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We discovered a strong hyperfine dependence of the resonant formation process of dud meso-
molecules, while detecting neutrons from muon-catalyzed fusion in pure deuterium gas at 34 K.
This new effect enabled us to observe directly transitions between hyperfine states of the ud atom for
the first time and to determine an accurate experimental value for this transition rate. Our analysis
demonstrates the importance of hyperfine effects for the quantitative understanding of the mecha-
nism of resonant dud formation. Moreover, this experiment indicates that the resonant formation
process is a powerful tool for a refined spectroscopy of dud bound states. Finally, the detailed
knowledge about mesoatomic and mesomolecular processes obtained in this work provides valuable
information for the analysis of experiments on the elementary muon-capture process in deuterium.

I. INTRODUCTION

Mesoatomic and mesomolecular processes, which are
induced by negative muons stopping in a mixture of hy-
drogen isotopes, have been the subject of numerous inves-
tigations for over 20 years. However, knowledge about
hyperfine (hf) effects in these muonic hydrogen systems
remained surprisingly scarce. This lack of information
contrasts with the obvious importance of hf effects. The
following discussion will be limited to the case of deuteri-
um. There, it was repeatedly' ~> pointed out that the in-
terpretation of the two existing experiments* on the ele-
mentary weak capture process

pu+d—n+n+v (1

relies heavily on assumptions about the time distribution
of the hf states of the ud atoms. The pronounced spin
dependence of this semileptonic process is a well-known
consequence of the (¥ —A) structure of weak interactions.

In spite of considerable theoretical and experimental ef-
forts it was not possible to settle the question of the popu-
lation of ud hf states. In our present work we investigated
time and energy spectra of neutrons emitted from the
fusion reaction

dud—n +’He+p (2)

by using a target filled with pure cold deuterium gas. By
this method we succeeded in observing directly hf transi-
tions for the first time and in determining experimentally
the populations of the hf states of muonic deuterium.
Besides their importance for the basic muon-capture re-
action (1) new interest in mesomolecular processes ori-
ginates from the recent discovery of a resonance mecha-
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nism in the formation of the dud molecules.® The exper-
imental investigation of this remarkable mechanism
represents an excellent test of the theoretical understand-
ing of the three-body Coulomb interaction among particles
of comparable masses. Moreover, an analogous mecha-
nism, which has been predicted for a mixture of deuterium
and tritium, greatly enhances the expected rates for molec-
ular dut formation, thus yielding a large number of fusion
reactions catalyzed by a single muon. This new effect
even encouraged speculations on possible applications in
energetics.” Our experiment points out that hyperfine ef-
fects lead to dramatic changes in the molecular formation
rates in deuterium. This discovery clearly demonstrates
the importance of hf effects for a detailed understanding
of this resonant formation process.

Preliminary results of our experiment have been pub-
lished in Refs. 3, 8, and 9. In this paper the final results
will be presented together with a detailed description of
the experiment and the various conclusions.

II. ATOMIC AND MOLECULAR PROCESSES

As there exist several review articles on this sub-
ject,>1%!1 we concentrate on the open problems and the re-
cent developments in this field.

A. Hyperfine transition

Muonic deuterium atoms in their ground state are
formed in two hyperfine states, the F =2 and the F=7
state, according to their statistical weights (F is the total
spin of pud atoms). These small neutral systems scatter
with high elastic cross sections'® against the nuclei of the
neighboring molecules, which results in a fast thermaliza-
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tion compared to the muon decay rate Ao=0.455x10°

s~!. In addition, due to resonant charge exchange, inelas-
tic hyperfine transitions take place:
pd(F=3)+depd(F=+)+d . 3)

As soon as the kinetic energy of the ud atoms approach&s
the hf sphttmg energy Eyr=49 meV between the F =3
and the F = 2 state, this process changes the original sta-
tistical dlstnbutlon of ud hf states, leadmg toa depopula-
tion of the F =3 state with the rate A4 (unlike our previ-
ous pubhcatlons,3 9 where rates were normalxzed to
liquid-deuterium density of 4.84X 10?2 cm™3, all rates
given in this work refer to liquid-hydrogen density
co=4.2X10" cm™).

Contrary to the case of isotopically pure 'H, where all
up atoms reach the lower hyperfine state with a very fast
rate compared to the muon decay rate A, already the first
theoretical calculation'? had indicated that in deuterium
(with a density of a few percent of c¢,) the hf transition
rate is comparable to Ay. Therefore, during the whole life-
time of the muon, the time distribution of muonic hf
states remains sensitive to the value of de.

As no hf-dependent mesomolecular processes in pure
deuterium were known before this work, experimental
searches concentrated on hydrogen contaminated with a
few percent deuterium. For such a mixture a sensitivity of
the yield of fusion gamma rays (following pud formation)
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to the spin state of the ud atoms has already been predict-
ed in 1960 (Wolfenstein-Gershtein effect).'> This effect
was investigated with various techniques in liquid as well
as in gaseous targets.!>~!¢ As can be seen in Table I (first
and second column) all experimental results published be-
fore 1979 agree well with the old theoretical result.'” Re-
markably, more recent calculations of Ponomarev
et al.,'"®1 predicting a much larger value of A4, were
clearly excluded by the experimental data.

However, a refined analysis of the experiments with
liquid H-D mixtures indicates that this conclusion is
misleading. In agreement with theoretical estimates (no
detailed calculations exist)!? the spin-flip process

pd(F=3)+p—ud(F=+)+p, 4)
which proceeds with the rate )J;d, was neglected in the
original analyses of these experiments. This leads to a
poor agreement between the old experiments on fusion
yields in liquid H-D mixtures and the theoretical predic-
tions.> Only recently we have performed a new, sufficient-
ly accurate measurement of the absolute yield of fusion
gamma rays. This exs)eriment' suggests an unexpected-
1y? high value of A6?>4x10° s~' (for a discussion of
preliminary results of this expenment we refer to Refs. 3
and 16). Concerning the value of And , which is a main to-
pic of our present paper, the analysis mentioned above in-
dicates that—due to the additional hf transition induced

TABLE 1. Hyperfine transition rate A4

A4d (10° s~
(normalized to density of liquid H,)

Experiments in H-D mixture

Experimental results
Experiments in pure D,

Original Preliminary reanalysis
Theoretical analysis from Ref. 3 assuming No assumptions
Reference results assuming )J;"'~ kﬁd=(412.5)><10" s~! about N;"' necessary
Dubna? (1961) 7
Chicago® (1963) 7 ~35
Columbia® (1963) 7i ~35
Dubna‘ (1970) 47
Dubna® (1976) <15
Vienna-SINf (1978) 35420
Dubna® (1979) 46
Dubna® (1981) > 405k
This work
Vienna-SIN 37.0*13

2Reference 12.
YReference 13.
“Reference 14.

dReference 18, result calculated for collision energy of about 4 meV.

‘Reference 15.
fReference 16.

gReference 19, result calculated for collision energy of 50 meV. According to the energy dependence of A44 (Ref. 18), this value should

be reduced by about 27% at a collision energy of 4 meV.
bReference 17.

“The authors found no contradiction to Ref. 12 (theory 1961), and therefore, accepted this result.

JLimit for 90% confidence level.

¥Note, however, the ambiguity in the interpretation of this result discussed in Ref. 17.
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by process (4)—A4? is determined only within large errors
from experiments in liquid H-D mixtures (compare third
column of Table I).

The work of the last years thus shows that some seem-
ingly well-established limits for kﬁd have to be recon-
sidered. No accurate experimental result for A% exists.
Experiments are even inconsistent among each other. This
situation clearly underscores the necessity of an indepen-
dent and accurate determination of A%°.

B. Formation of dud molecules

Another process, which deserves special interest is the
molecular formation

dp+d—dpd (5)

(with the rate Agy). In addition to the Auger process, re-
sponsible for the ordinary formation of muonic meso-
molecules, a resonance mechanism takes place in pure
deuterium. In this process the binding energy of the dud
molecule is transferred into the excitation of the whole
mesomolecular complex according to the following
scheme:

du+D,—[(dud)dee] (6)

As the binding energy of muonic molecules is usually of
the order of some 100 eV, the crucial point for this mech-
anism is the existence of a weakly bound J=1,v=1 state
of the dud molecule with a binding energy €;; below the
D, dissociation limit of ~4.5 eV (J is the rotational and v
the vibrational quantum number).

After the first suggestion of such a mechanism in
1967,2! it took a lot of elaborate theoretical work by Po-
nomarev and co-workers to prove the existence of this
state and to calculate its energy with an estimated error of
some meV in 1982.22 Compared to the typical energy
scale of muonic atoms, this error is about 10~° of the

muonic Rydberg, which is a remarkable theoretical accu-

racy.
Experimental physics now has a unique and even more
precise possibility of testing these three-body bound-state
calculations: After thermalization the kinetic energies of
ud atoms follow a Maxwell distribution according to the
target temperature. Resonant formation of dud molecules
is only possible if the kinetic energy of the ud atom exact-
ly equals the resonance energy €, (compare Fig. 1), where

€0=€1|—-AE . (7)

(AE is the energy difference between the D, ground state
and the excited rotational, vibrational state of the complex
[(ddu)dee] molecule. Compare Ref. 6 for details.) An
ideal monitor is provided by the well-known spontaneous
nuclear fusion process, whose sizable probability is due to
the small distance of nuclei (~500 fm) bound in the dud
molecule:

A SHe+n +u (E,=2.45 MeV)
dpd =< i ptu.

By measuring the temperature dependence of the yield of
fusion neutrons between 120 and 380 K the resonance

(8)
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FIG. 1. Energy levels for resonant molecular formation (from
Ref. 6). At the resonance condition the energy gain for the tran-
sition from the scattering ud state to the dud molecular level
with J =1,v=1 is spent on the excitation of the whole complex
[(dud)dee]. Results of this work suggest that the transition
proceeds to the v=7 level (instead of v=38).

mechanism was verified in an experiment performed in
1977,° and a resonance energy €, of 53 meV was extract-
ed.® This corresponds to an energy of €;;= —2.196+0.003
eV, with an impressive experimental error of ~ 10~% of
the muonic Rydberg. Comparison of this experimentally
determined value with the theoretical result €;;=—1.96
eV shows a discrepancy of —0.24 eV (compare Ref. 6).

We want to point out the following problems in this im-
portant experimental test of three-body bound-state calcu-
lations:

(i) Above all, no hyperfine effects were taken into ac-
count in the analysis® of experiment,’ although the hyper-
fine splitting energies of the ud atom and the dud mole-
cule are both comparable to the resonance energy.

(ii) The existence of D, molecules in higher rotational
levels, which are expected to dominate at 300 K, was om-
itted in the analysis. As these states are separated by
several meV, various E1 transitions with different reso-
nance energies are possible.?®

Thus a resonance behavior of Az;; has been established
beyond doubt in Ref. 5. Our discussion, however, shows
that this investigation of the resonant molecular formation
mechanism is of a qualitative nature only.

III. EXPERIMENT

A. Method

The general sequence of electromagnetic and strong in-
teraction processes, which take place after stopping nega-
tive muons in pure deuterium gas of density c is displayed
in Fig. 2 (the gas density c is defined as the D,-gas density
normalized to ¢y). In addition the muon may decay at any
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FIG. 2. General sequence of muon induced processes in deu-
terium. Splitting of the molecular formation according to the hf
splitting of the atomic ground state was discovered in this exper-
iment. hf structure of the participating molecular state was om-
itted for simplicity.

point on the diagram with the rate A;. In particular we
want to emphasize the distinction between A}}> and A3?,
the molecular formation rates from the F=+ and F =3
ud hyperfine states, respectively. This distinction is taken
into account for the first time and was omitted in all pre-
vious work on this subject, especially in the analysis of the
resonant dud formation.$

If one considers the high value of the fusion rate?*
Ap~ 10° s~! compared to all other rates, it becomes clear
from Fig. 2 that the observation of fusion neutrons is a
sensitive tool in investigating the processes leading to dud
formation. Therefore, we measured time and energy spec-
tra of fusion neutrons, emitted from reaction (2), after
muon stop. As no theoretical predictions were available
about hyperfine effects in 1979, the problem was to esti-
mate the suitable temperature and density where hf effects
should show up. We chose a temperature range around 34
K, which had not been investigated before. Low gas den-
sity ( <5% of liquid density) was necessary, to ensure that
the effective hf transition rate c A4 was slow enough to be
experimentally observable.

B. Experimental arrangement

A schematic drawing of the apparatus employed in this
experiment is given in Fig. 3. The target was a cylindrical
copper vessel (of cross-sectional diameter 14 cm, length 20
cm, walls 0.2 cm) placed inside a vacuum chamber, which
provided the necessary thermal insulation. Silver foils
were used as target windows (thickness 0.5 mm) and also
covered the inner surface of the target cylinder. This en-
sured a fast decay (75,~ 85 ns) of muons stopping in the
target walls. The performance of the target, the cooling,
and the temperature stabilization will be published else-
where. The target gas was purified with a palladium fil-
ter. The level of impurities in the target gas, which is al-
ways a critical parameter for mesomolecular processes in
hydrogen, was below 10~! ppm.

The muon stops were defined by a beam telescope con-
sisting of three plastic scintillators (1,2,3 in Fig. 3). Detec-
tor 2, which had a circular entry hole of 6 cm diameter in
its center, was used as a prompt veto for the stop signal.
Thus a well-defined beam spot was obtained. In addition,
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FIG. 3. Experimental arrangment.

electrons passing through the light guide of detector 2
were rejected.

Electrons from muon decay were detected by seven plas-
tic scintillators (detector 2 and detectors E;, i=1,6). Con-
trary to standard arrangements, these detectors were
placed inside the insulation vacuum chamber. This design
proved to be of particular importance for our experiment
(compare Sec. IV), because it reduced electron scattering,
and ensured efficient electron detection (Q /47 ~90%).

Neutrons were detected by a large Nuclear Enterprises
NE-213 liquid scintillation detector (28X 14X 10 cm?3).
Both ends of the detector volume were viewed by Philips
XP-2041 photomultipliers. By adding the signals of both
sides a homogeneity of <3% within the whole large
volume was obtained.”> The effective solid angle for neu-
tron detection was about 6%, the intrinsic efficiency for
2.5-MeV neutrons amounted to about 40% (using a lower
energy threshold of 345-keV equivalent electron energy).?
The Nal detector was used for background studies only
(see Sec. IV A).

C. Electronics

The electronics for the different measurements are best
explained with the help of the simplified schematic dia-
gram in Fig. 4. The muon stop signal was defined by
1-2-3- 3 E;, indicating a beam particle stopping in the
target region. Because of the high intensity of muon stops
(~6 kHz) the physical start-stop sequence had to be in-
verted to prevent high deadtime losses due to a large start
rate of the time-to-amplitude converters (TAC). This in-
version was achieved naturally since a pile-up gate was
used for the muon stop signal. This module?® rejected all
muon stops, accompanied by another beam particle enter-
ing the experimental area (detected by detector 1) within 7
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FIG. 4. Simplified block diagram of the electronics. Nal
electronics was omitted for simplicity.

ps before and after. This condition reduced the accidental
neutron background substantially and also avoided pile-up
distortions of the time spectra. As this pile-up informa-
tion is available only 7 us after the original signal, the p
signal, which is the muon stop signal free from pile-up
events, appeared after a correspondingly long delay and
could be used directly as the stop signal for the various
TACs (Fig. 4).

For two sorts of events the following information was
recorded on tape by a PDP 11/34 computer (Digital
Equipment Corp.).

Neutral events:

The pulse height, produced by recoil protons in the
NE-213 detector (E).

The pulse shape information,?’ discriminating between
gammas and neutrons (PSD).

The time between a neutron signal and the delayed p
signal (T,,). The neutron time signal was obtained by a
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constant fraction discriminator and included a prompt
charged particle veto from the (2+ 3 E;) detectors
(width +70 ns). Its rate was further reduced by requiring
hardward PSD and energy cuts.

The time between a neutron signal and the electron sig-
nal in the plastic detectors (7T,.). For the electron signal
2+ 3 E;)-1 a fixed deadtime (Fig. 4) of 14 us was intro-
duced.

A register indicated which electron detector had fired.

Decay electron events:

The time between an electron signal and the p signal
(T,,).

A’: register indicated which electron detector had fired.

If the various ADC signals did not complete one of the
events defined above, a fast clear of the ADC couplers was
possible. This arrangement avoided the long CAMAC
deadtime (~ 500 us).

D. Measurements

The measurements were performed at SIN at the uE4
beam line using a 50 MeV/c u~ beam. For this low
momentum beam an excellent range width of 100 mg/cm?
FWHM (full width at half maximum) was obtained.

Beam tuning. At the uE4 area it was possible to choose
the optimal beam momentum by adjusting the momentum
defining magnet. Usually the 4~ beam is tuned to achieve
the highest muon stop rate. As the mass of the entrance
windows (300 mg/cm?) exceeds the mass of the gas target
(72 mg/cm? at 2.4% c,) such a procedure would be in-
sensitive in our case, even favoring stops in the entrance
windows. To improve our information about the muon
stopping distribution the large differences in the lifetimes
of muons stopping in the windows or in the gas of the tar-
get were used.

Therefore decay electron events were measured for vari-
ous beam momenta. The intensities of the A, decay com-
ponent (characteristic for stops in hydrogen), which were
determined from the T, time spectra of the E; detectors,
then are nearly insensitive to solid angle effects and corre-
spond directly to the number of muons stopping in the D,
gas.

Data runs. Data were taken in pure D, gas for different
densities and about 34 K temperature (Table II). In addi-
tion background studies with u* and with xenon fillings
were performed. During the data runs the decay electron
events were suppressed by a factor of 300.

IV. DATA ANALYSIS

A. Selection of fusion neutrons

In a first step neutral events were separated from the in-
tense bremsstrahlung background (due to electrons from
muon decay) by applying proper PSD and energy cuts
(345—870 keV electron energy scale). The remaining
events consisted of (i) fusion neutrons [process (2)], (ii) ac-
cidental neutrons, (iii) capture neutrons [process (1)], (iv)
capture neutrons due to muon stops in the target walls, (v)
capture neutrons due to muons transferred to gas impuri-
ties, (vi) silver capture neutrons due to ud atoms diffusing
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TABLE II. Summary of data run conditions.

Density Temperature Stops in D, per
(% of ¢o) (K) 4 signals o signals
9.53+0.19 32.0+0.5 3.08x 10 ~0.85
4.78+0.10 34.7+0.5 5.44x 10 ~0.67
2.35+0.05 34.9+0.5 2.84x 108 ~0.40

to the target walls, and (vii) photoneutrons produced by
bremsstrahlung.

Backgrounds (iv)—(vii) are well known from experi-
ments on nuclear muon capture* in hydrogen and are list-
ed here for completeness only. They are estimated to pro-
duce some ten percent corrections to the neutrons coming
from the deuterium capture process (iii). These estimates
were quantitatively checked for background (iv) (Xe fil-
ling), (vi) (detection of x rays from muonic silver with a
Nal detector), and (vii) (u* runs). The remaining open
problem was the clear discrimination between fusion (i)
and capture (iii) neutrons, which was a major difficulty,
because both rates are of comparable magnitude in our ex-
perimental conditions. An accurate subtraction of capture
neutrons was impossible, because the rate of this process is
experimentally unknown within a factor of 2 (compare
Ref. 3).

However, Fig. 2 shows that the fusion process is charac-
terized by the survival of the muon, acting as a catalyzer
only. On the contrary the muon vanishes in processes
(iii)—(vii). Figure 5 displays the strong correlation be-
tween the detected neutrons and electrons in the T, time
spectrum. By requiring a delayed coincidence between a
neutron and the decay electron from the recycled muon??
it was possible to suppress all capture events by more than
one order of magnitude, reducing background (iii)—(vii) to
a 3% correction.® Making use of this very efficient
method to get clean fusion spectra one has to keep in mind
that it leads to a considerable deformation of the original-
ly flat background (ii) of accidental neutrons.?’ This ef-
fect is caused mainly by the time dependence of the proba-
bility for a delayed coincidence between a decay electron
and an uncorrelated neutron. A careful discussion® shows
that it is possible to reduce this variation of the acciden-
tals to less than 3%, by choosing proper time windows for
the delayed coincidence interval (Fig. 5). This method for
correct accidental subtraction is illustrated in Fig. 6 for a
typical run.

B. Determination of the electron
detector efficiency

It is worthwhile mentioning that the coincidence condi-
tion described in the preceding section gives rise to an
elegant method to determine the overall efficiency of the
plastic scintillators to detect electrons coming from the ex-
tended target region. Owing to their characteristic time
dependence (see next section) the number of fusion neu-
trons in the fast time component of the T, spectra can be
clearly identified with and also without the delayed elec-
tron coincidence condition. The corresponding numbers

are N€ and N, respectively. As a first approximation (for
details see Ref. 8)

N¢=Ne, , 9)

where €, is the efficiency of the (2 + Y, E;) plastic scintil-
lators to detect the muon decay within the neutron elec-
tron coincidence interval. Thus an in situ overall electron
efficiency was obtained. As a result of this new method
the ratio of muons stopping in the target gas to the total
muon stop rate was calculated (Table II) by dividing the
measured decay electron yields in the T,, spectra by the
simultaneously measured efficiencies €,. The full advan-
tage of this new normalization method was not exploited
in this experiment, since no absolute normalization was
needed.

C. Analysis of corrected fusion events

The time spectra of fusion neutrons after muon stop,
which are obtained after the subtraction of the accidental
background, are displayed in Fig. 7 for the different gas
densities. Obviously these spectra exhibit two decay com-
ponents in contrast to the single exponential slope expect-
ed from the existing literature. Both time components are
clearly identified as due to the fusion process, because the

10
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FIG. 5. Neutron-electron correlation (spectrum T,.). Strong
correlation between fusion neutrons and electrons from muon
decay is shown by the slow decay component on top of flat back-
ground of uncorrelated events. Additional prompt correlation
(spike at time zero) is mainly due to photoneutrons [background
(vii)]. During the data runs it was suppressed by a charged par-
ticle veto (described in Sec. III C).
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FIG. 6. Raw spectrum of fusion neutrons after muon stop (to
reduce the counting rate events in the first 300 ns after muon
stop were not recorded on tape). Time dependence of the distri-
bution of accidentals, induced by the coincidence condition on
the T, spectra (6.8 us), was calculated (Ref. 8). Hatched re-
gion prior to the muon stop was used to normalize this calculat-
ed curve to the measured spectrum.
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FIG. 7. Time spectra of fusion neutrons after muon stop (bin
width 0.144 us). The solid curves result from a fit in the time
range 0.6<t<5 us. Gas density is normalized to liquid-
hydrogen density.
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characteristic shape of the pulse height spectrum for
fusion neutrons in the NE-213 scintillator (Fig. 8) does not
change in the analyzed time interval (0.6 <7, <5 us).
Thus we conclude that in our experimental conditions the
ud atoms exist in both hf states with strongly differing
molecular fomation rates. Due to the hyperfine transition
with the rate cA4? the upper F =+ state disappears much
faster than the lower F = state. The fast component in
the observed spectra of fusion neutrons (Fig. 7) is natural-
ly explained by the decay of this F = 3 state, the high neu-
tron intensity indicating a large rate A%z for the molecular
formation from this atomic hf state. The slow component
with a decay constant equal to A then is due to the much
lower dud formation rate AJ;* for the F =+ state of the
pd atom.

Following this new idea of distinct hyperfine formation
rates A%, of the dud molecule (according to Fig. 2) a sys-
tem of differential equations is derived for the population
of the hf states of the ud atom (n;,, and n3,,) and the
population of the dud molecule (ngy). (The notations are
explained in Fig. 2. s is the integral sticking probability
per fusion process.’® s equals +sy., because due to the
high stripping probability the sticking of muons to tritium
can be neglected.) Thus

“‘1%=—(7~o+67\%2)"1/2 +eMns 4+ A (1—5)ngg ,
51 (poteriredPms s+ Phg(1—s)
dt 0 d dd M3/2 T 3Af Singq
(10)
dZ:d =chdi'myp+eiiing p—(Ro+Ap)ngg -
The observed yield of fusion neutrons dN /dt is given by
‘”zt‘” = Ahng (D), (11)

where A is an absolute factor (proportional to the muon

it
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500. |
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- I
k
0. xxa
1 1 1
0.0 0.5 1.0

PULSE HEIGHT [MeV]

FIG. 8. Experimental proton recoil spectrum due to fusion
neutrons (0.6 < T, <5 us). Pulse height axis is calibrated in
equivalent electron energy.
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stops in deuterium and the overall neutron detection effi-
ciency). Using A >>ck§d,ckfd,ko expression (11) is essen-
tially simplified

dN (1)
dt

In this approximation our qualitative interpretation of the
observed time dependent of fusion neutrons becomes evi-
dent: The yield of fusion neutrons is a superposition of
two components, which clearly show the time evolution of
the ud hf population (compare Fig. 9).

To test our explanation the numerical solution of Eq.
(10) was used to fit the time spectra of all runs in the
range 0.6 <t <5 us. From this fit it was possible to ex-
tract the parameters A4 and A2 /AL without depending
on an absolute normalization [numencal calculations as
well as analytical approximations of Eq. (10) show, that
dN (t)/dt is nearly msensmve to the absolute value of A,
if ABd >>AY% and Ay >>cAy4?]. The results of this analysis
are summarized in Table III, the calculated curves are
displayed in Fig. 7 All densities are consistently fit by
one set of values A4? and AR

For the determmatlon of the final results only data of
the 4.8% run were used, which has the smallest fit errors
(Table III) and also the least sensitivity to systematic ef-
fects (Table IV). It should be noted in Table IV, that the
consideration of a finite slowing down time ¢, of the ud
atoms (to an energy where hf transitions become irreversi-
ble) not only increases the overall errors, but leads to a sys-
tematic shift of the 7»3/ 2 /AL ratio. t, cannot be extracted
from the measurements at different densities because the
correction depends on the density independent ratio of the
elastic to the inelastic (hf transition) cross sections. There-
fore, ¢, was estimated to be 25+25 ns at 5% density by
direct calculation® and by comparison with the Monte
Carlo results of Matone®! for hydrogen.

=%A(ck,1,,§2n,/2+ck%2n3/2) . (12)

EVENTS

10k -
F=3/2
n 1 n 1 n 1 n 1
0.0 1.0 2.0 3.0 4.0
TIME (ILJs)

FIG. 9. Time spectrum of fusion neutron after muon stop
(density 4.8% of co, bin width 0.144 us). According to approxi-
mation (12) the calculated time distribution (solid curve, parame-
ters from Table III) is a superposition of two components, corre-
sponding to the F = % and F = % ud state, respectively.
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V. RESULTS AND DISCUSSION

The final results for the ratio of the molecular forma-
tion rates and the value for the hyperfine transition rate
were determined from the measurement at 4.8% liquid
hydrogen density and 34.7 K:

AP/ =179.548.0,

ABd—=(37.0*1}3)x 10 (13)
(in units of s~! and normalized to liquid-hydrogen density
4.2x 102 cm™?), and

A= (42.6%13)x 108

(in units of s~! and normalized to liquid-deuterium densi-
ty 4.84x 10*2 cm—3)* (errors correspond to one standard
deviation).

A. Hyperfine transition

Our expenment yields the first accurate experimental
result for A4%. It was obtained by a new technique which
was not considered before and is independent of the ambi-
guities of some of the earlier experiments. (For a sum-
mary of all published experlmental values of A4? see Table

1) Our experimental value for A% allows a clear decision
between theoretical results, as it only agrees with Refs. 18
and 19. Our work obviously disagrees with expenment 15
which reports an upper limit of 15X 10° s~! for A% with
90% confidence level. Correctmg for the higher tempera-
ture of the latter experiment’® does not solve this
discrepancy. Whether this disagreement results from
unexpected effects showing up at thermal energies equal to
the hf splitting energy or is due to systematic problems as-
sociated with the indirect and less sensitive method of the
Dubna experiment, should be further investigated. Con-
cerning the remaining experimental information it is re-
markable that our value is in accordance with the limits
given in all other experiments if our recent analysis of
liquid target experiments is used (these corrected results
are given in the third column of Table I). Moreover, com-
bining these latter expenments in H-D mixtures with our
new result for A4% even a value for }J‘d [Eq. (4)] can be
determined.’* Thus the long missing expenmental infor-
mation about the hf population of ud atoms (at least at
low temperatures) is provided not only for pure D,, but
also for H-D mixtures. In addition we want to emphasize
that the precision of the measured hf transition rate
exceeds all previous experimental data on low-energy
scattering (elastic and inelastic) of ud atoms by one order
of magnitude (Table I and Ref. 10). (The close connection
between elastic and inelastic processes is most evident in
the scattering length approximation, which is valid at en-
ergies of some meV."¥) The measurements were per-
formed at thermal equilibrium of the ud atoms with ener-
gies negligible to the hf splitting. Therefore, it is now pos-
sible for the first time, to test experimentally the formal-
ism of muonic three-body scattering calculations with
about 5% accuracy. For such a quantitative comparlson
at the moment a detailed theoretical calculation of )»
missing that also would include the structure of the
scattering D, molecule.
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TABLE III. Results from the fit of neutron time spectra with fixed Aj5*=0.04x 10° s~! (three fit
parameters: A4%, A3f2/AY? and normalization factor, 18 degrees of freedom). No systematic errors

were included.

Density Ald Events in
(% of cp) x? (106 s~ A /AR fit range
~9.5 12.3 36.3+1.3 91+10 13957
~4.8 15.6 37.0+0.74 84.5+ 3.3 22043
~2.4 18.8 37.142.6 98.7+% 8176

B. Muon capture in deuterium

The new results for the hyperfine transition rates A4¢
and }\gd (Ref. 34) strongly differ from the assumptions
used in the analyses of the two existing experiments* of re-
action (1), which were performed in H-D mixtures. A pre-
liminary reanalysis® of these experiments indicates consid-
erable changes in the extracted capture rate of the F =+
pd atom, which lead to a striking discrepancy between the
experimental results. Moreover, our detailed understand-
ing of mesomolecular processes in pure deuterium suggests
more direct approach to ud capture: Experiments in pure
deuterium targets are under way at the moment.*”

C. Molecular dud formation

As regards the molecular formation process the pro-
nounced spin dependence discovered in our experiment is
a new effect not considered in earlier theoretical work nor
observed in previous experiments. We proposed’ an ex-
planation on the basis of the resonance mechanism dis-
cussed in Sec. II B additionally assuming molecular for-
mation from both hyperfine states of the ud atom. The
formation of the dud molecule in a definite energy state is
then characterized by two resonance energies €y(F) corre-
sponding to each of the hyperfine states of the atom. The

hyperfine splitting Ey; determines the difference between
the resonance energies.

€(F=7)—€y(F=3)=Ey . (14)

Thus a resonance close to 34 K (about 4.5 meV) for the
F =% hf state discovered in our experiment corresponds
to a resonance energy around 53 meV for the F =5 state.
Therefore, the resonant process found in Ref. 5 at ~400
K can be interpreted as mainly due to molecular forma-
tion from the atomic F =+ state. This interpretation also
agrees with the population of the hyperfine states deter-
mined in our experiment.

In our analysis charge symmetry has been assumed be-
tween the two channels of the dd fusion reaction [Eq. (8)].
However, calculations®* estimate a charge symmetry viola-
tion of about 20% in the p wave of this reaction. Because
the J=1 rotational dud states are populated differently in
the resonant and the nonresonant dud formation process,
this leads to a peculiar effect: The branching ratio be-
tween the dd fusion channels may be different after dud
formation from the F=+ and F =7 state, respectively.
At a temperature of 34 K, for instance, the formation
from the F =3 state is resonant, whereas the formation
from the F = is nonresonant. Because of the uncertain-
ties in the partial amplitudes of the dd fusion process,?*

TABLE IV. Systematic and statistical errors for the run at 4.8% liquid density. The very conserva-
tive estimates of the uncertainties associated with the parameters sy, A% and As demonstrate their

small influence on the final results.

Contribution to Contribution to

Source of error Uncertainty error of A%¢ error of AJ2/AE?

Target density +2% of ¢ +1.8%

Zero-point shift +16 ns <0.5% +3%

in time spectrum

Time calibration +1% +1% +1.5%

Spe=0.14 (Ref. 30) +50% +1% +2%

A2=0.04x108 s~! +75% +0.9% +3.7%
—25% —2.8%

Ar>10% s7' (Ref. 24) <1.8%

Accidentals +3% +1.4% +3%

pd capture neutrons < 150 events <3%
in fit range

t, =25 ns +100% <1% +6%

Error from +2% +3.8%

X? analysis

(3 o) +3.6% +10%

—4.5%
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this effect was neglected in our final results. An estimate
of its influence yields AJ}?/AL*~72 instead of 79.5 (this
estrmate uses the calculations for nonresonant dud forma-
tion® and the probability for neutron emission after fusion
in the dud J=1 state®®).

The discovery of hf resonances in dud molecular for-
mation makes evident that a clear distinction between both

hf rates AJ;* and AL{? is necessary. The ratio of A LG
(measured at 34 K in our experiment) can be used to
correct the bubble chamber experiment!? (about 31 K tem-
perature), which was interpreted disregarding hf effects.
Surprisingly, about 40% of the total fusion yield observed
in the bubble chamber results from molecular dud forma-
tion from the F =5 state during the first 100 ns. There-
fore, the corrected value for A} lies between 4.5 and
6.3 10* s~! (depending on the assumptions concerning
the branching ratios for the dd fusion channels mentioned
above). The theoretical value® for nonresonant dud for-
mation at liquid-deuterium temperature is 4 10* s~!. [In
the analysrs of our data, which is not ver 3y sensitive to the
value of A%, we have used AJ*=(47})x10* s~! and,
thus, have con51dered all expected values for AL

In addition a new, detailed spectroscopy of the dud
mesomolecule is developing from this experiment. As the
strong hf resonances correspond to transitions between de-
finite hf states, the molecular formation process is sensi-
tive to the hf splitting of the initial ud atom, as well as to
the splitting of the final molecular dud state (J=1,v=1).
Therefore, the measurement of the resonance dependence
of A, will ultimately lead to an accurate determination of
the €, level and beyond that can also reveal the hf struc-
ture of this state. A first comparison with theory became
possible soon after our experiments, when Bakalov et al.
published the hf structure of the dud molecule in 1980.%¢
Using the calculated level scheme of the J =1,v=1 meso-
molecular state (and disregarding additional, small sub-
splitting) two final dud hf levels can be identified, charac-
terized by the total spin S =+ and S =7, respectively.
For each of the ud atom hf states (spin F) two transitions
for resonant molecular formation are possible (compare
Fig. 10). With the help of the populations W*(F) of the hf
sublevels of the mesic molecule (calculated in Ref. 36), one
ends up with a formula for the resonant part of A,

=3 WSFAyle)(F), S=+,3 . (15)

Thus each hf component A%; is a superposition of two
contributions of the resonance form given in Ref. 6, corre-
pondmg to two different resonance energies €)(F), where
S=3,3

To realize the implications of this refined picture for
the accurate determination of the €;; energy level, one has
to keep in mind that only the resonance energies €)(F) are
directly observable from the temperature dependence of
the formation rate. The final state of the [(dud)dee] mol-
ecule and thus the value of €;; [compare Fig. 1 and Eq.
(7)] is fixed by the observed absolute value of the forma-
tion rate, because the expected rate depends strongly on
the final vibrational level v.° Regarding the analysis of
Refs. 5 and 6 our new interpretation including hf effects
[Eq. (15)] leads to a considerable decrease of the expected
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absolute rate A%? at 53 meV. (According to our analysis
only transition 3 but not transition 4 in Fig. 10 is resonant
at that temperature.) A transition to a lower vibrational
level (v=7 instead of v=8) in the molecular formation
process would compensate for this decrease. Such a
change in the level scheme of resonant dud formation
(Fig. 1) would also imply a large shift of the experimental-
ly determined value of €;; by one vibrational quantum,
that is ~250 meV.

In order to draw definite conclusions, the temperature
dependence of the resonant formation rates A%, in the
low-temperature region is providing a very prom1s1ng
tool.’” First of all, the absolute temperature spread in the
Maxwell distribution is small, which results in a higher
sensitivity of the resonance process to small temperature
variations. In addition, complications due to higher rota-
tional states of the D, molecule (compare Sec. II B) are re-
duced.

D. Muon induced dt fusion

Finally we want to comment on the significance of our
results for muon catalyzed dt fusion.?33% Because a simi-
lar formation mechanism is proposed for both systems
analogous hf effects can also be expected in the dut for-
mation process. In this case the resonance energies for
dut formation for the two ut hf states are separated by
about 50 meV, corresponding to 387 K (hf structure of
dut from Ref. 36). The resulting difference in the reso-
nance behavior of the hf components of the dut formation
rate may strongly influence the overall fusion yield in the
D-T system (for details see Ref. 38). Concerning the ex-
perimental investigations of D-T mixtures it is clear that
the determination of the set of parameters describing the
kinetics of the dut system gets even tougher if hf effects
have to be included. Additional parameters, like the hf

¥ F=3/>
16.3meV
i 1 - - — — —
I F=5,+3,
-32.6meV
l F=1/2
2
€11
! 4
3
J B:mev A N 513/_2, .
L) -
-16meV S-S'U+5d +Sd‘
i

S=1/2

FIG. 10. Hyperfine structure of the ud atom and the dud
J=1,v=1 state (from Ref. 36). Additional splitting is less than
0.5 meV. Transitions, responsible for hf effects in resonant dud
formation, are indicated by arrows.
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components of the molecular formation rates and the hy-
perfine transition rates for scattering on deuterium and
tritium, then become important. It also should be men-
tioned that the analysis of the first experiment in a D-T
mixture®® was performed disregarding hf effects.

V1. SUMMARY

Owing to improvements in experimental techniques—
mainly the high quality of the SIN muon beam and the
careful use of a delayed coincidence condition—the first
detection of neutrons from muon catalyzed fusion in gase-
ous deuterium at low temperatures was possible. It
showed the first clear-cut experimental evidence for hy-
perfine effects in pure deuterium. With the help of the
strong hyperfine dependence of the formation rate of the
dud molecule discovered in this work, the transition be-
tween the two hyperfine states of the ud atom was directly
manifested for the first time. This method provided the
long missing accurate experimental value for the hyperfine
transition rate, which determines the ud hyperfine popula-
tion in pure deuterium.

Concerning experiments on the elementary muon-
capture process in deuterium, the detailed knowledge
about mesoatomic and mesomolecular processes (ud hy-
perfine transition and dud molecular formation) obtained
in our experiment provides valuable information. For the
first time, a clear interpretation of future experiments in
pure deuterium is possible.** This achievement is especial-
ly important, because our precise measurement of A4 (in
connection with our earlier experiment'® on fusion gamma
rays in a H-D liquid target) allows a reexamination of the
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assumptions about the pd hf populations used in the exist-
ing ud capture experiments,* which were performed in H-
D mixtures. According to our reanalysis,** striking
discrepancies among these old ud capture experiments
now exist.

Regarding our discovery of hyperfine resonances in the
dud molecular formation, we are now on the way towards
a full quantitative understanding of this process. Our
analysis shows that the pronounced hyperfine effects ob-
served in this experiment can consistently be described
within the theoretical framework of the resonant forma-
tion mechanism.®>?' This agreement strongly supports the
whole concept of resonant mesomolecular formation.
Moreover, our experiment indicates that a refined spec-
troscopy of muonic molecules capable of determining the
energy and even the hyperfine structure of a dud bound
state within 1 meV or better, is becoming feasible. Finally
we want to emphasize the importance of the detailed con-
sideration of hyperfine effects for cold muon catalyzed dt
fusion.
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