MukpoTtpoH MT-25. JIAP.




ONEeKTPOHBI
ANIEKTPUYECKUM TIOJIEM TIOCTOSSHHOW 4YacTOTHI B
OHOPOAHOM M TIOCTOSIHHOM MarHMTHOM moie. B
BaKyyMHOH Kamepe OJEeKTPOHBI IBIKYTCS TIO
OKPY)KHOCTSIM, Ha3bIBa€MbIM OpOUTaMHU, U UMEIOT
00IIy0 TOYKY KacaHUsl — pe30oHaTop. VICToOYHNKOM
JIIEKTPOHOB SBIAETCS KaTOI, KOTOPBIA COCTOUT U3

YCKOPSIIOTCS MepeMEHHbBIM

MoHokpuctasuia Jlantan Bop 6 W TaHTAIOBOU

olpaBKe. OMHCCHUS  DJIEKTPOHOB  MPOUCXOIUT
HENOCPECTBEHHO noJ neiicTBuemM
JNIEKTPUYECKOTO TOJISI  BBICOKOM 4YacTOThl U

yIOpaBiseTcsl Temneparypor karoja. B kadectBe
UCTOYHMKA CBEPXBBICOKOUACTOTHBIX KoJeOaHUM
UCIOJb30BaHbl MMIYIbCHbIE MarHeTPOHbI JECATH
CaHTUMETPOBOIO Juarna3oHa. TemmnepaTrypa Karoaa
erynupyercs CHeIHaIbHBIM MCTOYHUKOM
OUTaHUSL.

B JlaGoparopuu sinepHbIx peakuuid B JyOHe, MepBBIi yCKOpUTEIh
JIEKTPOHOB MUKPOTPOH ObLI BBEJIEH B HKCILTYaTaLUIO

30 suBaps 1973 roma OH ObUT UBTOTOBJICH TPU MOIIEPIKKE
I'H.®nepoa ¢ mnomompto saboparopun  C.ILKamunel. OH  umen
HazBaHue MukporpoH MT-17, Tak Kkak MakcUMajbHas SHEprus
MeKTpoHOB cocTaBmsuia 17 M»sB. B 1980 rogy MukpoTpoH Obul
MOJIEPHU3UPOBaH, NOJYyYWJI  Ha3BaHUE  MHUKPOTPOH MT-22,
MakCHUMajlbHasi SHEeprus 53JeKTPOHOB cocTaBwia 22M»3B. 1986 roxy
MHUKPOTPOH NPETEpPIIEN elie OHY MOJIEPHU3ALIUIO, SHEPTUI0 YCKOPEHHBIX
3JIEKTPOHOB yNajoCh TMOBBICUTH 10 25M»5B, um OH COOTBETCTBEHHO
NOJy4Yusl HazBaHue MHUKpPOTpoH MT-25. OcHOBHBIE Yy37BI 3TOrO
YCKOPHUTES SKCILTYaTUPYIOTCS 10 celf JIEHb.

Muxporpon MT-25 sBnsiercst ycranoskoii JISIP. Ha
ero TMydYKax peanusyeTrcs HaydHas Iporpamma
JlaGoparopuu 1o  M3y4eHHIO  (OTOSJICPHBIX
peakuui, raMMa/HeHTPOHHO-aKTUBALIUOHHOMY
aHaM3y, OONyYEeHUIO0 OWOJOTHYeCKHX 00pa3IoB,
OoTpabOTKE METOAMK M TEXHOJOTHH HapaOOTKH
M30TOIIOB/TPACEPOB, NEPEKTOCKOINHUS, UCIIBITAHUSIM

Ha paJuallMOHHYI0 CTOMKOCTb H T.J.



OCHOBHBIEC IAPAMETPHI YCKOPUTEIS.

4 @2

s

2

20 mA 50K
201



OCHOBHBIE CHCTEMBI U MOJICUCTEMbI YCKOPUTEJIsI

Cucrema ABTOMaTH3UpoOBa
OCHOBHOTIO MumieHHbBIN HHas cucTeMa
MarHHWTa ¥ BBIBOJ y3€Il yIpaBIECHUS
my4Ka. YCKOPHUTEJIEM.

Dvadparma Ynpasnsiowas Typ6bomoneKynsipHbie
Bonbdppamosblii nporpamma Hacocbl

KoHBepTOp ACY MT-25 dopBakyymHae
Mornotuteno

ABTOMaTU3UpOBa
HHasl CHCTEMA OnexkTpuka
paanaloOHHOTO YCKOPUTEIISI

Cucrema CBY n BaKyyMHaH

¢dopmupoBaHue
y4Ka.

reHeparop

Mogaynsartop tira
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KatyLwku ocHoBHOro Bnoku nuTaHuA
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ycKoputens
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JINH3bI
nHeBMonogaya
KoppekTupyrowme

MarHuTbl

(pednekTomerp)

daszaBpawarennb
BakyymHoe OKHO
Pe3oHaTtop




Cucrema CBY u (popMupoBaHUE MyUKa.

B kauecTBe MCTOYHHMKA CBEPXBBICOKOYACTOTHBIX KOJICOAHUI B MUKPOTPOHE UCIIOJIB3YETCSI MMIYIbCHBIM MarHeTpoH MM-456 AM ¢ nakeTupoBaHHOW MarHUTHOW cUCTeMOM. J{muHa
BoJiHBI 10 cM., puKkcupoBaHHas yacToTa coctapisieT 2794 MI'1, BbIXOHAs MOIIIHOCTb, NepenaBaeMasi B pezoHarop 3570 BT, AnmuTenbHOCTh UMITY/Ibca 4 MUKPOCEKYH/IBI.
MogynstopoM ciaykut uminyiabcHbli reneparop «IIupur» THUPA 2.081.019, cornacoBanublii ¢ UMIynsCcHbIM TpaHchopmaropom THPA 4 720 019, koTOpbIi SBISIETCS HCTOYHUKOM
MATaHUs MarHeTpoHa. Hakan MaraHeTpoHa OCyIIeCTBISIETCS HCTOYHUKOM OCTOSSHHOTO TOKa. MOIIHOCTh MAarHETPOHA U3MEHSETCS] B 3aBUCUMOCTH OT I1OAaBAaEMOr0 Ha HETO
MMITyJIbCa HanpsbkeHus. JJis nepenayr MOIHOCTH B PE30HATOP, MATHETPOH COMIACYETCsl C PE30HATOPOM BOJHOBOJIOM. Pe30HaTop MUKpPOTpPOHA, SBISETCS OAHUM M3 CaMbIX
Ba)XXHBIX 2JIEMEHTOB YCKOPHUTENs : B mepeMeHHOM 31IeKTPOMarHUTHOM I10JI€ Pe30HaTOpa MPOUCXOAUT IMHUCCHS AIEKTPOHOB, UX 3aXBaT, YCKOpeHUE U POoKycHpoBKa. OH U3rOTOBIEH
u3 OECKUCIOPOAHON MeIU, UMeeT COOPHYIO KOHCTPYKIHUIO U BOJsSHOE oxJaxaeHue. Ha cteHke pe3oHaTopa B criellaibHOM OTBEPCTHH PACIIONOXKEH Karoll . B pabouem pexnme
Katoj pazorpesaercs mpuMepHo a0 1800 rpagycos Llenbcus u, Gnarogaps agdexrty LLIOTTKH, NMPOUCXOAUT IMUCCHUS IIEKTPOHOB.

3agaromuii Uctounnka Hcrounvnka nuranus
reHeparop [IMTAaHUS HaKaja Hakaja Karoaa
MaI‘HeTpOHa. pegOHaTopa,

‘ 50-400 Hz ‘ BomnoBon, ¢pepputoBbrit

Monyssttop tira MarueTpon BEHTWJIb, (ha3aBpalareib,
«[Tupur-1 PPS-11» MU-456 BaKyyMHOE OKHO

o 10 kB umnynecHOTO TOKA

1o 50 kB umnynbcHOTO TOKA



CucreMa OCHOBHOI'O MarHura u BbIBO/ IIY4KAd.

MarHuTHOE 1oJie co31aéTcs MIESKTPOMarHuToM. Ha TaHHOM ycKopHTesie BEpXHUN U HUKHUH MOJTIOC MATHUTA SIBJISIETCS TaK JKE BAKYYMHOM Kamepoi. BHyTpu kaMepbl HaXOsTCs
JIBE MEJIHBIC KaTYIIIKH, KOTOPbIC CO3Ial0T MAarHUTHOE Toj1e. [10/1 AeiiCTBUEM MAarHUTHOTO T0JIs, YCKOPEHHbBIE AJIEKTPOHBI JIBUTAOTCS 10 opOouTaM. [1pu MpoX0oKICHUHN IEKTPOHA
4epe3 OOLIyI0 TOYKY - PE30HATOp, OH MOJTydYaeT MPUPOCT DHEPTHH Ha Kax0i opoute ot 0,6 10 0,9 M»3B (B 3aBrcHMOCTH OT THIIA pe3oHaTopa). [Tocie Toro, Kak AMeKTPOH
nprOOPEN HY)KHYIO SHEPTHIO, OH BBIBOIUTCS M3 KAMEPhI YCKOPUTEIISI MATHUTHBIM KaHAJIOM. MI3MEHEHHUE SHEPTHH 3JICKTPOHOB Ha JJAHHOM MUKPOTPOHE MPOUCXOIHUT, TYTEM
YCTAHOBKH BOJIHOBOHO BCTaBKH TEPEl PE30HATOPOM B KaMepe YCKOpuTelis. BoHOBOIHAS BCTaBKa MO3BOJISIET YMEHBIITUTD YUCIO OPOUT, UTO CITIOCOOCTBYET YMCHBIIICHHIO
SHEPIUU MEKTPOHOB. TaK ke SHEPTHIO AEKTPOHOB MOKHO KOPPEKTHUPOBATH, U3MEHSS 3HAYCHUE MATHUTHOTO TIOJISL U PETYIUPYSI TIOJIOKEHHE BRIBOAHOTO KaHAA.

Karynikn 0oCHOBHOro MarHuTa v NOJIBUKHBIN BEIBOJIHOM KaHAJ

I10BOPOTHBIN MarHur,

IEKTPOHOBOJ, KBaAPYIOJIbHBIE JIMH3bI, KOPPEKTUPYIOLIUE

MarHuThbl

opbura
BEIBOJIA




MHuUIeHHBIN y3€e

MutieHHbIH y3e1 UMeeT COOPHYIO KOHCTPYKIUIO. DIEMEHThI MUILIEHHOTO y3J1a U30JIMPOBAHbI APYT OT APYTa, JUIsl BO3MOXKHOCTU KOHTPOJISI TOKA ITy4Ka.

ITormorurens Bosb(hpamoBbiit
716HPAMOBBIIT
OCTaTOYHBIX p Jlnagparma PasnenuresnbHas DIeKTPOHOBOJ

KOHBEPTO
3NEKTPOHOB pTop (ponbra




ABTOMATU3UPOBAHHASA CUCTEMA YIIPABJICHUS
YCKOPHUTEIIEM.

VYipaBiieHUE BCEMHU 3JIEMEHTAMU YCKOPUTEISI OCYIIECTBIISIETCS Yepe3 CIEIMaIbHO pa3pad0OTaHHYIO B HAIlIEH J1aOOpaTopuu MporpamMmmy,
HanucanHyro Ha LabVIEW. KomMyTarus Bcex y3/10B U MOJICUCTEM YCKOPUTEIS C YITPABIISIFOIIIMM KOMITBIOTEPOM OCYIIICCTBIISICTCS Yepe3
smartbox.




BakyymHasa cucrema

BakyymHas cuctema mpenctaBiseTr co0oil ABa TypOOMONEKYISIPHBIX HAcOCa U OMHM (pOpBaKyyMHBIN . Pabounit Bakyym Ha 3ToM yckoputesne 2*107-6
Torr. Ha maHHpIi MOMEHT UMEETCS TTPOCKT Ha MOJICPHUBAIMIO BAKYYMHON CHCTEMBI MUKPOTpOHA. B mpoekTte 3amoxkeHsl 4 TypOOMONIEKYISIPHBIX U 2

(bOpBaKyYMHBIX HacocCa I yJIydHICHHA Ka4C€CTBA BaKyyMa U YMCHBIICHHWA BPEMCHU OTKAYKHU YCKOPUTCIIA.




ABTOMATHU3UPOBAHHAS CHUCTEMA PAJTHUALIMOHHOTO
KOHTPOJIA
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«IJIEKTPHUKA» YCKOPUTEIIS.

YCKOpUTENb IMEET COBPEMEHHYIO 3JIEMEHTHYIO 0a3y.
B kadecTBe MCTOUHHKOB MMUTAHUS BCEX CHCTEM YCKOPUTEJIS,
ucnosbp3ytoTes ucrounuku delta elektronika ¢ Bo3amoxHOCTBIO
YIAIEHHOTO YIIPABICHUS! © MOHUTOPHUHTA.




OO0y4YeHHUE )KUBBIX OMOJIOTHYECKUX 00pa3IOB.
MosekynsapHbIe MEXaHU3MBI SKCTPEMAITBHON PaIMOPE3UCTEHTHOCTH
(TUXOXOJO0K) U UX NPUMECHCHMUS.

OO0nyueHust IPOBOJUIUCH HA TPEeTheM KaHajie MT-25 TOPMO3HBIM U3TyYEHUEM,
MOSIBJISIFOIIEMCS B PE3YJIbTATE MOMATaHUs YCKOPEHHOTO AIEKTPOHA B MUIIIEHD
(BoJIb(p)paMOBBINA KOHBEPTOD).

OO0pa31ibl yCTaHABIMBAIKUCH B CIIEIIMAIBLHO MTOATOTOBJICHHBIN IITATUB Ha
paccrosgauu 140 MM. OT MUIIIEHHOTO y3:1a (151 00JIbIIIEH PABHOMEPHOCTH).

E.- = 10M3B.
N = 300 mGr/s. (0Opa3iibl BBLKHBAIH)

HaOpanHas 103a BapbUpoOBaJIach B 3aBUCUMOCTH OT 3aj1a4u ot 100 mo 1000 Gr

B SHC PC Blectrometer X
SNC600c™ S— gt I3MEPEHUS IOTOKA U MIOJICUET
N i ToroIEHHOU bI
10,69 Gy OIVIOIIEHHOM 103
10,45 mGy/s [RNEQZE:IVIH VS
oz MOHU3AIMOHHON KaMepou
1 «SNC600C» 1 mporpaMMHBIM
1
oyt W 00ecIIeUeHUEM OT
Oatn Loggng:
o IIPOX3BOIUTEIS.
Woer Tank: cuuwm»__ "
Dme/Tima: r:-‘::?u?lcv S8

Crarp4.



https://www.cell.com/iscience/fulltext/S2589-0042(23)01075-1?_returnURL=https://linkinghub.elsevier.com/retrieve/pii/S2589004223010751?showall%3Dtrue#secsectitle0035

OOyyeHre 00pa3LoB CEMSH PACTCHUM C LCIIBIO
OLICHKH PA/IMAIIMOHHOTO CTpecca

9Hepm;[ YCKOPCHHBIX JJICKTPOHOB - 5 M»B. M3MepeHus noToka ¥ NoJIcYeT MOTJIOMEHHOMN J103bl MMPOU3BOAMINCH TaK
CpCI[HI/Iﬁ TOK ITy4YKa DJIEKTPOHOB Ha MUIIECHH - 2MKA. ’Ke  uWoHu3anuoHHOW  kamepod «SNC600C» W  mporpaMMHBIM
MorHoCcTh 1035l (110 HoHHM3aIMOHHOM Kamepe) - 10-11 mIp/cek.( =381 p/4ac) obecreeHHEM OT MPOU3BOAUTENLA.




OOny4eHue ceMsH aMapaHTa.

&

['eomerpus sxciepruMeHTa.
[IpobHOE(0O1IEHOUHOE) O00MyUYeHUsI CEeMSH
aMapaHTa TOPMO3HBIM  H3JIYYEHHUEM C
SHEPTUel YCKOPEHHBIX 3JEKTPOHOB SM»1B.
OKCHEPUMEHT TMPOBOIWJICS HAa TPEThEM

kanaine MT-25.
by = =
3
Meierts
P Y \ \ | ]
== Y \ \ | I
%

KroBera ¢ oOpasiamu ycTaHOBIICHA Ha
BPAIIAIONIYIOCS MOJICTaBKY u
BBICTABJICHA 10 BEPTUKAJIBHOH W
TOPU30HTAILHOM OCH TTyYKa.

¥

é

M3mepeHus MOTOKa M MOJCYET MOMIOMIEHHOM 035l TPOU3BOMINCH TaK XKe
noHm3arnronHou kamepoit «SNC600C» u mporpaMMHBIM OOECIIEUEHUEM OT
POU3BOTUTEIS.




OO0yuyeHue IEeKTpoHaMu 00pa3oB pocdaron
11 U3YUEHUS UX TEPMHUUYECKOI0 PACILIUPEHUS.

OO6nydeHre MPOBOAUIOCH 3eKTpoHaMHu ¢ 3Heprueit E=4.11 M»B. u
cpenHuM TOKOM Iydka Iz=5UA. OOpasnsl obnydyanuchk mo Bpemenu (1
gac, 2 4yaca u [ 4dacoB). Pacdyer momimomeEéHHON 03Bl MPOM3BOIAUICS
3aKa3HUKOM.

B kauecTBe KOHTpOJIA ITy4Ka, HWCIIOJB30BAICS NPOOHUK, YCTAHOBJICHHBIN
nocepeauHe 3a oOnydaeMbIMU oOpasnamMu. J{OmOTHUTENBHBIN KOHTPOJIb
My4Ka IPOU3BOAUIICS TIO JIIOMUHOPOPY




Moandukanys U UCClI€0BaHUE CTPYKTYPHI U CBOKCTB
1eonutTa ZSM-35 3JIEKTPOHHBIM ITYYKOM.

N3yyeHnne CBOWCTB MOAU(MHUIIMPOBAHHOTO AIICKTPOHHBIM ITyYKOM
neonuta ZSM-5.

W3yyenre TpaHUI] paJUAIMOHHOWM CTOMKOCTH  CTPYKTYpPHO-
HeCcTaOMIM3UPOBAaHHOTO ZSM-5 MO OTHOUIEHUIO K 3JIEKTPOHHOMY
00JTy4YEeHUIO.

Pa3paboTka MeETOAMKH IS PaBHOMEPHOTO TIO TOBEPXHOCTH
00JTy4eHUsI MOPOITKOBBIX 00pa3iioB ZSM-5 alieKTpoHaMH;
Pa3paboTka, mOATOTOBKa ¥ HACTPOHKAa JKCIEPUMEHTAIHHOTO
o0OpyIOBaHUS JUIsl TIPOBENECHUS JKCIEPUMEHTANBHBIX paboT Ha
MUKpoTpoHe MT-25;

[IpoBenenue  obmyyenus  oOpasmoB  ZSM-5,  mepBuuHas
MOCTAKCIIEpUMEHTaNIbHAsA 00pabOoTKa TaHHBIX;

HccnenoBanue KaTaIUTUUECKUX CBOWCTB MOJMYYEHHBIX 00pa3IIoB.

[leonuTel  —  KapkKacHblE  AJIFIOMOCHUJIMKATHI
IICJIOYHBIX U  IIEJIOYHO3EMEIbHBIX METAJIJIOB,
UMCIOIIME TIOPUCTOE BHYTPEHHEE CTPOCHUE,
KPUCTAJJINYECKYIO CTPYKTYPY.



Cxema paBHomepHoro obayyenuma ueonmta ZSM-5
3/1eKTPOHHbIM MYYKOM.

KOJLTUMATOP
h=20

KPBIIIKa

KIOBCTAa

eonut ZSM-5 (Si/ Al = 30, 50, 70)

BPAILIAIOIINICS CTOJIUK
8 000pOTOB B MUHYTY



CxeMa KalOpUMETPHUICCKOTrO U3MEPEHMS (DIIFOCHCA

AP PA 109 N _— R8232 => Ethrnet

=

Voltage, mV Temperature, 0C

D .| 1,095 47,3113 Dose, units/cm2
o Elapsed time Delta, 0C 1 ,361 01 E + 1 5
| ]"()p JYUU CIIa 10732,8 27,3113
| Room Temperature, 0C poto 184
20
| TepMoOnapsl e
[ 9177,405
Beam energy
E+7
Cooling p wt
5,6609

"  3aNKCh U3MEPSEMbIX 3HAUeHUN B (aiin B pexuMe peajbHOTro
BPEMEHU,;

" [pUMEpPHAas OlCHKA HAOpaHHOM JIO3bI C YYETOM OXJIAXK]ICHUS,

" BU3yajau3aysl




TOpsSIYuM criau
TEpMOTIaphbI
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BPAILIAIOIIUANCS CTOJIUK

/\ ( .y

[TapameTpsl OOTyUECHUS:

sHeprusa 10 — 12 M»sB;
ToK ~ 10 pA;
¢umroenc 101° +101 cm?

=

N3mepenne HarpeBa BO BpeMs 00TydeHHUS,
W3mepenue  OXJIAXIEHHS  TOCIEe  OOMydeHHS,
omnpezeneHne MoiHocTH oxnaxacHus dQ/dt;
N3MepeHne  KOJIM4YeCcTBa  PA3JIOKUBLICHCS — 1OA
JIEHCTBHEM ITy4Ka BOJBI B KIOBETE;

[TocT skcniepuMmeHTanbHas 00paboTKa JaHHBIX.



O0ayyeHure o0pa3noB 0eTOHA ¢ PA3JIHYHBIMH NMPUMECAMH
IEKTPOHAMM, C HEeJbI0 OnpeaejJeHuss PpAANAIMOHHON CTOMKOCTH.

OO6pa3siia 6eToHa (KamIayHbl) 00Jy4YaaIuch Ha 3eM KaHalle yCKOPUTEIS.
OHeprusi yCKOPECHHBIX AJIEKTPOHOB cocTaBisuia = 12M»sB.

Cxema cTeHaa s o0mydeHus: 00pasIoB.

MpobHuK 1
Ounadparma

Mpo6HUK 2 7

Ha mecto mpoOnmka 1 ycraHaBiuBajach cHaudaja
MeTaiMyeckass OoJBaHKa, 3areM  o0ydaeMbIi
obpazen. IIpoOHmKkoM 2 sBIsIIaCh TaK ke
MeTalnyeckas 00JBaHKa MACHTUYHAs MPOOHUKY 1.
Huadparma - MeTayumueckas OOJIBaHKa pa3Mepamu
OoJIbIIIE AUaMETpa MydKa.



KoHTpOJIb MHTEHCUBHOCTH My4YKa BEJM IO
3HAYEHUIO T[IOKa3aHUM MNpoOHWKA 2 U
muadparMpl  + C  TOMOIIBIO  KaMepbl
OTCJIC)KUBAJIU TIOJIOXKEHUE TTyYKa Ha CTEKJIE.
Jlnsi paBHOMEpPHOCTH 00JydeHus oOpasia
ObLJIO MPUMEHEHO CKaHUPOBAHUE IMyyKa IO
BEpPTHUKAIIH.

Cpennuii Tok mydka Ha nmpooHuke 1 = 10MKA.



DC-280  T-400R T=400M -

SHE Factory Nuclear reactions RIBs research

DC=140

Applied research

U-400R

OBBEJUHEHHBIH MHCTUTYT SANEPHBIX HCCJEJOBAHUU

NPUKA3
2605 v 4L - mpukaz no OWSN o0 opranuzamuu padOT MO CO3JAaHUIO ITPOEKTa
e MHHOBAIIMOHHOTO HCCJICAOBAaTEIbLCKOTO IIGHTpa B 00JacTH  SJICPHBIX
06 aprammsazan pator no coszanio texHoioruii or 26.05.2021, n.l Hay4HO-HMCCIEq0OBaTEIbCKHII KOMILIEKC B
HetenonaTeapeoro tewpa QI JISIP nna marepuanosenenuss 1 HUOKP B o0Omacté TEXHONOIMH st
B consn ¢ onoGpenten KITIT ONAN enreasocti npeicuint o Gopynposasio SAICPHOM MEIUIMHBI Ha 0a3e CO3JaBaeMbIX HHMKINYCCKUX YCKOPHUTEICH MU
oo (Tanee . Tompa)  WeoGNesIoCTHIS OptaALL T Ko Contg npoektupyemoii PXJI 1 knacca;

npoexra Ilenrpa B pamkax yTBepikaenHoro CTpaTeTHYecKOro MIaHAa ONTOCPOUHOTO
passutust OMSH 1o 2030 rojaa v panee



1)

2)

3)
4)

3agaun NpoeKTa

Pa3paboTKa HOBBIX TEXHOJOTHMUYECKUX MPOIECCOB MOIYyUYSHHS PAAUOHYKINIOB JJIs SIEPHON MEIUIIMHBI B
(OTOSICPHBIX pEaKIUsIX Ha TMPOMBIIUICHHOM YCKOPUTENIE JJIEKTPOHOB W PACIIMPEHHUE CIEKTpa
HCCICA0BaHUN B 00JIACTH TEXHOJOTHH JJIs SIASPHON MEIUITUHBI.

M3rotoBieHne W pereHepanusi BBICOKOPAIUOAKTUBHBIX YCKOPUTEJIBHBIX MMIICHEH, B TOM YHUCIIE W3
obOoramennubx u3oTonoB Pu, Am, Cm, Cf u BK, HeoOXOOUMEIX IJIS CHHTE3a HOBBIX CBEPXTSKCIIBIX
anemeHToB Ha ®abpuke CTO.

SAnepHo-pusznueckue uccaeoBaHus GOTOACICHUS TSHKEIIBIX SAEP U MOJYyYEHUE PAIMOAKTUBHBIX ITyYKOB.

HccnenoBanust OKpyKarIEW Cpenbl W aHaIu3 PAAUOHYKIUIOB B MNPUPOAHBIX CUCTEMAX HCHOJIb3YS

METO/IbI AJIEPHON (PUBUKHU. y
L[GJ'H/I H 3a1a4u (I)I/ISI/I‘IGCKI/IX HCCJICIOBAHUU.

[TosrydyeHue OCKOJIKOB JIEJIEHUS JJI TOCIIEAYIOIIETO YCKOPEHUS,
SAnepHas CIIEKTPOCKONUSA OCKOJIKOB JICJICHUS;

[Ipeun3noHHOE ONpPENEIEHUE MACC OCKOJIKOB JICJICHUS,

JlazepHas CIIEKTPOCKONUS OCKOJIKOB JICJICHUS;

N3rorosinenue u pereHepanus MUIIECHEH;

[TomydeHne paaguoaKTUBHBIX U30TOIOB JIJIsI MEAMIIMHBI B peakiusax (y,X);

N3yueHune peakunil moJIMMepU3alinu, ICIOJIUMMEPU3ALIIH;

© N o g k~ W D PE

N3yuenne BO3AEHCTBUS Y-U3IyUYeHUs] Ha OMOJOTHYECKUE MAaTePUAIThI.



Hoayuenue 3x30Tndeckux suiep °He B peaknuu ‘Li ( v: p)

B pabore [1] Obli1a n3yueHa BO3MOKHOCTD MOJNyYeHHs 9K30THUeCKHX suep ®He B peakuuu ‘Li(Y;p) ¢ HCIOIb30BaHHEM TOPMO3HBIX
raMma KBaHTOB OT OJJIEKTpOHHOTO myuka 22 M»sB mmkporpona MT-25, JIAAP OUSM. Dt1oT HOBBIM METOJ oOKa3ajics BechbMa
5()(GEKTUBHBIM MHCTPYMEHTOM ISl TPOM3BOJCTBA MOHOB °He. MakcuMaibHbIi Bbixox aroMoB °He Gbur monyden mpu oOnydeHHn
MEJKOMCIIepCHO# comu LiF, 3arpyxeHHO# B IMIMHAPUYECKHUN, METALITMYECKAN cocyl M Harperoir mo temmeparypsl 800°C. Breixon
®He cocraBua (1.740.2)-107 ar./c Ha 1MKA TOKa 3I€KTpOHHOrO mydka. Mcmons3oBanue DLIP HOHHOrO MCTOYHHUKA ¢ d(P(PEKTHBHOCTHIO
0K0JI0 8% MO3BOJIMIIM MOAYYUTH ITy4oK HOHOB *He ¢ urrencuBHoCTHIO (1.440.2)-108 nonos/c Ha oxuH 1MKA TOKa JIEKTPOHHOIO ITyYKa.
B skcrniepuMenTe OBLIO ONPEIENICHO, YTO n3MeHeHue Bbixona ®He cocrasiser okono 20% npu M3MEHEHHUH SHEPTHH MyYKa 3JIEKTPOHOB
Ha 1 MbB, uto cooTBeTcTBYET KO3 HIHEeHTy yBeaudenus Beixona °He B 3.6 pa3s s sHepruum snexrporos 40 MoB.

[IprMeHEHHE 3TOrO MOAXOAA JUIS TOAYYEHHS MOHOXPOMATHYECKOTO ITydKa YCKOPEHHBIX MOHOB °He cienano Gbl BO3MOKHBIM
OO0JBIII0e KOTMUYECTBO IKCIIEPUMEHTOB TI0 MCCIETOBAHUIO CTPYKTYPBI 3TOTO SApa U MEXAaHM3MOB SIEPHBIX PEAKIUil C €ro y4acTHEM.
DTOT MeToA MOodydeHHs snuep 6He sBnseTcs ogHMM U3 CaMbIX ONTHUMAJBHBIX M HEAOPOTHX MO CPAaBHEHUIO C JIPYTHMH METOAaMH C
UCTIOJIb30BaHNEM YCKOPEHHBIX TSXKEJBIX HOHOB.

Production of 6He by bremsstrahlung of electron beam. NIM B. 2014. 336, pp.74-80.

Y e = (4,5+0,5) 107 nuclei/s - B 2018 rogy — ontuMu3anus IpOU3BOAAIIEH MUIICHH



Some of the isotopes used in medicine produced by cyclotrons can also be obtained through
photonuclear reactions. A basic idea that we could consider is to propose experiments in which the
possibility of producing medical isotopes with an electron accelerator would be explored. Most of
the isotopes that we would analyze are also obtained by reactions where several neutrons are
ejected from the nucleus. Cross sections for these reactions are of the order of tens of millibars. By
protons, the same isotopes can be produced in reactions whose cross-section is several hundred
millibars, but much higher photon fluxes can be obtained, so that the yields of the reactions can be
equal. If one owns an electron accelerator (40 MeV and 1 mA), the yields there would be much
higher than the yields of reactions obtained using protons.



B noabpe’22 u anpene’23 22. bvliu nposedernvl IKCNepUMennbl O UCCAE008AHUIO (DOMOSIOEPHBIX PeaKyUll C
UCNONb308AHUEM INEKMPOHHBIX nYuKko8 JIVI-75 ¢ anepeuamu 40, 50, 60 M>B.

Production of 117mSn and 119mSn by photonuclear reactions on natural antimony
March 2024 Applied Radiation and Isotopes 208(1988):111280 DOI: 10.1016/j.apradiso.2024.111280

Natural antimony targets were irradiated in a 60 MeV bremsstrahlung beam and gamma spectrometric measurements were performed. The goal was to establish the yield of
117mSn, a radionuclide with great potential for application in medicine. Considering that 117mSn is predominantly produced through a photonuclear reaction in which an charged
particle is emitted (121Sb(y,p3n)), the yield of this tin isotope is much lower than the yields of several antimony isotopes produced in (y,xn) reactions. It has been estimated that
photonuclear reactions on natural antimony could produce 117mSn activities needed for therapeutic applications, with accelerators having electron currents of the order of mA.
For the used bremsstrahlung energy of 60 MeV, it was estimated how much 119mSn activity can be expected when exposing the antimony target.

Search for the evidence of 209Bi(y,p5n)203Pb reaction in 60 MeV bremsstrahlung beams
July 2023 The European Physical Journal A 59(7) DOI: 10.1140/epja/s10050-023-01088-3

Abstract
Samples made from natural bismuth were exposed in 60 MeV bremsstrahlung beam. A simple model which can determine the share of two ways of forming 203Pb: by the

decay of 203Bi, formed in 209Bi(y,6n)203Bi reaction and by 209Bi(y,p 5n)203Pb reaction is described in this paper. The method employs the ratio of 203Pb and 203Bi
nuclei numbers and activities at the end of the exposure as the input value. This ratio was estimated from gamma spectra collected after irradiation of natural Bi sample. It
was found that about 5% of the 203Pb activity comes from the (y,p 5n) reaction. Obtained result is compared with TALYS based estimation.


https://www.researchgate.net/journal/Applied-Radiation-and-Isotopes-0969-8043
http://dx.doi.org/10.1016/j.apradiso.2024.111280
https://www.researchgate.net/journal/The-European-Physical-Journal-A-1434-601X
http://dx.doi.org/10.1140/epja/s10050-023-01088-3
http://dx.doi.org/10.1140/epja/s10050-023-01088-3
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1. Er
Erbium-165 decays by EC without any accompanying gamma radiation, hence it is an ideal
candidate for Auger electron therapy

In addition, it is an ideal isotope for production via photonuclear reactions. In the reaction
165Tm(gamma,4n)*%Tm, *%5Tm is created, which decays into *¢°Er, which can be separated
chemically. Apart from 65Tm, several other Tm isotopes are created, but they all decay into
stable Er isotopes. In this way, only one active Er isotope is obtained, without significant
presence of other isotopes. *%5Tm lives three times longer than 6°Er, so it can be used as a
generator for several days.

1.%Mn
Manganese-529 is a positron emitter with imaging applications in the development of longer The isotopes 43,44g,44m,47Sc are of interest for the creation of theranostic radiopharmaceuticals 1}%
lived targeted imaging agents and dual modality PET-MRI agents . X X 47 e
using 43,44,44mSc for PET imaging and #’Sc for therapy. 5+

1.%°Ga, *’Ga and **Ga
There are several cyclotron produced isotopes of gallium which have applications in PET (i.e.
56Ga and 58Ga) and single photon imaging (i.e. 67Ga). Of these, 7Ga and %8Ga are in routine
clinical use. %8Ge/%®Ga generators are currently the most common method for obtaining %8Ga

All three Ga isotopes can be obtained in a package from Ge. Since their half-lives are very

different, it is possible to obtain one of the Ga isotopes in greater quantities by choosing the
timing. For example, ®3Ga can be obtained from ¢Ge by waiting for the short-lived ones to

disappear. Due to the short half-life, short irradiation of Ge yields ¢’Ge and from it 8’Ga.

1. Sc, *sc, “MSc and “'Sc

1. *°*Nb

9Nb has been proposed as a candidate PET isotope of moderate half-life, low positron energy
and reasonably high B+ branching ratio

Tm164 | Tm165 | Tm166 | Tm167 | Tm168 R 1L} Moss | Mio89 | Mos0 Mo9%4 Mo95 Mo9 Mo97  Mo98
12+ Ge66b | Ge67 | Ge68 | Ge6Y Ge73  GeTd I I I * q - =0 o
236 h 189 m 270.8d 39.05h ECN & mNhss E; 5 .25 15.92 9.55
100 o+ 112 o+ Si2= 26m 14.5m 19h
Er167 FErl68 EC EC EC EC PR
Gab65 | Ga6b | Gab67 | Ga6s Ga70 e
72+ 0+ 152 m 9.49 h 32612d | 67629 m 21.14m ) . . ) .
* 3n- 0+ 3n- 1+ 1+ All the isotopes that arise from the products (gamma, xn) of the reaction are either short-lived or
22.95 EC EC EC EC long-lived. Practically, it remains that ®*Nb can be easily separated. All that remains is to check

how many Nb isotopes are created in the reactions (gamma, pxn).

1.'%pPd
Paladium-103 decays by EC to 103mRh (T1/2 = 56.114 m) following de -excitation through
isomeric transition. Auger electrons and X rays are emitted as a result of these decay processes
(EC and isomeric transition), which can be suitable for cancer therapy.

EC
lFsﬁig g}gﬂ ;ggzh 5%‘;4[-33 I'l‘;:l:l;l- Tid6 INCY) Ti48 Ti49 Pﬂ!,?,l Pd104 Pd105 Pd106
o 6z " . 12- 0+ 0+ 5/2- 0+ 72- /24 s+ 0+
ECp EC EC
X EC A 22.33 27.33
Mn49 | Mn50 | Mn51 _ EC : 7.3 73.8 5.5 .
382 ms 283.88 ms 46.2 m SC42 SC43 o . . . . . )
502- 0+ 5/2- 681.3 ms 3.891 h At sufficiently high energies, several isotopes of silver can be obtained. But they all decay into
EC EC * EC 0+ 72- stable isotopes of Pd, so that after some time only the activity of 1°°Pd can be separated.
*
. . . . EC EC 89
Several short-lived isotopes are obtained from Fe by (gamma,n) photonuclear reactions. Of the 1.%Zr

obtained Mn isotopes, when waiting for *:Mn to decay, only 52Mn remains, while the activity of

53Mn will be very low due to its long half-life. It remains to be verified what the activity of %*Mn  “3Sc can be obtained from very short-living “*Ti in short exposition. It can be expected that

would be that would be obtained in the (gamma,pn) reaction. production of “4Ti will be very low due to the long half life. Same time 4’Sc can be produced in
(gamma,p) reaction. However there maybe should be some advantage of mixture of 43Sc and #’Sc
in theranostic procedures.

Zirconium-89g (T1/2 = 74.4 h) is a longer lived positron emitting radionuclide well suited for
imaging the biodistribution of radiolabelled antibodies.

There are several other medical isotopes that can be produced by photonuclear reactions, but it is Ilq“bssg 11'38119
not so simple. For example, %°Co can be obtained from the decay of 5°Ni, but there are also a (é_'_) (9'}2_'_)
couple of Co isotopes whose production can be minimized by timing irradiation and extraction. Copper isotopes ®°Cu, %1Cu, *Cu and ¢’Cu are also used in medicine. They can be obtained from *
- n n zinc in various ways, but the short half-life is a problem. EC EC
NiS5 NiS6 Nis7 7r87 Zr88
212}1 ms 6.077 d 35.60 h ﬁ;ﬁo %9“{51 gzlnsgzh 3%2%53 1.68 h 83.4d
7/2- 0+ 3/2- 38 m 1s ) 4Tm
0+ 3n- 0+ 3n- 9/2)+ . 0+
EC EC EC EC EC EC EC EC
Co54 Co55 Co56 CoS57 CoS8 Cu59 | Cu60 | Cu6l | Cu62
193.23ms | 1753 h 77.27d | 271.79d | 70.82d 8155 23:Tm 3333|8974 m _ ) _ _ _
0+ 7/2- 4+ 7/2- 2+ 32- 2+ 32- 1+ Of the several Nb isotopes that are created in (gamma, xn) reactions, 8Nb decays into active
EC EC EC EC daughter. If 8Nb is formed, it decays into 88Zr, which does not emit gamma radiation and decays
EC EC EC EC EC by electronic capture, so that it cannot burden the tissues with an additional dose, except for the

one that comes from the characteristic X-ray radiation



123]

124Xe (y,n) 123Xe

99mTC

100Mo(y,n)99Mo — 99mTc

225AC

226Ra(y,n)226Ra—225Ac¢




123 I 124 Xe (y,n) 123Xe
B3pocnas onkonorus. [IpubnusuTenbHOe YMCIO MUKIOB paAuoHYKIMIHON Tepanuu B rog ~ 20000, u3
HuX ¢ ucnonb3zoBanueM 1311 nim 1231 u 1311 ~70%.
123l Lentpsl (~uuknbl). Apxanrensck (~600), Omutposrpan (>300), Kasams (~500), Kpacmospck
(~1500), Mocksa (PHILIPP ~2000, DHII ~500, PMAHIIO ~300, EMC (wactH.) ~1000, Menuiuna
[Ipemaparsl crieuaJIM3uPOBAHHBIC: (wactH.) ~H.1., PoraueBa, POHI]| ~u.x1. (emuuuunsie, nexuarpusi), POHL] ~u.x.), O6uunck (~4000),
Cankr-IlepepOypr (PXK/, 21 Kb, 31s Kb, 1 MEJI, wactn. ~1500), Tromens (~700), Yensiounck (~500),
I'mnobnactomer 1231-IMT, Bone3ns .
u ap. Jns xaxnoro mukna 1311 (3omotoit cranmaprt) menaercs «mperpeaTtMeHT» ukia ¢ 1231, manmee
[Tapkuncona: 1231-FP-CIT; nposomuTest Kt ¢ 1311,
Metabomnueckue cuaapomsr: 123 I-BMIPP; 1231-1IMP B nporecce neueHnss B TeueHHE HECKOJIBKHX JIET MAIMEHTy MPOBOAUTCS cuumHTHOTrpadus ¢ 123l.
Kapnuonorus, Hedponorus, [erckas onxonorus u np. Cuuruntaorpadust wim ODIKT ¢ 123 | wnu ¢
npenaparamu 123 |, Beero cumnTtrorpaduu > 1 000 000 (I-?). IlepcnektuBen 19T ¢ 124 | wm ¢
npenaparamu 124 1.

[Ipemapater maccoBbie: 123 1, 123 I-MIBG

TexHHUYecKoe jJadJaHHE
HA OIPOeKTHPOBAHHE KCeHOHOBOH MHIIeHH H ra30-BAKYYMHOH CHCTeMBbI 119
noaydeHHd Hoga-123 na makporpone MT-25

B  MenmmmHCKOH  MpakTHKe  INIIPOKO  HCHONB3yeTcs  NpenapaTtsl, — cojeprKaliie
pamnoaKTHBHEII m3oTon non-123. B JIAP OIIAIl npexnaraeTca moiydaTh JaHHEII H30TON Ha
YCKOpPHTeIe 3IeKTPOHOB, MIKpoTpoHe MT-25 B peakmmn 124Xe(y.n) 153 Xe—123],

J1714 3TOro HeoOXOAIMO CIPOEKTHPOBATH I M3TOTOBITE: TAHTAIOBYIO PeaKIIHOHHYIO KaMepy,
ra3o-BaKyyMHYIO CICTeMY I IaThopMy 1A pa3MelleHNs Ha Hell ra30-BaKyyMHOII CHCTEMET.



W3yueHnne METOAO0IOTHUECKIX aCIIEKTOB MPUKJIAIHBIX UCCIETOBAHUM B YACTH OTPAOOTKH METOJIMK U TEXHOJIOTUN MOTYUYEHUS «IUKIOTPOHHBIX)» U30TONOB HA
My4Kax IEKTPOHOB B (DOTOAIEPHBIX PEAKIIMSIX;

TexHomornyeckue BOMPOCHI PA3BUTUA YCKOPUTEIBHOM (U3MKM W TEXHUKH (arnpoOanusi HOBBIX METOAOB JWATHOCTUKH IApaMETPOB ITyYKOB
JIeKTPOHOB/MPOTOHOB - (3HEPTUH, TPO(PHIIL, HHTEHCUBHOCTH) MIPH MPOBEIECHUH (PU3HUECKUX IKCIEPUMEHTOB; MPEU3NOHHAs pauallMOHHAs I03UMETPUS
B MEJMLIMHCKUX HCCIIEOBaHUAX;

Peanuzanust HayuyHOl mporpaMMbl B 007aCTH M3y4YeHHs (DOTOSJICPHBIX PEaKIMii, B YaCTHOCTH, MCCJICIOBaHHE CeUCHUU (POTOBO3OYKICHHUS HM30MEPHBIX
COCTOSTHUM.

Inanupyemes uccreoosanue paouayuoHHO-UHOYYUPOBAHHBIX dDDeEKmo8 6 HOBbIX KOMNOZUMHBIX MEPMOPE2YIUPVIOWUX CUTUKAMHBIX NOKPLIMUSX,
MOHOKPUCMATIUYECKUX JIA3EPHBIX U NOJYNPOBOOHUKOBLIX MAMEPUANAX, COTHEYHBIX NePOBCKUMHBIX COCOUHEHUSX, OOIYYEHHbIX MANCENbIMU UOHAMU 8bICOKUX

oHepeull.




Cnacmnbo 3a BHMMaHuel




[Ipumep pacuéra HeoOxonumoro uurerpaia (MKKm=MkA*cek), KOTOpbIi «HAOUpaeTCs» Ha yIp. KOMIBIOTEPE,
OTHOCHUTEJILHO MapaMeTpoB 00IyyaeMoro oopasia u TpeboBaHUM 3aKa3urKa.

_ Macca Pa3mep ILs1oTHOCTH Jo3a HuTterpan

2,98/1/0,95 1,4835 20000
7.2 4,3 2,99/0,98/0,99 1,4822 10MTp 20476
7.3 4,3 2,98/0,98/0,97 1,5179 20476

Cpenunee BpeMs o0nyueHus: 0opa3noB 7.1-7.3 coctapisuio = 90MUH HA KaXKAbIM C yU€TOM HACTPOUKHU.

CkopocTh HaOOpa 3aBUCUT HANPSAMYIO OT HHTCHCUBHOCTH ITydYKa. IKCIIEPUMEHTAIBHO OBLIO TOJIYYEHO, YTO
1o 10MKA Ha mpoOHUKE 1 onTUMaIbHO, YTOOBI 00pa3ell He pa3pyIiaics OT Harpena.



