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X-ray emission from the collisions of 3 MeV Ar'™ jons with V, Fe, Co, Ni, Cu, and Zn is investigated. Both the
x-rays of the target atom and projectile are observed simultaneously. The x-ray yield is extracted from the original count.
The inner-shell ionization cross section is estimated by the binary encounter approximation model and compared with the
experimental result. The remarkable result is that the Ar K-shell x-ray yield is diminished with the target atomic number
increasing, which is completely opposite to the theoretical calculation. That is interpreted by the competitive consumption
of the energy loss for the ionization of inner-shell electrons between the projectile and target atom.

Keywords: ion—atom collision, near Bohr velocity, x-ray, coulomb ionization

PACS: 32.80.Aa, 32.30.Rj, 34.80.Dp, 79.20.Rf

1. Introduction

Compared to singly charged ions, the highly charged
heavy ions (HCIs) have many advantages, such as strong elec-
tric field and high potential energy. It will deposit most of its
energy in nanoscale range in the time scale of femtoseconds,
during the interaction with solid target. This results in increas-
ing radiation, enhanced ion sputtering, surface nanoscale de-
fects, etc.!'™# Investigating such collisions not only has sig-
nificance for basic research such as astrophysics and atomic
physics under extreme conditions, but also has important prac-
tical applications in life sciences, materials science, new en-
ergy technology and other fields.58)

In inelastic collisions of HCI with target atoms, HCIs will
release most of their energy in the form of electronic energy
loss, and will give rise to the inner-shell ionization. Corre-
spondingly, vacancies will be filled by radiating x-ray or emit-
ting Auger electrons. Compared to electron, the x-ray has a
greater attenuation length in the solid target and no energy
change under the interaction with target. Thus, research of
x-ray emission can provide an important method for atomic
physics studies and trace element analyses. [>-!?]

For a low energy HCI with velocity less than Bohr veloc-
ity, the kinetic energy is too small to ionize the inner-shell elec-
trons, the main result of the interaction with solid surface is the
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neutralization of the projectile by electron capture from the tar-
get atoms. That has been studied experimentally by measuring
the high resolution x-ray spectra, and can be well described by
the classical over-barrier (COB) model.[''~16] For fast heavy
ions with energies greater than a few tens of MeV/u, the time,
in which the projectile passes through the target with the dis-
tance of characteristic x-ray attenuation length, is usually less
than that of de-excitation for inner-shell vacancies which may
be re-produced by multiple collisions due to the high energy.
Therefore, the evolution of the projectile could not be observed
by radiation measurement, and it mainly provides the infor-
mation for the inner-shell ionization of target atoms. That
has been extensively researched in experiment.!'’->!1 More-
over, many models have been developed to simulate such a
process, such as binary encounter approximation (BEA),??!
plane wave born approximation (PWBA) and ECPSSR for

n, [23-26

coulomb ionizatio I quasi molecular-orbital (MO) for

electron promotion,!?’-?81 electron capture (EC) for charge
transfer.[2%-30!

However, in the energy region near the Bohr velocity, the
projected range of the incident ions is generally less than 1 pm,
which is much smaller than the attenuation length of charac-
teristic x-rays. The inner-shell process of projectile and target

atoms can be observed simultaneously. Due to the limitation
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of experimental conditions, although a few works have been
carried out to study separately the x-ray emission from pro-
jectile or target atoms,31=38] the research investigating simul-
taneously the two phenomena is rare. It is also unclear for
the correlation between the x-ray emission from projectile and
target atoms, which respect to the distribution of energy loss
between the projectile and target atoms. Here, we would like
to explore such a relevance and present our recent experiment
about the x-ray emission from the projectile and target atoms
produced by the collisions near the Bohr velocity.

In the present work, the x-rays of the target atoms (V,
Fe, Co, Ni, Cu, and Zn) and argon ions were measured as a
function of the target atomic number. The experimental x-ray
yields are compared with the theoretical calculations. Compe-
tition between these two emissions is discussed

2. Experimental method

The measurements have been carried out at the 320 kV
high voltage experimental platform in Institute of Modern
Physics, Chinese Academy of Sciences (IMP, CAS), Lanzhou,
China. More details of the experimental system have been
described in the previous work.[3*491 In brief, the ions are
produced and extracted from the electron cyclotron resonance
(ECR) ion source and selected by a 90° analyzing magnet,
and then introduced into the ultrahigh vacuum target cham-
ber (10_8 mbar) after acceleration, focus, multi-deflections
and multi-collimations. The divergence of the beam is smaller
than 0.2°. The ion beam impacts perpendicularly onto the tar-
get with a spot size of about &3 mm. In order to ensure single
collision, the current intensity of ion beam is regulated and
controlled in the magnitude of only a few of nA. The target,
having a purity of 99.99 % with surface area of 15 x 20 mm?
and thickness of 0.1 mm, is positioned on a sample holder. It
permitted a three-dimensional movement to change the target
position freely and removes away from the beam line in order
to measure the current.

The emitted x-rays are detected by a silicon drift detector
(SDD), which has an effective detection area of 7 mm? and a
12.5 pm beryllium window in the front of the detector. The
SDD is placed at 80 mm far away from the target surface in
the chamber and at 135° to the beam direction. The detec-
tor has an effective energy range of 0.5-14.3 keV when the
gain was selected to be 100, and an energy resolution of about
136 eV at 5.9 keV. The energy calibration is carried out using
simultaneously the two standard radioactive sources of >>Fe
and 2*' Am, and then tested by measuring the K-shell x-rays
of Al, V and Fe produced by photon irradiation. In this way,
a precise measurement on the x-ray energy can be guaranteed.
The SDD intrinsic efficiency, which combines the effects of
transmission through the Beryllium window and interaction in
the silicon detector, is well determined by transmission mea-
surement.

The number of incident projectiles, which could not be
measured immediately by recording the target current due to
the influence of the secondary electron emission, is detected
indirectly by the combined use of a penetrable Faraday cup
and a common one. Before every measurement, the projectile
numbers are detected by the penetrable Faraday cup (N;) be-
fore the target and the common Faraday cup (,) after the tar-
get are recorded. The ration (R) of N, /Nj is checked. During
the x-ray detection, the projectile number detected by the pen-
etrable Faraday cup (V) is recorded. Therefore, the number
of the projectile impacting on the target (N) can be calculated
by the formula N = N{ - R.

3. Results and discussion

3.1. The typical x-ray from the interaction of Ar''" ions
with various targets

Figure 1 presents the typical x-ray spectra for 3 MeV
Ar!'!'t jons impacting on V, Fe, Co Ni, Cu and Zn targets.
This includes both x-rays of target atom and projectile. Due
to the absorption of Be window for SDD, the L-shell x-rays
of V and Ar are not observed in this experiment. According
to the rough estimation of the BEA model, the K-shell x-ray
production cross section of those targets is about 5 orders of
magnitude smaller than that of the L-shell. In fact, the K-shell
x-ray yield is too low to be measured. Thus, the target’s K-
shell x-rays are neglected. The line with the peak energy less
than or about 1 keV is the L-shell x-ray of target atom.[*!:4?]
The obvious tail at the high energy side of those L x-rays is
mainly from the contribution of L-edge lines.

The two lines with energy about 3 keV are regarded as the
K, and Kﬁ x-rays of Ar, which result from the transition of L-
and M-shell electrons to K-shell vacancy, respectively.!*!! For
Ar!'!'* jons, in which the remaining orbital electron arrange-
ment is 1s22s22p3, there is no K-shell hole. Thus, this x-ray
is mainly from the decay of the second hollow atom (HA) be-
low the surface. In brief, the recorded spectral lines are mainly
the L-shell x-ray of target and the K-shell x-ray of projectile.
Those come from the decay of inner-shell vacancies produced
by the close collisions inside the target.

3.2. X-ray from the projectile

In Fig. 1, the spectra were normalized by the number of
projectile, and one can find that, with the same incident ions,
the relative intensity of Ar K-shell x-ray is decreased with the
increase of target atomic number. Furthermore, the x-ray yield
per incident ion was obtained from the counts using the fol-
lowing formula: 4%

Ny

Y=———. 1
Norl (@/47) M

Here, Ny is the x-ray counts recorded by SDD; N, is the num-
ber of incident ions; 1 is the detection efficiency of the SDD;
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Q is the solid angle of the detector, which is about 0.0011 Sr
in the present work. The principal uncertainties for the ex-
perimental data mainly result from x-ray count statistic (about

5%), incident ions recording (about 3%), detector efficiency
(about 5%), and solid angle calculating (about 2%). The max-
imal uncertainty of the yield is about 8% after delivery.
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Fig. 1. Typical x-ray spectra for Ar''* jons impacting on (a) V, (b) Fe, (c) Co, (d) Ni, (¢) Cu and (f) Zn targets.
10-4k K-shell ionization cross section of Ar ions is diminished with
2 @ ][g‘l the target atomic number.
] .
® Krotal Although the Ar L-shell x-rays were not observed in
- 107k ¢ 2 s the present work, the ionization of L-shell electrons can be
E’ .3 deduced from the K-shell x-ray emission. In the previous
1o-6k v . 2 2 work,*4 we investigated the characteristic of Ar K-shell x-
v ray. As shown in Figs. 5 and 6 in Ref. [44], it was found that
v z the x-ray energy of Ar Ky and Kp and the relative intensity
10-7E - - A - ratio of Kg to Ky are all dwindled along with the target atomic
24 26 28 30

Atomic number

Fig. 2. Experimental yield of Ar K x-ray as a function of target atomic
number.

The data of yield is extracted directly from the counts for
K, and Kp x-rays with the help of Eq. (1), and that of the Kia
is the summation of those two data. They are all displayed in
Fig. 2. The yield of Ky is roughly over that of Kz by a factor of
about one order of magnitude. It is at the magnitude of about
107-107" for Ky, and 107°-10° for Kp. It is obvious that
the yield is decreased as a function of the target atomic num-
ber. Generally, the x-ray yield is positively related to the x-ray
production cross section. According to the conversion formula
Ox = O - 0 (O is the x-ray production cross section, 3] o is
the ionization cross section, @ is the fluorescence yield), the
x-ray production cross section is directly proportional to the
ionization cross section. Thus, x-ray yield is usually positively
related to the corresponding ionization cross section of inner-
shell electrons. However, the present results indicate that the

number. This means that the multiple-ionization degree of L-
shell decreases with the increase of target atomic number. This
result indicates that the Ar L-shell ionization cross section is
also diminished as a function of the target atomic number, and
this is similar to that of K-shell.

The existing researches show that the inner-shell ioniza-
tion produced by collisions near the Bohr velocity can be sim-
ulated by the BEA model.[*>#¢! The ionized orbital electrons
can be regarded as free electrons, and the ionization cross sec-
tion can be determined by the transferred energy and the ve-
locity distribution of the ‘free’ electrons. For the same orbital
electrons, if the projectile’s velocity is constant, the ionization
cross section is proportional to the nuclear charge of incident
ions. Here, if we take the Ar!!™ ion as the ‘target atom’ and
the target atom as ‘projectile’, the incident velocities of the
‘projectiles’ are the same for the given 3 MeV Kkinetic energy.
Therefore, the K and L-shell ionization cross section of Ar
atom or ion is only related to the target atomic number. It in-
creases with the target atomic number increasing, as shown in
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Fig. 3. However, it is fascinating that the experimental result
is exactly opposite to the theoretical estimation. It is proposed
that it originates from the competition of the kinetic energy
consumption between the inner-shell ionization of target atom
and projectile. To verify this, the x-ray from target atom is also
discussed in the following.
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that it presents a similar trend with target atomic number as
that of the theoretical calculations shown in Fig. 4. However,
it is not true. In order to explain the problem conveniently, a
simple normalization process is performed such that the theo-
retical simulation just can predict the experimental results for
Fe target. The comparison of the theoretical cross section with
the experimental results is shown in Fig. 6. One can find that
the ratio of theory to experiment is less than 1 for Z, = 27-30
and dwindled as a function of Z,. It indicates that the ioniza-
tion of target atom cannot be simply estimated by BEA, and
the distribution of the transferred energy should be considered
between the target and projectile during the above collisions.

0.004

Ionization cross section (Barn)

P oA
e A
280 A AHAM_,A,.,A'—'A
A
24 26 28 30

0.003

* target L

Atomic number

Fig. 3. Theoretical ionization cross section of K- and L-shell electrons
for Ar atom and Ar''* ion as a function of target atomic number.

3.3. X-ray from the target atoms

Figure 4 shows the theoretical L-shell x-ray production
cross section of target atom (Z; = 23, 26, 27, 28, 29 and 30)
produced by 3 MeV Ar'!* ions by using the BEA model. It
is obvious that the cross section is gradually decreased with
the increasing target atomic number. It goes without saying,
because the ionization cross section is inversely proportional
to the binding energy of the ionized electron, for the same in-

45.46] Here, with

cident ion, according to the formula of BEA.!
the increase of Z,, the binding energy of L-shell electrons is
increased. Correspondingly, the cross section is naturally di-
minished. For example, the average L-shell binding energies
of V, Fe, Ni, Cu and Zn atoms are about 530, 730, 800, 875,
950 and 1040 eV, respectively. The estimated L-shell x-ray

production cross section is reduced from 8.3 x 10* to 3.2 x 10°

barn.
105}
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P—— 4 L
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Fig. 4. Theoretical L-shell x-ray production cross section of target atom
induced by 3 MeV Ar!!'* ions.

Figure 5 gives the experimental L-shell x-ray yield of tar-
get atoms impacted by 3 MeV Ar'!Tions. It decreases from
2.28 x 1073 to 8.32 x 10~* for Z, from 26 to 30. It seems

0.002f {

Yield
[

0.001} *

tot

26 27 28 29 30
Atomic number

Fig. 5. Experimental L x-ray yield of target atom by 3 MeV Ar''* jons

impacting.
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Fig. 6. The relative ratio of theory to experiment for target L x-ray
production cross section by 3 MeV Ar''* jons impacting.

3.4. Competition of the x-rays between projectile and tar-
get atom

Further, the x-ray yield of target atom is compared with
that of projectile, as shown in Fig. 7. As the target atomic
number increases, the ratio of x-ray yield of target atom to
that of projectile is enhanced. It increases about 3.5 times for
Z, from 26 to 30. This means that it is easier to excite the
x-ray of target atom during the present collisions, and it has a
greater increase compared with that of projectile.

Considering the results of Figs. 2-7, it is proposed that
during the interaction of 3 MeV Ar!'* ions with the ex-
perimental targets, the projectile loses its kinetic energy by
coulomb collisions, which results in the inner-shell ionization
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of target atom and itself. There is a competition between such
two ionizations. With the increase of target atomic number, the
proportion of the transferred energy used to ionize the target
atom is enlarged, correspondingly, that for projectile is dwin-
dled. As aresult, for the projectile of Ar, the K-shell ionization
is decreased, and the degree of the multiple ionization for the
L-shell is diminished. That leads to the dwindled yield and
blue shift of energy for K x-ray, and the diminution of relative
intensity ration of Kp to K.

e yield (target-L x-ray)/yield (projectile K x-ray)
800 F
600 F {

400 {

200 {

Ratio

26 27 28 29 30
Atomic number

Fig. 7. The experimental ratio of target x-ray yield to that of projectile
as a function of target atomic number.

4. Conclusion and perspectives

The x-rays of target atom and projectile are investigated
completely for 3 MeV Ar!'* ions impacting on V, Fe, Co, Ni,
Cu and Zn targets. The results indicate that, during the colli-
sion of highly charged heavy ions with solid target in the en-
ergy region near the Bohr velocity, the inner-shell electrons of
target atom and incident ions can both be ionized by coulomb
interaction. There is a competition for the consumption of
transferred energy between the above ionization. The most
important result is that the distribution of incident energy used
to ionize the projectile is reduced, with the increase of target
atomic number. This leads to the remarkable result that the
experimental K-shell x-ray yield of Ar ions is diminished.
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