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8Be.geH11e 

µ- - Me30Hbl, IIOII8/l8SI B CMeCb H30TOIIOB_ BO/lOPOll8, TOpM03SITCSI T8M 

H 3B.XB8Tb!B8!0TCSI KynOHOBCKHM rroneM SI/lep, oopasyg MesoaTOMbI, KOTOpbie 

sa·TeM .llOBOnhHO OblCTpo rrepeXO/lSIT B OCHOBHOe COCTOSIHHe. 8 ··>KH/lKOM B0-

-12 
llOPO/le Bee 3TH rrpouecCbl 38HHM8!0T "'10 CeK, 'ITO 3H8'IHTenbHO MeHb-

-6 me COOCTBeHHOI'O BpeMeHH >KH3HH µ -._ Me30HOB ( T = ·2,2•10 CeK). 3a 

3TO ·BpeMSI IlpH _TeIInOBblX CKOpOCTSIX (VT"' 2-10
5 

cMiceK) Me308TOM BOllO

pO/l8 yc~eBaeT HCIIblT8Tb ..10
8 

COy/lapeHHll C SI/lp8MH llPYI'HX 8TOMOB BO/lOpo-

/l8, 

TTpH COy/lapeHHSIX, IIOMHMO yrrpyroro pacceSIHHSI, IIpOHCXO/lSIT MHOI'O'IHC

neHHble Me308TOMHbie rrpoueccbJ: rrepeXB8T Me30H8 SI/lp8MH oonee TSI>Kenb!X 

H30TOIIOB, rrepeXO/lbl Me>KllY ypOBHSIMH CBepXTOHKOll CTPYKTypbI Me308TOMOB, 

"' • /1,2/ 
Oup830B8HHe _MeSOMoneKyn, KaTanns SI/lepHbIX peaKUHll H T,/l, , 

B /l 8HHOH pa6oTe Bbl'IHCneHbl ce'IeHHSI rrepBbIX llBYX rrpoueccoB, rrpo

/3-6/ 
Be/leHO cpaBHeHne rronY'IeHHblX pesynbT8TOB C 3KCIIepHMeHTOM ll oo-

/1 7-9/ 
nee pa_HHHMH paC'IeTaMH 

1 
, , TTpn Bbl'IHCneHHH HCIIOnb30B8H MeTO/l B03-

MymeHllb!X CT8UHOH8pllb!X COCTOSIHHH (B.C.C.) x/, asno>Kel!Hblti /leTanbHO 

/10,11/ 
B Ilp_ellbI/lYII(HX paoOT8X 8BTOpOB 

xi , 
Ha Halll BSI'nSill, oonee npaBHnbHO 1183blB8Tb 3TOT MeTO/l "MeTO/lOM MOne-

KynSipllbIX COCTOSil!Hll"' K8K 3TO rrpe1:tnO>KeHo, HaIIpHMep, B 1121• 

3 



O6maH ITOCTaHOBKa aanaqg 

B MeTO)le B03MymeHHhlX CT8llllOHapHb!X COCTOHHllii: Bee rrepequcneHHbie 

3a)laqg !pOpMynnpy!OTCH e)lllHblM o6pa30M ll CBOJlSITCH K pemeHH!O CBH38HHOll 

• Ill /11/ B .. 
CllCTeMhl ypaBHeHHll peJlllHI"epa • JlBYXYPOBHeBOM rrpn6nmKemm CllC-

TeMa rrpno6peTaeT BHJl: 

d 2 
2 L(L+l) 

(-·- + k - ---) X = K X + K X + 2 Q 
dR 2 1 R2 1 11 I 12 2 12 

~ 
dR 

d 2 

(-- +k2 
d R2 2-

L(L+l) 
--2- >x 2 

R 
K21 X 1 + K 22 X 2 + 2 Q ~ 21 dR 

( 1 ) 

3JleCb: k 1 11. k 2 - llMrrynbCbl BO BXOJlHOM II 3b!XOJlHOM KaHanax peaKUllll 

(B )lanbHeii:meM Bcer)la k 1~ k 2), a K I i=K ll (R)-Kll ( 00 ) ll Q ll = Q ll (R) -

HeKOTOpbie sipipeKTIIBHhie rroTeHu11anhI, KOHKpeTHblll BllJl KOTOpblX orrpe)lenHeT-

CH oco6eHHOCTHMll aa.r:taq11. TTp11 K8)K)l0M 38)l8HHOM 3HaqeH!lll L op611Tanb-

HOI"O MOMeHTa CllCTeMa ypaBHeH!lll IllpeJlllHI"epa (1) SKB!lBaneHTHa CllCTeMe 

Hen11Heii:Hb!X Jlll<p<pepeHU!lanbHb!X ypaBHeH!lll rrepBOI"O rropMKa )lnH sneMeHTOB 

L /14 15/ 
t ll ( R ) Ma TpllllhI peaKu1111 T L ( R ) • 

I"Jle 

d L = = 
d R - t I/ R) = - a la ( Kaf3a f3 I+ 2 Q a f3 a ~ f ) ' 

L 
tlj ( 0) 0' a,{3, i,j = 1·; 2, 

L 
a1a= 8 1aua+ l1a(R) va • 
= L 
a f3 1 ;,, 8 f3 1 u {3+ t f3 / R ) v f3 

= L 

a/4 1 =8/3 1 u/J +t/3/H)v~ 

4 

(2) 

(3) 

il 
,l 

i 

l 
l 
1 
! 

<llyHKUllll U a ll Va • BbipmKa!OTCH qepe3 cipepuqecKHe ipyHKUllll BeccenH 

rr H . 
u =v--j (k R) a 2 L a v =-v'~n (k R) 

a 2 L a (3a) 

II rrp11 R ➔ 00 !lMe!OT aCIIMITTOTIIKY 

u - I a - --== sin ( k R 7T L vk a ---) 
a . 2 

V - I a - --:::::. cos ( k R _ rr L ) 
v'ka a -2-

(36) 

L L L 
MaTp11ua T orrpeJlenHeTcH ycnoB11eM t = t 

1 
( 00 ) • TTpaKT11qecK11 ll l · 

C!lCTeMa ypaBHeH!lii: (2) llHTerp11pyeTCH JlO 3HaqeH!lll R =. R O , a BKna)l 

L 
/l. t I l OT 06nacT11 R O _::: H < 00 

/11,14/ 
oueH!lBaeTcH aHan11T11qecK11 

L. L(R ) /),. L 
tll =tll O +. tll (4) 

KpoMe Toro, rrocKonbKY MaTp11qHb1e sneMeHThI K 11 ( R ) rrp11 R ➔ 0 c11H,

rynHpHhI, Heo6XOJlllMO 38Jl8Tb 8CIIMITTOTIIKY 

tL(H)=cL(k k )L+½ H2L+t 
IJ II I l · (5) 

I")le KOS!p!pllUl:leHTbl C I j = const 11 orrpeJlenHJOTCH BllJlOM K I j ( R ) 113 ypaB-

HeH11ii: (2). TTapu11anbHb1e ceqeH11H yrrpyr1:1x 11 Heyrrpyr11x rrpoueccoB Bb1q11c

/ 16/ 
nHJOTCH no ipopMyne 

L 
all 

7T L 2 k2 (2L+I)l811- Sil I , 
I 

rile MaTp11ua pacceHHIIH 

S L 
I+ i TL 

I - i TL 

5 

(6) • A'• 

(7) 



C y'IeTOM <jiopMyn (6) H (7) o6wee Bbipa,KeHHe J::t11.ll Ce'IeHHii (11 j 

'Iepea aneMeHTbI 

BHAe: 

l II \,laTpHUbl peaKUHH MQ,KHQ aanHCaTb B c11enyro1UeM 

rne 

4 7T 
(111 =-, 

k I 

2 
8 D 

l1 

2 

+ l IJ 

2 2 
(D-1) + (t

11
+ t

22
) 

D 1 11 1 22 -tl2 1 21 

(8) 

ITpH Ma1lb!X aaepI'H.llX CT01IKHOBeHHii E 

HH3K03HepreTH'IeCKOI'O pacce.11HHSI a I j 

MOJKHO BBeCTH napaMeTpbl 

l - a • 1 k k · lj - - l! V I j ' 

KOTOpb!e aHa1IOI'H'IHbl nmrnaM paccestHH.ll 

/16/ 
cny'Iae 

a 

(9) 

C 
H a u B OAHOKaHa1lbHOM 

EcnH k l ➔ o' TO 

powaeTc.11 

D "'k 
1

, k ➔ k = y2M ~ E , H <jiopMyna (8) yn-
2 0 · • 

2 
k a I 

I • 2 2 
u = 

4 77 
--k-. 1 + k a 22 I j I 0 

( 10) 

MaTpH'IHbie aneMeHTbl K 11 H Q 11 All.II acex THllOB pemaeMbIX nanee 

aana'I Bbipa,KaJOTC.ll 'Iepea CHMMeTpH'IHblii w ( R ) H aHTHCHMMeTpH'IHblll 
g 

W u ( H) TepMbl aana'IH. ABYX ueHTpOB, a TaK)Ke 'Iepe3 MaTpH'IHbie aneMeHTb! 

(+) (-) 2 

K af3= K a fl + K K afl + K K ~ f3 

,+) (- ) 

Q afl = Q afl + K Q afl • ( 11) 

6 

\· 

, 

·1 

K 
M2-M I 

M2+M1 
M 2~ MI 

/17 18/ 
KOTOpb!e Bbl'IHC1IeHbl a pa6oTax ' 

(a,{3) = (g,u) 

Ha pHc. 1 H 2 npHBeAeHbl rpa<jiHKH 3THX <jiyHKUHii B eAHHHuax 3aAa'IH 

h=e=m =l ( Mµ - . Macca 

Ml +M2 
m=MµM +M--:-~1µ 

l 2 

w 
0 

",. 

µ -Meaoaa) 

-0,5 I \ :J:: IR 
IO 

PHc.1, CHMMeTpH'IHbiii W .,/ R) H aHTHCHMMeTpH'IHblll w u ( H) 

TepMbl CHCTeMbl H3 ABYX SIAep Ii µ- -Me30Ha, 

CooTB8TCTBYJOIUHe <jiopMy1lbl nepexona HMeJOT BHA: 

K(R)=AK A-
1 

7 

( 12) 

( 13) 



rae 
~ ~ 

K =2MW (R)+ K (R) = 2MW , 
11 C gg g 

K = K (R), 
12 gu 

K =K (R), 
21 ug 

K =2MW (R) +K (H) = 2MW , 
22 u uu u 

Mo 
M=-; 

m 
1 1 1 
M'" =y+y-. 

0 - I 2 

(14) 

MaTpHUa A ocymeCTBmieT rrepexoa OT Ha6opa MOileKym1pHb!X cpyHK-

UHll Xg (CHMM0TPH'IHBH) H X u (aHTHCHMMeTpH'!Hasi) K Ha6opy XI H X2 

(::) .A (::) (15) 

KOHKpeTHblll BHll KOToporo orrpeaenHeTCH oco6eHHOCTHMH saaa'!H, 

TTpOUEc!CCbl - I:1.s30TOIIH_OI'O o6MeHa 

B CM0CH H30TOIIOB Iioaopoaa HllYT rrpoueccbl HSOTOIIHOI'O o6MeHa 

p µ + d .... ➔ p + d µ -, ( 16a) 

pµ +t-p+tµ. ( 166) 

dµ- + t •...➔ d + tµ-, ( 16B) 

8 

,• 

I,O 
l+l 

Kmc. 

0,75 

'0,5 

o,25 

0 
0 5 IO 

PHc. 2a • .llu:aroHanbH.bie MaTpl:P{Hbie sneMeHTbI sm.epH0f'0 
ABli~eHHB no aonHOBhlM ¢YHKUHRM 3aAaqH ABYX ueHTpoa. 
flpll R ➔~ K(+)=K(-)=K* =K*=-.!..w.;,_Lw.=.!... 

gg uu gg uu 2 2 4 

0 
0 

-0,5 

-1,0 

(-1 

I{ ~u. 

5 

H 
Ku~ 

Puc. 26. Hei:rnaroHanbHbie M8TPl:f'llHbie 3neMeHTbI. 

flptt II ➔~ K (-) = K(-)= w- =W =-.!..: 
gu Ug g n 2 

9 

IO 

R. 

R 



CX0M8Tli'I0CK!i rrpe)lCTaBneHHbie Ha p1rc, 3. 3Hepr-11si CTOnKHOB0HliSI E 

OTC'IliThIBaeTCSI OT YPOBHSI E1 
xi 

Ii B COOTB0TCTBIIII C 3T!iM 

6onee ner-Kor-o MesoaToMa, E '= E +ti. E 

2 . 
kl = 2 l\f B , 

2 2 2 
k =2ME'=k +k 

2 I 0 

k
0
=y2Mti.E (17) 

(HaIIp!iMep, B CM0C!i ll30TOIIOB ( 16a) YPOB0Hb EI COOTB0TCTByeT C!iCTe-

Me pµ -. + d , a ypoBeHb E 2 - c1rcTeMe p +dµ- ). KmKAoe 1rs ce'IeH1ri1: 

o- 1 1 om1chrnaeT rrepexo)l E 1 ➔ E 1 , Harrp1rMep, ce'IeH1re o-12 Ansi rrpo

uecca (16a) cooTBeTCTByeT peaKu1r1r rrepexBaTa 

pµ-+d ➔ p+dµ-. 
( l 6r-) 

ITp1r TaKOM IIO/lXO)le Mb! OCTaBnHeM B CTOpOHe Ir3y'Iefrne IIO/lIIOpOI"OBb!X 3<p

QJ0KTOB Ii Bee 3a)la'Ili, CBH3aHHhle C Bnli S!HlieM 3aKpb!TOI"O Ka Hana ( a 11 ) 

Ha OTKpb!Tb!ll ( 0-22) , HaIIp!iMep, IIp!i ynpyr-oM pacceSIH!ili dµ - -Me3o-

8TOMOB Ha rrpoToHax c aHepr-1rei1: E '<ti. E . 

nnsi rrpoueccoB 11soTorrHor-o o6MeHa ( 16) MaTp1rua rrepexoAa A 

ST Bli/l! 

I -1 
A - 1 ( -..fl" 1 I ). 

liMe-

( 18) 

xi .AEK m B llByxypoBHeBoM rrp1r6nmKeH1r1r Ir30TOIIIr'IecKasi pa3HOCTh ypoBHe1r '-' =
2 

'M' 
K M +M . ( 

B To BpeMsi KaK TO'IHoe 3Ha'IeH1re ti.E0 = 2 • ( HM -, - Bee - B Meso-

M +I 2+1 I I 
aTOMHhIX 0/lliHHUax h= e= M µ =I ). 0AHaKo, rrot:KonhKy ti.E-ti.E =~(-+ -), 

o 2 M2 M2 
TO yKa3aHHOi1: rror-pelliHOCTbID MO*HO rrpeHe6pe'Ib IIp!i TOH TO'IHOCT!i BJ'11rcn~

H1ri1:, KOTOpasi IIp!iHS!Ta B pa6oTe, lfocneHHO )lnsi CIICT0M ( 13): 

ti.E = 147 3B, 200 3B, 50,4 3B; 

ti.E 0 = 135 3B, 183 aB, 48,1 aB, 

10 

l 
r 

t 

0Ha BbI6paHa TaKliM o6pa30M, 'ITO IIpl! R ➔ 00 CHCTeMa ypaBH0Hl!ll ( 1) pac-

IIa)laeTCSI Ha )lBa H038Bl!Cl!Mb!X ypaBH0Hl!H, IIp!i'I0M <pyHKU!iS! )( I 

BaeT c1rcTeMy pµ-+d (rrnupµ-+t , dµ-+t ), a QJYHKUl!H )( 2 

MY p +d µ- (unrr p+ tµ - I d+tµ ) . 

OIIliCbl

-Cl!CTe-

0KOH'IaTenbHO )lnSI rrpoueccoB (16) BhlP8*0HliS! Kil (R) IIpliMYT Bl!ll 

K (R)=M(W +w )- J_ (K +K ) ' II I: u 2 i:u ug 

,:::::: =:=' 1 
K12 (KJ = M lWg-\\', ) +r (K guKui: ), 

1 
K2,(R)=M(Wg -Wu) -2.(f\u-Kug.J, 

= = I 
K lR)=M (W +W ).+--(K+K ). 22 g u 2 gu ug 

( 19) 

Koaq:iqimrneHThI 
L 

C lj 
)lnsi rrpouecCOB !i30TOIIHOI"O o6MeHa ( 16) paBHhI: 

L L L L 
C =C = -c = -c 

11 22 12 21 

L 
Cl I= - 2 

2L +l 
2 . 2 

l2L+1J +4-(2L +1) v (2L·+1)-+ 8 
(20) 

l(2L +l)!!. J 8 

PesynhT8Tbl 'I-l!CneHHbIX paC'I0TOB )lnsi rrpouecCOB ( 16a~16B) IIpl! 3Hep

-3 
I"l!S!X CTOnKHOB0HHll 10 - 100 3B IIpHB0/l0Hbl B Ta6nrruax 1-3. (Ce'IeHHSI 

-20 2) 
)laHbl B 0/ll!Hl!UaX 10 . CM • 0TM0TliM H0KOTOpb10 oco6eHHOCTI! rrony'IeH-

HhIX pesynhTaTOB, 

113 qiopMynhI ( 10) ne_I"KO Bl!/l0Tb, 'ITO IIpH Me)lneHHbIX CTOnKHOB0Hl!S!X 

lk ➔ 0) k =k =canst 1 II03TOMY 
I 2 0 

o-11 =canst, a 22 = canst 

1 
a I 2~ kt ' o-21 = 1'i • 

(21) 

11 



Ta6mrua 1 

Ce'!eHirn a IJ II K0IICTaHTa ,\ ;:im1 CHCTeMbl pµ -+ d 
I 

• 1 Ce'!eHIIH 0 11 

Ta6nuua 2 

II K0HCT8HTa A nnH CHCTeMbl p /L - + I 

E SB ) L a a ,\,lo-t3~M3CeK -1 
max It 

12 
a 

2 I 

1I 

ESB -13 3 -1 L a a a ,\, 10 CM ceK 

ro-3 7,3.ro+2 s,o.ro-3 
max II 12 2 I 

0 6,7 3,9 
ro-1 0 2,3.ro2 I,5oI0-2 \( ro-3 0 3,3 2 -3 I,8 7,0 3,9 3,5oIO I,7oIO 

10-2 
, 

2 s,s.r□-3 o,r I 7,9 7I 4,8.I0-2 3,8 0 3,6 !,I.IO I,7 i 

I,O 2 9,7 2I O,I4 3,6 

r 
O,I I 4,6 34 I,7.I0-2 I,7 

IO 3 I,O 2 7,I II -2 I,8 IO 8,5 0,54 4,6 5,6.IO 

IOO 6 6,7 5,4 2,2 9,I IO 3 9,9 5,9 0,28 3,0 

'/ IOO 6 7,0 3,6 I,2 5,8 
J 

/: 
M 

~ M M=6,l4; _a_= l,U4; k =0,5i7; k =0,706; m M = 6,85 ; ..JL. = 1,03; 
0 m 0 

I 
k = 4,76•10-2v~ -19 '2 -2-- -19 2 

n , 0
22

"" 1,8,10 CM k 
1 

= 5,00•10 v'E ,m; a = 2,0•10 CM , 
22 

Ceti:emrn ,1.\am,1 B eMHH~ax ro-2° CM 2 
CetJ:eHHH AaHhl B e:zumm . .(ax ro-20 cM2• 

12 
13 



ESB 

ro-3 

ro-2 

O,I 

I,O 

IO 

IOO 

Ce'lemrn a
11 

L 
max a 

II 

0 2,6 

I 3,2 

I 5,3 

2 II 

4 I? 

6 I2 

M=I0,9; 

Ta6m1ua 3 

11 KOl!CTBl!Ta ,\ JJ.llSI Cl!CT0Mhl d /L - + l 

a 
12 

4,I 

I,4 

0,85 

I,6 

6,5 

7,0 

M 
-.11...=I.02; 
m 

k I 

a a 
21 22 

a,r.ro-5 IS 

2,9.IO -4 I8 

I,7oI0-3 I8 

3,2.10-2 18 

I,I I7 

4,7 I3 

k ,,;0,446; 
0 

-2--
6,29•10 y'E 3B, 

-13 3 
,\, 10 CM C0K 

I,6.I0-2 

I,8.IO -2 

3,40Io-2 

0,2I 

2,6 

8,9 

Ceqemrn ~ami1 B e~1rnm:~ax ro-20 cM2• 

14 

-1 

;1 
ll 

I 
,I 
' I. 

3TO Il03BOnHeT BBeCTH KOHCTaHTY nepexBaTa A 

A=a v 
12 

unu )Ke 

A =Ano 

no cpopMyne 

rne no = 4,25.JO 22 -3 
CM - nnOTHOCTh )KilJlKOI'O_ B0/lOpOJla, a V I 

qanhHaH CKOpOCTh CTOnKHOBeHHH, 

Ilpn kl ➔ o 

2 
k o ~ 12 

a ,. 411 - 2 2 
12 k1 l+k

0
3 22 

2 
k a12 

411-0 2 2 
A "' M I + k o a 22 

(22) 

(23) 

- Ha-

(24) 

(24a) 

Ha cpopMyn (21) cneJlyeT TaK)l<e xapaKTep noporoBoro noBe/leHHH ce-

qeHnii a
21 

- k 
1

, • Bo BTopoM cTon6ue Ta6nnu yKaaauo qncno napunanbHhIX 

BOnH, /lS!OllJHX BKna/l B ceqeHHH all ' a12 II a21 Ha Hnx cneJlyeT, 

qTo o6naCTh qucToro s -pacceHHHH Jlnsi npoueccoB (16) npocTupaeTcsi 

-2 
BnnoTh /lO 3Heprun CTOnKHOBeHHH E "' 10 3B, B 3TOH o6naCTH JlnH ceqe-

HHH a1i cnpaBe/lnHBhl cpOpMynhI (IO) H (24) c napaMeTpaMH a ij , KO-

TOpb!e np1rne/leHhl HOil Ta6n11uaMH 1-3 B Me3oaTOMHh!X 0/lHHHUaX aµ 

h 2 -11 --- = 2,56•10 CM, 

Mµe 2 

06naCTh 3Heprnii CTOnKHOBeHHH, npn KOTOpbIX BhIITOnHHeTCH ycnoBne 

a 
11 

"'const , 

ycnoBlleM 

eme y)Ke, qeM o6nacTh qucToro 

-3 E :S 10 3B, YcnOBHe A"' const 

15 

s -pacceHHHH II orpaHHqeHa 

' KOTOpoe o6bJqHO HCnonh3YIOT 



npn aHannse :aKcnepHM8HTOB (16a) H (165) no paccesrnmo MesoaToMoB, 

Bb!IlOnHH8TCH BilnOTb .uo 3Heprnfi CTOnKHOB8HHH E"' 1 3B, HeCMOTpH Ha TO, 

"ITO npa5nn>KeHHe s -BonHbl B 3TOM CnY'rne HapymeHO ( CM, Ta6ru!llbl 1 H 

2). 113 Ta5nHUbl 3 BH.UHO TaK>Ke, "ITO .uns peaKUHH (16B) A aHOManbHO 
2· 

Mano H BKna.u p -BonHbl npHXO.UHTCH Y"IHTbIBaTb y>Ke npn E "' 10- 3B, 

Cne.uyeT O>KH.UaTb, "ITO B 3TOM cny"Iae .UByxypOBH8B08 npn5nn>KeHHe .uaeT 

MeHee Ha.ue>KHbifi pesynbTaT, "IeM B cny"Iae peaKunfi (16a) H (165), 

4ncno napunallbHbIX BOnH, .ua!OIIIIIX BKna.u B C8"18Hil8 a 22 1 npn 3Hep

I'IIH CTOnKHOBeHHH E < 100 3B npHMepHO IlOCTOHHHO II .unH npouecCOB 

(16a-16B) COOTBeTCTBeHHO paBHO 5, 6 II 7. 

B Ta5nnue 4 pesynbTaTbl HalIIHX pac"IeTOB .unH KOHCTaHTbl nepex;3aTa 

A cpaBHIIBalOTCH C pesynbTaTaMII npe>KHHX paC"I8TOB H C 3KCil8pHM8HTanb-

HbIMH .UaHHblMH, 

TTepeXOijbI M8>KijV ypoBHHMH CBepXTOHKOll CTpVKTVpbl 

nns M830aTOMOB BO.UOpo.ua CBepXTOHKoe pacmenneHHe ti E OCHOBHOI'O 

COCTOSIHIIH 3Ha"IHTenbHO npeBbIIIIaeT cpe.UH!O!O 3Hepril!O TennOBblX coy.uape

Hilll .(E"' 0,02 3B): 

{

,. 0,183 3B JJ,nSI pµ 

tiE= 0,049 3B .uns dµ-

0,241 3B .uns tµ 

(25) 

3To npHBO.UHT K ycno>KHeHil!O KapTHHbl npoueccOB pacceHHIISI B CHCTe-

Max pµ-+ p dµ-+d Htµ-+ t H K Heo5XO.UIIMOCTH Y"IHTbIBaTb BnHSIHH8 

cnnHa npII IIX OilIICaHIIII, CIICTeMa ~03HIIKa!OIIIIIX npH 3TOM ypaBHeHHll COBila

.uaeT c CIICTeMofi (1) u Hafi.ueHa B pa5oTax fepmTefiHa 
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• TTocKonbKY tiE 

.UOCTaTO"IHO Mano, TO npH E < 1 3B B ypaBHeHHSIX (1) MO>KHO orpaHil"IHTb-
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csr s -BonHoiI (L=O) ITpH E > 1 SB STO npH6nmKeHHe HeonpaBJ::taHO H 
L 

Heo6XO.r:tHMO yqHTbIBaTb napunanbHble ceqeHHSI (l IJ c L -/, 0 , 0.r:tHaKO npH 

3THX SHepI'HSIX CTOnKHOBeHHH BnHSIHHeM CilHHa Ha npouecCb! paccesrmrn y:ll{0 

. /11/ 
MO»<Ho npeHe6pe% H aa.r:ta'la ynpomaeTcsr. B npe.r:tbI.r:tymeii: pa6oTe aBTopoB ' 

OHa pemeHa, 

YqeT CilHHOBOI'O B3aHMO.r:teii:CTBHSI M030Ha C sr.r:tpaMH npHBO.r:tHT K nepe-

nyTb!BaHHIO ypaBHeHHH .r:tnsr BOnHOBb!X tpyHKUHii: )( g H X u • KpoMe Toro, 

BBH.r:tY TO»<AeCTBeHHOCTH smep Heo6XO.r:tHMO yqHTb!BaTb CTaTHCTHKy paccen-

BaIOWHXCSI qacTHil, B npH6nn»<eHHH qncTOI'O s -pacceSIHHSI CHCTeMa H3 

.r:tBYX sr.r:tep co CilHHaMH J I H J 2 H Me3oHa co CllHHOM 

TepH3Y0TCSI 3Ha'leHH0M llOnHOI'O MOM0HTa 1 =~ + J2 + ·s 
S=l/2 xapaK

• EcnH npe-

He6peqb CllHHOBb!M B3aHMO.r:tefICTBHeM sr.r:tep, TO YPOBHH KnaccmpHilHpyIOTCSI 

TaK:lKe no 3Ha'leHHIO F nonHOI'O MOMeHTa CHCTeMbl Me30H + smpo: 

F=J 1 :tl/2 

B .r:tanbHeii:meM oco6b1ii: HHTepec npe.r:tCTaBnSIIOT nepeXOJ:lbl M0:lKAY ypoB

HSIMH CBepXTOHKOH CTpyKTypbl MeaoaTOMOB, T.e. nepeXO.r:tbI 

Fl =JI +1/2 ➔ F2 =J. -1/2. 

CxeMa ypOBHeii: Ha pnc. 3 OCTaeTCSI. cnpaBe.r:tnHBOH n B STOM cny-qae, HO· 

r-1-1-- Er 

E
1 

aE 
LJ 

E2 

Pnc, 3 • CxeMa ypoBHeii: CHCT0Mbl Tpex Ten npH 

H E ~ K 22loo) • OTcqeT 

- OT BepxHero ypoB-

R ➔ 00 : El = K11( 00) 
SHeprHH CTOnKHOBeHHSI E 
HSI CHCTeMbl Er 
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~.; ·-2. -1 0 1 2 J 

Pnc. 4. 3aBHCHMOCTb OT aHeprHH CC'ICHHil paanH'IHLIX npouecCOB B CHCTCMe pp.-+ p , IlpH 

E < 1 aB aeo6xoAHMO Y'<HTbIBaTb CBepxToHKY!O cTpyKTypy pp.- -MeaoaToMa H peanhHbiil 

CMbICn HMC!OT TOnhKO ceqeHHSI O II • IlpH I< E < 150 aB CBepXTOHKHM pacmenneHHeM MO}K-

HO npeae6petJ:b, HO eme aeo6xo.o.HMO Y'IHTbIB8Tb CTaTHCTHKY ttaCTHU! 

CT s,s _ - ce11eHHe paccesIHHH B CHHrneTHOM COCTOHHHH npOTOHOB, u s,a - B TpunneTHOM, 

(ltJ - CTaTHCTH'lleCKaSI CM0Cb o60HX COCTOSIHHfi. npH E •> 150 3B· nee 9TH ceqeHIHI COBil8ABIOT 

C u -ce'leHH0M pacceSIHHH 6ea ytteTa CilHHOB '18CTHU. 
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Tenepb ypoBeHb E1 COOTBeTCTByeT BepxHeMy COCTOnHHID CBepXTOHKOll 

CTpyKTYPhl C MOMeHTOM FI , a ypoBeHb E 2 - HH)KHeMy COCTOnHHID C 

MOMeHTOM F 2 •. 

KaK H B cny-,1ae peaKUHll H30TOilHOl'O 06MeHa, Ann BhI'IHcneHHn Ce"!e-

HHf'I <1} F 1 ➔ ~ ) npH 3aAaHHOM 3Ha"!eHHH nonHoro MOMeHTa J He-

o6XOAHMO HalfTH MaTpHUY A" nepeXOAa OT MoneKym1pHbIX cpyHKUHll )( g 

H Xu 

UHnM )(1 

C onpeAeneHHhlMH 3Ha"!eHHnMH CilHHa ABYX nAep K aTOMHhIM cpyHK-

H X2 C 3aAaHHhlM 3Ha"!eHHeM F CilHHa CHCTeMhl Me30H + 

+ nApO. ITocne 3TOl'O scpcpeKTHBHhJe noTeHuuanhI 3aAa"IH K lj 

"IHCnnroTCn no cpopMyne ( 13). 

npocTO Bbl-

ITpH H3BeCTHOll BenH"IHHe (25) CBepXTOHKOl'O pacmenneHHn H 3aAaH

-2 
HhIX 3Ha"IeHunx Mace M = 101-30 HMnynbc k O o•reHb Man ( ,. 10 ) • 

IT03TOMY cpopMynhl (10) u (24a) ynpomaroTcn 

(1 ,.417 
lj 

2 ki 

8:1iT' 
I 

,\ (J) ,.477 
2 ko 

-a12 M 

xi 

(26) 

(26a) 

f'Ae ,\ ( J) - KOHCTaHTa nepeXBa Ta B COCTOnHHH C nonHhIM MOMeHTOM J . 

LfncneHHbie pac"IeThl IlOKa3h{BaroT, "ITO npH aHepl'HH CTOm<HOBeHHll 

E -2 -3 ) 
..,:_ 10 3B (Ann CHCTeMhl- tµ - + t npH E ~ 10 3B a .. "' const ' npu"IeM 

II 

MaTpuua KoacpcpHUHeHTOB a =I a . I 
Jj 

CBn3aHa C AHaroHanbHOll MaTpuuefi 

COOTHOllleHHeM, aHanorH"!HhIM ( 13): 

"' a 

xi 
Bee npeAhIAymue cpopMynhI .3allHCaHbl B eAHHHuax 3aAa"IH e = h =m =l. 

8 AanbHefillleM YA06Ho HCIIOnb30B8Tb rrapaMeTpb( all B Me308TOMH01f 

cncTeMe eAHHHU e = h= Mµ=l . B aTOM cny"!ae Ann rrony"!eHHn paaMep

HhIX BenH"!HH cpopM;nhl ( 10), (24J n (26) Heo6XOAHMO AOMHO)KHTb COOT-

BeTCTBeHHO Ha aµ = 6,55-10-
2 

CM2 , a cpopMynhI (24a) n (26a) Ha 

a c ·,a;= 1,43•10- 13 cM3 CeK-l (a=_l_-_, c = 3.10 10 CMICeK). 
137 

20 

a=AaA-
1 : = ( 

a 0 
g 

0 au 

) . (27) 

3AeCb a c - u a u - AnHHhl paccenHHn COOTBeTCTBeHHO i3 "IeTHOM u 

He"!eTHOM KaHanax 6e3 y"!eTa CBepXTOHKOll CTPYKTyphI, Bhl"IHCneHHhie B 

u 

6 
191 

npeAhIAYlll0H pa OTe 

PeaKUHn P µ + 11_ 

ilnn 3TOlf CHCT0Mhl 

M 
J =J =l/2; ·M =4,69 :.L = 1,06, 

m I 2 

-2 
k

0
=1,80-10 k 

1
= 4,20. 10-2y_E_ 

MaTpuua rrepeXoAa A paBHa: 

1 -y3 
A=-( 

2 1 

-1 
), 

-y3 

(28a) 

(29a) 

a M8Tpll"!Hble aneMeHThl K 1J 

uecc, rrpHMYT BHA: 

B ypaBHeHHnX ( 1). OIIHCbIBaIDmHX 3TOT rrpo-

K 
II 

=~ C3Wg +wu >, 
2 

y3 "' "' 
K =K =- -M(W -W 

12 21 2 g u 

M "' K =-(W + 
22 2 g 

"' 3Wu ). 

) ' 
(30a) 

21 



npn R ➔~ ¢yHKUHR X l rrpencTaBnReT CHCTeMy.rrp0TOH + HaneTalO-

nmil: Me308TOM pµ- B BepxHeM C0CT0RHHH E1 CBepXTOHK0il: CTpyKTypb! 

C M0MeHTOM Fl =l , 8 ¢YHKUHR X 2 - Ty .lKe CHCTeMy B HH.lKHeM C0CT0R-

HlllI E2 c M0MeHT0M F2 =0 , . (npn aTo~ rrepexBaT F 1 ➔F2 B0SM0.lKeH 

TOnbKO B C0CT0RHHH c rronHhIM M0MeHT0M J =1/2 , ITOCKOnbKY COCTOH-

HHe J =3/2 He conep.lKHT ypoBHR C M0MeHT0M F2 =0). 

3Ha'leHHR Koa¢¢mrneHTOB C ll B ¢opMyne (5) H8'l8nbllb!X ycnOBHH HH

Terpnp0BBHHR C00TBeTCTBeHHO paBHhI: 

C =-L; 
11 8 

C 
12 

=C 
21 

y3 
=--

8 
C 

22 

3 

8 
(31a) 

PesynbT8Tbl Bbl'lHCnennil: nnn CHCTeMhl p µ + p rrp1rneneHbl B Ta6nnue 5, 

O6pamaeT Ha ce6n BHHMBHHe pe3K8H 38BHCHM0CTb Ce'leHHH 

run CTOnKHOBeHHH. 

,Ung 9TOil: CHCTeM.bl 

J =J =l ; M = 9,12 ; 
1 2 

P e~l{JIB.H d µ - + d 

Mµ 
~- =1,03; 

m 

-2 
k

0 
=l,3 ,10 

-2 --
kl =5,77-10 yE 

a 
22 

OT anep-

(286) 

<PyHKUHR X 1 COOTBeTCTByeT CHCTeM.e neil:TpOH + naneTa10mni1: Me30-

aToM dµ- B COCTOl'IlU!H C MOMeHTOM F =3/2 
1 

1 a ¢yHKUHR X 
2 

- cue-

Te~1e B COCTORHHU c M0MeHTOM F =1/2 , npn s -pacceHHHH nonHblil: M0-

MeHT J CHCTeM.hl Tpex 'laCTHU coxpaHReTCH, H rrepeXOAbl .Fl ➔F 2 B03-

MOJKHbl m11Ub B TOM cnyqae, ecnn o6a ypoBHH F 1 n F 2 npnnanneJKaT 
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MynbTttnneTy C onpeAeneHHbIM 3Hff'i9Hll9M J 

B03M0lKHbl ABa cny,crnsi: J =3/2 

B8Tb 0TAenbH0. 

ll J =1/2 

TTpll J =3/2 MaTpnua nepexoAa: 

1 y5 
A =-1 ( - ). 

y6 -y5 1 

MaTpll''iHbie aneMeHTbI: 

K 
11 

l R) 
M "' "' 
3 lWg +5Wu ), 

. y5 "' "' 
K

12
( H)= K (H) =--MlW -W ), 

21 3 g u 

M "' "' K (H)=-(5W +W ). 
22 3 g u 

Koa<jl<jlnutteHTbl Ha'lanbHbIX ycnOBllH 

c =-2..;c =c =-,.r.; ;c 
11 12 12 21 12 22 

1 =---. 
12 

• ,Unsi cncTeMhI d /L ,_ + d 

' KOTOpbie cneAyeT paccMaTpll-

(296) 

(306) 

(316) 

Pe3ynbT8Tbl pacqeTOB npllB9A9Hbl B Ta6mme 6. 

OTMeTttM, 'ITO ce'leHrre nepexBaTa a 12 no cpaBHeHnro c aHanornq-

HbIM ce'JeHITeM AnSI npouecca ( 16a) aH0ManbHO Mano. 3To o6'bSICHSieTCSI 

0AllH8KOBbIM 3H8K0M AnllH pacceSIHllSI ·.a IT a 
g u 

, K0TOpbie qepe3 napa-

MeTp a 12 onpeAensiroT BenH'lllHY ce'!eHttSI nepexBaTa. 

TTptt 3Ha'leHllll 

y2 
A= -1-l 

y'.r -1 

J = 1/2 

1 
_), 

y2 

24 

(29B) 

CD 

<1l 
::r 
:s: r:: 

\D 
<1l 

E-< 

;ii 
::;: 
<lJ N 
f.. '-
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:s: 
() 
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f.. 

- :i:: a:I (lJ 

;ii 
0. 
f.. 
(lJ 
::;: 

::;: 
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::E 
() 

<1l :s: 
0. :s: 
<1l :i:: 
i::: 0:: 

:s: 

::: 
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0 
f.. 
() 
0 
() 

111 

0::'""' i + 
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:,< ::l.. 
(lJ '""' u 
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K
11 

rn )= ~Ml2W + W ), 
3 g u 

2y2 = = 
· K

12
lR)=K

21
lR )=- 3 - MlWg -Wu ), 

(30B) 

2 = = 
K lH)=-M lW +2W ). 

22 3 g u 

KoaqiqiIIUIIeHTbl C .. 
· ll 

1 y2 
C =- - C = C = - - ; 

11 6 12 21 6 
C =-.!_ 

22 3 
(31B) 

PesynbTaThl Bbl'tJIICneHIIH npIIBe.oeHhl B Ta6nIIue 7. 

PeaKUIISI tµ- + t 

3Ta CIICTeMa BO MHOI'OM aHanorII'tJHa CIICTeMe, p µ + p II qiopManbHO 

OTnII"<JaeTCSI OT Hee n!Illib 3Ha'<JeHIISIMII 

M 
M = 13,5 ; :.J!:.._ = 1,02 

m 

-2 -2 -- (28r) 
k 0 =3,44 -10 ; k

1 
= 7,00 • IO . y E • 

0.oHaKO qiaKTH'<JeCKH OKasanocb, 'ITO npII STOM 3HatJeHIIII M ycnOBIISI 

-3 

a fl = const cnpaBe.lln!IBbl n!Illib .llO SHepru11 CTOnKHOBeHIISI E :s 10 SB, Pe-

synbTaTbl 'tJIICneHHh!X pactJeTOB .onsi STOI'O npouecca rrpIIBe.lleHhl B Ta6n1I-

ue 8. 

26. 

,I 

'I 

\ 

I\ 

I \ 
I 

i 

I 

I ,, 
I 
II 
I 

E SB 

I0-3 

10-2 

O,l 

0,5 

E SB 

ro-3 

10-2 

· O,I 

o,s 

Ta6mma 7 

Ce•WHIISI a II napaMeTpbl all nnsi Cl!CTeMbl 
II 

dµ-+d B COCTOS!Hllll C MOM6HTOM j = 1/2 

a 11 a a a 
,\, 10-15 a 

a =ll 
12 2 1 22 CM3CeK-l 11 12 21 

I,9 0,71 I,4.I0-2 1,3 3,l 4,8 -l,I 

2,0 0,24 4,l.l0-2 I,3 3,4 4,9 -I,l 

2,3 O,I2 7,8.10-2 I,5 5,I 5,2 -I,I 

2,6 9,0.10-2 a,2.10-2 I,9 8,8 5,8 -I,I 

CeqeHHH npHBe~eHU B 8,2UiHH~ax ro-19c~ 

Ta6nuua 8 

Ce'leHIISI a II napaMeTpbl a nnsi CIICT9Mbl tµ-+ t 
ll ll , 

a,, a12 a 
2 I l\!2 a II a12= a 21 

I3 l,7.Ia2 0,7 2,9 .JJ,O 3,6 

II 53 2,I 3,0 -3,7 3,6 

5,7 I? 5,I 3,8 -2,5 3,5 

0,90 8,3 5,6 6,5 -0,87 3,0 

CeqeHHH npHBe~eHH B 8,1U!HH~ax 10-20 cx2 
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a 
22 

4,0 

4,0 

4,3 

4,9 

a22 

I,9 

I,9 

2,0 

2,9 



D6cy)KgeHHe peaynh~~TOB 

PeaynbTaTbl pac'!eTOB noKa3b!Ba!OT, 'ITO annOTh .QO 8Heprttil: CTOnKHO

BeHHSI E "' 1 8B npH Bbl'lHCneHHH Ce'!eHHii nepexo.Qa Me)K.Qy ypoBHSIMH CBepx

TOHKOll CTPYKTypbl Me30aTOMOB BO.QOPOila MO)KHO orpaHH'lHThCSI 'lHCTbIM 

s -pacceSIHHeM, TT pH 8TOM cymeCTBY!OT npoCTbie qiopMynbI (28). noaaonmo

IllHe Bblpa3HTh ce'!eHHSI 'lepea napaMeTpb! HH3KOaHepreTH'leCKOI'O pacceg

HHSI, Bbl'lHCneHHbie B .QaHHOll pa6oTe. TTpH ManbIX 8HeprHSIX CTOnKHOBeHHSI, 

KOI'.Q8 BbIUOnHSieTCSI ycnOBH0 a ij "' const , napaMeTpbl a lj npoCTO Bb!pa-

)K8!0TCSI no qiopMynaM (27) 'iepea .QnHHbl pacceSIHHSI a g Ii a u • Bbl-

" 6 191 K • ~ '!HcneHHbie B npe.QbI.QyIUel:I pa OTe 8BT0p0B , OHKpeTHblli BH.Q 8THX 'l'op-

Myn coana.QaeT c Bb1pa)KeHHSIMH (30) nocne aaMeH 2MW ➔ a , 2MW ➔ a , g g u u 

TTo.QCTaHOBKa 8THX Bbipa)KeHHll B COOTHOllleHHe (28) npHBO.QHT K qiop-

r " 181 " 06 MynaM epllITeHHa .Qng Ce'leHHH alj , naCTb npHMeHHMOCTH 8THX 

qiopMyn onpe.QensieTcsi ycnOBHeM a 1i "' 

'leHHii H npoueccoB. 

const H paanH'!Ha .Qnsi pa3HbIX ce-

.aim Bcex npoueCCOB Cl:IMMeTpH'lHOil: nepeaapsi.QKH C y'leTOM CBepXTOH

KOI'O pacmenneHHSI B o6naCTH 8HeprHii CTOnKHOBeHHSI E < 0,5 8B XOpOllIO 

BbmonH.1teTCSI ycnoBHe a 12 = const • Y cnoBHe a
1 1 

= const BbIIIOnHeHO .Qnsi npo-

- d - E - 2 
ueccoB pµ +p Ii µ +d BnnOTb .QO 8Hepruil: CTOnKHOBeHl!SI "' 10 8B, 

- -3 
a .Qn.11 npouecca t µ + t - .Qo E "' 10 8B, TTapaMeTp a 22 HMeeT pe-

anhHblll CMbICn TOnbKO .QnSI npouecca dµ- + d '.Qn.lI KOToporo CBepXTOH-

Koe pacmenneHHe ~ E .QOCTa TO'IHO Mano, flng npouecCOB p µ- + p 1:1 t µ + t 

3H8'leH1:1e a 22 , Hail:.QeHHOe no qiopMyne (9), cne.QyeT paccMaTpHBaTh 

nttlllh KaK <jiopManhHblll napaMeTp, He HMe!Ollll!H oco6cro qJH31:l'!eCKOI'O CMbIC

na, 0.QHaKo ero 1:1cnonh30BaH1:1e y.Qo6Ho, nocKonhKY B o6nacTH aHepr1:1il: 

CTOnKHOBeHl:I.II E :$ 

n1:1uy 5). 

0,5 8B a "'const ( KpoMe npouecca pµ- +p 
22 

28 

1 CM, Ta6-

BHe yKaaaHHoil: o6naCTI! aHepr1Iil: cne.QyeT nonb30BaTbC.II o6meil: qiop

Mynoil: (8) .Qnsi ce'!eHHii a Ii .Unsi npoueccoB pµ -+ P II oco6eHHO dµ-+d 

o6nacTb np1IMeH1IMOCT1! Ta6nl!Ubl 9 MO)KHO pacnmpHTh, ecnl! Bocnonb30B8Th

CSI paano)KeHl!eM (33) .Qn.11 .Ql!aroHanbHbIX napaMeTpOB a II 

k t -1 = __ I_+~+~ k2 en 9Mkf_, 
I II 2 2 I 32 

all all all (33) 

11a 8TOI'O paano)KeHl:ISI MO)KHO Bbl'lHCnHTb M8TpH'lHbie aneMeHTb! t I 1 
.QnSI 

npouecca pµ + p , a T8K)Ke t 1 1 H t22 .Qnsi npouecca d µ + d Ii 

nocne no.QcTaHOBKH HX B qiopMyny (8) nony'lHTh aHanttTH'IeCKHe Bb!pa)KeHHSI 

• • E O 1 xi .Qng Ce'!eHHH a BnnOTb .QO aHeprHII CTOnKHOBeHH.II "" 
1 

8B 
II · 

KoHCT<iHJ'bI nepexaaTa 

KoHcTaHTbl nepexBaTa A (J ) Ii A (J) B COCTOSIHHSIX C onpeneneHHbIM 

3Ha'leHHeM nonHoro MOMeHTa J OTnH'la!OTCSI OT qJH3H'leCKH H3MepHMb!X 

KOHCTaHT nepexBaTa A=,\ ( F 1 ➔ F 2 ) Ha MHO)KHTenh, paBHb!ll CTaTHCTH-

'leCKOMy Becy YPOBHeii co 3Ha'leHtteM MOMeHTa F 1 B CMeCH COCTOSIHHH 

C paanH'lHb!MH 3H8'leHHSIMH nonHoro MOMeHTa J CHCTeMbl H3 Tpex 'lac-

xi t 
Cne.QyeT OTMeTHTh, 'ITO npu Bb!'lHCneHHH MaTpli'lHb!X aneMeHTOB II HG 

ypaBHeHHSI (33) B Hero Heo6xo.QHMO no.QcTaBnSITh napaMeTpb1 a II B e.Ql!-
12 

HHUax aa.Qa'IH am"' -;;;;-:r , KOTOpbie OTnH'l8!0TC.II OT Ta6n1:1'!Hh!X 3H8'leHHii 

M!IO)KHTeneM m/Mµ • Ecnu HMnynbCb! k 1 onpe.QeneHb! qiopMynaMH (28), 
TO Ce'!eHH.II (8) nony'la!OTCSI B e.Ql:IHHUaX 

M 2 -22 
a

2 
=(--LL) 8,55•10 

m 
m 

29 
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Ta6mma 9 

TTapaMeTpbl a,1 Hl!3K03HepreT!!'IeCKOI'O pacceSIHl!H 

.. a =a a a a 
11 12 21 22 g u 

f 1'-+f -8,9 7,2 -0,31 -13,3 3,7 

clf-+<K (T= ½) 4,7 -1,1 3,5 5,5 3,I 

o<.14-+ d (J = ¾) 3,5 0,86 5,1 5,5 3,I 

-/; t'--+ -t 
-4,2 3,6 I,9 -6,5 2,4 

Ta6n11ua 10 

KoHCTaHTbl nepexBaTa ,\ 
-13 3 -1 

, 10 CM CeK Me)l{LlY ypOBHHMII 

CBepXTOHKOll CTpy°KTypbl rrp11 pa3HbIX a!IepI'IIHX CTOnKHOBeHl!H 

E SB pµ-+p dµ- +d tµ- + I 

ro-~ I,2 I,1.10-2 0,20 
ro-2 I,2 1,2.10-2 0,20 
0,1 1,4 -2 I,9.IO 0,2! 
0,5 I,7 3,2.10-2 0,22 

re!'DI-
'leHH/8/ 0,5 I,7.I0-3 
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TIIU x/ • /6/ 
CooTBeTCTBYIOIIllle <jiopMynhI Bb!IIIIC8Hbl B pa6oTax repmTellHa 

nm1 npoueccoB P µ -+ p , tµ-+t ll dµ - + d , COOTBeTCTBeHHO, OHII llMelOT 

Bllll 

l 
,\ =A (1 ➔ 0 J = 3 ,\ (J = 1 /2 ) , 

(34) 

1 · 1 l .\=,\ l3/2 ➔ 1/2 )=-.\lJ=3/2J+-,\ lJ =-). 
3 6 2 (35) 

113 Ta6nnUhl 10 BllllHO, 'ITO ycnoB11e A= Const , KOTopoe o6h!'IHO IIC

nonbayeTCSI np11 aHan11ae 8KCnep11MeHTanbHb!X llBHHhIX, B5!IIOnHSieTCSI TOnbKO 

-2 -2 
B yaKofi 06nacT11 aHepr11fi E < 10 aa, I1p11 E < 10 aB c y'IeToM cooT-

H011IeH11fi (27) 11 (26) Bb!pa.lKeHIISI (34) 11 (35) nepeXOllSIT a <popMynhI rep

" /8/ 
11ITe11Ha • 

rr 2 ko .2 3 -1 
,\ "' - la - a ) - a c a CM ceK 

P 4 g u M µ 

" 2 ko 2 
,\ d"' - l a -a ) - a c a µ 

3 g u M 
3 -1 

CM CeK 

(36) 

( 7) 

3 r . 6 /8/ 
Ha'IeHIISI, nony'IeHHhle epmTeHHOM B pa OTe ' COOTBeTCTBeHHO paBHhI: 

,\ -13 ,\ -16 
p = 0,5,10 ll d .= 1,7•10 , 

x/Hanp11Mep, tinSI c11cTeMhI dµ-+d , J 1 ·=J 2 =1 , S=l/2 o6mee q11cno 

COCTOSIHIIH paBHO 18, na HllX 6 COCTOSIHllH co 3Ha'IeHllSIMll J=5/2 , F=3/2, 
4 + 4 COCTOSIHllSI co 3Ha'IeHnSIMII J =3/2 , F=3/2 -,.F =1/2 , 2 + 2 COCTOSIHIISI 

co 3Ha'IeHIISIMn J =1/2 , F =3/2+F =1/2 • <l>opMyna (38) OTCIOJla nerKo 

cnetiyeT, ecnn y'IeCTb, 'ITO o6mee 'IIICno COCTOSIHIIH c MOMeHTOM J =3/2 
paBHO 12. KoHe'IHO, COOTHOllleHIISI (34) n (35) MO.lKHO nony'IllTb n llPYI'llM 

cnoco6oM, 11cnonbaySI <popMannaM Koa<jJ<jinuneHTOB PaKa, 
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Yrrpyroe pacce.11Htte B HHlKHeM C0CT0.IIHHH caepXTOHKOll 

CT0VKTV0bl 

CxeMa pacqeTa, rrpnH.11Ta.11 B naHHofi pa6oTe, He rrpncrroco6neHa nn.11 

BbJqncneHn.11 ceqeHttfi a2 2 rrpn aHeprnRX cTonKHOBeHttii E '<!1.E • OnHaKo 

/8/ 
·HX M0lKH0 oueHHTb no qiopMynaM feplllTefiHa , ncrronbay.11 3HaqeHH.II 

nnHH pacce.11HH.II a g H a n , BhJqncneHHhie B rrpenhIAyllleii pa6oTe aBT0-

/11 / • poB , IlpHMeHHM0CTb qiopMyn feplllTettHa rrpH Terrn0BblX 9HepI'H.IIX 

. E, -2 
cTonKH0BeHH.11 "' 10 9B o6ocHOBaHa peaynbT8T8MH naHHOH pa60Tbl, nn.11 

rrpoueccoB pµ-+p, tµ-+t H dµ-+d C00TBeTCTBeHHO 9TH qiopMynbJ HMe-

JOT BHll 2 
a 22 =17 ( a g + 3au ) , 

4 17 a g+3au 2 5a +a 2 
a = -- [ ( ----) + 2 ( g u ) J , 

22 3 3 6 

(38) 

B Ta6nnuax 11 n 12 aTn 3HaqeHtt.ll cpaamrna10Tc.11 c 6onee paHHHMH 

/8 9/ /3-6/ 
pacqeTaMH ,, H peaynbT8T8Mll 9KCITepttMeHT0B 

CTOnKH0BeHtt.11 rrptt 6onblllHX aHeprn.11~ 

Ilptt aHeprn.11x CT0nKHOBeHH.11 E > 1 9B He06XOllHM0 yqnTblB8Tb BKnan 

B 9eqeHn.11 a IJ rrapunanhHbIX aonH c L~ 0 • Ilpn CTporoM paccMoTpeHtttt 

aanaqn nn.11 9T0I'0 Heo6xonttMO yqeCTb CITHH-op6ttTanbH0e B3aHMOlleHCTBlle 

rrpn llBHlKeHllH gnep, qTo rrpencTaan.11eT 3HaqnTenbHbie TpyllH0CTH •. OnHaKo, 

/9/ 
KaK IT0Ka3bIBaeT 0ilb!T npelKHHX pacqeT0B ' rrpn cpaBHHTenbH0 6onblllHX 

9Heprn.11x CTOnKHOBeHHll _MOlKH0 rrpeHe6peqb K8K Bntt.llHHeM CITHH-op6nTanbHO

ro B38HMOllellCT_BH.II, TaK H CBepXT0HKHM pacmerrneHHeM ypoBHeii !1. E H 

yqttTb!BaTb nHlllb T0lKlleCTBeHH0CTb paccettBa!OlllHXC.11 qaCTHU. B 9T0M cny-

32 

a22 

Ta6m1ua 11 

Ceqem1e yrrpyroro paccesrnn.11pµ -MeaoaT0MoB B HttlKl!eM 

C0CT0.IIHHI! CBepXT_OHKOll CTpyKTyph! 

JlJlteJI8IlOB . / 6 I / 9 / 88JI:&,1J;OB.Hq J{aHHS.H 
H ,?tp./4/ Alberigi et al C'.ohm et al. H reP.mTeffB pa60T8 

/Il 

a22, ro-2Ici12 I 67~0 7,6±0,7 8,2 I,2 2,5 

,ro-19c-2 

Ta6n11ua 12 

Ce'!eH11e yrrpyroro pacce.11an.11 dµ - -MeaoaT0M0B B l!IIJKl!eM 

C0CT0.IIHHH CBepXTOl!KOll CTpyKTyphl 
1 - 2 

a =-a (J=I/2)+-a (J=3/2) 
22 3 22 3 22 , 

JlzeJieno:s / 6; :UJten:eno:a H 
H '/1.p,/S/ Alberigi et al. ']1.p./4-/ 

I,5±0,5 0,55:tCJ,20 4,15±0,29 
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8eJIJ,;D;OBHq 

riLJ~eJ!H 

3,3 

/9/ ;l(aH
C'.ohen et al. .H8.H 

pa6¥a 

3,5 I,8 



/10/ 
'Jae UMeeT CMbICn numb nonaoe CUMMeTpU30BaHH0e Ce'leHue ( B .llanb-

aeiimeM paccMoTpuM numb _ npouecc p µ + p) 

1 3 
a (k)= -a (k)+-a (k), 

" 4 "•" 4 ..... (39) 

r,lle a (kJ - ce'leHue pacceRHUR B CUHrneTH0M C0CT0RHUU .llBYX np0T0H0B, 
"•" 3 

a a lk) - Ce'leHue B TpunneTH0M C0CT0RHUU, ITpu E > 10 9B CTaH0BUT
s,i 

CR uanumHUM TaK)Ke 

nacTu a,. (k) = a (kJ 

y'leT CTaTHCTHKU npoT0H0B, Il0CK0nhKy B 9T0H 06-

, T,e •. nonH0MY Ce'leHUIO 6ea y'leTa CilUH0B 'laCTuu. 

Ha puc. 4 npuBe.lleHbl rpaq>UKU C00TBeTCTBYIOillUX Ce'leHUH, l1HTepec

H0 0TMeTUTb HanU'IUe peaoHaHC0B B peaKUURX TaKoro Tuna, npoucX0)K.lle
/9/ 

HUe K0T0pb!X o6cy)K)lanocb paHee 

3axn10ti:eHue 

PeaynbTaTbl .llaHHOH pa60Tbl Il03B0nRIOT onpe,llenUTb T0'IH0CTb U rpa

HUUbl npuMeHUM0CTU 6onee paHHHX Bbl'IUcneHuii. l1cn0nb3 yeMblli MeT0.ll 

pac'leTa .llonycKaeT o6o6meHue u yTo'IHeHue. fnaBHbIM o6paaoM, 9T0 Kaca

eTcR y'leTa BbICmux COCT0RHUH, K0T0pbie He y'laCTBYIOT Henocpe.llCTBeHH0 

/ 
2 

B npoueccax nepexaaTa, 0.llHaxo, BH0CRT nonpaaxu -= 1 M B aqiqieKTUB-

Hbie noTeHuuanbI 3a,lla'IU K lj • O6bI'IHO 9TUM BnURHUeM M0)KH0 npeHe6-

pe'lb, 0.llHaKo, B pe30H8HCHbIX CUTYBUURX, K0r.lla aenuxu .llnUHbl pacceRHUR 

'O1anpuMep, a i: .B npouecce p µ +p . ) , y'leT 9Tux nonpaaoK M0)KeT 0Ka-

38TbC5! cymecTBeHHblM, 

KpoMe qJU3U_'leCKUX npunO)KeHuii, ripoBe.lleHHbie pac'leTbl npe.llCTaBnRIOT 

T8K)Ke MeTO.llH'leCKHH HHTepec, KaK o66CHOBaHHe npuMeHUM0CTU 

MeT0.lla B.C.C. npu Me.ll·neHHblX · CT0nKH0BeHURX · B CUCTeMe Tpex Ten, B3aUM0-

.lleHCTBYIOillUX no aaK0Hy KynoHa, 
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