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Dividing the traps into shallow (1) and deep (2) traps
as in Appendix A, the D/f „«C ' denominator term
becomes

The deep-trap constant & is given by
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The slow-time dependences ao(t), aq(t), and aa(t)
will not need to be known accurately since our main
concern lies with the 6 dependence of the early
phosphorescence.

Introducing Eqs. (B2), (B4), and (B5) into Eq.
(Bl}, the phosphorescence BJ, becomes

The Eu'~ concentration no(t) and the trapped-hole
concentrations decrease slowly when excitation is
removed. Thus,

n (t) =n (O)a,(t), D (t) =D (0)a, (t),

D (t) = D,'(0)am(t),
(B4)

where ao(t), a, (t), and aa(t) decrease slowly from
unity and

no(0}=no Dj (0) =Dj =Dg =5D~,
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(B8)

The a, (t) and a~(t) decrease a.s the traps empty.
The a,(t) decrease expresses the effect of a given
amount of detrapping producing less emission as
the Eu' concentration go decreases. Recalling that
D2„=E„and using Eq. (A6), one obtains

D2 (0) = Dm = (e/np )D2 (B5) Equation (B8) was quoted in the text as Eq. (9).
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Positron lifetime spectra have been measured in methane gas at 23'C over a density range
of 5.0 x.l0 to 1.5xl0- g/cm . Statistical analysis of the data yields a 'Z&z of 0.442+0. 019
for orthopositronium and a Zef f of 153.3 + 0.6 for positrons which do not form positronium.
Several annihilation mechanisms are discussed in connection with the data.

INTRODUCTION

The annihilation of positrons has been investiga-

ted in many different monatomic and simple dia-
tomic gases, and considerable progress has been
made in the theoretical interpretation of the ob-
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served annihilation processes. ' However, rela-
tively few experimental investigations have been
concerned with positrons annihilating in polyatomic
gases. The scarcity of experimental data, coupled
with the greater complexity of the involved interac-
tions, has hindered theoretical research into the
annihilation mechanisms available to positrons in-
jected into polyatomic gases.

We have recently begun an investigation of the
annihilation of positrons in methane gas as a func-
tion of gas density and temperature. It was felt
that a comprehensive study of the interactions of
positrons with such structurally simple polyatomic
gas molecules would provide a logical approach to
the understanding of positron annihilation in all
polyatomic gases. In this paper we report mea-
surements made at (23 + I) 'C over a density range
of 5. 0 x 10 4 to l. 5 x 10 ~ g/cm'.

EXPERIMENTAL

Research-grade methane gas, supplied by
Matheson Gas Products, was used throughout the
experiment. The gas had a purity of 99. 8 mole/o
as determined by mass spectrometry. The follow-
ing analysis of maximum impurities, as certified
by the supplier for one cylinder, was typical: CO&,
10 ppmi Ops 6 ppmy Ngy 15 ppmi CgH8& 22 ppm
C3HS, 5 ppm.

The gas-handling system, which utilized tubing
connectors with metal packings, was constructed
entirely of stainless steel. Two cylindrical stain-
less-steel gas chambers were used in the measure-
ments. A vessel having an inside diameter of 5. 6
in. and a height of 7. 6 in. was used for low gas
densities. For high gas densities, a 2. 4-in. -diam

4. 8-in. -high vessel was used. These chambers
were initially sealed with Buna-N 0 rings, but when

they were later converted to threaded seals, no dif-
ference in positron or orthopositronium mean lives
was detected.

In order to prevent the introduction of impurities
into the gas, extreme care was taken in the initial
cleaning of the gas system and repeated flushings
of the system were performed prior to the intro-
duction of a final gas sample. Additionally, new

gas samples were introduced frequently.
The positron sources were prepared by deposit-

ing several microcuries of a high-specific-activity
NaC1 solution on 1.75-mg/em~ Mylar film and

evaporating to dryness. The ~ Na sources, which

appeared as stains on the Mylar films, were cen-
tered in the gas chambers by small stainless-steel
source holders.

The annihilation lifetime spectra were measured
with a standard type of timing spectrometer which
utilized fast photomultiplier tubes, two time-to-
pulse-height converters covering diff erent time
ranges, and a 512-channel multichannel analyzer.
Typical time-resolution values were as follows:
the full width at half-maximum of a Co prompt
peak was about 0. 6 nsec on the 50-nsec time scale
and was about 5 nsec on the 1000-nsec time scale.
Other intermediate time ranges, with intermediate
time resolutions, were employed where advanta-
geous.

The measured lifetime spectra were resolved
into two components by a weighted nonlinear least-
squares computer fit to two exponentials. The
component characterized by the longer lifetime
arose from the annihilation of orthopositronium
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FIG. 1. Orthopositronium anni-
hilation rate versus methane gas
density at room temperature. The
estimated errors in density and the
statistical standard deviations in
the annihilation rates fall within the
circles unless otherwise indicated.
Several low-density points have been
omitted for clarity. The solid line
represents a weighted least-squares
fit to all the data.
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while the other, shorter-lived component was at-
tributed to the annihilation of either free thermal-
ized positron or positrons forming some type of
complex with one or more methane molecules.

RESULTS AND DISCUSSION

Orthopositronium in Methane

The room- temperature or thopositronium annihila-
tion rate Xa as a function of methane gas density is
presented in Fig. 1. A statistically weighted least-
squares fit to the data is shown as a solid line.
The zero-density intercept of the line, (V. 16 + 0.03)
p, sec, is in agreement with the theoretical value
of 7. 2 p.sec '.'

The slope of the orthopositronium annihilation
rate-vs-density line is (0. 503+0.004) cm3/gnsec.
The data correspond to

Z, f f 0.442+ 0. 019,
where 'Z, « is the effective number of electrons
per molecule which are available for singlet anni-
hilation with the positron of the orthopositronium
atom. Z,« is determined from the equation

y, = V. 2 x 10~ sec '+ (4wr~) (p/M) Z „, ,

where ro is the classical electron radius, c is the
speed of light, and p and M are the molecular den-
sity and mass, respectively.

The ratio of 'Z,« to the atomic number, Z =10,
of methane is 0. 044. This compares with a 'Z, f f
to Z ratio for argon, ~ nitrogen, ' hydrogen, ~ and
carbon dioxide~ of 0.019, 0.02, 0. 054, and 0. 017,
respectively. There appears to be no other value
in the literature for the orthopositronium annihila-
tion rate in methane.

The orthopositronium annihilation rate-vs-den-
sity plot was also examined for an indication of
positronium-induced cavity formation as has been
observed in helium and hydrogen gas. This effect

has been attributed to the repulsive exchange poten-
tial which exists between the positronium atom and
the gas molecules. The formation of cavities, where
energetically possible, might be expected to occur
most readily with symmetric molecules where the
exchange potential would be essentially independent
of the orientation of the molecule in its collision
with the positronium atom. This phenomenon would

be indicated by a deviation from linearity of the or-
thopositronium annihilation rate-vs-density plot at
low densities due to collapse of the cavities. As
is shown in Fig. 2, no anomalous behavior in anni-
hilation rate was noted down to a density of 4. 96
x10 g/cm' (0. 69 amagat), the lowest density a, t
which measurements were made. Certainly, mea-
surements must be taken at lower densities in order
to fully investigate this effect.

Slow Positrons in Methane

The room-temperature annihilation rate of posi-
trons which do not form positronium, X„as a func-
tion of gas density is presented in Fig. 3. A statis-
tically weighted least-squares fit to the data, shown
as a solid line, resulted in a zero-density intercept
of about 2.6 x 10 ' nsec ' and a slope of (43. 21
a 0. 24) cm /g nsec. The data correspond to

Z,« = 153.3 + 0. 6,
where Z,« is the effective number of electrons per
molecule available for singlet annihilation. Z,« is
determined from the equation

X, = (proc) (p/M)Z„, ,

where the symbols have the same meaning as in
Eq. (1). This compares reasonably well with the
Z,«of 162+ 4 determined by Paul and Saint-Pierre
for methane partial pressures less than one atmo-
sphere. This latter value, which appears to be
the only one reported in the literature, was obtained
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FIG. 2. Room-t'em-
perature orthopositron-
ium annihilation rate
versus methane gas
density at low densities.
The estimated errors in
density and the statisti-
cal standard deviations
in the annihilation rates
fall within the circles
unless otherwise indi-
cated. The solid line
represents the weighted
least-squares fit of Fig.
1.
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FIG. 3. Annihilation rate of positrons which do not form
positronium versus methane gas density at room tempera-
ture. The estimated errors in density and the statistical
standard deviations in the annihilation rates fall within
the circles unless otherwise indicated. The solid line
represents a weighted least-squares fit to the data.

with small partial pressures of methane in an argon
background with small amounts of nitric oxide added
to quench the orthopositronium lif ctime.

The experimentally determined Z,f f is over 15
times the atomic number, Z=10, of methane and
is about 10. 5 times the value calculated for methane
from the average atomic Z,«'s for carbon and hy-
drogen determined by Cova and Zappa from anni-
hilation measurements in a number of different
materials. 'o Additionally, the ratio of the experi-
mentally determined annihilation rate per density
to the molecular polarizability of methane is con-

siderably higher than that predicted from an empir-
ical fit to a series of other molecular gases re-
ported by Osmon. It; is apparent that the observed
annihilation rates in methane do not represent only
the direct annihilation of free positrons, but in-
volve more complex modes of annihilation. The

high Z,«measured for methane has been attributed
to the resonance annihilation of positrons in virtual
positron-gas molecular states. " Preliminary mea-
surements with methane at temperatures other than
23'C, however, indicate that free-positron anni-
hilation at room temperature may not be primarily
influenced by virtual-state formation. '

The formation of electrorestricted clusters of
gas molecules about low-energy positrons has been
postulated for helium. ' ' The onset of cluster
formation requires that the positron be initially lo-
calized. If the large Z,«measured in methane is
produced by the clustering of methane molecules
about the positron, the required localization may
well result from the formation of a positron-methane
compound.

The lifetime spectra in methane were examined
for the presence of a shoulder indicating a long
positron-thermalization time due to the availability
of only elastic collisions below positron energies
of 0. 16 eV and, hence, a sizable probability of
annihilation prior to thermalization. Since the
shoulder width is inversely proportional to the gas
pressure, "a shoulder would be most prominent at
low pressures and on a short time range. Accord-
ingly, a lifetime spectrum was obtained at 380 Torr
(0.46 amaI, atj, the lowest pressure which yielded
an acceptable counting rate, and on the 50-nsec
time range, the shortest available time range. No
indication of a shoulder was observed in the spec-
trum, indicating t1 ' the thermalization time of
positrons in methane at this pressure must be less
than about 1 nsec. This result is in qualitative
agreement with the thermalization time of 0. 25
nsec reported by Paul and Leung for Na positrons
injected into methane at a density of 1 amagat. "
For positrons in the energy range below 0. 16 eV,
the rapid energy-loss mechanism is unknown. Here
again is indication of more complex positron-meth-
ane interactions.

Measurements of positron annihilation in methane
at different temperatures and higher densities, as
well as in other simple polyatomic gases, should
provide additional insight into the nature of the
annihilation mechanisms.
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The Dzialoshinsky-Moriya (DM) antisymmetric exchange interaction between superexchange-
coupled ions in antiferromagnetic salts is shown to contribute to the exchanged-narrowed elec-
tron-paramagnetic-resonance (EPR) linewidth in the paramagnetic state. The contribution of
antisymmetric exchange to the second and fourth moments has been calculated and is analogous
to that from symmetric anisotropic exchange and the dipole-dipole interaction. It is demon-
strated that for Cu(HCOO)2 ~ 4H20, both the linear temperature dependence of the EPR linewidth
and the temperature-independent exchange-narrowed linewidth (extrapolated to T = 0 oK from
the paramagnetic region where kT &J) can be explained by the DM antisymmetric exchange in-
teraction and are mutually consistent with one another. The analysis yields a value of the
antisymmetric exchange 1%+1/gas for Cu{HCOO)t ~ 4H&O of order 2700 Oe and a second mo-
ment ~2 more than two orders of magnitude larger than the contribution to M2 from the dipole-
dipole interaction. Several other magnetic salts where the DM antisymmetric exchange in-
teraction might contribute to the EPR linewidth are considered.

I. INTRODUCTION

In magnetic insulators with large exchange in-
teractions, the electron-paramagnetic-resonance
(EPR) linewidth is exchange narrowed. This phe-
nomenon has been successfully described by the
theories of Anderson and Weiss' and Kubo and
Tomita. These theories predict a frequency width
of order a&& /&u„where &a, is the exchange fre-
quency and ~& is the frequency second moment
of the EPR line shape due to various spin-spin in-
teractions. Ordinarily it is the dipole-dipole in-
teraction between spins which accounts for co&,
however, it is also possible for symmetric aniso-
tropic exchange terms and crystal field fine-
structure terms to contribute to ~p .

Crystals having large superexchange interactions
(antiferromagnets) as well as sufficiently low sym-
metry contain antisymmetric exchange terms re-
sulting from the Dzialoshinsky-Moriya (DM) inter-

action. The DM antisymmetric exchange interac-
tion is known to account for the weak ferromag-
netism of certain superexchange-coupled magnetic
crystals and also to play an important role in the
antiferromagnetic-resonance (AFMR) modes of
such crystals. However, the role of antisymmetric
exchange terms on the EPR linewidth has received
little attention. Moriya has shown that the magni-
tude (symmetry permitting) of the antisymmetric
exchange should be of order (&g/g) J, while the
symmetric anisotropic exchange terms should be
of order (&g/g) J, where g is the g shift and 8 the
magnitude of the isotropic exchange interaction.
Thus low-symmetry antiferromagnets with large
exchange and sizable g shifts can produce a situa-
tion whereby the largest anisotropic exchange in-
teraction is antisymmetric and can be larger than
the dipole-dipole interaction. Because of their ap-
preciable g shifts, copper salts which possess large
exchange interactions are cases where antisym-


