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Using a high-pressure (0.6 kbar) cryogenic target in the muon beam of the JINR phasotron, we
have measured the temporal distribution of gamma rays from the reactionppd- 3Hep
+ y + 5.5 MeV in an 98.3% Hz + 1.7%D2mixture over the temperature range T = 2 1-300 K.
Analysis of the results yields the formation rate ,IpPd,ofppd molecules and the rate of thep d
reaction in theppdsystem. The data thus obtained suggest that A, is temperature independent.
The temperature-averaged value, A,
= 5.49 f0 . 3 0 ~ ~ - is
' , in good agreement with theory and
with other measurements conducted at T = 20 and 300 K.

+

The muon-catalyzed deuterium cycle is of interest primarily because of the spin dependence of the reaction
ppd

3 ~,ue+ Y + 5,s MeV,
) ~ +ep + 5,3 MeV,

(la)
(lb)

which can proceed in the ppd molecule from either of two
total-spin states of the proton plus deuteron, SPd= 3/2 or
S,, = 1/2. By varying the experimental setup (changing the
concentration of the components, for example), we can alter
the populations of these states, thereby changing the outcome of the reaction (GershteYn-Wolfenstein effect'-3). Recent studies of that effect and an interpretation based on new
c a l c ~ l a t i o n sof~ the
~ ~ p d reaction rates may be found in
Refs. 5 and 6. There is still a problem with this interpretation, however, in explaining measurements of the absolute
gamma-ray yield obtained in a number of previous experiments.
Another important aspect of the problem relates to the
possible temperature dependence of the ppd molecule formation rate (App,) in an H, D, mixture, due to a number
of "exotic" factors that we now describe. Hara et al.' and
Matveenko7have pointed out the possibility of resonant behavior (as a function of the energy of the dp atom) in the
formation cross section of the ppd system, due to the presence of a weakly bound level with anomalous parity P = l J
(where J is the total orbital angular momentum of the ppd
system); the binding energy is a few electron volts. A state
with binding energy 3.5 eV has by now been convincingly
but just what the formapredicted by various cal~ulations,~*~
tion rate of theppd molecule in that state would be has yet to
be studied.

+

+

TABLE I. Parameters of the muon-catalyzed deuterium cycle in H,
ps-'1.
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The possibility of changes in the population ofppd molecular states with different values of the total nuclear
spinl0.l in collisions between a molecular complex containing (ppd) ions and hydrogen molecules of high enough
energy has also been examined. If such changes do take
place, then the outcome of reaction ( 1) ought to depend on
the hydrogen temperature and density.
The formation rate of ppd molecules was previously
measured only in liquid hydrogen at T = 20 K3.6.'2and in
gaseous hydrogen at room temperature13 (see Table I ) .
Those measurements are mutually consistent, but in another
experimentI4 (TRIUMF group) that measured the outcome
of reaction ( 1) in gaseous hydrogen, the result varied appreciably with temperature. We therefore thought it worthwhile to measure the formation rate ofppd muon molecules
over a wide temperature range in H, D,.
The processes induced by negative muons in a mixture
( 1 - cd )Hz + cd D2 (cd is the partial concentration of deuterium) are diagrammed in Fig. 1 (taken from Ref. 6), and
the parameters characterizing those processes are listed in
Table I.
As usual, the spin-flip rate A, in the dp atom (for the
transition FdP= 3/2-.Fdp = 1/2) and the formation rate
A,
of the ppd molecule have been normalized to a liquid
hydrogen density no = 4.25 X loz2nucl/cm3. Their instantaneous values, given the actual hydrogen and deuterium densities in the Hz + D, mixture, are Ad = R,c,p and
ApPd= RpPd ( 1 - C, ) a , where = n/no is the relative density of the mixture.
The nuclear reaction rate R was derived in Refs. 3,
12, and 17 by analyzing measurements of the gamma-ray
yield from reaction ( I ) , assuming (according to current
+

+

+ D, (all quantities in
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FIG. 1. Processes induced by negative muons in a mixture of hydrogen
and deuterium.

opinion) that the reaction rate out of the Spd= 3/2 state is
negligible. Both rates-for the Spd= 3/2 and Spd= 1/2
states-were independently obtained in the experiments reported in Ref. 6.
Slowing down in a mixture of hydrogen and deuterium,
muons form p p and d p atoms with initial populations proportional to the partial concentrations cp = 1 - c, and c,.
Through the fast exchange process p p d d p p, muons
are transferred from hydrogen to deuterium in a time
t z 10-'O/cdp, and they populate the hyperfine structure
levels of the d p atom with statistical weights 2/3 and 1/3.
Subsequent interactions of d p atoms with deuterons can lead
to the transition Fdp= 3/2-Fdp = 1/2, with corresponding rate A,.
It is clear from Fig. 1 that the relative populations of the
four hyperfine states of theppd molecules produced by collisions of dp atoms with protons (hydrogen molecules) depend on the spin state of the dp atom. Likewise, the p d
nuclear reaction rate is different in each of these states of the

+

-

+

+

ppd molecule. The outcome of this reaction and the overall
temporal distribution of its products therefore depend not
of theppd system and the
only on the formation rate A,
reaction rates in that system ( A 2 and A g ) , but on the
spin-flip rate of the d p atom as well.
In the work described here, we have measured and analyzed the characteristics of the 5.5-MeV gamma rays emerging from reaction ( l a ) , using the muon beam of the JINR
phasotron. We used a similar experimental setup to study
~ ~the
~ ~present
~ ~ ' exmuon catalysis in pure d e u t e r i ~ m ; ' in
periment, one of two neutron detectors was replaced by a
NaJ(T1) gamma-ray scintillation spectrometer 150 mm in
diameter and 100 mm long. The detection efficiency for
gamma rays from reaction ( l a ) was E~ z 3%.
We used a high-pressure (0.6 kbar) cryogenic target22
mounted in a cryostat that held the temperature constant to
within f 1.5 K over the range T = 20 K to T = 300 K. Before beginning a series of measurements, we completely
filled the target with a liquid mixture ( T = 2 1 K ) consisting
of98.3% Hz and 1.7% D, (first run); we then collected data
at T = 21-81 K. Some of the gas was then purged from the
target and measurements were made at T = 170 K. After
purging still more of the gas, we made the rest of the measurements. The measurement conditions (temperature and
density) are shown in Table 11, where the run number corresponds to the order in which a measurement was taken.
In our experiments, we detected gamma rays from the
p d fusion reaction in theppd molecule, neutrons from the
reaction d d- 3He n in the dpd molecule, and for normalization, electrons from muon decay in deuterium. For
subsequent computer processing, we removed events registered by the gamma or neutron detectors. The signal from
stopped muons was eliminated by a 10-ps anticoincidence
gate, which required that signals be present during that time
from the neutron ( n ) and electron ( e ) detectors. Suppression of the background associated with stopped muons in the
target walls also required that t , - to > 0.5 ps, where t , is the
time at which the decay electron is detected and tois the time
at which the muon is stopped in the target.
In these experiments, we determined the time-varying
hydrogen density in the target by using the normalized electron yield from mu decay in hydrogen as measured in the
various runs. The yield obtained in the first run ( T = 21 K,
p = 11, for which the density was accurately known, was
used as a reference point. The electron yield from mu decay
in hydrogen (the area under an exponential with time constant r = 2.2 p s ) was normalized to the electron yield from
mu decay in the target walls ( 7 = 0.2 p s ) . We used a timing
analyzer to measure the electron spectra. We note here that
when the amount of hydrogen in the target remained con-

+

+

+

TABLE 11. Measurement conditions for H, + D, runs.

lectrons N .lo-

360

JETP 76 (3),March 1993

Dzhelepov etal.

360
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FIG. 2. Amplitude distribution of gamma rays from reaction ( l a ) measured at T = 21 K.

stant, the measured value of the normalized electron yield
varied by less than 1% from one run to the next.
In addition to measurements in hydrogen, we also obtained data with helium and vacuum targets in order to determine the gamma-ray and electron backgrounds. The
number of detected gamma rays (N,) shown in Table I1
corresponds to te - t, = 0.5-2.5 ps, the decision criterion
used in the final processing (t, is the detection time for gamma rays); the background has already been subtracted. The
background contributes no more than 5% with the adopted
selection criteria. In Table 11, Ne denotes the number of electrons detected by the gamma detector. In Fig. 2, we have
plotted the amplitude, and in Fig. 3, the temporal distribution of gamma rays detected in the run at T = 21 K; the data
are well fit by theory.
The abundance C, of contaminants with Z > 1 in the
hydrogen was determined by analyzing the temporal distribution of electrons detected in runs 1-8; these spectra were
fit by an expression of the form (dNe/dt)exp( - A,t). For
the first five runs, A, was found to equal the muon decay rate
A, = 0 . 4 5 5 ~ ~to
- ' within 0.4%, implying that the probability of a contaminant capturing a muon from a d p atom in
those runs was less than 2-3%. The data of the last three
runs suggest that the corresponding probability was approximately 6-796. The results were corrected appropriately.

The experimentally observed dynamics of hydrogen contamination probably derive from the gradual dissolution in
hydrogen of impurities that were present in condensed form
at lower temperatures.
The relative yield of gamma rays 7, = N,/N, derived
from the data in Table 11 has been plotted in Fig. 4, which
shows the main yield for q, = 0.4 (solid line) and q, = 1.0
(dashed line). The difference between the two is consistent
with the difference calculated by taking the overall kinetics
of the processes into consideration. To within about 1-2%,
the difference factor can be estimated by using the expression

for the probability ofppd molecule formation as a function
of hydrogen density (here A, is the rate of gamma captures
by impurities).
We see from Eq. (2) that in high-density hydrogen,
with A,, &A,, the gamma yield is a weak function of A,;
it is, however, sensitive to A, = A, C,p. This makes it possible to determine the magnitude of the impurity-related
gamma-capture corrections by combining an analysis of the
temporal distribution of gamma rays and electrons with an
analysis of the relative gamma-ray yield.
The processes depicted in Fig. 1 correspond to a complicated set of differential equations that can only be solved
numerically.23In our analysis of the temporal distribution of
gamma rays, we took advantage of the analytic solution
y, ( t ) obtained by neglecting muon regeneration in reaction
( 1). In so doing, we initially assumed that the reaction has a
relatively low yield (25%), and that the probability of a
muon sticking to 3He is large (apd
~ 0 . 8 5 Ref.
;
6 ) , so that
altogether regeneration affects the outcome at the 3 4 % level.
It can be seen from Fig. 1 that d p atoms can also form
dpdmolecules, with a subsequent d d fusion reaction. Our
experimental conditions (c, 4 1) were such that this channel is suppressed by approximately two orders of magnitude
below the reactions in ( 1). Given the virtually complete regeneration of muons following d d fusion, it has no effect
on our results. Due to the smallness of the effect, we were
unable to obtain any reliable data on the temporal distribution of neutrons from the reaction d d+3He n.

+

+

+

Channel number (40 nslchannel)

FIG. 3. Amplitude distribution of gamma rays from reaction ( l a ) measured at T = 21 K. The curve is the best fit of the form ( 3 ) .
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FIG. 4. Relative yield of gamma rays as a function of temperature of the

H, + D, mixture. Experimental data: e d e n s i t y q, = 1; X-measure-

ments at q, = 0.67; 0-results for q, = 0.41. The dashed line is the mean
value of q , for experimental runs with q, = 1; the solid line is the mean for
q, = 0.41.
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The expression that we used for the temporal distribution of gamma rays is

FIG. 5. Measured value ofl,, as a function of temperature. Notation as
in Fig. 4. The horizontal line corresponds to the mean value ( 4 ) .

Here C , , denotes the population of the hyperfine states of
theppd molecule;24the A; are the partial rates of the fusion
reaction; and the a , , (i = 1,2) are the fitting factors in the
population functions of the dp-atom hyperfine states,
which is somewhat higher than the value reported in Ref. 6,
A
= (0.350 + 0.020) ,us- ', but is in fairly good agreement with the calculated4 value, A z = (0.37 + 0.01 ) ps-'.
We have plotted the values of A,
derived from our
data in Fig. 5. The mean over all runs,

2

,A
where

is the F = 1 / 2 - + F= 3/2 transition rate.
To estimate the errors resulting from neglect of muon
regeneration, we analyzed both the exact solution obtained
for a single "effective" reaction rate, and the temporal spectrum of gamma rays obtained by Monte Carlo modeling incorporating the full process kinetics. Both calculations imply that to within 1-296, neglect of muon regeneration does
of
not affect Appd,but it does reduce the reaction rate A
( l a ) by 7-8%. We therefore corrected the final results for
the reaction rate accordingly.
In analyzing the gamma-ray temporal distributions using Eqs. ( 3 ) , we specified the hydrogen temperature and
density, took Ad ( T ) from Refs. 15 and 16, and took the rate
A
= 0 . 0 5 6 ~ ~from
Ref. 5. The values of A,
and A
were provided by the fits obtained.
Since the data of Refs. 3, 12, and 17 were analyzed un= 0, and the value of A,
used
der the assumption that A
in Ref. 17 was obtained through an independent "direct"
method,I3 we first analyzed the case A:(,2 = 0.This was the
approximation used to process the data from the first four
runs, and it yielded a reaction rate A
= (0.3 19 + 0.013)
ps- ' and a corresponding value A,
= (5.78 + 0.29) ps(statistical errors), which are close to the results reported in
Refs. 3, 12, 13, and 17.
For a full analysis of A?, we fixed its value at A?
= 0.11 ps- (following Refs. 4-6). The partial rate A
was varied together with A,
for the data from four runs
with a high-density mixture (p = 1 and p = 0.67). The resulting mean value R E = (0.397 0.022) ps-' was then
used to analyze the data from the remaining runs. After correcting for neglect of regeneration, we obtained

z

z

z
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'

= 5.49 +- 0,19 & 0,23p s - I ,

(4)

is shown by a horizontal line. The first error value in ( 4 ) is
the statistical uncertainty, and the second is the systematic
error induced by imperfect knowledge of the deuterium concentration, the purity of the hydrogen, and several other factors. It is clear from Fig. 5 that our experimental data attest
to the temperature independence of A, .
The possible influence of the thermalization of d p
atoms was assessed on the basis of the fit of the gamma-ray
temporal spectra, in which the inverse transition rate A:, was
specified for T = 2000 K [see Eq. (3c) 1. We found that A,
was reduced by approximately 3%.
Combining the statistical and systematic errors in ( 4 ) ,
we obtain

,A

= 5,49 2 0,30 ps-'.

This value is in good agreement with previous experimenta13,6,~z,13and theoreticall9 results.
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