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Thermal desorption of cold positronium from oxygen-treated Al(111) surfaces

A. P. Mills, Jr., E. D. Shaw, M. Leventhal, R. J. Chichester, and D. M. Zuckerman
A Tck T Bell Laboratories, Murray Hill, 1Vem Jersey 07974-0636

(Received 7 March 1991)

We have measured the yields and energy spectra of positronium (Ps) emitted from Al(111) surfaces
treated by exposure to oxygen gas at low temperatures. We find that the oxygen induces the emission of
Ps with kinetic energies of a few tenths of an eV, in agreement with previous work. We also find that Ps
is thermally desorbed at low temperatures and has a velocity distribution characterized by a temperature
that is the same as that of the sample. The intensity of the thermal Ps component is about 12% of the
positrons that reach the surface. The velocity distributions may be interpreted as indicating that the Ps
has a sticking coefticient of 1 in the limit of zero velocity, unlike any other system studied to date.

I. INTRODUCTION

Positroniurn, the e+-e atom that may be formed by
positrons picking up an electron from a variety of materi-
als, was discovered by Deutsch' while observing the be-
havior of positrons in gases. In one of the first studies of
the interactions of slow positrons with a solid surface,
Canter, Mills, and Berko found a high probability for
the emission of free positronium (Ps) into the vacuum fol-
lowing positron bombardment of a metal target. Subse-
quent work has shown that there are two mechanisms by
which thermal positrons produce Ps in vacuum at a clean
metal surface: a direct process that yields Ps with eV ki-
netic energies, ' ' and a thermally activated process
that yields Ps with an energy distribution characteristic
of the temperature of the solid surface. ' The velocity
spectrum of the Ps associated with the direct process
yields information about the Ps formation mecha-
nism " and the electronic properties of the near-surface
region of the solid. ' ' The thermally activated Ps is
useful for making precise measurements of the atomic
properties of Ps, ' for measuring the binding energy of
the positron surface state, ' ' and for studying the
surface interactions of slow Ps. '

In a typical experiment to study the surface interac-
tions of a positron in near thermal equilibrium with a
solid, positrons from a slow positron beam are implanted
into a target surface prepared in ultrahigh vacuum. Im-
plantation kinetic energies of several keV are needed to
insure that the positrons stay in the solid long enough to
become sufficiently thermalized. In a good single
crystal, the positron diffusion length L, + is about 1000 A,
and the probability of a positron encountering the sample
surface if it starts at a depth x is exp( —x/L+ ). It has
recently been discovered that low-energy positrons inside
the solid exhibit quantum reflection from the surface po-
tential so that the probability of their escape from the
bulk at temperatures below ambient is proportional to
kj, the component of the positron momentum in the
solid that is perpendicular to the surface.

At the surface there are several channels for positron
escape from the bulk solid. The positrons may be emit-
ted into the vacuum as bare particles if the positron work

function of the solid is negative; they may capture an
electron and be ejected as Ps with an energy of a few eV
depending on the Ps work function and the electronic
density of states near the surface; and they may be cap-
tured into a surface state that exists because of the
image-correlation potential well seen by a positron just
outside the solid. The surface positron state seems to be
partly like a bare particle bound to the surface ' by
about 3 eV and partly like a Ps atom bound to the sur-
face by van der Waals forces with a binding energy E,
of order 0.5 eV. For most metals studied so far it is pos-
sible to desorb the surface positronium atoms into the
vacuum by heating the solid. The desorbed positrons
form Ps with a thermal energy distribution, and the yield
of thermal Ps measured as a function of sample tempera-
ture may be used to estimate E, . '

The aims of the present study were to find a stable and
simply prepared surface that would emit slow Ps at low
temperatures; to verify the existence of a thermal Ps corn-
ponent by measuring the energy distribution of the Ps;
and to investigate the surface interactions of slow Ps by
comparing the energy distributions with theory. Thus
far, the thermal desorption of Ps from typical clean metal
surfaces has required sample temperatures at or above
room temperature. However, the activation energy E,
may be lowered by the inhuence of an adsorbed surface
layer, suggesting the possibility of Ps desorption at low
temperatures. ' In the present study we make use of
Lynn's discovery that submonolayer coverage of oxygen
on Al surfaces causes an increase in the Ps yield. ' We
note that it is important to actually measure the energy
spectra because a Ps yield that increases with tempera-
ture does not necessarily mean that we are forming Ps
with a temperature characteristic of the sample. For ex-
ample, the Ps emitted by graphite requires the presence
of thermal phonons to conserve parallel momentum, even
though the Ps has a negative affinity. ' As a result, the Ps
yield varies with temperature in a manner that might
seem to suggest thermal desorption and the emission of
thermal Ps, but the Ps kinetic energy is much greater
than thermal energies. It also might be possible for the
surface contamination to change with temperature, lead-
ing to a temperature dependence for the Ps yield. For ex-
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II. EXPERIMENT
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FIG. 1. Geometry of the target and detector slit.
FIG. 2. Prompt peak amplitude as a fua function of sample

manipulator position z.
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There are a number of corrections that increase the
nominal value of hz. First, some of the events detected in
Fig. 2 are due to singlet Ps annihilating about 0.1 mm in
front of the sample surface, which causes the measured
Az to be too small by about 0.02 mm. Second, scattering
of annihilation photons in the sample makes their distri-
bution forward directed, making the measured Az too
small by about half a slit width, or 0.5 mm. Third, the
manipulator shrinks during the measurements at low
temperature by an average amount estimated to be about
0.4 mm. Finally, the time-of-Aight distribution will be
slightly lopsided because the slit width is not negligible,
causing Az to appear too small by roughly 0.05 mm. Ap-
plying the sum of these effects with a conservative error
estimate leads to a corrected effective Bight distance of
hz =6.0+0.5 mm.

For our set of data on the dependence of the slow Ps
emission of oxygen exposure, the sample was cooled to
186 K and then exposed to 1.6X10 Torr of 02 for a

period of 2 h, during which the time-of-Bight spectra
shown in the upper portion of Fig. 4 were recorded every
five minutes. For display, the effect of o-Ps decay has
been removed by multiplying the data by exp(+ r / r),
where ~ is the 142-nsec lifetime of orthopositronium in
vacuum. During the course of the run the temperature
varied by less than +3 K. Correcting for the geometry of
the vacuum chamber and the location of the leak valve,
sample and pressure gauge, we estimate that the 02 expo-
sure rate was equivalent to 0.6 L/min ( 1 L= 10
Torr sec at 300 K). The cold shield surrounding the sam-
ple manipulator was kept at room temperature during the
oxygen exposure, since the shield when cold was a very
effective pump and significantly reduced the oxygen pres-
sure at the target.

For our set of data on the temperature dependence of
the Ps emission, the sample was cooled to 205+5 K and
then exposed to 5X10 Torr of 02 for 15 min. We esti-
mate that the corrected 02 exposure was equivalent to 24
L and resulting in roughly a one-third monolayer of 0 on
the Al surface. We were unfortunately unable to obtain
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FIG. 3. Direct detector output recorded by a digital oscillo-
scope (LeCroy 9450, 2.5-nsec sample interval). Each trace is an
average over 1000 events.

FIG. 4. Time spectra showing the effect of oxygen exposure
at a fixed temperature of 186 K, and the effect of temperature
for an oxygen exposure of 24 L. (1 L—:10 Torr sec.) The spec-
tra have been multiplied by exp(t /~) to remove the effect of the
orthopositronium decay, and have been smoothed somewhat at
larger values of t.
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meaningful Auger determinations of the oxygen concen-
trations apparently because of the effect of the Auger
electron beam on the surface oxygen atoms. After the ex-
posure the pressure in the vacuum chamber fell below
10 ' Torr in a few minutes, and below the limit of the
gauge (3X10 "Torr) about 30 min after starting to cool
the cold shield surrounding the sample manipulator.
Time-of-Bight spectra were recorded every 2 min as the
sample was cooled over the course of one hour to 45 K
and then warmed for 30 min at a constant rate up to 284
K. The raw data are shown in the lower portion of Fig.
4,

III. RESULTS
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FIG. 5. Spectra of the perpendicular component of the Ps en-
ergy deduced from the data of Fig. 3.

The amplitudes of the photographically recorded
time-of-Aight data shown in Fig. 3 were measured with a
ruler over the range 20—80 nsec after the prompt peak,
which corresponds to Ps kinetic-energy components per-
pendicular to the surface E~ in the range 0.1 —1.8 eV.
The amplitudes were converted to the spectra of the per-
pendicular component of the positronium energy
dX/dE~ shown in Fig. 5 by multiplying by t exp(+t/r)
and plotting on an energy scale.

The curve corresponding to data obtained before expo-
sure of the sample to oxygen (labeled "0 L") may be com-
pared with the spectrum predicted by Eq. (2) of Ref. 9 for
the Ps spectrum from a free-electron metal:

dN/dE~ ~E~ tan a8(~gp, ~cos a E~)—
+E '~ (/P, / E~)8(/Pp, —

/
E~)—

X 8(E~ —
f qSp, /cos a) .

Here a is the collimator half angle, 60' in the present
geometry, and 0(x) is the unit step function. The quanti-
ty Pp, is the positronium work function given by
/ps P+ +P 2

R „,where P+ and P are the positron
and electron work functions, and —,'8 is the binding en-

ergy of Ps. Equation (1) predicts that dX/dE~ will in-
crease as Ez for E~ (cos a~Pp, ~

=0.6 eV, and will then
decrease slightly more rapidly then linearly to zero at
E~=~pp, ~=2. 5 eV. The data agree with such a form
above 0.6 eV, but as was found in Ref. 14, there is more
intensity than expected at the very low energies, possibly
due to a residual oxygen contamination, as was suggested
in Ref. 14. Also, we find in agreement with Ref. 38 and
with Howell, Tuomisaari, and Jean that increasing oxy-
gen exposure causes a large increase in the intensity of
the low-energy component that, given the energy scale of
tenths of an eV, has nothing to do with the emission of
thermal Ps.

The many individual spectra making up each trace in
Fig. 4 were summed in real time on a computer that had
much better amplitude resolution than the 9450 oscillo-
scope that recorded the average spectra of Fig. 3. The
minimum useful intensity is limited by a small ringing of
the base line (due to a ground loop) that becomes pro-
nounced after about 400 nsec in Fig. 4. The effect is
slightly different in different traces because of small
changes in the position of signal wires during the run.
The digitally recorded time-of-Bight data were analyzed
by calculating the amount of fast and slow positronium as
follows. The data were first multiplied by exp(+t/r) to
obtain S(t), the time-of-fiight data with the eFect of o-Ps
decay removed that is plotted in Fig. 4. A background
given by the average value of S(t) in the interval from
280 to 380 nsec was then subtracted from S(t). The data
were normalized to the sum of the three peak channels.
The amount of Ps in a given time interval a ( t & b is pro-
portional to the integral 3 = j"S(t)dt/t The area. of
the slow component of the Ps, A„was computed for
52 & t (240 nsec corresponding to perpendicular energies
4 & EL & 76 meV, using 6 mm for the time-of-Qight dis-
tance. The area of the fast component, Af, was found by
summing over the range 12.5 & t &50 nsec, which corre-
sponds to energies 82 meV & E~ & 1.3 eV. The fast-
component area was multiplied by 1.2 to correct for the
fast Ps not included in the summation, according to Eq.
(1). Finally, the area corresponding to the total amount
of Ps, A, =1.2Af+ A„was normalized to cause the
maximum Ps yield to be about 95%. The normalization
appears to be reasonable since the Ps yield before oxygen
exposure is then about 55%, in agreement with the
known ' 50—60% total Ps yield of clean Al(111) at
room temperature.

The total amount of Ps and the "fast" and "slow" com-
ponents as defined in the previous paragraph are plotted
in Fig. 6 as a function of oxygen exposure, and in Fig. 7
as a function of temperature for the Al(111) surface after
exposure to 24 L of oxygen. There are systematic errors
in these two plots because of the uncertainty in our
definitions of "fast" and "slow" and some arbitrariness in
how we have attempted to remove the background.
However, we do not expect such errors to obscure quali-
tative trends. Thus, from Fig. 6 we conclude that the
"slow" Ps component for the initially clean Al(111) sam-
ple at 186 K reaches a maximum after an exposure of
about 30 L, and that the fast component begins to in-
crease for larger exposures. Similarly, we conclude from
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FIG. 6. Amount of "fast" positronium and "slow" positroni-
um deduced from the oxygen-exposure series of spectra in Fig. 4
by integrating over time ranges corresponding to the energy in-
tervals indicated. The normalization was chosen so that the to-
tal amount of positronium approaches unity at large oxygen ex-
posures. The gap starting at 80-min exposure time was caused
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Fig. 7 that the "slow" Ps component for Al(111) after an
oxygen exposure of 24 I. increases with temperature,
while the "fast" component changes only a little.

In the case of the temperature effect on the "slow" Ps
component, we can obtain the actual spectrum of the
changing part by subtracting a suitably normalized cold
spectrum from each of the higher-temperature runs, as-
suming that the "fast" component is unaffected by tem-
perature. The "cold" spectrum was taken to be the aver-
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FIG. 7. Amount of "fast" positronium and "slow" positroni-
um deduced from the temperature series of spectra in Fig. 4 by
integrating over time ranges corresponding to the energy inter-
vals indicated. The normalization is the same as in Fig. 6.

FIG. 9. Spectra of the perpendicular component of the ener-

gy of Ps thermally desorbed at various temperatures from an
Al(111) surface exposed to 24X 10 Torr sec of O2. The solid
lines are Atted exponential functions of E&.
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TABLE I. Results of fitting simple exponential curves to the Ps energy distributions shown in Fig. 9.

Run

1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

Time of day
(h:m)

16:24
15:58/16:28

16:32
15:54
16:36
15:50
16 40
15:22
16 44
15 26
15:46
15:30
15 42
15:38
15:34
16:48
16:52

Sample T'
(K)

84+7
90+15

113+3
126+19
147+6
173+27
178+4
200+1
202+4
210+7
215+8
224+7
230+1
233+3
236+2
239+3
284+4

Ps kTb
(meV)

9.3+0.6
11.9+1.2
9.7+0.8

15.9+2.2
13.3+0.8
14.2+0.7
16.1+0.7
16.5+0.6
17.9*0.7
17.9+0.8
19.5+0.7
18.7+0.7
20.7+0.8
19.4+0.7
20.7+0.8
22.0+0.8
23.1+0.6

Area
(arb. units)

251
204
275
381
631
671
875

1047
1092
1092
1325
1273
1360
1290
1303
1226
1271

272
171
284
240
475
474
544
636
611
701
681
682
658
666
630
557
550

15.22
17.96
24.23
87.95
28.16
23.93
28.27
18.39
19.11
37.93
39.39
23.82
36.75
18.64
25.66
32.77

8.52

7
7
9
9

11
11
12
12
12
15
15
15
15
15
15
15
14

'The + value gives the range of T during the measurement and does not represent the error assignment for the average value of T
quoted.
The values of kT for the Ps atoms were computed using 6.0 mm as the time-of-Bight distance. The errors have been increased over

the estimated statistical error by the square root of y over the number of degrees of freedom, v.

20—

Af(331)+ 24L 0&
hz = 6.0rnrn

15—

age of three spectra taken at the coldest temperature, 45
K. Each higher-temperature spectrum was normalized to
the "cold" spectrum by equating the areas in the inter-
vals between 15 and 20 nsec after the prompt peak. After
subtracting, the difference spectrum was multiplied by
exp(tlat). Two examples of the diff'erence time-of-flight
spectra are shown in Fig. 8. The two curves are each
averaged over three runs with temperatures in the ranges
230—239 and 126—147 K. The peaks of the time-of-flight
difference spectra occur at 110 and 140 nsec, correspond-
ing to E~=17 and 10 meV, respectively. The back-
ground due to 3y decay of Ps not in sight of the slit ap-

pears as a constant. The background was taken to be the
average over the interval from 25 to 35 nsec after the
prompt peak and was subtracted. The resulting time-of-
flight spectra were converted to energy spectra by multi-
plying by t and plotting on an energy scale. Figure 9
displays ten of the energy spectra and fitted simple ex-
ponential curves. For su%ciently long time delays the
data depart from the fitted curve due to the difticulty of
determining the background accurately. The problem be-
comes more severe at the lower temperatures where the
amplitude of the thermal Ps component is becoming
weaker. Table I lists the fitting parameters for all the
data. The Ps temperatures deduced from the energy
spectra are plotted in Fig. 10. The total area of the
curves fitted to all the thermal Ps spectra are plotted in
Fig. 11 versus sample temperature. In addition to statist-
ical uncertainties, the total areas under the curves are
afFected by the opposing temperature dependences of e+
refleetion and diffusion, the former decreasing and the
latter increasing the number of e+ reaching the surface
as the temperature is lowered. Taking into account the
lack of thermalization of the implanted e+, we estimate
such efFeets produce a systematic shift in the areas rough-
ly the size of the statistical errors. The fitted curves will
be discussed below.

IV. DISCUSSIQN

0
0 100

I

200 300 A. Effect of oxygen on fast positronium

FICi. 10. Correlation of the fitted positronium temperature
with the sample temperature for the data series corresponding
to Figs. 7 and 9.

The first measurement of the effect of oxygen on the
energy spectrum of the direct Ps showed that a 100-L
room-temperature exposure cut the intensity of the Ps at
the maximum energy —Pp, in half, and possibly increased
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FIG. 11. Total amount of therma1 Ps vs sample temperature.
The thermal positronium yield is the area of the fitted exponen-
tial curves in the temperature series corresponding to Figs. 7, 9,
and 10. The full scale yield corresponds to about 15% of the
positrons that reach the surface.

the probability of emission of Ps with energies below 1.5
eV. An angle-resolved measurement of the Ps momen-
tum distribution' confirmed the reduction of the
maximum-energy Ps component and yielded a measure-
ment of the spectrum associated with the addition of oxy-
gen. Quoting from Ref. 38, "The thin-oxide layer on
the Al(111) surface produces a much narrower Ps spec-
trum with a most probable momentum of 1 mrad (i.e., a
most probable energy of 130 meV). " The latter state-
ment was referring to a 3 X 10 L oxygen exposure. A
150-L exposure of a Al(100) surface at 300 K, corre-
sponding to about one monolayer coverage, yielded a
most probable Ps energy of about 250 meV, in rough
agreement with out 95-L measurement in Fig. 5. The de-
crease in energetic Ps upon oxygen exposure is in agree-
ment with a density-of-states calculation, but the increase
in the lower-energy Ps component does not appear to be
in quantitative agreement with theory because the elec-
tronic density of states for the oxide peaks at 5 —10 eV
below the Fermi surface, and thus cannot participate in
the Ps formation. '

An interesting resolution to the above difficulties of in-
terpretation is offered by Howell, Tuomisaari, and Jean,
who have made a further study of the effect of oxygen on
the Ps energy spectra from Al(111). They suggest that
rather than the oxygen 2p metal bonding states, the posi-
tron is sensitive to oxygen antibonding states lying a few
eV higher in energy. They also suggest that the Ps for-
mation would be more sensitive to the antibonding states
than photoemission because the states extend far into the
vacuum, where the Ps formation is most likely.

B. EÃect of oxygen on thermal positronium

We have seen from Fig. 6 that the slow Ps yield of
Al(111) at 186 K increases with oxygen exposure to a
maximum of about 12% at about 30 L. We have sub-

tracted the "slow"-component yield of the clean Al (4%),
which is only the low energy part of the directly emitted
Ps energy distribution. At about 35 L the intensity of the
"fast" Ps starts to increase. According to Chen, Crowell,
and Yates, "at very low oxygen exposure, oxygen disso-
ciatively adsorbs to occupy both surface and subsurface
binding sites without formation of the oxide. . . a critical
number of oxygen atoms in both surface and subsurface
adsorption sites must cluster in order to form aluminum
oxide. " The latter begins to form at about 40-L exposure
for Al(111) at 135 K. It would appear that the fast Ps is
associated with the oxide formation, i.e., the appearance
of Al +, and that the slow Ps is associated with the sur-
face adsorption of oxygen. Such a conclusion is in agree-
ment with Ref. 43, if one remembers that they were not
sensitive to very-low-energy Ps. The small amount of
slow Ps compared to the 50% yield of thermal Ps from
clean Al(ill) at 692 K (Ref. 8) may indicate that the pos-
itron surface state that is the source of the thermal Ps is
less efficient at trapping positrons when there is oxygen
present. The data of Ref. 43 appear to be in disagree-
ment, but their sample was at 300 K. However, accord-
ing to Erskine and Strong, "the surface oxygen phase is
unstable and converts at room temperature to subsurface
oxygen. " In fact, we have not been able to make cold Ps
when we start from a room-temperature oxygen expo-
sure, but this may have been due to undetected coin-
cidental circumstances, such as failure to anneal the Al
sample sufficiently. It is clear that the Al plus oxide sys-
tem is not simple, and that further work to elucidate the
Ps emission mechanisms must be done at low tempera-
tures and in parallel with other spectroscopies such as
electron-energy-loss spectroscopy (EELS), low-energy
electron diffraction (LEED) and photoemission, as well as
Auger. As an example, McConville et al. and find that
there are four different chemically shifted Al 2p photo-
emission peaks present for room-temperature exposures
on the order of 100 L, and that water exposure gives
different results from 02.

C. Thermal desorption of positronium

z =—S( T)exp( E~ /kT ) . —kT—
(2)

Here S(T)—= (S(k, T)) is a suitable average of the stick-
ing coefficient S(k, T) for Ps of momentum k incident
upon the surface at temperature T from the vacuum. For
decaying Ps atoms, the desorption rate is in competition
with the annihilation rate y of the surface Ps, leading to a
thermal Ps desorption probability

f„=zl(z+y) . (3)

The predicted energy spectrum of the perpendicular com-
ponent of the emitted Ps kinetic energy E~ should be a

If Ps on the surface is a free particle in two dimensions
(2D) with a single well-defined binding energy E~, and if
all the excited states on the surface can be characterized
by the temperature T, and if the density of e+ in the bulk
is low enough, then thermodynamics gives us the total
desorption rate
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beam Maxwell-Boltzmann distribution times the sticking
coefficient S(Ez, T), which has been averaged over the
transverse components of the Ps velocity, i.e.,

dN/dE~ =exp( E—
~ IkT)S(Ej, T)IkT . (4)

The sticking coefficient that appears in Eqs. (2)—(4) is
connected with an interesting question: May the sticking
coefficient SO=S(0,0) at low temperatures, and low Ps
velocities have a value other than zero? The value
So =0 is expected due to the tendency of a quantum par-
ticle to reAect from a rigid potential. The conditions
necessary for reaching the asymptotic limit where a mea-
surement of S may be considered equivalent to a mea-
surement of So are not yet clear. One might expect that a

0

Ps de Broglie wavelength of order 100 A and a sample
temperature of order 100 K would be sufficient. Never-
theless, sticking at zero velocity and temperature seems
to require including the particle-surface interactions to
high order, and a hand-waving argument may not be val-
id. With this in mind, we turn to the interpretation of
our Ps thermal desorption measurements.

Our earlier experiments using a clean Al(111) sample
have shown that the temperature dependence of f~, over
the range 300 K & T &740 K can be explained by Eqs.
(2)—(4) if the value S= 1 is used. Furthermore, a mea-
surement of dX/dE~ required S(E~,T) to be constant to
within +10% over the range 10 meV &E~ &200 meV for
T =692 K. An unconstrained fit to the data of Fig. 11
using Eqs. (2) and (3) (dotted curve) yields E~ =(27+7)
meV and S=(2+, ) X 10 . If we constrain S =—1 (solid
curve), the optimal binding energy is Ez =100 meV, but
the fit is poor. Unlike the previous measurements on a
clean Al(111) surface, however, it is possible that the 02-
exposed surface is not uniform, but contains patches of
variable E~. For example, we obtain a good fit to the
areas of our time-of-Aight curves by using the sum
(dashed curve in Fig. 11) of two curves obtained from
Eqs. (2) and (3) with S—:1 and E~ =60 and 120 meV with
relative weights in the ratio 1:2. Alternately, if we allow
there to be a background in Fig. 11, we would obtain a
good fit to the data using S = 1 (long-dashed curve).
However, there is probably no justification for such a
background. The binding energies of about 100 meV are
probably more reasonable than 27 meV, considering the
clean Al value of 300 meV.

Since the energy distributions in Fig. 9 are simple ex-

ponential functions of E~, we infer that S(Ej,T) is a con-
stant for Ez between 5 and 50 meV for 84 K & T & 284 K.
If S were proportional to k~ for E~ &25 meV and con-
stant for E~) 25 meV, by analogy with the internal e+
reffectivity found in Ref. 14, then dX/dEj would be
much smaller than observed at small values of Ej. Since
the perpendicular projection of the Ps de Broglie wave-
length is longer than 100 A for much of the (E~, T) re-
gion explored, we have concluded in Ref. 24 that So may
be extrapolated from our measurements, and that there-
fore So is not zero. Our previous result that gave S=1
for clean Al, the plausibility of the dashed fit in Fig. 11,
and recent theoretical work ' suggest that So=1 is a
definite possibility.

The measured Ps temperatures plotted in Fig. 10 are in
agreement with the sample temperatures, and give fur-
ther credence to the existence of a population of thermal
Ps in vacuum from our low-temperature Al(111) samples.
It is evident that we now have a source of cold Ps at tem-
peratures as low as 150 K. The total intensity fo at 200
K is only about one-quarter of the Ps that may be ob-
tained by heating a clean Al(111) sample to 690 K. How-
ever, for a Doppler-free measurement of the Ps 1S-2S in-
terval, ' the signal strength will be proportional to the
amount of Ps at very low velocities, or fo lkT. Thus, the
signal strength using our cold Ps source should be the
same as obtained using the higher temperature Ps, but
the second-order Doppler shift, which includes contribu-
tions due to the transverse components of the Ps motion,
would be about four times smaller.

V. CONCLUSION

We have examined the velocity distribution of the Ps
emitted by Al(111) surfaces exposed to various amounts
of oxygen at low temperatures. We find that the oxygen
induces the emission of Ps with kinetic energies of a few
tenths of an eV, in agreement with previous work. We
also find that Ps is thermally desorbed at low tempera-
tures and has a velocity distribution characterized by a
temperature that is the same as that of the sample. The
velocity distributions may be interpreted as indicating
that the Ps has a sticking coefficient equal to 1 in the lim-
it of zero velocity, unlike any other system studied to
date.
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