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Emission of low-energy electrons from slow N61 ions interacting with a Au surface
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Low-energy electrons emitted during the interaction of N61 ions with a Au surface were measured. The
projectile energy was varied in a wide range from 90 eV to 60 keV. A single-stage spectrometer was used to
achieve reliable electron measurements at energies as low as a few eV. The experimental data are compared
with simulations based on the classical over-the-barrier model. For slow projectiles the observed low-energy
electrons are attributed to autoionizing transitions in high Rydberg states of the projectile. The autoionization
electrons provide a signature for the first deexcitation steps of hollow atoms formed above the surface.
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PACS number~s!: 79.20.Rf, 34.50.Dy, 79.90.1b
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I. INTRODUCTION

In the past few years the interaction of highly charg
ions with surfaces has received increasing attention by
eral groups@1–12#. This interest has been generated prim
rily by the phenomenon of hollow atoms that are produc
when highly charged ions approach the surface. The hig
charged ion strongly attracts electrons that are captured
high Rydberg states. Hence a hollow atom is created w
several electrons in higher orbitals whereas inner shells
main empty. The formation of the hollow atom involves
series of complex processes. These processes have bee
subject of intensive research of several groups, who de
oped a commonly accepted scenario.

At a metal surface the highly charged ion induces an
age charge that accelerates the ion towards the solid unti
ion is neutralized@13–15#. The image charge also produces
shift of the energy levels in the ion and, moreover, the
tential barrier is reduced as the ion approaches the sur
@16,17#. At a critical distance, where the height of the pote
tial barrier is smaller than the upper limit of the valen
band, electrons from the conduction band of the target
transferred into high Rydberg states of the ion by reson
capture processes. Here the ion is readily neutralized a
hollow atom is formed in front of the surface. When th
projectile further approaches the surfaces, lower levels
come occupied by resonant capture processes and the e
levels are further shifted by screening effects. Hence the
ermost electrons of the hollow atoms may be transfer
back into the solid by resonant ionization, i.e., the reve
process of resonant capture. In addition, the electrons ma
transferred into the continuum giving rise to free electron

Apart from these monoelectronic charge-transfer p
cesses, the above-surface hollow atoms undergo dielectr
processes. For instance, mutual interactions between we
bound electrons in high Rydberg states give rise to auto
ization, where an electron is transferred to a lower level a
another electron is emitted. The dielectronic processes
the dominant role in the model by Arifovet al. @2#, who
assumed a total relaxation of the hollow atom in front of t
561050-2947/97/56~6!/4774~7!/$10.00
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surface due to autoionization processes. However, the in
action time available in front of the surface is limited. Th
image charge acceleration sets a lower limit to the perp
dicular velocity, i.e., an upper limit to the interaction tim
Even for very slow projectiles, the Auger rates are too low
allow for the relaxation to the ground state in front of th
surface. When the projectile finally enters the increas
electron density of the surface, it is still hollow involvin
weakly bound electrons@6,18#. These electrons are ‘‘peele
off’’ and transferred into the solid or the continuum.

The peel-off process again produces a highly charged
that attracts several electrons from the conduction band
ing the passage into the solid. Thus a dynamic screen
cloud of quasilocalized electrons is created. This clo
leaves an empty space around the projectile nucleus form
a hollow atom of a relatively small size@19,20#. When the
hollow atom further moves within the solid, empty inn
orbitals are successively filled by Auger transitions and c
lisional charge transfer. The Auger electrons travel throu
the solid where they suffer elastic and inelastic scatter
processes. The same is true for conduction-band elect
that received kinetic energy in binary collisions with the pr
jectile. The fast electrons produce an avalanche of secon
electrons, which may overcome the work function and he
leave the surface. These secondary electrons contribute t
low-energy part of the electron spectrum@21#.

In the field of electron spectroscopy, most informati
about the properties of hollow atoms have been obtained
studying K Auger electron emission@22–24#. It should be
realized, however, that theK Auger transitions constitute th
final step of the filling cascade of the hollow atoms that ha
usually entered the solid at that instant@25#. To obtain direct
information about the hollow atom formation above the s
face it is favorable to measure low-energy electrons. Wh
the interaction time is sufficiently long, autoionization tra
sitions occur between highly lying states of the hollow ato
giving rise to electrons of a few eV. The low-energy ele
trons are expected to provide direct information about
early stage of the decaying hollow atom, especially in fro
of the surface.
4774 © 1997 The American Physical Society
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56 4775EMISSION OF LOW-ENERGY ELECTRONS FROM SLOW . . .
In the past, low-energy electron emission by high
charged ions at surfaces has been studied extensively u
the method of measuring electron-number distributions
the total yields of the ejected electrons@10,26–29#. Regard-
ing the velocity dependence of the total yield, two regio
become conspicuous: The total yield of the low-velocity p
mainly due to potential-energy emission is essentially c
stant, whereas the total yield of the high-velocity regime p
dominantly due to kinetic-energy emission increases with
creasing velocity. It is noted, however, that the total elect
yield is composed of various contributions for electron em
sion.

Information about the individual contributions can be o
tained from spectroscopic measurements where the ener
the ejected electron is determined@1#. Unfortunately, due to
the well-known problems of measuring low-energy ele
trons, spectroscopy measurements and their detailed ana
are still limited in the field of highly charged ion impact.
few measurements on the electron-emission spectra du
the interaction of highly charged ions with surfaces ex
@1,3,30,31#. To our knowledge, no attempt has been made
analyze electron energy spectra with respect to the l
energy autoionization electrons predicted by Arifovet al.
@2#. In particular, no data are available for slow projectil
with energies as low as 100 eV.

In this work we started measurements where particu
effort was devoted to reliable data for electrons at energie
a few eV. We report on double differential emission yields
N61 impact on a monocrystalline clean Au target measu
in a wide range of projectile energies. To study the ea
deexcitation steps of the hollow atom the experimental
sults are compared with Monte Carlo calculations referr
to the fraction of autoionization electrons ejected above
surface. This comparison provides evidence that autoion
tion electrons ejected above the surface represent an im
tant contribution for projectiles incident at the lowest po
sible velocity.

II. EXPERIMENTAL METHOD AND DATA ANALYSIS

The experiments were carried out at the 14.5-GHz e
tron cyclotron resonance source at the Ionenstrahl-Labo
the Hahn-Meitner-Institut, Berlin. The ion source provid
particles with energies up to 20q keV, whereq stands for the
charge state of the ion. In front of the experimental set
i.e., at the end of the beam line, a deceleration lens syste
installed to reduce the projectile energies to values as low
5q eV. During the deceleration mode the beam line is set
high voltage and the experimental setup is operated
ground potential.

The experiments were performed in an ultrahigh vacu
chamber, which has been described in detail previously@8#.
After accelerating hydrogenlike N61 to 10q keV, the ions
were analyzed magnetically, decelerated to lower energ
and collimated to a beam spot with a diameter of about 1
at the position of the target. The beam diameter was de
mined by measuring the ion current on a thin wire shift
over the area of the target position.

The experimental setup includes facilities for surfa
preparation and examination. The base pressure in the ch
ber was a few 10210 mbar. After carefully cleaning the sur
ing
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face by sputtering and heating no contamination was
served on the surface. The cleanness of the surface
verified by means of electron-induced target Auger elect
spectroscopy.

The interaction of the N61 ions with the monocrystalline
clean Au target causes the emission of electrons, which w
measured with an electrostatic parallel-plate spectrom
@32#. The electron observation anglea relative to the surface
can be varied in a wide range. This spectrometer has b
used formerly for gas target experiments and was impro
in order to fulfill ultrahigh vacuum requirements. Instead
an open photomultiplier previously applied for the detecti
of the electrons, a channeltron was used.

The spectrometer was optimized for measuring lo
energy electrons. It is of a simple design with relatively lar
slits so that the spectrometer efficiency is rather insensi
to spurious deflections of the electron trajectories. In
spectrometer region the magnetic field was reduced to a
milligauss by am-metal shield of the size of the scatterin
chamber. The spectrometer surface ‘‘seen’’ by the electr
was carefully cleaned to avoid disturbing electric fields d
to charge-up effects. In order to determine the applicabi
of the spectrometer with regard to the lowest energy we p
formed atomic collision experiments of 60 keV O61 with He
atoms@33#. The gas target experiments showed that the sp
trometer works reliably at electron energies as low as 2

The spectrometer can be operated either in the nor
mode, where one plate is put on the ground potential, o
the high-resolution mode, where the electrons are deceler
to a fixed pass energy. This was achieved by a nega
voltage put on the deceleration grids in front of the sp
trometer and on the lower deflection plate. In the norm
mode the relative resolution isDE/E55.2%, whereas the
absolute resolutionDE is constant in the high-resolutio
mode.

In this work absolute values for electron emission yie
were measured. These measurements require the determ
tion of the spectrometer efficiency and the current of the
beam. The efficiency of the spectrometer was verified from
reaction with a known cross section. For this purpose
measured the emission of Coster-Kronig electrons in co
sion of 60-keV O61 with He atoms. The cross section for th
production of Coster-Kronig electrons was measured to
(2.860.7)310217 cm2 @33#, in good agreement with the
previously measured value of 3.3310217 cm2 @34#. The
number of ions incident on the target was monitored
means of a nanoamperemeter. This relative signal was
brated on an absolute scale by auxiliary experiments wh
the incident ion beam was measured in a Faraday cup loc
behind the target. For this measurement the target holder
temporarily lifted from the beam area.

Figure 1 shows experimental results of double differen
emission yields as a function of the electron energy for
angle of incidence ofc590° and an observation angle o
a540° relative to the target surface. Data are shown for f
different projectile energies of 90 eV, 270 eV, 3 keV, and
keV, measured in the low-resolution mode of the spectro
eter. The errors for the absolute yields are caused by dif
ent effects. The main sources of error originate from
determinations of the spectrometer efficiency and the
current incident on the target. The different errors sum up
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4776 56D. NIEMANN et al.
an uncertainty of about625% for projectile energies large
than about 1 keV. For slow projectiles the current measu
ments were uncertain as the collimation of the ion beam
difficult due to low intensity and enhanced beam divergen
At 90 eV the error of the absolute values is as large
640%.

The low-energy part (,10 eV) of the spectrum is af
fected by additional errors, which are difficult to estima
Usually, they are produced by charge-up effects of the ta
giving rise to small electrostatic fields in the vicinity of th
spectrometer. Also, magnetic fields may affect the lo
energy electrons. These disturbing effects are likely to p
duce losses of the electron intensity at the low-energy lim
It is recalled that our auxiliary measurements with the g
target yielded reliable results at energies as low as 2
During the experiment with the solid target, however, it w
found that the intensity of electrons of energies less than
eV is less reproducible than those measured at higher e
gies. We estimated for the data with energies less than 10
an error of650%. Hence we would not exclude that th
solid target or the target holder produced spurious effects
to charge up.

The energy spectra of electrons emitted during the in
action of ions with solids exhibit a maximum at low ene
gies. This maximum is influenced by refraction effects due
the potential step at the surface that produces a decrea
the electron intensity at small energies@35#. It should be
noted that disturbing effects might shift the maximum in t
electron spectrum to higher energies. In Fig. 1 the meas
spectra exhibit a maximum at an energy about 5–7 eV. S
lar results for the maxima in the energy spectra were pr
ously obtained in measurements with highly charged i
@3,30#. For instance, the double differential yields by Zei
mans van Emmichovenet al. @30# using highly charged N61

ions show a maximum near an electron energy of 7 eV. T
same was found by Delaunayet al. @3#, who determined
single differential electron yields. It is noted, however, th
for light and singly charged ions a maximum of the electr

FIG. 1. Comparison of measured double differential cross s
tions ~dots! with model calculations~line! for N61 incident on a Au
surface for four different projectile energies. The simulation co
cerns merely the emitted electrons due to autoionization above
surface~AI/as!.
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distribution was observed at an energy of about 1–2
@36,37#.

Since the absolute yields as well as the low-energy int
sities may have significant uncertainties, it is useful to ver
the reliability of the measured data. The double differen
yields were integrated with respect to energy and angle
obtain total electron yields. It is noted that all total yield
refer to the electrons ejected into the upper 2p-hemisphere.
The integration is based on preliminary measurements of
angular dependence of the electron intensities. Since the
servation angle is 40°, which is close to the magic angle,
total yield is rather insensitive to the angular distribution
that experimental uncertainties associated with the preli
nary results of angular distribution are not important. T
measured spectra exhibit a maximum at 5–7 eV. This ma
mum could be caused by disturbing effects, when the e
tron yield is spuriously suppressed at lower energies. To
timate the maximal error that can be produced by a spuri
reduction of the low-energy electrons we performed an a
iliary calculation, assuming a constant double different
yield equal to the maximal value for the electrons with e
ergies less than 10 eV. In this case the total electron y
increases by less than 20%. In Fig. 2 and Table I the pre
results are compared with measurements from Ederet al.
@29#, who claim a relatively high accuracy of about 4%
Those data show a constant yieldg of about 4.9e2/ ion for
N61 projectile velocities up to 0.1 a.u., i.e., a projectile e
ergy of about 5 keV. Above this energy the total electr
yield starts to increase with increasing projectile velocity.

From Fig. 2 and Table I it is seen that the measured d
and the values from Ederet al. @29# agree within the error
bars. Thus the comparison provides confidence for the m
sured data so that a meaningful comparison can be mad
means of the following model calculations.

III. COMPARISON WITH MODEL CALCULATIONS

The model used for the present simulation of the io
induced electron emission is based on the classical over-
barrier model by Burgdo¨rfer et al. @7#. The model includes

c-

-
he

FIG. 2. Measured total electron yields~triangles! and published
data from Ederet al. @29# versus projectile velocity.
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TABLE I. Total yields for electron emission by N61 incident on a monocrystalline Au surface for fou
different projectile energies. Total yields, obtained from integration of the measured results, are sh
comparison with corresponding yields by Ederet al. @29#. Also shown are total autoionization yields abov
the surface obtained by integration of the calculated spectra.

Projectile Projectile Total yieldg Total yield g Autoionization yield
energy velocity measured by Ederet al. above the surface
~keV! ~a.u.! ~e2/ion! ~e2/ion! ~e2/ion!

0.09 0.016 4.361.7 4.9 4.9
0.27 0.028 5.561.8 4.9 3.1
3 0.1 6.061.5 4.9 1.1

60 0.4 7.261.8 8.1 0.3
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all processes above the surface such as image charge a
eration, resonant capture, resonant ionization, autoioniza
and peel off. The above-surface processes have been li
via a system of coupled rate equations for the population
hydrogenlike shells for the incoming projectile. Apart fro
the rate for autoionization, which is obtained from a sem
empirical formula@7# based on theCOWAN code @38#, all
other rates have been estimated on the basis of the clas
over-the-barrier model.

These rates were applied in the Monte Carlo code
Lemell and collaborators@10,39# simulating the energy dis
tribution of the emitted electrons due to autoionization and
compute the number distributions of the electron-emiss
processes. The approach towards the surface is modeled
stepwise process with time intervals of about 0.1 a.u. T
input parameters are the initial velocity, the incident ang
and the charge state of the particle as well as the chara
istics of the solid. For each time interval the program det
mines the image charge acceleration, which, in turn, is u
to calculate changes in the velocity and the direction of
particle. When the ion has reached the critical distance
electron capture, electrons are transferred from the soli
the projectile. From this starting point all other mechanis
become possible such as resonant ionization and autoio
tion. For this purpose probabilities were calculated for a p
cess to take place within the timeDt using P(t)51
2exp(2RDt), with R being the rate from Ref.@7#. Each
process occurs as a random event determined by the M
Carlo technique. When the ion finally enters the jellium ed
weakly bound electrons are peeled off. Surprisingly, it turn
out that the results of this program were quite insensitive
changes of the respective rates for resonant capture and
of electrons from and to the conduction band.

Kurz et al. @10# applied the Monte Carlo simulation t
calculate the total electron yield and electron-number dis
bution for highly charged ions incident on a clean gold s
face. Their treatment involved only an estimate for ener
and direction-dependent probabilities for an electron to re
the detector. In this case the simulation led to a satisfacto
quantitative agreement with their experimental results. Ho
ever, these calculation referred to the total yield and electr
number distribution and not to differential energy spectra
the emitted electrons. Raw electron energy spectra resu
from the model described above have been treated with
fined escape fractions calculated according to@40# to make
them comparable to experimental data without any furt
scaling. The applicability of the program to electron spec
cel-
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above the surface has not been verified yet.
Figure 1 displays the results of the model calculations

comparison with the experimental data. It is important
recall that the model calculations refer to only autoionizat
processes above surface. The calculation treats an ense
of typically 104 particles and therefore the results exhib
fluctuations due to limited statistics. In addition, it should
stated that the multiparticle nature of the problem, its se
classical treatment, and other approximations may cause
certainties in the result of the simulation.

Figure 1~a! refers to N61 ions incident on Au with an
energy of 90 eV corresponding to a velocity of 1
31022 a.u.~Table I!. The measured electron spectra exhi
only weak structures; note, for instance, theL Auger maxi-
mum at about 55 eV. In order to verify whether the stru
tures are lost because of low resolution, the same meas
ments were made with high resolution, resulting in the sa
smooth spectra. In contrast, the corresponding theore
spectra exhibit significant structures, which can be associ
with the fact that the energies for the electrons bound
projectile are determined according to an atomic model
glecting part of the solid-state effects. In the Monte Ca
code the energies of these electrons were calculated wit
considering the energy shift due to the image charge and
outer screening. These effects would lead to a redistribu
of the calculated emitted electrons resulting in a smooth
of the electron spectrum. We would not expect that t
smoothing significantly affects the integrated yield of au
ionization electrons.

In the case of 90 eV impact the double differential em
sion yield from the experiment and the calculation show s
prisingly good agreement for low electron energies. The
tegrated yield of the simulated spectrum of 4.9e2/ ion agrees
with the measured total yield of 4.361.7e2/ ion; refer to
Table I. For this projectile energy we can conclude tha
major part of the ejected electrons originate from autoio
ization processes above surface.

Figure 1~b! refers to a projectile energy of 270 eV. In th
low-energy region of the spectrum the measured double
ferential yields are about a factor 2 higher than the calcula
yield for autoionization. Accordingly, the same value
found for the ratio between the measured total electron yie
and the integrated calculated electron spectrum due to a
ionization above surface~Table I!. Hence, at a projectile en
ergy of 270 eV approximately half of the electrons are em
ted by autoionization above the surface.
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4778 56D. NIEMANN et al.
Figures 1~c! and 1~d! demonstrate the behavior at high
projectile energies. Figure 1~c! displays the comparison be
tween the calculated and experimental spectra at the pro
tile energy of 3 keV. Referring to Table I, the measured to
yield is about a factor 5 higher than the corresponding re
of the calculation. In the case of the highest projectile ene
of 60 keV the measured double differential electron yield
more than a factor 10 higher than the simulated result;
Table I. This clearly shows that autoionization proces
above the surface become negligible at high projectile
locities.

Therefore, at high impact energies the electron emiss
yield is dominated by processes other than above-sur
autoionization. As discussed in the Introduction, differe
mechanisms, apart from autoionization, contribute to
electron emission of a highly charged ion interacting with
solid: ~i! removal of previously captured electrons by lev
shifting, ~ii ! electron peel off at the surface,~iii ! Auger pro-
cesses filling low-lying orbitals of the hollow atom, and~iv!
binary projectile-electron collisions in the solid. The inten
ties of below-surface electrons are enhanced by the pro
tion of secondary electrons.

The present Monte Carlo program provides also inform
tion about the number of electrons released above the su
due to energy level shifting caused by the image charge
screening effects. This number increases from 0.3
1.4e2/ ion within the studied energy range. The number
electrons that are peeled off during the passage into the e
tron density of the surface amounts to a value of ab
1 e2/ ion for all energies considered. These numbers sh
that the above-surface contributions are not sufficiently h
to explain the observed low-energy electron intensities
fast projectiles.

Hence the below-surface mechanisms~iii ! and ~iv! be-
come more important at higher projectile velocities. We e
pect the production of low-energy electrons via cascade
secondary electrons initiated byL and K Auger electrons
ejected within the solid. Hugheset al. examined the tota
electron emission yield for projectile energies above 30 k
Nq1 (q52,5,6) on Au @28#. In that work the secondary
electron-emission processes initiated by Auger transiti
occurring within the target bulk are considered to be resp
sible for the difference in the total electron-emission yie
between N51 and N61. Moreover, for sufficiently fast pro-
jectiles we expect an increasing number of excited electr
inside the solid due to binary ion-electron collisions.

The present method of comparing theory with experim
also allows for the examination of the final step of the c
cade filling theK shell. Figure 3 displays the comparison
the measured spectra with the model results in the en
range of theKLL Auger electron energy of N. Data ar
shown for the lower projectile energies of 90 and 270 e
We note that for 3 keV and 60 keV the calculated yields
autoionization are found to be negligibly small.

For 90 eV projectiles the calculation predicts that ab
10% of theKLL Auger electrons are emitted before the pr
jectile reaches the surface. This number is consistent with
spectral fraction attributed to above-surfaceK Auger emis-
sion of N61 on Ni by Das and Margenstern@41#. The 10%
fraction corresponds to the totalKLL Auger electron yield of
0.05e2/ ion ejected into the upper 2p-hemisphere. The cal
c-
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culated value should be seen in relation to the measu
yield for KLL Auger electrons, which amounts t
0.25e2/ ion.

For the projectile energy of 270 eV, the model predict
fraction of about 1% of all atoms emitting theKLL Auger
electron before hitting the surface. This number is equival
to a total yield of 0.005e2/ ion, which should be seen in
connection with the measuredKLL yield of 0.4e2/ ion. The
comparison of the measured data with the model results
dicates that already at 270 eV nearly allK Auger transitions
take place inside the solid.

IV. SUMMARY

In this work we study the formation and filling of hollow
atoms in front of a surface by analyzing the ejection of lo
energy electrons emitted from a metal surface. We meas
the double different electron yields for different projecti
energies from 90 eV to 60 keV of N61 incident on Au. The
comparison of the measured total yields with experimen
results from Ederet al. @29# shows that our measuremen
reproduce these total electron yields within the error bars

The measured electron spectra exhibit a maximum wit
the energy range 5–7 eV, which is consistent with previo
measurements using highly charged ions@3,30#. However,
measurements with singly charged ions exhibit a maxim
at 2 eV @36#. Further studies are needed to elucidate
difference in the maximum values.

The experimental spectra were compared with results

FIG. 3. Comparison of measured double differential cross s
tions ~dots! in the energy range of theKLL Auger lines with model
calculations~line! for N61 incident on a Au surface for two differ-
ent projectile energies like in Fig. 1. The simulation conce
merely the emitted electrons due to autoionization above the sur
~AI/as!.
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56 4779EMISSION OF LOW-ENERGY ELECTRONS FROM SLOW . . .
Monte Carlo simulation based on the classical over-t
barrier model by Burgdo¨rfer et al. @7#. For small projectile
energies the Monte Carlo simulation of the low-energy el
tron spectrum shows good agreement with the measurem
It is an important conclusion of the present study that
slow projectiles of 90 eV the observed low-energy electro
can essentially be accounted for by above-surface autoio
ation considered previously by Arifovet al. @2#. It is noted,
however, that uncertainties of the model calculation requ
some care with final conclusions.

The relaxation process by autoionization is limited by t
interaction time in front of the surface. For slow projectil
of 90 eV the interaction time above the surface is compa
tively long and therefore significant relaxation of the hollo
atom can occur until the projectile hits the surface. Nev
theless, the deexcitation of the hollow atom caused by
electronic processes is incomplete in front of the surface,
the Auger transitions barely reach theK shell. The compari-
son of the measured electron yield with the calculation
autoionization above surface demonstrates that for 90
projectiles only a fraction of 10% relax in front of the surfa
.
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including the final step ofKLL Auger transitions.
The interaction time decreases with increasing projec

velocity. Thus, for projectile energies higher than 90 eV t
final step of the Auger cascade occurs for practically all io
within the solid. The Auger electrons ejected below the s
face may create an avalanche of secondary electrons
contribute to the low-energy part of the spectrum. Moreov
for fast projectiles the emission of low-energy electron
expected to be dominated by binary ion-electron collisions
the solid.

In the future we plan to examine the angular depende
of the emitted electrons further. Moreover, the contributi
of secondary electrons released by Auger electrons below
surface shall be studied.
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