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Electronic interaction of very slow light ions in Au: Electronic stopping and electron emission
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Electronic stopping and ion-induced electron emission during the interaction of slow (v<<0.1 a.u.) H* and
D* ions with polycrystalline Au targets have been investigated. Electronic stopping is deduced from time-of-
flight low-energy ion scattering measurements in backscattering geometry using polycrystalline films of several
nanometers thick. Current measurements are performed to determine the ion-induced electron emission yield.
Both in electronic stopping and in ion-induced electron emission we find a rather sharp, distinctive threshold
velocity of ~0.19 a.u. for specific excitation and emission of 5d electrons. Below this threshold the projectiles

interact exclusively with the 6s electrons.
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I. INTRODUCTION

Electronic interactions of slow ions, such as electronic
stopping and ion-induced electron emission, are of funda-
mental interest. A profound understanding of electronic ex-
citation in metals by slow light ions is important for two
reasons: first, to refine the theoretical models describing the
ion-atom interaction in this velocity range and second, to
permit further development of analytical techniques for
quantitative surface analysis, e.g., low-energy ion scattering
(LEIS). Tons with velocities smaller than the Fermi velocity
of a solid (v<vp) can excite electron-hole pairs only via
binary collisions with electrons in the valence or conduction
band. Therefore, the band structure of a metal is expected to
have a significant influence on the electronic interactions of a
slow projectile.

Inelastic processes of ions in solids have been intensively
studied in the range of velocities v >uvp. In the velocity range
below the stopping maximum the ion-electron interaction is
so strong that linear theories brake down and only nonper-
turbative models can be considered as potentially adequate.'
For instance, density-functional theory (DFT) has been ap-
plied to describe nonlinear effects in the energy loss of slow
ions in a free-electron gas (FEG).>® At low velocities, a
projectile of atomic number Z; experiences an energy loss
—dE in a FEG of a finite thickness dx, that is given by the
stopping power S=—-dE/dx, which is proportional to the ve-
locity

S=Q(Zlvrs)v‘ (1)

The proportionality constant, i.e., the “friction coefficient”
Q, depends on Z; and the density parameter r,
=[3/(4mn,)]"3, with the electron density n,. Any deviation
from velocity proportional stopping is accounted for by a
velocity dependence of Q. In many cases the stopping cross
section € is the relevant quantity; & is related to S via €
=S/n, with n being the atomic density.

A velocity threshold was observed in the electronic en-
ergy loss of H projectiles in a polycrystalline Au film in
backscattering’® as well as in transmission through single
crystals in channeling geometry.’ The latter data were com-
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pared to DFT calculations accounting for the spatial distribu-
tion of sp and d electrons. The localized d electrons are
found responsible for the appearance of the threshold. Note
that the resulting energy-loss data are not directly compa-
rable since different impact-parameter selection has to be
expected in channeling geometry and in a random direction,
but qualitatively speaking, the same type of threshold behav-
ior for the interaction with the d electrons is expected in both
types of experiments.

Electron ejection from Au due to the impact of protons is
dominated by kinetic electron emission (KE) where the
transfer of kinetic energy of the projectile leads to electronic
excitations and electron emission.'? Despite considerable ef-
forts over the last decades toward a fundamental understand-
ing of kinetic emission phenomena, basic features of this
process are still a matter of debate.!! In this respect we men-
tion in particular the kinematic threshold behavior of KE,
which seems to be directly related to the energy transfer in
collisions between the atomic projectiles and electrons and
the energy needed to overcome the vacuum-solid potential
barrier (approximately work function W).

Considering only binary collisions between the proton
and electrons of an idealized Fermi gas (Fermi energy Ep,
Fermi velocity vy) leads to a so-called “classical threshold”
impact velocity vy, (Ref. 12):

1 w 1/2
Uth=EvF 1+E_p -1]. (2)

Assuming a work function for the Au 6s electrons of about
5.1 eV (Ref. 13) and a Fermi energy of roughly 7.3 eV (Ref.
14) vy, is about 2.4 X 10° m/s or ca. 300 eV/amu."

Irrespective of the fact that a variety of studies on atom or
ion impact on metal targets are consistent with a kinematic
threshold, in many cases evidence is reported for subthresh-
old electron emission, in general attributed to electron pro-
motion mechanisms during impact of atomic projectiles on
solid targets.'>!310 In this paper, we present an experimental
proof for band-structure effects in ion-induced electron emis-
sion as a consequence of the finite energy needed to excite
the 5d electrons in gold.
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FIG. 1. (Color online) Schematic representation of the experi-
mental setup ACOLISSA. Shown are the TOF beam lines before
and after scattering off the surface of the target. Additionally, dotted
lines indicate directions of incoming and outgoing high energy
beam trajectories.

II. EXPERIMENT

A. Energy loss

The energy-loss experiments were performed in the setup
ACOLISSA described in detail in Ref. 17. Here, just its main
features are summarized. As shown in Fig. 1, a beam of
monoenergetic ions is created in the ion source, passes
through the chopper and a system of focusing einzel lenses,
and is directed onto the target at a small angle «, measured
with respect to the surface normal. Projectiles, backscattered
by a large angle 0 (fixed to 129°), are detected by use of a set
of two channel plates in chevron configuration. Thus, a time-
of-flight (TOF) spectrum is recorded. The TOF spectrum is
converted to an energy spectrum by a standard procedure.

Two gold samples were produced by in situ evaporation in
the analytical chamber (ANA) with a base pressure in the
1071 mbar range, using a three-cell evaporator (OMICRON
EFM 3T). As a substrate, a sputter-cleaned Si wafer with a B
buffer layer on top was used. The thickness of the evaporated
Au layer was controlled online by the flux monitor of the
evaporator. After evaporation, the samples were transferred
to the TOF-LEIS chamber without breaking the vacuum. In
addition, one Au sample was prepared by ex situ evaporation
with thickness control by a quartz microbalance. Since in
both cases the thickness information is not quantitative, the
thickness values were fixed to 4.6, 5.4, and 7.0 nm such that
the resulting stopping cross section coincides with the value
recommended by the (proton stopping and ranges) PSTAR
compilation at 9 keV.'® For one of the Au films homogeneity
and thickness were analyzed by Auger-electron spectroscopy
(AES) and TOF-LEIS.'° Roughness and morphology of the
Au layer were measured ex situ by atomic force microscopy
(AFM, Veeco Instruments Dimension 3100) in the tapping
mode,” yielding a rms surface roughness of 0.29 and 0.51
nm for B/Si and Au/B/Si, respectively.

The thickness of the Au films was small enough to assure
that after being backscattered from the Au/B interface the
projectiles could still leave the surface and be detected in the
whole range of projectile energies. TOF-LEIS spectra were
measured using H*, H}, Hj, D*, D, and D} as projectiles,
with energies in the range 0.167-9 keV/A (A denotes the
relative atomic mass) and subsequently converted to energy
spectra. In the spectra, projectiles scattered from Au atoms
dominate, with a finite-energy width corresponding to the
thickness of the Au layer, similarly as in Rutherford back-
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scattering (RBS). Because of the high scattering probability
at low energies, the detailed shapes of the spectra will be
influenced by multiple scattering. Therefore, the safest way
to deduce the electronic stopping cross section is to compare
the experimental spectra to spectra obtained from Monte
Carlo simulations (TRBS) (Ref. 21) as described below.

B. Electron emission

The electron emission yield measurements were per-
formed with an experimental setup at the electron cyclotron
resonance ion source at the TU Wien (for a description of the
ion source see Ref. 22) The source is capable of producing
singly and multiply charged ions of various species with ac-
celeration voltages between 1 and 10 kV at electrical cur-
rents between 10 and 1000 nA depending on the species. The
extracted ion beam is focused by two magnetic-quadrupole
lenses with perpendicular focusing planes, mass separated by
a magnetic sector field at an aperture of 3 mm diameter,
which forms the entrance of the beam line. The ion beam can
be decelerated and focused onto the target surface with a
custom deceleration lens system, designed for voltages up to
1.5 kV, where an incidental particle flux of approximately
102 cm™2 57! is maintained. Before each measurement, the
solid polycrystalline Au sample is sputter cleaned by 2 keV
Ar* jons in grazing incidence; subsequently the recipient
pressure returns to a base pressure in the range of
1071 mbar. The electron emission yield is deduced from the
electrical currents>® measured at the sample at a highly trans-
parent grid and a collector electrode. The potentials of
sample, grid, and collector are each digitally controlled and
the electrical currents of grid and collector are measured si-
multaneously via separate standard electrometers. The
switching of the electrodes’ voltages as well as the corre-
sponding current characteristics is illustrated schematically
in Fig. 2. For extraction of the emitted electrons a voltage of
+20 V is applied to the grid with respect to the sample.
Complete suppression of the corresponding electron current
is achieved by biasing the grid to —60 V with respect to the
target. The collector is always kept 30 V more positive than
the grid in order to suppress secondary electron emission
from the collector electrode. The grid’s transparency ¢ was
determined independently by calibration measurements
(electron emission from gold by keV Ar" ions). A value of
¢=0.90£0.03 resulted.

Two different evaluation methods are used to determine
the emission yield y: (i) Using the target current only, one
obtains 71:q(;—§—1), with ¢ being the projectile’s charge
state, I‘} denotes the target current when the electrons are
extracted, whereas Iy=1I; is the pure projectile current,
which approximately equals the target current at full suppres-
sion of electron extraction /7. (optionally corrected), and (ii)

introducing also the collector current (when extracting the
. . Iz
emitted electrons) I, which leads to 'yz:f 7 - When nec-

essary, a small correction, which accounts for the current
contribution of electrons emitted from the grid due to back-
scattered primaries, is applied to the projectile current, mak-
ing use of the measured current at the grid. Accepted mea-
surements show agreement of both values y; and 7, within
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FIG. 2. (Color online) Schematic illustration of the voltage switching states and the corresponding time-dependent electric current at the

collector electrode and the target, respectively.

the total estimated statistical error of approximately *5%. At
the very low electron emission yields we expect larger un-
certainties due to pickup noise and statistical fluctuations,
resulting in an estimated minimum error of 0.02 e~/ion.

III. RESULTS AND DISCUSSION

A. Energy loss

Figure 3 presents an energy spectrum of 700 eV protons
backscattered from one of the Au/B/Si samples. The spec-
trum is well reproduced by a Monte Carlo simulation using
the TRBS code and a proper value for the electronic stopping
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FIG. 3. (Color online) Experimental TOF-LEIS spectra for 700
eV H* (1.4 keV Hj) ions scattered off the in situ deposited Au/B/Si
film. The corresponding simulated TRBS spectrum corrected for the
stopping cross section is also shown (solid line). Simulations ob-
tained when using an & value that are larger or smaller than the
optimum value g, by 18% are also shown as dashed and dotted
lines, respectively.

power (solid line). Note that the TRBS simulations are sen-
sitive to electronic stopping similarly as conventional RBS;
changing the stopping power in the simulation by a constant
factor essentially leads to an equivalent change of the spec-
trum width. TRBS accounts for multiple scattering and elec-
tronic stopping along the trajectories and thus yields realistic
energy spectra of scattered projectiles even at the extremely
low energies used in this experiment. Most of the simulations
were performed using the “universal” potential with fixed Au
layer thickness and the electronic stopping power as an ad-
justable parameter (by use of a multiplicative correction fac-
tor ¢, to the SRIM stopping) to optimize the width of the
simulated spectrum. For the spectrum shown in Fig. 3, best
agreement was obtained for a simulation performed using S
=1.65X 107" eV cm? (solid line) corresponding to c
=0.33. The dashed lines in Fig. 3 correspond to simulations
performed for electronic stopping values that are larger
(smaller) than the optimum value by 18%, showing the high
sensitivity of the spectrum width to electronic stopping. This
procedure permits to safely deduce the electronic stopping
cross section without any influence of multiple scattering.

Figure 4 presents the stopping cross section & of Au for
protons (full circles) and deuterons (full squares) as a func-
tion of ion velocity. Our data reveal that for velocities v
<0.18 a.u., the stopping cross section is proportional to the
ion velocity e=Qu. In the velocity range 0.18 a.u.=v
=0.6, the velocity dependence of the stopping cross section
can be described as e=c(v—vy,) (dotted line). Here, vy, de-
notes an apparent threshold at ~0.1 a.u. The quantity of
interest, however, is v(=0.18 a.u., which represents the
threshold for the excitation of the Au 5d electrons.* At v
>v, an increasing fraction of the 5d electrons contributes to
electronic stopping, until at v=0.47 the 5d electrons are ex-
pected to be fully active.?* Consequently, the velocity regime
v <, corresponds to electronic stopping solely due to the 6s
electrons, i.e., an electron gas characterized by r,=3.02. For
v>0.47 a.u., all conduction electrons can be excited. There,
exy should hold again and a density parameter r,
=1.49 a.u. should be adequate.?

In Fig. 4, also data from Refs. 9 and 26-28 are shown.
Obviously, the different data sets scatter considerably, partly

195122-3



MARKIN et al.

(\TE\ 18 e LM T T T T T
o ) N
> 161 p,d - Au . e

1 A :/

2 144 e ourdata(p) v e /9,*—
© 10 1 ® ourdata(d) . /4:2{/:6*' T
— 121 R o
w 1 o ref.[9] (p) Lol /0# -
§ 109 o ref[9( 223 # &
= 1 = ref.[28] s i N
3 84 v ref.[26] - /A/fi R
n { 2 ref.[27] s # N |
(9] ' /',/ /§
@ 6 - L A+<# . ——DFT(r,=3.02)
o 1 - —-—-DFT (r,= 1.49) T
; 44 _ e ﬁ* 77777 DFT from [9] ]
c 1 : ---—-SRIM2003 )
3 2+ _// & — — PSTAR .
S o lez=T 1
1, LA TrrTTTTTTT UL R LR T LR T

0.0 0.1 0.2 0.3 0.4 0.5 0.6
ion velocity (a.u.)

FIG. 4. (Color online) Stopping cross section for hydrogen ions
obtained for H} and D} with n=1, 2, and 3 (circles and squares,
respectively) as a function of the ion velocity in a.u. Also shown are
data from Refs. 9 and 26-28 and SRIM.

due to enormous experimental difficulties to obtain quantita-
tive information on the stopping cross section for ions below
1 keV/u, partly due to different physical situations. The data
from Refs. 26-28 were all measured in transmission using
polycrystalline Au films. Note that the absolute values of
Refs. 26 and 27 differ only because of different thickness
calibrations. No systematic difference is expected between
transmission and backscattering experiments through poly-
crystalline material, since for both geometries the relative
contributions of different impact parameters to electronic
stopping are expected to be very similar due to strong mul-
tiple scattering. For single crystals, however, reduced elec-
tronic stopping is expected in channeling compared to a
polycrystalline sample of the same material due to more re-
strictive impact-parameter selection? in channeling.

The only data that extend to similarly low velocities as
our results are the data from Ref. 9 which were obtained by
transmission of slow H ions through Au single crystals. Even
these data agree qualitatively very well although they were
obtained in channeling geometry in Au(100). A quantitative
comparison is not possible for two reasons: first, because of
different scattering geometries (channeling vs random) and
second, because of different thickness calibrations. In Ref. 9
the foil thickness was calibrated by use of data by Blume et
al.,”® which for polycrystals are considerably higher than
more recent compilations.'$3° Nevertheless, for v <0.18, our
results are higher than the data of Figueroa et al.® by 17%,
while for v >0.2 a.u both data sets agree within 10%. Using
a common thickness calibration, larger differences would be
observed.

Also tabulated are stopping values from SRIM-2003 (Ref.
30) (dash-dot-dotted line) and the electronic stopping data-
base PSTAR (Ref. 18) is included in Fig. 4. At 9 keV our
data are identical to PSTAR due to the thickness calibration;
at low velocities our data are lower than the tabulated values
by up to 50%.
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Note that the velocity dependences for protons and deu-
terons coincide. In other words, there is no isotope effect in
stopping of hydrogen ions in gold in the energy range
0.167-5 keV/u, as expected from the binary collision model.
The spectra obtained at the same specific energy with differ-
ent ion species, e.g., 3 keV D*, 6 keV D3, and 9 keV D3,
demonstrate noticeable increase of the spectrum width only
for triatomic projectiles (~12% with respect to atomic ions)
while for dimers and atomic ions only very minor differences
in the spectrum shapes are obtained (~3%—4%). This indi-
cates that our data are hardly influenced by the vicinage ef-
fect in electronic stopping.’! Since backscattering is so un-
likely, only at most one particle out of a molecule will be
backscattered. Thus, the constituents of a molecular projec-
tile travel individually well separated from each other for the
major part of their trajectories. At these low velocities the
vicinage effect is expected to be small anyhow since the
dwell time A7, of the projectiles in the sample (A7,
=Ax/(v)) is large and multiple scattering abolishes further
the spatial correlation between the projectiles.

When trying to estimate the accuracy of the resulting
stopping cross-section data, the following main contributions
to possible systematic errors have to be considered: target
thickness, target impurities, and data evaluation. Any system-
atic error in the absolute value of the PSTAR value at 9 keV
will affect our data, with an estimated systematic uncertainty
of =10% (standard deviation). For our in situ samples, pu-
rity is a priori no problem since they are produced in UHV,
but also for the ex situ sample, bulk impurities are expected
to be negligible since Au is a noble metal. Surface impurities
do not influence the measurement noticeably in a back-
scattering experiment.’? In the data evaluation, a possible
systematic uncertainty may be expected from the scattering
potential that is not perfectly well known. In order to esti-
mate a possible systematic error arising from the data evalu-
ation, we performed simulations using both the universal
potential®* and the Thomas-Fermi-Moliére potential,** which
resulted in only minor changes in the spectrum shapes.
Therefore, possible systematic errors in the stopping power
due to the evaluation procedure are expected to be <5%. To
conclude, the perfect agreement of experiment and simula-
tion in Fig. 3 gives confidence that the evaluation procedure
is stable and the resulting & values are reliable to within an
overall systematic uncertainty of ~10%—15%. The statisti-
cal uncertainty is estimated to be £5% standard deviation
for velocities >0.35 a.u.; at velocities below 0.35 a.u., a
constant statistical error of *+0.3X 10715 eV cm® may be
more realistic.

Finally, we want to compare our results to DFT calcula-
tions. To this aim, we mimic the 6s electrons by an electron
gas of adequate density (r,=3.02) and perform a DFT calcu-
lation using the friction coefficient from Ref. 35 for this r,
value. The resulting DFT curve is somewhat higher than the
experimental data (by 17%) as shown in Fig. 4 (solid line).
This may be considered as satisfactory agreement. For the
same velocity range, Figueroa et al.® performed DFT calcu-
lations for the same r, value, but replaced vy by a relative
velocity v,=0.75v for the electrons (short dashed line).
Due to the assumed proportionality of & to vy, € is also
reduced by a factor 0.75. On the one hand, the introduction
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FIG. 5. (Color online) Total electron emission from Au excited
by impinging protons. The total number of emitted electrons per
incident ion is shown. The dashed lines labeled (a) and (b) indicate
linear fits of two distinct regimes in the data set. A horizontal
dashed line represents the potential emission contribution ypg to the
total yield. The expected emission thresholds for 6s electrons (at
around 0.10 a.u.) and 5d electrons (at around 0.17 a.u.) are indi-
cated by arrows (cf. text). The statistical error is estimated to 5%
but never smaller than 0.02 and indicated at selected points. For
comparison, previous results are included (Refs. 15 and 37).

of v,=0.75v abolishes the discrepancy between DFT and
their channeling data. On the other hand, the use of a relative
velocity smaller than v is questionable in the velocity range
of interest (v<<vy), since the exclusion principle limits the
interaction to the electrons at the Fermi level.

In the velocity range 0.18 a.u.<v<0.47 a.u., the data
cannot be described in a free-electron picture. The calcula-
tion for r;=1.49 a.u. (dash-dotted line) is expected to be a
realistic description of the stopping in the velocity range
where all the valence electrons contribute to the stopping
process (v>0.47 a.u.). Our experimental data just extend up
to v=0.6 a.u., where their absolute value was fixed. An ex-
tension of the data toward higher velocities would be re-
quired to verify whether it is adequate to describe the gold
conduction band as an electron gas with 7,=1.49 a.u. In Ref.
9 the free-electron-gas calculation was modified by introduc-
ing a finite minimum-energy transfer for the 5d electrons
such that the resulting curve perfectly fits the experimental
data.

B. Electron emission

Several theoretical descriptions suggest proportionality
between the electronic stopping and the total electron emis-
sion, respectively,'® therefore we performed electron emis-
sion yield measurements in the same velocity regime as in
the case of stopping power in order to be able to compare the
obtained results, especially concerning the distinct threshold
for the excitation of 5d electrons in the stopping power re-
ported above. The results of the electron emission measure-
ments are presented in Fig. 5, which shows an average of
multiple independent measurements, each one covering the
complete velocity range. For each such experiment, the tar-
get was sputter-cleaned in advance.
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Because of the comparably small potential energy of the
protons, potential electron emission (PE) does not contribute
significantly to the total electron emission yield. Using
the semiempirical formula given by Kishinevsky®® ypp
z%(O.SEPM—ZW), with the Fermi-energy Ey around 7.3

F
eV," the projectile potential energy E, (13.6 eV), and the
work function W of the polycrystalline gold [5.1 eV (Ref.
13)], one can estimate the potential electron emission yield
to roughly 0.02 ¢~ /ion. Using the same parameters for Ep
and W in the simple classical threshold model of Eq. (2)
leads to a threshold velocity for KE of 0.11 a.u. When intro-
ducing the effective mass of the electrons inside the solid,
this value slightly shifts to roughly 0.10 a.u. (Ref. 15). Since
for the asymmetric H-Au system no significant contributions
due to level-promotion are expected, the direct collision ex-
citation mechanism is the predominant contribution for KE.?’

The classical threshold is indicated in the figure with an
arrow; the location along the velocity axis at 0.10 a.u. fits
nicely the presented measured data when taking the PE con-
tribution into account. In the projectiles’ velocity regime be-
tween 0.10 and 0.18 a.u. the yield increases linearly with the
projectile velocity, but eventually deviates from this linear
behavior above roughly 0.18 a.u. Staying within the simple
picture of having (nearly) free electrons of v <v which are
excited by direct collisions with impinging projectiles, one
could estimate the effect of the 5d electrons by (i) taking into
account their higher effective work function they have to
overcome and their at the same time (ii) smaller velocity
(energy), which can be accounted for by lowering the effec-
tive Fermi energy by the same amount of roughly 2 eV.!4 Of
course, this simple description ignores the localized charac-
ter of the d electrons, which makes a free-electron approxi-
mation questionable, but at the same delivers a first estimate
for the expected kinematic threshold for these electrons. In-
serting the modified values for W and E into Eq. (2), one
obtains about 0.17 a.u. for the 5d threshold, which interest-
ingly matches the location of the kink in the velocity depen-
dent total yield within reasonable limits. The location of this
value in Fig. 5 is indicated by an arrow. In this chart, the
dashed line labeled (a) would therefore represent the contri-
bution of the 6s electrons, whereas above roughly 0.18 a.u.
also the 5d electrons can be ejected from the sample due to
direct collisions with the projectiles. The linear fits, which
make also use of previously measured data,'>3’ deliver a
location of the transition region where the 5d electrons start
to contribute of around 0.19 a.u. Eventually, a comparison
between the slopes within the two different regimes, one
below 0.19 a.u., the other above, leads to a factor 2.86 in
between in the case of electron emission, which can be com-
pared to roughly 2.4 in the case of the electronic stopping
power.

In summary, we report a clear threshold behavior in the
interaction of hydrogen ions with polycrystalline gold in
electronic stopping and in ion-induced electron emission. A
rather sharp, distinctive threshold velocity of ~0.19 a.u. is
observed for specific excitation and emission of 5d electrons;
below this threshold the projectiles interact exclusively with
the 6s electrons. The electronic stopping data qualitatively
agree with experiments obtained in transmission through
single crystals; the electron emission data are in good quan-
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titative agreement with semiempirical estimates. From the
concordant features observed in electron emission and elec-
tronic stopping one can conclude that there is indeed a very
close relation between these two processes, even at ion ve-
locities close to the electron emission threshold. It has to be
noted, however, that the usually assumed proportionality 7y
xdE/dx cannot hold at velocities below the electron emis-
sion threshold, where the electronic stopping still is finite.
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