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Beenenune

AKTyasbHOCTh TeMbl. [locienHue aecATuneTvss OTMEUYEHBI
MHTCHCUBHBIM BHEJPEHUEM METOJOB SACpHONH (U3MKM M APYrux
HayKOEMKHUX TEXHOJIOTUH B 00J1aCTH, HEIIOCPEICTBEHHO CBSI3aHHOM C
KAueCTBOM YEJIOBEYECKOM JKM3HM M, B YaCTHOCTH, C Pa3BUTHEM
COBEPIIEHHO HOBBIX oOmacteil memunmubl. OgHEM W3 Hambosee
NEPCIEKTUBHBIX  HANpPABIEHUN SBISETCS sJAEpHas MEIUIMHA.
YHUKaIbHOCTb METOJOB AEPHON MEIULIMHBI COCTOUT B TOM, YTO OHU
MO3BOJISIIOT ~ AMArHOCTUPOBATh  (DYHKIMOHAJIbHBIE  OTKJIOHEHHUS
AKHU3HEESATEIIbHOCTY OPraHOB HAa CaMbIX PAHHUX CTaJusaX 0OJe3HH,
KOTJla UYeJOBEK €Ile HEe YyBCTBYET CHMIOTOMBI 3a00JICBaHUS.
TexHonornn sAnepHONM MEAMLMHBI, BKIIOYAIOIIME JUATHOCTHKY H
Tepamnuio 3a00JeBaHUN, B OCHOBHOM 0a3upyrOTCs Ha UCMOJIb30BaHUU
pa3IMYHBIX  BHJOB  HW3JIyUEHUH  PaJMOAKTUBHBIX  HYKJIMJIOB.
CoBMelIeHHE 3KCIEPUMEHTAIbHBIX METOAOB SIIEPHOW (QU3UKU U
OMOXMMHUYECKUX 3HAHMHA CO3[AI0T TNMPEKPACHYIO IEPCIEKTUBY s
pa3BUTHS METOJUK JAMAarHOCTMKM M Tepanuu 3a0ojeBaHUN B

COBPEMEHHON MEIULIMHE.

Pamuonyknuapl, WCMONB3yeMble B MEAHWIIMHE, TpPeOyrOT
BBICOKOH CTEIICHU XUMHUYECKOM, paaIvOXUMHYECKON "

PaaVOHYKJIUIHOW YACTOTHI.
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Jnis BblIenaeHus LENeBbIX MEIUIUHCKUX PaJIUOHYKIUIOB B
IIO/IaBJISAIOLIEM OOJIBIIMHCTBE CIy4aeB UCIIOJIb3YHOTCS KJIACCUYECKHE
XUMHYECKHE CTIOCOOBI, OJTHAKO B HEKOTOPBIX CIydasX OHH SIBIISIFOTCS
ManospdexktuBHbIMU. [loTepu 1eENeBbIX PaAUOHYKIUIOB B TaKUX
Cllydasix TMPEBBIAIOT JONYCTUMBIM MOpOr, a paguoXuMHUYecKas,
PAaIUOHYKIIUJIHAS U XUMHYECKas YHUCTOTAa HE COOTBETCTBYIOT
3HAYEHMSM, MO3BOJIAIONIMM MPUMEHATH MOJIYYCHHBIE COCIUHECHHS B

KJIMHUYECKOM MPAKTHKE.

Ieabl0 [aHHOTO HCCIENOBAaHUS SBJISIACH pa3paboTkKa
TEPMHUYECKHX CIIOCOOOB BBIACICHUS U3 O0JyYEHHBIX MHIICHEH psia
MEIUIMHCKUX PAJUOHYKIHIOB, KOTOPBIE CIOXHO BBLICIUTh B
TpeOyeMOM «UUCTOM» BHJE KIACCHYECKHMMH crocodamu ¢

HUCIIOJIB30BaAHUEM MCTOA0B ((MOKpOfI XHUMHUN.

Jnst noCTH KEHUs MaHHOW Iedu HEeOoOXOAUMO OBLUIO PelInTh

CICAYIOIKEC 3a1aYm:

1. OHpeI[eJ'II/ITB CIICKTp MPAKTHYCCKU 3HAUYUMBIX PAAUOHYKIHNIOB,

KOTOPBIE TPYIHO MOJTyYaTh KIACCHYECKUMHU CITOCO0aAMU;

2. Pa3pa60TaTL n ONITUMU3UPOBATH TCPMHUYCCKUC METOABI
pasaCICHUA BBI6paHHBIX nap OCJICBbIX PAAUOHYKIIMIOB H

MHUIICHHBIX BCIICCTB,
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Omnpenenuts 3¢(HEeKTUBHOCTh MPUMEHEHHUS 3TUX pa3pabOTaHHBIX

TEPMHUYCCKUX MCTOOOB PA3ACICHUAA,

HpOBGCTI/I CpaBHHTCHLHBIﬁ aHaJIN3 TCPMHUYCCKUX U KITACCUUICCKHUX

Croco00B pa3ieeHHUs.
OcHoBHbIE pe3yJIbTaThl, BLIHOCHMbIE HA 3aIIUTY:

Tepmudeckuit crioco® BBIICICHUS OBLT YCIENTHO MPUMEHEH IS
TIOJTYYCHUS IUArHOCTUYECKUX 51 TEPAIEBTHYECKUX
paguonykiugos Cu-67, Sr-82 wu Lu-177 wu3 o0O6my4eHHBIX
METAJUIMYECKUX I[IMHKOBBIX, PYOHIMEBBIX M UTTEPOUEBBIX

MUIICHEH;

BnepBHe TepMI/I‘leCKI/Iﬁ METOA ObLI MMPUMCHCH IJId HU3BJICHCHUSA

Sr-82 u3 obydenHoit «ounapHoit» mumienn RbCl;

[IpoBeneHHBIE AKCIIEPUMEHTHI TIOKAa3aJd, 4YTO TEPMHUYECKUE
METOJIbI OKa3bIBAIOTCSA I(P(PEKTUBHBIMU HE TOJBKO ISl OTTOHKHU
JIETKOJIETYYMX 00JMydeHHbIX Muinened (Zn, Rb, Yb), Ho u mus
pazneneHus «Oe3HOCUTENBHBIX» KOJIWYECTB PATUOHYKIUIOB, B

yacTHOCTH, SC-46 1 Cu-67;

PazpaGoran u omnpoOoBaH MPOTOTHII MHUIIEHHOTO  y37a,
MO3BOJISIIOIINNA OOBEIMHUTE TMPOIIECChl O0TyYeHUs MUILEHEH u

BBIACJICHUS U3 HUX LECJICBBIX PAAUOHYKIINIOB,



5. Tloka3aHbl OCHOBHBIC MpeuMynicCTBa HCIIOJb30BaHUA
TCPMUYICCKUX MCTOAOB BBIACICHUA LECJIICBBIX PAJUOHYKINIOB U3
OGJIyT-IeHHBIX MaTpul, 4YTO IMO3BOJACT HMCHOJbB30BATH HUX B
Kaue€CTBC QAJIbBTCPHATUBLI KIACCHYECKUM MCETOJaM «MOKpOfI))

XHUMHHU.

Hayynass m mnpakTuyeckass HOBU3HA. Bce mnonydeHHbIe
OKCIIEPUMEHTAJIbHbIE  JIaHHbIE  SBJSIOTCS  OPUTMHAIBHBIMHU.

HeO6XOI[I/IMO 0c000 OTMETHUTH CJICAYHOIINEC PC3YJIbTAThI:

1. VYcnemmno ucobeiTad MMPOTOTUIT MUIICHHOI'O y3J1a JJIA O6J1yquH$I u
TEPMHUYCCKOIO pasaciICHUA OCJICBBIX PAAOHYKIINI0B u

00JTy4CHHBIX MHIIICHEH;

2. TlomHora BBIACJIICHUA PAAUOHYKIIMJAOB TIIpU HUCIOJBb30BAHUU

TEPMHUYECKHX METOJIOB COCTABUJIA:
- Sr-82 - 6oiee 99,9%:;
- Cu-67 — okoio 99%;
- Lu-177 — oxomno 98%.

Hayunasn " MpaKTHYeCKast 3HAYUMOCTb.
IIponemoHcTpupoBanHass B  pabore BbicOKasg 3(deKTUBHOCTH

TCPMUICCKUX CII0CO00B MOJIYYCHHUA PaJUOHYKIUIAOB IIO3BOJISACT



paccMaTpuBaTh MX Kak pPa3syMHYK aIbTEPHATUBY KIIACCUYECKUM
METOAaM IIPU IIPOMBIIUIEHHOM IIPOU3BOJICTBE LIEJIEBBIX MEULINHCKUX
panuoHyknuaoB.  Pa3paboTka M onTUMHM3anMs ~— METOJUK
TEPMHUYECKOIO pPa3[elICHUus] IO3BOJISIET CYILECTBEHHO COKpPaTUTh
BpEMs BBIACIEHUS LIEIEBBIX NPOLYKTOB U TPYAOEMKOCTH IIpoLEecca.
3HaHMsI O TEPMUUECKHUX CIIOCO0AX BBIAEIECHUS PAIUOHYKINIOB MOTYT
OBITh BKJIIOUEHBl B YHHBEPCHTETCKHE JIEKIIMOHHBIE KYpPCHI IIO

paauoXuMHuu.

CTeneHb J0CTOBEPHOCTH pPabOTHI OTPaKEHAa B HAYYHBIX
nyOJIMKAIKAX B XKypHalax, perensupyembix Scopus, Web of Science

u PUHII, a Taxxe mateHTe Ha n300peTeHuUE.

Anpoéaunusi padorbl. Pabora Obina mpencraBieHa Ha 17
BCEPOCCUNCKUX M MEXAYHApOAHBIX KOH(EpPEHIUAX, pPA3IUYHBIX
dhopymax u kKoHKypcax. OCHOBHBIE TIOJIOKEHUS M PE3YIIbTaThl PAOOTHI
JOKJIaJbIBAJINCh aBTOPOM Ha HAy4dyHO-TEXHUYECKHX coBeTax AO
«PagueBbiit uHcTHTYT uM. B.I. Xionuna», B saboparopuu
kopotkoxuBymux saep HUIL KU «llerepOyprckuii  MHCTUTYT
snepaoit ¢u3ukn uM. b.Il. KoHcraHTHHOBa» M Ha 3acegaHUsIX
kadenpel paguoxumun Muctutryra xumuu Cankrt-IlerepOyprckoro

roCcyaapCTBEHHOTI'O YHUBCPCHUTETA.
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Jlnynbiii BryaA. Ontumusanus HPOLECCOB TEPMHUYECKOTO
BBIICTICHUS PaIuOHYKIUA0B Sr-82 u CU-67 U3 pa3IMYHbIX MHIIEHHBIX
BelIeCTB, OOpabOTKa JaHHBIX BBIICICHUS BBHIMOJIHCHBI aBTOPOM
nngHOo. CoBMECTHO ¢ OakanaBpoM Kadenpsl pagnoxumud [IpoHUHBIM
E.B. aBTOpOM OBUIM NIPOBEACHBI HCCICAOBAHHUS 110 CPABHEHUIO
MOBEJICHUS MHUKPO- U MAaKpPOKOJIMYECTB IEJICBOTO PAIUOHYKIIU]IA B
MUIIEHSAX MPU U3MEHEHUH TEPMOIMHAMUYECKUX (PYHKIIUNA CUCTEMBI.
Tak>ke K 3aciyraM aBTOpa OTHOCUTCS UAEsl TEPMUUYECKOTO BbIIECIICHUS
paauonykiuaa Lu-177 u o6paboTka pe3yabTaToB BblAeleHUs. ABTOP
MPEACTABIsUT  pe3yibTaThl  pabOTBI  HAa  BCEPOCCUUCKUX |
MEXIYHAPOAHBIX KOH(PEPEHIUAX M KOHKYpPCaX, a TaKXKe SBIUICS
JOKJIaJIYMKOM Ha Pa3JIMUHbIX HAy4YHO-TEXHHYECKuX coBerax. B 2019
roJly aBTOpOM IofiaHa 3asiBKa Ha rpanT POOU ¢ nenbro gaJbHENIIEro
M3y4YeHUs TOBEJACHUS MUKPOKOJIMYECTB IEJIEBbIX PAJAHOHYKIUIOB B
MaTpUullax €  pa3iMyHOM  (U3MKO-XMMHMUYECKOM U  AJepHOH
MPEABICTOPUEN TPU U3MEHEHNUU TEPMOJUHAMUYECKHUX XapaKTEPUCTUK

HN3Yy4aCMbIX CUCTCM.

Hayunble nyOoJMKaIMH. OcHoBHbIE pe3yIbTaThl
JMCCEePTAMOHHON PabOThI IPEACTABICHBI B 5 MEYaTHBIX U3AAHUAX, 3

U3 KOTOpBIX peneHsupyrorcs Scopus u Web of Science, nBe,
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peuensupyemble PUHII, a Taxxe mareHTHON 3asBKOM Ha

n300peTeHue:

1. Ilantenees B.H., bapzax A.E., barucr JI.X., ®enopo /.B.,
Nsanos B.C., Kpotos C.A., Mopo3 ®@.B., Mosnkanos I1.JI., Opyos
C.I0., BoakoB HO.M., Pagmomsotonubpiii komriuiekc puil-80.
pa3zpaboTKa HOBBIX METOJOB MOJYYEHHUS PATUOHYKIHIOB IS
meauiuasel // iccnenoBanus u npakTuka B meauiuae 2018 rop,
Tom 5 HOMEDp S2, cTp 264;

2. TlamteneeB B.H., Bapzax A.E., barucr JI.X., ®emopor I.B.,
Nganos B.C., Kpotos C.A., Mopo3 @.B., Moskanos I1.JI., Opiios
C.1O., BonkoB 10.M., Paguonsoronssiii komimiekc PUII-80 B
[lerepOyprckoM wHCTUTYTE siaepHON (usuku // Men. ¢usuka.
2016. Ne 2 (70). C. 47-55;

3. V. N. Panteleev , A. E. Barzakh, L. Kh. Batist, D. V. Fedorov, V.
S. lvanov, S. A. Krotov, F. V. Moroz, P. L. Molkanov, S. Yu.
Orlov, Yu. M. Volkov, Target development for medical
radionuclides Cu-67 and Sr-82 production // RAD Conference
Proceedings Volume 2, 20 September 2017, Pages 43-47, DOI:
10.21175/RadProc.2017.10;

4. V. N. Panteleev*, A. E. Barzakh, L. Kh. Batist, D. V. Fedorov, V.
S. Ivanov, S. A. Krotov, P. L. Molkanov, F. V. Moroz, S. Yu.

Orlov, and Yu. M. Volkov, Target Development for ¢'Cu, 8Sr
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Radionuclide Production at the RIC-80 Facility // Physics of
Particles and Nuclei, 2018, Vol. 49, No. 1, pp. 75-77;

5. V. N. Panteleev ,A. E. Barzakh, L. Kh. Batist, D. V. Fedorov, V.
S. Ilvanov, S. A. Krotov, P. L. Molkanov, S. Yu. Orlov, M. D.
Seliverstov, Yu. M. Volkov, A New Method for Production of the
Sr-82 Generator Radionuclide and Other Medical Radionuclides //
Technical Physics, 2018, Volume 63, Issue 9, pp 1254-1261;

6. KporoB C.A., [TIlantenees B.H., Cnoco6 mnony4yenus

pamuonykiuaa LuU-177 // Tlatent P® na uzooperenue Ne 2704005.

ABTOp JuccepTalii UMeeT ellle 3 Hay4yHble MyOIuKaluu, He
OTHOCSIIHUECS K TEME JIUCCEePTAIMOHHON paboThI, a TaKKe 2 MaTeHTa

Ha U300peTeHHE.

O0bem u cTpykTypa pa6oTnl. O0beM nuccepranuu - 153 cTpaHuly
Ha pycckoM U 144 cTpaHuIll Ha aHTTUHUCKOM SI3bIKaX, OOIIUNA 00BhEM
297 crtpanun, paboTa COCTOMT W3 5 TJaB, TUTYJIBHOTO JIKCTA,
OTJIaBIICHUS, BBEICHUS, 3aKIIOYCHHs, OJaroJapHOCTEeH, chucka

JIUTEPATYPHBIX HCTOUYHHUKOB.
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I'naea 1. Ucnnosib30BaHue PAANOHYKJIINAOB B MEAULIUHE

[lepBble MONIBITKM HCIIOJIB30BAHUS PAJMOHYKIHUIOB B MEIUIIMHE
(pa3paboTka AMarHOCTMYECKUX TECTOB) OTHOCATCSA K Havany 20-ro
Beka. OJIHAKO CHUCTEMAaTHYECKU OHU HAayalld MPUMEHATHCS JIUIIb C
cepenunbl  40-x rojgoB, Korja Oblla yCTAHOBJIEHA CTporas
3aKOHOMEPHOCTh ~ pacIpelieleHHs] paJuOaKTUBHOIO Hojxa IIpH
Pa3IMYHBIX ATOJOTHUSX IUTOBUIHOM xKee3nl [1].

bonee 30-tu sier BbIcOKass 3((HEKTUBHOCTh PATUMOHYKIUIHBIX
METOJIOB JIMarHOCTUKU M JICYEHUS HE BbI3bIBAIOT COMHEHUH. Tak,
HaIpumep:

- OCTEOTPOIIHbIE IIPETIapaThl TO3BOJISIFOT BBISIBUTH KOCTHBIE METACTa3bl
3a 6-18 MmecsueB 10 TOro, Kak OHM CTAHOBSTCS 3aMETHBIMM JUIS
pentresosora [2];

- BBemenme P®OIl Ha ocmoBe *™Tc keHImMHAM, Yy KOTOPBIX
MO/I03PEBAIOT PAK MOJIOYHOM >Keye3bl, IO03BOJIAET OOHAPYXHUTh
omyxoub B 9 cinydasx u3 10 [3].

B DpoMBIIUIEHHO  pa3BUTBIX CTpaHax yABOEHUE YHUCIIA
PaMOHYKIIUIHBIX 00CIIEIOBaHUM MPOUCXOUT Kaxable 5 JIeT.

SABassice ogHMM W3 HaubOosnee WH(GOPMATHUBHBIX, TOYHBIX U
YYBCTBUTEIBHBIX ~ METOJOB  OOHApy)KeHUS  MaTOJOTMYECKHX
U3MEHEHUH B OPraHU3ME, paJUOHYKINIHAS TUArHOCTUKA ONIPENEISIET

CeroJHs HAy4YHbIM M IPAKTHYECKU ypPOBEHb KIMHUYECKOU
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ME/IMIIMHBI, WHTCHCUBHO pa3BUBAETCS JIydeBas Tepamus, KOTOpas
ctana 3()(PEKTUBHBIM CPEJACTBOM KaK CaMOCTOSITEIIBHOTO, TaK H
KOMOMHHPOBAHHOTO JICUCHUsI OOJTHHBIX.

B Hacrosmee BpeMs CIOXKWIHCH CICIYIOIIAE OCHOBHBIC

HaIpaBJICHU UCITIOJIB30BAHUA PAAVMOHYKINI0B B MEIUIINHEC.

1.1 PaguonykauaHas JMATHOCTHKA in Vivo

OcHoBaHa Ha BBEJICHUH B OPraHU3M MalMeHTa OMOJIOTUYECKU
AKTUBHOTO MJIM HEUTPAIBLHOTO COEeIMHEHUSs, paauodapmipenapara -
P®II, ¢ mnocmenyromum HU3MEPEHUEM €ro MNPOCTPAHCTBEHHO-
BPEMEHHOI'O paclpeliesiecHhs B OpraHusMme. PaauoHyKIuIHbBIE
WCCIIEIOBAHMS in Vivo TOJIpa3AesoTCs Ha TMarHOCTUKY OMyXoJiel u
JTUArHOCTHKY ()YHKIIMOHAJIHHOTO COCTOSHUSI Pa3jMYHBIX OPTaHOB U

(U3HOIOTMYECKUX CUCTEM.

1.1.1 OnnodoToHHASA IMHCCHOHHAS KOMIILIOTEPHasi TOMOrpadus

Ha cerogusamnuii 1aeHb HanOoee pacnnpoCTpaHCHHBIM
TOMOI‘pa(bI/I‘{CCKI/IM METOJI0M MEIUITUHCKOM BU3YyaJIU3allUU SBJISACTCA

METOJl OJHO(POTOHHOW IMHCCHOHHOW KOMIBIOTEPHONH TOMOTpaduu
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(ODPDOKT/ SPECT) u ero 6osee coppemennas Bepcus ODIOKT/KT.
Metoa 01HO(POTOHHOW YMHUCCHOHHOW KOMIIBIOTEPHON TOMOTpaduu —
JUArHOCTHYECKass MpoueAypa SACpPHOM  MEAMIMHBL, KOTOpas
MI03BOJISIET OOHAPYKUTh (DYHKIIMOHAJIBHBIE OTKIOHEHHS BHYTPEHHUX
OPraHoOB IIyTE€M I0JIy4YeHHs TPEXMEPHBIX n300paxkeHui. [Tpunnunom
pabotrer OPIKT sBisiercss MOTydYeHUE CEepHil raMMa-CIIMHTUTPaMM
IIpY IPOTPAMMHO-YIIPABIIIEMOM BPAIICHUU OJHOTO MU HECKOJIBKUX
JE€TEKTOpOB ToMmorpada BOKpPYr NPOJOJBHOW OCH Tejla MalUeHTa,
kotopomy BBeZieH PODII. Ilpoekuus mzobpaxkeHuid, MOTYyYSHHBIX 3a
LUK UCCIIEJOBAaHUs, 0O0pabaThIBACTCSI KOMIBIOTEPOM, M IO
3aporpaMMHpPOBAaHHBIM AJITOPUTMaM, MPOBOJUTCS PEKOHCTPYKIIUS
KODOHApHbIX, aKCHaJbHBIX, CArUTTAJIbHBIX U KOCBIX CpPE30B.
CymectByeT J1Ba BHAA JABWKEHHS KaMepbl BOKPYI OCH —
HEIPEPBIBHBIN U MOIIArOBbIN. B epBOM cilydae AeTEKTOp IBUTaeTCs
HENpPEephIBHO MO 3a/laHHOM OpOuTE BOKPYT MPOJOJIBHOW OCH Teia
00JIbHOT0, cOOMpast TaHHbIE B pexXUMe poTaiuu. Bropoii pexum — npu
KOTOPOM JIETEKTOp, MO 3aBeplIeHur cOopa JaHHBIX, OCYIIECTBIISET
MOBOPOT TMOJl OIpPEACTICHHBIMU YIJIaMH M MPOBOJUT 00pabOTKy
cleAyronen MPOEKIMU. ITOT MPOILECC MOBTOPSAETCS 10 TEX MOp, TOKA
He Oy/IeT MpoiiieHa BCs TPACKTOPHS, 3a/IaHHast IporpamMmoii [4].

[Ipu BBIOOpE paTUMOHYKIMIA KIIOYEBBIMHU SBISIOTCS [Ba

KpUTEpHS.
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1. Bo3MOXHOCTH IMOJIYYCHUA MAaKCHUMAJIbHO BO3MO>KHOM

uHbOpMAlMM TIPH MHUHUMAJIBHOM JydeBOM Harpy3ke Ha
MalKUeHTa; MCXOAS M3 JTOr0, ONTUMAJIbHBIMU  SIBJISIOTCS
PaguoOU30TOIIbI, IpeTepIeBaroe KOHBEPTUPOBAHHBIM
n3omepHbii iepexon (KUIT) u snekrponusiii 3axsat (93).

BpICOKMI KBaHTOBBIM BBIXOJ PEHTTEHOBCKOIO WJIM TaMMa-
W3ITYy4YCHUs, TO3BOJISIOMNI 00ECTIeYNTh XOPOIITYIO BU3yaIU3alINI0
POII B opranm3me mamuenta. IIpu 3TOM 3Heprusi mepexona
JOJKHA OBITH TaKOH, YTOOBI: a) OTCYTCTBOBAJIO Upe3MEpHOE
MOTJIOLEHUE M pacceUBaHME W3IY4eHUs, O) JOCTUTalIOCh
BBICOKOE IPOCTPAHCTBEHHOE DPA3PEIICHHE MEYEHBIX OpPraHOB U
TkaHed. [lockoibKy B KauyecTBE PErUCTPUPYIOLIUX YCTPOMCTB
WCIONB3YIOTCA  CUMHTWUISILMOHHBIE JI€TEKTOPhl C HU3KOU
paspemiaronieil  CrocOOHOCTHIO, JKENATeNbHO, YTOOBI CXeMa

pacnajia UCIOJIb3yeMOro paiMOHyKIIna Oblia:

o1HO(OTOHHOI, Kak B caydae Mn (0.392 M»B [5]),

1160 B Hell JIOIKEH MPUCYTCTBOBATh OAMH (POTOMHUK C TOPa3o
Oolee BBICOKMM (4€M BCE OCTANbHBIE) KBAHTOBBIM BBIXOIOM
(mampumep, 2™ Tc, 1231 [5)),

160 XOpOIIO pa3pelieHHble TaMMa-Tiepexos! (K mpumepy, 11tin
[5]), kaxablii U3 KOTOPBIX MOXHO MCHOJB30BAaTh [

BU3YyaJIM3alluu OPTaHOB.
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Tab6auna 1: paguoHyKJIUAbIL, Hcnoab3yembie B OPIKT][7, 8]

Tun Ey, |Ksant.
H3o10
T2 | pacma| M3B |BbIXOn, Opran
n
aa %
00T 173 9| 93 0,167 10,0 cepie
HIl 0,14 89 cepJlle, JIETKHE, ITOYKH,
PMTe | 64 P
KOCTH, KOCTHBII MO3T
23 0,093 | 38,81
6"Ga |78 u 0,184 | 21,41 cepaie
0,300 | 16,64
132 93 0,159 83,3 | nérkue, roOBHOH MO3T,
123) ’ MOYKH, IICYCHD,
q
[IUTOBUIHAS JKeJie3a U JIp
" 28 | 23 0,171 | 90,7
In IeYCcHb
JTH 0,245 | 941

bonee  coBpemenHoil  Bepcuert = ODPIKT  sBusercs
0o0beIMHEeHHAs CUCTEMA BU3YAITN3allUH OTHO()OTOHHOM YMUCCHOHHOU
tomorpapuu U KommbloTepHoi  ToMorpaduu  (ODPIKT/KT).
O6wenunenne KT u O®OKT nmpuBOAUT K MOBBIIIEHHIO TOUYHOCTH

000HX THUIIOB HCCJIICAOBAaHNA U TOBLIIIACT PA3PCIICHHUC BU3YyaJIM3allun
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(pucynok 1). Tak ocnabnenue raMmma-u3JIy4eHUs, BHYTpU HalMeHTa
MOXET IMPUBECTH K CYIIECTBEHHOW HEJOOIEHKE AaKTUBHOCTH B
rIIyOOKHUX TKaHSAX, MO CPABHEHHWIO C IMOBEPXHOCTHBIMH TKAHSIMHU.
Ucnonb3zoBanue wunterpupoBaHHoro ¢ O®DPIKT koMmbOTEpHOTO
ToMorpada MO3BOJIIET ONTHUMH3UPOBATH KOPPEKIUIO TOTJIOMIEHUS
ramMmMma-u3JjiydeHusi B TKaHax. VIHTerpupoBaHHasi cucTeMa MO3BOJISIET
TOYHO OINPEACIUTh JIOKATU3AIMIO TOPAKEHUS] TMPU HATOKCHUH
M300pakeHus, MIPOBO/IUTH CBOEBPEMEHHYIO JIMArHOCTHKY
OHKOJIOTUYECKUX 3a00JIeBaHMM, OCYIIECTBIATh AUQdepeHInaInio
3JI0KAYECTBEHHBIX U JIOOPOKAYECTBEHHBIX OOPA30BAHMMA PA3THUHBIX
OpraHOB U CUCTEM, BBIABIISITH HAJIMYUE CTPYKTYPHBIX U3MEHEHUUN U
(GYHKIIMOHATBHBIX ~ HApyIIEHUH HA  CTaJud  MUHUMAJbHBIX

KJIMHUYECKUX TPOSIBJICHU# 3a001eBaHus [6].

ODIKT/KT

Puc 1. Hzo06pasicenus 6 OPIKT, KT u unmeepuposannoii cucmeme

ODOKT/KTT]


http://nuclphys.sinp.msu.ru/nuc_techn/med/tom.htm
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1.1.2 T1o3UTPOHHO-3MHUCCHOHHAsA TOMOTpadus

B nocnennue necarunerus METO NO3UTPOHHOM SMUCCUOHHOU
TomMorpaguu  siBifeTcsl Haubojee IEpPCIEeKTUBHBIM  METOJOM
MEIULMHCKOW  BH3yanusauuu.  [lo3uTpoHHass  3MHMCCHOHHAas
ToMorpadust — COBPEMEHHbIM METOJl MEIMLIMHCKONW BH3yallu3aluH,
MO3BOJIIIONIMN  TOJydYaTh IN-VIVO uWHOpMANKI0 O HApYIICHHSX
(GU3NONOTHYECKUX U OMOXMMHUYECKHX MPOILIECCOB Ha MOJIEKYISIPHOM
YPOBHE.

Metonuka [I9T Obuta mpeasiokeHa B KayecTBE HAyYHOTO
uHctpymeHTta B 80-e¢ roxapl mpouuioro crojerus. C tex nmop IIOT
SIBJISIETCS] OJJHUM U3 CaMBIX ITEPCIEKTUBHBIX U COBPEMEHHBIX METO/I0B
B KJIMHHYECKOHM JMarHOCTUKE, OCOOEHHO B OHKOJIOTUH U
KapAUOJIOTUH.

IIpn mepexone siapa B yCTOMYMBOE COCTOSIHHE B pe3yjbTaTe
B*- mpeBpaleH s UCITYCKAKOTCS TIO3UTPOH U HEWTPHHO.

[Tocne cBoGomHOro mpobera, KOTOPBIA COCTaBIsIET B TKaHU
YEJIOBEKA WM KUBOTHOI'O HECKOJIBKO MWIIJIMMETPOB M 3aBUCUT OT
SHEPTUH MO3UTPOHOB, NO3UTPOH CTAIIKMBAETCS C AJIEKTPOHOM CpEJBI.
OTO CTOJIKHOBEHHE 3aBEPIIACTCS MPOLECCOM AHHUTWIISLIAN, TIPA 3TOM
UCIyCKAlOTCS B IIPOTHUBOIIOJIOKHBIX  HANpaBICHUSAX  JBa

BBICOKO?HEPreTHYeCKUX raMmma-kBanrta (aueprus 0,511 MaB).
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Ecmu nBa nmerekropa, 0ObEIMHEHHBIX B CXEMY COBIIAJICHUH,
OJTHOBPEMEHHO 3apETHCTPUPYIOT CUTHAJ, MOXKHO YTBEPXKAATh, YTO
TOYKA AQHHUTWISAIMM HAXOAWUTCS HA JIMHHUH, COCIUHSIONMICH OTHU
JIETEKTOPHI (puc 2).

1c DOTOH yIaBIHBAETCS
TP [IOMOIIH KaMepPBL

/ 2T

PaJHOaKTHBHEIH pacraj DoToH
(T1/2~20 MuHYT)

@—¥) @

ITo3utpon 180° DIeKTpoH

Q DOTOH

DOTOH ynaBIHBaeTcs |
TIpH IIOMOIIH  KaMephl
II5T

Puc 2. Ipunyun pecucmpayuu ¢ [19T

[locne wmaTeMaTH4yeCcKOW PEKOHCTPYKLUHUU HAKOIJIEHHBIX
JAHHBIX (KOTOPBIMHU SIBJISIIOTCA TIapbl JIETEKTOPOB, OJHOBPEMEHHO
3apETUCTPUPOBABIINX PA3JICTAIONINECS TaMMa-KBAHTHI) TMOJYyYarOT
MICEeBJOTPEXMEpPHOE  (pa3[ie]IeHHOE Ha TpaHCaKCUAlbHBIE, T.C.
napajuieNbHbIe TIOCKOCTSIM KOJIEI] JaTYMKOB cpe3a) M300paKeHue
mpolecca HAKOIJIEHUS! PaJMOaKTHUBHOCTU B HCCIEAYEMOM OpraHe.

TommmHa cpe3a W MHUHUMAQIbHBIA pa3sMeEp AJIEMEHTapHOW TOYKH
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M300paKeHUsT 3aBUCAT OT F€OMETPUUYECKHX Pa3MEPOB M IJIOTHOCTH
ynakoBku gatdyukoB [IOT-kamepel. Ywucnao 3TuUX [HaTYMKOB B
COBPEMEHHBIX MOJEISAX TOMOTpadoB HACUUTHIBACT AECATKU THICSY.
JlanHblli  cHOcOO  JMETEeKTUPOBAaHWS  HA3bIBAETCS  DJIEKTPOHHOMN
KOJUIMMAaUMel U SBIISIETCS YHUKAJIbHBIM, MOCKOJIBKY IS HEro He
TpeOYIOTCSl CBUHIIOBBIE KOJTUMATOPHI, Hcrionb3yemble B ODIKT s
OIpe/Ie/ICHUs] HAIPaBJICHUS I0JIETa FaMMAa-KBAaHTOB M CHMIKAIOLUE
s dekTuBHOCTh peructpanuu. IIpocTpaHCTBEHHOE pa3pelIeHHE B
I[I9T omnpenensercs HpoOEroM MO3UTPOHOB B TKAHU JI0 TOYKH
AHHUTUJISIUY U HEKOTOPBIMU JPYTUMHU MTapaMeTpaMHu.
[TpuHIMNHATBHO BaXKHBIM SIBJISETCS TOT ()AaKT, YTO MHOTHE
[19T papuonyKIKIbI, IpEeICTaBICHHBIE B TabnuLe 2 - 150, BN, IC -
SBJISIIOTCSL  M30TONAaMU  OMOJIOTMYECKH  BAKHBIX  XUMHMUYECKHX
aneMeHTOB. C X MOMOIIBI0O MOXHO MOMETHUTH NMPAKTUYECKHU J11000€e
COEIUHEHHE,  KPUTHYECKHM  Ba)XXHOE  JUIsI  OCYILIECTBIICHHUSA
onpenelieHHOW  (GYHKLUMM  OpraHu3ma, ©0e3 H3MEHEHHs  ero
OMOXMMHUYECKOTO  TOBeAECHUs U MeTabommsma.  YeTBepThlit
PaIMOHYKJIMA STOH TPYHHbl ‘°F He BXOAMT B YHCIO OMOTEHHBIX
9JIEMEHTOB, OJHAKO MMEHHO OH CUHUTACTCA «ujaeadbHBIM» i 119T
WCCIeOBaHUM, OJjarogapsi OTHOCHTENIBHO OOJBIIIOMY TIEPHOTY
nonypacnaaa (110 MuH) ¥ HauMeHbIIeMy NpoOEery MO3UTPOHOB B
TKaHU (2,39 MM), o0ecrnevnBarImeMy MaKCUMaJIbHOE

POCTpaHCTBEHHOE pasperneHue [6, 9].
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BaxnbiM acnektoM wucnoisib3oBanuss P®Il Ha ocHoBe
KOPOTKOKUBYIIMX pagnonHyknuaos s I19T (3a uckmouenuem 8F)
SIBJISIETCS. BOBMOXKHOCTh MPOBOAUTH MOBTOpHBIE 119 T-nccnenopanus
yepe3 KOPOTKHE MPOMEXYTKH BpEMEHH, HEO0OXOAUMble MpH
AKTUBALIMOHHBIX UCCIIEAOBAHUAX MO3Ta, OLIEHKE NepPy3un MHUOKapa,
KOJIMYECTBEHHOM OIPE/ICIICHUH MIOTHOCTH PELENTOPOB.

st u3yuenust 6ojiee MEUICHHBIX MPOIECCOB B OpPTaHU3ME
HICTIONB3YIOT OTHOCHTENBHO JNONTroxuBymme B'- m3myuarenn: '°Br,
1241897y, M3BecTHO, 4TO HAKOIUIEHHME MOHOKJIOHAJBHBIX AHTHTEN
(MKAT) B 06M000BEKTax-MUIICHAX JOCTUTACTCS Yepe3 HECKOJbKO
NeCcSITKOB yacoB nocie ux BeAenus. [lpumenenne MKAT, meueHHBIX
87r u 2%, naeT BO3MOXKHOCTH M3y4yaTh KHMHETHKY M HAKOIUICHHE B
uccaenyembix Tkansx [10].

Pamuonykmuael TpeTheit rpymmel — °0Ga, %In, %MTc
SIBJISIFOTCS. M30TOMHBIMHM aHAJOTaMU IIMPOKO PACTIPOCTPAHCHHBIX B
0THO(OTOHHON TUATHOCTHKE DPATUOHYKIHIOB 67Ga, MIn, *™Tc,
KOTOpbIE JAaBHO WU C YCIEXOM MCHOJB3YIOTCS ISl BU3YyalIU3alUU
caMbIX Pa3HOOOpPa3HBIX MPOIECCOB B opranusme. VX mpumeHeHue
1esecoo0pa3Ho He TOJIBKO MOTOMY, YTO OHO MOXKET ITPOBOJIUTHCS TIO
XOpOIIO pa3pabOTaHHOW METOJWKE, HO U IMOTOMY, YTO OHO JaeT
BO3MOKHOCTh CPaBHUBATh JaHHbIE, MONy4YeHHbIE ¢ Tomolbto [19T u

O®DKT [9].
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Tabuauna 2: ssgepHo-GpusnyecKkne XapaKTepUuCTUKN OCHOBHBIX

nuKJI0TpoHHBIX [IIT-paguonykimaos|7,8]

PH | Tup, Tun OcHoBHas B* Makc Makec.

MHUH | pacmajaa saepHast Ms3B | npober MoubH.
peaknus B aKT.
MOJy4eHUs! Mbimne, | Ku/moab
MM

IC 204 | B | “N(p,oC [096| 41 | 9,22:10°

(99,8)

BN 9,9 | p° | %O, «)®™N |[1,19| 54 | 1,89-10%
(99,8)

BO | 2,04 | p° | ®BN(p,n)™0 | 1,74 | 82 | 9,0-10%
(99,9)

BF 1097 p* | ®O(p, n)®F | 0,63 | 2,39 | 1,71-10°
(96,9) 5

B 1memom paszpemaronias cnocobHocts [I9T (2-7 wmwm)
CYIIECTBEHHO HIDKE, YeM paspemaromas crnocooHocth KT
(xommbroTepHoii Tomorpadun) u MPT (MarHuTHO-pe30HAHCHOMN
ToMorpaduu), MOITOMY BAXKHEWUIIUM JTArloOM B Pa3BUTUU 3TOTO
Metona ctaino cozaanue B 2000 rogy TEXHOJOTHH, MO3BOJISIONICH
coBmectuTh [I9T u KT B ogaom IIDT-KT-ckanepe. [I9T Bce wamie

HCIIOJIB3YCTCA BMCCTC C KT HNIn MaFHHTHO-pCSOHaHCHOﬁ
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tomorpadueit (MPT). Takum 00pa3oM MpakTHYECKU OJTHOBPEMEHHO
noJjryyaercs ”HpopManus Kak o CTpyKType, Tak u o ounoxumun. [19T
HanboJiee MoJe3Ha B COUETAHWU C aHATOMHUYECKOH BU3yaJH3alHeH.
Onnako, II9T-KT umeer omnpenesieHHbIE HEAOCTATKHA, B TOM UYHCIIE
HEBO3MOXXHOCTh OJIHOBPEMEHHO OCYILECTBISATh CcOOp HaHHBIX U
3HAYUTENIBHOTO 036l O0JTy4eHUs nanueHTa, BHeceHHou KT.

B nocnenHee BpeMs akTUBHO BeAyTcsi pabOTHl 1O
anprepHaTuBHOU [IDT-KT ruGpunHoil TeXHOIOTHH BU3yaTu3allud —
texHosoruu [19T-MPT. Ilo cpaBuenuto ¢ KT MPT, B wacTtHOCTH,
JaeT JIy4IIMHA KOHTpAacT MEXIy MITKUMHU TKaHSAMH (PUCYHOK 3).
Boobie, koMOunanmst  I[I9T-MPT  oOecnieunBaeT  MHOIO
MIPEUMYILECTB, KOTOPbIE BBIXOJAT 32 PAMKHU IPOCTOrO0 COYETAHUSA
¢ynkunonanbHo  mHpopmanmu ot  [I9T ¢ cTpykTypHOIi
unpopmanueit or MPT. O6nactu knuHuuYeckoro npumeHenus [19T-

MPT oHKOJIOTHSI, KapIUOJIOTHS U HeBpoJtorus [6].

Puc 3. Chumxu pasnuynvix momozpamm. Cnesa Hanpago
uzobpaxcenus [13T, MPT u kombunuposantnoe uzoopasicenue 11T

MPT/6]
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1.2 PaguonykauaHas IMATHOCTHKA in vitro

OcHOBHBIE BU/IbI IPOBOAUMBIX MCCIIEIOBAHUMA:

1. pagMOMMMYHOJOIMYECKHMH aHajiu3, IO3BOJISIIOIIMN  OLIEHUTH
COJIEpKaHUE MCCIIEelyeMOro BELeCTBa B KpPOBH OOJBHOIO; B
HacTosilee BpeMsl A IPOBEIEHMsA aHaliM3a 4dalle BCero
HCIIOJIb3YETCS 125 [3,5,11] u Me4eHbIC UM COCTUHCHHS,;

2. dotoHHast abcopOIMOMETpHUs - TUATHOCTUKA OITyXOJIEH KOCTEi
CKeJleTa, TI03BOJIAIOLIAsl OLEHUTh COJCpKaHUE MHUHEpPAIbHOM
KOMIIOHEHTHI B OIYXOJIEBBIX M HOPMAJIbHBIX KOCTHBIX TKAHSX; B
nocJeIHee BpeMsl NCIOJBb3YeTCsl IBYX(OTOHHASI CIIEKTPOMETPHS

KocTeil ¢ ncronb3osanueMm °Gd [3,5,11].

1.3 lucTaHiiuoHHOE 00JTyUeHHEe

Hcnonb3yercst uid  J€YEHHS  OIYXOJIEBBIX  OOpa3OBaHMM.
OcCHOBHBIE KPUTEPUU BBIOOpA PAJUOHYKIHNIOB CIIETYIOIIHNE:
- BBICOKas DHEpPrus TraMMa-lepexojia, 4ToObl OOecHeuuTh
MPAKTUYECKH OJMHAKOBOE OCJIabJIeHHE M3IYyYeHHE B pa3IMYHBIX
OpraHax M TKaHfAX W, TEM CaMbIM, YIIPOCTUTH O3UMETPUUYECKOE

IIIaHUPOBAHUC,
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- HEBBICOKAash MaKCHMallbHasl dHeprus [-crmekTpa (3axep:kuBaeMas
MaTepuajJoM Kalcysbl HCTOYHUKA), 4YTOOBI MPEIOTBPATUTh
nepeodiiydeHrne KO)XKHOTro OKPOBa;

- AOCTHIXKUMAA BBICOKAA YACIbHAsA AKTHBHOCTL, ITO3BOJIAIOIIAA
co3zgaBaTb MOIIHBIC HMCTOYHUKHU HC6OJIBI_HI/IX pasMepoB, UYTO
o0ecrnieunBaeT JOCTATOYHO OBICTPBINA CIajJ MOIIHOCTH 03Bl Ha
rpaHUlaX IMyYKa H3IY4YCHHs, CHUXAas JIyueBYIO Harpy3ky Ha
CMCIKHBIC OpPIraHbI;

- OOJIBIION IEePUOJT IOJypacmaa, YT00bl 00ECIICUNUTh THTEIBHBIN
CPOK SKCILTyaTallii raMMa-yCTaHOBOK 0e3 mepe3apsiiKH.

C Y4€TOM BCCX 3TUX KPUTCPUCB OIITUMAJIbHBIM SBJISICTCSA 6OC0

[3,5,11].

1.4 KoHTaKkTHOE BHYTPHIIOJI0CTHOE 00/ Iy4eHHue

Ucnonw3yrorcs  pagMOHYKIUABI C  BBICOKMM  BBIXOJIOM
PEHTI€HOBCKUX WJIM TaMMa-KBaHTOB. BO3MOXXHO JBa pexuma
o0yueHus.

1. Tlepuommyeckoe ¢ 6ompuMu go3amu. [Ipu 3TOM HCTOYHUK Yepe3
KaTeTep Ha THOKOM IIIAHTe TOJIBOAUTCS K IOPAXKEHHOMY OpTaHy.

Oco0nie MNPETCH3NU NPCABABIIAIOTCA K yﬂeHBHOﬁ AKTUBHOCTH
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MCTOYHHKA. B mHojaBnsionieM  GOJBIIMHCTBE  CIydaeB
ucnonssyercs 2Ir [3,5,11].

2. TlocrosiHaoe 06yueHne. ICTOYHHK PEHTIEHOBCKUX KBAHTOB TEM
WJIM MHBIM 06pa3oM BBOJHUTCSA B ONYXOJb HA JTMTEJBHBIA CPOK.
B03MOKHOCTh HepeobiTydeHusl TalueHTa MUHUMaIbHa. Yare

Apyrux ucnomns3syrores: °°Pd, 12°1, 1% Ay [3,5,11].

1.5 PaanonykiuaHas Tepanus

B nocnennee Bpems HanGosee IMHAMMYHO pPa3BUBAOLIASICA
obnacth sepHoOil MenuuuHbl. OCHOBHAas 1edb - JIOCTHIKEHUE
MakCUMyMa IOTJIOUIEHHOW J103bl B IAaTOJIOTMYECKOM ouare Ipu
MUHUMAaJIbHOM OOJYYEHHHM OKPYXAIOIIMX €ro 3J0pOBBIX TKaHEH.
JIOCTOMHCTBO - MpeIeIbHO HIMPOKHUI BEIOOP paluOHYKINIOB: O~ U [3-
W3ITydaTeNnd, HyKIuasl, nperepnesatomme 93 u KUII - #'Sc, 89S,
ll?msn, 153Sm’ 166Dy/166H0, 186Re, 188Re, 199AU, leBi, 213Bi, 233Ra
[3,5,11] u ap. HemocraTtok - TIIATEIbHBIH MOAOOP XUMHUYECKUX U
onoxumuueckux Gopm g TOro, yTtoObl 00ECHEYUTH BBICOKYIO
creneHb HakoruieHns POII B ormyxonau o CpaBHEHUIO CO 3J0POBBIMU

TKaHsAMU.
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Anbda-yacTunpl (¢ TUIMMYHON dHEpruer — okosio 5.9 M»aB,
Tabn. 3) cmocoOHBI APPEKTHBHO YHUYTOXKATH  OIYXOJICBBIC

00pa3oBaHUs TUAMETPOM HECKOJIBKO MKM (puc 4).

Tabauna 3: ssgepHo-pu3nyecKre XapaKTePUCTHKH ajibda-

TEPANICBTHYCCKUX PATHOHYKJIUI0B

Pamuonykmu | 1At | 22Bi/#2Po | 2BBi/*Po | 2°Ra/*Rn/?Po/
b1 211p;
Maxkcumansl | 5,87 8,78 8,38 7,39
ast DHeprus (**2Po) (?3Po) (%%5po)
anbda
yactul, M>B

Opnako mpH HCIyCKaHUM aib(pa-dyacTULBl AP0 OTAAUU
MOJIyYaeT KHHETHIECKYto sHepruio (okomo 0.11 MsB — Ttabi. 4).

Beuler  sAapa oTAauum  OKa3bIBAaeT  pa3pyLIUTENbHOE
BO3ICWCTBUS HAa MOJIEKYJy-HOCUTENb (PUC 5), MOpPOIl MOIHOCTBHIO

HCKJIFOYasi HAIIPABJICHHOE JACHCTBUE MTOCIIETHEN.
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COLLISION EVENTS
Targel Displacements

Number/{Angsatrom—-Ion}

- Target

Puc 4. 3ona paouayuonnvix napyuweruti s#cu8ou mKkaHu anvga-

yacmuyamu c suepeueti 5.9 MaB; maxcumym @vioenenus sHepeuu -

Ha paccmoanuu 46 Mkm om mecma pacnaoa

Tabauua 4. JHepruu siaep oTAa4u U UX NPoder B ;KMBOH TKAHU

Pagnonykmun 2Nt 212g;j 213Bj 23R4
SAnpo ormaun 207Bj 2087 2097 219Rn
Oueprus sagpa otnaum, | 0,111 0,114 0,110 0,103
M>B

[IpoGer B xuBOW TKaHu | 789 808 789 754

(mentun), aHrcTpeM
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JlunenHbIi pasmep 150-200

InenTuaa, aHrcrpem

Komnuuectso BaKaHCHH, 1270-1280
HaBEJICHHBIX OJIHUM SAPOM
ormaun c sHepruei 0,11

M»>B

Puc 5. 3ona paouayuonnuvix pazpywenuti ucxoonoeo P@II sopamu
omoauu c snepeuei 0.11 M>B; pasmep 30ub1 — 6onee 1000 anecmpem
(Cc yuemom Kackaoos MopUUHbIX CMeujeHull)

EMMHCTBEHHBIM 3apEeTUCTPUPOBAHHBIM Ha CETOTHSANTHUHN JICHb

POII ¢ aneda-mamydatenem seisercs 22°RaCly (Xofigo, Bayer),
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KOTOPBIM HCHOJNB3yeTCs MpH JICUEHUH KOCTHBIX MeTacTa3oB. Bce
OCTaJbHBbIC TEPCIEKTUBHBIC PATUOHYKIUABI ISl anbda-Tepanuu
HaXOJSTCS Ha Pa3IMYHBIX dTamax JIa0OpaTOPHBIX, JOKIMHUISCKUX U
KJIIMHUYECKUX HMCCIIEeAOBaHUNA. DHeprus aiab(a-uyacTul] 3aKiI04YeHa B
uHTEpBae 5-9 MaB, 4T0 MO3BOJISET UM MIPEOA0JIEBATh PACCTOSAHUS B
5-10 nnametpoB kinetku. IIpober sBisgercs NpAMOIUHENHBIM, TPUYEM
BbIenieHue sHeprun cocraBisger 80-100 ka3B/MKM mpakTHuecku Ha
Bcell juyimHe Tpeka u Bo3pactaeT 10 300 k3B B caMoM KOHIIE Tpeka.
[ToaTomMy mnpu ompeaencHUN TepaneBTUYECKON 3¢ (HEeKTUBHOCTH
anb(a-u3IIydeHuss OPUCHTUPYIOTCS Ha JBa (DakTopa: pPacCTOSIHHE
aToOMa-u3aydaTelis OT sjipa KICTKU U 3PPEKT OTIa4uH TSHKEIOro HOHA
Jo4YepHero aroma. Amb(a-u3aydaTenu MePCHeKTUBHBI I JICYCHHS
MUKPOMETACTA30B OIYXOJIEH U OTAENbHBIX 3JJ0KaUECTBEHHBIX KJIETOK
[6].

B cnyuae Oera-muHyc-pacmaza BO3MOXKHOCTH pPa3pyIICHUS
HCXOJHOM MOJIEKYJbl MaJIOBEPOSITHA, IMOCKOJIBKY SHEPIHs OTAa4M
00pa3oBaBIIIerocs spa peaKo npesbiiaet 25 3B (Tabm. 5).

OnHako BO3MOXKHOCTh IJIAHUPOBAHUSL JICYEHHS OCIIOKHEHA
CIUIOIITHBIM DHEPTETUYCCKUM CIIEKTPOM.

Ta6auna 5. XapakrepucTuku 6eTa-u3jryyareiei

Panuonyxnua 89gy Ny 153Sm 186Ra 188Ra
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MaxkcumansHas
sHeprusi Oera- 1,49 2,28 0,82 1,07 2,12

yactuil, M>B

MakcumansHas
JHEpPTruUs 17,1 39,0 3,3 4.6 13,9

oTmayu, 3B

OMUTTEPBl 3JeKTpOHOB (K€ U KOHBEPCUU — pa3zymHas
allbTepHATHBA anb(da- 1 OeTa-u3IrydaTesiM — CTAIN «IIOMYJISIPHBD) B
nocaenuue 10 ner [12,13,14].

OTU paAUOHYKIN/IBI TPETEPIEBAIOT AIEKTPOHHBIN 3axBart (O3)
WM KOHBEPTUpOBaHHBIN n3oMepHbld niepexo (KUIT). bonpmmHCTBO
w3 mux (¥Ga, *"Tc, MIn) tpagummonHo wucmomB3yOTCS B
OIHO(POTOHHOH  AMHUCCHOHHOM  KOMIIBIOTEpPHOM  ToMorpaduu
(ODPIKT).

Tunuunele sHEprun 1eKTpoHoB Orxe u KoHBepenu (2-25 k3B)
obecrnieunBarOT npooder B «kuBoi» TkaHu oT 0.3 10 13 MKMm.

OTnuuuTenbHble 0COOEHHOCTU U MMPEUMYIIECTBA B CPAaBHEHUU
c anb(a- u 0eTa- U3NIydaTeIsIMU:

- MUKPOHHBI W CYOMHUKPOHHBIA paguyc NeHcTBUS (Kak y anbda-
YacTHIl);
- JUCKPETHBIM JHEPreTHYecKuid crhekTp (Kak y anbga-4acTui),

HO3BOJ'I$IIOHII/II\/’I IJTAaHUPOBATD JICUCHUC,
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- HecpaBHEHHO Ooiyiee BBICOKAas paguaIllMOHHAs YCTOWYHBOCTH
MEYEHBIX 3MUTTEpPaMHU 3JEKTPOHOB OXke U KOHBEPCUU COEAUHEHUN B
cpaBHeHnu ¢ POIl Ha ocHoBe anb(a-u3iaydareneld, MOCKOJIbKY B
pesynbrate O3 unu KUIIT siapo He nmoaydaet 3HEPTruio OTJauu;
- COOCTBEHHOE TraMMa-u3JIy4eHHe pPaJAUOHYKIHUJIOB IO3BOJISET
ONPEACIUTh IOJIOXKEHUE OIYXOJW U CIEAUTh 32 IIOBEACHHUEM
TEparneBTUYECKOro Ipernapara B OpraHiu3Me NalueHTa.
PannoHyKIM b1, HCITYCKAIOILIUE OXKe-2IIEKTPOHBI, BHEIPSIOTCS
B CIIELIUAJILHO MOJ00paHHbIe MOJIEKYbl. C MOMOIIBIO ATHX MOJIEKYI
pPaIMOHYKIIUJBl  JIOCTABJISIOTCSI B pakoOBble  KJIETKH, B
HerocpeactBeHHyro Omm3octs k JHK. Takum oOpazom, oxe-
ANEKTPOHBI C UX OYEHb KOPOTKUM MPOOETOM MO3BOJISIOT PeaTn30BaTh
6osee H3PPEeKTUBHYIO aIPECHYIO JIYUEBYIO T€PANHI0 ¢ MUHUMAJIbHBIM
yiepooM s HopMasibHOM TkaHW. OJHaKo, Kak U Ipenaparbl JUIs
anbda-tepanuu, MmHOTHE Oxe-TepaneBrruueckue POII naxonarcs Ha

Pa3MUYHBIX CTAUIX KIMHUIECKUX UCTIBITaHui [6].

B MNOCJICAHHUC roabl ocoboi NOMYJIAPHOCTBIO B
paHHOHYKHHJIHOﬁ TEPIanuK IOJB3YHOTCA PAaAUOHYKIWIAbI, HMCIOIIUE
,2106pOTHO€ raMma-CoIpoOBOXIACHUC, ITO3BOJIAIOIICE IMTPOCICANTD ITYTh
W HAKOIUICHUC paJuoOnu30TOIla B OpPraHU3MC IMalMCHTA. OJIHI/IMI/I nu3
HanOoJee HHTCPCCHBIX I TCPAHOCTHUKU (,Z[I/IaFHOCTI/IKa + TepaHI/I}I)

pagmoryKkInoB sBstores **Cu m ®’Cu. Menp-67 mpencTapiser
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co0oi «MsATKui» GeTa-u3nydaresib ¢ mpoberom B Tkanu 0,2 mwm [16].
[lepuon momypacnafga 2,6 AHS MO3BOISET HCIONb30BaTh °'Cu B
KOHBIOraTax C MOHOKJIOHAJbHBIMU aHTUTeNaMu. [lo ramma-
U3IIy4YEHUI0 MOXHO TMPOBOJUTH MPEJICUCOHYI0 BHU3YaTU3aLIUIO
npenapara merojioM ODIKT, npu 3TOM 1030BbI€ Harpy3Ku Ha BECh
OpraHu3M M TIEpCOHAN HEBEJIUKH BBMAY HHU3KOH sHeprum. °‘Cu
XapakTepU3yeTcs  CJIO0KHOM  CXeMOW  pacrana, Koropas |
00yCIOBIMBAET BO3MOXKHOCT TEPANMK TaKUM Xke, Kak y ' Cu, Markum
oera-uznyuyennem u [I9T gumarnoctuku, kpome TOoro, O3
[0/Ipa3yMEBAET IMPUCYTCTBUE DJEKTPOHOB KOHBEPCHM, KOTOpbIE
00€CIICUNBAIOT JIOTIOJIHUTENIBHBIA TepaneBTU4YecKuit spdexr [17].
Takxke B TepaHOCTUKE NEPCHEKTUBHBIM SIBISETCS PaIUOHYKIH]
moTenuii-177, npuMeHseMbli AJ1s JICYEHMSI TPEICTATEILHOM JKENE3Bl.
YLy spnsercs wmarkum Gera W3TydaTeneM, 4TO O0OECTEUHBAET
HeOOJbIION MMpoOer B TKAHSIX M COOTBETCTBEHHO JIOKAJIbHOCTD
Tepanuu. B CBA3M C 3TUM OH MPEACTaBISET MEHEE TOKCHUYHYIO
anbTepHATUBY Y -90, UTO OTpakaeTcsl B MEHbBILIEH HArpy3Ke Ha TIOYKU
U BO3MOXXHOCTH IIOBTOPEHMsI LMKJIOB TEparuH. ITpu s3TOM
WCITYCKAaeMBbIW MPH pactajie JoTenusa-177 ramma-kBaHT sHepruen 208
k3B mo3Bonser wucnons3oBatk POII, coxaepxkamme IaHHBIN

paguonyxina B iuarHoctuke OPOKT.
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1.6 Uroru riiaBbl

B Hacrosimiee BpeMs B MOJIAaBISIONIEM OOJIBIIIMHCTBE CIy4acB
B KJIMHMYECKOU SJICPHON METUIIMHE UCTIOJIBb3YIOTCS:

1. KOPOTKOXXUBYIIHE PEAKTOPHBIC M IIUKIOTPOHHBIC PAIMOU30TOIIBI
(mpexze Beero, *°MTc, ¢'Ga, MIn, 2°MT1 [11]); ¢ ucnonbp30BaHMEM
9TUX  PAAMOHYKIMIOB  mpoBoauTcs  Oomee 90%  Bcex
JMarHOCTHYECKUX oOcenoBanuii [12];

2. yIBTPAaKOPOTKOKMBYIIHE MO3UTPOHHBIE H3mydatemu (O, 8F,
8Ga, YIn, %Rb [11]), wucmonme3yeMble B MO3UTPOHHOMN
SMHUCCHOHHOM ToMOTpaduu;

3. pagVOHYKJIHIbI,  TPHUMEHSEMbIC IS  JAUCTAHIIMOHHOTO,
KOHTaKTHOTO WJIM TUArHOCTHYECKOTO OONydeHUs OmyxoJeill u
30poBbIx opranos (°Co, 1°%Pd, 1291, 13Gd, 192r [11]);

4. KOpPOTKOXHBYIIIKE (C IEPUOIOM TToTypacnaaa a0 50 queit) paauo-
nymaer (7S¢, Sr, 17MSn, 1835m, 166Dy 1860, 177y, 186Re,
18Re, 211AL, 212Bi, 2%Bi, 2*Ra [11]), UCTIOJIb3YEMbIE B JIYU4EBOM
Teparuu.

CTpeMHUTEIILHO PACIIUPSIONIeecs MPUMEHEHHE NMEHHO JTHX
PaIMOHYKJIUJIOB OIPENENAeT CEroJHs HAy4YHbId M MNPAKTHYECKUN
YPOBEHb SACPHON METUIIHBIL.

HecMmotpst Ha MHOTOOOpa3ue obnacteii MpuMEHEHUsI KO BCEM

paauoOHYyKINIaM MEOUITUHCKOI'O Ha3HaA4YC€HUs MMPECABABIAIOTCSA
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IpEJebHO  BBICOKME oOImMe TpeOoBaHUS K XUMHYECKOH U
PaAMOHYKIIMIHOM YUCTOTE IIEJIEBBIX MPOAYKTOB, JUISl ONPENEICHUS
KOTOPBIX HCIIOJIB3YIOTCSI BHICOKOUYBCTBUTEIBHBIE METO/ABI (DU3HUKO-
XMMUYECKOI0 aHajau3a (Takue Kak aTOMHO-’MHUCCHOHHAs U ATOMHO-
a0CcopOLMOHHAsA IUITAMEHHAsl CHEKTPOMETPHUS WJIM CIEKTPOMETPHS
UHIYKTUBHO-CBA3aHHOM  IUIa3Mbl B COYETAaHUM C  Macc-
CIEKTPOCKONUEN), pa3MyHble Bapualuu MPELU3UOHHON anbda-,

Oera- raMmma-ClIiCKTpOMCTPHHU.
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I'maa 2. Cnoco0bl BblIeJIeHUS PAIMOHYKJINI0B

[Ipu BBIOOpE criocoba rnepepaboTKH 00JYYCHHBIX MHIIICHEH C
LENbI0 TMOJMYYCHHS] MEIUIIMHCKUX PAJAUOHYKIUIOB JOJKHBI OBITh

COOJTIOJICHBI CIIeTyIONTUEe Oa30BbIC PUHIIHIIBI:
- Beicokuil (He MeHee 90%) BBIXO/I 1IeJIEBOTO MPOAYKTa;
- €r0 BBICOKAs PaHOHYKJIHIHAs YucTOTa (He MeHee — 99.5%);

- NIPUHLMIMAIbHAS  BO3MOXHOCTb  PETEHEpalUHd  CTapTOBOU
M30TOITHON MUILIEHU JUIS IIOCJIETYIOLIETO IIOBTOPHOI'O

HCIIOJIB30BaHMA,

- BO3MO’KHOCTb IOJIy4€HHS 11€JIEBOTr0 MPOIyKTa B opMe, «y100HOM»

JUIS CUHTe3a pa3HooOpa3HbIx POII;

- MUHUMAJIBHO BO3MOKHOC BpPEMs HU3BJICHCHHA LCIICBOTIO IPOAYKTaA,
ITO3BOJIAOICC COKpPAaTUTb noTepu paaruoun30ToIra 3a CUcT
pPaaroOaKTUBHOIO paciaza U YMCHBIIUTL 03y O6J'IyT~I€HI/I$I p€arcHToB,

YTO MO3BOJIIET H30€)KATh 3arpsA3HCHUA IIPOAYKTAMHU paIn0JIN3a;
- MUHUMAJIbHO BO3MOKHOC KOJIMYCCTBO paAUOAKTUBHBIX OTXO0B.

HpI/IHI/IMaH BO BHUMAHHWEC BBIMICYIIOMAHYTBIC KPUTEPHH, ITOUCK

¢ dexTuBHOrO Ccrmocodba MOMydeHUsT IEIEBOTO MPOIYKTa SBISETCS
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JIOCTaTOYHO TPYAOEMKOH mpobiemoii. Ha ceromansmHuii neHb B
nabopaToOpHON W MPOMBINIICHHONW MPAKTUKE HCIIOJIB3YIOTCS CaMble
pazHooOpa3Hbie  (UBUKO-XMMHUYECKHE MeToAbl. J[ins  oIeHKu
3 PEKTUBHOCTH KaXJOr0 H3 HUX HEOOXOJMMO PaccMOTPETh

OCHOBHBIC ITPUHIMUIIBI, JOCTOMHCTBA N HCJOCTATKH.

2.1 Knaccuueckue crnocodbl BblaeJeHUs PAJHOHYKIUI0B

2.1.1 CoxpucTajaau3anus 1 aJcOpouus

OcanutenbHble METOABl SIBWINCH HCTOPUYECKHU IIEPBBIMU
(1898 r. - u3BIEUYEHHE paaus COOCAXKAECHUEM €ro ¢ OapueMm INpu
nepepaboTKe YpaHOBOH CMOJISIHOM pynbl), TPUMEHSBIIUMUCS IS
BBIJICIICHUSI ¥ OYHCTKU PaIuoaKTUBHBIX M30TOnoB [18]. I[Tockombky
KOHLEHTPALIUHU LEJIEeBBIX MPUMECHBIX N30TOIOB, NOIYYAIOLIUXCS TPH
SJIEPHBIX IPEBPALLEHUAX, Malbl, U MPOU3BEAECHUS PACTBOPHUMOCTH
Jla)ke HaMEHEE PACTBOPUMBIX COCIMHEHUI JOCTUTHYTh HE yJIAeTCs,
OT/EJICHUE PAJHUOHYKINAA OT MATEPUHCKOTO BELIECTBA IPOBOAUTCS B
NpUCYTCTBUHU HocuTenst. Cpeu 0cauTeNbHbIX METOJOB PaznyaroT
COKPHUCTAJUTN3ALUIO (C U30TOMHBIMU U HEU30TOIHBIMU HOCHTEISIMU)
u aacopbumioo. Bo MHOrMX cilyyasix HCIOJB30BaHHE DPA3IUUYHBIX

BAapHWAaHTOB YKa3aHHBIX MCETOAOB IMPUHOCUT YIOBJIICTBOPUTCIIBHBIC
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pE3yNbTaThl: YAAaeTcs MOMYYUTh PAAHOHYKIHI B M30TOMHO-YHUCTOM
coctostHUM. Tak, B KayecTBE IpHUMEpa YAAyHOIO IPUMEHEHMUS
COKPHCTAJUIM3AIIMHA MOXKET CIY)KUTh pa3paboTaHHbli aBTOpamu [19]
croco6 Benenenus 1t Ag (momydyennoro no peaximu 1°Pd (n,y) 1HPd
— B- -pacman — MAg) w3 nammammesoli MumeHH TmMyTeMm
COKPUCTAJNIM3ALUU €T0 C XJIOpUCThIM HaTpueM. [locie pactBopeHus
OOJIy4eHHOTO METAJUIMYECKOr0 NaUTagusi B IAPCKOM BOAKE K
pacTBOpy [M00aBISJIICS XJIOPUCTBIM HATpuid. 3aTeM MOJY4YEeHHBIN
pacTtBop mojaBepraics uzorepmudeckomy (mpu 323 K) ymapusanuto.
Kak mnoxazanu 5sKCHepHMEHTAlbHbIE HCCIEIOBAHUS, B JIYYIIHUX
ClIy4JasiXx 4YMCTOTAa KOHEYHOTro IperapaTta cocraBiisuia Juiib 99.5%
(oko0 0.5% ucxoanoro namiaaus conepxkurcs B kpuctauiax NaCl).
B nocnenHee BpeMs COKpHCTaNIM3alMsl HAILla HECKOJIbKO
WHTEPECHBIX IPUIIOKEHUH, CBSI3aHHBIX C TIEPEPa0OTKOM 00JIyI€HHOTO
SIZIGPHOTO TOIUIMBA W JIOKAJIW3AIMENd PaJuOaKTHUBHBIX a’po30Jieid B
cllydae aBapud Ha SJEPHBIX peakTopax. B mocienHue Tpu
JECSITUIICTHUS Yallle IPYTuX OCAAUTEIHHBIX METOJIOB UCIOIB30BaacCh
azcopOIusl pajMOAKTUBHBIX HMOHOB HAa KPHUCTATMYECKUX OCaJKaxX
HEOpPraHUYECKUX COJIEH C CHJIBHO Pa3BUTOM MOBEPXHOCTHIO (TAKHX,
kak AlOsz, ZrOz, d¢docdhar mupkonus u T.1.). I[IpuMeHeHue
HEOPraHMYeCKUX COPOSHTOB B CHITY UX O0Jiee BEICOKOM YCTOHUNBOCTH
K JICCTBHIO CUJIHHBIX OKUCIIHUTENICH, BRICOKUX TeMIIEpaTyp, NaBIeHUI

U HMOHU3HUPYIOIIUX H3JIydyeHUH (B CPaBHEHMHM C OpPraHUYEeCKHUMH
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MOHOOOMEHHHUKAMH)  TEPCHEKTUBHO, OJHAKO  COMPSIKEHO  C
W3BECTHBIMU TPYAHOCTAMH: Ha MPAKTHUKE OKA3bIBACTCS CIOKHBIM
nmomobpate cucremy (COpOGHT W METOJ €ro IOATOTOBKH IS
XpomaTorpapuueckoro  pasieieHusi, ONTUMalbHas  (U3UKO-
XuMHuueckas (opma pasfenseMbIX 3JIEMEHTOB, DIIOCHTHI U Mp.) C
BBICOKUM  KOI((UIIMEHTOM  pPa3/eleHUs]  COCTABISIONIMX €€
KOMITOHEHTOB. O/IHAaKO IJIaBHbIE OCJIOKHEHUS BO3ZHUKAIOT:

- W3-32 YaCTUYHOM HEOOpaTUMOCTH aJcopOLMH  pa3aeNsieMbIX
AJIEMEHTOB, CBSI3aHHOM C MEePEKPUCTAIUIM3AINEH COPOCHTOB; BIUSHUE
9TOro (akropa MOXXHO CBECTU K MHUHUMYMY, €CIM B KauecTBE
COpOEHTOB IPUMEHSTH XOPOIIO MEPEKPUCTAIUTM30BAHHBIC OCA/IKH U B
mporecce  XpoMmarorpaguyeckoro — pasfelieHuss  MCIOJIb30BaTh
pacTBOp, MMEIOLIMKA COCTaB MaTOYHOIO, B KOTOPOM IpOTEeKaja
NepeKpUcTalin3alns 0caika;

- HEBBICOKOH COpOITMOHHOM €MKOCTH HEOPTaHUYECKHX

HOHOOOMeHHUKOB [19].

2.1.2 Mertoa noOHOOOMEHHOI1 XpomMaTorpaguu

HNonooOMennass xpomartorpadusi OCHOBaHA Ha pas3InuuU
KOHCTAaHT  MOHOOOMEHHOTO  pPaBHOBECHSI  MEXIy  HOHAMH,

HaxogdmuMucss B PAaCTBOPE ©U B (1)8.36 HoHHUTa. MeToapl
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HOHOOOMEHHON Xpomatorpaduu 3PQGEeKTHUBHBI MPU pabOTe Kak C
Makpo-, TaK ¥ ¢ MUKPOKOJIMYECTBAMHU U 3aHUMAIOT OJHO U3 BEIYIIUX
MECT B COBPEMEHHBIX WCCIEAOBAHUAX TPU PEIICHUU TPodIeMm,
CBSI3aHHBIX C pa3jeicHueM BemiecTB. [IpocToTa oCyIlIecTBICHUS
mporecca, Jierkas pereHepanus HOHOOOMEHHHMKA, BO3MOKHOCTh
JTUCTAHIIMOHHOTO YIPABJICHUS JETAIOT ITH METOJbI YPE3BBIYANHO
3¢ (HEeKTHBHBIMU MPH BBIACICHUU PAJHOHYKIIAIOB BRICOKOU YCIIBEHON
AKTUBHOCTH, pa3JieJIeHUs OJIN3KKX 110 CBOMCTBaM HOHOB U MPOYKTOB
JCNCHUsT TSDKENbIX siep. [Ipu  BBIMOMHEHMHM ATHX — ONEparuii
xpomarorpaduyeckast KOJIOHKA 3aIIOTHSCTCS HOHHTOM,
BBITIOJHSIONIUM  POJIb  HEMOABMXKHON  ¢a3pl. st pasnmencHus
KaTUOHOB TPUMCHSIOT KaTHOHUTHI, a Ui Pa3/ICICHUS aHHOHOB —
aHWMOHUTHI. Pa3neneHre Ha WOHHUTAX B KOJOHKaX MPOBOIST

(bpOHTAILHBIM, BBITECHUTEIBHBIM U 3TIOTHBHBIM MeToaamu [20].

Cpenu MeETOJOB, HCIOJB3YEeMbIX B  PaJHOXUMHYECKOM
pasnesneHnn, MOHOOOMEeHHasi Xpomartorpadus sBiserca Haubosee
HaJCXXHBIM n MMPOCTBIM Ccrocooom pasaCiCHus  MUKPO- n
MakpOKOMMOHEHTOB. (OJHako, HECMOTps Ha TO, YTO METOJ
MOHOOOMEHHOM Xpomarorpaguu sBIsSETCS TNPHUBIEKATEIBHBIM C
TOYKH 3pEHHsS] TIPOCTOTHI OJKCIUTyaTallud, NPsSMOE pasJelieHue
HCKOTOPBIX IMIap MHUIOCHHBIX BCHICCTB W MCJICBBIX PaJUOHYKIHNIOB

SIBJISIETCSI TPYAHOM 3a/1aued h3-3a CXOACTBA UX XUMHYECKHX CBOMCTB.
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Tak, omHo# u3 Takux map ssiasiercs Yb/Lu. Kak Yb, tak u Lu
MOTYT  aJcopOMpOBaTbCs HA  KATHOHWTE H  DIIFOMPOBATHCS
COOTBETCTBYIOIIUM KOMILIEKCOOOpa3ymuM areHToMm. [lpu stom
HEOOXOJUMO YYHUTHIBaTh JIBA PABHOBECHS, a MMEHHO: PaBHOBECHE
MEXIy KOMIUICKCOOOpa3yIoIUM areHTOM M HOHOOOMEHHUKOM H
paBHOBecHe Mexy Yb u Lu 1 koMruiekcooOpasyrommm areHTom. Ot
pasHUIIBI B  KOHCTaHTax crabuimpHOcTH Yb wW  Lu ¢
KOMIUIEKCOOOpa3yIOUIMMH ~ areHTaMd  3aBUCUT KO3 (UIIUEHT
pazaenenusa. Ilpu >TOM naxke mpu KMCHOJIB30BAHUU KOMILIEKCA-0-
runpokcun3olyrupara (a-HIBA) B kauecTBe 2ITIOMPYIOIETO areHTa,
KOTOpBIM moaxoauT uisi otaeneHus Lu ot Yb, koadduiueHT
pasnenenus Lu u Yb paBen Bcero 1,55 u sBIseTcs HEIOCTAaTOUYHBIM

115 TITyOOKOTO pasienieHust mpoaykToB [21,22].

W3-3a HU3K0r0 KO3 PuIMenTa pazieneHus Gpaxkius TOTEIus
COJICP’KUT 3HAYUTENbHbIE YPOBHU HUTTEpOUs U3-32 «ITUKOBOTO
xBocTa». Kpome Toro, xommuekc o-HIBA 'Lu me moxxomut mis
cHHTe3a MedeHHBIX »''Lu P®II. JIns BO3MOKHOCTH HCITIONb30BAHMUS
YLu B cunrese POII, a-HIBA HeoOX0AMMO pa3aoKUTh U YIAIUTH
13-32 €ro BBICOKOH KOHCTAaHTHI cTabumbHOCTH. Boigenenne 1''Lu u3
OYeHb CTaOWIBHBIX BUIOB ' Lu-a-HIBA sBisercs 00s13aTeJIbHEIM,
nockoyibKy npucyrctBue o-HIBA He TONBKO MPUBOAMT K IIOXOMY

BbBIXOAY IPOAYKTOB CHUHTC3da, HO H Tpe6yeT UX JOIOJHUTEIHLHOM
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OYUCTKU. B mombiTke 000WTH 3TOT HEJOCTATOK OJHUM U3 METOJIOB,
ucronb3dyemeix s ynanenus o-HIBA, sBnsercs amcopOumst Ha
KaTHOHUT C  TocuenyoumM  saoupoBanuemM  9M  HCI.
[IpeanpuHUMaNKCh NOMBITKUA UCIIOIb30BAHNS TAKUX KOMIUIEKCOB KaK
STUJICHIMAMUHTETpAALIETaT 15R10 1,2-
JTMaMUHOIMKIIOreKcanTeTpaanerar BMmecto o-HIBA, omnako u3-3a
mpo0JieM pacTBOPUMOCTA U HEOOXOIUMOCTH  JIOTIOJTHUTEITHHBIX
cramuil 11a nonydenus 1Lu jkenaeMoil YMCTOTHI, MPUIOAHON 11
npuroroieHusi POII, naHHbIe KOMIUIEKCHI OKa3aJl0Ch UCIIOIb30BATh

Heuenecoo6pa3Ho.

VYuuThiBas BCe HEIOCTATKU XpOMaTorpaguueckoro MeToja,
npuMeHeHne ero s pasgenenus Lu um YD He sBusercs
3¢ PeKTUBHBIM, OJHAKO pAJI HUCCIEAOBAaTENIed CUYUTAIOT  €ro

nepcrnektuBHBIM (Balasubramanian et al., Hashimoto et al.).[23,24]

Takum o6pa30M, OYCBUIHBIMHU HEOOCTaTKaMU METOJa

MOHOOOMEHHOI XpoMaTorpapuu sIBISIFOTCS:

1) HeBO3MOXHOCTh  3(PEeKTHBHOrO  pa3feleHHs  HEKOTOPBIX
MUIIEHHBIX BEIIECTB M IIEJIEBBIX PAJUOHYKIMJIOB, €CJIH OHU

CXOXH 110 XUMHWYCCKHUM CBOﬁCTBaM;

2) 0OJIBIIIOE KOJIMYECTBO KUAKHUX PAAUOAKTUBHBIX OTXO0B,
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3) OTHOCHTENBHO TPYMOEMKHH MPOLECC PEreHEPAlldi MHUIICHHOTO

BCIIIECTBA.

2.1.3 DKCTpaKIMOHHBIH MeTOo/1

KunkocTHas SKCTpakiuss — 3TO TEPEBOJ OJHOTO MU
HECKOJIBKUX KOMITOHCHTOB pPAacTBOpa W3 OJHOW JKHIKOH a3kl B
KOHTaKTHUPYIOIIYI0O U HE CMEUIUBAIONIYIOCS C HEW APYTYIO XKUAKYIO
dazy, copepxailyro H30UpaTeIbHBIA PACTBOPHUTENH (IKCTPATEHT).
OTOT oAaMH U3 caMbiX 3((EKTHUBHBIX MACCOOOMEHHBIX MPOIECCOB
XUMHYECKOH  TEXHOJIOTUW  WCIOJB3yeTCs  JUIsl  HM3BJICUCHUS,
pa3JeNieHrs M KOHIIEHTPUPOBAHUS PACTBOPECHHBIX BEIIECTB, IIPU 3TOM
KHUJKOCTHAsE  OKCTpaKUUs  SIBISETCd OJHUM U3  HauOolee

pacIpoCTPaHEHHBIX MPOIIECCOB.

[IIupokoe pacmpocTpaHEHHE TONYYUIH OSKCTPAKIIMOHHBIE
MeTroasl B (hapMaineBTHYECKOM,  HedTenepepadaThIBaOIIEH
IMPOMBINIJICHHOCTH, a4 TAaK¥XKC B aTOMHOU OHEPICTUKCE. 3KCTpaFeHTBI
00ecreunBarOT MepPexo/] EJIeBbIX KOMIOHEHTOB M3 HCUEPIIHIBAEMOMA
(Tspxenoit) (as3el, KOTOpas Yalie BCero MpeCTaBlIsIeT COOON BOIHBIMA
pacTBop, B M3BJIEKaOIIyl0 (JIeTKyr0) (pa3y (0OBIYHO OpPraHUYECKYIO

XKHUAKOCTD). /IBe KOHTaKTHUpYIOIIKE KUJAKKE (a3bl U pacipeesseMblil
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MEXIYy HUMHU LEJIeBOM KOMIIOHEHT OOpa3yloT HSKCTPAKIMOHHYIO
cucremy. M3Biekaromas (aza BKIFOYAET TONBKO IKCTPAreHT (WIH
CMECh OKCTPAareHToB) JHOO SBISETCS PAcTBOPOM OIHOTO HIIU
HECKOJIbKUX OKCTpPareHTOB B pa30aBuTeNe, CHOyXKallem JUis
yiydieHus: Gu3ndeckux (BS3KOCTh, MIIOTHOCTh) U 3KCTPAKIIMOHHBIX
CBOWCTB 9KCTPareHToB. B kadecTBe paz0aBUTENCH HUCIONIB3YIOT, KaK
MIPABWIIO, JKUJIKOCTH (KEpOCHH, O€H30JI, XJIOpohopM U Jp.) JINO0 UX
CMECH, KOTOpble B  HcUepmbiBaeMoil  ¢a3ze  MpaKTUYECKH
HEpPACTBOPUMBI W HWHEPTHBI 1O OTHONICHHIO K W3BIEKAEMbIM
KOMIIOHEHTaM pacTtBopa. MHorma Kk pasz0aBuTensiM H00aBISIOT
MOJU(UKATOPHI, IMOBBIIIAIONINE PACTBOPUMOCTh IKCTPATHPYEMBIX
KOMIIOHEHTOB B  M3BIeKawomeid (aze wim  obieryaromiue
pacciauBanue (a3 (COUPTHL, KETOHbI, TpuOyTuiadochaTr U T.XI.).
OO611as cxeMa 3KCTpaKIIMOHHOTO KOHIIETPUPOBAHUS MPECTaBIIEHA HA

pucyske 5 [25].
OCHOBHBIC CTAIUH KHUIKOCTHON IKCTPAKIIUH:
- IpUBE/ICHHIE B KOHTAKT M JAUCIIEpPrupoBanue ¢as;

- pasAcCIICHUC HJIM pacCCllauBaHUC (1)33 Ha 3KCTPAKT (I/ISBHCKaIOH_Ia}I

¢a3za) u paduHat (McueprnbpiBaeMas ¢asa);

- BBIACJICHUC MLCJICBBIX KOMIIOHCHTOB M3 OKCTpaKTa M PErcHEpanusa

9KCTpareHTa, Uil 4ero Hapsay ¢ JUCTWLIALUEH Haubosiee 4acTo
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IOPUMEHSIOT PEIKCTPAKLIUIO (TIporiecc, OOpaTHBIA KHJIKOCTHOH
OKCTPAKLMHU), o0OpabarbiBas HSKCTPAKT BOJHBIMU  PacTBOpPAMHU
BEIIECTB,  O0ECNEYMBAIONIMX  TOJHBIA  TMEpPEeBOA  LEJIEBBIX
KOMIIOHEHTOB B pPacTBOpP MM OCaJ0K M HX MOCIEIyIoIee
KOHLIEHTPHPOBAHHE;

- IPOMBIBKA 3KCTPaKTa IJIi YMEHBIICHHS COJACPXKAHUSA M yJAJICHUS

MCXAaHUYCCKHU 3aXBAUCHHOI'O HCXOAHOI'0 paCcTBOpA.

Hczoanuil Bopna PeskCTpArupyIoumi
pacTeop pacteop
DKCTparcHT
+— OKcIpaxuma IpoMuBKa »| Peakcrpasmuas
Padunar IIpOMEBHEIC RO Peaxcrpakr
OKCTparcHT

Puc 5. Obwas cxema skcmpakyuonHo20 KOHYEHMpPUPOBAHUSL

B nmnocnegHee BpeMs MeTOJ KMAKOCTHOM OKCTPAKLUU
CUMTACTC OJHHUM U3 NEPCIEKTUBHBIX  JUIS  BBIJCIICHUS
PalMOHYKINJOB U3 oONyueHHbIX MuIIeHed. K ero mpenmyiectBam
MOYHO OTHECTH YHUBEPCAIBHOCTh, IPOCTOTY U BOCITPOU3BOJUMOCT.

O)IHaKO, HCIIOJB30BaHHUEC METOJAa )KHHKOCTHOﬁ OKCTPAKIKUHU BJICYCT 3a
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coboit 00pa3oBaHue OOJIBIIOTO KOJUYECTBA KUAKUX PAIMOAKTUBHBIX
OTXOJ0B, TPYAHOCTH IIPU pEreHepaliy MUIICHHBIX BEIIECTB, a TAKKE
TPYJOEMKOCTb M MHOI'OCTaJUHHOCTh IIPOLECCOB JKCTPAKLUUHU H

PEIKCTPAKIUU, UTO BCACT K MOTCPAM LECJIICBBIX PAAUOHYKIINI0B.

2.1.4 DkcTpakuuoHHasi XpomaTorpadus

ANBTEepHATUBOW SKCTPAKIMU KHUIKOCTh-)KHIKOCTh SIBISETCS
BO3MOKHOCTh BKITIOUCHHUS SKCTPAreHTa UM PAaCTBOpPA HKCTPAreHTa B
WHEPTHBIA CyOCTpar, KOTOPBIH MOKHO HCIIOJIB30BaTh B KadeCTBE
HOCHUTEJII B METO/Ie KOJOHOYHOM Xpomartorpapuu. OcCoOEHHOCTBIO
MeToAa 3kcTpakioHHoi xpomarorpaduu (EXC) sBnsercs To, 4To OH
COYETAaeT CEJEKTHBHOCTh OKCTPAKIMU KHUIKOCTb-KHIKOCTh C
MPOCTOTON AKCIUTyaTallid W OBICTPOTOM CHUCTEMBI pa3ieiieHHs Ha
KonoHke. OpnHako KpailHe BakHO, 4YTOObI ObLT  BBIOpaH
COOTBETCTBYIOLIIMM  JKCTpareHT, 0O0eCNeunBaIOUIMi  BBICOKUI
KOA(QQUIMEHT pa3fesieHHus LEeNEeBOr0 paJMOHYKIMJIAa M MaTepuaia

mutieHu [20].

TepMuH  <«OKCTpakIUMOHHasg  Xpomarorpadus»  O0OBIYHO
WCTIONB3YIOT Il 0003HAYECHHsI CUCTEMBI, B KOTOPOW HETIOBUKHOM,

CTallMOHAPHOHN (a30i SABISETCS OPraHUYECKUN PacTBOPUTENH (MU
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pacTBOp Ha €ro OCHOBE), HaHECEHHBIH B BUJEC TOHKOW IUICHKH Ha
WHEPTHBI HOCHUTENb, a TOJBIKHOW (ha3oi - BOAHBINA pacTBOp. B
JKCTPAKIIMOHHOU KOJIOHOYHOM Xxpomarorpapuu CBOMCTBA
OPraHWYECKUX COCOUHEHUM WM CEJEKTHBHBIX JKCTPareHTOB
YCUJIMBAKOTCS Onaronaps MHOI'OKPAaTHOCTHU ITOBTOPEHHUS
xpomarorpaduyeckoro mpouecca. M3  TeopuM  KOJIOHOYHOU
Xpomatorpaduu cieayer, yTo AJis JIy4YIIero pa3aesieHuss HE00X0AUMO
BBECTH MaKCHMalbHOE KOJIMYECTBO 00pa3iia B MUHUMAaJIbHOM 00beMe
pactBopuTens (MO COCTaBy JOJDKEH COOTBETCTBOBATH COCTaBY
MOJIBYDKHOM (a3bl). B maealbHOM cilydae KOJMYECTBO oOpasiia He
JOJDKHO TPEBBIIATh €MKOCTH IMEPBOM TapeiaKuh KOJOHKH. 3aTeM
KOJIOHKY  JJIOUPYIOT,  HCIOJB3YySd  pPACTBOPUTENb,  KOTOPBII
copOupyercs MeHee CHIbHO, YeM KOMIIOHEHThl oOpasia. Pa3nas
CKOPOCTb MEPEBUKEHUS] KOMIIOHEHTOB 00paslla uepe3 KOJOHKY
MIPUBOJUT K PA3ICIICHUIO CMECU. B maeanbHOM ciaydae U3 KOJIOHKH

QJIIOUPYIOTCA TIOJHOCTBIO PA3JACJICHHLBIC 30HbI KOMIIOHCHTOB CMECHU

(puc. 6) [26].



Vaureo

Puc 6. BvixoOnas kpueas 6 yciogusx 3110eHmMHOL Xpomamozpaguu

cmecu ()eyx KOMNOHEHMO6

MeTo AKCTpaKIIMOHHOM XpoMaTorpaduu 3apeKOMeHI0Ball ce0st
Kak OAMH u3 HamOomee PPEKTUBHBIX KIACCHUYECKUX XMMHUYECKUX
METO/IOB JIJIsl BBIJEICHUS IEIEBBIX PAAUOHYKIIUIOB U3 O0TyYEHHBIX
muieHen. OHaKo, Kak ¥ METOJIbI, O KOTOPBIX TOBOPHIJIOCH paHee, OH

HUMECT psAa CYIICCTBCHHBIX HEAOCTATKOB.

VKakeM MX, COCNABIINCH CHOBA HA «IPUMEp BbLAeNeHHs» ' LU u3

obyyerHoro okcuaa 1'°Yb:

1) O6p8.30BaHI/IC OOJIBIIMX KOJINYECTB pPaaAnOaKTUBHBIX OTXOJ0B
(HCIIOCTE[TOK - O6IJ_II/II71 11 BCEX KIACCHYCCKHMX MCETOJ0B

BBIJICTICHUS );
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2) MHOrocTaauiHOCTH mporiecca (14 craauii) BieaeHus (CM. puc. 7,

8, 9), UTO MPUBOAUT K MOTEPSIM 1IEJIEBOTO PATUOHYKIHIA;

3) TPYIOEMKOCTb MpPOIIecca pereHepali MUIICHHOTO BEIIIECTBA.

Cmbiska (0,1M HNO, ) 3nromposanne YH

obnyueHHas Ha (1) (2) (1.5 M HNO,)
HelTPOHAX MUWEHE
Yb203. pacteopeHHan & (3) s poe. 177Lu

01M 773 (4) (4 M HNO,)
HS m anoupoe. 7Ly

(0.05M HNO,)

(1) (4)
PAO 2 Ty g
(2) 2 pakuyua (4)5
(6)
$pakyma Yb PAQ 7Ly
ANA peyukna (0.05 M HNO,)

Puc 7. Buidenenue Y''Lu memoodom sxcmpaxyuonuol
xpomamoepacghuu. Ilepgvlii 5man yoaneHus 0OCHOBHO20 KOIULeCMBa

Muwennozo eewecmsa 2'°Yb
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emeieka (0.1 M HNOS) o
= ) 7) (1.5 M HNO,)
(0.05M HNO, (8) amoupoe. 77Lu
(9) (4 M HNO,)
A
l ﬁf smoupoe. 77Lu
(0.05M HNO,)
LN2
(9)
DGA
(6) (9)
PAO @) T T— (o0
8
e (11)
bpaxyun Yh PAO Yl
ANA peumKA. (0.05M HNOs)

Puc 8. Buidenenue ''Lu memoodom sxcmpaxyuonHol

xpomamozpachuu. Ilepsuunoe svidenenue ''Lu

LN2
DGA

UTEVA

Ly
=

AHnoHOBMEHHan
cmona & Cl- popme

Puc 9. Buioenenue ''LuU memooom skcmpaxyuoHHol
xpomamozpagpuu. Dunanvuuiii sman evidenenus *''LU svicokol

VOenbHOU aKmueHOCmu
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[lpm >TOM, OSKCTpaKIMOHHAs XpoMaTorpadus CYUTACTCS
HanOosee yIOOHBIM M3 «MOKPBIX» METOJOB JIi PYTHHHOTO

BBIIEIeHNs *'' LU 13 06IydeHHON NTTepONeBOi MUIIICHH.

2.1.5 DaexkTpoxuMHYecKuii cnocod

Crnoco0  2JIEKTPOXMMHUYECKOTO  Pa3[eNieHUsl  HCIOJb3YyeT
pasHUIly MEXAYy CTaHIApTHBIMH MOTEHIIMAJaMH BOCCTAHOBICHHS
IBYX  PaJMOHYKJIMJIOB B  DJEKTPOJUTHUECKOM  cpeae s
M30MPATENIFHOTO OCAKICHHUS WHTEPECYIOIIEro PaJuOHYKIHIA IOJ
BIUSHUEM  KOHTPOJIMPYEMOTO  MPWJIOKEHHOTO  IMOTEHIIMAaNa.
[IpeumymecTBa MIPOLECCOB  BIEKTPOXUMHUYECKOTO  Pa3AEICHUS

oipoOHO 00cy)aanuch B paborax [27,28].

XOTs CeNeKTHBHOE OCaXICHHE LEJIEBOT0 PaJMOHYKIHIA U3
MOHHOTO COCTOSHHSIT B METAJUIMYECKOE TIOJ] BO3JEHCTBHEM
KOHTPOJIMPYEMOTO MPUIIOAKEHHOTO TOTEHIUAJIA SABJISETCS YCIEIIHON
napagurMon, NPUMEHHMOCTh 3TOTO crocoda [uid pasjieneHus
na"taHous0B (Hampumep Lu u Yb) uckmouaercs u3-3a MX CHIIBHO
OTpHUIIATENbHBIX MOTEHIINAJIOB BOCCTAHOBJICHUS (Gonee
OTpHULATENIbHBIX, YEM Yy BOJOpPOJa) M TPYAHOCTH B KOHTPOJE HUX

SJICKTPOJIUTHUICCKOI'0 OCAKACHUA HAa KaTOM.
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Takum  oOpasom, s pasgencams Lu  wum Yb
INMEKTPOXUMUYECKUM  CIIOCOOOM  (OMSATh  YKaXeMm JTy Mmapy
PaIMOHYKIIUUIOB), OBUI  MPEMIOKEH Jpyrod  myTb.  DTOT
AIbTePHATHBHBIN ITyTh 3aKIIF0OYACTCS B CEJICKTUBHOM BOCCTAHOBJICHUU
Yb* 1o Yb? m ero mepeHoca Ha PTYTHBIH KaToJ, HCIIONB3Ys

crioco6HOCTh Yb? * 06pa3oBbIBaTh amanbraMsl ¢ Hg.

OTOT CHocod pasaciICHUuA  ABJIACTCA IMCPCIICKTHBHLBIM 110

CJICAYIOIIUM COO6pa)KeHI/I${MZ

- OKMUCIIMTEJIBbHO-BOCCTAHOBUTENbHBIE MOTEHIMAIBI Yb u Lu
YKa3bpIBalOT HA BO3MOXKHOCTH 00pa3oBaHusi Yb JBYXBaJICHTHOTO
COCTOSIHMS, TOorJa Kak B ciydae Lu craOuibHOE BYXBAJIEHTHOE

COCTOSIHUE OTCYTCTBYET;

- u3BecTHO, 4To Yb?" o6pasyer amamsramy, a Lu* mer [24,29],
nodtomy Lu TpyaHo ocaxngare Ha katoge Hg w3  BOAHBIX

QJICKTPOJHUTOB;

- BO3MOKHOCTb JJIEKTPOIUTHYECKOTO BoccTaHOBIeHNs YbH no Yb?*
B CIa0OKMCIIOM  pacTBOpe H3-32  BBICOKOTO  BOJOPOJHOTO
NEPEHANPSHKCHUS; OTO TapaHTHPYeT OTCYTCTBHE IOBTOPHOTO
okucnenus Yb%* u npesnaraer npoctyio o6paboTKy u BbineeHue Yb

Ha Hg.
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Cnoco0 ANIeKTpoaMalibraMUpOBaHUS, pa3paboTaHHbIN
Chakravarty et al. [29] (MonmepHM3MpOBaHHas  BepCHs
NEKTPOXUMHUYECKOTO croco0a). TaKKe OCHOBaH Ha
EKTPONIMTHYECKOM BoccTaHoBIeHHH Yb®' 10 Yb?* Ho B cpene
UUTpaTa JHUTHUS C MOCIEAYIomUM o0pa3oBaHUEM amajbrambl Yb
IyTeM DJEKTPOJIM3a W U3BJIeUeHHs Yb M3 pPTYTHOro Karoja.
[lpuHiunuanpHass ~ cXeMa  AJIEKTPOXUMHUYECKOW  YCTaHOBKH,
WCIOJIb30BaHHOI B 3TOW Mpouenaype, u3o0paxena Ha pucynke 10.
[Ipy OBYXTakTHOM OJIEKTPONIM3E€ TEPBBIM  OTAllOM  SIBISETCS
MpeIBapUTEIIFHOE YIaJICHHe MacCchl MHIIEHHOTO BemecTBa Yb, a
BTOpPHIM 3TalloM - JajibHeimee oducTka »/'Lu. DTOT mpolecc
obecrnieurBaeT TUIs Uy MIPUEMIIEMYIO YUCTOTY u
yIIOBJIETBOPUTENBHBIN BBIXO TIpH pasneneHuu (> 90%) B TeueHue 3-
4 4yacoB. DTOT cmoco0 10 CHX TMOp HCHOJB3YeTCSl TOJIBKO B
mabOpaTOpHBIX  YCIOBUSIX, XOTA M  MpHUBJIEKAaTeNeH Ul

MIPOMBIIIIJICHHOTO TIPOU3BOJICTBA JtoTeusi-177.
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803AYX Jpac= 2 = Apron

Hanyck
= sogpbi

Wrarus

MnatuHosbIA
] Katog

4 L L e

/~ Konnexrop

Puc 10. Cxema snexmpoxumuueckoi ycmanosKu 0isi @blOe1eHUs.

PAOUOHYKIUOA08

2.2 TepanecKne, «CYXHue» Cnocoobl BBIACJICHUA PAAUOHYKINIO0B

OTMeUeHHbIE BBINIE HEIOCTATKH, MPUCYIIHE TPAJTHIMOHHBIM
METOJIaM «MOKpPOH» XUMHUHU, B Psi/ie CIy4aeB MOTYT OBITh YCTPaHEHBI
IIPU HCIIOJIB30BAHUM «CYXMX» TEXHOJIOTMH, HCKIIOYAIOIMIMX 3Tall

PacTBOPCHUA O6J'Iy‘-ICHHLIX MHUILIEHEH n nociaeayromme,
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HETPUBUAIbHBIC B XHMHUYECKOM OTHOIICHWH, CTaIHH BBIICICHUS
[[EIeBBIX MPOIYKTOB U3 KUAKOH (a3er [19]. OcHOBOMONOKHUKAMU
ATOTO HarpaBJieHUs SABIsIOTCS Oputanckue crieruanuctsl K. Taugbol
n K. Samsahl. B cBoeii padore [30] uMm ymamoch mpu MOMOIIH

131| 3

TEXHOJIOTUM CYXOM BO3IOHKHM BBIJICJINUTh PAAUOHYKIIH]
obyderHoi TeOz. CyTh SKCIIEPUMEHTA 3aKJII0YaIach B CICIYIOIICM:
OOJIy4eHHBI! B peakTOpe MOPOIIOK JIBYOKHUCH TEILTYpa MOMEIAJICS B
3BaKyHpoBaHHYIo 110 10 Topp KBapleBYIO aMITyJly U HarpeBascs J0
923+983 K. IIpu DOCTHKEHHH 3Tl TemmepaTypsl 11 yneTyuusancs
W3 MUNICHU U KOHJICHCHPOBAJICS B OXJIAXKIAEMOM KHJIKHM BO3yXOM
KOHIIe amITyJibl. [lociie 3Toro 4acTe aMITyiibl C «OCaKJICHHBIMY Ha HeH
131] marpesanach, {101 BO3rOHSAJICA U MPOIMYyCKAJCS Yepe3 IIeT0uHOM
pactBop. Ilocrme 3-X 4acoBOro HarpeBaHMs BBIXOA oMl cocTaBisn
okomo 90%. B Hacrosmee Bpems JaHHas TeXHosorus (c
HECYIIECTBEHHBIMU H3MEHEHHUAMH ) HCHIOJB3YETCS IS BhIAeneHus 12|
1 1241 ¥3 NUKITOTPOHHBIX MUIIEHEH (0GOTaIeHHas IBYOKUChH TEILTypa,
HaIUIaBJICHHAs Ha IUIATUHOBYIO IMOJJIOXKY) B HECKOJIBKMX Hay4HO-

MMPOU3BOJACTBCHHBIX OpraHru3alusx. Tunuynas cxema YCTAaHOBKH JIs1

«CyXOil» BO3TOHKH #o1a npuBe/eHa Ha puc. 11 [31].



57

Vs
m T i
i
. AT
BN

Puc 11. Cxema ycmanoexu 0ns mepmooucmunnayuu 1ooa-123: 1-
3aepy30unas kamepa, 2 - MulleHb ¢ Kpblukou, 3 - neus ¢
HazpesamenbHulM 21eMeHmom 4, 5 - oamyux memnepamypeol, 6-
emopas kamepa ¢ uzonamopom 7 u gpuibmpom 9, 8 - npuemHux ¢
pacmeopom-nozniomumenem (kax npasuno, ucnoavsyemes 0.01 M
NaOH) [14]

B 70+80-x romax mpomuioro Beka B OO0beIUMHEHHOM
WHCTUTYTE sifepHbIXx  uccienoBanuii (OUAU, JyOua) mus
OKCIIPECCHOTO  BBIACNCHUA  yAbTpakopoTkoxkuBymux  (YKIK)
PaIMOHYKIIUJIOB M CBEPXTSDKENBIX 3JIEMEHTOB OBLTH pa3padOTaHbI

TepMoxpoMaTorpapudeckue u cyonuManuonssie Mmetoabi[ 20]:
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- BBICOKOTEMIICPATYPHOC BLIACICHUC PAAUOHYKINAOB U3
pacCIiuIaBJICHHBIX MCTAJNIMYCCKUX MHIICHEH C HCIOJIb30BaHUEM

CCIICKTHUBHO BO3HCfICTBy10HIPIX Fa3006p33HI>IX XHUMHUYECKUX aI'CHTOB,

- PpasacCiICHUC BO30OHAHHBIX B BOAOPOAC HWJIIM KHUCIOPOAC
O6J'IyLI€HHI>IX MaT€pHraIoB C UCIIOJIb30BAHUEM TepMOXpOMaTOFpa(i)I/II/I

U CCIICKTUBHBIX XUMHNYCCKUX (1)I/IJ'IBTpOB.

HaquLIe Hn MCTOOHNYCCKHC OCOOEHHOCTH 3THX CII0OCOOOB

o IpOOHO M3JI0KEHBI B paboTax [31-39].

BBICOKOTeMl'IepaTypHOC Pa3aciICHUC 0OBIYHO IMPOBOIAT

nBosskuM ob6paszom [31-39]:

1) wmarpuia, cojep)kamias IOYEPHHE H3OTOIBI, HArpeBacTcs u
BBIIEP)KMBAETCS B MHEPTHOM aTMocdepe ompeneneHHoe Bpems
(moctaroyHoe A U3BJIEYEHMS LIE€JIEBOrO MPOJYKTa) IpHU
TeMIlepaType HECKOJIbKO OOJbIIeH, yeM TeMnepaTypa MiIaBIeHus
OCHOBHOT'O KOMITOHEHTa MHILIEHH (T.e. Ha4aJIbHOT'O M30TOIHOIO

HJIN KIIPUPOTHOTO» MaTepI/IaJ'Ia);

2) BBICOKOTEMIIEpATypHOE W3BJICUCHHE PaauOaKTUBHBIX
MHUKpONpUMeECeil MPOBOJAT B Mapax KaKoOro-mmdo XUMHYECKOIrO

arcHra.
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Kak mpaBuio, ¢ wucronb3oBaHHEM MEpBONH MoAUUKALUU
METO/a MCKJIIOYUTEIBHO TPYIHO MOJYYUTH PATUOHYKIUJ BBICOKOU
YUCTOTBI: BBUAY OJNM3KUX 3HAUCHUH MABJIICHWH Tapa OOJBIIMHCTBA
pasfenseMbIX  JIeMEHTOB (P BBICOKMX  TemIiepaTrypax)
HaONto/laeTCsl Kak yJeTyuyMBaHHWE IEJIEBOIO H30TOMAa, TaK U

HEXKEJIATCIIbHO BEICOKOC UCIIAPpECHUEC MaTEpHraia MUIICHU.

[Tpu ucronp30BaHUM APYrOfl METOIMKHU TaKXKe OKa3bIBaeTCs
CIIO)KHBIM ~ I0100paTh  ONTHMAJbHBIE  YCJIOBUS  MPOBEACHUS
SKCIIEPUMEHTOB — TpeOyIOTCS CrHenuaibHble HucciaeaoBaHus. Bo-
NEepBbIX, HEOOXOAUMO  M3Y4YUTh  JUPPY3UI0  BBLACIAEMOIO
palMOHYKJIHJA B paciulaBe OOJyueHHOM MaTpHULbl, BO-BTOPBIX,
MPOBECTH HCCIEAOBAaHUS 10 MOAOOPY pEareHToB (Kak MpaBHIIo,
ucnoins3ytorcs napsl Boasl, HCl, HF, CeHs min razoo6pasnas cmech
TUX COEIUHEHUH), CIIOCOOHBIX H(PPEKTHUBHO YyHAIATh IEJIeBOU
M30TOIN U NP 3TOM HECYIIECTBEHHBIM 00pa30M 3aTparuBaTh MaTpUILy
1 HAaKOHEIl IPOBECTU CPAaBHUTENbHBIN aHAIN3 JIaHHBIX 10 acOpOLUU
JETYYMX COEAMHEHUH D3JEMEHTOB (M3BJIIEKAEMOIO U OCTAJIbHBIX,
BXO/JISIIIIMX B COCTaB MUIIEHN) Ha PA3IUYHBIX MaTepuanax. OObIYHO U
3/1€Ch HE JOCTUTAIOT BBICOKOTO BBIXO/A LIEJIEBOr0 U30TONA, T.K. 30HbI
JETYYUX COEAMHEHHH (M3BJIEKAEMOro PaJUOHYKIHUIA U 3JIEMEHTOB
MUIIEHH) MEePEKPHIBAIOTCS HAa TEPMOXPOMATOrpapuueckoi KOJIOHKE

[20].
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HecoMHEHHBIM JIOCTOMHCTBOM CYOJIMMAIIMOHHOTO METO/Ia
SIBJISICTCSL BO3MOXKHOCTB IKCITPECCHOTO KOJTMYECTBEHHOTO H3BJICUCHUS
PaIMOHYKIIUIOB: JIJIi MAaCCHBHBIX MHINCHEH BpEeMs BBIICICHUS
[[EJIEBOTO TPOJYKTa COCTABJISICT HECKOJBKO IECSITKOB MHUHYT HIIU
HECKOJIbKO 4acoB. BpeMsi BbIJeJIEHUS] 3aBUCHT OT MAacChl MHIICHH.
s HeGonmbIMX (HECKOJIBLKO COTEH MT) 1O BECYy MHIICHEH MpPOoIece
BBIZIETICHHS 3aHMMAeT HeCKOJIBKO MUHYT (Hampumep, 6oiee 90% 211At
BBIJICJISICTCS. TIPY OT)KUTE BHCMYTOBOW HUKIOTPOHHOW MUIICHH TPU

923 K B Teuenue 2 munyT [37]).

Eme oanum «CYyXumM» MCTOAOM Pa3ACIICHUSA SABJISACTCA
pasacIICHUEC C IIOMOIObIO CCICKTUBHBIX XHWMHYCCKUX q)HHBTpOB

BO30IrHAaHHBIX B KHUCJIOPOAC UK BOJOPOAC O6HyT-ICHHI)IX MaTrcpuraoB

[20].

B pa6orax B.JI. XKyiikoBa [38, 39] omnumcan XuMmHKO-
AHAJIIMTUYECKUH MTOAXOJ K Pa3IeIICHUIO 3JIEMEHTOB, BO3TOHSIOLINXCS
B TOKE KHCIOpOJAa M BOJOpPOJA, W3Y4YEHO BIHUSHUE MaTepuana
TepMaxpoMarorpapuueckux KOJOHOK M COCTaBa ra3oBoil ¢a3bl Ha
BO3MOXXHOCTh pa3jenieHust sneMeHToB. [loka3aHo, 4To u3MeHeHue
TpeX MapaMeTpoB - COCTaBa CTALlMOHAPHOM (ha3bl, cOCTaBa ra3zoBOU
¢azsl u TEMIIEPATYPBI - MIO3BOJISIET JOCTUYb
razoxpoMarorpauueckoro  pasieieHuss MHOTHUX  3JIEMEHTOB.

HGKOTOpI)Ie MOJIYYCHHBIC TCMIICPATYPhl OCAXKIACHNA BO3OTHAHHBLIX B
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TOKE BO3JlyXa WU KUCIIOPOJIa JIEMEHTOB Ha PAa3JIMYHBIX MaTepHaiax
npencrasiaeHbl tadbmuie 6 [40, 41]. [ns pasaeneHuss BO3OTHAHHBIX
AJIEMEHTOB HX TMPOITYCKAIOT 4Yepe3 HarpeTbie 10 OIpeaesieHHON
TeMIepaTypbl (KOTJa peau3yeTcsi OCAKICHHUE IIETICBBIX MPOIYKTOB)
CEJICKTUBHBIE XUMUYeckue GuiabTpel. [Ipu Mcmonb30BaHUM BO3/ayXa
WIA KHCJIOPOAA JIETYYECTh PsiJia SJIEMEHTOB 3aBUCHUT OT MHOXKECTBA
TPYIHO KOHTPOJIUPYEMBIX (AKTOPOB: a) COACpXKaHUS KUCIOpOoJa B
BBIXOMSIIMX Tra3aX BO BpeMs paslelieHus; 0) coJepKaHus
nocropoHHux razoo0pasueix npumecedt (HCl, Boma, a3or); B)
TOJIMUHBI M MAacChl MHUIICHEHW;, T) XapakTepa IOBEPXHOCTH
TepMoxpomaTorpaduaeckoi KOJIOHKHU; 1) cocTaBa u
KOJIMYECTBEHHOTO  COJCP)KAHHMsSI ~ XUMHYECKUX  INpUMeced B

obmyyenHoM matepuaie [20].

OnHuM U3 Haubosee MEepPCIeKTUBHBIX HAIPABICHUN «CYXHX»
METOJOB BBIJCIEHUS LEIEBBIX PAJUOHYKIUIOB U3 PEAKTOPHBIX M
LUMKJIOTPOHHBIX ~ MMILIEHEH MOXHO cuuTaTh U y3UOHHO-

Tepmuueckue Meto s [20].

B pesynbraTe nccnenoBaHuil ObLIN MPEAJIOKEHbI pa3IuYHbIE
1 Py3MOHHO-TEPMUYECKHE METO/IBI MOJIy4EHUs psana
PaZMOHYKIIUJIOB M3 TBEPAOTEIBHBIX PEAKTOPHBIX M LIMKJIOTPOHHBIX

mumienei [20, 40-51]. TlogpoOHBIE HCCIETOBAHUS W PE3yIbTAaThI
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onucanel B padorax M.E. AnekceeBa, C.M. bonmapesckoro, B.B.

Epemuna, A.E. Autponosa, /I.E. MaciennukoBa u zip.

Taﬁ.lmua 6. TeMnepaTypbl OCAKICHHUA BO3OrHAHHBIX B TOKE
BO3AyXa UJIH KHCJI0POAA 3JIEMEHTOB Ha pasdjIHYHbIXMaTepHuajiax

(TepmoxpomaTorpaguuecknx KOJI0OHKAX)

DJIeMeHT TemmepaTypa ocakIeHHA. °c

Si0, CaO Au
1 2 3 4
Bi 850£30 == 1130 -
Pb 800£20 95050 -
Po 570120 = 1100 -
Tl 690£20 770£40 -
Pt 410+30 1130£40 =900
Ir 410+30 111040 430£20
Re 120+20 1060£30 100+20
Os < 80 460130 <110

B nmaHHBIX MCClieOBaHUIX MPEICTABICHBI 3 OCHOBHBIX ITyTH
BBIJICJICHUS [IEJIEBBIX PaIUOHYKIHI0B ()} Yy3HOHHO-TEPMUIECKUMU
Merogamu. B aBtopckom cBugerenbctBe CCCP Ne 1711381
(mpuopurer 18.07.89 r.) u marentax P®D Ne 2102809, Ne 2102810 u
Ne 2102125 u nHayunbix nyomukammsx [40,42, 45-51] mompoOHO

H3JI0KCHBI OCHOBBI U IIPUHIUIIBI KaXXJ0I'0 MCTOAA:
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1. ctumynupoBanHas nud@y3ust Ha CBA3BIBAIOLIYIO TPAHUILY

pasaciia (1)33 METAaJI - ra3 UJIk METaJIJI — X KUAKOCTb:

a) oOnydeHHbIe (OJBIU TOABEPralOTCs OTKHUTY B OOJIACTH
TEeMIIepaTyp, MPEeAUIECTBYIOIUX IUIABJICHUIO, B TEYEHHUE BPEMEHH,
JOCTaTOYHOr'O JUIsl BBIXOAA PaJMOAKTUBHBIX NPUMECHBIX aTOMOB Ha
IIOBEPXHOCTh MeETajljla: ONTHMAJbHbIE TeMIleparypa U BpeMs
IIporpeBa BBIOMPAIOTCSI HA OCHOBAHUM CBEIEHUI O Koa(duIMeHTax
mapdy3un  mpumeceid;  BpImeAmMe U3 o0bema  (OIBIH
palMOAKTUBHBIE aTOMBI YIAJSIOTCS C TIOMOIIBI0 KaKOTo-Ir0o
XMMHUYECKOr0 areHra win (B Cilydae HUX BBICOKOH JIETYy4eCTH)

CO6I/IpaIOTC$I Ha OXJIAXKAAE€MOM KOHIACHCOPE,

0) ¢ Uenbl0 PEe3KOro YBEIUYEHHUS CKOPOCTH MHUTpaIiu
PAaIUOAKTUBHBIX MHKPOIIPUMECEH Ha CBA3BIBAIOLIYI0 TIpaHULLY
paznena Qa3 MOXKeT OBITb HCIOJIB30BAHO aMajbraMUPOBaHUE
OOJYy4eHHBIX METAJIOB: MOCJHE JOCTHUXEHHUS (PU3UKO-XUMUYECKOTO
paBHOBECHs] MEXIy KOMIIOHEHTAaMH CMECH JKUAKas amaibrama
oOpabaThIBaeTCsI PacTBOPOM COOTBETCTBYIOIIETO XHMHUUYECKOTO
arcHra JJIA HU3BJICUCHUS BBIIICOIITNX Ha (M IMOBEPXHOCTH

PaINOAKTUBHBIX MUKPOIIPUMECEH;

2. BBIXOA B Ta3oByl0 ¢a3zy (SMaHUpOBaHUE) MpHU

MOJIMMOP(HBIX MPEBPALIEHUIX:
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00JIyd4eHHBIN MeTasul moaBepraetcss UPPy3nOHHOMY OTKHUTY
B 00JacTu TemMrepaTtyp moauMop(GHOTO MPEBPAICHUS; BRSNS U3
obobemMa  (onbrM  paTUOAKTHBHBIE aTOMBI  COOHMpAarOTCs  Ha

OXJIAXKAACMOM KOHACHCOPE,

3. KOHILIEHTpHpoBaHHE HpH (a30BbIX IMEpPEXoAax «TBEPIOE

TCJIO — Ira3»:

CYTh CIoco0a 3aKJIoyaeTcs B BaKyyMHOU AUCTHWILISALIMOHHON
cernapanuu o0JlyyeHHbIX MUILIEHEeH, IPOBOJUMOI TP TeMIIepaType 1
NaBJIEHUH, OOECHEeYMBAIOIIMUX TOJHYH0 OTTOHKY  CTapTOBOIO
MaTepuaga MU IOJHOCTbIO  HCKJIIOYAIOMIMX JIETYYeCTh LIEJIEBOrO
pallMOHYKIIN/A; B OCHOBE CII0C00A - pa3jinyue CKOpPOCTel HCIapeHUs
U TNapUUaJbHBIX [JAaBICHUM Mapa pasAeisieMbIX 3JIEMEHTOB Hal
TBepAON (a3oif; TemmepaTypa oOpabOTKM OOJIyYEHHBIX MHILEHEH
BI)I6I/Ipa€TC$[ Ha OCHOBAaHHUU CBG)IGHI/II\/'I 0 JaBJICHMM I1apOB
pasfensaeMbIX  JJIEMEHTOB, a CKOpPOCTb OTIOHKH CTapTOBOIO
MaTtepuana (T.e. BpeMs BBIJENEHHUS LEJIEBOr0 PaJUOHYKIUAA)
onpenensiercss mo ¢dopmyne JBHrmMiopa. B ynmoMsHYTBIX BbIIIIe
paboTax TpEICTaBIE€H CpPaBHUTENbHbIM aHamu3 U y3UMOHHO-
TEPMUYECKUX M TPAJULHUOHHBIX (C HCIOIb30BAaHUEM «MOKPOI»
XUMHHM) METOJIOB M3BIEYEHHUS HEKOTOPBIX pPATUOHYKIUAOB U3

TBEPAOTEIBHBIX PEAKTOPHBIX ¥ IUKIOTPOHHBIX MumieHeit [ 20].
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Juddy3noHHO-TEpMUYECKUMU METOJAMU ObUIM IPOBEICHBI
BeIICIEHUS Y'SC W3  METAUIMYECKOW  THTAHOBOM MUILICHU,
PaJIMOHYKIINIOB IIMHKA U3 MEITHBIX IUKIOTPOHHBIX MUIIeHeH, 6Ge n3
MUIIeHH o6ydenHoro Ga, BeiaencHue 2°Re u3 Bonsdpama, 13MSn u3

oboramenHoi 1*Cd Mumenu u ap.

Hixe IpEaACTaBIICHO HO,Z[pO6HO€ OIIMCaHHC
TCXHOJJIOTMYCCKOro Iiponecca TCPMHUYCCKOI0O MCTOJZAa BbIACICHUS

PaTHOHYKIIH/IOB IIMHKA U3 MEIHBIX UKIOTPOHHBIX MuIeHei [20].

B paboTe NpeIoKeH U Pealn30BaH U TOTyUeHHH °Zn U3
o0ydeHHBIX ogacThIaMu (¢ sHeprueit 26/0 MaB) MenHbIX MuIIeHEH

aIbTEPHATUBHBIN cr10c00 BhIEneHU [38]:

- o6sryuennsie Cu-onbru (99,9%) noasepraiauch OTXKUTY MIPH

TEMIICpATypax 0.7-0.9 Trmagne]—ms{ ;

- npoaudPpyHaMpoBaBIIE U3 00beMa Ha MOBEPXHOCTH (POIBIH
atomsl ®°Zn BcrmemcTBME MX BBICOKOH JIETYdecTH MEpEeXOIWIHM B
ra3oByio a3y ¥ COOMpaINCh HA OXJIAXKIaEMOM KOHJICHCOPE, a 3aTeM
u3Bnekanuch B cnabbii 0.1 M pacTBOp CONSIHOW  KHCIOTBHI.
Temmepatypa u Bpemsi mporpeBa (oOIbI BapbUPOBAINCH B
3aBHCHMOCTH OT TOJIIIMHBI 00y4eHHBIX MUIIIEHEH U K0d(hPULIEeHTOB

1 Qy3un IPUMECH U COCTABIISUIN:
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a) 19 munyr s Qonerum TommwuHOM 5,6 Mr/cM2 mpu

temnepatype orxkura 1000 K;

0) 15 munyr mis ¢onbru tommuHoW 10,4 mr/cm2 mpu

temnepatype orxkura 1100 K;

B) 3 MuHyThl i ¢onsru TommmHou 10,4 mr/cm2 mpu

temmneparype oxura 1200 K.

Bo Bcex ciydasx MOJHOTAa OTAENEHHS °Zn M XUMHUYecKas
YUCTOTa TMOJYYEHHbIX TmpemnapatoB Obut  Omm3ku kK - 100%.
[IpencraBisiercss  MEpCHNEKTUBHBIM  HUCHOJIB30BAaHUE  JAHHOU
TEXHOJOTHMH B TIPOMBIIUIEHHOM TPOM3BOJACTBE °27Zn (peaxius
%3Cu(p,2n)) - MaTepHHCKOTO M30TONA [T TIONYYEHUS PAIHOHYKINIA
82Cu, xoTopHIii B TOCTENHNE TOABI MHPOKO TpuMeHsercs B 119T-

AWArHOoCTUKE Cepana 1 3JI0Ka4CCTBCHHBIX o6pa303aHHﬁ IICYCHHU.
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2.3 Utoru riaaBbl. CpaBHeHHe KJIACCHYECKUX M TEPMUYECKUX
CIoco00B pa3ejieHust

CpaBHUTENBHBINA aHAJIN3 PA3HOOOPA3HBIX METOIOB BBIJICIICHUS

LEJICBBIX PAAUMOHYKIINIOB ITO3BOJISCT CACIATE CICAYIOINE BHIBOJBI.

Kitaccnueckre METobl C UCIOJIb30BAaHUEM «MOKPON» XUMUU
HMCIOT HCCKOJIBKO IMPEUMYIICCTB, IPCKAC BCCr0 — MOATBCPIKICHHAA
MHOTOJIETHEH MPOMBIIIJICHHON MPaKTHUKONH «BOCHPOU3BOIUMOCTbY

TEXHOJIOTHYCCKOT'O ITUKJIA.

OI[HaKO CJICAYCT OTMCTUTD U PAJ NPUCYIIUX UM 00BEKTHUBHBIX

HCJOCTATKOB:

a) MHOIOCTaJUMHOCTh M JJIUTEIBHOCTh TEXHOJIOTHYECKOTO

LIUKJIA;

0)paaInoIUTHYECKOE pasnoxeHue KOMIIOHEHTOB,

HCIOJIb3YCMBIX IS BBIACIICHUS PAAUOHYKIINIOB,

B) MOTECpU CTAPTOBOI'0 M30TOMMHOI'O CBIPhA U YXYAIICHUE €TO

Ka4ecTBa MY MOCIENYIOIIEN pereHepalui MUALLIEHEH;
I') BBICOKas! TPYJO€MKOCTh TEXHOJIOTHYECKUX MTPOLIECCOB;

I[) 0OJIBIIIOE KOJIMYECTBO paaArOaKTUBHBIX OTXOJO0B.
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AJNbTEpHATUBHBIE  «CyXH€»  METOJbl  BBIACJICHUSA, K
COXKaJICHUIO, /IO CHUX IOp HE HUMEIONIME HIMPOKOT0 MPAKTUYECKOTO
MPUMEHEHUSI B  MPAKTUKE  MPOMBIIUICHHOTO  MPOU3BOJICTBA
pa3HooOpa3HbIX (B TOM 4YHCIE, MEAMIMHCKUX) PaIHOHYKIHIOB

HUMCIOT HCOCIIOPHUMBIC ITPECUMYIICCTBA:

a) OKCIIPECCHOCTh — TCXHOJOI'MM BBIACICHUA «(CYXHUMMH
METOAaMU IMIO3BOJIAKOT IOJYYaTb MCJICBBIC PAAUOHYKIIMIABI 34

HECKOJIBKO ACCATKOB MUHYT HJIM HECKOJIBKO YaCOB;

6) BBICOKHC BBIXOJ W PpaJUOHYKIMAHASA YHUCTOTA HCICBBIX

IIPOAYKTOB;

B) IIpeJiesIbHAsL IPOCTOTA MPOLEAYPHI UX BblIeNIeHUs (0OBIUHO

He OoJiee 2 ctaauid);

F) OTCYTCTBHC «BUIAUMBIX)» MOTEPh A0OPOroCToOAIMX
CTaOMJIIBHBIX M30TONOB B TEXHOJIOTMYCCKHX OUKJIaX BBIACIICHUA

LEJICBBIX PAAUOHYKIIMIO0B,

I[) OTCYTCTBUC OONBIINX KOJIMYCSCTB PaaAOaKTUBHBIX OTXOJ0B.
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I'nasa 3. [losryueHnue u BbiaejieHue Sr-82 u3 001y4eHHBIX

pPYOuaHeBbIX MUIIEHEH

OnHoit M3 Hauboyee MEPCIEKTHBHBIX TI'CHEPATOPHBIX Iap
PaIMOHYKIMIOB, MPUMEHSICMBIX B MEIMIMHCKON BH3yaln3allvy,
sBisiercst mapa Sr-82/Rb-82. SnepHo-pu3nueckne XapaKTepUCTHKA

PaIMOHYKIIUIOB IPUBEJCHBI B TAOIUIIE 7.

Taoauua 7. SinepHo-pusnyeckre XapaKTePUCTHKH

PaTIHOHYKJIHIO0B FeHepaTopHoii mapbl Sr-82/Rb-82

PH T Tun JHeprus %
pacnaja ramMmma-
KBaHTA,
k3B
Sr-82 25,34 nusa 93 - -
Rb-82 1,26 mun B 511 190,7

OcHoBHbIM THTIIOM pactiaga Rb-82, sensercs P+-pacman c
BBICOKMM KBAHTOBBIM BBIXOJIOM AQHHHUTWJISIIIHOHHOTO HW3ITyYeHUSI.
[TooToMy OH Hamen IHUPOKOE TPUMEHEHHE B TMO3UTPOHHOMN
OMHUCCUOHHOW TOMOTrpaduu JyUIsi JAMArHOCTHUKH  3a00JI€BaHUMA
CEepACYHO-COCYIUCTOM CHUCTEMBI W omyxosied wmo3ra. braromaps

KOpPOTKOMY MEpUOAY IoJlypacnaaa — OKoio 1,3 MHHYTBI - MOXKHO
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MIPOBECTU OOJIBIIOE KOJUYECTBO MCCIEAOBAHUN HA OJJHOM IAIlUEHTE
3a KOPOTKHI MPOMEXYTOK BpeMeHH. [1o cpaBHeHHMO ¢ aHaoramu, T 1-
201 u Tc-99m, npumensiembiMu B ODPIKT, ucnonb3oBanue pyouaus-
82 B IIDT OGonee 6e30macHO M MO3BOJIAET MOJyYaTh 0OJIee TOYHBIC U
uHbopmaTtuBHble pe3ynbraThl. B opranmsme RDbD-82 Bemer cebs
AQHAJIOTHYHO KAJIMIO, YTO IMO3BOJIIET €My XOpOIIO IOTJIOUIAThCsS
MBIIIIEeH MUOKapaa [52].

OcHOBHBIMHU TIperMyIiecTBaMu RD-82 sBisiroTes:

a) 6osiee BbICOKAsi TOYHOCTh MU300paKEHUS, YeEM IPU HCIIOIb30BAHUH
tauma-201 u texaenus-99m;

0) BO3MOKHOCTh HCIIOJB30BAHUSI B KAueCTBE KOJIUYECTBEHHOTO
MapKepa OMEPTBEHHUS WM KU3HECIIOCOOHOCTH TKaHEH MUOKapAa;

B) MMHHMMAJIbHOE BpeMsl TMOCIEIOBATEIHLHOTO BOCIPOU3BEICHUS
M300pakeHUs1 TMpU  OOCJIEeNOBaHMM  TAIMEHTa; BO3MOXKHOCTH
CKaHWPOBAHUS UCCIICTyeMbIX OpPraHoB Kaxkbie 10 MUHYT;

r) MUHUMaibHas (B cpaBHeHHMH ¢ TaimreM-201 u TexuermemM-99m)
71032 00JIydeHHs TaIUeHTa.

Hannune pamuonyknuanoro Sr-82/Rb reneparopa mo3Bosset
MEIUIIMHCKUM  YIPESKICHUSAM CYIIECTBEHHO PACIIMPUTH CIIEKTP
OKa3piBaeMbIX  ycayr. OjHaKo  TONydeHWE  MAaTEePHHCKOTO
paIMOHYKIIUA BO3MOXXHO TOJIbKO Ha YCKOPHUTENSIX C BBICOKOM
9HEprueil MpoTOHOB — HapaboTka Sr-82 ceroaHs MPOBOIUTCS JIUIIbL B

MATH Hay4HbIX [eHTpax mupa: CIIA — HanmoHanbHBIX Ja00paTopusix
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Los-Alamos, Brookhaven, Kamagma — TRIUMF, ®panmus -—
ARRONAX GIP, IOAP - iThemba LABS National Research
Foundation, Poccuss — HMuctuTyT simepHbix uccienoanuii (M)
PAH. CtouTt OTMETHTB, UTO 3a PEIKUM HCKIIOYEHHEM Bech Sr-82 [52,
53, 57, 59, 60], mosryyaeMblii Ha CErOAHSIIHHUEA ICHh B MEIUIIHHCKHX
LENsIX, BBIACISACTCS C HCIOJB30BAHHEM KIACCHUECKUX METOJIOB

«MOKpOI» XUMHH.

3.1 Hapa6oTka paaunonykiauaa Sr-82

OcHOBHBIM crOCOOOM HapabOTKU PaIUOHYKIUAA 8231 na
CETOAHSIIIHUN  JeHb  sBIseTcsl ~ OoMOapAMpOBKAa  MHILEHEH
MeTamueckoro Rb ecrectsennoro comepxkanns  wm "RbCI
ITy4KaMy TIPOTOHOB BHICOKHX SHepruii: peakuus "*Rb(p,xn)®Sr. Tpu
3TOM 00pa3yIoTCs U IPHMeCHBIE paanoHyIHas! SoSr u 8Sr [51, 53,57-
58, 60-61].

B Ttabmune 8 mpencraBieHa »HEpPreTHYECKask 3aBHCUMOCTh

cedeHnmii anepHbIX peakmuii "*Rb(p, xn) 828385y [53].
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Ta6auna 8: 3HaUeHHs ceYeHUI siIePHBbIX peakuuii HapadoTKH

PAIMOHYKJIUAOB SI' IpU 00MOapaAupPOBKe PyOH/IMeBOil MUIIIEHH

ﬂpOTOHaMI/I

E (MeV) o (mb)

28r $3Gr 5Sr
33.7+1.7 0.34 +0.05
34.1+0.5 1.06 = .26
352+1.6 3.25+ .49
358+1.5 4.37+0.72 274.5 +30.8 164.7 + 18.5
372+14 8.98 +1.08 255.5+28.7 147.9 + 16.6
394+1.2 16.1 £2.1
39.5+1.2 259+32 2424 +227 135.6+2.5
409+ 1.1 46.0+6.2 203.7+£229 111.1+£12.5
412+ 1.1 549 +17.1
43.0+09 68.0 +8.0 169.4 £19.0 97.5+11.0
443+0.8 79.7+9.2 140.2 +15.8 87.6 = 10.0
445+0.8 75.1+£9.8
46.2+0.6 90.3+104 117.0£13.2 739+ 84
46.5+23 84.3+9.7 103.8 £11.7 70.3+8.0
46.8 0.6 96.6 £12.6
47.6 0.5 90+114 106.6 = 11.6 77.2+8.8
493+04 98.0+11.3 97.5+104 474+5.5
49.7+2.1 90.7+104 844 +9.6 63.6+7.2
528+1.8 96.6+9.9 76.5+8.7 549+6.3
58+15 81.8+94 80.4+9.1 543+6.2
584+13 60.6 7.0 75.0+8.5 474+54
61.5+1.0 55.0+7.2 80.1 +£9.1 46.3+5.3
64.2+0.8 488 +5.7 76.6 +8.7 43+51
66.8 £0.6 43.0+5.1 73.3+8.3 41.1+4.7
69.3+04 41.2+438 71.5+8.1 483+5.5

OCHOBHOW PaTUOHYKIMIHOW TPUMECHIO, KPUTHYHOW JIJIst

MCIUITUHCKOI'O MMPUMCHCHUA CTpOHI_II/ISI'82, ABJICTCS PAAUOHYKIIA
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89Sr ¢ mepuonom nomnypacnazna 64,84 nHS, KOTOPBIH HApaOaTHIBACTCS
B pyOumeBoii Mummeny 1o peakiuu "'Rb(p,xn)®Sr.

Hcexons w3 JaHHBIX 110 CEYECHMSM  SICPHBIX PEAKLUH,
Mpe/ICTAaBJICHHBIX B Taliuie 8, ONTUMaibHBIM MOXKHO CUHUTATh
sHepreTudeckuii auamnason 49,7/49,3 M»sB, Korja ceueHHe peaKkiuu
nonyueHns 2Sr Bospactaer mo 100 MOapH, a ceueHHME peaKIUH
HapabOTKU Mapa3suTHOTO PoAyKTa, $9Sr, cHIKaeTcst ipuMepHo 10 45
MOapH. OAHAaKO UCHOJI30BAaHME MPOTOHOB TaKOM DSHEPrUU HE
MO3BOJISIET MOJTY4aTh JOCTATOYHOE KOJIMYECTBO LIETIEBOT0 MIPOAYKTA 32
pazyMHoOe BpeMsi 00JTydeHHSI.

Ha pucynkax 12 wu 13 mpencraBieHsl Tpaduueckue
3aBUCHMOCTH CEUCHHMSI SJEPHBIX PEaKIHii OT YHEPTUU MPOTOHOB MPHU
OOJlyueHUM MHUIICHU, cojAepKalled pyOuauii  ecTecTBEHHOIo
n3oTonHoro cocraBa [53]. M3 mpencraBieHHBIX TpadUKOB TaKkKe
BHJHO, 4YTO CEYCHHE pEaKIWh TOJIYYCHHUS  CTPOHIUU-82
yBesMuuBaeTcss npu sHeprun 45-50 MpdB, a cedyenume snepHOR
peakru  "*Rb(p,xn)®9Sr HA060pOT 3HAYMTENHHO YMEHBIIAETCH,

Ha4YMHasl C YHEPTUU POTOHOB 0K0JI0 45 MaB.
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Meron Hapabotknm %2Sr ¢ HCHONB30BaHHMEM PYOHIHEBBIX
MUIlIEHEH  HauOoyiee  TpPUBIEKATENEH IS MPOMBIIUIEHHOTO
MPOU3BOJICTBA OJaroapst 10CTaTOYHO BBHICOKOMY BBIXONY ILIEJIEBOTO
PaIMOHYKIIUJA U OTHOCHTEIBHO MaJloOMy KOJHMYECTBY MPUMECHBIX
PaAMOHYKIIUIOB, 00pa3YIOIIUXCS B pE3yJIbTaTe MPOTEKAHUS SEPHBIX
npeBparieHuii [56,57].

KopoTko 00 anpTepHaTHBHBIX CITIOCOOaX HAPaOOTKH LIEIEBOTO
paaMoOHYyKIH/IA 82gy-

1. Tomyuenue 82Sr BozsmoskHO 110 sAepHO# peaximu Mo(p,
spallation)®?Sr  [58]. MumeHn u3 METAIMYECKOTO MOIMOIEHA
nuamerpom 1.9-6.4 cMm, tonuuHon 1.25-1.9 cM obnyydaror mydykamu
npotoHoB 3Heprueil 800 M»B. B pe3ynbprare peakiuu cCKaJlbIBaHUS
obpasyercs 82Sr. JIMUTeNbHOCTH OGMyYeHHs Pa3IHMUHBIX MHUIIEHEit
cocraBisieT oT 2 10 30 cyrok. HoMuHanbHBINA TOK My4Ka IPOTOHOB -
500 MkA. Ilocne o0ayyeHHsT MUILLIEHH PAaCTBOPSIIOT B CMECH a30THOM
u ¢pochopHON KUCIOT B MPHUCYTCTBUU INepekucu Bojpopona. Ilocme
Yero MHOTOCTYTIEHYATHIM XMMHUECKMM TIepeieioM BhIIeseTcs S2Sr.
VYkaxkeM NpUHIUNHAIbHbIE HEAOCTATKU METOAA:

- 7S IOMy4eHus S2Sr MCIONb3yeTcs YHUKATbHASA, HpeJHA3HAYeHHAS
uis (yHIaMEHTalbHBIX HCcleloBaHUl, Me30HHas (abpuka Jloc-
Anamocckoit HanmoHanbHOM nabopatopun CIILA;

- Hapsagy co %2Sr B mumenu o6pasyercss GONBINOE KOTMYECTBO

pPaarOaKTUBHBIX an/IMeceﬁ;
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- BBIENIEHHE °2Sr CONMPSKEHO C HEOOXOMMMOCTBIO IIPOBEICHHS
MHOTOCTYIEHYATOr0 PAAMOXMMUYECKOTO TMepeesia MUIICHH U
yTHIM3anueit 60JIbIIOro KOJMYECTBA PalMOAKTUBHBIX OTXO0/I0B;

- BBICOKOE COJAEP)KAHHME B IENEBOM IIPOAYKTE S ST, aKTHBHOCTB
KOTOPOTO COIOCTaBUMa C aKTUBHOCTBIO IEJIEBOTr0 MpoaykTa [54].

2. Eme omun crioco6 nomyuenns 82Sr — 06myuenne KpUNTOHO#
MUIIEHUH HOHaMM renusa-3 wmmu remus-4: peakmuit Kr(PHe,xn) u
Kr(a,xn). I[Ipu sneprun 3apsokeHHbIx dactuil 80/60 MaB napaboTtka
82Sr Bo3moxHa Ha Beex m3oTomax Kr (3a mckmouenneM '°Kr); mpu
TOM BEJIMYUHBI CEYEHUH SACPHBIX PpEaKIUil, NPUBOIAMNX K
00pa3oBaHMIO S2Sr, NI pA3NMYHBIX HM30TOIOB KPUIITOHA CHIBHO
prHasHATCS. YKaKeM HEeJJOCTAaTKH U ATOTO crocooa:

- OTHOCHMTENBHO HHU3KHH BBIXOA °2Sr B pesymbTaTe OOTydeHHs
KPHUIITOHOBON MUIIICHH;

- BBICOKOE COJICp)KaHME B IENEBOM MPOAYKTE °°Sr, aKTHBHOCTB
KOTOpPOrO TakXke Kak M MpeblayIleM clydae COINOCTaBUMa C

AKTHBHOCTBIO 11EJIEBOTO TpoayKTa [55].

3.2 Huxnorponnsiii kommiexe PULL-80

B 2016 rony Ha 6aze IletepOyprckoro MHCTHTYTa SA€PHOM

¢uzuxu (IIUAD) B r. I'atunHa ObUT yCHEIIHO MPOU3BEICH 3alycK
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uukiaoTpona I[-80. VYckoputens pa3MellleH Ha TMEPBOM ITaxe
JKCIIEPUMEHTAIBHOIO 3aj1a cMHXpouukiorpoHa ITMAD u paccunran
Ha [oJlyuyeHue npoToHoB ¢ 3Heprueit 40—80 Ma3B npu Toke myuka 110
200 MxA. KpoMe mnosjydeHus MIMPOKOTO CIEKTpa paardoOr30TOIOB,
WCIIOJNB3YEMBIX KAaK B JIMarHOCTHKE, TAK M B TEpPalUU Pa3IMYHbIX
3a00JIeBaHUM, TPPOTOHHBIC ITYYKH MOKHO HUCITOJIL30BATH ISl JICUCHUS
3JI0Ka4E€CTBEHHBIX 00pa30BaHuUM Tja3.

Ha cerogns noctynHasi MHTEHCUBHOCTB ITyuka — 710 20 MKA. B
2020 roay mIaHUPYeTCs MOAHATh MHTEHCUBHOCTD ITyYKa 10 OTMETKH
100 MKA, yCTaHOBUTH KOMILUIEKC OHMOJIOTUYCCKON 3aIUThI U BBECTH
LUKJIOTPOHA B IKCILTyaTaIHIO.

Ha 6aze L[-80 pa3zpaboTaH MpOEKT IPYyroro HUKIOTPOHHOTO
komiuiekca - PUII-80, peanuzauuss KOTOpOro 3aljlaHMpOBaHa Ha
2021-2022 rox [59].

Ha uuknorponnom kommuiekce PUI[-80 mmanupyercs
MOJIy4YEHUE LIMPOKOro CHEKTpa MEIMIMHCKHX PaguOHYKIHUI0B. B
Tabnuiie 9 npuBeeH BO3MOXKHBIHN CITUCOK LIEJIEBBIX PAAUOHYKIUIOB U

MHUIIIEHEHN 71 UX Hapa60TKI/I.
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Tadauna 9. PannoHykJanabl, NJaHUPyeMble K MOJYYeHHI0 Ha

PUII-80*
H3orTon T,,,» | MumenHoe Bpems AKTHBHOCTH
wx HH BeleCTBO o0sydyeHusi, | Mmumienu, Ku
q
Ge-68 270,8 Ga 240 2
Sr-82 25,55 Rb 240 14
In-111 2,8 Cd 25 25
[-123 0,55 Te 5 11
1-124 4,17 Te 200 10
Tb-149 0,17 Gd 12 3

Ha nwmknorponnom kommekce PHUIL-80 manupyercs
pa3MecTuTh 3 MUILEHHBIX cTaHIMU (cM. puc. 14): Ha nepBoii Oyner
MIPOBOJUTHCS  TOJIYYEHHE  PAJAHOHYKIUAOB  KIACCUYECKUMH
XUMUYECKHMHM METOJAMM, BTOpAsl NMpeAHa3HayeHa JUIsl W3BJICYCHHUS
MEIULUHCKUX PAJUOHYKIIMIOB TEPMUYECKUM METOO0M, & Ha TPEThEU
OyzleT pa3MelleH Macc-cemapaTtop Ui BbIJIEIEHUsT 0c000 YHCTBIX

[ETIEBBIX PAIUOHYKIUIOB PA3TUYHOTO Ha3HA4YeHHs (B YaCTHOCTH,
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uzoronoB °S'Rb, #Sr, Mn, 2822°R3 ¢ HU3KUM HOHM3AIMOHHBIM
IIOTCHIMAJIO0M, KOTOpLIe MOFyT HpOI/I3BOI[I/ITBC$[ C BLICOKOﬁ
s dexruBHOCTHIO [63,65]).

Tpu PsIOM PACIONOKEHHBIE MUIICHHBIE CTAHIIHU O3BOJISIOT
IIPOBOJUTH OOydeHHEe B HeNpephIBHOM peskume. CTaHIMH OyayT
000pyIOBaHbl YCTPOMCTBAMM JUIS JOCTaBKH BBICOKOAKTHBHBIX
MI/IH_[eHeﬁ B MCCTa XpaHeHI/DI nin B «l“OpﬂqI/Ie» KaMepBI JJISL

nociexyoumei nepepaboTku.

Puc 14. Pa3sooka nyuko8 Kk MuteHHbIM CIMAHYUAM

paououzomonnoco komniexca PUIL]-80, nodsan

IKCNEPUMEHMANbHO20 3a1a cunxpoyurxiompona 1{-1000
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ITockonbky I[-80 moka He BBEIEH B HKCIUTyaTalluio, IJIst
OoTpabOTKM  METOAUK  TONy4YeHHUS  PAJUOHYKIHJIOB  CETOJHS
ucnons3yercss cuuxpouukinorpon I[IMAD CI-1000, ¢ sueprueit
nyuyka 1000 M»B. B 2018 rogy Ha mydyke MPOTOHOB
cunaxponukiorpona CII-1000 Op11 000pymOBaH TakK Ha3bIBACMBIN
«Ierpasep SHEprui». DTO KOMIUIEKC MEIHBIX TapesioK, MPOXOJs
4yepe3 KOTOpbIe, MYyYOK 3apsHKEHHBIX YaCTUIl TEPAET 4YacTh CBOEH
sHepruu. TakuMm o0pa3oM, B 3aBHCHUMOCTH OT KOJUYECTBa TapeioK
CYLIECTBYET BO3MOXXHOCTh BApbUPOBATH SHEPTUIO ITyYKa MPOTOHOB OT
ucxomaHoro 1 I'3B go 100 M»B — sHepruii, OJIM3KUX K TeM, KOTOPbIE

Oyayt Ha mukiiotpone 11-80.

3.3 U3BecTHbIE CNOCOOBI BhIAEACHHS S2ST U3 06ay4eHHoN
MUILIEHH

Ha ceromHAmHMiA AeHb IS W3BJIEYEHHS °2SI, Kak MpaBMIIO,
MPUOETAIOT K KJIACCUYECKUM METOJIaM «MOKPOW» XUMHH (TOIPOOHO
cMm. I'maBa 2.1). B kauecTBe MaTepuana MHUIIEHU HUCIONB3YIOT JINOO
METAJUIMYECKUH PYOUAMHA «IIPUPOJHOTO» COJEpXkaHUs, JTUOO COJNb
"RLCI [52, 53,57-59, 60-61].

B pabore [60] XKyiikoBeim b.JI. mpeacraBieH crmoco0

HEMPEPBIBHOTO MTPOMBIIIIJICHHOTO TPOU3BOJICTBA CTPOHIINS-82.
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Ha pucynke 15 noka3ana cxema mpejjiaraeMoil yCTaHOBKH JIJIst
HEIPEPBIBHOIO MIOJIyYEHUS u u3BIeYeHus S2Sr u3

KHUJIKOMETAUTNIECKON pyOHINeBON MHUILICHH.

Puc 15. Cxema ycmanoexu ons nonyuenus cmponyusi-82 [53]:
1 — obnyuennasa muwens, 2 — nogywika, 3 — UHOYKYUOHHBIU HaAcoC, 4,5
— cucmema KOHMPOIs pacxood u yucmomol, 6 — NOONUMKA ¢
memannuueckum Rb, 7 — mepmocmam, 8 — «eopsiuasy kamepa, 9 -
copoupyrowue cmepaicnu, 10 — memaniuveckas memopana

(npooonrcenue na cnedyroweit cmpanuye)
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Puc 15. Cxema ycmanoexu ons nonyuenus cmponyusi-82 [53]:
1 — obnyuennasn muwens, 2 — nogywika, 3 — uHOYKYUuoHHsIl Hacoc, 4,5
— cucmema KOHMPOIs pacxood u Yucmomolt, 6 — NOONUMKA ¢
memannuueckum Rb, 7 — mepmocmam, 8 — «eopsiuasny kamepa, 9 -

copoupyrowue cmepaicnu, 10— memaniuueckas memopana

Py6Ouauii HUPKYIMpPYeT 10 KOHTYpY, KOTOPBIH BKIIOYAeT B
ce0s HempephIBHO O00JydyaeMyl0 MHIIEHb | B HepKaBeIIIeH
00607I0YKe ¥ JIOBYIIKY 2 JUIS ajCOPOIIMOHHOTO W3BJIEYEHHs 25T,
KoHTyp cHa0eH HWHIYKIHOHHBIM HAacoCOM 3 Ul IepeKauykKu
KUJKOTO pyOMus, CHCTEMOIl KOHTpOJsA pacxoma 4 M 4UCTOTHI 5

pyOuaus (cTaHgapTHbBIE JaTYMKU Ha OCHOBE TBEPIOTO 3JIEKTPOIUTA).



83

Temmneparypa xuakoro pyouaus B KOHType HOJAEPKUBAETCS B
npezaenax ot 10 go 220°C (temmnepatypa miaBiaeHus: pyouaus 39°C,
HO IIPH OIPEIEICHHOM COJEPKaHUU PACTBOPEHHOI'O KUCJIOpOAa OHA
noHmxaercs). CopeprkaHue KUCIOpPOJa B JKUIKOM METAJUIMYECKOM
pyouIuu He JOJDKHO IpeBblaTh 3 Bec. %, 4TOOBI HE JIOIMYCKATh
BBINIA/IEHUS OcajKa okcuaa pyouaus. [nst aToro B cucreMe KOHTypa
NpEeIyCMOTpPEHa TOANHTKa 6 METAUIMYECKHMM pyOugueM ¢
OIlpeNIeJIEHHbIM ~ cojiepKaHueM kuciopona. JloBymka 2 s
pazuoCTPOHIMS, CHAOKEHHAsi TEPMOCTATOM 7, PacIojio’keHa BHYTPU
«ropsaeiiy kamepel 8 ¢ mHepTHOW arMocdepoit. CopOupyromnime
CTEpXHHU 9 HarpeBaroT ¢ NOMOUIbIO TEIJIONPOBOJIA UIIM BCTPOCHHBIX
HarpeBatened Juid  Jydimied  copOUMH  PaJUOCTPOHLUS  IpHU
temneparype 220-350°C, mnpuyeM MOXHO HarpeBaTb TOJBKO
LEHTPAJIbHBIE CTEPKHU, YTOOBI MHUHHUMHU3HMPOBATh aJCOPOLMIO Ha
CTEHKaxX JIOBYIIKM. B kadecTBe cCOpOMPYIOLIEro 3JIEMEHTa MOXHO
TaKXKe MCII0JIb30BaTh BEPTHKAIBHO PACMONIOKEHHBIH (UIbTp -
TOHKYIO TJaJKyl0 MeTaljndecKkyro MemOpany 10, depe3 KOTOpyIO
MIOCTOSIHHO (DMIIBTPYETCS METaNIMYecKuil pyOouauil, a 30JIbHBIE
YaCTHUIIbI, COJIEpIKalINe «PaJUOCTPOHLIUIY, 3aepKuBatoTcsa. B aTtom
cllydae coJep)KaHue KHUCIOpoJa B IUPKYIUPYIOIIEM pyouauu
noaaepxkuaroT B quanasone 0,1-4,0 Bec.%. [Ipu sTom Temneparypa
B pa3HBIX YacTAX KOHTYypa BeIOMpaeTcs B auanazoHe 10-38°C rtakoii,

9TOOBI TOJJICP)KUBATH OMNPENIECTICHHOE COOTHOIIEHUE TBEPJION W
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xuakor (asel. CopOupyronue siaemMeHTl 9 u 10 mepuomuyecku
U3BIEKAIOT (BO3MOXKHO, Jaxe ©Oe3 NPUOCTAaHOBKH TydKa U
MUPKYIALUN pyounus). B cMexHO# «ropsiueii» kamepe n3BJIeUeHHbIN
COpOUPYIOIINIA JIEMEHT OOMBIBAIOT BOAOW U pacTBOPOM (Hampumep,
HCI), BbicymmBaioT U nomemarT o0paTHO B JOBYHIKY. CMBIBBHI,
cozepxaniue % Sr, HampaBnsIOT A0A JaibHeifmeil mepepaGoTKH U
MOJIy4eHHsT KOHEUHOro npoaykTa [60].

JlanpHelasi 10OYMCTKA BBIACIEHHOTO «PaJUOCTPOHIHS) OT
PaMOHYKIIUTHBIX U CTAOMIIBHBIX IPUMECEH MPOBOIUTCS U3BECTHBIMU
XUMHAYeCKHUMHU MeToaamu [60, 61, 67].

OCHOBHBIMH HEIOCTaTKaMH JIaHHOTO METOZAa  SIBIISIOTCS
TPYJOEMKOCTh TpOIlecca, B3PBHIBOOMACHOCTh MPH HCIOIb30BAHUU
OpPraHUYECKUX BEIECTB, MMOJHOE YHUUYTOXKEHUE UCXOJHOW MUIIEHHU,
HEO0OXOUMOCTH JIOTIOJTHUTEIILHON OUHUCTKH IIEJIEBOTO MPOAYKTA.

Jlpyroii crmoco6 BhIAeNeHHs °2Sr mpescTaBieH B paboTe
XambstHOBa C.B.:

-  MMHIIEHb, MPEACTABIAIONIYI0 CO00H CTampHY0 000JIOUKY,
COJZIEpKALIYI0 METANIMYeCKuil pyouauil oOyyaloT Ha MOTOKe
YCKOPEHHBIX YaCTHII,

- 0005104Ky OOJYy4eHHONW MHILIEHU BCKpBHIBAIOT B Cpelle rasa, He
B3aMMOJICHCTBYIOIIETO C METAINTMUYECKUM pyOUInEM;

- 00JIyueHHBI METAJUIMYECKUN pyOHIUi IUIaBAT B 000JOYKE U €ro

pacruiaB MO/Ial0T B XUMUYECKHUM peakTop;
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- HOJAKT B XUMHYECKHUU pPEAKTOp 3aKUCh a30Ta HOPLUUSIMH, IO
MEHbUIEH Mepe, 10 PEKPAILEHUs POCTa TEMIIEPATYPbl B XUMHUUECKOM
peaxkTope IpH Moj1aye CBEKEN MOPLUH 3aKHUCHU a30Ta;

- oOpa3oBaBlINeCs B3pPbIBOOE30MACHBIE U MOKapOOE30MacHbIE CONU
pyounus W HaXOIAIIMHCA B HHUX CTPOHIMA-82 pacTBOPSIOT B
XUMHUYECKOM peaktope 1,5+4,5 M pacTBOpoM a30THOM KUCIIOTHI;

- CTPOHIIMI-82 BBIACIAIOT U3 MOJYYEHHOTO pacTBOpa COpOIuei.

B nanHom crocobe IMoJIydeHUud JI COp6I_II/II/I HCIIOJIB3YIOT

I r
CTPOHLUH-CTICU(PUIECKUI copOeHT 4,4 (5 )-mu(tper-
OYTWIIMKIIOTeKCaHO)-18-kpayH-6, HAHECCHHBI Ha  TBEPJIbIH
HOCHUTEJIb, B KA4eCTBE TBEPAOTO HOCUTEIS HCIOJB3YIOT IMOJIUMED
MOJMAKPUIATHON CTPYKTYPBI, @ PACTBOP CTPOHIHUA-82 MPOIYCKAIOT
4yepe3 KOJOHKY ¢ KATHOHOOOMEHHON CMOJION U TeM CaMbIM OUYHUIIAIOT
ero OT CJIeA0B KpayH-d¢upa. YCTaHOBKA JJIs Pean3allii JaHHOTO

crioco0a BbI/IETICHUs CTPOHLIUA-82 MpeJICTaBleHa Ha pucyHke 16.
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Puc 16. Yemanoska 0ns évloenenus paduonykiuoa 52Sr us muwenu
Memaniuyeckozo pyouous: 1 - depacamens 001yuenHol Muuieru, 2 -
oyutesas Hacaoka, 3(1)+3(8) - 3anopHvie senmunu, 4 - usonupyrowas

Kamepa, 5 - uHCmpymeHm Ol BCKpblmus 000104YKU 00YYEeHHOL
Muweny, 6 - kianau, 7 - manogaxyymmemp, 8 - mepuas xonoa, 9 -
Haepesameny, 10 - obnyuennas muwiens, 11 - pazopvizeusamens
pacniasiennozo pyouous, 12 - mennouzonayus, 13(1)+13(2) -
mepmomempuwi, 14 - mpyoonpooo 6axkyymMupo8aHus XuMuiecko2o
peaxmopa, 15 - mpyb6onpogoo évloauu pacmeopa coeti pyouous u3
Xumuueckozo peakmopa, 16 - mpybonpoeoo nooauu 6 u301upyouyro
Kamepy easza, He 83aumooeticmsyroujeco ¢ pyououem, 17 -

mpyoonpoeoo nodauu 3aKucu asoma 8 Xumuveckui peakmop, 18 -
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mpyoonposoo nooadu pacnidieHHo20 MemaiiuiecKkoeo pyouous 6
Xumuueckuu peakmop, 19 - mpyb6onpoeoo nooauu pacmeopa
A30MHOU KUCIOMbL 8 Xumudeckuil peakmop, 20 - mpybonposoo
nooauu cocamozo 8030yxa 8 xumudeckui peakmop, 21 -
mpyoonpoeoo, coeOUHAIWUL XUMUYECKUL PeaKmOop C 8bIMANCHOU
senmunsiyue, 22 - mpyoonpogoo, coeouHsIoWUl XUMU4eCcKuil

peakmop co cneykauvanuzayueu, 23 - XuMuuecKull peakxmop.

OCHOBHBIC HEJOCTATKH JIaHHOTO CIIOCO0a BBIIEICHHS S2Sr —
BBICOKAsl TPYIOEMKOCTbh U MHOTOCTaIMMHOCTh IIPOLIECCA BBIIECICHNUS,

IMOJIHOC YHUYTOXCHUC MUIICHHOI'O MaT€purajia.

3.4 MuuieHHOe YCTPOICTBO /151 TEPMHYECKOr0 BblIeIeHUSs

J{ns1 BeIIENEHMS LIENEBBIX PAJUOHYKIUAOB BHICOKOM YHUCTOTHI
B KauyeCcTBE aJbTEPHATHBHBIX Kiaccuyeckum wMerojgam B «HUIL]
Kypuatosckuit Uuctutyr» [IUAD pazpabarbiBatoTcs, TECTUPYIOTCS
U ONTUMHU3HUPYIOTCA  TEPMHUYECKHE  METOAbl  BBLICIICHUS
PallMOHYKIHUJOB U3 OOJYYEHHbIX MHIIEHEH (METauloB U cojel
MeTtauioB). st momoOHBIX HMccleoBaHUN HeoOXxoanuma pa3padboTka

cnenuduaHOro 000pyHOoBaHus [62-66].
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Jlns vccnenoBaHui 1O BBIJICIICHUIO [ENEBBIX PAJHOHYKINI0B
TEPMUYECKMMU METOJaMH, Ha 0a3ze OTAeneHus (PU3MKH BBICOKHX
snepruii «HUL Kypuarosckuit Uactutyr» [TUAD Obi1 pazpaboran
OPOTOTUI  BBICOKOBAKYYMHOTO  yCTPOWCTBA, Ha  KOTOPOM
OPOBOAMJIOCH  PAa3JelICHHE MMIICHHBIX BEIIECTB U LIEJIEBBIX

pamuonykiuaoB (puc 17).

Puc 17. IIpomomun 6b1cOK08aKYYMHO20 6bICOKOMEMNEPAMYPHO20
yempouicmea 05l paz0eneHuss MUUEHHO20 6euecmad U Yeneo2o
PAOUOHYKAUOA

Ha ©Oaze maGoparopum Obu1 00OpPYZOBaH BBICOKOBAKYYMHBIH
TECTOBBIM  CTEHJ, COCTOSIIMH U3 (QOpPBaKYyMHOTO Hacoca,
BaKyyMHOTO HAacoCa, HECKOJBbKHX IIII030B, COCAMHEHHBIX MEXTY

co0OW TOABW)KHBIMH  TEepeMBIYKaMH, 00BeMa, B  KOTOPOM
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pacrojo)KeHa CHCTeMa HarpeBaHUusl M CUCTEMBI  BOISHOIO
OXJIAXKCHHUSL.

Bayrpn  creHza  momemiancs — BBICOKOTEMIIEPATypPHBIN
KOHTEHHEp W3 TaHTajla [UId HarpeBa KamcCyJbl C MUIICHHBIM

BEIIIECTBOM JI0 HEOOX0AUMOM Temrmepatypsl (puc 18).

Puc 18. Bvicokomemnepamypnuiti Ta konmetinep

onst Hazpesa MUWMERHO20 mamepuaia

Ha pucynke 19 mpexacraBneHa cxeMa MIPOTOTHIIA
BBICOKOTEMIIEPATYPHOTO MHUILIEHHOTO YCTPOMCTBA, BKJIHOYAIOLIETO:

TaQHTAJIOBYIO KaICyJdy C MMIIEHHBIM BEHIECTBOM, MOTIPYKEHHYIO B
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TAHTAJIOBYIO T€Yb, TAHTAJIOBBIC TOKOBOBI C BOJHO-OXJIAXKIACMBIMH
MEIHBIMU JCpXKATEeIsIMA W OaJUTACTHBIM O0BEM W3 HEpKaBEIOIICH
CTalld, YACPKHUBAIOIIMICS HAa BOJAHO-OXJAKIAEMOM  MEIHOM

nep:xareine [62-66].

Ta TokoBOA

6GannacTHbli 06em ms
HepHaBelowWwen cranm

Ta neyb

BOAHO-OX/IaMAaEMbIiA

MeOHbIM OEPHATEND

BOAHO-OX/TaMAaeMbIH
MEeZAHbIA AepKaTens

Kancyna

Ta ToKoBOA,

Puc 19. Cxema npomomuna evicokomemnepamypnoco
MUWEHHO20 YCmPOUCmea
Ha pucynke 20 mpenctaBieH BTOPOW CXEMaTHYECKHU BapUaHT
MPOTOTUIIA MHILEHHOro ycTpoicTBa. OT MepBOro BapHaHTa €ro
OTJIMYAeT HaJIM4he MeMOpaHbl Ha KpBIIIKE ¢ OTBepcTHEM. B nmepBom

cj1ydace O6Hy‘-ICHI/Ie MHUIICHHOI'O0 BCIICCTBA MPOBOJUTCA B KaIICYJIC C
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LEJBHOW KpBIIKOM, a 3areM HeoO0XOAMMO 3aMEHHUTh LEJIbHYIO
KPBILIKY Ha 3ariylIKy ¢ OTBEPCTHEM. Takol BapuaHT IIPUEMIIEM IS
1a00paTOpPHBIX HUCCIENOBaHMNA, TpU paboTe ¢  HEOONbIINMHU
KOJIMYECTBAMHU MHUILEHHOI'O BEIIECTBA M MAJIbIMM AKTMBHOCTSMHU
HapaOOTaHHbIX PAJUOHYKIUAOB. OJHAKO B Cilydyae BBICOKHMX
aKTUBHOCTEH nponecc BBIACIICHUA OCJICBBIX  PAaJUOHYKIHNIOB
TEPMHUYCCKUMHU METOJaMU JOJIDKCH OBITE MaKCHUMAaJIbHO

ABTOMATHU3HUPOBAH.

KOTneKkTop ¢ TPyGKOW C Urmoit

KpbILLKa C OTBEPCTHEM MevBpaHa MULLEHHOE BELIECTEO

e

MULLEHHOE BeLLeCTBO II

Puc 20. Cxema npomomuna muwennoz2o ycmpoucmea o1
asmomamu3ayuu npoyeccos HapabomKu U 8bloeneHUs
mepMuyecKumu Memooamu

B TakoM cnyyae B KadyecTBE MHUILIEHHOTO YCTPOWCTBA
MIpeIaraeTcsi MCIoib30BaTh KarcCyly C OTBEPCTUEM, 3aKPBITHIM

MeMOpaHoii; mocie o0JyYyeHHs NMpPU MOMOIIM HIoJbyaToil TpyOKH,
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COEMHEHHOW C KOJUIEKTOPOM, B MeMOpaHe [esaeTcsi MPOKOoI U
KOJUIEKTOP COEIMHSETCS ¢ Karcynou. lIpu BelgeneHuu Kamcyina u
4acTb TPYOKM HarpeBaercsi, a KOJUIEKTOP OXJIaXKAaeTcs BOAOH
(pa3paboTka cxeMbl MHUILIEHHOTO yCTpoiicTBa mpoBeaeHa KpoToBbiM

C.A.).

3.5 Boiiesienne Sr-82 u3 00J1y4eHHOro MeTajLinueckoro Rb

TePMHYECKHM CIIOCO00M

B IINA® HUIL[ KU na ycranoBke MPUC (MccnenoBanue
PannoaktuBHBIX M30TONMOB Ha CHHXPOLMKIOTPOHE) OBLIT pa3padoTaH
¥ OIPOOOBaH TEPMUYECCKUI METOT pa3/IeICHUS MUIIIEHHOTO BEIICCTBA
Y TIOJTy4aeMBIX PaTHOHYKIIHJIOB.

B ocHoBe meroma — pasznuune B MaplUaIbHBIX JaBICHUSIX
MapoB pa3eNsieMbIX 3JIEMEHTOB MPU PA3NUYHBIX TeMIepaTypax (Cm.
puc. 22), HeMpeMeHHO ¢ YI€TOM YHEPTUU JeCOpPOINU ¢ HarpeBaeMomn

MOBEPXHOCTH aTOMOB Pa3JIeNIIeMbIX 3JIeMeHTOB [62-66].
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Ha pucynke 21 mpuBeneHbl BEIHMYUHBI YHEPTUN ajcopOIun
JUISL aTOMOB Pa3JIMYHBIX 3JIEMEHTOB Ha MOBEPXHOCTAX TYTOIUIABKUX

METAJIIIOB — MOJIMOIeHAa, HHOOMS U TaHTala.
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oJlemMenmoe
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Kak MOXXHO BMIETh W3 INPHUBEICHHOI'O PUCYHKA, 3HAUYEHUS
BEJIMYMH SHEPTUHU a/IcOPOLMHU/AecopOIHH ISl JOCTATOUHO IIHPOKOTO
Kpyra »3JI€EMEHTOB IIPpaKTUYECKM HE 3aBUCAT OT MaTepuaia
azicopOoUpyIole MeTalJIMYeCKOM IMOBEPXHOCTH — T.€., CKOPOCTb
OTIOHKU CTapTOBOro MaTepuaia (T.e. BpeMs BbLAEICHUS LIEJIEBOIO
paaroHyKIHIa) OyIeT onpeaensaThes hopMyoit JIrsHrMiopa.

Hcxonss w3 »3TUX paccykneHuit, it d3ddexTuBHOTO
pa3zfeneHus MHILEHHOIO BellecTBa (MeTalIMuecKud pyounuit) u
PallMOAKTUBHBIX aTOMOB CTPOHIIMS HEOOX0IMMO 00eCIeUuTh HarpeB
OOJIy4eHHOH MHUILIEHH 0 TEeMIIepaTyphl IOCTAaTOYHO OBICTPOTO
ucnapeHus (B T€YEHHE HECKOJIbKHX YacOB) MUILIEHHOTO BEILECTBA.
JlocTaTouHO TPpyOyI0 OLIEHKY OTHOILEHHsS BPEMEH BbLIETa aTOMOB
pyoumuss M CTpPOHIMS M3 3aMKHYTOro oObemMa ¢ HeOOJIbIINM
BBIXOJHBIM OTBEPCTHEM MOXKHO OIICHHUTH (TIOMHMO YypaBHEHUS
JIourmiopa), wucnonb3ys ypaBHeHHe DpeHkenst Al BpeMEHU
“cuzieHns” aTOMa Ha MIOBEPXHOCTH:

Ta =10 eXp(AH a /KT),
IJIe T 2 - BpeMs IPeObIBaHMS aTOMA Ha TIOBEPXHOCTH (B IaHHOM CITydae
UMEeTCsl B BHLy BHYTPEHHSSI TOBEPXHOCTh MUIIIEHHOTO KOHTEHHEpa)
MIPH CTOJIKHOBEHUH C 3TOH MOBEPXHOCTHIO;
AH a — oHeprus aacopOIMM aToMa Ha TOBEPXHOCTH MaTepHuala
MUIIIEHHOTO KOHTEHHEepa,;

K — mocrosiuHas boapnmana;
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T — remnepatypa MuiieHHOTo KoHTeiHepa (°K).

N o — BpPEMEHHas MOCTOSHHAs, CBS3aHHAs C YacTOTOM KoseOaHui
aToMa, ‘“‘cufsIIero”’ Ha NOBEpXHOCTU. EciM B34Th OTHOILEHHUE T a
(Sr)/t 2 (Rb), TO mosydnM BeTUYMHY, TTOKA3BIBAIOIIYIO BO CKOJIBKO pa3
BpEMs BbUIETa aTOMOB CTPOHLIMSA OOJbllIe BPEMEHU BbLIETa aTOMOB
pyOuaus mpu GUKCUPOBAHHOUN TeMIIepaType:

ta (Sr)/ta (Rb) =exp (AH a (Sr) - AH a (Rb))/KT,

rae AH a (Sr), AH a (Rb) BennuuHbI 2HEpruu akTUBAIH a1COPOIIUN
JUIs cTpoHUUs U pybunus; T — Temmeparypa, mpH KOTOpOil 3a
W3MEpPEHHOE BpeMsi M3 MHUIICHHOTO KOHTECWHEpPa B 3aMETHOM
KOJIMYECTBE HCMAapseTcss MUIIEHHOe BemecTBo. Ilpu Temmeparype
okoigo 870K  (600°C) omenka caelaHHas C  IIOMOIIBIO
BBHIIIEYKA3aHHOTO COOTHOIIEHHUs jJaeT Benuuuny ~ 2-10°. T.e., ecnu
MpU JIAHHOW TeMIIepaType BpeMsl BBUICTa MHUIICHHOTO BEIIECTBA
pyouaus OyIeT mopsiKa HEeCKOIBKUX 9acOB, TO BpeMs BBIJIETa aTOMOB
L[EJIeBOT0 PATUOHYKIUAA CTPOHIUS OyneT MOopsAKa HECKOJIbKUX
necsaTkoB JeT. [locie MoiMHOrO MCHapeHus MUIIEHHOTO BellecTBa
(0OBIYHO HCTIapeHHE MUIIEHHOTO BEIIECTBA C MUHUMAIbHBIMH €T0
MOTEPSIMU TIPOU3BOJUTCS B Oa/ulacTHBIH OOBEM) OCTaBIIUWUCS B
MUIICHHOM OOBEME CTPOHIIMH MOXET OBITh BBIMBIT PACTBOPOM
KHCIIOTHl WM HWCIApeH Ha OXJKIAEMbIH KOJUJIEKTOp MpHU

3HAYUTENBHO 00Jiee BEICOKOW TeMIepaType.
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Puc 22. 3asucumocms oasnenus napoe om memnepamypul OJisl

memannuveckux Rb u Sr

PaccmoTpuM mpeasioxkeHHYI0 HAMU METOJIUKY TEPMUYECKOTO
pazneneHus pyouIusi U CTPOHIIUS.

[Tocne obmyueHuss HAa TMy4YKe MPOTOHOB CHHXPOIMKIOTPOHA
CL-1000 pyOuameBas MeTajuIMyecKas MHUIICHb IOMEIIAeTCsS B
BBICOKOBAaKyyMHBI ~ CTEHJ M  HarpeBaercsa 10 TpeOyemoi
Temrepatypsl. [Ipu nocTrkeHnn 3a1aHHON TeMIEepaTypbl MULIIEHHOE
BEIIECTBO HAYMHACT YJETYYMBAThCS W3 KaICyldbl B OallJIacTHBIN
00BEM, a IIeJIeBOM PaJMOHYKIIU TOJHOCTBIO OCTaeTcsl B Karcyie.

3arem 10O MPOU3BOJUTCA CMbIBKA MHCJICBOI0 pPAaAUMOHYKIIMIA H3
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Kafcynel,  JU00  JONOJHUTEIIbHOE  BBIJCIIEHUE  IIeJIEBOTO
PalMOHYKIIN/A MIPH HATWYHH B KaIlCyJe TSHKETOJIETYUnX MPUMECei.

[Tocne mnpoBeneHHOM OLEHKH BO3MOYKHOCTH BBIICIECHUSA
TEPMHUECKHMM  METOZOM  °2Sr  m3  OOJNydeHHOH  MaTpHIb]
MeTandeckoro "Rb  6b1  mpoBeneH P OKCHEPUMEHTOB U
HapabOTaH MacCUB IAHHBIX 110 3()(PEKTUBHOCTH pa3/ielieHus IeIEBOTO
palMOHYKJIHMJAa W MHIIEHHOTO BemecTBa. Macca 0OTydeHHBIX
00pa3oB MeTaUIMYecKoro pyouausi cocraBisuia nopsiaka 0,15r, a
aKTUBHOCTH LIEJI€BBIX PAJAMOHYKIHUIOB Ha KOHEl OOIydyeHUs He
npessimana 0,5 MbBk.

[Tocne oOmyueHust oOpa3mbl MOMEIIATHCH B KaICyJbl W3
METAJNTUYECKOro TaHTana. Mbl HE CMOTJIM JOCTUYb MOJIHOM OTTOHKHU
00JIy4eHHOTO MaTepHaja, TPH 3TOM S2SI Gbill CKOHIIEHTPHPOBAH B
«HEHCTapUBIIEMCs» OcTaTKe (0KO0JIO 2 BeC. % MUIIIEHHOTO BEIIECTBA).

Ha pucynke 23 mpuBeneHa 9acTh ramma-criekTpa oOpasma
O0JIy4eHHOr0 MEeTaJUIMYecKoro pyouaus 10 W mocie Harpesa. [lo
raMMa-THHUAM,  XapakTepHBIM IS PagHOHYKIHIoB  S°Rb
(ucronb30Balics B KauecTBe MeTKH pyouams) . S2Sr MoKHO
OTIPENINIUTh COZAEp)KaHWEe B o0Opaslle MHIICHHOTO BellecTBa U
L[EJIeBOr0 PAJAMOHYKIMIA O HarpeBa (YepHasl JIMHUSA CIIEKTpa) U
1ocjae WCHapeHUs: MUIIEHHOTO BEIIECTBA Ha KOJUIEKTOp (KpacHas

JIUHUA).



Mutiens: Rb merait.
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Puc 23. Yacme camma-cnekmpa 001y4eHH020 MEMALIULECKO20
"ARb 0o u nocne nazpeea 6 6vicokom 6axyyme 0o memnepamypol
1020K (750°C)
[loBbIIeHNE TeMmepaTypbl U MOMNBITKM MOBTOPHOM OTIOHKH
MUIIIEHH HE Jald 3HAYUMBIX pe3yJbTaTOB — TpedoBaiach

JOTIOTHUTEIIbHAS OYHCTKA I[EJICBOTO MPOoaAyKTa [62-66].

3.6 Tepmuueckoe BblaeJieHHe SI-82 U3 00.1y4eHHOI «OMHAPHO»

mumenn RbCl

Heynaunm ¢ KOIMYECTBEHHBIM BBIJICICHUEM CTPOHMI-82 W3

O6J'IyLIeHHLIX METATNINYCCKUX pY6I/I,Z[I/ICBLIX MHUILICHEH (BO3MO)KHI>IC
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OOBSICHEHUSI KOTOPBIX OyIyT JaHbl B 3aBEPIIAIOLIECH YacTH TJIaBbI)
WHUIMAPOBAIM  SKCIEPUMEHTHl €  OOJy4YeHHEM  «OMHApHBIX»
pyounueBbix muineHeir (RbCI), pammanmonHo-cTuMynupoBaHHBIC
MpeBpalIeHHs] B KOTOPBIX BO BpeMs OOJIy4YEHHsS] MOTJIU NMPUBECTH K
00pa30BaHUIO «IPUYYTUBBIX» (U3UKO-XUMHUUECKUX (OPM LIETIEBOTO
MIPOJYKTA.

MuieHHOE BEIECTBO, MOPOIIOK XJIOPHUCTOTO  PYyOHIHs
MIPUPOJIHOTO COAEpKaHUS, 00Iydasncs Ha mydke npotoHos 1000 MaB
cunxpouukiotpona [TUAD. [Tocne 06i1ydeHrs MUILIEHb TOMEIIATOCh
B KalCyJly M3 HEpXaBeoUlel CTaJlu C OTBEpCTHEM, KOTopas B
TaHTaJIOBOH meun HarpeBanach npu 1023-1273K.

Jlo momenieHust Kamncyiabl ¢ OOJYy4eHHONH MHUIICHbIO B IEYb
U3MEpSIICS raMMa-CIIEKTP MOJyYEHHBIX POJLYKTOB U IPOU3BOJMIOCH
B3BEIIMBAHUE MULICHH.

[Ipu Temneparype «OuHapHas» MHUILEHb MOJIHOCTHIO
ucrapsiach B 0aJsIaCTHBIM 00beM, a AaTOMBI LIEJIEBOTO PaJAUOHYKIHNIA
OCTaBaJMChb Ha BHYTPEHHUX CTEHKAaX KOHTEiHepa, OTKyJa OHHU
CMBIBAJIUCH PACTBOPOM COJISTHOM MJIM a30THOM KUCIIOTBHI.

Ha pucynke 24 mnoxazaHo wu3zoOpakeHHE KOHTEHHepa ¢
MUIIIEHHBIM BEIIECTBOM J0 M mocie Harpesa npu 1123-1273K (900-
1000°C). Ha dororpadun kancyns! u u3 criekrpa (puc 35) BUIHO, YTO
MHUIIEHHOE BELIECTBO IOJHOCTBIO MCIAPWIOCh W3 KalCyibl B

OayuTacTHBIA 00BEM.
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Puc 24. Kancyna nocae naepesa cevtuue 1123K (900°C). Muwennoe
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Puc 25. Yacme camma-cnexmpa obnyuennoeo ROCl 0o u nocne

Hazpesa 8 8blCOKOM 8aKyyme 00 memnepamypul ceviuie 1123 K
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O} PexTUBHOCTH BbIAECIECHUS KOHTPOJIUPOBAIACH C TTOMOIIBIO
raMMa-crieKTpoB 00pasiia, CHATHIX JI0 U IOCJIe HarpeBa KOHTEHepa U
no macce. D()(HEeKTUBHOCTH CMBIBKH IEJIEBOTO PATHUOHYKIUAA CO
CTEHOK KallCyJibl Tak)e KOHTPOJIMpOBaNach raMma-crektpamu. Ha
pucyHke 26 npejcTaBiieHa 4acTh raMMa-CIEeKTpa ¢ raMMa-JIMHUen Sr-
82 mocne HarpeBa karcyibl ceime 1123K u ramma-nuaus Sr-82 B
10% pactBope HCI, mnocne cmbiBku. Takum o00pa3oMm, ObLIO
OTpeeNIEeHO, YTO OTHAEJCHHE MHIIEHHOTO BEIIeCTBA U LIEJIEBOTO
paauonykiuaa mpesbimaer 99,9%, a 3¢p¢deKTUBHOCTh BbLACICHUS
neneBoro Sr-82 u3 karcynsl gocturaet 95%. [Ipu sTomM MumieHHoe
BerrectBo ROCI, coOpanHoe Ha OXJ1aXxIaeMbIil KOJUIEKTOP, TOTOBO K

MOBTOPHO#1 3arpy3ke B MHIIIEHb 1 00J1ydeHuI0 [62-66].
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Puc 26. I'amma-nunus Sr-82 nocne nazpesa xancynwi ceviute 900°C

u eamma-nunus Sr-82 ¢ 10% pacmeope HCI, nocie cmoiexu
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OTrMeTHM, 4YTO Ui ONTHMH3AIHMU METO/a TEPMHYECKOTrO
BbienieHust Sr-82 u3 muiennoro Bemectsa ROCI 6buto npoBeneHo
cebie 700 BeIAENeHH 1 00pabOTaHO JJOCTATOUHOE JUIsl KOPPEKTHOU
OLICHKH ITOJy4eHHOTO pe3ysbTaTa KOJIWYECTBO AKCIIEPUMEHTAIBHBIX
TaHHBIX.

Hamu ObutM TIPOBEICHBI MCCIEIOBAaHUS 1O PACIPEICICHUIO
UCIIapUBLICTOCS] MUIIIEHHOTO BEIIECTBA HA MMOBEPXHOCTH KOJICKTOpA
(uTo upe3BBIYANHO BaXHO Il cOopa CTapTOBOrO MarepHania
mumenn). s 3Toro Ha MeAHBIH KOJUICKTOP HaJeBajach TOHKAs
TaHTaNIOBass (oibra ¥ IPOBOAWIOCH BBIICICHHEC MHIICHHOTO
BemectBa RDCl u3 xamcynsl Ha Qonbry. Ilocnme ocaxaeHus
BBIJICTEBILIETO BEIIECTBA, (DOJIbra-KOIEKTOP pa3pe3anach Ha MOJIOCH,
MAPUHOW 2 MM Kakzaas. 3areM ObUIM IPOBEICHBI H3MEPEHUS
aKTHMBHOCTH pajauoHykiuaa RD-83 Ha  kaxmoit monoce, 1o
pe3ysbTaTaM KOTOPBIX MOXKHO OBLJIO ONPEIeIUTh pacrpe/eicHue
MHIICHHOTO MaTepuana Mo Koiiekropy (puc 27). Hcxoms wus
comepkanusi pamuoHykiuaa RbD-83 Ha KkomiekTope BHAHO, 4YTO
OCHOBHasl Macca MHUIIIEHHOTO BEIIECTBAa HAXOAUTCS OJIKE K LIEHTPY

KOJIJIEKTOpA, a IO KpadM MUIICHHOC BEIICCTBO OTCYTCTBYCT.
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Puc 27. Pacnpeoenenue muwennozo seuecmsa RbCl no

noeepxHocmu 0X1AACOACMO20 KoJuiekmopa

3.7 Utoru rinasbl

[TpoBeneHa oleHKa MPUMEHHMOCTH TEPMUYECKOIO MeEToJa
BBIIENCHUs 2SI n3 Mertammueckoro RD. Bo3mosxHbIe mpobiems ¢
HETIOJHOM»  OYMCTKOM LEJNeBOro IpOAYKTa OT MaTepuaina
00JIy4eHHON MUIIIEHU MOTYT OBbITh CBSI3aHBI JINOO C UCTIOIb30BAHUEM
TaHTAJOBBIX KalCyl — oOpa3oBaHHE IPH BBICOKHX TeMIIEpaTypax
OWHAPHBIX TPYAHOJETYYHX coeauHenuit RD-Ta, mubo ¢ Hanmnyuem
WHBIX TPYAHOJIETYYHX TPUMECEH, COIepKalluxcs B OOIydaeMOM

Marepuajic, CKOHUOCHTPUPYIOIITUX» LieJIeBOM IMPOAYKT.
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Hcnonp30BaHne XUMHYECKH «MHEPTHBIX» MAaTPHUIL (HaIIpuMep, KBapi)
U TIPEIBAPUTEIHHO OUYUIIIEHHOTO CTAPTOBOTO MaTepHralia HEPEeMEHHO
JIOJDKHO JIaTh MOJIOXKHUTEIbHBIN 3 (DeKT.

Ucnonb3oBanne RDCl B kauecTBe MHIIEHHOrO Marepuaia
MO3BOJIWJIO TPOBECTH KOJMYECTBEHHOE pa3JelieHne pyouaus W
crponnus. OAHAKO 3TOT 3aMeYaTeIbHbI AMIIMPHUECKUI Pe3ysIbTaT
TpeOyeT AaJbHEWIIer0 OCMBICICHUS M KPOMOTJIMBBIX MCCIIEIOBAHUN
MOCJIEACTBUI  OOJMy4eHHs  BO3MOXHBIX ISl  M3TOTOBJICHUS
[UKJIOTPOHHBIX MUIICHEH HETPaIUIMOHHBIX MaTEPUAIIOB.

OTMeTuM OYEeBHIHBIC NMPEUMYIIECTBA TEPMUUYECKOTO METOa
pasneneHus pyoHIus W CTPOHIMS B CPAaBHEHHU C KIACCHYECKHMHU
METOJIaMH «MOKPOW» XHUMUH:

1) MakcHMaabHO BO3MOKHOE OTAEICHHE MHIICHHOTO BEIIECTBA

OT LIEJIEBOTO PAAHOHYKIINAA;

2) MHUHUMAJbHBIC MMOTEPU IEJICBOTO PAJMOHYKIIUIA B MPOIECCEe

«Tepesenay;

3) COXpPaHHOCTH CTAPTOBOI'O MHUILICHHOTO MaTepuana;

4) OTCYTCTBHUC PAIUOAKTUBHBIX OTXOHOOB.
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I'naBa 4. [IpuMeHUMOCTH TEPMUYECKOT0 METOAA BbIIeJIEHUS JIsI
JAPYTruX PaguoOHYKJIUI0B

4.1 Boigenenue paanonykiamnaa Cu-67 TepMuyecKUM MeTOI0M

YcneurHple SKCIePUMEHTHI 110 BBIACICHUIO Sr-82 U3 0071y4eHHBIX
PYOUIMEBBIX MUILICHEH MMO3BOJIMIM NPEITI0KUTh JaHHBIA METO JIJIsI
M3BJICYCHUS M JPYrUX pPagHoOHYKJIWAOB, B uactHocTH, CU-67,
noJydJaromeiics B pe3yiapTare OOJyYeHHS IUHKOBBIX MHIICHEH
(amepuas peaxuus °8Zn(p,2p)®’Cu, 3aBUCHMOCTH CeueHHs SIEpHOI
peakuuMu OT DHEprHuM TPOTOHOB Ha pucynke 28) [68], u
UCTIONIB3YyIOUIeHCS B OpaxuTepanuu (anepHO-pu3HUYEeCKUEe

XapaKTEPUCTHKH PaJHOHYKIINIA MTpeacTaBieHbl B Tabmuie 10).

Ta6auua 10. Sinepuo-pusuveckue xapakrepucruxu ’Cu

H3oton Tue Tun JHeprus %
pacnaaa 3B

57Cu 61,83 yaca B- 51 1,1

121 57

154 22

189 20
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30-ZH-68(P,2P)29-CU-67
EXFOR Request: 576101, 2019-Dec-19 12:14:21

20 30 40 50 60 20
L e s e e e e o e e M A s e s

0.010 - - 0.010

0.005 - - 0.005

Cross Section (barns)

S S S EN S S RN EN S S S S SR R
20 30 40 50 60 70
Incident Energy (Mel)

Puc 28. 3agucumocmu ceuenus adeproii peaxyuu °6Zn(p,2p)¥’Cu om

IHEpcUU npomoHo6

Bo Bpems oOmydeHuss ULMHKOBas MHILEHb Oblla 3aKpbiTa
TUTaHOBOM (posbroit. Micxons U3 napiuaabHbIX 1aBICHUN TapOB MEIU
U 1IMHKA, OBIJ OMpe/ieieH ONTUMAaIbHBIA TeMIepaTypHbIi HHTepBall,
HeoOXomuMBIM  Juist  3(()EKTUBHOTO TEPMHUECKOTO Ppa3/eieHUs

JaHHBIX 3JIeMEeHTOB (puc 29).

FaMMa-CHeKTpOMeT‘pI/IquKI/Ie HU3MEPCHUA, IMPOBCACHHBIC ITOCJIC
O6J'Iy‘-ICHI/I$I IIoKa3ajiu, 4TO IIOMHUMO Cu-67 B IIMHKOBOM MHUIIIEHH
NMPUCYTCTBYIOT AApa OoTaa4Yu - PAaAOHYKIIUJbI CKaHus,

o0pa3oBaBIIKeCs B TUTAHOBOW (POJIbIe «IM0J] JEHCTBHEM) MPOTOHOB
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(3aBUCUMOCTb CEUEHHs SJEPHON peaklUud OT HHEPruH IMPOTOHOB

npeacrasiacHo Ha pucynke 30) [69].

OTronka marepuajia MHIIEHH MPOBOIUIACH B BHICOKOM BaKyyMe
(5-10° Topp) mpu 973-1023K (700-750 °C). B 9TOM TemmepaTypHOM
HHTEPBAJIE€ B T€UYEHHE 2 YaCOB YJICTYUYHBAIOCH MHUIIICHHOE BEIIECTBO,
METAIMYECKUH  IMHK. D()()EKTUBHOCTD  BBIACICHUS  MHUIICHH

KOHTPOJIMPOBAJIACh 10 raMMa-criektpam (puc 31).

30

25 T \

20 | \
+ Cu \ Zn
X \
10 =

log p

1000/T

Puc 29. 3asucumocms dasnenusi napos om memnepamypwi
onaCuuZn
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22-TI-47(P,2P)>21-5C-46
EXFOR Request: 5761141, 2019-Dec-19 12:17:11

20 25 30
T T T
0.10 40.10
0.08 - 0.08
% % % ]
g
& 4
o
= i
g 0.06 [ Jf - 0.06
g
2 ]
@
a ]
2 %
4 ]
£
8 0.0d - % +0.04
0.02 - +0.02
4 i
1 1 1 1 1 1 1 1 1 1 1 1 1
20 25 30

Incident Energu (MeU)

30. 3asucumocms cevenus adeproii peaxyuu *'Ti(p,2p)*°Sc om

IHEpcUU npoOmMoHO6

gy
H T T T T T 7A T T T T T T
35000 -} .
] : ]
30000 - —— 7
25000 | - E .
. ‘ o .
+— 20000 - 2 ] -
= e —
3 ] . 3 < ]
O 15000 = 2 .
| e L] w |
10000 b I = -
] 3 S Sc (1121 KeV)
5000 - 8 =
0 | i — z |
T T ) T T A T T i T T '

Energy, KeV

Puc 31. Yacmo eamma-cnekmpa obyuenno2o ZN 0o u nocie Hazpesa
6 sakyyme npu memnepamype okono 973K
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Kak MoxHO BuaeTh U3 crekrtpa, npu temreparype 700 °C u
BPEMEHU BBIJICJICHUSI 2 Yaca, MHUIIEHHOE BEHIECTBO LIEITUKOM
YAETYYHJIOCHh M3 KallCyJbl Ha OXJIAKJIAEMbI KOJUJIEKTOp, a LIEJIEBOM
poaykT, CU-67, MOJIHOCTHIO OCTAJICS HA CTEHKAX KaICyJIbl, HO BMECTE

C PaAMOHYKIUJAMU CKaHIHS.

HpI/IHHI/IHI/IaHBHaﬂ BO3MOXHOCTb TCPMHUUYCCKOI'O pa3aciCHUA
MCOAWM W CKaHAuUsA IIOATBCPIKAACTCA HHanaMMOﬁ 3aBUCHUMOCTH
JaBJICHHUA HaCBhIIICHHBIX naposB OoT TCMIICPATYPhbL JJIsL

COOTBETCTBYIOIINX 3JIEMEHTOB (pucC 32).

12

10 — ye
T Cu
T Sc
8

log p
"
/

0,3 0,4 0,5

Puc 32. 3asucumocms dasnenus napoe om memnepamyput 012 CU u

Sc
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[TosToMy OBLIT ITPOBENIEH JOMOTHUTENBHBIN HArpeB KarcCyIIbl ¢
pamuonykiuaamu npu temieparype 1673K (1400 °C). Ilpu sroii
temneparype Toiabko CU-67 yleTyuuBajgach Ha YMCTBIH KOJUIEKTOP

(cMm. puc. 33).

B pesynbTare mpoBeAeHHBIX SKCIEPUMEHTOB ObUI MOJIYy4YeH
LIEJIEBOM MPOIYKT BBICOKOW PaJMOHYKIUIHOW YUCTOTHI (OJIU3KOM K

100%), nmonHOTa ero u3BiedeHus cocrasuiia 99%.

i
— —
35000 | -
| 2 |
30000 | e r— .
i < i
25000 - a3 .
v
| = | |
. 20000 A == & .
5 . |5 <
o i . O D i
O 15000 e (B X .
. w
10000 | " Ao = |
- .. ﬁ -
5000 - W S .
- ) T - -
oO-Y—7—7—7 — T LA L B |

Energy, KeV

Puc 33. Yacmo eamma-cnexkmpa obnyuennozo Zn 0o nacpesa u y-
cnexmp 8vl0esleHHOU Ha oxaaxcoaembill korrekmop CU-67 nocie
Hazpesa mMuueHHo2o seujecmaa 00 memnepamypuol 1673K
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4.2 'Toru riaBbl

[IpoBeneHHBIE SKCIEPUMEHTHI MOKa3ajid, 4YTO TEPMHUUYECKHUE
METOJIbl OKa3bIBalOTCS J()PEKTUBHBIMU HE TOJBKO ISl OTTOHKHU
JIETKOJIETYYNX OOJYYEHHBIX MUIICHEH (LIMHK, KaJMUl, CBUHEL, IIp.),
HO W JIS  pa3feneHus  «OC3HOCHTEIbHBIX»  KOJIMYECTB

PaAMOHYKIIUIOB.

[TommydeHHble  MpeABapUTEIbHBIC  PE3yabTaThl  TPEOYIOT
JanbHEHIIeH KpOMOTIMBOM pabOThl MO CO3AAHUI0 M arpobanuu
OPUTMHAJILHBIX METOJUK TEPMHUYCCKOTO pa3/iejcHUs (U 3/1eCh 3HAHUS
00 SHeprusx aacopOonuu/AecopOoIuu  paJHMOaKTUBHBIX aTOMOB Ha

Pa3JIMUIHBIX MAaTCpHalaX UMCIOT IICPBOCTCIICHHOC 3Ha‘ICHI/IC).
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I'naBa 5. Tepmuueckuii cnocod BblieJIeHUS TePANIeBTUYECKOI0

71U u3 ob6syuennoro Meraaimdeckoro Yb

5.1 OcobenHocTH HAPaOOTKU paguonykauaa Lu-177

Ha ceromusmnuii nenb, mrorenuii-177 saBusercss Haubojee
NEPCHEKTUBHBIM PAJAHOHYKIMIOM B SIIEPHON METULIMHE IS Teparuu
SH/IOKPUHHBIX OITYXOJICH KEITyI0YHO-KHIIIEYHOTO TPAKTa U OIyXOJIen
MpEeACTATeNIbHOM  jKene3bl.  Taxkke — mmrorenui-177  ycnemHo
IpUMEHSIeTCs Ul KyNUpPOBaHUS OOJIM B KOCTSAX IPH OHKOJOTHM U
panuouMMyHoTepanuu.  brnaromapss — yCHemIHBIM — HCHBITAHUAM
TepaneBTHIECKUX Mpenaparos *'' LU HeoOX0MMMOCTh B HEM PACTET BO
BceM wMwupe. OCHOBHBIE TIpEMEpsl TpUMeHeHHMs 'Lu B
paarodapmmpenaparax npezacrapieHsl B Tadmuie 11 [70-74]. Oqaum
U3 TJIABHBIX  KPUTEpUEB NPUMEHMMOCTH Jjoreuusi-177 B
TEPaNeBTHUECKUX MENAX TMPH TAapreTHOH Tepanmuu SBISIOTCS €ro
AIepHO-(DU3NIECKHE XapaKTEPUCTUKH.

Jrotenmii-177 — Oera-MUHYyC-pacmagyvk C MEPUOAOM
nonypacrnazaa 6,71 nus u sHeprusmu B-uactun EB (makc.) 497 xaB
(78,6%), 384 k3B (9,1%) 1 176 k3B (12,2%) [70]. Bnarogapst HU3KuM
SHEprusiM OeTa-yacTHI] U IpoOery B )KMBOU TKaHU (0K0JI0 670 MKM)

177LU ABJICTCA UACAIIBHBIM PAAUOHYKIINIOM JJIA TapFCTHOﬁ TCpaIru
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MEJIKUX OIyXOJIeH M MeTacTaTW4ecKux oOpasoBanuit. [Ipu 3TOM
ucnonbp3oBanue 1’ LU CHIKAeT BpeIHOE PaJMalliOHHOE BO3IEHCTBIE
Ha OKPYKAloIIKMe 3I0pPOBbIC TKaHU mamueHTta. Kpome Toro, pacmai
nrotersi-177  COMpPOBOXKAAETCA  UCIYCKAHUEM  T'aMMa-KBaHTOB
sHeprusimu 113 k3B (6,4%) u 208 k3B (11%), kKoTOpbIe MOIXOAT IS
BU3YyaJIM3alUl MECTOIOJIOKECHUSI MEYEHOT0 Tpernapara in-vivo.

Emie  omHuM  BakHBIM  (AKTOPOM,  ONPEACIISIONIIM
«monesHocth» LU mms TapreTHOH paiMOHYKIMIHOM Tepanuu
(TPT), siBisieTCsl MaKCMMAJIbHO JOCTH)KHAMAsl yIedbHas aKTHBHOCTb
(YA) pagunonykiuna.

JloctaTouno GonpInoii mepwox momypacmaga /’Lu  maer
JOCTaTOYHOE KOJIMYECTBO BPEMEHHU, HEOOXOAMMOTO ISl TEPepaboTKH
OONMyYeHHOW MHMIICHH, BBIICICHUS LEJICBOrO  PaJHOHYKIIH/IA,

MPOM3BOJICTBA paanodapMipenapaTtoB Ha €ro OCHOBE, TOCTaBKH B

KITMHHKY.
Tabauua 11: ocnosubie POII ¢ '7Lu
IIpumenenne Xumuyeckas popMa | AKTUBHOCTh
177y
[MentuaHas [DOTA® Tyr®]octreota | 7,4 I'bx
peuenproppanuonykiuanas | te DOTA- (200 mKwn) 3a
Tepanus TATE,DOTA-TOC, Kypc.
DOTA-NOC CBSI3BIBAETCS
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IIpumenenne

Xumuueckasi popma

AKTHBHOCTDH

177Lu

ot 180 1o
300 Mkr
NeNTH/Ia C
XeNnaTopoM
DOTA,
[DOTA? Tyr?

] octreotate

cG250, J591)

KynupoBanue KOCTHBIX EDTMP 1,2 -2,6 I'bk
OoJieli Ipu MeTacTa3zax DOTMP
Paaunarmonnas Hydroxyapatite (HA) |~400+30Tb
CUHOBIKTOMHS K
paaoONMMyHOTEpAUS MOHOKIOHAJIbHBIE He

anTuTena (J591, ONpENIETIEHO

N3BecTHBI ABA OCHOBHBIX CIIOCO0A HApaOOTKH paJMOHYKIUIA

Yy ¢ ucnonp3oBanreM HEUTPOHOB - «IIPSMOW» U «KOCBEHHBIN.

B mepBoM ciydyae o6mydaeTcs MHIIEHb oborameHHas 1Lu

(peaxmmst  *"®Lu(n,y)*"'Lu).

WNHolt BapmaHT mNOIy4YeHUs

177Lu.
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HEHTpOHHOEe oOIyd4eHHe OOOTamieHHOro mpemapata °Yb ¢
MOCJEAYIOIUM pa3JeIeHUEM MaTepuajla MHIIEHU U LEJIEBOro
npoxykra: %Yb(n,y)""Yb — 7Lu.

OO6uMe cxeMbl PeakTOpHOH HapaboTku ''Lu «IpaMbIM» 1

«KOCBEHHBIMY CIIOCO0aMHU IIpeaAcTaBICHA HA PUCYHKE 34,

17E‘LU 1??Lu 1?7m|_u
(2,59%) 6,89 oHS _I_ 160,4 AHA

BblAeNeHne nepesoj B
LEenesoro 6e3HOCUTENbHYIO
paauoHyKNuaa bopMy
176y (n, 9) ; 177y b
(12,7%) 1,9 uaca

Puc 34. Cnocobwr peakmopnoii napabomxu paduonykiuoa *''Lu

[IpoayKkThl HEWTPOHHOW AaKTHMBAIMM MHIIEHEH JIOTEIUs U

I/ITTep6I/I$I €CTECTBECHHOI'O HU30TOITHOTO cocTaBa, a TaKXE



XapaKTCPHUCTUKHU

paciiaaa

MIpUBEICHHI B Ta0wmIe 12.
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o6pa303a13mnxc;1

PaIMOHYKIIH]IOB

Lu u Yb npupoaHoro coaep:xanus

Ta6nauna 12: HedTPOHHAS AKTUBALMS MUIIIEHEH, COepPKAIUX

On-| PH % o, [Tponykt | Tun T2 [Tponykt
T B pup. | Oapu p-u pacn pacnaga
Lu | Y™Lu | 97,41 16,7 7emy | B,y | 3,664 176Hf
6,6 178y B,y | 4100 176Hf
oy | 2,59 2,8 Wy | B,y | 160,41 | YTHf
u (78,6 %)
UIl Y7L
(21,4 %)
2090 Ly B,y | 6,65n Nt
Yb | ¥8%Yb | 0,13 2300 ¥Yb | EC | 32,02 | '™Tm
10yp 3,04 9,9 yp Cr.
vh | 14,28 58,3 172yp Cr.
12yp | 21,83 1,3 8Yp | Cr.
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On-| PH % o, ITponykr | Tun T [Tponykt
T B npup. | OGapn p-u pacn pacnaza
1%yp | 16,13 155 14yp Cr.
1"yp | 31,83 63 ®Yp | B,y | 4181 Ly
1yp | 12,76 2,85 Yyp | B,y | 194u Ly

3aBUCHUMOCTH CEUEHHUU

AACPHBIX peaKHI/Iﬁ OT DOHCPrun

HEHTPOHOB JIJISl IPSIMOTO M KOCBEHHOTO CITOCO00B HapaboTku Lu-177

peCTaBICHbBI Ha pucyHkax 35 u 36 [69].

Cross Section (barns)

i0-8
T

(71-LU-176(H, ABS)

EXFOR Request: 57769-1. 2019-Dac-21 07:48:35

10-6
T

10-4
T

10-2
T

Incident Energy (MeU)

109

102

i0-2
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Puc 35. 3asucumocmo ceuenus adepnoii peaxyuu *®Lu(n,y)*""Lu om

SHepauu HeUmpoHo8

70-YB-176(H, G)70-YB-177
EXFOR Request: 57768-1, 2019-Dec-21 07:47:48

10-% 10-% 109 102 i
10F T T T T T T T

1071 | <10t

Cross Section (barns)

102 | < 10-2

10-3 J10-3
[ . ! . 1 . ! n 1 . ]

i0-8 i0-® 10-1 10-2 1
Incident Energy (Mel)

Puc 36. 3asucumocmo ceuenus adepnoii peaxyuu *'°Yb(n,y)""Lu om
SHepauY HeUmpoHO8

OueBUAHBIMM  MpPEUMYLIECTBAMH  MpPSAMOrOo  crocoba
nonydenuss *'LuU [74,75] sBnsioTcs: a) TpedeibHas MpPOCTOTA
TEXHUYECKOM mepepaboTKM OOJTY4eHHONM MHUILIEHU (JIOCTaTO4YHO
MPOCTOTO PACTBOPEHUS MHUIICHW B pa30aBICHHON KHCIOTE MpH
cinaboM HarpeBaHuM); O) OTCYTCTBHE 3aMETHOIO KOJIMYECTBA
PalliOaKTUBHBIX OTXO/IOB.

OnHAKO JOCTIDKUMAs yJAenbHas aKTHBHOCT ''Lu 0OGBIYHO
cocraBisier 740—-1110 I'bk (20-30 Ku) Ha mMr cTrapToBoro Marepuarna,

4YTO CYHICCTBCHHO OI'PaHUYMUBACT HCJICBOC HCIIOJIb30BAHHUC P®II Ha
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€ro OCHOBE (IPUTOHBI JHILb JUIsl KYIMPOBAaHUSA OOJIM B KOCTIX WU
CUHOBIKTOMUU).

Kpome Toro, mapamienbHo ¢ 'Lu  HakamimBaeTcs
JOJTOKUBYIIMM H30Mep HalMyhue KOTOPOro HENpHUEeMIIEMO IJis
HEKOTOPBIX TEPaNeBTUUECKUX MpoLeayp (MaKCUMAJIbHO JIOMyCTUMOE
cootnomenue "™MLu/A""Lu ne nomxuo npessimats 1-107).

D¢ dexkTrBHOCTH HaKOIUIEHUE JIOTEUUsA-177 Tpu 00IydeHUN

oboramennoii mumenn 1'°Lu (82%) mpencTaBieHa Ha pUCYHKe 37
[76].

1000 - —a— k=1.5
—e— k=2
—a— k=25
— 800
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©
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Bpema o6nyuenuna (gHw)
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Puc 37. Haxonnenue " Lu 6 muwenu npu ucnonw306anuu npamozo
cnocoba. [16]

pu Ipyrom crocobe TONydeHHs YLy
(*'%Yb(n,y)}""Yb — Y"Lu) momyuaercsi «6e3HOCUTEIBHBINY I1€TEBOI
npoaykt (yaenbHas akTuBHOCTH Oonee 2,96 Thbk (80 Ku) Ha mr
BELIECTBA MMILEHHU), MeIULUHCKoe npuMeHeHue POII Ha ocHoBe
KOTOPOTO TPAaKTUYECKH HEOTPAaHUYEHO: PAJAUOHYKIHIHAS TEparus
HNEeNTUIHBIX PELENTOPOB, PaANOMMMYHOTEpANHs C MCIOJIb30BaHUEM
MOHOKJIOHQJIBHBIX aHTHUTEN IIp.

Opnako, mpu BceX [JOCTOMHCTBaX JAHHOIO croco0a,
CYLIECTBYET U PsAJl CEPbE3HbIX HEJJOCTATKOB!
- HU3KUH BBIXOJ IEJEBOI0 MAaTEPUHCKOTO pPAaJUOHYKIUAA H3-3a
HU3KOT'0 CeYeHUs peakuuu B 2,5 6apH no cpaBHeHuto ¢ 2090 6apH B
ciydae «IpsaMoro» crocoda HapaboTku u3 7°Lu;
- CHOXHas CXeMa BbiieNeHus »''Lu u3 0OTydeHHBIX UTTepOHEBBIX
MHUILIEHEH, TPUBOASIIAS K CEPbE3HBIM MOTEPSIM 1I€JEBOT0 MPOIYKTA U
HAKOIJICHUIO OOJIBIIUX KOJIMYECTB PAJHOAKTUBHBIX OTXO/JIOB;
- HEOOXOJIUMOCTh PEreHepaluu JOPOroro CTapTOBOTO MHILEHHOIO
MaTepuana, oboramesHoro 10Yh.

Bce mnepeuncneHHoe BbIlIE JeNaeT «KOCBEHHBIN» CIOCOO

HapaboTKu JtoTenus-177 Oonee 3aTpaTHBIM 110 CPABHEHUIO C MPSMBIM

[71].
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Hakorienue uenesoro /'Lu mpu 06Iyd4eHMH MMIIEHH Ha
ocHOBe oboramienHoro °Yb (ceeime 97%) B 3aBUCHMOCTH OT TOKa
HEWTPOHOB MpeCTaBIeHO Ha pucyHke 38 [77].

Jlpyras  cepbe3Has  mpobiemMa IpH  HCIOJIb30BAaHHU
«KOCBEHHOTO» crocoba mosnydenus '’Lu cBsi3aHa ¢ OTCYTCTBHEM
3G GEKTUBHBIX CHOCOOOB H3BIICUEHUS IIETIEBOIO PAIHMOHYKINAA M3
Macchl OOJYYEHHOrO MHUIICHHOTO BeliecTBa. VIMEHHO MO3TOMY
pa3paboTKa HOBBIX BapHaHTOB pasneneHus LU u YD sBisiercs Ha
CETOAHALIHNI JIeHb aKTyaJbHOW 3aqadeil Uil PaJHOXUMHKOB BCETO

MUpa.

450 T T T T
Ceuenue (tenn.) o = 2.85 6apu
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I
1
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1x 10 nem2s™ (epithermal) .
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c o o O
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1 | 1

-
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| |
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9x 102 ncm?s™ (epithermal

YpenbHaa akTUBHOCTE MKu/mr

1% 10™ necm?s™ (thermal)
1x 10" ncm?s" (epithermal)

a
(=]
I

I I I
5 10 15 20 25

Bpems obnyuenuns (gHu)

oo

Puc 38. 3asucumocmo naxonnenus 177Lu 68 MUUWEeHU 176Yb om

gpemeHU 00IyYeHUsl U NOMOKA HeUMpOHO8
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5.2 U3BecTHBIE c1OCOOBI BbIeeHust LU-177 u3 001yueHHOM

UTTepOHeBOl MUILICHH

TexHuueckue mpoOJIEMbl, CBSI3aHHBIE C  OTACJICHUEM
MHKPOCKOIIMYECKHX ~ KommuecTB //Lu  OoT  MaKpOKOJHYECTB
mumensoro %Yb, mpencraBnsior coboif crnoxHyio 3amauy. Jlns
MPaBWJIBHOIO BbIOOpA HaWJIy4llero croco0a pas3ziesieHus KpaiiHe
BAXHO OIICHUTh PA3JIM4YUs B XUMHYECKMX M  (U3HUECKUX
XapaKTepUCTHKaX 1eMeHTOB Yb u Lu.

Kaxk moka3ano B Tabiuie 12, xumudeckue cBoictBa Yb u Lu
oueHb CX0XHU. OJIHAKO B3aMMOJIEHCTBHE C HEKOTOPBHIMU JIMTAHIAMU
MOXKET 00eCreYnTh BO3MOXKHOCTb Pa3JeJIeHUs STUX JIBYX HOHOB C
UCIOJIb30BaHHEM HOHOOOMEHHOW XxXpomaTorpaduu WM MeToAa
sKcTpakiuu. TmarensHoe u3ydeHue TaOuuibl 13 moka3siBacT, 4To
paznuuus HaOMIOJAIOTCA TOJBKO TIPH  HAIWYUU  OTHOCUTEITHHO
CTaOUIIBHOTO COCTOSHUSL OKHUCTeHHs +2 1 Yb U BBICOKOM
PacTBOPUMOCTH MeTaindeckoro Yb B pryTu. Takke NpUCYTCTBYIOT
paznuuusg B (pu3MUecKux M (PU3UKO-XMMHUYECKHUX CBOWCTBax. Tak,
HarpuMep, CYIIECTBEHHBI pa3IWuus B JIaBICHUH TIApOB TIPH

ONPEACICHHBIX TEMIIEpaTypax.
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Ta6auna 13: xumuyeckue u pusndeckue cpoiictea Lu u Yb

CBoiicTBO Yb Lu
DJIeKTpOHHAs [Xe]4f 146s 2 [Xe]4f 145d 165 2
KOH(UTYparus
Wonnsrii paguyc Ln®* 86,8 86,1
Wonwnslii paguyc Ln?* 114 -
Eown’*/Ln) -2,267 -2,255
Eown®*/Ln?") 1,05 -
PactBopumocts B Hg Beicokas Huskas

HecMmoTpst Ha cX0XeCcTh XUMUYeCKuX cBoucTB LU u Yb, mis
BBIZICJICHHS paJMOHYKIHAa LU W3 0OJdydeHHOH HTTepOHeBoit
MUIICHH 3a49aCTYI0 HCIIOB3YIOT KIACCHUECKHE METOIBI «MOKPO)»
xumud. [oapoOHO HEKOTOpBIE W3 STHUX METOJOB ObUIM OMHCAHBI B
rnase 2. CTOUT OTMETUTh, UTO HanboJiee 4acTo MPUMEHSIOTCS METO/IbI
AKCTPAKIITMOHHOU XpoMaTorpaduu 1 HOHOOOMEHHOM XpoMaTtorpadum.
Onnako, Kak y»ke ObUIO OMHCAHO B TJ1aBe 2, 3T METO/bl UMEIOT PSJT
CYUIECTBEHHBIX HEIOCTATKOB, TMPUCYIIUX BCEM KJIACCHUECKUM
METOJIaM pa3/IeJICHHUS:

- MHOT'OCTaJIMIHOCTH MPOIIECCOB XMMHUYECKOM TIepepabOoTKH MHIIICHU
BEJIET K MOTEPSM IIEJICBOTO PATUOHYKIUAA M YBEIUICHHUIO JT030BOM
Harpy3Kkd Ha COTPYIHUKOB PaJHOXUMHUYECKOTO MTPOU3BO/ICTBA;

- 06p8.30BaHI/IC OOJIBIIIOr0 KOJIUYESCTBA paadrOaKTUBHBIX OTXOJO0B;
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- CJIOKHas mmpoueaypa perecaepanuy MUIICHHOTO BEMICCTBA.

5.3 Tepmuueckoe Bblaejenne Lu-177 u3 00,1y4yeHHOI MULIEHH

METAJNJINYECCKOI'0 I/ITTepﬁl/IH

Hamm wuccnenoBaHus 1O Ppa3feieHUIO Pa3IMYHBIX —Map
AJIEMEHTOB  JIOKA3bIBAIOT, TEPMHYECKHHA METOJ MOXET OBITh
UCTIONIB30BaH M JUId M3BJICUYEHHUs LeNeBoro orenua-177 wus
UTTEPOUEBBIX MHIICHEH.

[lpenBapuTenbHass  OLEHKAa BO3MOXKHOCTH  pa3JClICHHS,
NPOBEJCHHAS C MCIIOJIb30BAaHHEM M3BECTHBIX JINTEPATYPHBIX JaHHBIX
- TeMIlepaTrypbl KUICHHS mroterust  3668K  (3395°C)
Metaimyeckoro  utrepouss  1469K  (1196°C),  mmarpammbl
3aBHCHUMOCTH JaBJICHHs TApOB OT Temmeparypbl 1t Lu u Yb (puc 39)
— MOKa3bIBAET, YTO TEPMUUYECKHIA METO pa3/iesIeHUs] IPUMEHUM IS
napbl JIIOTEUH/UTTEpOUH.

Jlns  wccnenoBaHMs TEPMHUYECKOTO BBIIENEHHS 00pasen
METAJUINYECKOr0 UTTEPOUs MPUPOTHOTO COAEPIKAHUS MACCOU OKOJIO
110 Mr obnyyancs Ha my4yke IPOTOHOB cHHXpouukioTpoHa [TUAD ¢
UCTIONIB30BAHUEM «JIeTpajiepay dHepruil. B pesynpraTe 0OmydeHHS
OBUIO TIOJIy4€HO JOCTaTOYHOE Ui TIPOBENEHUS KOPPEKTHBIX

IKCIIEPUMEHTOB KOJHMYECTBO pamuoHykiauaoB Lu-171 u Yb-175,
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KOTOpbIE HCIOJIb30BAINCh B KAayeCTBE PAJMOAKTUBHBIX METOK IJIs
orpeneneHuss (U3NYECKHMX W TEPMOJAWHAMHUYECKHX I1apaMeTpOB
paszaeseHus.

[Tocne o6myueHust oOpaser; MOMeELIAICs Ha TAaHTAJIOBYIO
IIOJUI0KKY MJIM KBapLIEBYIO aMITyily (BbIIEJIEHHsI C TaHTala U KBapLa
Jamyd  CXOXKHE pe3yiabTaThl), KOTOpas IOMeIanack B II€Yb
BBICOKOTEMIIEpAaTypHOTro cTeHaa. HarpeB oOpasma mporekan B
BBICOKOM BakyyMe (5-107°). TIpu noctuxkenuu temneparypsl (750°C)
UTTepOUNl HauMHA MEJUIEHHO YJIeTy4MBaThcs ¢ Moasoxkku. Ilocne
yIETYyYMBAaHUS MUIIEHHOTO BEUIECTBA, OCTABIIMKCS Ha TOIJIOXKKE
LEJICBOH JIFOTeLni cMbIBaticsi pactBopoM 10% HCI.

O dhekTHBHOCTD pa3eneHns KOHTPOJIUPOBATIACH C IOMOIIbIO
raMMa-clieKTpoB 00paslla, CHMMaeMbIX IOCie KaXJIOW CTaauu
nporiecca. Ha pucynke 40 mpencraBieHa 4YacTh TaMMa-CIEKTpa
oOpasia MeTauIn4ecKoro UTTepOusi, 0OJydeHHOTO MPOTOHAMHU, IO
Harpesa, nocie 2 HarpeBa a0 1123K u mocie CMBIBKH LIEIEBOTO
panuonyknua. I[To momyyeHHbBIM raMMa-IMHUSAM MOXHO CYAMTh, YTO
JI0 HarpeBa W JIOTEIMH, U UTTepOui HaxonsATcs B oOpasie, mocie
HarpeBa UTTepOuil U3 oOpasna yJaeTydynuBaeTcs, a JIOTEH ocTaeTcs,
a TocJie CMBIBKH M MUIIIEHHOE BEIIECTBO U IIEJICBON PaJIMOHYKIIH B
MaTpHlle OTCYTCTBYIOT, T.€. JIOTELUH mepelien B pacTBop B (hopme

xsopuna [79].



126

0,00 T T T T T T
(JJ 0,2 0,4 0,6 0,8 1 1,2 14
-2,00 . [ ]
-4,00 - Lu e s P
o -6,00
o L 2
-8,00 -
. ]
-10,00 -
]
-12,00
1000/T, K1
Puc 39. 3asucumocme oasnenus napoe om memnepamypol
memannuyeckux LU u Yb
/ L
T 7/ T
counts vb'7®
396 keV
" Lu|71
2000 - 740 keV -
s " Y ""_ " . H
e :.x.'«'\v'-""‘ u-"'.-'-,-'.vh-_\.;..\r,.;._.. ! -~
e e f, 2 - < by -
g s Tt O g 30 oty g N2 ™ esetaumeed 10 varpeen
B e CauPNNespetSamg] NOCNE 2-0 Harpesa
04 nocne cuwiea
T 7T T
400 750

E keV



127

Puc 40. Yacmo camma-cnexkmpa obyuenno2o YO 0o u nocne
Hazpesa 8 8blcoKoMm 8axyyme npu memnepamype 1123K u

nocae cwoieku 10% HCI

Bropas cepust SKkCriepuMEeHTOB MO TEPMUUYECKOMY Pa3AeICHUIO
JIOTENHUs W UTTepOUs MPOBOIMIACH C IENBI0 MPUOIMKCHUS
HKCIEPUMEHTAIBHBIX YCIOBUH K peallbHbIM ITapaMeTpaM O0TydeHHUSI.

Ob6pazen METAIITTYECKOTO UTTEpOUs MIPUPOJIHOTO
coliepkaHusi oOiydancss Ha HeWTpoHHoM wucrtounuke [IUAD c
notokoM neiirponos N° = 10° / cm? B Teuenme 48 uacoB. Macca
00JTy4eHHBIX 00pa3moB cocTaBisia mopsiaka 150 mr. Martepuanom
MUIICHH CITY>KWJIH 110 aHAJIOTHH C TIEpBOM cepueil TaHTal U kBapil. B
pe3yabTare OO0JydyeHHs B MHUIIEHHOM BeIEeCTBE HapabaThIBAJICA
LETIEBOM paTUOHYKIIUJ JIIOTeIusA-177, a TakKe MONTOXKUBYIIHI
pamuonykiua  Yb-169, HeoOXomuMmblii B KadyecTBe METKH IS
KOHTPOJIs 3 (HEKTUBHOCTH yIETYUMBAHUS METATNTNYECKOT0 UTTepOUs
MIPU HarPEeBaHUU.

[To yxe oTpaboTaHHON MeToAMKe, OOIYy4eHHOE MHILEHHOE
BEIIECTBO MOMENIAJIOCh B BHICOKOBAKYYMHBIN CTEHJ] U TIPOBOIHIIOCH
TEPMHUYECKOE pa3JeJICHNUE LEJEBOr0 paJuOHyKINUaa JroTenusi-177 u
MHUIIEHHOTO BelllecTBa Npu Temneparype okono 1123K. Mcxonsa us
raMMa-clieKTpOB, CHATBIX IOcie OOJydeHHs U Iocie HarpeBa (puc

41), MOXKHO CeNIaTh BBIBOJI 00 YCIIEIITHOM pa3/IeNICHUH.
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OO0paboTka MOTYYEHHBIX JTAHHBIX MOKa3aja, 4yTo OKojio 2%
UTTepOUs TOCIe BBIACTICHHUS OCTAlOTCSI B 00pasle 10 CMBIBKU.
[ToBTOpHBII HarpeB 0Opa3ia 1 HarpeB /10 00JIee BHICOKUX TEMIIEPATyp
HE TI03BOJIMIT U30aBUTHCSA OT OCTATOYHOT'O UTTEPOUSI.

Ha ocHOBaHMHU 3THX SKCHEPUMEHTOB OBLI CJENIaH BBIBOJ, UTO
Yb moxer HaxoauThcs B OopMe TPYTHOIETYYeH OKCHUIHOW TUICHKH
Y0203 (T = 4573K (4300°C)).

OTtmeTnM, UYTO YK€ Ha CTaAUM MpPeaBAPUTEIbHBIX
AKCIIEPUMEHTOB TEPMUUYECKUIN METOJ] MOKa3all CBOIO Y(PPEKTUBHOCTD:
a) ocHoBHag Macca (98%) MUIIEHHOTO BEHIECTBA YCIEIIHO
coOupaercs Ha KOJUIEKTOpe M He TpeOyeT JOMOJHUTETbHOU
nepepaboTky; ©6) moouncTka LU MoXkeT OBITh HpoOBeIcHA
MOBTOPHBIM OTXKUTOM OCTAaTKOB MHIIEHH B BOCCTaHOBUTEIBHOU

aTMocdepe.
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5.4 Utoru rinasbl

[To pesynbratel Hameid padoTsl B 2019 rogy ObuT momyyeH
nareHT P® Ha wm3o0perenne Ne 2704005: «Crmoco0 momydeHus
paguonykiuaa Lu-177».

EcTecTBEHHBIM MPOJIOJIKEHUEM IIPOBEIEHHBIX MCCIIEI0BAaHUI
CTaHET pa3paboTKa JIOMOJHHUTEIBHOW  CTaJud  TEPMHYECKOU
N0O0YUCTKH LU-177 OT OCTaTOYHBIX KOJUYECTB METAJUIMYECKOIO
UTTEpOUS.

Kpome ToOro, muaHupyercss TMOUCK HHBIX (BO3MOXHO,
«OMHAPHBIX») MATpHUI] Ui HApaOOTKW H W3BJICUCHHS [EJIEBOTO
IIPOJYKTA.

B nanbHelimneMm pe3ynbTaThl 3TOW pabOThl MOTYT OBITbH
WCIOJIb30BAaHbl I CO3JIaHUSl TPOMBIIUICHHOW IUIOIAJKU I10

MOJIYUYCHUIO MCIUIUHCKUX PAJUOHYKINAOB.
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3akJjaro4yeHue

Ileablo JaHHOTO MCCIIEOBAHUS SIBJIAJIACh Pa3pabOTKa TEPMUUECKUX
CIOCOOOB BBIZICTICHHS U3 OOJIYYEHHBIX MUIICHEH psia METUIIMHCKUX
PaAMOHYKIIUJIOB, KOTOPBIE CJI0KHO BBIIEIUTH B TPEOYEMOM «UUCTOM»
BUJIE KIJIACCUYECKUMM CIIOCOOaMHU C HCIIOJIb30BAaHHMEM METOOB

«MOKpPOU XUMHUN».

Z[J'ISI JOCTHIXKCHUA ITOCTaBJICHHON oeian HCO6XO,Z[I/IMO OBLIO PCUIUTDH

CIIeyIOIIME 3a/1a4UH:

1. Onpenenutb CHEKTp MPAKTUYECKH 3HAYMMBIX PaJHMOHYKIIHUIOB,
KOTOPBIE TPYAHO MOJIY4aTh KIACCUIECKUMHU CIIOCOOAMU;

2. Pazpaborath ¥  ONTUMH3HMPOBATH TEPMHUYECKHE  METOIBI
pasfeneHus BbIOpaHHBIX TMap IEJEeBBIX PAAMOHYKIHIOB U
MUIIEHHBIX BEILECTB;

3. Omnpenenuth 3((HEKTUBHOCTH MPUMEHEHUS STUX pa3pabOTaHHBIX
TEPMHUYECKUX METOJIOB pa3/IeIeHHUS;

4. TIpoBecTH CPaBHUTENIbHBIA aHATTN3 TEPMUUECKUX M KIIACCUYECKHX

CIIOCO0O0B pa3IeIICHHS.
OcHoBHBIE pe3y/IbTaThl IPOBEAECHHON PadOTHI:

1. Tepmuueckuil coco® BbIAENCHHS OBbLI YCHENUIHO MPUMEHEH JUIs

MOJIYYCHU A JUAarHOCTHYCCKHUX )51 TCPANICBTUYCCKUX
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pamuonykimnoB Cu-67, Sr-82 wu Lu-177 wu3 0O0Jy4eHHBIX
METATMYECKNX [UHKOBBIX, PYOHIHUEBBIX M HUTTEPOUEBBIX
MUIICHEH; MMOJIHOTA U3BJIICUCHUS PAIMOHYKIHIOB COCTABHIIA: Q)
Sr-82 - 6onee 99,9%; 6) Cu-67 — oxomno 99%; B) LU-177 — okomo
98%;

BriepBeie Tepmuueckuii MeTOJ] ObUT IPUMEHEH ISl M3BJICUCHUS
Sr-82 u3 obnyuenHnoii «ounapHoi» mumenn RbCI;
[IpoBesieHHBIE 3KCIEPUMEHTHI TOKa3alld, YTO TEPMHUCCKUE
METOIbl OKa3bIBAIOTCS Y(PPEKTUBHBIMU HE TOJBKO JUISI OTTOHKH
JeTKOJIeTyunX oOnydeHHbIx muiieHed (Zn, Rb, Yb), vo u mis
pasneneHus «Oe3HOCUTENBHBIX» KOJMYECTB PATUOHYKIUIOB, B
yacTHOCTH, SC-46 u Cu-67,

Pa3paboran u ompoOoBaH MPOTOTHUN MHUIIEHHOTO  Y37a,
MO3BOJISIIOIIMNA OOBEIMHUTH TPOLIECCHl OOTyYeHUs MUILEHEH u
BBIJICTICHUS M3 HUX IEJICBBIX PaJHOHYKIIH/IOB;

[TokazaHbl OCHOBHBIE MIPEeUMYIIEeCTBA WCIOJIb30BaHUS
TEPMHUYECKUX METOJIOB BBIJIEJICHHUSI IIEJIEBbIX PAAMOHYKIUIOB U3
OOJy4eHHBIX MHUIIEHEH: a) MaKCMMAallbHO BO3MOXKHAsl MOJIHOTA
pa3JieNieHrs MUIIICHHOTO BEIIECTBA U IEJICBOTO PATHOHYKIHIA; O)
MUHUMAaJIbHBIE ITOTEPU IICJIEBOTO PAJAMOHYKIIHJA B IpoIecce
XUMHUYECKOTO  «IepefieNia», B) COXPaHHOCTh  CTapTOBOTO

MHUIICHHOI'O MaT€puraia, F)OTCYTCTBI/IG pPaarnOaKTUBHBIX OTXOJ0B.
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[IponemoncTpupoBanHass B pabore BbICOKass 3P (HEKTUBHOCTh
TEPMUYECKUX CIIOCOOOB TIONYYEHHUS PATUOHYKIUAOB TO3BOJISIET
paccMaTtpuBaTh MX Kak pPa3syMHYI albTEPHATUBY KJIACCUYECKUM
METO/JIaM ITPH MPOMBILIIEHHOM ITPOU3BO/ICTBE I[EJIEBBIX METUIIUHCKUX
paauonykiuaoB.  Pa3paborka M onTHUMM3AnMs  METOAMK
TEPMHUUYECKOTO DAa3AEIEHUsl I03BOJISIET CYILECTBEHHO COKpPaTUTh
BpeMs BbIACNIEHUS LIEJEBBIX MPOIYKTOB M TPYAOEMKOCTh Ipoliecca.
3HaHUA O TEPMHUUECKUX CIIOCO0aX BBIACICHUS PAJUOHYKINI0B MOTYT
ObITh BKJIIOUYEHBI B YHHBEPCUTETCKHE JIEKIMOHHBIE KYpChI TIO

pazuOXUMUH.
OcHoBHbIE Hay4YHbIE IYOIMKAIMH 110 TaHHOM padoTe:

1. Tlantenees B.H., bapzax A.E., batuct JI.X., ®emopos /.B.,
Neanos B.C., Kporos C.A., Mopo3 ®@.B., Monkanos I1.J1., Opyos
C.IO., Bonko IO.M., Pammousotomusni komruiekc puil-80.
pa3paboTKka HOBBIX METOJOB TONYUYEHUS PATUOHYKIHIOB s
Meaunuusl // MccnenoBanus u npaktuka B menuimue 2018 rox,
Towm 5 HOMEp S2, cTp 264,

2. Tlamtenee B.H., Bapzax A.E., barucr JI.X., ®emopor .B.,
Usanos B.C., Kpotos C.A., Mopo3 ®@.B., Mosnkanos I1.JI., Opmios
C.10., BonkoB I0.M., Pagnouzoronueii komruiekc PUI[-80 B
[lerepOyprckomM MHCTUTYTE snepHON ¢usuku // Men. ¢usuka.

2016. Ne 2 (70). C. 47-55;
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. V. N. Panteleev , A. E. Barzakh, L. Kh. Batist, D. V. Fedorov, V.

S. Ivanov, S. A. Krotov, F. V. Moroz, P. L. Molkanov, S. Yu.
Orlov, Yu. M. Volkov, Target development for medical
radionuclides Cu-67 and Sr-82 production // RAD Conference
Proceedings Volume 2, 20 September 2017, Pages 43-47, DOI:
10.21175/RadProc.2017.10;

. V. N. Panteleev*, A. E. Barzakh, L. Kh. Batist, D. V. Fedorov, V.

S. Ivanov, S. A. Krotov, P. L. Molkanov, F. V. Moroz, S. Yu.
Orlov, and Yu. M. Volkov, Target Development for ®'Cu, 8Sr
Radionuclide Production at the RIC-80 Facility // Physics of
Particles and Nuclei, 2018, Vol. 49, No. 1, pp. 75-77;

. V. N. Panteleev ,A. E. Barzakh, L. Kh. Batist, D. V. Fedorov, V.

S. Ilvanov, S. A. Krotov, P. L. Molkanov, S. Yu. Orlov, M. D.
Seliverstov, Yu. M. Volkov, A New Method for Production of the
Sr-82 Generator Radionuclide and Other Medical Radionuclides //
Technical Physics, 2018, Volume 63, Issue 9, pp 1254-1261;

Kporos C.A., [Ilantenee B.H., Cnoco0 mnomydeHus

paguonykiuna Lu-177 // Tlatent P® na nzobperenne Ne 2704005.
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baarogapuoctu

ABTOp  BBIpaKaeT o0coOyrw  OJIaroJapHOCTh  COTPYAHHKAM
naboparopun kopoTkoxuBymmx saep HULL KU «llerepOyprekuit
WHCTUTYT SJIepHON (U3UKW» B JIMIIE HaualbHHUKA Jaboparopud, K.dh-
M.H. Brnagumupa HuxomaeBuua IlantenmeeBa 3a MHOTrOJIETHEE
IJIOJOTBOPHOE COTPYAHMYECTBO M OECHEHHBIH ONBIT B 00J1aCTH

Hapa6OTKI/I " BBIACJIICHHUA PaAUOHYKIINIO0B.

Ocobast 0yarogapHOCTh 3a IOMOIIb W anpodamuio padoThI
BBIpaXKaeTcsi  coTpynHukam  Kadenpbl  paauoxumuu  CaHKT-
[TeTepOyprckoro  rocynapcTBEHHOTO  YHHBEPCUTETa, OCOOEHHO
Hay4HOMY pykoBoautento, 1.X.H. IOputo EBrenbeBuuy Epmonenko u

3aBefyrouieMy kagenpoi, 1.x.H. Uropro Banentnnosuuy CMUPHOBY.

Breipaxaercss OnarogapHoOCTh JOLEHTY Kadeapbl paguoXUMHH,
1.X.H. Anekcanapy EBrenbeBuuy MupociiaBoBy 3a IpeJOCTABICHHYIO

BO3MOXXHOCTE MPOAOJIKATE UCCIICAOBAHW B JTaHHOM o0acTH.
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Introduction

Relevance of the study. The last decades have been marked
by the intensive introduction of nuclear physics methods and other
high technology in the field directly related to the quality of human
life and, in particular, with the development of completely new areas
of medicine. One of the most promising areas is nuclear medicine. The
uniqueness of nuclear medicine methods lies in the fact that they allow
you to diagnose functional abnormalities of the vital functions of
organs at the very early stages of the disease, when a person does not
yet feel the symptoms of the disease. Nuclear medicine technologies,
including the diagnosis and treatment of diseases, are mainly based on
the use of various types of radiation of radioactive nuclides. The
combination of experimental methods of nuclear physics and
biochemical knowledge creates an excellent perspective for the
development of methods for the diagnosis and treatment of diseases in

modern medicine.

Radionuclides used in medicine require a high degree of

chemical, radiochemical and radionuclide purity.

In the vast majority of cases, classical chemical methods are
used to isolate targeted medical radionuclides, but in some cases they

are ineffective. Losses of target radionuclides in such cases exceed the



158

permissible threshold, and radiochemical, radionuclide and chemical
purity do not correspond to the values allowing the use of the obtained

compounds in clinical practice.

The goal of this recearch was to develop thermal methods for
the isolation of a number of medical radionuclides from irradiated
targets that are difficult to isolate in the required “pure” form by

classical methods using the methods of “wet chemistry”.

To achieve this goal, it was necessary to solve the following

tasks:

5. To determine the spectrum of practically significant radionuclides,

which are difficult to obtain by classical methods;

6. To develop and optimize thermal methods for the separation of

selected pairs of target radionuclides and target substances;

7. Determine the effectiveness of the application of these developed

thermal separation methods;

8. Conduct a comparative analysis of thermal and classical methods

of separation.
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Main results to be defended:

The thermal isolation method has been successfully applied to
obtain diagnostic and therapeutic radionuclides Cu-67, Sr-82 and

Lu-177 from irradiated metal zinc, rubidium and ytterbium targets;

The thermal method was first used to extract Sr-82 from an
irradiated “binary” RbCl target;

The experiments showed that thermal methods are effective not
only for distillation of volatile irradiated targets (Zn, Rb, Yb), but
also for the separation of “non-bearing” amounts of radionuclides,

in particular, Sc-46 and Cu-67;

A prototype of a target site has been developed and tested, which
allows combining the processes of target irradiation and the release

of target radionuclides from them;

The main advantages of using thermal methods for isolating target
radionuclides from irradiated matrices are shown, which makes it
possible to use them as an alternative to classical methods of “wet”

chemistry.
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Scientific and practical novelty. All obtained experimental

data are original. The following results should be highlighted:

1. A prototype of a target site for irradiation and thermal
separation of target radionuclides and irradiated targets has been
successfully tested;

2. The completeness of the release of radionuclides using
thermal methods amounted to:

- Sr-82 - more than 99.9%:;
- Cu-67 - about 99%:;
- Lu-177 - about 98%.

Scientific and practical relevance. The high efficiency of
thermal methods for producing radionuclides demonstrated in the
work allows us to consider them as a reasonable alternative to classical
methods in the industrial production of targeted medical radionuclides.
The development and optimization of thermal separation techniques
can significantly reduce the time of isolation of target products and the
complexity of the process. Knowledge of thermal methods for the
isolation of radionuclides can be included in university lecture courses

in radiochemistry.
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The degree of reliability of the work is reflected in scientific
publications in journals peer-reviewed by Scopus, Web of Science and
the Russian Science Citation Index, as well as the patent for the

invention.

Thesis approbation. The work was presented at 17 all-
Russian and international conferences, various forums and
competitions. The main provisions and results of the work were
reported by the author at the scientific and technical councils of
Radium Institute named after V.G. Khlopin ", in the laboratory of
short-lived nuclei SIC KI" St. Petersburg Institute of Nuclear Physics.
B.P. Konstantinova “and at meetings of the Department of
Radiochemistry, Institute of Chemistry, St. Petersburg State

University.

Personal contribution. Optimization of the processes of
thermal isolation of Sr-82 and Cu-67 radionuclides from various target
substances, processing of the extraction data was performed by the
author personally. Together with the bachelor of the Department of
Radiochemistry, EV Pronin The author conducted research on
comparing the behavior of micro- and macro-quantities of a target
radionuclide in targets with a change in the thermodynamic functions
of the system. Also, the author is credited with the idea of thermal
isolation of the radionuclide Lu-177 and processing of the results of
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the isolation. The author presented the results of work at all-Russian
and international conferences and competitions, and also was a
speaker at various scientific and technical councils. In 2019, the author
submitted an application for a grant from the Russian Foundation for
Basic Research to further study the behavior of trace amounts of target
radionuclides in matrices with different physicochemical and nuclear
history with a change in the thermodynamic characteristics of the

systems under study.

Scientific publications. The main results of the thesis are
presented in 5 publications, 3 of which are reviewed by Scopus and
Web of Science, two peer-reviewed by the Russian Science Citation

Index, as well as by a patent application for an invention:

7. Panteleev V.N., Barzakh A.E., Batist L.Kh., Fedorov D.V., Ivanov
V.S., Krotov S.A., Moroz F.V., Molkanov P.L., Orlov S.Yu.,
Volkov Yu.M., Ritz-80 Radioisotope Complex. the development
of new methods for producing radionuclides for medicine //
Research and Practice in Medicine 2018, Volume 5, Number S2,
p. 264;

8. Panteleev V.N., Barzakh A.E., Batist L.Kh., Fedorov D.V., Ivanov
V.S., Krotov S.A., Moroz F.V., Molkanov P.L., Orlov S.Yu.,
Volkov Yu.M., Radio-isotope complex RIC-80 at the St.
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11.

12.
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Petersburg Institute of Nuclear Physics // Med. physics. 2016. No.
2 (70). S. 47-55;

V. N. Panteleev , A. E. Barzakh, L. Kh. Batist, D. V. Fedorov, V.
S. Ilvanov, S. A. Krotov, F. V. Moroz, P. L. Molkanov, S. Yu.
Orlov, Yu. M. Volkov, Target development for medical
radionuclides Cu-67 and Sr-82 production // RAD Conference
Proceedings Volume 2, 20 September 2017, Pages 43-47, DOI:
10.21175/RadProc.2017.10;

V. N. Panteleev*, A. E. Barzakh, L. Kh. Batist, D. V. Fedorov, V.
S. Ivanov, S. A. Krotov, P. L. Molkanov, F. V. Moroz, S. Yu.
Orlov, and Yu. M. Volkov, Target Development for ®'Cu, 8Sr
Radionuclide Production at the RIC-80 Facility // Physics of
Particles and Nuclei, 2018, Vol. 49, No. 1, pp. 75-77;

V. N. Panteleev ,A. E. Barzakh, L. Kh. Batist, D. V. Fedorov, V.
S. Ivanov, S. A. Krotov, P. L. Molkanov, S. Yu. Orlov, M. D.
Seliverstov, Yu. M. Volkov, A New Method for Production of the
Sr-82 Generator Radionuclide and Other Medical Radionuclides //
Technical Physics, 2018, Volume 63, Issue 9, pp 1254-1261;
Krotov S.A., Panteleev V.N., Method for producing the
radionuclide Lu-177 // RF patent for the invention No. 2704005.
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The author of the dissertation has 3 more scientific publications
not related to the topic of the dissertation, as well as 2 patents for

invention.

Volume and structure of thesis. The volume of the dissertation is
153 pages in Russian and 144 pages in English, the work consists of 5
chapters, a title page, a table of contents, introduction, conclusion,

thanks, a list of literary sources.
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Chapter 1. The use of radionuclides in medicine

The first attempts to use radionuclides in medicine (development of
diagnostic tests) date back to the beginning of the 20th century.
However, they began to be applied systematically only in the mid-40s,
when a strict regularity of the distribution of radioactive iodine was
established for various thyroid gland pathologies [1].

For more than 30 years, the high efficiency of radio-nuclide
diagnostic and treatment methods is beyond doubt. For example:

- osteotropic drugs can detect bone metastases for 6-18 months before
they become noticeable to the radiologist [2];

- the introduction of radiopharmaceuticals based on 99mTc to women
who suspect breast cancer can detect a tumor in 9 cases out of 10 [3].

In industrialized countries, a doubling of the number of
radionuclide examinations occurs every 5 years.

Being one of the most informative, accurate and sensitive methods
for detecting pathological changes in the body, radionuclide
diagnostics determines today the scientific and practical level of
clinical medicine; radiation therapy is being intensively developed,
which has become an effective means of both independent and
combined treatment of patients.

Currently, the following main areas of use of radionuclides in

medicine.
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1.1 Radionuclide diagnostics in vivo

It is based on the introduction into the patient's body of a
biologically active or neutral compound, a radiopharmaceutical -
radiopharmaceutical, followed by measurement of its spatial and
temporal distribution in the body. In vivo radionuclide studies are
divided into the diagnosis of tumors and the diagnosis of the

functional state of various organs and physiological systems.

1.1.1 Single photon emission computed tomography

To date, the most common tomographic method of medical
imaging is the single-photon emission computed tomography
(SPECT) method and its more modern version of SPECT / CT. The
method of single-photon emission computed tomography is a
diagnostic procedure of nuclear medicine, which allows you to detect
functional deviations of internal organs by obtaining three-
dimensional images. The principle of SPECT operation is to obtain a
series of gamma scintigrams with program-controlled rotation of one
or more tomography detectors around the longitudinal axis of the
patient’s body to whom the radiopharmaceutical is introduced. The
projection of the images obtained during the study cycle is processed

by a computer, and according to the programmed algorithms,
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reconstruction of coronary, axial, sagittal and oblique sections is
carried out. There are two types of camera movement around the axis
- continuous and step by step. In the first case, the detector moves
continuously in a given orbit around the longitudinal axis of the
patient’s body, collecting data in rotation mode. The second mode is
when the detector, upon completion of data collection, rotates at
certain angles and processes the next projection. This process is
repeated until the entire path defined by the program is completed [4].
When choosing a radionuclide, two criteria are key.

1. The ability to obtain the maximum possible information with
minimal radiation exposure to the patient; on the basis of this,
radioisotopes that undergo a converted isomeric transition (CIP) and
electron capture (EZ) are optimal.

2. High quantum yield of x-ray or gamma radiation, which allows for
good visualization of the radiopharmaceutical in the patient's body. In
this case, the transition energy should be such that: a) there is no
excessive absorption and scattering of radiation, b) a high spatial
resolution of labeled organs and tissues is achieved. Since scintillation
detectors with low resolution are used as recording devices, it is
desirable that the decay scheme of the radionuclide used is:

- single-photon, as in the case of 113min (0.392 MeV [5]),

- either it should contain one photopeak with a much higher (than all

the others) quantum output (for example, 9mTc, 1231 [5]),
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or well-resolved gamma transitions (for example, 111In [5]), each of

which can be used to visualize organs.

Table 1: radionuclides used in SPECT [7, 8]

Decay| Ey, |Quant.

RN | Ti2 | mode | MeV |output, limb
%
201T] |73h| EC | 0,167 | 10,0 heart
I . IT 0,14 89 heart, lungs, kidneys,
bones, bone marrow
EC | 0,093 | 38.81
%’Ga |78 h 0.184 | 2141 heart

0.300 | 16.64

13,2 EC | 0,159 | 83.3 |lungs, brain, kidneys, liver,
h thyroid gland and others

123|

EC 0.171 90.7
U 12.8d liver
0,245 94,1

A more modern version of SPECT is the combined imaging
system for single photon emission tomography and computed
tomography (SPECT / CT). The combination of CT and SPECT leads

to an increase in the accuracy of both types of studies and increases
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the resolution of visualization (Figure 1). So the weakening of gamma
radiation inside the patient can lead to a significant underestimation of
activity in deep tissues, compared with surface tissues. The use of a
computer tomograph integrated with SPECT allows optimizing the
correction of gamma radiation absorption in tissues. The integrated
system allows you to accurately determine the location of the lesion
when overlaying, to conduct timely diagnosis of cancer, to
differentiate malignant and benign formations of various organs and
systems, to detect the presence of structural changes and functional

disorders at the stage of minimal clinical manifestations of the disease

[6].

O®IKT/KT

Lo <)
A 4
©7

Fig 1. Images in SPECT, CT and integrated SPECT / CT system [7]


http://nuclphys.sinp.msu.ru/nuc_techn/med/tom.htm
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1.1.2 Positron Emission Tomography

In recent decades, the method of positron emission tomography
is the most promising method of medical imaging. Positron emission
tomography is a modern method of medical imaging that allows you
to obtain in-vivo information on violations of physiological and
biochemical processes at the molecular level.

PET technique was proposed as a scientific tool in the 80s of
the last century. Since then, PET has been one of the most promising
and modern methods in clinical diagnosis, especially in oncology and
cardiology.

Upon the transition of the nucleus to a stable state, the positron
and neutrino are emitted as a result of p + transformations.

After a free path, which is several millimeters in the tissue of a
person or animal, and depends on the energy of the positrons, the
positron collides with the electron of the medium. This collision ends
with the annihilation process, while two high-energy gamma-quanta
(energy 0.511 MeV) are emitted in opposite directions.

If two detectors combined in a coincidence circuit
simultaneously register a signal, it can be argued that the annihilation

point is on the line connecting these detectors (Fig. 2).
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1 photon is captured
C using a PET camera

radioactive decay photon

@iggl@

positrone electron

3D-imaging

Q photone

photon is captured
using a PET camera

Camera

Fig 2. The principle of registration in PET

After mathematical reconstruction of the accumulated data
(which are pairs of detectors simultaneously detecting flying gamma
rays), a pseudo-three-dimensional (divided by transaxial, i.e. parallel
to the planes of the rings of the slice sensors) image of the process of
accumulation of radioactivity in the studied organ is obtained. The
thickness of the cut and the minimum size of the elementary point of
the image depend on the geometric dimensions and packing density of
the sensors of the PET camera. The number of these sensors in modern
models of tomographs totals tens of thousands. This method of
detection is called electronic collimation and is unique because it does

not require lead collimators used in SPECT to determine the flight
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direction of gamma rays and reduce the detection efficiency. The
spatial resolution in PET is determined by the range of positrons in the
tissue to the annihilation point and some other parameters.

It is fundamentally important that many PET radionuclides
presented in Table 2 - ®0, N, C - are isotopes of biologically
important chemical elements. With their help, you can mark almost
any compound that is critical for the implementation of a certain
function of the body, without changing its biochemical behavior and
metabolism. The fourth radionuclide of this group 18F is not among
the biogenic elements, however, it is considered to be “ideal” for PET
studies, due to the relatively long half-life (110 min) and the smallest
positron mileage in the tissue (2.39 mm), which ensures maximum
spatial resolution [ 6, 9].

An important aspect of the use of radiopharmaceuticals based
on short-lived radionuclides for PET (with the exception of 18F) is the
ability to conduct repeated PET studies at short intervals necessary for
activation studies of the brain, assessment of myocardial perfusion,
and guantitative determination of receptor density.

To study slower processes in the body, relatively long-lived 8
+ emitters are used: "®Br, 12*1, 89Zr. It is known that the accumulation
of monoclonal antibodies in target biological objects is achieved

several tens of hours after their introduction. The use of monoclonal
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antibodies labeled with 8Zr and ?*I makes it possible to study the
kinetics and accumulation in the studied tissues [10].

The third group of radionuclides - %Ga, °In, *™T¢ - are
isotopic analogs of the 8’Ga, 1'*In, ®*™T¢ radionuclides widely used in
single-photon diagnostics, which have long been successfully used to
visualize a wide variety of processes in the body. Their use is advisable
not only because it can be carried out according to a well-developed
technique, but also because it makes it possible to compare data
obtained using PET and SPECT [9].

Table 2: nuclear-physical characteristics of the main cyclotron
PET radionuclides [7,8]

RN | Tup, Decay | Basic nuclear | pB* Max Max.
min mode reaction Me | mileage | Mol. Act.
\ in Ci/mol
muscle,
mm
Hc | 204 B* “N(p, o)**C | 0,96 41 9,22*10°
(99,8)
BN | 9,96 B* ®0(p, )N | 1,19 54 1,89*10%
(99,8)
0 | 2,04 Bt BN, m)*™0 | 1,74 | 8,2 9,0*10%
(99,9)
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In general, the resolving power of PET (2-7 mm) is
significantly lower than the resolving power of CT (computed
tomography) and MRI (magnetic resonance imaging), so the creation
of a technology allowing the combination of PET and CT in 2000 was
an important step in the development of this method. in one PET-CT
scanner. PET is increasingly being used in conjunction with CT or
magnetic resonance imaging (MRI). Thus, almost simultaneously
information is obtained both about the structure and about
biochemistry. PET is most useful in combination with anatomical
imaging. However, PET-CT has certain disadvantages, including the
inability to simultaneously collect data and a significant dose of
radiation from the patient, introduced by CT.

Recently, work is underway on an alternative PET-CT hybrid
imaging technology - PET-MRI technology. Compared to CT, MRI,
in particular, gives a better contrast between the soft tissues (Figure
3). In general, the combination of PET-MRI provides many benefits
that go beyond simply combining functional information from PET

with structural information from MRI. Clinical applications of PET-

MRI oncology, cardiology and neurology [6].
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Fig 3. Pictures of various tomograms. From left to right, PET, MRI
and PET-MRI images [6]

1.2 In vitro radionuclide diagnostics

The main types of research:

1. radioimmunological analysis, allowing to evaluate the
content of the test substance in the blood of the patient; currently, 12°|
[3,5,11] and its labeled compounds are most often used for analysis;

2. photon absorptiometry - diagnosis of skeletal bone tumors,
which allows to assess the content of the mineral component in tumor
and normal bone tissues; Recently, two-photon bone spectrometry
using *°3Gd has been used [3,5,11].
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1.3 Remote exposure

Used to treat tumor formations. The main criteria for the selection
of radionuclides are as follows:
- high energy gamma transition to ensure almost the same attenuation
of radiation in different organs and tissues and, thereby, simplify
dosimetric planning;
- low maximum energy of the gamma-spectrum (delayed by the source
capsule material) to prevent over-irradiation of the skin;
- achievable high specific activity, allowing you to create powerful
sources of small size, which provides a fairly quick drop in dose rate
at the boundaries of the radiation beam, reducing radiation exposure
to adjacent organs;
- a long half-life to ensure a long life of gamma installations without
recharging.

Given all these criteria, °°Co is optimal [3,5,11].

1.4 Intracavitary contact exposure

Radionuclides with a high yield of x-ray or gamma rays are

used. Two exposure modes possible.
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3. Intermittent with large doses. In this case, the source through a
catheter on a flexible hose is supplied to the affected organ.
Special claims are made to the specific activity of the source. In
the vast majority of cases, **Ir is used [3,5,11].

4. Permanent exposure. A source of x-ray quanta is in one way or
another injected into the tumor for a long time. The possibility of
re-exposure of the patient is minimal. Most often used: 1°Pd, 12°I,
198AY [3,5,11].

1.5 Radionuclide therapy

Recently, the most dynamically developing field of nuclear
medicine. The main goal is to achieve the maximum absorbed dose in
the pathological focus with minimal exposure to healthy tissues
surrounding it. The advantage is an extremely wide selection of
radionuclides: [J- and [1-emitters, nuclides that undergo ES and
instrumentation - 47Sc, 89Sr, 117mSn, 153Sm, 166Dy / 166Ho,
186Re, 188Re, 199Au, 212Bi, 213Bi, 233Ra [3,5,11 ] and others. The
disadvantage is a careful selection of chemical and biochemical forms
in order to ensure a high degree of accumulation of
radiopharmaceuticals in the tumor compared to healthy tissues.



178

Alpha particles (with a typical energy of about 5.9 MeV, Table 3) are

able to effectively destroy tumor formations with a diameter of several

microns (Fig. 4).

Table 3: Nuclear Physical Characteristics of Alpha Therapeutic

Radionuclides

RN 211At ZIZBi/212PO 213Bi/213po 223Ra/219Rn/215P0/
21lBi
Max energy | 5.87 8.78 8.38 7.39
of alpha (**2Po) (*BPo) (**Po)
particles,
MeV

However, when an alpha particle is emitted, the recoil nucleus

receives kinetic energy (about 0.11 MeV - Table 4).

Departure of the recoil nucleus has a destructive effect on the

carrier molecule (Fig. 5), sometimes completely eliminating the

directed action of the latter.
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Targel Displacements

Number/{Angsatrom—-Ion}

- Target

Figure 4. The zone of radiation damage to living tissue by alpha
particles with an energy of 5.9 MeV; maximum energy release - at a

distance of 46 microns from the decay site

Table 4. Kernel recoil energies and their mileage in living tissue

RN 211At ZIZBi 213Bi 223Ra

Recoil core 207B;j 2087 2097 219Rn

Recoil core energy, MeV 0.111 0.114 0.110 | 0.103

Run in living tissue | 789 808 789 754
(peptide), Angstrom

The linear size of the 150-200

peptide, angstrom
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The number of vacancies
induced by one recoil
nucleus with an energy of
0.11 MeV

1270-1280

Figure 5. The radiation damage zone of the initial

radiopharmaceutical with recoil nuclei with an energy of 0.11 MeV;

zone size - more than 1000 angstroms (taking into account cascades

of secondary displacements)

The only RF with alpha emitter registered so far is 22RaCl2

(Xofigo, Bayer), which is used in the treatment of bone metastases.

All other promising radionuclides for alpha therapy are at various
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stages of laboratory, preclinical and clinical studies. The energy of
alpha particles is in the range of 5-9 MeV, which allows them to cover
distances of 5-10 cell diameters. The mileage is straightforward, and
the energy release is 80-100 keV / um almost over the entire length of
the track and increases to 300 keV at the very end of the track.
Therefore, in determining the therapeutic effectiveness of alpha
radiation, two factors are oriented: the distance of the emitting atom
from the cell nucleus and the effect of the recoil of the heavy ion of
the daughter atom. Alpha emitters are promising for the treatment of

tumor metastases and individual malignant cells [6].

In the case of beta minus decay, the possibility of destruction
of the initial molecule is unlikely, since the recoil energy of the formed

nucleus rarely exceeds 25 eV (Table 5).

However, the possibility of treatment planning is complicated

by a continuous energy spectrum.

Table 5. Characteristics of beta emitters

RN SQSr 90Y 153Sm 186 Re 188 Re

The maximum
energy of beta 1.49 2.28 0.82 1.07 2.12
particles, MeV
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Maximum
recoil energy, 17.1 39.0 3.3 4.6 13.9
eV

Auger electron emitters and conversions - a reasonable
alternative to alpha and beta emitters - have become “popular" in the
past 10 years [12,13,14].

These radionuclides undergo electron capture (EC) or
converted isomeric transition (CIT). Most of them (4’Ga, *™Tc, 1*In)
are traditionally used in single-photon emission computed tomography
(SPECT).

Typical Auger electron energies and conversions (2-25 keV)
provide a run in “living” tissue from 0.3 to 13 microns.

Distinctive features and advantages in comparison with alpha
and beta emitters:

- micron and submicron radius of action (as with alpha
particles);

- a discrete energy spectrum (like that of alpha particles) that
allows you to plan treatment;

- the incomparably higher radiation stability of Auger electrons
labeled by emitters and the conversion of compounds in comparison

with radiopharmaceuticals based on alpha emitters, because as a result
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of the electron-beam or instrumentation the core does not receive
recoil energy;

- Own gamma radiation of radionuclides allows you to
determine the position of the tumor and monitor the behavior of the
therapeutic drug in the patient’s body.

Radionuclides emitting Auger electrons are introduced into
specially selected molecules. Using these molecules, radionuclides are
delivered to cancer cells, in close proximity to DNA. Thus, Auger
electrons with their very short mileage allow the implementation of
more effective targeted radiation therapy with minimal damage to
normal tissue. However, like drugs for alpha therapy, many Auger

therapeutic radiopharmaceuticals are at various stages of clinical trials

[6].

In recent years, radionuclides having good gamma tracking,
which allows tracing the path and accumulation of the radioisotope in
the patient’s body, have been especially popular in radionuclide
therapy. One of the most interesting for theranostics (diagnosis +
therapy) of radionuclides is ®*Cu and 8’Cu. Copper-67 is a “soft” beta
emitter with a range of 0.2 mm in tissue [16]. The half-life of 2.6 days
allows the use of ®’Cu in conjugates with monoclonal antibodies.
According to gamma radiation, pre-treatment visualization of the drug

by the SPECT method can be carried out, while the dose loads on the
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whole body and staff are small due to low energy. ®*Cu is characterized
by a complex decay scheme, which makes it possible to treat the same
ones as ®’Cu with soft beta radiation and PET diagnostics; in addition,
EC implies the presence of conversion electrons, which provide an
additional therapeutic effect [17]. Also in theranostics is promising
radionuclide lutetium-177, used to treat the prostate gland. *"’Lu is a
soft beta emitter, which provides low mileage in tissues and,
accordingly, locality of therapy. In this regard, it represents a less toxic
alternative to Y-90, which is reflected in a lower burden on the kidneys
and the possibility of repeating therapy cycles. At the same time, a
gamma-ray energy of 208 keV emitted during the decay of lutetium-
177 allows the use of radiopharmaceuticals containing this

radionuclide in the diagnosis of SPECT.

1.6 Chapter Summary

Currently, in the vast majority of cases in clinical nuclear
medicine are used:

1. short-lived reactor and cyclotron radio isotopes (first of all,
9mMTc, §7Ga, n, 29171 [11]); using these radionuclides, more than
90% of all diagnostic examinations are carried out [12];

2. ultrashort positron emitters (*°0, 8F, %8Ga, 1°In, 82Rb [11])

used in positron emission tomography;
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3. radionuclides used for remote, contact or diagnostic
irradiation of tumors and healthy organs (®°Co, 1%3pPd, 12, 153Gd, 192Ir
[11]);

4. short-lived (with a half-life of up to 50 days) radio nuclides
(47SC, 898r, 117mSn’ 153Sm, 166Dy/ 166H0’ 177Lu, 186Re’ 188Re’ leAt,
212gj, 213Bj, 23Ra [11]) used in radiation therapy.

The rapidly expanding use of precisely these radionuclides
today determines the scientific and practical level of nuclear medicine.

Despite the variety of applications for all medical
radionuclides, extremely high general requirements are imposed on
the chemical and radionuclide purity of the target products, which are
determined using highly sensitive methods of physicochemical
analysis (such as atomic emission and atomic absorption flame
spectrometry or inductively coupled spectrometry plasma in
combination with mass spectroscopy), various variations of precision

alpha, beta and gamma spectrometry.
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Chapter 2. Methods for the isolation of radionuclides

When choosing a method for processing irradiated targets in
order to obtain medical radionuclides, the following basic principles

must be observed:
- high (not less than 90%) yield of the target product;
- its high radionuclide purity (not less than 99.5%);

- the fundamental possibility of regeneration of the starting

isotopic target for subsequent reuse;

- the ability to obtain the target product in a form "convenient"

for the synthesis of a variety of radiopharmaceuticals;

- the minimum possible time for the extraction of the target
product, which allows to reduce the loss of the radioisotope due to
radioactive decay and to reduce the dose of the reagents, which avoids

contamination with radiolysis products;
- the minimum possible amount of radioactive waste.

Taking into account the above criteria, the search for an
effective way to obtain the target product is a rather laborious problem.
To date, a wide variety of physicochemical methods are used in
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laboratory and industrial practice. To assess the effectiveness of each
of them, it is necessary to consider the basic principles, advantages and

disadvantages.

2.1 Classical methods for the allocation of radionuclides

2.1.1 Co-crystallization and adsorption

Precipitation methods were historically the first (1898 - the
extraction of radium by coprecipitation with barium in the processing
of uranium resin ore), used to isolate and purify radioactive isotopes
[18]. Since the concentration of the target impurity isotopes resulting
from nuclear transformations is small, and the solubility products of
even the least soluble compounds cannot be achieved, the separation
of the radionuclide from the parent material is carried out in the
presence of a carrier. Among precipitation methods, one can
distinguish between co-crystallization (with isotopic and non-isotopic
carriers) and adsorption. In many cases, the use of various variants of
these methods brings satisfactory results: it is possible to obtain a
radionuclide in an isotope-pure state. So, as an example of the
successful use of co-crystallization, the method developed by the

authors of [19] for isolating *'*Ag (obtained by the reaction *°Pd (n,
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v) Pd — B-decay — !'!Ag) from a palladium target by co-
crystallizing it with sodium chloride can serve as an example. After
dissolving the irradiated metallic palladium in aqua regia, sodium
chloride was added to the solution. Then, the resulting solution was
subjected to isothermal (at 323 K) evaporation. As shown by
experimental studies, in the best cases, the purity of the final
preparation was only 99.5% (about 0.5% of the initial palladium is
contained in NaCl crystals). Recently, co-crystallization has found
several interesting applications related to the processing of irradiated
nuclear fuel and the localization of radioactive aerosols in the event of
an accident at nuclear reactors. In the last three decades, the adsorption
of radioactive ions on crystalline deposits of inorganic salts with a
highly developed surface (such as Al.Oz, ZrO,, zirconium phosphate,
etc.) has been used more often than other precipitation methods. The
use of inorganic sorbents due to their higher resistance to the action of
strong oxidizing agents, high temperatures, pressures, and ionizing
radiation (in comparison with organic ion exchangers) is promising,
but it is associated with known difficulties: in practice, it is difficult to
choose a system (sorbent and its preparation method for
chromatographic separation, the optimal physico-chemical form of the
separated elements, eluents, etc.) with a high separation coefficient of

its constituent components. However, the main complications arise:
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- due to the partial irreversibility of the adsorption of the shared
elements associated with the recrystallization of sorbents; the
influence of this factor can be minimized if well-recrystallized
precipitates are used as sorbents and a solution having a mother liquor
composition in which recrystallization of the precipitate is used during
chromatographic separation;

- low sorption capacity of inorganic ion exchangers [20].

2.1.2 lon exchange chromatography method

lon exchange chromatography is based on the difference in the
constants of the ion exchange equilibrium between the ions in solution
and in the phase of the ion exchanger. lon-exchange chromatography
methods are effective when working with both macro- and micro-
quantities and occupy one of the leading places in modern research in
solving problems associated with the separation of substances. The
simplicity of the process, the easy regeneration of the ion exchanger,
and the ability to remotely control make these methods extremely
effective in the separation of radionuclides of high specific activity,
separation of ions with similar properties and fission products of heavy
nuclei. During these operations, the chromatographic column is filled

with an ion exchanger, which acts as a stationary phase. Cation
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exchangers are used to separate cations, and anion exchangers are used
to separate anions. Separation on ion exchangers in columns is carried

out by frontal, displacement and elution methods.

Among the methods used in radiochemical separation, ion-
exchange chromatography is the most reliable and easiest way to
separate micro- and macro-components. However, although the
method of ion exchange chromatography is attractive from the point
of view of ease of operation, the direct separation of some pairs of
target substances and target radionuclides is a difficult task due to the

similarity of their chemical properties.

So, one of these pairs is Yb / Lu. Both Yb and Lu can be
adsorbed on cation exchange resin and eluted with the corresponding
complexing agent. In this case, two equilibria must be taken into
account, namely: the equilibrium between the complexing agent and
the ion exchanger and the equilibrium between Yb and Lu and the
complexing agent. The separation coefficient depends on the
difference in the stability constants of Yb and Lu with complexing
agents. Moreover, even when using the complex a-hydroxyisobutyrate
(a-HIBA) as an eluting agent, which is suitable for the separation of
Lu from YD, the separation coefficient of Lu and Yb is only 1.55 and

is insufficient for deep separation of products [21.22].
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Due to the low separation coefficient, the lutetium fraction
contains significant levels of ytterbium due to the “peak tail”. In
addition, the a-HIBA ""Lu complex is not suitable for the synthesis
of radiolabeled ’Lu radiopharmaceuticals. For the possibility of
using *’Lu in the synthesis of radiopharmaceuticals, a-HIBA must be
decomposed and removed due to its high stability constant. Isolation
of 1""Lu from very stable species of 1’’Lu-a-HIBA is mandatory, since
the presence of a-HIBA not only leads to poor yield of synthesis
products, but also requires further purification. In an attempt to
circumvent this drawback, one of the methods used to remove a-HIBA
is adsorption to cation exchange resin followed by elution with 9M
HCI. Attempts have been made to use such complexes as ethylene
diamine tetraacetate or 1,2-diaminocyclohexantetraacetate instead of
a-HIBA, however, due to solubility problems and the need for
additional steps to obtain the desired purity Y'’Lu suitable for the
preparation of radiopharmaceuticals, these complexes were found to

be inappropriate.

Given all the shortcomings of the chromatographic method, its use
for the separation of Lu and Yb is not effective, but some researchers
consider it promising (Balasubramanian et al., Hashimoto et al.).
[23,24]
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Thus, the obvious disadvantages of ion exchange chromatography

are:

4) the impossibility of the effective separation of certain target
substances and target radionuclides, if they are similar in chemical

properties;
5) alarge amount of liquid radioactive waste;

6) the relatively laborious process of regeneration of the target

substance.

2.1.3 Extraction method

Liquid extraction is the transfer of one or more components of
a solution from one liquid phase to a contacting and immiscible other
liquid phase containing a selective solvent (extractant). This is one of
the most effective mass transfer processes in chemical technology
used to extract, separate, and concentrate solutes, and liquid extraction

is one of the most common processes.

Extraction methods were widely used in the pharmaceutical
and oil refining industries, as well as in nuclear energy. Extractants

provide the transition of the target components from an exhaustible
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(heavy) phase, which is most often an aqueous solution, into an
extracting (light) phase (usually an organic liquid). Two contacting
liquid phases and the target component distributed between them form
an extraction system. The extracting phase includes only the extractant
(or a mixture of extractants) or is a solution of one or more extractants
in a diluent, which serves to improve the physical (viscosity, density)
and extraction properties of the extractants. As diluents, liquids
(kerosene, benzene, chloroform, etc.) or their mixtures, which in the
exhausted phase are practically insoluble and inert with respect to the
recoverable components of the solution, are used, as a rule.
Sometimes, modifiers are added to diluents to increase the solubility
of the extracted components in the extracting phase or to facilitate
phase separation (alcohols, ketones, tributyl phosphate, etc.). The
general scheme of extraction concentration is presented in Figure 5
[25].

The main stages of liquid extraction:
- contacting and phase dispersion;

- separation or separation of phases into extract (extracting phase) and

raffinate (exhaustive phase);

- the separation of the target components from the extract and the
regeneration of the extractant, for which, along with distillation,
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reextraction (the reverse process of liquid extraction) is most often
used, treating the extract with aqueous solutions of substances that
ensure the complete conversion of the target components into a
solution or precipitate and their subsequent concentration;
- washing the extract to reduce the content and remove mechanically

entrained stock solution.

Stock solution Water Stripping solution
k. Y Y
Extractant . . .
+— Extraction Flushing » Reextraction
Raffinate Flush water Re-extract

Extractant

Figure 5. General scheme of extraction concentration

Recently, the method of liquid extraction is considered one of
the most promising for the separation of radionuclides from irradiated
targets. Its advantages include versatility, simplicity and
reproducibility. However, the use of liquid extraction method entails
the formation of a large amount of liquid radioactive waste, difficulties
in the regeneration of target substances, as well as the complexity and
multi-stage extraction and re-extraction processes, which leads to the

loss of target radionuclides.
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2.1.4 Extraction chromatography

An alternative to liquid-liquid extraction is the possibility of
incorporating an extractant or extractant solution into an inert
substrate, which can be used as a carrier in a column chromatography
method. A feature of extraction chromatography (EXC) is that it
combines the selectivity of liquid-liquid extraction with ease of use
and the speed of a column separation system. However, it is imperative
that an appropriate extractant is selected that provides a high
separation coefficient for the target radionuclide and the target
material [20].

The term "extraction chromatography" is usually used to mean
a system in which the stationary, stationary phase is an organic solvent
(or a solution based on it), deposited in the form of a thin film on an
inert carrier, and the mobile phase is an aqueous solution. In extraction
column chromatography, the properties of organic compounds or
selective extractants are enhanced by the repetition of the
chromatographic process. From the theory of column chromatography
it follows that for better separation it is necessary to introduce the
maximum amount of the sample in the minimum volume of solvent
(the composition should correspond to the composition of the mobile

phase). ldeally, the amount of sample should not exceed the capacity
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of the first plate of the column. The column is then eluted using a
solvent that is less adsorbed than the components of the sample.
Different speed of movement of the components of the sample through
the column leads to the separation of the mixture. In the ideal case,
completely separated zones of the mixture components elute from the
column (Fig. 6) [26].

Vo

Vaureo

Figure 6. The output curve under conditions of eluent

chromatography of a mixture of two components

The extraction chromatography method has established itself as

one of the most effective classical chemical methods for isolating
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target radionuclides from irradiated targets. However, like the

methods mentioned earlier, it has a number of significant drawbacks.

We point them out again, referring again to the “example of isolation”

of Y"Lu from irradiated "6Yb oxide:

4) the formation of large quantities of radioactive waste (the

disadvantage is common to all classical methods of selection);

5) multi-stage process (14 stages) of isolation (see Fig. 7, 8, 9), which

leads to the loss of the target radionuclide;

6) the complexity of the process of regeneration of the target

substance.
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washing (0,IM HNO; ) Yb elution

neutron-irradiated (1) (2) (1.5 M HNO,)
target Yb203 dissolved
in 0,1 M HNO3 (3) elution 177y
(4) (4 M HNO,)
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washing (0.1 M HNO,)
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Radioactive
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Radioactive
Yb fraction waste Ly
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Figure 7. Isolation of Y’Lu by extraction chromatography. The

first stage of the removal of the bulk of the target substance 1°Yh
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Figure 8. Isolation of "’Lu by extraction chromatography.

Primary Allocation "’Lu

iy
Ly

UTEVA

Figure 9. Isolation of 2’"Lu by extraction chromatography. The

final stage of isolation of Y’Lu high specific activity
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Moreover, extraction chromatography is considered the most
convenient of the “wet” methods for the routine isolation of *'’Lu

from an irradiated ytterbium target.

2.1.5 Electrochemical method

The electrochemical separation method uses the difference
between the standard reduction potentials of two radionuclides in an
electrolytic medium to selectively deposit a radionuclide of interest
under the influence of a controlled applied potential. The advantages
of electrochemical separation processes were discussed in detail in
[27,28].

Although the selective deposition of a target radionuclide from
an ionic state into a metal one under the influence of a controlled
applied potential is a successful paradigm, the applicability of this
method for the separation of lanthanides (e.g. Lu and Yb) is excluded
due to their strongly negative reduction potentials (more negative than
hydrogen) and difficulty in controlling their electrolytic deposition on

the cathode.

Thus, for the separation of Lu and Yb by the electrochemical

method (again, we indicate this pair of radionuclides), another way
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was proposed. This alternative route is to selectively reduce Yb®* to
Yb?* and transfer it to the mercury cathode using the ability of Yb?*

to form amalgams with Hg.
This separation method is promising for the following reasons.:

- the redox potentials of Yb and Lu indicate the possibility of the
formation of Yb divalent state, while in the case of Lu there is no stable

divalent state;

- it is known that Yb?* forms an amalgam, but Lu®* does not [24,29],
therefore Lu is difficult to deposit on the cathode Hg from aqueous

electrolytes;

- the possibility of electrolytic reduction of Yb®* to Yb?* in a slightly
acidic solution due to high hydrogen overvoltage; this ensures no re-
oxidation of Yb?* and offers simple processing and isolation of Yb on
Hg.

The electro-amalgamation method developed by Chakravarty
et al. [29] (a modernized version of the electrochemical method). It is
also based on the electrolytic reduction of Yb3* to Yb2*, but in lithium
citrate, followed by the formation of Yb amalgam by electrolysis and
extraction of Yb from the mercury cathode. The schematic diagram of

the electrochemical setup used in this procedure is shown in Figure 10.
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In push-pull electrolysis, the first step is the preliminary removal of
the mass of the target substance Yb, and the second step is the further
purification of 1’Lu. This process provides ’Lu with an acceptable
purity and a satisfactory separation yield (> 90%) within 3-4 hours.
This method is still used only in laboratory conditions, although it is

attractive for the industrial production of lutetium-177.

Qe
e
oS

Holder

N

Figure 10. Scheme of an electrochemical installation for the

separation of radionuclides
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2.2 Thermal, “dry” methods for radionuclide release

The aforementioned drawbacks inherent in traditional methods
of wet chemistry can be eliminated in some cases by using dry
technologies, which exclude the stage of dissolution of irradiated
targets and subsequent chemically non-trivial stages of separation of
target products from the liquid phase [19]. The founders of this trend
are British experts K. Taugbol and K. Samsahl. In their work [30], they
succeeded in isolating the 31 radionuclide from irradiated TeO> using
dry sublimation technology. The essence of the experiment was as
follows: tellurium dioxide powder irradiated in the reactor was placed
in a quartz ampule evacuated to 10-5 Torr and heated to 923--983 K.
When this temperature was reached, 31 evaporated from the target
and condensed in the end of the ampoule cooled by liquid air. After
that, part of the ampoule with 3| deposited on it was heated, iodine
was sublimated, and passed through an alkaline solution. After 3 hours
of heating, the yield of 3!l was about 90%. Currently, this technology
(with minor changes) is used to isolate 2%l and ?*I from cyclotron
targets (enriched tellurium dioxide deposited on a platinum substrate)
in several research and production organizations. A typical installation

diagram for “dry” sublimation of iodine is shown in Fig. 11 [31].
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w% .

SRR AT

Figure 11. Scheme of the installation for thermal distillation of
iodine-123: 1 - loading chamber, 2 - target with a lid, 3 - oven with
heating element 4, 5 - temperature sensor, 6 - second chamber with

insulator 7 and filter 9, 8 - receiver with absorbent solution (as a
rule, 0.01 M NaOH is used) [14]
n the 70-80s of the last century, at the Joint Institute for
Nuclear Research (JINR, Dubna), for the rapid isolation of ultrashort-
lived radionuclides and superheavy elements, thermochromatographic

and sublimation methods were developed [20]:

- high-temperature release of radionuclides from molten metal

targets using selectively acting gaseous chemical agents;
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- the separation of irradiated materials in hydrogen or oxygen

using thermochromatography and selective chemical filters.

The scientific and methodological features of these methods
are described in detail in [31-39].

High temperature separation is usually carried out in two ways
[31-39]:

3) the matrix containing daughter isotopes is heated and aged in an
inert atmosphere for a certain time (sufficient to extract the target
product) at a temperature slightly higher than the melting
temperature of the main component of the target (ie, the initial

isotopic or “natural” material);

4) high-temperature extraction of radioactive impurities is carried out

in pairs of any chemical agent.

As a rule, using the first modification of the method it is
extremely difficult to obtain a high-purity radionuclide: due to the
close vapor pressures of most of the elements to be separated (at high
temperatures), both volatilization of the target isotope and undesirably

high evaporation of the target material are observed.

When using a different technique, it also turns out to be
difficult to select the optimal experimental conditions - special studies
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are required. Firstly, it is necessary to study the diffusion of the
released radionuclide in the molten matrix of the irradiated matrix, and
secondly, to conduct research on the selection of reagents (usually
water vapor, HCI, HF, CgHs or a gaseous mixture of these compounds
are used) that can effectively remove the target isotope even this does
not affect the matrix insignificantly and finally conduct a comparative
analysis of data on the adsorption of volatile compounds of elements
(recoverable and the rest that are part of the target) on various
materials. Usually, the high yield of the target isotope does not reach
here either, since zones of volatile compounds (recoverable
radionuclide  and  target elements) overlap on a

thermochromatographic column [20].

The undoubted advantage of the sublimation method is the
possibility of rapid quantitative extraction of radionuclides: for
massive targets, the time of isolation of the target product is several
tens of minutes or several hours. The release time depends on the mass
of the target. For small (several hundred mg) by weight of the targets,
the extraction process takes several minutes (for example, more than
90% of 2*At is released upon annealing the bismuth cyclotron target
at 923 K for 2 minutes [37]).
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Another “dry” separation method is the separation by means of
selective chemical filters of irradiated materials in oxygen or hydrogen
[20].

In the works of B.L. Zhuikov [38, 39] described a chemical-
analytical approach to the separation of elements sublimated in a
stream of oxygen and hydrogen, studied the influence of the material
of thermochromatographic columns and the composition of the gas
phase on the possibility of separation of elements. It is shown that a
change in three parameters — the composition of the stationary phase,
the composition of the gas phase, and temperature — makes it possible
to achieve gas chromatographic separation of many elements. Some
obtained temperatures of deposition of elements sublimated in a
stream of air or oxygen on various materials are presented in Table 6
[38, 39]. To separate the sublated elements, they are passed through
selective chemical filters heated to a certain temperature (when the
deposition of the target products is realized). When using air or
oxygen, the volatility of a number of elements depends on many
difficultly controlled factors: a) the oxygen content in the exhaust
gases during separation; b) the content of foreign gaseous impurities
(HCI, water, nitrogen); c) thickness and mass of targets; d) the nature
of the surface of the thermochromatographic column; d) the
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composition and quantitative content of chemical impurities in the

irradiated material [20].

One of the most promising areas of “dry” methods for the
separation of target radionuclides from reactor and cyclotron targets
can be considered diffusion-thermal methods [20].

As a result of studies, various diffusion-thermal methods have
been proposed for obtaining a number of radionuclides from solid-
state reactor and cyclotron targets [20, 40-51]. Detailed studies and
results are described in the works of I.E. Alekseev, S.I. Bondarevsky,
V.V. Eremin, A.E. Antropov, D.E. Maslennikov et al.

Table 6. The deposition temperature of the elements sublimated
in a stream of air or oxygen on various materials

(thermochromatographic columns)

deposition temperature ’'c

Element Si0, Ca0 Au
1 2 3 4
Bi 850+30 == 1130
Pb 800120 950150
Po 570420 > 1100
Tl 690420 770440
Pt 410430 113040 =900
Ir 410430 111040 430+20
Re 120£20 1060£30 100220
Os < 80 460+30 <110
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n these studies, 3 main ways of isolating target radionuclides
by diffusion-thermal methods are presented. The USSR author's
certificate No. 1711381 (priority 18.07.89) and Russian patents No.
2102809, No. 2102810 and No. 2102125 and scientific publications
[40,42, 45-51] detail the fundamentals and principles of each method:

1. stimulated diffusion to the metal — gas or metal — liquid

interface:

a) the irradiated foils are annealed at temperatures preceding
melting for a time sufficient for the release of radioactive impurity
atoms to the metal surface: the optimum temperature and heating time
are selected based on information on the diffusion coefficients of the
impurities; radioactive atoms emerging from the foil volume are
removed using some chemical agent or (in case of their high volatility)

are collected on a cooled condenser;

b) in order to sharply increase the rate of migration of
radioactive impurities to the bonding phase boundary, amalgamation
of irradiated metals can be used: after reaching physico-chemical
equilibrium between the components of the mixture, liquid amalgam
is treated with a solution of the corresponding chemical agent to

extract radioactive impurities that have come to its surface;
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2. exit to the gas phase (emanation) during polymorphic

transformations:

the irradiated metal undergoes diffusion annealing in the
temperature range of the polymorphic transformation; radioactive
atoms emerging from the foil volume are collected on a cooled

condenser;
3. concentration during phase transitions "solid - gas":

the essence of the method is the vacuum distillation separation
of irradiated targets, carried out at temperature and pressure, ensuring
complete distillation of the starting material and completely
eliminating the volatility of the target radionuclide; the method is
based on the difference in evaporation rates and partial pressures of
the vapor of the separated elements over the solid phase; the
processing temperature of the irradiated targets is selected based on
information on the vapor pressure of the elements to be separated, and
the rate of stripping of the starting material (i.e., the time of the release
of the target radionuclide) is determined by the Langmuir formula. The
aforementioned works present a comparative analysis of thermal
diffusion and traditional (using “wet” chemistry) methods for
extracting certain radionuclides from solid-state reactor and cyclotron
targets [20].
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Diffusion-thermal methods were used to isolate *’Sc from a
metal titanium target, zinc radionuclides from copper cyclotron
targets, ®3Ge from an irradiated Ga target, 1%Re from tungsten, 1*MSn

from a 1!Cd enriched target, etc..

Below is a detailed description of the technological process of
the thermal method for the separation of zinc radionuclides from

copper cyclotron targets [20].

In the work, an alternative method of isolation [38] was
proposed and realized upon the production of Zn from irradiated with
a particles (with an energy of 26/0 MeV) copper targets [38]:

- irradiated Cu-foils (99.9%) were annealed at temperatures of
0.7-0.9 Tm;

- 85Zn atoms diffused from the bulk onto the foil surface due to
their high volatility transferred to the gas phase and collected on a
cooled condenser, and then extracted into a weak 0.1 M hydrochloric
acid solution. The temperature and time of heating the foils varied
depending on the thickness of the irradiated targets and the diffusion

coefficients of the impurity and were:

a) 19 minutes for a foil with a thickness of 5.6 mg / cm? at an

annealing temperature of 1000 K;
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b) 15 minutes for a foil with a thickness of 10.4 mg/ cm? at an

annealing temperature of 1100 K;

¢) 3 minutes for a foil with a thickness of 10.4 mg / cm? at an

annealing temperature of 1200 K.

In all cases, the completeness of the separation of ®°Zn and the
chemical purity of the obtained preparations were close to 100%. It
seems promising to use this technology in the industrial production of
62Zn (reaction %3Cu (p, 2n)), the parent isotope for producing the
radionuclide %2Cu, which in recent years has been widely used in PET

diagnostics of the heart and liver malignancies.

2.3 Chapter summary. Comparison of classical and thermal
separation methods

A comparative analysis of various methods for the isolation of

target radionuclides allows us to draw the following conclusions.

Classical methods using "wet" chemistry have several
advantages, first of all - the "reproducibility” of the technological

cycle, confirmed by many years of industrial practice.
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However, a number of objective disadvantages inherent in

them should be noted:
a) multi-stage and the duration of the technological cycle;

b) radiolytic decomposition of the components used to isolate

radionuclides;

c) loss of starting isotopic raw materials and deterioration of

their quality during subsequent regeneration of targets;
d) high complexity of technological processes;
e) a large amount of radioactive waste.

Alternative “dry” methods of isolation, unfortunately, still not
having wide practical application in the practice of industrial
production of various (including medical) radionuclides have

undeniable advantages:

a) expressity - the technology of isolation by “dry” methods
allows to obtain target radionuclides in a few tens of minutes or several

hours;

b) high yield and radionuclide purity of the target products;
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c) the extreme simplicity of the procedure for their selection

(usually no more than 2 stages);

d) the absence of “visible” losses of expensive stable isotopes

in the technological cycles of the allocation of target radionuclides;

e) lack of large quantities of radioactive waste.
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Chapter 3. Obtaining and isolation of Sr-82 from irradiated

rubidium targets

One of the most promising generator pairs of radionuclides
used in medical imaging is a pair of Sr-82 / Rb-82. Nuclear-physical

characteristics of radionuclides are given in table 7.

Table 7. Nuclear-physical characteristics of the radionuclides of

the generating pair Sr-82 / Rb-82

RN T2 Decay Gamma- %
mode ray
energy,
keV
Sr-82 25.34 d EC - -
Rb-82 1.26 min B* 511 190.7

The main decay type of Rb-82 is B* decay with a high quantum
yield of annihilation radiation. Therefore, it has been widely used in
positron emission tomography for the diagnosis of diseases of the
cardiovascular system and brain tumors. Due to the short half-life -
about 1.3 minutes - a large number of studies can be performed on one
patient in a short period of time. Compared to the analogs TI-201 and
Tc-99m used in SPECT, the use of rubidium-82 in PET is safer and
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allows for more accurate and informative results. In the body, Rb-82
behaves similarly to potassium, which allows it to be well absorbed by
the myocardial muscle [52].

The main advantages of Rb-82 are:

a) higher image accuracy than when using thallium-201 and
technetium-99m:;

b) the possibility of using myocardial tissue necrosis or
viability as a quantitative marker;

c¢) the minimum time for sequential playback of the image
during the examination of the patient; the ability to scan the
investigated organs every 10 minutes;

d) the minimum (in comparison with thallium-201 and
technetium-99m) patient dose.

The presence of the radionuclide Sr-82 / Rb generator allows
medical institutions to significantly expand the range of services.
However, the production of the maternal radionuclide is possible only
at accelerators with high proton energy - Sr-82 production is currently
carried out only in five scientific centers of the world: USA - national
laboratories Los-Alamos, Brookhaven, Canada - TRIUMF, France -
ARRONAX GIP, South Africa - iThemba LABS National Research
Foundation, Russia - Institute for Nuclear Research (INR) RAS. It is

worth noting that, with rare exceptions, all Sr-82 [52, 53, 57, 59, 60],
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obtained today for medical purposes, is isolated using classical

methods of “wet” chemistry.

3.1 The operating time of the radionuclide Sr-82

The main way to produce 2Sr radionuclide today is to bombard
targets of naturally occurring metallic Rb or "RbCI with high-energy
proton beams: the reaction natRb (p, xn) 82Sr. In this case, impurity
radionulides ®Sr and ®Sr are also formed [51, 53.57-58, 60-61].

Table 8 presents the energy dependence of the cross sections
of the nuclear reactions "™Rb (p, xn) 8283855y [53].

The main radionuclide impurity critical for the medical use of
strontium-82 is the 85gSr radionuclide with a half-life of 64.84 days,
which is produced in the rubidium target by the reaction natRb (p, xn)
85Sr.

Based on the data on the cross sections for nuclear reactions
presented in Table 8, the energy range 49.7 / 49.3 MeV can be
considered optimal when the cross section for the 82Sr reaction
increases to 100 mbar and the cross section for the parasitic product,
8593y, decreases to about 45 mbar. However, the use of protons of such
energy does not allow to obtain a sufficient amount of the target

product for a reasonable exposure time
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Table 8: Values of the cross sections of nuclear reactions for the
production of Sr radionuclides during bombardment of a
rubidium target by protons

E (MeV) o (mb)

28r $3Sr 558r
33.7+1.7 0.34£0.05
34.1+£0.5 1.06 £ .26
352+1.6 325+ .49
358+1.5 437+0.72 274.5+30.8 164.7 +18.5
372+14 8.98 £ 1.08 255.5+28.7 147.9 + 16.6
394+1.2 16.1£2.1
39.5+1.2 259+32 2424 +22.7 135.6 +2.5
409+1.1 46.0£6.2 203.7+229 111.1+125
41.2+1.1 549+7.1
43.0+09 68.0 + 8.0 169.4 +19.0 97.5+11.0
443+08 79.7+9.2 140.2 £ 15.8 87.6 = 10.0
45+08 75.1+£9.8
46.2+0.6 90.3+104 1170+ 13.2 73.9+84
46.5+23 84.3+9.7 103.8 +11.7 70.3 +8.0
46.8 £ 0.6 96.6 £ 126
47.6£0.5 99.0+114 106.6 £ 11.6 77.2+88
493404 98.0+11.3 97.5+104 474+£5.5
49.7+2.1 90.7x104 84.4+9.6 63.6x7.2
528+1.8 96.6 £9.9 76.5+8.7 549 +6.3
558+1.5 81.8+94 80.4+9.1 543+6.2
84+13 60.6 7.0 75.0+8.5 474+54
61.5+1.0 550+72 80.1 +9.1 46.3+53
64208 488 £5.7 76.6 £8.7 43+5.1
66.8 £ 0.6 43.0£5.1 73.3+83 41.1+4.7
69.3+04 41.2+48 71.5+8.1 483+£5.5

The main radionuclide impurity critical for the medical use of
strontium-82 is the 89Sr radionuclide with a half-life of 64.84 days,
which is produced in the rubidium target by the reaction "*Rb (p, xn)

85Sr
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Based on the data on the cross sections for nuclear reactions
presented in Table 8, the energy range 49.7 / 49.3 MeV can be
considered optimal when the cross section for the 82Sr reaction
increases to 100 mbar and the cross section for the parasitic product,
8593y, decreases to about 45 mbar. However, the use of protons of such
energy does not allow to obtain a sufficient amount of the target
product for a reasonable exposure time.

Figures 12 and 13 show graphical dependences of the cross
section of nuclear reactions on the energy of protons upon irradiation
of a target containing rubidium of natural isotopic composition [53].
The graphs also show that the cross section for the strontium-82
production reaction increases at an energy of 45-50 MeV, and the cross
section for the nuclear reaction "Rb (p, xn) &9Sr, on the contrary,
decreases significantly, starting with a proton energy of about 45 MeV.

The 82Sr production method using rubidium targets is most
attractive for industrial production due to the relatively high yield of
the target radionuclide and the relatively small amount of impurity

radionuclides formed as a result of nuclear transformations [56,57].
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Fig. 12. Change in the cross section of the nuclear reaction "Rb (p,
xn) 82Sr depending on the energy of the proton beam [53]
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Briefly about alternative methods for producing the target
radionuclide 82Sr:

1. Obtaining 82Sr is possible by the nuclear reaction Mo (p,
spallation) 82Sr [58]. Targets made of metal molybdenum with a
diameter of 1.9-6.4 cm and a thickness of 1.25-1.9 cm are irradiated
with proton beams of 800 MeV energy. As a result of the cleavage
reaction, 82Sr is formed. The duration of irradiation of various targets
is from 2 to 30 days. The nominal current of the proton beam is 500
tA. After irradiation, the targets are dissolved in a mixture of nitric
and phosphoric acids in the presence of hydrogen peroxide. After
which 82Sr is released by a multi-stage chemical redistribution. We
indicate the fundamental disadvantages of the method:

- to obtain 82Sr, a unique meson factory of the Los Alamos National
Laboratory of the USA is used,

- along with 82Sr, a large amount of radioactive impurities is formed
in the target;

- 82Sr separation is associated with the need for multi-stage
radiochemical redistribution of the target and the disposal of a large
amount of radioactive waste;

- high content in the target product 85Sr, the activity of which is
comparable with the activity of the target product [54].

2. Another way to obtain 82Sr - irradiation with krypton
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targets by helium-3 or helium-4 ions: reactions Kr (*He, xn) and Kr (a,
xn). At a charged particle energy of 80/60 MeV, 82Sr production is
possible on all Kr isotopes (with the exception of ®Kr); in this case,
the cross sections for nuclear reactions leading to the formation of 82Sr
are very different for different krypton isotopes. We indicate the
disadvantages of this method:

- a relatively low yield of 82Sr as a result of irradiation of a krypton
target;

- high content in the target product &Sr, the activity of which, as in the
previous case, is comparable with the activity of the target product
[55].

3.2 Cyclotron complex RIC-80

In 2016, the Ts-80 cyclotron was successfully launched at the
St. Petersburg Institute of Nuclear Physics (PNPI) in Gatchina. The
accelerator is located on the first floor of the PNPI synchrocyclotron
experimental hall and is designed to produce protons with an energy
of 40-80 MeV at a beam current of up to 200 pA. In addition to
obtaining a wide range of radioisotopes used both in the diagnosis and
in the treatment of various diseases, proton beams can be used to treat

malignant eye formations.
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At present, the available beam intensity is up to 20 uA. In 2020,
it is planned to raise the beam intensity to the level of 100 pA, install
a biological protection complex and put the cyclotron into operation.

On the basis of the C-80, a design of another cyclotron complex
- RIC-80 was developed, the implementation of which is planned for
2021-2022 [59].

At the RIC-80 cyclotron complex, it is planned to obtain a wide
range of medical radionuclides. Table 9 shows a possible list of target

radionuclides and targets for their production.

Table 9. Radionuclides planned for receipt at RIC-80

RN** ' T ,d Target Irradiation Target
material time, h Activity, Ci
Ge-68 270.8 Ga 240 2
Sr-82 25.55 Rb 240 14
In-111 2.8 Cd 25 25
I-123 0.55 Te 5 11
I-124 4.17 Te 200 10
Tb-149 0.17 Gd 12 3
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It is planned to place 3 target stations at the RIC-80 cyclotron
complex (see Fig. 14): the first will receive radionuclides by classical
chemical methods, the second will be used to extract medical
radionuclides by the thermal method, and the third will contain a mass
separator for separating very pure target radionuclides for various
purposes (in particular, isotopes 8!Rb, 82Sr, 111In, 222224Ra with low
ionization potential, which can be produced with high efficiency
[63,65]).

Three adjacent target stations allow continuous training. The
stations will be equipped with devices for delivering highly active

targets to storage sites or to “hot” chambers for subsequent processing.
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Fig 14. Wiring of beams to the target stations of the RIC-80
radioisotope complex, basement of the experimental hall of the C-
1000 synchrocyclotron

Since the C-80 has not yet been put into operation, the PNPI
SC-1000 synchrocyclotron with a beam energy of 1000 MeV is used
today to test methods for producing radionuclides. In 2018, the so-
called “energy degrader” was equipped with a proton beam of the SC-
1000 synchrocyclotron. This is a complex of copper plates, passing
through which, a beam of charged particles loses part of its energy.
Thus, depending on the number of plates, it is possible to vary the
energy of the proton beam from the initial 1 GeV to 100 MeV -
energies close to those that will be on the C-80 cyclotron.
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3.3 Known methods for isolating 82Sr from an irradiated target

To date, ®Sr is usually recovered using classical methods of wet
chemistry (see Chapter 2.1 for details). Either natural rubidium metal
rubidium or the natRbCl salt is used as the target material [52, 53.57-
59, 60-61].

In the work [60] by B. Zhuikov presents a method of continuous

industrial production of strontium-82.

Figure 15 shows a diagram of the proposed installation for the
continuous production and extraction of 8Sr from a liquid metal

rubidium target.
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Fig. 15. Installation diagram for strontium-82 production
[53]: 1 - irradiated target, 2 - trap, 3 - induction pump, 4,5 - flow
and purity control system, 6 - make-up with metal Rb, 7 - thermostat,
8 - “hot” chamber, 9 - sorbent rods, 10 - metal membrane

(continued on next page)
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Fig. 15. Installation diagram for strontium-82 production
[53]: 1 - irradiated target, 2 - trap, 3 - induction pump, 4,5 - flow
and purity control system, 6 - make-up with metal Rb, 7 - thermostat,

8 - “hot” chamber, 9 - sorbent rods, 10 - metal membrane

Rubidium circulates in a circuit that includes a continuously
irradiated target 1 in a stainless shell and a trap 2 for adsorption
extraction of 82Sr. The circuit is equipped with an induction pump 3
for pumping liquid rubidium, a flow control system 4 and a purity of
5 rubidium (standard sensors based on solid electrolyte). The
temperature of liquid rubidium in the circuit is maintained in the range
from 10 to 220 ° C (the melting point of rubidium is 39 ° C, but with

a certain content of dissolved oxygen it decreases). The oxygen
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content in liquid metal rubidium should not exceed 3 weight. % to
prevent precipitation of rubidium oxide. For this, a contour system
provides recharge 6 metal rubidium with a certain oxygen content. The
radiostrontium trap 2, equipped with a thermostat 7, is located inside
the “hot” chamber 8 with an inert atmosphere. The sorbent rods 9 are
heated using a heat pipe or built-in heaters for better sorption of
radiostrontium at a temperature of 220-350 ° C, and only the central
rods can be heated to minimize adsorption on the walls of the trap. As
a sorbing element, you can also use a vertically arranged filter - a thin
smooth metal membrane 10, through which metallic rubidium is
constantly filtered, and ash particles containing "radiostrontium™ are
delayed. In this case, the oxygen content in the circulating rubidium is
maintained in the range of 0.1-4.0 wt.%. The temperature in different
parts of the circuit is selected in the range of 10-38 ° C so as to
maintain a certain ratio of solid and liquid phases. Sorbent elements 9
and 10 are periodically removed (possibly even without beam
suspension and rubidium circulation). In an adjacent “hot” chamber,
the extracted sorbent element is washed with water and a solution (for
example, HCI), dried and placed back into the trap. Flushes containing
82 Sr are sent for further processing and obtaining the final product
[60].
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Further purification of the separated “radiostrontium” from
radionuclide and stable impurities is carried out by known chemical
methods [60, 61, 67].

The main disadvantages of this method are the complexity of
the process, the explosion hazard when using organic substances, the
complete destruction of the original target, the need for additional
purification of the target product.

Another way to isolate ®Sr is presented in the work of S.
Khamyanova:

- the target, which is a steel shell containing metallic rubidium, is
irradiated on a stream of accelerated particles;

- the shell of the irradiated target is opened in a gas medium that does
not interact with metal rubidium;

- the irradiated metallic rubidium is melted in the shell and its melt is
fed to a chemical reactor;

- fed into the chemical reactor nitrous oxide in portions, at least until
the cessation of temperature rise in the chemical reactor when a fresh
portion of nitrous oxide is supplied,;

- the formed explosion-proof and fireproof salts of rubidium and
strontium-82 located in them are dissolved in a chemical reactor with
a 1.5 + 4.5 M solution of nitric acid;

- strontium-82 is isolated from the resulting solution by sorption.
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In this preparation method, for the sorption, the strontium-specific
sorbent 4,4 (5) -di (tert-butylcyclohexano) -18-crown-6 supported on
a solid support is used, a polymer of a polyacrylate structure is used as
a solid support, and a solution of strontium-82 pass through a column
with a cation exchange resin and thereby clear it of traces of crown
ether. Installation for implementing this method of separation of

strontium-82 is shown in Figure 16.
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Fig. 16. Installation for extracting 82Sr radionuclide from a metal
rubidium target: 1 - holder of the irradiated target, 2 - shower head,
3 (1) + 3 (8) - shut-off valves, 4 - isolation chamber, 5 - tool for

opening the shell of the irradiated target 6 - valve, 7 - pressure



232

gauge, 8 - volumetric flask, 9 - heater, 10 - irradiated target, 11 -
molten rubidium sprinkler, 12 - thermal insulation, 13 (1) ~ 13 (2) -
thermometers, 14 - chemical evacuation pipeline reactor, 15 -
pipeline for the delivery of a solution of rubidium salts from a
chemical reactor, 16 - feed pipeline an insulating chamber of gas not
interacting with rubidium, 17 - a pipeline for supplying nitrous oxide
to a chemical reactor, 18 - a pipeline for supplying molten metal
rubidium to a chemical reactor, 19 - a pipeline for supplying a
solution of nitric acid to a chemical reactor, 20 - a pipeline for
supplying compressed air to a chemical reactor 21 - a pipeline
connecting a chemical reactor with exhaust ventilation, 22 - a
pipeline connecting a chemical reactor with special sewage, 23 - a
chemical reactor.
The main disadvantages of this method of separation of 82Sr
are the high complexity and multi-stage separation process, the

complete destruction of the target material.

3.4 Target device for thermal isolation

To isolate high purity target radionuclides as alternative to
classical methods, the Research Center of the Kurchatov Institute of

PNPI develops, tests and optimizes thermal methods for the separation
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of radionuclides from irradiated targets (metals and metal salts). Such
studies require the development of specific equipment [62-66].

For research on the isolation of target radionuclides by thermal
methods, a prototype of a high-vacuum device was developed on the
basis of the High Energy Physics Research Center Kurchatov Institute
of PNPI, on which the separation of target substances and target
radionuclides was carried out (Fig. 17).
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Figure 17. The prototype of the high-vacuum high-temperature

device for the separation of the target substance and the target
radionuclide
On the basis of the laboratory, a high-vacuum test bench was
equipped, consisting of a fore-vacuum pump, a vacuum pump, several
locks interconnected by movable jumpers, the volume in which the

heating system and water cooling system are located.
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Inside the booth, a high-temperature tantalum container was
placed to heat the capsule with the target substance to the required

temperature (Fig. 18).

Figure 18. High temperature Ta container

for heating the target material

Figure 19 shows a prototype diagram of a high-temperature
target device, including: a tantalum capsule with the target substance
immersed in a tantalum furnace, tantalum current leads with water-
cooled copper holders and a stainless steel ballast volume held on a

water-cooled copper holder [62-66].
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Figure 19. The prototype scheme of the high-temperature target
device

Figure 20 shows a second schematic version of a prototype target
device. From the first option, it is distinguished by the presence of a
membrane on the lid with a hole. In the first case, irradiation of the
target substance is carried out in a capsule with a whole cap, and then
it is necessary to replace the whole cap with a cap with a hole. This
option is acceptable for laboratory research, when working with small
amounts of the target substance and low activities of the accumulated

radionuclides. However, in the case of high activities, the process of
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isolation of target radionuclides by thermal methods should be as

automated as possible..

pipe manifold with needle

cover with hole membrane target matherial
target matherial ]

Fig. 20. Scheme of the prototype target device for automating the
processes of production and isolation by thermal methods.

In this case, it is proposed to use a capsule with a hole closed by a
membrane as a target device; after irradiation with a needle tube
connected to the collector, a puncture is made in the membrane and
the collector is connected to the capsule. During isolation, the capsule
and part of the tube are heated, and the collector is cooled by water
(the design of the target device was carried out by S. Krotov).

3.5 Thermal isolation of Sr-82 from irradiated metallic Rb

At the PNPI SIC KI at the IRIS installation (Research of

Radioactive Isotopes at the Synchrocyclotron), a thermal method for



the separation of the target substance and the resulting radionuclides

was developed and tested.

The method is based on the difference in the partial vapor
pressures of the separated elements at different temperatures (see Fig.
22), without fail taking into account the energy of desorption from the
heated surface of the atoms of the separated elements [62—66].

Figure 21 shows the values of adsorption energies for atoms of

various elements on the surfaces of refractory metals - molybdenum,

niobium and tantalum.
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As can be seen from the above figure, the values of the
adsorption / desorption energies for a fairly wide range of elements are
practically independent of the material of the absorbing metal surface
- i.e., the rate of stripping of the starting material (i.e., the time of the
release of the target radionuclide) will be determined by the Langmuir
formula.

Based on these considerations, for the effective separation of
the target substance (metal rubidium) and radioactive strontium atoms,
it is necessary to heat the irradiated target to a temperature of
sufficiently rapid evaporation (within several hours) of the target
substance. A fairly rough estimate of the ratio of the times of departure
of rubidium and strontium atoms from a closed volume with a small
outlet can be estimated (in addition to the Langmuir equation) using
the Frenkel equation for the time of “sitting” of an atom on the surface:

Ta=10eXP(AH a /KT),
where 1 4 is the residence time of the atom on the surface (in this case,
we mean the inner surface of the target container) in a collision with
this surface;
AH a is the atomic adsorption energy on the surface of the material of
the target container;
k is the Boltzmann constant;

T is the temperature of the target container (° K).
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M o is the time constant associated with the oscillation frequency of the
atom “sitting” on the surface. If we take the ratio T a (Sr) / T a (RDb), we
get a value that shows how many times the time of departure of
strontium atoms is longer than the time of departure of rubidium atoms
at a fixed temperature:
ta (Sr)/ta (Rb) =exp (AH a (Sr) - AH a (Rb))/KT,

where AH a (Sr), AH a (RDb) are the values of the activation energy of
adsorption for strontium and rubidium; T is the temperature at which,
over a measured time, the target substance evaporates from the target
container in a noticeable amount. At a temperature of about 870K (600
° C), an estimate made using the above ratio gives a value of ~ 2x105.
That is, if at a given temperature the time of departure of the target
substance rubidium will be of the order of several hours, then the time
of departure of atoms of the target strontium radionuclide will be of
the order of several tens of years. After complete evaporation of the
target substance (usually the evaporation of the target substance with
minimal losses is carried out in the ballast volume), the strontium
remaining in the target volume can be washed with an acid solution or

evaporated on a cooled collector at a significantly higher temperature.
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Fig. 22. Dependence of vapor pressure on temperature for metallic
Rb and Sr

Consider our proposed method of thermal separation of
rubidium and strontium.

After irradiation of the SC-1000 synchrocyclotron with a
proton beam, the rubidium metal target is placed in a high-vacuum
stand and heated to the required temperature. When the target
temperature is reached, the target substance begins to disappear from
the capsule into the ballast volume, and the target radionuclide remains
completely in the capsule. Then, either the target radionuclide is
washed from the capsule, or the target radionuclide is additionally

isolated in the presence of volatile impurities in the capsule.
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After assessing the possibility of thermal separation of 8Sr
from the irradiated matrix of metallic natRb, a number of experiments
were carried out and an array of data was obtained on the separation
efficiency of the target radionuclide and the target substance. The mass
of irradiated metal rubidium samples was about 0.15 g, and the activity
of the target radionuclides at the end of the irradiation did not exceed
0.5 MBq.

After irradiation, the samples were placed in capsules of
metallic tantalum. We could not achieve complete distillation of the
irradiated material, while 8Sr was concentrated in the “non-
evaporated” residue (about 2 wt.% Of the target substance).

Figure 23 shows a part of the gamma spectrum of a sample of
irradiated metal rubidium before and after heating. Using the gamma
lines characteristic of 3Rb radionuclides (used as a rubidium label)
and 82Sr, one can determine the content of the target substance and the
target radionuclide in the sample before heating (black line of the
spectrum) and after the target substance evaporates onto the collector
(red line).
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Figure 23. Part of the gamma spectrum of irradiated metal "*Rb
before and after heating in high vacuum to a temperature of
1020K (750°C)
An increase in temperature and attempts to re-distill the target
did not yield significant results — additional purification of the target

product was required [62-66].

3.6 Thermal separation of Sr-82 from an irradiated “binary”
RbCI target

Failures with the quantitative separation of strontium-82 from

irradiated metal rubidium targets (possible explanations of which will
be given in the final part of the chapter) initiated experiments with the
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irradiation of “binary” rubidium targets (RbCl), the radiation-induced
transformations of which during irradiation could lead to the formation
of bizarre "physico-chemical forms of the target product.

The target substance, a natural rubidium chloride powder, was
irradiated on a 1000 MeV proton beam of the PNPI synchrocyclotron.
After irradiation, the target was placed in a stainless steel capsule with
a hole that was heated in a tantalum furnace at 1023-1273K.

Before placing the capsule with the irradiated target in the
furnace, the gamma spectrum of the obtained products was measured
and the target was weighed.

At a “binary” target, the target completely evaporated into the
ballast volume, and the atoms of the target radionuclide remained on
the inner walls of the container, from where they were washed off with
a solution of hydrochloric or nitric acid.

Figure 24 shows the image of the container with the target
substance before and after heating at 1123-1273K (900-1000 ° C). In
the photograph of the capsule and from the spectrum (Fig. 35), it can
be seen that the target substance completely evaporated from the

capsule into the ballast volume.



Fig. 24. Capsule after heating above 1123K (900 ° C). The target
substance has completely disappeared.
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The efficiency of the selection was controlled using gamma-
ray spectra of the sample, taken before and after heating the container
and by weight. The effectiveness of washing the target radionuclide
from the walls of the capsule was also controlled by gamma spectra.
Figure 26 shows a part of the gamma spectrum with the Sr-82 gamma
line after heating the capsule above 1123K and the Sr-82 gamma line
in a 10% HCI solution, after washing. Thus, it was determined that the
separation of the target substance and the target radionuclide exceeds
99.9%, and the efficiency of separation of the target Sr-82 from the
capsule reaches 95%. Moreover, the target substance RbCl collected
on the cooled collector is ready for reloading into the target and
irradiation [62-66].
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Figure 26. Gamma line Sr-82 after heating the capsule over 900 ° C
and Sr-82 gamma line in 10% HCI solution, after washing
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Note that to optimize the method of thermal isolation of Sr-82
from the target substance RbCI, more than 700 precipitates were
carried out and sufficient experimental data were processed to
correctly evaluate the result obtained.

We conducted studies on the distribution of the evaporated
target substance on the surface of the collector (which is extremely
important for collecting the starting material of the target). For this, a
thin tantalum foil was put on a copper collector and the target
substance RbCI was extracted from the capsule onto the foil. After
precipitation of the released substance, the collector foil was cut into
strips, each 2 mm wide. Then, measurements were made of the activity
of the Rb-83 radionuclide in each band, according to the results of
which it was possible to determine the distribution of the target
material over the collector (Fig. 27). Based on the content of the Rb-
83 radionuclide on the collector, it can be seen that the bulk of the
target substance is closer to the center of the collector, and there is no

target substance at the edges.
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Figure 27. Distribution of the target substance RbClI over the surface

of the cooled collector

3.7 Chapter Summary

The applicability of the thermal method for the separation of
82Sr from metallic Rb is assessed. Possible problems with the
“incomplete” purification of the target product from the material of the
irradiated target can be associated either with the use of tantalum
capsules — the formation of binary hardly volatile Rb-Ta compounds
at high temperatures, or with the presence of other hardly volatile
impurities contained in the irradiated material that “concentrate” the

target product . The use of chemically “inert” matrices (for example,
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quartz) and pre-cleaned starting material must certainly give a positive
effect.

The use of RbCl as the target material allowed the quantitative
separation of rubidium and strontium. However, this remarkable
empirical result requires further understanding and painstaking studies
of the effects of irradiation of non-traditional materials possible for the
manufacture of cyclotron targets.

We note the obvious advantages of the thermal method of
separation of rubidium and strontium in comparison with the classical
methods of "wet" chemistry:

5) the maximum possible separation of the target substance from
the target radionuclide;
6) the minimum loss of the target radionuclide in the process of

"redistribution™;

7) the safety of the starting target material;

8) lack of radioactive waste.
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Chapter 4. Applicability of the thermal release method to other
radionuclides

4.1 Isolation of radionuclide Cu-67 by thermal method

Successful experiments on the isolation of Sr-82 from irradiated
rubidium targets made it possible to propose this method for the
extraction of other radionuclides, in particular, Cu-67 resulting from
irradiation of zinc targets (nuclear reaction zn (p, 2p) ¢Cu, the
dependence of the cross section of the nuclear reaction on proton
energy in Figure 28) [68], and used in brachytherapy (the nuclear

physical characteristics of the radionuclide are presented in Table 10).

Table 10. Nuclear Physical Characteristics 6’Cu

RN Tz Decay Energy %
mode keV

§7Cu 61,83 h B- 51 1,1

121 57

154 22

189 20
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Figure 28. The dependence of the cross section of the nuclear

reaction %8Zn (p, 2p) ®’Cu on the proton energy

During irradiation, the zinc target was covered with a titanium foil.
Based on the partial vapor pressures of copper and zinc, the optimal
temperature range necessary for effective thermal separation of these

elements was determined (Fig. 29).

I'ammaSpectrometric measurements carried out after irradiation
showed that in addition to Cu-67, there are recoil nuclei in the zinc
target — scandium radionuclides formed in the titanium foil “under
the influence” of protons (the dependence of the cross section of the

nuclear reaction on the proton energy is shown in Fig. 30) [69].
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The target material was distilled off in high vacuum (5-10-5 torr)
at 973-1023 K (700-750 ° C). In this temperature range, a target
substance, metallic zinc, was volatilized for 2 hours. The efficiency of

target extraction was monitored by gamma spectra (Fig. 31).
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Figure 29. Temperature dependence of vapor pressure for Cu and Zn
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As can be seen from the spectrum, at a temperature of 700 ° C
and a release time of 2 hours, the target substance completely
disappeared from the capsule to the cooled collector, and the target
product, Cu-67, completely remained on the walls of the capsule, but

together with scandium radionuclides.

The fundamental possibility of thermal separation of copper
and scandium is confirmed by a diagram of temperature dependence

of saturated vapor pressure for the corresponding elements (Fig. 32).
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Figure 32. Temperature dependence of vapor pressure for Cu and Sc

Therefore, an additional heating of the capsule with

radionuclides was carried out at a temperature of 1673K (1400 ° C).
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At this temperature, only Cu-67 escaped to a clean collector (see Fig.

33).

As a result of the experiments, the target product of high
radionuclide purity (close to 100%) was obtained, the completeness of

its extraction was 99%.
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4.2 Chapter Summary

The experiments showed that thermal methods are effective
not only for distillation of volatile irradiated targets (zinc, cadmium,
lead, etc.), but also for the separation of “non-bearing” amounts of

radionuclides.

The preliminary results obtained require further painstaking
work on the creation and testing of original methods of thermal
separation (and here, knowledge of the energies of adsorption /
desorption of radioactive atoms on various materials is of paramount

importance).



256

Chapter 5. The thermal method of separation of therapeutic

71_u from irradiated metallic Yb

5.1 Features of the operating time of the radionuclide Lu-177

Today, lutetium-177 is the most promising radionuclide in
nuclear medicine for the treatment of endocrine tumors of the
gastrointestinal tract and prostate tumors. Also, lutetium-177 is
successfully used to stop bone pain in oncology and
radioimmunotherapy. Thanks to successful trials of *’’Lu therapeutic
agents, the need for it is growing worldwide. The main examples of
the use of 1’Lu in radiopharmaceuticals are presented in Table 11 [70-
74]. One of the main criteria for the applicability of lutetium-177 for
therapeutic purposes in targeted therapy is its nuclear-physical
characteristics.

Lutetium-177 is a beta minus decay with a half-life of 6.71
days and B-particle energies Eg (max.) 497 keV (78.6%), 384 keV
(9.1%) and 176 keV (12.2 %) [70]. Due to the low beta particle
energies and the range in living tissue (about 670 microns), }’"Lu is an
ideal radionuclide for targeted therapy of small tumors and metastatic
formations. In this case, the use of 1’’Lu reduces the harmful radiation

effect on the surrounding healthy tissue of the patient. In addition, the
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decay of lutetium-177 is accompanied by the emission of gamma rays
with energies of 113 keV (6.4%) and 208 keV (11%), which are
suitable for visualizing the location of the labeled drug in-vivo.

Another important factor determining the “usefulness” of *’Lu
for targeted radionuclide therapy (TRT) is the maximum achievable
specific activity (SA) of the radionuclide.

A sufficiently long half-life of 1""Lu gives a sufficient amount
of time necessary for processing the irradiated target, isolating the
target radionuclide, producing radiopharmaceuticals based on it, and
delivering it to the clinic.

Table 11: Basic radiopharmaceutical of '7Lu

Application Chemical form Activity of
177Lu

Peptide Receptor [DOTAC Tyr®Joctreotate | 7.4 GBq

Radionuclide DOTA-TATE,DOTA- (200 mCi) per
Therapy TOC, DOTA-NOC course.
binds from 180
to 300 ug of

peptide with a
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Application Chemical form Activity of

177Lu

chelator DOTA,

[DOTA? Tyrd]
octreotate
Relieving bone pain | EDTMP 1.2-2.6 GBq
with metastases DOTMP
Radiation Hydroxyapatite (HA) ~400 + 30 GBq
synovectomy

radioimmunotherapy | Monoclonal antibodies | Undefined
(J591, cG250, J591)

There are two main methods for producing a *’’Lu radionuclide

using neutrons - “direct” and “indirect”.
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In the first case, an enriched 1"®Lu target is irradiated (reaction "®Lu
(n, v) ¥"Lu). Another variant of obtaining ’’Lu: neutron irradiation of
the enriched 1°Yb preparation with subsequent separation of the target
material and the target product: *®Yb (n, v) ¥"Yb — ’Lu.

General schemes of reactor operating time '’Lu by “direct” and

“indirect” methods are presented in Figure 34.

176] y (n, 9) 177 4 177m |
(2,59%) 6,89 Dav —+ 160,4 Dat

Target radonuclide form without
isolation carrier

176yh (n, 9) 177y b

(12,7%) ? 1,9 h

Figure 34. Methods of reactor operating time of lutetium-177

radionuclide



260

The products of neutron activation of lutetium and ytterbium

targets of natural isotopic composition, as well as decay characteristics

of the formed radionuclides are shown in table 12.

occurring Lu and Yb

Table 12: neutron activation of targets containing naturally

% nat

El RN cont React | Decay | Tir Decay
product | mode prod
Lu WLy | 97.41 | 16.7 | oMLy B,y | 3.66h | CHf
6.6 | Lu | B,y |4x10°| '°Hf
y

Wy | 259 | 28 | Y™Lu | B,yu| 1604d | YHf
IT (78.6 %

)

177Lu




261

% nat c

El RN cont React | Decay | T Decay

product | mode prod

(21.4 %

)

2090 | Y7Lu B,y | 6.65d | 7THf

Yb | ¥8Yb | 0.13 |2300| !%°YDb EC | 32.02d | Tm
0vh | 3.04 | 9.9 1yph | stable
yp | 14.28 | 58.3 | 2Yb | stable
172yp | 21.83 | 1.3 18yp | stable
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% nat c
El RN cont React | Decay | T Decay
product | mode prod
1%yp | 16.13 | 155 | Yb | stable
1yb | 31.83 | 63 15vh B,y | 418d | ™Lu
176yp | 12.76 | 2.85 | 17YDb B,y 1.9h ULy

The dependences of the cross sections of nuclear reactions on

the neutron energy for direct and indirect methods of producing Lu-
177 are shown in Figures 35 and 36 [69].
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The obvious advantages of the direct method for producing
171y [74.75] are: a) the extreme simplicity of the technical processing
of the irradiated target (it is sufficient to simply dissolve the target in
dilute acid with mild heating); b) the absence of a noticeable amount
of radioactive waste.

However, the achievable specific activity of Y’Lu is usually
740-1110 GBqg (20-30 Ci) per mg of starting material, which
significantly limits the targeted use of radiopharmaceuticals based on
it (suitable only for stopping bone pain or synovectomy).

In addition, in parallel with "Lu, a long-lived isomer is
accumulated, the presence of which is unacceptable for some
therapeutic procedures (the maximum allowable ratio of Y'"™Lu /" Lu
should not exceed 1 * 10-5).

The efficiency of accumulation of lutetium-177 upon
irradiation of an enriched °Lu target (82%) is shown in Figure 37
[76].
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Figure 37. Accumulation of Y’Lu in the target using the direct
method [76]

With another method for producing *’Lu (*’8Yb (n, y) '"Yb
— "Lu), a “non-relative” target product is obtained (specific activity
is more than 2.96 TBq (80 Ci) per mg of target material), the medical
use of which is practically unlimited based on the
radiopharmaceutical:  radionuclide peptide receptor therapy,
radioimmunotherapy using monoclonal antibodies, etc.

However, with all the advantages of this method, there are a

number of serious disadvantages:
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- low yield of the target maternal radionuclide due to the low
reaction cross section of 2.5 bar compared to 2090 bar in the case of
the “direct” method of production from 1"®Lu;

- a complex scheme for the separation of //Lu from irradiated
ytterbium targets, leading to serious losses of the target product and
the accumulation of large quantities of radioactive waste;

- the need for regeneration of expensive starting target material
enriched in 17®Yb.

All of the above makes the "indirect" way of producing
lutetium-177 more costly than direct [71].

The accumulation of the target *’Lu upon irradiation of a
target based on enriched 1"®Yb (over 97%) depending on the neutron
current is shown in Figure 38 [77].

Another serious problem when using the "indirect" method for
producing ’Lu is the lack of effective methods for extracting the
target radionuclide from the mass of the irradiated target substance.
That is why the development of new options for the separation of Lu

and Yb is today an urgent task for radiochemists around the world.
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5.2 Known methods for isolating Lu-177 from an irradiated
ytterbium target

Technical problems associated with the separation of
microscopic amounts of *’Lu from macro quantities of target *"6Yb
are a complex task. To correctly select the best separation method, it
is extremely important to evaluate the differences in the chemical and
physical characteristics of the elements Yb and Lu.
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As shown in table 12, the chemical properties of Yb and Lu are
very similar. However, interaction with certain ligands may allow the
separation of these two ions using ion exchange chromatography or an
extraction method. A careful examination of Table 13 shows that
differences are only observed when there is a relatively stable
oxidation state of +2 for Yb and a high solubility of metallic Yb in
mercury. There are also differences in physical and physico-chemical
properties. So, for example, significant differences in vapor pressure

at certain temperatures.

Table 13: Chemical and Physical Properties of Lu and Yb

Propertie Yb Lu
Electronic [Xe]4f 146s 2 [Xe]4f 145d 16s 2
configuration
lonic radius Ln®* 86.8 86.1
lonic radius Ln?* 114 -
Eown*/Ln) -2.267 -2.255
Eown*/Ln?Y) 1.05 -
Solubility in Hg High Low

Despite the similar chemical properties of Lu and Yb, classical
methods of wet chemistry are often used to isolate the 177Lu
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radionuclide from an irradiated ytterbium target. Some of these
methods were described in detail in Chapter 2. It is worth noting that
the most commonly used methods are extraction chromatography and
ion exchange chromatography. However, as already described in
chapter 2, these methods have a number of significant drawbacks
inherent in all classical separation methods:

- multi-stage processes of chemical processing of the target
leads to losses of the target radionuclide and an increase in the dose
burden on employees of the radiochemical production;

- the formation of a large amount of radioactive waste;

- a complex procedure for the regeneration of the target

substance.

5.3 Thermal release of Lu-177 from an irradiated ytterbium

metal target

Our studies of the separation of various pairs of elements prove
that the thermal method can also be used to extract target lutetium-177
from ytterbium targets.

A preliminary assessment of the possibility of separation,
carried out using well-known literature data - boiling point of lutetium
3668K (3395 ° C) and ytterbium metal 1469K (1196 ° C), diagrams of
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temperature dependence of vapor pressure for Lu and Yb (Fig. 39) -
shows that the thermal separation method is applicable for pairs of
lutetium / ytterbium.

To study the thermal evolution, a sample of naturally occurring
metallic ytterbium with a mass of about 110 mg was irradiated with
the proton beam of the PNPI synchrocyclotron using a “degrader” of
energies. As a result of the irradiation, a sufficient number of Lu-171
and Yb-175 radionuclides was obtained for conducting correct
experiments, which were used as radioactive labels to determine the
physical and thermodynamic separation parameters.

After irradiation, the sample was placed on a tantalum
substrate or a quartz ampoule (precipitation from tantalum and quartz
gave similar results), which was placed in a furnace of a high-
temperature stand. The sample was heated in high vacuum (5 * 10-5).
Upon reaching a temperature of 750 ° C, ytterbium began to slowly
evaporate from the substrate. After the volatilization of the target
substance, the remaining lutetium remaining on the substrate was
washed off with a solution of 10% HCI.

The separation efficiency was monitored using gamma-ray
spectra of the sample taken after each stage of the process. Figure 40
shows a part of the gamma spectrum of a sample of metallic ytterbium
irradiated with protons before heating, after 2 heating to 1123 K, and
after washing off the target radionuclide. According to the obtained
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gamma lines, it can be judged that both lutetium and ytterbium are in
the sample before heating, ytterbium is volatilized from the sample
after heating, and lutetium remains, and after washing both the target
substance and the target radionuclide are absent in the matrix, i.e.

lutetium went into solution in the form of chloride [79].
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Figure 39. Dependence of vapor pressure on the temperature of

metallic Lu and Yb
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The second series of experiments on the thermal separation of
lutetium and ytterbium was carried out with the aim of approximating
the experimental conditions to the actual parameters of irradiation.

A natural content metallic ytterbium sample was irradiated at
the PNPI neutron source with a neutron flux n0 = 105 / cm? for 48
hours. The mass of the irradiated samples was about 150 mg. The
target material was similar to the first series of tantalum and quartz.
As aresult of irradiation in the target substance, the target radionuclide

lutetium-177 was produced, as well as the long-lived radionuclide Yb-
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169, which is necessary as a label for monitoring the efficiency of the
volatilization of metallic ytterbium upon heating.

According to the already developed method, the irradiated
target substance was placed in a high-vacuum stand and thermal
separation of the target radionuclide lutetium-177 and the target
substance was carried out at a temperature of about 1123K. Based on
the gamma spectra taken after irradiation and after heating (Fig. 41),
we can conclude that the separation was successful.

Processing of the obtained data showed that about 2% of
ytterbium after isolation remains in the sample until washing.
Repeated heating of the sample and heating to higher temperatures did
not allow to get rid of residual ytterbium.

On the basis of these experiments, it was concluded that Yb
may be in the form of a hardly volatile oxide film of Yb2Os (Tp =
4573K (4300 ° C)).

Note that already at the stage of preliminary experiments, the
thermal method showed its effectiveness: a) the bulk (98%) of the
target substance is successfully collected on the collector and does not
require additional processing; b) post-treatment of 1’’Lu can be carried
out by repeated annealing of the residual target in a reducing

atmosphere.
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5.4 Chapter Summary

According to the results of our work in 2019, a RF patent for
invention No. 2704005 was obtained: “A method for producing the
radionuclide Lu-177".

A natural continuation of the research will be the development
of an additional stage of thermal treatment of Lu-177 from residual
amounts of ytterbium metal.

In addition, it is planned to search for other (possibly “binary”)
matrices for producing and extracting the target product.

In the future, the results of this work can be used to create an

industrial site for the production of medical radionuclides.
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Conclusion

The goal of this recearch was the development of thermal methods for

the isolation of a number of medical radionuclides from irradiated

targets that are difficult to isolate in the required “pure” form by

classical methods using the methods of “wet chemistry”.

To achieve this goal it was necessary to solve the following tasks:

5.

To determine the spectrum of practically significant radionuclides,
which are difficult to obtain by classical methods;

To develop and optimize thermal methods for the separation of
selected pairs of target radionuclides and target substances;
Determine the effectiveness of the application of these developed
thermal separation methods;

Conduct a comparative analysis of thermal and classical methods

of separation.

The main results of the recearch:

6.

The thermal isolation method has been successfully applied to
obtain diagnostic and therapeutic radionuclides Cu-67, Sr-82 and
Lu-177 from irradiated metal zinc, rubidium and ytterbium targets;
the completeness of the extraction of radionuclides was: a) Sr-82 -
more than 99.9%; b) Cu-67 - about 99%; c) Lu-177 - about 98%;
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The thermal method was first used to extract Sr-82 from an
irradiated “binary” RbCl target;

The experiments showed that thermal methods are effective not
only for distillation of volatile irradiated targets (Zn, Rb, Yb), but
also for the separation of “non-bearing” amounts of radionuclides,
in particular, Sc-46 and Cu-67,

A prototype of a target site has been developed and tested, which
allows combining the processes of target irradiation and the release
of target radionuclides from them;

The main advantages of using thermal methods for isolating target
radionuclides from irradiated targets are shown: a) the maximum
possible completeness of separation of the target substance and the
target radionuclide; b) the minimum loss of the target radionuclide
in the process of chemical "redistribution™; c) the safety of the

starting target material; d) lack of radioactive waste.

The high efficiency of thermal methods for producing radionuclides

demonstrated in the work allows us to consider them as a reasonable

alternative to classical methods in the industrial production of targeted

medical radionuclides. The development and optimization of thermal

separation techniques can significantly reduce the time of isolation of

target products and the complexity of the process. Knowledge of
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thermal methods for the isolation of radionuclides can be included in

university lecture courses in radiochemistry.
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