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Production of energetic positronium at metal surfaces
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The production of positronium with kinetic energy greater than the positronium negative work
function is clearly shown by time-of-flight spectroscopy of annihilating triplet positronium produced

by the bombardment of low-energy positrons on metals. This higher-energy positronium channel is
believed to be a consequence of positrons inelastically backscattered through the metal surface. At
positron bombarding energies less than 100 eV, the positronium produced from backscattered posi-
trons can be more intense than that produced by the djffusion of thermalized positrons to the sur-

face.

INTRODUCTION EXPERIMENT

There are two previously identified mechanisms for
producing positronium at metal surfaces: positronium
emission as a consequence of a negative positronium work
function, yielding a kinetic-energy distribution of posi-
tronium up to the work-function energy; and thermal
desorption of positronium from positrons bound at the
metal surface leading to a temperature dependence in the
yield and positronium kinetic energies typical of a thermal
process. i Both the work-function emission (work-
function positronium) and the thermal desorption of posi-
tronium are sensitive to the diffusion of thermalized or
nearly thermalized positrons to the surface as well as the
condition of the surface itself. The change in the proba-
bility that implanted positrons will diffuse back to the
surface has been used by several investigators to study the
depth-dependent phase and defect properties of metallic
samples. Such experiments have used the fraction of
positrons annihilating as positronium as a scale of the
number of positrons diffusing to the sample surface. Al-
though low-energy incident positrons are sometimes used,
the possibility of a large positronium signal as a conse-
quence of backseat tered positrons has been ignored.

We are reporting measurements of positronium at metal
surfaces with kinetic energies significantly greater than
those available from the negative work-function energy
for positronium. We beheve this positronium is formai
when positrons that backscatter from the sample pick up
an electron as they pass through the surface (backscatter
positronium}. In this paper we will refer to the two types
of positronium by the method of emission of the positron,
i.e., work-function or backscatter positronium.

It is expected that some fraction of positrons at low en-
ergies will emerge from metals without thermalization,
since this effect has been both observed experimentally
and predicted in calculations. ' These observations con-
firm the early suggestion of Brandt that positronium
formed with very-low-energy beams resulted from back-
scattered positrons. They are the first direct observations
that a large fraction of these positrons capture an electron
and efficiently form high-energy positronium.

Positronium time-of-flight data were taken using the
intense, pulsed, variable monoenergetic positron beam
from the Lawrence Livermore National Laboratory 100-
MeV Electron Linac. The positron beam was transport-
ed at 1440 pulses per second with a 15-ns duration and a
kinetic energy of 500 eV. The positron energy at the sam-
ple could be varied between 0—3000 eV by adjusting the
bias on the sample. The maximum number of positrons
per pulse (7X10 ) was chosen to avoid distortion of the
spectra due to multiple counts in the detectors during a
single pulse. The positronium time of flight was deter-
mined by measuring the time difference between the posi-
tron beam arrival and y rays from the decay of free,
long-lived, triplet positronium. The time-of-flight detec-
tor was collimated by a 0.7-cm-wide slit to view a planar
volume 10.5 cm from the sample surface, as shown in Fig.
1. Also, as shown in Fig. 1, detectable positronium leav-
ing the sample surface was constrained by a circular colli-
mator to a maximum angle of 30' from the normal of the
sample surface. Total positron decay rates and the frac-
tion of triplet positronium were monitored in lifetime
measurements made with a separate plastic scintillation
detector placed to have an unobstructed view of the sam-
ple and surrounding volume.

Experiments were performed in an ultrahigh-vacuum
chamber having 1X10 ' Torr base pressure. Single-
crystal metal samples of Al(111), Cu(100), Ni(100), and
Au(100), with the surface cut along the indicated low-
index plane, were obtaintxi from commercially available
sources. Each sample was argon-ion sputtered at 3 keV,
in situ, at an oblique angle of incidence, and annealed in
repeated cycles until surface contamination, oh erved by
Auger analysis, was minimized (usually less than 10
at. %}. Since the typical time for a measurement was
10—20 min, contamination build-up during the runs was
not a problem. Near-surface defects were introduced into
the samples for some of the measurements by raising the
argon-ion energy to 5 keV and measuring without anneal-
ing. Positronium time-of-flight and lifetime spectra were
obtained for incident positron energies from 50 eV to 3
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FIG. 1. A schematic representation of the time-af-flight
detection system used at the Lawrence Livermore National Lab-
oratory 100-MeV Electron Linac to measure the time-of-fhght
distribution of triplet positronium. The pulsed positronium
beam enters the target chamber from the right with an energy of
500 eV. The energy of the positrans at the sample is then varied

by changing the voltage af the sample relative to ground. Emit-
ted positronium is constrained to a cone with an opening angle
of 60' and is shown traveling to the right. Only the fraction of
positronium that annihilates in the collimated view of the
shielded detectar is detected, but there is a significant back-
ground from y rays from other sources scattering into the detec-
tor.

keV; the running time and total linac electron beam
charge were also recorded for each run. A typical raw
data spectrum contains between 300 and 1000 counts in a
1-ns bin at the peak of the positronium distribution.

Time-of-fiight data for Cu bombarded with 2-keV posi-
trons are shown in Fig. 2. Figure 2(a) is the time distribu-
tion of detected y rays for the as-collected spectrum, and
Fig. 2(b) is the same data corrected for the decay in flight
of the positronium and the detector efficiency. Thus, the
corrected spectrum maps the velocity distribution of posi-
tronium as it leaves the sample to the distribution of posi-
tronium flight times. The narrow peak at the left of this
spectrum arises from the detection of scattered y rays
produced from the prompt annihilation of positrons and
singlet positronium at or near the surface of the sample.
The shape of this prompt peak is indicative of' the overall
timing resolution of the production, transport, and timing
circuitry, and its location zero time. The detection of an-
nihilation gamma rays arising from the decay of the
long-lived triplet positronium in the field of view of the
detector is seen in the spectrum at later times along with a
background resulting from scattered y rays from triplet
positronium annihilating outside the detector field of
v1ew.

The spectrum in Fig. 2(b) has been transformed from a
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time distribution of detected y rays into a time-of-flight
distribution of positronium by applying the following
corrections. A time-independent, random background,
determined from the count rate taken at long times, was
subtracted, and then the data for both the scattered and
directly detected y rays (excluding the prompt peak) were
corrected for the decay of positronium by multiplying
each channel by exp[i/(142 ns)], where t is the time from
the prompt-peak zero. This results in a positronium
time-of-flight distribution and a uniform flat background
from scattered triplet-state y rays. After subtracting the
flat background from the positronium time-of-flight dis-
tribution, an additional correction proportional to 1/t is
required to compensate for the velocity dependence in the
time a positronium spends in front of the active region of
the detector.

FIG. 2. (a) A spectrum of the time distribution of detected y
rays for 2-keV positrons incident on a Au(100) target. The
prompt y rays fram annihilation of singlet positronium, and
positrons in or at the surface of the sample is seen at the left.
The width of this peak is indicative of the overall instrumental
resolution and its position serves as a fiducial time mark for ar-
rival of the pulsed positron beam. (b) The same spectrum, back-
ground subtracted and corrected for the decay of triplet posi-
tronium in flight and residence time in frant of the time-of-
flight detector. The background from scattered y rays from
triplet positronium decay has been subtracted from the time-of-

flight distribution, (inset) A lifetime spectrum taken simultane-
ously with the time-of-flight spectrum. The short component is
prompt and singlet decay of positrons and positronium; the long
component is triplet positronium decay. Total positron annihi-
lation rates and positronium fractions were derived from this
data to monitor the course of the experiment and to normalize
the final results.
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The inset in Fig. 2(a) shows a lifetime spectrum typical
of those collected simultaneously with each time-of-flight
spectrum. The spectrum contains two components; a
short-lived one from the decay of a mixture of singlet po-
sitronium and positrons remaimng at or in the sample,
and a long-lived component from the decay of triplet po-
sitronium. These data were reduced to the relative inten-

sities of the short- and long-lived components. Since the
long lifetime is uniquely associated with triplet positroni-

um, the fraction of positromum annihilations and the to-
tal number of detected positron annihilations in any state
can be calculated from the long and short intensities and

the detection efficiency of the short component relative to
the long one. The relative efficiency was determined by
noting that for samples where all positions annihilate at
the sample producing different amount of positronium the
distribution of the counting rate of short-lived events with

respect to the counting rate of long-lived events falls on a
straight line with a slope determined by the relative detec-
tion efficiency. This method was used to determine the
value of the efficiency used in the positronium fraction
and total annihilation calculations.
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At higher incident positron energies the dominant
method for the production of positronium at metal sur-

faces is due to the expulsion of electron-positron pairs by
the negative work function for the bound positron system.
This occurs when a thermalized positron and an electron
from the Fermi distribution bind together, resulting in
sufficient excess energy so that the positronium system
can escape the material. The work-function mechanism
for producing positronium results in a distribution of po-
sitronium energies that is clearly identified in positronium
velocity spectroscopy, as seen in Fig. 3. Work-function
values have been determined from high-positron-energy
data and are in good agreement with those calculated
from the electron and positron work functions and the po-
sitronium binding energy. Details of these comparisons of
the technique for determining the work functions and the
shape of the work-function spectra are found in Ref. 8.

The main features in the positronium time-of-flight dis-
tributions in Figs. 2 and 3 are a peak from fast annihila-
tions at the sample and a flat background from delayed
positronium annihilations, both from scattered y rays,
and the work-function peak. The edge of the peak at
short time corresponds to the most energetic positronium,
i.e., that with the full energy available from the negative
work function. The distribution of positronium to longer
flight times corresponds to lower-energy positronium re-
sulting from positronium formation with more tightly-
bound electrons. It has been suggested that the shape of
the positronium peak can be related to the electron density
of states this proposal will be discussed with regard to
these data in a future publication. In a few cases, a
second, small prompt peak, due to a satellite electron
pulse from the electron linac, was seen. The satellite
prompt peak has been subtracted from those spectra
where it overlaps the positronium data.

Backscattering that produces positronium is a pro-

FIG. 3. Time-of-flight spectra taken on a clean well annealed

Cu sample for initial positron energies of 2000, 150, and 50 eV.
Positronium formed by thermal positrons and conduction elec-

trons expelled by the negative positronium work function is the
main feature in the 2-keV spectrum, however, some positronium
from backscattered positrons is evident in the shaded region. At
lower initial positron energies, the contribution to positronium
formation from backscattered positrons becomes large. The
second, small prompt peak in the 2000-eV spectrum is due to a
satellite electron pulse in the electron linac beam during one ex-

periment. The satelHte prompt peak has been subtracted from
those lower energy spectra where it overlaps the positronium
data.

nounced additional feature when the energy of the posi-
tron beam is low enough that many positrons scatter
through the surface without thermalization. The effect is
very large at low energies, as is seen in Fig. 3. At 50 eV,
the positron energy is low enough that the positron mean
free path, 5 A, is similar to its penetration depth, 5 A,
and some positrons may scatter back in a single interac-
tion. The striking feature of the low-energy spectra is not
that there is a significant positron backscatter but that the
backscatter produces positronium with higher efficiencies
than the work function. For those spectra where the posi-
trons are deeply implanted, the backscatter channel for
the production of positronium is minor, but detectable. It
is seen as a high-energy tail (short time) on the work-
function positronium spectrum.

To demonstrate that the mechanism that results in the
formation of positronium with kinetic energies greater
than the work function is not diffusion limited, it is possi-
ble to disrupt the migration of thermal positrons to the
surface and thus reduce the intensity of the work-function
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positronium channel. This effect is seen in Fig. 4 where
ion bombardment of the sample by 5-keV Ar ions has in-
troducixi bulk trapping sites for diffusing positrons that
attenuate the diffusion of thermal positrons to the surface
and reduce the strength of the work-function positronium
without changing the shape of the distribution.

Sputter damage of the surface reduces the strength of
the positronium produced by the work-function mecha-
nisrn, but neither the energy distribution nor the intensity
of the positronium produced from backscattered positrons
is significantly affected by the disruption of the surface by
sputtering, as seen by comparison of the spectra in Figs. 3
and 4. Positron trapping sites change the work-function
intensity by trapping positrons prior to reaching the sur-
face resulting in a diminished yield of work-function posi-
tronium and a greater yield of prompt annihilations from
the bulk of the sample. We have already seen that work-
function positronium production is inhibited in sputtered
samples at high positron energies. Sputtering the material
disrupts the formation of work-function positronium at
low incident positron energies as well. It is easy to distin-
guish between positronium formed from thermalized posi-
trons, that are limited by positron diffusion, and posi-
tronium formed from backscattered positrons that are not
limited by diffusion and form higher kinetic energy posi-
tronium. The yield and spectral shape of the backscat-
tered limited positronium was observed to be independent
of whether the sample was sputter damaged or annealed
for all incident positron energies.

Since the sputter damage reduces the intensity of the
work-function positronium without affecting the back-
scatter positronium, it is convenient to compare the posi-
tronium energy distributions of the sputtered samples.
Although a contribution due to work-function positroni-
um is still evident in these spectra, the strength is low
enough to allow the shape of the underlying backscattered
produced positronium to be seen. The comparison of
such spectra for several positron incident energies betwo:n
2000 and 50 eV is shown in Fig. 4.

The total backscattering probability depends on the ele-
mental composition of the sample and the initial positron
energy through the same scattering mechanism that deter-
mines the positron stopping profile. This results in higher
probabilities for backscattering in elements with higher
atomic number and weak dependence of the backscatter-
ing coefficient on the incident positron energy. Calcula-
tions of stopping profiles and backscatter energy spectra
for positrons have been performed for positron energies
above 2 keV (Ref. 5) for elements with low and high
atomic numbers. While the inclusion of strong back-
scattering in the description of the slowing down process
was a major improvement in these calculations, results for
backscattering at positron energies below 2 keV were not
reported. The energy spectrum of backscattered particles
was calculated for positrons and for electrons, ' and
while there was some backscatter strength in a smooth
distribution at low positron energies, the most probable
energy in the backscatter spectrum was always seen to be
near the incident particle energy. The energy distribution
of backscattered electrons or positrons can be qualitatively
understood by considering that the mean free path for
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FIG. 4. Positronium time-of-flight spectra taken on sputter
damaged Cu for energies between 2000 and 50 eV. Comparison
of the spectra taken at 2000, 150, and 50 eV with those in Fig. 3,
shows that the work-function positronium production is inhibit-
ed by sputtering. The backscatter positronium is insensitive to
the sputter damage allowing the shape of the distribution of
backscatter-formed positronium to be more easily seen.

scattering in a solid is shortest near 60 eV and is much
longer at higher and lower energies. Thus, positrons at
low or high energies can return to the surface after having
undergone only a few scattering events. However, if the
positron loses enough energy that the mean free path be-
comes significantly shorter, particles that reach the sur-
face will have scattered many times and be smoothly dis-
tributed in energy down to near thermal energies. Near
thermal energies, the mean free path becomes longer as
the energy of the particle is decreased so that there is a
corresponding increase in the flux at the surface at very
low energies leading to thermalized positrons at the lowest
energy.

The positronium formation from the backscattered pos-
itrons must include the energy dependence of the electron
pickup probability at high energies. There are no direct
measurements or calculations of high-energy positronium
formation cross sections for atoms at a surface. Measure-
ments have been performed in gases" and it was found
that for most materials, the positronium-formation cross
section had a maximum at positron energies near 10—30
eV, and diminished to low values above 100 eV. As an
approximation, we assume that the overlap of the forma-
tion cross section with the tail of the scattered positron
distribution from higher-energy positrons inhibits the for-
mation of positronium with energies above 100 eV, and
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results in a low-energy distribution of positronium that
falls to background levels at a few eV.

In a measurement of the positronium energy spectrusn
formed from positrons passing through a thin carbon
foil, ' it was found that the positronium energy distribu-
tion had an E dependence. VAule these data are con-
sistent with our observations, the positronium energy dis-
tribution is the combination of the effects of positron en-

ergy loss in the foil and the energy dependence of the elec-
tron pickup cross section. Since the positron transmission
spectrum was not measured in the foil experiment, we can
only note that the low-energy maximum in the positroni-
um distribution in the foil experiment suggests that the
electron pickup probability at the foil surface is similar to
ihe atomic cross sections noted above.

A thermalized positron combining with an electron at
the Fermi energy will result in positronium having the po-
sitronium work-function energy. Lower energy positroni-
um can be produced from positrons at thermal or higher
energies by the pickup of electrons bound deeper in the
Fermi sea. The combination of these effects results in po-
sitronium produced in backscattering with a distribution
extending from zero energy up to near the initial positron
energy, but damped at high energies by the effects of the
positronium formation cross section. At lower positron
bombarding energies, the effects of the energy dependence
in the production cross section are less important and po-
sitronium distributions have peaks at velocities much fas-
ter than those from work-function emission due to the
low-energy structure in the backscattered positrons. Such
a peak is missing in the smooth low-energy tail of the
backscattering from high-energy positrons.

The shape of the backscatter-formed positronium dis-
tribution for low-energy positrons on samples with dif-
ferent densities and atomic numbers is similar for all the
samples measured, as seen in Fig. 5. These spectra were
taken with 50-eV positrons on annealed samples so that
the work-function positronium has not been suppressed.
In all of the samples, the backscatter process results in a
peak at 10+2 eV positronium energy with an edge at
short times corresponding to a maximum positronium en-

ergy of more than 40 eV in all cases, suggesting that the
positrons at this low energy undergo a small number of
scattering events in reaching the surface. The variation
among samples in the sharpness of the peak is probably
due to the low initial positron energy allowing scattering
differences to be preserved, since spectra taken at higher
initial energies where the backscattered positron spectrum
is expected to be featureless have similar shapes in the
backscatter positronium.

The intensity of the positronium formed in backscatter-
ing has been determined from the time-of-Aight spectra of
Al, Cu, Ni, and Au for several energies. The backscat-
tered intensity was calculated by summing the positroni-
um from the work-function edge to a long-time cutoff at
400 ns and subtracting it from the total positronium
summed from 25 to 400 ns. The work-function positroni-
um was considered to be added to a backscatter contribu-
tion approximated by a linear extrapolation from the
value at the high-energy side of the work-function peak,
to zero at the time cutoff, as indicated by the shaded re-
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FIG. 5. Positronium time-of-flight spectra for clean, an-
nealed samples of Al, Cu, Ni, and Au taken with 50-eV posi-
trons. The general features of the spectra are similar, but there
are differences in the distribution of the backscatter-formed po-
sitronium that are due to differences in the scattering of posi-
trons from the samples.

gion in Fig. 3. The results of the positronium intensities
are shown in Fig. 6. The integrated strength of the
backscatter-formed positronium is normalized by the
number of positrons incident on the sample. The ratio of
positronium detected in the time-of-fiight measurement,
to positrons on the sample per unit charge of the linac
electron beam, was determined using the prompt counting
rate and the positronium fraction in the lifetime detector
for measurements taken with a strongly attractive bias on
the sample, i.e., & —SO V and high enough energy that
the work-function mechanism was the dominant channel
for positronium production.

The variation in the amount of backscattered positroni-
um per eV change in incident positron energy for incident
energies of 1 keV and above, is slow cosnpared to the
lower-energy data. The behavior at high incident energies
is consistent with calculated strengths for electrons back-
scattering at similar energies over a similar range of ma-
terials. In these calculations, a slowly-varying decrease
in the scattering strength of electrons that lose most of
their energy was predicted for incident energies above 500
eV.

At lower incident positron energies, the backscattering
mechanism for producing positronium is stronger than at
higher incident positron energies, and some variation with
material is seen. The relative strength of the positronium
formed from lower-energy positron beams is similar to the
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FIG. 6. Integrated strength of the backscattered positronium
distribution for all spectra taken. The lower positronium
strength at higher positron energies is due to the selection of a
fixed low-energy part of the backscatter spectrum by the posi-
tronium formation cross section. The variations among samples
are due to sample variations in backscattering probability and
are similar to backscattering data for electrons (Ref. 13) weight-
ed by 1/E as shown in the inset.

variation seen in total electron backscattering coefficients
in the same initial energy range. ' At 100-eV electron en-

ergy, Al has a greater backscatter coefficient than higher-
Z materials; while at 1 keV, the Al backscatter coefficient
is lower than those for Cu and Au. The strength of the
electron backscatter coefficients is a maximum near 1-keV
incident electron energy for all the materials in Ref. 10,
while positronium production in backscattering is highest
at lower (50 eV) incident positron energies. The source of
this difference is the selection of lower-energy positrons
from the backscatter spectrum by the energy dependence
of the positronium production cross section. Thus, most
low-energy positrons which subsequently backscatter, do
so into an energy regime which is advantageous for pro-
ducing positronium, while a proportionally smaller frac-
tion of high-energy positrons scatter into that same energy
region. The effect of selection of only positrons below
some upper limit in positroniurn production can be ap-
proximated in the data of Ref. 10 by weighting the data
by the inverse of the initial energy. These weighted data,
shown in the inset in Fig. 6, normalized to the positroni-
urn production value for Al at IOO eV, are remarkably
similar in their relative behavior to the positronium pro-
duction data.

We have measured the velocity distributions of posi-
tronium emitted from single-crystal samples of Al, Cu,
Ni, and Au after bombardment by positrons at several en-

ergies from 50 eV to 3 keV. The velocity distributions of
the positronium demonstrate the existence of positroniuin
produced through mechanisms that are controlled by the
energetics of the positron and electron work functions and
the binding energy of the positronium. In addition to the
work-function positronium, a second positronium mecha-
nism has been identified as positronium formed with posi-
trons that scatter from the sample before thermalization.
More positronium is produced from backscattered posi-
trons than from diffusion-limited work-function posi-
tronium at low incident positron energies. The energetic
positronium from the backscattered mechanism contri-
butes an erroneous signal to defect depth profiling experi-
ments which should have the effect of causing an underes-
timation of the defect concentration in the near-surface
region. Combined with suitable depth profiling calcula-
tions and some knowledge of the positron-electron pickup
cross section, suitable corrections could be made. Better
yet, such experiments could be performed with the time-
of-flight technique where the mechanisms are resolved.
More importantly, it should now be possible, with suitable
estimates of the implantation profile of the positrons, to
extract information about the positron-electron pickup
cross section from similar experiments.

The energy distribution of the backscatter positronium
can be understood by considering that the mean free path
for positrons is at a minimum in most materials at about
60 eV, allowing low-energy positrons to emerge from a
material having lost energy in a small number of scatter-
ing events. Higher-energy positrons must undergo more
interactions to scatter out so that the emerging positron
energy spectrum is more uniform at low energies and little
high-energy positronium is produced, due to the energy
dependence of the positronium production cross section.

The integrated strength of the backscatter-produced po-
sitronium was determined for all of the samples in all of
the spectra taken. The variation, due to changes in sam-
ple and positron energy in the strength of the backscatter
positronium production, is consistent with the measured
strength of backscattered electrons if the electron data are
weighted by the inverse of the electron energy to approxi-
mate the selection of low-energy positrons by the energy
dependence of the positronium production cross section.
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