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Enhancement of the Secondary-Electron Production Process in Front of Insulator Surfaces
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(Received 10 August 1998)

The secondary-electron yield induced by 0.5-MeV protons specularly reflected from KCl(001) is
measured. The observed yield is about 160 electronsyproton at a glancing incidence angleui  1 mrad
and decreases to 100 electronsyproton with increasingui up to 7 mrad, which is about 4 times larger
than that for a semiconductor SnTe(001) surface. The enhancement can be ascribed to an almost
complete conversion efficiency of excited surface plasmons into electron-hole pairs and a large band gap
which results in the efficient production of secondary electrons by the single-electron excitation process.
[S0031-9007(98)07931-9]

PACS numbers: 79.20.Rf, 34.50.Dy, 61.82.Ms
at
e

tor
gin

)
is

er
t

s
id

5-
f
s

get
of

ial
as
ic
he

ad

de
ry
se
ion
ion

re

ili-
ted
el

e
ry
Electron emission is a ubiquitous phenomenon
particle-solid interaction and is of great importance
many applications, for example, in particle detector
in plasma-wall interactions, and in surface analysis tec
niques, such as ion microscopy and scanning elect
microscopy. Investigations have been focused on t
electron emission from metals and semiconductors
far [1]. The electron emission from insulators is a
intriguing phenomenon from a viewpoint of both funda
mental physics and application. Nevertheless, there ha
been a relatively small number of studies because of
difficulty arising from surface charging during the ion
bombardment. Careful investigations revealed that t
yield of kinetic electron emission (KEE) is much large
for insulators than for metals and semiconductors [2–
This was attributed to a larger electron escape depth du
reduced electron scattering and to a lower surface bar
which results in a larger escape probability through th
surface for excited electrons in insulators than in meta
and semiconductors. The excitation process in insulat
was usually assumed to be suppressed due to the la
band gap [6]. However, there is no clear evidence
support this assumption.

Recently, electron emission from insulators at impa
of slow highly charge ions has been extensively studi
[7,8]. It was suggested that potential electron emissi
(PEE) by highly charged ions is suppressed in front
a LiF(001) surface rather than in front of metal surface
although the less efficient above surface electron emiss
is more than compensated for by being more efficie
below the surface emission from LiF(001), resulting i
higher electron yields from LiF than from a Au target fo
the impact of slow highly charged ions [7].

In a previous study, we have shown that the excitati
process can be studied separately from other proces
(transportation to the surface and transmission throu
the surface barrier) utilizing the specular reflection o
fast ions at single crystal surfaces [9]. In contrast
a phenomenological theory [10], it was found that th
excitation rate is not proportional to the stopping powe
In the present Letter, we employ the same techniq
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to address the secondary-electron production process
insulator surfaces. It is demonstrated for the first tim
that the KEE process is enhanced in front of the insula
surface rather than the semiconductor surface. The ori
of the observed enhancement is discussed.

Single crystals of KCl and LiF (7 mm in length along
the beam direction and 20 mm in the vertical direction
cleaved along (001) in the air were mounted on a five-ax
precision goniometer in an ion-pumped UHV chamb
(base pressure3 3 10210 Torr). The surfaces were kep
at 250±C under UHV conditions to prepare clean surface
[11]. The elevated temperature also allowed us to avo
the surface charging by ionic conduction. A beam of 0.
MeV protons from the 1.7-MV Tandetron accelerator o
Kyoto University was collimated by a series of aperture
to less than0.1 3 0.1 mm2 and to a divergence angle
less than 0.3 mrad. The beam was incident on the tar
surfaces at a glancing angle. The azimuthal angle
the crystal was carefully chosen to avoid surface ax
channeling. A typical intensity of the proton beam was
low as ,1000 ionsys, which guaranteed no macroscop
charging and the negligible radiation damage during t
measurement.

When the angleui of incidence measured from the
surface plane is smaller than a critical angle [7.7 mr
for the 0.5-MeV proton on KCl(001)], the proton is
reflected at a specular angle without penetration insi
the crystal [12,13]. The proton may produce seconda
electrons outside the crystal during the reflection. The
electrons are not subject to the transport and transmiss
processes. This allows one to measure the product
process separately from other processes.

The protons scattered at the specular angle we
selected by an aperturesf  1 mmd placed 425 mm
downstream from the target and were detected by a s
con surface barrier detector. Secondary electrons emit
from the target crystal were detected by a microchann
plate (MCP, effective diameterf  20 mm) placed at
9 mm in front of the target. The pulse height of th
MCP signal is proportional to the number of seconda
electrons detected [8]. The MCP was biased at1500 V
© 1998 The American Physical Society
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to collect all secondary electrons emitted from the targ
The applied bias caused a small deflection of the i
beam, which was estimated to be less than 0.3 mr
under the present experimental conditions.

Figure 1 displays an example of the pulse height d
tribution of the MCP signal measured in coincidence wi
the 0.5-MeV proton specularly reflected from KCl(001) a
ui  2.5 mrad. The open circles show the pulse heig
distribution observed without the proton beam (the a
scissa is elongated by a factor of 5). These signals
attributed to the free electrons inside the chamber crea
by the ion pump, and the distribution can be decompos
into two Gaussians. The peak positionsI1 and I2 of the
Gaussians have a relationI2  2I1 indicating that these
Gaussians correspond to signals of single- and doub
electron detections. The secondary-electron yield can
given byg  kIlys´I1d, wherekIl denotes the mean value
of the pulse height distribution, and́is the efficiency of
the MCP, which was measured to be 0.6 for 0.5-keV ele
trons [14].

Figure 2 depicts the temperature dependence of
observed secondary-electron yield when 0.5-MeV proto
were incident on the LiF(001) surface atui  4.1 mrad.
The secondary-electron yield from insulators at norm
incidence is known to decrease with temperature due
increasing electron-phonon interaction [6,10]. The prese
result does not show any temperature dependence atT .

50 ±C, indicating that the observed secondary electro
were produced outside the crystal surface. The rap
decrease belowT  50 ±C is ascribed to the macroscopic
surface charging.

Figure 3 shows the secondary-electron yield fro
KCl(001) induced by the 0.5-MeV proton as a functio
of ui together with the secondary-electron yield from

FIG. 1. Pulse height distribution of secondary electrons d
tected by MCP in coincidence with the 0.5-MeV protons spec
larly reflected from KCl(001) atui  2.5 mrad. The open
circles show the pulse height distribution measured witho
the proton beam (the abscissa is elongated by a factor of
which corresponds to the signals of single- and double-elect
detection.
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semiconductor SnTe(001) surface measured in a prev
paper [9]. Both KCl and SnTe have the same crys
structure (NaCl-type) with almost the same lattice co
stant (the difference is less than 0.5%). The seconda
electron yield is about 4 times larger for KCl than fo
SnTe, although the large band gap suggests the reduc
for KCl [6]. The observed energy lossesDEsuid of the re-
flected protons for KCl(001) and SnTe(001) surfaces
also shown for comparison [DEsuid for SnTe(001) is re-
produced from Ref. [15] ]. While the secondary-electr
yields show a large difference between KCl and SnT
the energy losses are almost the same. The energy
of the proton per one electron emission for KCl is abo
40 eVyelectron atui  7 mrad, and it decreases dow
to 20 eVyelectron with decreasingui . Recalling that the
binding energy of the valence band (Cl3p band) is 9–
11 eV and the bulk plasmon energy is 14 eV for KCl [16
the obtained value of 20 eVyelectron is surprisingly small
Similar results were obtained with LiF(001), showing th
the enhancement of the secondary-electron yield is a c
mon feature for insulator surfaces.

More detailed information is extracted from the da
to understand the present result. We have shown
the position-dependent secondary-electron production
Psxd, i.e., the number of secondary electrons produc
by a proton per unit path length traveling parallel to t
surface at a distancex from the surface, can be derive
from the observedgsuid,

Psxd  2
1

2pE
dV sxd

dx

3

√
gs0d

s
E

V sxd

1
Z py2

0

dgsuid
dui

É
ui

p
V sxdyE sinsud

du

!
, (1)

FIG. 2. Secondary-electron yield induced by 0.5-MeV prot
specularly reflected from a LiF(001) atui  4.1 mrad as a
function of temperature. The rapid decrease atT , 50 ±C is
due to the macroscopic surface charging. A typical experim
tal error is shown.
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FIG. 3. Secondary-electron yield induced by 0.5-MeV pro
tons specularly reflected from a KCl(001) as a function o
ui . The result for a SnTe(001) from the Ref. [9] is also
shown by open circles. Energy losses of the reflected proto
at KCl(001) (closed triangles) and SnTe(001) (open triangle
from Ref. [15]) are shown for comparison. Typical experimen
tal errors are shown.

where E is the proton energy andV sxd the surface
continuum potential [9]. The obtained result for 0.5
MeV proton at KCl(001) is displayed together with the
previous result for SnTe(001) in Fig. 4 (thick and thin
solid curves). The production rate for KCl(001) is large
than SnTe(001) especially at largex.

The position-dependent stopping powerSsxd can also
be derived from the observed energy loss using a simi
equation to Eq. (1) by replacingPsxd and gsuid with
Ssxd andDEsuid, respectively. The result of the stopping
power for KCl(001) is shown by a thick dashed curv
in Fig. 4. Both the production rate and the stoppin
power decrease withx, but the stopping power decrease
more rapidly. The ratioSsxdyPsxd, which is assumed
to be constant in the phenomenological theory [2],
shown by a thick dot-dashed curve. The ratio is abo
60 eVyelectron atx , 0, decreases withx, and becomes
almost constant,20 eVyelectron atx . 2 Å.

The position-dependent secondary-electron producti
rate by MeV protons at SnTe(001) was quantitative
explained by the direct electron excitation and the decay
the excited bulk and surface plasmons into electron-ho
pairs [9]. The probabilities of the direct excitation an
the plasmon excitation were calculated with a binar
encounter model and a model given by Kawaiet al. [17],
respectively. The calculated results for the 0.5-Me
proton at KCl(001) are shown by thin curves in Fig. 4. I
the calculation, the bulk plasmon energyh̄vp  14 eV
[16] was used, and the electronic surface was assumed
be outside of the atomic surface by half of the interplan
separation (3.15 Åy2). It can be seen that the contribution
of the surface plasmon excitation is dominant outside
the electronic surface. In this region, the observed ra
SsxdyPsxd is almost constant, i.e.,,20 eVyelectron which
5440
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FIG. 4. Position-dependent secondary-electron product
rate Psxd for the 0.5-MeV proton at KCl(001) surface (thick
solid curve) together with the surface stopping powerSsxd
(thick dashed curve). The ratio ofSsxdyPsxd is shown by a
dot-dashed curve. Production rate, stopping power, and
ratio SsxdyPsxd for SnTe(001) (from Ref. [9]) are shown for
comparison by thin curves. Calculated results of direct exci
tion rate and excitation rates of bulk and surface plasmons
also shown.

is about twice the surface plasmon energyh̄vs  10 eV.
This implies that all surface plasmons decay into electro
hole pairs and half of the excited electrons appears
secondary electrons, while the other half of electrons
impinged inside the crystal. The surface plasmo
can decay via photon emission when the momentu
conservation law is violated by surface roughness [1
The probability of the surface plasmon decay to a
electron-hole pair was estimated to be 30% at SnTe(0
[9] and #30% at Al surfaces [19]. The present larg
conversion probability at KCl(001) is ascribed to the fla
ness of the cleaved surface. Observation by atomic fo
microscopy revealed that the cleaved KCl(001) surfa
was atomically flat, whereas the SnTe(001) surface h
many surface steps introduced during the preparation [2

With decreasingx, the contribution of the surface
plasmon decreases, and the direct excitation process
the bulk plasmon process become dominant. While
large difference is expected in the bulk plasmon proce
because the bulk plasmon energies of KCl (14 eV) a
SnTe (15 eV) are almost the same, the large band g
in KCl suggests a suppression of the direct excitati
process [6]. The stopping power of the KCl(001) surfa
is, indeed, smaller than SnTe(001) atx , 1.9 Å in
accordance with the above discussion. The seconda
electron production rate for KCl is, however, enhanc
almost twice that for SnTe. Consequently, the rat
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SsxdyPsxd for KCl is more than 3 times larger than
SnTe. This can be attributed to neither the large me
free path nor the large escape probability for KCl, sinc
the observed secondary electrons are produced outs
the crystal surface. A possible explanation might b
related to the large band gap in KCl. The forbidde
band extended from the Cl3p band s29 eVd up to the
bottom of the conduction band which locates just belo
the vacuum levels20.4 eVd. There are a relatively small
number of the excited states below the vacuum lev
Thus the energy lost by the proton is efficiently used
produce free electrons over the vacuum level at KCl(001
Quantitative explanation is left for theoretical study.

In summary, we have demonstrated clear evidence
the enhancement of the secondary-electron product
process at insulator surfaces. This indicates that n
only the transport and transmission processes but a
the production process itself are enhanced for KEE
insulators rather than semiconductors or metals. This
opposite the finding for PEE at the impact of slow highl
charged ions on insulator surfaces.
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