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We have measured heavy-ion-induced (Zp=2, 10, 18,36,54; 15 keV/u~Ep/Mp 600 keV/u
secondary-electron (SE) yields from sputter-cleaned entrance (y&) and exit surfaces (y F) of thin solid
foils (C, Al, Ti, Ni, and Cu; d =1000A) in ultrahigh vacuum (p =10 Pa). A pronounced increase
of the forward to backward SE yield ratio R =yF /yz with increasing Zp is observed. The SE yield
to energy-loss ratio A =y/S, has been found to be smaller for heavy ions (HI) than for light ions
(H and He); i.e., A (HI) & A (He) & A*(H). Also, at low projectile velocities (vp & 50 keV/u), the
value of A increases with decreasing vp. The velocity and projectile dependence of both R and A
can be described within simple extensions of Schou s SE emission transport theory and a semiempir-
ical Sternglass-type model introduced by Koschar and co-workers as caused by nonequilibrium pro-
jectile energy losses S, near the surfaces. The near-surface energy losses are reduced compared to
tabulated bulk energy loss values S, both for forward and backward emission under the assumption
of a proportionality between SE yields and dE, /dx. The Zp-dependent reduction factors, i.e., the ra-
tios S, /S„aswell as material parameters A =y/S, , are deduced from the SE yield measurements.
Nevertheless, a rough overall proportionality y-dE/dx over four decades of both forward and
backward secondary-electron yields y and electronic energy losses dE/dx in a wide range of projec-
tile velocities (15 keV/u Ep/Mp 16 MeV/u) and projectile nuclear charges Zp (1~Zp &92) is
found.

I. INTRODUCTION

The bombardment of condensed matter with swift ions
(vp/vp & 0. 1 vp Bohr velocity} leads to the interesting
phenomenon of kinetic "ion-induced secondary-electron
emission" (IISEE). More generally, secondary-electron
creation occurs whenever ionizing radiation interacts
with matter. Thus, the knowledge of secondary-electron
(SE) yields as well as their energy and angular distribu-
tion is of major importance in a variety of fields. Exam-
ples are radiation physics, chemistry, and biology
plasma-wall interactions (in particular, in relation to
fusion research for controlled nuclear power produc-
tion); ' radiation damage and nuclear track formation;
ion-induced plasma-desorption mass spectrometry;
secondary-electron multipliers for particle detection and
for precise measurements of extremely low currents; sur-
face analysis; ' and many more.

IISEE has to be taken into account whenever it is
necessary to obtain the rate of charged particles by
measuring their associated charge current. Thus, precise
SE-yield data as well as simple relationships for a quick
and easy estimate of SE yields are important for ion-beam
experiments in atomic and nuclear physics and in partic-
ular for the use of ion beams for material modification
and analysis.

IISEE, and especially secondary-electron emission
(SEE) induced by protons, can be used to study the basic
features of charged-particle interactions with condensed
matter (excitation, electron transport, surface, and solid-

state elfects} in contrast to electron-induced SEE, because
only a very small momentum transfer from the target
electrons to the projectile occurs and thus no bmkscatter-
ing of projectiles by the target electrons has to be con-
sidered. This means that IISEE can serve as a good test
for SEE theories, which can also be applied to such fields
as scanning electron microscopy and all kinds of surface
analysis with Auger, photo, or secondary electrons. Ac-
tually, some protons will be backscattered from the heavy
atoms of, e.g. , a gold target. These protons pass twice
through the entrance surface, creating SE's each time.
However, the contribution of these Rutherford-
backscattered projectiles to the total SE yield will be
small compared to the total yield, and can be neglected.

In this context, experiments on SEE from thin foils
yield more fundamental information (compare also Sec.
IVC) than the study of SEE from thick samples in the
backward direction only, because a considerable propor-
tion of the projectile energy loss leads to the creation of
high-energy 5 electrons, which are predotninantly ejected
in the forward direction. Furthermore, some features of
IISEE can be observed only in the forward direction, e.g.,
"convoy electrons"' or "shock electrons, " the latter ones
originating from the ion-induced collective excitation of
the target-electron plasma ("wake")." ' Also, non-
equilibrium conditions of the charge and excitation states
of the ion can be probed with SE if the target thickness is
in the order of or smaller than the (average) mean free
path of the studied electrons.

The SE yield y is defined as the average number of SE
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emitted per incoming projectile. The yield of SE's in the
backward direction emitted in the backward hemisphere
ys, from thick samples (i.e., thicker than the range of the
ions or associated electrons) bombarded with protons and
heavy ions has been studied as a function of the projectile
velocity Up, the projectile nuclear charge Zp, the charge
state of the ion q;, the angle of incidence of the beam 5,
and the target material Z~. ' '

It was found that y depends on both surface composi-
tion and topology. "" Thus, experiments with con-
trolled surfaces under ultrahigh vacuum are necessary.

SEE was described as early as in 1899,' and was recog-
nized around 1905.' Although IISEE from thin foils
was first investigated in 1931, ' only a few papers have
been published concerning measurements of the total
secondary-electron yield yz=yz+yF with thin-foil tar-
gets. Here, yF is the yield of SE emitted in the for-
ward hemisphere, i.e., the yield from the surface where
the ions exit from the foil. In these experiments, y& has
been studied as a function of up, Zr, 5, and the target
thickness d with different projectiles. Also, it has been
found that the target temperature affects y z.

Some authors have studied separately the emission of
SE from both the entrance and the exit surfaces of thin
foils ' and deduced the ratio of forward to backward
SE yields R =yp/ys. The ratio R, introduced by Meck-
bach, Braunstein, and Arista in 1975, has been studied
as a function of Up with different ions and target materi-
als, but the data are scattered over a broad range of ion-
atomic numbers, velocities, target materials, and ion
charge states. ' Thus, no clear picture arises concern-
ing the Up Zy and Zp dePendences of yF and yz and
their relationship. Only two groups have yet been able to
perform experiments with thin foils in ultrahigh vacuum
with controlled surface conditions.

Common to nearly all theoretical approaches'
is the division of the processes leading to SEE in the fol-
lowing steps.

(i) Production of "internal SE" in the bulk of the solid
by (a) primary ionization caused by collisions of the bom-
barding projectiles with target electrons (target ioniza-
tion) (also, projectile ionization can occur if the projectile
carries electrons); and (b) secondary ionization by inter-
nal SE (and in particular high-energy 5 electrons), recoil
ions, and possibly photons. This step is related to the
electronic energy loss per unit path length dE/dx: =S, —
(expressed in units of eV/A) of the ions in condensed
matter and, if there is a non-negligible contribution of SE
induced by recoil ions, also to the nuclear stopping power
S„.

(ii) Transport of the SE through the bulk of the target
to the surface.

(iii) The transmission of SE through the surface poten-
tial barrier.

Furthermore, one has to consider that the ions undergo
charge-exchange processes until a dynamic charge equi-
librium inside the solid foil is reached. The measurement
of SE yields from foils as a function of the target thick-
ness d provides a powerful tool to study this prepara-
tion of the ion beam, i.e., the evolution of ion charge
states together with charge exchange processes related to

Ar =yr/S, ,

Aa =y&/S, ,

AF=yF/S

(2)

for the total, backward, and forward SE yields, respec-
tively. For electron' and low-velocity (vp &uo) heavy-
ion impact, Az has been shown to depend on the pro-
jectile velocity; for proton bombardment, however, Eq.
(1) has been confirmed experimentally within about 10%
both for ys (Refs. 15, 16, and 50 and yr (Ref. 24) in the
wide projectile energy range of 10 keV/u &Ep/Mp &24
MeV/u (projectile energy Ep, projectile mass Mp). In
this case, i.e., for protons the parameters Az and A~
could then be expected to depend only on target proper-
ties such as ionization cross sections, transport lengths
for secondary particles in condensed matter, and the
surface-dependent escape probabilities. This would mean
that Ar & may be considered as "material parameters"
for the particular case of proton impact.

With heavy ions, deviations from the simple rule given
by Eq. (1) have been observed, especially at low projectile
velocities, i.e., vp/2=Ep/Mp & 150 keV/u '' ' As.
was found to depend on the projectile atomic number
Zp ' and, in accordance with the establishment of
charge equilibrium and the consequent adjustment of
stopping powers close to the entrance surface of the solid
target, on the charge state of the incoming projectiles, or
the "partial stopping powers" that are characteristic for
these charge states.

In the following, we present experimental studies of
secondary-electron yields ys (in the backward direction)
and y p (in the forward direction) from thin solid foils
(d =1000 A) bombarded with heavy ions of incident
charge state q; =+1. The foils were thick enough to en-
sure charge equilibration of the ions at the exit surface
and thicker than ranges of the low-energy SE produced

nonequilibrium stopping powers. '
It is important to note that similar nonequilibrium pro-

cesses also take place at the exit surface. The effective
charge of the ions inside the solid generally differs from
their mean charge outside the solid, and thus charge-
exchange processes also happen "near the surface, " i.e.,
in the last atomic layers of the foil.

Furthermore, the surface cannot be considered as a
simple step where suddenly the bulk of the solid ends and
the vacuum begins. Rather, there is a slow transition be-
tween the bulk and the vacuum. In this near surface re-
gion, the density and also the electronic properties of the
target (as well as the screening of the projectile charge)
and thus the charge state of the ions can change.

As a main feature, the most frequently applied theoret-
ical models consider y to be proportional to the
electronic stopping power S„i.e.,

y/S, = const .

It is common practice to define parameters A* as ratios
between the measured SE yields and the (tabulated)
stopping-power values to study the validity of Eq. (1) as a
function of Up, Zp, and Zz,
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inside the solid, but much thinner than the mean ranges
of the ions. The SE coefficients yz and y~ have been
measured as functions of the projectile nuclear charge
(Zp =2, 10, 18,36, 54), the target material (C, Al, Ti, Ni,
and Cu), and the projectile velocity (15
keV/u ~ Ez/Mp 600 keV/u) from sputter-cleaned tar-
get surfaces under ultrahigh vacuum conditions (p = 10
Pa) because of the following reasons.

(i) The first motivation was to obtain absolute values of
heavy-ion-induced SE yields in the velocity regime of 15
up to 120 keV/u.

(ii) The second motivation was to test whether the im-
portant basic relation Eq. (1) predicted by theory and
confirmed by experiment for proton impact also holds for
heavy ions: Is the heavy-ion-induced SE yield proportion-
al to the electronic energy loss S, as a function of the
projectile velocity U~, i.e., is A'(Up)=const? And, is
there a Zz dependence of A', i.e., is A' really a "material
parameter"?

(iii) However, the most important motivation for this
work was to study systematically the projectile (Zp) and
also the target material (Zz ) dependence of the ratio
R =yz/yz. Can the results be understood in the frame-
work of the frequently cited and applied theoretical mod-

els of Stern glass, Schou, ' and the extended
Sternglass-type model of Koschar et al?

II. EXPERIMENT

The experimental setup is similar to the one presented
in Ref. 31, except that, here, the experiments have been
performed in an ultrahigh-vacuum chamber (p = 10
Pa) at the 2.5-MV Van de Graaff' accelerator of the Insti-
tut fur Kernphysik der Johann-Wolfgang-Goethe-
Universitat in Frankfurt am Main. The accelerator facil-
ity delivered singly charged He+, Ne+, Ar+, and Xe+
ions in the specific energy ranges 90—600, 15—120, 15—60,
15—30, and 15 keV/u, respectively. More details are de-
scribed elsewhere.

Two nearly closed metal cylinders (similar to Faraday
cages, except for openings for the incoming and outgoing
ion beam) mounted on each side of a target-foil holder
were used to collect the SE's in forward and backward
directions of the target foil simultaneously. The cylinders
were held at a positive potential of +40 V to assure that
all the SE's were collected, and a negative potential of
—40 V was applied to the target to avoid influences due
to contact or surface potentials (compare Ref. 31). The
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FIG. 1. Heavy-ion-induced (Xe, Kr, Ar, Ne, and He) secondary-electron yields (lower part) from the sputter-cleaned entrance (y&,
left) and exit surfaces (yF, right) of thin C foils (d =1000 A) as a function of the square of the projectile velocity —,

'
vp =Ep/Mp ~ The

upper parts show the corresponding secondary-electron yield to projectile energy loss ratios A =y/S, (solid triangles, Xe; open
squares, Kr; solid circles, Ar; open triangles, Ne; solid squares, He). The solid lines are to guide the eye and represent mean values in
the case of A (He). Also, mean A* values for H projectiles (300—1200 keV/u) taken from Ref. 40, which were obtained with the
same experimental setup, have been included in the figure.
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SE currents collected in the cylinders were normalized to
the current measured at an antiscattering aperture (i.e.,
an aperture that also serves to intercept scattered incom-
ing beam particles) upstream of the target. A normaliza-
tion to the number of projectiles was achieved from the
ratio of the aperture current to the ion-beam current
measured with a Faraday cup without target. ' ' The
sum of the SE yields yz and yF measured with the
cylinders in the forward and backward directions was
equal within 8% to the total SE yield yr obtained by
measuring the target current and correcting for the
charge changing of the ions. ' ' The error is estimated
to be +12% for all the SE yields and the error for the R
values is +25%.

The thin, self-supporting target foils of C, Al, Ti, Ni,
and Cu were produced by standard evaporation tech-
niques. The bombardment of the targets with heavy
noble-gas ions results in a cleaning of both target-foil sur-
faces by backward and forward (transmission) sputtering.
The removal of the contamination of the target surfaces
with C and 0 (most probably as hydrocarbons and water)
could be controlled by the following two independent
methods.

(i) Rutherford-forward-scattered ions (H,He) could be
detected with a UHV-compatible bakeable silicon detec-
tor mounted at an observation angle of 35' with respect
to the beam, which could "see" the target through a
small hole in the forward cylinder. This detector was
also used to check the target thickness.

(ii) The secondary-electron yields themselves can be
used as a measure for the surface contamination: When

bombarding a fresh surface, the SE yields decrease until
they reach a minimum saturation value indicative for a
cleaned surface. ' ' '

All the results reported here have been obtained from
sputter-cleaned surfaces with minimum secondary-
electron yields and when no more surface contamination
could be detected by Rutherford scattering. We estimate
the residual surface contamination to be lower than 0.1

monolayer of C or O.

III. RESULTS

A. Secondary-electron yields

The lower parts of Figs. 1—5 show the SE yields yii
(left) and yF (right) for the five target materials (C, Al, Ti,
Ni, and Cu) as a function of the specific energy (i.e., the
projectile energy per unit mass) Ez/Mp [i.e., the square
of the projectile velocity vp/2). We observe the follow-
ing.

(i) In agreement with the findings of Ref. 40 for hydro-
genic projectiles, for a given projectile velocity yF is al-
ways higher than yz for all projectile-target combina-
tions; i.e., the SE emission in the forward direction dom-
inates.

(ii) Both yF and yii increase with v~ for Ne (15
keV/u ~ v~ /2 ~ 120 keV/u), Ar (15 keV/u ~

Up /2 ~ 60
keV/u), and Kr (15 keV/u ~ vs/2 & 30 keV/u) in the en-

ergy ranges accessible for measurement. For Xe, only
one measurement at 15 keV/u could be performed. For
He our measurements, which cover the range 90
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FIG. 2. Same as Fig. 1, for an Al foil.
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FIG. 3. Same as Fig. 1, for a Ti foil.
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FIG. 4. Same as Fig. 1, for a Ni foil.
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FIG. 5. Same as Fig. 1, for a Cu foil. The C+ data have been included for comparison and are taken from Ref. 40.

keV/u & vz/2 & 600 keV/u, show an increase of yF and

ys with v~ to a maximum yield in the vicinity of
Ez/Mz=vz/2=120 keV/u followed by a slight de-
crease. According to Ref. 52 this maximum would corre-
spond to the known maximum of S, in this energy range.

(iii) yF and ys show a weak dependence on Zz, but
this is not a simple function of ZT as, e.g., an increase or
decrease with ZT. A general trend is y(A1)&y(Ni)
=y(Ti) & y(C) =y(Cu), but this does not hold for all vp

and Zp.
(iv) There is a remarkable dependence of yF and ys on

the projectile atomic number at a given velocity and for a
given target material; both SE yields increase strongly
with Z~. For the heavier ions Ne, Ar, Kr, and Xe and in
the case of forward emission, yF can be up to ten times
larger than the yield obtained with He and, as can be de-
duced from Refs. 24 and 40, with H.

B. Secondary-electron yield to energy-loss ratio

The upper parts of Figs. I—5 show the EI, /Mz=vz/2
dependence of the parameters AF z =y F z /S, . The
stopping-power values have been calculated according to
Ref. 52. Also, the mean A' value for protons obtained
with the same experimental setup from Ref. 40 are in-
cluded. The following can be seen.

(i) AF+(vz) are constant above Ez/Mz=vp/2&50
keV/u, i.e., the velocity dependence of y follows that of
the energy loss S„exceptat low velocities.

(ii) At low velocities, i.e., E~/Mz= z/2v50&keV/u,

there is, for Ne, Ar, Kr, and Xe, a decrease of AF z with
increasing velocity. (This velocity range is not covered
by the measurements with He. } Due to their energy loss,
the heavy ions have a lower velocity at the exit surface
and thus a reduced yF compared to ions with a some-
what higher velocity (equal to the velocity at the entrance
surface), because we are in the velocity region below the
stopping-power maximum. Thus, when correcting for
the energy loss of the heavy ions in the foils, the increase
of the A' parameters becomes even more pronounced.

(iii) AF z depend on the projectile nuclear charge Z~.
The "saturation values" of Azz are systematically lower
for the heavier ions compared with He and H. In Table
I, we compare the parameters Az and A~ as well as
A T

=AF +As for protons (H) (data again taken from
Ref. 40), helium ions (He), and heavy ions (HI). Here and
in the following, the mean A* values for Ne and Ar will
be discussed, since we found AF~(Ne}=AFs(Ar) within
the experimental error bars. This has been observed pre-
viously, too. Also, the A~~ values of Kr and Xe
were found to fall close together, but they are smaller
than those of Ar and Ne. For Kr and Xe saturation
was not reached within the present measurements.

In Table I some A* values obtained by other authors
have been included (in parentheses) for comparison; see
also Secs. IV B and IV D. In the case of C, Ni, and Cu,
the agreement is fairly well within 20~o, but in the cases
of Al and Ni, deviations of up to 60% appear. We note
from Table I as a main result that A (HI)
& A'(He) &A'(H) for y~, ys, yT, and all target materi-
als.
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TABLE I. Mean backward, forward, and total secondary-
electron yield to projectile energy-loss ratios A& =y& /S,
(A/eV), AF*=yF/S, (A/eV), and AT =y T/S, {A/eV) for
different targets (C, Al, Ti, Ni, and Cu). The data in
parentheses have been included for comparison.

Target Protons Helium Heavy ions

C
Al
Tl
Ni
CU

Aa =yg/S, (A/eV)
0.18 (0.122)' 0.095
0.40 (0.118)' 0.23 (0.084)
0.17 (0.068)' 0.11
0.12 0.080
0.12 (0.091)' 0.085 (0.053)'

0.060
0.11 (0.068)
0.075
0.050
0.050 (0.041)"

C
Al
Tl
Ni
Cu

0.22
0.43
0.20
0.13
0.14

AF =yF/S, (A/eV)
0.15
0.24
0.13
0.095
0.10

0.11
0.16
0.10
0.080
0.075

C
Al
Tl
Ni
Cu

AT=yT/S, (A/eV)
0.40 (0.53) 0.25
0.83 (0.48) 0.47
0.37 0.24
0.25 (0.30) 0.18
0.26 (0.23) 0.16

0.17
0.27
0.18
0.13
0.14

'Reference 15.
Reference 64.

'Reference 49.
Reference 24.

C. Forward to backward secondary-electron yield ratio

In Figs. 6-10 the ratio R =yp/yp is plotted in the
studied velocity range 15 keV/u & up/2 ~ 120 keV/u as a
function of Ep/Mp =up/2 ~ Again, proton data obtained
with the same experimental setup from Ref. 40 have been
included.

(a) For the heavier ions Ne, Ar, and Kr, a general
trend is that R either increases with up (C, Fig. 6; Ni, Fig.
9) or that it remains constant over the whole studied vp

range (Al, Fig. 7; Ti, Fig. 8; Cu, Fig. 10) within the error
limits of 25%. In the case of He ions, R remains con-
stant. It has been observed previously ' ' that R
reached a saturation value at some hundred keV/u, and
our data are consistent with a saturation value of R
around Ep/Mp =100—200 KeV/u. However, we note
that the findings obtained with different targets are not
the same.

(b) First of all, we compare the ratios R obtained with
different projectiles traversing a Cu foil (Fig. 10). It is
seen that the velocity dependence of R is, within error
limits, essentially independent of the studied projectiles.
This allows us to draw the important conclusion that the
ratio R =yF/yz increases with increasing projectile nu-
clear charge Zz by up to a factor of 2 in the range
1~Z&&54. This is an important new result of this
study.

The increase of the forward to backward ratio for
heavier ions can be considered as further enhanced com-
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FIG. 6. Forward to backward secondary-electron yield ratio
R =yF/yz for different heavy ions (as indicated in the figure) as
a function of the square of the projectile velocity
( 2 )Up =Ep /Mp' target, C. The solid lines represent mean

values, the dashed lines are to guide the eye. Also, the mean R
value for H+ (300-1200 keV/u) taken from Ref. 40, which was
obtained with the same experimental setup, is shown in the
figure.
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FIG. 7. Same as Fig. 6; target, Al. Since the value of R(H+)
falls close to the value of R {He+), it is not shown in the figure
(see Fig. 11).

pared to values obtained with protons when considering
(i) that the R values for the heavier ions Ne, Ar, Kr, and
Xe are obtained in a velocity region where a possible sat-
uration of R(vp) may not yet have been reached, and (ii)
that due to the energy loss of the heavy ions they have a
lower velocity at the exit surface and thus a reduced yF
compared to ions with a somewhat higher velocity (com-
pare with case (ii) of Sec. III B).

For the case of Ni we observe in Fig. 9 that there is
also a remarkable enhancement of R with increasing Zz.
However, whereas for H and He projectiles R is indepen-
dent of U+ for H and He, for the heavy ions on Ni there is
a systematic increase with increasing projectile velocity
Up. In this connection we may call attention to the
different valence-electron configuration of Ni compared
to Cu.

For the targets C, Al, and Ti (Figs. 6—8) one can con-
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FIG. 8. Same as Fig. 6; target, Ti. FIG. 10. Same as Fig. 6; target, Cu.

elude that there is also an overall enhancement of R with
increasing projectile atomic number. A typical depen-
dence on v& can, however, not be seen, except for the in-

dependence of R on vp for the case of He projectiles,
which actually is verified for all targets used.

In Fig. 11, we show mean values of R from Figs. 6—10
plotted as a function of Zz (Zz = 1,2, 10, 18,36, 54) which
give clear evidence of the mentioned increase of the
forward-backward SE emission ratio.

(c) Note that there is only a weak ZT dependence of R.

IV. DISCUSSION
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A. Velocity dependence

First of all, it is significant that the values of A" =y/S,
(upper parts of Figs. 1—5) agree within experimental er-
rors at high projectile velocities, say, E /M =vz/2) 50
keV/u, in spite of the large differences in SE yields yF
and y~ found in the lower part of Figs. 1—5 for different
heavy projectiles. This means that the SE yields yF and

y~ scale as the stopping powers of the respective projec-
tiles. However, the A* found for He are systematically
larger than those of Ne in the region of overlap.

With respect to the dependence on v&, both forward 1.7—
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and backward SE yields follow the velocity dependence of
the projectile energy loss even in the present case of
heavy-ion impact, as can be seen from the velocity-
independent constant values of A"=y/S, in the top of
Figs. 1—5. It is then evident from the present measure-
ments that the linearity between stopping power and both
forward and backward SE yields [Eq. (1)] holds, not only
for protons, but also for different heavy ions (with high
projectile velocities Ep/Mp vp/2) 50 keV/u) travers-
ing different target materials. Thus, the theoretical mod-
els ' can also be applied to heavy-ion-induced SEE,
at least concerning the velocity dependence.

At lower velocities, y is higher than expected from Eq.
(1) if tabulated electronic stopping powers are used.
One important reason for the enhancement may be the
contribution of recoil ion cas-cade induced S-E to the total
SE yield. This phenomenon is related to the nuclear
stopping and thus should become more important with

1.0.—

10 100

E, /Vp(keV/u)

FIG. 9. Same as Fig. 6; target, Ni.

H+

1000

FIG. 11. The mean values of the forward to backward
secondary-electron yield ratio R =y~/y~ as a function of the
nuclear charge Z& for different target materials (C, Al, Ti, Ni,
and Cu) as indicated in the figure. The proton data are taken
from Ref. 40. The lines are to guide the eye.
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S,*F

(3)

with

Sep (qeff, p )
2

SeB ( jef, B }
(4)

The quantities S,* are nonequilibrium projectile energy
losses (compare with Sec. IV C) and are proportional to
the square of the effective charges of the ious near the
surface (q, ff) . The factor B describes the partition of the
projectile energy loss in two different types of collision
processes, (i) close collisions between the projectile and
the electrons leading to—mostly forward-directed —high-
energy 5 electrons (fraction BS, ), and (ii) distant col-
lisions corresponding also to long-range collective excita-
tions leading to—mostly isotropic —low-energy SE [frac-
tion (1 B)S,]. —

Thus B is connected to step (a) mentioned in the Intro-
duction (Sec. I), i.e., the production of internal SE by pri-
mary ionization. B should not be confused with the fac-
tor P (which is connected to energy transport by fast elec-
trons} appearing in Schou's theory. ' It is worth noting
that also the velocity dependence of P could account for
the increased A' at low velocities (compare Sec. IVC).
Following Bohr, an equipartition B= ( 1 B)=0.5 was—

decreasing vp. The contribution of recoils has been inves-

tigated in detail experimentally and has been described
with a semiempirical model by Holmen et al.

Other possible explanations have been mentioned by
Frischkorn and Groeneveld, e.g., a transition from the
cascade electron regime to single ionization processes (see
also the discussion for the Up dependence of R below), or
enhanced molecular-orbital ionization in heavy sym-
metric collision systems. This would alter the internal SE
energy distribution, in contrast to the assumptions of the
theoretical models, ' where the shape of the SE energy
distribution comes out to be independent of the projectile
velocity or charge, which both only determine the abso-
lute value as scaling factors. Further conclusions can
only be drawn from measurements of the energy and an-
gular distributions of heavy-ion-induced SE both at low
and high projectile velocities (keV/u to some 10 MeV/u
range).

It is worth noting that the maximum SE yield for pro-
tons is reached at a velocity around Ep/Mp=vp/2
=80—120 keV/u close to the stopping-power maximum
depending on the target material. ' In the present experi-
ment, a maximum SE yield for He impact is reached at
Ep/Mp=up/2=120 keV/u, but the energy-loss max-
imum of the heavier ions Ar, Kr, and Xe is not yet
reached. However, a tendency of y to decrease can be
seen for some targets with Ne ions at velocities of
Ep /Mp = Up/2) 120 keV/u (Figs. 2W).

With reference to the forward-backward emission ratio
R =yp/y~, according to the extended semiempirical
SEE model of Koschar et al. and following Sternglass
this ratio can be expressed as

chosen in the original Sternglass ansatz. The attenuation
lengths A.sp and A,s are characteristic for the high-energy
5 electrons or the low-energy SE, respectively. Typical
values are A,sz= 15 A and k&= 300 A for a specific pro-
jectile energy of 1 MeV/u.

Equation (3) furnishes at least a possibility for a quali-
tative understanding of the velocity dependence of R.
The ratio A.&/A, sz can be estimated from

A $/A sp 5 ~ 4Ep /Mp (5)

B. Target material dependence

The dependence of both yz and y z on the target atom-
ic number Zr (for a given Projectile velocity) has been
studied with protons, molecular ions, and heavy
ious. '~ 2~ 5~ Oscillatory behavior of y(Zr) has been ob-
served, and also in the present experiment, no "simple"
monotonic dependence [i.e., such that Zr (1))
Zr(2) y(1))y(2)] can be seen. This finding may be
caused by a Zz dependence of all the quantities having an
influence on SEE, as, e.g. , dE/dx related to the cross sec-
tions for ionization processes, electron-transport mean
free paths A, , and the surface potential barrier. Further-
more, shell and band structure effects' ' as well as col-
lecti ve excitations like plasmon decay and wake
effects" ' may have to be considered. ' In particular,
the different valence-electron configuration of the
different target materials may play an important role for
both energy loss and SEE. We follow Hasselkamp'
when concluding that "this problem is unsolved at

with Ep /Mp measured in units of MeV/u.
According to Eqs. (3) and (5), R increases with increas-

ing vp and reaches a saturation value at high velocities
with A,s&)A,sp. From Eq. (5) it follows that A,s& A,sz and
thus a saturation of R(vp) can be expected for velocities
—,
'

vp =Ep/Mp )200 keV/u. The present data (Figs. 6—10)
indicate a saturation of R(vp) at projectile velocities
around —,'Up=Ep/Mp =100—200 keV/u. This seems to
be a reasonable agreement considering that the Sternglass
theory is strictly valid at high projectile velocities
vp & 2Zpvg. The weak Zz- dependence of R may have an
explanation in a Zz- dependence of the electron transport
lengths A,sz and A,s.

Also, the effective energy loss S,* and, in particular, the
partition factor B may depend on vp. However, at low
velocities vp (Up (Up is the velocity of the nearly free
electrons around the Fermi energy level}, the projectile
cannot directly cause collective excitations such as
plasmons or electron density fiuctuations (wake" ' ).
Thus B will increase with decreasing up. This leads to an
increased R value, in contrast to our observations.
Furthermore, the dynamic screening of the projectile by
the target electrons may influence the ratio R. Also, a
lost projectile electron may contribute to the SE yield
from the entrance surface with around 0.6 additional
SE. ' From the reasonable validity of Eq. (3) we can
draw the important conclusion that SE transport in solids
is of major importance for the quantitative description of
the projectile velocity dependence of SE yields.
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C. Projectile dependence

In the following, we will show that the important re-
sults (iii) of Sec. III B and (b) of Sec. III C, i.e., the Zp
dependence of A' and R, can be described within the
framework of Schou's theory for SEE. ' According to
this transport theory, the (fast} proton-induced SE yields
are given by

rp =ApFS, ,

ra =APaS.

ye=AS, ,

(6)

in analogy with Eqs. (1) and (2).
The difFerence in the forward and backward emission is

contained in the dimensionless factors Pp and P:=Pa in
such a way that Dp a =Pp aS, is the energy deposited in
the kinetic energy of electrons due to the energy loss S,
of the projectiles near the exit (downstream) and the en-
trance (upstream} surfaces, respectively. According to
calculations shown in Ref. 44, P can be expected to be ap-
proximately the same for different ion-target combina-
tions (within 15%) at specific ion energies Ep/Mp & 100
keV/u. Furthermore, at such high velocities, P depends
very weakly on the projectile velocity. This is an impor-
tant assumption in the following discussion and needs
further theoretical substantiation. ' However, this as-
sumption has been shown to be correct over a very broad
range of proton energies (10 keV —24 MeV), ' ' ' ' and
thus seems to be a realistic approach. Below
Ep /Mp = 100 keV/u, the factors Pp and Pa are increased
due to recoil-ion production related to the nuclear stop-
ping. Thus, increased SE yields can be expected in this
low-velocity region, in agreement with our experimental
findings (Secs. III A and III B).

At higher velocities —,'vp =Ep/Mp & 100 keV/u, P de
scribes the energy transport by recoiling electrons away
from the upstream near-surface region or into the down-
stream near-surface region. The values of P are expected

present and should be investigated further. " This also
holds for the Z~ dependence of R.

However, for different target materials (Zr=6,
22, 28, 29) we find similar Ar values with a mean value of
Az-=0. 32 A/eV. The Az value for the Al target is
higher than can be expected from values obtained with
thick samples of elemental Al. ' The most plausible
reason for this finding is that Al may be contaminated by
oxygen in the bulk of the target originating from the tar-
get production by evaporation.

With respect to a dependence of the forward-backward
emission ratio on the target (Zr ) no clear conclusion can
be drawn because of the differences found in the depen-
dencies of R on Vz. An exception is the case of He pro-
jectiles, for which R is independent of vp (Figs. 6-10).
However, in this case, R(zr) approximately follows the

Zz dependence of the first ionization energy. More mea-
surements are needed to confirm such a similarity, which

may be related to the fact that more violent collisions are
favored in the production of forward emitted SE.

to fall in the interval 0.25 &P(0.5 for protons. From
symmetry arguments follows

1 P—F=Pa =P.
From Eq. (6) we obtain for fast proton impact

R =rF/ra =Pp/Pa =(1 13)—/P .

(7)

(8)

Thus, we can easily obtain P by measuring the forward to
backward SE yield ratio R for fast protons where

ff F q ff J 1 . In this case we obtain by comparison
from Eqs. (2), (6), and (7)

A=Ap(H)/(1 P) =—Aa(H)/P=Ar(H) . (9)

From the proton data obtained with the present experi-
mental setup we obtain R =1.2. Then, according to
Eqs. (7) and (8), we find that P=Pa =0.45 and Pp =0.55.

In case (iii} of Sec. III B we have shown that the Apa
are difFerent for projectiles of different nuclear charge Z&
(H, He, and "heavy ions"). Thus Ar pa introduced in

Eq. (2) are no real "material parameters. " As discussed
above, the coefficients Pp a are only relevant for electron
transport and can be expected to depend weakly on the
ion-target combination at suSciently high velocities.
Thus, as it is in our interest to use a universal material
parameter A, as it was determined from measurements
with protons, i.e., we assume A(Zp ) = const, we can easi-

ly extend our discussion within the transport theory to
Zp & 1 by introducing Zp dependent factors Cp(zp) and

Ca(Zp) in Eq. (6),

rp= A(zr)(1 P)Cp(zp)Se

ra=A(Zr)PCa(Zp)S, .
(10)

Note that Eq. (6) is valid for proton impact only, whereas
Eq. (10) also holds for heavy-ion-induced SE yields.
Then, as P does not depend on Zp, we can obtain the fac-
tors Cpa(Zp ) empirically from the present measurements
with heavy ions and the proton data of Ref. 40 by com-
paring heavy-ion-induced with proton-induced SE yield
to energy-loss ratios,

Cp =Ap(zp 1)/Ap(zp =1),
Ca =Aa(Zp & 1)/Aa(Zp =1) .

The parameters C obtained in this way are listed in Table
II for protons (C= 1 by definition), He, and "heavy" pro-
jectiles (HI).

It is now clear that A defined by Eqs. (9) and (10) is a
fundamental, "true" material parameter with A= f(Zz. )

and A(vp, Zp)= const, i.e., A does not depend on the
projectile velocity nor on the projectile nuclear charge,
but on the target material. This material parameter A
can be obtained by measurements with protons traversing
foils with cleaned surfaces of different materials with
sufficiently high projectile velocities ( vp & 100 keV/u)
such that one can assume charge equilibrium with

q,ff z=q,~z =1. Material parameters obtained in this
way have recently been published by Clouvas et al.

From Eqs. (6) and (9) it is clear that the measurement
of proton-induced total SE yields y&=yz+y~ from thin
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TABLE II. Energy-loss reduction factors C& =A&(Zp)/
A~(H) =S,~/S, and CF =Ay(Zp)/Ap(H) =S,F/S, for the
studied target materials (C, Al, Ti, Ni, and Cu); see text, Sec.
IVC. Also, a mean value averaged over the values for the
different target materials is included.

Target Protons Helium Heavy ions

C
Al
TL

Ni
Cu
Mean Value

Cg =A~(Zp )/Aq(H) =S,g /S,
1 0.53
1 0.58
1 0.65
1 0.54
1 0.71
1 0.60+0.08

0.33
0.28
0.44
0.38
0.42
0.32+0.07

C
Al
T1
Ni
Cu
Mean value

Cp —AF (Zp )/AF (H) =ST'/Se
1 068
1 056
1 0.65
1 0.63
1 072
1 0.65%0.06

0.50
0.37
0.50
0.53
0.54
0.49+0.07

foils is more "fundamental" and convenient (within the
transport theory) than the measurement yz from thick
samples. In the latter case uncertainties may arise be-
cause a detailed knowledge of the factor p is needed to
calculate the material parameter A, whereas this is not
needed in the former case due to the symmetry relation
Eq. (7}.

The important Eqs. (10) are based on the following as-
sumptions.

(i) According to Schou, the contribution of "cascade
electrons" from secondary ionization [step (b) mentioned
in the Introduction] to the total yield is the dominant
contribution to the SE yields both in forward and back-
ward directions and thus the energy distribution of low-

energy "true SE" is similar for all projectiles. Although
there are no principal differences in the shapes of SE
spectra for different projectiles at low velocities, ' this
remains to be shown for heavy ions at higher velocities,
and in particular in the forward direction. The low-
energy part of the SE spectrum can also be strongly
influenced by collective excitations. Recent measure-
ments show that plasmon decay can contribute to SE
emission in an order of magnitude of some percent, or
even more, ' but cascade electrons seem to be dom-
inant.

(ii) The parameter p is assumed to be independent of
the type of projectile, i.e., the energy transport by elec-
trons is "protonlike" and independent of the production.
This is a simplification, because, e.g., the ejection of pro-
jectile electrons carried by incident heavier ions may
transport energy away from the surface. Furthermore, in
the case of heavy ions, the influence of the ion-induced
wake has to be considered. " ' However, the assump-
tion is supported by the experimental finding of similar p
values for proton impact [p=0.45 (Ref. 40)], heavy-ion
impact [p=0.4 (Ref. 35)], and by the calculations shown
in Ref. 44.

The parameters C(Zr ) include all projectile excitation,
charge nonequihbrium, and screening effects. Their
physical interpretation may be that they describe how
el'ectively, compared to protons, the heavy-ion energy
loss can be transferred into kinetic energy of electrons. '

Another possible point of view is that C values describe
a ratio between the tabulated bulk energy loss values and
a "nonequilibriurn near surf-ace energy loss" both at the
upstream and the downstream surface of the foils under
the assumption of a proportionality of y and S, (compare
Sec. IV A). A similar view has recently been successfully
applied to interpret target-thickness-dependent SE
yields. In this contect, the term "near-surface" means
within a depth comparable to the characteristic electron-
transport lengths A,sE and A, & and the charge equilibration
mean free path, i.e., some ten to some hundred
angstroms. It is important to note that the energy loss of
ions depends on projectile electron-loss and target-
electron capture processes (charge-changing energy
loss}. In particular, the energy loss is correlated to
the nonequilibrium process of the evolution of the ionic
charge state near the entrance surface ' ' and to the
dynamic self-screening of the projectile by bound projec-
tile electrons.

Deviations of up to a factor of 2 occur between the
near-surface energy loss and the tabulated bulk energy
loss (under the assumption of a proportionality between
SE yield and electronic stopping). This is true both near
the entrance and the exit surface. The parameters C de-
scribe in a very general way a variety of possible physical
mechanisms that can possibly cause a projectile depen-
dence of an effective energy loss near the entrance or exit
surface; possibly, e.g. , charge exchange, screening effects,
projectile excitation or ionization, or even molecular-
orbital excitation effects may contribute to the Zz depen-
dence.

An evolution of the "effective" projectile charge occurs
at the entrance surface of the foil within some few atomic
layers until the bulk effective charge value is reached, but
also at the exit surface where a sudden change of the pro-
jectile screening or a deexcitation of the projectile having
been excited inside the solid can take place. Also,
modifications of the surface potential barrier and a
strong positive charging up near the ion track ' have
been discussed in this context.

Furthermore, the excitation or ionization probabilities
of projectile electrons increase with the number of elec-
trons, i.e., Zz. ' ' ' The deexcitation of the projectile
when exiting the foil can contribute to enhanced SE emis-
sion in the forward direction and indeed, from Table II
we see that CF &Cz. Here, one could argue that the
charge state of the incoming ions was q, = 1 in the present
experiment, and that bare projectiles should lead to a
higher efFective charge near the surface and thus a higher
energy loss leading to enhanced SE yields. This is true at
higher ion velocities, but such effects are small ( (10%)
at the lower velocities used in the present experiment.
Also, the projectiles are charge equilibrated within path
lengths shorter than 5-electron ranges.

Thus, the effective ionic charge inside the bulk of the
solid generally differs from both the mean charge of the
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R =yF/gati =1.2CF/Ctt (13)

and with the mean C values from Table II we find
R ( H ) = 1.2, R (He ) = 1.3, and R ( HI ) = 1.9, in agreement
with the experimental findings (Fig. 11). Thus, an essen-
tia1 proportion of the Z~ dependence of R is caused by
differences in the effectivity of SE creation near the sur-
faces, which in turn is determined by the respective
effective projectile energy losses. The enhancement of
yF =1.2@~ for protons and a corresponding fraction of
the enhancement for heavier ions is caused by additional
SE creation in the forward direction by fast 5 electrons.

With the R values from Eq. (13) together with A,sE/A, z
for Et, /M+=0. 1 MeV/u taken from Eq. (5), we find on
the other hand B(He) =0.45 and B(HI)=0.42 [compare
with Eq. (3), Sec. IV A]. Surprinsingly, these values are

-close to the equipartition B=0.5 chosen by Sternglass.

D. Proportionality between secondary-electron
yield and stopping po~er

0
Finally, if we express A in units of A/eV rather than in

units of (pg/cm )/eV, i.e., if we take into account the
different densities of the targets and relate y to the "ener-
gy loss per unit path length" dE/dx and not to the "stop-
ping cross section" (dE/dx )X, we find interestingly very
similar A values for all studied target materials. Our
mean value is A =0.32 A/eV with Zz =6, 22, 28, 29
(Table I). This is in good agreement with mean values of
A given by Clouvas et al. (A =0.31 A/eV; Zr
=28, 29,46,47, 61,63,79, 83) and Schou (A=0.29 A/
eV; Z&=4, 12, 13).

In spite of the systematic deviations concerning the Zz
and Zz dependences discussed in this paper, the impor-

ions after exiting the foil and the charge of the incoming
ions. The most important charge exchange and deexcita-
tion processes tnust happen very near the surface. In this
context, it would be interesting to study heavy-ion-
induced SEE from thin foils at higher projectile velocities
()MeV/u) as a function of the ionic charge state and
the target thickness from sputter-cleaned, controlled sur-
faces.

Promising attempts have recently been made by Kos-
char and co-workers to connect nonequilibrium stop-
ping powers with SE emission. Their model can also be
applied in the present case. From Ref. 32 we obtain

Xa -~'a
(12)

YF ~eF &

and the quantities CFS, -S,'F and CzS,z -S,z can be in-
terpreted as nonequilibrium energy losses near the sur-
face similar to Allison's partial stopping-power concept. '
The target thickness dependence and probably the veloci-
ty dependence of SE yields can thus be used to study
effective stopping powers of ions in condensed matter and
to compare these with those in the gas phase. This may
help to clarify the importance of solid-state or phase
effects.

With Eq. (10) we can describe the Zp dependence of
R(Zp)=1 F/7 ti With p=0.45,

I
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FIG. 12. The total secondary-electron yield y~ from carbon
foils as a function of the electronic energy loss dE/dx of the
projectiles taken from Ref. 65. Data from Refs. 23, 24, and 40,
as well as data from the present work and as yet unpublished
data have been included. The projectiles (15
keV/u~Ep/Mp ~16 MeV/u, 1~Zp 92) are indicated in the
figure. It is important to note that the data were taken with in-
cident charge states q, close to the mean charge state q& of the
emerging ions.

tant assumption of an overall proportionality between SE
yields and the electronic energy loss of the projectiles
[Eq. (1)] is demonstrated impressively in Fig. 12, which
shows the total secondary-electron yield y~ from carbon
foils as a function of the electronic energy loss taken from
Ref. 65. A similar plot was first given by Frischkorn and
Groeneveld, and is enriched here with further data. %e
have included the data given in Refs. 23, 24, and 40, data
from the present work, and as yet unpublished data ob-
tained by our group. %e can state a rough proportionali-
ty yz -dE/dx within a factor of 2 in a wide range of
projectile velocities 15 keV/u ~Ep/Mp ~ 16 MeV/u and
projectile nuclear charges 1 Z~ &92 over four decades
of secondary-electron yields y and electronic energy
losses dE /dx.

Again, we find a mean value of Ar =0.31 A/eV. The
deviations within a factor of 2 from this mean material
parameter can be attributed to the Zz and Zz depen-
dence of A* (see Secs. IV 8 and IV C), whereas the veloci-
ty dependence A'( vz }= const is confirmed; see above
(Sec. IVA). It would be interesting to complete the
findings of Fig. 12, in particular, by extending the mea-
surements towards both lower and higher dE/dx values.
This can be done by measuring SE yields at higher pro-
jectile velocities Up (MeV/u range) with both light and
heavy ions.

The findings from Fig. 12 together with the results
from Table II allow us to give a simple relationship for an
estimate of secondary-electron yields yz and y F from
metallic solids and solid foils, not only for protons (H),
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but also for He and heavy-ion (HI) impact,

yz =0.14C&dE/dx

with Crt(H) = 1, Cs(He) =0.6, Cs(HI) =0.3,
(14)

y p =0.17CpdE /dx

with Cp(H) = 1, Cp(He) =0.65, Cp(HI) =0.5,
with dE/dx measured in units of eV/A. Equation (14)
can be applied in the specific energy range above, say, 50
keV/u and can be expected to give reasonable results up
to the MeV/u range. The accuracy is +20/o for H,
=+40%%uo for He, and should be accurate within a factor
of 2 for heavy ions with Zp & 36. For heavier ions, and at
much lower or much higher velocities as well as for can-
taminated surfaces, major deviations are likely to occur.

V. CONCLUSION AND OUTLOOK

%'e have studied the Up, Zz, and Z& dependences of
heavy-ion-induced secondary-electron yields yz and yF
from the sputter-cleaned entrance and exit surfaces of
thin foils in ultrahigh vacuum. The forward to backward
SE yield ratio R =y p/y~, and the SE yield to energy-loss
ratio A'=y/S, have been deduced from the measure-
ments. In the studied parameter range, A' has been
found to be independent of the projectile velocity Up for
sufficiently high projectile velocities, Ep /I p

= v 2 & 50

keV/u, i.e., A'(vp)= const, even for heavy ions (HI).
However, A' depends on the projectile nuclear charge
Zp [A'(HI) (A*(He) (A*(H ) ]. Also, a pronounced in-

crease of R with Zz has been observed.
The velocity and projectile dependence of both AF ~

and R can qualitatively be understood within an extended
semiempirical Sternglass-type SE emission model by Kos-
char et al. In the context of Schou's transport
theory, ' we describe these dependencies as caused in

part by differences in the energy transport of internally
produced SE, but also by a reduced energy loss S,' of the
projectiles compared to tabulated bulk energy-loss values

S, . The reduced stopping power S, is (i) an effective, (ii)
a charge nonequilibriurn, and (iii) a near-surface quantity.
The Zp-dependent reduction factors C=S;(Zp)/5, as
well as material parameters A and a simple relationship
for an estimate of SE yields yz and yF are given.

%e finally present evidence for a rough propor-
tionality —within a factor of 2—between SE yields and
the electronic energy loss of the projectiles in a wide
range of projectile velocities and projectile nuclear
charges Zp over four decades of y and dE/dx values.

The measurement of SE yields from thin foils, in par-
ticular, as a function of the incident ionic charge state q;
and the target thickness d, can provide valuable informa-
tion on nonequilibrium stopping powers and electron

transport in solids. The application of both trans-
port and semiempirical ' theory to heavy-ion-induced
SE emission leads to promising results. Further studies
of SE yields yz and yz from thin foils are necessary, in
particular, at higher projectile velocities with heavier ions
possibly under frozen charge-state conditions, which be-
come accessible with the recently developed heavy-ion
accelerators. Also, a simultaneous measurement of SE
yields and the energy loss for all kinds of projectiles in a
wide velocity range appears to be desirable.

Open questions, as e.g., the contribution of recoil ions,
"true" cascade electrons, or collective excitations to the
SE yields and also the role of projectile ionization and ex-
citation (see Secs. IVA and IVB) can probably be
answered by studying the d, q, v p Zp and Zr depen-
dence of secondary-electron energy and angular distribu-
tions from clean thin foils with light and heavy ions,
performed under ultrahigh-vacuum conditions. SE ener-

gy and angular distributions yield more detailed informa-
tion about SE emission, because they exhibit several im-
portant structures as, e.g. , the "true cascade SE" peak
at low electron energies E, ( 10 eV, the binary encounter
electron peak at v, =2vpcos8 (v„electron velocity; 8, ob-
servation angle), characteristic target and possibly projec-
tile Auger electrons, ' convoy electrons at
v, =vp (8=0'), loss electrons from heavy or molecular
ious at v, = —

vp around 8=180' (backward direction),
and low-energy peaks (E, &25 eV) resulting from the
one-electron decay of plasmons. ' ' Another collective
effect, the emission of shock electrons perpendicular to
the ion-induced wake in the electron plasma of the solid,
can be observed in angular distributions. " ' In particu-
lar, it wi11 be interesting to compare such SE spectra in-
duced by isotachic electrons, protons, and heavy ions. ~s

Also studies of the temperature dependence of both SE
yields and SE energy and angular distributions, not only
from metals, but even from superconductors, can
yield further information about SE emission.
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