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Photoionization studies of the P resonances of atomic calcium
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The Ca 2 resonances at 345-355 eV were studied by photoion and photoelectron spectroscopy using
monochromatized synchrotron radiation and atomic-beam technique. The analysis of the excitation and decay
of these resonances shows strong configuration mixing between the different subshells of the valence electrons
4s, 3d, and 4. In the case of the {23 resonance structure at 348 eV there are two excited states with nearly
equal contributions from the configuratiop23d4s? and 20°3d?4s, which gives rise to strong variations of
the resonantly enhancep®3d,4s)® photoelectron lines when scanning the photon energy across the reso-
nance.
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[. INTRODUCTION rately heated nozzle was used to collimate the atomic beam.
The region of interaction was surrounded by two concentric

The photoionization cross section of the atomic groundu-metal cylinders. The common axis of thegemetal
state of Ca ($°2s%2p®3s23p®4s?1S,) shows strong reso- shieldings was oriented at the magic angle of 54'°with
nances below the 8! as well as the @' thresholds. respect to the main axis of the polarization ellipse of the
These resonances can be attributed to discrete transitiofight.
np®4s?—np°(3d,4s)®. The notationnp®(3d,4s)® implies The kinetic energy of electrons emitted along the symme-
that due to the near degeneracy of thikéhd 4 orbitals in  try axis of the u-metal shielding was analyzed by a
the presence of ap ! core hole, there is strong mixing SCIENTA SES200 hemispherical electron spectrometer. The
between the 84s?, 3d%4s, and 3® configurations. A de- different electron spectra shown were recorded at a pass en-
tailed theoretical analysis reveals that even other configuraergy of 75 eV with a resolution cAE=140 meV. The pho-
tions, such as @4p? mix in strongly. This results in a com- toions were detected by a conventional two-stage Wiley-
plex situation for the analysis of these resonances. McLaren-type time-of-flight spectrometer.

The 3p resonances in the photon-energy region from 20 Utilizing the linearity and calibration of the relative en-
eV to 40 eV have been extensively studied by many experiergy scale of the electron analyser, the absolute energy scales
mental and theoretical investigatiorisee[1,2] and refer- of the monochromator and the electron analyser were cali-
ences therein For the deep innershell@2resonances, how- brated by measuring photo and Auger lines of noble gases
ever, only a few investigations exig8—8]. They are based for several photon energies around 350 eV. The photoelec-
on absorptiorf 3], ion-yield [4,5], and photoelectron studies tron as well as the ion-yield spectra were corrected for
[6—8]. In order to gain insight into the configuration mixing changes in the photon flux density during the measurements.
in the 2p resonances we performed ion-yield and photoelec-
tron studies with considerably improved experimental 345.0 347.5 350.0 352.5 355.0 357.5
photon- and electron-energy resolution. The high-resolution g0 ' ' c ' 11,
spectra in return triggered calculations so we can presen
experimental as well as theoretical results on tiper@so-
nances of atomic calcium. 4000 -

5000 1

3000 1

counts

Il. EXPERIMENTAL SETUP
2000
The experimental investigations were carried out at the

undulator beamline BW3 of the synchrotron radiation facility =~ 197

intensity (arbitrary units)

N4 ’

HASYLAB in Hamburg (Germany. The synchrotron radia- 0
tion was monochromatized by a SX700 monochromator and 2 0 1 Joo
crossed at a right angle with a collimated atomic Ca beam. ——— . .

345.0 347.5 350.0 352.5 355.0 357.5

The photon bandwidth of the monochromator was 140
meV for measurements of the electron spectra and 240 meVv

for the ion-yield spectra. Ca was vaporized in a resistively g 1. Total ion-yield spectrum of atomic Ca showing the 2
heated steel crucible at temperatures around 850 °K. A sepgssonances. The scatter of the data points indicates the experimental
uncertainties. The statistical uncertainties are indicated by the error
bars. The stick diagram gives the calculated transition probabilities
* Author to whom correspondence should be addressed. to the various P core excited resonances.

photon energy (eV)
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TABLE I. List of configurations included in the Hartree-Fock-
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calculations for the initial, resonance, and final states. ;'Z_ hv =3518 eV |
Initial state Resonance state Final state
No. Cal (or: | Call
[2]
1 3p4s? 2p53d4s? 3s23p*3d4s? E
2 3p%4p? 2p°4s°4d 3s?3p*4s?4d 8
3 3p%3d? 2p°®3d4p? 3s?3p*4s5d H hv = 348.7 eV
4 3pb4d? 2p°4p?4d 3s?3p*4s?6d %
5 3p85s? 2p°4s4p? 3s?3p*4s?7d E
6 2p53d° 3s3pfas? 2
7 2p°3d?4s 3s'3pb4p?
8 3s'3p®3d? : . : : : :
9 3513[363(143 75 70 65 60 55 50
10 3823p43d4p2 ionization energy (eV)
1 3s*3p*4p*4ad FIG. 2. Photoelectron spectra of resonantly excited atomic Ca.
12 3s?3p*3d?4s Top: Decay of the B3 (C) resonance, excited &iv=2351.8 eV,
13 3s23p*4s4d? into Ca” 3p~2 and & ! states. Bottom: Decay of thepg; (B)
14 3s23p*3d® resonance, excited div=348.7 eV, into Ca3p 2 and ¥ !
15 3s?3p®4s4p states. In each spectrum the amplitude of the strongest line is set

equal to 1.0.

The photoelectron spectra were also corrected for the kinetigesults are depicted on the bottom of Fig. 1. Instead of the
energy-dependent transmission of the electron analyzer. Trexpected three lines for the transitiop®s®— 2p°3d4s?,
transmission curve was determined in a procedure analogot®Ww a large number of lines show up for which the strongest
to the one described by Jauhiainenal. [9]. ones are labeled bg,b, ... ,j. The comparison with the
ion-yield spectrum shows that the main resonance structure

Ill. RESULTS Lod T T . ]
! hv =351.6 eV

A. The excitation of the Ca 2p resonances

Figure 1 shows the ion-yield spectrum of atomic Ca in the
region of the 2 resonances between 345 eV and 355 eV.
Also the first ionization threshold of the direcp2onization 1.0 ' '
is marked in this figur¢10]. There are two dominant reso-
nancesB at 348.7-0.2 eV andC at 351.8-0.2 eV. Further-
more, there are two weaker resonancksat 3470.2 eV
andD at 355+ 0.2 eV. The distance between the dominating
resonance8 andC corresponds to the spin-orbit splitting of
the 2p hole. Therefore, they can be labeled by;2 (B)
and 2p;,; (C) as they were already identified and assigned
by Mansfield[3]. A closer look at the resonanc&and C,
however, reveals that the situation is more complex. The
resonancd3 consists of at least two resonancBs:at 348.5
eV andB, at 348.8 eV. Furthermore there is a shoulder at the
low-energy side of the resonan@&g, and for resonanc€
there is a shoulder at the high-energy side indicating that also
this resonance consists of several lines. Obviously the inter-
action of the D hole with the three valence electrons cannot
be described by the single configuratiod43?, which only
accounts for two p;33d4s? resonances, the dominant reso-
nanceB and the much weaker resonankat 347-0.2 eV. ' 70 ' 65 ' 60

For a better understanding of thg 2esonance structure
we performed Hartree-Fock calculations for the absorption
spectrum incorporating configuration mixing between the va- F|G. 3. Ca 3p~2 and 3! photoelectron spectra in the range
lence subshells@ 4s, 4p, 4d, and 5. Table | lists, in the  of the 2p,,3 resonance@). The photon energy is increased in steps
second and third rows, the sets of configurations used in thef 0.1 eV from 351.6 e\(top) to 352.0 eV(bottom. In each spec-
ground state and the excited states in these calculations. Th&m the amplitude of the strongest line is set equal to 1.0.

. —
hv =351.7 eV |

hv =351.8 eV |
0.5 1

hv =351.9 eV |

normalized counts

I T T T T ]
1.0 hv =352.0 eV |

ionization energy (eV)
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FIG. 4. Cd 3p~2 and 3! photoelectron spectra in the range
of the 2'33_,2l resonanceR). The photon energy is increased in steps
of 0.1 eV from 348.4 eMtop) to 348.9 eV(bottom). The arrows
mark regions of drastic changes in line intensities as the photo
energy is variedsee text In each spectrum the amplitude of the
strongest line is set equal to 1.0.

FIG. 5. Comparison of the experimental photoelectron spectrum
of the 2py;; (C) resonance recorded hv=351.8 eV with a theo-
ﬁetical spectrum for resonance The lower four graphs show the
individual contributions to the theoretical spectrum from the four
most important configurations involved in the final-state mixing.

is well reproduced: ResonanCeis represented by the strong and theoretically. For the dominant decay channel ga’2
line g and several much weaker linesf, h, andi, resonance . Ca' 3p~2 at binding energies between 55-75 eV they
B by two strong lined andc and a weaker lin€l, resonances  found a striking difference in the photoelectron spectra be-

A andD by_the weak linesa andj. On the other hand th_e tween the main resonancesp;g% (B) (hv=348 eV: Ahv
agreement is not perfect. For example, the order of the I|ne§0 6 e\) and 2p*1 (C) (hv=352 eV:Ahy=0.6 e\). Their
. 1/2 - y - . .

b, ¢, andd should be reversed to produce the structure Ofcalculations; of the electron spectra incorporated configura-
resonancd3. However, we note that the calculated spectrum R P . P 29
ion mixing in the resonant atomic stateg 2(3d4s

is sensitive to the scaling factors used for the Slater integral§ 2 2 3 o > >
Therefore, it is difficult to give definite assignments for all *3d4p°+3d°4s+3d") and final ionic states (3" “(3d4s

\ : . ror at 24 342 3 e :
the resonances. Also there is strong configuration mixing int 3d4p°+3d“4s+3d”). The qualitative differences be-
the 2p core excited state, which does not allow the associafween the decays of the two peaks were reproduced but not
tion of one configuration to each excited state. Neverthelesgll the details of the electron spectra. Matsetoal. [5] ob-

one can make the following assignments for the main conserved a broadening of pe&kand suggested that this peak
tributions: For resonand® the main contributiory is due to  contained additional structure, which was confirmed by Obst

the configuration 84s?, for resonanc® the main contribu- et al.[8]. This observation makes it worthwhile to extend the

tionsb andc are both due to the mixed configurations4? earlier work.

and &?4s. The smaller resonanck and D are due to the Figure 2 shows the photoelectron spectra of the two reso-

configurations 84s? (A) and 4d4s? (D). nancesB and C recorded with improved experimental con-
For further insight into the resonance structure we studiedlitions by using an advanced high-resolution electron spec-

the electronic decay of the resonances, which will be detrometer as well as a high-resolution monochromator. The

scribed in the following section. upper part of Fig. 2 presents the decay of the resonance
_ 2py; (C) taken athw=351.8 eV, the lower part that of reso-
B. Electronic decay of the Ca P resonances nance D51 (B) taken athr=348.7 eV. One observes a

The electronic decay of the CanZesonances was already rather dense spectrum of which at first sight altogether 38
extensively studied by Meyaeat al.[6,7] both experimentally lines can be identifiedfor a table of ionization energies see
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FIG. 6. Comparlson of the experimental photoelectron spectrum g, 7. Comparlson of the experimental photoelectron spectrum
of the 2py; (By) resonance recorded at'=348.5 eV with a the-  of the 2p! (B,) resonance recorded av=348.8 eV with a the-
oretical spectrum for resonanbe The lower four graphs show the  gretical spectrum for resonanceThe lower four graphs show the
individual contributions to the theoretical spectrum from the fourjngividual contributions to the theoretical spectrum from the four
most important configurations involved in the final-state mixing. st important configurations involved in the final-state mixing.

[11]). Eleven of these lines obviously are common to both(essentially 84s? and 3124s). To compare these results
resonances. The line at 53.1 eV is due to tiseidhization.  with theoretical electron spectra we performed Hartree-Fock
The overall structure is consistent with the low-resolutioncalculations in the same way as in previous studies of Meyer
spectra of Meyeket al.[6,7]. et al.[6,7] but with an increased basis set of configurations.
From the analysis of the ion-yield spectrum we know thatln the fourth row of Table | the configurations of the final
both resonancespZs (B) and 2 (C) have a complex ionic states are listed. The theoretical electron spectra are
structure caused by contributions of different configurationsshown in Figs. 5, 6, and 7 together with the experimental
In order to shed light on the energy dependence of thepectra taken at the resonan€gs3,, andB,. The theoreti-
excited-state configuration mixing we made use of the im-al spectra are based on the calculated decay probabilities of
proved experimental resolution and scanned the photon ethe main resonances (B,;), ¢ (B,), andg (C) into the
ergy in steps of 100 meV across both resonances while keepumerous Ca3p~2 and 3~ ? final states giving rise to the
ing the monochromator bandwidth of 150 meV fixed. In multiline photoelectron spectra displayed in Figs. 5, 6, and 7.
Figs. 3 and 4 the corresponding photoelectron spectra al@ the experimental and the theoretical spectrum the ampli-
depicted. The study of the series of photoelectron spectrtude of the most intense structure was set to 1.0. Below the
reveals that apart from the difference in the spectra taken dheoretical spectra the major contribution from the different
resonanceB andC, there are also marked differences for theconfigurations of the valence electronsi4d?, 3d?%4s,
much smaller variations of the photon energy in this case3d4p?, and 31° are given. These spectra are scaliedin-
Whereas for resonande the relative line intensities in the tensity and energyidentically to the theoretical sum spec-
spectra are nearly constaiffig. 3), in the case of resonance trum. For the resonant photoelectron spectra the width of the
B there are drastic changes in the individual line intensitiedines is determined by the instrumental resolution and the
(marked by arrows in Fig.)4 lifetime of the final ionic states. From single configuration
This behavior agrees with the results of Sec. Il A thatcalculations for the lifetimes of the C&8p*3d4s? multiplet
resonance consist of at least two excited states and that thecomponents it is knowfi7] that the Ca 3p*(°P)3d4s? 2D,
difference between resonanBeand C originates in the dif- and 2P terms have a width of 0.5—0.6 eV while all other
ferent contributions of the valence electron configurationcomponents have widths less than 0.1 eV. Therefore, all lines
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TABLE Il. Results of the Hartree-Fock-calculations. In the top (fourth row of Table ). The energy of the theoreticak3?
section the relative positions and the total decay probabilities for thine was matched to the experimental value by shifting the
three major resonance state¢B,), ¢ (B), andg (C) are given.In  \yhole calculated spectrum by 0.2 eV towards lower ioniza-
the lower part the relative decay intensities into states of the differ ion energies. The theoretical intensity ot the 3 line is too
ent final-state configurations are shown. Configurations marke%arge due to the lack of correlation in the calculation as ex-
* =" did not contribute any lines with a decay probability of ; .

plained earlief7].

1.0x10°s ! or greater. . . . .
In view of the complexity of such calculations there is a

b (B,) c (B, g (C) surprisingly good agreement with the experimental spectra.
Rel. position(eV) ~078 -0556 2 637 In Eig. 5 one notes that th(_a spectrum is do_minated by lines
Total decay probabilitys) 1.36x 10" 1.35x10M 1.41x 101 attributed to the conﬂgurayondﬁlsz. These lines make up
No. Configuration % % % roughly 53% of the total intensity of the electron spectra.
The lines belonging to the other configurations shown, each
All (sum @ 100.00 100.00 100.00 amount to a little over 12%. These results corroborate the
1 3s23p*3d4s? 34.37 29.89 52.83  finding that resonance€ is a 2p°3d4s? resonance.
2 3s?3p*4s?4d 0.98 0.78 1.32 On the other hand in Figs. 6 and 7 the intensity is domi-
3 3s23p*4s25d 0.48 0.38 0.71 nated by the lines attributed to the configuratiaif8s. The
4 3s23p*4s?6d 0.13 0.10 0.21 intensity of the 814s? lines drops for these spectra to around
5 3s23p*4s27d 0.06 0.04 0.10 34% and 30%. The difference in appearance of two spectra is
6 3s13p%4s? 4.03 3.19 6.51 mainly due to the changing relative line intensities within the
7 3s13p84p2 0.02 0.02 0.21 configuration 324s. These changes reflect the strong inter-
8 3s'3p®3d2 0.23 0.24 0.53 conf|92]urat|on mixing of the configurations d%fls and
9 3s13p°3das 1.42 3.29 0.35 3d4s”. It should be kept in mind that the theoretical spectra
10 3523p*3d4p? 792 762 12.04 cor_respond to the pure decay of elther of the two resonances
1 3523p*4p24d _ _ 0.01 while the experimental spectra contain an unresolved mix-
12 3s23p*3d%4s 41.33 43.04 12.73  ture of the two. .
13 3523p*4sad? B B 0.00 As the main result one can deduce that the detailed struc-
14 3623p*30 8.89 11.25 12.09 ture of the photoelectron spectra from Qa@songnces can
15 3523p54s4p 0.15 0.16 0.35 only be reproduced by strong configuration mixing of the

valence electrons ¢} 3d, and 4p. There is a pronounced
&The sum is set to 100.00. The sum over all contributions may diffendlﬁ_e{ence n the_?hOtoeleCtron spectra c_)f the rc_asonances
due to rounding errors. 2py; (C) and 2pg; (B). Whereas t'he major COﬂtI’IbU"(IOhS
to the electron spectra of resonar@és due to the configu-
ration 3d4s?, the electron spectra of resonarBe and B,

) ) o ) are due to nearly equal contributions of the configurations
were convoluted with an estimated lifetime broadening of3q4s2 and 324s for both resonances.

less than 0.1 eV except for the multiplet lines just mentioned
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