
COOBIUEHHH 
OB'bE~HHEHHOro 

HHCTHTYTA 
H~EPHhlX 

HCCJIE~OBAHHti 
llytSHa 

P4 - 5003 

C.H. ra6paKoe, A.A. KyJJMee 

BJIHHHHE CTTHHOBhlX CHJI 
1 

HA CKOPOCTh PA3PElliEHHOro BETA-PACTTA~A 
B· ~E~PMHPOBAHHhlX H~PAX 

1970 · 



P4 - 5003 

CJ1. ra6paKos, A.A. KyJIHes 

BJU1HID1E cmmoBLIX CHll 
HA CKOPOCTb PA3PEmEHHoro BETA-PACTIA,ZJ;A 

B ~EroPMHPOBAHHLIX H~PAX 



BBeaeHHe 

ilaBHO !13B0CTHO, 'ITO Ha5monaeMaSI ft -Bennti!IHa paapeurnHHbIX raMoB-
1 

TennepoBCK!IX (r-T) /3-rrepeXO)lOB B TSI)l(0nbIX SIJlpax HaMHOr'O 5onhIIIe 3Ha-

tieHnil:, rrpe)lCKa3b!B80Mb!X OJlHOtiaCT!lt{HOll MonenhIO, HarrpnMep, B necpopMl!

pOBaHHh!X SIJlpax CKOpOCTb paapeIIIeHHb!X r-T rrepeXOJlOB IIO'ITH Ha IIOPSIJlOK 

M0HbIIIe rrpenCK83b!BaeMOfl MOJlenbIO H!InhCCOHa C ytfeTOM rrapHb!X KOppemI

Ullll /1/ 

3To aaMenneHl!e MO)KHO 'o5bSICHHTh, ecnn rrpegrrono)Kl!Th, 'ITO B TSI)KenhIX 

SI/lpax !IM0IOTCSI KonneKTIIBHh!e Bb!COKone)KaIUl!e COCTOSIHl!SI, Ha KOTOpbre rrp11XO/l!IT-

. cg 5onbIIIaSI tiacTh 11HTeHc11BHOCT11 /3-rrepexoga, H a5n10gael'v!oe yBenntieHne aHa

tieHIISI ft o5ycnaBnnBaeTCSI CBSI3bl0 Hll3KOne)KalUl!X COCTOSIHIIll C 3TIIM!I KOnneKTIIB

HhIM!I B035y)KJl0H!ISIM!l/2-4/. l13B0CTHO, 'ITO Bb!COKOne)Kamne KonneKTl!BHbie BO3-

5y)K/l0Hlf.SI MOryT reHepnpoBaTbCSI OCTaTOTfHblMII /lBYXTf8CTil'IHblMII cnnaMII, 

38BIICSIIUIIMII OT CIIIIHa I! Il3OCIIl!Ha, KOTOpbre MO)KIJO 38IIIIC8Tb B B!l/l0 
151 

(1) 

rge V 
5 

II Vt - KOlICTaHTbl SIJlepHoro B3aIIMO/l0HCTBIISI M0)K/ly HyKnOHaMII 

B c1111rneTHOM II TpilrrneTHOM CII!IHOBb!X COCTOSIHIISIX, 

Ecnn orpaH!ITfllTbCSI MOHOIIOnhHOll.tfaCTblO B38!1MO/l0llCTBllSI (1) II rrono-

)KllTh V (r 
11 

) =V O = ccinst 

g e iic TBll il:. 

1 TO MO:lKHO BbI)lenttTb )lBa paantttfHbIX Tlllla B3ti!IMO-

1 ). MarH11THO-/l!IIIOnbHOe B38llMO/l0HCTB!le 
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➔ ➔ 

I< rr' u, O' (2) I 

r.ae 
l ( Vt 

I( ... K = V V H I< ... q /( .. - 1-.- )V "Vo " 8 0 np 2 V 
" 

8To B38HMO.!leiicTBHe B03MymaeT MBI'IIHTHbie .aHnonbHbie MOMeHTbI, Ml-nepe

XO.!lbl, BnH.11eT Ha aHepreTH'I8CKHii cneKTp B H8'!8TIIb!X .11.!lpax l6I, a B 'IeTHO

'I8THbIX .11.!lpax reHepHpyeT l + B036y)K.!l8HH.II /7 /. 8To B38HMO.!leiicTBHe. cna-

60 BnH.II8T Ha paapeweHHhie f3 -nepexo.ah1. 

2) 3ap.1I,!lOB0-06MeHHOe B38HMO,!leil:CTBHe 

2 i< R ( O' j, ) ( O'T ) , 
p + I - l 

(3) 

r.ae 

K =l.(v +V >v . 
/3 4 t ,. 0 

8To B3aHMo.aeil:CTB~e CHnbHO BnH.II8T Ha CKOpOCTb 6eTa-pacna.aoB 
141 

II re

HepHpyeT KonneKTIIBIIYIO BeTBb Bb!COKOne)KaI!lHX B036y)KJl8HHil: B He'IeTHO-He

'I8THbIX .aeqiopMHpOBBHHbIX .11.apax. 

11MeeTC.II cne.ay10mee COOTHOlll8HHe M6)KJlY KOHCTaHTBMH o60KX .THilOB 

B38KMO.!leiicTBHil:: 

IC - l (l /3-2 -q)K. (4) 

B .aaHHoii pa6oTe, KOTopaH HBnHeTCH npo.aon)KeHHeM unKna 11ccne.a0Ba

H11ii IIOn-5Ipll38U-HOHHb!X aqiqieKTOB B .aeqiopMKPOBaHHbIX 51,!lpax, paccMOTpeHO 

BnlISIHIIe. aap.lI.!lOB0--06MeHHOI'O C_IIIIHOBOI'O B3aHMoneiiCTBl15I Ha CKOpOCTb paa

pemeHHb!X r-T 6eTa-n~pexo.aoB. 11 c·nonbayeTCSI qiopManHaM, aHanorH'lHb1ii 

pa3BHTOMy B pa6oTe /6 /. n Oll5IpH38UHOHHbl6 aqiqieKTbl pace Ma TPHB810TC5I1 

KBK o6ycnoBneHHble CB5I~bl0 O.!lHO'laCTH'lHOI'O .!lBH)K6Hll5I C KOnneKTHBHblMH 

B036y)K.!l6HH5IMII OCTOBa, reHepupoBaHHbIMII OCTBTO'lHbIM CIIHHOBb!M B3aHMp

J:te.iiCT6H6Mo 3TOT MeT.OJ:t II03BOll5Ie_T paCCMB'fPHBBTb He TOllbKO ne_peXO,!lbl 

4 

I 

,/ 

M8)K.!ly H1I)Kail:m11Mll COCTO.IIHII.IIMH, HO ll pacnpe.aeneHne IIX no 8HepreTII'!eCKO

My cneKTpy. 

Cne.ayeT no.aqepKHYTb, 'ITO B nocne.anee BpeM.II B CBH3K C pa3BHTII6M 

. 8KCnepHM9HTanbHOil: TeXHKKII 11ccne.a0Ban11e BbICOK01Ie)KaI!lllX COCTOHHKH . IIpK 

6eTa-pacna.ae CTaHOBHTCH BeCb~a aKTyanbHb!M /8,9/. 

UenbIO .!l8HH011 pa60Tbl HBn5IeTC5I onpe.aenenue KOIICTBHTbl 38p5I.!l0BO-o6-

MeHHoro B3aKMO.!leil:cTBIIH ll3 6eTa-pacna.aa M6)KJly Hll3Kone)K8I!ll1Mll COCT05I

Hll5IMH He'!eTHbIX Hnep. 

raMIInbTOHII8H 

11cxonrrM na cne,11y10mero Mo.aenbHoro raM11nhTon11ana: 

II =II +II +VR. 
sp pall' f" 

(5). 

ff sp - raM11nbTOHHaH O.D:HO'IaCTH'IHOr'o ABll)K9JIH5I, ff pair - raMHnbTOHHBH oc

TaTO'IHOI'O _napnoro B3811Moneil:CTBl15I II V /3 OIIHCbIBaeT OCTaTO'IHb!e ( D p )

B38llMOAei1cTBHH. B rrpencTailneH1111 BTOPII'IHOI'O KBBHTOBaHHH V /3 Bb1611paeT

C5I B BHAe 

V13=2 K13I 13+ /3 -µ µ µ 

r.ae 

/3 + = I ( n p I u + (-lf 
µ np µ 

O' 

"1-' 

+ I PP , )a np a , ' PP 

(6) 

(7) 

a a+ (a ) - onepaTOpbl p0)KA6Hll5I (yHH'lTO)KeHH5I) HeiiTpOHa (npoToHa). n p PP 

B .aanbHeiillleM 11M6IOTC5I B BRAY cneny10m11e CBOllCTBa CIIMMeTpllll 

/3 + = ( 
µ 

/3- ) + 
µ 
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<µ> µ . µ . 
u ~<n+luµ +(-1) u"iLI p+>=-<n-lu +(-1} q. III-> (µ==0,1), 

np µ -µ 

-;.<µ>= (n+I q + (-If q Ip-> =<n- la +(-Hµu It>+> {µ = n. 
DP µ -µ. /L -µ 

(8) 

+ 
B KB83HqacTHqHOM npeJlcTaBneHHH onepaTop f3µ HM88T cne)lylOllllIH 

BHJl 

{J+=2U(µ) 
µ n,p np 

[u u D +v v D + + 
n p np n p n p 

+ - (µ) 
+y2 {u v C -11 v C )]+ 2 u [u u 

n I? np p n np. n.p np n p 

+v V 
a P 

n+ + ../2 (u 
nP 

V c+-uv C 
n p np p n np 

) ], 

jj 
np 

+ (9) 

rJle u(v J :.. KoacpcpHUH8HTbI rrpe66p.aaoBamrn Boromo6oBa. OnepaTOpbI D ( D) 

H C ( C ) onpeJleneHbI B pa6oTe 161. 

Tipo6ayro B0nH0Byro cpyHKUHID aeqeTHoro SIJlpa C rrpoeKUII8H MOMeHTa 

K . Bb16epeM B BHJle { K > 1 /2): 

..., I N + ~ R kCr> v c,✓, + + .., = a+- Ca, 
l<(r) k(T) k(T) n,p/4} np np ll(T ' 

I IO> 
r/,.r' 

(10) 

rJle IO> - KBaanqacTnqab1fi BaKyyM, r ( r ') = aefiTpoa ( npoToH), a N k er> 

H R k(r, 11 er ' , 
np - aMIInHTYJlbl CM81IIHB8HHSI 0JlH0KB83HqacT1rqaoro H TpeXKBa-

anqacTHqffbIX cocToSIHHfi, npHqeM yqHTbiaaroTcsi: npHMecn ( n I rt p I 
1 

+ ) n 

+ 1 + + 
{p{n,p I+>; C =-=.2 an pa p 

l np y2 p - P 
0IIHCbIBaeT HefiTpoa-npo-

+ 
T0HHbie KBa3uqacTuqfibl8 napbI, CBSl38HHbl8 B M0M8HT 1 . 

l1cnonbaysi: Mel"0Jl, pa3BHTbifi B pa6oTe 1 6 1 , · nonyqHM cne)lyromHe Bbipa-

kV 
:i1rnHHSI Jlnsi: R· 

np 
k(r>vcr'> ., 

R =-2v2 np 

B cnyqae smpa C ueqeTHbIM qHcnoM HefiTpOHOB 

-1 { -1 
t<nDk E +l -Ek -ruk) a x 

t-' II np. V np 

k II kl/ -
xlL +1<alL {f +f )-{u v d +u v d .)]IN , 

. DP /J np kV k r,, n p kV p n kV k (T) 

6 

( 11) 

\ ii 
.iJ 

I, 

f 
j 

j 
t 

.~ 

' 

rJle t = t + t 
np n p 

JlBYXKB83HqaCTHqaasi: aaeprHsi:;. 

Dw"' l+t<lfkt,+fkv).+t<~ (£kvC:v-- 1~v-> 

4u 2 u 2 v 2 
• 4 <12 2 • 2 

f .. 2 DPU P v n 
4•a·2 

U V U V 
t • 2 np D .P P D f. = 2 . DP D P 

kV Dp t +l -€ "<!i 
kv.· DP • 

E + E -t -ru ' ltv n · Pt +l ..-l. -ru 
DP ·v · k k DP II k k np II k Ii. 

Lk
11

=u u u 
DP k II D 

V -V V '1 V 
p k -II p D 

d = u u r - v v .1 d = u u 1 - v v r . kV , k V kV k II k II ' kV k II kV k II kV 
. / 

CL) - aaepreTHqeCKHH CJlBHr, o6ycnoBneaaofi B38HMO)l8HCTBII8M 
k 

nsi:eTCSI pelll8HH8M CeKynsi:paoro ypaBH8HIISI 

-{p -2t< 2 I.a 2 ·u-1[F +Kiu 2 u 2 +v 2 v 2)x 
· k ( r') fl V kV. kV. kV ,-, k II k V 

rJle 

F .. I 

- 2 
x{f f -t )], 

k II (kV k II 

2 
(7 np 

kV 2 
( L np ) 

kV np · t + l. - l --OJ , 
np II k k(r ) 

Vt3 

(12) 

I SiB-

l 13) 

Llnsi: npocT0Tbl Mb! onyCKanH HH)leKC µ 
(µ) 

Y qnp • B cnyqae ueqeTaoro 

IIp0T0Ha BO BC8X BbipalKemrnx (11-13) cne)lyeT IIp0H3B8CTH 38M8HY (uk "v >: 
~ ( V kV II) • AMIInHTYJl8 N k onpe)lemieTCSI H3 ( 11) H ycn0BHSI H0pMIIp0BKH 

BOnH0BOH cpyHKUlilI 

2 kV 2 
<<ll j<f> k>"' N k + 2 { R n ) = 1. 

k np P 
( 14) 

l1cnonb3YSI (7) H (9) )lnSI MaTpHqffb!X aneMeHT0B {J -nepeX0)la M8lKJlY ae

qeTHb!MH SIJlp8MlI, nonyqHM ( v== k): 
a) YHcno nap He M8HSl8TCSI 

(a) 
M ;1;=-a lu u N N 

{J kl kf kl kf kl k f 

+uk vk 2 Rk1V=kr kr,v' ... kl 

l f np np R . DP 

- k1 ,JI= kl k l'V==kf 
- y2.KnI a [R · u v -R , u v ] I, 

fJ np np np n P np P n 

(15) 

7 



6) Yucno nap.MeHSieTCSI 

(8) 
M ± =-ak k.l v 

f3 I l kt 

kl,Vakr 

v N N +u u :£ R 
kr k 1 kr k 1 krnp np 

k , R r ,v =k1 

np 

- kl,V=kf 

+ y2 K {3~p anp {Rnp . u• V 
n P 

k f ,v =k
1 

-R u V ]I. np p n 

(16) . 

Bo BCeX CYMMBX ( 15) tt ( 16) Mb! 6panH V= k , TaK KSK .llnSI qneHOB c 

v -,f, k O.llHO'IBCTH'IHbre MaTpH'lHbre aneMeHTbI Mam:;r H .ll8IOT HeKOI'epeHTHbIH 

BKna.ll. I1a ( 15) H (16 )' BH.llHO, 'ITO B npe,llenbHOM cnyqae Nk = 1 H R = 0 

rrony'laIOTCSI MaTpH'IHbre ane'MeHTbI o6bI'IHOii napHoii MO.llenH. 

PeaynhTaTbI H o6cy)KneHHe 

ITpH onpe.lleneHHH KOHCTaHTbl K /3 Mb! paccMaTpHBanH nepeXO.llbl THIIa 

[ 523] f~ [523 H H [ 514] r <:-.[ 514 ] ! ' Me)K_qy HH3KOne)K8lUHMH COCTOSIHHSIMH B He

'JeTHblX g,qpax, TaK K8K ,qng HHX HMeeTCSI MHOI'O aKcnepttMeHTanbHb!X ABH-

HbIX /l,ll,l2 /, Bee paC'leTbl npOBOAHnHCb ITO qJOpMynaM (15) H (16), I1cnonb-. 

30Banacb OAHa ,qng BCeX g,qep CXeMa 0.1lHO'laCTH'1HbIX ypoaHefi MOAenH HttnbCCO

Ha H napaMeTpbl napHbIX B38HM0.1lefiCTBHfi, ITpHBe,qeHHbie B pa60Te /lQ/ • 

KoHCTBHTa Kf3 II0.1l6Hpanacb TBKHM o6pa30M, 'IT06bI nonytJHTb xopo-

mee cornacue pactJeTOB C 8KCnepHMeHTanbHhlMH 3H8'10HHSIMH fug ft • ITpo-

Be,lleHHbie pacqeTbl IIOK83bIB8IOT, 'ITO aapSI.1lOB0-06MeHHOe B3aHM0.1leiiCTBHe 

(2) npHBOAHT K ManbIM TpeXKB83H'l8CTH'IHbIM npHMeCSIM B OCHOBHbIX li HH3KO

ne)K8lliHX Boa6y)K.1l0HHb!X COCTOSlHHSIX. 3TH npnMeCH 06bl'IHO He npeBbllli8IOT 

1 % HOpMbl BOnHOBOfi qiyHKUHH li cna6o 38BHCSIT OT /( /3 • IToaToMy H paCC'IH-

TBHHbJe 3Ha'leHHSI fog ft TO)Ke cna6o 38BHCSIT OT K /3 • C yqeTOM aK

cnepHMeHTanbHblX omtt6oK onpe,qe':eHHH fog ft exp nonytJaeTCH paa6poc 

3HatJeHHfi Kf3 B HHTepaane 0,18+-0,24 fiwo • MO)KHO AOCTHI'HyTb xopome

I'O cornaCHSI: C OITb!TOM .llnH BCeX pacCMOTpeHHblX nepeXOAOB npH 3Ha'leHHH 

Kf3 = 0,02 nw
0 (cM. puc. 1). 

I1ccne,qoaaHHSI MaI'HHTHbIX MOMeHTOB B neqiopMHpOBBHHbIX .smpax noKa- J 
3bIB8IOT, 'ITO YAOBneTBOpHTenbHOe cornactte C OITbl_TOM nonytJaeTCSI IIpH 3Ha- / 

'IeHHtt·K·=-0.041i.w 0 u-l/4<q<O • Tor,qa H3 (4) cne,qyeT, 'ITO 

8 

ti:, 
~ 
"-t-, g.t 

-~ <lJ=Q02{1iWo) 

5t 
~ ~ l ~ t l 

4 t 
~ ..... 

, fr_A 
.c:, 

. ,, ~ 

"6.._ --b- - -6 
l::f' ' <Y .... .A 

~ 

--------------------- ---1.. 
[523]1==[523]1 '[51~ ]!=[514]1 

I 

3 

I 
J• I I fI I ' f}--ff' I 

163 155 {67 {69 (59 161 163 {65 167 16( 175 179 II 
::::i 

Ho= 6-r l-la-.a11 i-:2 -!l ~ Yb-Tm I . I t 
~~~ 

Puc. 1. CpaBHeHHe TeopeTH'leCKHX H aKcnepHMeHTanbHb!X 3HatJeHa,ii fog: ft . 
I1cnonb30B8Hbl cne,qy10mtte o603H8'leHHSI: nyHKTHPHaSI nHHHH - 0.1lHO

'l8CTH'IH8SI MOAenb, TpeyronbHHKH - OAHO'laCTH'IHaSI MOAenb C y'le-

. TOM cnapHB8HHH, BepTHKanbHbie npSIMbie - aKcnepttMeHTSnbHbie _aHa

tJeHHSI C omH6KaMH, TO'IKH - H8lliH pactJeThI. CT8THCTH'l9CKHH qiaKTOp 

S =0 
1
M 

1 
1 M r -M 11 I r M r ) 

2 
· • 
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0.02 < K fJ < 0.025 ( -1/~ 
a e.a.n:Hn:uax ti w

0 
.. 41. A J, "ITO cornacyeTcSI c:o aHa-

"leHn:eM, nonyqaeMhIM n:a fJ -pacnaaa, Ma nony"leHHoil: oueHKH 1< f3 MQ)l(HQ 

CAenaTb Bb!BOA, 'ITO OTH01lleHI1e KOHCTaHT SIAepHOI'O B38IIMOAeil:CTBIIH 

I< V / V < 1,5 
t " . 

HaCTOSIII(BH TeMa 6hma npeanmKeHa H.H. nsiTOBblM, Mb! npmrnaTenhHbl 

eMy Sa COBeTbl II ITOMO!Ub, BnaroaapIIM T8K)l{e npoqi, B,r, ConOBbeBa II 

3. BoxHaUKll aa nonea!-lhle o6Cy)K)l0HHSI, KpoMe TOI"O Bb!p8)K80M 6naf'O)WpHOCTb 
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