PHYSICAL REVIEW A 69, 062705(2004)
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The Ka andKpg 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 15x216m 2 have been
recorded using a 8ii) detector. The additional hypersatellitg" peak proves that for such high energies of
the sulfur ions very high subshelldp and 5) 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 df sutfay
production cross sections on foil thickness has been examined separately for each recorded line using the three
component model. For each projectile energy the valud&-gifiell hole production cross sections atahell
electron capture cross sectiaffth common for all recorded x-ray lines in the case of each projectile energy
have been fitted, as well as the specific valtfes each recorded x-ray lineof 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 excitatiofKfetr@ll into higher shells
is responsible for a production &f-shell vacancies, which has been confirmed by recent classical trajectory
Monte Carlo calculations.
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[. INTRODUCTION competition between ionization, excitation, electron capture,
o _ ) electron loss and decay processes leads to the establishment
In collisions of heavy ions with target atoms the strongof an electron-vacancy equilibration in different shells of the
Coulomb field of one of the “collision partners” can causemoving projectile. Collision processes occurring between the
simultaneous ejection of several electrons of the second onewift heavy ions and target atoms have been investigated
This process results in a reduction of the nuclear chargeuring past decadgé—13 but most systematic experiments
screening and increases the binding energy of remainingere performed using high resolution measurement$ of
electrons[1]. Consequently, the energies of x rays emittedL x rays from different projectiles in solid targgts4—23. A
from such multiply ionized atoms are shifted with respect toreview of problems discussed and experimental works has
the corresponding x-ray energies of singly ionized atoms antieen published by Beyat al. [24].
reflect the actual configuration of electrons during x-ray For low resolution x-ray spectrometers, such as a semi-
emission. Fina”y, as a result of the mu|tip|e ionization, in- conductor %LI) detector, the satellite structure of induced x
stead of a single-hole x-ray transition called the diagram linef@ys cannot be resolved. Nevertheless, the measured x-ray
the structure of x-ray satellites appears. spectra are strongly affected by multiple ionization, namely
Collision processes have been studied extensively fothe x-ray lines are shifted towards higher energies and broad-

many years but these studies were focused mainly on singfenled.[zs.'zq and_ltlhus iBformation é)nTﬁrobabikI]itigs fOf mlul—.
or multiple K-, L-, M-shell ionization occurring in the target tiple lonization still can be extracted. The method of analysis

atoms. The satellite structure & and L x-ray lines of the of multiple ionization from low resolution x-ray spectra was

: L . used in our previous works to study the ionization probabili-
target atoms, observed mainly with high resolution spectromties for M, N, and O shells of heavy atoms generated by

eters[2-5], was interpreted as the result of additional vacan- rojectiles[25,27—-29 and forK, L, andM shells of sulfur

cies in outer shells of the atom. However, more complicate%rojecmeS passing through a carbon fi80]. We have used
p][ocre{c,se_s are exper|e|r|1_c<_ad byS p_rOJec'urI]e as]:_a secon_d_part f& fact that the x-ray satellite structure can be well approxi-
of the lon-atom callision. During the first collision 504 py the Gaussian profile, whose energy shift and width

K-vacancy and/or multiple-, M-, N- or higher shell vacan- depend on the ionization probability for theandM shells at
cies can be produced. Further, the ion can collide with the,o moment of x-ray emission. In the present paper this
other target atoms and capture or loss of electrons can OCCUlathod is also used. '

before its original vacancies are filled by outer electrons. The 11,4 dependence of x-ray production cross sections of

heavy ions on foil thickness has been demonstrated in sev-
eral papers[6,9,23,31-3h Generally, measured projectile
*Electronic address: janusz.braziewicz@pu.kielce.pl x-ray yields are strongly dependent upon whether or nét a
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vacancy exists in the incoming ion. In some works it wastarget and for the lowest ion energy and decreased rapidly up
found thatK vacancy equilibrium is not reached until the ion to 0.01E, for the highest projectile energyThe effective ion
passes through many atomic layers in the foil. Indeed, thenergy was further used. The self-absorption of the measured
works of Scharfeet al.[36] and Grayet al. [37] concerning X rays in a target is also smalless than 4% Independent
sulfur ions show directly that the magnitude léfvacancy = measurements of target thickness enabled absolute normal-
fractions of the ions are dependent on foil thickness. On thézation of the x rays intensity on the incident number of
other hand, the charge equilibrium state for shells higher thaprojectiles obtained from elastically scattered sulfur ions de-
K shell is reached very rapidlgin the first few atomic lay- tected in a silicon surface-barrier detector located inside the
er9, as it was shown by Coclet al. [38]. To describe these chamber at 12.5° to the beam direction.
results quantitatively a model based on formulation of Alli-  The K x rays emitted from the moving projectiles were
son [39] has been widely applied. Bett al. [6] used a so measured in the beam incident side of the target at®the
called “two component” version, in which the beam is con-beam direction by a @ii) detector(30 mn? active area,
sidered to consist of two fractions of ions, those with andcrystal thickness 5 mm and energy resolution of FWHM
those without th&K vacancy. In the case of a collision, when =170 eV for 6.4 keV placed outside the target chamber.
the fraction of ions with twd vacancies plays a significant Projectile x rays passed in their way to the detector through
role, Gardneret al. [11] have shown that it is necessary to 10 um metallized Mylar chamber window, 2&m thick be-
consider a “three-component” version, where the projectileyllium detector window and 5 mm air gap between both
may have zero, one or twd vacancies. windows. Since the registerdd x rays of the sulfur projec-
The main goal of the present work is to study the dynam-ile were attenuated due to transmission through these vari-
ics of formation ofK-shell vacancy fractions of sulfur pro- ous absorbers the used x-ray spectrometer was carefully cali-
jectiles passing through a carbon foil. Therefore, we havérated to obtain its detection efficiency. The calibration was
performed an interpretation of target thickness dependenggerformed in x-ray energy range of 1.5-120 keV using stan-
of measured x-ray production cross sect|ons for the firstlard calibrating sources 6fCo, *3Ba, 15%Eu, 2**Am and by
tlme separately for each recorded lift€a] ,, Kal » KB 3 PIXE measurements of x rays from thin calibrating targets
K,Bl » Ky5, andKy") using the three component model. Us- (Z,=13-42 according to the recipe of Pajeit al. [42]. For
ing this model we have evaluated the valueKeshell va-  the relatively low energy region in this wo2-5 ke\) the
cancy production and filling cross sections. detector efficiency was determined within uncertainty less
than 4%. The energetic calibration of the spectroméser
second sensitive parameter at the present $twedg checked
several times during experimental runs by measurements of
Sulfur ion beams with incident energies of 65, 79, 99, andhe x rays emitted from standard radioactive sourcéso,
122 MeV and with incident charges of 1and 14 were  ***Eu, *Ba, and**’Am) and was determined with an uncer-
obtained from the U-200P cyclotron at the Heavy lon Labo-tainty of 2—-3 eV depending on the experimental run.
ratory of Warsaw University. The experimental setup applied
in this work was the same as that described eafl3€),
therefore only a brief description is presented here. Two col- Ill. SPECTRA ANALYSIS PROCEDURE
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. Typical x-ray spectra recorded by(Bi) detector for sul-
Self-supporting carbon foils with effective thickness of fur ions passing with energies of 65, 79, 99, and 122 MeV
15—-210ug cni?, were positioned in the target holder at the through a carbon target are presented in Fig. 1. The origin of
center of vacuum chamber at an angle of 25° to the directiomll recorded peaks is described in detail in our prewous paper
of the beam. The geometry of the experimental arrangemeri80]. The resolvedKaj ,, Kpj 5 satellite andKal 2 K,Bl 3
used in this work means that the detector should register kypersatellite peaks are the results of the overlapped contri-
rays emitted by projectile inside the target as well as frombutions corresponding to transitions of the following types:
distance up to 1.2 cm behind the target, so during such exts*—2p™, 1s'—3p™, 1s?-1s2p?, and K2
periments x rays with lifetimes up to 1% sec are registered. — 1s™'3p™%, respectively, from highly ionized sulfur projec-
The carbon targets were prepared by vacuum evaporatidiies. For sulfur ions with incident energies of 79—-122 MeV
and their absolute thickness was determined in the separaésm additional highest-energy peak in the measured x-ray
measurements of energy loss of 5.48 Me\particles from  spectra labelled aKy" (see Fig. ] has been detected. This
Am source. The stopping power values faerparticles in  peak corresponds to the hypersatellite transitions from the 4
carbon needed to calculate the foil thickness were obtainednd 5 subshellgi.e., the transitions of the following types:
from Biersack and Maggamarf40] and the final target 1s?—1s%4p™? and &2?—1s'5p™1) and proves that the
thickness was calculated by the computer codev [41]. Ky® satellite transitiongi.e., the transitions of the following
Additionally these thicknesses were checked using elastitypes: 51— 4p™ and 51— 5p™) also take place. The lack
scattered 2.0 MeVfHe" ions from the Van de Graaff accel- of a separatdy® satellite peak in the observed spectra indi-
erator. Absolute target thicknesses were determined with theates[30] that the contribution of this type of transition must
accuracy of about +4%. The targets could be considered asverlap with another peak. TH&y® peak intensity has been
“thin” because the ions passing through the foil did not losecalculated fromKBT,3 one according to the procedure de-
energy appreciablgAE was less than 0.E; for the thickest  scribed by Majewskat al. [30].

Il. EXPERIMENTAL DETAILS
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' function for each pegkand a polynomial form of the back-
10k ground. The energy shift and width of each x-ray peak reflect
the electronic configurations of highly ionized sulfur projec-
10°f / AN tiles at the time of x-ray emission and the results of such
i . studies have been published in our previous pafz9#3.
(L STITIO N AT The measured energies of all of the x rays emitted from
the moving ions were corrected for the Doppler effect result-
10' ing in transformation of registered energies into the projectile
rest frame. The stopping power of sulfur ions in the target
a2 10° was taken into account by using effective beam energy. The
€ 4 measured intensities of the x-ray peaks were corrected for
8 i the detector efficiency and for self-absorption of x rays in the
10'F target.
10° IV. RESULTS AND DISCUSSION
10° : The satellite and hypersatellite x-ray production cross sec-
i r tions (marked AFKa$ 5 OKpS » TKys TKall » TKAD qnd (-TKyh)
] have been calculated as a result of the normalization of the
] measured x-ray lines intensities on the number of projectiles
10°E 3 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 df-vacancy fractions of sulfur ions passing

FIG. 1. TheK x-ray spectra emitted by sulfur projectiles passing thr_OUQh a carbon target. T,he_ x-ray prqduqtion c.ross section,
with energies of 65, 79, 99, and 122 MeV through a carbon foil°€iNg @ result of x-ray emission by projectile inside and out-
with thickness~150 ug cn2. Solid and dotted vertical lines show Side the target, was expressed by a function of the ion equi-
positions of Kal,Z and Kﬁl,S diagram lines, respective|y, while librium fraCtlon, the formation and los&-shell vacancy

dashed lines show resolved individual transitions according to th€r0Ss sectionsy; [39], the radiation probability per unit path
method described in the text. length, the satellite/hypersatellite fluorescence yield of the

multiply ionized atom, and the fraction of ions able to emit

In contrast to theKa, , and KB, 3 diagram lines in the the x rays in question. This procedure assumes that the x-ray
x-ray spectrum of the singly ionized sulfur atom, the re-production cross section does not depend on the ion incident
solved (see Fig. 1 Kaj ,, KB ; satellite andKaf ,, KB},  charge states, i.e., that electrons in shells higher tian
Ky" hypersatellite peaks in the x-ray spectrum emitted byachieve the equilibrium very rapidly after entering the foil
multiply ionized sulfur projectiles are broadened and shiftedin the first few atomic layejs The work of Cockeet al.[38]
towards higher energieghe widths and energy shifts are and our recent dat@3] show that it is a reasonable assump-
characteristic for individual peaksin this work all x-ray tion.
peaks recorded by @ii) detector were formed, in fact, by a  The equilibrium charge state plays an essential role in the
convolution of a wide(~150 e\V) Gaussian response func- theoretical approach based on the rate equafess Eq(1)]
tion of the semiconductor detector with the natural structurd39]. The measurements &f x-ray spectra of the fast sulfur
of the satellite or hypersatellite lines in thex-ray spectrum, projectiles passing through carbon foils of thickness in the
having typical energy spacing in the range of tens of eV. Inrange of 15-21Qxg cmi? allow us to study the equilibrium
our previous work by Bartaet al. [27] we have shown that charge state in all shells. The thickest foils have been chosen
assuming the binomial character of the intensity distributiorto be sure that for such high ion energies the equilibrium
of x-ray satellites and taking into account their natural widthscharge state will be achieved for most of the sulfur ions
and their Gaussian energy spread in the semiconductor déside these foils. The thinner foils have been studied in or-
tector, the measured x-ray peaks appear as the Gaussian peer to check the influence of the nonequilibrium charge frac-
file which is shifted and broadened with respect to the diations of sulfur ions on the measuréd x-ray spectra. Mi-
gram line. Moreover, we have demonstraf@¥] that the zogawaet al. [23] and Shimeet al. [19] show that the length
energy shift and width of each measured x-ray peak can bef the path after which a projectile achieves the equilibrium
expressed in terms of the multiple ionization probabilitiescharge state depends strongly on the beam energy and on the
and the energy shift per electron vacancy. In the preserinitial charge state of the projectiles. For high ion energy the
study we have adopted this method for analysis of the medength of this path increases proportionally to the difference
suredK x-ray spectra of multiply ionized sulfur projectiles between the initial and the mean equilibrium charge states.
passing through a carbon foil. The energies and intensities of The problem of equilibration of the electron population in
resolved x-ray peaks were determined from a least-squanearious shells of sulfur ions has been explained in our recent
analysis of the spectra using four or figgee Fig. 1 fitting  work [43] by the analysis of the dependence of the experi-
Gaussian functiongvith the characteristic width of Gaussian mental energy shifts and relative intensities of the individual
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K x-ray peaks on the carbon target thickness. It was shown drF,
that the measured shifts ofhthe transition energies for the E: Foooz+ F1012= Fa(o20+ 021),
S,

satellite and hypersatellit€ay >, K,Bi"g andKys" x-ray peaks
with respect to diagram energies for a singly ionized atom
(Bee}]rden[44]) are alrrpost(within error baLs~1.5 eV for Fo+tFi+F,=1. (1
Ka3h, ~3 eV for KB3% and ~4 eV for Kys") independent . . . . .
on }[hze target thickn'gisg. Generally, it sug)g/]egts an ICi)nsignifica t Thelr solution gives yields of anticipatettshell vacancy
role of the nonequilibrium charge fractions of sulfur iond at [actions at target thicknessof the form
and M shells even in the case of the thinnest carbon foils.
TheKe] ,:Ka3 ,andK gl 5:Kp; 5 intensity ratios allow us to
conclude that a rather long path of the projectile inside th hereF;.. is the equilibrium fraction of ions witt K-shell
carbon targg@chara_ctenstlcally mcreasmg.v_wth the projectile vacanciesP(i,j), N(i,j) are functions of the boundary con-
energy [43] is required to achieve an equilibrated number of . . oL L .
the projectileK-shell electrons. We have shoy#3] that for ditions withi equal to the initial number df-shell vacancies
the highest sulfur energies equilibration of the electron popu'—n the epterlng prOJec'u.Ie anpequal to the number 0(_—shell
lation in theK shell of the projectile is achieved for the bulk Vacancies under consideration, adndf, are functions of
of sulfur ions in the carbon foil, with thickness not less thanK-Shell charge changing cross sections(i.e., the formation
100 g cn? [30,43. and loss of-shell vacancy cross sections o

To study the dynamics of formation ¢f-vacancy frac- The total intensity of x rays emitted by the projectiles may
tions of the sulfur ions, the description of the projectile x-raybe written in terms of the contribution from the individual
yields is based on the formulation of Allisof89], which  projectileK-vacancy fractions and these contributions should
expresses the probability of an ion charge-changing colliconsider the place of x-rays emission, i.e., “inside” and “out-
sions by cross sections;; (wherei represents the initial side” the foil. To describe the x-ray satellite and hypersatel-
number of K-shell vacancies and is their number after lite intensities registered in the present work we formulate an
eveny. In the measured energy region multicollisional effectsexpression of the measured appropriate intengit>” "
lead to the creation of three fractions of projectiles, i.e., aarising inside the foil at distancein an elemental thickness
fraction without aK-shell vacancy(F,), a fraction with a dxas
single K-shell vacancy(F;) and a fraction with twd-shell ,
vacanciesF,). In this case a three-component model is used, dNSPTS() = 16F; (0N R dlx, 3
in which zero, one and twi&-vacancy fractions are created _ " .
and disappear during ion passage through the target. TH@hereI—Kai"hz, K,Gi'},_or K.ys'h ’;;f"?‘y transmqn§|0|s the tqtgl
main assumption of this model is that the beam fractiéns numbgr of bombardmg IQ”&.‘ s the radlqt|on probability
with K-shell vacancies at any point of the target are related® Unit pa_th lengtiiin unit of cmz)_for sat_elllte or h_ypersat-
s0 thatX;F;=1 (wherej=0,1,2. The continuous changing el!|te transltlons,Fj(x) is the fract|o.n of ions at dlstange
of the charge composition of an ion beam inside a target j¥/ith one (j=1 for satellitg or two (j=2 for hypersatellitg

. . ’h . .
expressed by the known rate equati¢d], i.e., K-shell vacancies _descrlbed_ by E(fz)_andR,S is a fract_lon
dE of ions able to emit x rays, i.e., having one electron in the

hutlil _ 2p, 3p or 4p subshells.
dx P00~ Faloiot o1 + Fo0zy, According to the expression

Fi(0) =y + PG, DE 4 NG e, (2)
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N{EP7OH= 1o () o 'RE, ) e e e
the emission of x rays outside the foil is determined by pro- s ]
jectile fraction FL(XO), which emerges from the foil of thick- s
nessx,. The o is the satellite/hypersatellite fluorescence H 8
yield of the multiply ionized atom. If an ion has two-shell 3 . o
vacancies at the exit of the foil it can emit a hypersatellite x E‘ * o
ray and then a satellite x ray if the ion has more than oneg ° . .
outer shell electrons. However, this x-ray emission cascade i@ o Ko
not included, as in measured ion energies the needed electrcg ° O,
configurations are negligiblg0]. o1l © * By -

The result of integration of Eq3) over foil thicknessx, o ]
in conjunction with Eq.(4) gives an expression for thi€ O,
x-ray production cross section of particular satellte; ,, % 7 p p PP =

KBS 5 Ky® or hypersatellite o] ,, K1 ; andKy" transition
as
a7 (%o) = NPPRIF . = (P/10) (1 = €29) + (N/f%) (1
_ —fzxo)} + wls,ths,h/XO{ij + PeftXo + Ne—fzxo}
:{Nl(s,h)—inS(Xo) + Nl(s,h)—out(xo)}/(xol 0) ) (5)

In this equation it is assumed thaf" cross section does
not depend on the ion incident charge states, i.e., electrons
shells higher than th& 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 som

works discussing this problefi2,37 in the present study

we try to reproduce the dependence of experimental valug®en: gnd Ni, . )
| occupied subshells in a neutral atom. This formula assumes

of Kaihz, K,Bi'g and Kys" production cross sections on foi

thickness, for the first time using three component mode

separately.

The charge-changing cross sections were fitted to th
measured x-ray production cross sections using the values
fluorescence yields™. Because in our experiment different
x-ray lines are emitted practically from different ions with a
few electrons in different electron defect configurationgh
frequency defined b)Rls’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 o
the ionization state of the outer shells. This effect is verf

important in the framework of the present paper where mu
tiple ionization of sulfur outer shells is essential and varie

substantially in the whole range of projectile energy. The

fluorescence yield of the singly ionized atddb,44 is not
adequate in our case. Therefore, the theoretical estimation
the “effective fluorescence yield” for a particular type of
electron transitior{l) for multiply ionized projectile was ob-
tained using the scaling procedure of Lark|d§], namely

nr

< 2r(l) FXr(l)Nr
_1 1
2i in N, + 2isj FAij N, Mj

garated projectile charge statgs0]. The dependence of such

S projectile energy (MeV)

FIG. 3. The “effective fluorescence yields” for the highly ion-
ized S projectiles emitting satellitKaf , (solid squares Kpi 5
(solid circles, and hypersatelIite(oz'l"2 (open square)sK,B'l‘y3 (open
circles lines as a function of their energy. The top figure scale gives
the average number afshell electrons remaining in the shell at the
moment of x-ray emission.

Bler possiblel and j electron transitions with radiativEXi

and nonradiativeFAi, emission rates taken from Scofield
48], while mj, n;, m; are the numbers of remaining electrons
on summed subshells for calculated type of electron transi-
N;, M;, are the numbers of electrons of fully

}hat both the x-ray and Auger transition rates were scaled in
proportion to the number of existing electrons in the particu-
gir subshells.

¢ Because of the lack of radiative and Auger emission rates
or doubleK-shell vacancy configurations and highly excited
states(with 4p and 5 electrong the “effective fluorescence
yields” were taken to be equal to the singlevacancy ones
[37,49 and to the P electron configuration, respectively.
Finally, the “effective fluorescence vyield” for each of the
measured lined.e., for projectiles in different electronic de-
p;ct configuratiom was estimated30,43 as a sum of fluo-
escence Yyields of individual transitions creating this line in a
multiple ionized ion normalized by the distribution of equili-

estimated “effective fluorescence yields” for discussed lines
on projectile energy is seen in Fig. 3. This procedure of

(glyorescence yields estimation was checked in our recent

work [30] by applying these values for reliable reproduction
of experimentaK x-ray lines energy shifts which were pre-
dicted within the proposed model based on the multiconfigu-
ration Dirac-FockMCDF) calculationg51]. The same esti-
mation performed for multiply ionized Ar projectiles is in
good agreement with the numerical calculations of 2oal.
[22] where the Hartree-Fock atomic model in the intermedi-
ate coupling scheme was used.

It is observedFig. 3) that the fluorescence yield increases
by a factor of about 10 for the highest ion energy. The scale

In this equation the summation in the numerator runs ovealong the top of the Fig. 3 gives the average number of
possible transitions(l) creating the calculated type of elec- L-shell electrons existing in this shell at the moment of x-ray
tron transition(l) and the summation in the denominator runsemission, evaluated according to our model based on MCDF
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TABLE |. Experimental values of cross sections.

Energy Cross sectiofl0™1° cn?)

(MeV) oo 01, 055 o5 oo 020  OKaS Orkah  Orkps Ok Oakys  Opyh
65 170 6.50 550 12.0 0.169 0.002 7.80 15.6 6.60 13.2
79 195 7.36 650 14.0 0.185 0.002 6.00 12.0 5.10 9.90 4.70 9.40
99 220 978 520 104 0.190 0.002 4.75 9.50 4.07 8.14 3.75 7.50
122 240 105 440 8.80 0.192 0.002 3.36 6.82 3.20 6.62 3.00 6.20

calculationg30,52. We would like to point out that the fluo- dependence of,; and o, K-vacancy production cross sec-
rescence yield depends on the ionization of theand M tions on the projectile energiextracted from the fits of pa-
shells and its value does not vary significantly with targetrameters of Eq(5) to the experimental projectile x-rays pro-
thickness because the outer electrons equilibrate very rapidguction cross sectidnis in qualitative agreement with
[38]. Simultaneously, the multiple ionization of ions has beentheoretical predictions for the direktshell ionization. How-
taken into account in the value of radiation probability per€Ver, the experimentalq, and oy, values are higher than
unit path length sinca®" is a product of cross section for theoretical ones by nearly an order of magnitude across the

radiative and nonradiative filling proceés,) and fluores- full range of projectile energy. The observed disagreement
cence yield(wls,h) between experimental and theoretical values ofdhgand

The fit of the theoretical descriptiotbased on a three 015 Cross sections indicates that some other mechanisms such

component mode with zero, single and douklashell va- - £% SNEEPe I AT BPCRED 08 B R e o
cancy fractiony to experimental h, hand y : . .

y fractions P TKayy TKBYS IKyh - (CTMC) calculations[54] it has been observed that for the
cross sections in function of penetration deggke Fig. 2

: : ) examined ion-atom system the processes of electron excita-
shows that the dynamics of creation and disappearance of tl?%n from K shell into_higher atomic shells are much more

propcules W't.h different numper K-shell elgctrons IS de- probable than the dirett-shell ionization in the studied sul-
termined by six chgrge-changmg cross sectlorj\sPhyspal fur energy range. Thus, the CTMC predictions seem to ex-
processes re_sponslt_)le for_ the productiokeghell Vacancies —,1ain the observed discrepancy. The conclusion Kahell

in projectile in collision with a target atom are described byvacancy formation Cross sectiongy, oy g, CONtain con-

301' U.EZ 3”3 J02 pproductlon cI:rozg SeCt'Or';(mf.lT.omZFWﬂ”TIS tributions from both ionization and excitation processes is in
escribe ). Processes leading to the filling KFs € good agreement with the considerations and results of Gard-
vacancies, are presented by vacancy l0ss cross seqq@ns ner et al. [11] and Mizogawaet al. [23]. It can be noticed
o'|21 atmdazo wth|ch trept;]eser:]lt the stum of_tf;érr?slf sections fOl,m Fig. 4 that the double vacancy production cross section
€ eE% ron capture 1o the adequate proje ell vacancy o2 plays an insignificant role in production of hypersatellite
(oi;-) and the cross sections for radiative and Auger decayg rays. The double capture cross sectiog should be small
(7). i _ and was arbitrarily chosen to be much smaller thgpn

The least-square fifEq. (5)] done independently for the  As mentioned above, thé-shell vacancy loss cross sec-

; S h S h S . .
expinmentanK_al,z, oKay 5 oKBy 3 oKy 5 oKY® and  tions o)y and o, are a result of two independent processes
oKy" cross sections valugperformed with the same values

of 00y, 12 00 07, and adequate values of;) give results F
shown by curves in Fig. 2. The agreement of predicted de- A . .

pendence of x-ray production cross sections on the carbor " F ¢ .
target thickness with the measured data is satisfactory. Thi
numerical values of the cross sections which describe pro-
cesses felt by the sulfur projectile inside the target, are listec~
in Table I. § | .

The dependence of the experimental valuesrgf o,

and oy, K-shell vacancy production cross sections of sulfur
projectiles on their energy is given in Fig. 4. The results

2

e 10 E
< E
©

obtained have been compared with theoretical predictions foi  10°f r o e o oo 3
the directK-shell ionization of sulfur ion by atom of carbon ] " A
target, based upon PWBA modgé&3], which are also shown . TTT % T %12

in Fig. 4. The theoretical estimations of; cross section 107 s 70 m % P SPYra—Tvs

have been performed for a “reaK-shell binding energy,
expected for the most probable configurations of the multiply
ionized sulfur projectiles[30,52, calculated using the FIG. 4. Experimentabyq; (squarey o1, (circles, and g, (dia-
MCDF method[51]. This binding energy correction caused a mondg K-shell production cross sections together with the PWBA
large reduction of the values of the calculated ionizationpredictions(oy;, dashed linesy;,, dotted lineg in function of the
cross sections. As it can be seen in Fig. 4 the discusseagtojectile energy.

S projectile energy (MeV)
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n, 2|2 1|-9 1i7 1i4 . TABLE Il. The experime.n.tal mean I.ifet?mes of the states, emit-
————————————————————————— ting the Ke$ , or KB 5 transitions and lifetimes of the states from
18F o w’, 0 &, E other works. '
16f o« o X' : o
k2 « A 1 Energy(MeV) Lifetimes (seg References
s | a ] 65 Kof , 6.8x 10715 Present
a2 a : E 49,57,59  (1sl2phP  1.2x10%“  Varghese55]
© 10} 4 ¢ ] 99 Kaj , 9.05x 10715 Present
Té sk . - 3 (1s'2phtP 1.7x10° %
5 f . 3 92 (1s'2p?)2P 9.0x 10715 Panke[33,34
E o6} A 3 g . (1s'2p?)?D 9.0x10715
osk o o o 3 122 Kaj , 1.09x 10714 Present
[ a ] 110 Kaj , 1.4x10°% Betz [6]
02k . ' L ' 4 ' — 122 KBS 5 1.21x 10724 Present
& 7 8 s 10 o 120 110 KBS 33x 101 Betz [6]
1,3

S projectile energy (MeV)

FIG. 5. Lifetimes ofKaf , (solid square)s Kp3 3 (solid cwcles) Pankeet al. [33,34 for 92 MeV sulfur projectiles. It should
and Ky® (solid trlangle$ satellite, and(a12 (open square)sKﬁl3 be noted that groups of Varghese and Panke used Doppler-
(open circley, andKy" (open triangleshypersatellite transitions in - tuned and Bragg spectrometers, respectively, to determine
the sulfur ions traversing the carbon target. The axis at the top ofnhe lifetimes of the particular multiplet states, which are only
figure describes mean numberlothell electrons remaining in the g contribution to ourKea® line. The experimental lifetimes
ion at the moment of x-ray emission. values extracted in the present study reflect decays of various

states, contributions of which could not be resolved with the

(see Table), i.e., a filling of theK-shell vacancyia radia-  Si(Li) detector, and therefore the obtaingdvalues are the
tive or nonradiative electron transitioiiadequate values of average lifetimes of all possible transitions which lead to the
o, for each ling and an electron capture from target atomsK-shell vacancy filling. The lifetime value ofls'2p')'P
into the K-shell vacancy of the projectiles;;©). The filing  state determined for the sulfur ions at 49, 57, 59 MeV is
cross sectiorwr, =1/nv 7 is directly connected with the life- longer than that obtained by us for the sulfur projectiles at

| . . .
time 7; of the K-shell vacancy through the numbepf target 65 MeV energy. Our latest consideratidi@§] show that this
atoms per crhand the projectile velocity. Finally, the mean two-electron configuration is responsible only in 15% for
lifetimes 7; for states which can emit satellite or hypersatel-Keaf , line intensity, but the major contribution comes from
lite lines extracted from fitted parameters of E) to the the configurations £2s'2p*(34%) and '252p*(30%) , for
projectileK x-ray production cross sections are presented irwhich the lifetimes oK vacancy are shorter than in the case
Fig. 5 in the function of the incident ion energy. of 1s'2p? configuration. Consequently, the lifetime of 6.8

Experimentally determined lifetimes of sulfur ion states, X 1071° sec, determined by us as the mean lifetime for all
from which satellite/hypersatellite x rays are emitted, in-possible transitions, is shorter than that for a single state
crease with increasing projectile energy, which correspondéls'2p®)'P, which can vanish only by radiative transitions.
to the fact that the mean number of electrons in the ion#\nalogically, in the case of 99 MeV ion energy the'dp!
decreases with increasing sulfur projectile energy. For theonfiguration contributes only 30% tda; , line intensity,
high ion energies presented in this work the number of sulfuwhile the I'2s'2p® configuration has also a large role
ion electrons is small<5) and therefore the transitions re- (25%) in the production of this line, which results in a much
sponsible for emission dkaj , KB3 5 andKy® lines often  lower value of mean lifetime of th& vacancy. Comparing
come from different atomic states. The filling of tHeshell ~ our lifetime valuegwhich describe the radiative and nonra-
vacancyvia radiative transitions plays an important role so diative processg@awith the radiative data of Varghes al.
that the lifetimes of the states emitting these transitiong55] and Pankeet al. [33,34 we have to take into consider-
should be differenf43]. It is interesting to notice that life- ation the estimated values of the “effective fluorescence
times of all hypersatellite states obtained for each discussegelds.” We have found a small disagreement between the
ion energy are about twice as short as for satellite ones. Thimeasured values of lifetime of the states emittitg; , line
seems reasonable since in the case of hypersatellite state tinethe case of 122 MeV energy with the results of Betal.
sulfur ion has twoK-shell vacancies to be filled. Measured [6] for the sulfur ions at 110 MeV energy. This discrepancy
lifetimes of states emittingy® andKy" lines are longer than could be caused by using the two component model by Betz
these emitting<,6§',h3 lines, respectively. et al. [6], neglecting of the essentiélor such high ion en-

In Table Il a comparison of our experimental lifetimes ergy) doubleK-vacancy fraction of the iongee Fig. 7.
with the data from other works was shown. We have found a Calculations for the electron capture cross secti
general agreement between these values. A good agreemématve been performed using the Oppenheimer-Brinkmann-
is seen between our results and the ones obtained by Varghkramers (OBK) formulation of electron exchange by Ni-
eseet al. [55] for 49, 57, and 59 MeV sulfur energy and by kolaev[56] given by Lapicki and McDani€gl57]. These cal-
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1 \& T 3 T T 1
NS—— —
! i
) d
01t 10.1
_ s
"'é ,‘ FIG. 7. The dependence of magnitude of frac-
K= i 65MeV 79 MeV tion with zero (solid lineg, one (dashed lines
'g 1t ) ) ) ’ ik ’ ' ' ' EL and two(dash dotted lingsK-shell vacancies on
b S [ W the depth of target penetration for the case of en-
N . - i tering sulfur projectiles with a fully occupiel
!, shell.
4 "
AL {0.1
i
i
! 99 MeV 122 MeV

0 50 100 150 200 250 O 50 100 150 200 250
thickness (ug/cm?)

culations give the total electron capture cross section from alilence of the magnitude of fractions with zero, one and two
shells of the target atoms to the projectfeshell with a  K-shell holes on the depth of target penetration is presented
single (¢55) or with two vacanciego5Y), respectively. Con- in Fig. 7 for the case of entering sulfur projectiles with a
trary to the work of Gardneet al. [11] or Cockeet al. [38]  fully occupied K shell. As can be seen, for all projectile
no scaling factor has been introduced to the calculated valueanergies with increasing depth of target penetration the frac-
of both cross sections. In our calculations we have usetion with zeroK-shell vacancie§,) disappears and the frac-
again the “real’K-shell binding energy. The comparison of tions with single(F,) and double(F,) K-shell vacancies in-
calculated and expenmenta‘ﬁC cross sections is shown in crease until they reach the equilibrium state. This state is
Fig. 6. The obtained experlmental values (fﬁo and cr achieved by the sulfur ions after coming through the charac-
cross sections are higher than the theoretical predlctlons iteristic target depth for each ion energy: for the lower ener-
the full range of the sulfur projectile energy. This disagree-gies (65—79 MeV it is equal ~50 ug cmi? and for the
ment seems to be connected with the inadequacy of the théigher ones it is over-70 ug cni2. It is very interesting that
oretical description of the very complicated situation of anthe magnitude of, andF, fractlons in the equilibrium con-
ion passing through a carbon target. In particular, the theodition depends strongly on beam energy. As can be seen, the
retical model does not take into account the capture of fre¢, fraction strongly and systematically decreases from
electrons from a target. ~40% for 65 MeV up to~17% for 122 MeV. Simulta-

The experimental values of alf; cross sections obtained neously, theé=, fraction becomes substantial for the projectile
from the least-square fit have been used to determine thgith the measured energies and increases freB% for
dynamics of formation of thé&-shell vacancy fractions of 65 MeV to ~30% for 122 MeV. However, the contribution
sulfur projectiles passing through a carbon foil. The depenef F, fraction in the equilibrium condition is close t850%

for the beam energy in 65—-122 MeV region.

. . 1 V. SUMMARY AND CONCLUSIONS
10 - [ -
i . . . * The dependence of the satellite and hypersatellite silfur
LI x-ray production cross sections on the target thickness has

been examined, separately for each line recorded in spectra

“g ______________ of characteristic x rays of the projectiles at energy range of
2;0 1P 65—-122 MeV. The three component model, which expresses
A experiment: ] the probability of an ion charge-changing collisions by the
% : ] : o
o . o° e oC ] cross sections;; was used. For each sulfu_r projectile energy
10 2 ] the values of th&-shell vacancy production cross sections
. and theK-shell vacancy loss cross sectiofisdependently
04 3 theor’;Ec_:f_)_l_?'i'PWBA"g for the electron capture and for the radiative and Auger de-
. . . . T ] cay9 have been fitted. The obtained experimental values of
60 70 80 90 100 110 120 all oy; cross sections have been used later to determine the

dynamics of formation of th&-vacancy fractions of the sul-
fur projectiles passing through a carbon foil.

FIG. 6. The comparison of experimental and theoretical electron On the basis of the presented study some general conclu-
capture cross section*quC. sions can be drawn. The obtained from the least-square fit

S projectile energy (MeV)
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“experimental” values of thery; and o, K-vacancy produc- creasing projectile energy. This behavior is a result of the
tion cross sections, much higher than the theoretR@&/BA) fact that the mean number of electrons in the ions decreases
predictions, suggest that apart from the digeghell ioniza-  with increasing sulfur energy. The lifetimes of the states re-
tion process some other mechanisms such as excitation plaponsible for emission of thi€a; , line are shorter than that

an important role in the<-shell vacancy production. This for theKp; ;line, since these lines come mostly from differ-
suggestion has been confirmed by the results of recent caént atomic states. Furthermore, it was obtained that the life-
culations in the framework of the CTMC model, where it hastimes of hypersatellite states are about twice as short as the
been observed that for the examined ion-atom system theatellite lifetimes because the hypersatellite state of the sulfur
processes of electron excitation frok shell into higher jon has twoK-shell vacancies to be filled. The last conclu-
atomic shells are much more probable than the dikeshell  sion is that for all projectile energies with an increasing
ionization in the studied sulfur energy range. It is worth no-depth of the foil penetration the fraction with zekashell
ticing that there is an independent experimental confirmatiovacanciegF,) disappears and the fractions with singkg)

of the significant role of excitation processes. This is theand double(F,) K-shell vacancies increase until they reach
appearance of thiey" peak in the measured spectra of sulfur the equilibrium state. The magnitude B and F,, fractions

ions passing through carbon foils, which proves that veryn the equilibrium condition strongly depends on the ion en-
high 4p and % subshellsunoccupied in the ground state of ergy, i.e., theF, fraction systematically decreases from
neutral sulfur atomare occupied during the excitation pro- —40% for 65 MeV to~17% for 122 MeV andr, fraction
cesses. Moreover, it was found that tieshell vacancies systematically increases from8% for 65 MeV to ~30%

are mainly produced in a two step procésg;— o1, and  for 122 MeV. However, the contribution & fraction in the

the oy, cross section plays an insignificant role in the pro-equilibrium condition is close te-50% for all studied beam

duction of hypersatellite x rays. An enhancement of the exenergies.

perimentalof; and o5 cross section values over the theo-

retical predictiongPWBA-OBK) indicates a special role of ACKNOWLEDGMENTS
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