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Abstract. Al K-shell X-ray yields are measured with highly charged Arq+ ions (q = 12–16) bombarding
against aluminium. The energy range of the Ar ions is from 180 to 380 keV. K-shell ionization cross
sections of aluminium are also obtained from the yields data. The experimental data is explained within
the framework of 2pπ-2pσ rotational coupling. When Ar ions with 2p-shell vacancies are incident on
aluminium, the vacancies begin to reduce. Meanwhile, collisions against Al atoms lead to the production
of new 2p-shell vacancies of Ar ions. These Ar 2p-shell vacancies will transfer to the 1s orbit of an Al
atom via 2pπ-2pσ rotational coupling leading to the emission of a K-shell X-ray of aluminiun. A model is
constructed based on the base of the above physical scenario. The calculation results of the model are in
agreement with the experimental results.

PACS. 32.80.Hd Auger effect and inner-shell excitation or ionization – 32.30.Rj X-ray spectra

1 Introduction

In recent decades, the interaction of multiply or highly
charged ions with surfaces has been the subject of ac-
tive research, which has profited from developments in
ion-source technology for slow multiply and highly ion-
ized atoms. The considerable amount of potential energy
stored in those ions is liberated in collisions with solids in
complex multi-electron processes [1]. These processes, in
addition to the fundamental interest concerning the inter-
action mechanisms, are relevant with respect to practical
aspects (e.g., plasma-wall interactions), and might have
the potential for future technological applications (e.g.,
ion-beam modification and analysis of surfaces).

Most experimental work in this field has focused on
measurements of X-rays of the projectile [2] and electron
emission from the surface [3–5] and has led in recent years
to significant progress in the understanding of the inter-
action mechanism [6,7]. The interaction between ions and
metal in front of the surface is described by a classical
“over-barrier” model [8]. Neutralization of the ions pro-
ceeds at rather large distances from the surface by res-
onant charge transfer of conduction band electrons into
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Rydberg levels of the projectiles, then at and below the
surface plane, the inner shells will be filled in close en-
counters with target atoms to complete the relaxation se-
quence.

In this work, low energy (v1 ≤ 1 a.u.) Arq+ ions
(q = 12–16) impinging on the aluminium surface cause
k-shell excitation of the target atoms. For this low energy
and the near symmetric system, the perturbative theory
of inner-shell ionization, such as perturbation-stationary-
state (PSS) theory [9], is not appropriate, specifically in
the collision regime of the molecular-orbit (MO) model. In
the MO model, the projectile-target system is represented
as a temporarily formed diatomic molecule characterized
by the adiabatic, independent-particle orbits and energies.
When the energy level of a molecular orbit containing a
vacancy crosses, or is degenerate with, an initially lower
energy level corresponding to a filled orbit, the vacancy
can be transferred to this second orbit. After the colli-
sion partners separate, the transferred vacancy becomes
an atomic inner-shell vacancy. The electron of Al 1s shell
is promoted to Ar 2p shell via a coupling between the
2pπ-2pσ states of the quasi-molecule. This coupling arises
because the internuclear line, which is the axis of quanti-
zation of angular momentum, is rotating throughout the
collision [10,11].

In order to obtain the theoretical X-ray yields of alu-
minium, the number of 2p vacancies and the kinetic energy
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of argon ions at each depth from the target surface must
be known. They determine the charge transfer cross sec-
tions of the 1s electrons of Al at each depth of the target.
The theoretical X-ray yields of thick targets [12] will be
obtained by integrating all these cross sections at each
depth.

We report the experimental details in Section 2. Exper-
imental data are analyzed in Section 3. The details of the
calculation model we used are discussed in Section 4 and
the theoretical results are compared to the experimental
data in Section 5.

2 Apparatus and experiment method

The experimental set-up is schematically shown in
Figure 1. The experiment was performed at the ECR ion
source at the National Laboratory of the Heavy Ion Re-
search Facility in Lanzhou. The details of the 14-GHz ECR
ion source are described elsewhere [13].

Ar12+–Ar16+ are extracted from the source at various
high voltages, corresponding to projectile energies in the
range 180 to 380 keV. The ions are selected by a 90◦ mag-
net. The beam is highly collimated by two sets of four jaw
slits to a size of less than 2 × 2 mm2. The beam intensity
can be monitored to satisfy the experimental requirement.
An electrometer coupled with a current integrator records
the total charge deposited by the ion beam to an accuracy
of ±5%. The target is set at 45◦ with respect to the ion
beam axis and at 90◦ to line of sight of the X-ray detec-
tor in the chamber. The base pressure in the chamber is
maintained at 2 × 10−8 mbar. The emitted X-rays trans-
mit through a beryllium window which has a thickness of
50 µm and are detected by a Si (Li) detector outside the
chamber. The detector has a solid angle of 5.5 × 10−3 sr
and its energy resolution is about 190 eV at 5.9 keV. It
is positioned as near as possible to the Be window to re-
duce the absorption of the air. The aluminum surface is
cleaned and has a purity of 0.9999. The aluminum target
has a size of 19 × 24 mm2 and its thickness is 1 mm.

3 Data analysis

3.1 Thick target yield of K-shell X-ray

A typical X-ray spectrum of aluminium is presented in
Figure 2. The Al K-shell X-ray yield per incident parti-
cle is:

Y (E) =
NX

NP

4π

Ω

1
εµ

(1)

NX is the observed total X-ray counts, Ω is the solid angle
of the X-ray detector seen from the target, ε is the detector
efficiency, µ is the absorption coefficient of air and the
beryllium window, NP the total number of the incident
particles.

We can integrate the counts in the Al (K) peak at
1.53 keV to determine the observed total Al K-shell
X-ray counts NX at projectile energy E. The values of

Fig. 1. Schematic diagram of the experimental set-up.

Fig. 2. Typical X-ray spectra of aluminium.

NX are extracted from the spectrum by computer fitting
procedures. The detector efficiency ε is calculated using
the manufacturer’s specifications to include the effects of
X-ray attenuation by the beryllium window, gold electrode
layer, and silicon dead layer. The detector efficiency for
Al (K) X-rays is calculated to be 38% for the detector with
25 µm windows respectively. The value of µ for 0.8 cm air
and 50 µm beryllium window is 6.5 × 10−2.

To decide the value of NP , there is a problem of the
secondary electrons emission. In 1993, Kurz and Aumayr
gave experimental values for the total secondary electron
yield from a clean gold surface by low energy Ar5+–Ar16+
ions. In order to make the electron emission correction
to the target Al, we measured the target currents of Al
and Au from the electrometer under the condition of the
same beam states (beam energy, charge state and beam
intensity all the same). Let I be the true beam current
intensity, IAl the target current intensity of Al, IAu the
target current of Au

IAu

1 + β
= I =

IAl

1 + α
(2)

α, β are the secondary electron emission coefficients for Al
and Au, the value of β is taken from Kurz [14]. We can
get the value of α from (2), then decide the true beam
intensity and the value of NP by the method of measuring
the target current of Al and Au at the same time.

Our yield data excitated by various charge states of
argon ions are shown in Figures 3–7. The yield data are
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Fig. 3. Al K-shell X-ray yield by Ar12+, the solid line is the
theoretical results calculated by our model and the square dots
are the experimental results.

Fig. 4. Al K-shell X-ray yield by Ar13+, the solid line is the
theoretical results calculated by our model and the square dots
are the experimental results.

plotted against beam energy, after corrections for back-
ground and dead time. The typical uncertainty of our yield
data is ±25%, but for the low energy point, beam energy
less than 240 keV, the uncertainty is ±55% due to the
uncertainty of the background in the spectrum.

3.2 X-ray production cross section

We extract the X-ray production cross section from Y
according to the standard formula

σX(E1) =
1
N

[(
dY

dE

dE

dR

)
E1

+ µ
cos θ

cosϕ
Y (E1)

]
(3)

where E1 is the beam energy, N the target density, dE/dR
is the stopping power, µ the self-absorption coefficient of
the target for its own characteristic X-ray. For these low

Fig. 5. Al K-shell X-ray yield by Ar14+, the solid line is the
theoretical results calculated by our model and the square dots
are the experimental results.

Fig. 6. Al K-shell X-ray yield by Ar15+, the solid line is the
theoretical results calculated by our model and the square dots
are the experimental results.

Fig. 7. Al K-shell X-ray yield by Ar16+, the solid line is the
theoretical results calculated by our model and the square dots
are the experimental results.
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beam energies of several hundred keV, we neglect the self-
absorption effect. The stopping power data we used is the
theoretical equations developed by Lindhard, Scharff, and
Schiott [15], which has an uncertainty less than ±40%.
Our yield curves allow differentiation with regard to en-
ergy, the typical uncertainty of the X-ray production cross
section is ≤50% and ≤70% for the beam energy less than
240 keV.

Then we get the Al K-shell ionization cross section,
σI(E1), for given beam energy E1,

σI(E1) = ω−1
K σX(E1). (4)

The value of ωK = 0.04 was taken from Fink et al. [16].
ωK is the average K-shell fluorescent efficiency of Al. The
plotted Al K-shell ionization cross sections σI against the
incident beam energy E are shown in Figures 8–12, the
theoretical results of ionization cross sections calculated
by our model under the framework of 2pσ-2pπ rotational
coupling are also shown in Figures 8–12. The details of
the model have been discussed in Section 4.

4 Calculation of the ionization cross section

4.1 Evolution of argon 2p vacancies

When Ar ions with 2p-shell vacancies incident into alu-
minium, vacancies begin to reduce, meanwhile, with col-
lision against Al atoms, new 2p-shell vacancies of Ar ions
are produced.

The number of 2p vacancies of argon, n, at a certain
depth of the target is a function of the range R of incident
ions and the residual range R∗, n satisfying the following
equation:

dn(R, R∗)
dR∗ = − n(R, R∗)

v (R, R∗) τ
+ σAr

2P N (5)

where τ is the lifetime of a 2p shell vacancy of argon. σAr
2P

is the ionization cross section of the 2p shell of argon, N
the target density.

The solution of equation (5) is

n (R, R∗) = n0 exp (−r/v(r)τ )

+ σAr
2P Nv(r) [1 − exp (−r/v(r)τ )] (6)

where r = R − R∗, n0 is the number of the initial argon
2p vacancies.

4.2 2pπ-2pσ rotational coupling cross sections

The well-known equation for calculating the 2pσ-2pπX′

excitation cross section is:

dC1

dt
= − bv

R2
f(R)C2 exp

[
i

∫
(E1 − E2) dτ

]

dC2

dt
=

bv

R2
f(R)C1 exp

[
−i

∫
(E1 − E2) dτ

]
. (7)

Fig. 8. Al K-shell ionization cross sections bombarded by
Ar12+, the solid line is the results calculated by our model
and the square dots are the experimental results.

Fig. 9. Al K-shell ionization cross sections bombarded by
Ar13+, the solid line is the results calculated by our model
and the square dots are the experimental results.

Fig. 10. Al K-shell ionization cross sections bombarded by
Ar14+, the solid line is the results calculated by our model and
the square dots are the experimental results.
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Fig. 11. Al K-shell ionization cross sections bombarded by
Ar15+, the solid line is the results calculated by our model and
the square dots are the experimental results.

Fig. 12. Al K-shell ionization cross sections bombarded by
Ar16+, the solid line is the results calculated by our model and
the square dots are the experimental results.

This equation describes the probability that one 2pσ
electron transfers to one 2pπX′ vacancy, it is P (b) =
|c2 (+∞)|2.

Briggs and Macek used this equation to solve the prob-
lem of a one vacancy collision system [17,18], such as the
Ne+ and O system.

In the present work, the 2p vacancies of argon ions are
different at each depth of the target. This is the multi-
electron and multi-vacancy process, we can construct the
transfer probability of this multi-electron system using the
single-electron probability P (b) and the statistical factors.

In Section 4, we obtained the number of argon 2p va-
cancies at each depth of the aluminium target. On the
basis of the above discussion, we can obtain the charge
transfer cross section, σ (R, R∗), of the multi-electron and
multi-vacancy system.

The theoretical X-ray yield is

Y (E) =
∫ R

0

σ (R, R∗)dR∗,

then the ionization cross section is

σI (E) = (ωKN)−1 dY (E)
dE

dE

dR
.

dE/dR is the theoretical result of stopping power given
by Lindhard [15].

Equation (7) is solved under three approximations:

(i) the Gershtein-Krivchenkov formula for the 2pπ-2pσ
energy gap is used: E1 (R) − E2(R) = kR2 where
k = 1/40Z1Z2 (Z1 + Z2)

2;
(ii) the 2pπ-2pσ radial overlap f (R) is set equal to

unity [17–19];
(iii) equations (7) are integrated along the screening

Coulomb deflection trajectories, the screening poten-
tial function is V = (Z1Z2/r) exp (−r/a), where a is
the screening length discussed by Bohr [20].

4.3 Argon 2p-shell vacancy production

The value of σAr
2P must be determined in order to obtain

the calculated X-ray cross section, σX (E).
We estimate the argon 2p-shell ionization cross section

using the binding-energy-modified BEA approximation.
According to the BEA theory, the vacancy production

cross section is given by

σBEA = C
(
Z

/
U2

)
f (v/U) (8)

where C is the number of equivalent electrons having bind-
ing energy U , Z is the projectile atomic number, v is the
velocity of the projectile.

Two electrons of the argon 2p shell will evolve to the
3dσ MO during the collision, the 3dσ MO will degenerate
with the 3dπ MO which evolved from the Al 2p-state and
the 3dδ MO from the Ar 3d-state. There is no direct cou-
pling between the 3dδ and 3dσ MO, and the 2p-shell of
aluminium contains no vacancy. The 2p-shell electrons of
argon will not be promoted to 3dδ states directly, so the
2p-shell vacancies of argon will be produced probably via
direct ionization from the 3dσ MO. In an attempt to esti-
mate the direct vacancy production of the argon 2p-shell,
the values of U , v, C, Z in equation (8) will be modified.
C = 2 for two 3dσ electrons, the binding energy of the 3dδ
MO in the united atom (UA) limit, U3d, is used instead of
U , v is replaced by vC

Al,the velocity of an aluminium atom
in center of mass coordinates and n = 3. will be replaced
by the effective charge Zeff , an effective charge that the
3dσ electrons will feel from the moving aluminium nucleus

Zeff ≈ Z2

Z1 + Z2
Z3d (9)

where Z1, Z2 are the atomic numbers of Ar and Al, and
Z3d is the 3d level effective charge of the UA with binding
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energy U3d = −Z2
3d/2n2 ≈ 0.8 a.u., n = 3. The analytic

description of σAr
2P is

σAr
2P = 2

(
Zeff /U2

3d

)
f

(
vC
Al

/
U3d

)
. (10)

The theoretical Al K-shell X-ray yields and the K-shell
ionization cross sections bombarded by Arq+ (q = 12–16)
ions calculated by this model are plotted in Figures 3–12
in order to compare with the experimental results.

5 Discussions

The experimental results indicate that with the same inci-
dent energy, Al K-shell X-ray yields, which are excited by
Arq+ ions with different charge states, are of the same or-
der of magnitude. Nonetheless among them there are still
some quantitative differences yield. The yields excited by
Ar12+, Ar14+ and Ar15+ are almost the same while the
Ar13+ is larger and the Ar16+ yield is much smaller.

We assume that, for the same incident energy, two
main factors will influence the charge transfer cross section
of the Al 1s electrons; one is the available 2p shell vacan-
cies of argon ions, the other is the energy gap between
the 2pπ MO and the 2pσ MO. The more vacancies, the
larger the transfer cross section. The larger energy gap,
the smaller the cross section will be.

From Ar12+ to Ar16+, the number of available 2p va-
cancies varies from four to six. Meanwhile, more vacan-
cies will decrease the screening strength among the elec-
trons, which will increase the energy gap between 2pπ and
2pσ orbits. The X-ray yields excited by Ar13+ are a bit
larger than Ar12+. In this case, the number of vacancies
probably influences the cross section more strongly than
the energy gap does. The yields excited by Ar14+, Ar15+,
Ar16+ are all smaller than that of Ar13+. In this case it
may be that the energy gap influences the charge transfer
cross section much more than the vacancies number does.

The yields excited by Ar15+ are a bit smaller than that
of Ar14+ and the yields of Ar16+ are smaller than that
of Ar15+. The reason is that Ar14+ has two 2s electrons,
Ar15+ has one, but Ar16+ has none. Meanwhile, these ions
have the same number of 2p vacancies. So the conclusion
is: the 2pπ-2pσ energy gap of Ar16+ is the largest and the
energy gap of Ar14+ is the smallest, so the yields for Ar14+
will be the largest of the three, the yields for Ar16+ will
be the smallest. This conclusion is in agreement with the
results of the experiment.

The theoretical model is effective in estimating the
magnitude of Al K-shell X-ray yields excited by Arq+

ions (q = 12–16). But the model cannot describe the
differences among the different charge states exactly.
The model shows that the larger the charge states, and the

more available vacancies there are, the larger the X-ray
yields will be.

We solve equation (7) under the approximation that
the energy gap between the 2pπ and 2pσ states is
described by the Gershtein-Krivchenkov approximation.
This is a first order approximation. It is independent of
the charge states of the ions, the second order differences
for different charge states are neglected in this approxima-
tion. So, in our model the only factor that will influence
the charge transfer cross section is the number of available
vacancies. This is why the model describes the magnitude
of the yields well but cannot describe the relative intensity
between different charge states exactly.
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