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Monte Carlo simulation of positron-stimulated secondary electron emission from solids
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We have analyzed the problem of the secondary electrons emitted from a solid irradiated by a positron or
electron particle beam. The relevant concepts that form the basis for a theoretical understanding of the sec-
ondary electron emission problem are reanalyzed by looking at Wolff’s theory. However, to attain analytical
results, such a theory must include some simplification, which may be valid in only a limited number of
situations. To overcome such a limitation we have elaborated a Monte Carlo procedure for the calculation of
the secondary electrons emitted from a solid, irradiated with a positron beam. The choice of a primary positron
beam is justified because the experiments involving electron emission are not contaminated by the reemitted
primary electrons. The calculations were performed in the positron primary energy range between 50 eV and
2 keV, and for different incidence angles with respect to the surface of a copper sample. Many numerical
results are reported, namely: i! the elastic mean-free paths of positrons in copper, ii! the mean number of
electrons emitted per positron, iii! the penetration depth of the positrons, and iv! the depths from which the
secondary electrons are emitted. Finally, the numerical results concerning the secondary electron energy
distribution are compared with the experimental data recently presented by Overton and Coleman showing a
general good agreement.
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I. INTRODUCTION

The problem of secondary electron emission from so
irradiated by a particle beam is relevant, mainly in conn
tion with the analytical techniques that utilize seconda
electrons to investigate chemical and compositional prop
ties of solids in the near surface layers: Auger electron sp
troscopy and X-photoelectron spectroscopy. In general,
energy spectra of the emitted electrons are quite complic
because many features appear in such a spectra in conne
with the different collisional processes involved before lo
energy secondary electron emission. As a consequenc
better understanding of the collisional events occurring in
surface layers before emission, should permit a more gen
understanding of the surface physics including, for exam
plasmon excitation. Recently, the collisional processes
positron beams impinging on solids received great atten
because of the possibility to realize, by positron annihilat
spectroscopy, nondestructive investigations of point and
tended defects of surfaces, interfaces, and of bulk mater
Review papers on the subject have been prepared by Du
quier and Zecca,1 Schultz and Lynn,2 and Asoka-Kumar
et al.3

When a particle beam, with particle energy exceed
some threshold value, impinges on a solid target, it stim
lates the emission of secondary electrons through collis
with target atoms. On the other hand, a fraction of the p
ticles of the primary beam is also ejected from the surf
because, after a number of elastic and/or inelastic collisi
with the target atoms, some of those particles come back
PRB 610163-1829/2000/61~9!/5979~8!/$15.00
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emerge from the surface. If the target is not a thin fi
~namely, if there are not transmitted particles! the remaining
primary particles are trapped into it. For bulk targets the ra
between the number of bakscattered and to
(backscattered1trapped) particles is generally called th
backscattering coefficient.

If the primary particles are electrons, then the spectrum
the secondary electrons is clearly contaminated by the c
tribution of the backscattered primary electrons. On the ot
hand, as recently noted by Overton and Coleman,4 the prob-
lem of distinguishing between true secondary and backs
tered electrons is absent, if the secondary electron emis
is stimulated by positron beams. In the quoted paper,4 the
authors performed an interesting experimental study of
spectra of fast secondary electrons not contaminated by
backscattered electrons. Specifically, secondary elect
produced by positron beams, impinging on copper targe
glancing and 35° incidence angle and for primary energie
the range from 50 eV to 2 keV, have been analyzed.4

Experimental results have been compared to
Sickafus5–7 empirical law:

j ~E!5AE2m, ~1!

where j (E) represents the measured secondary electron
ergy distribution,E being the energy of the emitted secon
ary electrons, whileA andm are constants that depend on t
solid and on the energy of the impinging positrons.

The comparison shows excellent linear correlation wh
5979 ©2000 The American Physical Society



ing

ta
ly
th
n

w
th
al
a
o

th
e

ar

d

p
t

ro
ca
u

e
ra
cle

n

ary

ded.

as

f
-
-

q.

sur-
es-
di-

tal
tails

ns,
g

q.
the

e as-
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the data are plotted as log10@ j (E)# vs log10(E) and the values
of m are reported as a function of the energy of the collid
positrons.

In the present paper, we try to explain the experimen
results4 by using a Monte Carlo code in which, essential
the positron-solid interaction is included as described by
relevant cross sections and stopping-powers of the collisio
processes~both elastic and inelastic! and the corresponding
mean-free paths.

However, before to illustrate the numerical procedure
have adopted, it is important to gain some insights into
relation ~1! by looking at the previously proposed analytic
models. In this way, we will understand the theoretic
framework that forms the basis to approach the problem
the secondary electron emission as well as the limits of
analytical procedures, which, on the contrary, may be ov
come by numerical methods, mainly based on a Monte C
simulation. Let us now reanalyze Wolff’s theory8 to under-
line the basic concepts necessary to analyze the secon
electron emission problem.

II. ANALYTICAL CONCEPTS RELATED
TO THE SECONDARY ELECTRON EMISSION

The secondary electrons production occurs in two ste
The first step is the secondary electrons production due to
impacts between the primaries particles and the elect
bound in the solid. The second process is the so-called
cade: the secondary electrons travel in the material prod
ing other secondaries before being trapped in the solid
before emerging from the surface. The equations that gov
the cascade process, as deduced from the Boltzmann t
port equation, for the steady state, when the primary parti
collide normally with the target surface in thez direction, are
the following:8

c l5l~E!F l

2l 11

]c l 21

]z
1

l 11

2l 11

]c l 11

]z G
1E

E

`

dE8Fl~E,E8!c l~z,E8!1Sl~z,E!. ~2!

In this set of integro-differential equations,

c l5vNl /l~E!, ~3!

l(E) is the electron mean-free path,v is the electron veloc-
ity, E is the electron energy, andNl , Fl , and Sl are the
coefficients of the following expansions in spherical harmo
ics:

N~z,cosu,E!5
1

4p (
l 50

`

~2l 11!Nl~z,E!Pl~cosu!, ~4!

S~z,cosu,E!5
1

4p (
l 50

`

~2l 11!Sl~z,E!Pl~cosu!, ~5!

F~V,E;V8,E8!5F~cosQ;E,E8!

5
1

4p (
l 50

`

~2l 11!Fl~E,E8!Pl~cosQ!. ~6!
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HereN is the number of electrons betweenr and r1dr , V
andV1dV, E andE1dE. V is a unit vector in the velocity
direction, S is a source term that represents the second
electrons produced by the primary beam, andF is the prob-
ability that, given an electron atV8 with energyE8, another
electron will be found after scattering atV with energyE. Q
is the angle between the directionsV and V8. Pl are the
Legendres’s polynomials.

It is evident that the set of equations~2! is quite compli-
cated to be utilized and an approximate approach is nee
In particular, Wolff8 observed that the high-l harmonics be-
come important only for high energies. For low energiesc0
overwhelms the other harmonics because it grows rapidly
E→0. In this case

j ~E!5c0l~E!. ~7!

By utilizing the Goldberger’s evaluation of the probability o
scattering fromE8 to E ~for S-wave scattering from a degen
erate Fermi gas!9 and taking into account the exclusion prin
ciple, Wolff showed that8

c0}S Eo

E D x(E)

, ~8!

wherex(E) decreases as energy increases fromEf to ;4Ef
and equals 2 for energies higher than;4Ef (Ef is the Fermi
energy!. For E→2Ef , x(E)→2.3. Eo is the primary
particle-beam energy. The proportionality constant, in E
~8!, that we will indicate asP(E), is a geometrical factor
representing the probability that an electron reaching the
face have a large enough normal velocity component to
cape. Assuming a spherical symmetric distribution and in
cating with w the work function,P(E) can be calculated
through

P~E!512Aw1Ef

E
. ~9!

The Goldberger’s evaluation of the reduction of the to
scattering cross-section due to the exclusion principle en
the following equation for the mean-free path~valid for E
.2Ef)

l~E!5
1

ncs inel~E!~127Ef /5E!
, ~10!

wherenc is the number density of conduction band electro
and s inel(E) is the electron-electron inelastic scatterin
cross section. By utilizing Eqs.~7!–~10!, Wolff’s formula
follows:

j ~E!5
12A~w1Ef ! /E

ncs inel~E!~127Ef /5E! S Eo

E D x(E)

. ~11!

III. APPROXIMATE ANALYTICAL RELATIONS FOR
PRIMARY ELECTRON ENERGY EXCEEDING 100 eV

Wolff’s theory, in the approximation represented by E
~11!, gives the spectrum of the secondary electrons when
primary electron or positron energy is less thanW
5100 eV: indeed for energies lower thanW electron-
electron and positron-electron scattering processes can b
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PRB 61 5981MONTE CARLO SIMULATION OF POSITRON- . . .
sumed to be spherically symmetric. Since the shapes of
secondary electron spectra, on the other hand, are sub
tially determined by electrons with energies lower th
40 eV, the spectra are quite insensitive to the choice ofW.8

Sickafus5 empirically tried to extend the energy range
Wolff’s cascade theory. He assumed thatE@Ef and ob-
served that, in such a case,P(E);1, (127Ef /5E);1, and
x(E);2. As a consequence

j ~E!}
Eo

x

s inel~E!Ex
. ~12!

Assuming that the inelastic cross section has the follow
form:10

s inel}
logE

E
, ~13!

then

j ~E!5C
Eo

x

Ex21 logE
, ~14!

whereC is a constant. As a consequence,

log j ~E!5x logEo2~x21!logE2 log logE1 logC.
~15!

Since the function log logE is almost constant, on a give
range ofE, we conclude that, for any given primary ener
Eo , log j(E) as a function of logE is given by

log j ~E!5k2m logE. ~16!

wherem;1 andk is a constant.
In other words, a plot of logj(E) versus logE presents a

linear trend~the so-called Sickafus region of the spectru!
and the value ofm should be approximately 1.

On the other hand, by utilizing the dielectric functio
approach11–13 to calculate the inelastic cross section, and
empirically introducing the results directly into the Wolf
formula @Eq. ~11!#, we obtained, for primary energies lowe
than 1000 eV, spectra with values ofm higher than;2. In
particular, for copper, we found thatm52.2460.04 andm
52.0160.04 whenEo is equal to 500 and 1000 eV, respe
tively. Note that the interval regions where the slopes of
log-log plots have been calculated were quite restricted,
ing 50–155 eV forEo5500 eV, and 50–270 eV forEo
51000 eV, while the corresponding linear correlations c
efficients were, respectively, 0.997 and 0.995.

Wolff’s theory give results that are surprisingly good,
compared with many experimental data, even if these d
are outside the claimed limits of validity of the theory. It
reasonable to conclude that Wolff’s theory could be e
tended outside the;100 eV because the shapes of the s
ondary electrons spectra are dominated by the low-ene
electrons.

However, in order to avoidempirical proceduresto ob-
tain m, and to include also the elastic scattering collisio
we decided to simulate the positron and the electron tra
tories with a Monte Carlo procedure based on the dielec
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function approach for inelastic scattering and on the Rela
istic Partial Wave Expansion Method~RPWEM! for elastic
scattering.

IV. THE MONTE CARLO SCHEME

The Monte Carlo method is a very powerfull and reliab
procedure to evaluate important quantities related to
electron-solid and positron-solid interaction, such as ba
scattering coefficients and implantation profiles,14,16,17,15sec-
ondary electron emission,18,19 and spectra of backscattere
and of secondary electrons.20,21In the present calculation, th
elastic scattering of both positrons and secondary electron
computed step by step along the path of the particle by cu
spline interpolation of extensive tabulations of the differe
tial elastic scattering cross section obtained by the code
described elsewhere.22,23 The use of cubic spline interpola
tion rather than direct calculation is due to the fact that
direct computation of the differential scattering cross s
tions requires a large amount of computational time. A
way, the adopted Monte Carlo scheme is very accurate in
determination of the scattering angle,u, after every elastic
collision ~errors being within 1–5 %!.23

Concerning the inelastic scattering, we have used
Ashley treatment11,13 for the calculation of the stopping
power,dE/ds, and inelastic mean-free path,l inel . Our cal-
culations are in excellent agreement with those
Ashley.11,13 In order to expedite the computer simulation w
also have used a cubic spline interpolation of previou
computed and tabulated data for inelastic scattering, as
the elastic case. Before each step of the particle trajector
random number, uniformly distributed in the range@0,1#, is
generated and compared to the probability of inelastic s
tering. If the random number is lower than that probabili
then the collision will be inelastic. The probability of inela
tic scatteringpinel is given by

pinel5l inel
21 /~l inel

21 1lel
21!. ~17!

In this equation,lel and l inel are, respectively, the elasti
and the inelastic mean-free paths:

lel5
1

Nsel
, ~18!

l inel5
1

Ns inel
, ~19!

wheresel is the total elastic scattering cross section,s inel is
the total inelastic scattering cross section, andN is the num-
ber of atoms per unit of volume in the target.

The step-length,Ds, is calculated as

Ds52l tot• ln~r Ds!, ~20!

wherer Ds is a random number uniformly distributed in th
range@0,1# andl tot is defined by

l tot
215l inel

21 1lel
21 . ~21!
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If the collision is elastic, then we assume that the incid
particle changes its direction in agreement with the differ
tial elastic scattering cross section obtained by
RPWEM.22,23

The polar scattering angle,u, after an elastic collision is
selected via a random number,r u , uniformly distributed in
the range@0,1#. The choice is such that the integrated pro
ability for scattering in the angular range from 0 tou equals
r u :

r u5

2pE
0

u ds

dV
sinq dq

2pE
0

p ds

dV
sinq dq

. ~22!

If the collision is inelastic, the energy loss can be evalua
by utilizing a random numberr DE , uniformly distributed in
the range@0,1# so that

r DE5

E
0

DE

~dl inel
21 /dT!dT

E
0

E2Ef
~dl inel

21 /dT!dT

, ~23!

where (dl inel
21 /dT) represents the probability for energy lo

T per unit distance travelled by an electron of energyE, i.e.,
the inverse mean-free path differential in energy transfer

This process of evaluation of the energy loss is quite ti
consuming. Then, in order to expedite the calculations,
introduced the following approximation. Along each stepDs
of the particle trajectory we approximated the energy los
assuming that the particle loses an amount of energy, w
is evaluated by multiplying the stopping power,dE/ds, by
the step-lengthDs, namely:

DE5
dE

ds
Ds. ~24!

Actually the use of the stopping power within the continuo
energy loss approximation for the evaluation of the ene
loss is a rough simplification: positrons and electrons
lose, indeed, large amounts of their energy in single co
sions. So, in order to check the validity of the present
merical procedure in relation to the whole energy loss of
positrons penetrating into a solid, we compared our ca
lated maximum range with the data of Mills and Wilso
concerning the transmission of 1–6 keV positrons throu
thin metal films.24 These authors evaluated with great acc
racy the maximum range of keV-positrons in Al and in C
for 3100 eV positrons in Cu they found an experimen
range equal to 69.1 nm while with our numerical code
obtained, in the same conditions adopted in
experiments,24 a range of 70.860.7 nm. The comparison
with other energies may be found in Table IV that we w
comment below.

The polar scattering angle,u, after each inelastic collision
is calculated as

sinu5ADE

E
. ~25!
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The azimuthal anglef after each collision~elastic or in-
elastic! takes on any value in the range@0,2p# selected by a
random number,r f , uniformly distributed in that range.

Both theu andf angles are calculated relative to the la
direction in which the electron was moving before the im
pact. The directionuz

1 along which the electron is moving
after the last deflection, relative to thez direction, is given by

cosuz
15cosuz cosu1sinuz sinu cosf, ~26!

whereuz is the angle relative to thez direction before the
impact.

The motionDz along thez direction is then calculated
as

Dz5Ds•cosuz
1 . ~27!

The new angleuz
1 then becomes the incident angleuz for

the next path length.
The initial energy of each secondary electron, produc

by an inelastic collision, is calculated by

Es5DE1Ef , ~28!

whereDE is now the total energy lost by the particle~posi-
tron! as calculated from the last inelastic collision,Ef is the
Fermi energy@here included becauseDE is calculated from
the dielectric excitation function~Ref. 21!#. The secondary
electron trajectory is described exactly as the trajectory
the positrons of the primary beam, by including, of cour
the appropriate cross sections. Note that the whole secon
electron cascade is followed in the numerical simulation.

Both positrons and secondary electrons are followed u
their energy becomes lower than 16 eV~which for electrons
corresponds to the Fermi energy plus the work function
the copper target, in the present case! with respect to the
vacuum level. We assume that the secondary electrons
emitted with an angular distribution having spherical sy
metry, as suggested by Shimizu and Ze-Jun.21

The surface energy barrier clearly influences the ene
distribution of the ejected low-energy electrons. In particul
it should be noted that an electron cannot escape from
surface into vacuum with an angleu higher than

uc5cos21A ~Ef1w!

~E1Ef1w!
, ~29!

whereEf is the Fermi energy andw is the work function of
the irradiated material~copper in the present case!. Our nu-
merical simulation may use both the classical and quant
mechanical formula for the transmission coefficient. T
data reported here used the quantum-mechanical formu21

The number of positron trajectories simulated for each
ergy spectrum ranges from 104 to 106 and the overall cas-
cade of the secondary electrons is followed in the compu
tion.

V. RESULTS AND DISCUSSION

The results we are presenting have been obtained by
Monte Carlo procedure just described. The inelastic and e
tic mean-free paths and the stopping powers we utilized



cu-
ng
2 %
of

tion
s: a
ss-

f the

la-
e

ng
in
an
ate
sec-
me
-
ults
wn
s is

the
ave

ron

ec

in

d

PRB 61 5983MONTE CARLO SIMULATION OF POSITRON- . . .
TABLE I. Inelastic mean-free path and stopping power of el
trons ~Ashley et al., 1976! and positrons~Ashley, 1990! in Cu.

E2Ef l inel
e2

@2(dE/ds)#e2

l inel
e1

@2(dE/ds)#e1

~eV! (Å) (eV/Å) (Å) (eV/Å)

20 14.5 0.892
30 6.48 3.10
40 4.47 5.32 7.14 2.9
60 4.02 6.87 6.06 4.39
80 4.14 7.36 5.86 5.26
100 4.39 7.45 5.92 5.81
150 5.11 7.31 6.40 6.55
200 5.82 7.24 6.96 7.02
300 7.24 6.84 8.16 7.41
400 8.53 6.69 9.41 7.31
500 10.7 7.00
600 11.1 5.97 11.9 6.71
800 13.4 5.42 14.4 6.03
1000 15.6 5.27 16.9 5.44
1500 22.8 4.35
2000 26.1 3.80 28.4 3.64
4000 45.5 2.47 49.3 2.45
6000 63.5 1.86 68.7 1.88

TABLE II. Elastic mean-free path of electrons and positrons
Cu as a function of energyE. Our calculations.

E lel
e2

lel
e1

~eV! (Å) (Å)

20 1.56 3.98
25 2.27 4.12
30 2.85 4.24
40 3.66 4.46
50 4.14 4.66
60 4.40 4.84
70 4.53 5.02
80 4.6 5.19
90 4.65 5.35
100 4.69 5.51
150 4.91 6.21
200 5.22 6.80
250 5.59 7.33
300 5.97 7.81
400 6.75 8.68
500 7.47 9.45
600 8.15 10.2
700 8.78 10.8
800 9.38 11.4
900 9.94 12.0
1000 10.5 12.6
1500 12.9 15.1
2000 15.0 17.4
3000 18.8 21.4
4000 22.3 25.0
5000 25.6 28.5
summarized in Tables I and II. We evaluated that the ac
racy of our calculation of the differential elastic scatteri
cross section is, for scattering angles higher than 5°, 1–
while that for the total elastic scattering cross section is
the order of 5–6 %. On the other hand the total cross sec
does not feature strongly in multiple-scattering processe
systematic study of the first transport elastic scattering cro
section has shown that the accuracy of our approach is o
order of 2%.23 Taking into account the inaccuracies in i! the
elastic and inelastic cross-sections evaluation, ii! the ap-
proximations introduced by using the cubic spline interpo
tions of tabulated data, iii! the stopping power to calculat
the energy losses, and iv! the statistical uncertainty of the
Monte Carlo procedure, we are confident in concludi
that our simulation give results with an accuracy with
5–15 %,15 for electron and positron energies higher th
;100 eV. In the case of lower energies, we may anticip
larger inaccuracies because the evaluation of the cross
tions is less accurate. In particular, in this low-energy regi
~energies lower than 100–200 eV! the accuracy of the simu
lation should be evaluated by directly comparing the res
with the available experimental data because it is well kno
that the theoretical evaluation of the relevant cross section
still an open problem.

In Table III we report the mean numbern of secondary
electrons emitted per incident positron as evaluated by
adopted Monte Carlo calculation. These mean numbers h
been calculated by taking into account the whole elect

- TABLE III. Mean number,n, of secondary electrons emitte
per incident positron~of energyEo).

Eo n
~eV!

50 3.50
100 8.00
200 17.8
300 28.1
400 39.2
500 50.5
750 79.8
1000 110
1750 163
2000 233

TABLE IV. Maximum range,R ~Å!, of positrons in Cu.Eo is
the positron primary energy.

Eo Mills and Present
~eV! Willsona MC calculation

200 – 9561
500 – 10762
1000 – 18163
2000 – 37663
3100 691 70867
4100 1035 105267
5000 1246 1390610

aReference 24.
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cascade, which means that also the secondary electrons
duced by the other secondary electrons are included in
calculation. As expected,n increases with the positron pr
mary energy.

In Table IV we report the maximum range,R, of the pos-
itrons in Cu as a function of the positron primary energyEo .
When possible we have compared the computed posi
range with the experimental values obtained by Mills a
Wilson.24 The agreement is excellent for energies high
than 3000 eV. A comparison with the data reported in Fig
of the quoted paper of Mills and Wilson showing positr
transmission through Cu thin films suggests that, also
lower energies~1000 and 2000 eV!, our evaluation ofR is
quite accurate~within 10%!.

In Fig. 1 we report theDr/Dz ratio, which represents th
calculated number of electrons emitted from the surface~di-
vided by the total number of incident positrons!, excited in
the space intervalDz(50.43 Å) around the space coord
natez, which emerge from the surface.

In Table V we report the Sickafus indexm as calculated
by performing a best linear fitting, over the energy ran

TABLE V. Power index,m, and energy range where, by co
sidering the calculated differential spectra of the energy distribu
function of the secondary electrons emitted from a copper targe
a log-log ~base 10! scale, we observed a linear trend~correlation
coefficient,r, '0.99).Emin andEmax are the minimum and maxi
mum energy of the selected energy range.

Eo m Emin Emax r
~eV! ~eV! ~eV!

200 2.60 37.7 78.9 0.995
300 2.42 47.1 130 0.991
400 2.23 45.0 156 0.989
500 2.22 48.6 186 0.986
600 2.22 53.6 211 0.988
750 2.19 55.7 253 0.993
900 2.06 55.7 219 0.992
1000 1.95 60.7 189 0.993
1250 1.84 53.6 182 0.993
1500 1.75 53.6 153 0.987
1750 1.68 53.6 154 0.996
2000 1.59 46.4 146 0.996

FIG. 1. Depth distributionDr/Dz of the secondary electron
emitted from the surface.
ro-
he

n
d
r
5

r

e

specified in the same table, of the Monte Carlo simulation
the energy distribution of the secondary electrons ejec
from Cu stimulated by positron beam having primary en
gies ranging from 200 eV to 2000 eV.

Our results concerning the differential spectra of the
ergy distribution function of the secondary electrons emit
from a copper target, above the low-energy cascade pe4

always show, on a log-log~base 10! scale, a clear linear
trend in agreement with both the Sickafus law@Eq. ~1!#5–7

and Overton and Coleman4 experimental data~in the posi-
tron primary energy range from 200 eV to 2 keV!. The cal-
culation of them coefficient of the Sickafus law@Eq. ~1!# has
been performed in the positron primary energy range fr
200 eV to 2 keV at different incidence angle without obse
ing any significant dependence on such a parameter. Th
in agreement with the experimental results.4 In Figs. 2–4 we
present our calculated energy spectra~full points! of the sec-
ondary electrons emitted following 300, 1000, and 2000
positron irradiation of copper, respectively: the comparis
with the experimental data of Overton and Colem
~triangles!4 show a very good agreement. In Fig. 5, the n
merical results form, as a function of the incident positro
energy, as well as the Overton and Coleman experime
data4 are reported. The incidence angle used in the calc

n
n

FIG. 2. Energy distribution of the secondary electrons ejec
from copper stimulated by a positron beam of primary energyEo

5300 eV. n: Overton and Coleman experimental data~Ref. 4!.
d: Present calculation.

FIG. 3. Energy distribution of the secondary electrons ejec
from copper stimulated by a positron beam of primary energyEo

51000 eV.n: Overton and Coleman experimental data~Ref. 4!.
d: Present calculation.
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tion was 35° with respect to the surface of the sample. T
results show excellent agreement for positrons primary e
gies higher than'100 eV. However, when the positron pr
mary energy is 100 eV or less, there is no agreement betw
theory and experiment. We attribute this discrepancy to
fact that the energy loss, in such a low-energy regime, can
be regarded as continuous. To describe energy loss in su
low-energy regime, more appropriate calculations, as
performed with quantum Monte Carlo, are necessary.

Before concluding this section, a comment is appropri
to the qualitative argument reported by Overton a
Coleman4 to try to justify the higher value ofm when low-
energy incident positrons are experimentally utilized. In p
ticular, the authors suggest that this may be due to the
that secondary electrons are generated at shallower de
beneath the surface and that, in this case, the probabilitie
elastic and inelastic scattering before emerging into vacu
are quite low. If there are not any energy-loss collisions
the way to the exit surface then the theory of Mott25 suggests
a secondary electron energy spectrum to have the formE22.
Note that the qualitative argument of Ref. 4 is quantitativ
proved by the numerical results reported in our Fig. 1 wh
it is clearly shown that the emerging secondary electr
come from the first atomic layers beneath the surface.

VI. CONCLUSION

In conclusion, we have utilized the analytical Wolff
theory8 for secondary electron emission by showing that,

FIG. 4. Energy distribution of the secondary electrons ejec
from copper stimulated by a positron beam of primary energyEo

52000 eV.n: Overton and Coleman experimental data~Ref. 4!.
d: Present calculation.
e
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energies exceeding;100 eV, it may givem values not
much different from the experimental ones. However t
analytical approach is empirical because it extends Wol
theory over energy region outside the suggested limits
validity of the same theory.

In order to avoid empirical analytical relations, we al
used a numerical Monte Carlo procedure to make calc
tions in the positron primary energy range between 50
and 2 keV and for different incidence angles with respec
the surface of a copper sample. Many relevant numer
results have been obtained and reported, namely,~i! the elas-
tic mean-free paths of positrons in copper,~ii ! the mean
number of electrons emitted per positron,~iii ! the penetration
depth of the positrons, and~iv! the depths from which the
secondary electrons are emitted. Finally, the numerical
sults concerning the secondary electron energy distribu
are compared with the experimental data recently prese
by Overton and Coleman4 showing a general good agree
ment in a wide range ofE values. In particular we have
quantitatively explained the experimental data of the ene
distribution of secondary electrons ejected from the surf
of a copper target irradiated with a positron beam in
energy range from 200 eV to 2000 eV on the basis of
involved energy transfer mechanisms and by the statistic
the elastic scattering and slowing down of positrons a
electrons in solids included in an appropriate Monte Ca
computational method.

d FIG. 5. Sickafus indexm for secondary electrons ejected fro
copper by positrons as a function of the positron primary ener
Eo . n: Overton and Coleman experimental data~Ref. 4!. d:
Present calculation including numerical errors due to statist
sampling.
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