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The thermally averaged depolarization cross sections, O.D( Q, for Mu+02 electron spin exchange,
have been measured by the muon spin relaxation (pSR) technique in a N2 moderator at total pres-
sures near 1 atm over the temperature range 88-500 K. These values are related to the thermal
spin-flip cross sections of interest (osF) by a simple numerical factor. At temperatures 120 K,
oo{73 is essentially temperature independent [with osF=(5.7+0.5) X 10 ' cm ], though exhibiting
a slight tendency to increase with temperature. At lower temperatures, o.»( T) decreases noticeably.
Comparison with the only currently available theoretical calculations of Mu(H)+0, spin-flip cross
sections by Aquilanti, Grossi, and Lagana [Hyperfine Interact. 8, 347 (1981)]on the potential-energy
surface of Farantos et al. [Mol. Phys. 34, 947 (1977)] gives poor agreement with the data, particu-
larly in their temperature dependence. The present results for o.sF(T) for Mu+02 qualitatively ex-
hibit the same trend with temperature as found by Desaintfuscien and Audoin [Phys. Rev. A 13,
2070 (1976)] for H-H spin exchange over a comparable temperature range, but the H-H cross sec-
tions are, surprisingly, about four times larger. Comparisons with the experimental H+0& spin-

exchange cross sections of Anderle et al. [Phys. Rev. A 23, 34 (1981)]and of Gordon et al. [JETP
Lett. 17, 395 {1973)],indicate a significant isotope effect, with os„(H) 1.5osF(Mu). While this
effect can be qualitatively understood in terms of the differing numbers of partial waves involved,
detailed theoretical calculations on more recent potentia1-energy surfaces for HO, are called for.

I. INTRODUCTION

In the realm of gas-phase collision phenomena, elec-
tron spin exchange at thermal energies can be regarded as
a quasielastic process in which the total spin S of the col-
liding partners is conserved, but their spin projection
quantum numbers are "exchanged" as a result of scatter-
ing from a spin-dependent potential V(r, R)S, .S2 (Refs.
I —3), where R is the internuclear displacement in the
molecule and r is the atom-molecule displacement. For a
given partial wave, the spin-exchange cross section is due
to a spin-flip process (os„), determined by the difference
in phase shifts for different total spins.

Although well studied in optical pumping experiments,
particularly those involving collisions of the alkali met-
als, there are relatively few experimental reports of
electron spin exchange between a H atom and a paramag-
netic atom or molecule. Moreover, unlike reactive
scattering studies of the H atom, where isotopic substi-
tution, including recently that of muonium (Mu
=)tt+e ), ' continues to play an important role, there
are only a few measurements of the effects of isotopic
mass substitution on electron spin exchange. Although
work is in progress, to our knowledge there has as yet
been no direct comparison of H and D atom spin ex-
change. ' Muonium is produced 100% spin polarized
and consequently may be a facile probe of electron spin
exchange at thermal energies, utilizing the muon-spin-
relaxation (lsSR) technique ' to sensitively monitor the
shared muon and electron spin polarization with time.

Moreover, comparison of Mu and H is more likely to re-
veal the effect, if any, of isotopic mass substitution on H-
atom spin-exchange cross sections, due to the unparal-
leled mass difference between these two atomic species
(m „=—,

' rn ). Indeed, in the case of H-H collisions,
theory' predicts that the low-energy spin-exchange cross
section for Mu-H should be enhanced by an order of
magnitude over H-H, due to resonant capture.

The Mu-H experiment has not yet been attempted, but
the corresponding experimental studies of H-H spin ex-
change give exemplary agreement with theory over a
wide range of temperatures. ' Resonant enhancement of
a sF(E) at low energies for Mu-Oz over that for H-02 has
also been predicted, ' using a semiempirical potential (en-
ergy surface) for the H-02 interaction. ' Unfortunately,
in contrast to the essentially exact calculations for atomic
Mu-H and H-H spin exchange, ' ' uncertainties in the
atom-molecule potential compromise the accuracy in cal-
culations of osF(E) for H(Mu)-02 spin exchange. More-
over, for nonspherical particles, the exchange interaction
is orientation dependent, and changes during a collision
due to rotation, further complicating the calculation of
molecular spin-exchange cross sections.

The semiempirical calculations indeed gave poor agree-
ment with previously published experimental results for
both H+Oz (Refs. 5, 7, and 8) and Mu+O2 spin ex-
change in the temperature range —300—500 K.' ' On
the other hand, they did demonstrate that Mu can be a
much more sensitive probe of the anisotropic nature of
the interaction than H-atom spin exchange can. Such
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efFects are pronounced at lower temperatures, where reso-
nant enhancements in os„(E) for Mu+02 are naturally
manifest, a situation that prompted the present study of
Mu+Oz to temperatures below 90 K. A preliminary re-
port of this work has been given elsewhere. ' In the
present paper we have extended these studies, obtaining
more low-temperature data points, as well as repeating
those obtained earlier at higher ( ~ 300 K) temperatures. '

Finally, it can be remarked that since the 1981 theoret-
ical calculations comparing the H-02 and Mu-02 sys-
tems, ' additional ab initio as well as semiempiri-
cal potentials for H-02 have been reported. Those in
Refs. 20 and 21 in particular give reasonably good ac-
counts of both the reactive cross sections and rovibra-
tional partitioning seen in reactive scattering. It is
hoped that the present results for Mu-02 spin exchange
will prompt further theoretical calculations of osF(Mu)
and o sF(H) on these newer potential surfaces.

II. SPIN EXCHANGE AND @SR

A. The transverse-field @SR technique

The positive muon is produced 100% longitudinally
spin polarized at MeV kinetic energies. During its slow-
ing down processes in a moderating gas such as N2,
muonium (Mu=p+e ) is formed repeatedly through a
series of rapid charge-exchange cycles beginning at keV
energies, with stable Mu emerging at kinetic energies

20 eV, - depending on the ionization potential of the
moderator. Thermalization to k~T energies then takes
place by elastic and inelastic scattering and takes about
10 ns in N2 at 1 atm pressure. Classically, in a weak
transverse magnetic field ( + 10 G), the p+ and e spins
are coupled by the muon-electron hyperfine interaction
such that triplet muonium (F = 1,M = 1 ) precesses with a
characteristic Larmor frequency, whereas muonium in its
singlet state (F =O, M =0) does not precess at all. Here
(F,M) are the usual hyperfine quantum numbers. At ob-
servation times, after thermalization, the initial polariza-
tion is seen to be shared between muons in muonium
(PM„) and those in diamagnetic environments (PL, ).
Another possibility, the formation of muonated radi-
cals, " is not relevant here. Some depolarization takes
place during the slowing down process due to hyperfine
mixing, manifest as a "lost" fraction (PL), which is
strongly moderator-pressure dependent. At —1 atm N2
though, PL =0 and will not be considered further. See
discussions in Ref. 25. It is known that PM„=0.85 and
PD =0. 15 in Nz at pressures 1 atm, so that most muons
thermalize as muonium. ' The actual diamagnetic
species is likely the N2Mu+ molecular ion. '

Since in the decay of the p+ (p+ ~e+v, v„) the decay
positron is emitted preferentially along its spin direction,
a counter array set at a fixed angle will record an oscillat-
ing decay pattern as the p+ spin sweeps past. The time
di6'erence between the detection of an incident p+ and its
decay positron is incrementally recorded, defining a pSR
histogram of —10 events. In the present experiments,
positrons were recorded in two separate counter tele-
scopes, positioned at either 90' and 270 or 0' and 180
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FIG. 1. The @SR signals S(t) at 100 K for coherent Mu pre-
cession in a magnetic field of 8 6 in pure N~ at 800 Torr pres-
sure (a) and in N2 doped with 270-ppm Oq (b). The solid line is a
fit of Eq. (1) to the data. Note the pronounced increase in relax-
ation rate (A, ) in the signal in (b), due to spin-exchange collisions
of Mu with O2 ~

w&th respect to the incident p+ spin, the latter geometry
in the case of a spin-rotated muon beam. For most runs
the magnetic field was set to —8 G in order to measure
coherent Mu precession (AM„). In such weak fields, the
pSR histogram "signal" S(t) can be written in the form

S(t)=PM„e 'cos(~M„t+PM„)+PDcos(~Dt PD
—), (1)

where AM„and cuD are the Larmor frequencies of Mu and
diamagnetic muons, respectively, and PM„and Pn are
their initial phases. Muonium precession is easily dis-
tinguished from those muons precessing in diamagnetic
environments (A@M„=103coa). The quantity of principal
interest in these experiments is the relaxation rate A, ,
which reflects the interaction of the Mu spin with its en-
vironment.

Figure 1 presents typical pSR signals S(t) for Mu in
N2 gas both in the absence [Fig. 1(a)] and presence [Fig.
1(b)] of trace amounts of added 02 gas. The solid lines
are fits of Eq. (1) to the data from which the quantities of
general interest (PM„, PD, and A.) can be extracted. The
dramatic increase seen in relaxation rate A, in the signal
shown in Fig. 1(b), obtained in the presence of 270 ppm
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of O~, is obvious. This is due to electron spin exchange,
as discussed further below. In both cases, in the weak
fields used, the small diamagnetic signal (PD =0. 15) de-
velops only about —,

' cycle of precession on the time scale
of Fig. 1, giving the appearance then of an underlying
"distortion" in the data, which must be properly ac-
counted for in the analysis [the second term of Eq. (1)].

The correct quantum-mechanical treatment leading to
the classical picture described above has been given in de-
tail elsewhere, ' but is highlighted here as well because
it provides the necessary basis for understanding the
effect of spin exchange on the muon polarization. The
initial-state vectors for the Mu atom, quantized along the
original p+-spin direction, can be written as an equal
po pulation of
refiecting the fact that the muon is polarized (a„), but the
electron is not. In zero or in a longitudinal magnetic
field,

l
A

&~~~= ill & is an eigenstate of the Hamiltonian.
The lB

&~~
state, however, is not an energy eigenstate (ex-

cept in a strong longitudinal field), and oscillates between
the

l
10& and loo& eigenstates at the p+-e hyperfine fre-

quency (vo=4463 MHz). Thus the lB &i state appears
effectively depolarized because our experimental time
resolution is typically ~ 1 ns. Hence the observed polar-
ization of the muon ensemble in zero field is half its max-
imum value.

This can easily be seen from the full density matrix of
both lc4 &i and lB &i states, expressed in terms of the
eigenstates of the (zero-field) Hamiltonian. 2s We write

pM. =-,' la„a, & & a„a, I+-,' laP', & &age I

=-,'ill&(ill+-, 'llo+oo&& lo+ool .

Equation (2) evolves in time according to

p „(t)=-,

'Ill�&&

ill+-,'[llo&& lol+loo&&ool]

+-,'(e '"' llo&(ool+e '"'loo&(lol) .

The last two terms in Eq. (3) oscillate at the hyperfine fre-
quency (coo=2mvo), and are averaged to zero by the ex-
perimental time resolution. In zero (or longitudinal)
magnetic field, the (time-independent) muon polarization
in Mu is then defined by

PM„= (cr", &
=Tro",pM'„= —,'Tria„a, &(a„a, l

=
—,', (4)

since a.", operating on the second term in Eq. (3) gives
identically zero by orthogonality. Equation (4) assumes
the initial beam polarization is 100%. In a longitudinal
magnetic field (H), the final result is only slightly more
complicated,

X
PM„(X)= —,

' 1+
1+X

where X =H/Hp, with Hp =1585 G, the contact field of
the p at the electron. This result was first derived
some years ago by Mobley and indicates, in general,
that the experimental depolarization cross section will be
field dependent.

In a transverse (l) magnetic field, neither l A &i nor

In a weak transverse field, Eq. (6) can be shown to
have the form

P"(t)=—'[( "+ ")+( "+ ")] (7)

In the particular case of interest here, for fields + 10 G,
the frequencies ~,2 and coz3 originate almost exclusively
from the original l

A &i state, whereas co34 and cubi~ origi-
nate from the lB &i state. Since the latter two angular
frequencies are both comparable to ct)p=27Tvp they are
again averaged to zero by the —1-ns experimental time
resolution, leaving the now essentially degenerate fre-
quencies co]2 and ~&3. These then give rise to the experi-
mentally observable coherent muonium precession signal,
Pi(t) =

—,'e "" from Eq. (7).
The initial amplitude (PM„), however, is usually

different from —,
' since it depends on a number of other

factors. In addition, an exponential relaxation rate (A, ) is
introduced to account for the time dependence of this
amplitude, thus accounting for the first term of the @SR
signal S(t) in Eq. (1), expressed as the real part of Pi(t).
The second term of Eq. (1), coming from contributions
due to muons in diamagnetic environments, follows trivi-
ally because the time dependence of this part of the en-

I cg)D t
semble is simply e, again with the initial amplitude
PD determined empirically. Relaxation of the diamagnet-
ic part of the signal is not measurable at the —8-G fields
of interest.

B. Muoniuni spin exchange (with Oq)

In analogy with magnetic resonance, random en-
counters in the gas that serve to perturb the triplet Mu
state give rise to spin relaxation, which, in the case of a
transverse field, can be thought of as a dephasing
(A, = 1/T2) process. It can be remarked that Ti is of or-
der 1 ps in our experiments, orders of magnitude longer
than the —10-ns thermalization time of the muon; i.e.,
relaxation is a measure of a thermal rate process. There
are in principle three reactions that could give rise to spin
dephasing of the Mu ensemble in the case of Mu+02, all
of which actually result in paramagnetic environments
for the muon:

Mu+02

Mu+Oz

=MuO. +0
= Mu02 (9)

Mu( 1 ) +Oz( 1 )

SF
:Mu( j, )+02(t) . (10)

Reaction (8) is —17 kcal/mol endothermic and could
not measurably contribute to thermal relaxation rates at

lB &i are energy eigenstates. They can be expressed, how-
ever, as a superposition of Zeeman eigenstates and corre-
spondingly evolve in time with a characteristic response
of four distinct frequencies (co, 2, co&3, co,4, and co34), given
by the usual selection rules, EF=1, AM =+1. ' In a
transverse field, the muon polarization can be found. from
the expression

P~~(t) = ,' & ~i-(t)la~+I ~i(t) &+-,'&B~(t)la~+ IBi(t) & . (6)
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the temperatures of interest here. This reaction likely
occurs at epithermal (hot atom) energies though, since
appreciable cross sections in the few-eV range have been
reported in the corresponding H-atom studies. The
second reaction forms the muon analog of the hyperoxy
radical which, as indicated, requires a third body (M) sta-
bilizing collision. The pressure dependence of the corre-
sponding H-atom addition reaction has been studied, and
lifetimes (~, ) for the unimolecular (RRKM) dissociation
have been estimated; ' for low J states, ~, ~ 1 ps is ex-
pected, corresponding to the observation of high-
pressure-limiting rate constants at pressures of -200
bars. At the low ( —1 bar N2) pressures of the present ex-
periment, the reaction is third order. Relaxation rates k
for the formation of Mu02 at the 1 Torr 02 partial pres-
sure used, estimated from the H-atom addition rates re-
cently reported in Ref. 30, are typically ~0.01K,o, far too
slow to contribute. This assessment is entirely consistent
with earlier estimates of the same process. ' Hence the
only reaction of interest here is the spin-exchange one
(10) under discussion.

A fourth possibility can be noted: intermolecular
dipole-dipole relaxation. However, this is discounted
since the strength of the Heisenberg exchange splitting is
typically 100-fold greater than that of the dipole-diple in-
teraction, as evidenced, for example, in calculations of
the energy levels of the spin-dependent 02-02 interaction
in the gas phase. ' An alternative argument lies in the
strength of the corresponding magnetic field, estimated to
be —1 kG at a distance —1 A. Assuming an interaction
time ~- 10 ' s, corresponding to the motion of a
thermal Mu atom past an 02 molecule, the amount of de-
phasing (/=AM„~) is —10 rad per collision. Even at
the maximum Oz concentration in the present experiment
(see Fig. 2), there are only —10 collisions/s, which in a
total measurement time of say 4 ps would correspond to
a maximum dephasing of only 0.004 rad, far too small to
cause any relaxation.

In a weak transverse magnetic field, there is a predict-
able phase coherence between the three magnetic sub-
states of triplet Mu: ~11)= ~a„a, ), ~10) =(1/
+2)~(ag, +P„a, )), and ~1

—1)

=~PJ'S,

). Spin-
exchange encounters in the gas at random times cause
depolarization, and hence relaxation (dephasing) of the
pSR signal. For purposes of illustration, however, con-
sider the situation in zero field, first in the case of Mu spin
exchange with a single unpaired electron (e.g. , Mu+NO,
as in Ref. 18). For a given electron pair (Mu NO), elec-
tron exchange can be represented by the operator
P, 2

=
2

(1+cd
&

crz), where cr, and o 2 are the usual Pauli
spin operators. Thus P, 2 ~

aP' ) = ~Pa' ) causes "spin flip, "
but P, z ~aa') = ~aa') effects no change, although it could
be thought of as an exchange of like spins. Since the NO
is unpolarized, the two initial states of the two-electron
system, ~a„aa') and ~a„aP'), would be equally popu-
lated. The initial density matrix for the Mu-NO system
then has the form [recall Eqs. (2) and (4)]

pM„= —,
' ~a„aa') (a„aa'

~
+ —' ~a„ap') ( a„ap'

~
.

In a purely elastic encounter there is no change in these

147K

FIG. 2. A plot of relaxation rate (A.) vs 02 concentration for
the spin-exchange scattering of Mu+02 at 147 K. These data
were taken in the presence of added Al foil (see Table I). The
straight line is a g fit of Eq. (16) to the data. The slope gives
the depolarization rate constant of interest, kD = 1.56 X 10
cm' s '. Error bars are statistical only.

states, but the scattering interaction is also spin depen-
dent, ' which can be written in a form exhibiting the ex-
change operator P,2,

V;„,(r) = Vc(r)+ Vs(r)(1+a, sr 2), (12)

where Vc(r) is dominated by a Coulomb-like interaction,
and Vz, also Coulomb-like, is the strength of the spin-
dependent part of the potential. After a spin-exchange
scattering, ~a„aa') in Eq. (11) is unchanged, but the oth-
er half of the ensemble changes to ~a+a'). Tracing over
the unpolarized NO states (a', P') gives the new Mu den-
sity matrix,

(13)

Spin Aip causes depolarization for exactly the same
reason as defined by Eq. (2) above; i.e. , ~aJ3) =(1/
&2)(~10)+00)), and this superposition of eigenstates
again depolarizes the muon on a time scale of the
hyperfine interaction, 0.2 ns. On average, each such
spin-exchange collision with unpolarized NO depolarizes
half the muon ensemble. It is important to note that the
time between depolarizing collisions is much longer than
this hyperfine mixing and muon-electron recoupling time;
~0. 1 ps at the low (Oz) partial pressures in the experi-
ment. Moreover, the loss of muon polarization is irrever-
sible: even if ~aP') were to convert back to ~a„a ) in a
subsequent encounter, this would have completely lost
phase coherence with the original ensemble. In this re-
gard, pSR is fundamentally different from H-atom maser
or atomic-beam studies, ' ' where state selected popula-
tions or population differences are monitored directly.

The situation in collisions of Mu with Oz is more com-
plicated than with NO because Mu. 02 is a three-electron
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system, but one can define an exchange operator for each
pair and an overall exchange operator for the combined
system by

PM„.o =P,2+P, 3
=

—,'[2+o'MU. o o (2,3}], (14)

where electrons labeled as (2,3) are associated with the 02
molecule. The Oz is again unpolarized, with only its
ground (S = 1 } state populated at room temperature (the
X+ state lies at —1 eV and can be ignored). In Eq. (14),
o.~ =2So is defined like the Pauli spin operator for

2 2

S =
—,', and operates on the appropriate column vector for

S =1. It can be noted that the exchange interaction
defined in this way is zero for spin-0 molecules. The in-
teraction operator o M„-o.o has a 9 X 9 matrix representa-

2

tion with both the exchange of like and unlike spins giv-
ing nonzero matrix elements, but only spin-flip exchange
contributes to relaxation of the pSR signal.

For example, consider again the zero-field density ma-
trix for Mu colliding with equal probability with unpolar-
ized Oz in gedanken ~11') and ~1

—I') states (primes
denote electrons coming from the Oz and, for simplicity,
the

~

10') state is ignored here). Before scattering, the ini-
tial density matrix of this hypothetical system can be
written in the form

p'= —,
' ja„aa'a') ( „aa'a 'aI +,' la„aP'P') —&a„aP'P'I, (I &)

which has the same initial polarization of —, as defined by
Eq. (4) or Eq. (11). After spin exchange with each 02
electron and tracing over unpolarized Oz, the final Mu
density matrix has the same form as given in Eq. (13), so
that again half of the initial polarization is lost with each
such encounter. In reality, the present experiments have
been carried out in a transverse field and each of the mag-
netic substates of the coherently precessing Mu atom
must be considered, as well as the

~

10' ) state of the unpo-
larized 02 molecule. This modifies the simple factor of —,',
as shown below (although it remains correct for NO). It
is recalled that in weak fields the experimental precession
signal, Pi(t), can be identified with the original Mu trip-
let state,

~
A ) ~~= ~a„a, ). Thus the 11)= ~a„a, ) zero-

field case discussed above is one such substate in a full
treatment of the density matrix of Mu spin exchange in a
transverse field of arbitrary strength.

On average, if one considers all possible encounters of
(precessing) Mu and freely tumbling unpolarized 02 (or
NO) in the gas, the exchange of like and unlike spins is
equally likely, but only spin-flip processes actually lead to
depolarization, in either a transverse or longitudinal (or
zero) magnetic field environment. ' This conclusion
appears to be at variance with a similar treatment some
time ago by Ferrell on positronium-atom (Ps=e+e )

spin exchange, where both the exchange of like and un-
like spins were considered as contributing equally to
triplet-singlet conversion in Ps annihilation. In a bulk
kinetic experiment such as the present one, we are not
able to identify the individual cross sections that give rise
to depolarization, measuring instead only the combined
effect of these spin-exchange collisions, as manifest by the

"depolarization" rate kD. This can be defined experimen-
tally by

o+XD =Ao+kDno (16)

where A,o is some background relaxation in the pure (Nz)
moderator, and kD is the corresponding bimolecular rate
constant, with n& being the number density of oxygen

2

added to the moderator. As discussed further below, this
rate constant is easily related to the spin-Rip cross section
o sF, which can be calculated theoretically. ' ' ' The
background relaxation rate could be due to magnetic field
inhomogenities or to chemical or even spin-exchange en-
counters with residual impurities in the Nz. Usually, as
in the present case, k&&A.o, so that the magnitude and
origin of Ao is not a concern (see, however, Ref. 10). It is
noted that the data-acquisition logic dictates that there
be only one Mu atom in the system at a time, so that
there is no possibility, for example, of Mu-Mu spin-
exchange encounters.

III. EXPERIMENT

A. Apparatus

The experiments were carried out at the TRIUMF cy-
clotron, a meson facility on the campus of the University
of British Columbia. A 15-1 aluminum target vessel
designed' ' to allow temperature variation by hot or
cold air flow, was positioned in the center of a 1.5-m-
diam Helmholtz coil, which provided the necessary mag-
netic field. Over a stopping volume of —1 l, the field was
homogeneous to -0.1%. The temperature could easily
be varied in the range -90—500 K by a variable flow of
compressed air first passed through an appropriate heat
exchanger [a ceramic heater for temperatures & 300 K,
and a liquid-nitrogen (LN) Dewar for temperatures (300
K], which then fiowed over the inside reaction cylinder.
Temperature homogeneity in the reaction cylinder was
constantly monitored by thermocouples that could be
moved along its length; typically, the temperature was
constant in the reaction region over the course of the ex-
periment to better than +5 K, being most stable at the
higher temperatures (Table I). High-purity (reagent-
grade) Oz was used directly from the lecture bottle
without further purification. A small (110 cm ) standard
volume was first pressurized with Oz to —100 Torr and
then discharged into the previously evacuated target
vessel, which was then pressurized with N2 to a total
pressure in the range -300—1100 Torr. Absolute 02
pressures in the standard volume were measured with an
MKS Baratron capacitance manometer and are believed
accurate to +1% or better. Typical O2 partial pressures
in the reaction vessel were of the order 0.1 Torr, calculat-
ed from the ideal-gas law, and usually four different par-
tial pressures (concentrations) were run at a given tem-
perature and total pressure in order to establish the bi-
molecular rate constant [Eq. (16)].

Several off-line tests of pressure and temperature varia-
tion were carried out to ascertain the importance of ad-
sorption and/or (02)2 dimer formation, ' since we had
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TABLE I. Depolarization rate constants (kD) and thermally
averaged cross sections [crn(T)] for Ma+0, spin exchange: (a)
obtained in an unperturbed target vessel and (b) obtained in the
presence of fivefold increase in Al surface area.

Pressure
(Torr)

o D(T)
(10 ' cm )

88(7)
100{5)
108(6)
118(5)
128(6)
135(5)
176(3)
188(4)
217(4)
295(5)
295(5)
296(2)
296{2)
338(2)
405(2)
500(2)

(a) Unperturbed
430 (N2)
800 (N2)
450 (N2)
800 (N2)
800 (N, )

525 (N2)
575 (N~)
800 (N2)
700 (N, )

800 (N2)
800 (Ar)

1070 (N, )

800 (N2)
800 (N2)
800 (N2)
800 (N, )

target vessel
1.19(4)
1.27(4)
1.30(4)
1.42( 5 )

1.66(6)
1.72(5)
1.93(6)
1.97(4)
2.17(8)
2.64(41 )

2.50(20)
2.57( 8)
2.68( 16)
2.83(21 )

3.25(21 )

3.61(26)

2.93(10)
2.93(9)
2, 87(9)
3.02( 11)
3 ~ 39(12)
3.42( 10)
3 ~ 36(10)
3.32(7)
3.40( 13)
3.55(55)
3.36(26)
3.45(11)
3.60(21)
3.55(26)
3.73(24)
3.73(27)

100(5 )

100(6)
123(4)
130(4)
147(3)
200(5 )

298(2)

(b) Fivefold increase
800 (N2)
400 (N2)
800 (N~)
800 (N, )

300 (N2)
400 (N2)
600 (N, )

in Al surface area
1.21(3)
1.12(5)
1.47(4)
1.51(4)
1.56(7)
2.07( 8)
2.78( 10)

2.79(7)
2.58( 12)
3.06(8)
3.06(8)
2.87( 13 )

3.38(13)
3.72( 13)

previously seen a rather sharp (~ 15%) decrease in kD at
temperatures ~ 110 K, ' indicative of a physical artifact
such as surface adsorption rather than of Mu interactions
in the gas. At a low ( —30 torr) total pressure of 02, the
ratio P/T was found to be constant and reproducible for
temperatures from —110 to 85 K, with the temperature
itself controlled to +1', or better. A similar measurement
at a total pressure of 800 Torr gave fluctuations in the in-
itial values of P/T, likely due to Oz condensation on a
cold spot near the cold (LN) inlet line, but which again
recovered to a constant value at temperatures «110 K,
although a few-percent decrease was seen at temperatures
below 110 K. It can also be noted that no change in pres-
sure was found at room temperature at any Oz or Oz-Nz
pressure. In order to change the surface area of the tar-
get vessel, Al foil was inserted throughout its interior,
effecting an approximately fivefold increase. Measure-
ments over the temperature range 110—300 K with pure
Nz at 800 Torr again gave little or no change in P/T, but
in the case of a 10%%uo Oz mixture, at 800 Torr total pres-
sure, there did appear to be an —5%%uo decrease in the ratio
P/T at temperatures near 100 K; this was, however,
much less than the total change that could be expected
on the basis of the change in surface area. Moreover, re-
peating these measurements at —30 Torr Oz total pres-
sure revealed no change in the ratio P/T, regardless of
the amount of Al foil present. It is noted that the mass of

adsorbed gas, either Nz or Oz, to form a monolayer on an
Alz03 surface is estimated to be -5.3 g/cm, which
would cause only about a 1% change in 02 partial pres-
sure at the conditions of our experiment.

Since we feel that a change in absolute pressure could
certainly be measured to better than the 5~o level, which
is the maximum effect seen, these off-line tests indicate
that the formation of Oz dimers and/or Oz surface ad-
sorption (perhaps enhancing dimer formation) at low
temperatures cannot be higher than this level. It is noted
that the formation of gas-phase Oz dimers is only likely at
temperatures ~ 100 K. Although seemingly unlikely,
the possibility of preferential Oz adsorption in the pres-
ence of a large amount of Nz should also be considered.

B. Results

Figure 2 presents a plot of A, versus [Oz] taken at 147 K
in a magnetic field of 7.5 G. These data were actually ob-
tained in the presence of added Al foil (Table I), but are
typical over the whole range of experimental conditions
studied. The straight line is a least-squares fit of Eq. (16)
to the data, yielding the depolarization rate constant
from the slope, kD =1.56(7) X 10 ' cm s '. The corre-
sponding thermally averaged depolarization cross section
o.D( T) can be obtained from the definition

1/2 28k, T —E/k~ T
kD(T) = (DzEe ' dz

7TP k~T o

=u(E)o D(E) =U(T)o D(T) =v o D, (17)

where o D(E) represents the energy-dependent total cross
section and 7t=(8kitT/harp)' in the relative velocity of
colliding partners; for the data in Fig. 2, o D(T) =crD-
=2. 87( 13 ) X 10 ' cm at 147 K. Here, the overbar
denotes a thermal average and the notation o D(T) serves
as a reminder that the thermally averaged cross sections
are temperature dependent. Table I presents our results
for both kD(T) and o D(T) for the range of temperatures
and moderator pressures studied. The table is divided
into two parts: entries in part (a) were all obtained in an
unperturbed target vessel; those in part (b) were obtained
in the presence of a fivefold increase in Al surface area, in
the manner described above. Several entries are given at
room temperature, showing the reproducibility in the
data, which agrees well also with earlier reported values
in different moderators and over a range of higher tern-
peratures. ' It is noted, though, that the present data are
generally characterized by much smaller error bars.

From Eq. (17) it can be seen that if the depolarization
cross section is independent of energy, then a plot of
kD(T) versus T' should yield a straight line; more gen-
erally, logk(T) versus logT gives the slope n. On such a
plot (not shown), the data from Table I fall naturally on
two separate lines, defined by the temperature intervals
88 —120 and —120—500 K, but with slopes n =0.55
+0.03 in both intervals, indicating a minimal tempera-
ture dependence in the underlying spin-exchange cross
sections. ' Figure 3 shows a plot of the thermally aver-
aged cross sections o D( T) versus T, over the full temper-
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FICx. 3. The experimentally determined depolarization cross
sections oD(T) obtained from the thermal rate constants kD(T)
vs temperature (K). The solid circles were obtained in an un-
perturbed Al target vessel, while the open circles were obtained
in the presence of added Al foil, which increased the surface
area of the target by about fivefold. Several room-temperature
points have been combined (see Table I).

ature range of the data in Table I. The solid points are
entries from part (a) of this table; the open ones are from
part (b) (i.e., those obtained in the presence of added Al
foil). In both cases, total pressure variations in the range
-300—800 Torr at temperatures —100 K are represent-
ed (Table I). Like the rate constants themselves, the
thermal cross sections appear to exhibit two distinct tem-
perature intervals, with slightly increasing values within
each interval. The apparent step decreases seen in crD(T)
at —120 K in the absence of added Al foil and, at —140
K in the presence of this foil, if real, could be due to sur-
face effects on the 02 concentration, as discussed below.
In both cases, though, this step is predicated on only one
data point and we are inclined to the view that the data
represent a fairly smooth but modest decrease in o'zz(T)
for T~ 120 K.

There are three conclusions that can be drawn from
these data.

(1) Within errors, the rate constants are independent of
Nz (or Ar) moderator pressure in the range -400—1100
Torr over the whole temperature range studied, and par-
ticularly at the lowest temperatures. This strongly sug-
gests that any 02 dimer formation mediated by third-
body collisions in the gas at these temperatures is of
negligible importance. Indeed, if anything, kD exhibits a
tendency towards higher values at the higher pressures.
It is assumed that (Oz)z in the gas phase is diamagnetic,
corresponding to antiferromagnetic coupling in the calcu-
lation of Ref. 31.

(2) Based on the measurements of Mu relaxation in the
presence of added Al foil (open circles in Fig. 3), there ap-
pears to be a small effect of either Oz dimers formed on
the walls of the target vessel (which may then diffuse
slowly back into the gas), and/or of Oz surface adsorption
at temperatures ~ 120 K. Both would have the effect of
reducing the concentration of paramagnetic 02 in the re-

action region, giving rise to a reduced rate constant,
which could explain the apparent dip in OD(T) seen in
Fig. 3 (reported before as well' ). However, in agreement
with the off-line tests mentioned earlier, there was a
much smaller change seen at low temperatures than the
fivefold change in surface area would indicate. Indeed,
the Oz was present in the —1 atm Nz moderator at only
the 1000-ppm level, and it seems reasonable to expect the
surface adsorption isotherms of Oz and Nz to be very
similar. Nevertheless, we cannot rule out the possibility
of preferential Oz adsorption and/or (diamagnetic) Oz di-
mer formation at low temperatures on the walls of our
target vessel, at the few-percent level.

(3) Within experimental error, the thermally averaged
depolarization cross sections o D(T) can be taken as in-
dependent of temperature in the range —120—500 K,
o D( T)=3.4+0.3 A, regardless of the addition of Al foil.
Being temperature independent, this value may also be
interpreted as the microscopic cross section a.D(E). Con-
sistent with the aforementioned slopes of logk versus
logT, though, a somewhat better fit to the data in this
temperature region can be obtained by allowing for a
slight T dependence, o D( T) =a + bT, giving fitted values
of a =3.2+0.2 A and b =1.0X10 A K ' from Fig.
3. At the lower temperatures, in the range —88 —120 K,
o D ( T)=2.9+0.2 A, again seemingly independent of
temperature over this small range. Recognizing the like-
lihood that there has been a few-percent decrease in re-
laxation rate at these temperatures due to surface adsorp-
tion effects, one could say that crzz(T) for Mu+Oz spin
exchange is a smooth and slightly increasing function of
temperature over the whole range studied, 88 —500 K. It
is noted that, within errors, a qualitatively similar tern-
perature dependence has been seen in H-H spin-exchange
scattering, the only other reported study of spin ex-
change over the same temperature range as the data re-
ported herein.

IV. THEORY

The basis for a measurement of electron spin exchange
is provided by Eq. (12), where it is assumed that there is
no interaction between spin and orbital angular momen-
ta. Consequently, spin-spin coupling (o M„.o o ) provides

2

the only mechanism for spin exchange, and the scattering
can then be described in terms of independent phase
shifts: quartet (S =—', ) and doublet (S =

—,
'

) in the present
context. Experimental verification of this assumption is
provided by the fact that no significant relaxation is seen
in Mu+Nz('X+) collisions in the moderator (small A, o) or
in the corresponding H+N2 spin-scattering experiment.
In these cases the direct spin-exchange cross section is
zero (spin-0 molecule).

In a scattering encounter of two like (s =
—,
'

) electrons,
~a(1)a(2) ) is an (S =1) eigenstate of cr

&
o z, and thus is

stationary in time. In an encounter of unlike spins, how-
ever, the product ~a(1)P(2)) is a superposition of ~S =1
M =0) and ~S =0 M =0) eigenstates, exactly as in the
situation leading to muon depolarization in free muoni-
um [Eqs. (2) —(4)]. The large energy difference between
those states ( ~ 1 eV, determined principally by the
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Coulomb-like interaction, Vc) causes a rapid evolution of
electron spin during the —10 ' -s duration of the en-
counter, leading to IP(l)a(2) ), as if the spin projections
were exchanged. In the case of Mu (or H) +02, the spin
states are more complicated due to the S =1 nature of
the 02 molecule. Again, though, an encounter of like
electrons Ia(1)a(2)a(3)) is an (S =—', ) eigenstate of
o~„.oo [Eq. (14)], whereas, for example, Ia(1)/3(2)P(3))
is not [recall Eq. (15)]. This latter state can be written as
a superposition of IS = —', M = —

—,
' ) and IS =

—,
' M= —

—,')
eigenstates and correspondingly will evolve in time, em-
erging as the linear combination IP(1)a(2)P(3) )
+I/3(l)P(2)a(3)) from Eq. (14). In both cases, it is an
electron pair spin-flip that is promoted by the interaction.

The corresponding exchange cross sections have been
treated theoretically by several authors, albeit primarily
for the case of s =

—,
' encounters. ' ' ' For the case of

interest here, Mu(H)+02, the spin-flip cross section can
be defined in a similar manner, but in terms of the in-
dependent phase shifts f4 and f2 for quantum scattering
from quartet (S =

—,') and doublet (S =
—,') potentials,

asF(E) =
—,
' f dfll f4 f21'—' (2i+1)»n'(fi~'~ —

fig~)

)=o2

(2l +1)sin b,
&

. (18)
o

It is noted that it is the difference between quartet and
doublet phase shifts, b, &, that is responsible for spin (flip)
exchange (the exchange of like spins having undefined
cross section in this definition). Classically, this
difference can be interpreted as a phase angle through
which the spins rotate during the collision, as a result of
the energy dift'erence between S =

—,
' and —', eigenstates.

At distances of a few angstroms, 4& ~0, so that spin ex-
change can be a sensitive measure of the intermediate or
even short-range nature of the interaction potential.

As in previous H-atom maser and stored atomic-
beam studies, spin-exchange cross sections are not
directly determined in pSR, but instead are found from
measured relaxation rates in a bulk kinetic experiment.
Indeed, with few exceptions, atomic spin-exchange cross
sections in general have been determined in "bulk" exper-
iments rather than in beam experiments, and hence are
given as the thermal average o.sF [:—as„(T)]. This neces-

(20)+auu'ao, p' aNi'ufo, )

where U is defined in Eq. (17), no is the number density
2

of O2 molecules, Tro indicates a trace over the (unpolar-
2

ized) 02 spin coordinates, and crsF represents the thermal-
ly averaged spin-flip cross section of interest [see Eq.
(24)]. The imaginary terms, which we neglect here, in
principle give rise to a shift in the frequency of ~~„.
However, this shift is likely not measurable on the pSR
time scale and anyway is expected to be zero for unpolar-
ized electrons. ' As noted above, the spin-exchange in-
teraction o.~„.o o can be written in a 9 X 9 matrix repre-

2

sentation of the IFMF ) hyperfine states of triplet muoni-
um and the triplet (ground state) electron spin of the 02
molecule. It has been given earlier by Berg for the corre-
sponding H-atom study.

Since in the present work the 02 is unpolarized, the
linear terms in Eq. (20) vanish upon taking the trace.
Moreover, tracing over (o o ) p gives a factor —' for unpo-

2 3

larized Oz, so that one is left with the very simple result

dPMu
27U"o asF( 3Pivi +aint P rrm ) .

dt

The matrix elements of p~„ from Eq. (21) are given in Eq.
(22) below, using the notation 1=Ill), 2=I10),
3=I1—I), and 4= IOO) for the IFMF) hyperfine states
of the Mu atom:

sitates an evaluation of the time dependence of the densi-
ty matrix for reacting Mu atoms, p~„, which is under
study. It appears, though, that an expression for dp/dt
for the Mu+02 reaction can be written in the form given
by Balling, Hanson, and Pipkin (BHP) for the analo-
gous H-atom reaction [their Eq. (23)], but defined in
terms of the spin-projection operators for S = 1 02,

P2 6(2 aNiu ao&)
(19)

P4 =
6 (4+a~..ao, ) .

The use of spin-projection operators obviates cumber-
some antisymmetrization of three-electron spin states.
This yields, ' for the real parts of dp/dt, upon substitut-
ing the definitions in Eq. (19) above, and invoking the ap-
propriate definitions for the quartet and doublet scatter-
ing amplitudes from Eq. (18), the expression
d PMu

dt 0 asFT o ( 8p+aMu ao p p aMu ao
2 2 2

dp
dt

(1)
2pii+p~2
+p44
—3p~i

3P41

(2)
3P1z

+P11+P»
3P32

3P42

(3)
0

2p»+P22
+p44

3P43

(4)
3P 14

3p34

3P44+P22

+p]1 P33

(22)
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where R = ,', —uno osF from Eq. (21).
2

The elements of this matrix are identical with those
given by BHP (Table VII) for unpolarized electrons, as-
suming that the off-diagonal contributions are either rap-
idly oscillating at frequencies comparable to the hyperfine
interaction (4463 MHz for Mu), and are thus set to zero,
or they contain several terms of comparable magnitude
but with opposite signs that are then assumed to cancel. '

This appears to be a frequent assumption in the litera-
ture ' ' ' and one that we are currently checking in de-
tailed calculations for the pSR case.

In @SR, the amplitudes in Eq. (22) that contribute to
the time-dependent muon polarization are p]1 —

p33= —2(p» —p») in a weak magnetic field. Since this can
be expressed by a single relaxation rate, we can compare
the integrated form of dp/dt directly with the @SR ex-
pression for Mu precession in Eq. (1); i.e.,

—( 16/27 j Un o ~sF —A, Dt
pM (t) poe =PM„e (23)

Thus since the experimental depolarization rate
=no u crD from Eqs. (16) and (17), we have the result

2

os„=—o.s„(T)=—",, oD(T). The same factor appears in a
longitudinal field of arbitrary strength (given, however, as

by Mobley ), but then the experimental relaxation
rate is also field dependent [recall Eq. (5)]. ' In a trans-
verse field of arbitrary strength, two or more frequency
components are seen [recall Eq. (7)], which may relax
with different rates. It can be remarked that in the case
of weak field spin exchange with spin- —,

' molecules (e.g.,
Mu-NO), the relationship between the experimental
spin-Aip and @SR depolarization cross sections is simply
o.s„(T)=2o D(T), as expected from the previous discus-
sion and also from Table VII in BHP.

In previous publications, slightly different coupling fac-
tors had been assumed ' specifically, cr s„(T)
=2fo D(T), where the factor of 2 was to account for the
statistical fraction of "spin-down" (P) electrons in the
gas, and f was assumed to arise from the off-diagonal ele-
ments of dpldt. For 02 (S =1), this assumption gives

f=—', , as can be seen from Eq. (22), whereas for NO
(S =

—,'), f = —', , from Table VII in BHP. Current calcula-
tions demonstrate that this procedure was not correct
for the transverse-field p, SR geometry of interest (f =

—",,
for 02), the earlier reported values for osF(T) being then
about 30%%uo too high in each case. '

V. DISCUSSION

A. Comparison with theory

Table II compares the experimental and theoretical'
values of osF(T) for Mu+Oz. The experimental results
are found from the definition in Eq. (23); i.e. ,
o sP"(T)= —",,o D(T), with the latter values given in Table
I, but taken only from the data in the absence of added
Al [i.e., entries in the part (a) of the table]. As noted
above, the experimental cross sections (crsF) given here
are about 30% lower than those reported earlier over a

TABLE II. Comparison of theoretical and experimental
thermal spin-Rip cross sections (o.») for Mu+02.

88
100
108
118
128
135
176
188
217
295
338
405
500

—exit( T)8

4.95+0.16
4.95+0.15
4.85+0.15
S.10+0.18
5.73+0.21
5.78+0.16
5.67+0.16
S.61+0.12
5.73+0.22
S.78+0.15
6.00+0.44
6.30+0.40
6.30+0.45

o sF(FA)

6.00
6.57
7.00
7.50
8.00
8.40

10.5
1 1.1

12.5
16.2
18.0
20.9
24.74

vs„(SI)'

11.0
12.04
12.7
13.5
14.3
14.7
18.0
19.0
20.7
24.6
26.6
28.9
32.12

'Experimental thermally averaged spin-exchange cross sections
from the definition in Eq. (23), in units of 10 ' crn'. The 295-K
value is a weighted average of the room-temperature values
from Table I ~

From the theoretical calculations reported to us by Lagana
(Ref. 16) (in units of 10 ' cm') for the FA interaction, as de-
scribed in the text. Values other than those at 100 and 500 K
were obtained by a linear interpolation from tabulated results.
'As in b, but for the SI interaction, described in the text.

similar temperature range, but based on a less complete
set of data. ' ' At room temperature the value for
o. sP"(T) given in Table II in fact agrees very well with
that reported much earlier by Mobley et al. in a longitu-
dinal field, but is almost a factor of 2 lower than that
obtained more recently by Kondow et al. using the same
technique.

The theoretical expression for the thermally averaged
spin-flip (exchange) cross section follows from the
definition in Eq. (17),

osF=c7sF(T)=[1/(kiiT) ]I osF(E)Ee . dE,
0

(24)

where osF(E) is obtained from the partial-wave sum in
Eq. (18). See also Ref. 40. The spin-exchange cross sec-
tions, crsF(T) for reaction (10) given in Table II, have
been calculated by Lagana and co-workers' using the
largely semiempirical potential of Farantos et al. that has
been optimized by best fitting of some ab initio points to
spectroscopic data for the HO2 radical. ' While reactive
collisions and coupling to vibrational and electronic exci-
tation can be ignored at the temperatures of interest
(& 500 K), coupling to rotational states in Mu(H)+O2 is
expected from an anisotropy in the interaction potential.
A complete coupled-channel calculation including all of
the approximately 20 J states populated in O2 at 300 K is
a formidable problem, though, and decoupling schemes
need to be invoked. The decoupling of spin- and orbital-
angular-momentum vectors has already been mentioned.
Rotational decoupling in Ref. 16 is accomplished by con-
sidering two limiting models for the atom-molecule en-
counter. When rotational energies are large, the rapidly
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rotating molecule presents an essentially spherical image
to the incident Mu atom, and any angular dependence in
the interaction is averaged out. This limit is denoted as
a spherical interaction (SI) in Table II, and is expected to
be most valid at high temperatures. The other limit is
provided at low temperatures when the 02 molecule can
be considered at some fixed orientation with respect to
the velocity of the incident Mu (H) atom. In this scheme,
called a fixed-angle (FA) approximation in Table II [or al-
ternatively as an oriented-frame-decoupling (OFD)
scheme' j, the final value of the scattering amplitude (and
hence o si;) is obtained by integrating over a range of fixed
0. The FA approximation is similar then to infinite-order
sudden (IOS) approximations, which have enjoyed con-
siderable success to date in calculations of inelastic cross
sections.

The overall level of agreement between theory and ex-
periment in Table II is poor. Specifically, the theoretical
o.s„(T) for both coupling schemes rises much faster with
increasing temperature than do the experimental cross
sections (Fig. 2). This has also been noted elsewhere. '

Although it may be fortuitous, at the lowest temperatures
and for the FA calculation, the agreement appears quite
acceptable, theory being only about 20% too high. How-
ever, at 500 K the level of disagreement becomes a factor
of 4 for the FA approximation and a factor of 5 for the SI
approximation. Indeed, the trend in the calculations to
successively larger cross sections with increasing T is
hard to understand. One would expect to see a decrease
in crsi;( T) at the highest temperatures, from Eq. (24), seen
also in other theoretical calculations of thermal spin-
exchange cross sections. ' '

Despite the poor agreement between theory and exper-
iment apparent from the overall comparisons in Table II,
there is nevertheless support for the earlier remark that
Mu-Oz spin exchange is sensitive to differences in the in-
termolecular potential, in contrast to the corresponding
H-Oz reaction. ' Even at the lowest temperatures, where
the FA cross sections are only 20% too high, the SI ones
are too large by over a factor of 2, due to enhanced reso-
nant capture at specific energies of this very light atom.
This is typical of spherical interactions. Other examples
are provided by comparisons of theoretical cross sections
for Mu-H and H-H spin exchange, ' and He+-H and H-
H spin exchange. In molecular scattering though, the
effect of resonant enhancement in scattering cross sec-
tions tends to be reduced by molecular anisotropy and ro-
tational averaging, as in the FA (OFD) calculation of
Ref. 16. On the other hand, as noted, the FA approxima-
tion is essentially an IOS one, valid for short-range
(repulsive) interactions, ' but it is not at all clear that it is
appropriate for the quasielastic spin-exchange process.
Moreover, the IOS approximation itself is inherently an
"energy sudden" approximation, in which the collision
energy is expected to be much greater than those of inter-
nal (rotational) degrees of freedom; again, it is not clear
that this approximation is valid at thermal energies in a
bulk kinetic experiment.

In order to be able to assess further whether it is the
(isotopically invariant) HO2 potential surface itself, or ap-
proximations to the atom-molecule interaction on that

surface which are at the root of the disagreement between
theory and experiment cited above, it is necessary to have
the spin-exchange calculations repeated with different po-
tentials than the parametrized form of Far antos
et al. ' utilized in Ref. 16. As noted earlier, the Melius
and Blint potential surface, which is similar to the more
recent one of Dunning et al. ,

' gives a reasonably good
account of the reactive channel (g) for H atoms. These
are also "global" surfaces, in contrast to the "local" one
of Ref. 17, which has been optimized in regions near the
equilibrium geometry of the HO2 radical. This could
have important implications for dynamical calculations.
In addition, these newer potential surfaces have a small
(-0. 1 eV) barrier in the entrance channel, which could
result in reduced cross sections for Mu+02 in compar-
ison with those calculated on a surface with no barrier, '

since relatively few partial waves are involved at the tern-
peratures of interest. Indeed, at the lowest temperatures,
further decreases in cross section could result, consistent
with the aforementioned trend in the data (Fig. 3). How-
ever, the role played by tunneling of the light mass Mu
atom will have to be assessed. If this is at all significant,
it can be expected to be much more pronounced for Mu
than for the corresponding H-atom reaction.

B. Comparison with H-atom data

It is well known that measurements of isotopic mass
effects provide valuable experimental tests of our under-
standing of chemical reaction dynamics for reactive
scattering, but it has not heretofore been established
whether a similar sensitivity is to be found for quasielas-
tic scattering in the study of spin-exchange cross sections.
Although there are some theoretical calculations, ' ' '

there are no comparisons of experimental spin-exchange
cross sections over a wide range of temperature and iso-
topic mass, other than those reported here.

The H+02 spin-exchange cross sections have been
measured by Berg and by Gordon et al. in H-atom
maser experiments, and more recently by Anderle et al.
using a stored atomic beam technique. Unfortunately,
there is considerable uncertainty in the reported values
for these cross sections. The maser experiment either
monitors the change in amplitude of the signal, manifest
by the population difference pz2

—p~ of the matrix of Eq.
(22), giving X&

= I/T& =48, or the relaxation of the oscil-
lating hyperfine component, manifest by the off-diagonal
element p24, giving k&=1/T2 =3R. Note that T2/T, =

3

(Ref. 5). Gordon et al. report experimental spin-
"exchange" cross sections at 310 K of 8. 8+0.7 A, but
confuse this considerably with another value given in the
text of their paper, which is larger by essentially a factor
of 2 (or possibly 2X —,), which seemingly has its origin in a
definition of spin exchange that includes equal contribu-
tions from the exchange of like (aa) and unlike (aP)
spins. Berg clearly quotes values for o-s„, but his number
is about twice as large as the smaller value quoted by
Gordon et al. (this is also true in the case of H+NO).
On the other hand, it agrees well with their larger value.
Gordon et al. do not appear to have taken account of the
correct angular-momentum coupling factors in the densi-
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ty matrix, which was one of the principal points of Berg s
paper. It would certainly be advantageous to the field to
have the H-maser experiments repeated.

It is not clear to us just how to interpret the experi-
ment of Anderle et al. As in the H-maser experiment,
the hyperfine states

~
I ) and ~2) of the H atom are select-

ed by sextupole focusing and are passed through a reac-
tion cell (containing 02 or NO), but then are refocused
through a second sextupole onto a bolometer detector, ei-
ther in the presence (which removes state ~1)) or absence
of a RF pulse. Our understanding is that this experiment
actually counts populations directly, whereas the H-
maser experiment either monitors differences in popula-
tions (T, ) or relaxation (T2), as in the @SR experiment.
The H-maser and pSR experiments actually sample
different elements of the complete density matrix. An-
derle et al. quote "depolarization" cross sections at
room temperature (10+1 A ) that they identify as as„,
and which are in good agreement with the apparently ac-
cepted (lower) values of Gordon et al. (8.8+0.7 A ).
However, they also appear not to have properly con-
sidered the elements of the density matrix and we are
suspicious that measured relaxation rates in these two
different types of experiments cannot be directly com-
pared. There is clearly a complicated time dependence
to the amplitudes p;; from Eq. (22), so that an additional
factor of 2 in their relaxation rates may not be unexpect-
ed. If so, all the above-stated H-02 measurements would
be brought into line, with an average room-temperature

0
cross section of -20 A for o sF(H).

Table III compares the reported thermal spin-flip (ex-
change) cross sections for H+Oz from the data of Refs. 7
and 8 with the present @SRvalues from Table II. As not-
ed, there is some uncertainty as to which numerical fac-
tors are necessary for a correct interpretation of the re-
laxation rates in the different H-atom experiments, but
for now we assume the reported experimental "depolari-

zation" cross sections are, as stated by the authors, essen-
tially the same as the spin-Aip cross section of interest,
osF. We suspect that the correct values may be even
higher. The higher-temperature values for o'sF(H) are
those of Gordon et al. Unfortunately, these have been
measured at only a few temperatures just above 300 K,
meaning that O.s„(H) and crs„(Mu) can be compared over
only a rather restricted range of temperatures. The
theoretical values for o.s„(H) and o.s„(Mu) from the FA
calculations of Lagana and co-workers are also given in
Table III. There is a significant isotope effect seen in the
data [crsF(H)-1. 5 o.s„(Mu)] which tends to decrease with
increasing temperature from a ratio of —1.7 at 295 K to
—1.3 at 390 K. It should be recalled that these ratios are
about 30% higher than those given earlier, leading to the
statement then that there was little or no isotope effect
seen in comparisons of Mu-02 and H-02 spin-exchange
cross sections. ' As mentioned earlier, this difference in
emphasis is due to the correspondingly diff'ering numeri-
cal factors affecting the pSR spin-exchange relaxation
rates in evaluating dp/dt.

The (FA) calculations of Lagana and co-workers' do
indicate that crs„(H) &o.s„(Mu), although the effect is
only -20%, at most, not a factor of almost 2. On the
other hand, the calculated cross-section ratio mrs„(H)/
0 sF(Mu) does tend to fall off slightly with increasing tem-
perature, in agreement with the trend in the data. It has
already been noted that the principal failure in the
theory' lies in the absolute magnitude of the calculated
cross sections.

The essentially temperature-independent Mu-02 (and
H-Oz) experimental cross sections can be simplistically
understood within the random-phase approximation
(RPA) to Eq. (18),' in which the difference in phase
shifts, sin 6&, is assumed to average to a value of —,

' up to
some "cutoff"' partial wave I„beyond which they average
to zero. Thus, in the RPA, Eq. (18) can be written as

I
C

osF(RPA)= g (21+1)= ~(l, +1)
2k~ I o 2k

(25)

TABLE III. Comparison of H-Oz and Mu-Oz thermal spin-
flip cross sections (o.»).

Reaction

Mu+02
Mu+02
Mu+ 02
Mu+Oq

295
338
405
500

—eyt( 7 )a

(10 ' cm )

5.78+0.15
6.00+0.44
6.30+0.40
6.30+0.45

r,F(FA)'

16.2
18.0
20.9
24.7

H+02
H+Oq
H+02
H+Oq
H+02

295
310
315
350
388

10 +1
8.8 +0.7
9.8 +1.0
8.3 +0.7
8.0 +0.7

18.8
19.0
19.2
22.3
24.6

'Experimental thermally averaged spin-flip cross sections for
Mu+02 (Table II) and H+O2 (Refs. 7 and 8), in units of 10
cm . See discussion in the text.
The theoretical calculation of cYsF(Mu) and crsF(H) from the FA

calculations of Lagana and co-workers (Ref. 16).

Implicit in Eq. (25) is the assumption that enough partial
waves contribute to the sum so that one can meaningfully
speak of an average phase shift. Since l, is proportional
to p, , where p, is the reduced mass of colliding partners
for the ith partial wave, this is likely to be a much better
approximation for H-Oz than for Mu-Oz scattering
(where p~„= —,'p~). At high enough temperatures (ener-
gies), in the limit where I, »1, Eq. (25) predicts that o sF
would be both temperature and mass independent. ' At
the temperatures of interest in these experiments, howev-
er, corresponding to average energies ~ 0.05 eV, relative-
ly few partial waves contribute. Structure in the cross
section in the low momentum region' where l, is small
dictates that sin AI is likely not random, particularly for
Mu-02.

That the RPA is in fact likely a poor approximation
for Mu can be seen from Fig. 4, which plots the partial
cross sections O.

I from the calculation of Ref. 16 for Mu
(triangles, top scale) and H (circles, bottom scale) versus



3882 SENBA, FLEMING, ARSENEAU, GARNER, AND REID 39

Mu
4

10—
P

c'

0—
15

FIG. 4. Partial-wave spin-exchange cross sections, o.
l for

Mu+O~ (lM„, triangles, top scale) and H+02 (lH, circles, bot-
tom scale) from the calculation of Ref. 16.

l. For Mu+02, l „=4, whereas it is =14 for H+Oz.
In terms of an interaction time, if 6& can be assumed to
be ~ 1/v, then for b, t && 1, sin b, t ~ 1/v, which is then
directly proportional to the reduced mass p at a given en-

ergy. From such elementary considerations it is clear
that something like a factor-of-2 reduction in thermal
spin-exchange cross sections of Mu relative to H could
well be expected. The present experimental comparison
is certainly consistent with this, particularly in view of
the uncertainties in the extraction of o.

&F from the H-
atom data in Refs. 5, 7, and 8. This assessment is also in
accord with theoretical calculations comparing He+-H
and H-H spin exchange. Although the interaction po-
tential in the case of He+-H contains a long-range contri-
bution, this does not appear to play a big role in the cal-
culation of o.s„, particularly at higher temperatures.
Large isotope effects are seen with o.sF(He -H)) crs„(H-
H), although these species differ in reduced mass by only
a factor of 1.6.

Finally, it is worth comparing the present experimental
results for Mu-02 spin exchange with those of
Desaintfuscien and Audoin for H-H, which, as noted, to

our knowledge, are the only experimental results in H-
atom spin exchange to cover the same temperature range
as the present ones for Mu-O2. Although seemingly even
less dependent on temperature, the H-H cross sections
qualitatively exhibit the same trend in o sF( T) with tem-
perature as the present results for Mu-02, but the abso-
lute magnitude of the latter is about 4 times smaller; e.g. ,
near room temperature, o.sF —6 X 10 ' cm for Mu-Oz,
versus —23 X 10 ' cm for H-H spin exchange. This is a
somewhat suprising result since one would expect the
number of partial waves to be similar in both cases. On
the other hand, the reduced masses are different. Since
H-H spin exchange can only be due to a spherical in-
teraction, the much reduced cross section seen for Mu-02
(and H-02) may be an indication of the importance of an-
isotropy and rotational couplings in the atom-molecule
potential. In this case one may expect, in agreement with
the FA calculation of Lagana and co-workers comparing
Mu-O2 and H-Oz spin exchange, ' that the enhanced ve-
locity of Mu relative to H (VM„-.3vH) would mean a cor-
respondingly shortened interaction time, so that Mu may
indeed be afFected by specific orientations of the Oz mole-
cule, while the H atom would be affected by a spherical
orientation. To echo our earlier remarks though, addi-
tional theoretical calculations on newer potential surfaces
are clearly required.
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