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X-ray emission in collisions of highly charged I, Pr, Ho, and Bi ions with a W surface
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X-ray emission yields, which are defined as the total number of emitted x-ray photons per incident ion, and
dissipated fractions of potential energies through x-ray emission have been measured for slow highly charged
ions of I, Pr, Ho, and Bi colliding with a W surface. A larger amount of potential energy was consumed for the
x-ray emission with increasing the atomic number and the charge state. The present measurements show that
x-ray emission is one of the main decay channels of hollow atoms produced in collisions of very highly

charged ions of heavy elements.
DOI: 10.1103/PhysRevA.75.062901
I. INTRODUCTION

The potential energy of a highly charged ion, which is the
sum of the potential energies of all the electrons removed to
make the ion, reaches several hundreds of keV for very
highly charged ions of heavy elements. When the ion col-
lides with a surface this energy is released instantaneously in
a small area, which gives remarkable effects on the surface
to cause a structural change of the surface [1-3]. In recent
years, the studies of surface modification and nanostructure
formation using these phenomena have been an active area
of research [4]. There arises a question of how much of the
potential energy is used for such surface modification.

The fractions of the potential energies deposited into a
solid have been studied by Schenkel et al. [5]. Ne-like Au
and He-like Xe were irradiated onto an ion implanted and
passivated silicon detector, which has a 50 nm inactive con-
tact layer in front of an active depletion region. Electron-hole
pairs produced beyond this 50 nm inactive layer were mea-
sured. It was found that 35% and 40% of the potential ener-
gies of Ne-like Au and He-like Xe, respectively, were depos-
ited in the depletion region of the detector. Kentsch et al. [6]
has also measured the energy deposition of highly charged
Ar?* (g=1-9) ions into a Cu target. They used a calorimetric
method and measured the increase of temperature by depo-
sition of the potential energy. They found that an average
fraction of 30% to 40% of the potential energy was deposited
in the solid with little dependence on the charge state. More
recently with the same calorimetric method, the energy depo-
sition of highly charged Ar ions into Cu and Si targets was
measured and it was found that 80% of the potential energy
was deposited into the solids [7]. From these results, it seems
that for lower charge state ions the fraction of the potential
energy deposited into a solid is large and with the increase of
a charge state it becomes smaller.

When a highly charged ion approaches a surface, it cap-
tures electrons from the surface into its high Rydberg states
and forms a highly excited atom with inner shell vacancies,
which is called a hollow atom [8]. X rays from hollow atoms
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have been measured to study production and decay mecha-
nisms of hollow atoms. In the early studies of x-ray emission
from hollow atoms, significant efforts have been devoted to
measure x-ray transition energies with a crystal spectrometer
and a Si(Li) detector [9-12]. Due to the clock property of
hollow atoms, the shape of the x-ray spectrum changes de-
pending on the spatial position where formation and decay of
the hollow atoms take place. These studies have made the
understanding of the production and decay mechanisms of
hollow atoms much deeper. On the other hand, only a few
measurements have been reported about x-ray intensity
[13-16], or x-ray emission yield of hollow atoms, which is
defined as the total number of emitted x-ray photons per
incident ion. Ninomiya er al. [13,14] reported L x-ray emis-
sion yields for highly charged Ar ions with L-shell vacancies
impinged on several kinds of targets. The observed x-ray
intensity was less than 0.002 counts per incident ion. They
showed that only a small amount of x rays was emitted from
the hollow atoms of Ar ions. This fact does not contradict the
results of the recent calorimetric observations that 80% of
the potential energy was deposited into the solid [7]. Thus in
the case of the highly charged Ar-surface collisions a large
portion of the potential energy was deposited into the solid
and a much smaller portion was dissipated through x-ray
emission.

In a previous paper we reported x-ray emission yields and
dissipated fractions of the potential energies through x-ray
emission for the collision between highly charged I ions and
a hydrogen terminated silicon (111) surface [16]. It was
found that almost 100% of the K-shell and about 20% of the
L-shell were filled through x-ray emission nearly irrespective
of the number of vacancies, while the M-shell was filled
almost nonradiatively. As a result, a clear shell structure was
observed in the dissipated fractions of the potential energies
through x-ray emission. For the ions with only M-shell va-
cancies, the dissipated fractions of the potential energies
through x-ray emission are approximately zero. With increas-
ing L-shell vacancies, they increase gradually and reach 10%
for He-like ions. Once the K-shell has a vacancy, 30%—-40%
of the potential energy dissipates through x-ray emission.

In this paper, we report L and M x-ray emission yields
and dissipated fractions of the potential energies through
x-ray emission not only for I, but also for much heavier
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elements than I which was used in the previous study. Highly
charged ions up to He-like ions of I (Z=53), Pr (Z=59), Ho
(Z=67), and Bi (Z=83) were used as projectiles and a W
surface as a target. Because K x-ray emission yields are al-
most 100% even for I at Z=53, which is much lighter than
Pr, Ho, and Bi, observations were limited up to He-like ions
of these elements which do not have K-shell vacancies [16].
We show the significance of L and M x-ray emission as a
decay channel of hollow atoms of very high Z elements.

II. EXPERIMENT

The experimental setup was almost the same as the pre-
vious study [16]. An electron beam ion trap (EBIT) at the
University of Electro-Communications, the Tokyo-EBIT
[17], was used to produce highly charged ions of I, Pr, Ho,
and Bi. The source atoms of Pr, Ho, and Bi were introduced
into the trap as metal vapors with an effusion cell [18] and
that of I was introduced as CH;I. These atoms were ionized
by successive electron impacts of the electron beam of the
EBIT with the energy of 63 keV and the current of 125 mA.
The produced ions were extracted with 3 kV electrostatic
potential from the trap, mass-analyzed with a sector magnet,
and then introduced into a target chamber. The target was a
W surface, which was biased by =500 V electrostatic poten-
tial to the ground potential. Therefore the energy of the ions
colliding with the target was 3.5 X g keV. Before measure-
ments, the W surface was cleaned by irradiating an Ar* beam
of about 0.8 A for several minutes.

X rays emitted from the hollow atoms produced by the
ion-surface collisions were detected with a Si(Li) detector at
60° from the ion beam axis. The detected x-ray signal was
accumulated with a multichannel analyzer (MCA).

More than 100 secondary electrons are emitted by a single
highly charged ion impact on a surface [19]. These electrons
accelerated by the =500 V bias voltage were detected with
an annular-type microchannel plate (MCP), which faced the
target. This signal was used to count the number of incident
ions without miscounts [20] and also used as a gate signal for
the MCA not to accumulate noise signals in the obtained
spectra.

III. RESULTS AND DISCUSSION

Spectra of He-like to Ne-like Bi are shown in Fig. 1. The
energy scale of the spectra was calibrated with x rays from
the radioisotopes of **!Am and **Fe. The solid angle sub-
tended by the detector was 8.9 msr. The detection efficiency
of the detector was known in the energy range between 1 and
25 keV [16]. The spectra were corrected by the solid angle
and the detection efficiency, and then normalized by the
number of incident ions and the x-ray energy width corre-
sponding to one channel of the MCA. Therefore in Fig. 1 the
area enclosed by the spectral curve and the horizontal axis is
the total number of emitted x rays per incident ion. It should
be noted that x-ray intensity in the range below 1 keV was
weak due to strong attenuation by the Be window of the
detector. The x rays in this range were truncated because
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FIG. 1. (a)-(i) X-ray spectra of Bi following 3.5 X ¢ keV Bi?*
(g=73-81) ion impact on a W surface.

correction by the transmission of a Be window causes a large
error in the x-ray emission yields.

As can be seen, the Bi%!* spectrum consists of M x-ray
peaks between 2 and 8 keV and L x-ray peaks above 10 keV.
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Between these regions two peaks were observed at 8.4 and
9.7 keV, which were identified as La and LS x rays of W.
Since the energy of L x rays of Bi is just above the L-edge of
W, L x rays are absorbed efficiently by W. The absorbed x
rays were reemitted from the W target as fluorescence.

In the region of L x rays, two prominent peaks were ob-
served at 12 and 14.5 keV. With increasing the charge state,
the structure of the spectra changes. The peak at 12 keV
appears from Bi’** together with a small and wide “bump”
beyond 13 keV, while the peak at 14.5 keV seems to appear
from Bi’®* on the bump. Because the level 2ps), is the high-
est in n=2, the vacancies in 2p;,, open from Bi’**. The peak
at 12 keV is assigned to be the transitions from n=3 to 2ps/,
and the bump on the high energy side corresponds to the
transitions from states higher than n=3 to 2p;,. As the in-
crease of the charge state, vacancies in 2p,,, open from Bi’®*
and those in 2s,, from Bi®™, transitions to which from
n=3 make the peak at 14.5 keV superimposed on the bump.
The separation between these two peaks corresponds to the
energy difference between 2ps, and 2p,,, (fine structure)
[21]. The energy difference between 2p,,, and 2s;,, (Lamb
shift) is too small for the detector resolution, so the transi-
tions from n=3 to these states could not be resolved.

In contrast to L x rays, the structure of M x rays in these
spectra seems rather simple due to the detector resolution.
However, with increasing the charge state, the higher energy
side of the peak structure becomes broader and complex,
which is a contribution from the hollow atoms with more
M-shell vacancies. It is noticed that each spectrum looks like
a subset of the spectrum of higher charge state ions. This
might be because the outer electron configuration for each
step of the transitions reaches equilibrium at the time of
x-ray emissions. This feature was also observed in the spec-
tra of the other projectiles.

The spectra of He-like I, Pr, and Ho are shown in Figs.
2(a)-2(c). Because the separations of energy levels are small,
transitions to different fine structure levels could not be re-
solved. Accordingly, the structure of the spectra becomes
rather simple and similar to each other even for the different
elements. The highest peak corresponds to La x rays
(n=3—2), which has a subcomponent on the high-energy
side corresponding to L x rays from higher states than n=3.
The second highest peak is M« x rays, which also has a tail
of x rays from higher states.

We have obtained L and M x-ray emission yields for each
element by numerically integrating the areas below the spec-
tral features from 2.2 to 7.9 keV and from 11.7 to 26.7 keV
for Bi, from 1.0 to 6.5 keV and from 6.5 to 16.1 keV for Ho,
from 1 to 4.6 keV and from 4.7 to 12.7 keV for Pr, and from
1.0 to 3.7 keV and from 3.7 to 9.6 keV for I for M and L x
rays, respectively. The uncertainties due to the counting sta-
tistics, the detection efficiency, and the observation solid
angle were taken into account in estimating the error bars. It
should be noted that the M x-ray emission yields might have
additional uncertainties due to the truncation of the x rays
below 1 keV.

X-ray emission yields for I, Ho, and Bi are shown in Figs.
3(a)-3(c). Common features of change of the x-ray emission
yields with the charge state g are as follows; L x rays appear
from F-like ions with one L-shell vacancy and increases
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FIG. 2. X-ray spectra observed with (a) He-like I, (b) He-like Pr,
and (c) He-like Ho.

steeply with ¢, while M x rays increase gradually. This in-
crease is almost linear with ¢ for L x rays, which means that
the emission yields of L x rays increase linearly with the
number of vacancies in the lower shell of the transitions. In
the case of M x rays, the rate of the increase changes at
F-like ions. The maximum number of M-shell vacancies is
eight at Ne-like ions. However, once an L-shell vacancy
opens, M-shell population would be transferred at a certain
rate to the L-shell, which, in effect, opens additional vacan-
cies in the M-shell and, thus, more than eight M transitions
could take place. By an LMM Auger transition two addi-
tional vacancies are produced, while by an L« transition and
an LMx (x=N,O,...), Auger transition one additional va-
cancy. As seen in the figures, L x-ray emission yields of Bi
are much larger than those of I, reflecting the fact that the
fluorescence yields increase with Z. This means, inversely,
that the filling probability of the L-shell by Auger transitions
in Bi is smaller than that in I. Therefore the increase of
M-shell vacancies in Bi due to the transitions to the L-shell is
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FIG. 3. X-ray emission yields as a function of the projectile
charge ¢ from (a) I, (b) Ho, and (c) Bi ions; circles: L x-ray emis-
sion yields and squares: M x-ray emission yields. The lines are
shown to guide the eye.

smaller than that in I, which makes the change of slopes for
Bi smaller than that for I.

As is seen from Figs. 3(a)-3(c), the x-ray emission yields
becomes larger with the atomic number. For example, x-ray
emission yield of He-like I is about 1.6, while that of He-like
Bi is about 5.5. These values are summarized for He-like
ions in Fig. 4. The left axis is the x-ray emission yield and
the right axis is the fluorescence yield that is obtained by
dividing the x-ray emission yield by the number of vacancies
in the L-shell, that is, eight, which is a radiative filling prob-
ability of vacancies. In the case of I, only about 20% of the
vacancies are filled by x-ray transitions, which means that
about 80% are filled by nonradiative transitions. On the other
hand, in the case of Bi, about 70% of the vacancies are filled
by x-ray transitions and about 30% are by nonradiative tran-
sitions. These results indicate that radiative transitions play
an important role in filling vacancies of very highly charged
ions of heavy elements.
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FIG. 4. X-ray emission yields and fluorescence yields of He-like
1 (Z=53), Pr (Z=59), Ho (Z=67), and Bi (Z=83). The lines are
Dirac-Hartree-Slater predictions [22] of atomic L subshell fluores-
cence yields as a function of the projectile atomic number Z; dashed
line: L1 subshell fluorescence yield; dotted line: L2 subshell fluo-
rescence yield; and dot-dashed line: L3 subshell fluorescence yield.

In Fig. 4 atomic fluorescence yields for L1 (2s;/,), L2
(2p152), and L3 (2ps),) subshells are also shown, calculated
by the Dirac-Hartree-Slater method [22]. The fluorescence
yields of the present measurements are approximately twice
as large as the atomic fluorescence yields for the L2 and L3
subshells. In the case of hollow atoms the effective nuclear
charge which is seen by the electrons in upper states before
transition is much larger than in the case of atoms. This
makes the radiative transition rates larger, while the Auger
rates do not strongly depend on the nuclear charge [23].
Therefore the fluorescence yields of hollow atoms become
much larger than the atomic fluorescence yields. A similar
increase was observed for the K-shell fluorescence yields
[10,16,24]. It can be said that the increase of the fluorescence
yields is one of the characteristics of hollow atoms.

Figure 5 shows the dissipated fractions of the potential
energies through x-ray emission as a function of Z for se-
lected isoelectronic sequences of projectile ions. These val-
ues were obtained by dividing the total emitted x-ray energy
by the potential energy of ions [25]. He-like and C-like ions
have L-shell vacancies, while Ne-like and Al-like ions do not
but have M-shell vacancies. If Z is fixed, these fractions
increase from Al-like to He-like ions, though the rate of in-
crease becomes larger from Ne-like to He-like than those
from Al-like to Ne-like. Clear shell dependence is seen,
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FIG. 5. The dissipated fractions of the potential energy through
x-ray emission for different charge state ions of I (Z=53),
Pr (Z=59), Ho (Z=67), and Bi (Z=83); circles: He-like; squares:
C-like; diamonds: Ne-like; and triangles: Al-like.
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which comes from the fact that ions with L-shell vacancies
from F-like to He-like can emit L x rays with higher yields
and energies as the charge state increases.

It has been recognized that for low Z and low ¢ ions such
as Ar?*, a large fraction of the potential energy was retained
into the target (80%) to be finally transferred into heat [7],
while for higher Z and higher ¢ ions such as He-like Xe and
Ne-like Au the fractions of the potential energies retained
into the targets became lower (40% and 35%) [5]. On the
other hand, the dissipated fraction of the potential energy
through x-ray emission becomes larger both with Z and ¢. In
the case of He-like ions, about 28% of the potential energy
dissipates through x-ray emission for Bi, while about 8% for
I. This steep increase with Z shows the importance of x-ray
emission in the decay channels of hollow atoms produced by
the collisions of very highly charged ions of heavy elements
with a surface.

IV. SUMMARY

We have measured x-ray emission yields and dissipated
fractions of the potential energies through x-ray emission for
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slow highly charged ions of I, Pr, Ho, and Bi which collide
with the W surface. The x-ray emission yields of L and M x
rays increase with atomic number, for L x rays, from 1.6
counts per incident ion for He-like I to 5.5 for He-like
Bi, and for M x rays from 0.41 to 3.0, respectively. For
the heaviest element we have studied, i.e., for He-like Bi
(Z=83), as much as 28% of the potential energy dissipated
through x-ray emission. The present observation shows that
x-ray emission becomes one of the main decay channels of
hollow atoms produced in collisions of highly charged ions
with high Z and q.
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