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Charge dependence of electron emission in swift heavy-ion collisions with carbon

Michael Beuve, Michel Caron, Benoit Gervais, and Hermann Rothard
Centre Interdisciplinaire de Recherche Ions Lasers CIRIL (CEA-CNRS-ISMRA), BP 5133,

Rue Claude Bloch, F-14070 Caen Cedex 05, France
~Received 17 April 2000!

We report on the charge dependence of electron yields from sputter-cleaned amorphous carbon targets
bombarded with an isotachic set of swift ions. The experiments were performed in a UHV setup at the
heavy-ion accelerator GANIL in Caen. The ion velocity was 19 a.u.~corresponding to a kinetic energy of 9.2
MeV/nucleon! and the projectile chargeQP was varied from 6 to 39. As observed for ion-atom collisions, the
electron yield exhibits a reduction with respect to aQP

2 law. We show that this projectile charge dependence
is consistent with a strong saturation of low-energy primary electron ejection. This effect is related to the
primary projectile-target interaction itself and not to high-charge effects affecting the electron transport before
escape from the target.
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I. INTRODUCTION

The major part of the kinetic energy lost by a swift ion
condensed matter is transferred to target electrons during
passage of the ion. Consequently, the subsequent kin
electron emission from the solid surface is an import
probe for the swift heavy-ion–solid interaction. Electro
emission is usually regarded as a three-step process:pro-
duction of electrons by primary ionization,transport of the
electrons through the solid including secondary-electron p
duction ~cascade multiplication!, and finally, transmission
through the surface and ejection into the vacuum. Suc
description can be modeled as a Markovian process
which the probabilityf (r ,v,t) to find an excited electron at
position r and a velocityv in the classical phase space
given by a master phase space equation.1–3 For our purpose,
we do not need to consider explicitly the details of this m
ter equation. We simply write it as follows:

] f

]t
1T f 5S~r ,v,t !. ~1!

S is the source term, which accounts for primary electr
excitation via projectile-target interaction.T is an integro-
differential operator, which accounts for the transport of
excited electrons through the foil. Since as a hypothesis
transport of an excited electron is regarded as diffusion in
unexcited material, the operatorT is linear.1–3 In the limit of
the first Born perturbation theory,S is proportional to the
squared projectile chargeQP

2 .4 Since the left-hand side o
Eq. ~1! is linear, the number of excited electrons and hen
the electron yieldg ~the mean number of emitted electro
per incoming projectile! will be also proportional toQP

2 . If
such an assumption holds true, the ratiog/QP

2 should be
constant.

Obviously, electron transport and emission could
strongly influenced by the induced charge fluctuations in
ion’s wake: due to a possible positive charging up of
track near the ion trajectory, slow electrons could be trap
in the ion’s wake. This wake can be characterized by
induced track potentialfTR.5 Indeed, strong reductions o
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electron emission yieldsg compared to such aQP
2 scaling

have even been observed with fast, bare low-ZP ions (ZP
51 – 8) at high velocities~5 MeV/nucleon!.5 The reduction
of low-energy electron emission has been also often
plained by a screening of the projectile charge not only
the projectile electrons, but also by target electrons
metals.6 However, such effects should be dominant at int
mediate velocities of the projectile only, around and bel
the stopping power maximum, where also charge excha
effects come into play.

In order to explain these results with high-velocity ba
ions, a model in terms of electron trapping in the wake of
ions was proposed by Borovsky and Suszcinsky5 and refined
by Benkaet al.7 The ion would create a positively charge
zone in its wake, leading to an attractive track potentialfTR,
which results in an attractive force on the electrons mov
away from the ion track. Consequently, electron yie
would be reduced. The main prediction of the model is t
the yield reduction becomes stronger with increasingQP for
vP5const because of the increasing ionization density. Si
most of the secondary electrons originate from a small de
of the order of about 30 Å below the surface, another p
sible approach to explain electron yield reduction is to int
duce a modified surface potential barrierU5U01DU,
whereU0 is the surface potential barrier in the limit of low
ionization density and small electron yields.8 For insulators,
the underlying physical process is the creation of unbalan
positively charged holes in the wake of the ion. Because
the low electron mobility in insulators, the electronic rela
ation may be many orders of magnitude~about 102– 106

times! slower than in conductors.9 Consequently, these hole
cannot recombine within the escape time of the ion-indu
emitted electrons and thus modify the planar surface po
tial by an additionalDU. As was shown in Ref. 10, both
approaches lead to formally similar expressions for the e
tron yield reductions: the induced changeDU of the sur-
face potential plays the role of the ion-induced track pot
tial fTR. However, the predictions of such models clea
deviate strongly from experimental results in the case
highly charged swift heavy-ion impact on metals. The app
cation of such kind of models seems to be more justified
8818 ©2000 The American Physical Society
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FIG. 1. Experimental setup~see text!.
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insulators.9 It seems, however, that the considerations und
lying these simple models suffer from a lack of rigoro
knowledge of microscopic electron dynamics at a short ti
scale. In particular, it is worth keeping in mind that for a
material the charged-particle wake field results from an
cumulation of negative charges trailing the ion and screen
it.11

Up to now, all of the high-energy experiments were p
formed with ill-defined surfaces in standard vacuum. Al
the experiments were restricted to bare low-ZP ions (ZP
51 – 8) since it is important that the charge statesQP of the
incoming ions be close to their mean final charge^Qf& in
order to prevent preequilibrium effects connected to cha
exchange. Indeed, while traveling through the solid, he
ions may capture target electrons. Hence the projec
charge can be screened and the ion interaction cross se
with the solid can be reduced. However, experiments w
heavier ions should allow a more stringent test, since
models predict the strongest effects for MeV/nucleon he
ions.

In order to obtain more reliable data on the backwa
yield dependence on projectile charge, we therefore m
sured electron yields in a ultrahigh-vacuum setup fr
sputter-cleaned surfaces of amorphous carbon with s
highly charged ions which fulfill the above conditions. In o
analysis of the data, we ask whether it is necessary to in
duce models dealing with a charged wake or electron tr
ping. Indeed, ‘‘reduced’’ electron yields may be simply r
lated to deviations of the primary target ionization cro
section~the source termS in the models! from a simpleQP

2

scaling.

II. EXPERIMENT

The experiment was performed in an ultrahigh-vacu
setup especially designed for experiments at large-scale
celerators as described extensively elsewhere,13 at the
medium-energy beamline~SME! of the French heavy-ion ac
celerator GANIL in Caen. The velocity of ions was he
constant at 19 a.u.~i.e., at a kinetic energy corresponding
9.2 MeV/nucleon!, while the charge of the projectile wa
varied from 6 to 39. The charge state of the incoming io
was chosen very close to the equilibrium charge in orde
r-
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exclude effects connected to penetration depth dependen
charges~see Table I!.

Here we report the results of measurements of the ba
ward electron yieldgB from carbon targets. A schemati
diagram of the experimental setup for electron yield m
surements is shown in Fig. 1. The ejected electrons and
ion beam itself induce an electrical current in the target. T
beam is stopped inside the target and generates a pos
currentI P , and the induced electron emission creates a c
rent I e . Hence the measured target currentI is

I 5I P1I e . ~2!

The target is biased to a negative potential of appro
mately 245 V in order to ensure that all emitted electro
leave the target surface. Two Faraday cups upstream
downstream of the target allow measuring the ion beam
tensity I P when the target is removed from the beam pa
The projectile flux~the number of projectile ions per secon!
fP can be calculated from the ion beam currentI P and the
projectile chargeQP ~with e the unit of charge!:

fP5
I P

eQP
. ~3!

In our experiment at GANIL, the beam is sufficient
stable in time to allow for such a procedure. Typically, o
measurement cycle consists of a 200 s integration on
target and another 200 s integration with the Faraday cu
We repeat this cycle 10 times to get statistically meaning
current values.

The backward electron yield, defined as the mean num
of electrons emitted from the beam entrance side of the ta
per incoming projectile,

gB5
I e

efP
, ~4!

can then finally be calculated from

gB5
I 2I P

I P
QP . ~5!
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The main sources of error are the beam intensity fluct
tions and we estimate the error to be less than610% of the
measured value.14

The amorphous carbon used here can be considered
good electrical conductor. Target foils of at least 300mg/cm2

~approximately 1.7mm, densityr51.65! were produced by
standard evaporation techniques and mounted on copper
ports thick enough to stop the ion beams at this energy.
note that the foils are thick enough to ensure that backw
electron yields do not depend on the carbon foil thicknes15

Before each measurement, we have controlled the sur
contamination by Auger analysis. If contaminant peaks~oxy-
gen! were seen, the target surface was sputter cleaned
500 eV Ar11 ions ~5 mA for about 20 min!. This process
was repeated until no more contamination was observed.
total pressure inside the chamber during the measurem
was about 5310210mbar.

III. RESULTS AND DISCUSSION

In order to study the relative variations with the project
chargeQP , we define a normalized yield

Rg5
62gB~QP!

QP
2gB~6!

, ~6!

so thatRg51 for QP56.
This ratio is presented in Fig. 2 as a function ofQP . The

dashed line indicates the expected linearity from Eq.~1!
when the yield is linear in the source term and when the fi
Born approximation is applied in the source term calcu
tions. In contrast, the measuredRg values clearly decrease
The normalized yield for Mo391 reduces to about half of th
normalized yield for C61.

The discrepancy between experiment and theory could
ther come from the source termS or from a deviation from
linearity of Eq.~1!. In other words, it can either be connect
to the ion-solid primary interactions or to nonlinear effects
the electron transport through the solid. As mentioned in
Introduction, in order to explain such a deviation, nonline

FIG. 2. Normalized yieldRg of backward emitted electrons in
duced by ions impinging on a thick carbon foil with a kinetic e
ergy corresponding to 9.2 MeV/nucleon. Comparison between
experimental data of Table I~solid circles! and Qp

2 extrapolation
~dashed line!.
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transport mechanisms connected to a ‘‘track potential’’5 or a
‘‘microscopic surface potential’’6 were suggested. Neverthe
less, a quantitative analysis shows that the related mo
yield unphysical values for the calculated potentials.10 If, on
the other hand, a primary ionization effect is involved, t
validation of such a hypothesis requires observing the e
lution of the stopping power with the projectile charge.

Therefore, we show in Fig. 3 a normalized stopping
power defined in the same way as the normalized yield:

RS5
62Se~QP!

QP
2Se~6!

. ~7!

The data are obtained by linear interpolation of the tab
of Hubert et al.16 for helium to molybdenum and of the
ICRU tables17 for hydrogen. These tables are the result
empirical formula fitted to a compilation of various expe
mental data performed with ions in charge state equilibriu
Compared to the empirical formula of Ziegleret al.,18 these
tables are in better agreement with experimental data in
ticular for heavy ions. Whereas theQP

2 extrapolatedRS is
obviously a constant; the results from Refs. 16 and 17
crease in the same way as the normalized electron yield
Fig. 2. Consequently, but without definitely excluding no
linear transport effects, this comparison clearly points
that at least a part of the observed decrease ofRg can be
attributed to nonlinear primary effects in the projectile-targ
interaction itself. Among the possible primary effects, w
have checked whether electron capture could play a role
we calculated the percentage of 9.2 MeV/nucleon ions t
have reached a chargeQP equal to the incident charge of th
projectile after a distance of 1mg/cm2.12 Indeed it has been
shown theoretically3 and experimentally10 that the backward
yield increases with the foil thickness until at a certain thic
ness a saturation is reached. In the case of amorphous ca
target the yield reaches about 90% of its maximal value fo
thickness of the order of 1mg/cm2.3 The calculated values
are presented in Table I. From these values it seems tha
capture mechanism plays a negligible role on the backw
yield evolution with the incident charge of the projectile
our case. However, one could suggest that the projectile e
trons could play a ‘‘static role’’ by simply modifying the

e

FIG. 3. Normalized stopping powerRS of ions impinging on
carbon solid with a kinetic energy corresponding to 9.2 Me
nucleon. Data of Table I: open circle~from Ref. 17!, solid squares
~from Ref. 16!. Qp

2 extrapolation: dashed line.
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projectile potential felt by the target electrons. Neverthele
such an effect cannot explain the reduction of the yield
the totally stripped Ca201 projectile with no electrons presen
~see Table I!.

Similar observations were made in ion-atom collision
for stopping powers, ionization cross sections,19 and excita-
tion cross sections.20 It was shown that such a so-calle
‘‘saturation effect’’ ~sometimes also called the ‘‘nonlinea
effect’’! is not predicted by the first Born approximatio
which would end up as aQP

2 law and is only valid for small
perturbations. It is then conceivable that this ‘‘saturation
fect’’ observed in ion-atom collisions also takes place in
solid target, where, however, the electronic structure of
target and consequently the interaction cross sections are
ferent. In order to verify qualitatively this hypothesis and
quantify the correlation between the evolution of electr
yield and stopping power with the projectile charge, we d
velop in the following a phenomenological model based
two assumptions only.

First, we assume a linear relation between the backw
electron yieldgB and the part of the projectile energy lo
which goes into the ejection of low-energy primary electro
~,50 eV with respect to the vacuum level! within the typical
escape depth of the low-energy electrons. This assumptio
quite reasonable, since the backward yield mostly consist
low-energy electrons21 from primary ionization.3 We can
write this relation as

gB5
1

A
Sel

Qp, ~8!

where Sel
QP represents the contribution of the stopping pow

of a QP-charged ion to the ejection of low-energy prima
electrons and whereA is a constant which depends on th
target nature. This hypothesis corresponds to the treatm
given by Schou,22 but is somewhat different to the hypoth
esis of Sternglass,23 which simply assumed proportionalit
between electron emission and the total stopping powe
the projectile. Indeed, Sel

QPdx should be used because th
fast primary electrons escape the thin layerdx without losing

TABLE I. Backward yields and stopping powers for ions im
pinging on carbon solid with a velocity corresponding to 9.2 Me
nucleon. The yields were measured with an incident chargeQp

close to the mean charge at equilibrium. The stopping powers
linear interpolations of the tables of Hubertet al. Ref. 16~He–Mo!
and Ref. 17~H!. Estimation~Ref. 12! of the mean chargêQp& at
charge-state equilibrium and percentage estimation of ions still h
ing a chargeQp equal to the incident charge at the thickness
mg/cm2 for a 2 g/cm3 carbon solid density.

Ion Qp gB dE/dx ~keV/mm! ^Qp&
%(Qp5Qp0)
at 1 mg/cm2

H 1 - 8.730 1.00 100
He 2 - 35.00 2.00 100
C 6 3.6 307.6 5.99 99.95
Ca 20 32.0 2882 19.66 99.2
Ni 27 45.0 5128 26.5 98.8
Mo 39 82.3 9912 39.2 97.4
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a significant amount of energy and thus without producin
significant contribution to the backward yield.

Second, we assume that the ejection of high-energy e
trons is not affected by nonlinear effects and scales asQp

2. In
ion-atom collisions, the saturation of electron energy diff
ential cross sections with respect to theQp

2 scaling law con-
cerns essentially collisions leading to low energy transfe3

This is consistent with the findings of such a scaling
ion-solid collisions.24 This means that the contribution of th
ejection of low-energy primary electrons to the total stopp
power should be more significantly affected by the reduct
effects than the contribution to the ejection of high-ener
primary electrons. Thus the contribution of the stoppi
power of aQp-charged ion to the ejection of high-energ
primary electrons Seh

Qp can simply be written as

Seh
Qp5Qp

2Seh
H1 . ~9!

From both assumptions, Eqs.~8! and ~9!, it follows that

Y5AX1B,

X5
gB

Qp
2 , Y5

SeQp

Qp
2 , B5Seh

H1 . ~10!

Figure 4 shows the experimental set of~X,Y! couples on
which the relation given by Eq.~10! was adjusted with the
help of a least-mean-squares fit. Incontestably, Eq.~10! is
well suited to describe the entire set of experimental da
thus strongly supporting the above made assumptions. Le
note that the present set of experimental data clearly
cludes a linear relation between the stopping power and
backward yield. This is in agreement with the conclusions
Rothardet al.10 based on other experimental data. These d
were, however, obtained with ions of different velocities a
ill-defined surface conditions. A linear relationship, often a
sumed in the literature, was established from simple mac
scopic descriptions.21–23 In our simple model, we rather pro
pose the relation

/

re

v-

FIG. 4. Stopping power~normalized to the square of the io
incident charge! vs the backward emitted electron yield~also nor-
malized to the square of the ion incident charge!. The ions impinge
on a thick carbon foil with an energy of 9.2 MeV/nucleon and w
an incident chargeQp close to the mean charge at charge-st
equilibrium.
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LB5
gB

SeQP
5

X

Y
5

1

A F12B
Qp

2

SeQPG . ~11!

The backward electron yield is proportional to Sel
Qp and

not to the total stopping power SeQp because the charge de
pendences of Sel

Qp and Seh
Qp are different.

We can remark that the coefficientB, which is equal in
our model to Seh

H1 , is of the order of 0.5SeH1 in agreement
with the equipartition rule21,23,25valid at very high projectile
velocity. The relation betweenB and SeH1 should depend on
the velocity only, whileA depends only on the target prop
erties. Let us note that an estimation using the first B
approximation within the dielectric formalism11,26 yields B
50.7SeH1 ~Refs. 3 and 27! with Ashley’s dielectric
function28 for amorphous carbon at the same projectile
locity. On the other hand, for 2–8 MeV protons a simp
semiempirical model adjusted on experimental data yie
approximatelyB50.4SeH1.15 Several reasons may expla
these differences. We particularly stress the quite arbitr
separation of ‘‘low-energy’’ and ‘‘high-energy’’ electrons i
the second assumption, and the fitting procedure does
provide any information about this separation. Neverthele
the good description of the experimental data by the sim
model, Eq.~10!, is a strong argument in favor of the inte
pretation that the first Born approximation is not valid f
high charges.19
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IV. CONCLUSION

We presented measurements of ion-induced backw
electron emission yields as a function of the project
charge. Swift ions at the same velocity impinged on am
phous sputter-cleaned and Auger-spectroscopy-contro
carbon targets. The ions were chosen with an incident cha
QP as close as possible to the mean charge at equilibr
over a wide range of charge. We have shown that the exp
mental results deviate from theQP

2 law which results from
standard microscopic models based on the first Born
proximation and a linear transport equation. This reduct
of the backward yield with respect to aQP

2 law is correlated
with the evolution of the stopping power withQP without
being strictly proportional to it. We developed a simple ph
nomenological model which shows explicitly the correlati
betweengB /Qp

2 and Se/Qp
2. Therefore the behavior of the

backward emission yield with respect toQP can be inter-
preted as a primary effect independent of any transport
fect. In particular, our model assumes a reduction of the lo
energy primary electron ejection and in this sense it sugg
that the observed effect is of the same nature as the so-c
‘‘saturation effect’’ observed in ion-atom collisions. Finally
our model proposes a simple charge-dependent relation
tween the stopping power and the backward electron yi
which fully accounts for the reduction effect in charge d
pendence.
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