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AKTyanbHOCTB P06JIeMbl

IMonyyenue unHbOPMALMH O CTPOSHHM ATOMHOTO fA1pa ABIAETCA OIHOM M3
OCHOBHBIX 33[1a4 SKCIEPUMEHTAIBHEIX HccnenoBaHnit snepHod ¢usukm. Takoro poma
UHGOPMAIIHIO O CTPOSHHH AAPa MOXKHO TOIYYHTh MyTEM aHAIM3a BEPOATHOCTEH SAEPHBIX
peakuuit NIpy B3aUMOZEACTBUM Pa3IMIHEIX YaCTHI] C SAPOM.

Cpenu OrpoMHOrO pasHOOOpa3Hs ANEPHEIX pPeaklyii HEMANOBAKHOE MECTO
3aHUMAIOT PpEaKUWM, BBHI3BAHHEIE OJJCKTPOMArHUTHEIMHM B3auMOZEHCTBHaMH. Takue
PEAKLIHH TPOTEKAIOT 3a CYET JNMEKTPOMACHUTHOTO MOJ, CBOMCTBA KOTOPOro MoApoGHO
H3yHUEHE], K MEXaHH3M MepeNayy SHEPTHH OT HAIETAIOIIETO Y-KBAHTA HCCIENYEMOMY SLAPY
JOCTaTOYHO XOPOIUIO M3BeCTeH. B Takux peakUMsx TpoIe, YeM B peakuusax TMoJ
JeficTBHeM HEHTPOHOB M 3apsDKEHHBIX YaCTHL, OTACHUTE 3(QdeKTsl CTPYKTYPH AIpa OT
MEXAHU3MOB €r0 BO30YXKIEHHS.

PesynpTaThl HccenoBaHui Pa3MMUHEIX MPOLECCOB B3AMMOACHCTBHA Y-KBAHTOB
HM3KHX H CPEJHHX JHEpPruii MMeIoT GONBIIOE 3HAYCHHE HE TONBKO B OOMACTH sIEPHOI
¢u3ukn. Takke HeMaloBaXHOE 3HAYEHHE HUMEIOT PE3YJETAaTH 3THX HCCIEI0BaHMi B
CambIX Pa3lMYHBIX OONAacTAX HAYKH M TEXHHKH, a UMEHHO B SNEPHOM SHEpreTHKe,
SIEpHOR MENUIIMHE, PaiHaNUOHHEIX pasfieNiaXx XMMHH, TE€OJIOTHH, MaTepHaIOBeICHHN,

OKOJIOTHH U BO MHOTUX APYIHX.

Heanb 1 3372494 HecTe10BaAHUS

Lenbio nuccepTalny ABILETCS U3MEPEHHE BHIXOOB GOTOANEPHBIX peakLii Ha
IMHEeHHOM yckopHTene 3nekTpoHoB Ep®H ¢ makcumanbHo#i 3ueprueit 40 MbdB Ha
MHIIEHAX M3 MONMGIEH3, KCEHOHa M oyoBa ¢ obpasoBammeMm suep ~"Tc, 'ZI, "“in
METOJ0M HaBeIEHHOH aKTHBHOCTH.

HcenenoBanua mpoLeccoB B3aUMOAEHCTBHSA JNIEKTPOMATHUTHOTO HM3JIYYEHHS C
aTOMHLIMHM 3APaMHM MOKa3HIBAIOT, YTO H3yueHHE (OTOAICDHBIX PEAKLMif CBA3AHO CO
cneuHGHYECKMMH TPYIHOCTAMH. B KauecTBe OCHOBHBIX TPYXHOCTEH MOIyT OHITH
BBIZICNICHE! CIIEYIOLIHE:

1. OTCYTCTBHE MHTEHCHBHEIX ITYYKOB MOHOZHEPTETHHYECKHX (POTOHOB, BCIEACTBHE
HCTOJIE30BaTh MareMaTH4YecKue H

4€ro TIPUXOIHTCA PasIH4HBIC

OKCIICPUMCHTAIBHEBIC YXMINPEHUA A4 TOTO, 4T00H OITPEACIIATE CCUCHHE



PeaKIMK B YCIOBHSAX, KOTAR CIEKTp (OTOHOB, €€ BHIBHIBAIOIIMX, GNM30K K
MOHOHEPTETHYECKOMY;

2. OTHOCHTENBHO Maibie abCOMIOTHEIC BETHUMHBI CEYCHHH (POTOSIEPHBIX
peaxuu; TpeOyeTcs BhICOKAT HMHTEHCHBHOCTh (DOTOHHBIX MY4KOB, IS
YBEIUYCHHUS BBIXOJOB Peakuuil TpeOyeTcs yBemuduBaTh TOMLIMHLI MHIICHEH,
4TO MPHBOAMT K YXY/IIEHHIO SHEPTETHIECKOT0 PA3PEIICHNS;

IIposefeHHOE B paMKax B JMCCEPTaUMH HecaenoBanue suep - mTc, ‘21, "n,
NONMY4EHHBIX Ha Mydke (OTOHOB JHMHEHHOTO 3NEKTPOHHOTO yckopurens EpOU ¢

sHepruei a1¢kTpoHos 40 MaB HanpaBneHo Ha pelIEHHE HEKOTOPHIX U3 ITHX HpobieM.

Hay'-lHaﬂ HOBH3HA H MPpaKTHYeCKas HEHHOCTDh paﬁoru

Hayunad HOBH3HA M MNpPaKTHYECKas ILIEHHOCTH IIONYYEHHBIX DE3YIETaTOB
COCTOMT B IOMNOJHEHMM OaHKa JaHHBIX (OTOSTEpHBIX peaxumid. s CO3AaHUA HOBBIX
TCOPCTUHECKHX MoJene 1o  (OTOANEPHBIM peakluaM TpeOylOTCA  HalexHBIE
SKCIICPUMCHTANLHEIC JaHHEIE. IIpHBEIEHHEIE Pe3yNIETAaTEl MOTYT GBITH HEMOCPCACTBEHHO
HCTIONIE30BAHEI 1S IPOBEPKU M PA3BUTHA MOJENEH ANepHLIX peakimil. B wactHocTH, B
Clyyae BENMYMH YACHBHOM aKTMBHOCTH 06pasoBaEMs u3oToma > "Tc  pas6poc
MPEICTABNIEHHBIX B JIHTEPAType AaHHBIX cocrasisier oT 90 Bx/mr+mxA*y o 3200
Br/MrimkA*4, CyliecTBOBaHHE TaKOTO IIHPOKOTO PazGpoca CBUAETENLCTBYET O TOM, HTO
TpeOyIOTCS HOBBIC HAJCKHBIC M3MEPEHMA Ui DasBUTHS CYIIECTBYIOIHX M CO3NAaHHS
HOBBIX TCOPCTHYECKHX MOJE/EH, ONMUCHIBAIOMUX (OTOANEPHEIE NIPOLECCH. AHANOTHIHAS
CHUTYailis B TOH WM MHOI MEPE OTHOCHTCA M K IPYTHM H30TOMEAM.
OnnoBpeMeHHO B pesynbTaTe GOTOANCPHBIX PACAKLHH IONYYarOTCS W30TOIEI
#"Te, 151 u "''[n, koTopbie HMEIOT GOIBIIOE IPHMEHEHKE B AICPHON MEAULIMHE M APYTHX
OTpACIAX HAYKH M TEXHHKH.
Tlony4yeHHble HaMK PE3YNLTATHl MOMONHAT MMeEroLuiics OaHK JAHHBIX, CO3NAHHEINA
Ha OCHOBE 9KCIIEPHMCHTAJILHBIX M3MEPEHHUIA, BHINOJIHEHHBIX B HaydHbIX LeHTpax CIIIA,

Esporms! u Poccun.

OcHoBHBIE 3aIHIUACMBIe MOJI0KEHMSs

e  DKCIEpPUMEHTalbHAd YCTAHOBKA Ha ITyYKE DJIEKTPOHOB JIMHEHHOIO YCKOpHUTENS
JIYD50 Hamonanexo# Hayuroit naboparopuu uM. A.Anuxansnaa (Ep®H);

e  Meroauka S5KCIEPUMEHTOB [0 MCCIEAOBAHHUIO DOTOAIEPHEIX PEAKIIIIL;

e Monte-Kapno pacdersl s ONTHMH3AIHH YCIOBUH 3KCIIEPUMEHTOB — BEIGOD
9HEPTHH J1EKTPOHOB, TOMIIMHE KOHBEPTOPA;

e Monre-Kapno pacderst M OKCIEPUMEHTANBHOE  HCCICHAOBAHUE  IUIA
ONTHMM3ALIUH TOJIIUHEI MHUIICHEH;

e DKCICPUMCHTAJILHOE H3MCPEHHE BHIXONOB (OTOSACPHBIX peakuuii |

akTuBHOCTEH M30TOMOB **™TC, '*I 1 n.

AnpoGamusi paGoTbl M myGaukauuu. OCHOBHEIC PE3YJNBTATHl AHUCCEPTALOHHOMN
pabOTH DOKNABIBAINCE Ha HAYYHBIX ceMUHapax HatmonanbHoi HayuHoit JlaGoparopuu
m. A.AmxansHa (Ep®H), a Taxxe OBIM IONOXKEHBI Ha MEXKIYHapONHEIX
KOH(pepEeHIMAX U CEMHHApaX;

e  BoceMais MexayHaponHas KoH(epeHLus “SnepHas ¥ pagdauuoHHas ¢usuka”
ICNRP’2011, 20-23 cents6ps 2011r., r. Anmarsl, Pecry6anka Kazaxcras.

e 14-if Mexaynaponuelit cemuHap HKK MHTL “PasButme uHHOBauMid H
Tpancdep TexHomorudt B KOHTeKCTe InobansHOH GesomacHoctH”, 27-28
cents6ps 2011 r., r. Aimatsl, Pecniybnvka Kasaxcran.

e International Conference under the sponsorship of the International Science and
Technology Center (ISTC) “Radiation Safety Challenges in the 2lst
Century”Yerevan, Armenia June 20-21, 2012

Ilo Teme mmccepraumu ony6nukoBaHo 3 paborhl B kypHanax HWssectus HAH

PA(®usuka) u Armenian Journal of physics.

O6bem M cTPYKTYpa AMccepranuu: J{MccepTaius COCTOMT U3 BBEACHHS, YETHIPEX INiaB
M 3aKIIOYEHHs, COAEPHMHUT 96 crpaHHIl NMEeYaTHOrO TEKCTa, BKIMo4Yas 66 pHCYHKOB, 9

TabJMI ¥ CIMCOK JIMTEPATYPHI U3 53 HauMeHOBaHMIA.
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9KCTIEPUMEHTAILHOM YCTAHOBKH, CHCTEMEI ONEPATHBHOTO M3MEPEHHS IIONEepPeqHOro
KpaTtkoe conepxanue auccepTauuu

npodung 3MeXTPOHHOrO IyYKa CUCTEMOH, OCHOBaHHOM Ha BUOpHUpyoweit ctpyHe [3].

BBegenne conepxHT kpaTkoe Hay4HOC OOOCHOBAaHHME AKTYAIBHOCTH MCCIENOBAHHM
(OTOsAEPHEIX NPOLIECCOB B 0OaCT! MMIaHTCKOrO AUNofsHoro pesonanca (IJIIN). Hano
OIKCaHHE OOIIETO COCTOSHUA MPOOIEMBLIIPUBEACHEI CTPYKTYPA H OCHOBHEIE MOJIOXKEHHS
aucceptaumu. OGOCHOBaHA AKTYaNRHOCTH NPOBEAEHMS W3MEPEHHH CedeHHit peakiMit
1990\ fo(y,n)**Mo—""Te, Xe(y,n)'@Xe —'Z1, 126y, p)" In 1 12Sn(y,n)MSn —"'n,
PaccMoTpeHa BO3MOXHOCTh MOMydeHHs u3oTonos > "Tc, '2I u ''In Ha smexrpoHHsx
YCKOPHTEIAX.

B nepBoii riaBe JaHo KpaTKo€ ONMUCAHUC TCOPCTHYECKHUX MPEANOCEIIOK U 000CHOBaHME

SKCIICPUMEHTAIBHLIX MCCIEN0BAHUH (OTOSNEPHEIX MPOLECCOB KaK C TOYKH 3PEHHUS
nony4eHns MHOOPMALMH O CTPYKTYpPE B3aMMOMEHCTBHI, Tak M C LENBIO OMPEACICHMA Puc. 1.2. JkcriepMMEHTaNBHAS YCTAHOBKA IOJ 3JIEKTPOHHBIM IIydKoM. 1 - IMIMHAD
BBIXOJIOB H30TOIOB, MMEIOIIMX NPAKTHYECKOE MPUMEHEHHE ANA TUATHOCTHKH M TEparvy Qapanes, 2 — MUIIEHHBIH MOLYIIb, 3-TIOMHHI(OPHEIA 9KpaH KOHTPONA NO3HLIUHM ITy4Ka, 4
OHKOJIOTHYECKMX 3aboneBaHui. ONMcaH aKTHBALMOHHEIA METON M3MEPEHHS BBIXOJIOB — JMCTAHLMOHHOE YCTPOHACTBO [EPeIBHAKEHUS MALIEHHOTO MOIY IS,

peal(um‘fl IOOMO(’Y,U)”MO—)”I“TC, 124XC(’Y,H)123X6—)123L msn(y,p)mln H IIZSn(,Y’n)lllsn

—'"In u onpenenenns uX cedeHui.
IpuBeneHs! pe3ynbTaTsl U3MepeHus npoduns mydka (cM. Puc.1.3).
Onucanel HCCOENOBaHMS W MOZENMPOBAaHMA  M3YY4EMBIX  MPOLECCOB

nocpenctsoM nporpamM GEANT u PENELOPE ¢ nensio ONpeAencHHs ONTUMAaIBHBIX Scan of YerPhI Injector electron beam, 1=10 mkA, E=40 MeV, 10,06.2010
[1apamMeTpoB IyYKka GOTOHOB ¥ reoMeTpHH ycTaHOBKH. [IpMBEREHE pe3ynsTaTel MoHTe- 14
Kapmo MozenypoBaHHs IpOLIECCA TOPMO3ZHOTO HM3IYYEHHs 3]€KTPOHOB B TAHTANOBO 12 y
a3
MHUIEHH C [ENBI0 BRI6Opa ONTHMANBHOM TOMIKHE KoHBepTopa [1](Puc. 1.1). 1 S
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' ? ’ Y o Puc. 1.3. Pesynrrar usMepeHus npoduis ny4dka B BEpTHKaIEHOM HallpaBlICHUH.
IlpuBeneHo onucaHue pa3paboTaHHBIX MUIIEHHEIX KaTICyll A7 TBepAoTensHEIX (Puc. 1.4)
Puc. 1.1 3aBHCHMOCTE BBIX0Ja (POTOHOB OT TOJLIMHEL TAHTATIOBOTO PAJAHATOPA. ¥ raz006pasubx (Prc. 1.5) MumeHe.

OnucaHz! pa3pa60TaHHme H CO3aHHBIC IKCNICPHMEHTAIBHBIE YCTAHOBKH JJIA MPOBEACHUA

usmepenuit [2] (Puc.1.2), CHCTeMBl MOHHTOPHPOBaHHS apaMeTPOB IyYKa H NTAPaMETPOB



Puc. 1.4. MumeHnas kancyna Mis TBepAOTENsHOW Mumenn. Crnepa — ¢
TabIeTKaMK U3 CTIPECOBAHHOTO Nopourka MoOs, cripaBa — MONHOCTEIO 3aNOJHEHHAS TEM
XK€ TMOPOIIKOM M MOKPHITass MEAHOH (onsroff 1t NpoBeNeHMsS MOHMTOPA HAKOILIEHHOM
HHTEHCHBHOCTH (OTOHHOTO IMy4Ka.

Omvcana cucTeMa HSMEPEHH® CIICKTPOB TaMMa-KBAHTOB IOCPEICTBOM
Aerexropa Ha ocHoe Nal(Tl) m momynpoBONHHKOBOTO IETEKTOP2 M3 CBEPXYMCTOrO
repManms. IIpuBefieHBl pE3yNbTAaThl 3JHEPIETHYECKON KalMGPOBKH M HM3MEpeHHs

abcomoTHoi#t 3 dexrusnocru nerexropos (Puc.1.6, 1.7).

Puc. 1.5. Cxema razosoii MuIIEHH
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Puc. 1.6. 3aBucuMocTs 3¢bdeKTHBHOCTH (B NMPOLIEHTaX) perHCTPALMM raMMa-KBaHTOB

nerexropom Nal(Tl) o anepriu Ha paccrosuu# 10 cM OT BXOZHOTO OKHA.
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Puc. 1.7. DbdexTHBHOCTS JieTeKTOpa U3 CBEPXYHMCTOrO repMaHud Ha paccTosHuax 0, 3, 5,
7.7, 10, 25 1 50 cM OT HCTOYHMKA 0 ACTEKTOPA.

Bo BTopoii rmaBe  AuCcepTAlMM  JaHO  ONMCAHME  METOJNUKH
IKCTEPUMEHTANBHOTO MCCenoRaHus peaxumu °Mo(y,n)**Mo. PaccMoTpeHsl cxema
pacnana **Mo—**™Tc, HHTCHCHBHOCTH H JHEPTUH PACTIAHBIX FaMMa-KBAHTOR,

v+ %Mo —»*Mo+n Tlopor peakumu = 9.1 MeV

l
Ty ~ 67 vaca — *™Tc (T, ~6 HacoB)

JInt OUEHKH OXHMIAEMBIX BBHIKOJOB peakimu '“°Mo(y,n)*Mo mposexeno
Monte-Kapio MoieTMpoBaHie 3aBHCHMMOCTHM BRIXoAa (HapaboTiu) atoMoB Mo ot
sHepruM GoToHOB. [N MOJENHPOBaHHsS IPOLIECCOB HcItonb3oBaicsa naker GEANTA4.

KomuectBo Hapaﬁoraﬂﬂmx aTOMOB 99MO OLICHUBACTCsT MOACIMPOBAHUEM YHUC/Ia



BBUIETAIOLIMX HEHTPOHOB, NPUHUMAs BO BHUMaHHE, YTO BEPOSTHOCTH MOIJIOMIEHHS B
MOMMOIEHE BBUICTEBUIMX HEHTPOHOB Maja, a TAKkKe C Y4eTOM TOro, 4TO CEYeHHs
COMYTCTBYIOIIMX PeaKkluit y + 2n M y + np Mallbl IO CPABHEHHMIO C CEYEHHEM OCHOBHOM
peaKkuuy y + n. 3aBUCHMOCTh BBIX0Ja HEUTPOHOB OT 5Heprud (GOTOHOB MpPHBEICHA HA

Puc. 2.1.
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Puc. 2.1. 3aBHCMMOCTE YMCNIa HERTPOHOB, BBUIETEBIINX M3 Mumenn Mo TonmuHo# 1

CM OT 3HepruM (HOTOHOB (KAX/as TOUKA SBIAETCH Pe3yasTaToM oT 10° potoHoB).

ITokaszaHo, 4TO MaKCHMaJIbHOE 3HAYEHHE CEeYCHHS PeakLMM HaGIomacTcs IpH
3Hepruu  otoHoB Ey~17 M>3B, 4YTo XOpOINO COrNacyercs ¢ ONyGIMKOBAHHBIME
pe3yneTaTamM IpYTUX aBTopoB [4].

IpoBeneno aBa ceaHca obnmydeHus o0pasuoB u3 MoQO; IS HCCIENOBAHMSA
npoueccos o6pasosanus Mo H cooTBeTCTBEHHO *"TC. IlepBeiii ceanc Gvin NpoBeneH
npu 3HepruH my4ka 20 MbsB, Bropo#t — npu sHeprim 40 MaB. H3aMepeHbl CrekTps
u3jlydeHus oOnydeHHBIX o6pasuoB(cM. Puc.2.2), usMepeHa crneuuduueckas akTMBHOCTh
BBIXOZA, MPOBEICHO CPaBHEHME C paHee ONyOIMKOBAaHHEIMH pesynsraramu [5,1]. B
JUTEPAType MO NAHHBIM DPasMYHBIX OSKCICPHMEHTOB INPHUBOIMIMCE pe3YNBTATHl II0
cnelM(uIecKoil aKTMBHOCTH (HapaboTaHHAas AKTHBHOCTb, [IPMBEJEHHAS HA EIMHMILY

MacCel MHUINCHM - MI, HA €AWHHULYY MHTCHCHBHOCTH IIy4YyKka — M](A, H Ha JJIHATECIEHOCTH

10

obnyuenns — uac) ot 90 Br/MrsmkAwsuac[5] mo 3200 Br/Mr+MrAsuac[12]. Tlo

pesyibTaTaM OINMKMCAHHEIX B JUCCEPTAIMM HCCIENOBAaHMH nomydeH pesynsrar 3000

Br/Mr*MKA*yac.
Hay4Hblii LeHTp Ccenuixa AKTHBHOCTb,
Br/MrrmiA*y
(8155317} P12-2004-210 [12] 3200
PTY Panuoxumus, 1993[5] 90
X®TU EPAC-98 [1] 370
Ep®H Hacrosmas pa6ota[2] 3000

Kax BHAHO M3 mpuBeAeHHOH TaONMIEL, MONYYEHHBIE HaMM 3KCIIEPHMEHTABHBIE
JIAHHBIE HAXOMATCH B XOPOLIEM COITIACHM C pe3y/nbTaTaMM, noxydeHHeiMu B OVAH, u
ONU3KK K MaKCMMAaIBHBIM 3HAUYSHHAM JHMala3oHa OIMyOIMKOBaHHBIX JAHHEIX. TeM caMBIM
MIOATBEPXKAESTCH JOCTOBEPHOCTh TONYYEHHBIX 3HAYCHHHA, a BBICOKOE 3HAUCHHE
cnenudpuieckoif aKTHBHOCTH MO3BOJISIET NPOAOIIKATE PACCMATPHBATE METOJ, MONYYEHUS
%Mo mocpeacTBoM (OTOSIEPHOM PEAKIIMH ~ IIPH HATMYMH CHIBHOTOYHEIX DIEKTPOHHBIX

ycxopurene.

20000

18000 Nov.15 spectra I

T

18000 Spectra sum=2.23667E+06 X7 nauso;zgua/ 88

Bockground Sum = 33208 .3792E+0B
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Puc. 2.2.. Criextp usmy4eHus oOayueHHOT0 MaTepHana yepes 39 uacos mocne

3aBeplueHUa 00.TyueHus — usMepeHo aetexkropoM Nal(Tl).
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IIposeneH aHamM3 3aBUCHMOCTH AKTMBHOCTH OT BPEMEHH, IPOILEIILErO MOCTe
3apepuicHua o6nyyenns (EOB — end of bombarding), pesysnsrarsl npuBencHsl Ha Puc.
2.3.

U3 mosenesus INpHBEJCHHOrO CICKTPa BHIAHO, YTO MEPHUOJ HONYpacrana
00pazoBaBIIerocs BEIECTBA COCTABIAET ~64.2 4Haca, YTO COOTBETCTBYET MEPHOLY
nonypachana **Mo. A MHKOBOE 3HaYeHHE JHEPTHM B CNIEKTpe Ha Puc. 2.2 paBHoe ~140
K3B, COOTBETCTBYeT IHEpruH U3TyYeHUs *"Tc, 06pa3OBaBIIETOCsS B Pe3y/TaTe paciaia
*Mo.

HccnenoBana 3aBUCHMOCTE HaBeJICHHON aKTHBHOCTH OT TOJIIMHEL MUIICHH, TO
€CTh (aKTUYEeCKH OT IIyOMHBI TMPOXOXKAEHMA (GOTOHOB BAONE ocu mmyuka (Puc. 2.4).
Ilokazano 4TO HaBefcHHAd AKTMBHOCTH B MMINCHH TOMIIMHOH 30 MM BCIEACTBHE
TNIOTJIOIIEHHA YacTH (OTOHOB B BEIIECTBE MUILICHH MajaeT NpuMEpHO B 1.5 paza — mo

CPaBHCHMIO C BAPHAHTOM HTHOPHPOBaHUA 3Toro nornouteHus (Puc. 2.5).

x10*
2000

1800

b int=(16,26+06)xexp(—t/130.58)
oo b T(1/2)=64.2h

00 | Ny

1200 |-

1000}

500 |- Ty .

400 L i L L L L
20 20 60 80 100 120 150

Time {hr)

Puc. 2.3. 3aBHCHMOCTE aKTHBHOCTH MUIICHHA MoO;0T BPEMEHH I10CJIE 3aBEPUICHHUS

00yucHus

12

Activity, Bq
1

Puc. 2.4. 3aBUCMMOCTE M3MEPEHHOM aKTHBHOCTH O6NydeHHOH MUICHH MoQ,
oT rayGuHel yepe3 m — 15.7 yaca, ® - 37.8 uaca, A- 62.7 yac u'V- 84.3 yaca nocne

3aBEPILICHUS 06IydeHUS

Activity, Bq

o

Depth, mm

Puc. 2.5. HSMCpCHHaSI HHTCTpajbHAsl HaBEACHHAA AKTHUBHOCTH B 3aBUCUMOCTH OT
TOJIIHAHB! MHILICHU (l TO'{KH), U BBIYHCIIEHHBIE 3HAYCHUS HABCACHHOW AKTUBHOCTH B

TIPEATIONIOKEHHH, YTO BO BeeX TabeTkax HaBeleHHas aKTHBHOCTh OZIMHAKOBA (@ TOYKHM).
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3000 |-
2500 |-
2000 |-
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Puc. 2.6. 3aBucHMOCTE HaBeZIeHHOH aKTHBHOCTH OT [UIMTEIBHOCTH 0G/IyYeHH .,

HccnenoraHa 3aBHCHMOCTb HABEICHHOM aKTUBHOCTH OT BPEMEHH 0GIIydeHens,
TI0KA3aHO YTO 10 JIMTEILHOCTH OOIYYEeHUS BILIOTH N0 40 4acoB BEIXOA pacTeT JNHHEHHO,
4TO COOTBETCTBYT TIepHOTy moMypactaza ° Mo (cM. Puc. 2.6).

99m: s

Paspa6orana u 0cBOGHa METOAMKA BBIAENCHUS ~ 1C U3 OGJIYUCHHOM MUINEHH
MoO;. YcranoBneH B “ropsdcii kaMepe™ KOMIUIEKC LEHTPOGEXHOro sKkcTpaktopa (Puc.
2.7), npoBelieHO NMpo6GHOEe 0OIyueHUs AAUTENLHOCTRI0 100 4acoB U BEIAENEHA ONBITHASL

[apTHs NMEpTeXHeTaTa. AKTUBHOCTE cocTasmia 80 MKu.
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Puc. 2.7. DcrpakTop, Memanka ¥ MepHCTalbTHIECKHE HACOCH! B BBITSKHOM LIKad)y.

OCHOBHEIE HAayYHBIC pE3YyIbLTaThI HCCIIEI0OBaHHWHA, ONMUCAHHBIX B JaHHOH riaee,

omny6iukoBaHH B [3,6].

TpeTrsl riaBa AUCCEPTALUM NOCBSILCHA SKCIEPHMMEHTATEHOMY HCCIIE0BAHHUIO
peaKLuH
1245 ety BXetn — D3 — 12
Janpl  obocHOBaHue H aKTyJbHOCTh IIPOBOIMUMBIX  HMCCIEHOBAHMIA,
Le/eco06Pa3HOCTh  NOJNyYeHHs M30TOMa ‘21 Ha TOPMO3HBIX (JOTOHAX. Ipusenenst
124 123
pesynbTaThl MOJE/IMPOBAaHMA peakuuu - Xe(y,n) ~Xe, ompeneneHs! ONTHMAILHEIE

TapamMeTphl MUILIEHH TS YBETMUEHH BhIX0Aa u3oTona' 1 [7](Puc. 3.1).

10%events

1000

Number of neutrons

T NN UE N T RN P
8 10 12 14 16 18 20 22
Gamma energy,MeV

Puc. 3.1. 3aBMCHMMOCTH BBIXOZA HEHTPOHOB OT BHeprum (OTOHOB Npu OGIyYECHHH

KCCHOHa.
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OnucaHa D3KCEPUMEHTATBHAS YCTAHOBKA JUIA PETHCTPAaUMM  PeaKlu,
PaCcCMOTpEHa MeTOMMKa BblieneHus 2] u3 OGIydeHHOro MaTpuanta, OLEHEHA YHCTOTA
TIONlyMeHHOre pofykTa. OmHCaH METOJ H3MEPEHUS CIIEKTPOB rAMMAa-KBaHTOB, H3MEPEHEI

CIIeKTpBI M3JydeHHs 06aydeHHoro marepuana(Puc. 3.2), Moka3aHO HAIMYKE B CIEKTPE

2 123
yerkoit muHuK 159 k3B, 4TO COOTRETCTBYET H3NIydeHUuI0O L.
Dete
5.2E05—— -~ T . T T .
3‘95052— —;
!Z.BEDE-;— —g
s ]
1.3£05[-- —:
066 : 84.60 12800 ' 16200 : 76,00
. Enargy (ke

Acquired: 6/18/2010 11:31:13 AM O oai Time: 500,001, Liv Time: 472,885,
Fite: F:\June2010\sp20.Chn Channels; 1024

Detoctor; #12601 MCB 126

Puc.3.2. ClieKTp H3Iy4eHHA BBLAEIEHHOTO '=°1 gepes 26 4acoB NOCe
3aBepieHus 00 IydeHHM.
Hi3Mepena 3aBHCHMOCTE aKTHBHOCTH TIOMYJEHHOTO H30TONA OT BPEMEHT MocJie
saBepirenus o6nydenus (Puc. 3.3), BEMUCIIEH IIEPHO N0NPACIaia, KOTOPHIH COCTABM

123
~14.3 yaca 1 COOTBETCTBYeT NEPHOY Nonypachaga ~~ 1.
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x 103
3000

Int=(B.52E+06)*exp(—t/26.87)
T(1/2)=14.3n
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Prc. 3.3. 32BHCUMOCTE AKTMBHOCTH BBLIENECHHOTO M30TONa '2 1 OT BpeMeHH IOCIIe

3aBepiieHrs o0y ueHus.

Onucan Mero]] onpesie/icHHs aKTUBHOCTH. Y Ie/lbHas aKTMBHOCTL COCTaBWiIa ¥

= 143BK/mz*mKA ¥y, 4TO corlacyercs ¢ pe3ylbTaTaMi ApYTrHx aBTopos[8].

YersepTast riaBa JHCCEPTAIMM TOCBAIUEHA BKCIEPUMEHTAILHOMY HCCICIOBAHKIO

peaxumit 128n(y,n)!!'Sn—'"In 1 "?Sn(y,p)!!'In no mony4enmo u3otona n.
Uccnenopansl 062 KkaHana mHodyueHus wu3oToma 'MIn Ha MumeHd u3

oforamenHoro onoea '2Sn (91 %).

.

281 (y, p) "'In, nopor peakimu - 7.55 MeV, kynonosckwii Gapsep - 10.78 MeV,
. 128n (y, n) '"'Sn — (35.3 mun B +) — 'In, nopor peakumu - 10.79 MeV.

PaccMoTpeHbl NapluabHble CEMEHHA OGEHX peakumid. IIPeacTaBieHbI CXEMbl
pacanos ''Sn—""In u "'In—'""Cd [9]. Onnxcana skcIEpUMEHATIBHAS YCTAHOBKA IS
peructparu  ''In. JlaHbl oOmmucamMe MeTOXa ONpENENeHHs KOMAYECTBA (OTOHOB
NOCPE/ICTBOM MOHUTOPHBIX PEAKIIHA Ha MULICHH U3 MEIH.

B kayecTBe MOHMTOpPA Oblla HCTIONH30RAHA MHIIEHS M3 HATYPANLHOMN MEIH BECOM
0.095 r nmamerpoM 17 MM u TommmuoM 50 MkMm. OGe MueHH OGIyYaIHCh

OOHOBPEMEHHO, X YHCIIO ManaloliMX Ha HHUX (bOTOHOB OJHUHAKOBO€, TaK KaK BBUAY MaJoi
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TOJIIMHE] MUIIeHe# NornoiesremM GOTOHOB B MEHOM MHUIICHH MOXHO mpeHe6peds. B
MHIICHH M3 MEIM TPOMCXOAMT MoHWTOpHas peaxuus. IlocpencrBom 3Tol peakuuu
onpexensiercs 4UcIo (OTOHOB, NMAJAIOMIMX HA MHUIICHb M3 28, myreM M3MepeHus
MHTEHCHBHOCTH CIIEKTPa OT OOIYUeHHO MUINEHH U3 MeAH. BEIGOp MOHMTOPHOM peakiuu
ONpesensercs HaJEKHOCTHIO HMMEIOLMXCA 3KCIEPHMEHTANBHEIX JAaHHBIX O HeH,
yIO6CTBOM M JOCTYIHOCTBIO MaTepyana, W3 KOTOPOTO MOXHO IpPHIOTOBHMTEH OOpasLil,
BPEMEHEM KU3HH 00pa30BaBIIErocs PagHOAKTHBHOTO AAPa.

Harypanbnas Meb UIMeeT 2 U30Tona - SCu (69.15%) u Cu (30.85%). Ha nux
N0, ASHCTBHEM (OTOHOB IIPOMCXOIAT CIEAYIONME POTOSAEPHEIE PEAKIIMH:
Cu (y, n) $Cu
- C BBIXOZIOM PEaKIMH O = 53 M6, u
$3Cu (y, 2n) ®'Cu
— C BBIXOJOM peaxuuy 6, = 2.6 M6 {10]. %Cu umeet nepMoa monypacriana 12.7 vaca u
OpH pachaze M3NydaeT ramMMa-KBaHTHI ¢ 3Hepruedi 1345.8 xaB. Ilepuon monypacmazxa
1Cu coctaBnsier 3.333 uaca, JHEpIHs M3Jy4eHHBIX ramMMa-KBaHTOB - 283 x3B. Ymcio

$OTOHOB, NANAOMIMX Ha MUIICHE, onpeaensercs hopmyno# (4.1).
N, = ANM/(oNcken(1-¢*,) €¥3(1-¢™3) 4.1,

2ne AN — udcno coberrhii oA (OTOMHKOM, M3MEPEHHOE IETEKTOPOM B TEYCHHE
BpEMEHM t; A - KOHCTAHTA PAaclaja, o, — BEIXOJ PEaKuud, N, — 9ucno saep 8 1 cM?
MMIIEHH, YIaCTBYIOIMX B peakuuH, kK — Ko3Q(HIMEHT MOTIOMEHH raMMa-KBaHTOB B
MMINEHH, BO3LYXE M 4YallKke JeTeKTopa, &€ - J((EKTMBHOCTL JereKTopa, # —
HMHTECHCHBHOCTh T'AMMAa-JIMHMH, £; _ JTHTENBHOCTE OOTyUEHHUS, !, — NEPHOJ BPEMEHH OT
o6nydenns 10 M3MEpeHus, 3 — JUIATENBLHOCTE M3MepeHua. CpenHee sHauenue N, mo
JIAHHEIM OTHOCHTE/IBHO 06eHX peakimii coctarmser 5.5%10'% dororos/cex.

Criextp 0ONy4eHHOro Marcpuaia OBUI M3MEPEH C MMOMOLIBIO JIETEKTOpa M3
CBEPXHMCTOrO repManms ¢ BRICOKMM paspemenueM HPGe. Ha Puc. 4.1 mpeacrapneH
CTieKTp OGIYYEHHOr0 MaTephalia, Ha KOTOPOM XOpONIO BHIHBI OCHOBHEIC raMMa JIHHHH,
oGpazoBasiiyecs B pe3yisraTe GOTOSNEPHEIX peakiui "28n (v, p)— "M'Inu 'Sn (v, n)—

Mgy, "1 no nomyyermo worona M'In
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® 171.3 x3B ¢ MHTEHCHBHOCTEIO 90%,

® 245.4 3B ¢ MHTEHCUBHOCTHIO 94%.

- 1713 KeV
.
S
-}
=
i3
O 15000
o000 -
s
......... At
2 o A 1 ¥ =
B

E{KeV)

Puc. 4.1. l'amma-cniexTp obinydeHHOro Matepuana depe3 332 yaca nocne 3KCHO3MIKH.

Ceuenue ofpazosarus u3oTona ''In onpenenseTcs MOCPEACTBEOM HIMEPEHHOTO
JETEKTOPOM CTIEKTpa M 4Hcla (JOTOHOB, BBEIYMCIECHHOIO MOCPEACTBOM MOHHUTOPHOM
peakiMM Ha MHUIICHM H3 Memd. [laHa OleHKa npUMecedd B KOHEYHOM IIPOAYKTE,
OBYCIOBNCHHEIX PpEaKUMAMH Ha JAPYTHX H30TONax OJ0Ba, NPHUCYTCTBYIOUMX B
06oraleHHO# MHIIEHH, B pe3yNbTare KOTOPHIX 0OpasyloTCA APYrde M30TOINBI MHIHA,

Ilony4eno ams ceqenus 3HaueHKE 64 = 113 + 10 M6, 4TO HAXOINTCA B XOPOILIEM COTVIACHH

C pe3yJbTaTam Jpyrux asropos {11].

B naxHo# pabote moxyueHO 3HadeHUE creM(HUEcKoif aKTHBHOCTH, KOTOpas
HPEACTARIACT COOOH aKTUBHOCTb, NPHUBEACHHYIO Ha CIMHMIY Beca OGIYYEHHOTO
MaTepHana, TOK Iy4Yka M JUIMTENRHOCTH 00ay4deHus, paBHoe 1700 Bx/Mr*MkA*u, Panee
VCCIIEIOBAHHS TI0 TIONYHEHHIO H30Toma ' 'In TOCPEACTBOM (DOTOSAEPHOH peaKiuy OhlIM
npoBeacHel B X®TH. [13] Hccrenoanus ObUIM HPOBEJCHH B OCHOBHOM MyTEM
KOMIILIOTEPHOTO MOJEIMPOBAHUS, @ 3aTEM 3KCIEPUMEHTANbHO. A YAENBLHOTO BEIXOAA
msotona 'M'In MMy 6BLT moNyUeH IKCTIEPUMEHTANBHEINA pe3ynsTar 57.14 Br/Mr*mkA*u.
Pasunna Mexy HalUMH JaHHEIMHA YU JaHHEIME XOTH MoxHO OGBACHHTE pasNvMIkeM B

rCOMETPHU MHUIIICHH, B YaCTHOCTH PasIMiUEM B TOJIIMHE KOHBEPTOpA.
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B 3axUil04eHHH TIepeYHCIIEHb] OCHOBHBIC PE3YIbTaThL, OTYYEHHbBIE B UCCEPTALMOHHOM
pabore.
s 100 99
B NpoBeIEHHBIX SKCIIEPUMEHTANBHBIX HCCIeIOBaHUAX peakumit — Mo(y,n)” Mo

11 112 111 111
- *"Tc, Xe(y,n)'*Xe -2, 12gn(y,p)In m "*Sn(y,n)''Sn —» In  Ha myuxe
TOPMO3HOTO H3TYYEHHHM SJIEKTPOHOB ¢ 3Heprueidi 40 MdB nuHEHAHOro >IeKTPOHHOTO

11
yexopurens Ep®U noiyaeHs! Beixoast wzotonos *"Tc, '#I u .

B X0/ BEIIONTHEHHA JUCCEPTALMYK OBLTH IPOBECHBI CIEAYIOIIME PabOTEL:

L Jind mpoBefieHMsA MCCTEAOBAHMM Ha DA3IMHHBIX MHIUCHAX OBbUIM CO3ZaHEI
OKCIIEPHMEHTANBHBIE  YCTAHOBKM, aJalTHPOBAHHBIE K  KOKIAOH U3
PErUCTPHPYEMEBIX PEaKIIuid.

° C 1enblo YBENMYCHHS BEIXOZAa Kaxmod u3 peakuuii Oblla [POBCACHA
MOJEPHH3AHS THHEHHOTO YCKOPUTES 3ICKTPOHOB.

° Jna  onTHMM3ALMM  TapaMeTrpoB  Iyuka nposeaeHo — Momnte-Kaprio
MOIETMPOBAHHE M3yYaeMBIX mpoueccoB mo mporpaMmaM GEANT
PENELOPE.

99mpe 1237 y 11y

L4 Hccnenosana Meroauka BeIIENCHHS NPOAYKTa PEakiuy ~ 1c, H In U3
o6myueHHoro MaTepHana.

. Honyuens! Bexoas usoronos > Tc, 21 u "'In npu sreprun anexrponHOrO
my4ka 40 MsB.

° IIpoBefieHO CpaBHEHME [ONYHEHHBIX JAaHHBIX C  OMyOIMKOBAHHBEIMH

pesyibraraMe  JpYrux  apTopoB. IlomydeHO  coriacHe € paHee
ONOIHKOBAHHBIMH JaHHBIMH.

® HOJ]y‘-ICHLI CI.ICLIHQ)H‘[CCKPIC AKTUBHOCTH AJI1 KaXKIZOr0 U3 U3YyTaCMbIX H30TOITOB:
®mTe _ 3000 Br/mr*mxA*s, 2 — 143 Brx/mr*mrA*s u In - 1700
Bx/Mr*MxA *uq.,

L IMonyyenubie 3HAYEHHS CCHUPUIECKUX aKTHBHOCTEH XOPOINO COTNACYrOTCH C

aKTHBHOCTAMH, TIOMYIEHHEIMH B IPYTrHX HCCIIENOBATCIBCKUX ICHTPax.
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The Investigation of Photonuclear Reactions
under 40 MeV Energy Beam of YerPhl Linear Electron Accelerator
SUMMARY

The aim of the thesis is to measure the yields of photo-nuclear reactions under
electron beam with a maximum energy of 40 MeV of linear electron accelerator YerPhl
using molybdenum, xenon and tin targets to form the nuclei of *"Tc, '*’L, '"'In by the
induced activity method. Studies of the interaction of electromagnetic radiation with
atomic nuclei show that investigations of photo-nuclear reactions are associated with
specific difficulties. The main difficulties are the following:

1. The absence of intense beams of monoenergetic photons, thereby to use different
mathematical and experimental shifts to determine the cross section of the reaction under
conditions when the photon spectrum causing it is close to monoenergetic;

2. The relatively small absolute values of photonuclear reactions cross-sections, requiring
high intensity photon beam to increase the reaction yield, and that requires increasing the
thickness of the target, which leads to deterioration of the energy resolution;

Studies carried out in the framework of a thesis are aimed to solve some of these
problems. Above mentioned isotopes are widely used in nuclear medicine for diagnosis
and therapy of cancer.

Scientific novelty and practical value of the results are the completion of a data
base of photo-nuclear reactions. These results can be directly used for testing and
development of models of nuclear reactions. At the same time as a result of photo-
nuclear reaction the following isotopes are producing - **™Tc, '?I and '"'In, which are
widely used in nuclear medicine and some other fields of science and technology.

The experimental set-up for the research of photonuclear reactions on the
molybdenum, xenon and tin targets was designed and created. The technology of the
investigation of the mentioned reactions was developed. To increase of the yield of
investigated reactions the Monte-Carlo simulation by means of GEANT and PENELOPE
codes was performed and optimal parameters of the electron beam and targets geometry
were chosen. The measurements of the photonuclear reactions yields and activity of
isotopes *™Tc, '#I and '"'In were carried out.

As a result of studies and modernization of linear accelerator for targets
irradiation the next parameters was chosen: energy of electron beam — 40 MeV, beam
current — ~10 mkA. Measurements of irradiated material were performed by the HPGe
detector connected with the multichannel analyzer DSPEC-LF.

The isotope ®™Tc was obtained by process 1°°Mo(y,n)*Mo—**"Tc. The half-life
of ®Mo is ~66 hours; half-life of **™Tc is ~6 hours. As the target the trioxide of natural
molybdenum MoO; was used The dependence of activity on thickness of the target and
time of irradiation was investigated. The obtained final product was confirmed by
presence of peak at 141 keV in the spectrum of the emitted gamma rays from the
irradiated material, which is the characteristic line for technetium. For the yield of the
¥mTe the value Y = 3000 Bg/mg*mkA*h was obtained. This value of activity is
consistent with the endpoint of the wide range of values are cited in the publications, i.e.
90-32000 Bq/mg*mkA*h.
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The isotope '?°I was obtained in the process '**Xe(y,n)'*Xe—'?1, half-life of
1%Xe is ~2.2 hours and half-life of ' is ~13.3 hours. As a target the xenon gas was
usedl, in which abundance of **Xe is 0.96 %. The target was irradiated during the 12
hours. The measurements of the spectrum from irradiated target were performed by
HPGe detector. The presence of the line at 159 keV in the measured spectrum has
confirmed the obtaining of the '?I. The specific activity of the 2’ isotope was 143
Bg/mg*mkA*h. This value of activity is in agreement with the data measured at JINR.

The cross section of '''In isotope production was determined by the activation
technique. As a monitor the reactions on the cooper "Cu were used.

The isotope '!In was obtained by the two channels of reactions such as direct
production ''?Sn (y, p)'"'In (half-life — 2.8 days) and ''*Sn (y, n)"''Sn(half-life 35.3
min)— "In . As a target the 91 % enriched tin was used. The target was irradiated
during 15 min. The cross section of the ''In production was calculated using by means
of measured spectrum of gamma from irradiated tin target and calculated number of
photons received by monitor reactions on cooper target. The value of cross section was
obtained 6, = 113 = 10 mb. The yield of ''In isotope was Y = 1700 Bq/mg*mkA*h.
The contribution of impurities in the final product from the accompanying reactions was
evaluated.

In summary, the main scientific results presented in this thesis are:

1. To investigate different reactions with various types of targets an
experimental layout was built adapted to different recorded reactions.

2. In order to increase the yield of investigated reactions the linear accelerator
was upgraded increasing the beam intensity more than twice.

3. In order to optimize the beam parameters the Monte Carlo simulation of
processes by use of GEANT and PENELOPE codes were processed.

4, The technique for separation of final products namely *™Tc, '’ and '"'In
from irradiated material was implemented and adapted to our specific
condition.,

5. The yields of isotopes *™Tc, 1°I and '""In in the electron beam energy 40
MeV was obtained.

6. The obtained data are compared with published results of other authors. An
enough good agreement was observed to previously published data.

7. The obtained values of specific activities are in a good agreement to that
obtained in other research centers.

The importance of presented results is that obtained values of cross-section
could be used for investigation of structure of nuclei and creation of theoretical models by
photons with energies in the arca of GDR.

The same time these results are also applicable showing the opportunity of
medicine intended isotopes production by means of high intensity linear accelerators
especially for case when cross-sections of photonuclear reactions are comparable to these
on proton and neutron beams.
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