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BeeoeHue 

B IIOCne,n;Hee BpeMJI IIOJIBHnCJI pJI,IJ; pa60T, IIOCBJI(UeHHLIX 

HCCne,n;oBaHHIO B3aHMO,IJ;eBCTBHJI IIHOHOB C nerKHMH JI,n;paMH. 

Oco6Liii HHTepe(f rrpe,n;cTaBnJIIOT TaKHe nerKHe JI,n;pa, KaK 
4 HeH 3 He /l- 3 /, 3TO, B 'laCTHOCTH, CBJI3aHO C B03MO>K

HOCTLIO IIpOBepKH TeOpHH HMIIynLCHOro IIpH6nH>KeHHJI/4 / H 

ee 6onee COBCpllieHHLIX BapHaHTOB, pa3pa6oTaHHLIX Ha OCHOBe 

TeOpHH BaTCOHa /S/ H HCIIOnLJyeMLIX B HaCTOJI[Uee BpeMJI 

B BH,IJ;e rrpe,n;cTaBneHHJI rnay6epa ,n;nJI HHTeprrpeTaUHH 3KC

rrepHMeHTOB IIO B3aHMO,IJ;eBCTBHIO Me30HOB H HyKnOHOB Bbi

COKHX 3HeprHB C JI,n;paMH. QrrTH'IeCKaJI MO,n;enL, IIpHMeHeHHe 

KOTOpOB OKa3biBaeTCJI ycrrelliHLIM ,n;nJI TJI>KenbiX H cpe.n;HHX 

JI,n;ep, aecLMa yJIJBHMa B cnyqae nerKHX JI,n;ep. HJyqaJI 

pacCeJIHHe IIHOHOB Ha nerKHX JI,n;pax, MO>KHO Ha,n;eJITbCJI rrpo

cne,n;HTb CBJI3b Me>K,n;y <iJaJaMH IIHOH-HyKnOHHOrO pacceJIHHJI 

B CB060,IJ;HOM H CBJI3aHHOM COCTOJIHHJIX. B HaCTOJI[UeB pa-

6oTe Mhl npe,n;rrpHHJinH IIOIIbiTKY paCCMOTpeTb 3TY npo6neMy, 

IIOnbJYJICb HeKOTOpbiMH ynpomeHHJIMH. 
4 

PaccMOTpHM pacceJIHHe IIHOHOB Ha JI,n;pe He B HHTep

aane 3HeprHii 50-150 M3B B HMnynLCHOM rrpH6nH>KeHHH. 

3To OJHa'laeT, 'ITO MLI npeHe6peraeM 3HeprHeii CBJIJH 

HyKnOHOB BO BpeMJI CTOnKHOBeHHJI H C'IHTaeM, 'ITO IIHOH 

pacceHBaeTCJI Ha o,n;HoM H3 HyKnOHOB JI,n;pa. TaKoii no.n;xo.n; 

onpaa,n;aH TeM, 'ITO JI,n;po 4 He - nerKoe. 

HTaK, nonaraeM, 'ITO onepaTopLI pacceJIHHJI qacTHUhl 

Ha CBJIJaHHOM t . (E) H cao6o.n;HoM r . (E) HyKnoHax 
1 1 

paBHhl /o.n;HaKO IIpH pa3HLIX 3Ha'leHHJIX apryMeHTa - 3HeprHH 

BJaHMo.n;eiicTayromeii cHcTeMLI/: t i (E) = r. ( E ') • TaKoii no.n;

XO,IJ; II03BOnJieT BLI6paTL E' B TaKOM BHhe, 'IT06LI BTOPOB 

qneH /5 I B paoeHCTBe 

t . ( E) = T. (E) + T • ( E) • f( E) 
1 1 1 

OKaJanCJI MHHHManbHLIM. 
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llpH BLiqHCJleHHH aMnJlHTYJJ:LI pacceJIHHJI BOCnOJ1L3yeMCJI 
MeTOJJ:OM napuuanLHLIX BOnH. Bo3LMeM 3KcnepuMeHTanLHLie 
3HaqeHH.JI c}la3 pacceJIHHJI nHOHOB Ha CB060JJ:HOM HYKJlOHe, 
BLiqHCnHM OTCIOJJ:a ceqeHHe pacceJIHHJI TT 

4 He H cpaBHHM 
nonyqeHHLie ceqeHHJI C 3KCnepHMeHTaJ1LHLIMH. 

llpH BLiqHcneHHH ceqeHHH He06XOJJ:HMO, pa3yMeeTCJI, 
npOH3BeCTH ycpe.nHeHHJI no pa3J1HqHLIM H30TOn- CnHHOBLIM 
COCTOJIHH.JIM CHCTeMLI TiN H COCTOJIHHJIM no yrnoBOMY MO
MeUTy. )l;anee nonaraeM, qTo npu pacceJIHHH nuoHoB JIJJ:PO 
4 He He B036Y)I(JJ:aeTCJI / annpoKCHMaUHJI KorepeHTHoro pac

ceJIHHJI/, H, KpOMe TOrO, npH BLiqHCJleHHH aMnJlHTYJJ: pac-
CeJIHH.H .nenaeM CTaTHqecKyiO ann~OKCHMal{HIO, T.e. npe
He6peraeM OTJJ:a4eii JIJJ:pa H BHyTpBJIJJ:epHLI"M JJ:BH)I(eHHeM HyK
JlOHOB' B ·HeM. Bcne.ncTBHe 3Toro B swpa)l(eHHH .nn.11 £a -
.IIJJ:epHOH aMnJIHTYJJ:LI pacceJIHHJI 77 

4H e llOJIBJIReTC,SI /6/ tiJaK

TOpH30BaHHLiii c}lopMc}laKTPP Fa ( q 2) 

2 fa=A·Fa(q)·fN, 

r.ne A - qucno HyxnoHoB B JIJJ:pe He , q -nepe.naBaeMLIH 
HMnynLC H f N - ycpe.IJ:HeHHa.JI no BCeM H30TOnHqeCKHM H CnH
HOBLIM COCTO.JIHH.JIM .JIJJ:epHa.JI aMnnHTYJJ:a JJ:Jl..ll pacce.JIHB.JI nHOHa 

Ha HYKJlOHe ..IIJJ:pa reJlH.JI. + 
HTaK, .nn..11 ceqeHH.JI ynpyroro pacceJIHHJI rr- -Me30HOB 

Ha 4He HMeeM: 

j_g;t (e) = [ A· Fa ( q 2 ) • f ~ (8) + f ~ (8)] /1/ 
dO 

£e ± = 

2 i oe ± 
e -1 -------

2ik 

+ -a o603HaqeHHJI f H f noKa3LIBaiOT, HanpasneH JlH cnHH 
HYKJlOHOB no HanpasneHHIO e HJlH npoTHB Hero (e+ = e + L, 
e-=e-...L).. 2 

llocx~nLKY cnHH .JIJJ:pa 4 He paBeH HyJliO, TO aMnnHTYJJ:Y 
pacceJIHHJI C nepeBOpOTOM cnHHa MO)I(HO He yqHTLIBaTL, 
T.K. nocne ycpe.IJ:HeHHJI no BCeM COCTO.JIHHJIM OHa JJ:OJl)I(Ha 

o6paTHTLC.II B HynL. 
llpH HHTepeCyiOlllHX HaC 3HeprHJIX nHOHOB /JJ:O 150 M3B/ 

MO)I(HO orpaHBqHTLC.II yqeToM TOJ1LKO S-, P-HD- aonu. Tor.na 

aMnnHTY.Il:8.: HMeeT BHJJ:: 

£(8) = £0+(2 f 1+ + f 1-) cos8 + ~ (3 £2++ 2 £2-) (3cos2 8 -1). /3/ 

B o6meM BHJJ:e MO)I(HO uanucaTL 

H 8) = s + P . cos 8 + D • 
3 cos 2 8 - 1 ----

2 
/4/ 

r.ne 

S=f0 =Sn 

P=2f.+f =2P +P 
1+ 1- T3 T1 

r.ne f c - xynoHoscxa.ll aMnnHTy.na pacce.JIHH.JI, KoTopyiO 6epeM D _ 3£ + 2£ = 3D + 2D 
a TaKoM )l(e BH.ne. xax B HameR: npe.nw.nymeii pa6oTe /7/. - z+ 2- T 5 T3 

YcpeoHeHue no cnuHy u u3ocnuHy 

)l;nJI ..IIJJ:epHOH aMnJlHTYJJ:LI pacceBHH.JI nHOHa Ha CB060JJ:HOM 
HyxnoHe B onpe~eneHHOM H3oTon-cocTOJIHHH 6e3 nepesopoTa 

cnuHa HMeeM /B :· 
00 

£(8) = ~ [(f+1He++f·fe-lPe(cos8), 
f= 0 

/2/ 

r.ne 

4 

H T - 3HaqeHHe H30TOfiHqeCKOrO cnHHa CHCTeMLI nHoB-HyK

JlOH. 
BBe.IJ:eM ycpe.nHeHHyiO no H30TOnCnHHOBLIM COCTOJIHH.JIM 

aMnJlHTYJJ:Y pacce.IIHHJI JJ:Jl..ll CHCTeMLI nHOH-HYKJlOH .JIJJ:pa 
4

He: 

+ 1 + + 1 £N="4(2<rr-p>+2<rr-n>)=-g(2f 3 ;.2 +£ 1; 2 ), /5/ 

nocKOJlLKY 

<rr+p > = <rr- n> = f 3/2 ' 
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+ l ' <rr- p>=<rr n > =- ( f 312 
3 + 2 f l/2 ) . 

Y'IHTWBag eOOTHOWeHHg /4/, OKOH'IaTenLHO nonyqaeM 

aMnHHTY~Y ~ng S , P H D BOHR B ene~yiOuteM BH~e: 

S =t (2S 3l+SII) 
/6/ 

P= ~ (4P33 + 2P3I + 2PI3 + pll) 

l 
D = "3 ( 6D 35+ 4D 33+ 3D15 + 2D 13 ) 

Br.r<~ucAeHue ce'ieHuu 

~ng BW'IHeneHHg ~H~epeH~HaHLHWX ee'leHHB ynpyroro 

paeeegHHg rr 4 He npH pa3nH'IHWX JHepr~gx 6epyTeg 4la3w 

eBo6o~Horo rr N -paeeegHHJI H3 pa6oTw 81. B ~anLHe8weM 
HeKOTOpLle 3Ha'leHHJI 4la3 MW BLI6epeM B KaqeeTBe napa

MeTpOB e TeM, 'IT06Ll yqeeTL eBg3aHHOeTL HYKHOHa B g~pe. 
EenH ynoTpe6HTL sonHoByro 41YHK~HIO JI~pa 4 He B raye

eoBOB tllopMe, TO ~ng tllopMtllaKTOpa HMeeM: 

2 ( 1 2 2) Fa ( q ) = exp - "6 q R . 

IlpH BLI'IHeneHHH ee'leHHB HaM Heo6XO~HMO, KpoMe Toro, 

eBJI3aTL KHHeMaTH'IeeKHe nepeMeHHLle ~ng B3aHMO~eBeTBHB 

rrN H rrHe. 
~ng JToro nonaraeM 

T.e. 

0TeJO~a 

6 

q 2 = q2 = q 2 
N a 

q 2 = 2kJ (l- cos eN) = 2k~(l- cosea). 

cos eN= 1 -

2 

~ (1- cos ea) 
k2 

a 

/7/ 

.... 

IlpH BLI'IHeneHHgx HenonL3yeM Bee /B TOM 'IRene H He

ti!H3H'IeeKHe/ 3Ha'leHHJI cos eN.3TO eOOTHOWeHHe Ba)I(HO, T .K. 

eenB cos eN= cosea, TO MHHHMYM B ~H~epeH~HanLHLIX ee

'leHHJIX nonyqaeTeJI npH - 90 ° , 'ITO He eornaeyeTeg e JKe

nepHMeHTanLHLIMH ~aHHLIMH. IlpH JHeprHH 100 M3BnepBLIB 

MHHHMYM HaXO~HTeJI npH - 75°. Ero nono)l(eHHe O'leHL Me~
neHHO MeHJieTeJI e H3MeHeHHeM JHeprHH OT 60 ~o 150 M3B . 

B KaqeeTBe napaMeTpoB 6wnH Bw6paHw R ( 4He), o i
3 

/41a3a BOnHw P 33 I H p ·BBe~eHHaJI B S -BoHBy MHHMaJI qaeTL 

TaK, 'ITO S -> S + i p • 

B pa8oHe peJoHaHea 3/2, 3/2 4la3a o ~ 3 gBngeTeJI ~oMH
HHpyro~e8 H nap~HanLHoe ce'leHHe e JTOB 4la3o8 ~aeT oc

HOBHOB BKna~ BO Bee nonHoe ee'leHHe rr N -pacceJIHHJL B ~Ha
na30He :meprHB 70-250 M3Btl!a3Ll o13 npHMepHOHanopJI~OK 
npeBLIWaiDT OeTanLHWe tlla3Ll p ·BOnHLI. 3TO B KaKOB-TO 

Mepe onpaB~LIBaeT BapLHpOBaHHe TOnLKO 3TOB tlla3Ll, He

eMOTpJI Ha TO, 'ITO npH B3aHMO~eBeTBHH nHOHa C HyKnOHaMH 

Jl~pa yqaeTBYIDT H30TOnH'IeeKHe eOCTOJIHHJI, OTnH'IHLle OT 

OeHOBHOrO pe30HaHCHOro.IlpaBOMepHOeTLTaKoro~onyuteHHJI 

~on)I(Ha 6wTL nepeeMoTpeHa no Mepe ~anbHe8wero noBw

weHHJI TO'IHOeTH 3KCnepHMeHTanLHLIX ~aHHLIX. 

B pa6oTax 16 I npH annpoKeHMa~HH JKenepHMeHTanLHwx 

~aHHLIX B Ka'leeTBe napaMeTpa 6epeTeg nH6o BeJI S -BonHa 

B tllopMe S = 2 o 31 + o 11 , nH6o BCJI ~ -BonHa B tllopMe P = 

= 4o 33 + 28 l:l+ 2/3 31 + o 11 BO BCeM paecMaTpHBaeMOM 

JHepreTH'IecKoM HHTepBane /24-68 M3B/. IlpH TaKHX JHep

rHJIX, no- BH~HMOMY, He O'leHL KOppeKTHO 3aMeHJITL aMnnH

Ty~Ll i!la3aMH, H, KpOMe TOrO, 3TH aMnnHTY~Ll eHnLHO 3aBH

eJIT OT 3HeprHH. 

~06aBKa p He06XO~HMa B eBJI3H e TeM, 'ITO Ha eBJI3aH

HWX HyKnOHaX B03MO)I(H0 norno~eHHe, H, eornaeHO OllTH

qeeKOB TeopeMe, MO)I(HO, no- BH~HMOMY, 16 I ene~YIDIItHM 
o6pa30M eBJI3aTL p C nonHLIM Ce'leHHeM HeynpyrHX npo

~eeeOB Ha renHH: 

a inel ~A·p 
k2 

N 
/8/ 

IlpH BLI'IHeneHHJIX ee'leHHB H epaBHeHHH C 3KCnepHMeH

TanLHLIMH ~aHHWMH HenonL30BanacL nporpaMMa MHHHMH3a

~HH 41YHK~HoHanoB FUMILI / 9 ( 
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Pe3yA&mam&l 

)l,JIJI cpaBHeHHJI C pe3yJihTaTaMH Haweii pa60Tbl /3/ Mbl 

cHaqana CJJ.enana BhlqHcneHHe npa R q;11 Kc.= 1 ,45 <PM I c yqe-

r-;;---2 
TOM pa3MepoB npoTOHa: R = yR 3. M.- R P , rJJ.e R 3 • ~1 • = 

= 1,65 <PM; R P = 0,8 <PM/, a JaTeM acnonh30BaJIH TOJih· 

KO OJJ.HH napaMeTp, a HMeHHO R. Ha puc. 1 noKa3aHbl 3KC-

20r-

\\ des n· 4He 
dO, 

mf>/sr 
98 M3fl 

15f- + 
10 

5 

I I 

30 120 150 
s •. apag. 

Puc. 1. AnnpoKCUMOliUJI 3KcnepuMeH•aA&Hozo yzAoeozo pac
npeOeAeHUJI rr 4 He- ynpyzozopacce.RHUJI npu 3Hepzuu 98 Al3B
c oOHUM napaMe•poM R ( 4 He) - Kpuea.R II • TaK:w:e noKa
K030Hbl pe3yAb•a•ba pac.,e•a npu ,PuKcupoeaHHOM R = 

= 1,45 <PM /Kpuea.R I /. 

8 

.. 

.. 

nepHMeHTaJibHble pe3yJihTaTbl npH 3HeprHH 98 Al3B H )J.Be 

yKaJaHHble annpoKCHMaUHH I H II . BHJJ.HO, qTo JaBHCHMOCTh 

OT R oqeHb CHJlhHaJI H, KpOMe TOrO, oqeBH)J.HO, qTo O)J.HOrO 

napaMeTpa JIBHO HeJJ.OCTaToqHo. Ha 3TO yKa3hiBaiOT CJIHWKOM 

6onhWHe 3HaqeHHJI x 2: 

R ' @M x2 

1,45 /!l>HKCHpOBaHO/ 104 

II /1,956 ± 0,015/ 211 

Ha puc. 2a,6noKa3aHbl peJyJibTaTbl annpoKCHMau;HH Tex 

>Ke JJ.aHHhiX no rr 'ile·pacceJIHHIO c TpeMJI napaMeTpaMH: 

R , oJ3 H p .BHJJ.Ho, qTo B 3TOM cnyqae cornacae c 3KC ~ 
nepHMeHTOM oKaJbiBaeTCJI BnonHe YJJ.OBJieTBOPHTeJibHhiM. 

B ma6A. 1 npaBe)J.eHbl pe3yJihTaTbl BblqHcneHHii c yKa

JaHHbiMH napaMeTpaMH )J.JIJI BCeX HMeiOII.{HXCJI npH pa3JIHqHbiX 

3HeprHJIX /B )J.HanaJOHe 50·154 Al3B/ 3KCnepHMeHTaJihHbiX 

.LJ.aHHhiX no rr 4He -pacce.IIHHIO. · _ 

Ha puc. 3,4 H 6noKa3aHbl, COOTBeTCTBeHHO, 3aBHCHMOCTH 

napaMeTpOB R , p H o ;
3 

oT KHHeTaqecKoii 3HeprHH nHoHa. 

06cy:w:OeHue pe3YA&mamoe 

H3 puc. 3BHJJ.HO, qTo R(
4

He) ,Boo6me roBopJI, He pacTeT 

c 3HeprHeii: nHoHa, a Kone6neTCJI oKono HeKoToporo cpeJJ.Hero 

3HaqeHHJI, 6JIH3KOrO K 3JieKTpOMarHHTHOMY pa)J.HYCY Jl)J.pa 

4He /1,65 <PM/. 
liTo KacaeTCJI napaMeTpa p, To JJJ.eCh BHJJ.Ha onpeJJ.eneH

HaJI JaBHCHMOCTb OT 3HeprHH, a HMeHHO: Ha6JIIO)J.aeTCJI poeT 

p C 3Hepraeii llHOHa. IlOCKOJlhKY 3TOT napaMeTp CBJI3aH C 

ceqeHHeM Heynpyrax npou;eccoB, TO 6biJIO 6bl HHTepecHo 

cpaBHHTb 3TH Ce"'eHHJI, llOJiy"'eHHble B3 !l>opMyJihl /8/, 
c 3KcnepHMeHTaJibHhlMB npH pa3JIHqHbiX 3HeprH.IIX. K co>Ka

neHHIO, K HaCTOjjll{eMy BpeMeHH HMeeTCJI oqeHb MaJIO 3KC • 

nepHMeHTaJibHbiX )J.aHHbiX 0 ceqeHHJIX Heynpyroro B3aHMO· 

JJ.eiicTBHJI nHoHa c .IIJJ.POM reJIHJI. Ha puc. 5 noKaJaHa JaBB-

9 
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CHMOCTb CC'ICHH.Il a. I , Bbi'IHCJICHHOrO no 4JopMyJie /8/, OT 
~ me 

KBHCTH'ICCKOH 3HeprHH nHOHa. 
TaM )l(e noxa3aHa 3KcnepHMCHTanLHa.ll TO'IKa )l.JI.Il a. 1 

H3 pa6oTbl /l 0 I. BenH'IHHa ce'leHH.Il xopowo cornacyeT~'ke c 

Bbi'IHCJICHHbiMH 3Ha'ICHH.IIMB. 

llose)l.eHHe napaMeTpa o L c 3Heprueii socnpoH3BO.D.HT 

xapaKTep 3HepreTH'ICCKOH 3aBHCHMOCTH )l.JI.Il 4Ja3bl o f3 
.D.OMHHHPYIO~eii B cso6o.D.HOM rr N -pacce.IIHHH. 0.D.HaKo ou 

CHCTeMaTH'ICCKH MCHblliC, 'ICM npH CB060)l.HOM paCCC.IIHBH. 

Ha6niO)l.aeMLiii 3cll4eKT 3KBBBaneuTeH yMeHbWCHBIO 3Hep

ruu nBOHa npB ero B3aBMO)l.CHCTBBB CO CB.Il3aHHbiM HYKJIOBOM 

.ll,J,pa. )J,n.11 Y.D.OBJieTsopBTeJILHoro onucaHB.Il 3KcnepuMeH

TanhHbiX }l,aHHbiX HCOOXO)l.BMO 6paTb 4Ja3y npB MCHbWCH 

3HeprBB HaneTaiO~ero nHOHa. 3TO, no-BB)l.BMOMy, yKa3biBaeT 

Ha CHJibHYJO pOJib 34>4JeKTa 3aTyXaHB.Il B .ll)l.CpHOM Be~eCTBe 

uaneTaiO~eii nuouuoii sonuLI. H3 puc. 4 BB.D.HO, 'ITO c npu-

6JIB)I(CHBeM K pe30HaHCHOH 3HeprBB 3~CKT pacTeT no a6-

COJIIOTHOH BCJIB'IBHC. 
Ecnu nocMoTpeTb ua pac'leTw, c)l.enauuwe no TeopBB 

r nay6epa /II/, TO BB)l.HO, 1ITO 3KCnepBMCHTaJibHbiC .D.B4>4JepeH

u;BaJibHble ceqeHB.Il rr He -ynpyroro pacce.IIHBJI npBMepuo 

_B Toii )I(C o6nacTB 3Heprui onucblsaiOTC.Il Meuee y)l.osneT

sopHTCJibHO. HaBnyqwee cornacBe 3.D.CCb )l.OCTBraeTcJI TonL

xo )l.JIJI MaJiblx yr nos pacce JIHBJI I )l.O nepsoro MBHBM,yMa/. 

Pauee ynpyroe pacceJIHHe nBoHOB ua renHB npu 3HeprBB 

24-153 M3B conocTaBn.llnocb c pacqeToM no MO.D.enu Kuc

cnsurepa/12/. B 3TOM cnyqae, 'IT06LI nony'IBTL Y.D.OsneT

sopuTenLuoe cornacue c 3KcnepBMeHTanLHbiMB .D.aHHLIMB, 

npBXO)l.HTCJI 6paTb B Ka'leCTBe napaMeTpOB 'ICTblpe BJIB 

n.IITb BCJIB'IBH, CB.K3aHHbiX C 4Ja3aMB nBOH·HyKJIOHHOrO pac

CC.IIHBJI H C cllopM4JaKTOpOM JI)l.pa renBB /napaMeTpbl b O , 

b 1 • KOMnJieKCHbiC BCJIB'IBHbl B R - pa)l.BYC JI)l.pa/. 

Pe3yJIJ.TaTbl )l.aHHOB pa6oTbl noKa3biBaiOT, 'ITO, uecMoTp.K 

Ha HCnOJib30BaHBC B paC'ICTaX npoCTOB MO)l.CJIB, y)l.aCTC.K 

nony'IBTL )l.OCTaTO'IHO xopowee onucauue ynpyroro rr 4 He -
paCCCJIHB.K B 3Ha'IBTCJibHOM BHTepsane 3HeprBB. 

B 3aKJIIO'IeHBe asTopw xoTenu 6w swpa3BTL 6naro)l.ap

HOCTL B .li. Ben•esy, cll.HBKBTBY B P .A. 3paM)I(JIHY 3a no

ne 3Hble o6cy)l()l.eHBJI. 
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