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Coincidence measurements of highly charged ions interacting with a clean Au„111… surface
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We have measured electron number statistics of highly charged ions interacting with a clean single crystal
Au~111! surface under various angles of incidence in the range from 45° to almost 0° with respect to the
surface. For small angles of incidence~typically about 3°! we have also measured the scattering distribution of
the reflected projectiles on a position-sensitive detector in coincidence with the number of emitted electrons.
Our results allow a clear separation of above- and below-surface electron emission. By comparison with
electron emission yields for very slow projectiles under normal incidence conditions, we are able to determine
the number of electrons produced by potential and kinetic emission processes. Simulations of the kinetic
electron emission along specific trajectories~e.g., projectiles reflected from ideally flat surface areas as opposed
to those entering the crystal at target imperfections! show good agreement with our experimental results.

PACS number~s!: 79.20.Rf, 61.85.1p, 79.60.Bm
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I. INTRODUCTION

Since the 1950s, when Hagstrum first performed exp
ments on ion-surface interaction using low-charge state
@1#, new powerful ion sources as well as improved expe
mental techniques have strongly developed this field of
search. Nowadays, various secondary particles~photons,
electrons, sputtered target atoms! produced in highly charged
ion ~HCI! surface interactions are detected with dramatica
improved resolution~for an extensive review see, e.g.,@2#,
and references therein!. Available projectile charge statesq
range from 1 to 92~bare U ions!, as target materials solid
from low work function metals~e.g., Cs! to large band-gap
insulators~e.g., LiF! are used.

These experiments support the picture of the so-ca
‘‘hollow-atom’’ formation, a highly excited transient projec
tile state that decays to the ground state via emission of e
trons and photons@3,4#. Until now, most of the experiment
dealt with just one aspect of the interactions~e.g., total elec-
tron yields @5,6#, x-ray emission@7#, energy distribution of
emitted electrons@8–10#, target sputtering@11–13#, image-
charge acceleration@14–16#!. Recently, Morosovet al. per-
formed an experiment measuring the charge state and d
bution of scattered projectiles in coincidence with t
angular, energy, and number distribution of electrons emi
into the half-sphere above the target using a multicoin
dence technique@17#. Such coincidence experiments~‘‘ex-
periments of the second generation’’! have the potential to
allow deeper insight into the processes involved in io
surface interaction.

In recent years we have developed a sophisticated ex
mental technique to measure the electron-emission stati
~EES! for HCI impinging vertically on clean polycrystalline
metal @6,18# and insulator surfaces@19#. In this paper we
primarily investigate grazing-incidence angles at a mon
rystalline target surface and record the impact position
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scattered projectiles on a two-dimensional~2D! position-
sensitive detector in concidence with the number of emit
electrons. The main purpose of these studies is to con
different electron-emission characteristics with spec
classes of trajectories. In a further step, we want to relate
number of electrons to the energy loss of the primary p
ticle.

Section II gives a short description of our experimen
setup followed by the experimental results in Sec. III. T
presentation of a theoretical model aimed at describing
findings concludes our paper~Sec. IV!. First results have
already been presented in Ref.@20#.

II. EXPERIMENTAL SETUP

Our experimental setup is served by the 5-GHz ECR-
source at TU Wien@21#, which provides multiply charged
ions ~for this series of experiments Arq1, q<9; Oq1, q
<7; Nq1, q<6) with kinetic energies between 1 an
10q keV. The extracted ions are mass-to-charge separa
collimated, and transported to a UHV scattering cham
~base pressurep.10210 mbar).

The ion beam is directed onto a Au~111! surface that has
been prepared by cycles of sputtering and annealing@22#.
The angle of incidencec can be varied between 0 ° an
90 °. Under grazing-incidence conditions the angular dis
bution of scattered particles, as well as parts of the be
passing above the target without interaction, are recorded
a 2D position-sensitive detector~PSD!. Electrons produced
during ion-surface interaction are extracted by a weak e
tric field and focused onto a surface barrier detector biase
125 kV. The number of electrons emitted in a particu
scattering event is determined from the pulse height of
electron detector. The electron yield~i.e., the mean numbe
of electrons emitted per ion impact! is determined from the
electron-emission statistics@18#. The influence of the electric
extraction field on the ion trajectories has been taken i
account in our data evaluation procedure. Signals from b
detectors are recorded either in coincidence~synchronized in
time and stored asn-tuples! or in noncoincidence mode~for
ic
©1999 The American Physical Society02-1
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incidence anglesc>10 ° when measuring electron emissio
only!. A detailed description also containing a schema
drawing of this experimental setup can be found in Ref.@23#.

III. EXPERIMENTAL RESULTS

In the first part of this section we present results
angular-dependent electron-yield measurements and des
information that can be extracted from these data. In
second subsection we concentrate on results of coincid
measurements between scattered ions and emitted elec
in glancing-angle-scattering geometry and their interpre
tion.

A. Angular-dependent electron yield

It is well known that above the threshold velocity fo
kinetic electron emission~KE! the electron yieldg shows a
strong dependence on the projectile angle of incidencc
@24#. For smaller angles of incidence the bulk of electro
emitted along the trajectory within the solid has a compa
bly larger escape probability. To first approximation a 1/sinc
dependence ofg can be expected. In our experiment we fi
deviations from a 1/sinc fit only for small and large angle
of incidence. The latter can be explained by our experime
setup that has been optimized for smallc and does not have
a 100% electron collection efficiency forc.45 °, whereas
the reason for the deviation forc,10 ° is the increasing
number of reflected projectiles. Such projectiles produce
electrons along their trajectory~see Sec. III B! and conse-
quently show a reduced mean electron yieldg ~see also be-
low!. Lines connecting data points in Figs. 1 and 2 are the
fore not 1/sinc fits but only meant to guide the eye.

In Fig. 1 we show results of impact-angle-dependent m
surements ofg for different charge states of Ar directed on
a clean Au~111! surface. The experiments have been p
formed for Ar61 (Epot.310 eV), Ar81 (Epot.580 eV),
and Ar91 (Epot.975 eV), each with a kinetic energy of 1
keV, for which the velocity of the projectiles is about twic
the threshold velocity for KE@25#. It can be seen that al

FIG. 1. Angular-dependent measurement ofg for 18-keV
Arq1(q56,8,9) on Au~111!.
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three data sets show the expected increase ing toward
smaller angles of incidence. Although Ar91 has anL-shell
hole that could give rise to increased subsurface poten
electron emission~PE! and, accordingly, to a different angu
lar dependence, the curves are almost parallel over the w
range ofc. We therefore conclude that KE dominates t
impact-angle-dependent part ofg for all charge states.

This interpretation is further supported by results on
angular dependence of the electron yield for a single cha
state (Ar81) with kinetic energies ranging from 8 to 40 ke
~Fig. 2!. While for Ekin58 keV (;23105 m/s) we observe
only a 40% increase ing relative to the value for large
angles, the amount of emitted electrons is three times la
for Ekin540 keV (;4.43105 m/s). In order to determine
an approximate value of the threshold velocity for KE, w
plot the electron yield for different values ofc over the
velocity of the projectiles~Fig. 3!. All four lines intersect at
8.5e2/ ion and a velocity of about 1.63105 m/s
(;5.4 keV), which is in reasonable agreement with pre

FIG. 2. Angular-dependent measurement ofg for 8-, 18-, 24-,
and 40-keV Ar81 on Au~111!.

FIG. 3. Electron yieldg as a function of the ion velocity for
specific angles of incidencec. The linear fits cross in one poin
defining an approximate value for the threshold velocity of KE.
2-2
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COINCIDENCE MEASUREMENTS OF HIGHLY CHARGED . . . PHYSICAL REVIEW A61 012902
ous results on KE from clean polycrystalline gold by Ed
et al. @25#.

B. Coincidence measurements

To perform coincidence measurements, the signals f
the EES and PSD detectors were amplified, delayed in ti
and fed into a multiparameter analog-to-digital convert
The gate signal was provided either by the EES or the P
branch of these electronics to allow measurement of b
coincident as well as noncoincident events. With the help
this additional information a separation of the contributio
from PE and KE from above and below the target surfa
could be achieved. As one example for a whole series
measurements with Arq1, Nq1, and Oq1 ions, we discuss
data for 18-keV Ar81 ions impinging on a clean Au~111!
surface at an angle of incidencec55 ° (E'5136 eV, v'

'2.53104 m/s). Apart from the signature of the dire
beam that is recorded on the PSD only due to random c
cidences with field-emission electrons, we observe a br
structure (FWHM.5 °) with its maximum at a scatterin
angle u510 ° ~specular reflection!. Scattered projectiles
were detected up to the edge of our PSD. The compar
large width of the scattering distribution indicates that o
target is not perfectly flat@26#. Due to the coincident detec
tion of electrons and ions, the imperfections do not provid
major obstacle as different trajectories can be analyzed s
rately.

At the same position as the maximum of the scatter
distribution ~specularly reflected projectiles! we observe a
local minimum of the electron yieldg @see inset in Fig. 4~b!#.
In the outer area of the distribution~edges of PSD! g is by at
least a factor 2 higher than in the center. This will be d
cussed in more detail with the coincident EES spectra
different regions of the PSD. In Fig. 4~a! we compare the
total ES spectrum~electron signals measured noncoin
dently! with its coincidence parts. The total spectrum co
sists of at least three contributions. The first one at sm
electron numbers (<3e2/ ion) results mainly from field
emission and can be easily subtracted. The second part p
at about 8e2/ ion and also appears in the coincidence sp
trum. The third group has a broad maximum at ab
20e2/ ion and is strongly reduced for measurements in co
cidence with scattered particles. This missing part of
total EES spectrum@difference spectrum in Fig. 4~a!# can be
attributed to electron production along projectile trajector
of type 3@see inset in Fig. 4~a!# which end inside the bulk o
at scattering angles too large to be detected by our PSD

With the help of EES spectra measured in coincide
with projectiles hitting specific areas of the PSD, we c
separate different parts of the coincidence spectrum@Fig.
4~b!#. The ES spectrum labeled 1 has been taken for
central area of the projectile scattering distribution~see in-
set!, spectrum 2 for its outer parts. Spectrum 1 can be a
ciated with projectiles that have been specularly scattere
the surface@trajectory 1 in Fig. 4~a!#, whereas projectile tra
jectories ending up in the outer regions of the PSD ente
the target at surface imperfections and left it after hav
01290
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undergone multiple scattering below the topmost atom
layer, causing exit angles slightly different fromc @trajectory
2 in Fig. 4~a!#. The long tail of the distribution appearin
towards higher electron multiplicities in spectrum 1 can
explained by projectiles with trajectories of type 2 that e
up ‘‘accidentally’’ ~due to multiple scattering! in the central
area of the scattering distribution. Further justification of o
separation procedure comes from projectile time-of-flig
spectra recorded in coincidence with the signals from E
and PSD detectors@23# that show an increased energy lo
for projectiles of type 2 as compared to those scatte
specularly~type 1!.

The difference between ES spectra 1 and 2 can be at
uted to processes taking place below the topmost ato
layer. To determine the contributions of PE and KE to t
above-surface yield we compare spectrum 1 with results
earlier experiments by Kurzet al. @27#, which have been
conducted for a polycrystalline Au surface under normal
cidence conditions with a similar total projectile energy
our energy component normal to the surface~130 eV as
compared to 136 eV including image-charge acceleratio!.
For such slow projectiles penetration below the first tar
layer and kinetic electron emission can be ruled out. We fi
almost identical EES spectra with a slightly higher electr
yield (Dg.1e2 from KE! for the grazingly incident Ar81

FIG. 4. Electron emission statistics spectra for 18-keV Ar81

ions impinging on a clean Au~111! surface.~a! total and coinci-
dence EES spectra;~b! spectra from specific regions of the PSD.
2-3
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C. LEMELL et al. PHYSICAL REVIEW A 61 012902
projectiles. For 136-eV Ar81 ions impinging on a Au surface
we performed calculations based on the classical-over-
barrier ~COB! model ~only PE @3#! and weighted the resul
with theoretical detection probabilities for emitted electro
@28#. The simulation gives a yield of 6.5e2/ ion, which is
very close to the experimental value ofg57.1e2/ ion. This
supports our identification of spectrum 1 as predomin
above surface PE with almost negligible KE contribution

For different projectile/target combinations and differe
projectile energies similar results were found. Figure 5~a!
shows electron yields of Ar81 ions scattered under specul
reflection conditions off a Au~111! surface with an energy o
18 keV as a function of the velocity component normal to
surfacev' . Full symbols denote our experimental resul
open symbols represent data of Kurzet al. @27# together with
a fitting curve (gPE5c11c2 /Av), which defines the lower
bound for our electron yields. Since Kurzet al. used nor-
mally incident ions with a velocity far too small to cause K
the difference between their data and our results most lik
comes from KE above the topmost atomic layer.

In Fig. 5~b! we plot measured yields for trajectories 1 a
2 ~cf. inset! as a function of the initial projectile velocity. In

FIG. 5. ~a! Comparison of electron yieldsg measured for fast-
grazing and slow normal-incident Ar81 ions on Au plotted vsv' .
Full symbols correspond to 18-keV projectiles, open symbols
data from Kurzet al. @27#. ~b! Electron yields for trajectories o
type 1 and 2~see inset! vs v0 ~all projectiles have identicalv')
compared to PE as measured by Kurzet al. @27#.
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all cases the velocity component normal to the surface
v'.33104 m/s. The curve at the bottom shows againgPE
as fitted by Kurzet al. The difference between full and ope
symbols denoting the yield associated with trajectories
types 1 and 2, respectively, can be attributed to belo
surface KE. It increases from about 10e2/ ion for 18-keV
particles to almost 20e2/ ion in the case of 72-keV projec
tiles. The origin of these additional electrons will be e
plained in the following section.

IV. THEORETICAL DESCRIPTION

In order to explain the large difference ing for specularly
reflected projectiles and those entering the target, we
formed Monte Carlo calculations for the kinetic emission f
these classes of trajectories. It is assumed that in all case
above-surface electron emission part due to potential em
sion (;7e2/ ion; see discussion of our experimental resu
in Sec. III B! is the same and has to be added to our cal
lated KE electron yields to fit the data presented in Fig.
We started our calculations with projectiles in their grou
state. As can be seen from Fig. 1 different initial projecti
charge states do not lead to changes in the angular de
dence of the total electron yield indicating that the neutr
ization sequence is finished within a few a.u. after impact
the target surface. Since our calculations~see below! indicate
path lengths of more than 100 a.u. within the solid for t
jectories of type 2 we do not expect the initial projectil
charge state to be of major importance for the kinetic el
tron emission.

Two different processes entered our simulation~cf. Fig.
6!. In the first one, target electrons are emitted by ‘‘direc
impact ionization in close projectile-target collisions. Impa
ionization is expected to take place in collisions with impa
parametersb<1.4 ~indicated by the arrow labeled 1 in Fig
6!, which is close to the mean radius of the 5d state in Au. In
the second one, holes in projectile levels are created
refilled by Auger decay with both active electrons comi

o

FIG. 6. Schematic drawing of processes entering our simulat
Electrons can be produced either by direct-impact ionization~1! or
via holes created in the Ar 3p level ~full circles! that can be trans-
ferred to lower-lying states at crossings 2 and 3 and filled by Aug
type processes.
2-4
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COINCIDENCE MEASUREMENTS OF HIGHLY CHARGED . . . PHYSICAL REVIEW A61 012902
from the conduction band of the target. The sequence en
with Auger emission from the conduction band starts w
the creation of a hole in a bound state of the projectile.
the distance to the nearest target atom changes repea
along the trajectory, the hole can be transferred to dee
lying levels when it passes avoided crossings appearin
the molecular-orbital~MO! diagram of Ar on Au@29#. For
our simulations energy levels of Ar in the diagram have be
corrected to fit results of density-functional calculations
Ar in Au. Electron-hole pair production in the conductio
band of Au could be ruled out as an additional source
electron emission@30#.

To determine the total kinetic emission yield due to the
processes we summed their contributions over trajecto
resulting from molecular-dynamics simulations@31#. The
Ziegler-Biersack-Littmark potential@32# was used to calcu
late projectile-target atom scattering, interatomic interact
in the crystal was simulated using a tight-binding poten
with a cutoff length of 6 Å. The target crystal had an initi
temperature of 300 K. 18-keV Ar atoms were directed o
Au~111! target with different surface structures~ideal sur-
face, steps, defects! under grazing angles of incidence an
randomly varying impact positions. We approximated imp
ionization per scattering event by

Y~b!5Y0 exp~2b/bc!. ~1!

Y0 describes the probability for an electron to escape
solid, bc is the range of the interaction. In our calculatio
we usedY050.4 andbc51.3 a.u. Both parameters can b
estimated as follows: In every close projectile-target at
collision typically one electron is emitted in a binar
encounter-type process. This electron liberated close to
first atomic layer has an escape probability into vacu
close to 50%. From calculations of detection rates for lo
energy electrons emitted at the surface@28#, it is known that
an escape probability and, henceY0 between 0.3 and 0.4
depending on the energy of the electron, would be corr
Since we did not simulate the energy distribution of the em
ted electrons we chose a constant value ofY050.4 assuming
an initial kinetic energy of some 10 eV. The value forbc
51.3 a.u. has been chosen to be slightly smaller than
mean radius of the 5d-state of Au (̂ r &5d.1.4 a.u.) based on
the assumption that mainly electrons from this level are
volved in the emission. Moreover, molecular-orbital calcu
tions for gas-phase collisions show an avoided crossing
Au and Ar levels~cf. also Fig. 6! at an internuclear distanc
of 1.2 a.u. indicating that, apart from direct excitation
projectile-electron interactions, also MO-promotion pr
cesses could contribute to KE. From our calculations we fi
that the simple collisional KE process alone does not suf
to explain the high number of kinetically emitted electron

In our simulation additional electrons come from hole fo
mation and filling at and below the surface. Based on
observation that for effective electron densities used to si
late Au in a local density-functional approach (r s
.1.5 a.u.) the 3p level of Ar lies close to the lower edge o
the conduction band, we simulated a scenario for dens
dependent hole creation. The 3p level was assumed to b
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atomic for densitiesr s.1.5 a.u. For close collisions with
target atoms where the local electron density is enhan
~reducedr s) it is immersed into the conduction band becau
of increased screening. Since the impact-angle-depen
part of the total electron yield does not depend on the ini
charge state of the projectile~see Fig. 1! and calculations of
highly charged ions interacting with metal targets showed
almost immediate relaxation of the projectile upon close i
pact on the surface@33#, we start the collision sequence wit
the projectile in its ground state. Following each close e
counter with an Au core we assigned the 3p level a prob-
ability to have ‘‘captured’’ a hole when becoming atom
after a collision. This probability was calculated from th
resonant transfer rates used in the COB model@3#.

Based on MO diagrams we calculated the probability
hole transfer to lower-lying states of the projectile. Can
dates for such level-crossing regions of the Landau-Zen
Stückelberg- and Rosen-Zener-type can be found in Fig
near 3 a.u.~marked by 2! and near 1.4 a.u.~marked by 3!,
respectively. A hole in a bound state of the projectile cou
be filled by an Auger process with both active electrons co
ing from the top of the conduction band~cf. Fig. 6!. The
rates for this process have been taken from Refs.@34,35#.
The number of holes in a projectile was constrained to on
any time. The escape probability of the ejected electron w
set to 0.4 (Ekin>10 eV) as for electrons emitted via impa
ionization.

Our results show dramatic differences in width and me
value between the two distributions for trajectories of type
and 2~Fig. 7!. Projectiles scattered specularly off the surfa
~full bars! produce about 1e2/ ion. Projectiles that have en
tered the target at a step and undergo channeling~mainly
between the first and second atomic layers, shaded bars! lead
to the emission of a larger number of electrons (gKE
.9e2/ ion). These findings are in good agreement with o
experimental results@cf. difference between ES spectra 1 a
2 in Fig. 4~b!#. The impact-ionization process contributes
gKE with about seven electrons, while Auger decays prod
only a minor fraction of KE (gAuger.2e2/ ion). The main

FIG. 7. Calculated kinetic electron-emission statistics. Bla
bars show KE for specular reflection, gray bars for projectiles
tering the target~see insets!.
2-5
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source of uncertainty in our calculation is the only mod
ately adapted~slightly shifted binding energies! MO diagram
used to simulate hole creation in projectile-target interacti
It has been calculated for atomic collisions and could cha
considerably for the case of a crystal. However, since
contribution from the hole-creation- and filling process
comparably small, we do not expect improved MO diagra
to change our results significantly.

V. CONCLUSION

We have presented experimental investigations that g
the possibility to separate above- and below-surface co
butions to the total electron yield resulting from high
charged ions interacting with a single-crystal target. F
specularly reflected projectiles we could determine
amount of electrons coming from potential and kinetic em
sion. We have shown that in our range of projectile velocit
potential electron emission depends only on the impact
locity component normal to the surfacev' . Furthermore, we
find kinetic electron emission to be strongly increased
projectiles undergoing multiple scattering after entering
.
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target at surface imperfections even for relatively low velo
ties. With a simple model we were able to reproduce
difference between kinetic emission for surface channe
projectiles and those entering the target and undergoing m
tiple scattering with target atoms. It is shown that the m
contribution to the kinetic emission yield comes from ioni
ing collisions with an impact parameter rangeb.1.3 a.u.,
which is close to the mean radius of the 5d state of Au. As
an additional yet less important source of electrons we id
tified hole creation and filling in the projectile near the targ
surface. These two contributions together account for
electron-emission statistics similar in mean value and wi
to those measured in our experiment.
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