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Annomayus. PeHTreHOBCKasi BHU3yaau3alusi LIHPOKO
NpUMeHsieTCsl B MeJMIIMHE M NPOMBINLIEHHOCTH JUIA
MOJIy4YeHUs] N300paskeHUl BHYTPEHHell CTPYKTYpbl 00bEKTOB.
OgHako HacTpoiika mapaMeTpoB PEHTICHOAUATHOCTHYECKHUX
cucTeM (HampuMmep, PaccTosiHUE MeKAy TPYOKoi M 00beKTOM
WIH 4YHCI0 mpoeKuuid aasi  3D-peKoHCTpYyKIHMM) 4acTo
NPOBOJUTCH METOAOM MNpod M OWHUOOK, 4YTO YBeJIHYHBAeT
JIy4eBYI0 HArpy3Ky H 3arparbl. MojgelnpoBanue mnpouecca
¢opMupoBaHHs PEHTTEHOBCKOI0 H300paskeHMs C TMOMOLUbIO
MeTojAa Monre-KapJo N03BOJIAET HCCIEN0BATH "
ONTUMM3UPOBATH NapaMeTpbl 0e3 NPAMBIX IKCIEPUMEHTOB,
CHMJKAsl PUCK M CTOUMOCTb.

B nanHoii paGore mnpeacraBlieH
MOJEIMPOBAHMIO PEHTITeHOBCKHX CHHMKOB ¢ IIOMOLUBIO
Geant4, BkiIOYasi peajusyemble (u3nyeckne mnpoueccol,
CTPYKTYpy mnporpammsl Ha C++ u meron ¢opMupoBaHHs
H300paKeHHii.
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|. BBEJEHUE

Jnst  moctoBepHOTO  (POPMHPOBAHUSI PEHTTEHOBCKOTO
N300paKeHNs] ~ HEOOXOAWMO  YYMTHIBATH  OCHOBHBIE
MEXaHW3MbI B3aHMMOJICHCTBHUS PEHTTEHOBCKOTO M3JTyUCHHUS C
BemecTBOM. B Geant4 peanusyroTcs KIIOU€BbIE NMPOLECCHI,
ONPEACITAIOINE  OCTA0NIEHHE U PAcCesTHUE  KBAaHTOB
peHTreHoBckoro auanasona [1]. K HuMm oTHOCsSTCS ympyroe
(KOTepeHTHOe) paccestHue, KOMIITOHOBCKOE (HEYIpyroe)
paccesiare,  (oTodreKkTpuueckuii  3ddekT, a  TaKKe
CBSI3aHHBIE BTOPHYHBIC SIBJIICHUS BpPOAE  HCIYCKaHUS
XapaKTePUCTHYECKUX PEHTTEHOBCKHUX KBAHTOB.

[lepeuncnennsie mpouecchl NPHBOIAT K OCIAOICHHIO
MEpBUYHOTO IMy4YKa PEHTIEHOBCKOTO M3JIyYeHHUS] IMpH
MIPOXOXKJCHUH depe3 00beKT. VIHTEHCHBHOCTH W3IIy4eHHMS,
JIOUICAIIEro 0 JAETeKTOpa, 3aBHCUT OT HHTErpajbHOTO
spdekra Qorodpdexkra U paccesHHS Ha BCEM IyTH
M3JIy4YeHUs, 4TO U (QOPMHUPYET KOHTpPACT H300pakeHHUsI.
Geant4 wucnonesyer 6a3pl gaHHBIX W Moaenmu (Livermore,
Penelope u T.4. [2], BMecTe Ha3bIBaEMbIX «METO[
Momnre-Kapno») nms pacdera cedeHMH 3THX HPOLECCOB B
LIMPOKOM JMalia3oHe JHEpruii, oOecrednBas IOCTOBEPHOE
BOCIIPOM3BE/ICHNE TPOIECCOB TOTJIONICHHUS W PacCesTHUs
PEHTTCHOBCKMX KBAaHTOB B PA3IMYHBIX MaTepHanax.

Il. PEAIM3BALIMS IIPOTPAMMBI
C VICIIOJIb30OBAHUEM GEANT4

Geant4 mpenocraBisieTcss B BUAEe OMOIMOTEKH KIIACCOB
C++. B CcO3maHHOM  MPOrpaMMHOM  OOECIIEYCHUH
pealM30BaHbl  BO3MOXKHOCTH — 3aJaHUS T€OMETPUYCCKUX
rapamMeTpoB CHEMKH (BKJIIOYAsl IMapaMeTpbl HCTOYHHKA),
y4era (PU3MYECKUX MPOIIECCOB B3aMMOJCHCTBHS, a TaKKe
HACTpPOWKH cOOpa pe3yIbTaToB.
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CrpykTypa KoJa NPHIOKEHHUS CIEAYeT apXUTEKType
Geant4 (puc. 1) 1 BKIIOYAET psizi 00S13aTENBHBIX KIIACCOB:

e RunManager, KoTopslii OTBeYaeT 3a MHUIHAIN3AINI0

Y 3aITyCK MOJICITUPOBAHN.

Knacc-nacnenuuk  G4VUserDetectorConstruction,
re  3aJaercs ~ TIeOMEeTpHs:  yCTaHaBIIHMBAIOTCS
MaTepHaisl U co3maroTca oovembl (0O0vexT World,
00BeKT wucciexayeMoro o0pasia, PEeHTTeHOBCKas
TpyOKa, HETEeKTOpHas MaHelb W IIp.), TPH 3TOM
TEOMETPHSI MOXKET OBITh MPOU3BOJIHHON CIIOKHOCTH —
OT TIPOCTBIX OOBEKTOB 10 MMIOpTHpOoBaHHEIX CAD-

Mozene.

e B osrOoM ke Kjacce MOXHO  ONpENeNUTh
YyBCTBUTENHHOCTD JETEeKTOpa
(G4VSensitiveDetector) u  TpHKpenuTh €€ K

OTIpeIeNICHHBIM JIOTHYECKUM Oo0beMaM (Hampumep,
K IJJaCTMHE  JIETEKTOpa), 4TOOBl  OTCIIEKHBATDH
MONaTaHUs YaCTHIL. Hnst (bopMHpoBaHUs
M300paKEHUsI IETEKTOP CErMEHTUPYET JETEKTOPHYIO
00IIacCTh Ha THKCENIH M aKKyMYJHPYET SHEPTHIO HIIH
CYCT KBAHTOB I10 K&XKIOMY IMUKCECIIIO.

Geantd
/‘
Persistency Interfaces
Processes
Geometry Patide
/
_ /

Puc. 1.  Jlmarpamma kateropuii kiaccos, paspaboranHas i Geant4d



Puc. 2.

IIpumMep Busyanusanuu TpaeKTOPUI YaCTHUI]
e Kitacc, onpeenstomuil HCXOAHbIE YCIOBHsI KaXI0ro
COOBITHS (event). I'enepatop
G4GeneralParticleSource (GPS) no3Bossier 3amaBarh
MIPOM3BOJIBHBIE pacIpeiesieHns] PHEPTUN U YIJIOB, a
TaKXkKe paJuoaKkTUBHbIE MCTOYHMKH. Hampumep, mist
UMHTAIMA PEHTTEHOBCKOW TPYOKH MOKHO 3arpy3UTh
CIEKTp H3Iy4deHHss M peanu3oBatb ero B GPS.
B kaxagoM COOBITHM TeHepUpyeTcss OJHMH WIH

HECKONPKO  KBAaHTOB, WAYIIUX OT HCTOYHHKA
(TOueyHOro WIIM pacClpelesIeHHOT0) B CTOPOHY
00BeKTa. DTOT KIacCc OOeCIeunBacT HavYabHEIC

yCIOBHs, IIOCIE€ YEro YIpaBieHHE
MexaHu3My TpekuHra Geant4.

nepeaaeTest

[Ipn 3amycke monenupoBanus Geant4 mocienoBaTeIbHO
NPOXOIUT 4Yepe3 MHOXKECTBO COOBITHH, M B mpolecce
TPEKHMHTa JAETaJbHO WMHTHPYIOTCS BCE B3aMMOJACHCTBHSL
B wurore monb3oBaTenb MOMy4aeT Ha0Op JAHHBIX O TOM,
CKOJIBKO ~ KBaHTOB M C  KAakKUMH  DHEPrHsIMH
3aperUCTPUPOBAHO B JAETEKTOpEe, YTO W Tpedyercs s
MIOCTPOEHHS U300pasKeHNSI.

Brnaromapst s3pixky C++, Ha kKoTopoMm ocHoBaH Geant4,
UCXOJHBIH  MPOTPaMMHBIH  KOA  CHUMYJISALUM  JIETKO
UHTETPUPOBaTE €  JPYTUMH  MOZYJIsMH  (Hampumep,
¢ uHTepdelicoM IOIb30BaTeNls WIH CHCTEMOH 00paboTku
pe3ynpTaToB), a OOBEKTHO-OPHEHTHPOBAHHAS CTPYKTypa
YIPOIIaeT CONPOBOXKJICHUE U pacuupeHue kopa. [Ipumep
peanu3aniy pacyeToB MPUBEICH Ha PHC. 2.

111. ®OPMUPOBAHUE U30BPAXEHNWS

B  mukpoMupe B3auUMOAEWCTBHS  YacTHI]  HOCAT
BEPOSATHOCTHBIM XapakTep, OOYCIOBICHHBI KBAaHTOBOM
MEXaHHUKOM, COOTBETCTBEHHO, B DKCIIEPUMEHTAX Yallle BCEro
BEITIOJHSAIOT CEpUHN M3MEPEHUH, (PUKCHPYIOMINX MHOKECTBO
COOBITUH (1711 BBICOKOM TOYHOCTH MPOM3BOJAT THICSYU H
Jlake MUJUTMOHBI TECTOBBIX mporonos) [3]. B o6miem Bume
pemienne 3amaud  MetogoM Monte-Kapno  BeIrasaut
cienyromM  obpasoM.  [lpeamomokuMm,  HE0OXOAUMO
MOJYYUTh X U3 MHTEepBana [x1, x2] Ha pacnpenencuuu f(x),
1 HOPMAJM30BaHHAS TUIOTHOCTH BEPOSTHOCTH MOXET OBITH
3amucaHa ClieIy oM 00pa3om:

f(x) = ZL N (x)g: (),

rae N: > 0, fi(x) — Hopmanu30BaHHbIE QYHKIHMH IIOTHOCTH
BEPOSATHOCTH Ha WHTEpBaie [x1, x2], u 0 < gi(x) < 1.
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CorjmacHO 3TOMy METOXy, X MOXET OBITh IIOIy4EHO
CJIEJIYIOIIUM ITyTeM:

1. Beibupaercs ciryqaiinoe 1enoe gucio i € {1,2, ..., n}
C BEPOSITHOCTBIO, IPONIOPLHUOHANBHOU N

2. Boibupaercs 3HaueHHE Xo Ha pacupeneaeHud fi(x).

3. Beruncisiercst  gi(Xo) W TPUHAMAETCS X = Xp C
BEPOSATHOCTEHIO gi(Xo).

4. Ecniut X0 OTKIIOHSIETCS, BEPHYTHCS K mmIary 1.

Anroput™m (dbopmupoBaHust PEHTI€HOBCKOI'O
n300paXeHWss B CHUMYJSIUM  HMMHUTHPYET  TIPOIIecc,
IIPOUCXOJAIINN B peabHON YCTaHOBKE s
peHTreHorpaduy, ©  BKIIOYaeT  CJIEAYIONIME  OTAIlbI
MOJIENIMPOBAHUS:

1. 3amanne HayvalbHBIX YCIOBUH — TeOMEeTpHYecKue

napaMeTpbl CbeMKH TaKhe, KaK XapaKTepUCTHKH UCTOYHHKA,
UCCIeyeMOoro o0beKTa U AeTeKTopa (HarpuMep, HCTOYHHUK

MOXET OBITh PEHTTEHOBCKOH TpyOKOil C TOYEUHBIM
(OKyCHBIM  TSITHOM C  ONpEAENEHHOH  JIuarpamMMoin
HANlpaBIICHHOCTH, a  JETeKTop  pa3OuBaercs  Ha

QJICMCHTAPHBIC STYCHKU 3aJaHHOI'O pa3Mepa).

2. CuMymsiMsl TPEKOB — pacdeT TPAaeKTOpHH KBaHTOB.
MopenupoBaHne TPOBOAWTCS JUISI MHOMECTBA HCXOIHBIX
yactuy (ot 10'° u Gosee) A1 MOTy4eHHS CTATUCTUYECKH
JIOCTOBEpHOTO pe3ynbrara. Kakaplii KBaHT TreHepupyeTcs
HayaJbHBIM HalpaBJeHHeM M SHeprueil. Ecnu yuuteiBaercs
peaJbHBI CIIEKTP PEHTIEHOBCKOTO HW3JIYYEHHs, SHEprus
KaKIOro KBaHTa Oepercs ciydyalHO W3  3aJaHHOTO
pacupeneneHus (MMUTHPYSI MOJHXPOMATHUECKUI ITy4OK).
Ecim  mpomcxomutr — B3amMOAEHCTBHE, T'€HEPHPYIOTCS
BTOPHYHBIE YacCTUIIBI (HampuMmep, BBIOUTHIN AIIEKTPOH,
paccenBaIOIIMICS KBaHT WM (DIyOpeCUEHTHBIA KBaHT),
KOTOpBIE TAKXKE OTCIICKUBAIOTCS 10 OKOHYAHHS CUMYJISIHH.
Takoii mocineaoBaTeNbHbBIA TOIX0]] MO3BOJISACT YYECTh Jaxe
CJIOKHBIE TeTTOYKH IPPEKTOB (HApHMEpP, MHOKECTBEHHOE
paccesiHue).

3. Perucrpanus 1eTeKTOpoM, KOTOPbIil GUKCHpyeT (QakT
TIOTIa/IaHNsI KBAaHTA B KOHKPETHBIA ITHKCENb U BEJIMYMHY €T0
sHepruu. Geant4 MO3BOJSAET MOTYIUTHh MPAKTUIECKH JIIOOYIO
nHGOPMANMIO O YacTHUIE BO BpEMS CHUMYJISAIMH, HaXOZd
WHJIEKC MUKCENsl, KyJa MpUILIeN KBaHT (HAIpHMep, MO ero
KOOpJMHATaM TIIOTIaJjaHusl B IUIOCKOCTH), M YBEIHMYMBACT
CYETYMK WHTEHCHBHOCTH 3TOTO IHKCENS] Ha BEIHYUHY
sHepruu. Takke MOKHO YYUTHIBATH U pacCesiHHbIE KBAaHTHI,
MOMA/Al0IIEe B JETEKTOp HE IO MPSAMOH TPAaeKTOPHH,
a B COCEJHHE IHMKCEIM, TeM CaMbiM Mozeaupys 3ddexT
paccestHHOTO IIyMa Ha H300pakeHHH.

4. Hakorutlenue W o0paboTka MHaHHBIX — 10 Mepe
BBITIOJIHEHUSI pacueTa TPACKTOPHH KBAHTOB MPOUCXOAUT
HaKOIUICHHE «CBIPBIX» JIaHHBIX H300paxenus. Ilocne
OKOHYAHHSI CUMYJISIIIUK TOJTyYEHHbI MAaCCHB MPEICTABISICT
co0Oll CMOZEIMPOBAaHHOE PEHTI'CHOBCKOE H300paKeHUE
(B duciaenHoM Buze). Jlamee MOXKeT  BBITOJTHATHCS
nocToOpaboTKa: HOPMHUPOBKA HA YUCIIO MCXOIHBIX KBAaHTOB
WIN Ha BpEMs JKCIO3HMIMH, A00ABICHHE MOJCIUPOBAHUS
nryma aeTekropa (Harmpumep, KBaHTOBOTO IIIyMa MJIH IITyMOB
QNIEKTPOHUKHK) © T.A. [lONydeHHYI0 MAaTpPHUIly MOXHO
WHTEPIIPETHUPOBATh KaK SIPKOCTH IHUKCeNIeld H300paKeHus,
JUISl 4YETO CTPOUTCS KapTa paclpeaeieHss HHTEHCUBHOCTH B
rpajanmusix ceporo, Trae Ooyiee cBeTibie  o0iacTu
COOTBETCTBYIOT ~ CHWJIbHOMY  IOIJIOLICHWIO  (MEHbIIe



JIOMIEIIINX KBaHTOB). Pabodyee OKHO MporpamMMbl TOKa3aHO
Ha puc. 3.

AoSamury oSvext

Yasmarm ofsext Moswya (XY, 2: 000

Nosopor (X", Y%, Z%: 0

Mecuma6(X¥,2: 100t 100 S 1

Puc. 3. Pabouee okHO mporpammel «Raving—1.0»

BaxspIM pe3ynbTaToM SIBIISIETCS TO, 9TO
pe3ysbTHpyIollee W300paKeHWe B TOYHOCTH OTpakaeT
3aJOKEHHYIO (M3MUYECKYI0 MOAedb. Tak, eciad B OObeKTe
MPUCYTCTBYIOT O0JTACTH M3 MaTephaia ¢ BBICOKHM £, B 9TUX
30HAaX CUMYJIIIHS TOKKET 3aMETHO CHIKEHHBIM CHTHAj
u3-3a mpeoOiajaHus MOTJONIeHHs. MSATKHe TKaHW WIH
MaTepHalbl ¢ HA3KOH TUIOTHOCTBIO, HA000POT, MaayT Oosee
TEMHBIH y4acTOK M300pakeHusl. TOHKHE CTPYKTYPhl MOTYT
OBITH YaCTUYHO Pa3MBITHI BCIEIACTBUE paccesHus. Bee atn
3¢ ¢GeKTs BO3HMKAIOT €CTECTBEHHO W3 MOICITUPOBAHUS
OTJETIBHBIX KBaHTOB. Bnaromaps JeTAITEHOMY
MOJEJIUPOBAHUIO TAKOW «BHUPTYAJIbHBIM PEHTIE€HOBCKHUU
CHHMOK» MOXKET OBITh HANpsSMYIO COIIOCTABIICH C PEaTbHBIM,
YTO  TO3BOJAET, HAIpUMEp, MPOBEPATh  KadecTBO
KOHCTPYKIIMM PEHTTCHOBCKHX CHCTEM WIH OTJIAXHUBaTh
ANTOPUTMBI PEKOHCTPYKINH HN300paKEHUH 10 MPOBEICHUS
¢usnueckux skcrepuMeHToB. [Ipumep paboThl IporpamMMsI
MIPEICTaBIICH Ha pHUC. 4.

301

Puc. 4.

IIpumep nonyyaemoro nzodpaskeHus (TecT-00bEKT —
CTyNeHuYaThlii MeAHbIH KiauH 1-10 MM ¢ jKene3Hol MPOBOIOKOM
100 mxMm. Hanpspxenne — 100 xB, Tok — 500 MkA, Bpemst
SKCIO3ULHMH — 3 CEKYHBI, POKyCHOE IATHO — 30 MKM,
JIETEKTOP — IJICHKA)

1V. 3AKJIIOYEHUE

PazpaboranHas mporpamma Ha ocHoBe Geant4
MO3BOJISIET JOCTATOYHO TOYHO BOCIIPOM3BECTH 3(PHEKTHI
¢doroaddexra, KOMITOHOBCKOTO U KOTEPEHTHOTO PaCCesHUs,
a TaKk)Ke CBSI3aHHBIE BTOPHUYHBIE TPOIECCHI ((PIyOopeCcIIeHITHsI

U Jp.), HYTO TO3BOJSET TMOIy4aTh CHHTETHYECKHE
n300pakeHus,  OMM3KHME 1O  CTATHCTHYECKUM |
KOHTPACTHBIM XapaKTepUCTHKaM K pEeaIbHBIM
pEHTIeHOTpaMMaM.

IIporpamma 1aeT BO3MOXHOCTh TMOKO HAacTpanBaTh
CUMYJSILIMIO TOA KOHKPETHbIE 3aJayd: II0Jb30BATENb
KOHTPOJIUPYET TE€OMETPHIO CBEMKH, CIEKTP M XapakTep

W3JTyYeHHs], TapameTphl JETEKTOPOB M cOOp JIaHHBIX.
Ucnonb3oBanue pa3paboTaHHO NPOrpaMMBbl JUISL
MOJIETUPOBAHUS panuorpaduieckoro KOHTPOJI,

MCIHUIIUHCKHX I/ICCJIe,IIOBaHI/Iﬁ " T.II. OTKPBIBAET MINPOKHUE
BO3MOXHOCTH [JIs €€ PAKTUUCCKOT0O IPUMCHCHUA.
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