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Fe K-shell ionization cross sections induced by 2.4-6.0 MeV Xe?0* are measured and compared with different binary-
encounter-approximation (BEA) models. The results indicate that the BEA model corrected both by the Coulomb repulsion
and by the effective nuclear charge (Z.t) agrees well with the experimental data. Comparison of Fe K-shell X-ray emission
induced by 5 MeV xenon ions with different initial charge states (20+, 22+, 26+, 30+) verifies the applicability of the
effective nuclear charge (Z.s ) correction for the BEA model. It is found that Z. correction is reasonable to describe direct
ionization induced by xenon ions with no initial M-shell vacancies. However, when the M shell is opened, the Z¢ corrected
BEA model is unable to explain the inner-shell ionization, and the electron transfer by molecular-orbital promotion should

be considered.
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1. Introduction

The interaction of highly charged ions with solids has at-
tracted substantial attention and has been studied both theoret-
ically and experimentally.!'=>1 When such ions enter into solid
matter, they deposit energy in collisions with target electrons
and nuclei. The inner-shell electrons are ionized and the cor-
responding vacancies de-excite by X-ray emission or Auger
transition.[®”! Investigation of the X-ray emission provides
a useful method to study the atomic properties and dynamic
mechanisms of ion—solid collisions.®!

Direct ionization (DI),[°! electron capture (EC),!'?! and
electron transfer via molecular-orbital (MO) promotion!'!! are
the three basic channels of inner-shell ionization in ion—atom
collision. It is well known that DI is the predominant mech-
anism for the strongly asymmetric and fast collision where
Zy < 7 and vp/v; > 1, with Z; and Z, being the respec-
tive atomic numbers of the incident ion and the target atom,
vp the velocity of the projectile, and v; the orbital velocity
of the i-shell electron. For the less asymmetric collision for
Zy < Zp and vy /vi > 1, EC becomes important, and the MO
comes into play in the symmetric and very slow collisions
for Z; ~ Z, and vp/v; < 1.1'2] However, the process is still
not well understood for the asymmetric and slow collisions
with Z; > Z, and v,/v; < 1, and the corresponding theo-
retical and experimental database is small.['313] During the
slow collisions for highly charged ions near the Bohr velocity
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(vo = 2.19 x 10° m/s), the projectile motion of the system is
usually slower than that of the orbital electrons, so the colli-
sion partners have enough time to adjust their orbits, and inner-
shell vacancies may be produced by electron transfer, except
for direct Coulomb ionization. Besides, for a thick target, there
exists the so-called solid effect, which means that the colli-
sion frequency is high compared to the lifetime of the excited
states and the charge state equilibrium in solid is reached on
the femtosecond timescale.[!®! Therefore, there are two contri-
butions to the total X-ray yield, namely, pre-equilibrium and
equilibrium emission. The pre-equilibrium emission depends
on the initial charge state, and the equilibrium emission, by
definition, depends only on the projectile velocity. Several ex-
periments have been devoted to investigating the charge state
dependence of the energy loss of slow, highly charged ions in
solid, gas, and plasmas,!!'’2!! and an enhancement of the en-
ergy loss with increasing initial charge was observed. Another
question related to this research is how the inner-shell ioniza-
tion of the target atom responds to the change of the initial
charge state of the projectile.

The present work aims to modify the original binary-
encounter-approximation (BEA) model by effective nuclear
charge for inner-shell direct ionization produced by highly
charged ions near the Bohr velocity in the asymmetric colli-
sions of Z; > Z,. We measured iron K-shell ionization cross
section by highly charged heavy Xe?** ions with velocity of
0.86vp—1.36vy and compared the data with the BEA theoreti-
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cal approach. Furthermore, we measured the X-ray emission
by 5 MeV xenon ions with the initial charge states of 20+,
224, 26+, and 30+. The particular emphasis will be laid on
the dependence of the conception of effective nuclear charge
on the initial charge state of the projectile.

2. Experimental methods

The experimental setup is similar to that described in
Ref. [22]. The slow, highly charged xenon ions were extracted
from the electron cyclotron resonance (ECR) ion source at the
Institute of Modern Physics, Chinese Academy of Sciences in
Lanzhou. The ion beam was injected into the ultrahigh vac-
uum target chamber (10~8 mbar) by deflection magnet, focus-
ing quadruple magnet, and collimation diaphragm. The beam
impacted perpendicularly onto the target surface. The diam-
eter of the beam spot was about 3 mm. The emitted X rays
were detected by a silicon drift detector (SDD) at 45° with re-
spect to the beam direction and with a geometrical solid angle
of 0.0066 sr. The detector has an energy resolution of about
136 eV at 5.9 keV and effective energy range of 0.5 keV—
14 keV when the gain was selected as 100, and the efficiency
has been given by the manufacturers. We note the beam was
not measured directly. Instead, the projectile current was mea-
sured indirectly by combined use of a penetrable Faraday cup
and a common Faraday cup for eliminating the influence of
the secondary electrons emission. The iron target had a purity
of 99.99% with surface area of 15x20 mm? and thickness of
0.30 mm.

The penetration depth of Xe?** ions impacting on the iron
target is about 0.36, 0.46, 0.55, 0.73, and 0.91 pum at the ener-
gies of 2.4, 3.0, 3.6, 4.8, and 6.0 MeV, respectively. This inci-
dence range is smaller than the target thickness of 0.30 mm.
Therefore, the target used in the present work can be con-
sidered as a thick target. The experimental X-ray production
cross section can be derived from the X-ray yield using the
well-known thick target formula!??!

_ 1dY dE Hcos@

" ndEdR  ncosg

ox(E) Y(E), (1)
and that can be converted to inner-shell ionization cross sec-
tion by using the fluorescence yield!®!

0; = 0x/ O, 2

where n is the target atom density (atoms/g), i is the mass
absorption coefficient of the target for its own characteristic
X-ray given by Hubbell,[>*! 6 is the incident angle to the nor-
mal direction of the target surface, ¢ is the observation angle
to the target normal, Y (E) is the X-ray yield per incident ion
at impact energy E, dY /dE is extracted by calculating the dif-
ferential coefficient on Y (E) to E, and dE/dR is the projectile

stopping power calculated by SRIM.[?! The ionization cross
section is o; for the i-shell electrons and  is the fluorescence
yield factor.

In the present work, the Fe K-shell X-ray yield per inci-
dent particle is calculated by

Nx

Y= Non(@/an)

(3)
where Nx is the observed X-ray counts, which is extracted
from the Gaussian fitting of the spectrum by a nonlinear curve
The Np is the to-
tal amount of incidence ions, which could be calculated by
Np = Q/(g x 1.6 x 10719) (Q is the integral intensity of the
projectile charge, g is the initial charge state of the projec-
tile). 1 is the SDD efficiency, which is about 98% for Fe Ky
and Kg X-rays. € is the solid angle of the detector. The to-

fitting procedure, as shown in Fig. 1.

tal uncertainty of the yield is about 11% due to the statistics
of the X-ray counts (5%) and the measurement of the inci-
dent ions number (10%). The uncertainty of the cross section
mainly originates from the calculation of yield and the estima-
tion of stopping power, which was estimated to be of the order
of 22%.
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Fig. 1. Typical X-ray spectrum of iron induced by 6.0 MeV Xe?** ions.
Discrete square denotes the experimental result, solid line denotes the
Gaussian fitting.

3. Results and discussion

In order to obtain the cross section, the Fe K-shell X-ray
yield per incident ion was extracted from the X-ray spectra by
Eq. (2). As shown in Fig. 2, the yield ranges from 1078 to
10~ and increases smoothly with increasing kinetic energy of
the projectile.

Generally, during the process of highly charged ion—-atom
collisions, the K-shell fluorescence yield is different from the
atomic data due to the multiple ionization of the L and M elec-
trons. However, using the single-hole fluorescence, the yield
should not bring additional uncertainties exceeding 10% for
the ionization cross section calculation, because the K fluo-
rescence yield should not change significantly unless the L-
shell electrons are practically ionized.!*®! This is impossible
to occur in the solid target as verified by Tawara ef al. that

113402-2



Chin. Phys. B Vol. 22, No. 11 (2013) 113402

the K-shell fluorescence yield is constant for a solid Si target
for incident fluorine ions.[?’! In the present work, there was
no obvious shift of the X-ray. That means the L shell had no
multiple vacancies during the K-shell X-ray emission. There-
fore, we employ the single-hole fluorescence yield to calcu-
late the K-shell ionization cross section. In view of the data
of Krause,?8! the fluorescence yield used in our calculation is
0.340.
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Fig. 2. The yield of Fe K-shell X-rays as a function of the projectile

kinetic energy.

The K-shell ionization cross section of iron obtained by
It is about 0.23—
2.72 barn (1 barn= 102 m?) for the incident energy from 2.4

Egs. (1) and (2) is presented in Fig. 3.

to 6.0 MeV, and increases smoothly with the increase in the
scaled velocity V (V = v, /v;). The ECPSSR model,*”! which
is based on plane-wave Born approximation and considers the
effects such as energy loss (E) and Coulomb deflection (C) of
the projectile, the modification of the atomic electron energy
states through a perturbed stationary states model (PSS), and
the adjustment of the electron mass due to the relativistic ef-
fects (R), is regarded as a the most excellent prediction to the
inner-shell ionization by light ions. However, the present ex-
perimental result was underestimated by several magnitudes.
Thus, we focus the BEA model to fit the results in this paper.
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Fig. 3. Experimental Fe K-shell ionization cross section by Xe?0*
ions, together with original BEA, BEA-CR, BEA-Z¢, and BEA-Zg-
CR models.

The binary-encounter-approximation (BEA) model,?"!

which describes the inner-shell ionization as the classical col-
lisions between the incident ions and the ionized electrons,

calculates the ionization cross section for a definite energy
transfer from the moving particles to the orbital electron of
the target atoms. It is obvious in Fig. 3, the BEA prediction
overestimates the experimental results by almost one order of
magnitude and the deviation is large at the low kinetic energy
of the projectile. The original model is independent of the pro-
jectile charge state and does not take into account the effect of
projectile repulsion duo to the nuclear Coulomb field. Here
we correct the simple BEA theory by taking into account the
Coulomb repulsion to compare with our experimental results
and attempt to discuss the effect of initial charge state to the
inner-shell ionization of the target atom.

As discussed by Magno et al,3!! the effects of the
Coulomb repulsion on the ionization cross section has two sep-
arated parts. One is the slowing-down of the projectile in the
nuclear Coulomb field, which is important at the low incident
energy. It presents the effective collision energy of the pro-
jectile. The other part arises from the change of the projectile
trajectory duo to the Coulomb deflection. The correction for-
mula of BEA by Coulomb repulsion (BEA-CR) can be written

2]
Gi(E) = Gi(E,) {1/2+ 1/2, /Ep/Epo]z, 4)

where Ej is the initial kinetic energy of the projectile, and

asl

E, = Ep —Z(E. +U) is the effective collision energy of the
projectile. E, and U are the kinetic energy and the binding en-
ergy of the electron, respectively. The cross section is o;(E})

for original BEA calculation given in a close form as[3°]
NZ20y
oPFA — ( 2 )G(V), )

where N is the electron number for the i-shell, Z; is the pro-
jectile nuclear charge, 6y = me* = 6.56107!4 cm?-eV?2, U is
the electron binding energy, and G(V) is a universal function
of the scaled velocity V = v, /v;.

At low velocities, v, < vj, the highly charged heavy ions
carrying their residual orbital electrons interact with the target
atom in an asymmetrical collision system of Z;/Z, > 1.B3!]
They act as ions or atoms rather than point charge particles,
and the screening effect of the residual orbital electrons to the
atomic nucleus cannot be ignored. Hence, in the case of low
energy collisions, the projectile nuclear charge Z; must be re-
placed by the effective nuclear charge Z.g for the cross section
estimation in the classical BEA model. In the present work,
we estimate the effective nuclear charge based on Slater’s
rule®334 (Z.4 = Z; — 8, § is the screening constant due to the
shielding of the electrons between the nucleus and the elec-
trons which is considered). The screening constant was es-
timated by taking into account the shielding of the residual
electrons of the projectile with initial charge state. For Xe?t,
the initial electron configuration is 1s>2s>p®3s%p®d!%4s%p?, so
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the screening constant is about 29.52. Correspondingly, the
effective nuclear charge Z. is about 24.48.

The experimental Fe K-shell ionization cross sections are
compared with theoretical calculations of BEA models, as
shown in Fig. 3. Except for the original BEA model, the
corrected BEA models, e.g., BEA-CR, which considers the
Coulomb repulsion effect, BEA-Z.¢ corrected by the effective
nuclear charge Z.i and BEA-Z.4-CR corrected by both the
Coulomb repulsion and Z¢ are presented. The Coulomb re-
pulsion correction has a significant effect at the lower collision
velocity. For example, the correction is about 60% at the en-
ergy of 2.4 MeV, and about 30% at 6.0 MeV. With the single
correction of Coulomb repulsion, the theoretical calculation
almost cancels the difference of the deviation at various inci-
dent energies, but it still overestimates the experimental data
by a factor of 7. Taking into account the single correction of
effective nuclear charge, it reduces the classical BEA predic-
tion by a factor of 2.2 and gives a closer representation of the
experimental data than that of BEA-CR. Furthermore, after
both corrections (CR and Z.g), although the theory overesti-
mates experimental data in a small scale by factor of about 1.3,
it presents a best prediction to the experimental trend and fits
the experimental data better in the order of magnitude. This
indicates that, in addition to the well-known Coulomb repul-
sion, the initial charge state of the projectile should also be
considered to describe the inner-shell ionization in the slow,
highly charged ions—atom collision.

Based on the above BEA-Z.¢-CR theory, the X-ray emis-
sion induced by projectiles of different charge states should
be different to a certain extent. Figure 4 displays the nor-
malized X-ray spectra induced by Xenon ions with different
charge states of 20+, 22+, 26+, and 30+-. The relative BEA-
Z.ir-CR theoretical cross section and experimental yield for Fe
K-shell X-ray are listed in Table 1. It can be seen that when the
M shell of the projectile is closed (Xe?*+:22:26) the theoret-
ical cross section ratio G)Exeﬁ) / cﬁxemﬂ agrees quite well with
that of the experimental yield y (Xe??) /Y (Xe2%), Generally, the
X-ray production cross section is proportional to the yield. It
indicates that it is reasonable to correct the BEA model by
effective nuclear charge Z.¢ to simulate the Fe K-shell direct
ionization by slow, highly charged xenon ions impact.

However, when the projectile has initial M-shell vacan-
cies (Xe3*t), the Fe K-shell X-ray emission shows a large en-
hancement as shown in Fig. 4, which cannot be predicted by
the BEA-Z.¢-CR theory. We think molecular-orbital promo-
tion should also be considered in the inner-shell ionization pro-
cess for such energy range and projectile combination, except
for direct ionization. In the Xe3%" +Fe collision system, the
inner-shell vacancies are formed in the highly promoted MO’s
state (3do) at a very short inter-nuclear distance, and the Xe L-
shell vacancies (3do) can be shared with the Fe K-shell (2po)
via level crossing. If the ground state energy of Xe*** and Fe
atom was employed, about 14% of Xe L-shell vacancies will
be transferred to Fe K-shell by a rough estimation,?>-3¢! which
would result in a substantial increase of Fe K-shell X-ray emis-
sion. Meanwhile, due to the electron transfer, the number of
Xe L-shell vacancies filled by X-ray emission may be reduced.
Compared to Fig. 4, L-shell X-ray yield of Xe3’" is smaller
than that of Xe?** by a factor of 2.20, which is larger than the
BEA estimation of 1.62. Here again we emphasize the fact
that, when the highly charged ions enter into the solid target,
the projectile will reach equilibrium charge state on a scale of
femtosecond, and the energy gap between Xe L-shell and Fe
K-shell will be enlarged as the initial charge state decreases to
the equilibrium charge state, which leads to a rapid decrease of
vacancy transfer. In order to explore the contribution of the va-
cancy transfer, a further experiment with very thin foil targets
should be done in the future.

0 4 6 4 6 4 6 4 6

Energy/keV

Relative intensity/103 arb. units

Fig. 4. Normalized X-ray spectra of Fe produced by 5.0 MeV Xe?"
(g = 20, 22, 26, and 30) ions impacting on solid Fe target, which was
normalized by the incident ions number.

Table 1. Effective nuclear charge for xenon ions with different charge states calculated by Slater’s rule,*?! theoretical cross section

and experimental yield of Fe K-shell X-ray produced by Xe?" ions, and the corresponding ratio. oy

. Lo . q+
X-ray production cross section induced by Xe?* ions, and Yéi( ¢

(Xett) is the theoretical Fe K-shell

is the experimental Fe K-shell X-ray yield per ions by Xe?* ions.

Charge state Zefi OPEA=CRZett i Yexp/1076 Gx(Xe‘N ) / G)EXCZU‘ ) y(Xet) /Y(XSZ(H)
20+ 24.48 0.82 1.2940.14 1 1
22+ 25.08 0.86 1.38+0.16 1.05 1.07£0.12
26+ 27.24 1.02 1.54+0.17 1.24 1.20+0.13
30+ 33.84 1.57 4.894+0.34 1.91 3.79+0.27
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4. Conclusion

We have measured the Fe K-shell ionization cross sec-
tions by 2.4-6.0 MeV Xe?** impacting and compared the X-
ray emission induced by 5 MeV xenon ions with different
charge states. By comparing the experimental results with the
BEA predictions, it was found that the initial charge state of
the projectile should be considered in the slow, highly charged
ions—solid collisions. Effective nuclear charge Z.¢ correction
for the BEA model is reasonable to describe the Fe K-shell
ionization induced by slow, highly charged xenon ions with
no initial M shell. The BEA model corrected by both the
Coulomb repulsion and the effective nuclear charge presents
the best agreement to the experimental cross section. How-
ever, when the M shell of xenon is opened, the BEA theory
cannot give a reasonable description of the experimental re-
sults, and the mechanism of electron transfer should be taken
into account for inner-shell ionization as well.
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