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Muon catalyzed fusion in deuterium traditionally has 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
of D2 at a target temperature of 3 K. Products of two distinct branches of the reaction 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 ofmd and the hyperfine transition rate have been

measured:l̃ 3
2
52.71(7)stat(32)systms21 and l̃ 3

2
1
2
534.2(8)stat(1)systms21. The molecular formation rate is

consistent with other recent measurements, but not with the theory for isolated molecules. The discrepancy
may be due to incomplete thermalization, an effect that was investigated by Monte Carlo calculations. Infor-
mation on branching ratio parameters for thes and p wave d1d nuclear interaction has been extracted.
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56 1971MUON CATALYZED FUSION IN 3-K SOLID DEUTERIUM
I. INTRODUCTION

For 40 years it has been known that the introduction o
negative muon into a mixture of the three isotopes of hyd
gen ~protium, deuterium, and tritium! can lead to fusion re-
actions between the hydrogen nuclei, a process called m
catalyzed fusion (mCF). The intricately connected molecu
lar, atomic, and nuclear processes that occur have ta
many years to identify and offer a richness of physics in b
theoretical and experimental domains@1–4#.

The TRIUMF solid-hydrogen-layer target system@5# was
used to measuremCF in solid deuterium. The preliminar
results@6,7# from our experiment at low temperature were
sharp disagreement with theory and initiated further inve
gations of the reactions in solid D2 @8–11#. This work pre-
sents our final results based on larger statistics and the si
taneous observation of two distinct branches of the fus
reaction.

ThemCF reaction in pure deuterium has been well inv
tigated for gaseous and liquid targets~see Refs.@12,13# and
references therein! where the assumption that the D2 is not
interacting with its neighbors has been used in the theore
analysis. That approximation has led to generally go
agreement between theory and experiment when the de
rium is a fluid. The data presented here frommCF in solid
deuterium maintained at 3 K indicate that it fails.

II. THEORY

A. Physical processes

A negative muon introduced into pure deuterium slo
and captures on a deuteron to form an excitedmd in a char-
acteristic time of picoseconds in high-density targets such
solids or liquids@14–16#. The subsequent deexcitation of th
muonic atom occurs via Stark, Auger, scattering, radiat
and transfer processes, which occur on the 100-ps time s
@17#. The process (md)ni

1d→(md)nf
1d with nf,ni , of-

ten called Coulomb deexcitation, provides a source of ac
eration for the muonic atom since the final state conta
only the massive particles that share the energy release
the ni→nf transition. The subsequent energy distribution
the md contains both thermal and epithermal~nonthermal-
ized! components of muonic atoms. The relative populatio
reflect the temperature and density of the muonic atoms’
vironment@18–21#. Once the atomic ground state has be
reached, the reactions of themd are dominated by the sca
tering from D2 molecules, including inelastic processes su
as the realignment of themd hyperfine state or the formatio
of the molecular bound statedmd.

A muonic deuterium atom may form a molecule or m
lecular ion via two mechanisms. The first is the capture
the muonic atom on one nucleus of a deuterium molecul
form a molecular bound state with the subsequent releas
the bound-state energy by an Auger process

md1@ddee#→@~dmd!de#1eAuger. ~1!

A second process, a resonance mechanism propose
Vesman@22#, is a curiously fortuitous effect that depends
the energy levels of all the involved bound states. The e
tence of a state of the (dmd) bound by;2 eV allows the
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excess energy of the system, the energy liberated in molec
lar formation plus the incidentmd energy, to be absorbed in
the excitation of rotational and vibrational states (n fK f) of
the full six-body final state~strongly bound states liberate
energy above the dissociation threshold of the D2). A reso-
nance in the formation cross section occurs when the inc
dent energy of themdF in hyperfine stateF is such that the
total initial energy of the system matches the energy of som
set of final-state excitation parameters,

mdF1@ddee#n i ,Ki
→@~dmd!Jndee#n f ,K f

. ~2!

Here J and n refer to the orbital angular momentum and
vibrational quantum number, respectively, while then i , f and
Ki , f refer to the vibrational quantum number and rotationa
quantum number of the six-body system. The resonant for
mation process has been well studied, resulting in calcula
tions of the energy dependence of the rate@23–27#.

Calculation of an effective formation rate that can be
compared to experiment must assume an energy distributio
of the md atoms in the D2 target. The distribution, which is
determined by the initial energy at which themd was formed
and the subsequent energy loss processes, is convoluted w
the reaction rates at an appropriate temperature to produce
overall temperature-dependent rate@12#. The agreement be-
tween theory, which predicts a rapid thermalization of the
md and hence uses amd population in thermal equilibrium
with the surrounding deuterium, and experiments, which us
liquid and gas targets, is good~see Fig. 1!. The results of
present measurements in solids are in disagreement.

The small size characteristic of the muonic molecular
bound states is such that nuclear fusion can occur. For de
terium, there are two fusion channels:

FIG. 1. Molecular formation rates found by the two-node ap-
proximation fit to data measured in solid, liquid, and gas, and cal
culations of rates in liquid and gas. Statistical uncertainties ar

given and thel̃ 3
2

values of Deminet al. @11# have been normalized

to l̃ 1
2
50.044 over their 5–30 K temperature range. The measure

ments of l̃ddm presented in@39,40,45,46#, corresponding to a
steady-state situation, are not directly comparable to the above da
see the discussion in@13#.
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1972 56P. E. KNOWLESet al.
dmd→m1t1p14.0 MeV

→H m1 3He1n13.3 MeV

m 3He1n13.3 MeV.
~3!

Once fusion occurs, the muon is generally set free and
begin the process again~cycling!; however, theZ52 helium
nucleus can sometimes capture the muon into atomic or
bound states stopping further reactions, a process ca
sticking. The number of fusion cycles in which the mu
participates is limited by the muon lifetime and by the stic
ing probability. The kinetics for the cycle shown in Fig. 2 a
given in the Appendix.

The energy difference between the two hyperfine state
the md is 48.5 meV; this energy is readily liberated in pr
cesses that depopulate the upper spin state. There is a
agreement between theory and experiment for the hype
transition ratel̃ 3

2
1
2

, a situation which is well discussed i
Scrinzi et al. @12#. As indicated in Fig. 3, theory models th
shape of the temperature dependence, but the calculated
is too high. Given the agreement between the calculated
measured formation rates~Fig. 1! and the accuracy in the

FIG. 2. Two-node approximation of the deuterium fusion kin
ics. See the Appendix for details and definitions.

FIG. 3. Hyperfine transition ratel̃ 3
2

1
2

. Theory calculations are
shown for scattering only~dashed line! and for scattering plus bac
decay~solid line!.
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calculations for the scattering reactions~which are expected
to be correct to 10%!, the discrepancy is not understood.

B. Monte Carlo studies

The two-node approximation~Appendix! assumes that the
rates used to represent the various processes are time in
pendent or, equivalently, the result after convoluting themd
energy distribution with the energy dependence of the rate
remains constant in time. Since the calculations of th
muonic processes give energy-dependent rates, it is natu
to use the Monte Carlo method to study the time evolution o
the muonic atom energy distribution and thus the interpla
between all the energy-dependent rates.

Until recently, only scattering cross sections for muonic
atoms on free hydrogen isotopes were available. Mon
Carlo simulations predicted that the time required to therma
ize a muonic atom after formation was very short (20620 ns
in D 2 gas at 5% of liquid density, shorter times at highe
density!. After rapid thermalization, the energy distribution
of the atoms was constant in time, making the formatio
rates time independent and thus validating the two-node a
proximation.

At low energies,md elastic scattering on a solid lattice
does not reduce themd laboratory kinetic energy due to the
large mass of the recoiling crystal. It was initially suggeste
by Leon that mechanisms for energy loss might be curtaile
for muonic atoms in solid hydrogen isotopes. Initial quanti
tative calculations of the energy-dependent scattering cro
sections in solids have been completed@28#. In Fig. 4 the
scattering cross section forF5 3

2 md atoms on a solid ortho-
deuterium target at 3 K and zero pressure is shown. The tota
cross section includes elastic scattering on the fcc lattice
frozen D2 molecules and inelastic scattering processes: ph
non transitions and rovibrational excitations of the D2 mol-
ecules. Themd deceleration rate is determined by the inelas
tic processes because of the large recoil mass in elas
scattering processes. The rovibrational excitation threshold
about 10 meV, and below that themd atoms lose energy in

t-

FIG. 4. Calculated cross sections for scattering in D2. The
dashed line shows the first-order approximation to the cross secti
on free molecules. Note the logarithmic scale, the suppression
the inelastic scattering, and the Bragg cutoff for elastic scatterin
See@28# for a description of the calculations.
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56 1973MUON CATALYZED FUSION IN 3-K SOLID DEUTERIUM
purely phonon scattering, an amplitude that also falls rap
with decreasingmd energy. In Fig. 4 the inelastic cross se
tion for md in solid D2 is compared to the doubled nucle
md1d cross section, which represents the first-order
proximation to the free molecular D2 cross section@29,30#.

Based on the recent rate calculations, a Monte Ca
simulation predicting the time spectra of fusion produ
from an infinite solid D2 lattice has been performed. Th
resulting spectra were fit with the same kinetics function
the real data to extract effective rates. The analysis of
Monte Carlo spectra will be presented after discussing fit
the data.

The suppression of the inelastic scattering probability
solid deuterium implies a slow thermalization rate for a
epithermalmd atoms, which in turn means that the ener
distribution of the muonic atomscannotbe assumed to be
constant in time. The implications of these effects on the
of the two-node approximation are given in Sec. V.

III. EXPERIMENTAL EQUIPMENT

A description of the cryogenic target system used in t
measurement has been presented elsewhere@5,31#. In brief, a
continuous-flow liquid-helium cryostat was used to cool tw
51-mm thick gold foils to 3 K~Fig. 5!. A gas spraying sys-
tem directed the deuterium toward the adjacent surface
the foils where it condensed and froze, creating a solid d
terium film maintained in a high vacuum. A palladium filte
which operated above 600 K, was used to purify the2
immediately prior to freezing so the ratio of even to o
molecular spins was expected to be statistical~nD2) @32#.
Muons entered the deuterium after passing through one

FIG. 5. Top view of the detector positions with respect to t
target. Not shown are the remaining two wire chambers, scint
tors, the sodium iodide crystal, which constituted the imaging s
tem, and the Germanium detector, which, when in use, repla
neutron detector N1.
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gold foil, which acted as a degrader, and stopped either in
first or second solid hydrogen layer, or in the gold itse
Muon catalyzed fusion ofdmd molecules then occurred. Th
higher-energy fusion products, neutrons at 2.45 MeV a
protons at 3.02 MeV, were detected.

Measurements with solid layers of D2 and 1H2 were
made. Two different layer thicknesses of solid deuteriu
10.54~53! mg cm22 ~herein called thick! and 2.11~11!
mg cm22 ~thin!, ;40 cm2 in area, were frozen onto the foil
@33#. The thick D2 layer received an integrated muon flux
2203106m with 53~3!% stopped in the solid layer, while th
thin layer received 1643106m with a stopping fraction of
14~2!%. The study of the background in1H2 ~where there is
no strong fusion process! for both thicknesses above an
bare target conditions was done with 1303106m. Table I
summarizes the data.

A. The trigger

The timing diagram for the trigger electronics is shown
Fig. 6. When the T1 scintillator~see Fig. 5! signaled the
entrance of a muon, two gates were opened: B to indic
that a muon was in the target, and EVG, the event gate
any of the detectors recorded an event at a time when E
was true, such as the pictured TPn, the corresponding TR
gate was opened. At the end of the event gate duration,

TABLE I. Summary of the data. NA denotes a value that is n
available.

Hydrogen m2 % stopped in
@mg cm22 (foil) 21# Name (3106) hydrogen

10.54~53! D2 thick deuterium 216.611 53~3!%
2.11~11! D2 thin deuterium 163.908 14~2!%
0 bare target 18.504 NA
1.06~6! 1H2 thin protium 48.974 14~2!%
5.27~27! 1H2 thick protium 59.797 53~3!%

-
-

ed

FIG. 6. Timing diagram for the trigger electronics. Time is i
dicated horizontally and the logic level on~off! is indicated by the
lower ~higher! lines. The relationship between the various signals
explained in the text.
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1974 56P. E. KNOWLESet al.
logical OR of all possible TRGn gates was placed in coin
dence with the end of the event gate EEVG to determ
whether the event was read~an event trigger! or cleared.
Events for which a second muon arrived in the target wit
610ms were discarded either by inhibiting the trigger
during analysis based on an event flag. An event trigger
mediately initiated a hardware inhibit to prevent loss of t
data already measured. A computer-driven signal mainta
the inhibit while the data were read and while the data
quisition modules were cleared. An event clear would inh
the trigger system and then remove any values accide
recorded by the data acquisition system.

B. Neutron detectors

The arrangement of detectors is shown in Fig. 5. E
neutron detector was a 12.5-cm-diam by 10-cm-deep cy
der of NE-213 liquid scintillator viewed by a photomult
plier. Hardware-based pulse shape discrimination was u
to differentiate between photon and neutron events.
charged particles were selected by an anticoincidence
both members of a pair of charged-particle scintillato
~EiN1 and EiN2 for (i 51,2) in Fig. 5!. Since photon events
were very common, prescaling was done to keep the pho
triggers to an acceptable level. Typical neutron rates du
the measurements were less than 150 s21.

An effective method for background suppression inmCF
processes is the requirement that the muon survive the e
a condition enforced by the detection of the muon de
electron. This delayed electron~del-e) condition was satis-
fied if the muon decay electron was detected between 0.2
5.05ms after the time of a candidate fusion event. It stron
enhanced the signal-to-background ratio of the data. E
trons from muon decay were detected by the coincidenc
either pair of charge-veto scintillators.

The time spectrum of the decay electrons was used
determine the proportion of muons stopped in hydrogen.
cay electrons were generated either with a free muon lifet
~2.2ms) or the lifetime of muons in Au~79 ns!. The intensity
of each lifetime component was proportional to the num
of muons stopped in the respective material.

C. Silicon charged-particle detectors

A fully depleted, ion-implanted silicon detector of 60
mm2 active area was mounted inside the vacuum system
detect the charged fusion products. Its 150mm active thick-
ness was sufficient to measure protons of up to 4 MeV
was well suited for detecting the fusion protons at~or below!
3.02 MeV. The detector was mounted on the cryostat c
shield, in front of the neutron detector N1, and viewed
solid deuterium layers directly~see Fig. 5!. At the nominal
operating voltage of 30 V the best energy resolut
achieved was 170 keV full width at half maximum~FWHM!
due to mounting constraints and the resulting long cable
the preamplifier. The 3 MeV protons produced bydd fusion
were easily seen but the tritons and3He were too low in
energy and hence obscured in background or stopped in
solid target before reaching the detector. The rate from
con detector events was about 25 s21.
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IV. ANALYSIS

A. Neutron spectra

Three main event types occur in the neutron spectru
fusion neutrons, capture neutrons, and neutrons from the
bient background~zone neutrons!. Fusion neutrons, which
constitute the signal, are generated with a time distribut
nf , according to the kinetics of the muon catalyzed fusi
reactions in the target and are thus time correlated with
muon arrival and will satisfy the DE condition with the effi
ciency ee with which the electron detectors measure tha
muon has decayed in the delayed time interval 0.2–5.05ms.
This efficiency is comprised from a solid angle contributi
and the time window efficiency:

ee5Vel0E
0.2ms

5.05ms

dt e2l0t. ~4!

Neutrons from nuclear muon capture, with time distrib
tion nc , are also time correlated with the arrival of the mu
according to the capture and decay lifetimes, but are ob
ously not followed by a muon decay electron. Only tho
capture neutrons that are followed by some accidental e
in the electron detectors will be admitted to the DE spectr
~with efficiencyea).

The neutron events from the ambient flux contribute
constant backgroundnz . These events pass the del-e cut
depending on the timet of the neutron with respect to th
muon arrivalt0. The DE condition requires an event in th
electron detectors between 0.2 to 5.05ms after the neutron.
For a neutron that occurs more than 5.05ms before the muon
arrival, only an accidental del-e condition with efficiencyea
can pass the event into the del-e spectrum. As the time of the
ambient background neutron event moves closer to the
sequent arrival of the muon, more of the cut interval overla
with the time when a muon is known to be in the target a
hence the efficiency for accepting the neutron grows. Fo
neutron event occurring 0.2ms before the muon arrival, the
time selection interval overlaps exactly with the muon
rival, hence the muon decay selects the background e
with an efficiency slightly larger than the decay electron
ficiency ee . After the muon arrival, accidental events a
accepted with the electron detection solid angle efficien
weighted by the exponential probability that a muon h
survived to the time of neutron detection. The flat bac
groundnz thus acquires a muon lifetime dependence in
delayed spectrum. This relationship is represented by the
tegral term in Eq.~6!. The efficiencyea appears in all terms
since an accidental del-e condition permits neutrons into th
DE spectrum regardless of the neutron source.

The raw ~without the del-e condition! and del-e spectra
are given by

nr5nf1nc1nz ~5!

and

ndel-e5~ee1ea!nf1eanc1S ea1Vel0E
t10.2ms

t15.05ms

dt

3Q~t2t0!e2l0~t2t0!D nz , ~6!



e

m
n
l

a

r

e

d

ful
ct
re

se
8
et.
.
m
e.
c-

ou-
r
,
e

the
ch
ld

he
ss

to
-
e
he

r

l-
e

o
u

.
ick
l-

56 1975MUON CATALYZED FUSION IN 3-K SOLID DEUTERIUM
whereQ(t2t0) is a step function that models the discret
arrival time of the muon.

Combining~5! and ~6! gives

ndel-e5eenf1eanr1S Vel0E
t10.2ms

t15.05ms

dt Q

3~t2t0!e2l0~t2t0!D nz . ~7!

Note that knowledge of the unknown capture time spectru
nc is not required. The largest contribution to the backgrou
is from the accidental del-e coincidences and is proportiona
to the raw distributionnr , a spectrum well measured during
the experiment and having small uncertainties. The events
the DE spectrum occurring in the short time interval me
sured before the muon arrival determine the value ofnz .

In Eq. ~7! there are two input spectra, each with an unce
tainty. Replacing the integral by the symbolI (t), we have

nDE6dnDE5eenf1ea~nr6dnr !1I ~ t !nz . ~8!

The efficiency factoree will eventually be absorbed in a
fitted normalization constant, so it does not need to be det
mined independently.

The weightsw for the x2 fit depend on the input spectra
uncertainties

w5@~dndel-e!
21~eadnr !

2#21. ~9!

The weights contain the variableea , so the fitting routine
was iterated, each time reevaluating the weights, until
stable value forea was found. Figure 7 shows the data an
the fitted curve.

FIG. 7. Neutron time data associated with Eq.~7!. Data points
(A) are the DE spectrum. Points B~circles! show theea-scaled
contribution of the raw spectrum. CurveC ~line! is the representa-
tion of the other backgrounds, fit assuming a constant value bef
time zero and a muon lifetime after time zero. The fitted contrib
tion of the fusion neutrons (nf) is shown as the solid line passing
among points (A).
d
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B. Proton spectra

The proton spectra exhibited many features, and care
study of five different types of target was necessary to extra
meaningful parameters. The different target conditions we
a bare target, thick and thin solidprotium layers upstream
and downstream, and thick and thin soliddeuteriumlayers
upstream and downstream~see Table I!.

1. Energy spectra

The fusion protons are produced at 3.02 MeV, but lo
energy in the target resulting in a broad distribution: Fig.
shows the spectrum taken with the thick deuterium targ
The background comprises about 20% of the total counts

The background in the detector comes mainly fro
charged-particle emission following nuclear muon captur
Protons are the most commonly emitted particle with a spe
trum that is suppressed for energies below the nuclear C
lomb barrier. The emission probability ranges from 15% fo
muon capture on silicon, with a 5-MeV Coulomb barrier
down to about 1% following muon capture on gold, wher
the Coulomb barrier is about 16 MeV@34#. The relative in-
tensity of the background depends on the thickness of
hydrogen layers and the incident muon momentum, whi
together determine the ratio of muons stopped in the go
target support foil or detector silicon to those stopped in t
hydrogen target itself. Thick hydrogen targets exhibited le
background.

The background in the silicon detector was removed
theea level by the del-e requirement, evidence that the back
ground was due to a process that consumed the muon. Thea
measured by the ratio of the number of counts above t
3-MeV fusion limit ~hence nonfusion related! to those from
the same spectrum after applying the del-e cut gave a value
of 0.11~4!%, which is in agreement with the value found fo
ea from the neutron detector: 0.14~4!%.

2. Time spectra

Time spectra for each of the five target types were co
lected for 23 different energy windows, each 142 keV wid

re
-

FIG. 8. Plot of the silicon energy spectrum for solid deuterium
The 3 MeV proton peak is spread due to energy loss in the th
target. Note the strong suppression of the background in the dee
spectrum. The vertical lines show theh ~dashed! and l ~solid! en-
ergy cut regions.
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1976 56P. E. KNOWLESet al.
~the intrinsic energy resolution was 170 keV!, beginning at
0.9 MeV. They were examined for number, intensity, va
of visible lifetimes, and time-zero value. For data where
sion events contributed to the spectrum the character
two-lifetime form of the kinetics in pure deuterium allowe
an accurate measure oft0 for that energy window, as well a
the intrinsic time resolution of the detector at that energy

The silicon detector exhibited a time walk. Thick deut
rium data~see Table I! were chosen to measure the energ
dependent correction since the fusion protons provide
well-defined time zero and the energy loss in the layer d
tributed the signal over the energy range 1–3 MeV. The w
gave a 30-ns correction between the 3-MeV and the 1-M
time spectra, where the difference in proton flight times
the different energies was no more than 4 ns.

Two standard energy regions were defined from which
time spectra were selected for further analysis. The low
energy signal region, calledl , was limited to 2.3–2.7 MeV;
below 2.3 MeV the time resolution was poor enough tha
began to obscure the structure of the fast lifetime compon
in the fusion signal. The limit at 2.7 MeV was selected
favor fusions occurring away from the surface of the lay
where the possibility ofmd escape from the layer would no
affect the kinetics representation. The higher-energy ba
ground region, calledh, was selected between 3.3 and 4
MeV, where there were no fusion events. Walk-correc
data were then selected for theh and l regions.

Figure 9 shows the time spectra for theh andl energy cut
regions for the thick deuterium, bare target, and thick p
tium runs. Two lifetimes are the dominating feature in t
thick deuterium data (A), as expected from the two-nod

FIG. 9. Silicon detector time spectra in thel ~pluses! and h
~triangles! regions in~a! thick solid deuterium,~b! bare target, and
~c! the thick protium target. For~b! and ~c! the l spectrum is sys-
tematically lower than theh spectrum during early times.
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approximation. The fusion spectrum has a rapid onset
rise of the leading edge, a shape given by the time resolu
of the detector and not by the physical processes of m
stopping, atomic capture, and thermalization.

The spectra without fusion signals, theh andl regions for
both gold and thick protium and theh region for thick deu-
terium, seem delayed with respect to the fusion signal. I
possible to extract two lifetimes from the background spec
as well, lifetimes consistent with muons in gold~80 ns! and
muons in intermediate mass nuclei-like silicon or aluminu
(;700 ns!. The background does not pass the DE requ
ment except byea coincidence; however the fusion statisti
in the DE spectrum were insufficient for the kinetics ana
sis.

The background in the fusion spectrum was parametri
and removed phenomenologically. Studies of theh and l
time spectra for targets that did not produce fusion sign
provided the method to predict the background in thel re-
gion given the spectrum in theh region. Scaling from theh
region to thel region was time dependent, i.e.,

l ~ t !5 f ~ t !h~ t !. ~10!

This is consistent with a background of charged partic
emitted after muon capture on differing nuclei. Each capt
spectrum contributes to the overall time spectrum with
intensity dependent on the chosen energy range. Since
energy spectra of the emissions are nuclei dependent,
overall time spectrum cannot be expected to be indepen
of energy. The functionf (t)6d f , parametrized in four vari-
ablesAi via

f ~ t !5@A11A2e2A3~ t2A4!~12e2A3~ t2A4!!#, ~11!

was found using Eq.~10! to fit theh andl time spectra from
both thin and thick protium layers;d f was found from the
covariance matrix of theAi .

Since the DE condition was not imposed on the fit da
the l spectra containing fusion signals were simply co
posed of the fusion protons and the background. The fit
pression, with uncertainties, was

pl6dpl5pf1~ f 6d f !~ph6dph!, ~12!

where pl was the measured time spectrum in thel energy
window, ph was from theh energy window,pf was the
kinetics function, after convolution with the detector reso
tion, for proton production bymCF, and f was the back-
ground transformation function as above. The weightw for
each fitted point was constructed in the same manner a
the neutron case, yielding

w5@~dpl !
21~ f dph!21~phd f !2#21. ~13!

C. Fit methods

The data were fit with a function made by convoluting t
theoretically expected time distributions, Eq.~A6! of the Ap-
pendix, with a Gaussian detector time resolution and a s
function modeling the muon arrival. The time spectra d
were rebinned with an adaptive step size that preserved
fine binning where sensitivity to fast rates was required,
used larger steps at long times where small-scale sensit
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TABLE II. Standard values used for the fits.

Parameter Value Source

vs 0.122~3! experiment: Balinet al. @40#

f 1.4269~4! experiment: Sherman@41#

l̃ 1
2

3
2

0ms21
detailed balance ofl̃ 3

2
1
2

at 3 K

l̃ 1
2

0.044(5)ms21 review: Scrinziet al. @12#

Ps 0.560 theory: Fa�fman @25#

bs 0.47 theory: Hale@38#

bp 0.580~5! experiment: Balinet al. @39#
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was not needed. The larger bins at long times eliminated
problem of fitting data containing many zeros and redu
the total number of points in the fit, which in turn signifi
cantly reduced the amount of computer time required per

Excluding background parametrization, six independ
parameters were required to completely determine the sh
of a spectrum: two lifetimes, two amplitudes, the detec
timing resolutions, and the muon arrival timet0. There are
ten kinetic parameters that determine the values of the
times and amplitudes and so it is impossible to measure m
than four of them at any one time. Since an absolute m
surement was not done, one of the parameters was use
normalization, so only three of the ten kinetics paramet
could be extracted from a single time spectrum. By fitti
both neutron and proton data simultaneously, four kine
parameters could be extracted~equivalent to an absolut
measurement for a single fusion product spectrum!. The pa-
rametrization of the background in the data introduced ot
parameters that were independent of the kinetics. The fi
the data was made byx2 minimization.

The fits to the spectra were sensitive to the values
l̃ 3

2
1
2

, l̃ 3
2

, fzlz ~the loss rate to target contaminants heav
than hydrogen, predominantly nitrogen!, l̃ 1

2
, Ps , bs , and

bp ~see Fig. 2 and the Appendix for the definition of th
parameters!. The standard values of the parameters passe
the fitting routine are given in Table II, along with the u
certainty on the value used when examining the system
uncertainties.

D. Fit results

For both neutron and proton data, fits were made to
individual time spectra. Neutron data were restricted to
thick deuterium targets only, since insufficient statistics
isted for the thin deuterium layers. For the proton data, b
thick and thin deuterium layers yielded spectra which co
be fit.

In the fits to individual spectra, the two kinetics param
etersl̃ 3

2
1
2

and l̃ 3
2

, as well as the loss rate to high-Z comp
nents,fzlz , were measured. When the fits to the combin
spectra were done, the sensitivity to four parameters
used to measurel̃ 3

2
1
2

, l̃ 3
2

, fzlz , and values forl̃ 1
2

, Ps ,
bs , andbp , each taken in turn with the remaining three
the four fixed at the standard values~see Table II!.

1. Uncertainties

The systematic uncertainties fall into two categories;
effects on the measured values resulting from uncertaintie
e
d

t.
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-
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input parameters, and the effects due to variations in the
interval, cuts on the input spectrum, and, in the case of
proton spectrum, the background scaling function. The
certainties due to input parameters in the fit are relativ
easy to identify and to understand by changing the param
and refitting the data. The systematic effects due to the
on the spectrum and the fitting interval were studied by
ting the same data with different cuts. The fit was conside
satisfactory when the variations on the fit parameters w
cut value were small with respect to the other systematic
statistical uncertainties.

Within the stated uncertainty, the values found for t
fitted parameters were not affected by variations in tempe
ture T ~used to makel̃ 1

2
3
2

from the l̃ 3
2

1
2

rate via detailed
balance!, densityf, muon decay ratel0 , the detection effi-
ciencye ~which was detector dependent!, andvs . This was
checked by changing the input values of the above par
eters by twice their respective uncertainties and confirm
no variation in the fitted parameters. The uncertainty in
input values ofl̃ 1

2
, bs , bp , and Ps did have significant

systematic effects.
The total systematic uncertainty on a fitted parameter w

determined by the addition in quadrature of the uncertain
due to the possible variations of the fixed input paramet
The systematic uncertainty associated with the proton ba
ground scaling function was handled in a different way. T
uncertainty in the background scaling function was explici
taken into account in the fitting function and so the unc
tainty due to the scaling is included in the statistical er
evaluation~see Sec. IV D 3 below!. Asymmetric uncertain-
ties were determined by the change necessary to increas
x2 of the fit by 1.0; however, in no case were the uncerta
ties strongly asymmetric.

2. Neutron data fits

Fits to the thick deuterium neutron data are summari
in Table III and plotted in Fig. 7. The fitted value for theea
efficiency agrees with values measured from neutrons ab
the fusion energy edge, measurements with the protium
gets, and with measurements made with the silicon detec
The s value for the time resolution of the detector yields
FWHM of 3.5 ns, in accord with the flight time of 2.45-MeV
neutrons traversing a 10-cm-deep detector.

3. Proton data fits

Fits to the proton data taken from both the thick and th
deuterium layers are summarized in Table III; the results
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TABLE III. Kinetics values resulting from fits to the individual detector spectra.

Neutron Proton
Parameter Thick D2 Thick D2 Thin D2

l̃ 3
2

1
2
(ms21) 35.3~1.4! 34.7~1.5! 38.6~3.1!

l̃ 3
2
(ms21) 3.12~14! 2.77~12! 2.97~23!

fzlz(ms21) 0.288~15! 0.340~12! 0.589~24!

ea 0.14~4!% NA NA
s ~ns! 1.48~11! 9.52~28! 9.02~36!

x2/~degrees of freedom! 158/150 164/157 162/157
confidence level 55% 33% 39%
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the fit for the thick target data are plotted in Fig. 10. Th
results for the thick deuterium given in the table are in re
sonable agreement with the neutron results in Table III. T
signal-to-background ratio for the thick deuterium proto
data was roughly 9:2, while the ratio for the thin deuteriu
data was three times worse at 9:6. The background sca
function was predicted using both the thick and thin protiu
layers and so to check the systematic effects on the fits
two deuterium spectra were each fitted with both of the sc
ing functions. The results of the fits showed that the thic
deuterium data were not sensitive to the choice of bac
ground scaling, presumably due to the favorable signal-
background ratio, while the thin deuterium fits fluctuated
the limits of the statistical accuracy. The data extracted fro
the thin deuterium targets were more sensitive to other
fects such asmd escape from the layer and, from the value o
fzlz , suffered from a higher contamination.

4. Simultaneous fits to both n and p spectra

The simultaneous fit of both the neutron and proton da
from the thick deuterium target allowed one more kinetic
parameter to be measured. The choice was limited tol̃ 1

2
,

bs , bp , andPs : the kinetics equations were not sufficientl

FIG. 10. CurveA ~pluses! is the proton fusion data measured in
the l energy region. CurveB ~triangles! shows the background as
determined from theh energy region and the scaling functionf (t).
The solid line is the fit and the dashed line shows the contributi
of the fusion kinetics.
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sensitive to other parameters. All of the fits gave ax2 value
of 325 for 309 degrees of freedom.

With l̃ 1
2

and any two ofPs , bs , andbp fixed, a value for
the remaining parameter was found. The results of the
which yielded values forPs , bs , and bp , in addition to

l̃ 3
2

1
2

, l̃ 3
2

, andfzlz , are given in columns 2–4 of Table IV

The values ofl̃ 3
2

1
2

, l̃ 3
2

, andfzlz do not change during
the fits toPs , bs , andbp , behavior that is expected from
Eq. ~A3!, which enters the kinetics as a distinct subformu
The large systematic uncertainty in thel̃ 3

2
value is due al-

most entirely to the uncertainty in thel̃ 1
2

input value.
Fixing Ps , bs , bp at the standard values allowed a me

surement ofl̃ 1
2

, presented in the last column of Table IV
For this fit, systematic uncertainty in the parameters is do
nated by the uncertainty in thebp input value.

E. Fits to the Monte Carlo simulations

A Monte Carlo~MC! simulation has been performed u
ing the calculated@28# energy-dependent rates formd atom
scattering on solid deuterium at 3 K, calculated rates ofdmd
molecule formation~resonant and nonresonant! on a free D2
molecule, and back-decay rates of the (dmd)d complex
@25,27#. Since the solid target used was a statistical mixt
of ortho- and para-deuterium (nD2), themd scattering on D
2 molecules in bothK50 andK51 initial rotational states
has been taken into account. The muon transfer frommd
atoms to high-Z contamination has been described by a co
stant muon transfer rate.

Recent experiments@21,35# and theory@19# show that the
initial distribution of md energy contains an admixture o
nonthermalized~in the region of 1–10 eV! md atoms. The
initial md energy in our MC simulation has been describ
by a sum of two Maxwell distributions. One of them, corr
sponding to atoms thermalized at 3 K, has a mean energ
0.4 meV. The hotmd atoms are assumed to have a me
energy of 1 eV. The details of the shape of the high-ene
component are not important for this simulation because
deceleration rate at energies greater than about 0.1 eV is
high. Therefore, the main input parameter to the Monte Ca
simulation is the relative intensity of the energeticmd popu-
lation. The second important parameter is a scaling factor
the energy-dependent nonresonant spin flip ratel 3

2
1
2
(E) to

account for the disagreement between theoretical results
experiment~see@12#!.

n
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TABLE IV. Kinetics values resulting from a simultaneous fit to both neutron and proton spectra from
thick deuterium target; see the text for a complete explanation. The fixed values are taken from Tab

Parameter Value~statistical!~systematic!

l̃ 3
2

1
2
(ms21) 34.2(8)(1) 34.0(8)(1)

l̃ 3
2
(ms21) 2.71(7)(32) 3.21(51)(16)

fzlz(ms21) 0.320(10)(1) 0.320(10)(1)

l̃ 1
2
(ms21) fixed fixed fixed 0.052(8)(3)

Ps 0.47(8)(6) fixed fixed fixed
bs fixed 0.487(15)(11) fixed fixed
bp fixed fixed 0.563(14)(11) fixed
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A qualitative agreement with the two-node kinetics mode
has been reached by a proper choice of the two importa
parameters of the Monte Carlo simulation. Fitted MC spectr
yield values ofl̃ 3

2
and l̃ 3

2
1
2

, consistent with experiment if
the scaling factor for the theoretical nonresonant spin-fli
rate is about 0.5 and the relative population of the hotmd
atoms is near 0.75. However, this fit of the kinetics function
to the early-time part of the neutron and proton MC spectr
does not yield satisfactory values ofx2. This result is prob-
ably due in part to the lack of a correct form of the energy
dependentdmd resonant molecular formation rate below
about 10 meV, in solid deuterium at 3 K and zero pressure.

Figure 11 shows the experimental neutron data in com
parison to the output of the MC simulation. The spectrum a
long times, whenmd atoms disappear mainly via nonreso-
nant dmd formation and muon transition to theZ.1 con-
taminants, is well described by the MC simulations and goo
values ofx2 are obtained (x2533.5/30 points!. This is so
since the rates for nonresonantdmd formation, in both the
J50 andJ51 states, are not strongly energy dependent be
low 10 meV, meaning that the detailed shape of themd
energy distribution is not significant. The disagreement a
times dominated by the quartet to doublet hyperfine trans
tion and thermalization is clearly visible as the steeper slop
in the MC spectrum.

V. DISCUSSION AND CONCLUSIONS

Results derived from our experiment show that the pro
cesses governing molecular formation in the solid state a

FIG. 11. Experimental neutron time spectrum~circles! in com-
parison with Monte Carlo predicted spectrum~line! scaled by a
single normalizing factor. The inset shows also the uncertainty i
the MC spectrum, illustrating the discrepancy at early times.
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not yet quantitatively understood, but qualitative consisten
has been achieved with the theory of slow thermalizat
caused by solid-state effects@28#.

A. Kinetics parameters

The values presented in Table IV for the kinetics para
eters ~under the assumptions inherent in the two-node
proximation! represent an examination of the muon ca
lyzed fusion process in solid D2. The qualitative success o
the Monte Carlo simulation of fusion in solid D2 is a clear
indication that slow thermalization effects are important. It
surprising that the two-node approximation works at all
this situation. Why it does work can be seen by examin
the processes themselves.

For md 3
2

, slow thermalization at the lowest energies a
lows molecular formation via the lowest resonances. Ev
so, spin deexcitation processes and thermalization rem
md from the resonant energy region at least ten times fa
than the effective formation rate. Under such conditions, s
sitivity to the shape of the resonance is suppressed and u
a constant rate is adequate.

Other explanations for the largel̃ 3
2

rate again rely on the
solid state of the deuterium. Examination of Eq.~A1! shows
that an increase inl̃f , the deexcitation rate leading to fusio
for the resonantly formed@(dmd)Jndee#, will increase the
effective formation rate by more successfully competi
with the GSF8 deexcitation~back decay!. If there exists a
sufficiently strong coupling of the rovibrational modes of t
resonant six-body complex to phonons in the solid, th
there may be sufficient augmentation of the deexcitation
to increasel̃f . The molecular formation process occurring
solids has not yet been rigorously examined.

Since resonance formation involvingmd 1
2

occurs at col-
lision energies greater than 50 meV, the rapid initial cooli
of the md 1

2
permits only nonresonant molecular formatio

thus assuming a time-independent nonresonantl̃ 1
2

rate is
valid. Our measured value forl̃ 1

2
@50.052(8)stat(3)sys

ms21] is in agreement with nonresonant molecular formati
rates measured in other experiments@36#. However, the as-
sumption thatl̃ 1

2
measured in gas is appropriate for a 3

solid contributes the dominant systematic uncertainty in
measurement ofl̃ 3

2
.

The l̃ 3
2

1
2

rate measures the disappearance rate formd at-
oms capable of participating in resonant formation vial̃ 3

2
and thus contains hyperfine deexcitation from direct scat

n
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ing, a contribution from back decay,and the effective rate of
energy loss for themd 3

2
that are in the energy window of th

lowest resonance. Since our measured value for the effec
hyperfine deexcitation is consistent with calculations of
rate due to scattering alone, the calculated rates are too l
a result consistent with recentmd1HD experiments@36#.

Emission of themd from the finite solid target layer is a
loss mechanism that is not explicitly accounted for in t
analysis; however, the process would mimic thefzlz loss
mechanism. We believe that the contamination was du
nitrogen, based on the observation of muonic nitrogen x ra
The value found forfzlz , coupled with the value for the
transfer to nitrogen,lz'105 ms21, implies a nitrogen con-
tamination of about 1.5 ppm, a value that was independe
measured for the thick deuterium target via x-ray analysis
the value were to represent onlymd escaping from the layer
then roughly one-third of all themd atoms are emitted from
the layer. Given the current understanding of the scatte
cross sections, this process is unlikely to give such a str
effect. A Monte Carlo simulation that includes the cross s
tions corrected for solid-state effects as well as an accu
modeling of the finite geometry of the targets is required

the quantitative reinterpretation of thel̃ 3
2

and l̃ 3
2

1
2

rates in
terms of thermalization.

Demin et al. @11# have presented measured values
mCF rates in solid deuterium over a range of temperatu
assuming a similar kinetics function. Their results are c
sistent with ours, thus the disagreement with theory indica
that further calculations for the molecular formation rate
solid hydrogen must be made. The next experiments
have to examine the thermalization process, as well as
possible para-ortho effects. One suggested increase in
molecular formation rate for thermalizedmd 3

2
occurs only

for para-D2 ~i.e., J51) @37#. Using a solid ortho-D2 target
would help to verify or discount that effect.

In solid hydrogen the molecular formation rate is conce
tration dependent, proportional tocdfN0, however, the ther-
malization rate is proportional tofN0 since the scattering
and energy loss processes for bothmd1D2 andmd11H2 are
similar for low energymd. If slow md thermalization is the
process increasing thel̃ 3

2
molecular formation rate, an ex

periment in a solid mixture of D211H2 using several values
of the deuterium concentration will not yield the same
duced formation ratel̃ 3

2
. Such an experiment in a D211H2

mixture would be more difficult to analyze since themp to
md transfer and subsequent creation of an epithermalmd
would change the initial intensity of the epithermalmd at-
oms, the effect believed to be responsible for the elevatedl̃ 3

2
rate.

B. Branching ratios

Three values parametrizebF , the effective branching ra
tio: bs , bp , andPs @cf. Eq. ~A3!#. Table IV lists fitted val-
ues for each of these parameters determined using stan
values for the other two.

Our valuebp50.563(14)stat(11)sys is close to the 0.59
predicted by theory@38# and is consistent with a previou
measurement by Balinet al. @39#. Our value, bs
ve
e
ge,

to
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50.487(15)stat(11)sys, is consistent with 0.47, the predic
tion of Hale.

Standard values forbs and bp were used in a fit toPs
sincebs and bp , as discussed above, were consistent w
both theory and experiment. Fa�fman @25# predicts
Ps50.560 at very low energy. Our result,Ps
50.47(8)stat(6)sys is in agreement. It should also be note
that thePs value is dependent on the energy at which m
lecular formation occurs, so formd atoms in the process o
thermalizing, a constantPs does not accurately represent th
true physics processes.
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APPENDIX: REACTION KINETICS

This appendix describes in more detail the kinetics eq
tions derived from Fig. 2. All rates are normalized to liqu
hydrogen density (4.2531022 atoms cm23) and unit con-
centration, thus giving reduced rates for comparison w
experiments under different conditions of concentration a
density. The reduced rate of formation ofdmd molecules
from a md atom in the hyperfine stateF is l̃F @23#,

l̃F5lnr1(
S

lFS

l̃f

l̃f1(
F9

GSF9

. ~A1!

Molecular formation leading to fusion is composed of t
nonresonant formation rate and the fraction of resona
formed molecules that successfully fuse vial̃f rather than
resonantly scatter as characterized byGSF8 @23#. Likewise,
the reduced hyperfine transition rate from stateF to F8,
l̃FF8, has contributions from regular scattering and from t
decay of the resonantly formed@(dmd)dee# complex:

l̃FF85lFF81(
S

lFS

GSF8

l̃f1(
F9

GSF9

. ~A2!

Finally, bF represents the fusion branching ratio fordmd
molecules formed from amd in hyperfine stateF. Experi-
mentally,bF is given by

bF5
mdF1D2→m13He1n

~mdF1D2→m1p1t !1~mdF1D2→m13He1n!
.

ThebF measure will differ between the two hyperfine stat
due to the different distributions of bound-state angular m
menta selected by the hyperfine-dependent molecular for
tion processes@25#. ThebF parameters are convenient whe
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writing the kinetics, but are composed of the more fund
mentals and p wave fusion branching ratios, together wi
Ps , the ratio ofs to p wave bound states from nonresona
formation@13#. Resonance formation always produces thep
wave molecular state

bF5
lnr

l̃F

@Psbs1~12Ps!bp#1
l̃F2lnr

l̃F

bp . ~A3!

The kinetics of the muon catalyzed reactions in pure d
terium are represented in Fig. 2. Using effective rates,
time evolution of the two different hyperfine populations c
be approximated as a differential equation of the form

d

dtS N 3
2

N 1
2

D 5S 2A B

C 2D D S N 3
2

N 1
2

D , ~A4!

with initial conditionshF ~normalized to a single muon!,

S N 3
2
~ t50!

N 1
2
~ t50!

D 5S h3
2

h 1
2

D where h 3
2
5

2

3
, h 1

2
5

1

3
.

The coefficients in the matrix can be read from Fig.
giving ~here all are explicitly positive!

A5l01fzlz1f$l̃ 3
2
@12h 3

2
~12e!~12vsb 3

2
!#1 l̃ 3

2
1
2
%,

B5f@l̃ 1
2
h 3

2
~12e!~12vsb 1

2
!1 l̃ 1

2
3
2
#,
u

li

A

-

t

-
e

,

C5f@l̃ 3
2
h 1

2
~12e!~12vsb 3

2
!1 l̃ 3

2
1
2
#,

D5l01fzlz1f$l̃ 1
2
@12h 1

2
~12e!~12vsb 1

2
!#1 l̃ 1

2
3
2
%.

The formal solution of Eq.~A4! to obtain the time depen
dence of the hyperfine populationsNF(t) is tedious but
straightforward. Once derived, the time structure of the
sion products, either protons or neutrons~generically de-
noted k), can be found by summing over the population
formation rates, and branching ratios:

dk

dt
5f (

F5
1
2 , 3

2

aFl̃FNF with aF5H bF for k5n,

12bF for k5p.

~A5!

The time distribution of productk is thus

dk

dt
5C 3

2
exp~L 3

2
t !1C 1

2
exp~L 1

2
t !, ~A6!

with rates that are the negatives of the parameters

L 3
2
5

21

2
@~A1D !1A~A2D !214BC#, ~A7!

L 1
2
5

21

2
@~A1D !2A~A2D !214BC# ~A8!

and amplitudes
C 3
2
5

f$a 3
2
l̃ 3

2
@h 3

2
~L 3

2
1D !1h 1

2
B#1a 1

2
l̃ 1

2
@h 3

2
C2h 1

2
~L 1

2
1D !#%

L 3
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and
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The total yield of fusion particles from a single muon can be obtained by integrating Eq.~A6! over times@0,̀ ) to obtain

Yk52S C 3
2

L 3
2

1
C 1

2

L 1
2

D . ~A11!

The above representation of the kinetics is the exact solution to the two-node approximation used in@13# and verifies the
solution presented therein to within 1% accuracy.
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