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Abstract

In this work, we studied the photon emission in the visible light range for Xeq+ ions of different charge states (10≤ q≤ 21)
bombardment on an aluminum target at 410 keV. During the interactions, the spectra in wavelength range 300–500 nm are
recorded, including the photons from Al atoms and neutralized Xe+ ions. The yield of the visible light strongly depends on
the projectile charge states. Its variation tendency with the charge states is similar to that of the potential energy variation.
In addition, the experimental results also indicate that when the incident charge state is less than the critical charge state, it
obeys the staircase classical-over-barrier model.
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1. INTRODUCTION

When a highly charged ion (HCI) bombards a target surface,
the potential energy stored in it will be liberated within a
rather short time (fs) on a very small surface area (nm).
The release of energy will lead to not only the emission of
electrons and photons, but surface modification and target
sputtering. Specifically, when a HCI interacts with the
metal surface, it becomes neutralized by resonant electron
transfer from the target surface to highly excited states of
the HCI. De-excitation of these states cause the Auger elec-
tron and photon emission through the electrons quick cas-
cade transition to the empty shells. Theoretical picture for
the neutralization mechanisms and the energy releasing pro-
cess of the highly charged ions approaching the metal surface
has been given within the framework of the classical-over-
barrier (COB) model (Burgdörfer et al., 1991). During the
neutralization process of the HCI, the target atoms will be ex-
cited, ionized or sputtered, simultaneously. The physical pic-
ture for this model has been widely used in numerous reports
(Lemell et al., 1996; Hägg et al., 1997; Ducrée et al., 1998;
Zhang et al., 2011; Song et al., 2015).
Slow HCIs, when compared with single charged ions, is

that they carry a large amount of potential energy, which is

the sum total of the ionization energies of the removed elec-
trons. Many potential applications of the HCIs have been re-
alized for the recent decays. For example, I. C. Gebeshuber
et al. using 500 eV Ar+ and Ar7+ ions bombarding Al203
(0001) single crystal surface found that the observed defect
size (both height and lateral dimension) increases with projec-
tile charge state. In terms of the feature, HCIs can be used as a
tool for surface modification. Meanwhile, the strong coulomb
field carried by HCIs will lead to atomic polarization and cap-
ture abundant electrons far away from the solid surface so that
the absorbed C, H, and O atoms are removed. Hence, slow
HCIs also used as surface cleaning tools.

On the other hand, slow HCIs interaction with the solid
also provides information such as electron configuration,
multi-interaction, ionization, excitation and charge transfer
for the basic research (Ryufuku et al., 1980; Niehaus,
1986; Sekioka et al., 1998; Winter & Aumayr, 2002; Hoff-
mann et al., 2005; Bajales et al., 2008; Wang et al., 2009).
What is more, the understanding on the heavy HIC structure
and relevant collision processes has a special meaning for in-
ertial confinement fusion (ICF) research because both the
energy losses and the photon emission from X-ray to visible
light by heavy HICs could be used to study target implosion
dynamics, the coupling of beam-target material and the
equation of state (EOS) of thermal plasma physics (Dietrich
et al., 1990; Golubev et al., 2001; Walmsley et al., 2001;
Hoffmann et al., 2007; Zhao et al., 2012).
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Up to now, many experiments or theories in ion-solid colli-
sions focus on the investigation of secondary electrons, sputter-
ing ion or characteristic X-rays emission by the slow projectile
(Sporn et al., 1997; Schenkel et al., 1999; Kudo et al., 2000;
Zhao et al., 2005; Mei et al., 2012; Xu et al., 2012; Zeng
et al., 2012; Ren et al., 2015). However, very few studies in-
volve the visible light emission and its charge state dependence
measurements; especially scare studies focus on the quantita-
tive dependence of the visible light emission intensity on the
charge state in theory field (Rajasekar et al., 2006; Jadoual
et al., 2014; Sakurai et al., 2016). Hence, our present work con-
centrates on the visible light emission during the slow highly
charged Xeq+ ions with different charge states (10≤ q≤ 21)
bombardment on the Al surface. In this paper, we primarily ex-
hibit results of light emission from both neutralized Xe+ ions
and Al atom at the wavelength range 300–500 nm. Besides,
the intensities of the photon emission have a strong dependence
on the incident charge states, which is similar to the variation of
the potential energy versus the q. It indicates that our results
agree well with the staircase COBmodel (Ducrée et al., 1998).

2. EXPERIMENTAL SET-UP

The experiment was carried out at the 320 kV high-voltage
platform at the Institute of Modern Physics, Chinese Acade-
my of Sciences, using a high-charge state all permanent Elec-
tron Cyclotron Resonance Ion Source. It was designed to be
operated at 14.5 GHz with the purpose of producing medium
charge state and high charge state gaseous and also metallic
ion beams (Sun et al., 2007). The highly charged Xeq+ ions
provided by it, and then are injected into our target chamber.
A schematic drawing of the experiment set-up is shown in
Figure 1. Specifically, Xeq+ ion beams of 410 keV were col-
limated to a diameter 5 mm first, and were directed onto a
pure aluminum (99.99%) surface at 45° angle with respect
to surface normal direction. The thickness of the target is
50 μm. The emitted photons were collected by a quartz
lens system, and were focused into entrance silt (A) of the
Sp-2558 spectrometer. The spectrometer is equipped with a
1200 G/mm grating blazed at 500 nm and a R955 photomul-
tiplier (PMT) tube, which receives the photon single from the
exit slit (B) of the spectrometer. The spectra were collected

using a step size of 0.02 nm and an integration time of
1000 ms. The detailed route of the photon is shown in the
set-up figure as the dotted lines. In order to reduce the back-
ground noise, the PMT tube was cooled to −20°C used a
semiconductor refrigeration device during the experiment.
The PMT tube output and high-voltage power were con-
trolled with a data acquisition system Spectra Hub. The
PMT tube output signal in Spectra Hub was amplified, digi-
tized, and recorded by a computer. During experimental mea-
surement, in order to collect as much photons as possible and
ensure a better spectral resolution, the entrance silt was
200 μm. And, the beam intensity was about 138 nA. The
basic pressure of target chamber was 2 × 10−8 mbar. A mer-
cury lamp was used for wavelength calibration.
In order to eliminate the influence of the ion current fluctua-

tion and the secondary electron emission of the target surface
during spectral measurement, we developed a current recorder
controlled bya computer. The recorder canmonitor the incident
ion number and target current at each data point in real time for
normalized spectral data. Using it, the spectral normalization
method is given by Yλ = Nλ/(It/c × e × q) (C = (�I ta/�Ifa)),
where �I ta and �Ifa are the average current value of incident ion
on target and on the Faraday cup, which is obtained by the
current recorder in the same condition before the experiment,
respectively, hence, the secondary electron emission is ex-
cluded; Yλ (arb. unit) is the normalized photon yield accord-
ing to each step; Nλ is the photon counts recorded by the
computer in each step; It is current of incident ion on the
target, which also corresponds to each wavelength (λ) point
during the measurement; q is charge state of the incident
ions, and e= 1.6 × 10−19 C.

3. RESULTS AND DISCUSSION

Figure 2 shows typical normalized spectra from 410 keV
Xeq+ ions collision with the Al surface. Spectra are recorded
in the 300–500 nm wavelength range with 200 μm entrance
silt and a spectral resolution of 0.1 nm. A comparison of

Fig. 1. A schematic drawing of the experiment set-up.
Fig. 2. Normalized optical emission spectrum during 410 keV Xe21+ in the
visible light range.
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these spectra with the NIST data (Eriksson & Isberg, 1963) in-
dicates that they contain spectral lines resulting from the radi-
ative de-excitation of excited target atoms and neutralized
projectile ions. Specifically, the spectral lines A–E correspond
to transition configuration and other formations are listed in
the following table. From the table, one can see that the exper-
imental results agree well with the data given by the NIST.
According to the COB model, during collisions, when the

distance between HCIs and the metal surface reaches a criti-
cal distance RC ∼

���

2q
√

/W , one or multiple electron can be
resonantly captured from the metal surface into projectile
highly excited states nc ∼ q/

����

2W
√

, where, q is the incident
charge state and W is the work function of the metal surface
(atomic units are used). This resonant charge transfer process
lasts until the ion is almost fully neutralized and a hollow
atom/ion is formed, which is called the first generation
hollow atom/ion (HA1). The time T for the HA1 arriving
at the above surface is about RC/v (SI units are used). In
the present experiment, W(Al) is 0.154 a.u, v is 7.74 ×
105 m/s, therefore, for q= 10, RC∼ 29.04 a.u, nc∼ 18,
T= 1.97 × 10−15 s, and for q= 21, RC∼ 42.08 a.u, nc∼
38, T= 2.88 × 10−15 s, respectively. That is, in our experi-
ment, the time for HA1 arriving at the above surface is
about 10−15 s. As we know, the time for HA1 to exist is
about 10−14

–10−13 s, which is larger than T. It indicates
that HA1 is no decay when it reaches the above surface.
So, at the time HA1 impact onto the metal surface, the elec-
trons in the high states are stripped off. Subsequently, the
ions enter into the below surface and a new hollow atom/
ion (HA2) is formed and the electrons filled into much
lower shells than HA1. Table 1 tells us that, in our experi-
ment, the electrons filled into n= 6, 7, 8 of the HA2. On
the other hand, during the projectile neutralization process
mentioned above, the potential energy of the highly charged
Xeq+ ions is released in the metal surface and excites the
target atoms. In the present work, Al 3p electrons is excited
to 3d or 4 s shell as shown in Table 1. The excited atoms
de-excite and the Al I visible lights emit.
In addition, we also observed that the photon yields, in-

cluding the Al I and Xe II spectra, obviously increase with
the increasing charge states. The normalized spectra A, B,
C, D, E, F, and G induced by Xeq+ ions with the different
charge states are shown in Figures 3–7.

Obviously, as can be seen from the figures, the photon
yields are increasing with the q for the same incident
energy. It indicates that the yields of the visible light emis-
sions basically depend on how much potential energy of
the incident ions is transferred and deposited on the surface
atoms. More clearly, both the intensities of the Al I spectra

Table 1. Observed lines in the 300–500 nm wavelength range in the Xeq+-Al at 410 keV collision energies. The measured spectral resolution
is 0.1 nm and the wavelength unit is nm

Peak Origin Observed wavelength NIST wavelength Transition configuration (Δn, Δl)

A Al I 308.10 308.2153 3s23d(2D3/2)-3s
23p(2P01/2) (0, 1)

B Al I 309.19 309.284/309.271 3s23d(2D3/2,5/2)-3s
23p(2P03/2) (0, 1)

C Al I 394.52 394.401 3s24 s (2S1/2)-3s
23p (2P01/2) (1, −1)

D Al I 396.28 396.152 3s24 s (2S1/2)-3s
23p (2P03/2) (1, −1)

E Xe II 410.22 410.310 5p4(1D2)6d
2[2]5/2-5p

4(1D2)6p
2[1]°3/2 (0, 1)

F Xe II 434.12 434.256 5p4(3P2)8 s
2[2]5/2-5p4(

3P1)6p
2[1]°3/2 (2, −1)

G Xe II 486.11 486.245 5p4(3P2)7 s
2[2]5/2-5p

4(3P2)6p
2[2]°5/2 (1, −1)

Fig. 3. Normalized spectra at 308.10 (A) and 309.19 nm (B) by different in-
cident charge states.

Fig. 4. Normalized spectra at 394.52 (C) and 396.28 nm (D) by different in-
cident charge states.
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(the total detected photon counts for each spectrum, obtained
by integrating the peak using Gaussian fitting in OriginPro8)
and the potential energy with the charge states are given in
the following figures. The errors of the spectral intensity
are slightly higher than 28%, including statistical and system-
atic errors. Specifically, the uncertainties from the electronics

Fig. 5. Normalized spectrum at 410.22 nm (E) by different incident charge
states.

Fig. 6. Normalized spectrum at 434.12 nm (F) by different incident charge
states.

Fig. 7. Normalized spectrum at 486.11 nm (G) by different incident charge
states.

Fig. 8. Visible light intensity at 308.10 nm (A) and potential energy versus q.

Fig. 9. Visible light intensity at 309.19 nm (B) and potential energy versus q.

Fig. 10. Visible light intensity at 394.52 nm (C) and potential energy
versus q.
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noise are the main contribution to these errors, which con-
tains the errors from the Spectra Hub (27%) and the refriger-
ation device (4%). Besides, the beam unstability brings an
error about 5%. The spectral intensity versus the projectile
charge state is shown on the left axis and the potential
energy versus q is shown on the right axis in Figures 8–11.
As see from Figures 8–11, as the rise of q, the spectral in-

tensity variation tendency is similar to that of the potential
energy growth in the charge state range of 10–21. On the
other hand, combining the solid state theory and the COB
model, it gives a critical charge state 26, where the photon in-
tensity will increase sharply with the higher q. Therefore, it
tells us that, in the present experiment, the projectile neutral-
ization process obeys the staircase COB model (Ducrée et al.,
1998). Unfortunately, it shows a large deviation between the
experimental point and the potential curve when q= 15. The
big deviation, origins from the experimental error, especially
the beam instability.

4. CONCLUSIONS

In the present work, we have measured the visible light emis-
sion from the collisions of Xeq+ (q= 10–21) ions with the Al
target at 410 keV. Spectrum wavelength in 300–500 nm is re-
corded. The visible light from the neutralization of the pro-
jectiles Xe II and the excited target Al I atoms are detected
at the same time. It is shown that both Xe II and Al I
photon intensities exhibit an incident charge state depen-
dence, the larger q, the more visible light emission and
they have a same variation tendency with the potential
energy. It indicates that our results agree well with the stair-
case COB model.
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