AHOTANIA

Oneinnikoe €E.B. CTpyKTypa MacoBHX PO3NOALIIB NMPOAYKTIB (oTonmomiry
akrunigis 2*Th, 28U i >*Pu 6ias nmopory apyroro mancy — Ksamidixauiiina
HAYKOBa IMpars Ha MpaBax PyKOIHCY.

HMucepraitiss Ha 3700yTTS HAyKOBOI'O CTyIeHs jJokTopa dimocodii 3a
cnenianbHicTiIO 104 «®i3uka ta acrpoHoMis» (10 — Ilpuponnudi Hayku) — [HCTUTYT
enekTpoHHoi ¢pi3uku HAH Ykpainu, Yxropon, 2023.

Jluceprariito MpUCBIYCHO KOMIUIEKCHUM E€KCIIEPUMEHTAIBHUM Ta TEOPETHUYHUM
JAOCTIDKEHHSIM CTPYKTYpHM MAacOBHUX PO3MOAUIIB BHUXOJIB MPOAYKTIB (POTOMOILTY
aktuHigis  »?Th, 23U, 2*Pu, cTuMyabOBaHHMX TIaJbMIBHEM BHIPOMIHIOBAHHIM
enekTpoHHoro npuckoproBaua [E® HAH VYkpaiau — mikporpona M-30, 6u1st mopory
JPYToro MIaHCY.

VY BcTymi OOIpyHTOBAHO aKTyallbHICTH OOpaHOi TEeMHU IucepTaiiiHoi poOoTH,
BKa3aHO METY, 3a/iayi, IpeJMET Ta 00’ €KT OCHiIKeHb. BUKIageHO HayKOBY HOBU3HY
OTPUMAHHUX PE3YJIbTATIB Ta ii NPAKTUYHY 3HAYMMICTh. BkazaHo myOJikailii 3a TEMOIO
aucepTalii Ta HaBeACHO JaHi Mmpo ampobarito pobotu 3m00yBaueM. BukianeHno
1H(opMallito PO CTPYKTYpy Ta oOCsT aucepTaiiitHol poOOTH, PO 0COOUCTHI BHECOK
JMCepTaHTA.

[Tepuii po3aun «@OTONOMIT AKTHHINIB: AHAJTI3 eKCIIEPUMEHTAJIbHUX JaHUX
Ta METOMIB JOCJiIKeHb) MPUCBIUYCHUN aHali3y HAsSBHOI JITEPATypH MO BUXOJAM
MPONYKTIB (yJIaMKiB), SIKI € OJHUM 13 OCHOBHUX MapameTpiB, IO XapaKTEePU3YIOTh
Mpolec TOAUTY SIep AaKTHUHIAIB Ta BIIOOPAXKAIOTh CTPYKTYPY Y IX MacoBHUX
PO3IOo/Iiax.

BcranoBieno, 1o OJHMM 13 MEpPCHEKTUBHUX HANPSMKIB BUBYEHHS €l
CTPYKTYypH € (OTOMOJUI, OCKIIBKM B3a€EMO/IiSI TaMMa-KBAaHTIB 3 sJIpaMU € IUIKOM
€JIEKTPOMAarHiTHOO, XapakTep sKoi JoOpe BIIOMUIA SIS IIMPOKOTO J1ara3oHy eHepriu.
ToMy naHi mpo CTPYKTYpy MacoBUX PO3IMOAUIB MPOIYKTIB, Kl AOCIIKYIOTHCS Y
TaKUX peakiisiX, € HaWOLIbII BU3HAYEHHMH Ta MaJIO 3QJICKHUMHU BIJl MOJEIHHUX

YSIBJICHbD.



VY pe3ynbrari aHamizy, BCTAaHOBJIIEHO, IO ICHYIOUI €KCIIEPUMEHTAIbHI JTaHl IO
BUXOZaX MPOAYKTiB poronoainy aktunigis >>*Th, 28U, #*°Pu npu eneprisax 30ymKeHHs
y OKOJIl €HEPreTUYHOTO MOPOry JAPYroro MmaHcy € 0Boi oomexeHuMu. KpiMm Toro,
OKpeMi eKCIIepUMEHTaJbHI JaHl, OTpUMaHi Yy pi3HUX Jaboparopisix HaBiTh 3
BUKOPUCTAHHSAM OJHAKOBUX METOMIB JOCIHIJKEHb, CYTTEBO BIAPIZHSIOTHCS IO
aOCOJIOTHUM 3HAYEHHSIM ISl (PIKCOBAaHMX Mac yJIaMmKiB (pO3CisiHI BIJHOCHO OJIMH
OJTHOTO), IO YCKJIATHIOE TOCHTIKEHHSI CTPYKTYPH Y 1X MaCOBUX PO3IMOJIiNIaX.

[IpencraBieHo orisim Ta aHami3 METOMIB CTUMYJIAIII peakmii (oTormoaury
aKTHHIIIB Ta OTPUMAHHS EKCIIEPUMEHTAIbHOI 1H(OpMAaLii MPO BHUXOIU MPOAYKTIB
MOJIUTY, 1IeHTHU(}IKOBAHUX 3a 3apsA0oM 1 Macoio. Y pe3yibTaTi MPOBEIECHOTO aHATIZY
BCTAHOBJICHO, IO JUISI CTUMYJISIT peakiiii (OTOmoALTy aKTUHIIIB ONTUMAIBHUM €
BUKOPHUCTAHHS €JIEKTPOHHUX MPUCKOPIOBAUIB, a caM€ MIKPOTPOHIB, OCKUIbKH, BOHH
3aBJIIKM CBOIM TEXHIYHUM XapaKTepUCTHKaM (€(heKTUBHICTh BUBOY €JIEKTPOHIB MOXKE
CTaHOBUTHU 110 95 %, HecTaOUIbHICTh €HEprii €JEKTPOHIB B MpPOLECI iX BUBOAY HE
nepesuiye 0.04 MeB, MOXIHMBICTh MJIaBHOI 3MIHU MTOYATKOBOI €HEPrii €JIEKTPOHIB)
3a0€e3Meuyl0Th IHTEHCUBHI MOTOKH TaJbMIBHUX (POTOHIB AJisi IIMPOKOrO Jiara3oHy
eHepriil.

BcranoBiieHo, 1110 METO/I raMMa-CIEKTPOMETPIi € OJHUM 3 HAHONTUMAJIbHIIIUX
cepesl BIIOMUX METO/(IB €KCIIEPUMEHTAIbHUX JOCIII)KEHb BUXO/I1B MIPOIYKTIB MOJLITY
Ta MPAKTUYHO OCHOBHUM JDKEpEJIOM HaiiHOI 1HdopMarlii mpo MPOAYKTH MOILTY
aKTHHIIIB, 1MEHTU(IKOBAaHUX 3a 3apsJIoM 1 Macorw. Bucoka 4yTimBICTh 1 po3aiabHA
3IATHICTh CYYaCHUX HAIMIBIPOBIIHUKOBUX JETEKTOPIB T'aMMa-BUIIPOMIHIOBAHHS Ta
HasBHICTh MOTY>KHOTO MPOrPAMHOTO 3a0e3MeueHHs il 00OpOOKU CIEKTPOMETPUYHOI
iHopMallli € MePEeKOHIMBUM MIATPYHTAM JUIsl 3aCTOCYBaHHS B €KCIEPUMEHTAIbHUX
JOCIIJKEHHSIX BUXO/I1B TTPOJIYKTIB MOJLTY aKTHHIIB.

BcranoBneHo, 1o mpu BUKOPHCTAaHHI KOMIT IOTEPHOTO MOJICTIOBAHHS 3 METOIO
OoTpUMaHHs 1H(OopMaLlii NPO XapaKTEPUCTUKH YyUYKIB T'aJIbMIBHOTO BUTIPOMIHIOBAHHS Ha
€JICKTPOHHUX MPHUCKOPIOBaYax, II0 CTHUMYJIOIOTH peakuii (OoTONoALITy aKTHHIJIB,

onTUMaJIbHUM € TTporpamuuii ko MonTte-Kapiao — GEANTA4, ockiibku JJa€ MOXKIIUBICTh



OTPUMYBATH CHEKTPH TATBMIBHOTO BUIIPOMIHIOBAHHS Y MaKCUMaJIbHOMY HaOJMKEHHI
710 peabHUX YMOB X (hopMyBaHHS.

Jisi  MpOTHO3YBaHHS  BUXOJIB NPOAYKTIB TOAUTY AaKTHHIAIB  IIHPOKO
BUKOPUCTOBYIOThCSl cydacHl HamiBemmipuyHi kogu GEF 1 TALYS, po3poGrieni B
paMkax MoaU(iIKOBaHOI MYJBTUMOJAIBHOI MOJENI TOALTy Ha 0a31 ICHYHYHMX
eKCTICpUMEHTAJIBbHUX JaHUX. MOJeNi MOCTIHHO KOPHUTYIOThCS Ta BIOCKOHATIOIOTHCS,
100 /1aBaTy SIKOMOra peajliCTUYHIII pe3yiabTaTti. OJHaK BOHU HE € YHIBEpCaTbHUMHU
JUISL aHAI3y CTPYKTYpU MACOBHUX PO3MOJAUIIB BUXOIB MPOAYKTIB (HOTOMOAUTY IS
LIMPOKOro KoJia akTHHIAIB. ToMy aHali3 ICHYIOUMX E€KCIEPUMEHTAIBHUX JaHUX II0
MAaCOBHM PO3MO/IAM BHXO/IB MPOAYKTIB (DOTOMOMITY OKpEMHUX aKTHUHIAIB y paMKax
MYJIBTHTayCOBOT MOJIEIII € HEOOXITHUM JUIS JOCIIKEHHS 1X CTPYKTYpH, OCOOJIMBO Y
OKOJI1 TOPOTY JPYTOro IMIaHcy.

B npyromy pozaini «Ctumyasuis peakuii goTonoaiay akTHHIAIB Ol1s1 mopory
APYroro maHcy Ha MikpoTpoHi M-30» npoBeneHo aHai3 (PaKTOPiB, 10 BILUIUBAIOTH
Ha XapaKTePUCTUKHA Iy4YKiB TaJIbMIBHOTO BHIIPOMIHIOBaHHS, YTBOPCHHX Ha
EJIEKTPOHHMX MPUCKOPIOBAYAX.

BcTraHnoBneHi onTuMaibHI mapaMeTpud CXEMHM CTUMYJILII peakiii GoTonoainy
3pa3KiB AaKTUHIJAIB Ha EJIEKTPOHHOMY NPHCKOproBadl — MikpoTpoHl M-30 npu
rpaHn4Hii eHeprii ranpMiBHUX (oToHIB — 17.5 MeB y pesynbrati mpoBeneHuX
TEOPETHUYHUX PO3PAXyHKIB 3 BUKOpPUCTaHHSAM 1HCTpyMeHTapito GEANT4, mio
320€3Me4yI0Th MAKCUMAaJIbHUIN BMICT (DOTOHIB MPU MIHIMATLHOMY BMICTI 3aTHIITIKOBUX
€JIEKTPOHIB 1 (OTOHEHUTPOHIB Yy TydyKax TaJdbMIBHOTO BUIIpOMiHIOBaHHA. [lpu
po3paxyHkax OyJiu BpaxOBaHi sjiepHO-(I3UYHI Ta TEOMETPUYHI PO3MIPHU CKJIaJIOBUX
€JIEMEHTIB CXeMHU aKTHBalllil (KOHBEPTOPH, PLIBTPH, OIIPOMIHIOBAH1 3pa3KH aKTHHIJIIB),
iX po3TalryBaHHsS Yy TPhOX MIPHOMY MPOCTOP1 Ta KOHCTPYKTUBHI OCOOJUBOCTI By3Jja
BUBOJY €JIEKTPOHIB MiKpoTpoHy M-30.

Byno nmocnimkeHO BHECOK CYIMYTHIX SJIEPHUX pEAKIIA, a caMe EJeKTpPO- Ta
HENUTPOHHOro noainy, y goronoxin akruninis 2*>Th, 28U, °Pu npu ix akruBamii Ha
€JIEKTPOHHOMY MPUCKOPIOBadi — MiKpoTpoHi M-30 i ikcoBaHOT MOYaTKOBO1 €HEPrii

eniekTpoHiB 17.5 MeB y pe3ynbTaTi mpoBeeHNX cuMyJIsLiil. Pe3ynbratu po3paxyHkiB



MiATBEpAIn  €(DEKTUBHICTh BHUKOPWUCTAHHS 3alPOMOHOBAHOI CXEMH CTHMYJISIIIi
dboTonoaUTY aKTHHIIB HAa MIKPOTpoH1 M-30 11t TOCHIIKEHHS iX XapaKTePUCTHUK.

BcTaHoBIIEHI 3HAYEHHS IOPOTiB APYroro miaHcy (GpoTonoiiny akTuHimis 232Th,
2381, 2*%Pu, y pe3ysbTaTi IPOBEICHUX TEOPETUYHMX PO3PAXYHKIB 3a JOMOMOIOKO
nporpamuux naketiB TALYS 1 GEF, sxi y3romkyroTscs Mixk CO0010 Ta KOPEITIOOThH 31
3HAYEHHSIMH ICHYIOUUX €KCTIEPUMEHTATFHUX JTaHUX.

Y pe3ynbTaTi TPOBEAEHUX TEOPETUYHUX PO3PAXYHKIB 3 BHUKOPUCTAHHSIM
iHcTpyMeHTapito GEANT4, 1 BilacHOpPYY CTBOPEHOIO KOMII FOTEPHOIO MPOIrPaMoro
«NPMA Bremsstrahlung simulator version 1.1.2110» Oynu BcTaHOBJEHI 3Ha4Y€HHS
yCepeqHEHNX €HEpri 30y/mKeHHs mominbHux sgep >>2Th, 2¥U, °Pu mpu doro-
akTHBaIii Ha MIKpoTpoHi M-30 11 BUNAAKY ONTHMAIbHOI CXEMH CTHMYJISIII.
BcraHoBiieHi 3HauY€HHS yCEpEeIHEHUX €HEeprid 30y KeHHS BUKOPHUCTOBYBAJIUCS IS
KOPEKTHOT'O MOPIBHSAHHSA 3 ICHYIOUUMH €KCIIEPUMEHTAIBHIUMH JTAHUMH.

Y tperbomy po3aini «ExkcrnepuMeHTaNbHI A0CTiIKeHH BUXOAIB NMPOAYKTIB
¢oronmoainny akTuHigiB Ha MikporpoHi M-30» neTasbHO ONUCAaHO MPOLEC
MPOBEJICHHSI E€KCIEPUMEHTAIbHUX JOCHIIKEHb BHUXOJIB MPOAYKTIB (HOTOMOALTY
aktuHigis 2*?Th, 28U ta »*°Pu Ha eneKTpOHHOMY IPUCKOPIOBaYi — MikpoTponi M-30, a
came, MIJAFOTOBKY MNOJAUIBHUX MIIIEHEW J0 ONPOMIHEHHS, iX AaKTUBaLll0, BUMIpU
raMMa-BUIIPOMIHIOBAHHS BiJl TPOAYKTIB (POTOMOAUTYy Ta MaTeMaTU4YHOi 0OpOOKU
HAKOMWYEHOT CIEeKTpoMeTpudHOi iH(opmariii. HaBeneHi TexHIYHI XapaKTEPUCTUKHU
MikpoTpony M-30, wnamiBnpoBigaukoBux HPGe- 1 Ge(Li)- nerekropiB, Ta
BUKOPUCTAHUX 3Pa3KiB aKTHHIJIIB.

OrnucaHo eKCepUMEHTAIbHY METOAMKY JOCIIKEHHS BIIHOCHUX KYMYJISITUBHUX
BUXO/IB TMNPOAYKTIB  (OTOMOMITY AaKTUHIAIB, sKa 0Oa3yeTbcs Ha Tramma-
CIIEKTPOMETPUYHMX BUMipax Ha HamiBmpoBigHukoBux Ge(Li)- 1 HPGe- nerekropax 3
BHCOKOIO PO3AIIBHOIO 3/aTHICTIO, IO J03BOJISIE TPOBOAUTU 3 BHCOKOIO TOYHICTIO i
HAJIMHICTIO 1IeHTU(]IKalI0 yJIaMKIB MOAUTY MO 3apsay 1 maci. Ilpu BuKopucTaHH1
BKa3aHOI METOJMKH BHUKOPUCTOBYETHCS TexHIKa ‘‘300py ynamkiB” (“catcher foil”
technique) amroMiHi€EBOIO (HOJIBTOIO, SIKA BCTAHOBIIOETHCS OE3MOCEPEIHBO TEpes

mapoM TMOAUTAHOTO MaTepialy (aKkTHHOILy) Ta J03BOJSIE TPOBOIAUTH TIPOIIEC



HAKOMMWYEHHS YJIaMKiB TiJ] 9ac CTUMYJISIIT peakiii moauTy akKTUHIIIB, 3 TTOAAIBIITUMUA
CHEKTPOMETPUYHHUMHU BUMIPIOBAHHSMH 1X TaMMa-aKTUBHOCTI y pexkumi “offline”.

Omnucano cnoci® kamOpyBaHHS 3 BUKOPUCTAHHIM T'aMMa-BUIIPOMIHIOBAHHS Bij
MPOAYKTIB (POTOMOITY aKTHHIIIB, IPU BU3HAYEH1 3alie’kHOCTI epexktruBHOCTI HPGe- 1
Ge(L1)- merexTopiB BiJ €HEPTii, O TO3BOJISIE CIIPOCTUTH Tpoliec KamOpyBaHHS Ta
MIJBUIIMTH TOYHICTh 1 HAJIAHICTh pPE3yJIbTATIB BUMIPIB 32 PaXyHOK KOPEKTHOTO
BpaxyBaHHSl MOIPABOK, $KI 3aJ€KaTh BiJl T'€OMETPUYHUX PO3MIPIB JETEKTOPIB 1
JOCIIKYBaHUX 3pa3KiB, a TAKOXK BiJl CAMONIOTJIMHAHHS FaMMa-KBaHTIB y 3pa3Kax.

[Tpu BU3HAUEHHI MOBHUX KyMYJSATUBHUX BUXOJIIB IPOIYKTIB, 3 BpaxXyBaHHSM iX
po3moniIiB 1o i300apuuM JaHmKKaM (oronoainy akruninis 2?Th, 23¥U Ta #°Pu,
BUKOPWCTAHI YHCENbHI 3HAYEHHS PO3PaxyHKIB TMPOBEACHHX Ha BJIACHOPYY
CTBOPEHOMY OIITHMI30BaHOMY ITapaMETPUYHOMY ONHCAHHI (EMITIpUYHOI MOJEII)
3aJIEKHOCT1 BUXOJ[IB MUTTEBUX HEUTPOHIB BiJl Macu YJaMKiB (3MEHIIIEHA KUIbKICTb
rapaMeTpiB y MOPIBHSAHHI 3 ICHYIOUMMH Ha TETIEPIIIHIN Yac eMIIPUIYHUMU MOJACIISIMU ),
110 3a0e31evye JOCTOBIPHICTh OTPUMAHUX PE3YJIbTATIB.

Ha ocHOBI1 po3po0sieHOT eMITipUuYHOi MOJIeIl CTBOPEHI KOMII FOTEPHI IPOrpaMu
“NPMA Prompt neutron yield version 1.0.2301” i1 “NPMU Prompt neutron
parametrization version 1.0.2302” i mnpoBeACHHS PYTUHHUX PO3PaxXyHKIB
HEUTPOHHOI MHOYKMHHOCT1 — IOBHOI'O BUXO/1y MUTTEBUX HEUTPOHIB Ta iX 3aJI€AKHOCTI
B1JI MacC yJIaMKiB.

VY uerBeproMy po3nini «JloCHiIKeHHSI CTPYKTYpPH MACOBHX PO3MNOJLTIB
NPOAYKTIB poTOMOaITY aKTHHIAIB» MPEICTaBICHI OTPUMaH1 eKCIIEpUMEHTAJbHI J1aHi
BIJIHOCHUX KyMYJISITUBHUX BUXO/I1B MMPOAYKTIB Ta IOBHUX BUXO/1B 1300apHUX MaCOBHUX
JaHIIOXKKIB, yTBOPEHHX Y pe3yabTari Goronoainy akruninis 2>2Th, 28U i 2°Pu, npn
I'PaHWYHIN eHeprii ralIbMiBHOTO BUITPOMiHIOBaHHS 17.5 MeB: ms 2*?Th — 3HaueHHs
23 nmponykriB (17 oTpumani Brepuie), 3 IKUX 3HaiIeH1 MOBHI BUXOU 22 1300apHUX
MAaCOBUX JIAHIIOKKIB; 171 2>8U — 3Hauenns ny1g 29 npoaykris (14 orpumani Biepiue),
3 AKMX 3HaWIEHi MOBHI BUXOAU 26 i300apHHX MACOBHMX JaHIIOKKIB Ta it >’Pu —
3HayeHHs 13 npoaykTiB (yci oTpUMaHi Boepie), 3 SKUX 3HaiieH1 MOBHI BUxoau 13

1300apHHUX MaCOBHX JIAHITFOXKKIB.



OTpumaHi eKCIIepUMEHTAIbHI 3HAYCHHS KyMYJSTUBHHX Ta IOBHUX BHUXOJIIB
npoaykris, npu ¢oronoxini >*2Th, 23U i »°Pu npu rpanuyHiil eHeprii raabMiBHHX
dotoniB 17.5 MeB BHeceHi y MDKHapoAHy 0a3y EKCIIEpUMEHTAJIbHUX JIaHHX —
EXFOR.

[TpoBe/ieHi TEOpETUYHI PO3PaXyHKU BUXOIIB IPOAYKTIB (hoTonoiny aktuHinis 22 Th,
2381, 2°Pu 3a nonomororo nporpamunx nakeris TALYS i GEF Ta 3xilicHeHO MOpiBHAHHS
3 eKCTIEPUMEHTATBHUMH 3HaY€HHAMHU. BCTaHOBIEHO, 110 TEOPETUUHI PO3PAXYHKH SIKICHO
Y3TODKYIOTBCSI MUK CO00I0 1 BimoOpakaioTh Jjuiie (GopMy MacoOBHX PO3MOALIIB
XapakTepHy U1 OTPUMaHUX EKCIIEPUMEHTATBHUX JAHUX.

MonudikoBaHo MOZeNb MYJIbTUTayCOBOIO OIKCAaHHS CIEKTPIB MAacOBUX
PO3MOJIUIIB BHUXOMIB ACUMETPUYHUX MPOIYKTIB (DOTOMOMUTY AaKTHUHIAIB, ILISIXOM
BBEJICHHS JIOJIaTKOBOI'O Tayca, Ta BUKOPHUCTAHO JJisi OMHMCAHHS CIEKTPIB MaCOBHUX
po3mofiniB  BUXOAIB TpoxykTiB (oromominy axrumigis 2*Th, 2¥U 1 ZPu
3anponoHOBaHUN MIAXiJ MIATBEPKYE HASBHICTh 3-0X TMIKIB TOHKOI CTPYKTYpH Y
CIEeKTpax iX MacoBHX po3mojaulB B okomi mac 133-134, 138-139 1 143-144, sxi
MOB’513aH] 3 BIUIMBOM SIZIEPHUX 0O0JOHOK Ta MAPHICTIO 3aps/liB YIaMKIB.

B pamkax nocmipKeHHs CTPYKTYpU MAcOBHX PpO3MOALUIIB BHUXOAIB MPOAYKTIB
(doTonoalTy aKTUHIAIB, PO3PAXOBaH1 3AJEKHOCTI BUXOJIB YJIaMKIB BiJl Macu, 3apsmy
(e7IeMEHTHMIA) Ta KLIBKOCTI HEMTPOHIB (i30TOHHMIA) uIs oaibHuX saep 22Th, 28U 1 2Py,
BukopucroBytourt GEF ko, Otpumani pe3ybTaTi TiATBEPKYIOTh HASIBHICTh CTPYKTYPH
MaCOBHUX PO3MOALTIB (MIABUIIEHUX BUXOJIIB MPOAYKTIB Y OKOJI BHINE3raJaHuX Mac) Ta
BIUTMB SJICPHUX OOOJIOHOK (ITPOTOHHMX 1 HEUTPOHHMX) Ha ()OPMYBaHHS BUXOJIB YIaMKiB
(hoTONOITY aKTUHIIIB.

Otpumani pe3yJlbTaTH HEOOXiJHI JJIsI TECTYBaHHS ICHYIOUMX TEOPETHYHHX
MojIejIel Ta mapaMeTPUYHUX OINKMCAHb 3aJIEKHOCTI BHXOJIB MPOJYKTIB (POTOMOILTY
aKTUHIIB B1J] 1X Mac pu (IKCOBAHUX 3HAYCHHSX €HEPriil 30y HKeHHS.

Kirouosi cioBa: ¢orosaepni peaxuii, goromomin, *?Th, 2¥U, 2°Pu, Buxin
MPOAYKTIB TOAUTY, Mepepi3 peakilii, METOJ aKTUBaIlli, MIKPOTPOH, YTBOPECHHS
TraJIbMIBHOTO BUIIPOMIHIOBAHHS, BUIPOMIHIOBAHHS, TIamMMa-CIEKTp, HEUTPOHHU,

GEANT4, GEF, TALYS



SUMMARY

Oleinikov E.V. Structure of mass distribution of actinide photofission
fragments near second chance. — Qualifying scientific work as a manuscript.

The thesis is submitted to acquire the scientific degree of Doctor of Philosophy in
the specialty 104 “Physics and Astronomy” — Institute of Electron Physics NAS
Ukraine, Uzhhorod, 2023.

The dissertation is devoted to comprehensive experimental and theoretical studies
of the structure of mass distributions of the photofission products of actinides >*? Th,
2381, and ** Pu stimulated by the bremsstrahlung radiation of the electron accelerator
IEP of the National Academy of Sciences of Ukraine - microtron M-30, near the
threshold of the second chance.

The introduction substantiates the relevance of the dissertation's chosen topic and
indicates the research's purpose, tasks, subject, and object. The scientific novelty of the
obtained results and their practical significance are outlined. Publications on the
dissertation topic are indicated, and data on the approbation of the work by the
applicant are given. Information about the structure and scope of the dissertation work
and the personal contribution of the dissertation worker is presented.

The first chapter, “Photofission of actinides: analysis of experimental data and
research methods,” is devoted to the analysis of available literature on the yields of
products (fragments), which are one of the main parameters characterizing the fission
process of actinide nuclei and reflect the structure in their mass distributions.

It has been established that one of the promising areas of study of this structure is
photofission since the interaction of gamma quanta with nuclei is entirely
electromagnetic, the nature of which is well-known for a wide range of energies.
Therefore, the data on the structure of product mass distributions studied in such
reactions are the most determined and are little dependent on model representations.

As a result of the analysis, it was established that the existing experimental data
on the yields of the actinide photofission products 2**Th, 2*8U, and **°Pu at excitation
energies around the energy threshold of the second chance are quite limited. In

addition, individual experimental data obtained in different laboratories, even using the



same research methods, differ significantly in absolute values for fixed masses of
fragments (scattered relative to each other), complicating the study of the structure in
their mass distributions.

An overview and analysis of methods for stimulating the photofission reaction of
actinides and obtaining experimental information about the yields of fission products,
identified by charge and mass, are presented. As a result of the conducted analysis, it
was established that the use of electron accelerators, namely microtrons, is optimal for
stimulating actinide photofission reactions due to their technical characteristics (the
efficiency of electron output can be up to 95%, the instability of electron energy does
not exceed 0.04 MeV, the possibility of smooth change of the initial energy of electrons)
provides intense streams of bremsstrahlung photons for a wide range of energies.

It has been established that the gamma spectrometry method is one of the most
optimal among the known methods of experimental studies of the yields of fission
products. It is practically the primary source of reliable information about fission
products of actinides identified by charge and mass. Modern semiconductor gamma
radiation detectors’ high sensitivity and resolution and the availability of powerful
software for processing spectrometric information are significant advantages for their
use in experimental studies of actinide fission product yields.

It has been established that when using computer modeling to obtain information
about the characteristics of bremsstrahlung beams at electronic accelerators that
stimulate photofission reactions of actinides, the Monte Carlo program code GEANT4
is optimal, as it makes it possible to obtain bremsstrahlung spectra as close as possible
to actual conditions of their formation.

Modern semi-empirical GEF and TALYS codes, developed within the framework
of a modified multimodal fission model based on existing experimental data, are widely
used to predict the yields of actinide fission products. The models are constantly adjusted
and improved for the most realistic results possible. However, they are not universal for
analyzing the structure of the mass distributions of photofission product yields for a wide
range of actinides. Therefore, the analysis of existing experimental data on the mass

distributions of photofission products of individual actinides within the framework of



the multi-Gaussian model is necessary to study their structure, especially around the
second chance threshold.

In the second chapter, “Stimulation of the photodissociation reaction of
actinides near the threshold of the second chance at the M-30 microtron,” an
analysis of factors affecting the characteristics of bremsstrahlung beams formed at
electron accelerators was carried out.

The optimal parameters of the stimulation scheme for the photofission reaction of
actinide samples on the M-30 microtron electron accelerator at the maximum energy
of bremsstrahlung photons of 17.5 MeV were determined as a result of theoretical
calculations using the GEANT4 toolkit, which ensure the maximum number of photons
with the minimum number of residual electrons and photoneutrons in the beams of
bremsstrahlung radiation. The calculations took into account the nuclear-physical and
geometric characteristics of the activation scheme components (converters, filters,
irradiated actinide samples), their location in three-dimensional space, and the
structural features of the M-30 microtron electron output node.

The contribution of accompanying nuclear reactions, namely electron and neutron
fission, to the photofission of actinides >** Th, 28 U, and ?* Pu during their activation
at the electron accelerator - microtron M-30 for a fixed initial electron energy of
17.5 MeV was investigated in the result of the simulations. The results of the
calculations confirmed the effectiveness of using the proposed actinide photofission
stimulation scheme on the M-30 microtron to study their characteristics.

The second-chance threshold values of photofission of actinides 2**Th, 2**U, and
239Py were established as a result of theoretical calculations using the TALYS and GEF
software packages, which are consistent with each other and correlated with the values
of existing experimental data.

As a result of theoretical calculations using the GEANT4 toolkit and the self-
created computer program “NPMA Bremsstrahlung simulator version 1.1.2110”, the
values of the averaged excitation energies of photo-activation of fissile nuclei 2**Th,

238U, and **Pu on the M-30 microtron were determined for the case of optimal



stimulation schemes. The determined values of the averaged excitation energies were
used for correct comparison with existing experimental data.

The third chapter, “Experimental studies of photofission product yields of
actinides on the M-30 microtron,” describes in detail the process of conducting
experimental studies of the photofission products of actinides >* Th, ** U and ** U on
the electron accelerator - the M-30 microtron, namely, the preparation of fission targets
to irradiation, their activation, measurements of gamma radiation from the products of
photofission and mathematical processing of acquired spectrometric information. The
technical characteristics of the M-30 microtron, semiconductor HPGe and Ge(Li)
detectors, and the used actinide samples are given.

An experimental method of studying the relative cumulative yields of actinide
photofission products is described, which is based on gamma-spectrometric
measurements on semiconductor Ge(Li)- and HPGe-detectors with high resolution,
that allows for the identification of fission fragments by charge and mass with high
accuracy and reliability. When using the indicated technique (the “catcher foil”
technique), the aluminum foil is used, which is installed directly in front of the layer of
fissile material (actinide) and allows the accumulation of fragments during the
stimulation of the actinide fission reaction, with subsequent spectrometric
measurements of their gamma activities in "offline" mode.

A method of calibration using gamma radiation from actinide photofission
products with the determined dependence of the efficiency of HPGe and Ge(Li)
detectors on energy is described, which simplifies the calibration process and increases
the accuracy and reliability of measurement results due to the correct consideration of
corrections that depend on geometric dimensions of the detectors and the studied
samples, as well as from the self-absorption of gamma quanta in the samples.

When determining the total cumulative yields of the products, taking into account
their distribution along isobaric chains from the photofission of actinides >3*Th, 2*3U,
and #°Pu, the numerical values of the calculations carried out on the self-created
optimized parametric description (empirical model) of the dependence of the prompt

neutron yields on the fragment mass (reduced amount of parameters in comparison



with currently existing empirical models) we used, which ensures the reliability of the
obtained results.

Based on the developed empirical model, the computer programs “NPMA Prompt
neutron yield version 1.0.2301” and “NPMU Prompt neutron parametrization version
1.0.2302” were created for routine calculations of neutron multiplicity - the total yield
of instantaneous neutrons and their dependence on the fragment mass.

The fourth chapter, “Investigation of the structure of mass distributions of
actinide photofission products,” presents the obtained experimental data of relative
cumulative product yields and total yields of isobaric mass chains formed as a result of
photofission of actinides *Th, 2*®U, and *°Pu, at the maximum energy of
bremsstrahlung radiation 17.5 MeV: for 2*Th — values of 23 products (17 obtained
for the first time), from which total yields of 22 isobaric mass chains were found; for
238U - values for 29 products (14 obtained for the first time), from which total yields
of 26 isobaric mass chains were found, and for 2*Pu - values for 13 products (all
obtained for the first time), from which total yields of 13 isobaric mass chains were
found.

The obtained experimental values of the cumulative and total yields of products
of the photofission of *>Th, 233U, and #*°Pu at the maximum energy of bremsstrahlung
photons of 17.5 MeV are published in the international database of experimental data
— EXFOR.

Theoretical calculations of the yields of actinide photofission products 2**Th, **U, and
2Py were carried out using the TALYS and GEF software packages, and a comparison
was made with experimental values. It was established that the theoretical calculations are
qualitatively consistent with each other and reflect only the form of mass distributions
characteristic of the obtained experimental data.

The multi-Gaussian description model of the mass spectra of the photofission
product yields of actinides was modified by introducing an additional Gaussian and
was used to describe the mass spectra of photofission yield products of the actinides
232Th, 238U, and % Pu. The proposed approach confirms the presence of 3 fine structure

peaks in the spectra of their mass distributions around masses 133—134, 138—-139, and



143-144, which are associated with the influence of nuclear shells and the evenness of
the charges of the fragments.

As part of the study of the mass distribution structure of actinide photofission product
yields, the dependences of the fragment yields on the mass, charge (elemental), and number
of neutrons (isotonic) for fissile nuclei »*Th, U, and **° Pu were calculated using the GEF
code. The obtained results confirm the existence of a structure of mass distributions
(increased yields of products in the vicinity of the masses mentioned above) and the
influence of nuclear shells (proton and neutron) on forming yields of actinide photofission
fragments.

The obtained results are necessary for testing the existing theoretical models and
parametric descriptions of the dependence of the yields of actinide photodissociation
products on their masses at fixed values of excitation energies.

Keywords: photonuclear reactions, photofission, 2*?Th, #3%U, 2*Pu, yield of
fission products, reaction cross section, activation method, microtron, production of

bremsstrahlung, radiation, gamma spectrum, neutrons, GEANT4, GEF, TALYS
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