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BecMaH 3.A. ?4-3256 

06 O.UHOM M9X8HH3M9 o6p830B8HHH MOII9KYIIHpHOrO HOH8 Meso-

,UeltTepHH 

PaCCM8TpHB89TCH M9X8HH3M o6p830B8HHH MOIIBKYIIHpHoro HOH8 (ddp)+ 

nyTeM 9119KTpH'19CKOrO ,UHIIOIIbHOrO nepeXO.U8 C OT.U8'19it SHeprHH CBH3H Ha 

B036y:>K.U9HH9 KOII968T91IbHbiX ypoaHelt MOII9KYIIHpHOit CIICT9Mbl, COCTOHW<:i! 

113 II .UpS d , HOH8 ( d d fl) + II 9119KTpOHOB. nonyqeHa paHe.> B 9KC118p11-

( d d fl ) + OT TBM 
M9HTe H86niO,U9HH811 38BIICIIMOCTb CKOpOCTII 06p830B8HIIH 

nepaTypbl cpe.Ubl. 

flpenpHHT 06~enHHeHHOrO HHCTBTyTa gnepBNX BCCnenOB8HBA. 
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On a Mechanism of the Formation of a Mesic Deuterium 

Molecular Ion 

See the abstract on page 2. 
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B-aeLteaue 

Me:>Kny sKcrrepHMeHTBIIbHbiMK 3Ha'ieHHSIMH CKOpoCTH o6paaoaaHHSI MeaoMoneKy-

~ 6 -1/1/ 
II!!pHOro BORa (ddl£) ""s •(0,75:t_0,11).10 CeK H TeopeTK'ieCKKM.II OUeHKBMH 

5 -1/2/ 
w T::; 0,34· 10 ceK cymecTayeT 6o11bmoe paaaornacae, KoTopore HeT, Harrpa-

Mep, Me:>KllY 9KCII9pKM9HT8nbHOit II TeOpeTH'i9CKOlt Ben.ll'iKHBMK CKOpOCTH o6p830B8-

+ 6 -1 /3/ 6 -1 /2/ 
HHSI (ppp) : w 9 • (2,55:!:_0,18) ·10 CeK H wT= 2,5·10 CeK .K TOMy 

}l(e p83Hble SKCIIepHMeHTbl ltBIOT p83Hb18 CKOpOCTil o6pa30B8HIISI HOHB ( d dp.)-+: 

TaK, HaiipHMep, Ben.ll'i.IIH8 CKOpOCTB, rronyqeHHBSI H3 OilbiTOB, KOTOpbie IIpOB8ll8Hbl 

14,51 
IIpB IIOMOIIlH IIY3blp bKOBblX KBMep , IIO'iTK HB IIOpS!llOK MeHbllle COOTBeTCTByro-

/1/ 
melt BenH'IKHbl, IIOny'ieHHOlt IIpH IIOMOIIlB llH<!J<jly3HOHHOlt K8M9pbl • 3TOT <jlaKT Ha-

BOllHT HB MbiCnb, 'iTO CKOpOCTb o6pa30B8HHSI HOH8 (d dt.d+ 38BHCHT, IID-BHllHMD-

~/ . 
MY, oT TeMrrepaTypbl cpellbl. B pa6oTe 6bm rrpennoJKeH MeXBHH3M p6pasosaHHSI 

( ddp) +, 06bSICHSIIOIIlHli 1{ 60nbWyiO CKOpOCTb H TeMrrepaTypHylO 38BHCHMOCTb STOlt peSKilHH. 

3TOT M9X8HH3M CBSI38H C HBnB'iHeM B CHCTeMe ( d dp) + aoa6y:>Kneaaoro apama-

TenbHD-Kone6aTenbHOro ypOBHSI K ~ 1 , V = 1 C SHepraelt CBSI3H B HeCKOnbKO SB, 

naromero peaoRaHCHble s<jJ<jJeKTbl, He paccMoTpeHHble Ao cux rrop. Teopuelt. 

121 
TaKolt ypoBeHb C SHeprHelt CBSI3H !Ed!• 7 SB IIDny'ieH B 8ltH868TH'ieCKOM 

IIpH6nalKeHHH C yqeTOM llHRBMB'ieCKHX IIOIIp8BOK Ra llBBlKeHHe Slllep (6yneM H83bi

B8Tb STO rrpa6na:>KeHue ynyqweHHblM anaa6aTaqeCKHM rrpu6na:>KeHHeM). BapuauaoH

/ 7/ 
Hble p8C'i9Tbl XOTSI H He ABIOT RerrocpeacTBeHHO TBKOrO ypOBHII, HO H He rrpo-

THBOpeqaT ero cymeCTBOBSHHIO, IIOCK011bKy HBpSIAy C IIepBb!M peWBHHeM ceKynHp

HOrO ypSBHeHHSI E ~ =-226 SB ( COOTBeTCTBYIOIIlHM K = 1 , V • 0 ) IIOny'iHTCSI BTQ

poe, 0'19Hb 6nH3KOe K Hynro peweRBe F. ! •+ 7,5 SB ( COOTBeTCTBYIOIIlee Y • 1) • 

3 
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171 
npH aTOM Hano HMeT& a BRAY, 'ITO B He pewanac& cneuaanbHall sa.naqa MHHHMH381lHH 

l 0 
Ed , a nocnenHHB BBJIHeTCH npocTo no6aso'IHbiM pesyn&TaTOM 'MHHHMH3au&H Ed • .SicHo, 

'ITO npH pemeHHH cneuaanbHOil BapHaUHOHHOA 3a,na'lH BeJIH'IHHS E ~ AOJllKHa JMeHbWBTbCSI, 

n1060llbiTHO OTMeTHTb TOT !jlaKT, 'ITO ypOBHH Me30MOJieKyn (pp/.1)+ , (dd/L)+ H 

+ /2/ 
( ttp) , Bbi'IHCJieHHble B yny'lWeHHOM 8llH868TH'IeCKOM np&6JIBJKeHHH, C O'leHb 

17-10/ 
xopowell TO'IHOCTbiO coenanaiOT c pesynbTaTaMB sapuauHOHHbiX Bbi'lBcneHaA 

+ 
(eM. Ta6n. 1), naw& AJISI BOHa (ttl') B B036yJKAeBHOM COCTOSIHHH K•l ,v•l 

171 
B nonyqeHa aHepraH CBH3B, 3Ha'lHTenbHO M&H&maB, 'ISM .naeT ynyqmeHHOe anua-

6aTIPiecKoe npH6nHlKeHae. OnHaKo, KaK yJKe yxa3biBanoc& npa o6cyJK.neHBH aHanoraq

Horo ypoBHSI (ddpl+ , aHeprHB CBB3B .nonJKHa yBenB'IHTbCll npH peweHHB cneuaan&

Hoil aa.na'IH MBHHMH3aUHII. 8 TO lK& BP&MSI llJlSI ypOBHeil C Manoil 9Heprueil CBSI3H 

/2/ 
B nony'lllnCSI II&CKOnbKO 3aBbiW&BHbiil pesyn&TaT, 

06bi'IIIO paCCMaTpBBB&MbiM M&X8HH3MOM o6pa30BaHHll Me30Mon&KynHpBOI'O 

BOlla HBnHeTCSI
0

9n9KTpB'19CKBil llHilOJlbHblil (El) nepeXOll 83 MOneKyngpHOI'O COCTOH

IIHll OTTanKBBBHHSI 2 u B COCTOSIHH8 npHTlllK&HBSI 2 g • llnH MOn&Kynbi ( d dp )+ 

TaKOH MeXaiiB3M naeT AJISI CKOpOCTB o6pa30BaHBll senB'IHHY IlO'ITH Ha 2 IlOPSIIlK8 

MeHbmyiO, qeM nnH ( p PI' )+ • STo o6ycnosneBo AB'1MH o6cToHTen&CTBaMu: 1) ypo

BeHb K • I neJKBT B cHCTeMe (ddl' )+ npuMepao B 2 pasa rny6JKe, u 2) Mac-

ca Jl&HTpOHa BJlBOe 6onblll9 MaCCbl npOTOHa, 'ITO npHBO.!tlf'F K 6onee 6biCTpOMY 3aTyxa

HHIO BOnHOBbiX cjlyHKUHH B llO.Q6apbepHOil o6naCTII, a MaTpii'IHblil aneMeHT, BenH'IHHa 

KOTOpOI'O onpeJl&flH9TCSI nepeKpblTHeM 9THX cjlyHKUHil COOTBeTCTB9HHO B COCTOSIHHSIX 

2 g H •}; u , OKa3biBI't8.'1:.CSI ll09TOMY ManbiM llO Cp8BHeBBIO C COOTBeTCTBYIOiliBM MaTpH'I-

+X) 
Hb!M aneMe-HTOM Qng ( PP!l) 

Sn&KTpB'IeCKHH MOHOnOnbHblil nepeXOll (EO) MOl' 6bi ll8Tb 3H8'lBTenbHyiO 

CKOpOCTb o6pa30BBHIISI, ecna 6bl B CHCT&Me ( d d 1' )+ 6bln ypOBeHb K • 0 C MB

noil aaeprHeil caH3H. OnHaKo yposeHb v •1 (eM. Ta6n. 1) llOBOJibHO rny60KHII, 

a BBI'IKCJTe"HKe· EQ .. nepexona aa aToT ypoBeHb .nae:r .Q.lUI ::a.Toa CKUpUCT.B BIDIH'lHHy 

3 10
4 -11111 

w • • ceK 

x) 0TM9TBM, 'ITO ecnH 6bi ypOBeHb K• I , V=l Y (ddl-!)+ 6bin HBCTOJibKO 

rny6oKat.., 'ITO ocBo6olK.naiOmaHCH npa o6pasoBaHHH Me30MoneKynbi aHepraB Morna 

Bb13BaTb KOHBepCHIO MOneKyngpHOI'O aneKTpOHB (.nng 9TOI'O Tpe6yeTCSI 9Hepi'HSI He MeHb

me 16 9B), TOE1-nepeXOJl MOl' 6billaTb BenH'IHHY CKOpOCTH 06pa30BaHHSI (ddp)+ w., 

.. 4 • 106 cex -1. OnHaKo 

MOCTb CKOpOCTH o6pa30B8HHSI 

B TaKOM cnyqae OCTanaCb 6bi HellO!IliTHOil 38BHCH

OT TeMnepaTypbl. 

4 

Ecn11 npeJlnonaraTb, 'ITO nng ( d d p ) + ypOB9Hb K=I v- 1 IIMeeT aHep-

raiD CBSI3H llOpS!JlKB 4,6 9B, TO HMeeT CMbiCn paCCMaTpHBaTb E1- nepeXOJl H8 9TOT 

ypoBeHb C OTJla'leil 9Hepraa CBSI3H Ha IliiCCOUHaUHIO MoneKynbi D 2 • 0nHaKO Bbl-

'IHCneHHSI llOKa3biB8IOT, 'ITO CKOpOCTb o6pa30BaHHSI, naBaeMaSI TBKHM MeXaHH3-

MOM, HII'ITOlKHO Mana H COCTBBnSieT nHillb BenH'IHHy wo. l0
2

ceK-
1 

HaKoHeu, ecna npennonaraT& HanH'IIIe ypOBHH K .. I , v = I c aaeprHei! 

CBH3H 1 -2 9B, TO MOlKHO p8CCMaTpHB8Tb MeXaHH3M o6pa30B8HHH ( d d fL ) + nyTeM 

E 1-nepexona c oTnaqei! saeprna CBSI3H Ha B036YJK1leHae apamaTen&ao-Kone6aTen&

HbiX ypOBHeli 60nblliOi! MOneKynbi, COCTO!IIli&H H3 Slllpa d , HOHa ( d d p.) + 

II aneKTpOHOB. TaKOH MeXaH.II3M OKa3biB8eTCH pe30H8HCHbiM no CKOpOCTSIM Me30aTo-

MOB dp • C-qJ~TBH, 'ITO Me30aTOMbl dp 06nanaiOT TennOBbiMH 9Hepi'.IIHMH H y'IBTbl-

BaH HX pacrrpeneneHHe no CKOPOCTHM, MO)KHO llOny'lHTb CKOPOCTb o6pa30B8HHH 

161 (ddp. )+ B 38BHCHMOCTB OT TeMnepaTypbi cpellbl B ycnOBHHX 3KCIIepHMeHT8 

Hano OTMeTHTb, 'ITO naa noc nenHHX MexaHH3Ma B cny11ae 6onbmHx nepenaBae

MbiX 9Heprai! llaiOT HH'ITOlKHblH BKJI81l BBHily cna6oCT.II CBH3H MelKilY S!JlpaM.II, He llQ

nycKaiOillei!: nepena'I.II aaa'laTenbllbiX saepr11ll. 

B naHHoi!: pa6oTe 6yneT paccMaTpHBaT&CH MexaHH3M o6pa3oBaHHSI (d d p. J + 

nyTeM El-nepexona Ha ypoB&IIb K = 1 , v • I c OTila'lei!: aHepr.IIH CBH3H aa sos-

6yJKneaae 6onbmoft MOneKynbi, cocTOHWei!: aa S!Jlpa d , BORa (dd p) + .11 sneKTpo

HOB. ( Mbl 6yneM npeHe6peraTb p83HHUeli: aaeprHH MelKilY COCTOSIIIHSIMH K - 0 

V•n .II Kal , v= n B 6onbmoll MoneKyne). 
r 

1. MexaHa3M H MaTpH'fHbiH aneMenT nepexona 

nycTb aTOM d p npH6nulKaeTCH K onnoli H3 MoneKyn n 
2 0603Ha'IIIM 

Iii' li2 H n fL paLtllyC-B8KTOpbl COOTBeTCTBeHHO ABYX S!Jlep d - II p. -Me30Ha, 

II p 1- pallllyc-BeKTOp TpeTbero S!Jlpa d • BseneM o6oaHa'lenuH: 

-+-+-+ -+ ..... -+ 
H~R 1 -R 2 r 1 =RI' -11 1 

.... ... ..... -+ -+ ... 
r2~ 11 ,,-n2 P=Pt-1!2 

o· 

·-· 

,, 



803MYUI9HIJ'eM, Bbl3biBa!OUIHM nepeXO.Q B CBSI3a!IH09 COCTOliHHe d d /l , 

ATCli .QHnO/IbHOe B38HMO.QelicTBHe. LJ.HnO/IbHblit MOM9HT CHCT9Mbl d d /l 

liB/Ill-

'D =•<;1 +;: 112 

3H9pf'Hli B3aHMO.QeitCTBHli ero CO BTOpblM li.QpOM MO/IeKy/lbl D 2 

( 1,1) 

paaHa (c TO'iHO-

CTbiO R/p) 

V=eDp/p8 

(1,2) 

8oi'iHC/Ilili aepOliTHOCTb pe30HaHCHOf'O npouecca, B peaynbTaTe KOTOporo B03HH-

KBIOT TO/IbKO CBli3&1lHbl9 COCTOliHIHI, !la.QO Y'iHTb!BaTb, 'iTO 'i8CTH!lbl B H8'i8/lbll0M CQ

/12/ 
CT05lf!Hif HM9!0T pacnpeaeil9Hif9 no 9HeprHSIM (eM., HanpHMep, ). nycTb n/IOTHOCTb 

pacrrpe.QeneHHH d ll -aTOMOB no 9HeprHSIM paaaa y (E) • Tor.Qa y (E) dE ecTb ae-

pOHTHOCTb 8TbMy d J1. HM9Tb 9HeprHIO MelK.Q)' E If E +dE. 

06o3H8'i8li BO/IHOBbie lPYHKUHH M930M0/19KY/Ibi I! 60/lbUIOit MO/IeKy/lbl COOTB9T-

CTBeHHO B Ha'ia/lbHOM COCTOliHHif - IJI I 
I 

H X , a B KOH9"1HOM COCTOliHI!If- lp f 

H )(! , nony"'HM .QH!jJ!jJepeHUI!a/lbHy!O CKOpOCTb nepeXO.Qa: 

dw=_!!_ N y(E)dE5(IEd I+ E 
h 

Ev X 

X .1 I fiJI r* IJI t V X r* X I d if d p d 1 I d r"2 12' 
m,m 

( 1.3) 

rae E v - 9HeprHli, He06XO.QHMaSI .Q/Ili B036ylK.Q9HHli II - ro KO/Ie6aTe/lbHOf'O ypOBHli 

22 -3 
60/lblliO~ M0/19KYIIbi, N = 4·10 CM - n/IOTHOCTb SI.Qep, a CYMMHpOBaHll9 npOll3-

BO.QHTCli no BCeM KOH9'iHblM COCTOliHHliM, 

8bi6npaeM BO/IHOBbie !jJyHKUiflf B C/le.QyiOIIl9M BH.Qe: 

lpl f(R) 1 (R r r ), ., --R- u I 1 ' 2 

11'1=~ y
1 

m((},rp) l
8

(R,r
1

,r
2 

), 
R • 

1 1 (0) 
X .. _rr-= ho (pl/p, 

y477 

f (I) 
)(=Ytm'(a,f:ll h v (p)/p 

a M930HHY!O "laCTb BOIIHOBblX lPYHKUIIA B npn611HlK9HHif nKAO: 

l •[ 211'(1 ± s)]-Y.o (e~'l± .~'2 ), 
g,u , 

6 

( 1,4) 

( 1,5) 

\ 1,6) 

)'," 

J
/L 
I 

I 

' ' 

' __...._ 

r.Qe 

s = 

" 
Y'iHTbtBaSI, 'iTO 

J c -r I _,2 R2 
dr =(l+ll+-

a 
) e -R 

f ,. .. . 2 --~> .. I _,I 
..:. 8 ( R , r 1 , r 2 ) D l u ( ll , r 1 , r 2 ) d r 1 d r 2 ·-- ( 1 ~- s ) n 2 "'- H 2 , 

(1,7) 

H CT8THCTH'iOCKHli Bee COCTOliillfH l , paBHhiH 1 /3, nony•mM nocne nn·rerp11po-

BBHHll no yriiOBblM nopOMCHHbiM II CyMMHpOB81IHH no npOeKIU!HM MOM91!Ta: 

877
2 

8 6 
W<'-- Na (a /a ) 

27 • II • 
e 2 

a2 t y(Elllll lr2 (I'll2 -1 
CCK 

1 
( 1,8) 

rae a • n II - 6opOBCKI!e paal!yCbl 3/19KTpOH8 H /l -~ICOOHa H BBC.QCilLI 0603l!a-

'iCillfli 

1
1 

=f f(R)g(B)RdR, 

(0) (I) 2 
1

2
(vl=f h 0 (plh

11 
(p)dp/p • 

l1HTerpallbl I I H I 2 BblpalKeHbl COOTBOTCTB9HHO B M030aTOMHblX 

e "'1) H aTOM!lblX ( h = 1, m e"' 1, c '"1) 9Aillll!U8X, 

2. Bbi'iHClieHne HHTerpanoa 

(1,9) 

( 1,10) 

( h =1,m "'1, 
fL 

a) LJ.nn Bbl'ilfC/19HIIH llHTerpana 1 1 Haao 6b!/IO 6bi B3HTb M930M0/19KY11Hp-

Hbie aonnoBbie !jJyllKUnn, rronyqef!Hbie, nanpnMep, a npn6nl!lKCHIIH noTeHul!ana Mop-

/2/ 
3e , II Bbl'illC/IllTb HHTerpan rrpn IIOMOiliH 9TIIX !jJyHKUI!il. 0aHaKO BBHay TOf'O, 'iTO 

CBH38HH09 COCTOHHlle HM99T MBIIYIO 3H9pf'lli0 CB5!3H, MOlKHO BOnHOBY!O !jJyHKUH!O 9TO

l'O COCTOHHH5! B3f!Tb, aHa/IOf'll'iHO 3neMeHTapHOil TPOfJI!ll aeliTpOHa, B Bllae 

g < n > ~ ,;2 " ~,~ ~xI'< -n ,/~ > 

(2.1) 
!-> 

rne a ~ ( M d IE d ll , a M - Macca AOilTpOHa. 

7 

...... 
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BonHOBBSI tPYHKUIISI CB06011HOI'O 11BIIlK8HIISI npll ManbiX SHepi'II!IX OTHOCIITenbHOI'O IIBII-

lK8HIISI aTOMS d jL • II Slllpa d MOlK8T 6b!Tb 38M8HeHa tPYHKUH81!, 

f(R) .. R-au 
(2,2) 

rae a =5,73 - anaaa pacceSIHHSI. npa T8KOI! 3aMeHe HaAO nonOlKHTb HlllKHHI! 

npeaen B HHTerpane paBHbiM au , HO BBHIIY TOI'01 "'TO rnaBHbll! BKnaa B HR'l'ei'pall 

aaeT o6nacTb 6onbi1Iax R , M.OlKHO npocTo B3!1Tb a u • 0. nony"'HM: 

-a ~ 8 -a/' 
11 .. 2 (2 a ) • 3,8 • 10 fEd I . (2,8) 

( 3aecb F~ d H3MepS!eTCSI a sa). 

6) LlnS! Bbi"'HCneHHSI HHTerpana 12 (v) npHHHM88M 1 "'TO nOTeHUHBIIbHSSI SIMa 

a6nH3H paBHOBeCHOI'O paCCTOSIHHSI B 60IIbiiiOI! MOneKyne S KOHe"'HOM COCTOSIHHH (1(,.1, 

MOneKyna D (dd jL ) + ) He MeHSieTCSI no Cp8BH9HHIO C SIMOA B H8"18nbHOM COCTOSI-

HHH ( K aO , KOneKyna D 2 ) , BaeaeM HOBYIO nepeMeaayiO - OTKIIOH9HH8 x 

nonolKeRHSI paaaoaecaSI 

p2 2 
p 0 

Po 11 pa3naraeM 1 / p 2 no CTeneRSIM X 

2x 

8 
Po 

+ "' (~1) 111 (m+ll x 
111 

m +2 + .. ,~ 
Po 

OT 

(2,4) 

npa Bhi"'HCIIeHBB HHTerpana 12 (II) 

HHX clfyqaSI: 

H8110 OTilenbHO paCCM8TpBB8Tb llBB Kpall.-

1) nepeXOil B CBSI38HH08 COCTOSIIIH8 M830MOIIeKynbi 6biCTpbill. IIO CpaaneHHIO C 

nepaoaoM Kone6aaall. Slllep s 6onbiiiOll. MoneKyne 11 Kone6aaaSI 3a sTo apeMSI ae ycne-

B8IOT nepeCTpOBTbCSI; 

2) KOne6aHHSI 60IIbiiiOil. MOIIeKyllbl 811BS6aTB"'eCKH nepeCTp8HB810TCSI, no-BHilliMOMy, 

o6pa3oaaaaiO MoneKynhi ( d d p. l + aa caMoM uene aauo npacaoBTb xapaKTepacTaKa, 

Jl8lK81IIHe MelKUY STHMB Kpaii.RHMB cny"'SSIMH, 

Bonaoahie cpynKUHH Bht6apaeM ocuannsTopRbte: 

co> \\1 2 I h
0

a(M
1

UJ
1

/rr) exp(-M 1 w 1 x 2), 

8 

(2>,5) 

·:,!IJ .. 1

1 

· 
"i 

·' 
,·, 

q 

I 
I 
,I 

') 
I ij' 

I 
J,ll 
~~I 

I 

It 

'f .. • 

.~· 

(I) \\1 v ~ _,---
hll a(M

2 
UJ 2 /rrl /(2 v!) 11

11
(xyM 2 UJ 2 )x 

X exp(-M 2 UJ 2 x
2 /2). 

3aecb M I • M d /2 H M 
2 

.. 2M d I 3 - npaaeueaabie MaCChi Slllep, a 

]~. cuk .. [_1_ ( d2U 
Mk d p 2 P•P 0 

Ul1 •0,388 s/14/ UJ 2 •0,336 SB, 

BaeueM o603aa"!eaae! 

y =[2M
2

UJ 2 /(M 1 Ult 

Toraa (eM. npanoJKeaae): 

1
2 

(vl .. ( 
M1 WI 

M2 fll2 

\4 
) 

~ 
+M2ru2ll 

(v + 1ly v! 

p"+2 ..;~ 
0 

= 1,035 . 

-v/2 
(M

2
cu

2
l R(v), 

rue c TO"'HOCTbiO uo qneaos 1-ro nopSIUKB no I -2 
1 M2 UJ2 •3,3•10 : 

R(2nl•(-1}
0 

n !y rr 
l 

m .. o 
r( m +_!_) y2m+ I 

2 

n- m I I 2 ) 
x(M 2 Cil 2 ) F(-n,m +2•2•Y • 

R (2n+ll=(-1)
0

+l 
n 

I. 2 r<m+i->r2m+8 
n! y;T m=O 

n-m ( 3 3 2 x (M 
2 

fll
2 

) F -n, m +-,-, y ) . 
2 2 

X 

X 

(2,6) 

(2,7) 

(2,8) 

(2,9) 

(2,10) 

(2,11) 

3aeCb ranepreoMeTpH"18CKH8 cpyHKUHH CBOUSITCSI K nonHHOM8M1 KOT0pb18 pa3n8I'8IOTCSI 

no CTeneHSIM ( 1- y 
2 

) ( CM, npanolKeHHe), 

8 

.... 



B ycnOBHHX HH3KO:li KOHUSHTpaUHH .Qe:liTepHH, KO!"Aa rrpaKTH~8CKH B8Cb A8:liTe-

pa:li aaXOAHTCH B COCTOHHHH MOJISKYJ!bl H D 

CKOI"O o6pa30B8HHH ( d d p. ) + H8AO B3HTb 

, rrpl! paCCMOTp8HHH H8aAHa6aTH~8-

y. 1,08. 

H3 (2,10), (2,11) H (n,l1) BH.QHO, 'ITO IIpH 3TOM HHTerpan I 2 (v) OK83bl-

saeTCH HSCKOJlbKO 60Jibllli!M Ilpll TOM )1{8 V 

TOM qJieHOB nepsoro nopH.QKa no ( 1 - y 
2 

) 

3aaqeaag HHTerpana I 
2 

( v l c yqe-

npi!B8.Q8Hbl B Ta6n. 2 AJIH y •1,035; 

Y "'1,08 H y=l. 

3. CKopoCTb o6pa3oBaHHH 

KaK Bll.QHO, 1!3 ( 1,8) paCCMaTpi!B88MbiH M8X8HH3M .QaeT CKOpOCTb o6pa30BaHHH 

HOH8 ( d d p. )+ B 3aBHCI!MOCTH OT IIJIOTHOCTH pacnpe.QeJISHHH d fL -aTOMOB 110 

9HepraHM. EyaeM rrpea:gpnaraTb, 'ITO dp. -aTOMbi Tei1JIOBb!e a 11PH TeMnepaType 

T HX aaepraH pac11peaeneHbi 110 MaKcsenny: 

y(E)=y(E .f. )=2(F:/rrk 3 T 3 )~ exp(-F./kT)= (3.1) 

M 8 ~ ~ 
=3(3E/2rr F: ) exp(-3E/2F: ). 

MaKCHMYM 3TO:li cpyHKUHH HaXOAHTCH B TO'IK8 E = F. • MaKCHMYM CKOpOCTH 

o6pa30B8HH g ( d d p. ) + MOlKHO yCT8HOBHTb 110 3KCII8pHM8HT8JlbHblM .QaHHbiM, .llOBOJlb-
x) 

no xopolllee cornacae c ~cl1epaMeHTOM aocTHraeTcH rrpa f:': -=0,016 as ( cM.pac. 1 ) • 

Hano OTMeTI!Tb, tt"''o, CTporo roaopg, ceqeal!e paccMaTpasaeMoro 11pouecca He HMeeT 

onpe.QeneHHOl"O CMbiCna, TaK KaK IIpOU8CC H.QST TOJlbKO M8lK,O.y "!aCTHUaMI!, HMS!Ollli!MH 

snonae orrpeAeJieHHbie OTHOCI!TeJibHbie saepraa E. E 11 -1 Ed I . 
Y'li!TbJBBH 3H8'18HHH BCSX KOHCTaHT B (1,8), a T8KlK8 3H8'18HI!8 I!HTerpana 

(2,3), IIOJIY'IIIM M8KCI!M8JlbHYJO CKOpOCTb o6pa30Bai!I!H (ddp.)+: 

w M = 2 • 10 18 I F: d I -~/21 I 2 ( v) I 2 • 

x) Aaana3, rrposeaeHHbi:li MeTO.QOM HBHM8Hbllli!X KBaApaTOB c 

CDenaHHblX Ilpl! 60JiblllOli KOHU8HTp8UI!I! AS:liTepH g ( CM. § 4) .Q88T 
- 6 -1 ' 
E =0,0159:t_0,0004 1! wM=(1,19:t_0,18)•10 ceK • 

10 

(3,2) 

y'IeTOM 011b!TOB, 

np11 x ~ • 5 2: 
Ml!H ' 

CpaBHHBBH c O)!{HAaeMbiM Ha 6a3e aKc11epHMeHTaJibHbiX .QaHHbiX pe3ynbTBTOM 

6 -1 
W M = 1,4 • 10 CeK , BIIAHM, 'ITO 11epeXOA B 60JiblllO:li MOJI8KYJI8 AOJilKSH HATH Ha 

Kone6aTenbllbi:li yposellb II •5-6 II COOTB8TCTB8HHO ypOB8Hb M830MOJI8KYJ!bl 

I( = 1 ·, v - 1 A0JllK8H HM8Tb 3118pl"HIO CB513H I Ed I .. ( 1,5-:-2) 3B. 

4. 0 6 C y lK A e H II e 

Ha p11c. 1 npHBeAeHbi sKcnepaMeHTaJibllbie 3Ha'IeHHH CKopoCTH o6pa3osaHHH 

(ddp.)+ KaK ~yHKUI!II CpeAHe:li ·KU'IH~TIPieOKQli 3H8pl"HH OTHOCHTSJibHOl"O 

.QBI!)!{SHI!H "18CTI!U BM8CTe C 38BHCHMOCTbiO 110 ABHHO:li pa60Te. 8KCI18pHM8HT8JibHbl8 

/4 5 14/ 
aaHHhie ' ' nepeC'IHTallhi K nnOTHOCTH lKHAKoro Ae:liTepHH. CKopocTH o6pa3osa-

HHH ( d d p.) + IIOJIY'I8Hbl B npeAIIOJIOlK8HHH, 'ITO CKOpOCTb !l.Q8pHO:li peaKUHI! B MO-

neKyne M830Ae:liTepHH Ha HeCKOJibKO IIOpHAKOB 60J!blll8 CKOpOCTI! ee 

Ill 
TpH orrhiTa .ll)!{eJiei10Ba H Ap. , a TaKlKe OIIbiThi 4>eTKOBH'Ia 

o6pa30BaHH g, 

141 
a Ap. H 

/5/ 
.lloyAa !IpOB8A8Hhl B yCJIOBHHX 60JiblllO:li KOHU8HTpaUHH Ae:liTepaH (89-99%). B 

TaKI!X yCJIOBI!HX MO)!{HO C'IHT8Tb, 'ITO KOJIH'I8CTBO MOJieKyn 02 HBMHOI"O 60J!b-

lll8 KOJII!'I8CTB8 MOJieKyJI liD 

o6pa30M 1!3 COCTOHHI!H D 2 

II 'ITO o6pa30BaHI!8 !!ORa ( d d Jl. ) + II.Q8T rJiaBHblM 

Kpasag Ha pi!C. 1 C MaKCI!MYMOM B TO'IKe E=0,016 3B 

OTHOCHTCH I!MSHHO K TaKOMY TI!IIY 011b!TOB, 

/14/ 
OrrhiT Anbsapeua a Ap. rrposeaea 11p11 HH3KO:li KoaueHTpanaa Ae:liTepHH 

/1/ 
(4,3%), TO )1{8 caMOe OTHOCI!TCH II K OAHOMY 1!3 OIIbiTOB ,UJKeJI8110Ba fll Ap. 

(11pll E =0,17 as), a ycnoB!!HX KOToporo KOHUeHTpauag Jle:liTepag cocTaanMa 6,1%. 

,Ung TaKO:li HH3KO:li KOHU8HTpaUI!H 11pl! KOMH8THhlX TeMnepaTypax KOJIH'I8CTBO MOJ!e-

KYJI II D npeBbilllaeT KOJIH'ISCTBO MOJieKyJI 0 2 

115/ x) 
IIpHMepHO B 15 pas I H 

MOlKHO C'II!T8Tb, 'ITO o6pa30B8HI!8 I!OHa ( d d p. )+ l!)leT 1!3 COCTOHHI!H HD 06pa-

30BaHI!8 1!3 COCTOHHI!H HD OTJIH'IaeTCSI OT o6pa30BaHHH 1!3 COCTOHHHH 0 
2 

T8M, 

'ITO: 

1) TO'IK8 MBKCHMyMa CM8lli88TCH (110-BHJlHMOMy, OH8 r.Qe-TO B paAOHe 

E =0,25 as); 

x) 
npll T8MI1epaTypax, 6JIH3KI!X ~~~'lJIIO 1 MOJieKyJibl li 0 OTCyTCTBYIOT, HO 

B YCJIOBI!HX, B KOTOpbiX 11pOB8Jl8H OIIbiT BOI1pOC Tpe6yeT A8JlbHe:lilllel"O I!CCJie-

AOB8HI!H. 

11 



2) M8TpH'IHbli1 31ieMeHT yBeliH'IHBaeTCSI 38 C'IeT YB&IIH'IeHHSI HHTerpana I~ (v) ; 

3) ua-aa Man oro ceqeHHH ynpyroro pacceSIHHH d p. aa npoToHax 'ISCTHilbl 

d11 He ycneaaroT TepManuaoaaTbCH, H ux pacrrpeaeneaue, CKOpeA acero, He MaKe-

aennoacKoe. 

TaK>Ke Haao OTMeTHTb cneayiOIUHH <jJaKT: B aaHHOii pa6oTe Mbl He Y'IIIH, 'ITO IlpH 

TeMrrepaTypax, IlpH KOTOpbiX pa60T8eT autjl«jly3HOHH851 KaMepa, y MOiieKyli B036yJKae

Hbl Bp8IU8TelibHbie ypOBHH H, B006IUe rOBOpS11 nepeXOJlbl uayT H3 COCTOSIHHSI K • n 

rae n > 0 MOiieKylibl D 2 (HIIH COOTBeTCTBeHHO HD ). A 3TO 06CTOSITelibCTBO, 

U CBOIO O'Iepeah, yCIIOMHSieT BCIO KapTHHy. 

Ho BCe )!(e, IIQ-BHaHMOMy, MO)!(HO caenaTb BbiBOa, 'ITO M830MOiieKyliS!pHbii1 HOH 

d d 11) + HMeeT aeiiCTBHTellbHO B036y)!(aeHHbli1 ypoaeHb K • 1 , V ,. 1 C 3Hepruell 

c fl11:1H I f~ d I ~ ( 1,5-2) a a H 'ITO paccMaTpHBaeMbiil MeXaHH3M aaeT rnaBHbiil aKnaa 

f1 P" o1Jpa30IHJ!Hlll IIOH/l ( d d 11 ) + 

TI01Ib3YIOCb cnyqaeM Bblp83HTb CBOIO rny6oKyiO 6naroaapHOCTb C.C. repiUTellay 

38 ITOCTOHHHblli CTHMY11HpyiOIUHi1 HHTepec K pa60Te H 38 o6cyJKaeHHH1 a TSK)I(e pyKo

BOACTBY lla6opaTopuu HAepHbiX npo6neM OH.HH 3a oKa3aHHOe MHe rocTeDpllHMCTBO. 

TIPHlJO)I(EHHE 

HMeH B BHAY pa31IOlKeHHe (2,4), MO)I(HO HHTerpan 1
2 

(v) Bb!p83HTb B 38BHCH-

MOCTH OT 'IeTHOCTH KOile6aTellbHOrO KBBHTOBOrO 'IHCIIB V H cTeneuu x m cne-

LIYIOhU!Mll <jlopMyllaMH: 

M 1 w 
I 

2 
(2 n) , ( I ) I> 

11
2 M 2 OJ 2 

X ~ 
Y 2m+ I 

( '\12 (JJ2 

12 

(2n+1)' [ 2 2 n (2n)!]-l> X 
2 n + 2 

Po 

Ng 

<n.l) 

rae 

I ( 2n + 1) • ( 2 

y 2m +2 

) ~ (2n+ 2) 

2n + 8 
Po 

X :£ 
m 

N 
u 

( M 2 CJJa) m + + 

Ng 
2 

I e - x X 2 m H 2n (" Y ) d" • 

.. 2 
N u .. I e-x x 2m+ 1 H 2n+l (xyldx 

[ 2 h+l (2n + 1) I ]-Kx 

(TI,2) 

(TI,3) 

(TI,4) 

Y'IHTblB851 cpopMyllbl CBSI3H M&lKay IIOIIHHOMBMB 3pMHT8 H BblpOlKa&HHblMH 

runepreoMeTpH'IeCKHMH cpyHKUHSIMH: 

H 2n ( X) • (- 1 ) n __!1ll!. 
n I 

F(-n,-1- ,x 2 ) , 
2 

H2n+l (x) • (-1) 8 2..J!!...±.1)1 x F (-n, - 1- , x 
2 

) , 
2 

(TI,5) 

(TI,6) 

CBeaeM HHTerpSiibl (TI,8) B (TI,4) K yao6HOMY anSI HHTerpBpOB8HHSI BH.Qy. Tiony'IHM: 

( n (2 n)! r ( 1 ( 1 1 2 ) N 
11 

= -1) -
8
-
1
- m + T) F -n, m + T , - 2-, y • 

(TI, 7) 

n ( 2n + 1 ) I r 3 ( 3 3 a ) N a(-1) 2 y (m+-)F -n,m+-2-,2 ,y • 
u n I 2 

(n,s) 

rae rurrepreoMeTpH'I&CKBe cpyHKilHH CBOaSITCSI K IIOIIHHOMaM: 

1 1 (1 2)n-m dn n-...!.. m 
F(-n,m+-,-,y2). Y -y --[z 2 (1-z) ] 2 

2 2 ..l. • .1. ••• (.L+n-1) d z n z•y 
2 2 2 

(TI.9) 

F(-n,m+~ .-t.y 2 l= 
ll m d n 1 

Y -!J.o {1- Y ) n- --- [ z n +2 (1- Z ) m ] 2 

n z • Y J...~ ••• (.!.+n-1} dz 
2 2 2 

(TI.lO) 

13 
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r'l" 

BbtnsweM seCK01lbKO nepab!X nonusoMoa: 

n e 1 

F(-l,m+-}.-{-,y~)-(1-y~)-2y 2 m, 

33 2 ( ~ 2 2 F(-1,m+ 2 . 2 ,y ). 1-y >-
3

my 

n ~ 2 

F (-2, m + +, + , y ~ ) "' ( 1- y 2 ) 2 - 4y 2 m 0-y 2 ) +-} y 4 m (m -I), 

(n.u) 
F(-2,m+..1.,-L,y 2 ).(1-y 2 l 2 -_j_y 2 m0-y~)+-L5 y 4 m(m-1); 

2 2 3 1 

~ 

F(-3,m+..!.,_!_,y2). (1-y2)8 +6y2 m(1-y2 )2 + 
2 2 

+ 4 y 
4 

m (m- 1 ) ( 1 - y 2 8 8 -T5y m(m-1l<m-2), 

( 3 3 2) ( 2)8 2 (1 2)2 F -3,m +2•2•Y a 1-y -2y m -y + 

+ + y 
4 

m (m - 1) ( 1- y 2 ) -
1
:
5 

y 8 m ( m- 1) ( m- 2) . 

Bs.oao1 'ITO 'lnesbl co 3HB'IeHHSIMH m • 0,1 .•. , 

(n,1) H (n.2) COlleplKST MI:OlKHTenb ( M 
2 

Ql;m) 

n - ace onaoro nopHnKa, nocKonbKY 

1 B 'ln.ElllBMI! m > n MOlKHO npe-
He5pe'lb, no ( 1- y 2 

) Y'IHTbiBSeM B CyMMe no m TOitbKO BSH50nbWHli qnea, 
HHTerpan 1 2 (v) nony'IHM a sane (2,9-2,11 ). 

Ha lflopMyn (n,11) nerKo nony'IHTb lflopMynbl, cnpaaennHBble 

STHX lflopMyn Bbi'IHCnHTb HHTerpan I 
2 

(v) fiOMOWH 

14 

npa y = 1 , H npH 
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Taonana 

YpoaHI!: Me3oMoneKyn c O.!IHHaKoahlMH H.QpaMH (aseprHH CBSI3H a a») 

MoneKyna 
.... o 

( p PI!)+ 252, a 

254,3 c 

250,8 e 

(ddJL)+ 330 a 

323,6 e 

(IIJL) + 367 a 

361,5• 

121 
a - a3gTO•a paOOTe/7/1 
b - - - • . -181 
e - . /9/ 
d-

' N /10/ 
e -

.... 

K•O 

.... 1 

-

40a 

34,2 e 

86a 

75,3 e 

16 

K., 1 

v•O 

106 a 

106,8 b 

107,23 d 

226 a 

226 b 

226,55 

288 a 

289b 

288,72 d 

v - 1 

7a 

45a 

31,7b 

:1!1 

D 

a 

6 

B 

v 

0 

2 

3 

4 

5 

6 

7 

Taonana 2 

3aaqeaas HHTerpanos l~(v) 

y- 1,035 y - 1 

-1 -1 
5,07 ·10 5,10·10 

-1·1o-1 -9,4·10 
-2 

6 ·10-2 1,8·10-2 

-1,4·10 
-2 

-3,9·10 
-3 

5,3·10 
-3 8,9·10-4 

-3 
-1,4· 10 -2,2·10 

-4 

4,8·10-4 5,7· 10-5 

-1,5·10 
-4 -1,6"10-5 

Taonana 3 

Pa3HOCTb aHeprHH (sa) M9lK.!IY COOTOSIHHHMH: 

y - 1,08 

0,505 

-0,108 

0,12 

-2,9·10-2 

2,1·10-2 

-6,10-8 

8,1-10-8 

-1,1·10-3 

(a) v = 0 MoneKynhl n2 B 
+ 

V • D MoneKynbl D ( d d I' l 1 

(6) ..... 0 " D(ddJL)+ H " + 
V • D D(ddJL) n 

(a) v• 0 
, 

HD H V,.D " H(ddJL)+ 

0 1 2 3 4 5 6 

-0,026 0,310 0,647 ·o,99 1,32 1,66 1,99 

0 0,673 0,673 1,01 1,34 1,68 2,01 

-0,016 0,427 0,870 1,31 1,75 2,19 2,63 
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2,33 

2,35 

3,07 
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r 

' 
l. 

W·f0 6
ceK·f 

(5 

qs 

0,003 

.... 
D,ot 

A-a 
o-6 

OJ 

t 
o,J E (3~J 

PHC. 1. 3aBHCHMOCTb o6p830B8HHSI HOHS ( d d p. ) + OT Cpe.QHeA KHil~TH'IeCKOA 
saeprHH aTOMS d p. • a - no pa6oTe .lllKenenosa 11 AP· ; 

b- no pa60Te <l>eTKOBH'IS H .t~p/4/; e- no pa6oTe .lloy.Qa/5/; 
d - no pa6oTe Anbsapena H ,t~p./15/. KpHBSSI - aaBHCHMOCTb no 

.QSHHOl!: pa6oTe. 
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