VoruME 30, NUMBER 6

PHYSICAL REVIEW LETTERS

5 FEBRUARY 1973

_2_8_, 1096 (1972).

°E. Hinnov and J. G. Hirschberg, Phys. Rev. 125,
795 (1962).

®D. R. Bates and A. E. Kingston, Proc. Phys. Soc.,
London 83, 43 (1964).

P, Mansbach and J. Keck, Phys. Rev. 181, 275 (1969).
87, Stevefelt and F. Robben, Phys Rev. A 5, 1502
(1972); J. Stevefelt, Aktiebolaget Atomenergi, Stock-
holm, Report No. AE-311, 1968 (unpublished); G. K.

Born, Phys. Rev. 169, 155 (1968).

9C. B. Collins, H. S. Hicks, and W, E, Wells, Phys.
Rev. A 2, 797 (1970).

M, A. Biondi, Phys. Rev. 88, 660 (1952).

13, B, Gerardo and M. A. Gusinow, Phys. Rev. A 3,
255 (1971).

125, W, Johnson and J. B. Gerardo, Phys. Rev. Lett.
27, 835 (1971).
"By .-F. Delpech and J.-C. Gauthier, Phys. Rev. A 6,
1932 (1972).

13 _F. Delpech, C. Sol, and J. Boulmer, to be pub-
lished.

153 ,-F. Delpech and J.-C. Gauthier, Rev. Sci. Instrum,
42, 958 (1971).

“T'F _C, Gauthier and C, Sol, Phys. Lett. 38A, 125
(1972).

1'1,, Goldstein, in Advances in Electvonics and Elec -
tron Physics, edited by L. Marton (Academic, New
York, 1955), Vol. VII,

18R, A, Gerber, G. F. Sauter, and H, J. Oskam, Phys-
ica (Utrecht) 32, 2173 (1966).

84, J. Oskam, Philips Res. Rep. 13, 401 (1958).

03, J. Taub, J.-C. Gauthier, and J.-F. Delpech, in
Proceedings of the Tenth International Conference on
Ionization Phenomena in Gases, Oxford, 1971 (unpub-
lished), p. 259.

UE, P. Gray and D. E. Kerr, Ann. Phys. (New York)
17, 276 (1959).

ZSee Fig. 3(b) of Ref. 13.

Observation of a Positronium Zeeman Transition in y-Al,O5f

D. J. Judd, Y. K, Lee, and L. Madansky
Physics Depaviment, The Johns Hopkins University, Baltimove, Mavryland 21218

and

E. R. Carlson, V. W. Hughes, and B. Zundell
Gibbs Laboratory, Yale University, New Haven, Connecticut 06520
(Received 13 December 1972)

The Zeeman transition between the M=+1 and M=0 states of orthopositronium in its
ground state has been observed in a solid for the first time, when positrons were stopped
in a y-Al,0; powder pellet, thus providing strong evidence that essentially free orthoposi-
tronium exists in y~Al,03. The value for the positronium fine-structure interval is Av(y-
Al,09)= 203.308+0.024 GHz (120 ppm). The difference Av(free Ps)—Av(y-Al,0y) is 88+25

MHz.

Evidence for the formation of positronium by
positrons stopped in powders of metal oxides has
been obtained by several methods. Lifetime
spectra’'? of the annihilation y rays contain a
component with a lifetime approximately equal
to the mean life of free orthopositronium,® 7,
=~1,4x1077 sec. This long-lifetime component
has been associated with three—y-ray annihila-
tion.2** The 3y annihilation is quenched by a mag-
netic field®'® in the same way as the 3y annihila-
tion from free orthopositronium.” A formation
theory has been presented® according to which
positrons stop inside the powder grains and form
positronium, which then diffuses through the
grain surfaces to exist as free positronium in
regions outside the powder grains. This Letter
reports the first observation of the Zeeman tran-
sition between the M =+1 and M =0 sublevels of
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orthopositronium when positrons are stopped in
a y-AlL,0,~powder pellet, and provides strong
evidence that essentially free orthopositronium
exists in y-Al,O, powder.

The transition was observed by the technique
and with the apparatus used to measure the posi-
tronium fine-structure interval Av in gases.®*!°
Positronium was formed by stopping positrons
in a y-Al,O, powder pellet in a magnetic field of
about 7800 G, Zeeman transitions from the M
=+ 1 to the M =0 orthopositronium sublevels were
induced with a microwave magnetic field, and the
transitions were detected through an increase in
the 2y annihilation rate.

Only minor modifications (Fig. 1) of the appara-
tus used for a precision measurement of Av were
necessary to permit introduction of the y-AL,O,
pellet. The y-Al,O, pellet was 1.9 cm in diame-
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FIG. 1. Diagram of microwave cavity showing place-
ment of y~Al,03 powder pellet.

ter and 0.3 cm thick and was supported in the
center of the microwave cavity by a fused-quartz
holder attached to the center of one lid of the cav-
ity. The pellet was pressed from y-Al,O, pow-
der!! with particles of 500 A mean diameter and
it had a density of 0.9 g/cm? and an internal sur-
face area of 80+ 4 m?/g.'? A long-lifetime com-
ponent and magnetic quenching of this component
were observed in annihilation lifetime spectra
for positrons stopped in pellets of this y-Al,O,
powder,!?

The positron source was 2 mCi of Na?? located
in a hole in the cavity lid opposite the sample.
Up to 52 W of microwave power was coupled into
the cavity producing microwave magnetic fields
of up to 7.7 G in the TM,, mode. Unambiguous
mode identification could not be made because of
the presence of the dielectric holder and pellet
in the cavity. The upper limit on input power was
set by microwave breakdown in the cavity. An
ion pump was used to evacuate the cavity for sev-
eral days before any data were taken. The cavity
was pumped continuously while data were taken,
and the cavity pressure was maintained between
107% and 107* Torr, depending primarily on the
pellet outgassing rate under microwave heating.
Three or four pairs of NaI(Tl) y-ray detectors
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FIG. 2. Positronium Zeeman transition resonance for
positrons stopped in y-Al,0; powder pellet. Plot shows
coincidence counting rate versus magnetic field. Data
were taken with a microwave frequency of 2323.180
MHz and an input power of 52 W.

were operated in coincidence to detect pairs of
two 0.51-MeV y rays 180° apart in direction with
0.2 pusec time resolution. The coincidence count-
ing rate from each pair was scaled, and the ex-
perimental signal was the sum of the coincidence
rates from all detector pairs.

Data were taken by varying the magnetic field
H with fixed microwave frequency and observing
the change in the 2y coincidence counting rate.
With fixed conditions the coincidence counting
rate still varied with time by about 0.1% to 1%
depending on microwave power level and with a
mean period of 50 min, possibly as a result of
target charging effects associated with the posi-
trons. A resonance curve is shown in Fig. 2.
The circles are experimental points showing the
number of coincidence counts recorded in a 300-
sec period and are shown with 1-standard-devia-
tion statistical error bars; the entire curve was
obtained in about 1 h. The solid curve is the re-
sult of a least-squares fit to the data points of a
Lorentzian with a linearly increasing background.
The nonresonant background arises from the mag-
netic focusing of the positrons and the increase
of the 2y /3y branching ratio with increase in
field, and it is approximately linear in H over
the resonance region. The microwave frequency
and the field at the center of the resonance are
used to compute Av.® Resonance signals were
detected with microwave input powers as low as
7T W but adequate resonance curves were obtained
only with powers greater than about 30 W. The
results from fits to four resonance curves at
three power levels are shown in Table I, togeth-
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TABLE I. Ground-state fine-structure interval for positronium in y-
Al,05. Average Av(y-Al,05)=203.308+0.024 GHz (120 ppm).
Resonance line-
Power Ay width FWHM Signal
W) (GHz) (¢ (%)
32 203.389+0.058 29.7+£1.7 0.67+0.05
37 203.252+0.058 33.2+2.0 0.65+0.05
52 203.301+0.030 33.2+1.0 0.89+0.04

er with an average value for Av(y-AlLQ,).

A search was made for a resonance with only
the empty holder in the cavity, The measured
resonance signal amplitude of (0.02+0.07)% con-
firmed that no orthopositronium was being ob-
served in the holder. A Zeeman transition reso-
nance was also observed with a y-Al,O, powder
pellet which had been sintered in a vacuum fur-
nace for 23 h at 1050°C, resulting in a reduction
of surface area to 35+4 m?/g. The resonance
signal amplitude for this curve was about 3 that
for an unsintered pellet at the same microwave
power,

The average value of Av for positronium in y-
Al,O, given in Table I is

Av(y-AL0,) = 203,308 + 0.024 GHz
(120 ppm). (1)

The indicated error is 1 standard deviation and
is due principally to statistical counting errors.
For comparison the value for Av for free posi-
tronium is??

Av(free Ps) =203.396+0.005 GHz
(25 ppm).  (2)
The difference
Av(free Ps) - Av(y -Al,0,) =88+ 25 MHz  (3)

indicates that orthopositronium in the y-Al,0,
pellet was perturbed. The perturbation is prob-
ably due to collisions of the orthopositronium
atoms with y-Al,0O, surfaces inside the pellet.
The difference in Eq. (3) is the same magnitude
as the fine-structure density shift of positronium
in Ar gas at 6 atm pressure.® The measured res-
onance linewidths in Table I agree with the ex-
pected microwave power-broadened linewidths
for free orthopositronium in a magnetic field of
7800 G. The resonance signal amplitudes shown
in Table I indicate that about 23% of the positrons
stopped in the unsintered y-Al,O, pellet formed
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positronium. This value is consistent with earli-
er reported values of 20% to 30% positronium
formation.? We calculate that about 12% of the
positrons stopped in the sintered y-Al,O, pellet
formed positronium. The reduction in positroni-
um formation with reduction in surface area in
the sintered material is in qualitative agreement
with the theory of positronium diffusion in y-
Al 0, powder.®

Our observation of a positronium Zeeman reso-
nance in a solid for the first time opens up a new
and precise technique for studying the interac-
tions of positrons and positronium in solids.
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