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Scattering of pt muonic atoms in solid hydrogen
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We present the results of experimental and theoretical study of the scattering of low-epetpms 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-energpu 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 collisiongaf 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 muw atom diffusion. Forpu 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 emissiopofatofds
to occur.
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I. INTRODUCTION capture by protongsee Refs[1-4]). The first experiments
of pu+H, scattering were performed in gaseous hydrogen
Negative muons stopping in hydrogen can form muonicand used the traditional diffusion methf-8. .
hydrogen pu) atoms. Although created in excited states, Much more has been done to study the scattering theoreti-
such atoms cascade to the ground state quickly {26) cally. Many calculations of cross sections for scattering on

where their kinetic energy is of the order of several eV, muclﬁare nuclei, atoms, and hydrogen molecules_ have been mgde,
. A . . owever, solid-state effects were not considered. The high
higher than thermal equilibrium energies. The muonic hydro

is ab . len (/ i h ‘accuracy calculations of the total cross sections for low en-
gen atom is about 200 times smallen(/m, scaling than o4 scattering €., <50 eV) forpu and other muonic at-

the size of ordinary electronic hydrogen. The small neutral s on bare hydrogen nuclétalled the “nuclear” cross

atom can easily diffuse through the surrounding medium UNgections were done in Ref[9] by solving the Coulomb

dergoing different types of interaction including elastic andinree-hody scattering problem using the adiabatic multichan-

inelastic scattering. Scattering of fagt. atoms in hydrogen ne| approach. Differential cross sections for that case were

is governed by a large cross sectian10*° cn?) which  calculated in Ref{10] using phase-shift values from Ré8].

is quite effective in slowing them down. For collision energies lower than about 8.1 eV it is nec-

Only a few experiments have examined the scattering oéssary to account for both electron screening and the molecu-

muonic atoms on nuclei and molecules directly, although it idar structure of the target. Total and differential cross sections

an important process in most muon physics phenomena sugbr this case(called the “gas” cross sectiohsare given in

as muon catalyzed nuclear fusiop@CF) or muon nuclear Refs.[11] and[12], respectively. Another possible approach
to including the molecular effects for epithermal energies
uses the Sachs-Teller tensor-of-mass model and can be found

*Electronic address: wozniak@ftj.agh.edu.pl in Refs.[13,14).
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The scattering experiment results given in Réfs-8] ~~ 77 F -

were sometimes inconsistent not only among themselves bt 152

with theory as well(see Ref[15] for a review. The latest pu(F=1) +p

and most advanced measurements in gaseous hydrogen we o12

performed at PS[16] where the cross sections fpju scat- 0.182 eV £1

tering on H, moleculeq 11] were used for the analysis of the

experimental data. Those measurements were not in ful (F=0) +

agreement with the theory. On the other hand, diet D, b p on

scattering measurements performed by the same collabora-

tion [16] were in agreement.

T22
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FIG. 1. Energy levels for theu+p system, where; ande,
represent the collision energies for the singlEt0) and triplet

Um". nO.W’ nq experimental studies concernipgatom )£F=1) states, respectively. The dashed line represents the total
scattering in solid hydrogen have been performed. Such ex- . . -
energy of the system. Four transitions with cross sectigps i,k

periments are complicated to analyze because the results fgrl,z are possible due to the hyperfine splitting of the energy levels.

the cross se(_:tlon are not directly obtained but are O_nly_deFor the scattering of« in the singlet state only the elastic scatter-
duced by their effect on other results, such as time dlstnbul-ng oy, is possible if the collision energy; is below Ej

tions or yield intensities, which themselves are often ob-_ 182 ev.
scured by other background processes.

The development at TRIUMF of the multilayer thin fro- solutions of the two-center Coulomb problef@1], espe-
zen hydrogen film targetl7—23, which produce muonic cially in the two-level approximatiof82] with further modi-
atom beams emitted into vacuum, permitted the cross sedications[33-36. The progress in the effective potential cal-
tions to be probed in another way. We have studied severgulation for the two—center problem permits the
isolated muon induced processes using a time-of-flightmultichannel scattering equations to be solved even when
(TOF) method permitted by the frozen target geomé¢ftg].  there are a large number of closed chanf&¥s38. Accurate
In particular, it was used in TRIUMF experiment E742 for calculations of the total cross sections performed in this mul-
the cross-section study afu+H,, tu+ H, scattering, and tichannel approach includingu + p scattering are presented
the Ramsauer-Townsenr&T) effect which is seen for these in Ref.[9]. Reactancd matrices and phase shifts, also given
systems at collision energies between 2 and 102~26.  in Ref. [9], for different values of the total orbital angular
During those measurements a strong emission of low-energyiomentum and the total spin of the three-particle system
pu atoms from the hydrogen layers into adjacent vacuunhave been used to calculate the differential cross sections
was observed. The yield was much higher than expectefiL0]. Cross section@otal and differentialfor collisions with
based on calculations which ignored the solid nature of th@nergies less thar1 eV, where both electron screening and
hydrogen target. Additional experimental studi2g,2g and  molecular binding are importarfigas cross sectionsare
theoretical calculations of “solid” cross sectiofig9] have — given in Refs[11,12. The screening effect is described there
been performed in order to clarify and explain the emis-  in terms of the effective screening potential, and the Fermi
sion behavior. pseudopotential method was applied to model the chemical

This paper summarizes our findings. In Sec. Il the theobinding.
retical background and new calculations of scattering cross
sections in solid hydrogen are described. The experimental B. Cross sections for solid hydrogen

apparatus and the measurement method are given in Sec. lll. The TRIUMF experiment§17—23 have stimulated theo-

Section IV presents the measurement results and their analyetical studies ofu-atom scattering in solids. Solid hydrogen
sis, whereas Sec. V contains the discussion of the results angl zero pressure is a quantum molecular crystal, which is

some concluding remarks. characterized by a large amplitude of zero-point vibrations of
the molecules. At 3 K, the vibration amplitude 4s18% of
Il. SCATTERING CROSS SECTIONS the nearest-neighbor distance for the tdolecule and 15%

for the D, molecule[39]. Nevertheless, experiments show
that quantum solids display typical crystal structures and that
Cross-section calculations for th& btatepu atom scat- common crystal characteristics, such as the density of the

A. Scattering on bare nuclei, atoms, and molecules

tering on bare protons, vibrational states, are well defined. This proves that the mo-
) lecular motion is correlated in such a manner that the crys-
pu(F)+p—pu(F’)+p, (1) talline structure is not destroyed. However, theoretical meth-

ods developed for a classical-crystal description, encounter
(whereF andF’ are the initial and final muonic atom spjns certain problems when applied in the case of quantum crys-
were begun by Gershteir80]. He treated the process as a tals. Namely, the interaction potential between the hydrogen
quantum mechanical Coulomb three-body problem. Figure Inolecules has a highly repulsive anharmonic core and thus
shows the diagram of the two isolated states ofghet p  the standard lattice dynamics leads to imaginary vibration
system with the possible transitions. frequencies. Nevertheless, the standard dynamics can be
Most of the following calculations were performed in the used, after a renormalization of the interaction potential by
adiabatic representation which results from expanding theccounting for the short-range correlations between
wave function of a three-body system over a complete set afieighboring-molecule movement.
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Solid hydrogen can exist in both efficient-packing struc- = 104 T T T T ]
tures: face-centered cubifcc) and/or hexagonal close & ] pu(F)+nH, , T=3 K
packed(hcp). Since the TRIUMF targets were formed by o 103 ]
rapidly freezing hydrogen gas on a gold foilaK and zero N'o
pressure, the solid layer has a polycrystalline fcc structure T 10 2
[39]. There is also experimental evidence that thin hydrogen g
films formed on fcc metale.g., gold or silver will retain B 10 p--v----
that same structurgd0]. Since the fcc and hcp crystals are §
very similar (e.g., the molar volumes are almost the same 1
and the first three shells of neighbors of any fixed molecule § af
are identical in both the structupeshe fcc cross sections are O 10 }
also a good approximation to the hcp case. The hydrogen 2 k.
was purified by a palladium filter at 600 K immediately prior 10 i
to freezing, so the resulting solid target had a statistical dis- 10'4 10 3 10 2 10'1 1 10
tribution (1:3) of molecular rotational stateK=0 and K plL energy (eV)

=1. Such a mixture of rotational states is often called “nor-
mal” hydrogen, nH. The relevant lattice constant for the fcc  FIG. 2. Total cross sections faru(F) scattering in 3-K poly-
structure at zero pressure is 0.5338 8. crystalline nH with the fcc structure, for different values of the
A method to calculate the scattering cross sections offitial and final muonic atom spirfs. The dotted line represents the
muonic hydrogen atoms in solid hydrogésolid cross sec- Phonon-annihilation fraction of-;, that results inpu energy gain;
tions) based on Van Hove's approach and using phase Shif@e_su_m of contributipns from phonon creation a_nd rovibrational
for muonic atom scattering on bare nuc8i41] has been excitations tqall, which lead topu energy Io.ss, is denoted by
proposed by Adamczaisee Ref[29] for detaily. The cal- dash-dotted line. _The doubled nuclea_r scattering gross seefifin
culated differential cross sections include incoherent and cd®" P#(F=0)+p is shown for compariso(dashed ling Note the
herent effects. The impinging muonic atom can induce in-21299 CUtoff energyEg ate~2 meV foroy,.
elastic reactions, both in a single molecul®vibrational
transitions or spin flipand in the whole targéexcitations or Scattering of thepu(F=1) atom is possible in the two
deexcitations of the lattice vibrational stateShe latter are total-spin statesi=3 andJ= 3. The nuclear amplitudes for
usually interpreted as creation or annihilation of phonons. Ithese two processes are very differf9it and therefore av-
is possible to create or annihilate one or more phonons iRraging the molecular scattering amplitude over spins leads
coherent or incoherent processes, but in practice, annihilatiofy a strong incoherent component. As a result, the cross sec-
processes are strongly suppressed in a 3-K target becaugén o,, in solid hydrogen has a large magnitudesat 0,
few phonons exist at low temperatures. though a small falloff of its value &g is still present. Sig-
Figure 2 presents the calculated total cross sections faiificant contribution too,, at lowest energies comes also
pu scattering on 3-K solid fcc hydrogen for different initial from the rotational deexcitatiol =1—K’=0, which is
and final spin states of thepu atom. Also shown are some possible(for F=1) due to the exchange of the muon be-
details of the total cross section fpp. atom scattering from  tween the protons during the collision process.

the ground spin state=0. For the sake of comparison, the  |n Fig. 2 contributions tas; are shown from different
doubled cross sectiom?;° of pu(F=0)+ p nuclear scatter- processes. The energy region 2—10 meV is dominated by the
ing is plotted. The cross sections are given for a single boungtrong elastic Bragg scattering. Phonon annihilation, denoted
molecule. At energies greater than roughly 1 eV both theyy the labels$5", is the only mechanism gfu acceleration.
solid-state and molecular binding effects are very small angyeak incoherent elastic scattering is most important below
therefore the cross section for a real hydrogen target is welt; . Slowing ofpu is possible through the lattice excitations
described by the nuclear cross section. and then, at sufficient incident energy, through subsequent
In Fig. 2, there is an important difference between therotational and vibrational excitations. The rovibrational tran-
singlet-(o11, F=0) and triplet-g»,, F=1) state scattering. sjtions may take place with simultaneous one or multiphonon
For the singlet, only the staté=3 of the total spin of the creation. The curve which shows the sum of contributions
pu+p system is possible. As a result, the scattering in nH from all these processes is labeled cb}?fs. At ez wp, the
is almost fully coherent and thus interference effects deterinelastic processes are most important and the cross section
mine the behavior of the singlet cross section at the lowesor the solid (per single molecule approaches the corre-
energies. Below the Bragg cutoff enerdg~2 meV, elas- sponding one for a free Hmolecule.
tic and phonon-creation coherent scattering is impossible and Figure 3 illustrates the small differences between Bragg
the total cross section is determined by the weak incohererdcattering ofpou in the fcc and hep polycrystalline nHThe
processes, which gives rapid falloff of,. Coherent phonon Bragg cutoff energy is slightly£0.2 meV) smaller in the
annihilation is present belog, but its magnitude is very hcp target. Different Bragg peak patterns in the total cross
small at 3 K. The rotational deexcitatith=1—K'=0 of a  sections are distinct only below a few meV. The magnitudes
H, molecule gives no contribution to the cross section sincef the cross sections are similar in the two lattices and, there-
this transition is strictly forbidden foF =0. fore, the theoretical estimation of coflx emission, ob-
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tained in this work for an fcc target, is also valid in the hcp _ _ )
case. FIG. 4. Slowing down opu atoms in a solid hydrogen layer of
thickness 3.4 mg ci? (1000 Torr |, as defined in Sec. lI)AThe
top plot (a) shows the time and energy after each scattering event
during the whole slowing down process. There are 2376 emission
The slowing down ofpu in solid hydrogen has been events and eachu atom undergoes on the average 40 collisions
simulated by the Monte Carlo method using the new crosbefore emission takes place. The bottom giptshows the time and
sections. The more important characteristics are shown in thenergy for thepu atoms which have been emitted from the hydro-
following figures. gen layer. The solid cross sections were used in the simulations.
The simulations, performed with the Monte Carlo code
Fow [42], represent a real experimental situation where

muons were stopped and formeg atoms in a solid pro-  down finishes after about 10 ns and subsegpgntliffusion
tium target of thickness 3.4 mg cm (an experiment labeled s determined by elastic Bragg scattering and inelastic pho-

later as No. 3 in Table 1)/ For this presentation only the nop scattering. The competition between those two processes
histories ofpu resulting in the upstream emission from the i shown in Fig. 6.

hydrogen layer have been chosen.

Scatter plots on Figs. 4 and 5 illustrate the time depen
dence of thepu slowing down(2376 histories ending by the
emission from the hydrogen layer are showhBach point

C. Slowing down ofpp atoms in solid hydrogen

The elastic Bragg scattering does not changeptheki-
netic energy in a solid hydrogdnontrary to a gas, where the
elastic scattering is an effective deceleration process because

. .~ the pu atom can always transfer a part of its energy to a
represents thpu energy after a scattering event at a given . . : .
time. Figure 4a) shows a sampling of all events during slow- recoiling free H ”‘_O'EC“'G- Only !nelastlc scattering can
ing down, whereas Fig.(8) shows only the final coordinates causepu deceleranor_(or acceleratlorj frqm the phonon an-
when py emission has occurred. One sees that the Slowin&lhnanon procesgbut is a weak contribution at low energies
down process is very fast and that aftell0 ns, the~mev  and at low temperatures. Therefopgy atoms spend a rela-
energy region is reached. Further decelerations opfhare  tVely long time in the diffusion stage before reaching the
then slower since the responsible inelastic cross sections bBragg cutoff energy. In the case of a solid, Hapid falloff
come lower. This transient region extends to 100—200 n&f the phonon creation cross section at endfgymakes the
when equilibrium energy is reached apg atom diffusion P thermalization less deep than in gaseous hydrogen. In-
in hydrogen takes place. The equilibrium energy is estabdeed, the equilibrium energy defined by the intersection of
lished near the Bragg cutoff limit where both the phonono¥" and o' at ~2 meV (see Fig. 2 is still higher than
creation and annihilation components ®f, become equal thermal equilibrium in a 3-K gaseous,H
(see Fig. 2 The strong increase of thpu(F=0) atom mean free

Figure 5 represents contributions to slowing down frompath due to the sharp decrease of the cross section below the

separate processes fou in singlet and triplet states. In any Bragg cutoff energy is shown in Fig. 7. Such behavior leads
experiment bottpu atomic spin states will be initially popu- to an enhanced emission of cofg’s from the thin solid
lated, however, the downward spin—flip is so fast in the solichydrogen layers. We note that a similar phenomenon is used
target that, after 0.1 ns, practically gdju atoms are in the in neutron physics to extract cold neutrons from beams pro-
ground spin state. Therefore, further slowing down is gov-duced in nuclear reactor@olycrystalline filters, see, e.g.,
erned by the cross sectiam; (Fig. 2). Efficient slowing Ref.[43]).
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FIG. 5. Details of the scatter plot from Fig(a}, namely, the spin-flip contributioftop) and the non-Bragg scattering processes in the
slowing down ofpu atoms(bottom). Note that downward spin flipH=1—F =0) increases the energy ly,=0.182 eV and the upward
spin flip decreases the energy by that amount. Elastic coherent scattestrghown in the figureis a dominant process for energies near
the Bragg cutoff energy limit{2x 102 eV) and leaves the energy unchanged.

Ill. DESCRIPTION OF THE EXPERIMENT isotopes or other gases such as neon. A versatile gas handling
system allowed mixtures of different hydrogen isotopes to be
prepared with high precision. The frozen film deposition uni-
The experiments studyingu scattering in solid hydrogen formity, better than 15%, has been measured independently
were performed at the M20B muon channel at TRIUMF. Thevia energy loss ofx particles[44]. The amount of gas in-
layout of the apparatus is shown schematically in Fig. 8jected into the system was conveniently measured in units of
Gaseous hydrogefor neon was sprayed, using a special Torr |, where the conversion factor between Torr | and
diffusion system, onto the 5&m-thick gold foil, maintained «g cm ? has been determinef44] and is on average
at 3 K, where it froze creating the thin solid films which 3.4 ugcm 2 per Torr | for H,. Details of the target construc-
could be maintained in high vacuum. The diffuser was in-tion and working procedure are given in Ref$8,45. De-
serted from below and could be used to deposit gas on eithéails of the data acquisition electronics can be found in Ref.
of the two gold foils separately. The thickness of the film was[20]. Incident muons of momentum 26.76r 26.25 MeV/c
controlled by adjusting the amount of gas injected. Multilay-[ Ap/p=0.07 full width at half maximum(FWHM)] were
ered targets could be made in which the frozen material condetected by a 127+m scintillator (1) before traversing a
sisted of uniform layers, each made from different hydroger25-um-stainless-steel vacuum isolation window. The muons

A. The apparatus
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Bragg scatteringb) in pu collisions in solid hydrogen for low 7
energies. Note the logarithmic scales.
(5)
continued to lose energy while passing through the cryostat G2
70-K heat shield to eventually stop either in the gold target (122 cm?
support foil (2) or in the ~400-800xm thick solid hydro-

gen target where they finally formed muonic atoms. The hy-
drogen target frozen on foil2), which was placed perpen- FIG. 8. The apparatus layout showing the muon entrance scin-
dicularly to the muon beam axis, was called the upstreaniiator (1), the upstrean(2), and downstrean3) gold foils (them-
target (US), and was made of pure protium or of protium selves inside the cryosjafThe surrounding detectors were the ger-
with a small admixture of deuteriurfor tritium), depending manium detectors G14) and G2(5), the Nal (6), and the three
on the experimentsee Figs. 9 and 10 pairs of electron counterd). The drawing is not strictly to scale.

In the case of a pure protium US target, a thin neon layer
was additionally deposited on top, as represented in Fig. 9. Iand the DS gold foil, and was used for the TOF studies of the
other cases, when deuterium or tritium were present in th&®amsauer-Townsend effect. A low muon beam momentum
US target, we used an additional downstream taf@8) was chosen to minimize the number @fstops in the DS
frozen on a second gold foil placed parallel to the first foil protium layer.
but 17.9 mm further along the beam aji8) in Fig. 8]. Such Neon was used to detect the scattered muonic atoms
an arrangement is presented in Fig. 10, where a thin layer ofhich left the hydrogen layer and subsequently transferred
neon is shown sandwiched between a layer of pure protiurthe muon to the neon. The resulting emission of 207-keV x
rays from the »-1s uNe transition was observed by two
~100-cn? germanium crystal$G1 and G2, Fig. Bwith a
time resolution of 10-12 nFWHM). The G1 detector was
used during the whole experiment, during both the deuterium
and the tritum measurements. However, there were two
physically different G2 detectors, one for each of the deute-

free path (cm)

Au
H, Ne

Ne X rays

N N

energy (eV)

FIG. 7. Sampled values of thgu atom mean free path between
consecutive collisions vs the collision energy. A strong increase of
the mean free path is seen below the Bragg cutoff energy. FIG. 9. Single target scheme.
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Au Au ones calculated by Monte Carl®C). The measurements
H#0.05%D, ~  18mm were performed in two different ways; either by using the

single pure protium target covered with a Ne lagf€ig. 9) or

by using the parallel target scherfég. 10.

The first methodFig. 9) proved better for studyingu
scattering for two reason$l) high stopping rate in the US
target assured highu emission statistics an(®) the time
spectrum was “clean” in that it did not contain the overlap-
ping RT part. Table | summarizes the different measurements
performed for the study of the RT effect apg + p scatter-
ing.

In the second cas@ig. 10, the US target was composed
Ne Xirays of protium with a small concentration of Dor T,), which

FIG. 10. Double target TOF scheme fop. Fast and slovd, ~ SETVed as a source of energatie (tu) atoms emitted from
atoms were emitted forward into the vacuum gap. Although not"€ layer into the adjacent vacuum with a mean energy of 3.5

shown in the drawing, muonic atoms were also emitted toward th&€V (9 €V in the case of b/'T, mixture) as a result of the RT
gold foils, which we refer to as backward emission. effect. Due to the low deuteriunitritium) concentration,

pu's were predominantly formed as a result of muon stops
in the US layer. A small fraction of them survived their evo-
rl1ution in the US hydrogerino muon transfer to the heavier
hydrogen isotope, nppu formation, or muon decayand
left the solid layer after multiple scattering. However, they
were very slow £~ meV) and could not reach the down-
stream target before the muon decayed. In most cases the
muon was transferred fronpu to a deuterium(tritium)
Following muon capture anguw formation, thepu atoms  atom. At formation, the muonic deuterium and tritium atoms
slow down and diffuse in the hydrogen layer, with somehad a relatively high kinetic energy, about 45 eV, which they
significant fraction of theu atoms escaping the layer. Ana- subsequently lost in elastic collisions, mainly with protium,
lyzing the emission yield and the time distribution of the until the energy reached the range of the RT minimum in the
escapedou’s gives information about the scattering crossscattering cross sectian( ud+H,). Then the mean distance
sections. The essential part of the analysis is the comparisdretween collisions increased and the hydrogen layer became
of the experimental yields and time distributions with theeffectively transparent for thdu (tu) atoms which were

fast du flight

initial dy - my

ﬁ slow pu
initial pu D\

u decay

rium and tritium measurements. The plastic scintilla{drs

in Fig. 8] were located around the target to detect the muo
decay electrons. The Nal detector was used to spud¥ in
hydrogen and deuterium mixturga5,46|.

B. The method

TABLE |. Different measurements performed for the RT gnd diffusion (diff) studies. 1500 Torr |
(H,+0.05% DBy) covered with 500-Torr | K. DE (deuterium emission TE (tritium emission—2000 Torr |
(H,+0.12% T,). STE (small tritium emissio—1000 Torr| (H,+0.12% T,). PP (pure protium—2000
Torr I Hy,. SPP(small pure protiuni—21000 Torr | H. GMU—good muons: i.e., events when only one muon
entered the apparat@so pileup. Conversion factoffor hydrogen: 1 Torr | corresponds to 3.4g cm 2 for

H,.
Experimental Beam US hydrogen US neon DS protium DS neon GMU

Label purpose (Me\W) (Torrl) (Torr) (Torrl) (Torr ) (units of 16)
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 2 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 2 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

D4 and T3 are not useful for theu diffusion analysis due to the strong overlap between RT and diffusion
parts of the time spectra.
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then easily emitted from the solid into the adjacent vacuum. TABLE Il. Characteristics of the muonic processes in different
Such energetic emitted muonic atoms traveled throughipstream targetgsee column 4 of Table | for target detailas
vacuum toward the downstream hydrogen layer and a frad:alculated by the Monte C_:arlo. Muon stops in the targets are given
tion passed, after possible interactions in hydrogen, to the NI Percent of muons entering the apparathe Monte Carlo analog
layer and produced x rays as a result of the muon transfer t?)f GMU). The emission yield, molecular formation, backward es-
neon and subsequent muonic neon deexcitation h cape, and muon decay are given in percent per muon stopped.
q . . - S Simulations were performed using the solid cross sections.
(tu) atoms gave a characteristic peak in the TOF spectrum

at ~1 us—a time determined by the distance between thpsiream targets DE TE STE SPP PP

foils and the position in energy of the Ramsauer-Townsend

minimum. M stops 586 474 323 323 58.6
Clearly, not all muons were stopped in the US target and®Px formation 341 243 48 779 838

thus those which reached the second foil cregigt in the ~ Pdu formation 39.7

DS protium. Thepu's diffused to neon giving a contribution Pt« formation 485 358

to the time spectrum at early times. Thus the resulting Né/uon decay 7161 28 95 102

time spectrum contained two relatively distinct componentsBackward escape 130 152 310 81 4.1

one of them connected with the RT effectdm (tu) scat- Forwardpu emission 18 04 04 45 19

tering and the other with the diffusion @fx atoms in the Forwarddu emission 4.3

solid hydrogen. Despite the overlap of the two effects in the-orwardtu emission 55 252

time spectra one should note that there is an important ad
vantage of such an experiment. Since the kinetic energy of

thedu (tw) is relatively high, the delayed RT peak is not nonresonantformation rates were taken from the Faifman
sensitive to the state of the target material and can be wetlalculationd50-52. Theppu andttu formation rates were
described using either gas or solid scattering cross sectiom®nsidered as energy independent,,=3.21 wus 1 [19],
(see Refs[25,26)). Due to this, the RT peak can be used as)\thl.so,us‘l [53]). Thermal motion of the target mol-

a reference in the analysis of the diffusion part where thecules was also taken into account. Tables Il and Il show the

effects of the solid state can be found. main characteristics calculated for different upstream and
downstream targets used fpp emission study. The values
C. Monte Carlo simulations are based on at least f18imulated muons, so the statistical

: . uncertainty is negligible.
The Monte Carlo codeow [42] was used in the planning Figure il sho%vg the calculated energy spectrunp of

stages of the experiment as well as for the analysis to simu- : X
9 P Y toms emitted from the pure protiu(PP target. A strong

ltﬁtriugu tﬁgyzlri?;ngcraoﬁiisv gfc ?ﬁg'ggp ;f;i: S mMung] Sﬁgsgolid—state effect is evident both in yield intensity and spec-
ping distributions along the beam axis in the different appa:[ral shapes when comparing the calculations which include

: : r disregard the solid hydrogen structuiolid and dot-
ratus components, especially in the hydrogen layers of th% . . . .
target, have been taken from a special set of measuremer shed lines, respectivelyThe details of the spectral tail

[25] and from another Monte Carlo calculatip4i7] and used a ove_the Bragg c_utoff limit are shown on a log-binned scale
as an input tacow. The Fow code gives the possibility of a In the inset. The kinetic energy spectra fx andty atoms

. . - emitted from deuterium emissidiDE) and tritium emission
el oS o1 1 10 Jeoe!Y. ) e, especivey areshown i i 12 o he ol
(i) Elastic scatteringpu+p, pu+d, dutp, pu-rt, (so_lld line) and gai_dashed Im;gross_secnons. The lack of
tutp, dutd, tutt solid-state gffects is not surprising given the high energy of
(ii)é in fii ! ' (F)—pu(F), du(F)—du(F") the atoms involved. The muonic atom energy applies to at-

P P- Pu Pull),  du KA )» oms which have traveled the 17.9 mm distance between the

tu(F)—tu(F').
(iif) Charge transfepu—du, pu—tu. US and DS layers.

(iv) Molecular formation;pu+p—ppu, du+d—ddu,
tu+t—ttu, dut+p—pdu, tu+p—ptu.

Energy-dependent values of the total and differential cros
sections for the elastic scattering of muonic atoms, spin flip
and charge transfer transitions were used in the calculation
For small collision energiegisually below 0.1 eYthe solid
double differential cross sectiof48] were used for the elas-
tic scattering and spin-flip interactions. At higher energies

TABLE lll. Characteristics of the muonic processes in down-
Stream protium targetésee column 6 of Table | for target name
references Muon stops,pu emission anddu (tu) transmission
gre given in percent of muons passing the entrance window of the
apparatus. Simulations are performed using the solid cross sections.

Downstream targets 600 500 350 300

where the solid state effects become negligible, the total an's?ssomated US target DE STE E DE
single differential gas cross sections from R¢810,41,49, u stops 7.8 9.3 2.6 4.4
corrected for molecular effects via the Sachs-Teller modelForwardpw emission 0.6 0.9 0.4 0.7
were applied. Using gas cross sections at higher energieg, transmission 0.7 0.9
saved computer time without incurring any loss in accuracyt,, transmission 1.4 0.9

The energy-dependemidu, ptu, andddu (resonant and
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0 T PR v i e P SRS FIG. 13. The probability dependence pft emission from the
0 005 01 015 02 025 03 035 04 _ i
I PP target(for a beam momenturp=26.25 MeVk) vs the initial
pH energy (eV) X pu position in the target. The simulation was performed using both

) the solid cross sectionsolid line) and gas cross sectioiidashed
FIG. 11. Calculated low-energy spectria of emittedpu at- line) for the same number of incident muons.
oms for the PP target. The solid line shows the result using the solid

cross sections, whereas the dot-dashed line shows the spectrum H§:4 time spectra events were selected within the energy win-
ing the gas cross sections. The same number of incident muong v 205.6-208.3 keV. The background time spectra under
(2x10) is used for both cases. Top-right pictuf) shows the the 207-keV peak were created using time spectra from two
slowing down energy spectrum in a log-binned scale. neighboring energy windows, namely, a left background at
Figure 13 shows the probability qfu emission from a 203.3-205.6 keV and a right background at 208.3-210.2
hydrogen target as a function of the initipke formation  keV. Two different background evaluation procedures were
position following the muon stop. The example is for the PPused. In the first, the left and right spectra were added, and
target and for the muon stopping distribution for the beanthen normalized by the energy window widths and the result-
momentum 26.25 Me\W. The difference between the re- ing spectrum subtracted from the time spectrum of gine
sults of the solid cross sectiorfsolid line) and gas cross 2p-1s peak. The second relied on a multiparameter fit of the
sections(dashed ling illustrates the strong increase of the summed left and right backgrounds using two exponential
mean free path in the final stage of the. slowing down  fynctions (with lifetimes for muons in gold and neprand
when the solid-state effects are considered. One can see thgk background predicted from the fit function was sub-
the volume from which emittegh atoms can originate is tracted from theuNe 2p-1s peak. Since the background
much more extended in the solid case. accounts for 70%—85% of the total statistics, its removal
plays an important role, especially for data at early times
where the muon prompt capture in the neon layer and the
Muonic atom scattering in hydrogen was measured via thgold foils bring a strong contribution. Another data cleaning
x-ray time spectra oftNe 2p-1s at 207 keV(see Fig. 14  method resulting in better signal to background was the re-
quirement that the muon decay electron be saefer the

IV. MEASUREMENTS

du
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FIG. 12. Energy spectra afu andtu atoms emitted from DE
and TE targets, respectively, after flying the US-DS distance and FIG. 14. x-ray energy spectrum for the T3 measurement. The
before entering the DS target. Solid lines—MC with the solid crossuNe 2p-1s is located at 207 keV, whereas the bigger peaks around
sections, dashed lines—MC with the gas cross sections. 215-220 keV are thgAu 6-5 lines.
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TABLE V. Experiments for thepu + p scattering study. When the hydrogen layer had the same thick-
ness, the different measurements were summed to give more statistics. The last column indicates the signals
present in the time spectrum.

Hydrogen GMU
No. Label (Torr 1) (units of 16) Time spectrum
1 D3+D7 300 DS 671 pu+ delayeddu from DE
2 T4 500 DS 147 pu+ delayedtu from STE
3 T5+T6 1000 US 395 pu clean spectrum
4 D5+D6 2000 US 233 pu+du diffusion from DE

uNe 2p-1s x ray, starting from a given time delay. Those from pu andtu, respectively.

delayed electrons were detected by the scintillatee® Fig. Figure 17 shows the time spectrummf anddu atoms

8) during a time interval 0.2—5.2s after theuNe signal. ~emitted together from a DE targéNo. 4, Table I\j. This

This method, called the “de” criterion, suppressed the case was analyzed using the different emission time depen-
background by a factor of about 300. However, useful statisdences since theu part of the time spectrum decreases

tics were reduced by about a factor 10. much faster than thpu emission spectrum; the mean diffu-
sion time of ¢k in the 2000-Torr | target is-100 ns, much
A. Combined measurements with HD and H/T targets less than for thepu emission ¢-300 ns). Thedu contribu-

] ) ] tion can be removed using the MC simulations simge
For thepu scattering analysis only the few experiments g pission is independent of solid-state effects as one can see
from Table | in which thep,u. diffusion time spectrum have fom Fig. 15. The subtraction leaves a clepn spectrum
been seen are useful. Similar runs were summed whenev@iich can be compared to the MC including solid-state ef-
possible and Table IV gives the details. The other measurge s, Normalization of the simulated time spectra was done
ments were, nevertheless, necessary for the determination 8§ing the RT peak which is equally well described by both

detection efficiencies. the solid and gas approaches.
A typical TOF measurementNo. 1, Table 1}, where

bothdu'’s from the US layer angpu’s from the DS protium 5,
layer were detected when they reach the DS neon, is pre& i
sented in Fig. 15points with error barns The (a) and (b) v
graphs show the time spectra for the full statistics and for theg
events where the del-criterion has been applied for back- %
ground suppression, respectively. That measurement waO
performed with a DE upstream targetith 0.05% D,) and a
300-Torr | (H,) downstream layer. The events occurring at
early times {<600 ns) are due tpu formed directly in the

DS hydrogen which then diffuse to the neon layer. The peak
in the TOF spectrum corresponds to the delagiedatoms
which travel the distance between the two foils and are not
stopped in the DS hydrogen due to the RT effect. Also plot-
ted are the simulations using the solid scattering cross secg
tions as well as the result of the calculation when one ne-n
glects the solid-state effects and uses only the gas crosg
sections.

Another example of a similar TOF measureménith a
hydrogen/tritium mixture in the target upstream and 500-
Torr | protium covering the downstream Ne, N9.i& shown
in Fig. 16 for the full statistics and del+equirement cases.
A relatively high muon stopping fraction in the downstream
target(because the US target was only 1000 Torr| and 9.3%
of the muons stopped in the DS targgives good statistics
for the pu part in the time spectrum. The delayed peak from
tu transfer events lies earlier in time than the corresponding
deuterium case because of the higher energy (see Fig. FIG. 15. Experimental time-of-flight specttaoints with error
12), and hence the overlap of both diffusion and RT spectraarg for experiment No. Isee Table IV for cases{(a) full statis-
parts is fairly strong. The solid cross section MC spectrum isics, (b) del-e criteria. The solid line represents the Monte Carlo
also presented in the figuresolid line histogram Dot-  simulation based on the scattering cross sections when solid effects
dashed and dotted lines show the predicted contributiongere taken into account, the dotted line is for the gas cross sections.

a) full statistics

n

=
Q
Q

time (ns)
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&

50 rays were detected from neon on the US targeifted by
17.9 mm compared to the DS targetnother method was
used to determine the normalization coefficient. Because
sl there are no RT peaks in those time spectra of Ne x ray, a
300 1 + direct comparison between experiment and MC cannot be
250 i 2 ‘% used. However, the efficiency to detect DS Ne x rays was the
i + same for prompt events and for events delayed by diffusion.

I N We determined the experimental ratio between US prompt
. ) \ . Ne x rays and DS prompt Ne x rays, using D1 and D5 ex-
400 800 1200 1600 2000 periments, where the Ne layer thickness was the same, just
shifted in location. By multiplying that ratio with the previ-
)f ous DS efficiencynpg we obtained the G1 detector US MC
K ++ normalization coefficientnys=(8.1+1.0)X10 4, ~40%
higher than in the DS case, with an error which takes into

. . . _t account the statistical errors of both measurements as well as
0 : = Tt the nps error. No efficiency was determined for the G2 ger-
manium detector, because it was changed between the deu-
e w— b L P b terium and tritium measurements.

350 |- a0f b) del-e request
a) full statistics

Counts / 50 ns

200

150

100

time (ns)
B. Emission of pp atoms from a layer of solid hydrogen

FIG. 16. Experimental time-of-flight spectfpoints with error o . .
barg for experiment No. Isee Table IV for (a) full statistics and Althoughpu atom emission was a parasitic process in the
(b) del- statistics. The solid line is the MC simulation based on theRT experiments, those runs were still useful for the analysis
scattering cross sections when solid-state effects were taken in@f pu scattering in solid hydrogen. In particular, the pro-
account. Dot-dashed and dotted lines showppeandtu contri-  found disagreement between experimental data and theory
butions, respectively. using gas cross sections and the relative correctness of the
solid cross sections can be seen.

The observation of enhancgge emission from solid hy-
drogen stimulated additional measurements specifically in-
dended to study the phenomenon more precisely with higher
statistics. A target similar to the one shown in Fig. 9 was

The normalization factomps=Yeypi/Yuc, where the
yields Yeyp andYyc were the total counts in the time in-
terval 500—2500 ns, was calculated from all eight measur
ments given in Table | which deal with the RT effect. The

mean weighted value for the germanium detector(@tich ~ made from 1000-Torr| pure protium covered with a thin
was the same in all experimental rinwas npe= (5.8 (10—-20 Torr) neon layer. The resulting time spectrum of

+0.3)x 10" 4. This normalization factor is, in effect, the de- #N& 2P-1S x rays described the diffusion gfx atoms in
tector efficiency for Ne x rays detected from the DS neon1Ydrogen from the moment of the muon stop to the moment

layer. For experiment Nos. 3 and(dee Table I where x  Of emission.
4 P ( v The measured time spectfdlo. 3, Table I\j of uNe

2p-1s x rays are shown in Fig. 18 for the full statistics and
del-e criteria. MC spectra also shown in the figures describe
well the experimental data when the solid cross sections are
used(solid lineg. Normalization to the experimental data is
based on the conclusions from the TOF measuremeets
Sec. IV A). The calculation with the gas cross sectiddst-

ted lineg gives a suppressed yield although the lifetimes
representing the diffusion are not dramatically different.

V. ANALYSIS AND DISCUSSION

Counts / 15 ns

As is seen from the comparison between the experimental
results and the simulations performed using both the solid
, , , , | and gas cross sections presented on Fig. 15, both types of
0 10 200 300 400 500 600 cross section describe the RT part of the spectrum equally

time (ns) well. That agreement is due to the fact that solid-state effects

FIG. 17. Experimental time spectrufpoints with error bassof @€ negligible for the energies of tiiw atoms which are
pu and g emitted together from DE upstream targexperiment ~ responsible for those spectra. A similar conclusion can be
No. 4, Table I\j. Monte Carlo simulation is shown as the solid line drawn from the measurements with.
histogram. Dotted and dashed curves show the contributions from In contrast, there is a big difference in yields as well as in
pu and du, respectively. Calculations based on solid cross sectime dependence between the calculgted diffusion spec-
tions. tra and measurements where an agreement with the experi-

10
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TABLE V. Diffusion time of pu atoms,ry4 in ns, in solid hy-
a) full statistics drogen layers of different thickness@so.’s defined in Table IV.

Experiment MC

Target
No. (Torr 1) Full statistics Dele Solid Gas

Counts / 30 ns

1 300 16132) 18335  141(4) 257(26)
2 500 19940) 3600165 2227) 234(14)
3 1000 26913 27944) 2583) 237(8)
4 2000 27926) 25342) 2548) 23024

astatistical error is used for the fit

not only on the cross sections but also on the target thick-
ness, the muon stop distribution in the target, and the initial
energy of thepu atoms. In the limit of long times and for a
given u-stop distribution, theou emission time distribution
can be well modeled by a one-exponential approximation. In
that limit, the constant factor in the exponent represents the
mean time needed for the equilibrated atoms to reach the
layer boundary(we call that parameter the diffusion time,
74). Such ary depends on the target thickness but should
reach an asymptotic value for high thickness simply because
) the w-stop distribution is effectively modeled by exponential
time (ns) decreasing as a function of thicknést Fig. 1 of Ref.[42]).
When convoluted with the escape probability of Fig. 13, and
the associated escape time from any given depth, this expo-

Table IV) for the full experimental statistic&), and dele criteria r?e”“a' behawor of the stopping yields a constant emission
(b). Solid line—calculation with the solid cross sections; dottedt'm_e' In _I'ght of _the remarks presented abo_ve, we chose a
line—calculation for the gas cross sections. Calculations with solid/nique time regiornt>200 ns for the analysis of the four

cross sections are normalized to the experimental data according fPerimental time spectresee Table 1V to determine the
conclusions from the TOE measurements. diffusion time 74 and compare it with the MC simulation.

Such a choice had the additional advantage that it avoided
ment is obtained only for the solid cross sections; the disproblems with the early parts of the time spectrum. The
crepancy seen in Fig. 1@ for first points from times 0-150 problem is clearly visible in Fig. 18 for times less than
ns has an artificial source and will be explained later in thi200 ns in a measurement made with a thick US layer plus a
section. The gas cross sections predict a total yield of emitteHl, DS layer. The early time signal was only a few percent of
pu's two times smaller than required for a correct descrip-the total counts so the background subtraction for those time
tion of the experimental results. If one excludes the firstregions was significant, as can be seen from the resulting
channel(Fig. 15, which contains events connected with fastuncertainties, and hence any small irregularities in the
pu atoms from the slowing down stage, the gas approackhresholds and in the detection of secondary muons as well
gives three times less emission. as in the background estimation itself can result in an poor

The good agreement between experiment and calculatioestimation of the background. It also exists, but is less im-
based on the solid cross sections is also visible in Fig. 1fortant, in measurements with g S layer, where the per-
where the emission spectrumpfi’s from the DS target and centage of incident muons stopped US was significantly
the transmission spectrum of the delay@ads from the small  higher than in the downstream layer. It is worth noting that
tritium emission US target are presented. Pheemission is  for the spectra cleaned with the de=tondition, where all the
enhanced 2.3 times for the total emission and 3.8 times fobackground problems vanish, the thedwa Monte Carlo
emission at time$>30 ns. Accurate results, especially from simulation$ agrees with the early time region, but a more
the point of view of the emitteghx diffusion time analysis, sophisticated analysis was not possible because of poor sta-
are obtained from the experiment with the small pure prodistics and the complicated form of the time spectra.
tium target(Fig. 18. In that case there were no ambiguities The measured and calculated valuesrgf fitted using a
between signals from diffusion and those from RT eventssingle-exponential distribution, are given in Table V for both
which was a problem present in the measurements with thdata treatmentsi.e., with and without dek). Good agree-
combined H/D and H/T targets. However, such combinednent between the experimental valuesrgiand the calcula-
target measurements were necessary because they gave tioas using the solid cross sections is observed for each ex-
RT peak which was used as the reference for the yield noperiment. The results are also shown in Fig. 19 where the
malization of the MC spectra. The time distribution of the points with error bars represent the experimental valueg of
emittedpu atoms has some nontrivial behavior and depend$érom Table V. The lines are the results from the Monte Carlo

Counts /30 ns

FIG. 18. Experimenta(points with error bagsand MC (lines)
time spectra o emitted from the 1000-Torr | Hlayer (No. 3,
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pu+D, (T,) anddu(tw)+X (X is any hydrogen isotope
cross sections is negligible in thpge diffusion study because

300 1 of the very small concentration of deuteriutritium) admix-
tures in the targets. The questiondyk +H,, tu+H, cross

W | et sections in the Ramsauer-Townsend region is discussed else-
o
“~ 2004 / where[25,26].

To study the sensitivity of theu + H, scattering simula-

© / . tion on the cross sections we performed calculations with the

-~ ¢ full statistics

solid scattering cross sections scaled in the low-energy re-
& del—e request gion (i.e., collision energy<0.1 eV). When applying a con-
stant scaling factor, between 0.7 and 1.3, it only changes the
character of the slowing down process by a very small
I I I I amount at short times. However, it does not change the dif-
0 Hiofarget g%?gkness 15(()$orr-l) 2000 fL_Jsion. process in any practicallwgy. Vqriations in the diffu-
sion time 74 and the total emission yield do not exceed
FIG. 19. The dependence of the diffusion timgon H, layer ~ 0.5%—1% for the mentioned scaling range. This is not sur-
thickness. Solid and dashed lines were calculations using solid angrising since the scaling does not change the characteristic
gas cross sections, respectively. equilibrium energy of the diffusegu which is established
by the deceleration and acceleration processes creation
calculations using the solid and gas cross sectisabd and and annihilations of phonons, respectivelyhat energy is
dotted lines, respectively The MC results from Table V close to the Bragg cutoff enerdyg, because the coherent
were obtained strictly for the given experimental conditionsphonon creation fopu(F=0) vanishes beloviEg (a weak
whereas the calculations represented by the continuous linéscoherent scattering remaingnd the inelastic-scattering
in Fig. 19 were made assuming pure protium layers of incross sections for the acceleration{{'") and deceleration
creasing thickness and using the same muon stopping distfi\9%9) cross over neaEg (Fig. 2. Following these remarks,
bution (beam momentum of 26.25 Me(s))/m order to show the value OfEB may have an influence on the qu¢L emis-
the smooth dependence af on the target thickness. sion (but not on the diffusion time However, theEg value is
The analysis of the emission yields of the slpy atoms  defined by the geometrical structure of the hydrogen crystal
supports also the use of the solid cross sections. This is segRttice constantand thus is known relatively precisellget-
by comparing the experimental results with the simulationger than 5%. One result of the simulations was that such a
when the solid and gas cross sections were used. The resulig, shift of E; (0.1 me\) gives an increasér decreaseof
for the G1 detector are presented in Table VI. The comparithe p. emission yield by 1.2%.
son was performed for the time interval 200—600 ns, char- Another important factor which can influence tpﬂ dif-
acteristic for the diffusion process, using the efficiencies esfysjon parameters is thepr molecular formation rate,
tablished from the RT time domaifsee Sec. IVA The  hich is the most frequenpu disappearance channel fol-
agreement between the experiments and solid cross sectioRgying muon decay. Both parameters—the diffusion timge
is excellent. _ and the emission yield\—are sensitive to that process. The
Despite the general agreement between the experlment@éme)\pp —3.21+0.18 us 1 [19] used in our simulations is
data and the theoretical descriptionm diffusion in fully the more accurate value of the two existing measurements
modeled solid hydrogen, the question of the sensitivity of the,erformed in solid hydrogen to date. Decreasipg, by one
calculated diffusion time and emission yield on the crossstandard deviation resulted in a 4% increase of the calculated
sections is important. The influence of an inaccuracy in th&jiffusion time and a similar increase of the emission yield
from a thick hydrogen layer. Nevertheless, when one takes
TABLE VI. Comparison of the calculated and measufédl  jnto account all above systematic errors, the comparison pre-
statistics pu atom emission yieldgin percent per GMYfrom the  sented in Tables V and VI allows us to conclude that theory
different solid hydrogen layers for the time interval 200-600 ns.pased on the solid cross section is still consistent with the
The second column represents the total hydrogen thickness in bo@(perimental results, contrary to that of the gas approach.

US and DS. In this work we tried to confront the experimental results
Hvdrogen i obtained forpu atom scatter_ing .in soli_d hydr'ogen with the
yarog Experiment MC theory of low-energy scattering including solid state effects.
thickness - .
No. (Torr ) Solid Gas Agreement has been obtained between experiment and that
theory with respect tpu diffusion. In particular, the diffu-
1 2000+ 300 0.21(2) 0.225(5) 0.059(2) sion time has been found and the enhanced yielg of
2 1000+ 500 0.35(6) 0.345(6) 0.067(3) emission from the thin solid hydrogen layers has been ex-
3 1000 0.52(7) 0.521(7)  0.313(6) plained. The results of the study proved that the observed
4 2000 0.38(6) 0.398(6)  0.074(3) solid effects in the scattering at low energigsllision en-
ergy <0.1 eV) are correctly described by the calculated
@nly the statistical error is given. solid scattering cross sections. The experimentally observed
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