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ION-INDUCED SECONDARY ELECTRON EMISSION FROM 58Ni AND 60Ni: EVIDENCE 
OF SECONDARY ELECTRONS GENERATED BY THE RECOILING TARGET ATOMS 
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We have measured the secondary electron yield of clean 58Ni and 60Ni bombarded with 2-10 keV Ar+ ions. It was found 
that secondary electron yield of 58Ni is consistently high as compared to the 60Ni. This result is not in line with the most 
theoretical model of kinetic electron emission, which predict strict proportionality between secondary electron yield and 
electronic stopping power. We have demonstrated that the measured secondary electron yield is also related to the 
nuclear stopping power. We thus conclude that higher secondary electron yield of 58Ni is due to the larger contribution 
of the recoiling target atoms to the secondary electron yield. 
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1. Introduction 
Secondary electron emission induced by impact 

of fast projectile ions on the solid surface is of 
genuine interest in fundamental research and plays 
an important role in many technological 
applications, for example, in precise measurement 
of ion currents, in particle detection, in surface 
analysis techniques and in plasma wall interactions 
[1,2]. Two production mechanisms have been 
visualized for secondary electron emission, namely 
kinetic and potential emission. The kinetic electron 
emission (KEE) results from the atomic excitations 
in the target by transfer of kinetic energy from 
incident projectile ions. One of the most important 
quantities to describe KEE is the mean number of 
emitted electrons per incident ion, the kinetic 
electron yield γ. The knowledge of γ provides 
important information about the basic interaction 
mechanism of projectile ions with atoms and 
electrons in the solid. It is common to nearly all-
theoretical approaches that the electronic excitation 
leading to KEE from material surface involves a 
complex scenario, which consist of primary 
excitation processes, the subsequent electron 
transport to the surface, and finally the escape of 
electrons through the surface into vacuum. Most 
KEE models [3-5] predict proportionality between γ 

and electronic stopping power, dE dx . But there 
are experimental studies where such a 
proportionality holds [6-8] and others where it fails 
[8-11]. It has been suggested by these authors that 
besides the direct interaction with target electrons, 
the incident ions also generate cascades of 
recoiling target atoms that may produce secondary 
electrons as well. The contribution of secondary 
electrons generated by recoiling target atoms to the 
total kinetic electron yield has not been 
unambiguously measured, which has crucial 
importance for complete understanding of the ion-
induced electron emission phenomena. The 
objective of this experimental work was to test 
whether recoiling target atoms play some role in 
the secondary electron emission. For this purpose 
ion-induced secondary electron yields from 58Ni 
and 60Ni were measured. These targets have same 
electronic but different nuclear stopping powers, 
therefore any difference in the electron yield at a 
given ion energy will be most probably due to the 
difference of electrons generated by the recoiling 
target atoms. 

2. Experimental Setup 
The detailed description of experimental setup 

is given elsewhere [12]. Briefly the ions extracted 
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from a duoplasmatron ion source were focused at 
the entrance aperture of E×B velocity filter by an 
Enzel lens. After charge and mass selection by 
E×B velocity filter, the ions were directed onto the 
99.99 % pure polycrystalline 58Ni or 60Ni target that 
were placed inside a cage (see Fig. 1). The current 
density at the target surface was in the range of 40-
95 µA/cm2. The pressure in the target chamber 
was maintained at about 10-9 mbar by 400 l/s 
Varian ion pump. The target was mechanically 
polished, ultrasonically cleaned and placed 
perpendicular to the ion-beam direction. The target 
surface was kept dynamically clean with the ion-
beam being used for the electron yield 
measurement. During initial cleaning process the 
surface condition was checked by measuring at 
intervals the electron yield and experiment was 
started after having a reasonably stable electron 
yield. 

 

Figure 1. Schematic diagram of the experimental setup used 
for secondary electron emission studies. (A) Beam 
defining collimator, (B) Striping aperture, (C) 
rejection aperture, (D) cage and (E) Pico-Ampere 
meter. 

Figure 1 shows the experimental setup for the 
measurement of secondary electron yield. A beam 
defining collimator serves to prevent the incoming 
ions from directly impacting the striping and 
rejection apertures and has a diameter of 2 mm. A 
potential of +100 V is applied to beam defining 
collimator to minimize ion-induced emission of 
electrons from its edges. The striping aperture 
prevents ions scattered by the collimator from 
entering the target region. The striping and 
rejection apertures have diameter of 3 and 3.5 mm 
respectively. A cage that is operated with a ± 80 V 
square wave generator surrounds the target in 
order to collect or suppress electrons emitted from 

the target. The cage has an aperture of 4.5 mm for 
ion beam entrance, through which the incident ion 
beam collimated to 2 mm in diameter is able to 
reach the target surface. A rejection electrode at a 
potential of –100V was placed before the cage that 
prevents electrons from escaping and thus further 
enhances the electron collection efficiency. The 
current at the target is measured with a pico-
ampere meter and then fed into a computer. 

When applying + 80 V to the cage with respect 
to the target, the total current I+ that is measured at 
the target consists of two components, the currents 
of incoming ions Ii and the current of emitted 
electrons Ie. 

( )i e i iI I I I I q+ = + = + γ     (1) 

Where q is the charge of incoming ion. For – 80 V 
applied to the cage leads to a target current I- that 
is equal to the incoming ion current 

iI I− =     (2) 

Therefore, the total electron yield is given as [13] 
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3. Results and Discussion 
The electron yield γ for normal impact of 2-10 

keV Ar+ on 58Ni and 60Ni targets is plotted versus 
ion energy in Fig. (2a). The indicated error bars 
show statistical error due to the current 
measurements. The following feature can be 
observed: (i) γ of both the targets increases with 
ion energy, and (ii) γ of 58Ni is consistently higher 
than 60Ni in whole ion energy range investigated 
here. The potential electron yield calculated using 
the semi empirical expression given by Kishinevskii 
[14] is equal to 0.075 electrons/ion which is same 
for both targets because potential electron 
emission depends on the work function of target 
material and the mean ionization energy of the 
incident ion. The KEE from metal targets has been 
extensively investigated theoretically [3-5]. As a 
main feature, the most frequently applied 
theoretical models consider kinetic electron yield γ 
to be proportional to the electronic stopping power 
D, that is 

Dγ = Λ     (4) 
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Figure 2. (a) The electron yields and (b) nuclear stopping 

powers as a function of Ar+ energy for 58Ni and 60Ni 
targets.  

Where Λ is a constant that depends on the material 
properties like the mean energy required for 
producing free electron within solid, the mean free 
path of electrons in solid and the escape probability 
of electrons to overcome the surface barrier. 
Consistent with the Eq. (4), γ of both the targets 
increases with ion energy. But the systematic 
difference in γ of 58Ni and 60Ni targets, which has 
same electronic stopping power for Ar+ ions, is 
clearly not compatible with the Eq. (4). Previously, 
Eq. (4) has been roughly confirmed experimentally 
for ion bombardment of metals [6,7] and 
semiconductors [8]. The agreement between Eq. 
(4) and experiment is generally quite good for light 
ion bombardment. But for heavy ions, deviations 
from the simple rule given by Eq. (4) have been 
observed for several materials. For example 
Frischkorn and Groeneveld [9] for C+ and O+ 
impact on C, Jacobsson and Holmén [8] for Ar+, 
Kr+ and Xe+ impact on SiO2, Rothard et al. [10] for 
C+, and O+ impact on Cu and Svensson et al. [11] 
for Ar+ and Xe+ impact on Al showed that kinetic 

electron yield increase more slowly with D than 
predicted by Eq. (4). It has been suggested by 
these authors that for heavier projectile ions having 
keV energies, a sizeable contribution to electron 
emission is due to the energy deposited by the 
recoiling target atoms in the solid. Recently, Ohya 
[15,16] and Ullah et al. [17] has estimated yield of 
secondary electrons generated by recoiling target 
atoms for heavy ion impact on Al and MgO targets 
respectively using the Monte Carlo computer 
programs. 

In the KEE models [3-5], the electron emission 
from material surface induced by the impact of 
energetic ions consists of the following three 
successive steps. (1) The generation of excited 
electrons in solid by kinetic energy deposited by the 
incoming ions. (2) the transport of these electrons 
towards the solid surface, and (3) finally the escape 
of electrons through the surface into vacuum. One 
can safely assume that mean free path of electron 
in the solid, kinetic energy distribution of electrons 
arriving at the surface and surface work function of 
both targets is same. Thus, the diffrence in γ we 
observed for 58Ni and 60Ni targets seem not to be 
related to step (2) and (3). Concerning step (1), at 
moderated and low projectile velocities the energy 
deposition profile of the projectile ion may be 
distorted drastically by the effect of nuclear 
scattering. As a result substantial electronic 
excitations can be due the energy deposition of 
recoiling target atoms. Therefore, for low velocity 
heavy ions the basic relation for kinetic electron 
yield has been modified as [4,11] : 

( )p rD Dγ = Λ +     (5) 

Where Dp and Dr are the mean energy per unit 
depth deposited in electronic excitation by the 
primary ion and by the recoiling target atoms 
respectively. In Fig. (2b) nuclear stopping power 
calculated by computer code SRIM 2008 [18] is 
plotted as a function of projectile ion energy. By 
comparison of Fig. (2a) and (2b), one can extract 
following two similarities between the measured 
electron yields and the nuclear stopping powers. 
First, at a given projectile energy the nuclear 
stopping power as well as the electron yield of 58Ni 
is greater than 60Ni. Second, the difference in 
measured electron yield of 58Ni and 60Ni, and 
nuclear stopping power of 58Ni and 60Ni slowly 
increases with projectile energy. Next, the 
measured electron yield of 58Ni and 60Ni is plotted 
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as a function of the respective nuclear stopping 
power in Fig. 3. Considering the experimental 
uncertainties, the electron yields of 58Ni and 60Ni is 
almost same at any given value of nuclear stopping 
power. The matching of values and trends of the 
electron yields of 58Ni and 60Ni is indeed 
remarkable. Thus the higher electron yield of 58Ni 
as compared to 60Ni is due to the greater 
contribution, i.e. Dr, of the recoiling target atoms to 
the electron yield. 
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Figure 3. The electron yield as a function of nuclear stopping 
power for Ar+ impact on 58Ni and 60Ni targets. 

In summary, we have provided a clear evidence 
of secondary electrons generated by the recoiling 
target atoms. This indicates that, at least in this ion 
energy range, the proportionality between 
secondary electron yield and electronic stopping 
power does not exist. Further work on the 
measurement of secondary electron yield from 
metallic and insulator targets having same 
electronic but different nuclear stopping is in 
progress. 
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