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Scattering of pµ muonic atoms in solid hydrogen
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We present the results of experimental and theoretical study of the scattering of low-energypm atoms in
solid hydrogen cooled to 3 K. Strong effects resulting from the solid state interactions have been observed in
the TRIUMF experiment E742 where muons were stopped in thin frozen layers of hydrogen. The resulting
emission of low-energypm atoms from the hydrogen layer into the adjacent vacuum was much higher than that
predicted by calculations which ignored the solid nature of the hydrogen. New differential scattering cross
sections have been calculated for the collisions ofpm atoms on solid hydrogen to account for its quantum
crystalline nature. Analysis of the experimental data performed using such cross sections shows the important
role of the coherent scattering inpm atom diffusion. Forpm energies lower than the Bragg cutoff limit
('2 meV) the elastic Bragg scattering vanishes which makes the total scattering cross section fall by several
orders of magnitude, and thus the hydrogen target becomes transparent allowing the emission of coldpm atoms
to occur.

DOI: 10.1103/PhysRevA.68.062502 PACS number~s!: 36.10.Dr, 39.10.1j, 61.18.Bn, 34.50.2s
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I. INTRODUCTION

Negative muons stopping in hydrogen can form muo
hydrogen (pm) atoms. Although created in excited state
such atoms cascade to the ground state quickly (10212 s)
where their kinetic energy is of the order of several eV, mu
higher than thermal equilibrium energies. The muonic hyd
gen atom is about 200 times smaller (mm /me scaling! than
the size of ordinary electronic hydrogen. The small neu
atom can easily diffuse through the surrounding medium
dergoing different types of interaction including elastic a
inelastic scattering. Scattering of fastpm atoms in hydrogen
is governed by a large cross section (ss.10219 cm2) which
is quite effective in slowing them down.

Only a few experiments have examined the scattering
muonic atoms on nuclei and molecules directly, although
an important process in most muon physics phenomena
as muon catalyzed nuclear fusion (mCF) or muon nuclear
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capture by protons~see Refs.@1–4#!. The first experiments
of pm1H2 scattering were performed in gaseous hydrog
and used the traditional diffusion method@5–8#.

Much more has been done to study the scattering theo
cally. Many calculations of cross sections for scattering
bare nuclei, atoms, and hydrogen molecules have been m
however, solid-state effects were not considered. The h
accuracy calculations of the total cross sections for low
ergy scattering («coll,50 eV) for pm and other muonic at-
oms on bare hydrogen nuclei~called the ‘‘nuclear’’ cross
sections! were done in Ref.@9# by solving the Coulomb
three-body scattering problem using the adiabatic multich
nel approach. Differential cross sections for that case w
calculated in Ref.@10# using phase-shift values from Ref.@9#.
For collision energies lower than about 0.121 eV it is nec-
essary to account for both electron screening and the mol
lar structure of the target. Total and differential cross secti
for this case~called the ‘‘gas’’ cross sections! are given in
Refs.@11# and @12#, respectively. Another possible approa
to including the molecular effects for epithermal energ
uses the Sachs-Teller tensor-of-mass model and can be f
in Refs.@13,14#.
©2003 The American Physical Society02-1
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The scattering experiment results given in Refs.@5–8#
were sometimes inconsistent not only among themselves
with theory as well~see Ref.@15# for a review!. The latest
and most advanced measurements in gaseous hydrogen
performed at PSI@16# where the cross sections forpm scat-
tering on H2 molecules@11# were used for the analysis of th
experimental data. Those measurements were not in
agreement with the theory. On the other hand, thedm1D2
scattering measurements performed by the same collab
tion @16# were in agreement.

Until now, no experimental studies concerningm-atom
scattering in solid hydrogen have been performed. Such
periments are complicated to analyze because the result
the cross section are not directly obtained but are only
duced by their effect on other results, such as time distri
tions or yield intensities, which themselves are often o
scured by other background processes.

The development at TRIUMF of the multilayer thin fro
zen hydrogen film targets@17–23#, which produce muonic
atom beams emitted into vacuum, permitted the cross
tions to be probed in another way. We have studied sev
isolated muon induced processes using a time-of-fli
~TOF! method permitted by the frozen target geometry@23#.
In particular, it was used in TRIUMF experiment E742 f
the cross-section study ofdm1H2, tm1H2 scattering, and
the Ramsauer-Townsend~RT! effect which is seen for thes
systems at collision energies between 2 and 10 eV@24–26#.
During those measurements a strong emission of low-en
pm atoms from the hydrogen layers into adjacent vacu
was observed. The yield was much higher than expec
based on calculations which ignored the solid nature of
hydrogen target. Additional experimental studies@27,28# and
theoretical calculations of ‘‘solid’’ cross sections@29# have
been performed in order to clarify and explain thepm emis-
sion behavior.

This paper summarizes our findings. In Sec. II the th
retical background and new calculations of scattering cr
sections in solid hydrogen are described. The experime
apparatus and the measurement method are given in Se
Section IV presents the measurement results and their an
sis, whereas Sec. V contains the discussion of the results
some concluding remarks.

II. SCATTERING CROSS SECTIONS

A. Scattering on bare nuclei, atoms, and molecules

Cross-section calculations for the 1S statepm atom scat-
tering on bare protons,

pm~F !1p→pm~F8!1p, ~1!

~whereF andF8 are the initial and final muonic atom spin!
were begun by Gershtein@30#. He treated the process as
quantum mechanical Coulomb three-body problem. Figur
shows the diagram of the two isolated states of thepm1p
system with the possible transitions.

Most of the following calculations were performed in th
adiabatic representation which results from expanding
wave function of a three-body system over a complete se
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solutions of the two-center Coulomb problem@31#, espe-
cially in the two-level approximation@32# with further modi-
fications@33–36#. The progress in the effective potential ca
culation for the two–center problem permits th
multichannel scattering equations to be solved even w
there are a large number of closed channels@37,38#. Accurate
calculations of the total cross sections performed in this m
tichannel approach includingpm1p scattering are presente
in Ref. @9#. ReactanceT matrices and phase shifts, also give
in Ref. @9#, for different values of the total orbital angula
momentum and the total spin of the three-particle syst
have been used to calculate the differential cross sect
@10#. Cross sections~total and differential! for collisions with
energies less than'1 eV, where both electron screening an
molecular binding are important~gas cross sections!, are
given in Refs.@11,12#. The screening effect is described the
in terms of the effective screening potential, and the Fe
pseudopotential method was applied to model the chem
binding.

B. Cross sections for solid hydrogen

The TRIUMF experiments@17–23# have stimulated theo
retical studies ofm-atom scattering in solids. Solid hydroge
at zero pressure is a quantum molecular crystal, which
characterized by a large amplitude of zero-point vibrations
the molecules. At 3 K, the vibration amplitude is'18% of
the nearest-neighbor distance for the H2 molecule and 15%
for the D2 molecule @39#. Nevertheless, experiments sho
that quantum solids display typical crystal structures and
common crystal characteristics, such as the density of
vibrational states, are well defined. This proves that the m
lecular motion is correlated in such a manner that the cr
talline structure is not destroyed. However, theoretical me
ods developed for a classical-crystal description, encou
certain problems when applied in the case of quantum c
tals. Namely, the interaction potential between the hydro
molecules has a highly repulsive anharmonic core and t
the standard lattice dynamics leads to imaginary vibrat
frequencies. Nevertheless, the standard dynamics can
used, after a renormalization of the interaction potential
accounting for the short-range correlations betwe
neighboring-molecule movement.

FIG. 1. Energy levels for thepm1p system, where«1 and«2

represent the collision energies for the singlet (F50) and triplet
(F51) states, respectively. The dashed line represents the
energy of the system. Four transitions with cross sectionss ik , i ,k
51,2 are possible due to the hyperfine splitting of the energy lev
For the scattering ofpm in the singlet state only the elastic scatte
ing s11 is possible if the collision energy«1 is below Eh f s

50.182 eV.
2-2



c
e
y

u
e

re
m
ul
e
ge
or
di

or
c

o

hi

c
in

.
s
ti
a

f
l

e

e

un
th
an
we

th
.

H
te
e

a
re

nc

r

ads
sec-

o

e-

the
ted

low
s
ent
n-
on
ns

ction
-

gg

oss
es
re-

e
e

nal
y

SCATTERING OFpm MUONIC ATOMS IN SOLID HYDROGEN PHYSICAL REVIEW A68, 062502 ~2003!
Solid hydrogen can exist in both efficient-packing stru
tures: face-centered cubic~fcc! and/or hexagonal clos
packed~hcp!. Since the TRIUMF targets were formed b
rapidly freezing hydrogen gas on a gold foil at 3 K and zero
pressure, the solid layer has a polycrystalline fcc struct
@39#. There is also experimental evidence that thin hydrog
films formed on fcc metal~e.g., gold or silver! will retain
that same structure@40#. Since the fcc and hcp crystals a
very similar ~e.g., the molar volumes are almost the sa
and the first three shells of neighbors of any fixed molec
are identical in both the structures!, the fcc cross sections ar
also a good approximation to the hcp case. The hydro
was purified by a palladium filter at 600 K immediately pri
to freezing, so the resulting solid target had a statistical
tribution ~1:3! of molecular rotational statesK50 and K
51. Such a mixture of rotational states is often called ‘‘n
mal’’ hydrogen, nH2. The relevant lattice constant for the fc
structure at zero pressure is 0.5338 nm@39#.

A method to calculate the scattering cross sections
muonic hydrogen atoms in solid hydrogen~solid cross sec-
tions! based on Van Hove’s approach and using phase s
for muonic atom scattering on bare nuclei@9,41# has been
proposed by Adamczak~see Ref.@29# for details!. The cal-
culated differential cross sections include incoherent and
herent effects. The impinging muonic atom can induce
elastic reactions, both in a single molecule~rovibrational
transitions or spin flip! and in the whole target~excitations or
deexcitations of the lattice vibrational states!. The latter are
usually interpreted as creation or annihilation of phonons
is possible to create or annihilate one or more phonon
coherent or incoherent processes, but in practice, annihila
processes are strongly suppressed in a 3-K target bec
few phonons exist at low temperatures.

Figure 2 presents the calculated total cross sections
pm scattering on 3-K solid fcc hydrogen for different initia
and final spin statesF of thepm atom. Also shown are som
details of the total cross section forpm atom scattering from
the ground spin stateF50. For the sake of comparison, th
doubled cross sections11

nuc of pm(F50)1p nuclear scatter-
ing is plotted. The cross sections are given for a single bo
molecule. At energies greater than roughly 1 eV both
solid-state and molecular binding effects are very small
therefore the cross section for a real hydrogen target is
described by the nuclear cross section.

In Fig. 2, there is an important difference between
singlet-(s11, F50) and triplet-(s22, F51) state scattering
For the singlet, only the stateJ5 1

2 of the total spin of the
pm1p system is possible. As a result, the scattering in n2
is almost fully coherent and thus interference effects de
mine the behavior of the singlet cross section at the low
energies. Below the Bragg cutoff energy,EB'2 meV, elas-
tic and phonon-creation coherent scattering is impossible
the total cross section is determined by the weak incohe
processes, which gives rapid falloff ofs11. Coherent phonon
annihilation is present belowEB , but its magnitude is very
small at 3 K. The rotational deexcitationK51→K850 of a
H2 molecule gives no contribution to the cross section si
this transition is strictly forbidden forF50.
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Scattering of thepm(F51) atom is possible in the two
total-spin states:J5 1

2 andJ5 3
2 . The nuclear amplitudes fo

these two processes are very different@9# and therefore av-
eraging the molecular scattering amplitude over spins le
to a strong incoherent component. As a result, the cross
tion s22 in solid hydrogen has a large magnitude at«→ 0,
though a small falloff of its value atEB is still present. Sig-
nificant contribution tos22 at lowest energies comes als
from the rotational deexcitationK51→K850, which is
possible~for F51) due to the exchange of the muon b
tween the protons during the collision process.

In Fig. 2 contributions tos11 are shown from different
processes. The energy region 2–10 meV is dominated by
strong elastic Bragg scattering. Phonon annihilation, deno
by the labels11

gain, is the only mechanism ofpm acceleration.
Weak incoherent elastic scattering is most important be
EB . Slowing ofpm is possible through the lattice excitation
and then, at sufficient incident energy, through subsequ
rotational and vibrational excitations. The rovibrational tra
sitions may take place with simultaneous one or multiphon
creation. The curve which shows the sum of contributio
from all these processes is labeled bys11

loss. At «*vD , the
inelastic processes are most important and the cross se
for the solid ~per single molecule! approaches the corre
sponding one for a free H2 molecule.

Figure 3 illustrates the small differences between Bra
scattering ofpm in the fcc and hcp polycrystalline nH2. The
Bragg cutoff energy is slightly ('0.2 meV) smaller in the
hcp target. Different Bragg peak patterns in the total cr
sections are distinct only below a few meV. The magnitud
of the cross sections are similar in the two lattices and, the
fore, the theoretical estimation of cold-pm emission, ob-

FIG. 2. Total cross sections forpm(F) scattering in 3-K poly-
crystalline nH2 with the fcc structure, for different values of th
initial and final muonic atom spin,F. The dotted line represents th
phonon-annihilation fraction ofs11 that results inpm energy gain;
the sum of contributions from phonon creation and rovibratio
excitations tos11, which lead topm energy loss, is denoted b
dash-dotted line. The doubled nuclear scattering cross sections11

nuc

for pm(F50)1p is shown for comparison~dashed line!. Note the
Bragg cutoff energyEB at «'2 meV for s11.
2-3
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tained in this work for an fcc target, is also valid in the h
case.

C. Slowing down ofpµ atoms in solid hydrogen

The slowing down ofpm in solid hydrogen has bee
simulated by the Monte Carlo method using the new cr
sections. The more important characteristics are shown in
following figures.

The simulations, performed with the Monte Carlo co
FOW @42#, represent a real experimental situation whe
muons were stopped and formedpm atoms in a solid pro-
tium target of thickness 3.4 mg cm22 ~an experiment labeled
later as No. 3 in Table IV!. For this presentation only th
histories ofpm resulting in the upstream emission from th
hydrogen layer have been chosen.

Scatter plots on Figs. 4 and 5 illustrate the time dep
dence of thepm slowing down~2376 histories ending by th
emission from the hydrogen layer are shown!. Each point
represents thepm energy after a scattering event at a giv
time. Figure 4~a! shows a sampling of all events during slow
ing down, whereas Fig. 4~b! shows only the final coordinate
when pm emission has occurred. One sees that the slow
down process is very fast and that after'10 ns, the;meV
energy region is reached. Further decelerations of thepm are
then slower since the responsible inelastic cross sections
come lower. This transient region extends to 100–200
when equilibrium energy is reached andpm atom diffusion
in hydrogen takes place. The equilibrium energy is est
lished near the Bragg cutoff limit where both the phon
creation and annihilation components ofs11 become equa
~see Fig. 2!.

Figure 5 represents contributions to slowing down fro
separate processes forpm in singlet and triplet states. In an
experiment bothpm atomic spin states will be initially popu
lated, however, the downward spin–flip is so fast in the so
target that, after 0.1 ns, practically allpm atoms are in the
ground spin state. Therefore, further slowing down is g
erned by the cross sections11 ~Fig. 2!. Efficient slowing

FIG. 3. Total cross section for Bragg scattering ofpm(F50)
atoms in 3-K polycrystalline nH2 with the fcc ~solid line! and hcp
~dotted line! structure.
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down finishes after about 10 ns and subsequentpm diffusion
is determined by elastic Bragg scattering and inelastic p
non scattering. The competition between those two proce
is shown in Fig. 6.

The elastic Bragg scattering does not change thepm ki-
netic energy in a solid hydrogen~contrary to a gas, where th
elastic scattering is an effective deceleration process bec
the pm atom can always transfer a part of its energy to
recoiling free H2 molecule!. Only inelastic scattering can
causepm deceleration~or acceleration from the phonon an
nihilation process! but is a weak contribution at low energie
and at low temperatures. Therefore,pm atoms spend a rela
tively long time in the diffusion stage before reaching t
Bragg cutoff energy. In the case of a solid H2, rapid falloff
of the phonon creation cross section at energyEB makes the
pm thermalization less deep than in gaseous hydrogen.
deed, the equilibrium energy defined by the intersection
s11

gain and s11
loss at '2 meV ~see Fig. 2! is still higher than

thermal equilibrium in a 3-K gaseous H2.
The strong increase of thepm(F50) atom mean free

path due to the sharp decrease of the cross section below
Bragg cutoff energy is shown in Fig. 7. Such behavior lea
to an enhanced emission of coldpm ’s from the thin solid
hydrogen layers. We note that a similar phenomenon is u
in neutron physics to extract cold neutrons from beams p
duced in nuclear reactors~polycrystalline filters, see, e.g.
Ref. @43#!.

FIG. 4. Slowing down ofpm atoms in a solid hydrogen layer o
thickness 3.4 mg cm22 ~1000 Torr l, as defined in Sec. III A!. The
top plot ~a! shows the time and energy after each scattering ev
during the whole slowing down process. There are 2376 emis
events and eachpm atom undergoes on the average 40 collisio
before emission takes place. The bottom plot~b! shows the time and
energy for thepm atoms which have been emitted from the hydr
gen layer. The solid cross sections were used in the simulation
2-4
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FIG. 5. Details of the scatter plot from Fig. 4~a!, namely, the spin-flip contribution~top! and the non-Bragg scattering processes in
slowing down ofpm atoms~bottom!. Note that downward spin flip (F51→F50) increases the energy by«h f s50.182 eV and the upward
spin flip decreases the energy by that amount. Elastic coherent scattering~not shown in the figure! is a dominant process for energies ne
the Bragg cutoff energy limit (;231022 eV) and leaves the energy unchanged.
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III. DESCRIPTION OF THE EXPERIMENT

A. The apparatus

The experiments studyingpm scattering in solid hydrogen
were performed at the M20B muon channel at TRIUMF. T
layout of the apparatus is shown schematically in Fig.
Gaseous hydrogen~or neon! was sprayed, using a speci
diffusion system, onto the 51-mm-thick gold foil, maintained
at 3 K, where it froze creating the thin solid films whic
could be maintained in high vacuum. The diffuser was
serted from below and could be used to deposit gas on e
of the two gold foils separately. The thickness of the film w
controlled by adjusting the amount of gas injected. Multila
ered targets could be made in which the frozen material c
sisted of uniform layers, each made from different hydrog
06250
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isotopes or other gases such as neon. A versatile gas han
system allowed mixtures of different hydrogen isotopes to
prepared with high precision. The frozen film deposition u
formity, better than 15%, has been measured independe
via energy loss ofa particles@44#. The amount of gas in-
jected into the system was conveniently measured in unit
Torr l, where the conversion factor between Torr l a
mg cm22 has been determined@44# and is on average
3.4 mg cm22 per Torr l for H2. Details of the target construc
tion and working procedure are given in Refs.@18,45#. De-
tails of the data acquisition electronics can be found in R
@20#. Incident muons of momentum 26.70~or 26.25! MeV/c
@Dp/p50.07 full width at half maximum~FWHM!# were
detected by a 127-mm scintillator ~1! before traversing a
25-mm-stainless-steel vacuum isolation window. The muo
2-5
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continued to lose energy while passing through the cryo
70-K heat shield to eventually stop either in the gold tar
support foil ~2! or in the'400–800mm thick solid hydro-
gen target where they finally formed muonic atoms. The
drogen target frozen on foil~2!, which was placed perpen
dicularly to the muon beam axis, was called the upstre
target ~US!, and was made of pure protium or of protiu
with a small admixture of deuterium~or tritium!, depending
on the experiment~see Figs. 9 and 10!.

In the case of a pure protium US target, a thin neon la
was additionally deposited on top, as represented in Fig. 9
other cases, when deuterium or tritium were present in
US target, we used an additional downstream target~DS!
frozen on a second gold foil placed parallel to the first f
but 17.9 mm further along the beam axis@~3! in Fig. 8#. Such
an arrangement is presented in Fig. 10, where a thin laye
neon is shown sandwiched between a layer of pure prot

FIG. 6. Competition between Bragg scattering~a! and non-
Bragg scattering~b! in pm collisions in solid hydrogen for low
energies. Note the logarithmic scales.

FIG. 7. Sampled values of thepm atom mean free path betwee
consecutive collisions vs the collision energy. A strong increase
the mean free path is seen below the Bragg cutoff energy.
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and the DS gold foil, and was used for the TOF studies of
Ramsauer-Townsend effect. A low muon beam moment
was chosen to minimize the number ofm stops in the DS
protium layer.

Neon was used to detect the scattered muonic at
which left the hydrogen layer and subsequently transfer
the muon to the neon. The resulting emission of 207-keV
rays from the 2p-1s mNe transition was observed by tw
;100-cm3 germanium crystals~G1 and G2, Fig. 8! with a
time resolution of 10-12 ns~FWHM!. The G1 detector was
used during the whole experiment, during both the deuter
and the tritium measurements. However, there were
physically different G2 detectors, one for each of the deu

f

FIG. 8. The apparatus layout showing the muon entrance s
tillator ~1!, the upstream~2!, and downstream~3! gold foils ~them-
selves inside the cryostat!. The surrounding detectors were the ge
manium detectors G1~4! and G2~5!, the NaI ~6!, and the three
pairs of electron counters~7!. The drawing is not strictly to scale.

FIG. 9. Single target scheme.
2-6
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SCATTERING OFpm MUONIC ATOMS IN SOLID HYDROGEN PHYSICAL REVIEW A68, 062502 ~2003!
rium and tritium measurements. The plastic scintillators@~7!
in Fig. 8# were located around the target to detect the mu
decay electrons. The NaI detector was used to studymCF in
hydrogen and deuterium mixtures@25,46#.

B. The method

Following muon capture andpm formation, thepm atoms
slow down and diffuse in the hydrogen layer, with som
significant fraction of thepm atoms escaping the layer. Ana
lyzing the emission yield and the time distribution of th
escapedpm ’s gives information about the scattering cro
sections. The essential part of the analysis is the compar
of the experimental yields and time distributions with t

FIG. 10. Double target TOF scheme fordm. Fast and slowdm
atoms were emitted forward into the vacuum gap. Although
shown in the drawing, muonic atoms were also emitted toward
gold foils, which we refer to as backward emission.
06250
n

on

ones calculated by Monte Carlo~MC!. The measurement
were performed in two different ways; either by using t
single pure protium target covered with a Ne layer~Fig. 9! or
by using the parallel target scheme~Fig. 10!.

The first method~Fig. 9! proved better for studyingpm
scattering for two reasons:~1! high stopping rate in the US
target assured highpm emission statistics and~2! the time
spectrum was ‘‘clean’’ in that it did not contain the overla
ping RT part. Table I summarizes the different measureme
performed for the study of the RT effect andpm1p scatter-
ing.

In the second case~Fig. 10!, the US target was compose
of protium with a small concentration of D2 ~or T2), which
served as a source of energeticdm (tm) atoms emitted from
the layer into the adjacent vacuum with a mean energy of
eV ~9 eV in the case of H2 /T2 mixture! as a result of the RT
effect. Due to the low deuterium~tritium! concentration,
pm ’s were predominantly formed as a result of muon sto
in the US layer. A small fraction of them survived their ev
lution in the US hydrogen~no muon transfer to the heavie
hydrogen isotope, noppm formation, or muon decay! and
left the solid layer after multiple scattering. However, th
were very slow («' meV) and could not reach the down
stream target before the muon decayed. In most cases
muon was transferred frompm to a deuterium~tritium!
atom. At formation, the muonic deuterium and tritium atom
had a relatively high kinetic energy, about 45 eV, which th
subsequently lost in elastic collisions, mainly with protium
until the energy reached the range of the RT minimum in
scattering cross sections(md1H2). Then the mean distanc
between collisions increased and the hydrogen layer bec
effectively transparent for thedm (tm) atoms which were

t
e

on

ion
TABLE I. Different measurements performed for the RT andpm diffusion ~diff ! studies. 1500 Torr l
(H210.05% D2) covered with 500-Torr l H2. DE ~deuterium emission!. TE ~tritium emission!—2000 Torr l
(H210.12% T2). STE ~small tritium emission!—1000 Torr l (H210.12% T2). PP ~pure protium!—2000
Torr l H2. SPP~small pure protium!—1000 Torr l H2. GMU—good muons: i.e., events when only one mu
entered the apparatus~no pileup!. Conversion factor~for hydrogen!: 1 Torr l corresponds to 3.4mg cm22 for
H2.

Experimental Beam US hydrogen US neon DS protium DS neon GMU
Label purpose (MeV/c) ~Torr l! ~Torr l! ~Torr l! ~Torr l! (units of 106)

D1 RT 26.70 DE 100 326.9
D2 RT 26.70 DE 50 183.3
D3 RT, diff 26.70 DE 300 50 521.8
D4 RT, diff a 26.70 DE 600 50 433.2
D5 diff 26.70 DE 100 96.6
D6 diff 26.70 DE 50 136.9
D7 diff 26.70 PP 300 50 149.4
T1 RT 26.25 TE 30 113.5
T2 RT 26.25 TE 50 174.2
T3 RT, diff a 26.25 TE 350 50 405.3
T4 RT, diff 26.25 STE 500 50 147.1
T5 diff 26.25 SPP 10 199.3
T6 diff 26.25 SPP 20 195.8

aD4 and T3 are not useful for thepm diffusion analysis due to the strong overlap between RT and diffus
parts of the time spectra.
2-7
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then easily emitted from the solid into the adjacent vacuu
Such energetic emitted muonic atoms traveled thro
vacuum toward the downstream hydrogen layer and a f
tion passed, after possible interactions in hydrogen, to the
layer and produced x rays as a result of the muon transfe
neon and subsequent muonic neon deexcitation. Suchdm
(tm) atoms gave a characteristic peak in the TOF spect
at '1 ms—a time determined by the distance between
foils and the position in energy of the Ramsauer-Towns
minimum.

Clearly, not all muons were stopped in the US target a
thus those which reached the second foil createdpm ’s in the
DS protium. Thepm ’s diffused to neon giving a contribution
to the time spectrum at early times. Thus the resulting
time spectrum contained two relatively distinct componen
one of them connected with the RT effect indm (tm) scat-
tering and the other with the diffusion ofpm atoms in the
solid hydrogen. Despite the overlap of the two effects in
time spectra one should note that there is an important
vantage of such an experiment. Since the kinetic energ
the dm (tm) is relatively high, the delayed RT peak is n
sensitive to the state of the target material and can be
described using either gas or solid scattering cross sec
~see Refs.@25,26#!. Due to this, the RT peak can be used
a reference in the analysis of the diffusion part where
effects of the solid state can be found.

C. Monte Carlo simulations

The Monte Carlo codeFOW @42# was used in the planning
stages of the experiment as well as for the analysis to si
late all physical processes occurring after muons p
through the entrance window of the apparatus. Muon st
ping distributions along the beam axis in the different ap
ratus components, especially in the hydrogen layers of
target, have been taken from a special set of measurem
@25# and from another Monte Carlo calculation@47# and used
as an input toFOW. The FOW code gives the possibility of a
full three-dimensional description of the target geometry.

The muonic processes considered are as follows.
~i! Elastic scattering:pm1p, pm1d, dm1p, pm1t,

tm1p, dm1d, tm1t.
~ii ! Spin flip: pm(F)→pm(F8), dm(F)→dm(F8),

tm(F)→tm(F8).
~iii ! Charge transfer:pm→dm, pm→tm.
~iv! Molecular formation:pm1p→ppm, dm1d→ddm,

tm1t→ttm, dm1p→pdm, tm1p→ptm.
Energy-dependent values of the total and differential cr

sections for the elastic scattering of muonic atoms, spin
and charge transfer transitions were used in the calculati
For small collision energies~usually below 0.1 eV! the solid
double differential cross sections@48# were used for the elas
tic scattering and spin-flip interactions. At higher energi
where the solid state effects become negligible, the total
single differential gas cross sections from Refs.@9,10,41,49#,
corrected for molecular effects via the Sachs-Teller mod
were applied. Using gas cross sections at higher ener
saved computer time without incurring any loss in accura
The energy-dependentpdm, ptm, and ddm ~resonant and
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nonresonant! formation rates were taken from the Faifma
calculations@50–52#. Theppm andttm formation rates were
considered as energy independent (lppm53.21ms21 @19#,
l ttm51.80ms21 @53#!. Thermal motion of the target mol
ecules was also taken into account. Tables II and III show
main characteristics calculated for different upstream a
downstream targets used forpm emission study. The value
are based on at least 106 simulated muons, so the statistic
uncertainty is negligible.

Figure 11 shows the calculated energy spectrum ofpm
atoms emitted from the pure protium~PP! target. A strong
solid-state effect is evident both in yield intensity and sp
tral shapes when comparing the calculations which inclu
or disregard the solid hydrogen structure~solid and dot-
dashed lines, respectively!. The details of the spectral ta
above the Bragg cutoff limit are shown on a log-binned sc
in the inset. The kinetic energy spectra fordm andtm atoms
emitted from deuterium emission~DE! and tritium emission
~TE! targets, respectively, are shown in Fig. 12 for the so
~solid line! and gas~dashed line! cross sections. The lack o
solid-state effects is not surprising given the high energy
the atoms involved. The muonic atom energy applies to
oms which have traveled the 17.9 mm distance between
US and DS layers.

TABLE II. Characteristics of the muonic processes in differe
upstream targets~see column 4 of Table I for target details! as
calculated by the Monte Carlo. Muon stops in the targets are gi
in percent of muons entering the apparatus~the Monte Carlo analog
of GMU!. The emission yield, molecular formation, backward e
cape, and muon decay are given in percent per muon stop
Simulations were performed using the solid cross sections.

Upstream targets DE TE STE SPP PP

m stops 58.6 47.4 32.3 32.3 58.6
ppm formation 34.1 24.3 4.8 77.9 83.8
pdm formation 39.7
ptm formation 48.5 35.8
Muon decay 7.1 6.1 2.8 9.5 10.2
Backward escape 13.0 15.2 31.0 8.1 4.1
Forwardpm emission 1.8 0.4 0.4 4.5 1.9
Forwarddm emission 4.3
Forwardtm emission 5.5 25.2

TABLE III. Characteristics of the muonic processes in dow
stream protium targets~see column 6 of Table I for target nam
references!. Muon stops,pm emission anddm (tm) transmission
are given in percent of muons passing the entrance window of
apparatus. Simulations are performed using the solid cross sect

Downstream targets 600 500 350 300
~associated US target! DE STE TE DE

m stops 7.8 9.3 2.6 4.4
Forwardpm emission 0.6 0.9 0.4 0.7
dm transmission 0.7 0.9
tm transmission 1.4 0.9
2-8
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SCATTERING OFpm MUONIC ATOMS IN SOLID HYDROGEN PHYSICAL REVIEW A68, 062502 ~2003!
Figure 13 shows the probability ofpm emission from a
hydrogen target as a function of the initialpm formation
position following the muon stop. The example is for the
target and for the muon stopping distribution for the be
momentum 26.25 MeV/c. The difference between the re
sults of the solid cross sections~solid line! and gas cross
sections~dashed line! illustrates the strong increase of th
mean free path in the final stage of thepm slowing down
when the solid-state effects are considered. One can see
the volume from which emittedpm atoms can originate is
much more extended in the solid case.

IV. MEASUREMENTS

Muonic atom scattering in hydrogen was measured via
x-ray time spectra ofmNe 2p-1s at 207 keV~see Fig. 14!.

FIG. 11. Calculated low-energy spectrum~a! of emittedpm at-
oms for the PP target. The solid line shows the result using the s
cross sections, whereas the dot-dashed line shows the spectru
ing the gas cross sections. The same number of incident m
(23106) is used for both cases. Top-right picture~b! shows the
slowing down energy spectrum in a log-binned scale.

FIG. 12. Energy spectra ofdm and tm atoms emitted from DE
and TE targets, respectively, after flying the US-DS distance
before entering the DS target. Solid lines—MC with the solid cro
sections, dashed lines—MC with the gas cross sections.
06250
hat
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The time spectra events were selected within the energy w
dow 205.6-208.3 keV. The background time spectra un
the 207-keV peak were created using time spectra from
neighboring energy windows, namely, a left background
203.3–205.6 keV and a right background at 208.3–21
keV. Two different background evaluation procedures w
used. In the first, the left and right spectra were added,
then normalized by the energy window widths and the res
ing spectrum subtracted from the time spectrum of themNe
2p-1s peak. The second relied on a multiparameter fit of
summed left and right backgrounds using two exponen
functions ~with lifetimes for muons in gold and neon! and
the background predicted from the fit function was su
tracted from themNe 2p-1s peak. Since the backgroun
accounts for 70%–85% of the total statistics, its remo
plays an important role, especially for data at early tim
where the muon prompt capture in the neon layer and
gold foils bring a strong contribution. Another data cleani
method resulting in better signal to background was the
quirement that the muon decay electron be seenafter the

lid
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FIG. 13. The probability dependence ofpm emission from the
PP target~for a beam momentump526.25 MeV/c) vs the initial
pm position in the target. The simulation was performed using b
the solid cross sections~solid line! and gas cross sections~dashed
line! for the same number of incident muons.

FIG. 14. x-ray energy spectrum for the T3 measurement. T
mNe 2p-1s is located at 207 keV, whereas the bigger peaks aro
215–220 keV are themAu 6–5 lines.
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TABLE IV. Experiments for thepm1p scattering study. When the hydrogen layer had the same th
ness, the different measurements were summed to give more statistics. The last column indicates th
present in the time spectrum.

Hydrogen GMU
No. Label ~Torr l! (units of 106) Time spectrum

1 D31D7 300 DS 671 pm1 delayeddm from DE
2 T4 500 DS 147 pm1 delayedtm from STE
3 T51T6 1000 US 395 pm clean spectrum
4 D51D6 2000 US 233 pm1dm diffusion from DE
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mNe 2p-1s x ray, starting from a given time delay. Thos
delayed electrons were detected by the scintillators~see Fig.
8! during a time interval 0.2– 5.2ms after themNe signal.
This method, called the ‘‘del-e’’ criterion, suppressed the
background by a factor of about 300. However, useful sta
tics were reduced by about a factor 10.

A. Combined measurements with HÕD and HÕT targets

For thepm scattering analysis only the few experimen
from Table I in which thepm diffusion time spectrum have
been seen are useful. Similar runs were summed when
possible and Table IV gives the details. The other meas
ments were, nevertheless, necessary for the determinatio
detection efficiencies.

A typical TOF measurement~No. 1, Table IV!, where
bothdm ’s from the US layer andpm ’s from the DS protium
layer were detected when they reach the DS neon, is
sented in Fig. 15~points with error bars!. The ~a! and ~b!
graphs show the time spectra for the full statistics and for
events where the del-e criterion has been applied for back
ground suppression, respectively. That measurement
performed with a DE upstream target~with 0.05% D2) and a
300-Torr l (H2) downstream layer. The events occurring
early times (t,600 ns) are due topm formed directly in the
DS hydrogen which then diffuse to the neon layer. The p
in the TOF spectrum corresponds to the delayeddm atoms
which travel the distance between the two foils and are
stopped in the DS hydrogen due to the RT effect. Also p
ted are the simulations using the solid scattering cross
tions as well as the result of the calculation when one
glects the solid-state effects and uses only the gas c
sections.

Another example of a similar TOF measurement~with a
hydrogen/tritium mixture in the target upstream and 50
Torr l protium covering the downstream Ne, No. 2! is shown
in Fig. 16 for the full statistics and del-e requirement cases
A relatively high muon stopping fraction in the downstrea
target~because the US target was only 1000 Torr l and 9.
of the muons stopped in the DS target! gives good statistics
for thepm part in the time spectrum. The delayed peak fro
tm transfer events lies earlier in time than the correspond
deuterium case because of the highertm energy ~see Fig.
12!, and hence the overlap of both diffusion and RT spec
parts is fairly strong. The solid cross section MC spectrum
also presented in the figure~solid line histogram!. Dot-
dashed and dotted lines show the predicted contribut
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from pm and tm, respectively.
Figure 17 shows the time spectrum ofpm anddm atoms

emitted together from a DE target~No. 4, Table IV!. This
case was analyzed using the different emission time dep
dences since thedm part of the time spectrum decreas
much faster than thepm emission spectrum; the mean diffu
sion time of dm in the 2000-Torr l target is;100 ns, much
less than for thepm emission (;300 ns). Thedm contribu-
tion can be removed using the MC simulations sincedm
emission is independent of solid-state effects as one can
from Fig. 15. The subtraction leaves a cleanpm spectrum
which can be compared to the MC including solid-state
fects. Normalization of the simulated time spectra was do
using the RT peak which is equally well described by bo
the solid and gas approaches.

FIG. 15. Experimental time-of-flight spectra~points with error
bars! for experiment No. 1~see Table IV! for cases:~a! full statis-
tics, ~b! del-e criteria. The solid line represents the Monte Car
simulation based on the scattering cross sections when solid ef
were taken into account, the dotted line is for the gas cross sect
2-10
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SCATTERING OFpm MUONIC ATOMS IN SOLID HYDROGEN PHYSICAL REVIEW A68, 062502 ~2003!
The normalization factornDS5Yexpt. /YMC , where the
yields Yexpt. and YMC were the total counts in the time in
terval 500–2500 ns, was calculated from all eight measu
ments given in Table I which deal with the RT effect. Th
mean weighted value for the germanium detector G1~which
was the same in all experimental runs! was nDS5(5.8
60.3)31024. This normalization factor is, in effect, the de
tector efficiency for Ne x rays detected from the DS ne
layer. For experiment Nos. 3 and 4~see Table IV! where x

FIG. 16. Experimental time-of-flight spectra~points with error
bars! for experiment No. 2~see Table IV! for ~a! full statistics and
~b! del-e statistics. The solid line is the MC simulation based on
scattering cross sections when solid-state effects were taken
account. Dot-dashed and dotted lines show thepm and tm contri-
butions, respectively.

FIG. 17. Experimental time spectrum~points with error bars! of
pm and dm emitted together from DE upstream target~experiment
No. 4, Table IV!. Monte Carlo simulation is shown as the solid lin
histogram. Dotted and dashed curves show the contributions f
pm and dm, respectively. Calculations based on solid cross s
tions.
06250
e-

n

rays were detected from neon on the US target~shifted by
17.9 mm compared to the DS target! another method was
used to determine the normalization coefficient. Beca
there are no RT peaks in those time spectra of Ne x ra
direct comparison between experiment and MC cannot
used. However, the efficiency to detect DS Ne x rays was
same for prompt events and for events delayed by diffus
We determined the experimental ratio between US prom
Ne x rays and DS prompt Ne x rays, using D1 and D5 e
periments, where the Ne layer thickness was the same,
shifted in location. By multiplying that ratio with the previ
ous DS efficiencynDS we obtained the G1 detector US M
normalization coefficientnUS5(8.161.0)31024, '40%
higher than in the DS case, with an error which takes i
account the statistical errors of both measurements as we
the nDS error. No efficiency was determined for the G2 ge
manium detector, because it was changed between the
terium and tritium measurements.

B. Emission ofpµ atoms from a layer of solid hydrogen

Althoughpm atom emission was a parasitic process in
RT experiments, those runs were still useful for the analy
of pm scattering in solid hydrogen. In particular, the pr
found disagreement between experimental data and th
using gas cross sections and the relative correctness o
solid cross sections can be seen.

The observation of enhancedpm emission from solid hy-
drogen stimulated additional measurements specifically
tended to study the phenomenon more precisely with hig
statistics. A target similar to the one shown in Fig. 9 w
made from 1000-Torr l pure protium covered with a th
~10–20 Torr l! neon layer. The resulting time spectrum
mNe 2p-1s x rays described the diffusion ofpm atoms in
hydrogen from the moment of the muon stop to the mom
of emission.

The measured time spectra~No. 3, Table IV! of mNe
2p-1s x rays are shown in Fig. 18 for the full statistics a
del-e criteria. MC spectra also shown in the figures descr
well the experimental data when the solid cross sections
used~solid lines!. Normalization to the experimental data
based on the conclusions from the TOF measurements~see
Sec. IV A!. The calculation with the gas cross sections~dot-
ted lines! gives a suppressed yield although the lifetim
representing the diffusion are not dramatically different.

V. ANALYSIS AND DISCUSSION

As is seen from the comparison between the experime
results and the simulations performed using both the s
and gas cross sections presented on Fig. 15, both type
cross section describe the RT part of the spectrum equ
well. That agreement is due to the fact that solid-state effe
are negligible for the energies of thedm atoms which are
responsible for those spectra. A similar conclusion can
drawn from the measurements withtm.

In contrast, there is a big difference in yields as well as
time dependence between the calculatedpm diffusion spec-
tra and measurements where an agreement with the ex
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m
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WOŹNIAK et al. PHYSICAL REVIEW A 68, 062502 ~2003!
ment is obtained only for the solid cross sections; the d
crepancy seen in Fig. 15~a! for first points from times 0–150
ns has an artificial source and will be explained later in t
section. The gas cross sections predict a total yield of emi
pm ’s two times smaller than required for a correct descr
tion of the experimental results. If one excludes the fi
channel~Fig. 15!, which contains events connected with fa
pm atoms from the slowing down stage, the gas appro
gives three times less emission.

The good agreement between experiment and calcula
based on the solid cross sections is also visible in Fig.
where the emission spectrum ofpm ’s from the DS target and
the transmission spectrum of the delayedtm ’s from the small
tritium emission US target are presented. Thepm emission is
enhanced 2.3 times for the total emission and 3.8 times
emission at timest.30 ns. Accurate results, especially fro
the point of view of the emittedpm diffusion time analysis,
are obtained from the experiment with the small pure p
tium target~Fig. 18!. In that case there were no ambiguiti
between signals from diffusion and those from RT even
which was a problem present in the measurements with
combined H/D and H/T targets. However, such combin
target measurements were necessary because they gav
RT peak which was used as the reference for the yield n
malization of the MC spectra. The time distribution of th
emittedpm atoms has some nontrivial behavior and depe

FIG. 18. Experimental~points with error bars! and MC ~lines!
time spectra ofpm emitted from the 1000-Torr l H2 layer ~No. 3,
Table IV! for the full experimental statistics~a!, and del-e criteria
~b!. Solid line—calculation with the solid cross sections; dott
line—calculation for the gas cross sections. Calculations with s
cross sections are normalized to the experimental data accordi
conclusions from the TOF measurements.
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not only on the cross sections but also on the target th
ness, the muon stop distribution in the target, and the in
energy of thepm atoms. In the limit of long times and for a
given m-stop distribution, thepm emission time distribution
can be well modeled by a one-exponential approximation
that limit, the constant factor in the exponent represents
mean time needed for the equilibratedpm atoms to reach the
layer boundary~we call that parameter the diffusion time
td). Such atd depends on the target thickness but sho
reach an asymptotic value for high thickness simply beca
them-stop distribution is effectively modeled by exponent
decreasing as a function of thickness~cf. Fig. 1 of Ref.@42#!.
When convoluted with the escape probability of Fig. 13, a
the associated escape time from any given depth, this e
nential behavior of the stopping yields a constant emiss
time. In light of the remarks presented above, we chos
unique time regiont.200 ns for the analysis of the fou
experimental time spectra~see Table IV! to determine the
diffusion timetd and compare it with the MC simulation.

Such a choice had the additional advantage that it avoi
problems with the early parts of the time spectrum. T
problem is clearly visible in Fig. 15~a! for times less than
200 ns in a measurement made with a thick US layer plu
H2 DS layer. The early time signal was only a few percent
the total counts so the background subtraction for those t
regions was significant, as can be seen from the resul
uncertainties, and hence any small irregularities in
thresholds and in the detection of secondary muons as
as in the background estimation itself can result in an p
estimation of the background. It also exists, but is less
portant, in measurements with a H2 US layer, where the per
centage of incident muons stopped US was significan
higher than in the downstream layer. It is worth noting th
for the spectra cleaned with the del-e condition, where all the
background problems vanish, the theory~via Monte Carlo
simulations! agrees with the early time region, but a mo
sophisticated analysis was not possible because of poor
tistics and the complicated form of the time spectra.

The measured and calculated values oftd , fitted using a
single-exponential distribution, are given in Table V for bo
data treatments~i.e., with and without del-e). Good agree-
ment between the experimental values oftd and the calcula-
tions using the solid cross sections is observed for each
periment. The results are also shown in Fig. 19 where
points with error bars represent the experimental values otd
from Table V. The lines are the results from the Monte Ca

d
to

TABLE V. Diffusion time of pm atoms,td in ns, in solid hy-
drogen layers of different thicknesses~No.’s defined in Table IV!.

No.
Target
~Torr l!

Experiment MC

Full statistics Del-e Solid Gas

1 300 161~32! 183~35! 141~4! 257~26!

2 500 199~40! 360~165! 222~7! 234~14!

3 1000 269~13! 279~44! 258~3! 237~8!

4 2000 279~26! 253~42! 254~8! 230~24!

astatistical error is used for the fit
2-12
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SCATTERING OFpm MUONIC ATOMS IN SOLID HYDROGEN PHYSICAL REVIEW A68, 062502 ~2003!
calculations using the solid and gas cross sections~solid and
dotted lines, respectively!. The MC results from Table V
were obtained strictly for the given experimental conditio
whereas the calculations represented by the continuous
in Fig. 19 were made assuming pure protium layers of
creasing thickness and using the same muon stopping d
bution ~beam momentum of 26.25 MeV/c! in order to show
the smooth dependence oftd on the target thickness.

The analysis of the emission yields of the slowpm atoms
supports also the use of the solid cross sections. This is
by comparing the experimental results with the simulatio
when the solid and gas cross sections were used. The re
for the G1 detector are presented in Table VI. The comp
son was performed for the time interval 200–600 ns, ch
acteristic for the diffusion process, using the efficiencies
tablished from the RT time domain~see Sec. IV A!. The
agreement between the experiments and solid cross sec
is excellent.

Despite the general agreement between the experime
data and the theoretical description ofpm diffusion in fully
modeled solid hydrogen, the question of the sensitivity of
calculated diffusion time and emission yield on the cro
sections is important. The influence of an inaccuracy in

FIG. 19. The dependence of the diffusion timetd on H2 layer
thickness. Solid and dashed lines were calculations using solid
gas cross sections, respectively.

TABLE VI. Comparison of the calculated and measured~full
statistics! pm atom emission yields~in percent per GMU! from the
different solid hydrogen layers for the time interval 200–600
The second column represents the total hydrogen thickness in
US and DS.

No.

Hydrogen
thickness
~Torr l!

Experiment MCa

Solid Gas

1 20001300 0.21(2) 0.225(5) 0.059(2)
2 10001500 0.35(6) 0.345(6) 0.067(3)
3 1000 0.52(7) 0.521(7) 0.313(6)
4 2000 0.38(6) 0.398(6) 0.074(3)

aOnly the statistical error is given.
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pm1D2 (T2) anddm(tm)1X (X is any hydrogen isotope!
cross sections is negligible in thepm diffusion study because
of the very small concentration of deuterium~tritium! admix-
tures in the targets. The question ofdm1H2, tm1H2 cross
sections in the Ramsauer-Townsend region is discussed
where@25,26#.

To study the sensitivity of thepm1H2 scattering simula-
tion on the cross sections we performed calculations with
solid scattering cross sections scaled in the low-energy
gion ~i.e., collision energy,0.1 eV). When applying a con
stant scaling factor, between 0.7 and 1.3, it only changes
character of the slowing down process by a very sm
amount at short times. However, it does not change the
fusion process in any practical way. Variations in the diff
sion time td and the total emission yield do not excee
0.5%–1% for the mentioned scaling range. This is not s
prising since the scaling does not change the character
equilibrium energy of the diffusedpm which is established
by the deceleration and acceleration processes~i.e., creation
and annihilations of phonons, respectively!. That energy is
close to the Bragg cutoff energyEB , because the coheren
phonon creation forpm(F50) vanishes belowEB ~a weak
incoherent scattering remains! and the inelastic-scatterin
cross sections for the acceleration (s11

gain) and deceleration
(s11

loss) cross over nearEB ~Fig. 2!. Following these remarks
the value ofEB may have an influence on the coldpm emis-
sion~but not on the diffusion time!. However, theEB value is
defined by the geometrical structure of the hydrogen cry
~lattice constant! and thus is known relatively precisely~bet-
ter than 5%!. One result of the simulations was that such
5% shift of EB ~0.1 meV! gives an increase~or decrease! of
the pm emission yield by 1.2%.

Another important factor which can influence thepm dif-
fusion parameters is theppm molecular formation rate,
which is the most frequentpm disappearance channel fo
lowing muon decay. Both parameters—the diffusion timetd
and the emission yield,Y—are sensitive to that process. Th
valuelppm53.2160.18ms21 @19# used in our simulations is
the more accurate value of the two existing measurem
performed in solid hydrogen to date. Decreasinglppm by one
standard deviation resulted in a 4% increase of the calcul
diffusion time and a similar increase of the emission yie
from a thick hydrogen layer. Nevertheless, when one ta
into account all above systematic errors, the comparison
sented in Tables V and VI allows us to conclude that the
based on the solid cross section is still consistent with
experimental results, contrary to that of the gas approac

In this work we tried to confront the experimental resu
obtained forpm atom scattering in solid hydrogen with th
theory of low-energy scattering including solid state effec
Agreement has been obtained between experiment and
theory with respect topm diffusion. In particular, the diffu-
sion time has been found and the enhanced yield ofpm
emission from the thin solid hydrogen layers has been
plained. The results of the study proved that the obser
solid effects in the scattering at low energies~collision en-
ergy ,0.1 eV) are correctly described by the calculat
solid scattering cross sections. The experimentally obser

nd
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enhancement in the emission of coldpm atoms creates the
possibility of using such neutral atomic beams as a too
further studies of muonic processes.
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