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Abstract. The total backscattering coefficient 57, has been measured for 1 keV positrons incident
normally on a number of elemental targets with atomic numbers Z in the range 6-82. The
measurements require the minimization of surface contamination on the samples and as a result
data analysis has to allow for the formation of positronium at the sample surface. Pronounced
steucture in 4 (Z) is observed, and it is suggested that this may be correlated with the effective
atomic electron density.

1. Introduction

The first measurements of the total backscattering coefficients n, of monoenergetic
positrons, performed by Baker and Coleman in 1988 [1], have been followed by several
stadies of the backscattering of positrons from elemental solid surfaces [2-6]. In addition to
their fundamental interest, a primary motivation for such stodies has been the need to provide
a stringent test for Monte Carlo simulations, which are used to predict positron implantation
profiles and penetration depths necessary for the reliable analysis and interpretation of depth
profiling data acquired by positron implantation spectroscopy. At present, good agreement
has been observed between experiment and simulation for incident energies in the range
5-35 keV for total backscattering fractions and differential energy and angular spectra. In
particular it has been shown that there is a smooth, monotonically increasing dependence
of n. on atomic number Z of the form Z!/2 at these incident energies.

Until now, the only low-incident-energy (i.e. ~1 keV) measurements of positron
backscattering have been performed under conditions where the possibility existed of
their corruption by the presence of surface contamination [3,5]. Low-incident-energy
measurements are further complicated by the emission of positrons with work function
or eptthermal energies and those that leave the sample bound to an electron as positronium
{(Ps); any attempt to perform measurements of low-incident-energy backscattering has first
to address these significant problems.

The study reported here has been performed on clean surfaces, and discriminates between
positrons that are backscattered and those that are either thermalized and are re-emitted into
the vacuum by the surface work function, or leave the surface at epithermal energies. The
data analysis employed allows for the loss of positrons from the surface via the formation
of Ps.
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The results have been underpinned by the measurement of the spectrum of the effective
perpendicular energies (sz/’2m, where P, is the component of momentum perpendicular
to the exit surface) of positrons backscattered from a polycrystalline Cu surface and its
comparison with the Monte Carlo simulations of Jensen and Walker [7] and Ghosh and
Aers [8],

2. Experimental set-up

The measurements were performed on the UEA magnetic transport beam, which is described
elsewhere [9]. The experimental arrangement was described in detail by Coleman et al
[5); a 72% HPGe detector was used to measure the annihilation gamma count rate from
a sample, viewed through a I ¢m wide lead slit so that only annihilation events in the
sample were detected. The signal:background ratio was maximized by using only the
0.511 MeV photopeak in the gamma energy spectrum. The sample chamber was evacuated
to ~ 107'0 Torr. The samples were tilted by 3° towards the detector to avoid significant
gamma-ray attenuation in the sample and holder; this was not expected to affect the
measurements as it has been shown that 5, is essentially independent of incident angle
below about 30° [5].

The shape and position of the incident beam was monitored before each measurement by
raising the sample and observing the beam profile with a CEMA/phosphor screen assembly
at the end of the beam line. The beam was ~4 mm in diameter, compared to typical sample
sizes of 25 mm square. The position of the sample holder was adjusted so that the beam
would hit each sample centrally by viewing the shadow of the corner of the sample holder
in the image of the beam.

The positrons initially passed through parallel & x B plates and were deflected by at
least one beam diameter. This ensured that backscattered positrons were deflected again
and were not able to return to the sample.

The sample holder allowed in sit heating to 700 °C and electrical isolation of the
samples. The high-purity polycrystalline samples were fixed to the holder one at a time
with a 25 x 25 x 1 mm?> piece of Be suspended below in good electrical but poor thermal
contact.

Prior to installation some of the samples were chemically etched to remove native
oxide layers according to the recipes of Glang and Gregor [10]. To achieve atomically
clean surfaces, in situ cleaning in the form of 1.2 keV Art ion sputtering and/or heating in
an atmosphere of Oy, or heating alone, was performed. Auger electron spectroscopy was
used to monitor the surface condition. The contaminants, principally carbon and persistent
oxide, were removed successfully, with the exception of traces of oxide remaining on the
Al, Ge, Sn and Sm surfaces.

The effects of the contamination cannot be quantitatively determined, although it can
be assumed that the low atomic number of oxygen, compared to that of the contaminated
samples, would lower the measured n. if present in sufficient quantities. However, the
simulations of Jensen and Walker [7] give mean implantation depths of a few tens of
nanometres for 1 keV positrons, which would imply that the mean penetration depths of
backscattered positrons are typically ~10 nm [6]. It can be assumed that the fractions
affected by trace residual contamination at depths well below 1 nm are negligible and that
the measured backscattering cocfficients are a reasonably faithful representation of the true
values.
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3. Experimental method

In the ideal case where there is no work function or epithermal positron re-emission,
or Ps formation, the gamma count rate N is simply proportional to the total number of
positrons not backscattered from the sample. Then n. = 1 — N /Ny, where Ny is the count
rate associated with the incident positron beam measured under the same experimental
conditions. Np is found by replacing the sample with the beryllium square and assuming
n+(Be) = 3.75% [7]. However, while this ideal case is approximated by reality for high-
energy (= 7 keV) incident positrons, it does not describe adequately the conditions prevailing
in the present experiment. We shall now consider the problems associated with low-energy
backscattering measurements.

3.1. Low-energy positron and Ps emission

Coleman et al [5] found evidence that surface contamination has a significant effect on
the positron backscattering probability at low incident energies; it is therefore necessary to
ensure that the sample surface is as clean as possible and that the experiment is performed
in ultrahigh-vacuum (UHV} conditions. The combination of a clean surface and incident
positron energy of 1 keV can, however, result in the emission of significant amounts of
work function and epithermal positrons and of Ps. It is possible to retum the re-emitted
positrons to the sample by the application of a suitable negative potential-—however, the
neutral Ps can still escape. The relatively long-lived ortho-Ps (o-Ps) atoms can travel
well beyond the volume viewed by the detector before (three-photon) annihilation occurs,
and even then the gamma-ray energy is unlikely to lie within the 511 keV photopeak.
Significant Ps formation, if not properly accounted for, leads to a reduction in the signal
count rate and consequently an overestimation of .. Ps may be formed by the initial
interaction of the primary beam and by re-emitted (or backscattered) positrons returned
by the sample potential. It is possible in principle to measure separately the fraction of
Ps formed at a sample surface by preventing the escape of afl positrons, including those
that are backscattered, by the application of the accelerating potential not as +1 kV to the
primary source of the positron beam, but as —1 kV to the sample. Having determined the
loss in gamma count rate due to Ps formation, a comrection can be made to the original
measurement and a value for i, obtained.

3.2. The separation of backscattered and epithermally emitted positrons

It is necessary to distinguish backscattered positrons from those that are re-emitted with
work function or epithermal energies. In previous studies an arbitrarily chosen upper limit
on the energy of the latter positrons in the region 20-50 eV has been found to be adequate.
However, at an incident energy of 1 keV a more accurate method for discriminating between
the two classes of positrons is required, as a significant number of positrons may be
backscattered with energies of only a few tens of electronvolts.

Figure 1 shows plots of the annihilation gamma count rate from a clean polycrystalline
Cu sample and the Be sample, bombarded by 1 keV positrons, measured as an applied
sample potential was ramped from +10 V to —40 V. The count rate from the Cu sample
exhibits a sharp increase as the potential is ramped through zero, corresponding to emission
consistent with a previously measured small negative positron work function [11]. A smaller
increase is observed for the Be sample, resulting from the emission of epithermal positrons
only. An enlarged view of the Cu data reveals that the probability of epithermal positron
emission, as for the Be in figure 1 (indicated by an arrow), appears to become insignificant
at ~15 eV. It was decided therefore that in this study backscattered positrons would be
defined as those that are emitted from all samples with perpendicular energies >15 eV,
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Figure 1. Integral perpendicular energy spectra of [Figure 2. Ps formation fraction against incident

positrons re-emitted from Be {triangles) and Cu (circles)
bombarded with ! keV notmally incident positrons.
(See the text for definition of perpendicular encrgy.)

positron energy for Cu (circles) and Be (triangles).

4. Calculation of the backscattering coefficient 7,

With —15 V applied to the sample and 985 V applied to the moderator (the primary slow
positron source) the measured count rates from the sample under study and from the Be
sample, Nsum and Np. respectively, are:

Neam = (No — N ) (1 = Feam) (1)

and
Nge = 0.9625No(1 — Fge) (2)

where Np is the incident positron count rate, F is the fraction of the non-backscattered
incident flux that forms o-Ps at the surface and leaves the viewed volume and Ny is the
number of positrons backscattered from the sample (for Be, Ny, = 0.0375N} at all energies).
F includes re-emitted (work function or epithermal) positrons that are returned—possible
more than once—to the sample by the applied negative bias and consequently form o-Ps;
it is implied here that all returned slow positrons eventually either leave as o-Ps or are
annihilated at the surface, The short-lived p-Ps atoms decay within the viewed volume and
are therefore treated as surface annihilations for the purposes of this analysis.

With —1000 V applied to the sample and 0 V applied to the moderator, the measured
count rates ate

Nigm = (Ng ~ Nig) (1 = Faam) + Ny (1 = Biam) 3)
and

Nge = 0.9625N)(1 — Fae) + Vg (1 — Bee) (4)
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where £ refers to the fraction of backscattered positrons that eventually form o-Ps. The
prime indicates that the counts are measured with 0 V applied to the moderator; N} # Np
because in the two cases beams of very different energies are being transported along the
beam axis towards the sample.

The fractions F and 8 may be determined by the relatively simple method used by
Mills [12] and others to measure the Ps fraction Fp;, based on a comparison of the area of
the total annihilation gamma spectrum with the area of the photopeak only, with —15 V
on the sample. The measurement is made absolute by determining the ratio of areas under
conditions for which Fp; = 0 (30 keV positrons incident on Be) and 100% (50 eV positrons
on a negatively biased sample at high temperature)., Fon (= Foops) = 0.75Fp; at 1 keV;
Beam == 0.75 Fp; at low incident energies; this is because the majority of the backscattered
positrons are returned to the sample with perpendicular energies in the range of a few tens
to a few hundred electronvolts.

Figure 2 shows the measured Fp, versus incident energy for the polycrystalline Be
and Cu samples. The uncertainty in Fp; is typically 2.5%, which includes the uncertainty
inherent in the calibration procedure. For Be it is assumed that the observed Ps formation
is associated only with epithermal positrons because thermalized positrons could not pass
through the sputtered Be surface region. The results suggest that epithermal emission in
this case becomes negligible above an incident energy of 1 keV. Ps formation by non-
thermalized positrons has been reporied previously by Howell et af {13]. From the data of
figure 2 Fp, = 3.3% and 8g. = 20%, the latter being the low-energy asymptotic value of
Fps.

Only Biam is required for samples other than Be, as will be shown below. Fp, for
clean polycrystalline Cu is constant at 44% (i.e. fc, = 33%) within uncertainties for the
incident energies shown. This value is in reasonmable agreement with eartier measurements
on single-crystal Cu (see, e.g., [14]). In contrast to the Be sample, the Cu was not ion
sputtered but was cleaned by heating at 600 °C for 2700 s in an atmosphere of 10~ Torr
Q. Thermalized positrons can diffuse to the surface and form Ps there, so that a constant F
over the range of incident energies shown is not surprising. For samples that, like Cu, were
cleaned by heating processes, Fp; is approximately constant between 100 eV and 1 keV, so
that By = 0.75 Fp;—whereas for samples that were ion sputtered an energy dependence of
Fp, similar to that for Be led to the adoption values of B, between 10 and 30%.

With knowledge of Bsam, PSpe and Fp. one can evaluate the backscattering coefficient
from equations (1)-(4) as follows. Equations (2) and (4) yield Np, = 0.934Np and
Ni, = 0.964N{, so that one may define ¢ as

a = No/Nj = 1.032(Npe/Np,). (5
Equation (3} may then be rewritten, using equations (1) and (5),

Nok = [N — Neam] /(1 = Biam) (6)
and, using Np = Np./0.934, one arrives at

4 = N/ No = 0.934{e Ny, — Neam) / Nae(1 = Bram).- 7
The statistical uncertainty on the measured value of each backscattering coefficient is

calculated to be typically 3%. Additional uncertainties result, in the main, from the
measurements of §.
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Figure 3. Total backscattered coefficient against target
atomic number for 1 keV normally incident positrons:
solid circles, present results; open squares, Monte Carlo
results of Jensen and Walker [7]; open triangles, Monte
Carlo results of Ghosh and Aers [8].
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Figure 4. Total backscattered coefficient against target
atomic number for ! keV normally incident positrons:
solid circles, present results; solid line, effective target
electron density (normalized, but not fitted to the data;
see the text for definition).

Table 1. Total backscattering coefficients for 1 keV incident positrons (uncertainties in
parentheses),

z 6 13 29 30 32 42

Ny (%) 7.313) 11.4(1.8)  11.5(1.2) 9.%D.5) 9.9(2.0) 16.8(2.0)

z 47 50 62 74 79 82

Ny (%) 10.4(0.8) 11.2¢1.5)  1L9(1.7) 20527y 153200 7.00.1

5. Results

Figure 3 shows the results for n, versus atomic number Z for 1 keV normally incident
positrons together with the Monte Carlo simulation results of Jensen and Walker {7] and
Ghosh and Aers [8]; the experimental data are listed in table 1.

Figure 4 shows the same experimental results plotted together with the normalized
effective target electron density, where only electrons with binding energies < (1000/¢) eV
are considered; this will be discussed later.

6. Discussion

The backscattering coefficient n, for 1 keV positrons clearly does not display the
monotonically increasing dependence on Z observed in previous studies performed with
higher-incident-energy particles, but instead exhibits a definite structure. The most striking
individual result is that for Pb, which has a backscattering coefficient of 7%, less than half
that obtained for Mo and smaller than that for Al

Sternglass carried out a study of low-energy electron backscattering that suggested
structure in the dependence of the total backscattering coefficient for electrons at low incident
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energies [15]. Although the experiment was conducted in a vacuum of ~ 1077 Torr and
hence used contaminated surfaces, Sternglass was prompted to attribute the low-energy
structure to the increasing importance played by inelastic scattering from target electrons
in the backscattering process. He used the theory of imelastic collisions formulated by
Bohr and Bethe [16] to show that only those target electrons that have velocities less than
that of the incoming particle participate significantly in the scaitering process, and that the
maximum effectiveness of the scattering is reached when the target electrons have energies
1/e that of the incoming particle. This criterion was used to obtain the plot of effective
target electron density shown in figure 4. The structure of 774 versus Z and effective target
electron density appear to be correlated, confirming the important role that positron—electron
scattering plays not only in the slowing down of the positron but also in the backscattering
process at an incident energy of 1 keV. The importance of this effect may well be different
for incident positrons and electrons.

The most encouraging aspect of the present data is the successful comparisons that can
be made with the Monte Carlo simulations of Jensen and Walker and Ghosh and Aers. The
only serious discrepancy between the experimental data and the results of Jensen and Walker
is for copper. Disagreement for Ag and W is found between the current data and the resalts
of Ghosh and Aers. It is noted, however, that the two simulations disagree markedly for
both Cu and Ag. Reasonable agreement is found with either one or both of the simulations
for Al, Cu, Mo, Ag and Au.

7. Conclusions

Measurements of total backscattering coefficients n+ versus Z for 1 keV normally incident
positrons have been presented. The measurements were performed on clean samples under
UKV conditions with Ps formation being fully accounted for. The Z dependence of n. is
shown not to follow the smooth monotonic increase shown by other studies using positrons
of higher incident energy, but exhibits a definite structure, which appears to be correlated
with the effective target electron density. The results show reasonable agreement with the
Monte Carlo simulation codes of Jensen and Walker and Ghosh and Aers.
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