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OBIIAA XAPAKTEPUCTUKA PABOTEHI

AXTyanpHOCTH TEMBI

ITpencraBieHBI pe3ysIbTaThl UCCI€OBAHUI IIOCBANIEHHbIE B3aUMOJEHCTBHUIO 3JIEKTPOHHOTO ITydYKa
EXFEL ¢ xoinuMaropaMu W MeAHBIMU IIOTJIOTHTEIAMM, a TakkKe B3aHMMOEHCTBUIO DJIeKTPOHHOIO
nyyka FLASH FEL ¢ xonmueckuM KosaumaTopoM. KoImMaTropsl MCIIONTB3YIOTCA B yCTaHOBKAX
FLASH FEL u EXFEL DESY pis obpe3aHmus rajo 5JeKTPOHHOTO ITy4Ka, COCTOALIETO M3 YACTHI, C
BBICOKMMH O€TaTpOHHBIMU aMIUIHTyAaMu. UHceHHbIe pacuyeTsl M MOJeIMpPOBaHIe reOMeTPHIeCKIX
XapaKTEePUCTUK OBUIM BBIIOJIHEHBI C HCIOJB30BAaHHEM KOMIIBIOTEPHBIX IIPOTPAMMHBIX ITaKETOB
FLUKA u SIMPLE GEO. OcraTouynble m03bI H3TyYeHHS paCCUMTAHBl Ha CJIy4dau pasJIM4YHBIX
BPeMEHHBIX IIE€PHOJOB OOxyueHHs K oxaaxzaeHud. Bsibop koma FLUKA ocHoBan Ha TOM, 4TO
IOCTyIIHa COBpeMeHHas OOHOBieHHas Bepcusa Koza, . FLUKA nmaer BO3MOXXHOCTB OTCII€XKMBAThH
YaCTUIBl IO HU3KUX DHEPruil, NMOTpeOsid HOCTaTOYHO AOCTYIIHBIE BBIYMCIUTENbHBIE PEeCYpCHl U
Bpemsa. FLUKA mmpoko mcmoss3yercsa And HCCAefOBaHUN M Pa3paboTOK B 00JaCTH pafHaliOHHON
samutel B IIEPH, SLAC, CEBAF u apyrux yCKOpPHUTeIbHBIX IleHTpax. [IpezcraBieHBI pesysbTaThl
WCC/IeZIOBAaHUA  BTOPHUYHOTO PpafMalMOHHOro mosa B MamumHHOM 3aie AREAL u B
9KCIIepUMEHTAIbHBIX KOMHATaX. /I YHCIeHHOTO MOJEeIHpPOBAaHUA IIOJNA HU3JTy4eHHSI B KadecTBe
HAaYaJIBHBIX IIAPaMETPOB DJIEKPOHHOTO IIyYKa OBUIM MCIIOJIB30BAaHBI JAaHHBIE, IIOJyYeHHBIE B
pesyJbTaTe SKCIIEPUMEHTANBHBIX W3MEpPeHUH DSHEepruy IIy4YKa, TOKA, DHEPreTUYecKOH IIWPUHEI,
pasMepa ITy4Ka H T. [. Pe3ysbraTel usMepeHus m035I OOTydUeHUS OBLIN COIIOCTaBJIEHBI C YMCIOBBIMU
3HAYEeHHMAMH, U IOJTy4YeHHOe Y OBJIETBOPUTEIbHOe COIJIacHe IMoATBep:kiaeT s(pdeKTHBHOCTH BEIOOpa
YUCJIEHHOTO MeTofa. JlaHHBIe M3MepeHusA IO3bI OBLIM KCIIOJNb30BAaHBI JJIA OLEHKHM HEKOTOPBIX
busnyecKux BeIUYHMH, KOTOpble HEJOCTYIIHHBI IS HeIocpeicTBeHHOro msMepenusd. IlocpemcrBom
MoZienupoBaHusA ¢  momombio mporpammHoro makera FLUKA paccumrano TpebGyemoe Bpems
SKCIIO3UIUK A pasnuyHbix oOpasnoB B AREAL, uroGer obecrednTs HeOOXOZMIMYIO BEIUYUHY
IIOTJIONeHHOM /03Bl IIPY 33aZlaHHBIX ITapaMeTpax Iyuka. IlomydeHs! Taxke oObeMHBIE pacIpezieleHNs
Zo3pl B OOpasumax. Bxoguble mapameTpsl Aad IuGPOBOTO MOJEIHMPOBAHMA B3aMMOJEHCTBUA C
9KCIIepUMEeHTaIbHBIMU 00pasIiaMy 3JIeKTPOHHOTO ITyYKa ObLIM B3ATHI HA OCHOBE SKCII€PUMEHTAIBHBIX

JTAaHHBIX.

Iens paGoTs!

Ilenpio muccepTalliOHHOM PabOTHI SBJIAETCH:
e BaxHOW IeJBI0 [JUCCEPTAIMOHHONW PAOOTHI ABIAETCA YAydlleHHe IIapaMeTpoB ITyYKa B
coBpeMeHHBIX 9neKTpoHHBIX yckopurenax (FLASH FEL wu EXFEL) mocpencTBom

HnucciaeamoBaHueda BBHHMO,I];EfICTBI/I}I ITy49Ka C BEIIEeCTBOM IIPH KOJTUMAITUH.

e FEme oxHO# ILenpl0 AUCCEPTAIMOHHON pabOTHI SABIAETCA pellleHMe 3aJad pafUalOHHOM
3alIUTHI, CBA3aHHBIE C BO3HUKHOBEHHEM BTOPUYHOIO M3JIy4eHHsA IIPU B3aUMOJEWCTBUU

3JIEKTPOHHOTO ITyYKa JIMTHEHHOTO YCKOPUTEJI HU3KOHM SHEPTUH C 000PYIOBAaHHEM U BO3LYXOM.

° I/ISY‘IeHI/Ie XapaKTEPHUCTUK IIOTJIOII€HHBIX 03 HNOHU3NPYIIETO HU3JIy4deHusd
OKCIIEpUMEHTAaJIbHBIMU O6paBHaMI/I B WppaguallIOHHBIX OKCIIEpUMEHTAaX Ha JIUHeTHOM

9JIeKTPOHHOM YCKOpHTeJe HU3KOM DHepIruu ABIAeTcA ellle OAHOI BaXXKHOI 1eJIbIO.



Hayunasa HoBM3Ha

Hayvnas HOBH3HA PabOTHI COCTOUT B CIIeLyIOLIEM:

Co3pmana nudposas Mozens Ha ocHOBe mporpammuoro obecnedenus FLUKA nns nudposoro
MOJIeJIMPOBAHUs B3aUMOJEHCTBUS SJIEKTPOHHOTO ITyYKa YCKOPUTENs C KOJUIMMAaTopaMH,

YCKOPHUTEJIbHBIM O6OPY,Z[OB3HI/ICM 1 OKCIIEpUMEHTA/IbHBIMU O6P33H&MI/I.

ITpoBenmeHsl CpaBHeHMA 4YHCJIEHHBIX M OKCIEePHMMEHTAJIbHBIX pesyiabTaToB. IlomydenHoe

YAOBJIETBOPUTEIBHOE COTJIaCHe MOATBePKAaeT 3P PeKTUBHOCTH BHIOOPA YUCIEHHOTO METOA.

PesynpraTsl B3auMozeiicTBUA 3I€KTPOHHOTO ITyYKa yCKOPHUTENSA C BeIleCTBOM HCIIOJIb30BaHBI
A TPOEKTUPOBAHMUA CHCTEMBl PpaJHAallMOHHOM 3allMThl HAa JIMHEWHOM JJIeKTPOHHOM

yckopurtese Huskoi sHepruun AREAL.

,Z[ElHHBIe nsMepeHnusa OO3bL OBLIM MCIIOJIB30BAHBI 411 OLE€HKHN HEKOTOPBIX (bl/IBI/I‘IECKI/IX

BEJINYHNH, KOTOPbI€ HENOCTYIIHBI AJISI HEIIOCPEACTBEHHOTO N3MEPEHM .

IIpakTuyeckas EHHOCTD

PesynpTaTsl MOZeNMpOBaHMA IIOKaspIBAIOT, YTO CHCTeMa JABYyX KOJIMMAaTopoB (u3 4
YCTaHOBJIEHHBIX) ZIOCTaTOYHA, YTOOBI 3(deKTHBHO u3baBuThca OT ramo myuka EXFEL,

IIOIIaJdIOIEeTO B CEKIIMIO KOJIJIMMATOPOB.

PesynpraTsl 1mudposoro MopenupoBaHus B3aumogeiictBusa myuka FLASH c xonmyeckum
KOJUIMMaTOPOM IIOJIe3HBI /I MepOIPUATHI 10 MUHMMM3ALIUU JerpafainuoHHoro addexra

H3/Iy9€HHI Hd IIOCTOAHHBIE MAaTHUTHBIE OGJIOKK OHAYJIATOPA.

[ToryuyeHHBIe pesynbTaThl IO3BOJIAIOT PACCUMTATh M CO3/aBaTh aJleKBaTHYIO U 3bGdeKTUBHYIO

CHCTeMy pafHalliOHHON 3aIIUTHI HA TUHEHHOM yCKopHuTee Huskoi sHepruu AREAL.

Ha ocnuoge MOZe/JIN MOXXHO PACCYUTATh KOJHNYIECTBO MO3bI, pacCIipefiejieHre 1 HEO6XO,Z[I/IMOE

BpeMs BO3ZEHMCTBMA Iy4Ka Ha OOpasIsl I SKCIEPUMEHTOB Ha JUHEWHOM YCKOPHUTEeIe

AREAL.

OcHOBHBIE ITOJIOKEHHU, BBIHOCHMbIE Ha 3aMUTY

ITpoBemeno umcIeHHOE MOJENIUPOBAaHME B3aUMOJEHCTBUA C KOJJIMMATOPOM 3JI€KTPOHHOTO
nyuka mua Espometickoit XFEL, a Taxke B3aumogeiictsue nyuka FLASH FEL ¢ xonmueckum
KOJIIMMAaTOpPOM, HCIIONB3ysa mporpammy MonTte Kapmo MomenmpoBaHMA TPeKOB YaCTHI]
FLUKA. Y4uTsiBaguch CI0XXHas TeoMeTpudecKas GopMa U COCTaB MaTepraja KOJUIMMATOPOB.

MogenupoBaHue IIPOCTPAaHCTBEHHOTO pacIlpefie/leHus IIOTJIOMEeHHOW 03l B MaTepuaie
KOJUIUMATOPOB M IIOTOKOB YaCTHI, C TOPLEBOH IIOBEPXHOCTU KOJITMMAaTOPAaOB OBLIO
CMOJIeIMPOBAaHO [JIf IIOJTHOTO BTOPUYHOIO WH3JIy4YeHUSI U €ero OCHOBHBIX (OTOHHBIX H
HEHUTPOHHBIX KOMIIOHEHTOB. BBIYMCIIEHBI OCTAaTOYHAas O3Bl IIOCTIEe OOJIydYeHUs MaTepuaa
KOJLTMMATOpa JIeKTPOHHBIM ITyYKOM.



e BzammopgeiictBue 1myuka ¢otoasnekTporHo# nymku AREAL ¢ wmarepuanom 65110
CMOZ,eIMPOBAHO C HCIIOIB30BAaHUEM IIPOTPAMMHOIO OOecIleYeHUs IS OTCIEKUBAHUS YACTHII.
IToTokr BTOPHUYHBIX YACTHUI, BO3HHUKAIONIME B OIpeJeNeHHBIX MeCTaX, IIPeCTaBIIAIOUIVX
UHTEpeC B DOKCIepuMeHTanbHOM 3ane ycraHoBku AREAL, O6summ  paccuuraHsel  C
MCIOJNb30BaHNEM /JAHHBIX, IIOJy4eHHBIX C IIOMOLIBIO CHCTEMBI [JWArHOCTUKH ITydYKa; B
yacTHOCTH, Ha mpubopax Faraday Cups (FC) 1 Ha cucremax momuHuCIeHTHBIX YAG 5KpaHOB.

e MomHoCTh IOTJIOIEHHON [J03bI OblIa M3MepeHa HOHM3AIMOHHON KaMepoil, CIOCOOHOM
U3MEepATh H3JIy4eHHe, CO3/JaBaeMOe  BBICOKOYACTOTHBIM  MMITYJIBCHBIM  HMCTOYHHUKOM.
CpaBHeHUe pe3yJbTaTOB MOZEJTMPOBAHUA U M3MepPeHUIl 03Bl IIO3BOJAET IIPOBEPUTH METOJbI
pacueTra M JaHHbIe AMArHOCTUKU ITy4yka. B wacTHocTH, M3MepeHUs H03bl MOHU3ALMOHHOM
KaMepoil CO3Jal0T BO3MOXHOCTH 0OoOJiee TOYHO OILIEHWBAaTh IIUPUHY ODHEPreTUYeCKOro
pacrmpepeneHusd IIydKa.

e Jlna pacyeTa paclpefieleHHS MOIIHOCTH IIOTJIONEHHOH O3Bl M3JIy4eHUA B MAUIMHHOM 3aJe
yckopurene AREAL m mpoekTHpoBaHWA COOTBETCTBYIOLIEH paAMAallIOHHOM 3aIIUTHI OBLIN

HCIIOJIb30BaHbl KOMIIBIOTEPHBIE IIPOrPaMMbl MOZ@IMPOBAHUA II€PEHOCA YaCTUI] U U3TyYeHUT
FLUKA u SHIELD11.

e C IIOMOIIBIO YHCIEHHOTO MO/IeJIMPOBAHUSA PACCUUTAHBI IIOTJIONIEHHEIE JO3BI, pacIpe/ieleHre
U HeoOXomWMOe BpeMs BO3ZeHCTBMA IIydka Ha OOpasumbl /[aA OSKCIEPUMEHTOB IIO
MaTepuaoBefieHUI0 u Owonormm Ha nauHeiHOM yckopuTeine AREAL. Ilapamerpsr myuxa,
WCIOJNb3yeMble /A YHCJIEHHOTO MOJeHpOBaHUA, OBUIM IIONydeHBI U3 U3MEpeHUui
OUATHOCTUKHY ITyYKa.

AmpoGanmsa paGoThI
Marepuansl guccepTamOHHOM pabOTh JOKIAABIBAINCH U OOCYXAanuch Ha cemuHapax B EI'Y u

KEH/JI UCH.

Ly6mukanyy

HO]IY‘-IeHHbIe Hay4qHbI€ PE3yJJIbTaThI 6BI)'[I/I OHY6)II/IKOB3HLI B MEXAYHAPOAHBIX HAYIHBIX JXXYPHATIdX
Y [OJIOKEHBI Ha MEXIyHapoAHBIX KoHGpepeHnuax. CIHCOK NyOJMKAIUWN INpUBEJEH B KOHIIE
aBTOpedepara.

CrpykTypa 11 006eM paboThI

JuccepranmyonHas paboTa COCTOMT U3 BBeJEeHHdA, YeTHIpeX IJIaB, 3aKIIOYeHHsS M CIIHCKa
nutupyemoit smreparypsl. O6uuit o6vem muccepramuu cocrasiager 100 crpanum, B ToMm uuncie 43
pucyHKa, 18 tabur u criucok aureparypsl u3 104 HauMeHOBaHUM.



COJEPXAHUE PABOTBI

Bo BBegernmm cpemaH 0030p IO TeMaTUKe AMCCEPTALUM, CHOPMYIMPOBAHBI OCHOBHBIE 33/IauH,
00OCHOBAaHA WX aKTyaJIbHOCTh U HAay4YHas HOBU3HA, a TAK)Ke IIPUBEEHO KPAaTKOe CoZep>KaHue PabOoTEI.

Ileppag rmaBa TOCBAlleHa W3YyYEHUIO B3aUMOJEHCTBUS Tajli0 3JIEKTPOHHOTO ITyYKa BBICOKOM
sHepruu ¢ Kosumumaropamu B ycraHoBkax FLASH u European XFEL (EBpomelickuii peHTTeHOBCKHUIA
Jla3ep Ha CBOOOZHBIX DJIEKTPOHAX) C IIOMOIIBI0 KOMIIBIOTEPHOTO MOZeInpoBaHua. KolruMannoHHbIe
CUCTeMBbI IIPUMeHAIOTCS 1 u3baBierus ot ramo nyuka. Ocxosroit XFEL xommumarop CL.COLM (4
KOJUIMMAaTopa) IIpeficTaBiseT Co0OHM cHUCTeMy, COCTOAImYI0 u3 4 TpPyO M3 THTAHOBOTO CIUIABA
(muamerpsr 4, 6, 8 u 20 MM), pacmpezesleHHBIX BEPTHKAJIbHO, BHYTPEHHETO OJIOKAa M3 YHCTOTO
QTIOMUHHUSA U BHeIIHero MejHoro 6Osoka (giumHa = 50 cm). B uwmcnenmsix pacuerax ¢ FLUKA
YYUTBIBAINCh TOJIBKO OCHOBHBIE XapaKTePHUCTHUKU TreoMeTpuu. JIBurarenum ¢ BepTUKAJIBHBIM
pacIioIoXKeHueM /ieslaloT BO3MOXKHBIM HCIIOJIB30BaHHE JIIOOBIX UYeTHIpeX OTBEPCTUH KOJLIMMATOopa.
M3o6paxeHne KosmuMmaropa npuseseHo Hiwke (Pucynox 1).
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Puc. 1: O6muit Buz KoutMMaTopa.

Ha Bxozme xoyummMarTopa pasMep IydKa COOTBETCTByeT BenuuuHe Oera-byHkumu 220 M. Msl B3
17,5 T'aB pna sHeprum mydka u 1,4 MM-Mpaz [jI1 HOPMaJIM30BAHHOTO SMUTTAHCA ITyYKa (SMUTTAHC-
KOJIMYeCTBeHHAsA XapaKTePUCTHKA KavyeCTBa ITy4YKa, paBHasA ero ¢dasoBoMy 06béMy). MozgenrupoBanue
BO3/leiCTBUA IIy4YKa C KOJUIMMATOpPOM MMeeT BaKHOe 3HaueHHe C TOYKM 3peHUd PpaJuallioOHHOH
3aITUTHI, TaK KaK BEICOKUI yPOBEHb CO37IaBaeMOT0 M3JTy4YeHHs, MOXeT OBITh BPeJHBIM JJI1 YeoBeKa 1
JyBCTBUTEIBHOTO 000pyJoBaHus. IIpocTpaHCTBeHHOE pacipe/ieieHHe MOJId U3TydeHUsA KOJLIMMaTopa
MOXXeT yKa3bIBaTh IZle MOXKeT OBITh IIPUTO/IHA NOIOMHUTEIbHAA 3aluTa. IIpeamonaraeTcs, 4To My4oK
IIOTIaZIaeT B IIePeIHIOI0 CTEHKY THTAHOBOM TPyObl. DJIeKTPOMArHUTHBIM KacKaz oOpasyeTcs B CTEHKe
TUTAHOBOI TPYOKH, U Zjajlee JIMBEHb PACIIPOCTPaHAeTCA Ha cocemHue daeMeHTs (PucyHok 2).
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Puc. 2: Pacupenenenue no3s! B muKO3uBepTC (IeBblit cTonber). Pactipesenenye 1036l B TUKO3UBEPTC
BZIOJIb TUHUY C MAaKCUMAIBHOM BeIMYMHOI (IIpaBbIil cTOIOEIT).

Bce rpaduku, mokasaHHbIe B PUCYHKaxX 2 ¥ 3, IpUBeJeHbl K OLHOM IMepBUYHON dacTtuue. BuzmHo,
YTO BHU3 II0 TeYeHUIO KOJUIMMATOpa IOTJIOMeHHAsd 033 C Hapy>KHOM CTOPOHBI CTEHKHU ITyIKOIIPOBOA
IOCTUTaeT B HeCKONbKO nmuko3uBeprc (<10 m3B) Ha mepBUYHBIN 51eKTpoH, 4To coorBeTcTByeT (.06
3useprc Ha 10° Kynon. I'paduk Ha pucyHke 2 B mpaBoM CTOOIe HM300paXkaeT pacipejieeHue J03bI
[13B] BLOJIb IMHUY C MAaKCUMaJIbHOM BeIn4YnHOMN. [lorHOMacuITaGHOe pa3BUTHE 3I€KTPOMArHUTHOTO

JIMBHA HaYMHAeTCA B cepefuHe KoummMmartopa. Ha pucynke 3 u3o0pakeHa IUIOTHOCTD ITOTOKA YaCTHI],
or mwxHeidl moBepxHocTu Koyumumatopa[[aB~! cMm™?]. ILIOTHOCTH MOTOKAa OT MOBEPXHOCTH TOPLA
KopIryca mpeo0sazaer B 00J1aCTH HU3KUX SHEPIUi, TOr/ja KaK IIpH 6oJiee BRBICOKUX DHEPTUAX OOJIbIIAL

JaCTh U3TyYeHUH IIPOXOJUT Yepe3 00JIaCTh MTOIEePEeYHOr0 CeYeHNs Iy IKOIIPOBOa.
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Pucynoxk 3. ILTOTHOCTB IOTOKA YaCTHUI] OT TOPIEBOI IIOBEPXHOCTH
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KOJUTMMATOPA TI0 HAaTpaBieHuto Apwkenus myuka[[3B~1 cm™2].

ITygyox 51eKTPOHOB TepseT CBOIO OHEPrui0 B oOBeMe KOJUIMMAaTopa B OCHOBHOM dYepe3
syIeKTpoMarHuTHsle TuBHU (~75.6%). AZpoHHbIe U MIOOHHBIE KaHAJIBI IIOT€Ph SHEPTUHU COCTABILIIOT



Bcero 0.1 % ot obmeit norepu sHepruu. HexenaTenbHoe omacHoe uanydeHue cocrasiger 24% or
SHEpruu Iy4Ka IepeHOCUMOU YacTULAaMHU, MOKUAAIOIUMY KOJLILMATOP.

l'aso my4yka HaYMHAETCA OT IIYLUIKHU M YaCTh €ro IPOXOJUT Yepe3 MarHUTHYIO CUCTeMY U JOCTUTaeT
OHZLYIATOPOB. YacTUIBI TAJIO ITyYKa IIOCTOAHHO TEPAIOTCA IIPU B3aUMOJI€HCTBUYU CO CTEHKAaMU TPyOKHU
Imydka. B pesysbraTe BO3ZeiCTBMA YaCTHI, Tal0 HAa CTEHKU KOJIMMATOpa OOpasylOTCA BTOPHYHBIE
gacTulsl (GOTOHBI, DJIEKTPOHBI, IO3UTPOHBI, HEUTPOHBL U T. 1.). JJOMUHHUPYIOUUM KOMIIOHEHTOM
BTOPUYHOTO W3IydYeHUs SBIAETCI TaMMa-KOMIOHeHT. POTOHBI HeYYBCTBUTEIBHBI K MATHUTHOMY
IIOJMI0 W, CTAHOBACH YACTBIO OOIIETO pafUAIlMOHHOTO ()OHA, COXPAHAIOT HAIIpPaBJIeHHE CBOETO
IBIDKeHUA. YacTh 571eKTPOHOB MOXKeT BHOCUTD CBOM BKJIAJ B TaJIO ITyUKa.

Korma ramo, pacmpeneneHHBIHI BO BHyTpeHHeH 00JIaCTH ITyYKOIIPOBOZA, B3aMMOJEICTByeT C
IEPBBIM KOJUIMMATOPOM, B TajIO, BBIXOAAIIEH OT HIDKHEH IIOBEPXHOCTH KOJUIMMATOpa B 06JIACTH
TPyOKH IIydKa, peobiazaior ¢porous! (PrucyHoxk 4).

)01 " ' 1 1

Ener [Gev|

Puc. 4. II10THOCTD ITOTOKA YaCTHLL OT TOPIIa BAKYYMHBIM KaMepsl IIepBOro KoymuMmaTopa (YacTuirst
Ha IIepBUYHBIN 3JIEKTPOH) IPOU3BEJEHHBIX I'aJIO ITyYKa.

BospmuHCTBO 3/IEKTPOHOB M IIO3UTPOHOB MMEIOT DHEPIrHI0 OJM3KYI0 K OCHOBHOI BenxmumHe 17.5
I'sB, HanpaBIAIOTCA MarHUTHOM CHCTeMOM K BXOZYy BTOPOTO KOJUIMMAaTOpa, B TO BpeMsA KaK IIOYTH BCe
boToHbI TepaIoTCs U3-3a u3orHyToi popmsl (dogleg shape) xomuMaTOpHOMH CeKIUN.

Yucnennoe mogenuposanue ¢ nomonro FLUKA mokassiBaeT, 4TO B3aMMOJEHMCTBHE a0 IIydKa C
MIePBBIMU JBYMsA KOJUTMIMATOPaMU 3HAYUTEJIbHO YMeHbIIaeT 3aceIeHHOCTh Tasno. Eciu mpeamnonoxurs,
YTO SHEPrus YaCTHUIBI Tajo cocTaBiageT okoso 17.5 I'aB, To 43% sHeprum rajzo morsomaercs B
oO6BbeMe IepBOrO KOJLIMMATOPa, B TO BpeMsA KaK CpeJH:AA SHEPrusd rajo JacTHll, aJaioluX Ha BTOPOH
KoJutmMarop, craHosurcs 1.2 I'aB, 24% u3 KOTOPBIX TaM TepsAeTcs.

Ha ycranoBke FLASH ycTaHOBNIeHBI deThIpe UMJIWHAPUYECKUX CHMMETPHYHBIX MeIHBIX
KOHMYEeCKMX  KOJUIMMAaTopa  OJMHAaKoBoro Tuma. KosuimMaTopsl — mpezcTaBiadioT — coboit
OUINHIPpUIEeCKHe TPY6KI/I C BHYTPEHHHMH KOHUYIECKHMH OTBEPCTUAMHU. ,ZL)II/IHH KOHUYEeCKHUX 4JacTei
cocraBimger 200 MM Kaxzad, a AJMHA HEKOHWYECKOH LeHTpaabHON dYactu cocrtaBager 100 mm.
MuHnuManpHBIM BHYTpeHHUU paguyc cocrasager 0,2 MM, a MaKCUMaJIbHbBIN BHYTPpEeHHUH pafuyc Ha
KOHIIaX paBeH 4,5 MM.

ITpexmnonaraercs, uro amekTpoHsl myuka FLASH 1.27 I'sB ypapsarorca o BHYTPeHHIOIO CTEHKY
KOJUIMMAaTopa IIOJ, YIJIOM CKOJIBXeHHfA Ha Iutockoctu XZ (Pucymxku 5,6). Ilornomenue sHeprum B
ob6beme KosutuMmaropa Berumciagerca c¢ nomompbio FLUKA. T'paduku mHOpMupoBanst Ha 1 HKIX
IIePBUYHOTO 3apAJa.
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Puc. 5. Pacnipesenenue noryioieHHOMR 10351 B Puc. 6. Pacupenenenue norioueHHOM SO3BI B
MaTepHase KOJJINMATopa B IJIOCKOCTH XY MaTepuase KosmuMmaropa B miockoctu XZ (I'peii).

(Tpeit).

Pacnpenenenue mornomenHo# fo3sl B XY Ipoekluu MmokazaHo Ha pucyHke 6. [lornomennas mosa
BelpakeHa B I'peiic (/x/kr). BHyTpm oTBepcTmA KOJIMMAropa, IZie HeT BellecTBa (BaKyyM),
IIOTJIONeHHAs 033 HysleBad. MakcuManpHas [03a MOXeT ObITh HalifileHa BOJIM3M TOYKH BO3/EHCTBUA
myyka. Pacripesenenue noraouieHHOM 0361 B XZ TIpoeKIIMU IOKa3aHO Ha pucyHke 7. [lormomennas
nosa BelpakeHa B I'peiic ([x/kr). MakcumyM paciipefieieHHs CMeLIEHO B CTOPOHY ITO3UTHBHOTO X
HaIlpaBJIeHMsd, COBIAZasg C TOYKOI Bo3felicTBua myuka. Pacmpeznesnenue mospr ysmydeHus B XY
ITPOeKIIMY IOJHOCTHIO CUMMETPHUYHO OTHOCUTEIBHO OcH Y.

ITpepmonaraercs, uro Espomeiickuit XFEL 17.5 I'sB my4ok s/exTpoHOB moman B KOJIJIMMATOP
nepesHeil crenku. [lagaromas gactuma myuka Ha KosmmMmarope Tepser 70% cBoeit sHeprum depes
9JIeKTPOMarHUTHBIN JINBeHb, a YaCTUIIBI BTOPUYHOTO U3JIydeHUsd, MOKUAASL KOJIJIUMATOP, IepeHOCAT
29% osHeprumu. PagnoOHYKIHABI TIPOM3BOAATCA IIOCPEACTBOM (OTOAAEPHBIX U DIEKTPOAJEePHBIX
B3aMMO/I€CTBHI, TAKUM OOpa3soM BEI3BIBAS OCTATOYHOE H3JIy4YeHMe IIPU OCTAaHOBKe AeHCTBUA ITydKa
(Pucynox 8 wu Tabmuma 1). Cremyer oTMeTHTH, YTO JaHHOE KOJHUYECTBO PATUOHYKIHUOB
IIPOM3BOJUTCA, €CIU IIy4OoK OoMOapAupyeT KOpIyC KOJUIMMAaTopa B TedeHUe [BYX HeZesb.
IlonyyeHue 3HAYMTENBPHOTO KOJMWYECTBA PAJUOHYKIHJOB 3aiiMeT ropas3zio Oosblle BpeMeHH, IpH
YCJIOBUH, YTO TOJHKO YaCTHIIBI a0 ITyYKa IIONAIH B CTEHKY KOJUIMMATOpa.

Ha XFEL ycraHoBKe yCTaHOBJeHbl IWIWHAPUYECKHe CHMMeTPUYHBIe MeJHBble KOHUYeCKHe
KOJUIMMATOPBI MeX/Jy CerMeHTaMH OHJyaATopa. I'eomeTpus KosmuMaTopa moxoxa Ha Pucynku 6 u 7
C IJIMHOM KoHMW4YecKux 4acreil L1 = 9.5 MM kaxzas u ¢ JIUHON HEKOHHMYECKOH IIeHTPaJIbHOM 4acTh
L2 = 3 mMm. MuHuManpHbIA BHYTpeHHUI paguyc coctapiageT b = 0.4 MM, Ipu 3TOM MaKCHUMAaJIbHBIN
BHYTPEeHHHUII pasuyc Ha KoHuax paBeH d=0.44 mm. KosmmmMarop cocTOMT U3 MeU C IPOBOAMMOCTBIO

k = 5.8 x 107 S/m.



7 30 4

:5 i Hyxnuzast Brixop,

i - [nuclei/cm*/pr]
-l e H 0.5331
10 1 ' wil 1Be 0.1569
51 wttd 4Tj 0.3326
0 "",J‘, S “Ti 0.9713
0 5 10 15 20 25 30 35 40 45 50 5¢ *Ti 0.2843

A
A

Pucynok 7. O6pasoBaHue OCTaTOYHBIX AZep B KOPITyce
y p p UP Y Ta6nuua 1. OcraTouHsle spa C BEIXOLOM
TUTAaHOBOI'O KOJUIMMATOPa II0Cje 2-X HeJieb JeACTBUS
6osee 0,1 sgpa / cM® / ay1eKTpoH.
ITyYKa.

ITpepmonaraercs, uro asnexrporsl Iyuyka XFEL 17,5 I'sB ymapsaioTca o BHYTpPeHHIOIO CTEHKY
KOJUIMMAaTopa IIOJ] YIJIOM CKOJIbXeHUsd Ha ITocKkocTu XZ. B pesysnbraTe BO3meHCTBHA 4acTHUI ITydKa
Ha KOJUTMMATOP IIPH 9J1eKTPOMAarHUTHOM JIMBHE IOoTeps cocTasygeT Tonbko 0,2% sHepruu, B TO BpeMs
KaK YaCTUIBl BTOPHUYHOTO H3Iy4eHHd, IMOKUJAIONUMe KOJIMMarop, mpoHocat 99,8% sueprum. B
Tabiuile 2 IpeJiCcTaBlIeH COCTaB M3IyYeHU C IIOBePXHOCTH MeHOTO IOTJIOTUTEJIA.

brutn momydeHsl cmeKTpsl M YTJIOBble JBOIiHBIe AuddepeHIaNibHbe paclipefieleHUs SHepPTruu
M3ITy4eHHs, UCITyCKaeMble OT ITOBepXHOCTel KojutuMmaropa. belra BerumcieHa MONTHOCTD OCTaTOYHOM
ZO3BI TIOCJIEe BO3OYXXJEHUA KOJUIMMATOpa IIyYKOM 5JIeKTPOHOB. IDIOTHOCTP IIOTOKAa dYacTul, C
IIOBEPXHOCTH KOJLIMMATOPa (YaCTUIBI HA IePBUYHEII 3JIEKTPOH) IpezcTaBieHa B Tabuie 3.

Particles per primary Konnumarop Becs ®oroust  Heittponst
ODJIEKTPOHBI 4.64 £+ 0.08% EXFEL tutanoBsiit = 14.0 12.0 0.03
ITosurponsr 242 1+ 0.26% KOJUITMMAaTOp £0.032% +£0.024% +0.49%
ITpoTtonst 4.06 + 4.0% EXFEL mepnsrit 25.8 18.7 0.026
Heitrponst 0.026 + 2.6% a6copGep £0.069% £0.084% +2.6%
Y — KBaHTHI 18.7 £ 0.01% FLASH xounuueckuit 0.408 0.375 0.0015
Becs 2.58 + 0.07% KOJLIIMAaTOP +0.05% £0.043% £2.4%

Ta6muna 2. CocTaB U3Ty4eHHUs C Tabauna 3. IL10THOCTS IOTOKA YaCTUI] C IIOBEPXHOCTHU

IIOBEPXHOCTU MEAHOTI'O ITIOIJIOTUTEJIA KOJUIMMaToOpa

Bropas rraBa puiccepraniuy IOCBAlLleHa B3auMogeilicTBuio 5 MaB myuka 371eKTpOHOB JIMHeHHOro
yckopurenst AREAL c BemectBoMm.
AREAL cnocoben renepupoBarh Iy4ok ¢ sHeprueil 5 MasB ¢ Tokom myuka 200 nmKi. Bmecre c

CTPYKTYPBI
3JIEKTPOHHOTO ITyuka gmoctuyb dHepruu 20 MaB u B ganueitmem o 50 MaB.

JIa3epHOM  BBICOKOYACTOTHOM IIYIIKOM [Be€ YCKOPAMIIHe MO3BOJIAT  YaCTHUIAM
Bropuunble HCTOYHMKY M3TyYeHMS BO3HUKAIOT B pe3yJbTaTe B3aMMOZEIHCTBUA ITydKa 3JeKTPOHOB
C BEIIeCTBOM MHIIEHW OTBajJa IIy4YKa, CTeHKaMM BaKyyMHOWM KaMephl, AeTeKTOpaMHu IIy4Ka H
IMarHOCTU4YeCKUM obopymosanueM. OTBag IydYKa COCTOMT U3 JKeJIe3HOTO CepfieyHuKa ¢ 60KOBOil u
TOpueBoil samuroil. JKemesHoit MumeHbio ABageTca UMAMHAP AnuHOM 30 cM u TonmMHOK 5 cM.
BeronHnas creHa TommuHo# 50 cM OyeT cOCTaBIATh BHENTHEee SKPAHUPOBAaHNE IIOTJIOTUTEIIA ITyYKa.
Pacuersr CTaHAdpTad ¥ SKPAHHPOBAHUNA HOJIY‘IeHHOfI AO03BI IIpH IIOTJIOIIEHHNH ITy9Kd OCHOBAHBI Hd

anropuTMax u popmyiax, cogepxxaumuxcs B komnsiorepHoM Kose SHIELD11, a Taxxe MogenupyroTcs
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xomom orcrnexxuBaHua vactun, FLUKA. VYrioBoe u sHeprermueckoe pacupefieleHHsA TaMMa-
U3JIy4eHUs, UCITyCKaeMOT0 HeIIOCPeICTBeHHO B fA/ipe JIMBHA >XKeJe3HOH MUIIeHU, MOXHO BBIPasUTh
cirepyouleit GopMyIoii:

D. = (ﬂ) “ (3.031 Ee™0959F 10-13>
" \ge +7.5e79/722 x 1078

3nech D,, - MOIHOCTD O3Bl TaMMa-U3Ty4eHUs B UCTOYHUKE U3TydeHUs B efuHunax [38/4], 1/q, -
TJIOTHOCTB TIOTOKA YacCTHIL yuKa (mocturaer sHavenus 1.25 X 10%), E - oweprus myuka 8 [MeV]s u 9
- YroJ M3JIy4eHHsI B TpaflycaX OTHOCHUTENbHO HampaBieHusa myuka. [na E = 20MaB u 9 =90
rpagycos momyvaerca D, = 0.538 3B/4. Ha pucynke 9 moxasaHo pacmpesiesieHHe [O3bI IIPAMOTO
raMMa M3JTy4YeHUs DJIEKTPOHOB B MUIIEHb U IOTaoTuTens myuka aias 20 MaB-woro nmyyka. Makcumym
M3Ty9YeHHS PaACIIPOCTPaHAETCA B IIPAMOM HAIpaBIeHUM U YBeJIWYMBAeTCA C dHEpruell 3JIeKTPOHA
noutu suHeiiHo. CocraB wusTydyeHHs (B eIMHWIAX YaCTUI/CM® HAa TIEPBUYHBINH DJIEKTPOH)
obpasyromuiica djeKTpoHamMu c sHeprueir 20 MbsB, majatomuMu Ha ALpO JKee3sHOH MUIIEHW,
IIprBesieH B Tabiue 4.

YacTuusl TounocTs
/em3
: = / mepBUYHEIN
R R PR R : - 0

Dose/e [10-PSv/e = Heitrpors: 0.0035 4.6%
e DJIEKTPOHBL 1.40 0.0019%
BoeV) e ®oTons 10.0 0.024%

Pucyrox 9: Jlo3a npsiMoro raMma-u3aydeHus Ha Ta6imua 4. CocTas u3ry4eHns mIyIKa oT

3JIEKTPOH IIPU CTAHJAPTHOU MUIIEHU. CTaH/APTHON MUIIEHU

OKpaHMpOBaHWE JOJDKHO OBITHh PACCYUTAHO TaK, YTOOBI COXPAaHUTH MOILHOCTh aMOHWEHTHOM
SKBUBAJIEHTHOU mo3bl HipKe mpegena 0.125 Mk3B/4 (cymma o6Gemx, MOLIHOCTY HEUTPOHHOH H Y-
no3sr). IlapameTpsl HEKOTOPHIX PACIPOCTPAHEHHBIX SKPAHUPYIOUIMX MaTepPHaIoB I[PUBELEHBI B
Tabnuue 5. Cpexusas pnnHa cBoGOfHOTO mpobera A [r/cMm?], KOTOpHIM OIpenessfieT CIIOCOOHOCTH

-A/d e F IpesicTaBIsgeT COOOM IJIOTHOCTH ITOTOKA U d

MaTepHaJia IOIJIoIaTh usrydenue F = Fy e
[r/cm?] — TomumHa Matepuana. HefiTpors! a¢eKTHBHO MOTI0maoTcsi 6€TOHOM, TaK KaK OH COZEPXKUT
BOZOPOA (B CBSI3aHHBIX MOJIeKyaax Bogsl). Jnd ociabieHus raMMa-u3IyYeHHsS IIPUMEHSIIOTCS
MaTepHabl C BBICOKUM Z ,Hanpumep, cBuHel, (Tabauna 6).

Ha pucynke 10 moxasanma [go3a BHe TyHHeJIS B 3aBHCHMOCTH OT TOJUUHEI OETOHHOTO
oKpaHupoBaHUA. IIyHKTMpHAs JMHUA TIOKasbIBaeT I[eIeBOM ypOBEHb OKBUBAJEHTHON 03Bl
(0.125Mk3B/4). [lomosHUTEIBHOE CBUHIOBOE DKpAaHWpOBaHHe TONIWHON B 10 cM BOKpyr MuuieHu
IJIs TIOTJIOTUTENsA ITydKa 5((EeKTHUBHO CHIDKAeT [o03y ramma-usnydeHus. CrrefyeT OTMETHUTH, UTO
o0Ijas TONIIMHA OETOHHOTO SKPAaHUPOBAHUSA ABIAETCI CYMMOW TOJIUIUHBI CTEHKH TYHHENISI WU

TOJIINWHBI ChbeMHOI SKPHHHPYIOH_[ef/)I CT€HKHN BOKPYT MCTOYHHNKA U3TYI€HHA.
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Ta6muua 5. IlmotHOCTS U CpesHUMIA
Pucynok 10. AmMGuenTHas 1032 BHE TyHHEJIS B 3aBUCHMOCTH OT
mpo6er yzaneHus aJis
TOJIIIMHBI 6ETOHHOTO SKpaHUpOBaHUA. [lyHKTHPHAA IUHUS
. . VICIIOTb30BAaHHBIX SKPAaHUPYIOLWINX
IIOKa3bIBaeT Ile/IeBOM YPOBEHb SKBUBAIEHTHOM O3Bl
MaTepHaIoB

Ha nuneitnom yckopurene AREAL Hunuuzap ®Papages (Faraday Cups (FC)) O6yzer momemen Ha
IIyTU 3JIEKTPOHHOTIO ITy4Ka I U3MepeHusd 3apaza Imyyka. FC msrorosyeH u3 HepkaBeolei CTaIu U
6yzer cobupars Bech 3apsaz u3 myukoB ¢ 200 nmKi, cTaHOBACH MCTOYHMKOM BTOPUYHOIO U3TY4YEHUS.
HanpsokeHue NOCTOAHHOTO TOKA IIPUMEHSETCS, YTOOBI YMEHBUIMTH KOJHWYECTBO IOKUJAIONUIUX
IIOBEPXHOCTh SJIEKTPOHOB TaK, YTOOBI HCITyCKaeMOe W3JIy4eHue IIOYTH IIOJHOCTBIO COCTOSIO W3
raMMa-KBaHTOB.

Y0651 mosryunts amMbueHTHYIO 103y 0.125 Mukpo3uBepTC B Yac BHe TyHHeJIA YCKOpUTeJd, o0mas
tonmuHa 6eTonHO# 3amuTel 100 cm GyzeT moctarouHa (sKpaHupoBaHue orBata 50 cm mwrioc crena 50
cM). YCTaHOBKA CBMHIIOBOTO dKpaHa TonmuHo# 10 cM BOKpyT OTBOZa yMeHBIIAeT TOIUMHY OeTOHa [0
50 cm. Taxke BKIIIOYEHBI HeIPeJBUIEHHbIE OOCTOSITENbCTBA, KOTOPhIE YYUTHIBAIOT BO3MOXKHBIE
OTKJIOHeHHUA KOHKPETHBIX IIapaMeTPOB OT pacueTHBIX JAHHBIX, HAIIpuMep, IUIOTHOCTD, OAHOPOJHOCTS,
M30TPOINUA U XUMHIECKUIT COCTaB.

MogenupoBarue mO3bI OOJydYeHUS C WCIIONIb30BAaHMEM KOMIIBIOTEPHBIX KOZOB IH(PPOBOrO
MOJeJIUPOBaHUA HEOOXOAMMO [JIsI IIPOEKTHPOBAaHMSA U PpaspabOTKM afeKBaTHOM 3alUTHI OT
n3jpydeHuda W A IIJIAHUPOBAHUA MeEpP Pa,Z[HaHPIOHHOﬁ 3dalllIThI Hd4 OJSTalldX CTPOHUTEIBCTBA,
SKCILTyaTallud U OOHOBIEHUsS ycKopurens dactui. Breibop kxoma FLUKA ocHoBaH Ha TOM, 4TO
nMeeTcs JelcTByiomas oOHOBIeHHas Bepcus koga, u FLUKA naeT BO3MOXXHOCTB OTCIIEKHBATh
YaCTULBI A0 HU3KUX DHEPTUH, MOTpeOiAs MOCTATOYHO [OCTYIIHBIe BBIYMCIUTEIBHBIE PECypCHI U
Bpema. FLUKA mmpoko wmcmomesdyercs Mg HCCIeJOBAHUNH M Ppa3pabOTOK, CBA3AHHBIX C
paguanuonnoi 3amuroif, B CERN, SLAC, CEBAF u apyrux nenrpax yckopureneir. KommsiorepHas
IIporpaMMma, OCHOBaHHAasf Ha KOJe MOJeInpoBaHus ciaexeHus 3a morokoMm dwactun, FLUKA 6sima
co3JjaHa JjIg MOJeTMPOBAHUA JO3bI 00IydeHH ITyYKa dJI€KTPOHOB ¢ sHeprueii 3.7 MaB.

YcTaHOBIEHO, YTO MOLIHOCTH JO3bI M3MEHAETCSA B TyHHeJe B 3aBUCHUMOCTU OT TOTO, BKJIIOYEH JIU
IIOBOPOTHBIM MAarHUT WM BbIKIIOYeH. CiemoBaTeNbHO, OBLIM IIOMyYeHBI JBEe CEPUH Ppe3yJIbTaTOB
HU3MepeHHsA MOIIHOCTHU [I03bI, COOTBETCTBYIONIYE ABYM CJIydasM, KOI/la IOBOPOTHBIM MarHUT BKJIIOUYEH
u Korja oH BeikIIodeH. Ha pucynke 15 mokasans! pe3ysibTaThl H3MepeHUI Kak B cIydae IPIMOTO, Tak
U OTKJIOHEHHOTO ITy4Ka. Ilosio’kxeHne BBIXOZa BBICOKOYACTOTHOM ITYUIKK COBIIAZIAeT ¢ KOOPAMHATOH Z
= 0. Ha xaxxom cT0s1011€ rpadmKa yKa3aHsI ITOJIOKEHUE JO3UMETPa U BeJINYNHA MOIIHOCTH O3B
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. Puc. 15. VIamepenHas no3a A1 pas3audHbIX
Puc. 14. Pacmionoxxenue THHEHHOTO .

. IIOJIOXKEHUH o3UMeTpa AJIs IPAMOTO (CHHIe
yckopurens AREAL B ropuszonTansHO

CTOJIOWKYM) ¥ OTKJIOHEHHOTO (KpacHbIe CTOIOUKY )
rockoctu (X, Z).

ITY9KOB.

O,ZI;HOfI n3 IIpUYHUH HEKOTOPOro0 HECOOTBETCTBHA MEXAY Pe3yJIbTdTaMU I/IBMEPEHI/Iﬁ u
MO EJINPOBAHMS ABJISAETCI TOT (baKT, 9YTO IPAKTHYECKHM HEBO3MOXHO TOYHO Y4Ye€CTb B HI/I(i)POBBIX
MOJZeJIIX HEKOTOpPbhIE BJJIEMEHThI TE€OMETPHHM, TdKHE€ KdK KOMIIBIOTEPBI HNJIH Kabenu wu apyroe
MHQPACTPyKTypHOe 000pyZOBaHUe.

HE=3.7MeV £ 0% M Experiment B E=3.7TMeV + 1% m Experiment

1485

804.3

356.1

416
306.2 296.4
182.5 149.3
114.1
i mB L=
| I
127 227 327 a77

rz7

127 227 327 477 727

Puc. 17. PaccuutanHas u u3MepeHHas MOL[HOCTS JO3bI B MK3B/Y [JIs Pa3IMYHbIX IO3UIIUH JO3UMeTpa
OTKJIOHEHHOTO ITy4Ka, KOTja pa3bpoc mepBu4HOi sHeprun cocrasysaa 0% (cieBa) u Korzga pasépoc SHepruu
cocrasnan 1% RMS (cmpasa). 'opusorTampHaA OCh OKA3bIBAaeT PACCTOSHUE OT BBIXOZA 3JIEKTPOHHOM ITYIIKU

B CM.
E=3.7TMeV £ 0% W Experiment B E=3.7MeV + 1% ® Experiment
286.4 286.4
245.2 25 247.5 31,7
151.8 51.8 1581
141.75 126
101.2
95.3 50.9 95.3 80.9
47.025 34.4

. 13.2 .13‘2

-— -

127 227 327 a77 727 127 227 327 a77 727

Puc. 18. PaccunranHas u usMepeHHas MOLIHOCTH JI03bI B MK3B/4 I Pa3IMYHBIX IO3UIUI JO3MMeTpa
IIPSAMOTO IIy4Ka, KOT/ia pasbpoc nepBuyHoit sHepruu coctasuan 0% (cieBa) u korza pasbpoc sHepruu
coctasyan 1% RMS (cnpasa). ['opusoHTanbHas OCh TOKa3bIBa€T PACCTOSHUE OT BBIXO/A DJIEKTPOHHOM ITyLIKY
B CM.

W3mepenue wuanydeHHs IIPOBOAMJIOCH C HCIIOTb30BaHMEM HOHU3AIMOHHON KaMepsl, KOToOpas
MOXeT W3MepATh TaMMa, 3JIeKTPOHHBIE M IIO3UTPOHHBIE IIOTOKH, CO37/laBaeMble HMITYJIbCHBIM
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UCTOYHUKOM. Pe3ysnbTaTsl M3MepeHHs MOLIHOCTH [JO3bI OBLIM COIOCTAaBJIEHBI CO 3HAYEHUAMHU
YUCIEHHOTO MOZENIWPOBAaHMA, U OBUIO HANZEeHO YIOBIETBOPUTEJBHOE COOTBeTCTBHe. JlaHHEIe
M3MepeHUs A03bI OBLIM KCIIOJIB30BAHBL [JIA IIOBBINIEHUS TOYHOCTU JAHHBIX AUArHOCTUKH ITy4YKa. B
YaCTHOCTH, OBUIO OOGHApPY)XeHO, YTO HA4YaJIbHBIA Pa3bpoC SHEPruu IIydKa COCTaBIAI oKojao 1,5%.
HempepriBHOe M3MepeHMe MOIIHOCTH O3Bl C IIOMOILIBIO MOHHOM KaMepsl IIOMOTaeT OTCJIeXHBATh U
KOHTpPOJIMPOBAaTh YpOBeHb u3IydeHHdA. [IpuHIuUIBI obeclieyeHusA pafHallMOHHONW 06e301macHOCTH
IIO/IpasyMeBalOT MOHHUTOPHHI U yIIpaBJeHHe YPOBHEM pafiHialliy B MAIIMHHOM 3ajJle W COCeITHUX
nomemenuax. Ha Texymem stane passutus AREAL sHeprus nmyuka HaxozuTca B guamasoHe 5 MaB,
YTO 3HAYMUTEJBHO HIDKE IIOpOra HeHTPOHHOIO KaHajla IIPOM3BOJCTBA Yepe3 IMTaHTCKUM AUIOJIbHBIHN
MexaHusM. (CremoBaTesbHO, B UTOre CYIIeCTBYeT TOJBKO TIaMMa KOMIIOHEHTAa IIPOHMKAIOLIETO
M3y9YeHHSA C YIeTOM KOPOTKHX JJWH IPOOeroB 3JIeKTPOHOB M IIO3UTPOHOB IIPU 3THX JHEPIHAX.
YucieHHOe MOJenMpoBaHME U H3MepeHHe J03bI OOecIedrId JaHHBIE, Jejalollie BO3MOXHOM
pa3paboTKy HeOOXOAMMBIX MepP PaZHalMOHHOM 3alUTH M 3alUTHBIX CTEH, M ITOKA3aJIU, YTO YPOBHU
Zo3bl oOiydeHus B MammHHOM 3ase AREAL m sKkcnepuMeHTaTpHBIX IIOMEIIEHHSIX COOTBETCTBYIOT
TpeGOBaHUAM PafiMALIIOHHON 6€30IIaCHOCTH A1 000PYZOBAaHUSA U ITEPCOHAIA.

Tperss rraBa JAaHHON AWCCEPTAllUM IIOCBAIEHA HAyYHO-UCCIENOBAaTEIbCKUM 3SKCIEPHUMEHTaM
CBA3QHHBIM C OOJy4YeHHeM MarepuayjoB Ha JjuHeiiHoM yckopurenre AREAL ¢ mpumeneHuem
HU3KODHEPreTUYeCKOro Iryuka 3yeKTpoHOB. AREAL gBnfgerca mpuBIeKaTeIbHBIM [JIf LIMPOKOTO
CIIEKTpa ITepelOBBIX DKCIIePUMEeHTATbHBIX HCCIeOBaHUM, TAKUX KaK PaAHOOMOIOTHS, MOJIEKY IApHaL
dusuka, GpUsMKa TBEPZOTO Tesla 1 MUKPO3JIEKTPOHUKA.

OKCIlepUMeHTalIbHble HUCCIeJOBaHUA IIPOBOAUINCH Ha guHeHHOM yckopureime AREAL c mesnsio
M3y4deHUs BIMAHUA OOJNyYeHHSI ITyYKOM OjeKTpoHOB 4.2 MbsB Ha anekTpuueckue CBOMCTBa
deppomarnuTHOTO cocraBa Ba,s Srys TiO; (BST). @eppomarHuTHBIE TOHKME IIEHKH, OCOOEHHO Ha
ocHoBe BS, wuMeloT mHpOKOe IpUMeHeHME B MHOTOQYHKIHOHAJIBHBIX MHUKPODJIEKTPOHHBIX
yCTpOMCTBaX. DJeKTpUYeCKUe, NUIJIeKTPHYeCKHe W CeTHEeTODIeKTPUYeCKHe XapaKTePUCTHKH STHUX
TOHKUX IIEHOK MOKHO HM3MEHATH C IIOMOIIBIO DJI€KTPOHHOTO OOJIyYeHWs, YTO NPUBOAUT K HOBBIM
CBOMCTBAM MHKPODJIEKTPOHHBIX YCTPOHCTB. Binanume ob6irydeHms mydukoMm diaeKTpoHOB 4 MaB Ha
3JIeKTpUYecKHe, NUDJIeKTPUYeCKHe U CeTHEeTOdJIeKTPUYeCKHe CBOMCTBA IIEHOYHOro garyumka BST
(Puc. 19) 65110 M3yueno B guanasone gactor ot 100 ', ;o 1 MI'.

Tperss ry1aBa MOCBAILIEHa METOAAM pacyeTa SKCIEePUMeHTAIbHbIX TapaMeTPOB 00 IyueHus o6pasia
Ha OCHOBe WH3MepeHHusd IIapaMeTpPOB IIyYKa M MCCIeJOBaHMA YMCJIEHHOTO MOJeJIUpPOBaHUL
B3aMMO/IeHCTBHA DJIeKTPOHHOTO IIy4YKa C TOHKMM cjioeM MaTepuasna BST.

icm Ba,.Sr,.TiO,

Marepuan Tommusa
Ba;5S8r,5TiO3 300um
Sio, 500um
p—Si 0.6mm

Puc. 19.Crpykrypa u mapameTps! 9KCIIepUMEHTaIBHOTO
o6pasiia

Ta6nuua 6. CTpyKTypa SKCIIepUMEHTAIBHOTO
obpasiia

OKCIIepIMEHTAIBHBIN 00pasel] COCTOUT W3 TPeX TOHKUX CJIOEB IPAMOYTOJIBHOTO IIOIIEPEeYHOTO
CedeHMSI C pa3IMYHBIMU pasMepamu u xumudeckuM coctaBoM (BST, SiO2 u p-tuma mpoBosumocTH

14



kpemuus). Ha pucynke 19 u B Tabiuiie 6 mpuBeseHBI TapaMeTphl U CTPYKTypa CJIOEB MaTepHaIOB.
BricokouacrorHas doromynrka smekTpoHoB AREAL obecmedynBaeT aeKTpOHHBIE CTYyCTKH C dHepruei
4.2 MbB u zapagom nyuka 250 nKi Cexmusa mymku cozep:XUT (OKYyCHUPYIOUIUM COJIeHOU],
MarHUTHBIH CIEKTPOMETD, TOPU30HTAJIBHBIM W BEPTUKAIBHBIM MarHUTHBIH KoppekTtop, LlmimHAps!
Qapames (FC) u YAG oxpaHsl Cc KamepaMu. 3apsf OTZEJbHBIX CTYCTKOB OBLI M3MepeH C
ncnons3oBanueM AByx Llumuuapos Qapazes. Msmepenus sHepruu mydka M pasbpoca SHepruu
IIPOBOAMJINCh C  MCIOJAb30BAaHMEM  MAarHUTHOTO  CIEKTPOMETpPa, PacCIOJIOKeHHOTO  IIOCIe
dokycupoBouHOoro coneHomza nymku. CrekTpomerp cocrouT u3 90° IOBOPOTHOrO IUIIOIBHOTO
MarHura 1 skpaHa YAG. PacnpeneneHue sHeprum OLIEHMBAETCA C IIOMOLIBIO TOPU3OHTAIBHOIO
nmpoduia crycrka Ha skpaHe YAG.

Ha pucynke 20 mnpexcraBren npodmrs myuka c 3apsgom 250 nKn ma skpanax YAG,
PACIIOJIOXKEeHHBIX HIDKe II0 IOTOKY OT MHKeKTopa. COOTBETCTBYIOWIAs SHEPrus ITyYKa COCTABIIAET
okosio 4.2 MbsB, a pa36poc sHepruu cocraBiier MeHee 2%. Pe3ynbraTsl M3MepeHUN IIOIIEPEYHOTO
mpoduad myduka Obutn ucmonb3oBaHsl (Puc. 21) mma pacyera IMpOCTPaHCTBEHHOTO pacIpefiesleHUs
IOTJIONeHHOW /o3bl. KepamMmka Ha OCHOBe THTaHAaTa OapuA-CTPOHIMA OBIIa OOJyYeHa ITyYKOM
aekTpoHOB B 4.2 MbaB ma AREAL. OGpasusl mojgBepraauck BO3ZEHCTBHIO ITydKa 5JIeKTPOHOB Ha
PacCTOAHUU 3 CM OT BEIXOZHOTO IIOPTa.

Y mm

0

X . > -05
X mm M, 04 N o
Puc. 20. IIpodunb mydyka 51eKTPOHOB HIDKE II0 Puc. 21. IIpoduns myuka 51eKTPOHOB BAOJIb
IIOTOKY OT ()OTOMHKEKTOpa, U3MEPEeHHOe CUCTeMO TOPU30HTAJIBHON U BEPTUKAJIBHOM OCel,
sKkpaHoB YAG TIepIIeHAUKYIIPHBIX HallpaBIeHUIO ITyIKa.

Ilormomennas mo3a B obpasie Oiarojaps B3aUMOZEHCTBUIO C 3JI€KTPOHOM OBLIA pacCYMTaHa C
IIOMOIIBIO IIPOTpaMMbI MogenupoBanHusa nepeHoca dactun, FLUKA. PesynsraTsl gmarHOCTHYeCKHX
M3MepeHUH IIy4YKa, HCIIOIb3yeMbIX I MOZEIMPOBAHMA, BKIIOYAIOT: a) M3MepeHUsd TOKa IIydKa
Hunnmuagpom Papages (Faraday Cup); 6) MOHUTOPHHT IIOIEPEYHOrO IPOGUISL ITydKa C ITOMOIIBIO
skpaHa YAG u KaMepsl; B) peryjupoBKa TOKa (POKYCHPYIOUIETO COJIEHOMZAJIBHOTO MarHWUTa U
oIlpesieJieHHe MUHHMAJIBHOIO pa3Mepa IIATHA JIyd4a; T') M3MepeHue SHEeprHH U HMITYJbCa ITyYKa C
IIOMOIIBIO CIIEKTPOMETPa, COCTOAIIETO U3 JUIIOIBHOTO MarHUTa M CHCTeMBbI 9KpaHa YAG.

Ha pucynke 20 mokasaHOo, 4TO IIy4ok muMeeT l'ayccoBoe pacmpezesneHHe 3JIeKTPOHOB BIOJb
TOPU30HTAJIBHOTO U BePTUKAJIBHOTO HAIllpaBJIeHUH, TO €CTh IepIeHAUKYJIIPHO HallpaBJIeHUIO ITydKa.
Ha pucynxe 21 mokasaH npoduab IIyYKa 3JIEKTPOHOB, KOTOPBIM OBLI HCIIOJIB30BAH MJIA
MozenupoBanus ¢ nomoursio FLUKA.

B pesynprare uncienHoro mogenupoBanus FLUKA 610 mosydeHO, YTO YHCIO 3JIEKTPOHOB,
IIOTIAJAIOIUX HA DKCIIepUMEHTAIbHBIN o0Opasel, cocrasiseT 59% OT mydka 3JeKTPOHOB, AOCTUTIINX
BBIXOZHOTO OKHAa IIy4KampoBoja. HezmocTaomue 51eKTPOHBI OBUIM IIOTJIOLIEHB TUTAHOBBIM
BBIXOJHBIM OKHOM Ha 50 MUKPOH ¥ BO BpeMs ABIDKEHHS Ha paccTosHue 3 cM B Bo3zyxe. Tombko 13%
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IIPOLIeHTa 3JIEKTPOHOB, KOTOphle gocturiu cios BST, 6butu paccesHs! B 06veMe cios. bonpias gacts
5JIEKTPOHOB IIPOIIIA Yepe3 MaTepuain 6e3 Kakoro-mubo B3aumogeiicTeua. Ha pucynke 21a moxasaHo
U3MeHeHUe pacIpefieleHUs SHEPTUH 3JIeKTPOHOB B pe3yJsbTaTe B3aMMOJEHCTBUA 3JIeKTPOHHOTO
myyka co cinoem BST. Cpsur kpuBoil pacmpeneneHUs B CTOpPOHY Oojee HM3KHUX OHEPIHil
COOTBETCTBYeT IoTepe dHepruu B coe BST.

o
[
T

o
o
T

Electrons per primary
o o
N n

E i
4135 414 4145

A e e a l.
416 4165 417 4175 418
E, (MeV)

Puc. 21a. DHepreTudecKuii CIIEKTP 3I€KTPOHHOIO ITy4YKa A0 (KPY>KKH) U II0CIe (TPEeyTOTbHUKH)

415 4185

BBaHMOﬂeﬁCTBI/I}I CO ci1oeMm BST, HOJIy‘IEHHBIfI B pe3yJibTaT€ YHMCJIE€HHOI'O MO E/IMPOBAHMA.

BuzpHO, 4TO IOTEpM OHEPTUM TeX OSJIEKTPOHOB, KOTOpBIE B3aMMOJENCTBYIOT C BeINECTBOM,
He3HAUNTEeJIbHBI II0 CPAaBHEHWIO C UX HavansbHOW oHeprumeil. Ha pucynke 22 mpexcraBieHO
pacipeseeHye IOTJIOUEHHON JO3bI (Ha DJ€KTPOH) BAOJb HallpaBiaeHUA Iyduka BHyTpu BST cios.
O6mras norsomenHas 103a B Ba;5S7,5Ti05 cocrasnser 3.48 X 1078'p Ha 1eKTPOH B CeKyHy.

O . | ET
1.2k 4t 110°
§ 1} 1 K5
e
0.8} =1 K
0'6-n .n 1 i .l i . 100
0 1 2 3

Z [um]
Puc. 22. PacuyeTHOe paciipesieieHre NOTJIOIEHHO 035! (eguHuna usmepenus: Gray = 1 J/kg) B croe BST.
Z yKa3pIBaeT Ha HAIlpaBJIeHHe ITy4YKa.

OKCIlepUMeHTa/IbHbIe MCC/IeJJOBAaHUA B PaAHOOMOIOTHH B ITpOOUpKe (in Vitro) MMeIOT pelraroliee
3Ha4YeHue [Id IIOHMMaHMsA OCHOBHBIX MEXdHM3MOB DpPAaAMAOVMOHHOTO IIOBPEXAECHUA KIETKH.
Ceepxxopotkue siektpoHHble cryctku AREAL c sueprueit 2-5 MsB sBasioTcs OoYeHb YOOHBIM
WHCTPYMEHTOM IS UCCIeZOBAaHUM B 00IaCTH PagUalliOHHOM OGMOJIOTUH U MeIULIMHCKON (QU3UKU B
IIMPOKOM Auarna3oHe IpuMeHsaeMsbIx 103 usrydenus. AREAL mamwna obecreyuBaer xopouryo 6asy
IJIs1 pa3pabOTKu OOOPYZOBAaHUA U IPOBEJEHUS HOBBIX DKCIIepUMeHTOB. Ha ycTraHOBKe mMMeIOTCA [Be
sKcrepuMeHTanbHble craHuuy H1 u H2 nna npuxragHeIx ncciaefoBaHU B 00J1aCTH HAYK O XXKU3HU U
MatepuanoBezenus. Ilepsas craunus H1 ¢ cdokycrpoBaHHBIM 37I€KTPOHHBIM IIYyYKOM PaCIIOIOXeHa
HIDKe II0 IIOTOKYy OT JIMHeHHOro Yyckopurend. Bropas cramnmua H2 mnpesnasHaueHa mid
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SKCIIEPUMEHTOB, CBA3aHHBIX C OHEpPrueid OJIeKTPOHA, U PACIOJOKeHa II0oCjae MarHUTHOTO
CIIeKTpOMeTpa, YTOOBI m30exxaTh 3(h(HeKTOB TeHEeBOTO TOKA. BaXKHBIM BOIIPOCOM 3KCIIEPHMEHTOB IIO
06JIy4eHUIO 3IeKTPOHAMHU SBJISETCA IIPOCTPAHCTBEHHOE paclipefiesieHHe NO3bl. DKCIepPUMeHTaIbHbIe
nccnemosanus B AREAL 6suim mopgmepkaHsl IyTeM MOJeTHPOBAHUA paclpefieleHus 03 C
ucnionszoBanueM koga FLUKA. PesynbraTsl YHCIEHHOTO MOJEIWPOBAaHUA CPaBHUBAINCH C
M3MepeHUAMH.

Ha puc. 23 mokasaHO IPOCTPaHCTBEHHOE paclpefesieHue IOIA U3TydeHUs (IKCIepUMeHTaIbHasd
crannus H1) na sHepruu mazaromero s1eKTpoHHOTO myuka 3,6 MaB u zapaza 250 nKi. Kak Bugho,
H3JIyYeHHe COCPeloTOYeHO B obracTu obpasia. MogerupyeMoe pacripezesieHre IOTIOMEHHON J03bI
Ha dKclepuMeHTanbHOU craHumu H1 B Guosormueckom oOpasue (B BOZHOM SKBUBAJIEHTE) BIOJb
TOPM30HTAJIBPHOM OCH HAIpaBleHHA IIyyka IpuBeseHo Ha puc. 23. Paccumrannas oOmas
IIOTJIONIeHHAs J03a /I HAallOJTHEHHOTO BOJOH IMIMH/pPA AUaMeTPOM 1 ¢M U AIMHOM 2 CM COCTaBIAeT
0,37 TI'p, Torma Kak wu3MepeHHas OKBUBAJEHTHAas [03a aMOMEHTHOTO OOIydYeHUs BOINU3U
6uonoruyeckoro obpasua cocrasusger 0,34 I'p. Mogenupyemsle u m3MepeHHBIe IIOTIOLUIEHHBIE O3B
coBIazaior B mpegenax 10%.

Spatial Dose Distribution Around Sample [uSv/h] o Dose Distribution in Sample

T T T T T

40 + Sample ' s 049

30 +
0.48 xox W ok XX
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10 047 |

]
I 1 1 5 048 1 L 1 1 1 1 1 1 1
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-10 . ) " . L . .
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Puc. 23. PacyeTHOe IIpOCTPaHCTBEHHOE pacIpe/iesieHre ITOTJIOMEeHHO JO3bI Ha SKCIIEpUMEeHTATbHOM TOUKe
H1 u nornomeHHo# 1036 B 610I0rHYecKoM o0pasiie BAO0JIb IPOAOIBHOM OCH, yKasbIBaloOleil HallpaBIeHNe
my4Ka (CIpasa).

MopenupoBanvne FLUKA mpoBozuimochk c 1enbio pacyera HEOOXOAMMOTO BpEMEHM BO3[eWCTBUS
I obecriedeHUs HEOOXOZMMOI 03Bl 0OTydeHUA [JI1 33JaHHBIX IIapaMeTPOB ITyYKa (JHEPruu, TOKa,
IIPOCTPAaHCTBEHHBIX Pa3MepPOB U PACXOAUMOCTH). Bxoznusle mapamerpst mis mogenuposanus FLUKA,
B3aMMO/I€CTBHSA ITyYKa 3JIEKTPOHOB C SKCIIepUMEHTaIbHBIM 00pasIioM, ObLIN OllpesieJIeHbl Ha OCHOBE
IBYX HAOOpOB [AHHBIX. Pe3ynbraTsl JHATHOCTHMYECKUX W3MEpeHUH IIyYKa COeJUHEHBI C
reoMeTpUYeCKVMU U KOMIIO3MIIMOHHBIMU IlapaMeTpaMu o6pasia. PacyeTrHoe mpocTpaHCTBeHHOe
pacmpejiesleHre IIOTJIONMEHHON 103kl B oOBeMe ToHKOM IuteHKH BST oxasamock IpakTHdecKH
OJJHOPOJIHBIM.

17



OCHOBHBIE PE3YJIBTATBI JUCCEPTALIVIN

BsaumopetictBue anexkTporHoro myuyka EXFEL ¢ xosmuMaropaMu CI0XKHOM (OpMBI U MeIHBIMU
IOTJIOTUTEIAMH IIOMEIIeHHBIMU MEeX/y CeKIMAMU OHAYJIATOPA, a TAKKe B3aUMOJeHCTBHe ITydIKa
FLASH FEL c KOHMYeCKMM KOJIIMMAaTOpPOM OBUIM CMOJEJINPOBAaHbI C MCIIOJIB30BaHUEM
KOMITBIOTEPHOI ITpOorpaMMBbl ciiesxeHus 3a yactuiamu FLUKA.

Pe3ynpraTsl MOZenIMpOBaHMUA IIOKAa3BIBAIOT, YTO /[BYyX KOJUIMMATOPOB (M3 4 yCTaHOBJIEHHBIX)
IOCTaTOYHO, 4dYTOOBI d5((EeKTUBHO U30aBUTHCA OT TaJI0 IIyYKa, IIONAAAIOUIEr0 B OTZAEI
KOJUIMMAaTOPOB.

ITpoBemeHO ynCIEHHOE MOZEIMPOBAHKE TI0JIA BTOPUYHOTO M3TydYeHus B MammHHOM 3a1e AREAL
U B DKCIIEPUMEHTAJIBHBIX KOMHATaxX. BXofHble mapaMeTps! [JIS MOJEIWPOBAHUA IIOTyYeHHBI U3
TUATHOCTHYEeCKUX M3MEePeHUH IIapaMeTpOB ITyIKa.

PEBYJIBTaTBI n3MepeHusa MOITHOCTHM OO3bI OBLIM COIIOCTABJIEHBI CO 3HAYCHUAMM YHCJI€HHOI'O
MO EJINPpOBAHUA, N OBLIO Haﬁ,ZLEHO YAOBJIETBOPUTEJIbHOE COIJIaCHE, [YTO IIOATBEPIKIAET
ITpaBHMJIBHOCTD BBI60pa MeTOAad MO EJINPOBAHMA.

JlaHHBIe M3MepeHUA 4036l OBLIM MCIIOIB30BAHBL IS IIOBBINIEHUA TOYHOCTH JAHHBIX JUAaTHOCTUKHU
IIy4Ka. BBII0O OOHAapy>keHO, B YAaCTHOCTH, YTO HAYAJIBHBIM pa3dpoC SHEPIWH ITyYKa COCTABIIAT
oxoo 1,5%.

YucneHHoe MopenuMpoBaHME M M3MepeHHe [03bl JajdH JaHHBIe, IIO3BOJIMBIINE Ppa3paboTaTh
HeoOXOJMIMBbIe TIPOLeZYPHl M CO3JaTh 3al[UTHbIe Oapbepsl OT M3JIy4YeHHd, YTOOBI YPOBHHU O3B
o6irydenus B mammHHOM 3ase AREAL u sKclepuMeHTaTBHBIX IOMEIIEHHUAX COOTBETCTBOBAJIM
TpeGOBaHUAM PafIMALIOHHON 6€30IIaCHOCTH AJ1sI 000PYZOBaHUA U ITEPCOHAIA.

C moMomIpio YKCIeHHOTO MOJeTHMPOBAHNA PACCUUTAHBI IIOTJIONIeHHBIE O3B, paclpeseeHue U
HeoOXofuMOe BpeMs  BO3ZeHcTBHMA IIydyka Ha 00pasubl JAad  OKCIePUMEHTOB  IIO
MaTepualoOBefeHUI0 1 Owonormm Ha JjuHeHHOM Yyckopurenre AREAL. MogenupoBanue
IIPOBOJUJIOCH JI 3aJAHHBIX IIapAMeTPOB IIy4Ka (SHEpruH, TOKA, IPOCTPAHCTBEHHBIX Pa3MEPOB U
PacXoJUMOCTH) C y4YeTOM TIeOMeTpPUYeCKMX M KOMIIO3MIIMOHHBIX IlapaMeTpoB oOpasua. B
JaCTHOCTH, pacyeTHOe IIPOCTPAHCTBEHHOE pacIipefiesieHue MOTJIONeHHON 036l B 00beMe TOHKOM
nmnenku BST oxasamock mpakTudecky O HOPOZHBIM.
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EXFEL EEljwnpnuwjht thugh thnjuwqpbgnipiniup pupny junnigusph Ynjhdwwnnpubph b
wnudh Juuhsubph htiwn, npnup nknuluyuws tu ounnijjmunnph hwnydwsubph dhet b FLASH
FEL thtuoh Untwdl Unhdwwnph hbkn thnjowgqnbgnipniip  dnpbjuynpdl; & FLUKA
dwuthlubph htwnwgstph dnpbjuydnpdwt §ndynintpught Spugph dhongny: FLUKA- h
punpnipniip hhdtdws £ wyt thwunh dpw, np Spwgph dwdwbwluwlhg pupdugdus
wnwppkpuyp hwuwubjh t, b FLUKA- © htwpuwynpnipjnit £ vmwjhu dwuthlubphtt hknkdtp
dhtish gwon Eubkpghwtbp, vyunking puduljutwswth dwwnskih hwogupuyhtt nhkuniputp b
duwdwbwl: FLUKA- & jugyunpkt Yhpwnynid E CERN- h, SLAC- h, CEBAF- h b wy
wpwqugnigsuyhtt Jhunpnbubpmd dwpwquypuyhtt quonmyuwinipjut htnwgnunipjut b
qupgqugdwt hudwnp:

Uhunyjjughuyh  wpmyniupubpp gnyg bt wwihu, np  Gpint  Ynjhdwwnnpubtpp (4
wnbnunpustutphg) pudupup Eu Ynjhdwwnnpubph pudhtt dinting thugh hwnhg wmquunybtjnt
huwdwp: FLASH FEL thuoh Unuwdl Ynjhdwwnnph htn  tnjowgqpbgnipjut  pught
Unphjuynpdwt wpyniupubptt oqnuugnpéynmid G otpnijjuuinnph hwunwnnit dwqtthuubph
pinfjubnh ypu Swnwquypdwt nhigpunugunn wqpkgnipniup tjuqtginng dhgngubph hwdwp:

Quwnuwpyl) E AREAL dJbpkbuwyh nuwhjhdnd b thnpdwpwpuljut  uktyulubpnid
tpypnppujut fwnwuquypdut nuwonh pduyhtt Unpbjuynpnid:  Unphjuynpdwt Untnpughtt
punipwgptpp  punud  Bu  thugh wwpwdbwnpbph wpownnpnohy  swihnudubphg:  Bduyht
Unpbjuynpdwtt it ponqut swhnwdubpp wwwhnybghtt  wytt wfjujukpp, npnup
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SUMMARY

The interaction of the EXFEL electron beam with complex-shaped collimators and copper
absorbers placed between the undulator sections, and the interaction of the FLASH FEL beam with a
conical collimator were modeled using the FLUKA particle tracking program. The choice of FLUKA
code is based on the fact that a modern updated version of the code is available and FLUKA makes it
possible to track particles to low energies, consuming sufficiently affordable computational resources
and time. FLUKA is widely used for research and development in radiation protection at CERN,
SLAC, CEBAF and other accelerator centers.

The simulation results show that two collimators (out of 4 installed) are enough to get rid of the
beam halo effectively entering the collimator section. The results of digital simulation of the
interaction of a FLASH beam with a conical collimator are used for measures to minimize the
degradation effect of radiation on blocks of permanent magnets of the undulator.

A numerical simulation of the secondary radiation field in the AREAL machine hall and in the
experimental rooms was carried out. The input parameters for the simulation are derived from
diagnostic measurements of the beam parameters. Numerical simulation and dose measurement
provided data that made it possible to develop the necessary procedures and create radiation
protection barriers so that the dose levels in the AREAL machine room and the experimental rooms
meet the radiation safety requirements for equipment and personnel.

The results of dose rate measurements were compared with the numerical simulation values,
and satisfactory agreement was found, which confirms the validity of the choice of simulation
method.

Dose measurement data was used to improve the accuracy of beam diagnostics data. It was found, in
particular, that the initial spread of the beam energy was about 1.5%.
With the help of numerical simulation, the absorbed doses, distribution and at the required time

of the beam impact on the samples were calculated for experiments on materials science and life
science at the AREAL linear accelerator. The simulation was carried out for the given beam
parameters (energy, current, spatial dimensions and divergence) taking into account the geometric
and compositional parameters of the sample. In particular, the calculated spatial distribution of the

absorbed dose in the volume of a thin BST film turned out to be essentially uniform.
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