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The x-ray emission during the penetration of 2-6 MeV Xe" (¢ = 20,22,26,30) ions into thick solid targets
of iron and nickel has been measured. An obvious charge-state and incident-energy dependence of the target-to-
projectile vacancy-production cross-section ratios was found for the iron target but not for the nickel target. The
results are supported by the vacancy-sharing model and direct ionization theory and imply the great importance

of level matching for the inner-shell process. The charge equilibration time of Xe*

be around 9 fs from the measured x-ray yields.
DOI: 10.1103/PhysRevA.92.062710

I. INTRODUCTION

Inner-shell processes in highly charged ion-atom collisions
are very complicated due to the many-body nature of the
system. This is especially true for slow collisions characterized
by impact velocities smaller than the typical orbital velocities
of inner-shell electrons. In slow collisions, short-lived quasi-
molecules are formed; hence the electron promotion via quasi-
molecular level crossings [1,2] must be taken into account in
addition to the direct Coulomb ionization and excitation [3,4].
A great deal of investigation has been done on the vacancy
production process in heavy-ion-atom collisions involving
collisions in the energy region of typically 0.5 MeV /u or more
in recent decades [5—12]. In the extremely low energy region
of about tens of eV/u, considerable progress has also been
made through techniques such as Auger spectroscopy, x-ray
spectroscopy, etc. [13—15]. However, relatively little attention
has been directed towards the collisions at an energy of tens
of keV /u with projectiles as heavy as xenon.

Early work involving 326-470 MeV xenon ions and 40 keV
to 1.1 MeV copper ions with various targets were reported by
Meyerhof et al. and Anholt et al., respectively, in a series
of papers [16-19]. A noted feature is that the projectile
vacancy production cross section shows a very pronounced
cyclic dependence on the target atomic number. A similar
phenomenon was observed in heavy-ion-atom collisions for
5 MeV Xe ions [20]. The projectile vacancy production cross
section is greatly enhanced when the binding energies of the
projectile and the target match up. This led to a long-lasting
intense investigation of the inner-shell vacancy production
mechanism near the level-matching region [21-25].

Since the binding energy of the highly charged ion
sensitively depends on the charge state, changing the charge
state is another way to finely adjust the binding energy
to achieve level matching except for choosing suitable
projectile and target combinations. In the present work, we
systematically changed the charge state of incident xenon ions
to control the binding energy near the K-L level-matching
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30+ in solid iron was derived to

PACS number(s): 34.35.4+a, 34.50.Fa, 34.70.+¢

region to obtain insight into the atomic process taking place
in the investigated energy region.

As the projectiles penetrate into the target, they will soon
reach the equilibrium charge state. Knowledge of the charge
equilibration time of highly charged ions inside solids is very
important for the study of atomic collision. Hattass et al.
[26] found that when the slow highly charged ions Xe**
(0.5 x 10° < v < 10% m/s) penetrate into a solid target, they
will deposit their potential energy into the nanometer-scale
target volumes on the time scale of 7 fs and then reach the
equilibrium charge state. Herrmann et al. [27] showed that
the preequilibrium length was only one atomic layer, through
the investigation of the charge-state dependence of the energy
loss of 576 keV argon ions inside the carbon foil. Fang et al.
[28] proved that the charge equilibration time of 0.8 MeV /u
uranium ions in carbon foil was less than 5.4 fs through the
measurement of the projectile charge-state distribution after
the ions passed through the carbon foil. In the present work,
we try to probe the charge equilibration time through the
investigation of x-ray emission during the collision of highly
charged xenon ions with a solid target at intermediate energies.

In this context, the x-ray emission spectra are presented as
a function of the projectile charge state and incident energy.
The experimental results are discussed in terms of the vacancy
sharing in the framework of the quasimolecular model and
direct ionization theory. Finally, the charge equilibration time
of highly charged ions in a solid is estimated.

II. EXPERIMENTAL SETUP

The experiment was performed at the 320 kV electron
cyclotron resonance (ECR) ion source platform at the Institute
of Modern Physics (IMP) in Lanzhou. Highly charged ions
were directed by two quadrupole lenses towards the target
chamber after momentum analysis in a 90° bending magnet.
The pressure in the chamber was kept below 1078 mbar.
Highly charged ions impacted on the solid target at normal
incidence. The target thickness is of millimeter magnitude,
much larger than the range of the projectile, which is only
about hundreds of nanometers. The measured x rays are from
both the preequilibrium and equilibrium stages.
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FIG. 1. (Color online) A typical x-ray spectrum for 5 MeV Xe**"

ions impacting on an iron target.

Emitted x rays were detected by a silicon drift detector
at 135° with respect to the ion beam axis subtending a
solid angle of 1.1 msr. The number of incident ions on the
target was monitored over time with a calibrated transmitting
Faraday cup. The details have been presented in Ref. [29]. The
efficiency of the detector was provided by the manufacturer,
and for x-ray energies ranging from 4 to 8 keV, the detection
efficiency is larger than 97%. The energy calibration was done
with a »Fe source. A typical spectrum, which was measured
in the experiment, is shown in Fig. 1. It can been seen that the
Xe L and Fe K lines are quite well resolved.

III. RESULTS AND DISCUSSION
A. Charge-state effect

Figure 2 shows the normalized experimental spectra for an
Fe target induced by Xe?*t, Xe??*, Xe?®*, and Xe*** ions with
incident energy of 5 MeV. The spectra are normalized to 10'!
incident ions. An obvious charge-state effect was observed.
Along with the increase of the charge state, a decreasing x-ray
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FIG. 2. Normalized x-ray
X20+:22+.26+.30+

spectra induced by 5 MeV
impacting on an iron target.
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FIG. 3. Spectra for Xe?**3%* impacting on an iron target with
various incident energies.

emission yield for Xe L lines was measured, while for Fe
K lines, they showed a sharp enhancement for Xe** impact.
The spectra induced by Xe?*" and Xe*** with various incident
energies are shown in Fig. 3. The target-to-projectile x-ray
emission intensity increases obviously with the incident energy
for Xe*** impact.

For a quantitative analysis, Xe L- and Fe K-vacancy-
production cross sections are deduced from the x-ray yield
using the thick target formula [30]. The target-to-projectile
cross-section ratios are shown in Fig. 4 along with the
theoretical results by Coulomb ionization. In the theoretical
calculation, the target K-vacancy-production cross sections
are determined by the well-known Binary Encounter Approx-
imation (BEA) 1s function developed by Gryzinski [31] using
the target K -shell binding energy and projectile nuclear charge.
Following the proposals by Foster et al. [32] and Hansen
[33], the projectile L-vacancy cross sections are estimated
using the united atom binding energy and effective nuclear
charge into the BEA 2p function. This is due to the fact that
Xe L vacancies actually arise from Coulomb ionization of
the 3do molecular orbit (MO) [34]. This explains well the
experimental phenomenon that the Xe L x-ray yield decreases
with the incident energy, which is owing to the increasing
binding energy.

The quantitative analysis shows the following: (1) The
cross-section ratio for Xe*" is much larger than that for Xe?’*.
For an energy of 5 MeV, the ratio for Xe**" is about 10 times
larger. (2) Compared to the case for Xe?**, where only a
slight increase of the cross-section ratio within the error is
observed, the ratio for Xe®*" increases sharply with rising
incident energy. It is found that the cross-section ratio for
Xe?™* agrees with the Coulomb theory in magnitude, while
the ratio for Xe>** is far above the theoretical expectation.
This implies that for Xe***, another mechanism apart from
Coulomb ionization should also play a significant role in
the vacancy-production process. Many investigations show
that in low-energy collisions near the level-matching region,
the vacancy-sharing model usually provides a reasonable
description of the vacancy-production process [35-37].
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FIG. 4. (Color online) Target-to-projectile vacancy-production
cross-section ratio as a function of projectile energy. The squares
and triangles indicate the experimental ratio for Xe?*" and Xe**
bombardment, respectively, and the dotted line indicates the theoret-
ical results by Coulomb ionization.

In the framework of the vacancy-sharing model, with the
help of the correlation diagram shown by Meyerhof ef al. in
Ref. [37], the Xe L, electron is promoted along the 3do MO,
and on the outgoing part of the collision, the vacancies can
be shared by the nearby levels such as Xe L,, L3 and the Fe
K shell. Here we discuss only the total vacancy-production
cross section of the Xe L shell. Then, taking both vacancy
sharing and Coulomb ionization mechanisms into considera-
tion, the Fe K-vacancy cross section or. and the Xe L-vacancy
Cross section ox. can be written as

ey
2

ore = P034s +0py,
oxe = (1 = P)o34o,

where P is the vacancy-sharing probability from the 3do
MO to the iron K level, o34, is the 3do vacancy production
cross section, and op; is the iron K -vacancy-production cross
section by the Coulomb ionization process.
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The sharing probability P can be calculated by the Nikitin
model [38]:

p_ exp[2A(1 4+ cos )] — 1

exp(4r) — 1 ’ ©)
N “
(zmevz)"”

where I; and Ix are the binding energies of the Xe L; shell
and the Fe K shell, respectively, v, is the projectile velocity,
m, is the electron mass, and 6 is a parameter which is relevant
to the dependence of the actual MO energy separation on
the internuclear distance in principle. Meyerhof et al. [37]
got a good overall fit throughout the various targets for iodine
projectiles with a set of 6§ values on the basis of the assumption
that 6 is independent of the bombarding energy and target
atomic number. Since in the periodic table, xenon is just next
to iodine, we can take the 6 value for an iodine projectile in
the sharing probability calculation.

According to Eqs. (3) and (4), the parameters of the
energy gap between the projectile and target shells as well
as the incident energy are involved in the sharing probability
calculation. Due to the high charge states of the incident ions
we used, the energy levels of xenon ions depend on the charge
state ¢, and so does the sharing probability. We plot the sharing
probability as a function of the projectile charge state with a
given incident energy of 5 MeV in Fig. 5(a) and plot it as a
function of incident energy with given charge states of Xe?’*
and Xe** | respectively, in Fig. 5(b).

From Fig. 5(a), where the ground-state binding energy of
xenon ion is used, we see that when the binding energies of
the Fe K shell (horizontal dashed line) and the Xe L; shell
(solid curve) are totally matched, the sharing probability (stars)
achieves its maximum. The investigation area in the present
paper is below the matching point. Therefore, with a higher
charge state, the two levels come closer to each other, which
results in an increasing sharing probability P. It can be seen
that the sharing probability is highly sensitive to the projectile
charge state. Once the charge state increases from 20 to 30, the
sharing probability P increases sharply from 0.007 to 0.144.
This exactly explains the result that the cross-section ratio for
Xe*™* is much larger than that for Xe?**, which is shown in
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FIG. 5. (Color online) (a) Vacancy-sharing probability (left-hand scale, which is indicated by stars) for 5 MeV xenon ions striking an iron
target as a function of the projectile charge state. The horizontal dashed line and the solid curve represent the binding energies of the Fe K shell

and Xe L, shell (right-hand scale), respectively. (b) Vacancy-sharing probability as a function of incident energy for collisions of Xe

an iron target.

20+,30+ on

062710-3



JIERU REN et al.

20- .
Xe™'->Ni
. .

FNiKa 6 MeV ]

7580 85 90

I

YMW

50
I

=

5
4

MeV

75 80 85 90

%
S

Intensity(arb.units)
2

I

3 “ 3 MeV+

75 80 85 90

Intensity(arb.units)

o
<]

%
S

o
T

4 6 3
X-ray energy(keV)

4 6 8
X-ray energy(keV)

FIG. 6. Spectra for Xe?*™* impacting on a nickel target with
various incident energies.

Fig. 4, since the ratio and sharing probability P are positively
correlated according to Egs. (1) and (2).

In Fig. 5(b), it is shown that with the rising of incident
energy, the vacancy-sharing probability P increases sharply
with the incident energy for Xe**". This will lead to an increas-
ing target-to-projectile vacancy-production cross-section ratio
according to Egs. (1) and (2). The expectation is in agreement
with the experimental result that the target-to-projectile ratio
increases with rising incident energy in Fig. 4. The obvious
increase of the ratio for Xe** implies that the vacancy-sharing
mechanism is significant for this case due to the small
energy gap between the projectile L shell and target K shell.
Comparatively, the vacancy-sharing probability of Xe?** is
much lower in magnitude since the energy gap is much larger.
The vacancy-sharing process is not so important for this case.
That is why the experimental results agree with the Coulomb
ionization theory well in magnitude. Since changing the target
atomic number is another way to adjust the energy level besides
varying the charge state, we choose Xe + Ni to verify the
importance of the level matching.

The spectra for the Ni target induced by Xe and
Xe*™* with various energies are shown in Fig. 6. No ob-
vious charge-state effect is observed in the results because
Xe + Ni is far away from the K-L level-matching region.
This implies again the importance of the level matching for
the inner-shell process. A suitable choice of the collision
system is very important for the observance of the charge-state
effect.

20+

B. Equilibration time

Taking both the Coulomb ionization and vacancy-sharing
mechanisms into account, the experimentally measured iron
K x-ray yield can be written as

= Tsharing +Ypr + qu’ )

where Y and Y,, are the x-ray yields induced in the pree-
quilibrium and equilibrium stages, respectively, and Yharing
and Yp; are the x-ray yields produced by vacancy-sharing and
direct ionization processes, respectively, in the preequilibrium
stage.

Yr = Ypre + qu

PHYSICAL REVIEW A 92, 062710 (2015)

Since the equilibrium charge state is independent of
the initial charge state, the observed charge-state effect
for the Xe + Fe collision system originates from the collisions
in the pre-equilibrium stage. Here we assume that the Coulomb
ionization in the iron K-shell vacancy production process is
independent of the charge state; then the difference in the iron
K x-ray emissions for Xe*** and Xe>** bombardment is due
to the first term in Eq. (5), which can be written as

Lpre
Ysharing = / Po3gswre_ g NSL, (6)
0

where L. is the preequilibrium length, P is the vacancy-
sharing probability, we—k) is the fluorescence coefficient for
the Fe K shell, and N is the atomic density. Assuming that
in the preequilibrium length, the projectile keeps its initial
charge state and the energy loss is negligible, the iron x-ray
yield produced by vacancy sharing Y sparing can be written as

Ysharing = PUSdaer—Kvara (7N

where v, is the projectile velocity, T is the equilibration time,
and v, times 7 is the preequilibrium length Lyre. Ysharing is the
mutual product of the sharing probability, vacancy-production
cross section of the 3do MO, and the preequilibrium length.

In the present paper, the atomic fluorescence coefficient is
used in the conversion of the x-ray-production cross section to
the vacancy-production cross section. In a recent paper [39],
the energy shift of Xe L lines was investigated, and that work
presents a shift of about 60 eV to higher x-ray energy in
the present collision system. Since removal of each 2p or
2s electron causes a line shift of 90 eV and removal of each
3d or 3p or 3s electron causes a line shift of 13 eV for LM
lines, it can be estimated that the collision causes no more
than one L-shell vacancy and fewer than 5 M-shell vacancies
on average. Therefore it is reasonable to use the atomic value
of fluorescence yield in the conversion from x-ray to vacancy
production.

As for the 3do vacancy-production cross section, due to
the very small vacancy sharing P for Xe*** impacting, the
Xe L-vacancy-production cross section 0)2(g+ is approximately
equal to o34, according to Eqs. (1) and (2). Therefore, the
value of a)%ng can be approximately used as the 3do vacancy-
production cross section.

Since it can be seen from Fig. 5(b) that the sharing
probability for Xe*** bombardment is larger than that for
Xe?* by one to two orders of magnitude in the investigated
energy region, it is reasonable to neglect the iron K x-ray
emission from vacancy sharing for Xe?**. Then the measured
x-ray yield for Xe*™* includes an additional term Yiharing 1N
comparison with the collision of Xe?** impacting. This means
Yiharing for Xe’*" impacting can be considered the difference
between the experimentally measured iron K x-ray yield Ygg+
for Xe¥* and Yz for Xe?** bombardment.

The projectile L and target K x-ray yields for Xe?** and
Xe*** bombardment are shown in Fig. 7. It can be seen that
in the low-energy region, the Xe L x-ray emission yield for
the two charge states is nearly the same, while as the incident
energy is increased, the yield for Xe*** becomes lower than
that for Xe?*" and the yield gap increases slowly with the
rising energy. According to Eq. (2) and Fig. 5(b), this can be
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FIG. 7. (Color online) X-ray emission yield per incident ion in
the collision of Xe?**3%" on an iron target.

explained by the increasing sharing probability gap between
Xe?** and Xe*** bombardments.

Based on the iron K x-ray yields shown in Fig. 7 and the
approximation of 035 = 00" and Yeparing = Yoo+ — Yo+ for
the case of Xe’** impacting, the preequilibrium length Lpre
and equilibration time 7 of Xe**" in solid iron are calculated
according to Eq. (7) and listed in Table 1. The preequilibrium
length in the present energy region is about hundreds of atomic
layers, and the equilibration time is about 9 fs. The obtained
equilibration time agrees in magnitude with the results of
Hattass et al. [26], which is around 7 fs.

IV. CONCLUSION

In summary, we have measured the charge-state and
incident energy dependence of the x-ray emission in the
interaction of xenon ions with thick solid targets. In heavy-
ion-atom collision systems near the level-matching region
such as Xe 4+ Fe, the x-ray emission greatly depends on the
projectile charge state, and the vacancy-sharing theory gives a
good description of the vacancy-production process.

The observed apparent charge-state effect for Xe + Fe
originates from the collision in the preequilibrium stage. From

PHYSICAL REVIEW A 92, 062710 (2015)

TABLE I. Preequilibrium length and equilibration time deduced
from Eq. (7) for Xe*** ions on Fe. The typical uncertainty is 15%,
which originates from the stopping-power uncertainty, incident ion
statistic, and the fitting error.

E (MeV) L. (nm) T (fs)

4 222 +3.3 9.1+14
4.8 23.4+£3.5 87+1.3
5 23.1£3.5 85+1.3
6 27.8+4.2 93+14

the data, the equilibration time 7 is derived to be around 9 fs,
and the preequilibrium length is about hundreds of atomic
layers. We conclude that the large sharing probability of 0.144,
large 3do vacancy-production cross section, and the collision
of hundreds of atomic layers in the preequilibrium stage act
mutually to make Yparing significant enough to be observed in
the experiment for Xe*** bombardment.

The investigation in the present paper is in the charge-state
region before the exact level-matching peak; further studies
involving either higher charge states or a lower target atomic
number to make the collision system approach or exceed the
level-matching peak are highly desirable.

The evolution of the charge state of highly charged ions
in solid is still unclear. In the future, with a depth-scanning
technique, the depth dependence of the x-ray emission can
be obtained. Since, in the level-matching region, the x-ray
emission is highly sensitive to the charge state, the charge-
state evolution can be obtained through the x-ray emission
measurement.
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