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Using the basic muon-spin-rotation technique, the fractions of energetic positive muons
thermalizing in diamagnetic environments (f,) or as the paramagnetic muonium atom
(fmu) have been measured in low-pressure pure gases (He, Ne, Ar, Kr, Xe, H,, N,, NH;,
and CH,) as well as in several gas mixtures (Ne-Xe, Ne-Ar, Ne-NH3, and Ne-CH,). In the
pure gases, the muonium fractions fy, are generally found to be smaller than expected
from analogous proton-charge-exchange studies, particularly in the molecular gases. This
is probably due to hot-atom reactions of muonium following the charge-exchange regime.
Comparisons with muonium formation in condensed matter as well as positronium forma-
tion in gases are also presented. In the gas mixtures, the addition of only a few hundred
parts per million of a dopant gas (e.g., Xe) which is exothermic for muonium formation
gives rise to an f, characteristic of the pure dopant gas itself, demonstrating the impor-
tance of the neutralization process right down to thermal energies. In all cases, the experi-
mental signal amplitudes are found to be strongly pressure dependent, which is interpreted
in terms of the time spent by the muon as neutral muonium in the charge-exchange regime,
t, <0.2 ns. This time is generally shorter in the case of molecular gases than in rare gases.

I. INTRODUCTION

Charge exchange is an important collision pro-
cess relevant to understanding the behavior of plas-
mas and controlled fusion, the design of radiation
detectors and studies of radiation damage. Al-
though in recent years the focus of charge exchange
has shifted to the study of multiply charged ions,?
it is still of interest to study the simplest charge-
exchange process, that between a singly charged ion
and an atom or molecule, particularly near thermal
energies. The simplest ion is of course the proton
and there have been a number of review articles in
recent years on both the experimental results>* and
theoretical calculations>® dealing with proton
charge exchange. With the exception of a few re-
ports of merged-beam’ and flowing-afterglow® stud-
ies at or near thermal energies, most of the data on
proton charge exchange has been provided by
transmission experiments.>*° In that type of study
an energetic H* (or H™) beam of typically > 1-keV
energy (although data down to ~20 eV is available
in selected cases®) is passed through a gas target at
low pressure (~107% Torr), which is thin with
respect to energy loss but thick with respect to
charge equilibrium. Hence, by detecting the neutral
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H atoms that pass through a magnetic field, for ex-
ample, the cross section oy at energy E can be
found. The fraction of H atoms produced at this
energy can then be obtained from the ratio
o10/(019+001), where oy and oy, are the total cross
sections for electron pickup and loss, respectively.

The positive muon (™) has perhaps a more eso-
teric origin than the proton but its physical-
chemical interactions with matter are identical to
the proton’s, except for any differences arising from
their respective isotopic masses, M pzéMp.
Muons are produced with kinetic energies of 4.1
MeV or greater, far larger than the energy regime of
atomic interest. During its slowing down process in
matter, the u* undergoes charge exchange with
molecules X of the medium, pt+X—(u*e™)
+X7, in complete analogy with proton charge ex-
change. The neutral muonium atom (Mu) formed
with cross section oy has as its nucleus a positive
muon but otherwise can be regarded simply as a
light isotope of the hydrogen atom.!®~!? The frac-
tion of muons that thermalize in matter as either
“free” u* or as Mu atoms can easily be measured
and interpreted in terms of well-established con-
cepts in proton charge exchange.

There are three basic things to be learned from
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the present study.

(1) Unlike the proton experiments, the u* beam

stops in the gas so that, in principle, one is able to
probe the regime of charge exchange on the ap-
proach to thermal energies. In this regard, the in-
formation content is similar to that available from
protons as thick target yields.

(2) The observable signal for the amount of
muonium formed is a strong function of moderator
pressure, which is interpretable in terms of the total
time spent by the muon in the charge-exchange re-
gime during its thermalization process. This time
can be calculated theoretically®!® but is otherwise
difficult to obtain in proton experiments.

(3) The present results provide information on
hot-atom processes which are of interest for com-
parison with similar studies in condensed media.
Radiation chemistry spur processes may play a ma-
jor role in the condensed phase!*! but are expected
to be unimportant in the gas phase.

The earliest study of muonium formation and
muonium chemistry in gases was the work of Mob-
ley et al.,'® using conventional “backward” muons
of typically 125-MeV/c momentum, thereby neces-
sitating the use of high-pressure (~40-atm) targets.
Later work by Stambaugh et al.!” and also by Bar-
nett et al.'® concentrated on a study of muonium
formation in gases, again using relatively high-
energy muons and, in the case of Ref. 17, high-
pressure targets. We have employed a surface
muon beam'*?° which will easily stop in a gas like
argon at ~ l-atm pressure. The present results, all
obtained at the TRIUMF (Tri-University Meson
Facility) cyclotron at the University of British
Columbia, represent the first systematic study of
ut charge exchange and Mu formation in low-
pressure gases. Preliminary reports primarily on
the noble gases can be found in Refs. 21 and 22.
More complete data are presented here including re-
sults for the polyatomic gases H,, N,, CH,, and
NH; as well as results from gas mixtures.

II. EXPERIMENTAL
A. uSR and MSR signals

Positive muons are produced with 100% longitu-
dinal spin polarization,?? which is maintained while
the muon slows down until the onset of muonium
formation during a series of charge-exchange cycles
in the gas. The total slowing down time of the
ut/Mu ensemble (from ~2.5 MeV to 0.035 eV) is
about 30 ns at 1-atm pressure in a gas-like argon.
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FIG. 1. Schematic diagram of the experimental ap-
paratus. The p* beam triggers the thin (B) counter and
stops in the gas target, positioned between a pair of
Helmholtz coils. Decay positions from p*—e*v,7, are
detected either in the “left”or “right” counter telescopes.

Much later, with a mean life 7,=2.2 us, the muon
decays according to u*—e*v,¥, in which spatial
parity is not conserved and the e £ which is detected
in the experiment exits preferentially along the
muon spin direction.?> A schematic diagram of the
apparatus used is given in Fig. 1. A transverse
magnetic field is provided by a pair of Helmholtz
coils. A counter system fixed in the plane of muon
spin precession (labeled “left” and “right” in Fig. 1)
will exhibit an enhanced probability for detecting
the decay positron each time the muon spin sweeps
past.!1224-26 Hence a plot of the number of
detected positrons N (¢) versus time shows oscillato-
ry behavior. A typical example of a muon-spin-
rotation (uSR) spectrum is shown in Fig. 2 for
muons in Ar gas at a pressure of 2.4 atm in a trans-
verse magnetic field of 75 G, where the Larmor pre-
cession frequency of the muon, v,=1.01 MHz, cor-
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FIG. 2. Time histogram of muon precession in
room-temperature Ar at 2.4 atm in a transverse magnet-
ic field of 75 G. The curve is a X? fit to the data.



responds to a precession period of 990 ns. In the
case of the paramagnetic muonium atom, “triplet”
Mu precesses in a weak transverse field 103 times
faster than a diamagnetic muon, i.e., with half the
electron’s magnetic moment. Figure 3 gives the
N (2) spectrum for muonium spin rotation (MSR) in
the same target as in Fig. 2 but at 8 G where the
Mu Larmor frequency, vy,=11.1 MHz, corre-
sponds to a precession period of 90 ns. Data of the
type in Figs. 2 and 3 have the functional form

N(®)=Noe ""™[1+S()]+B , (1)

where N, is a normalization, 7,=2.197 us is the
muon lifetime, B is a time-independent background
term, and S (¢) is the “signal” of interest, defined (in
low fields) by '

S()= Apwe M (cosoput + Para)
+A,e _k“'(cosa)“t —d) (2)

where A4,,0,,6,,A, and Any, OMuPMmu v are the
amplitudes, frequencies, initial phases, and relaxa-
tion rates for the diamagnetic muon (Fig. 2) and
muonium (Fig. 3) signals, respectively. In Eq. (2),
the transverse relaxation rate A=1/T), is defined in
analogy with nuclear magnetic resonance (NMR) or
electron spin resonance (ESR) and corresponds to
the spin-spin interaction of the muon or Mu with
its environment. Sample MSR signals S(¢) are
given in Fig. 4 for Mu precession in Kr gas at two
pressures. The origin of the marked pressure
dependence of the Mu amplitude (often called
“asymmetry”), a general feature of all gases studied,
is explained later. Similar results have been seen in
Kr gas in a separate study at LAMPF (Los Alamos
Meson Physics Facility).?’

The experiment consists of stopping a surface u*
beam (from the M20 channel of the TRIUMF cy-
clotron) in the gas target (Fig. 1), collecting a histo-
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FIG. 3. Time histogram of muonium precession for
the condition of Fig. 2 but in an 8-G applied field. The
curve is a X? fit.
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gram of events in both the left and right telescopes,
and separately fitting these to Egs. (1) and (2) to
yield the parameters of interest, principally Ay,
Ay, and A. Often the relaxation of the MSR signal
is the main focus of the experiment; Ay, may either
be due to chemical reaction of the Mu
atom'%~12%or to spin exchange with paramagnetic
molecules.!>?® The present study, however, focuses
on the amplitudes 4, and Ay, since these are
directly related to muonium formation in the gas;
the relaxations A, and Ay, in pure gases are dom-
inated by field-inhomogeneity effects.'”’> The frac-
tion of free muon £, and of muonium fy, thermal-
izing in the gas are related to the measured ampli-
tudes 4, and 4y, by

A, 2A My

= fMu=""""", (3)
A, +24y, " M

j?‘ /4”'+_2J4hdu

where the muonium amplitude has been multiplied
by two to account for the unobserved antiparallel
“singlet” fraction (classically, it does not precess).
This nontrivial effect is treated in Sec. IIB of the
subsequent discussion. Defined in this way,
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FIG. 4. The room temperature MSR amplitude in Kr
gas in an 8-G field at a pressure of 700 Torr (top) and
300 Torr (bottom). The curves shown are ¥? fits.
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Smu+fu=1. The so-called free muon amplitude is
in fact most likely due to the formation of u*
molecular ions. The evidence for this will not be
discussed here but lies in the observation that the
muon signal (A,) relaxes noticeably upon the addi-
tion of a “reactive” dopant gas (e.g., Xe in Ne) due
to thermal muonium formation.'*?! The neutral
fraction fg, can be compared with the correspond-
ing fraction fy estimated from proton-charge-
exchange cross sections.>* For the Ar data in Figs.
1 and 2, for example, f, =0.28 and fy, =0.72; the
fraction of thermal H atoms expected from proton
data is 0.85.

Considerable care was taken with the purity of
the noble gases, particularly He and Ne. These
were purified by passing them over an activated-
charcoal trap at liquid-nitrogen temperature or over
a hot-titanium sponge or both. In general, hot ti-
tanium proved to be the most effective. One experi-
ment with high-purity “research grade” Ne
(99.99% purity; impurities are < 80 ppm He, <15
ppm N,, <3 ppm O,, H,O, and <2 ppm H,) was
also done in order to check the efficiency of the
purification procedure. The polyatomic gases were
not purified before use with the exception of H,,
which was passed through an activated-charcoal
trap at liquid-nitrogen temperature.

B. ut stopping distribution
and wall effects

The mean range of a (4.1-MeV) surface 4 beam
is ~135 mg/cm? (in Mylar) with a range spread
determined largely by the momentum resolution of
the channel.”® After traversing beam windows and
defining counter, the residual range is ~80 mg/cm?
with a spread of ~20 mg/cm? on the M20 channel
at TRIUMF. This corresponds to a stopping dis-
tance of ~40+15 cm in a gas such as Ar at 1-atm
pressure. The 75-cm-long gas target vessel was po-
sitioned near the center of a set of dual Helmholtz
coils (Fig. 1) and the gas pressure adjusted to max-
imize the number of detected positrons.

Any muons initially scattered into the aluminum
walls of the target vessel can affect the calculation
of the formation fraction of muonium since such
muons precess as free ut with 100% of their initial
polarization. It is important that these effects be
understood and corrected for. In both the present
work and the earlier work by Stambaugh et al.,'” it
was found that almost all of the scattering was due
to the beam defining counter(s) and target entrance
window, with multiple scattering from the gas itself
being negligible. In the present experiments the en-

trance window was thin Mylar or Kapton (0.012
cm) and the beam defining counter was 0.025 cm of
NE-102 scintillator. At sufficiently high target gas
pressures (e.g., ~2-atm N,) muons scattered from
the entrance window are not able to reach the walls
of the target vessel. This was determined using air
as the target gas at different pressures. Since there
is no muon or muonium signal in air itself, any sig-
nal can only come from the walls; e.g., at an air
pressure of 0.4 atm, 4,=0.07+0.01 but, at 1 atm,
A4,=0.02+0.01. Further corroborating experiments
were done with a Mylar lining on the inside of the
vessel; 4, in Mylar is only 17% of that in Al
Since N, and air have essentially the same density,
very accurate wall corrections could be made for N,
but in general such corrections can only be extrapo-
lated to other gases of widely differing densities and
hence stopping distributions. Nevertheless, these
can be made with some confidence and are duly
recorded in the tables below. In the much higher
pressure experiments of Stambaugh et al.,!” much
thicker windows (0.6-cm Al) had to be used than in
the present experiment. This causes severe scatter-
ing problems, which besides necessitating rigorous
corrections to the data, reduces the useful signal.

C. Absolute asymmetries and solid-angle effects

The measured amplitudes of a typical uSR or
MSR spectrum (e.g., Figs. 2—4) are dependent on a
number of experimental variables: beam line optics,
muon stopping distribution, counter geometry and
solid angle, and, particularly, on the thickness of
any accompanying degrader in the positron
counters. This latter effect arises from the fact that
the amplitude A4, in pt—etv,y, decay
[A,~14a,(E)cosf] is a strong function of energy
as well as angle, obtaining its maximum value at
52.8 MeV when 6=0. The energy averaged value
(a,(E)) =722 The surface u* beam is ac-
companied by beam positrons of the same momen-
tum (29 MeV/c), which give rise to random back-
ground events in the decay spectra. To effectively
remove these positrons about 5 cm of carbon ab-
sorber was placed in front of the positron detectors
(Fig. 1). As a result, the maximum amplitude in a
given experiment is always empirically determined
by a measurement of the u+SR spectrum in a target
where no u*t depolarization occurs; an Al plate has
been used in the present experiments. The total ab-
solute amplitude can be defined by the fraction
Aabs=Atot/AA1=(Ay +2AMu)/AAlr where A,‘ and
Ay are the amplitudes in a given experiment and
A, is the maximum amplitude possible, measured



under identical conditions. This ratio will always
be <1; eg., from Figs. 2 and 3, 4,,=0.90. It
should be noted that any wall contributions to the
observed muon amplitude A, (obs) must be correct-
ed for.

The results of our experiments reveal a marked
pressure dependence of the absolute amplitudes in
all gases studied. As the later discussion will show,
this pressure dependence (of the absolute asym-
metries) is important in understanding the overall
time dependence of muonium formation in the
charge-exchange regime. This is not an effect of
the muon stopping distribution on the solid angle
for positron detection, as first suspected.”? Unlike
experiments in condensed matter, where muons stop
in a very well-defined region,!>!*15 the extended
stopping distribution of the muon in the gas phase
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may reduce the absolute signal amplitudes by phase
averaging. Monte Carlo calculations have been car-
ried out to simulate the muon stopping distribution
and its random phase; for the counter geometry of
our experiments the predicted effect was <10%.
In addition, changing the experimental solid angle
by a factor of 2 made only a few percent change in
A, (obs). The maximum amplitude is always ob-
tained with an Al plate in the center of the gas tar-
get vessel; spreading out the muon stopping distri-
bution by placing 20-Al foils at intervals over a dis-
tance of 60 cm (target vessel length 75 cm) also
causes only a 10% reduction in 4,. We can thus
unequivocally conclude that observed pressure-
dependent amplitudes are due to the muon’s slowing
down process itself and not significantly to any
geometrical effects.

TABLE I. Pressure-dependent u* and Mu amplitudes in different gases.

Target Gas Pressure (atm) A, (obs)* A, (walls) Awv® Ai® Aus(%)°
1.2 0.154+0.004 0.085 0.0 0.07 31
He 2.7 0.210+0.003 0.070 0.0 0.13 48
3.1 0.222+0.002 0.035 0.0 0.19 59
0.80 0.100+0.002 0.03 ~0.02 0.11 28
N 1.2 0.170+0.002¢ 0.005 0.005+0.005¢ 0.18 41
¢ 1.6 0.255+0.003 0.015 0.015+0.005 0.27 62
2.0 0.300+0.002 0.009 0.027+0.002 0.34 82
1.0 0.071+0.004 0.009 0.100+0.003 0.26 72
A 2.0 0.092+0.003 0.005 0.111+0.004 0.31 85
f 2.4 0.100+0.003 <0.005 0.130+0.004 0.36 90
2.8 0.095+0.002 <0.005 0.143+0.003 0.38 96
0.40 0.065+0.004 0.065 0.040+0.004 0.08 32
Kr 0.65 0.020+0.003 0.020 0.086+0.004 0.17 50
0.95 0.020+0.003 0.020 0.120+0.006 0.24 68
0.40 0.046+0.003 0.046 0.050+0.003 0.10 36
Xe 0.60 ~0.04 ~0.04 0.070+0.010 0.14 48
0.65 0.040+0.010 0.040 0.089+0.006 0.18 58
H, 3.1 0.126+0.008 ~0.02 0.086+0.008 0.28 82
N 1.0 v 0.045+0.003 0.005 0.125+0.007 0.29 92
2 2.4 0.076+0.002 <0.005 0.171+0.004 0.41 100
CH 1.2 0.037+0.002 0.005 0.110+0.004 0.25 63
4 3.0 0.058+0.002 <0.005 0.180+0.005 0.41 100
NH; 2.8 0.040+0.004 <0.005 0.182+0.003 0.40 100

2Experimentally observed u* and Mu amplitudes.
°Contribution to 4, (obs) from walls at stated pressure.
‘Aot =Ay+24 0y, where A, =4, (obs)—A, (walls).

94 s =A1or /A a1 for same experimental conditions.

‘Obtained with research grade (99.99% Ne).
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III. EXPERIMENTAL RESULTS
A. Pure gases

Results at different gas pressures for the mea-
sured amplitudes 4, and Ay, as well as the abso-
lute total amplitudes are given in Table I. See also
Fig. 4. It is to be noted that in Kr and Xe the mea-
sured muon amplitude is just the wall signal and
hence one can conclude 100% Mu formation in
these cases; just the opposite situation prevails in He
and in Ne. Although the amplitudes are strongly
pressure dependent, the relative fractions calculated
from these amplitudes are not [Eq. (3)]. These
pressure-independent fractions are given in Table II,
along with the fractions similarly determined for
the noble gases by Stambaugh ef al. at much
higher pressures.!” By and large the agreement is
good, giving confidence in the method used to
account for wall signal contributions
[4,=A,(obs)—A, (walls)]. The Mu fractions fuy
are also compared in Table II with expectations for
H-atom formation from proton-charge-exchange
studies>* extrapolated to thermal energies. Differ-
ences between fyg, and fy may be an indication of
hot-atom reactions, as discussed further below.

The method used above to subtract the wall con-
tribution from the observed muon amplitude is cer-
tainly the correct one in determining the relative

fractions since these can be identified with charge-
exchange cross sections [see Eq. (4)] and hence
should be pressure independent. However, there is
some ambiguity in just how to best define the abso-
lute amplitude A, since this is markedly depen-
dent on stopping pressure. One extreme is to sub-
tract the wall contribution just as in defining the
fractions themselves; this supposes that these u™
reach the walls before encountering any charge-
exchange processes. The other extreme is to include
the wall contribution and hence define 4, in terms
of A, (obs); this supposes that these u* strike the
walls after (or during) the charge-exchange regime.
The truth probably lies somewhere in between and
we have elected to quote A4, values in Table I (and
following) as an average of these two extremes. In
fact, this makes only an appreciable difference
(+20%) in the case of low-pressure helium and
neon, since the wall amplitudes are at the few-
percent level in all other cases we have studied.

B. Muonium formation in doped rare gases

The study of muonium formation in gas mixtures
is interesting in that it provides additional informa-
tion on the mechanisms of charge exchange and
perhaps also on hot-atom reactions. Previous stud-
ies of this nature have been carried out by Stam-

TABLE II. Relative fractions (in percent) of muonium (fy,) and of diamagnetic u* (£, W

found in different gases.

Pressure or range

Target gas in pressure (atm) Su S vu Vi
12-3.1 100+1 0+1

He 50° 99+5 145 15
12 93+5¢ 745

Ne 26° 100+2 0+2 20
1.0—-2.8 26+4 74+4

Ar 30° 3545 65+5 85

Kr 0.4—0.95 0+5 100+5 100
0.4—0.65 0+4 100+4

Xe 4.4 1045 100 100

H, 3.0 39+4 61+4 95

N, 1.0—2.4 16+4 84+4 90

NH; 2.8 9+4 91+4 100

CH, 1.2-3.0 13+4 87+4 100

“Higher-pressure values from earlier study of Stambaugh et al., Ref. 17.
"Expected neutral fraction from proton-charge-exchange studies (Refs. 3 and 4).
“Taken from the research grade Ne result of Table I which gives the most reliable u* and

Mu amplitude.
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FIG. 5. The uSR amplitude in pure Ne at room tem-
perature in a 70-G magnetic field at 1.2 atm (top) and
with 200 ppm of added Xe (bottom). The curves shown
are X fits.

baugh et al., but again at relatively high moderator
pressures in He and Ne and only at two different
partial pressures of added Xe.!” In the present
study Ne was chosen preferentially as an inert
moderator since it has essentially no muonium for-
mation (Table II) and, unlike helium, it provides a
good muon stopping density at low pressures.
Complete studies (up to five different partial pres-
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FIG. 6. A plot of the uSR and MSR amplitudes, 4,
(corrected for walls) and 24y, (indicated by *) as a
function of added dopant Xe concentration in 1.2-atm
Ne at room temperature. The vertical error bars shown
are the results of X? fits to the data and are lo errors.
The horizontal bars are estimates of uncertainties in the
added Xe concentrations. Note the initial value at zero
Xe concentration.
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FIG. 7. As in Fig. 6, but for added Ar.

sures) were carried out for Ne doped with Ar, Xe,
CH,, and NH;. Partial results were also obtained
for Xe and NHj; in He. Figure 5 shows the effect of
adding trace amount of dopant gas on the experi-
mental signal; the uSR signal in pure Ne (top, 1.2
atm) is markedly reduced in amplitude upon the ad-
dition of 0.19-Torr Xe (200 ppm). The same effect
is seen with the addition of Ar although in this case
much more is required since muonium formation is
not an exothermic process in collisions with Ar.
The loss of amplitude of the muon signal (and cor-
responding enhancement of muonium) is attributed
to epithermal muonium formation. The amplitudes
Ay, and A, are plotted as a function of added
dopant concentration for Xe added to Ne (Ne-Xe),
Ar added to Ne (Ne-Ar), CH; added to Ne (Ne-
CH,), and NH; added to Ne (Ne-NHj) in Figs.
6—9, respectively; Xe, NH;, and CH, are all exo-
thermic for Mu formation. It can be seen that,
within errors, the total asymmetry is constant. This
is confirmation that muonium formation in these
systems is an epithermal process, even though it is
energetically allowed at thermal energies for Xe
(and for CH4 and NHj;). If it were a thermal pro-
cess, muonium formation would occur at random
times leading to no coherence and hence no observ-
able Mu precession. Note the difference in the
high-concentration asymptotes. In the case of Ne-
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FIG. 9. As in Fig. 6, but for added NH;.

Xe mixtures (Fig. 6), there is 100% Mu formation
in Xe and hence (within errors) the u* signal goes
to zero at high enough Xe concentrations. On the
other hand, in the cases of Ne-Ar (Fig. 7), Ne-CH,
(Fig. 8), and Ne-NHj; (Fig. 9) mixtures, the muon
signal is asymptotic to the fraction seen in the pure
dopant gases (Table II); this is particularly notice-
able in the case of Ar in Ne. It might also be point-
ed out that if there were an appreciable residual
wall signal in these data, then all muon signals
would be asymptotic to the same value.

In gas mixtures such as Ne-Xe, Ne-NH;, or Ne-
CH,, for which the ionization potential of the ad-
ded gas is lower than that of muonium itself (13.6
eV), one expects large formation cross sections
(010> 107" cm?) at low energies, at the end of the
charge-exchange regime. Thus, e.g., in Figs. 6, 8,
and 9, Mu formation typical of the pure dopant is
seen at a concentration of only 500 ppm in neon. In
a helium moderator the effect is qualitatively the
same although it takes relatively more Xe or NH;
in He than in a Ne moderator. This is a reflection
of the enhanced moderator efficiency of He com-
pared to neon. The same effect had been seen in the
earlier study of Ref. 17. The level of sensitivity
seen at small concentrations of some dopant “im-
purity” gas necessitates special care in purifying He
and Ne in order to obtain the optimum signal in
these gases. When the dopant gas has a higher ioni-
zation potential than muonium, the rise of fy, as a
function of concentration is more gradual. This is
dramatically illustrated in the case of argon in neon
in Fig. 7, where complete muonium formation re-
quires much larger concentrations than in the case
of xenon. This difference is a reflection of the fact
that the electron-capture cross sections of low ener-
gy u* in argon are much smaller than in xenon (or
in ammonia or methane) and are comparable to
those in neon itself.

1V. DISCUSSION

A. Primer on muon (proton) charge exchange

Muonium can simply be regarded as an isotope of
hydrogen and hence Mu formation in gases can
generally be understood in terms of well-established
concepts of proton charge exchange.>~° As a muon
(proton) thermalizes in a gas it passes through three
broad regimes of energy loss. The first is at high
energies where the muon loses most of its initial en-
ergy (after traversing beam line windows and plastic
scintillator, see Fig. 1) of >2.5 MeV through
Bethe-Bloch-type ionization of the material it is
slowing down in. During this process no appreci-
able amount of muonium forms. This process dom-
inates until p* energies of about 35 keV are
reached. At this energy the muon velocity is com-
parable to the outer orbital electron velocities of the
moderator (cf ~300 keV for protons), defining then
the onset of Mu formation through a series of elec-
tron capture and loss cycles. In this second regime,
from about 35 keV to about 50 eV (or ~450 eV for
protons), the muon undergoes a series of charge-
exchange cycles, u+ +e ~=Mu, spending an appre-
ciable amount of its time as a muonium atom and
ultimately emerging as either diamagnetic muon or
as muonium. In this regime, the cross section for
muonium formation (o¢) is expected to peak at an
energy given by the “adiabatic criterion” introduced
by Massey.”’ This energy is about 150 eV for the
u*t in a gas such as Ar or N, (cf. 1.3 keV for the
proton or about 4.0 keV for the triton). When the
muon is at a low enough energy (<50 eV), charge
exchange no longer happens and the u* or the Mu
atom enters the third regime where thermalization
occurs via elastic and inelastic collisions.

For an incident beam of + 1 charge (muon or
proton), the fractions of neutral (f;) and charged
(f1) species formed at energy E in the gas can be
represented by

fl(E)zfp — _ %o
Oo1+010
and 4)
SAE)=frgg=—20
0o1+010

where 0 and o are the cross sections for electron
capture and loss, respectively. In Egs. (4) one ex-
pects the muon and proton fractions to be the same
at energy E, = %Ep; i.e.,, equal cross sections at
equal velocities. This simple scaling is certainly jus-
tified at proton energies of > 100 keV and Born ap-



proximation calculations agree well with the classi-
cal Thomas model for charge exchange in this ener-
gy region.>%3%3! Even at lower energies (~ 1-keV
protons) charge-exchange cross sections are expect-
ed to be mass independent although with consider-
ably different velocity dependences than seen at
higher energies.?>32 It is not so clear, however, just
how low in energy one can expect strictly velocity-
dependent charge-exchange cross sections to be
operative. In this regard, the u* data provides a
useful complement to the proton since it actually
stops in the gas, thereby probing charge exchange
right down to thermal energies. The fractions of
neutral muonium expected based on the correspond-
ing H atom fractions f have been given in Table
IL

It should be noted that the present experiments,
and also with rare exceptions® the proton transmis-
sion experiments with which they are compared, do
not distinguish electron pickup from different shells
nor is ground-state capture distinguishable from
capture to excited atomic states (n > 1). In general,
though, Mu formation should be dominated by
outer-shell electron capture at the energies of in-
terest’* and capture to excited states is expected to
be a small effect, scaling by about 1/n 335

It is convenient to divide the total slowing-down
time of the u* in the gas also into three time
domains, corresponding to the different energy
domains mentioned above. In the high-energy
Bethe-Bloch domain where ionization processes
dominate, proton stopping powers are well known¢
so that the time “¢;” can be straightforwardly cal-
culated for the u* to slow down to say 35 keV (300
keV equivalent proton velocity). For example, in
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Ar at 1-atm pressure, t; =14 ns (inversely depen-
dent on the electron density and the pressure of the
gas). At about 35 keV, the u* enters the charge-
exchange domain losing a minimum energy in each
cycle essentially equivalent to the ionization poten-
tial of the moderator. The time “¢,” spent as a neu-
tral in this second regime can be conveniently ex-
pressed as’
PoT Ef 1
=1, [ fot®) "

dE | g 5)

dx

where Py is 1 atm, T is 273 K, v,(E) is the speed
of the particle at energy E, and f(E) is the neutral
fraction at that energy [Eq. (4)]. This time depends
simply upon the pressure and temperature of the
target gas and has an asymptotic behavior depen-
dent upon the lower-energy limit E;. In general
both dE /dx and cross-section data for protons are
well known only down to about 9 keV (1-keV p)
and this limit for Ef is then taken for the purpose
of comparison between different gases. These cal-
culated times are given in Table III at representative
pressures for those gases where complete dE /dx
data is available. The total time taken in this re-
gime, “t,,” will not be weighted by f,(E) in Eq. (5)
and hence will be greater than ¢, itself, typically by
about a factor of 3, yielding a total time ¢, of order
0.1 ns.’

The number of charge-changing cycles N, is an
integral over the corresponding stopping cross sec-
tions, rising rapidly as the muon (proton) slows
down from high energies and then asymptotically
leveling off at low energies.”'>!7 Results for H,,
N,, and the noble gases assuming an initial energy
of 35 keV and a final energy of 1-keV p* (extend-

TABLE III. Number of charge-changing cycles and slowing-down times for the u* in

gases.

Gas N2 Pressure (atm) t(ns)® t,(ns)° t3(ns)®
He 111 3.1 30 0.077 0.63
Ne 53 1.2 18 no data 8.2
Ar 76 1.0 14 0.014 19.1
Kr 95 0.8 10 0.014 50.2
Xe no data 0.6 11 <.014° 101
H, 71 3.1 30 0.043 0.32
N, 77 1.0 18 0.030 13.4

3E;>35 keV, E;=1 keV, except in case of Ne where available proton data extends down

only to an equivalent 4.4-keV u* energy.

YBethe-Bloch ionization, from 3 MeV to 35 keV.

“Time spent as neutral during the charge-exchange regime, from 35 to 1 keV. The actual to-
tal time ¢, spent in this region would be a factor of 2—3 longer.
dFinal thermalization time from 50 eV to 0.035 eV (300 K) assuming elastic collisions only

and an energy-independent cross section of 10~!* cm?.

2

‘Complete data not available, but ¢, expected to be less than in Kr.
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ing this to lower energies has little effect) are also
given in Table III. On average, we see that the ™
undergoes about 80 charge/changing cycles. The
actual energy at which no further charge exchange
occurs is not well established, but can be estimated
from the condition (dN,/dE)E <1, using extrapo-
lated proton ranges and cross sections; e.g., in Ar
(dN,/dE)~0.03 eV~! at 30 eV while in He it is
~0.01 eV~ at 90 eV. Thus, for the muon, at about
50 eV on average no further cyclic charge exchange
is expected which means that the muon emerges
from a series of charge-exchange cycles at this ener-
gy as either a diamagnetic muon or Mu. It is to be
noted then that stable muonium forms at fairly low
energies in the gas; the corresponding energy for the
proton would be ~450 eV and for the triton ~ 1400
eV, depending on the moderator. It is in this energy
region down to near thermal energies, where hot-
atom/ion reactions may be important, as referred to
again in the subsequent discussion. For the purpose
of the later discussion, it is also worth noting here
that if the integral in Eq. (5) is extended down to
Ef~50 €V, then t, ~0.08 ns at 1-atm pressure in a
reasonably dense gas such as Ar or N,.

In ghe third and final energy-time regime down to
Ef=7kpT, the remaining energy loss is expected to
be primarily by elastic collisions, at least for the
rare gases. Assuming an average scattering angle of
90°, one obtains for the integrated time “¢5,”

ty=—M L1 ©)
2= Vamno |E2 B |

where M is the mass of the moderator gas of densi-
ty n (atoms/cm®), m the mass of the stopping parti-
cle, and o is some effective cross section. As ex-
pected, the heavier the moderator gas, the less effi-
cient it is in thermalizing the muons by elastic col-
lisions. The same effect contributes in the charge-
exchange regime as well. These times are also com-
pared for the rare gases in Table III, assuming
E; =50 eV and E;=0.035 eV (300 K) and with an
(energy-independent) cross section of 10! cm?.
This value is typical for H-atom elastic scattering
on light atoms or molecules at fairly low ener-
gies.2%

Finally, it must be emphasized that there are no
clear-cut boundaries to the energy regimes in the
slowing-down process and that the overlap, espe-
cially of the charge-changing and elastic-collision
thermalization processes, is vital tc the understand-
ing of the final muonium-formation fractions and
asymmetries in various gases. The total slowing-
down time ¢, +¢,+¢; from Table III is of order 30

ns in a gas such as Ar at l-atm pressure; the in-
clusion of inelastic processes in molecular gases
(see, e.g., Ref. 38) as well as the possibility of elec-
tronic excitation at higher energies, may serve to
make these times considerably shorter. Detailed
calculations of the type carried out by Mozumder®
for electron thermalization times, but including in-
elastic collisions, would be extremely valuable. It is
of interest to note that the fastest time the muon
can slow down is given by R /v;, where R is the
mean range in the gas and v; the initial velocity.
For example, in 1-atm Ar this time is about 10 ns;
in condensed matter it would be about 0.01 ns.

B. Observed amplitude for muonium

The marked pressure dependence seen in the
1 /Mu amplitudes of Table I—typically a factor of
2 or 3 for the same change in pressure—is a result
of Mu formation and concomitant muon depolari-
zation during the charge-exchange regime. Conse-
quently, the time scale for this process must be
comparable to the time scale for neutralization in
the charge-exchange regime.

1. Time dependence of the u™ polarization

Since the u* is initially 100% spin polarized (@)
but the captured electron is not, muonium forms in-
itially in parallel (|a,q, )) and antiparallel
(|@uB.)) states with equal probability. In zero or
weak longitudinal magnetic fields, the parallel (trip-
let) state is an eigenstate of the isotropic Hamiltoni-
an:

H=g.B.S.'B—g,B,1,B+4S,1,. 7

The field-dependent eigenvalues for muonium are
given in the familiar Breit-Rabi diagram in Fig. 10.
The antiparallel state is not, however, an eigenstate,
oscillating instead between |a,B,)=(1/V2)
[110)+]00)] and |B,a,) =(1/v2)[]10)
—00)] at  the  hyperfine  frequency
A/h =vy=4463.3 MHz (| FM}) represent the usu-
al hyperfine-coupled quantum numbers). Conse-
quently, the formation of antiparallel (singlet)
muonium for sufficiently long times effectively
depolarizes the positive muon, since experimental
time resolutions are typically ~1 ns, much longer
than 1/v¢y=0.22 ns.

In a transverse magnetic field (with respect to the
u* spin), neither the parallel nor antiparallel states
are eigenstates but these can be expressed in terms
of the eigenstates of the Hamiltonian by a suitable
transformation.!"2#=2 The time and field depen-



dence of the u* polarization in muonium then has
the form
1
P,(t)=7[(1+8)(e

io,t —iwyyt

)
F(1=8)e™ P 1], (8)

where the w;;’s (@ =2mv) are defined in Fig. 10 and
8=X/(1+X%% X is the dimensionless ratio
H/H,, where H is the applied field and H,=1585
G is the contact field of the ™ at the electron (cf.
503 G for the H atom). In moderate magnetic
fields, H <200 G, 6 is approximately zero and there
are four allowed (AM = +1) transition frequencies;
but, both v;4 and v34 are comparable to v, (4463
MHz) and hence are not resolvable with the 1 ns (or
longer) time resolution of a typical uSR experiment.
Consequently, only the frequencies vy, and v,; are
seen. From Eq. (8), the real part of the time depen-
dence of the muon polarization in muonium in
moderately weak magnetic fields can be written ap-
proximately in the form

+e

ReP,(t)= % coswp,t[cosQt +cos(wo+0)t]
9

vy,

21 me m,

(172, 172)
T
- (172,-1/2)

\ (-1/2,~172)

~ -172,1/72)

-2
Y, = 4463 MHz
v B v T R o
1 2 3

FIELD (H/Ho)

FIG. 10. Breit-Rabi diagram as a function of the di-
mensionless quantity H /H, (Hy=1586 G) showing the
energy levels of muonium in a magnetic field. The al-
lowed transition (precession) frequencies in a transverse
field are indicated. In weak fields (<10 G), vy, and vy;
are degenerate, leading to characteristic coherent muoni-
um precession.
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where wpm,=2mv\, is the radial frequency of
coherent Mu, wy=2mv, is the Mu hyperfine fre-
quency (2.8 10 rad s™'), and Q~wig,/w, is a
“beat frequency” characteristic of two-frequency
muonium precession.?* 244 The first term of Eq.
(9) can be identified with the original parallel frac-
tion (a,a,) of muonium formed and the second
term with the original antiparallel fraction (a,B,).
In magnetic fields of interest, wy>>wp,>>Q and
the second term of Eq. (9) averages to zero at obser-
vation times and hence is responsible for depolariza-
tion of half of the muon ensemble. This is the situ-
ation in the third and final stage of thermalization,
where slowing-down times are of order 10 ns (Table
III). This situation is made clearer with reference
to Fig. 11 which presents the exact dependence
represented by Eq. (8) at very early times in a field
of 100 G; the approximate form of Eq. (9) yields
virtually the same result on this time scale. The
fast oscillations in Fig. 11 are due to 1/v, (0.22 ns),
while the slow modulation is essentially due to
1/vmu (7.1 ns at 100 G). The fast oscillations are
not observed in the experiment. In weak magnetic
fields, B <10 G, 2 —0 (v, and v,; become degen-
erate, Fig. 10) giving rise to the Larmor precession
frequency of triplet muonium, wvy,=1.39B(G)
MHz. This is the basic form of the MSR signal
described earlier [Eq. (2), Figs. 3 and 4]. Classical-
ly, the loss of so-called singlet muonium can be
identified with its zero spin and hence zero preces-
sion in the applied field [recall also Eq. (3)].

2. Pressure-dependent muonium formation

At the other end of the time scale, at very early
times, only the second term of Eq. (9) and, indeed,
just its coswy? dependence will be important. In
particular, singlet Mu formed in the charge-

iy

polarization along initial direction
o

i 2 3 4
Time (ns)

FIG. 11. Time evolution of the real part of the p*
polarization in free Mu in a 100-G transverse field. The
fast oscillations at the hyperfine frequency vo=4463.3
MHz are not observed experimentally.

/-‘L+
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exchange regime for a time sufficiently long for the
ut-e ™ hyperfine interaction to mix states will cause
additional loss of muon polarization. This situation
can again be appreciated with reference to Fig. 11
but for a time regime compressed by about a factor
of 10. The question of relevance here is how many
charge-exchange cycles are important in determin-
ing the final u* or Mu polarization? In total, there
are something like 80 charge-exchange cycles as the
muon slows from 35 to 1 keV in a time ~0.05 ns
(Table III). Thus, on average, the time per cycle is
~0.6 ps, <<1/vy, and hence far too short to ac-

26

count for any depolarization of the muon. On the
other hand, the time per cycle will certainly be
longer at the lower-energy end of the charge-
exchange domain. Moreover, the energy regime
where charge-exchange cycles are important extends
down to well below 100 eV and probably down to
20 or 30 eV in those moderators for which Mu for-
mation is an exothermic process. It will only be the
last few cycles (perhaps only the very last cycle)
which determines the u* or Mu amplitude. Lack-
ing detailed knowledge on how to calculate the
correct correlation time for this muon depolariza-

TABLE 1IV. Total muon (pressure-dependent) amplitudes and singlet depolarization times,

.

Gas Pressure (atm) A (%) t, (ns)® Apregicted® t, (ns)?
1.2 31 0.15 —f 0.30
He 2.7 48 0.068 50 0.14
3.1 59 0.060° 59¢ 0.12
0.8 28 0.095 17 0.19
N 1.2 41 0.063 56 0.12
¢ 1.6 62 0.048 7 0.10
2.0 82 0.038¢ 82¢ 0.076
1.0 72 0.044 76 0.088
A 2.0 85 0.022 93 0.044
r 24 90 0.018 95 0.036
2.8 96 0.016° 96¢ 0.032
0.40 32 0.12¢ —f 0.24
Kr 0.65 50 0.073 44 0.15
0.95 68 0.052¢ 68° 0.10
0.40 36 0.10° 12¢f 0.20
Xe 0.60 48 0.068 50 0.14
0.65 58 0.061¢ 58¢ 0.12
H, 3.1 82 0.037¢ 82¢ 0.074
N 1.0 92 0.025¢ 92¢ 0.050
2 2.4 100 0.010 99 0.020
CH 1.2 63 0.057¢ 63¢ 0.11
¢ 3.0 100 <0.01%f >99°f <0.02
NH; 2.8 100 <0.01 >99%f <0.02

#Total absolute amplitudes from Table 1.

®Calculated from Eq. (10), normalizing in each case to a given pressure and observed ampli-
tude and then calculating ¢, from a ratio of pressures.

“Using the calculated times #; and Eq. (10).

9Total Mu neutralization time assumed to be twice ;.

“Normalized value of A4, and hence calculated ¢,.

fEither pressure too low or 4, 100% and so calculation is not meaningful; hence as in foot-

note e.



tion, we will assume it can be represented by a time
“t,” as an average of coswgt over the time interval
spent in the singlet Mu state:
sinwgt

wot

(coswgt ) = (10)
As long as this time is small, there is little or no
depolarization; e.g., if t,=10"1's, coswyt=0.98 and
essentially all of the polarization is retained. This is
approximately the case for 2.8-atm Ar where A4, is
96%, from which one can estimate t,=1.6x10~!!
s. Since this time is inversely proportional to pres-
sure, it can be predicted that at 1-atm pressure f;
should be 4.4X 10~ s and hence A4, at 1 atm
should be 76%, in good agreement with the experi-
mental value. It is assumed that those muons in
triplet Mu retain their full polarization and hence
the total time ¢, spent as a neutral should be just
twice ;. Table IV shows these estimated times and
predicted A,,, for the data from Table I and the
agreement is satisfactory, considering the simplicity
inherent in the model—the trends in each case are
well reproduced. It is probable that, at very low
pressures, the argument of sinwgt changes too rapid-
ly to be meaningful. Nevertheless, this type of esti-
mate is useful although it would clearly be desirable
to have detailed theoretical calculations of the ap-
propriate correlation time along the lines calculated
in Ref. 41. In general, though, it can be concluded
that the time spent as a neutral (¢,=2¢) in the
charge-exchange regime varies from about 0.02 to
about 0.20 ns, depending primarily on the gas-
pressure charge density. Such information cannot
be obtained from proton-charge-exchange data.
These estimates are invariably larger than the calcu-
lations reported in Table III based on proton data
down to 1-keV muon energy but are consistent with
an evaluation of the integral in Eq. (5) using extra-
polated proton data down to a lower-energy limit of
50 eV.

It is clear that the slowing-down times in the
charge-exchange regime are of sufficient magnitude
to significantly depolarize the muon, particularly at
pressures lower than 1 atm. This conclusion is in
contrast to initial speculation.?? It should be
noted that the level of paramagnetic impurities in
the gas (e.g., O,) is negligibly small so that electron
spin exchange cannot be a source of u* depolariza-
tion.2® As mentioned already, it must be only the
last few charge-exchange cycles where depolariza-
tion occurs and correspondingly it is the accom-
panying cross sections at low energy which are most
important in determining the amount of polarized
muonium formed.
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Supporting evidence for this comes from mea-
surements in doped rare gases (Figs. 6, 8, and 9); the
addition of low ionization potential (<13.6 eV)
dopants at the 100-ppm level can only be effective if
there is a relatively long time between collisions,
thereby enhancing the probability of the muon find-
ing a Xe atom in a bath of Ne atoms for example.
This process occurs after the u+ or Mu has passed
through the charge exchange regime with the Ne
bath; i.e., at energies <50 eV. At these energies the
ut or Mu probably undergoes several elastic and
inelastic collisions which do not involve charge ex-
change (with the added Xe) and the time between
successive charge-exchange collisions increases. A
quantitative calculation of this time and/or of the
cross section involved is not easy to arrive at but a
rough estimate can be made. The data exhibit an
exponential dependence of the muon amplitude on
the concentration of added dopant (e.g., Ne-Xe in
Fig. 6). This is expected since the change in ampli-
tude 4, in path length x as the muon slows down in
the gas can be interpreted in terms of an attenuation
law which for the present case of thick-target yields
can be approximated by the form

A, e =Age " =400 ™", (1)

where A, is the muon amplitude in the absence of
added Xe (of concentration n), o is some effective
cross section, and ¥ is an appropriate average veloci-
ty to travel the length x during time ¢. In principle,
the amplitude of Eq. (11) should be written as a
function of the path length x and the thick-target
yield expressed as an integral result, A,
(obs)= [ A, (x)dx; lacking detailed knowledge of
this though we replace x by its average X =t where
t is the total thermalization time in the energy inter-
val AE from ~50 eV to thermal energies. In this
energy regime, oo>>0yg; so that the cross section of
Eq. (11) should be just o for the collision process
ut + Xe—Mu + Xet. In a Ne moderator, if the
thermalization time ¢; of 8.2 ns is taken from Table
I11, then 7 in this interval is 1.9 10" cm s~! and o
is found to be 1.7x107'* cm?/atom. This is in
qualitative agreement with expected values of o
for H-atom formation in Xe at low energies, partic-
ularly in view of the large uncertainties reported in
the proton data.>*

Table V compares the muon amplitudes A4, for
different gases in relation to both the number densi-
ty and charge density of these gases, assuming it is
only the “valence” electrons that are important.
This is consistent with the energetics and cross sec-
tions discussed earlier. (A slightly more sophisticat-
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TABLE V. Muon amplitudes and densities for gases.

Gas Pressure (atm) plg/1)? pe(&/cm®x 10%)° As(%)° t,(ns)°
He 1.2 0.22 (0.33) 0.66 31 0.30
H, 3.1 0.24 (0.72) 1.4 82 0.074
Ne 0.80 0.65 (0.20) 1.6 28 0.19
He 31 0.55 (0.83) 1.7 59 0.12
Kr 0.40 1.4 (0.10) 1.8 32 0.24
Xe 0.40 2.1 (0.10 1.8 36 0.20
Ar 1.0 1.6 (0.24) 2.0 72 0.088
N, 1.0 1.1 (0.24) 2.4 92 0.050
CH,4 1.2 0.78 (0.30) 2.4 63 0.11
Xe 0.65 3.6 (0.17) 3.0 58 0.12
Ne 2.0 1.6 (0.50) 4.0 82 0.076
Ar 2.8 4.5 (0.68) 5.4 96 0.032
NH; 2.8 1.9 (0.66) 5.4 100 <0.02
N, 2.4 2.6 (0.56) 5.6 100 0.020
CH, 3.0 2.0 (0.75) 5.9 100 <0.02

Calculated density in g /I assuming ideal-gas law. The number density in cm~> (X 10%) is

given in parentheses.

The charge density in e ~/cm? assuming valence electrons only.

°From Table 1.

ed calculation employing Slater’s definition*? of Z ¢
does not change the following interpretation appre-
ciably.) By and large it appears that electron densi-
ty is the single most important criterion—high
charge density (p,) means large 4 ,,; and hence short
neutralization times. However, elastic and inelastic
collision processes must also be important as evi-
denced by comparing A, for the different rare
gases or in turn comparing these with polyatomic
gases of comparable charge density. One would ex-
pect these effects to be most important near the
low-energy asymptote of the charge-exchange re-
gime. Thus, for example, of the rare gases at com-
parable p,, He invariably exhibits the largest ampli-
tude because it is most efficient at thermalization
via elastic collisions. Even at a He pressure of only
1.2 atm, which corresponds to the lowest value of
pe in Table V, the muon amplitude is essentially the
same as that in Xe or Kr at three times the charge
density; compare also Ar and Xe. With the noble
gases, there is no possibility for inelastic processes
other than electronic excitation, which must surely
have very small cross sections at these energies. In
the case of polyatomic gases, however, both vibra-
tional and rotational excitation are possible,*® serv-
ing to moderate the muon more quickly. This ef-
fect has been alluded to previously and is also illus-
trated by the data in Table V. Thus, for example, in
the case of N, and Ar at about the same p,, it is
found that N, always exhibits the higher amplitude.
Similarly, H,, with the second-lowest charge density

in Table V, exhibits a large amplitude, although in
this case H, should also be an efficient elastic
moderator. In this regard it is interesting to note
that CH, seems to be relatively inefficient and the
100% amplitude seen at high pressure is probably
mainly a charge-density effect (perhaps also with
NHj;). These data require some detailed theoretical
calculations, particularly in view of the fact that the
kind of information displayed is not available in
proton-charge-exchange studies.

C. Possible hot-atom processes
in comparison with H-atom data

In comparing the relative muonium formation
fractions in a given gas with the corresponding neu-
tral fractions expected from proton charge exchange
given in Table II, it should be kept in mind that the
muon results are the final fractions at thermal ener-
gies whereas the proton results are extrapolated
from higher energies assuming charge equilibration
(Eq. 4). Nevertheless, qualitatively speaking, there
is reasonably good agreement; certainly at least the
trends are well reproduced. However, with the ex-
ception of Xe and Kr, there is less Mu seen in the
present study than expected from proton charge ex-
change. This may indicate some inherent error in
extrapolating available cross sections for proton
charge exchange to the thermal energy regime
and/or to a basic error in those cross sections them-
selves. On the other hand, particularly in the case



of the molecular gases, we can suspect hot-atom re-
actions, exemplified by

Mu*+H,—>MuH-+H ,
Mu*+NH;—MuNH,+H,

(12)

etc., which lead to a relative enhancement in the
muon signal (a muon in any diamagnetic environ-
ment precesses essentially as a free ut).

What might the explanation be in the case of He
and Ne, particularly in the case of He where there is
really no Mu formed at all? There are a number of
possibilities which could account for loss of Mu in
these gases, following the charge-exchange regime,
such as

Mu+He(Ne) —» ut +He(Ne)+e ™

%01

— Mu~ +HC(N€)+

01
—ptHe(Ne)+e ™~ . (13)

At kinetic energies below 100 eV or so, the cross
sections for the first two of these processes are only
of order 10~!® cm? compared to typical elastic-
scattering cross sections of order 10~!° cm?
Nevertheless, there are a sufficient number of (elas-
tic) collisions in the thermalization process, particu-
larly in Ne, that one of these reactions may occur.
This could again be considered as a type of hot-
atom reaction. The last reaction, forming a molecu-
lar ion, may also occur. Certainly data on the ther-
mal relaxation of the uSR signal is strongly indica-
tive of the presence of such molecular ions, but it
does not reveal the mechanism for their produc-
tion.!*2!

The energies at which one might expect hot-Mu
abstraction or substitution reactions of the type
represented by Eqgs. (12) to be important are not
well known. Since Mu formation itself begins at
about 35 keV, hot reactions might also begin at
these energies but it is unlikely that such reactions
can be competitive with charge exchange and/or in-
elastic scattering during the charge-exchange re-
gime. Thus it is most likely that epithermal (i.e.,
“hot”) Mu reactions begin to occur with appreciable
probability near the end of the charge-exchange re-
gime, about 50 eV; the corresponding initial energy
for hot-tritium (T) reactions would be about 1400
eV. The peak in such hot-atom cross sections, how-
ever, would probably occur below 10 eV since hot-
tritium reactions (from nuclear recoil sources) are
expected to show peaks in cross section in the 10-eV
range43 and, moreover, there is considerable
mismatch between initial and final momenta for
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Mu compared to tritium. This in turn suggests re-
latively small cross sections for hot-Mu compared
to hot-T reactions. Such reactions do provide
though a ready explanation for the reduced Mu
fractions seen, particularly in the cases of H,, NHj,
and CH,, but it is difficult to arrive at a quantita-
tive statement. The fact that for NH; and CH,
there is less than 100% Mu found is regarded as
particularly significant, since these cases are exoth-
ermic for Mu formation.

Traditionally, in liquid-phase muonium chemis-
try, epithermal or early time processes can be dis-
tinguished from thermal reaction rates by a mea-
surement of the concentration or field dependence
of the “residual” muon polarization.!>!41524 But
charge exchange and hot-atom (or ion) reactions are
both early time processes and hence their relative
contributions to the experimental signal are not
easily separated. It is, however, an interesting area
for further study. Not only would the study of
muonium hot-atom reactions in the gas phase be in-
teresting in its own right, from the point of view of
isotope effects on reactivity integrals,* but also an
appreciation of the significance of these reactions is
important towards resolving the current controversy
of hot versus spur processes surrounding the inter-
pretation of muonium formation in liquids.!* 1343

TABLE VI. Absolute fractions (%) for muonium for-
mation in gases compared with condensed media.

Target Medium fa fiu i fu
Gas? 100 0 0

He  Liquid®  >90 <2 <g B
Gas 26 +4 74+4 0

Ar  Liquid® 1.6+1.0 97+30 3429 85
Solid 0.840.2 9149 849
Gas 0 +5 100+5 0

Kr Liquid  6.5+0.1 57410 36+10 100
Solid 1.4+1.8 100+£10 0410
Gas 0 +4 100+4 0

Xe Liquid  3.3+0.8 43+9  54+10 100
Solid 5.0+3.3 79425 16+28
_Gas® 10 +5 90+10 0

H,0 Liquid® 62 +1 2041 18+1 100
Solid 48 +1 5242 0

2Gas-phase data from Table II, this paper.

®From Crane et al., Ref. 46.

°Ar, Kr, Xe condensed phases from Kiefl et al., Ref. 40.
dPreliminary data from TRIUMEF, D. J. Arseneau et al.
°H,0 condensed phases from Percival et al., Ref. 14.
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D. Comparison with other experiments

1. Muonium formation in condensed media

The fractions of muon and muonium found in
the present gas-phase studies are compared with
those similarly determined in condensed media in
Table VI, for those cases in which both sets of data
are available—the noble gases (except Ne) and also
water. The fractions utilized in Table VI are the
“absolute fractions” (f4) which are commonly used
in condensed media studies (and referred to as “po-
larizations”) and defined in terms of a 100% u™*
signal in CCl; (or Al); hence fﬁ +fEu<l. Itis
then the missing or “lost” fraction (f;) which is of
interest. The fractions fy expected from proton
charge exchange are also given for completeness. In
gases, it is generally rather meaningless to talk
about such missing fractions since, as demonstrated
in Sec. IV B above, the absolute asymmetry A,
and hence f; is a strong function of the moderator
pressure. Nevertheless it is conveniently introduced
at this point for comparative purposes. The trend
exhibited by the data in Table I and the assumption
made in Table VI is that f; (gas)—zero in the limit
of high pressure, which would be the expected re-
sult for condensed media (where the total slowing
down times must be on the order of 1 ps). For the
noble gases it can be seen that only in the case of He
is there good agreement between the gas and con-
densed phases. In general, there is always a large
missing fraction in the condensed phase, particular-
ly in liquids. On the other hand, if the lost fraction
represents depolarized Mu, as has been suggested at
least in the case of water'>!* (which could not be
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the result of the charge-exchange process), then, in
fact, the initial Mu fractions are rather similar in
the gas and condensed phases. It is to be noted that
there appears to be two Mu components in both
liquid Ar and solid Kr, one of which, particularly
in liquid Ar, has a very fast relaxation. In gen-
eral, Mu relaxation rates are much faster in the con-
densed phase, presumably attributable to the dipole
interaction of muonium with nuclear moments, an
effect which is motionally averaged in the gas phase
because of rapid Mu diffusion. However, these fast
relaxations (up to 19 us™!) introduce considerable
error in the stated condensed-phase fractions, which
must be kept in mind when comparing the results in
Table VI. We are currently pursuing studies of Mu
formation in different vapors in order to provide a
detailed comparison with corresponding liquid-
phase results.!? 141545

2. Comparison with positronium formation

The positron and its positronium atom (e *e ™)
have at times been thought of as an analogous sys-
tem to hydrogen?’ but the analogy is a poor one.
The reduced mass of the positronium atom (Ps) is
only half of the value in H or Mu and correspond-
ingly the (gas-phase) ionization potential is only 6.8
eV. In no way can positronium be regarded as an
isotope of hydrogen. It is nevertheless of some in-
terest to compare the present results for Mu forma-
tion with those of Ps formation in the same gases.
Positronium formation has been extensively studied
in the noble gases,*®* as well as in some molecular

gases.”® Data for the total fraction of Ps formed

TABLE VII. Positronium and Muonium formation fractions and Ore gap predictions in

gases.
Ionization
potential Positronium Muonium
Gas (ev)a fPs fminb fmax fMuC frninb fmax fidl
He 24.5 0.24¢ 0.10 0.28 0 0.45 0.56 0.15
Ne 21.6 0.26 0.10 0.32 0.06+0.05 0.51 0.63 0.20
Ar 15.8 0.33 0.23 0.43 0.74+0.04 0.81 0.86 0.85
Kr 14.0 0.19 0.27 0.49 1.0 +0.05 0.95 0.97 1.0
Xe 12.1 0.07 0.36 0.56 1.0 +0.04 1.0 1.0 1.0
N, 15.6 0.34+0.02f 0.43 0.44 0.84+0.04 0.60 0.87 0.90

*The ionization potential of the gas in eV.

®Ore gap predictions assuming a uniform energy distribution.

“Present data, Table II.

Neutral-H-atom fraction expected from proton charge exchange (Table II).
Ps formation in rare gases from Coleman et al., Ref. 48. No errors are given.
fFrom Sharma and McNutt, Ref. 50.
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(i.e., both ortho and para Ps) in the noble gases and
in N, are compared with the corresponding muoni-
um fractions in Table VII. The expected H-atom
fractions from Table II are also given. A glance at
this table reveals very large differences between the
positronium (fp;) and muonium (fyy,) fractions—Ps
forms in all the rare gases, unlike Mu (or H) and in
addition shows quite the opposite trends compared
to Mu in those gases where both are found. Simi-
larly in N,.

Positronium formation in a gas has traditionally
been described in terms of the “Ore gap” model.*”*?
In this model, for energies E > E;, the ionization
potential of the moderator, ionization and other in-
elastic cross sections are stated to be much larger
than charge exchange so that Ps formation does not
compete. Assuming a uniform energy distribution
then, the maximum fraction of et forming Ps is
simply given by fi..=6.8/E; (13.6 for Mu). The
minimum fraction is determined by the position of
the lowest electronic excited level of the gas, Ey,
such that f,.. =(Ey —E7)/Ex where E is the en-
ergy defect or threshold energy for Ps formation
(Er=E;—6.8 ¢V vs E;—13.6 eV for Mu). Hence
Ps is expected to form in the gap between E; and
E; with fractions in the range between f,, and
fmin- These fractions for both Ps and Mu are also
given in Table VIL. In the case of Ps formation, fpq
for He, Ne, and Ar is within the range predicted by
the Ore model (which is the best that can be expect-
ed of it), but this model fails badly for Kr and par-
ticularly Xe. Some improvement for Kr is obtained
if a uniform momentum distribution is used, but at
the expense of worsening the agreement with the
lower-mass gases.*® It is curious to note that just
the opposite previals for Mu formation—f )y, is
within the (narrow) Ore limits for the heavier gases
but these limits fail very badly for He and Ne,
where something like 50% Mu formation is expect-
ed and essentially none is observed. The Ore model
clearly has no general validity. The comparisons in
Table VII simply reveal further that the muon and
the proton exhibit an isotopic similarity in contra-
distinction to the positron. It would be interesting
though to have some theoretical insight into the
specific reasons for their differences.

V. CONCLUDING REMARKS

The positive muon in its thermalization process
in the gas phase behaves similarly to the proton (but
not the positron), as expected for isotopes where
charge-exchange cross sections should be equal at
equal velocities. Particularly in the polyatomic
gases H,, NH;, and CH, there is relatively less
muonium formed than expected from H-atom for-
mation and correspondingly a larger diamagnetic
muon signal, indicating the possibility of competing
hot-atom reactions of the Mu atom. This is an in-
teresting area for further study, not only for com-
parison with hot-tritium reactions but also as a
guideline for understanding the origin of muonium
fractions measured in condensed media.

A general feature of this work has been the obser-
vation that the experimental amplitude of the
1TSR or MSR signal is strongly pressure depen-
dent, being larger at higher pressures and generally
larger also in polyatomic gases. This can only be
true if the time spent during the charge-exchange
regime is comparable to the inverse of the hyperfine
frequency, 1/v=0.22 ns. Times for charge ex-
change of this order (at 1 atm pressure) mean that it
is only the last one or two lowest-energy charge-
exchange cycles (out of approximately 80) which ul-
timately determine the muonium formation frac-
tion, not the energy at which the cross section peaks
(~200 eV in a gas such as Ar). These times can be
calculated but the cross sections for charge ex-
change in the low-energy regime are not well
known. The present experiments represent the first
direct measurements which could in turn be used to
extract information on these cross sections.
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