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High-resolution measurements of tKg8, diagram line and it ? satellite were performed for zirconium,
molybdenum, palladium, and praseodymium. The x-ray spectra were induced by impact with 28-, 40-, 65-, and
100-MeV « particles and measured with a transmission-type bent crystal spectrometer in modified DuMond
slit geometry. From the relative yields of theB,M?! satellites the experimental averalyeshell ionization
probabilities for nearly central collisions were deduced. They are compared with theoretical predictions from
the semiclassical independent particle approximation using either hydrogenlike wave fuf@@e#asiWF or
Dirac-Hartree-Fock wave functiofSCA-DHF), pointing out the relevance of the use of DHF wave functions
instead of hydrogenlike wave functions in the SCA model. Moreover, the experimental energy shifts of the
satellite transitions with respect to the diagram lines are compared to results of extensive multiconfiguration
Dirac-Fock calculationd.51050-29478)03801-3

PACS numbgs): 34.50.Fa, 32.30.Rj, 32.70.Jz, 32.80.Fb

I. INTRODUCTION group started a study of the multiple inner-shell ionization
induced in midZ atoms by the impact of energetic iof%-
During the last two decades, inner-shell ionization pro-18]. In particular, a method for the determination of the
cesses in ion-atom collisions have become a subject of interM -shell ionization probability in central collisions was pro-
sive research. The results are used in many disciplibgs posed[11]. Using a high-resolution DuMond-type curved
such as, e.g., trace element analysis, ion implantation, astrarystal spectrometdr 9], it was possible to resolve tHd?!
physics, solid state physics, atmospheric physics, fusion disatellite from the parent diagram lin€s, (4p-1s) for sev-
agnostic studies, x-ray lasers, and nuclear physics. It is webiral medium-mass atoms. From the measured relative satel-
established that in particle-induced x-ray emission multiplylite intensities the ionization probabilities were extracted. It
ionized states give rise to so-called satellite transitions that worth noting that in this method, which is described in
result from the angular momentum coupling of different holedetail in[12,17], the rather large uncertainties characterizing
configurations. As a consequence of the change in the elethe available fluorescence and Coster-Kronig yields only
tron screening of the nuclear charge, the x-ray satellites amnoderately influence the determination of the satellite-to-
shifted in energy with respect to the diagram lines. Thanks taliagram line intensity ratios. We previously used a similar
high-resolution x-ray diffractometry measurements thetechnique to study th&- and M-shell ionization probabili-
knowledge about multiply ionized atoms as well as processesies of several mediurd- targets bombarded b§He?* ions
by which inner-shell vacancies are produced has been coffii1-13,2Q. Systematic deviations between the measured
siderably enriched over the last few years. ionization probabilities and the theoretical predictions of the
Probabilities for particle-inducel{-shell ionization have semiclassical approximatiofSCA) version of Trautmann
already been measured with great accuracy for wide rangeshd Reel [21,22 were observed. The discrepancy was
of target elements and projectile energies. Experimental refound to grow with increasing values of the projectile re-
sults are well reproduced by first-order perturbation theoriesduced velocity. In experiments with®0®* ions the same
On the contrary, the processes leading to the ionization ofrend was evinceil0,14,15. Since the observed discrepan-
higher shells are not yet fully understood and are still subjecties were attributed mainly to the use of inadequate hydro-
of investigations, both theoretically and experimentally.genlike wave functions in the SCA calculations, an improved
Concerning theM-shell ionization induced by light ions, version of the SCA model was developed, in which the
only few experimental data do exifi2—6] and references single-electron ionization probabilities were calculated with
therein, giving total M-shell or subshell ionization cross more realistic Dirac-Hartree-Fock electronic wave functions
sections for heavy atoms. For target atoms vid#160 the [23,24. These improved SCA calculations resulted in a
M-shell ionization data are very scarf®. Existing results much better agreement between experimental and theoretical
concern mainly Auger electron production cross sect[@iis L- and M-shell ionization probabilities, showing the impor-
and electron capture cross secti¢8k A few years ago, our tance of the choice of proper wave functions in the SCA
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236 CH. HERRENet al. 57
calculations for “fast” ion-atom collisions. mise between the self-absorption of the x rays in the target

As the above-mentioned experiments covered only a narand the size of its area seen by the crystal through the slit.
row interval with respect to the projectile reduced velocity, a The x rays were diffracted by th€l10 planes of a
new series of measurements was undertaken in which severahx 10-cn? SiO, crystal plate of 2.5-mm thickness, bent cy-
medium-mass element&r, Mo, Pd, and Prwere bom- |indrically to a radius of 3.15 m. The effective reflecting area
barded with“*He?" ions of various energies, ranging from 7 was about 55 cn. Except for the 100-MeV measurements
to 25 MeV/nucleon. Thé -shell ionization probabilities that - the reflectivity of the crystal was enhanced by a factor of 2—4
were deduced from the relative yields of tHex; L.~ and by applying a high-frequency alternating electric field across
KB1g-* satellites have been presented and discussed in fie lamina. The electric field produces periodic deformations
previous papef25]. In the present study results concerning of the reflecting planes, inducing thus a quasimosaicity that
the M shell are reported. increases the reflectivity of the crys{@l7).

For theM shell, the investigated collisions correspond to  The diffracted x rays were detected by a 1-mm-thick Nal
projectile reduced velocities that range froril.8 to ~7.2.  gcintillation detector surrounded by an anti-Compton ring.
The ionization probabilities were determined from the re'a-The beam intensity was monitored, using a semiconductor
tive yields of theKB,M* satellites. The obtained results detector, which was placed in front of the slit, slightly below
were compared to theoretical SCA predictions using eithethe target-crystal axis. The monitor-detector viewed the tar-
hydrogenlike wave function6SCA-HWF) or Dirac-Hartree-  get through the same slit as the crystal, in order to account
Fock wave function§SCA-DHP). The energy shifts of the for possible fluctuations of the beam position on the target.
satellites were also determined and compared to results gfhe energy region measured by the monitor detector corre-
extensive multiconfiguration Dirac-FocfMCDF) calcula- sponded to that of the targkt x rays.
tions. The photoinduced x-ray spectra were measured at the

In the case of fast particle impact, the direct Coulombynjversity of Fribourg, Switzerland, using a similar
ionization is accompanied by ionization due to multielectronpyMond-type curved crystal spectrometeisee, e.g.,
processes such as shakeoff and Shakeup. In addition, f?QB,zg]) The Spectra were induced by means of a commer-
solid targets, the intensity of th€g, (4d-1s) transition that  cjal 3-kW x-ray tube equipped with a gold anode and a win-
has approximately the same energy askifgM* satellite is  dow sheet of nonporous beryllium. The tube was water
strongly enhanced by solid state effef2§] and may thus  cooled and operated at 80 kV and 30 mA. It was oriented so
contribute significantly to the measured satellite yield. As-that the ionizing radiation was perpendicular to the target-
suming that shake-up and solid-state effects are independegyystal direction. The tube to target distance was 45 mm. The
of the K-shell ionizing process, we have determined theirsame crystal plate as the one employed at PSI was used. The
contribution to the satellite intensity by comparing the diffracted x rays were recorded Wita 5 in.-diameter and
He?*-inducedK B, spectra with the corresponding photoin- 0.25 in. Na(Tl)+2 in. CslTl) thick phoswich detectofThe
duced spectra. Furthermore, as te@bsorption edge of the Harshaw Chemical Co., Crystal and Electronics Products
investigated elements lies in the energy region oKigiaM* Dept., OH 94139
satellite, the spectra were corrected for the self-absorption in To correct the steplike decrease in the spectra due to the
the targets. Thus thié edges of all elements were precisely self-absorption in the target, we measured khabsorption
measured to allow a proper correction of the particle-induce@dges of the investigated elements. For each target the self-
and photoinduced spectra. absorption variation as a function of the photon energy was
determined. For this purpose the spectrometer was employed
as a monochromator, the x-ray tube anode being viewed di-
rectly by the crystal through the slit. The absorbers were

The a-particle-induced spectra were measured at the variinstalled in front of the Soller slit collimator placed between
able energy Philips cyclotron of the Paul Scherrer Institutehe crystal and the detector. THeedge measurements were
(PS) in Villigen, Switzerland. Beam currents of 1-4A performed two times, once with the alternating electric field
were used, depending on the investigated elements. The eapplied to the crystal and once without electric field. This
ergies of the delivered particles were 28, 40, 65, and 100 was dictated by the fact that the crystal reflectivity enhance-
MeV. ment due to the ac field is accompanied in general by some

The measurements were performed with an on-linébroadening of the instrumental response.
transmission-type curved-crystal spectrometer. A detailed The instrumental response of the spectrometer, which de-
description of the instrument can be found in R4B]. The  pends mainly on the slit width, the imperfect crystal curva-
spectrometer was operated in the modified DuMond-slit geture and the applied ac voltage, was determined by measur-
ometry, which has the advantage that thermal deformationimg the 25.6515()-keV y decay line of a'®'Tb calibration
of the target do not influence the line shapes in the measuresburce [30]. The obtained full width at half maximum
spectra. (FWHM) of the Gaussian function representing the instru-

The targets consisted 0bd440-mnt self-supported metal- mental line shape, was found to be 1885 arcsec without,
lic foils having the following thicknesses: 12.6 mgfeior  and 12.9-0.9 arcsec with the alternating electric field ap-
402", 23.0 mg/cm for ,,Mo, 30.1 mg/cm and 31.7 mg/cth  plied to the crystal.
for 4Pd, and 14.0 mg/chfor sgPr. They were mounted on All spectra were measured in first order of reflection. The
a special aluminum holder and positioned 2 cm behind thengles of the reflected x rays were measured by means of an
slit. Furthermore, they were tilted at 10° with respect to theoptical laser interferometer, which is described in detail in
target-crystal direction. This angle was chosen as a comprg19]. The zero Bragg angle of the spectrometer was deter-

Il. EXPERIMENTAL SETUP
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FIG. 1. Comparison of the photoinducés) and the 100 MeVa-induced(O) KB, spectra of molybdenum. One sees that in the
a-induced spectrum thiel -satellite yield does not only reflect the direct Coulomb ionization but alsd/ttehake contribution and tHes,
transition. Both spectra were normalized to give the s&Bg peak heights.

mined by measuring for each target tKg3; ; line on both  the variation of the target activity as a function of the pen-
sides of reflection whereas the energy calibration was basegiration depth of the ionizing radiation. On the contrary, the
on theK 3, energies quoted by Beardg®i]. For illustration  a-induced ionization was assumed to be constant over the
the KB, spectra of molybdenum resulting from photon ande_ntire_ target thickness. It is reasonable to make this assump-
100-MeV Hé* ion bombardment are presented in Fig. 1. tion since, due to the small energy lassder of a few per-
cend of the « particles in the targets, th€-shell ionization

cross sections can be considered as nearly constant through-
Ill. DATA ANALYSIS out the target thickness. The measuke@bsorption edge of
A. Correction for the K-absorption edge Zr as well as the raw and correctégB, spectra of the same

. . element are shown for illustration in Fig. 2.
As for medium-mass elements tKeabsorption edges are 9

lying in the region of theK 8,M?! satellite, it is of prime -

importance to correct the spectra for the self-absorption in B. Fitting procedure

the target. This was done for the photoinduced as well as for As the M-shell spectator vacancy can be located in dif-
the a-induced spectra using th€-absorption edge measure- ferent subshells and because there are many possibilities to
ments. For the photoinduced spectra, the known spectral ireouple this vacancy with theslhole in the initial state and
tensity distribution of the x-ray tube was used to determinehe 4p hole in the final statek 3,M?! satellites consist of
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FIG. 2. The upper part shows tieedge of Zr. In the lower part, showing &3, diagram line an 8,M* satellite, a comparison of

the measuredO) and theK-edge correctedx) spectra of zirconium is presented. It is obvious that the background fluctuations above the
K edge are increased due to this correction.
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FIG. 3. Enlarged crystal spectrometer spectrum of praseodymium induced by 4048V ions. The dotted lines represent the fitted
diagram transition& 8, and KB‘ZJ (5p-1s), the dashed ones thé* satellites of these two lines, whereas the solid line stands for the total
fit, i.e., the sum of the components added to the background.

numerous components that have different transition prob- [ Xe]4f36s? (Pr), only small energy shifts and insignificant
abilities and slightly different energies distributed about anchanges in the line shapes were found for ikh@, diagram
average value. For this reason the data analysis was pdines.

formed with the method described by Carlenal. [14,15. The observedKpg, spectra, corrected for the self-
In this method, which was developed to analygex-ray  absorption in the targets, were thus analyzed with a least-
spectra of multiply ionized atoms, a particular x-ray line issquares-fitting computer prograrfpackage MINUIT [35],
assumed to be a linear combination of all components conCERN library, employing theoretical shapes determined by
tributing to the transition. The theoretical energies and tranthe above-mentioned MCDF calculations to reproduce the
sition probabilities of the individual components are deter-profiles of the diagram and satellite lines. The relative inten-
mined by means of extensive MCDF calculations. The finaSities and average energy shifts of the satellite groups with
result of the MCDF calculations is a “stick” spectrum con- respect to the parent diagram lines were .Iet free.ln the f|t.. For
sisting of many linebars. To compare with the experimen@ Particular target element, the same Voigt profile was given
the linebars are given a Voigtian profile, which results from!© all MCDF components, keeping fixed the instrumental

the convolution of the Gaussian instrumental broadening?mad.emn.g at its known value but letting free the natural
with the Lorentzian function representing the natural Iine'neWldth in order to account for the unresolviddshell sat-

shape of the components. The transition line shape is the]?ﬂlhtes. A constant background was further used as a free

constructed by computing the weighted sum of the Voigt ting parameter. The fittel 8, spectrum of Pr is shown for

funci dina to the diff t ts th illustration in Fig. 3. One can notice that for this element the
unctions corresponding 1o the aiiferent components, CDF method of analysis was particularly useful since the

weighting factors being given by the transition probabilities ;1 satellites of the p-1s and 5p-1s transitions are not
of the latter. In the present study the MCDF calculationsigggived from the parent diagram lines but just appear as
were performed with the MSAl(modified special average \eak asymmetries on the high-energy flank of the latter. In
level) version[17,32,33 of the codeGrASP[34], which al-  Fig. 4 the fit of the ZrK 8, spectrum is depicted together
lows relativistic calculations including the transverse Breityjth the MCDF “stick” spectra corresponding to the dia-
interaction and QED correction@elf-energy and vacuum gram line and the first-order and second-orliersatellites.
polarization. Except for Pr, second-ordé satellites could be indeed ob-
For Pd for which all subshells are closed in the groundserved in spite of their very weak intensities. They were
state, theK8,M* satellite consists of 72 components. If included in the fitting procedure because, as shown in Fig. 4,
more than one subshell is open in the ground state as is tlieey may contribute somewhat to the observed yields of the
case for the other investigated targets, the number of compd4® satellites with which they partly overlap. The depen-
nents increases so drastically that the method is no longetence of theM-satellite intensity on the-particle energy is
tractable. For this reason we have adopted for the MCDHllustrated in Fig. 5. The same figure shows also the influence
calculations of Zr, Mo, and Pr the modified ground-state conof the M? satellite, whose relative intensity varies with the
figurations[ Kr]4d°5s? [Kr]4dg,Ad2,5s? and[ Xe]4f%6s?,  beam energy.
respectively, which are characterized by either full or empty
subshells. Comparing the MCDF results obtained from these C. Electron rearrangement
simplified configurations with the ones obtained from the The satellite yields extracted from the fitting procedure
real configurationgKr]4d?5s? (Zr), [Kr]4d®5s® (Mo) and  reflect the hole distribution in the atom at the moment of the
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FIG. 4. K B, crystal spectrometer spectrum of zirconium induced by 100-Me¥** ions, showing the diagram lin¢3, as well as the
satellitesM® andM?2. The dotted line on the low-energy side of the diagram line represents the asymmetry observed in some of the measured
spectra. The stick spectrum in the lower part of the figure represents the MCDF predictions.

K x-ray emission and not the initial hole distribution inducedrangement calculations. The same holds for Meshell

by the collision. Therefore, the fitted relative intensities of super-Coster-Kronig transitions which, depending on the tar-
the M satellites were corrected for those electron rearrangeget element, are either forbidden or very weak. The fitted
ment processes that modify the numbeMfshell vacancies x-ray yieldsX" (n=0,1) of theKg8,M" transitions are then
and take place prior to tH¢ x-ray emission. These processesrelated to the initial vacancy yield$ by the following equa-
were accounted for by a statistical scaling procedlifg36.  tions:

Changes of theM-satellite yields are due mainly to thé

Auger effect, which transfers th#l vacancies to higher X0=(1°+RIMwy,, (13

shells, whereagM radiative transitions have very weak

strengths and can be neglectedholes can be moved to the Xi= (11— R|1)wz (1b)
21

M shell throughLMN Auger andLLM Coster-Kronig tran-

sitions. However, since in the collisions investigated in the ] ] o
present study the creation ®fL double-vacancy states is whereR is a scaling factor describing the electron rearrange-

about one order of magnitude smaller than the excitation ofM€nt andwy represents the partial fluorescence yield of the
KM states, these processes were not considered in the re#&8, transition withn spectator holes in th& shell. The
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FIG. 5. Comparison of th& 8, M-satellite spectra ofsPd induced by 40-Me\(@®), 65-MeV (X), and 100-MeV(O) « particles. In the
40- MeV a-induced spectra even thé? satellite can be observed. All spectra were normalized to give the K@8peeak intensities.
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factor R can be written as the weighted sum of the partial X1/x0
rearrangement coefficien® , wherei =1,2,3,4,5 stands for PM= STy 1§ 1-R(1+ XUXO)]" (7)
the differentM subshells:

IV. RESULTS AND DISCUSSION
i A. M-shell ionization accompanyinga-particle impact
Considering the number of electrons in the subsMell Competitive processes
and assuming identical ionization probabilities per electron The main process responsible for the production of the
for the different subshells, one finds for the weighting factorsmultiple ionization is the direct Coulomb interaction between
the fo”owing ValueS:Wl:Wz:W3:W4:W5:é:%:%:%:%. As the Charged partiCIe and the bound electrons of the target
only those rearrangement processes that occur prior tif the atom. Other processes of less importance may, however,

x-ray emission have to be taken into account one can writéontribute to the creation of inner-shell vacancies. Among
for R these competitive processes, the most important are the elec-

tron capture, the target activation, and the electron coupling
Py = ZiciTumx - T (1=Zigfi) effects. _
= , (3) The electron capture is the transfer of bound target elec-
FK+FMi FK+FMi trons to the projectile. In our case, the only case to consider
. is the capture of a -shell target electron to thi€ shell of
wherel' andl'y, stand for the total widths of thi¢ and the  the fully stripped He ions. Using the theory presented in
M; levels andf; ; for the relative Coster-Kronig yields. Us- [41-43, the contribution of this process can be estimated.
ing theK andM; level widths quoted by Krause and Oliver The total cross section for the direct Coulomb ionization of
[37] and Campbell and Pap[B8], respectively, and the anM-shell electron is some Mbaricalculated with the SCA
Coster-Kronig coefficients calculated by McGuirg9,40, theory), whereas the cross section for the capture of an elec-
the following values were obtained for the total rearrangetron from theM shell of the target atom to the€ shell of the
ment factorsR: 0.033 (Zr), 0.042 (Mo), 0.051 (Pd, and projectile is in the order of kbarn. Assuming a similar
0.044(Pr). impact-parameter dependence as for the direct ionization, we
Assuming furthermore that the fluorescence yields of theean certainly neglect the electron capture probability with
KB, transitions are only weakly affected by the spectatorespect to the direct ionization probability, even if the above
holes in theM shell (i.e., w}gzw w%z), one obtains from Eq. assumption is only strictly valid in the slow collision limit

Ri:

(1) the following ratio for the primary vacancy yields: [41] o )
The target activation, due tax(xn) reactions and Cou-
|1 X1/x0 lomb nuclear excitation may also produce additiakashell
IM=10=1= RO+ XTX0) " (4)  holes. ThisK-shell ionization can be produced via photoion-

ization by y rays emitted by the final nucleus or by the
K-shell internal conversion process. However, as for the in-
D. lonization probabilities vestigated collisions the cross sections of the above-
To determine theM-shell ionization probability we used mentioned nuclear reactior)s are several order; of magnitude
the independent-particle approximation. In this framework,sma”er than the cross sections for the atomic direct Coulomb

the probability that a collision corresponding to an impactexcitation, the influence of the target activation on the pri-

parameterb producesm K-shell vacancies and M-shell ~Mary vacancy distribution is completely negligible.
holes is given by the expression In most approximations the ionization probabilities or

cross sections are calculated using the independent particle

2\/18 " o model, which postulates that each electron moves indepen-

Pmkam(®)=| /1 )[DK(b)] [1-pk(b)] dently in a mean potential made up of the nuclear charge
minus the shielding of other electrons. This potential, how-

X[pum(b)1"[1=pum(b)]*", (5)  ever, contains only a part of the mutual electron-electron

interaction. Deviations of the independent particle model
where py represents thé-shell ionization probability per may be understood as electron correlafié—46. The most
electron ancpy, the mean value of thil-subshell ionization  important correlation effect is the shake process. In this pro-
probabilities per electron. Integration of this expression ovegess, due to the sudden change of the atomic potential fol-
the impact parametdr delivers then the corresponding cross lowing the creation of a core vacancy, electrons can be ex-
sections. As for charged particle impagf, is essentially cited to higher unfilled bound stategshakeup or to
constant in the impact parameter rangeb(@,), where the continuum stategshakeoff [47—49. For a given core va-

K-shell ionization occurs, one finds cancy, the shake probability grows with the principal quan-
tum number of the shaken electron and its dependency on the
TIKIM 18py ® atomic number is approximatek/ 2. As the direct Coulomb
owom " 1l-pyw’ ionization is proportional to the squared charge of the pro-

jectile, in collisions involving midZ elements and light
wherel ), is the primary vacancy vyield ratio defined (4).  charged particles, a significant part of the obsered
Using the relationg4) and(6), one obtains finally double ionization may thus result from electron shake pro-
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TABLE I. ExperimentalM -satellite yields relative t& 8, for photoionization as well as for the particle

induced spectra.

Element Photoionization 28 Mew 40 MeV « 65 MeV « 100 MeV «
Prvdg 8.39+0.33 27.6x1.2 21.371.3 13.80.8 16.9-1.6
Mo 8.60+0.36" 13.6+0.7
26Pd 2.46:0.24 14.9+0.8 11.70.9 6.1-0.4
50Pr 1.55-0.60 9.971.3 11.7#1.4 6.7+0.9 6.2+0.6

8Measured with the same instrument and already publigh@d

cesses in thé/1 shell following the & vacancy production.
Furthermore, the quadrupole-allow&d3, (4d-1s) transi-
tion is also expected to contribute to the obserietisatel-
lite yields. It was possible to take care of tMe' satellites
intensity surplus due to the shake effects &gl,, by sub-

tainties on the particle-induced and photoinduced x-ray
yields. For the rearrangement factors an uncertainty of
~20% was included in the calculation of the errors. The
quoted effective beam energies were calculated by taking
into account the stopping power of the target, the energy

tracting from the relative particle-induced satellite yields dependence of thi-shell ionization cross sections, and the
those obtained in the photoionization measurements. Morgelf-absorption of the x rays in the target. As the shake and

concretely, the x-ray yield ratio$*: X° used in Eq(7) were
determined as follows:

K B, transition contributions to the satellite yields were sub-
tracted beforehand and are thus not included in the x-ray

yield ratiosX*: X° of Eq. (7), the values,, quoted in Table
(8) Il correspond to the direct Coulomb excitation process only.
Furthermore, since in the experimental method employed in
our study we have considered only tive-shell ionization
A comparison between the-particle-induced and photo- accompanied by a simultaneolfsshell ionization and be-
inducedK 3, spectra of Mo is presented in Fig. 1, whereascause the latter decreases very rapidly with the impact pa-
the fitted 1 (K8,M"):1(KB,M°) yield ratios corresponding rameter, the collisions for which the ionization probabilities
to both excitations are listed for all target elements in Tablgyere determined may be regarded as nearly central in the
l. Quoted uncertainties are purely statistical and do not iny; _ghell scale.

clude systematic errors as those arising for instance from the \ye have compared our experimental results to theoretical

MCDF .determined line shape pf the transitions or from thepredictions based on the semiclassical approximad&e®).
corrections for the self-absorption in the target.

The advantage of the independent particle SCA model re-

sides in the fact that it allows a detailed comparison with

impact-parameter-dependent ionization probabilities. This
The averageM -shell ionization probabilities per electron model was introduced and developed originally by Bang,

pu were determined from the relatidi). Results are given Hansteen, and co-workef50]. Most of the SCA formula-

in Table II. Indicated errors originate mainly from the uncer-tions are derived from the first-order perturbation theory, re-

(KB M%) L 1(KBMO)

X! (l(Kﬁle)) (l(Kﬂle)
o= —

) photo

lonization probability p,

TABLE II. Comparison of the corrected experimental ionization probabiljigsvith theoretical predic-
tions. The reduced velocity was calculated using @gy.

AverageM -shell ionization probabilities

Effective beam Reduced velocity

Target energyEp n Expt. SCA-HWF SCA-DHF
20Zr 26.7 MeV 3.73 0.011@) 0.00350 0.01216
39.0 MeV 451 0.007@®) 0.00239 0.00838
64.3 MeV 5.80 0.003b) 0.00144 0.00507
99.5 MeV 7.21 0.004®) 0.00092 0.00325
4 Mo 26.8 MeV 3.41 0.017(®)? 0.00353 0.01199
99.3 MeV 6.57 0.002@) 0.00094 0.00324
46Pd 26.8 MeV 2.88 0.012)? 0.00357 0.01194
38.5 MeV 3.46 0.007%) 0.00250 0.00849
63.9 MeV 4.45 0.0054%) 0.00150 0.00516
99.2 MeV 5.55 0.002B) 0.00096 0.00331
59Pr 26.6 MeV 1.81 0.0048) 0.00371 0.00940
38.9 MeV 2.18 0.005®) 0.00262 0.00692
64.2 MeV 2.81 0.003®) 0.00163 0.00441
98.8 MeV 3.49 0.002(B) 0.00106 0.00292

&Taken from an earlier publicatiori2] for comparison.
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FIG. 7. Ratio of the experimental averayf-shell ionization
probability per electron and the theoretical predictions vs the re-
duced velocityz for the investigated targets zirconiui@®), molyb-

FIG. 6. M-shell ionization probability per electron as a function 9€num(4), palladium(C) and praseodymiuntO). In (a) the ex-
of the “He?* projectile energy fofa) 4Zr, (b) 4,Mo, (¢) 4Pd, and perlmenta! results are _compared to SCA predictions using
(d) sPr. The solid line shows an interpolation of the calculatedYdrogenlike wave functions, whereas () Dirac-Hartree-Fock
SCA-DHF ionization probabilities, whereas the dotted line repre-(PHF) were used. The same vertical axis scale is used for both parts
sents an interpolation of the SCA-HWF calculations. Our experi-© allow a better comparison of the two models. The dotted lines
mental results are indicated by the full circles. correspond to a ratio of 1. Ifa) the dashed line corresponds to the
weighted least-squares fit of the data to a straight line.

quiring that the target atomic number is much higher than

that of the projectile. The present calculations were perergy, andE, the kinetic energy of the projectile. The average
formed by means of the modified SCA version of Trautmanrbinding energy of theM-shell electrons was found to be
and Reel [21,22, using either relativistic hydrogenlike Eping= 264 eV for Zr,Ep,q= 315 eV for Mo, Ep; =442 eV
wave functions(SCA-HWF) or Dirac-Hartree-FocKSCA-  for pd, andE,;,;=1114 eV for Pr.

DHF) wave functions. The Dirac-Hartree-Fock wave func- |t can be seen that calculations using hydrogenlike wave
tions for the bound electrons of the target-atom were calcugnctions underestimate the experimentéishell ionization
lated with theGRASI_Dprogram, whereas the continuum Statesprobability for all measured targets and all¥iebeam ener-
were computed using the adapted codedieask, CONTWVG gies by a factor of about 2—5. The same trend was observed
[23.24. As the coupledjchannel effects were not included ingy, the | ghell ionization probability at somewhat smaller
our calculations, a statistical average over all subshells Peladuced velocities (08%=<2.4)[25]. In that previous work
taining to the same shell was taken. For all elements an xcept for reduced velocities smaller than e ’

m energies the HWF as well he DHF calculation : ;
b((aaarle (er?)rgmeesdt ('ath an 'masacte a?;n";[et?ar hﬁf—f,cc?oc;]mato D projectie<Uelectron the SCA calculations using hydrogenlike
were p Wi Impact parame = - wave functions were found to underestimate the experimen-
In both calculations hyperbolic prOJecnIe paths_and recoilis ionization probability, as in the present study, but the
effect of the target nucleus were included. Experimental valyjscrepancies between the experimental values and the SCA-
ues of the binding energies in the separated atom mode We[§yF calculations were smaller. It was further found that the
used. In all considered cases five mult|pole moments.prove_giScrepancy increases with growing values of the projectile
to be accurate enough. The obtained results are listed iqyced velocity. This observation is more or less confirmed
Table I1. _ o . _ by the presenM-shell ionization studysee Fig. 7a)].

The experimental ionization probabilities are plotted in ° 54 the other hand. it can be seen that the experimental
Figs. Ga)—6(d), where they are compared to the SCA-HWF joi7ation probabilities are in quite good agreement with the
and SCA-_DHF theoretical p_red|ct|ons._ In_F|g_. 7, the ratl_o_s OfSCA—DHF predictions over the whole range of the reduced
the experimental to theoreticM -shell ionization probabili- * projectile velocity covered by our experiment. The experi-
ties (py"/pu°") are plotted as a function of the reduced mental to theoretical ionization probability ratios are almost
projectile velocity. The reduced velocity was calculated yniformly scattered around 1, confirming thus the observa-

using the following formula: tion already made in the mentionédshell ionization study
[25] that much better agreements between theory and experi-
_ Uprojectile= / Epme
EpinaMp’

Projectile energy [MeV]

) ment are obtained when DHF wave functions are used in the
SCA model instead of DHF wave functions.
In some of the particle-induced spectra, thg,M? sat-
wherem, and M, are the electron and projectile masses,ellite could also be observed. However, as the fitted intensity
respectively Einq the averageM-shell electron binding en- was extremely small and in most cases even smaller than the

Uelectron
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TABLE lll. Energy of theKg, diagram line in comparison with the MCDF calculations and standard
values[57]. In the right columns, the experimental and the compud€DF) energy shiftsk 8,M?*
—KB,MP are listed. All energies are given in eV.

o Energy ofK 8, transition EKB,M1)—E(KB,M?)
Projectile energy

Element (MeV) Expt. MCDF Ref.[57] Expt. MCDF
402" 26.7 17968.6) 17974.0 17969 24(2.6) 27.1
39.0 17968.%) 17974.0 17969 22(2.7) 27.1
64.3 17967.67) 17974.0 17969 24(Q.9 27.1
99.5 17968.6) 17974.0 17969 25(8.7) 27.1
1Mo 99.3 19961.17) 19964.5 19965 28(6.3 29.7
26Pd 385 24299H) 24296.4 24298 29(2.0) 30.9
63.9 24299.67) 24296.4 24298 29(@.3 30.9
99.2 24298.18) 24296.4 24298 28(4.4) 30.9
50PT 26.6 41764.®) 41764.0 41768 50(4.4) 50.5
38.9 41763.6) 41764.0 41768 48(%.2 50.5
64.2 41767 .66) 41764.0 41768 41(8.4) 50.5
98.8 41764.6) 41764.0 41768 46(0.5 50.5

corresponding error, th? satellites were not considered haps related to the poor separation betweerkifeM° and

for the determination of the ionization probabilitipg, . KB,M? lines in the case of Pr. Energy shifts induced by
additionalO-shell vacancies are about ten times smaller and
Energies were thus neglected.

As already mentioned in the Introduction, satellites are
shifted with respect to the parent diagram lines towards B. M-shell ionization accompanyingK-shell photoionization
higher energies, due to the change of the screening caused by
the presence of the spectator vacancy. The energy shift de-
pends on the electron configuration describing the initial In the photoinducedk 3, spectra of Zr, Mo, and in a
state of the ionized target atom. In the present study themaller extent Pd, the x-ray yields observed in the energy
initial state is characterized by omeshell hole, zero or one region of theM?! satellites cannot be explained by shake
M-shell hole and an unknown number of outer-shell vacanprocesses only. Theoretical calculations based on the sudden
cies. As the energy shift due to the presence of outer she#ipproximation (SA) model predict indeedVi-shell shake
holes is small compared to the natural linewidths of the diaprobabilities that are significantly small@bout three times
gram and satellite transitions, the outer-shell ionization doefor Mo) than the values extracted from our photoionization
not give rise to additional, resolvéd3, satellites, but broad- measurements. The reliability of the SA model has been con-
ens the observed lines and may produce a visible asymmetfirmed by a number of experiments and its predictions should
on their high energy flank. Using MCDF calculations, we thus reproduce our values within a precision of about 20% or
have computed the energy shift of tKg3, line due to the better. Furthermore, since for medium-mass elements
presence of additionaN-shell vacancies. The calculated M-shell electrons are core electrons, it is highly improbable
shifts range from 0.9 to 5.5 eV for Mo and from 5.3 to 11.0that the discrepancy between the SA predictions and our ex-
eV for Pr. As the shifts of thé& 8, centroids depend on the perimental results resides in the fact that the Zr, Mo, or Pd
intensity of the unresolvetl satellites, a variation with the atom is embedded in a solid. On the other hand, Kif,
projectile energy is expected. However, as bé,M® and  (4d-1s) quadrupole-allowed transition lies for all these ele-
K 8,M?* centroids are shifted almost equally, one additionaliments very close in energy to thes,M* satellite. MCDF
N hole has practically no influence on the energy separatiogalculations yield for the energy difference betweenkig,
between these two lines. This is confirmed by the Table Illand K 8;M? lines values of only 1.6 eV for Zr, 6.5 eV for
where the energy difference between #g, diagram line Mo, and 5.5 eV for Pd. Therefore the thrigs, transitions
and theM ! satellite is practically constant, except for Pr. The match, within the experimental resolution, the energies of the
quoted experimental energy shifts are in good agreemeer satellites. Free-atom transition probabilities of tg,
with the MCDF calculations for the elements Mo and Pd. Forline relative toK 3, are predicted to be only 3:610™* for
Zr and Pr, they are slightly smaller than the calculated onesZr, 1.1x 102 for Mo, and 3.2< 102 for Pd[51]. However,

On the other hand, the shift of thH€g, centroids as a it was shown recentl{17,26,53 that in several 4 transition
function of the projectile energy does not seem to be signifielements th& 8, transitions strength is up to 50 times big-
cant, at least for the elements Zr and Pd for which the variager than predicted by free-atom calculations and contributes
tion of the energy shift is smaller than the correspondingthus significantly to the surplus of intensity measured in the
uncertainties. For Pr there is some trend of the energy shift t& 8,M? satellite region. The strong enhancement of the tran-
decrease with the beam energy. However, no definitive corsition probability was interpreted as being due to the mixing
clusion could be drawn from this observation, which is per-of the 4d valence states witlp character orbitals. It was

Importance of the KB, transition
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concluded that as a consequence of this orbital overlap eorrected for the self-absorption of the observed x rays in the
relaxation of theE2 selection rules is possible. It has further targets. Th&K M double ionization due to the direct Coulomb

to be mentioned that a similar intensity enhancement waiiteraction between the charged particles and bound elec-
observed previously for the quadrupd{ggs (3d-1s) transi-  trons of the target atoms was then determined from the dif-

tion in the 3 transition element§s3,54. ference between the particle-induced and photoinduced x-ray
yields observed in the satellite regions. The so-obtained net
Low-energy tail asymmetry satellite yields were further corrected to account for the elec-

tron rearrangement processes, which modify the number of

A slight asymmetry on the low-energy side of thgs, M holes and take place before thex-ray emission. Assum-

transition was observed in some of the measured spectra. T

iain of thi Ty | f letelv | but th ing finally that theK and M electrons are ionized in an
ongin of this asymmetry IS not completely ciear, but the, ., aateqd way and that the investigated collisions can be
latter could partially arise from the radiative Auger effect

; . .. ) nsider nearl ntral in t hell le, we wer
(RAE), a process in which the transition energy is share(go sidered as nearly centra he-shell scale, we were

between the emitted x ray and a simultaneously ejecte ble to deduce thévi-shell ionization probabilities corre-
bound electrof55]. It has been shown recently that the the- ponding to the direct Coulomb excitation only. The projec-

. - ) g . tile reduced velocity interval covered by our study ranges
oretical predictions oK —MM RAE intensities of Scofield from about 1.8 to about 7.2.

[56] are in quite good agreement with experimental values A - :

. good agreement with MCDF calculations was found
|[22],_a’\tl :\Taé‘;fg falle}inents !nléhe ;gngeﬂlz's 5?' From4[i06/] concerning the energy shifts of thé! satellites with respect
( ( )):1(KB,) yield ratios varying from~4.1% to the parentK 8, diagram lines. Regarding the ionization

(Zr) down to~2.4% (Pr) are expected. The observéd, .probabilities, we have compared our experimental results

asymmetries were accounted for by using an additional VOiyith theoretical values obtained from the SCA model. This
gtian in the fit of theKB, line. Depending on the target

o " X t h d that SCA predicti nivigshell
element, relative intensities varying between 7.0(26 and study has proved that S Precictions Concermiesne

2% (P found for this additional t Itis th ionization probabilities of medium-mass elements are im-
‘?( n were found for this additional component. IS US 16ved in a drastic way when relativistic Hartree-Fock wave
quite probable that a part of the observed asymmetries is d

¢ diative A ¢ i f tHe— NN H nctions are used for the bound and continuum electrons
0 radiative Auger transiions o YPE. HOWEVET, - jnstead of relativistic hydrogenlike ones. If relativistic hydro-

as the observed_ transition lines are broade.ned due to the, ke wave functions are employed, the SCA results un-
presence of additional outer shell holes, no final conclusioy estimate the experimental values, discrepancies up to a
can be drawn concerning this problem. factor 5 being observed. If, on the contrary, more realistic
Dirac-Hartree-Fock wave functions are used, a satisfactory to
V. CONCLUSION good agreement is obtained. In a previous work, in which the
The K B, x-ray emission of metallic targets of zirconium, S2me collisions were |.nve_st|gated, a similar observation was
molybdenum, palladium, and praseodymium bombarded b§lone for thel-shell ionization[25]. The present study shoyvs
28-100-MeV *He** ions was measured with a high- hat the dependence Qf the_ SC_A predictions on the choice of
the proper wave functions is still more pronounced forlthe

resolution curved-crystal spectrometer operated in the mod hell
shell.

fied DuMond slit geometry. Th& 8,M?! x-ray satellites re-
sulting from the radiative decay of theM double-vacancy
states produced by the collisions could be observed and re-

solved. The contribution to the observed satellite yields of This work was partially supported by the Swiss National
M-shell electron shake following thesionization and of the  Science Foundation, the Paul Scherrer Instit@s)), Villi-
quadrupoleK B, transition, whose intensity is strongly en- gen (Switzerland, and the Polish Committee for Scientific
hanced in 4 transition elements, was determined from ResearcHKBN Grants No. 2 P302 119 07, 2 PO3B 007 11
complementary photoionization measurements. As foand 2 PO3B 055 09 The authors gratefully acknowledge Dr.
medium-mass elements thkg3,M? satellites lie close to the Schmelzbach, Dr. Stammbach, and the Philips cyclotron
K edges; the particle-induced and photoinduced spectra westaff for the very good beam conditions at PSI.
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