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Cross sections for the photoionizati@®l) of SE* ions with[ Ar]3d ground-state configuration have been
measured by employing the merged ion-photon beams method. Fhei®ts were produced from metallic
vapor in an electron cyclotron resonance ion source, and the photon beam was generated by an undulator in the
electron-synchrotron storage ring of the advanced light source of the Lawrence Berkeley National Laboratory.
The experimental photon energy range 23—68 eV encompasses the diraot 3 photoionization thresh-
olds. The experimental photoion spectrum is dominated by autoionizing resonances dpeexaitations
predominantly decaying via Coster-Kronig and super-Coster-Kronig transitions. Individual resonances located
aroundE~40.2 eV have been measured with an instrumental energy sprEaas low as 1.2 meV, corre-
sponding to a resolving power &/(AE) around 33500. The fractions of metastable ions in th&" Son
beam are obtained by comparing the photoionization cross section with the recently mg&shiggerst al,,

Phys. Rev. A65, 042723(2002] cross section for the time-reversed process of photorecombinatior?6f Sc
ions. Absolute strengths of severgh3d? and 3° 3d 4s Pl resonances have been determined. They are the
same as the corresponding resonance strengths for isoelectronior@a

DOI: 10.1103/PhysRevA.67.032702 PACS nuntber32.80.Fb, 32.80.Hd, 34.80.Lx
[. INTRODUCTION is to provide a benchmark for theoretical Pl cross sections of
complex ions.
Doubly charged scandium with ifsAr]3d ground-state Photoionization of St via 3p—3d excitations can be

configuration is the simplest atomic system with an opdn 3 represented as

shell[1]. It is even simpler than neutral scandium which, in

addition, to the 8 electron, has a closeds? shell outside  hv+Sc*(3s?3p®3d) — S¢*(3s? 3p° 3d?)
the argon core. Therefore, photoionizatit®l) of SE* is

fundamentally interesting, especially in view of the severe N (1)
discrepancies between experimen@land theoretica]3,4]
Pl cross sections for neutral scandium in the region jpf 3 SA*(3s23p®) + €.

—3d excitations. Likewise, Pl measurements with other,

more complex transition metal atoms and 98] revealed e vertical arrow represents the intermediate doubly excited
large deviations of the available theoretical results from thezps 342 states decaying predominantly by autoionization via
experimental ones. These discrepancies are due to the fagiper-Coster-Kronig transitions, and the diagonal arrow rep-
that an exact theoretical description of atomic systems withesents the directPI channel. It is also possible to study
open P and A shells is extremely demanding and still be- the time-reversed process of Hd), i.e., the photorecombi-
yond the capabilities of state-of-the-art atomic structure calnation(PR) of a SE* (3p®) ion with a free electron (€). In
culations. Nevertheless, because of the scarcity of experPR the resonant and direct channels are termed dielectronic
mental Pl data for atomic ions, theoretically derived crossecombination(DR) and radiative recombination, respec-
sections have to be relied upon, e.g., in the modeling ofively.
astrophysical or man-made plasmas. In response to this un- Theoretically, on a state-to-state level, Pl and PR cross
satisfying situation one of the objectives of the present studgections are linked via the principle of detailed balance. In a
preceding publicatiofi7] we have used the principle of de-
tailed balance to compare the present experimental $t
*Electronic mail address: Stefan.E.Schippers@strz.uni-giessen.d#0ss sections with measured®SdPR cross sectionfs]. It

TElectronic address: http://www.strz.uni-giessern.ded was shown that the study of both processes yields comple-
*Electronic  address:  http://www.physics.unr.edu/facility/pirf/ mentary information about the doubly excited intermediate
pirf.html states involved. It can generally be expected that PR leads to

1050-2947/2003/68)/03270213)/$20.00 67 032702-1 ©2003 The American Physical Society



SCHIPPERSet al. PHYSICAL REVIEW A 67, 032702 (2003

Silicon
Insertable Tuning  Photodiode

F C
Scanning Slits arad?l up /

Bi Einzel Lens ____ Adjustable
e b Beam Slits
Bending Interaction
. Plates Region \ } | EoR lon
L =i 3 Analyzing Source
Faraday \ Plate , ) ¢ Bending
S Q Plates

MCP @&/

Detector “2_¢ A

4 Beam Steering
i Profile Plates
Primary Beam Monitors
Faraday Cu :
Y \Einzel Lens Einzel Lens Einzel Lens
Photon Demerging Magnet

Beam Photon Insertable Tuning

Beam Faraday Cup
Chopper

FIG. 1. Schematic of the ion-photon bed®B) end station at beamline 10.0.1 of the advanced light SOALS).

the excitation of a larger number of resonances compared tgetup as well as the data acquisition and analysis procedures
Pl where usually dipole selection rules limit the number ofare described in Sec. Il. In Sec. Il we briefly describe atomic
accessible intermediate states. Moreover, the final state of PRructure calculations performed to identify the most promi-
can also be an excited stafthat eventually decays to the nent resonances in the measured Pl cross sections. The mea-
ground state of the recombined ion by the emission of one osured Pl cross sections are presented in Sec. IV along with
several additional photopswhile in a Pl experiment one detailed spectroscopic information such as level energies,
always starts from the ground stdtnd possibly from a few resonance widths, and strengths extracted from the experi-
long-lived metastable states that might be present in an iomental data. Some resonances are identified with the aid of
beam extracted from a hot plasma@he multitude of states the atomic structure calculations from Sec. lll. In Sec. V the
involved in PR makes the experimental resolution and idenpresent experimental Pl data for?Scare compared to the
tification of individual DR resonances difficult. Complemen- PR data for St" from Ref.[8]. In Ref.[7] we have already
tary information from Pl can help to identify individual PR shown that this comparison yields the fractional abundances
pathways in this situation. of metastable states in theZcion beam, which was used in
Correspondingly, a further motivation for the presentthe present experiment, and thereby provides the experimen-
study is to provide information about doubly excitecd?Sc  tal absolute S¢ PI cross-section scale. In Secs. VI and VII
states that is complementary to the results from a recent conive compare our experimental results with a theoretical cal-
bined experimental and theoretical study of PR of'Sby  culation of the S&" PI cross sectiofil1] and with measured
Schipperset al. [8]. That PR work was motivated by the Pl resonance strengths of isoelectronic metastable
theoretical predictioi9] of an asymmetridine shape of the Ca'(3p®3d) [12] and ground-state C43p°®4s) [13] ions.
3p®3d2(®F) °F DR resonance due to interference between
the resonant and the direct PR channel. In the usual theoret-
ical treatment of PR, e.g., for the production of PR rate co-
efficients for plasma physics applications, such interferences, We employed the merged photon-ion beams meftiGd-
quite commonly observed in Pl, are neglectewtiependent 18] for the measurement of photoionization cross sections. A
processes approximation, IPAThey are considered to be schematic of the apparatus is shown in Fig. 1. The experi-
relatively unimportant due to the existence of a multitude ofment was performed at the ion-photon bed®B) end sta-
competing, noninterfering recombination channgld]. In  tion [19] of the undulator beamline 10.0.1 of the advanced
the SE* PR experiment of Schippert al.[8] that was car-  light source(ALS, Lawrence Berkeley National Laboratory
ried out to test the validity of the IPA, only weak evidence The beamline is capable of delivering photons with energies
was found for an asymmetry of thep33d?(®F) °F DR  ranging from 17 to 340 eV with a flux of up to>510%
resonance, since the line-shape analysis was hampered by thieotons per second at 0.01% bandpass and a photon energy
limited experimental resolution and counting statistics. Aof 40 eV. After emerging from the undulator, the photon
St Pl experiment can be expected to yield more accuratbeam passed through a monochromator equipped with three
information because of the much smaller experimental eninterchangeable reflection gratings. The low-energy grating
ergy spreaddue to the use of a photon beam instead of an380 lines/mm covering photon energies up to 70 eV was
electron beam and because of a more favorable signal-to-used. As shown in Fig. 2 the photon-energy spread can be
noise ratio for ions with a low charge-to-mass rdg. adjusted in a nominal range from approximately 50 meV
This paper is organized as follows. The experimentaldown to about 1.5 meV by changing the slit widths of the

Il. EXPERIMENT
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FIG. 2. Influence of the experimental resolution on the measured photoionization cross section for a group of 3 resonances located around
36.67 eV. The given experimental energy spreads have been determined from fits of the Voigt line profiles to the measured resonance peaks.
Note that the cross-section scale increases when going from low to high resolution.

monochromator. The photon flux in the experiment was con- €20 dvion
stantly monitored with a calibrated photodiode. a(Ep,) = m[R(O")(Ehv)—R(Oﬁ)(Ehy)], 2

For the production of the $¢ ion beam, pieces of me- font 77
tallic scandiuT were vaporized in an electrif:all.y. heatetherevion:(ZEion/mion)l/z denotes the ion velocity,,, is
oven. The st lion beam was generated by ionizing the yhe electrical current given by the photodiodejs the pho-
scandium atomic vapor by electron bompardment inside gdiode’s sensitivity, andy is the SE* ion detection effi-
compact electron cyclotron resonar@CR) ion source Us-  cjency. The quantity) is the form factor describing the spa-
ing exclusively permanent magnets for the confinement ofjg) overlap of the two beams. In principle, at our
the ECR plasm@20]. The ion beam was extracted by putting experimental setup, a form-factor measurement can be
the ion source at a high voltagk,..= +6 kV with respectto  achieved with a movable slit in the center of the voltage-
the grounded ion-beam transport system. After having travlabeled interaction region and with two wire scanners at each
eled through a diploe bending magnet for selecting the deend of the interaction zond 9]. However, at the time of the
sired ratio of charge to mass, the ion beam was centered onfgesent experiment, the rather low electrical ion currents of
the counterpropagating photon beam by applying appropriatg/pically 3—4 nA prohibited the use of the wire scanners for
voltages to several electrostatic ion-beam steering devices reliable beam overlap measurement. Therefore, in this
(see Fig. L Alinear interaction region of well-defined length work the absolute $¢ PI cross-section scale was deter-
was created by putting a voltagk,= +2 kV on a cylindri-  mined by applying the principle of detailed balance, i.e., by
cal electrode of length =29.4 cm centered around the beamthe comparison of the present data with the measured abso-
axis. Inside this “voltage labeled” region the ion-beam en-lute SE* PR cross section from a storage-ring experiment
ergy wasEj,=eq(Uac Uin) =8 keV with e andq denot-  [8] (see Ref[7] and Sec. V beloyw
ing the elementary charge and the ions’ charge state, respec- Energy scan measurements were taken by stepping the
tively. photon energy through a preset range of values. The mutu-

Following the interaction zone, the ion beam was de-ally overlapping scans were limited to ranges of at most 3
flected out of the photon-beam direction by a second dipoleV. Each scan consisted of data at 300 equally spaced photon
magnet that also separated the ionized"Sproduct ions energies. At each energy, data were taken with the photon
from the S&* parent ions. The S¢ ions were counted with beam on and off as explained above. During the scan, the
nearly 100% efficiency with a single-particle detector, andmonochromator settings and undulator gap were continu-
the S&* ion current was monitored for normalization pur- ously adjusted such that the maximum photon flux was trans-
poses. The measured>3ccount rateR was only partly due mitted. Each scan was repeated as many times as needed to
to photoionization events. It also contained®Sdons pro-  reach the desired level of statistical uncertainty.
duced by stripping collisions with residual gas molecules and Care was taken to calibrate the energy scale. First a Dop-
surfaces as well as stray electrons and photons. This backler correction was applied that takes the ions’ motion into
ground was subtracted from the ionization signal by measuraccount. All nominal photon energies were multiplied by the
ing the SE* count ratesR°” and R(°" with the photon Doppler correction factokp=[(C+vin)/(C—vion) 1*? (here
beam switched on and off, respectively. The photon beant denotes the speed of lightamounting to kp
was chopped with a frequency of 2 Hz and the data acquisi=1.000 618 317 in the present case. Secondly, the Doppler-

tion was gated accordingly. corrected energy scale was calibrated by adjusting separately
For each selected photon enef§y, the photoionization measured threshold energies for the direct ionization 6f Ar
cross section was evaluated as and AP ions to the respective values taken from the NIST
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TABLE |. Statistical weightsg;, ionization potentiald; (from In the present calculations we include for simplicity only
Ref. [21]), and lifetimesT; (from Ref.[22]) of the S&* ground  3p®3d and 3°4s initial and 3p°3d?, 3p°3d4s, and
state and of the first two excited, metastable states. The fracions 3p®3d 4d final configurations of S¢". This set of configu-
of each state in the 8¢ ion beam have been determined by com- rations is by far too small for arriving at accurate transition
paring measured Pl and PR cross sectisee Ref[7]and Sec. V. gnergies and rates, but should be sufficient to identify the
strongest transitions. Following the prescription of Hansen
and Quinef24], we have scaled electrostatic integrals by a
24.756 84 % 20.7+3.0 factor of 0.85 and left spin-orbit integrals unchanged. Reso-
24.732 34 1.28 104 54.6+5.0 nance widths were calculated E?ﬁ(ErAr + EaAa), where
21.590 37 0.0514 2492 0 A anoI_Ea_Aa _denote the sums over all relevant radigative
and autoionization rates, respectively. For the calculation of
the latter, only transitions to the $q3p®) ground-state
atomic spectra databaf1] using a linear transformation. In configuration were considered. We find that, except for some
the energy range under study this calibration amounted tgoubly excitedD states, the widths of all resonances are
maximum energy changes of 60 meV. The error in the resultessentially determined by the autoionization rates.
ing calibrated energy scale is less thag meV. From our basis set we obtain 284 dipole allowed excita-

Because of the production of the ion beam from a hotlions ranging from about 24.5 to 57.5 eV. In Table Il we only
ECR plasma it can be expected that considerable fractions dist those 33 transitions with weighted oscillator strengths
the S&™ ions are in the B®3d ?Dg, and 3°4s2S;,, meta-  gf>0.05 and with resonance energiegs<43.2 eV. Calcu-
stable states with excitation energj@4] of 24.504 meV and lated transitions at higher energies are exclusively due to
3.166 473 eV above thep8 3d 2D, ground state, respec- excitations to $°3d 4d states. The Pl resonance strength
tively. Their calculated lifetime$22] of about 1. 10* s  has been calculated as the product of the absorption strength
and 51 ms, respectivelicf., Table ), are both long enough and the branching ratio for autoionization, i.e.,
for the survival of the metastable states during the ions’

State i li(eV) 7(8) 7; (%)

3p®3d 2Dy,
3p®3d 2Dy,
3p4s 23,

N O A

transport from the ion source to the interaction region with a

flight time of the order of 1Qus. The measured cross section . g ; Aa

can only be put on an absolute scale when the composition of a=4wzaa§72— _— 3
the ion beam is known. In Reff7] the fractional composition 9 > A+ A,

of the ion beam has already been determined by a compari- r a

son of the measured 3t PI cross section with the experi-

mental Sé* PR cross section of Schippees al. [8]. The  Wwith the fine-structure constant, the Bohr radiusa,, the

metastable fractions resulting from this comparison are liste®Rydberg constark, and the statistical weiglg; of the ini-

in Table I, and further details of the procedure are given intial state (4%« a3R~1.0976<10 ¢ eV cn?). The calcu-

Sec. V. lational results will be used in the following section for the
Systematic uncertainties of the absolute values for thédentification of some of the resonances observed.

SA@* photoionization cross section are estimated to be

+20%. This uncertainty is mainly due to the uncertainties IV. RESULTS

associated with the determination of the metastable fractions

in the S&* ion beam and to the experimental uncertainty of ~An overview of the measured St photoionization cross

the Sé* PR measuremen{$]. section extending over almost the entire experimental

photon-energy range is shown in Fig. 3; not shown is the

energy range 63—68 eV, where as in the range 58—-63 eV, no

resonance structures have been detected within the statistical
In order to be able to identify at least the most prominentuncertainty. The broadest and strongest two resonances at

resonances in the measured® SPI cross section, atomic 37.137 and 41.8065 eXsee Table I} are due to 36 3d?D

structure calculations were performed using the codes of-3p®3d? (°F) 2F and 3°4s2S—3p°3d(1P)4s?P exci-

Cowan[23]. The accurate calculation of resonance energiedations, respectively. The appearance of the latter indicates

widths, and strengths for atomic systems with opdrsBells  that the ion beam contains a non-negligible fraction of'Sc

is a challenging task. The highly correlated nature of théons in the 3°3d(}P)4s?2S,,, metastable state.

doubly excited P° 3d? states requires large basis set expan- Obviously the cross section for directl photoionization

sions as has been shown, e.g., by Hansen and Qi#dgt of the Sé*(3p®3d2Dg,) ground state is very small. No

who performed calculations ofg§ 3d— 3p® 3d? transitions  corresponding threshold at 24.756 84 ¢Vable ) is ob-

in metastable Caions. Although they considered the inter- served in Fig. 3. Likewise, the threshold for the direct 3

action between 10 initial and 16 final configurations, theirphotoionization of the’Dg,, metastable states, that could be

calculated resonance positions are still 0.6 eV different fromexpected at 24.732 34 eV is not observed. The threshold of

the experimental observatiof$2,25. When smaller basis the 3p®4s2S,,, metastable state at 21.59037 eV is in the

sets are used, discrepancies between calculated and measueeérgy region where the efficiency of the monochromator’s

S [8] and TP [26] 3p®3d? resonance positions can be reflection grating drops sharply and its measurement there-

as large as-3 eV. fore has not been attempted. Although no direct ionization

[ll. ATOMIC STRUCTURE CALCULATIONS
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TABLE Il. Theoretical and experimental resonance ener@igs, widths I', resonance strengths, peak area®\, and asymmetry
parameter®). Only calculated transitions with weighted oscillator strengths 0.05 and withE,.;<43.2 eV are listed. The experimentally
observed resonances labeled with Roman numerals cannot be identified on the basis of our calculations. However, in case of resonance XV
the initial state could unambiguously be identified asiBg, metastable state. The given errors of the experimental resonance strengths are
the quadrature sums of the uncertainties of the measured peak areas and of the errors in the fractional abundances as listed in Table I.
Additionally, the experimental resonance strengths possess an overall systematic eridi%f The systematic error of the experimental
energy scale is less than3 meV.

Theory Experiment
Eres gf r o Eres r A o Q
(eV) (meV) (10 Bevcent) Transitiof (eV) (meV) (1078 eV cn?)
30.29 0.084 110 2.31 ’Dg4p—3d%(*G) 2F5,  30.032) 14232 0.93) 4.416) 10(17)
30.40 0.114 113 2.08 ’Dgp—3d%3(*G) 2F,,  30.172) 14232 0.72) 1.34) 1017
31.43 0.149 107 2.73 2Dg;,—3d%(1D) 2F4,  31.2744) 111(9) 0.725) 1.31) 6.814
31.82 0.114 121 3.13 ’Dgy,—3d%(*D) °F5, 31.6634) 116(8) 0.875) 4.27) 6.814
33.22 0.234 33.1 6.41 2D4;—3d(°P)4s?Py, 33.22446) 45(2) 1.223) 5.99)
33.35 0.379 28.4 6.93 °D;,—3d(3P)4s%Py, 33.37164) 48(2) 2.524) 4.64)
34.36  1.180 36.9 21.6 °Dg,—3d(°F)4s?F,, 34.50183) 44(1) 5717) 10.58)
3456 0.060 37.9 1.09 2Dg;,—3d(3F)4s %F),
3459 0.981 37.9 26.9 2D4;—3d(°F)4s?Fg, 34.73293) 53(1) 5.397) 26(4)
I 35.91754) 1514  0.121)
I 35.96472) 1.98) 0.362)
1] 35.992309) 9.330 0.142)
v 36.02312) 1.67) 0.472)
v 36.09734) 8.713)  0.322)
\Y/ 36.11912) 1.6100 0.362)
VI 36.13892) 2.56) 0.692)
Vil 36.3714(2) 15.36) 3.1(1)
IX 36.39453) 13.9100 1.6(9)
X 36.444Q2) 26.58) 5.001)
Xl 36.54046) <0.1(-) 0.09698)
Xl 36.656409) 6.33) 4.92)
Xl 36.67993) 4.45) 2.12)
XIV 36.68292) <0.1(-) 1.7
36.13 0.126 0.189 2.28 ’Dg;,—3d(!D)4s%Dg,
36.14 0.293 0.125 7.85 2Dgy,—3d(iD)4s %Dy,
36.16 0.073 0.189 2.00 2Dgy,—3d(*D)4s %Dy,
36.26  0.402 0.325 7.28 °Dg,—3d(*F)4s%F),
36.28 0.087 0.325 2.36 ’Dgp—3d(*F)4s?Fg),
36.33 0.520 0.082 9.22 °Dg/p—3d(*F)4s?F4),
36.55 0.815 0.440 14.70 2Dg,—3d(°D)4s %Dy,
36.57 0.088 0.019 1.09 °Dg;,—3d(®D)4s %Dy,
36.58 0.166 0.440 4.50 2D4,—3d(®D)4s 2Dy,
36.60 0.540 0.019 10.00 2Dy4;,—3d(°D)4s %Dy,
37.90 0.343 1060.00 6.27 2D;,—3d%(°F) 2Fy),
37.93 5.62 1060.00 154.00 2D4;—3d?(°F) 2Fg,  37.1373) 847(5) 47.63) 633) 5.029)
38.06 7.99 1070.00 146.00 2Dg)p—3d2(°F) 2F ¢,
XV 39.26242) 6.002) 4595 18.610)
40.26 2.73 2.64 74.8 2D4,—3d%(°P) 2Py,  39.63352) 4.601) 10.095) 49(2)
40.30 4.93 2.67 90.3 ’Dg;,—3d%(°P) 2Py,  39.694(2) 3.81) 16.9717) 31(2)
40.32 0.476 2.67 13.1 ’Dg;,—3d%(°P) 2Py,  39.71882) 2.34) 1575  7.611)
XVI 39.7681(2) 7.203) 2.932)
XVII 40.1917(2) <0.1(-) 291
4097 7.69 0.219 100 ’Dg;,—3d%(°F) 2Dy, 40.19432) 0.91) 19.28) 35(3)
40.99 0.463 0.067 0.0003  2Dg;,—3d?(°F) 2Dy
40.99 0.495 0.219 9.66 °Dg,—3d%(°F) 2Dy, 40.21902) 0.812) 1.556)  7.511)
41.02 4.96 0.067 0.004 2Dy4;—3d?(°F) 2Dy
XV 40.2542(2) <0.1(-) 0.954)
43.01 0.200 497 47.8 23,,—3d(*D)4d %P,
43.01 0.870 26.0 11.0 23— 3d(3F)4d 2Py,
43.18 3.22 225 177 2S,,—3d(*P)4s %Py,
4319 6.01 204 330 2S,,—3d(*P)4s?P,, 41.806%3)  1481) 56.62) 22912

9 Ne]3s? 3p® 3d or [Ne]3s? 3p® 4s are omitted in the initial anfiNe]3s? 3p® is omitted in the final-state designation.
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FIG. 3. Overview over the $¢ photoionization cross section measured with a nominal experimental energy sprt&d-d0 meV.

The energy range 63—68 eV is not shown, since it does not contain any visible resonances. The broad resonances at 37.137 and 41.8065 e\

(see Table N are attributed to % 3d 2D—3p°® 3d?(°F) 2F and 3° 4s2S—3p°® 3d(*P)4s 2P excitations, respectively. The inset shows the
full magnitudes of the strong resonances in the energy range 35.5—-43.5 eV.

threshold is discernible in our data, the direct Pl channel A 2
manifests itself by interference with resonant channels lead- F(E)=———
. o . 21 7r
ing to asymmetric line shapes of the associated resonances. QT
This is exemplified in Fig. 4 that zooms in on the energy
region 29.5-33.0 eV. All four observed resonances can b¥ith e=2(E—E.J/T', the resonance enerd.s, the reso-
fitted by an asymmetric Fano profil@7,2§ nance YVIdthF, and the asymmetry paramei@r The term
—1 inside the square brackets ensures BdE)—0 for E
— o, Low values of|Q| correspond to a high degree of

(Q+e?
1+¢2

4

TR T - asymmetry. In the limitQ—o, the Fano profile as defined
10F A & by Eq.(4) approaches the symmetric Lorentzian line profile
—_ o0 a8 a
Ssf 5 BN A2 1
2 ND ND ND ND = =
5 | LE)=F T ®)
T of }
§ %
B with the peak ared\. For the fit shown in Fig. 4 the indi-
© 4k . . X .
8 vidual Fano profiles have been convoluted with a normalized
§ + % + ) Gaussian to represent the experimental energy resolution
S 2F (see Ref[8] for computational detai}s For Q— o this con-
volution yields a Voigt line profile. The convolution intro-
0 duces the experimental energy spreéds, i.e., the Gaussian
300 308 S a10 S aie o aas full Wldth at_half maximum, as a further fit parameter. From
the fits we find that the fitted energy spread is always some-
Photon energy (eV)

what lower than the nominal energy spread as derived from
FIG. 4. Expanded view of the lowest-energy group of measuredN® monochromator settings. .
resonances associated withp®3d 2D —3p53d2 2F excitations. The fittedQ values for the first and second pairs of reso-
The resonances exhibit asymmetric line shapes which can be fittsd@nces shown in Fig. 4 are A7 and 6.8-1.4, respec-
by the Fano profiles convoluted with a Gaussian. The results of théVvely. Especially in the second pair the asymmetry is clearly
fit (full line) are contained in Table II. In the fit, the experimental Visible. In the fit we have somewhat arbitrarily assumed the
energy spread was kept fixed BE=19 meV. sameQ value for each of the two pairs of resonances. Also
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FIG. 5. Fits to the measured resonances due pé 38l 2D
—3p°3d(°P)4s?P  excitations (a8 and  3%3d?D
—3p°3d(°F)4s?F excitations(b) using the Voigt line profiles.
The experimental energy spreads obtained from the fitsAdte
=22+3 meV (a) and AE=22+2 meV (b). Further results of the
fits (full lines) are contained in Table II.

FIG. 6. The Voigt line profile fits(full lines) to measured PI
resonance&pen symbolsin the photon energy range 35.88—36.18
eV. The fitted experimental energy spreadAiE=9.7+0.5 meV.
Further fit results are summarized in Table Il, where the resonances
can be identified with the aid of the Roman numerals shown.

fitted was a constant backaround level of 5@5 widths of the?D states is easily understood in terms of pure
X 10 1% cn? representing the cgntribution of the nonreso-l‘S coupling by the fact that parity and angular momentum
. P 9 . onservation rules forbid the autoionizing decay of pure
nant dlreﬁt I?I czannel averageg t(w)ver the (;nerlgy mter\r/]al ?ép5 3d nl2D states of odd parity to theg 1S,,, final state
Fig. 4. The fitted resonance widths are rather large. The fi . '

. ) . ) he decay of théD states becomes possible only because of
yieldsI'~0.14 eV for the first two resonancéia the fitthe admix};ure of, e.g2P or %F statespby relativisi/ic effects.
same quth was used for both resonan F~0'1.1 ev The degree of mixing in the calculation does not seem to be
for the third and fourth resonances. These large widths SUQ- ricient to explain the observed resonance widths
gest that the main decay channel of the resonances is a faat P . 5 5 ma2/3 2
autoionizing super-Coster-Kronigp33d?—3p® transition Figure 8 shows the giant(83d °D—3p°> 3d*(°F) °F
According tgo ouF; atomic structurg calculatio?Tsable I the. resonance at 37.137 eV. Clearly, its line shape is asymmetric
strongest transitions in the energy interval of Fig. 4 are to?_ﬁem:ﬁtrézreansc%mtehtrthea?g?ncé%ﬂ]gtgg]gggog (:sr;sgﬁleel!.
states of*F symmetry belonging to thef 3d* configura- than those o¥ the ot);]epr broacp%Sdé ’F résonances dis-
tion. While the calculated resonance energies of 30.29 laved in Fia. 4. The calculated position and width of the
30.40, 31.43, and 31.82 eV are too high by about 0.2 eV, thR/3Y 9. = P
relative peak positions almost correspond to the experimental
findings. The calculated and fitted widths agree with each

I Vil I (a) 12

] ()
other to within 50%. A similar agreement between theory XV
and experiment is found for the next two groups of reso—«.’g1 5 ° X 10k o ]
nances at higher energies due to p®3d?D S ;

-16

—3p°3d?(®P) 2P excitations[Fig. 5a)] and to 3°3d?D
—3p°3d’(°F) 2F excitations[Fig. 5b)]. Using the tabulated
(Table I, see Ref[7] and below relative abundances of
metastable states in the®cion beam, the fitted peak areas
can be converted into absolute resonance strengths. Thes
are of the same order of magnitude as the theoretical values
The resonances in the energy range 35.9-36.9 eV cannc
be identified on the basis of our atomic structure calcula-

1.0

Cross section (10
o

tions. The Roman numerals labeling the peaks shown in ' - . e s K
Figs. 6 and {measured with higher resolution than the spec- 36.35 36.40 2%45; en r36.?4V) 36.66  36.68
trum displayed in Fig. Balso appear in Table Il where we oton energy (e

summarize the results of the Voigt line profile fits to the kG, 7. The Voigt line profile fitsfull lines) to high-resolution
measured resonances. The strongest calculated excitationspjgasurementéopen symbolsin the photon energy ranges 36.3—
thiz enzergy range arez of thez typep3-4s leading from 36,5 ev(a) and 36.635-36.695 eb). From the fit(a) the experi-
3p°3d°D to 3p°3d4s”D and *F doubly excited states of mental energy spreallE=1.87-+0.08 meV is obtained. The same
relatively small calculated widths. Except for the resonancesalue has been used and kept fixed inliit Further fit results are

XI and X1V, the measured widths are one to two orders ofsummarized in Table I, where the resonances are labeled by Roman
magnitude larger than calculated. The reason for the smatlumerals.
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FIG. 8. The convoluted Fano profile and the Voigt(fiill line) FIG. 9. Measuredopen symbolsand fitted(full line) photoion-

to the broad ®°3d?(°F) 2F and 3°3d (*P)4s?P resonances at ization cross section in the region of the p®%3d?2D
37.137 and 41.8065 eV, respectively. Due the large natural widths-3p°® 3d?(3P) 2P resonances. The fitted experimental energy
of these resonances of 0.847 and 0.148 meV, respectively, the@pread isAE=11.6+0.1 meV. Further results of the fits are con-
fine-structure splitting cannot be resolved. Thp®3d?(3F) 2F tained in Table Il. The experimental energy difference of 24.8
resonance exhibits a pronounced asymmetry. Its asymmetry parant=0.3 meV between théDs;,— 2P, and the 2D g,— 2Py, reso-
eter as obtained from the fit is 5.02.08 (see also Table )l The nances corresponds to the fine-structure splitting of the
energy range of the fit was 35.5—43.5 eV. Narrow resonances in thiS¢* (3p® 3d 2D) state.

range were individually excluded from the fit. The fitted experimen-

tal energy spread IAE=44+4 meV. on the basis of the fine-structure splitting of the ground state

giant resonance are 37.93 eV and 1.06 eV, respectively. THES mgntlon_ed above. Measured and theoreﬁmresonance
measured resonance energy is 0.86 eV lower than the calcposttions differ by~0.77 eV. The cal_culated widths are fac'
lated one. The calculated width is 25% larger than the fittedors_Of E_lbOUt 4 lower than that obtained f“’”_“ the V0|g_t line
width of 0.847-0.005 eV. It is interesting to note that the proﬁle_. fits tp the _measured resonances. This latter discrep-
same value(within the experimental erroys i.e., 0.89 ancy is again attributed to deficiencies in the accurate calcu-
+0.07 for the resonance width was extracted from PR mea-

surements with S¢ ions[8]. Because of the large width, the
fine structure of the resonance cannot be resolved.

The fine-structure splitting between thep®3d 2D,
ground state and thep8 3d 2Ds/, metastable state can be
inferred from their excitations to thep8 3d?(3P) 2P, (Fig.

9) and 3° 3d?(°F) 2D, states(Fig. 10. The experimental
energy difference between thg,— 2P, and the D),

— 2Py, resonances amounts to 24.8.3 meV. Exactly the
same difference is found between tH®g,—2Ds, and
2Dg,—2Ds), resonances. It should be noted that the devia-
tion of our value for the S¢ (3p®3d?D) fine-structure
splitting from the value 24.504 meV given in the NIST
atomic spectra database is within our experimental uncer L e
tainty. 40.18 40.20 40.22 40.24 40.26

The measuredD—2P resonance position€ig. 9) are Photon energy (eV)
are relatively close to the experimental ones that range fror"nOnlzatlcm cross section in the region of thep®®d*D

X 3p®3d?(°F) °D resonances measured with high resolution.
2.3 to 4.6 meV. The theoretical resonance strengths are fag—r> P CF) g

. om the fits of the Voigt profiles to the measured resonaides
tors of 2-3 larger than the experimental ones. The resonance, gg+ g .04 meV is obtained andE= 1.20+0.09 meV respec-

labeled XVI'in Fig. 9 cannot be assigned to any of the cal+jyely. The Iatter value corresponds to a resolving poBEKE of

culated transitions. Figure 10 contains two unidentified resozz 500, The inset reveals that the peak at 40.195 eV is composed of
nances labeled XVII and XVIII. As shown in the inset of Fig. at least two resonances. Further results of the fits are contained in

10, the resonance XVII could only be resolved when theraple I1. Here, as in Fig. 9 the experimental energy difference of
highest experimental resolution was used corresponding t0 4.8+ 0.3 meV between théDs,— 2D, and the 2Dg;—2Dspy

resolving power ofe/AE~ 33 500! resonances corresponds to the fine-structure splitting of the
The ?D—2D resonances in Fig. 10 have been identifiedSE&*(3p®3d ?D) state.

Cross section (10"°cm?)
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lation of relativistic effects that are most important for the 61 ) S

2D doubly excited states. The calculated Auger decay rate 0 49 3p Ste . p3dnt d
the 3p°3d2(3F) 2Dy, is five orders of magnitude lower than
that of the 3°3d?(°F) ?Dg, state. Correspondingly, the

>

branching ratio for the Auger decay of tR® 4, state is very S 30 EE"' EE'“
small (3.2<10°9), and the calculated associated resonanceZ ' :
strengths[Eq. (3)] are negligible. Therefore, no measured > f—:—ix— 3p°'s-----

peaks are assigned tq33d 2D — 3p° 3d?(3F) 2Dy, exci- E: 20 DOE, 3p°nl "l

tations. According to our calculation, the fine-structure split- @ ; 3! '

ting of the doubly excited g°3d2(3F) 2D states is almost ® 2 5!

the same as the fine-structure splitting of the® 3d 2D ini- > 10 E iE

tial states. This is another reason why resonance XVIIl can-~ .5 E 3p%p °P

not be identified with the @8° 3d ?D5,— 3p° 3d2(°F) 2Dy, b 3p°4s ’S i
transition. Its distance of 34.9 meV from the neighboring P v“. %% . 3p°3d 2D ¥ i

3p®3d2D,,—3p°®3d2(°F) 2D, resonance is larger than sc* sc?
the 2D fine-structure splitting of 24:80.3 meV. ) .

The last resonance that could be identified on the basis of FIG. 11. Energy-level diagrardevel energies taken from Ref.
our atomic structure calculations is the strongﬁgs 281/2 [21]) for the dielectronic(resonant recombination of St ions.
—>3p5 3d(1P)432P resonance formed at 41.087 eV. Its cal- The initial state is composed of the ion in thg®3'S ground state
CL_JIated width is nearly 50% larger thgn its experiment_alﬁﬂzsizze ﬁlgctr:nEwm; eggi%gsagg\ﬁ,;h(ejgtitlyszgxggéagfge
width of 0.148 eV and its calculated position of 43.19 eV is | oTem o mres . . AN
1.38 eV higher than the experimental value. This fits themay be formed by dielectronic captuiaverse autoionizationwith

' P ' nzero probability(horizontal full arrow. The recombination

. . . n
trend of an increasing discrepancy between measured a%(gent is completed by a subsequent radiative transition to a bound

calculated resonance pOSZItIOHS with increasing resonance €ate below the $¢ ionization threshold. Generally, radiative tran-

ergy. For the .loweSlZDH F resonances around 31 eV the gjtions are possible not only to the 3¢3p® 3d 2D) ground state

discrepancy is~0.25 eV, for the *D—2P resonances (yertical thick full arrow but also to an infinite number of

around 39.7 eV it is~0.61 eV, and for the’D—?D reso-  s@*(3p°nl’) excited states of appropriate symmetvgrtical thin

nances around 40.2 eV it amounts to 0.77 eV. The discreull arrows). On the scale of the figure fine-structure level splittings

ancy is probably due to the neglection of interaction withare not resolved.

higher excited configurations in our calculations. This ne-

glection introduces larger errors for the more highly excitedstatistical weightsy; are listed in Table 1. As shown in Fig.

states. 11 the energy of the photon is given as the sum of the ion-
The identification of individual resonances out of the mul-ization potential; of the S&* ion in state and the energy of

titude of PI resonances observed above 43(El. J) is the free electron,

prohibitive. According to our atomic structure calculations,

transitions to P°3d 4d states cover the energy range 43— hv=1;+E.n. (7)

57.5 eV. In principle, p—ns and I—nd excitations with

n=5 can also lead to resonances up to the highest thresholthe ionization potentials relevant to the present study are

for direct 3p ionization at 67.53 e\f21]. In the PR cross also listed in Table I.

section of S&*, Rydberg series of ®3d(*P)nl and When comparing Pl and PR cross sections on the basis of
3p®4s(*P) nl DR resonances have been obse&dinthe  Eq. (6), one generally has to be aware of the fact that the
present Pl study no such Rydberg series are evident. number of PR channels starting from stéie usually much
larger than the number of Pl channels ending in stdt.
V. COMPARISON WITH PR MEASUREMENTS Fig. 11). Total recombination cross sections, that are usually

measured in merged-beams electron-ion recombination ex-
The principle of detailed balance relates the cross sectioperimentq30,31], can therefore not be directly compared to
oP)(hv) for Pl to the cross section”™(E,) for PR on a  photoionization cross sections, unless the relative strengths
state-to-state level. Accordingly, for nonrelativistic photonfor the various radiative decay channels are known.

energieshv<mec?, However, the situation is quite favorable here especially
h)? for the 3p° 3d? configuration, since it can safely be assumed,

PR E ) = (hn)® gi P (h) ©) that the radiative transition to thep83d 2D ground state

- 2mgC? E¢py 9t i—f ’ (vertical thick full arrow in Fig. 11 by far dominates all

other transitions to excited@® nl states(vertical thin full
wherei denotes the initial state—3C¢ ion + photon of en-  arrows in Fig. 11 The relative strength for thed3-3p
ergy hv—andf denotes the final state—&cion + electron  transition is practically unity. This is even also in the case of
with energy E., in the electron-ion center-of-mags.m)  the decay of °3d 4s states, where, in principle,s4-3p
frame [29]. The quantitiesg; and g; are the statistical transitions can also be expected to form strong recombina-
weights of the ionic initial and final states, respectively. Heretion channels. From our atomic structure calculations we
the statistical weight of the [ 'S, state isg;=1 and the find, however, that, e.g., for the strongp33d(}P)4s?P
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resonance, thesA— 3p radiative rates are two to three orders
of magnitude smaller than thel3- 3p radiative rates. In this
respect, St is thus a very special ion with a true one-to-one
correspondence between Pl and PR via low-lying doubly ex-
cited states.

Having established that the relative strengths of the radia-
tive decay paths of the resonances listed in Table Il are unity
we can construct partial recombination cross sect'mﬁigi)‘
for the three separate recombination channels that populat
each of the three initial PI statésBy inserting the experi-
mental Pl cross-section dataith the Pl resonance energies
shifted byl;, see Table | and E{7)] into Eq.(6), each entry
in Table Il yields a PR resonance. Partial PR cross section:
are obtained by carrying out appropriate summations over al
doubly excited statesl that can be reached from a given
initial statei. Of course we can include only those reso-
nances that have been identified with the aid of the atomic &

19cm
(=}

0ss section (10

3p°3d*CP)’P

structure calculations. Thus we represent the cross sectioE N";
for PR by =
le.
g
_ 1 g (Egyt1))? K]

PR), _ i cm 'l
N Eem)=— = = X L y(Een). (8 8

7i 9t 2mC?Egy d 1

The resonance line profile;_ 4(E. is either a Lorentzian

[Eqg. (5)] or Fano profile[Eq. (4)], as appropriate, ana;

denotes the fractional abundance of state the S&* ion

beam of the PI experiment. 0
6As szhown in Fig. 12 the t1_)‘ract;onal abundegncezs of the

3p°3d “Dgj, ground and the 8°3d “Dsjy, and 3°4s<S;)

metastable states, in the following denoted 9y,, 75, Electron energy (eV)

and 7y, respectively, can be obtained from fitting the sum of 16 12 Fit of the weighted sum of partial PR cross sections
the three partial DR cross sections to the measured PR Croggrived from the present Pl measurements to the experimental PR
section of Schipperst al. [8]. From the fit, where the con- ¢ross section of Ref8]. In order to match the experimental Pl and
dition 73+ 75+ 71,=1 was imposed, we obtaims, PR energy scales, the PR energy scalg was shifted within its
=0.237£0.011, #5,=0.503£0.007, and 7;,=0.260 experimental uncertainty by 0.13 eV towards higher energies. The
+0.009. In order to be able to include the broadresonance line shapes were convoluted with a Gaussian represent-
3p°3d?(°F) 2F resonance with its unresolved fine structureing the resolution of the $¢ PR experiment. In the fit only those
in the fit, it has been assumed on the basis of our atomi®l resonances were used that could be identified on the basis of our
structure calculations that the cross section for its excitatiomtomic structure calculation&f. Table I)). The partial cross sec-
is the same for bott?D initial states. In order to check tionso"® [cf. Eq.(8)] adding up to the total fit resuffull line in
whether this assumption influences the fit results, we als@)] are shown separately i@).
performed a fit without including the® 3d?(°F) 2F reso-
nance. The fitted fractions; changed only marginally. It that thex? of the fit to the measured PR spectrum is mini-
should be noted that, in addition to the fractional abun-mized. The best fit is shown in Fig. 13. Compared to the fit
dances, the absolute PI cross-section scale was also obtairgftown in Fig. 12 it yields slightly different fractiongs,
from the fit by introducing an overall factor as an additional =0.177-0.011, 7s,=0.590-0.007, and #%,,,=0.233
fit parameter. +0.009, and a somewhat lower overall scaling factor of
Another parameter that was varied during the fit was ar0.35+0.01. According to the fit, all unidentified resonances
energy offset allowing for matching the PR and the PI energystart either from theD 5, state—resonances 1-IX, XI, XVII,
scales. Matching of the scales can be achieved by shifting thend XVIll—or from the 2D, state—resonances X, Xll—
PR energy scale by only 0.13 eV towards higher energiesXIV, and XVI—apart from resonance XV at 39.262 eV that
This value is within the experimental uncertainty of the PRstarts from the?S,,, initial state. This latter designation is
energy scal¢s]. unambiguous, since the inclusion of this resonance in either
Apart from yielding the composition of the ion beam, the 2D partial cross section would lead to a distinct peak at
PI-PR comparison, in principle, is also capable of assigning~14.7 eV in the PR spectrum that was not measured. The
an initial state to each unidentified resonance labeled witlinitial-state designations of the other unidentified resonances
Roman numerals in Table Il. This is achieved by includingare less certain. The question whether a given resonance be-
the unidentified resonances in the partial cross sections sudbngs to the?D 4, or to the Dy, initial state cannot always
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FIG. 13. Fit similar to that in Fig. 1Zcircle pointg, but with the FIG. 14. Comparison of the measured?Scphotoionization
unidentified peakglabeled with Roman numerals in Tablé h- cross sectiorib) with the MBPT cross-section calculation by Altun
cluded(see text and Manson(a) [11].

unambiguously be answered from the fit. The uncertaintie§ant processes, the interference between adjacent resonances
of the #; values given in Table | partly reflect the change of of the same symmetry could also be partly responsible for

n; when the unidentified resonances are distributed in differthe observed asymmetry. The experimental resolution of the
ent ways among the three partial PR cross sections. It shoufgR €xperiment was too low to be able to provide a test of
be noted that, apart from the fractional abundances, the aiS nypothesis. In the present high-resolution P cross sec-
solute PI cross-section scale was also obtained from the sanj@"s: We do not obse_rve any of the predic{@] signs of

fit as another fit parameter. resonance-resonance interference.

The overall agreement between the measured and the fit-
ted PR spectruniFig. 13 is excellent, apart from some un-
reproduced PR resonance strength around 10 eV. It may be
speculated that this unaccounted PR resonance strength The photoionization of $¢ ions has recently been
stems from transitions between higher excited states thdteated theoretically by Altun and Mansptil] who used the
were not included in the partial spectra. The good agreememnany-body perturbation theo®BPT). The theoretical re-
strongly supports the underlying assumption that all relativesult is compared with our measured?SdPI cross section in
strengths for the radiative transitions from the doubly excitedrig. 14. The theoretical curve exhibits significantly less reso-
resonance states to the respective Pl ground states are unityance structure than the experimental curve. This is due to

The same value of~0.85 eV for the width of the the fact that the calculations have been performed under
3p°®3d?(°F) 2F resonance has been obtained from both thd-S-coupling conditions. Consequently, fine-structure split-
Pl and the PR experiments. Within the experimental uncertings are not resolved and resonances generated by relativis-
tainties, the PR asymmetry paramet@r6.3=1.8 agrees tic effects such as theg 3d? D resonances as discussed in
with the Pl valueQ=5.02+0.08 (Table Il). On the basis of Sec. IV are not calculated. Moreover, resonances that are
R-matrix calculations, Schipperst al. [8] have speculated excited from the B° 4s2S;;, metastable state, such as those
that besides the interference between nonresonant and resd-39.2624 and 41.8065 eV in the experimental cross section

VI. COMPARISON WITH OTHER THEORY
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(Table 1), have not been considered by the theory. resolving power of a Pl experiment at a synchrotron light

It is obvious that the theoretical result deviates signifi-source with the state selectivity of a heavy-ion storage-ring
cantly from the experimental findings. In the theoreticalPR experiment.
spectrum, the B°3d? resonances are more spread out than
in the experimental spectrum. The lowest member of this
group is the $°3d%(*G) ?F resonance. Its calculated posi- VIIl. CONCLUSIONS AND OUTLOOK
tion at 29.54 eV is~0.5 eV lower than the experimental
value of 30.03 eV for the larger fine-structure component. The present experimental investigation of the Pl ot'Sc
The highest member of the p83d? group is the ionsis among the first studies on multiply charged transition
3p°3d?(°F) 2D resonance that theoretically does not existmetal ions using the merged-beams method. Due to the high
within the L S-coupling approximation. For the one but high- photon flux available at the ALS PI cross sections could be
est 3°3d?(°P) 2P resonance the theoretical position at measured with low statistical uncertainty even at relatively
41.57 eV is~1.8 eV higher than the experimental position low-ion densities. Detailed spectroscopic information gn 3
of 39.69 eV. The theoretical position of the giant —3d resonances could be obtained. This opens up promis-
3p°3d?(®F) °F resonance at 40.50 eV appears to be shiftedng prospects for further studies with more highly charged
by even 3.86 eV towards higher energies. ions.

Not only the resonance positions but also the theoretical 52+ s the prototype of an atomic system with an open
resonance strengths differ considerably from thzelexpzerlmergd shell. Its relatively simple ground-state configuration con-
tal ones{32]. The calculated strength of the33d“(*G) °F  gigiq of 4 closed argon core with just one additiordie3ec-
resonance 1S almost an order of magnitude larger than th‘L'T'on. Despite that seeming simplicity, the theoretical descrip-
ex";e“?eg”ta'z value. 5Th% 3calgulated strengths (.)f thetion of the Pl of S&" appears to be very challenging. Recent
3p>3d“(°P) P and 3°3d“(°F) “F resonances are higher . .
than the experimental values by about factors of 2 and 1.5 tate-of-the-art theoretical calculations are largely at odds

-\énth the present experimental findings. Individual resonance

found for a strong B°3d?(*D) 2P resonance which is pre- positions are off by more than 3 eV, and theoretical reso-
dicted by theory at 29.75 eV, nance strengths differ by up to an order of magnitude. This

These discrepancies are symptomatic of the general diffi@y be due, in part, to relativistic effects that play an impor-
culty to describe atomic systems with opep 8nd 3 shells tant role in the atomic structure of ¢ but were not in-
correctly. It should be noted, however, that rather satisfactorgluded in the theoretical treatment. For the accurate descrip-
agreement between experiment and theory is obtained for tH&n of Pl resonances in strongly correlated many-electron
width of the broad $°3d?(°F) 2F resonance, i.e., 0.91 eV Systems, the atomic structure theory will need further devel-
(theoretical vs 0.85 eV(experimental Also the theoretical opment.
asymmetry parameter of 6.2 for this resonance is reasonably One complication with multiply charged ion beams ex-
close to the experimental asymmetry parameter of 5.0.  tracted from a hot plasma is the existence of an usually un-

known fraction of metastable ions in the beam. Here the
VIl. COMPARISON WITH ISOELECTRONIC CALCIUM metastable fractions were determined by a Comparison be-
tween experimental Pl and PR cross sections that employs

Kjeldsenet al.[12] have recently measured absolute crosshe principle of detailed balance. Moreover, the comparison
sections for PI of metastable Cg8p°®3d) ions. Although  ¢larified some previously unresolved questions in th&*Sc

the experimental energy spread in those measurements WBR work of Schipperet al. [8] related to the occurrence of
too large to resolve individual resonances on the finej ierference effects in PR cross sections.

structure level, it is instructive to compare the measured
Ca'"(3p°3d?) resonance strengths with the corresponding
values for S&". For the most prominent @ 3d2(3F) °F,
3p°3d?(°F) 2D, and 3°3d?(®P) ?P resonances in Ca
Kjeldsen et al. obtained 5.26¢10 "/, 2.14<10™", and We thank Z. Altun for providing the calculated ZcPI
2.23x10 " eVen?, respectively. Within the experimental cross section in numerical form. We gratefully acknowledge
uncertainty our corresponding Scvalues are 6.810° Y/, financial support through the Deutsche Forschungsgemein-
2.9x10 %, and 2.2x10 " eV cn? (cf. Table 1)), consistent  schaft(Grant No. MU 1068/10, A.M., S.§.through NATO
with the Ca values. Collaborative Research Grant Nos. CRG-9509H&LM.,
Furthermore, our value of 2810 ¥eVecen? for the  S.S), CLG-976362(S.R), and from the Division of Chemi-
3p° 3d(*P) 4s?P resonance due to the excitation of meta-cal Sciences, Biosciences, and Geosciences of the U.S. De-
stable S&"(3p®4s) ions can also be compared with the cor- partment of Energy under Contract No. DE-FGO3-
responding value 28610 16 eV cn? obtained from Pl mea- 97ER14787A.A., A.M.C., M.F.G., and R.A.B. G.H.D. was
surements with Caions in the $°4s2S ground staté13]. supported in part by U.S. DOE Contract No. DE-A102-
Again both values agree with one another. 95ER54293, and M.E.B. was supported in part by the Office
The fact that these coincide underlines the validity of ourof Fusion Energy Sciences of the U.S. DOE under Contract
method for the purely experimental derivation of absoluteNo. DE-AC05-000R22725 with UT-Battelle, LLC. A.A. ac-
state-selective PI cross sections by combining the highknowledges financial support of DGAPA-UNAM.
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