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Secondary-electron emission from specularly reflected MeV protons

Kenji Kimura,* Suguru Ooki, Gou Andou, Kaoru Nakajima, and Michi-hiko Mannami
Department of Engineering Physics and Mechanics, Kyoto University, Kyoto 606-8501, Japan

~Received 26 February 1998!

Secondary-electron yield induced by MeV protons specularly reflected from a SnTe~001! surface is mea-
sured. From the observed secondary-electron yield, the position-dependent secondary-electron production rate
P(x) is derived as a function of distancex from the surface. The obtainedP(x) can be explained in terms of
the direct electron excitation as well as the decay of both bulk and surface plasmons excited by the proton. The
probability of surface plasmon decay to an electron-hole pair is estimated to be;30%.
@S1050-2947~98!00708-2#

PACS number~s!: 34.50.Dy, 79.20.Rf
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I. INTRODUCTION

Since the discovery by Villard in 1899@1#, ion-induced
electron emission from solids has been studied for a l
time @2#. There are two different mechanisms of the electr
emission under bombardment of ions. When the poten
energy of the projectile is larger than twice the work functi
of the target material, potential emission may occur at
surface@3#. Recently, this phenomenon has been extensiv
studied with highly charged ions@4#. If the target electrons
are excited by direct transfer of kinetic energy from the p
jectile, these electrons may appear outside the target as
ondary electrons. This process, called kinetic electron em
sion, is usually dominant for ion velocity larger than abo
107 cm/s @5#. The mechanism of the kinetic electron em
sion is explained by a so-called three-step model@6#: genera-
tion of excited electrons in the solid, transportation to t
surface, transmission through the surface barrier. In theo
ical studies, these processes are assumed to be indepe
and are analyzed separately. Even for one of these proce
however, a complete treatment is an immense task and s
simplifications are usually introduced. The generation p
cess, for example, contains direct excitation of valence
inner-shell electrons by primary ions, one-electron decay
bulk and surface plasmons generated by primary ions, Au
electron emission, etc. The generation rate is usually
sumed to be proportional to the inelastic stopping power
stead of the complete treatment. This assumption is thou
to be justified by the observed proportionality between
secondary electron yield and the stopping power. Howe
the observed proportionality does not directly guarantee
assumption because the observed secondary electron yie
a result of these complicated processes, i.e., genera
transportation, and transmission. If the generation proc
can be observed separately from other processes, applic
ity of the assumption can be clear.

When a fast ion is incident on a single-crystal surfa
with a grazing angle, the ion is reflected from the surfa
without penetration inside the crystal if the angleu i of inci-
dence from the surface plane is smaller than a critical an
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@7,8#. The ion may excite target electrons outside the crys
These electrons can be directly emitted to vacuum with
other processes. This allows us to study the generation
cess separately from others. In this paper, we report on
measurement of the secondary-electron yield induced
specularly reflected MeV protons. Analyzing the results,
tailed information on the generation process is obtained.

II. EXPERIMENTAL PROCEDURE

A single crystal of SnTe~001! was prepared by epitaxia
growth in situ by vacuum evaporation on a cleaved surfa
of KCl at 250 °C in a UHV chamber. The crystal wa
mounted on a five-axis precision goniometer. Beams of 0
1.5 MeV protons from the 1.7-MV Tandetron accelerator
Kyoto University were incident on the crystal at glancin
anglesu i52 – 7 mrad. The beams were collimated by a s
ries of apertures to less than 0.130.1 mm2 and to a diver-
gence angle less than 0.3 mrad. The azimuthal angle of
crystal was carefully chosen to avoid surface axial chann
ing. The protons scattered at a specular angle were sele
by an aperture (f51 mm) placed 425 mm downstream fro
the target and energy analyzed by a 90° sector magn
spectrometer.

The observed energy spectrum of 0.5 MeV protons
flected from the SnTe~001! is shown in Fig. 1. Besides a
main peak at;496.5 keV, which corresponds to the spec
larly reflected protons and is referred to as the first pe
hereafter, there are additional small peaks at;489.5 and
;483 keV. These small peaks, being referred to as the
ond and third peaks, correspond to the protons which p
etrated through side surfaces of surface steps and appe
again after channeling through the crystal as shown in
inset@9#. The energy loss of the second peak proton is ab
three times as large as that of the first peak proton beca
the second peak proton is deflected by the atomic plane t
times while the first peak proton is deflected once.

Secondary electrons emitted from the target crystal w
detected by a microchannel plate~MCP, effective diameter
f520 mm! placed in front of the target. The distance b
tween the crystal surface and the MCP was 12.5 mm and
dimension of the crystal surface along the beam direct
was about 7 mm. The MCP was biased at1500 V to collect
all secondary electrons emitted from the target. Although
:
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applied bias affected the proton trajectory, the deflect
caused by the bias of 500 V was less than 0.2 mrad for
0.5-MeV proton.

III. EXPERIMENTAL RESULT

Figure 2 displays an example of the pulse height distri
tion of MCP signal~solid circles! measured in coincidenc
with the first peak proton when 0.5-MeV protons were in
dent on the SnTe~001! at u i54 mrad. The pulse heightI of
the MCP signal is proportional to the number of second
electrons detected.@10# In order to derive the number o
secondary electrons emitted by one proton from the obse
pulse height distribution, we need the pulse height of
MCP signal for single-electron detection. The open circ
show the result without the proton beam. There were m
free electrons inside the chamber, which mainly came fr

FIG. 1. Energy spectrum of protons specularly reflected from
SnTe~001! surface when 0.5-MeV protons are incident on the s
face atu i54 mrad. The first peak at;496.5 keV corresponds to
the protons reflected without penetration into the crystal and sm
peaks at;490 and 483 keV correspond to subsurface channe
ions as shown by the inset.

FIG. 2. Pulse height distribution of secondary electrons dete
by MCP in coincidence with the reflected protons of the first pe
when 0.5-MeV protons are incident on the SnTe~001! at u i

54 mrad. The open circles show pulse height distribution measu
without the proton beam, which corresponds to signals of sin
electron detection.
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an ion pump used to evacuate the chamber. The pulse he
distribution observed without the proton beam is attributed
these free electrons and it can be decomposed into two G
sians as shown in Fig. 2. The peak positionsI 1 andI 2 of the
Gaussians have a relationI 252I 1 indicating that these Gaus
sians correspond to signals of single- and double-elec
detections. The secondary electron yield, i.e., a mean num
of the secondary electrons emitted by single proton, can
estimated byg5^I &/(«I 1), where ^I & denotes the mean
value of the pulse height distribution, and« is the detection
efficiency of MCP, which was measured to be 0.6 for 0
keV electrons@11#. The obtained secondary electron yie
for the 0.5-MeV proton is shown in Fig. 3 as a function
the angle of incidence together with the energy lossesDE
observed in a previous study@12#. While the energy loss
increases withu i , the secondary electron yield is almo
constant. Figure 4 shows the observed secondary elec
yield as a function of ion energy atu i55 mrad. Energy
losses of reflected protons measured in a previous study@13#
are also shown for comparison. Although the seconda
electron yield decreases with increasing energy, the ene
loss is almost constant.

IV. POSITION-DEPENDENT SECONDARY ELECTRON
PRODUCTION RATE

The secondary electron yield is written as

g~u i !5E
traj

P~x!dz, ~1!

whereP(x) is a position-dependent secondary-electron p
duction rate, i.e., the number of secondary electrons p
duced by a proton per unit path length traveling parallel
the surface at a distancex from the surface and the integral
performed along the proton trajectory that lies in thex-z
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-

FIG. 3. Secondary-electron yield induced by 0.5-MeV proto
specularly reflected from a SnTe~001! as a function of the angle o
incidence~d!. The energy loss of the specularly reflected 0.5-M
proton ~h! is also shown. Calculated contributions to th
secondary-electron yield for single-electron excitation~dotted
curve!, bulk plasmon decay~dashed curve!, and surface plasmon
decay ~dot-and-dashed curve! as well as the sum of them~solid
curve! are shown. A typical experimental error is also shown.
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plane. Using the surface continuum potentialV(x) the trajec-
tory can be calculated and Eq.~1! is written as

g~u i !52AEE
xm~u i !

1` P~x!

AV~xm~u i !!2V~x!
dx, ~2!

whereE is the proton energy andxm(u i) is the closest ap-
proach to the surface. This is an integral equation of A
type and the solution is given by

P~x!52
1

2pE

dV~x!

dx

3S g~0!A E

V~x!
1E

0

p/2 dg~u i !

du i
U

u i5AV~x!
E sin~u!

duD .

~3!

Thus, the production rate can be derived from the obser
g(u i). This procedure is essentially the same as that used
derivation of position-dependent stopping power@14#.

Figure 5 shows the obtained production rate for the 0
MeV proton. In the calculation of Eq.~3!, the Moliére po-
tential was employed forV(x) and the experimentalg(u i)
was approximated by a quadratic function as shown by a
solid curve in Fig. 3. The position-dependent stopping pow
S(x) for the 0.5-MeV proton can be also derived from t
observed energy loss using a similar equation to Eq.~3! @re-
placingP(x) andg(u i) with S(x) andDE(u i)#. The result is
shown by a dotted line in Fig. 5. Both the secondary-elect
production rate and the stopping power decrease expo
tially with x, but stopping power decreases more rapidly

V. DISCUSSION

In a phenomenological theory of the kinetic electr
emission, the secondary-electron generation rate is assu
to be proportional to the stopping power@6#. However, the

FIG. 4. Secondary-electron yield induced by protons specul
reflected from a SnTe~001! surface (u i55 mrad) as a function of
the proton energy. The energy loss of the reflected proton meas
in a previous paper@13# is shown for comparison~h!. Calculated
contributions for single electron excitation~dotted curve!, bulk
plasmon decay~dashed curve!, and surface plasmon decay~dot-
and-dashed curve! as well as the sum of them~solid curve! are
shown. A typical experimental error is also shown.
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present result indicates that this proportionality does
hold. The ratioS(x)/P(x) depends on the distance from th
surface as can be seen in Fig. 5, e.g., the ratio is about
eV/electron atx50.5 Å and 80 eV/electron atx52 Å. This
means that the proton traveling at largex emits electrons
more efficiently than that at smallx. Detailed consideration
of the excitation process is needed to understand the pre
result. Although there have been several theoretical stu
about secondary-electron emission by glancing angle sca
ing of fast ions@15,16#, they concentrated on the calculatio
of the energy and angular distributions of secondary e
trons. Neither the position-dependent production rate nor
total secondary-electron yield by a specularly reflected
was given. Here, the position-dependent production rat
estimated with a simple model.

The number of electrons excited over the vacuum le
per unit path length of the proton atx can be calculated with
a binary encounter model,

Ps.c.~x!5
2pe4

mn2 (
i

ni~x!S 1

« i
2

1

2mn2D , ~4!

wherem is the electron mass,ni(x) is the electron density o
the i th shell averaged over the plane parallel to the surf
and « i is its binding energy. Hartree-Fock wave functio
@17# of isolated Sn and Te atoms were used to calcu
ni(x). It is reasonable to assume that half of these exc
electrons are ejected to the vacuum and others impinge
the solid. Therefore, the calculated result,Ps.c.(x)/2, for the
0.5-MeV proton is compared with the experimental result
Fig. 5 ~dashed curve!. The calculated result reproduces ne

ly

ed

FIG. 5. Secondary-electron production rate for the 0.5-M
proton as a function of distance from the surface derived from
measuredg(u i) ~thick solid curve!. Calculated results with a simple
model ~see the text! are also shown. Position-dependent stopp
power is shown for comparison~dotted curve!.
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ther the absolute value nor thex dependence of the exper
mental result. The calculated production rate is smaller
decreases more rapidly with distance from the surface. T
discrepancy might be attributed to the secondary electr
created by plasmon decay. The role of plasmon decay
secondary electron emission was first pointed out by Go
@18# and evidence of the plasmon decay was found in
energy spectra@19#.

The plasmon excitation rate by fast ions traveling near
surface was calculated by Kawai, Itoh, and Ohtsuki@20#. The
calculated results for both bulk and surface plasmons
shown in Fig. 5~dot-and-dashed and double-dot-and-das
curves!. As the half of the free electrons created by the pl
mon decay are expected to be ejected to the vacuum,
halves of the calculated plasmon excitation rates are sho
In the calculation, the electronic surface was assumed to
outside of the atomic surface by half of the interplanar se
ration ~3.15 Å/2! and the bulk plasmon energy of 15 eV w
employed. While almost all bulk plasmons decay in
electron-hole pairs, surface plasmons can decay via ph
emission@21#. The fractionF of the surface plasmons tha
create electron-hole pairs depends on the surface condi
@22#. The total secondary-electron production rateP(x) cal-
culated with variousF values was compared with the expe
mental one. The best fit between the calculated and exp
mental results was obtained withF50.3 as shown in Fig. 5
~thin solid curve!. The probability of surface plasmon deca
into an electron-hole pair was measured to be 0.3 for
films with smooth surfaces@22#. The present result coincide
with this value.

The secondary-electron yield was calculated by integ
tion of the theoreticalP(x) along the trajectory and the re
sults are shown in Figs. 3 and 4. The agreement between
calculated and experimental results is reasonably good
should be noted that the contribution from the surface p
mon decay is dominant at smallu i ~see Fig. 3!. This is very
different from the case of normal incidence. The role of pl
mon decay on secondary electron emission was discusse
Chung and Everhart for the case of normal incidence of k
.
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electrons on nearly-free-electron metals@23#. They found
that the contribution of the surface plasmon decay is ne
gibly small.

It is known that the secondary-electron yield from a sing
crystal has minima under channeling conditions@24–26#.
This was explained by the fact that the electronic stopp
power for channeled ions is smaller than that for the ions
random incidence. Assuming that the excitation probabi
is proportional to the position-dependent stopping power,
secondary electron yield for a channeled ion was analy
and an effective mean escape length was estimated@26#. The
present result, however, indicates that this assumption is
correct. Detailed analysis is needed to understand the e
of channeling on the secondary-electron emission.

VI. CONCLUSION

We have demonstrated that the position-depend
secondary-electron production rate can be derived from
secondary-electron yield observed at glancing angle sca
ing of fast protons from a single-crystal surface. The o
tained production rate decreases less rapidly than
position-dependent stopping power with increasing dista
from the surface. This indicates that the proportionality b
tween the stopping power and the electron production r
which has been assumed in many phenomenological theo
of the secondary electron emission, does not hold. The
tained position-dependent secondary electron production
can be explained by a simple model, which takes accoun
both the single-electron excitation and the electron-hole p
creation by plasmon decay, with a suitable choice of a fitt
parameter.
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