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Charge-state dependence of kinetic electron emission induced by slow ions in metals
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A calculation is performed in order to analyze the charge-state dependence of the kinetic electron emission
induced by slow ions in metals. All stages of the emission process are included: the excitation of the electrons,
the neutralization of the projectile during its passage through the solid, and the transport of the excited
electrons from where they are created to the surface. It is shown that the number of excited electrons depends
strongly on the ion charge state. Nevertheless, due to the fast neutralization of the ions within the escape depth
of the excited electrons, no significant initial charge-state dependence is expected in the kinetic electron yield.
This result is consistent with available experimental data.
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I. INTRODUCTION

In so-called ion induced electron emission, two differe
types of mechanism are customarily distinguished in reg
to the origin of the excitation energy of the emitted electro
In potential emission this energy originates in neutralizat
and deexcitation processes@1#. Since the number of origi-
nally unoccupied projectile bound states increases with
ion charge stateq, the number of electrons emitted via th
mechanism~the potential emission yield! is expected to in-
crease withq. Indeed, this behavior has been clearly o
served in experiments@2,3#.

The other electron ejection mechanism is kinetic elect
emission, in which the excitation energy comes from
kinetic energy of the projectile. The electron excitati
mechanism that gives rise to kinetic electron emission is
sponsible for the electronic stopping power of the target w
respect to the incident ion. In recent work, the energy los
slow multicharged ions (v<v0 , the Bohr velocity! in metals
has been measured@4–6#. These experiments showed a cle
increase of the energy loss withq, which would lead to the
prediction of a corresponding increase of the kinetic em
sion yield withq.

In order to obtain the kinetic emission yield from an e
periment, one has to subtract the potential emission y
from the total measured yield. Considering the uncertain
inherent in this procedure~for instance, the dependence
the potential emission on the ion velocity is only appro
mately known!, no significant charge-state dependence of
kinetic emission yield has been observed experiment
@7,8#. This shows that the previous prediction based only
the relation between the stopping power and kinetic emiss
is too simple and that further effects have to be taken i
account.

One of the most important effects that must be taken i
account is that the probability for electron excitation depe
on time. The reason is that the electronic cloud that s
rounds the ion evolves during its passage through the ta
1050-2947/2003/68~1!/012902~7!/$20.00 68 0129
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The classical over-the-barrier model@9# predicts the survival
of ion inner-shell vacancies until the instant at which the i
crosses the metal surface. When the ion enters the m
bulk, the inner-shell vacancies start to be filled until co
plete neutralization and relaxation of the ion is reach
Since the probability for electronic excitations depends
the stage of this process, the time scale on which it ta
place is a crucial ingredient in the theoretical description
the electron yield.

The aim of this work is to present a consistent theoreti
model which accounts for the relevant features that cha
terize the kinetic emission process. Attention is paid to~i! the
electron excitation process,~ii ! the neutralization of the ion
projectile when traveling through the solid, and~iii ! the
transport of the excited electrons from the place where t
are created to the vacuum. In order to make connection w
the experimental data@7,8#, here we present results for Nq1

projectiles traveling through an Au target. In a different p
of this work the free electron gas model~FEG! is used to
describe the valence band of Au. From the value of the p
mon energy of Au, we taker s51.5 ~in atomic units! for the
one-electron radius@10#. It will be shown that the fast neu
tralization of the ion prevents strong charge-state depende
of the kinetic yield.

The organization of the paper is as follows. In Sec. II t
ingredients of the theoretical model are described, in Sec
the results of the simulation are presented and discussed
finally in Sec. IV the main conclusions of the work are sum
marized. Atomic units~a.u.! will be used unless it is other
wise stated.

II. DESCRIPTION OF THE MODEL

A. Electron excitation

The electronic excitations that govern the energy loss
an ion moving through a real metal have been successf
described by using the FEG model with an adequate e
tronic densityn0 @11#. Within this model a slowly moving
©2003 The American Physical Society02-1
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ion loses energy, creating electron-hole pairs, i.e., some e
trons are scattered from occupied electronic states below
Fermi energy to unoccupied states above the Fermi energ
the energy of the excited electron surpasses the work fu
tion of the metal, the electron may eventually be emitt
giving rise to kinetic electron emission.

In this work we adopt a model developed in a previo
paper@12# to calculate the energy and angle distribution
electrons excited via electron-hole pair creation in terms
the differential cross section for the scattering of electron
the potential induced by the moving ion. The different
scattering cross section is calculated from a full phase s
calculation of the electron scattering. This approach is
portant because the slow ion represents a strong perturb
of the metal that cannot be treated within linear respo
theory @11#. Therefore, the ion-electron scattering must
calculated to all orders in the impurity charge. For the sa
reason it is necessary to perform a self-consistent calcula
of the screened projectile induced potential. This is do
using density functional theory~DFT! for a static impurity in
a FEG@13#.

Nevertheless, it is not trivial to define a charge state of
ion immersed in a FEG. No matter the character of
charged impurity, the metal electrons completely screen
Therefore, the projectile together with its screening cha
always represents a neutral object in the long range.
screening charge density cloud around an ion in a FEG c
sists of both scattering and bound components. In the pr
ous work@12–15# in which this model was used to calcula
the kinetic electron emission yield, only neutral or sing
charged projectiles were considered. In these cases, the
consistent DFT potential for the ground state configurat
~i.e., with all the low lying electronic bound states filled! was
used. Here, in order to study higher projectile charge sta
we consider configurations with vacancies in the projec
electronic bound states that we approximate by Kohn-Sh
orbitals. For nitrogen we denote these different configu
tions by giving the occupation numbers of the 1s, 2s, and
2p orbitals as (1s,2s,2p). The natural way to establish
relationship between charge states in vacuum and electr
configurations inside the solid is to relate each charge sta
the electronic configuration that has the same numbe
electrons in the inner shells. For instance, N51 in vacuum
gives rise to the~2,0,0! configuration in the solid, N41 to the
~2,1,0!, etc. In an electron gas withr s51.5 the problem
arises when one tries to put more than three electrons in
L shell. In this case, the 2p level is no longer bound in the
solid and we denote this configuration (2,2,* ). Notice that
this configuration is different from~2,2,0!, in which the 2p
level is bound but empty. As a matter of fact, the configu
tion (2,2,* ), which has all the bound levels filled, is th
ground state of a N impurity in an electron gas. Therefo
we relate this configuration to the lowest charge state. T
approach has been shown to be successful in explaining
measured increase of the energy loss with the charge sta
slow Nq1 scattered off an aluminum surface@5,6#.

In Fig. 1 we show the energy distribution~after perform-
ing angular integration! of the electrons excited by differen
configurations ofv50.5 a.u. Nq1 ions traveling through an
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electron gas withr s51.5. A clear increase of the number o
excited electrons is observed when depopulating the in
levels of the projectile, i.e., with increasing charge state
the ion. This behavior, consistent with the results obtain
for the stopping power@5,6#, shows that the highly charge
ions are more efficient in exciting conduction band electro

In Figs. 2~a! and 2~b! we present the angular distributio
of electrons excited with energy«520 eV and «56 eV
above the Fermi level. Results are shown forv50.5 a.u Nq1

ions with two different electronic configurations: the (2,2,* )
ground state configuration and the~2,0,0! emptyL-shell con-
figuration. These distributions show a clear preference
electronic excitation in the direction of the moving ion. Th
behavior is even more pronounced for high excitation en
gies. The preponderance of the electronic excitation for
configuration corresponding to the highest charge stat
also shown to be more important for high excitation energ
In principle, this would further enhance the charge-state
fect due to the fact that the high energy electrons contrib
in a larger amount than the low energy ones to the total y
because they produce a larger number of secondary lo
energy electrons.

B. Ion neutralization

Several processes are involved in the neutralization of
ion under the surface:~a! quasiresonant capture from th
target core levels@16,17#, which is important when the initia
and final levels in the capture process are close in energy~b!
radiative capture, competitive for heavy ions@18#; and ~c!
Auger capture. In this work, we will focus our attention o
the last process, which is the most effective one in the n
tralization of Nq1 ions in Au. In an Auger capture proces
an electron is captured from the valence band of the meta
a bound state in the ion. At the same time, an excitation
created in the medium. The excitation can be either an in
vidual excitation~i.e., an electron-hole pair! or a collective

FIG. 1. Energy distribution of the electrons excited by differe
configurations ofv50.5 a.u. N ions traveling through an electro
gas withr s51.5. Curvesa, b, c, d, ande correspond to the~2,0,0!,
~2,1,0!, ~2,2,0!, ~2,2,1!, and (2,2,* ) configurations, respectively.
2-2
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CHARGE-STATE DEPENDENCE OF KINETIC . . . PHYSICAL REVIEW A 68, 012902 ~2003!
excitation~i.e., a plasmon@19#!. After the Auger capture pro
cess has taken place, the number of inner-shell vacancie
the ion is thus lowered.

The formalism used in the calculation of the Auger ra
is described elsewhere@18,20# and is only summarized here
The velocity of the ion is low enough to study the problem
the static situation. The valence band of the metal is
scribed in the FEG approximation. Using first order of p
turbation theory, the transition of the captured electron fr
the valence band of the metal to the ion bound state is
culated by a matrix element between two one-electron sta
These one-electron states are approximated by Kohn-S
orbitals, numerical solutions of the DFT calculation for t
ion embedded in a FEG. The latter means that the str
perturbation introduced by the ion in the medium is includ

FIG. 2. Angular distribution of electrons excited with energy«
520 eV ~a! and «56 eV ~b! above the Fermi level, byv
50.5 a.u. N ions in two different electronic configurations. Curv
a and b correspond to the (2,2,* ) and ~2,0,0! configurations, re-
spectively.Q is the angle between the directions of the velocities
the excited electron and the ion.
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in a self-consistent way in the calculation of the matrix e
ments.

Furthermore, the excitations in the medium are descri
by the imaginary part of the unperturbed medium respo
function. We use the wave-vector- and frequency-depend
random phase approximation~RPA! for the response func
tion @21#. We remark here that the perturbation of the ion
not introduced in the calculation of the response funct
itself. Recent calculations@22# in which the ion perturbation
is taken into account in the calculation of the medium ex
tations at the RPA level show that this effect modifies t
Auger capture rates only slightly.

We show in Table I the Auger capture rates for a N ion
inside a FEG ofr s51.5. TheK shell of the N ion is full and
the electron is captured to theL shell of the ion. Coster-
Kronig transitions from the 2p level of the ion to the 2s
level of the ion usually are much faster than the Auger c
ture rates. Hence we consider that any electron capture
the 2p level of the ion decays to the 2s level before any
other process can happen. The number of transitions to
culate is thus much reduced. The high absolute values of
calculated Auger capture rates~at least of the order of
1022 a.u.) indicate that the neutralization of the N ion in t
bulk of Au is an extremely fast process.

C. Monte Carlo simulation

In order to calculate the electron emission characterist
we used a Monte Carlo simulation program. Both the in
dent projectile and excited electron trajectories are follow
Monte Carlo simulation for particle transport by classic
trajectories has been thoroughly described in reference t
books@23#. Details about the way in which ion induced ele
tron emission can be simulated have been given in Ref.@24#,
for instance, for MeV He ions incident on aluminum targe

We briefly outline here the way in which electron emi
sion for Nq1 ions incident on Au targets has been describ
in the present work. First, we follow the incident projectile
considering electron excitation as well as projectile neut
ization ~the incident ion is supposed to follow a straight-lin
trajectory without energy loss!. Then we follow the excited
electrons, including electron cascade and multiplication.

s

f

TABLE I. L-shell Auger capture rates for a N ion inside a FEG
of r s51.5. The rates are in atomic units. The first column of t
table shows the initial and final configurations of the ion~see text
for the details of the notation!. The second column shows the Aug
rate per spin state, and the third column is the total Auger rate~i.e.,
taking into account spin statistics!.

Process Rate~per spin state! Total Rate

(2,0,0)→(2,1,0) 8.1961431023 1.63922831022

(2,0,0)→(2,0,1) 1.6390231022 9.83412031022

(2,1,0)→(2,2,0) 9.3671131023 9.36711031023

(2,1,0)→(2,1,1) 1.4257231022 8.55432831022

(2,2,0)→(2,2,1) 1.0476131022 6.28566031022

(2,2,1)→(2,2,* ) 8.6725231023 4.33626031022
2-3



a
d
ro
h

c-

la
n

r
aw

on

ul
rg

ita
c-
f

i
n
he
l-
i-
on

e
ar

a
e

on
e
te
if

e
le
fin
e
c

ec
i

-
lli
c
pl

y
d

io

in

Just
s

tion

ion
ol-
of
crip-
nt

ol-
he
on

he
en
ec-
ted
his
is
s

ted

on.
ex-

u-
re-
is
e
ion

e to
at is

of

JUARISTI et al. PHYSICAL REVIEW A 68, 012902 ~2003!
For the incident projectile, two possible mechanisms c
occur: either they excite electrons according to the mo
described in Sec. II A, or they undergo an Auger elect
capture as described in Sec. II B. The two competing mec
nisms for the incident Nq1 ion give rise to a total ‘‘macro-
scopic’’ cross section~inverse total mean free path! S t

51/l t5Se
21Sc . Se

251/le
2 is the ‘‘macroscopic’’ cross

section~inverse mean free path! for electron excitation and
Sc51/lc is the ‘‘macroscopic’’ cross section for Auger ele
tron capture. Starting at a given position~either the entrance
position or the position where the ion has undergone its
collision! along the incident projectile trajectory with a give
charge stateq, the free pathL up to the next interaction fo
the incident projectile is sampled from the Poisson l
f (L)51/l te

2L/l t. Then the interaction~either an electron
excitation or an Auger electron capture! is selected according
to the respective probabilities of the two possible interacti
@P(electron excitation)5Se

2/S t5lc /(le
21lc)#. If the in-

teraction is an electron excitation, the energy and ang
direction of the excited electron are sampled from the ene
differential and energy and angle differential electron exc
tion cross sections~for the given charge state of the proje
tile!, respectively~see Figs. 1 and 2!. The characteristics o
the excited electrons are kept in the computer memory
order to follow these electrons when the ion trajectory
‘‘finished’’ ~see below!. If the interaction is an Auger electro
capture,q is simply decreased by 1. After considering t
incident projectile interaction, its trajectory is further fo
lowed up to the next interaction. We stop following the inc
dent ion when it is so deep in the target that excited electr
will no longer contribute to the electron emission.

The electrons excited along the ion trajectory are th
followed. In this respect, electron interactions in metallic t
gets have been described thoroughly in Ref.@25#. In this
case, two competing mechanisms have to be taken into
count, i.e., inelastic collisions with the valence band d
scribed in the free electron gas model and elastic collisi
with the ionic cores. The elastic collisions are usually d
scribed by considering a self-consistent electron-atom in
action potential. In the present work, we used phase sh
provided for Au targets by Heinz@26#. These phase shifts ar
calculated using a muffin-tin approximation with a suitab
choice of the energy zero in the region between the muf
tin spheres, taking into account the correct lattice structur
Au. For the interaction of electrons with the outer-shell ele
trons, we will once again consider that the conduction el
trons of Au can be described as a free electron gas w
electron density parameterr s51.5. In this model, the ener
getic electrons excite additional electrons by binary co
sions and plasmons. We will consider that plasmons de
by exciting one electron via an interband transition. A sim
free electron density of states model has been used here~see
@25#, for instance!. The electrons further excited by binar
electron-electron collisions and by plasmon creation and
cay will of course also contribute to the electron emiss
process. The elastic and inelastic mean free paths~as well as
the total mean free path! for electrons in Au are shown in
Fig. 3.
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Therefore, the mean free paths for electron excitation
binary collisions lee51/See, plasmon excitation lpl
51/Spl , and elastic collisions with ionic coreslel51/Sel
are calculated according to the models described above.
as for the incident projectile, a total ‘‘macroscopic’’ cros
section ~inverse mean free path! Sel,t51/lel,t5See1Spl
1Sel is used to sample the free path between the posi
where the electron has undergone its last collision~or where
it was excited! and the next one. Once again, the interact
~a binary collision or a plasmon excitation or an elastic c
lision! is sampled according to the relative probability
each process. For all these mechanisms, a detailed des
tion of the sampling of energy and angles for the incide
electron~and for additional excited electrons! can be found
in @24,27#. In the case of electrons, the trajectories are f
lowed until they are emitted or until their energy is below t
vacuum level. In this respect, the value of the work functi
that was used is 5.1 eV.

III. RESULTS OF THE FULL SIMULATION

In Fig. 4 we show the results of our simulation when t
neutralization and relaxation of the N ion projectile wh
traveling through the solid is neglected. The number of el
trons emitted per ion incident normal to the surface is plot
as a function of the ion velocity. A strong dependence of t
quantity on the electronic configuration of the projectile
observed. For instance, atv50.5 a.u. around seven electron
per ion are emitted when the ion travels in the most exci
configuration considered here~2,0,0!, and only around 3.5
electrons when it travels in its ground state configurati
This behavior just reflects the strong dependence of the
citation function on ion configuration.

In Fig. 5 the results of the simulation including the ne
tralization of the N projectile via Auger processes are p
sented. The electron yield as a function of ion velocity
shown for different initial electronic configurations of th
ion. It is observed that the dependence of the yield on the
configuration is not so pronounced in this case. This is du
the fact that the ion relaxation takes place in a distance th

FIG. 3. Calculated total~curvea), elastic~curveb), and inelas-
tic ~curve c) mean free paths for electrons in Au as a function
their energy.
2-4
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within the escape depth of the electrons. In order to obse
this effect more clearly, we show in Table II for differen
initial electronic configurations the contribution to the to
yield of the different excitation states in which the io
evolves during its neutralization-relaxation sequence. For
stance, atv50.5 a.u. for an ion that is initially in the~2,0,0!
the total yield is 5.24. In this case, only 0.96 of the electro
emitted per ion~around 18% of the total! are excited by the
ion in the ~2,0,0! configuration before it deexcites to th
~2,1,0! configuration. Additionally, 1.31 of the electron
emitted per ion~around 25% of the total! are excited by the
ion in its ground state configuration at the end of its rela
ation sequence.

If we invoke the above mentioned relationship betwe
electronic configurations inside the solid and charge state
vacuum, our results show that no strong dependence o
kinetic electron yield on projectile charge state is expec
for slow ions incident on a metal. This result is consiste
with the measured data@7,8#. More precisely, in Fig. 3 of
Ref. @8#, is reported the experimentally obtained kinetic ele
tron yield, after subtracting the potential contribution, f
different charge states of N incident on Au. For the high
charge states (N31, N41, and N51) a rather good qualitative
and quantitative agreement can be observed between ou

FIG. 4. Kinetic electron yield induced by Nions in differen
electronic configurations~charge states! traveling through Au, as a
function of the ion velocity. The charge state of the ion is froz
i.e., the neutralization and relaxation of the ion along its path
neglected. Curvesa, b, c, d, and e correspond to the~2,0,0!,
~2,1,0!, ~2,2,0!, ~2,2,1! and (2,2,* ) configurations, respectively.
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sults and these data. Nevertheless, for the lower charge s
(N1 and N21) we find some discrepancies. In these cas
the measured yields are around 1–2 electrons per ion hi
that the ones we obtain here, and also higher than the yi
obtained for the higher charge states. This is probably du
a second contribution to the kinetic electron emission co
ing from the electron promotion to the continuum in proje
tile collisions with individual target atoms, which is expecte
to be important when the projectile carries a large numbe
bound electrons@7#. We remark that this effect further re
duces the charge-state dependence of the electron yield
cause it follows an opposite dependence on the projec
charge as compared to the one we calculate here. Neve
less, we stress that the direct electronic excitation of cond
tion band electrons is very strongly dependent on the
configuration~charge state!, as shown in Figs. 1 and 4. Ou
results show that the fast neutralization of the ion within t
escape depth of the emitted electron is the reason why
strong dependence on the charge state is observed.

Finally, we want to emphasize that the results of our co
plete simulation~Fig. 5 and Table II! must be taken as highe
limits for the charge-state dependence of the yield. Whe

,
s

FIG. 5. Results of our complete simulation for the kinetic ele
tron yield induced by N ions in differentinitial electronic configu-
rations~charge states!, as a function of the projectile velocity. Th
relaxation of the projectile from its initial excited state to th
(2,2,* ) ground state via Auger processes is taken into acco
Curvesa, b, c, d, ande correspond to the~2,0,0!, ~2,1,0!, ~2,2,0!,
~2,2,1!, and (2,2,* ) initial electronic configurations, respectively.
2-5
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TABLE II. Total yield and the contribution to it of the different electronic configurations of N ions a
function of the initial electronic configuration in which the ions enter the solid. The velocity of the ion
v50.5 a.u. The target is Au.

Initial configuration Total yield ~2,0,0! ~2,1,0! ~2,2,0! ~2,2,1! ~2,2,* !

~2,0,0! 5.24 0.96 0.80 1.05 1.12 1.31
~2,1,0! 4.81 1.18 0.99 1.29 1.35
~2,2,0! 4.46 1.50 1.31 1.65
~2,2,1! 4. 2.12 1.88
~2,2,* ! 3.5 3.5
ur
o
th
le
,
e
on
e
n

tio

nd
ce
tal

te.
data
m-

he
-

l

highly charged ion approaches a metal surface it capt
electrons into highly excited projectile states. These electr
are stripped when the ion enters the solid, contributing to
potential emission yield. Nevertheless, if some of these e
trons are deexcited to theL shell before entering the solid
i.e., before the electronic excitation process that gives ris
the kinetic electron emission is effective, one should c
sider the subsequent reduction of the initial charge state
tering the simulation. This reduction of the initial excitatio
state would imply a reduction of the charge-state effect.

IV. CONCLUSIONS

We have studied the charge-state dependence of the
netic electron emission induced by slow Nq1 ions incident
on a Au target. We have shown that the electronic excita
depends strongly on the electronic configuration~charge
.
rs
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ds
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state! of the ion. Nevertheless, since the neutralization a
relaxation of the ion is a fast process, which takes pla
within the escape depth of the emitted electron, the to
kinetic yield depends only slightly on the initial charge sta
These results are consistent with available experimental
@6,7# and expected to be valid for other projectile-target co
binations.
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