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OTHOCHTeJJbHO coce.nHero COCTaBJJlIJJ 5 CM, a Cl£eTl£11KH nocJJe,nHHX CJJOeB, T.e. 

c 62 no 91 H c 153 no 182, B nepBOH H BTOpOH noJJOBHHaX, COOTBeTCTBeHHO, 

conp11KacaJJHCb CBOHMH TOpUaMH. IlOJJOCTb B ueHTpe .n:eTeKTopa HMeJJa qiopMy, 

6JJH3KYJO K cqiepHl!eCKOH c pa.nHycoM 25 CM. . '~ '''..c•:t 

66 157 
41 132 

22 113 
9 100 

2 93 
1 92 

5 96 
15 106 

31 122 
53 144 

81 172 

PHc.1. o61!lHH BH)l (a) H cxeMa .n:eTeKTOpa HeHTpOHOB (6). UHcJlpaMH 

0003Hal£eHbl HOMepa Cl£eTl£HKOB 

~I ~::::::::::~ 

PHC.2. KOHCTPYKUHlI OT,lleJJbHO,O MO)lYJJSI HeHTpOHHO,O .n:eTeKTopa 

Otn,n::,i:t:,iaU i;~?JT I 
Oll'!JlliMX l'!ttJ~la:ISUi 

t.JiUSJli-iOT..§!!a _ 



IlpHHUHn pa60Thl )leTeKTOpa 3aKJIIO'IaeTCH B CJie,ny10meM: HeHTpOHhl, 

HcnymeHHhle H3 HCTO'IHHKa, 3aMe)lJIHIOTCH 3a HeCKOJ!bKO MHKpoceKyHJl )lO 

TenJIOBhlX 3HeprHH H 3aTeM JlH!fXPYHJlHpy10T B c6opKe H JIH60 nor J!Oll(a!OTCH 

ClfeT'IHKaMH H 3aMe)lJIHTeJieM, JIH60 YXOJlHT H3 )leTeKTOpa. )leTeKTHpOBaHHe 

HeHTpOHOB B reJIHeBhlX C'IeT'IHKaX npOHCXO)lHT nyTeM norJIOll(eHHH TenJioBoro 

HeHTpOHa B peaKUHH 
3
He + n -

3
H + p + 780 K3B C ce11eHHeM 5320 6apH, 

T.e. HeHTpOH MOXeT 6h1Tb 3aperHCTpHpOBaH TOJ!bKO O)lHH pa3 H TaK 

Ha3hlBaeMhlH "cross talk" OTCYTC!BYeT B npHHUHne, a TaK KaK nor J!Oll(a!OTCH 

TenJIOBhle HeHTpOHhl, TO 3HepreTH'IeCKHH nopor npaKTH'IeCKH HyJieBoH. 

reJIHeBhle C'I~T'IHKH MaJio 'IYBCTBHTeJibHhl K raMMa-KBaHTaM H He )la!OT 

HH~OpMaUHH 06 3HeprHH HeHTpOHOB. 

Pacnpe.neJieHHe apeMeH perHCTpaUHH HeHTpOHOB npHBe)leHo Ha pHC.3. BpeMH 

XH3HH HeHTpOHOB onpe.neJIHeTCH KaK BeJIH'IHHa TB ~OpMyJie 

N(t)=N
0 

exp(- t/T), 

r.ne t- BpeMH perHCTpaUHH, JlJIH ,naHHOH c6opKH T= 25 MKC. 

N, 
OTH.€.D;. 

1,0 

0,5 

PHc.3. Pacnpe.neJieHHe BpeMeH 

per~cTpaUHH HeiiTpOHOB 

0 20 40 60 80.100120l,MKC 

3JieKTpOHHaH CHCTeMa pa6oTaeT CJie,nyJOll(HM o6pa30M: CTapTOBhlH CHrHaJI -

JIH6o OT BHewnero )leTeKTOpa, JIH6o OT JIJ06oro H3 182-x C'IeTYHKOB 

HeHTpOHOB- OTKphlBaeT Ha 128 MKC BpeMeHHhle BOpOTa H JlJIH ncex 

cpa6oTaBWHX B TeYeHHe 3Toro HHTepBaJia C'IeTYHKOB HeHTpOHOB 3anoMHHalOTCH 

HOMepa H BpeMeHa OTHOCHTeJibHQ cTapTa. 
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M3MEPEHH~ XAPAKTEPHCTHK PACnPE~EAEHHH HEHTPOHOB 

no MHO~ECTBEHHOCTH 

MnoxecTBeHHaH 3MHCCHH HeHTpOHOB MOXeT 6h1Tb ormcana cpeJlllHM YHCJIOM 

HeHTpOHOB Ha pacna.n v, )lHcnepcHeH pacnpe.neJieHHH no MHOXeCTBeHHOCTH er H 

nepOHTHOCTHMH 3MHCCHH pa3JIHYHOf'O YHCJia HeHTpOHOB P_, i=O, ... , i 
.. 1 max 

3TH BeJIHYHHhl MoryT 6h1Tb noJiyYeHhl H3 CJie)ly101uero na6opa COOTIJOWeHHH: 

<n> V £ I iNi /I NI 

l=O 

N = N 
i d 

F = N \ {k!/[(k-i)! i! ]}ci (1-c)k-ip 
i d L k 

k=i 

N /N = F IF= f(c) 
k i k 

L F_= 1, 

i=O 

k=0, 1, ... , k 
max i=O, 1, · · ·, imax 

(1) 

(2) 

(3) 

r.ne <n> - cpe.nnee YHCJIO HeHTPOHOB, 3aperHCTpHpOBaHl!hlX Ha OJlHH pacna.n, 

V - cpe.nnee YHCJIO HeHTpOHOB Ha O)lHH pacna.n, £ - :➔lfXt)eKTHBHOCTb 

perHCTpauHH HeiiTpOHOB, N.- YHCJIO co6hlTHH, B KOTOphlX 3aperHCTpHpOBaHO 
1 

i HeHTpOHOB, Nd - YHCJIO pacna)lOB. FI - BepoHTIIOCTb perHCTpaUHH 

i HeHTpOHOB, Pk- BepoHTHOCTb 3MHCCHH k HeHTpOHOB. 

3!fXPeKTHBHOCTb perHcTpauHH HeHTpOIIOB c onpe.neJIHJiaCb JlJIH HeHTpOHOB 

CflOHTammro )leJieHHH 
248

cm. HMeeTCH JlBa nyTH onpe)leJie!IHH 3~eKTHBHOCTH 

npH HCilOJ!b30BaHHH CflOHTairno )leJIHU(HXCH H)lep, TaK KaK IIpH CllOIITallllOM 

)leJ1e1rnH npOHCXOJlHT MIIOXeCTBeHHaH 3MHCCHH HeHTPOHOB. .llJIH CllOHTaHIIO!'Cl 

)leJieHHH 248cm v=3. 14, npH 3TOM c onpe,neJiell!!hlMH BepOHTHOCTHMH 

HcnycKaeTCH 0, 1, 2,... HeHTpOHa (7]. 3HaYeHHe c MOXIIO llOJIYYHTb H3 

COOTHOWeJ!HH ( 1 )- ( 3), HO JlJIH no11y11eHHH c H3 ( 1) 11eo6XOJlHMO :maime No, 

T. e. HpHIIUHnHaJibHO He06XO)lHM BHeUIIIHH CTapTOBhlH CHl'HaJI OT OCKOJIKOB HJIH 

raMMa-KBaHTOB )leJieHHH. II pH HCilOJ!b30BaHHH COOTHOWellHH ( 2 )- ( 3) ·raKOH 

CHl'!JaJI He uyxeH, KaK He HYXHO B OOOHX CJ1yqa51x 3Ha1me 3apaHee a6cOJIIOTIIOH 

HIITeHCHBIIOCTH HCTOYHHKa. 

)lJIH )leTeKTOpa, npe.nc-raBJieHIIOI'O Ha pHC. 1, )lJIH HCTO'IIIHKa B uell"rpe 

f!OJIOCTH 1lOJiy11e11a 31fXt)eKTHBIIOCTb c= 0. 36 ± 0. 02 JlJIH )leJIHTeJibHhlX 

HeHTflOIIOB. Pacnpe)leJ1e1me 31fXt)eKTHBHOCTH HO OT)leJ!bllhlM CJIOHM cYeTYHKOB B 

pacqeTe 11a O)lHII CYeTYHK IIpHBe.ne110 Ha pm:. 4. 
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N 
OTH.e,U. 0,8 

0,6 

0,4 

0,2 

0 1+2 3 4 5 6 

PHC.4. Pacnpe,lleJieHHe 3qxfleKTHU

HOCTH no OT,lleJibHUM CJIOHM u pac

qeTe Ha O,llHH cqeTqHK HeHTpOIIOII 

cnorr 

nocJie onpe,lleJieHHH 3cp¢eKTHBHOCTH cTaHOBHTCH H3BeCTIIU Bee napaMeTpu 

)leTeKTOpa .llJ151 H3MepeHHH xapaKTepHCTHK pacnpe,lleJieHHH no MIIOJICeCTUellJIOCTH 

HeiiTpOIIOB H3 CHCTeMU ypaBHe!IHH (2). TaKOH no)lXO)l HCnOJib30UaJICH HaMH )lJIH 

H3MepeHHH BepOHTHOCTeii 3MHCCHH 3ana3,llUBaKJIJIHX HeiiTpOHOB pH,lla Jier·KHX 

. 51,llep. 3KcnepHMeHT 6uJI BUnOJIHeH Ha UHKJIOTpoHe Y400 JI.HP 011.Hl1. )leTaJIH 

3KcnepHMeHTa OnHCaHU. B [2] ·- Pe3yJibTaTU npHBe)lem, B Ta6JIHUe. AHaJIH3 

)laHHUX noKa3UBaeT xopowee cornacHe .llaHHUX no nepHo,llaM nonypacna.lla. 

Ta6JIHUa. nepHO,llU nonypacna)la T • BepoHTHOCTH HcnycKallHH 1/2 
pa3J1Hq11oro qHcJia HeiiTpOHOB pl H nOJIHUe BepOHTHOCTH W HcnycKaHHH 

HeiiTpOHOB nocne ~-pacna)la 

.H.llpO T (me) 
3ktnepHM. 

T (me) . P., W (%) 

.llf/
2
pa6orn 3kcnepHM. 

8
He 124,5±0,2 119±1,5 [12] P

0
=87,0±1, 1 

P
1
=12,7±2,6 

9Li 181,8±0,4 178,3±0,4 (11] P
0

=86,6±0,9 

Pl=13,3±3,4 
I !Li 8,0±1,0 8,5±0,2 [11] P

0
=45,9±4,6 

P
1
=29,4±2,6 

P
2

=15,2±3,0 

P
3

= 5,1±3,0 

W=94±9 

izBe 13,1±0,5 11, 4±0. 5 [ 11 J 

23,6±0,9 (12] W<0,08 
t3B 17,0±0,4 17,4±0,2 [12J'W<0,03 
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p • W(%) 
.llp'. pa6orn 

84±1 (12] 

16±1 [12] 

W=50±4 (11] 

85±1 [ 11 J 

4,1±0,4 (11] 

1,9±0,2 [11] 

95±8 [ 11] 

<1 (12] 

P =100 
0 

(12] 

1 

) 

r\ ;I 

_I{ 

l 
I/ 
} 

BepOHTHOCTH P ~-3a,llepllCaHHOfi 3MHCCHH HeiiTpOHOB )lJIH H30Tona 8He xopowo n , 
corJiacyKJTCH C Ta6JIHqHUMH 3Haqe11HHMH (121. .llJIH pacna)la 12Be H· 13B 11e 

Ha6JIKJ,llaJIOCb 3MHCCHH HefiTpOHOB, qTo no3BOJIHJIO nonyqHTh npe,lleJIU, KOTopue 

He npOTHBopeqaT H3BeCTHUM )laHHUM (12]. qTo KacaeTCH 9Li, TO HaMH 

noJiyqe110 MeHhWee 3HaqeHHe BepOHTHOCTH HefiTpOHHOfi 3MHCCHH no cpaBHeHHKl C 

npHBe)leHHUM B pa6oTe [ 111·. 3aMeTHM. qTo )laH11ue no pacnpe,lleJieHHKJ no 
11 • 

MIIOJICeCTBeHHOCTH HeiiTpOHOB )lJIH Li TaKJICe paCXO)lHTCH C pe3yJihTaTaMH 

[11], XOTH nOJIHaH BepOHTHOCTh 3MHCCHH HefiTpOHOB H3 3Toro H,llpa W 

comm)laeT B o6eHx pa6oTax. 

C TOqKH 3peHHH 3a)laq11 onpe,lleJieHHH napaMeTpOB pacnpe,lleJieHHfi HefiTpOHOB 

no MHOJICeCTBeHHOCTH 6onee no,llXO.llHIJleH HBJIHeTCH reoMeTpHH )leTeKTopa 

HeiiTpOHOB B pa6oTe (2], HOB )leTeKTope, onHCUBaeMOM B 11acTOHI11eH pa6oTe, 

11051BJIHKlTC51 B03MOJICHOCTH noJiyqeHHH HH~OpMaUHH o6 yrJIOBUX xapaKTepHCTHKax 

HcnycKaeMUX HeiiTpOHOB. 

YrlIOB~E KOPPEJI~UHH ME~~y HE~TPOHAMH 

KaK yJ1Ce OTMeqaJIOCh, npH ,lleTeKTHpoBaHHH HefiTpOHOB onpe,lleJIHKJTCH IIOMepa 

'cpa6oTaBWHX cqerqHKOB. C orOBOpKaMH, 0 KOTOpux nofi)leT peqh HHJICe, 

KallC.llOMY cqeTqHKY MOJICHO npHnHCaTh onpe,lleJieHHUe KOOp,llHHaTu (x,y,z) B 
_I 

CHCTeMe KOOp.llHHaT, B KOTOpOfi UeHTR ,lleTeKTOpa HMeeT_ KOOp,llHHaTU (0,0,0). 

Tor,lla npH perHCTpaUHH .llBYX HefiTpOHOB yroJI MellC)ly IIHMH onpe,lleJIHeTCH no 

~OpMyJie [8] 

J 2 2 2 j 2 2 · 2 a=areeos{[x x +y y +z z ]/[ (x +y +z) (x +y +z )]}, 
lj ij ij I Ii j j J 

r)le (x,y,z)i H (x,y,z)j _- KOOp,llHHaTU cqerqHKOB i H j COOTBeTCTBeHHO. 

Ha pHC.5 npHBe,lleHO pacnpe,lleJieHHe yrJIOB MellC.lly HefiTpOHaMH )lJIH 

cno11Ta11Horo )leJieHHH 248cm. no OCH X npHBe,lleHU yrJIU MellC.lly cqerqHKaMH, 

3aperHCTpHpoBaBWHMH HefiTpOHU cnOHTa1111oro ,lleJieHHH npH YCJIOBHH, 

.llaHHOM pacna,lle 6uJio 3aper11crp11poaa110 .llBa HefirpoHa. Bcero 

3aperHCTpHpo~aHO OKOJIO 23000 COOUTHfi c .llBYMH HefiTpOHaMH. 

qTo B 

6UJIO 

CqerqHKH HefiTpOHOB He HBJIHKlTCH roqeqHUMH, HO Heonpe,lleJieHHOCTh no 

KOOp.llHHaTaM X H y HeBeJIHKa no cpaBHeHHKl C paccTOHHHeM HCTOqHHK

,lleTeKTOp, qero HeJih351 CKa3aTh O KOOp,llHHaTe z. ITpH su6ope KOOp,llHHaTU z 

cqerqHKOB H pa3peweHHH no yrJiy MU HCXO,llHJIH H3 H3BeCTIIUX )laHHUX no 
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N, 
OTH.€)];. 1,0 

0,5 

0 15 35" 55 75 95 115 135 155175180, 8° 
PHc.5. PacnpeJleReHHe yrROB pa3ReTa Mex)ly HeHTpoHaMH 

CilOHTaHHOro )leReHHH 
248cm 

yrROBUM pacnpe)leReHHHM HeHTpOHOB )leReHHH. ITpH cpaBHeHHH C RHTepaTypHUMH 

)laHHUMH HeOOXO)lHMO yqecTb CRe)lyIDmee: 

- RHTepaTypHue )laHHUe Kpafrne orpaHHqeHU; HMeIDTCH )laHHUe TORbKO JlJIH 

HeHTpOHOB CilOHTaHHOro )leReHHH 
252

Cf [9,10]; 

- 3HepreTHqecKHH nopor COCTaBRHR HeCKORhKO COTeH K3B; 

- H3MepeHHH npOBO)lHRHCb rrpH HH3KOH 3!MJeKTHBHOCTH perHCTpaUHH HeHTpOHOB. 

OnHpaHCb Ha RHTepaTypHUe )laHHUe, MOXHO YTBepx)laTb, qTo B 

pacnpe)leReHHH yrROB pa3ReTa HeHTpOHOB HMeeTCH- MHHHMYM npH 90 rpaJlycax, 

npH 3TOM OTHoweHHe cqeTa B MaKCHMyMe npH HyReBOM yrRe K cqeTy npH 90 

rpa)lycax paBHO HeCKORbKHM e)lHHHUaM, H, no-BH)lHMOMY, pacnpe)leRem1e He 

HMeeT KaKHX-RH60 )lpyrHX 3KCTpeMaRhHUX ToqeK. 

HecMOTpH Ha HeCKORbKO JlpyrHe ycROBHH B HaWHX H3MepeHHHX MU TaKxe 

HaKR3)lUBaeM Tpe6oBaHHe, qTo6u 3TH o6mHe xapaKTepHCTHKH BOCilpOH3BO)lHRHCb 

B HaWHX pe3yRbTaTax, 3TO ~OCTHraeTCH orpaHHqeHHHMH Ha B03MOXHUH 

)lHana30H H3MeHeHHH KOOpJlHHaTU z H 3arpy6mirnHeM yrROBoro pa3peweHHH 

TaK, qTo6u pacnpe)leReHHe yr ROB pa3ReTa He HMeRo npoMexyToqHux 

3KCTpeMaRbHUX ToqeK H OTHOWeHHe cqeTa npH O H 90 rpa)lycax COCTaBRHRO 

HeCKORbKO e)lHHHU. 3TH Tpe6oBaHHH y)laeTCH BUilORHHTh, BapbHpyH z Ha 

pacCTOHHHH OTO )lO 10 CM OT 6RHXHero K ueHTPY )leTeKTOpa Topua cqeTqHKOB 

H pa36HBaH )lHana30H yrROB pa3ReTa TaK, KaK IlOKa3aHO Ha pHc.5. 

MaKCHMaRbHaH OWH6Ka B onpe)leReHHH yrRa pa3ReTa npH yKa3aHHUX BUWe 

orpaHHqeHHHX COCTaBRHRa OKORO 20 rpa)lycoB H B03MOXHa npH peaRbHUX y1·RaX 

pa3ReTa, 6RH3KHX KO rpa)lycoB. 
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Bo3MO~HOCTH H3Y4EHH~ KOPPEA~UH~ME~BY 6ETA-3AnA3)~BA~mHMH 

HE~TPOHAMH nPH PACnABE AErKHX HE~TPOHOH36~T04H~X ~BEP 

MHOXeCTBeH!JaH HeHTpOHHaH 3MHCCHH B03MOXHa B pe3yRbTaTe /3- pacna)la 

pHJla Rel'KHX HeHTpOI!OH36UTOquux H)lep. Oco6UH mnepec npe)lCTaBRHIDT H)lpa C 

HeHTpOHHUM raRO, JlRH KOTopux Baxua HHtpopMaUHH O CTpyKType raRO, 0 

B3aHMO)le!1CTBHHX. Mex)ly KOpOM H raRo· H MeXJlY He11Tpo11aMH B caMoM raRO. 

HMeeTCH ueRUI1 pHJl H)lep (·
6

He, 
11

Li, 
14

Be), JlRH KOTopux OTKpUTO 

cymecTBOBaHHe HeHTpOHHOro raRO ()lRH 
6 

He - CKOpee "He11Tp011H011 KOXH" ) . 

HaH60Ree H3yqe1111uM HBRHeTcH HJlPO 
11 

Li. KOTOpoe cpaBHHTeRbHO Rerqe 

noRyqaeTCH (>100 qacTHU/C). H3 3KCnepHMeHTOB ·C nyqKaMH H)lep 
11Li npH 

pa3RHqHUX 3Hep,rnHX Ha pa3HUX MHWeHHX [3, 4], nO-BH)lHMOMY, t;ReJlyeT BUBO)l 

06 OTCYTCTBHH CHRbHUX KoppeRHllHI1 MeXJlY 11e11TpoHaMH raRO. 

Jlpyro11 B03MOXHUI1 flO)lXO)l - 3TO HCCRe)lOBaHHe yrROBUX KoppeRHUHI1 MeXJlY 

/3- 3aIIa3)lUBaIDmHMH 11e11Tpm!aMH OT pacna)la llLi. 3TOT IIO)lXOJl 6UR 

peaRH30BaH B pa6oTe [Sa], B KOTOp011 CO)lepx~lTCH yKa3alIHH Ba BaRHqHe 

KoppeJ!Hl(HH MeX)ly /3- 3aIIa3)lUBaIDmHMH HeHTpOHaMH. OCHOBHaH TPYJllIOt'.Tb 

HIITepnpeTaUHH )laHHUX B 3T011 pa6oTe CBH3aHa C 3ctxfleKTOM "cross talk". TaK 

KaK_ npH HaRHqHH CHRbHUX KoppeRHUHH Mex)ly ueHTpOHaMH raRO H npH YCROBHH 

coxpa11eHHH 3THX KoppeRHUHH. B XO,!(e {3-pacna)la He11Tpo11u H3 HJlpa 6yJly-r 

BUJieTaTb C 6RH3KOI1 3HeprHe!1 H MaRUM yrROM pa3ReTa, q·ro npH 

)leTeKTHpOBaHHH )laCT CHrHaRU B coce)lHHX )leTeKTOpax C 6RH3KHM BpeMel!eM 

npoReTa, a 3TO HBRHeTCH xapaKTepHUM 1IpH3HaKOM H "cross talk". IlpH 
. 3 

HCfl0Rb30BaHHH JlRH )leTeKTHpOBaHHH {3-3aIIa3)lUBaIDmHx HeHTpOHOB He-

cqeTqHKOB 3ctxfleKT "cross-talk" HCKRIDqaeTCH caMHM npHHUHIIOM perHcTpa!lHH 

ue11TpoHOB B peaKUHH norRome11HH, a yrRoBoro pa3peweHHH 11a111ero )leTeKTopa 

)lOCTaToquo npH CHRhHUX KOppeRHUHHX Me~y HeHTpOHaMH. IlopoI" 350 K3B B 

pa6oTe [Sa] H OTCYTCTBHe IIOpora B HaWeM )leTeKTOpe, IIO-IlH)lHMOMY, He 

HrpaeT cymecTBeHHOH poRH c yqeTOM )laHHUX o6 3I!eprHHX He11TpOIIOB._ 

BepOHTHOCTb 3MHCCHH JlBYX He11TpOHOB IIOCRe {3-pacna)la llLi COCTaBJIHeT OT 

4. 1% [ 1.1] )lO 15. 2% no HallIHM H3Mepe11HHM. IlpH 3ctxfleKTHBHOCTH )leTeKTOpa 

36% H npH HHTeHCHBIIOCTH nyqKa llLi 100 qacTHU/C 6y)leT perHcTpHpoBaTbCH 

OT 4•10
4 

)lO 1.6°10
5 

yrROBUX KOppeRHUHI1 B cyTKH, T.e. 6y)leT 11a6HpaTbCH 

CTaTHCTHKa B HeCKOm,Ko pa3 Ryq111e, qeM Ha pHc. 5. 
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3AKJII04EHHE 

OC!I0BHUe napaMeTpU )leTeKT0pa: 

- 3HepreTHYeCKHH nopor npaKTHYeCKH 0TCYTCTByeT; 

3cfXPeKTHBH0CTb perHCTpaUHH HeHTp0H0B )leJlHTeJlbH0ro cneKTpa 

c=0.36 ± 0.02; 

- BpeMH XH3HH 11eHTp0H0B 25 MKC; 

- yrnoBoe pa3pewe1rne oKono 20 rpa.llycoB; 

- 3cfXPeKT "cross talk" 0TCYTCTByeT. 

ABTopu BupaxalOT rny60Ky10 6naro)lap11ocTh npoqieccopy JO. u. ora11ecm1y 3a 

BHHMaHHe K )laHH0H pa6oTe H none3HUe o6cyx)lel!HH. 
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