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BBeneHnue

Bbop-neiitpono3axBarHas Tepanus [1] sBiusercs ogHuM w3 Hawbolee
3(p(EKTUBHBIX CMOCOOOB JIEUEHUS OHKOJIOTMYECKUX 3abojeBaHui. OCHOBHOE
BO3/ICIICTBME JAHHOIO METOJa JIEYEHHUs] HAINpaBICHHO HEMOCPEICTBEHHO Ha
paKoBbIe KJIETKH, HE3HAYUTENIbHO 3aTparuBas 3a0poBbie. M3otom 6opa 10,
coJeprKaluiics B 0opcoaepkallieM mpenapaTe, HaKarBaeTCsl IPEUMYIIECTBEHHO
B OYarax 3JI0Ka4eCTBEHHBIX 00pa3oBaHui. 3aTeM 3Ty 00JacCTh 00Iy4arOT MOTOKOM
snuTeroBeIx HEHTPOHOB (0,5 5B — 10 x3B). HeliTpoHsl TepManu3yroTcs B TKaHIX
U YK€ C TEIUIOBBIMHM HEWTPOHAMHU U HAKOIUIEHHBIM OOpOM HPOUCXOAUT siAepHas
peakuus ¢ cedeHueM 3838 Gapn °B(n,a)’'Lity ¢ HONHBIM >HEProBBIIECICHHEM
2,79 MhB. Inuna cBoOOAHOrO mpobera oOpa3yrommxcs B IMPOIECCe PEaKIuH O-
YacTULl U SAApa JUTHUA cocTaBisgeT 6+10 MKM, YTO CONOCTaBUMO C pa3MepoM
KJIETKA MJeKOomHTaomuX. JIuTuii pokmaercss B BO30YKICHHOM COCTOSIHUU U
NEPEXOIUT B OCHOBHOE COCTOSIHUE, UCIycKasi raMMa-kBaHT 478 k3B. Konuenuus
meroaukn BH3T npencraenena Ha puc. 1. Takum oOpas3om, siaepHas peakius

n3orona 0opa NPUBOIUT K YHUUTOKEHHUIO PAKOBOM KIIETKHU.

Incident
Epithermal
Neutrons o

E,, = 1.47 MeV

Q- @ oo @ [0 3
10 .
B 1g

feaTHF Vg

E. = 0.48 MeV
(94 %)

TLj

XXX
9000

Air Tissue Py (ib-M0Y

Puc. 1. Konuemnuusa meroguku BH3T
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[Iporpecc GOp-HEHTPOHO3aXBATHOM TEpanmuu B KIMHUYECKUX HCIBITAHUSIX
Ha pPEaKTopax MW MOTEHIMaJbHAs BOCTPEOOBAHHOCTh METOJMKM MPHUBEIN K
WHTEHCUBHOMY OOCYXKJIEHHIO BOIIpOCa pa3pabOTKU M CO3/aHUS HEUTPOHHOTO
MCTOYHHUKA HAa OCHOBE KOMITAKTHOTO U HEJOPOTOr0 YCKOPHUTEISI, KOTOPHIM MOXKHO

6LUK)6LIOCHaCTHTBHpaKTHHGCKH]ﬂDKHYK)OHKOHOFquCKYK)KHHHHKy.

B 1998 B UADe romy ObUT NMpEqIoKEeH OPUTHHAIBHBIA YCKOPUTEIbHBIN
VUCTOYHHUK SIUTCIUIOBBIX HEHTPOHOB [2], MPUTOAHBIN IS IIMPOKOTO BHEAPEHUS
BH3T B xnuHnueckyto npaktuky. B 2004 roay Hauamoch COOPYKEHUE MUIOTHOTO
oOpa3zua wucroyHuka, B 2006 roay TOJNydeHO pabouee HaNpsHKEHUE H
3aperucTpupoBaH MpoToHHBI mMydok [3]. B 2008 romy Obuia ocyriecTBiicHA

reHepars HeUTpoHoB [4].

B Hacrtosmee BpeMs Ha yCKOpUTEIE IMPOBOAITCA NPEAKIMHUYECKUE
OMOJIOTUYECKHUE SKCIEPUMEHTHl W HWJIET JalibHEeiIas paboTa IO YBEIMUYCHUIO
pabounx MmapameTpoB YCKOPUTENS: TOK U SHEPIusi MPOTOHHOTO MyYKa, CTaOMIbHAs
paboTa yCKOpHTENs, CIEeKTp MOToka HEeHTpoHOB. Ha yCcKOpUTEIbHOM HCTOYHUKE
SIUTEMIOBBIX HEMTPOHOB UMEIOTCA Pa3HbI€ HCTOUHUKH PAUALIMN: PEHTTEHOBCKOE
M3JIy4€HUE OT BBICOKOBOJIbTHBIX YaCT€H YCKOPUTENS, AKTHBALIMM MaTEpPUATIOB
YCTaHOBKHU, HEUTpOHHAs paauanus. [lomHas 103a HeoOXoauMast Il YHUYTOXKEHUS

PaKOBBIX KJICTOK 1 MUHUMAJIbHOTO YPOHA JJIs 37I0POBBIX KJIETOK [5]:

D = aDloB + bDn + CDH2 + dDN2 + eDC + ny , (1)

rae a, b, ¢, d, e, f — koabdunuentsr, D10y — «O6opHA» n03a, D, — n03a oT
OBICTPBIX HEUTPOHOB, DH2 — 7032 OT AaKTHBAllMU BOJOPOJA, DN2 — J103a OT
akTUBalMU azora, Dc — 103a OT akTuBaluu yrieponaa, D, — mo3a or ramma-

KBAHTOB.

[Ipu mpoBefeHUU 3KCIEPUMEHTOB MO OOJYUYEHHIO KJIETOYHBIX KYJIbTYp U
MJICKOTIUTAIOIIUX HEOOXOIMMO KOHTPOJIUPOBATH TMOJHYIO 103y W3IIy4YECHHUH,

3aBUCUMYIO0 OT T[apaMeTpoB HEUTPOHOB. OAHUM U3 CIOCOOOB KOHTPOJIS
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HEHTPOHHOIO MOTOKA SIBIISAETCSA aKTUBAIlMOHHAs MeTojauka [6]. 3amadeit B qaHHOM
paboTe  SBISETCA  pa3BUTHME AKTHUBAIMOHHOW  JUArHOCTUKH  IapaMeTpOB

HCﬁTpOHHOFO IIOTOKA Ha YCKOPUTCIbHOM HUCTOYHHUKE SIIUTCIIIIOBBIX HGﬁT‘pOHOB.



TeOpeTquCKaH 4aCTb

B3aumopeicTBre HEUTPOHA C BeleCTBOM

B3auMopeiicTBue HEWTpOHA C BELIECTBOM HOCUT BEPOSITHOCTHBIN XapakTep
[7] m MoxeT mponcxomuTh ¢ 00pa3oBaHUEM MPOMEKYTOIHOTO sipa. [lamarormmii
HEUTPOH TMOTJIOMIAETCA SAPOM MHUIIEHHU, MPU ITOM 00pazyercs OTHOCUTEIHHO
nonroxusymee (1071 cex) cocraBroe smpo. Pacmam cocTaBHOrO sgpa MOKET
MPOU3OUTH PANTUYHBIMU MYTSIMU. BO-MepBbIX, MOXKET OBITh UCIYIIEH HEUTPOH C
TON K€ JPHEeprued, 4To M MOTJIONICHHBIA (Ipollecc YNpyroro paccesnus). Bo-
BTOPBIX, SHEPTrUs BO30YKIECHUS COCTABHOTO Sapa MOXET OBITh pealnm30BaHa C
MOMOIIBIO W3JIyYeHHs] OJHOTO WJIM HECKOJIbKUX TraMMa KBaHTOB (IpOIleCC
paguanMoHHOro 3axBara WM (n,y)-peakuus). Ocrtaromieecss SJIpO  4acTo

HEYCTONYMBO 110 OTHOIIICHUIO K B-pacrany.

[Ipu moctaTouHO OONBIIUX DHEPTHUSX BO3OYKIACHHUS COCTABHOC PO MOXKET
UCITYCTUTH 3apsiKEHHbIC YaCTHUIBI WK JBa HeWTpoHa [(n,a), (n,p), (n,np) u (n,2n)
peakuuu]. BO3MOXHO Takke HCIyCKaHME HEUTpOHA, KHWHETUYECKash HSHEPrus
KOTOPOTO MEHbIIIE SHEPTUHU MAJAIOIIET0 HEUTPOHA, B TAKOM CIy4yae OCTAaIOIIeecs
a7po OyJeT HaXOAUTHCS B BO30YKIECHHOM COCTOSIHUU U MCIYCTUT BIOCIEICTBUU
raMMa-KBaHT (HEYIIPYroe CTOJKHOBeHHUE). HakoHell, MOKET UMETh MECTO JICTICHUE

B CJIy4ac TSKCIIBIX AOCDP.

SAnepHbie peakiuu MOTYT MPOXOJIUTh U 0€3 00pa3oBaHUs MIPOMEKYTOUHOTO
anpa. B paccmartpuBaemoii 00yiacTh SHEPTUl HEUTPOHOB HaWOOJIEe BaKHOU
npsSMOM  peakmuer  sBisieTcs  YIpyroe  paccesHue 0e3  0Opa3oBaHUs
MPOMEKYTOUYHOTO sifjpa. B To BpeMs Kak ynpyroe paccesiHue MOKET UMETh MECTO
BCera, 00pa3oBaHNe COCTABHOTO sJIpa SBIISETCS pe30HAHCHOU peakiueid. [1o aToit
MIPUYMHE CEYECHHE B3aMMOJICMCTBHUSI HEUTPOHOB C ATOMHBIM SIIPOM COCTOUT M3

JBYX KOMIIOHEHT: MEJIEHHO MEHSIOIIENCS, CBSI3aHHOW C YIIPYTUM pPacCEsIHUEM, U



pCSOHaHCHOfI, HMEIOLIEH OCTPBIC MAKCUMYMBI, COOTBCTCTBYIOH_ICI\/'I OIIpCACIICHHBIM

YPOBHAM S3HCPIUH COCTABHOI'O sAApa.

s sHepruii HeTpoHOB MeHee 500 k3B OCHOBHOH peakuuein sBIseTCs
pajvallMOHHBIA  3axBaT  HEUTPOHOB. CKOPOCTh  peakuuud  ONpelessieTcs

BBIPAKEHUEM:

Ji = [ 0:(E) 9(E)dE, (2)

rae @ (E) - cnekTpanbHas IUIOTHOCTh IMMOTOKAa HEHTpOHOB, 0;(E) - ceuenue

aKTHBHPYIOmeﬁ HIICpHOﬁ PCaKin B 3aBUCUMOCTHU OT S3HCPIHUHU HeﬁTpOHOB.

Kak BuMOHO U3 COOTHOLICHWS, AKTUBAUMOHHBIM METOJ  SIBISCTCS
WHTETPaJIbHBIM, YTO HE JIa€T MOJIy4YaTh JIETaJIbHYI0 HHPOPMAIIHIO O CIEKTPATbHBIX
XapaKTePUCTUKAX HEUTPOHHOTO moJist. OQHaKO, IPUMEHSAS JETEKTOPbI, UMEIOLIUE
N30UpATEIbHYI0 YYBCTBUTEIIBHOCTh K HEHTPOHAM Pa3IMYHbBIX dHepruid [8], MoxHO
JIOCTaTOYHO TOYHO ONPEAEIUTHh NMOTOKH HEUTPOHOB ATUX DHEPIUM, MPOLIEIIINX

qcpe3 ACTCKTOPHI.



PacyeT cnekTpa noTOKa HEUTPOHOB

CHGKTp IIOTOKa HeﬁTpOHOB MOXHO BOCCTAaHOBHUTH H3 3HAYCHHA CKOPOCTHU
peakuuu [6]. M3mepsemas rmiom@anbr MuKa i-ro paadoHYKIHIa B TaMMa-CIIEKTPE
AKTUBUPOBAHHOI'O ACTCKTOPA IMPCACTABIISICTCS B BUAC!

S, = MigiNabiRi)i (3)
A

Trac Si - UUCJIO OTCYHCTOB B AHAJIUTHUYCCKOM IIMKE HN30TOIIa i-FO DJICMCHTA,
m; - Macca i-To dJIeMEHTa B JICTEKTOpPE, g; - COJACP)KaHUE aHATMTHICCKOTO N30TOIa
i-FO DJIEMEHTa B €CTECTBEHHOM CMECH HU30TOIIOB, Na - YUCJIO ABoranpo, Pi - BbIXOA
raMMa-KBAaHTOB Ha OJAWH pacliaj O6pa3OBaBH_I€FOC$I paguoOaKTUBHOI'O U30TOIIA, & —
3(1)(1)€KTI/IBHOCTI> perucTpanuu U3JIy4CHUA HaBeIIeHHOﬁ AKTUBHOCTH, ]i - CKOpPOCTb
peakuuu, A; — aTOMHBIN BeC I-TO 3yeMeHTa, A — IOCTOSHHAS paguoaKTUBHOTO

pacmaja.
K; = (1 — e Mita)e its(1 — e~hitu) (4)

rae t, - BpeMs akTuBaluu, t, - BpeMsi BbIIEPKKHU Mocie o0nydeHus, t, - Bpemst

WU3MEPEHUS.

dopmysia CKOPOCTH peakiuu (2) sIBASETCS OCHOBHOMW JJII BOCCTAHOBJICHMS
CIEKTpa MOTOKAa HEUTPOHOB. MOKHO MpPEICTaBUTh HHTErPAJIbl B BUJIE CYMMBI

CPEIHUX Ha M JHEPreTHYECKUX YYacTKax IMUPHHOW AE; MpOM3BENCHUH CEUCHUS
0;(E) n nnotHoctu notoka Heidtpono ®(E), ®(E) = @(E)AE;. Torma mna k
U3MEpeHUil OyJeT CHUCTEMa YPAaBHEHH OTHOCHUTEILHO HEM3BECTHOW IUIOTHOCTH

MMOTOKA HEUTPOHOB:

Ji=Jy 0 (E)p(EYAE (], = X7 oy (E;)D(E))

Jio = 17 0B pE)E | = I (B0 (E)
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CrexkTp MOXHO YCIOBHO pa30WTh Ha 3 4YacTU: TEIJIOBbIE HEUTPOHBI,
IPOMEKYTOUHbIE U ObIcTphie. [IpuMep crnekTpa B3AT Ui AJIEPHOTO peakTopa (CM.

puc. 2).

=
oo

=
I

10°% |-

7 . -2~-1
q)nv HCUTPOH CM™“C

10-2 109 102 104 106

Puc. 2. CriekTp HEHTPOHOB Ha SIEPHOM peaKTope

Tak Kak Ha YCKOPUTEIBHOM HCTOYHHMKE SIHUTEIUIOBBIX HEHUTPOHOB HET
BBICOKOOHEPrE€TUYHBIX HEUTPOHOB IPEBBIIAINX 3HaueHue sHeprun 100 k3B, To
3-11 yacThbIO MOXKHO npeHedpeub. OcTaBiuecs 2 YaCTH MOXHO allpOKCUMHUPOBATh
Gynkiuamu Buna O; = AEJ-b . Jlayee CHeKTp CHIMBAaeTCS M PEIIAETCA CUCTEMA

ypaBHeHU. CUCTEMY MOXXHO YNPOCTHTH, €CIM HU3MEPSATh BHIOOPOYHYIO YaCTh

CIIEKTpA.
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JKclepuMeHTaJIbHas 4acCThb

YCKOPPITEJIbelﬁ HUCTOYHHUK IMUTEI/IOBBIX HEﬁTpOHOB

Y CKOPUTENIBHBIA HMCTOYHHMK SIUTEIIOBBIX HEUTpoHOB [9], oOmias cxema
KOTOPOTO TpeACTaBlIeHa Ha PUCYHKE 3, BKIIOYAET B ce€0S HECKOJIHKO OCHOBHBIX
yacTell: MCTOYHUK OTPHUIATEIBHBIX HOHOB BoOjOponaa 1, yckopurtenb-TaHAEM C

BaKyYMHOM M30JIALIUCH 2 ¥ IMTUEBYIO HEUTPOHOTCHEPHUPYIONyto MuIieHb 5 [10].

Puc.3. Cxema ycKOpUTENBHOTO HCTOYHMKA, | — HICTOYHHMK OTPHLIATENILHBIX HOHOB BOJIOPOa, 2 —
YCKOPHUTEIIb-TAHJIEM C BaKYyMHOH H30JISIIUEH, 3 — 00AUpoYHasi aproHOBasi MUIIICHb, 4 — TOBOPOTHBIM
MAarHuT, 5 — JUTHUEBast MUILECHb C MEJHOM MOJI0XKKOM, 6 — cucreMa popMUpOBaHHUS ITyUKa

B ucrounuke oTpuuaTenbHbIX MOHOB (POPMUPYETCS CTALMOHAPHBIM MyYOK
OTpULATENBHBIX MOHOB BOJOPOJA, MOMNAaAas B 3JIEKTPOCTATUYECKUN YCKOPHUTEID,
COCTOAIIMK U3 5 HMIMHAPUYECKUX KOAKCHAJIBHO YCTAHOBJIEHHBIX Ha MPOXOIHOM
U30JITOPE 3IEKTPOJIOB, My4OK pasronsercs 10 1 MaB. B nenTpaibHOM 31€KTpOIE
pacrionaraercss oOAMpPOYHasi MUIICHb 3, MPEACTABISIOMAas COO0H OXJIaXKAAEMYIO
TpyOKy, B KOTOpyI0 Hamyckaetcsi aproH. Ilydox H, mponeras B rase, tepser 2
3JIEKTPOHA, IMOCJIE YEeTrOo YK€ MPOTOHBI CHOBa yckopsitorcss Ha 1| M»aB. B urore na

BBIXOJIE U3 YCKOPUTENSA Mbl UMEEM MPOTOHHBIA My4OK 3HEprueit 2 MaB u Tokom
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no 8,7 MA. Tlocne 4yero my4ok TpaHCHOPTUPYETCS 4depe3 Mapy KBaJpYMOIbHBIX
JUH3 U TOBOPOTHBIA MarHuUT 4 10 JUTHUEBON MUIIEHH O, TIE TCHEPUPYIOTCS
i i Li Be. B 6
HEUTPOHBI B sijepHoi peakiwu ‘Li(p,n)'Be. yIAyIIEeM IJIaHUPYETCS YCTaHOBKa
cucrembl  (opmupoBanuss myuka (BSA) 6 [11], xoropas TO3BOJHT
ONTUMHU3UPOBATh MOTOK HEUTPOHOB IS TEPANIEBTUUECKUX LIEJIEH, MO JIMTUEBOU
MUIIEHBIO  paclojiaraeTcs  Bpamaromascs — miargopma, Ha  KOTOpOH
yCTaHABJIMBAIOTCS 00pa3lbl, BpalleHUE CIOCOOCTBYET O0o0jiee pPaBHOMEPHOMY

00JIy4EeHHUIO.
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HPGe-aerexkTop

,HJISI HU3MCPCHUA PAAUOAKTUBHBIX M30TOIIOB U OIMPCACIICHNA MHTCHCUBHOCTHU

HEKOTOPBIX CICKTPaIbHBIX JHHHUK wucmoiab3yercss HPGe-ngerekTop (cm. puc. 4)

[12]

Puc. 4. Cxema HPGe-netekropa. 1 — cucteMa nutanus, 2 — BBICOKOUHCTHIN repMannii, 3 — cuctema
OXJIaXKICHUS

JIETEKTOp COCTOMT W3 YYBCTBUTEIBHOIO JJIEMEHTA — BBICOKOYMCTOIO
repMaHusi 2, CUCTEMbl OXJIaXACHHUS 3, cucTeMbl muTaHus 1. [J[ns oxnmaxaeHus
JETeKTOpa UCTIONb3yeTcs Kuakuit azot. HPGe-nerektop HyxmaeTcsi B KamuOpoBKe
KaHaJIOB [0 3HEPTUsAM U pacyeTa Kod((ulMeHTa YyBCTBUTEIBHOCTH JAETEKTOPA.

KanuGpoBka kaHamoB MO SHEPTHM MPEICTaBIIeHA HA PUCYHKE O.
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Kanansr
Puc. 5. KannOpoBka kaHalIOB A€TEKTOPA MO SHEPTUSIM

KanubpoBka Oblia MpoBeeHA C UCIOJIB30BAHUEM PA3JIMUHBIX H30TOIOB C

M3BECTHBIMH JIMHUAMHE criekTpa: °Mo, 17Cd, 1*3Ba, %8Au, #W, %4Cu, >*Mn, *Na.

Ko>(ppuLUEHT YyBCTBUTENBHOCTH JETEKTOpPAa B 3aBUCHMOCTH OT JHEPIUH
oIpeiegeTcs ¢ MOMOIIBI0 cepTuHIMpoBaHHBIX m3oTomos. *Ba, ¥'Cs, %°Co.
Pacuetr >(Q@EKTUBHOCTH pPETUCTPAllMM H3Jy4eHUs HABEJEHHOH AaKTHBHOCTH

IIPOBOMTCS 110 CISAYIONICH Gopmyiie (Heprus usmepsercs B kaB) [12]:

P1+P, In(E)+P5 In(E)?+P4 In(E)3+Pg In(E)*

e(E) = g (6)

W3 rpaduka, mpencraBIeHHOTO HW)XE Ha pPHC. 6 TMOJTy4YeHbl 3HAYCHHS
koaddumenton: P1=4959,98, P,=3482,78, P3=900,673, P,=101,593, Ps=4,22979.
30Ha MPUMEHUMOCTH JaHHOW KanuOpoBku cocTariseT oT 200 mo 2000 xoB, yto

IMOJIHOCTBIO ITOKPBIBACT I/IHTepeCYIOHII/Iﬁ HaC quaria3oH
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KOHTpOJIb HEﬁTpOHHOﬁ A03bl C UCITOJIb30BAHHUEM AKTHUBUPOBAHHbIX U30TOIIOB

Jis  ompenencHWs  BBIXOJAa HEWTPOHOB 107 JIMTHEBYID  MHMIICHB
YCTaHABIIMBAIOTCS Pa3JIMYHbIe aKTUBAIMOHHBIC (DONIBrU. B HAIIMX 3KCIepUMEHTaxX
ObuT ucmosib30BaH Habop dosbr komnanuu Shieldwerx SWX-1552 Thermal foil
kit. On comepxut doapru nuamerpom 10 mm u3 Au, Co, Cu, Fe, In, 5.2 % Lu-Al,
81.3 % Mn-Cu, Mo, NaCl, Sc, W o 2 mryku kaxaoro tumna u 10 Cd koHBepTOB.

Cxema DJKCHEpHMEHTa TIPEJCTaBJICHA HAa PUCYHKE /. JIUTHCBAs
HEHUTPOHOTCHEPUPYIOIIAsi MUIIICHh C MEAHON MOJIOKKON 1, MecTo /I 00IydeH s
obOpasma 2, 3aMemIuTeNh U3 OpraHudecKoro crekna 3 12 mm tommuHo#, 200 MM

auameTp, paHTom 3.

Puc. 7. Cxema skcriepuMenTa. 1 — InTHeBas HEUTPOHOTEHEPUPYIOLIAsi MUILIEHb C METHOH MOAJI0XKKOH, 2
— MECTO JijIsl 00JIyueHust 00pasiia, 3 — 3aMeUIMTENb U3 OPraHMYECKOro cTeKIa, (haHTOM

OcHoBHBIE TaOIMYUHBIC JaHHBIC (HOJIBT MpeACcTaBIeHbl B Ta0mumie 1 [13].

Tabnuna 1 IMapametpsr hossr SWX 1552 Thermal foil kit

OnemMeHT Macca,r | M3oron % Ilepuon OHeprus ramMma-KBaHTa, K3B

nojypacrazia
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Au 0,1183 ¥7Au (100 | 2,7 ous 412(95 %)
Co 0,065 %Co 100 |5,263roma | 1173(100 %) 1332(100 %)
Cu 0,141 3Cu 69,1 (1284 0,511(38 %)
0,1419 %Cu 30,9 |5,10 mun -
Fe 0,1338 |*Fe |584 |- -
Fe 91,68 | - -
0,1347 >Fe 2,17 |- -
®Fe | 0,31 |456mms | 1095(56 %) 1292(44 %)
In 01273 |[BIn (423 |- 339(64 %) 335(50 %)
0,1276 |BIn 95,77 |- 417(36 %) 1090(53 %)
1293(80 %) 2,111(20 %)
52 % 0,0369 Ly 97,4 | 3,69 qua 88(10 %)
Lu-Al  [0,0342 |[T®Lu [2,6 |6,74mms | 113(23%)208(62%)
81.3% |0,051 “Mn |100 |2,5744 0,847(99 %) 1811(29 %)
Mn-Cu | 0,0517 2110(15 %)
Mo 0,0914 Mo |15,86|6,954 264(58 %) 685(100 %)
1479(100 %)
“Mo |9,12 |- -
Mo |15,7 |- -
0,0915 %Mo |16,5 |- -
Mo |945 |- -
BMo | 23,75 | 66,7 u 181(7 %) 740(12 %)
780(4 %)
0Mo 9,62 | 14,6 mun | 191(25 %) 0,59(21 %)
1020(25 %)
NaCl | 0,4794 |®Na |100 |14,964 1,369(100 %) 2754(100 %)
0,477 3Cl 75,53 | 10000 ner | 511(0,003 %)
7CI 24,47 | 37,29 mun | 1600(38 %) 2170(47 %)
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Sc 00422 |%Sc [100 |83,9 aus | 0,889(100 %) 1120(100 %)
0,0517
W 03174 |®w [0,135 |- -
B2W 264 |- -
03255 |®w [144 |- -
W 30,6 |- -
18\ |284 |2394u 479(23 %) 686(27 %)
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ABTOMAaTHYECKUH KOMILJIEKC CKAHUPOBAaHUSA 06pa31,0B

B cBs13u ¢ GobImmM KOJIMYECTBOM 00pa3IoB B MENX yI00CTBA M O€30MacHOCTH

pa3paboTaH aBTOMAaTUYECKUIA KOMIUIEKC CKAaHUPOBaHUs 00pa3ioB (cM. puc. 8).

Puc. 8. Cxema u3mMepeHus: akTHBHOCTH MaTepUalioB. | — KOMIIBIOTEP C IPOrPaMMHBIM OOecieueHreM, 2 -
HPGe-nerektop, 3 — CBHHIIOBBIN KOJITUMATOP, 4 — 2D KOOpIUHATHEIN CTOI

Kommnexe coctoutr u3z HPGe-nmerekTopa (ommcaH BeIlie), KoJulMMaropa ¢
TOJNIIMHOW CTeHKH S0MM UM KOJUIMMAlMOHHBIM  OTBEPCTHEM 2,5 MM,

KOOPJIMHATHOTO cToJIa (CM. pUc. 9), KOMIIBIOTEPA C MPOrPAMMHBIM 00ECIIEYEHUEM.

Xon 2D xkoopmunarHoro croma 120x120mMm X Y, tounHocts + 0,2 MM,
npotokos ympaBienuss GRBL. KoopaunaTHblii cTON MNO3BOJSIET MPOBOAUTH
M3MEpPEHUsI TOYEYHO C 33/[aBa€MbiM BpPEMEHEM OCTAaHOBKHM. ['eomerpus

SKCIEPUMEHTA TMpeJAcTaBieHa Ha pucyHke 8. Jlns wu3MepeHuss aKTUBHOCTHU
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oOpa3ioB  ObuT  cOOpaH  CBUHIIOBBIM  KOJUIMMATOp 3, OSKpPaHUPYIOUIUN
YYBCTBUTEIBHBIA 3JIEMEHT JAETEKTOpa 2, MOJA KOTOPHIM HAXOAWUTCS MECTO MJis
obopasnioB u 2D xoopaunatHbli ctonm 4. Ilporpammuoe obOecmneuenue 1,
HAIIMCAaHHOE HAIIUM KOJUICTOW, TO3BOJIAET B JIIOOOM TOYKE OMPEICIIUTh
KOJIMYECTBO COOBITHI COOTBETCTBYIOIIMX OMNPEJCICHHON JHHUM CIEKTpA.
[TomyueHHbIC TaHHBIC TO3BOJISIOT OMPEACIUTH CICKTP HW3IydeHUs oOpasia, a
TaK)K€ TOYHOE KOOPJIMHATHOE MECTOPACIIONIOKCHHE aKTUBUPYIOIIUXCS dacTeid. B
OyAylieM IUTAaHUPYETCS YCOBEPIICHCTBOBAHHE KOJIMMATOpa, TOJCTaBKUA H
CO3/IaHHE€ TPOrpaMMBbl ISl CKaHUpOBaHUs 00pa3uoB. ONHAKO Tak Kak (OJBIH
aKTUBUPYIOTCA €1a00, TO JJIsl HA0Opa MUHUMAIIBHOTO HEOOXOAMMOTO KOJIUYECTBA

COOBITHI ACTCKTOPOM HYXKHO 3aTPaTUTh OYCHb MHOI'O BpCMCHH.

Puc. 9. Cxemaruunoe u3odpaxenue 2D koopaunatHoro crona
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KoHTpo/1b «60pHOI» J,03bI

Oco0oe BHUMaHHE ClIEyeT 0OpaTUTh Ha 30JI0TYIO aKTUBAIMOHHYIO (DONIBTY.
Peakiust 3010Ta ¢ HEUTpOHOM naeT u3oTronm 3o0soTa 198 W ramma-KBaHT:
Y7Au(n,y)!®Au. 3omoto obmagaer OGONBIIMM CEYEHHEM 3aXBaTa TEILIOBBIX
HelTpoHOB 6 = 26000 OapH, a Tak)Ke MMeEeT OIrPOMHBIA pe30HaHCHBIA TUK [13].
['padux 3aBUCMMOCTH CEUYEHHUs 3axBaTa HEWUTPOHOB 30JI0TOM OT BSHEPrUH
npencraBieH Ha pucyHke 10. Ilepwon momypacmaga oOpa3oBaHHOTO H30TOMA
3o10Ta 2,7 nHA. Bce 310 aAenaer 3070Tyr0 (OJIBIY XOpOIIMM aKTHBALIMOHHBIM

netektTopom. [1o3ToMy OHa HCITOJIB30BAJIOCH B IN VIVO 1 IN VItro skcriepuMeHTax.

i0-10 10-5 1
T T T T T T T T T T T T

10° |- -1 10%

[
T

Ceuenue, OapH

. I . . L L I
ip-10 10-3

Oueprusa, M>B
Puc. 10. I'paduk 3aBUCUMOCTH CEUEHUsI 3aXBaTa HEUTPOHOB OT SHEPTUU

Bbrlmu mpoBeieHbl SKCIEPUMEHTHI ¢ KJIIETOYHBIMU KyJIbTypamu (cM. puc. 11).

Ha nmutueByro mumens 2 mamaer 2 MaB 1 MA mydok nporonoB 1. Ilpoucxomut

peakums  ‘Li(p,n)’Be, monyumBIIMiiCS Iy4OK HEWTPOHOB 3 TMONAfaeT Ha

3aMCIJIMTCIIb U3 JIMCTOB OPraHUYCCKOro CTCKJIA, TOJHIMHY KOTOPOro MOKHO

MEHATHh 4, TMOJ KOTOPBIM pacloJiaraeTcsi 30J0Tas aKTUBAIMOHHAsI ¢oybra O.
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30710TO AKTUBUPYCTCA U CTAHOBUTCA PaAUMOAKTUBHBIM, €T0 U3MCPCHUA ITPOBOJAATCA

¢ noMoibto HPGe-nerekropa.

—
|| —?

———
@

5

Puc. 11. Cxema sxcriepuMeHTa ¢ 30510ToH (osbroii. 1 —2 MaB, 1 MA my4oK MPOTOHOB, 2 — JIUTHEBAS
MUIIIeHb, 3 — MIOTOK HEHTPOHOB, 4 — 3aMEe IUTENh U3 OPTAaHMYECKOTO CTeKa, (haHTOM, 5 — 30710Tast
(hoibra

ITo moIy4eHHBIM JAaHHBIM y3HaeTcs 103a °B. ®opMyna pacdeTa 10361 6opa:

: (7)

rae D — «6opHas» no3a, B I'p, N — KOIMYeCcTBO aKTHBUPOBAHHBIX aTOMOB
3o510Ta, K — K03 (HUIIMEeHT 3aBUCIMOCTH OT TOJIIMHBI 00pa3iia, N — KOHIIEHTPALIHS

oopa, ppm, m — macca 30J10Ta, T.

U3 rpaduka Ha pucyHKe 12 MOHSATHO, YTO 3aBHUCHMOCTH J03bI OoOpa OT
TOJILIMHBI 3aMEAJIUTENSI U3 OPraHUYEeCKOro CTEKJIa, MOJA KOTOPBIM pacroliaraercs

oOpa3zer Majia. PacueTsl mpoBeeHbI HAITUMU KOJIJICTaMHU.
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['mybuna, cm

Puc. 12. I'padux 3aBUCHMOCTH 4036l 60pa OT TOJILIMHBI 3aMEAIUTEIS TIepesl 00pa3LoM

Jns yCcTpaHEHUs HETOYHOCTH T'€OMETPMU M YHPOIIEHHS KOHTPOJS O3B
o6opa 10 OwputM co3maHbl OOp coaeplKamiue 30J0Thle HaHodacThIBl. [locie
BBEJICHU Npernapara oopaser o0Iydaincs IOTOKOM JIUTEIIOBBIX HEWTPOHOB. Bop
BcTymaeT B peakumio °B(n,o)’Li, 3010T0 akTUBHMpyeTCS M HCIyCKaeT ramma-
KBaHT. PerncTpupys raMmma-KBaHTHI BO3MOMKHO paccuurtarh 103y °B. Ha pucynke
13 npencraBneHa 3050Tas aKTUBAMOHHAs (oJbra, ydacTBylomas B N Vivo

OKCIICPUMCHTC.

Puc. 13. 3onotas dosbra B in Vivo skcriepumMeHTe
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Pe3ysibTaThl

AxkTuBanusa ¢oJbr

C nomompto  HPGe-gerektopa  ObUIM  U3MEPEHBI  CIEAYIOLIUE
aktuBaronneie gomeru: NaCl, W, 81,3 % MnCu, Mo, Tak kak oOmagaroT
yIOOHBIMU MapaMeTpaMu: TOJIIMHOM, TUAMETPOM, BBICOKHM CEUECHHEM 3axBaTa
HelTpoHa (ceyeHHe BoOJbGpama MPEACTAaBICHO Ha pHCYHKe 14) u mepuoaom
noJlypacnaja OT HECKOJIbKMX 4YacoB /10 HECKOJbKUX JHe. OcranbHble (QOJIbIU
AKTUBUPOBAJIUCH CIMLIKOM CJIa00 WM CUIBHO (MHAMM) M UX CJIOXKHO ObLIO
U3MEPUTHh Ha UMEIOIIEMCS] y HAaC 00OPYIOBAaHMHU, YTO CTABUT 3aJady pa3pabOTKu

G oabr 111 COOCTBEHHBIX HYX]I.

10-10 10-5 i

105 - - 105

=
T
L
=

Ceuenue, OapH

10-5

[
=]
|
1]
T
L

i0-10 10-3 1

Oueprusa, M>B

Puc. 14. I'paduk 3aBHCHUMOCTH CEUEHUS 3aXBaTa HEHTPOHOB OT YHEPTUHU Y BOJIb(hpama

[To moyiydeHHBIM JaHHBIM BOCCTAHABIIMBAETCA KOJWYECTBO 0Opa30BAaHHOIO
U30TONA M Jajiee CICKTP MOTOKAa HEUTPOHOB [6], CKOPOCTH peakiuii MPUBEIACHBI

HIDKE B TaOiuue 2. 31aech IMOJ HaBEAEHHOW AaKTUBHOCTHL ITOHMMAETCS JOJISA
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00pa30BaHHOTO W30TONA K OOLIeMy KOJIHMYECTBY saep IJIs JaHHOW pPeaKiuH
HEUTPOHHOTO 3axBaTa B ¢oibre. Taxke JaHHBIE HCITOIB30BAIUCH IS KATHOPOBKU
KaHaAJIOB JieTeKTopa 1o »HeprusMm. Ha pucynke 15 mpeicraBieH mpumMep criekTpa
BOJIb(ppama.

1,8
1,6

1,4 -
1,2 |

0,8 -

0,6
04

S5 B P B B

DHeprus, k3B

WHTEHCUBHOCTL, OTH. €1,

Puc. 15. I'paduk 3aBUCUMOCTH MHTEHCHBHOCTHU M3ITyYeHHsI HABEJCHHOW aKTUBHOCTH OT SHEPTHHU Y
Bosb(ppama

Tabnuna 2. AKTUBAIUS U30TOIOB MOCIIE 00TyYEHUS

Peakniust 1 06pa3oBaHHBIN U30TO KonnuectBo 06pa3oBaHHOTO U30TOMA OT
oO1iero
185\\/(n,y) E8W 6,06-10°"18
®Mn(n,y)**Mn 2,28-1018
%Mo(n,y)*Mo 8,65-101°
2Na(n,y)**Na 9,97-102
$7Cl(n,y)%Cl 8,02-10%

B mHactosimee Bpemsl CHEKTp HE BOCCTAHOBJICH, TaK Kak 0€3 CHCTEMBI
dbopmupoBaHUs My4yka, KOTOpasi Oy/neT yCcTaHOBJEHA B OyayIleM, 9TH JaHHBIC HE
UMCIOT TPAKTHYECKOW IIEHHOCTH. B OHOJIOTMYECKHX JKCIEPUMEHTAaX BaXKHEE
U3MEPATHh TOTJIOMEHHYIO /103y, KOTOPYI0 HEBO3MOXXHO HM3MEPUTh HAa MPIMYIO.

Huxe onmcanbl 9KCIICPUMCHTHI ITO3BOJIATOIINC KOCBCHHO U3MCPUTDH 103Y.
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PacueT «60pHOI» 103bI

Knerounbie kymbryper U87  (kieTkM  TIMOONIACTOMBI — YEIIOBEKA),
conepxkamuii 40 ppm °B u 301m0TEIE HaHOYACTHUIBI, ObLIH 00ITyYeHBI. MCIIONB3YS
dopmyny 7. um moxcrasias N=5,62+0,56-10". 3mauenue xoddpumuenta
3aBHCHUMOCTH OT TOJIIMHBI oOpaslla M3BECTHO M3 Trpaduka Ha puCyHKe 12,
k=7,5-10"1. Konnenrpauus 6opa n=40 ppm, macca 3o10ta m=0,0001298 r. Toraa

«bopHas» no3a coctasisier D=12,98 I'p.
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HcnbITaHHE HOBOTO BellleCTBa-A0CTaBIIMKa 60pa

Taxk kak ceiiuac A TpPOBEACHHUS OOpP-HEUTPOHO3aXBAaTHOW Tepanuu
UCIOJIB3YETCSl JOPOTOCTOSIIIMKM Tpenapar OoppeHuIalaHuH, TO B HACTOSAILIEE
BpeMsI aKTUBHO MIIYTCSl JPYTHE CIOCOOBI JOCTaBKU OOpa B PAaKOBYIO OIyXOJIb.
Hamm kommerm w3 wuHctutyta Kietounoit Ouwonormu M QyHIaMEHTAIbHOM
MEAMIMHBI 3aHUMAIOTCSl pa3pa0OTKON HOBBIX BELIECTB JOCTaBIIMKOB OOpa, B TOM
gyclie ¥ OOPHBIX HAHOUYACTHUI] MOKPBITHIX 30JI0TOM. Y TaKOro MOAX0Ja €CTh Pl
IIPEUMYIIECTB KaK: 30JI0TO XOPOIIO ONPENEISAETCS C MOMOILIBI0 KOMIIBIOTEPHON
ToMorpaduu, 30J0Tble HAHOYACTHIIBI MOAPOOHO M3YydeHBI. BblIO mpennosnoxkeHo,
YTO AKTUBHUPOBAHHOE 30JI0TO OIpefensercss nocie oOiaydeHus Mmuimd. Hamrei
3a/1a4eil ObLIO MPOBEPUTH ATy TUIIOTE3Y. ['eoMeTpus 3KCIepUMEHTa IIPeICTaBICHA
Ha pucyHke 16. bpi1 coOpaH CBUHLIOBBINM KOJUIMMATOp 2, Ha KOTOPOM pa3Mellanach
00JTlydeHHasi MBIIIKA C BBEAEHHBIM IpenapaTtoM 1, u3MepeHus MNpPOBOJMUIIUCH C

nomompeio HPGe-getexTopa 3.

Puc. 16. 3MepeHue criekTpa raMMa-KBaHTOB, UCITYCKA€MbIX MBIIIBIO. 1 — 00ydeHHas MBIIIb C
BBEJCHHBIM MpENapaToM, 2 — CBUHLOBBIN Kouumarop, 3 — HPGe-gerexrop
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Cnexktp raMMa-KBaHTOB, MCIYCKa€MbIX MBIIIbIO TOC]IE OOJIydeHHs,
MPEJICTABJIECH HA PUCYHKE 17, K COXAICHUIO, JIMHUIO 30JI0Ta, COOTBETCTBYIOLIECH
412 x»B o00HapyXxuTh HE yAaloch, TaK Kak IMPUTOTOBJIEHWE IMpemapaTra ams

BBEJICHUS B )KUBOTHBIX CBI3aHO C OOJIBIIION CIIOKHOCTBIO.

1,2

0,8 -

0,4 4

0,2

MHTEHCHBHOCTE, OTH.EI.

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Dueprud, k3B

Puc. 17. I'paduk criekTpa MbIIIH 3aBUCUMOCTH HHTEHCUBHOCTH OT SHEpruu. JIMHUU CIIEKTpa 1o
uaTeHcuBHOCTH 24 Na , “°K, %8 Cl, 2K, %Mn

OnHako ObLI0 0OHAPYKEHO, YTO IPH 0OIYYEHUH MBIIIKK HEUTPOHAMU B HEi
AKTHBUPYIOTCS HEKOTOPBIE DIEMEHTHI, KOTOPhIE MOYHO MCIIOIb30BaTh KAk
€CTECTBEHHbIE AKTHBALMOHHEIE (POJIBIM M II0 IOIYYEHHBIM JAHHBEIM PACCUHMTATH
IIOTOK HEWTPOHOB, a TAKKE Y3HAThb IIPOCTPAHCTBEHHOE PACIPEICICHHE
TIOTJIOIIEHHOM 103bl, JaHHBIM MeTo nareHTyercs. Ilepuomasl nomypacnaga 2>Na —
14,96 4, 3'Cl — 37,29 mun, #K — 12,36 4, **Mn — 2,58 u. Ceuenne pagualOHHOTO
3axXBaTa TEIJIOBOro HeiitpoHa B 6apuax 2Na — 0,53, *'Cl - 0,43, “K — 1,46, **Mn —
13,28. MszorponnHas pacnpoctpaneHHocts 2°Na — 100 %, *'Cl — 24,6 %, “K —
6,91 %, >>Mn — 100 %. [Inanupyercs pa3BUTHE JAHHOIO METOA C MCIIOIL30BAHUE

ABTOMATHYCCKOI'0 KOMIIJICKCA CKAaHUPOBAHUA 06pa3u013.
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I/IBMEPEHI/IH C IIOMOILIBbI0 ABTOMATUYECKOI'0O KOMIIVJIEKCA CKAHUPOBAHUA

00pa3uoB

B kauecTBe mepBOro 3KCHEPUMEHTA C HCIIOJIB30BAHUEM aBTOMAaTHYECKOTO
KOMILJIEKCA CKaHUPOBAHUsS 00pa3IoB OblIa U3MEpEHa JTUTHUEBAs MUIICHb C MEIHON
MO/JTOKKOM. MureHs o0Jydanach My4KOM TPOTOHOB, B pe3yibTaTe 4Yero Ha
MUIIEHH 00pa30oBbIBAJICA paAvoaKkTUBHBIN Oepwnmil. [locne ymanmenuss nutus
MHUILIEHb YCTAHABIMBAJIACH HA KOOPAWUHATHBIN CTOJI, II€ NPOXOIUIIO U3MEPEHHUE C
nomombio HPGe-netexkropa. Ha pucynke 18 mokasan uaTEepdEiic mporpaMMEl, T/Ie
BET 0003HAYAET KOJIMYECTBO COOBITUN. CKaHMpPOBAaHUE MPOBOJAMIIOCH C LIaroM B

2 MM | 3aHSJIO 1O BpPCMCHH 1 CYTKH.
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2,000
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3T OTobpaxaenan seprus 503,159

Mrrepsan 6,012 =
OTipoims KapTy.
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Puc. 18. CkanupoBanue TUTHEBOW MHIIIEHN
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BrIiBobI

Ha yckopuTenpHOM HCTOYHHMKE SIUTEIUVIOBBIX HEUTPOHOB B MHCTHUTYyTE
anepHoit ¢uzuku CO PAH nansa usMepeHus crekTpa HEHUTPOHOB HCIONIb30BaH
HaOop akTuBaMOHHBIX Gosbr Shieldwerx SWX-1552. Ycranoneno, yto ¢honbru
Au, In, W, MnCu u MO mpuMeHUMBI JJI1 W3MEPEHUsSI CIIEKTpa TeHEPUPYEMOTO
NOTOKa HEUTpoHOB. JlJis m3MepeHus akTuBauuu (Goybr pa3paboTaH W CO37aH
aBTOMAaTU3UPOBAHHBIN KOMIUIEKC, BKmovaronmii B ceds HPGe-nerekrop, 2D

KOOPJIMHATHBIN CTOJ U pa3pabOTaHHOE MPOrpaMMHOE OOeCIIeYeHHE.

JU1st KOHTPOJIA 03Bl MIPU OOIYYEHUU KIETOYHBIX KYJIbTYP U JJaOOPATOPHBIX
KUBOTHBIX INPUMEHEHa 30JI0Tast (oJibra, rnomemaeMas psaoM ¢ 00JydyaeMbIMU

oOpa3laMu U aKTUBUpPYEMasl O] ACMCTBUEM HEHTPOHOB.

[IpoBeneHbl TMEpBbIE JKCIEPUMEHTHI MO OTpPabOTKE HOBOTro crocoba
U3MEpPEHHs MOIVIOIEHHOW J103bl, KOIJa IMpenapaTr aJpecHOM J0CTaBku Oopa
MapKUpOBaH 30JIOTBIMH HAHOYACTUIIAMH, AKTUBUPYEMBIMU TIpU OOJyYCHUU

HEUTPOHAMH.

[Tocne o6nydyeHuss HEHTpoHaAMU JTaAOOPATOPHBIX KUBOTHBIX U3MEPEH CHEKTP
raMMa-KBaHTOB, MHCIYCKAae€MbIX JKMBOTHBIM. [Ipeasio’keH HOBBIM  crocob
ONpENENICHNs] TOTJIOMIEHHOM J03bl OT TEIIOBBIX HEWTpoHOB mpu bH3T, korma
nocie o0JydeHUs] U3MEPSIIOT UHTEHCUBHOCTD M3JTyUY€HUsI raMMa-KBaHTOB aTOMHBIX
Alep HATpHsl, XJIOpa, KAIWS W MapraHia, CONEPKAIINXCA B OPTaHU3ME YEJIOBEKA,
aKTUBUPYEMBIX HEUTpOHamMu. B coaBTOpCTBE mNoOAaHa 3asBKa Ha TOJIyYEHUE
nateHTa. OHa 3apeructpupoBaHa B DenepanbHOM HHCTUTYTE HMPOMBILIIECHHON

COOCTBEHHOCTH.

C npumeHeHueM pa3pabOTAaHHOTO AaBTOMATHU3MPOBAHHOTO KOMILJIEKCA
U3MEPEHO TPOCTPAHCTBEHHOE pacmpesesieHue U30Tomna Oepuiumis-7, BHEAPEHHOTO

B MCIHYIO ITOJJIOKKY MUIICHH, ITOCJIC TCHEPpALlUA HGfITpOHOB.
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