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This paper reports an experimental investigation of muon-catalyzed fusion in pure deuterium by
detection of dd fusion neutrons. Target temperatures of 25.5-150 K and gas densities of 2% and
5% liquid-hydrogen density were used. The rates Ay for ddu formation from both hyperfine states
of du atoms as well as the hyperfine transition rates Az were separated in a kinetic analysis of the
observed time spectra. This measurement of the temperature dependence of all important rates in
the ddu catalysis cycle allows a comprehensive and quantitative test of the present theory of reso-
nant molecule formation. In particular, the temperature behavior of ddu formation from the du
quadruplet state determines the binding energy €;,= —1966. 1(3) meV of the participating ddu state
with unique accuracy. In general, convincing agreement between experiment and theory concern-
ing the ddu formation process is found, whereas the theoretical hyperfine rates, consisting of non-
resonant and resonant contributions, exceed the experimental values by ~40%.

I. INTRODUCTION

The discovery of a resonance mechanism in the forma-
tion of ddu and dtpu molecules created renewed interest
in the question of muon-catalyzed fusion. This resonance
process increases the formation rates in the muon catalyt-
ic cycle by several orders of magnitude and allows for
well above 100 fusions per muon in suitable deuterium-
tritium mixtures. Intense research effort is currently con-
centrated on the understanding of the basic processes of
muon catalysis and on the investigation of the
effectiveness of this reaction scheme.'

Muon catalysis in pure deuterium, the system where
the resonance process was found originally, also gained
considerable attention due to the following reasons: (a)
In view of the difficulties faced in the more complex dru
kinetics, the investigation of the prototype ddu reaction
serves as a guideline for the understanding of the reso-
nance mechanism under well-defined circumstances. (b)
Only recently has a complete ab initio theory of all im-
portant parameters describing the ddu system been
finished.> Experiments are now able to test the theory of
the muonic three-body problem with unprecedented ac-
curacy. In particular, the ddu binding energy can be
determined with extreme precision, testing subtle correc-
tions like QED effects, etc. (c) Experiments on nuclear
muon capture in deuterium rely on information about
mesomolecular processes for an unambiguous interpreta-
tion of the observed rate in terms of basic weak interac-
tion.>*

This paper reports an experimental investigation of
muon catalysis processes in pure deuterium in the range
25.5=T =150 K. The temperature dependence of the for-
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mation rates for the two hyperfine states of the du atom
and the hyperfine transition rates are determined sepa-
rately. In the present work the detailed data analysis as
well as the final results and a comparison with other ex-
periments are presented (preliminary results were report-
ed in Refs. 5 and 6). The complete determination of all
important Kkinetic rates in the very sensitive low-
temperature range allows the most accurate quantitative
test of the theory of ddu catalysis processes in pure deu-
terium. This comparison is subject of a forthcoming pa-

per.’

II. MUONIC PROCESSES IN PURE D,

A. Resonant molecular formation

The basic mechanism of resonant formation has been
proposed, calculated, and demonstrated in the pioneering
works:3 1% Given the existence of an extremely weakly
bound ddu state, ddu’s can be produced with high rates
via the formation of a mesomolecular complex
[(ddu)dee]*. Contrary to nonresonant formation where
the energy excess is transferred to an Auger electron, in
this resonance process the ddu binding energy is com-
pletely used up in the rotational and vibrational excita-
tion of the compound molecule. Since the molecular ex-
citation spectrum consists of discrete levels, resonant for-
mation is possible only for a distinct set of resonance en-
ergies, i.e., kinetic energies of the initial du atoms. This
leads to a strong and characteristic dependence of the
molecular formation rates on target temperature.

It took a decade of diligent and worldwide theoretical
and experimental efforts to refine this basic scheme into a
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quantitative theory (see Ref. 2 and references given
therein). After averaging over initial and summing over
final rotational states of the participating D, and the
compound molecule, respectively, the resonant formation
process

(dp)p+D,——[(ddp)sdee]* (1)

can be expressed by partial rates Apg, which correspond
to transitions between the hyperfine substates of the du
atom and the ddu molecule with total spin F and S, re-
spectively (compare Fig. 1). The highly excited ddu state
has the rotational and vibrational quantum numbers
J =1, v =1; the compound molecule is formed in a vibra-
tional state with v=7. Since the hyperfine splittings of
the participating du and ddu states considerably exceed
the available thermal energies (typically some meV at low
temperatures), the molecular formation rates from the
two du hyperfine states exhibit a very different resonance
behavior, as first evidenced in the experiment. '?

Theoretical efforts concentrated on two questions. On
the one hand, it was necessary to accurately define the
transition matrix elements for this rearrangement col-
lision and to develop a suitable calculation scheme. A
comprehensive treatment of this problem can be found in
Ref. 13. On the other hand, for a realistic prediction of
the temperature dependence of resonant formation the
resonance conditions have to be computed within a frac-
tion of the initial (usually thermal) kinetic energy of the
incoming du. For the ddu binding energy €, this in-
volves the solution of the muonic three-body problem
with the extreme precision of better than 1 meV. Only
within the past few years have calculations of the non-
relativistic problem finally reached the required impres-
sive accuracy,'* whereas calculations of finite-size effects,
QED corrections, etc., are still being improved.'
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FIG. 1. Hyperfine structure of resonant ddu formation. The
du and ddp hyperfine structure leads to different resonance en-
ergies for transitions 1-4. Hyperfine energies for ddu have
been averaged over additional small splittings due to spin-orbit
coupling (Ref. 11).
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B. Back decay and fusion

Owing to exchange symmetry of the ddu molecule
electric dipole transitions are suppressed in the molecular
complex, and the electromagnetic deexcitation cascade is
comparatively slow. Hence, back decay into the scatter-
ing channel'’

[(ddu)gdee]* ——(ud)p+D, ()

successfully competes with dd fusion and Auger deexcita-
tion (see Fig. 2). The back-decay rates I'gp are given by
the rates of the inverse reaction (1) after proper averaging
over the rotational states of the molecular complex.

Nuclear fusion proceeds through the channels shown
in Fig. 2. Strictly speaking, the fusion rates A, and the
branching 8 depend on the quantum numbers of the ddu
state from which fusion occurs. After resonant forma-
tion, fusion takes place nearly exclusively from the J =1,
v =1 state with A, =0.44X 10’ s~! (Ref. 16) and B=0.58
(Ref. 17). This surprising asymmetry between the n + He
and p +¢ fusion channel is attributed to the nuclear p-
wave interaction in the J =1 state. In a J =0 state, on
the other hand, the nuclear s-wave interaction is expected
to lead to a nearly symmetric branching with 8=0.5.
Thus for nonresonant formation 3 varies between 0.5 and
0.58, since ddu molecules are populated in both J =0
and 1 states there.'%’

C. Scattering and hyperfine transition

The quantitative solution of the muonic three-body
scattering problem has been developed in the course of
muon-catalyzed fusion studies.!” Since the calculated
elastic cross sections are in agreement with a recent ex-
periment?® and exceed inelastic and molecular formation

cross sections by at least one order of magnitude, it is safe
to assume (at least in first order) that du atoms are first
thermalized to target temperatures before they undergo
further reactions (note the different situation in the dru
~3).  After

cycle at low densities?!

thermalization

FIG. 2. Decay channels for the mesomolecular complex
[(ddu),, -1 dee]*. Back decay (rate I'sz) competes with fusion
(rate A,) and the cascade transition to the ddu state with J =1,
v =0 (rate A,). All rates in units of 10° s~ !.
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hyperfine transitions take place by inelastic scattering?*

(d)p—yptd=(pd)p_,ptd , 3)

where the transition rates App are averaged over the
thermal energy distribution of muonic atoms. The two
rates A are related by detailed balance

—Aey /KT
R Y @

with the dp hyperfine splitting energy Ae,, =0.0485 eV.

Aja3pn=2e

D. Kinetics

The basic processes discussed above combine to the ex-
perimentally observable kinetics of muon-catalyzed pro-
cesses.? At times large compared to the lifetime 7~0.5
ns of the mesomolecular complex, the kinetics is well de-
scribed by the scheme of Fig. 3 and primarily depends on
the effective (i.e., experimentally observable) molecular
formation rates A and the effective hyperfine transitions
rates Agp. (All collisional rates are normalized to the
density N,=4.25X10%* cm ™ of liquid hydrogen. For
comparison with observed experimental rates, these nor-
malized rates have to be multiplied by the relative target
density ®.) Apart from the upwards hyperfine transition

=1>F =%, which is ineffective at low temperatures,
the kinetics? is formally identical with the one used previ-
ously in the analysis of experiment'’ and subsequent
works. In the recent theory, however, the interpretation
of the effective rates in terms of basic rates is modified
significantly by the effect of back decay.

According to theoretical calculations for the ddu ex-
cited state, the back-decay rate I'y=3 [z~ 1.5X10°
s7! (Ref. 2) exceeds the rate A, =1, +21,~0.46 X 10°s7 1,
which leads to fusion (see Fig. 2, A, =0.22X 108 s ! is the
rate of Auger deexcitation®). Thus only ~} of the
formed ddu’s are expected to undergo fusion, and the
effective molecular formation rates for the two du
hyperfine states with spin F are

Ry =i+ g g = (5)
F nr ZS FS 7»[+FS
with parameters A, =0.04X10%s ™' and A,=2.3X10%s ™!
eV ! for the nonresonant term’

FIG. 3. Simplified ddu Kinetics.

Aoe=A,+A2KT . (6)

In a similar way, the effective hyperfine transition rate
contains a back-decay term due to intermediate forma-
tion and subsequent decay of dd u molecules?®?

Aep=Appt 3 )‘Fs-ri‘ . 7
S A, +Ts

For a deuterium density ® the kinetics of Fig. 3 corre-
sponds to a system of differential equations with F =1, 3
(F#F')

dNg
dt

=—{ A+ PAp[1—np(1—0)]+DPApp ] Np

+[¢XF'7’F(1—CD)+¢XF'F]NF' N (8)

where 7, are the statistical weights of the du hyperfine
states (17, ,,=1, 7;,,=2) and A;=0.455X10° s~ ! is the
muon decay rate. For the n +He fusion channel the
sticking probability to the recoiling He is w;=0.122(3)
(Ref. 17), which leads to an average sticking probability
per fusion of w=pw,;. The resulting time distribution of
fusion neutrons consists of two terms proportional to the
populations N of two du hyperfine states

an & BApNF . ©

dt 7
In general, B is different for the two hyperfine states,
since this branching ratio depends on the orbital angular
momentum of the ddu which is determined by the forma-
tion process.

An approximate analytical solution of Eqgs. 8 and 9 is

dn = T
717:¢(B3/27\3/2_31/27%/2)(’73/2_1)3/2)
Xexp | — ‘k0+(1> [2 Aep+ 3 nphp ] ] ]
F F
+®3 BrPphpexp [— [}\0+¢)de BrPrhp ]t]
: F

(10)

with F#F'. After the decay of the initial exponential
component [first term in Eq. (10)], a steady state between
the two du hyperfine states is reached where the relative
hyperfine populations Pg (P, ,, +P;,,=1) are?

A +1. X
P1/2=(1+y)‘1 with 7’=~1/23/2 M1/ . an

At miahsg

III. EXPERIMENT

A. Experimental approach

The main observables in the present experiment were
the time distributions dn/dt of 2.45-MeV neutrons,
which originate from muon-catalyzed dd fusion. As ex-
plained above, the observed time structures provide infor-
mation about the important kinetic rates Az and Agp.
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FIG. 4. Experimental setup: target cell (T), vacuum chamber
(V), neutron detector (N), muon and electron detectors (E), and
paraffin shielding (S).

The investigations cover the low-temperature region
25.5<T <150 K, where a strong sensitivity to resonance
effects was expected.!? The density range 0.02 <® <0.05
was selected to allow a clear separation of the two com-
ponents due to the two hyperfine substates of the du
atom.

Incoming negative muons were identified by a tele-
scope of plastic detectors and brought to rest in a thin-
walled target cell containing high-purity deuterium gas
(see Fig. 4). Particles from the subsequent reactions in-
duced by the muons were detected in neutron and elec-
tron detectors, including neutrons from fusion and nu-
clear muon capture as well as electrons from muon decay.

B. Target

The cylindrical target cell of 3200 cm® (diameter 14
cm, length ~20 cm, see Fig. 4) consisted of a copper
cylinder of 1 mm wall thickness, to which thin Ag en-
trance windows had been brazed. All inner surfaces of
the cell were coated with 0.1 mm of silver. This measure
ensured that background from capture neutrons due to
wall stops dies away quickly with the short lifetime of p~
in Ag (7,,=86 ns). Since the D, fillings correspond to
total stopping densities of only 60—120 mg/cm?, it was
crucial to take full advantage of the excellent range width
of the low momentum pE4 beam at the Paul Scherrer In-
stitute (PSI, formerly the Swiss Institute for Nuclear
Research). Therefore, all material penetrated by the in-
coming muons was minimized. In particular, the en-
trance window of the target cell was reduced to 0.5 mm
of Ag, just sufficient to safely sustain the maximum
operating pressure of 20 bars.

The target cell was contained in an insulation vacuum
vessel made of stainless steel. Thin aluminum windows of
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1 mm thickness covered the sides of this vessel to reduce
neutron scattering. The complete target system is shown
schematically in Fig. 5. Cooling was achieved by means
of a closed-loop He compressor system and liquid-
nitrogen precooling. The temperature setting by resistive
heating was controlled by a silicon temperature sensor
placed inside the filling line to the target cell. The gas
transfer was achieved by a turbomolecular pump and a
standard vacuum pump. Special precautions were taken
to ensure high gas purity. Baking of the high-vacuum
system at 500 K reduced the residual gas pressure to
<1077 mbar. Gas filling through a palladium filter re-
duced impurities to better than 0.01 ppm.

Note that the distribution of ortho- and para-D, mole-
cules (i.e., with even and odd rotational quantum num-
bers) has to be known for the theoretical interpretation of
our experiment, since the occupation probability of rota-
tional states enters the calculation of the rates Agg in Eq.
(1) (cf. Refs. 27 and 2). In our target system D, molecules
were combined in the statistical mixture (i.e., ortho to
para ratio of 2:1) on the hot Pd surfaces (~500 K), after
diffusion of atomic deuterium through the Pd filter.
Since ortho-para transitions were negligible in the silver-
coated target cell,”® this statistical ortho-para ratio of D,
molecules was preserved during the course of the experi-
ment. Hence the population of even and odd rotational
states significantly deviated from the equilibrium
Boltzmann distribution at low temperatures.

C. Detectors and electronics

The telescope for incoming muons consisted of two
coincidence plastic counters E,, E; and several anticoin-
cidence counters E,, E, surrounding the target cell. A
circular entrance hole in anticounter E, of 6 cm diameter
determined the final beam spot. The electronic p stop

C
TMP@_ ’®
:ngpz vP1
T
1 T
\"

FIG. 5. Target system: target cell (T), cooling unit (C) vacu-
um chamber (V), turbomolecular pump (TMP), forepump (VV),
palladium-silver diffusion unit (Pd), 3 1 metering volume (V1),
bourdon tube gauge (M1,M2), pirani vacuum gauge (P1), pneu-
matic valve (VP1-3) safety valve (SV), and ventilation line (VL).
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TABLE I. Overview of measurements including experimental conditions (®, 7, and measuring time ?), dead-time corrected i stops
N ¢, results from decay electron analysis (electron disappearance rate A, intensity N,, and observed yield per u stop), and the nor-

malization factor N, for the observed fusion neutrons.

Data T t N,e, A N, N,
point P (K) (h) (units of 10%) (10 s (units 10%) N ; (units of 10°%)
ptt

1 0.0221(3) 25.5(2) 22 4.162 0.452(1) 1.657(16) 0.398(8) 2.241(52)

2 0.0483(5) 40.0(2) 19 3.250 0.452(1) 2.033(20) 0.626(13) 2.639(61)

3 0.0483(5) 70.0(5) 8 1.052 0.454(2) 0.666(7) 0.633(13) 0.864(20)

4 0.0221(3) 70.0(5) 22 4.124 0.455(1) 1.628(16) 0.395(8) 2.201(51)

5 0.0216(3) 95.0(5) 8 0.852 0.455(2) 0.327(3) 0.384(8) 0.442(10)

6 0.0213(3) 117.0(5) 10 1.375 0.455(2) 0.525(5) 0.382(8) 0.710(16)

7 0.0211(3) 150.0(5) 4 1.183 0.455(2) 0.444(4) 0.375(8) 0.599(14)

signal was defined as E,-E,-E;-3,E;. Electrons from
muons decaying in the target were observed by detectors
E, and E; placed inside the insulation vaccum vessel.
Neutrons were detected by a specially developed liquid
scintillation detector (volume 28X 14X 10 cm?, scintilla-
tor NE213) (Ref. 29) which combines high efficiency with
good pulse shape (PS) discrimination between neutrons
and the intense background from bremsstrahlung quanta
associated with decay electrons. Target electrons imping-
ing directly on the neutron counter were vetoed by the
electron counters E,.

The electronic logics of this experiment is similar to
the one in our previous work.'? For all events a wide
pile-up rejection of +14 us was required against second-
beam muons. The following parameters were written on
tape: pulse height (E), pulse shape (PS), time between p
stop and neutron (T, _, ), and time between neutron and
electron (T, _,) for the neutron detector; time between p

stop and electron (T, _, ) for the electron detectors.

D. Measurements

The measurements were performed at the uE4 beam
line of PSI. For an accurate relative measurement it was
important to explore different target conditions consecu-
tively without any change of the experimental geometry.
Two densities @ =0.02 and 0.05 were investigated, where
the use of the lower density was necessary to prevent
liquefaction at 7=25.5 K and to stay within the operat-
ing pressure of the target at higher T. For both densities
the beam momentum was optimized for the highest gas
stop fraction ey, which was monitored by the intensity of
electrons disappearing with the rate A, characteristic for
muon decay in deuterium. Optimum beam momenta
were found to be 47 MeV/c for ®=0.05 and 46 MeV/c
for ®=0.02, resulting in €,,,=0.76 and 0.47, respective-
ly. A complete list of the experimental conditions for the
main data runs is given in Table I. The gas densities were
determined by accurate volumetric measurements of the
fillings as well as by continuous measurements of temper-
ature and pressure during the runs. Auxilliary runs with
ut were used for time calibration and for background
studies, fillings with Xe gas, where u~ are quickly cap-
tured, simulated conditions of an empty target.5

IV. DATA ANALYSIS
A. Data reduction

1. Electron spectra

Time spectra of electrons after muon stop (7', _, ) were
created for every run and then summed up for the
different data points. As a typical example the spectrum
obtained for data point 1 (Table I) is shown in Fig. 6.
The intensity of electrons from muon decay exceeds the
accidental contribution, seen prior to zero time, by
several orders of magnitude. These time spectra were
fitted with a formula® which explicitly accounts for the
time structure of accidentals (due to the high probability
of observing decay electrons the chance for the detection
of accidentals is reduced at later times). Results of this fit
are presented in Table I. The observed electron disap-
pearance rates are in agreement with the muon decay rate
Ao. For data points of the same target density excellent
stability is achieved. The slight decrease of electrons per

E,.u.]...r]....,....‘...qﬁ”[n.'lr.nle
- ¢ = 0.02 .
10000 | 4
” o ]
2 3000 [ ]
g L |
s
1000 4
300 | ]
4
100 E e a
ST T P PO P T P

-1 0 1 2 3 4 5 6 7
Time after muon stop (us)

FIG. 6. Time spectrum of electrons after u~ stop. Solid
curve indicates fit of electrons from muon decay in D,; dashed
curve shows shape of accidental background.
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u stop with temperature is consistent with the somewhat
smaller target density for these points.

2. Neutron spectra

Two-dimensional neutron spectra of energy E versus
time 7, , were created with a cut on the pulse shapes to
select neutrons. Clean fusion neutrons were selected by
requiring a delayed electron after the neutron with
T,2T,_,<T, (T,=0.24 us, T,=3.8 us). This condi-
tion leads to a dramatic suppression of the most severe
background sources. In the process of muon-catalyzed
fusion the u~ survives and eventually gives rise to an elec-
tron from muon decay. On the contrary, in the capture
reaction by weak interaction with nuclei of the D, gas or
the target walls, the u~ is consumed. Thus, delayed elec-
trons after capture neutrons are due to accidental coin-
cidences only. A resulting suppression of capture neu-
trons of more than 300 was observed in empty-target
runs. Consequently, already after 0.3 us the fast-
decaying component of neutrons from stops in the Ag
windows accounts only for <29% of the fusion spectra
with delayed electron coincidence. A similar suppression
is obtained for background (y rays, photoneutrons) pro-
duced by decay electrons. The delayed-electron condi-
tion leads also to optimal signal-to-accidental ratios.
Differently from the processes mentioned above, the ob-
served accidental neutrons are uncorrelated to the decay
electrons. This induces a time dependence of the ac-
cidental term (due to the time-dependent probability to
observe a delayed decay electron after an accidental neu-
tron).> After proper normalization the accidental term
was subtracted from the fusion spectra (Fig. 7). These ac-
cidental terms usually account for less than 10% of the
slow time component of fusion neutrons.

No further corrections had to be applied to the fusion
spectra. A quantitative understanding of the recoil spec-
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FIG. 7. Raw spectrum of fusion neutrons with delayed elec-
tron coincidence. After normalization to the accidental neu-
trons observed before muon stop (—2.5 us=<7,_, < —0.8us),
the accidental term (solid curve) was subtracted.
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FIG. 8. Observed pulse-height spectrum for 2.45-MeV neu-
trons from muon-catalyzed dd fusion shows good agreement
with Monte Carlo simulation of detector response (solid curve).
Abscissa calibrated in equivalent electron energy. The energy
threshold of 340 keV used in the analysis is indicated by an ar-
row.

trum from the 2.45-MeV fusion neutrons was achieved,
as demonstrated by the agreement between the observed
spectrum and a Monte Carlo simulation (Fig. 8). For the
final time spectra of fusion neutrons an energy threshold
of 340 keV equivalent electron energy was chosen. These
spectra are shown for several data points in Fig. 9.

PN = I o'l L 1 1. L L ! I
6 7

1 2 3 4 5

Time after muon stop (us)

FIG. 9. Selected time spectra of fusion neutrons after muon
stop. Target density ®=0.02. In the kinetic fits the total neu-
tron rate dn /dt is decomposed into contributions from the two
du hyperfine states. The qualitative behavior of the kinetic
rates can be read off this figure: molecular formation from the
F = 3 state dominates at low T, then the difference between the
two contributions decreases with rising 7. The slope of the first
component which is mainly due to the hyperfine transition rate,
remains nearly constant.
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B. Relative normalization and stability

The observed time spectra of electrons from u decay
e,(t) (slow component in Fig. 6) and fusion neutrons
Reonc(t) With the requirement of a delayed electron be-
tween T, =T =T, (Fig. 9) can be expressed as

p—n =
eu(t)=Nek0e_A°! ,
dn (12)
ncomc(z):NnE ’

where dn /dt is the theoretical time distribution of fusion
neutrons (cf. Sec. II D). The normalization constants are

N, =N, €gaEEe »
[ETEY W (13
N, =N, €, E,E, fT‘ Aoe Odt .
Here N, is the number of electronic p stops, €, is the

fraction of gas stops, €.~0.9 a correction for the dead
time of the data-taking system, and ¢, and g, the
efficiencies for electron and neutron detection, respective-
ly. From this equation follows immediately

AT, —e —AT,

N,=g,N,(e ), (14)

i.e., the normalization constant for the coincidence neu-
tron spectra is the product of the neutron detection
efficiency, the total observed decay electron intensity, and
a trivial time gate factor. This relation is the essence of
the coincidence method employed in the present work for
a precise evaluation of the relative normalization factors
N, (®,T) between the different data points, a crucial re-
quirement for the accurate determination of the resonant
T dependence of molecular formation rates.

Since the coincident fusion spectra are normalized to
the number of decay electrons measured simultaneously,
electronic inefficiencies and dead time, dominated by the
overall CAMAC readout time, cancel completely. The
remaining error contributions to N, were estimated as
follows: Aeg, /€, ==12% was determined from the stabili-
ty of the position of the recoil edge in the pulse-height
distribution (Fig. 8) and from the stability of the capture
neutron intensity per g stop from wall stops. The error
also includes an uncertainty due to the slightly different
muon stop distributions for gas densities of 0.02 and 0.05
as calculated by Monte Carlo simulations. The error
AN,/N,=%1% results from statistics and the zero-time
uncertainty of the T, , circuit. The stability of zero time
for the different time circuits was found to be
AT, ,==*l4ns, AT, ,==*15ns, and AT, ,=+30ns, re-
spectively.’ The latter result leads to a relative error of
the time gate factor of 1.4%. Altogether, we arrive at an
integral uncertainty of 2.6% for N,,. Within the different
data points this essential error estimation could be
verified directly: The intensity of coincident fusion neu-
trons per decay electron was evaluated run by run and
remained stable within 2%.

C. Absolute normalization

The absolute normalization was determined from re-
sults of experiment* in pure deuterium of T =45 K and
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$=0.04,

Ry, =3.74(25)X10% s~ !,

- (15)
X1,,=0.0449(33)x10% s~ ! .

That experiment, aimed primarily at measuring the rate
of nuclear muon capture in deuterium, was specifically
optimized and carefully analyzed to obtain an accurate
absolute rate determination. For the normalization pro-
cedure we made use of the final fits to the observed time
spectra (cf. Sec. V). It follows from these fits that the
temperature dependence of A;,, between 40 and 45 K is
very small. Therefore, the value of A;,, for our data
point 2 at T=40 K was equated to the value of 1, , from
Eq. (15) to determine the absolute value of
N, (T =40)=2.64(22)X 10°. The error of N, consists of
the error of the absolute measurement and of the error of
A3, (T =40 K) relative to the other data points. This ab-
solute error of 8.4% has to be applied to the complete set
of normalization values N, in Table I as a whole. (Using
the small temperature dependence of the nonresonant
rate X, , at low temperatures, a completely consistent al-
ternative absolute normalization is obtained by identify-
ing the values of X, , instead of 1, , between 40 K and 45
K.) From Eq. (14) we evaluate a neutron detection
efficiency ¢,=0.0181(15) in good agreement with
€, =0.0176(26) obtained from a Monte Carlo simulation
of our experimental geometry (threshold 340 keV elec-
tron energy, distance of 27.8 cm between target and
detector center).

D. Target purity

For the final fits of the observed spectra of fusion neu-
trons the rate of muon disappearance from the fusion cy-
cle has to be known. An increase of this rate might origi-
nate from the diffusion of du atoms to the target walls or
from transfer to impurities. Diffusion to the Ag surfaces
as well as transfer to high-Z impurities is limited to below
1% of A, by the agreement of the slopes in the electron
spectra with A (see Table I), since these processes always
imply a corresponding increase of the electron disappear-
ance rate. Transfer to low-Z impurities with an effective
rate Ayz; =®czry, (A,z~10"" s71), however, is harder
to detect, since the muon capture rates A, <<A, and elec-
tron spectra are not strongly affected. In this case, the
neutron rate due to nuclear muon capture is a sensitive
probe for all transfer processes, since—even in low-Z ele-
ments like C, N, and O—capture is faster by at least two
orders of magnitude than capture in deuterium. Thus
muon transfer changes the intensity as well as the time
distribution of capture neutrons. For an experimental
check of transfer to impurities, time spectra of capture
neutrons (with energies higher than those of fusion neu-
trons) were analyzed for all data points, similar to the
analysis.* At temperatures larger than 70 K the observed
intensity of capture neutrons nearly doubles, which might
indicate increased outgasing from the target walls. Quan-
titatively, including conservative error estimates for abso-
lute efficiencies, this increase is compatible with
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A,z =0.007(7)X 10° s~!, which corresponds to a minor
contamination of ¢, =3 ppm.

V. KINETIC ANALYSIS OF OBSERVED TIME
DISTRIBUTIONS

A. Kinetic model and fit strategy

The observed time distributions of fusion neutrons in
Fig. 9 clearly show two components, which—in first
order—can be interpreted simply as the contributions
from the two du hyperfine states. The short-lived intense
component is proportional to the F =2 population; its in-
tensity determines the molecular formation rate 4, ,, and
its disappearance rate the hyperfine transition rate
X121, The absolute intensity of the slow component
corresponds to the F = 3 population and fixes the value of
Xy - A closer look at the solution of the kinetic equa-
tions (sec. II D), however, reveals that (a) an additional
rate comes into play by the upwards hyperfine transition
rate A, ,,3,, and (b) the branchings B(T) depend on the
different contributions to the ddu formation rate at a
given temperature, which are not known a priori. Prob-
lem (a) is solved readily since it can be proved that not
only the scattering part but also the back-decay part in
Eq. (7) fulfills an approximate detailed balance relation.’
Deviations from detailed balance occur only at low T,
where 1, ;3 , is very small compared to the other kinetic
rates. Thus Eq. (4) is presupposed for the total rate Az
as well. Problem (b) is relevant for X, ,, only, since 5, is

J

completely dominated by resonance formation. A nearly
theory-independent solution is aimed at by an iterative fit
procedure. First, we fit the time distribution of fusion
neutrons with a simplified model with constant
temperature-independent branchings 3, ,,. Then, the re-
sulting values of X, ,, are used to calculate the ratio of
resonant to nonresonant formation at each temperature,
which finally determines the values of 3, ,5(T).

B. Fit results and errors

The observed time distributions (cf. Fig. 9) were fitted
according to Eqgs. (9) and (12) using the numerical solu-
tion of the kinetic equations Eq. (8). For these initial fits
Bi,,=0.53 and B;,,=0.58 were assumed, and A, and
App were varied. The stability of the results for different
fit ranges was studied carefully (start 0.3-1.0 us, end 7
us). For data points where some correlation between the
results and the fit boundaries was noted the errors of the
fit results were increased. The uncertainty of the muon
disappearance rate was taken into account explicitly for
temperatures above 70 K. After this, systematic experi-
mental errors were evaluated (Table II). The total errors
of these relative rate measurements are given by the
quadratic sum of the three contributions presented in
Table III. The consistency between the results at
different densities was verified between data points 3 and
4 taken at an identical temperature of 70 K:

©=0.0483, X,,=0.0760(45), X;,=3.61(20), Z;,,,=34.2(1.1);

®=0.0221, X,,=0.0786(65), A;,=3.74(21), Xy,,,=36.0(1.7),

where all rates are given in units of 10® s™!. Finally, it

should be remembered that du atoms may not be
thermalized at very early times. Compared to the kinet-
ics equation (8) this leads to a ~10-ns delay in the de-
population of the upper hyperfine state at ®=0.02.%
This effect is ignored in the present analysis of the rela-

f

tive rate behavior, since it depends on processes at high
energies compared to the target temperatures and is thus
similar for all investigated temperature conditions.

For the final correction to X,, a value of
Anpr~0.046X10° s~ ! was derived from the flat non-
resonant part of the observed rates X, ,, at T <S40 K (see

TABLE II. Systematic errors of the relative rate measurement.

Resulting error of observed rates in %

Source of error Amount AX, ) AX, ), AXs )01 2
Density & 1.5% 1.5 1.5 1.5
Temperature 0.2 K (20-50 K) 1.0 1.0 0.5
0.5 K (50-150 K)
Time zero T,_, 14 ns 0.6 2.5 (©=0.05) 1.0
1.2 (=0.02)
Time calibration 1% 1.0 1.0 1.0
N, 2.6% 2.6 2.6
Accidental 3.5 (T'<26 K)
subtraction <2 (T>26 K)
Capture neutron 1.5 1.0 0.5
subtraction
Sum 5.1 (T <26 K) 4.3 (&~0.05) 2.2
4.2 (T>26 K) 3.6 ($~0.02)
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FIG. 10. Molecular formation rates Ar. The experimental
errors shown do not include the 8.4% uncertainty in the abso-
lute normalization of the whole data set. Solid curve represents
best-fit results according to Table VI. The region between dot-
ted curves corresponds to a variation of £;,=0.5 meV from
best-fit value.

Fig. 10). The fraction of resonant formation is then es-
timated on the basis of the observed rates A, ,,(T) to
determine

nr

A
Bi(T)= % Bart

172

)\'nr
1—— }B, ) 17

172

with 3,,=0.53(1) and [3,=0.580(5). The only model
dependence of this procedure is contained in the estimate
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for 3, [arrived at by assuming that at low T nonresonant
formation populates J =0 and J =1 ddu states with a ra-
tio of 2:1 (Ref. 9)] and by the use of a constant value for
A, To achieve partial independence from these assump-
tions, the errors of the final B, , (Table IV) were enlarged
to cover also the possibility of a nonresonant term ac-
cording to Eq. (6).

With these values for 3, ,(T) determined experimental-
ly, the complete set of time distributions was fitted again.
The resulting final values of A and 1, ,, , are presented
in Table V. The final errors are the quadratic sum of the
errors discussed above (Table III) plus the uncertainties
of B, ,(T).

VI. RESULTS AND DISCUSSION

A. Molecular formation

The molecular formation rates X, ,, and 45, from the
two du hyperfine states show a strikingly different tem-
perature behavior (see Fig. 10). Owing to low-energy res-
onances, A, is particularly sensitive to the exact loca-
tion of the resonance energies, since the spread of
thermal du energies, which tends to smear out the reso-
nance structures, decreases with 7. For a quantitative
analysis, a fit program was developed to calculate
effective molecular rates A5 using the formalism and for-
mation matrix elements of Menshikov et al.>'* In our
calculations statistical ortho-para distribution of D, was
assumed, which is the adequate description of the experi-
mental situation (cf. Sec. III B). At the low densities and
temperatures of our experiment also the competition be-
tween rotational relaxation®! and back decay of the meso-
molecular complex had to be taken into account [this
leads to some modifications of the simplified expressions
for the effective rates Egs. (5) and (7), as discussed in Ref.
7]. These calculated rates were then simultaneously fitted
to all observed rates A, to determine the nonresonant for-
mation rates A, the effective fusion rate py r» and the ddu
binding energy ¢,, (see Sec. II). The results of these fits
are compared with most recent theoretical results in
Table VI, a detailed discussion of this analysis will be

TABLE III. Comparison of different contributions to the total error of the relative rate measur-
ments. For every point and every observed rate, the error from the fit of the time spectra is given in
column (a), the error due to the uncertainty in the muon disappearance rate and due to the sensitivity to
the fit range is given in column (b), and the systematic experimental errors in column (c).

Error contributions (%)

Data AXy AX; ), AX3 /210

point T (K) (a) (b) (c) (a) (b) (c) (a) (b) (c)
1 25.5 10 0.0 5.1 1.4 0.0 3.6 1.7 0.0 2.2
2 40 2.6 0.0 4.2 2.0 0.0 4.3 1.2 0.0 2.2
3 70 3.5 0.0 42 3.5 0.0 4.3 2.4 0.0 2.2
4 70 6.8 0.0 42 1.5 4.0 3.6 1.8 3.6 2.2
5 95 9.9 4.8 4.2 3.1 0.0 3.6 4.7 0.0 2.2
6 117 42 5.3 42 29 4.5 3.6 4.8 5.5 2.2
7 150 3.0 4.8 4.2 3.6 0.0 3.6 6.7 2.8 2.2
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TABLE IV. Branching ratio B,,,(T) determined with the
help of experimental ddu formation rates.

T (K) Bin
25.5 0.530(21)
40 0.530(21)
70 0.550(22)
95 0.568(26)

117 0.575(20)

150 0.578(20)

presented in a subsequent paper.’

The most remarkable result is the experimental deter-
mination of the ddu binding energy with an extreme ac-
curacy of 0.3 meV, which corresponds to 10”7 of the
muonic Rydberg energy. This error is the quadratic sum
of the fit error (0.16 meV) and a contribution (0.25 meV)
resulting from estimated uncertainties in the theoretical
analysis. The strong sensitivity of A, ,, to a variation of
€ is demonstrated in Fig. 10. Agreement between the
experimental value and the most recent calculations of
€, has reached ~1 meV. At this level subtle corrections
to the three-body bound-state problem can already be
verified, in particular the calculated energy shift of ~9
meV due to vacuum polarization (cf. Ref. 1). For non-
resonant ddu formation we used a constant term in our
final fit since no strong indication for the term linear in
energy is present in our data [a fit according to Eq. (6)
gives A, <0.85X10° eV~ !s™!]. Concerning the effective
fusion rate A, it is important to realize that the back-
decay factor in Eq. (5) induces a strong correlation be-
tween the magnitude of the ddu formation matrix ele-
ments and A r- Thus we stress that—different from the
other experimental results presented here—the extracted
value for A ¢ in Table VI significantly depends on the ab-
solute size of the matrix elements'® used in our fit (the
sensitivity of our fit results to the theoretical input is in-
vestigated in Ref. 7).

The results of this work are compared to other experi-
mental data in Fig. 11. Note that two distinct sets of ob-
served rates are shown, corresponding to the different
contributions from the two du hyperfine states.

(a) In our systematic studies (this experiment and Refs.
12, 4, and 32) the rates A; from the two du hyperfine

TABLE V. Final results A5 and 15, ,, from the relative rate
measurements. An absolute calibration error has to be applied
to the data set as a whole. This additional error is 8.4% for Ap
and 1% for X3, ,», respectively.
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states were determined separately. The earlier result'? re-
porting the ratio A5 ,,/X, ,, at T=34.8 K was normalized
in the same way as described in Sec. IV C. It is obvious
from Fig. 11 that the different measurements are con-
sistent with the present data as well as with the best
theoretical fit. The results of experiment’? performed
with liquid deuterium (®=1.15, T=23.8 K) agree
within error with the measurements in gas targets
(0.02=9 =0.08).

(b) Experiments (Refs. 10, 17, 33, 34, and 35) present
their results in terms of a single overall ddu formation
rate, without distinguishing between the contributions
from the two basic rates A, ,, and A;,,. This description
is an oversimplification and hence a rigorous comparison
with basic theory and with our experimental results is not
always possible. In a reasonable approximation, howev-
er, the majority of these measurements can be described
by the steady-state molecular formation rate

Mian=3 Prkp (18)
F

which is an average over the relative population P of the
two du hyperfine states in the steady state [cf. Eq. (11)].
As seen in Fig. 11, a calculation of de# based on the
best-fit values from the present analysis (Table VI) gives
fair agreement with most of the data points of experi-
ments.'7333%35 This agreement deteriorates at low tem-
peratures. There, A5, >>X,,, and the observed forma-
tion rates critically depend on the contribution from the
(d)p—3,, population which is quantitatively identified
only in our results. The pioneering experiment of Bys-
tritskii et al.'® seems to have a normalization problem,
since a similar T dependence is found, but the rates are
by a factor of ~4 smaller than in all subsequent experi-
ments (this discrepancy was first demonstrated by Balin
et al."’). In experiments by Jones et al.** ddy formation
rates were derived from loss terms measured in DT mix-
tures. Their theoretical interpretation is difficult,
since—in this case—du hyperfine populations P are
not determined by Eq. (11), but depend on details of the
dtu cycle.?! According to the kinetic rates determined in
the present work, the result of Balin et al. at 293 K (Ref.
17) can be interpreted unambiguously as the steady-state
rate defined in Eq. (18). Its value X, =2.76(8)X 10° s~

TABLE VI. Parameters of ddu formation. Experimental
values are derived from a fit of the observed molecular forma-
tion rates A, (Fig. 10) with the theoretical model (Ref. 7). If
complete rotational relaxation of the formed mesomolecular
complex is assumed (Ref. 2), €;; changes slightly to —1965.9
meV.

T )‘1/2 }"3/2 )‘3/21/2
(K) (10° s (10° s 1) (10° s71) Parameter This experiment Theory
25.5 0.0468(54) 3.46(13) 36.0(100 & (meV) —1966.1(3) —1965.4, — 1966. 8
40.0 0.0469(25) 3.76(18) 36.8(9) A s 4.60(44) %X 10* 4x10* ®
70.0 0.0769(45) 3.67(20) 34.8(11) A, (s7h 3.1(4) X 108 4.6X10% ©
95.0 0.191(23) 4.14(20) 32707 o
117.0 0.455(36) 4.54(29) 35827  Cf Ref 1.
150.0 0.864(61) 4.99(25) 37.3028)  Reference 18,

‘References 16 and 25.
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FIG. 11. Comparison of experimental ddu formation rates
for T <400 K. Two classes of experiments are displayed: mea-
surements of the hyperfine formation rates 1, ,, and 13, [closed
circles: this experiment and our earlier experiments (Refs. 4, 12,
and 32)] and measurements of the average molecular formation
rates de”, mainly corresponding to the steady state situation
[Bystritskii et al. (Refs. 10 and 35), Balin et al. (Refs. 17 and
34), and Jones et al. (Ref. 33)]. Theoretical curves (X dashed,
Kd,,# solid) were calculated with best-fit parameters from Table
VI

is ~10% larger than the corresponding de“ extrapolated
from our results at 77<150 K, but the error bars of the
two experiments overlap (the uncertainty of the extrapo-
lated curves is at least 8.4%, i.e., the absolute normaliza-
tion error of the ddu formation rates given in Table V).
Finally, we point out that also the early bubble chamber
data®® on ddu formation (not shown in Fig. 11) can be
reconciled with theory and the recent counter experiment
in liquid D,, if their results are interpreted correctly as
the total yield from both du hyperfine states (see Ref. 32).

In conclusion, after slight adjustments of the basic pa-
rameters €;, and A, to fit the rates A, observed in the
present experiment, current theory of resonant ddu for-
mation is found to describe all measured ddu formation
rates between 23 and 400 K with an accuracy of a few
percent.

B. Hyperfine transitions

In this work the temperature dependence of du
hyperfine transitions was measured (see Fig. 12). This in-
formation is of particular interest because the resonance
structure of the back-decay term in Eq. (7) (due to the
formation rates Agg) should be directly visible in the T
dependence of the effective hyperfine transition rate
X3,21,- Indeed, there is some evidence for such a struc-
ture in the shape of the data, but no quantitative agree-
ment with theory. The theoretical scattering rate®* is
close to the total rate A, /2, 1,2 Observed in this experiment
and therefore does not leave much room for an additional
contribution from back decay. However, its flat variation

with T does not reproduce the data very well. When the
back decay term is added, the total theoretical curve
significantly exceeds the experimental points, but shows a
similar T dependence.

Figure 12 indicates good consistency between the
present results and our other previous measurements of
X3,21, in gaseous targets. The rate in liquid D, at 23.8
K (Ref. 32) is smaller by a factor of 0.85(3) than our
neighboring gas point measured at 25.5 K. Such a steep
decrease cannot be explained by the resonant T depen-
dence of the back-decay term alone and, hence, might be
an indication for some density dependence of the
hyperfine transition rate X5 5.’

It is evident from Fig. 12 that several results obtained
in independent experiments* %32 are consistently smaller
by ~40% than the total theoretical rate A;,,,,, for du
hyperfine transitions, which consists of one term due to
scattering and a second one due to resonant ddy forma-
tion with subsequent back decay (see Fig. 12). Since an
error of this magnitude is hardly conceivable in the mea-
surement of the slope in the experimental time distribu-
tion under consideration here (see Sec. V), at least one of
the two contributions to the theoretical rate A5, ,,
seems to be smaller than calculated. The resonant back-
decay contribution in Fig. 12 was calculated with the
best-fit parameters (Table VI) and the theoretical matrix
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FIG. 12. Hyperfine transition rate A;,,;,. Gaseous D,:
closed circles (this experiment), open circles (Refs. 12 and 4),
liquid D,: open diamonds (Ref. 32). The total calculated rate
(solid line), which consists of contributions from scattering
[dashed line; calculation (Ref. 24) and back decay (dotted line),
disagrees with the experimental points in magnitude while
showing a similar T dependence.
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elements for ddu formation.!> No additional free param-
eters were used. A reduction of this contribution would
imply smaller values of these matrix elements, on which
this rate strongly depends [compare Eq. (7) and the dis-
cussion in Ref. 7]. As another possibility the theoretical
scattering rate A; , |, may account for the disagreement.
Although the accuracy of a recent calculation of this rate
is estimated to be better than 10%,** all calculations up
to now have been performed for bare nuclear targets, and
not for D, molecules. Thus, calculations incorporating
molecular structure and screening effects would be ex-
tremely desirable. In particular, reliable theoretical in-
formation on the T dependence of the scattering part
would allow the separation of the back-decay component
in the observed rate X, ,,. As discussed above, the size
of this rate would provide direct experimental informa-
tion about the magnitude of the matrix elements of reso-
nant ddu formation.

C. Concluding remarks

During the last decade combined experimental and
theoretical efforts have tried to unveil a microscopic pic-
ture of muon induced reactions in mixtures of hydrogen
isotopes. This effort was motivated by the interest in few
body reactions in the presence of both Coulomb and
strong forces as well as in weak capture processes. Last
but not least, the ddu and dtu molecules hold an eminent
position in the context of muon-catalyzed fusion
research. They are the only muonic molecules where the
resonant formation process, which is responsible for the
large fusion yields in deuterium-tritium mixtures, can be
studied.

The measurement of the essential kinetic rates in deu-
terium gas at low temperatures presented in this work
provides a crucial step towards the above mentioned
goals. At low temperatures resonance structures are
sharply defined, because the spread of thermal energies is
small. Moreover, the most intense transitions for reso-
nant ddu formation from the du quadruplet state are lo-
cated just at these temperatures. Hence the formation
rates Ay from the two dyu hyperfine states with spin F =1
and 3, respectively, differ strongly and could be clearly
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separated in the observed time spectra of fusion neutrons.
These rates as well as the hyperfine transition rate A5,
were determined accurately as a function of temperature.
Regarding molecular formation a quantitative compar-
ison of the rates A from this experiment and ab initio
theory is possible, and convincing agreement has been
found. Above all, this agreement constitutes an impor-
tant verification of three-body bound-state calculations.
The binding energy €, of the ddu state, which partici-
pates in resonant formation, is determined experimentally
in a nearly model independent way and coincides within
1 meV with recent theoretical calculations. The experi-
mental test of the theoretical formation matrix elements
is less stringent, since the observed formation rates de-
pend not only on the ddu formation process, but also on
the subsequent competition between back decay and
fusion. Additional information on these competing decay
channels is contained in the observed hyperfine transition
rate A5, ,, reported here, since the back-decay contribu-
tion to this rate is highly sensitive to the theoretical ma-
trix elements. Unfortunately, at present there is a
significant discrepancy between experiment and theory
concerning A, , and improvements in the quantitative
theoretical description of hyperfine transitions are still re-
quired. In summary, however, the present comprehen-
sive set of observed kinetic rates establishes an almost
complete picture of the ddu cycle, which basically is con-
sistent with current theoretical understanding.
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