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Secondary-electron emission from specularly reflected MeV protons
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Secondary-electron yield induced by MeV protons specularly reflected from a(@HJeurface is mea-
sured. From the observed secondary-electron yield, the position-dependent secondary-electron production rate
P(x) is derived as a function of distangefrom the surface. The obtaind®(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 +33b&o.
[S1050-294{@8)00708-2

PACS numbd(s): 34.50.Dy, 79.20.Rf

I. INTRODUCTION [7,8]. The ion may excite target electrons outside the crystal.
These electrons can be directly emitted to vacuum without
Since the discovery by Villard in 18901], ion-induced other processes. This allows us to study the generation pro-
electron emission from solids has been studied for a longess separately from others. In this paper, we report on the
time [2]. There are two different mechanisms of the electronmeasurement of the secondary-electron yield induced by
emission under bombardment of ions. When the potentiaspecularly reflected MeV protons. Analyzing the results, de-
energy of the projectile is larger than twice the work functiontailed information on the generation process is obtained.
of the target material, potential emission may occur at the
surfa_lce[3]_. Re(_:ently, this phe_nomenon has been extensively Il. EXPERIMENTAL PROCEDURE
studied with highly charged ior(gt]. If the target electrons
are excited by direct transfer of kinetic energy from the pro- A single crystal of SnT@01) was prepared by epitaxial
jectile, these electrons may appear outside the target as segrowth in situ by vacuum evaporation on a cleaved surface
ondary electrons. This process, called kinetic electron emissf KCI at 250 °C in a UHV chamber. The crystal was
sion, is usually dominant for ion velocity larger than aboutmounted on a five-axis precision goniometer. Beams of 0.5—
10’ cm/s[5]. The mechanism of the kinetic electron emis- 1.5 MeV protons from the 1.7-MV Tandetron accelerator of
sion is explained by a so-called three-step m¢@glgenera- Kyoto University were incident on the crystal at glancing
tion of excited electrons in the solid, transportation to theanglesd;=2-7 mrad. The beams were collimated by a se-
surface, transmission through the surface barrier. In theoreties of apertures to less than &0.1 mnf and to a diver-
ical studies, these processes are assumed to be independgence angle less than 0.3 mrad. The azimuthal angle of the
and are analyzed separately. Even for one of these processegystal was carefully chosen to avoid surface axial channel-
however, a complete treatment is an immense task and sonirey. The protons scattered at a specular angle were selected
simplifications are usually introduced. The generation proby an aperture¢=1 mm) placed 425 mm downstream from
cess, for example, contains direct excitation of valence anthe target and energy analyzed by a 90° sector magnetic
inner-shell electrons by primary ions, one-electron decay ofpectrometer.
bulk and surface plasmons generated by primary ions, Auger The observed energy spectrum of 0.5 MeV protons re-
electron emission, etc. The generation rate is usually adlected from the SnT@01) is shown in Fig. 1. Besides a
sumed to be proportional to the inelastic stopping power inmain peak at-496.5 keV, which corresponds to the specu-
stead of the complete treatment. This assumption is thoughérly reflected protons and is referred to as the first peak
to be justified by the observed proportionality between thehereafter, there are additional small peaks~at89.5 and
secondary electron yield and the stopping power. However;-483 keV. These small peaks, being referred to as the sec-
the observed proportionality does not directly guarantee thend and third peaks, correspond to the protons which pen-
assumption because the observed secondary electron yielddgrated through side surfaces of surface steps and appeared
a result of these complicated processes, i.e., generatioagain after channeling through the crystal as shown in the
transportation, and transmission. If the generation processset[9]. The energy loss of the second peak proton is about
can be observed separately from other processes, applicabihree times as large as that of the first peak proton because
ity of the assumption can be clear. the second peak proton is deflected by the atomic plane three
When a fast ion is incident on a single-crystal surfacetimes while the first peak proton is deflected once.
with a grazing angle, the ion is reflected from the surface Secondary electrons emitted from the target crystal were
without penetration inside the crystal if the angleof inci-  detected by a microchannel platélCP, effective diameter
dence from the surface plane is smaller than a critical angléb)=20 mm) placed in front of the target. The distance be-
tween the crystal surface and the MCP was 12.5 mm and the
dimension of the crystal surface along the beam direction
* Author to whom correspondence should be addressed. FAXwas about 7 mm. The MCP was biasedtai00 V to collect
+81-75-753-5253. Electronic address: kimura@kues.kyoto-u.ac.jiall secondary electrons emitted from the target. Although the
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FIG. 1. Energy spectrum of protons specularly reflected from FIG. 3. Secondary-electron yield induced _by 0.5-MeV protons
P o 6Epecularly reflected from a Sn0®1) as a function of the angle of
;rge(gtog)::?ar;z W_Ir_fg f(i)rl;r)t-l\;g;/kparr:tggg gfeycégfrgtsggggg tsour'incidence(.).. The energy loss of the specularly rgfles:ted 0.5-MeV
the protolns reflectéd without penetration into the crystal and Smagroton (O) is also _shown. C_alculated contrlbu_tlorls to_the
econdary-electron yield for single-electron excitati¢otted
peaks at~490 and 433 keV correspond to subsurface channele urve, bulk plasmon decaydashed curve and surface plasmon
ions as shown by the inset. decay (dot-and-dashed curyeas well as the sum of thertsolid
applied bias affected the proton trajectory, the deﬂectioncurve) are shown. A typical experimental error is also shown.
caused by the bias of 500 V was less than 0.2 mrad for the . .
0.5-MeV proton. an ion pump used to e\(acuate the chamber. The pu]se height
distribution observed without the proton beam is attributed to
these free electrons and it can be decomposed into two Gaus-
lll. EXPERIMENTAL RESULT sians as shown in Fig. 2. The peak positibpgandl, of the
Figure 2 displays an example of the pulse height distribuGaussians have a relatibg= 21 ; indicating that these Gaus-
tion of MCP signal(solid circles measured in coincidence Sians correspond to signals of single- and double-electron
with the first peak proton when 0.5-MeV protons were inci- detections. The secondary electron yield, i.e., a mean number
dent on the SnT@01) at 6,=4 mrad. The pulse heighitof ~ of the secondary electrons emitted by single proton, can be
the MCP signal is proportional to the number of secondaryestimated byy=(1)/(el,), where (I) denotes the mean
electrons detected10] In order to derive the number of value of the pulse height distribution, asds the detection
secondary electrons emitted by one proton from the observeefficiency of MCP, which was measured to be 0.6 for 0.5-
pulse height distribution, we need the pulse height of théeV electrons[11]. The obtained secondary electron yield
MCP signal for single-electron detection. The open circledor the 0.5-MeV proton is shown in Fig. 3 as a function of
show the result without the proton beam. There were manyhe angle of incidence together with the energy losS&s
free electrons inside the chamber, which mainly came fronpbserved in a previous studyl2]. While the energy loss

increases withf;, the secondary electron yield is almost

100 Fos Mev HY — ShTe'(of)l)' o aomad constant. Figure 4 shows the observed secondary electron
o, coincidence with 1slt peak fon yield as a function of ion energy a¥,=5 mrad. Energy
LL 5 peam off losses of reflected protons measured in a previous $ti&ly

are also shown for comparison. Although the secondary-

electron yield decreases with increasing energy, the energy
loss is almost constant.

IV. POSITION-DEPENDENT SECONDARY ELECTRON
PRODUCTION RATE

The secondary electron yield is written as

PULSE HEIGHT (arb. unitd) 7(6)= f t,ajp(x)dz’ @

FIG. 2. Pulse height distribution of secondary electrons detected . »
by MCP in coincidence with the reflected protons of the first peakVhereP(x) is a position-dependent secondary-electron pro-
when 0.5-MeV protons are incident on the StOR) at 6; duction rate, i.e., the number of secondary electrons pro-
=4 mrad. The open circles show pulse height distribution measureguced by a proton per unit path length traveling parallel to
without the proton beam, which corresponds to signals of singlethe surface at a distanggrom the surface and the integral is

electron detection. performed along the proton trajectory that lies in the
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FIG. 4. Secondary-electron yield induced by protons specularly é -~ 8
reflected from a SnTe01) surface @;=5 mrad) as a function of b ©n
the proton energy. The energy loss of the reflected proton measured ﬁ )
in a previous papefr13] is shown for comparisofi]). Calculated 81072+ 2 7
contributions for single electron excitatioftlotted curve, bulk %
plasmon decaydashed curye and surface plasmon decégot- 8
and-dashed curyeas well as the sum of therfsolid curve are w
1 1 1 1

shown. A typical experimental error is also shown.
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plane. Using the surface continuum potentiék) the trajec-
tory can be calculated and EQ) is written as FIG. 5. Secondary-electron production rate for the 0.5-MeV
proton as a function of distance from the surface derived from the
te P(x) measuredy( ;) (thick solid curve. Calculated results with a simple

i 0i):2\/E X (8) \/V(X (6))—V(x) dx, 2) model (see the tejtare also shown. Position-dependent stopping
e m power is shown for comparisofotted curvg

whereE is the proton energy an,(6;) is the closest ap-

proach to the surface. This is an integral equation of AbePresent result indicates that this proportionality does not
type and the solution is given by hold. The ratioS(x)/P(x) depends on the distance from the

surface as can be seen in Fig. 5, e.g., the ratio is about 160

1 dV(x) eV/electron ak=0.5 A and 80 eV/electron at=2 A. This
P(x)=— 27E  dx means that the proton traveling at largeemits electrons
more efficiently than that at small Detailed consideration
E 712 dy( 0i)| of the excitation process is needed to understand the present
x| y(0) V(x)+f de | 7 duj. result. Although there have been several theoretical studies
° b= \/@Sin(u) about secondary-electron emission by glancing angle scatter-

3) ing of fast iong[ 15,16, they concentrated on the calculation
of the energy and angular distributions of secondary elec-

Thus, the production rate can be derived from the observetions. Neither the position-dependent production rate nor the

¥(6,). This procedure is essentially the same as that used fdptal secondary-electron yield by a specularly reflected ion

derivation of position_dependent Stopping poW] Wa.S given. Here, the pOSition-dependent prOdUCtion rate is
Figure 5 shows the obtained production rate for the 0.5estimated with a simple model.
MeV proton. In the calculation of Eq(3), the Molige po- The number of electrons excited over the vacuum level

tential was employed fo¥/(x) and the experimentaj(6,) per unit path length of the proton atcan be calculated with
was approximated by a quadratic function as shown by a thi@ binary encounter model,

solid curve in Fig. 3. The position-dependent stopping power 2med 1 1

S(x) for the 0.5-MeV proton can be also derived from the P ()= 0 S ni(x)(—— _2> 4)
observed energy loss using a similar equation to(By[re- - mv= =g g 2mv

placingP(x) andy(6;) with S(x) andAE(6;)]. The resultis , , .

shown by a dotted line in Fig. 5. Both the secondary-electrof/nerem is the electron mass, (x) is the electron density of
production rate and the stopping power decrease exponeH“—e ith shell averaged over the plane parallel to the surface

tially with x, but stopping power decreases more rapidly. and g; i§ its binding energy. Hartree-Fock wave functions
[17] of isolated Sn and Te atoms were used to calculate

n;(x). It is reasonable to assume that half of these excited
electrons are ejected to the vacuum and others impinge into
In a phenomenological theory of the kinetic electronthe solid. Therefore, the calculated resit,.(x)/2, for the
emission, the secondary-electron generation rate is assum8d-MeV proton is compared with the experimental result in
to be proportional to the stopping pows]. However, the Fig. 5 (dashed curve The calculated result reproduces nei-

V. DISCUSSION
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ther the absolute value nor thkedependence of the experi- electrons on nearly-free-electron metd3]. They found
mental result. The calculated production rate is smaller anthat the contribution of the surface plasmon decay is negli-
decreases more rapidly with distance from the surface. Thigibly small.
discrepancy might be attributed to the secondary electrons It is known that the secondary-electron yield from a single
created by plasmon decay. The role of plasmon decay oorystal has minima under channeling conditidit—26.
secondary electron emission was first pointed out by GornyThis was explained by the fact that the electronic stopping
[18] and evidence of the plasmon decay was found in the@ower for channeled ions is smaller than that for the ions of
energy spectrgl9]. random incidence. Assuming that the excitation probability
The plasmon excitation rate by fast ions traveling near thas proportional to the position-dependent stopping power, the
surface was calculated by Kawai, Itoh, and Ohtg@ki. The  secondary electron yield for a channeled ion was analyzed
calculated results for both bulk and surface plasmons arand an effective mean escape length was estini2&dThe
shown in Fig. 5(dot-and-dashed and double-dot-and-dashegbresent result, however, indicates that this assumption is not
curves. As the half of the free electrons created by the plascorrect. Detailed analysis is needed to understand the effect
mon decay are expected to be ejected to the vacuum, tha channeling on the secondary-electron emission.
halves of the calculated plasmon excitation rates are shown.
In the calculation, the electronic surface was assumed to be
outside of the atomic surface by half of the interplanar sepa-
ration (3.15 A/2 and the bulk plasmon energy of 15 eV was We have demonstrated that the position-dependent
employed. While almost all bulk plasmons decay intosecondary-electron production rate can be derived from the
electron-hole pairs, surface plasmons can decay via photasecondary-electron yield observed at glancing angle scatter-
emission[21]. The fractionF of the surface plasmons that ing of fast protons from a single-crystal surface. The ob-
create electron-hole pairs depends on the surface conditiomained production rate decreases less rapidly than the
[22]. The total secondary-electron production rR) cal-  position-dependent stopping power with increasing distance
culated with variou$ values was compared with the experi- from the surface. This indicates that the proportionality be-
mental one. The best fit between the calculated and experiween the stopping power and the electron production rate,
mental results was obtained with=0.3 as shown in Fig. 5 which has been assumed in many phenomenological theories
(thin solid curve. The probability of surface plasmon decay of the secondary electron emission, does not hold. The ob-
into an electron-hole pair was measured to be 0.3 for Altained position-dependent secondary electron production rate
films with smooth surface®2]. The present result coincides can be explained by a simple model, which takes account of
with this value. both the single-electron excitation and the electron-hole pair
The secondary-electron yield was calculated by integraereation by plasmon decay, with a suitable choice of a fitting
tion of the theoreticaP(x) along the trajectory and the re- parameter.
sults are shown in Figs. 3 and 4. The agreement between the
calculated and experimental results is reasonably good. It
should be noted that the contribution from the surface plas-
mon decay is dominant at smal] (see Fig. 3. This is very We are grateful to the members of the Department of
different from the case of normal incidence. The role of plasNuclear Engineering at Kyoto University for the use of the
mon decay on secondary electron emission was discussed Bandetron accelerator, and to Professor Mslgofor fruitful
Chung and Everhart for the case of normal incidence of ke\Mliscussions.

VI. CONCLUSION
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