





¥°The~study~of-the muon catalyied -pd-cycle "in a‘protlum—
deuterlum mixture- is: 1nterest1ng, first of all, from the p01nt
of -'view. of the..existence- of the. spin- dependence of - the
A'reactlons,
[ T >3Heu + 7.+ 5.5 MeV, B R . (la)-
34e + u '+ 5.3 MeV L ' (1b)
"whlch can go from the states w1th two values of the total
proton - and - deuteron spie: Spd=3/2 and Spd=1/2; Varying the °
expe;imental"conditions “one can change the populations of
these‘stétes -and - hence change the yield of reaction (1)
~ (the Gerstein- Welfenstein effect) [1-3].  The results  of
' recent investigations of this effect and eheir interpretation
"including new- calculations  [4,5] of p+d fusion rates are
LCohprised~in7pepers [5,6]. Note that there is-a problem of
‘ uhderstanding the results of the absolute 7—‘yield' obtained
in a‘series of previous expefiments.

" Another important feature of the problem is 'connected
with the possible dependence of the pud-molecule formation

rate (A on the hydrogen temperature. In refs.[7] one

o pud)
,pdiﬁted out the possible resonance ( 'in . du-atom “kinetic
eneréy)'behevior of the pud-system formation cross section
caﬁsed‘by‘the existence -of weakly bound levels with abnormal
parity'P=1I (I is the total orbital moment of the pud—system)-
ihfthe pud-molecule. - Such e state with an- energy 3.5 eV has
- been established in calculations [8,9]. However the qﬁestion
on what formation rate of the pud-molecule could be in this'

state has not been studied.
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In refs.[lo}iil the authors assumed, that,the population 

of the ppd-molecule levelsf'with the different values of -the
. total nuclear spin can be

ﬁolecular complex containing the ion~f(pud)f with rather

energetic hydrogen molecules and it ‘induces the change of  i]

reaction (1) yield with a temperature.

Previously the values of 2 were measured in liguid

pud

hydrogen at T=20 K [3,6,12] and

T=300 K [13]. The results of these experiments are presenﬁed‘f,*

in table 1.They coincide with each . other.

authors of ref. [14] observed a noticeable changé in the

reaction (la) yield with a temperature in experiment at o

TRIUMF. : - A

. Taking into consideration these circumstances we believed

it to be important to measure the temperature - dependence of -

of the pud- molecule formation rate in a H+D mixture:

The scheme of the processes caused by negative muons -in-
a-CpH2 + CdD2 mixture, where Cp and Cd are the partial - con-
centrations of protium and deuterium molecules (Cp+Cd=1) is

presented in fig.1, and the corresponding values of kinetics

parameters are given in table 1.

As usually, the values of the spin-flip rate Fq =3/2 -->

du
qu=1/2 (Ad)\and the pdu—molecu;e formation .rate (Apud)’ Te
normalized to the liquid hydrogen density n0=4.25x1022 atoms

3

per cm”. Their-"current" values for real experimental values-

of hydrogen density and deuterium concentration -are expressed .

changed in collisions of the -

in gaseous hydrogen. at

However, the = .

are

oA

(1-C4)¢, where ¢=n/n0\is" Ehe.‘

as A, =- =
38 Bq = 2qCq? and Ay g=Apa
Vrelative;hydrogen density.Theﬁva;ues-of_the‘fusion rate Af‘;?
) . LEEELON RARE A v

was found in refs.[3,12,17] from the énalysisiofgexperimental

jdata'on the yield of reaction (1a) on the assumption that

asz

£,9 - O
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- Fig.l1l. Scheme of the processes caused by negative muons in

 H2+D2‘mi§§ur¢ (taken ﬁrqm‘ref.[s])x



Table 1~

N '/,“ . -'« b 3
Kinetics - parameters of the processes  involved: in muon

catalyzed pd-cycle (in us _1);
value Ag i ' Aoud Af?;Z = »--hft;z
30-40 [15,16]

5.8(3) [3] = ----- 0.305(10) [3]
5.53(16) | [13]

Experiment 7 ———e- 0.287(22) [17]‘»
5.9(9) = —=——- 0.289(27) [12] = -
5.6(2) '0.11(1) 0.35(2) (61

Theory 40-50{18] 5.6 [19] 0.11 [4] 0.39 [4]

Stopping in the H+D mixture, muons form pu- and du-

atoms with initialvpopulations proportional to the partial

concentrations CP and' Cy. Due to the fast process pu+d-- du+p

~

muons are transferred from protium to deuterium in time t =

10_10/(¢Cd) s and populate upper and lower statés of the du--

atom hyperfine structure (HFS). with statistical weights 2/3

between them can occur in further

:

and 1/3.'The transitions

spin-exange interactions du(3/2)+d~9~du(1/2)+d./

in collisions of du-atoms with hydrogen molecules they
can form pnd—molecules. The populations of the four states of .

HFS Of the pud-system, which are characterized by different’

effective fusion rates, depend on the du-atom spin

That is why the yield of the p+d reaction and ' the character

of the time distribution of its products are determined not

S w1

state.

L

T=21 K

pud’
spin-flip transition rate a

. 3/2
£,

1/2

£y 1 but also by the
I

only by the values of A A and A

a-

In the present experiment:the characterictics of ' 7y -
radiation from the p+d fusion reaction in the pud-molecule
studied. were made on the muon

have been The measurements

beam of® thé "JINR phasotron using the same experimental
technique as one employed in our previous works [15,20,21],
Butione of "two neutron detectors was replaced by a 7—spectro:
meter (NaJ(Tl), ¢ 150 mm x100 mm). The registration efficien-
cy of ‘y¥-quanta froﬁ reaction (la) was equal to'cw x 3%2

A cryogenic target of high pressure [22] (0.6 kbar) was
used'“iﬁ the experiment. It was placed in a cryostat which
allowed the target temperature to be kept in the ‘range 20-
300 X with an accuracy 1.5 K. Before the run the target was
o+ 1.7% D, mixture at
With this amount™ of "hydrogen

completely filled with a liquid 98.3% H
(the first exposure).
(¢=1;O)'the measurement were made at T=21-81 K. Then a part
of ‘'gas was let out from the target, and measurements were
performed at T=170 K. After this the next part of gas was let
out and other exposures were performed. The eXpérimental
conditions (hydrogen temperature and density) are shown in

table 2. Numbers of exposures are given according 'to the

measurement order.

The ¥-quanta from (1a), the neutrons from

reaction d+d -3 JHe+n

reaction
in the ddu-molecule and the electrons
from decay of muons stopping in the target were detected in

the runs. For further computer analysis the events were



selected for which the neutron or ‘y-quanta; signal and-
sequent electron signal are required ﬂin’ thevAtime interval

T=10us after a muon stop in the target. For discrimination of

the background caused by muon stops-in the. target walls -an

additional necessary condition»te—to>0.5 us,;wae;included in

the electronic triggerv(te is the time of -electron detection

and'tb is the moment of muon stop).

.Table 2

The parameters of the main ekposures with H,+D, mixture. -,

3

272

Temperature,K 21 48 81 170 94 165 220 302
Density, ¢ = 1.0. 0.99 0.99 0.67 0.41 0.41 0.41 0.41
Number.of ¥- .‘ . ,
quanta, N_ 4356 2959 3303 3107 1825 2020 1987 1872,
Number of electrons,

N_x107® . 300 211 247 235 146 153 159 156

~In. the present experiment we used . the folloﬁing method

of the determination of hydrogen density. The _“currentf

values of density were delivered by using the values of a

ik

normalized electron yield (corresponding to exponent with ei'

factor ©=2.2,us) measured in different exposures. The value

-of this yield for tﬁe first exposure ($=21 K, ¢=1), where the
density was well_kndwn,\was used as a reference. The yield of

electrons from p-decay in the target walls (t=0.2 us) was

used for normalization. Note  that for measurements with the
same amount of hydrogen in the target the values of electron
yield did not differ‘from one exposure to another with an
accuracy of 1%;

To determine the‘background of gamma-quanta, neutrons and
electrons the expousures with helium and with an empty target
were performed. The numbers of ¥-quanta (NT) pointed out in
table 2 correspond to the criterion tet, =(0.52.5) ps used .
in the final analysis. The background was subtracted from
these:valQes.,The relative part of the background did eot

exceed 5%. The value of Ne means the number of electrons

_ detected by the gamma - detector. Fig.2 and 3 show the

amplitude distribution and time spectrum of ‘¥~ guanta
respectively. They are recorded in the exposure at T=21 K.
The . character of each of these:dietributions ‘ie in good
agreement with the expected one. v

The abundance Qf.admikture with 2Z>1 (CZ) in hydrogen
was determined fromethe analysis of electron time spectra.

They are fitted'byran expression dNe/dt exp(—Aet). It turned

out that ffbr the first five exposures the value of Ae

coincides with the free muon dissapearance-réte Ao=0.455 us_l

with an accuracy better than 0.4%. It means:that'a prebabili—
ty of muon transfer’ frqm du-atom to adﬁixtures ‘did not
exceed 2-3%. However for other exposures  this probability
was found to be = 7-8%. The corresponding corrections were

made in the final results.

=}
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Fig.2. BAmplitude distribution of 5.5 MeV 7y-quanta  from

reaction (la) measured by a NaJ(Tl) detector in the eprsufé

at T=21 K. ‘ ‘
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Fig.3. Time distribution of z—quahta from reaction (1a) for

exposure at T=21 K. The curve represehts function (3),with~

optimal parameters found from a fit.

. The values of the relative gamma - yield n, ='N7/(Neé;),

_obtained from the data of table 2 are presenfed in fig.4.

The mean values of. the yield averaged over all exposures with
a density ¢=0.41 (solid: line) and with a density ¢=1 (dashed

line) 'are shown in the. figure. The difference between thém is

in agreement with the one obtained from calculations’ taking

intd account full kinetics of the considered processes.
Approximately‘(with an accuracy of 1- 2%) this differenée

factor can be estimated from the following éxpfession.,

for the pud-molecule formation probability :

«W

oud =rApud(l_cd)¢/[la+hpud(l—cd)¢+AZ]f S (g)

—
(9]

a—dt
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'Fig.4. Relative gy-yield as a function of H,+D, mixture

temperature. Symbols : (- data for ¢=1; X - ¢=0.67;[1- ¢=0.41.

The dashed line is the wvalue of n7 averaged over the

‘exposures at ¢=1, the solid one is the same for ¢=0.41.



- It fdliows from eqg.2 that under the conditions of eur
experiment (high hydrogen density) - the value of My -is
slightly sensitive to-the pud—molecule formation rate, while
it -is very sensitive to AZ=AZCZ¢. This circumstance allows
the reliable determination of the corrections caused by the
muon transfer to. impurities  from the common \fit of the
electron and‘w—quanta time distributions and of - the data on
r-yield.

A ratherA complicated system of differential equations
corresponds to the scheme of the processes displayed.in
fig.1. It allowed Aonly numerical solutions for which the
cemputer code developed in paper [23] was used in ref. [6].
In our analysls of - quanta time spectra we used the
analytlcal solutlon y (t) obtained in approximation of the
absence: of muon recycling in reaction (1). 'We took into
account the fact that the yield ofithe ’p+d reactﬁon is
‘relatively small (252) and the probability of muoh 'stick%ng
to‘helium:3 fusionAproducts is large (wpdEO.BS [5,61), so the

" integral effect of recycling is estimated to be only 3-4%.

As seeh from fig.1, du-atoms can form not . only:. pud-

molecules butialso ddu-molecules. Under the conditions of our

experiment (Cd «‘i) _the ‘conttibution‘ of ’this‘ channel is
suppressed'by a  factor of = 102 relative to the studied

process (1). With allowance for almost 100% recycling of qup»

in the d+d reaction, there was. no influence of the .ddu- ’

10

molecule fptmation on the'main parameters:ef process,(l). As
to the registration of neutrons fro@wreactipn d+d ﬁi:3He+n
we»could;not.obtain the reliable data on the parametérskof
their time spectra due to smallness of the effeqt“

.The expression for the y-quanta time distribution can be

presented in the following form

Y?(EZ pud (Yw rs/z(t) 7 Fq/z(t)){
YT,? =X CF,J ZJ(t) [al,F V}(t)"+ az,r‘UJ(t)]"
| N (3a)
- J _ J ) J
zZ, —~hf,7 exp[ (Ao + hf,v + éf'u)*t],‘
' =" - — = - _ J - J
v, =[1 - exp(-8t)1/8, , B, = Apud (2g st ?‘f,u)'
U = [1: exp( at)]/e, a, = pud+Ad +Ad (h va éf,u)’
Here cFJ are populations of the HPF states of the »pud“—
4 N B B E -

molecule [24],
Xf are partlal fu51on rates in these states,

(1=1 2) are partial ‘coeff1c1ents in‘ funetiOnsv ofi
populatlons of du-atom sp1n states:

n (t) =a; exp[-(A0+Apud)t] + a2, exp[ (A +Ap d+Ad+Ad tl,

21,172 = Aa/(Bgthg'), * Ay 1, = —(284-Ag")/3(AgHA"),  (3B)
. = V' -7 ‘ '= - I
21,372 = A"/ (Ag*Ag" ) 35 575 = 7 35,100

SR Al =2 Adexp(—560/kT) , (3c)

d
- the rate of inverse transitions F=3/2->F=1/2.
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To estimate the distortion caused by neglect of

recycling we have considered:

-the exact solution for the case which is characterized only:

by one ("effective") fusion rate ;
- the y-quanta time distributions obtained by the Monte-
carlo code with taking into account the full kinetics of the -
considered proéesses. It follows from both céses that
neglect of the muoh recycling does not practically influence
the" value of Apud, |
decrease in the ‘fusion rate by 7-8%. Corresponding
corrections were inCludgd into the final results. |
In the analysis of time spectra of y-quanta using the

formulae (3)' the values of density (¢) and temperature (T)

were taken according to the experimentél conditions, Ad =

according'to the data obtained iﬁ'measdrements [15,16] and

A =0.056 ps i- according t6 ref.[5]. The values of A

f,U ] pud

and Afl;z were determined from the fit.
r . .

.

The analysis of the data of papers [3,12,17]
on the assumption Af3;2=0, moreoVer in ref.[17] they used thé

value of Aéua found independently by the "direct” method
in ref. [13]). That 'is why we analysed our data (for the

first four exposurés) for the case Afa;z =0 too. The valueé
' -1 ' 1/2 ; -1
= + = +
of Apud (5.7820.29) us and Af'1 (0.319%£0.13) us

(statiStical errors) were obtained which aré close to the

results of the indicated ref. [3,12,13,17].

12

(with an accuracy of 1-2%) but leads to a

was made

B

/2. SRR B
In the final analysis the wvalue of Af342 = 0.11 us was
. ! .
fixed according to theory [4,5] and experiment [6]. The value
1/2
£,7

in the analysis of the data obtained in the

of the partial fusion rate A was  varied together with the

va}ue of Apud
runs with high mixture density ¢=1 and

1

¢= 0.67. The

value Af142= (0.397£0.022) us ! was used in the

7

averaged
analysis of the data obtained at lower density ¢=0.41.

After the necessary corrections this value was estimated to

"be

1/2_(0.426:0.024) us™t,
£f,7

which is in rather good agreement with the calculated

A

value [4j :
f142=0'390 us_l but it is larger than the measured value
r . r. h '
Af1§2=(0.35010.020) us™! [6].
’,

The values of Apud obtained by us for different H,+D,

A

mixﬁure temperatures are given in fig.5. The solid line in it
corresponds to the value

A .= (5.49 + 0.19 £0:23) us T, C(4)

pud
averaged over all exposures. Here the first uncertainty is a
Sﬁétistical error and the second one is due to inexact
kﬁowledge of the deuterium concentiation and of admixture
abundance, and to some other factors. As seen from fig;s, the
‘e#éerimental results do not .show any'tempe:ature dependence

Offtbe value qf Apudo

13
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" Fig.5. values ofﬁxp#d méaéured at different temperaturéé;bf

H2+D2 mixture. Symbols are the same as in = fig.4. The line

correspohds to the averéged Qalue'(4).

The possible influece of the effect of  du-atom
thermalization was estimated from -the fit of ¥-quanta time
diét;ibutions in vwhiéh the inverse transition rate A "Qés
taken for T=2000 Kn,(éee'eq.3c). It turned out that in this
case the'valﬁe of Ap a 'is decreased by 3%. , :
Comblnlng ‘the stastlcal and systematic uncertalntles
.’ln (4) we get = :
R 'i;nd = (5.49 + 0.30) ps™ %, R f“*;
" 'which is in very good. agreement both with’theorf'and'With

previous experiments [3,6,12,13].

14
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‘The authors afe indebted to;V}B.'Belyaev, M.P. Faifman,

V.E. Markushin and A.V. Matveenko for uéeful diScussions.
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