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L x rays emitted from multiply ionized holmium atoms

V. Horvat* R. L. Watson, J. M. Blackadar, A. N. Perumal, and Yong Peng
Cyclotron Institute and Department of Chemistry, Texas A&M University, College Station, Texas 77843-3366, USA
(Received 4 November 2004; published 22 June 2005

Spectra oL x rays emitted from Ho targets bombarded by 10 keV electrons and 6 MeV/amu C, Ne, Ar, Kr,
and Xe ions were measured in high resolution using a curved crystal spectrometer. The spectra were analyzed
in order to examine the systematic evolution of the-ray satellite structure as a function of projectile atomic
number. Scaling rules are established for the apparent avbtagell spectator vacancy fraction and apparent
average double to singlevacancy population ratio at the time bfx-ray emission. The results are compared
to those obtained foK-shell ionizing collisions and with predictions of the geometrical model.
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I. INTRODUCTION gross features and average energies of Ta, Au, arldxrhay
: . : satellites produced in 4 MeV/amu Kr ion collisions have
Early comprehensive studies of satellite structure appeak ... discussed by Heiét al.[16]. Recently, Czarnotat al.

ing in L x-ray spectra were carried out by Richtmy#t and [17] have used a hi -
gh-resolution von Hamos spectrometer to
co-workers, Parraff2,3], and Randall and Parrd#] over 65 tudy theLa and LB multiple-vacancy satellite structure of

years ago using x-ray quolrescence and glectron bombar Mo and Pd atoms excited by O and Ne ions. These authors
ment.dAs m?r:ly ?].S then semlres_glvedf Stﬁ"'t? peak?c v'\\l/lere O%'ompared their spectra to the predictions of multiconfigura-
tsr?rve hOBn ed '9 _-lenertgy tSI €o fl w(;esbo O tional Dirac-Fock calculations that took into account the

rough ba, and simiiar structures were found a oveliBe complex multiplet structure arising from one- and two-
and Ly lines of Ag. Shortly after the discovery &f x-ray

tellites, Coster and Kronig] ted that th in spectatorM vacancies. The calculations were in reasonable
satetiites, Loster a 0 suggeste at these fines agreement with the Pd satellite structure observed in colli-
originate from double vacancy states created hy

oL Ma andLs — L M. = nonradiative transitions. Subse sions by 376 MeV O ions, which was dominated by single
2 Vigs 1— L3 WVigs . T M- i i i
quent work by Richtmyer and Rambefg] confirmed the M-vacancy configurations. The satellite structure observed

. . ; . by these authors in collisions by 178 MeV Ne ions was
plausibility of this hypothesis and presented theoretical P€0und to contain large contributions from configurations in-
dictions of the complex multiplet structure associated with,_ . ;

. . volving up to fourM vacancies. Because of the unmanage-
the LM double-vacancy satellites dfa; and LB, in Au. g up 9

; S . able complexity of the multiplet structure for configurations
Other mechanisms contributing to the productiorLof-ray involving more than two spectatdvl vacancies, this spec-

satellites were later recogniz_e_d to be the shake-up anq Shakt‘?l]m had to be analyzed using calculated average-of-
off processe$7]. Double collisions were found to contribute configurations satellite energies and the assumption that the
Histribution of spectatoM vacancies is binomial. Recently,
fie systematics of thiel- andN-shell ionization probabilities

as a function of projectile and target atomic number and
projectile energy have been deduced from low-resolution
. \ / T measurements employing a semiconductor det¢d®@jr An

INg from multiple vacancy produc'uon .by heavy ion impact. laborate method of analysis was developed to extract ion-
FOIIOng the published high-resolution measurements o zation probabilities from the energy shifts of the unresolved
|0n-eXC|t¢dL x-ray specira by Deet _aI. [12], O'se.“et al. x-ray peaks containing they diagram lines and satellites.

[13] obtained spectra that revealed intense satellite structure In the present work.. x-ray spectra of Ho were measured
indicative of the presence of.mu|t|pM vacancies. In th?'r using a curved crystal spectrometer, employing second-order
spectrum of S”‘.X rays excited by 30.MeV OXYgen 10N yitraction from a LiF crystal. The spectra were excited by
impact, the satellite average energies disclosed the Presengs oy electrons and 6 MeV/amu C, Ne, Ar, Kr, and Xe

of thI:‘.'tr to f'VE spectatol\él tvac;gr;lmes. T?e T;ensntz ?f tpethions. The main objective of these measurements was to study
(sq € II € peaks (;A_/as su I'S antially greater than that ot thg,o systematic evolution of tHex-ray satellite structure with
single-vacancydiagram lines. increasing projectile atomic number. Based on a relatively

Because of the complexity of multiple-vacantyx-ray simple interpretation of the structure in the measured spectra,

satellite structure, howeyer, only a few subsequent st_udiegn analysis procedure was developed that reproduced the
have focused on this topic. The effects of chemical environ-

ment on the relative intensity profiles of ion-indudec-ray shape of the spectra with reasonably good accuracy. This

. . procedure was also used to determine the apparent average
satellites have been examined by Rossgell. [14,15. The M-shell and outer-shell spectator vacancy fractions at the

time of L x-ray emission. The results are compared to the
predictions of the geometrical model and with apparent av-
*Electronic address: V-Horvat@tamu.edu erage spectatoc-vacancy fractions at the time &€ x-ray

has endured and notable progress in understanding the str
ture and properties of M double-vacancy satellites is de-
scribed in Refs[8-11].

The present paper concernx-ray satellite structure aris-
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emission for atoms having binding energies comparable to
the M binding energies of Ho. Relative contributions to the
x-ray yields from ions having more than one initial-state va-
cancy in theL shell were examined as well.
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Beams of 6 MeV/amu &, N&**, Arb*, Kr'?* and Xé8*
ions were extracted from the Texas A&M K-500 supercon-
ducting cyclotron, charge analyzed, collimated, and focused
to a ~3 mm diam spot onto the target oriented at 45° with
respect to the beam direction. The focusing was accom-
plished with the aid of a zinc-cadmium sulfide phosphor and
a closed-circuit television system. During the data acquisi-
tion, the beam intensity was monitored by measuring the
current from the target or from a Faraday cup placed directly
behind the target.

The measurements were performed with a thick metallic
Ho foil (~100 mg/cm). However, because of x-ray absorp-
tion and projectile energy dependence of the-ray produc-
tion, the estimated effective mean target depth follHoeray
detection ranges from 2.7 mg/érfor the C-induced spec-
trum to 6.0 mg/crafor the Xe-induced spectrum. The effec-
tive mean projectile energy was estimated at 5.5 MeV/amu
in all the cases studied here. The effects of projectile energy
loss on the spectral features of interest were found to be
negligible. The details will be explained in Sec. V.

A 12.7 cm Johansson-type curved crystal spectrometer
with the focal circle oriented perpendicular to the beam axis
was used to measure the x-ray spectra. The x rays diffracted
in second order from a Li200) crystal were counted by a
flow-proportional counter operating with P-10 gpergon
(90% and methane(10%) at 1 atnj. Control of the
spectrometer-stepping motor was accomplished by means of
a custom-designed electronic module and a personal com-
puter equipped with a dedicated multiscaler expansion card
and the accompanying software. Before each run series, the
crystal angle and focal circle were manually adjusted to
maximize the intensity of Hh x rays.

An energy calibration was performed during each run se-
ries after completing the crystal angle and focal circle adjust-
ments. TheKay, Ka,, andKB; diagram lines of Co, Ni, and
Cu were used for these calibrations in addition to ltheg,

LB;, andLB, diagram lines of Ho. It was found previously
that diagram linegdue to transitions between single-vacancy
state$, can be quite prominent when the target is bombarded
by heavy ions[19,20. The single-vacancy states are pro-
duced primarily by high-energy electrons ejected in the pri-
mary collisions or by high_energy photons Subsequent'y FIG. 1. Spectra oL x rays emitted from a Ho target under
emitted from the projectile or target. In general, overlapping?°mbardment bya) 10 keV electrons and 6 MeV/amu beams of
contributions from multiple-vacancy states excited in ion-() C. (¢) Ne, (d) Ar, and(€) Kr. The vertical dashed lines indicate
atom collisions, were small and did not shift the calibrationt® €nergy positions of the nine most prominént-ray diagram
peaks by more than 1 eV. The spectrometer energy resolutio'> (see Table)l TheL absorption edge is shown by the vertical
(FWHM) for the Ho La, line excited by 10 keV electron S°ld line.
bombardment was determined to be 9.3 @ased on the
Gaussian width of a Voigt function used to fit the corre-nine most prominent x-ray diagram lines of Ho in the
sponding peak energy range between 6400 and 8400 eV. Their spectroscopic
identifications and corresponding initial- and final-state va-
lll. INTERPRETATION OF THE SPECTRA cancy configurations are listed in Table I. The solid line at

The gross features of the Hox-ray spectra are compared the far right in Fig. 1 shows the position of the absorption

in Fig. 1. Vertical dashed lines indicate the positions of theedge at 8068 eV.
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TABLE |. The most prominenL x-ray diagram lines of Ho in the energy range between 6400 and 8400
eVv.

Line Transition EnergyeV)? Natural width(eV)° Relative intensity  Label in Fig. 1

La;  Ls—Ms 6719.7 5.1 100.0 B
La,  Ly—M, 6678.5 5.1 11.1 A
LBs  Ls—N; 7635.8 9.6 1.1 F
LB,  Ls—Ns 7911.4 6.8 18.2 |
LBis  Ls—N, 7902.9 7.2 2.0 H
LB  L,—M, 7525.7 5.2 100.0 E
Ly Ly—M,; 6786.9 17.5 2.2 C
LB  Li—Ms 7651.8 12.3 100.0 G
LB, LM, 7471.1 10.8 62.6 D

*Ref.[21].

®Derived from the data in Ref22].
“Estimated using data from R¢23].

The spectrum obtained by electron bombardmigfig.  outer-shell vacancies in heavy-ion-atom collisions.
1(a)] shows(for the most pajtthe peaks due to Hb x rays If, on the other hand, heavy-ion-induced Heshell ion-
emitted by singly ionized atom@liagram lineg They were ization is also accompanied by single or multipieshell
found to be accurately represented by Voigt functions andonization, the resulting satellite peaks are additionally
their centroids agreedwithin +2 eV on averagewith the  shifted up in energy by 20 to 50 eV pbt vacancy, depend-
corresponding recommended transition energies of Deslattéisg on the transition type. They may or may not be resolved,
et al. [21]. The widths of the observed peaks were found todepending on how their shifts compare to their widths. For a
be in agreemenfwithin £2 eV on averagewith the corre- given number of spectatdvl vacancies, the corresponding
sponding natural line widths derived from the recommendedatellite peak width depends, for the most part, on the aver-
level width values of Campbell and Pap@2]. Also, the age number of outer-shell vacancies and the extent of multi-
relative intensities of the peaks resulting from transitions tgplet splitting. In the spectrum excited by carbon idiFsg.
the samd. subshell were found to be within a few percent of 1(b)], the peaks on the high-energy sides of the,, LS,
the relative transition rate values recommended by Saem andLp, lines mainly contain satellite transitions from initial
al. [23]. The latter observation indicates that the product ofstates having a single vacancy plus a singl® vacancy.
the spectrometer-detection efficiency and the x-ray transmis- The complex multiplet structure, resulting from the angu-
sion probability from the target did not vary significantly lar momentum coupling of multiple plusM vacancy states,
over the energy range of interest. The data referenced abovegether with the additional modifications imposed by vacan-
are also listed in Table 1. cies in the outer shells, makes a detailed analysis of the sat

Target atomL-shell ionization by heavy ions is usually ellite structure an impossible tagl7]. Nevertheless, the
accompanied by electron removal from higher shells. Consespectrum ofL x rays induced by C ion§Fig. 1(b)] does
quently, the resulting x-ray peakahich are commonly re- exhibit definite structural features th@s will be shown be-
ferred to as satellite peakare broadened and shifted relative low) strongly correlate with the transition energies expected
to those corresponding to diagram transitions. Furthermordpr L'M°, L*M?, and L'M? initial state vacancy configura-
the peak shapes can be very complex dug@)teariations in  tions with additional outer-shell vacancies. In this paper, the
the initial state vacancy configuration at the time of x-raysatellite peaks will be labeled using the notatibtEM!,
emission and(ii) the complicated multiplet structure that whereL'M! denotes the initial state vacancy configuration of
arises from the coupling of initial and final state angularthe L andM shells, while¢ identifies the transitiorte.g., ¢
momenta. In Ho, the satellite transition energies are shifteds a;, 3, 15,7, ...). Note thatj is also the number afpectator
on average, by only a few eV per vacancy in shells higheM vacancies for each transition.
than the M-shell (collectively referred to here as outer  Apparently, thel x rays that predominantly contribute to
shellg. For L— M transitions, these shifts are smaller thanthe spectrum in Fig. (b) are emitted in the presence of a
the natural widths of the transitions involved, and for small number of outer-shell vacancies. This is evidenced by
— N transitions they are only slightly larger. Consequently,relatively small energy shifts of tHe'¢éM° satellites from the
peaks due to transitions between states involving multipleorresponding diagram transition energies and a relatively
outer shell vacancies cannot be resolved from each other @mall increase in their widths compared to the corresponding
from the corresponding diagram lines. Therefore, the strucdiagram-transition peaks. The energy shift of ttigézz,lsl\/lo
ture observed in the vicinity of the diagram transition energysatellite is somewhat larger than the others because the tran-
includes contributions both from the diagram transitions insition in this case involves aN electron whose binding en-
atoms ionized by secondary radiation and from the satellitergy is less sensitive to the presence of spectator vacancies.
transitions in atoms that acquire sindleshell and multiple  According to calculations performed with the multiconfigu-
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rational Dirac-FocKMCDF) code of Desclau24], a single  two parameters. Peaks due to the presence of a spectator
N spectator vacancy causes the;(L3—Ms) and Lp,y(L; ~ vacancy in thel shell at the time oL x-ray emis_si_on were
—Ns) transitions to shift up in energy, on average, by 2.3taken into account using only one additional fitting param-

and 9.2 eV, respectively. eter. A _detailed description of the method is given in the
L x-ray satellite peaks are the dominant features appearingPPendix. , , .
in the spectra obtained with Ne, Ar, and Kr iofghown in As mentioned in the Appendix, the relative number of

counts in each.'éM! satellite peak for a given transition

Figs. lc)-1(e), respectively. The same is true for the spec- (specified by¢) was assumed to follow a binomial distribu-

trum obtained with Xe iongnot shown. It is evident that the tion as a function of the number of spectakbvacancies)).

degree of multiple ionization in thé/ shell of the target This assumption was justified by the fact that, in practice, it

atom increases rapidly with the projectile atomic number. ielded good representations of the measured spectra of x
Consequently, the centroids of the satellite peak distribution ays emitted from multiply ionized atoms. In order to convert

(including all satellites, regardless Of. the cqrrespc_xnding NUMf e measured x-ray yields to initi@acancyyields, correc-

ber of spectatoM vacancies are shifted higher in energy jon myst be applied to account for vacancy rearrangement
and_t_he widths of the sat_elllte peak distributions increase. IMetween the time of collision and the time lofx-ray emis-
addition, because of the increased degree of multiple ionizasion Also, it is necessary to take into account the fact that
tion in the outer shells and the increasingly complex multi-fjorescence yields depend on the spectator vacancy configu-
plet structure, satellite peaks corresponding to a given numations at the time of. x-ray emission. Although approxi-
ber of spectatorM vacancies are no longer resolvable. mate methods for accomplishing these tasks have been de-
Apparently, the increase in the energy shifts of the Sate”itG/eIoped and applied in the analysis &f x-ray spectra
distribution centroids is larger than the corresponding in{19,25, the much more complex decay scheme for
crease in the distribution widths, so that the satellite distril-vacancy decay, together with large uncertainties associated
butions contribute less in the vicinity of the correspondingwith available theoretical transition rates and their scaling,
diagram transition energies. On the other hand, the contribunakes such an analysis forx-ray spectra impractical at the
tions from secondary ionization are substantial, and so thpresent time. Therefore, the centroid of the binary distribu-
peaks due to diagram transitions become prominent. This ion determined in the present wotky,) represents the ap-
clearly the case for thea,, Lay, LB, andLB, diagram lines  parent averag®l-shell spectator vacancy fraction at the time

in the Ar- and Kr-induced spectifd@igs. 1d) and Xe), re-  of L x-ray emission. Under the assumption that the net effect
spectively. The same is true for the Xe-induced spectrumof vacancy rearrangement and fluorescence yields does not
(not shown, which displays somewhat larger satellite energydepend significantly on the number of contributikgshell
shifts (as expected from the trepdout otherwise is not es- spectator vacancigsince the two effects tend to counteract
sentially different from the Kr-induced spectrum. each othey, py, is approximately equal to thd-shell ioniza-

tion probability per electroripy) in L-shell ionizing colli-
sions, as defined in the framework of the independent elec-
tron approximatiorj26].

Interpretation of the diagram line contributions in the The quality of the fit achieved in the case of the Ho
spectra excited by heavy ions was facilitated by a leastx-ray spectrum excited by 6 MeV/amu C ioff&ig. 1(b)] is
squares analysis of the Hox-ray spectrum obtained by 10 demonstrated in Figs.(& and 2b), where the experimental
keV electron bombardmefFig. 1(@)]. In this analysis, each data points, fitted curve, background component curve, and
peak was represented by a Voigt function with variablefive L1¢M! satellite peakgwith j=0-4) are shown. Satellite
Lorentzian width. To simplify the fitting procedure, the peaks forj >4 andL?éM! satellites are too small to be seen.
Gaussian widths of the Voigt functions, represenfifty the  The diagram lines are not shown because their contribution
most part the resolution of the spectrometer, were assumedavas found to be negligible in this spectrum. This is not sur-
to be the same for all the diagram lines. The peak profileprising becausé@) the secondary electron yield produced by
determined in this way were subsequently used in the analy€ ions is expected to be much smaller than the yields pro-
sis of the diagram lines in the spectra of Ha rays induced duced by the heavier projectiles afid) the degree of Ho
by heavy ions. ionization produced by carbon ions is relatively low, so that

The analysis procedure for the satellite peaks was devebnly a very small fraction of the satellit® 3, 15 x-ray spec-
oped using the spectrum of Ha x rays induced by trum extends above the; absorption edge. Although the
6 MeV/amu C iongshown in Fig. 1b)] because the satellite entire spectrum was fit simultaneously, the two spectral re-
peak structure in this spectrum contains the most resolvedions are shown separatdlifigs. 4a) and Zb)] in order to
structural features. The same analysis procedure was theaduce the amount of empty space and enhance the details.
applied to the other spectra. To ensure stability of the least- In a similar way, Figs. &) and Zd) show the fit of the Ho
squares fitting process and reproducibility of the results, th& x-ray spectrum excited by 6 MeV/amu Ne ions. In this
number of adjustable parameters was kept at a minimum. Fapectrum, the individual contribution from sixéM! satel-
example, the peak centroids of all the satellite peaks in dites can be clearly seen. The same holds for the diagram
given spectrum were varied using only one free parametefines (mainly La,, Lay, LB;, andLB,) and the combined
while their relative intensities were fitted using only four contribution from theL2éMi satellites.
independent parameters. Gaussian widths ofLal), Lay, Components of the spectrum of Hox rays induced by
andL» satellite peaks combined were determined with only6 MeV/amu Kr ions are shown in Figs.(&8 and 3b) to

IV. ANALYSIS OF THE SPECTRA

062709-4



L X RAYS EMITTED FROM MULTIPLY IONIZED ... PHYSICAL REVIEW A 71, 062709(2005

20 4 T T T T T T T T T T T

AN
DN

10° Counts per Channel + offset
Josyo + [auuey9 Jad sjunod 0

12 A - 6
10 -4
8 Lo, L 3
6 - e
LB, LB [ 2
41 A
; \ o1
2 '*/J@am /\ diagram
Lﬁm& 0
0 i=2 x
T T T T T T T T T
6650 6700 6750 6800 6850 6900 7500 7600 7700 7800 7900
Energy (eV)

FIG. 2. (Color onling Fit of the HoL x-ray spectrum excited bga) and (b) 6 MeV/amu C ions andc) and(d) 6 MeV/amu Ne ions
showing the experimental data poirfidack), overall fitted curvered), background component curygray), and individualL'¢Mi satellite
peaks(blue and browih Some of the peaks are offset in the vertical direction to avoid excessive overlapping. Only one representative peak
in each group is labeled in order to avoid overcrowding. The remaining curves, as labeled, represent the combined contributioh from the
x-ray diagram linegmagenta and the combined contribution from thésMi satellite peakggreen.

illustrate the features that are not as prominent in the spect@pplying the same procedures used in the analyses df the
shown in Fig. 2. Here the diagram peaks contribute substancray spectra. An example of a fit to a spectrum of ICx
tially and some of thenfLa,, Loy, andLB;) are well sepa- rays excited by Kr ions, showing the contributions from the
rated from the corresponding'éM! satellite groups, which Ka; and Ka, diagram lines K'q L' satellites, and<*a,L'
peak at much higher energies. In addition, tHéM! satellite  satellites, is given in Fig. 4.
distributions do not display any structural features because
the widths of the individuaIngl\./Ij satelli'ge peaks(not V. RESULTS AND DISCUSSION
shown are large compared to their separations. The;M!
satellite distribution appears as a shoulder on the high-energy A summary of the results of primary interest is presented
side of theL'8;M! satellite distribution. Although the?¢éMi  in Table Il. Listed in the first three rows are tipg values
satellite distributions cannot be resolved from tHéMI sat-  obtained in the analyses of the Co, Ni, and ICu-ray spec-
ellite distributions, their contributions are more substantial intra. The next two rows contain the values @ and py,
this spectrum than in the spectra shown in Fig. 2. Contribuobtained in the analyses of the Hox-ray spectra. They,
tions from theL3¢M! satellite distributions are relatively values were calculated by dividing the average number of
small and also unresolved, but they can be clearly identifiedspectator outer-shell vacanciés) determined in the fits by

In addition to providing energy calibrations for the analy- the maximum value of 39, and hence they represent the ap-
ses of the Hd_ x-ray spectra, the spectra Kf x rays mea- parent average vacancy fractions for tNeshell plus all
sured for Co, Ni, and Cu targets allowed a comparison to behells above it.
made of the apparent averageshell spectator vacancy frac-  The sixth and seventh rows of Table Il list the quantities
tion (p{) for K-vacancy-producing collisions witp), for ~ R%,,; andR",,;. The former is the apparent average double-
L-vacancy-producing collisions in atoms having comparablgo-single K-vacancy population ratio at the time Kf x-ray
transition energies. Th& x-ray spectra were analyzed by emission in Co, Ni, and Cu, whereas the latter is the apparent

062709-5



HORVAT et al. PHYSICAL REVIEW A 71, 062709(2005

10 A

Lo, (diagram)

LB, (diagram)

10° Counts per Channel
|[auuey) Jad suno)H Ol

O T T T T T T 1 T T T T T O
6700 6800 6900 7000 7100 7200 7300 7500 7600 7700 7800 7900

Energy (eV)

FIG. 3. (Color onling Fit of the HoL x-ray spectrum excited by 6 MeV/amu Kr ions. The circles represent the measured data points;
the solid lines represent the overall fied), the (combined L'éMi satellite groupgblue, green, and brown, shown separately for different
numbers of initialL vacancied(i), as indicatefl and (combined contribution from thelL x-ray diagram linegmagenta Satellite peaks
corresponding to different values pare not shown individually, although they were included in the analysis as such. The dasligthljne
represents the background.

average double-to-single-vacancy population ratio at the vacancy decays are nearly the same and counteracting, this
time of L x-ray emission in Ho. Since a configuration with ratio is approximately equal to the ratio of the double- and
two K or L vacancies decays by the emission of a doublesingle-vacancy production cross sections. For the cases in
(K or L) vacancy satellite x ray followed by the emission of which triple L-vacancy satellite x rays contribute, the double-

a single-(K or L) vacancy satellite x ray, these ratios were vacancy satellite intensity was corrected following the same
calculated by first subtracting the intensity of the double-logic. However, the single-vacancy satellite intensity for
vacancy satellites from the intensity of the single-vacancythese cases was corrected by subtracting the intensity of the
satellites and then dividing the double-vacancy satellite in“uncorrected” double-vacancy satellites.

tensity by this corrected single-vacancy satellite intensity. The eighth and ninth rows in Table Il show, respectively,
Under the assumption that the effects of vacancy rearrangéhe fraction of combined diagram x-ray intensity and the
ment and fluorescence yields on the double- and singlefraction of combined intensity of'éM! satellites fori>1
relative to the total x-ray intensity. In cases where one or
both of these fractions are substantial, estimatiopipbr py,

Ka, values from low-resolution spectra can lead to large errors.
20 1 According to the geometrical modgd7], ionization prob-
abilities per electror(p,) for near-central collisions should

lie on a universal curve when plotted as a function of the
universal variabléX,)), given by

ke, Pn = X3{4.2524 +Xq[1 + 0.5 exg— X3/16)]}, (1)

where

5 Xo=4V[G(V) Y22,/ (nv). (2)

10° Counts per Channel

In Eqg. (2), Z, is the projectile atomic numbey, is its speed
0 L= , : , , in atomic units,n is the principal quantum number of the
6900 7000 7100 7200 ionized target electronV=v,/v, is the scaled projectile
Energy (eV) speed(u, is the average target electron speed prior to ioniza-
tion), andG(V) is the binary encounter approximatiBEA)

FIG. 4. (Color onling Spectrum ofK x rays emitted from a Scaling function[28], originally formulated to describe the
thick Co target bombarded by 6 MeV/amu Kr ions. The circlesUniversal scaling of the cross sections for inner-shell ioniza-
represent the measured data points; the solid lines represent tH@n. The results of geometrical model calculations may vary
overall fit (red), the contributions fronK«; andKa, satellites(blue ~ based on the choice of the value adopted Zor(e.g., the
and brown, respectivelyand the combined contribution from the projectile nuclear charge or a screened effective chatge
Ka; andKa, diagram linegmagenta The dashed linégray) rep-  electronic configuration of the target atom for calculation of
resents the background. v,, and which one of the many available forms of the func-
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TABLE Il. Summary of results. Numbers in parenthesis denote the statistical error in the last digit of the

result.

ParameterX; 6 10 18 36 54
P (Co) 0.1053) 0.2323) 0.3705) 0.492) 0.542)
P (Ni) 0.0923) 0.2053) 0.3535) 0.502) 0.532)
P (Cu) 0.0843) 0.2163) 0.3415) 0.472) 0.532)
P, (Ho) 0.0612) 0.1141) 0.2352) 0.4194) 0.5015)
P (Ho) 0.0702) 0.1321) 0.2652) 0.4614) 0.5465)
RS, 0.0535) 0.0848) 0.0434)
R 0.006537) 0.03352) 0.1232) 0.2286) 0.2152)

[ (Ldag) /1 (LY 0.002014) 0.04342) 0.0303) 0.04748) 0.04214)
H(LIh (LY 0.006437) 0.030G1) 0.1088) 0.2083) 0.21417)

tion G(V) is used. In the more fundamental approach, whichabove. However, it cannot explain the large difference be-
was originally used to derive E¢l), the results also depend tween the predicted geometrical model universal curve and
on the choice of electronic wave functions used and the chahe empirical universal curve in Fig. 5. It is estimated that the
sen form of the ionization efficiency functidsee Ref[27] net result of vacancy rearrangement and fluorescence yield
for detail9. In the present applicatioiZ, is taken to be the enhancement would be to increase ghjgandpy,, values by
projectile nuclear charge and is computed from the neutral only about 10 to 20%, based on a previous analysis of these
atom binding energf29]. (ForL electronsp, was calculated effects on thep values of a Cu target excited by
from the weighted average a&f subshell binding energigs. 10 MeV/amu projectiles ranging from Ne to BL9].
The form of the functionG(V) employed here is one devel- It should be noted also that the measured valugs aby,,
oped by Gryzinski, as presented in analytical form in Ref.and py, correspond to the effective average value of the
[28]. projectile speed,, which was calculated by taking into ac-
The apparent average vacancy fractioofs py,, andpy,)  count the projectile penetration depth dependencé oiine
obtained in the present work are plotted in Fig. 5 as a func-
tion of the universal variabléX,). The dashed solid line 1.0
shows the predictions of the geometrical mofiey. (1)]. e
Evidently, the scaling predicted by the geometrical model is
appropriate, since the measured apparent average vacan
fractions do seem to follow a universal curve as a function of
X,. However, this universal curve is not in agreement with

058 - s

g
Eqg. (1), which increasingly overestimates the experimental g > 7
data points asx,, increases. The solid line in Fig. 5 is a ; 0.6 1 © J/
logistic curve that has been fit to the data points and repre- 5 Rt s . e
sents an empirical universal function for the apparent aver- é / .
. . . w /
age vacancy fractions. It is given by 8 04 1 /
S /
pi=al1 +(b/X,)°], @ 2 o p,(Co)
where a=0.5790.016,b=1.86+0.11, andc=1.95:0.09. 5 ., |  /, A
Notably, at large values of,, thepy, values seem to system- & / “ PVL €
atically exceed those gf, which may indicate that the uni- < / ¢ py(Ho)
versality of the geometrical scaling breaks down at latge Py, (Ho)
Furthermore, thepy, values deviate from the best-fit line 0.0 ' ‘ ‘ '
more than thepy, values do. This is a consequence of the fact 0 2 4 6 8

that, for largeX,, only py, was varied independently in the
spectral analysis fitting procedure, whip§, was estimated
from p}, (as explained in the Appendibased on the dashed

curve in Fig. 5, which has a larger slope as a functioXpf  (gashed curveplotted as a function of the universal variatgh,)
compared to the best-fit curve. according to the geometrical mod&/7]. The data points are experi-

It is important to recognize that the geometric model preomental apparent average vacancy fractions obtained in analyses of
dicts ionization probabilities per electron, whereas the Co, Ni, and ClK x-ray spectrdpy) and HoL x-ray spectrap}, and
present experiments measure apparent average vacancy ff@ﬁ;). Index N+ refers to Ho outer shell§N shell plus the shells
tions at the time oL x-ray emission. This fact may account above i). X, was determined using ER) and expressed in atomic
for some of the deviations from a universal scaling describednits.

GM Universal Variable, X, =4 Z, ¥ G()" / (v, n)

FIG. 5. (Color online lonization probabilities per electron
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projectile energy(ii) the x-ray production cross section, and N N-m (N-m) .

(iii ) the x-ray transmission probability. Ziegler's method was Om= 27-rr2< )p,TE (- 1)'( , )p'ol(m+ 2. ()
used to estimate the projectile energy 1636], whereas the m i=0 !

x-ray production cross sections were approximated by thg, ihis approximation, theatio o/, depends only orp,
combined cross sections for direct ionization and ionization, 4 not orr. The parametep,=p(0) is the ionization prob-
by nonradiative electron capture, calculated according to thgbility per electron at impact parameter equal to zero, and
perturbed stationary-state theory with corrections for energy arefore it can be approximated by the paramptegiver;
loss, Coulomb deflection, and relativistic effe¢ECPSSR by Eq.(3) under the assumptions discussed in Sec. IV.
theory [31]. The current r'ecomme.nf:ied valugs?] were The solid lines in Fig. @) represent the values of,/ oy
used for the x-ray attenuation coefficients. The effective avs, . L-vacancy production in Ho arid-vacancy production in
erage values of; were subsequently used to determine theNi calculated using Eq(6) and plotted as a function af,.
m_ost appropriate yalues of, for the data ploin_ts ;hown in THey are compared to the measurEHZ,l and RKZ/l, f(;)r
Fig. 5. The calculations were performed fgyionization and which the corresponding values pf (i.e., p) were deter-

|r-a011$ )((for?)llws—(;c))r'Itlh:eBLr?Sgrrzlc?t%cjo\glJgglﬁtl\?vgrznfiﬁﬁé )t(o mined using Eq(3). The calculations agree with both sets of
beyas muc_h a.s 5% lower than the correcr'ze d values measured data reasonably well. Predicted values,0ir;
0 L . an also be presented as universal functions(pby ex-
In order to examine the effect of projectile energy loss ancgressingloo in Eq. (6) in terms of the universal variable,

g;%‘g?lg ;ﬁi“gﬁ‘“gﬂ ufo::oenTa?:]oeyclir]i% tie:ﬂ:alfnkpilr_:c?altirr?i(\a/tér;ztla using either the empirical cur&q. (3)] or the geometrical
M 1 in Fi
curve [Eqg. (3)] was used to calculate the effective averagemOdeI curve[Eg. (1)]. Both results are shown in Fig (1

. . n mpar he experimental .
values of py, by applying the same procedure descnbeda d compared to the experimental data
above for determining the effective average value oflt
was found that the largest difference between the effective

. . VI. CONCLUSIONS
average value ofy, and its “actual” value at the effective

average projectile energffor the cases studied heraas Spectra oL x rays emitted from Ho targets bombarded by
0.0002 units, which is well below the statistical uncertainties10 keV electrons and 6 MeV/amu C, Ne, Ar, Kr, and Xe
listed in Table II. ions were measured in high resolution using a curved crystal

In the determination oiX,, the average target electron spectrometer. Interpretation of the spectra induced by the
speed prior to ionizatiolfv,) was calculated from the bind- heavy ion beams was based on the independent electron ap-
ing energy of HoMs electrons(for n=3) and the binding proximation and the results of Dirac-Fock calculations. This
energies of Co, Ni, and Cluy; electrongfor n=2) [29], since  approach resulted in a satisfactory representation of all the
these electrons have the smallest binding energies of themajor structural features in the spectra. It was found that
respective shells and, therefore, are the most likely to béransitions from atoms with single- and multipleM+ outer-
ionized. Since the outer-shell electrons are mostly inNhe shell vacancies in the initial state dominate the spectra. In
shell, the values ofX,, for py, were calculated using the addition, contributions of up to 21% of the total intensity,
binding energy and the principal quantum number of Mo  from L x rays emitted by atoms with two or thréevacan-
electrons. If different binding energies were used, for ex<ies in the initial state, were clearly identified. Significant
ample, those of ;, M, andN; electrons fom=2, 3, and 4, contributions(typically ~4% of the total intensityfrom dia-
respectively, the corrected values Xf for pf, py,, andpy,  gram lines originating from photoionization and ionization
would decrease by approximately 5, 17, and 12%, respedy secondary electrons were found in the spectra induced by
tively. This would move the data points in the horizontal Ne, Ar, Kr, and Xe ions. In the spectrum induced by C ions,
direction somewhat closer to the dashed line in Fig. 5, but athe satellite peaks arising froiy3; andL3, x-ray emission
a result, the universality of the scaling would slightly dete-in the presence of a single-spectaMrvacancy were seen
riorate. resolved.

In the independent electron approximati@®], the cross M-shell and outer-shell apparent average vacancy frac-
section(a,,) for the removal of exactlyn electrons from a tions in near-central collisiongy, andpy,,) were obtained in
shell containingN electrongm=N) is expressed in terms of the analyses of the spectra of Hox rays and compared to
the single-electron ionization probabilityb) as L-shell apparent average vacancy fractiop® obtained in

similar analyses of Co, Ni, and GUx-ray spectra excited by

B “N _ the same heavy ion beams. It was found that the valup, of
Om= ZWJO (m)p(b)m[l = p(b)]* "bdb, ) Py, andpy, lie on a universal curve when scaled according
to the geometrical model. However, the actual predictions of

whereb is the impact parameter. H(b) is approximated by the geometrical model for the corresponding ionization prob-

an exponential decay functid3], abilities per electrofip,, py, andpy.) were found to increas-
ingly overestimate the experimental data points as the uni-
p(b) = p, exp(— b/r), (5) versal variable increased beyond Qirs atomic units.

Using a model based on the independent electron approxi-
in which p, andr are parameters that do not dependlpn mation with the assumption that the relevant ionization prob-
then abilities are exponential decay functions of the impact pa-
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FIG. 6. (Color onling Double-vacancy production to single-vacancy production cross-section (atifs,), calculated using E(6),
plotted (a) as a function of the single-electron ionization probability at small impact paramgrand (b) as a function of the corre-
sponding universal variablex,) determined using Eq3). The solid lines represent the results for thehell ionization of Ho(red and
K-shell ionization of Ni(blue). Also shown are the measured valuesHJg,1 (open circley and RKZ,1 (solid circles, for which X, was
determined using Eq2) and the corresponding valuesmfwere determined as; using Eq.(3). The data point shown by the solid diamond
(measured using a 6 MeV/amu N beam on a Ni targets taken from Ref34]. The dashed lines represent the universal function predicted
by the geometrical model, as given by Ed).

rameter, it was found that the average double-vacancgroup includedp;s and B,. The second term in EqAl)
production to single-vacancy production cross-section ratiogpproximately accounts for the fact that multiplet splitting
can be expressed in terms of the single-electron-ionizatiogauses the Gaussian width of a satellite peak to depend on
probability at small impact parameters or as a function of théhe number oM vacancies. Because the number of allowed
geometrical model universal variable. Predictions of thefransitions in a multiplet is expected to be about the same for
model agree reasonably well with both sets of measuregonfigurations containing spectatoM vacancies of spec-
data. General validity of these results remains to be tested@tor M electrons(18-j vacanciej this correction was taken

experimentally for different collision parameters. to be proportional tg(184). _
For a given transitiorispecified byé) the relative number

of counts in each'éM! satellite peak was assumed to follow
a binomial distribution as a function of the number of spec-
This work was supported by the Robert A. Welch Foun-tator M vacanciedj). It was assumed that this distribution,
dation. characterized by its centroigy,) is the same for all transi-
tions. The parametep}, is interpreted to be the apparent
averageM-vacancy fraction at the time a&f x-ray emission.

APPENDIX: DETAILS OF THE LEAST-SQUARES The relative intensities of peaks due to transitions to the
FITTING METHOD IN THE ANALYSIS OF THE SPECTRA sameL subshell were kept fixed at the values given in Ref.

Individual LéMi satellite peaks were represented by[23]. The background in the spectra shown in Figsl) Bnd
Voigt functions having Lorentzian widths equal to those of 1(€) was parametrized as a linear function of energy, whereas
their corresponding diagram lines. Gaussian widths of théhat in the spectra shown in Figs(bl and Xc) had to be

Voigt functions were adjusted to account for the gross eﬁectgeS[;:er[[té?r?ﬂﬁgt%nn %ﬁﬁg%@ﬁ:gﬁg% tfrﬁggchﬂ?gaezaljll?tea ceo:ksstant.
of outer-shell ionization and multiplet splitting. Specifically, P

they were parametrized using the following expression; &> based on a set of reference ValUES; ) caicuiares Ob-
tained for each transition typeusing the MCDF program of

(Ujé’)Z: (092 +j(18 -))[(0D)?- (09217, (j=2) Desclaux [24]. The calculations were performed in the
(A1) average-of-configurations mode with configuration interac-
tion. Initial state configurations included those with single
in which ag andaf are the parameters of the fit representing,(i=1) and double(i=2) L vacancies and eithéf) 0, 1, 16,
in principle, the Gaussian widths of thééM° and L'éM!  and 17 spectatoM vacanciegfor L— M transitions or (ii)
satellite peaks, respectively. For simplicity, the two param-0, 1, 17, and 18 spectatdf vacancies(for L— N transi-
eters were assumed to have common values within each ¢ibns). The spectator vacancies were distributed statistically
three groups of transition types classified according to tranever theM subshells. The vacancy population of the outer
sition energy. The first group includesh, «;, and »; the  shells(k) was the same as in the ground state of the neutral
second group include®,, B1, Be and B;; and the third atom(i.e., k=0). Reference values of transition energies for
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other degrees oM-shell ionization(j) were obtained from TABLE lll. Minimum and maximum energy shifte,, and
the calculated energies for the cases mentioned above Iymax, respectively of the L*éM! satellites per outer-shell vacancy.
interpolation using a cubic polynomial.
Since the outer shells were assumed to have no missing Transition type(é) emin(€V) emax(€V)
electrons in the initial states, the calculated reference ener-

gies fori=1 andk=0 represent the lowest possible centroid “ 2.3 51
energies of the.'éM! satellites. To obtain centroids of the @2 2.3 50
actual L1éM! satellite peaks, the reference energies need to Be 9.0 18.1
be corrected for the effects of outer-shell ionization. In view B2 9.2 16.6
of the uncertainties associated with the calculated transition Bis 9.2 16.5
energies and the lack of information about the distribution of B 2.4 5.3
outer-shell vacancies, it was assumed that the centroids of 7 29 6.9
theL'éM! satellite peastEiij)observed corresponding to the B 57 6.2
averagenumber of outer-shell spectator vacandies could B 25 57

be approximated reasonably well by adding a correction term
to the calculated reference energi(anj’o)camu,ated so that

for any given transition typ& and a specified number of a0 reasonable best-it values of these two parameters in
spectatorM vacanciesj (j=0-18 forL—N transitions or = hqse cases, it was assumed thiatand « are related to each
0-17 forL—M transitions other according to Eqg1) and(2) for M- and N-shell ion-
3 — (B¢ 3 ization probabilities per electrofpy and py, respectively.

(EL ilobserved™ (B4 lcatcuiated® K& (A2) The values ofpy and py were calculated for the ioniza-
The last term in Eq(A2) is to correct the satellite energy for tion of Mg(n=3) andNs(n=4) electrons of Ho, respectively,
outer-shell ionization, assuming thatis the same for all by projectiles ranging in atomic number from 1 to 92 using
values ofj. The energy shift of th&.!éM! satellite peak per Eq. (1). The calculatedpy values were then plotted versus
outer-shell spectator vacanfy in Eq. (A2)] was estimated  the calculatedhy values, and the resulting data points were

using the expression fit by a second-order polynomial passing through the origin.
. . . . It was found thapy can be estimated from the corresponding
= —ef £ N
&) = [(imax= Demin * J €max/imax (A3 Value of py Using the expression
where
pn = 1.160y — 0.15(7,. (AB)

& — & &
emin = L(EL oy, )eatoutated™ (E1 0 dcarcuared/Kmax - (A4) 1o gata points were below the curve defined with @)
by 4 to 1% forpy, between 0 and 0.2 and deviated by less
than +1% for other values gfy,. Then it was assumed that
&

Emax= [(Eljmakaa)calculated— (Eg Jma ><,0)caI(:uIatet]/kmaxv Eq- (A6) holds WhenpN is replaced byp;i“, while Pwm is
(A5) replaced byp},, so that

— X X

are, respectively, the minimum and maximum transition en- = ke < [ 11607 — 0.150p}y) 7). (A7)
ergy shifts per outer-shell vacancy. In the expressions above, Contributions to the spectra from multiple ionization
Jmax=17 Kmax=39 for L—M transitions, while forL—N  were found to be small in all cases studied here. Therefore,
tranS|t|onSJmaX— 18 Kmax=38. The calculated values ef,,  they were described with much less sophistication. It was
andef,,, are listed in Table Il. Calculations & o.and  assumed that the'éM! satellites having > 1 could be de-
Eljmakaax were performed using the method describedscribed in the same way as those correspondirig-fig only
above for the reference energies. scaled down in intensity. The same scaling factor was ap-

The average number of outer-shell spectator vacaiigjes plied to all peaks, and its best value was determined from the
was determined in the fitting procedure in the case of the Cfit. Energy shifts of the.2£M! satellites were estimated using
and Ne-induced spectruffFigs. 1b) and Xc)]. In the analy- the same procedure as described earlier forLtid! satel-
ses of the other spectra, this parameter was found to haveliges. TheL3¢M! satellites were considered only if their in-
strong dependency auf,. Such behavior was not surprising clusion led to significant improvement of the fithich was
because the satellite distribution in those spectra is devoid dhe case for the spectra of Hax rays induced by Ar, Kr, and
structure and can be well described by a single peak. Theré<e projectile3. Energy shifts per spectatbrvacancy for the
fore, a large increase in the value otan be fully compen- L3:Mi satellites were assumed to be the same as those for the
sated by a relatively small decrease in the valugpfvith- L2eMI satellites. Satellites for=4 were not considered in
out significantly affecting the quality of the fit. In order to this work.

and

062709-10



L X RAYS EMITTED FROM MULTIPLY IONIZED ... PHYSICAL REVIEW A 71, 062709(2005

[1] See F. K. Richtmyer, Rev. Mod. Phy8, 391(1937. Trautmann, Nucl. Instrum. Methods Phys. Res.1B5 233
[2] L. G. Parratt, Phys. Re\60, 598 (1936. (2002; D. Banas, J. Braziewicz, U. Majewska, M. Pajek, J.
[3] L. G. Parratt, Phys. Revb4, 99 (1938. Semaniak, T. Czyzewski, M. Jaskola, W. Kretschmer, T.
[4] C. A. Randall and L. G. Parratt, Phys. Reéd7, 786 (1940. Mukoyama, and D. Trautmann, J. Phys3B, L793(2000; B.

[5] D. Coster and R. de L. Kronig, Physi¢dtrechd 2, 13(1935. Banas, J. Braziewicz, U. Majewska, M. Pajek, J. Semaniak, T.
[6] F. K. Richtmyer and E. G. Ramberg, Phys. Resl, 925 Czyzewski, M. Jaskola, W. Kretschmer, and T. Mukoyama,
(1937). Nucl. Instrum. Methods Phys. Res. B54, 247 (1999; J. Se-

[7]1 E. L. Feinberg, J. PhygUSSR 4, 423 (1941); A. Migdal J. maniak, J. Braziewicz, M. Pajek, T. Czyzewski, L. Glowacka,
Phys.(USSR 4, 449 (1941). M. Jaskola, M. Haller, R. Karschnick, W. Kretschmer, Z. Hala-
[8] M. H. Chen, B. Crasemann, M. Aoyagi, and H. Mark, Phys. buka, and D. Trautmann, Phys. Rev.52, 1125(1995.
Rev. A 15, 2312(1977. [19] R. L. Watson, J. M. Blackadar, and V. Horvat, Phys. Rev. A
[9] J. Tulkki and O. Keski-Rahkonen, Phys. Rev. 24, 849 60, 2959(1999.
(198)). [20] V. Horvat and R. L. Watson, J. Phys. 84, 777 (200J).
[10] P. Putila-Mantyla and G. Graeffe, Phys. Rev. 29, 1149 [21] R. D. Deslattes, E. G. Kessler, P. Indelicato, L. de Billy, E.
(1989. Lindroth, and J. Anton, Rev. Mod. Phyg5, 35 (2003.
[11] H. Ochashi, T. Tochio, Y. Ito, and A. M. Vlaicu, Phys. Rev. A [22] J. L. Campbell and T. Papp, At. Data Nucl. Data Tabté&s 1
68, 032506(2003. (2001.
[12] R. C. Der, R. J. Fortner, T. M. Kavanah, and J. M. Khan, Phys[23] S. I. Salem, S. L. Panossian, and R. A. Krause, At. Data Nucl.
Lett. 36A, 239(1971). Data Tables14, 91 (1974.
[13] D. K. Olsen, C. F. Moore, and P. Richard, Phys. Rev7A  [24] J. P. Desclaux, Comput. Phys. Comm®,.31 (1975.
1244(1973. [25] V. Horvat, R. L. Watson, and J. M. Blackadar, Nucl. Instrum.
[14] T. M. Rosseel, J. M. Dale, H. W. Dunn, L. D. Hulett, Jr., S. Methods Phys. Res. B70, 336(2000; M. Kobal, M. Kavcic,
Kahane, H. F. Krause, S. Raman, G. G. Slaughter, C. R. Vane, M. Budnar, J.-Cl. Dousse, Y.-P. Maillard, O. Mauron, P.-A.
and Y. P. Young, Nucl. Instrum. Methods Phys. Res3B94 Raboud, and K. Tokesi, Phys. Rev.70, 062720(2004); R. L.
(1984). Watson, V. Horvat, J. M. Blackadar, and K. E. Zaharalbg].
[15] T. M. Rosseel, J. M. Dale, L. D. Hulett, H. F. Krause, P. L. 62, 052709(2000.
Pepmiller, S. Raman, C. R. Vane, and J. P. Young, Nucl. In{26] J. H. McGuire and L. Weaver, Phys. Rev. 16, 41 (1977).
strum. Methods Phys. Res. B0/11 195 (1985. [27] B. Sulik, I. Kadar, S. Ricz, D. Varga, J. Vegh, G. Hock, and D.

[16] Ch. Heitz, J. Larcher, G. J. Costa, A. Pape, Y. El Masri, Th. Berenyi, Nucl. Instrum. Methods Phys. Res2B, 509(1987.
Keutgen, I. Tilquin, F. Hanappe, and P. Duhamel, Z. Phys. D:[28] J. H. McGuire and P. Richard, Phys. Rev.8 1374(1973.
At., Mol. Clusters42, 15(1997. [29] J. A. Bearden and A. F. Burr, Rev. Mod. Phya9, 125(1967).

[17] M. Czarnota, M. Pajek, D. Banas, D. Chmielewska, J. Rzadk{30] F. Ziegler(1996, program SRIM http://www.srim.org/
iewicz, Z. Sujkowski, J.-Cl. Dousse, M. Berset, O. Mauron, [31] W. Brandt and G. Lapicki, Phys. Rev. &3, 1717(1981); G.
Y.-P. Maillard, P. A. Raboud, J. Hoszowska, M. Polasik, and K. Lapicki and F. D. McDaniel, Phys. Rev. 22, 1896(1980.
Slabkowska, Nucl. Instrum. Methods Phys. Res285 133 [32] M. J. Berger and J. H. Hubbellprogram XCOM http:/

(2003. physics.nist.gov/XCOM

[18] D. Banas, J. Braziewicz, M. Pajek, J. Semaniak, T. Czyzewski[33] T. Tonuma, H. Shibata, S. H. Be, H. Kumagai, M. Kase, T.
I. Fijal, M. Jaskola, W. Kretschmer, T. Mukoyama, and D. Kambara, I. Kohno, A. Ohsaki, and H. Tawara, Phys. Rev. A
Trautmann, J. Phys. B5, 3421(2002; B. Banas, M. Pajek, J. 33, 3047(1986.

Semaniak, J. Braziewicz, A. Kubala-Kukus, U. Majewska, T.[34] Y. Awaya, T. Kambara, Y. Kanai, Int. J. Mass. Spectroh92,
Czyzewski, M. Jaskola, W. Kretschmer, T. Mukoyama, and D. 49 (1999.

062709-11



