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1. Beeoe11ue 

Ilo.u; yJILTpaxono,u;HLIMH Heii:TpoHaMH /YXH/ noHHMaIOT 
o6LI'IHO Heii:TpOHLI c :rneprHeii: E < 10-4 3B. 3Ta o6nacTL 
3HeprHii: H3JJ;aBHa npHBJieKana BHHMaHHe /no Kpaii:Heii: Mepe, 
KaK BCHKaH Heo6cne.u;oBaHHaH o6naCTh/, OJJ;HaKO MaJIOCTh 
IT0TOKOB YXH H TPYJJ;HOCTH C qJOHaMH .u;enaJIH H3MepeHHH Ha 
o6bltIHhIX HeHTPOHHhIX cneKTP0MeTpax npaKTH'IeCKH He -
B03MO:>KHhIMH. 06 3T0M CBHJJ;eTeJibCTByeT TOT qiaKT' 'ITO 
a . 6oraTOH KOJIJieKUHH Heii:TpOHHhIX cetieHHH, co6paHHOH 
B H3BeCTH0M aTnace BNL -325, .u;aHHLIX .u;m1 3HeprHii: HH:>Ke 
2 •10-4 3B HeT. 

,lJ;m1 o6xo.u;a Tpy.u;HocTeii: 6Lrno npe.u;no:>KeHo aecni H3Mepe -
HHH c JJ;BH:>KYI.QHMCH /y6eraIOI.QHM OT Heii:Tpo.HoB/ o6pa3UOM 
TaK, 'IT06bl CK0p0CTh Heii:TpoHa OTHOCHTeJibH0 06pa3ua 6Lrna 
B HeCK0JihKO pa3 MeHLllle ero CKopOCTH B na6opaTopHoii: cHc
TeMe KO0PJJ;HHaT / 1/. IIITeii:epn / 2/ H Maii:ep-Ileii:6HHTU / 3/ 

npe.u;no:>KHJIII MeTOJJ;hI 3q>q>eKTHBHoro BL1.u;enemrn YXH. Ha 
ocHOBe npe.u;no:>KeHHH Maii:ep-Ileii:6HHTU:a B M10HxeHe 6Lrn 
co3.u;aH cneKTpoMeTp YXH c pa3pe1IIeHHeM 2Oo/o B o6nacTH 
3HeprHH 10 - 7 - 5. I 0-4 3B' Ha KOTOpOM C 1968 ro.u;a 
ycnelllH0 ae.u;yTCH H3Mepemrn / 4, 5,6/. K 3THM pa6oTaM Mhl 
aepHeMc.H no3:>Ke. 

B 1959 r. 5f.E.3eJibJJ;OBH'I /7/ OTMeTHJI BeCbMa JII06o-
IlhITHyIO oco6eHHOCTh HeHTPOHOB CaMblX HH3KHX 
3HeprHH - 0HH JJ;OJI:>KHhl HCilhITbIBa Tb II0JIH0e OTpa:>KeHHe OT 
cpe.u; rrpu JII06hlx yrnax rra.u;eHHH. 

TaK KaK IIPH IIOJIH0M OTpa:>KeHHH HeHTPOHHaH B0JIHa 
rrpOHHKaeT B cpe.u;y Ha MaJiyIO rny6uHy ""~"' 100 A~ aepOHT
HOCTb II0TepH Heii:TpOHa rrpu O~HOM OTpa:>KeHHH JJ;OJI:>KHa 6bITh 
Mana, H Heii:TpOH, 3aKJIIOtieHHhlH B ,OTKatiaHHYIO IIOJI0CTh B cpe -
.u;e, 6y.u;eT HaXOJJ;HThCH B Hen B TetieHHe BpeMeHU, 110Tpe6Horo 
Ha 10 3 

- IO 5 rrepecetieHHH rronocTH, c ytieToM:, KOHetIHo, 
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orpaHn'-leHHH, HaKna,nhrnaeMoro pa,nnoaKTHBHhIM. pacrra,noM 
HeiiTpoua, nepno.n KOToporo 6nn30K K 1 000 ceK. OTpa)KeHne 
II npenoMneHHe HeHTPOHOB MO)KHO paccMaTpirnaTh KaK cne.n
CTBHe cyI.QeCTBOBaHHH noTemi:nanhHOH 3HeprHH B3aHMO,neiicT

BHH HeiiTpOHa co cpe,noii, paBHOH 

➔ 

u 2 ➔ 
21r1i Nb/m - µ B, /1/ 

r.ne N - qncno n,nep B e,nnHnti:e o6'heMa, b - KorepeHTHan 
,n;nnHa pacce.HHHH HeHTPOHa Ha CB.H3aHHOM n,npe, m - Macca 
HeiiTpona, µ - ero MarHHTHhlH MOMeHT, B - MarHHTHa.H 
HH.D;YKti:HH. IIepBhIH qneH /1/ eCTh ycpe,nHeHHaH no o6'heMy 
3HeprHH B3aHMO.n;eiicTBHH neiiTpoHa C n,npaMH, BTOpoii qneH 
- ycpe,n;HeHHaH 3HeprHH MarHHTHOro B3aHMO,neiiCTBHH. 

qncneHHO 

U = J57(pb/A) ± 6,03 B H3B /HaH03neKTpOHBOnhT/, /2/ 

3 b . 
r.ri:e p - nnOTHOCTh B r/cM ' - ,n;nnHa pacce.HHHH B e.ri:n-
HHti:ax qiepMH / 10 -I 3 cM/, A - Macconoe '-IHcno, B 
MarHHTHa.H HH.D;YKti:HH n Knnorayccax. 3Ha'-leHHH U ,n;nn He
KOTOphIX cpe,n; npnBe,n;eHhl B Ta6n. 1. ,nnn 6onhUIHHCTBa n,n;ep 
b > 0 n HeiiTpoH, neTHlQHH H3 BaKyyMa B cpe,n;y, BCTpe'-laeT 
CTyneHh noTeHti:Hana BhICOTOH lj. Benn cnaraIOI.Qa.H KHHeTn
qecKOH 3HeprHH HeHTPOHa, CB.H3aHHaH C ,nBH)KeHHeM no nop
Mann K noeepxHOCTH cpe,D;hl, MeHhUie u' He:iiTpOH He MO)KeT 
npeo.noneTh 6apbep n OTpa)KaeTCH. Benn nonHaH KHHeTH'-le
CKaH 3HeprHH HeHTpOHa B BaKyyMe MeHbUie BhICOThl 6apbepa, 
oTpa)Kenne nponcxo.ri:nr npn nro6hIX yrnax na,n;eHHH. TaKHM 
o6pa30M, rpaHH'-IHaH 3Heprnn nonHoro oTpa)KeHJrn 

➔ 

E 
2 ➔ 

rp = U = 2 1r1i N bl m - µ B • /3/ 

lfa CKa3aHHoro .HCHO, '-ITO MarHHTHhle nonn TaK)Ke MoryT npn
BO,D;HTh K OTpa)KeHHIO HeHTPOHOB. Y.n;ep)KaHne HeiiTpOHOB 
n MarHHTHhIX .nonnx cneii:nanhHhlX KOHqJHrypaii:nii 6hIJIO pac -
cMoTpeHo B.B.Bna,nnMnpcKHM /a/. 11.11.rypenn'-I n JI.B. Ta
pacon n KHHre, BhIUie,nUieii B 1965 r. /9/, nocBHTHnH y,n;ep-
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)KaHHIO HeHTPOHOB cireii:nanhHYIO rnaay, '-leM cnoco6CTBOBann 
03HaKOMneHHIO qJH3HKOB C 3THM HHTepeCHhIM qieHOMeHOM. OHH 
OTMeTnnn, npan.na, '-ITO O)KH,D;aeMa.H HHTeHCHBHOCTh YXH 
C 3Heprneii nopH,n;Ka Erp "' 10•-7 3B CTOnh Mana, '-ITO Bp.H,D; 
nn B03MO)KHO 6y.n;eT ncnonh30BaTh HX B 3KcnepnMeHTe. 
IIpeo,n;oneHHIO 3Toro neccHMH3Ma noMor 6onbUIOH HHTepec 
K noncKaM 3neKTPH'-leCKoro ,n;nnonhHoro MOMeHTa HeHTpona, 
B03HHKUIHH nocne ceHcaii:nomrnro 0TKph!THH B 1964 r. Hapy
UieHHH CP- n T - HHBapnaHTHOcTeii a pacna,n;ax HeiiTpanh -
HhIX K - MeJoHoB. HecMOTpH Ha HaCTOH'-IHBhie noncKn, .no 
HaCTO.HI.Qero BpeMeHH HW B KaKHX ,n;pyrnx 3neMeHTapHhlX 
rrpoii:eccax HapyUieHHH apeMeHHOH o6paTHMOCTH He 6h1no 
o6Hapy)KeHo. CyI.QecTBonanne 3neKTpn'-lecKoro ,n;nnonhnoro 
M0MeHTa /3,D;M/ y 3neMeHTapHOH '-laCTHI{hl JIBHnOCh 6bi npo
.11aneHHeM T -nenHaapnanTHOCTH. HeiiTpon, no)Kanyii, .11anH
eTc.11 Han6onee y,.ri:o6HhlM o6'beKTOM .nnH Il0HCKa. 3.D;M. JJ;o 
uacTo.111.Qero apeMenn ripoa~~euo y)l(e HecKonhK0 aechMa 
TI.QaTenhHhIX 3KCilepnMeHT0B / 101, nocne,.ri:HHH H3 K0TOphlX /J 1/ 

npneen K ouenKe: 
· -23 

3.D;M neiiTpoua/e < I • 10 CM, 
r.r(e e - 3neMe1ITapHhIH 3ap.11,n;. 

l13MepeHHe 3.D,M CB0,l(HTCJI K onpe.neneHHIO- O'-leHh Manon 
3Heprnu B3aHMO,neiiCTBHJI 3.D,M C H3BeCTHhIM 3JleKTPH'-leCKHM 
noneM. TaK KaK norpeUIH0CTL HJMepeHHJI 3Heprnn o6panw 
nponopunoHaJihHa apeMeun HJMepeun.11, TO nepexo.ri: OT nyq
Iconoro 3Kcnep11MeIITa /npeM.11 HJMepenn.11 "' 10-2 ceK/ K 
3Kcnepm.teHTy, B KOT0p0M neiiTpOHhl y.nep)KHBaIOTC.11 B ycTa
HOBKe B Te'Ienne, cKa)KeM, 10 2 ceK, npnne.neT /ecnn ue 
B03HHKHeT orpaHH'-leHHH co CT0P0Hhl CTaTHCTHKH/ K nonw
UieHHIO 'IYBCTBHTenhHOCTH onhITa Ha 4 nop.11.n;Ka, He roaop.11 
0 no.ri:anneHHH HeKOTopwx CHCTeMaTH'-leCKHX norpeUIHOCTeii, 
cyI.QeCTBeHH0 JIHMHTHpyIOI.QHX B03M0)l(HOCTH ny'-IKOB0ro 3KC
nepuMeHTa /1°, 11, 121. YKaJaHHhie coo6pa)KeHn.11 CTHMynupona
nn B 1968 r. ,n;y611eHCKYIO rpynny c.nenaT1, nonhITKY 3KCnepn
MeHTaJihHOH nponepKH npnHunna y.nep*aHnn YXH !14/. XoTH 

,nocTynHhIH B 3TOH pa6oTe noTOK TennoBhIX ueiiTpouoa 6hIJI 
0'IeHb Man/"' 10 10 n/cM 2 ceK/, onhIT,D;aJinOJIO)KffTeJihHhIH 
pe3YJihTaT; 6onee y,n;oaneTB0PHTeJihHhle C KOJIH'IeCTBeHHOH 
CT0P0Hhl pe3YJihTaThl 6hIJIH nony'IeHhl JaTeM na peaKTopax 
C TenJIOBhIM noTOKOM 10 13 H/CM 2 CeK. MO)KHO CKa3aTh, 
"qepT 0Ka3ancH ne TaK cTpaUieH, KaK ero MamoroT" - YXH 
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0Ka3aJIHCh J],0CTynHhl 3KCnepHMeHTY C 0TH0CHTeJihH0 npOCTOH 
H HeJJ,oporoii annapaTypoii. 

O63op coBpeMeHJ-IOH CHTyau;HH c YXH HaqHeM c Bonpoca 
06 HX nonyqeHHH. IlpH 3T0M Mhl HH0rJJ,a 6e3 cneu;HaJihHhIX 
oroBopoK 6yJJ,eM noJih30BaThCH 6onee Y3KHM onpeJJ,eJieHneM 
YXH, KaK rpynnh1 HeiiTpOHOB c 3Heprneii E < Erp JJ,JIH 
JJ,aHHOH cpeJJ,hl' HCnhIThIBaIOiu;HX noJIH0e 0TpaiKeHne OT rpaHHU:hl 
cpeJJ,a - BaKyyM npn JII06hIX yrnax naJJ,eHHH. 

2. Ilo/ly1.Je1tue YXH 

a/ r 0 p H 3 0 H T a JI h H hi e K a H a JI hi 
Ilpn yMeHhllleHIIH 3HeprHH Heii:TpOl{a ceqeHHH HeynpyrHX 

npou;eccoB B03pa,cTaIOT no 3aK0HY 1/v H B o6naCTH YXH; 
J],0CTHraIOT 60JihllIHX BeJinqnH. TaK, J],JIH aJIIOMHHHH npn K0M
HaTHOH TeMnepaType npn 3Heprnn HeiiTpoHa 0,1 MK3B non
Hoe ceqeHne B3aHMOJJ,eHCTBHH npn6JIHiKaeTCH K 150 6apHaM, 
qeMy C00TBeTCTByeT cpeJJ,HHH CB060JJ,HhIH npo6er "' 1 MM. 
lfa 3THX 150 6apH 115 6apH npHX0J],HTCH Ha ceqeHne 3aXBa Ta 
HeHTpOHa ac'.OcTaTOK npaKTnqecKH noJIH0CThlO npeJJ,CTaB
JIHeT ceqeHHe Harpeaa aHarp• T.e. ceqeHne Heynpyroro pac
·ceHHHH, npn K0T0P0M 3HeprnH Heii:TpoHa CTaH0BHTCH 60Jihllle 
rpaHHqHoii 3Heprnn CTeH0K HeiiTpOHOBOJJ,a./OHa B03pacTaeT 
H!1 BennqnHy nopHJJ,Ka k T, ( T - TeMnepa Typa paccettBa TenH) 
- MHoro 6oJihUIYIO 3HeprnH YXH/. TaKHM o6pa30M, npn KaiK
JJ.0M B3aHMOJJ,eiicTBHH YXH c BepoHTH0CThIO, 6JIH3Koii K 
lOOo/o, ncqe3aroT. BBHJJ.Y 3Toro H3 3aMeJJ,JIHTeJIH MoryT 
BhlX0JJ,HTh npaKTnqeCKH TOJih~O YXH, o6pa30BaBUIHeCH B no
BepxH0CTH0M CJI0e TOJIIu;HHOH nopHJJ,Ka cpeJJ,ueii J],JIHHhl CB0-
60)],HOro npo6era YXH, paBHOH 

e = 1 /N ( a c + a Harp ) . 

YqeT yKa3aHHhIX oco6eHHOCTeii B3aHMOJJ,eiicTBHH YXH 
C _BemecTB0M npHB0J],HT K cxeMe H3BJieqeHHH HX H3 peaKTopa, 
yKa3aHHOH Ha pnc. 1. 3JJ,eCh 1 - aKTHBHaH 30Ha peaKTopa, 
3 - HeHTpOHOBOJ], /HanpHMep, MeJJ,HaH 3JieKTpononnpoBaHHaH 
Tpy6a/, B K0T0p0M n0JJ,JJ,epiKHBaeTCH BaKyyM nopHJJ,Ka 1 o--4 
MM PT .CT., 2 - K0HBepTop - nnacTHHa Beiu;eCTBa TOJIIu;HHOH 
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Pnc. I. CxeMa ropH30HTaJihHoro KaHaJia YXH: I - aKTHBHaH 
30Ha peaKTopa; 2 - KouaepTop YXH; 3 - Tpy6a- HeiiTpOHOBOJJ. 
nomrnro 0TpaiKeHHH; 4 - JJ,eTeKT0p YXH; 5 - noBop0THaH 
IIIT0pKa - nJieHKa H 3 Ma Tepnana HeihpoHOBOJJ,a TOJIIu;HHOH He -
CK0JihK0 MKM, CJiyiKaiu;aH J],JIH 0TJJ,eJJeHHH YXH OT qJOHa 6onee 
6hICTphIX HettTpOHOB. 
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e HeCKOilhKO npo6eroB YXH, o6nyqaeMaH TennOBhlMH ueiiT
poHaMn; HeKOTOphre H3 HHX B pe3ynhTaTe ueynpyroro pac
cenunn co c6pocoM :rneprnn / a oxn I nepexo,n;HT B 06-
nacTh 3Heprnii YXH. YXH, BhIIUe,n;IUne H3 KOHBepTopa 
c 3Hepnieii E <Erp MaTepnana ueiiTpouoeo.n;a, MHoroKpaT
HO OTpaJKaHCh, ,!J;BHJKYTCH K .n;eTeKTOpy 4, e KOT_OpOM perncT
pnpyIOTCH, ecnH noeopoTHaH IUTOpKa 5 OTKPhITa. IIITOpKa 
npe.n;cTaBnHeT co6oii TOHKHH /ueCKOilhKO MKM/ cnoii H3 Ma
Tepnana HeHTpOHOBO,IJ;a. B 3aKpbITOM nonoJKeHHH OHa OTpaJKa
eT HeiiTpOHhI c E<E rp, HO npaKTnqecKH He 3a,n;ep1KneaeT 
ueiiTpOHOB, ,n;nH KOTOphIX 3HeprHH, COOTBeTCTBYIOIQaH Hop
ManhHOH KOMilOHeHTe CKOpOCTH, 6onhllle E rp. B 3TOM 
nonoJKeHHH H3MepneTcH qiou ,n;eTeKTopa. IloToK YXH c 3Hep
rneii B HHTepeane E, E + dE, BhIXO.D;HIQHX c e,n;nHHU:hI nno
IQa,n;n KOHeepTopa, nponopu:noHaneH noToKy <llo TennoehIX 
HeiiTpOHOB, o6nyqaIOIQHX KOHBepTop, cpe,n;HeMy no cneKTPY 
TennoBhIX HeiiTpouoe ceqeH.HIO o6pa3oBaHHH YXH B KOHBep
Tope a oxn H TonIQHHe cnoH, H3 KOToporo YXH BhIXO.IJ;HT, 
T.e. ,n;nHHe npo6era YXH B KOHBepTope f *: 

- ll - ~/2 
a oxn a oxn E 

d <IJ yxH = C • <llo ---- = C <ll EdE -----~-
a c + a Harp o (a c + aHar{! 112 

/4/ 

B /4/ HCilOilh3OBaHa H3BeCTHaH 3aBHCHMOCTh ceqeHHH ~T 
3Heprnn YXH. Ilpn E ➔ 0 a oxn -E 1/2, a ac H aHarp - E-1 2

; 

BBH,n;y 3Toro qncnnTenh H 3HaMeHaTenh ,n;po6n B npaeoii qacTH 
/4/ He 3aBHCHT OT E /npn E ➔ 0 /. KOHCTaHTY B /4/ MOJK-
11O HaiiTH H3 cne,n;yIOIQHX coo6paJKeHHH. Ilpn OTCYTCTBHH 3a
xeaTa n paeencTBe TeMnepaTyp KoneepTopa n 3aMe.n;nnTenn 
B CHCTeMe ycTaHaenneaeTCH paBHOBeCHhIH MaKCBennoBCKHH 
cneKTP HeiiTpoHOB c TeMnepa Typoii TH , paeHoii TeMnepa Type 
cpe,n;hI. B 3THX ycnoennx noTOK YXH H3 KOHBepTopa 6y,n;eT 

COOTBeTCTBOBaTh IlOTOKy B COOTBeTCTBYIOIQeM yqacTKe 
paeuoeecHoro cneKTpa, T.e. ,n;nH yqacTKa 3Heprnii E, E + dE 
6y.n;eT paeeu: 

d<ll YXH = 
EdE 
4T2 % 

H 

/5/ 

* IloTeHu:nanhnyro 311eprnro ueiiTpoua B KOHBepTope cqn -
TaeM no Ka paBHOH Hynro (Uk = 0). 
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TABmm l 
unena rp8HnllllX eueprd, .-.aBII BO.JIIDI • cxopoon 

Hehpoaa .it.a HeKOTopa BIIIICTB 

Er a ~r,. (A) ~. (-"•w:-f} ,. 
-~ rr- . =U. l-10 ~,, 

At 0,55 1220 3,2 

Mo/ 0,605 II60 3,36 

_s"" I,72 690 5,7 

C, I,94 650 6,1 

St. 2,40 580 6,8 -
3,4 490 7,95 

Ft. 0,8 895 4,37 
1,66 700 -5;56 

Cc -0,488 0 

2,800 540 7,23 
t-h 2,1774 628 6,21 

IIPIDIAHHZ: .it.a teppoe,arseTDOB IIPDIJllBII 1118'19RD 

u. + r- e, • tl -r B • I'll• e, - lllf.QJlmUl 
IUICllll8Dll, npJIBIITa puao1 21,6 1ll'C .it.a Fe. 
17,9 .it.a Co • 6,1 Krc .it.a NL 

-
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He3aBHCHMO OT MaTepuana KOHBepTopa. B TO )Ke BpeMJI 

-1/2 1/2. 
OTHoweHue aoxnE laaarpE 3aBHCHT OT crreKTpa qacTOT 

aemecTBa. IlpOTHBOpeque CHHMaeTCJI, ecnu IIPH paBeHCTBe 
TeMrrepaTyp TerrnoBLIX HeHTPOHOB (TH) H KOHBepTopa (TK) 

-1/2 1/2 . 
a E == a E . Hcrronb3YH rrpum:i;urr ,n;eTanLHoro paBHO· 
oxn Harp 

aecuJI) nerKo ,n;oKa3aTL, qTo npu Ta= T K uMeeT MeCTO 

1/2 2_ 
cooTHOWeHHe a E = T a 

Harp H oxn 

-1/2 
E >I: C yqeTOM 3Toro, 

cpaBHHBaJI /4/ u /5/, HaXO,IJ;HM C = l/4T~ H 

dcI> yxH 
EdE 
4T 2 Cl>o 

H 
(~c +a )E17i• 

Harp 

aoxn E-i/2 
/6/ 

BLrpa)KeHue / 6/ Heo6xo,n;uMo ewe ,n;orronHHTL yqeToM oTpa)Ke -
HHJI YXH OT CKaqKa rroTeHn;uana Ha rpaHun;e KOHBepTop - aa
KYYM /ecnu UK f. 0 / H yqeToM ocna6neHHJI rroToKa YXH 
rrpu ,n;mprpy3HH a,n;onb HeiiTpoHoao,n;a K ,n;eTeKTopy / CM. /16, 17! /. 
Yrrpyroe pacceJIHHe YXH He cKa3LrnaeTcJI cywecTBeHHJ Ha ux . 
BLIXO,IJ;e, ecnu _MaTepuan O,IJ;HOpO,Il;HLIH. B pa6oTaX / 4

, 5 Ha· 
6mo,n;anocL cunLHOe pacceJIHHe YXH a He,IJ;OCTa TOqHo O,IJ;HO -
po,n;HLIX aewecTaax. linaro,n;apJI pacceJIHHIO Ha Heo,n;Hopo,n;Ho· 

* 
a Harp 

a 
oxn 

= f a(E-+ E1 )dE 1 ' 

== fa(Ez➔ E) E1 dE1 -Ez/TH 
T2 e . 

H 

HcrronL3YJI COOTHOWeHue ,n;eTanLHO1,f9 paBHOBeCHJI 
a(E ➔ El)Ee-E/TK= a(E1 ➔ E)E1 e -El TK 

u rronaraJI E « T K• e-E/TK= 1 , AonyqaeM 
- E-1/2_ E-1hf (E E )E E1 TK.!!!!.i_ -El/TH a oxn - a ➔ 1 e 2 e . 
TaKHM o6pa30M, rrpu TK"" Ta TH 

El/2 = T2 ; E-1/2 
a Harp H oxn 
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CTHX IIYTL HeHTPOHa. ,IlnH BLIXO,Ila Hapy)Ky y,n;nHHHeTCJI, BO3 • 
pacTalOT IIOTepu H BLIXO,Il rra,n;aeT. 

lf3 /6/ cne,IlyeT, qTo crreKTP IIOTOKa YXH HMeeT au.n 
E dE , T .e. cooTBeTCTByeT Ha'lanLHOMY yqacTKY MaKcaen

noacKoro crreKTpa He3aBUCHMO OT Toro, HaCKOnLKO HCXO,IJ;HLIH 
crreKTp TeIInOBLIX HeHTPOHOB 6nH30K K paBHOBeCHOMY B o6nac
TH ManLIX :rnepruii. 

PaCCMOTpHM Terrepb, KaK BLIXO,D; YXH MeHJieTCJI rrpu H3Me
Hemrn Te~mepa TYPLI KOHBepTopa, rrpe,n;rronaraJI Ta =loost. IlpH 
Tx ➔ 0 a Harp ~ 0, TaK xaK 11eao36y»c,n;e11HLIH ICOHBepTop 

ue MO)KeT OT,IlaBaTL ueiiTpoHy 3HeprHIO. Ilpo6er YXH ao3-
pacTaeT, oHH DLixo,nJIT H3 6onee ToncToro cnoJI KonnepTopa. 
Ceqemre oxna)K,ne1111J1 TerrnoeLrx neil:TpoHon a oxn TaK)Ke 
yMeHLWaeTCJI, O,IJ;HaKo OHO OCTaeTC1I KOHeqJILIM npH T ➔ 0 . 
Ilo3TOMY, DO BC1IKOM cnyqae rrpn OTCYTCTBHH 3axnaTa, yae
mI'ICHHe rny6HHbl DLIXO,na CKa3bJBaeTCJI CHnLHee, 'leM yMeHL· 
meHne reHepan;u11 11 n&1xo:n YXH rrpH oxna,K,n;emm IcounepTopa 
pacTeT. Pac'leTLI, ocnonamn,1e na HMeIOWHXCJI ,na11m,Ix o rpo-
nouHLIX cneIcrpax newecTn /16/ rro,nTaep:>1c,na10T 3TOT . 

DLJBO,n /cM. pnc. 2 H Ta6n. 2, 3aHMCTBOBaHHbie 113 /Ia//. 
34JrpeKT oxna»c,neHHJI oco6e1rno nemIK ,Ilnn nemecTn c oqenL 

. -
ManLIM oT11owe1111eM ce'leHmI 3axnaTa 1, ceqeumo pacceJIHHJI, 
TaKux KaK nImena,i: no.na, rronnJTHnen, 6epunnHii. 3Kcrrepu
MeHT no,IlTDep>K,IlaeT pocT nLJxo.na YXH npu oxna,K,nemm 
Ico11nepTopa. TaK, n /Jd/ rronyqeno, 'ITO rrpH oxna,ic,neH1111 
nonH3THnenonoro JCOHBepTopa OT KOMHaTHOH TeMrrepaTypLI ,IJ;O 

0 
90 IC rroTOJC YXH nLipoc n 4±0,2 pa3a; oxna)K,n;eIrne rH,np11,n;a 
n;HpKOHHJI .no 130 ° IC ,nano ynenH'leHHe IIOTOKa B 2,3±0,2 pa-
3a. 

Ha.no 3aMeTHTb, 'ITO B o60HX cnriaax BbJHrpLJW OI<a3ancJI 
MeH&we pac•1eT11oil: nenHqHHbl, pannoii 5,5 ,IlnJI rronH3THnena 
II 3,4 Ann ru,n;pH,na ll;HpICOHHff. IlpIPUrna paCXO)K,IJ;eHH.1111e113ne
CTHa, MO>KHO IIO,D;O3penaTL YIIOM1iHYTOe BLJWe BnHHHHe pac
ceJIHHH YXH na Heo,n;Hopo,n;HocT11x, KoTopoe n pacqeTax He 
yqnTLmanoci.. 

C TO'IKH 3peHH11 Bblxo,n;a YXH MaTepuan ,n;nn 1connepTopa 
.nonmeH y,nonneTnopilTL ycnonmo "c << uHarp , r,n;e aaarp 
umKirn H3Bne~n. H3 .naHHLix o rronHLIX ce11emuIx .D:m1 xono,n;HLix 
HeiiTpOHOB / E ~ 10-3 3B/, BLI'-IHTaa ceqeHHff 3axnaTa 
II ynpyroro pacce!IHHH. HeiiTpoH, o6pa30BaBWHHCff B I<OHBep-

II 



i 
:! 

!! 

!'/. 

12 

C\2 

I 
'O 
a:J 
E-i 

o::c: 
a 
0 
er:> 
II -co 
~ ifi 

II ~ 
E◄ 

~ t'I) 

r- ~' 
:sr 0 
~ j::l · 

Ct) 

p:i :sr 
0 
A I=[ 
0 0 

~ ~ 
(1) p:i 
p:i 
::q E◄ 

~ I 
~ gi· 

~H 
>, a:J 

I=[~ 
0 

i 

E◄ 
tel 
(1) 

I 
~ 
i::::: 
0 

~ 

E◄ 
(1) 

i:r 
0 

~ 

§i 
E◄ 

~ 
§ 
~ 

-~ .. 
a 
+I 
a .. 
H 

(j) .. 
a 

..._s:, 
-.::-~ 

::c 
~ 

rl'1 

E:; .. 
a 
+I 

~ .. 
a 

~ .. 
a 

~ 
H 
a .. 
0 
+I 

(!) 
(j) 
a .. 
a 

fo 
a ... 
a 

~✓ 
~q 

(S") ~-
.:::z:: 

t:J 
ri-J 

0 

0 ::q 
Q) 

~ 
0 
l=l 
(1) 
:s: 
in 
lJ" 
ai ::q 
Ct) 

0 
E◄ 

(T) -~ 

lO~ <P(f«) 

IS 

• 
s 

, ,. I# 

I 
I 
I 

@: 
>cl 

I 
I 

Z'i -
PHc. 2. Pac•1eTua11 3aBHCHMOCTh noToKa YXH OT TeMnepaTy· 
Phi KOHBepTopa. no OCH a6CUHCC - TeMnepaTypa KOHBepTopa, 
no ocH op.U.HHaT - noToK YXH /3a I npHHHT noToK H3 nonu-
3THneua npH TK =300 ° Kl. TeMnepaTypa cne1<Tpa Tenno
BbIX ueiiTpouoe npHHHTa TH ·=300° K. I - nonH3THneu; 
2 - 6epHnnHii; 3 - rHJJ.PHJJ. UHPKOHHH; 4 - MarHHH; 5 - amoMH· 
HHH." 
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Tope c 3HeprHeii E', 6y,neT HMeTh B BaKyyMe 3Heprmo 
E = E' + UK , r,ne UK - rroTemi:HanhHaH 3HeprHH HeiiTpoHa 
B aeui:ecTBe KOHBepTopa. B ropHJOHTanbHOM Heil:TpOHOBO,ne 
6eJ 6onhlIIHX IIOTeph pacrrpocTpaHHIOTCH Heil:TpOHhl C 3HeprH
eil:, MeHhllleii rpaHHtIHOH 3HeprHH HeHTPOHOBo,na Erp = UH . 
TaK KaK E' >0, TO ,noJDKHO 6bITh UK < U w II pH Me,nHOM 
Heil:TpOHOBo,ne 3TO ycnoBHe llCKilIOtiaeT TaKHe xopollllle KOH
aepTOphl KaK D2 0, Be, rpacpHT. HeK0Toph1e xopolIIHe KoH
aepTophI, HaIIpHMep,Bo,na, opraHHtieCKHe iKH,nKOCTH HCKnw
qaIOTCH Tpe6oaaHHeM HHJKoro ,naaneHHH rrapoa; ,npyrHe, Ha
rrpHMep, IIOilH3THne~ - Tpe6oaaHHeM pa,nHaUHOHHOH CTOHKOC -
TH B none HJnyqeHHH peaKTopa. 3TH- orpaHHtieHHH IIPHBenH 
K TOMY, 'ITO B rrepBOH pa6oTe rpyIIIIhl · ,lJ;y6Ha - llHCTHTYT 
aTOMHOH 3HeprHH HM. KyptiaTOBa /17/ B KatieCTBe KOHBep
TOpa 6bm HCIIOilhJOBaH anIOMHHHH, ,nnH KOToporo cpaKTOP 
a oxn ( ac+ a Hard JapeJaeT Bhixo,n YXH rrpHMepHo B lOpaJ. 
B ,nanhHeiillleM 3Toii rpyrrrroii 6hmH orrpo6oBaHhI 6onee Bhiro,n
Hhie KOHBepTOPhl - rrpoTOtIHaH BO,na B TOHKOM anIOMHHHeBOM 
cocy,ne, MarHHH, rH,npH,n UHPKOHHH. Ha6n10,naBll1HecH cKopoc
TH ctieTa YXH rrpe,ncTaBneHhI B Ta6nHue 3, B KOTopoil: rrpH
ae,neHhI TaKiKe H peJynhTaThI rpyrrrrhI ,lJ;y6na - H.H<I> AnMa-ATa 
H rpyIIIIhl B.M.Jio6allleBa HJ JleHHHrpa,ncKoro HHCTHTyTa 

. 12 2 
H,nepHOH qJHJHKH. IlpH TerrnOBOM IIOTOKe <llo ==5 10 H/CM ceK 
rroToK YXH B HHTepaane O < E 6 Erp HJ xopolllero Kon
aepTopa, ,nnH KOTOporo ac << %arp,11arrpHMep, ,nnH rH,npH,na 
UHPKOHHH, rrpH Me,nHoM HeiiTponoao,ne /Erp ==0,17 MK3B/ 
H TH ==400 ° K cocTaBnHeT 

qi 
yxH 

I Erp 2 
= - <llo (--) = 17 HlceK. 

8 TH 

CKopoCTh CtieTa c ytieTOM IIOTepb B neil:TpOHOBo,ne H 50o/o- OH 
3cpcpeKTHBHOCTH ,neTeKTopa ,noniKHa 6bITh IIPHMepiio B 5 paJ 

2 
MeHbllle, T.e. rropH,nKa 3H/CM CeK. Ha6n10,naeMaH CKOPOCTh 
ctieTa /Ta6n. 3, CTP0KH 5 H 6/ 6nHJKa K 1 H/cM 2 ceK, T.e. 
B HeCKOilhKO paJ MeHbllle . .HBnHeTCH nH paCXOiK,neHHe peanh -
HhIM H KaKOBhl ero IIpHtIHHhl, B HaCTOHIIJ:ee BpeMH He HCHO. 
CrreKTP rroToKa YXH, BhIXO,nHUJ:HX HJ Me,nHoro KaHana c amo
MHHHeBhIM KOHBepTOPOM, HJMepHnCH ,nOBOilhHO rpy6o B pa-
6oTe /1 7/. CxeMa H peJynhTaTbl 0IIhITa rrpe~CTaBneHbl Ha 
pHC. 3. Ha IIYTH K ,neTeKTopy HeHTPOHhl rrpoxo,nHnH KoneHO 
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Pnc. 3. OnhIT no H3Mepeamo cneKTpa YXH: a - noaopoTaoe 
KOneHo H3 Me,naoii Tpy6hI, ycTaHOBneHHOe Ha IIYTH YXH 
K ,neTeKTOpy; B . - 3aBHCHMOCTh CKOpOCTH Cl.le Ta ,neTeKTOpa 
oT BhICOThI Koneaa; c - n.neanH3HpoaaHHhIH cneKTP YXH HJ 
Al -KOHBepTopa B Me,IlHOM iieiiTpOHOBo,ne. H - BhICOTa 

no,n1>eMa HeiiTpoHa B none TH)KeCTH B CM, npHMepHo paBHaR 
3HeprHH HeiiTpOHa B HaH03B. 

16 

H3 Me,naoii Tpy6hI, BhICOTa KOTOporo h Morna H3MeHHThCH 
/pHC. 3a/. IlpH h > 0 /KoneHo no.nHHTO/ a ,neTeKTOp npoxo,nHT 
HeiiTpOHhI, 
H = E/mg 

BhICOTa no,n1>eMa KOTOphIX B none TH)KeCTH 
6onhIIIe BhICOThI Kone Ha h. lfacneHHO BhICOTa 

no,nbeMa B CM no'ITH TO'IHO paBHa 3HeprHH HeiiTpOiia, Bhipa
)KeHHOH B H3B / HcM=O,98 E H3B/. Ilpn h < 0 /Koneao ony
II..1eHo/ HeiiTpOHhI, KOTOphie npH na.neHHH C BhICOThI h ycKo
pHIOTCH .no 3HeprHH, 60nhIUeii Erp HeHTPOHOBO,na, nornoII..1a
IOTCH a Me,IlHhIX CTeHKax; B ,neTeKTOp npoxo,nHT TOnhKO 6onee 
Me,nneHHhie HeiiTpOHhI. 'Ha PHC. 3c noKa3aH n.neanH3HPOBaH
HhIH BH,n O)KH,naeMoro CQeKTpa YXH: nHHeiiHaH ,3aBHCHMOCTh 
OT 3HeprHH; cneKTP HalJ:HHaeTCH OT rpaHHlJ:HOH 3HeprHH anm
MHHHH H KOHlJ:aeTCH npH rpaHH'IHOH 3HeprHH Me,nn /no OCH 
a6CQHCC OTnO)KeHa BhlCOTa no,nbeMa H, nponopQHOHanhHaH 
3HeprnH/. Ha PHC. 3B cnnoIUHhie nHHHH npe,ncTaBnHIOT CKO -
poCTh ClJ:eTa ,neTeKTopa B cfiyHKQHH BhICOThI Kone Ha h' pac
ClJ:HTaHHYIO .nnH cneKTpa: PHC. 3c. KpHBhie nocne HOpMHpoa
Irn Hennoxo COOTBeTCTBYIOT 3KcnepHMeHTanhHhIM TOlJ:KaM, 
'ITO. MO)KHO paccMa TPHBa Th KaK no,nTBep)K,IleHHe cnpase.nnu
BOCTH B OCHOBHhIX qepTax cneKTpa 3c. 

---26. ,l(pyzue cnoco6bt no/ly1Je1tUJ1 YXH 

Ha puc. 4 npuse.neua cxeMa BepTHKanhHoro Kauana YXH, 
coJ,naHHoro lliTeiiepnoM B M1011xeue I 4, 51. 3.nech 1 - aKTHB
HaH 30Ha peaKTOpa, 2 - rpacfiHTOBhIH KOHBepTop, rrpHMhIKaIO
IQHH I< aKTHBHOH 30He. IloTOK TeITnOBhIX HeHTPOHOB Ha I<OHBep
Tope COCTaBnHeT 1013 H/CM 2 ceK. 4 - KpyrnhlH MC,IlHhIH 
neiiTpOHOBO,Il, cnerKa II30rHyThIH /pa,nnyc KPHBH3Hhl 35 MM/ 
.nm1 ycTpaHeHHJI cfioua 6hlCTphIX ueiiTpOHOB H raMMa-KBaHTOB. 
3 - BpaII..1aIOII..1HHCH npephIBaTenh, 06ecne1.JHBaIOII..1HH B H3Mepe
IIHHX no apeMeHH nponeTa B o6nacTH 3Heprnii 0,5 - 20 MK3B 
pa3peIUe1rne lOo/o. YqacToK ueiiTpoaoao.na HH)Ke npephIBaTenH 
npe,ncTaBnneT co6oii amoMHHHeByIO nonnpoBaauyro Tpy6y, 
3neKTponHTHlJ:eCKH IIOKphITYIO HHKeneM. 5,6 - o6pa3eQ, ,neTeK
TOP BF3 c Al -oKHOM TOnll.lHHOH 0,1 - 0,25 MM, KpHo
cTaT .nnH oxna)K,IleHHH 06pa3Qa. M3MepeHHH noKaJanH, 'ITO 
na6nro.naeMaJI 3aBHCHMOCTh CI<OpOCTH Cl.JeTa ,neTeKTopa OT 
npeMeHH nponeTa COOTBeTCTByeT MaKCBennoBCKOMY cneKTPY 
neiiTpOHOB, BhIXO.Il.ffll.lHX H3 I<OHBepTopa. A6conIOTHaH aenHlJ:H-

17 
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Pnc. 4. BepTHKanhHhiii KaHan YXH: 1 - aKTHBHaH 30Ha pe
aKTopa; 2 - rpaqmTOBhIH K0HBepTop YXH; 3 - Bpama10mniicH 
npephIBaTenh; 4 - MeJ].HhIH HeHTPOHOBOJ].; 5 - 06pa3e11, 
noMemeHHhiii B KpnocTaTe; 6 - .n;eTeKTop BF3 c Al -oK
H0M TOilIUHHOH 0,1 - 0,25 MM; 7 - Al -0KH0 TOilIUHHOH 
0,1 MM .. 

18 

Ha HHTeHCHBH0CTH C00TBeTCTByeT O)KHJ].aeMOH, ecnn .n;ony
CTHTh' qTo cpeJ].HHH BepoHTH0CTh no Te pH Heii:Tpona npll 
0J].H0M 0Tpa)KeHllll OT CTeHKll ueiiTpOHOBOJ].a C0CTaBnHeT 
4-5o/o. B o6naCTH :rneprnii 0, I MK3B Il0Tepll B neii:TpOHOBOJ].e 
CfflI)KaIOT CK0p0CTh cqeTa npnMepH0 B 30 pa3. 
TipeHMymecTBOM BepTHKanhH0ro KaHana HBnHeTCH 6onbIIIaH 
CBo6o.n;a B Bb16ope MaTepHana K0HBepTopa; X0TH ll3 K0HBep
Topa Bh!X0J].HT HeiiTpOHhl C 3HeprHeii £ >UK,Y J].0CTaToqno 
Bh!C0K0 pacnono)KeHH0ro 06pa311a cneKTp 6y.n;eT Ha'IHHaThCH 
C HynH. 

lllTeiiepn /21, AHTOHOB, Bynh H Ka3apHOBCKHii: /2o/H Ka
rnyKees / 21 / npe.n;no:>Kmm necKonhK0 sapHaHT0B MexanH'!e
CKHX YCTpOHCTB, npeJ].Ha3Ha'leHHhIX J].IlH 3aMeJ].neHHH xono.n;
Hh!X HeiiTpoHoB .n;o o6nacTH YXH. Ha pHc. 5 npHBCJ].eHa .n;nH 
npHMepa cxeMa HeiiTpOHHOH Typ6HHhl lllTeii:epna. 1'13orHyThie 
nonaTKH yKpennenhl H~ 060.n;e Bpama10merocH Koneca H .n;sH
:>KYTCH c oKpy)Knciii CKopocThIO, cKa:>KeM, v =25 M/ceK. 
Heii:TpOHhl co CK0p0CThIO nopHJ].Ka 5OM/ceK nanpaBnHIOTCH 
H3 JepKanhnoro Heii:Tpouoso.n;a Ha nonaTKH no.n; yrnoM, npH 
K0T0P0M npollCX0J].llT 3epKanbH0C 0Tpa:>KeHHe. TTocne ne
CK0ilbKllX nocne.n;osaTenbHhIX OTpa:>KellllH IICHTPOH B CllCTCMC 
KOOpJ].llllaT nonaTKll 0TKflOHHeTCH Ha yron, 6nll3Kllll K 180 ° ' 
H J].Bll:>KCTCH co CKOpOCThlO 50 - 25 = 25 M/ceK s nanpaane
Hllll, o6paTHOM CKOpOCTll nonaTKll. B na6opaTopnoii: CllCTeMe 
K00pJ].HHaT ero CKOpOCTb 6y.n;eT 6nll3Ka K nyn10, T.e., npo
X0J].H qepe3 Typ6HHY, neii:TpOHhl 3aMe,l].nHIOTCH J].0 o6naCTH 
YXH. ' 

KaKoBa cpaBHHTenhHaH ::icpcpeKTllBHOCTb J].Bll)KYIUHXCH 3ep
Kan, sepTHKanhHhIX H ropH30HTanhHhIX Kananoa YXH? OTBeT 
6hlCTpee scero MO)KH0 nony<lllTb, OilHpaHCh Ha TeopeMy 
JlHyBHnnH, cornaCHO KOTOpoii: nnoTHOCTh cpyHKIIHll pacnpe.n;e -
neHHH HeiiTpOHHoro ra3a B cpa30BOM npocTpaHCTBC npH J].BH
)Keflllll OCTaeTCH IlOCTOHHHOH. TipocTpaHCTBeHHaH nnOTHOCTh 
neiiTpOHOB paBHa nnoTH0CTH /cpe.n;Heii:/ .B cpa30BOM npocT
paHCTBe, YMHO)KeHHOH na o6'beM npoCTpaHCTBa HMnynbCOB, 
3aH0MaeMbiii: Heii:TpoHaMH. Tiocne.n;unii ecTeCTBeHHO cqnTaTh 
OJ].HHaK0BbIM J].IlH acex cnoco6oa npnroTOBneHHH YXH /Ha -
npnMep, YXH 3aHHMaIOT o6nacTh ::iHeprnii OT O .n;o E rpH 
yrnoBoe pacnpe.n;eneHHe CKOpOCTeii H30TPOilHO/: llcXOJ].HhlH 
cneKTP TennoBbIX HeiiTpOHOB TaK:>Ke cqnTaeM OJ].HHM H TeM 
:>Ke, Tor.n;a /c TOqHQCThIO J].0 OTnnqnH 6onh1IMaHOBCKOro cpaK-
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T0pa e - E/k TH OT 1/ IIn0TH0CTh B cpa30BOM npocTpaHCTBe 
TaK)Ke o,nHa n Ta )Ke ,nnH Bcex cnoco6oB npnroToBneHHH 
YXH. Ho Tor.na HJ TeopeMhI JlnyBnnm1 cpa3y cne,nyeT, 'ITO 
npocTpaHCTBeHHaH IIn0TH0CTh, a, 3Ha'IHT, H n0T0K YXH He 
JaBHC_HT OT cnoco6a HX npnroT0BneHHH. PeanbHO, K0He'IH0, 
M0ryT B03HHKHYTh pa3nH'IHH, CBH3aHHhie C 0TKnoHeHHHMH 
ycTaH0B0K OT n.neana, HanpnMep, .nononHHTenbHhie noTepu 
Heii:TpOHOB H3 - 3a nnoxoii: noBepXH0CTH 3epKan II T .,n. B Ha
CTOH~ee BpeMH elll,e HeT ,naHHhlX ,nnH cpaBHeHHH pa3nH'IHbIX 
HCT0'IHHK0B YXH C T0'IKH 3peHHH TeXHH'leCKOH peann3a1um. 
XOTH Mexann11eCKHe 3aMe,nnnTenn Heii:TpOHOB B npHHIJ;Hne 
n He ,naIOT BbIHrphillla·no cpaBHeHHIO c co6npaHueM "roTOBbIX" 
YXH H3 peaKT0pa, Ha npaKTHKe 0HH M0ryT 0Ka3a Th CH no
ne 3HblMH, HanpnMep, ,nnH pa60Thl C YXH Ha y)Ke HMelOlll,HXCH 
ny11Kax Tenn0BhlX nnn xon0,IJ;HhlX Heii:TpOHOB. 

IlpnBe,neHHhie Bhlllle coo6pa)KeHHH HCKTTIO'laIOT B03M0)K
H0CTb yBenu11eHHH nnoTH0CTH YXH nyTeM, HanpnMep, C)KaTHH 
Heii:TpOHHOro ra3a noplllHeM. O,nHaKO "c)KaTne" BO BpeMeHII -
ncnonh30BaHne HMnynhCH0ro Heii:TpOHHoro HCT0'IHHKa - M0-
)KeT ,naTb 3Ha'IHTenhHhlH Bhmrphllll. Ecnn B Heii:TpOHHYIO 
n0BYIIIKY BB0.IJ;HTh YXH B M0MeHT BCnhllllKH HMnynhCHoro 
peaKTopa, a no 0K0H'laHii:H BCnhIIIIKH H30nHp0BaTh noBylllKY, 
TO B u,neanhHOM cny11ae OTCYTCTBHH noTepb nnoTH0CTh YXH 
B n0BYIIIKe 6y,neT C00TBeTCTB0BaTh nHKOBOH nn0TH0CTH 
Heii:TpOHOB, K0T0paH M0)KeT Ha HeCK0TThK0 nopH.D;K0B npe
B0CX0.IJ;HTh cpe,nHIOIQ no "BpeMeHH hS, 24,:ITycTb T H 0 -
C00TBeTCTBeHH0 ,nmITenhH0CTh BCnhIIIIKH /no Tenn0BbIM HeiiT
poHaM/ u HHTepBan Me)K,ny nocne,noBaTenhHhIMH acnhIIIIKaMH 
HMnynhcHoro peaKTopa. S - nnolll,a,nh u3ny11aIOlll,eii: YXH 
noBepxH0CTH K0HBepTopa, Tz - .nnnTenhH0CTh 0TKPhIToro co

CT0HHHH 3aTB0pa YXH /C'IHTaeM r
1 

> r/,!,- BHyTpeHHHH 
noBepXH0CTh cocy,na, B KOTOphlH YXH nocTynaIOT H3 K0HBep
T0pa, µ - Bep0HTH0CTh noTepH YXH npH 0.D;H0M OTpa)KeHHH 
OT CTeHKH cocy,na, s - nnolll,a,IJ;h 0TBepCTHH, 11epe3 K0T0poe 
YXH oT6upaIOTCH HJ cocy,na .nn11 ucnonhJ0BaHHH. Ecnu n 
cpe,nHHH nn0TH0CTh YXH B cocy,ne, no - cpe,nHHH nn0TH0CTh 
YXH Ha noBepX}I0CTH IICT0'IHHKa, TO, npnpaBHHBaH qucno 

. YXH, nocTynaIOlll,HX B cocy,n 3a 1 BCnhllllKY H qucno, no1<n-
. ' 

,naIOlll,HX cocy.n Ja o,nnH nepno.n, HMeeM: 
n 0 v nv 

- 4 - S0 = - !Sr + Iµ0 + s0 I. /7a/ 4 - - I 
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B /7a/ npeHe6peraeTCH_ HJMeHeHneM n BO BpeMeHH, npo
cTpaHCTBeHHoii: He0,nHopo,nH0CTblO pacnpe,neneHHJI YXH B co
cy,ne, pacna,noM neii:TpoHa. AHanorn11Ho, npu CTau.noHapHoM 
pe)KHMe pa60Thl peaKT0pa Ha TOH )Ke M0lll,H0CTH 

n O V S 
-4- _ ~ (S +Iµ+ s). 

- 4 /76/ 

CpaBHHBaH /7a/ u /76/, HaX0.IJ;HM cpaKTOp Bhmrphillla, KOTOphlH 
,naeT HMnynhCHhlH pe)KHM: 

n 
1 + 

nl 

J - TI /0 

r /0 + Iµ/ S + s/S 
I 

/8/ 

Ilpu o6Cy)K.IJ;eHHH /8/ 6y,neM C'IHTaTh, 'ITO BpeMJI coe,nHIIeHHH 
cocy,na C HCT0'IHHK0M C0CTaBnHeT ManyIO .nonIO HHTepBana 
Me)K,ny BCnhllllKaMH, T. e. r 1 I 0 <<1 • B 3T0M cn,y11ae Bhmrphllll 
OT HMnynhcnoro pe)KHMa 6y,neT BennK, ecrin JHaMeHaTenh 
/8/ 6y,neT Man no cpaBHeHHlO C 1. ,[(nH 3T0ro Tpe6yeTCH, 
11To6b1 cBeTHlll,aH nnolll,a,nh K0HBepTopa 6hlna - BennKa no 
cpaBHeHHlO C 3qlqleKTHBHOH nornoI.QaIOlll,eii: noBepXH0CThlO 
cocy,na Iµ + s. ,[(nH HeK0T0phIX Belll,eCTB_ M0)KH0 0)KH,IJ;aTh 
3Ha11eHHH Bep0HTH0CTH nornolll,eHHH npn 0.IJ;H0M 0Tpa)KeHHH 
B .nnanaJoHe 10- 5 

• Ecnu y,nacTCH peanHJ0BaTh Ha onhITe 
CT0nh Manhie 3Ha'leHHJI µ, TO, BepoHTH0, M0)KH0 6y,neT 3a 
C'leT HMnynhCH0ro pe)KHMa pa60Thl .IJ;0CTHrHyTh yBenn11eHHH 
nn0TH0CTH y,nep)KHBaeMhlX B cocy,ne YXH Ha HeCKOnhKo·no
PH.IJ;K0B. ,[(nH 3Toro Hy)KH0 6y,neT elll,e pelllHTh HenpoCTYIO 
Ja,naqy C03,IJ;aHHH HCT0'IHHK0B H .IJ;0B0TThH0 6bICTphIX 3aTBO
poB YXH 6onhlllOH nnolll,a,nn. 

3. Yoepxa11ue YXH 

PelllaH 3a,na11y 06 0Tpa)KeHHH nnoCKOH HeiiTpOHHOH B0TTHhl, 
na,naIOlll,eH 113 BaKyyMa na 11,neanhHYIO nnocKyJ-O rpaHHU.Y 
non~6ecKOHeYHOfi cpe.nw, B KOTOp~ii Ha HeHTPO~ .neiiCTBiiT 
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noTemumn V = U-i Uz , HeTpy.nHo rronyqnTh cne.ny10~ee Bbl
pa)KeHne .l(nH eepOHTHOCTH TIOTepu HeHTPOHa H3 3epKanhHO 

OTpa)KeHHOro TIY'-IKa: 

/l 
= 2 Uz 

u \!] 

X 

2 -x 
/9/ 

B /9/ x = v/v rp • Cos (J, v- CKOpOCTh HeiiTpoHa, vrp -
rpaHH'-IHaH CKOpOCTb, COOTBeTCTBYIO~aH 3Hepruu HCHTPOHa 
£ rp = U /npe.nnonaraeTcH U > 0 I. Bb1pa)Ke11ue /9/ crrpa
ee.nnneo npn /L <<-'. I. ~eiicTBHTenhHaH '-laCTb noTeHunana U 
onpe.nenHeTCH Bbipa)KCHHeM /1/ U = 2111i 2 NRe b/m. Ka-
3anocb 6bl, MIIHMYIO '-IUCTb TIOTCHUHana MO)KHO nony'-IHTb, 
TIO.l(CTaBHB CIO.l(U BMCCTO .l(CHCTBHTCnbHOH '-laCTH .nnnHbl pac
CCHHHH ee MHHMYIO '-IUCTb Im b' nponopunoHanbHYK\COrnac
HO OTITH'-ICCKOH TeopeMe, nonHOMY CC'-lellHIO B3aHMO.l(eHCTBHH 

HeiiTpona a t 

Im b = k at_ 
-7r, 

r .ne k - BOnHOBOC '-IHCno HeiiTpOHa. 3To, 0.l(HaKO, He COBCCM 
TaK. B ca MOM .l(CJIC I B npucyTCTBHH KOMIInCKCHoro TIOTCHUHa
na pacnpOCTpallHIO~aHCH B cpe.ne nnocKaH HeHTPOHIIaH BOnHa 
3aTyxaeT C nHIICHllblM Ko3¢¢nuue11TOM 3aTyxaHHH, nponop
UHOHanbHblM MHHMOH '-laCTH noTeHuuana U1 /ecnu U1 <<E-0/. 
C .npyroii CTOpOHbl, B KPHCTannH'-ICCKOH cpe.ne, ecnu .nnn11a 
BOnHbl HCHTPOHa 6onblllC y.l(BOCHHoro MaKCHManhHOrO MC)K
rrnoCKOCTHoro paccTOHHHH perneTKH, ynpyroe KorepeHTHOC 
paCCCHHHH HC npHBO.l(HT K ocna6neHHIO HeHTPOHHoro ny'-IKa, 
T.e. nnHeHHblH Irn3¢¢HUHCHT 3aTyxaHHH orrpe.nenHeTCH He 
nonHhIM ceqeHneM, a MeHbllleH Benuqnnott - cyMMOH ce'-leHHH 
3axBaTa, Heyrrpyroro pacceHHHH H yrrpyroro HeKorepeHTHoro 
pacceHHHH * . TaKHM o6pa30M, nporropunoHanbHOCTH Me)K.l(Y 
U 

1 
H at , a, 3Ha'-IHT, H Me)K.ny U 1 H Im b Her. IIo.npo6-

HOe paCCMOTPCHHe 3a.l(a'-IH O HaXO)K.l(eHHH 3¢¢eKTHBHoro 
IIOTCHUHana B3aHMO.l(eHCTBHH HCHTpoHa co cpe.l(OH co.nep)KHT
CH B pa6oTe HrHaTOBnqa /22/, r.ne H3nO)KeHa TaK)KC HCTOPHH 

22 

11 = 55 H/ce,c. 
~ ----

V"=25 ¾el(, 
4 

1i= 5 '¼e,c. 
=- • --

PHc. 5. HnmocTpan.HH rrpununna .nettcTBHH Typ6HHbI lllTeiiep
na. lfaornyTbie norraTKH .l(BH)KYTCH C OKPY)KHOH CKOpOCTblO 
25 M/CeK. Heii:TpOHbl co CKOpOCTblO 55 M/ceK,IIOTia.l(aH Ha 
norra TKY' HCIIhITbIBaIOT He CKOnhKO rrocne.noBa TCnhHblX OT pa -
)KeHHH n IIOKH.l(aJOT nonaTKY co CKOpOCTblQ 55 - 25 = 30 
M/CeK OTHOCHTeJihHO norraTKH, T.e. co CKOPOCThlO == 5 M/CeK 
B na6oparopHOH CHCTeMe KOOp.l(HHaT. 
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Bonpoca. )],anee, npn oTpaiKeHHH neii:Tpona yrrpyroe ne1<0re
peHTHoe paccennne * oc11a611neT 3epKaJihHO oTpaiKeHHhlii 

ny'IOK, npnBO,ttH /napHJJ.Y C rnepoxoBaTOCTHMH JIOBepxHOCTII/ 
K o6pa30BaHHIO KOMilOHeHThl JJ.ll<P$Y3HO·pacceHHHhIX neii:Tpo
HOB. )],ncpcpy3HO·pacceHHHble neii:TpOHhl OCTaIOTCH B cocy)J.e, 
B KoTopoM YXH YJJ.epiKHBaIOTCH, no3TOMY npn ouenKe npeMe· 
HH yJJ.ep)KaHHH YXH B cocy)J.e ynpyroe paccennne ne cneJJ.yeT 
npnHHMaTh "BO BHHManne. C ylJ:eTOM ncero CKa3aHHOro )J.JIH 

neJIH'IHHhI U 1 I U B /9/ npnMeM 

ljl - -
TJ = u -· (Im b) scpcp 

R(' b 

k( ac + a Hy) 

4 rr b /10/ 

B CHJIY 3aKOHa 1/v, cnpaBe)J.JIHBoro JJ.JIH CelJ:eHHH 3axBaTa 
H neynpyroro pacceHHHH, lJ:HCJIHTeJib /10/ He 3aBHCHT OT 
3Heprnn. YcpeJJ.HHH /9/ no yrnaM naJJ.eHHH, HMeeM JJ.JIH n3O
Tponnoro pacnpeJJ.enennn neii:Tponon no yrnaM: 

µ 
2 TJ 
-- ( arc sin y ,_ y y J - y 2) , 

y2 . /11/ 

rJJ.e y 2 = E/ E Pp. ITpn E = Erp µ = "T/. ITpn yMeHbrne-
111111 3Heprnn neiiTpona nepoHTHOCTh noTepn neiiTpona naJJ.aeT; 
npn y « 1 

µ 
4 (J 3 2 ) 

3T/Y +wY + .... /I la/ 

B Ta6rinue 4 J].JIH neKOTOphIX nemecTB rrpnBe)J.eHbl OiKH)J.aeMhie 
3HalJ:eHHH 1/TTTJ , HMeIOmHe CMhICJI cpe)J.Hero lJ:HCJia CTOJIK· 
HOBeHHH co CTeHKOH JJ.O noTepn JJ.JIH Heii:Tpona C 3HeprHeii:, 
6JIH3KOH I< rpaHH'IHOH. BepoHTHOCTh HC'le3HOBeHHH B ceKyHJJ.Y 
neii:Tpona co CKOpOCThlO V , 3aKJIIOlJ:eHHOrO B COCYJJ., panna 

w V --=- µ + ,\ e , /12/ 

* )],nH ar.rnpcpnoii: cpeJJ.hI oc11a611enne orrpeJJ.enneTcH rroJIHhIM 
celJ:eHneM yrrpyroro pacceHHHH. 
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r,n:e f - cpe,n:HHH npo6er Heii:_::foHa MeiK,n:y .D:BYMH CTOiIKHO
BeHUHMH co CTeHKOH, ,\ "' 10 ceK-J - nOCTOH:irnan pa,n:uo
aKTUBHOro pacna.n:a Heii:TpOHa. 06paTHaH nenHlJUHa T = 1/W 
ecTb cpe,n:Hee npeMH y,n:epiKaHHH Heii:TpoHa B cocy,n:e. Ecnn 
cocy.n: 3anonHeH Heii:TpoHaMn pa3nHtJHhlx cKopocTeii:, To 3aTy
xaHue lJUCna Heii:TpOHOB 6y,n:eT He3KCnoHemi;uanhHhIM, TaK 
KaK BepOHTHOCTb nornomeHUH µ 3aBHCHT OT 3Hepruu Heii:T
poua. 

rpynna ,IJ,y6ua - HA3 nponena HeK0Toph1e H3Mepeuun 
npeMeH y,n:epiKaHuH ueii:TpoHoB B cocy.n:ax /1 71 CxeMa 
nocTauonKu onhITa npune,n:eHa Ha puc. 6a. Cocy.n: 3 npe.n:
cTaBnHn co6oii: Tpy6y .n:nuuoii: 2-3 M .n:uaMeTpoM 6714 CM. 
4epe3 seuTunh I cocy.n: 3anonu11nc11 ueii:TpoHaMU U3 KaHana 
YXH. Ilocne 3aKphITUH 0e1nnn11 Heii:TpOHhI Bh1,n:epiKnsanuch 
s cocy.n:e s TetJeuue HeKoToporo speMeuu t, nocne tJero 
OTKPbIBancn BeHTUflb 2, coe,n:UHHH cocy.n: 3 c .n:eTeKTOpOM 
Heii:TpOHOB 4. H3MepeHUH npoBO,n:UnHCb C pa3nUlJHblMH npeMe
HaMU Bbl,n:epiKKU t . 3aBUCHMOCTh, Ha6mo.n:aslllaHCH .n:nH 

\ cTeKnHHHoii: Tpy6h1, npu0e.n:eHa Ha puc. 60; 3,n:ech N - non
e Hoe 4Hcno HeHTPOHOB /3a BbllfeTOM cpona/, 3aperHCTpupoBaH

HblX .n:eTeKTOpOM nocne ' OTKpbITHH ·aeHTHnH 2. IlpHMaH 
Ha puc. 6B COOTBeTCTByeT cpe,n:HeMy npeMeHH y,n:epiKaHHH 
104 ceK. Ha puc. 6c npu0e.n:eHa 3aBHCHMOCTb CKOPOCTH ClfeTa 
,n:eTeKTOpa OT BpeMeHH nocne OTKphITHH BeHTHnH 2 /cyMMH
poBaHO no 6onhllIOMY 4Hcny 3anonHe11nii:/. J13 pnc. 6c cne -
,n:yeT, 4TO cpe,n:Hee npeMH onopOiKHeHHH Tpy6bl COCTaBnHeT 
7 ceK, Tor.n:a KaK ra3oKHHeTutJecKaH BennlfuHa 4f / v I e -
,n:nHHa cocy.n:a/ B.IJ:BOe MeHbllle. Pa3nH4He CBH3aHO C HetJep
HOTOH ,n:eTeKTOpa, OTpaiKaBrnero npnMepHO nonOBHHY na.n:an
llIHX Ha Hero YXH. 

IlepBble 3KcnepnMeHThI I 171 c cocy,n:aMH H3 Me,n:n, nupo
nnTntJecKoro rpacpuTa, 6epunnun n Tecpnona .n:ann .n:nn cpe.n:
nero lJHCna CTOnKHOBeHHH co CTeHKOH .n:o noTepn Heii:TpoHa 
3Ha4eHHH B HHTepnane 500 - 1500, 'ITO 3HalJHTenhHO 
MeHhllle oiKn,n:anrnerocn He TonhKO .n:nn nemecTB c ManhIM 
3aXBaTOM, HO H .n:nn Me,n:n .. IIITeii:epn H KecTep B MIOHXeHe 
nponenn He,n:anHo 3KcnepnMeHT no n3yqe11n10 y,n:epiKaHHJI 
Heii:Tponon B rpatl>nTe no ,n:pyroii: cxeMe /2 3 /_ Cocy.n: o6'heMoM 
7 n co cTeHKaMn H3 nnponnTHtJecKoro rpacpnTa nocne .n:nu
TenhHoro nporpena npn 400° CB naKyyMe 10-7 MM pT.cT. 
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Pnc. 6. l13MepeHnH npeMenn y,n:epiKaHnH YXH B cocy.n:ax: 
a/ cxeMa onhITa: 1,2 - BeHTHnu ,n:nH OTKPhIBaHHH H 3aKpblna
HHH nxo.n:a n BbIXO,n:a HeiiTPOHOB a cocy.n:e ,n:nH xpaHeHHH 3. 
4 - ,n:eTeKTOP YXH. n - 3aBHCHMOCTh 4HCna neii:TpOHOB, 3a
perucTpupoBaHHhlX ,n:eTeKTOPOM nocne OTKpbITHH aeHTHnH 2, 
OT npeMeHH BbI.D:epiKKU Heii:TpOHOB B cocy.n:e 3. C - 3aBUCU -
MOC Th CKOPOCTH ClfeTa ,n:eTeKTOpa 4. OT npeMeHH, nporne.n:rne -
ro nocne OTKpbITJIH aeHTJinH 2, xapaKTepn3y10ma11 CKOpOCTh 
BbITeKamrn HettTp.oHOB H3 cocy.n:a 3 nocne OTKphITHH neHTU
nn. 
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onycKaJic.11 K aKTHBHoii 30He peaKTopa, HanoJIHHJic.11 YXH 

H no,U.HHMaJIC.11 B 3all{HTy •. lf3 Mep11JiaCh 3aBHCHMOCTh qncJia 

HeiiTpOHOB B cocy.u.e OT BpeMeHH nocJie HanOJIHeHH.11. Pe3yJih

Ta Thi OKa3aJIHCh B corJiaCHH C .u.aHHhIMH / l7 < HeCMOTp.11 Ha 

3HaqnTeJihHO Jiy•uuyro oqncTKy nonepxHOCTH rpacfmTa H Jiyq

ume BaKyyMHhle YCJIOBH.11. 

B Ta6JIHI(e 5 npnne.u.eHhl pe3yJihTaThl He,U.aBHHX onhITOB 

rpynnhI ~y6Ha - HA3 no y,u.ep)KaHmo YXH B cocy,u.ax H3 

Me,nn, CTeKJia n Te<IJJioHa. B 3THX onh1Tax 6hmH HcnoJih30BaHhI 

3aTBOphI C nHeBMaTHqecKHM nP,HB?,noM, o6ecneqHBaIOll{He 

6oJiee nJIOTHoe no cpanHeHHIO c 717 3aKphrnaHHe cocy,na 6e3 

ll{eJieii, qTo BH.!\HMhIM o6pa30M He CKa3aJIOCh Ha pe3yJihTaTax. 

BaphHponaJIHCh cnoco6hI oqHCTKH noeepXHOCTH cocy,non, 'ITO 

npHBeJIO K noJiy'leHHIO HeCKOJihKO 6oJihllIHX npeMeH y,nep)KaHH.11, 

'leM B nepnoii pa6oTe / 17 I. Haii.neHHhie H3 onh1Ta cpe.nHne 

'IHCJia CTOJIKHOBeHnii .no noTepu YXH oKa3aJIHCh ,nJI.11 Me,nH 

npHM~pHo B 2 pa3a MeHhllle O)KH_naeMOH BeJIH'IHHhI, .!\JI.II 

CTeKJia npHMepHo e 20 pa3 MeHhllle. Pacxo)K.neHHIO B 2 pa3a 

Bp.11.n JIH MO)KHO npH,naeaTh cephe3Hoe 3Ha'leHHe BBH.U.Y rpy-

6oCTH KaK 3KCnepnMeHTa, TaK H TeopeTH'leCKOH Ol(eHKH, 

KOTOpa.11 He Y'IHThIBaeT, HanpHMep, BJIH.!IHH.11 UiepoxoeaTOCTeii 

H IlOBhlllleHHOii aMnJIHTY.!\hl TenJIOBhIX KOJie6aHHH noeepXHOCT

HhIX aToMoB. I IB/. Pacxo)K_neHHe .nJI.11 cTeKJia, a TaK)Ke ,nJI.11 

rpa~HTa u 6epHJIJIH.!I He no.u..naeTC.11 IlOKa o6b.!ICHeHHIO, He

o6xo,nHMhl ,naJihHeiiUIHe 3KCnepHMeHThl. 

4. ,l(pyzue 3KcnepuMe11111b1 c YXH 

IIponycKaHne TOHKHX IlJieHOK 

Ha MIOHXeHCKOM cneKTpOMeTpe YXH 6bIJIH BhIIlOJIHeHhl 

H3MepeHH.!I nponycKaHH.11 qepe3 TOHKHe nJieHKH HeKOTOphlx 

Bell{eCTB npH HOpMaJihHOM na,neHHH HeiiTpOHHoro IlY'IKa / 5 ,2 5/_ 

Pe3yJihTaThl )J.JI.11 Me,nHoii ~OJihrH TOJIU{HHOH 4, 71 MKM npune

.neHhl Ha PHC. 7 /2 5/. KpHBhle 1 H 2 paCC'IHTaHhl TeopeTH'le

CKH COOTBeTCTBeHHO .u.mr MOHOXPOMaTH'leCKHX HeiiTpOHOB 

H c y'leTOM peaJihHoro pa3peUieHH.ff cneKTpoMeTpa. CorJiacHe 

3KcnepnMeHTa H Teopuu BnOJIHe Y.U.OBJieTBOPHTeJihHOe. OT

MeqaeTC.11, 'ITO no.u.o6Hhle H3MepeHH.11 MoryT CJIY)KHTh .LI.JI.ff 

onpe,u.eJieHH.11 a6COJIIOTHhIX 3Ha'leHHH nJIOTHOCTH MaTepHaJia 
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Puc. 7. Ilponyc1<a11J1e Me,n.J1oii nneHKH ,nmI YXH. 

JI TonmnHhl nneHKH, a TaK)Ke ,n.n11 onpe,neneHm1 ,nnHHhl Kore
peHTHoro pacceHHHH HeiiTpoHa C T0'IH0CThlO "' lo/o. 

3aKOH 1/v 

B pa6oTaxl 4• 
5

•
6

/ rrpuae,neHhI pe3ynbTaThI H3MepeHHH rron
HhIX ce11eHHH ,nnH 30n0Ta, anroMJIHHH, Me.nu, CTeKna, cnIO,IJ;hl 
JI ao3,nyxa. B HHTepaane CKOpocTeii HeHTPOHOB 5 - 100 M/ceK 
ce11eHHH cne,nyIOT 3aK0HY 1/v . H xoporno CMhIKaIOTCH C nu
TepaTypHhlMH ,naHHhIMH ,nnH o6naCTH xono,nHhlX HeHTPOHOB 
/cKOpOCTH C0THH M/ceK/ *. 
Ha puc. 8 rrpuae,neHhI ,naHHhJe ,nnH 3onoTa. IlonHoe ce11eHJ1e 
rrporropunoHanhH0 1/v', r,ne v' - CK0poCTh HeiiTpoHa 
BHYTPH 06pa3ua. IlyHKTHpHaH KPHBaH - 3a:imCHMOCTh 1/v 
V - CKOpOCTh HeHTPOHa B BaKyyMe, - rrpu ManhIX CKOpocni:x 
3aMeTH0 OTKnOHHeTCH OT 3KCIIepnMeHTanhHhIX TO'leK. H3Me • 
peHHH npu HH3KHX TeMnepaTypax Il03BOnHIOT oueHHTh ponb 
neynpyroro pacceHHHH HeHTpOHOB. B cnyqae 30nOTa ,naHHhie 

,nnH TeMnepaTyp 300 u 80° K coana.n.aroT; ,nnH 6onee nerKHX 
aemecTB npH oxna)K,neHHH ce'leHHH 3aMeTHO yMeHbIIIaIOTCH. 
B o6nacTH YXH npu HH3KOH TeMnepaType 06pa3ua nonHoe 
ce11eHHe npaKTH'leCKH coana,naeT c ce11eHHeM nornomeHHH. 
Ban.n.y 3Toro YXH MoryT oKa38;ThCH noneJHhIMH ,nn11 aKKypaT· 
HbIX HJMepeHHH ce11eHHH JaxnaTa. KaK H3BeCTHO, JaKOH 
1/v ,nnH neynpyrux npoueccoa HM~eT MeCTo, ecnu BJauMo·. 
,neHCTBHe HBnHeTCH KOpOTKO,neHCTByIOmHM - y6hrnaeT c pac
CTOHHHeM 6bICTpee, 11eM o6pa,Ho nponopunoHanhHO KBa,npaTy 
paccTOHHHH /CM., HanpHMep, 261 /. B nemecTBe HaHeHTPOH 
Hap11,ny C KOPOTKO,D;eHCTBYIOmHMH 11,nepHblMH cunaMH .n.eiicT· 
BYIOT TaK)Ke MarHHTHbie CHnhI - BJaHMO,D;eHCTBHe MarHHTHOro 
MOMeHTa HeHTpona C MarHHTHbIMH MOMeHTaMH 11.n.pa H 3neKT· 
poHHOH 06ono11KH aToMa. IIITeiiepn paccMoTpen aonpoc o TOM, 
B KaKOH Mepe MarHHTHhie BJaJIMO,neHCTBHH MoryT cKa3aTbCH 
Ha ce11eHJ1H nornomeHHH YXH Is/ . OH npurnen K BhlBo,ny, 
'ITO none 11,nepHoro MarHHTHOro MOMeHTa npHB0,IJ;JIT K OTHO· 
CHTenhHOMY H3MeHeHHIO ce11eHJ1H JaxnaTa nop11,nKa 10-10 • 

BnHHHJle aTOMHoro MarHHTHOro MOMeHTa MO:>KeT 6bJTh Ha 

* Ilpu Bhl'IHCneHHH ce'leHHH HJ HJMepeHHhIX rrponycKaHHH 
BB0,nunacb nonpaBKa Ha OTpa)KeHue HeiiTpOHOB o6pa3UOM. 
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HeCKOJihKO nopH,nKOB 60Jihllle, HOH OHO MaJio. PaCCMOTpeHHhie 
Bhlllle 3KCnepHMeHTaJihHhie ,naHHhie He npOTHBOpe1.Ja T 3THM 
3aKJII01.JeHHHM. 

IlponycKaHHe XHMHl.JeCKH HeO,nHopo,nHhIX 
MaTepHaJIOB 

B H3MepeHHHX C o6pa3UaMH ,n10panIOMHHHH, aJIIOMHHHH 
1.JHCTOThl 99o/o, 6yMarH lllTeiiepn o6Hapy,KHJI, 1.JTO e o6JiaCTH 
MaJihIX CKopocTeii YXH / v < 20 M/ceK/ ocna6neHne ny1.JKa 
3Ha1.JHTeJibHO 60Jihllle, 1.JeM MO)KHO O)KH,naTh H3 3K_CTpanOJIHUHH 
ce1.JeHHii no JaKoHy 1/v I 4• 5, 27 I. OTKJIOHeHne MO,KHO o6nnc -

HHTh ,no6aB01.JHhIM ynpyrHM pacce HHHeM YXH Ha HeO,nHopo,n -
HOCTHX nJIOTHOCTH HJIH c_ocTaBa. 113 cpaBHeHHH Ha6n10,naeMoro 
3HepreTH1.JecKoro xo,na nponycKaHHH c pacc1.JHTaHHhIM B pa3 -
JIHl.JHhlX npe,nnOJIO)KeJIHHX O xapaKTepe Heo,nHopo,nHOCTeii 
/pa3MephI, qiopMa, 1.JHCJIO/ MO)KHO noJiyl.JHTh npe,ncTaBJieHHe 
o xapaKTepnc'I'nKax Heo,nHopo,nuocTeii. lIJMepeHHH yrnoeoro 
pacnpe,neJieHHH pacceHHHhIX ueiiTpOHOB 3Ha1.JHTeJihHO 06ner-
1.JaT H3BJie1.JeHHe nudJopMaUHH O ueo,nuopo,nHOCTHX. 

BJIHHHHe IllepoxonaTOCTH noeepxHOCTH Ha nOJIHOe 
OTpa,KeHHe H nponycKaHHe Me,nJieHHhIX HeiiTpOHOB 

3ToMy eonpocy nocBHIUeHa pa6oTa lllTeiiepna 1281,a Ko
Topoii npoeo,nHTCH TeopeTHl.JeCKHH aHaJIH3 H noKa3hIBaeTCH, 
1.JTO IllepoxoBaTOCTh noeepXHOCTH HBJIHeTCH OCHOBHOH npu-
1.JHHOH noTeph' 11a6n10,naeMhIX npH pacnpocTpaHeHHH HeiiTpo -
HOB B HeiiTpOHOBO,nax nOJIHoro OTpa,KeHHH. B /28/ npHBO,nHT
CH peJyJihTaThl H3MepeHHH nponycKaHHH TOHKOH Me,nHOH 
nJiaCTHHKH ,nJIH YXH e HHTepeane CKOpOCTeii - 3 - 2OOM/ ceK. 
,!J;JIH nonupoeauuoii nnacTHHKH nony1.Je110 cornacne c JaKOHOM 
1/v, Tor,na KaK ,nJIH HenoJIHPOBaHHOH nJiaCTHHKH npn v < 
< 20 M/ceK T01.JKH H,nyT JaMeTHO BhIIlle. ,lJ;aHHhie ,nmI He

nomipOBaHHOll nJiaCTHHKH xopollIO cornacyJOTCH C pac1.JeTHOH 
KPHBOII, )'1.JHTbJBaJOUJ,eI1 BJIHHHHH rnepoxoeaTOCTeI1. ABTOP 
npnxo.nih K BblB0llY, 1.JT0 YXH MoryT 6hITh noneJHbJM cpe.n

CTB0M 113) YeHJrn noeepxuocTeii. 
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PacnpocTpanenne YXH 

B pa6oTe / 17/ n3yqanocb pacnpocTpaHem1e YXH n neil:T
ponoso;::i:ax H3 :rneKTPOilOJIHpoBaHHblX Me)],HbIX Tpy6. JJ;m1 
onucaHHH HCilOJib30BaJiaCb 3JieMeHTapHaH TeopHH ;::i:n¢
¢Y3HH /I 4 a, 171*. )].JIH Tpy6 BHyTpeHHHM )],HaMeTpOM 2R = 
= 9,4 CM YJJ:OBJieTBOPHTeJibHOe onncanne )],OCTHraeTCH npn 
cne;::i:yI0111ux napaMeTpax ;::i:n¢¢y3HH: ;::i:n¢¢y3nonnaH ;::i:nnna L = 
= 4,7M, KoJ¢¢uuue11T ;::i:u¢¢Y3HH D =l,7M 

2 
/ceK. IloJiy'leHHaH 

BeJIH'llllla 11a nopHJ],OK 60JibIµe 3Ha'leHHH Du :c- 2R v/3' OTBe
qa10111ero nonnocTb!0 ;::i:u¢¢y3uonn0My pacceHHHIO YXH npn 

CTOJIKHoBeHHH co cTe11Koii. TaK KaK D = 2-a 
---D0 r;::i:e 

a ' 

a - )],OJIH IICHTPOIIOB, HCilblTb!BaIOIUHX ;::i:u¢¢y3HOHHOe pac
CCHHIIC, OTCIO)],a CJICJJ.yeT a = 0, 18, s Ka'leCTBeHHOM corna
CHH co 3Ha'lel!HCM, K0T0poe ;::i:aeT TeopHH )],JIH napaMCTpOB 
rncpoXOBaTOCTH Tpy6bl, onpe;::i:ene111IbIX C IlOMOIUb!O JJieKTpon
HhlX MHKpo¢oTorpa¢uii ee nosepXHOCTH. 

5. Bo3MOJICHble npuMeHe11uJ1 YXH 

XapaKTepnb1e oco6e11110CTH YXH, TaKue KaK OlleHb MaJiaH 
3HeprnH, 6oJiblllRH )],JIHHa BOJIHbl, B03MO)KHOCTb y;::i:ep)KaHHH 
B 3aMKHYTbIX cocy;::i:ax II MarHHTHbIX JIOBYlllKax, OTKpbIBalOT 
cneuu¢u'leCKHe B03MO)KHOCTH HCilOJlb30BaHHH YXH B 3KCne
pHMeHTe. 3TOT nonpoc B TOH HJIH HHOH Mepe 3aTparnsaeTCH 
BO BCCX UHTHpoBaHHblX Bblllle pa6oTax, CBH3aHHblX C YXH 
/CM., B 'laCTHOCTH, /Is//. B 3TOM pa3)],eJie Mb! ynoMHHeM 
)],JIH IlOJIHOTbl y)Ke o6cy)K)],eHHb!e Bblllle HanpanneHHH HCilOJib -
30BaHHH YXH H KpaTKO o6cy;::i:HM neKOTOpb!e ;::i:pyrue B03MO)K
HOCTH. 

a/ lfayqenue cnoncTB 11eiiTpo11a, KaK 3JieMeHTapHon 'lac
THUhl: 

1/ IlOHCKH 3JICKTPHlleCKOro )],HilOJlbHOro MOMeHTa, 
2/ H3MepeHne nepnoJJ.a nonypacna;::i:a neiiTpona, 

* HeK0Topb1e ;::i:anm,1e o--TO'IHOCTH ;::i:n¢¢y3nonnoro npn6nn
)KCHHH npHMCHHTeJibHO K MOJieKyJIHPHOMY Te'lenmo ra30B co
;::i:ep)Ka TCH B pa6oTe /29 /. OHH npHMeHHMbl H K Te'leHHIO YXH. 
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3/ H3MepeHHH KoppeJIHUHH npn pacna;::i:e HeHTpoHa, 
4/ noncin 3JieKTPH'lecKoro 3apH,Il.a Heii:Tpona. 
I1MeIOl.l\HCCH _31<cnepHMeHTaJibHbie ;::i:aHHbie )],JIH nepuo;::i:a 

nonypacna,IJ.a HeiITpoHa noJiy'leHbI MeTOAOM c'leTa npo;::i:yKTOB 
pacna,IJ.a, BbI,IJ.eJIHIOl.l\HXCH ny'IKOM TenJIOBbIX HeHTpOHOB. )].na 
H3MepeHHH h 01, npeTeH,IJ.yromne Ha Han6oJiblllYIO TO'lHOCTb, 
OTJIH'laIOTCH npnMepHO Ha 1 Oo/o, 'ITO B HeCKOJlbKO pa3 npe -
BOCXO)].HT ornn6Ky H3MepeHHH. Ecnn y;::i:acTCH ,Il.OCTH'lb O)KH,IJ.ae -
MbIX MaJibIX noTepb npn xpaneHHH YXH B oxJia)K,IJ.eHHbIX cocy
,IJ.ax ll3 6epHJIJIHH HJIH rpa¢nTa, MO)KHO 6bIJIO 6bI nocTaBHTb 
onbIT no onpe,IJ.eJieHHIO nepno,IJ.a pacna,IJ.a Heii:TpoHa nyTeM 
HJMepeHHH nepno,IJ.a 3aTyxaHHH qncna YXH, y;::i:ep)KHBaeMbIX 
B 6oJiblllOM cocy,IJ.e. I1cnOJib30BaHHe eme O,Il.HOH He3aBHCHMOH 
MeTO,Il.HKH H3MepeHHH BeCbMa cnoco6cTBOBaJIO 6hl yneJIH'le -
HHIO TO'IHOCTH ll ua,IJ.e)KHOCTH ,IJ.aHHblX O TaKOll ¢yu,IJ.aMeHTaJib -

non KoHCTaHTe, KaK nepno;::i: pacna,IJ.a ueii:Tpoua. 

I1cnoJib3oBanue. YXH no3BOJIHeT no,IJ.HHTb 'IYBCTBHTenb
uocTb onbITa no H3MepeHHIO 3JieKTpH'leCKOrO 3apH,I1.a ueiIT
pona /3 1 ,3 21. H.T.KarnyKeen /3 2/ npnrnen K BbIBOAY, 'ITO 
eCTb B03MO)KHOCTb npn IlOMOl.l\ll YXH ua 2 nopH,IJ.Ka noBbICHTb 
TO'lHOCTb cyIUeCTBYIOl.l\eH ouenKH 3apH,I1.a HeHTpona H ,Il.OBCCTH 
ee AO 10-20 3JieMeHTapuoro 3apH,I1.a. ., 

6/ Jl,IJ.epnaH n peaKTopnaH ¢n3nKa 

l13MepeHHH )].JIHH KOrepeHTHOrO pacceHHHH H ce'leHHH 

nornomeunH ueiITpOHOB. 
n/ <l>H3HKa TBep,IJ.oro Tena, ¢n3H'lecKaH XHMHH. 

1/ l13Mepeune MaJiblX 3HepreTH'4eCKHX C,Il.BHrOB npn 

ueynpyroM n KBaJnynpyroM pacceHHHH. 
2/ J13yqenne CTPYKTYP C nepHO,Il.OM nopH,!1.Ka ,Il.JIHHbl non

Ubl YXH n neO)],HOp0,Il.HOCTeH TaKoro )Ke MaCrnTa6a. IlpnMep: 

MarHHTHaH CTPYKTypa cnepxnpoBO)],HHKOB 2-ro po,IJ.a. 
3/ J13yqenne nonepxHocTeH TBep,Il.bIX Ten no BJIHHHHIO co

CTOHHHH nonepXHOCTH na nponycKaHne H OTpa)KeHHe YXH 
n noTepn npn y,IJ.ep)KaHHH YXH B JaMKHYTOM o6'heMe. 

PaccMOTpCHHIO B3aHMO,IJ.eHCTBHH YXH C neMarHHTHbIMH 
H MarHHTHbIMH MaTepnaJiaMH IlOCBHl.l\eHbl pa6oTbl /33-

351 ; 
n HHX o6cy)K,IJ.alOTCH n HCKOTOpble ,IJ.pyrne HHTepeCHble ,Il.JIH 

¢H3HKH KOH,IJ.eHcHpoBaHHhlX cpe,Il. OilblTbl. 
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r/ HeKOTOphie 6onee 3K30THlfeCKHe B03MO)KHOCTH. 
1/ HeiiTpOHHaH MHilleHL .nm1 H3ylfeHHJI B3aHMo'.neiicTBHJI 

6LICTphlx lfaCTHU co ceo6o,nHhlM HeiiTpOHOM. 
2/ HeiiTpOHHhIH MHKpOCKOn. 

3/ M3MepeHne HH3KHX TeMnepaTyp /~nmnnrpa.nycHhIH 
.nnana3oH/ no 3aBHCHMOCTH n~JIHhIX CelfeHHH HJIH CelfeHHH 
ueynpyroro pacceHHHH OT TeMnepaTyphl 06pa3ua. 

4/ OxJia)K,neune B MHJIJinrpa.nycHoM .nnana3oHe 3a clfeT 
ueynpyroro pacceHHHH /uarpeaa/ YXH. 

OcymeCTBHMOCTh HeKOTOphlx H3 nepelfHCJieHHhlX Bhlllle 
OilhITOB 3aBHCHT OT HHTeHCHBHOCTH ny'-IKOB YXH H OT nJIOT· 
HOCTH YXH B JioByllIKax, K0Top1,1e 6y.nyT .nocTHrHyTLI. IIpnH
unnnaJILHhlii npe,neJI nJIOTHOCTH HenTpOHOB B JIOBYilIKe, Ha
KJIB.IJ;hIBBeMLIH Tpe6oBaHHeM, '-IT06hl ::rneprnH <l>epMH HenT· 
POHHOro ra3a B JIOBYilIKe 6hIJia HH)Ke rpaHH'-IHOn :rneprnn 
CTCHOK, ne,nOCTH)KHMO BhlCOK - 4 10 16 H/CM 3 .IJ;JIH 6epHJI• 
JIHeeoro cocy,na. B HBCTOHll{ee epeMn .IJ;OCTHrHyTa IlJIOT· 
HOCTh 10-2 - 10-1 H/CM 3 • TaKHM o6pa30M HMeeTCH He
orpaHHlfeHilhin npOCT0P .r(Jl}I C0BepllleHCTBOBBHHH HCTO'-IHHKOB 
YXH. 

)J.m1 yBeJIHlfeHHH nJIOTHOCTH HaKonJieHHhlX HeHTpOHOB,6hITh 
MO)KeT ,oco6eHHO HHTepecHhl MarHHTHLie JIOBYilIKH. B Topo-
11.naJILHOH JlOBYilIKe orpaHHlfeua TOJihKO nonepe'-IHaH /pa.nn
BJlhHBH/ KOMilOHeHTa HMilYJILCa HenTpOHa, Tor.na KaK npo
.IJ;OJILHaH /KaCaTeJILHaH/ CJiaraioman MO)KeT HBXO.IJ;HThCH B 

.nnana3oue, 6onee IllnpoKoM, lfeM .nnanaJoH y.nep)KaHHH YXH. 
YBeJIHlfeHne ofrheMa npocTpaHCTBa HMilYJibCOB npHBO.IJ;HT 
K pocTy nJIOTHOCTH HeiiTpOHOB. IIo - BH.IJ;HMOMY' MO)KHO nony
lfHTb BLIHrphllll nopn,nKa .necHTH. XoTH pa6oT no ocymecTBJie• 
HHIO MBrHHTHOH JI0BYilIKH noKa, HBCKOJihKO aBTopy H3BeCTHO, 
He 6LIJIO, paCCM0TpeHne OTHOCHll{HXCH CIO,na, TeopeTHlfeCKHX 
eonpocoe npo,noJI)KaeTcn /3 61. 

6. 3a1<.mo'le11ue 

3a HeCKOJILKo JieT, npome.nmnx c Halfana 3KcnepnMeu
TBJILHoro HJylfeHHH YXH, noKa3aHo: 

1/ y·xH IlOJIY'-IBIOTCH 0THOCHTeJILHO npocTo; HHTeHCHB
HOCTh, .IJ;OCTHraeMaH Ha peaKTope C TenJIOBbIM noT0KOM 
10

13 
H/CM 

2 
ceK, y)Ke .nocTaT0'-IHa .r(JI}I MHornx H3MepeHHH. 

36 

I 
I 
I 

I 
I 
! 

·1 

2/ YXH Be)J.yT ce6H B C0OTBeTCTBHH c TeopeTHlfeCKHMH 
O)KH)J.aHHHMH, X0TJI eonpoc O MCXaHH3Me noTepn YXH B co
cy.u.ax H3 Be, rpacpnTa eme He HceH. 

3/ IIepcneKTHBLI ncnoJILJoeaHHH YXH .u.ocTaTO'-IH0 npn
eJieKaTeJILHLI, '-IT06LI onpae.u.aTh .u.aJILHeHilIHe ycHJIHJI no 
pa3BHTHIO TeXHHKH pa60Thl C HHMH • HCTO'-IHHKOB, neiiTpOHO • 
BO)J.OB, .u.eTeKT0POB 6e3 OTpa)KaJOmero 0KHa, cocy.u.oe C 
6oJihlllHM epeMeHeM y.u.ep)KaHHJI, 3KOHOMHhIX MeTO)J.OB cneKT· 
pOCKOnHH. B CBJl3H C nocJie.IJ;HHM cne.u.yeT OTMeTHTh ycnelll· 
H0e pa3BHTHe B cneKTPOCKOnHH no epeMCHH npoJieTa K0ppe • 
JIHUHOHHhIX Me To.nae 7 37 I, ocymecTBJieHne KOTop1,1x B cny
qae YXH ynpomaeTCH - no KpaiiHeii Mepe ceiilfac·-- oTcyTcT
eneM 6oJihlllHX 3arpy3oK. 

4/ Pa6oTa c YXH, oco6eHHO c "y.u.ep)KneaeMhIMH" ueiiT
poHaMn, 0lfeHh HHTepecua TeM, '-ITO 3)1.CCh Mhl eepHyJIHCh 
K npOCTOH H HarJIH,!J,HOH nocTaH0BKe onhITa, HanOMHHaiomeii 
HHor.u.a ".u.06p1,1e CTaphIC. epeMeHa KJIBCCHlfeCKOH cpn3HKH". 
3To 3BMelfaHHe He OTHOCHTCJI K noncKy 3)].M HeiiTpoHa, 
KOTOPhIH He 6y,neT HH 0lfeHh npOCThIM, HH OlfeHh .u.emeBhIM. 
TaK KBK, 0)1.HBKO, npo6JieMa '-Ipe3Bhl'-IBHHO HHTepecHa, He 
HCKJIIOlfeHO, '-ITO 3TOT onhIT 6y.u.eT ocymeCTBJieH B 6JIH)KBH· 
IlIH e r O )].hi. 

B 3BKJIIOlfeHHe nOJih3YIOCh npHHTHOH B03M0)KH0CThlO no -
6naro.u.apHTh MHornx KOJIJier 11, npe)K~e ecero, ,IJ,OKTOpa 
A.lllTeiiepna, nio6e3tto coo6m11em11x cee.neHHH o xo.u.e II pe-
3YJihTa Tax ceonx nccne.noeaunii. JI rny6oKo 6naro.u.apett 
B. B. r OJIHKOBY' B .M.JlymnKOBY' IO .H.IIoKOTHJIOBCKOMY' 
A.B.CTpeJIKOBY, JI.B.rpomeey, A.M.)J.eMH)J.OBY, B.H.)J.eo
peuKOMY, C.H.HnKonaeey, lO.H.IIanntty, E.3.AxMeToey, 
)J..K.Kannoey, B.A.KouKcy, B, coTpy.nttnlfecTBe c K0TOphIMH 
IlOJiylfeHhl MHorne H3 3KCnepnMeHTaJihHhIX pe3yJihTBTOB, 
npuee.u.ennhlx B HaCTOHIUeM .U.0KJia.u.e. JI npn3HBTeJieu B.K.Mr
naToenlfy, B.M.JlymuKoey, lO.H.IIoKOTHJIOBCKOMY n 
A.B.CTpenKoBy 3a noMOIUh npn no.nroToBKe .u.oKna.u.a. Ena
ro.u.apio lO.M.OcTaueeuqa n M.M.<l>paHKa, npo'-IHTBBilIHX py-, 
Konnch n c.u.enaeumx none3Hhie 3aMelfaHnH. 
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