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§1.BBE,l\EHJ.1E 

noebiWeHHbll71 ~HTepec K $~3~4eCK~M xapaKTep~CT~KaM 11-Me30MO
neKyn ~30TOnOB BOAOPOAa, TaK~M, KaK ypOBH~ 3Hepr~~ ~ ~X ceepx
TOHKafl CTpyKTypa, CBfl3aH C PflAOM HOB~X npe~~3~0HH~X 3Kcnep~
MeHTOB no ~3y4eH~~ 11- -aaxeaTa nerK~M~ flAPaM~ 1 1 1 ~. npemAe 
ecero, c ~ccneAOBaH~eM fleneH~fl M~OHHoro KaTan~aa c~HTeaa flAeP 
TflmenbiX ~3oTonoe BOAOPOAa 121• Cefl3b e 11-·MeaoMoneKynax o6ycnoe
neHa ~en~KOM 3neKTPOMarH~TH~M /3.M./ B3a~MOAei71CTB~eM; 3TO no-
3BOilfleT on~CaTb ~X CTa~~OHapH~e COCTOflH~fl C B~COK0!71 T04-
HOCTb~ 13 •4/ , 4TO, B CBO~ 04epeAb, yeei1~4~BaeT ~eHHOCTb 3Kcne
p~MeHTailbH~X peaynbTaToe ~ HaAemHOCTb ~x ~HTepnpera~~~. B TO 
me epeMfl ~a-aa co~3Mep~MOCT~ Mace 11- ·MeaoHa ~ flAeP eoapacTa
eT np~MepHO Ha ABa nOpflAKa no cpaeHeH~~ C o6~4H~M~ MOileKynaM~ 
OTHOC~TenbH~I71 BKilaA nonpaBOK K ypOBHflM 3Hepr~~ Me30MOileKyil Ha 
3$$eKT~ penflT~B~CTCK0!71 A~HaM~K~. ,l\Ilfl On~caH~fl MHOr~x npo~ec
COB CO cn~HOB0!71 3aB~C~MOCTb~ 1 1

•3 •4 1 /TaK~X, KaK 11--aaxBaT/ ~ OC0-
6eHHO pe30HaHCHOrO o6pa30BaH~fl Me30MOileKyi1 HepeilflT~B~CTCKOrO 

np~6n~meH~fl OKa3~BaeTCfl HeAOCTaT04HO: peilflT~B~CTCK~e 3$$eKT~ 

Aa~T BKilaA Ha ypOBHe Tpe6yeMOI71 B 3T~X Cill4aflX T04HOCT~ B~4~C
IleH~fl ypOBHe171 3Hepr~~ 11- ·Me30MOneKyn 10- 38. 

B AaHHo171 pa6oTe Me3oMo.ryeKyilbl paccMaTp~ea~TCfl KaK c~cTeMbl 

~3 Tpex cn~HOBbiX 4aCT~~ C 3. M. B3a~MOAei71CTB~eM, a ~X A~HaM~Ka 

on~c~eaeTCfl ypaeHeH~eM WpeA~Hrepa /y.W./ c np~6n~meHH~M /c To4-
HOCTb~ AO 4IleHOB nOPflAKa a 2 / peilflT~B~CTCK~M raM~IlbTOH~aHOM, 
nony4eHHbiM e paMKax <t>opMan~aMa <IlonA~ ~ Kpai714~Ka 1 5 1 • OnepaTOpbl 
ABYX4aCT~4HOrO peilRT~B~CTCKOrO B3a~MOAei71CTB~fl nOCTpOeH~ B paM
KaX KB~3~nOTeH~~anbHOrO nOAXOAa TOAOPOBa 16 1• np~ 3TOM peilflT~
B~CTCK~M 3<l><!>eKTaM B raM~nbTOH~aHe COOTBeTCTBy~T aAA~T~BH~e 
4neHbl ABYX T~noe - A~aroHanbH~e ~ HeA~aroHailbHble no cn~HOB~M 
nepeMeHH~M. Baa~MOAel71cTB~fl, ceRaaHH~e c nocneAH~M~, nopomAa~T 

ceepXTOHKOe pac~enneH~e ypOBHe171 3Hepr~~i OH~ paCCMOTpeH~ B pa-
6oTax i 7,S/ . HacTOR~aR pa6oTa noceR~eHa ~3y4eH~~ penRT~B~CTCK~x 
3$$eKTOB, KOTOp~e He 3aB~CRT OT Op~eHTa~~~ cn~HOB 4aCT~~ ~ np~

BOART n~wb K CAB~raM HepenRT~B~CTCK~x ypoeHel71 3Hepr~~. B o6-
~eM B~Ae paCCMOTpeHbl C~CTeMbl Tpex 4aCT~~ CO en~ HaM~, He npe
BOCXOAR~~M~ 1, C y4eTOM ~X 3. M. CTpyKTypbl /§2/ . .l\IlR Bbi4~CneH~R 

peilflT~B~CTCK~X ~ CBR3aHH~X C KOHe4H~M~ pa3MepaM~ 4aCT~~ CAB~
roe ypoeHe!71 3Hepr~~ npeAnomeHa cxeMa Teop~~ eoaMy~eH~I71, KOTo
paR ~cnonb3yeT peweH~fl HepeilRT~B~CTCK0!71 TpeX4aCT~4HO~ 3aAa4~ 
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C KynOHOBCKHM nOTeH 4HanOM, nOCTpOeHH~e B a,QHa6aTH4eCKOM no,q
XO,Qe 131/§3/. B~4HcneH~ c T04HOCTb~ 10-3 38 nonpaBKH K ypoeH~M 
3HeprHH BCeX H3BeCTHbiX CTal.IHOHapHbiX COCTO~HH~ 11- Me30MOneKyn 
H30Tonoa eo,qopo,qa H o6cym,qa~Tc~ OTHOCHTenbH~e BKna,q~ Hccne-
,qyeMbiX 3<)><)>eKTOB /§4/. B aaKn~4eHHe OTMe4eH~ HeKOTOPble He 
peweHH~e noKa npo6neM~. 

§2. nPH6nHmEHH~A /C T04HOCTb~ AO 4nEHOB nOPHAKA a 2 / 
PEnJlTHBHCTCKHA rAMHnbTOHHAH CHCTEMbl TPEX CnHHOBbiX 
4ACTHU C 3.M. B3AHMOAEACTBHEM 

B cooTeeTCTBHH c peaynbTaTaMH pa6oTbl 1 5 1 npH6nHmeHHbl~ /c T04-
HOCTb~ ,qo 4neHOB - 1/ c 2 - a 2 I pen~THBHCTCKH~ raMHnbTOHHaH H ypex-
4aCTH4HO~ CHCTeM~ HMeeT BH,Q: 

3 p 2 

H _ H (O) 2 H(1 ) H (O)_ ~ _i_ U (0) 
- +a , - k + , 

i = 1 2m i ->4 
(1) 3 p i ( 1) 

H =-I -- + U • 
i = 1 8m 3 

I 

/1/ 

... ... 
3,qecb H B ,qanbHe~WeM CHMBOnaMH Ri' pi' m i' S i, Zi H /l i 
6y,qyT 0603Ha4aTbC~ COOTBeTCTBeHHO 3 -BeKTOp~ KOOPAHHaT~ H HM
nynbca, Macca, cnHH, aap~A H MarHHTH~~ ,qHnonbH~~ MOMeHT i-~ 

4aCTHllbl. E,qHHHllbl <)>HKCHpoeaHbl ycnoeHeM e= 1i =m 1 m3 / (m 1+m 2) = 1 , 
r,qe e - aap~A npoToHa, H npe,qnonaraeTc~, 4TO m ?: m 

2 
?: m 

3 
. 

B cny4ae 3.M. eaaHMDAe~cTeH~ Tpex 4aCTHLI, o~na,qa~~Hx 3.M. 
CTPYKTypo~, Hepen~THBHCTCKH~ noTeHl.IHan U (O) npe,qcTaen~eTc~ 
B BH,Qe CYMM~ 4neHOB , OnHC~Ba~~HX MOAH<I>Hl.IHPOBaHHOe napHOe Kyno
HOBC KOe B3 aHMO,Qe~CTBHe ! 6 ! 

U(O) = _!_ I U ~~), U (O) = Z. Z . 
2 i~ j IJ I J 

(ij) .... ... 
f 11 (!R i -R j I) 

IRi -iii I 
121 

(ij) 
r,qe <)>y HKLIHH f kf (x) CB~3aH~ C k -T~ M 3.M . <)>opM<)>aKTOPOM /<)>.<)>./ 
i-~ 4acTHl.lbl H Y- M <)>.<)>. j-~ 4aCTHl.lbl aaeHCHMOCTb~ 

3 
f (ij)(x) = x f ~F (i)(-q2) F (j)(_q'2) 

kf c217) 3 k e 
417 i <IX' --e 
->2 
q 

B ,qanbHe~WeM e~e 6 y ,qyT BCTpe4aTbC~ H <I>YHKLIHH 

(Cij)(x) = _ 1_(f(ij)(x) -x_!_f(ij)(x)) 
kf x 3 kf dx kf 

f (ij) (x) =- ..!_ L f (ij)(x) + 4178 (~ f (ij) (0) 
ke x dx 2 kf kf 

2 

Pen~THBHCTCKH~ noTeHLIHan u< 1>, locTo~~H~ e o6~eM cny4ae H3 
,qeyx- H TPeX4aCTH4HbiX 4neHOB u~1)= -2 I u<. ~) H u~1), CTPOHTC~ 

i~ j IJ 
KaK peWeHHe CHCTeMbl AH<I><!>epeHLIHanbH~X ypaBHeHH~, nony4eHH~X H3 
KOMMYT2l.IHOHHbiX COOTHOWeHHi1 anre6pbl nH rpynnbl nyaHKape. <!>on~H 
H KRai14HKOM 1 51 nocTpoeHo e .RBHOM Sl'!,Qe 4acTHoe peweH!-1e u< 1> ~ 
= u<2)FK+ U(~) F~npH U (O~ 3a,qaHHOM paeeHCTBOM /2/, OHO npHHHMaeT 

u<1> ~ 0 u<1)FK = _!_ I u <.1> FK 
BHA 3 ' 2 2 . I . ij ' 

u<?>FK= 1_ z iz i 
IJ 

2(mi+ m . ) 
J 

lFJ 

(ij) 
f 11 (r ij ) ... 2 
---~Pij 

. (mi-mj)ZiZ j 
+ 1 -~---..::~~.-:!..__ X 

2(m i + m j) m i m j 

x f(
1
i
1
j)(r .. )(;_ _ P .. ) 

IJ IJ IJ 

z .z . I J - ( . . ) f IJ (r .... ... 
2(m+m-)2 1i ii )(r .. P )2!7 spi n 

I J •• IJ ij + 

+ /He,qHaroHanbHble no cnHHaM 4neHbl/, 

r,qe 7 spin 

nepeMeHHbiX, 
peweHHe U< 1> 

eCTb e,QHHH4H~~ onepaTOp B npOCTpaHCTBe CnHHOB~X 
~ R ~ -+ ...... _. ...... 

r ij = j - R i , r ij = I r ij I H P lj = P i + P j • 06!1fee 
CO,QepmHT npOH3BOnbH~e CKan.RPHble <)>yHKLIHH ~U~)= 

1 ( 1) 
=-I ~u .. H 

2 i ~ j IJ 

(1) 
~u 3 , KOTOpble He 3aBHC~T OT KOOP,QHHaTbl H HM-

nynbca lleHTpa Mace Tpex4aCTH4HO~ cHcTeM~ H y,qoeneTeop~~T ycno-
BH~ paa,qenHMOCTH. Heonpe,qeneHHOCTb a ~U~) eoo6~e ~en~eTc~ 
OTKpbiTbiM BOnP.OCOM, HOB cny4ae 3.M. B3aHMO,Qe~CTBH~ ecTeCTBeHHO 
nonomHTb ~U~~) = 0 0 YcnoeHe paa,qenHMOCTH raMHnbTOHHaHa H <)>HKcH-

(lr ... 
pyeT B ~U ij 4neHbl, He 3aBHC~~He OT p ij : npH y,qaneHHH TpeTb-
e~ 4aCTHLI~ Ha 6eCKOHe4HOCTb B CHCTeMe nOKO.R l.leHTpa Mace 4ac-
THLI i H j onepaTop U (

1
) I P _ 

0 
,qonmeH coena,qaT b c onepaTopoM, 

IJ ij- 2 
OTHOCHTenbHO ,QBHmeHH~ OnHCbiBa~~HM pen.RTHBHCTCKHe 3<1><!>eKTbl - a 

ABYX4aCTH4HO~ CHCTeMbl (ij) o 

npe,qnonara~, 4TO BC~ 3aBHCHMOCTb U 0) OT ,QBHmeHH.R l.leHTpa 
Mace napbl ( ij) co,qepmHTC~ e U <:JFK , H 

1

~cnonb3Y~ BblpalKeHHe 
,qn~ OnepaTOpa ABYX4aCTH4HOrO B3aHMO,Qe~CTBH~, nony4eHHOe B pa-
60Te 16 1 e KeaaHnoTeHLIHanbHOM no,qxo,qe To,qopoea /9 ~ MOmHo npe,q
cTaBHTb ~U (_ ~) B BH,Qe 

IJ 

~u ~ ~> = u < 1 >1... - (mi + m i ) z i z or\iP(r .. ) 2 
IJ i j p = 0 - - ( J IJ ) 

i j 2m im j r i j 

z i z j [ f (ijh .. ) + 
-- 11 IJ 

4mim j 

2s i m j ~ (ij) 11 i -8 i ~ ( i j) 
+ - (£. f11 (r . . ) + --f21(r .. )) + 

2S . + 1 m . I IJ S . IJ 
I I I 

2s · m . 
+ J -~- ((. f(ii(r 

2s j + 1 m j J 11 ij 
W - oi ~ (i j )(r . )) ], + _ l __ f 12 iJ 

s j 
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2s .+1 
rAeoi =1 npt-~ si =1/2,oi=0 npt-~ si ;t1!2,aEi=(-1) 1 .B t-~Tore 
npt-~6Ilt-~>KeHHbli1 pemnt-~BHCTCKHi1 raMHilbTOHHaH H ct-~cTeMbl Tpex 4ac

TH4 C 3.M. B3aHMOAei1CTBHeM npHHHMaeT BHA 

~2 ~4 

H =}; ~ + ..!_ }; U(O)+a2H(1\ H(l)=- I. 2+ ..!_I. (~U(~l+lf 1>FIS,/3/ 
2m. 2 i ,0: j IJ i 8m 3 2 i ;t j IJ IJ 

I I 

§3. METOA B~YHCnEHH~ 

MHilbTOHHaHoM H t-~3 

/4/ (H _ E jNvnA) t/J~NvnA = O • 

Bb1AellHM B Bblpa>Ke~HH /3/ AilR H(
1
) AHaroHallbHY~ H HeAt-~aroHaJlbHy~ 

no cnt-~HOBbiM nepeMeHHbiM 4aCTH H d( ~)d H H < 1>. 
1a Spin 

H( 1)=H(~) +H(l) 
d1ag spin 

a a Bblpa>KeHHH AI1R H<0> - HepellRTHBHCTCKHi1 Tpex4aCTH4Hbli1 ra-

MHilbTOHHaH C KyilOHOBCKHM B3aHMOAei1CTBHeM HNR H 4IleH ~H (O): 

f (ij)(r )-1 
z. z . 11 ij ~H (0) !...I, 

2 i;t j I J r 
ij 

1 = - }; ~H(O) 
2 i ;t j ij ' 

OnHCbiBa~~Hi1 KOppeK4HH K HNR 3a C4eT 3~~eKTOB 3,M, CTPYKTypbl 

4acTt-~4; TOrAa H 3ant-~cblsaeTcR B BHAe 

H = H(O) + a2H(1)= IHNR + (~H(O)+ a2Hd\~g ) I J spin + 

+a2H(1)_ 
spm 

/3'/ 

Onepa~op H (
1
) nponop4HOHaneH a 2 - 10 - 4 , a B ~H (O) HeRBHO BXOART 

KaK MaJlble napaMeTpbl 3.M. paAHYCbl 4aCTH4, n03TOMY ecTeCTBeHHO 

4 

pewaTb ypaBHeHHe /4/ no TeOpHH B03My~eHt-~i1 *. AnR AOCTH>KeHHR 

T04HOCTH 1 o-3 
38 npt-~ ont-~caHHH 3HepreTH4eCKoro cneKTpa 11-

Me30MOJleKyJl H B PRAe APYrHX CJly4aeB AOCTaT04HO orpaHH4HTbCR 

· nepBbiM nOPRAKOM; npt-~ 3TOM nonpaBKH OT 4IleHoB ~H(O), Hd<1a) 
( 1) J A I g 

H H spin K HepellRTHBHCTCKHM YPOBHRM 3HeprHH E N;n , onpeAellRe-
MbiM t-~3 HepenRTHBHCTcKoro ypasHeHHR WpeAHHrepa 

JvnA 
(HNR -ENR ) IJmJvnA > = 0, /5/ 

RBilR~TCR aAAHTHBHbiMH. CsepxTOHKoe pac~enneHHe ypoBHei1, nopo>K

AaeMoe onepaT<)poM H ~~in, 6blllO paccMOTpeHo a pa6oTax / 7 ,8 / ; 

4e11b~ AaHHoi1 pa6oTbl RBJlReTcR H3y4eHt-~e. 3~~eKTOB AHaroHallbHoro 
no cnt-~HOBbiM nepeMeHHbiM onepaTopa VJ spin , rAe 

V = ~H(O) + a 2 H( 1) 
diag 

Ecnt-~ HCKI1~4HT b t-~3 paccMOTpeHHR 4IleH H < 1> . B Bblpa>KeHHH 

!6! 

/3'/ sp1n 
AJlR raMHilbTOHHaHa CHCTeMbl H, 3aBHCHMOCTb OT CnHHOBbiX nepeMeHHbiX 

B Y. W. /4/ ~aKTOPH3yeTCR H C06CTBef:!Hble 3Ha4eHHR J H m J KBaA

paTa nOJlHOrO op6t-~Tai1bHOrO MOMeHTCI J H ero npoeK4~1H J z Ha OCbZ 

CTaHOBRTCR XOpOWHMH KBaHTOBbiMH 4HCI1aMH CTa4HOHapHbiX COCTORHHR 

TpeX4aCTH4HOi1 CHCTeMbl. 3TO 03Ha4aeT, 4TO B Ka>KAOM COCTORHHH 

lj Nj3 vnA > op6t-~TaJlbHbli1 MOMeHT HMeeT onpeAeJleHHOe 3Ha4eHHe 

J = JjN : 

(J 2
-JgN(JgN+1)) lfJNj 3 vnA>=(Jz -mJ) ljNj

3
vn.\> = 0. 

BKI1~4eHt-~e noTeH41-1ana V /6/ npt-~BOAHT K CMe~eHH~ HepenRTHBHcT-

CKHX YPOBHei1 3HeprHH Ha BeJlH4HHy 

~ A (J jN) vnA 

~E' vn =~ENR = < J,qNvnA,mJIVIJgNvnA,mJ > , 171 

o6~y~ AilR BCeX COCTORHt-~i11jNj3 vnA >,npt-~HaAile>Ka~HX AaHHOMy MYilbT~
nJleTy CBepXTOHKOi1 CTPYKTYPbl. 

npeACTaBHM onepaTOp B03My~eHHR V /6/ B BHAe CYMMbl onepaTo
poB: 

5 v = }; v (t) 
t=1 !8! 

B TepMHHaX KOOPAHHaT H HMnyJlbCOB ~K06H 
... -1 -+ -+ ...... -+ -+ -+ 

~=(m 1 +m2 +m 3 ) (11"\R1 +m
2

R
2 

+m
3
R

3
), R ~R 2 -R 1 

* T04HOe peweHHe ypaBHeHHR /4/ CBR3aHO H C npHH4HnHaJlbHbiMH 

TPYAHOCTRMH H3-3a npHCYTCTBHR B U~)FK npOH3BOAHbiX 4eTBepToro 

nOPRAKa. 
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~ ... 1-t ..... 
r = R 3 - - (R 1 + R 2 ) , 

2 
1 =-iv ... 

~ 

-+ -+ 
P=-i V ... , 

R 

-+ -+ 
P=-iV ... , 

r 

npH ~ ,2 =R3 -R1,2 BbiDa>KeHH.A Ail .A onepaTopos V (t) HMeiOT 

cneAYIOU1Hi'l BHA I~=P=OI. 

t = 1 /KOppeK4HH K KyJlOHOBCKOMY B3aHMOAe~CTBHIO Ha MaJlbiX 
pac~H.AX 3a C4eT 3. M. CTPYKTYPbl 4aCTH4/ :. 

r< 12\R)-1 r03>(r )-1 
v <1> = z z 11 + ~ z. z 11 i /9/ 

1 2 R i=1 ,2 I 3 r i 

t=2 /KOHTaKTHOe B3aHMOAe~CTBHe/: 

(2) Z 1Z 2a 
2 ~ ( 12) 2s 1 m 2 ~(12) fl1-o 1 ~12) 

V =- lf 11 (R)+ . -(( 1f 11 ~R) + f 21 (R))+ 
4m 1m 2 2s 1 + 1 m 1 s 1 

2s2 m 1 ~<12) fl2- 0 2 ~ (12) 
~ --- --(f 11 (R) ( 2 + f 1 ~ (R)) I + 

2s2 + 1 m 2 s 2 /10/ 

ZiZa·a 2 ~(i3) 2sim3 ~(.i3) Jli- o i ~oa) 
+ ~ ---lf 11 (r i) + (f if 11 (r i) + f 21 (r i)) + 
i=1,2 4mim 3 (2si+1)mi si 

2s 3 m i ( f~(i31- ) fla-8 3 fCi3)(r . ) ) l . 
+ ( 3 11 V j + 12 I 

(2s3 + 1) rr. 3 s 3 

t = 3 /KBaApHpOBaHHbl~ KyJlOHOBCKH~ noTeH41-1a11/: 

r ( 12) (i3) 
(3) m1+m 2 L 1Z 2af 11 (R) 2 mi+m 3 ZiZ 3 af 11 ~ri) 2 

v = - ( ) - ~ < ) .; 1 1 I 
2m 1m 2 R i=1,22mi m 3 r i 

t=4 /peJl.ATHBHCTcKa.A OTAa4a/: 

2 3 3 m 3m2 (4) a m3 m3 -+4 3 3 1 -+2 ...... 
V = ---l(l +(-) +(-) )p +[(-) -(-) ](-p (Pp) + 

8 3 2 m3 m1 m2 m1 m2 1121 
... ... ... 2 rna 3 m 3 3 1 ... ... ... ... -+ 

+2(Pp)P) +[(-) +(-) ](2P2p2+(Pp)2+P4) l. 
m1 m2 

t= 5 /B3aHMOAe~cTBHe $onAH 1-1 Kpa.:14HKa, onHCbiBa10111ee 3$$eKTbl 
ABH>KeHH.A 4eHTPOB Mace ABYX4aCTH4HbiX nOACHCTeM/: 

\ . 
s 

2 
V (5) =- a Z 1 Z 2 

2(m 1 +m:t
2 

f (12~R) -+2 
11 p 
R 

a2z1 z2 
2 

2(m 1+m 3) 

a2z2za r ~;3(r 2) ... 1 ... ) 2 
----(P +-P + 

2 r 2 2(m 2+m 3> 2 

a2 z 1 Z 2(m 2-m 1) (C12(R) (R. p) + 
+ ) 11 

2m1 m2(m2 + m 1 

f (13),r ) ... 1 -+)2 
11 ' 1 (P- -p 

r 2 1 

) 1-+ 1 -+ -+) a2z 1z 3 (m1-ma ~( 13)( )(; -R).(-p-P + -------fu r + 2 2 
+ 2m1m3 (m1+ rna) /13/ 

2 ( ) 1-+ 1 -+ P-+) a Z2 Z 3 m2 -rna f(23)(r ) ct _ -R) • (-p + + _ __.::__.:::.__-=---:--- 11 2 2 2 
2m :f!a(m 2+ m 3) 

2
'7 z -+ -+ 2 

a '-'1 2 f<12)(R) (R·p) _ 
- 2 11 

2(m 1 + m:t 

9 1 ... 1 ... -+]2 crZ1Za f-(13)( ) [(r ... + -R.) .(-p - P) -
- ----- 11 r1 2 2 

2(m1 +IDa)2 

2 -+ 1 ... . 1 ... -+]2 
aZ2 Za f<23)(r )[(r--R).(-p+P) • 

2 11 2 2 2 2(~ +m3) 

CornacHo $opMyJlaM /7/, /8/ onpeAelleHHe pen.ATHBHCTCKHX CABH-
ros ypOBHe~ 3HeprHH ~E ~NvnA CBOAHTC.A K Bbi4HCJleHHIO cpeAHero 
3Ha4eHH.A onep,aTOpOB V ( t) no HepeJl.ATH BHCTCKHM BOJlHOBbiM $yHK4H.AM 
CTa4HOHapHbiX COCTO.AHI-1~ CHCTeMbl: 

~E ~;A, t = < JvnA, m J IV (t) !JvnA, m J > • /14/ 

An.A 3Toro 4eJlecoo6pa3HO nepe~TH OT AeKapTOBbiX KOOPAHHaT BeKTO-
pOB R 1-1 ; K nepeMeHHbiM R, ~=(r 1 +r2 )/R, 71=(r 1::;r2)/R 1-1 K yrnaM 
ciJ , 8 1-1 ¢,rAe ciJ 1-1 8 - non.ApHble yrllbl BeKTopa R B $HKCHposaHHO~ 
KOOPAHHaTHOH CHCTeMe, a cp- a3HMyTaJlbHbiH yr011 BeKTOpa t BO-+ 
BPall1aiOU1eHC.A CHCTeMe, OC b Z' KOTOpOH HanpaBJleHa no BeKTOPY R, 
a OCb y' Jle>KIIIT B nJlOCKOCTH Q-xy/10 / . 

B aAHa6aTH4eCKOM nOAXOAe / 3, 10 / nony4eHo cneAy10111ee pa3JlO>Ke
HHe HepeJl.ATHBHCTCKOH $yHK4HH Tpex4aCTH4HO~ CHCTeMbl 

JvnA .., -+ ...... 
t/1 (R,r)= < Rr!JmJvnA > 

mJ 
/15/ 

B P.AA no KYilOHOBCKHM C$epOHAaJlbHbiM $yHK41o1.AM nn1 mp (~ ;R), ' E n2mp<71 ;R): 

7 



t/J Jvw\ 
mJ 

-+ -+ J J.\ 00 00 -1 Jvw\ 
(R,r) =I. 9) (¢1, 8,¢) I. I.' I I. R Xn !In (R)x 

m=O mmJ n =Op=g,u n1=0 1--.:mp 

x Nn n mp (R) nn. mp (~;R) En mp (7];R) + 
1 2 • 1 2 

1161 

+ tdkR-lxJvn.\ (k,R) Nn mp(k,R} nmp(~;k,R)En mp(TJ;R)}. 
0 n2mp 2 2 

J.\ 
3AeCb <l>YHK~VIVI ~ mmJ e~pama~TCR 4epe3 

/ 11 / 
D-<t>yH K~VIVI BV~ rHepa : 

~ J,\ = [(2J + 1) 18rr2 ]11z 
mmJ 

~OJ.\ = [(2J +1) 116rr2 ] 
mJ 

[( m J ( J J 
-1) D mm J + .\ -1) D -mm J ], m > O, 

(1 +.\ (-1) J) D Jo , 
mJ 

N(R) - HOPMVIPOB04H~~ MHOX<VITellb / lO,f a WTpVIX y 3HaKa 

CYMM~ no p 03Ha4aeT, 4TO B C11y4ae VIAeHTH4H~X 4aCTVI~ 1 VI 2 
Vl3 ABYX 3Ha4eHVI~, g = + 1 VI U = -1, p npHHHMaeT TOll bKO P. =A(-1) I , 

.... 2 .... .... 2 
rAe I(l+ 1)- co6cTBeHHoe 3Ha4eHV~e onepaTopa I = (s 1 + s 2) 
<t>yHK~HH x(R) HaXOARTCR KaK peweHHR 3aAa4VI WTypMa-nHyBH1111R A11R 
CHCTeMbl HHTerpOAH$$epeH~I-ia11bHbiX ypaBHeHH~, n011y4a~~e~CR nyTeM 
nOACTaHOBKH pa3nomeHHR 1161 e y.W. 151 H nocneAY~~ero ycpeA-

/ 10 / 6 HeHHR no seeM nepeMeHH~M,KPOMe R . H3 <l>OPMY11 11 I, 1151, 
171 ClleAyeT npeACTaBileHHe Be11H4VIH B BHAe 

rAe 

8 

L\E Jvw\, t 
NR lim 

n-+oo 

Jvn.\, t 
lim v [ 'ii , 'k, J l 
k-+oo . 

v Jvn!, t 
[ll,k,iiiJ 

m<J ;;;<J 
= I. , I. , l I.- I I. I. J vw\, t , , -,,._v ,,,,+ 

p p m=O m=O ~+~n ~+~n ~n2mp,n 1 n2 m p 

- n k 
+ I. - I. f dk'v Jvw\, t 
n 1+~Sn n~=O 0 

nll2mp,k'n2m'p' + 

n k k 
+ I. f dk f dk 'v Jvn.\, t 

n2,n~ =0 0 0 kn2 mp, k 'n~m 'p'! ' 

1171 

1181 

J vn.\, t v , , , , 
n1n2mp,n1n2 m p 

J vn.\ (R) 3 oo 1 
00 2 )(n1n2mp R 2 2 

= f dR· R N (R) 1- f df, f dl] • (f,- 1J ) X 
0 R nl n2mp 8 1 -1 

_ _ 2rr 2rr rr -J,\ (t) 

x lin mp(f,;R)t:.n mp(7J;R>[ f d<fJ fd¢ fd8sin8~mm (<fJ,8,¢)V x 
1 2 0 0 0 J 

119/ 

x 9JJ~ (<fJ,E,¢)]11n' 'p'(~;R) En'm'p'('I;R) l x 
m mJ 1m 2 

X N , , , , (R) 
n
1 

n
2 

m p 

Jvn.\, t 
v , , , 

kn 2mp, n1 n2 m p 

Jvn.\ (R) X , , , , 
n 1 n2 m P 

R 

= v Jvn.\, t 
nln2mp,n~n;m'p' (nl-+k) H T.A. 

(t) 
Bt.ipameHJ.1R A11R onepaTopoe V , t = 1 •..• , 5, e nepeMeH~x R, 

~ , 1J , ¢l , 8 , cp npH BeAeHbl B npi .. lllometiWH 1 • 

§4. nonPABKH K YPOBHRM 3HEPrHH 
CTAUHOHAPHWX COCTORHHA 
ME30MOnEKYn H30TOnOB BOAOPOAA 

H3nomeHH~~ e §§2-3 $OpManH3M 6bln npHMeHeH AllR Bbi4VIC11eHHR 
pe11RTHBVICTCKHX nonpaeOK H nonpaSOK Ha 3,M. CTPYKTYPY RAeP 
K ypOBHRM 3HeprVIH /L -Me30M011eKy11 BOAOPOAH~X H30TOnOB. 

3neKTpOMarHHTHble $OpM$aKTOPbl npOTOHa, Ae~TpOHa VI TPHTOHa 
annpOKCHMHpOBallHCb <l>YHK~HRMVI THna 

e 
F ( - ({2) = I. c I (1 + q 2 I A 2 ) n 

n n n 
c napaMeTpaMH, nony4eHH~MVI e pa6oTe 161 ; IL- -Me30H paccMaTpH
eancR KaK 6eccTpyKTypHaR 4acTH~a. Hcno11b3oeaHHble 3Ha4eHHR Mace 
H MarHHTHbiX AHnOilbHbiX MOMeHTOB/l 2/ npHBeAeHbl B ma6~.l; KOHCTaH
Ta TaKo~ cTpyKTYP~ · 6panacb H3 1131: a= 11137, 0360, a npV~ nepe
XOAe K aTOMHbiM eAHHH~aM cneAyeT nonb30BaT.bCR 3Ha4eHHeM Ry = 
= 13,6058 38. 

Bee Bbi4HcneHHR npOBOAVI11HCb TaK, 4T06bl o6ecne4~Tb a6con~THY~ 
T04HOCTb 3Ha4eHH~ ypOBHe~ 3HeprHH Me30M011eKy11 oE~NvnA .::: 10-3 38. 

' 



Ta6.11Ul4Q 1 

3Ha4eH~R Mace ~ MarH~TH~X A~nonbH~X MOMeHTOB ~--Me30Ha ~ RAeP 
p, d ~ t , ~cnonb3oeaHHble e pa6oTe 

4acT~~a ~ p d 

Macca m i 
/M3B/c~/ 105,65646 938,2796 1875,628 2808,9438 

MarH~TH~H 

A~nonbH~H 

MOMeHT 1, 0012 2,7928 0,8574 2,9789 

~ - (~) 
1 

2mic 

TaKaR T04HOCTb AOCTaT04Ha AnR on~caH~R npo~eccoe pe3oHaHCHoro 
o6pa30BaH~R Me30MOneKyn ~ COOTBeTCTByeT ow~6Ke 8T- 10°K B on
peAeneH~~ TeMnepaTypbl pe3oHaHca / 2 /, 

3To no3eon~no HecKonbKO ynpocT~Tb B~KnaAK~, npeHe6peraR 
4neHaM~, BKnaA oT KoTor~x MeHbwe e~6paHHoro npeAena. C y4eToM 
Toro, 4TO m3/ m 1 2 < 10- AnR ecex Me3oMoneKyn, e e~pa>KeH~~ AnR 
V(4) /12/ OCTaeneH TOnbKO nepB~H 4neH 

(4) a 2 1 1 1 .... 4 m 3 3 v =- -1(- + -+ -)p +0((-) )I. 
8 m 3 m 3 m 3 m2 3 1 2 

nonpaBK~ Ha 3.M. CTpyKTypy K MelKbRAePHOMy KynOHOBCKOMy nOTeH
~~any /9/ ~ Ha KOHTaKTHOe B3a~MOAeHCTB~e Me>KAY RApaM~ /10/ 
npeHe6pe>K~MO Man~. 3~eKT OT B3a~MOAeHCTB~R ~OnA~-KpaH4~Ka V(&) 

MeHbWe 10-a 36, KaK noKa3~Ba~T paC4eT~ CBepXTOHKOH CTpyKTypbl 
Me30MOneKyn /S/ 1-1 O~eHKa nopRAKa Ben~4~H B V(&); n03TOMy OH 
TO>Ke He y4~TbiBanCR. 

np~ Bbi41-1CneH~I-1 MaTpi-14H~X 3neMeHTOB OT onepaTOpOB V (t), t =1, ... ,4 , 
He y4~T~BancR BKnaA B aA~a6aT~4eCKOe pa3nO>KeH~e /18/ OT 4neHOB, 
COOTBeTCTBYIOIII~X Henpepb!BHOMY cneKTPY ABYX~eHTPOBOH 3aAa4~ 1141; 
pe3ynbTaT~ aHanor~4H~X BbiKnaAOK pa60T~ / 7 / yKa3~Ba~T, 4TO BHO
C~MaR 3T~M ow~6Ka He npeeblwaeT AOnycT~MbiX npeAenoe. AnR Kyno-
HOBCK~x c~epO~AanbHbiX ~YHK~~H nn1mp ((;R) ~ En mp (71;R) 
~cnOnb30Ban~Cb COOTBeTCTBeHHO pa3nO>KeH~R B PRA ~e ~ B PRA no 
CTeneHRM (1 ± 71) 1141 ; B Bbl4~CneH~RX 3T~ PRAbl 06p~ean~Cb TaKHM 
cnoco6oM, 4T06bl o6ecne4~Tb OTHOC~TenbHY~ T04HOCTb B~4HCneH~H 

-10-5 .HHTerpl-1pOBaH~e no 71 npOBOA~nOCb aHan~T~4eCK~, a no (-
4~CneHHO, C OTHOC~TenbHOH OW~6KOH -10-5 AnR v0~~~0~0, 1-1 -10-a 
e ocTanbH~x cny4aRx. B Ka4ecTee ~ x ~;~mJR) ~cnonbao~ani-1Cb pe
weH~R, nony4eHHble e pa6oTe 1151; ~HTerp1-1poeaH1-1e no R npoBO,tll-lnocb 

10 

'· 
Ha ~HTepeane /0;20,0/ c waroM 0, 1, aHa /20,0;60,0/- c waroM 
1,0; conocTaeneH~e c peaynbTaTaMI-1, nony4eHH~MI-1 np~ YABOeHHOM 
ware, yKa3~eaeT, 4TO OTHOC~TenbHaR ow~6Ka ~HTerp~poeaH~R He 

-4 
npeBOCXO,ti~T 10 • _, 

!!A 
v AE J Vll/\, t 6 Ka4eCTBe 3Ha4eH~~ u NR pan~cb nap~~anbHble cyMMbl 

Jv t 81 v[ 2,o:o] /1 ; ma6.11.2 ~nn~cTp~pyeT Ha np~Mepe Me3oMoneKyn~ 
dt~ (J = v=1, A-~1) AOCTaT04HO 6~cTpy~ cxo,t~~MocT b pa3no>KeH~R I 17, 18/, 
o6ecne4~Ba10111y~ e~nonHeH~e HepaeeHcTea 

JvnA, t JvnA, t -3 
\/).E NR - v [ 2, 0, o] 1 ~ 10 , t = 1, ...• 4 . 

Ba>KH~M RBnReTCR eonpoc o e~6ope Ha4ana OTC4eTa 3Hepr~~ ceR
aaHH~x COCTORH~H TpeX4aCT~4H~X C~CTeM. 3Hepr~~ CBR3~ Me30MOne
Kyn~ fJvM eCTeCTBeHHO OTC4~T~BaTb OT ypOBHR Eo OCHOBHOrO 
COCTORH~R Me30aTOMa 6onee TR>Kenoro ~3 R,tlep 141 

JvnA -EJvnA -Eo 
- NR ' 

Y4eT He 3aB~CR~~X OT cn~HOBOro COCTORH~R penRT~B~CTCK~X lo1 ,[lpy
r~X ynOMRHYT~X paHee 3~eKTOB np~BO,ti~T K CAB~ry HepenRT~B~CT
CKI-IX ypOBHeH 3Hepr~l-1 KaK Me30MOneKyn~ /Ha een~4~HY /).E~v~A/14//, 
TaK ~ OCHOBHOrO COCTORHHR Me30aTOMa /Ha eeni-14~HY /).E 0

, nony4eH
HY~ e pa6oTe 161 I. Ecn1-1 e /).E 0

, aHanorH4HO pa36!-1eHH~ e ~pMyne 
/14/, B~,tlenHTb BKna,tl~ /).EO,t OT pa3m14H~X 4neHOB B onepaTOpe 
ABYX4aCTH4Horo B3aHMo,tleHCTBHR /eM. 161 I, /).c JvnA MO>KHO npe,tl-
cTaBHTb B 81-l,tle 

/).c JvnA = ~/).c JvnA,t = ~(/).E ~~,t -/).E O,t ) . 
t t 

/20/ 

3Ha4eHHR ecex yKa3aHH~x eenl-141-lH AflR Me3oMOneKyn~ dt~ 

(J =1, V=1) npHBe,tleH~ B ma6.11. 2 KaK nO,tlp06HaR ~nn~CTpa~HR Bbi4HC
nHTenbHOH npo~e,tlyp~. ,llnR BCeX OCTanbHbiX H3BeCTH~X CTa~~OHap
H~X COCTORHHH Me30MOneKyn B ma6.11.3 npHBe,tleH~ n~Wb 3Ha4eH~R 
nonpaBOK K 3HeprHI-1 CBR3H /).c JvM, t H /).c JvM , Bee 3TH COCTOR
HHR - 110CHOBHble no Me30HHOMy ,tiBH>KeHH~11 141, n03TOMY o6~~e ,tlnR 
HI-IX KBaHTOB~e 4Hcna n = (0, 0, 0) ~ A =(-1) J e o6o3Ha4eH~Rx ony
~eH~. 

Cne,tlyeT o6paT~Tb BH~MaHI-le Ha TO, 4TO np!-1 Bbl41-1CneH~~ nonpa
BOK K 3Hepr~~ CBR31o1 Me30MOneKyn no ~pMyne /20/ npOI-ICXO,tii-IT 
3aMeTHOe 83~MHOe COKpa~eHI-le BKna,tiOB 6n!-13KI-1X no eenH4~He 3Ha-
4eHI-1H /).E ~R 't 1-1 /).E O, t ,tlnR t = 1 , 2, 3, 4ero He Ha6n~,tlaeTCR 
e cny4ae t= 4 /eM. ma6.11.21. 3To yKa3~BaeT Ha To, 4TO nonpae
KH Ha penRTHBHCTCKY~ OT,tla4y RBnR~TCR Cy~eCTBeHHO Tpex4aCT~4-
H~M 3~~eKTOM, TOr,tla KaK nonpaBKH Ha 3.M. CTpyKTYPY 4aCT~~ ~ Ha 
KOHTaKTHOe H KBa,tlpHpOBaHHOe KynOHOBCKOe B3alo1MO,tleHCTB~R - no 
cy~eCTBY ,tiBYX4aCTH4Hble 3~eKTbl, 

11 



Ta6.11u!,ia 2 

Pen~T~B~CTCK~e nonpaeK~ K Hepen~T~B~CTCKOMY ypoeH~ 3Hepr~~ 

I J = 1' v = 1' n = (0,0, 0)' A =-1 I Me30MOneKynbl dt/1. np~BeAeHbl 
npeBOCXOA~~~e no MOAYn~ 1 o-5 38 4neHbl VJv, t , , , , 

n 1n 2mp, n 1n2 m p 

e paanomeH~~ e PRA 1171-1191 An~ MaTp~4Hblx 3neMeHTOB onepa

Topoe penRT~B~CTCKOrO B3a~MOAei:1CTB~R V(t), t=1, ... ,4, ~ napu~anb-
Hble cyMMbl v(~;~,o] IMK38I, annpoKc~M~PY~~e 3Ha4eH~R ~E NvRt 
C T04H0CTb~ -10 -3 38; een~4~Hbl COOTBeTCTBy~~X nonpaBOK 

K 3Hepn1~M CBA3~ Me30aTOMa ~E 0 •_t, ~EO~ Me30MOneKynbl 11£Jv,t,~£ Jvl38, 

llonpaBKH Ha KoHTaKTHOe KBa.n:pHpOBaH- PeJIJITHBI1CT- CyMMap-
a .M. CTPYK'J.'Y-B3UHMO,nei1:- HU: i KyJIOH CKa.fi OT,naqa Ha!i no-

-. n,~m,P 11,~¥'PY ( t = I) CTB.Iie (t=2) ( C== 3) (t'"' 4) npaBKn 

00~ 0009 +I39I44 +II9449 -244399 
oo~ ooo~ -I7674 -575 +1676 
OOQu OOOu +27070 +27IOO -53953 
I OOa OOOt +38 +36 -G4 
roo, ooo~ -I4 -o +I 
roo.. ooo~ -35 -I +4 
10011 OOOu +58 +52 -92 
oro1 000 ~ -727 -603 +1030 
or~ ooo"' +55 +2 -5 
2DCJ oooi +I7 +I5 -26 
20Clu 000 14 +13 +I2 -20 
02~ OOOw -97 -80 +I35 
020., DOOu +8 +7 -II 

tl£~'1aB)O,I478 0,1454 -0,2957 
nonpaBKH K 
Is ypoBHIO 
aTQMa rp- o, I456 . 
~Eo, ~EO,t (aB) 
norrpaBKvi K 
3H8pi'HH 
C~JI3H +0,0022 

- ~EJv, t' ~l Jv ( aB) -

0,1460 -0,2888 

-0, 0003 - 0, 0069 

t-1 30290 t-144484 
0 -16573 

+298I7 +30034 
+37 t-47 

0 -13 
0 -32 

+66 .,-(34 

-729 -999 
0 +52 

+18 +24 
+15 +2lJ 

-IOO -I42 
+9 +I3 

0,1594 +0,1570 

+D,I070 +0,1098 

+0, 0524 -;-0 , 0472 

3~~eKTbl nonAp~aa~H~ eaKyyMa e AaHHoi:1 pa6oTe He paccMaTpH

ean~cb, TaK KaK COOTBeTCTBY~~e 4neHbl B raMHnbTOH~aHe H- 6o-

nee BbiCOKOro nop~AKa no a; OAHaKO ~3-3a 6onbWOi:1 MaCCbl fl 
Me30Ha B PAAe cny4aeB OH~ OKa3biBa~TCA Cy~eCTBeHHbiMH, nonpaBK~ 
Ha non~p~3aU~~ BaKyyMa K 3Hepr~H CB~3H CTaU~OHapHbiX COCTOA

H~i:1 Me3oMoneKyn lo6oaHa4eHHble KaK ~£ Jv, VP I 1 16 ~a TaKme non

Hbli:1 CABHr 

A Jv A Jv A Jv, VP 
Of tOt =Of +til 

12 
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npHBeAeHbl B m26.11. :L CpaBHeH~e noKa3biBaeTJ 4TO AnR OCHOBHOrO 

H H~3KOnema~~X ypOBHei:1 Me30MOneKyn B ~£ tvt AOM~H~pyeT HMeH-

HO BKnaA OT ~l Jv, VP , B TO BpeMR KaK ;nR CHnbHO B036ymAeH-

HbiX pOTau~OHHbiX (J > 1) ~ OCOfieHHO AnA B~fipa~HOHHbiX COCTO~H~i:1 

Ta6./IU!,ja 3 

nonpaBK~ K HepenRT~B~CTCK~M ypOBH~M 3Hepr~~ Me30MOneKyn 

~30TOnOB BOAOPOAa. np~BeAeHbl Is 381 3Ha4eH~A nonpaBOK: Ha 

HCKameH~e KynOHOBCKOrO nOTeH~Hana Ha ManbiX paCCTO~HHAX 3a C4eT 

3. M. CTPYKTypbl AAep (~£ Jv, l ), Ha KOHTaKTHOe (~E Jv, 2) ~ KBaApHpo

eaHHOe KynOHOBCKOe (L\£Jv,a) B3a~MOAei:1CTB~A, Ha penRT~BHCTCKy~ 
OTAa4y (~£ Jv, 4 ) ~ Ha nonRpH3a~~~ eaKyyMa (~£ Jv, VP), a TaKme 

CYMMapHbli:1 CABHr ~£ Jv 
tot 

MesoMo- Op6HT. S.M. KoHTaKTH.KBa.n;pH-
JieKyJia H BH6pau. CTpyK- B3aHMo.n;.,pOBaH. 

KBaHTOBh!e TYPa, t IqJIOH, 
'lHCJia C=I =2 "t=3 

0 0 +0,0032 +D,OI99 -0,0684 
f>Pfl I 0 +0,0002 +0,00I3 -0,0268 

0 0 -0,0660 +0,0282 -0,0740 
f'ct;U I 0 -0,0737 +D,OIIO -0,0371 

p~# 

ddf 

riff' 

t:~ 

0 0 -0,0390 +0,0289 -0,0758 
I 0 -0,0438 +D,OI22 -0,0409 

0 0 
I 0 
2 0 
0 I 
I I 

0 0 
I 0 
2 0 
0 I 
I I 

0 0 
I 0 
2 0 
3 0 
0 I 
I I 

+0,0386 +0,0251 -0,0828 
+0,0185 +0,0120 -0,0494 
-0,0037 -0,0024 -0,0189 
+0,0034 +0,0022 -O,OI76 
-0,0094 -O,OOIO -0,0049 

+0,0324 +0,0267 -0,0864 
+0,0476 +D,OI47 -0,0608 
+0,0293 +0,0002 - O, J273 
+0,0281 +0 , 0033 -0,022I 
+0,0022 -0,0006 - 0,0039 

+0, 0289 +0,0290 -0,0902 
+D , OI85 +0,0186 - 0, 0683 
+0,0047 +0, 0048 - 0, 0376 
- 0, 0063 - 0, 0063 -0, 0095 
+0 , 0058 +0 , 0058 -0,0295 
+D,OOIO +D,OOII - 0, 0177 

llonHpH3aU. ilOJIHHH 
0T,naqa. BaK~I6f.c.nBHr, 

J'tJo 
-i= 4 ~vP &E.iot 

+0,0383 -0,285 -0,292 
+0,0225 -0,064 -0,037 

+0,0599 -0,290 -0,342 
+0, 0440 -0,096 -0,152 

+0,0388 -0,325 -0,342 
+0,0532 -O,I24 -0,143 

+0. 038I -0. 397 -0,348 
+0,0543 -0,227 -0,196 
+0,0395 -O,OI6 -0,002 
+0,0463 -0,030 +0,004 
+0,0440 +0,008 +0,037 

+0,0777 -0,428 -0,348 
+0,0348 -0,267 -0,20I 
+0, 0496 -0,058 -0,003 
+0,0550 - 0,056 +0, 008 
+0, Cl524 -0, 003 +0,044 
'- -
+0,08146-0,479 -0,430 
+0' 070I - 0' 329 - 0,290 
+0, Cl553 -0, I30 - O, I03 
+0, 0440 +0 , 044 +0, 066 
+0, 0581 - LJ , 097 - 0, 057 
+0 , 0533 - 0, 034 +0, 004 
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(v = 1) onpeAe11fliO~I-1M OKa3b1BaeTCfl BKilaA /).£ Jv OT I-1CC11eAyeMbiX 

e AaHHOH pa6oTe 3¢$eKTOB. CpeAI-1 HI-1X e nepeoM cny4ae 
caMOH 6011bWOH flBilfleTCfl OTPI-1~aTe11bHafl no 3HaKy nonpaBKa Ha 
KBaApl-1pOBaHHOe KyllOHOBCKOe B3ai-1MOAeHCTBI-1e /).£Jv, 3 , OAHaKO npH 

nepeXOAe K B036Y>KAeHHbiM COCTOflHHflM ee Be11H4HHa, KaK H nonpae
KH Ha 3.M. CTpyKTypy flAep 1-1 Ha KOHTaKTHOe B3aHMOAeHCTBHe, 6b1CT

po y6biBaiOT H AOMHHHpyiO~eH OKa3biBaeTCfl nonpaBKa Ha pellflTHBHCT

CKYIO OTAa4y. B C11y4ae Me30M011eKy11bl dtJ1(J=1, V = 1) BKilaA OT no

CileAHeH nonpaBKH COCTaBnfleT 80% CYMMapHOrO CABHra ypOBHfl 3Hep

rl-11-1 H npHMepHO 8% OT Be111-141-1Hbl 3HeprHI-1 CBfl3H 3TOrO COCTOflHHfl. 

§5. 3AKnto4EHHE 

OcHOBHbiM peaynbTaToM AaHHOH pa6oTbl flBilfleTcfl Bbi4HcneHHe pe-
11flTHBHCTCKHX H CBfl3aHHbiX C 3.M. CTpyKTypOH flAep nonpaBOK K He

pellflTHBHCTCKHM ypOBHflM 3HeprHH Me3oMoneKyn H30Tonoe BOAOPOAa. 

B co4eTaHI-1H c eenH4HHaMH nonpaeoK Ha nonflpHaa~l-110 eaKyyMa, no
ny4eHHbiMH paHee 1 161 , peaynbTaTbl AaHHOH pa60Tbl no3B011fliOT Bbi4Hc-

111-1Tb n011Hble CABHrH HepenflTHBHCTCKHX ypOBHeH 3HeprHH C T04-
HOCTbiO - 10-3 3B. 

B TO >Ke BpeMfl OCTaiOTCfl noKa Hey4TeHHbiMH 3¢¢eKTbl n011flPH3a~HH 

flAep H 3KpaHHpOBKH noneM M011eKyJ1flpHbiX 311eKTPOHOB; MO>KHO O>KH

AaTb, 4TO HX BKilaA B 3Heprl-110 CBfl3H Me30M011eKy11bl He npeB30HAeT 
10-3 3B. C Bbi41-1CJ1HTe11bHOH T04KH 3PeHHfl OTKpbiTbiM flBilfleTCfl BO

npoc 0 nocneAOBaTellbHOM y4eTe BKilaAa B CyMMbl /17/-/19/ OT AByx

~eHTPOBbiX ¢YHK~HH HenpepbiBHOro cneKTpa. OpH~~HnHanbHOe 3Ha4eHHe 

HMeeT pac4eT BKilaAa B 3Heprl-110 CBfl3H OT napHbiX B3aHMOAeHCTBHH, 

3aBHCfl~I-1X OT ABI-1>KeHI-1fl ~eHTpa MaCC nap 4aCTH~ /TaKHX, KaK B3aH

MOAeHCTBI-1e ¢onAwKpaH41-1Ka v< 5> /13//. 
no npeABapHTellbHbiM o~eHKaM, Allfl Jl--Me30M011e~~11 H30TOnOB 

BOAOPOAa BKilaAbl OT nepe4HC11eHHbiX 3¢¢eKTOB < 10 3B, OAHaKO 

AallbHeHwee yeenH4eHI-1e T04HOCTH pac4eTOB 3HepreTH4ecKoro cneKT

pa 11 --MeaoMoneKyn, a TaK>Ke nocneAOBaTeJ1bHOe paccMoTpeHHe APY
rl-1x TpeX4aCTH4HbiX CHCTeM B03MO>KHO TOilbKO nocne peweHHfl 3TI-1X 

npo6neM. 

B 3aK11104eHHe aeTop Bblpa>KaeT rny6oKyiO 6naroAapHOCTb C.H.BH

HH~KOMy, n.H.OoHOMapeey H H.T.ToAopoey 3a noAAeP>KKY H nonea
Hble o6cy>KAeHI-1fl, H C.C.repwTeHHy 3a I-1HTepec K pa6oTe. 

OPHilOJKEHHE 

Anfl Bbi4HC11eHHfl HHTerpallOB B npaBOH CTOPOHe paeeHCTBa /19/ 
He06XOAHMO HaHTH Bblpa>KeHHfl Allfl onepaTOpOB V (t), t = 1, ... , 5, 
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1-13 ¢0PMY11 /9/-/13/ B KOOPAHHaTaX R, ~' ry, ¢, e, ¢. 
HH>Ke npH BeAeHbl HYX<Hble c)JopMyJlbl; npH 3TOM He non b3oeaHbl cneAyiO
~He o6oaHa4eHHfl: 

2 2 a 2 a a 2a 22 Q=y(~ -1)(1-ry ), de=-(~ -1)-,d =-(1-ry )-,D=f,-ry. 
"' a~ a~ ry ary ary 

r 1 = ~ (~ + ry) ' r 2 = : (~ - ry) ' 

2 ... 2 4 1 1 a 
p =--1--(dc+d )+---1, 

R 2 ~-ry 2 "' ry Q 2 a¢ 2 

->2 1 a 2 a 2 1 2 a 2 a ) 1 a 
P =- ::::-F -R - +- -::22(~(!; -1)-+ry(l-ry )- (-+-)-

R aR aR R f, _ ry a( ary R aR 

1 !;2_..ry
2
-t 1 a a 1 a 2 

--1 (dc+d) +----sine--+----+ 
R 2 !; ~ ry 2 "' ry sin e ae ae sin 2e a¢ 2 

ery
2 

2f,ry 2 a
2 2~ry a 2 2/;ry cos¢ 

+(--+ --cotgecos¢+cotg e)--+--sin¢---(-- --+ 
Q2 Q a¢2 Q aea¢ Q sine 

cos e a 2 2Q a . a sin¢ a a a 
+--)--+-(cos¢-- sm¢ cotge- +-- --)(~-- ry-) I, 

sin 2e a¢a¢ D ae a¢ sin& a¢ ary at; 

... ... 2 1 a 2 a a 2 t;ry 
(Pp)=--(-+-)(ry(~ -1)- +!;(1-ry )-)+- -(d c+d ) + 

R R aR at; dry R 2 D "' rr 

2 !; cot ecos¢ a 2 
Q . a a 

+ --1(-ry-+ g )-- + --(cotgesm¢-- cos¢--
R 

2 
Q 2 Q a¢ 2 o 2 a¢ ae 

_ sin¢ _a_)(f,_a_ -ry.!!_)+ sin¢ ~ _ cos¢ 
sine a¢ a~ ary Q aea¢ Qsin& 

... ... 2i 2 a 2 a 
(Rp)=- (ry(~ -1)-+/;(1-ry)-), 

.; 2_ ry 2 a!; ary 
2 

a2 
--1. a¢a¢ 

...... 2 4 2 2 2 2 2 a 
(Rp) =- I~ {1-ry )d +ry (~ -1)dc+2/;ryQ -- + 

<~2-ry2) 2 ry "' af,ary 

~(/; 2__1) (C2 3 2 4 3C2 2) a ryU-ry 
2
)( 2 3c2 c4 3c2 2) a I 

+ c, + ry -ry - c, ry - + ry + c, -c, - c, ry -' !; 2 _ ry 2 a!; .; 2_ ry. 2 ary 

... 1 ...... 1 ... i a 1 a 2 a 
(r- -R) ·(P+-p) = -1<1-~ry)[ R- + --({1-rf )-- (~ -1)-)]-

2 2 2 aR ~ + ry ary a~ 
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Q 
2 

a a a sin¢ a a 
- --(-- + --)-Q(cos¢- + ---- -cotgOsin¢-)1, 

~ + TJ a~ aTJ ae sinO a<t> a¢ 

-+1-+ -+1-+2 12 22 2 2 2 
[(r --R).(P+-p)] =--1(---TJ) (( -1)d(+<---~ (1-TJ )d + 

2 2 4 ( + 1J ( +7J 1J 

2 2 2 a 
8(('

2 

-1)(91 + 1) + < -1 '"'"' +(', '-< _,, +(', -4) laz- -+ [ (( + 1J) 3 ( + 1J 

- [ 8(1-7]2 )((TJ + 1) + 

(( + 1J) 3 
1-TJ 2 22 3 2 2 a 
-(( T/ +( T/- T/ -2( +(ry -4)]-- + 
(+ry ~ 

2 4 a2 
2 2 a 

+2Q (2-~ry- ) -- +2Q[((ry-1) +(ry- --)(( -1)- + 
<( + 71 ) 

2 a(a71 ~ + 71 a( 

( 2 C"\( 2) a ) a 1 . a sin¢ a + ---s, 1-TJ --+(1-(ry R- (cotgOsm¢-- -- ---
( + 71 a71 aR a¢ sine ae 

a 2 2 2 2 a -cos¢-)+[Q -((ry-1) +2(1-(ry)(ry- --)(( -1)- + 
ae ( + 71 at; 

2 
+2(1-9-JH-

2
- -/;)(1- 71

2>-a-JR-a-+(1-1;71 ) 2cR2 _a- +R-0-) + 
1; + 71 a71 aR aR 2 au 

2 2 a 2 
sin 

2
¢ () 

2 
2 . 2 a 2 sin2¢ a 2 

+G [cos ¢-2 + ~-2+cotg Osm ¢-
2
+-- ---

ae sin e a <t a¢ sin e a<tae 

- 2sin2¢cotg8~ _ 2 cos8sin 2¢ 
aea¢ sin 2e 

+ cotg e sin 2 ¢ _a_ _ sin2¢ cos e 
ae sin2 () 
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