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Abstract: We report on the K X-ray emission for 9–140 keV oxygen ions with initial charge states
from 3 to 7 approaching a copper surface. The peak center of the measured X-ray spectrum slightly
shifts towards higher energies with the increasing of the initial charge state of the incident ions.
For the collisions of oxygen ions with no K-vacancies (q = 3–6), the X-ray yield per incident ion
increases gradually with the projectile’s kinetic energy, while for the O7+ ions (with a K-vacancy) it is
nearly independent of the energy. The K-shell ionization cross-sections for the oxygen ions with no
K-vacancies obtained from the experiments are well consistent with the calculations of the binary
encounter approximation model when the collision energy is larger than 30 keV, whereas they are
several times larger than the theoretical values at collision energies of less than 30 keV.

Keywords: highly charged ions; X-ray emission; spectrum shifts

1. Introduction

In the past decades, the interaction between highly charged ions (HCIs) with solid
surfaces has received extensive attention [1–4]. A large number of experiments have been
carried out in low-energy regions, particularly where the incident velocity is less than the
Bohr velocity. Researchers are very concerned about the effects of the incident ion’s charge
state and kinetic energy in impacting processes because of the formation and de-excitation
of “hollow atoms” [1]; the ionization of the inner shell of target atoms plays an important
role in astrophysics and high energy density physics. In addition, the interaction of HCIs
with solid surfaces provides new insights into materials [5] and life sciences [6], and the
applications of HCIs have important prospects in surface analysis, surface modification,
and microelectronic preparation processes [7].

In the early stage, due to the limitation of ion sources and detection technology,
experimental research in this field primarily focused on low charge state ions. In 1954,
Hagstrum proposed that the charge exchange in the interaction of HCIs with metal surfaces
is completed through a step-by-step electronic transition process [8]. In 1973, Arifov put
forward a multi-electron resonance capture mechanism to explain the multi highly excited
ions formed as HCIs approached the target surface [9]. Finally, Burgdorfer established a
widely accepted classic over-barrier model (COBM) in 1991 [10]. According to this model,
a large number of electrons in the conduction band are resonantly captured into the highly
excited empty states of the HCIs as they reach a critical distance from the surfaces, forming
a hollow atom. The hollow atoms are in unstable multi-excited or highly excited states and
are de-excited via auto-ionization, the Auger process, and X-ray emission. In addition to
the COBM model, a two-state vector model [11–13] was also proposed to investigate the
population probability for the Rydberg states during the neutralization process of the ions
on the surfaces. In the aspects of the experiments, Machicoane et al. measured the X-ray
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emission by the hollow atoms and investigated the internal two-electron excitation process
in the interaction of low-velocity highly charged gold ions with the gold surface [14]. In
recent years, with the rapid development of the ion source technology, some laboratories in
the United States, Austria, Germany, France, Japan, and China have studied the interaction
of various HCIs with metal and insulated solid surfaces using ion beams provided by the
electron beam ion source and/or the electron cyclotron resonance ion source.

There are many experimental studies on heavy incident ions with metal targets,
but there are few studies on the collision system of light ions with light metal targets.
Among them, the O element is abundant in the universe and planets. It is of great signif-
icance for studying the evolution of celestial bodies and the mechanism of comet X-ray
emission [15–17]. For example, the charge transfer between ions and neutral gases will
cause cold celestial bodies to emit X-rays [18]. In the present work, the highly charged
Oq+ (q = 3–7) ions with a kinetic energy range from 1.5 to 20 keV/q are extracted from
an electron cyclotron resonance ion source at the Institute of Modern Physics, Chinese
Academy of Sciences, to collide with a copper surface. We measured the emitted X-rays
and studied the dependence of the X-ray yield on the initial charge state and kinetic energy
of the O ions. The ionization cross-sections are also studied.

2. Experiments

The experiment was performed on the atomic physics experiment platform located
at the 14.5-GHz ECRIS in the Institute of Modern Physics, Chinese Academy of Sciences.
The details of the experimental platform are described elsewhere [19,20]. Briefly, the Oq+

(q = 3–7) ions were extracted from the ECRIS and selected by a 90◦ analysis magnet. Then,
the beam passed through a beam profile device that was used to adjust the beam size and
position. The adjusted beam entered a collimating pipe with a length of 600 mm through
a slit with a diameter of 10 mm. In the collimating pipe, we used our developed beam
density meter (incident aperture of 4 mm, measuring aperture of 2 mm) to measure the
beam intensity [20]. Finally, the beam passed through an aperture, 5 mm in diameter, and
was delivered to the Cu target, which had a purity of 99.99%, and the beam current was
about 3–11 nA. The base pressure in the chamber was maintained at about 1.5 × 10−8 mbar.
It should be noted that at this pressure a layer of adsorbed material with one molecular
thickness would cover the surface in about 1000 s. In order to sputter the adsorbates, the
target surface was scanned by the ion beam with a current of ~nA at an angle of 20◦ for
about 30 min before the X-ray measurements so that the thickness of the possible adsorbates
was no more than one molecular thickness. The emitted X-rays were detected with the
use of an ultra-high-performance silicon drift detector (SDD) from the AMPTEK company,
placed at 45◦ to the beam, inside the chamber. Before the experiments, the detector was
calibrated using the emitted X-ray lines of the radioisotopes of 55Fe. The detector had an
effective detection area of 25 mm2 and an energy resolution of about 135 eV at 5.9 keV.

3. Results and Discussion
3.1. X-ray Emission for Interaction of Oxygen Ions with No K-Vacancies

Figure 1 shows the measured X-ray spectra for the Oq+ (q = 3–6) ions impinging on the
target surface. The kinetic energy range is from 5 to 20 keV/q for the O3+ and O5+ ions, and
1.5 to 20 keV/q for the O6+ ions. It can be seen that for collisions of any charge state used in
the experiments the X-ray count increases with the increasing of the kinetic energy of the
incident oxygen ions. The X-ray count rate also rapidly increases as the charge state of the
ions increases. In addition to the oxygen K X-rays, as shown in Figure 1, we also observed
the characteristic K X-rays of carbon. The unexpected carbon X-rays are probably due to
two reasons. One is related to the collisions of the beam with the target frame, which is
made of 304 stainless steel, containing about 0.08% carbon element, and the other is related
to the surface oxidization and adsorption of hydrocarbon on the surface. The carbon X-rays
may be emitted by the interaction of the ions with the carbon pollutants adsorbed on the
target surface.
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Figure 1. X-ray spectra induced by different kinetic energy Oq+ (q = 3, 5, 6) ions impinging on the Cu
surface. (a) O3+ ions with incident energy range from 5 to 20 keV/q; (b) O5+ ions from 5 to 20 keV/q;
(c) O6+ ions from 1.5 to 20 keV/q.

The energy shift of the oxygen X-rays is investigated as a function of the initial charge
state of the ions. Figure 2 shows the fit to the measured spectra for the collisions of the
10 keV/q oxygen ions with the Gauss function plus a constant background. The fitting
results are summarized in Table 1. As shown in Figure 2 and Table 1, the energy position
of the X-rays slightly shifts to a higher energy with the charge state of the ions. There are
two possible reasons for the observed energy shifts. The most likely one is related to the
Doppler effects because of the higher kinetic energy for the ions with a larger charge state.
The other is that, with the increasing of the charge state, the binding energy of the K-shell
electron is enhanced. Upon the impact of the ions on the target surface, a compact screening
cloud is formed around the projectile. This screening effect reduces the binding energy of
the K-shell electrons as compared to that of the isolated ions. Therefore, the energy position
of the X-rays just slightly shifts toward higher energies.
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Table 1. Gauss fitting results to the measured X-ray spectra for 10 keV/q oxygen ions with charge
state, q, equal to 3, 5, and 6, respectively.

Charge State of Oxygen Ions Center of the X-ray Peak/eV Error of the X-ray Peak/eV

3 531.3 1.2

5 532.7 0.5

6 535.0 0.4

For the Oq+ (q = 3, 5, 6) ions, due to no vacancies existing in the K shell, the K X-rays
are certainly generated by the close collisions between the ions and the target atoms below
the surface. Assuming the oxygen X-rays are emitted isotropically, the X-ray yield per
incident particle can be deduced from the following formula,

Y(E) =
NX
NP

4π

Ω
1
εµ

. (1)

Here, NX is the total K X-ray count, and NP is the total count of the incident ions, which
is determined online by the beam density meter (more details about this beam density
meter please refer to Ref. [20]). The solid angle Ω seen by the detector from the target
surface was 0.004 sr. To minimize the error of the solid angle as far as possible, the beam
spot size on the target is always adjusted to be about 2.0 mm for any charge state and
energy of the beam used in the experiments. The detector efficiency ε of the detector was
calculated by using the manufacturer’s specifications. It was 0.294 for the O K-shell X-rays.
The µ stands for the absorption coefficient, which is neglected since the detector is placed in
a vacuum. The uncertainties of the X-ray yield mainly result from the number of incident
ions (~10%), the X-ray counts (~5%), the efficiency of the detector (~3%), and the solid
angle (~2%).

The range of the 9–120 keV oxygen ions in the Cu target is about 10 to 120 nm, which
is much less than the thickness of the target used in the present experiments; therefore, the
target can be considered a thick target. Therefore, the K-shell ionization cross-sections of
the oxygen can be derived from the measured X-ray yield using the formula for the thick
target [21],

σI(E) =
1

Nω

[
dE
dR

dY(E)
dE

+ µ
cosθ

cosϕ
Y(E)

]
, (2)

where N is the target atom density; ω is the fluorescence yield for the O K X-rays, which is
equal to 0.007 [22]; θ is the angle between the beam and the normal direction of the target
surface; ϕ is the angle between the detector direction and the normal target; and µ is the
self-absorption coefficient of the Cu target for its own X-rays. The stopping power dE/dR
can be calculated using the SRIM program [23]. dY(E)/dE is the slope of the X-ray yield
versus the incident ion energy, which is obtained firstly by fitting the polynomials to ln(E)
and ln(Y(E)) and then calculating it according to the formula dY

dE = Y
E

d(lnY)
d(lnE) .

The obtained ionization cross-sections are shown in Figure 3. The results of the BEA
model, in which the united atom approximation is taken into account, are also plotted [24].
In the BEA model, the electrons are regarded as free electrons, and the ionization process is
regarded as a two-body Coulomb scattering between the ion and a free electron. As shown,
the ionization cross-section is basically independent of the initial charge state of the ions
and gradually increases with the collision energy. These facts indicate that the ionization
process is caused by the close collisions of the ions with the target atom below the surface,
and at the time of the ionization process, the incident ions reach an equilibrium charge
state. The calculations of the BEA model are consistent with the experimental results when
the incident energy is larger than 30 keV, whereas a large discrepancy exists at low collision
energies, especially in the case of O6+. It means that other mechanisms should be taken
into account to explain this low-energy discrepancy.
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Figure 3. Measured K-shell ionization cross−sections for Oq+ ions impinging on the Cu surface. The
calculation of BEA with the united atom approximation is also shown.

3.2. X-ray Emission for Interaction of Oxygen Ions with A K-Vacancy

Figure 4 shows the measured X-ray spectra for the collisions of the O7+ ions, with
kinetic energies ranging from 3 to 20 keV/q. The raw X-ray spectra have been normalized
into X-ray intensity spectra in units per 1012 ions. The X-ray intensity is almost independent
of the projectile kinetic energy, and compared with the X-rays induced by the collisions of
no-K-vacancy oxygen ions, it is enhanced by more than 95%. For the O7+ ions, the electron
configuration is 1 s, which means a vacancy in the K shell. When such ions approach
the copper surface, they capture electrons at a critical distance from the conduction band,
forming the above-surface hollow atoms. The main quantum number of the highest
electron occupation is estimated to be 9 according to the COBM. The formed hollow atoms,
within an fs time scale, de-excite to the inner shells by X-ray emission and the Auger
decay processes before penetrating into the bulk. This case is very different from the X-ray
emission of incident ions without the K-vacancy, as was discussed in Section 3.1. Therefore,
as the kinetic energy of the incident ions increases, the velocity becomes faster; then, the
interaction time with the Cu surface becomes shorter. The measured X-ray yield for the
case of the O7+ ions should decrease slowly. Taking into account the experimental errors,
the independence of the X-ray intensity on the kinetic energy is credible.
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Figure 4. Measured X-ray spectra for O7+ ions impinging on the Cu surface at projectile kinetic
energies from 3.0 to 20.0 keV/q. The raw X-ray spectra have been normalized into intensity spectra
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4. Conclusions

We have measured the K X-ray emission in the interaction between highly charged
Oq+ (q = 3–7) ions and the Cu surface in the energy range from 1.5 to 20 keV/q. For the
interaction of no-K-vacancy ions, the X-ray yield and ionization cross-section increase with



Atoms 2022, 10, 124 6 of 7

the kinetic energy of the ions. However, the X-ray intensity induced by the oxygen ions
with a K-vacancy is independent of the kinetic energy and is enhanced by more than 95%
as compared to the cases of no-K-vacancy ions. No obvious Doppler shift of the X-rays was
observed with the increasing of the kinetic energy.
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