
VOLUME 61, NUMBER 22 PHYSICAL REVIEW LETTERS 28 NOVEMBER 1988

Observation of Positronium Specular Reflection from LiF
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A monoenergetic positronium (Ps) beam of 0-60-eV energy and an angular width of + 5' is created
by charge-exchange collisions of a slow positron beam passing through an Ar gas cell. The Ps beam is
directed at a LiF(100) crystal, and reflected Ps atoms are detected at an annihilation target. With an-

gles of incidence of 50' to 60' we observe a specularly reflected beam with a maximum reflected frac-
tion R =(30~ 5)% at a Ps energy of 7 eV. At higher energies (20-60 eV) the reflectivity (R 0.5% at
60 eV) can be ascribed principally to a short Ps mean free path X (0.75+0.15) A, and to a lesser ex-
tent a Ps inner potential of about 4 eV.

PACS numbers: 36.10.Dr, 61.14.Hg, 71.60.+z, 79.20.Rf

Scattering experiments employing various subatomic
and atomic particles have proven to be valuable in the
study of surfaces. The most widely used technique is

low-energy electron diffraction (LEED), particularly
since computations are now successful in accounting for
the multiple scattering of electrons from the inner atomic
layers. ' Neutral molecules and atoms like H2 and He
interact mainly with surface atoms, but the few meV
beams typically used in diffraction experiments are not
energetic enough to probe small-scale surface structure
that does not affect the long-range part of the van der
Waals surface potential. On the other hand, the large
He mass is especially suited to the study of inelastic
effects. Positronium (Ps), the bound state of a positron
and an electron, should interact more intimately with a
surface than He because of its much larger energy for a
given wavelength. Furthermore, at energies above its
6.8-eV binding energy Ps is expected to break up with

high probability upon scattering from a solid, and unlike
electron scattering, Ps collisions should be confined to
the outermost surface layers. Thus low-energy Ps
diffraction (LEPD) could be a unique probe of ordered
surfaces, combining some of the best characteristics of
both LEED and He diffraction. The most important ex-
perimental question is whether the elastic scattering of
energetic Ps is sufficiently intense to make LEPD possi-
ble with Ps beams presently available. In this Letter we

describe the first measurement of the angle-resolved Ps
reflection from a solid surface. We find that for
LiF(100) there is a significant reflection probability for
energies up to 60 eV and that LEPD studies should
indeed be feasible.

Our Ps beam is produced by positrons undergoing
charge-exchange collisions with Ar atoms. If we con-
sider only events in which the Ar ion and the Ps atom are
formed in their ground states, the Ps will be essentially

monoenergetic because of the negligible recoil energy of
the heavy ion. Since an energy of 15.7 eV is required to
remove an electron from Ar, the threshold energy for
positrons to form Ps is Eth=15.7 —6.8=8.9 eV. Ps
formed in excited states will also be present. Using the
calculated formation probability of 2S Ps and the ex-
pected large total collisional cross section of Ps excited
states, we estimate that the excited-state contamination
of our beam is about 5%. The contamination of the en-

ergy purity of the Ps beam due to Ar excitation is es-
timated to be less than 1%.

Our slow positron beam has an initial longitudinal
energy spread of 0.4 eV (10% to 90%) when accelerated
to 150 eV. The Ps beam is formed by sending the posi-
trons through a differentially pumped gas cell filled with
Ar gas of 99.995% nominal purity at a pressure of 10
Torr. The background pressure in the experimental
chamber is about one percent of the gas-cell pressure. A
schematic drawing of the experimental apparatus is
shown in Fig. 1. The grid at potential V~ is used to gate
the positron beam during the background measurements.
The gas cell, gc, is electrically floated to a potential V2 to
change the kinetic energy, E+, of the 150-eV positrons
entering the gas cell, and thus the Ps beam energy,
Ep, =E+ —Eth. A positive potential, V3, applied to a
tube following the gas cell rejects the positrons from the
sample chamber, but does not stop the Ps atoms. The
sample, s, and the detector, d, can be rotated indepen-
dently about a common axis perpendicular to the plane
of the drawing. The sample is held at a temperature of a
few hundred degrees Celsius to prevent impurities from
accumulating on the surface. Ps atoms are detected
when they strike an annihilation plate, a, an inoperative
channel electron multiplier array. The annihilation pho-
tons are observed in coincidence by a pair of bismuth
germanate (BGO) scintillators, placed outside of the
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FIG. 1. The experimental setup as seen from above. Ps is

formed in a stainless-steel gas cell (gc) filled with Ar at a pres-
sure of 10 Torr. Electrically floated tubes and grids can
have positive potentials to repel positively charged particles.
The sample (s) and the detector (d) can be rotated indepen-
dently around the same axis. The detector consists of an an-
nihilation plate (a) inside the vacuum chamber and two exter-
nal BGO scintillators above and below, outlined by a dashed
line.
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vacuum chamber above and below the annihilation plate.
Lead and tungsten shields reduce the background due to
annihilations coming from the gas cell and from the sam-

ple. The grid at a potential V4 +200 V prevents posi-
trons from striking the annihilation plate. The annihila-
tion plate and BGO detectors can be rotated through an
angle from 100' to 180' from the axis of the Ps beam.
In the 180' position and with the sample removed, the
annihilation plate and BGO detectors monitor the in-

cident Ps beam. The Ps atoms traverse the same dis-
tance prior to detection in this configuration as in the
reflection measurement. We therefore divide our Ps
reflection intensity by the straight-through Ps beam in-

tensity taken at the same Ps energy to find the absolute
Ps reflection coefficient. We also correct for the fraction
of the Ps beam missing the sample for angles of in-
cidence greater than 50'. The straight-through (180')
Ps beam intensity increases with energy until it reaches a
broad maximum at 60 eV.

The angular distribution of the scattered Ps was mea-
sured by keeping the total scattering angle y 8;+8„
the sum of the incident and reflected angles, constant
during a measurement and changing 8; (and thereby 8„)
by rotating the sample. Data were taken at angles
@=100', 120', and 130'. The estimated error in the
setting of y is + 4 . The Ps energy was held constant
while 8; was varied around the specular condition
8; 8, =y/2. The results are shown in Fig. 2. The data
have been normalized and a background obtained for
negative 8; has been subtracted. The narrow peak near
the specular angle and the absence of scattering away
from the specular condition is our primary evidence for
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FIG. 2. ReAection probability of Ps at constant incident en-

ergy and total scattering angle y 8;+8, vs the incident angle
8;.

elastic Ps reflection from the LiF crystal. The fact that
we do not encounter a large isotropic background means
that the probability of Ps scattering inelastically into the
detector solid angle is insignificant. The observed 5' full
width at half maximum of the peaks is in agreement with
an estimate of the width due to geometrical effects alone.
A second data set shown in Fig. 3 is the reflection proba-
bility versus Ps energy taken while holding the angles
constant near the specular condition. The maximum Ps
reflection coefficient R is 30% and 21% at @=100' and
120, respectively. At energies higher than 7 eV the
reflected fraction decreases to about 0.5% at 60 eV, the
highest energy examined.

Tests were made to determine whether the observed
specular reflection depended on the surface condition of
the sample. The sample was exposed to air and put back
into the vacuum without heating either the chamber or
the sample. At room temperature there was some evi-
dence for reflection, but the intensity was so low that we
could not establish whether it was specular or not. Upon
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FIG. 3. Ps reflection probability vs the incident Ps energy.
The solid line is calculated with use of Eq. (3) with Vtt =4 eV
and A. taken from the fitted line in Fig. 4. The dashed line is

calculated with V0=4 eV and k

our increasing the sample temperature, the reflected in-

tensity increased monotonically to a value of 30% at
300'C for @=100'. We interpret this to mean that sur-
face contaminants that destroyed the specular reflection

by contributing to diffuse scattering were removed by
heating the LiF. Indeed, the long lifetime of Ps in

powdered insulators ' implies that the reflection proba-
bility at low energies (a few eV) should be near unity. It
may well be that the Ps reflectivity of a LiF sample
cleaved under ultrahigh-vacuum conditions would show a
much higher reflectivity as was observed in a positron
reflectivity measurement. " In another test, we observed
no specular reflection from an untreated polycrystalline
Cu sample at 160 'C. Finally, positrons implanted
directly into the LiF sample caused the emission of a
broad distribution of Ps unlike the narrow specular peaks
shown in Fig. 2.

A theoretical interpretation of the Ps reflection proba-
bility and its energy dependence shown in Fig. 3 would

be helpful as a basis for future work. Unfortunately, we
know of no calculations that would be applicable to Ps
reflection from LiF. We therefore consider the simplest
possible model, Ps reflection from a potential step of
height V. The real part of V is the inner potential which
we estimate to be V0=4 eV taking into account the 3-eV
binding energy of Ps inside the LiF. ' The reflection
probability is

2
k; —ko

ki+ko

where k; and ko are the perpendicular components of the
Ps wave vectors inside and outside the crystal, and where
we include a factor Ro to account for the reflection prob-

E,= E - E,„(eV)

FIG. 4. Ps mean free path estimated from Fig. 3. The
straight line is a least-squares fit of A. =Xo+aEp, to the data in

the interval 16.5 eV &Ep, & 56.7 eV. The fitted parameters
are Xo (0.57+'0.06) A and a (0.0044~0.0017) A eV
with a g per degree of freedom g /v 15.26/26.

Vi - —[trt tr +(E —Vo)2mp, l' htr/mp, , (2)

where mp, = 2m, is the Ps effective mass, and E =Ep,
xcos 8;. We can solve Eq. (I) for the value of Ir that
gives as a certain reflectivity R at a given energy E:

IE(p —2)+Vo+p(E p —2EVo)' ], (3)

where p=(Ro+R)/(Ro R). Using the d—ata of Fig. 3
and a constant V0=4 eU as given quantities, we calcu-
late x and the corresponding mean free path, A, =(2'
xcos8;) . The result plotted in Fig. 4 is consistent
with a nearly constant A. =0.75 4 for Ep, )20 eV, in

agreement with our expectation that the Ps is readily
ionized during its collision with the surface. The solid
line in Fig. 4 is a two parameter 6t to the data that sug-
gests X, is slowly increasing with energy. The solid line in

Fig. 3 is the corresponding reflectivity calculated with

ability being less than unity at low energies. If we in-
clude only the real part of V, we do not predict the ob-
served energy dependence of the reflection probability:
R equals Ro for Ps energies less than Vo/cos 8;, but it
falls off sharply for higher energies, and finally ap-
proaches a l/Ep, dependence. There is evidently much
more scattering than can be accounted for by the real
part of the inner potential alone. We can obtain a better
fit to the data by adding an energy-dependent imaginary
part, V;, to the potential. The wave vector inside the
crystal acquires an imaginary part tc which is related to
V; by the equation
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use of Eq. (3); the dashed line was calculated with X =~
and Vo=4 eV. The absence of sharp Bragg peaks in

Fig. 3 also seems to indicate that the Ps is only interact-
ing with the outer layer of the surface. A very broad
Bragg contribution at low Ep, cannot be ruled out, how-
ever. Such a component could be responsible for the
change in slope in the reflectivity versus Ep, (Fig. 3) at
about 15 eV, and would cause the unphysically small k
below 15 eV in our analysis. The reasonably high-elastic
Ps reflection probability observed even at high energies,
in spite of the presence of the large absorptive potential,
is in retrospect not surprising in view of the requirements
of unitarity. '

In conclusion, we have observed the specular reflection
of Ps, and established that there is enough intensity at
high energies to make further study worthwhile. Al-

though the scattering appears to be restricted to the
outermost surface, one should be able to see diffracted
beams at higher orders as a result of the periodicity of
the surface. A program is presently underway to im-

prove the Ps beam intensity and the detector geometry in

order to observe nonspecular diffraction. The effect of
adsorbates on the attenuation of the specular beam
should be systematically studied. '~ It will be interesting
to see if metals also have a large reflection coefficient for
Ps, since, unlike LiF, a metal has no Ps bound state in

the bulk.
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