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Abstract

Total yields for ion-induced electron emission from atomically clean polycrystalline gold have been measured with an
accuracy of# 65% for normal incidence of Cq1(q # 5), Nq1(q # 6), Oq1(q # 7), and Neq1(q # 9) at impact velocities
from the exclusive potential emission (PE) regime up to 106 m/s ('5 keV/amu). The contribution by kinetic emission (KE)
to these total electron yields, which is commonly assumed as independent of projectile charge, can be estimated by subtracting
the respective PE contribution after precise determination of KE impact velocity thresholds for the corresponding singly
charged ions. At given projectile atomic number and impact velocity we have searched for a possibleq dependence of the KE
yield. For 1# q # 3 the KE yields decrease slightly with increasingq, whereas no significantq dependence could be found
for higher charged ions. These results are discussed by regarding theq dependencies of two different mechanisms which are
believed to be relevant for KE. (Int J Mass Spectrom 192 (1999) 407–413) © 1999 Elsevier Science B.V.
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1. Introduction

Electron emission from ion impact on solid sur-
faces is important for many practical applications and
has therefore been studied since more than a century
[1]; for recent reviews see, e.g., [2–6]. Ion-induced
electron emission arises due to the kinetic [kinetic
emission (KE)] and the potential energy [potential
emission (PE)] of the projectile. KE requires a mini-
mum impact velocity (so-called KE threshold, see the
following) which is commonly assumed as indepen-
dent of the projectile chargeq, whereas for PE a
minimum potential energy of twice the surface work

function Wf is necessary and the PE yield increases
strongly with q [7,8]. On its approach toward the
surface, a slow multicharged ion [(MCI); impact
velocity v ,, 1 a.u. or 25 keV/amu] becomes
converted by resonant multiple-electron capture into a
“hollow atom” (highly excited neutral atom with
transiently empty inner shells [7,9], which rapidly
autoionizes but will stay further neutral due to ongo-
ing electron capture from the surface. The projectile
autoionization results in emission of slow electrons
with a yield gP,a(v) (a for “above surface”). Upon
arrival at the target selvedge, remaining loosely bound
electrons are gradually “peeled off” from the projec-
tile because of strong electronic screening [9–11],
which results in further emission of slow electrons
(yield gP,s; s for “selvedge”). Now also fast Auger* Corresponding author. E-mail: winter@iap.tuwien.ac.at
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electrons [10] and/or soft x-ray photons [12] can be
emitted from such projectiles which carry inner shell
vacancies. These vacancies will recombine mainly
below the surface, and resulting fast Auger electrons
may produce some slow secondary electrons in the
target bulk with a yieldgP,b (b for “below surface”
[13]). Summing up, total PE yields of slow electrons
(which show smooth energy distributions with max-
ima typically well below 10 eV) arise from three
contributions,

gPE~v! 5 gP,a~v! 1 gP,s 1 gP,b~v! (1a)

of which, according to the classical over barrier model
[9,7,14], gP,a(v) can be approximated

gP,a~v! < Cav
21/2 (1b)

gP,s depends only weakly onv and is thus assumed as
constant [9,14] andgP,b(v) is only nonzero for MCI with
inner shell vacancies (in our caseK-shell vacancies of
the hydrogenlike ions C51, N61, O71, and Ne91).

Recent studies on slow electron emission from
monocrystalline gold in coincidence with projectiles
scattered through the near-surface target layer along
well defined trajectories [15] have shown that in this
casegP,a(v) depends only on the ion velocity com-
ponent perpendicular to the target surface. A princi-
pally different source of slow electrons is kinetic
emission (KE) which can arise when the projectile
touches the surface and penetrates into the target bulk.
We like to distinguish the following two KE mecha-
nisms. KE induced by projectiles colliding with
quasifree metal electrons and such producing elec-
tron–hole pairs [4–6,16] is only possible above a
certain threshold impact velocityvth

vth 5 ~1/ 2!vF@1 1 ~Wf/EF!1/2 2 1# (2)

(vF andEF are the Fermi velocity and energy of the
solid, respectively). For clean goldvth results from
Eq. (2) to about 2.43 105 m/s or 300 eV/u [17],
which has been experimentally proven for impact of
protons and He1 [18]. This KE mechanism will
henceforth be characterized as eKE (e for “electron-
ic”), and its effectivity may possibly depend onq for
reasons discussed in Sec. 3.3. A principally different

KE contribution can arise for impact of heavy projec-
tiles already well belowvth via electron promotion
into the continuum in collisions with individual target
atoms [6,19]. Henceforth to be characterized as cKE
(c for “collisional”), this second KE process requires
close approach of the colliding partners [20]. The
resulting cKE yield depends on the nature and impact
velocity of projectile ions, and for givenZ1 (projectile
atomic number) it should decrease with higher ion
charge stateq as discussed in Sec. 3.2.

In this work total electron yields for above de-
scribed PE and KE processes were measured for a
polycrystalline, atomically clean gold surface with
errors of#65% for impact of Cq1(q # 5), Nq1(q #

6), Oq1(q # 7), and Neq1(q # 9), from the
exclusive PE regime (v # 105 m/s) up to 106 m/s (;5
keV/u), i.e. well above the eKE threshold according to
Eq. (2). KE impact velocity thresholds have been
determined for the singly charged ions, and these
thresholds were also assumed as relevant for KE
induced by the corresponding MCI. The respective
KE yields were derived by subtracting PE contribu-
tions from the total electron yields measured for these
MCI, in order to search for a possibleq dependence of
their such obtained KE yields.

The present work extends our earlier KE measure-
ments for neutral atoms and singly charged ions [21]
to impact of multicharged ions. A weaklyq-depen-
dent KE has been observed for impact of Nq1(q # 6)
on gold [22]. The well established “Z1 oscillations”
for KE induced by singly charged ions (i.e. a regular
variation of the KE yield with the projectile atomic
numberZ1 [23,24]) have been related to a similarZ1

dependence of the electronic stopping power for
respective projectile ions in the target bulk.Z1 oscil-
lations of the stopping power were recently also found
for grazing incidence of singly charged ions on
monocrystalline Al(111) [25], in good agreement with
theory (cf. [26] and references therein).

2. Experimental method

Total electron yields have been measured with
Cq1(q # 5), Nq1(q # 6), Oq1(q # 7), and
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Neq1(q # 9) ions from a 5 GHz electron cyclotron
resonance (ECR) ion source [27], which were accel-
erated by 10 kV, mass-to-charge analyzed and steered
into a ultrahigh vacuum (UHV) collision chamber
housing the polycrystalline gold target at a base
pressure below 1028 Pa. The target surface was
regularly sputter-cleaned in situ by 1.5 keV Ar1 ions
from a separate ion gun. Optical microscopy inspec-
tion with about 1mm resolution of the target surface
after its prolonged use showed no marked structure.
However, from this inspection we cannot rule out that
our measured KE yields are determined to some
extent also by the particular surface topography of our
polycrystalline gold target towards higher projectile
velocity. The target could be biased from110 to230
kV with respect to the ion source potential, in order to
slow ions down to nominal zero impact energy or to
accelerate them to up to 40q keV. The ion decelera-
tion mode permits discrimination against charge-
exchanged species in the primary ion beam. For ion
currents of$1 nA on the target, the electron yield
could be determined from the measured currents of
the impinging ions and the emitted electrons (target
biased at150 and250 V, respectively, with regard to
the surrounding electrodes). However, at higherq the
available ion currents were not high enough and the
total electron yields had to be determined in another
way. All electrons with a kinetic energy of#60 eV
were extracted from the target region and accelerated
with 25 kV toward a surface barrier detector, in order
to record the corresponding electron number statistics
(“ES” or probability distribution for emitting given
numbers of electrons as the result of a single ion
impact).

Auger electrons from projectile inner shell recom-
bination (here only possible for the H-like projectiles,
see sec. 1) have a comparably much higher energy
and do not contribute to the ES, which therefore
provide respective total slow electron yields as their
mean values. ES measurements require ion fluxes of
#103 s21 only and result in very precise yields (errors
#63%) if g is high enough for negligible probability
for emission of no electron [18]. Total electron yields
from current measurements are somewhat less accu-

rate, depending on the actualg value and the given
primary ion current (forg values larger than 0.1 the
accuracy was65%).

3. Presentation and discussion of total electron
yields

A full account of the here described measurements
has been published elsewhere (Eder et al. [28]). Here,
Fig. 1 shows a set of total electron yieldsg for impact
of Neq1(q # 9) on clean gold versus impact velocity
v. Data points in the PE regime have been best-fitted
according to Eq. (1b), and at higherv were connected
by smooth lines for guidance only.

Fig. 1. Total electron yieldsg measured vs. impact velocityv for
impact of Neq1(q 5 1–9) on clean polycrystalline gold (eKE
threshold marked by dashed vertical line). PE contributions above
eKE threshold have been extrapolated according to Eq. (1b) and
indicated by dashed curves.
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3.1. KE thresholds and yields for singly charged ions

Fig. 2 shows total electron yields for singly
charged ions as covered by this work, and also for H1

[18], Ar1, and Xe1 (data points deleted for conve-
nience). Corresponding measurements from other
groups for H1 [16], Ne1 [29,30], Ar1 [29], and Xe1

[29,31] agree with the present ones within the com-
bined error limits. For H1, C1, O1, and Xe1, the here
shown data already give the respective KE yields
because these ions produce no appreciable PE accord-
ing to their too low recombination energies (13.6,
11.3, 13.6, and 12.1 eV, respectively). On the other
hand, PE contributions for Ne1 and Ar1 are clearly
visible at low impact energy, since these ions have
larger recombination energies (21.6 and 15.8 eV,
respectively). The KE threshold for singly charged
ions was assumed to hold also for KE induced by the
corresponding MCI, in order to derive respective KE

yields as described in secs. 1, 3.2, and 3.3. H1 does
only produce eKE [the eKE threshold for gold accord-
ing to Eq. (2) has been marked by a dashed vertical
line in all figures], whereas C1 and O1 ions appar-
ently produce also cKE which was measurable down
to v ' 105 m/s. For N1 a small PE contribution
cannot be ruled out (ion recombination energy 14.5
eV), but the respective cKE is probably similar to the
ones for C1 and O1.

For Ne1 cKE is found still below 105 m/s, i.e. even
further down than for C1 and O1, and for Ar1 and
Xe1 at again lowerv. The KE yields for Ne1 and Ar1

have been derived by subtracting the respective PE
yields in the low impact velocity regime where the
total electron yields are practically independent ofv.
From these results we conclude that for a given target
surface with atomic numberZ2 (in our caseZ1 ,,

Z2) cKE becomes more important with largerZ1.
Abovevth the KE yield is made up by both cKE and

eKE. We find our measured KE yields to increase withZ1

up to similar large values for O1, Ne1, and Ar1. The KE
yield is commonly assumed as proportional to the respec-
tive electronic stopping powerSe (projectile energy loss per
unit length due to electron–hole pair production [4–6]. At
low v , vF we can assume forSe [26]:

Se 5 Qv (3)

Quantity Q in Eq. (3) resembles the “friction” of a
projectile moving in the metal electron gas. Accord-
ing to Eq. (3) the KE yield should rise linearly withv,
as is actually seen in our experimental data from
somewhat abovevth on (see also [18] for H1). Q
depends on the “effective” projectile charge in the
metal due to “dynamic screening” of the original ion
charge. Dynamic screening in metals can be treated
with different theoretical methods [26,32], depending
on the ion velocity and the metal electron density as
characterized by the respective one-electron radiusrs.
For singly charged ions (cf. Fig. 2) the derivative of
gK versusv should correspond to the respectiveQ
value. However, our measured KE yields do not
depend onv as the theoretically predictedQ values
for gold (rs ' 1.5 a.u.), which decrease fromZ1 5

6, 7 (C1, N1) towardsZ1 5 10 (Ne1) [26].

Fig. 2. Total electron yieldsg measured vs. impact velocityv for
various singly charged ions (eKE threshold marked by dashed
vertical line).
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On the other hand, recently measured stopping
power data for grazing incidence of singly charged
ions on Al(111) (rs ' 2 a.u.) follow quite closely the
theoretically predicted values [25]. For grazing inci-
dence conditions practically no cKE is produced
because close collisions between projectiles and target
atoms are suppressed [20]. The fact that our KE yields
do not follow the theoretically predictedZ1 depen-
dencies of the respective electronic stopping power is
probably caused by a comparably large cKE contri-
bution still above the eKE threshold, since the cKE
and the eKE yields depend in a quite different way on
Z1 (as previously mentioned). Furthermore, the elec-
tronic stopping powerSe is related to the total
electron–hole pair production which results in elec-
tron excitation mainly just above the Fermi level,
whereas the KE yield is provided only by the high
energy tail of the respective electrons [33,34].

3.2. Comparison of KE induced by singly, doubly,
and triply charged ions

Fig. 3 shows total electron yields as measured for
primary ions with q 5 1, 2, and 3 (data points
removed for convenience). Total electron yields for
the singly charged ions increase toward higher impact
velocity somewhat faster withv than for the corre-
sponding doubly charged ions, and a similar trend is
found when going fromq 5 2 to q 5 3. We even
see at higherv slightly larger total electron yields for
q 5 1 than for q 5 2, despite definitely larger PE
yields for the doubly charged ions. A similar albeit
stronger pronounced behaviour of KE has been found
for impact of Nq1 and Arq1 on LiF [35], which was
explained by a decreasing electron promotion effec-
tivity in collisions with the F2 anions which in LiF
provide the principal KE contribution [36], and by a

Fig. 3. Total electron yieldsg vs. impact velocityv for impact of singly, doubly, and trebly charged ions on clean polycrystalline gold,
respectively (eKE threshold marked by dashed vertical line).

411HP. Winter et al./International Journal of Mass Spectrometry 192 (1999) 407–413



relatively small PE yields because of the large LiF
band gap. Abovevth the cKE is masked by eKE which
has probably a differentq dependence. Therefore,
higher total electron yields for impact of singly than
for doubly charged ions are strong evidence for
significant cKE still at higherv.

3.3. KE induced by multiply charged ions

Interaction of MCI with the electron gas of a metal
and the resulting KE have recently attracted some
theoretical interest [11,33,37]. For higherq we expect
no more significant cKE, i.e. sizeable KE should only
arise abovevth. As already stated in sec. 1, the eKE
yield results from electron–hole pair production
which also contributes to the electronic stopping
power Se, which itself depends on the effective
projectile charge inside the solid. This effective pro-
jectile charge is the superposition of the initial ion
charge and its electronic screening cloud inside the
target bulk, but it is only of interest for eKE in the
near-surface region from where the kinetically excited
electrons will be able to escape into vacuum. In gold
the mean electron escape length is about 2 nm [21],
and the lifetime ofL-shell vacancies is about 7 fs for
neon and 2 fs for nitrogen ions, depending only
weakly on the number of electrons in theL shell
[37,11]. At a typical impact velocity of 53 105 m/s
theseL-shell filling times correspond to a projectile
path length of about 3.5 and 1 nm, respectively, which
exceeds (for neon) or is comparable to (for nitrogen)
the electron escape lengths.K-shell vacancy lifetimes
for nitrogen ions in gold have been estimated to$10
fs [10], which corresponds to even longer projectile
paths before the inner shell recombination has been
completed. For neon,K-shell vacancy lifetimes are
probably larger than for nitrogen. From these simple
arguments which apply for all projectile species of our
present interest, we may conclude that the eKE yield
induced by a given projectile speciesZ1 should
depend weakly on the projectile charge stateq.
However, no significantq dependence of the related
KE yields has been found (cf. Fig. 1). A further reason
for the apparently only weak influence ofq on our
measured KE yields is the different dependence of

eKE andSe on the electron energy for electron–hole
pair production ([33]; see also Sec. 3.1). A significant
change in eKE yields had been expected when switch-
ing from He-like to corresponding H-like MCI, where
a projectile K-shell vacancy with a considerably
longer lifetime in the solid than for the respective
L-shell vacancies [33] will be introduced. Unfortu-
nately, for the H-like projectiles C51, N61, O71 and
Ne91 evaluation of the KE contribution from our
measured total electron yields is more ambiguous than
for the lower charged ions because of the unknown PE
contributiongP,b(v) from secondary electrons, which
are induced by fast projectile Auger electrons upon
K-shell vacancy filling (see Sec. 1).

The amount and ion-impact velocity dependence
of these secondary electrons have to be quantified for
an evaluation of the respective KE yields, which
might be possible by measuring the total electron
yields for H-like ions in coincidence with the fast
projectile Auger electrons.

4. Summary and conclusions

We have measured accurate total electron yields
versus projectile velocityv for impact of singly and
multiply charged ions of carbon, nitrogen, oxygen,
and neon (up to the H-like species) on clean polycrys-
talline gold. For singly charged ions the threshold for
kinetic electron emission (KE) was carefully deter-
mined and assumed to hold as well for the corre-
sponding multicharged ions (MCI) in order to subtract
the contributions from potential emission (PE) from
the measured total electron yields for these MCI,
which resulted in the corresponding KE yields. Below
the impact velocity thresholdvth for electron–hole
pair production in the Au electron gas, KE can already
arise by electron promotion in close collisions of
projectiles with the target atoms. It is shown that this
cKE becomes increasingly more important with
higherZ1 (atomic number of projectile), and that for
a given Z1 it decreases with the ion charge stateq
from q 5 1 toward 3. Total electron yields can even
be larger for the singly than for the doubly charged
ions, which effect is more pronounced for higherZ1.
On the other hand, KE yields forq . 3 show no clear
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dependence onq, probably because the effective
projectile charge in the target bulk does not signifi-
cantly depend onq. Largest differences in KE yields
had been expected when changing from He- to cor-
responding H-like ions (introduction of one projectile
K-shell vacancy), but were not observed, probably
because of unknown contributions from secondary
electrons induced by fast Auger electrons arising from
inner-shell vacancy recombination in the H-like pro-
jectiles. KE from close projectile–target atom colli-
sions can be suppressed if projectiles are scattered on
a monocrystalline target surface in grazing incidence
along well defined near-surface trajectories. In such a
scattering geometry the contribution by secondary
electrons resulting from the projectile fast Auger
electron ejection can probably be quantified.
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