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Experimental data for positron and electron backscattering from thick solids are presented as a func-

tion of incident and outgoing angles and energies, and of target atomic number. A full description of the

experimental features and limitations is presented. The data are compared with Monte Carlo calculated
backscattering distributions, and in all cases the agreement is extremely good. Specularlike scattering
for positrons incident at oblique angles is observed and explained in terms of the strength of the elastic-

scattering interaction.

I. INTRODUCTION

Doubly differential studies of the angle and energy of
backscattered electrons from solids have been of interest
for many years, largely due to the use of energetic elec-
tron probes in analytical materials science applications
such as Auger electron spectroscopy, or scanning and
transmission electron microscopy. Of more fundamental
scientific importance, the combined study of electron
(e ) and positron (e ) backscattering provides a rare
opportunity to establish detailed interaction cross sec-
tions, since it is the simplest matter-antimatter system
which can be routinely obtained and controlled in a mod-
est laboratory.

There is a reasonable amount of experimental data
available for electron backscattering, representing a large
range of incident projectile angles and energies, target
species, and experimental geometries [see, for example,
Neidrig's review and references therein]. ' There has,
however, been very little experimental work concerned
with positron backscattering at intermediate energies
(10—100 keV), before the recent Qurry of activity in this
area. ' Theoretical treatments' ' and analytical ex-
pressions' for the basic positron scattering interactions
predate experiment by many years, although results are
still far from consistent. More detailed and precise ex-
perimental information about macroscopic effects, in par-
ticular the energy and angular distribution of backscat-
tered particles, is required to establish the validity of ex-
isting theories.

In this paper, we present a compendium of our recent
experimental and theoretical investigations of electron
and positron backscattering from different thick targets
with atomic numbers in the range 4 Z ~ 82. Data mea-
sured for various experimental conditions are presented,
including studies of total backscattering probabilities,
dependence on material and incident-beam energy, and

detailed differential studies for various angles of incidence
over the range 0 ~+&80'. There is a dearth of prior
measurements for comparison with our positron back-
scattering data, although data for electrons are compared
where appropriate with other published results.
Monte Carlo computer simulations are compared with
the experimental data, and the agreement is remarkably
good. The simulations are also used to investigate the de-
tails of the backscattering process through an examina-
tion of particle histories. Some of the experimental and
theoretical results presented in this paper have been pub-
lished elsewhere in preliminary or abbreviated form. ' '

II. EXPERIMENT

A schematic of the apparatus used to measure electron
and positron backscattering yields and energy spectra is
shown in Fig. 1. The facility is described in more detail
elsewhere. ' ' Energetic positrons from an isotopic Co
or Na source were moderated in solid Ar, from which
they are emitted with —14.2+1.7-eV energy. The posi-
tron beam was formed in a modified Soa gun ' and elec-
trostatically guided through a Heddle five-element afocal
lens, a home-built electrostatic accelerator, and a final
focusing Einzel lens —with the beam spot less than 3-mm
in diameter. The electron beam was produced using a
standard electron gun in place of the positron source and
moderator. Beam intensities were kept to less than 10
Hz to facilitate single-event counting. It was found that
under normal conditions a stability of better than 0.2%
in projectile intensity could be achieved during each mea-
surement.

Samples were mounted on a multitarget holder at the
center of a small target chamber, which also housed a re-
tractable channel-electron multiplier array (CEMA) used
for beam alignment and diagnostics. A rotatable,
energy-dispersive surface-barrier detector (SBD) was used

47 11 007 1993 The American Physical Society



11 008 MASSOUMI, LENNARD, SCHULTZ, WALKER, AND JENSEN 47

U. )Y.O. ELECTROSTAT|CAI. I,Y—GUIDED (- BEAM

TARGET

/
/' i

I
I

PIPS Detector

ACCELERATOR
0 — 100 kev LENS

I I I I I I I I I I I I I I I I

IIIIIIIIIIIIIIII

L EINZEL LENS

e ore
SOURCE

COOLED SOA GUN

f W t Ontario (UWO) electrostatically guided positron beam.FIG. 1. Overview of the University o es em n a
'

f ost measurements of backscattered particles, al-or mos m
condthough when necessary it was replaced by a secon

CEMA, used for low-energy positron or electron detec-
tion. Two different surface-barrier detectors were em-
ployed, which were 100 and 150 pm partially deplete
PIPS (passivated implanted planar silicon) with active
(circular) areas of 25 and 50 mm, respectively. The
larger-area detector was used for most measurements.
The positron beam apparatus and target chamber had a
base pressure of about 5 X 10 Torr, which was found to
be necessary for the routine growth of an efficient
moderator. 19

Figure 2 illustrates the experimental geometry. The
target could be tilted by an angle cx, defined as the angle
of the surface normal (8') relative to the incident-beam
direction ( —k). The SBD was rotatable in the same
plane (defined by k and R'), where y is the angle of the
SBD relative to 8', which therefore had values in the
range —90~ y ~ 90 (irrespective of the sample tilt angle,
a). Positive angles correspond to the clockwise direction
when viewed from above (Fig. 2). Due to geometrical
constraints introduced by the SBD mounting hardware,

y was restricted to regions exceeding +30 relative to the
incident beam, k. For the sample-to-detector distance of
42 mm used, the solid angle subtended by the active area
of the larger (50 mm ) SBD was Qd =28 msr, yielding a
half angle of 5.4. Periodically, the target was retracted
and the detector moved to 8=0' (where 8 is the scatter-

e le

FIG. 2. Schematic of the experimental geometry.

ing angle) to measure the incident intensity rate Io.
The samples —all better than 99.5% and in most cases

99.99% purity —were cleaned in alcohol prior to mount-
ing on the target holder, i.e., no in situ cleaning was at-
tempted. At the energies of interest, the penetration
depth of the average electron or positron which is eventu-
ally backscattered is much greater than the expected
thickness of any native oxide layer. In addition, all sam-
ples used in the measurements can be regarded as
"thick, " since their thicknesses were much greater than
the range of the incident projectiles. The physical dimen-
sions of the samples were as large as (or exceeded)
—15)& 15 mm2.

Doubly differential backscattering data d g/d QdE
were measured for both positrons and electrons at normal
and tilted angles of incidence. Total intensities for t e
differential backscattered yields (integrated over energy),
d g( y ) /d 0, were determined by measuring the ratio
I(y )/IoQd. Due to detector noise limitations, the energy
distributions could not be measured directly below
E;„—15 keV, which was approximately twice the detec-
tor electronic noise level. In order to derive the energy-
integrated yield at a given angle, we assumed the intensi-
t varied linearly with energy from E =0 up to E;„.
This assumption is supported by the Monte Car o
y varie 1,MC)

simulations. We estimate that the total uncertainty for
each datum is —10/o for Z )20, arising mainly from the
integration procedures over the angle and energy. For
Z & 20, the uncertainties are larger due to the small yields
and also due to the fact that a larger fraction of the back-
scattered positrons with low energies fall in the electronic
noise region. Figures 3(a) and 3(b) show typical energy
spectra —on a logarithmic scale —observed at 0=0 for
35 keV e+ and e, respectively. The noise level limita-
tion is evident in both spectra near channel -25, i.e-., the
noise leads to increasing counts for channels less than ap-
proximately channel No. 25.

It was necessary to correct the absolute positron back-
scattering yields for a small contribution resulting from
fast positrons that escape directly from the source. This
background, determined for zero acceleration voltage,
was subtracted from the raw spectra prior to analysis. In
Fig. 3(a), the background due to backscattered fast posi-
trons can be seen above channel No. —150.

A second correction can arise due to backscattering
from the detecI;or itself. This effect cancels since it
occurs for both the incident and backscattered cruxes and,
to a very good approximation, both electron and positron
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FIG. 4. (a) and (b): Energy spectra of backscattered posi-
trons and electrons, compared with those for the primary
beams.

FIG. 3. (a) and (b): Logarithmic energy spectra for 35-keV
positron and electron primary beams.

backscattering coefficients are independent of energy over
the 15—35 keV energy region that lies above the detector
noise level.

Finally, a correction due to pulse pileup in the detector
must be considered in obtaining the energy-integrated
yields. Pileup was only significant when measuring the
incident Aux, i.e., Ip, and not in the backscattered spectra
because of the much lower count rates and low A. The
correction procedure was more straightforward for posi-
trons than for electrons. In Fig. 3(a), the peak labeled I2+

arises from pulse pileup, i.e., peaks appear at twice the in-
cident energy due to two pulses arriving within the reso-
lution time of the electronic system. Since its intensity
relative to I &+ was small, —10, its integrated contribu-
tion was straightforward, and Ip+ was then given by

I+ =I+ +2I2+0 1

Note that the fast e+ background is subtracted first from
the raw spectra before considering the pileup contribu-
tion.

For the electron case, there was an additional compli-
cation arising from the simultaneous acceleration of more
than a single secondary electron. Thus, there appear in
the 0 spectra peaks at multiples of the incident energy,
see Fig. 3(b). These peaks represent events where, for ex-
ample, two electrons arrive at the detector at exactly the
same time. As well, there are pileup events contained in
the peak appearing at twice the incident energy that orig-
inate for the same reason as in the positron case, i.e., two
single secondary electrons arrive within the detection sys-
tem resolving time. As far as the detector system is con-
cerned, there is no di8'erence in the resultant pulse-height
distribution if two monoenergetic particles arrive at ex-
actly the same time or at nearly the same time, where
'nearly" implies within the system resolving time. The

separate contributions to this peak at twice the incident
energy can be evaluated from the positron data, since the

total count rate was purposefully kept very nearly the
same when recording data for both positrons and elec-
trans. In the electron case Ip was given by

N

IO=I, + gkI~
k=2

(2)

where the pileup peaks are denoted by k ) 1. The back-
scattering coefficient q is then,

+( —)— I+(—)

N
kI+( —)

k=1

(3)

In the Monte Carlo (MC) simulations, the trajectories
of a large number of positrons (typically 10 ) were fol-
lowed through the target material as they interact elasti-
cally and inelastically with the atoms and electrons. The
inelastic scattering is described within the dielectric for-
malism, where the doubly difT'erential inverse-mean-free
path for a positron of momentum A'k and mass m (equal
to the free-electron mass), and hence energy
E =Pi k /(2m), to undergo a scattering event with
momentum transfer Aq and energy loss A'm is written as

d ~(co,q, E)
d cudq mEqa p

Ep
Im

e(q, co)

Xe(q —
q )e(q, q)e(E —A~) . (4)

where I„' ' is the backscattered positron (electron) in-
tensity. It should be noted that all of the terms discussed
above result in a small ((2%) correction, which appears
somewhat exaggerated in the logarithmic plot shown in
Fig. 3. The primary beams are shown again on a linear
scale in Fig. 4, illustrating the —11-keV resolution of the
surface-barrier detector. Also shown in Fig. 4 are typical
distributions for backscattered positrons and electrons, in
this case for Au with a =0 (normal incidence) and
y =30.

III. MONTE CARLO CALCULATIONS
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Here, r is the inverse-mean-free path, e(q, co) is the
dielectric function for the medium, and
q+ =&2m (&E +&E R—co)/fi are the minimum and
maximum momentum transfers allowed by energy and
momentum conservation. e is the Heaviside step func-
tion, eo the vacuum permittivity, and ap the Bohr radius.
For Im(eo/e), we have selected the model dielectric func-
tion proposed by Penn, viz. ,

0.15—

0.10—

0.05—

0.00—
0.0 0.2 0.4 0.6 0.8 1.0

Gp
Im

e(q, co)
= J dco'g(co')Im

p

Gp
(5)

eL (q, co,p(co') ) Au

Here p(co')=earn(co'/e) is the electron-gas density cor-
responding to plasma frequency ~', el is the Lindhard
dielectric function for a free-electron gas of density p, and
the weight function g (co') is given by

—0.2 —Q. 1 O. O O. i P.2

2g(co')= —,Im
KCc)

E'p

e, ,(co')

where e,~,(co)—=e(0,co) is the optical dielectric function.
The full dependence of the scattering cross sections on E,
co, and q obtained from the Penn model are included in
the simulations. The optical data e, ,(co) were taken
from Ref. 25 and we include the fu11 range of excitation
energies from -0. 1 eV to several keV; thus, the model
accounts for both valence and core electron scattering in-
cluding plasmon excitations. The elastic scattering was
included using an expansion in partial waves, described in
detail in Ref. 26. The atomic scattering potential was ob-
tained from density functional calculations within the lo-
cal spin-density approximation.

The simulations were performed for semi-infinite pla-
nar targets with atomic numbers in the range 13(Z & 79
for normally incident particles and also for Al and Au
targets for all angles of incidence. The positrons were
followed until they either returned to the surface (back-
scattered positrons) or slowed down to an energy below
50 eV (implanted positrons). The exact choice of the ter-
mination energy did not affect the result since the back-
scattered intensity with energies below 100 eV is very low
when the incident energy is Eo =35 keV.

d q/d f)

FIG. 5. Angular backscattering distributions, dq —/dQ, for
35-keV positrons and electrons normally incident on Au and Al
targets. The upper portion of the figure shows positron data
(0) only compared with MC calculations (solid curve). The
lower portion shows both positron () and electron (O) data
together with the Legendre polynomial fit (smooth curve) used
to calculate total backscattering coefficients from the data.

and electrons at normal incidence are shown in Fig. 6 as
functions of target atomic number Z. We estimate that
the total uncertainty for each datum is —10% for Z )20,
arising mainly from the integrations over angle and'ener-

gy as discussed earlier. For Z (20, the uncertainties are
larger due to (i) the smaller yields, and (ii) a larger frac-
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IV. ELECTRON AND POSITRON BACKSCATTERING 0
0.3

A. Normal Incidence

Figure 5 shows the measured differential backscatter-
ing distributions dg —/d 0 as a function of emission angle

y for 35-keV positrons and electrons at normal incidence
on Al and Au targets. The upper curve shows positron
data only (~ ) compared with MC simulations. The near-
ly linear dependence of dg /dA on cosy is evident from
the figure. In order to derive a total backscattering
coefficient, we fitted the experimental data with a sum of
Legendre polynomials and then integrated over the back-
ward hemisphere (2m sr). The lower portion of Fig. 5
shows the positron (~ ) and electron (0 ) data together
with the Legendre polynomial fits, shown as smooth solid
curves.

Total backscattering coefficients for 35-keV positrons

0.2

0. 1

0.0
0 10 20 30 40 50 60 70 80 90

Atomic Number Z

FIG. 6. Total backscattering coefficients g,—„as a function of
target atomic number Z for positrons and electrons at normal
incidence. 0 present electron data; Q', electron data from Ref.
28; ~, present 35-keV positron data; $, positron data from Ref.
29; ~, positron data from Ref. 11;*,positron data from Ref.
12;,present MC positron results (35 keV). The upper portion
shows the experimentally determined ratio g /g+ as a function
of Z.



47 ELECTRON AND POSITRON BACKSCA I 1'ERING IN THE. . .

tion of the e or e yield falling in the low-energy noise
region of the SBD, as discussed in Sec. II. The smooth
curves are fits to our data using the function
g(Z) =exp( —AZ ' ), where A =8.59 for positrons and
A =6.40 for electrons. Arnal, Verdier, and Vincensini
derived the equation g =1/(I+cosa) for the electron
backscattering coefficient from bulk specimens from an
empirical equation for the transmission coefficient of elec-
trons, where p=C/Z'~ for normal incidence (a=0).
Using C =9.4, or q =2 they obtained a good fit
to electron experimental data in the energy region from
10 to 50 keV for a large range of target atomic numbers. '

The two models are consistent with each other. Applying
the model of Arnal and co-workers we obtain a visibly
identical fit with C=9.2 for electrons, and C =12.4 for
positrons. Makinen et al. fit their 30-keV positron data
with C =11.5.'

In addition to our own experimental results, all other
related data from the literature are shown in Fig. 6. The
criterion for comparison is that the experiment employed
a beam of e+ or e at normal incidence, as opposed to a
"diffuse" or undefined geometry. Our electron data
points (0 ) are compared with the mean of data for 20-,
40-, and 60-keV electrons (C'), taken from Neubert and
Rogaschewski. Our positron data (~ ) are compared
with data taken from Arifov, Grupper, and Alimkulov
(200-keV positrons; $), Coleman et al." (35-keV posi-
trons; ~), and Makinen et al. ' (30-keV positrons; *).
The results of our MC calculations for 35-keV positrons
are also shown (Ci). Our electron and positron measured
values for total backscattering are given in Table I of Ref.
9.

Most of the data shown in Fig. 6 agree within the ex-
perimental uncertainties, both when comparing different
sets of experimental data and between MC and experi-
ment. The most significant discrepancy remaining in the
positron data is near Z =30, which is not understood.
Slight deviations from the monotonic increase with Z
around Z =30 have been reported by Heinrich and
Mikinen et al. ' Our description of g vs Z is based on a
simple structureless analytical expression, as has been
done by other experiments. ' ' ' While the quality of
the experimental data does not justify a more detailed
description at this time, there is in principle no a priori
reason to expect a featureless dependence of g on Z, and
the apparent experimental discrepancy near Z =30 may
well be an indication of interesting new phenomena that
have yet to be explored. Structure in this region has been
predicted before, using a simple theoretical model.

In the upper portion of Fig. 6, we show the experimen-
tally determined ratio t) /g as a function of Z. It has
long been thought that this ratio has a value —1.3 over
the entire periodic table, initially suggested by experi-
ment, ' as indicated by the horizontal dashed line. Al-
though there may be some deviation from this simple ra-
tio, our experimental data as well as others reported"'
still lack the precision to make any definitive statement to
the contrary.

Experimental data for the total electron backscattering
coefficient g at normal incidence for different materials
and for incident energies in the range 5 & Eo & 35 keV are
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FIG. 7. Experimental data for the electron backscattering
coefticient g vs incident energy Eo, for several different materi-
als. ~, present electron data; 0, electron data from Ref. 6; '7,
electron data from Ref. 28.

B. Oblique incidence angles

Figures 8 and 9 show experimental results for angular
backscattering distributions dg/d Q for both 35-keV pos-
itrons and electrons and for different angles of incidence
(10' ~ a ~ 60'). The solid curves are the MC calculations
for 35-keV positrons. The agreement between computa-
tional results and experiment is excellent, which is partic-
ularly encouraging in view of the fact that there are no
adjustable parameters. It is noticeable that at lower in-
cident angles, the distribution has the characteristic (ap-
proximate) cosine distribution that is observed for normal
incidence. ' ' As a increases, specular reflection be-
comes more evident for e+ than for e for both Al and
Au. Generally, at oblique incident angles, the backscat-
tered intensity peaks near the reflection angle (a =y ). In
the case of Al (low Z), e+ and e behave qualitatively
the same. For Au, at a~40' the electron and positron

shown in Fig. 7.' Our data are compared with the data
taken from Drescher, Reimer, and Seidel (0) and Neu-
bert and Rogaschewski (V). Our measurements were
performed using the CEMA, since it is more sensitive at
low energies. The scattering angle for the detector was
fixed at 8= 150' (i.e., y =30 ). In the data analysis, it was
assumed that the yield measured at this fixed angle was
proportional to the total backscattered yield, and that the
angular dependence was independent of the target Z. All
values for these relative backscattering yields were made
absolute by normalizing to data for 35-keV electrons in-
cident on Au which were measured later using a SBD.
The good agreement between our data and those of Refs.
6 and 28 confirms that indeed there is no significant Z
dependence in the angular distribution within the energy
range investigated, i.e., rI=K drj(150')/dQ, where K is a
constant independent of Z. Here, the total backscatter-
ing coefficient is given by

= J (drl /dQ)dQ, (7)
2n.

where the integration extends over the entire backscatter-
ing hemisphere.
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itrons and electrons incident at different angles, 10 ~ a ~ 60' on
Al. The solid line shows the MC calculation for 35-keV posi-
trons.

angular backscattering distributions behave neither quali-
tatively nor quantitatively the same.

The angular distribution of backscattered electrons is
nearly symmetric about the surface normal, as illustrated
clearly in Figs. 10 and 11 for our data (~). Also shown
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FIG. 12. Angular backscattering distributions for 35-keV
positrons incident on Au at a glancing angle, a=80'. Experi-
mental and MC results are in good agreement.
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V. ENERGY DISTRIBUTIONS

Figure 13 shows the mean energy vs emission angle y
for backscattered positrons incident at 35 keV and
a=60' on Au and Al targets. The experimental data (~ )

are systematically lower than the MC results (0), but
they follow the same trends for both Au and Al. There
are small uncertainties associated with the experimental
mean energy rejected by the error bars in Fig. 13. One
source is the fact that the resolution function for the
detector is not symmetric, but includes both pileup and
incomplete charge collection events. The result is, on
average, that any "true" event has a mean energy that is
slightly reduced. Another potential source of error is the
linear approximation described previously for the data
which fall within the noise region of the detector (& 15
keV). Even with these errors considered, the experimen-
tal evidence suggests that there is slightly more energy
lost during the backscattering process than predicted
theoretically. This is consistent with the general trend
for MC calculations to predict slightly higher back-
scattering fractions than experimentally observed (Fig. 6).

The difFerence between experimentally measured and
theoretically predicted energy-loss distributions is in fact
very small, particularly when considered over the entire
energy range of the outgoing positrons. Figures 14 and
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FIG. 13. Mean energy vs emission angle y of experimental
(0) and MC calculated ( ) backscattering distributions for posi-
trons incident at 35 keV and a =60 .

are the data of Reimer, Popper, and Brocker ( ), Dar-
linski (X), and Kanter (Q'). The previously published
data were digitized from the polar plots in the literature.
The specular distribution evident in Figs. 8 and 9 for pos-
itrons at oblique angles of incidence is in sharp contrast
with these electron data. This is even more pronounced
for the positron data for a thick Au target at the extreme
glancing incident angle, a=80, as shown in Fig. 12. Al-
though maximum efFort was made to ensure that all posi-
trons strike the sample, this is difficult at glancing angles
due to the beam (-3-mm) diameter. However, the agree-
ment between the experimental data and MC calculation
is very good, providing support for the accuracy of the
experimental data.

o.oa-
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I
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0.01'a
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—~ '1~
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Energy (kev)

15 illustrate two examples (y =60 and y =0') of the full
doubly differential positron scattering distributions
d rildEdQ, for Au and Al at a=60. The solid and
dashed curves are the MC results convoluted with the
SBD detector resolution function [full width at half max-
imum (FWHM) —11 keV]. The agreement between MC
and experiment lends credibility to the preconvolution
MC histogram, shown for the y =60 case only. This re-
sult illustrates the sharply peaked (particularly for Au)
elasticlike scattering which dominates in all cases.

VI. PARTICLE HISTORIES

It is possible to use the Monte Carlo process as a tool
for studying the interactions within a solid that ultimate-
ly lead up to the backscattering of an incident particle.
The excellent agreement between experimental and
theoretical differential backscattering probabilities re-
ported here allows us to examine the detailed theoretical
trajectories with some con6dence. Figure 16 shows typi-
cal two-dimensional spatial distributions of the trajec-
tories for implanted [16(a)] and backscattered [16(b) and
16(c)] positrons, calculated for 35-keV positrons at nor-
mal [16(a) and 16(b)] and 60' [16(c)]incidence on Al. The
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FIG. 15. Same as Fig. 14 for Au.

FIG. 14. Doubly differential positron backscattering proba-
bilities, d g/dEdQ, for 35-keV positrons incident at +=60' on
Al. Data correspond to emission angles of y=0' (O) and 60'
(~ ), and are in excellent agreement with MC results that are
convoluted with the detector energy resolution. The histogram
shows the Monte Carlo results for y =60' prior to convolution.
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FIG. 16. Monte Carlo trajectories for 35-keU positrons in-
cident on Al. Panel (a) shows trajectories for normally incident
(a=O') positrons which stop in the target, while panels (b) and
(c) are for those positrons incident at a=O and a=60, respec-
tively, which are backseat tered.

upper figure (and others of this type that have been pub-
lished elsewhere } illustrates that the implantation
profile is distributed over a relatively large volume of the
sample material, which has long been well known for
both positrons and electrons. It is less generally known
that a similarly large volume of the target material also
contributes to those positrons (or electrons) which are
backscattered. This fact was illustrated in terms of the
mean of the maximum penetration depth (P ) of back-
scattered positrons, which was shown in Fig. 2 of Ref. 8
for the case of 35-keV positrons incident at 60' on Al and
Au. This information is also contained in Fig. 16, as well
as in the mean energy distributions plotted in Figs.
13-15.

FIG. 18. Phase-space plots for 35-keV positrons incident on
Au.

Figures 17 and 18 separate the interactions for back-
scattered and implanted particles for 35-keV positrons at
normal incidence on Al and Au, respectively. In these
figures each trajectory is plotted in a modified phase-
space representation, or "energy path, " which is useful
for highlighting some of the details and di6'erences con-
tributing to each ensemble of particles. The right-hand
panel of each figure shows the instantaneous kinetic ener-

gy as a function of depth in the target material for each
positron that eventually stops in the solid. The distribu-
tion of each set of energy paths where they end at the
bottom of the figure is the implantation profile. The left-
hand panel shows the energy paths for each of the back-
scattered positrons. Each path terminates with a hor-
izontal bar representing its energy when leaving the solid.
By inspection of these figures it can be seen that the tra-
jectories for the implanted positrons can be found at
depths up to 7 pm, with a most probable depth -3 pm
for Al. For Au, the most probable depth is -0.5 pm.
This is the "visual" equivalent to the parameter (P ) de-
scribed above. By comparison, (P ) for backscattered
positrons is fully half as much, or —1.5 pm for Al and
-0.25 pm for Au. In Ref. 8 it was shown that (P ) (for
positrons incident at 60') was a strong function of the an-
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0.0 3.0 6.0 0.0 3.0 6.0 9.0 12.0

FIG. 17. Phase-space plots of the energy
paths for 35-keV positrons incident on Al.
The left-hand panel shows the kinetic energy
as a function of depth for positrons which ulti-
mately backscatter, where the horizontal lines
represent the final energy distribution of the
reemitted positrons. The right-hand panel
shows those trajectories which stop in the tar-
get, where the intersection of the energy paths
with the abscissa represents the implantation
profile. The dashed curve is the continuous
slowing down approximation (CSDA) for ener-

gy loss.

Depth (pm)
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gle y at which the positrons were ejected.
The right-hand panels of Figs. 17 and 18 also show

(dashed curve) the predictions of the continuous slowing
down approximation (CSDA), as calculated within the
Penn formalism that we have used for the inelastic
scattering cross sections. ' It is interesting to note that
the CSDA describes a reasonable envelope for the energy
paths, with allowances for energy-loss straggling. How-
ever, the ensemble of trajectories is in general not well
represented by the CSDA, which is a straight-line ap-
proximation that does not account for deviation (by elas-
tic scattering) from the path penetrating normal to the
surface plane. The approximate transport cross sections
o.„for large-angle elastic scattering of 30-keV positrons
are u„-3X10 A for Al, and cr„-5X10 A for Au.
These lead to predicted mean-free paths A,„=(no„)
(where n is the atomic density) of -4 and -0.3 pm for
Al and Au, respectively. As expected, these distances are
on the same order as the distances over which the energy
paths in Figs. 17 and 18 are in good agreement with the
CSDA approximation.

It was noted in Ref. 8 that a very large number of col-
lisions, on average, contributed to each backscattering
event, which is of course consistent with the above obser-
vation that a significant fraction of a micron of material
is involved. In general, it is the hard elastic collisions
that provide the necessary change in direction, and a
common view is that only one or two such collisions are
important. Figure 19 shows a histogram analysis of elas-
tic collision statistics for 35-keV positrons normally in-
cident on Al. The four panels all plot the number of par-
ticles which undergo multiple collisions vs the number of

these collisions. The left-hand panels are for very large-
angle (8,, &30') elastic collisions, while the right-hand
panels include all large-angle collisions above 0,&=10'.
The top row represents positrons reemitted normal to the
surface, y=0, illustrated by the cartoon to the upper
right of the figure, and the lower row is for positrons
emitted at y=60'. It is obvious from these data, which
are qualitatively similar for the case of Au that the
"single-collision" model is far from correct. The back-
scattered particle distribution is for all angles dominated
by positrons which have encountered tens of elastic col-
lisions (8,&

& 10'), and several that are for very large an-
gles (8„&30').

One of the most interesting features of the experimen-
tal data for the angular dependence of backscattered pos-
itrons was the evidence (particularly for Al) of a specular-
like component when the incident angle a was large. Fig-
ure 20 shows a set of elastic-scattering histograms, simi-
lar to those in Fig. 19, for 35-keV positrons incident on
Al at a=60. Here it is also evident that a very large
number of elastic collisions lead to the backscattered pos-
itron distribution, but it can be seen that there is a
significant qualitative difference in the number distribu-
tions for those positrons emitted at y =60 (i.e., specular)
as compared with those emitted normal to the surface.
This difference is not observed in the data for normally
incident positrons (Fig. 19), and it suggests that the spec-
ular feature arises from the relative absence of very hard
elastic collisions. In fact, the maximum number of posi-
trons with a=y=60' have undergone zero collisions
with 8,&

& 30', as shown in the lower left panel of Fig. 20.
Those positrons that are reemitted are on average "gent-
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FIG. 19. Histograms of the
number of positrons which un-

dergo multiple "hard" elastic
scattering collisions prior to
backscattering. Data are for
35-keV positrons normally in-
cident (a=0') on Al, and the
plots show both normal (y=0')
and large-angle ( y =60 ) scat-
tered particles. The two left-
hand panels show only the very
large-angle collisions, for which
O,l) 30.
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FIG. 20. Elastic-scattering
histograms for 35-keV positrons
incident at +=60 on Al. Fewer
hard collisions contribute to
these backscattered positron dis-
tributions than for the normally
incident case of Fig. 19. This is
especially true for the "specular-
ly" reAected positrons shown in
the lower two panels, for which
the average number of large-
angle elastic-scattering events
with O,l&30 is less than 1.
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ly" steered by a stochastic multi-interaction process in-
volving only relatively weak inelastic or small-angle elas-
tic collisions.

Figure 21 shows trajectories for 35-keV, ix=60' in-
cident positrons that are eventually backscattered from
Al. This is the same situation as illustrated in Fig. 16(c),
but here only those trajectories are shown which end up
at outgoing angles of y &45'. The smooth, almost para-
bolic path characteristic of the steering process discussed
above is clearly evident. Analysis of the trajectories for
positrons scattered from Au with ex=@=60 shows indi-

x (p.rn}
FICx. 21. Spacial trajectories for 35-keV positrons incident at

a=60' on Al. Data shown are only for those trajectories which
lead to positrons backscattered with y&45. The relative ab-
sence of large-angle elastic collisions suggested by the histo-
grams in Fig. 20 is responsible for the paraboliclike curves
which typify the "average" trajectory. These particles are
steered by a continuous and relatively gentle stochastic process
of many small-angle elastic collisions.

cations of the same type of behavior as we have illustrat-
ed here for Al, but the evidence (both in terms of the
reduction in hard-angle elastic collisions, and in terms of
the parabolic paths) is not nearly as strong. This is con-
sistent with the experimental observations shown in Fig.
9 that specularlike scattering for positrons from Au is ob-
served, but much weaker than for Al (Fig. 8).

The relative strength of the specularlike feature for
positrons scattered from Al and Au is a direct and tangi-
ble demonstration of the inAuence of elastic scattering,
which is for this energy about an order of magnitude
stronger for Au than for Al (as reflected in the elastic-
scattering transport cross sections, discussed above). The
data for backscattered electrons that are also shown in
Figs. 8 and 9 show much less specular behavior. This
represents significant experimental evidence for a funda-
mental difference between electrons and positrons, and
the result is supported by the stronger elastic-scattering
interaction for e relative to e +. Further, we have found
that the elastic-scattering difference alone is not sufhcient
to fully explain the e /e+ difference. Without account-
ing for electron indistinguishability, backscattering distri-
butions calculated for electrons still show more specular-
like scattering than is observed experimentally. The ad-
dition of exchange plays a role in reducing the relative
importance of inelastic-scattering events for elec-
trons "

VII. SUMMARY AND CGNCLUSIONS

We have presented the results of a comprehensive
study of the backscattering of monoenergetic positrons



47 ELECTRON AND POSITRON BACKSCA I I'ERING IN THE. . . 11 017

and electrons from thick solid target materials. Integrat-
ed and doubly differential experimental data were studied
as a function of incident energy (E) and angle (a), and of
target material (Z). Comparisons were made with
theoretical Monte Carlo distributions that were calculat-
ed without any adjustable parameters, and the agreement
was found to be extraordinarily good. On the strength of
this, a detailed discussion of the positron-solid interaction
was based on the individual trajectories as calculated by
the Monte Carlo program.

Much of the data supports expectations, particularly
for the case of electrons for which there has been reason-
ably good data available for some time. However, previ-
ous investigations of positron backscattering have not all
been consistent. Our experimental and Monte Carlo re-
sults for total positron backscattering distributions as a
function of Z are in good agreement with the recent data
of Makinen et al. ' and of Coleman et al. ,

" and indicate
that ri is in general —30% larger than ri+ for all
Z &20, with perhaps some evidence for structure in g+
at Z=30. Below Z =20 there is still some uncertainty
due to experimental precision, although predictions sug-
gest that the ratio is slightly reduced due to the similarity
of electron and positron scattering cross sections for light
materials. "

Details of the theoretical trajectories for backscattered
positrons show that a large volume of the target material
is involved, leading to several hundreds of collisions (in-
elastic and elastic) and significant energy loss. Of partic-
ular importance is the finding that the typical backscat-
tered positron undergoes several tens of hard elastic col-
lisions, many of which are )30'. This strongly refutes
traditional models based on the assumption that back-
scattered positrons (or electrons) arise from a single —or
a very few —hard elastic collision(s).

Differential experimental data reveal surprisingly
strong evidence for specularlike scattering of positrons

incident at large (a) 45') angles, which is much more
pronounced for the case of Al than for Au. This feature
is less important for electron scattering, and is completely
absent for electron scattering from Au. It is shown that
the specularlike feature arises from particles which un-
dergo many weak elastic collisions, in a gentle stochastic
process that is almost entirely free of hard elastic col-
lisions. The intensity of the specular scattering com-
ponent is inversely correlated with the strength of the
elastic interaction. It is also influenced by the relative
numbers of elastic-to-inelastic scattering events, which
are determined both by material properties and by elec-
tron indistinguishability.

In conclusion, it is shown that the basic differences in
elastic- and inelastic-scattering cross sections together
with the inQuence of electron exchange are sufhcient to
describe most of the differences observed in experimental
studies of electron and positron backscattering. There
are small remaining differences, such as the fact that
Monte Carlo calculations consistently predict 1 —2%
higher total positron backscattering probabilities than
those measured experimentally. This could indicate er-
rors in the cross sections, or contributions from effects
that are not included in the calculation (such as low-
energy positron channeling ). In general, however, all
such effects play a relatively small role.
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