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Table I. Energy dependence and E 6 values for the
two sets of minima indicated in Fig. 1.

Energy 64 A bp B
(eV) (deg)  107204E  (deg)  10™%6gE
70 2.9 2.05 7.6 5.3
100 2.0 2.0 4.9 4.9
150 1.4 2.1 3.5 5.2
200 e coe 2.8 5.6

of our hypothesis. Also a comparison with the
corresponding elastic-scattering cross section
would be very interesting.

No comparable structure was found for the
reaction

H +Xe-H+Xe,

which is exothermic by only 0.16 eV if the elec-

tron is transferred to the first excited state
of the Xe* ion.

We would like to express our thanks to N.
Rostoker for providing us with the stimulating
environment to do this work and to R. F. Stebb-
ings for useful comments in the conception of
the manuscript.

*This work was carried out under a joint General
Atomic—-Texas Atomic Energy Research Foundation
program on controlled thermonuclear reactions.
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VERY LONG NUCLEAR SPIN RELAXATION TIMES IN GASEOUS He®
BY SUPPRESSION OF He®-SURFACE INTERACTIONS*

W. A. Fitzsimmonst and G. K. Walters
Rice University, Houston, Texas
(Received 11 September 1967)

Experiments are described that reveal the nature of the surface relaxation mecha-
nisms between He® atoms and their containing walls, and effective means for their sup-
pression. The resultant very long He® relaxation times (>2X% 10° sec at 300°K, and ris-
ing rapidly with temperature) measured in highly spin-polarized samples prepared by
optical pumping offer new possibilities for high-density polarized He® nuclear targets,
and for experiments requiring near-perfect gyroscopes.

Interest in nuclear spin relaxation mechanisms
in He® gas has been stimulated in recent years
by the development of optical pumping techniques
for dynamically polarizing the He® nuclei.!

The intrinsic spin relaxation time resulting
from nuclear dipole-dipole interactions in He?
gas is reliably estimated to be of order 4 x10’
X TY2p~! sec,? where T is the absolute gas tem-
perature and p the density expressed in units
equal to the sample pressure in Torr at room
temperature. However, observed relaxation
times have been orders of magnitude shorter
than this because of interactions of He® atoms
with the containing walls.»3*

The experiments reported here were under-
taken in an effort to elucidate the nature of the
He3-surface interaction and, if possible, to
find means to suppress surface relaxation ef-

fects. As a result of these studies two distinct-
ly different He3-surface interactions have been
identified, and it was found that at moderate
temperatures surface relaxation of He® gas
can be suppressed to the extent desired by ju-
dicious selection of container materials. The
resulting very long He® nuclear spin relaxation
times observed suggest new avenues for devel-
opment of nuclear gyroscopes and dense polar-
ized He® targets for use in nuclear scattering
experiments.

The experiments were performed on gaseous
He® samples contained in sealed spherical glass
bulbs of approximately 90-cc volume. The glass
sample containers were first cleaned chemi-
cally, then heated under vacuum and subject-
ed to helium electrical discharge cleaning in
a manner described by Colegrove, Schearer,

943



VOLUME 19, NUMBER 17

PHYSICAL REVIEW LETTERS

23 OCTOBER 1967

and Walters.! He® gas at the desired pressure
was then admitted to each sample cell prior

to sealing. Sample densities varied over a range
corresponding to gas pressures of about 1 to

20 Torr at room temperature.

Nuclear spin relaxation times were measured
by first inducing a large (~10 %) nuclear polar-
ization in the discharge-excited sample by the
optical pumping method.! The discharge ex-
citation was then removed and the time rate
of decay of the polarization to its thermal equi-
librium value in a field of 200 G was monitored
by a conventional nuclear magnetic resonance
technique.

Typical results of relaxation time measure-
ments for He® samples in Pyrex and Suprasil
quartz containers are shown in Fig. 1 as a func-
tion of temperature. Three curves for Pyrex
containers are shown to indicate the variation
from sample to sample in absolute magnitude
of the measured relaxation times. Measure-
ments on a given sample are reproducible.

No systematic variation of relaxation time with
density was observed; this is to be expected
for surface-induced relaxation since the wall
collision rate is proportional to density.?

The most interesting feature of the data shown
in Fig. 1 is the characteristic relaxation time
maximum occurring near 125°K. This behav-
ior was observed for all samples contained
in Pyrex and quartz, and it suggests that dis-
tinctly different surface relaxation mechanisms
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FIG. 1. Nuclear spin relaxation time versus temper-
ature for He® samples in 90-cc spherical containers of
Pyrex and quartz. Curves 1-3 represent the measure-
ments on three samples in different Pyrex containers.
Curve 1 is for sample pressure at room temperature
of 10 Torr; Curves 2 and 3, for two different samples
both at 20 Torr. Curve 4 represents the data taken on

a single 10-Torr sample in a Suprasil quartz container.
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are operative at lower and higher temperatures.
A phenomenological model that describes the
data satisfactorily can be developed in terms

of a low-temperature mechanism that involves
physical adsorption of He®, and a high-temper-
ature mechanism involving permeation of He®
into the bulk of the container material.?

In terms of the average sticking time ts, the
number n and relaxation time 7T of He® atoms
stuck on the surface, and the total number N
of He® atoms in the container, it can be shown
that the surface-induced nuclear spin relaxa-
tion time T, of the He® gas is given by

T1=(N/n)(Ts+tS) (1)

under the assumption that n «<N.”

At low temperatures, where sticking by ad-
sorption predominates, ¢, >t ,°exp(£/kT), where
E is the energy of adsorption (~0.01 eV)® and
ts° a constant of order 10~ sec.’ The num-
ber of atoms adsorbed is just the product of
s and rate at which atoms strike the wall; i.e.,
n= (Nz";A/4V)ts, where V and A are, respective-
ly, the volume and surface area of the contain-
er, and 7 is the mean thermal velocity of the
He? atoms. For Tg>»tg (a reasonable assump-
tion for £<k7T), Eq. (1) gives for the relaxa-
tion time T4y in the low-temperature limit

T, ~4VT /ADt ") exp(-E/kT). @)

At higher temperatures the He® atoms are
able to diffuse into the container walls. Dis-
solved He® atoms within a diffusion jump dis-
tance (Ax) of the surface are continually exchang-
ing places with He® atoms impinging on the sur-
face from the gas. The characteristic exchange
time (i.e., the sticking time in the assumed
model) is ¢ ~ a7, where 7 is the mean time
between jumps for a dissolved He® atom, and
a =6 is a geometrical factor required because
dissolved atoms may jump in directions oth-
er than toward the surface. 7 and {(Ax) are
related through the diffusion coefficient D of
helium in the glass of interest, D=(Ax?)/67.
For diffusion with activation energy @, 7
=T4€ Q/k T, where 7, is a constant for a given
glass.’ The number of dissolved atoms with-
in a diffusion jump distance of the surface (i.e.,
those undergoing exchange) is n =SA(Ax)NET/V,
where S is the solubility of helium in the glass
of interest. Equation (1) gives for the He® gas
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relaxation time Ty, at high temperatures,

TlH =(V/A{Ax)Sk T)[Ts +TOexp(Q/k 7. (3)

For Pyrex, S$=0.006 (cc STP)/cc atm, @=0.28
eV, and 7, is approximately 10™'® sec assum-
ing a jump distance of about 3 A. The corre-
sponding values for quartz are 0.01 (cc STP)/

cc atm, 0.21 eV, and 107 gec.%!" The mag-
nitude and temperature variation of T¢ are un-
known, but Ts can be expected to decrease mono-
tonically with temperature.

The predicted temperature dependence of
surface-induced spin relaxation is then approx-
imately given by

-1 _ — -1
T1 _TlL 1+T1H . 4)
Equation (4) exhibits a relaxation-time max-
imum at intermediate temperatures, in agree-
ment with the experimental data for Pyrex and
quartz surfaces.

If the phenomenological model presented above
is valid, one should expect an entirely differ-
ent behavior for T, and very long He® spin re-
laxation times at the higher temperatures if
an impermeable container material is used
instead of Pyrex or quartz. This prediction
of the model was tested by measuring the re-
laxation times of He® contained in Corning 1720
and 1723 aluminosilicate glasses, both of which
are known to be highly impermeable to helium.!
The results are shown in Fig. 2 for represen-
tative samples; a typical set of data for a Py-
rex container is shown for comparison. As
expected, there is no evidence of permeation-
dominated relaxation, so that T, increases
very rapidly with temperature in agreement
with Eq. (2). Variations in the absolute mag-
nitude of T, from sample to sample presum-
ably result from varying density of paramag-
netic centers contributing to wall relaxation
(e.g., through Tg). However, more than half
the samples exhibited relaxation times longer
than 10° sec at room temperature; for these
samples we establish only a lower limit for
the surface-controlled relaxation times because
magnetic-gradient relaxation® determines the
measured T, in our apparatus for T,>(1 to 2)
x10° sec. There is every indication that much
longer relaxation times can be realized at high-
er temperatures in a magnetic environment
where gradients are minimized.

These measurements suggest that surface-
induced nuclear spin relaxation in gaseous He?
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FIG. 2. He® nuclear spin relaxation times for He®
samples in 90-cc spherical aluminosilicate glass con-
tainers. Curves 6 and 7 represent measurements on
two samples in different containers made of Corning
1723 glass, with sample pressures at room tempera-
ture of 12 and 15 Torr, respectively. Curve 5 repre-
sents data taken on a single 10-Torr sample contained
in Corning 1720 glass. Curve 2 is reproduced from
Fig. 1 to facilitate comparison of Pyrex and aluminosil-
icate surface effects. The longest room-temperature
relaxation time measured was on a 10-Torr sample in
a Corning 1723 container, indicated by the point la-
beled 8; the observed T is determined by magnetic
field gradients, and hence gives only a lower limit for
the surface-controlled relaxation time.

can be suppressed to the extent desired by con-
trolling the sample temperature and using im-
permeable container materials. It is not un-
reasonable to expect that intrinsic He® spin
relaxation times of the order of weeks to years
(depending on sample density) can be achieved.
Furthermore, such samples can be highly spin
polarized by optical pumping® to yield appreci-
able macroscopic nuclear magnetization even
in low-density He® gas. These properties should
be useful in applications requiring very low-
friction gyroscopes (e.g., tests of Einstein’s
theory of relativity,'? search for a He® nuclear
electric dipole moment?3).

Suppression of surface relaxation effects al-
S0 opens new possibilities for producing sizable
nuclear polarization in dense He® gas. A num-
ber of years ago Bouchiat, Carver, and Var-
num attempted to polarize He® gas at 50°C and
3-atm pressure by spin exchange with optical-
ly pumped rubidium vapor.* Though an effect
was noted, the method failed to yield useful
valués of polarization because of the short-cir-
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cuiting effect of He® spin relaxation at the con-
tainer walls. For these experiments 7', was
about 10% sec. We estimate that with the much
slower wall relaxation to be expected from im-
permeable container materials, a polarization
of the order of 10 % might now be possible by
this method. Of course such an estimate ignores
the (so far unknown) effect of rubidium on the
surface relaxation behavior. We are current-

ly investigating this question and plan to repeat
the experiment of Bouchiat, Carver, and Varnum.

*Work supported in part by the U.S. Atomic Energy
Commission.
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TEMPERATURE DEPENDENCE OF POSITRON MEAN LIVES IN METALS

I. K. MacKenzie,* T. L. Khoo, A. B. McDonald,T and B. T. A. McKee
Department of Physics, Dalhousie University, Halifax, Nova Scotia, Canada
(Received 1 September 1967)

The dependence of positron lifetimes on sample temperature has been studied in sev-
eral metals over a range from room temperature to the melting point or to 400°C.
Marked effects, amounting to as much as a 30% increase in lifetime, are noted in most
of the low—melting-point metals. Lattice vacancies are considered to be the likely

cause of these effects.

The lifetime of positrons in certain metals
exhibits a marked dependence on sample tem-
perature in the range from room temperature
to 400°C. This result is closely related to the
previously reported temperature dependence
of the angular correlation of annihilation radi-
ation.! We attribute the effect to lattice defects
induced by temperature, and hence, it is also
related to the recently observed dependence
of both lifetime? and angular correlation® on
plastic deformation.

The measurements reported here were ob-
tained on a fast-slow coincidence system em-
ploying an overlap time-to-amplitude convert-
er, pulse-height compensation, and pile-up
rejection. With energy selection appropriate
for lifetime studies, the system yielded a res-
olution of 410 psec on a %°Co source, the approx-
imately exponential slopes corresponding to
mean lifetimes of 90 and 103 psec.

All samples studied were of at least 4 nines
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purity and were annealed and etched before
insertion in the Pyrex sample chamber which
operated with a helium atmosphere. The cham-
ber was heated externally and a cooling system
ensured that the scintillators and photomulti-
pliers were not allowed to introduce false tem-
perature-dependent effects. The simplest proof
of the effectiveness of these precautions is in
the markedly different results observed with
the various metals but we also measured the
temperature in the detector enclosures and
held the variation below 10°C,

We observed two components in the decay
of each metal. This is invariably the case when
using a sandwich arrangement with a separate
source between two samples, but it has been
clearly demonstrated that the low-intensity
tail is due to surface effects.?* Although the
tail is not of primary interest, we must make
a reasonably accurate measurement of its slope
and intensity in order to evaluate the main slope.



