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 1 .' INTRODUCTION
 
I 

I• The ~henomenon of the mesic molecule resonant ~ormation has been 

establiahed experimentally fo~ the first time in the works of 

V.P.Dzhelepov with the colla~orators.1) In contrast to the dd~ molecule 

non·resonant formation, when the bindin~ energy of the formed mesic 

molecule ia transferred by the conversion electron: 

d~ + D2 - [(dd~)de]+ + e (1) 

the vory essense of the resonant mechanism of dd~ molecule forma· 
2)tion suggested by E.A.Vesman in 1967 is the following. Mesic atam d~ 

with.the kinetic energy€p when approaching one of the nuclei of D2 mo

lscule forms with it mesic molecul~ dd~ (to be mo~e precise, the mesic 

molecular ion (dd~)+' in a loosely bound rotational·vibrational state 

(J c v c 1), which becomes a "heavy nucleus" of mesic molecular com· 

plex [(dd~)dee]: 

d u + D2 - [(dd~)dee].	 (2) 

Tha released binding energy [€Jvl = ItIlf of dd~ mesic molecule 

ia transmitted to the excitation of vibrational-rotational states (~K) 

of mesic molecular complex [(dd~)deeJ~K (see Fig. 1). 

If 11: 111 ':t 2 eV, the rate of reaction (2) at deuterium t.empez-a t.uze s 
6 -1

T ~100 K is Àdd~ N 10 s , that exceeds the.rate of non-resonant pro

cess (1) in tens times. The existence of a loosely bound state (J = v = 

1)3) wao firmly established in theoretical works in the period 1973 

1983. It mnde possible to carry out the first well-grounded calculation 

of the dd~ molecule formation rate Àdd~(T) as a function of medium 

temperature T4). But on the whole this calculation was of illustrative 

charac~or because the value of Ell was known ,at that time with an accu

racy of N 0.1 eV only and was determined just from the comparison of 

theorotioal curve Àdd~(T) with experimentS) at T = 300 K. Besides, 
4}the oaloulntion did not take lnto account the spin structure of d~ 

atom and dd~ molecule energy levels and the energy levels rotational 

struoturo of D2 molecules and [(dd~)de~] complexei. Some peculiarities 

of tho kinetics of the mesic molecular processes in deuterium, namely, 

tho dODintsgration ("back decay") and stabilization of the mesic mo

lecular complexes (dd~)dee], fusion and cascade transitions in dd~ 

meDio molecule, the process of d~ atom spin-flip in collisions, etc., 

wero not induced into consideration, as well. 

All the effects listed above are taken into account in the presentf 
papar •• The energy of the (J = v = 1) state of dd~ mesic molecule has 

I 
) ~ The firat attempt to include the hyperfine	 structure of energy 

6)L levels of (d~)F and (dd~)S was presented in paper . 
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been calculated in recent years with a high accuracy ~0-3 eV), 7,8) the
 

rates of fusion À~V and de-excitation À~~x10) to the state (J = 1,
 

v = O) have been al~o found for dd~ mesic molecule. Besides, in
 
11-13) papers the new refined expression has been obtained for the rate 

(see als0 14,15)). Basing onÀdd~(T) the results of the listed papers,
 

we present here the theoretical calculation of rates Àdd~(T) for reac


tions
 

du + DA - [(dd~)aee], (2a) 

where A = D,H,T; a = d,p,t. This calculation does not involve any free 

parameter-s and ad~itional hypotheses. The calculated dependence Àdd~(T) 

fits well all the available experimental data on reaction (2) which is 

taken in the following as an example to demonstrate Qur method of the 

resonant rate calculations. 

2. SCHEME OF THE CALCULATION OF RATES Àddu(T) 

In collisions of mesic atoms (d~)F in spin atate F with molecule 

in vibrational-rotational state <~iKi) the excited lnesic mole(D 2)Y.K.
 
1 1 [ ]
cular cOlnplexes (cldu)dee YfKf are formed in vibrational-rotational
 

state (YfKf):
 
(dU)F + (D 2\>.K.- r(ddu)Jsvde~)I K (3)
 

1 1 ~ f f 
with rate ÀFK.,SKf where S i5 the t~tal spin of ddu mesic molecule. 

The formeà compl~xea either decay with rate r SF' into initial frag

menta (in the general case F'~ F, y[ ~ Y and Ki ~ are atabii Ki), ?r
 

lized with rate À due to de-excitation of ddu molecule:

de x 

TI Jv 1 ~rSF' (du)F' + (D2) rK" 
(4a) 

1~ddu)S	 deej i i 
" À ft( J "v ' ] + (4b)dex	 Ld du ) S de + e • 

I The nuclear fusion reactions with the rates Àf a180 prevent the comple


I xes desinteqration (4a):
 
I
 

I" 
úl ~~t3He + nI	 ~~ 

ddu ~ 1-úl~3He + n + u	 (5)
dd ~~d 

Àf :1-13 ---... t + p + U-. 

The reaction channela probabilities are equal fi = 0.58 and 1-~ = 0.42, 

re5pectively~6,17) the muon sticking probabi1ity in the first channel 

0.122 17,18),being úl = À}d is the rate of nuclear reaction. 
d 

Tho rato of reaction (3) equals 11,13)* 

AJ:'K i, SKf = À:FK" 8K If 
l' f 

ÀFKi,SK = 2nNoWFSfd3pf(Ep,T) Iv f i i2 ó(Ei-Ef). (6)
f 

whoro No = 4.25'10 22 cm- 3 is the liquid hydrogen density, f= NINo is 

tho doutorium density, p is the momentum of relative motion of d~ atom 

and 02 mo1ecule, f(E ,T) = 2(E In)1/2 T-3/2 e x P{-E ITl is the.Haxwellian 
p p p J 

distribution over the relative collision energy E at given tempera-
p 

turo T**, V is the coordinate matrix element of the transition fromf i 
tho initial state i to the final state f: 

IV fi l 2 = 11(2K i +l ) .l : l(y(f)\Ol:r(i»\2, (7) 

MKi,MKf,MJ 

M1(i' M and MJ are third projections of angula~ momenta Ki , Kf and J.
Kf 

Overlapping between the spin functions of initial (F) and final 

(8) states is given by the factor 1 1) 

1 / 2 

t F1 2 

1W = 2(28+1) ,	 (8)FS 181
 

s 8 F J
where ~ d is the Wigner "6j-symbol, I = 1 i.s the total spin of 
{Sd 8 I 

deuterium nuclei in dd~ molecule (identity of nuclei in dd~ rnolecule 

being taken into account) . 

Coordinate wave functions and transition operator are 

'\Ir (i) = UI Ci" )W"i Ki (- ) ipP2
I	 id~ 1 Pl eTD2 

v./Yf Kf '"\ Ir( f) uJJv - -	 (9)
~ = I dd~(r,R) I MD (p) 

v = p.a/p . élW(p)/élp, 

rI nnd PI are intrinsic coordinates of d~ atom and D2 molecule, P2 
io their relative coordinate, r and Rare Jacobi coordinates of dd~ 

molocu1e, P is ao internuclear coordinace of mesic molecular complex 

MD ~ [(dd~)dee] , d ia the dd~ molecule dipole momento (The choice of 
11-15).)oxprosaions (6)-(9) is justified in papers 

* Anothor expression for (6) with ó(Ei - Ef) substituted by the 
19).Droit-Wiqner factor is suggested in paper For the discussion of 

13,20)thiB quostion see .
 

• * The oross-aection Sei ~ 2.10-19 cm2 34) of the elastic scatt~ring
 
dll + dia large enough for the Maxwell distribution establishing in
 

times~ 3.10-8 ~-1 a. See paper45), where the kinetics in D2 + T2 mix


turo at small ~ ia considered.
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The initial 1Ei) and final (E f) energies for reaction (3)' 

equal, respectively, 

Ei = EF(d~) + E~iKi(D2) + cp 

E cS(dd~) + E~ K (MD) 
f f f 

EF(d~)	 = E1s(d~) + AE F 

cS(dd~) = cJv(dd~) + AES'	 (10) 

where E1sCd~) and AEF are the nonrelativistic energy and relativistic 

hyperfine splitting of d~ atom 1s state, corresponding to the total 

spin F, ,cJv(dd~) and C are the corresponding quantities for (Jv)s 
state of dd~ mesic molecule with the total spin S21,22)A The resonance 

condition Ef = Ei can be presented as cp = whe~ec i f' 

= Cll + ACFS + AE YfK = Co +AcFS +,\,E i f (11)c i f	 yi Ki, f 

EO = c1l + A.E)) is the resonance defect, AE)I = ÁE '0', •• O = E)J O(MD) 
)I~l ,'f f 

E~iO(D2); C11 = E11(dd~) - E1s(d~) the nonrelativistic energy ofcJv 
the state (J = v = 1), Ac FS = AES -~EF is the spin splitting of EU' 

AE'I'K' d K = E" K (MD) - EY'K.(D 2) = .4Ey +AE' fYl 1,Yf f Yf f 1 1 1 

1!..Eif.={E)lfKf(MD) - EYfO(MD)} -{EYiKi(D2) - Cf - 'EYi O(D2)} E i 

Energies E~iKi(D2) and E (MD) of rotational-vibrational states
Yf K 

of D2 molecule and complexes MD fiave been calculated with an accuracy 
2 3).of rJ10-4 eV in paper

The general scheme of the dd~-resonant formati~n is presented in 

Fig. 1. This process is possible if the sum C + IClll of the 3.u atom 
p fIt 

kinetic energy cp and dd~ molecule binding energy IE11( is equal to the 

transition energy AEy from the ground state Yi = O of D2 molecule to 

the excited vibrational state Yf = 7 of the complex [(dd~)dee1. 

The scheme of splitting of energy leveIs of initial and final 

states is shown i~ Figs. 2 and 3. In our calculations were used the 

quantities c 11 = -1.964 ev, * t.EFS and Â E. f' which can be found in 
papersa,21-25) . 1 

l* The	 used value of C11 = c~fel + Acfi + Ac1tm is a sum of the non

relativistic	 energy for point-like nuclei E~fel = -1.9750 eva) , rela
2 2) tivistic corrections Acfi l = 0.0097 ev and co~rections to the finite 

size of dd~ mesic molecule in the mesic molecular cornplex At1tm 

= 0.0010 ev;4,25) therefore C11 = -1.9643 eV with the possible error 

1r EP __ 

-f -

w:	 
~f=7 

E1l 

~ ~d! ~J=1-,V=..1_ 
:;	 (D ')Y 00 ]"2 I , 

I	
i~,	 [Cdd ~ )d eeI I 

---U 

Fig. 1.	 Scheme of the resonance formation of dd~ mesic molecules: the reaction is
 

al.loiaed if the resonance 'oondi.t.ion E + IE d =Â E y is fuUfilled.
 
p 

For reaction (1) Yi = O, Yf = 7, the resonance defect is EO 

0.0337 aV, and values of AC equal:FS 
A C1/2 1/2 0.0163 eV AE1/Z 3/Z 0.0403 eV 

-0.0322 eV -0.0082	 ev , (12 )A E3/2	 172 A, E 3 / 2 3/2 

The rate ÀFS of the (dd~)S mesic molecule formation from the ini

tial states of mesic atoms Cd~)F' averaged over the rotational states 

of (D 2)Ki molecule and summed over the final states of complex CMD)Kf 

oquals 

ÀFS = 2.: wCKi) ÀFK· SKf e CE. f) ,	 ( 13a)
Ki ,Kf l' 1 

whora 

at x> O 

e(x) 
o { : at x x O 

w(Ki)	 = f(Ki) Zit ( 2 Ki + 1) exp {-Ei/T17 (13b) 

I,J :' r:"I1Ki (D 2 ) - E)liO CD z ) is the rotational erie r qy of molecule D2t 

1~(Kf) 10 the Boltzmann distribution of molecules D2 over rotational 

~oqraaD of freedom, zi is the statistical sum over rotational 

~Cll J ~O.OO'O eV which is comparable with the fine structure splitting 
22) ( 0.0006 oV) in dd~ molecule . (See Fig. 2) 

4 
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Fig. 2. Scheme of hyperfine and fine splitting of energy levels of atoms (d~)F and 
Jv - - - - 

'!!.,e,sic_mole:,ules (~d~)S_: F_= SIJ + Sd is a total spin of dIJ atom, S = F + 

Sd = S~ + I and d = S + J are total spin and total angular momentum of 

ddu : mol.eeule, »eepeot-ivel-u, AEj = E~O - E-JfO = 1.9980,eVJ EO =A.E)I.

IElll = 0.0337 eV. Transition energies are given at vertical arrows showing 

transitions (F - S), their resonance' energies 80 + 48FS are given at the 

beginningJ while eorresponding weights WFS at the end of the arrows. 

states o f D2 molecule at given temperature ,T, 

( 13c) 

f(Ki) = 21/3 for odd Ki 

(for the case of equilibrium population of ortho- and para-states of D2 

molecul'e) • 

Resonance process (2) is possible only if Eif~ O. At temperatures 

T~103 K rotational states Ki<10 are excited, Le., in resonance con

dition (11) N100 various values of AEif are possible, correspond í.nç to 

various combinations (Ki,Kf) and 209 terms in sum (13), limited only by 

a condition 8if> O. In reality, at given temperature T an essential 

contribution to sum (13) comes only from 2 - 3 terma, for which 8if rV T. 

The rate r ' of complex back decay (4a) equals* 

) 2/3 for even Ki 

SF 
= L ' F'K~ w(Kf) ~ (KP (14)"fSF ' r SK Ki ,Kf f' l 

'* Rates of the rotational relaxation (N 1O131f s-1 26» of the formed 

complexes noticeably exceed rates Àf,Àdex and hence, during ther SF ' 

w(Kf) = zf1 (2K + 1)- exp {-EflT)f 
(1-4 )Zf = L(2K + l)exp i -EflT}fKf 

whoro FK ia defined by the expression13,26,21)r nK .., li i 

rSKt,I'Ki = 2/11 (2 IJ 3 Eif)1/2WFS(2F+J)/(2S+~'(2Ki+~/~Kf+V'\VfNe(Eif) 
2 

-t -1 -1 . (15)
w1th ~~ • m + m being the inverse reduced mass of system dIJ + D2 ,

d IJ D2 
an~ tho epin overlapping facto r WFS being defined with (9). 
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l1eotimo of complex [~dIJ)dee] the Boltzmann distribution over rota

t10nal atatoo Kf ia eatablished. 
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15 
(dj·1)F + D;-[( dd}J)s d eeJ 

5. 

IJJ~,. I_~ , TOK 
400 600 800 1000 

Fig. 4.	 Temperature dependence of partial rates À aorresponding to the scheme ofrs 
tmnsitions in Fig. 2. The eharp maximum of rate À3/ 2 1 / 2 at T~46 X 

corresponds to resonance energy =5.9 meV of dipole tranBitionEi f 
(F =3/2, Xi =O) ~ (S =1/2, Xf .=1). 

11The details of calculations of A and f are given in papersrs sr 
13), the dependence of these rates on temperature T is presented in 

Figs. 4 and 5. The observed rate of dd~ molecule formation A is exdd .	 J ~ vpressed through Àr s and [sr' the rates of fusion A (5 ) and AugerfJ v transitions Àd (4), the rate A of nonresonance formation of dd~ex nr . 
molecules in reaction (1) and rates À , of d~ atom spin-flip inr r 
collisions with deuterium nuclei. To find adequate expressions for 

Add~' one should consider the kinetics of muon catalysis processes in 

deuterium. 

3. KINETICS OF MUON CATALYSIS PROCESSES IN DEUTÉRIUM 

During	 the time to rv 10-12 \f -1 s 29) muons wi th energy N 10 keV 

in deuterium form rnesic atoms d u in highly excited states n*,14 30). 

-1 i -1 1)
During ta rv 10 'f s t.hey go .down to the ground 1s-state of d ~ atoJ

and statistically populate sublevels F = 1/2 and F = 3/2 of its hyper-

i' 
I 
!	 

8 

r ,1095"" ' 
SF

(djJ)F + D deeJ2-((ddjJ)s:2 

í1/2 '/2 
=:............ ~- í1'23/2
 

í3/ 2 '/2-------- ~....:..!.i...__ __ 

íl/ Z 3/z 
..----  I I I I I. 

O 200 400 600 800 1000 TOK 

[·'iO. 6.	 Tempemture dependence of compl-ea: back. decay raiee in »eaction (Aa) ,
 

Approximate equalities are valido L f 3/2 r ~ L r / r ~ consto
 
r r 1 2 

32) tino atructure (which subsequently will be denoted by indices 1 and 

2, roapectively) with weights 71 = 1/3 and ~2 = 2/3. After this pro

000000 (3) and (17) of dd~ molecule formatión take place as well as 

opin-llip processes 33, 341 : 
A21 

(d u ) r =3 / 2 + d :;=. (d u ) r =1/2 + J ( 16) 
Ai 2 

tho ratos of direct and inverse processes (16) being connected by the 

dotóilod balance relation 

AI 2 = tA 21" 0= 2 exp (-t.E/T) 

A.E = t.E:~s = 0.0485 «v .	 (17) 

Tho	 general case of muon catalysis kinetics in hydrogen isotope 
35,36).m1xturoD ia rather complicated and is considered in papers The 

aohamo of processes in pure deuterium is depicted in Fig. 6, and the 

~yat:om of oquations describing the kinetics of these processes has the 

rorm 
IN 1'/ 1 ~ - ( Ao+À n r +À r +À r r ' ) Nr +À rr Nr' +2~ i f aF+ r ( 1 - W ) )(fa )JNa' 

r';tr
 
IN 1'/,11 - ( AO+Ai a) +f +2::. A , ) N +r A, N, + z:: Ar Nr
 

a a' a a a a' ;t a a a a r a ( 18) 

(\LA(a)N
 
F a f a
 

d NlI / 1 t 

Ar L ' f 2=r "sr ' f aF'= o Anr 
= L A 

s 
Ar s S a;ts r a 

at o ;t S 

9 
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rS1	 

3H8+n+t J.f' ..... _----

"3 --- ....
'JJ He+n~ 
,----,~ 

(í-~~-+-(JJ-
' ..._---

~o 

Fig. 8.	 Kinetios of w-aatol.ueie proceeeee in âeutex-ium, Hatiee Àrs", rSF ' À and
 

'r are defined with formulas nso, (14), (24) and (22) at ''f = 1.
FF

,
 

íw;~h ;i~i tial cond t.Lon s .	 ; 

Nr(O) ::;?F NatO} :;: Nrt(O)"~ Ô.· (19) 

Here the notation is introduced: Nr is th~ number of mesiç atoms (d\l)F' 

Nais; the numbez of (dd u ) a, lfIesic molecules i,n at"te a ~ ~ S ,Jv1(for t.he 

resonartce st.ace (~ :;: v z , 1 ~ we put in ttle tol.lowing a':;: S), Nn is the 

ínumber of néu t rons em thed in reaction (5), 'U):;: lll:i is the total mUOR 

st!çking probability i~ reaction (5), Ào :;: 0.455.106 s-1 is the muon 

decay rate, Ài o) is the n~clear f~sion'rat~ for the state (dd\l) a' Ànr 
is the rate of the nonresonance ddu rnolecule formation in reaction (1) 

in various states a:;: (S, Jv) (except the state (~ :;: v :;: 1), for which 

f o.r :;: O, 'À a a,~re t.he ratas of Auger transi tions(4b) i À , ia the rate r r 
of spin-flip reactions (16). AlI the rates À À , À a and Ànr are r, Fr, r 
pormalized to the l~quid hydrogen density No :;: 4.25,10 2 2 cm- 3 • In the 

calcuIations below we use the following values of rates: 

À - 4 7.10 7 -1 34) ,_ O 4.10 5 -1 4,28)rr' -. s	 1\ n r -. S 

ÀiS) :;:	 O. 43 . 1O9 s -1 9 ) Ài a):;: 1. 5 • 109 s -1 9 ) (20) 
À :;:	 0.08'10 9 s-1 10) U):;: 0.071 17,18).
S a
 

6 7 -1 8 9-1
Rates	 Àrs(T) ~ 10 ~ 10 s and f ~ 10 + 10 sare calculated ins r 
the present paper (see Figs. 4 and 5). 

Taking into account inequali ties { f sr, Ài a)} >~1 {À ~ ÀO t~ tr s 
follows from equations (1B) that at t » (À(a) + f) NO. 5·10 s 

f a 
the quasistationary regime is achieved, i.e. the following relations 

are fullfilled 

dNa/dt~ O, Na .:::1 . ~ Àr a /(Ài a) + f a) Nr. « 1. (211 

10 

NS~ 'f r. ÀrS/(r'f + r s) Nr 
r 

), À ~ CJ) Na L (ÀF + Ànr ) 'f Nr - 2:: f S NS	 (2 1) 11 

() 'F S
 
N (S)
 
ÀI·À! +~),Sa'
 

In thio oaBO the system of equations (18) is reduced to more
{ } r (a)7 -2

aimplo ono within the accuracy tÀrs' Ào /1 f s r ' À f JN10 : 

r1Nr/J t 11 -<>'oUr'f +Àrr,'f') Nr + Àr'r'f Nr' + ?rC1-w)ÀrNdd\l 

(22)rI Nn /(1 L 11 PxfNdd ~ , 

N'luu 11 ~ Na:;: Àf-llf~ ÀrNr 

to whioh oorrosponds the scheme of the processes presented in Fig. 7. 

Tho attcotivo rates in this scheme are given by: 
,..,	 rJ '" 
),r :;: Ànr +	 ~ ÀFS Àf/0f+ fS) 

S 

>-'FF' :;: ÀFf' + ~ "rs fsr,f(ff+f s)	 (23)
S 

~'Àia)Na/ ~NaÀf:;: 
(5)	 rJand À	 ~ À within accuracy ~ Ànr/À

t f	 r 

?F (1 -w) ~f 

~f~F n 

Tha prinoipal soheme of \l-oatalysis processes in deuterium,~'f ri' 'I. 
N -1 -9 vn l ç d at t» O + f 

S
) ~ 0.5,10 s. 

f 
tt ia ooan from (23) that the rates À of the dd\l molecule resor s 

nAnllA tormation i8 about three times as small at the value of the rates 

(~O) IhAn thnt calculated by formulas (13) which do not take into 

.iouounu tha bnck decay of mesic molecular complexes (4a). (The impor

26,27), 37),
tanoQ of Chia proceas was first pointed out in papers see 

GIl woll) • 
ror tho camo rea60n the effective rate Àr r, of spin-flip process 

11Ltfora trom ~hQ rata À of reaction (16), as the process (4a)FF, 
oh nn90a Lho populations of the spin states W\l)r and that is equivalent 

1.0 lho additional dopolarization (r :;: 3/2) ~ (r :;: 1/2). The second term 

)] 



---
---- --

for À in (23) describes this processo The more detailed discussionr r , 
in 38) of this effect is performed . 

At t »(À 21 f)-l the dynamical equilibrium of the spin-flip pro

cesses (16) gives as a result the quasistationary 'populations P of the 
r 

spin states (d~)r' In this case the time distributions NF(t) become
 
universal:
 

Nr ( t ) = Pr Nd u (t) 

L PF = L ?r = 1. (24)
F r 

Taking into account these relations we obtain from (2?): 

d N /d t :: - À N 
d~ c d~ 

d Nn /d t :: p \:ld ~ tf Nd u = ~ Àdd u 'f e 
-À 

c 
t 

(2sa) 

Àc = Ào + wÀdd~lf, Àdci~ = L PFÀF,~ 
F 

where the populations P are equal to 
r 

P1 = (1 + r)-1 , P 2:: 1 - P1 , 

-; =(>-'1 2 + ?$1) 1('>:21 + 21r 2) • (2sb) 

Neglecting the terms of order N w2 it i$ possible to represent the 

solution of the system (22) in the analytical form: 

Pre- Àc t A t NF(t) = + QF e-

Qr=?r-Pr (26) 

A = ÀO + (À21 + 1'1 2 + ~ 1À2 + ?2)1 ) te .
 
Taking into account relations (22)-(25) we finally obtain:
 

- À t I.. rv,.." -At
dNn/dt :;13lf { Àdd~e c + (t2 - P 2)02 - À1)e • (27) 

The multiplicity of muon catalysis Xc (the number of neutrons per one 
muon) is equal to 

-1 h IV N -11
Xc [ + (/2 - P2)02 - À1 )}I;. J' (28)=J!''fÀdd~ÀC 

At low deuterium temperatures 10 ~ T ~ 100 K, when the inequali 
ties are valid: 

À3 I 2» Àl I 2 , À21 » fÀI 2.' Ài , Àd ' \1 ~ Àn r ,
 

P1'::: 1, P2'~ 'i ~ 2/3 Ànrh21,...10-2, Àdd~ r::$ 1.05 Ànr
 

the time distribution of neutron is. simplified: 
-À t ,.., r""} ,.., r N }dNn/dt~?fe o (Àl exp 1-WÀ1'ft + 2/3À2exPl-À21 'ft ~(29) 

Just this distribution was used at SIN experiment 4 2) for the 
'" rimeasurement of the ratio À3/2 I À1/2 

4. RESULTS AND DISCUSSION 

It is cle~r from the previous consideration that the calculated 

values Àdd~(T) in the framework of accepted calculation scheme 

dopand on t~o parometers only: the binding energy l~ll of the state 

(,r • v ti 1) ond t:ho effective nuclear fusion rate 1'f in the dd u mole
aula. 

tn ,.lO. O t:.hore are presented theoretical values of 1EIIl :t Õ EI 

anct ~t i ~rf. ' ao well as the range of their allowed values, following
42).rrom a"par.l~Qnto'7) and The lower range correspond~ to pairs of 

1\111 And "te tor which the values >ad~ calculated ~~ (23) - (26) fal! 
(lll lha boundarioB of the interval of measured value ) 

6 -1Àdd~(T = 298 K) = (2.76 + 0.08),10 s 

.- 9 1
À , lO -:f 

0.8
 \ 
\ 

\ 
\ SIN


\ \ 

\ 
\ \ 

\ ~3/2 =79.5t S.O 
\
\ 

\ 
\ ~1;2 

\ \ T=34 K\ \ 
\ 

0.6 
\ 

\ \ Theor~Gatchino \ \ 
\ 

0.4 
\.À =(2.76±O,OS)·106s-1 

-, \.- - - --
ddjJ \. 

\. -,
T=296 K -," -, -, 

-, " " -, 
<, 

<, 

1.962 1.964 

, I NlI'/11' 1/, 7'l1a 1"ange of al.loueâ valuee of EIl I : õ€J.l and À : õÀ foUowing from 
17) 42 f f

Gmporiment8 and ) (shadowed). The aross represents the theoretiaal 

\JIlLuQO of IEul anelÀf with their poee-ibl.e unaertainties. 

'1'lttt "Vtlar range corresponds to the measured ratio42) 
rV r" 
À3/2 1 À1/2 (T = 34 K) = 79.5: 8.0 

uI' lho I'at:..oo of the dd u molecule formation from states F = 3/2 and 

)' .. I/'J ot (do ~)r mesic atom. It is easily seen that the shadowed area 

nf 1'1 ti and Àf values compatible with results of both experiments 17) 
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À , I06S- 1 
ddjl -: -). 

/" k_V I ~ 

i 
1 i--- 'Xf= O.51. IQ' c i 

i- 'X f = O.41. IQ' C1 
I
 

/1 Dubna
 
IC"I=1.964eV O Gotchlno
 

O l05AIomos
 

o 100 200 sn tI:XJ 500 6OOn. 
Fig. 9.	 The dependence of peaction (1) pate À (T) on tempepatupe T.Expepimentaldd 

points: t - Du1Jna5), +- Gatchina17), ( - Los Alamos4
? ) (Dubna data ape 

penorma~ized to the va~ue ~d (T = 298 K) measuped at Gatchina). A so~id 
7 • h 7 7 • IJ N 9 -1 . 
v~ne ppesents t e cavcuvat~on at ~I = -1.964 eV, À = 0.41,10 s , a

f'" 9 -1dashed ~ine was ca~cu~ated at Ell = -1.964 eV, À = 0.51·10 s
f
 

42). . h' . " f I rJ
and	 1S W1t 1n theoret1cal uncerta1nt1es o IEl1 and Àf: 
N	 9 -1lEu/ =	 1.964:!:0.001 eV, Àf = (0.51:!:0.10)10 s • (30a) 

The solid line in Fig. 9 presents Àdd (T) calculated at
 
roJ IJ 9-1
 

IEl1l = 1.964 eVand Àf = 0.41·10 s (30b) 

taken from the shadowed area in Fig. 8. It. -can be easily seen that these 

values of EIl and Àf provide a good fit of a Ll, the experiments5,17,3~) 
5)(Data from paper are multiplied by the normalization factor B = 3.6, 

which equals the ratio of rates À from 17) and5) at T = 298 K). Thedd IJ 
supplementary analysis in respect to criterion xZ confirms that the best 

fit of theory and experiment is achieved at these very values (30b). 

.The dashed line in Fig. 9 represents the calculated rates Àd j IJ (r) 

at the theoretical values (30a) of Ell and ~f' It is seen that the de

viations of dashed line from solid one do not exceed N 20%. Since 'the 

accuracy of calculation scheme 13) is estimated by N 1%, they are main

ly caused by the uncertainties in the nuclear rate Àf ' which today is 

known wi th the accuracy 20 ~ 30%9) . N 

The presented calculation of ÀddIJ(T) is carried out for the equi

librium mixture of· ortho- and para-states of D2 ~olecules, corresponding 

to values of ~(Ki) (13c). The curves for the cases of pure ortho- and 

para-states of Dz diff~r from each other not more than by 5% (Fig. 10, 

see also paper43) , 'specially devoted to this question) . 

Àddj.J,106S ' 
/ "'_----- __ ...~ro-2 

"~
/
i 

orthO-D2 
... ..... .... 

i. 

i, 
i 

f, 
I, 

" h " 

.. .. 

o 100 200 300 400 500 600 roK 

~l{rJ' 10.	 Ths compatrieon of the Àddj.lmo~ecules formation natiee in pura orbho arld
 

pam deuter-ium,
 

tt tollows from our calculations4) that at T 34 I< 
t"'J. ~.-.J rv 5-1 

~ád - À1/ z - O'À n r - 9 .4· lOs ( 31) 
11 • 5 -1 40)tha~ noticoably differs from experimental values (0.76 + 0.15) .10 s 

and (1.03 :!: 0.04) .10 5 s-1 '41). A possible reason Of-such a diàere

panay may bo the method of data analysis: in particular, to the neutron 

llma dlotribution (27) two exponentials should be included. 

In auoh a situation it seems necessary to make a new measurement 

Ur 1n the liquid deuteriurn because they allow one to calculate the411 "11 rV rV 

luao.1utc value of À3/Z from the measured ratio À3/ Z / ~l/ z- The rate 

~ U J boin; oxtremely sensi tive to the value of Ell (see ,'the Table and 

rlU· D), tho lovel energy Ell' can be found with a high accuracy
4(N10· aV). At low deuterium temperatures practically only one term 

uUlllrtbutaa to auro (13) for partial 'rates ÀFS ' namely, the one corres

~IOllll1 rHJ to tho cHpole transi tion (F = 3/2 , Ki = O) - (S = 1/ 2 , K = 1)f 
wLlh raaOnancQ onergy = 5.9 meV = 69 K. In this case w(Ki) =1 andE i f 
11b~llInc1anoa (15), (13) of ÀddIJ(T) at T ~ 100 K can be put in the analy
1111,,1 rorma 

~tltlll (T)	 l:t, >'8/2 1/2 (T) ~ 4,fiN OW3/ Z I / zlVif IZF;;, T- :I / Zexp {-E i f / T1= 
10 -3/Z ( :l-i:: 2. 5 . 1O • T exp t -6 9 / TJ s , (32) 

Whnla W1 / U 11 11 • \/9. IV.flz = 4.63.10-11 a v u , 
• 1 

Nola that tha chapa of the curve for ÀddIJ(T) is very sensitive to 

lha va l ue 0' '11 , honoe accur at.e measurements o f the temperature 
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dependence of the dd~ molecule resonance formation rate will allow ex
4 4

perimental studies of relativistic effects in a three-body system ) • 8 1"d,10 s-
The degree of sensitivity of Àdd~(T) to Ell is demonstrated in Fig. 11: 

0,6
Ell variation of 10 meV twice changes the value of Àdd~ at T.:E"100 K. 

4 ~_ ÀddjJ.1 0
6 

5-
1 

3 

2 

I ! I ! , ,I I 

O 200 400 600 800 1000 fK 

Fig. 11. The dependence of the ehape of À (T) ourve for »eaai-ion (i; or! the ual.ue
dd 

rJ 9 -1 u
le111 at 'r " 0.41·10 s 

In Fig. 12 there are presented spin-flip rates (F = 3/2) - (F = ,.. 
1/2) (16) without (>.71) and with (>.21) formation and desintegration of 

(dd~)dee1 complexes taken into account. It is seen that \21 exceeds 

À21 by 20% at low temperatures. It is seen from the Table that À21 34) 

coincide with experiment4 2 ) better than \21 . The reason for this dis

ag~eement is still unclear. 

5.	 RESONANT FORMATION OF dd ~ MOLECULES IN THE COLLISIONS d ~ + DT 

AND j u + DH 

1 3The scheme of calculations ) can be used directly for calculation 

of À rates of dj~ molecules in reactions: 
F 

(33)(d u ) F + DT- (dd u ) s tee] 
(34)(d~)F + DH- [(çjd~)spee} 

0.4 

I I I0.31 I \ 1 

O 200 600 800 1<XX) TOK 
,..., 

~'t'l1' IlJ, nnt.ou À and (23) of spin fUp in di.rect: »eaot.ion (]6) and withFF , ÀFF, 

tho baok deoay prooesses (4a) taken into aooount. The contribution jrom 

t.ha latite» prooess »eaohee N 20% at T N 34 K. 

'l'alJh 

"dr~ranOoD 
IV 

À 3/2 / >:1 /2 
IV 

À 21 , 10 6 s 
-1 

K"llunQ~ ot, al. 4 3 ) 79.5 :t 8 37.4 ± 1.5 

LII aann~ papo r 
,.., 9 
~r .. 0.41'10 

O.B1 '10 9 

-1 
s 
8

1 
73.~ 

87.7 

48.6 

48.1 

Itaallnlnco dofocts for these reactions equal, respectively: 

for reaction (33) EQ. = -0.1789 eV P'f = 7)
 

EO = 0.0478 eV (~f = 8)
 

for reaction (34) ISO = -0.1078 eV (~f = 5)
 

EQ = 0.2151 eV (V = 6).
f 

'l'l\q I GmparCl~ure dependences of partial resonant rates ÀF(T) for reacticns 

(111 "1111 (34) are given in Fig. 13 and 14. 

t~ la nocessary to keep in mind that presented rates give only 

Illn ynnnral outline of the resonance processes (33) and (34), but for 

t lu" c1allur 1pt10n of some important peculiari ties of them i t is necessary 

lo pcu rorm tho carefqll consideration of the ~CF kinetics in the mix

t li I fi ~ II U + II 2. and D 2 + T 2' 
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À ,1().E>S-1
F 

3-,

djJ+DT-Kdd)J )tee) 

2 

À1/
2 

l\:Vi 

1000 TOKo 200 400 600 800 

Fig. 13. Partrial. »atee \id IJ (T) of compLex [(:ld lJ)tee1 formation. in etaiee Y = 
f 

and Y =8 in reaction. (33).f 
I 

In particular, the deep minimum in the cross-section of elastic 

scattering d IJ + p at E ';;11.6 eV prevents from the fast thermalization 

of d IJ atoms in the mixture I-:I 2 + D 2. That in a turn will influence the 

processes of resonant formation of ddIJ molecules in reaction (34) and 

leads to the spin-flip of jIJ atoms in the chain of reactions 

(dIJ)F + (DI-:I)),liKi .: [<ddIJ)spee]VfKf - <dIJ)F' + (DH)1rKi " (35) 

The detailed study of this depolarization mechanism of dIJ atoms 

in I-:I 2 + D 2 mixture may turn necessary for the consecutive description 

of the nuclear fusion in pdIJ molecule studies experiments46 ) , as well 

as for understanding of the well known but surprising results of the 

experiment47 ) devoted to the measurement of IJ-capture rate by the deu

ter i um nuclei in the H 2 + D 2 mixture. 
II ~ 

6. CONCLUDING REMARKS 

The presented calculations of the dàIJ mesic molecule resonance 

formation rates crowns the program of studies outlined in paper 35 ) • 

The various characteristic~ of mesic molecules and mesic molecular com

plexes	 which are necessary tor calculations, namely, nonrelativistic 

values	 of the ddIJ molecule energy levels, their relativistic shif~s in

cluding the vacuum polarization, nuclear recoil and nuclei form factors, 

18 

apin splitting and other relativistio oltoota, ancrgy lovels of mesic 

molocular complexes, the influence of o rtd\l moloculo finito size on the 

onorgy of the complexes rates of cascado trana1~iona ln ddIJ molecule 

and of their nonresonance forrnation, etc., ora Alao ooloulated without 

cny free parameters. Only when calculatinq tho ~uQion rato in ddIJ me

aie molecule the measured cross section of roooLlon 1 ú!, 3llo)n has 

boan used. With this exception the presentod oaloulationa aro the cal

culations ab initio. 

0.3 

0.2 

200 400o 

~'III' 1'4,	 HlrHat !"ateo \id IJ (.1) of compl.ex [4:idIJ)pee] formation in etateo Y! :: 5 

tItlrj "J! ::: a in reaet-ion (34). total thermalization of d IJ atomo oaing aaeumed; 

'rlla aoh1ovod agreement between theoretical and experimental values 

Ilf ~o\o\ \1('1') Qvit10nees both the correctness of ali the calculational 

,whetmo AI A whola ( the choice of wave: functions, tranaition operator, 

mnlluu1 uV Aval'a~in91 etc.) and high accuarcy of theoretical calculations 

lIr 111. 1~11l moloouloo and [(ddIJ)dee] comp l exe s . 
'1'11- L'artormad invastigation demonstrates a possibility and gives 

" I h.1I1 till.II1Al bania for precise measurements of the binding energy of 
3	 4

,1,111 mn l euu l .. (lI. 1, v = 1) state with an accuracy of 10- - 10- aV, 

I,,,, wllh A rDIQ~1vCl accuracy of 10-6 
.:.. 10-7 

44). 

'rha Anil ya la of oxperimental data in the framework of the deve

10111111 IlAlu\lllHon achamo (see Fig. 8) gives the following value for tha 

1JIIll111lU allcn 'IV 01 Ilrl \J molecule bound state (J = v = 1): 

(36)1'111 11	 1.9643 :!: 0.0005 eV 
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that is in a very good agreement with the theoretical value (30a). How

ever, the presented analysis could be refined because in it the fine 

structure of dd~ mesic molecule energy levels (splitt~ng ~ 0.6 meV) 

having been not taken into account in the present analY~~s and the 

theoretical value À n r having been used. It is very desirable in this 

line to perfor~ the new measurements of Àdd~ in liquid deuterium. 

The present calculation is	 a numerical realization of the theore
11-13) tical scheme developed in papers for the gener~l case of reso

nance formation of dd~ and dt~ molecules. The achieved agreement bet

ween theory and experiment for the case of dd~ molecules allows one 

to use it with a confidence for a more complicated case of dt~ mole

cules. Corresponding calculations are being completed. 
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Pe3oHaHCHoe o6pa3oBaHHe Me3oMoneKyn dd~ 

BblqacneHbl cKopoCTH Add~(T) pe3oHaHcHoro o6pa30BaHHH Me3oMo
neKyn dd~ npH cTonKHOBeHHHX Me30aToMOB d~ c MoneKynaMH Dz, HD 
H DT npH TeMnepaTypax IO~T~IOOO K. AnH peaKQHH d~+Dz ~ 
~[ ( d~) dee],, B&JqacneHHble cKopocTH Add1J. (T) xopowo cornacywTCH 
C 3KCnepHMeHTanbHO H3MepeHHbWH Ha BCeM HHTepsane H3MeHeHHH 
TeMnepaTypbl AeHTepHH. 

Pa6oTa BblllOnHeHa B na6opaTOPHH HAepHblx npo6neM OHHH. 

fipenpHHt 06-J,e~HHeHHoro HHCtHTyra RAepHbiX HCCJie~OBaHHH. Jly6Ha 1986 

Faifman M.P. et al. E4-86-541 
Resonant Formation of dd~ Mesic Molecules 

The rates Add~(T) of dd~ mesic molecule resonant formation 
in d~ mesic atom collision with molecules n2 , HD and DT at 
temperatures IO~T~IOOO K are calculated. For reaction 
d~ + Dz ~ [(dd~)dee] the calculated rates Add~(T) are in good 
agreement with the experimentally measured ones for a wide 
range of deuterium temperature. 

The investigation has been performed at the Laboratory 
of Nuclear Problems, JINR. 
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