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Muonium atom spin exchange with alkali-metal vapors: Mu+Cs

James J. Pan, Masayoshi Senba, Donald J. Arseneau, James R. Kempton, * Donald G. Fleming,
Susan Baer, Alicia C. Gonzalez, and Rodney Snooks

TRIUMF and Department of Chemistry, University ofBritish Columbia, Vancouver, British Columbia, Canada V6T2A3
(Received 18 November 1992)

The thermally averaged total electron spin-flip cross sections (crsF) for Mu-Cs have been measured in a
2 atm N2 moderator at 543, 566, and 643 K using the muon-spin-rotation technique. Within an overall
experimental error of +15%%uo, the measured cross sections can be taken as temperature independent,
crsF=39.7+6.0X 10 ' cm, though there may be a trend to decreased values at the lower temperatures.
This average value is considerably lower than either the early calculated results of Dalgarno and Rudge
[Proc. R. Soc. London Ser. A 286, 519 (1965)] or the more recent ones of Cole and Olson [Phys. Rev. A
31, 2137 (1985)j for the corresponding H-Cs collisions, indicating a dramatic isotope effect.

PACS number(s): 34.40.+n, 36.10.Dr, 34.50.—s

I. INTRODUCTION

First recognized by Bates [1] and Purcell and Field [2]
as the dominant mechanism for the establishment of the
spin temperature of H atoms in the upper atmosphere
and in outer space, electron-spin exchange (SE) is one of
the most fundamental of quantum processes. It is not
only amenable to theoretical calculations in that it can be
viewed as a quasielastic scattering process, but it is also
important in many branches of chemistry and physics
such as optical pumping, masers, plasmas, and astro-
physics. Electron-spin exchange has been studied experi-
mentally in many H-atom systems in the gas phase, such
as H-H [3—6], H-Oz and H-NO [4,7,8], Mu-Oz and Mu-
NO [9—ll], H-A [12—15], as well as A-A [16—19], utiliz-
ing techniques such as masers, electron-spin resonance
(ESR), microwave absorption, optical pumping, and
muon spin rotation (pSR). Here Mu refers to the atomic
bound states of a positive muon and an electron, the
muonium atom (Mu =p+e ), and A represents an
alkali-metal atom. Spin exchange of atomic H (D) with
alkali metals has been employed to produce polarized hy-
drogen, deuterium, and other atoms [12,14,15,20—23],
which have many applications including cyclotron ion
sources [14,15,22] and possibly spin-polarized fusion [12].
Accurate knowledge of electron-spin-exchange cross sec-
tions for such systems is therefore valuable to both theor-
ists and experimentalists alike.

Measured total thermal electron-spin-exchange cross
sections [referred to elsewhere [9,24,25] and in this work
as spin-fiip (SF) cross sections (one could distinguish a
spin-exchange interaction and a spin-Aip cross section; a
spin-exchange interaction could lead to the exchange of
either like or unlike spins, the latter giving rise to a
measurable spin-Sip cross section)] o s„(T) between
muonium and cesium in the gas phase are reported
herein. The primary motivation for these experiments is
to compare the experimental cross sections for Mu-Cs
with available theoretical calculations for H-Cs [26,27]
and to investigate the isotopic mass dependence, if any, of
the spin-exchange process for collisions of H atoms with

alkali metals. Since the mass of Mu is only —,
' that of a

hydrogen atom, the pSR technique provides a more
stringent test of possible isotope effects in spin-Aip cross
sections than any other isotope.

To our knowledge, there are no reported studies to
date of any H-atom isotope effects in spin exchange other
than the comparisons between H [4,7,8] and Mu [9—11]
spin exchange with 02 and NO rnolecules. Studies of H
(D) with A are reportedly underway [12,13], but here the
mass difference is only a factor of 2. In our previous
studies it was found that the experimental Mu-Oz and
Mu-NO spin-Aip cross sections were considerably re-
duced compared to the corresponding experimental H-
atom cross sections [8—10,24], by almost a factor of 3 on
average. The theoretical comparisons of H-H and Mu-H
by Shizgal [28], in which large isotope effects favoring
Mu-H scattering at low temperatures were predicted, and
those of Aquilanti and co-workers [9,29] comparing Mu-

02 and H-02 spin-Aip cross sections are the only calcula-
tions of isotope effects in H-atom spin exchange. More-
over, theoretical calculations failed completely to account
for the experimental H-molecule cross sections [9,29].
The calculation of spin-Aip cross sections for atom-
molecule scattering (H-NO and H-02) is complicated by
poorly known potential-energy surfaces. The simplest
spin-exchange process is unquestionably that between
two spin- —,

' atoms, the most fundamental of which is H-H
(or Mu-H) scattering. Calculations of Mu-H and H-H
electron-spin-Aip cross sections have been performed by
Shizgal [28], Koyama and Baird [30), Berlinsky and Shiz-
gal [31], and Allison [32]. Impressive agreement is ob-
tained with the experimental results for H-H over a wide
range of temperatures [5]. Large isotope effects are also
predicted at low temperatures, due to specific resonances
favoring the spin-Aip cross section of Mu-H over that of
H-H by a factor of 5 at 50 K [28]. However, the experi-
mental determination of spin-Aip cross sections for Mu-H
is complicated by the difFiculty of producing a known
concentration of H atoms, even with a radical redesign of
current pSR gas phase reaction vessels. This is primarily
the reason why we have chosen to study electron-spin-
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exchange processes with the alkali metals, notably Mu-Cs
interactions, in the present experiment.

There have been two theoretical calculations of H-A
spin-fiip cross sections, os„(E): an early calculation by
Dalgarno and Rudge [26] and a much more recent one by
Cole and Olson [27]. In both cases, the alkali-metal atom
is assumed to have an inert core.

With the exceptions of reports of H-Na spin exchange
[14] and the work cited in Refs. [12,15], to the best of our
knowledge, no other H-atom experiments have been car-
ried out on these simple spin- —,

' systems. Ueno et al. [14]
measured the H-Na spin-Aip cross sections as part of a
development program to produce polarized proton beams
by optical pumping. These authors. were able to measure
the forward-scattering ((1.1 ) differential cross section
for H-Na spin exchange. They also calculated both total
and differential cross sections with the total cross section
agreeing with those of Cole and Olson, but the calculated
value for the differential cross sections was a factor of 7
lower than their experimental values. Since their total
cross section calculation agrees with those of Cole and
Olson, the level of disagreement between theory and ex-
periment for the differential cross section is surprising,
since the theory should be highly accurate, at least given
the approximation of no core-excitation channels. What
are needed as well, therefore, are total cross section mea-
surements. It could be that a core-excitation process is
more important than heretofore realized, likely manifest
in the repulsive part of the interaction potential, which
would show up most dramatically in the forward-
scattering amplitude. In this context, it can be remarked
that similar contributions to the (exact) H-H scattering
potential are nonexistent, possibly accounting for the
aforementioned exemplary agreement between theory
and experiment [5,28,32]. The discrepancy between ex-
periment and theory for H-Na spin-Hip cross sections is
an important motivation, then, for the study of total
Mu-Cs spin-Hip cross sections, as reported herein.

In comparison with theory, a point of further interest
in the present experiment is the possibility that the Mu-
Cs atom spin-Hip cross sections may be sensitive to break-
down in the Born-Oppenheimer approximation, more so
than the corresponding H-Cs atom collisions. This is be-
cause Mu probes the spin-exchange process at higher ve-
locities (factor of 3) than does hydrogen, so that the usual
approximation of a separation of electron and nuclear
motions in the interaction potential may be less valid for
Mu reactions than for H. This question is of general in-
terest for Mu reactivity studies. The possibility of elec-
tronic nonadiabatic reactions resulting from breakdowns
in the Born-Oppenheirner approximation in the
Mu(H)+K system has been discussed by Garrett, Truh-
lar, and Melius [33], and McKenna and Webster have
discussed the effects for muon-substituted H2+ molecular
ions [34]. In both calculations, the effects are small. It is
noted that, compared with other Mu —alkali-metal sys-
tems, the ionization potential of Cs (3.89 eV) is the small-
est, meaning that the outermost electron has the lowest
orbital velocity.

Finally, it can be mentioned that the pSR technique
enjoys a distinct experimental advantage over other tech-

niques: only one probe atom exists in the target vessel at
any time. Hence there is no possibility of probe-probe in-
teractions, a correction for which can be necessary in
other techniques such as H masers and ESR.

II. EXPERIMENT

A. pSR technique

The p, SR technique in general [35,36], and its applica-
tion to the study of chemistry and physics in gases
[9—11,25,37—42], is well established. The positive muon
is produced 100% longitudinally spin polarized, and dur-
ing its slowing down process from 4 MeV (for surface p+)
to thermal energies, this polarization is maintained, until
the onset of Mu formation via cyclic charge exchange
with the moderator [25,35,37,40]. The initial 100% spin
polarization of the p+ in Mu is then shared with the elec-
tron via the p+-e hyperfine interaction and consequent-
ly is time-dependent, leading to effective 50% depolariza-
tion of the muon when the experimental time resolution
of more than one nanosecond is taken into account. In a
weak ( & 10 G) transverse field, the observable p+ polar-
ization retained in triplet Mu, ~ a„,a, ), is manifest by the
time histogram of detected positrons (p+~e+v, v„),
N(t); this is described by the modulation of the muonium
frequency superimposed upon the decay of the muon and
can be fit to the following form:

N(t) =NDe '[1+S(r)]+B,
where N0 is a normalization factor, ~„ is the muon life-
time (2.197 ps), 8 is a constant to account for time-
independent background, and S(t) is the pSR "signal, "
often defined by

S (t) = A~„e 'cos(~~„t —P~„)+ADcos(~Dr + AD )

(2)

The first term corresponds to the muonium signal:
is the initial amplitude of rnuonium precession, A, is a re-
laxation (damping) rate corresponding to the interaction
of Mu with its environment, co~„ is the muoniurn Larmor
frequency (v~„=co~„/2m. = 1.39 MHz/G), and P~„ is the
initial phase of the rnuonium precession signal. The
second term in Eq. (2) corresponds to the signal for
muons in diamagnetic environments, where AD is the ini-
tial amplitude of the diamagnetic precession, coD is its
Larmor frequency (vD =0.0136 MHz/G), and PD is the
initial phase of this precession signal. In an N2 modera-
tor, at 1 atm pressure, A ~„corresponds to about 85% of
incident p thermalizing as Mu, while AD corresponds
to 15% of incident p thermalizing in a diamagnetic en-
vironment [25,37,40] (in fact, as an Nzp+ molecular ion
[41]). No relaxation of the diamagnetic signal was visible
in the experiment. Rather, we are concerned with the
first term in Eq. (2) and particularly with its relaxation
rate A, . It should be noted that Mu has thermalized be-
fore reaction since thermalization times are of the order
of tens of nanoseconds [37,40,42], whereas reaction times
(1/A, ) are of the order of microseconds.

In the presence of unpolarized Cs vapor, electron-spin
Aip between Mu and Cs causes a loss of muonium polar-
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B. Target vessel and gas handling

The target vessel is a nickel-plated stainless-steel
cylinder with inner dimensions of 20X63.5 cm (total
volume 20.3 liters) and a nickel window of 2.5 cm diame-
ter and 0.05 mm thickness to allow the entrance of the
muon beam. The window is positioned well inside the
target vessel (2 cm from the fiange), and aluminized My-
lar is employed as a second window placed at the outside
of the flange to ensure the temperature of the inside win-
dow is not lower than that of the system.

There are two ports on the other end. One is exclusive-
ly for Cs input. The other one is for sampling and gas
handling. A schematic arrangement of the target and
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ization. In an electron-spin-Rip interaction, an a electron
on one atom (e.g. , Mu) is exchanged with a p electron on
the other (e.g. , Cs). In their brief encounter, the state
vector lap) in the atom-atom interaction is not an eigen-
state of the spin Hamiltonian, and as such evolves in
time, emerging as the state

I pa ) . When the time between
collisions (of order 100 ns here) is longer than the
hyperfine mixing time in muonium (0.22 ns), this
electron-spin Hip may destroy the coherence of the muon
precession in the muonium atom and cause a depolariza-
tion of the experimental precession signal. This well-
known relaxation process is discussed further below; its
effect on damping the pSR signal is illustrated in Fig. 1.

gas-handling system is shown in Fig. 2.
The system is first thoroughly cleaned and evacuated

to better than 10 Torr and heated (by heating tapes)
above the operating temperature for more than 24 h be-
fore an experiment. The coldest spot in the system is
purposely the Cs boiler, a container made of pure nickel
that is temperature controlled to stabilize at a set value
determined by the desired Cs concentration in the reac-
tion vessel. For each run the boiler, previously loaded
with 99.95%%uo pure Cs (Strern Chemicals), is opened to the
target vessel long enough to establish an equilibrium Cs
vapor pressure in the system before it is closed. Temper-
ature fluctuations during this period are less than 0.5'C.
Pure dry N2 gas is then slowly let into the target vessel up
to a certain total pressure, typically 2 atm in these experi-
ments. During the data taking, the temperature inside
the reaction vessel is monitored and maintained at a con-
stant and homogeneous value, which is significantly ()50
K) higher than the boiler temperature. All temperatures
are measured by thermocouples.

C. Cs Density

Since the muonium relaxation rate is dependent on the
Cs number density, the concentration of Cs atoms in the
target vessel must be known accurately in order to reli-
ably extract the spin-Rip cross sections of interest.
Several intrusive methods have been developed to mea-
sure Cs vapor pressure (density) [43—45]. However, they
would all greatly complicate the present experiment and,
moreover, in most cases require a calibration (by vapor
pressure curves), so that their accuracy is no better than
that of the known vapor pressure curve. These methods
were deemed not worthwhile in this experiment. Instead,
we made direct use of the Cs vapor pressure curve of
Taylor and Langmuir [43] for a given boiler temperature,
to calculate the concentration of Cs inside the target
vessel. Although 50 years old, this Cs vapor pressure
curve has recently been verified as accurate to within a
few percent near 500 K [44]. Vapor pressure curves
have, in fact, been used in a variety of experimental situa-
tions [13,16,17,19], but our impression is that the abso-
lute accuracy of the curves for the alkali metals (includ-
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FIG. 1. Experimental pSR signal after removal of normaliza-
tion, decay, and background. The top spectrum was obtained in
1500 Torr pure N2 moderator at 566 K. The bottom spectrum
was for the same conditions but with an added 9.9X10'
molecules/cm of Cs (21 ppm).
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FIG. 2. Gas-handling system and target vessel for Mu-Cs
spin-exchange experiment. Area in the dashed line is kept
above the boiler temperature, except for the sampling tube.
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ing Cs) is not well established, particularly in a metal en-
vironment in the presence of a foreign gas, which is the
present experimental situation. Independent determina-
tions of the alkali concentrations at given temperatures
seem to be rarely carried out, although they could be
essential to an accurate determination of osF(T). Conse-
quently, a further means of determining the concentra-
tion of Cs atoms in the present experiment was desirable.

To check the Cs density, a known volume of gas in the
target vessel was pumped out through a sampling tube
filled with glass wool and immersed in liquid nitrogen.
During sampling, the pressure inside the target vessel was
kept higher than 100 Torr to prevent Cs coming off the
walls. Cs vapor condensed in the tube and was then
washed out with distilled water and titrated against a
standard HC1 solution. Results of these titrations were
used to verify the Cs concentration predicted from the
vapor pressure curve. Some results of off-line tests are
listed in Table I. Two difFerent moderator pressures, 1

atm and 2 atm, were employed in these off-line tests,
though the actual data taking was carried out at 2 atm
pressure. As can be seen from Table I, the titration data
agree with the vapor pressure curve to within about 10%.
The differences are likely due to losses of Cs during sam-
pling and washing. The slight decrease of Cs titrated at
1500 Torr has been shown to be a consequence of slower
sampling. The comparisons in Table I show that the va-
por pressure curve [43] is indeed reliable for our system,
and consequently Cs densities are calculated from these
vapor pressures only. It is noted from the titration data
that there could be a systematic error of +10% (or less),
possibly higher at the higher pressures.

The presence of Cs dimers, Cs2, inside the reaction
vessel could contribute to an error in the Cs density as
well as contributing to a damping of the pSR signal due
to chemical reactions, forming CsMu. However, the di-
mer is only about 0.5% of [Cs] at 560 K under saturated

TABLE I. Cs vapor pressure test. The first column gives the
boiler temperature and the second column the total moderator
(N2) pressure before sampling. The third column gives the total
number of moles of Cs from titration. Errors are estimated sys-
tematic uncertainty of the technique. The last column shows
moles calculated from the Cs vapor pressure (VP) curve of Tay-
lor and Langmuir [43]. Errors are due to uncertainties in boiler
temperature.

Cs in the target (10 mol)

pressure without a foreign gas [46]. It would be less in
the target vessel since Cs is not saturated there, although
a three-body association reaction could conceivably occur
at higher moderator pressures, 2 atm in this experiment.
Nevertheless, we feel the contribution from dimers is
minimal here.

There is some discussion in the literature on the total
pressure dependence of saturated Cs vapor pressure,
which causes some concern in experiments relying on
data from vapor pressure curves [16,17]. In our case,
however, the Cs is saturated when there is no moderator
gas present. The vessel is pressurized only after the
boiler (and the coldest spot) is isolated from it. Therefore
the Cs is no longer saturated when the total pressure is
changed, and hence the Cs density should not be affected
by a change in the moderator pressure. Our off-line tests
(Table I) also showed very little total pressure depen-
dence.

Another possible, albeit very unlikely, source of error
could be a slow reaction of Cs+N2. However, while
there is some evidence of a very slow reaction of Li or Mg
with Nz, there appears to be no information on any reac-
tivity of Cs with Nz [47]. It is worth noting here that the
boiler and the target vessel are free of N2 when loading
Cs, so any reaction involving N2 can only occur after the
boiler is closed, which could conceivably reduce the Cs
density in the vessel, though this is very unlikely over the
approximately 2-h time period when Cs is in contact with
N2. Furthermore, the product of this reaction would be
expected to be Cs3N [47], a virtual impossibility at the Cs
density of the present experiment. Moreover, our time-
dependence studies (i.e., consecutive runs on the same gas
over a time period of 4 h) showed that the relaxation
rates were independent of time, indicating that the effect
of any competing reactions is insignificant. No time
dependence was detected in ofF-line titration tests either.
Generally, the titration results gave good agreement with
expectations from the vapor pressure curve (Table I).

Thus, the uncertainty in the Cs number density will be
primarily due to an uncertainty in the boiler temperature.
At 440 —510 K, this is well below 3 K, yielding an uncer-
tainty in the Cs density of 5 13% (Table I).

III. RESULTS AND DISCUSSION

The experimentally observed depolarization rate (A, ) of
the @SR signal [Eq. (2) and Fig. 1] is a function of the
thermal spin-flip cross section [9,11,24,25] and can be
written in the form

Tb (K) P (Torr) Titration VP curve
ko+ Xi o (3)

452+3
451+3
466+3
466+3
482+3
482+3
488+3
488+3
507+3
507+3
507+3

700
1501
700

1503
700

1503
702

1500
705
701

1500

1.37+0.31
1.30+0.31
3.06+0.41
2.80+0.40
4.96+0.61
4.70+0.60
7.00+0.86
6.61+0.81
12.9+1.5
13.1+1.5
11.9+1.S

1.75+0.23
1.75+0.23
3.10+0.37
3.10+0.37
5.70+0.65
5.70+0.65
7.15+0.78
7.1S+0.78
13.9+1.4
13.9+1.4
13.9+1.4 rrs„(T) = f o sF(E)Ee dE .

(k~ T)
(4)

Here A,o is some background relaxation due to contribu-
tions such as field inhomogeneity and chemical impuri-
ties, while k& is a measure of muon depolarization due to
electron-spin Rip between Mu and Cs atoms. It is A,

&
that

is of interest here. A, , is proportional to the thermal-
spin-Aip cross section at temperature T, o s„(T), which is
defined by
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sF= —,'nvosF(T) (5)

In a weak transverse field ( ( 10 G), and with an s = —,
' (Cs)

collision partner, A, , is given by [9,24,25]

(K)

o'sP" (Mu)

(10 ' cm)

~theor (H)

Ref. [26] Ref. [27]

TABLE II. Spin-flip cross sections.

where A.sF is the rate of spin-Aip interaction, n is the num-
ber density of Cs atoms, and U is the thermal velocity

(U =+8k& Tier@, where ks is Boltzmann's constant and

p is the reduced mass of the colliding atoms).
Experimentally, o.s„(T) is determined by measuring A,

at several values of n at a given temperature and fitting to
Eqs. (3) and (5). This is illustrated in Fig. 3 for data taken
at 566 K. Each data point in Fig. 3 took one or two
hours to measure. Two positron counter arrays were
used to give two histograms of positron events (two to
three million counts in each to give less than 10%%uo statist-
ical error in the relaxation rate), which were fit separate-
ly. The average of the two fits is taken as the relaxation
rate and plotted in Fig. 3. Results for o sF( T) at different
temperatures are recorded in Table II, which compares
the data with the theoretical calculations of Dalgarno
and Rudge [26] and Cole and Olson [27). The total cross
sections are calculated using Eq. (4) and the parameters
given in Ref. [26] for the former and estimated from the
reaction rate curve given in Ref. [27] for the latter. The
values given in Table II are four times the cross sections
in Ref. [27], which are defined as —,

'o.s„. This comparison
is shown in Fig. 4 as well. The three higher-temperature
data points (Table II) agree within (random) errors (note
the reproducibility at 565 and 566 K), but the lowest-

7.0

543+3'
565+3
566+3
643+3

35.9+1.8"
41.2+1.6
42.3+1.8
39.5+2.6

59.4
59.2
59.2
58.6

99
98
98
97

'T uncertainty is ~+3 K, which has little effect on the calcula-
tion of the Cs number density in the target vessel.
Quoted errors are one standard deviation from the fits of Eqs.

(3) and (5) to the data. Estimated systematic errors are about
10%%uo, mainly due to uncertainties in the Cs density from the
boiler temperature (Table I).

temperature point at 543 K seems considerably below the
trend in the data. However, considering the possibility of
a 10% systematic uncertainty in the Cs density, as de-
scribed earlier, giving rise then to an overall uncertainty
of ~ +15% (i.e., +6 X 10 ' cm ), we cannot state con-
clusively that the lowest-temperature data point is anom-
alously low, but rather that the data exhibit a tempera-
ture dependence not inconsistent with the theoretical cal-
culations (both calculated temperature dependences give
rise to only about a 2%%uo decrease in cross sections over
the range of our data). It can be noted that the possible
decrease in os„(T) at the lower temperatures is also seen
in the Mu-Oz data [9]. A simple average of the Mu-Cs
results in Table II gives o.sF=39.7+6.0X 10 ' cm, tak-
ing into account the overall uncertainty.

The analysis above assumes that only spin Aip contrib-
utes to relaxation of the Mu precession signal. Chemical
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72—
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2010 30
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FIG. 3. Spin-relaxation rate A. vs Cs number density at 566 K
and an N2 moderator pressure of 2 atm. The vertical error bars
are due to counting statistics; the horizontal errors are due to
uncertainty in Cs density (see discussion in the text). The spin-
flip cross section osF( T) is obtained from the slope and Eq. (5) is
equal to (42+2) X10 ' cm . Here the quoted error (+5%) is
statistical only.

24

0 l I l

530 556 582 608 634 660

Temperature (K)

FIG. 4. Spin-flip cross sections o.s„(T). Solid lines are calcu-
lations for H-Cs. The vertical errors on the experimental points
are one standard deviation from the fits of Eq. (5) to the data.
Systematic errors are 10%; the horizontal errors are estimated
temperature uncertainties, as discussed in the text.
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In low transverse fields, G (t) takes the form

G(t) —1e Mu
2

Therefore,

p (t) —
(

1 )n + le' Mu
n

The probability that there are exactly n spin-Aip col-
lisions between to =0 and t is given by
exp( —tISFt)(ksFt)"/n!, assuming a Poisson distribution.
The weighted average muon spin polarization observed at
t is expressed by

p( )
SF SF

(
1)tt+( M„1 SF / Mu

, (A. t)"
t 2 2

n=0 n.
(9)

Note that this P(t) corresponds to the first term in Eq.
(2), with the observable amplitude /I M„empirically deter-
mined.

At a field 8 ~ 20 G, one can observe two frequencies
with typically about 1 ns experimental resolution, and
then the time evolution of the muon spin can be approxi-
mately expressed by

l (cg)M +Q)t t (AM Q)t
4 4 (10)

reactions, in which the p+ is placed in a different magnet-
ic environment, would also contribute to the transverse
field relaxation rate. A possible diamagnetic channel in
these experiments is the formation of CsMu ("muide"),
the muon analog of CsH. This could form either through
a molecular collision with Cs and a moderator (Nz) mole-
cule, or directly via reaction with Cs dimers, though, as
stated, the concentration of the latter is believed to be
negligible. Traditionally, chemical reactions are dis-
tinguished from spin exchange by measuring total pres-
sure dependence and relaxation rate in a longitudinal
magnetic field [10,11,39,48]. Recently, Senba has found
that chemical reaction is also distinguishable from spin
exchange in a transuerse field [50]. This has, in principle,
always been possible via the "residual polarization" tech-
nique [35,39], but in Senba's recent treatment, separation
of these two contributions is due to the fact that the
chemical reaction is field independent while the observ-
able relaxation rate due to spin exchange is field depen-
dent. More specifically, the factor of —,

' in Eq. (5) is only
true for weak transverse fields, but not true for intermedi-
ate fields where two-frequency muonium precession is ob-
servable. This characteristic "heartbeat" signal of
muonium has been known for decades and has been stud-
ied and used to determine the magnitude of the hyperfine
splitting of the muonium atom in matter [49]. However,
the dependence of the observed two-frequency relaxation
rate on the spin-Hip rate has never been investigated in
detail.

It has been shown [25] that the muon spin polarization
in muonium after n spin-Rip collisions at times
t „t2,t3, . . . , tn can be expressed by

P„(t)=G(t t„)G(t„t—„,) . G(t, —t, )G(t, ——t, ) .

(6)

)SFt i.S—Ft/4
1

i (tuM„+ti)t i (e)M„ti)t—

—3iSFt/4 i(tuM„+ti)t i(tuM„n)t—
(12)

The same result can be obtained using the Boltzmann-
equation approach given in Ref. [24].

More intuitively, Eq. (6) together with Eq. (10) implies
that only —, of the polarization survives each spin Aip at
intermediate fields. The polarization lost in a spin-Rip
collision is, therefore 1 —

—,
' =—„', which is the factor in the

decay exponent of Eq. (12). This can be understood in
more general terms from the complete expression for Eq.
(10), which actually contains four frequencies, two of
which are averaged to zero by the experimental time
resolution. After a spin-Aip collision, the muonium atom
could be in any of the four eigenstates of the spin Hamil-
tonian with equal probability, just as if it were newly
formed, and therefore precesses with one of the four pos-
sible associated frequencies. If only one of these frequen-
cies is monitored, after a spin-Hip collision the muon will
precess with the same frequency but with a probability of

Since the interaction time (typically of order of pi-
coseconds) is very small compared to the hyperfine mix-
ing time (220 ps), the signal will precess coherently with
the same probability, —,'. The effective rate of loss of the
muonium signal is therefore —,A.sF, as in the intermediate-
field case of Eq. (12). However, if two of the four fre-
quencies are degenerate and cannot be distinguished ex-
perimentally, as in the weak-field case, the probability of
coherent precession after a collision is doubled, i.e., —,.
The effective loss of signal is then —,

'
t)(,sF, as in Eq. (9).

In contrast to spin exchange, a chemical reaction will
destroy the coherence of muon precession completely due
to the change in muon precession frequency from the
four possible free muonium frequencies. Thus, the polar-
ization decay rate due to chemical reaction is equal to the
chemical reaction rate and is not dependent at all upon
the applied magnetic field.

Since the exponential decay factor for P (t) due to spin
exchange changes from —,

' to —,
' at intermediate fields, and

does not change for chemical reactions, the measurement
of P(t) at both weak (6 G) and intermediate fields (35 G)
for the same gas conditions at the same temperature will
allow both the spin-exchange and chemical reaction rates
to be determined. From measurements conducted at
both fields, it was found that there was no significant

where Q=(t)o[(x +1)'/ —1]/2 and x =B/Bo, with Bo
being 1585 G for a (free) Mu atom. Thus,

p (t) (1)n+1 '( Mu ) +(1)n+( ' Mu„ t —— e 4

+H(t„t3, . . . , t„,t, Q) .

The cross term H(t„tz, . . . , t„,t, Q, ) can be shown to
vanish after statistical averaging if 80) A, SF (true for
fields )20 G) [50]. The polarization at t is then

p(t) y SF
(

1 )n+1, ()(,sFt )

n=0 n.
( +(i) ( —0)
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chemical reaction contribution to the Mu-Cs relaxation
rate. Hence we conclude that only spin exchange con-
tributes to the relaxation of the Mu signal.

At present, there are no theoretical calculations avail-
able for Mu-Cs spin-exchange collisions. As noted, spin-
Aip cross sections for H-Cs have been calculated by Dal-
garno and Rudge [26] and by Cole and Olson [27], giving
values of 59X10 ' cm2 and 98X10 '6 cm at 560 K, re-
spectively (Table II). Theoretical calculations of the
spin-Hip cross sections for H-A collisions have tradition-
ally assumed that the core electrons can be treated as
closed shells [26,27,51]. The first calculations of spin ex-
change for H-A as well as for A-A were those of Dalgar-
no and Rudge [26], who used asymptotic expansion
methods to determine the difference potential between
the X 'X and a X molecular states and the straight-line
trajectory method to estimate the cross sections. Chang
and Walker [51], using semiclassical and partial-wave
analysis, also calculated the spin-Aip cross sections for
A-A collisions. The more recent calculations by Cole and
Olson [27] for H-A collisions have used a pseudopotential
molecular-structure method to calculate the interaction
potentials and a fu11 quantal 5-matrix technique, as well
as a straight-line trajectory method, to determine the
spin-flip cross sections. The quantal method included
contributions from the quasibound states (or "orbiting
resonances"), which are absent in the straight-line
method. Both the Chang and Walker [51] and the Cole
and Olson [27] calculations find that Dalgarno and
Rudge underestimate the spin-Ilip cross sections by 10%
(H-Li and Li-Li) to 40% (H-Cs and Cs-Cs).

There are no direct measurements of H-A total cross
sections that have been published to compare with these
calculations. There are, however, a number of experi-
mental results available for Cs-Cs collisions [16,17,18],
which mostly range over (2.0—2.4)X10 ' cm, with
more recent data [16,17] giving values of 1.4X10 ' and
1.5X10 ' cm, respectively. All these values are in rel-
atively good agreement with Dalgarno and Rudge's cal-
culation of 2.0X10 ' cm . In comparison, Chang and
Walker's calculation gives 2.8X10 ' cm . Since Dal-
garno and Rudge's method requires that the difference
between the ionization potentials (IP) of the colliding
partners is sma11, it is expected that their results for H-Cs
(it has the largest IP difference among all H-A collision
partners) are not nearly as accurate as for Cs-Cs col-
lisions. This suggests that Cole and Olson's calculation
for H-Cs collisions is the most accurate. However, as
mentioned earlier, the experimental difFerential spin-Aip
cross section of H-Na at 300 K was found to be seven
times larger than the theoretical calculations in Ref. [14],
the total cross section of whjch agreed with those of Cole
and Olson, suggesting that the latter calculations un-
derestimate the true values. Spin-Hip reaction rates for
H-Rb collisions have also been estimated from H-atom
polarizations in an optical pumping experiment [12]. It is
suggested therein that Cole and Olson also underestimate
the reaction rate but by a factor of 2 in this case, in the
same direction as the results of Ref. [14]. Total spin-fiip
cross sections of H-Na for a fast (2 keV) H beam incident
on a Na target have also been evaluated from proton po-

larizations, and these are in reasonably good agreement
with extrapolations of Cole and Olson's calculations
[15,52]. This may be fortuitous, though, since the
method used in these calculations is presumably not ac-
curate at large ()2.5 eV) collisional energies because
core-core interactions are not treated correctly. Our as-
sessment is that the agreement between experimental and
theoretical values of thermal H-A spin-Aip cross sections,
insofar as comparison can be made [12,14], seems gen-
erally to be poor, with the calculations of Cole and Olson
in particular underestimating the cross sections.

Our measured Mu-Cs thermal spin-Hip cross sections
are significantly lower than the calculated H-Cs values:
two-thirds of the lower value of Dalgarno and Rudge,
and less than half of the presumably more accurate value
of Cole and Olson (Table II, Fig. 4), indicating a
significant isotopic effect. As mentioned above, if Cole
and Olson's calculations do in fact underestimate the H-
A spin-Aip cross sections, then the magnitude of this iso-
tope effect could be greater still. The same trend has also
been seen in the cases of Mu-Oz versus H-Oz and Mu-NO
versus H-NO spin-exchange scattering [8—10,24], where
the ratio of o.s„(Mu):o.s„(H) is about 1:3 for both cases.

We can estimate os„"(T) from the straight-line trajec-
tory methods [26,27]. In the calculation by Dalgarno and
Rudge, the difference potential (between singlet and trip-
let) is only dependent on the ionization potentials of the
colliding partners, and since Mu has essentially the same
Ip as H, Mu-Cs should have roughly the same spin-Aip
cross sections as H-Cs at the same velocity. Although in
Cole and Olson's calculation a more realistic potential is
assumed, the spin-Aip cross section in both cases is
represented by

[o.s„(v)]' =a b ln(v) .— (13)

If H-Cs and Mu-Cs would have the same parameters a
and 6, then the thermally averaged cross section of Mu-
Cs would be expected to be less than that of H-Cs at the
same temperature, because its velocity distribution is
shifted to higher values (UM„=3vii). If for H-Cs one can
write, at energy E,

[o „(E)]' = A 8 ln(E), — (14)

where 2 and B are constants depending on a, b, and pz,
the reduced mass of H-Cs, then for Mu-Cs,

[os„"(E)]'~= A —8 In(pii/pM„) —B ln(E), (15)

with pM„being the reduced mass of Mu-Cs. Using Eqs.
(4) and (15) and Dalgarno and Rudge's parameters for
H-Cs, o'sF"(T) is calculated to be 52X10 ' cm at 560
K. Though this is within 20%%uo of the experimental value
(Table II), it is recalled that their calculations are expect-
ed to underestimate this cross section. Similarly, from
considerations of velocity distribution effects only, it is
determined that Cole and Olson's method gives
o sF"( T)=85 X 10 ' cm at the same temperature, in con-
siderable disagreement with the experimental data (Table
II). In comparison with both the H-atom and Mu-atom
values in Table II, then, it seems clear that these calcula-
tions do not account for the isotope effect seen here,
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osF(E) 2 g (21+1)sin (tii —5I),
i=o

(16)

where k =pv/A is the incident wave number, and 5I and
6& are the phase shifts for scattering from the interaction
potentials for triplet and singlet states. The difference in
phase shift, h&=5& —6,', will disappear at large separa-
tions, indicating that there wi11 be a maximum number
(l,„)of partial waves that could contribute to the cross
section, contained as well as in the semiclassical approxi-
mations of Eq. (15). Since Mu is lighter than the H atom
by a factor of 9, the maximum number of partial waves
for Mu is about three times less than H at a given energy,
assuming both have the same interaction potentials. The
isotope effect discussed above is likely a reAection of the
sampling of fewer partial waves in the Mu scattering pro-
cess [9,24] as well as dift'erent resonance structures, but
accurate theoretical calculations are required to confirm
this.

Comparisons of this nature between Mu- and H-atom
spin-Aip cross sections could prove valuable in determin-
ing intermolecular potentials of short and intermediate
range between H atoms and various dopants, since only
the H-H spin-exchange potential is accurately known
[28,30—32,54]. Interestingly, in the calculations of Ref.
[28], a dramatic isotope eff'ect is predicted in Mu-H
versus H-H spin exchange at low temperatures, but it is
one in which o. F" is actually considerably larger than
o s„, just opposite to the situation reported here (and in
Refs. [9,11]). This is presumably due to specific reso-
nances from the partial-wave scattering effect referred to
above. It can also be noted that a random-phase approxi-
mation to Eq. (16) would predict a mass-independent
cross section [9], in contrast to both the present and ear-
lier [9,11,24] experimental results.

though a trend to a decreased spin-Rip cross section for
Mu is indicated. At thermal energies, the contributions
from orbiting resonances do appear to be significant [27].
Furthermore, these contributions only depend on singlet
potentials and are very sensitive to small changes in po-
tential curves and reduced masses [30,31,53]. Therefore,
an accurate calculation of the Mu-Cs potential-energy
curve is necessary for a precise evaluation of spin-Hip
cross sections.

The quantum total spin-Hip cross section for spin- —,
'

collision partners at energy E, independent of nuclear
spin and final hyperfine state, is defined [19,26,32] by

IV. CONCLUSIONS

The thermally averaged electron-spin-Hip cross sec-
tions between Mu and Cs have been measured by the pSR
technique to an overall uncertainty of less than I5%.
The measured Mu-Cs cross sections are found to be less
than one-half of the most recent calculated value for H-
Cs [27], indicating a significant isotope eff'ect. The actual
isotope effect may be even greater if the calculated H-A
spin-ffip cross sections [26,27] are underestimated, as
some experiments seem to indicate [12,14]. This interest-
ing isotope effect may originate from the different sam-
pling of partial waves and the different resonance struc-
tures of the two systems, which are very sensitive to
potential-energy curves and reduced masses. Theoretical
calculations of this cross section are required to compare
with the experimental data and to explain the origins of
this isotope effect.

An alternative method has also been developed to dis-
tinguish between spin exchange and possible chemical re-
actions in a pSR experiment, which may have applica-
tions to other reaction systems as well, notably those in-
volving muon depolarization in muonium addition reac-
tions [55].

Note added in proof. A recently published report of the
Mu-Rb spin-fiip cross section by Barton et al. [A. S. Bar-
ton et al. , Phys. Rev. Lett. 70, 758 (1993)] gives

( T) =(136+17+25)&& 10 ' cm at 200 K, which is
about a factor of 4 larger than ours. The polarized Rb
used in their experiment could account for a factor of 2
[27]. They also assumed no isotope eff'ects in mrs„among
Mu-Rb, (p He)+e -Rb, and H-Rb, seemingly contrad-
ictory to both theory and our experimental results. To
properly assess the difference between our results and
theirs, though, it is necessary to know the details of their
experiment and data analysis, which is not given in the
paper. It can be noted that the calculated H-Rb spin-Aip
cross section is actually smaller (-15%) than that of H-
Cs [27].
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