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The rates A, (T) of resonant formation of ddu muonic molecules in collisions between du
muonic atoms and D,, HD, and DT molecules at temperatures 10 7= 1000 K are calculated.
The calculated rates A 4, (T) for the du + D, + [ (ddu )dee] reaction agree well with the
measured ones in the entire range of the deuterium temperature.

1. INTRODUCTION

Resonant production of ddu muonic molecules was
first observed in experiment by Dzhelepov and coworkers."'
In contrast to ordinary nonresonant of ddu molecule pro-
duction, in which the binding energy of the produced
muonic molecules is carried away by the conversion electron

du+D,—[ (ddu)de] ++e, (n

the mechanism proposed in 1967 by Vesman?® for resonant
production of ddu molecules is essentially the following. As
the du muonic atom with kinetic energy £, approaches one
of the nuclei of the D, molecule, it joins it to form the mole-
cule ddu (more accurately the muon-molecular ion
(ddu)™*) in a weakly bound rotational-vibrational state
(J=v=1); this molecule becomes then the ‘“heavy nu-
cleus” of the muonic-molecular complex [ (ddu )dee]:

dp+D,~ [ (ddp)dee]. (2)

The released binding energy |e,, | = |€,,| of the muonic
molecule ddu goes then to excitation of the rotational-vibra-
tional states (vK) of the muon-molecular complex
[(ddu)dee]  x (see Fig. 1).

If |€,,| ~2 eV, the reaction (2) has at deuterium tem-
pertures 7% 100 K a rate 4,4, ~10° s~ !, which is several
times ten larger than the rate of the nonresonant process (1).

The existence of a weakly bound state (J=v=1) of
the ddu molecule was reliably established in theoretical pa-
pers in 1973-1983 (Ref. 3). This made it possible to carry
out in 1977 the first sufficiently corroborated calculation of
the dependence 4 44, (T) of the rate of production of the ddu
molecule on the temperature 7 of the medium. On the whole,
however, this calculation was only by way of a demonstra-
tion, since the value of £,, was known at that time only accu-
rateto ~0.1eV, and was itself determined by comparing the
theoretical A4, (T) curve with experiment’ at 7~ 300 K.
Moreover, the calculation of Ref. 4 did not take into account
the spin structure of the du atoms in the ddu molecules, of
the rotational structures of the D, molecule and of the
[(ddu)dee] complexes, or of the features of the kinetic
muonic-molecular processes in deuterium, viz., decay and
stabilization of the muonic-molecular complexes
[ (ddu)dee], the nuclear reaction and the cascade transition
in the ddu muonic molecule, the spin flip of the du atom in
collisions, and others.

All these effects are taken into account in the present
paper." The energy of the (J = v = 1) state of the ddu mole-
cule was recently calculated with high accuracy (~107"
eV),”® and the rates A ;° of the nuclear reaction® and 4 J;, of
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the de-excitation'® in the ddu molecule were also found. In
addition, new more accurate expressions were obtained in
Refs. 11-13 for the rate 4,44, (T) (see also Refs. 14 and 15).
On the basis of the foregoing results, we have theoretically
calculated in the present paper the rates A,,, (T) for the
reactions

dut+DA—[ (ddu)aee], (2a)

whered = D, H, T;a = d, p, t, without using any adjustment
parameters or additional hypotheses. The calculated
Aaan (T) dependence describes well all the known experi-
mental data on the reaction (2), which we use hereafter as
the example to demonstrate the calculation procedure.

2. PLAN OF CALCULATING THE RATES A4, (7)

When muonic atoms (du )y in the spin state F collide
with a molecule (Dz)'f,' in vibrational-rotational state
(v,K;), excited muon-molecular complexes [ (ddu )dee],

are produced in a vibrational-rotational state (v,K,) are
produced in accordance with the reaction

(Ap) r+ (Do) x, > [ (ddp) s "deely x, (3)

at arate A FK.SK» where S is the total spin of the ddu mole-
cule.

The complex produced either decays with a rate I'g.
into the initial fragments (in the general case F'#F, v]#v,
and K | #K;), or is stabilized at a rate 4 4., by the de-excita-
tion (Jv) — (J'v') of the ddu molecules:

L, 7 (@p)r +(Dy) s (4a)
ddp))’de
((2dp); dec) < o . (4w
[(dd/z)g"de] +
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FIG. 1. Resonant formation of muonic molecules ddu: the reaction is
possible if the resonance condition €, + |¢,,| = AE, is met.
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The decay of the complexes is hindered also by the nuclear
fusion reactions

Wy _»rpt SHe+n
5 "Q,{ He+n+p=

/<

P tHprpus (3)

dd/z

which proceed at arate A and with corresponding probabili-

ties = 0.58 and 1 — B = 0.42,'®!7 while x~ sticks to the

helium in the first channel with probability w, = 0.122.'7!8
The rate of the reaction (3) is? (Refs. 11 and 13)

AFK[,SKj=7\vFK1.SK/ ¢,

Ar o= 2N Wrs | @ (e T) | VB (E—E), ()

where N, = 4.2510% cm ~3 is the liquid-hydrogen density,
@ = N /N, is the relative density of the deuterium, p is the
momentum of the relative motion of the du atom and the
molecule D,, f(e,T) = 2(¢,/7T?) 2 exp( — €,/T) is the
Maxwellian distribution in the relative collision energy ¢, at
a given temperature® T, V, is the coordinate matrix element
of the transition from the initial state / to the final one f:

1 [<1F(f)l I}l LI/'(i)> 12’: (7)

P b,
|Vl1| —WZK«; + 1

Mg, Mgy My

My, M K and M, are the third projections of the orbital
momenta K, K., and J.

The overlap of the spin functions of the initial () and
final (S) states, with allowance for the identity of the nuclei

in the ddu molecule, is taken into account by the factor

1 2
Wes=2(25+1) { f;i} , (8)
where
{ S, Ss F
S, S I

is the Wigner 6j symbol, and 7 = 1 is the total spin of the two
deuterium nuclei in the ddu molecule.

The coordinate parts of the wave functions and the
transition operator are given by

T — (1) ¥, (1) e,
PO = i, (r, R) hadn’ (0),
v =(dp/p) oW (p)/dp. %)

Here r, and p, are the internal coordinates of the du atom
and of the D, molecule, p, is the relative coordinate, r and R
are the Jacobi coordinates of the ddu molecule, p is the inter-
nuclear coordinates of the muonic-molecule complex
MD = [(ddu)dee], d the dipole moment of the ddu mole-
cule, and W(p) the 'S, term of the H, molecule. (The
grounds for choosing expressions (6)-(9) are given in Refs.
11-15.)

The initial and final energies E; and E, for the reaction
(3) are respectively

E{=Ep (d“,) +Ev Ky (DZ) +Ep,
E1=E5 (ddp:) +EV,KI (MD) ?
Er(dp)=Eu(dp)+AEs,
Es(ddp)=E,,(ddp)+Aes, (10)
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where E |, (du) and AE, are the nonrelativistic energy and
the relativistic hyperfine splitting of the 1s state of the du
atom, corresponding to the total spin F, E,, (ddu ) and Acg
are the corresponding values for the (Jv) state of the ddu
molecule with total spin S.2"?> The resonance condition
E, = E; can be represented in the form ¢, — &;,, where

Bifzﬁn_*'ASFs‘*'AEvixf ,va,=€o+AEFs+AE:‘I- (11)
Here ¢, = ¢,, + AE,, is the resonance defect,
AEV=AEvi0,vJO=EvIO (MD) _EV,' 0 (DZ) ’

e,,=E, (ddu) — E (du) istheenergy of the (/=v=1)
of the ddu molecule without allowance for the spin splitting,
Aeps = Aeg — Acg is the spin splitting of the energy level
6'l 1

AEviK,,v,K,=Ev/K/ (MD) _Evl.xi (Dz) =AEv+AE”,
AE”—_— {E\’,Kf (MD) _EVIO (MD)}
-{Evi K; (DZ) _Evio (Dz)}=el—3¢-

The energies £, (D,) and E, , (MD) of the rota-
tional-vibrational states of the molecule D, and of the com-
plexes MD were calculated in Ref. 23 accurateto ~ 10~ eV,

The energy-level splitting schemes of the initial and fi-
nal states are shown in Figs. 2 and 3. We used in the calcula-
tion the values® £,, = — 1.964 eV and Aex and AE; ob-
tained on the basis of the results of Refs. 8 and 21-25. For the
reaction (3) at v; =0 and v, = 7 the resonance defect is
£, =0.0337 eV, while the values of A, are

AEI/, i,,=0.0163 eV, A{El/2 !/,=0.0403 CV,

(11a)

Aesy,4,=—0.0322 eV, Agsy1,=— 0.0082 eV. (12)

The rate Az of formation of the muonic molecules
(ddu)s from the initial state the muonic atoms (du ) ¢, aver-
aged over the rotational states of the molecule (D,)g; and
summed over the final states of the complex (MD)g, is
equal to

F=3/7 / 0.0162
¢ -
\ 8 S
F=lfz\ E S
> — -0.0323
z 2 S
8 S S
" ™~ A .
¥ ) wi AE,=1.998038
Ly § g
= 2/9 y5/g| 0.0080 —~— 0.0062
ik v e 11
s=l/\ /g Vi 12l g oise
~0.0160 5o~ 0.0%61

/2

FIG. 2. Hyperfine and fine splitting of the energy level of the atoms (du ) »
and of the muonic molecules (ddu)s -, F =S, + S, is the total spin of
theduatom,S=S§, + S, + S, and # = S + Jare respectively the total
spin and the total angular momentum of the ddy molecule. The transition
energies for the reaction (3) are marked on the vertical arrows of the
(F—S) transitions, their resonant energies €, + AFs at the start of the
arrows, and the corresponding weights W at their ends.
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FIG. 3. Resonant transition s in reaction (3) with allowance for the rota-
tional level splitting of the (D,), x, molecule and the [(ddu)dee] K,
complex. On the left are marked the values of |&,, + Ae.s| + €;, on the
right the values of (11) and (11a), and all values are referred to the
ground state of the molecule (D), _x _o

Ars = Z }«n(,»,sx,(l) (Ki)e(ei!),

(13a)
K¢, Ky
where
B(z)=1 if 2>0,0(z)=0 if z<0,
ei=FE,,x, (D2) —E, 0(D.) (13b)
is the rotational energy of the D, molecule,
o(K:)=t(K:)Z: ' (2K+1)exp{—e/kT}, (13c)

is the Boltzmann distribution of the D, molecules over the
rotational degrees of freedom. Here Z; is the partition func-
tion over the rotational states of the D, molecule at a given
temperature T,

E(K) ="/,
E(K)="/s

foreven K,

forodd K (13d)

(for the case of equal populations of the ortho and para
states of the D, molecule).

The resonance process (2) is possible only if £, > 0. At
temperatures 7S 10* K the rotational states K; < 10 are ex-
cited, i.e., at the resonance (11) it is possible to have ~ 100
different values of AE;, corresponding to different (X;, K,)
combinations, and 209 terms in the sum (13) that is bound-
ed by the condition ¢, > 0. Actually, at a given temperature
T, a substantial contribution to the sum (13) is made only by
2-3 terms, for which £, ~T.

The rate I'g.. of the decay of the complex (4) is equal

toS)
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g 400 600  T,K

FIG. 4. Temperature dependence of the partial rates A of the process
(du) p + D,— [ (ddu) dee], which correspond to the transition scheme
of Fig. 2. The sharp peak of the rates A,,, ,,, at T = 46 K corresponds to
the resonance energy £, = 5.9 meV of the dipole transition (F= 3,
K, =0)-(S=4LK,=1).

FSF = Z FSK!,F'K'l. U)(KJ)E(K.‘,),

K(',K/

o(K)=2/" (2K, +1)exp{—e,/T},

Z,=Zm(K,), (14)
Ky
where SK,,FK; is defined by the expresion'*?*?’
2 ‘ 2F+1 2K, +1
Lo urie = 2 @nalean) " Was oo Va0 e,
(15)
wherep; ' =mg,' + mp ' is the reduced mass of the system

du + D,, and the spin factor Wiy is defined by Eq. (8).
The details of the calculations of the rates Az and I'gx
are given in Refs. 11-13, and their dependences on the tem-
perature T'are shown in Figs. 4 and 5. The observed rate 4,
of formation of ddu molecules is expressed in terms of the
quantities A5 and [y, the rate A /> of the nuclear fusion
(5), the rate (4b) of the Auger transitions, the rate A,, of the
nonresonant formation of ddu molecules® in the reaction
(1), and the rates A of the spin flip of the du atom in
collisions with deuterium nuclei. To find the corresponding

L0951

1.9

| 1 —
0 400 800 T, K

FIG. 5. Temperature dependence of the rate gz of the inverse decay of
the complexes in the reaction [ (ddu),dee] — (du), + D,. The valid ap-

proximations are z F[J/Z)F~z (12, =const.
F F
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expressions for A, it is necessary to examine the kinetics of
the muon-catalysis processes in deuterium.

3. KINETICS OF u-CATALYSIS PROCESSES IN DEUTERIUM

Muons of energy ~ 10 keV produce with deuterium,
withinatime z,~ 107 '>¢ ~'s (Ref. 29), du atoms in highly
excited states n 2 14 (Ref. 30). Afteratimez, ~107"'¢ ~'s
they go over to the ground ls state of the du atom®' and
populate statistically the sublevels F=1 and F = 3 of its
hyperfine structure®” (these sublevels will hereafter by la-
beled 1 and 2) with weights 7, = 1 and , = %. This is fol-
lowed by processes (1) and (2) of ddu-molecule formation
and by spin-flip processes****

dp(F =30 +d 2= du(F="1:) +d, (16)

with the rates of the direct and inverse processes (16) con-
nected by the detailed-balancing relation

Y=2exp{—AE/T},

h

AE=AE,"=0.0485eV.
(17)

7\412="{7\42n

The general case of kinetics of i-catalysis proceses in a
mixture of hydrogen isotopes is quite complicated and is
considered in Refs. 35 and 36. The sequence of the processes
in pure deuterium is shown in Fig. 6, and the corresponding
set of equations is

AN/ dt=— (Mot Aur@TAr@TArr @) Np
Fhrs@Ne + D (Tartne(1—)A"} N, F/F,

dN,/dt=— (xn+x}“’+ra + Z Aaa’ )Jv

+ Y b+ @ 3y Aral,

o' F

dN,/dt = 2 AV Nay  Ae= Z Ars, Ts= ZFSF,
3 5 F
a#®*=S,  Ap = Z Aro

with initial conditions
NF(O):"]B Na(O) :Nn(o) =O (19)

7 (1- w)if

FIG. 6. Kinetics of the u-catalysis processes in deuterium. The rates 4 5.
[gx, and A, are determined by Egs. (13a), (14) and (21) withg = 1.
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Our notation here is: N is the number of (du),
muonic atoms; NV is the number of (ddu ) muonic molecules
inastatea = {S,Jv}, and for the resonant stateJ = v = 1 we
put hereafter « = S; NV, is the number of neutrons emitted in
the reaction (5); ® = Bw, is the probability of muon stick-
ingin reactions (5);4, = 0.455-10°s ™ 'is the . ~ decay rate;
A ;@ is the rate of the nuclear reaction in the state of the
muonic molecule (ddu),; 4, is the total rate of nonreson-
ant formation of ddu molecules in reaction (1) in all the
statesa = (S, Jv) [with exception of the state (J=v =1)],
for which I', = 0; 4., is the rate of the Auger transitions
(4b); A gr- is therate of the spin flip in reactions (16). All the
rates Ap, Agp, A, and A, are normalized to the liquid-
hydrogen density N, = 4.25-10%> cm 3. In the calculations
that follow we have used the following numerical values of
the characteristics of the process:

Aer = 4.7-10"s7 ' [Ref. 34], A,,=0.4-10°s~' [Refs. 4, 28],
(=]
A, =043-10°s7' [Ref. 9], 2, =1.5-10°s7' [Ref. 9],

hsa=0.08-10" s~ ' [Ref. 10], ©=0.071 [Refs. 17, 18].
(20)

Therates A5 (T) =10°-10"s™ "' and ['gp = 10°-10° s~ ' were
calculated in the present paper (see Figs. 4 and 5).

With the inequalities {Igz, A, }>{Ars, 4o} taken
into account, it follows from Eqgs. (18) that at
> (Zf + I's) 7 '=0.5-107% s there is established in the sys-
tem a qusistationary regime in which the conditions dN,/
dt =0 are met and the following relations hold:

hrs 21)
N, (
=5, +rs "

Zli—a) N, = Z (}.p+7\m) (PNF - E I‘sN&
a F S
T=2" +sza.

In this regime, the system (18) takes, accurate to
{Aps Ao}/ {Ars A, = 1077, the simpler form

Ns= ¢

dNn/dt=BXdedu, ]\‘Tddu=ZNq:Xj_1(P ZNFXFy (22)
a r

which corresponds to the scheme of the processes in Fig. 7,
with effective rates

Femhr + Yy sk (4 To) ),

s

XFF'=7\FF’ + Z {}\-FSFSF'/(Zy+Fs)}y

L:(Z i Ne )/sz

(23)

7F(I—w);l'f

A A,
F /;Jd';‘\ F

20

FIG. 7. Skeleton diagram, valid for > (2_,- + I's) ™", of the u-catalysis
processes in deuterium.

{dg),
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where 4, =4 (¥ accurate to ~A,, /Ar.

It can be seen from (23) that allowance for the inverse
decay (4a) of the ddu molecules at the rates (20) decrease to
about one-third the rates A5 calculated from Eqs. (13) in
which this process is not taken into account. (The impor-
tance of process (4a) was first pointed out in Refs. 26 and 27;
see also Ref. 37.)

For the same reason, the effective rate 1. of spin flip
differs from the rate A o of the reaction (16), since the com-
plex-decay process (4a) alters the populations of the (du) ¢
states and leads to an additional depolarization whose rate is
determined by the second term of Eq. (23) for Az . (This
question is treated in greater detail in Ref. 38.)

In the stationary regime at t» (4,,¢) ~', when the pop-
ulation Py of the (du ) spin states reaches equilibrium be-
cause of the dynamic equilibrium of the processes (16), the
time dependence of the populations N, takes the universal
form

Ne(t)=P:No (1), Z, P, = Zﬂr'—‘i- (24)
F F
When (24) is taken into account, it follows from (22)

that

deu/dtz'—}\rcNdm }‘fc=}"0+m}"ddu(p1
dNn/dt= p}\,ddu(deu=ﬁ}\,dfiu(pe_,'",

Add,. = EPFXFy (25)
F

where the populations P, are given by

P1=(1+:\?)—'v P2=1—P1, Y=(212+n211)/(221+n122)-

In the quasistationary regime, neglecting the terms
~o?, the solutions of (22) can be expressed in analytic form

Ne(t) =Pre*'+Qre~*!, (26)
where
QF=TIF—PF7 A=7\40+CP(sz‘*‘im‘*’ﬂ«iz‘*"ﬂzzi).

With allowance for (22)—(25), the neutron distribu-
tion in time becomes

dN./dt=Bo{Aue ™'+ (n:—P2) (T.—7%1) e}, (27)
yielding for the integrated neutron yield per muon
Xe=B {(0+Ae/Aiay®) ~*+@(n,—P>) (L“L)A—‘} . (28)

At low deuterium temperatures 7S 100 K, when the rela-
tionsAs,>4,,,>4,> {45, 4,,4,}, P, =1, P, =0, are satis-
fied, the neutron distribution in time becomes

dN./dt=~Bpe~! (% exp{—oi 9t} +*/sk exp{— (s +":k2) 9t} ).

4. DISCUSSION OF RESULTS

It follows from the foregoing that the calculated values
of 44, (T) depend, within the framework of the calculation
method used, only on two parameters: the binding energy
le,,| of the state (J=v = 1) of the ddu molecule and the
effective rate Z, of the nuclear fusion reaction in the ddu
molecule.

Figure 8 shows the theoretical values of |¢,,| + 8¢,, and
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FIG. 8. Region, which follows from the experiments of Refs. 17 and 39
(shaded), in which the values of |¢,,| + 8¢, and 4, + 84, are defined.
Cross—theoretical values of £, and 4, with their probable errors.

A st 54 s» and also the corridors of their allowed values,
which follow from the most accurate experiments of Refs. 17
and 39. The lower corridor corresponds to the pair of values
|€,,| and A ratwhichthel,,, calculated from the theoretical
equations (23)-(26) land on the boundary of the interval of
the measured values'’

Maaw (T=293 K)=(2.76+0.08) -10° s~ '.
The upper corridor corresponds to the measured ratio*’

;—’ (T=34K)=79.5+8.0

'
of the rates of formation of the ddu molecules from the states
F = 3 and F =} of the muonic atom (du) .. It is easily seen
that the shaded region of values of |¢,,| and Z,, which is
compatible with the experimental results of both Refs. 17

and 39, does not go beyond the error limits of the theoretical
values:

lew|=(1.96420,001) eV,

%= (0.480,10) -10° s~ ".
(29a)

Figure 9 shows the experimental®'”*~*2 values of

Adau (T). (The data of Ref. 5 were multiplied by the norma-
lization ratio B = 3.6 of the rates 4,,, measured in Refs. 17
and 5 at T'=293 K.) The solid line shows the calculated
Agan (T) for the values

Add/u.v”]ﬁs_1

J

| | l I
0 200 400 T, K

1

FIG. 9. Dependence of the rate 4,,, (T) of the reaction (2) on the tem-
perature T. Experimental points: A—Dubna,® O—Gatchina,'” O—Los
Alamos*’ (the Dubna data are renormalized to the value A,,, (T = 293
K) measured in Gatchina). Dashed curve—our calculation for
£, = —1964 eV, A, =0.51-10° sec™', solid curve—calculation at
£, = —1.964eVand A, =0.41-10°s .
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Source R/ A1,1005!
[39] 79.5+8.0 374%1.5
Present paper
Ay=0.41-10° s~ 733 486
A;=051-100 s~ 87.7 4841

le1]|=1.964eV and’,=0.41-10° s~ ', (29b)

taken from the shaded region of Fig. 8. It is easily seen that at
these values of |¢,,| and Zf the calculated values of 4 4, (T)
are in good agreement with the entire aggregate of th experi-
ments of Refs. 5, 17, and 40 (see also Table I). An additional
7y test confirms that the best agreement between theory and
experiment is reached just at these values of |¢,,| and A e

Figure 9 shows also the calculated 4 ,,, (T) dependence
(dashed curve) for the theoretical values

les]=1.964 eV and ,=0.51-10° s~ ", (30)

It can be seen that the deviations of the dashed curve from
the solid one does not exceed ~20% in the entire range of 7.
Since the accuracy of the calculation in Ref. 13 is estimated
at 1%, the errors are due mainly to the inaccuracy of 1 1
which amounts at present to 20-30% (Ref. 9).

The foregoing calculation of 4,,, (T) was carried out
for an equilibrium mixture of ortho- and para-states of the
D, molecules, corresponding to values £(K;) (13c). The
curves for the pure ortho (odd K;, £(K;) = 1) and para
(even K, £(K;) = 1) states of D, differ by not more than
~5%. (See also Ref. 43, which deals with the question ex-
clusively.)

It follows from our calculations® that at 7= 34 K

Maaa™ X, = Aagy=0.40-10% s~ (31)

which differs quite appreciably from the experimental values
(0.76 +0.15)-10° s~ ' (Ref. 41) and (1.03 4 0.04)-10° s !
(Ref. 42). One of the possible cases of such a difference is the
method of reducing the experimental data. In particular,
both exponentials must be taken into account in the distribu-
tion (27) of the neutrons in time, etc. More up-to-date mea-
surements of A,,, in liquid deuterium, as well as the tem-
perature dependences of A5,,(T) and A,,,(T), are therefore
necessary under these conditions. (See Fig. 10, where the
results of our calculations are shown.) The absolute value fo
A3/, is extremely sensitive to the value of £,, (see Fig. 8), so
that measurement of A, ,» can yield |&,,| with high accuracy
~107%eV.

Ap,10%
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g 100 200 7K

[e,] = 1.974 eV

1.964eV

g 400 600 TK

FIG. 11. Dependence of the shape of the Aaay (T) curve for reaction (2)
on the value of £,, at A, = 0.41-10° s ",

At low deuterium densities and temperatures, a contri-
bution to the sum (13) for the partial rates A, is made in
practice by only one term corresponding to the dipole transi-
tion (F =3, K; =0)- (F=1, K, = 1) with resonant ener-
gy = 5.9 meV, corresponding to a resonant temperature
T=69K.

In this case w (K; ) =1 and expressions (6) and (13) for
A3/21,2(T) at TS 100K can be represented in analytic form:

Ay (T) z4nX/’NOW,I‘./z| Vji,zeifl/,T_’/z
x exp{—e./T}=2.5-10 T-" exp{—69/T} [s~'],  (32)

where W,,; 1/ =4,|V5|>=4.63-10""" a.u.

The form of the 4,,, (T) plot is quite sensitive to the
value of €,,, therefore highly accurate measurement of the
temperature dependence of the rate of resonant formation of
ddu molecules will make possible, for the first time, experi-
mental study of relativistic effect in a three-body system.**
The degree of sensitivity of A,,, (T) the value of ¢, is dem-
onstrated in Fig. 11: when £,, changes by 10 meV the rate
Adaa, (T) at TS 100 K is approximately doubled.

Figure 12 shows the rates of the spin flip (F=3
— (F=1) of (du) r atoms without allowance for formation
and decay of ddu molecules (4,,) and with allowance for
these processes (A,,). It can be seen that the values of 1,, at
low temperatures (see Table I) are ~20% higher than the
values of 4,, (Ref. 34) and their agreement with experi-
ment*® is worse than that of 4,,. The cause of this fact is not
yet clear (see Ref. 45 on this subject).

FIG. 10. Temperature dependence of the rates A, (T) of formation
of the complexes [ (ddu)dee].

Man’shikov et al. 661



1 1 | i ]
0.5 400 800 T,K

FIG. 12. Rates A and A (23) of the spin flip in the direct reaction
(16) and with allowance for the inverse decay (4a). The contribution of
the latter process reaches ~30% at 7= 34 K.

5. RESONANT FORMATION OF ddu: MOLECULES IN du +DT
AND du +HD COLLISIONS

The calculation procedure of Ref. 13 can be used direct-
ly also to calculate the rates A of resonant formation of ddu
molecules in the reactions

(dp) s DT~ [ (ddp) stee], (33)
(dp) r+HD— [ (ddp) spee]. (34)

The resonance defects of these reactions for the reaction
(33) are

e,=—0.1789 eV for w,=7,
€o=0.0478 eV for v,=8,
and for the reaction (34)

e,=—0.1078 eV for
€o=0.2151eV

VI=51

for v,=6.

The temperature dependences A (T) for reactions (33) and

(34) are shown in Figs. 13 and 14, respectively. It must be

borne in mind, however, that they represent only certain
peculiarities and the scale of the rates of resonant formation
of the ddu molecules in reactions (33) and (34). To calcu-
late the observed values of 4, (7) it is necessary to consid-
er the kinetics of ddu formation in the mixtures D, + T, and
H, + D,.

In particular, attention must be paid in the H, + D,
mixture to the deep maximum in the cross section for du + p
elastic scattering at E~ 16 eV (Ref. 46), owing to which the
thermalization time of the du atoms increases substantially.
This in turn influences the processes of resonant ddu mole-

Ag, 105871
—
z —
Al ""/z
’L-’/z
I I L il |
o 400 sou T,K

FIG. 13. Partial rates A (T) of the reaction du + DT — [(ddu)tee] of
formation of the [ (ddu)tee] complexes in the state v, = 8.
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FIG. 14. Partial rates A (T) of the reaction du + DH - [ (ddu )pee] of
formation of the [ (ddu)pee] complexes in the states v, = 5 and 6 assum-
ing complete thermalization of the du atom.

cule formation in reaction (34) and the spin flip of the du
atoms in the reaction chain

(dp) s+ (HD) s x ,~ [ (ddp) speely x ,~ (dp) -+ (HD)y ;.
(35)

A detailed examination of the mechanism of du-atom de-
polarization in the H, + D, mixture may turn out to be nec-
essary for a consistent description of the experimental re-
sults*’ of the characteristic of the nuclear reaction in the pdu
molecule, and also for the understanding of the measured*®
rate of u capture by deuterium in an H, + D, mixture.

6. CONCLUSION

The foregoing calculation of the rates of resonant for-
mation of ddu molecules completes the research program
planned in Ref. 35. Numerous characteristics of muonic
molecules and muon-molecular complexes, which are need-
ed for the calculations (e.g., the nonrelativistic energy of the
level (J =v = 1) of the ddu molecule, its relativistic shifts
due to polarization of vacuum, to recoil of the nuclei, and to
other effects, the influence of the form factors of the nuclei,
spin, and other relativistic effects, energy levels of muonic-
molecule complexes, allowance for the finite dimensions of
the ddu molecule in the complexes, rates of cascade transi-
tions in the ddu molecule and of the nonresonant formation
of ddu molecule, and others, were calculated without the use
of adjustment parameters. An exception is the rate of the
nuclear reaction of the ddu molecule, which was calculated
from the measured cross section of the reaction d(d, *He)n.
Apart from these exceptions, ours is an ab initio calculation.

The agreement between the theoretical and experimen-
tal values of A,,, (T) is evidence both of use of a correct
computation scheme as a whole (choice of wave functions,
of the transition operator, of the averaging method, etc.) and
of high accuracy of the theoretical calculations of the ener-
gy-level structure of the muonic molecules and muon-mole-
cule complexes.

Our investigation demonstrates the feasibility of princi-
ple of precision measurements and can serve as a theoretical
basis for them. The binding energy of the (J = v = 1) state
of the ddu molecule can be measured accurateto ~ 10~ *eV,
i.e., with relative accuracy ~ 10~ 7 (Ref. 44). Analysis of the
available experimental data (Fig. 8) outlines the corridor of
the admissible values of the binding energy of the state
(J=1,v=1) of the ddu molecule:

|| =1.9643%0.0005 eV, (36)
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which is in very good agreement with the theoretical value
(see Sec. 2). Since, however, no account is taken in this anal-
ysis of the fine structure of the ddu molecules (splitting
~0.5meV) and since the theoretical value of 4 3/, was used,
the cited value of |g,,| cannot be regarded as final. The val-
ues in (36) can be made more precise by measurements of
Ada, (T) in wider ranges of ¢ and 7. Particular interest at-
taches to precision measurements of 4,,, at low deuterium
densities and temperatures.

The present calculation is a numerical realization of a
theoretical scheme developed in Refs. 11-13 for the general
case of resonant formation of ddu and dtu molecules. The
attained agreement between theory and experiment for the
ddu molecules allows it to be used with confidence for the
more complicated case of d#u molecules. The corresponding
calculations are about to be completed.

In conclusion, we take pleasure in thanking S. I. Vin-
itskil, V. S. Melezhik, I. V. Puzynin, T. P. Puzinina, and L.
B. Somov for all-around help during various stages of the
work, S. S. Gershtein and Yu. V. Petrov for helpful discus-
sions, and V. M. Bystritskii, A. A. Vorob’ev, V. P. Dzhele-
pov, V. G. Zinov, G. G. Semenchuk, V. V. Fil’chenkov, and
B. A. Khomenko for numerous consultations.
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