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K and L x-ray emission from hollow atoms produced in the interaction of slow H-like (I53*)
and bare (I>**) ions with different target materials
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Through the coincidence measurement of X rays with secondary electrons, x-ray spectra, and their yields
have been measured in the interaction of H-like and bare highly charged ions (I°>* and I3%*) with different
target materials (Be, C, Cu, and W). K x-ray yields are independent of the material, where the K vacancies are
almost filled through K x-ray emission. L x-ray yields are affected by the electronic state of the targets and the
interacting projectiles, because the states involved in the electron capture depend on the level structure of the
projectile and the target and the possible number of electrons captured by the highly charged ions is different
depending on the number of electrons in the target states (21n?) which are resonant transferred to the projectile
states in the dynamics of below-surface neutralization and deexcitation.
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I. INTRODUCTION

Since the first observation of hollow atoms by Briand
et al. [1], many scientists have investigated these exotic at-
oms, which are multiply excited atoms with inner shell va-
cancies, to understand their formation and deexcitation
mechanisms [2-9]. In the interaction of highly charged ions
(HCIs) with solid surfaces, the hollow atoms are produced
by capturing electrons from the target to Rydberg states.
These hollow atoms decay via Auger and radiative transi-
tions. Therefore, measurements of Auger electrons and x-ray
spectra have been carried out [2,3]. Briand er al. observed
the x-ray spectra with a crystal spectrometer for Ar!’* ions
colliding with several kinds of surfaces [1,6,7]. In the spec-
tra, KL* x rays due to 2p— 1s x-ray transitions with x spec-
tator electrons in the L shell, were separately identified. In
the case of very slow Ar!”* (1-2 eV/g) collision on
H-terminated Si (Si-H) and Au, there is enough time to emit
K x rays above the surfaces, where KL' and KL? lines are
dominant in the x-ray spectra [2]. Since electrons in high
Rydberg states (n=20-30) in the hollow atoms take many
steps and a long time to decay to the L shell, the L filling rate
by Auger cascading is slower than the K filling rate by x-ray
transitions from the L shell. Therefore K x rays are emitted
before the L shell is filled entirely in the case of the very
slow collisions. With increasing the HCI’s velocity, the K x
rays are emitted from the hollow atoms after they penetrated
the solid. Below the surface, the close internuclear collisions
cause direct electron transfers from the inner shell of the
target into the lower shell of HCIs, which is the so-called
“side feeding” [8]. Therefore, in the case of Ar'’* collisions
with kinetic energy of 8.5 keV/amu, the KL x rays are emit-
ted with more L spectator electrons (x=5-8) because the L
shell filling rate becomes faster [1].
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The x-ray emissions are competing with Auger transitions
in the filling of inner shells. The fluorescence yield of the y
shell filling can be written as

- (1)

here I', is the total radiative (x-ray) transition rate and I'4 is
the total Auger transition rate from upper shells to the y shell.
Since the filling probability through Auger transition
straightforwardly increases with the number of electrons, w,
would be smaller with increasing the number of the spectator
electrons. As formation and deexcitation mechanisms of hol-
low atoms were discussed by Briand et al. through the ob-
servation of x-ray energies in the KL* spectra, the measure-
ment of x-ray fluorescence yields also gives the information
on these mechanisms.

In the neutralization of HCI, the electronic property of the
surface layer has been considered to affect the formation
mechanism of hollow atoms both above and below surfaces
[3,9,10]. The KL* intensity distribution shows a peaked
structure at the satellites having a small number of L* elec-
trons for a Si-H surface different from that for an Au surface
[2,6,7]. The M x-ray yields in the Th?* (7 keV) collision
with Si, C, Au, and Ag exhibit a dependence on the targets,
with the highest M x-ray yields for the Si target and the
lowest M x-ray yields for the Ag target [11], which might be
ascribed to the filling rate of the inner shells of the HCI in
relation to the number of spectator electrons.

In this paper we show the measurement of x-ray spectra
and their yields in the interaction of H-like and bare highly
charged iodine ions (I3** and I°**) with different target ma-
terials (Be, C, Cu, and W) through the coincidence measure-
ment of x rays with secondary electrons. We also discuss the
formation and deexcitation mechanisms of hollow atoms
produced in the collisions of HCIs with different target
materials.
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FIG. 1. X-ray spectra for (a) H-like I°** and (b) bare I°** ions
impacts on a tungsten (W) surface. The intensity is photon counts
emitted into a full solid angle by an incident ion per unit x-ray
energy width (keV).

II. EXPERIMENT

The experimental procedure was almost the same as in the
previous study [12,13]. Shortly, iodine HCIs were produced
by an electron beam ion trap (EBIT), called the Tokyo-EBIT
at the University of Electro-Communications [14]. The
H-like and bare ions were selected by a sector magnetic ana-
lyzer with the kinetic energy of 3.5¢ keV. They were irradi-
ated at normal incidence onto clean surfaces of Be, C
(HOPG, highly orientated pyrolytic graphite), Cu, and W,
which were prepared by bombardment of 1 uA Ar" ion
beam with the kinetic energy of 2 keV for several minutes
and annealing. Emitted x-ray signals were measured with a
Si(Li) detector with active area of 2n® and recorded with a
multichannel analyzer (MCA). The Si(Li) x-ray detector was
located at 70 mm far from the target on the 60° direction to
the HCI beam axis. About 200 secondary electrons are emit-
ted from the target by a single incidence. These burst elec-
trons were accelerated by the —500 V target bias voltage and
effectively counted by using an annular-type microchannel
plate (MCP) in front of the target with 100% efficiency.
These signals were fed to the MCA as gate pulses for the
x-ray signals, and also counted as the number of incident
ions. The coincidence measurement of x ray with secondary
electron emissions could give the x-ray yield per ion. The
Si(Li) detector was calibrated with x rays from radio-
isotopes of *Fe and **'Am with known energies (*°Fe,
5.895 keV; *'Am, 13.812 keV, 26.345 keV, and 59.537
keV).

III. RESULT AND DISCUSSION

X-ray spectra are shown for H-like and bare iodine HCIs
(P** and I°**) incident on the W surface and the HOPG
surface in Fig. 1 and Fig. 2, respectively. The x-ray intensity
was corrected by using the solid angle, the efficiency of the
detector, and also normalized with the number of the incident
projectiles and the energy width corresponding to one chan-
nel of the MCA. For these two targets the whole spectral

PHYSICAL REVIEW A 77, 032901 (2008)

52+ (a) |
I
= Ko DNn23->n=1 A
= m
2
= Kp i
2 Ky, ...
< Mm
o T - :
2 53+ K satellite (b) 4
) I o
Q‘ .
«g’ 1.0 l K(X, B’ B .hypersatellue
8 /|
E 05- |
0.0 , : , M
1 10 20 30 40

X-ray Energy (keV)

FIG. 2. X-ray spectra for (a) H-like I°>* and (b) bare I’** ions
impacts on a carbon (HOPG) surface.

structures are similar to each other. Both spectra consist of
x-ray emissions of K, L, and M series. In the case of the
H-like 1°%*, the structure from 28 keV to 30 keV is Ka
(1s2pnl— 1s2nl) x rays, which is peaked at 29.1 keV, and
spectra above 33 keV are KB and K, etc., x rays. The L x
rays and M x rays are separated at around 3.4 keV. For L x
rays, the main part comes from La x ray (M to L transition).
The lower shoulder at upper energy is unresolved which con-
sists of LB, , etc., x ray (n=4 —n=2). For bare >3, since
there are two vacancies in the K shell, K x-ray spectra be-
come complex. For example, the Ka x-ray spectra include
hypersatellite (2pnl— 1snl) lines [15].

The K x-ray yields were obtained by integrating from 28
keV to 40 keV. The uncertainty comes from the number of
the incident ions, the solid angle, the efficiency of the detec-
tor, and the x-ray counts. As shown in Table I, it is found that
K x-ray yields are 1.00 and 1.01 for H-like I°** collisions
with W and HOPG, respectively. For bare I°**, the K x-ray
yields increase to 1.98 and 2.03 for W and HOPG, respec-
tively. Taking into consideration the fact that there are one
and two vacancies in the K shell for I°2* and I°** ions, these
results show that the K shell vacancies are almost filled by
X-ray transitions, i.e., the fluorescence yield of K shell (wg)
is almost 100%, which is determined to be the ratio of the
number of the emitted x rays and the number of the vacan-
cies in K shell [16]. A similar result was obtained for
Si(111)-H surface by Watanabe et al. [12]. Consequently, wg
is almost 100% and independent of the target materials for
H-like and bare iodine ions.

These results can be compared with the case of atomic
iodine with one K shell vacancy whose wg is 88.2(28)%

TABLE 1. Total K x-ray emission yields for H-like and bare
iodine HCIs colliding with C, W and also Si-H as a reference.

152+ 153+
W 1.00£0.06 1.98£0.12 This work
C 1.01£0.06 2.03£0.12 This work
Si(111)-H 1.03+0.06 1.98+0.12 Ref. [12]

032901-2



K AND L X-RAY EMISSION FROM HOLLOW ATOMS ...

52+
~1<] r Be |
% 1.5
= —Cu
= i
20l |
o 1.0 i g
=
8
g,
bO.S- ‘ g
7
=
2 |
2 N,
0.0 T L T
20 30 40

X-ray Energy (keV)

FIG. 3. X-ray spectra emitted in collisions of H-like I°** ion
with beryllium (Be) and copper (Cu) surfaces. The intensities are
normalized so that the total K x-ray yield is 1.

[16]. This difference can be explained by Auger and x-ray
transition rates. As seen in the spectra, the K x rays are
mainly by the decay from the L, M to K shells. The transition
rate of (np)—(1s) is scaled with AE? [17] (AE is energy
difference between initial and final states) and the Auger
rates scale approximately with the square number of elec-
trons of upper states [7,18]. The L,; to K x-ray transition rate
is 11.6 fs~' [17] for atomic iodine, while each KLL, KLM,
KLN Auger transition rate is slower than 0.2 fs~! [19]. In the
case of hollow atoms, however, the K x-ray transition rate is
faster than 10 fs~! and the Auger transition rate is slower
than 0.1 fs™!. Therefore, the filling of the K shell vacancies
via x-ray transitions is faster than that via Auger transitions,
which results in larger wy for the iodine HCIs than that for
the atomic iodine.

We estimated the wg with respect to the number of the L
spectator electrons (1;) by using the HULLAC code [20] with
neglecting transitions from M and higher states in the hollow
iodine atom. The wy increases from 94% to 100% for KL8 to
KL'. From our results, we would say that as soon as one
electron decays to the empty L shell, it will immediately
transfer to the K shell due to the very high x-ray transition
rate. Thereafter, the L shell will be populated.

From the spectra of Fig. 1 and Fig. 2, it can be recognized
that L x-ray yields for HOPG and W are significantly differ-
ent. The intensities at the La x-ray peak for HOPG and W
surfaces are 1.23 and 1.01 (counts ion~! keV~!) by H-like
I5?* irradiation, respectively. Figure 3 presents the x-ray
yield spectra for H-like I°** impacts on Be and Cu surfaces.
The intensities of the spectra were normalized so that the K
x-ray yield is 1, which is justified by the fact, as shown
above, that wg is 100% and independent of the target mate-
rials. It is clearly seen that the intensities of L x rays for Be
are larger than that for Cu.

We obtained the L x-ray yields by integrating from 3.4
keV to 10 keV, which are shown in Table II. As shown in
Table II, the L x-ray yields seem to be dependent on the
target Z (atomic number), i.e., the L x-ray yields for Be
(Z=4) and HOPG (Z=6) are much larger than those for Cu
(Z=29) and W (Z=74). The L x-ray yields change from 1.72
(W) to 2.31 (Be).
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TABLE II. Total L x-ray emission yields from H-like and bare
iodine ions impacts on Be, C, Cu, and W surfaces.

ISZ+ IS3+
Be 2.31%0.14 This work
C 2.17+0.13 2.35*0.14 This work
Cu 1.75*=0.11 This work
W 1.72£0.10 1.87£0.11 This work

According to the classical over barrier (COB) model
[4,5], while a H-like I°** HCI approaching a metallic surface
with the work function of 5 eV, conduction electrons would
be capture(ﬂo very high Rydberg levels (n=40-50) starting
at about \2q/ W¢%56 au=~29 A. The lifetime of the hol-
low atom (~10 fs) is longer than its approaching time above
the surface (~5 fs). Then the time above the surface is not
enough for subsequent cascading to inner shells of the hol-
low atom. Hence, most of the vacancies in inner shells such
as K, L, and M would survive until it arrives at the surface
[7.9]; therefore, most of K, L, and M x rays are emitted
below the surface [1]. Highly exited electrons captured
above the surface would be mostly peeled off [21] before the
projectile penetrates the surface. Further, the target electrons
in the inner shells would be transferred to the projectile di-
rectly through a near-resonant capture process, which is the
so-called “side feeding” [8,21]. These electrons would decay
to M shells through a few steps of Auger transitions. This
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FIG. 4. The level energy matching between the HCI projectile
(I°2*) and the target atom (Be, C, Cu, and W) together with the
Coulomb potential barrier in between them. The position of the
projectile exists at the center of the lattice spacing in the target. CB
denotes the conduction band.
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filling process below the surface and then the production of
spectator electrons in a HCI would be strongly related to the
electronic structure of the target, which should affect the L
x-ray yields.

In order to see the energy level matching below the sur-
face, we arrange the energy levels of the target atoms in
comparison with those of the projectile. Figure 4 shows a
kind of hypothetical potential energy diagram in the COB
model between the target atoms [Be, C (HOPG), Cu, and W]
and the I°** projectile ion, where the projectile exists at the
center of interstitial spacing in the target lattice, interacting
with the nearest target atom. In Fig. 4 the Coulomb barriers
are also shown, in which the effective nuclear charges esti-
mated by Slater [22] are used for the respective target atoms.

As seen in Fig. 4, 1s electrons would be transferred to
high Rydberg levels in the projectile from the Be and C
target atoms for the side feeding, while, from the Cu target,
electrons in the principal quantum number n=3 level, and
from W electrons in n=4 are dominantly captured below the
surface, respectively. The electrons captured by the projectile
into high Rydberg levels would decay to the inner M shell
mainly via Auger transitions. However, in this side feeding
scheme, the number of those electrons would be different for
the different target atoms, since the possible number is con-
sidered to be 2n%, which is the occupation number of the
initial level n of the target atom before capturing (2n%>=2 for
Be and C, 2n*=18 for Cu and 32 for W).

Therefore, the number of M spectator electrons would be
different for the target atoms after cascading in the atomic
states of the projectile. As mentioned above, for the Be and C
targets there are a small number of M spectator electrons,
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which leads to higher L x-ray yields, while for Cu and W the
relatively lower L x-ray yields were observed due to many M
spectator electrons in the projectile.

IV. CONCLUSIONS

We investigate the x-ray spectra from the slow hollow
atoms produced in the interaction of I°** and I>** with dif-
ferent target materials. We have demonstrated that the fluo-
rescence yield of K shell vacancies in the hollow iodine atom
is almost 100% which is independent of the target being
closely related to the very fast x-ray transition rate to the K
shell. On the other hand, the L x-ray yields are different for
the different target materials. This can be attributed to the
mechanism of the formation of hollow atom below the sur-
face which is affected by the electronic structure of the tar-
get. In the side feeding scheme, the possible number of the
electrons captured by the projectile is considered to be 2n?,
which is the occupation number of the initial level n of the
target atom before capturing (2n*>=2 for Be and C, 2n*=18
for Cu and 32 for W).
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