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A beam of slow positrons in the few-eV region is directed at bakable solid targets in a
vacuum of (2-4) &10 Torr. Measurements of the 2y/3y annihilation-yield ratio indicate
the conversion of the incident positrons into positronium. The conversion efficiency de-
pends on the target material and incident positron energy, varying from less than 25% at
300 K to 40-85Vo at 900 K.

In this Letter we report the observation that an
external slow-positron (e') beam (a few eV) forms
positronium (Ps) with high efficiency when collid-
ing with solid targets. The experiment is the
first designed explicitly to study the collisions of
slow positrons with solid targets, and has been
made possible by recent developments in the pro-
duction of high-flux e ' beams. ' ' The large e '-
to-Ps conversion efficiency reported here, be-
sides its intrinsic interest, is particularly rele-
vant to the interpretations of recent observations
of slow-e' emission from metal surfaces, "Ps
emission from oxide powders, "and the interme-
diate-lifetime component in metal powders. '
These phenomena have been observed with fast
(=0.5 MeV end-point energy) e ' that have slowed
down internally in the solid, as contrasted to the
external-beam technique reported here.

The experimental setup consists of a slow-e '
beam and a target stage. Slow e ' are produced
in a converter similar to that originally used for
e '-helium scattering-cross-section measure-
ments. ' The converter consists of MgO-coated
gold foils, 0.15 mm thick, arranged in a venetian-
blind geometry on a 1-cm-diam ring, behind
which is placed a "Co fast-e' source. In order
to have the target far from the source, the e '
are magnetically transported through a 1.5-m-
long beam tube with a 30 bend in the middle. The
tube is baffled internally against fast e ' and

wound externally with a solenoid; with a field of
75 G, only the slow e ' are able to reach the tar-
get. Approximately one in 3 x10' of the "Co e '
emerge as slow e '. The e'beam has a measured
longitudinal energy distribution of less than 2-eV
width, with an intrinsic average energy of 1 to 2

eV with respect to a grounded tungsten grid in
front of the converter. The converter can be
biased with an accelerating voltage V„.

Figure 1 shows the details of the target cham-
ber at the end of the beam tube. Pressures at
the target range from (2 to 4) x10 ' Torr, with a
pump-oil-vapor background of less than 10 "
Torr. The target cage and target stage can be
biased with respect to ground by a voltage V~.
Suitably changing V„and keeping V~- V~ fixed,
we can keep the incident e' energy constant with
V~, positive or negative. When tests of target
polarity are not being made, the target cage and
the grid in front of the cage are removed from
the target chamber. Annihilation spectra of the
incident e ' are obtained with a NaI(Tl) detector.

Figure 2 shows the NaI(T1) pulse-height spec-
tra for 10-eV e ' incident on a Ti target at 300
and 770 K. The dashed curve labeled "pure 2y"
was obtained by accelerating the e ' into the Ti
target at 300 K with V~ —V~. = 360 V. The same
spectral shape is obtained by placing a "Na source
surrounded by copper at the location of the target
stage. When the Ti target is heated from 300 to
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FIG. 1. Target chamber. A, aperture; S, solenoids;
G, grounded grid; C, target cage; 1', target stage;
I, insulator; L, quartz window and lens. C' and T are
at the same bias Vz . The 3 in. &3 in. NaI(T1) scintilla-
tor is coupled to an RCA 8575 photomultipler. A heater
in the target stage allows target specimens to be heated
to 900 K.

770 K, a reduction in the 511-keV photopeak ac-
companied by an increase in the counting rate be-
low 511 keV is observed. We attribute this change
to an increase in 3y annihilation, indicating an
increase in freely annihilating Ps formation. At
770 K the photopeak is reduced by 50% compared
to the pure-2y spectrum, after subtraction of the
"beam-off" background. Taking into account the
2y annihilations from 4 of the Ps formed in the
spin-singlet state, and correcting for the proba-
bility that two photons from the 3y annihilations
of spin-triplet Ps can enter the scintillator si-
multaneously and contribute counts under the 511-
keV photopeak, the observed 50% photopeak re-
duction is estimated to correspond to a free Ps
formation efficiency e of (80 +10)%. The same
analysis yields e =(25 + 10)% at a 300-K target
temperatur e.

The loss of 2y annihilations was also measured
using two NaI detectors 180 apart. The coinci-
dence rate as a function of target temperature is
shown in Fig. 3. Starting with point A (e ' energy
360 eV, e ~ 5%) and multiplying the observed
fractional loss in coincidences by —,

' yields ~ (23%
and 80% for target temperatures of 300 and 750
K, respectively). Estimating the fraction of 3y
annihilations detected in coincidence yields cor-
rected values of e equal to (25 + 5)% and (85 a 5)%.

Let us consider the validity of the Ps-formation
interpretation of the observed effect of tempera-
ture on the single-NaI-detector spectra. The
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FIG. 2. NaI(T1) pulse-height spectra of 10-eV e+ an-
nihilation y's from Ti. Bun time per spectrum is 80
min, using a 6-mCi Co fast-e+ source. The pure-2y
spectrum corresponds to no Ps formation.

only other way in which the peak counting rate I'
at 511 keV might decrease with a simultaneous
increase in the valley (between the photopeak and
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FIG. 3. 2y-annihilation coincidence rate as a function
of target (Ti) temperature for e+ incident energy of 10
eV. Point A. is the coincidence rate for pure 2y annihi-
lations (no Ps). Note that when the target is cooled,
the 2y rate responds by increasing with a characteris- .

tic time of 10 sec.
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the 340-keV Compton edge) count rate V is for
some of the 2y annihilations to originate from lo-
cations out of direct sight of the scintillator, and
to undergo Compton scattering into the detector.
However, we have found experimentally that the
magnetic guiding field constrains the e ' to an-
nihilate only at the target stage or far back into
the beam tube. Further, a pure 2y source was
moved to various positions inside the target
chamber in an attempt to simulate a geometry-
related reduction in P/V. The largest reduction
of P/V achieved was 30/q, but at a cost of a 40/o
reduction in total count rate. In sharp contrast,
baking a Ti target, for example, yields a 60% de-
crease in P/V, accompanied by a 15'%%uo increase
in total count rate. An increase is to be expected
as a result of the higher detection probability for
3y annihilation.

In lieu of an arrangement of three shielded
scintillation detectors (not permitted by the spa-
tial limitations imposed by the pumping system
at the target chamber), a second detector with a
2 cm x8 cm Pb slit geometry was placed at 90
and 30 cm away from the target. Upon our baking
an etched Au target (which shows the same P/V
change a,s does Ti), the coincidence rate between
the two counters increased above the 300-K coin-
cidence rate by 0.50+0.01 sec ' with a slow-e'
beam of 6000 e ' sec '. This agrees with an esti-
mate of the increase in 3y annihilations which re-
sult in two of the three y's being detected, using
the values of ~ given above.

Measurement of the P/V changes with and with-
out the target cage, and a search for 2y coinci-
dences away from the target, have also been car-
ried out to differentiate between the possibilities
of freely annihilating Ps being very weakly bound
to the target surface and its actually escaping
from the target. Although the results presently
indicate that the Ps escapes, the escape velocity
cannot be determined until the reflection coeffi-
cient of Ps colliding with the interior walls of the
target chamber is known. Measurements of the
effect of changing the polarity of V ~ [while keep-
ing the e "incident energy E, =e(V~ —Vr) con-
stant] show that (1)P/V is independent of target
polarity, and (2) the fraction of incident e ' which
are reemitted by the target as slow e ' is less
than 10%%uo for E, &10 eV.

The measured values of e (to the nearest 5%)
for 10-eV e ' incident on the targets at 800 K are
as follows: Au, etched, 85%; Au, unetched, 60'%;

Ti, 85'%%uo,
' Cu, oxygen-free high-conductivity,

60'%; graphite, pyrolytic single crystal, 70/&,

fused quartz (Suprasil), 65%; MgO, single crys-
tal, 75%; Al, 75%; ZnO, powder, 80%; quartz,
single crystal, 50%. None of the samples investi-
gated exhibit appreciable changes in ~ when the
target temperature is varied from 750 to 900 K.
For all targets at room temperature, ~ is less
than 25% for E,. &10 eV. At intermediate temper-
atures e exhibits a complex dependence on the
target's bakeout history. In addition to the ther-
mal effects, e varies with E, For example, for
Ti at 800 K, ~ decreases from 85'%%uo for E,=10 eV
to 40% for E,. = 350 eV. At room temperature a

decreases from 25% to less than 5% over the
same range of E, The variation of e with E,. is
smaller for Au targets.

We interpret the effect of temperature on the
increase in Ps formation to be the result of de-
sorbing the many physisorbed layers of water as
well as other possible contaminants typically
present on surfaces in nonultrahigh vacuum. How-
ever, the baking does not necessarily remove
the oxide or activated oxide-hydrocarbon corn-
pound layers;. thus Ps formation might be due to
such nonmetal surface layers, since oxide pow-
ders are known to be efficient converters of in-
ternally thermalized e ' into Ps."

A preliminary measurement of e for 10-eV e '
incident on a special tungsten filament target
yields e. =(80+ 5)% at 1800 K. This result perhaps
comes closest to indicating Ps formation at a
pure metal surface, although at this temperature
an oxide layer can still persist on W. Even though
Ps formation in bulk metals is forbidden, ' forma-
tion at metal surfaces might still be possible by
virtue of the electron cloud extending beyond the
positive-ion background of the metal. "

To date, slow-e ' emission has only been ob-
served to be relatively efficient from surfaces
having several adsorbed layers of contaminants.
Recent measurements show that e ' emission from
metals is reduced significantly upon baking the
surfaces at 500 K in a vacuum of 10 ' Torr. "
Other experiments show a reduction in the slow-
e ' yield as a function of the length of time that
the surfaces have been kept in vacuum. ' More-
over, our results indicate that Ps formation is
the dominant low-energy e ' surface process when
most of the adsorbed contaminants are removed
by baking. Such effects are consistent with an
earlier suggestion that slow-e ' emission from
"metals" at room temperature is a result of dis-
sociated Ps. ' However, there may be some fun-
damental difference in the surface effects be-
tween e ' diffusing to the surface as a result of
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thermalization inside the bulk solid and e ' being
introduced externally at low energies. In any
case, the interpretation of these effects in terms
of pure metal surfaces is premature, and ultra-
high-vacuum experiments are needed.

The photon counting system referred to in Fig.
1 is being employed in a search for 2430-A pho-
tons resulting from the Lyman-e transition of
the Ps if any is formed in the n = 2 excited state. "
If at least 0.1% of the Ps were formed in the n = 2

state, we would observe a significant signal (95%
confidence level) after a 24-h run with our pres-
ent sensitivity. As of this writing, we have ob-
served no Lyman-e photons for any target ma-
terial investigated.

The authors wish to acknowledge valuable dis-
cussions regarding surface conditions with Dr. E.
W. Plummer, University of Pennsylvania, and
Dr. J. C. Tracy, General Motors Technical Cen-
ter.

Note added. —The positronium formation has
now also been confirmed by a direct 3y coinci-
dence measurement. Using an extended target
chamber we obtain a triple coincidence rate be-
tween three 3 &3-in. NaI(Tl) detectors, 10 cm
from a Ti target, of 0.362+0.027 sec ' at 525'C
versus 0.064+0.013 sec ' at 30'C with a back-
ground rate =0.017 sec '.
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When the donor spins in n-CdS are simultaneously irradiated with laser light at frequen-
cy +& and microwqves at frequency 0 near the spin resonance, intense sidebands at wz,
+wo are observed for forward scattering which are more than 3 orders of magnitude great-
er than those for spontaneous spin-flip Raman scattering. This phenomenon is explained
as Raman scattering from coherent states.

We have observed intense sideband radiation at
frequencies ~~ +~„when the electron spins in
n-CdS are simultaneously irradiated with laser
light at frequency (d~ and microwaves at frequen-
cy (op close to the donor —spin re sonance fre quen-
cy. These huge sidebands are observed in the
forward direction and are at least 8 orders of

magnitude stronger than those due to spontaneous
spin flip Aaman scatterin-g (SFRS). This effect
has been seen in crystals ranging in concentra-
tion from (1 to 5)&&10'~ (excess donors)/cm . It
may be described as coherent SFRS from coher-
ent spin states or, alternatively, as parametric
conversion of light via the macroscopic magnetic
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