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OBIIAA XAPAKTEPUCTUKA PABOTBI

AXTyaBHOCTD TEMBI

ITpescraBieHbl pe3yIbTaThl MCCAeOBaHUI IOCBALIEHHbIE B3aMMO/IeHCTBHIO 3JIeKTPOHHOTO IIy4YKa
EXFEL ¢ xonanumaTopaMu U MeIHBIMH IIOTJIOTUTENAMH, a TakKXKe B3aMMOJEHCTBUIO 3JIeKTPOHHOTO
nyuyka FLASH FEL c xoHm4eckuM KoJuIMMaTopoM. KoJauMaTOpsl HCIOIB3YIOTCA B YCTaHOBKAX
FLASH FEL u EXFEL DESY pnsa obpe3aHus rajo 3JIeKTPOHHOTO ITyYKa, COCTOAILIETO M3 YaCTUI] C
BBICOKMMHU OeTaTPOHHBIMM aMIUIUTyJaMU. UMCIeHHbIe pacyeTsl ¥ MOJeIHNPOBaHNE IreOMeTPUYeCKHUX
XapaKTePUCTUK ObUIM BBIIIOJHEHBI C HCIOIB30BAaHMEM KOMIIBIOTEPHBIX IIPOTPAaMMHBIX IIaKETOB
FLUKA u SIMPLE GEO. Ocrartounsle 03Bl H3Ty4YeHMSA pacCUMTaHBl Ha CJIy4dau pasJIMYHBIX
BpeMEeHHBIX IIepHOJOB 00mydeHus u oxynaxzaeHus. Bribop koma FLUKA ocHoBar Ha TOM, 4TO
IOCTYIIHa COBpeMeHHas oOHOBiIeHHas Bepcusa koga, u FLUKA pmaer BO3MOXXHOCTB OTCIIEXHUBATH
YAaCTHUIBI IO HU3KUX DHEpPruii, moTrpebyfif IOCTATOYHO [JOCTYIIHbIE BBIYUCIUTEIbHBIE PECYpChl U
Bpema. FLUKA mupoko ucnosns3dyercs mjis HCCAefOBAaHUHA U pa3pabOTOK B 00JIACTH pafUAIlMOHHOMN
samutsl B IIEPH, SLAC, CEBAF u gpyrux yckopurensHsix meHTpaX. [IpescraBieHsl pesyabraTs
WCCIeJIOBAHUA BTOPUYHOTO pafuanuoHHOro monxs B MamuwHHOM 3ame AREAL u B
9KCIepUMEHTaJIbHBIX KOMHATax. [IJd 4YuCIeHHOTo MOZAeNIUpPOBaHMA IIONA HM3TyYeHHS B KadecTBe
HAYaJIbHBIX IIAPAMETPOB 3JIEKPOHHOTO ITyYKa OBLIM MCIIOJNb30BAaHBI [JaHHBIE, IIOJyYeHHBIE B
pesyibTaTe SKCIIePUMEHTAIbHBIX M3MepPeHUU 5Hepruu IIydKa, TOKa, JHepPreTHYecKOH IIMPHUHEI,
pasMmepa Iy4ka 4 T. . Pe3yapTaTsl u3MepeHH [03bI O0TyYeHUA ObUIM COIOCTABJIEHBI C YHCIOBBIMU
3HAYEeHUAMH, U NOJIy4eHHOe yAOBJIEeTBOPUTEIBHOE COIJIacHe IOATBEPXKAaeT 3h(GeKTUBHOCTh BbIOOpa
YUCJIEHHOTO MeToja. JlaHHBIe H3MepeHUsA IO3bI OBLIM MCIIOJNb30BAaHBI JJIA OLLEHKU HEKOTOPBIX
bu3nyecKUX BeIWYUH, KOTOphle HeJOCTYIIHBI I HeIlocpeAcTBeHHoro usMmepenus. Ilocpescrsom
MoOJenupoBaHus ¢  nomoupio mporpammuHoro makera FLUKA paccuurano TpebGyemoe Bpems
9KCIO3UIMU [ pasnuvHsix o6pasnoB B AREAL, uro0pr oGecrneunTs HEOOXOAMMYIO BEIUYUHY
IIOTJIOLIEHHOM [03bI IIPY 33JaHHBIX ITapaMeTpax Iy4ka. IlosrydeHs! Taroke oObeMHBIE pacIpesenreHns
o3l B oOpasmax. Bxommere mapameTps! myis IudpPOBOTO MOZENIUPOBAHUA B3aMMOZEHCTBUA C
SKCIIepUMEHTATBHBIMU 00pa3LiaMu 9JIeKTPOHHOTO ITy4YKa ObLIX B3ATHI HA OCHOBE SKCIIEPUMEHTATIbHBIX
JAHHBIX.

Ilens paGoTsl

Llexsio mrccepTalOHHON PabOTHI ABIAETCA:
e BaxHOH IeIpI0 OUCCEPTAIMIOHHOW PabOTHI ABIAETCA YIydlIeHHe IIapaMeTpoB IIydKa B
coBpeMeHHBIX oeKTpoHHBIX yckopurenax (FLASH FEL wu EXFEL) mnocpeacrsom

HucciaensoBanueda BBHHMOﬂeﬁCTBHH IIy49Ka C BeIeCTBOM IIPH KOJLUIMMAIlMH.

e FEme omHO# Ienpi0 AMCCEPTAIMOHHONW pabOTHI ABISETCS pelleHue 3a4ad PasUaloOHHOM
3alIUTHI, CBSA3aHHBIe C BO3HUKHOBEHHEM BTOPUYHOIO MH3JIyUYeHHA IIPU B3aUMOJeHCTBUU

3JIEKTPOHHOTO ITyYKa JIMHEHHOTO YCKOPUTEI HU3KOH SHEPTUH ¢ 000PYZOBaHUEM U BO3yXOM.

L4 MBY‘IGHI/IE XapaKTepUCTUK IIOTJIOLI€HHBIX 03 HNOHHU3NPYIIETO N3 ITy4I€eHUA
OKCIIEepYMEHTa/IbHBIMU O6P83H3MI/I B WppaANallMOHHBIX OJKCIIEpUMMEHTaX Ha JInHeHOM

9JIEKTPOHHOM yCKOpPHTeJIe HU3KOH DHepruu ABIAeTCs ellle OJHON BaXKHOII I1eJIbIo.



Hayuynaa HoBM3Ha

Hayunas HOBU3HA pabOTHI COCTOUT B CJIeyIOMEM:

Co3pana nudposas Mogens Ha ocHOBe nporpammuoro obecnevenus FLUKA nns mudposoro
MOJeTUPOBAaHUA B3aUMOJENCTBUA DJIEKTPOHHOTO IIyYKa YCKOPUTeNIA C KOJUIMMAaTOpPaMH,

YCKOPUTEIbHBIM O6OPY,ZLOBE:1HI/I€M 1 SKCIIEpHUMEHTAJIbHBIMHN O6p&3HaMI/I.

HPOBE,ZLEHLI CpaBHEHHS HYHCIE€HHBIX W JSKCIIEPMMEHTAJIBPHBIX PeE3YyJIbTATOB. HOJIY‘-IEHHOG

YAOBJIETBOPUTEIBHOE COTIACHE IIOATBEPKAAET SQ)Q)EKTI/IBHOCTB BBI60pa YHCJIE€HHOI'O MeTOoaa.

PesynpTaTsl B3auMOZeliCTBUA 3JI€KTPOHHOIO ITy4YKa YCKOPHUTEJA C BelleCTBOM MCIIOJIb30BaHBI
I IPOEKTUPOBAaHWA CHCTEMBl PpaJWallMOHHOM 3allUThl Ha JIMHEMHOM DJIEKTPOHHOM

yckoputese Hu3koi sHepruu AREAL.

,ZLaHHIJIe Hn3MepeHuss OO3bI OBLIM MCIIOJIb30BAHBI AJIA OLE€HKH HEKOTOPBIX (1)I/ISI/I‘IeCKI/IX

BEJIMYHNH, KOTOpbl€ HEAOCTYIIHBI AJISI HEIIOCPEACTBEHHOTO U3MEPEHNI.

HQHKTI/I‘-IECKHJI IIEHHOCTH

Pesynbrarsl MOmenMpOBaHHA IIOKa3bIBAIOT, YTO CHCTEMa JBYyX KOJUIMMAaTopoB (u3 4
YCTQHOBJIEHHBIX) [JOCTaTOYHAa, 4TOObI dddekTrBHO u36aBuThcsa or ramo myyka EXFEL,

II0IIaAaIomiero B CEKI IO KOJIJIMMATOPOB.

Pesynpratsl nmudpoBoro MozenupoBaHuA B3aumMmogeiicrtBus nmydyka FLASH ¢ xoHumveckum
KOJIMMAaTOPOM IIOJIE3HBI [JI MEPONPUATUIN IT0 MUHHMH3ALWH AerpafallioHHOro 3¢dexTa

H3Ty9eHUA Ha ITOCTOAHHbBIE MAaTHUTHBIE 6JI0KHU OHAYJIATOPA.

[Tory4yeHHBIE pe3yJIbTATHl IIO3BOJIAIOT PACCYMUTATh M CO37]aBaTh aZleKBaTHYIO M 3h(deKTUBHYIO

CUCTEMY pafiMallOHHON 3aIIUTHI HA TUHEHHOM ycKopuTene Hu3Koi sHeprun AREAL.

Ha ocHoBe Mopenn MOXHO pacCYMTaTh KOJIWYECTBO ZO3bBI, pacIpesesieHHue U HeoOXomuMoe

BpeMs BO3JEHCTBUA IIy4Ka Ha 0Opasubl [jId SKCIIEPHMEHTOB Ha JIMHEHHOM YCKOpUTese

AREAL.

OcuoBHbIe ITOJIOXKEHW S, BBIHOCHUMBIE Hd 3aITUTY

ITposemeno umcieHHOe MOJEIMPOBAaHME B3aMMOJEHMCTBUA C KOJUIMMATOPOM 3JI€KTPOHHOIO
nyuka aua Espomneiickoit XFEL, a Taxke B3aumogeiictsue myuyka FLASH FEL ¢ xonnueckum
KOJIIMMATOpOM, HCIOab3ys nporpammy MonTte Kapsno MopemupoBaHHA TpeKOB YacTHI
FLUKA. YuuteIBanuce CIoXXHas reoMeTpryeckas GopMa ¥ COCTaB MaTepuaia KOJIJIUMAaTOPOB.

MogenupoBaHue IIPOCTPAaHCTBEHHOIO pacIipefie/ieHus IIOTJIOMeHHONH J03bI B MaTepuaje
KOJUIIMAaTOPOB ¥ IIOTOKOB YAaCTUI[, C TOPL,EBOH IIOBEPXHOCTH KOJUIMMAaTOPAoB ObLIO
CMOJIeJITMPOBAaHO [JI IIOJTHOTO BTOPHUYHOIO M3JIy4eHUS M ero OCHOBHBIX (POTOHHBIX U
HEHUTPOHHBIX KOMIIOHEHTOB. BBIUMCIEHBI OCTaTOYHAsA [O3BI IIOCJHe OOJy4eHUsd MaTepHaia
KOJLTMMATOpa 5JIeKTPOHHBIM ITyYKOM.



e BzammopgeiictBue 1myuka ¢oroanekrponHod nymku AREAL ¢ wmarepmamom  ObuIo
CMOZIeIMPOBAaHO C HCIIOJIB30BAaHUEM IIPOTPAMMHOrO OOeCIleYeHHs A OTCIeKUBAHUSA JAaCTHII.
IToTokn BTOpPUYHBIX YaCTHIl, BO3HHKAIOUIWe B OIpeJieIeHHBIX MeCTaX, IIpeJCTaBIIAIONUX
UHTEpeC B OKCIlepuMeHTaJtbHOM 3ane ycraHoBku AREAL, O6puim  paccuuTaHbel C
HCIIO/Ib30BAaHUEM JAHHBIX, IIOJYYeHHBIX C IIOMOILIBIO CHUCTEMBI [AHATHOCTUKU IIy4YKa; B
YacTHOCTH, Ha mpubopax Faraday Cups (FC) u Ha cucremax moMuHUCIeHTHBIX YAG 5KpaHOB.

e MouHOCTh IOIVIOUEHHOM [O03BI ObIa M3MepeHa HOHU3AIMOHHOM KaMepoi, CIIOCOOHOI
U3MepATh U3JIydeHHe, CO37jlaBaeMOe BBICOKOYACTOTHBIM  HMITYJIBCHBIM  HCTOYHHUKOM.
CpaBHeHUe pe3yJIbTaTOB MOJENUPOBAHUA U M3MepPeHUIl O3Bl II03BOJIAET IIPOBEPUTH METOZBI
pacuera M JaHHbIEe AMATHOCTHUKM IIyYKa. B YacTHOCTH, mM3MepeHUs HO03bI MOHU3ALUOHHOMN
KaMepoil CO3ZaioT BO3MOXXHOCTh 0OJiee TOYHO OI€HWBAaTh WIHPUHY OSHEPreTHYeCKOTrO
pacIipesieJIeHUs ITyYKa.

e /[lna pacyeTa pacmpefeeHHs MOLUIHOCTH ITOTJIOIIEHHOM 03Bl M3Ty4YeHHA B MAalIMHHOM 3ajie
yckopurene AREAL m mpoekTHpoBaHWS COOTBETCTBYIOLIEH pafMalliOHHON 3aIIUTHI OBLIN

HCIIOJIb30BaHbl KOMIIBIOTEpHBIE IIPOIPaMMbl MOJEJINPOBAHUSA IIepeHOoca YaCTUIl, U U3TydYeHUsT
FLUKA u SHIELD11.

e C IOMOIIBIO YHCIEHHOTO MOJETHMPOBAaHUA PACCUUTAHBI IIOTJIOIEHHbIE O3B, PaclpezeieHre
U HeoOXOAuMOe BpeMsA BO3JEHUCTBUA ITydKa Ha OOpasIpl /Jaf OSKCIEPUMEHTOB IIO
MaTepHasoBeZleHUI0 M Ouosnoruu Ha auHeiHOM yckopurterme AREAL. Ilapamerps! myuka,
UCIIOJIb3yeMble JJIA YHMCJIEHHOTO MOJEIUPOBaHMA, ObUIM IIONy4eHBI U3 HU3MepeHUH
OVATHOCTHKU ITy4Ka.

AnpoGanys paGoTs
Marepuanbl ZuCCEpTalLMOHHON paboTHI JOKIAaABIBAINCH U OOCYXXAanuch Ha cemuHapax B EI'Y u

KEHJIJI ICH.

ITy6mkanmuuy

IlonyyeHHbIe HayUHbIe Pe3yJIbTAaThl OBLIN OIyOJIMKOBAHBI B MEXXYHApPOAHBIX HAyUHBIX JKypHAIaxX
U JOJOXKEHB Ha MEeXAyHapoAHbIX KoHpepeHuusax. CHMCOK NIyOJMKAUMUil IpUBeIZEeH B KOHIE
aBTOpedepara.

CrpykTypa u1 065eM paboTH

JuccepranyonHas paboTa COCTOWT W3 BBeJeHWsA, 4YeThIpeX TIJIaB, 3aKJIOUYeHHMsI M CIIHCKa
nuTHpyeMoil nureparypsl. O6muit o6vsem auccepranuu cocraager 100 crpanwmi, B Tom wmcire 45
pHUCYHKa, 19 Tabnum u ciucok auTtepaTtypst n3 104 HanMeHOBaHUIM.



COAEPXAHWE PABOTHI

Bo BBegemmn cpenaH 0030p IO TeMaTHKe NUCCEPTAllMM, CHOPMYIHPOBAHBI OCHOBHBIE 33JauU,
000CHOBaHA X aKTYaJIbHOCTh M HayYHasd HOBM3HA, a TAKXKe ITPUBEIEHO KpaTKoe cofep>KaHue paboTsI.

Ileppag rmapa TOCBAlleHa M3Y4YeHUIO B3aMMOJEHCTBUA TaJo0 SJIeKTPOHHOIO IIyYKa BBICOKOM
sHepruu ¢ Kosummmaropamu B ycraHoBkax FLASH u European XFEL (EBpomeiickuii peHTT€HOBCKUMA
JIa3ep Ha CBOOOJHBIX 3JIEKTPOHAX) C IIOMOIIBIO KOMIIBIOTEPHOTO MOZearpoBaHua. KosrumanuoHHbIe
CHCTeMbI TPUMEeHAIOTCA A1 u3basaeHus oT rano myuka. OcuHosroit XFEL xommumarop CL.COLM (4
KOJIMMATOpa) IIpeZCTaBIAeT COOOH CHCTeMYy, COCTOAWy0 u3 4 TpyO M3 THUTAaHOBOTO CILIaBa
(nmametprr 4, 6, 8 u 20 MM), pacnpeseseHHBIX BEPTHUKAJIbHO, BHYTPEHHEro OJIOKA M3 YHCTOTO
AIIOMUHUA M BHelrHero MejgHoro 6ioka (mimHa = 50 cm). B umcrennsix pacuerax ¢ FLUKA
YYUTHIBAINCh TOJIBKO OCHOBHBIE XapaKTepPHUCTHKU TreoMeTpuu. JIpuraTenu ¢ BepTHUKAJIBHBIM
PaCIOJIOXKeHHeM JealoT BO3MOXXHBIM MCIIOJIb30BaHUE JIIOOBIX YeThIpeX OTBEPCTUH KOJLIMMATopa.
M3o6paxeHne KosIuMaropa npusegeHo Hike (Pucynok 1).
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Puc. 1: O6muit Buz Kosumaropa.

Ha Bxoze xosmmumaropa pa3Mep IIydKa COOTBETCTBYeT BesnunHe Oerta-pynkuuu 220 m. MsI B3aau
17,5 I'sB pnsa sHepruu myuka u 1,4 MM-Mpaz Iis HOPMaaW30BaHHOTO SMHUTTAHCA ITy4YKa (SMUTTAHC-
KOJINYeCTBEHHAs XapaKTePUCTHKA KayecTBa ITyYKa, paBHad ero ¢gazoBoMy oObvéMy). MogenupoBaHue
BO3JIEHICTBHA IIyYKa C KOJUIMMATOPOM MMeeT BaKHOe 3Ha4YeHHe C TOYKH 3PeHHA PaJUuallOHHOHN
3aITUTHI, TAK KaK BRICOKUI yPOBEHB CO37[aBaeMOTO M3JIydeHUA, MOXKET OBITh BPeIHBIM JJIA YeJI0BeKa U
YyBCTBUTEJIBHOTO 000pyzoBaHud. [IpocTpaHcTBeHHOE pacIipeziesieHue IO U3 TydYeHU KOJLIMMATOpa
MOXKeT YKa3bIBaTh IJle MOXKEeT OBITh IIPUTO/HA AOIOIHUTeIbHAA 3amuTa. [Ipeamonraraercs, 9To my4Jox
IIOTIAZlaeT B IIepeIHIO CTeHKY TUTAHOBOM TPYOBI. DJIeKTPOMArHUTHEIN KackKaf oOpasyeTcs B CTEHKe
TUTAHOBOH TPyOKU, U Jjajiee JIMBEHb PACIIPOCTPaHAETCA Ha cocemHue dneMeHTsI (PucyHoxk 2).
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Puc. 2: Pactipeznenenue no3s! B muko3uBepTC (1eBblil cTonben). Pactpenenenre mo3s! B NMKO3MBEPTC
BZIOJIb IMHUY C MAaKCHMaIbHOM BeJIMYMHOM (IIpaBbIii cTOIOEIT).

Bce rpaduxu, moxasaHHble B pUCYHKax 2 u 3, IpUBeAEeHbI K OJAHOU IepBUYHOM yactuie. Bumho,
YTO BHU3 IO TEYEHUIO KOJUIMMATOpa IIOIJIOLIeHHAsd 032 C HAPY>KHOM CTOPOHBI CTEHKH ITyYKOIIPOBOJA
ZIocTUraeT B HecKoJIbKo nmuko3uBepTc (<10 m3B) Ha mepBUYHBIHM 371eKTpOH, 4TO cooTBeTcTBYyeT (.06
3useptc Ha 10° Kyson. I'paduk Ha pucynke 2 B mpaBoM cTo0Ile M300paXkaeT pacipeeieHue 035
[113B] BAOJIB IMHUM C MAaKCUMaJIBHOM BeIudnHOU. IloHOMacmTaGHOE pasBUTHE DIEKTPOMArHUTHOTO

JIMBHA HaYMHAeTCHA B cepefuHe Kourmmaropa. Ha pucynke 3 n3o0paxkeHa IUIOTHOCT ITOTOKA YaCTHIL
OT HIKHel moBepxHocTH Komumatopa[['3B™! cm™2]. II10oTHOCTD MOTOKAa OT MOBEPXHOCTH TOPLA
KopIryca npeoGazaer B 00JIaCTH HU3KUX SHEPTUi, TOr/la KaK IpH OoJiee BBICOKUX DHEPTUAX OOIbLIAL

4aCTh U3TyYeHUH IIPOXOZUT Yepe3 00JIaCTh IIONePeYHOr0 CeYeHNUA Iy YKOIPOBOAA.
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Pucynoxk 3. ILTOTHOCTB IOTOKA YaCTHUIL OT TOPIeBOI IOBEPXHOCTH
KOJUTMMaTopa o HalpaBIeHuto aBkenus myaka[[aB~! cm™2].

ITygyokx 571eKTPOHOB TepseT CBOIO DJHEPrHi0 B oOOBeMe KOJJIMMAaTopa B OCHOBHOM depe3
9yIeKTpoMarHuTHbIe TUBHU (~75.6%). AZpOoHHbBIE U MIOOHHBIE KaHAJIbI IIOTEPh SHEPIUU COCTABIIAIOT



Bcero 0.1 % ot obueit motepu sHepruu. HexenmaTenbHoe omacHoe usnydeHue cocraBiafer 24% ot
SHEPruy ITyYKa IIepeHOCHMOM YaCTUIAMU, IIOKUAAIOMIME KOJLIMMATOP.

l'ayo my4yka HaYMHAETCA OT IIYUIKKU M 9aCTh €T0 IPOXOLUT Yepe3 MarHUTHYIO CUCTEMY M JOCTUTAEeT
OHZYIATOPOB. YaCTHUIII TAJIO ITyYKa IIOCTOSHHO TEPAIOTCSA IIPHU B3aMMOZEHCTBUY CO CTEHKAaMH TPYyOKHU
nmyduka. B pesysibraTe BO3ZEHCTBMA YaCTHIl Tajl0 HAa CTEHKU KOJIJIMMATOpa OOPa3ylOTCS BTOPHYHBIE
yacTUUb! ((POTOHBI, DIEKTPOHBI, IO3UTPOHBI, HEHTPOHBI U T. 1.). JJOMUHUDYIOIIUM KOMIIOHEHTOM
BTOPUYHOTO H3JyYeHUs SBIAETCS ramMMa-KoMrnoHeHT. POTOHBI HEUYBCTBUTENIBHBI K MAarHUTHOMY
IONIO0 M, CTAHOBACH YacThIO OOLIEro pafMalOHHOTO (OHA, COXPAaHAIOT HaIlpaBJIe€HHE CBOETO
IBYDKeHUA. YacTh 3JIeKTPOHOB MOXKET BHOCUTH CBOM BKJIAJ, B FaJIO ITyYKa.

Korzma ramo, pacnpezmeneHHBIH BO BHYTpPeHHeH OO6JIacTHM IIyYKOIIPOBOAA, B3aMMOZEICTBYeT C
IIEPBBIM KOJIIMMATOPOM, B Tajo, BBIXOASAIIEH OT HIDKHEH IIOBEPXHOCTH KOJUIMMAaropa B 00JacTh
TPyOKH ITy4Ka, mpeobaagaior ¢porons! (Pucynox 4).
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Puc. 4. [InoTHOCTB TOTOKA YaCTUIL OT TOPIIA BaKyyMHBIi KaMepsl ITIepBoro KouruMaTopa (YacTuisr
Ha NTePBUYHBIN 5JIEKTPOH) IIPOM3BeJeHHBIX TaJIO ITy4YKa.

BonbIIMHCTBO 9/IEKTPOHOB M TTO3UTPOHOB MMEIOT SHEPruio OJIM3KYyI0 K OCHOBHOM BennuuHe 17.5
I'sB, HampaBIAIOTCA MAarHUTHOM CHCTEMOM K BXOZY BTOPOTO KOJLIMMATOpPa, B TO BpeM:A KaK IIOYTH BCe
boTOoHBI TepsAoTCA U3-3a u3orHyroi popmsl (dogleg shape) xonumaropHoii cekuu.

Yucrernnoe mogenuposanue ¢ nomourto FLUKA moka3siBaeT, 4TO B3auMOZEHCTBHE Tajo IIydYKa C
IIePBBIMH ABYMA KOJUIMMAaTOPaMH 3HAYHUTEIbHO YMEHbIIAeT 3aCeJIeHHOCTH raio. Eciu mpeAoIoXuTs,
YTO SHEPTHA YaCTHUIBI rajo cocraBiger okono 17.5 I'sB, to 43% sHeprum rano moriouiaercs B
o0BeMe ITepBOrO KOJUIMMATOPa, B TO BpeMs KaK CpeJHAS SHeprud rajo YacTHll, IafaloluX Ha BTOPOH
KoJutmMarop, craHoButcs 1.2 I'sB, 24% w3 KOTOPBIX TaM TepsaeTCs.

Ha ycranoBke FLASH ycTaHOBIeHBI 4deThIpe IWIWHAPUYECKUX CHMMETPUYHBIX MeIHBIX
KOHMYeCKHX  KOJUIMMAaTopa  OJWHAKOBOrO  THma. Ko/IMMaToOpsl — NPeACTaBIAOT  COOOH
IUIWHAPUYECKre TPyOKU C BHyTPeHHUMH KOHWYEeCKUMU OTBepCcTUAMHU. /ITiHA KOHMYeCKUX JacTei
cocrasisser 200 MM Kaxgjasd, a AJMHA HEKOHMYECKOH IleHTpanpHO uactu cocraBiaser 100 mm.
MuHuManpHBIA BHYTpeHHUU pazuyc cocrasager (0,2 MM, a MaKCHMAaJIbHBIN BHYTPEHHUH paguyc Ha
KOHIIaX paBeH 4,5 MM.

ITpepmomnaraercs, uro smekTpons! nmyuka FLASH 1.27 I'sB ygmapsiorcas o BHYTPEeHHIOIO CTEHKY
KOJIIIMATOpa IIOJ, YIJIOM CKOJIBXeHus Ha Iutockoctu XZ (Pucynku 5,6). Ilornomenue sHepruu B
o6veMe koyrnMaTtopa Berauciasgerca c¢ momombio FLUKA. I'padmku HOpMmmpoBamsr Ha 1 HK:I
IIePBUYHOTO 3apAa.
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Puc. 5. PactipesiesieHrie orIoneHHOM J03HI B Puc. 6. PactipeznieieHre morIomeHHOM O3HI B

MaTepuajie KOJJIIMAaTopa B IUIOCKOCTH XY MaTepuajie KoytuMaropa B mwiockoctu XZ (I'peit).

(Tpeit).

Pacmipenenenue nornomenHo# 1036l B XY IIpoeKIUM ITOKa3aHO Ha pucyHke 6. IlornomenHnas mosa
BelpakeHa B I'peiic (Jpx/kr). BHyTpum oTBepcTmA KOJNIMMAropa, TZe HeT BellecTBa (BaKyyM),
IIOTJIOIIeHHAsA [o3a HyJeBas. MakcumanbHas 1032 MOXKeT ObITh HaiifieHa BOIU3YM TOYKM BO3LEHCTBUA
nyuka. Pacnipesesnenue noriomeHHoON 1036l B X7 MPOeKLIMHU ITOKa3aHO Ha pucyHke 7. [loriomenHas
nosa BeipakeHa B I'peiic (/x/kr). MakcuMmyM pacipesiesleHUs CMeLEHO B CTOPOHY IIO3UTHBHOTO X
HalnpaBJIeHUsd, COBIaJas C TOYKOM BO3fAelcTBuA mIydka. Pacmpenenenue no3sl yamydeHus B XY
IIPOEKIINH IOJTHOCTHIO CAMMETPUYHO OTHOCUTEIBHO OCH Y.

ITpemnonaraercsa, yro EBpomeiickuii XFEL 17.5 I'sB my4ox 371eKTpoHOB IlOmays B KOJUIMMATOpP
nepenHeil creHku. Ilajaromas vactuna myyka Ha KosutmMmarope TepseT 70% cBoeil sHeprum uepes
3JIEKTPOMArHUTHBIH JIMBeHb, a YACTUIIBI BTOPUYHOTO H3TydeHUs, IOKUZAsd KOJUIMMATOp, IepeHOCIT
29% »sHepruu. PaguoHyKINABI IIPOU3BOJATCA IIOCPEACTBOM (OTOANEPHBIX U 3IEKTPOSAAEePHBIX
B3aMMO/I€ICTBUI, TAKUM OOpa3oM BBI3BIBAA OCTATOYHOE HM3Jy4eHMe IIPH OCTAHOBKe JeICTBUA ITydYKa
(Pucynox 8 wu Ta6muuma 1). Cremyer OTMeTUTH, YTO [JaHHOe KOJHUYECTBO PaJUOHYKIHIOB
IIPOM3BOAUTCA, €CAU IIy4OK OoMOapAupyeT KOpPIyC KOJIMMAaToOpa B TedeHHe [BYX Hegellb.
[lonyyeHue 3HAYUTENBHOTO KOJWYECTBA PAJUOHYKIUIOB 3aiiMeT ropaszio Ooiblle BpeMeHH, IIpU
YCJIOBHH, YTO TOJBKO YAaCTHIIBI TAJIO IIyYKa IOMATN B CTEHKY KOJUIMMATOpa.

Ha XFEL ycraHoBke ycTaHOBJIeHBI LMWIMHJIpPHUYECKHE CHMMETPHUYHBIe MeJHble KOHMYeCKHe
KOJUIMMATOPBI MeXy CeTMeHTaMU OHIyaaTopa. ['eomeTpusa Kosummmaropa nmoxoxa Ha Pucynku 6 u 7
¢ IIMHON KoHMYecKkux 4acrei L1 = 9.5 MM kaxzas u ¢ ITMHON HEKOHUYECKOH IeHTPaJbHOH 4acTH
L2 = 3 mMm. MuHUMaIpHBIE BHYTPeHHUN pasuyc cocraiger b = 0.4 MM, Ipu 5TOM MaKCHMaJIbHBIN
BHYTpPEeHHUII pasuyc Ha KoHuax paBeH d=0.44 mm. Kosumarop cocTouT m3 Menu C IPOBOAUMOCTHIO

k= 58x 107 S/m.
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Pucynok 7. O6pa3oBaHue OCTaTOYHBIX A7ep B KOPIIyCe
Ta6numa 1. OcraTounsle gpa ¢ BRIXOJOM

THUTAaHOBOI'O KOJIJIMMATOPA IIOCJIE 2-x Heae/Ib rZI;EI‘/JICTBI/LV[ 6 0.1 / 3/
osee Y,1 Aapa / CM° / 3JI€KTPOH.

ITydKa.

ITpepmonaraercsa, uyro snekrpoHsl nmyuka XFEL 17,5 I'sB ypapsaiorcs o BHYTpPeHHIOIO CTEHKY
KOJLIMMaTOpa II0J, yTJIOM CKOJBXKeHHUA Ha IUIocKocTu XZ. B pesysnbpTare BO3meiiCTBUA YacCTHUI, ITy4YKa
Ha KOJIMMATOP IIpY 3JIeKTPOMAarHUTHOM JIMBHe TIOTeps cocTasigeT Toabko 0,2% sHepruu, B To Bpemsa
KaK YaCTHUI[Bl BTOPUYHOTO H3JIyYeHW, MOKHUAAIOUIVE KOJIMMArop, mpoHocar 99,8% osuepruu. B
Tabuie 2 IpeiCTaBIeH COCTAB U3JIyYeHUs C IIOBEPXHOCTH METHOTO IIOTJIOTUTEIA.

Bbrutm mosmydeHsI cneKTpsl M YIJIOBBIE [BOMHBIE AuddepeHINaNbHbIE PacIpesieleHUs dSHepruu
M3TyYeHHs, UCITyCKaeMble OT IIOBePXHOCTel KOJUIMMaTopa. brlra BeIYMcIeHa MOIIHOCTh OCTAaTOYHOM
ZO3BI IIOCJIe BO30OYXK/AEHMA KOJIMMAaTopa ITyYKOM 3JIeKTpoHOB. IL1oTHOCTE mOTOKAa dacTui, c
TIOBEPXHOCTH KOJUIMMAaTopa (YacTUIIBI Ha IIEPBUYHBII 5JIEKTPOH) IIpecTaBieHa B Tabauie 3.

Particles per primary Komnmmarop Becs ®oronst  Heiirpous:
DJIEKTPOHBI 4.64 + 0.08% EXFEL turanoesrit  14.0 12.0 0.03
ITosurponst 2.42 +0.26% KOJLIMMATOP +0.032% =+ 0.024% =+ 0.49%
ITporonst 4.06 £ 4.0% EXFEL mepmmsrit 25.8 18.7 0.026
Heiirpomst 0.026 £ 2.6% a6cop6ep +0.069% +0.084% +2.6%
Y — KBaHTHI 18.7 £ 0.01% FLASH xonuweckmit  0.408 0.375 0.0015
Becs 2.58 £ 0.07% KOJUIIMATOP £0.05% +0.043% +2.4%
Ta6nuia 2. CocTaB U3Ty4eHUs C Ta6nuia 3. IIOTHOCT IIOTOKA YaCTHIL C IOBEPXHOCTH
IIOBEPXHOCTU MEAHOTI'O IIOTJIOTUTEA KOoJuimMaropa

Bropas rmaBa nuiccepranuu IOCBAlleHA B3auMogeiicTBuio 5 MbaB myuka 371eKTpoHOB JTHMHEHHOro
yckopurens AREAL c BemecTBoMm.

AREAL cnocob6eH reHepupoBaTh ITy4oK ¢ sHeprueit 5 MaB c Tokom myuka 200 nKi. Bmecre c
Jla3epHOM  BBICOKOYACTOTHOM IIYIIKOM /IBe YCKOpAIOIIMe CTPYKTYyphl IO3BOJNAT  YaCTUIAM
3JIEKTPOHHOTO ITyuKa goctuys sHepruu 20 MaB u B manneiimem mo 50 MaB.

BropuuHble NCTOYHUKY M3TyYeHHS BO3HUKAIOT B pe3yJIbTaTe B3aMMOZEICTBUSA ITyYKa DIeKTPOHOB
C BeIeCTBOM MHUIIEHH OTBaja IIy4YKa, CTEHKAaMU BaKyyMHOHM KaMephl, JeTeKTOpaMU IIydKa H
IUATHOCTUYeCKUM obopyzmoBaHmeM. OTBasl IydKa COCTOUT M3 JKEJIe3HOTO CepleYHUKAa C OOKOBOH U
TOpLeBOil 3amuToil. JKeme3Hoi MulleHbIO ABiseTcs UWIMHAP AnuHOM 30 €M M TOMUMHON 5 cM.
Beronnas crena TonmuHo#i 50 cM GymeT COCTaBIATh BHENIHee SKpaHUPOBAaHUE NOTJIOTUTES ITyIKa.

Pacuyets! cranzapTa ¥ 5KpaHUPOBAHUA IOTYYeHHOH O3Bl IIPU IIOIJIOMIEHUH ITyYKa OCHOBAaHBI Ha
aIropuTMax u GopMyIIax, cogepskamuxcsa B KommbiorepHoM Koge SHIELD11, a takxxe MozeupyroTcs
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kogom otciaexusanua uactun, FLUKA. VYrioBoe u sHepreTruueckoe paclpefeleHHs TaMMa-
U3JIy4eHUs, UCITyCKaeMOro HeIOCPeICTBEHHO B f7pe JIUBHA >KeJe3HOM MUIIeHH, MOXXHO BBIPA3UTh
cienyiomeii popMyIoit:

. (E) “ (3.031 Ee™0959 V9 x 10—13)
"\ +7.5e79/722 x 1078

3neck D), - MOIIHOCTD [03bI TaMMa-U3/Ty4eHUs B MCTOYHUKE U3TydeHUd B efuHunax [3s/4], 1/q, -
TJIOTHOCTh TIOTOKA YacCTHIL Tyuyka (mocturaet sHavenus 1.25 X 10°), E - sueprus myuxa B [MeV]s u 9
- yroJ u3jly4deHHusd B Tpajycax OTHOCUTEIbHO HampasieHus myuka. [na E =20MaB u 9 =90
rpagycos monmydaercas D, = 0.538 3B/4. Ha pucynke 9 moxasaHO pacmpeje/ieHKe [03bI IIPAMOTO
raMMa M3JIydeHUs 3JIeKTPOHOB B MUIIeHb U noryioturend myyka gya 20 MaB-soro myuka. Makcumym
U3JIy4eHUs PacIpOCTPaHAeTCS B IPAMOM HAIIPaBIeHUU M yBeJIWYMUBAETCA C JHepruell 3JIeKTPOHA
nourn swuneino. CocraB wuanyyenus (B eJAWHHWIAX YacTUI/CM® Ha TePBUYHBIA 3IEKTPOH)
obpasylouuiica s1eKkTpoHamMu c sHeprueir 20 MbsB, magaromumMu Ha S4pO JKeJIe3HOM MUIIEHH,
IpuBesieH B Tabruie 4.

YacTuisr TouHocTs
/em3
R : / mepBUYHBIH

Dose10-sv ey | R He#irpomst  0.0035 4.6%
e DJIEKTPOHBI 1.40 0.0019%
HoeV) o ®oronst 10.0 0.024%

Pucynox 9: Jlosa npsmoro raMma-u3aydYeHHUS Ha Ta6nua 4. Cocras usTydeHus mydKa OT

3JIEKTPOH IIPU CTAaHJAPTHOM MHUILIEHU. CTaHZAPTHOH MHUIIEHH

OKpaHUpOBaHME [ODKHO OBITH PAaCCIMTaHO TaK, YTOOBI COXPAaHUTh MOUIHOCTH aMOWEHTHOH
SKBUBAJIEHTHON n403bI Hibke mpezena 0.125 Mk3B/4 (cymMma 06eunX, MOLIHOCTH HEHTPOHHOH U Y-
no3sr). IlapamMeTpbl HEKOTOPBIX PacCIPOCTPAaHEHHBIX SKPAHUPYIOUIMX MAaTepHajoB IIPUBEJEHBI B
Ta6nume 5. Cpeguss mauHa cBoGozHoro mpobera A [r/cm?], KOTOpHIH OIpenesseT CIOCOOHOCTH

~A/d rne F IIpefiCcTaBifeT cOOOM IIOTHOCTH ITOTOKA U d

MaTepuasa IOIJIomarh usrydenue F = Fye
[r/cm?] — TonmuHa mMarepuaina. Heittpons! addeKkTUBHO morIomaiorcs 6eTOHOM, TaK KaK OH COJEPXKUT
BOZOPOZ (B CBA3aHHBIX MOJeKyyjax Bozpl). Jnd ocmabieHus raMMa-usIydeHHSI IPUMEHAIOTCA
MaTepHassl C BBICOKUM Z ,Hanpumep, cBuHel (Tabauna 6).

Ha pucynxke 10 mnoxasaHa fo3a BHe TYHHeJS B 3aBUCHUMOCTH OT TOJIIMHBL OETOHHOTO
9KpaHUpOBaHUA. IIyHKTMpHAasA JMHUA TIOKa3bIBAaeT IIeJIeBOMl ypOBeHb OKBHUBAJEHTHOM JO3BI
(0.125Mk3B/4). JononHUTeIPHOE CBUHIIOBOE SKpaHMUpOBaHMe TONIIUHON B 10 cM BOKpyT MuIlleHU
IJiS TIOTJIOTUTeNA TydKa 3(PQPeKTHBHO CHIDKAeT A03y ramMma-usnydeHud. CiemyeT OTMETHUTB, UTO
o0mjas TONMMHA OETOHHOTO SKPAHUPOBAHUA ABIAETCA CYMMOH TOJIIVHBI CTEHKM TYHHENIS WU

TOJIIAHBI CheMHOM 5KPaHUPYIOLleli CTeHKU BOKPYT MCTOYHHKA U3Ty4eHH.
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Tab6nuna 5. IlnoTHOCTE M CpemHMit
Pucynox 10. AMGueHTHas 1032 BHE TyHHeEIS B 3aBUCHMOCTH OT
mpober yzaneHus s
TOJIIMHBI O€TOHHOTO SKpaHupoBaHud. [lyHKTHpHAA TUHUA
B . HCIIOJIb30BAHHBIX SKPAaHUPYIOMUX
IIOKA3bIBAET LieJIeBOI YPOBEHb S5KBUBAJIEHTHOM [JO3bI
MaTepHajIoB

Ha nuneitnom yckopurene AREAL Iunuuznp ®@apages (Faraday Cups (FC)) 6ymer momeireH Ha
IIyTH 3JI€KTPOHHOTO ITyYKa [JIA M3MepeHus 3apAza myduka. FC u3roToBieH u3 HepkaBelollei CTalIu U
6yzer cobupars Bech 3apsz u3 nydukoB ¢ 200 nmKi, cTaHOBSACHP MCTOYHMKOM BTOPUYHOTO H3TYYEHUS.
HaHpH)KEHI/Ie IIOCTOSAHHOTO TOKa IIPMMEHAETCA, ‘ITO6BI YMEHBIINUTh KOJIHYECTBO IIOKHAAIOIINX
IIOBEPXHOCTh 3JIEKTPOHOB TaK, YTOOBI HCITyCKaeMOe H3JIy4YeHHe IIOYTH IIOJTHOCTHIO COCTOSJIO U3
raMMa-KBaHTOB.

Yro6s! nonyunts ambueHTHYIO 03y 0.125 Mukpo3uBepTC B 4ac BHe TYHHEJIS yCKOPHUTEs, o0Ias
tonmuHa 6eTonHHO# 3amuTsl 100 cM GyzeT mocraTouHa (sxpaHupoBanue orBasia 50 cm mitoc crena 50
cM). YCTaHOBKAa CBUHIIOBOTO 5KpaHa TOMIKHOM 10 cM BOKPYT OTBOZA yMeHBIIAeT TOIUINHY OeTOHA [0
50 cm. Taxke BKJIIOUEHBI HeIpeABUIEHHBIE OOCTOATENIBCTBA, KOTOPBIE YYHTHIBAIOT BO3MOXKHBIE
OTKJIOHEHUA KOHKPETHBIX ITaPaMeTPOB OT PacueTHHBIX JAHHBIX, HA[PUMeP, IIJIOTHOCTb, OZHOPOJHOCTD,
M30TPOIHA ¥ XUMUIECKHUH COCTaB.

MogenupoBanue m03bI OOJNy4eHUA C WCIOIB30BAaHHEM KOMIIBIOTEPHBIX KOZOB IIM(GPOBOTO
MOJIeIUPOBAaHUA HEOOXOLUMO [JI IPOEKTHPOBAaHUA M Ppa3pabOTKM afleKBaTHOM 3allUTHI OT
M3TyYeHUs W /Jjad IUIAHUPOBAaHMA Mep PaZUAllMOHHOM 3allUTHl HA STallaX CTPOHUTENBCTBA,
9KCIUTyaTalu U OOHOBIeHWs ycKoputens dactuin. Breibop xoma FLUKA ocHoBaH Ha TOM, 4TO
uMeeTCA IeHCTBylomas oOHoBiIeHHas Bepcua kKoza, u FLUKA gmaeT BO3MOXHOCTB OTCIEXHBATH
YaCTUIBI A0 HU3KUX DHEPruid, IMOTpebsfd JOCTATOYHO AOCTYIIHBIE BBIYMCIUTEIbHBIE PeCypChl U
Bpema. FLUKA mmpoko wucmoms3yercs [njaf MCCIeNOBAaHMM U  Pa3pabOTOK, CBA3AHHBIX C
paznanuonHoi 3amuroi, B CERN, SLAC, CEBAF u apyrux menTpax yckopureneii. Kommnsorepras
IIporpaMMa, OCHOBaHHAsg Ha KOJle MOJeJTHpOBaHUA CilekeHH:a 3a morokoMm dactun FLUKA 6Grura
CO3ZaHa JJI MOJeTMPOBAHUA BO3bI OOIydYeHH ITyYKa 3IeKTPOHOB ¢ dHeprueii 3.7 MaB.

YcTaHOBIEHO, YTO MOUIHOCTD [I03BI U3MeHAeTCA B TyHHese B 3aBUCHMOCTU OT TOTO, BKJIIOYEH JIU
IIOBOPOTHBIM MarHWUT WaX BBIKTIOUeH. (CilefoBaTenbHO, OBLIM IIOJY4YeHBI [Be CEPUU Pe3yIbTaTOB
M3MepeHU MOITHOCTH J03bI, COOTBETCTBYIOIIMe ABYM CIy4asdM, KOT/a ITIOBOPOTHBIM MarHUT BKIIOYEH
1 Korjia oH BeIkIIodeH. Ha pucynke 15 mokasaHs! pe3ysIbTaThl M3MepeHUIl KaK B CIydae IPIMOTO, TakK
1 OTKJIOHeHHOTO Iryuka. [losoxeHue BpIX0/a BBICOKOYACTOTHOM ITyIIKM COBIaZaeT C KOOpAUHATON Z
= 0. Ha xa>xom cTos101e rpadmKa yKa3aHbI IOJIOKEHHE JO3UMeTpa ¥ BeIMYMHA MOIIHOCTH O3BI.
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. Puc. 15. ViamepenHas f03a A pa3sIUIHBIX
Puc. 14. Pactionoxenue TUHEHHOTO .
. IIOJIOXKEHUH O3UMeTpa I IPAMOro (CUHHe
yckoputens AREAL B ropusoHTaIbHOM
CTOJIOMKY) ¥ OTKJIOHEHHOT'O (KpacHble CTOIOUKY )
mwrockoctu (X, Z).
ITyYKOB.

OpHoit W3 IPUYUH HEKOTOPOTO HECOOTBETCTBUSA MeEXJY Ppe3yJIbTaTaMU U3MepeHUH U
MOJIeINPOBAHUA ABJIAETCA TOT (AKT, YTO IPAKTUYECKM HEBO3MOXXHO TOYHO Y4YeCTb B IIM(PPOBBIX
MOZie/IIX HEKOTOpble 3JIEMEHTHI TeOMEeTPUMU, TaKhe KaK KOMIIBIOTEPhl WMJIM Kabeau U Jpyroe
nH(}paCTPyKTypHOE 000pyOBaHUE.

mE=3.7MeV £ 0% m Experiment BE=3.7MeV £ 1% m Experiment

1485

BD4.3

356.1

416
306.2 296.4
182.5 149.3
114.1
i ml >
| I
127 227 327 477

727

127 227 327 a77 727

Puc. 17. PaccunranHas u usMepeHHas MOLIHOCTD ZO3bI B MK3B/4 AJIA Pa3/IMYHBIX IO3UIUI JO3UMETpa
OTKJIOHEHHOTO IIy4Ka, KOT/ia pa3opoc mepBuyuHOi sHepruu cocrasiat 0% (cieBa) 1 xorja pasébpoc SHepruu
coctassan 1% RMS (cmpasa). 'opusoHTanpHas 0Cck MOKa3bIBAeT PACCTOSHUE OT BBIXO/A 3IEKTPOHHOMN IYIIKU

B CM.
E=3.7MeV + 0% ® Experiment B E=3.7MeV + 1% W Experiment
286.4 286.4
245.2 - 247.5 231.7
151.8 14 51.8 158.1
141.75 126 o
95.3 80.9 95.3 " 80.9
47.025 54.4

. 13.2 . 13.2

|| ||

127 227 327 477 727 127 227 327 477 727

Puc. 18. PaccunTanHtas u u3MepeHHas MOIIHOCTH 036l B MK3B/Y [JI PasJIMYHbBIX IO3ULIUH JO3UMeTpa
IIPSIMOTO IIY4Ka, KOTZAa pa3bpoc mepBUYHOM sHepruu coctasaai 0% (creBa) u Korza pasbpoc sHepruu
coctasisan 1% RMS (cmpasa). 'opusonTanpHas 0Ck MOKa3bIBAeT PACCTOSHUE OT BBIXO/A DI€KTPOHHOMN IMYIIKU
B CM.

I/IBMePeHI/Ie HU3Ty4eHUA IIPpOBOAUJIOCH C MCIOJb30BaHNEM I/IOHPIBHI_I;PIOHHOfI KaMephsl, KOTOpad
MOXET WM3MEpATh TaMMa, OJJIEKTPOHHBIE ¥ IIO3UTPOHHBIE IIOTOKH, CO34aBa€MbI€ HMITYJIBCHBIM
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MCTOYHUKOM. PesynpTaTsl mM3MepeHHsA MOIIHOCTH JO3bI OBLIH COIIOCTABJIE€HBI CO 3HAYEeHUAMU
YHCJIIEHHOTO MOJIeTHPOBaHUA, U OBLIO HaNZEeHO Y/OBIETBOPUTEIbHOE cooTBeTcTBHe. J[laHHBIE
M3MepeHUs 035l OBLIM HCIIOIB30BAHbI JJIA IIOBBINIEHUA TOYHOCTU JAHHBIX AMATHOCTUKU IIydKa. B
YaCTHOCTH, OBLIO OOHApy’KeHO, YTO HAYaJbHBIH pa3Opoc DHepPrHuM ITyYKa COCTaBiIsI okosuo 1,5%.
HempepriBHOe M3MepeHMe MONIHOCTH O3Bl C IIOMOIIBIO MOHHOM KaMepsl IIOMOraeT OTCIeXHBATh U
KOHTPOJIMPOBaTh ypOBeHb wu3nydeHus. I[IpuHIuUNBI oOecreyeHHWA pPaguAIlMOHHON O6e30I1aCHOCTU
II0/Ipa3yMeBalOT MOHUTOPUHT U YIIpaBleHHe yPOBHEM paJMalMi B MAUIMHHOM 3ajJe U COCeTHUX
nomemenuax. Ha rexymewm srane passutua AREAL sHeprua myuka HaxoguTcs B guanasoHe 5 MbaB,
YTO 3HAYMTEJBHO HIDKe IIOpora HeHTPOHHOTO KaHaja ITPOM3BOICTBA Yepe3 TMTAaHTCKUM JUIIOTbHBIHN
mexaHusM. CyiefoBaTeslbHO, B HUTOTe CYIIECTBYeT TOJIBKO TaMMa KOMIIOHEHTa IIPOHUKAIOLIEeTo
M3JTy4eHUs C y9eTOM KOPOTKHX J[JIUH IIPOOEroB 5JIeKTPOHOB U IIO3UTPOHOB IIPU 3TUX SHEPIHAX.
YucneHHOe MOZeNUMpOBaHHE M U3MepeHue 03kl OOeCIeuyuau IaHHBIE, AeIaiollhe BO3MOXKHOM
Pa3paboTKy HeOOXOAMMBIX Mep pafiHallMOHHON 3alUTHI U 3AlIUTHBIX CTEH, W IIOKA3aJIH, YTO YPOBHU
no3pl 06rydeHus B MamuHHOM 3ase AREAL m skclepuMeHTaJBHBIX IIOMENEHHAX COOTBETCTBYIOT
TpeOGOBaHUAM PaJUAIIOHHOM 6€30I1aCHOCTH 11 000PYZOBaHHA U IIepCOHAIA.

Tperss rmapa paHHOW JUCCepTallMM IIOCBAINleHa HAYYHO-HCCIeJ0BaTeIbCKUM SKCIIepUMeHTaM
CBSI3aHHBIM C OOJy4YeHHMeM MarepuayjoB Ha JjuHeiiHoM yckopureie AREAL ¢ mnpumenenuem
HU3KOIHepreTudyeckoro myuka siaeKTpoHOB. ARFEAL gBnfgeTca mpuBieKaTelbHBIM [ IIHMPOKOTO
CIIEKTpa IlepeIOBbIX SKCIIePUMEHTATbHBIX UCC/IeJOBAHUM, TAKMX KaK PaJuOOMOJIOT A, MOJIEKY/IIpHas
¢dusmka, GpusMKa TBEPAOTO TeIa U MUKPOJIEKTPOHUKA.

OKcIlepuMeHTaJIbHbIe HCCIeJOBaHUA IIPOBOAMINCE Ha nuHeiiHOM yckopurtene AREAL c messio
U3yYeHUd BIUAHUA OOIydeHUA IIy4YKOM O5jaeKTpoHOB 4.2 MbsB Ha asyeKTpuyeckue CBOMCTBaA
beppomarauTHOTO coctaBa Ba,s Sry5 TiO; (BST). ®eppomarHuTHble TOHKHE IIEHKH, OCOOEHHO Ha
ocHOoBe BS, wuMmeror mupokoe TIIprMeHeHHe B MHOTO(PYHKIIMOHAJIBHBIX MHKPO3JIEKTPOHHBIX
yCTpoicTBaX. JDJIeKTpUUecKue, NUIIeKTPUYeCKHe U CeTHeTOdJIeKTPUYeCKHe XapaKTePUCTUKU STUX
TOHKHX IUIEHOK MOXKHO M3MEHATHh C IIOMOIIBIO DJIeKTPOHHOTO OOJIy4eHMs, YTO IIPUBOJUT K HOBBIM
CBOMCTBaM MHKPOIJIEKTPOHHBIX YCTPOHCTB. BiusHue o6rydeHus IIydKoM 51eKTpOHOB 4 M»aB Ha
dJIeKTpUYeCKHe, AMDIeKTPUUecKre M CerHeTOdJIeKTpUYeCKHe CBOMCTBA IUIeHOYHOro zartumka BST
(Puc. 19) 651710 M3yueno B guamnasone yactot ot 100 'ty mo 1 MI.

Tperbs raBa mocBsAleHa METOJZAM pacyeTa SKCIePUMEHTAIbHBIX IIapaMeTpOB 00IydeHusa obpasua
Ha OCHOBe U3MepeHMsI TIIapaMeTpoB IIydKa HM MCCIeJOBaHUA YHUCIEHHOTO MOJeIHpOBaHUA
B3aMMOZeHICTBHA DJIEKTPOHHOIO ITyYKa C TOHKUM cioeM Marepuana BST.

icm Ba,.Sr,.TiO,

Marepuan Tommuna
Ba75ST25Ti03 300ﬂm
Sio, 500um
p—Si 0.6mm

Puc. 19.CtpykTypa u mapameTpsI 53KCIIepIMEHTAIBHOTO
obpasua

Ta6muua 6. CTpyKTypa SKCIIepUMEHTaIbHOTO
obpasia

OKCIIepIMEHTAJIbHBIH 00pasel, COCTOMT M3 TpeX TOHKHX CJIOEB IIPAMOYTOJIBHOTO IIOIIEPEeYHOrO
CeYeHUs C pa3JIUYHBIMU pasMepamu U xumumdeckuMm cocraBoM (BST, SiO2 u p-Tumna mpoBomumocTu
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kpemuus). Ha pucynke 19 u B Tabnune 6 npuseseHsBI TapaMeTphl U CTPYKTypa CJIOEB MaTePHUAJIOB.
BricokouacrorHas ¢oromyurka snekTpoHoB AREAL obGecneunBaeT 3/1eKTpOHHBIE CTYCTKU C dHEPTHEH
4.2 MsB u zapagom myuka 250 nKia. Cekimusa mymKud comepXUT (POKYCHUPYIOUIUN COJIeHOU[,
MarHUTHBIH CIEKTPOMETP, TOPU30HTAJBHBINA UM BEPTUKAJIBHBIM MarHUTHBIH KoppekTop, Llumuaapsr
®Qapages (FC) u YAG oxkpansl ¢ KamepaMu. 3apsf, OTAENBHBIX CIYCTKOB OBLI H3MepeH C
ucnons3oBanueM AByx Lwmiungpo Qapages. VsmepeHus sHepruum Iydka U pasbpoca SHepruu
IPOBOJUINCE C  KCIONb30BAHMEM  MarHMTHOTO  CIIEKTPOMETpa,  PacIOJOXeHHOTO  IIOoCie
dokycupoBoyHOoro cosnerouza nymku. Crexrpomerp cocrouT u3 90° ImOBOPOTHOrO AUIIOIBHOTO
MarHuTa U dKpaHa YAG. Pacnpenenenue sHepruu olieHMBaeTCs C IIOMOIIBIO T'OPHU30HTAIBHOTIO
npoduid crycTKa Ha skpaHe YAG.

Ha pucynke 20 mnpexcraBmen mnpodwns mnyuka c 3apagom 250 nKn ma skpanax YAG,
PACIIOJIOKeHHBIX HIDKe II0 MOTOKy OT HHXeKropa. COOTBeTCTByIOIas SHepPrus IIydKa COCTaBJIAeT
oxosno 4.2 MaB, a pas6bpoc sHeprumu cocraBiasger MeHee 2%. Pe3ynpraTel M3MepeHHUi IOIEPEYHOTO
npodmid mydyka ObIn mcHonb3oBaHbl (Puc. 21) mna pacyera ImpOCTPaHCTBEHHOTO paclipefiesieHusd
IOTJIOMEeHHOM no03bl. KepamMmka Ha OCHOBe THTaHara OapuA-CTPOHIUA ObLIa OOJIydYeHA ITyIKOM
2y1eKTpoHOB B 4.2 MbsB ma AREAL. OGpasus! mojBepraauch BO3ZEHCTBHIO ITyYKa 3JIEKTPOHOB Ha
PaCCTOAHHUU 3 CM OT BBIXOZHOTO TIOPTA.

£
£
>
X mm
Puc. 20. IIpodwrs mydka 371eKTPOHOB HIDKE 110 Puc. 21. I[Ipodrrs nmydyxa s1eKTPOHOB BIOJIb
TIOTOKY OT (POTOMHIKEKTOPA, U3MEPEHHOE CHCTEMOM TOPU30HTAJIBHOMN U BePTUKAJIBHOU OCel,
akpaHOB YAG IIepIeHJUKYJISPHBIX HAallPaBIeHUIO IIyYKa.

[Tornmomennas no3a B obpasue Oyarosaps B3aUMOJEWCTBUIO C 3JIEKTPOHOM ObLIa pacCYMTaHa C
IIOMOIIBIO IIPOTPaMMBbI MozenupoBaHusa nepeHoca vactun, FLUKA. PesynsraTsl amarHOCTHYECKHUX
M3MepeHUN ITyYKa, KUCIIOAb3YeMBIX MAJA MOJEJIHPOBAHUSA, BKJIIOYAIOT: a) M3MEPEHHI TOKa ITydKa
Hunnmuaapom Papages (Faraday Cup); 6) MOHUTOPUHT IIONIEPEYHOTO HPOQIUIL IIyYKa C IOMOLIBIO
skpaHa YAG u KaMepsl; B) peryJHpPOBKa TOKa (POKYCHPYIOIETO COJEHOWJATBHOTO MAarHWUTa MU
oIlpefeleHNe MUHMMAJIBHOTO pasMepa IIATHA Jyda; I) U3MepeHUe JHEePTMM U HMIIyJIbCa IIydKa C
IIOMOIIBIO CIIEKTPOMETPA, COCTOSIIETO M3 AUIOIBHOTO MAarHUTA U CHCTeMBI 9KpaHa YAG.

Ha pucynke 20 mokasaHo, 4ro my4ok uMeeT ['ayccoBoe pacmpemesieHHe 3JIeKTPOHOB BIOJb
TOPU30HTAJIBHOTO ¥ BEPTUKAIBHOTO HAIIPAaBJIEHUH, TO €CTh NePIeHANKY/IAPHO HAIIPABIeHUIO ITyYKa.
Ha pucyske 21 mokazsaH mnpodwuiab IIyYKa 3JIeKTPOHOB, KOTOPBIM OBLI HCIIOTB30BAH IJIA
MozenupoBanus ¢ nomoursio FLUKA.

B pesynbrare umcienHoro mogenupoBaHus FLUKA 6bL10 mosy4eHO, 9TO YHUCIO 3JIEKTPOHOB,
IIONAZAIONIVIX HA SKCIEePUMEHTAIbHBIN obpasell, cocTaBiafeT 59% OT mydka 5/IeKTPOHOB, JOCTUTIINX
BBIXOZHOTO OKHAa IIy4YKampoBoja. HepjocTaromye 31eKTPOHBI OBLIM IIOTJIOMIEHBl THTAHOBBIM
BBIXOZHBIM OKHOM Ha 50 MUKDOH M BO BpeMs ABIDKEHHS HA paccTogHue 3 cM B Boxyxe. Tombko 13%
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IIPOIIeHTA DJIEKTPOHOB, KoTophle mocturiu ciaos BST, 6butu paccesust B o6seMe cnos. borsuras gacTs
5JIEKTPOHOB IIPOILIA Yepe3 MaTepuasa Oe3 Kakoro-mn6o Bzaumogeiictsusa. Ha pucynke 21a mokasaHo
U3MeHeHHe paclipefieIeHUus JHEPrUM DJIEeKTPOHOB B pe3yJIbTaTe B3aUMOJEHCTBHUA 3JIEKTPOHHOTO
myyka co cnoem BST. CpsBur xpuBoil pacmpeneneHus B CTOpPOHY Oojlee HU3KHUX DHEPIHil
COOTBETCTBYeT IoTepe sHepruu B cioe BST.

o
)
T

o
)
T

Electrons per primary
o o
N o

E i
4135 414 4145

a Iy e e l‘
416 4165 417 4175 418
E, (MeV)

Puc. 21a. DHeprerudeckuii CIIEKTp 3JIEKTPOHHOTO ITy4YKa A0 (KPY>XKHU) U IOCJIe (TPeyTrOJIbHUKH)

415 4185

BSHHMO,Z[EfICTBH}I CO ci10eM BST, HOJIy‘IeHHBIfI B pe3yJsibTaTe YMCIE€HHOI'0 MOJEINPOBAHMA.

Bupno, 4rOo mOTepu SHEPTHM TeX 3JIEKTPOHOB, KOTOpPbIE B3aWMOJIEHCTBYIOT C BeIeCTBOM,
He3HAYMTEJIbHBl II0 CPaBHEHUIO C HMX HAYaJIbHOM sHeprueii. Ha pucynke 22 mpexcraBieHO
pacIpesiesieHre IOTJIOMIEHHON Z03bI (HAa DJIE€KTPOH) BAOJIb HalpaBiaeHus Iyuka BHyTpu BST cios.
O6mas moromenHas 103a B Ba;5S1,5Ti05 cocrapnser 3.48 X 1078'p Ha o/eKTPOH B CeKyHy.

O . | ET

1.2k 4t 1{10°
S -1 M 10°
>.

0.8} - 10’

0'6-1 .1 4 i .1 i . 100

0 1 2 3
Z [um]

Puc. 22. PacuerHoe pacmpeziesieHue IOIJIONIEHHOM 036l (epuHuIa usMepenus: Gray = 1 J/kg) B cioe BST.
Z yxasbIBaeT Ha HaIpaBJIeHUe ITyYKa.

JKCIlepuMeHTaIbHbIe MCCAeI0BAHNS B PafMOONOIOruY B IpoOHUpKe (in vitro) nMeroT pemiarolree
3HauYeHHe [ TIOHMMAaHUA OCHOBHBIX MeXaHHU3MOB paJMallUOHHOTO IIOBpeXJeHUA KIeTKH.
Caepxxoporkue snekrpoHHble cryctku AREAL c smeprumeit 2-5 MbsB saBngiorcs odeHb ymOOHBIM
MHCTPYMEHTOM JJIf UCCIeIOBAaHUI B 00JIACTH pafHalliOHHON OMOJIOTMM M MEIUIIMHCKOHM (PU3MKU B
ITMPOKOM [Mala3oHe MpuMeHseMbIX #o3 u3nrydeHus. AREAL mamwnaa obGecriednBaer xopomryio 6asy
IJ1 pa3pabOTKM OOOPYZOBAaHMA U IIPOBefeHUsS HOBBIX SKCIEepPUMEHTOB. Ha ycTaHOBKe mMMeOoTCSA IBe
skcnepuMeHTanbHble craHuy H1 u H2 pna npuxiramHeIX BccaefoBaHU B 00JIaCTH HAYK O SKU3HHU U
MaTepuanoBeseHus. Ilepsaa cranmua H1 ¢ chokycrupoBaHHBIM 571€KTPOHHBIM ITyYKOM pacIIOIOXKeHa
HIDKE II0 IIOTOKYy OT JIMHeHHOro yckopurend. Bropas cramnms H2 mnpepnasHavena mis
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OKCIIEDMMEHTOB, CBS3aHHBIX C OHEpPrueil »JJeKTpPOHA, ¥ PpACIOJOXKeHa II0CIe MarHUTHOTO
cIeKTpoMeTpa, 4ToObI M30exaTh 3¢h(HeKTOB TEHEBOTO TOKAa. Ba)KHBIM BOIIPOCOM JKCIIEPHMEHTOB IIO
O0JIy4eHUIO 3JIEKTPOHAMHU SBJISETCA IIPOCTPAHCTBEHHOE pacIipefiesieHHe JO3bl. DKCIepUMeHTalbHbIe
uccrenosanus B AREAL Oputm mopmepskaHbl ITyTeM MOJEIHWPOBAHUSA pacIpefiefleHus I03 C
ucnonszopanueM koga FLUKA. Pe3ynsraTsl YHCIEeHHOTO MOJEIWPOBAHUS CPaBHUBATHUCH C
U3MEPEHUAMU.

Ha puc. 23 nokazaHO IPOCTPaHCTBEHHOE pacIipefiesieHHe IOJA H3TydeHUs (9KCIIepUMeHTaIbHas
crannus H1) ais sHepruu magaromero sieKTpoHHOro my4ka 3,6 MaB u sapaza 250 nKon. Kak Bugho,
U3JTyYeHHe COCPeLOTOYEHO B obyacTu oOpasua. MozenupyeMoe pacipeeeHye IOIJIOUEHHOM 03B
Ha ODKCIlepuMeHTanbHOI craHuuu H1 B Guosnormyeckom obOpasie (B BOJZHOM 5KBHUBAJEHTE) BOJb
TOPU3OHTAJIBHON OCH HaIllpaBleHWs IIy4Ka IpuBefeHO Ha puc. 23. Paccuurannas o6mas
IIOTJIOIEeHHAs [103a /IS HAIIOJHEHHOTO BOJOW LIUIMHZPA ZUAMeTPOM 1 CM U AJIWHOMN 2 CM COCTaBisAeT
0,37 TI'p, Torma kak wW3MepeHHas OSKBUBAIEHTHAas [03a aMOWEHTHOro oOyy4deHus BOIU3U
6uonoruveckoro obpasua cocrasuser 0,34 I'p. Mozenupyemble 1 M3MepeHHBIE NTOTIOLIEHHBIE O3B
coBmazaioT B npegesnax 10%.

Spatial Dose Distribution Around Sample [uSv/h] o Dose Distribution in Sample
T T T T T T T 1e+10
x
0.49 *
40 + Sample ' - X ox X ok X x
. )?g; xxx X X x
[ x XK X
30 xR e KO s
x
S 20 £ *x Z
> g - x 0l % x xx X
g x ¥ 2K
[S] x

10 0.47 |

*
I 1e-15 0.46 L L L L s L L L L
oy 38.4 38.8 39.2 39.6 40.0 404

Z [cm]

-10 L L s L s s L

Z [cm]
Puc. 23. PacyeTHOe IIpOCTpaHCTBEHHOE pacIipe/ie/leHue TIOTIOUeHHOI J03bI Ha SKCIIePUMEHTaIbHOM TOUKe
H1 u noriomeHHO# f03bI B GHOIOrHYeCKOM 00pasiie BAO0JIb IPOJOIBHOI OCH, YKa3bIBAIOIEeil HallpaBIeHNe
Imydka (crpasa).

MopenupoBarnue FLUKA mpoBomuiock ¢ Iienbio pacyera HEOOXOJUMOTO BpeMEHU BO37eHCTBUSI
I obecrie4eHUs HeOOXOAMMOI 03Bl 0OTyYeHUA A1 3alaHHbIX IIapaMeTPOB ITy4Ka (9HEprHH, TOKa,
IIPOCTPAHCTBEHHBIX Pa3MePOB M PacXomZuMocTH). Bxomusie mapametps! gy mozenuposanus FLUKA,
B3aMMOZEHICTBHA ITyYKa DJIEKTPOHOB C DKCIIEPUMEHTAIbHBIM 00pa3IioM, OBLIN OIIpefieIeHbl Ha OCHOBE
IBYX HAOOpOB IaHHBIX. Pe3yspTaTsl JWArHOCTHYECKMX W3MEpPeHUH IIyYKa COeZUHEHBI C
reOMeTpUYeCKUMU X KOMIIO3MIMOHHBIMU IIapaMeTpaMu oOpasia. PacuerHoe mpocTpaHCTBeHHOE
pacIpesieleHre NOIJIONMIEHHON /MJ03bI B oObeMe TOHKOI IuteHKM BST oOKasanoce mnpakTuuecku
OZJHOPOZHBIM.
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OCHOBHBIE PE3YJIBTATBI AVNCCEPTAIIVI

BsaumopetictBue anexkrpornHoro nyuka EXFEL ¢ xonnuMaTopamMu clI0XHOM (GOpPMBI U MeIHBIMU
IOTJIOTUTENIAMU IIOMeIleHHBIMU MeX/y CeKIMAMH OHZIYJIATOPA, a TAaKKe B3auMOJeHCcTBIe IIyJYKa
FLASH FEL ¢ KOHMYeCKMM KOJUIMMAaTOPOM OBUIM CMOJEIMPOBAaHBI C MCIIOJIB30BaHUEM
KOMIIBIOTepPHOI IporpaMmel caexkeHus 3a yactunamu FLUKA.

Pe3ynpraTsl MOZenMpOBaHMA IIOKA3bIBAIOT, YTO JBYX KOJIJIMMATOpPOB (M3 4 YyCTaHOBJIEHHBIX)
IOCTaTOYHO, 4YTOOBI 3(G(GeKTUBHO uU30aBUTHCA OT TaJl0 IIyYKa, IIONAJAIOIETO B OTHEN
KOJIIUMaTOPOB.

ITpoBeseHO YnCIeHHOE MO/IeIMPOBaHNe MOJIA BTOPUYHOTO U3TydeHHus B MamuHHOM 3a71e AREAL
N B DKCIIEpUMEHTAJIPHBIX KOMHATAaX. BXO,Z[HbIe IIapaMeTphl AJId MOLEJIMPOBAHMA IIOJTY4IE€HBI H3
IVAarHOCTUYeCKUX M3MepeHuil IlapaMeTpoB ITyYKa.

Pesynbrarsl M3MepeHHMA MOIIHOCTH IO3bI OBLIM COIIOCTaBJIEHBI CO 3HAYEHUAMU YHCIEHHOTO
MOZIeJTUPOBaHMA, ¥ OBUIO Hai/IeHO YJOBJIETBOPUTEIBHOE COIJIACHe, 4YTO IOATBEepP)KJaeT
IIPaBUJIBHOCTB BEIOOPA METO/Ia MOJeTMPOBAHHA.

,ZLaHHBIe HBMepeHI/IH A,03BbI 6BUII/I HCIIOJIB30BAHBI AJIA IIOBBINIEHMWA TOYHOCTU AAdHHBIX NHMATHOCTHUKHN
nmydka. Beio oOGHapy’keHO, B YaCTHOCTH, YTO HAYaJIbHBIM pa3bpoc SHEPTUM IIyYKa COCTABIISII
okoio 1,5%.

YucneHHOe MOAEIMPOBaHME U W3MEPEeHMe [O03bl Al JaHHble, IIO3BOJIUBIIME pa3paboTaTh
HeOOXOAMMbIe IPOIeAypPhl U CO37aTh 3AlIUTHBIE Gapbephbl OT M3JIy4eHUs, YTOOBI YPOBHHU O3B
ob6nydenus B mMamrmHHOM 3a1e AREAL u skcnmepuMeHTanbHBIX ITOMeEIIEHUAX COOTBETCTBOBAIU
TpeOGOBaHUAM PaJUAIOHHOM 6€30IIaCHOCTH 11 000PYZOBaHUA U IIepCOHAIA.

C momMomp0 YKMCIEHHOTO MOJEINPOBAHNA PAaCCUUTAHBI IIOTJIOLIeHHBIe O3B, paclpezieleHue 1
HeoOXOZMMOe BpeMs  BO3ZEHCTBMA ITyYKa Ha 0Opasmbl I OKCIIEPUMEHTOB  IIO
MaTepHaJOBeZeHUI0 u Owonormu Ha suHeiiHOM Yyckoputenre AREAL. Mogenuposanue
IIPOBOAMJIOCH [JIS 3aZaHHBIX ITapaMeTPOB ITyYKa (JHEPruU, TOKA, IPOCTPAHCTBEHHBIX Pa3MepOB U
pPacXOZMMOCTH) C Y4YeTOM TeOMEeTPUYECKMX M KOMIIO3MLIMOHHBIX IlapaMeTpoB oOpasua. B
YaCTHOCTH, pacueTHOe IIPOCTPAHCTBEHHOe pacIpeiesieHre IIOTIOMeHHOH 03I B 00BbeMe TOHKOM
mwrenku BST okasasock mpakTHIecKy OJHOPOAHBIM.
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uvonouarr

EXFEL Eikyupntuwght thugh thnpuiwmqpbgnipiniup pupny junniguéph Ynjhdwwnnpubph b
wnudh Juuhstutiph htinn, npnup nknuljuyyws tu ounnijjuunnph hmnydwsubkph dhet b FLASH
FEL thtoh Untwdl Unhdwwnph hbn thnjowgnbgmipmitp  dnpbjwynpdl; o FLUKA
dwulihfubkph htwnwgstph dnpbjuwynpdwt §ndwymunbtpughtt dpwugph dhongny: FLUKA- h
puwnpnipniup hhdJws £ wytt thwuwnh dpw, np Sdpwgph dwdwbwlulhg pwupdugdus
wnwpphpuyp hwuwubh E, b FLUKA- t htwpwynpnipinit £ mmwjhu dwutthfubphtt hbnkdbg
Uhtish guwop Eubpghwtbp, vywnkind puduljuwbwswth dwwnskih hwodupuyhtt nhkuniputp b
dudwbwl: FLUKA- @ jujunpkt Yhpwnynd E CERN- h, SLAC- h, CEBAF- h bt wy
wpwqugnigsuyhtt Jhunpnuubpnd dwpwqujpuyhtt quonmwyuwinipyut hblnwgnunipjut b
qupgugdui hudwn:

Uhunyjughuyh  wpmyniupubpp gnyg Eu  wwjhu, np  Gpint  Ynthdwwnnpubpp (4
nbnunpusutphg) pajupup kb Ynjhdwwnnpubph pwdht dnting thigh hwynhg wquunygbine
hwdwp: FLASH FEL thuph Untwdl Unjhdwwnnph hbwn thnjuwqpbigniput  pqught
Unpbjuynpdwi wpyniupubptt ogurnugnpédynid Lu otpnijjuuinph hwunwwnmb dwquhutbph
pinfutinh ypu dwnwquypdwt nhigpunugunn wqnkgmpniup tjuqtgunn dhongubph hwdwnp:

Quunwpyl) L AREAL dJbptuugh nwhjhdnid b thnpdwpuwpuljut  ukyulubpnud
Epypnppujut fwnuqujpdut nuonh pduyhtt dnphjuynpnid:  Unphjudnpdwt dninpuyhtu
punipwgptpp  pluntd  Eu  thugh wwpwdbwnptph wponnpnohy  swthnudubphg:  Bduyht
Uunphjuynpdwtt it ponqub suhnudubpp wwwhnybght wyt wjujubpp, npnbp
httwpwynpnipnit ndtghtt dpwljt] wthpudbtown pipugujupgtpp b untnst] Lwnwquypught
wuwonyuwinipjut hwdwlwpg, npytkugh AREAL dbpkuwjh nwhihdh ti thnpdwpupului
ubiywljuiph wpwowgnn nnquutbtpp pujuwpupbtt vwppwynpnudubph Bt whdbwuquh
dunuqujpujhtt wudunwignipyubt yuwhwbetbpp:

“nquyh hqnpnipjut suhnidubph wpyniupubpp hwdbdwwnydt] Eu pyuyhtt uhdnyjughwh
wpdbputph htw, Gt puwdupup hwdwdwjunipnit b hwjnbwpbpdt), npp hwunwnnd k
Unphjuynplwt Ukpnnh ptnpnipjut Juybpnipniip:

Inquyh  swhdwbt  wfujubpp  ogmwugnpédty Eu  thugh  wjuwnnpnodwt  wnyjuubph
Sogqpuunipjutt pupbjuydwt hwdwp: Uwubtwynpuytu, hwyntwpbpdty L, np funwquypught
tubkpghuwyh twhitwjut jujunipp Unnnynpuwytu 1.5% t:

PJuyht Unphjwynpdwt oguimpjudp Juwudws nnqububpp, pwopunudp b tdnipubph
Sunuqujpuwhwpdut wwhwieynn dudwbwjwhwnydwsdp hwoduplyl) i AREAL qéuyht
wpwqugnighsmd  nipwghunnipiui bt Jhhuwpwbwlut  ghvnwthnpdbiph  hwdwnp:
Uhunyjjughwtt  hpwlwbwgdt] E wndjuy dwpwquypuyhtt wwpwdbnpbph  (Eukpglnhl,
npupwghly, mwpuswlub swihtph tt mupwdwjunipnitubph) hwdwp “hwoygh wntbny udnioh
Juqunipiniup b ppuswthwut yupudtnpbipp: Uuutwynpuytu, BST pupul] punuiph
dSwuwih dby Ywidwsd nnquyh hwrduplws wnwpwswlut pwopunidp, pun  Enipjul,
hwdwubn kp:
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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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