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K x-ray production in H-like Si 13¿, S15¿, and Ar17¿ ions colliding with various atom
and molecule gas targets at low collision energies
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K x rays have been observed in electron capture processes of H-like Si131, S151, and Ar171 (1s) ions
colliding with various atom and molecule gas targets over the collision energy of 1 – 70 keV/u. TheseK x rays
are the final results of cascade-down to the ground (1s2) state from highly excited states formed through
electron capture. It has been found that at low energies (,10 keV/u! the cross sections for the production of
K x rays are nearly constant, and decrease slowly when the collision energy is increased. The cross sections
also have been found to increase roughly with the inverse square of the ionization energy of the targets. It is
also noted that the intensity ratios of theKb line to theKa line increase slightly as the ionization energy of the
target increases, suggesting that an electron is captured in different~n/! states in different targets. These ratios
are found to decrease slightly as the collision energy increases. The measuredK x-ray production cross sections
also have been compared with total electron-capture cross sections based upon an empirical formula, and it has
been found that, on average, roughly two-third of total electron capture processes result inK x-ray emission,
with the remaining one-third ending at the metastable state level after electron capture without emittingK x
rays.

DOI: 10.1103/PhysRevA.64.042712 PACS number~s!: 34.70.1e, 32.80.Rm
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INTRODUCTION

In the past decades there have been reported a seri
extensive experimental and theoretical investigations of
electron-capture processes involving low-energy, hig
charged ions (Aq1) in collisions with atoms and molecules
These investigations were fueled mostly by the urgent
quirement and applications to diagnostics and modeling
high-temperature fusion plasmas@1,2#. There most of the at-
tention was paid to studying their electron-capture proces
by measuring either the electron-captured~charge-changed!
products including recoiled target ions or electrons or p
tons emitted in the collisions. To obtain a detailed und
standing of the electron-capture processes and also to a
these processes to a number of different fields, not on
knowledge of ‘‘total’’ electron-capture cross sections is ne
essary but also so-called ‘‘state-selective’’ electron captu
namely~nl! distributions, is a requisite. So far little attentio
has been paid to x-ray emission processes involving l
energy, highly charged ion collisions, and only a few ha
been performed to understand the processes through x
observation.

It has been established that in such processes an ele
of the target is captured into a highly excited~nl! state of the
incident ion and, before it becomes stabilized, electrons, p
tons or x rays are emitted at various energies. The princ
quantum numbern0 of the dominant states for electron ca
ture into bare ions with chargeq can be estimated throug
the relationship@3–5#

n05q0.75/~ I b/13.6!0.5, ~1!

whereI b represents the ionization energy of target specie
units of eV. For example,n059 for Ar1711O2 collisions.
1050-2947/2001/64~4!/042712~8!/$20.00 64 0427
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The electron in such a high Rydberg state@process~2! given
below#, instead of going down directly to the ground sta
via a single step@process~3! given below#, tends to cascade
down through a series of lowern states via multiple steps
@process~4! given below# before finally reaching the 2p or
3p states which, in turn, emitKa or Kb x rays, and then ge
completely stabilized.

Aq11B→A~q21!1* ~nl !1B1 ~2!

→A~q21!1~1s! ~3!

→A~q21!1* ~n8l 8!→A~q21!1* ~n9l 9!→¯→A~q21!1~1s!.

~4!

Though the general trend indicates that, as the collision
ergy increase,n0 becomes smaller and its distributions b
come broader, such a variation is expected to be relativ
small over the present collision energies@2#.

Most recently, since the first observation of x rays fro
comets, such as Hyakutake@6,7#, x ray emission processe
involving such highly charged ions have caused considera
attention in astrophysics applications. The observed x-ray
tensities were far more intense than expected. The deta
mechanisms for x-ray emission from comets are still un
hot discussion. Among various models proposed to exp
the observed x rays, the most likely is x-ray emission follo
ing electron capture of highly charged solar ions in collisio
with neutral constituent particles evaporated in the coma
tail of the comet@8,9#.

In some fusion research devices, SiC, having a high m
ing temperature with lowZ elements, is a good candida
material for covering the plasma-facing inner walls
©2001 The American Physical Society12-1
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TAWARA, RICHARD, SAFRONOVA, AND STANCIL PHYSICAL REVIEW A64 042712
vacuum systems@10#. Photons, particularly their spectra
emitted from Si ions in various ionization stages confined
such high-temperature plasmas provide important clues
the diagnosis of high temperature plasma features of fu
reactor categories, where C ions are completely ionized.
evant cross sections of electron capture for Siq1 ions have
been found@11,12#.

On the other hand, Si ions are also among the most ab
dant ions in the solar system after C, N, and O ions@13#.
Recent data for low-energy electron capture have been
lished for low charged Siq1(q53 – 5) ions for astrophysica
interest~Ref. @14# and references therein!. In some solar sys-
tems such as Jupiter, S ions also are expected to play a
nificant role, but few investigations have been performed
far @15#. So far, few investigations have been performed
determine the cross sections for x rays that originate in e
tron capture into slow, highly charged ions colliding wi
neutral atoms and molecules@16#.

In most of the present work, we have observedK x rays
produced in collisions of H-like Si131(1s), S151(1s), and
Ar171(1s) ions, instead of bare Si141, S161, and Ar181 ions,
colliding with various gas targets including rare-gas ato
and molecules at relatively low energies (1 – 70 keV/u!.
There are two reasons for this choice. The first is due to
fact that more ion beams can be provided from the K
EBIS ion source, compared with bare ions. The secon
because it is easy to differentiate them from the commo
present impurity ions such as H2

1, C61, and O81 ions with a
same mass-charge ratio equal to 2.@During the course of the
present work, we have found in the EBIS that this differe
tiation is, in principle, possible because heavier bare i
tend to have lower kinetic energy~;0.5%! due to trapping
deep inside the electron space charge potential, comp
with light ion impurity ions.# Some additional observation
of x-ray spectra also have been performed for Si141 ion im-
pact, though its current could not be measured accurately
thus no cross sections could be determined.

EXPERIMENTAL SETUP AND PROCEDURES

H-like Si131, S151, and Ar171 ions of about 10 pA are
produced in the KSU EBIS through feeding of SiH4, H2S,
and Ar gases. They are first extracted at 4 kV from the EB
and charge analyzed and, then, either accelerated up to
kV or decelerated down to about 2 kV. After passing
switching magnet and various steering-focusing lens s
tems, they are sent into a differentially pumped collisi
chamber containing target gas and then arrive at a Fara
cup. The ion current at the Faraday cup is integrated to
tain the total number of the incident ions and subseque
the cross sections. The inner surfaces of the collision ch
ber are carefully coated with carbon-containing aquadaq
avoid intense x rays from its aluminum wall which is im
pinged by the scattered projectile ions.

The x rays are observed with a Si Li detector with
0.0125-mm Be window, which is energy calibrated withKa
and Kb x rays from 55Mn and also SiK and Ar K x rays
emitted in photoionization. Its energy resolution is measu
to be about 200 eV for 5.9-keV x rays. The x-ray counti
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rates are kept to about 50 counts per second using a seri
beam attenuators placed in the ion-beam path. Following
manufacturer’s data sheet, the observed x-ray yields are
rected for the Be window transmission~estimated to be 82%
for SiKa, 90% for SKa, and 98% for ArKa x rays from
these ions!.

The linear increase of x-ray yields is confirmed when t
gas pressure of the target chamber increases, as mea
with a Baratron vacuum gauge. It also has been checked
the x-ray spectrum does not change when the target gas
sure changes. Absolute x-ray emission cross sections are
termined through normalization to known ArK x ray produc-
tion cross section in 150-kV proton impact@17#.

Uncertainties of the measured relative cross sections
estimated to be620%, which originates mostly from the
instabilities of the current integrator at low ion current rang
used in the present work and of low target gas pressure m
surements. In addition, 15% uncertainties should be adde
absolute cross sections due to those of the original ArK x ray
production in proton-Ar collisions@17#.

RESULTS

A. Observed x-ray spectrum

Typical x-ray spectra emitted from low-energ
0.91-keV/u Si131, 0.92-keV/u S151, and 1.33-keV/u Ar171

ions in collisions with neutral gas targets are shown in Fig
In these ions, peaks due toKa as well asKb,Kg,... x rays
corresponding to 1snp→1s2 transitions resulting from one
electron capture into H-like ions are clearly observed:
latter Kb andKg,... x rays are inseparable due to the lim
ited energy resolution of the present detector. Hereafter,
represent the sum of theseKb andKg... peak intensities as
simply I (Kb). Furthermore, in S151 and Ar171 ions, theirL
x rays also are observed, though they are strongly attenu
in the Be window~in addition to AlK x rays from the cham-
ber wall!. On the other hand, in Si131 ion collisions,L x rays
are almost completely absorbed in the Be window, and t
no trace of them is seen in the spectrum. The energies ofKa
x rays observed in collisions of Si131, S151, and Ar171 ions
are found to be 1.88, 2.44, and 3.18 keV~see Table I!, which
is in reasonable agreement with a simple expectation
transitions (1snl→1s2) of He-like ions. The energies o
theseKa andKb peaks are found to be the same for all t
target gases studied within the energy resolution limit of
present detector. It is noted that there are slight change
Kb/Ka intensity ratios, depending on target gases, sugg
ing that the electron is captured initially into different~nl!
states for different targets, resulting in different casca
down to lowern states. Also, theseKb/Ka intensity ratios
have been found to change when the collision energy is
ied ~see discussion that follows!.

B. KbÕKa intensity ratios

It is noted that the intensity ratios ofKb line to Ka line,
I (Kb)/I (Ka), emitted from these ions varied when the ta
get gas or ion energy is changed. In the following these t
features are discussed in detail.
2-2
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FIG. 1. Typical x-ray spectra from low-energ
0.91-keV/u Si131, 0.92-keV/u S151, and 1.33-keV/u Ar171 ions
colliding with neutral gas targets. Note that the peak energies m
toward higher energies as the atomic number of ion increases
Si to Ar. Low-energy tails just belowKa peaks are believed to b
due to incomplete collection caused by the detector defect.

TABLE I. The observedKa andKb x-ray energies~in units of
keV! emitted from a H-like ion which captures an electron fro
neutral gas targets.

Ion

Ka transition Kb transition

Observed Calculated Observed Calculate

Si131 1.88 1.91 2.23 2.27
S151 2.44 2.51 2.89 2.98
Ar171 3.18 3.20 3.77 3.79
04271
1. Dependence on ionization energy of targets

As shown in Fig. 2,I (Kb)/I (Ka) ratios observed in
0.91-keV/u Si131 ion collisions are found to be roughly o
the order of 0.12, and to vary when the targets have b

ve
m

FIG. 2. Intensity ratios of theKb line to the Ka line,
I (Kb)/I (Ka), observed in 0.91-keV/u ~a! Si131, ~b!
0.92-keV/u S151, and ~c! 1.22-keV/u Ar171 ion collisions as a
function of the ionization energy of targets
2-3
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TAWARA, RICHARD, SAFRONOVA, AND STANCIL PHYSICAL REVIEW A64 042712
changed. In fact,I (Kb)/I (Ka) ratios increase when the ion
ization energy (I b) of target gas increases, tending to
saturated at higher ionization energy. This indicates that,
different targets, the electron is captured into different~nl!
states, depending on their ionization energy, and, in tu
cascades down differently. This can easily be understoo
be due to the fact that the principal quantum number~n! of
electron captured states becomes larger for target with
ionization energy@see Eq.~1!#. For example, based upon th
classical-over barrier model, the electron is captured m
likely to n055 of Si131 ions for He target atoms; meanwhile
n0514 for O2 molecules, which is the lowest ionization e
ergy used in the present work. Similar features also are s
for S151 and Ar171 ions, as shown in Figs. 2~b! and 2~c!.

2. Dependence on collision energy

I (Kb)/I (Ka) ratios from Si131 and also Si141 for Ar, as
shown in Fig. 3~a!, are found to decrease when the ion im
pact energy increases. This is easily understood to be du
the longer time of higher excited states required to casc

FIG. 3. Intensity ratios of theKb line to the Ka line,
I (Kb)/I (Ka), ratios observed in~a! Si131 and Si141 ion collisions
with Ar targets, and~b! Ar171 ion collisions with He and CH4
targets as functions of collision energy.
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down to the lower states, and, thus, some fraction of th
cannot emit x rays within a limited viewing zone of th
detector. Similar features are seen for Ar171 ions in He and
CH4 targets, as shown in Fig. 3~b!. For the electron captured
into higher excited states, as their lifetimes become lon
more time is required to come down to the lowest excitedp
and 3p states before emittingK x rays.

From the observed decrease ofI (Kb)/I (Ka) ratios as a
function of the collision velocity of the projectile ions, w
can estimate the averaged lifetime~in fact their lifetime dif-
ference! of these states of ions. It has been found that
average lifetime difference is 6–7 ns, and varies slightly w
target species and ions. This may be caused by the fact
through a larger number of cascades from highern states for
larger charge ions@see Eq.~1!#, the~nl! distributions of elec-
trons become statistically equilibrated and thus the ini
features among the targets is lost.

C. Dependence of total cross sections on collision energy

It is known that the electron capture cross sections
highly charged ions (q.5 – 6) are roughly constant at low
collision energy regions, and then slowly decrease as the
collision energy increases. At higher energies, they decre
rapidly. Such a feature is one of the most common
electron-capture processes for highly charged ion-atom
lisions @2#. The collision energy (1 – 70 keV/u! dependences
of the observed total x-ray emission cross sections resul
from Si131 colliding with He and Ar targets are shown in Fig
4~a!. Indeed the observed cross sections are found to
roughly constant at low energies, and then decrease
slightly over the limited collision energy range investigat
in the present work. These constant cross sections at lo
energies are used in the following discussion. On the ot
hand, those for Ar171 ions are nearly constant over th
present collision energy~roughly 1 – 60 keV/u!, as shown in
Fig. 4~b!. This can be understood from the fact that t
electron-capture cross sections can be expressed univer
using the energy (keV/u) divided by the ion charge as th
energy scale@18#.

D. Dependence of total cross sections on target ionization
energy

On the other hand, the cross sections of electron cap
decrease for targets with a high ionization energy and w
empirically found to be roughly proportional to the inver
square of the ionization potential of targets@19–21#. This is
understood classically to be due to the increase of the ra
of the electron orbit when the ionization energy of the tar
decreases@22#. The observed dependence of total x-ray p
duction cross sections for 0.91-keV/u Si131 ions colliding
with various neutral targets is shown in Fig. 5~a! as a func-
tion of the inverse square of the ionization energy of targe
Indeed, the cross sections are shown to increase roughly
early as the inverse square of the ionization potential, tho
there is scattering of some of the data. This simple relat
can be used to estimate the cross sections that have not
measured so far or those for targets too hard to measure,
2-4
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K-X-RAY PRODUCTION IN H-LIKE Si131, S151, . . . PHYSICAL REVIEW A 64 042712
as water vapor or metallic atom vapors. Similar results h
been obtained for S151 @Fig. 5~b!# and Ar171 ions @Fig. 5~c!#.

DISCUSSION AND SUMMARIES

It was already established that, in few-electron light tar
atoms such as He and H2, one-electron capture is dominan
and probabilities of multiple electron capture are small~at
most 1–2 % of total cross sections! @23,24#. On the other
hand, for multielectron targets such as Ar and other m
ecules investigated here, multiple electron capture is kno
to contribute significantly to total electron-capture cross s
tions @25,26#. For example, 20–30 % of total electron
capture cross sections can be due to double- and tr
electron capture in Ar targets over the present ion cha
range. Then the cross sections for three-electron captur
greater are known to decrease quickly as the number of e
trons captured increases.

Electrons are also known to be captured into highly
cited states and, thus, most of the multiple electron cap
forms so-called autoionization states that result in the em

FIG. 4. K x-ray emission cross sections resulting from on
electron capture into~a! Si131 from He and Ar targets and~b! Ar171

from He and CH4 targets.
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sion of at least one electron and sometimes more elect
during a series of cascading de-excitation processes@27#. In
the present ion charge range, only a few percent of t

-

FIG. 5. X-ray emission cross sections at~a! 0.91-keV/u Si131

ions, ~b! 0.92-keV/u S151 ions, and 1.33-keV/u Ar171 ions collid-
ing with various atoms and moelcules as functions of the inve
square of the ionization energy of targets.
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electron-capture processes had been found to result in r
tive emissions, suggesting that the dominant part of mu
electron capture goes to autoionization and emits one
more electrons@28–30#. At least one of the captured elec
trons goes down to 2p or 3p states, emittingK x rays. It can
be assumed that all electron capture processes finally r
in x-ray emission anyway, except for those formed in t
metastable states. Therefore,K x ray emission cross section
would be expected to be related more closely with total e
tron capture cross sections than with one-electron cap
cross sections.

On the other hand, though the cross sections for a num
of one- or two-electron capture processes have been rep
@2#, few cross sections of total electron capture have b
measured for these highly charged ions involving vario
atoms and molecules. Based upon the classical overba
model @22#, total electron-capture cross sections can be
lated with the ionization energyI b of the target and various
empirical formulas already have been proposed to obtain
tal electron-capture cross sections. According to this mo
total cross sections are proportional to the inverse squar
the ionization energy of the target@20#,

s t52.6~q/I b
2! ~10213 cm2!, ~5!

whereq is the initial charge of the primary ion, andI b the
first ionization energy of the target~in units of eV!. This and
similar empirical formulas@19,21# have been confirmed to
reproduce quite nicely the observed data for rare gas at
over a wide range of parameters (q,I b) @15,24–26,30–34#.

As shown above in Fig. 5, it is noted that there is so
scattering that may be due to special features of target ga
For example, the x-ray production cross sections for O2 are
always smaller than those having similar ionization ener
Probably this can be related to the fact that O2 molecules are
highly electronegative, compared with others studied h
and thus tend to keep their electrons or take back elect
which form the electron cloud of the quasimolecule duri
collisions. But the observed x-ray cross sections are, roug
speaking, found to be proportional to the inverse square
the ionization energy of targets for all ions investigated h
~Si131, S151, and Ar171!.

Though there are slight variations of intensity ratio
I (Kb)/I (Ka), depending on the kind of targets, as shown
Fig. 2, we also can take some average over all of them
shown in Table II. It is interesting to note that the measu
I (Kb)/I (Ka) ratios for these H-like ions averaged over

TABLE II. Intensity ratios of Kb line to Ka line,
I (Kb)/I (Ka), emitted from H-like Si131, S151, and Ar171 ions
after electron capture collisions with neutral targets. The ratios
neutral Si, S, and Ar atoms are marked with asterisk~* ! ~Salem
et al.!.

I (Kb)/I (Ka) Ratios

Si131 0.110 Si 0.027*
Si131 0.129 S 0.059*
Ar171 0.118 Ar 0.105*
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the neutral gas targets used in the present work are q
large, compared with those for neutral atoms, in particu
for lower Z ions. In fact, though the ratios for neutral targe
increase as theZ increases@35#, depending strongly on the
outer-shell electron configurations~particularly forKb tran-
sitions!, they seems to be roughly constant for all of the
highly charged ions investigated here. This feature seem
be quite reasonable as the electron is captured to highly
cited states~n>5 in most of the present cases! of ions with
oneK-shell vacancy and needs a number of cascades d
before reaching the 2p or 3p state. A series of such cascad
processes~at least relative branching ratios! for He-like ions
tends to makeI (Kb)/I (Ka) ratios almost insensitive to thei
atomic number as far as the electron is captured into v
highly excited states.

It is also important to know a relationship between ele
tron capture cross sections andK x-ray emission cross sec
tions in highly charged ion collisions. As mentioned alrea
K x-ray emissions from low energy, bare, and H-like io
collisions are closely related with electron-capture proces
As an electron is always captured at highern0 states during
highly charged ion-neutral target collisions@see Eq.~1!#, it is
theoretically and experimentally understood that probab
ties of direct decay from such highly excited (n0l 0) states to
the ground state, namely, 1sn0p→1s2 state transitions, is
very small but a series of cascade-down processes is d
nant @see processes~3! and ~4! above#.

There are a number of measurements of electron-cap
cross sections for some targets used here such as rar
atoms. Generally they covered only a limited range of co
sion energy. In particular they are very scarce for molecu
targets, except for molecular hydrogen. There are some
sons for this situation. This is probably due to the fact th
such investigations involving highly charged ions are mo
or less intended to be used for fusion applications wh
practically no molecules, except for hydrogen molecules,
ist. Recently a strong interest in highly charged ions in c
lisions with molecules was raised in applications to ast
physics, as mentioned in the Introduction@6#. Fortunately we
have relatively simple but reasonably reliable empirical f
mulas to estimate total electron-capture cross section
within about 20% uncertainties. Though this empirical fo
mula has not been tested fully for molecular targets, it h
been found that the existing electron-capture cross sect
for molecular hydrogen and simple molecules are in agr
ment with this scaling@36#. This can be expected to be vali
for other molecular targets, too.

In the present work, we have shown that x-ray product
cross sections are roughly proportional to the inverse squ
of the ionization energy of targets including a number
molecules, as seen in Fig. 5. To our knowledge this is
first time such a trend is shown in x-ray production involvin
highly ionized ions. This empirical knowledge is quite co
venient for estimating cross sections for other targets.

As mentioned already, electrons captured into highly
cited states of highly charged ions are more likely to casc
down, instead of by direct transitions to the ground sta
before complete stabilization. After electron capture and
following cascading processes, some fraction of hig

r

2-6
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TABLE III. A list of the measured x-ray production cross sections and their ratios over total~empirical!
electron capture cross sections@see Eq.~5!# for ;1-keV/u ions with q5131, 151, and 171 colliding with
various target gases~in units of 10215 cm2!. I b is the ionization energy of the target~in eV!.

Target I b ~eV!

X-ray cross section (10215 cm2) X-ray total electron capture

CommentsAr171 S151 Si131 Ar171 S151 Si131

He 24.59 4.81 4.01 3.79 0.659 0.622 0.679
Ne 21.56 8.07 5.56 3.99 0.849 0.663 0.549
Ar 15.76 11.6 10.8 9.14 0.654 0.687 0.672
N2 15.58 12.4 11.1 7.64 0.686 0.691 0.549
H2 15.43 14.8 9.55 9.64 0.796 0.582 0.679
D2 15.43 15.4 11.6 8.57 0.826 0.665 0.604
CO 14.01 16.9 11.6 11.9 0.751 0.583 0.691
CO2 13.77 17.0 11.7 10.4 0.730 0.568 0.583
CH4 12.61 15.9 14.5 12.3 0.572 0.592 0.579
O2 12.07 9.59 10.3 7.64 0.317 0.340 0.329
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charged ions ends up in the metastable states such as i
1s2s states. Note that the metastable (1s2s 23S1) state de-
cays only via the quadrupole magnetic transition, emitt
two photons with continuous energy distributions. The li
times in the present ion range are a few hundred ns, wh
are so long that photons cannot be emitted within a limi
detector viewing zone. Similarly, the metastable (1s2s 21S0)
state He-like ion decays only via the two-photon electric
pole transition, emitting two x-ray photons with continuo
energy distributions and thus noK x-ray peak from this de-
cay can be observed with a single detector@37#. Note that, as
the metastable ions in the present ion range (Z514– 18)
have lifetimes of a few 10 ns@38#, most of the metastable
state ions at low collision energies decay within a viewi
zone of the x-ray detector.

It would be important to know what fractions of the ca
tured electrons come down to the metastable states, and
not emit K x rays within the viewing zone. A compariso
between total electron capture cross sections andK x-ray
emission cross sections may provide important informat
to this question. So far some detailed understanding
electron-capture processes has been obtained, and da
electron-capture cross sections are available@2#. But data for
bare or H-like ions are still not sufficient. In particular, the
are no systematic measurements for molecular targets ye
noted above. In Table III we give a summary of both t
present x-ray emission cross sections and their ratios to
electron-capture cross sections. Those shown for elec
capture are calculated values based upon the empirical
mula @Eq. ~5!#. Though some data are scattered, the aver
ratio for K x-ray emission cross sections to total electr
capture cross sections is found to be;0.6260.08 ~0.66 ex-
cluding O2 data!, indicating that, on average, 38%~34%! of
ions having electrons captured are tentatively stabilized
the metastable states without emittingK x rays. Under the
assumption that the~nl! distributions are nearly statisticall
populated after a series of cascading processes from hi
excited capture states, the fraction of ions reaching thes
metastable state is estimated to be 1/3, with the remain
two-thirds going down to the 1s ground state by emittingK
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x rays. Though these ratios strongly depend on vari
atomic parameters such as transition probabilities, branch
ratios, etc., no detailed theoretical analysis or models h
been proposed to know what fractions of the electron c
tured ions emitK x rays @39#.

This fraction also can be interesting when compared w
those obtained in high energy (MeV/u) experiments. Frac-
tions of the (1s2s) metastable states in He-like F71 and
Si121 ions produced when passing through thin strippi
foils have been determined, with the enhancement of ta
x-ray production, as a function of collision energy@39,40#. It
was found experimentally that the fractions increased rap
as the collision energy increased at the low collision ene
region and their maximum fractions reached;30% of total
He-like ions at around the incident ion velocity, rough
equal to the orbital velocity of the 1s electron, where this
electron easily can be excited to higher states or ionized
the continuum. So far there is no clear quantitative und
standing why such large fractions of the metastable state
can be formed. At low collision energies, the 1s electron of
the incident particle cannot be ionized or excited but, as
collision energy increases, production of such highly ioniz
or excited state ions becomes significant. In fact, throu
continuous collisions inside foils, one of the 1s electrons in
high energy incident ions is successively excited to h
n-states~1s2→1snl→1sn8l 8 ••• for He-like ions! and fi-
nally the~nl! distributions are equilibrated. Upon leaving th
final surface of foils, the electrons in a highly excited sta
start to cascade down to the ground state with some goin
the metastable state~There are also some chances for thes
electron to be ionized and, in the succeeding collisions,
other electron can be captured into highly excited sta
which are stabilized after leaving the foil.! This can explain
the observed high fraction of the metastable state ions
sufficiently high collision energies.

This comparison between the observed fractions of
metastable state ions strongly suggests that, both at low
high energies, the metastable (1s2s) state ions are formed
through a similar or practically the same mechanism, nam
2-7
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either excitation to highly excited states~for high energy
ions! or electron capture into highly excited states~for low
energy, highly charged ions!, which is followed by cascading
down to 2s states. This sequence can explain the fact that
observed fractions of the metastable state ions are unex
edly high and practically the same both for low ener
H-like ions where electron capture is dominant and for hig
energy ions that are formed through successive collision
solids.
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