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AKTYaJIbHOCTb IP00JIeMbl

Iomyuenne uHpOpPMALUKM O CTPOEHHHM ATOMHOIO sIpa SIBISAETCS OAHON U3
OCHOBHBIX 33J1a4 JKCHEPHMEHTAJbHBIX HCCIEIOBaHUH snepHOi ¢usuku. Takoro pona
HH(OPMAIHIO O CTPOCHHH SIIpa MOXHO HOJIYYHUTH ITyTEM aHaJN3a BEPOSTHOCTEH SIEePHBIX
PeaKIuii Ipy B3aNMOCHCTBHN PA3IMIHBIX YACTHIL C SIAPOM.

Cpean OrpoMHOro pa3zHOOOpa3usi SIAEPHBIX pPEaKIUil HEMaJOBa)XHOE MECTO
3aHIMAIOT pPEaKNWH, BBI3BAaHHBIC OJJIEKTPOMArHUTHBIMH B3auMojeicTBusaMH. Takue
PEaKINH TPOTEKAaroT 3a CUET 3IEKTPOMArHUTHOTO IOJS, CBOHCTBA KOTOPOTO MOAPOOHO
H3y4YeHbl, U MEXaHU3M NIepejaull SHEPTUM OT HaJIeTAIOIIEro yY-KBaHTa HCCIEAyeMOMY sSIpy
JOCTAaTOYHO XOpPOLIO M3BECTEH. B Takux peaknusx Impomie, 4eM B peakIUaIX IOJ
JIEeHCTBUEM HEWTPOHOB M 3apsDKEHHBIX YACTHI], OTACTHTH 3(GHEKTH CTPYKTYpHI SOpa OT
MEXaHU3MOB €ro BO30YKICHHS.

PesynbTatel uccneqoBaHUN pa3IMYHBIX IIPOLIECCOB B3aUMOJACHCTBUS Y-KBAaHTOB
HU3KHX M CPEIHUX SHEPrUil MMEIOT OOJbIIOE 3HAYECHHE HE TOJIBKO B OOJNACTH SIEpHOM
¢mukn. Taxke HEMaNOBaKHOE 3HAUCHHE MMEIOT PE3yJIbTaThl 3TUX HCCIEIAOBAHHH B
CaMbIX Ppa3NIUYHBIX OONACTSIX HAayKH M TEXHUKH, a UMEHHO B SAECPHOM 3HEpreTuke,
SIIEPHOH MEAWIMHE, paJHallMOHHBIX pa3felaX XHUMHH, TEOJOTHH, MaTepHalIOBEICHHN,

OKOJIOTUH U BO MHOTHX OPYTHUX.

He.nb U 3aJa4Y4 UCCJICIOBAHUSA

Llenbro QUCCEPTALUM SBIISETCA M3MEPEHUE BHIXOJ0B (OTOAAEPHBIX PEAKIUN HA
JIUHEHHOM yckoputene u1ekTpoHoB Ep®U ¢ makcumanbHoi sHeprueit 40 M»sB Ha
MHINEHAX M3 MONMOJEHa, KCEHOHa W OJloBa ¢ obpaszoBanueM smep > ™Tc, 21, "ln
METO/IOM HaBeIeHHOH aKTHBHOCTH.

Hccenenosanus IpoOLECCOB B3aMMOJEHCTBUS SIeKTPOMATHUTHOTO M3ITydeHHs C
ATOMHBIMM SIpaMM TIOKA3BIBAIOT, 4TO HU3yYeHHe (OTOAJEPHBIX PEAKUUH CBA3AHO CO
cneuu(UUECKMMI TPYAHOCTAMH. B KauecTBE OCHOBHBIX TPYAHOCTEH MOLYT OBITh
BBIJENIEHBI ClIeyIOIIUe:

1. OTCYTCTBHME MHTEHCHUBHBIX IyYKOB MOHODPHEPIETUYECKHX (POTOHOB, BCIEICTBUE

4ero  IPUXOAWTCA  MCHONB30BaTh  pA3IMUHble  MATEMAaTHYECKHE U

OKCIICPUMEHTAJIBHBIE YXUIIPEHUSA [UId TOrO, YTOOBI ONpeaCINTh CEUYCHUE



peakuuyu B YCIOBHSX, KOTJa CIEKTP (OTOHOB, €€ BBI3BIBAIOIINX, OJIM30K K
MOHORHEPTeTHIECKOMY;

2. OTHOCHWTENBHO Maible a0CONIOTHBIE BEIMYMHBI CEYCHUH (OTOSAICPHBIX
peakumii; TpeOyercss BbICOKas WHTCHCHBHOCTh (DOTOHHBIX IyYKOB, IS
YBEJIMYCHHS BBIXOJIOB PeakKilHil TpeOyeTcs yBEIWYMBATH TONIIMHBI MUILICHEH,
YTO MPUBOIHT K YXY/LICHUIO SHEPTETHIECKOTO Pa3peIICHHS;

IIpoBeNieHHOE B paMKax B JMCCEPTAllUU Hccienosanue saaep *™Tc, 21, n,
MOJIyYCHHBIX Ha ITyuke (OTOHOB JIMHEHHOrO 3JIEKTPOHHOro Yyckopurenas Ep®U ¢

sHeprueii anekTpoHos 40 MsB HampaBieHo Ha pelIeHue HEKOTOPBIX U3 OTHX MPOOIeM.

Hayqﬂaﬂ HOBHU3HA U NNPaKTHYECKasl HIEHHOCTb paﬁonl

Hayunass HOBHM3Ha M TIpaKkTHYeCKash IEHHOCTh IMONYyYSHHBIX pPe3yJbTaTOB
COCTOHT B IIONIOJHCHMH OaHKa JaHHBIX (OTOSACPHBIX peaknuil. s co3JaHUs HOBBIX
TEOPETHYECKUX Mozaesned 1o  (OTOAAEPHBIM  peakuusM TpeOyIoTCs — HaJeKHbIS
OKCIICPUMECHTAJIbHBIC JaHHBIC. HpI/IBeILCHHbIC PE3yIbTaThl MOTYT 6bITb HETIOCPEACTBEHHO
HCTIONB30BaHbI IJIsl IPOBEPKH M PAa3BUTHSL MOJENeH SIepHBIX peakiuil. B wactHocTH, B
cllydae BEIMYMH YJAEIbHOM aKTUBHOCTM oOpasoBanmuss uszotoma **"Tc¢  pasbpoc
NIPE/ICTABICHHBIX B JIMTEpaType MaHHBIX cocraBiusier oT 90 Bx/mr*mxAx4a mo 3200
Bx/Mr#MkA*4. CymmecTBOBaHHE TaKOTO IIMPOKOTO pa3dpoca CBUAECTEILCTBYET O TOM, UTO
TpeOyIoTCS HOBBIE HAIEXKHBIC M3MEPEHHs Ul Pa3BHTHS CYIIECTBYIONIUX U CO3JAHHS
HOBBIX TEOPETHIECKHX MOJEINEH, OMUCHIBAIONINX (OTOSIEPHBIE MIPOLECCH. AHAIOTHYHAS
CHUTyalHs B TOM WIIM HHOM Mepe OTHOCUTCS U K JPYTHM H30TOMaM.

OIHOBpEeMEHHO B pe3ysbTaTe (OTOSIEPHBIX pacakiuil MONydaroTCs H30TOIIEI
99mTc, 123] y '[n, KOTOpBIE HMEIOT 60JIBLIOE IIPUMEHEHHE B SIEPHON MEIUIUHE M APYTUX
OTpaCIIsAX HAYKU U TEXHUKU.

[NonyueHHble HAMH Pe3yJIBTATHl MOIOJHAT MMEIOIMINIiCS OaHK NaHHBIX, CO3/IaHHBIN
Ha OCHOBE 3KCIEPHMEHTANBHBIX H3MEPeHHUH, BHIIIOIHEHHBIX B Hay4HbIX HeHTpax CIIA,

Espomnsl u Poccun.



OCHOBHBIE 3alUIIaeMbI€ TOJ0KEHUS:

e  DKCIEpHMEHTaJIbHAs YCTAHOBKA HA My4YKE 3JIEKTPOHOB JHMHEHHOTO YCKOpHUTEIs
JIYD50 Harmonansnoit Hayunoit mabopatopun nm. A.AnuxansHa (Ep®U);

e MeronuKa SKCIIEPUMEHTOB 110 UCCIICJOBAHHIO (DOTOSIEPHBIX PEaKIHii;

e Monte-Kapno pacuersl 11 ONTUMH3aLUHN yCIOBUII SKCIIEPUMEHTOB — BHIOOD
SHEPTUHM 3JIEKTPOHOB, TOJIIMHEI KOHBEPTOPA;

e Monre-Kapmo pacuersl H  OKCHEPHMEHTAJIBHOE  HCCICIOBAHUE  JUIS
ONTHUMH3ALMH TOJIMHBI MUILICHEH;

e  DKCHIEepUMEHTAIPHOE H3MEPEHHE BBIXOJOB  (DOTOSIEPHBIX peakmuid |

akTUBHOCTeH m3otonoB '™ Tc, 23] u 'In.

AnpoOamusi padorel M myGumkanuu. OCHOBHBIE pe3yJIbTAaThl AUCCEPTALUOHHOMN
paboThl TOKIIAABIBATINCH HA HAyYHBIX ceMuHapax HarmonansHoit Hayunoit JlabopaTopuu
M. A.Amuxansna (Ep®U), a Taxke OBUTH JOJOXKEHBI HA MEXKIyHAPOIHBIX
KOH(EPEHINAX U CeMUHAPaX:

e  Bocsmas MexnyHaponHas koHpepeHIus “SnepHas u panuaunonHas $usuka’”
ICNRP’2011, 20-23 cenrs6ps 2011r., r. Anmarel, Pecrry6imka Kazaxcran.

e 14-i1 Mexnynaponusiii cemuHap HKK MHTL] “PazButne wuHHOBauuii u
TpaHc(ep TEXHONOTHMH B KOHTEKCTe TIjobambHOM OesomacHocTn”, 27-28
centa6ps 2011 r., r. Anmarel, Pecrry6imka Kasaxcran.

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

I[lo Teme nuccepraumm omy6aukoBaHo 3 pabotsl B kypHamax Mssectus HAH

PA(®u3znka) u Armenian Journal of physics.

O0beM u cTpyKTypa auccepranuu: /{uccepranus COCTOUT U3 BBEACHUS, YETHIPEX IJ1aB
WU 3aKJIIOYEHHSI, COAEPKUT 96 cTpaHMIl MMEYaTHOro TEKCTa, BKIoYas 66 pHCYHKOB, 9

TaOJIMI ¥ CHCOK JIUTEPATYPhI U3 53 HAUMEHOBAHHMA.



KpaTkoe cogep:xanue quccepTanuu

BBenenne conmepXuT KpaTkoe HaydHOe OOOCHOBAaHHWE aKTYaJbHOCTH HCCIICJOBaHUM
(hoTOSIIEpHBIX MPOIECCOB B 00IACTH TMTAaHTCKOro AumoibHOro pe3onanca (I'IT). daxo
OnuCcaHHue OOILIEr0 COCTOSIHUS MPOOJIEMBL, IIPUBE/ICHBI CTPYKTYPa U OCHOBHBIE MOJIOKESHHS
muccepranmi. OOOCHOBaHA aKTYaJIbHOCTh TPOBEACHUS W3MEPCHUN CeUeHHH peakmuil
100Mo(y,n)*Mo—*"Te, 2#Xe(y,n)!3Xe —'21, 12Sn(y,p)!''In u "2Sn(y,n)!!'Sn —'!'In.
PaccMOTpeHa BO3MOMKHOCTB TONydeHus uzotonos ™Tc, '] u '''In Ha oneKTpOHHBIX
YCKOPHTEIISIX.

B nepBoii riaBe 1aHO KpaTKOE OIMCAHHE TEOPETHUECKUX MPEANOCHUIOK M 000CHOBaHUE
9KCHEPUMEHTAJBHBIX HCCIEeNOBAaHUN (OTOSIEPHBIX IPOIECCOB KAaK C TOYKH 3PEHUS
nosydeHuss UHGOPMALUK O CTPYKTYpe B3aUMOJCHCTBHUIL, TaK M C LIEJIBIO ONpPEAEITCHHS
BBIXOJIOB U30TOIOB, HMEIOMINX MPAKTHYECKOe MIPUMEHEHHUE ISl TUATHOCTUKU U Teparuu
OHKOJIOTHYECKHX 3a0oneBaHnil. OmucaH aKTHBAIIMOHHBIA METOA W3MEPEHHS BBIXOIOB
peakuuii 1°Mo(y,n)*’Mo—*"Tc, 24Xe(y,n)'2*Xe—'21, 12Sn(y,p)!!'In u "2Sn(y,n)!!'Sn
—!Mn 1 onpeeneHust UX CEUEHUIA.

OmucaHbl  HCCIENOBaHUS ¥ MOJACIUPOBAHMS  HM3y4YaeMbIX  IIPOLIECCOB
nocpeactsoM nporpamm GEANT u PENELOPE c¢ nenbto ompeneneHus: onTuMalIbHBIX
napaMeTpoB my4ka ()OTOHOB M '€OMETPHUU YCTAaHOBKH. IIpuBeneHbl pe3yabTarl MoHTe-
Kapio MonenupoBaHus mpoliecca TOPMO3HOTO H3JIY4YEHHs JJIEKTPOHOB B TAHTAIOBOM

MHUIIICHH C MENBI0 BBIOOpa ONTHMAILHOM TOMIUHEI KoHBepTOopa [1](Puc. 1.1).
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Puc. 1.1 3aBucuMocCTh BBIX0/1a JOTOHOB OT TOJIIMHBI TAHTAIOBOTO pajnuaTopa.

OrnrcaHbl pa3pa60TaHHLIe 1 CO31aHHBIC SKCIIEPUMCHTAJIbHBIC YCTAaHOBKU JI IPOBEACHUSA

n3mepenuii [2] (Puc.1.2), cucreMbl MOHUTOPHPOBAHHS MapaMeTPOB IydKa M MapamMeTpoB



3KCH€pHMeHTaHLHOﬁ YCTaHOBKH, CHUCTEMBbI OIIEPATUBHOI'O U3MEPEHHS MOINCPEYHOI0

MPOQUIIS AIEKTPOHHOTO MyYKa CHCTEMOM, OCHOBaHHOI Ha BHOpUpYFOIIe cTpyHe [3].

Puc. 1.2. DkcnepuMeHTanbHas yCTAaHOBKA MOJ 3JCKTPOHHBIM ITyYKOM. | - HWJIHHAD
®dapagest, 2 — MUIIEHHBIH MOXYJIb, 3-TIOMUHU(DOPHBIH SKpaH KOHTPOJIS ITO3UIUH ITy4Ka, 4

— JUCTAaHIUIHOHHOC yCTpOﬁCTBO NEPECABUKCHNSA MULLICHHOI'O MOAYJIA.

[IpuBeneHs! pe3ynbTaThl H3MEPEHUs PO mydka (cM. Puc.1.3).

Scan of YerPhlI Injector electron beam, I=10 mkA, E=40 MeV, 10.06.2010
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Puc. 1.3. PesynbpraT n3mepeHus npoQuirs IIydka B BEpTUKAILHOM HAIPaBICHHH.

[IpuBeneHo onucanue pa3pabOTaHHBIX MUIICHHBIX KAIICYJI JUIs TBepAOTeNbHbIX (Puc. 1.4)
u razoob6pa3ueix (Puc. 1.5) mumeneii.



Puc. 1.4. Mumennas kancyna A TBepaoTenbHOW wumeHu. CieBa — ¢
TalJIeTKaMH M3 CIPECOBAHHOTrO nopoika MoOs, cipaBa — MOJTHOCTBIO 3aI0JIHEHHAS TEM
e MOPOIIKOM M MOKpBITast MEIHOH (POIBroil It MpoBeIeHUS] MOHUTOPA HAKOIUICHHOM
HMHTEHCUBHOCTH ()OTOHHOTO ITy4Ka.

OmucaHa cucrteMa U3MEPEHHs CIIEKTPOB TaMMa-KBaHTOB IIOCPEICTBOM
nerektopa Ha ocHoBe Nal(Tl) ¥ mOIynpOBOJHMKOBOTO AETEKTOpPAa U3 CBEPXUHCTOTO
repManus. [IpuBeNeHBl pe3yiabTaThl JHEPreTUUECKOH KaJIMOPOBKHM M HM3MEpEHHS

abcootHo# 3 dexTuBHOCTH AeTekTopoB (Puc.1.6, 1.7).

Puc. 1.5. Cxema ra3oBoii MUIIICHH
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Puc. 1.6. 3aBucumocth 3pHeKTHBHOCTH (B MPOLIEHTAX) PETUCTPALIMH FAMMa-KBaHTOB

nerekropom Nal(T1) ot sneprum Ha pacctostHuu 10 cM OT BXOJHOTO OKHA.
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Puc. 1.7. DddexTuBHOCTD IeTEKTOpa U3 CBEPXUIHUCTOr0 repmMaHus Ha paccrostausx 0, 3, 5,
7.7, 10, 25 u 50 cM OT UCTOYHHKA JI0 IETEKTOpa.

Bo BTOpoii  raaBe  JWCCEPTAAM  JAHO  OMHCAHME  METOMUKH
SKCNEPUMEHTAILHOTO HUccenoBanus peakuun ’Mo(y,n)*’Mo. PaccMoTpeHsl cxema
pacnana *Mo—""Tc, UHTEHCMBHOCTH ¥ 3HEPIUM PACTIAAHBIX FAMMa-KBAHTOB,

y + 1Mo —*Mo+n Topor peaxuuu = 9.1 MeV

I
Ti2 ~ 67 uaca — *™Tc (Ti/2 ~6 yacos)

Jlns OLEHKM OKMIAEMBIX BBIXOHOB peakuuu '"Mo(y,n)*Mo 1poseneHo
Monre-Kapno MosenMpoBaHWE 3aBHCHMOCTH BbIXOna (HapaGoTku) aToMoB Mo OT
sHeprun (oroHoB. [Ins MoJenIMpoBaHMs IPOLIECCOB HCmoib3oBajics maker GEANT4.

KonuuectBo HapaGOTaHHBIX aToMOB °°MO  OLEHHBAETCS MOJEIMPOBAHUEM YMCIIA



BBUICTAIOUIMX HEUTPOHOB, NMPUHMMAas BO BHUMAHHE, YTO BEPOATHOCTH MOIJIOMICHUS B
MONIUOAEHE BBUICTEBIIMX HEHTPOHOB Maja, a TaKXke C y4eTOM TOro, YTO CEUYEHUs
COIYTCTBYIOIUX peakuuid y + 2n ¥ y + np Maybl 110 CPABHEHUIO C CEYEHHEM OCHOBHOM

pcakuuu y + n. 3aBUCHMOCTH BbIXOJa HeﬁTpOHOB OT SHEPruun (bOTOHOB NpUBCICHA Ha

Puc. 2.1.
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Puc. 2.1. 3aBUCHMMOCTb YMC/Ia HEHTPOHOB, BbUIETEBMIMX U3 MuuieHu '“Mo Tonumnoi 1

CM OT 5HepruK (POTOHOB (KX Aast TOUKA SBJISETCS PE3yILTaTOM OT 10° POTOHOB).

INokazaHo, YTO MaKCHMaJIbHOE 3HAUCHUE CEUCHUS PEaKUnH HaOII0JaeTcs NpU
sueprun  ¢poroHoB Ey~17 Mbd3B, urto Xopomo cormacyercs ¢ OMyOJIHKOBaHHBIMH
pe3yabTaTaMu IpyTrux aBToOpoB [4].

IIpoBeneHo nBa ceaHca oOmydeHus: obpasuoB u3 MoOs i HccieoBaHHs
npoueccoB 06pazosanus Mo u cootBerctBeHHO **™Tc. IlepBblii ceanc ObLI HPOBENEH
mpu sHepruu mydka 20 MbdB, Bropoit — mpu sHepruu 40 M»sB. M3mepeHbl cneKTpbl
H3IyYeHUs] 00JTydeHHBIX 00pasioB(cM. Prc.2.2), m3mepeHa cnenupuueckas akTHBHOCTh
BBIXOJa, MPOBEICHO CpPaBHEHHE C paHee OIMyOIMKOBaHHBIMH pesynbraramu [5,1]. B
JAMTEpaType MO JaHHBIM pa3IMYHBIX 3KCIIEPHMEHTOB IPUBOJMINCH DPE3YJIBTAThl MO
crieniruecKoil akTHBHOCTH (HapabOTaHHAas aKTHBHOCTh, NPHBEJICHHAS Ha CAUHHUILY

MacChl MUILICHU - MI, HA €IWHULY WHTCHCUBHOCTHU ITyYKa — MKA, U Ha IJIIATCIBHOCTH
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obnyuyenuss — 4vac) ot 90 bBx/mr*mkA+vac[5] mo 3200 Bbx/mr*mkAxuac[12]. Ilo

pe3yibTaTaM OIHUCAHHBIX B JUCCEpPTAllMM HCCleoBaHUN monydeH pesyiabrar 3000

Bx/Mr+mMxA=*uac.
Hay4nblii neHTp Ccblika AKTHBHOCTb,
Br/Mr*MKA 4
ousin P12-2004-210 [12] 3200
PTY Pamnoxumust, 1993(5] 90
XOTU EPAC-98 [1] 370
Ep®U Hacrosimas pabora[2] 3000

Kak BUIHO M3 NpHBEICHHOH TaONHMIBI, MOJTYyYSHHBIE HAaMU JKCHEPHMEHTAJbHBIE
JaHHbIE HAXOJSATCSI B XOPOIIEM COIJIaCHU C pe3yibTaTamu, momyueHHeiMu B OMSU, n
OIM3KM K MaKCHMAbHBIM 3HAUCHUSIM JIMaIla30Ha OMyOIMKOBAaHHBIX JAHHBIX. TeM caMbIM
MOJATBEPIKACTCA JAOCTOBEPHOCTh IIOIYYEHHBIX 3HAUCHUH, a BBICOKOC 3HAa4YCHUE
crenn(UUecKoil aKTUBHOCTH TO3BOJISCT IPOJIOJDKATh PACCMATPHBATE METOJ HOJIY4CHUS
%Mo mocpescTBoM (HOTOSAEPHON PEAKIME — MPU HAJIMYUA CHIFHOTOYHBIX JIEKTPOHHBIX

YCKOPUTEIICH.
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Puc. 2.2.. CriexTp n3imydeHust 00Jy4eHHOrO MaTepuaia yepe3 39 yacos mocie

3aBepiueHus 00irydeHus — u3mepeno aerekropom Nal(Tl).
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[IpoBeneH aHaIM3 3aBHCUMOCTH aKTHBHOCTH OT BPEMEHH, HPOIIEALIETo MOCIe
3aBepiuenust oonyuenust (EOB — end of bombarding), pesysnprarsl npuBeaeHsl Ha Puc.
2.3.

U3 mnoBemeHMs NPUBEICHHOIO CIEKTPa BHAHO, YTO IIEPUOA IIOypacnaja
oOpa3oBaBLIerocsi BeLIeCTBa cocTaBisieT ~64.2 d4aca, 4TO COOTBETCTBYET MEPHOLY
nonypacnana “°Mo. A NMKOBOE 3Ha4€HHE SHEPTUU B CIEKTpe Ha Puc. 2.2 pasHoe ~140
k3B, COOTBETCTBYET dHepruu usnydenus **mTc, 06pa3oBaBLIEr0Cs B PE3yJbTATE pacnaja
“Mo.

HccneoBaHa 3aBUCHMOCTh HAaBEJCHHON aKTHBHOCTH OT TOJIIIMHBI MUILCHH, TO
ecTh (DaKTHYECKH OT TIIyOHMHBI HPOXOXKAEHMS (POTOHOB BIONb ocH Iyuka (Puc. 2.4).
[Tokazano YTO HaBelIeHHas AaKTMBHOCTh B MHMIIEHHM TommuuHOM 30 MM BCIIeICTBHUE
MOIJIOLICHUS. YacTH (POTOHOB B BELIECTBE MUILICHM MajgaeT IpuUMepHO B 1.5 paza — mo

CPaBHEHHIO C BApHAaHTOM HIHOPHPOBAHUS 3TOTO moriomenus (Puc. 2.5).

x 104
2000

L int=(16,26106)«exp(—t/130.68)
T(1/2)=64.2h

1400
1200

1000

600 [ .
' 8

L I I
0 20 40 80 80 100 120 140

Time (hr)

Puc. 2.3. 3aBucumocts akTUBHOCTH MuLIeHM M0oO30T BpeMeHHU 10CJIe 3aBEepIICHUS

00JIy4eHHs

12



1200

1000

=)

S

S
I

600 |

Activity, Bq

400

200

Puc. 2.4. 3aBucuMOCTh M3MEPEHHOH aKTUBHOCTH 0oOmydeHHOH mumenu MoOs
OT TiyOuHbl yepe3 m — 15.7 yaca, ® - 37.8 yaca, A- 62.7 yac uV- 84.3 yaca mocne

3aBEPILICHUS O0IYUCHUS

9000
8000

7000

Activity, Bq
8 8 &8 & 8
8 8 8 8 8

1000 +

0 T T T T T 1
0 5 10 15 20 25 30

Depth, mm

Puc. 2.5. U3mepeHHas uHTerpajbHasi HaBeICHHAas AKTUBHOCTh B 3aBUCHUMOCTH OT
TOJIIIMHBI MHIIECHH (YEPHBIC TOYKH), ¥ BHIUMCICHHBIC 3HAUYCHUS HABEICHHON aKTUBHOCTH
B IPE/IOJIOKEHHH, YTO BO BCEX TabJeTKax HaBeJleHHas aKTHMBHOCTh OAWHAKOBa (KpacHbIC

TOYKH).
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Puc. 2.6. 3aBucUMOCTb HaBEIEHHOM aKTUBHOCTHU OT JUTUTEIBHOCTH OOITy4EHHS.
HccneoBaHa 3aBUCUMOCTD HaBEICHHOH aKTHBHOCTH OT BPEMEHH O0IydYeHeus,
[0Ka3aHo YTO JI0 JUTUTEIBHOCTH 00JIy4eHHs BILUIOTh 10 40 4acoB BHIXOJ pacTeT JHMHEIHO,
YTO COOTBETCTBYT IepHOy monypacnaga Mo (cm. Puc. 2.6).
PaspaGoTaHa M OCBOEHA METOIMKA BhIAEIeHHS **™T¢ M3 00J1y4eHHOH MMIIEHH
MoOs. YcraHoBIIeH B “ropsiueil kamepe” KOMIUIEKC HEHTpoOekHOro skcTpakropa (Puc.
2.7), nmpoBeneHo mpoOHOE OOJIyUeHHs JIUTEIbHOCTHI0 100 YacoB U BBIJCICHA OMBITHAS

napTus neprexHeraTa. AKTUBHOCTH cocTaBuia 80 MKu.
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Puc. 2.7. 9CTpaKTOp, MelIajika ¥ IEPUCTAIbTUICCKUE HACOCHI B BBITSXKHOM mKa(by

OCHOBHBIE HaY4HBbIC PE3YJIbTaThbl HCCHeZ[OBaHHﬁ, OINMCAaHHBIX B I[aHHOﬁ TJ1aBeC,

oy OJIMKOBaHHI B [3,6].

TpeThst r1aBa TUCCEPTAIMH MOCBSIIEHA SKCITEPUMEHTATBLHOMY HCCIIEJ0BAHHIO
peakuu
124Xe+y—> 123Xe+n—>33 —>123I
Jlanel  00OCHOBaHUE M aKTyJBHOCTh TPOBOJAMMBIX  HCCIICIOBaHMIA,
1enecoo0pasHoCTy IToNydeHus uzorona I Ha TopMo3HbIX (oToHax. IIpuBeneHbI
124 1235
PE3YNBTATHl  MOJETMPOBAHUS PEAKIMH e(y,p)'>Xe, ompeneneHbl ONTHMANbHBIE

HapaMeTphl MULIEHH JUIs yBeJInYeHus Bbixoaa nzorona'?l [7](Puc. 3.1).

1600
10°events
1400
1200

1000

Number of neutrons

» =
=] =3
=] 1=}

N =]
=3 =]
=1 =1
L T B B B

Lo g g Lo b b L Ly |

8 10 12 14 16 18 20 22
Gamma energy,MeV

o

Puc. 3.1. 3aBHCHMOCTB BBIXOZJa HEHTPOHOB OT 3HEPrHH (POTOHOB NPH OOIYyUCHUH

KCCHOHA.
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OnucaHa 3KCTEpUMEHTANbHas YCTAaHOBKA JUIS  PETHCTPAllUM  PEaKIUH,
paccMoTpeHa MeTOAMKa BbileacHus 23] u3 06JIyd4eHHOro MaTpuala, OlEHEHa 4UCTOTa
MOJYYEeHHOTO NpoykTa. OTHCaH METO/] U3MEPEHHUS CIIEKTPOB FaMMa-KBAaHTOB, HU3MEPEHEI

CHEKTpPBI M3Iy4eHHs1 oOimydeHHoro marepuana(Puc. 3.2), mokazaHo Hajau4ue B CIIEKTpE

4eTKOM uHuK 159 k9B, 4TO COOTBETCTBYET M3aydenuto 21,
Dete

s2t05
3.9505; —f
gz.sEos} -
8 E 1
1.3505; —f

0.;0 64.00 128.00 : 192.00 25;.00
Energy (keV)

Acquired: 6/18/2010 11:31:13 AM Real Time: 500.00 s. Live Time: 473.88 s.
File: F:\Wune2010\sp20.Chn Channels: 1024

Detector: #12901 MCB 129

Puc.3.2. Criektp usiydenus BbiaeaeHHoro '2°I uepes 26 uacos nocie
3aBepIICHUS 0OTydCeHUS.
H3mepeHa 3aBHCHMOCTD aKTHBHOCTH MOTyYEHHOTO U30TOIA OT BPEMEHT II0ciIe
3aBepiuenus obrydenus(Puc. 3.3), BbIUMCIIEH Nepro nojypactiaia, KOTOPbIA COCTaBUI

~14.3 4aca M COOTBETCTBYET IEpUOY NoTypacnazna 21,
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Puc. 3.3. 3aBUCHMOCTb aKTHBHOCTH BBIAEIEHHOr0 M30Tona 2’1 or BpeMenu nocie

3aBepIICHUS 00Ty ICHHSI.

OmnmcaH METOA ONpENeNCHNs] aKTUBHOCTH. Y IeNIbHAs aKTHBHOCTH COCTaBMIIA Y

= 143BbK/Mm2*mKA *u, 4T0 cornacyercs ¢ pe3yJbTaTaMH APYTHX aBTOPOB[8].

YerBepTasi rliaBa JUCCEPTAIMM TIOCBSIIEHA OJKCTIEPHMEHTATBHOMY HCCIIETOBAHUIO

peakuuii '12Sn(y,n)"''Sn—""Tn u "2Sn(y,p)'!'In 1o nonyyenuro uzoromna n.
Uccnenosansl 00a KaHada MnoidydeHus wuzortoma '''In Ha MuneHu u3

oboramennoro onosa ''2Sn (91 %)).

. 128n (y, p) "'In, mopor peaxuuu - 7.55 MeV, kyaoHoBckuil 6apsep - 10.78 MeV,

. 11281 (y, n) '''Sn — (35.3 mun B +) — '!!In, mopor peaxuuu - 10.79 MeV.

Paccmotpensl mapuuanbHble cedeHHs o0enx peakiuid. IIpencTaBieHBl cXeMbl
pacnazos '''Sn—""In u "'In—>'""Cd [9]. Onucana skcnepuMeHaTIbHAS yCTAHOBKA ISt
perucrpauun  '"In. Jlanbl onmcaHue MeETOJA ONPEAEICHHS KOJIUYECTBA (DOTOHOB
MIOCPEACTBOM MOHUTOPHBIX PEaKIUi Ha MHUIICHH U3 MEIIH.

B xauecTBe MOHHUTOpA ObLIA MCIIONIB30BaHA MHUIICHb U3 HATYPAJIbHOH MEIN BECOM
0.095 v mmamerpom 17 MM u TommuHOM S50 MkM. OOe MUIIEHH OOIyYalUCh

OJTHOBPEMEHHO, W YHCIIO MAIAI0MNX Ha HUX (JOTOHOB OJMHAKOBOE, TaK KaK BBUIY MaJoi
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TOJILMHBI MHIIEHEH roriomeHneM (GOTOHOB B MEIHOH MUIIEHH MOXHO HpeHeOpeus. B
MHIICHH W3 MeIU IPOHUCXOIWT MOHHTOpHas peakunwms. IlocpencTBoM 3Toi peaknuu
ompenensieTcss 4uca0 (JOTOHOB, TANAMOIIMX HA MUIIEHs W3 ''?Sn, myTem u3MepeHwms
HMHTEHCUBHOCTH CIIEKTpa OT OOJIyYEHHOH MHUIIIEHH U3 Mei. BBI6G0p MOHUTOPHON peakuuu
OIIpENeNsIeTCs HAIEKHOCTBIO HMEIOIINXCS OKCIIEPUMEHTANBHEIX JaHHBIX O Held,
yI0OCTBOM M IOCTYITHOCTBIO MaTepuaia, M3 KOTOPOTO MOXKHO NPHTOTOBHTH OOpa3IbI,
BpPEMEHEM KU3HH 00Pa30BaBIIETOCS PaJHOAKTHBHOTO Apa.

Harypanbnas meap umeer 2 uszorona - Cu (69.15%) u ©Cu (30.85%). Ha uux
oA AefcTBIEM (POTOHOB MIPOUCXOAT CIAECAYIONINe (POTOSAEPHBIC PEAKIIUH:
%Cu (y, n) *Cu
- C BBIXOJIOM PEaKINH Gq = 53 MO, 1
SCu (y, 2n) °'Cu
— C BBIXOJIOM pe€aKiuu oq = 2.6 M6 [10]. %Cu umeer nepuon nosnypacnana 12.7 yaca u
MpHu pacrajie u3jlydyaeT ramMma-kBaHThl ¢ dHeprueil 1345.8 kaB. Ilepuon momypacnana
®ICu cocranser 3.333 waca, SHeprus H3dy4€HHBIX TaMMa-KBaHTOB - 283 k5B. Yucio

(OTOHOB, NaAIOIIUX HAa MHIIECHB, onpenenseTcs popmyoi (4.1).
N, = ANM(0,;Nuicken(1-e*) e*5(1-e*3)) 4.1),

ene AN — uncimo coObITHH TOR (OTONMKOM, H3MEPEHHOE IETEKTOPOM B TEUEHHE
BPEMEHH {3, A - KOHCTAaHTA Paclajia, 6 — BbIXOJ PEAKUUH, Nuue — 4ucio aaep B 1 cm?
MHUILICHH, YYacTBYIOLIUX B PEaKUUH, kK — KO3(QULHEHT MOMIOIEHHS raMMa-KBaHTOB B
MHIICHH, BO3AyXe M 4Yallke JIeTeKTopa, & - S(QEKTUBHOCTb NETEKTOpa, # —
HWHTEHCUBHOCTh FAMMA-JIMHUM, ¢/ — JUINTENBHOCTh OOTyUCHHUS, 2 — MEPHO] BPEMEHH OT
00JIyueHUs 10 U3MEpEHHUs, {3 — JUINTENIbHOCTh M3MepeHus. CpenHee 3HadeHHe Ny 1O
JIaHHBIM OTHOCHTEJILHO 00enX peakuuii coctapnser 5.5%10'2 hoToHOB/CEK.

CrnexTp 0OmydYeHHOro Marepuana ObUT H3MEpEH ¢ TIOMOIIBIO JAETEKTOpa M3
CBEPXUYUCTOr0 TrepMaHus ¢ BbIcOKMM paspemenuem HPGe. Ha Puc. 4.1 mpencraBien
CHEKTp OOJy4eHHOI'0 MaTepHalia, Ha KOTOPOM XOPOIIO BU/HBI OCHOBHBIE FaMMa JIMHHH,
olpasoBasimecs B pesyibrare Gporosuepubix peakuuii '2Sn (y, p)— '''In u ''2Sn (y, n)—

M1Sp— "n no monmyuenuro uzorona '''In
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® 171.3 k3B ¢ uaTeHCUBHOCTRIO 90%,

® 245.4 k3B ¢ MUHTEHCUBHOCTEIO 94%.

35000

. 171.3 KeV

25000

245.4 KeV
20000

10000

s000

E (KeV)

Puc. 4.1. F'amma-criekTp 00My4eHHOTO MaTepuana yepe3 332 yaca mocie SKCIO3UIIHH.

Ceuenne o6pasoBanus uzorona '''In onpenensercs NOCPEACTBOM U3MEPEHHOTO
JIETEKTOPOM CTIEKTPa M uHcia (DOTOHOB, BBIYUCIEHHOTO TMOCPEACTBOM MOHHTOPHOM
peakuuy Ha MMIIEHH M3 Mead. JlaHa oleHKa NpuMecell B KOHEYHOM IPOJYKTE,
00yCJIOBNEHHBIX DEAKUMSAMH Ha JPYTHX H30TOMAX ©0JIOBa, TNPUCYTCTBYIONIMX B
oborameHHON MHUIIEHH, B Pe3yNbTaTe KOTOPBIX 0OpasyloTcsl APYTHE M30TOMBI MHJIHL.

[omy4eno nns cedenust 3HaueHue 6q = 113 + 10 MO, yTO HaXOAUTCS B XOPOLIEM COTIACUHI

¢ pe3ynIbpTaTaMt APyTrux aBTopoB [11].

B nmanHoO# paboTe moiydeHO 3HaueHHE CIElU(HYSCKON aKTHBHOCTH, KOTOpAs
Npe/IcTaBIsieT co0OM aKTMBHOCTh, IPHBEACHHYI0 HAa EIMHHUIy Beca OOIyYeHHOTO
MaTepuaia, TOK ITy4YKa W JIMTeIBHOCTH 00iydeHus, paBHoe 1700 Bx/Mr*mMkA*u. Panee
HCCIIEN0BAHMA TI0 MOdydeH o u3otona '''In mocpencTtBom (oTosIEpHON peakiuuy ObUIH
mpoBeneHbl B XDTU. [13] HccnenoBanuss ObUTM MPOBEACHBI B OCHOBHOM ITyTEM
KOMITBIOTEPHOTO MOJEIHMPOBAHMS, a 3aT€M 3KCIEePUMEHTANbHO. [ yaensHOro BBIXOJA
nzorona ''In uMH ObLT MOJTYYEH 3KCIEPUMEHTAIBHBIA pe3ynbTar 57.14 Br/Mr*mxA*y.
Pasnuna mMexxay HamuMu gaHHbIME U JaHHBIME XDOTH MOXHO OOBSCHUTBH pa3invueM B

TeOMETPHUU MUIIIEHHU, B HAaCTHOCTHU PA3JIMYUEM B TOJIIINHE KOHBEPTOPA.
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B 3aK/II09€HHH TIePEUUCIIEHbl OCHOBHBIE PE3YJIbTAThI, MOJIyYeHHbIE B AUCCEPTALMOHHOM
pabore.
B npoBeeHHBIX SKCIIEPUMEHTAIBHBIX HcclenoBanuax peakuuii 'Mo(y,n)*’Mo

— PmTc, 124Xe(y,n)12Xe —!21, "2Sn(y,p)'"'In u "2Sn(y,n)'!''Sn — "In na myuxe
TOPMO3HOTO M3JIYYCHHUU DJIEKTPOHOB ¢ dHeprueit 40 M»dB juHEHHOro 3j1eKTpOHHOIO

yckopurenst Ep®OU nonyuenst Beixoast uzoronos **"Tc, 12T u Mn.

B xoze BrImonHEeHNs AuccepTannyl ObUTA IPOBEACHBI CIICAYIONINE PaOOTHI:

° Jlnst mpoBeneHHs HCCIEAOBAaHMH Ha PA3IMYHBIX MHUIIEHSX OBUIM CO37aHBI
SKCNIEpUMEHTANbHbIE ~ YCTAHOBKM,  aJalTHUPOBaHHBIE K  KaXJIOH U3
PErUCTPUPYEMBIX pEeaKLIUH.

L C wuenpl0 yBENMUYCHMS BBIXOJA KaXKIOH M3 peakuuid Oblia IpoBexeHa
MOJICpHU3ALIUS TMHEHHOTO yCKOPUTEIS SIEKTPOHOB.

° Jns  onTuMu3anMM  mapamMeTpoB  Iyuka  mpoBexeHo — Monrte-Kapno
MOJENHPOBaHNE HU3ydaeMbIX mporeccoB mo mnporpamMaM GEANT  u
PENELOPE.

° Hccenenosana MeToUKa BbIAEIEHHUS Mpoaykra peakuuu ©™Tc, 1 u "n u3
00JIy4eHHOr0 MaTepuana.

L Tonyuensl BoIxoasl u3oTonos **"Tc, 121 u "'In npu sHEpruM 37IEKTPOHHOTO
myuka 40 M»3B.

° IIpoBeneHO  CpaBHEHHE IOJNYYEHHBIX JAHHBIX C  OMyOJMKOBAHHBIMH

pesyJipTaTaMd  IPYrux — aBTOpoB. IloiydeHO  corjlacue ¢ paHee
ONMOJIMKOBAHHBIMY JTaHHBIMHU.

o IMonyuens! cuenuduIeckue akTUBHOCTH IS KaXKI0T0 U3 U3y4aeMbIX N30TOIOB:
9mTe - 3000 Br/Mr*mxA*u, 123 — 143 Br/mMr*mkA*y u '''In - 1700
Br/Mr*miA*q.

o IMony4eHHbIe 3HAYEHUs CHEUU(PUUECKUX aKTUBHOCTEH XOPOILO COINIacyroTcs ¢

AKTUBHOCTSIMU, MOy Y€HHBIMH B JIPYTHX UCCJIEI0BATEIbCKHUX LIEHTPAX.
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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 *™T¢, '3[, ''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, 2] 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 “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 MoO3 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 142 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
9mTc 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 Bg/mg*mkA*h.
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The isotope 2’1 was obtained in the process 2*Xe(y,p)'>*Xe—!?l, half-life of
125Xe is ~2.2 hours and half-life of '>’I 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’I 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 6q = 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, %I and ''In
from irradiated material was implemented and adapted to our specific
condition.

5. The yields of isotopes **™Tc, '2’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 area 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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