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X rays originating from transitions from high Rydberg states to the M shell (here called Rydberg-to-M-shell
x rays) have been measured in the interaction of Xe?" (¢ = 27-30) ions with aluminum, molybdenum, and
beryllium surfaces in the energy range of 350-600 keV, by using a Si(Li) detector. The transition energy
calculation by Cowan’s program with relativistic correlation indicates that such x rays are mainly from the
transition of the higher quantum states, with the principal quantum number from 6 up to 30, directly to M shell
of xenon. The yield of the x ray per vacancy in M shell decreases slightly with increasing the projectile energies
and is inversely proportional to the work functions of metallic surfaces used. However, it increases rapidly with
the increase of the projectile charge states. All of these experimental facts combined with the transition rate
calculations indicate that the measured Rydberg-to-M-shell x rays come from the “above the surface” hollow Xe

atoms or ions deexcitation, when the inner shells such as NV and O have not been filled.
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I. INTRODUCTION

A highly charged ion (HCI) has a large potential energy,
which is equal to the binding energies of all the electrons
removed to create the ion. When such a slow HCI approaches
and then enters into a solid surface, an “above the surface”
and a “below the surface” hollow atom will be formed,
respectively, by capturing electrons from the surface into its
empty levels [1-4]. Not only are new aspects of atom physics
introduced by hollow atoms, but also HCI applications in
material science provide promising prospects, such as surface
analysis, the synthesis of materials with new properties, and
the formation of nanostructures that have been an active area
of research in recent years [5—8].

In order to obtain detailed understanding of the exotic
hollow atom, the x-ray spectra [9-21] and the Auger electron
spectra [22-29] during its formation and decaying have been
investigated intensively over the past 20 years by several
groups. Up to now reasonable agreement has been obtained
regarding the formation of hollow atoms in the HCI surface
interaction [30,31]. However, a lot of discussion is still
going on regarding its decaying and the potential energy
deposition [32-35], especially for the case of heavy (Z > 50)
highly charged ions colliding. After the HCI entering into the
solid, for example, Watanabe et al. [10] measured the x-ray
spectra with a Si(Li) detector as 191 (g = 34-53) ions impact
on an H-terminated Si (Si-H) target surface. They found that
the K-shell vacancies of hollow I atom were filled by x-ray
emission with a probability of about 100% and the L vacancies
with a probability of about 20%. Due to the fact that only a
few of M-shell x rays were observed, they concluded that the
decaying of the M vacancies were filled almost exclusively
through Auger electron emission. Sun et al. [12] further found
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that the L x-ray yield of hollow 19* ions or atoms is related to
the target material. Recently, Briand [20] and Pesic et al. [21]
found much longer decay times of hollow atoms in dielectrics
than in metals, and a significant decrease for the mean decay
depth of hollow atoms with increasing projectile charge state.
These findings indicate that the electronic property of the
surface affects the formation and decaying mechanism of
“below the surface” hollow atoms that, in turn, will further
affect nanostructure formation.

Above the surface, electrons in highly excited states
deexcite mainly through higher-rate multistep Auger [28,29]
and lower-rate x-ray emission processes [1,13—16]. Since the
Auger processes take many steps, thus a long time to decay
to the inner shells, and the x-ray transition rate is roughly
scaled with the square of energy difference between initial and
final states A EZ, it is possible to observe “above the surface”
x-ray emission decaying directly from Rydberg states to the
innermost shells. Such x rays are the fingerprints of the highly
excited Rydberg atoms or ions.

In the present work, Xe?* (¢ = 25-30) ions with energy
range from 350 to 600 keV were used to collide with several
metallic surfaces and x-ray emission was observed by using a
Si(Li) detector. With the aid of transition energy calculations
we found that such x rays originate from the transitions of high
Rydberg states with n ranging from 6 up to 30 directly to the M
shell. The emphasis in this work is on the “above the surface”
emission for such Rydberg-to-M-shell x rays. In particular,
we find a rapid increase of the x-ray yield with increasing
projectile charge state. The dependence of the x-ray yield on
the work functions of metallic surfaces (Al, Mo, Be) is also
discussed.

II. EXPERIMENTAL APPARATUS

The experiment was carried out at the ECR ion source at
the National Laboratory of the Heavy Ion Research Facility
in Lanzhou. The details of the 14.5-GHz ECR ion source [36]
and of the experimental setup [37,38] are described elsewhere.
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Xe?" (g = 25-30) ions were extracted and selected by a 90°
analyzing magnet. The beam passed through two apertures,
5 and 2 mm in diameter, and the beam spot on the target, placed
at 45° with respect to the beam and polished with a purity of
99.99%, was about 2 mm. The base pressure in the chamber
was maintained at about 2 x 10~% mbar. The emitted x rays
were transmitted through a beryllium window with a thickness
of 50 um and were detected by a Si(Li) detector, placed at 90°
to the beam, outside the chamber. The detector had a solid angle
of 5.5 msr and an energy resolution of about 195 eV at 5.9 keV.
For avoiding the interference of low energy x rays below
1.25 keV, a lower threshold was set in present experiments.
To provide a count of the number of HCI, which impact on the
surface during the x ray measurements, the target current was
measured using a digital current integrator (ORTEC model
439) combined with a timer and counter (ORTEC model 871).
Then the x-ray yield per ion was obtained from the x-ray counts
and the ion counts.

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray spectra observed as 450 keV
Xe?" (g = 25-30) ions impinging on Al surface. The x-ray
intensity is normalized to 10'? incident projectiles and to the
energy width corresponding to one channel of the MCA. The
x-ray energy was calibrated by using the emitted x-ray lines
from radioisotopes of *! Am and >°Fe. As can be seen from
Figs. 1(a) and 1(b), the spectra consists of lower-intensity
background x rays centered at about 1.75 keV, which primarily

S —
i‘. o (a) Xe** ]
2] o) ]
g ppeeeret—————————

4] o
2] o
E @)

X-ray intensity(arb. units)

1.0 1.5 2.0 25 3.0 3.5

X-ray energy(keV)

FIG. 1. X-ray spectra emitted in the interaction of 450 keV Xe?™"
(g = 25-30) ions with Al surface. For initial charge state ¢ = 25 and
26 only lower-intensity backgrounds primarily from Si escape x rays
are observed, and for ¢ = 27-30 higher-intensity Rydberg-to-M-shell
x rays are observed as well as shifts in energies.
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come from the Si escape x rays. However, the spectra resulting
from Xe?’* to Xe*" initial projectiles [Figs. 1(c) to 1(f)]
show higher-intensity x rays with energies ranging from 1.3 to
2.0 keV. We note that the x-ray intensity increases rapidly and
the x-ray energy position shifts toward higher energy with the
increase of the projectile charge state ¢, i.e., with the number
of initial M-shell vacancies. Maybe Al K x rays, induced by
charge or vacancy transfer through radial coupling of 3do and
4 fo (correlated with Xe 3d level and Al 1s level, respectively)
molecular orbitals in close collisions [23,39], have minor
contributions to these peaks; however, they cannot be resolved
due to limited energy resolution of our Si(Li) detector. From
these figures we can also deduce that no additional L-shell
vacancies are produced during the impact of Xe?* ions on
surfaces.

Machicoane et al. [14] measured M-shell x-ray spectra of
Xe?0* (with no M vacancy) and Xe?’* (with one M vacancy)
ions impact on Si surface using an IGLET-X windowless
germanium detector for investigating the internal dielectronic
excitation (IDE) [15]. In their work the measured spectra
consist of two groups of x rays, a higher-intensity group with
a central energy of about 780 eV and a lower-intensity one
decaying monotonically from 0.9 to 1.5 keV. X rays with
energies lower than 1.25 keV cannot be detected in present
work because it is out of the sensitive range of the detector.
Thus, no evidence can be observed for the IDE process because
this mechanism takes place at an early stage of the hollow
atom decaying and subsequently emitting a N-M transition
x ray with the energy of 0.8 keV.

According to the classical over-barrier model
(COB) [30,31], as a Xe** ion approaches a critical
distance R = /2g/ W ~ 49 a.u. from an Al surface with the
work function W of 4.28 eV, it begins to resonantly capture
conduction electrons into high Rydberg states (principal
quantum number around n &~ 20-30). Thus, an “above the
surface” hollow Xe atom will be formed with electrons in
higher orbitals and vacancies in inner shells. Usually the
lifetime of the hollow Xe atom is longer than its approaching
time (here T &~ 5 fs) above the surface. Upon its impact on
the surface, electrons in higher orbitals would be peeled off
and, a more compact “below the surface” hollow atom will be
formed after the projectile penetrates the surface. In addition
to the primary multistep Auger deexcitation above the surface,
electrons in highly excited states can also decay through
a minor x-ray radiative process to the ground state, either
directly or via a cascade. Below the surface, the inner-shell
vacancies of the hollow Xe atom quickly decay on a time
scale of femtoseconds [40,41] through M-shell x rays and
Auger electrons emission.

In order to determine the origin of the observed x-ray
spectra, energies and rates of transitions ®o(N)P,(V) —
3d'"V®y(N) (i.e., nf-3d) were calculated with Cowan’s
program [42] for each charge state corresponding to the
number V of M-shell vacancies from 1 to 4. Here ®o(N) =
1522522 p®3523 p93d'045*14 pk244%s 55545 pks | the value of elec-
tron occupation number in outer shell (n > 4) N =k, +
ko + k3 + k4 + ks is from 0 to 26, ®,(V) =3d~Vnf, the
initial principal quantum number n is from 4 to 30.
The calculated results were summarized in Table I, where
the x-ray energy is the difference between the initial and
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TABLE 1. Calculated transition energies (eV) and weighted transition rates gA (s™') of ®¢(N)®,(V) — 3d'~V ®¢(N) using Cowan’s
program for each charge state g of Xe?™ ions. ®(N) = 1522522p®3523 p®3d'1%4s514pF24d*3 5554 5p*s, N =k 4+ ko + k3 + ky + ks = 0—26
(values for N = 0, 8, 18, and 26 are listed), ®,(V) = 3d~Vnf, V = 1-4, n = 4-30. For each charge state and each occupation number N, the
first row lists the transition energies and the second is the corresponding weighted rates. The number in square brackets indicates the power

of 10.
q(V) N 4f-3d 5f-3d 6f-3d 7f-3d 8f-3d 9f-3d 10f-3d 15f-3d 20f-3d 30f-3d
27(1) 0 849 1085 1214 1291 1341 1375 1399 1456 1475 1489
2.2[14] 9.8[13] 5.2[13] 3.1[13] 2.0[13] 1.3[13] 9.8[12] 2.7[12] 1.1[12] 3.3[11]
8 779 923 996 1038 1065 1083 1096 1125 1135 1142
1.3[14] 5.6[13] 3.0[13] 1.8[13] 1.2[13] 8.2[12] 5.8[12] 1.6[12] 6.8[11] 2.0[11]
18 704 743 762 773 779 784 787 794 796 798
47[13]  1.5[13]  8.0[12]  48[12]  3.1[12]  2.1[12] 1.5[12] 42[11] 1.7[11] 5.0[10]
26 681 682 682 682 682 682 682 682 682 682
3.1[8] 2.8[8] 2.1[8] 1.5[8] 1.1[8] 8.2[7] 6.5[7] 1.9[7] — —
28(2) 0 882 1136 1274 1357 1410 1447 1473 1534 1555 1570
2.2[15] 9.7[14] 5.1[14] 3.0[14] 1.9[14] 1.3[14] 9.5[13] 2.7[13] 1.1[13] 3.2[12]
8 813 973 1054 1100 1130 1150 1164 1196 1207 1215
1.4[15]  5.8[14]  3.1[14]  1.8[14]  1.2[14]  82[13]  5.9[13] 1.6[13] 6.9[12] 2.0[12]
18 738 790 813 826 835 840 844 853 856 858
5.9[14] 1.7[14] 9.3[13] 5.5[13] 3.6[13] 2.4[13] 1.7[13] 4.9[12] 2.0[12] 5.8[11]
26 728 730 731 732 732 732 733 733 733 733
3.1[14] 7.5[13] 3.2[13] 1.6[13] 9.1[12] 5.7[12] 3.8[12] 9.3[11] 3.6[11] —
29(3) 0 915 1188 1335 1424 1481 1520 1548 1613 1636 1652
9.8[15]  42[15]  22[15]  13[15]  84[14]  57[(14]  4.1[14] 1.1[14] 4.8[13] 1.4[13]
8 847 1024 1112 1163 1196 1218 1234 1270 1282 1290
6.7[15] 2.6[15] 1.3[15] 8.3[14] 5.3[14] 3.6[14] 2.6[14] 7.4[13] 3.0[13] 8.9[12]
18 772 837 866 882 892 898 903 914 917 920
3.1[15] 8.8[14] 4.6[14] 2.8[14] 1.8[14] 1.2[14] 8.8[13] 2.4[13] 1.0[13] 2.9[12]
26 763 779 782 783 784 785 785 786 786 786
23[(15] 720131  39[13]  23[13]  L5[13]  1.0[13]  7.2[12] 1.9[12] 7.7[11] 2.2[11]
30(4) 0 948 1240 1398 1492 1553 1595 1625 1695 1719 1736
2.5[16] 1.0[16] 5.5[15] 3.2[15] 2.1[15] 1.4[15] 1.0[15] 2.8[14] 1.1[14] 3.5[13]
8 880 1075 1171 1227 1263 1287 1304 1344 1357 1367
1.7[16] 6.8[15] 3.6[15] 2.1[15] 1.3[15] 9.4[14] 6.7[14] 1.9[14] 7.8[13] 2.2[13]
18 805 885 919 938 950 958 964 976 980 983
9.1[15]  2.5[15]  13[15]  8.0[14]  5.1[14]  3.5[14]  2.5[14] 7.0[13] 2.8[13] 8.3[12]
26 797 828 834 836 838 839 840 841 842 842
7.5[15] 3.1[14] 1.7[14] 1.0[14] 6.5[13] 4.4[13] 3.1[13] 8.3[12] 3.3[12] 9.4[11]

the final configuration-average energy, and the corresponding
transition rate is the sum of weighted rates for all of allowed
electric dipole transitions from the initial to the final states.
For each charge state and each occupation number N, the first
row lists the x-ray energies and the second corresponds to the
weighted rates.

It should be noted that the electron capture from surface
into high-n shells occurs not only to the f-subshells but
also into subshells with different angular momenta. Moreover,
the populated states are strongly hybridized in front of the
surface and atomic states with different angular momenta are
mixed (Stark states) [43]. Therefore, it is very difficult in
present work to evaluate how the captured electrons populate
the different angular momentum subshells. Maybe a type of
statistical angular momentum distribution would be expected.
For comparison with nf-3d transitions, the transition rates gA
of 3d~'np ®4(0)-Py(0) (np-3d) were also calculated and listed
in Table II. The results indicates that the np-3d transition can
be neglected as comparison with n f -3d transition. Table IT also

includes the transition rates for 3d~!'nd ®4(0)-3d~110 f ®(0)
(10 f-nd), which show that the electrons in highly states (here
n = 10) most like transitions into lower levels.

TABLE II. Calculated weighted rates gA (s~!) for all of allowed
electric dipole transitions of 3d~'nd ®y(0) — 3d~'10 f ®((0) and of
3d'np®y(0) — ®(0), respectively, with Cowan’s program. &, =
1522522 p®3523p%3d'%, n = 3-10. The number in square brackets
indicates the power of 10.

Transitions gA Transitions gA

10f-3d 9.8[12] 4p-3d 8.0[12]
10f-4d 2.6[13] 5p-3d 3.1[12]
10f-5d 1.1[13] 6p-3d 1.5[12]
10 f-6d 5.4[12] Tp-3d 9.1[11]
10f-7d 2.8[12] 8p-3d 5.7111]
10f-8d 1.4[12] 9p-3d 3.8[11]
10 f-9d 6.5[11] 10p-3d 2.7[11]

042707-3



Z.Y. SONG et al.

As can be seen from Table I, while the N and O shells
have fewer spectator electrons present at the time of x-ray
emission, the calculated x-ray energies establish the peaks
from 1.3 to 1.8 keV as filling the initial vacancies in M shell
directly from highly excited states with principal quantum
number ranging from 6 to 30, i.e., Rydberg-to-M-shell x rays
emission. It should be noted that the calculated x-ray energy
range are smaller than the experimental results (1.3-2.0 keV).
This could be explained by taking into account the upward
shifts of the ionic energy levels since the interaction of the
ion with its image charge as the ion approaches the metallic
surface. Therefore, the observed x rays in Figs. 1(c) to 1(f)
come from the “above the surface” hollow Xe atoms or ions
deexcitation, while many of inner shell (N and O et al.)
vacancies are not filled. On the contrary, the calculated results
indicate the measured x rays peaked around 780 eV by
Machicoane [see Ref. [14], Figs. 1(a) and 1(b)] mainly from the
“below the surface” hollow atoms deexcitation. At that time the
N, O shells have been filled as Xe?’* ions penetrating surfaces,
justleaving an empty M shell. Because the transition rates from
nf (n = 6) to 3d level gradually decrease with increasing the
principal quantum number n, an exponential decay spectrum
shape would be expected other than the observed symmetrical
shape as shown in Fig. 1. This is induced by two possible
reasons. One is related to the electronic lower threshold of
1.25 keV set in measurements, and the other is to the surface
oxidization and dissociative adsorption of hydrogen, yielding
a coverage of hydrogen, carbon, and oxygen on the surface. As
highly charged Xe ions approach the surface, in addition to the
capture of conduction electrons to high states (n &~ 20-30), the
binding electrons of neutral atoms adsorbed on the surface will,
in addition, lead to capture into states with a principal quantum
number around n. ~ ¢3/* ~ 11. Thus, the x-ray radiative rate
from this orbital directly to the ground state should be larger
than that from other states, even though n < n., yielding the
x-ray spectra shape with a peak value corresponding nearly
to this transition energy. It should be noted that, for Xe*’*
ion incidence [Fig. 1(c)], the background due to Si escape x
rays is considerable compared with the Rydberg-to-M-shell
x rays, and it accounts for the spectra larger than 1.5 keV.
For Xe*** the background takes a small amount and can be
neglected.

From the measured x-ray counts, the x-ray yield can be
obtained by taking into account the background, the solid angle
of the detector seen from the target, the total number of incident
particles, the detector efficiency, and the absorption of 0.8 cm
air and a 50-pum beryllium window. The incoming electrical
beam current [j;, was estimated from the measured target
current [, after correcting the secondary electron emission
yield by using the equation I;, = I, /(1 4+ y/q). By division of
I;y by the charge of the projectile ion the incoming particle
current is determined. Basing on the measured secondary
electron yield in Refs. [24,25] for perpendicular incidence of
Xenon ions on several metal surfaces and, taking into account
the scattering geometry in present work, a value of 2.0 of
y /q is estimated with a error of 15% for calculating the x-ray
yield and its error. For these energy range x rays, the detector
efficiency of Si(Li) detector with a 25-pum beryllium window
was 38%, and the absorption for 0.8 cm air and a 50-pum
beryllium window was from 0.06 to 0.1 [44].
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FIG. 2. Xe Rydberg-to-M-shell x-ray yields following Xe*** ions
impact on Al surfaces as a function projectile energies from 350 to
600 keV.

Figure 2 shows the measured x-ray yields for Xe*** ions

impact on Al surface as a function of projectile energies
from 350 to 600 keV. The error bars primarily result from
uncertainties of the number of incident ions (15%), the
observation solid angle (2%), the efficiency of x-ray detector
(2%), and the x-ray counting statistics (10%), therefore the
total uncertainty is about 30%. As shown in this figure the yield
decreases slightly with the increasing of projectile energies.
This result is an another evidence that the measured x rays
are from the “above the surface” hollow Xe atoms or ions
deexcitation. Because such x-ray emission process will end as
Xe atoms or ions arriving at the surface, the ions with lower
velocity will have more time decaying than the ions with
higher velocity, thus more x-ray yields would be expected.
It should be noted that although the yield of such x rays
decreases as increasing the projectile energies it is still within
the experimental uncertainties. It also should be noted that
such Rydberg-to-M-shield x-ray emission occurred above the
surface just allows for a very small fraction of the deexcitation
of the M-shell holes. Most of the M-shell vacancies would
be filled below the surface given more time, as pointed out
in Ref. [21] that the M-shell holes of hollow lead atoms are
primarily filled below the surface within 2268 fs.

Figure 3 shows x-ray yields divided by the initial number
of vacancies in M shell as a function of projectile charge states
for Xe?" (¢ = 27-30) ions impact on Al surface. As shown
in this figure the yield increases rapidly as increasing the
initial M-shell vacancies. It is not surprising because the x-ray
emission in the present work occurs on the surface and only
associates with the radiative transitions from highly excited
states directly to the ground states. The radiative rates of such
transitions increase around 100 times, as shown in Table I, as
Xed" ions charge state increasing from 27 to 30. However, the
x-ray yield per M hole measured by Machicoane er al. [14]
should be constant with initial M vacancies, or should increase
slightly because of the reduced screening of the core for higher
charge states. This is because these x rays are emitted primarily
below the surface where the N, O shells have been filled due
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FIG. 3. Xe Rydberg-to-M-shield x-ray yields divided by the
initial number of M-shell vacancies as a function of projectile charge
states for Xe?t (¢ = 27-30) ions impact on Al surfaces with incident
energies [1 350, O 400, A 450, v 500, < 550, and <1 600 keV,
respectively. The B-spline line represents the arithmetic mean values
over the yields induced by ions with different kinetic energies.

to these levels closing to the Fermi level of the metal surface.
Thus, the measured x-ray yield is nearly equal to the M-shell
fluorescence yield, which is likely to be proportional to the
initial M vacancies. The approximately linear relationship of
the M x-ray yield (or M-shell fluorescence yield) of Bi?" ions
impact on Au surface [3,16] with charge state from g = 56 to
g = 64 also indicates that these x rays with energy ranging
from 2.5 to 6.0 keV were emitted below the surface. As
charge state ¢ < 56 lower-intensity x rays in this energy range
were also observed. However, such x rays can not be used
as the evidence for decaying directly from highly Rydberg
states to the empty N shell. This is because the possible IDE
mechanism and the molecular promotion process can induce
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FIG. 4. Averaged Xe Rydberg-to-M-shield x-ray yields per M-
shell vacancy as a function of projectile charge states for Xe?t (¢ =
27-30) ions impact on Al, Mo, and Be surfaces.
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TABLE III. The averaged Rydberg-to-M-shell x-ray yields over
values induced by different projectile energies for individual charge
state. Numbers in parentheses indicate power of ten.

27 28 29 30
Al 3.03(—6) 4.01(—6) 6.42(—6) 12.6(—6)
Mo 2.17(—6) 2.85(—6) 4.76(—6) 9.99(—6)
Be 1.92(—6) 2.45(—6) 4.38(—6) 9.76(—6)

normal M-shell x rays, whose energies are superimposed with
the Rydberg-to-N-shell x rays. In fact, the Rydberg-to-M- or
-N-shell x rays primarily radiate above the surface and its
transition rate is strongly related with the vacancy number in
M or N shell of the hollow atom or ion.

A simple estimation of the Rydberg-to-M-shell x-ray yield
Yrya can be made basing on the equation Yryq = Pegpll —
exp(—At)] with A the mean transition rate from highly states
to the ground state and, P, represents the electron capture
probability from the surface. For Xe?’* and Xe*** ions
incidence, x-ray yield of 0.05P, and 0.99P., would be
obtained, respectively, as substituting the decaying time of
5 fs, transition rate of 0.01 fs~' for Xe?’* and 1 fs~! for Xe0*
to the equation. This result is accordance approximately with
the measured ratio of yields R ~ 17 for Xe*** to Xe?’*.

We also measured such Rydberg-to-M-shell x rays of
Xe?* (¢ = 27-30) ions colliding with Mo and Be surfaces in
the same energy range. Also the x-ray yield is nearly a constant
in the projectile energy range studied here for individual charge
state; and the normalized yield by the number of initial M
vacancies has expanded around four times as increasing the
charge state from 27 to 30. However, the x-ray yield depends
on target materials. As shown in Figs. 3 and 4 and Table III,
the x-ray yield colliding with Al surface is larger than that with
Mo surface, and the yield with Be surface is the minimum. Al
K x rays induced by charge transfer process in close collisions
have minor contributions (no more than 20%) to the measured
spectra. However, the x-ray yield on Al surface is about 1.3—1.5
times larger than the yields on Mo and Be. In fact, this result
indicates further that the measured Rydberg-to-M-shell x rays
are due to the “above the surface” hollow atoms or ions deex-
citation. As discussed above, the critical distance R from the
ion to the surface is inversely proportional to the work function
W of metallic surface. For Al, Mo, and Be materials the work
function are 4.28, 4.6, and 4.98 eV, respectively, so the R from
Al surface is maximum and from Be is minimum. It means that
the electrons in Rydberg states captured from Al surfaces have
the most time to decay compared with Mo and Be surfaces.

IV. CONCLUSIONS

In summary, we have investigated the x-ray emission in the
interactions of Xe?" (g = 25-30) ions with Al, Mo, and Be
surfaces in the energy range of 350-600 keV. Rydberg-to-M-
shell x-ray emission of Xenon was found when the projectiles
have the initial M-shell vacancies and, equivalently, the charge
state of incident Xenon ions is over 27. The calculated results
by Cowan’s program with relativistic correlation indicate that
such x rays are emitted as filling the initial M vacancies directly
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from highly excited states with principal quantum number
ranging from 6 to 30. We found that the x-ray yield per vacancy
in M shell decreases slightly with the increase of incident
energies and is inversely proportional to the work functions of
surfaces used. However, it increases rapidly with the increase
of the projectile charge states. This is in accordance with the
calculation of the transition rates, which are strongly related
with the initial number of vacancies in M shell of the Xenon
ions or atoms. These experimental facts indicate that such
X rays are emitted primarily above the surface, and at the time

PHYSICAL REVIEW A 91, 042707 (2015)

of transitions there are fewer spectator electrons in &, O shells
present, i.e., these shells are not filled completely.
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