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The Ka andKb satellite and hypersatellite x-ray lines emitted by highly ionized sulfur projectiles passing
with energies from 65 MeV up to 122 MeV through carbon foils of thickness of 15-210mg cm−2 have been
recorded using a Si(Li ) detector. The additional hypersatelliteKyh peak proves that for such high energies of
the sulfur ions very high subshells(4p and 5p) could be occupied. In order to study the dynamics of formation
of K-shell vacancy fractions of sulfur projectiles passing through a carbon foil the dependence of sulfurK x-ray
production cross sections on foil thickness has been examined separately for each recorded line using the three
component model. For each projectile energy the values ofK-shell hole production cross sections andK-shell
electron capture cross sections(both common for all recorded x-ray lines in the case of each projectile energy)
have been fitted, as well as the specific values(for each recorded x-ray line) of K-shell hole filling cross
sections, which are directly connected with average lifetimes of appropriate states of sulfur ions. The obtained
“experimental” values ofK-shell vacancy production cross sections are much higher than the theoretical
predictions. This suggests that apart from the ionization process the excitation fromK shell into higher shells
is responsible for a production ofK-shell vacancies, which has been confirmed by recent classical trajectory
Monte Carlo calculations.
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I. INTRODUCTION

In collisions of heavy ions with target atoms the strong
Coulomb field of one of the “collision partners” can cause
simultaneous ejection of several electrons of the second one.
This process results in a reduction of the nuclear charge
screening and increases the binding energy of remaining
electrons[1]. Consequently, the energies of x rays emitted
from such multiply ionized atoms are shifted with respect to
the corresponding x-ray energies of singly ionized atoms and
reflect the actual configuration of electrons during x-ray
emission. Finally, as a result of the multiple ionization, in-
stead of a single-hole x-ray transition called the diagram line,
the structure of x-ray satellites appears.

Collision processes have been studied extensively for
many years but these studies were focused mainly on single
or multiple K-, L-, M-shell ionization occurring in the target
atoms. The satellite structure ofK and L x-ray lines of the
target atoms, observed mainly with high resolution spectrom-
eters[2–5], was interpreted as the result of additional vacan-
cies in outer shells of the atom. However, more complicated
processes are experienced by a projectile as a second partner
of the ion-atom collision. During the first collision
K-vacancy and/or multipleL-, M-, N- or higher shell vacan-
cies can be produced. Further, the ion can collide with the
other target atoms and capture or loss of electrons can occur
before its original vacancies are filled by outer electrons. The

competition between ionization, excitation, electron capture,
electron loss and decay processes leads to the establishment
of an electron-vacancy equilibration in different shells of the
moving projectile. Collision processes occurring between the
swift heavy ions and target atoms have been investigated
during past decades[6–13] but most systematic experiments
were performed using high resolution measurements ofK or
L x rays from different projectiles in solid targets[14–23]. A
review of problems discussed and experimental works has
been published by Beyeret al. [24].

For low resolution x-ray spectrometers, such as a semi-
conductor Si(Li ) detector, the satellite structure of induced x
rays cannot be resolved. Nevertheless, the measured x-ray
spectra are strongly affected by multiple ionization, namely
the x-ray lines are shifted towards higher energies and broad-
ened[25,26] and thus information on probabilities of mul-
tiple ionization still can be extracted. The method of analysis
of multiple ionization from low resolution x-ray spectra was
used in our previous works to study the ionization probabili-
ties for M, N, and O shells of heavy atoms generated by
projectiles[25,27–29] and for K, L, and M shells of sulfur
projectiles passing through a carbon foil[30]. We have used
the fact that the x-ray satellite structure can be well approxi-
mated by the Gaussian profile, whose energy shift and width
depend on the ionization probability for theL andM shells at
the moment of x-ray emission. In the present paper this
method is also used.

The dependence of x-ray production cross sections of
heavy ions on foil thickness has been demonstrated in sev-
eral papers[6,9,23,31–35]. Generally, measured projectile
x-ray yields are strongly dependent upon whether or not aK*Electronic address: janusz.braziewicz@pu.kielce.pl
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vacancy exists in the incoming ion. In some works it was
found thatK vacancy equilibrium is not reached until the ion
passes through many atomic layers in the foil. Indeed, the
works of Scharferet al. [36] and Grayet al. [37] concerning
sulfur ions show directly that the magnitude ofK vacancy
fractions of the ions are dependent on foil thickness. On the
other hand, the charge equilibrium state for shells higher than
K shell is reached very rapidly(in the first few atomic lay-
ers), as it was shown by Cockeet al. [38]. To describe these
results quantitatively a model based on formulation of Alli-
son [39] has been widely applied. Betzet al. [6] used a so
called “two component” version, in which the beam is con-
sidered to consist of two fractions of ions, those with and
those without theK vacancy. In the case of a collision, when
the fraction of ions with twoK vacancies plays a significant
role, Gardneret al. [11] have shown that it is necessary to
consider a “three-component” version, where the projectile
may have zero, one or twoK vacancies.

The main goal of the present work is to study the dynam-
ics of formation ofK-shell vacancy fractions of sulfur pro-
jectiles passing through a carbon foil. Therefore, we have
performed an interpretation of target thickness dependence
of measured x-ray production cross sections, for the first
time separately for each recorded line(Ka1,2

s , Ka1,2
h , Kb1,3

s ,
Kb1,3

h , Kys, andKyh) using the three component model. Us-
ing this model we have evaluated the values ofK-shell va-
cancy production and filling cross sections.

II. EXPERIMENTAL DETAILS

Sulfur ion beams with incident energies of 65, 79, 99, and
122 MeV and with incident charges of 13+ and 14+ were
obtained from the U-200P cyclotron at the Heavy Ion Labo-
ratory of Warsaw University. The experimental setup applied
in this work was the same as that described earlier[30],
therefore only a brief description is presented here. Two col-
limators located at 24 and 38 cm in front of the target are
used to define 2 mm in diameter beam spot on the target.
Self-supporting carbon foils with effective thickness of
15–210mg cm−2, were positioned in the target holder at the
center of vacuum chamber at an angle of 25° to the direction
of the beam. The geometry of the experimental arrangement
used in this work means that the detector should register x
rays emitted by projectile inside the target as well as from
distance up to 1.2 cm behind the target, so during such ex-
periments x rays with lifetimes up to 10−12 sec are registered.

The carbon targets were prepared by vacuum evaporation
and their absolute thickness was determined in the separate
measurements of energy loss of 5.48 MeVa particles from
Am source. The stopping power values fora particles in
carbon needed to calculate the foil thickness were obtained
from Biersack and Maggamark[40] and the final target
thickness was calculated by the computer codeTRIM [41].
Additionally these thicknesses were checked using elastic
scattered 2.0 MeV4He+ ions from the Van de Graaff accel-
erator. Absolute target thicknesses were determined with the
accuracy of about ±4%. The targets could be considered as
“thin” because the ions passing through the foil did not lose
energy appreciably(DE was less than 0.15E0 for the thickest

target and for the lowest ion energy and decreased rapidly up
to 0.01E0 for the highest projectile energy). The effective ion
energy was further used. The self-absorption of the measured
x rays in a target is also small(less than 4%). Independent
measurements of target thickness enabled absolute normal-
ization of the x rays intensity on the incident number of
projectiles obtained from elastically scattered sulfur ions de-
tected in a silicon surface-barrier detector located inside the
chamber at 12.5° to the beam direction.

The K x rays emitted from the moving projectiles were
measured in the beam incident side of the target at 90+ to the
beam direction by a Si(Li ) detector (30 mm2 active area,
crystal thickness 5 mm and energy resolution of FWHM
=170 eV for 6.4 keV) placed outside the target chamber.
Projectile x rays passed in their way to the detector through
10 mm metallized Mylar chamber window, 25mm thick be-
ryllium detector window and 5 mm air gap between both
windows. Since the registeredK x rays of the sulfur projec-
tile were attenuated due to transmission through these vari-
ous absorbers the used x-ray spectrometer was carefully cali-
brated to obtain its detection efficiency. The calibration was
performed in x-ray energy range of 1.5–120 keV using stan-
dard calibrating sources of57Co, 133Ba, 152Eu, 241Am and by
PIXE measurements of x rays from thin calibrating targets
sZt=13–42d according to the recipe of Pajeket al. [42]. For
the relatively low energy region in this works2–5 keVd the
detector efficiency was determined within uncertainty less
than 4%. The energetic calibration of the spectrometer(a
second sensitive parameter at the present study) was checked
several times during experimental runs by measurements of
the x rays emitted from standard radioactive sources(57Co,
133Eu, 152Ba, and241Am) and was determined with an uncer-
tainty of 2–3 eV depending on the experimental run.

III. SPECTRA ANALYSIS PROCEDURE

Typical x-ray spectra recorded by Si(Li ) detector for sul-
fur ions passing with energies of 65, 79, 99, and 122 MeV
through a carbon target are presented in Fig. 1. The origin of
all recorded peaks is described in detail in our previous paper
[30]. The resolvedKa1,2

s , Kb1,3
s satellite andKa1,2

h , Kb1,3
h

hypersatellite peaks are the results of the overlapped contri-
butions corresponding to transitions of the following types:
1s−1→2p−1, 1s−1→3p−1, 1s−2→1s−12p−1, and 1s−2

→1s−13p−1, respectively, from highly ionized sulfur projec-
tiles. For sulfur ions with incident energies of 79–122 MeV
an additional highest-energy peak in the measured x-ray
spectra labelled asKyh (see Fig. 1) has been detected. This
peak corresponds to the hypersatellite transitions from the 4p
and 5p subshells(i.e., the transitions of the following types:
1s−2→1s−14p−1 and 1s−2→1s−15p−1) and proves that the
Kys satellite transitions(i.e., the transitions of the following
types: 1s−1→4p−1 and 1s−1→5p−1) also take place. The lack
of a separateKys satellite peak in the observed spectra indi-
cates[30] that the contribution of this type of transition must
overlap with another peak. TheKys peak intensity has been
calculated fromKb1,3

h one according to the procedure de-
scribed by Majewskaet al. [30].
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In contrast to theKa1,2 and Kb1,3 diagram lines in the
x-ray spectrum of the singly ionized sulfur atom, the re-
solved (see Fig. 1) Ka1,2

s , Kb1,3
s satellite andKa1,2

h , Kb1,3
h ,

Kyh hypersatellite peaks in the x-ray spectrum emitted by
multiply ionized sulfur projectiles are broadened and shifted
towards higher energies(the widths and energy shifts are
characteristic for individual peaks). In this work all x-ray
peaks recorded by Si(Li ) detector were formed, in fact, by a
convolution of a wides,150 eVd Gaussian response func-
tion of the semiconductor detector with the natural structure
of the satellite or hypersatellite lines in theK x-ray spectrum,
having typical energy spacing in the range of tens of eV. In
our previous work by Banaś et al. [27] we have shown that
assuming the binomial character of the intensity distribution
of x-ray satellites and taking into account their natural widths
and their Gaussian energy spread in the semiconductor de-
tector, the measured x-ray peaks appear as the Gaussian pro-
file which is shifted and broadened with respect to the dia-
gram line. Moreover, we have demonstrated[27] that the
energy shift and width of each measured x-ray peak can be
expressed in terms of the multiple ionization probabilities
and the energy shift per electron vacancy. In the present
study we have adopted this method for analysis of the mea-
suredK x-ray spectra of multiply ionized sulfur projectiles
passing through a carbon foil. The energies and intensities of
resolved x-ray peaks were determined from a least-square
analysis of the spectra using four or five(see Fig. 1) fitting
Gaussian functions(with the characteristic width of Gaussian

function for each peak) and a polynomial form of the back-
ground. The energy shift and width of each x-ray peak reflect
the electronic configurations of highly ionized sulfur projec-
tiles at the time of x-ray emission and the results of such
studies have been published in our previous papers[30,43].

The measured energies of all of the x rays emitted from
the moving ions were corrected for the Doppler effect result-
ing in transformation of registered energies into the projectile
rest frame. The stopping power of sulfur ions in the target
was taken into account by using effective beam energy. The
measured intensities of the x-ray peaks were corrected for
the detector efficiency and for self-absorption of x rays in the
target.

IV. RESULTS AND DISCUSSION

The satellite and hypersatellite x-ray production cross sec-
tions (marked assKa1,2

s , sKb1,3
s , sKys, sKa1,2

h , sKb1,3
h , andsKyh)

have been calculated as a result of the normalization of the
measured x-ray lines intensities on the number of projectiles
and effective target thickness. The cross sections dependence
on target thickness for all projectile energies is presented in
Fig. 2. Such behavior reflects the dynamics of creation and
disappearance ofK-vacancy fractions of sulfur ions passing
through a carbon target. The x-ray production cross section,
being a result of x-ray emission by projectile inside and out-
side the target, was expressed by a function of the ion equi-
librium fraction, the formation and lossK-shell vacancy
cross sectionssi j [39], the radiation probability per unit path
length, the satellite/hypersatellite fluorescence yield of the
multiply ionized atom, and the fraction of ions able to emit
the x rays in question. This procedure assumes that the x-ray
production cross section does not depend on the ion incident
charge states, i.e., that electrons in shells higher thanK
achieve the equilibrium very rapidly after entering the foil
(in the first few atomic layers). The work of Cockeet al. [38]
and our recent data[43] show that it is a reasonable assump-
tion.

The equilibrium charge state plays an essential role in the
theoretical approach based on the rate equations[see Eq.(1)]
[39]. The measurements ofK x-ray spectra of the fast sulfur
projectiles passing through carbon foils of thickness in the
range of 15-210mg cm−2 allow us to study the equilibrium
charge state in all shells. The thickest foils have been chosen
to be sure that for such high ion energies the equilibrium
charge state will be achieved for most of the sulfur ions
inside these foils. The thinner foils have been studied in or-
der to check the influence of the nonequilibrium charge frac-
tions of sulfur ions on the measuredK x-ray spectra. Mi-
zogawaet al. [23] and Shimaet al. [19] show that the length
of the path after which a projectile achieves the equilibrium
charge state depends strongly on the beam energy and on the
initial charge state of the projectiles. For high ion energy the
length of this path increases proportionally to the difference
between the initial and the mean equilibrium charge states.

The problem of equilibration of the electron population in
various shells of sulfur ions has been explained in our recent
work [43] by the analysis of the dependence of the experi-
mental energy shifts and relative intensities of the individual

FIG. 1. TheK x-ray spectra emitted by sulfur projectiles passing
with energies of 65, 79, 99, and 122 MeV through a carbon foil
with thickness,150 mg cm−2. Solid and dotted vertical lines show
positions of Ka1,2 and Kb1,3 diagram lines, respectively, while
dashed lines show resolved individual transitions according to the
method described in the text.
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K x-ray peaks on the carbon target thickness. It was shown
that the measured shifts of the transition energies for the
satellite and hypersatelliteKa1,2

s,h, Kb1,3
s,h andKys,h x-ray peaks

with respect to diagram energies for a singly ionized atom
(Bearden[44]) are almost(within error bars,1.5 eV for
Ka1,2

s,h, ,3 eV for Kb1,3
s,h and ,4 eV for Kys,h) independent

on the target thickness. Generally, it suggests an insignificant
role of the nonequilibrium charge fractions of sulfur ions atL
and M shells even in the case of the thinnest carbon foils.
TheKa1,2

h :Ka1,2
s andKb1,3

h :Kb1,3
s intensity ratios allow us to

conclude that a rather long path of the projectile inside the
carbon target(characteristically increasing with the projectile
energy) [43] is required to achieve an equilibrated number of
the projectileK-shell electrons. We have shown[43] that for
the highest sulfur energies equilibration of the electron popu-
lation in theK shell of the projectile is achieved for the bulk
of sulfur ions in the carbon foil, with thickness not less than
100 mg cm−2 [30,43].

To study the dynamics of formation ofK-vacancy frac-
tions of the sulfur ions, the description of the projectile x-ray
yields is based on the formulation of Allison[39], which
expresses the probability of an ion charge-changing colli-
sions by cross sectionssi j (where i represents the initial
number of K-shell vacancies andj is their number after
event). In the measured energy region multicollisional effects
lead to the creation of three fractions of projectiles, i.e., a
fraction without aK-shell vacancysF0d, a fraction with a
singleK-shell vacancysF1d and a fraction with twoK-shell
vacanciessF2d. In this case a three-component model is used,
in which zero, one and twoK-vacancy fractions are created
and disappear during ion passage through the target. The
main assumption of this model is that the beam fractionsFj
with K-shell vacancies at any point of the target are related
so thato jFj =1 (where j =0,1,2). The continuous changing
of the charge composition of an ion beam inside a target is
expressed by the known rate equations[39], i.e.,

dF1

dx
= F0s01 − F1ss10 + s12d + F2s21,

dF2

dx
= F0s02 + F1s12 − F2ss20 + s21d,

F0 + F1 + F2 = 1. s1d

Their solution gives yields of anticipatedK-shell vacancy
fractions at target thicknessx of the form

Fjsxd = Fj` + Psi, jdef1ssi j dx + Nsi, jde−f2ssi j dx, s2d

whereFj` is the equilibrium fraction of ions withj K-shell
vacancies,Psi , jd, Nsi , jd are functions of the boundary con-
ditions with i equal to the initial number ofK-shell vacancies
in the entering projectile andj equal to the number ofK-shell
vacancies under consideration, andf1 and f2 are functions of
K-shell charge changing cross sectionssi j (i.e., the formation
and loss ofK-shell vacancy cross sections).

The total intensity of x rays emitted by the projectiles may
be written in terms of the contribution from the individual
projectileK-vacancy fractions and these contributions should
consider the place of x-rays emission, i.e., “inside” and “out-
side” the foil. To describe the x-ray satellite and hypersatel-
lite intensities registered in the present work we formulate an
expression of the measured appropriate intensitydNl

ss,hd−ins

arising inside the foil at distancex in an elemental thickness
dx as

dNl
ss,hd−inssxd = I0Fjsxdll

s,hRl
s,hdx, s3d

wherel =Ka1,2
s,h, Kb1,3

s,h or Kys,h x-ray transitions,I0 is the total
number of bombarding ions,ll

s,h is the radiation probability
per unit path length(in unit of cm2) for satellite or hypersat-
ellite transitions,Fjsxd is the fraction of ions at distancex
with one (j =1 for satellite) or two (j =2 for hypersatellite)
K-shell vacancies described by Eq.(2) andRl

s,h is a fraction
of ions able to emitl x rays, i.e., having one electron in the
2p, 3p or 4p subshells.

According to the expression

FIG. 2. Dependence ofsKa1,2
s

(solid squares), sKa1,2
h (open

squares), sKb1,3
s (solid circles),

sKb1,3
h (open circles), sKys (solid

triangles), and sKyh (open tri-
angles) x-ray production cross
sections on the target thickness for
the sulfur projectiles with energy
65, 79, 99, and 122 MeV. The
smooth curves are the result of
least-squares fits, according to the
procedure described in the text.
Target thickness uncertainties are
marked only for satellite data.
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Nl
ss,hd−out = I0Fjsxodvl

s,hRl
s,h, s4d

the emission of x rays outside the foil is determined by pro-
jectile fractionFjsxod, which emerges from the foil of thick-
nessxo. The vl

s,h is the satellite/hypersatellite fluorescence
yield of the multiply ionized atom. If an ion has twoK-shell
vacancies at the exit of the foil it can emit a hypersatellite x
ray and then a satellite x ray if the ion has more than one
outer shell electrons. However, this x-ray emission cascade is
not included, as in measured ion energies the needed electron
configurations are negligible[30].

The result of integration of Eq.(3) over foil thicknessxo
in conjunction with Eq.(4) gives an expression for theK
x-ray production cross section of particular satelliteKa1,2

s ,
Kb1,3

s , Kys or hypersatelliteKa1,2
h , Kb1,3

h and Kyh transition
as

sl
s,hsxod = ll

s,hRl
s,hhFj` − sP/f1xods1 − ef1xod + sN/f2xods1

− e−f2xodj + vl
s,hRl

s,h/xohFj` + Pef1xo + Ne−f2xoj

=hNl
ss,hd−inssxod + Nl

ss,hd−outsxodj/sxoIod. s5d

In this equation it is assumed thatsl
s,h cross section does

not depend on the ion incident charge states, i.e., electrons in
shells higher than theK shell equilibrate very rapidly in the
first few atomic layers. This assumption holds very well in
the full range of target thicknesses used. Contrary to some
works discussing this problem[12,37] in the present study
we try to reproduce the dependence of experimental values
of Ka1,2

s,h, Kb1,3
s,h and Kys,h production cross sections on foil

thickness, for the first time using three component model
separately.

The charge-changing cross sections were fitted to the
measured x-ray production cross sections using the values of
fluorescence yieldsvl

s,h. Because in our experiment different
x-ray lines are emitted practically from different ions with a
few electrons in different electron defect configurations(with
frequency defined byRl

s,h) the fluorescent yield is defined
(see below) separately for more frequent electronic configu-
rations and is called “effective fluorescent yield.” It should
be pointed out that fluorescence yield depends strongly on
the ionization state of the outer shells. This effect is very
important in the framework of the present paper where mul-
tiple ionization of sulfur outer shells is essential and varies
substantially in the whole range of projectile energy. The
fluorescence yield of the singly ionized atom[45,46] is not
adequate in our case. Therefore, the theoretical estimation of
the “effective fluorescence yield” for a particular type of
electron transitionsld for multiply ionized projectile was ob-
tained using the scaling procedure of Larkins[47], namely

vl
s =

orsld Gxrsld

nr

Nr

oi
Gxi

ni

Ni
+ oiø j

GAij

ni

Ni

mj

Mj

. s6d

In this equation the summation in the numerator runs over
possible transitionsrsld creating the calculated type of elec-
tron transitionsld and the summation in the denominator runs

over possiblei and j electron transitions with radiativeGxi
and nonradiativeGAij

emission rates taken from Scofield
[48], while ni, nr, mj are the numbers of remaining electrons
on summed subshells for calculated type of electron transi-
tion, andNi, Nr, Mj, are the numbers of electrons of fully
occupied subshells in a neutral atom. This formula assumes
that both the x-ray and Auger transition rates were scaled in
proportion to the number of existing electrons in the particu-
lar subshells.

Because of the lack of radiative and Auger emission rates
for doubleK-shell vacancy configurations and highly excited
states(with 4p and 5p electrons) the “effective fluorescence
yields” were taken to be equal to the singleK vacancy ones
[37,49] and to the 3p electron configuration, respectively.
Finally, the “effective fluorescence yield” for each of the
measured lines(i.e., for projectiles in different electronic de-
fect configuration) was estimated[30,43] as a sum of fluo-
rescence yields of individual transitions creating this line in a
multiple ionized ion normalized by the distribution of equili-
brated projectile charge states[50]. The dependence of such
estimated “effective fluorescence yields” for discussed lines
on projectile energy is seen in Fig. 3. This procedure of
fluorescence yields estimation was checked in our recent
work [30] by applying these values for reliable reproduction
of experimentalK x-ray lines energy shifts which were pre-
dicted within the proposed model based on the multiconfigu-
ration Dirac-Fock(MCDF) calculations[51]. The same esti-
mation performed for multiply ionized Ar projectiles is in
good agreement with the numerical calculations of Zouet al.
[22] where the Hartree-Fock atomic model in the intermedi-
ate coupling scheme was used.

It is observed(Fig. 3) that the fluorescence yield increases
by a factor of about 10 for the highest ion energy. The scale
along the top of the Fig. 3 gives the average number of
L-shell electrons existing in this shell at the moment of x-ray
emission, evaluated according to our model based on MCDF

FIG. 3. The “effective fluorescence yields” for the highly ion-
ized S projectiles emitting satelliteKa1,2

s (solid squares), Kb1,3
s

(solid circles), and hypersatelliteKa1,2
h (open squares), Kb1,3

h (open
circles) lines as a function of their energy. The top figure scale gives
the average number ofL-shell electrons remaining in the shell at the
moment of x-ray emission.
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calculations[30,52]. We would like to point out that the fluo-
rescence yield depends on the ionization of theL and M
shells and its value does not vary significantly with target
thickness because the outer electrons equilibrate very rapidly
[38]. Simultaneously, the multiple ionization of ions has been
taken into account in the value of radiation probability per
unit path length sincell

s,h is a product of cross section for
radiative and nonradiative filling processsstld and fluores-
cence yieldsvl

s,hd.
The fit of the theoretical description(based on a three

component model with zero, single and doubleK-shell va-
cancy fractions) to experimentalsKa1,2

s,h, sKb1,3
s,h and sKys,h

cross sections in function of penetration depth(see Fig. 2)
shows that the dynamics of creation and disappearance of the
projectiles with different number ofK-shell electrons is de-
termined by six charge-changing cross sectionssi j . Physical
processes responsible for the production ofK-shell vacancies
in projectile in collision with a target atom are described by
s01, s12 and s02 production cross sections(in some works
described bysv). Processes leading to the filling ofK-shell
vacancies, are presented by vacancy loss cross sectionss10,
s21 ands20 which represent the sum of the cross sections for
electron capture to the adequate projectileK-shell vacancy
ssi j

ECd and the cross sections for radiative and Auger decays
sstld.

The least-square fits[Eq. (5)] done independently for the
experimentalsKa1,2

s , sKa1,2
h , sKb1,3

s , sKb1,3
h , sKys, and

sKyh cross sections values(performed with the same values
of s01, s12, s02, si j

EC, and adequate values ofstl) give results
shown by curves in Fig. 2. The agreement of predicted de-
pendence of x-ray production cross sections on the carbon
target thickness with the measured data is satisfactory. The
numerical values of the cross sections which describe pro-
cesses felt by the sulfur projectile inside the target, are listed
in Table I.

The dependence of the experimental values ofs01, s12
and s02 K-shell vacancy production cross sections of sulfur
projectiles on their energy is given in Fig. 4. The results
obtained have been compared with theoretical predictions for
the directK-shell ionization of sulfur ion by atom of carbon
target, based upon PWBA model[53], which are also shown
in Fig. 4. The theoretical estimations ofsi j cross section
have been performed for a “real”K-shell binding energy,
expected for the most probable configurations of the multiply
ionized sulfur projectiles[30,52], calculated using the
MCDF method[51]. This binding energy correction caused a
large reduction of the values of the calculated ionization
cross sections. As it can be seen in Fig. 4 the discussed

dependence ofs01 ands12 K-vacancy production cross sec-
tions on the projectile energy[extracted from the fits of pa-
rameters of Eq.(5) to the experimental projectile x-rays pro-
duction cross section] is in qualitative agreement with
theoretical predictions for the directK-shell ionization. How-
ever, the experimentals01 and s12 values are higher than
theoretical ones by nearly an order of magnitude across the
full range of projectile energy. The observed disagreement
between experimental and theoretical values of thes01 and
s12 cross sections indicates that some other mechanisms such
as excitation play an important role in theK-shell vacancy
production. On the basis of classical trajectory Monte Carlo
(CTMC) calculations[54] it has been observed that for the
examined ion-atom system the processes of electron excita-
tion from K shell into higher atomic shells are much more
probable than the directK-shell ionization in the studied sul-
fur energy range. Thus, the CTMC predictions seem to ex-
plain the observed discrepancy. The conclusion thatK-shell
vacancy formation cross sectionss01, s12, s02 contain con-
tributions from both ionization and excitation processes is in
good agreement with the considerations and results of Gard-
ner et al. [11] and Mizogawaet al. [23]. It can be noticed
from Fig. 4 that the double vacancy production cross section
s02 plays an insignificant role in production of hypersatellite
x rays. The double capture cross sections20 should be small
and was arbitrarily chosen to be much smaller thans02.

As mentioned above, theK-shell vacancy loss cross sec-
tions s10 and s21 are a result of two independent processes

TABLE I. Experimental values of cross sections.

Energy Cross sections10−19 cm2d
(MeV) s01 s12 s10

EC s21
EC s02 s20 stKas stKah stKbs stKbh stKys stKyh

65 17.0 6.50 5.50 12.0 0.169 0.002 7.80 15.6 6.60 13.2

79 19.5 7.36 6.50 14.0 0.185 0.002 6.00 12.0 5.10 9.90 4.70 9.40

99 22.0 9.78 5.20 10.4 0.190 0.002 4.75 9.50 4.07 8.14 3.75 7.50

122 24.0 10.5 4.40 8.80 0.192 0.002 3.36 6.82 3.20 6.62 3.00 6.20

FIG. 4. Experimentals01 (squares), s12 (circles), ands02 (dia-
monds) K-shell production cross sections together with the PWBA
predictions(s01, dashed lines;s12, dotted lines) in function of the
projectile energy.
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(see Table I), i.e., a filling of theK-shell vacancyvia radia-
tive or nonradiative electron transitions(adequate values of
stl for each line) and an electron capture from target atoms
into the K-shell vacancy of the projectilessi j

ECd. The filling
cross sectionstl

=1/nvtl is directly connected with the life-
time tl of theK-shell vacancy through the numbern of target
atoms per cm3 and the projectile velocityv. Finally, the mean
lifetimes tl for states which can emit satellite or hypersatel-
lite lines extracted from fitted parameters of Eq.(5) to the
projectileK x-ray production cross sections are presented in
Fig. 5 in the function of the incident ion energy.

Experimentally determined lifetimes of sulfur ion states,
from which satellite/hypersatellite x rays are emitted, in-
crease with increasing projectile energy, which corresponds
to the fact that the mean number of electrons in the ions
decreases with increasing sulfur projectile energy. For the
high ion energies presented in this work the number of sulfur
ion electrons is smalls,5d and therefore the transitions re-
sponsible for emission ofKa1,2

s , Kb1,3
s , andKys lines often

come from different atomic states. The filling of theK-shell
vacancyvia radiative transitions plays an important role so
that the lifetimes of the states emitting these transitions
should be different[43]. It is interesting to notice that life-
times of all hypersatellite states obtained for each discussed
ion energy are about twice as short as for satellite ones. This
seems reasonable since in the case of hypersatellite state the
sulfur ion has twoK-shell vacancies to be filled. Measured
lifetimes of states emittingKys andKyh lines are longer than
these emittingKb1,3

s,h lines, respectively.
In Table II a comparison of our experimental lifetimes

with the data from other works was shown. We have found a
general agreement between these values. A good agreement
is seen between our results and the ones obtained by Vargh-
eseet al. [55] for 49, 57, and 59 MeV sulfur energy and by

Pankeet al. [33,34] for 92 MeV sulfur projectiles. It should
be noted that groups of Varghese and Panke used Doppler-
tuned and Bragg spectrometers, respectively, to determine
the lifetimes of the particular multiplet states, which are only
a contribution to ourKas line. The experimental lifetimes
values extracted in the present study reflect decays of various
states, contributions of which could not be resolved with the
Si(Li ) detector, and therefore the obtainedtl values are the
average lifetimes of all possible transitions which lead to the
K-shell vacancy filling. The lifetime value ofs1s12p1d1P
state determined for the sulfur ions at 49, 57, 59 MeV is
longer than that obtained by us for the sulfur projectiles at
65 MeV energy. Our latest considerations[30] show that this
two-electron configuration is responsible only in 15% for
Ka1,2

s line intensity, but the major contribution comes from
the configurations 1s12s12p1s34%d and 1s12s22p1s30%d , for
which the lifetimes ofK vacancy are shorter than in the case
of 1s12p1 configuration. Consequently, the lifetime of 6.8
310−15 sec, determined by us as the mean lifetime for all
possible transitions, is shorter than that for a single state
s1s12p1d1P, which can vanish only by radiative transitions.
Analogically, in the case of 99 MeV ion energy the 1s12p1

configuration contributes only 30% toKa1,2
s line intensity,

while the 1s12s12p1 configuration has also a large role
s25%d in the production of this line, which results in a much
lower value of mean lifetime of theK vacancy. Comparing
our lifetime values(which describe the radiative and nonra-
diative processes) with the radiative data of Vargheseet al.
[55] and Pankeet al. [33,34] we have to take into consider-
ation the estimated values of the “effective fluorescence
yields.” We have found a small disagreement between the
measured values of lifetime of the states emittingKa1,2

s line
in the case of 122 MeV energy with the results of Betzet al.
[6] for the sulfur ions at 110 MeV energy. This discrepancy
could be caused by using the two component model by Betz
et al. [6], neglecting of the essential(for such high ion en-
ergy) doubleK-vacancy fraction of the ions(see Fig. 7).

Calculations for the electron capture cross sectionsi j
EC

have been performed using the Oppenheimer-Brinkmann-
Kramers (OBK) formulation of electron exchange by Ni-
kolaev[56] given by Lapicki and McDaniel[57]. These cal-

FIG. 5. Lifetimes ofKa1,2
s (solid squares), Kb1,3

s (solid circles),
andKys (solid triangles) satellite, andKa1,2

h (open squares), Kb1,3
h

(open circles), andKyh (open triangles) hypersatellite transitions in
the sulfur ions traversing the carbon target. The axis at the top of
figure describes mean number ofL-shell electrons remaining in the
ion at the moment of x-ray emission.

TABLE II. The experimental mean lifetimes of the states, emit-
ting theKa1,2

s or Kb1,3
s transitions and lifetimes of the states from

other works.

Energy(MeV) Lifetimes (sec) References

65 Ka1,2
s 6.8310−15 Present

49, 57, 59 s1s12p1d1P 1.2310−14 Varghese[55]

99 Ka1,2
s 9.05310−15 Present

s1s12p1d1P 1.7310−14

92 s1s12p2d2P 9.0310−15 Panke[33,34]

s1s12p2d2D 9.0310−15

122 Ka1,2
s 1.09310−14 Present

110 Ka1,2
s 1.4310−14 Betz [6]

122 Kb1,3
s 1.21310−14 Present

110 Kb1,3
s 3.3310−14 Betz [6]
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culations give the total electron capture cross section from all
shells of the target atoms to the projectileK-shell with a
singless10

ECd or with two vacanciesss21
ECd, respectively. Con-

trary to the work of Gardneret al. [11] or Cockeet al. [38]
no scaling factor has been introduced to the calculated values
of both cross sections. In our calculations we have used
again the “real”K-shell binding energy. The comparison of
calculated and experimentalsi j

EC cross sections is shown in
Fig. 6. The obtained experimental values ofs10

EC and s21
EC

cross sections are higher than the theoretical predictions in
the full range of the sulfur projectile energy. This disagree-
ment seems to be connected with the inadequacy of the the-
oretical description of the very complicated situation of an
ion passing through a carbon target. In particular, the theo-
retical model does not take into account the capture of free
electrons from a target.

The experimental values of allsi j cross sections obtained
from the least-square fit have been used to determine the
dynamics of formation of theK-shell vacancy fractions of
sulfur projectiles passing through a carbon foil. The depen-

dence of the magnitude of fractions with zero, one and two
K-shell holes on the depth of target penetration is presented
in Fig. 7 for the case of entering sulfur projectiles with a
fully occupied K shell. As can be seen, for all projectile
energies with increasing depth of target penetration the frac-
tion with zeroK-shell vacanciessF0d disappears and the frac-
tions with singlesF1d and doublesF2d K-shell vacancies in-
crease until they reach the equilibrium state. This state is
achieved by the sulfur ions after coming through the charac-
teristic target depth for each ion energy: for the lower ener-
gies s65–79 MeVd it is equal ,50 mg cm−2 and for the
higher ones it is over,70 mg cm−2. It is very interesting that
the magnitude ofF0 andF2 fractions in the equilibrium con-
dition depends strongly on beam energy. As can be seen, the
F0 fraction strongly and systematically decreases from
,40% for 65 MeV up to,17% for 122 MeV. Simulta-
neously, theF2 fraction becomes substantial for the projectile
with the measured energies and increases from,8% for
65 MeV to ,30% for 122 MeV. However, the contribution
of F1 fraction in the equilibrium condition is close to,50%
for the beam energy in 65–122 MeV region.

V. SUMMARY AND CONCLUSIONS

The dependence of the satellite and hypersatellite sulfurK
x-ray production cross sections on the target thickness has
been examined, separately for each line recorded in spectra
of characteristic x rays of the projectiles at energy range of
65–122 MeV. The three component model, which expresses
the probability of an ion charge-changing collisions by the
cross sectionssi j was used. For each sulfur projectile energy
the values of theK-shell vacancy production cross sections
and theK-shell vacancy loss cross sections(independently
for the electron capture and for the radiative and Auger de-
cays) have been fitted. The obtained experimental values of
all si j cross sections have been used later to determine the
dynamics of formation of theK-vacancy fractions of the sul-
fur projectiles passing through a carbon foil.

On the basis of the presented study some general conclu-
sions can be drawn. The obtained from the least-square fit

FIG. 7. The dependence of magnitude of frac-
tion with zero (solid lines), one (dashed lines)
and two(dash dotted lines) K-shell vacancies on
the depth of target penetration for the case of en-
tering sulfur projectiles with a fully occupiedK
shell.

FIG. 6. The comparison of experimental and theoretical electron
capture cross sectionssi j

EC.
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“experimental” values of thes01 ands12 K-vacancy produc-
tion cross sections, much higher than the theoretical(PWBA)
predictions, suggest that apart from the directK-shell ioniza-
tion process some other mechanisms such as excitation play
an important role in theK-shell vacancy production. This
suggestion has been confirmed by the results of recent cal-
culations in the framework of the CTMC model, where it has
been observed that for the examined ion-atom system the
processes of electron excitation fromK shell into higher
atomic shells are much more probable than the directK-shell
ionization in the studied sulfur energy range. It is worth no-
ticing that there is an independent experimental confirmation
of the significant role of excitation processes. This is the
appearance of theKyh peak in the measured spectra of sulfur
ions passing through carbon foils, which proves that very
high 4p and 5p subshells(unoccupied in the ground state of
neutral sulfur atom) are occupied during the excitation pro-
cesses. Moreover, it was found that twoK-shell vacancies
are mainly produced in a two step processss01→s12d and
the s02 cross section plays an insignificant role in the pro-
duction of hypersatellite x rays. An enhancement of the ex-
perimentals10

EC and s21
EC cross section values over the theo-

retical predictions(PWBA-OBK) indicates a special role of
the solid state effect and the capture of free electrons from
the target. We must here realize that the three component
model used in our study, although very sophisticated, cannot
take into account the full complexity of the occurring pro-
cesses.

The estimated mean lifetimestl (which are directly con-
nected with theK-shell vacancy fillingvia radiative or non-
radiative electron transitions cross sections) for states, which
can emit satellite or hypersatellite lines, increase with in-

creasing projectile energy. This behavior is a result of the
fact that the mean number of electrons in the ions decreases
with increasing sulfur energy. The lifetimes of the states re-
sponsible for emission of theKa1,2

s line are shorter than that
for theKb1,3

s line, since these lines come mostly from differ-
ent atomic states. Furthermore, it was obtained that the life-
times of hypersatellite states are about twice as short as the
satellite lifetimes because the hypersatellite state of the sulfur
ion has twoK-shell vacancies to be filled. The last conclu-
sion is that for all projectile energies with an increasing
depth of the foil penetration the fraction with zeroK-shell
vacanciessF0d disappears and the fractions with singlesF1d
and doublesF2d K-shell vacancies increase until they reach
the equilibrium state. The magnitude ofF0 andF2 fractions
in the equilibrium condition strongly depends on the ion en-
ergy, i.e., theF0 fraction systematically decreases from
,40% for 65 MeV to,17% for 122 MeV andF2 fraction
systematically increases from,8% for 65 MeV to ,30%
for 122 MeV. However, the contribution ofF1 fraction in the
equilibrium condition is close to,50% for all studied beam
energies.
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