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Multiple ionization and coupling effects in L-subshell ionization of heavy atoms by oxygen ions
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The multiple-ionization and coupling effects linshell ionization of atoms by heavy-ion impact have been
studied by measuring tHex-ray production cross sections in solid targets of Au, Bi, Th, and U bombarded by
oxygen ions in the energy range 6.4—70 MeV. The measureday spectra were analyzed using the recently
proposed method accounting for the multiple-ionization effects, such as x-ray line shifting and broadening,
which enables one to obtain the ionization probabilities for outer shells. LFhgbshell ionization cross
sections have been obtained from measured x-ray production cross sections for resglyetl y;, andL y, 3
transitions using the-shell fluorescence and Coster-Kronig yields being substantially modified by the multiple
ionization in theM and N shells. In particular, the effect of closing of strohg-L;M, s Coster-Kronig
transitions in multiple-ionized atoms was evidenced and discussed. The experimental ionization cross sections
for theL, L,, andL5 subshells have been compared with the predictions of the semiclassical approximation
(SCA) and the ECPSSR theory that includes the corrections for the binding-polarization effect within the
perturbed stationary states approximation, the projecticle energy loss, and Coulomb deflection effects as well as
the relativistic description of inner-shell electrons. These approaches were further modified to include the
L-subshell couplings within the “coupled-subshell modéCSM). Both approaches, when modified for the
coupling effects, are in better agreement with the data. Particularly, the predictions of the SCA-CSM calcula-
tions reproduce the experimentakubshell ionization cross section reasonably well. Remaining discrepancies
are discussed qualitatively, in terms of further modifications ofltfshell decay rates caused by a change of
electronic wave functions in multiple-ionized atoms.
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[. INTRODUCTION beams, inner-shell ionization measurements have been ex-
tended to heavier ions aldandM shells[14-16.
Inner-shell ionization by charged particlgk 2] has been Simultaneously with experimental studies, the main theo-

extensively investigated in last three decades, mainly beetical effort has been focused on the description of asym-

cause of its importance for the particle induced x-ray emis/Metric collisions £;<Z,), wherez; andZ, are the projec-

sion (PIXE) in analytical studies. On the other hand, an ac-le and target atomic numbers, respectively. In such
ollisions, the inner-shell vacancies are produced predomi-

curgte knowledge of .the cross sectigns for ionization induceﬁantly by the direct Coulomb ionization process, which can
by light and heavy ions over a wide energy and elemenpq yeated perturbatively using the first-order perturbation ap-
ranges offers an experimental basis for developing and tesgroaches, namely, the plane-wave Born approximation
ing theoretical descriptions of both ionizatid@2—4] and  pwBA [3] and the semiclassical approximati¢8CA) [4].
inner-shell deexcitatio}5,6] processes. Initially, most ex- Besides the quantum-mechanical treatment, the classical
periments were performed for light-ion impact fdrand L nonperturbative approach, known as the binary-encounter
shells[7-13]. Following increased availability of heavy-ion approximationBEA) [17], was developed for describing di-
rect ionization. This model treats the ionization process in a
more simplified way and, for this reason, it will not be dis-

*Electronic address: pajek@pu.kielce.pl cussed here. The standard PWB&-20 and SCA21-23
TAlso at Heavy lon Laboratory, Warsaw University, 02-097 approaches for direct ionization were further developed to
Warsaw, Poland. include the hyperbolic trajectory of the project[l24—-2§,-
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the relativistic wave function§25,27-3Q, and the correc- Amundsen[55], using target hydrogenic Dirac wave func-
tions for the “binding-polarization effect’[31-33. The tions and including multipole transitions up ke-2 for the
most advanced approach based on the PWBA, which goégectron final states. More refined coupled-channels calcula-
beyond the first-order treatment to include the corrections foFONS, accounting for the screening effect of the spectator
the binding-polarization effects within the perturbed station-€/€ctrons upon the couplings strength, have been performed
ary states(PSS approximation, the projectile energy loss by Legrandet al. [56]. A simplified coupled-channels calcu-

) lation, known as the “coupled-subshells modéCSM), has
(E), and Coulomb deflectiofC) effects as well as the rela- been proposed by Sarkadi and Mukoyaf#8—51. In the

tivistic (R) description of inner-shell electrons, is known as CSM model, one calculates the relative change of the ioniza-
the ECPSSR theor84]. On the other hand, the state-of-the- tjon cross section caused by the subshell couplings effect

art SCA calculations, which are presently availalsiee Refs.  35suming the dominance of transitions to the continuum with
[35-38), use the hyperbolic projectile trajectory and relativ- 3 minimum-energy transfers, and limiting the final states to
istic electronic wave functions in an exact way, but the bindthose with1;=0,1. Independently, the few-state coupled-
ing effect can be treated within this approach in the extremehannel model have been developed IogitSand Orlic[57]
cases of separated atorf®A) or united atomgUA) limits.  on the basis of first-order approximation and in the united
The best description of the ionization process is found foratom limit. All these models confirm the role of vacancy
theK andL shells for light ions in a broad range of projectile sharing process il subshell ionization induced by heavy
energies and target atomic numbers. Heavier projectilesons and reproduce the dominant tendencies of teebshell
however, perturb initial electronic states more strongly andonization cross-section dafd9-58. However, in most of
consequently, the ECPSSR and SCA theories cannot descriliee works discussed, the role of coupling effects was con-
these data as well as for lighter ions, particularly forfirmed for the relativel subshell ionization cross sections.
L-subshell ionization by low-velocity heavy ions. Serious The absolute data measured for heavy ions are still not sat-
discrepancies between the data and the theoretical predissfactorily reproduced by the theories discussed, particularly
tions were reported for heavier ions such as C a@8%40Q. in the very adiabatic regiofb7,58 as well as fol.; andL4
However, the number of experimental studies concerihing subshells over a wide energy rand®,51,57—-59
subshell ionization by ions heavier than helium is rather lim-  The binding and polarization effects, which are not in-
ited. For instance, for oxygen ions, which are discussed irluded in first-order calculations, are expected to contribute
this work, only a handful of experiments have been perto the observed discrepancies for heavy ions due to a stron-
formed[14,15,41-43 ger perturbation of the initial electronic wave function. In the
The main reason for the discrepancies observed betweedCA calculations of Trautmanet al. [36,37], the binding
the data and the theoretical predictions lfasubshell ioniza-  effect was merely simulated in the extreme low- and high-
tion could be the fact that the theoretical approaches menselocity limits by bracketing it with, respectively, observed
tioned above treat the ionization bfsubshells independent binding energies of the united projectile ion target athh)
of each other, neglecting the intrashell coupling effectsand separated target ato(BA). The same approximation
Since the electronic wave functions for thesubshells are was used by ®it and Orlic[57] in their few-state coupled-
very close to each other, both in energy and space, the dghannel model. The binding correction derived in the
namical couplings between the states can strongly modifECPSSR theory using the hydrogenic wave functions is
the initial L shell vacancy distribution. For this reason, the known to overestimate the binding effd@0]. The increase
strong discrepancies between the experimental results amd the binding energies of the target electrons in the field of
the theoretical predictions, being as much as the order ahe projectile has been included in the simplified CSM model
magnitude, forL,-subshell ionization by heavy ions of low by Sarkadi and Mukoyampt8—51], in terms of the distor-
velocity were observef#4,45,. tion approximation[61]. In order to quantify these effects
The mechanism of vacancy sharing was first studied byystematically, more data concernihgsubshell ionization
Sarkadi and Mukoyama in a simple two-step mofi&d], by heavy ions are needed, particularly in the low-velocity
which treated the creation and rearrangement of vacancies asgime.
two independent processes. Later, more refined models were It is well known that multiple-ionization of atoms might
developed by the same authors on the basis of the seconde a potential source of observed deviations. The vacancies,
order Born approximation[46,47] and the simplified which are created in the shells that are above lth&hell,
coupled-states mode#8—51. Full coupled-channel calcula- alter the fluorescence and Coster-Kronig yields and radiative
tions, including the continuum, have been reported by Martiwidths, the parameters that are used to convert the measured
etal. [52], using a target-centered expansion and pseux-ray production cross sections to thesubshell ionization
dostates for the continuum, and by Mehétral. [53], using  cross sections. Experimental studies on the influence of the
wave packets. The calculations by Mehéral. [54] showed  multiple-ionization onL shell x-ray production are, however,
that for very asymmetric collisions, the-subshell vacancy rather scarce and generally performed with standa¢diSi
production is not very sensitive to the couplings in the con-detectorg§62,63. Multiple-ionization probabilities have been
tinuum. Thus, the couplings between the subshells can besually estimated from the analysis of x-ray energy shifts
treated in a close-coupling approach, whereas the coupling {®2,63. In an alternative methoj®4], a change in the inten-
the continuum in the perturbation theory. Full semiclassicakity ratios ofL3-M;/L3-M, 5 andL,-M;/L,-N, transitions
calculations based on this idea, called the “coupled-statem singly and multiply ionized atoms was used to infer
approximation” were reported by Amundsen and Jakubassanultiple-ionization probabilities foM, 5 and N, subshells.
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However, the effects of multiple-ionization on x-ray spectra,
intensity ratios of characteristic x-ray lines, alnc-ray pro-
duction have never been studied systematically.

The aim of this work is a systematic study bfshell
ionization of heavy atoms,¢Au, g3Bi, goTh, and g,U) by
1609 jons to investigate the role of multiple-ionization and
coupling effects. The paper is organized as follows. The ex-
perimental setup and measurements are described in Sec. |
The data analysis is discussed in Sec. lll, where detailec,
description of the applied method of analysis of x-ray spectrag
modified by the multiple-ionization effects is given. The ef- &
fects of the multiple-ionization on the shell fluorescence ©
and Coster-Kronig yields and radiative emission rates, which
are used to relate the ionization and x-ray production cross
sections, are discussed in Sec. IV. In this section, in particu-
lar, an important effect of closing of strong Coster-Kronig
transitions is described. In Sec. V, theahell coupling effects Oq+ A
are discussed within the CSM model to modify the SCA and —
ECPSSR ionization cross sections. The final discussion o 10" ——t——t——t 1
the present results is given in Sec. VI and the work is con- 8 9 10 11 12
cluded in Sec. VII. Energy (keV)

FIG. 1. Comparison of x-ray spectra of Au excited by 3 MeV
Il EXPERIMENTAL PROCEDURE protons and 35.2 MeV oxygen ions, which shows the effects of
The beams of oxygetfO? ions of different charge states x-ray line shifting and broadel_wing due Fo Fhe multiple ioniza_tion.
(4=2-6+) were obtaned fom the EN tandem acceeraor]"® 1%/ =2 o Pen moactcooe v i e o
at the Institute of Physics of the University of Erlangen- rati?)ns g y 9
Nurnberg and from the heavy-ion cyclotron U-200P at the '
Heavy lon LaboratoryHIL) of the Warsaw University. The
energies of oxygen ions ranged from 6.4 to 70 MeV, which10-mm air gap, and a 2am beryllium detector window. An
corresponds to 0.4-4.4 MeV/amu. The measurements for twadditional Mylar absorber (40Qm) was applied occasion-
highest energies of 51 and 70 MeV performed at HIL aimedally, to cut out intense and sol-shell x-rays produced in
to investigate a contribution of the electron-capture procesthe target. The resolution of the x-ray detector was measured
to the L shell vacancy production, which is expected to beto be 150 eV at 6.4 keV. Low x-ray detector count rates were
dominated by the direct ionization process for the asymmetmaintained in order to minimize pileup and dead-time cor-
ric collisions studied. However, due to formation Kfshell  rections. These corrections did not exceed 6%. In order to
vacancies in the projectile by its charge-state equilibration irdetermine precisely the energies of individual x-ray transi-
the target, the electron capture could play a role for hightions, after each change of the ion-beam energy, the radioac-
energies even for the projectiles with initially filled shell  tive x-ray sources were used to calibrate the energy of the
(g=6). Consequently, substantially enhantextray yields x-ray detector. Additionally, to check the x-ray energy cali-
for highest projectile energies, with respect to the direct ionbration, theL x-ray spectra induced by protons were mea-
ization, would indicate an importance of the electron capturesured. For these, the multiple-ionization effects are not ex-
(EC). This effect, however, has not been observed in thepected to play a role and the energies of x-ray transitions
present data, thus indicating a minor role of the EC procesebserved correspond to their diagram values. In fact,Lthe
for the studied systems. x-rays induced by 3-MeV protons were found to agree in-
The experimental details, which are important for thedeed within experimental uncertainties,5 eV, with their
quality of the present data, are briefly described below. Thirdiagram values. As an example, typidalx-ray spectra of
targets (10—26xg/cn?) of Au, Bi, Th, and U, prepared by gold, induced by oxygen ions and protons are shown in Fig.
vacuum evaporation onto 10—}Eg/cn? carbon backings, 1, which clearly demonstrates a magnitude of the multiple-
were irradiated with typical beam currents of 2—30 nA. Theionization effects observed for heavy ions.
ion-beam currents were monitored by charge collection on The efficiency of a HPGe x-ray detector was carefully
the target and in a Faraday cup. The targets were mounted ateasured by means of two different methods. Calibrated
an angle of 30° with respect to the beam direction. The scat-+1.8% radioactive sources of’Co, ¥3Ba, % u, and
tered ions were monitored by a Si surface-barrier detectof*!Am were used to determine the efficiency for x-ray ener-
placed at 150° relative to the beam axis. The x-rays wergies above 6 keV. The x-ray detector efficiency, in the range
counted by a Canberra HPGe detector mounted outside theetween 2 keV and 28 keV, was obtained by bombarding thin
target chamber, perpendicul to the ion-beam axis. The x-raysargets of lowZ elements(from S to Sn with 3-MeV pro-
before reaching the active volume of the detector, passetbns. The resulting x-ray yields were normalized to the
through a 25zm metallized Mylar chamber window, a number of elastically scattered ions. The “referen&eshell
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ionization cross sectiong66] and the screened Rutherford —r - T ' T T T 1

cross sectiong67] were then used to determine the effi- 300 - -
ciency of the x-ray detector. Special attention was devoted tc O —> Au

an accurate determination of the detector efficiency close tc

the Ge-K absorption edge, whetex-rays of the studied 250
elements were expected to occur. A procedure originally sug-—
gested for SiLi) detectors by Lennard and Philip&8] and 200
subsequently developed by Pajekal. [69] has been ex- 5
tended to HPGe detectors and used to analyze the detect(g
efficiency in our case. We found that the observed increase 02 150
the detector efficiency above the Ge-K absorption edge coulc 5
not be explained by the detector model uf@éd]. Therefore, &
the fitting was performed independently in two energy re-F 100
gions, below and above the Ge-K absorption edge, resulting
in overall efficiency uncertainties of about 4%.

IIl. DATA ANALYSIS AND RESULTS

50 60

Figure 1 shows a typical spectrum bfx-rays produced
by oxygen ions in Au target, in comparison with a proton Projectile energy (MeV)
induced spectrum. In both the spectra, the peaks correspond-
ing toLy, Lays, Ly, LB, Lys, Ly1, Lysse andLy,s FIG. 2. Measured x-ray energy shifts of selecleg and L,

transitions can be easily distinguished. In contrast to the proransitions in gold vs the energy of oxygen ions. Solid lines repre-
ton induced spectrum, some x-ray peaks in the spectrum ex€nt the expected projectile energy dependence of x-ray energy
cited by oxygen ions are broadened and shifted towardshifts, as calculated from Eq1), with the ionization p_robabllltn_as
higher energies. The widths and the energy shifts are chara@ken from the “geometrical modell'65]. The theoretical predic-
teristic for individual lines. Both features are evidences of!!"S: Which are not corrected for the vacancy rearrangement, are
existence of additionalspectator vacancies in outeM, N, normalized to the data at impact energy 20.8 MeV.

and O shells. Such multiple ionization results in the appear-

ance of the so-called “satellite lines,” whose energies areVNereni is the number of electrons in=M, N, and O

higher than the energy of “diagram” transitions in a singly shells. We note here that the present treatment neglects, in
ionized atom. This effect is particularly pronounced for thefaCt’ a possble §ubshe_|l dv_a_pendencqaphnd 6E;, an as-
outerM, N, andO shells of heavy target atoms bombardedSUmption which is well justified for th&1 andN shells dl_s?

by energetic heavy ions with energies of about 1 MeV/amu.Cussec{n]' Through .SUCh an approach we found addition-
This arises from the fact that in this condition the projectileaIIy t.hat the. result!ng broadened x-ray pe_aks can be
velocity matches the electron velocity and thus the ionizatiorfi€Scribed satisfactorily by Gaussian profiles with the widths
probabilities for outer shells reach their highest values. ~ 9iven as(73[:

The multiple ionization is usually studied by means of 12
high-resolution x-ray spectroscopy_with crystal spectrom- w= Wé+8ln 22 nipi(1—p;)(SE)2| )
eters[70—77 that resolve x-ray satellite structure originating i
from the multiple ionization, and provide information on ion-
ization probabilities for different shells. In the following, we wherewg denotes the width of a Gaussian peak unaffected
demonstrate that ionization probabilities for the oeand by the multiple-ionizatior(e.g., as measured by proton bom-
N shells can still be obtained from a careful analysisLof bardmenk (Fig. 2). Figure 3 shows the energy profile of the
x-ray line energy shifts and widths measured with 150—200-y, transition in Au with a structure of satellite peaks due to
eV resolution of commonly used semiconductor x-ray detecspectator vacancies in tié andN shells. This figure exhib-
tors. Detailed description of this procedure can be foundts the satellite structure convoluted with a Gaussian energy
elsewhere[ 73], therefore here just a short synopsis of thespread in the detector, for comparison with the shifted and
method is presented. broadened Gaussian peak whose mean value and width are

Assuming the binomial character of the intensity distribu-fitted in our mode[see Eqs(1) and(2)]. We note here that
tion of x-ray satellites and their Gaussian energy spreads ian important ingredient of the present model is the introduc-
the semiconductor detectors, the average energy Skifof  tion of ionization probability dependent peak widths in the
an x-ray line can be expressed in terms of the multiple-analysis of x-ray spectra.
ionization probabilities per electrop, and the energy shift ~ As we discuss in Ref73], this model allows for a reli-
per electrondE; as follows: able analysis of measurédx-ray spectra because the num-

ber of free parameters is substantially reduced to at most four
fitting parameters determining the width and position of all
AEzz nip; OE; , (1) peaks, namelypy , Pn, Po, Wg and one additional intensity
i parameter for each transition in the grouplLof x-ray lines.
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FIG. 3. Calculated satellite structure of they,(L,-N,) x-ray FIG. 4. The measured, and resolved, spectrumpk-ray tran-

transition in gold for multiply ionizedVl and N shells. The line  sitions in gold excited by oxygen ions of energy 20.8 MeV. The
profile, which is expected to be measured with a semiconductoionization probabilities foiM and N shells, derived by fitting the
detector(convoluted, is compared with the predicted Gaussian pro- data, are shown in the figure.
file with mean shift and width given by Eqggl) and(2). The values
of assumed ionization probabilities and x-ray energy shifts per vatrum of gold, using the method discussed, is shown in Fig. 4.
cancy forM andN shells as well as detector energy resolution, are|n this spectrum, seven dominating transitions have been re-
sh_own_ln the figure. The p_roflles are pl_o_tted versus the x-ray energ¥olved: L ys(L,-N;), Lya(L2-Ng), Lya(L1-N2),
shift with respect to the diagram transition. Lys(L1-N3), Lye(Lo-0.), Lya(L1-0,), andL y, (L1-Os).

It is inferred from the data that a number of spectator vacan-
The x-ray energy shifts and line broadening reflect a numbegies inM andN shells of the lighter target atontdu and B
of spectator vacancies, mainly, in thg N, andO shells. The is, on an average, about one and six, respectively. A degree
energy shifts of individualL y transitions per spectator va- of multiple-ionization, and correspondingly a number of va-
cancy in the pertinent subshelE; adopted in the present cancies, for heaviest target atorfEh and U is two times
work were obtained using the relativistic Dirac-Fock calcu-smaller. The number of additional vacanciesQOnshell re-
lations [74], assuming a single initial vacancy in the mains rather uncertain because of their small contribution to
L;-subshell and one spectator vacancy in the appropriate subie observed x-ray energy shifts. It is further obscured by a
shell of M, N or O-shell. The results of such Dirac-Fock high (80%) uncertainty in determination of the x-ray shifts
calculations are given in Table | for the extreme elementger vacancy in th@® shell (see Table )l Moreover, the ob-
studied, namely, Au and U, where the calculated shellserved increased intensity of theyg line relative to the. y,
averaged energy shiftsE;, appearing in Eqs(l) and(2),  suggests that the outérshell vacancies are quickly filled by

are listed. A typical result of a fitting done for tthey spec- @ capture of loosely bound electrons from the valence band,
before x-ray emission. This “solid-state” effect, which was

observed earlief75], becomes less important for increasing

atomic number of the target atom. Fortunately, an inclusion

of O shell in fitting the x-ray spectra by using Ed4) and

(2) has small influence on the resulting ionization probabili-
Au U ties for M and N shells. As we have checked, by fixing at

Transition SEy OEy OEo OE, SEy  OEo extreme valuepo=0 or 1, this effect could modify the

probabilities forM and N shells by less than 3%. Conse-

TABLE |. The calculated Dirac-Fock average energy shifts per
spectator vacancy iM, N, and O shells for individualL y x-ray
transitions in Au and Uin eV).

Lys(L2-Ny) 648 5.6 823 94 quently, the multiple-ionization i©® shell was neglected in
Ly,(L,-Ny) 66.8 6.3 85.1 105 analysis of x-ray spectra measured and consequently, the ion-
Ly,(L1-Ny) 61.1 5.6 78.9 9.8 ization probabilities forM and N shells were only derived

L y3(L,-N3) 640 6.0 833 112 from the data.

Lys(L2-O4) 85.1 180 26 109.7 261 3.2 As a typical example, the measured ionization probabili-

Ly, (L4-0)) 828 146 1.8 1028 231 3.0 tiesforM andN shells for gold bombarded by oxygen ion
L y4(L1-O3) 869 154 2.1 1057 257 4.2 are shown in Fig. 5, in comparison with theoretical predic-
tions. The measured probabilities fisr andN shells, which
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0.5

influence of anisotropic emission of thg-subshell x-rays is
negligible for our targets, being smaller than 2%. The total
uncertainties of the measured x-ray cross sections were
found to be between 9% and 13% fow, , andL y, transi-

04 tions and 10-25% fol y, 3 transition. They are caused
> mainly by the 5% uncertainty of the x-ray detector efficiency
= determination, the statistical uncertainty of the x-ray yields
<03 (2-599, and the 5% uncertainty of the target thickness moni-
S tored using Rutherford backscattering.

a Table Il lists theL @y 5, Ly;, andL y,zand the total

g 0.2 x-ray production cross section measured in this work. As an
g example, a dependence of totak-ray production cross sec-
E tion for Au, as a function of oxygen ion energy, is shown in
kS Fig. 6. One finds here that the measuteg-ray production

0.1 cross sections are generally in good agreement with the ex-

perimental results reported by other authors. The tatal
f X-ray cross sections are compared with the predictions of the
0 w Py . SCA calculations for direct ionization, both for the SA and
0 10 20 30 40 50 60 the UAlimits, as well as the the ECPSSR theory describing
L. direct ionization and electron-capture processes. Figure 6
Projectile energy (MeV) shows that a contribution of the electron capture is generally
small, below 15%, as estimated from the ECPSSR theory for
highest energy, and practically negligible for most of the
present data. This means, in the light of a magnitude of dis-
model” [65], both corrected for the vacancy rearrangenigi. c_repancies Qbserved between_ the data and theoretical predic-
The probabilities were derived by fitting the x-ray spectra with thellONS (see Figs. 6 and)7 that ,'t IS enoggh to comparg th,e
present method accounting for the multiple-ionization effects. present results with the theories d‘_ascr'b'.ng the direct ioniza-
tion process. Among the theories discussed, both the
were extracted fronl shell x-ray spectra, were compared SCA-UA and ECPSSR calculations reproduce the tatal
with calculated probabilities for the zero impact parameterx-ray cross sections for higher energies equally well, how-
modified for the vacancy rearrangement processes. Suctver, the low-energy results are systematically better de-
probabilities were obtained from the semiclassical SCA-UAscribed by the SCA-UA approach. In fact, this is the result
model [37,76 and the “geometrical model” (GM) one expects for adiabatic collisions /v,<1.
[65,77,78. An extended discussion of the multiple-ionization =~ The measured x-ray production cross sections for
of M and N shells for studied systems can be found in ourLea; ,,Ly;, andLy, 3 transitions in gold(see Table I, se-
earlier work[76]. lected to show typical features in the data, are shown in Fig.
An important advantage of the proposed fitting method is7. These results are compared here with the predictions of
that it allows one to separate reliably the, 5(L;-N, 2 and  the SCA-UA and ECPSSR theories as well as the SCA-CSM
Lvye(L,-O,) x-ray transitions. That is because the energycalculations, which are discussed in detail in Sec.V. In gen-
shifts per vacancy, both in tHd andN shells, are generally eral, the x-ray production cross sections lfar, 5, L y;, and
higher for transitions from the outeéd shell. These lines, Ly, 3are related to th& -, L,-, andL3;-subshell ionization
which cannot be resolved with a semiconductor detector itross sections via the following relationships:
they arise from a single vacancy configurations, due to close

FIG. 5. Comparison of ionization probabilities for thé and
N-shell for gold bombarded by oxygen ions with the predictions of
the semiclassicalSCA-UA) calculations and the “geometrical

transition energies, can be resolved in multiply ionized atoms F723
(see Fig. 4 As is shown below, it has important conse- Oly,s— wlr_l‘TLl* (33
guences on the evaluation of thesubshell ionization cross
sections. r

TheL x-ray production cross sections fof, La; 5, L7, oLy = wzﬂ[gl_ + 01, (3b)
LB, Lys, Ly1, Lyas, Lys, andLy, 4 transitions were ob- ' Iy !

tained from the measured x-ray intensities, using the proce-

dure described in detail elsewhd®&0]. The measured x-ray ajp,

yields were normalized to the number of elastically scattered ~ YLay,™ "’31“_3[‘“3“L Fago, + (Tag+ frofag) o ],

ions, and corrected for x-ray absorption and the projectile (30
energy losses in a targg80]. The magnitude of this correc-

tion was always less than 10%. The influence of anisotropigvhere the fluorescencesq, w,, andws) and Coster-Kronig
emission of L; x-ray lines on measured cross sections,(f1», f13, andf,y) yields can be found in Ref79] and the
caused by collisionally induced alignment, was estimated ustheoretical x-ray emission ratels in Ref. [82]. In these
ing the alignment parameteXk,, calculated by Trautmann works, the theoretical shell atomic parameters have been
and Baur[81]. Using these data, we have estimated that thealculated for single-vacancy configurations. It is known,
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TABLE Il. The measured x-ray production cross sectiginsbarng for La; 5, Ly, andLy,3 and totaILXtm for Au, Bi, Th, and U
bombarded by*®0 ions. The ranges of experimental uncertainties are shown in the table.

Au Bi
Energy(MeV) Lagp Ly Lyas Lx,, Lagp Ly: Lyzs L,
6.4 2.88+0 4.40-1 1.24-1 6.6%H0 2.11+0 3.81-1 9.99-2 4.98+0
8.0 7.68+0 9.19-1 1571 1.61+1 6.10+0 8.49-1 1.37+-1 1.31+1
11.2 28#1 2.68+0 4.48-1 551+1 2.25+1 2.26+0 3.70-1 4.29+1
14.4 5.80+1 4.73+0 8.85-1 1.0+2 4.46+1 3.92+0 5.61-1 8.20+1
17.6 1.08-2 8.48+0 1.51+0 1.96+2 7.34+1 6.00+0 7.62-1 1.33+2
20.8 1.78+2 1.31+1 2.22+0 3.19+2 1.28+2 9.92+0 1.28+0 2.28+2
22.4 2.20+2 1.56+1 2.6H0 3.92+2 1.50+2 1.74+1 2.53+0 2.73+2
25.6 3112 2.15+1 3.86+0 5.39%+2 2.07+2 1.51+1 2.19+0 3.64+2
28.8 3.88+2 2591 5140 6.81+2 2.94+2 2.0%+1 29H0 5.13+2
32.1 5.62r2 3.66+1 7.27+0 9.82+2 3.97+2 2.78+1 4.31+0 6.91+2
35.2 6.56+2 4.20+1 8.23+0 1.14+3 4.90+2 3.35+1 5.44+0 8.53+2
51.0 1.6H3 9.63+1 2.20+1 291+3 1.19+3 7.0H+1 2.10+1 1.52+3
70.0 1.76+3 1.08+2 3.40+1 3.15+3
Uncertainty(%) 9-12 10-13 10-25 7-9 10-12 10-12 10-15 8-10
Th U
Energy(MeV) Lagp Ly Lyas Lx,, Lagp Ly, Lyzs L,
6.4 7.65-1 1.92-1 6.22-2 2.16+0 2.03-1 5.40-2 1.51-2 5.52-1
8.0 2.36+0 4.39-1 7.93-2 5.83+0 6.13-1 1.48-1 2.70-2 1.6+0
11.2 9.72+0 1.32+0 2.28-1 2.10+1 3.66+0 5.58-1 1.08-1 8.08+0
14.4 2171 2.46+0 4.09-1 4.44+1 1.79+1 2.20+0 4.25-1 3.66+1
17.6 4.16+1 4.25+0 7.05-1 8.20+1 3.54+1 3.91+0 6.78-1 7.21+1
20.8 6.63r1 6.32+0 9.54-1 1.28+2 5.24+1 5.35+0 8.24-1 1.00+2
22.4 9.86+1 9.16+0 1.3+0 1.89+2 7.7H1 7.75+0 1.1#0 1.48+2
25.6 1.22+2 1.10+1 1.50+0 2.31+2 8.86+1 8.50+0 1.18+0 1.67+2
28.8 1.752 1.50+1 2.03+0 3.2H2 1.31+2 1.20+1 1.64+0 2.43+2
321 2.18r2 1.82+1 2.35+0 4.04+2 1.62+2 1.43+1 1.88+0 2.98+2
35.2 26H2 2141 2.75+0 4792 2.34+2 2.04+1 2.58+0 4.27+2
51.0 4.34+2 2.34+1 417+0 7.06+2
70.0 1.05+3 571 1.10+1 1.72+3
Uncertainty(%) 10-12 10-12 10-15 7-9 10-12 10-12 11-25 7-10

however, that the fluorescence and Coster-Kronig yields ag,-subshell ionization cross section. In earlieshell ioniza-
well as x-ray emission rates can be modified when atom§on, sy dies, the.;-subshell cross section has been routinely
undergo multiple-ionization. Consequently, the effect of iN-yerived from a sum of v, fL1-Ny 2) andL yg(L,-O,) x-ray
f'“ef‘ce .Of multiple-ionization on the atomic parameters 0Cy;noq \which were difficult to disfinguish experimentally. In
curring in Eq.(3) has to be discussed in detail in order to some experiments, the intensity of they, , line was ob-
compare the x-ray cross section data W.ith the theqretical .pretéined from the Iiné intensities &f anéyls_ transitions
dictions for the ionization process. This effect will be dis- (6463, using the intensity ra)t/izdsysofL ({1 o) and
03, Yell2-Uy

cussed in Sec. IV. ; . X g
The effect of multiple-ionization on thie subshell ioniza- L Y1(L2"Ns) lines, which was determined theoretically for

tion cross sections, as derived frdnx-ray cross sections, is Single-hole configurationr9]. However, the ratio of these
even more severe. According to E§), the L subshell ion- lines for heavy-ion impact can be strongly modified due to
ization cross sections can be derived from the x-ray producdifferent probabilities of the multiple-ionization iN and O

tion cross sections measured for the x-ray transitions fbm shells. These effects can be further modified by the second-
(L) andN (Lyy,L v, shells. By doing so, the resulting ary processes such as the vacancy redistribution due to the
L subshell ionization cross sections can be biased by th€oster-Kronig and Auger transitions as well as the solid-state
systematic uncertainties afshell atomic parameters, which effects mentioned earlidi76]. We point out here that the
are modified by the multiple-ionization effects. There is an-fitting method of x-ray spectra adopted in the present work
other important ramification for the determination of the allows one to resolvé y, ; andL yg x-ray lines and thus to
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0 10 20 30 40 50 60 70 80 90 FIG. 7. Comparison of measured x-ray production cross sections
Projectile energy (MeV) for Lay 5, Lyy, andL y, s transitions in gold bombarded by oxygen
ions with the predictions, which are based on the semiclassical
FIG. 6. Comparison of total x-ray production cross sections SCA-UA and SCA-CSM calculations af subshell ionization cross
for gold bombarded by oxygen ions with the predictions of thesections and single-vacantyshell decay rategsee Eqgs(3)]. For
semiclassical calculatiori87] for separatedSCA-SA) and united ~ comparison, the calculations for the SCA-CSM model were per-
atom(SCA-UA) limits for direct ionization, as well as the ECPSSR formed usingL-shell rates modified by the multiple-ionization ef-
theory[33,34 both for direct ionizationDI) and electron capture fects(see the text

(EC), using single-vacancy-shell decay rate§79]. The present

data are compared with available results reported by other authoR€ accounf[ed for in_the multiple-ionized atoms ina simpler
[14,15,41—43 way, are discussed in the present paper in more details.

The simplest effect, which decreases the widths for both
omit, in calculations, the uncertainty of the relative emissionradiative as well as the radiationless transitions, is due to a
rate. reduction of the number of electrons available for a given
transition. This can be accounted for by using the so-called
statistical scaling83] of the single-vacancy width by a frac-
IV. MULTIPLE IONIZATION EFFECTS tion of available electrons, which, in turn, can be expressed
In this section, the influence of the multiple-ionization i terms of the ionization probabilities for the shells of inter-

effects on theL shell decay widths and, consequently, the€St. We note, however, that for the discussed experiments,
fluorescence and Coster-Kronig yields as well as the radighe L shell decay widths are mainly modified by the
tive emission rates is discussed. Generally, the multiplemultiple-ionization in theM and N shells. Here, the esti-
ionization can affect the radiative, Coster-Kronig, and Augermated ionization probabilities for thie shell are negligibly
rates in three waysi) by reducing the number of electrons Small (3%), as thenfluence of multiple-ionization in the
available for a given transition(i) by making the Coster- O shell, is estimated to be below 5%, due to a small contri-
Kronig transition energetically forbidden, or closed, due to abution of the transition involvingD shell electrons to thé
change(typically increase of the binding energies of elec- shell decay widths. Consequently, following the idea of sta-
trons participating in the transition; ar(di) by modify|ng tistical Scaling of LarkinS[Bg], the widths for radiative,
the wave functions of active electrons. In order to treat allCoster-Kronig, and Auger processes were scaled by appro-
these effects in multiply-ionized atoms, one needs Comp|epriate statistical factors expressed in terms of the measured
atomic structure calculations for large number of multiva-ionization probabilities for thé/ andN shells, assumed to be
cancy configurations. However, one expects that the waveonstant for a given shell. Generally, the statistical factors
function effects should not affect too much the relative quan{1—p;), (1-p)(1—py), or (1-p))(1-p;—1/N))/(1
tities, such as the fluorescence, Coster-Kronig, and relativer N;) were used if one or two active electrons, respectively,
X-ray emission rates, due to a partia| cancellation of the effrom different or the same shell were involved in the process.
fects. This argumentation holds in particular for not too highHere, N; denotes the maximum number of electrons in a
ionization probabilities, such as in the present study, wher@iven shell. Using the measured ionization probabilities for
they are below 25%. For this reason the multiple-ionizationM andN shells and the theoretical atomic wid{f#®,82, the
effect on the electronic wave functions is not discussed herd. subshell decay widths for the individual radiativg;

On the other hand, the other multiple-ionization effects menCoster-KronigFF_Kjk, and Augerl"iA_jk processes were cal-
tion above, namely the reduction of a number of electrongulated. By summing up these widths, the partiadubshell

and closing of selected Coster-Kronig transitions, which carecay widths for radiativel“ix(pM ,Pn),  Coster-Kronig
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TABLE lll. The L-shell fluorescencedf;) and Coster-Kronig fj;) yields for Au, Bi, Th, and U for single-vacancy and multivacancy
configurations. For single-vacancy configurations the semiempirical values of Ki@isand the theoretical relativistic values of Chen
et al.[79] are shown. For atoms multiple ionized BSO ions, the table shows the modified values of the relativistic yields of @hah
[79], which were obtained by applying the “statistical scalif§3] (see the tejt as well as their modified, configuration averagsee Eq.
(7)] values accounting for the effect of closing the Coster-Krqfil) transitions. These modifications were calculated using the measured
ionization probabilities for thé1 andN shells. The values of statistically scaled yields are shown for the maximum projectile energy, while
the ranges of the modified yields correspond to the projectile energy range.

Source w1 Wy w3 fio fis fog
Gold (79Au)
Semiempiricdl 0.107 0.334 0.320 0.140 0.530 0.122
Relativistic® 0.078 0.358 0.314 0.068 0.711 0.129
Statistical scaling 0.080 0.380 0.321 0.060 0.720 0.118
Closed CK transitions 0.174-0.191 0.372-0.378 0.312-0.321 0.086-0.086 0.420-0.388 0.110-0.118
Bismuth 3Bi)
Semiempiricdl 0.117 0.387 0.373 0.110 0.580 0.113
Relativistic® 0.099 0.416 0.358 0.055 0.700 0.119
Statistical scaling 0.101 0.433 0.362 0.048 0.707 0.106
Closed CK transitions 0.142-0.166 0.430-0.433 0.356-0.362 0.054-0.062 0.592-0.534 0.102-0.111
Thorium (goTh)
Semiempiricdl 0.161 0.479 0.463 0.090 0.570 0.108
Relativistic® 0.140 0.498 0.423 0.057 0.656 0.106
Statistical scaling 0.142 0.511 0.424 0.052 0.659 0.098
Closed CK transitions 0.142-0.145 0.506-0.511 0.418-0.425 0.043-0.041 0.664—-0.666 0.098-0.101
Uranium (gU)
Semiempiricdl 0.176 0.467 0.489 0.080 0.570 0.167
Relativistic® 0.150 0.505 0.443 0.051 0.656 0.138
Statistical scaling 0.152 0.516 0.444 0.048 0.659 0.136
Closed CK transitions 0.153-0.156 0.528-0.533 0.438-0.445 0.041-0.041 0.658-0.657 0.105-0.104

3By Krause[86)].
bBy Chenet al.[79].

I' (P .Pn). and AugerI'\(py ,py) transitions were ob-  cuss this effect, one has to consider the kinetic energy of the
tained to be further used to calculate the modified relativéCoster-Kronig electron, which has to remain positive to the
radiative widths as well as the fluorescence and Costerllowed transitions. The kinetic energy of the Coster-Kronig
Kronig yields. As we have found these effects modify theelectron for the satellite transition with one additional va-
atomicL-shell parameters occurring in Eq8) by less than ~ cancy, sayL;(S™!)-L;My(S™) with S=M,N, can be ex-
25% (see also Table ]I pressed, using the “Z1 rule” [85] to account for the screen-
The multiple ionization, despite the statistical scaling ef-ing effect, in terms of the electron binding energia¢Z) as
fect discussed above, can also modify theshell decay follows:
widths much stronger, namely, by making some transitions
energetically forbidden. This happens, as we have shown ear-
lier [84], for strongL;-L3M, s Coster-Kronig transitions in
gold multiply ionized by oxygen ions. In this case an in-
crease of almost a factor of two in the fluorescence yield for
L, subshell was reportefi84] using a simplified model. ~ This expression can be easily generalized for the case of
However, in order to discuss this effect in more detail, in thegrpitrary number of vacancies and n in the M and/or N
present paper we report on the similar calculations performeghelis[73], respectively, by introducing the average energy

L subshell fluorescence and Coster-Kronig yields. =By(Z+1)—By(Z+2), namely,

The multiple-ionization, which modifies the binding ener-
gies of electrons, results in changing the energies of Coster- ik ik
Kronig transitions which are called, in this case, the satellite Esal (MN)=egiag+MBy +ndBy, ®)
Coster-Kronig transitions. For substantial ionization in the
and N shells, selected Coster-Kronig transitions, which arewhere the electron energy for the diagram Coster-Kronig
allowed in singly ionized atoms, can become energeticallyransition read:z:'di_a{g=Bi(Z)—Bj(Z)—Bk(Z+ 1). The rela-
forbidden for multivacancy configurations. In order to dis-tivistic calculations ofL shell Coster-Kronig energies are

ei0X(5)=Bi(Z)~ B{(Z)~ By(Z+1) +B(Z+1)
—B(Z+2). @
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of e, Au | (wi)=2, P(mmoi(mn). )
Ar . '\-\ ] For the statistical weight$(m,n) for eachM "N~ "
% 0 '\V\ S S configuration, the products of two binomial distribution fac-
g O T tors were assumed, following the idea of the independent
? =0 d‘:;ou_v ) O\O\& “"*-*D,RD ] electron mode[17] picture for the multiple-ionization pro-
S 100 | i MO o cess. With the measured ionization probabilifigs and py
g I ° G O\o\ 1 for theM andN shell, respectively, ankll andN denoting the
£ 10T e o ] maximum number of electrons in these shells, the statistical
2 200} —=—L-LMN") e ] weight reads as follows:
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F O MMM N © P(m,n>=( )pmu—pM)M—m( )p&(l—pm-".
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8 & 4 6_ ) B 10 i In the same way, the configuration averagedshell
Number of vacancies in N-shell Coster-Kronig yields<f;;> were calculated. We note here

FIG. 8. Calculated Coster-Kronig energié&q. (5)] for the that due to the fact that the shell relative radiative widths
L1-LsM, s transition in gold for different configurations with addi- Were not affected by the discussed effect of closing of
tional vacancies iM andN shells. The dotted lines mark the ranges COster-Kronig transitions, their values were modified only by

of Coster-Kronig energies corresponding to the average numbers &f€ statistical scaling gffect, as discussed above. The numeri-
vacancies expected for the range of projectile energies studied. cal values of the modifiedl shell fluorescence and Coster-

Kronig yields as well as the relative emission rates of interest

presently availabl§85] and those values were used in Eq. for Au, Bi, Th, and U are summarized in Table III.

(5) to obtain the electron energies for the satellite Coster- Generally, strong influence of the multiple-ionization ef-
Kronig transitions. fects on theL shell decay widths was found. While the ef-

In this way, the electron energies for the satellite Costerfects of the _stati_stical scaling modifieq the fluorescence and
Kronig transitionsL;(M ~™N"")-L;M (M~ ™N"") were cal- Coster-Kronig yields and relative emission rates Ies_s_ than
culated for eactM~™N~" spectator-vacancy configuration. 25%, the effect of closing strong Coster-Kronig transitions,
We have found that for the studied heavy eleménts, Bi, ~ Mainly Li-LsMys, in multiple-ionized Au and Bi atoms
Th, and U, the following Coster-Kronig satellite transitions caused .drastlc, about a factor of two, increase of the fluores-
were energetically forbiddeftlosed in multivacancy con- C€nce yields fot.; subshell. For the_heawer Thand U atoms
figurations:L;-LsM 45, L1-LoN, s, and a few weaker tran- this effect was not observed, mainly due to much higher
sitions. We note here that the strongest effect was observedergies for the diagram Coster-Kronig transitions for these
for Au and Bi, for which the dominating-L3M, 5 Coster- elements. Figures 9 and 10 show the predicted changes of
Kronig transitions, contributing about 50% to total decaySnell fluorescence and Coster-Kronig yields for gold, for
width for L, subshell, were closed in multiply ionized atoms. Which the effect was the strongest, versus the projectile en-
This effect is demonstrated in Fig. 8, where the energies offdy- Summarizing, we have evidenced substantial modifica-
Coster-Kronig electrons for the satellite transitions arefions of theL shell fluorescence and Coster-Kronig yields,

shown for different multivacancy configurations. The effect@nd relative emission rates due to the multiple-ionization in
of closing of selected Coster-Kronig transitions was acN®M andN shells. These effects, as we discuss in Sec.VI,

counted for in calculation of the partial Coster-Kronig decay@'® Very important for deriving reliable subshell ionization
widths for a given multivacancy configuration~™N~", by  Cross sections from the measured x-ray production cross sec-
excluding from the sum those transitions which were foundions[see Eqs(3)].

to be closed, namely,
V. THEORY OF IONIZATION CROSS SECTIONS

In the semiclassical approximatid8CA) [4,37], the pro-
jectile, assumed to move along the classical trajectory, in-
duces the transition of electron from an initial statel,,

Consequently, two effects of the multiple-ionization on L2, Ls to free final statef in the continuum. In the SCA
theL shell decay widths, namely, the statistical scaling of the@PProach, this transition is treated quantum mechanically
decay rates and the closing of selected Coster-Kronig transfithin the first-order time-dependent perturbation theory. In
tions, were accounted for, as discussed above. Finally, th&'€ impact-parameter formulation, the SCA ionization cross
Coster-Kronig widths modified in this way, as well as the Sectionoi”~"is expressed as follows:
modified radiative and Auger widths discussed earlier, were .
used to calculate the configuration averagesubshell fluo- UiSCA: zwf bdb>, lag(b,t=2)|2, 9)

0 f

rescence yields:

rmn= > T(pu.pn)- (6)
k=open
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0.6 T T T T T T ] daf i
A Ionization probability from: | d_ =—- % Z ij(b,t)aj(t) (10)
F Au ® experiment 1 t J
U] M 1
- ——SCA-UA ] and
< 04 ] :
I da [
5, —2=—= > Vj(bt)a(t). (11)
g 03 I
o T . . .
2 R —— L,-L,M,, closed ] Here the interaction matrix element reads
8 02| o0 ® g o @ TTTTTTge-od
= Vi(bt) = (W [ |y L E—E )t
- | ”/( ’ )_< ]||I’—R(t,b)|| j/>eX ﬁ( j j’) ’
L,-L,M,; opened A (12
(J)1 :
00 : 1'0 : 2'0 : 3'0 : 4'0 : 5'0 : p with R(b,t) denoting the vector between projectile and the
- center of mass of the system aig andE; being the elec-
ronic wave function and energy in staterespectively. In
Projectile energy (MeV) t funct d qy tat pectively. |

. the first-order SCA treatment, one assumes thatlttshell
FIG. 9. Modified, average valug&g. (7)] of L-shell fluores- substates remain unperturbed in the collision and conse-

cence yields for gold atoms multiply ionized by oxygen ions. T.hequently,a(t)z 8 , which leads to the following expression
calculations, including the effects of statistical scaling and closmgr ) e = .
or the first-order ionization amplitude:

of Coster-Kronig transitions, were performed using the experimen-
tal ionization probabilities forM and N shells, as well as their i [
theoretical values obtained from the “geometrical mod&BM) a](cl)(b,t= +o0)=— _f dtVsi(b,t). (13
[65,77] and the semiclassical SCA-UA calculatiof87]. The fi)
shaded areas indicate the range of changes of the yields due to the ) ) ] o
effect of the closing of strong;-L M, s Coster-Kronig transitions.  The semiclassical SCA calculations of theshell ionization
cross sections were reported both for the straight-line and
whereb is the impact parameter ard(b,t) is the transition _hyperbohc trajectories, descr_lbm_g the elec'gr(_)nl_c states by us-
amplitude at timet. In order to accoun1t for thé subshell N9 the hydrogenic nonrelativistic or relativistic as well as
coupling effects Within the SCA approach, the “coupled- Dirac-Fock wave functions. The state-of-the-art SCA calcu-
subshells model{CSM) of Sarkadi and Mukoyamf& 1] was Iaﬂonsl were lrego(rjtetﬁ b)l:/)_TEjgutmaﬁnn ta'ndtﬁo—\é\./orl{%&ﬂ, dent
used here, which is a simplified version of the more genera‘f" 0 aiso Included the binding efiect in the ime-dependen
“coupled-states model” proposed by Amundsen andmanner[B?], or in the simplified UA approximation. In this
Jakubassa-AmundséB5]. Assuming only the couplings be- calculations, the recoil term was also included, but a magni-
tween the initialL shell substatesjE{l,j,m}), the time tude of this process, in comparison to the direct Coulomb

evolution of the transition amplitude leading to the final Stateionization, is negligible for th(_a studied collision systems.

f=1{s;,l;} is described by the following equations: On the other hand, by solving the coupled-channels equa-
’ tions (10) and (11), the ionization amplitudea{® (b,t=

+ o) accounting for the couplings between individuahell

| Tonizgion proebiltyfom substates can be obtained within the coupled-subshells model
e  experiment 1 [51]. In this case, the ionization process is viewed as the
. Au p | ! ! ess
T GM ] transition from a “mixed” (or coupled initial state to the

continuum. In order to reduce the numerical complexity of
solving the coupled-channels Eq40) and(11), the follow-
ing simplifying assumptions are adopted in the CSM model
[51]: (i) the final states in the continuum have been restricted
by regarding only the electronic states with zero kinetic en-
ergy es~0 and angular momentum &f=0,1; (ii) the mul-
tipole expansion of the perturbing potential is limited to the
monopole, dipole, and quadrupole terms; &iiid the matrix
elementqd Eq. (12)] were derived using screened nonrelativ-
istic wave functions. Within such simplified SCA approach,
the approximate coupled-channels cross sections were calcu-
lated using hyperbolic trajectories. This approach inherently
includes the correction for the binding efféétl] in terms of
the symmetric matrix elementg;;(b,t) in Eq. (10). Such

FIG. 10. ModifiedL-shell Coster-Kronig yields for gold atoms approximate cross sections, due to a restricted number of the
multiply ionized by oxygen ions. See the caption to Fig. 9 for afinal states, have only relative character and thus can only be
further description. used to extract the correction factors to be applied to the

Coster-Kronig yield

Projectile energy (MeV)
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first-order cross sections, to account for the higher-order ef- UiSCA—CSM: ci(coup,bin,hyp:aiSCA‘S‘\(sl). (17
fects discussed. In fact, this can be achieved by dividing the
approximate coupled-channels cross sectigf=er(hyp), It is worth noting that the SCA-CSM ionization cross sec-

which account for the coupling, binding, and hyperbolic tra-4iqng of Eq.(17), despite including the correction for the
jectory effects, by the approximate first-order cross sectio,yshell couplings, also account for the binding effédi,
oMep(sl) calculated within the same simplified approachypich is a real progress in comparison to the united-atom
using the straight-line trajectory. In this way, the approximatgm;t ysually used to simulate the binding effect for rather

correction factors slowu, /v,=1 collisions.
(©app The_direct ionization of inner—shel_l electrons by heavy
app . g (hyp) projectiles can be also described within the plane-wave Born
ciPX coup,bin,hyp= oMare(g)) (14 approximation(PWBA) [3]. This approach has been further
|

developed to include the effects going beyond the first-Born

were obtained to correct the first-order SCA cross sectionsP WBA. The ECPSSR theory of Brandt and Lapit88,34

sc . : . . accounts for the binding-polarization and Coulomb deflec-
Uih sl cla Igulﬁtec[BT] for Ithel s@ralght-llne(sl) traJITCtE”eS' tion (hyperbolic trajectoryeffects as well as the corrections
The coupled-channels calculations are generally known tQ, o projectile energy loss and electronic relativistic wave
underestimate the coup!mg _effec('see, €g. Re_fiSl,SEi), functions. The ECPSSR theory, on the other hand, does not
probably due to the S|mpl|fy|_ng approximations used ©reat thelL subshell coupling effects, which become impor-
make the problem mathematically manageable. In fact, nt for heavy-ion impactz,>1).

similar feature was observed for the present CSM calcula- Following a discussion of the coupling effect within the

:!ons. We have:[_founc_i thla;?he fﬁlculate? tdIaElfPeIL |on|kz);':1-_ CA-CSM approach presented above, the correction factor
lon Cross Sections, inciuding the coupiing etects, obtaine urely describing the coupling effect can be obtained, to be

tbﬁ/ utS|tn? the correc;ﬂon f‘?‘Ct?rZ.Of quf') tvr\:ere smaltl_er t?anth further used to modify the ECPSSR cross sections for the
€ lotal cross sections, Including on'y the correction 1or t€y; o o+ onization. In fact, the approximate correction factor

b!ndlng anq h.yperbollc' trajectory. effects, in pgrtlcular, forc.app(coup) can be derived from the simplified coupled-
higher projectile energies for which the couplings are not’! i .
expected to play any role. We have interpreted this effect a hanngls CSM model and the first-order SCA calculation as
a systematic underestimation of the correction factors of Eq.OIIOWS'
(14) due to adopted approximations. In order to compensate ©

for this effect, the correction factors of E(L4) were renor- o; "2PP(hyp)

malized by taking into account that the couplings only redis- ciPP(coup = W (18)
tribute the vacancies betweé&nsubshell51], i.e., the total i NyP

number of vacancies is conserved. Following this observa- ]
tion, normalization factot, assumed to be constant for all  Using the same arguments as discussed above, these correc-

subshells, was introduced as follows: tion factorsc?PP(coup) have to be renormalized to compen-
sate for the simplifications of the CSM calculations using

5,034 bin,hyp factor « of Eq. (15) introduced earlier. Finally, the correction

a= - sc . (150 factorsc;(coup)= aciPP(coup) obtained in this way from the
ZjciPP(coup,bin,hypor “Asl) CSM model were used to modify the ECPSSR ionization

o ) ) ) ) cross sections for the coupling effect as follows:
The ionization cross sections, including the corrections for

the binding and hyperbolic trajectory effects; ““(bin,hyp), GECPSSRCSM_ ¢ (0o ECPSSR (19)
were obtained from the first-order>“(sl) cross sections in ' '

a similar way, namely, as In this way, theL subshell coupling effects estimated from

the CSM model were included in the ECPSSR theory for the
direct ionization. The vacancy production by the electron
capture to the projectile can also be included within the
ECPSSR theory as the additive term. Such calculations are
- . : based on the Oppenheimer-Brinkman-Kramers approxima-
The binding ?ﬁe_d ‘(’j"as aCCO“”te‘.jmf]%L;? b‘?a'f]“'a“g” Of_thetion modified by Nikolae[88] (OBKN) with the same cor-
approximate first-order cross secti (ff'n’ YP) by US- rections for the higher-order effects as for the direct ioniza-
ing the effective electron binding ener@f"'=E;+V;i(b,t  tion. However, the contribution of the electron capture is
=0), as suggested in RdB3]. By applying this procedure, small compared with the direct ionization for the studied
the values ofa=1.0-1.5 were found and thus, the final systems and energies. Consequently, the electron capture
correction factors were obtained as;j(coup,bin,hyp) does not play a significant role in interpretation of the
= ac?PP(coup,bin,hyp) for the studied systems. Finally, thepresent datdsee the following Sec. VI for detailed discus-
theoretical SCA-CSM ionization cross sections, includingsion). In this way, by using the presented approach, we were
the corrections for the coupling, binding, and hyperbolic tra-able to account for the coupling effects in both the SCA and
jectory effects were obtained: the ECPSSR calculations.

o M2ee(bin,hyp)

SCA L. _
o} A bin,hyp = Ui(l)app(sl)

oA SN, (16)
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subshells of gold bombarded by oxygen ions plotted vs relativeoxygen ions.

projectile-electron velocity, /v,. The data are compared with the
predictions of the standard semiclassical SCA-UA calculati8ii$
and the ECPSSR theof$3,34] as well as their modifications ac-
counting for the coupling effects, namely, the SCA-CSM and
ECPSSR-CSM calculatior(see the text

VI. DISCUSSION

The measured ionization cross sections lfgr, L,, and
L, subshells of Au, Bi, Th, and U bombarded by oxygen
ions, derived from Eg93) using the modified. shell decay
fluorescence and Coster-Kronig yields and emission rates
(see Sec. Iy, are shown in Figs. 11-14. These data are
compared with the predictions of the semiclassical SCA cal-
culations [37] for the direct ionization performed in the
united-atom limit (SCA-UA) as well as the SCA-CSM
model discussed in Sec. V, which accounts forltreibshell
coupling effects. In Figs. 11-14, the predictions of the
ECPSSR theoryf33,34 and the modified ECPSSR-CSM
calculations, which include corrections for the subshell
couplings adopted from the CSM modg@ee Sec. VY, are
also shown.

The ECPSSR calculations discussed account for the
electron-capture process. For heavy ions, the electron capture
may be important and it depends on the ionic charge-state
which generally has some distribution for ions penetrating
the solids. For the conditions of the present experiment, it
was assumed that the equilibrium charge state fractqns
were reached in the targets, having thicknesses in the range
10-26ug/cn?. Thus, the measured ionization cross sections
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107

1 v 1 v 1 v 1 v 1 v 1 v 1 v 1
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FIG. 12. The same as in Fig. 11, but for bismuth bombarded by

1 v 1 v 1 1 1
- O—>Th ‘
| L,-subshell 10*
L 10
3 10°
L 1 01
- g 1
10"
E
/ ———- BCPSSR-CSM l
L L L L L L
0.10 0.15 0.20 0.25 0.30
Vl/VZ

have to be compared with the theoretical equilibrium cross FIG. 13. The same as in Fig. 11, but for thorium bombarded by
sectionso calculated for the equilibrium charge-state dis- oxygen ions.

022705-13



PAJEK et al. PHYSICAL REVIEW A 68, 022705(2003
104 T T T T T T T T 6 T T T T T T T
O 3 U 4L O—>Au, Bi, Th,U L, -subshell
10 F
L -subshell @
10
1
10'F 10° b
L, -subshell
= 1t 10 i
g 10°
3 g 8 ]
=
100 F 10 L 6 i
o5 O exp/SCA-UA
4| B exp/SCA-CSM |
100 F 1 2| 23 -
FI.- M o -aW_ a m =
1 . 0F -
10 Ogr&eré:{pmmﬁ T T
/ o R _ T T T T T T T
’// —— SCA-CSM
10k Y el ECPSSR
o Lisubshell ____ pepssr-csm
L L L L L L L L L L L L
0.10 0.15 0.20 025 030 035
Vl/V2 1 1 1 1 1 1 1
0.10 0.15 020 025 030 035 040
FIG. 14. The same as in Fig. 11, but for uranium bombarded by v,/v,

oxygen ions. . . . Lo
FIG. 15. The ratios of experimental-to-theoretical ionization

tribution [89]. Noting that only the electron-capture cross €oss sections fok,, L,, andLs subshells of Au, Bi, Th, and U
SectionSoEC(q) depend on the ion charge state, the follow- &toms bomba_rded by oxygen ions plotted vs relative projectile-
ing expression for the equilibrium total vacancy production®/ectron velocityu, /va. The theoretical SCA-UA and SCA-CSM

cross section, i.e., a sum for direct ionizatid@i) and elec- CaIC.UIat'OnS are cgmpared in order o show an Improvement
tron capture(EC) processes, can be obtained: achieved by includind- subshell coupling effects in the present
P P ! ) theoretical approach.

_ DI EC
Teq= @ +% F(q)o=(a). 20 goes not play, practically, a role in interpreting the data, in

comparison with the direct ionization process, i.e4q

The equilibrium ion charge fractiors(q) were taken from ~¢P'. This observation justifies a comparison of the present
Ref. [89]. It is worth noting here that this approach is an data with the prediction of the SCA calculations, which de-
alternative approach to the well-known metH6&] of mea-  scribes only the direct ionization. In the light of these argu-
suring the ionization cross section for a given charge stataments the experimentél subshell ionization cross sections,
which requires extremely thin targets. which are shown in Figs. 11-14, could be compared with the

For asymmetric Z;<Z,) and rather slow ;/v,=<1) predictions of the SCA calculations only for DI, and with the
collisions studied, the contribution of electron capt{its. =~ ECPSSR theory both for DI and EC proces$gs. (20)],
(20)] is generally small. In order to obtain more quantitativedue to small contribution of the latter process.
estimation of a contribution of the electron-capture process, A detailed comparison of the measuregubshell ioniza-
dedicated measurements at higher projectile energies 3ion cross sections for Au, Bi, Th, and U with theoretical
MeV and 70 MeV were performed, for which a substantialpredictions that neglect the coupling effects, namely, the
fraction of completely stripped and one-electron projectilesSCA-UA and ECPSSR, as well as, on the other hand, ac-
is expected. In this case, an increased contribution of the ECount for theL subshell couplings within the CSM model,
process is anticipated, however, the data do not give angamely, the SCA-CSM and ECPSSR-CSM, can be found in
evidence of increased EC contribution. This observation is-igs. 11-14. The conclusions, which can be drawn from this
supported by the calculations of the EC cross sections, pecomparison are the following. An inclusion &f subshell
formed using the ECPSSR theory. These calculations, whicbouplings improves substantially the agreement of theoreti-
are known to rather overestimate the EC cross sections, preal predictions(SCA-CSM and ECPSSR-CSMwith the
dict a contribution of this process to be smaller than 15% fordata, as compared to the standard SCA-UA and ECPSSR
highest projectile energies and practically negligible belowcalculations, which, e.g., underestimate the experimental
40 MeV. Consequently, the effect of the electron capturecross sections fok, subshell at low energies almost by an

022705-14
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order of magnitudésee also Fig. 15 Similarly, the coupling T LA B B

effects improve drastically an agreement of the energy de- 4 O—)All, Bi Th, U -
pendence of ionization cross sections lfgrsubshell. In par- i

. : L,-subshell

ticular, an absolute agreement observed for Au is very good,
almost within experimental uncertainties, while for Bi, Th, 2 l%% .

and U, the calculations systematically underestimate the _LM_‘_%-_'_
+ N + + + + + [

data. This effect can be possibly related to still insufficient

modifications ofL; subshell decay rates in multiply ionized 01 : : : : : : '
atoms, which will be discussed later on. The results for 44 L,-subshell . Ay -
Ls-subshell are reasonably well reproduced by the SCA- é : ,?'h
CSM calculations, but it is interesting to note that the cou- § - v U
pling effects systematically improve an absolute agreement B 24 éﬁ* _ 7
i oy - )

for this subshell. b@‘

Generally, the SCA-CSM calculations are systematically od

1 I ) ) I v ) v L] v Ll

closer to the experimental data for all subshells and elements
;tudieq. For this reason, in Fig. 15, the measUrenhpshelI . 4+ L,-subshell L]- M4 closed 1
ionization cross sections are compared systematically with 5
the predictions of the SCA-CSM theory by plotting the expt/
theory ratios versus relative projectile velocity/v,. This 2- g ﬁ 7
figure clearly shows the systematic trends in the data as well 12

. . . . gh o
as an improvement achieved by including thsubshell cou- ol T o 0y oo,
plings in theoretical treatment. This can be observed by com- 0.10 0.15 020 025 030 035 040 045
paring the ratios obtained for SCA-CSM with those for SCA-
UA. Looking at systematic trends, it is worth noting that the
S.CA'CSM calculat_|0ns agree Wlth_ the hlgh-energy d_ata FIG. 16. The ratios of experimental ionization cross sections for
within 20—30%, while thg r.e5|dual discrepancies at medlun]_l’ L,, and L, subshells of Au, Bi, Th, and U bombarded by
and low energies are within 60% far, and Ls subshells,  oyygen ions, as obtained from Eq8), usingL-shell fluorescence
which we attribute to the approximations adopted for treatintand Coster-Kronig yields for assumed completely cldsed. ;M 5
the coupling effects. Much bigger discrepancies, up to a faccoster-Kronig transitions, and theoretical SCA-CSM cross sections
tor of three for Bi, Th, and U, found at low energies foy plotted vs relative projectile-electron velocity; /v,. Note that a
subshell can, in our opinion, manifest a necessity of evesubstantial improvement is achieved, in particular for thesub-
stronger modifications of the fluorescence yield ligrsub-  shell, as compared to Fig. 15.
shell as discussed in Sec. IV. We note that the effect of clos-
ing the L,-L3M, s Coster-Kronig transitions for Au, which VII. CONCLUSIONS
substantially increases the;-subshell fluorescence yields,

results in much better agreement between the data and the The L subshell lonization cross sections for_Au, Bi, Th,
. and U have been studied systematically for incident oxygen
SCA-CSM calculations.

In fact, adopted modifications df shell decay widths ions for rather slow ;/v,=<1) collisions. The measured

. - ; -ray spectra were strongly affected by the multiple-
include the statistical scaling and much stronger effect Oronization effects. The adopted method of analysis of x-ray
closing, mainly, thel;-L3M 45 Coster-Kronig transitions in

spectra from multiply ionized atoms allowed the resolution

multiply ionized atoms. We note, that in the adopted approXix ingividual L y transitions and derivation of the ionization

matg treatment of'the I{:\tter effect, .the? modifications of elec'probabilities for multiply ionizedVl and N shell. A drastic
tronic wave functions in multiply ionized atoms were ne- change ofL shell fluorescence and Coster-Kronig yields in
glected to simplify the problem. It is well knowi®0-92,  multiply ionized atoms has been evidenced and discussed. In
however, that the wave function effect can possibly furthemarticular, by using a simple model we have showed that due
enhance the closing of Coster-Kronig transitions, ultimatelyto a closing of strong;-L 3M 4 5 Coster-Kronig transitions in
leading to a closure of ;-L3M 4 5 Coster-Kronig transitions  multiply ionized Au, the decay rates far, subshell can be

for Bi, Th, and U, as predicted for Au, and partly for Bi, modified by as much as a factor of two. Estimated modifica-
using the present approacéee Sec. IY. As we have calcu- tions ofL shell yields for heavier atom@i, Th, and U are
lated, this effect would result in an increaselof-subshell  smaller within adopted simplified model, but can be possibly
fluorescence yield by a factor of 2—3, which corresponddurther increased by the effect of modification of electronic
well, in magnitude, to the discrepancies observed for Bi, Thwave functions in multiply ionized atoms.

and U at low energietsee Fig. 16 In order to answer this The measured ionization cross sections lfgr L,, and
question more quantitatively, the complex calculations of the_3 subshells cannot be reproduced by standard theoretical
rates for radiationless transitions for multivacancy configu-approaches such as the SCA-UA and the ECPSSR theory.
rations are needed. Such calculations are, unfortunately, odihis is due to the neglect of coupling effects, which play an
of the scope of the present work. important role for heavier projectileZ(>1), in particular

Vl/V2
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for lower energies. The couplings betwelersubshells were uncertainties of the data and thus, a final interpretation of
accounted for within the CSM, which was adopted to obtainresults depends strongly on the assumed model describing
the modified SCA-CSM and ECPSSR-CSM ionization crosghe relaxation of multiply ionized atom.
sections. In particular, the present data are described reason-
able well by the predictions of the SCA-CSM calculations.
Summarizing, we have shown that the multiple-ionization
and coupling effects are very important for interpretation of This work was supported by the Federal Ministry for Re-
theL shell ionization of atoms by heavy ions, which strongly search and Technology, Germany, under Contract No. POL-
perturb thel shell electrons. Present results partly explain a@017-98 and by the Polish State Committee for Scientific Re-
long-standing discrepancy observed between experimensearch KBN) under Grant No. 5P03B-11420. We would like
and theoretical predictions df shell ionization by heavy to express our thanks to the EN tandem accelerator staff at
(Z,>1) projectiles. In conclusion, it is worth emphasizing the University of Erlangen as well as to the crew of the
that the magnitude of the multiple-ionization effects, dis-Warsaw Heavy lon Cyclotron for their kind collaboration
cussed for heavy projectiles, exceeds typical experimentaluring the experiments.
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