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3 Laboratoire Aimé Cotton, CNRS II, Bâtiment 505, 91405 Orsay Cedex, France

Received: 20 November 1997 / Accepted: 15 January 1998

Abstract. We report the even parity J = 4, 5 autoionizing spectra of calcium below the 3d threshold,
investigated by two-step laser excitation from the 3d4s metastables through the 3d4p 3F3,4, 1F3 interme-
diate states and subsequent optogalvanic detection. The 3d4s states are populated by electronic collisions
in a d.c. glow discharge sustained in a Ca heat-pipe. More than a hundred resonant transitions have been
measured with an accuracy of ∼ 0.2 cm−1 for the narrow ones using standard laser calibration techniques.
The high lying levels are assigned to all expected 3dnd J = 4, 5 autoionizing series. Moreover, some
3dng J = 4, 5 levels are observed. The theoretical interpretation is achieved by a combination of the nearly
ab initio eigenchannel R-matrix and multichannel quantum-defect (MQDT) methods as well as by an em-
pirical determination of the MQDT parameters in the phase-shifted formulation. Theoretical energy level
positions and excitation profiles are compared with the experimental data confirming the identification of
the observed structures. Strong mixing between 3dnd J = 4 series is found, while the 3dng ones do not
couple with the 3dnd series. Further insight into the strong channel mixing in the studied energy range is
provided by a comprehensive review of the excitation profiles in the vicinity of the 4p5p 3D3 perturber as
obtained from a number of intermediate levels used in the present and in earlier experiments. Systematic
electron correlation trends for Ndnd J = 4 series of Ca(N = 3), Sr(N = 4) and Ba(N = 5) are discussed.

PACS. 32.80.RM Multiphoton ionization and excitation to highly excited state (e.g. Rydberg states) –
32.30.Jc Visible and ultraviolet spectra – 32.80.Dz Autoionization

1 Introduction

Alkaline earths are very convenient two-electron systems
for atomic physics studies, both experimentally and theo-
retically. An up-to-date extensive review of the work done
on them can be found in [1]. Even parity 3dnl, J = 0− 3,
autoionizing levels of Ca have been recently investigated
by two-step laser excitation from the 3d4s metastables
through the 3d4p intermediate levels [2,3]. In the present
work we complete our study of the even parity 3dnl au-
toionizing levels of calcium up to J = 5 by exploiting
spectra obtained earlier through the 3d4p 1F3 and per-
forming new measurements through the 3d4p 3F3,4 inter-
mediates. The autoionizing Ca levels are detected in a
d.c. glow discharge by a two-step laser optogalvanic tech-
nique [2]. In this discharge the various Ca 3d4s metastable
levels are sufficiently populated by electronic collisions.
From these metastables the odd parity 3d4p 3F3,4, 1F3

levels are excited in the first excitation step and differ-
ent 3dnd and 3dng J = 4, 5 autoionizing levels are popu-
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lated in the second step. The simplicity of this experimen-
tal method is particularly suited for such high-J levels,
which would otherwise require a higher number of laser
photons to be reached in a multi-step or a multi-photon
excitation scheme from the ground state. The theoreti-
cal nearly ab initio treatment of the studied levels is by
now well developed and comprises a combination of the
eigenchannel R-matrix and multichannel quantum-defect
(MQDT) methods [1]. An additional empirical determi-
nation of phase-shifted MQDT parameters has proved to
be quite helpful for the correct assignment of the 3dnd
J = 4 levels. The phase-shifted MQDT parameters were
also used for comparing the channel coupling strength in
the J = 4 spectrum of Ca to the corresponding ones in
the Sr and Ba atoms. Finally, the photoionization cross-
section in the vicinity of the 4p5p 3D3 perturber, excited
from four different intermediate levels, has been compre-
hensively analyzed both experimentally and theoretically
and further insight into the intricate channel interaction
in this energy range has been gained.
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Fig. 1. Ca energy level diagram below the 3dj ionization limits
showing the different excitation schemes used in this work.

2 Experimental method and results

The experimental method was introduced by Camus et al.
[4] and the particular set-up used in this work has been
described previously [2,5]. Very briefly, the autoionizing
levels under investigation are reached by a two-step laser
excitation of Ca atoms in a Ca heat-pipe operating with
He as buffer gas at a temperature of ∼ 900 ◦C. A d.c. glow
discharge is maintained at ∼ 15 µA across the heat-pipe
and Ca excitations produce impedance changes (optogal-
vanic (OG) effect), which are detected as voltage changes
across the ballast resistance of the discharge circuit.

The excitation scheme is shown in Figure 1. The 3d4s
metastable levels, at ∼ 20 000 cm−1 above the ground
state, are sufficiently populated by electronic collisions.
From these levels, using laser pulses of ∼ 10−20 µJ and
of appropriate wavelength λ1 from a homemade dye laser
oscillator pumped by a fraction of the light from a XeCl
excimer laser (Questek 2320), we populate the 3d4p 3F3,4,
1F3 levels in the first step. In the second step we excite
the 3dnl states using laser pulses of ∼ 100 µJ from a
second oscillator-amplifier dye laser (Lambda Physik LPD
3000) pumped synchronously by the same XeCl laser. The
spectral width of the second dye laser was ∼ 0.1 cm−1.

Since the two 3d ionization limits are very close
(∆I 3d = I5/2 − I3/2 = 60 cm−1), the detectability of our
method limits us to the region below the 3d3/2 thresh-
old with n < 40. The covered energy range extends from
∼ 58 800 cm−1 to ∼ 62 950 cm−1 above the Ca ground
state. The identification of the J = 4, 5 levels is achieved
following the same procedure as in our previous work [2,5].

Specifically, because of the ∆J = 0,±1 selection rules, the
observed resonances are due to transitions to J = 2, 3, 4
autoionizing levels from the 1F3, 3F3 intermediate levels
and to J = 3, 4, 5 levels from the 3F4 intermediate. Earlier
studies have lead to the identification of the J = 2, 3 res-
onances [2,3]. The remaining resonances are due to J = 4
autoionizing levels (observable through all three interme-
diate levels) and J = 5 levels (observable only through the
3F4 intermediate). Figure 2 shows a typical portion of the
OG spectrum taken through the 3d4p 3F4 intermediate
state. The numbered lines belong to the 3d5/2nd5/2 J = 5
levels with 21 ≤ n ≤ 40.

The experimental energies are deduced from the en-
ergy positions of the spectral lines, which are quite narrow
and symmetric. Absolute energy values are calculated us-
ing the known transition energies between bound Ca lev-
els as calibration standards. The accuracy of our results is
estimated to be ≈ 0.2 cm−1 at low n values (n ≤ 20) lim-
ited essentially by the laser linewidth and signal recording
speed. At high n values (n > 30), the experimental limit
is ∼ 0.5 cm−1 due to Stark and collision broadening.

In Tables 1, 2 we report the energies and autoionization
widths of the experimentally observed 3dnd J = 4, 5 au-
toionizing levels, the relative transition intensities through
the 1F3 or 3F3,4 intermediates, the corresponding effective
quantum numbers relative to the 3d3/2 and 3d5/2 ioniza-
tion thresholds and the theoretical energies and assign-
ments (Sect. 3.1). In a small number of cases the transi-
tions to J = 4 levels through some of the intermediate
levels are missing for reasons that may depend on low
transition probability or coincidence with a stronger line.
In such cases the J = 4 assignment is secured by resorting
to experimental trends of the effective quantum number,
intensity and linewidth for the different observed series as
well as to the theoretical predictions. We have detected
the n = 6−40 members of the 3d5/2nd5/2 J = 5 series,
the n = 6−35 members of the 3d3/2nd5/2 J = 4 series
and the n = 6−27 members of the 3d5/2nd3/2,5/2 J = 4
series. The quantum defects δ5/2,4 ∼= 0.50 ± 0.03 for the
3d5/2nd5/2 J = 4 series and the δ5/2,5 ∼= 0.83 ± 0.03 for
the 3d5/2nd5/2 J = 5 series are nearly independent of n.
On the contrary, the quantum defects for the 3d3/2nd5/2

and 3d5/2nd3/2 J = 4 series vary widely in the ranges
0.38 ≤ δ3/2 ≤ 0.85 and 0.43 ≤ δ5/2 ≤ 0.82 respectively.

In Table 3 we report the few 3dng levels we were able
to detect through the 3F3,4 intermediates, in spite of the
weak intensity of the corresponding lines. These levels
have very small quantum defects δ3/2,5/2 ≤ 0.02 and can
be ascribed either to the 3d3/2ngj or to the 3d5/2ngj se-
ries. However, the near degeneracy of the levels belonging
to series converging towards the same 3dj threshold ren-
ders impossible the assingnment of either a J or a j value
to these levels.
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Table 1. Energies relative to the 4s2 ground level, linewidths, relative transition intensities via the indicated intermediate levels
and effective quantum numbers relative to 3d3/2 and 3d5/2 ionization limits for the 3dnd J = 4e Ca autoionizing levels. The
number of significant digits in the effective quantum numbers reflects the accuracy with which the experimental energy was
measured. The last two columns give the theoretical energies, calculated from the effective reaction matrix restricted to closed
channels, and the assignment of each wavefunction to jj-coupled levels. d− stands for d3/2 and d+ for d5/2. The numbers in
brackets next to the assignments give the percentage weight of the respective jj-coupled components. Peak amplitude estimates:
vvs (very very strong), vs (very strong), s (strong), m (medium), w (weak), vw (very weak). The additional symbols have the
following meaning: B, overlap with a stronger transition between bound Ca levels; R, overlap with a stronger transition to a
neighboring J 6= 4 level; NR, not recorded.

(H[SHU �FP��� :LGWK �FP��� �)�
�)�

�)� QQ��� QQ��� (WKHRU �FP��� $VVLJQPHQW

������� ��� YZ YYV YYV ����� ����� ������� �G���G�� >�����@

������� ��� V P YYV ����� ����� ������� �G�� >��@

������� ��� YV V P ����� ����� ������� �G���G�� >�����@

������� ��� YZ YYV YYV ����� ����� ������� �G���G�� >�����@

������� ��� Z � V ����� ����� ������� �G�� >��@

������� ��� V % YZ ����� ����� ������� �G���G�� >�����@

������� ��� Z YV Z ����� ����� ������� �G���G�� >�����@

������� ��� Z � V ����� ����� ������� �G�� >��@

������� ��� V Z YZ ����� ����� ������� �G���G�� >�����@

������� ��� YZ VK Z ����� ����� ������� �G���G�� >�����@

������� ��� Z YZ � ����� ����� ������� �G���G�� >�����@

������� ��� V Z Z ����� ����� ������� �G�� >��@

������� ��� Z YYV P ����� ����� ������� ��G���G�� >�����@

������� ��� V YV YV ����� ����� ������� ��G���G�� >�����@

������� ��� V YV YV ����� ����� ������� ��G�� >��@

������� ��� P YYV P ������ ����� ������� ��G���G�� >�����@

������� ��� V YV YV ������ ������ ������� ��G���G�� >�����@

������� ��� V YV YV ������ ������ ������� ��G�� >��@

������� ��� P YYV Z ������ ������ ������� ��G���G�� >�����@

������� ��� P YYV YYV ������ ������ ������� ��G���G�� >�����@

������� ��� P V YV ������ ������ ������� ��G�� >��@

������� ��� Z YV % ������ ������ ������� ��G���G�� >�����@

������� ��� P YV YV ������ ������ ������� ��G���G�� >�����@

������� ��� Z Z YV ������ ������ ������� ��G�� >��@

������� ��� P V � ������ ������ ������� ��G���G�� >�����@

������� ��� YZ YV YV ������ ������ ������� ��G���G�� >�����@

������� ��� YZ YZ YV ������ ������ ������� ��G�� >��@

������� ��� P Z % ������ ������ ������� ��G���G�� >�����@

������� ��� YZ V Z ������ ������ ������� ��G���G�� >�����@

������� ��� YZ YZ V ������ ������ ������� ��G�� >��@

������� ��� P � � ������ ������ ������� ��G���G�� >�����@

������� ��� Z YZ YZ ������ ������ ������� ��G�� >��@

������� ��� YZ Z % ������ ������ ������� ��G���G�� >�����@



246 The European Physical Journal D

Table 1. Continued.
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Fig. 2. Typical spectrum
in the energy range of
62740 cm−1−62970 cm−1

through the 3d4p 3F4 in-
termediate, showing the
3d5/2nd5/2 J = 5 series for
n = 21−40. B: transitions
between Ca bound levels.

3 Theoretical calculations and analysis of the
experimental results

3.1 Energy level positions

3.1.1 Eigenchannel R-matrix/MQDT model

The theoretical analysis for the J = 4e, 5e experi-
mental spectra is achieved using a combination of the
jj-coupled eigenchannel R-matrix approach and the Mul-
tichannel Quantum Defect Theory [1]. This method has
been extensively described in earlier studies of the 3dnl
J = 0e − 3e Rydberg series of calcium [2,3]; only the spe-
cific details of the present calculation are given below.

The R-matrix calculation is performed in a reaction
volume of r0 = 25 au radius, sufficiently large to describe
the 3d4p initial levels in a satisfactory way. As it is shown
below the interpretation of the J = 4e levels involves the
strongly coupled 3d3/2nd5/2 and 3d5/2nd3/2 channels; a
correct description of this mixing requires a precise de-
termination of the 3d3/2 and 3d5/2 orbitals and the fine-

structure splitting ∆I3d in the Ca+ ion. The l-dependent
model potential, used in earlier papers [2,3] to generate
the radial monoelectronic orbitals, was adjusted to re-
produce the Ca+(nlj) energy levels; it resulted though
in a too large fine-structure splitting for the 3d ionic level,
∆I3d ∼ 89 cm−1. The l = 2 orbitals of Ca are very dif-
ficult to describe because their fine structure is very sen-
sitive to two effects with opposite contributions. On the
one hand, the collapse of the 3d orbital, due to the spe-
cial position of Ca close to the onset of the 3d transition
sequence in the periodic table [6,7], results in a contrac-
tion to smaller radii and therefore in an increase of the
splitting; on the other hand, the anomalous fine structure
effects [8,9] observed in several D and F levels of alkali-
like systems and in particular in K, which is isoelectronic
to Ca+, are responsible for anomalously narrow or even

inverted fine-structure splittings which cannot be repro-
duced in a single-electron non-relativistic calculation [10].
In the present work, in order to better describe the 3d3/2

and 3d5/2 orbitals the model potential used to calculate
them has been optimized to reproduce accurately the ex-
perimental Ca+3d fine-structure splitting. Furthermore,
to account for the configuration-dependent collapse of the
3d orbital in excited Ca [7], a larger-than-usual set of two-
electron basis wavefunctions has been used including 2371
and 2451 functions for J = 4e and J = 5e respectively.

For the calculation of the J = 4e spectrum, nine
interacting channels are employed. Two of them are open,
converging to the 4s1/2 threshold (4s1/2εg7/2, 4s1/2εg9/2)
and the remaining seven are closed converging towards
the 3d3/2 (3d3/2nd5/2, 3d3/2ng7/2, 3d3/2ng9/2) and the
3d5/2(3d5/2 nd3/2, 3d5/2 nd5/2, 3d5/2 ng7/2, 3d5/2 ng9/2)
thresholds respectively. The calculations for the J = 5e

spectrum include seven interacting channels: two open
converging to the 4s1/2 threshold (4s1/2εg9/2, 4s1/2εi11/2)
and five closed converging to the 3d3/2(3d3/2ng7/2,
3d3/2ng9/2) and 3d5/2(3d5/2nd5/2, 3d5/2ng7/2, 3d5/2

ng9/2) thresholds. The energies of the resonances and the
closed-channel admixture coefficients in the wavefunctions
are obtained from an effective reaction matrix Keff , by
reducing the full reaction matrix to the closed channels,
after properly eliminating the two open ones [1].

3.1.2 Theoretical results

It is apparent from Table 2 that the agreement between
theoretical and experimental energies is very satisfac-
tory for the 3d5/2nd5/2 J = 5e levels, the energy differ-
ences being less than the autoionization widths except for
the lowest lying levels. These levels correspond to pure
3d5/2nd5/2 jj-coupled levels, the mixing with the 3dng
channels being completely negligible.
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Table 2. Same as in Table 1 for the 3d5/2nd5/2 J = 5e levels (jj-coupling applies).

Eexper

(cm-1)
Width
(cm-1)

3F4 ν3/2 ν5/2 Etheor

(cm-1)
Assignment

58860.8 2.4 vvs 5.176 5.138 58865.2 6d++

60109.3 0.9 vvs 6.209 6.143 60112.1 7d++

60868.2 0.6 vvs 7.250 7.146 60870.0 8d++

61364.1 0.5 vvs 8.302 8.148 61365.4 9d++

61705.9 0.3 vvs 9.369 9.149 61706.9 10d++

61951.7 0.2 vvs 10.452 10.150 61952.5 11d++

62134.2 0.2 vs 11.555 11.150 62134.9 12d++

62273.6 0.2 vs 12.680 12.151 62274.1 13d++

62382.3 0.2 vs 13.829 13.151 62382.8 14d++

62468.9 0.2 vs 15.007 14.152 62469.2 15d++

62538.7 0.2 s 16.214 15.150 62539.1 16d++

62596.2 0.2 s 17.461 16.152 62596.4 17d++

62643.9 0.2 s 18.747 17.154 62644.0 18d++

62683.7 0.2 s 20.070 18.150 62684.0 19d++

62717.7 0.2 s 21.453 19.153 62717.8 20d++

62746.6 0.3 m 22.88 20.152 62746.7 21d++

62771.5 0.4 m 24.38 21.149 62771.7 22d++

62793.2 0.5 m 25.95 22.152 62793.3 23d++

62812.1 0.6 m 27.60 23.15 62812.2 24d++

62828.7 0.6 w 29.34 24.15 62828.8 25d++

62843.2 0.7 w 31.17 25.14 62843.4 26d++

62856.3 0.7 w 33.15 26.15 62856.4 27d++

62868.1 0.8 w 35.30 27.16 62868.0 28d++

62878.4 0.8 vw 37.57 28.16 62878.4 29d++

62887.6 0.8 vw 40.0 29.14 62887.8 30d++

62896.2 0.9 vw 42.8 30.16 62896.2 31d++

62903.8 0.9 vw 45.8 31.16 62903.8 32d++

62910.7 0.9 vw 49.1 32.16 62910.7 33d++

62917.2 0.9 vw 53.1 33.19 62917.1 34d++

62922.8 1.0 vw 57.4 34.16 62922.8 35d++

62928.1 NR vw 62.6 35.17 62928.1 36d++

62933.0 NR vw 68.9 36.2 62932.9 37d++

62937.5 NR vw 77 37.2 62937.4 38d++

62941.5 NR vw 87 38.2 62941.5 39d++

62945.4 NR vw 101 39.2 62945.3 40d++

For J = 4e levels, the results are visualized in the ex-
panded Lu-Fano plot (Fig. 3), drawn in the ν3d3/2

(mod. 1)
versus ν3d5/2

plane. In this plot the full circles correspond
to the theoretical energy levels and the open squares to
the observed ones. The appearance of a slant branch sup-
porting the levels of the 3d3/2nd5/2 and 3d5/2nd3/2 series
with large variation in their quantum defects and per-
sisting up to the 3d3/2 threshold is a signature of the
strong 3d3/2nd5/2−3d5/2nd3/2 channel mixing. On the

other hand, this slant branch exhibits narrow avoided
crossings with the vertical branch associated with the
3d5/2nd5/2 levels showing the weakness of the 3d3/2nd5/2

−3d5/2nd5/2 channel mixing. The negligible coupling be-
twen the 3dnd and 3dng levels and the practically con-
stant calculated quantum defects of the 3dng levels is
manisfested by the horizontal and vertical branches which
support respectively the 3d3/2ngj and 3d5/2ngj levels and
practically cross with the branches supporting the 3dnd
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Fig. 3. Expanded Lu-Fano plot of the J = 4e levels in the
ν3d3/2

(mod. 1) versus ν3d5/2
plane. The curves and the the-

oretical energy levels (•) are calculated with the jj-coupled
effective reaction matrix Keff . Experimental 3dnd energy lev-
els: �.

levels. Since the 3dnd and 3dng channels are almost un-
coupled, the excitation of the 3dng resonances can be at-
tributed to the mixing of the 3d4p levels with 3dnf or
4png channels; the low strength of this mixing, less than
1%, explains the weak intensity of the corresponding lines.
The theoretical energy levels are given in Table 1. One can
notice the differences between the calculated and exper-
imental energies for the 3dnd J = 4 levels (up to 1%
of the ionization energy of the levels). These differences
are related to the difficulty for a correct description of
the 3dnd channels in Ca [7] as discussed above. The jj-
coupled closed-channel admixture coefficients that are cal-
culated to contribute significantly to each particular level
are also included in Table 1. Except in the vicinity of en-
ergy crossings between levels belonging to 3d3/2nd5/2 and
3d5/2ndj series, the 3d5/2nd5/2 levels have a nearly pure
jj-character. On the contrary, levels of the 3d3/2nd5/2

and 3d5/2nd3/2 series are nearly equally shared between
the two channels. Analysis of the wavefunctions of the
3dng J = 3, 4, 5 levels reveals that these levels are al-
most purely jK coupled according to the coupling scheme
|{3dj, l = 4}K, s, J >. Due to the small exchange elec-
trostatic interaction between the two valence electrons,
which have a small overlap in their radial wavefunctions,
the energy depends on j and K but not on J (calculated
energy difference in the doublet K = J ± 1/2 smaller
than 0.05 cm−1). The calculated quantum defects increase
slightly, varying in the range of 0.012-0.023, 0.013-0.017
and 0.004-0.008 for the 3d3/2ng K = 7/2, 9/2 and 11/2
series and in the range of 0.012-0.023, 0.014-0.020 and

Fig. 4. Reduced Lu-Fano plot of the J = 4e levels in the
ν3d3/2

(mod. 1) versus ν3d5/2
(mod. 1) plane. (*): 3d5/2nd5/2

experimental energy levels. (�): 3d3/2nd5/2 experimental en-
ergy levels. (o): 3d5/2nd3/2 experimental energy levels. (—):
Ab initio R-matrix/MQDT result; MQDT parameters calcu-
lated at E = 59400 cm−1 neglecting their energy dependence.
(......): Empirical MQDT fit.

0.011-0.014 for the 3d5/2ng K = 7/2, 9/2 and 11/2 series,
respectively.

3.1.3 Empirical phase-shifted MQDT parameters

The relatively large differences ∆E = Eexp−Etheor, for the
3dnd J = 4 levels make their identification difficult, espe-
cially for n > 15, where the energy spacings of the 3dnd
levels with different J values are comparable to ∆E. In or-
der to overcome these difficulties empirical MQDT param-
eters are determined using the phase-shifted formulation
of MQDT [11,12] instead of the eigenchannel formulation
[13]. This model includes only the three 3dnd J = 4 closed
interacting channels: 3d3/2nd5/2 (channel 1), 3d5/2nd3/2

(channel 2) and 3d5/2nd5/2 (channel 3). The 4sεl open
channels are ignored, because the resonances are sharp
and their widths are much smaller than the spacing be-
tween successive series members. The 3dng J = 4 channels
are also ignored, because of the absence of significant in-
teraction with the 3dnd levels. The phase-shifted MQDT
formulation involves two types of parameters: the channel
coupling matrix elements of the phase-shifted reaction ma-
trix R′ij , which is real, symmetric, and with zero diagonal
elements, and the channel quantum defects µi [12]. The
phase-shifted reaction matrix is directly related to the re-
action matrix obtained in the eigenchannel formulation of
MQDT by introducing in the Coulomb functions basis set
phase-shifts equal to the quantum defects µi. For the three
3dnd J = 4 interacting channels the maximum number of
fitted parameters is six: three quantum defects and three
coupling parameters. However, the energy level positions
do not depend on the angle β that defines a rotation be-
tween the degenerate 3d5/2nd3/2 and 3d5/2nd5/2 channels,
converging to the same limit [14,15]. Thus the empirical
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Table 3. Energies relative to the 4s2 ground level, relative transition intensities and linewidths via the indicated intermediate
state, for the 3dng autoionizing Ca levels. Tentative level assignments appear in the last column, where ng−, ng+ stand for
3d3/2ng and 3d5/2ng respectively.

Eexper (cm-1) 3F3 3F4 Assignment
5989... 1.7,vw,0.3 1.6,w,0.3 6g-
5995...
5995...
5995...

1.6,vw,0.3
3.0,vw,0.3
6.5,vw,0.3

1.5,w,0.3
2.8,w,0.2

-

}
6g+

- - - 7g-
6076… 6.0,vw,0.5 6.2,vw,0.6 7g+

- - - 8g-
6129… B 4.5,vw,0.3 8g+

- - - 9g-
6165... - 6.3,w,0.3 9g+
6185... - 4.7,w,0.9 10g-
6191... 5.2,w,0.3 5.0,w,0.5 10g+
6204... 6.0,vw,0.2 6.4,vw,0.4 11g-
6210... 6.9,vw,0.6 6.9,w,0.3 11g+
6219... 1.5,vw,0.6 2.1,vw,0.3 12g-
6225... 2.2,vw,0.3 2.0,w,0.3 12g+
6230... 4.6,vw,sh 4.8,vw,0.5 13g-
6236... 5.3,vw,0.3 5.5,vw,0.3 13g+
6239... 4.5,vs,0.3 4.5,vs,0.3 14g-
6245... - 5.3,vw,0.3 14g+
6246... - 7.1,vw,sh 15g-
6252... - 6.3,vw,0.4 16g-
6252... - 7.7,vw,0.3 15g+
6257... - 5.4,vw,0.4 17g-
6258... 6.9,vw,0.4 6.9,vw,0.3 16g+

- - - 18g-
6263... 6.2,vw,0.4 5.9,vw,0.3 17g+

Example: 6g- has Eexp = 59891.7 cm-1 and linewidth  ∆ν ∼0.3 cm-1 when seen through 3F3 and

Eexp = 59891.6 cm-1, ∆ν ∼0.3 cm-1  when seen through 3F4.

fit of the energies, performed by setting β = 0, reduces the
number of empirical parameters to five but does not give
any information on the mixing of the 3d5/2ndj channels.

Under these assumptions the MQDT compatibility
equation reads as

tan[π(ν3/2 + µ1)] tan[π(ν5/2 + µ2)] tan[π(ν5/2 + µ3)]

−(R′12)2 tan[π(ν5/2+µ3)]− (R′13)2 tan[π(ν5/2+µ2)]=0

(1)

and the fitting is performed so that (1) as well as the
relation between the effective quantum numbers

ν3/2 = ν5/2(1− ν2
5/2∆I3d/Ryd)−1/2 (2)

are simultaneously satisfied. In the fit only the 3dnd lev-
els with 8 ≤ n ≤ 19 are included. Nevertheless, us-
ing the empirical parameters, calculated energies agree
with the experimental ones to within ∼ 2 cm−1 for
n = 6, 7 and to within ∼ 0.1 cm−1 for 19 ≤ n ≤
35. The values of the empirical parameters extracted
from the fit are given in Table 4. The excellent agree-
ment of the empirical fit with experimental data can
be seen in the reduced Lu-Fano plot (Fig. 4) drawn in
the ν3d3/2

(mod. 1) versus ν3d5/2
(mod. 1) plane. Ex-

perimental energy levels are identified according to Ta-
ble 1; 3d5/2nd5/2 levels appear on the line ν3d5/2

= 0.5

(mod. 1), whereas levels belonging to the strongly mixed
the 3d3/2nd5/2 and 3d5/2nd3/2 are located very close to
the curve ν3d3/2

(mod. 1) = 1.2− ν3d5/2
(mod. 1).

At a given energy, theoretical values for the phase-
shifted MQDT parameters, including the β angle, can be
directly obtained from the reaction matrix determined
in the eigenchannel representation [14]. The ab initio
R-matrix /MQDT reduced Lu-Fano plot presented in
Figure 4 is obtained by neglecting the energy dependence
of the theoretical MQDT parameters and using the the-
oretical values obtained at energy E ∼ 59400 cm−1. The
quality of the nearly ab initio R-matrix/MQDT treatment
can be appreciated from this curve.

3.1.4 Electronic correlation in the Ndnd J = 4 series of
heavy alkaline earths

The spectroscopy of the Ca J = 4e spectrum completes
the existing studies on the Ndnd J = 4 series of the most
intensively studied alkaline earth atoms Ba (N = 5), Sr
(N = 4), and Ca (N = 3). In these series, the cou-
pling among the Ndnd, Ndng and (N + 1)pnf J = 4
channels is almost negligible. The spectrum of Ba has
been fitted earlier using the eigenchannel and the phase-
shifted MQDT formulations with energy independent
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Table 4. Empirical MQDT parameters in the phase-shifted
formulation for the Ndnd J = 4 series of Ca (N = 3), Sr
(N = 4) and Ba (N = 5). The phase-shifted reaction ma-
trix is symmetric. The signs of the coupling parameters can-
not be determined from the present fit. The quotation marks
in the Channel Label column denote that the assignment for
the 3d5/2nd3/2,5/2 series is only tentative. The data for Ba are
taken from Dai et al. [16].
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parameters [16,17]. In order to examine the system-
atic trends in quantum defects and channel-interaction
strengths for all three alkaline earth atoms, we fit the
previously published 4dnd J = 4 data of Sr [18]. The
empirical parameters are assembled in Table 4. Look-
ing at the quantum defects (mod. 1) of each series,we
see that µ1 and µ2 are nearly equal and constant for
all three atoms, while µ3 increases slowly with increas-
ing atomic number. On the contrary, there is a no-
ticeable change of both coupling parameters (especially
|R′12| ) with their strength increasing with decreasing
atomic number. The reduced Lu-Fano plots for Ca, Sr
and Ba are superimposed in Figure 5, demonstrating
the similarity of the correlation effects in these ele-
ments; the decrease in the Nd3/2nd5/2 − Nd5/2nd3/2

channel mixing is manifested by the narrowing of the
avoided crossing among the corresponding slant branches.
The curves drawn in a Lu-Fano plot and the phase-shifted
MQDT parameters are entirely determined by the short-
range interactions, essentially the electrostatic interaction
between the ionic core and the Rydberg electron, but not
by the fine-structure splitting of the Nd3/2,5/2 ionic lev-
els, this later quantity imposing only the location of the
physical levels on the branches according to equation (2).
The Nd3/2nd5/2−Nd5/2nd3/2 J = 4 channels in the LS-

coupling scheme correspond to the Ndnd 1,3G4 channels
and their mixing is typical of the Nlnl 1LJ=L, 3LJ=L

channels, as discussed in detail elsewhere [3,19]. In an
ab initio R-matrix/MQDT calculation, inasmuch as the
spin-orbit interaction is negligible within the reaction vol-
ume, the LS coupled eigenchannels Nlnl 1,3LJ=L can be
treated by a two-channel model assuming a decoupling
of the Nd5/2nd5/2 J = 4 channel from the other two
Nd3/2ndj , i.e. by imposing |R′13| = 0 and β = 0. The
eigenchannels are approximately related to the Nlj−nlj+,

Fig. 5. Reduced Lu-Fano plot of the Ndnd J = 4 levels in the
ν3d3/2

(mod. 1) versus ν3d5/2
(mod. 1) plane for Ca (N = 3):

(—), Sr (N = 4): (- - - - -), Ba (N = 5): (.....). The empirical
MQDT parameters are obtained in the present study for Ca
and Sr, using for Sr the experimental data given in reference
[18]. For Ba the empirical parameters given by Dai et al. [16]
are used.

Nlj+nlj−(j± = l± 1/2) dissociation channels by a frame-
rotation with angle θ = π/2. In the phase- shifted repre-
sentation these two channels have equal quantum defects
and the strength of the mixing of the dissociation chan-
nels r12, depends only on |∆µa(L = J)| = |µa(1LJ=L) −
µa(3LJ=L)| the difference between the two eigenchannel
quantum defects, where |∆µa| = 0.5 (mod. 1) corresponds
to equally mixed channels. As the energy difference be-
tween the Nlnl 1L and 3L Russell-Saunders terms is deter-
mined by the exchange electrostatic interaction between
the two valence electrons so is |∆µa|; if one assumes that
the Slater integral G0 prevails in the exchange interaction,
then |∆µa(L = J)| does not depend on L = J and this ex-
plains the similarity in the slant branches supporting the
different Nlnl J spectra of a given element with different
J 6= 0 values. In the present ab-initio R-matrix calcula-
tion for Ca we have |∆µa| ∼ 0.55 resulting in |r12| = 0.86.
To estimate these quantities for Sr, we have performed
R-matrix calculations for the 4dnd J = 4e Rydberg se-
ries with the l-dependent potential used in the analysis
of the J = 0e and J = 2e resonances [20]; this results in
|∆µa| ∼ 0.68 and |r12| = 0.54. For Ba, the phenomeno-
logical eigenchannel quantum defects, derived by Aymar
et al. [17] for the 5dnl J = 0e−5e Rydberg series, confirm
the L-independence of |∆µa(L = J)| giving |∆µa| ∼ 0.22
and |r12| = 0.37. For all three elements, the parameters
|r12| deduced by this two-channel model, are of the same
order of magnitude as the phase-shifted |R′12| parameters
obtained in the complete three-channel treatment. The
decrease of the channel coupling between the Nd3/2nd5/2

and Nd5/2nd3/2 J = 4 series with increasing atomic num-
ber is reproduced and attributed to the decrease of |∆µa|,
or, equivalently, of the exchange electrostatic interaction
and could be obtained in a phenomenological calculation.
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Fig. 6. Experimental (top) and theoretical (below) spectra
in the energy range 62270 cm−1−62420 cm−1 trough (a) the
3F4 and (b) the 3F3 intermediates. B: transitions between Ca
bound levels.

3.2 Photoionization cross section

The calculated photoionization cross sections σ(E) for the
excitation processes 3d4p 1,3F3,4 → 3dnl J = 4e with
linearly polarized light exhibit resonances, whose energy
positions agree with those deduced from the Keff matrix,
and whose FWHM give the autoionization widths. For
the very narrow resonances (FWHM < 0.1 cm−1) only
an upper limit for the autoionization width can be pre-
dicted, since the cross-section is calculated in energy steps
of 0.15 cm−1. Moreover, only a rough comparison of ex-
perimental and theoretical line intensities and shapes is
possible since the intensity of the OG signal does not de-
pend solely on the atomic transition cross-section but also
on various discharge mechanisms in a complicated way.
Furthermore, the theoretical cross sections have not been
convoluted to account for the finite resolution (0.2 cm−1)
of the experiment. In Figure 6 a part of the OG spectrum,
excited through the 3d4p 3F3 and 3F4 intermediates, is
shown together with the corresponding R-matrix/MQDT
theoretical predictions. The predicted resonances belong-

Fig. 7. Experimental (top) and theoretical (below) spectra in
the energy range 61780 cm−1−61980 cm−1 through (a) the
3d4p 3F4 and (b) the 3d4p 3F3 intermediates. B: transitions
between Ca bound levels.

ing to the J = 5e levels agree very well with the ex-
perimental spectrum both in position and lineshape. The
J = 4e resonances appear as sharp and symmetric lines
in the theoretical as well as the experimental spectra, al-
though agreement in the energy level positions is some-
what poorer, as discussed previously.

On the same Figure some J = 2e or J = 3e resonances
have been identified. The J = 2e and J = 3e spectra have
been studied in some detail before [3]. In the course of this
experiment the spectrum in the vicinity of the previously
identified 4p5p 3D3 perturber around 61890 cm−1 has also
been recorded. These data, shown in Figure 7, comple-
ment those already published in reference [3] and offer a
comprehensive picture of the excitation of this perturber
from a number of different intermediate levels, i.e. 3P2,
1F3, 3F3 and 3F4. The recorded lineshapes show either a
dip or a peak depending on the intermediate state used
in the excitation. Similar behavior was already observed
in Ba [21]. In the following we present a theoretical in-
terpretation based on the results of our R-matrix/MQDT
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calculations. Although the calculations are performed in
jj-coupled basis, the analysis is best understood in LS-
coupling. Ten closed, interacting channels are involved,
namely 3dns 3D, 3dnd 3D, 1F, 3F and 3G, 3dng 3D, 1F,
3F and 3G and 4pnp 3D, all leading to J = 3 levels. Ex-
amination of the partial densities of states [1] in each of
the above closed channels in the energy range of the per-
turber shows that those of them associated with the 3D
and 3F symmetries exhibit a broad resonance with a width
of ∼ 20 cm−1 including a dip of a much narrower width
(∼ 2 cm−1) at 61893 cm−1. This broad resonance is iden-
tified as the 4p5p 3D corresponding to a strong mixing of
3D channels (70% 4pnp, 19% 3dnd and 11% 3dns). The
partial densities of states of the 3dnd channels with 1F
and 3G symmetries, present an intense and narrow peak
at 61890 cm−1 with a width ∼ 1.7 cm−1, ascribed to the
3d3/211d3/2 level, well described in jj-coupling. Therefore,
a first important conclusion is that the different types
of resonance structures recorded in the photoexcitation
cross section in the vicinity of the perturber are already
present in the partial density of states of the various chan-
nels. It remains to determine what final-state channels are
predominantly excited depending on the 3d4p intermedi-
ate level. The relative strength for the excitation of the
various closed channels is estimated from ab initio val-
ues for the dipole matrix elements calculated in the R-
matrix/MQDT treatment. Starting from the 3P2 state,
only 3dns, 3dnd and 4pnp channels of 3D3 symmetries
can be excited. The photoexcitation lineshape is deter-
mined by the corresponding partial densities of states and
thus a broad structure with a dip is predicted (Fig. 4a
in Ref. [3]). Similarly, from the 1F3 intermediate only the
3dnd 1F3 channel can be excited and the cross section is
almost proportional to the partial density of states of this
channel which is narrowly peaked at the position of the
3d3/211d3/2 resonance (Fig. 4b in Ref. [3]). The situation

becomes somewhat more complex when the 3F3 and 3F4

intermediates are considered, since then the 3dns, 3dnd
and 4pnp channels with 3D3, 3F3 or 3G3 symmetries can
be excited. It turns out that from the 3F3 intermediate the
dipole matrix elements favor the excitation of 3G symme-
try channels and the resulting lineshape is then a narrow
peak at the position of the 3d3/211d3/2 resonance (see
Fig. 7b) following the behavior of the corresponding par-
tial density of states. Analogously, from the 3F4 interme-
diate the excitation of the 3D3 symmetry dominates and
the dip in the photo-excitation lineshape (see Fig. 7a) mir-
rors the structure of the corresponding density of states.

4 Conclusions

Using a two-step excitation from the 3d4s metastable
levels of Ca through the 3d4p 1F3 and 3F3,4 intermedi-
ates we excited 3dnl J = 4e, 5e autoionizing resonances.
The analysis was supported by detailed nearly ab ini-
tio R-matrix/MQDT calculations for the energy posi-
tions and photo-excitation spectra. In light of the diffi-
culties to describe correctly the 3d orbital in Ca, because

of configuration-dependent orbital collapse and anoma-
lous fine-structure effects, the agreement between the-
ory and experiment is very satisfactory. The 3dnd 1,3G4

LS-coupled channels or equivalently the 3d3/2nd5/2 and
3d5/2nd3/2 J = 4 jj-coupled channels are found to be
nearly equally mixed, and this strong coupling is at-
tributed to the strength of the exchange electrostatic in-
teraction between the two valence electrons. Similarities
with the 4dnd J = 4 levels of Sr and 5dnd J = 4 levels
of Ba are analysed using empirical MQDT parameters ob-
tained in the phase-shifted formulation; this study reveals
the decrease of the strength of the exchange electrostatic
interaction with increasing atomic number. The depen-
dence of the excitation profiles in the vicinity of the 3d4p
3D3 perturber on the choice of the intermediate levels used
in the excitation process is explained by invoking the na-
ture of the preferentially populated final-state channels.

Numerical calculations were carried out on the Cray 98 be-
longing to the “Institut de Développement des Ressources en
Informatique Scientifique” of the French Centre National de la
Recherche Scientifique and on the Cray YMPEL belonging to
the “Centre de Ressources en Informatique” of the Université
Paris-Sud. The laboratoire Aimé Cotton is associated with the
Université Paris-Sud.
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