


Contrary to wmucn catalyzed fusion (NCF) of the 4+t reaction
the process of dd,u ~molecule foi'l‘zl)ation i3 described rather simply by
the Vesman resonance mechanism + Hence the accurste comparison of
the experimental snd theoretical data on the ddp-! -molecule formation
rate (}\dd ) 15 poasible which allows one to determine with a high
accuxacy the energy of the weakly bound level (J = v = 1) in the
ddp{ -molecule and the/g?ntribution to this energy due to the vacuum
polarization effects . The present paper is devoted to the method
of extraction of physical parameters from the experimental data on
the process of (HCF of d+d reaction.

The scheme of the procesaes occuring when negative
muong are Stopped in deuterium,

The scheme of the processes occuring when negative muions are

gtopped in deuterium is given in the PFigure.Muonic atoms dp4 are form~

ed in two spin states: Fi = 3/2 with the probability 2/3 and F2 =
1/2 with the probadility 1/3. Between these spin states the transi-~
tions dApM (F1}) + 4 — aM (F2) + @ can occur with the rate of ’\d'



Muonic molecules d%ﬁ can be formed from each dﬂ ~atom spin state
with the rates of > and )\1/2. In the figure the procesa of the
back decay of (ddﬁ y &, 2e) complex is not shown. This process leads
to some changes in dm -atom spin states population. Taking it into
account we shall consider ).d as gn effective value of the tran-
gition rate

in important peculiarity of ddﬂ ~molecule for?Stion procesg ig
the dependence of its rate on dM -atom spin state « It foliows
from paper./z/ that the value of }3/2 and )\1/2, eapecially the
value of )\ 5/2 at low temperatures, are very sensitive to the
value of the energy level (J = v = 1) in the ddﬂ ~gystem,

The fusion reaction d+d occurs in the ddu -molecule. In most
cages the muon iz releaged in the reaction and forms s dﬁ -atom again,
The probability of the muon sticking to the helium-3 nucleus is “Q =
12% and the effective probability of the muon being lost in two
channels of the fusion resction is W «~ 7% 72/, From each of the
spin states of the dM ~atom and ddpy -molecule the muon can decay
with the rate A= 0.455 ms.

In the experiment the yieléd and time distribution of the fusion
reaction products are deiected with the efficiency £ .As is shown in
papers /4=1/ in the generual case the procedure of cbtaining the ex—
presgions for the time distributions of the detected events is ra-
ther complicated, since one muon can initiate many cycles of fusion
reaction and the registration efficiency is not equal to ome { £<1).
Some time ago we had guggested the effective way to simplify this
procedure.” Namely, to obtain the expression for the time digtribution
of the first detected events (dn1/dt) one should at first find a re—
latively simple formula for the time distribution of all detected
events (dN/dt) and then replace the parameter W by =£+W0-£& in
it. The expressions for the second, the third and etcyevents can be
found by the sequential slgorithm:

t
Sclt)=dnfot = () [ 5, , ()5, [t-)dx.

The formula for all detected events is usually obtained by
theoreticians when kinetiecs concrete of [”0F process iz considered.
For MCF of the d+d reaction this expression has been obtained in
paper e with an accuracy ~ UJm according to the authors state-
ment *). When using this formula to obtain the expression for the

*)

in identical (from the mathematical point of view) %task was con-
sidered in /8/ to elucidate the question about the role of tH -
atom thermalization process in the form of the time distribution
of d+t reaction products.



experimental time distribution, especially for the cage £ =1, the
error due io this epproximation should incresse. That ig why there
i3 a tesk to obtein an accurate expression for the experimental time
distribution dN/dt.

Following the papers /2,9/ we shall find the formula for all
detected events in the form

dN{dt = >\3/g, Ny () + )\‘/g_n"/fi,(t)) “

where n,3/2 end [],/p are the relative populations of 4 -atom
spin states with F1 = 3/2 and F2 = 1/2 ( [15,,(4=0) = 2/3 and 1, »
(t=0) = 1/3). The functions n3/2, ] 1 /2 satisfy the following
differential equation system (see the figure)

ANy (4 == (Nt Mg Agg gy 21 N o T Dk gy NI
dnf’f;z{d‘t= -()\o-t-)\d *f\’/a)n*/a,*’ "%3 [{-w)%%n '/zb+ [’73(#—@)%3/11— }\d] n3/‘2, .

The solutions of system (2} are

Ny (£)=  exP(yit) + aep{yit)

Ny, 1£)= Ay, ecp(¥tt) + yq exp(yat) - >
The exponential factors are:

{12 = (2ha+ )~ [(be)- #d1™,

(= S (Lhorbee) + [(b-C) Yd 1% )

where b, ¢, d &re the following comdbinatione of parameters,

b= N+ 3 g + YshapW,  Cr T3+ D3 AW Ay,
d= (2g* orp -1 AIEE Nafp - A3 Agp 0+ YD R

Amplitudes azg,‘,( are

0, = 2B~ G- BCJa-y1), Guw=Ha- Qyy,

Qgo= Qg ({2-Ce)fCip » Gmt= 13- Qg ,
where C“== >‘a+ba C”f 2/3)“/.1,(#&))* )\; .

The exact solution for the time distribution of all detected
events may be presented in the form

dN[dt = Agexp(~ 2 t) + AsexP(-Ast), )

where As= ~Y1, %SE"KQI and (s
Ag= Pap Ay + MpQat, As= Do Qun+ Mip Qg )

(6)
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The yield of all detected events is

L= E(B/ N+ AsN,)-

As we have mentioned above the expression for the time distribution of
the first detected events dnl1/dt is obtained when the parameter

w is replaced by £+W— £W in the expression for al/dt.

Now let us compare our results for the function dni1/dt with

the approximate formulae from /2’8/. At first it is more convenient
to do it on the assumption that inverse transitions 1/2 - 3/2 are
absent (it corresponds to a real case for low temperatures T< 100 K).
It follows from papers /2,8/ that the expregssions for X& , ﬂ Ag
correspond to the solutions of system (2) in epproximation UJ G:

As= 23 (hgp - M) g = hiy= o (Mg + s ha =% M),
Ao = My (Mg s Mol a+ i + 23 gy ), )
As= Dot Mg+ iy« Yy,

For the exponential factor of the glow component the following ex-
pression is used in /2,8

A= Nt @ Ag (10
where ﬂs is determined frowm eq. (9)
Accurate values of ). AS . » A were calculated

using formulae (41?J- In the calculations the values .%d = 30,ws )
Najp = 4ps™, Ny, = 0,05 p"! (D > 30 K) ena X 1o =2 M
{T = 250 K) were used. (As ususl, )\ >~ where %x is norma-
lized %o the liquid hydrogen den31ty 4,25+ 10 22 nucl/cma P is
the relative deuterium density). Note that the results of conparing
practically do not depend on ¥ .
Calculations were done for the set of ¢ values in the range

E = 1-100%. 1t follows from the calculations, that for £ ~ 1%
the resulis cbtained according to approximete formalae (9-10) are
in agreement with the exact solutions within an acocuracy of 1%.
When 8 increases, the discrepancy becomes larger and for £ =1
1t smounts 10-15%. As an example the calculation results are given
in table 1 for { =0.5.As is seen,the digcrepancy in Ae values is
equal to 5-6%, snd in the ﬁg/ﬂ_c, ratio, from which the velue of

3/2 is extracted, it is <« 8%. One should bear in mind this fact
when: the experimental data are compared with theoretical veluss of

>\ddﬂ obtained in ref, /2/ (the results of comparison depend on & ).



At the next stage the inverse transitions F2 = 1/2 = F1 = 3/2
were sccounted. According to ref. @ their rate was teken to be
)Jd -_-3)\01, where 3 = 2exp(-AE/kT), AL 5 0.045 eV. The caloulation
results are presented in table 2 for >\1/2 = 2p¢s: which gorres-
ponds to the temperature T%250K (for X,,= 0.05 pd'at T ¥ 30K

3 =0), It follows from the data of tableta that the comparison
resulis are qualitatively the same as for )ﬂ = 0 - agein the wmean~
ings of the fls/f§,  ratio differ by = 10%,

Table 1. The parameters of +ime digtributions of the first
getectedievents of d+d fusion reaction. The values
-1 \o -
N q=30 s, >\3/2=4 fis, ¥ = 0.33, W = 0.07 and £ =0.5
were used. The rate of the inverse transitions
P2=1/2 —»P1=3/2 i3 agsumned to be zero

The values of the parameters of function (§) (ﬁas"1)

° : 72,8/
}1/2 According to ref, /°? Present paper
AS 0.0180 0. 0165
0.05 %S 0. 465 0.464
Af 0.876 0.877
Me 10490 11,37
AS : 0.693 0.665
2 pw 0.823 0.818
Af . G.423 0445
P 11.23 11.56

Iable 2. The same ag in table 1 but with allowance to the
inverse trensitions 1/2 -9 13/2

>:b2 The parameters of function () in ffs'i
According to ref. re/ Presgent paper
A 0.798 0,777
2 S 0.882 0.876
Af 0.312 0.333
D 1346 13.63

To check the calculation slgorithm the Monte~Carlo computer
code developed to gimulate the processes caused by negative muons
in deuterium, Using this code the time distributions of the d+d
reaction events, consecutively detected with an efficiency £ s



were stored. The parameters of these distributions were found by the
least sguares analysis. For the first detected events the expreasion
(7) was used in the analysis. The results of this anslysis are pre-
sented in table 3 for W =30 N8, N, p=t pEy T=300K, W = 0.07,

Y =0.33, £ =0.9. The value of >\1/2 was deliberately underestimat-
ed comparing with the theoretically expected one for T=300K to enhance
the role of inverse transitions. One can see from the table, that the
Monte—~Carlc results are in satisfactory sgreement with the calculae-
tions based on formulae {4-8).

Table 3. The comparison of the caleuleted parameters of the
expression dni/dt = § (Asexp(-I}Tt)+ABexp(—‘kst) for
the first detected events of the d+d fusion reaction
according to formula (4-8) and those found from the
anglysis of distri%&tion o??aiqfd by the Mgnte—Car{i
code. The values N g=3OMS, Xj/p=4 M8, g =1 s,
¥ 20,33, W =0.07, £ =0.9 end T=300K were used

Parameters According to formula Obtained by the
(4-8) Monte-Carlo code
Ay 0,541 0.539(1)
e 0.961 0.957(2)
Ag C.458 0.454(6)
e 14.61 14,48(28)
Conclusions

1. Exact expressions heve been obtesined for the parameters of
time distributions of the d+d fusien reaction events detected with
an efficiency £ {1.

?. The use of expressions obteined in ref. /2,8/ for the para-
meters of the time distribution of all detected events with replace-
ment (J-> £ +uW-gud is shown to lesd to a 5-10% error in the values
of )3/2, Mq/2 extracted frou the snalysis of this distribution.

4. When comparing the experimental deta with theory one should
take into account that the values of>k ad {T) are correct with sn
sccuracy of 1% only for the small values of detection efficiency.
Therefore one should correct the conclusion of ref./zl about the opti-
wmum value of the energy level in the ddM-system.

The author is indebted to P.Kammel for fruitful discussions.



1

2.

e

References

Vegman EsA. Zh.Eksp.Teor.Fis, Pisma,1967, 5, p. 113.
Engl.transle.: Sov.Phys.JETP Lett.,1967, 5, p. 91.

Menshikov L.I., Ponomarev L.I., Strizh Te de, Faifman M.P.
ZheEksp.Teor.Fis., 1987, 9%, ve 91, p. 1173

Balin D.V. et al. ZheBEcgp.Teor.Fis. Pism2,1984, v. 40, p. 3i8.
Phys.Leit., 1984, v. 1418, p. 173.

Zinov V.G., Somov L.N., Pilchenkov V.V. Preprint JINR,
P15-82-478, Dubna, 1982.

Filchenkov V.V., Somov L.¥., Zinov V.G. Nucl.Ingtr.and lieth.,
1984, v. 228, ps 174.

Bystriteky V.M., Gula A., Wozniak Y. Atomkernenergie/Kerntechnik,
1384, 45, p. 197. _

DeW Van Siclen €. J.Phys.C: Nucl.Phys., 1985, 11, p. 267.
Menshikov L.I., Poncmarev L.I. Zhe.Eksp.Teor.Fis. Pisma,1987,
45, p. 329,

Kammel P, et al. Phys.Rev., 1983, A28, p. 2611.

Received by Publishing Department
on January 30, 1989,



