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OlUH1: Mern;:i;uqecKoe rroco6ue. - LJ:y6Ha: OIUII1, 2009. -40 c. 

HeiiTpOHHbIH aKT1rnau110HHJ,JH aHaJI!l3 (HAA) 3aHIIMaeT O;:J;HO 113 rrraBHhlX MeCT 
cpeAII aHaJIIITJlqeCKIIX MeTO)J;OB. 3rnM)' cnoco6cTByeT ero Bh!COKall qyscTBJITeJlh
HOCTh, cerreKTJIBHOCTh, B03MO)l(HOCTh OAHOBpeMeHHOro onpe;:i;erreHJlll MHOrllX 
JJieMeHTOB B O)J;HOM o6pnue, a TaK)l(e OTCYTCTBJle He06XOAIIMOCTII pacTBopeHllll 
npo6bl (He;:i;ecTpyKTIIBHblii xapaKTep}. Mern;:i; rnnpoKo 11cnorr1,3yeTCll AJIJI 
npose;:i;eHllll 11ccrre;:i;osaH11ii B reorror1111, 611orror1111, Me;:i;11u11tte, JKorror1111 11 
MaTep11arroBe;:J;eHIIII. B Jla6oparnp1111 HeiiTpOHHOH <p113IIKII JJM. J1. M. <l>paHKa 
0115111 Ha IIMIIYJlhCHOM 6"1CTpOM peaKTope 11EP-2 <pYHKUIIOHllpyeT pa;:i;noaHaJIII
TJlqeCKJIH KOMnrreKc PEfATA, me npoBOAllTCll pa6oThI no HAA, 11Me10m11e KaK 
Hayqttoe, TaK II np11KJia.l];HOe 3HaqeH11e. B ;:i;aHHOM. MeTO)J;JlqeCKOM noco61111 
on11caHhl OCHOBHhle xapaKTepllCTIIKII Mern;:i;a HAA II cooTBeTCTBYIOllleii annapary
pb!, IICIIOJlh3yeMOH s JIH<l> 0115111, a TaK)l(e co;:i;ep)l(aTCJI rra6opaTOpHh!e pa6oTbl, 
npe;:i;Ha3Ha'IeHHMe ;:J;Jlll cry;:i;eHTOB, npOXOAlllllllX npaKTIIKY Ha ycTaHOBKe PEf AT A. 

Frontasyeva M. V. 

Neutron Activation Analysis at the IBR-2 Reactor of FLNP, JINR: 

Methodical Textbook. -Dubna: JINR, 2009. -40 p. 

Neutron activation analysis (NAA) is one of the most powerful analytical 
techniques. This is due to its high sensitivity, selectivity and possibility of 
simultaneous multi-element determination, as well as non-destntctivc character 
(without dissolution of samples). NAA is widely used in geology, biology, medicine, 
environmental and material sciences. In the Frank Laboratory of Neutron Physics, 
JINR, at the IBR-2 pulsed fast reactor the radioanalytical complex REGATA for 
NAA is fonctioning for scientific and applied researches. The given textbook 
contains the main characteristics of NAA and relevant instntmentation used in 
FLNP, JINR, as well as laboratory works designed for the NAA practicum at the 

installation REG AT A. 

© 06bC/IIIHCHHhltt HHCTHT)'T 

•11cpHhix 11ccJJc11osaHlfH. 2009 

I 

Co,n;ep)Kamie 

1. WU3ll'ICCKIIC 0CH0Bhl 11e1npo1111oro 
aKTnna1.11rn1111oro anamna (HAA) 

1.1 . OcHOBHble BH;:J;hl B3aHMO;:J;eiiCTBIIJI neihpoHOB C aTOl\lHhThlH 

»;:i;pa\lH 

1.2. CeqenHe B3aHMo;:i;ettcTBHll 

1.3. MeTOJ:lhI neiiTpommro aKTHBal.\Honnoro amuuna 

1.4. YpaBne1me aKTHBal.\HII 

1.5. BblBOA ypaBneHnll aKTHBal.\HH C yqeT0M 3HepreTHqecKoro 

pacrrpe;:i;eneHHll neii.TponoB 

1.6. 8b1qncrre1me ITJI0II.\a;:J;H 1111Ka 

I. 7. Orrpe;:i;eneHHe 1130TOIIHOro C0CTaBa 

1.8. l1HTep¢epnpyIOII.\He peaKI.\HH 

2. Ilpone,,.e1111e HAA c ncnoJILJonanneM IITY PErATA na 
peaKTope l-fEP-2 JIHcti OIUil-1 

2.1. O611\Hii X0A HAA 

2.2. ITo;:i;roTOBKa 06pm110B K o6nyqel!HIO 

2.3. ITpol.\eCc o6rryqemrn na pcaKTOpe HEP-2 

2.4. O6pa60TKa y-CIIeKTpa 

Jla6opaTopn:1H pafioTa N2 1 

Kann6poBKa Gc(Li)-,11eTeKTOpoB. Onpe;:i;enenne oTnocnTeJibnoii 

3qJqJeKTUBHOCTH perucTpal.\HU y-KBaHTOB Ge(Li)-,11eTeKTopaMH 

Jla6opaTopnaH pafioTa N2 2 

Orrpe,11ene11ne rpa;:i;nenrn IIJIOTHOCTH II0T0Ka neiiTpOHOB B 
Kananax 06nyqennJ1 ITTY PEr AT A 

Jla6oparnpnaH pafioTa N2 3 

ITpoBe,11enne 11eiirpon11oro aKTHB31\H0nnoro anamna o6p331\0B 
MXOB-6HOMOHHT0p0B II n;:i;eHTI!qJHKal.\Hll K0p0TKOJKHBYII.\HX 

H30TOII0B 3JleMeHT0B, co;:i;eplKall.\HXC» B o6p331\e 

JlnTeparypa 

3 

4 

4 

7 

8 

11 

13 

16 

17 

19 

21 

22 

23 

31 

36 

37 

38 

39 



1. <l>11311•1ccK11e ocn0BbI 11ciiTpo1111oro a1n11Ba111101111oro a11aJ1113a 

Ah-muam1uo1111b1u a,1anu1 (AA) - MeTO.l.\ onpenenenm1 JJieMeHTH0ro COCTaBa, 

OCHOBaHHhlll Ha II3MepeHIIII pa,g1IoaKTIIBHOro II3JIJlfeHml, B03HIIKaIOIIIern nplI npespaIIIeHIIII 

Jl,l.\ep TIO)..\ neiiCTBIIeM ll,l.\epHb!X l./aCTIII] IIJIII raMMa-KBaHTOB C ,l.\OCTaTOl./HOH JHeprneii. 

8 aKTl!Bal]l!OHHOM aHaJIII3e B aHaJil!TlllfeCKIIX I]eJillX IICIIOJib3JeTCll B036JJK,l.\eHIIe 

(aKTIIBal]llll) crn611JibHb!X ll,l.\ep onpeneJIJleMb!X JJieMeHTOB np11 o6JiylfeHl!II aHaJIII31IpyeMhlX 

MaTepnaJIOB IIOTOKaMI! ll,l.\epHb!X l./aCTIII] IIJIII y-KBal!TOB. rro TIITIY llnepHb!X l./aCTIII], 

IICIIOJih3yeMb!X nnll B03neiiCTBIIll 11a llnpa JJieMel!TOB, AA pa3neJIJleTCll Ha neiiTpOHHblll 

aKTIIBal]IIOHHhlll ~llaJIII3, qJOTOaKTIIBal]IIOHl!blll aHaJIII3 II aKTIIBal]IIOIIHblll al!aJIII3 C 

IIOMOll\blO 3aplllKel!HbIX l./aCTIII]. 

Heumpo1111b1u aKmuaai1uo1111b1u a11anu1 (HAA) - aKT1IBal]11ll JJieMenrnB nplI 

06nyqe11111I neiiTpOHaMII - llBJilleTCll onHIIM 113 senyIIIIIX MeTonoB aKTIIBal]l!OHHOro aHaJIII3a. 

HAA no3BOJilleT onpeneJillTh cnenyIOIIIIIH Kpyr JJieMenrnB: Ag, Al, As, Au, 8, Br, Ca, 

Cd, Ce, Cl, Cr, Cs, Cu, Dy, Eu, Fe, Ga, Hf, Hg, I, Ir, K, Li, Mg, Mn, Zn, Mo, Na, Ni, Np, Os, 

Pt, P, Pu, Rb, Sb, Se, Sn, Ta, Te, Th, W, V, U. ITp11 JTOM norpernHOCTh aHaJIII3a B 

6oJihIIIIIHCTBe npaKT!Il./eCKIIX CJiylfaeB COCTaBJilleT OT 1 no 10 npo!]eHTOB, a npeneJI 

o6HapylKeHl!ll OT COTeH 11a11orpaMM no e,l.\lIHIII] IIl!KorpaMM [ 1]. 

HeiiTpOHHhlll aKT1IBal]1IOllllblll aHaJIII3 nonpa3neJIJleTCll: 

I) PaouoxUMu'lecKuu 11eiimpo1111b1u aKmuaa1Juo1111b1u a11a7u1 (PHAA), CBll3aHHhIH c 

np11Me11e111IeM XIIMIIl./eCKIIX npoi]e,l.\yp_ nnll BhineJieHIIll aKTIIBl!pOBaHHb!X JJieMeHTOB B 

lfl!CTOM Bllne. 

2) H11cmpywe11ma7bllb!U 11eumpo1111bn1 aKmuaa1Juo1111bn1 a11amn (HHAA), B KornpoM 

11neHTII4ll!Kal]1IIO II KOJill'JeCTBeHHOe onpenene111Ie conepJKaHl!ll JJieMeHTOB B o6JiylfeHHOM 

o6pa3!]e npoBonllT II361IpaTeJibHO, nplIMeHllll sap1Ial]1IIO JCJI0BIIH 06Jiy,1eH1Ill (JHeprnIO 

60M6apn11pyi011\IIX l./aCTIII], BpeMJl o6JiylfeH1Ill) II JlflITbIBall ll,l.\ep110-4J1I31IlfeCKIIe CBoiicrna 

JJieMeHTOB II o6pa3JIOI1\IIXCll pa,g1IOHJKJI1In0B (oco6eHHOCTII cxeM pacnana onpenem1eMhlX 

pa,g11011yKJIII.l.\OB, nep1Ion nonypacna,ga). 

1.1 OCHOBHblC BIIAhI B33111\IOACllCTBIIH 11eiiTpo110B C 3T01\lllhll\lll HAP3MII 

HeiiTpOHbl no 3Heprn1I )..\eJIJlTCll Ha HeCKOJibKO ycJIOBHbIX rpynn _(rn6JI. 1.1 ). 
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Ta6m111a 1.1. 3ttepreTw-1ecK1Ie rpym1b1 11eihpo11os 

HciiTponhl 3ncpnm En, 38 

TerrJIOBbie < 0,55 

3rr1ITeI1JIOBbie (pe30HaHCHh!e) 0,55 + 105 

Eh1CTpb1e 105 +25-106 

ITpH rrpoxoJK,geHIIII lfepe3 Bell\CCTBO HettTpOHbl B3al!MO)..\eHCTBYIOT TOJibKO C ll,l.\paMII 

aTOMOB. XapaKTep JTOro B3aHMO,l.\eHCTBHll orrpenenlleTCll KHHeTIIlfeCKOH JHeprtteii 

HettTpOHOB H CTpyKTypoii llnpa. 

CyIIIecrnyeT nsa OCHOBHb!X B11)..\a B3al!MO,l.\eHCTBIIll HeiiTpOHOB C llnpaMH. 

1) Yrrpyroe paccemrne, rrpH KOTOpOM CJMMapHall KHHeTl!l./eCKall JHeprnll HettTpOHa tt llnpa 

He MeHJleTCll II llnpo OCTaeTCll B OCHOBHOM COCTOllHHH. 

2) 3axBaT HeiiTpoHa llJIPOM C o6pa3oBaHHeM COCTaBHOro llJ(pa, HaxonllIIIerncll B 

B036JJKJ(eHHOM COCTOllHIIH. ITp11lfeM JHeprHll B036yJKnen11ll E'=EH+&cBn rne EH - JHeprnll 

IIOI'JIOIIIeHHOro HeHTPOHa, &cB - JHeprllll CBll311 HeHTPOHa B COCTaBHOM llnpe. 

B 3aBIICIIMOCTH OT JHeprl!II B036yJKneHIIll II CBOHCTB COCTaBHOro llnpa rrepeXOJI B 

6onee HH3KOe JHepreTIIl./eCKOe COCTOllHl!e MOJKeT COBeprnaTbCll nyTeM IICIIJCKaHIIll y-KBaHTOB 

II llJ(epHb!X lfaCTIII] (HeHTPOHOB, npOTOHOB, a-lfaCTIII] II T.JI.). I111orna ITOrJIOIIIeHHe 11eiiTpOHa 

MOJKeT npHBeCTII K neneHHIO ll,l.\pa. 

8 COOTBeTCTBIIII C xapaKTepoM pacna,ga COCTaBHOro llnpa Bh]JleJilllOT CJienyIOIIIHe 

npoIJeccb1. 

a) PaiJUlll{llOHHblU :Jaxaam (n,y) - OCHOBHOH npo!]ecc B3aHMO)..\eHCTBl!ll HCHTpOHOB C 

llnpal\m JJieMeHTOB. B pe3JJibTaTe peaKI]IIII (n,r) 06pa3yeTCll II30TOI1 o6Jiyl./aeMoro JJieMeHTa 

B B036yJK,geHHOM COCTOllHHII. HanplIMep, 

;;Na+n ➔ ;~Na+y, 

;~Al+n ➔ ;~Al+y. 
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f1p1I nepexo,ue B 0CH0BH0e C0CT0l!HIIe Ka)K,Llblll II30T0TI IICTIYCKaeT xapaKTepnoe 

y-lI3JlyqeHIIe o6bJqHo co CJ10)1(Hb!M cneKTp0M [2], no K0TOp0MY ero M0)l(H0 

II,UeHTII!plIUIIpOBaTb II onpe,ueJ11ITb K0J11IqecrneHH0. 

HecMOTpll Ha TO, qTo B 60J1bIIIIIHCTBe cnyqaeB pa,u1IaU1IOHHblll 3axBaT nplIB0,UIIT K 

B03HIIKH0BeHIIIO pa,UII0aKTIIBH0ro II30T0na, cyIUeCTByeT TaK)l(e Bep0llTH0CTb 06pa10BaH1Ill 

CTa61IJ1bHb!X II30T0TI0B. HanplIMep, MarHIIll IIMeeT TPII CTa61IJ1bHb!X II30Tona: 
24

Mg, 
25

Mg II 

26
Mg. B peaKUIIllX rnna 

24
Mg(n,y)2

5
Mg, 

25
Mg(n,y)

26
Mg II 

26
Mg(n,y)

27
Mg T0JlbK0 II30TOTI 

27
Mg pa,u1IoaKT1IBeH, ,[{Ba ,upyrnx - CTa61IJ1bHbl. 

,l];Jlll TeTIJl0Bb!X II '.JTIIITeTIJl0Bb!X Heii:TpOHOB peaKUIIll (n, r) llBJllleTCll, KaK npaBIIJl0, 

npeBaJ11Ipy10IUeii: cpe.1111 npouecC0B B3alIMO,Ueii:CTBIIll neii:Tp0H0B C ll,Up0M II BH0CIIT 

Ha1I60J1bIIIIIH BKJla,Ll B ceqeHIIe 3aXBaTa. 

6) Pactt(ellJleHue ni)ep C 6b1Jlemo.u JapRJlcellHblX 'lllClllUl( (11,p), (11,a) 

,l];nll Toro qTo6bI 3apl!)l(eHHall qacTHUa Morna TI0KHHYTb C0CTaBI!Oe ll,Upo, 0Ha ,U0Jl)l(Ha IIMeTb 

3Heprmo, ,U0CTaTOqHYJO ,UJlll npeo,uoJ1eH1lll TI0TeHUIIaJlbH0ro 6apbepa ll,Upa. ITo3TOMY 

peaKUIIII (n,p) II (n, a) B03M0)l(Hbl TIO.II ,ueii:CTBHeM 6b1cTpb!X Heii:TpOHOB. HanpHMep, 

;;Na+n ➔ ;~Ne+ p, 

;;Na+n ➔ 2~F +a. 

HalI60JICC sepol!Tlfbl ')TH peaKJ]IIII ,L{Jlll JlCrKIIX II cpe,UHIIX ll,Uep [3,4]. B 

60J1blli1IllCTBC cny•iacs 0IIII nplIB0,Ul!T K 06pa1osa111uo CTa61IJ1bHbIX ll,UCp IIJllI 

pa,111I0aKTIIBIII,IX II10T0II0B C 60J1blli1IM neplI0/_\0M nonypacna.11a. Bcne/_\CTBIIC 3T0ro 

yKa1am11,1c pcaKl(HH PC/(K0 HCII0J1b3YIOT /_\Jlll aKTHBaUII0HHoro onpe.11eneHHll 3J1CMCHT0B. 

6) J.MllCCUR ueiimp0II06 (11,211) 

PcaKI(Hll TaKoro THna BCer.11a llBJlllCTCll 3H/_\03HepreTIIlJCCK0ii:, TaK KaK /_\Jlll 

OCB060)1(,IICIIHll /lOII0JlllHTCJiblf0ro HCHTpoHa HY)l(H0 3aTpaTIITb 3HCpr1IJO, npeBbIIIIaJOIUYIO 

3Heprn!O CBll11I neihpoHa B ll/_\pe. B peaKUIIII (11,2n) o6pmyeTCll HCHTpOHO.IIC!plIUIITHblll 

ll30T0TI IICX0/_\ll0r0 ll.llpa, KOTOpblll, qacTo 0Ka3bIBal!Cb pa,uH0aKTIIBHbIM, pacna.11aeTCll nyTeM 

no31npo1J1Joro pacna.11a. 
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z) ,f{e,unue ni)ep (11J) 

TTplI o6nyqeHIIII TCTIJ10Bb!Mll II MC/_\JlCIIHblMII Heii:TpOHaMII peaKUIIll (n.f) 

Ha6J110/_\aCTCl1 TOJlbK0 Ha ll/_\pax 
235U II 

233U. TTo.11 .IICHCTBIICM 6bICTpb!X HCii:TpOHOB - Ha 

ll/_\pax 
238

U II 
232

Th. OcKOJlKII, o6pmyIOIUHCCll nplI /_\CJlCHIIII 3THX ll.llep, llBJlll!OTCll 

pa/_\HOaKTIIBHb!MH II30T0TiaMII. O1m co.11ep)l(aT II36bITOK HCii:TpOHOB II HaX0/_\l!TCll B cepe/_\HHe 

nep1Io.11HqecKoii: CIICTCMbI OT Zn .110 Gd. 

i)) Hey11pywe paccenuue (11,11? 

TTplI HeynpyroM paccel!HIIH (n,n J IICHTpOH 0T/_\aCT qaCTb CBOeii: 3Heprnu Ml! 

B036y)K,Llel!Hll 60M6ap.11npyeMoro ll.llpa. 311eprnll nepsoro so36y)K,Lle1moro cocTOl!HHll 

(ypoBHll) 3aBIICIIT OT aT0MH0ro H0Mepa ll/_\pa. f1p1I nepexo,ue 113 B036y)l(/_\CHHOro C0CTOllllllll B 

OCHOBHOC ncnycKaeTCll y-KBaHT C 3Heprneii:, xapaKTCpHoii: /_\Jill Ka)l(/_\0ro ll.llpa. vh-3a 

He60J1bIIIOii: BCp0llTH0CTII II noqTII TI0JlH0ro 0TCYTCTBIIll pa,u1IoaKTIIBHb!X npo.11yKT0B 

11eynpyroe pacCCl!HHe MaJl0 HCTI0J1b3YJOT /_\Jlll aKTHBaUH0HH0ro aHaJ11I3a. 

1.2 Ceqeune n3a111'11011eiicTnnH 

B3aHMO/_\CllCTBHC HCHTpOHOB C ll/_\paMH BeJUCCTBa onpe,UCJll!CTCll Bep0l!TII0CTb!O 

npoTeKaHl!ll npoueccoB, nepeqHcJleHHb]X BbIIIIe, IIJllI BCJllilJHHOii:, Ha3bIBaeMoii: CC'ICIIUCM 

eJazrnoiJeiicmeuR ( O'). 

N(E) 
O'=~~"-

No<P ' 
(1.2.1) 

r.11e N(En) - qncno ll.llep, npoB3aHM0/_\eilcTBoBaBIIIHX C HCHTpOHaMH, 3UBIICllIUee OT 3Heprnn 

HeiiTpOHOB; 

No - qncno scex ll.llep; 

En - 3Heprnll HeiiTpOHOB, 38; 

<D - TI0T0K HeilTpOHOB, n- M-2. 

CTMKHBal!Cb C ll.llP0M, ueiiTpoH M0)l(CT paccel!TbCll: IIJllI 6b!Tb 3axsaqe1IHb!M. Tor,ua 

cornac110 Bepol!TH0CTH Toro HJlH IIH0ro npouecca TI0JlH0e ceqeHne B3aHM0/_\eHCTBllll M0)l(eT 

6b!Tb npe/_\CTaBJleH0 KaK CYMMa: 

(Ttot = O"abs + (Jsc' (1.2.2) 

r.11e Oiot - nonuoe ceqeHHe; 

O'abs - ceqeHne nornoIUeHHll (3axsarn); 
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a,c - ce'-!ettne pacceirnm1. 

IlocKOJlbKY B pe3yJibTaTe 3aXBaTa tteihpotta B031\!0lKHO npoTeKaHHe 11eJioro pl!,lla 

npo11ecCOB, TO cyMMapttoe ce'-!eHne 3aXBaTa 6y,11eT CKna,llbIBaThCll H3 napl\HaJ!bHblX Ce'-leHHH 

OT,lleJibHbIX npo11ecc0B - BepOl!THOCTeH ocy111ecTBJieHHll onpe,11eJieHHOro THna ll,llepHOH 

peaKl\HH: 

a-abs= a(n,y) + a(n,p) + a(n,a ) + a(n,2n) +a(n,n'). (1.2.3) 

O'-leHb '-!aCTO OCHOBHOH BKna,11 B CYMJ\rnpttoe ceqenne 3axBaTa npn ,llaHHOH 3Heprnn 

HettTpOHOB ,11aeT TOJlbKO 0,1\HH H3 nepe'-IHCJieHHblX BH,110B l!,llepHbIX npeBpa111eHHH. Ilpn 

H3MeHeHHH 3HeprHH HeHTpOHOB MeHlleTCll COOTHOIIIeHne BKJla,110B nap11nanbHblX Ce'-leHHH B 

cyMMapnoe ce'-!enne. Han60JihIIIee 3Ha'-!enne cyMMapHoro ce'-!eHHll Ha6J110,11aeTcJ1 .llllll 

TeTIJIOBblX nettTpOHOB. B o6JiaCTH pe30HaHCHblX HeHTpOHOB Ce'-!eHHll HHOr,11a ,llOCTHfa!OT 

O'-leHh Bb!COKHX 3Ha'-leHHH. 

ll:Jill xapaKTepHCTHKH BepOllTHOCTH peaKl\HH, npHBO,llllll\HX K o6pa30BaHHIO 

pa,11noaKTHBilblX H30TOTIOB, '-!aCTO BbI,lleJIJIIOT Cel/e/lue a1'mU6alfUU [2, 5, 6]. EcJIH npH 

o6Jiy'-lemm MOHOH30TOTIHOro 3JleMeHTa npoTeKaeT e,llHHCTBeHHal! peaKl\Hll, npHBO,llllll\al! K 

o6pa30BaHHIO pa,!IHOaKTHBHOro H30TOTia, TO cel/e11ue 3GX6ama ,llOJllKHO COBTia,llaTb C 

cel/e11ueM a1'mU6al/UU. 

3Ha'-leHHe BeJIH'-IHHhl TIOJIHOro ce'-leHHll B3aHMO,lleHCTBHll 06bi'-IHO nopl!,11Ka 10-23 
M2, 

KOTopoe cpaBI!HMO C pa3MepaMH aTOMHbIX ll,llep. TI03TOMY I 0-23 
M

2= I 6 (6apn) llBJilleTCll 

e,11HHHL1eH H3MepeHHll ce'-!eHHll B3aHMO,lleHCTBHll. 

1.3 MeTO,llbl Heii:TpOHHOro aKTHBal{HOHHOro aHaJUna 

B COOTBeTCTBHH C 3Heprnen HeHTpOHOB, HCTIOJlh3yeMb!X ,1\Jlll aKTHBal\HH, pa3JIJJ'-la!OT 

TPH MeTO,lla nettTpOHHoro aKTHBal\HOHHOfO aHaJIH3a: aKTHBal\HOHHblH aHaJIH3 Ha TeTIJlOBblX, 

pe3oHaHCHblX (3TIHTeTIJIOBOH HeHTpOHHblH aKTHBal\HOHHhlH aHaJIH3) TT 6bICTpb!X HettTpottax 

[7]. TaKal! KJiaccmpHKa111rn npelK,lle Bcero o6ycJIOBJieHa 6oJihIIIHMH pa3JIH'-1Hl!MH B xapaKTepe 

B3aHMO,lleHCTBHll OCHOBHhlX 3HepreTH'-leCKHX rpynn HeHTpOHOB C Be111ecTBOM. 

AKmUBUU,UOHHblU llllllJIUJ fill menJlOBblX 11eiimpo11ax. TiepBbie pa6oTbl no 

aKTHBal\HOHHOMY aHaJIH3Y 6b1Jlll BblTIOJlHeHhl C HCTIOJlb30BaHHeM TeTIJIOBhlX nettrpOHOB. 3TOT 

BapHaHT HAA 3aHHMaeT Be,11y111ee MeCTo cpe,11H aKTHBal\HOHHbIX MeT0,110B H JJMeeT 

CJie,llyIOll\He ,1\0CTOHHCTBa. 
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Bo-nepBblX, npH o6Jiy'-leUHH 6oJibIIIHHCTBa 3JleMeHTOB npoTeKaeT TOJlbKO 0,1\Ha 

ll,llepHal! peaKl\Hll (n,y), B pe3yJihTaTe KOTOpOH 06pa3yeTCll pa,11HOH30TOTI HCXO,llHOro 

3JieMenTa. 3To yMeHhIIIaeT '-IJICJIO pa,1111ottyKnH,llOB, KOTOpblC J\IOfYT 6hITb TIOJIY'-leHbl np11 

MHOf03JleMeHTHOM aHaJIIl3C, a B OTCYTCTBHC peaKl\IIH, CBJl3aHHblX C H31\ICHCHHeM 3apll,11a 

ll,llep, IICKJl!O'-!aeT 3cpcpeKTbl HHTCpcpepeHl\1111 y-JIHHIIH pa3JIH'-1Hb!X 3JleMeHTOB. 

Bo-BTOpbIX, 60JibIIIHHCTBO HYKJIH,110B llBJllllOTCll ~-H3JiyqaTeJIJIMH, HcnycKa!Oll\HMH H 

raMMa-KBaHThl. 

B-TpeTbHX, no peaKIJHH (n,y) y TIO,llaBJill!Oll\ero '-IHCJia 3JleMeHTOB nepHO,llH'-leCKOH 

Cl!CTeMbl npoHCXO,llHT o6pa30BaHHe pa,11HOil30TOTIOB, '-!TO npH,11aeT MeTo,11y onpe,11eJieHHYIO 

YHHBepcanhHOCTb. 

HaKm1e11, aHaJIHTH'-leCKOe onpe,11eJieHHe B031\!0lKHO He TO,lbKO no H3Jl)"-leHHIO 

pa,11HOH30TOnOB, HO H no MfHOBeHHOMY y-H3JIY'-leHHIO pa,111rn11Ho11ttoro 3axBaTa, a 3TO 

onpe,11eJieHHhlM o6pa30M pacrrrnplleT B031\!0lKHOCTII MeTo,11a. bJiaro,11apll 60JibIIIHM ce'-leHHJIM 

peaKl\1111 (n, r) ,llOCTHraeTCll BblCOKal! '-IYBCTBHTeJihHOCTb MeTO,lla. 

3numellJlOBOU 11eiimpom1btii llKnlllBUU,UOllllblU llllllJlllJ. HAA 11a pe3oHaHCHblX 

HeiiTpOHax I!MeeT MHOro 06111ero c aKnIBal\HOHHblM aHaJIH30M Ha TeTIJIOBbIX HettTpOHax, TaK 

KaK II B TOM, II B ,11pyroM CJiy'-!ae Be,11y111y10 pOJib urpaeT peaKl\Hll pa,llHal\HOHHOro 3axBarn. 

O,11HaKO 3TOMY MeTo,11y CBOHCTBeHHhl onpe,11eJieHHble oco6enHOCTH, CBll3aHHble 

rnaBHbll\l o6pa30M co cne11HcpHKOH B3am,10,11eHCTBHll pe30HaHCHhlX HeHTpOHOB C ll,llpaMn 

3JieMeHTOB n cnoco6aMn 06Jiy'-leH11J1 o6pa31\0B. 

Ce'-leHHe peaKl\IIH B 3nHTenJIOBOH o6JiaCTII paBHOMep110 y6brnaeT C pOCTOJ\I 3Heprnn 

nettTpOHOB cornaCHO 3aKony 1/v (v - CKOpOCTb HettTpOHOB). Ho y MHOrHX H30TOnOB 

cpyHKl\llll B036ylK,lleHHll npH onpe,11eJieHHOH 3HeprnH HettTpOHOB 111\leeT pe30HaHCHbie IIIIKH. 

3TO na6JII0,11aeTCll B cJiy'-lae, KOr,11a 3Heprnll Bm6yJK,11eHHll COBTia,llaeT C 0,1\HHM 113 

311epreTH'-leCKHX ypoBHeH COCTaBHOro ll,llpa. B o6JiaCTH pe30HaHca Ce'-!eHHe pa,11Hal\HOHHOro 

3axBaTa ,llOCTHraeT BhlCOKHX 3Ha'-!eHHH II MOlKeT npeBOCXO,llHTh ce'-!em1e aKTHBa111m na 

TeTIJIOBhIX HettTpoHax 6oJiee '-!eM Ha ,11Ba 11opll,11Ka. 

TaKOH xapaKTep cpyHKl\HH Bm6yJK,lleHHll 1103BOJIJleT IIOBhIIIIaTb H36HpaTeJihHOCTb 

anaJIH3a 3JleMCHTOB. Ho 3Ta B031\!0lKHOCTb He Bcer,11a MOJKeT 6b)Tb peanH30BaHa H3-3a 

OTCYTCTBHll HCTO'-IHHKa MOH03HepreTH'-leCKHX nettTpOHOB C rpe6yeMOH 3Heprnen. 

ll:Jill aHaJIIITH'-leCKHX 11eJieH IICIIOJlb3yIOTCll TOJlbKO pe30HaHCHhle HeHTpOHbl, 

IIOJIY'-la!Oll\l!eCll rnaBHbIM o6pa30M B npo11ecce 3aMe,11JieHI!ll 6hICTpblX HettrpOHOB. B ll,llepHb!X 
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pcaKTopax TTOTOKH pe3011a11CHbIX HeihpoHOB BCCr.l(a conpOBOlK)_(alOTCll IlHTCIICilBIIblM 

TTOTOKOM TCTTJlOBb!X HeihpoHOB. TIOTOK pe30HaHCHbIX HCHTpOIIOB IIMCCT CIIJlOIIIHOC 

pac11pe.l\CJlCHilC, HO IIJlOTHOCTb IIOTOKa H3MCHl!CTCll 110 3aKoHy 1/E, f)_(C E - :rneprttll 

HCHTpOHOB. 

YlKe caMa 3aBilCHMOCTb IIJlOTHOCTII IlOTOKa pe3oHaHCHblX HCHTpOHOB OT :rneprnH 

cnoco6cTBYCT 60JlblIICH aKTHBal.{Illl 3J1CMCHTOB, pe3oHaHCbl KOTOpb!X pacnOJJOlKCHbl B 

06J1aCTil Hll3KIIX 3Heprnii:, TaK KaK 3.l(CCb IIJlOTHOCTb IIOTOKa pe30HaHCllbIX HCHTpOHOB BbllIIC 

IlJlOTIIOCTII IIOTOKa TCIIJlOBbIX (pnc. 1.1 ). Bo3)_(CHCTBOBaTb Ha JI36npaTCJlbHOCTb aKTHilal.{HH 

pe30llaHCllb!Mll HCHTpOHaMII MOlKHO nyrcM 11pHMCHCIIHll ¢ttJlbTpOB, KOTOpb!C BH.l(Oll3MCHlllOT 

3HCpreTH'ICCKilH CIICKTp HCHTpOHOB B lKCJJaCMYIO crnpo11y. llatt60J1ee y.l(a'!Hb!H ¢HJlbTp -

Ka.l(MllCBbIH, TOHKIIH CJlOH KOTOporo (I MM) 11ornow_aeT BCC IICHTpOHbl C 3Heprneii MeHee 

0,55 3B. HAA Ha pe30Ha!ICHblX HCHTpoHax 11pC.l(CTaBJ1CII TpCMll BapHaHTaMH: 06J1y'ICHHC C 

Hepe10Ha1ICHb[M ¢11J1bTpOM, 06J1yqe11ne C pe30HaHCHblM ¢HJlbTpOM H aHaJlll3 110 BpCMCHil 

3aMC)_(JlCHilll HCHTpOIIOB. 

':'EJOv. _ 

_ ,.., 1012 

'"' c :o'° 
~ 108 
C: 

JOG 

10' 

1oz 

16'L--L.U..----'----'-----'-----'--__..__....__ ...... _--'-"' 
10··2 10-1 1 10 102 103 104 105 icf 101 

E,ev 

Puc I.I. 3nepreTH'ICCKHH c11eKTp Heii:TpOHOB B Ka11Max 06J1y'le11ttll 11EP-2: 

Chi ( C-J) H Ch3 (KpHBall); ( 0 )- c Ka.l\MHCBbIM 3KpanoM [8] 

HAA ua 6blClllpblX HeiimpoHax. ):\Jlll 6bICTpb!X HeiiTpOHOB CC'ICJIHC peaKl_\HH (n,y) 

IIC!lCJlHKO, H OCHOBHYIO pOJlb Ha'!HHalOT ttrpaTb noporoBb!C peaKl.{HH THlla (n, a), (n,p) H 

(n,2n). BeJJH'lttHa 11opora TaKHX peaKl\HH o6bi'IHO COCTaBJlllCT HCCKOJlbKO 

Mera3JlCKTpOHBOJlbT. 

Ce'ICl!Hll ll.l\Cpllb!X peaKl.{HH Ha 6bICTpb!X 11eii:Tpo11ax B 60J1blIIH1ICT!le CJly'!aCB JlClKaT B 

11pe.l(eJ1ax 0,01 - 1 6apH. DOJlee CJ1a6oe B3aHMO)_(CHCTBHC 6bICTpblX HCHTpOHOB C ll.l(pa!\IH 

11pHBO)_(IlT K .l\BYM BalKHb!M aHaJJHTH'ICCKHM oco6eHHOCTllM. 3Ha'IHTCJlbHO Ila.l(aeT 
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'IYBCTBHTCJlbHOCTb aHaJJil3a H YMCHblllaCTCll BJlHllHHC BCIIJ,CCTBa 11po6bI 11a IlOTOK HCHTpOHOB 

(3¢¢eKT 3KpaHttpoBaHHll). 

B1a11MO.l(CHCTBIIC 6bICTpb!X HCHTpOHOB C ll.l(paMII 3J1CMCHT0B MOlKCT 11pOTCKaTb no 

HCCKOJlbKHM KaHaJJaM, KOTOpb!C 
3m qacTO CBl!3aHbl C ll3MCIICHIICM 3apl!.l(a ll.l(pa. 

oco6eHHOCTb ll.l\CpHbIX B3aHMO)_(CHCTBHH 6bICTpb!X HCHTpOHOB, C O.l(HOH CTOpOHbl, 06J1Cf'laCT 

Il0.1(60p 110.l(XO.l(l!IIJ,CH ll.l\CpHOH peaKl.{HH, a C .l(pyroii CTOpOHbl, C03.l(aCT HCTO'IHHK B3aHMHblX 

IIOMCX 11pn 011pe.l(CJ1CIIIIH COCC.l(IIHX 3J1CMCHTOB, '!TO MOlKCT 3aTpy.l(HHTb IlOJlY'ICHllC 

Ha.l(ClKHb!X H TO'!Hb!X pe3YJlbTaTOB. 

1.4 Ypanue1111e aK--rnna111111 

B pe3YJlbTaTC ll.l(CpHOH peaKl.{Illl (n,y) C 011pe.l(eJ1CHHblM II30TOIIOM 3JlCMCHTa 

o6pmyeTCll PMIIOaKTIIBllb!H IIPO.l\YKT c xapaKTCpHOH CXCMOH pac11a.l(a. HaBC.l(CJillall 

aKTIIBHOCTb 3TOro 11pO.l\YKTa 11po11opu110HaJJbHa KOJlll'ICCTBY IICXO.l(HOfO H30TOlla, 113 

KOToporo OH o6pmyeTCll. TioJJHOC CO.l(CplKaHIIC 3JlCMCHTa MOlKHO paCC'IIITaTb, CCJlll II3BCCTCH 

ero II30TOIIHblH COCTaB. 

CKopoCTb o6pa3oBaHIIll ll.l\CP pa.1(110aKTIIBHOrO II30TOlla 011pe.l(CJll!CTCll .l\BYMll 

11pol_\eccaM11: naKOIIJlCHHCM B036YlK.l\CHHblX ll.l\CP B pe3YJlbTaTe ll.l(CpHOH peaKl.{1111 H IIX 

y6b!Jlbl0 npH pa.l(IIOaKTIIBHOM paClla.l(C (pnc. 1.2). l13MCHCHIIC 'IHCJla pa.l\IIOaKTilBHblX ll.l\CP B 

11pouecce 06J1y'ICHHll 11po6bI B IIOTOKC HCHTpOHOB OIIIICbJBaCTCll ypaBHCHIICM 

f)_(C 

dN = RN
0

-},_N, 
dt 

N - 'lllCJlO pa.l\IIOaKTllBHblX ll.l\Cp; 

No - 'lllCJlO ll.l(Cp aKTllBHpyeMOro ll30TOTTa; 

R - CKOpOCTb peaKl.{llll 3axBarn neiiTpona ll.l\POM; 

A - TTOCTOllllHal! parna.l(a, c·
1
; ,1,=0,693/T112 ; 

T 1/2 - nepHO)_( noJJypacna.l(a pa.l(HOaKTllBJIOfO ll30TOlla, c. 

(1.4.1) 

11HTCrpHpOBaHIIC ypaBHCHllll (1.4.1), CCJlll C'IIITaTb R tt N IIOCTOl!Hllb!Mll, )_(aCT 

KOJlll'ICCTBO pa.l\llOaKTilBHb!X ll.l\CP 3a onpe.l(CJlCIIHOC BpCMll 06J1y'ICHllll (irradiation) (j,: 

RN 
N(ti,) = --t-( 1-e-~· ). 
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TaK KaK aKTIIBHOCTb (q11crro pacrra).\OB B e,l.\1111111\Y BpeMe1111) aKTIIBl!pOBaH110ro ll30TOI1a B 

MOMel!T OKOll'Ial!Hll 06rryqe11Hll A= AN, TO rrorryqaeM 

A(ti,) = RN
0
(1-e_,, .. ). (1.4.2) 

Tiocrre 113BJieqe1111J1 o6pa:ma 113 aKTHBHOH 30Hbl H3MeHem1e q11crra pa,l.\HOaKTIIBHb!X 

ll,l.\ep OITHCbJBaeTCll ypaBHeHl!eM B11,l.\a 

dN(tj,,td) =-J.,N(t.,,td), 
dt 

r,l.(e td - BpeMll MelK,l.\Y KOH[_\OM o6rryqemrn II naqarroM 113MepeHIIJI HJIII BpeMll pacrra,l.(a 

(decay). 

AKTHBHOCTb K naqarry 113MepenHll 

A(ti,,td) = RN
0
(1-e_,.,.,)e_,.,.,. (1.4.3) 

B rrpOI1ecce 113Mepen11l! y-11Jrryqen11ll o6rryqennoro o6pa31\a crreKTpoMeTpoM 3a 

BpeMll 1!3Mepe1111ll tm (measurement) pacrra,l.\aeTCll crre,l.\yIOI..Qee Korr11qecrno pa,l.\HOaKTHBHbIX 

ll,l.\ep: 

N(t,, ,Id,{,,,)= '"T N(f,..,fd,{m )df. 

AKTllBIIOCTb 1130TOIIa BO BpeMll 113MepeH11ll 

A(t.,,td,t,,,) = RN
0
(1-e_,., .. )e_,.,., (1-e-;.,..,). ( 1.4.4) 

YpaBHenue (I .4.4) HOCHT Ha3Ban11e "ypaGHeHue a1'mU6al/UU" ).\JIJI pa,l.\l!OHYKJill).\OB. 

Y'll!Tb!Ball, qTO llCXO).\HOe q11crro l!,l.\ep aKTl!BllpOBaHHOrO 1130TOITa No=(Na0JmlM, ypaBnen11e 

aKTHBa[_\1111 3arr111neM B B11,l.\e 

A= R; NA0(1-e_,.,., )e_,.,., (1-e_,., ... ), 

r,l.\e m - Macca JJieMeHTa, r; 

Na - q11crro ABora,l.\po, MOJib.J; 

M - Morrllpnall Macca JJieMe11rn; 

0 - ,l.\OJill aKTl!BllPYIOI..QeroCll 1!30TOIIa B ecTecTBeHHOH CMecu 1!30TOIIOB; 

R - CKOpOCTb peaK[_\1111 no 3aXBaTy 11etiTpOHOB. 

3TOMY ypaBneHl!!O COOTBeTcTByeT 3aunpux0Ba1111all IIJIOI..Qa,l.(b na puc. 1.2. 
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(1.4.5) 

1.5 

A(t) 

I;, td lw 

Puc. 1.2. Kp11Bal! o6pa3oBaHl!ll II pacrra,l.\a pa,l.\l!OaKTHBllblX ll,l.\ep 

Bunoi. ypannemrn aKTHna111111 c yqeToM 311cpren1qecKoro pacnpei.eJiemrn 

ueii:Tponon 

Anarr11311pyeMbie o6pa3[_\b] qaI..Qe BCero o6rry'la!OT B 1(eHTpe aKTHBHOH 30Hbl, B 

o6rraCTI! MaKCllMaJibHb!X IIOTOKOB HeHTpOHOB. Ka11arr ).\Jlll o6rryqeHl!ll TeIIJIOBb!MH 

netiTponaMII pacrrorrolKeH B 3aMe).\JIIITerre Ha HeKOTOpOM pacCTOJIHIIII OT TOITJIHBHbIX 

JJieMeHTOB. TioJIHblH netiTpOHHbIH ITOTOK, rrpoXO).\lll..QllH qepe3 o6pa3e1(, ITOMeI..QeHHblH B 3TOT 

Kanan, COCTOHT B OCHOBHOM 113 TeIIJIOBbIX HeHTpOHOB C MaKCBeJIJIOBCKIIM pac11pe).(errenneM 

110 CKOpOCTllM, 113 neKOTOpoti ,l.\OJIII pe3oHaHCHbIX HeHTpOHOB, pac11pe,l.\erreH11e KOTOpbIX 110 

3Hepr11l!M 110,l.\'ll!Hl!eTCll 3aKony 1/E, 11 113 orrpe,l.\erreHnoro KOJil!'leCTBa 6bICTpblX 11etiTpOHOB. 

B ypaBHeHl!II aKTHBa[_\1111 (1.4.5) BeJill'JIIHY R MOlKHO rrpe,l.\CTaBIITb KaK IIIITerparr 

ro 

R = J n(v)vcr(v)dv, (l.5.1) 

r,l.\e V - CKOpOCTb netiTpOHOB, Mic; 

o(v)- ceqen!Ie B3allMO,l.\eHCTBlrn netiTpOHOB co CKOPOCTb!O V, M2; 

n(v )dv - IIJIOTHOCTb netiTpOHOB, IIMeIOI..QIIX CKOpOCTb B HHTepBarre OT V ).\0 v+dv, M-
3

. 

C ytJeTOM pacrrpe,l.\eJieHllll ndiTpOHOB 110 3Hepr11l!M lll!Terparr (1.5.1) 6y).(eT paBeH 

cyMMe .I\BYX HIITerparroB: 

R = 'J n(v)vcr(v)dv + f n(v)vcr(v)dv. (1.5.2) 
0 'ca 

3).(eCb 11epBb!H llHTerparr OIIHCbIBaeT CKOpOCTb peaK[_\HH ).\Jill TellJIOBbIX netiTpOHOB. 

Ecd=0,55 JB - :mepzuR 1'aihmeeozo nopoza. Bee netiTpOHbI, HMeIOI..QHe :rneprnIO 11mKe 
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,11aHHOro 311aqeHIU1 (TeilJIOBbie), rrorno111moTCll Ka,11MHeBbIM 3KpanoM. 8Topoii IlHTerpan 

OIIIlChIBaeT CKOpOCTb peaKUilll C 3II!ITeIIJIOBb!Mll HeiiTpo11aMII. 

8h1qncnem1e rrepsoro IIHTerpana ,11aeT 

''J n(v)va(v)dv = v0a 0 f n(v)dv = v0a 0n, (1.5.3) 

r,11e 

0 0 

n = 'J n( V )dv - IIJIOTHOCTb TeIIJIOBblX HeiiTpOHOB; 
0 

Vo - Han6onee Bepol!THal! CKOpOCTb HeiiTpOHOB, paBHal! rrpu 20 °C 2200 Mic; 

ao - ceqettue aKT!IBaUIIII TeIIJIOBblMII HeH.TpOHaMII rrpn 25 38. 

IlpIIHIIMal! BO BH!IMaHIIe, qTO IIOTOK qncJieHHO paseH IIJIOTHOCTII HeiiTpOHOB n (M"
3
), 

YMHOlKeHHOH Ha cpe,11HIOIO CKOpOCTb HeiiTpOHOB Vo (Mic), IIOJiyqnM ({J,h=nvo (M"
2
c"

1
) - IIOTOK 

TerrnoBhIX (thermal) tteiiTpOHOB. 

'J n(v)va(v)dv = <p,ha0 • 

0 

(1.5.4) 

8TOpoii IIHTerpan MOlKeT 6hITb rrpe,11CTaBJieH KaK fPYHKUIIll 3Hepnrn HeHTpOHOB. 

I1HTerpan /0 = hJ a(EJdEn 
En 

Ha3bJBaeTCH pe30IIQI/Cl/b!At u11me2pa!l0M 

Fed 

"' 
) n(v)va(v)dv = ¢,pi ''J a(EJdE" = c, , E ¢,pJo, 

Ecd n 

(1.5.5) 

r,11e ({Jepi - IIOTOK 3IIIITeIIJIOBbIX (epithermal) HeiiTpOHOB. 

8ennqIIHbl ceqeHIIll 3axBaTa II pe3oHaHCHOro IIHTerpana rrp11se,11eHbl B Ta6JI. 1.2. 

Ta6mm:a 1.2. Ceqettue 3axBaTa (ao) II pe3oHaHCHbIH IIHTerpan (lo) ,11Jlll HeKOTOpblX 

aKTIIBIIpOBaHbIX ll,11ep [9] 

Jlrlpa O'o, 6 lo, 6 ~ Jlrlpa O'o, 6 _ 1
1 

Io, 6 
,JNa o.4 0.31 1 " 3c;--~- 4.5 ______ ·s.o 
26M°g _____ -0.03s"___ 0.026 _[73A_-s-- 4.3 -- -i 61 

- 27 Al 0.23 0.17 1 81 Br 2.4 --- i -60 
··11ct 0.43 0.30 r109 Ag 91 ""Tl400 - ----------~----- ----~--- ------ ---- r-

48Ca - 1.09 0.89 -~39La 8.9 I I l.s 
~~~~!:. _____ 4.9 2.7 ____ ,.:2sm 206 ___ J.?2_70--

51V 15.9 7.8 I 1"Eu 9200 1 3300 
55Mn __ _ 13.3 14.0 i186W 37.9 485 : :~~-- --T~~~ I ~47 :~=F:~~~ ~~~ --~---7~~~---
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113 orrpe,11eJiel!llll pe3011a11c11oro IIHTerpana Bll,11110, 'ITO IIOTOK 31111TelIJIOBblX 

11eiiTpo11os rrpo11opuno11ane11 I/En. Ho 6onee Toq11bIe pe3yJihTaThI Ml! cKopocTn aKnrnaunn 

IIOJIY'laTCll, ecm, Mb! Y4TeM, qTO crreKTp 31IIITCIIJI0Bb!X HeHTpOHOB JIY'lllle OIIIlCbIBaeTCll 

3aBHCilMOCThlO 1 I E,'.+a : 

I, 
lo(a) = J' a(En)dEn 

h'cd E!+a , 
(1.5.6) 

zoe a - 3numen.101Jou cneKmpa!lbllb!U q1op.HpaKmop. Ero sen11q1111a (B 311epreTH'ICCKOM 

IIHTepsane E= 1 - 105 
38, B KOTOpOM aKTIIBHpyeTCll 6oJihlllal! qacTb ll,11ep) ,11JIH CIICKTpa 

31IHTerrnoBbIX HeiiTpo110B B Kananax Chl-Ch3 peaKTopa l16P-2 oTpnuaTeJibHa II neJKIJT B 

mnepsane oT-1,168 ,110 -0,085 (rn6n. 1.3). 

Ta6m111a 1.3 IlapaMeTpbI crreKTpa 31IHTeIIJIOBhIX 11eiiTpo11os B Ka11anax .Chl-Ch3 ,11n51 

pmnnqHbIX 3HepreTH4eCKIIX HHTCpBaJIOB (8] 

Kanan 

Chi 

Chi 

Chi 

Chi 

3nepreTn4ecKnii 
nuTepBan, 3B 

£=1-101 

£=1-I01 

·-- ---«---f-~--------

Ch I 

Ch2 

Ch2 

Ch2 

Ch3 

Ch3 

£=1-101 

£=1-104 

£=1-I05 

£=1-I03 

£=1-I04 

ip,.,;xl0 11 (c· 1c~t"2J a 

1.36±0,03 -0.085±0.005 

1.15±0.05 -0,098±0.007 
·---- ---· --

1.33±0.03 -0.092±0.004 
- ----------

1.16±0.05 -0.10 I ±0.004 

1.06±0.03 -0.143±0.003 

1.16±0,03 -0.089±0.005 

1.15±0.03 -0.096±0,003 
----

0.80±0.03 -0.168±0.005 
----~--- ---- --- - - -

2.98±0.06 -0.100±0.005 
-- --- -------·---

2.88±0.05 -0.112±0.004 
--- - ------- --- - ... 

Ch3 £=1-105 
2.58±0,04 -0.139±0.004 

TTo,11cTaBJillll (1.5.4) n (1.5.5) B (1.5.2), IIOJiy'IHM 

R = <pu,ao+ ({JepJo. 

Ilp0113Be,11CM HCKOTOpble 11peo6pa1ona111rn: 

R = ,1, a (I + IPep1 /o ) 
Y'th O ~ 

¢1110"0 

15 

i 
2.44 

1.90 

4.77 

15.0 

0.82 

1.28 

5.30 

(1.5.7) 



r,ue 

R = ¢,ha"o{l + Q(a)) I ,, 

R =¢,haeff' 

a,rr = a
0
(1 + Q(a)) -3<p<peKTHBHOe ceqemie aKTHBaunn; 

I 

(1.5.8) 

I (a) Q(a) = -0~- - OTHOIIJeHne pe30HaHCHOro HHTerpana K ceqeHHIO aKTHBaUHH )lJUI 

O'o 

TeIIJIOBbIX Heil.TpoHOB; 

f = A_ - OTHOIIJeHHe IIOTOKOB TeIIJIOBbIX H 311HTeIIJIOBblX Heil.TpOHOB. 

¢epi 

ITo,ucTaBHM (1.5.8) B ypaBHeHHe aKTHBaUHH (1.4.5): 

A= ,i. a !!!:.... N 0(1-e-·"")e-·", (1-e-"'") 
'l'th eff M A 

(1.5.9) 

TaKHM o6pa30M, Mb! IIOJIY'-lHJIH ypam1eHHe aKTHBaUHH C yqeTOM 3HepreTWieCKOro 

pac11pe,ueJieHHll HeiiTPOHOB. 

1.6 Bb1q11cJ1e1111e DJI0H1a/J,H DltKa 

C11eKTp perncTpnpyeMoro y-H3JiyqeHHll Ha BbIXO)le raMMa-c11eKTpOMeTPa IIOJiyqaeTCll 

B BH)le aMIIJIHTY.UHOro pac11pe,ueJieHHll. ITHK, COOTBeTCTBYJOIIIHH 3HeprHH y-KBaHTa, HOCIIT 

Ha3BaHne </JomonuKa. IlOJIO)KeHHe MaKCHMyMa IIHKa COOTBeTCTByeT '.)HeprHH 

perncTpnpyer..rnro y-113Jiyqemrn, a IIJIOIIla)lb IIO)l IIHKOM CJIY)KHT Mepoii HHTeHCHBHOCTII y

H3JiyqeHHll ,uaHHOH 3Heprnn. <l>opMa <pOTOIIHKa 11p116JIH3HTeJibHO aHaJIOrH'-!Ha 110 q>OpMe 

pac11pe,ueneHHIO raycca, H ero IIJIOII1a)lb JierKO 011pe,ueJIHTb, HCIIOJib3Yll COOTHOIIJeHHe 

r,ue 

S ~ 17Nmax, (1.6.1) 

Nmax - '-!HCJIO OTC'-!eTOB B MaKCHMyMe IIHKa; 

17 - pa3pernaIOII1al! c11oco6HocTb ntMMa-c11eKTpoMeTPa, 011pe,uenl!eMall KaK 

OTHOIIJeHHe IIIHpHHbl y-JIHHHH Ha IIOJIOBHHe ee BbICOTbl K 3HeprHH JIHHHH 17=/JEIE. 

raMMa-c11eKTPOM~Hll 1103B0Jil!eT 11pOCTO 011pe,ueJil!Tb a6coJIJOTHyIO aKTHBHOCTb. 

AKTHBHOCTh pa,uHOaKTHBHOro H30TOlla 011pe,ueJilleTCll 110 <popMyJie 
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t 
~ 
~ 

r,ue s - IIJIOII1a)lb IIHKa, HMll./c; 

A =_s
q 

r - KBaHTOBblH Bb!XO)l, T.e. BepOl!THOCTb ,uaHHOro y-11epexo.ua; 

(1.6.2) 

& - <pOT03<p<peKTHBHOCTb ClleKTpOMeTpa, T.e. BepOl!THOCTb Toro, '-ITO nc11y111eHHblH 

y-KBaHT 6y,ueT 3aperncTpnpoBaH. 

KoJIH'-leCTBO aKTHBHpOBaHHOro 3JieMeHTa B o6pa3ue MO)KHO 011pe,ueJIHTb, Bbl'-IHCJIHB 

IIJIOIIla)lb <pOTOIIHKa. 

lfa (1.6.2) n (1.5.9) cne,uyeT 

S = y&A = y&¢, 11 u,ffN
0
0; (I-e-"1")e-"1

" (1-e-"1
"'). (1.6.3) 

HecMOTpll Ha TO, '-!TO HCIIYCKaeMbie <pOTOHb] HMeJOT 3Heprn!O B npe,uenax OT 

)leCl!TKOB K3B )lO M3B H Bb!COKyIO 11pOHHKaIOIIIYIO CIIOC06HOCTb, OHH MoryT nornomaTbCll 

HJIH paccenBaTbCll B caMOM o6pa3ue. 3TOT 3<p<peKT Ha3bJBaeTCll ccrnono?.70U/el/Ue.tt. TaK)Ke 

B03MO)l(Ha O)lHOBpeMeHHal! pernCTpaUHll )lByx If 6onee q>OTOIIOB. 3TO TaK Ha3bJBaeMb]H 

3<p<peKT ca.H03hpm1upo6G1/UR. ITpn6JIH)KeHHe (1.6.3) ,ueiiCTBHTeJibHO, Kor,ua ::J<p<peKTaMH 

caMonornomeHHll H caM03KpattupoBaHHll 11peHe6peraJOT. 

1.7 O11pe/1,CJICIIIIC ll30T0IIIIOr0 C0CTaBa 

KoHe'-IHblM pe1yJibTaTOM 11pOBO)lHMOro HAA )lOJI)l(Ha 6b!Tb HH(pOpMaUilll 06 

3JieMeHTHOM COCTaBe aHaJIH3HpyeMblX npo6. KoJIH'-leCTBeHHOe onpe,uene1rne C0/1,Cp)Kal!Hll 

'.)JICMCHTOB B o6pa3uax B03MO)KIIO /1.BYMll MCTO)laMH: a6COJIIOTHblM H OTHOCHTCJibHblM. 

1. 7.1 A6eoJIIOTllhlll l\lCT0/J, 

KoJIH'-lCCTBO 3JICMCl!Ta OITpe,ueJil!CTCll ITO H3MepeHHOH a6COJIIOTHOH aKTHBHOCTJI A. 

H3BCCTHblM ,uaHHb!M )lJill ycJIOBHii o6Jiy'-!eHHll H H3MepeHHll (nJIOTHOCTb HOTOKa HeiiTpOHOB 

'Pih, sper..rn o6Jiy'-leHHll !;,, BpCMll paCITa)la fd H H3MepeHHll fv) H rn6JIH'-1Hb]M 3Ha'-!eHHllM 

ll,UepHblX KOHCTaHT: ce'-!eHHll aKTHBaUHH UefT, r..10m1p11oii l\!aCCbl '.)JICMCHTa M, 

pac11pocTpaHeHHOCTH aKTHBnpyeMoro H30Tona 0, nepno,ua nonypacITa,ua pa,u110n10ToITa, 

o6pa3yJOII1erocll B ITpouecce aKTHBaUHH T112, a TaK)Ke ITO CITeKTpoMeTpH'-leCKHM 

xapaKTepHCTHKaM H3MepnTeJibH<l'J6~i¥II~h'fii:J~ ~'io/1' Ha Ka)KYIIIYIOCll npoCTOTY 

SIAepHhIX l ¥ccneAOBflHHM 

EI1ETTI1OTEKA j 



TaKoro noAXO)Ia, :HOT MeTOA MOlKeT np0neCTH K 3Ha'IHTeJibl!OH norpelllHOCTH K011eq110ro 

pe1yJibTaTa onpeAeneHH51. COAeplKaHHH (Ko11ue11Tpau00) )JieMeHTOB. 

06bi'IHO 3aTPYAHeHO onpeAeJiem1e nJIOTHOCTH noTOKa aKTHBHpyeMblX qacn1u B 

30He o6ny'lel!HH, He ncerAa TO'IHO H3BeCnlbl ceqemrn aKTl1Baum1. 

KpoMe Toro, neo6xoA11MO c AOCTaTO'IHO 6oJiblllOH TO'IHOCTb!O npoBOA11Tb 

a6COJ1!0THYJO KaJI116pOBKY cneKTpOMeTpa no CBeTOCHJie 11 3cpcpeKTHBHOCTl1 perncTpau1111 

raMMa-KBaHTOB ( !pOT03cpcpeKTl1B!IOCTH ). 

1.7.2 OTJIOCIITCJibllhlll MCT0.1-l 

Memoi) Jn1QJIOH06. 0AHOBpeMeHHO C a11an11111pyeMOH npo6oii o6nyqaJOT TO'IIIO 

113BeCTHOe KOJil1'!eCTBO onpeAeJIHel\!Oro )JieMe!ITa (3TaJIOH). Ilocne o6nyqeHllll )TaJIOH 11 

HCCJieAyeMbIH 06pa1eu ll3MepH!OT B OA11HaKOBblX ycnomrnx. Kon11qecrno )JieMeHTa B npo6e 

paCC'111TbIBa!OT 113 COOTHOllleHl1ll 

(~ 
p = 111_[)i_), 

(--'-'- ) 
mDA ' 

(1.7.1) 

B KOTOpOM 

-I 
p KO!IUCIITpaUHH, r-r 

D = e h,,; 

A = (1- e-,v,,,). 

l-1HAeKCbl X 11 J OTIIOCHTCH K 06pa1uy 11 ·.nano11y COOTBeTCTBeHHO. 

KaK B11AIIO, B )TOM MeTOAe HeT neo6XOA11MOCTl1 TO'IHO 3HaTb nJIOTHOCTb noToKa 

Heii1po110B, Olla Jllllllb AOJllKHa 6bITb nocTOHHHOH no BCeMy o6beMy, 3a1111MaeMOMY npo6oH H 

)TaJIOIIOM. OTnaAaeT 1pe6ona1111e K nocTOHHCTBY 11HTeHCHBHOCTl1 aKTl1B11py10mero 

H3JiyqeHHH BO BpeMeHH. IlorpelllHOCTb BeJI11'1HHbl ce'leHl1ll aKTHBau1111 11 3cpcpeKTHBHOCTl1 

113MepeHHH B )HepreTl1'1eCKOM cneKTpe BTOp11'1HOro 111nyqeHl1ll ylKe He OKa3bJBaeT BJ111l!Hllll 

Ha KOHe'!Hbie pe1yJibTaTbl. Ilp11MeHe1111e OTHOCHTeJibllblX MeTOAOB o6nerqaeT nponeAeH11e 

HAA 11 nOBbilllaeT TO'IHOCTb onpeAeJieHHH. 

Memoo oonow «o.11111apamopa (comparison - cpan11e1111e) 11MeeT npe11Mymecrna 

TOrAa, KOrAa HHTeHCHBHOCTb aKTHB11py10mero H3JIY'!eHHH CHJibl!O MeHHeTCH npn 

npoBeAeHHH cep11HHblX )JieMeHTOOnpeAeJieHHH. CymnoCTb MeTOAa COCTOl1T B KOHTpone 3a 
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H11TeHCl1BIIOCTb!O aKT11B11py10mero 111nyqe111rn. 8 Ka'!eCTBe KOMnapa1opoB 11CnOJib3YIOT 

113BeCTHOe KOJIH'!eCTBO ::lJleMeHTa ( o6bi'IHO )TO 30J10Tall !pOJibra 11JIH npOBOJIOKa). MelKAY 

aKTl1BIIOCTb!O KOMnapaTopa Ac H cpeAHCH nJIOTIIOCTblO noTOKa aKTHB11py10mero Il3JiyqeHHH 

B npo6e <p AOJilKHa 6b!Tb npm,taH CBH3b Tuna Ac= k ·<p, me k - KO)!p!pHUHCHT 

nponopunoHaJibl!OCTH. 06nyqa51. BMeCTe 06pa1eu 11 KOMnapaTop, H3MepH!OT BeJil!'ll1Hbl Ac ll 

Ax, BbrpalKCHHe AJIH onpeAeJieHHH KOJ111'!eCTBa aHaJIH311pyeMoro )JICMenrn 

( s ), 
PDAm k, 

P= s ) 
(PDAm ' 

(1.7.2) 

rAe 
(1-e-''") My.s,0.a,tr. 

p -'-----'-; k = ' ' ., - KO)!p!pllUIICIIT nponopu11011aJibHOCTll. l-1HAeKC X 
/4 M,ys0a,tr 

OTHOCHTC51. K 06pa31~y, a C - K KOMnapaTopy. 

Memoo ocyx «o.u11apa111opoc. B :JTo~, cnrrae KOl\mapaTop cocT0111 111 AByx 

H30TOflOB. MeTOA fl03B0Jl)ICT IIOJIIIOCTl,10 1n6aBIIThCil OT BJIIIHHHH cpnyKTyaUHH noToKa Ha 

KOIIC'lllh!H pe1ynbTaT. 

Ko1111e11Tpa111t)I OIIpC)lL'Jl)ICI\IOl'(l ')JICMCHTa MOlKeT 6b!Tb Bbl'IHCJieHa CJieAyJOl1(11M 

06pa10M: 

rAe 

1.8 

\"" I" - r" /" /4 ., { ()_.· • { 0.( 

Y'th - II I" /, /" a -a o.(· o.(· 0.1 0.1· 

SM 
j)=--------

1111A,,N/Jao{I-)" )PDA 

j' = (X,'.' 1::._--= x: !~~) u X = _ S),(. 
. u::a~', -x;'a;_,) m,NA.rA.P,D,A, 

( 1.7.3) 

l-1HAeKCbl a H b OTHOCHTCH K KOMnapaTopaM C MaccaMH m;' H m: COOTBeTCTBCH!IO. 

lfn1eplj>ep11pyro~11e peaKu1111 

YlKe OTMe'!aJIOCb, '!TO np11 06nyqe111111 TeflJIOBb!MH HeiiTpoHal\rn B peaKTope B 

60Jibllllll!CTBe cnyqaeB npoTeKaeT OCH0Blla51. pcaKUllil (n,y). 0AHaKO np11cyTCTBlle B nOTOKe 

HeKOTopoii AOJIH 6bICTpblX 11eiiTpOHOB II lKeCTKHX y-KBaHTOB l\lOlKCT Bbl3BaTb 

llHTepcpep11pyio1u11c HAep11b1e peaKI\llll, KOTOpbie np11BO)li!T K o6pa30BaHll!O Toro lKC 
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pamrnaKTHBH0fO H30T0IIa, qTo H 110 peaKl.{HH (n, y), HO Ha H30T0IIax .11pyrttx :)JieMeHT0B. Ha 

peaKT0pHbIX HeihpoHax B03M0JKHbl CJJe,llyJOll.{He peaKl.{HH: 

1) At-1(n,y)At, 2) A1:ln,p}A11
, 3) A1:;3(n,a)A;t, 

4) A;t+1(n,2n)A11
, 5) A;t+1(y,n)A: , 6) A1:71(y,p)At. 

lleTBeprn51 H II51Ta51 peaKl.{1111 IIHKaKOH 0IIaCH0CTII ne 11pe,11CTaBJl51JOT, TaK KaK OHi! 

11poTeKaJOT na H30T0!Iax 011pe,11eJJ51eMoro :)JieMeHTa. B CHJJY MaJJblX BeJJHqHJJ ce,,eHHH 3TIIX 

peaKl.{HH !IO cpaBHeHHIO C (n,y) !IX BKJ!a,11 B aKTHBH0CTb o6pa3yJOll.{erocil pa,llH0aKTHBII0fO 

!130T0IIa At oqeHb MaJJ. B pe3yJJbTaTe BTopoii, TpeTbeii H rneCTOH peaKl.{lfH pa,llHOaKTIIBHblH 

ll30T0IT At o6pa3yeTC51 Ha 51,llpax, HMeJOll.{HX 3ap51.ll na 0.llHY HJJH ,llBe e,llHIIHl.{bl 60JJbllle. 

TaKHM o6pa30M, ,llBa 3JJeMeHTa, CT05111.{HX B nepHO,llHqecKOH Ta6JJHl.{e c11paBa OT 

onpe,11eJJ51eMoro, MoryT 0Ka3hIBaTb BJJH51I!He Ha pe3yJJbTaTbl anaJJH3a. YpoBel!b II0Mex 

3aBHCHT OT BeJJHqHHbl II0T0Ka 6bICTpblX HeHTp0H0B B MeCTe o6nyqentt51. BeJJHqHHY 

B031\I0JKHOH CHCTeMaTttqecKOH ornu6Ktt, B03HHKaJOll.{eH IIpH onpe.11eneHHH .llBYX coce,llHHX 

3JJeMeHTOB, M0JKH0 01.{eHHTb [10, 11 ). ITyCTb B - pa,11ttoaKTHBHblH H30TOII, 06pa1yJOll.{llHC51 113 

onpe,11eJJ51eMoro 3JJeMeHTa no OCHOBHOH peaKl.{llll (n, y); B; - pa,llH0aKTllBHbIH ll30T0II 

onpe,11eJJi1eMoro 3JJeMeHTa, HO 06pa3y1011.{HHC51 !IO HHTepcpep11py10ll.{ett peaKl.{HH (n,p) HJJH 

(n, a) H3 cocemiero MelllaJOll.{ero 3JJeMeHTa. Pa,11HoaKTllBHb!e ll30T0Ilbl B H B, 11.11e11THqHbl. 

.[(nil oueHKH BeJJlfql!Hbl II0MeXH BBe,lleM K03cpcp11uHeHT !, KOTOpb!H II0Ka3bIBaeT, BO CK0JJbK0 

pa3 0TJJHqaJOTC51 aKTIIBH0CTH pa,11H0H30T0II0B npH o6nyqeHHH 11po6 3JJeMeHT0B Maccoll 1 r. B 

C00TBeTCTBHH C ypaBHeHHeM aKTHBal.{Hll (1.8.9) II0JJy<IaeM 

l = _A_s, = _M __ 0,~¢r_a_r 
A8 M,0¢,11 a,rr 

( 1.8.1) 

r.11e ({JJ- II0T0K 6bICTpb!X (fast) HettTpOHOB; 

CJ'J- ceqenne aKTHBal.{HH IIpH HHTepcpepHpYJOll.{HX peaKl.{H51X. 

KmcpcpnuHeHT l qHcneHH0 paBeH "KaJKyll.{ettC51" MaCCOBOll .1106aBKe K K0JJHYecrny 

011pe,11eJJ51eMoro 3JJeMeHTa, K0T0pa51 06pa1yeTC51 110 HHTepcpepHpYJOmett 51,llepHOH peaKl.{llll Ha 

KaJK,llbIH 1 r MernaJOmero 3JJeMeHrn (rn6n. 1.4). 
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Ta6mn1a 1.4. K03cpcpttUHeHT l .llJl51 yqern CHCTeMarnYeCKOH norpernnocTH, BBO.llHMOH 

neK0TOpblMH l!HTepcpepHpyJOll.{HMH peaKl.{H51MI! [ 12) 

OcnOBHaH peaKIVIH H11Tepijiepnpyw111a11 /, nr/r 

PC3KUIIH 
23

Na (n, y / 4Na 
24Mg (n, p) L+Na 3-105 

27Al (n, a) ~4Na l,5· 106 

26Mg (n, y) n Mf( "Al (n, p) 21
Mg 9·108 

27 Al (n, y) 28AI ""Si (n,p) "Al 3-107 

31p (n, a) is Al 9-106 

41K (n, y) 42K "Ca (n, p) "K -* 
45Sc (n, a) 42

K l,5· 106 

s1y (n, Y) s2y ,1Cr (n, p) s2y I· 104 

5°Cr (n, y) 51 Cr 54
Fe (n, a) 51

Cr 4·105 

;;Mn (n, r) 56Mn '°Fe (n, p) '"Mn 7-104 

58Fe (n, a) 59
Fe '"Co (n, p) 5"Fe 2,3· 108 

63Cu (n, r) 64Cu 0➔zn (n, p) 64Cu 5-106 

* Ce,1eHne peaKu1111 He113BeCTH0. 

2. ITposc.11e1111e HAA c 11c110Jihl0Ba1111eM ITTY PEr ATA na pcaKTope HliP-2 Jlll<I> OIUUI 

2.1 O6mnii xo.11 HAA 

OcHOBHb1e 3TaIIhI HAA 11pe,11cTaBJJeHbI Ha pHc. 2.1. 

npo6ooT6op 

npo6oHO/lrDTOBK3 

O6JJy'lCHHC 

nepenaKOBi..a 

no)lroT0BK3 K 113MCpCH11IO 

lhMepeune aKT11BH0CT11 

O6pa6oTKa cneKTpoB 

KoJJH'leCTBe11111,1ii pac'leT 

Oue11Ka pe1yJJLTaT0B 

Puc. 2.1. CxeMa 11pOBe,11eHH51 HAA 

21 



2.2 Ilo/J,rnTOBKa o6pa3QOB K o6JIY'lelllll0 

IlO/J,fOTOBKa o6pa31\0B K o6nyqemuo rrpoBO/J,IITCll B CIIel\llaJibHO o6opy/l,oBaHHOH 

XIIM!l'IeCKOH na6opaTopnn C IICIIOJib30BaH11eM rnrraTeJieH II nllHI.\eTOB 113 noJI11Mep11bIX 

MaTep11aJIOB C 11eJiblO IICKJIIO'Iell!lll rronaAaHilll IIOCTOpOHIIIIX 3arpll31111TeJieH. 8 60JibIIIIIIICTBe 

cnyqaeB rrpo6b1113MeJib'Ia10T, roMoreHH311pyIOT II cyrnaT np11 onpe/l,ene1111on TeMnepaType /J,O 

noCTOllllHOH MaCCbl. ,[(Jill Ka)K)],Oro BII/J,a MaTepI1ana npo6 Cyll\eCTBYIOT CBOII npaBHJia 

npo6ono/J,roTOBKH. 

TIO/J,fOTOBJieHHYIO rrpo6y noMell\aIOT B KOHTeHHepbl /J,Jlll o6nyqeHllll. B Ka'Iecrne 

MaTepilaJIOB /J,Jlll IIIIX IICIIOJib3YIOT nOJI113TIIJien, aJIIOMIIHIIH II rpacjmT. BnyTpeHHIIH 061,eM 

KOHTettnepa OKOJIO 5 CM
3 

rrpII BHewHeM /J,IlaMeTpe 26 MM (p11c. 2.2). AJIIOMHI!lleBble 

KOHTettHepbl no pa3MepaM 6JIH3KII K nOJill3THJieHOBbIM, HO IIMelOT 60JibWIIH none3IIbIH 

061,eM. J1106on 113 3TIIX MaTepHaJIOB IIMeeT Hll3KOe ceqeHile nornOII.\eH!lll TenJIOBblX 

HettTpOHOB II YCTOH'IIIB K PMHal\IIII, XOTll y Ka)K)],orO MaTepnana eCTb CBOII oco6e1111ocTII. 

Tip11 HaJill'IIIII B nOTOKe 6bICTpb!X HettTpOHOB B aJIIOMIIIIIIII no peaKI\IIH (n. a) 

06pa3yeTCll 
24 

Na C )KeCTKIIM y-113nyqen11eM C rrep!IO/J,OM nonypacnaAa 15 'I. 1-hroTOBJICIIHC 

KOHTennepoB 113 rpacp11rn - O'IeHb TPY/J,OeMKIIH npo11ecc, a nOJIIl3T!IJieH CTaHOBIITCll xpynKHM 

nocne nenpO/l,OJI)Kl!TeJibl!OfO o6ny'IeHl!ll. Tio3TOMY ero IICnOJib3YIOT IICKJIIO"ll!TeJibllO /\JIH 

onpe/l,eJieHilll KOpOTKO)KIIBYII.\IIX 1130TOIIOB. 

0-

I I 

" "" .., "' 

015 

~r·1-~, 
,. / 
!l il 
:· 11 •J' :: I: 
~ -- .: 

0 ,l 

025 

~o 
~13 
01r1 

Pnc. 2.2. lJepTe)K nOJill3TIIJieHOBb!X KOHTettHepoB 

(TPa11cnopnmro II BHYTpennen KarrcynbI /J,Jill 06paJ11a) 

t 
..... 
,, 

11 cpoTorpacpllll aJIIOMlll!lleBoro H nOJill3TIIJieHOBOl'O TpancnopTHbIX KOHTennepoB 
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2.3 Ilpouecc 06Jiy'le111111 na peaKTope liliP-2 

Pa60Tbl no 06nyqe11I110 IICCJie/J,yeMb!X o6pa31\0B B Jia6opaTOpHI1 11ettTpOHHOH !p113IIKJI 

IIM. 11.M. <t>paHKa 0115U1 npoBO/J,l!TCll Ha Bb!COKOnOTO'IIIOM lll',lllyJibCHOM 6bICTpOM peaKTope 

111:iP-2 c 11cnoJib30BaH11eM rrneBMOTpaHcnoprnon ycrnHOBKH (TITY) PEf AT A. 

AKTIIBHal! 30Ha peaKTOpa 111:iP-2 HMeeT BH/J, HenpaBHJlbHOl'O rnecnirpaHHJIKa, 

COCTOllll\ero 113 c6opoK TOnJIIIB!lblX 3JieMeHTOB. B Ka'IeCTBe TOIIJil!Ba HCnOJib3YeTCll Pu02 

(ABYOKl!Cb IIJIYTOHllll). Ha peaKTOpe npHMeHl!eTCll TpeXKOHTYPHal! OXJia/J,HTeJlbHall c11CTe~ta. 

8 nepBOM H BTOpOM KOHType OXJla)K)],eHHe npOIICXO/J,IIT C IlOMOII.\blO )1(11/J,KOfO HUTplll!, a B 

TpeTbeM - C IlOl\1011\blO B03/J,yxa. AKTIIBHal! 3011a pa3Mell\aeTCll B CTaJibHOM KO)K)'XC C 

/J,BOHHbIMII CTenKal\111 II OKpy)KeHa HeIIO/J,Bll)Kllb!M OTpa)KaTeJieM C KO!lTpOJibllblMII 

CTep)l(Hlll\lII 3all\l!Tbl II CIICTeMOH /J,llarHOCTHKH. BoKpyr pacnonaraIOTCll Tpll B0/J,l!Hb!X 

JaMe/J,JIHTeJlll, )],Ba 113 KOTOpb!X rpe6eH'IaTOrO Tllna (p11c. 2.3 II 2.4). 

Ha peaKTope 111:iP-2, B OTJill'Ille OT CTal\llOHapHblX peaKTopoB, 11ettTpOHbl II y-KBaHTbl 

re11ep11py10TCll nepnO/J,ll'IeCKlll\111 KOpOTKHMII HMIIYJibCaMII. Ba)l(Hb!Mll xapaKTepHCTHKaMII 

np11 3TOM KpOMe cpenHeH IIJIOTHOCTII noTOKa neHTpOHOB CTallOBllTCll )IJIHTeJibHOCTb 

IIMIIYJibCOB, 'IaCTOTa !IX IlOBTopeHIIH, IlJIOTIIOCTb noTOKa qaCTHI.\ B IIMIIYJibCe, cpOH Me)KJIY 

IIMIIYJibCaMII. 

feHepal\llll HettTpO!!HblX IIMIIYJibCOB B peaKTope 111:iP-2 npOIICXO)IIIT 3a C'IeT 

nepHO/J,ll'IeCKOro IIJMeHeHllll KO:Jcpcp111111e11Ta pa3MHO)Kellllll HeHTpOHOB MeXaHl!'IeCKIIMII 

cnoco6aMII (Bpall\eHl!eM 'IaCTII OTpU)KUTeJill). TaKIIX OTpU)KUTeJieH Ha peaKTope /J,Ba. 0/J,IIH 113 

IIIIX ( OCHOBHOH) Bpall\aeTCll C qaCTOTOH 50 06./c II C 6oJibIIIOH CKOpOCTblO npoXO)IIIT 

aKTIIBHYIO 30HY, BTOpOH (JIOilOJIHl!TeJibHbIH) Bpall\aeTCll C qaCTOTOH 5 06./c. OcHOBHbie 

IIMIIYJibCbl HettTpOHOB o6paJylOTCll np11 0/IHOBpeMeHHOM npoXO)K)leHIIII aKTIIBHOH 30Hbl 

o60HMII OTpa)KaTeJil!MII. I1p11 npoXO)K)],eHHII 3TOH 30Hbl TOJibKO OCHOBl!b!M OTpa)KaTeJieM 

TO)Ke COJ)lalOTCll IIMIIYJibCbl ll)lep11oro H3JIY'IeHl!ll (caTeJIJIIITbI), HO !IX aMIIJIIITYJia (MOII.\HOCTb 

/J,03bl) B 2500 pa3 MeHbWe aMIIJIIITYJibl OCHOBHOro IIMIIYJibCa. KpoMe caTeJIJIIITOB Me)K)],y 

OCHOBHbll\111 IIMIIYJibCaM!I cyll\eCTByeT nocTOllHHbIH cpoH, ypoBeHb KOTOporo B 17000 pa3 

MeHbIIIe aMIIJIIITY/J,bl OCHOBHOro IIMIIYJibCa. 0CHOBHOH IIMIIYJibC ITO 6bICTpb!M HettTpOHaM 

l!MeeT cpopMy, aHaJIOrll'IHYIO pacnpeneneH!IIO faycca, C IlOJIYIIIHpIIHOH 260 MKC, a 

caTeJIJIIITbl c IIOJIYIIIIIPIIHOH 50 MKC. 

23 



Oc110011ble xapaiaepncTIIKII peaiaopa IIliP-2 [13, 14) 

Puc. 2.3. CxeMaTw1ecK11H s11.n 

HEP-2 [13) 

Cpe)lHllll TemIOBal! M0U1H0CTb 

llttKOBQR .IIOll(IIOClllb 

6 ILIIIIYllbCe 

MoU1HOCTh B rrpoMeJKyTKax 

MelKLIY l1MITYJ1bCaM11 

1-lacTOTa CJJe)loBaH11ll 

Heihp0HHhlX 11MITYJJhC0B 

I10J1ynmp11Ha 11MITYJJbCa 

6b!CTpbIX HeHTp0H0B 

I1JJOTHOCTh IT0T0Ka 

TerrJJ0BbIX HeHTp0H0B 

C rrosepXH0CTl1 3aMe.[IJJl1TeJ1ll 

- cpe)lHllll 

- B MaKCl1MyMe 

.[(J111TeJ1bHOCTh 11MITYJJhCa 

TemIOBhlX neHTpOHOB 

I1JJOTHOCTh IT0T0Ka 6b!CT])b!X 

HeHTpOHOB B ue11TpaJJbH0M 

Ka11ane peaKTopa 

- cpe)lHllll 

- B MaKCl1MyMe 

2MBT 

1500 MBT 

0.1 MBT 

5 11 25 ru 

215 MKC 

1013 n-cM-2-c-1 

1016 n·cM-2·c-1 

320 MKC 

l.5x 10 14 n-c~1-2-c· 1 

l.3xl013 n·n1·2-c· 1 

KoHCTPyKU11ll rro.nB11JK11oro oTpaJKaTeJJl! HEP-2 rro3B0JJlleT peaKrnpy renep11posaTh 

113JIJ'leH11ll C qacTOTOH 5, 25 11 50 ru. ,[(Jill IT0JJY'IeHl1ll TeITJJ0BhIX II pe3oHaHCHb!X HeHTpOIIOB 

B0Kpyr aKT11BHOH 30Hhl peaKT0pa ycTaH0BJJeHhl B0)lllHhie 3aMe.[IJJl1TeJJl1 co cpe.nueri 

TOJIU111110H 5 CM. IToJTOMY crreKTp HefiTpOHOB B rryqKax (6JJ113K11H K crreKTpy )leJJemrn) 

06oraU1aeTCll TeITJJ0BblMH 11 pe30HaHCHb!Mli 11efiTp0HaMl1. KpoMe HeHTpOHOB peaKTOp 

H3JJyqaeT 11 y-J1yq11 [ 14]. 
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------- I - rpe6ewmn,1ri BOLlllHOH 3aMe)lJIHTeJJh 

2 - ITJJOCKHH B0,LlllHOH 3aMe)lJIHTeJ11, 

3 - aKTHBHall 30Ha 

4 - CTaf.lH0HapHbie orpaJKaTeJJH 

5, 6 - 110,LIBHlKHbie orpaJKaTeJJH 

Kl - KS - KaHaJJbl 0611y1IeHHll 

Puc. 2.4. PacrroJ10JKe1111e KaHaJJ0B 06J1yqeH11ll ITTY PEf" AT A 

0TH0Cl1TCJlhH0 aKT11BHOH 30Hbl peaKTopa HEP-2 [14) 

• 

> ~ \ -~ 
<''·. /-. -.\\\ \I '. ' '""" ''\\ tJ ' ' .,,11Y~· 
__,.-✓ ~//1··t_. 

PTI. -~-
,/ .1'1:iJ l \ t· 

11 12 

Puc. 2.5. CxeMa pacrroJ10JKe1111ll ycrn110BK11 PEr AT A oT11oc11TCJ1hH0 11efiTPOHHhIX rryqKoB 

peaKrnpa HEP-2 

25 



,[(Jrn rrpoBe.[{emrn pa6oT ITO aKTHBaUllOHHOMY anarrtt3y peaKTop HEP-2 o6opy.LlOBaH 

ITllThJO KaHarraMH ,[{Jill 06ny,1emrn o6pa3UOB (pttc. 2.4). ,[(sa Ka11arra Kl(Chl) H K2(Ch2) 

paCIIOJJOlKeHbl y TOPUOB rpe6ewmrnro 3aMe,[{JJHTeJJll. Ka11arr K3 pacrroJJOlKeH B ueHTpe 

aKTHBHOH 30Hbl, a Ka11a.,'lb1 K4 ll K5(Ch3) - B 3aMC,[{JlllTCJJC, pacrroJJOlKCHHOM 3a ITO,[{BlllKHb!M 

oTpalKaTeJJeM. Bee KanarrhI B11yrptt cyxnc. Ch I n Ch2 oxJJalK,[{aJOTCll B03.Ll)'XOM, Ch3 -

B0,[{0H. XapaKTCpHCTHKII KaHaJIOB o6nyqeHHll rrplI MOIUHOCTll peaKrnpa 2 MBT rrpHBC,[{Cllbl B 

rn6n. 2.1. 

Ta6mllla 2.1. <l>H3ttqecKHC rrapar.1eTpbl KaHaJIOB o6nyqeHIIll [15] 

/Pth X 1012, ,Pepi X 10
12

, <PrastX 10
12

, <Era,1>, TeMnepa-
HoMep Ka11arra -2 -I -2 -I -2 -I M:iB Typa, °C n-CM ·c n·cM ·c n·cM ·c 

E=0 + 0.55 E=0.55+10 5 E=0.1+25 E= 0.1+25 

:iB :iB M:iB M:iB 

Chi 1.58 3.34 4.34 0.91 

Chi (Cd 3KPaH) 0.023 3.31 4.32 0.88 70 
Ch2 1.23 2.96 4.10 0.92 60 
Ch3 4.24 7.50 7.70 0.76 30-40 

T1o,[{aqa o6pa3UOB B KallaJibl Chi II Ch2 ocyIIlCCTBJlllCTCll ITHCBMOTpa11crropTHOH 

rncTeMoii PEf' AT A (pttc 2.6). KarrcynhI c rrpo6aMH .[{OCTaBJJllJOTCll K MecTy o6nyqeHHll 

ClKaThlM B03.LlYXOM. Ha pttc. 2.7 IIOKa3aHa cxeMa nepeMCIUCHllll TpaHcrropTHOro KOHTCHHepa 

B aKTHBIIOH 3011C peaKTOpa. 

B UCJlllX pa,LlttaUHOIIIIOH 6e3onaCHOCTll 6JJOKII 3arpy3KII ll Bbirpy3Kll, a TaKlKC 

ll3MepllTCJlbHall anrrapaTypa pacrrOJJOlKCllbl ,[{aJICKO OT aKTIIBIIOH 30Hbl peaKTOpa ll 

pa3MCIUCl!bl B CITCUllaJibHb!X IIOMCIUCHIIllX. Cpe,[{Hllll CKOpOCTb ,[{BIIlKCHllll o6pa3UOB no 

TpaccaM IO Mic (,LlJIHl!a Tpacc 30-40 M). BpeMll TpaHcrropT1IpOBKll KarrcyJI Ha o6nyqeHHe IIJIH 

o6paTHO 5-10 C. MttHHMaJibllOC BpCMll naxOlK,[{CHllll o6pmua B MCCTC o6nyqeHHll OKOJIO 3 C. 

BpeMll o6JI)'lJCllllll o6pa3UOB B IIOJIII3TllJICHOBbIX KOHTCHHepax orpaHnqHBaCTCll 

pa,LlttaI(llOHHOH CTOHKOCTb!O MaTepttarra II COCTaBJillCT 30 MllH rrplI MOIUHOCTII peaKTOpa 

2 MBT. YcrnttOBKa PEf'ATA c11a6lKeHa aBTOMaTaMH ,[{Jill 6bICTporo (1,5 c) ll3BJietJeHnll 

Karrcyn C o6ny,meMOH rrpo6oii H3 ITOJIH3THJICHOBbIX TpaHCIIOpTHb!X KOHTeiinepoB. 

,[(JIHTCJlbl!OC o6JiytJeHHC rrpoBO,[{HTCll B aJIIOMHHHeBb]X KOHTCHHepax. B Ka)K,[{OM 

KaHarre MOlKHO 0,[{IIOBpeMeH!IO o6nyqaTb ,[{0 7 KOHTeHHepoB. qaCTO TpaHCIIOpTHblH 

KOHTeiiHep HCITOJlb3YeTCll KaK pa6oqall Karrcyna. 
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eh3 2 0 0 I eh4 

RI 
d28 

Q_J LQ_J Q 
t-------t------t-----------------

R2 

l~h AA !eel~ 

R3 

Puc. 2.6. CxeMa rrHeBMOTpaHcrroprnoii CIICTCMhI PEf' AT A [16] 

Chl-Ch3 - KaHarrbI o6nyqeHnll; 

S - xpaHHJIHIUC BbICOKOaKTIIBHblX o6pa3UOB, 

coe,[{HHCHHoe c KaHaJIOM Ch I; 

DCV - pacrrpe,LlennTCJihHhiii MO.LlYJih; 

L- 3arpy3oqHh1ii MO.LlYJih (.Llo 10 o6pmuos) 

SU - pa1rpy3oqHhiii MO.LlYJih; 

BS - MO.LlYJih copTttpoBKn o6pmuoB; 
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SM - xpaHttnnme Ha 32 o6pmua; 

R - MO.[{YJib rreperraKOBKH o6pmuoB; 

RCBU - pa,LlHOXHM1IqecK11ii 6oKc; 

AA - aMITJIIITY.LlHhiii aHarrn3arnp; 

D1-D3 -Ge(Li)-.LleTeKTopu; 

CB - rraHeJib yrrpaBJJCHllll 

IIHCBMOTpaHcrropTHOH ycrnHOBKOH 



blow in 
valve 

iil-

air 

blow out 
valve 

reactor core 

.._out 

Puc. 2.7. TlepeMememi:e KOHTeiittepa B aKTHBHOH 30He peaKTopa B 3aBHCHMOCTH 

OT ttarrpaBJieHHll B03.I\YIIIHOro ITOTOKa [ I 7] 

Cne«mpo.Mempu'lec«oe o6opyaooaHue 

CneKTpoMeTpH'IecKoe 06opy.n0Bam1e npe.nttmnatJeHo .l\Jlll perncTpa1w11 raMMa

cneKTpoMeTpoB HaBe.l(el!HOH aKTHBHOCTH o6nytJeHHblX o6pa31!0B. faMMa-crreKTpOMeTp 

COCTOHT 113 cne.nyIOII{HX OCHOBHbIX tJaCTeii: HCTOlJHHKa BblCOKOro HaITpl!lKeHHll, 

rronynpoBO.I\IIHKOBOro .l(eTeKTOpa, npe.nycttJIHTeJill, ycHJIHTeJill HMITYJibCOB, ananoro

l!HtfipoBoro rrpeo6pmoBaTeJil! (Al(IT), aHan113arnpa (p11c 2.8). 

IICTC)'-IHIIK 

BblCOKoro 
uanpn,i.emm 

Ilpe,1:1yc1unrre.Jib 

Y ClfJIIITCJlb 

,n:ereKTOp 

Amumro
~mj>posoii 

npeo6pa30BUTe.Jlb 

Amuuuarop 

Puc. 2.8. DJIOK-cxeMa raMMa-crreKTpoMeTpHtJeCKOH CHCTeMhl 

j{eme«mop 

TlpHHl!HIT pa60Tbl rronyrrpOBO.l(HHKOBb!X .neTeKTOpOB rro.no6eH rrpHHl!HITY .neiiCTBHll 

HOIIH3al!HOl!Hb!X KaMep. B .neTeKTOpe co cpaBHHTeJibllO H113KOH rrpoBO.l(HMOCTb!O C03.l(aeTCll 
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JJieKTPH'IecKoe none. Kor.na 1apmKeH1rnll tJaCTHl!a npommaeT B pa6otJHH o6beM .neTeKrnpa, 

Otta 3aTpatJHBaeT CBOIO 3HeprHIO na o6pmoBaHHe 3JieKTpOHHO-.l(blp0'1HblX nap. 

O6pmyIOmuecll 3apl!.l\hl co611pa10TCll na JJieKTpo.nax, .naBM Ha 11arpY30'IHOM 

conpOTHBJieHHH HMITYJihC, aMITJIHTY.l\a KOToporo nponopl!HOHaJihHa 3HeprHH, ITOTepl!HHOH 

lJaCTHl!eH B pa6otJeM o6heMe .neTeKTOpa. EcJIH rrpo6er '!aCTHl!bl ITOJIHOCTb!O YKJia.l(bIBaeTCll s 

rrpe.nenax pa6otJero o6beMa, TO BblCOTa HMITYJibca rrporropl!HOHaJibl!a ITOJIHOH 3Heprn11 

tJaCTHl!bl. 

KoHCTPYKl!Hll Bcex rronyrrpoBO.l(IIIIKOBblX .neTeKTOpOB OtJeHb npocrn. TrmHtJHal! 

KoHtfiarypal!Hll .neTeKTopa rrpe.ncrnsrreHa na pac. 2.10. Pa6otJHM o6heMOM .neTeKrnpa cnylKHT 

KpHCTaJIJI Ge(Li). <l>opMa H pmMep KpllCTaJIJia B 3aBHCIIMOCTH OT nma npoBO.l(Hl-,!OCT~ 

(p- HJIH n-THrr) 6&maeT n1160 KOaKCllaJibIIOH, JI1160 rrJiaHapHOH. KpHCTaJIJI lJHCTOro Ge 

pmpyrnaeTCll rrpH KOMHaTHOH TeMrrepaType II He MO)KeT TpancrropT11poBaThCll If xpaHHTbCll 

6e3 lKll.l(K0f0 a30Ta, I103T0My pa6otJae tJacn1 .neTeKTopa HaX0.l(llTCll B aJIIOMHillleB0M Koprryce 

B sa1<yyMe rrpa Te~rnepaType lKII.I\KOro a30Ta. OxJialK.l(eHHe KpHCTaJIJia .neTeKT0pa BO BpeMll 

pa60Tbl rrpoHCXO.l\llT tJepe3 Me.l\HYIO Tpy6Ky, rrorpylKeHHYIO B cocy.n ,[\b!Oapa. 

PmpernaIOII{al! crroco6HOCTb I{ JtfitfieKTHBHOCTb pernCTpal(Hll raMMa-ll3JiytJeHHll 

.l(eTeKTOp0M - rrraBHble xapaKTepHCTHKH rronyIIp0B0.I\IIIIK0BblX .neTeKT0p0B. PG3pCUlalOUJG1l 

cnoco61tocmb ll3Mepl!eTCll IIJHpllHOH mma Ha ITOJI0BHHe era Bb!C0Tbl. 

Pmperne1111e .neTeKTopa rrpHHllT0 xapaKTepH3oBaTb pa1perneH11eM Ha y-Jllllllll!X "° Co 

(1332 KJB) 11 
57 

Co (122 KJB). Pmperne1rne .neTeKrnpoB, 11c1Iom3yeMhIX Ha PEf A TE, 

C0CTaBJilleT 2,5-3 KJB. 3ppeKmUG/iOCmb pe,0 ucmpa11uu oemeKmopa - 3T0 0TH0IIJeHHe lJHCJia 

3apernCTp11poBaI1HblX y-KBaHTOB K 'IIICJIY y-KBaHT0B, K0T0pbie rrona.naIOT Ha BX0.l(H0e 0KH0 

.neTeKT0pa. l-fa IIacnopTHbIX .l(aHHb!X BCer.na 6bmaeT H3BeCTHa om11ocume.7bl/GJ/ 

3ppeKmll6HOCmb pezucmpa11uu, K0TOpal! H3Mepl!eTCll 0TII0CHTeJibl!0 Cl!HIITHJIJllll!H0IIH0ro 

.neTeKTOpa C KpHCTaJIJI0M Na(I) pa3MepoM 3 X 3 .l(IOHMa .l(Jill JillllllH 
137 

Cs (662 K3B) . 

3qiqieKTHBIIOCTb pernCTpal!HH BO MH0roM OIIpe.nenl!eTCll reoMeTpaeii pa6otJero o6beMa 

.l(eTeKT0pa. 

HcmO'IIIUK 6b/COK020 HllllpR:JlceHUR 

BucoKoe HarrplllKeHne .!(Jill ITIITal!Hll .neTeKT0pa rro.naeTCll C BblC0K0B0JibTl!0f0 

HCT0lJIIHKa tJepe3 .I\0IT0Jil!llTeJibllble qinnb Tpb!. BeJilllJlll!a 11aIIpl!lKel!llll BbI6npaeTCll 

0IITllMaJibllb!M o6pa30M .!(Jill .l(0CTHlKel!Hll 11a11nytJrnero pa3perneHHll .neTeKTopa. 
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IlpeoycUJ1u11teJ1b 

l1MIIYJihC, o6pa30BaBll!IIITCll na Bh!X0,!\e ).\eTeKTopa, norra,!\aeT na npe,!\yCIIJIIITeJih. B 

KaqeCTBe rrpe,!\yCHJIIJTeJill )lJill Ge(Li)-)leTeKTOp0B o6hJqH0 HCilOJih3YJOTCll TaK Ha3hJBaeMhJe 

3apllilOqyBCTBHTeJihllhJe rrpei.lyCHJIIITeJIH, ocymecTBJill!OIUHe c6op HOCHTeJieH 3apllila, 

06pa3y10merocll B KpHCTaJIJie )leTeKT0pa, C MHHHMaJihHhlMII rroTepllMH, II03B0Jlllll npn '.HOM 

rronyqnTh 11a11nyqll!ee pa3pell!eHHe )lJill cneKTp0MeTpHqeCK0fO TpaKTa. 8XO)lHOH KaCKM 

npe)lyCHJIIITeJill HCil0JIHlleTCll Ha rroJieB0I\I TpaH3HCT0pe C MHIIHMaJihllhIM ypom1eM llIYMOB. 

)];Jill yMeHhllleHHll lllyMa rroneBOH TpaH3HCTOp pacrronaraeTCll B KpIIOCTaTe )leTeKTOpa rrpH 

Tel\mepaType )KH,!\Koro a3ora. KoJ<pqm1111e11T ycunemrn rrpe)lyc11n11TeJill np11 rronnoM 

nornomemm raMMa-KBanTa c 311epr11ei1 1 MJB B KpncTanne )leTeKTopa 06ecneq11BaeT na 

Bh!X0)le rrpe)lyCHJIHTeJill HMITYJlhC c MIIlJIHTY/lOH OT 100 )lO 500 MB. 

YcUJ1umeJ1b 

Y CHJIHTeJih rrpe)lHa3HaqeH )lJill )laJibHeHll!ero yc1rneHHll H cpopMHpoBaHHll HMIIYJihCa C 

rrpe)lyCHJIIJTeJill, KOTOpb!H 3aTeM rrocTyrraeT Ha BX0)l A~TT. AMIIJIHTYila Bh!XO)lHOfO curnana C 

ycHJIHTeJill 3aBHCHT OT 3a)laHH0fO K03<p<pHQHeHTa ycHJieHHll H )lOCTIIraeT 10 B. CxeMa 

cpopMHp0BaHHll HMIIYJihCa BKJIJOqaeT B ce6ll ,!\IIcpcpepeHQIIpYJOIUIIe II IIHTerpIIpy10m11e QeITII, 

II0CT0llHHbie BpeMeHII K0T0pb!X M0fyT II3MeH51ThCll C II0M0IUh!O rrepeKJIJOqaTeJill OT 0,5 )lO 

6 MKC. 3Ta BeJIHqIIHa BbI6IIpaeTCll 3KCrrep11MeHTaJihH0 II BJIHlleT Ha pa3pell!eHIIe 

crreKTpoMeTpa. 

AHaJ1ow-~uq,poaoii npeo6pa10«ameJ1b 

A~TT rrpeo6pa3oBhJBaeT aMIIJIIITYilY IIMIIYJibca, rrocTyrra10mero c ycIIJIHTeJill, B 

QII<ppOBOH KO,!\. OH HeCeT B ce6e HH<pOpMaQHIO 06 JHeprIIII y-KBanrn, rronaBll!ero B KpHCTaJIJI 

)leTeKTopa. C rroJiyrrp0B0)lHIIK0Bh!M )leTeKT0p0M IICII0Jih3YJOTCll A~TT C qnCJIOM ypoBHeH 

KBaHT0BaHlrn 4096 IIJIH 8192, B coorneTCTBHII c HIIM BhI6IIpaeTCll qIICJIO 51qeeK orrepaTIIBHOH 

rral\151TII aHaJIII3aTopa. 

AHaJIUJlllltOp 

~H<ppOBOH K0)l onpe)leJilleT 51qeHKII !1aM51TII aHaJIH3aTOpa, CO)lep)KIIMOe KOTOpb!X 

yi-iennqHBaeTCll Ha e)lIIHHQY rrpH KaJK)l0M H0B0M rrorra,!\al!llll raMMa-KBaHTOB orrpe)leJieHHOH 

3HeprHH. TaKHM o6pa30M, B rraMllTH aHaJIH3aTopa HaKaIIJIHBaeTCll aMIIJIIITY/lHhlH crreKTp 

II3Jl)"!eHllll. 
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TTo 0KOJ!qamrn ll3MepeHHll C0)leplKHM0e rraMllTH anaJIII3aT0pa cqIIThJBaeTCll B rraMllTh 

rrepC0ilaJihII0f0 K0MilhJOTepa. 

CneKTp o6nyqeHHOro 06paJ11a cocT0HT !13 MnorHx y-mrnnii, rrp11Ha)lJie)Kau1nx 

pa3JillqHhIM pa)lH0aKTHBl!hlM ll30T0IIaM. TTpnMep TaK0fO crreKTpa npirne)lel! Ha pHC. 2.9. 
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Puc 2.9. 1aMMa-crreKTP 06nyqeH11oro o6pa3Qa 
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Ha pIIc. 2. I 1 rrpe)lcrnBJieH o6mnw xo)l o6pa6oTKII raMMa-crreKTpa. CrreKTp 

perncTpHpyeM0ro y-H3Jiyqemrn na BblX0,[{C raMMa-cneKTp0MeTpa I!0JiyqaeTCll B BII,[{e 

al\llJJIIITY,[{l!OfO pacrrpe,UeJieHHll, rrpw,eM :meprnll OT,[{eJib!IOH y-JIHHHH xapaKTepH3yeTCll 

II0JI0JKeHneM MaKCHMyMa C00TBeTCTBYfOII\ero eii qJOTOIIHKa B orrpe,UeJieHH0M Kanane 

cneKTpoMeTpa. 
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Puc. 2.10. KoHCTPYKIIIUI rronyrrpOBO!l:HIIKOBOrO ,n:eTeKTopa [17] 

ITplI IICIIOllb30BaHIIII y-crreKTPOMeTplIII B aKTIIBalllIOHHOM aHMII3e o6pa6oTKa 

pe3ynhTaTOB II3MepeHIIH COCTOIIT II3 il:BYX OCHOBHblX crn,n:1Iil:: 1I,n:eHTII(jJHKaI11III 

pa,n:1IOII30TOIIOB II IIOllY'IeHIIJI KOnliqecTBeHHb!X ,n:aHHb!X. 
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OcH0Bllbte :1manbt o6pa6omKu cneKmpoa 

noucK DIIKOB 

Onpe11ene1111e 
nOJIOiKeHHH nuKa 

81,,1 '-IHCJ1eu11e 3uepr11n 
Y-lllJIY'ICHIIH 

Bhl'IHCJ1e1111e DJI0~3)111 

nnKa 

H11e11T1t«j,11KaQ1111 

p3/IIIOll30TODOB 

BbI'-IHCJICHIIC 

3KTHBHOCTII 

pa111101110Tona 

BM'-IHCJICHUe 

KOIIQC11Tp3QHII 

napaMeTphl 311epr1111 

Kan116poso'l11oii Kp11soii 

3ueprHH raMM3-JIHHHH 

nepH0/1 DOJiypaCD3)13 

Tun 1111ep11oii peaKQHH 

BpeMH pacna11a 

BpeM11 06ny'le1t1111 

noTOK HeiiTpOHOB 

Ce1-1euue aKTHeauuu 

XapaKTepHCTIIKII 

11eTeKTOpa 

Puc. 2.11. 3rnrru o6pa6oTKII raMMa-crreKTpa 

KUJ1u6poaKa 

.[(m1 ycTaHoBneumr 3aBIICIIMOCTII MelK,[ly :mepr1Ieil: y-lI3nyqeHIIll II HOMepoM KaHana 

crreKTpoMerp Kan1I6pyeTCll C IIOMOlllblO HeCKOllbKIIX pa,n:1IoaKTIIBHb!X II30TOIIOB. 

,[(nll KMIIOpOBKII Ge(Li)-,n:eTeKTopa IICITOllb3YIOTCll CTau,n:apTHbie IICTOqHIIKII raMMa

lI3nyqeHIIll 
152Eu, 133

Ba. 311epreT1IqecK1Ie xapaKTeplICTIIKII 3TIIX IICTQqHIIKOB rrp1rne,n:eHbl 

HII:>Ke. 

Ta6JI1111a 2.2. 311eprm1, K3B 

81 121,8 I 244,7 I 344,3 I 778,9 I 1085,8 11112,05 I 1408 I 3083 

133 Ba 152 Eu 
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Ha pHC. 2.12 Il0KaJaHa THIIII'IlHlll Kru:m6pOBO'lHWI 3aBHCHM0CTb raMMa-cneKTpoMerpa 

Ha ycTaH0BKe PEr AT A. 

u••1cAL1BRATI0N CURVE 

UCICI 

12:11::i 

1CICICI 

I BCICI 

f ••• C ... A sp2s 0,330 
B 0/196 2E•4 , .. 
R SD N p 

200 
0/16884 6 <0.0001 

•+-~--.-~-.-~-..--~-,--~-,.-~-..-~ 
• SIO un::ia 15CICI 211:0 2511: JCICICI 

Cha-ma 

Pnc. 2.12. Krum6pOBOqHWJ: 3aBHCHM0CTb 

C Il0M0II(bIO KaJIH6poBOqHOH KpIIBOH onpe,neIDIIOT ::mepruII HeII3BeCTHbIX JIIIHIIH, 

K0T0pbie ,Z{0CTaT0'lH0 qeTK0 Bhl.lleIDIIOTCH B cneKTpe. 

Pa6oma co cne«mpoM 

llpII o6pa6oTKe raMMa-cneKTp0B CJie,nyeT o6pall(aTb BHIIMaHIIe Ha C00TBeTCTBHe 

Il0JiyrIIHpHHbl KIDK,Z{Oll JIHHIIII pa3perneHIIIO cneKTpoMeTpa. YrnupeHHe y-mIHHH 

CBII,Z{eTeJibCTByeT 0 TOM, ~o JIIIHIIH C0CT0HT H3 ,nByx IIJIII 6oJiee y-JIHHHH 6JIH3KOH :meprHII. 

06 3T0M lKe CBII,Z{eTeJibCTBYeT HCKa)KeHHWI «IiopMa JIIIHHH. J,fa paccM0TpeH!IH IICKJIIOqaIOTCH 

IlIIKH, o6ycJIOBJieHHble YTeqKoii aHHHrHJIHIJ;H0HHbIX KBaHT0B H3 KpIICTaJIJia, II 

CYMMIIp0BaHIIeM KaCKa,Z{HbIX nepexo,noB. 3aTeM no onpe,lleJieHHbIM 3Hepr!IHM y-JIIIHIIH 

H,Z{eHTH«liHu;HpYJOTCH pa,nlI0H30T0ilbl. H,neHrn«liHKaIJ;IIH He Bcer,na M0lKeT 6bITh 0,Z{H03HaqHoii. 

,llJIH Ha,Z{elKH0CTH npIIBJieKaIOTCH HeK0T0pb!e ,Z{0IT0JIHHTeJibHble ,Z{aHHble, K0T0pbie Il03B0IDIIOT 

C0KpaTHTb Kpyr B03M0lKHbIX pa,Z{II0H30T0IT0B. yqHTbIBaIOT MeTO,n 06JiyqeHIIH C ero 

xapaKTepHbIMH H,nepHbIMH peaKu;HHMH, BpeMH o6JiyqeHHH, BpeMH pacna,na (Bhl.lleplKKY 

o6paJu;a), npo1Icxo)K,Z{eHIIe II npe,nblcTOp!IIO npenaparn, II3MepeHHe nep1Io,noB noJiypacna,na 

y-JIHHIIH nyreM nocJie,noBareJibHoro H3MepeH!IH cneKTpa qepe3 onpe,neJieHHhie npoMe~KH 

BpeMeHH. IlpII II,Z{eHrn«liHKaIJ;IIII pa,n1I0H30T0IT0B 60JibIIIYJO p0Jib mpaIOT Ta6JIIIIJ;bl, B 
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K0T0pb!X y-JJIIHHII pacrroJI0lKeHbl B rropll)lKe B03pacTaHIIH 3Heprm1 II rrplIBe)leHbl y-crreKTpbl 

pa!llI0aKTHBHbIX II30TOIIOB. )];n» KOJ1HqecrneH110ro orrpe.neneHIIH 3JlCMeHTHOro COCTaBa 

o6pa3u;a orrpe.neJil!IOT IIJl0II(a)llI qeTKHX, xoporno o«IiopMJJCHHb!X u Ha)lClKHO 

II)lCHTII¢Hll1IpOBaHHblX IIIIKOB. 

llporpaMMbl, BKJJJOqaJOII(IIC rrpou;e,nypy o6pa60TKII raMMa-crreKTpa (aBTOMaTHqeCKIIH 

IIOIICK IIIIK0B, 1I)leHTII¢1IKal(IIIO pa.nuoaKTHBHbIX II30T0II0B H orrpe.neJieH!Ie KOHl(eHTpau;uii 

3JJeMCHTOB, co,neplKall(IIXCll B IICCJJe.nyeMOH npo6e), 6b!Jl!I pa3pa60TaHbl B J1H<l> 0115111 

[18, 19]. IlporpaMMa VACTIV npe,nHaJHaqeHa Mll aBTOMamqecKoro nolICKa IIIIK0B raMMa

crreKTpa, IIOJJyqeHHOro Ha Ge(Li)-.neTeKTOpax. 11CIIOJlb3Yll KaJIH6poBoq11yIO KpiIBYIO 

.neTeKTOpa, rrporpaMMa orrpe.nen»eT IIOJJOlKeHIIe IIIIKOB II 3HeprHIO, COOTBeTCTBYJOII(YJO 

KalK)l0MY IIIIKY, BI,JqiJCJilleT IIJI0II(a)lb 110 MeTo,ny Ha!IMeHblHIIX KBa.npaTOB. IlporpaMMa 

ISTNEW rrpe.nnaJHaqeHa Mll KaqecrneHH0ro orrpe,neneHHll II3oTorrHoro cocrnBa 

IICCJJe,nyeMoro Bell(eCTBa (H!leHTH¢1IKal(IIll pa)lHOHYKJIII)lOB). CpaBHIIBal! .naHHb!e ¢ail:Jia, 

rronyqeHHoro Ha Bb1xo,ne rrporpaMMbI VACTIV, c TaK HaJbrnaeMbIMII ¢ail:naMH pa3MeTKII, 

rrporpaMMa ISTNEW rrpHcBaHBaeT KalK.noil: 3HepreTIIqecKoil: JIIIHIIII HaJBaHHe 

COOTBeTCTBYJOII(ero ll30TOIIa. 11crroJib3YCTCH Tpn ¢ail:Jia pa3MeTKH B 3aBHCHM0CTII OT 

rrepno.na rronypacrra.na H30Torra ( OT 1 MHH ,no 1 q; OT 1 q .no 1 CYT; 6onune 1 CYT)

IlporpaMMa MAS rrpe)lllaJHaqeHa )lJJH KOJlHqeCTBeHHOro orrpe.neneHH51 3JlCMeHTHOro C0CTaBa 

nccne.nyeMoro Bell(eCTBa. B1,1qncneH11e K0Hl(eHTpau;Hn ::ineMeHTOB, co.neplKall(HXCH B 

06pa3u;e, Be)leTC51 0,Z{HOBpeMeHHO qeTblpbM51 rryT»Mn: a6COJ1IOTHb!M MeT0)lOM, MeTO)lOM 

O)lHOro HJJH JIBYX KOMIIapaTopoB II C HCII0Jlb30BaHHeM 3TaJIOHOB cpaBHeHH51. 11CXO)lllblMH 

.naHHbIMH MH rrporpaMMbI MAS »BJJHIOTc»: ¢aiin, co3,naHHbIH rrporpaMMOH ISTNEW, n 

HHTepBMbI BpeMeHH o6nyqeHH51, pacrra,na, H3MepeH11H; Macca 06pa3u;a, a TaKlKe .npyrHe 

xapaKTepHCTHKH o6nyqaTeJJbHOH 11 H3Mep11TeJ1bHOH TeXHHKH, BB0,Z{IIMbie IIOJlb30BaTeJJeM. 

KoHeqHb!e pe3yllbTaTbl Bb!)laIOTCH B BII)le Ta6l1HIJ;bl. 
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Jla6opaTopnaH pa6orn .NH 

Kam16pomm Ge(Li)-~eTeKTopoB. Onpe~eJieune 0Tuoc11TeJihHoii 

3cficf>eKTIIBIIOCTII per11CTpa1111H y-KB3HT0B Ge(Li)-~eTeKTOpaMn 

/__{e!lb pa6ombl 

IlOJI)"'leH11e HaBb!KOB pa60TbI co crreKTpOMeTPIIqecKIIM o6opy,n:oBaHIIeM. l13yqeHIIe 

3aBIICIIMOCTII JcjicjieKTlIBHOCTII pernCTpa[(IIII faMMa-KBaHTOB OT paccTOl!Hlill OT o6pa3[(a ,[(O 

,n:eTeKTOpa. Orrpe,n:erre,me OTHOCIITeJibHOH JcjicjieKTIIBHOCTII perIICTpa[(IIII faMMa-KBaHTOB 

.D:BYX .[(eTeKTOpOB. 

Xoi)pa6ombl 

1. YcTaHOBlITb Karm6poBoqHbIH IICTOqHIIK 
152

Eu B II03ll[(IIIO ll3MepeHIIll h = 5 CM. 

2. Ha KOMIIb!OTepe, CBll3aHHOM C ,n:aHHb!M crreKTpOMeTPIIqecKIIM TpaKTOM, 3arrycTIITb 

rrporpaMMY SRT4.COM . 

• )],rrll Haqarra II3MepeHIIll BBecnr KOMaH,n:y "st" II 3aTeM HOMep 3arrycKaeMoro 

,[(eTeKTOpa. f1ocrre JTOfO 3aIIIICaTb BpeMll Haqarra lI3MepeHIIll II pacCTOllHIIe OT 

o6pa3lla ,n:o ,n:eTeKTopa B rra6oparnpHb!H )l(ypHarr. 

• 3aTeM, lICIIOJib3Yll KOMaH,n:y "em", BBecTII TOqHoe BpeMll OCTaHOBKII .n:eTeKTOpa, 

KOTOpoe TaK)l(e 3aIIIICaTb B rra6opaTOpHb!H )KypHarr. Ilocrre OCTaHOBKII 

ll3MepeHIIll 3aIIIICaTb Ha6paHHb!H crreKTP rrpII IIOMOI[(ll KOl\;IaH,[(bl "wm". 

3. IlpoBeCTII cepII!O II3MepeHIIll (5 MIIH Ka)l(,[(Oe) KaJIII6poBoqHbIX crreKTPOB Ha pa3HOM 

paCCTOl!HlllI KaJIII6pOBoqHOfO IICTOqHIIKa OT ,n:eTeKTOpa (h = 5; 7,5; 10; 15 CM). 

4. ITpoBeCTII TY )Ke cepII!O II3MepeHIIH B aHarrornqHbIX ycrrOB!IllX Ha BTOpOM ,n:eTeKTope. 

5. 3arrycTIITb rrporpaMMY V ACTIVE.EXE. I1crrorrb3Yll ,n:aHHhie, YKaJaHHbie B 

TeopeTIIqecKOH qacTII ,[(Jlll 
152

Eu, II,[(eHTIIcjJII[(IIpoBaTb ero y-rrIIH!Ill B rrorrr1eHHb!X 

crreKTpax II 3aIIIICaTb 3HaqeHIIll IIJIOI[(a,n:eii II COOTBeTCTBY!Ql[(He !IM HOMepa KaHarrOB. 

O6pa6oTaTb Bee rrorryqeHHble crreKTpbI II coxpaHIITb c pacrrmpeHIIeM * .res. 

6. I1crroJib3Yll 3HaqeHIIll KaJIII6poBOqHbIX 3Heprnii II COOTBeTCTBY!Ql[(IIe HM HOMepa 

KaHaJIOB, C03,[(aTb cjlaiirr KaJIII6pOBKII C pacnmpeHIIeM * .dat. 
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7. I1cnOJib3Yll OTHOIIIe1rne IIJIOI[(a,n:eil. IIIIKOB 0,[(IIHaKOBblX raMMa-JIIIHIIH B crreKTpax, 

rrorryqeHHb!X ,[(Jlll .D:BYX .n:eTeKTopoB, paccql!TaTb OTHOCIITeJibHYIO JcjicjieKTIIBIIOCTb 

perIICTpa[(IIll faMMa-KBaHTOB. 

8. )],rrll .[(Byx ,n:eTeKTopoB IIOCTPOIITb rpacjJIIKII 3aBIIClIMOCTlI 3cjlcjieKTIIBHOCTII pernCTpa[(llll 

OT paccTOl!Hllll o6pa3[(a OT IIOBepXHOCTII ,n:eTeKTopa, IICIIOJib3Yll 3HaqeHIIll nrroma,n:eii 

IIIIKOB 0,[(HOH, caMOH IIHTeHCIIBHOH JIIIll!Ill B crreKTpax, II3MepeHHblX Ha pa3Hb!X 

paCCTOl!Hlll!X OT ,n:eTeKTOpa. 

Jla6oparnpuaH pa6orn .M! 2 

Onpe~eJieuue rpa~HeHTa UJI0TH0CTH Il0T0Ka ueiiTponoB B KaHaJiaX 

o6Jiy<IeHHH IITY PEr AT A 

/__{e!lb pa6omb1 

Orrpe.n:erreHIIe IIOTOKa HeHTpOHOB B KOHTeil:Hepax c o6rryqaeMb!Mll o6pa3llaMII. 

Xoopa6ombl 

I. Ha6paTb crreKTp OCfl1 
152

Eu II oTKarrII6poBaTb .n:eTeKrnp N2 3 no cxeMe, yKa3aHHoii s 

rr. 2 rra6oparnpnoii pa6oTbI N2 I. 

2. y CTaHOBI!Tb rrpe.n:sapIITeJibHO o6rryqenHb!H MOHIITOP {1 98 
Au) B II03II[(IIIO II3MepeHIIll Ha 

Bb!COTY 5 CM. 

3. I1poII3BeCTII II3MepeHIIe crreKTpa KOMIIaparnpa B TeqeHIIe 5 MIIH Ha .n:eTeKTOpe NQ 3 

( OIIIICaHIIe npose,n:eHIIll ll3MepeHIIll B II. 2 rra6opaTOpHOll pa60Tbl NQ I). 

4. I1.n:enTIIcjJII[(!IpOBaTb II paccqIITaTb IIJIOI[(a,[(b IIIIKa 
198

Au rrpII IIOMOI[(lI rrporpaMMbl 

V ACTIVE.EXE. 

5. BbilIOJIHI!Tb ll3MepeHIIll II o6pa6oTKY ,[(Jlll MOHIITOpOB ll3 scex ,n:pyrnx KOHTeilHepoB 

.[(aHHOH 3arpy3KII. 

6. I1CIIOJib3Yll rrorryqeHHbie 3HaqeHIIll, IIOCTpOIITb rpacjJIIK rpa.n:IIeHTa IIJIOTHOCTII IIOTOKa 

Heil:Tponos B Kanarrax o6rryqeHIIll ITTY PEr AT A. 
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Jla6opaTopnaH pa6oTa N!! 3 

IlpoBe.ll:eHne neiiTponnoro arcr11BaQ1101111oro anamna 06pa1q0B 

MXOB-6UOMOHIITOpOB II 11.ll:eHTIHfrnKaQIIH 1130TOUOB 3JieMeHTOB, 

CO.ll:epmaLQHXCH B o6pa3Qe 

/_{enb pa6ontb1 

TTony'-!e1me HaBhIKOB npo6orro.11roTOBKH, rrpose.11eHH» 11eihpomrnro aKTHsau11ommro 

a11amna, u.11eHTmjJJ1Kau1m H30Tonon JJieMeHToB, co.11ep)KaU1uxc» s 06pa3ue. 

Xoo pa6ontbl 

I. TTo.11rornsKa o6pa3uos. 

2. YnaKOBKa IIO,llfOTOBJieHHb!X o6pa3UOB B IIOJIII'..lTIIJieHOBble KOHTettHepb!. 

3. flpose.11e11ue o6nyqemrn o6pa3UOB B Kanane N2 2 ITTY PEfATA. YnaKoBaHHbie o6pa3Ubl 

3arpyi1<a10TC5! B KaHaJI o6Jiy'-leHirn H o6Jiy'-laJOTC5! B Te'-leHHe 3a,llaHHOro npeMeHH. (I1n11 

HCnOJib30BaHHe pattee o6Jiy'-leHHblX o6pa3UOB, H3BJie'-leHHb!X 113 xpaHl1JIHIUa 

OTpa6ornHHb!X o6pa3UOB). 

4. l13Mepen11e raMMa-crreKTpOB o6Jiy'-leHHb!X o6pa3UOB Ha Ge(Li)-.11eTeKTopax B Te'-ICHHC 

3a,llattnoro speMe1rn. 

5. O6pa6oTKa rrony'-leHHbIX crreKTpos np11 ITOMOllll1 rrporpaMMbI V ACTIVE.EXE . 

6. I1.11eHTHqJl1Kau11» JIHIIHH H30TOIIOB '..lJieMe!ITOB, co.11ep)Kall111XC5! B o6pa3ue, B 

COOTBeTCTBH11 c Ta6JIH'-1Hb!Ml1 .11aHHb!Ml1. 
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3aKJ110'1CIIIIC 

AnTop 6naro.napHT rrpocpeccopa 11.Jl Xo.naKoncKoro, 11ayq11oro pyKono.nHTenll 

Kacpe.npu XIIMIIII, re0XIIMIIII II K0CM0XIIMIIII y1rnnepC1ITeTa «.[(y6Ha», 3U BHIIMaTeJlbll0e 

rrpo•ITeHHe pyK0ITIICII. 
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