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llpB TCOpeTBqecKOM paCCMOTpeHBB MeXaHB3MOB ~BHa· 

MBqecKOH non.s:pB3aUBB npOTOHOB B BO~OpO~OCO~ep>KaiUHX 

Be~UecTBax o6~quo npeue6perawT Koppen.s:uueii npoTonu~x 
CRBHOB, B03HBKaiOIUCH KaK cne~CTBBC KBaHTOBO • MCXaHB • 

qeCKOH Hepa3nBqBMOCTB O~HaKOBbiX qacTBU. 3aKOHHOCTL 

TaKoro npene6pe>KeHBJI Mo>KHo npoaepBTL c noMOIULW non.s:

pu3oaanuoii npOTOHHOH MBWCHB, HanpBMep, Ha OCHOBe MO • 

uoKpBcTanna L.a..z Mg3 (NO 3)t 2 • 24 H 20. B neM ao 3MO>KHa 

KOppenJIUBJI Me>K,ny CRBHaMB ~BYX npOTOHOB, BXO~JIIUHX 

B MOneKyny KPBCTannB3aUBOHHOH BO~. 

B cnyqae c nanTan-MaruueB~M HBTPaTOM /JIMH/ npu 

paCCMOTpeHBB npouecca ~HaMBqecKOH ROnJipB3aUHB C yqe

TOM CRBHOBOH KOppenJIUBB ~Byx npOTOHOB B MoneKyne 

BO~~ B03MO>KH~ ~Ba RO~XOAA: 1/ B ~BHaMBqecKOH nonx· 

pB3aUBB Henocpe~CTBCHHO yqacTBYIOT TOHLKO OpTOMOneKynbl 

ao~~ /nonu~ii cnBH paaeH J = 1 /, a napaMoneKynbl ocTa

WTCJI B 3aMOpO>KCHHOM COCTOJIHBB; TaK KaK npB TepMHqec· 

KOM paBHOBCCBB COOTHOWCHBC OpTO· B napaMoneKyn paBHO 

3 : 1, TO MaKCBManLHO B03MO>KHaJI B 3TOM cnyqae ROHJipB· 

3auu.s: npoTOHOB paaua 7~; 2/ ecnu >Ke B npouecce ~uua
MBqecKoii uaKaqKu palpeweu~ nepexo~~ B3 napa- B opTo

cocTOJIHBJI /uanpBMep, qepe3 ypoaeHL c J = 1 , J z = 0 /, 
TO ~OCTB>KBMa nonHaJI ROHJipB3aUBJI npOTOHOB. C ROMOIULW 

HCHTpOHOB ~OCTaToqHO HB3KOH 3HeprBB MO>KHO C~enaTL 

3KCnepBMCHTanLH~H B~6op Me>K~y 3TBMB BapBaHTaMB. 

,D.al}l4lepeuuuanLHoe ceqeuae pacce.s:HB.s: ueiiTpouoa ua 

KpBcTanne cornacuo /I/ MO>KHO 3anucaTL B cne~yroiUeM 
BB~e: 
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da = -r1 l I <b.b.,>exp[-(W.+W., )]exp[iK'(p~ -p., )]x 
dn ; i, 1 1 1 1 1 1 

NI N I 
X _1_ L L exp [i~(O -0, )], 

NI n n' 

/1/ 

r.ne bi - onepaTop aMnJIHTY.IJ;bl pacce.RHB.R J - .11.n;pa: 
-I 12 .... .... 

b. = b. h + 2 [ I. (I. + 1)] ' b . . (I .. s)' 
J ! ,co J J J, me J /2/ 

b. h H b. . - KOrepeHTHa.R H HeKorepeHTHa.R ,IJ;JIHHbl 
! ,co J, me l . ,.. 

pacce.RHH.R j- .R,IJ.pa, i - onepaTop cnHHa J - .11.n;pa, ;-, 
onepaTop CITHHa HeHTpOHa, r - 'IHCJIO .R,nep B 3JieMeHTapHOH 
.R'IeiiKe, NI - 'IHCJIO .R'IeeK B e.n;HHHUe o6~eMa KpHcTanna, 
..... "' __. . 
n - pa,IJ;HYC- BeKTOp n - .R'IeHKH, p . - pa.n;Hyc- BeKTOp J -

.II,IJ;pa B n- .R'IeHKe OTHOCHTeJibHO "Ha~aJibHOrO" y3Jia .R'IeHKH, 
W i - 4JaKTop ,L\e6a.11- Banepa, I< = I(- k .... 0 , k .... 0 H k -
BOJIHOBbie BeKTOpbl HeHTpOHa ,IJ;O H ITOCJie CTOJIKHOBeHH.II. 
CKo6KH < ... > 03Ha'laJOT cnHH-H30Tonuoe ycpe.n;HeHHe. 

Bbi,nen.R.II H3 Bblpa)l(eHH.II /1/ HeKOrepeHTHYJO COCTaB
JI.IIJOJ.UYIO ceqeHH.R, nony'IHM: 

da ) 
(~inc 

1 
r 

r r 

I 4 (<b. b., >-<b. ><b., >)exp[-(W. +W., )]x 
j j ! ! ! ! J ! 

x exp Li~ (p. - p., )]. 
J ! 

/3/ 

3To Bblpa)l(eHHe nerKo npeo6pa30Ba Tb K cne,nyJOJ.UeMy BH.IJ;y: 

da ) 
( dn- inc 

1 r 2 2 -2Wj r1 (<bj >-<bj > )e + 

/4/ 

1 r r 
+ -l ! (<b. b.,>- <b. ><b., >)exp [- (W. + W., )]cos[,(\6. -P.. ,)]. 

r i > j ' J J J J J J J l 
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Hcnonb3yeM Bblpa)l(eHHe /4/ npH paccMoTpeHHH BJIH.RHH.R 
CITHHOBOH KOppeJI.RUHH npOTOHOB B MOJieKyJie BO,IJ;bl Ha pac
Ce.RHHe XOJIO,IJ;HbiX HeHTPOHOB. ECJIH CITHHbl .IJ;BYX npOTOHOB 
B MoneKyne He KoppenHpoBaHbl, T.e. o6a npoToHa pacceH:aa
JOT He 3aBHCHMO ,npyr OT ,npyra, TO < b. b. ">= <bj > <b j , > 
H BTopoii qneH B 4JopMyne /4/ HC'Ie3aet. PacceJIHHe B 3TOM 
CJiyqae H30TpOITHO,H qaCTb Ce'leHH.R, OTHOC.RJ.Ua.RC.II K npo
TOHaM, paBHa: 

a.' =a.0 (I--1-fN
2

- - 1--f fN) 
me Inc I + 1 I + 1 n ' /5/ 

r.ne cf! = 477b ~ - HeKorepeHTHoe ce'leHHe .IJ;JI.R ueno-
Inc Inc f ~ 

JI.IIpH30BaHHbiX 'laCTHU, n H f N - ITOJI.RpH3aUHH HeHTpOHOB 
H .R.IJ;ep COOTBeTCTBeHHO . 

EcnH CITHHbl npoTOHOB KOppenHpOBaHbl, HO B03MO)I(Hbl 
nepeXO,IJ;bl H3 napa- .B OpTOCOCTO.IIHH.II qepe3 ypoBeHb J = 1 , 
Jz =0, T.e. 3TH ypOBHH HaXO,IJ;.IITC.II B paBHOBeCHH, TO MO)I(HO 
ITOKa3aTb, 'ITO H B 3TOM CJiyqae <b. b., >=<b.>< b., >. 

J- J J J 
HaKoHeU, ecnH napacocTO.IIHHe ocTaeTc.R "3aMopo)l(eH-

HbiM" npH ,IJ;HHaMH'IeCKOH ITOn.RpH3aUHH, TO <b. b. , > f <b.Xb. '>. 
C J J ~ J _j__ 

ITOMOJ.UbiO HeCJIO)I(HbiX, HO rpOM03,IJ;KHX Bbi'IHCJieHHH ITOny-
'IHM ,IJ;JI.II HHTerpaJibHOrO Ce'leHH.R: 

----, I f 2 0 sin ko ( k .... ->) a =a - -- a -.:....=...cos p 
inc inc I+ 1 N inc k p ' /6/ 

r,ne p - paCCTO.IIHHe Me)I(,IJ;y ITpOTOHaMH B MOJieKyJie BO,IJ;bl. 
qepTa Ha,IJ; KOCHHYCOM 03HaqaeT ycpe.n;HeHHe ITO BCeM 
MOJieKyJiaM BO.IJ;bl, BXO.IJ;JIIUHM B 3JieMeHTapHYJO .R'IeHKy. 
Hcnonb3Y.R pacwB4JpoBKY CTPYKTypbl JIMH, ,naHHYJO B / 2/ , 

nony'IHM cos(~p);costkp. Ilonara.Rp=1,52A ,nony

'IHM kp= 1,05El/
2 

, r.n;e E - 3HeprH.R ueiiTpOHOB B MHJIJIH-
3neKTpoH-BOJibTax. 

Onpe.n;enHM 34J4leKT o.n;HoKpaTHOro nponycKaHH.R qepe3 
ITOJI.RpH30BaHHYIO npOTOHHYIO MHWeHb CJie,IJ;YJOIUHM o6pa30M: 

T-To 
fi To /7/ 

r.ne T - nponycKaHHe non.RpH30BaHHOH MHWeHH131 
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T=To· exp[-I-fN2no? t(1+X)].ch[fNn (_l_a:' + a )t], /8/ 
I + 1 . IDC I + 1 IDC c 

T 0 - nponycKaHBe aenon.llpH30BaHBoii MHmeaa, n - qacno 
npOTOHOB B 1 CM3, t - TO.JIIIUIHa MHWeHH. X l 0, eCJIH 
cnpaBe.IJ;nHBa !llopMyna /5/, a X=(kp)-1 sinkptos2 kp, e~JIH 
Bepaa !llopMyna /6/. 

HaMa 6wn H3Mepea 3cWleKT O.IJ;HoKpaTaoro nponycKaHH.II 
qepe3 nOJIJipH3.0BaHByiO npOTOHHYIO MHWeHL Ha aenOJIJipH30-
BaHHOM nyqKe XOJIO.IJ;HLIX Heii:TpOHOB OT HMnyJILCHOrO 6LICT
poro peaKTopa lla6opaTopaa aeii:Tpoaaoii !lla3HKH OHJIH. 
llyqoK HeBTpOHOB, BLIWe.IJ;WHB 83 OXJI8.)K,IJ;aeMOrO .IJ;O a30THOB 
TeMnepaTypw 3aMe.IJ;JIHTeJIJI, nocne.IJ;oBaTeJILHO npoxo.IJ;HJI qe
pe3 6epBJIJIBeBLIB !llBJILTP /TOJIII.UIHa 16 CM, TeMnepaTypa 
7~ K/, npOTOHHYIO MBWeHL, rpa!llBTOBLIB !llBJILTp /TOJIII.UIHa 
8 CM, KOMHa THaJI TeMnepa Typa/ B perBCTpBpOBaJICJI.IJ;eTeKTO
poM B3 cTaH.IJ;apTHLIX 6opHLIX cqeyqaKoB, ycTaHOBJieHHLIM 
Ha paCCTOJIHBB 19 M OT aKTBBHOH 30HLI peaKTOpa. 3Hepre
TaqecKaii auaJIB3 npoBo.IJ;BJICJI no BpeMeHB nponeTa. B Ka
qecTBe MBWeHB BCnOJIL30BaJICJI MOHOKpBCTaJIJI llMH TOJI
IQBHOB 0,915 CM. )J.BHaMBqecKaJI nOJIJipB38.nBJI npOB3Bo
.IJ;BJiaCL Ha .IJ;JIBHe BOJIHLI 4, 7 MM npH TeMnepaType KpBCTaJI
Jia 0,95' K. cBq MOUU:IOCTb' no,IJ;BO.IJ;HMaJI K pe30HaTopy, 
6~o~na OKOJIO 0,3 B•. TaDHqaoe 3aaqeaae cTeneHH noJIJipa-
3aD;BB npOTOHOB 6LIJIO 65-70~. 

Ha pac. 1 npe.IJ;cTaBJieHLI 3KcnepaMeHTaJILHLie pe3yJIL
TaTLI B3MepeHBJI f 1 B o6nacTB 3Hepraii aeii:TpOHOB 0,5 -
6 M3B. KpBBLie 1 a 2 nonyqeaLI pacqeTHLIM nyTeM no 
!llopMyJiaM /5/ B /6/ C HCnOJIL30BaHBeM 3HaqeHBJI nOJIJipB-
3aD;BB npOTOHOB fN = 68,5~, onpe,IJ;eJieHHOrO 83 BeJIHqBHLI 
f I no TeM )l(e !llopMyJiaM B BHTepBaJie 3HeprBB npOTOHOB 

6 710 M3B, r,IJ;e He OlKH,IJ;aeTCJI npOJIBJieHBJI CnBHOBOB KOppe-
JIJID;BB npOTOHOB. 

Ceqeaae neKorepeHTHoro pacceJIHHJI, acnoJIL30Banuoe 
B pacqeTax, 6LIJIO onpe.IJ;eneuo 3KcnepHMeHTaJILHO no npo
nycKaHBIO HenOJIJIPB30BaHBLIX KpHCTaJIJIOB llMH TOJIID;IIHOB 

0,375 ·a 0,53 eM npa TeMnepaTypax 1-7'rK. )J,JIJI 3Toro 
B3 3KcnepaMeHTaJILHo uaii.IJ;enuoro ceqeuaJI B3aBMO.IJ;eii
CTBBJI B 06JiaCTH 3HeprHB Heii:TpOHOB 0,5 - 10 M3B Bblqaya
JIBCb ceqeuaJI 3aXBaTa a HeKorepeHTHoro pacceJIHBJI Bcex 
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Puc. 1. 3tjtjeKJI oOHoKpaWIHozo nponycKaHUJI fl !lepea noAJI
puao6aHHY10 npOJIOHHYIO MUW€Hb 6 tPYHKijUU 3Hepzuu na
OOIOJIIUX H€UJIPOH06 En I M3B/. C6eJIAble KPYJICKU - 3KCne
pUM€HJIQAbHble IIO'lKU. Kpu6ble 1 u 2 pacc!luiiOHbl 6 npeo
noAoxeHuu OIICY111CJI6UJI U HOAU'lUJI ''3aMOPOJIC€HHOU" Jlep
MU'l€CKU pa6H06€CHOU KOHij€HJipaijUU riapaMOA€KYA 600bl. 
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APYrHx 3neMeHTOB, BXOAJI~Hx B llMH /acnom.JoaanHcL 
AaHHLie H3 141 /. OcTaawaJlcJl nocne BLI'IHTaHHJI qacTL 
3KCUepHMCHTanLHoro CC'ICHHJI npHUHCLIBanaCL BOAOPOAY H 
HCnOnL30BanacL B paC'ICTaX B Ka'ICCTBC a? . TaKaJl npo· 
UC.I(ypa npe.I(CTaBnJICTCJl BnOnHe Ha,I(e~Hoi~TaK KaK KOre
peHTHLIC 34xt>CKTLI Ha llMH BCCLMa cna6LI /3/. 

3KcnepHMCHTanLHLIC peJynLTaTLI AOBOnLHO XOpOWO OnH
CLIBaJOTCJl Kpaao:H 1, pacc'IHTaHHOH no 4JopMynaM /5,6 H 7 I 
npH fn = 0. 

TaKHM o6paJoM, nony'leHHLie AaHHLie roaopJIT o6 oT
cyTCTBHH "3aMOpO~CHHOH" TCPMH'ICCKB paBHOBCCHOH KOH· 
UCHTpaUHH napaMoneKyn BOALI B AHHaMH'ICCKH nonJlpH30BaH· 
Ho:H npoToHuo:H MHWCHH. IIo-BHAHMOMy, a npouecce AHHaMa
qecKo:H nonJlpH3aUHH npOHCXOABT 34l4JCKTHBHaJl nepeKa'IKa 
MOneKyn BOALI H3 napa- B OpTOCOCTOJIHHC. 

Pa6oTa 6Lina BLinonueHa B 1968 r. B 3KcnepHMeHTax 
npHHHMan yqacTHe A.H.HaaueHKO. B TeopeTH'ICCKHX AHc
KyccHJIX H o6cy~ACHHJIX peJynLTaToB yqacTaoaan B.H.lly
~HKOB. CTaTLJl uanacaHa nocne KOH'IHHLI <l».ll.lllanapo. 
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Y CJIOBH$1 06MeHa 

llperrpHHThl H coo6~eHHJI OHJUI pacch!naK>TCJI 6ecrrnaTHO, Ha ocHoBe 
B3aHMHOrO o6MeHa, YHHBepCHTeTeM, HHCTHTyTaM, na6opaTOpHJIM, 
6a6naoTeKaM, HayqHhiM rpyrrrraM H OT.I(enhHbiM yqeHbiM 6onee 50 cTpaH. 

Mhl O)KH,I(aeM, qTo rronyqaTena HJ.I(aHH:i OHJIH 6y.I(yT caMH rrpoRs
nJITh HHHUHaTHBY B 6ecrrna THOH IIOChlnKe rry6nHKaUHH B )l;y6Hy. B IIOpJI.I(Ke 
06MeHa IlpHHHMaiOTCJI HayqHhle KHHrH, )KypHanhl, rrperrpHHThl H HHOrO 
BH.I(a rry6naxauaa no TeMaTHKe OHJIH. 

E.I(HHCTBeHHhiH BH.I( rry6nHKaUHH,KOTOphiH HaM IlpHChlnaTh He cne.I(y• 
eT,-3TO perrpHHThl /OTTHCKH CTaTe:i, y)Ke OIIy6nHKOBaHHbiX B HayqHhiX 
)KypHanax/. 

B pJI.I(e cnyqaes Mhl caMH o6pa~aeMCJI K rronyqa TenJIM HaiiiHX HJ.I(a
HH:i c rrpocL6o:i 6ecrrnaTHO rrpacnaTh HaM xaxae-na6o KHHrH ana 
BhiiiHCaTh ,I(RJI Hawe:i 6a6nHOTeKH HayqHble )KypHanhl, H3.I(aiO~HeCJI B HX 
cTpaHax. 

OT~eJibHble 3anpocbl 

lfJ.I(aTenhCKHH OT,I(en e)KerO,I(HO BhiiiORHJieT OKORO 3 000 OT.I(eRhHhiX 
Janpocos Ha BhiChlnKy npenpHHTOB H coo6~eHHH OHJIH. B Taxax Ja
npocax cne.I(yeT o6JIJaTenLHO yKaJh!BaTh HH.I(eKc JanpawasaeMoro 
HJ.I(aHHJI. 

A~peca 

flHChMa no BCeM BOnpocaM 06MeHa ny6nHKaUHJIMH, a TaK)Ke Janpo-
Cbl Ha OT.I(enhHble HJ.I(aHHJI cne.I(yeT HarrpasnJITh no a,l(pecy: 

101000 MocKea, 
FAa6Hbzu nottmaMIII, n/R 79. 
H3oamellbCKuu omoe11 
06"beOUHeHHOZO UHCIIIUIIIYIIIa 
JIOepHbiX UCC/IeOoeaHUU. 

A.I(pec ~JI nOChiRKH BCeX ny6nHKaUHH B IIOpJI.I(Ke 06MeHa, a TaK)Ke 
,I(RJI 6ecnnaTHOH no,l(nHCKH Ha HayqHble )KypHanhl: 

101000 MOCK6a, 
FAaeHbiU nottlflaMm, n/R 79. 
Jlay'IHO·IfleXHU'IeCKaJI 6U6/IUOIIIeKa 
06"beOUHeHHOZO UHCIIIUIIIYIIIa 
Jlc}epHbiX UCC/IeOo6aHUU. 


