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The electron emission yield is measured from the tungsten surface bombarded by the protons in an energy range of
50 keV–250 keV at different temperatures. In our experimental results, the total electron emission yield, which contains
mainly the kinetic electron emission yield, has a very similar change trend to the electronic stopping power. At the same
time, it is found that the ratio of total electron emission yield to electronic stopping power becomes smaller as the incident
ion energy increases. The experimental result is explained by the ionization competition mechanism between electrons in
different shells of the target atom. The explanation is verified by the opposite trends to the incident energy between the
ionization cross section of M and outer shells.
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1. Introduction
The interactions of charged ions and strong radiation with

solid targets have been widely concerned in recent years. The
underlying physical processes are very important for not only
basic physics, but also technical applications, such as mate-
rial surface modification, x-ray source equipment, radiation
physics, plasma–wall interactions, and material surface anal-
ysis as well.[1–8] When a charged ion impacts solid target, it
will deposit most of its potential energy into several atomic
layers through the process of neutralization and de-excitation
within femtoseconds.[3] At the same time, through inelastic
collisions, the kinetic energy of the ion can be transferred into
valence electrons or inner-shell electrons, resulting in the shell
ionization. In this collision process, electrons and x-rays will
be emitted with the ionization of incident ions and the decay of
vacancies in the inner shell.[9,10] Therefore, electron emission
and x-rays provide reliable information for studying particle
properties and mechanism of ion–atom collision process.

The electron emission process is usually described by the
average number of electrons emitted each incident ion, that is,
the electron emission yield γ . As is well known, the electron
emission yield is related to the charge state, velocity, incident
energy, atomic number and incident angle of incident ions, and
so on.[4–8] We have also studied the influence of state of charge
of incident ion, recoil atoms, and target temperature on the
electron emission yield γ .[11–13] Electron emission caused by
highly charged ions (HCIs) is usually divided into two differ-
ent mechanisms, one is the potential emission (PE) process

and the other is the kinetic emission (KE) process.[14,15] It is
generally believed that electron emission is closely related to
the deposition of electron excitation near the target surface.
The kinetic electron emission (KEE) yield is believed to be
related to the electronic stopping power of slow light ions. En-
ergy deposition depends on the velocity and charge state of
incident ions. The proportion of energy, which is used to gen-
erate electron emission, varies with the incident energy.

The characteristic x-rays, which are produced by ion-
solid interactions, mainly come from the de-excitation of hol-
low atoms in the low-energy region, and the attenuation of
vacancy in the inner shell, caused by direct ionization dur-
ing the bombardment of high-energy projectiles. The x-
rays have been extensively investigated experimentally, and
many theories have been proposed to successfully describe
this process. Common theories include the classical barrier-
crossing model for the evolution of incident ions around
the surface, the binary encounter approximation (BEA), the
plane-wave Born shell approximation of electron ionization
(PWBA) and the energy-loss Coulomb-repulsive perturbation
steady-state relativity (ECPSSR) for the ionization of the shell
electrons.[16–18] A lot of researches have been done to study
electron emission[1–3,11–13] and x-rays.[4,19] However, there
are few studies on these two phenomena at the same time.[20]

We have not found the researches about the electron emission
from tungsten surface at different temperatures. Here in this
work, we will explore the correlation between the two phe-
nomena. Our recent experimental results on the kinetic elec-
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tron and x-ray emission induced by keV protons from tungsten
surface at different temperatures will be shown.

In this paper, we present the experimental results about
the electron emission yield from tungsten surface bombarded
by protons in an energy range of 50 keV–250 keV at differ-
ent target temperatures. The mechanism of electron emission
is investigated and verified experimentally and theoretically.
Our experimental results will be helpful in studying the elec-
tron and x-ray emission of tungsten, which has been selected
and used as the first wall material of the International Ther-
monuclear Experimental Reactor (ITER).

2. Experimental setup
The experiment was carried out on the 320-kV elec-

tron cyclotron resonance ion source (ECRIS) platform of the
Institute of Modern Physics, Chinese Academy of Sciences
(IMP, CAS) in Lanzhou.[21] Many experiments on the study of
highly charged ions incident on solid surfaces have been car-
ried out on this platform.[11–13,20–22] Our experimental method
can be seen elsewhere.[11–13] In the experiment, our experi-
mental device was in an ultrahigh vacuum (UHV) target cham-
ber (10−9 mbar–10−10 mbar, 1 bar = 105 Pa). Figure 1 shows
the experimental setup for electron emission yield measure-
ment. It mainly consisted of four parts, namely, beam collima-
tor, rejection aperture with a diameter of 3 mm, ultrahigh vac-
uum heater and cage. The beam collimator was used to prevent
incident ions from hitting the rejection aperture directly and
was 3 mm in diameter. A rejection electrode with a potential
of −100 V was located in front of the cage. In this way, elec-
trons were prevented from escaping and the electron collection
efficiency was improved. The cage surrounded the target, and
a voltage of ±100 V was applied to the cage, for collecting
or suppressing the electrons emitted from the target. The cage
had 5 mm in aperture diameter serving as an ion beam entrance
and collimated the incident ion beam before it reached the tar-
get surface. We collimated the beam by monitoring the current
on the cage and the target. When the current on the cage was
zero and the target current reached a maximum value, it was
the best position. The sample in this experiment was solid
polycrystalline tungsten with a purity of 99.99%. The sam-
ple was first mechanically polished, then washed in acetone
and ethanol, and finally cleaned by heating in UHV. We used
the UHV heater, which was produced by Heat Wave Labs, to
control the target temperature. An insulating sheet was placed
between the target and the heater. The incident protons were
generated and extracted from a 14.5-GHz electron cyclotron
resonance (ECR) ion source. As a result of being focused and
collimated, the diameter of these incident proton beams was
3 mm. The current on the target was measured by Keithley
6485 picoammeter and integrated, with a time integration con-
stant being about 25 s.

A A
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IcI+
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Target
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F3 mm
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Fig. 1. Schematic diagram of experimental setup used for measuring total
electron yield.

The total electron emission yield γ is given as[11–13]

γ = q
I+− I−

I−
, (1)

where q is the state of charge of the incident ion, I+ and I− are
the target currents for ±100 V of voltages applied to the cage.

The emitted x-rays were measured by a silicon drift de-
tector (SDD), and its effective detection area was 7 mm2. A
window of 12.5-µm beryllium was placed directly in front of
the detector. The distance between the SDD and the target sur-
face was 80 mm, which was 135◦ with respect to the direction
of incident ion beam. When the gain was set to be 100, the
effective energy range of this detector was 0.5 keV–14.3 keV.
The energy resolution of 5.9 keV was approximately 136 eV,
when the peak time was 9.6 s. We used standard radioactive
sources 55Fe and 241Am to calibrate and determined the effi-
ciency through transmission measurement.

3. Results and discussion
It can be found from Fig. 2 that the incident ion beam

current is very stable and almost constant in the experiment.
The electrons escaping from the target surface are suppressed
by applying a −100-V voltage to the cage, and they are col-
lected under the opposite voltage. Our previous study shows
that the total electron emission yield is independent of ion
current,[13,21] so we do not repeat the measurements here.

0 5 10 15 20

3.00

4.50

6.00

7.50

Time (s)

Ibeam-

I-

Ibeam+

I+

C
u
rr

e
n
t 

(1
0

5
 p

A
)

Fig. 2. Typical time-dependent currents recorded for electron emission in-
duced by 200-keV protons at target temperature of about 286 ◦C, with Ibeam
denoting current of incident beam.
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Total electron yields from tungsten surface induced by
protons as a function of incident energy at different target tem-
peratures are shown in Fig. 3. The error bars shown in the
figure are statistical errors. Our experimental results of the
total electron emission yield (γ) are consistent with the re-
sults of γ for Ewing’s polycrystalline target within the error
range.[20,23] The total electron yields have similar dependence
on the proton energy at different target temperatures. It can
be found from Fig. 4 that the experimental curves have a sim-
ilar change trend with the stopping power, calculated using
SRIM.[24] Specifically, they start to increase from the low en-
ergy end, reach their maximum values at about 100 keV, and
finally decrease with kinetic energy increasing.
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Fig. 3. Electron yields from tungsten surface induced by protons as a func-
tion of incident energy at different target temperatures.
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Fig. 4. Electronic stopping power Se and total stopping power St as a func-
tion of projectile energy for 50 keV–250 keV protons impacting solid tung-
sten target, calculated by SRIM.

Because of their kinetic and potential energy and high
ionization state, highly charged ions become effective carri-
ers of energy. As mentioned earlier, electron emission pro-
cesses caused by highly charged ions are usually divided into
two types, namely the potential emission (PE) process and the
kinetic emission (KE) process.[14,15] Therefore, the total elec-
tron emission yield γ can be divided into the kinetic electron
yield γKE and the potential electron yield γPE. For the potential
emission process, the potential energy carried by the incident
ion needs to be greater than twice the work function Wφ of the
solid target surface.

Here, the first ionization energy Epot for proton is 13.6 eV,
more than twice the work function Wφ for the polycrystalline
tungsten, which is 4.55 eV.[25] The maximum possible num-
ber of electrons caused by potential energy deposition can be
given by[26]

nmax = Epot/2Wφ . (2)

Here, nmax is approximately equal to 1.51, which is nearly
equal to the total yield at 50-keV incident energy, and is greater
than the total yield at 250-keV incident energy when the tar-
get temperature is 491 K. However, this maximum cannot be
achieved, and only a small part of the potential energy is used
for potential electron emission, because part of the electrons
excited by the potential energy cannot escape from the target
surface.[26,27] In fact, owing to the incomplete neutralization
of incident ions, the potential energy cannot be fully used to
excite electrons. The classical γPE is given by[27]

γPE ≈ 0.2
EF

(0.8Epot −2Wφ ). (3)

Here, EF is the Fermi energy of the solid target. Using Eq. (3),
we can estimate that γPE is approximately equal to 0.08 in our
experiment. It is only a very small part of the total yield, which
is negligible compared with γKE. Therefore, the electron emis-
sion yield γ in our experiment results mainly from the KE pro-
cess, that is to say, the total electron yield can be given as

γ ≈ γKE. (4)

Kinetic energy electrons are caused mainly by directly ioniz-
ing the valence electrons and inner shell electrons, and the sec-
ondary ionization of outer shell electrons due to Auger transi-
tion. Direct ionization is directly related to the ionization cross
sections of electrons in different shells. The factors that can
affect the secondary ionization are inner shell ionization, the
probability of Auger transition and the secondary ionization
cross section. Obviously, this is smaller than the ionization
cross section of the inner shell electrons. The studies have
shown that inner shell ionization plays a negligible role in the
KE process of low-energy light ion incidence.[18] This means
that the contribution of the inner shell excitation and the Auger
decay of the subsequence can be ignored. From this we can
know that the escape of excited valence electrons is the main
factor in our measured kinetic electron yield. And γKE is often
calculated from

γKE =
BSe

sin(Ψ)
, (5)

where Se is the electronic stopping power, Ψ is the incident
angle of the incident ion, and B can be regarded as a constant,
which decreases slightly as the kinetic energy and atomic num-
ber of the incident ion increase.[28,29] In our measurement, the
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ion beam is incident perpendicular to the target surface, there-
fore, sin(Ψ) = 1, so

γ(Se) = BSe. (6)

Figure 5 shows the ratio of total electron emission yield
γ to electronic stopping power Se as a function of the incident
energy. Here γ is the experimental value we measured, and
Se is calculated using SRIM as shown in Fig. 4. We can find
from Fig. 5 that the ratio is not a fixed value, it will decrease
slightly as the proton energy increases. Here, we will explain
the down trend of B. The ratio of γ/Se is the coefficient B,
which can be understood as the kinetic electron yield caused
by the unit electronic stopping power. In the process of in-
teraction between incident ions and target atoms, the kinetic
energy of incident ions can be transferred to valence electrons
and excite them, resulting in electron emission. Or the kinetic
energy of the incident ions can be transferred to the inner-shell
electrons, causing them to ionize and leave holes. The x-rays
are generated along with the de-excitation of the holes. Here,
there may be a competitive relationship in energy transfer be-
tween the inner shell electrons and the outer shell electrons.
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Fig. 5. ratio of kinetic electron yield γ to electronic stopping power Se as a
function of incident energy.
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Fig. 6. Normalized tungsten x-ray spectra induced by protons impacting W
target.

In order to verify the above hypothesis about the depen-
dence of the coefficient B on the energy of protons, we mea-
sure the x-rays emitted by protons incident on W target. Fig-
ure 6 shows the typical x-ray spectra from 125-keV–250-keV

protons impacting W surface (the relative intensity at the en-
ergy of 50 keV–100 keV is too small to display). We nor-
malize the x-ray spectra by the total number of incident ions.
We observe different spectral lines with the energy of about
1.775 keV and identify them with the M shell x-rays of tung-
sten.

The number of x-rays caused by each incident ion is de-
fined as the x-ray yield Y . It can be calculated based on the
x-ray counts obtained from the experiment.[4] The x-ray yield
Y is expressed as

Y = NX/[Npη(Ω/4π)], (7)

where NX is the x-ray count and obtained from the spectrum
by using Gaussian fitting, Np is the total number of incident
ions, η is the detection efficiency of the silicon drift detector,
and Ω is the solid angle of the SDD, which is 1.1 msr in our
work.

Our targets can be regarded as thick targets. We can use
the thick target equation to calculate the x-ray production cross
section through using the measured x-ray yield and the energy
loss of protons,[30]

σX (E) =
1
n

dY
dE

dE
dR

+
µ

n
cosθ

cosϕ
Y (E). (8)

Here, n is the target atomic density, dE/dR (in units keV/cm)
is the energy loss simulated by SRIM,[24] µ is the absorption
coefficient of the measured characteristic x-ray, θ is the in-
cident angle, which refers to the angle between the incident
ion direction and the normal direction of the target surface, ϕ

is the observation angle with respect to the normal direction
of the target surface, Y (E) is the x-ray yield per incident ion
with the kinetic energy of E, dY/dE means the slope of the
measured Y (E) versus E, evaluated at the incident energy of
E.

The M x-ray emission is closely related to the ionization
cross section σM of the M shell. This ionization cross section
can be obtained from the theoretical calculation of BEA and
ECPSSR, and it can also be deduced from the experimental
results of x-ray production cross section σX,[30]

σM = σX/ω. (9)

Here ω is the fluorescence yield. It can be seen from Fig. 7
that the BEA theory underestimates our experimental data at
the incident energy higher than 100 keV and overestimates the
experimental data at the incident energy of 50 keV. It is also
found that ECPSSR, which is considered to be the best the-
ory for simulating the inner-shell ionization of light ions, is in
good agreement with the experimental results within the error
range. Therefore, it is suitable to use the ECPSSR theory to
describe the ionization of M shell. In our results, σM is about
101∼4 barn (1 barn = 10−24 cm2), which increases with inci-
dent proton energy increasing.
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In order to further verify the ionization competition of
electrons in different shells, we also explore the distribution of
energy loss of incident protons between the ionization of in-
ner electrons and the ionization of valence electrons. As men-
tioned earlier, the kinetic electron emission is caused mainly
by the excitation of valence electrons. This process can be
described as direct collisions between the light ions and the
valence electrons of the target. For tungsten target, 4f, 5d, and
6s are the three outermost shells, which contribute to the elec-
tron emission. We use the BEA model theory to calculate the
three values of shell ionization cross section σi as shown in
Fig. 8. The results show that σi decreases to about 109 barn
with incident energy increasing.

From Figs. 7 and 8, it can be found that the ratios of ion-
ization cross section (σM and σi) to electronic stopping power
Se present inverse trend as a function of the proton energy.
This is essentially an indirect reflection of the observations of
x-ray and electron emission. It directly proves the hypothe-
sis that there is a competition of the ionization of electrons
among different shells of the target, caused by the motion of
the incident ions. For a given collision, if the kinetic energy
of the incident ion contributes to the ionization of the inner
shell electrons, it will not lead the outer shell electrons to ex-
cite, and vice versa. In addition, σM is about 4–8 orders of
magnitude smaller than σi. This also verifies that the electron
emission caused by the inner-shell ionization can be ignored
in our case, and the emitted electrons come mainly from the
excited valence electrons.
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Fig. 7. Ratio of ionization cross section of tungsten inner electrons to elec-
tron stopping energy power Se as a function of proton energy.
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4. Conclusions
Electron emission yield from tungsten surface, induced

by 50-keV–250-keV protons, has been measured at different
target temperatures. We find that as the incident energy in-
creases, the ratio of the total electron emission yield to the
electronic stopping decreases. The escape of excited valence
electrons is the main source of the measured kinetic electron
yield. The contribution of inner shell ionization to secondary
electron emission is negligible, because ionization cross sec-
tion of the inn shell is about 4–8 orders of magnitude smaller
than that of valence electrons. There is a competition of ion-
ization between outer shell electrons and inner shell electrons.
This leads the experimental results of electron x-ray emission
to present opposite trends as a function of incident energy. Our
results will provide very useful data for the study of electron
emission, x-ray emission, and surface analysis of tungsten.
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