


The experimental study of the wCF reaction

rp—— % R (12)

He + n + p (1b)

was the foundation of physics of resonant formation of muonic molecules.
Investigation of this process . has allowed one to establish and explain the
phenomena of resonant formatiom of w-molecules, which was then directly
confirmed in the measurements of the temperature dependence of the rate of
process (1)“'“ . Now the main interest in the problem of wCF is
. concentrated on the investigation of the d + t fusion reaction. Nevertheless
reaction (1) remaines the object of intensive theoretical .[5'6] and
experimenta]"‘m study. Due to relatively simple interpretation of process
(1) one can reliably test the principal conclusions of the theory; the main
hopes are connected - with the accurate determination of the energy of the
weakly bound level (J=1,v=1) in the ddu-molecule. : :
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Earlier the ddy-mo]ecu]e formation rate (Addp) was measured in exp.
The parameters of these experiments are shown in fig. 1. As usual, the deuter-
jum density is given in relative units ¢=n/n_, where n is the number of
deuterium naclei in 1 cm3, no=4.25x10 22nuc]/cm is the liquid ‘hydrogen den-
sity. The parameters of exp.m are not presented in the figure because they
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were not given by the authors. Contrary to other experiments, in the work m

the deuterum-tritium mixture was used.

The results of the measurements'"'”  are shown in fig. 2. The data of
exp.”® are shown as presented by the authors: namely as an "effective"
(weighted for the spin states of du-atom with F=3/2, 1/2) values of dey. The
values 1% of'xddy was obtained separately for each
of the two spin states with F=3/2 and F=1/2. For convenient comparison we
transformed the data of ref.!%™ to the "effective" values according to

best accuracy

papers‘sﬂs’.
Fig.2. Results of measurements
quuﬁd%J of the temperature dependence of
3 the ddu-molecule formation. The
figure is taken from ref." ,addi-
2 % 05 tionally, the present data for

$ = 0.88 and the results of

1o.M  2re shown in it. The
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i points indicate the results of the
experiments: & -[4], © -[7],0
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present work.
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The present work is aimed to measure the value of iddy in the deu-
terium temperature range T=20-300 K at a high deuterium density ¢=1. The para-
jn fig.1 and in the table. The main
@10 5 the use of deuterium of

meters of our experiment are presented
difference between our experiment and works
high density, and, as far as the experimental
("full absorption")
values of 'dey were determined from the analysis of the yields and time
distributions of neutrons from reaction (lb).

The experiment has been performed on the muon beam of the 680 MeV JINR
phasotron. The apparatus was described. in our work"2 . The scheme ~of the
experimental set-up is shown in fig. 3.A gaseous deuterium target ($42x100 mm)
of high pressure (1.5 Kbar)”‘l
contamination was less than 0.3% and the contamination of the possible impuri-

technique. is concerned, the

employment of high efficiency neutron detectors. The

was filled with pure deuterium (the protium

ties with Z>1 was 10'7). The target was placed in a cryostat (not shown in
which allowed the target temperature to be kept in the range
20-300 K with an accuracy 1-1.5 K.Scintillation counters 1,2,3 (plastic
scintillators) and 4 (CsJ(T1), 40x80x3 mm) were to detect the muons.

the figure)
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Fig.3. Experimental layout.
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Counter 5 with a plastic scintillator of cylindrical form around the
target detector for ‘muons and for

electrons from muons decaying in the target. For this

served as an anticoincidence
identification of
of counter 5 was divided into two channels. The
discriminator level for the signal in the electron registration channel was
chosen so that to prevent the detection of neutrons from reaction {1b).
Neutrons from reaction (1b) were detected by two"full
detectors™% ™" with dimensions ¢ 310x165 mm (the volume of each detector
V=12 1) which were 1located symmetrically around the target. The n-»r
separation was realized by the amplitude analysis of fast and slow components

of the light signal™

thr
e

purpose the signal

absorption" neutron

,1he reliable n-y separation was achieved starting from
the energy E =100 Kev {etectron energy scale). Energy calibration with
standard y-sources was periodically performed in the éxperiment.

The efficiency of the neutron detectors was calculated by Monte-Carlo code
with allowance for neutron interactions with deuterium in the target, with
the material of the target wall and with the intermediate material. It was
£=14.2 + 0.6% (for deuterium density ¢=0.883) for each neutron detector., The
large neutron detection efficiency enables us to detect the successive events
of uCF reactions""# | i

The electronic trigger allowed the "neutron events" for which the
delayed coincidence of the neutron detection signal (5,ND) and the electron
detection signal (5) was in the time interval T=10 ps after muon stop in the

target (signal 1-4,5) to be selected for the computer analysis. The "electron

‘events" (a signal from counter 5 in the time gate) were‘recokded ahd’ana1ysed

separately. They were used for normalization of “neutron events".

There were nine main exposures with deuterium of different density and
temperature, their parameters are presented in fig.1 and in the table.
Besides, the runs with helium and with an empty target were performed to
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determine the background of neutrons and electrons. The values of dey were
determined for each exposure with deuterium from the analysis of the data on
the yield (n) and time distribution (dN/dt) of the first detected "neutron

events” [41:) I

n = NNy = eBeR 4y /A (2)
dNn/dt = €p¢xddy exp(-At) (3)
A = Ao + (e +o - em)p¢iddp_ ‘ (4)

In the expressions (2-4) Nn and & are the ' number of detected neutrons from
reaction (1b) and electrons from the decay of muons stopped in the target; A,
= 0.455 ps™' is the muon disappearance rate; # 1is the branching ratio of
rection (1b),o -the probability of muon sticking to helium in the reaction
(1b). ' :

The procedure of data handling was as follows.The number of neutrons N, and
the value of the exponential factor A were determined from the analysis of
the neutron time spectra. The number of electrons Ne was obtained from the
analysis of the electron time spectra. The value of de was determined by
substituting these values of Nn,& , A to expression (2) and using the calcu-
lated value of the neutron detection efficiency €. For the exposures with
deuterium densities ¢=0.883 and ¢=0.364 the values of ¢ differed by 10% due to
the different contribution of n-d interaction in the target. As in ref."” |
for the resonant ddu-molecule formation (which dominates at the temperatures
T>100 K) we used the value $=0.582 + 0.017 ® and for nonresonant formation
(T=20-50 K) - p=0.53 @V _

 The following fact is worth mentioning. When the spin effects in the
resonante formation of ddu-molecules are taken into account, the time
distribution of the first detected neutron events is expressed as a sum of
two exponents - fast and slowP 320 g present . we analysed only the slow
component of the neutron time distribution. Therefore the values of dey
obtained by us are determined by the ddu-formation rate from the dw-atom
spin state with F=1/2 with some addition (up to 155013 ) which is caused
by contribution of the F=3/2 state.

Due to some difference in the parameters of two neutron detectors (dead
time, energy threshold and some others) the data, from each neutron detector
were analysed separately. It turns out that the results obtained for two
detectors agree for each exposure, and it allows us to combine the results for
two neutron detectors. :

We analysed not only the first detected neutron events but also the
multiple (the second and the third) detected events na In this case we
used the sticking probability value ©=0.126 * 0.004 ‘® _The values of X ddu

obtained in this way are in agreement with those determined from the
analysis of the first detected events, but their accuracy was noticeably
lower, especially for low temperatures. For the exposure T=300 K, where
the yield of the second neutrons is Targe enough, its value was used for
estimation of the sticking probability . The value ©=0.118 * 0.025 was
obtained, which agrees with the precise result™ .

Our values of 'dey measured for different temperatures anq deuterium
densities are presented in the table.
Table.
Measured values of 'dey (106 s )} as a function of deuterium temperature
and density.

Relative Temperature (K)

deuterium

density,d 20.3 : 49 74 120 300
1.20 0.0471(25)
0.883 0.0528(29)] 0.155(9) 0.663(32)} 2.73(13)
0.367 0.0559(37)| 0.141(10)] 0.647(38)| 2.75(13)

The values of Kddy shown in the table are normalized to Tliquid hydrogen
density, their uncertainties include statistical (2-4%) and systematic
errors. The main source of the systematic errors (4%) 1is caused by using
the calculated value of the neutron detection efficiency with allowance for
some uncertainties in the experimental geometry and in the position of the
energy threshold in the amplitude spectrum of recoil protons.

As seen from the table, the values of 'dey obtained for two deuterium
densities, differing by a factor of 2.4, are in satisfactory agreement in the
whole temperature region investigated. The data of the present experiment
confirm our earlier conclusion’™ that the value of'iddp is independent
(with an accuracy 2-3%) of the density for the temperature T=300 K.

The comparison of our results with the data of other experiments can .be
made using fig. 2. It is taken from paper'™,and the present data for ¢=0.883

to. 1 are shown in it. As seen from the figure,
17-91

and the results of exps
there is a satisfactory agreement of our results with the measurements
and calculations™ (made for the "effective" fusion rate in ddu-molecule
’Xf=0.4lx109§1 ). However the accuracy of the exps.”™™  is rather Tow.
Besides, as shown in ref.®™ | the "effective" values of X4, measured under
various experimental conditions can differ both from one another and from the
calculations. v

Therefore it is more interesting to compare our results with the most
accurate data %' obtained by the authors for the ddw-molecule
formation rate from the state with F=1/2 and transformed by us to the



"effective” rates. This comparison shows that there is fairly good agreement
of our results with those obtained in ref.U'%' | Noteworthy is good
agreement of our result for T=300 K with an accurate measurement[m . Note
also that our value of the ddu-molecule formation -rate in liquid deuterium
idd“=(0,0471+0,0025) ps™', as well as the value obtained in exp"™ , are
consistent with the theory of nonresonant formation of ddu-molecule®2" .
Thus the discrepancy between the experimentRZJ' and the theory has been
removed.

We intend to carry out accurate comparison of our data with the theory
of the ddp-molecule resonant formation at the next stage. of the
investigation, after the values of Rddy for different dw-atom spin states
are obtained.
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BucTpuuxuit B.M. u ap. E1-90-322
HUaMepeHHe TeMnepaTypHoif 3aBHCHMOCTH CKOPOCTH
o6pasoBaHua ddu—~Monekyn B rasoo6pasHOM
neiiTepun npu pasneHud 1,5 u 0,4 x6ap

B ommiTax ¢ rasoBo# AelTepueBOi MHIEHBH BbHICOKOI'O HOaBle-
HUF Ha MwOHHOM nyuke dasoTponHa OUAU uccnepomatia TeMnepa-
TypHasa 3aBHCHMOCTEL. CKOPOCTH (Addp) o6pas3oBaHHA MIWOHHBIX
Moniekyn ddu. HsMepeHHs BbINONHEHbI C XHOKHM OeHTepHeM IpH
remnepatype 20,3 K u ¢ rasoo6pasHbiM deiiTepHeM NpH [aBJle-
Hup 1500 u 400 G6ap B nuamnasoHe TeMmmnepaTyp 49-300 K. Iokxa-
3aHO, 4YTO MNPH KaxOoi TeMnepaTrype 3HayeHHd BeJIHUHHbI Addu
He 3aBHCAT OT IUIOTHOCTH pedTepusa. I[lojyuyeHHbie pes3ynbTaThl
HaxonATcss B YOOBIIETBODHTEJIBHOM COINIaCHH C TeopHeH H JaH-
HbBIMH [DYTI'HX 3KCIEpPHMEHTOB, BHIOJHEHHbX INPH CylleCTBEHHO
MeHbllefl /Ha oauH-OBa nopagka/ IWJIOTHOCTH OeHTepHdA .,

Pabora BhinonHeHa B JlaBopaTopHH sagepHblx npo6nem OMAH.

IMpenpuur O6beaUHEHHOro HHCTHTYTA AGEPHBIX HeTenoBanuit. Jly6Ha 1990

Bystritsky V.M. et al. E1-90-322
Measurement of the Temperature Dependence
of the ddu-Molecule Formation Rate in Gaseous
Deuterium at the Pressures 1 5 and 0.4 Kbar

In the experiment with a gaseous deuterium target of
high pressure on the muon beam of the JINR phasotron the
temperature dependence of the ddu-molecule formation rate
(Addu) has been measured.Measurements have been performed
with liquid deuterium at the temperature T = 20.3 K and
with gaseous deuterium at pressure 1500 and 400 bar in thd
temperature region T =49-300 K. It is found that the valud
Adgun does not depend on the deuterium density for each
temperature. The obtained results are in fairly good ag-
reement with theory and with the data of other experi-
ments made with deuter1um of suff1c1ently (one-two. order)
lower density. :

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