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Production of projectile and target 𝐾-vacancy in near-symmetric
collisions of 60–100 MeV Cu9+ ions with thin Zn target∗
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We report studies on both target and projectile K-shell ionization by collisions of Cu9+ ions on the thin Zn target in
the energy range of 60–100 MeV. In this work, the relative ratio for the production of the target to projectile K-vacancy
is measured. The result shows that it almost remains stable over this energy range and has good consistency with the
predictions by vacancy transfer via the 2pσ–1sσ rotational coupling, which gives experimental evidence for K-vacancy
sharing between two partners. Furthermore, the discussion for comparisons between the experimental ionization cross
sections and the possible theoretical estimations is presented. These comparisons suggest that the experimental data agree
well with those predicted by the Binary–Encounter approximation (BEA) model but are not in good agreement with the
modified BEA calculations. It allows us to infer that the direct ionization (and/or excitation) is of importance to initial
K-vacancy production before 2pσ–1sσ transitions in the present collision condition.
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1. Introduction
The study of ion–solid collisions has great significance

not only for fundamental research but also for technical ap-
plication, like ion-beam modification and analysis of surfaces.
In addition, the inner-shell electron excitation, ionization and
transfer from one collision partner to the other, during ion–
atom collisions, have been studied extensively both theoreti-
cally and experimentally for many years.[1–8] Particularly, K-
shell ionization has been most widely studied for a large range
of projectile number and incident energy. However, even to-
day, a complete theory that can predict K-shell vacancy pro-
duction for all collision systems in different velocities is still
lacking, especially at an intermediate energy. In this range,
the inner-shell processes mentioned above may all play an
important part in inducing vacancies. For example, in near-
symmetric systems, vacancy transfer via 2pσ–1sσ radial cou-
pling can result in both the projectiles and target atoms K-
holes production, based on the Fano–Lichten model.[9–11] Un-
fortunately, as for vacant 2pσ molecular orbitals (MOs) pro-
duction, Morenzoni et al., Knudson et al., and Feldman et
al. argued that they originate from 2pσ–2pπ electron promo-
tion, whether or not there are vacancies in higher-Z partner
L-shell, i.e., 2pπ vacant MOs, before interactions with tar-
get atoms.[9,12–16] In contrast, Winters et al. and Mizogawa
et al. argued that the light-Z partner K-shell electrons can be
directly removed to a level higher than 2p or continuum states,

and then these vacancies evolve to 2pσ and share between two
partners. Only if the higher-Z partners bear the L-shell vacan-
cies, will the 2pσ–2pπ electron promotion predominate the
2pσ generation.[17,18] So far, it is not clear where the electron
promotion picture breaks down and where the direct produc-
tion processes become the dominant role when the higher-Z
partners do not carry L-shell holes before entering the target.
On the other hand, the detailed research on the vacancy shar-
ing ratio between 2pσ and 1sσ as a function of incident en-
ergy is scarcely reported, since previous studies were mainly
focused on searching for the origin of 2pσ production by dif-
ferent experimental designs. However, in order to confirm the
individual inner-shell process, both the experimental sharing
ratio and ionization cross sections should be investigated when
no initial 2p-vacancies are brought into the collisions.

Toward this end, in the present paper, we extend the in-
vestigation to the detailed comparisons of both the sharing ra-
tio and ionization cross sections with the theoretical predic-
tions by 60–100 MeV Cu9+ ions incident on the thin Zn tar-
get. Specifically, we have measured the target and projectile
K-shell ionization cross section ratio as a function of the in-
cident energy. It shows very weak dependence on the incom-
ing energies and agrees well with the prediction of K-vacancy
sharing via the 2pσ–1sσ rotational coupling. Experimentally,
it gives clear evidence for vacancy transfer between 2pσ–1sσ

MOs. Besides, both the projectile and target ionization cross
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sections are measured, and physical mechanisms responsible
for the initial Cu9+ ions K-vacancy production before 2pσ and
1sσ coupling are discussed. The total ionization cross sections
give a good agreement with the Binary–Encounter approxima-
tion (BEA) calculations, while they deviate from the modified
BEA model. Hence, in the present collision system and en-
ergy range, as supported by the experimental results, we are
of the view that the initial K-holes direct production plays a
predominant role in collisions.

2. Experiment apparatus and method

The experimental set-up is schematically shown in Fig. 1.
The experiment was performed using HI-13 tandem acceler-
ator, which usually provides a voltage from 2 MV to 13 MV
for the terminal, at China Institute of Atomic Energy (CIAE).
In our experiment, Cu9+ ions with kinetic energies 60, 65, 70,
80, 85, 90, and 100 MeV were used. The beams were col-
limated highly by a 2-mm aperture and strike on a thin Zn
target at 45◦. Then the ions were collected in a Faraday about
19.5 cm from the target. Beam currents were slightly lower
than 10 nA before the target and just above 10 nA after pass-
ing through the target. In order to reduce the statistical errors,
1500 s was taken for each measurement. The x-rays produced
by beam–target interactions were probed by a Si(Li) detec-
tor with a 10-mm diameter placed at 90◦ relative to the inci-
dent direction of the beams. The Si(Li) detector had a res-
olution of 185 eV at 5.9 keV and a solid angle of 6.22 msr.
The energy calibration was made by using Am241 both before
and after the experiment. The dead time was less than 5%
during the measurement. In addition, the target chamber was
sealed up with a Be window about 50 µm, installed between
the detector and the target. The vacuum in the target cham-
ber was kept at 4×10−4 Pa in our experiment. Besides, the
targets used in this work were prepared by evaporating Zn of
purity 99.99% on carbon foils of 15 µg/cm2 in a vacuum sys-
tem about 10−5 mbar, and had a thickness of 15 µg/cm2 with
uncertainties about 17.3%.
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Fig. 1. Schematic diagram of the experimental set-up.

3. Results and discussion
Typical x-ray spectra taken with the Si(Li) detector are

shown in Fig. 2 for Cu9+ ion interactions with the Zn target
at 65 MeV. On the basis of energetics, the peak (A) arises
from the projectile Cu9+ 2p→1s transitions, including Kα1

and Kα2 x-rays. The interesting thing is the appearance of the
peak (B), which has contribution from 2p→1s transitions for
the target Zn atoms. The simultaneous observation of target
and projectile Kα (Kα1 +Kα2) x-rays give direct evidence
that K-shell vacancies have been created both in Zn atoms and
Cu9+ ions.
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Fig. 2. The x-ray spectra emitted in collisions Cu9++ Zn at 65 MeV.
The inset in the upper left corner is a simple molecular orbital correla-
tion diagram for Cu+Zn system.[10,11]

To explain production of both projectile and target K-
holes, we first present a simple molecular orbital correlation
diagram (the insert in Fig. 2) for the Cu + Zn system accord-
ing to the Fano–Lichten model.[10,11] In their model, the ra-
dial coupling between 2pσ and 1sσ MOs can take place af-
ter 2pσ–2pπ electron promotion at a certain inter-nuclear dis-
tance r.[12] The 2pσ , 1sσ , and 2pπ MOs correspond to 1s shell
of the lower-Z partner (1s (L)), 1s and 2p shell of the higher-Z
partner (1s (H) and 2p (H)).

Specifically, as partners retreat, the 1sσ electrons trans-
fer to the unoccupied 2pσ MOs via the radial coupling 2pσ–
1sσ with a certain probability W of less than 1/2. Here, 1sσ

and 2pσ MOs evolve from Zn 1s and Cu9+ 1s atomic orbitals,
respectively. After they completely separate, part of the va-
cancies exist in the 1s-shell of the Zn atomic orbitals. Hence,
both the projectile ions and the target atoms are in 1s-ionized
state after the collisions. Moreover, obviously, the ratio of K-
shell ionization cross sections for the target to the projectile
ions strongly reflects the vacancy ratio R in 1sσ to 2pσ , which
equals to W/(1−W ). The experimental ratio σ (Zn)/σ (Cu)
as a function of the incoming energy is shown in Fig. 3. The
errors of the ratio are about 26%, including statistical and sys-
tematic errors. As can be seen in the figure, the ionization
cross section ratio almost remains stable during the energy
range studied.
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Fig. 3. Ratio of the K-shell ionization cross sections between Zn and
Cu9+ ions, σ (Zn/Cu), as a function of the incident energy. The solid
line represents the ratio value proposed by Meyerhof.[9]

Based on the above physical process and the procedure
presented by Meyerhof, the transfer probability W between
2pσ and 1sσ MOs can be expressed as[9]

W = 1/(1+ exp |2x|), (1)

x =
π(
√

E (H)−
√

E(L))√
2mev2

p

, (2)

where E(H) and E(L) are the K binding energies of higher-Z
and lower-Z partners,[19] respectively, vp is the projectile ve-
locity, and me is the electron mass.

Hence, the K-vacancy sharing ratio between the target
and the projectile, R, is expressed by

R =W/(1−W ). (3)

From the two equations, we can work out that R varies from
0.587 to 0.693 in the present energy range studied, denoted
as the solid line in Fig. 3. Clearly, the experimental ratio
σ (Zn)/σ (Cu) is basically in agreement with the sharing proba-
bility R via 2pσ–1sσ MOs radial coupling. It implies that, ex-
perimentally, the K-vacancy sharing in near-symmetric heavy
ion collisions does exist. Furthermore, it also states that the Zn
K-holes production is attributed to vacancy sharing between
2pσ–1sσ MOs.

However, it should turn our attention to K-vacancies pro-
duction in projectile Cu9+ ions since the collision systems
bring no initial K- or L-shell holes into the interactions. The
relative velocity between two partners in the present exper-
iment is about 1/5 to 1/3 of the Cu9+ 1s electron velocity,
therefore, one explanation is that molecular-orbital (MO) ef-
fect might reasonably be expected for the production of the
2pσ vacancies, i.e., Cu9+ K-vacancies. To be specific, the Zn
2p vacancies are first formed in an initial collision and the va-
cancies are transferred along 2pπ to 2pσ orbitals resulting in
Cu9+ ions 1s-holes in a second violent collision. Meanwhile,
another plausible interpretation to account for our experimen-
tal data is the direct ionization (and/or excitation) bringing the

Cu9+ ions 1s-holes as the initial 2p vacancies are not present in
target Zn for this work. The above two processes for Cu9+ ions
K-vacancies production cross sections before 2pσ–1sσ shar-
ing are described by the binding energy modified BEA model
and BEA model, respectively.

In searching for a more accurate origin of the Cu9+

ions 1s-vacancies, first, the experimental ionization cross sec-
tions, σ (cm2/atom), are given, which are deduced from the
relation[20,21]

σ =
4πA

ωNtNpεΩ µairµBe
, (4)

where A is the total detected x-ray counts under each peak,
which is obtained by integrating the x-ray peak using Gaus-
sian fitting in OriginPro8, ω is the K-shell fluorescence yield,
which is 0.440 and 0.474 for Cu and Zn, respectively,[22] Nt

is the number of target atoms per cm2, Np is the total number
of interacting projectile ions, ε is the efficiency of the Si(Li)
detector for the measured x-rays energy, Ω is the solid angle
subtended by the detector, which is 6.22 msr in the present
work, µair and µBe are the photon filter transmission coeffi-
cients in 17.3 mm air and 50 µm beryllium window.[23]

The experimental projectile K-shell ionization cross sec-
tions σ (Cu), the target K-shell ionization cross sections σ (Zn),
and the total ionization cross sections σ (T) versus the indent
energies are shown in Fig. 4. As a note, the sum of σ (Cu) and
σ (Zn) is assumed to represent the total experimental Cu9+ ion
K-shell ionizations σ (T) before 2pσ–1sσ radial coupling, and
it is independent of the subsequent vacancy sharing process.
Uncertainties of the ionization cross sections σ (Cu) and σ (Zn)
are estimated to be ±18.4%, including statistical and system-
atic errors. In addition, uncertainties of σ (T) are estimated to
be ±14.5%. Specifically, the contributions to these errors in-
volve the number of incident ions±3%, the solid angle and air
absorption ±0.1%, the efficiency of the detector ±2% and the
x-ray counts ±5%, respectively. Clearly, the experimental re-
sults illustrate that σ (Cu) and σ (Zn) increase with the impact
energy increasing, and the cross sections for the projectile are
observed to be very similar to the target atom in magnitude.
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Fig. 4. Dependence of Cu9+ K-shell and Zn K-shell ionization cross
sections on the incident energy. The solid curve represents the theo-
retical results calculated by the BEA model and the top dashed line
represents modified BEA calculations.
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Next, theoretical ionization cross sections calculated by
the BEA model and the binding energy modified BEA are es-
tablished. In the analysis below, Cu9+ beams and Zn atoms
play a role of “target” and “projectile”, respectively, as K-
vacancies produce in Cu9+ ions first. The detail of the models
will be discussed in the following.

According to the BEA model, the K-shell ionization cross
sections are given by[24]

σ (E) =
(
NZ2

σ0/E2)G(V ), (5)

where N = 2 for the K-shell, Z is the “projectile” charge, E
is the 1s electron binding energy of the ‘target’ electrons in-
volved in the interactions, which equals mev2

0/2 and σ0 =

6.56×10−14 cm2 ·eV2,[24] and G(V ) expresses a scaled veloc-
ity (V = vp/v0) function, which has been given in Ref. [24].
In the binding energy modified BEA model, Z is replaced by
the sum of projectile and target atomic number, and E is the
united atom Pr (Z = 59) 2p electron binding energy. The the-
oretical results calculated by the BEA model and the modified
BEA model are plotted as solid and dashed lines, respectively,
in Fig. 4. One can see that the BEA model predicted ionization
cross sections that are in good agreement with the total experi-
mental measurements, while the results given by the modified
BEA model are far above the experimental data. This indi-
cates that Cu9+ ion 1s vacancies mainly originate from the
direct ionization or excitation rather than 2pπ–2pσ coupling.
In other words, in this experiment, the direct process becomes
more competitive with the 2pπ–2pσ electron promotion pro-
cess.

Nevertheless, it is worth noticing that, in Figs. 3 and 4,
small disagreements between the theoretical predictions and
our experimental data are observed at higher energies 90 and
100 MeV, where the target has been used for 11.25 h. Hence,
one possible reason for these disagreements is that long hours
of bombardments make the target charred as dark dots (C)
and folds in the target are observed. Obviously, in this case,
beam interactions with the carbon atoms before with the target
will increase initial Cu9+ ions K-shell ionization cross sec-
tions, i.e., σ (T). Moreover, only K-vacancies induced by Zn
atoms will take part in the subsequent sharing between 2pσ

and 1sσ MOs, since the transfer occurs during the separation
of the united-partner.[9] Therefore, a smaller ratio value occurs
at these last two points in our experiment, which is in agree-
ment with that in Fig. 3. Of course, the beam instability in the
experiment for two energies could also lead to some additional
uncertainties, and the above analysis is estimating the lack of
uncertainty for the ionization cross sections. Therefore, no er-
ror bars for (Zn), σ (Cu), σ (T) and σ (Zn)/σ (Cu) are given in
90 and 100 MeV. In spite of some differences involved in the

higher incident energies, it is evident that both experimental
σ (T) and σ (Zn)/σ (Cu) exhibit the same order of magnitude
as the theories predicted. In addition, we conclude that these
slight disagreements have no effect on the previous discussion
on the birth of Cu9+ ions 1s-holes and their sharing between
2pσ–1sσ MOs in our paper.

4. Conclusion
Both the target and projectile K-shell ionization cross sec-

tions have been measured in 60–100 MeV near-symmetric col-
lisions of Cu9+ ions with the thin target Zn. The data show
that even if the projectile does not carry initial L-shell vacan-
cies, the inner-shell ionization can occur in the projectile and
the target and both ionization cross sections are of the same
order of magnitude. The ratio of target to projectile K-shell
ionization exhibits a very weak dependence on projectile en-
ergy and agrees well with the K-vacancy sharing predictions.
Besides, the total ionization cross sections are found to be in
fair agreement with the BEA model, while the modified BEA
calculations do not reproduce our result. Hence, we conclude
that 2pπ–2pσ rotational coupling fails to explain the initial K-
holes production, while the Cu9+ ions direct ionization (and/or
excitation) is the dominant process in the present work. In
summary, a violent collision directly induces a K-vacancy in
Cu9+ ion, which shares between two partners, subsequently,
and results in both the Zn atom and Cu9+ ion being in K-
ionization state, finally. However, at what Z and incident en-
ergy the direct process will play a dominant role when there is
no L-shell vacancy in higher-Z partner is still not clear, so fur-
ther experimental and more thorough theoretical studies on K
and higher n-shell vacancy production in ion–atom collisions
are required to clarify the situation.
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