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Electrons emitted from high Rydberg states formed by penetration of 2.0 MeV/u Ar%!3:1415+ jons through
C-foil targets of various thicknesses (4.0 - 20 ug/cm?) have been measured with high resolution utilizing
zero-degree electron spectroscopy. Intense series of Coster-Kronig peaks due to Ar'4* 1s22p(3P5 /2.1 /2)nl -
15225(%S; jp)el’ and Ar'3* 1522s2p(3Py,1 o)nl - 1s?2s% ('So)el’ transitions, in which the principal quantum
number, n, starts at 10 and increases with increasing peak energy, have been observed for every combination of
initial charge state and foil thickness, and quite a few number of other peaks remain unassigned in the electron
energy region investigated. Intensities of each series of Coster-Kronig electron peaks follow the n~3 law. The
mean charge states after the foil penetration have been found to be the same within 10% uncertainty and the to-
tal intensity of the Coster-Kronig transitions including Ar'>+ 1s22p(P) and Ar'** 152252p(3P) cores have also
been found to remain constant for all the collision systems investigated. The total Ar'>* 15>2p(>P) population
derived from n = 10 transition peaks is found to be almost the same as those of Arl4+ 1s2232p(3P), which is in
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contrast to the ratio of Ar'>* to Ar!#* fractions measured downstream the foil.
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I. INTRODUCTION

Dynamic properties of the collision processes inside a solid
target have been one of the major interests in ion-solid inter-
actions and the penetration of ions through solid target has
been investigated in many aspects. A cusp-shaped secondary
electron peak in the forward direction and a series of electron
peaks emitted from Rydberg states of fast projectile can also
be observed in much simpler ion-gas collisions. In the ion-
solid collision, on the contrary, more intense series of Coster-
Kronig (C-K) electron peaks from Rydberg states have been
observed than expected by Coulomb capture of target elec-
tron or by bound-bound excitation of projectile electrons at
the last layer collisions on the exit surface, although the Ry-
dberg state can not survive inside the solid because the or-
bital radius of Rydberg electron is far larger than the lattice
spacing of the solid target [1]-[3]. This indicates that the Ry-
dberg states are formed upon or near the exiting surface of
the solid, capturing electrons which have been accumulated
to follow the projectile at the same velocity by being released
from projectile bound states or captured from the target dur-
ing foil penetration. A model for producing such Rydberg or
convoy electrons has been introduced by Rothermel et al. [1]
and concluded by Burgddrfer and Bottcher [4] as a three-step
transport model. In their model, electrons in near-threshold
projectile continuum move at the projectile velocity while in-
side solids and, upon leaving the foil, a part of such electrons
are re-captured to form the Rydberg states, shaken by a sudden
switch of projectile potential from screened to bare Coulomb
potential. Consequently, the formation of the Rydberg states
is inferred to be strongly related to that of the “cusp” elec-

trons, depending on whether the electron is captured to bound
states or stays on the continuum state.

So far the zero-degree electron spectroscopy [5],[6] has
been proven to be a powerful tool to study these Rydberg state
ions consisting of the excited ion core and Rydberg electron,
through observing the C-K electrons ejected at zero degrees
with high resolution. Another advantage in precise measure-
ments of C-K electron energy is that the ion configurations
inside the solid can partly be probed by identifying the core
configurations of the observed Rydberg states. Moreover, as
C-K electron energy can be determined free from contact po-
tentials of the surrounding equipments by zero-degree elec-
tron spectroscopy, non-equilibrium collision phenomena can
be investigated using a very thin foil as target.

We have been studying the electron emission mechanisms
from various ions with different energies passing through gas
and solid targets with zero-degree electron spectroscopy [7]-
[12]. As for solid target, we have studied S and Si projec-
tile ions, to prove that the decays of 3-5 electron systems
give a significant contribution in the electron spectrum for 2.0
MeV/u S'?>* ion penetrating through a 2.2 ug/cm? carbon foil
[71,[10], and so do those of 4-5 electron system in 2.0 MeV/u
Si>* jon through a 9.6 ug/cm? carbon foil target [8] by us-
ing C-K electron energies calculated by perturbation theory
of Z-expansion method (MZ code). We reproduced the ex-
perimental spectra fairly well by convoluting the calculated
spectra with the spectrometer resolution and the ion charge
population “inside” the foil [9],[10]. We have extended our
work to other projectiles in order to study the formation of
Rydberg ions systematically, and present here results for 2.0
MeV/u Ar® 131415+ jons traversing 4.0 - 20 ug/cm? carbon
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foil targets.

II. EXPERIMENTS

The present experiments were performed at the tandem ac-
celerator facility at the Japan Atomic Energy Research Insti-
tute (JAERI), Tokai. As the detailed description of the ex-
perimental apparatus has been presented previously [7]-[12],
only some major parameters are given here. A beam of 80
MeV (2.0 MeV/u) Ar®t ion was obtained from the tandem
accelerator using the terminal ECR ion source [13]. The pri-
mary Ar%" or post-stripped Ard* (q=13-15) ions were guided
into the target foils inside a collision chamber kept at the
base pressure of 10~® Torr and finally collected at a Fara-
day cup. Electrons emitted from the projectile ions passing
through self-supported C-foil targets of 4.0 - 20 ug/cm? were
energy-analyzed with a tandem electrostatic analyzer located
at zero degrees with respect to the ion beam direction. The
electron-pass energy for the second analyzer was set at 50
eV to improve the resolution and also to keep its transmis-
sion constant. Electron spectra in the laboratory frame were
obtained by scanning the retarding potential between the first
and the second analyzers with 1 or 0.5 eV steps for a fixed
integrated ion beam current at the Faraday cup. The observed
electron spectra were dominated by the so-called cusp peak at
around 1.11 keV and a series of Coster-Kronig electron peaks
was superposed on the low and high energy wings of the cusp,
corresponding to the backward and forward ejected electrons,
respectively, from the moving projectile (see Fig. 1(a) or Fig. 1
of the reference [11]). Two spectra for the backward and
forward ejected electrons were obtained by converting data
points into the projectile rest frame from the laboratory frame
(Bw and Fw spectra (raw) in Fig. 1(b)). This conversion re-
sulted in the energy resolution of ~0.3 eV for the electron en-
ergy region of our interest (~15 eV) including the spectrome-
ter’s resolution. The spectrum from the high energy wing has
an almost constant background which comes from a part of
the cusp electrons, meanwhile the low energy wing spectrum
has an additional background coming from soft collisions. Af-
ter subtracting these backgrounds, these two spectra have been
found to be practically the same in peak energies and intensity
distributions (Bw and Fw spectra (bg) in the Fig. 1(b)), show-
ing that the transmission of our electron analyzer system re-
mains constant in the present energy region. The combination
of the projectile charge states and the target foil thicknesses
studied are shown in table I with the precise centroid energy
values of the cusp.

III. RESULTS AND DISCUSSION

The beam current in the Faraday cup is found to be the same
within 10% uncertainty in switching the target foil thickness
for all the charge states investigated. Our separate measure-
ment of the charge state distribution and mean charge state for
2.0 MeV/u S+ ion through carbon foil target [14] shows that
the projectile mean charge state rapidly grows until 5 ug/cm?
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FIG. 1: (a) Electron energy spectrum in the laboratory frame for 80
MeV (2.0 MeV/u) Ar®" jon passing through a 4.0 ug/cm? carbon-
foil measured at zero degrees. (b) Electron energy spectra trans-
formed into the projectile rest frame. Thin dotted curves corre-
spond to the energy spectra from the forward and backward (de-
noted Fw and Bw, respectively) ejections, and the solid curves are
background-subtracted spectra. (c) Background-subtracted electron
energy spectrum ejected at zero-degrees from 80 MeV Ar®* ion
transmitted through 4.0 ug/cm? carbon-foil. Energy refers to the
projectile rest frame. Five series of repetitive peaks are assigned to
originate from Coster-Kronig transitions Ar'4* 1s22p(’P5 /2,1 /z)nl -

1s22s(3S, J2)el’ for (a), (a') and Ar3t 152252p(3P,  g)nl - 157252
& So)el’ for (b), (b’), (b”), respectively, as described in the text.
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FIG. 2: Dependence of the Coster-Kronig peak intensity on the prin-
cipal quantum number n of the Rydberg electron emitted from 2.0
MeV/u A1t ion penetrating through a 4.0 pg/cm? carbon foil. Full
symbols denote well-separated peak intensities, while open symbols
denote combined ones. Marks (a), (a’), (b), (b’) and (b”) denote
Coster-Kronig transition series as indicated in the text and Fig. 1(c).
Full line shows the n 3 dependence.
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FIG. 3: Coster-Kronig peak intensity of n = 10 transitions after back-
ground subtraction. Marks (a), (a’), (b), (b’) and (b”) denote C-K
transition series as indicated in the text and in Fig. 1(c).
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TABLE I: The combination of the projectile charge states and the tar-
get foil thicknesses investigated in the present work. Also tabulated
are the centroid energy values of the cusp for each measurement.
The data with the same symbols (daggers, double daggers and sec-
tion symbols) were obtained within the same machine time period.

Projectile  Target Foil Centroid Energy
Charge State Thickness  of the Cusp
(ug/cm?) (keV)
6+ 4.0 1.1086"
6+ 10 1.1070%
13+ 6.9 1.1018%
13+ 10 1.1030%
13+ 20 1.1015%
14+ 6.9 1.1026%
14+ 10 1.1037%
15+ 10 1.1030%

and then attains equilibrium values. The same beam current
after foil penetration indicates that the projectile mean charge
state reaches an equilibrium value within all target thicknesses
studied even for the Ar%* projectile. We therefore assume that
the measured electron spectra in the laboratory frame and the
derived projectile rest frame (P-frame) spectra can be normal-
ized to within 10% by the integrated Faraday cup currents,
regardless of the projectile charge state or the foil thickness.
In Fig. 1(c) the high energy wing of the electron energy spec-
tra is shown, converted into the P-frame and background sub-
tracted, from 2.0 MeV/u Ar%* traveling through a carbon foil
of 4.0 ug/cm? in thickness. The repetitive peaks are assigned
to originate from 5 series of Coster-Kronig (C-K) transitions,
indicated by the vertical bars marked (a), (a’), (b), (b’) and
(b”) in the figure. Each series comes from transitions of

(@) Ar'** 1s22pCPS )y )nl - 15225(°S; p)el’,  (35.04eV)
(@) Ar'** 122pCPY ) )nl - 157258, p)el’,  (31.87eV)
(b) Ar'3* 1522s2p(PP9)nl - 15225 (1Sp)el’,  (31.33eV)
(b)) Ar'3t 152282pCP)nl - 152252 (1S)el’,  (29.24eV)
(b”) Ar3t 152252p(CP)nl - 152252 (1Sg)el’,  (28.35eV)

where the principal quantum number, n, of the Rydberg elec-
trons starts at 10 and increases with increasing peak energy for
each series. The energy values in parenthesis give the series
limits. The marked energies are obtained with the formula

E = AE — Q*Ry/2n*, (1)

where AE is the energy level of the initial core configuration
with respect to the final (ground) configuration, Q is the effec-
tive charge of the core ion configuration (assumed to be +15
and +14 for (a) and (b) series, respectively), and Ry/2 is the
Rydberg energy (13.6 eV). For AE, compiled level data for Ar
XV and Ar XVI taken from “NIST Atomic Spectra Database”
[15] are used. Though not shown here, all the P-frame spectra
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taken from the high energy wings of the 8 measured electron
spectra tabulated in the table I also show significant contri-
butions from the 5 C-K transitions identified above. How-
ever, the spectra also show the presence of a few further peaks
which remain unassigned within the present investigated en-
ergy range. These assignments indicate that at least Ar'>*
1s22p(*P) and Ar'#* 15?2s2p(3P) states play an important role
for argon ion in penetrating through carbon foils in near equi-
librium thickness region.
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FIG. 4: Cusp electron intensity (left-side axis; full symbols) and
summed Coster-Kronig electron peak intensity (right-hand axis;
open symbols) for Ar® 131415+ jons after penetrating carbon foil tar-
gets of 4.0 - 20 ug/cm?. Full line denotes cusp intensity, and long
and short dashed lines denote summed Coster-Kronig peak intensity
for the initial states of Ar'4* 1s22p(*P)10! ((a)+(a’) in the text for
n = 10) and Ar'3* 1522s2p(P)10! ((b)+(b")+(b”) for n = 10), re-
spectively.

These repetitive peaks of C-K electrons are found to follow
the n > law, as illustrated in Fig. 2, as has been pointed out by
Breinig et al. [16]. Taking into account that some very closely
located C-K peaks appear as a combined peak, suchasn =11
of (a’) and n = 11 of (b”), well-separated peaks and appropri-
ate division of combined peak heights lead us to the n > law. It
can be seen in Figs. 1(c) and 2 that the n = 10 peaks are well-
separated for all the 5 C-K series and their peak height can be
an index to describe the collision phenomena. From this point
of view, the n = 10 peak heights taken from the (background
subtracted) P-frame spectra are plotted in Fig. 3 versus the
foil thickness. According to the three-step transport model,
the population of the Rydberg state is ruled both by the popu-
lation of appropriate ion core state(s) and the intensity of the
near-threshold continuum electrons traveling within the solid
alongside the projectile (the entrained electrons), because the
number of the entrained electrons is not large enough to form
the Rydberg state on every possible occasion. It is clear that
the number of the entrained electrons is strongly correlated
with the cusp electron yields. Fig. 4 plots cusp electron inten-
sity measured in the laboratory frame (Fig. 1(a)) and summed
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FIG. 5: Population of Ar!5t 1s22p(2P) and Ar'** 1522s2p(®P) states
derived by the intensities of Coster-Kronig and cusp electron peaks
for Ar®13:14:15+ jong after penetrating carbon foil targets of 4.0 - 20
uglem?.

intensities of n = 10 C-K peaks over different J values of the
Ar+ and Ar'** cores (for (a)+(a’) and (b)+(b*)+(b™), respec-
tively) as functions of the foil thickness. The C-K peak inten-
sity for each initial charge state was found to show very good
agreement with the cusp intensity. These facts imply that the
entrained electron intensity exerts a major influence compared
to the ion core population on the Rydberg peak intensity, and
the Ar'>* 1522p(*P) and Ar'** 1522s2p(3P) ion core popu-
lations seem to take nearly the same values except for Ar'>*
core for Ar!>* incidence (Fig. 5). This result is consistent with
our separate measurement of charge fractions of 2.0 MeV/u S
ions penetrating carbon foils [14], which concluded that the
processes involving L-shell electrons are equilibrated within
the target thickness of ~ 5 ug/cm? and the charge equilibration
beyond this thickness is ruled by K-shell processes. Compari-
son of the peak intensities of (a) and (a’) for Arl3t projectile at
foil thickness 10 and 20 ug/cm? (Fig. 3) gave a tentative sce-
nario that the spin quantum number of the L-shell electrons (J
for coupled states) increased during the continual excitation of
the electrons through collisions with the target electrons. The
total intensity of (a) and (a’) were found to remain constant as
the target thickness increased from 10 to 20 ug/cm? as did the
total and relative intensities of (b), (b’) and (b”).

In the present case of Ar'** and Ar'3* incident ions, the
summed intensities of (a) and (a’) C-K peaks of Ar'*t are
found to be nearly the same as the corresponding states (b),
(b’) and (b”) of Ar'3*, and so do the Ar'>t and Ar!** core
populations, as illustrated in Figs. 4 and 5, respectively.
This suggests that the Ar'>* 15?2p(>P) and Ar'4* 1522s2p(°P)
states have nearly the same population in the solid near or af-
ter their equilibration. Furthermore, the equilibrium Ar'4*+
fraction is found to be almost twice as large as Ar'>* frac-
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tion after exiting the foil target [17]. This would constitute
another qualitative proof that the projectile charge states shift
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downwards upon exiting the solid.
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