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Muon catalyzed fusion in deuterium has traditionally been studied in gaseous and
liquid targets. The TRIUMF solid hydrogen layer target system has been used to
study the fusion reaction rates in the solid phase at a target temperature of 3 K.
Both branches of the cycle were observed; neutrons by a liquid organic scintillator,
and protons by a silicon detector located inside the target system. The effective
molecular formation rate from the upper hyperfine state and the spin exchange
rate have been measured, and information on the branching ratio parameters has
been extracted.

Keywords: muon catalyzed fusion, deuterium, solid.

1 Introduction

During the commissioning of the TRIUMF layered solid hydrogen target system, data
were taken on pCF in solid deuterium. The preliminary values for the kinetics parameters

*Present address: Université de Fribourg, CH-1700 Fribourg, Switzerland
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were in sharp disagreement with theory and have initiated further investigations of the
reactions in solid [1, 2].

2 Experimental Setup

The target system used in this measurement has been presented elsewhere [3, 4]. Layers
of solid deuterium, each 10.54(53)mg-cm~2 thick and ~40 cm? in area, were frozen onto
50.4 pm thick gold foils maintained at 3 K. Because a palladium filter at 600 K was used
to purify the Dy gas immediately prior to freezing, the ratio of even to odd molecular
spins was expected to be statistical (nD3){5].

Muons entered the target by passing through the thin gold layer, which acted as a
degrader, and stopped either in the first or second solid hydrogen layer. Muon catalyzed
fusion of dpud molecules then occurred. The higher energy fusion products, neutrons at
2.45 MeV and protons at 3.02 MeV, were detected.

The arrangement of detectors has been given in [3] with the modification that two
neutron detectors were used. Each neutron detector was a 12.5 cm diameter by 10 cm
deep cylinder of NE-213 liquid scintillator viewed by a photomultiplier. Pulse shape
discrimination (PSD) was used to differentiate between photon and neutron events. An
event veto based on anticoincidence with charged-particle detectors ensured that only
events from neutral particles were gated to the PSD units. These veto scintillators were
also used as electron detectors to record the electron following muon decay.

A silicon detector of 600 mm? active area was mounted inside the vacuum system
and viewed the solid deuterium layer directly. Its 150 um active thickness was sufficient
to measure protons of up to 4.5 MeV, and was well suited for detecting the fusion protons
at 3.02 MeV.

The timing of all events was taken with respect to the time of the incident muon as
measured by a beam entrance scintillator.

Measurements with pure solid layers of D, and 'H; were made at TRIUMF in August
of 1992. The thick D; layers received an integrated muon flux of 220 x 10° x4 with
(57.6+1.3)% stopped in the solid layers, while the study of the background in 'H; was
done with 130 x 10% u, with stopping fractions varying from 30 to 60% depending on the
layer thickness used.

3 Reaction Kinetics

The kinetics of the muon catalyzed reactions in pure deuterium have been discussed in
(6, 7]. The differential equation representing the kinetics was solved analytically and the
solution used for the analysis.
_The reduced rate of formation of dud molecules from a ud atom in the hyperfine state
F, Ap, 1s composed via the formula
5p = e 4+ S Aps &
s A+ 2p Dspr
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It represents molecular formation that leads to fusion and is composed of the nonresonant
formation rate and the fraction of resonantly formed molecules which successfully fuse via
Ay rather than resonantly scatter as characterized by I'sp: (back decay)[7]. Likewise, the
reduced hyperfine transition rate from state F to F/, :\pp:, has contributions from regular
scattering and from the decay of the resonance dud complex:

5 Lspr
AFpt = App + ) Aps . 2
Zs: A+ 2 pn Tspn ®

The branching ratios for the two hyperfine states, fp, will differ due to the distribu-
tion of angular momentum bound states generated by the different molecular formation
processes. The nonresonant formation will lead to both s and p wave bound states of the
dpd while resonance formation always produces the p wave molecular state. The 8g’s are
composed of the s and p wave branching ratios, along with the ratio of s to p wave bound
state formation P,[6, 8]:

An.r A - \nr
Br = T2 P8, + (1 - P fy] + 222220, ®)
F AF

4 Spectra

Neutron events were selected using hardware pulse shape discrimination to suppress the
majority of photon events, and a further software PSD cut which was set to maximize
the n/+ ratio. A coincidence condition requiring that the muon survives until after the
neutron event, enforced by observing the muon decay time with respect to the neutron,
was necessary to enhance the fusion signal with respect to the strong neutron background
from nuclear muon capture.

The time spectrum with a delayed electron coincidence condition, as well as the time
spectrum of the capture neutrons accidentally gated into the coincidence spectrum, are
shown in Fig. 1. The constant neutron flux present in the experimental hall also generated
events which passed the coincidence cut, and its contribution is shown as well. Kinetics
parameters were extracted from a fit to the data with correction terms for the background.

Protons generated by fusion were detected by the silicon detector. The thickness
of the deuterium layer, and the angle between the layer and the detector meant that
the proton spectrum was very spread out in energy. Two energy windows were selected,
the first in the signal region and the second well above the fusion signal to give a good
measure of the background. The signal region energy cut was chosen to favour protons
produced inside the layer rather than at its surface to reduce any effect from muon loss
by pd emission into the vacuum.

Time spectra for the two energy windows were made for both deuterium and protium
layers. From comparisons with the protium layer data, the time dependent scaling of the
background between the high energy and low energy cuts was determined. Figure 2 shows
the time spectra of the signal and background for the deuterium.
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Figure 1: The time spectra for the neu-  Figure 2: The time spectra from the silicon

tron coincidence spectra (A). The acciden-  detector. Curve (A) represents the data
tally accepted capture neutrons (B), and containing the fusion proton signal. Curve
the contribution from the constant back-  (B) shows the background.

ground (C) are shown.

5 Fit Parameters

The time spectrum function was convoluted with a gaussian resolution function to model
the finite time resolution of the detectors, as well as with a step function which turned
on the distribution with the muon arrival. Excluding background parameterization, six
independent parameters were required to completely determine the shape of a spectrum:
two lifetimes, two amplitudes, the detector timing resolution, and the muon arrival time.
Since an absolute measurement was not done, one of the parameters in the fit was used
for normalization, so only three kinetics parameters could be extracted from a single time
spectrum. By fitting the time spectra of both the neutron and proton data simultaneously,
four kinetics parameters could be extracted (equivalent to doing an absolute measurement
for a single fusion product spectrum). It was necessary to use one parameter to fit the
small nitrogen contamination of the target. _ _

The fits to the spectra are sensitive to the values of )\%% )‘-3-’ ¢, A, (the loss rate to

nitrogen}, and one of AL, P,, 8., or B,. Thus the four extracted parameters are dependent
on the input values of the remaining three. The standard values of the parameters passed
to the fitting routine are given in Table 1. The fits gave a x? value of 325 for 309 degrees
of freedom. Within the quoted errors, variations in ¢ and ws did not cause meaningful
variations in the fitted parameters.

With :\% and any two of P,, §,, and S, fixed, the resulting values of the physical
parameters are:

= 2.71(7)sta1.(32) sgs. s~

31 = 34.2(8)sat.(1)sys. ps™"
$sAz = 0.320(10)524¢.(1) sys. ps™?
Bp = 0.563(14)srar.(11) sys.

Bs = 0.487(15)srar.(11) sys.

P, = 0.47(8)sta:.(6)sys .-

3
2
3

A
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Table 1

Table of standard values passed to the fitting routine.

Parameter Value Source

Wy 0.122(3) Experiment: Balin et al. [9]

¢ 1.4269(4) Experiment: Petitjean et al. [10]
/\%% 0 ps™! Detailed balance of A%% at 3K
X% 0.044(5) ps™! Experiment: Scrinzi et al. [11]
P, 0.560 Theory: Faifman [8]

Bs 0.470 Theory: Hale [12]

Bp 0.580(5) Experiment: Zmeskal et al. [6]

The fit values of /\3 1, )\a, and ¢,A; do not change when each of P,, g, and B, is
varied with the remalnmg *two parameters fixed at the standard values. This behaviour
is expected from Eq. (3) which enters the kinetics as a distinct subformula. The large
systematic uncertainty in the /\a value is due almost entirely to the uncertainty in the A1
input value. :
Setting all three of P, 8,, 8, to the standard values allowed a measurement of :\1,
resulting in: _ ’
Ay = 0.052(8)stas.(3)sys. ps™,
A% 3. 21(51)atat (16)595 S l,
%% = 34. 0(8)3tat.(1)sys. HS 1)
¢z > =0. 320(10)atat ( )sys ,‘—‘S_1
The systematic uncertamty in this case is dominated by the variations in the 8, value.
Plots of the values for As 2(T) and Xs L( ) from other work, including the theoretically

predicted values, are shown in Figs. 3 a ond 4.

6 Discussion

The value found for 5\3 3 1s consistent with the direct scattering rate as calculated in [13],

but the considerable theoretlcal difficulties in reproducing the measured As; rate for the
gas and liquid experiments allow no simple conclusions to be drawn from tfus experiment
in solid. _

The high value of A3, about two orders of magnitude larger than the expected forma-
tion rate for thermalized pd in D3 at 3 K, can be interpretated as an indication of solid
state effects. Two possible effects are discussed here.

The scattering of pd in solid D, has been calculated and there are large differences for
low energy scattering when compared to scattering from free molecules [18]. When the
collision of the ud occurs at energies high above the binding energy of a D5 in the lattice,
the collision will proceed as if the D, were free. As the energy of successive collisions is
reduced, the pd will begin to scatter from the entire crystal, and the huge mass of the
lattice will make it difficult for the pd to lose lab energy in elastic collisions. In addition,
there are no available phonon modes to allow inelastic scattering for ud with a few meV
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energy, and so the energy loss mechanisms for the pd are suppressed when the muonic
atoms reach an equivalent energy of about 30 K. Since the molecular formation rate is
still resonant in that region, a slow thermalization could account for some of the large
rate.

An examination of Eq. (1) shows that an increase in the de-excitation rate leading
to fusion, Ay, for the resonantly formed [(dud)7, dee] will increase the effective formation
rate by more successfully competing with the I'sp: deexcitation mode (back decay). If
there exists a sufficiently strong coupling of the ro—vibrational modes of the resonant
six—body complex to the phonons in the solid, then there may be sufficient augmentation
of the deexcitation rate to allow this effect. The molecular formation rate in solid has
not yet been examined for solid state effects, although work on another possible phonon
effect has begun [19].

The kinetics model is simple in the sense that time-independent rates are used, an
assumption which can be challenged when the thermalization of the pdy is slow. Since
the pd, are nonresonant for all energy distributions up to about 50 K, the assumption of
the time—independent nonresonant rate is valid. For the uds, a slow thermalization will
mean that the average energy distribution changes at a rate similar to an eigenvalue of
the problem. Hence the /\a value would be time dependent and not constant as assumed
in the kinetics. Similar problems with kinetics equations and slow thermalizations have
been dealt with in [20].

Emission of the pd from the layer is a loss mechanism that is not explicitly taken into
account in the analysis, however the process would mimic the ¢, A, loss mechanism. The
value found for ¢,),, coupled with the value for the transfer to nitrogen, A, ~ 105us™!,
implies a nitrogen contamination of about 1.5 ppm, a value which was independently
measured for the thick deuterium target [21]. If the value were to represent only ud
escape from the layer, then roughly one third of all the pd’s are emitted from the layer.
Given the current understanding of the scattering cross sections [13, 18], this process is
unlikely to give such a strong effect. Monte Carlo studies of the dynamic processes are
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underway.

Zinov et al. [2] have presented values for uCF in solid deuterium over a range of
temperatures. That experiment and this one are consistent, however the disagreement
with theory indicates that comprehensive calculations for the molecular formation rate
including solid state effects must be made. If the even-odd populations of D, angular
momenta are as important as suggested in [19] then further experiments will be required.
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