-
MEHTHI 1 nojiHoMaciutadbHoe 3D PIC-monenupoBa-
Hue (Mmetond 4dacTtull B siyeiikax — Particle-in-Cell,
PiC) B3aumopeincTBus peaITUBUCTCKU WHTEHCUB-
HBIX JIJa3€PHBIX UMMYJIbCOB NMMUKOCEKYHIHOU U (PeM-
TOCEKYHIHOU IJINTEIbHOCTU C MPOTSKEHHOU TIIa3-
MO OKOJIOKPUTHUYECKOI ItoTHOCTU [17—23] moka-
3aJ11 BbICOKY10 2(h(heKTHBHOCTb MPSIMOTO JIA3€PHOTO
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yckopeHus anekTpoHoB (Direct Laser Acceleration —
DLA) [16]. B omiimune ot mpouecca KUjabBaTepHOro
yckopeHus B tuiasmeHHoM BoiHe (Laser Wake Field
Acceleration — LWFA) [25], B KOTOPOM reHepupyIoT-
CsI KBa3UMOHO3HEPTeTUUECKIUE CTYCTKU JIEKTPOHOB
C OTHOCHUTEJIbHO HEOOJIbIIMM 3apsiioM (IeCcSITKU—
COTHM NHMKOKYJIOH) M JSHEPrueii COTHM M THICSIIU
Mb5B [26], B pexxume DLA 371eKTpOHBI YCKOPSIOTCS
HE [0 CBEPXBBICOKMX BHEPruii, XapaKTepu3yITCs
0OJIBIIMAHOBCKUM pachpeie/ieHueM U HecyT Mera-
aMIepHble TOKU. DPPeKTUBHAS TeMIlepaTypa 3TUX
BJIEKTPOHOB MOXET 0oJiee 4YeM Ha IOPSIOK IpPeBbI-
IIaTh ITOHIEPOMOTOPHBIN ITOTEHIIAI, 2 MAKCUMAaJIb-
Has sHeprusg gocturath 100—200 M»B 1ipu 3apsine B
HECKOJILKO COTEH HAHOKYJIOH B Cjy4ae JHEpTuHu,
npesbiaroiieit 7 MaB [21-23].

st napaMeTpoB JIa3epHOTO UMITYJIbCA U TJ1a3Mbl,
HCIIOIb3YyeMBIX B pexkume DLA, MOIIIHOCTB JTa3€pHO-
IO MMITYJIbCa IIPEBHIIIAeT KPUTUYECKYIO MOIIHOCTh
pensATUBUCTCKOM caModoKycupoBku P, = 16.2n,, / n,
I'Bt Ha nBa—Tpu nopsiaka. [Toatomy camodokycu-
pOBKa JIa3epHOTO MMITYJIbCa pa3BUBaETCs yXKe Ha Ha-
YaJIbHOM 3Tare B3aMMOMIEMCTBUS ¢ TUIa3MOM U MpHU-
BOOUT K POCTY MHTEHCHUBHOCTH 1 BBITAIKWBAHUIO
2JIEKTPOHOB B IONEPEYHOM I10 OTHOIIEHUIO K pac-
MPOCTPaHEHUIO UMITYJIbCca HampaBieHUU. B pe3ysb-
TaTe oOpas3yeTcsl “MOHHBII KaHajl” C MOHWXXEHHOM
KOHIIEHTpalell 3JIEKTPOHOB, B KOTOPOM JIa3ePHbBIIA
WMITYJILC UCITBITHIBAET “M3TMOHYIO” HEYCTOMINBOCTh
¥ (prJIaMeHTaluIo Ha MO3IHUX 3Tallax pacipocTpa-
Henusd [20]. ITorogepoMoTOopHOE BBRITAJIKUBaHUE HO-
HOBBIX 2JIEKTPOHOB TUIa3Mbl M3 KaHaja, BbI3BAaHHOE
PEJNSITUBUCTCKUM JIa3€pPHBIM MMITYJIbCOM, CO3AaeT
paguaabHOE 3JIEKTPOCTATMYECKOEe IT0JIe, U B TO XKe
BpeMsi TOK YCKOPEHHBIX 3JIEKTPOHOB T€HEpPUpPYET
asuMyTajJbHOE€ MarHuTHoe nose [16—21]. B atom
cliyyae yCKOpEHHE 3JIEKTPOHOB ITPOMCXOIUT B IIPHU-
CYTCTBUU CHUJIBHBIX KBa3WCTATUYECKUX BJICKTpUYe-
CKUX U MAarHUTHBIX T10JIei1, TeHEPUPYEMBbIX B TIJIa3Me.
DJIEKTPOHBI 3aXBaTHIBAIOTCSI BHYTPU ILIA3MEHHOTO
KaHaja M UCIILITHIBAIOT OeTaTpOHHBIE KOJeOaHUS B
KOMOMHMPOBAaHHBIX KBA3MCTATUYECKUX ITOJISIX KaHa-
na. berarpoHHBIE KOJIeOAHUS DJIEKTPOHOB, IBUXKY-
IIMXCS BOOJIb KaHalla, MOTYT ITONACTh B pE30HAHC CO
COBUHYTOM BcienacTBue adpdekra Joriepa yacToToi
JIa3epHOTO MMMYJIbCA, YTO IPUBOIUT K 3PPOEKTUB-
HOM mepenadye 3HEPTUU JIa3€pPHOIO IIOJs YCKOpsie-
MbIM 325ieKTpoHaM [16—23]. Huxe npuBeneHbl pe-
3yJbTaThl MOJIEJIMPOBAHUSI TeHepallui TOPMO3HOTO
PEHTTeHOBCKOTO U3JIy4eHUsI B 30JI0TOM KOHBEpTEpE
3JIEKTPOHAMU, YCKOPEHHBIMU B pexxume DLA B mpo-
TSDKEHHBIX MUIICHSIX OKOJOKPUTUYECKOM INIOTHO-
CTH, U 00CYXIAI0TCSI UCTOYHUKN HEHATPOHOB Ha OC-
HOBe (DOTOSIAEPHBIX peaKIINii B 001aCTH TUTAHTCKOTO
JUTOJIBHOTO pe30HaHca (MPU SHEPTUMU Y-KBAaHTOB,
npeBbiaiux 7.5 MaB 14 3o5071a).

MOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCJIEIOBAHUS

YN CJIIEHHOE MOJIEJIMPOBAHHUE
T'EHEPALIMU SJIEKTPOHOB, YCKOPEHHBIX
B PEXXUME DLA B ITPOTAXKEHHBIX
MUNIIEHAX OKOJIOKPUTUYECKOU
INIOTHOCTH

MonenupoBaHue B3aMMOIEACTBUS JIa3€PHOTO 13-
JIy4eHUsI C TUIa3MOM C OKOJIOKPUTUYECKOM KOHIIEH-
TpalMei 3JIeKTPOHOB MPOBOJIUIN C TOMOIIBIO TPEX-
MEpHOIo, MOJHOCThIO peiasgTuBucTcKoro PIC-koma
VLPL [27] o1t napaMeTpoB Jiazepa U TeOMETPUHU B3a-
UMOJICUCTBUS, OTBEYAIONIMX 3KcHepuMeHTam [22].
TpexmepHast reomerpust mucnoibdyemoro PIC-xoma
MO3BOJISIET MPOBOAUTH MOJACIMPOBaHUE, OJIM3KOE K
peaJlbHbIM 3KCMNEPUMEHTAIbHBIM YCIOBUSIM, U KOP-
PEKTHO OMUCHIBATh MpPOIllecC CaMO(OKYCUPOBKHU Ja-
3€pHOTO U3JIy4YeHUSsI, DHEPreTUYeCKue U YIJIOBbIE
pacnpeneiaeHuss DLA-31eKTpOHOB, a TakxKe MX KO-
JinyectBO. MHTEHCUBHOCTh MafalonIero Ha MUIIeHb
JIa3epHOTO MMIIYJIbCA BO BPEMEHU U MPOCTPAHCTBE
anrpoKCUMUPOBAIM TayCCOBBIM paclipeleieHUEM.
AiumaniTndeckass popMa (POKYCHOTO MITHA C OCIMU
11 1 15 MKM (Ha mOJTyBBICOTE pacIipeae/ieHUsI MHTEH-
CUBHOCTH) COOTBETCTBOBAJIa 3HAYEHUSIM B 9KCIIEpU-
MEHTe. DHEpPTrus JJa3epHOTro NMITYIbca B (DOKAJTILHOM
MSITHE Ha ToayBbicoTe 17.5 XK U IJTUTEIbHOCTh UM-
myjbca Ha noayBbeicoTe 700 dbc obecrieuniym MHTEH-
CUBHOCTb Jla3epHOro usiaydeHus 2.5 X 10 Br/cm?
Mpu 6e3pa3MepHOii aMIUIUTYE TOJIs JIa3EPHOTO UM-
nyibca a; = ek,/(mcw,) = 4.28.

OnHopomHas TIa3Ma COCTOsIIa U3 BJIEKTPOHOB U
IMOJTHOCTBIO MOHM3UPOBAHHBIX aTOMOB YIJIEPO/Ia, BO-
Jopoda 1 Kucjopona. MoaeanpoBaHue YYUTHIBAIO
TUN MOHA YU MOHHYIO (paKIUO B COOTBETCTBUU C
XUMUYECKIM COCTABOM TpHALIETAT LIEJUIIOJIO3hI (Ha-
npumep, [28]). Pasmep obOmactu MomenmpoBaHUS
350 x 75 x 75 mxm. I1epsrie 10 1 mociaenHue 15 MKM
u3 o61mx 350 MKM ITpocTpaHCTBa BIoJIb ocu OX (Ha-
MpaBJIeHUE PACIIPOCTPAHECHMSI JIA3EPHOIO UMITYJIbCA)
HM3HaYaJIbHO OBLIM CBOOOIHBI OT ILIa3Mbl. Pa3zmMepsnl
yuciaoBoi siueiiku coctapisiiv 0.1 MKM mo ocu OX
n 0.5 MM o ocstm OY 1 OZ. I1pu MonemMpoBaHUH B
sTyeiike ObLIIO YEThIpe 3JISKTPOHA U MO OJHOMY MOHY
Kaxkaoro turia. [paHUYHbIE YCIOBUS ObLIN ITOIJIONIA~
FOIIMU IJTSI YaCTUII U TIOJIEH B KaxKIOM HarlpaBJICHUU.

Ha puc. 1a mokazaHo sHepreTudeckoe pacnpene-
JIeHUe BBLJIETEBIINX U3 MUIIEHU 3JEKTPOHOB B Ha-
MpaBJeHUM PACIIPOCTPAHEHUS JIA3€PHOTO UMITYJIbCa
3a BpeMs ¢t = 2.5 nic, moiydeHHoe B pe3yiabTate 3D
PIC-monenupoBanus (f = 0 COOTBETCTBYeT MOMEHTY
BpPEMEHM, KOrlla MaKCUMYyM JI1a3€pHOrO UMITYJIbCa —
Ha BXOJe B MUIIeHB). [Toka3aH crieKTp BceX BbLIC-
TEBILIUX 3JEKTPOHOB (KBaapaThl), a TAKXKe BbUICTEB-
X B TejecHbIi yroia 0.1 cp (KpykKu). DTOT Tenaec-
HBIii YTOJI COOTBETCTBYET JOCTATOYHO Y3KOMY KOHYCY
pPacXoaUMOCTU C MOJOBUHHBIM yrjioM ~10°, B KOTO-
pPOM pachpocCTpaHsIeTCs OOMbIIAs YaCcTh CyMepHOH-
JIIEPOMOTOPHBIX BJIEKTPOHOB, YCKOPEHHBIX A0 HEP-
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Puc. 1. DHepreTnueckue CrekTpbl 3;1eKTpoHOB dN/dE,
BBLIETEBIINX U3 MUILICHU 3a BpeMst 1 = 2.5 Tic B HaIipaBJie-
HUU pacCIIPOCTPAHEHMSI JTa36PHOTO MMITYJIbCA B TEJIECHbBIM
yroi 0.1 cp (KpyXKM), a TaKXKe BCEX BBUICTEBIIMX JICK-
TPOHOB (KBanparsl) (a), JMHUSIMU 0003HAYEHBI IBYXTEM-
rnepaTtypHble MaKCBEUIOBCKUE arMpoKCUMalWM. YTJI0-
BOE pacnpenesieHue 3JIeKTPOHOB d/N/dC), BbLIETEBLINX U3
MUIlIeHH ¢ dHeprueit £ > 7.5 MaB (0).

ruy, mnpesBblHnaiomein 7.5 MaB (puc. 10 B [22] u
puc. 10).

Kak BugHO 13 puc. la, mosyyeHHbIe CHEKTPHI B
IIMPOKOM Jraria3oHe 3HadeHui sHeprum (£ > 2 M3B)
MOTYT OBITb XOPOIIIO ANMPOKCUMUPOBAHbBI IBYXTEM-
nepaTrypHbIMU MaKCBEJJIOBCKUMM pacnpeaeeHUs -
mu ¢ Temneparypamu 1.9 u 10 MaB mist Bcex BbLIe-
TEBIIUX DJICKTPOHOB (CIUIOLIHAsI KpuBasi) U 1.3 u
12 MaB nnst snektpoHoB B TeiecHoMm yriae 0.1 cp
(mrtpuxoBasi kpuast). IloaHoOe 4MCIIO 3JEKTPOHOB,
BBUIETEBIIIMX M3 MUIIEHU B HaMpaBJIeHUU paACHpO-
CTpaHeHUs JJa3epHOTO UMITYJIbca ¢ 3Heprueit £ > 2 MaB,
nocturaet 5 X 1012, yto coorBeTCcTBYET 3apsany =1 MKt
n 3(pPEeKTUBHOCTH TNpeoOpa3oBaHUs SHEPTUU Ja-
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3epa B DHEPIUIO PESITUBUCTCKUX DIIEKTPOHOB 27%.
C y4eToM TOro, 4To JUIMTEJILHOCTD IMyYyKa YCKOPEH-
HBIX PEIATUBUCTCKUX JIEKTPOHOB ~ 1 TIC, UX TOK JO-
CTUTAeT MeraamriepHoro yposHs. CoracHo pacye-
TaM, TobKo = 30% snekrpoHoB ¢ £ = 10—20 MsB
pacrnpocTpaHseTcs B y3KOM TejiecHoM yriie =0.1 cp,
C POCTOM BHEPTUMM 3Ta (HPaKLUsA YBETUYMBAETCH U
nmocruraer ~100% naa E > 60 MaB (puc. 1a).

[MonyyenHbIe 3HaUYeHUS 3(h(HEKTUBHBIX TeMIIepa-
TYp CyIIEPIOHAEPOMOTOPHBIX JIEKTPOHOB U UX KO-
JIMYECTBA XOPOIIO COIJIACYIOTCSI C U3MEPEHHBLIMU B
9KCIIepUMeHTe [22], YTO IeMOHCTPHUPYET HaIIeXKHOE
OIMcaHue TEePCIEeKTUBHOrO Crocoba co3gaHusl y3-
KOHAIIPaBJICHHBIX ITyYKOB PEISITUBUCTCKUX 3JIEK-
TPOHOB, ocHOBaHHOTO Ha DLA-1Iponiecce B KpyImHO-
MacIITabHOM MJ1a3Me OKOJIOKPUTUYECKOI TIIOTHOCTH.

CO3JAHUE NMHTEHCHUBHbBIX UCTOYHHMKOB
TOPMO3HOTO U3JIYHEHUW S
IMPU BBAUMOIENCTBHUH CUJIIBHOTOYHbIX
DLA-BJIEKTPOHOB C KOHBEPTEPOM

st aHanu3a XxapakKTepuCTUK PEHTI€HOBCKOTO 13-
JIy4eHUs, TI0JIydaeMOTO MPU B3aUMOAEUCTBUU MyY-
KOB PEJISITUBUCTCKUX JIEKTPOHOB C KOHBEPTEPOM U3
MeTajijia ¢ OOJIbIIMM 3apsiioM sipa, MPOBEAEHO MO-
nenupoBaHue ¢ momolibio makera GEANT4 [29] ¢
Wchnoiab30oBaHMeM ¢usndeckoro cnucka Shielding ¢
3aMEHEHHBIM CITMCKOM 3JIEKTPOMAarHuTHO# (hu3nKu
Ha EM Opt4. JlanHble MoJIydeHbl CyMMHPOBaHUEM
pe3yabTaToB 12 omoOHbIX MonenupoBaHuii. ITomy-
YEHHBbIE TIPY MOACIUPOBAHUY CIIEKTPHI Y-U3JTy4YCHUST
MOKA3bIBAIOT PACIIPEAETIEHUS Y-KBAHTOB, HEMOCPEI-
CTBEHHO BBIJIETEBIIUX W3 KOHBepTepa yKa3aHHOI
TOJILLIMHBI, T.€. Ha €T0 TpaHulle Oe3 UCTIOIb30BaAHUS
Kakou-1mbo Monenu AeTeKTopa IS perucrpaiuu
U3JTydeHUs.

B xagecTBe TecTa OBIJTIO TIPOBEICHO MOIECINPOBA-
HUE reHepaliy PEHTTEHOBCKOIO U3JIyYeHUS MOHO-
SHEPreTUICCKUMMU ITy9IKaMHU 3JIEKTPOHOB C DHEpruei
5.75, 10.75 u 15.75 M»3B, B3aMMOIEUCTBYIOIINX C
KOHBEPTEPOM U3 30J10Ta TOAIIMHONK 1 MM (puc. 2).
Kak u oxupnanoce, MakcuMasbHasi SHEPTUS Y-KBaH-
TOB COOTBETCTBYET KWUHETUUECKOM SHEPIUU DJIEKTPO-
HOB. Takke BUIHO, YTO OCHOBHOI1 BKJIaJ B MSTKYIO
YacTh TOPMO3HOTIO CIIEKTPa BHOCST 3JICKTPOHEI C BBI-
COKOI KMHETUUYECKOI SHEPTUEHA.

Hixe mpuBemeHBI pe3yiabTaThl MOIETUPOBAHUS
reHepalyu TOPMO3HOTO PEHTIT€HOBCKOTO U3JTYYEHUS
B 30JIOTOM KOHBEPTEpPE MyUYKOM BJIEKTPOHOB, YCKO-
peHHBIX B pexuMe DLA B MpoTsSsKeHHOW MUIICHU
OKOJIOKPUTHYECKOM IUTIOTHOCTU. KOHBEpTEp cocTOosIT
U3 30JI0ThIX TUIACTUH TOJIIMHON 1—4 MM. MIcTOUHMK
5JIEKTPOHOB pacriojiarajcsi Ha pacCTOSHUU 3 MM OT
IMOBEPXHOCTHU TUIACTUHBI. [eoMeTpusi MomenupoBa-
HUS TIoKa3aHa Ha puc. 3 IJjIs1 My4yKa BJIEKTPOHOB C
sHeprueii £ > 7.5 MaB, pacrpocTpaHsIOIIerocs cie-
Ba HampaBo Bnogb ocu OZ (puc. 3a). Ilpumep npo-
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Puc. 2. CrieKTpbl TOPMO3HOTO M3JIy4YeHUsI B TMAIla30HE
3HAYeHMI dHepruu A0 15 M»3B, paccunuraHHbIe 111 MO-
HOHEPreTUYECKHX IyYKOB 3JIEKTPOHOB, B3aWMOIEHi-
CTBYIOLLIMX C 30JI0TOM MJIaCTUHOM TOJMIIMHONM 1 MM, 3Hep-
rust neKTpoHoB: 5.75 (1); 10.75 (2); 15.75 MaB (3).

CTPaHCTBEHHOIO pacIipelesieHust (OTOHOB, TeHEPU-
PYEMBIX B 30JI0TOM KOHBEPTEpE TONIIUHOMN 4 MM, TI0-
KazaH Ha puc. 30 mr1st poTOHOB ¢ 3Heprueit £ > 7.5 MaB
B IIPOEKIINN Ha TUIOCKOCTh XOZ.

ITapamMeTpsl My4yKa 3J1eKTPOHOB COOTBETCTBOBAIIN
napaMeTpaM, M3MEpPEHHBIM B 3KcrepuMmeHTe [22].
DNeKTpOHBI MMeIW HadaJbHOE paclipelelieHUe T0
panuycy 6, = 20 MKM, IO YTy Opwiy = 26° (FWHM —
full width at half maximum — mojiHas IIXPUHA Ha T10-
JIOBUHE BBICOTHI), U IBYXTEMII€paTypHbIif SHEPreTh-
YEeCKUI CIIeKTP 3aJaBaJiu pacipeaeieHUeM:

dN/dE o 1.9exp(—E/T)) + 0.54exp(-E/T,),

1
T, =7.92 MaB, T, = 28.4 MaB. )

(a)

4 3.2 % 101
31
21 32 x 1012
N
=
= 0 1 3.2 x 101
5
10
o) 3210
—3 1
N ; 3.2 x10°
143 2.1 0 1 2 3 4
X, MM

AHJIPEEB u np.

OHO XOpOIII0 aIIIIPOKCUMHUPYET U3MEPEHHBIN CIIEKTP
2EKTPOHOB (pucC. 4), BBUICTEBIIMX B HaIlpaBJICHUU
pacrnpocTpaHeHUs Ia3€pHOIro UMIYJIbCAa U3 MULLIEHU,
COCTOSIIIIEH U3 CIIOS IIPEABAPUTEIbHO MOHN3UPOBAH-
HOM MeHBbl HU3KOM TNIOTHOCTHU TOJIIWMHOMN 325 MKM,
COCIMHEHHOM C TOHKOM 30JI0TOI (hOJIBIOii TOJIIIU-
Hoit 10 MkM (puc. 5 B [22]). DTOT CIIeKTp 371€KTPOHOB
KCIOJb30BaH B KAUECTBE BXOMHOTO JJIsl MOACIUPOBa-
HMUS CIIEKTpa TOPMO3HOIO U3IYyYEHUsI, U3MEPEHHOTIO
B [6] ¢ TOMOIIBIO SIIePHOI TMATHOCTUKU, TIOCKOJIBKY
KOHBEPTEP MUJUIMMETPOBOI TOJIIMHBI B 3TOM 3KC-
IIEpUMEHTE OBLI HEIIOCPEICTBEHHO COCTBIKOBAH C
MUIIEHBIO HU3KOM INIOTHOCTH.

Ha puc. 5 npuBeneH cnekTp Y-KBaHTOB, TeHEPU-
pYeMbIX B 30JI0TOM KOHBEPTEPE TOJIIIMHON 1 MM Ty4-
KOM YKOPEHHBIX 2JIEKTPOHOB C 3HEPreTUYeCKUM pac-
npeneneHuem (1). MamepeHHOe ¢ MOMONIBIO SIAEPHO
JNIMarHOCTUKU (M3MEPEHUsT U30TOIOB, 00Pa30BaBILINX-
csl B pe3yJibTaTe (poTosiAepHBIX peakKluii) pacrpene-
JICHUE Y-KBAHTOB I10 SHEPTrUU B EIUHUILY TEJIECHOTO
yrna dN/(dEdQ) [MaB~! - ¢cp~!] nokazaHo KpyxkKkamu
¢ norpemrHoctaMu (puc. 3 B [6]). CooTBeTCTBYyIOIIICE
pacnpeneneHue, MoJayuYeHHOe MPpU MOAECIUPOBAHUN
c nomoibio nakera GEANT4 c 3HepreTuuyecKum
pacnpeneaeHreM 3JeKTpoHoB (1), mokaszaHoO KBaji-
paTtamu, a ero annpoKCcUMalus IByXTeMIepaTypHbIM
pacrnpenejieHueM — CIUIOIIHOM JUHUEN.

Ilpu MopenmpoBaHUM KOJWYECTBO (POTOHOB B
eIUHUILY TeJIECHOTO yTIJia ONpeAessiu ¢ yUeTOM Ireo-
METPUH M3MEpeHU B SKCIepuMeHTe [6], T.e. B Ha-
MPaBJICHUU PaCIIPOCTPAHEHMUS JIa3ePHOTO UMITYJIbCca
U My4yKa YCKOPEHHBIX 3JEKTPOHOB. A KOJUYECTBO
5JIEKTPOHOB, B3aMOIENCTBYIOIINX C MIJLIMMETPO-
BBIM 30JI0TBIM KOHBEPTEPOM, HETTOCPEICTBEHHO CO-
CTBIKOBAHHBIM C MUIIIEHbIO HU3KO TJIOTHOCTU, ObI-
JIO CKOPPEKTHPOBAHO ¢ yyeToM puc. la. ITomydeH-
HBIII CIEKTP XOpOIIO ONHWChIBACT M3MEpPEeHHOE
pacnpeneseHne Y-KBaHTOB BO BCEM JMaIa3oHe 3Ha-
yenuii sHeprun £ = 10—50 M»sB u moxeT ObITh XOpO-

Q)

vy S
—4 -3 -2 —1

X, MM

Puc. 3. IIpoekuust Ha I0CKOCTh XOZ pacnipeneieHus: a — 3JIeKTPOHOB; 6 — ¢ oTOHOB. DHeprus yactull £ > 7.5 MaB.
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0

Puc. 4. DHepreTnyecKnii CIEKTP SJIEKTPOHOB, BBUIETEB-
LIMUX B HaNpaBJIeHUU PACIPOCTPAHEHMS Ja3epHOIO UM-
MyJIbCa U3 MUILEHU, COCTOSIIICH U3 CJIOST TPEABAPUTEIb-
HO MOHU3MPOBAHHON MEeHbI HU3KOM TIJIOTHOCTH TOJIIIIY-
HOI1 325 MKM, COeIMHEHHOI C TOHKOI 30JI0TOM (hOJIbroit
TOJIIMHOM 10 MKM: CUMBOJIBI — M3MepeHue [22]; cruiol-
Hasi KpMBasi — IByxTeMIieparypHasi armnpokcumanus (1).

CpA1

1010 L

10° F

dN/(dEdQ), MaB~! -

1 1 1 1 1 i
10 20 30 40 50 60
E, MaB

Puc. 5. PacnipeneneHue y-KBaHTOB 11O SHEPTUM B €AUHU-
1I€ TEJECHOIO yIjia: KPy>XKU — usmepenue (puc. 3 B [6]);
KBaapaThl — MogaeiaupoBaHue ¢ momolinsio GEANTY;
CIUTOLIHASI JIMHUSI — aIlMpPOKCUMALIMs IByXTeMIepaTyp-
HbBIM pacrpeaceHueM.

110 amnMpOKCUMUPOBAH pachpeieieHueM C Xapak-
TepHbIMU TeMnepaTypamu 3.5 u 12.2 MaB, koTopsblie
MpUOJM3UTEIBHO B IBA pa3a MEHbIIIE XapaKTePHBIX
TeMIIEpaTyp dHEPreTUYeCKOro pacrpeiesieHus dJieK-
TPOHOB, FEHEPUPYIOLLUX Y-KBAHTHI.

KoadduumeHT nnpeobpazoBaHusi IHEPTUU DIIEK-
TPpOHOB (£ > 7.5 M3aB) B sHepruio y-KBaHTOB £, >
> 7.5 MaB paBeH 12% 111 3010TOr0 KOHBEPTEPA TOJI -
muHOM L = 1 MM 1 yBEJIMYMBACTCSI C POCTOM TOJIIIIM -

TMOBEPXHOCTb. PEHTTEHOBCKHUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCIEJOBAHUS  Ne 8

HBI L BIUTOTH 00 2 MM, mocTHTas BeaIUduHHBI 21%.
KonuuyectBo reHepupyeMbix (OTOHOB Ha OIMH
371eKTPOH N,/ N, = 0.18 tipu Tonmmmbe L = 1 MM 1
Ny/N, = 0.31 nna L = 2 mm. KosddunmeHt nmpeoo6-
pa3oBaHUSI SHEPIUM JlazepHOro umiryiabca (17.5 JIx)
B SHEPIUIO Y-KBaHTOB (E,;, > 7.5 MaB), paBnbiii 1.4%
st L =1 MM, XOPOILIO COIJIacyeTcsl ¢ onpeaeeHHbIM
B 3KcIiepuMeHTe [6] u mocturaet 2.4% 1py TOJIILIHE
KoHBepTepa L = 2 MM. DTU 3HaY€HUsI Ha MOPSAOK
MPEBBLIIAIOT KO3((MUILIMEHThl KOHBEPCUU BHEPTrUu
Jlazepa B y-U3JIy4yeHue B 006J1aCTU TUTaHTCKOTO IUMOJIb-
HOTO PE30HaHCA, MOIyYeHHBIE B PEXXUME TIPSIMOTO 00-
JIydeHUsI 30JI0TOT0 KOHBEpTepa JIa3epoM Ha yCTaHOBKE
VULCAN (0.2%) nipu untencuaoct 10'° Br/cm? [2]
1 NOVA (0.18%) ripu 3 x 10%° Br/cm? [30].

IIpu cozmaHuy PeHTIT€HOBCKMX MCTOYHUKOB JJIsI
paguorpaduu OBICTPOIIPOTEKAIOIIMX MHPOLIECCOB U
MHTEHCUBHBIX MCTOYHUKOB HEMTPOHOB, OCHOBAaHHBIX
Ha sgaepHoM ¢oToaPdeKTe, BaXKHON XapaKTepPUCTH-
KOI sIBNISIETCSl JUIMTENbHOCTh Y-U3Ny4yeHusi. B pac-
CMOTPEHHOM cJjyyae reHepauuu Y-kBaHToB DLA-
9JIEKTPOHAMHY B MWUIMMETPOBOM KOHBEpTEpe, AIv-
TEJbHOCTD YJIbTPAKOPOTKOTO UMITYJIbCA Y-U3JTyUYCHUST
CcOCTaBJIsIeT ~4 IIC U CKJIaAbIBAETCSI U3 IIUTEIbHOCTHU
9JIEKTPOHHOTO ITy4yka (OmpeneiaseMoil IIUTEIbHO-
CThIO JIa3€PHOIrO UMITyJibca ~1 IIC) U BpEMEHU Mpo-
XOXKIIEHUSI PEISITUBUCTCKUMU 3JIEKTPOHAMU KOHBEP-
Tepa (~3 IIC 11 KOHBepTepa TOJIIUHOM 1 MM).

MHTEHCHUBHbBIE UCTOYHUNKHU
HEIZTPOHOUB HA OCHOBE ®OTOAAEPHbIX
PEAKLIMN B OBJIACTU TMTAHTCKOI'O
AUTIOJIBHOT'O PESOHAHCA

Cpenu pasauyHbIX MPOLECCOB B3aUMOIEHCTBUS
Y-U3JIy4EHUSI C BEILIECTBOM Haubosiee BaXHbIMU IS
reHepalyu HEUTPOHOB SBJISIIOTCS (POTOsIAEpHBIE pe-
aKIMM B 00JIaCTU TUTaHTCKOTO AWMOJIBHOIO Pe30-
HaHca [31]. B aToii ob6nacTu 3HEPrum Y-KBaHTOB
(6onee 7.5 MaB n1s 30510Ta) cedeHuUs peakiuii ¢ 00-
pazoBaHUEM BO30YKIEHHOTO COCTaBHOTO siipa 1 UC-
IMyCKaHUEM HEUTPOHOB OTHOCHUTEILHO BBICOKU U UME-
IOT SBHO BBIpaXXeHHBIE MAKCUMYMEI (puc. 6) [32, 33].

s moboro crnagaroiiero ¢ 3Hepruei crnekTpa
Y-U3JIyYEHUS] peaIM3yeTcsl Hambosbliee ynuciio Go-
TOSIAEPHBIX peaklMili ¢ BbICBOOOXIEHUEM OIHOIO
HelTpoHa, T.e. xn = 1. Kak ObUIO MOKa3aHO BhIIIIE
(puc. 5), sHEepreTUYeCcKMii nuara3oH CIeKTpa TOp-
MO3HOTO U3ay4deHUus, co3maBaeMoro DL A-3meKkTpo-
HaMu, MpeBbIIIAaeT MOPoTru (hOTOMHIYLMPOBAHHBIX
SIIEPHBIX peakuii B 00J1aCTU TUTAHTCKOTO JUTIOJb-
HOTO pe30HaHCa BIUJIOTh 10 0Opa3oBaHUs M30TOMa
92Au ¢ ucnyckaHuem mATH HEWTPOHOB (xn = 5 mpu
sHeprum Y-KBaHTOB =50 M3B) [6, 22]. CriekTp Heli-
TPOHOB MOXET OBITH OIMMCAH MAaKCBEJUIOBCKOM (hyHK-
LMEel pacopeaeaceHuss CO CpeaHeil KMHETUYECKOM
9Heprueii 10 HeCKOJIbLKUX M3B 1 U30TPOITHBIM yTJI0-
BBEIM pacripenencHueM. BOMM3m KoHBepTOpa IJIN-
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Puc. 6. 3aBrcuMocCTH OT 3HEpPTUU (DOTOHOB cedeHM I (po-
TOSIIEPHBIX peaKullg7171 (Y, xn), MHOYUMPOBAHHbIX Y-U311y-
YeHUEM B 30J10T€ ~' AU IIPU Pa3IMIHOM YHUCJIe BbLIETEB-
mux HeUTpoHoB xn = 1, 2, ..., 7 (KpuBbIe [—7 COOTBET-
CTBEHHO).

TEeJILHOCTb HEUTPOHHOIO MMIYJbCa OYEHb Maja U
O0nM3Kka K UIMTEIbHOCTU Y-UCTOYHUKA, KOTOpas B
paccMaTpuBaeMOM B3KCIIEPUMEHTE C reHepalueid
v-kBaHTOB DLA-31eKTpoHamu [6] cocTaBisieT ~4 1ic.
DTO0 JaeT GONbIIOE MPEUMYIIECTBO Il YBEINYCHUS
MHTEHCUBHOCTHA ITOTOKA HCﬁTpOHOB.

B [6] ObLIIO 3KCIIEPMMEHTAIBHO MPOAEMOHCTPU-
pOBaHO, 4YTO IIPU B3aUMOIEHCTBUM CYOIMUKOCEKYHI -
HOTO JIa3epPHOTO UMITY/IbCa YMEPEHHOM PeJIITUBUCT-
CKOWl HMHTEHCUBHOCTU C IIOJIMMEPHBIMM MEeHAMU
CyOMMJUIMMETPOBOM IMHBI T€HEPUPYETCSI CHIIBHO-
TOYHBIM TIYYOK CYHNepIIOHASpOMOTOpHBIX DILA-
BJIEKTPOHOB C ITapaMeTpaMM, IpeaCTaBICHHBIMUA Ha
puc. 4, KOTOPBIH MPU MIPOXOXKIASHUM Yepe3 Au-KOH-
BepTep TONIMHON 1 MM NMpUBOIUT K 3P HEeKTUBHOMN
reHepalry TOPMO3HOro u3iaydeHus: B MaB-HoM nua-
MMa30HEe SHEePruy KBAaHTOB (pHC. 5). DTOT UCTOUHUK MH-

TEHCUBHOTO Y-U3JIyYEHUSI B COYETAHUU C KOHBEPTE-
POM C BBICOKHMM 3apsiaoM siapa BellecTBa (Au) mpu-
BOIUT B IIpoliecce POTOSIACPHOTO paciiaga B 00J1acTu
TUTAaHTCKOTO OHUIIOJIBHOIO pe30HaHca K PeKOPIHOMY
KOJIMYECTBY HEUTPOHOB, TeHepupyeMbiX Ha 1 JIx a-
3€PHOI YHEPTUU.

M3MepeHHOe KOJIMYECTBO HelTpoHoB 1.4 X 1010
co cpenHeli aHeprueit 2 MaB 1 u3oTponHbIM pacnpe-
nmejieHueM cooTBeTcTByeT addextuBHocT 0.02%
MpeoOpa3oBaHUsI SHEPTUU Jla3epa B TeHEpalIUIoO Heli-
TPOHOB B (OoTOSIAEpHOM KaHaie [6]. s cpaBHEeHUS
B [5] myuyku na3epHO-YCKOPEHHBIX CYIEpPIIOHACPO-
MOTOPHBIX 3JIEKTPOHOB MCIOJIb30BAJIUCh 1151 0Opa-
30BaHMs HEUTPOHOB B MeHOM KOHBepTepe. PensaTu-
BUCTCKHE 3JIEKTPOHBI TEHEPUPOBAIUCH TIPU UHTEH-
cuBHoCTH azepa 5 x 102 Br/cM? u 3Hepruum jasepa
Ha mumeHu 90 JIx mpu B3ammopeivictBuu ¢ CH-
ia3Moi HU3Ko# 1oTHocTu. KonnuecTBo 3aperu-
CTPUPOBAHHBIX HEMTPOHOB cocTaBwio 1.2 X 10°. Maxe
npu gonymeHun 30% nazepHoOi SHepPTUHM B (hOKATb-
HOM IISITHE COOTBETCTBYIOIIAsI 3(PPEKTUBHOCTD Mpe-
oOpa3oBaHUs oKa3biBaeTcs 6ojiee ueM B 10 pa3 HIKe,
yeM B ciaydae DLA-3/1eKTpOHOB, TeHEPUPYEMBIX
B IIPENBAPUTEIIBHO MOHU3UPOBAHHON ITIOJIUMEPHOM
a’poreyibHO MeHe HU3KOM TUIOTHOCTU, COCTBIKO-
BaHHOI ¢ Au-KoHBepTepoMm [6] (Tabai. 1).

ITpoBeneHHoe PIC-MomenupoBaHUe yCKOpEeHUs
3JIEKTPOHOB B TPeIBapUTEIbHO WOHWU3UPOBAHHO
TMOJMMEPHON MeHe HU3KOM IMJIOTHOCTU MOKA3hIBAET,
YTO yBeJIMYeHUEe aHeprum Jyazepa ot 20 go 200 Ix
pyU OMHOBPEMEHHOM YBEIWYEHUU WHTEHCUBHOCTU
or 2 x 10" 1o 8 x 10'° Br/cm? npuBOAMT K pocTy 60-
Jiee YeM Ha IMOPSIIOK Yucia PeaITUBUCTCKUX JIeK-
TPOHOB ¢ 3Heprueii Boire 7.5 MaB. BTo B cBOIO 0OUe-
pelb MpUBeaeT K yBeJIMUEHUIO OoJiee ueM Ha IMOPsSII0K
(nyeHca 1 noToka y-u3nyyeHust U HeUTpoHOB. bonee
MOAPOOHO Pe3yabTaTbl MOAECIMPOBAHUSI T€HEPALIUU
Y-CTUMYJIUPOBAHHBIX BBICOKOMHTEHCUBHBIX MOTO-
KOB HEUTPOHOB OyIyT OMMCaHbI B cileayoniei myo-
JIMKAIUK.

Tabmua 1. DddekTuBHOCTD Nepenaun 3HePruu Ja3epHOro UMIYJIbCa JIEKTPOHAM, Y-U3TYyYEHUIO U HEUTpOHAM

ITapamerpsnl [6] [5]
WHTeHCcuBHOCTH 1a3epa ~101° ~1020
DHeprus J1azepa B POKaIbHOM IIsITHE, JIK 20 20—-30
Tun MmulieHu CHO-neHna CH-nnenka
KommyuecTBo ycKopeHHBIX 3JIeKTpOHOB (601ee 10 MaB) 3 x 10! —
KoHnBepcust 1azepa B IOTOK 3JIEKTPOHOB, % 10 —
KonBepcus nasepa B y-uznyuerue (6onee 10 MaB), % 1.4 —
KonmmyecTBo HEUTPOHOB 1.4 x 1010 1.2 x 10°
CpenHsisi 3Heprust HeiTpoHoB, MaB 2 ~1
KonBepcus 1azepa B TOTOK HEMTPOHOB, % 0.02 0.0011
KonuuecTtBo HeliTpoHOB Ha 1 XX 1a3epHOIi SHEPTrUU 7 x 108 6 x 107
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BbIBOJbI

B Hacrosieit pabote npencTapieH MepcrneKTUB-
HBIi CITOCOO MOJIyYeHU S XOPOILIO HAMPaBAEHHbBIX BbI-
COKOMHTEHCUBHBIX ITyYKOB Y-U3JTyYEHUsI C SHEPTUEH
nopsiika MsB ¥ UCTOYHUKOB HEHTPOHOB CO CBEPX-
BBICOKUM (bJIyeHCOM U TOTOKOM YacTHUIl MPU yMe-
PEHHO PESITUBUCTCKON MHTEHCUBHOCTH J1a3€pPHOIO
usiydeHus ~10° Br/cm?. DTOT Momxon OCHOBaH Ha
DLA-mipo1iecce B IpOTSKEHHOM TIa3Me OKOJIOKPH -
TUYECKOM TIJIOTHOCTU, B KOTOPOM T€HEPUPYIOTCS Cy-
MEePIIOHAEPOMOTOPHBIE 3JEKTPOHBI C 3HEPrUeu 1o
100 M»B. B peann3oBaHHBIX B 9KCIIEPUMEHTAaX YCJI0-
BUSIX 3apsil, IEPEHOCUMBIIA 2JIEKTPOHAMU C SHEPTrueit
oosiee 7 M»aB, pacripocTpaHSIOIIUMUCS B TEJISCHOM
yrie 0.16 cp, mocturaer 50—100 uKi, 4yro cooTBeT-
ctByeT 10%-Hoit 3 eKTUBHOCTH TIpeoOpa3oBaHUs
JlazepHoit sHepruu. PesynbTaTbl MOIEJIUPOBaHUS
B3aUMOJECHCTBUS C TUIa3MON OKOJIOKPUTHUYECKOM
IJIOTHOCTU (PEeMTOCEKYHIHOTO JIa3ePHOTO UMITYJIbCa
C MHTEHCUBHOCTBIO ~10?! BT/cM? 1711 TUTTMYHBIX T1a-
pameTpoB na3epHoro komiuiekca PEARL [23] yka-
3bIBAIOT Ha 60Jiee YeM IBYKPATHBIM POCT MaKCUMallb-
Holi sHeprun DLA-31eKTpoHOB U 3(h(DEKTUBHOCTHU
npeoOpa3oBaHUs Ja3epHO SHEPTUU B SHEPTUIO XO-
pOIIIO HampaBJIEHHOTO IyuykKa YJbTpapessiTUBUCT-
CKUX 3JICKTPOHOB C dHeprueit 6omee 7 MaB.

CHUIbHOTOYHBIN, XOPOIIIO HAIIpaBISHHBIN BJIEK-
TPOHHBIN MYYOK SIBJIASIETCS OCHOBOM AJIS1 TEHEpALIUU
Y-U3Ty4eHUs], C TIOMOIIIBI0 KOTOPOTO MOXHO CTUMY-
JIMpoBaTh (OTOSACPHEIN paciiag B 00J1aCTU TUTaHT-
CKOTO IMIMOJBHOTO pe30HAHCa 1 CO3IaTh MHTEHCUB-
HBIl UICTOYHUK HEUTPOHOB C peKOpIHOI 3pheKTUB-
HOCTBIO NpeoOpa3oBaHus nazepHoit sHepruu (1.4%
B y-u3nyueHue u 0.02% B usirydyeHne HEUTPOHOB B
peaan30BaHHON T€OMETPUN SKCIIEPUMEHTA).

JaHHBIe 5KCIEPUMEHTOB M XOPOIIO COIIACyIo-
IIMecs ¢ HUMM Pe3yJIbTaThbl MOAEIUPOBAHUS TTOKa-
3bIBAalOT, YTO CUJIbHOTOYHBLIC ITYYKH YJIbTPaApECIATU-
BUCTCKUX 3JIEKTPOHOB MOTYT OBITh IIOJIYYEHBI C IT0-
MOIIBIO YK€ CYLIECTBYIOIIUX KAaK IMUKOCEKYHIHBIX,
TaK U GEMTOCEKYHIHBIX JIa3ePHBIX CUCTEM NEeTaBaTT-
HOTO KJIacCa MOLITHOCTHU U 3(P(PEKTUBHO UCTIOIBb30BaHbI
TUTST CO3MAaHWST MHTEHCUBHBIX UICTOYHUKOB Y-U3Tyde-
HUS U HEMTPOHOB ¢ 3Heprueii MaB-Horo guamnasoHa
JUISE AMArHOCTUMKM BELLIECTBA B DKCTPEMAaIbHBIX CO-
CTOAHUMAX.
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Intense Laser Sources of Gamma Radiation and Neutrons Based on High-Current
Beams of Super-Ponderomotive Electrons
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Intense beams of photons and neutrons in the MeV energy range are effective tools in many areas of research,
such as diagnostics of matter in extreme states, nuclear physics and materials science, as well as in medical
and biophysical applications. A concept is presented for creating efficient sources of y-radiation and neutrons,
based on the generation of relativistic electrons in the direct laser acceleration mode during the interaction

between a laser pulse with an intensity of 10'* W/cm

2

and extended plasma with a density close to critical.

Keywords: laser—plasma interaction, near-critical density plasma, direct laser acceleration of electrons, effec-

tive sources of y-radiation and neutrons.
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