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Role of projectile electrons in secondary electron emission from solid surfaces
under fast-ion bombardment
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We report on measurements of the number of electrons per incoming projectile emitted from the projectile
entrance and exit surfaces of thin carbon foils as function of the projectile atomic numberZ (1<Z<32),
incident charge states, and velocities below, near, and above the stopping power maximum. The screening of
the projectile charge by the projectile electrons reduces the backward electron emission. The corresponding
reduction parameters have been determined as function of the number of projectile electrons. For all ions but
protons we note as a general trend that the forward to backward yield ratioRg increases with the projectile
velocity. In addition a pronounced increase of theRg with increasingZ is also observed. It was found that the
increase of theRg with Z in the medium velocity region (;1 MeV/u) is not a ‘‘nuclear charge’’ effect, but is
simply due to the difference in the incident number of projectile electrons. The experimental results are
compared to Monte Carlo simulations based on the work by Gervais and Bouffard. A reasonable agreement
~within 20%! between experimental and calculated results for heavy ions is observed. However, the difference
is larger for light ions. Finally, the results are discussed within the framework of previously published semi-
empirical models and the relation between electron yields and the electronic stopping power is elaborated.
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I. INTRODUCTION

The interaction of fast charged particles with a conden
medium leads to particle emission from the solid surface
particular to electron emission, the so-called ‘‘Kinetic ele
tron emission,’’ which was described nearly 100 years ag1

The knowledge of the number of electrons emitted per
coming projectile~the electron yieldg! as well as their an-
gular and energy distribution is of fundamental interest. I
portant applications concern track formation in solids, hea
particle detectors, tumor treatment by heavy ion beams,
fects of cosmic rays on crew and electronic devices in spa
craft, just to name a few. Recent extensive reviews on e
tron emission from solids can be found in Refs. 2–9. Mos
these reviews refer to experimental and theoretical stu
which have been performed on electron emission induced
550163-1829/97/55~18!/12086~13!/$10.00
d
n
-
.
-

-
y
f-
e-
c-
f
es
y

slow (,25 keV/u) or medium velocity ions (,1 MeV/u).
Studies in the energy rangeE52–10 MeV/u are sparse,10–13

and studies in the high-energy region~10–100 MeV/u!
~Refs. 14–17! and for relativistic projectiles ~.100
MeV/u!,18 can still be considered as ‘‘pioneering work.’’

It is particularly astonishing that no systematic data ex
of the projectile atomic numberZ dependence of ion-induce
electron emission from the entrance and exit surface of
foils even in the medium projectile energy region. The
fore we measured the number of electrons per incoming p
jectile, i.e., the electron yieldg, from the beam entrance
(gB) and exit surfaces (gF) of thin carbon foils (d
51000 Å) bombarded with 15 projectiles~ranging fromZ
51 to Z532! with different incident charge statesqi and
different velocities,v below, near, and above the stoppin
power maximum. In the following, after a short descriptio
12 086 © 1997 The American Physical Society
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of the experimental setup, we present the experimenta
sults. They are discussed within the framework of wide
used semiempirical models, and compared to Monte C
simulations. In particular the role of projectile electrons
secondary electron emission by fast-ion bombardmen
elaborated.
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II. EXPERIMENT

The experimental work was performed at the 5-MV Ta
dem accelerator of the National Research Center of Phys
Sciences ‘‘Demokritos’’ in Athens, Greece. Mass analyz
beams of
H1 ~1<E<7.5 MeV!;
Liq1 ~q52–3!~1<E<14 MeV!; Beq1 ~q52–4!~8<E<18 MeV!;
Bq1 ~q52–4!~6<E<18 MeV!; Cq1 ~q53–4!~6<E<16 MeV!;
Oq1 ~q53–5!~6<E<20 MeV!; Fq1 ~q53–5!~8<E<24 MeV!;
Alq1 ~q54–6!~15<E<27 MeV!; Siq1 ~q54–6!~9<E<27 MeV!;
Sq1 ~q54–6!~10<E<26 MeV!; Clq1 ~q54–7!~10<E<30 MeV!;
Vq1 ~q55–7!~16<E<30 MeV!; Niq1 ~q55–8!~11<E<34 MeV!;
Cuq1 ~q56–8!~16<E<32 MeV!; Geq1 ~q56–7!~18<E<27 MeV!;
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were sent through thin 16mg/cm2 self-supporting carbon
foils. The thicknesses of the targets were large enough
ensure that~a! the charge equilibrium of the penetrating pa
ticles was reached before the ions reach the exit surface
~b! full development of the secondary electron cascade
duced by high-energyd electrons is reached. This is true fo
all incident ions except for fast proton beam.

The experimental setup used for these measuremen
shown in Fig. 1. Two nearly closed metal cylinders~similar
to Faraday cages, except for openings for the incoming
outgoing ion beam! mounted on each side of a target-fo
holder were used to collect the secondary electrons in
ward and backward directions of the target foil simul
neously but separately. The cylinders were held at a pos
potential1U05140 V to assure that all the secondary ele
trons were collected, and a negative potential of2U05
220 V was applied to the target, enough for the elect
emissiong to reach a saturation value.19 The Faraday cup
was comprised of two parts: a beam-collecting cup that w
grounded through the electrometer and a cylindrical e
trode upstream of this cup~Repeller II! which was biased
2U rep52300 V with respect to the ground. This negative
biased electrode prevented~i! secondary electrons from es
caping from the collecting cup and~ii ! secondary electron
of the target from escaping through the opening of the o
going ion beam of the second cylinder~g cup!. A similar
repeller ~Repeller I! was positioned upstream of the firstg

FIG. 1. Schematic experimental setup.
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cup and biased2U rep52300 V with respect to the ground
in order to prevent~i! secondary electrons from the slits
hit the firstg cup and~ii ! secondary electrons of the targ
from escaping through the opening of the incoming ion be
of the firstg cup.

Backward (gB), forward (gF), and total (gT) electron
yields can easily be deduced from measuring: the i
induced target currentI T , the current of low-energy elec
trons I B and I F , and the ion-beam currentI FC :

gB5qf S I BI FCD , ~1!

gF5qf S I FI FCD , ~2!

gT5qf S I TI FCD1qf2qi , ~3!

whereqf is the mean final charge state of the projectiles a
leaving the foil exit surface, andqi is the projectile incident
charge before the foil entrance. The mean chargeqf of the
projectiles emerging from the carbon foils was obtained fr
Shimaet al.20

The secondary-electron coefficientsgB , gF , andgT have
been measured as a function of the projectile atomic num
Z, initial charge stateqi , and velocityv under standard
vacuum conditions (P'1024–1025 Pa). The error is esti-
mated to be610% ~based on reproducibility measuremen!
for all the secondary electron yields. The thin self-support
target foils have been produced by standard evapora
techniques at the Institut de Physique Nucle´aire in Lyon,
France. We assume a density of our carbon foils to br
51.65 g cm23. This value has been obtained by an inte
ferometric method and Rutherford-scattering analysis.21
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TABLE I. Backward (gB), forward (gF), total (gT) electron yields for different incident ions with different incident charge sta
(qi) and energies (E).

Ion qi

E
~MeV!

gB

e2/ ion
gF

e2/ ion
gT

e2/ ion Ion qi

E
~MeV!

gB

e2/ ion
gF

e2/ ion
gT

e2/ ion

H 11 1 1.07 1.48 2.55 C 41 14 11.2 24.5 36
H 11 1.5 0.86 1.19 2.05 C 41 16 11 24 35
H 11 2 0.69 0.97 1.68
H 11 2.5 0.64 0.83 1.48 O 31 6 21.4 51.5 73.7
H 11 3 0.54 0.72 1.27 O 31 8 19.4 47.3 67.1
H 11 3.5 0.48 0.63 1.13 O 31 10 18.9 46.1 65.9
H 11 4 0.43 0.55 0.98 O 31 12 16.4 42.8 59.2
H 11 4.5 0.4 0.52 0.93 O 31 14 16 42.4 58
H 11 5 0.39 0.5 0.9 O 41 8 20 46.9 67.4
H 11 5.5 0.36 0.45 0.81 O 41 10 19.5 45.9 65.5
H 11 6 0.33 0.42 0.75 O 41 12 17.6 42.6 60.2
H 11 6.5 0.32 0.39 0.72 O 41 14 16.5 39.7 56.3
H 11 7 0.3 0.37 0.67 O 41 16 15.3 38.06 53.84
H 11 7.5 0.29 0.35 0.64 O 51 10 22.7 49.9 73.4

O 51 12 20.9 46.6 67.8
Li 21 4 7.23 12.50 19.10 O 51 14 18.6 42.55 62.15
Li 21 6 6.53 11.09 16.60 O 51 16 18 41.6 60.2
Li 21 8 5.60 9.95 15.01 O 51 18 16.4 38.4 54.3
Li 21 10 5.00 9.02 13.70 O 51 20 15.8 38.7 54.6
Li 31 8 6.70 9.91 16.00
Li 31 10 5.98 9.09 14.90 F 31 8 24.4 56.8 81.6
Li 31 12 5.37 8.00 13.26 F 31 10 22.4 50.3 81.5
Li 31 14 5.00 7.48 12.60 F 31 12 19.6 53 73

F 31 14 19.3 52.9 72.3
Be 21 8 6.92 17.71 25.5 F 41 10 21.1 53.2 74.9
Be 21 10 6.25 16.43 22.65 F 41 12 20 51 69.3
Be 31 10 6.97 16.28 23.21 F 41 14 19 49 67
Be 31 12 6.47 15.25 21.65 F 41 16 18 48.5 66
Be 31 14 6.11 13.97 20.11 F 41 18 17.8 47.55 65.1
Be 41 16 6.9 12.78 20.7 F 41 20 17.4 47 64.5
Be 41 18 6.49 12.04 19.05 F 51 10 24.4 56.8 81.6

F 51 12 23 54.5 77.8
B 21 6 11.8 25.44 37.92 F 51 14 21.2 51.7 71.5
B 21 8 10.6 25.44 37.92 F 51 16 20.3 50.6 69.4
B 31 8 11.3 24.22 35.8 F 51 18 19.4 48.6 66.9
B 31 10 10.3 23.2 34.2 F 51 20 18.7 47.5 65
B 31 12 9.66 22.03 32.5 F 51 22 18.5 46.93 63.39
B 31 14 9.09 21.13 30.6 F 51 24 17.5 45.2 63.67
B 41 12 11.4 21.96 34.68
B 41 14 11 21.43 31.38 Al 41 15 29 93.7 124
B 41 16 10 19.85 30.43 Al 41 17 27.2 87.5 116.5
B 41 18 9.77 19.34 28.82 Al 41 19 26.4 86.75 115.4

Al 51 15 31 90 121
C 31 6 14.8 32.2 46.8 Al 51 17 30 95 125
C 31 8 13 28 41.6 Al 51 19 29.5 94.68 121.8
C 31 10 12 27 39 Al 51 21 29.3 94.7 122.6
C 31 12 11 24 35 Al 51 23 28.4 92.3 121.9
C 31 14 11 26 36 Al 61 21 29.1 87.3 115.9
C 41 8 14.4 29.2 44.2 Al 61 23 28.2 86.4 112.5
C 41 10 13.5 28 42 Al 61 25 29.7 90.7 117.9
C 41 12 12.5 27 39.6 Al 61 27 29.8 91.7 119.8



tes

55 12 089ROLE OF PROJECTILE ELECTRONS IN SECONDARY . . .
TABLE II. Backward (gB), forward (gF), total (gT) electron yields for different incident ions with different incident charge sta
(qi) and energies (E).

Ion qi

E
~MeV!

gB

e2/ ion
gF

e2/ ion
gT

e2/ ion Ion qi

E
~MeV!

gB

e2/ ion
gF

e2/ ion
gT

e2/ ion

Si 41 9 30.5 87.4 119.5 Cl 61 20 31.7 120.8 155.7
Si 41 12 29 89.7 120 Cl 61 22 32 123.5 153
Si 41 15 28.4 93.8 124.8 Cl 61 24 31.9 123.8 159
Si 41 18 28.3 94.6 125.5 Cl 61 26 31.3 124.3 156.7
Si 51 12 32.1 93.6 127 Cl 71 18 33.2 118.6 152
Si 51 15 29.7 91.5 122.8 Cl 71 20 33.2 120.9 156
Si 51 18 28.6 89.8 121 Cl 71 22 33.3 122.2 159
Si 51 21 27.9 89.5 119.7 Cl 71 24 33.3 124.4 160.6
Si 51 24 27.2 89.7 118.2 Cl 71 26 33.9 124.6 161.4
Si 61 12 34 95.5 129.8 Cl 71 28 33.3 124.5 159.5
Si 61 15 35.7 98.2 135.7 Cl 71 30 32.7 125.3 158
Si 61 18 33 95.6 126
Si 61 21 31 89.8 117.5 V 51 16 35.4 122.4 160.8
Si 61 24 29.1 87.7 118.4 V 51 18 36.2 132 171.3
Si 61 27 28.7 88.1 117 V 51 20 37.3 140.5 180.4

V 51 22 36.8 147 187.6
S 41 10 28.4 98.6 128.7 V 61 14 35.2 110.8 147.2
S 41 12 28.1 106.4 136.6 V 61 16 37 120.9 159.4
S 41 14 28.3 111 142.7 V 61 18 39.6 126.2 167.7
S 41 16 28 113.6 143.8 V 61 20 40 134 177
S 41 18 28 114.5 145 V 61 22 40.6 142.1 184.4
S 51 12 29.7 106.4 137.9 V 61 24 41 148.3 191.5
S 51 14 29.7 110.6 142.2 V 61 26 41.1 154 197.6
S 51 16 29.3 111.8 141.7 V 71 22 40.3 149.8 187.6
S 51 18 29.7 116.6 145.9 V 71 24 39.9 152.5 185.3
S 51 20 28.8 114.6 145.4 V 71 26 40.6 157.6 199.9
S 51 22 28.6 115.8 145.5 V 71 28 41 161 205.3
S 61 14 30.8 111.4 145.5 V 71 30 41.3 164.3 199.2
S 61 16 30.2 113.7 148
S 61 18 30.5 115.4 149.5 Ni 51 11 36.4 95.7 132.6
S 61 20 29.8 115 148.4 Ni 51 15 41 119 165.2
S 61 22 29.8 114 145.4 Ni 61 15 42.7 122.4 166
S 61 24 30.1 115.7 146.8 Ni 61 20 49 152 204
S 61 26 29.6 115.6 146.4 Ni 71 30 52.3 186.8 242.2

Ni 81 30 53 182 238
Cl 41 10 28.7 95.94 125.3 Ni 81 34 55 193.1 249.8
Cl 41 12 29.3 103.7 133.6
Cl 41 14 29.7 112.6 143 Cu 61 16 42.3 120.7 163.8
Cl 41 16 30.5 119 149.5 Cu 61 22 50 159 208
Cl 41 18 30.3 121.3 149.7 Cu 61 26 54.4 177 231
Cl 51 12 30.9 108.7 139.2 Cu 71 22 52.5 159.5 209
Cl 51 14 30.9 114 147.1 Cu 71 28 54 183 245
Cl 51 16 30.7 117.4 148.1 Cu 81 32 58 194 256
Cl 51 18 30.4 119.3 146.6
Cl 51 20 30.6 122.7 152.3 Ge 61 18 37 131 172
Cl 51 22 30.5 123.5 154.5 Ge 61 21 40 150 191
Cl 61 14 31.9 113 147.4 Ge 61 24 42.5 166 211
Cl 61 16 32 116.7 146.6 Ge 71 24 44.5 165 212
Cl 61 18 32 119 149.7 Ge 71 27 46.2 179 226
t

e

m
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e

III. RESULTS AND DISCUSSION

A. Presentation of the results

The gB , gF , gT yields for 15 projectiles with differen
incident energies (1<E<32 MeV) and different incident
charge states (1<qi<8) are shown in Tables I and II. Th
error for all coefficients is estimated to be610%. The total
electron yieldgT has been measured previously in the sa
 e

laboratory. Within 10% we find the same values ofgT as
previously measured. As an example for incident proto
shown in Fig. 2~triangles! are thegT values measured in th
same laboratory in 1988~Ref. 23!.

For all ions we observe that within 2%

gT5gF1gB , ~4!
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~e.g., see Fig. 2 dashed line!. This observation does not onl
‘‘test’’ the accuracy of the experimental setup but it mea
also that in the energy regime studied, the emission of h
energyd electrons is negligible in comparison to the low
energy electron emission. Indeed, electrons with energies

FIG. 3. Energy dependence of the backward, forward, and t
secondary-electron yields for Ge (Z532) ions impinging on a thin
carbon foil.

FIG. 2. Energy dependence of the backward, forward, and t
secondary-electron yields for protons impinging on a thin carb
foil. Dashed line is the sumgF1gB and triangles are previou
results obtained in the same laboratory~Ref. 23!.
s
h-

x-

ceeding 300 eV, which are emitted in extreme forward
backward direction, can escape from the cups~e.g., see Refs
14, 17, and Fig. 1!. Thus the quantitygT2(gF1gB) gives
qualitative information about high-energyd electrons. For
the projectile energies used in this work thed electrons rep-
resent less than 2% of the total electron yield in quite go
agreement with the 2–5 % observed with ions of simi
velocities.12,22 From 9.6 MeV/u up to 13.6 MeV/u,14 they
represent about 15–22 %. At 74 MeV/u, up to 35% of
electrons are ‘‘fast.’’17

B. Projectile atomic number and energy dependence
of the secondary electron yields

In the measured projectile velocity range, the energy
pendence of thegB , gF , gT values for the different ions
can be divided into three groups. For ions heavier th
Cl (Z.17) gB , gF , gT increase with the projectile energ
~e.g., Fig. 3!. For ions withZ between 13 and 17gB , gF ,
gT reach a maximum value~e.g., Fig. 4! and for ions 1<Z
<13 thegB , gF , gT yields decrease with the projectile en
ergy ~e.g., Fig. 5!. For a fixed projectile velocity theg yields
always increase with the projectile atomic numberZ ~Fig. 6!.
These facts can be understood from the proportionality
tween the electron emission yields and the stopping po
dE/dx. In the energy regime studied the stopping pow
increases with the projectile energy forZ.17 ions, goes
through its maximum for 13<Z<17 ions, and decrease
with the projectile energy forZ,13 ions. In addition, for a
given projectile velocity the stopping power indeed increa
with the projectile atomic numberZ.

al FIG. 4. Energy dependence of the backward, forward, and t
secondary-electron yields for Cl (Z517) ions impinging on a thin
carbon foil.
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C. Incident charge-state dependence
of the secondary electron yields

A dependence of the backward yieldgB on the incident
charge stateqi is observed for all projectiles. For a fixe
projectile atomic number and velocity thegB increase with
increasingqi ~e.g., Fig. 4!. On the contrary, for almost al
projectiles an independence of the forward yieldgF from the
incident charge state is observed~e.g., Figs. 3–5!.

FIG. 5. Energy dependence of the backward, forward, and t
secondary-electron yields for Li (Z53) ions impinging on a thin
carbon foil.

FIG. 6. Projectile atomic number,Z, dependence of the back
ward and forward yields for 1 MeV/u ions impinging on a th
carbon foil.
The above experimental observations can be unders
within the framework of a semiempirical theory of electro
emission introduced by Sternglass26 and extended to thin foil
targets including forward electron emission by Kosch
et al.12 and very recently by Rothard and co-workers.14,17

One of the final results of this semiempirical theory a
simple equations forgF andgB electron yields:

gB5LCBs~dE/dx!x50 , ~5!

gF5LC~dE/dx!x5d , ~6!

where (dE/dx)x50 and (dE/dx)x5d denotes the projectile
energy loss in the entrance and exit surface of the foil,
spectively,Lc is a constant which mainly depends on t
target material, and finalBs is the fraction of the projectile
energy lost in soft collisions with large impact paramete
leading to direct production of low-energy electrons~or to
plasmon excitation with subsequent electron production
plasmon decay!. Following Eqs.~5! and~6! for a given pro-
jectile atomic number and velocity the backward yieldgB
must depend on the incident charge stateqi . According to
Koscharet al.12 and Rothard, Schou, and Groeneveld27 the
above dependence could be due to variations in stopp
power near the entrance surface of the foil, which result fr
pre-equilibrium variations of the effective ion charge as
function of the penetration depth, since most of the emit
electrons originate from within a depth much smaller th
the depth needed to reach charge equilibrium. For forw
yields where the (dE/dx)x5d at the exit surface of the foils is
proportional to the effective charge of the ion near the e
surface, we must expect an independence of the forw
yield gF from the incident charge state.

In order to quantify the charge-state dependence in
backward emission on incidentqi we define the ratio

V5
gB
qi

gB
Z , ~7!

which compares the electron yieldgB
qi of a projectile with

(Z2qi) electrons to the electron yieldgB
Z of a projectile with

zero electrons~bare projectile!. The ratioV can give infor-
mation about the role of the projectile electrons in the ba
ward electron emission. Backward emission is due to
action of ~a! the ~partly screened, e.g., byK-shell electrons!
positively charged nucleusand ~b! the more loosely bound
outer projectile electrons. As action~a! varies with the square
of the ~partly screened! nuclear charge, for heavy ions th
contribution of projectile electrons in the backward emiss
is small compared to the contribution due to the nucl
charge. In this caseV,1 and the ratio describes the scree
ing effect of the nuclear charge by the projectile electro
concerning the production of secondary electrons.

In Fig. 7 is shown the ratioV for different hydrogenlike
projectiles (Z2qi51) in the MeV/u energy range. The va
ues forZ53 andZ54 are from the present work and th
values forZ51, Z52, andZ56 have been measured b
some of us in Frankfurt.28–30 In the same figure we presen
also the ratiogF

qi/gF
z . Indeed, the forward emission is inde

pendent of the incident charge state, thus the ratio
gF
qi/gF

Z may be used as a test of the precision of the meas

al
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12 092 55A. CLOUVAS et al.
ments. For all projectiles we observe, as we should, a rati
gF
qi/gF

Z equal to 1. For the backward emission theV ratio is
about the same for projectiles withZ52, 3, 4, and 6. How-
ever, for hydrogen projectiles, the ratioV is larger than 1.
This is caused by the contribution of the electron of the
cidentH0 beam to thegB . From recent measurements31 per-
formed in Caen of electron-induced electron emission fr
thin carbon foils, the contribution of the electron of incide
hydrogenlike projectiles togB

qi can be estimated to be equ

to 0.75 and can be substracted from the measuredgB
qi yields.

Here, we must assume that the projectile electrons contri
to the electron yield as a free electron of equal velocity. T
should be a good approximation if the electrons are
strongly bound, i.e., for light ions~and in particular, fast
H0 projectiles!, electrons in excited projectile states, or ev
outer shell electrons of heavy ions. In Fig. 7 is presen
~triangles! theV ratio after substraction of the electron co
tribution to thegB

qi yields. Again, an independence ofV on
Z, is observed within the experimental error.

The dependence of theV ratio on the number of the pro
jectile electrons (Z2qi) for a number of 1 MeV/u inciden
projectiles is shown in Fig. 8. The value ofgB

Z for (Z56)
was obtained from Ref. 30. For incident oxygen and fluor
ions we did not have any available bare ions so theV ratio
could not be directly deduced. To overcome the lack of d
we assume that for ions with a small difference inZ theV
ratio depends only on the number of projectile electrons
not onZ. This assumption is verified in Fig. 8 for hydrogen
and heliumlike projectiles. Based on this assumption theV
ratio for oxygen and fluorine ions could be indirectly d
duced. For oxygen ions withqi55 ~three projectile elec-
trons! we assumed that theV ratio is equal to 0.63, obtaine
with C ions (qi53) with the same number of projectile ele

FIG. 7. RatiogB
qi/gB

Z , and gF
qi/gF

Z for different hydrogenlike
projectiles (Z2qi51) in the MeV/u energy range. The values f
Z51, Z52, andZ56 are from Refs. 28–30. In triangles are th
gB
qi/gB

Z values after substraction of the projectile electron contri
tion to thegB yields.
of
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te
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trons. Then, from the experimental ratiosgB
qi53,4/gB

qi55 the
V ratio for oxygen ions withqi53 andqi54 has been ob-
tained. In a similar way theV ratio for fluorine ions with
qi53 andqi54 has been deduced.

The independence of theV ratio of Z, for a fixed number
of projectile electrons, and the reduction ofV as function of
the number of projectile electrons clearly indicate that th
critical parameter of the screening effect of the nucle
charge by the projectile electrons is the number of project
electrons and not the nuclear charge.

D. Forward to backward yield ratio

Only with thin foils is it possible to study the forward to
backward yield ratioRg5gF /gB introduced by Meckbach,
Braunstein, and Arista in 1975.32 This ratio contains infor-
mation about the fraction of slow electrons produced b
high-energyd electrons. Slow electrons are emitted isotop
cally, whereas fast electrons are peaked into the forward
rection. Rg increases with the proton energy~below 150
keV! and reaches a maximum value of about 1.5. When t
proton energy is further enhanced up to 1 MeV, the rat
decreases slightly.33,34 In Fig. 9 the ratioRg is presented for
incident protons with energies 20 keV up to 7.5 MeV. Th

-

FIG. 8. RatioV5gB
qi/gB

Z as function of the number of projectile
electrons of 1 MeV/u incident ions.

FIG. 9. RatioRg5gF /gB as function of the proton energy. The
values ofRg for 20-keV protons up to 600 keV are from Ref. 33.
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values ofRg for 20 keV up to 600 keV were obtained from
Ref. 33. The experimental error of each measuremen
about 10–20%. In general, a weak dependence ofRg on the
proton energy is observed. The values are clustered arou
mean value of about 1.3, which means@Eqs.~5! and~6!# that
about 77% of the proton energy is lost in soft collisions w
large impact parameters leading to direct production of lo
energy electrons~or to plasmon excitation with subseque
electron production by plasma decay!.

A pronounced increase ofRg as function of the projectile
atomic numberZ for 1 MeV/u projectiles with different in-
cident charge states is shown in Fig. 10~a!. The number in-
side the boxes indicate the number of projectile electro
The error of each measurement is about 20%. Despite
fact thatRg increases withZ it can be seen in Fig. 10~a! that
for a given number of projectile electronsRg seems indepen
dent ofZ. This is impressively shown in Fig. 10~b! where
theRg values are ‘‘extrapolated’’ to the valuesRg

Z we would
have obtained with fully stripped incident ions. The extrap
latedRg

Z values were obtained from the following equatio

Rg
Z5

gF
Z

gB
Z 5S gF

Z

gF
qi D S gF

qi

gB
qi D S gB

qi

gB
Z D , ~8!

with 0<qi<Z.
The termgF

Z/gF
qi is equal to 1~see Fig. 7!. Indeed, for a

given projectile the forward yield is independent of the in
dent charge state~e.g., Fig. 7!. The termgF

qi/gB
qi is the mea-

suredRg value and the termgB
qi/gB

Z corresponds to the ratio
V for (Z2qi) electrons which is given in Fig. 8. From Fig
10 it is therefore clear that the increase ofRg with Z in the
medium velocity region (;1 MeV/u) is not a ‘‘nuclear

FIG. 10. ~a! Rg dependence as function of the projectile atom
numberZ for 1 MeV/u projectiles with different incident charg
states. The number inside the boxes indicate the number of pro
tile electrons.~b! TheRg values of~a! are extrapolated to the value
we would have obtained with fully stripped incident ions@see Eq.
~8! and text#.
is

d a

-

s.
he

-

charge’’ effect but is simply due to the difference in th
incident number of projectile electrons.

E. Comparison between the experimental results
and Monte Carlo simulations

It is useful to use experimental results of electron em
sion as benchmark for the improvement of numerical sim
lation of the primary stage of ion-matter interaction. A s
phisticated numerical simulation of energy deposition
heavy ions in solids was developed at CIRIL by Gervais a
Bouffard.35 It can also be used to calculate forward a
backward electron yields.14 The projectiles are treated a
point charges of constant kinetic energy with an effect
chargeq* (z,v). The target material carbon is characteriz
by its atomic number and mass (Z56, A512), density (r
51.65 g cm23), Fermi energyEF517 eV, and correspond
ing plasmon excitation frequency (hv52.12 eV), and the
1s ionization energyU1s5284 eV. For the calculation o
electron yields, all electrons liberated by a primary ionizati
~projectile! event at a pointx8 inside the target, 0<x8<d, or
by secondary ionization~primary electron! events are fol-
lowed from their point of liberation until they reach eithe
the backward surface or the forward surface. If their kine
energy~with respect to the Fermi energy! is higher than the
workfunction of F>5 eV, they are considered as bein
ejected into the vacuum and counted for the calculation
the forward and backward electron yields. The model is
scribed in detail in Refs. 14, 17, and 35. At this stage,
simulation cannot give realistic calculations of backwa
yields as the evolution of the incident projectile charge st
with penetration depth is not considered. In the velocity
gion investigated here, the ionic charge state evolves eve
the first layers of the solid and thus already over a pene
tion depth comparable to the slow electron escape depth
contrast, the targets are thick enough to assure charge eq
bration at the exit surface, so that here a constant proje
charge~approximated by the effective chargeq* ! is a good
approximation. For this reason in Fig. 11 only the forwa
electron yields are compared with the calculated ones
rather good agreement between experimental results and
culated values is observed~difference within 20%!.

c-

FIG. 11. Comparison between experimental results of the
ward electron yields and Monte Carlo simulations for different p
jectile atomic number and velocities.
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F. Proportionality between electron emission
and stopping power

The proportionality between electron emission and st
ping power predicted by the most important theoreti
models2,12,26,27,36–38has been studied extensively during t
last decade~e.g., Refs. 3, 9!. In all studies it became commo
practice to define parametersLB,F,T as ratios between th
measured electron yieldsg and the stopping powerS values
to study the validity of the proportionality as a function
the projectile velocity and atomic number and the tar
atomic number. We thus introduce the parameters:

LT5gT /S, ~9!

LB5gB /S, ~10!

LF5gF /S. ~11!

For proton-induced electron emission from thin carbon fo
the proportionality has been confirmed experimentally in
wide energy range, i.e., 20 keV<E<10 MeV for gT ~Refs.
34, 23, 33! and 20 keV<E<1 MeV for gF ,gB,gT ~Refs. 33,
34!. In the present study, the measurement of thegF and
gB yields was extended up to proton energy 7.5 MeV. In F
12 the forward and backward electron yields from thin c
bon foils are presented as a function of the proton ene
The values ofgF andgB for 20-keV protons up to 0.6 MeV

FIG. 12. Forward and backward electron yields (e/ ion) from
thin carbon foils as function of the proton energy. The values
gF and gB for 20-keV protons up to 0.6 MeV are from Ref. 33
Equations~11! and ~12! are represented by a solid line.
-
l

t

s
a

.
-
y.

are from Ref. 33. The correlation analysis between the co
ficientsgF , gB and the stopping powerS ~in eV/Å! obtained
from theTRIM code39 give

gF5~0.4060.006!S, ~12!

gB5~0.3160.008!S ~13!

with r squared~validity of the correlation! equal to 98.3%
for the backward emission and 99.4% for the forward em
sion. In Fig. 12, Eqs.~12! and~13! are represented by a soli
line.

TheLF andLB parameters as a function of the incide
ion energy within an uncertainty of610% are independen
of the projectile velocity, a result which has been repor
previously24,25 for the LT parameter. However for ions
heavier than vanadium a slight increase of theLF with the
ion velocity is observed. In addition for incident protons
observed a small increase of theLB parameter with the pro-
ton velocity. Recently Benka, Steinbauer, and Bauer40 mea-
suredgB andS simultaneously for H1 and He11 impact~in
the MeV energy range! on thick Ag, Al, and Cu targets. Due
to the simultaneous measurement ofgB andS they obtained
very precise values ofLB ~with an accuracy better than 2%!.
For proton impact on Ag and Cu targets, theirLB values are
almost independent of H1 energy. For Al targets an increas
of LB with H1 energy was observed as in this work.

TheLB , LF , LT parameters are presented in Fig. 13
function of the projectile atomic number. The values
LB,F,T presented are the mean values of each projectile
tained with various incident projectile energies and init
charge states. The error bars include statistical fluctuation
well as the incident charge state and energy dependenc
the electron yields.LF andLB parameters first decrease wi

f

FIG. 13. ParametersLB , LF , LT as function of the projectile
atomic number. The values ofLB,F,T are the mean values of eac
projectile obtained with various incident projectile energies and
tial charge states.
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Z and reach a saturation value for the forward yield
Z.6 and for the backward yield atZ.14.

The reduction ofL(Z) values with increasingZ is stron-
ger for the backward emission~60–70 %! than for forward
emission~30–35 %!. This could be partly due to the depe
dence ofgB on the incident number of projectile electron
~incident charge state—screening!. For light ionsZ,5 we
had used even bare ions, on the contrary, for the heavy
Z.13 the number of projectile electrons was more than 7
is therefore interesting to compare theZ dependence o
LB(Z) andLF(Z) for incident isotachic bare ions. In Fig. 1
is presented the indirectly deduced dependence ofLB and
LF as function of the projectile atomic number for differe
incident 1 MeV/u bare ions. ThegB

Z values corresponding to
bare ions and consequently theLB values@Eq. ~10!# were
deduced from the equation

gB
Z5

gB
qi

V
, ~14!

wheregB
Z is the deduced backward yield,gB

qi is the measured
backward yield, andV is the ratio obtained from Fig. 8 fo
(Z2qi) projectile electrons. For the forward yield thegF
values and consequently theLF values are indepenent of th
incident charge state and therefore the measured value
LF obtained with different incident charge states can be u
also for the bare ions. We observe in Fig. 14 thatLB and
LF have almost the same dependence as a function o
projectile atomic number. This can be clearly seen in
lower part of Fig. 14 where the ratiosCB andCF defined in
Eqs.~15! and~16! are presented as functions of the project
atomic numberZ:

CB5
LB~Z!

LB~Z51!
, ~15!

FIG. 14. Indirectly deducedZ dependence ofLB andLF for 1
MeV/u bare ions~see text!. In the lower part is presented theZ
dependence of the ratiosCB andCF defined by Eqs.~15! and~16!.
t

ns
It

of
d

he
e

CF5
LF~Z!

LF~Z51!
. ~16!

The reduction ofL(Z) values with increasingZ seems to be
the same for backward and forward emission. The decre
of LB andLF with Z can be qualitatively understood from
the preequilibrium stopping power concept introduced
Koscharet al.12 The stopping powers used for calculation
theLB,F,T parameters in expressions~9!–~11! are the com-
puted bulk energy-loss values.39 It is now well established
@see Eqs.~5! and ~6!# that ‘‘nonequilibrium near-surface
stopping powers’’ both at the upstream and downstream
faces of the foils are responsible for the production of
secondary electrons in the entrance and exit surface of
foil. The decrease of theLB with Z for ions of about 0.1–1
MeV/u could be due to a reduced stopping power near
surface, which results from pre-equilibrium variation of th
effective ion charge as a function of the penetration depth
a similar way a reduction of theLF parameter for the heavy
ions can be expected due to variation of the effective
charge upon exit from the downstream surface of the f
The dependence of the effective ion chargeq(x) inside a thin
solid foil of thicknessd as a function of the penetration dep
was experimentally deduced for nitrogen and oxygen pro
tiles by Zaikovet al.41 They found a smaller effective charg
q* (x5d) near the exit surface compared to the ‘‘bulk’’ e
fective charge. The data of Zaikovet al. do indeed sugges
that charge exchange processes upon exit of the ions f
the foils cannot be neglected. Also, the dynamic screenin
the projectile charge and the population of excited sta
change upon exit. This could lead to~however, small! modi-
fications of the effective charge which could still be felt
the last layers of the solid, since the ions begins to ‘‘see’’
‘‘boundary’’ surface before leaving the solid. For fast inc
dent protons (E.100 keV) there is indeed no difference b
tween the near-surface effective charge and the ‘‘bulk’’
fective charge and consequently between the near-sur
stopping power and the tabulated bulk energy loss. Anot
possible mechanism to understand the reduction of theLB
andLF parameters for the heavy ions is the energy dep
tion by nonionizing excitation of target atoms. According
Rothard, Schou, and Groeneveld27 the dissipation of projec-
tile energy in nonionizing events such as target or projec
excitation with subsequent photon emission is projectile
pendent. The fractionr of the ion energy loss that does n
contribute to the production of secondary electrons may
higher for heavy than for light ions.

In the above discussion we considered only mechani
which are related to the production of secondary electro
However, electron emission is not exclusively related to
production of secondary electrons. The kinetic emission
electrons is generally considered as a three-step
cess: ~1! production of the secondary electrons;~2! trans-
port of secondary electrons towards the entrance and
surface of the foil;~3! escape of the secondary electrons fro
the target surfaces.

Mechanisms related to steps~2! and~3! may become im-
portant in particular for fast heavy ions due to the stro
charge and induced ionization density. In Fig. 15 is presen
the ratio gF /Z

2 and gB /Z
2 as function of the projectile

atomic number for 2 MeV/u H1, Li31, and Be41 ions. For
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12 096 55A. CLOUVAS et al.
such fast bare ions the near surface stopping power is
same as the tabulated bulk stopping powerS which is given
by

Sz5Z2SH . ~17!

The Z dependence of the ratiosgF /Z
2 andgB /Z

2 have, in
this case, the same meaning as theZ dependence of theLF
andLB parameters, respectively. We observe a decreas
gB /Z

2 and gF /Z
2 with Z in contradiction with the Monte

Carlo simulations based on the work of Gervais a
Bouffard35 where an independence ofZ is calculated. The
decrease of theLB parameter as a function ofZ for fast bare
ions impinging on thick metal targets has been reported
Borovsky and Suszcynsky.13 Similar results have been re
ported by Benkaet al.42 In order to interpret the decrease
the LB parameter as a function ofZ for fast bare ions
Borovsky and Suszcynsky13 proposed a model taking int
account the electron trapping in the wake of the ion due to
attractive track potential. Consider a completely stripped
of high enough velocity to ensure charge-state conserva
over a penetration distance much larger than the elec
escape depth. Such an ion produces, due to the high de
of ionization, a positively charged track in its wake. As
result, the attractive track potential causes an attractive fo
which retains a certain number of the electrons liberated
moving away from the ion track. Consequently, electr
yields will be reduced, with a yield reduction increasing w
increasingZ. However, the model proposed by Borovs
and Suszcynsky13 should not be invoiced uncritically. Fol
lowing the arguments of Schiwietz and Xiao10 collective ef-
fects in a metal will give rise to a wake potential which c
be estimated from the linear-response free-electron
theory.43 The first oscillation of the wake has the large
amplitude and it represents a repulsive potential for electr
and not an attractive one. Furthermore, wake calculati
within second-order perturbation theory show no trend

FIG. 15. RatiogF /Z
2 andgB /Z

2 as function of the projectile
atomic number for 2 MeV/u H1, Li31, and Be41 ions. In close
symbols are presented the calculated values for H1, He1, Li31,
Be41, and B51 ions, by Monte Carlo simulations.
he

of
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ward a reduced mobility of electrons for highly charg
projectiles.44 Thus, the proposed deceleration of electro
due to a positively charge track13 is inconsistent with the
free-electron-gas theory of metals.

Despite the different mechanisms~pre-equilibrium near-
surface stopping power, projectile or target excitation, a
electric field in the ion wake! mentioned above to describ
theZ dependence on theLB andLF parameters, the impor
tant assumption of an overall proportionality between
backward, forward, and total secondary-electron yields
the electronic loss~per unit path length! of the projectiles is
demonstrated impressively in Fig. 16. The figure shows
backward, forward, and total secondary-electron yields fr
carbon foils as a function of the stopping powerS for 15
different projectiles with different projectile velocities an
initial charge states. The correlation analysis between
coefficientsgB , gF , andgT and the stopping powerS ~in
eV/Å! for about 200 experimental values give

gB5~0.08660.0008!S, ~18!

gF5~0.29560.001!S, ~19!

FIG. 16. Backward, forward, and total electron yields from c
bon foils as a function of the stopping powerS for 15 different
projectiles with different projectile velocities and initial charg
states. The straight lines represent Eqs.~18!–~20!.
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gT5~0.38560.002!S, ~20!

with r squared~validity of the correlation! equal to 93% for
the backward yield, 98% for the forward yield, and 99% f
the total yield. In Fig. 16, Eqs.~18!–~20! are represented b
a straight line. In the correlation analysis we neglected
uncertainty in the stopping powerS values which were sim-
ply obtained from Ref. 39.

IV. CONCLUSIONS

In this study we measured the number of electrons
incoming projectile from the beam entrance and exit surfa
of thin carbon foils bombarded with 15 projectiles (1<Z
<32) with different incident charge states and different v
locities, below, near, and above the stopping power ma
mum. For the projectile energies used in this work, hig
energyd electrons represent less than 2% of the total elec
yield. A dependence of the backward yieldgB on the inci-
dent charge state is observed for all projectiles while
most projectiles an independence of the forward yieldgF
from the incident charge state is observed. The screenin
the projectile charge by the projectile electrons reduces
backward electron emission. The corresponding reduc
parameters have been determined as a function of the n
ber of the projectile electrons.

For all ions, except protons, we note as general trend
the forward to backward yield ratioRg increases with the
projectile velocity. In addition, a pronounced increase of
Rg with increasingZ is also observed. It was found that th
increase of theRg with Z in the medium velocity region
(;1 MeV/u) is not a ‘‘nuclear charge’’ effect, but is simpl
due to the difference in the incident number of project
electrons.

We used the experimental results of electron emission
benchmark for improving the numerical simulation of t
primary stage of ion-matter interaction. We perform
Monte Carlo simulations based on the work by Gervais a
Bouffard.35 A reasonable agreement~within 20%! between
experimental and calculated results for heavy ions is
served. However the difference is larger for light ions.
addition, the numerical simulation does not predict the
au
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crease ofgB /Z
2 andgF /Z

2 with Z for fast bare ions.
For nearly all projectiles in the velocity region studie

here coefficientsgF andgB and the stopping powerS have
the same velocity dependence. However for ions hea
than vanadium a slight increase of the parameterLF
5gF /S with the projectile energy may be stated. The sy
tematic study of theLB andLF parameters as function of th
projectile atomic numberZ indicate a decrease withZ down
to a saturation value afterZ.6 for the forward yield and
after Z.14 for the backward yield. The reduction effect
stronger for the backward emission than for forward em
sion, a fact which is due to the dependence ofgB on the
incident charge state. Possible reasons for theZ dependence
of theLB andLF parameters are:

~i! The reduced pre-equilibrium near-surface stopp
power~in comparison to the calculated byTRIM bulk energy-
loss values! responsible for the production of secondary ele
trons in the entrance and exit surfaces of the foil;~ii ! the
fraction of the ion energy loss which leads to target~or pro-
jectile! excitation and consequently does not contribute
the production of secondary electrons;~iii ! The electric field
in the wake of a fast ion which inhibits the escape
Coulomb-scattered electrons, thereby reducing
secondary-electron yields. However, even if this mechan
can explain the experimental results obtained with fast b
ions, it is inconsistent with the free-electron-gas theory
metals.

Despite the different mechanisms mentioned above to
scribe theZ dependence of theLB,F,T parameters, the im-
portant assumption of an overall proportionality between
backward, forward, and total secondary-electron yields
the stopping power is demonstrated impressively in Fig.
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