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§ 1 • BBELIEHHE 

PeaKLtHA 2-4acn14Horo paaaana 3He no,q ,qet:icT'eHeM nHOHOB 

npeACTaBJlReT t-IHTepec B Cile,qyiO~eM OTHOWeHir!H. ·Bo-nepBbiX, B 3TOiit 

peaKLtHH B03MO~HO H3Y4eHHe napHWX B3aHMOAe~CTBHH KOHe4H~X 4ac

TH4 B KHHeMaTH4eCKOiit o6JlaCTH, TPYAHO AOCTHmHMo~ B cooTaeTCT

ByiO~eiit 2-4aCTH4Hoiit peaKLtHH. Oco6eHHo HHTepeCHWMH a,QeCb Morn~;~ 

fihl CTaTb 3KCnepHMeHT~ C MHHHMaJlbHOH OTHOCHTellbHOiit 3HeprHeiit 

B napax rrd H rrp, nOCKOilbKY npAM~e H3MepeHHR COOTBeTCTBYIO~HX 

AflHH H $a3 pacceAHHA co,qepmaT 6ollbWHe HeonpeAeneHHocTH, nH6o 

B006~e OTCYTCTByiOT. 

,Qa.nee, J.oot3BeCTH0/1/, 4TO B peaKLtHAX BblfiHBaHHR HYKJlOHOB '-13 

A,Qep CO 3Ha4HTeJlbHbiM BbiXOAOM Ha6I110AaeTCR TaK Ha3blsaeMoe KBa3H

ynpyroe ebi6HBaHHe, T.e. HaneTaiO~aA 4aCTHLta saaHMO,QeHcTayet c 

HyKnOHOM RApa, KaK CO CB060AH~M C T04KH 3peHHR KHHeM8THKH 

CTO!lKHOBeHHR, HccneAoBaHHe 3TOrO RBileHHR B peaK4HH rT 3 He ~ trpd, 

no-BHAHMOMY, n03BOnHT K0!1H4eCTBeHHO OTBeTHTb Ha BonpoC - Ha

CKO!lbKO CHnbHO nepeHOpMHpyeTCR nycTOTHOe mN ~38HMOAe~CTBHe 

a npocte~weM flApe 3He. 
HaKoHe~, a 4HCTO teopetH4eCKOM-· n.naHe, o~eHKa ce4eHH~ 2-

4actH4Horo paasana 3He noaeonRet onpeAenHTb eenH4HHY BKilaAa 

e ynpyroe " ~e pacceRHHe, _npoHCXOAR!Qero at Y4eta HenpepbiBHo

ro cneKTpa 3-HyKilOHHOrO raMHilbTOHHaHa no cpaBHeHH~ C BKI18AOM 

OT pacceRHHfl, HAY!Qero 4epe3 OCHOBHOe COCTOflHHe SHe. 

6 OCHOBe pac4eta 6YAYT ne~8Tb npH6.nHmeHH~e 4-4aCTH4H~e 

ypaBHeHHR, npeA!lO>KeHH~e B /2/ H npHMeHRBWHeCR B /3/ K OnHC8HHIO 

HH3K03HepreTH4eCKOrO ynpyroro 1t 3He-pacceRHHR, x·apaKtepHOI::i 

OC06eHHOCTb~ 3THX ypaBHeHH~ RB!lReTCR B03MO~HOCTb npH6!1H>KeHHO

ro Haxo>KAeHHR nonHero 4-4aCTH4HOro onepatopa nepexoAa A!lR cHc

TeM~ TT3N, 3TO o6CTORTe!lbCTBO H n03BOJ1ReT nOAO~TH K pacCMOTpe

HH~ npo4ecca paaaana a paMKax TaKHX ypaeHeHH~. HtaK, a AaHHOM 

noAXOAe Y4HTblea~tcR nepepacceRHHR nHoHa Ha HYK.noHax so scex 

nopRAKaX, H,KPOMe TOrO, HCnOI1b3Y~TCR npaBH.flbHble acHMnTOTH4e

CKHe COCTORHHR. Cy~qectayet 141 He38BHCHMOe yKa38HHe, CBHAe

Te!lbCTBY~!Qee 06 aA3KB8THOCTH npeA!laraeMoro MeTOA8 pea!lbHO~ 

CHTY84HH. 0HO QblnO nony4eHO npH paCCMOTPeHHH pe8K4HH paaaana 

Ae~TPOHa 8 none RAPS MeTOAOM, BeCbM8 6!1H3KHM K HCnOI1b3yeMOMy 

8 A8HHO~ pa6ote. npH 3TOM OKa3a!lOCb, 4TO ce4eHHe paasana npH-

6nH>KaetcR K Ce4eHHIO, nony4eHHOMY B T04HOM P8C4ete, OCHOB8HHOM 

Ha MeTOAe CH!lbHOH CBR3H KaHa.noa, C pOCTOM 3HeprHH Ha.netaiO!Qe~ 
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4aCTH4~· 3TO MQmeT 6~Tb CBR3SHO C B03HHKHOSeHHeM a CHCTeMe Ma
noro napaMeTpa, o KOTopoM HHme 6y,qeT cKa3aHo no~po6~ee. 

§2. <!>OPMAJ1H3M 

B pa6oTaX·13•51 6blno ycTaHoaneHo., \.ITO npo4ecc aaaHMO.Llet:icTBHR 
17-MeaoHoa c RAPOM ·aHe a Wl1poKoi1 o6nacTl1 3Hepnd1 /0-.$ E 17 .~ ~200 MsB/ anonHe paayMHO MO)!(HO onHcblsaTb aMnJ1l1TYAOI1 T 0,y,qoa
neTBOPR~~eH ypaeHeH~~: 

Ill 

h0 - KHHeT~4eCKSR 3Hepr14R OTHOCHTeJlbHOrO ,QBH*eHHR nHOHa 14 
4eHTpa TR*eCTH 3 HYKJ10HOB. 

00CKOJ1bKY nOJlHbiH H30Cf1HH CHCTeMbl Ti3N coxpaHReTCR, ypas
HeHHe /1/ y,qo6Hee peWSTb He ,QJlR ¢H3H4eCKHX SMnllHTy,Q, a AJ1R 
aMnJlYITy,q C ¢HKCHpOBaHHbiM n011HbiM H30Cf1HHOM CHCTeMbl T, KOTOpblt:i, 
o4eB-HAHO, a ,qaHHOM cny4ae npHHf.1MaeT aHa4eHVIR T=l/2, T = 3/2. 
C 3TOH 4e11biD CHa4a11a cnpOeKTHpyeM noTeH41-1a11 V17N Ha COCTOR
HHe c ,qaHHbiM T, HMeeM: 

1~ 
+ -r·s 

3 

/2/ 

- paCCTORHHR OT 4eHTpa TRmeCTH 3N AO 4aCTH4 1,2,3 /CM.pHc.l/, 
M. 8 - npoeK4HR cnHHa. 8 nap4VtaJ1bHOM paano)!(eHHH 11N -noTeH41-1ana 
6y,qeM Y41-1TbiBSTb TOJlbKo ·s -aonHbl H ,qee P -aonHbl: P33 -H P. 31 • 
p -aOJlHSM\.1 B COCTORHHI-1 C H30Cn~HOM t17N =1/2 6y,qeM npeHe6peraTb, 
nOCKOJlbKY COOTBeTCTByiD~He HM $a3bl MSJlbl 8 paccMaTpHaaeMOH o6na
CTI-1 3Hepn1H. 8 -ao.nHOBble noTeH4HS/lbl 6pa11HCb J.13 pa60Tbl'/S/, 
a P -aonHOBble - Ha pa6oTbl !6(. TaK KaK o,qHoapeMeHHO Y4HTbiBaiDTCR 
P83 1-1 P31 eonHbl, B03MO)!(Hbl npo4eccbl c nepeeopoToM cnHHa. B 3TOM 
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PHc.I. E,. =68 fuB- -AI$l>epeH- 10 
~aoe ceqem~e ynpyroro rr:SJ.Ie_ 

paccexHHH; - - - - npoHHTer

pHpoBaHHoe no HMnynDcy npoToHa 

AH~epe~anDHoe ceqeHHe He-

ynpyro:A pea.KWfH ,-'·3He ..... p + d + ,.; .• 
' ... ~--

··~------~~------~~~ 0 180 • 

....... ..... -+.... -+' .... -+.-+ 

- rdl!<k\V(r 12 ,r3 )\q> __ G()(q,E).<q\T0 (r 12 , r 3 )\k'>-+',, 

rAe ~HAeKCbl 
11+11 o603Ha4aiOT COCTORH\.IIR C npoeKU,Io1ei:1 cmtHa + 1/2. 

KaK H3BeCTHO,-ypaBHeHHR /3/ pewaiOTCR B RBHOM BHAe, eCnH-BCe 

rrN -noTeHU,Hanbl \.IIMeiOT cenapa6enbHW~ B\.IIA· AnA aanlo1Cio1 peweHHR 

B KOMnaKTHOH ¢opMe BBeAeM 0603Ha4eHHR: 
~~ 

-+ .... .... ikz1 + .... 

~a (k, r 12 • r s ) 2 e . r C1m (k) h " (k) • /4/ 
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l 
(1.!..m + ..!.j.!!..m + ..!.)Y 1 <kl 2-2 2-2m 

+ " -r .;m (k) = " 4" 1 . 1 1 1 " 
(12"' ± 212m± 2)Y 1m (k) 0= '4, 

b" (k) - ~PM¢laKTopbl cenapa6enbHoro 
eT cosoK)tnHOCTb HHAeKcoe Imui l. 
HOB~e HeH3B~CTH~e ~YHK~MH 

trN noTeH4Hana, a o6oaHa4a-
BsoAR BMeCTO aMnnHTYA T 0 

........ -+ -+-+... ..... -+ ............ Z a (r
12 

, r.
8 

.E. k) = ('qa(q, r 12,r}0
0 

(q, E) .<qjT 0 (r 12 , r 8 )jk >++ dq, 
-+ -+ .... .... ..... -+ -+ -+ -+ -+ _,.151 za (r 12''s ,E,k) = fwa (q,r 12'' 3 )Go (q,E)<qj To(r 12 ·'·s) jk>- + dq, 

peWeHHe CHCTeMbl .. ypaBHeHHH /3/ MO>ICHO npeACTaB"'Tb 8 BHAe: 

/6/ 
-+-+-+-+ -+-+-+- -+-+-+ <kjT 0 (r 12,r 8 )jk'·>-+ = l:, "'a (k, r12 ,r. 3.){Aaa'f'l,• (k', r 12 , r 3 )-aa 

-+-+-+ --+-+-+ -Z (r ,r ,E,k')] -A ,Z ,(r ,r ,E,k'll, a' 12 3 aa a 12 ·3 

rAe MaTpH~bl A H A' npHBeAeHbl s DpHJlO>KeHHH. no,llCTaBJlRR /6/ B /5/ 
H BBOAR 11HT-erpanbl 

- -+ ...., ........ .... -+-+ -+ -+ Jaa•(E,rl2 •':s )= fwa (q,r12''3 )G (q,E)wa•(Q,r·12''·aldq' 

nony4aeM CHCTeMY anre6paH4eCKHX ypaBHeHHH AflR HeH3BeCTHbiX ~YHK-4H~ Za H fa _, KOTopaR 8 MaTpH4HOi1 $OpMe HMeeT BHA: 

( 

1 ~ JA JA-) ( 1 ~ Z.) =( '!.) 
JA 1 + JA -Z 0 

~ 
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11cnonb3YA peweH~e c~cTeMbl /8/, a /6/ AJlA a•mn~TYJI no11y4aeM 

MaTpH4H~e awpa*eHHR 

MaTpH~bl B 'H c npHBeAeHbl a npt.1110}f{eHMH. 

~H3H4eCKH€ aMnJlHTYA~ onpeAenR~TCR ClleAY~
HMM MaTpH4HWMH 

aneMeHTaMH! 

-1'-+ 4 ... -1' -+ ..... -1' -1' 

T"(k,k',p 8
)= fY,

380
(r12 ,r 3 ) <kjT 0(r 12 ,r 3 )Ellk'> x 

/9/ 

/10/ 

AJ1R npoqecca 17'3tt:e-+ rr + p + d H -ycpeAHeH~~teM T 0 no eonHoaoH '¢JYHK-

l.llitH ·-sHe - JVlfl ynpyroro " 3He -pacceRHir1R. 

§3. O&CY~AEH"E PE3YnbTATOB PAC4ETA 

8Ha4ane ABAHM rpy6y~ o~eHKY nPMMeHHMOCTH npH6nHmeHH~x ypae

HeHHi1 /1/. 3Tio1 ypaaHeHHA nony4eHbl Ha ocHoee r~o~~noTe3bl o6 a_Allta-

6an14ecKoM xapaKTepe ABHmeHHR HYKilOHOB s RApe. CneAYA pa6oTe'141, 

CTeneHb a.AHa6aTH4HOCTH 6yAeM xapaKTepH30BBTb napaMeTpOM ·T= (. t • 

rAe t - apeMA nponeTa nHOHa 4epea AAePH~ cHCTeMy, a l - cpe.A

H-AA 3Hepn1R B036YlKAeHHA 3T00 CHCTeMbl, OnpeAeJlReMaR BblpalKeHWeM: 

' = 

J<lp~[,P -('He _,d )Jain (ps) 

Ja-in (p) dp~ 

/11/ 

rAe p - t.1MnyJ1bC OTHOCWTeilbHOf"O ABt.1>KeHI-fR pd CHCTeMbl_, C1 in (p) -

ce4eHt.ote Heynpyroro 11 
3He -agaHMOAePicTBHJt: 

~. 

a. (p) = {IT0 (k,k~',Pl\ 2 8(E 1 -E.) dJr.k ·(2")
4

1' 3 ~. 
tn · 1 rr He 

B pe3ynbTaTe AJ1R r nony4aeM: 

20 68 100 200 260 300 400 

T 0,28 0,24 0,27 o, 19 0,24 0, 19 0,24 
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KaK BHAHO H3 Tafin.l, napaMeTp a,qHa6aTH4HOCTH e WHPQKO~ o6naCTW 3HeprHH AOCTaT04HO Mall, 4TO .RBJlAeTCA yKaaaHHeM Ha npHMeHHMOCTb a,q1o1a6an14ecKOro npH6nH>t<eHHR, T .e. ypaBHeHH~- /1 I .. OTMen-tM, 4To a pa6oTe /4/ ,qa>Ke nP1-1 3Hal.leHHJ..1 napaMeTpa ·r -· 0,5 6~no o6HapymeHO xopowee cornacHe a,qHa6aTHL!eCKoro pac4eTa c T04HWM. 

TaooH~;a 2 

E ~20 MaB 
" 

~ 

duin da f da10 /dk' eo--·- 0,037 O,III 0,!86 0,260 0,334 0,352 0,360 d() d!llt' 

0 0,05! 0,504 0 602 O,S47 !,398 2,354 2,3!0 2,049 8:W 30 0 050 0,503 o:599 0,839 !,369 2,25! 2,!86 I,93I 60 o:o45 0502 0,592 0,8!5 !,292 !,992 I,SS6 !,646 0,024 90 0 039 o:499 0,58! 0,784 I,I9I !,687 !,547 !,33! 0,02! rzo o',034 0,496 0,570 0,752 !,096 !,432 !,276 !,083 0,019 !60 0,03! 0,494 0 562 0,729 I,029 I,27I I,III 0,935 0,0!7 ISO 0,030 0,494 o:559 0,72! 0,006 I,2I7 !,057 0,887 0,0!6 

a .I dainjk'2dk a 
In 

0,08 . 6,238 7,297 9,849 !5,0!8 2!,65! 20,059 !6,62! 0,04 

E, = 68 !.laB 

~ 

da I d() duin /dk' 
eo 0,073 0,363 0,653 0,653 0,690 0,7!0 o,~"t7 
0< 0,40! 0,0!3 0,!92 3,44! 5 522 6,!98 5,6326 0 388 30 0,268 0,0!3 0,!45 2,392 a:s27 3,S83 o:2s7 60 0 033 0,0!3 0 003 0,639 0,843 0,8!3 0,056 90 o:o26 0,0!3 o:o34 0,323 0,372 0 326 0,032 !20 0,034 0,0!3 0,052 0 336 0,336 o:269 8·~ ISO 0,082 0,0!3 0 !58 o:sor 0 742 0,565 ISO 0,!02 0,0!3 o:2r2 0,983 o:88S 0,565 o:o95 

~.f d~n /k' dk' 0
in 

!,02 0,!63 0,900 !0,404 !4,062 I3,S42 !,07 
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~ PHC. 2 •. 06oaHa'lleHHH Te ate, qTQ 

~ H .Ha pHc.l, HO E" =100 MsB • 

0,1 '-O:oc-----..;,0,-----.1;; ..... 

PHc.3. --
-- d 
ceqeHHn: ~ 

dk' 

AH~epe~aJibHble ~ 

Heyrip}rrorO-npo-

~ecca B 3aBHCHMOCTH OT HMnynb

ca t' npH uynesoM yrne BNneTa 

,+ -Me30Ha. 

'a>' .... 
'· •. ~ 
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06cYAHM Tenepb peaynbTaT~ 4HcneHHoro c4eTa. Ce4eH~t~e paasa

na OAHOBpeMeHHo c ce4eHHeM ynpyroro pacceAHHA " 3He HaXOAHnocb 

np~t~ E 11 =20; 68; ZOO; 260 M3B. KaK BVIAHO H3 Ta6n.z·, nPYI 3Hepnu1 

E,:ZO MaB Heynpyroe AH¢¢epeH~Ha11bH0e ce4eHHe npH scex yrnax 

BbiJleTa " -MeaoHa npHMepHo a 2 paaa MeHbwe ynpyroro ce4eHr.1R, 

cpasHJ.1eatoTCR 3T\11 ce4eHHR TO!lbKO npH E 11 = 68 M3B. Pac4eTbl npH 

6onee BbiCOKHX 3HeprHRX npHBOART K HeynpyroMy Ce4eHH~, paBHOMy 

ynpyroMy ce~eH~IO np~MepHO AO E 17 = 150 M3B. B o6nacT~ 150~ E 
17 

:S.250 

Heynpyroe ce4eHHe Ha4HHaeT HeCKOilbKO npea~waTb ynpyroe. TaKoe 

noaeAeHHe HeynpyrorO ce-4eHHR AaeT ocHoBaHt~~e nonaraTb, 4TO npY~-

6nH>KeHt~~e, paaarnoe a pa6oTax 12."81, T. e. npH6Ilt~~>KeHrte, nprt KoTo-

poM nonHbiH 4-4aCTH4HbiH onepaTop nepexoAa T(E) aaMeHReT~A one-

paTopoM 'T0 (E), MQ)I(eT 6b1Tb AOCTaT04HO aKKypaTHbiM He TOilbKO AO 

nopora paaaana-. 8He, HO H a o6nacTrt 3Hepnn1 nHoHa Bblwe nopora 

paaaana /E" -20-40 M3B/. 

Ha pYle. 1,2 npHBeAeHbl ynpyrt~~e 111 npot~~HTerpt~~poaaHHble no HMnynb-

caM·-. npoToHa HeynpyrHe ce4eHYIR npH E 
17 

,. 68 M3B r1 E 71 ,. 1 00 M3B. 

PacXO)I(AeHrte c 3KcnepY~MeHToM a o6nacTH 6onbWYIX yrnoa cneAyeT a 

3Ha4YITeilbHO~ CTeneHH OTHeCTH K ony~eHHOMY BKilaAY HenpepbiBHOro 

cneKTpa raMYIIlbTOHYiaHa MYIWeHYI. dai 

Ha p111c. 3 nPYIBeAeHbl Heynpyrr1e Ar1$$epeH~YiaJlbHble ce4eHHR --• 

' 
dlt' 

B 3aBYICYIMOCTYI OT YIMnYilbCa k~ npr1 HyileBOM yrne Bbl!leTa 1T+-Me3oHa 
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/npH pa3HWX 3HeprHRX HaneTa~ero OHOHa/. '3T~ Ce4eHHR MOryT npeACTaBHTb HHTepec AflR &eAy~eHCR ceHyac o6pa60TKH 3KCnepH
MeHTallbHblX AaHHWX peaKi.\HH rr :·Sse -+ pi.'}W. 

JlPI1JlOIKEHHE 
T npHBeAeM 4HCileHHWe -3HaYeHHR KOa~~H~HeHTOB ct M M; 

77N a ·s 

H RSH~H BHA MaTPH4 A -\,a., c. 

~) ·M·(: :· 

a 
c2 =.!.. 
i-+ 9 

.\.* 34 
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du1 dq1 __ n_ = f ~t'2dk':. 
dO dk' 
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