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Diffusion of Muonic Deuterium in D2 Gas
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Diff'usion of muonic deuterium (ttd) atoms in D2 at 300 K was studied at pressures of 0.1-10 bars by
measuring the distributions of time intervals between entry of negative muons into the gas and detection
of photons emitted upon the arrival of pd atoms at foils spaced along the muon beam axis. The results
indicate an approximately Maxwellian velocity distribution with a mean energy of 1.8 0.1 eV for the
pd atoms, and pd scattering cross sections in agreement with theory.

PACS numbers: 36.10.Dr

Knowledge of the behavior of muonic hydrogen atoms
(Itp, pd, and Itt) in matter is important to studies of the
weak interactions of muons and the muon-catalyzed
fusion of light nuclei. Experimental efforts to establish
this behavior were carried out for many years at
CERN, ' along with some related work by others. We
have modified the CERN technique and extended it to
D2 pressures lower by 2 orders of magnitude and with re-
duced statistical uncertainties. Our results differ sub-
stantially from earlier work. '

The experimental method involved stopping muons in
purified D2 gas filling the regular interstices between
multiple parallel planar foils arrayed normal to the in-
cident muon beam (Fig. 1). Scintillation counters
detected incident muons, some of which stopped in the
gas and formed pd muonic atoms in highly excited
states, which then rapidly (=ns) (Ref. 3) deexcited to
the 1S state. The subsequent motion was determined by
the initial velocity distribution of the pd atoms and by
the elastic and inelastic scattering of the pd atoms by D2
molecules. In the case of those pd's which survived to
reach a foil surface, the muons transferred to excited
atomic states, bound to nuclei of the foil surface materi-
al. During the following processes of atomic deexcitation
and nuclear absorption a characteristic "transfer photon
spectrum" was emitted. This spectrum included muonic
x rays, electronic x rays, and nuclear deexcitation y rays.
The time distributions of such delayed signals relative to
the incident muon signals were then accumulated and
analyzed.

Our modifications of the CERN experiments' includ-
ed use of (i) a low- (34 MeV/c) momentum beam in the
pE4 area at the Paul Scherrer Institute meson factory to
optimize stopping of the p in the D2 gas, (ii) an array
of four intrinsic Ge photon detectors providing high-
energy resolution to improve photon-line identification
and signal-to-noise ratio, and (iii) foils of thin (9 pm)
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FIG. 1. Experimental setup for the diff'usion experiment.
Plastic scintillators SI,S2,S3 are beam telescope counters.
Scintillators Vl, V2 veto charged particles. The foils are 10 cm
in diameter.

low-vapor-pressure plastic (Kynar, C2H2F2) film coated
on both sides with 100~ 10 A of Au to minimize back-
ground from muon stops in the surface layer material.
The fifty foils used were each 10 cm in diameter, and
were mounted with + 5% uniformity in spacing. Deu-
terium pressures of 188, 375, 750, or 1520 mbar were
used with 0.23-cm foil spacing, and 188, 375, and 750
mbar with 0.46-cm spacing. The D2 was at 300 K and
was continuously circulated through a Pd purifier during
the data runs.

The electronic logic system was a variant of one previ-
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ously used in other work. Standard techniques were
used to digitize the times and pulse heights of those sig-
nals from the intrinsic Ge detectors which occurred in an
interval from 100 ns before to 4 ps after the incoming
muon trigger S~S2S3 (see Fig. 1). These trigger signals
occurred at a rate of about 16 kHz, reduced to 9 kHz by
a "second muon protection" gate. Pulse heights digitized
corresponded to energies from 50 to 600 keV in all Ge
detectors and also 600 keV-8 MeV in the largest Ge
detector (GMX in Fig. 1). A data acquisition system
based on a Microvax-II computer provided on-line infor-
mation and stored events on magnetic tape.

During a preliminary run a study was made of the
spectra of photons emitted when the muon transferred to
the Au surface layers. It is known that the x-ray spec-
trum from muons stopping in solid Au targets is rich in

photons from transitions among circular states with prin-
cipal quantum number n and angular momentum quan-
tum number I n —1. However, the experiment of
Pfeiffer, Springer, and Daniel showed that the muonic
EC- and L-series spectra following transfer from H2 to Ar
gas are consistent with an I distribution immediately
after transfer which is weighted towards low l. Such a
distribution will suppress higher circular transitions dur-
ing the muonic cascade. Indeed, we observed that after
transfer from D2 to Au, muonic x rays from higher cir-
cular transitions were present with only 5%-10% yields,
and were thus of limited usefulness as indicators of muon
transfer. However, the 356-keV nuclear y ray emitted
from ' Pt with 35% L- 5% yield following muon absorp-
tion in Au (mean life =70 ns) provided transfer signals
of good intensity and signal-to-noise ratio (=4:1)over
the delay-time region studied, which included 40-2000
ns following the incident muon trigger.

The time distribution of the nuclear y rays used as
transfer signals was a disadvantage in that it widened the
effective time response for transfer detection beyond the
12-ns (FWHM) instrumental resolution. At the lower
pressures used the transfer event rates tended to restrict
the width of the minimum statistically useful time bin to
40 ns, so the information loss due to the 70-ns response
time was not a serious limitation. Moreover, the spec-
trum of these y's was quite insensitive to the largely un-
known details of the process whereby the muons were
transferred from pd atoms to the gold surface layer.
(For example, after transfer the initial population of
states in muonic Au may depend on the velocity of the
incident pd, which could affect the subsequent muonic
x-ray spectra. ) Since = 95% of the muons would in any
event reach the muonic 1S state, any variation in the
cascade process had little effect on the subsequent nu-
clear absorption of the muons in ' Au.

Several tests were performed on the integrity of the
transfer-photon data. For example, the delayed photon
spectra were searched for carbon and fluorine muonic x
rays, the presence of which might indicate that some

pd's had penetrated the Au and transferred to the plastic
foils. No delayed Auorine muonic x rays were seen under
any experimental condition. However, some delayed
muonic carbon 3-1 and 4-1 x rays (carbon 2-1 was ob-
scured by a background line) were seen during a test run
at a D2 pressure of 7.8 bars, though not at 2.5 bars and
lower. It was deduced that the carbon muonic x rays ori-
ginated in a surface layer of carbon which is about 5-10
A in thickness and which rapidly forms on metallic Au
surfaces exposed to air. ' If some pd's were sufficiently
slowed before impact by scattering, those pd's would be
unable to penetrate the carbon surface layer and would
transfer to it rather than to the underlying Au. All data
runs were therefore made below 1.6 bars to avoid such
effects.

Interpretation of the time distributions involved a pro-
cedure whereby initial assumptions were made concern-
ing the velocity distribution and the scattering processes.
The best values of parameters involved in these assump-
tions were then evaluated by nonlinear least-squares fits
to the experimental data, as described below. In the ex-
perimental time distributions a complicated interplay
occurs between the effects of scattering and those of the
initial velocity distribution. This interplay allows ambi-
guities of interpretation, particularly at high pressure
( & 5 bars). The chances for such ambiguities to develop
during the analysis were reduced by taking data under
seven different pressure-spacing conditions, and then
analyzing the data taken under all conditions as a single
comprehensive data set.

Since the foil spacings were of the order of the pd
scattering mean free path at the pressures used in this
experiment, the diffusion approximation was not valid,
and it was necessary to follow the history of each pd by
a Monte Carlo calculation when developing a theoretical
model to test against the data. Such Monte Carlo time
distributions were compared to the experimental results
using the program MINUIT. The values of parameters
for several different velocity distributions were varied, as
was the value of a single parameter characterizing the
scattering cross sections (see below).

The scattering was simulated in the Monte Carlo
fitting procedure on the basis of the theoretical calcula-
tions of Bubak and Faifman' (BF) for the scattering of
pd on deuterium nuclei. It was assumed (after trying
some other forms for the scattering) that the scattering
cross sections on molecules would be increased over the
nuclear cross sections of BF by a factor of 2. 1 (2.3) for
total center-of-mass kinetic energies greater (less) than
E', the "crossover energy, " which was a free parameter
in the data fit. It is to be expected that at energies above
1 eV the molecular factor approaches 2, but at lower en-
ergies other effects may develop. The Monte Carlo fit
was then made to the best value of E' as well as to the
best value of the mean energy E in the Maxwell veloci-
ty distribution. Both the choice of a Maxwell distribu-

1943



VOLUME 63, NUMBER 18 PHYSICAL REVIEW LETTERS 30 OCTOBER 1989

tion and the above assumption about molecular scatter-
ing are somewhat arbitrary, but comparison with other
trial velocity distributions (Gaussian, 8 function, rec-
tangular, etc.) as well as with other simple molecular-
scattering assumptions did not improve the fits. Thus
there were only two physical parameters varied in the
final fitting procedure. The Monte Carlo kinematics
were appropriate to pd collisions with molecules, includ-

ing the effects of pd hyperfine splitting and the thermal
motion of the target molecules.

Figure 2 shows data sets for two of the experimental
conditions along with the best-fit curves, made using
MINUIT as described above. Note that both sets show a
rising behavior at small times. This early-time behavior
is caused by the experimental time response function of
the Ge detection system for the Pt nuclear y rays from

pd transfer to Au. That response function was measured

by stopping negative muons directly in a pure Au target
of 0.52 g/cm and 4 cm in diameter and registering the
time distribution of the ' Pt y's relative to incident
muons. The effect of the response function was then tak-
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FIG. 2. Time distributions of delayed Pt nuclear y rays with
foil gaps of 0.23 cm at D2 pressures of 1520 mbar (solid
squares) and 375 mbar (open circles), with the effect of muon

decay removed. The experimental data include statistical stan-
dard deviations. The solid lines are from the Monte Carlo 6t
to data from all conditions (see text), and were generated us-

ing the values for parameters E and E' as defined and given
in the text. The Monte Carlo curves shown each include
40000 events.

en into account in the fit. During diffusion-data runs the
background from direct stops in the Au-coated plastic
foils was measured with the target vessel evacuated.

The results of the MINUIT analysis indicate values for
pd-atom mean kinetic energy E of the (laboratory)
Maxwell velocity distribution of E 1.8 ~0.1 eV, and
for the molecular-scattering crossover energy of E'

0.32~0.03 eV, with a reduced g = 1.4 for 171 de-
grees of freedom. E remained within the quoted limits
even when various distributions (see above) which yield-
ed relatively poor fits (g ) 2) were used. These values
for E and E' were stable against removal from the
analysis of the low-pressure and/or early-time data. We
note that the CERN group' assumed 1 eV for the mean
initial pd energy in analyzing their data, which was tak-
en at higher pressure (14 bars).

We discuss first our conclusion that the velocity distri-
bution of the pd atoms is approximately Maxwellian
with a mean energy E as above. The traditional' view
is that the pd (or pp) deexcites from its initial excited
state with n = 14 by a combination of external Auger
effect (dominant at high n) and circular muonic x-ray
emission at lower n ( ~ 5). Neither the Auger effect nor
x-ray emission should alter the pd momentum appreci-
ably. Recent theoretical studies' predict that the for-
mation energy should be =0.7 eV if the incident muon
impacts a free deuterium atom (a molecule would seem
more likely); another prediction' is that after formation
the pdD molecule has a mean laboratory kinetic energy
E of 0.22 eV, with a rectangular distribution starting at
E 0, implying that the pd atom will have E =0.1

eV after separation from the pdD molecule. An earlier
paper' predicts E~=1.5 eV and a roughly Maxwell
shape. While one might be tempted to favor Ref. 16 be-
cause it agrees with our data, the conclusions in that and
other theoretical papers are highly dependent on the
stopping power of D2 to negative muons in the keV re-
gion, on which there is no direct experimental informa-
tion. We can conclude only that our observed E for the
pd atoms is substantially higher than most predictions of
the kinetic energy at initial formation in highly excited
states. There is also the possibility ' that the pd gains
kinetic energy during deexcitation as a result of
Coulomb deexcitation of the pd in collisions with D2
molecules, although it is uncertain whether such process-
es are of importance at these pressures.

The CERN group' used cross sections for pd scatter-
ing on deuterium nuclei in analyzing their experiment,
and found (8.0+'2.0) &10 cm for the pd+d pd
+d cross section, assumed independent of energy and
hyperfine state. For the experiment reported here, tak-
ing into account the fitted values of 2. 1 (2.3) for the
molecular factor from our data above (below) the c.m.
energy E' 0.3 eV, we obtain agreement with Bubak and
Faifman' in their prediction of pd+d cross sections
(for both hyperfine states) varying within the limits
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(1.7-2.5) X10 ' cm for c.m. energies 0.01-10 eV.
The use in the data analysis of two separate regions for
the molecular factor was suggested by two recent pa-
pers. ' Since we varied the pressure and thus the effects
of scattering, further theoretical studies of the pd+D2
scattering system, more complete in c.m. energy cover-
age and including estimates of theoretical uncertainty,
would permit a fairly stringent test of the theory to be
made by comparison with our experimental results.
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