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The temperature dependence of the rate at which ddu molecules form from two hyperfine-
structure states of the du atom has been measured in experiments with dense deuterium (¢=1).
The rate of transitions between these states has also been measured. The results are compared
with the results of measurements by the Vienna-Villengen group, carried out at low deuterium
densities (¢ = 0.02 and 0.04). The comparison suggests that a density effect may be operating in
the production of ddu molecules from the state of the du atom with a spin F = 3/2. This
interpretation agrees with the predictions of the theory of resonant production of muonic
molecules which incorporates, along with the Wessmann mechanism, collisional broadening of

the resonance.

1.BACKGROUND OF THE STUDY

Experiments on muon catalysis of the fusion of deuter-
ium nuclei,

_t+ptw (1a)

“- > dp ddp SHe+n 4 p~’ (1b)

have been a foundation for the physics of the resonance pro-
duction of muonic molecules. In the course of research on
this process, the resonance production of u molecules was
detected experimentally.! This production process has since
been explained>* and has more recently been confirmed di-
rectly by measurements of the temperature dependence of
therate (A dd) of process (1) (Ref.4). Yet another manifes-
tation of the resonant nature of the process by which ddu
molecules form is the sharp difference in the rates at which
ddu molecules are produced from the upper and lower hy-
perfine states of the du atom. This difference was first ob-
served in an experiment® by the Vienna-Villengen group (a
collaboration of the Austrian Academy of Sciences and the
P. Scherer Institute, respectively).

Process (1) continues to be the subject of active re-
search. At an international conference on the problem of
muon-catalyzed fusion held in Vienna in 1990, for example,
three experimental papers reported measurements of the
temperature dependence A,,, (T). These papers were by a
group from the Leningrad Institute of Nuclear Physics, A-
cademy of Sciences of the USSR,® a group from the Joint
Institute for Nuclear Research,”® and the Vienna-Villengen
group.® This situation can be explained by the following cir-
cumstances.

1. After the first striking successes in research on the
muon catalysis of thed + ¢ fusion reaction, it became appar-
ent that there were major difficulties in interpreting the ex-
perimental data. The situation is aggravated by the complex-
ity of the kinetics of u-atomic and u-molecular effects in a
mixture of D, and T,. The process (1) is far more attractive
from this standpoint, because here the basic ideas of the the-
ory can be tested in a fairly simple and convincing way.
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2. The theory of muon-catalyzed fusion by reaction (1)
has recently made significant advances. This progress in-
cludes calculations of the matrix elements for the rate of
process (1) (Refs. 10-13) and an accurate (0.1-meV!) cal-
culation of the energies of the resonant transitions. In the
latter case, it is of fundamental importance to carry out pre-
cise calculations of the Coulomb energy of the weakly bound
level with J = v = 1 in the ddu molecule and also to accu-
rately incorporate relativistic corrections to this energy.
Among these corrections, it turns out that the contribution
from the vacuum polarization dominates.'*'¢ It follows
from the theory that measurements of the temperature de-
pendence of the rate of production of ddu molecules sepa-
rately for each hyperfine state of the du atom, with spins
F=3/2and F=1/2 (4,,, and 4,,,), would make it possi-
ble to carry out a comprehensive test of the theory, including
a precise determination of the energy &,, of the weakly
bound level with J=v=1 in a system of ddu mole-
cules.'4-1®

3. Finally, we should mention the possibility of study-
ing the so-called collisional broadening of the resonance'” in
the production of ddu molecules. This effect, which domi-
nates in the production of dfu molecules, should be seen
(according to the theoretical predictions) in the process (1)
only in measurements of the quantity A4 ,,,and thenonly ata
high deuterium density, § ~ 1 (Refs. 11-13). (As usual, the
density is expressed in relative units: ¢ =n/n,, where
no = 4.25-10? nuclei/cm’ is the density of liquid hydro-
gen.) It follows that a correct evaluation of the contribution
from collisional broadening of the resonance requires a com-
parison of measurements of the temperature dependence
A5, (T) at low and high deuterium densities.

Figure 1 shows the conditions of the previous experi-
ments®®'82% on the process (1). In characterizing these
measurements, we should point out two circumstances.

1) The measurements made by the other groups were
carried out with deuterium of low density, ¢<0.1.

2) Only in the experiments of Refs. 9 and 18 was the
Aaqu (T) dependence found separately for each hyperfine
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FIG. 1. Parameter values of the experiments of Refs. 6-9 and 18-20 and of
the present measurements. The deuterium density is expressed in units of
& = n/n,, where n, = 4.25- 10?2 nuclei/cm® is the density of liquid hydro-
gen. @—The present study and previous measurements by our group;”**
O—experiments of Refs. 9 and 18; /\—experiments of Refs. 6 and 19.

state of the du atom. In our studies”*° and in experiments by
the group from the Leningrad Institute of Nuclear Phys-
ics,*!” what was determined was the rate at which ddu mole-
cules are produced, averaged over the spin states (the
steady-state rate), as a function of the temperature. (Esti-
mates of A,,, were found in Ref. 8.)

Our goal in the present study was to measure the tem-
perature dependence 4,,, (T) and 4,,, (T) at high deuter-
ium density, ¢ ~1. We were particularly interested in the
temperature interval 7= 80-120 K, in which we would ex-
pect the density effect to be most obvious, because of the
collisional broadening of the resonance. The experimental
method involves detecting neutrons from the muon catalysis
of reaction (1b) with the help of a gaseous deuterium target.
This method was originally proposed in Ref. 4 to study
muon catalysis. Since then, it has been adopted widely in
various laboratories.

2.KINETICS OF MUON CATALYSIS IN DEUTERIUM

Figure 2 is a schematic diagram of the primary y-atom-
ic and p-molecular processes in deuterium. The du atoms
are produced in two hyperfine states, with spins F = 3/2 and
F = 1/2, with respective probabilities of 2/3 and 1/3. These
atoms then undergo thermalization. According to calcula-
tions of the cross section for the scattering of du atoms in
deuterium,?' the time scale for the slowing from an initial
energy E, =1/2 eV to E=0.003 eV is 1/¢ ns. Spin-ex-
change transitions of the type (F = 3/2)—(F = 1/2) can oc-
cur in collisions of du atoms with deuterons. At tempera-
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FIG. 2. Schematic diagram of muon catalysis in pure deuterium.
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tures 7<120 K, these transitions are irreversible, since the
energy of the hyperfine splitting is AE,; = 0.048 eV.

The production of muonic molecules ddu occurs from
these spin states of the du atom at rates A5, and 4, , , respec-
tively. The rate of the usual nonresonant mechanism, with a
transfer of binding energy from the ddu molecule to a con-
version electron, is small, only 0.04-0.05 us ~'at =20 K.
This rate increases with the energy, reaching ~0.5 us~'at
E =1¢eV (Ref. 22).

The existence of a weakly bound level (J=v=1) in
the ddu molecule, with an energy €, ; ~2 eV, givesrise to a
resonance mechanism®'® for the production of ddu mole-
cules. This happens when the binding energy of the mole-
cule, along with the kinetic energy of the du atom, is expend-
ed in exciting rotational-vibrational levels of the molecular
complex [(ddu),d,2e]*

oK/

edu+81,l=AEv 7Kg (2)

where v, = 7 and K are the vibrational and rotational quan-
tum numbers of the complex, and ¢,, is the energy of the
relative motion of the du atom and the D, molecule. Since
the excitation energy AEvﬁ K, takes on discrete values, this
process can occur only at certain resonant energies &g, . For
thermalized du atoms, the rate of this process is

A= ‘fz W,(i | Myi|* 276 (eau—eas”) f(Eay T) dEay, (3)

it

where W, _is the distribution with respect to the vibrational
states K; of the D, molecules, and fis a Maxwellian distribu-
tion. The calculated energies of K; — K, transitions are given
in Ref. 15, where the hyperfine splitting of the du levels
(F=13/2,1/2) and the ddu levels (with spins S = 3/2,1/2)
is taken into account. It turns out that at low temperatures
the (F=3/2)-(S = 1/2) transitions K;, =0-K, =1 and
K; = 1- K, =2, with the resonant energies

€0-1=4,9 meV, €,.,=6,2 meV, 4)

dominate.

The incorporation of the width of the resonance &g,
resulted in a further development of the theory for the reso-
nance production of muonic molecules.'"'>!” In contrast
with the Wessmann model, with fixed values of £, [see ex-
pressions (2) and (3) ], we should consider the width of the
resonance, ® =P, — ®_,,. Here &, =0.001 meV is the
“vacuum” part, determined by the quantity A s~Ar+ A,
where 4, = 0.43-10° s ~! is the rate of the d + d reaction
from the J = v = 1 state, and A, ~0.03- 10° s ' is the rate of
the deexcitation (J,v=1,1)->(J,v=1, 0) (Refs. 23 and
24). The collisional width increases with the tempera-

ture:'>13

Do =0,82 T 1n? (250/T) meV. (5)

According to Refs. 12 and 13, at small values of ¢, with
D, |€7,, the Wessmann model, (3). At ¢=~1and T'= 70—
90 K, the collisional width becomes equal to the resonance
energy in (4). In this case, the §-function in (3) should be
replaced by a Breit-Wigner expression. Specific calculations
were carried out in Refs. 11 and 13, where it was shown that
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the magnitude of the density effect in the rate A,,, could
reach 15-20%.

Competing with the nuclear reaction and the deexcita-
tion of the complex is the inverse decay of the complex into
due and D, (Refs. 25 and 10), at a rate
'=T,, + T, ~1.5-10°. Consequently, the rate at which
ddyu molecules are produced, A, = A FZ /(I + A ) (deter-
mined from the fusion products), is smaller by a factor of
several units than the rate at which the complex is produced.
An important point is that changes may occur in the popula-
tions of the hyperfine levels of the du atom in the inverse
decay.'®?¢ Such changes would lead to an effective increase
(of about 30%) in 4 ,, the rate of the (F = 3/2)-(F=1/2)
transition.

The schematic diagram for the processes in Fig. 2 corre-
sponds to a system of equations for the functions N, , (¢),
N,,, (t) and N, () (Refs. 5, 10, 18, and 27). If the lifetime of
the complex is ignored (¢> 1/4 ), these equations become

dNy/dt=—(AeF+AatAn) Ny +?/s (1—0) Ay Ny,
+[%/s(1—©) Ay +Ad ] Ny,

dNy/dt=—(AeHAd +Ay) Nyy+/s(1— @) Ay Ny, (6)
+[/s(1—0) Ay +Aa] Ny,

dN . [dt=(AyBuN s +AnBuNy) D,

where A, = 0.455 us ~ ! is the muon decay rate, o = Bw,, B
is the partial probability for reaction (1b), o, = 0.12 is the
sticking coefficient for the attachment of the muon to helium
in reaction (1a) (Ref. 19), N, ,, and N, ,, are the numbers of
dp atoms in the upper and lower hyperfine states, and N, is
the number of neutrons from all catalysis cycles caused by
one muon. Analysis of Egs. (6) leads to the conclusion that
the temporal distribution (d]T’,, /dt) is the sum of two expo-
nential functions, a “fast” one and a “slow’’ one:

dN./dt=F(t)=Aexp( — As) + A4, exp( — 4,2). (7

The approximate analytic solutions of system (6) (the error
of the approximation is a few percent), i.e., the quantities 4,
Az A, and A, were derived as functions of the unknown
parameters 43,4, 4,,,, and 4, in Ref. 10.

Experimentally, it is customary to analyze the temporal
distribution N, of the first neutrons which are detected. In
this case, the efficiency £, with which these neutrons are
detected must be taken into consideration.?® In Refs. 28 and
29 we studied the kinetics of muon-catalyzed fusion by ig-
noring spin effects (there was one exponential in the tempo-
ral distribution). It turned out that in this case the solution
for the first neutrons detected is the same as the solution for
all neutrons (&, =0), when the following substitution is
made in the latter:

(1)=B(l)a"’ﬂ((|)4+8n—0)a8,.). (8)

The kinetics of process (1) with spin effects and a finite
detection efficiency was studied in Ref. 27. Exact solutions
of system (6) were derived there for all neutrons, J_V,,. The
substitution in (8) was used to make the transition to solu-
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tions for the first neutrons. Here are the approximate analyt-
ic solutions:

A 2ht (AatAd + k2 shy) B,
/{s z10+(md+5n_mden)x'bﬂ¢v (9)
Ay =2 (Kv;—k-s)An/M'l,,  Aw=Ad s =khp®.

The quantity A g is the rate of production of ddu molecules,
averaged over the spin states, for > A P ! (this rate was mea-
sured in our previous studies”*° and in some studies®'° by a
group from the Leningrad Institute of Nuclear Physics).
The values of the coefficient k& depend on the experimental
conditions (on 7 and ) and may differ from unity by 5-
15%.

3.EXPERIMENTAL PROCEDURE; THE MEASUREMENTS

Figure 3 is a schematic diagram of the experimental
apparatus. The basic parts are a cryogenic high-pressure
(0.6-kbar) deuterium target*® and a total-absorption scin-
tillation neutron spectrometer.’’ The target is made of a spe-
cial steel (80% Ni + 16% Cr + 2% Al). Its inside diameter
is 64 mm, and its inside height is 87 mm. The thickness of its
side walls is 6 mm. Impurities with Z> 1 are removed by
passing the deuterium through a palladium filter at 500 °C.
This purification procedure results in a purity ~10~7 by
volume. The protium content in the target was less than
0.5%. The target was placed in a cryostat (not shown in Fig.
3), which made it possible to vary the target temperature
over the range 7= 20-300 K and to hold a given tempera-
ture constant within + 1 K.

The neutron spectrometer consisted of two identical de-
tectors (VD), positioned symmetrically with respect to the
target. The dimensions of the cell for the scintillator (NVE-
213) were a diameter of 31 cm and a height of 16.5 cm (each
cell had a volume ¥V = 12 liters). Neutrons and y rays (or
electrons) were separated on the basis of the shape of the
scintillation pulse.>” Using a material equivalent to Teflon
as a reflecting cover on the cell (on the one hand) and put-
ting the photomultiplier in direct optical contact with the
scintillator (on the other) made it possible to achieve good
spectrometric properties for the ND detectors.*® The overall

Q

("8

-

o
o)
3

) A4 4 A% 4!

NE2I

6" A" A4 a"AA)

XXIXZZ

DDLU 01670 97070 WO WU AL A AV, O, 0,9, 0 .4

% Csl 4«'\\\“\ M

V.9.9.9.0.00°0 0 6 a"a"A%

- NO

NEZ2IS

XXX R XX LR

FIG. 3. Simplified diagram of the experimental apparatus. 1-5—Scintilla-
tion detectors; T—target; ND—neutron detectors.
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efficiency of the detection by the two ND detectors for reac-
tion (1) was about 30% (that in the experiments of Refs. 9
and 18 was only 2-3%).

Detectors 1—4 were used to detect the beam muons. De-
tector 5, which was a cylindrical scintillator (with a wall
thickness of 7 mm) surrounding the target, was used to de-
tect both muons and electrons from the decay of muons. For
this purpose, the signal from this detector was branched into
two channels. Special measures were taken to maintain good
spectrometric properties for this detector. It thus became
possible to reliably discriminate neutrons from reaction
(1b) (with an energy release less than 0.7 MeV) by intro-
ducing a pulse-height threshold in the electron detection
channel. At the same time, a high electron detection effi-
ciency was retained (an energy evolution of at least 1.5
MeV).

An electronic trigger acted in such a way that “neu-
tron” events were selected for subsequent analysis on a com-
puter. The conditions which qualified events as neutron
events were the presence of signals representing the detec-
tion of a neutron by one of the ND detectors (signal 5, ND)
and the detection of that electron by detector 5 in a temporal
gate 10 us wide coming after the signal (1-4, 5) representing
the stopping of a muon in the target** (delayed n-e coinci-
dences). A further condition was that there be no second
signal for either the muon or the electron during the tempo-
ral gate. The temporal distributions of the electrons (the
signals from detector 5) were recorded independently and
were used to normalize the neutron events.

The lifetime of the fast component in the temporal dis-
tribution of the neutrons, (7),i.e., 7= 1/1,=~1/(4,9), was
only 20-30 ns at ¢~ 1. It was necessary to measure short
times accurately with the neutron detectors and to reliably
determine the zero for the time scale. Necessary changes
(with respect to our previous studies”*?° ) were accordingly
made in the experiments. In order to reduce the ‘“‘short-
lived”” neutron background (with 7 = 200 ns) from nuclear
muon capture in the material of the target walls (an event
was detected only in the case of a random signal from detec-
tor 5), and also to reduce the number of false triggers signall-
ing an electron, we used a coincidence signal (5, ND). The
events themselves were recorded only under the condition
t, >0.5 us, where ¢, is the electron detection time. A thor-
ough study was made of the temporal parameters of the neu-
tron detection system: the time resolution, the stability of the
time zero, the calibration accuracy, and so forth.>® For an
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independent determination of the time zero, we measured
the temporal distribution of the mesoroentgen ¥ rays
throughout the experiment. These ¥ rays resulted from the
stopping of muons in the target walls. The results of these
measurements are evidence that the position of the time zero
is stable to within 0.2 ns.

A total of eight main exposures with deuterium were
carried out. The target temperature was varied from 7" = 22
K (liquid deuterium) to "= 205 K. The conditions during
the experiments deuterium are listed in Table I. We also
carried out exposures with helium, to determine the neutron
background, and with an evacuated target, to determine the
electron background. The number of electrons detected in
each exposure was several million, while the number of neu-
trons from the process of interest was in the tens of thou-
sands.

4. ANALYSIS OF EVENTS; RESULTS OF THE
MEASUREMENTS

The analysis of the events which were recorded consist-
ed of distinguishing neutrons from y rays and electrons and
constructing and analyzing pulse-height (energy) distribu-
tions and temporal distributions, separately for each particle
species. We selected only those events for which the condi-
tion ¢z, — t, = 0.5—4.5 us held, where ¢, is the time at which
the neutrons were detected.

Figure 4 shows representative temporal distributions of
the neutrons for the two “extreme” temperatures, 7' = 22
and 205 K. We see that these distributions are a superposi-
tion of two exponential distributions, with very different ar-
guments. The following results demonstrate that both com-
ponents—the fast component and the slow one—are caused
by events from reaction (1b).

1) The results of the measurements of the background
carried out with a helium-filled target support this interpre-
tation. The primary sources of the background are the ran-
dom load on ND and the neutrons from nuclear muon cap-
ture in the target walls. The detection condition—the signal
from detector 5 (in actuality, a 5, ND coincidence)—was
satisfied in the first case by an electron from the decay of a
muon which stopped in the target, while it was satisfied in
the second case by a random load on detector 5. The use of
ND, with a large geometric detection efficiency, and detector
5, with a low background load, kept the relative contribution
of the background small, at most 5% (the worst case was
that of the slow component at low temperatures).

FIG. 4. Representative temporal distributions
of the first neutrons detected. a—Exposure at
T = 22 K; b—205 K. The points are experimen-
tal data; the lines show a fit of distribution (10)
to the experimental points.
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FIG. 5. Pulse-height distribution of the neutrons (or of the recoil pro-
tons) measured in one exposure with deuterium. The solid line is the
result®® of calculations by a program for finding the neutron detection
efficiency.

2) The second piece of support comes from the nature
of the pulse-height distribution of the neutrons. Specifically,
the spectrum has the same shape for the events belonging to
each component of the temporal distribution, and it has the
same shape as would be expected on the basis of the calcula-
tions. Figure 5 shows a pulse-height distribution of the neu-
trons (recoil protons) measured by one of the ND’s in an
exposure with deuterium. The solid line here shows results
calculated®® by a program for finding the detection effi-
ciency €, by the Monte Carlo method. This program incor-
porated the interaction of neutrons with deuterium in the
target, with the material of the target walls, and with the
matter near the target. The loss in efficiency due to the pulse-
height threshold was determined by means of an energy cali-
bration of the analyzer scale with the help of standard ¥
sources and also through direct comparison of the measured
distribution (for short times, at which there is essentially no
background) with the calculated distribution. The thresh-
old E **" was set at a value which ensured reliable discrimina-
tion of the ¥ rays. The value of ¢, depends on the deuterium
density in the target, because of the effect of n-d interactions.
For the particular detection threshold selected, E " = 140
keV (the equivalent electron energy), the efficiency turned
out to be £, =14.2+0.06% (at a deuterium density
¢ = (.885) for each of the two ND's.

The parameters of the process of interest were deter-
mined from an analysis of the temporal distributions of the
neutrons. The distribution

aN,/dt=CF(t)+B(t), (10)

“convolved” with the time-resolution function of the detec-
tor, was fitted to these experimental distributions.?® Here
F(t) is expression (7) for the temporal distribution of neu-
trons from reaction (1b), and B(¢) is the time evolution of
the background. The parameter C is a normalization factor,
which reflects the number of electrons detected from muon
decay and also the neutron detection efficiency. In the
course of the analysis, the parameters A4  Ag, A, and A, of
expression (7) were varied to find the optimum values. We
also varied the position of the time zero ¢, in the distribution
and the time resolution of the detector.?*

In a first step, we analyzed exclusively the slow part
(£>0.2 us) of the temporal distributions. This analysis
made it possible to reliably determine the amplitude of the
slow component, i.e., the equilibrium (steady-state) value
Ass [see expression (9)]. In a second step, we fitted the
complete distributions, optimizing A,, 4,, and the ratio
Ay/A;. To find the unknown values of 45,,,4,,,,and 4,, we
implemented an algorithm for the numerical solution?’ of
Eqgs. (6). The error of these calculations was 1-2%. In cer-
tain specific cases, we checked the results by the Monte
Carlo method. For the partial probability £3,,, we used the
“resonance” value'® 8= 0.58. To find ,,,, we estimated
the contribution from nonresonance production (assuming
its rate to be independent of the temperature). We set
B =0.50.

We analyzed a possible effect of the finite lifetime of the
ddu molecule, which is ignored in Egs. (6). We found that
(1) our data are insensitive to this quantity within + 1 ns
and (2) the possible error in the determination of the ampli-
tude 4, due to the neglect of the lifetime of the ddu molecule
is less than 1-2%.

Table I and Fig. 6 show the values found for 4,,, and
A,,, asaresult of this analysis. The errors in these quantities
include the statistical and systematic uncertainties. The
most important of these components are the small uncer-
tainties regarding the values of €, (4-5%) and ¢. As Fig. 6
shows, in the case of the 4, , (T") dependence our data agree
well with the measurements of Refs. 9 and 18, carried out
with low-density deuterium (¢ = 0.02 and 0.04), and also
with the calculations of Refs. 10, 11, and 13. In terms of the

TABLE I. Results of measurements of the rate of production of ddu molecules from various spin
states of the du atoms (the rates are expressed in units of reciprocal microseconds).

ha/‘ l.o/,
T, K @ Error Error
Value - Value -
Statis- Total Statis- Total
tical tical
22x0,5 1,18+0,02 0,0421 0,0009 0,0023 2,69 0,08 0,15
48+1,5 0,88+0,04 0,0516 0,0012 0,0035 3,38 0,43 0,25
80+0,5 0,88+0,04 0,134 0,003 ,009 3,67 0,12 0,26
91%0,5 0,88+0,04 0,201 0,004 0,013 3,78 0,12 0,26
105+1,0 0,88+0,04 0,324 0,007 0,021 3,74 0,12 0,26
120x1,0 0,88+0,04 0,507 0,011 0,035 3,82 0,13 0,26
162+1,0 0,50+0,02 1,122 0,022 0,078 4,42 0,20 0,34
205+0,5 0,50+0,02 1,851 0,037 0,126 4,81 0,35 0,46
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FIG. 6. Temperature dependence of (1) 4,,, and (2) 4,,, according to
the present measurements and the experiments of Refs. 9 and 18. @—Data
of the present experiments; O—data of the experiments of Refs. 9 and 18.
Solid lines) Calculations of Ref. 11 on the basis of the Wessmann model;
dashed line) calculations of Ref. 11 with allowance for the broadening of
the resonance in the production of ddu molecules.

A5,, (T) dependence we find some discrepancy between our
results and (first) the calculations of Ref. 11, carried out by
the standard Wessmann model, and (second) the experi-
mental data of Refs. 9 and 18. For the six points from the
present experiments for the temperature interval T'= 80—
205 K, the deviation from the optimum 4, , (T") dependence
found in Ref. 18 by the calculation method of Refs. 10, 11,
and 13 corresponds to a value y* = 16.

The discrepancy becomes more obvious when we ex-
press the experimental data as the ratio a = A4,,,/4,,, and
thereby essentially eliminate the systematic errors due to the
uncertainties in the values of £, and ¢. These errors are es-
sentially the same for 4;,, and 4,,,. In Fig. 7, we show the
ratioa = A,,, /A, ,, for our data and for the measurements of
Ref. 9 and 18, after multiplication by the calculated values of
A,,, taken from Ref. 11. Since we do not know the experi-
mental details of Refs. 9 and 18, it is likely that we have
slightly overestimated the errors in the values of a for those
experiments. We see from this figure that our points lie sig-
nificantly below the optimum A,,, (T) functional depend-
ence found in Ref. 18.

Atthe same time, our values of A5, (T) agree fairly well
with calculations based on the existing theory,!''*!7 which

60~
Tk 7
4ok =TT
= | 'O‘%Qf ‘Oﬂ +¢+¢i ¢ + +
20 L 1 ]
g 50 100 50 n~K

FIG. 7. Values of a, which is the ratio of 4,,, and 4,,,, according to the
measurements of Refs. 9 and 18 and also the measurements of the present
study. These ratios have been multiplied by the theoretical'! values of
A,,,. @—Data of the present experiments; O—data of the measurements
of Refs. 9 and 18; line—optimum A4,,,(T) dependence found in Ref. 18.
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incorporates the broadening of the resonance in collisions
between the complex [ (ddu ), d, 2e]* and D, molecules (the
so-called collisional broadening of the resonance). The
dashed line in Fig. 6 shows the results of corresponding cal-
culations'! for ¢ = 1.2. The discontinuity at temperatures at
which the “elastic” width is approximately equal to the reso-
nance energy is evidence that there is room for improvement
in calculations based on certain models. Nevertheless, the
nature of the change in the rate A, as the density is raised to
¢~=1 can be seen clearly, and there is agreement, at least
qualitative, with experiment.

Itis thus possible to reconcile the two sets of experimen-
tal dataon A,,, (T)—our own data, measured at a high deu-
terium density (¢~ 1) and the data obtained in Refs. 9 and
18 at a low density (¢ < 1)—on the basis of a theory which
incorporates a dependence of A,,, on the density as the result
of collisional broadening of the resonance. It can thus be
concluded that a density effect may be operating in the pro-
duction of the muonic molecules ddu from the upper spin
state of the du atom. It would be important to carry out
measurements of 4,,, (T) at $ =1 and =~0.1 under the same
experimental conditions in order to learn more about this
question.

Figure 8 and Table II show values found for the rate 4,
of (F=3/2)-(F=1/2) transitions between hyperfine
states of the du atoms according to this analysis of the ex-
perimental data. We recall that these are “effective” values,
determined by the change in the spin of the du atoms not
only in du + d collisions but also as a result of the inverse
decay of the complex [ (ddu), d, 2e] (Refs. 26 and 10).

We see in Fig. 8 that our values of 4, obtained at ¢ =~ 1,
agree well with the experimental results of Refs. 9 and 18 for
¢ = 0.02 and 0.04, with the value A, =37.3 + 1.5 us~!,
averaged over the temperature, which was found in Ref. 6
for ¢ = 0.1. On the other hand, the experimental dataon 4,
do not agree at all well with the calculations of Ref. 21 when
we take account of the increase in the rate of
(F=3/2)- (F=1/2) transitions due to the decay of the
[(ddu), d 2e] complex.’® This question requires further
theoretical study.

We conclude with a look at measurements of the rate at
which the du atoms are thermalized. The particular way in
which 4,,, = 4;,, +4,,, depends on the energy of the du
atoms presents a unique opportunity for finding an estimate
of this rate, by working from the delay ¢,, in the beginning of
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FIG. 8. Rate of the transition between hyperfine states of the du atom
versus the deuterium temperature. ®—Data of the present study and re-
sults of Ref. 8; O—measurements of Refs. 9 and 18; dashed line—calcula-
tions of Ref. 21 for the rate of the transition (F=3/2)-(F=1/2) in
du + d collisions; solid line—the same, with allowance for the change in
the populations of the hyperfine states of the du atom during the inverse
decay of the complex [(ddu), d, 2e] (Refs. 26 and 10).
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TABLE II. Results of measurements of the rate of transition between hyperfine states of the du

atom.
@ 1,18 0,88 0,5
T, K 22 48 80 91 105 120 162 205
Agsps™! 30,1 351 | 334 | 351 | 323 32,1 35,5 28,8
Statist. 0,5 0,7 0,7 0,8 1,0 1,0 2/4 40
Error
Total 0,7 1,7 1,7 1,8 1,9 1,9 2,9 43

the neutron temporal distribution with respect to the time at
which the muon is stopped, ,,,. To determine £, in the pres-
ent study we measured the distribution of “instantaneous”
(with 10~ '" s) mesoroentgen ¥ rays which arise during
atomic capture of muons in the material of the target walls.
We found the value of ¢,, by analyzing the neutron temporal
distributions. A comparison of the measured difference
A =t,, —t, with the calculated time of flight of the neu-
trons from the target to the detector leads to the conclusion
that the time scale for the thermalization of the du atoms in
deuterium under our conditions (with a density ¢ =~ 1) is less
than 2 ns. This result agrees with calculations®' of the cross
section for the scattering du + d. It would be interesting to
see experiments with low-density deuterium which are more
sensitive to the thermalization time.
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