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The odd-parity J=11/2 autoionizing states of europium atom below the 5d 9D4 threshold are investigated by
a two-step laser photoionization scheme via the 4f75d6p 10F9/2 intermediate state. The observed resonances are
classified into two autoionizing Rydberg series �with n=15 to 55� converging to the 5d 9D4 limit and eight
members �n=13 to 20� of two autoionizing Rydberg series converging to the higher 5d 9D5 limit. The single
series converging to the 5d 9D3 limit is not efficiently excited. The observed four Rydberg series are assigned
in j j coupling as 5dnd �4, j� and 5dnd �5, j� with j=3/2 and 5/2. Apart from the 5dnd �5,5 /2� series, the
majority of autoionizing resonances exhibits narrow linewidths and quasisymmetric line shapes, reflecting this
way the weak coupling between the discrete levels and the adjacent continua. The experimental data are
analyzed through the semiempirical phase-shifted multichannel quantum defect theory. The theoretically cal-
culated energy level positions and excitation profiles are in good agreement with the experimental ones, thus
confirming the identification of the observed structures. The constructed Lu-Fano plot and computed admixture
coefficients reveal weak and localized interactions among the Rydberg series members.
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I. INTRODUCTION

Multichannel quantum defect theory �MQDT� is a power-
ful tool for describing complex atomic spectra both in the
bound and autoionizing spectral range with a limited number
of parameters related to quantum defects, interseries interac-
tions and dipole moments. The main field of MQDT appli-
cation on atomic systems concerns the closed shell alkaline-
earth-metal atoms and inert gasses. Open shell atoms �in
particular Carbon group atoms, halogens, and open d-shell
transition metals� have also been treated by combining
MQDT with the R-matrix technique �1�. However the theory
has not been extensively tested in the even more complex
lanthanide group of atoms such as europium. The interest in
studying this latter atom comes from the fact that while it
presents a half-filled 4f subshell, it is nevertheless an experi-
mentally convenient two-electron system among lanthanides.
Two-electron atomic systems are of constant experimental
and theoretical interest because of their apparent resem-
blance to helium, the prototype atomic three-body Coulomb
system. Helium is seemingly the simplest atom to study from
the theoretical point of view but it is rather difficult to deal
with experimentally due to its high ionization threshold.
Alkaline-earth-metal atoms with closed-shell ionic cores
present a convenient alternative and have been extensively
studied experimentally and theoretically whilst the lan-
thanides have got the least attention because of their com-
plexity induced by their aforementioned 4f open subshell.
The coupling of the 4f electrons with the two outermost ones
gives rise to multiple and closely spaced ionic limits with
high angular momentum, which in turn gives rise to many
parallel running and interacting Rydberg series converging to
these limits. For example, the five 5d 9DJ �J=2–6� limits,

just above the first ionization potential, span an energy range
of �1250 cm−1 while the distance between successive
thresholds lies in the range of �400–200 cm−1. That energy
range is largely unexplored and therefore extensive experi-
mental as well as theoretical efforts to reveal configuration
interaction and spin-orbit induced interseries mixing effects
are of great importance.

Among lanthanides, only the ytterbium spectrum has been
previously interpreted with semiempirical eigenchannel
MQDT by Aymar et al. �2�. In a recent paper �3�, we have
used the same MQDT variant for analyzing the J=3/2 au-
toionizing Rydberg series of europium up to 9D4 threshold.
Nevertheless, the eigenchannel MQDT formulation requires
a priori knowledge of each channel’s configuration and sym-
metry in order to build the Ui�̄ unitary matrix connecting the
collision channels �i� to close-coupling channels ��̄�. When
however, a number of the Rydberg series expected upon
symmetry considerations are not efficiently excited or de-
tected, the application of semiempirical eigenchannel MQDT
becomes difficult. In such cases more flexibility is offered by
the so-called phase-shifted MQDT, introduced by Giusti-
Suzor and Fano �4� for the two closed �i.e., bound� channel
problem and further developed for a higher number of open
and closed channels by Cooke and Cromer �5�, Lecomte �6�,
Ueda �7�, Giusti-Suzor and Lefebvre-Brion �8�, and Cohen
�9�.

In the present work, we report experimental data on the
J=11/2 autoionizing spectrum below the 5d 9D4 threshold
where the experimentally recorded Rydberg series are indeed
less than the expected ones. The data are analyzed with ap-
propriate semiempirical phase-shifted MQDT models and,
despite the aforementioned difficulties, it is found possible to
successfully reproduce energy levels positions and excitation
cross sections. Moreover, channel admixture coefficients
among the observed Rydberg series are obtained. The
achieved level classification will certainly be of great help to*Corresponding author. Email address nakhate@barc.gov.in
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the preparation of further spectroscopic and theoretical stud-
ies on europium atom.

II. EXPERIMENTAL DETAILS

The experimental technique was described in detail in our
previous paper �10�. Briefly, the autoionizing Rydberg levels
below the 9D4 threshold are accessed via a two step reso-
nance photoionization scheme. The laser system consists of
two pulsed dye lasers of line width 0.2 cm−1 and pulse du-
ration 25 ns pumped by a XeCl excimer laser. Europium
vapor is generated in a crossed heat-pipe oven operated at
800 K. The resulting europium vapor pressure is around
0.2 mbar. The excitation scheme for approaching autoioniz-
ation resonances in the spectra of europium is shown in Fig.
1. The atoms are excited by the first dye laser using the dye
p-terphenyl to the 4f75d�9D�6p 10F7/2,9/2 intermediate levels
located at 28 918.17 and 29 186.32 cm−1, respectively. The
second dye laser is scanned to probe the autoionizing reso-
nances in the energy range 55 280–56 050 cm−1 using the
dye Butyl-PBD. The pulse energy of the dye lasers is about
0.5 mJ and their beam diameter in the interaction region is
�5 mm. The dye laser beams are aligned to have optimum
spatial and temporal overlap in the interaction region. The
second dye laser is delayed by �12 ns with respect to the
first dye laser in order to avoid effects such as ac stark shifts
and multiphoton absorptions. The photoions generated in the
process of autoionization were detected by a hot cathode
thermionic diode, mounted inside the heat pipe oven and
operated in the space charge limited region. For wavelength
calibration, a small fraction of the scanning dye laser beam
passes through a Uranium-Neon hollow cathode lamp and
another fraction to a photodiode through a 1.364 cm−1 free
spectral range Fabry-Pérot etalon. The standard optogalvanic
lines of uranium and etalon fringes are used to calibrate the
europium spectra. All the signals are processed by indepen-

dent channels of a boxcar integrator, recorded simulta-
neously as a function of wavelength, and stored on a per-
sonal computer.

III. RESULTS AND DISCUSSION

A. Preliminary assignments

The total angular momentum quantum number J for each
observed final level is derived by a comparison between the
spectra recorded from the two 5d6p 10FJ intermediate levels
with J=9/2 and 7/2 and the application of the single photon
dipole selection rules ��J=0, ±1 but 0↔0 forbidden�. Thus
J=11/2 final states may be reached only by the J=9/2 in-
termediate level while they are not excited from the J=7/2
one. The experimental energies, reported in Table I, refer to
the line maxima since the majority of J=11/2 resonances
exhibit quasisymmetric line profiles. Their �0.5 cm−1 esti-
mated uncertainty is dictated mainly by the laser linewidth
and data acquisition rate.

For each particular level of energy E the effective quan-
tum numbers v j corresponding to every relevant ionic limit
EDj �j=3, 4, 5, and 6� are calculated using � j
= �RyEu/ �EDj-E��1/2, with RyEu=109 736.918 cm−1, the eu-
ropium mass corrected Rydberg constant. A preliminary level
assignment is obtained by grouping the levels having the
same effective quantum number fractional parts �with respect
to the same limit�. Of additional help are the comparable line
intensities and line shapes exhibited by members belonging
to a particular Rydberg series. Further classification refine-
ment is accomplished by constructing a number of �� j ,� j��
Lu-Fano plots, i.e., by projecting the same experimental data
to different � j planes. This procedure revealed two autoion-
izing Rydberg series converging to 5d 9D4, eight members of
two series converging to the higher 5d 9D5 limit and a small
number of unclassified J=11/2 resonances. At this point it is
useful to consider all the J=11/2 Rydberg series which are
accessible through the 5d6p 10F9/2 intermediate level and
build on the 9DJ limits. These are the following:

5d6p10F9/2 → 5dnd�3,5/2�11/2

→ 5dnd�4, j�11/2 with j = 3/2 and 5/2

→ 5dnd�5, j�11/2 with j = 3/2 and 5/2

→ 5dns�5,1/2�11/2

→ 5dnd�6, j�11/2 with j = 3/2 and 5/2

→ 5dns�6,1/2�11/2.

The j j-coupling scheme is adopted here since europium is a
high-Z atom, the reported levels possess high principal quan-
tum numbers n �n�13� and it is moreover noticed that the
observed Rydberg series are more or less grouped into pairs
with splittings scaling as v−3. To the above series one has to
add the 4f76s�9S4��d5/2,3/2 �10D11/2 and 8D11/2 in LS notation�
and 4f76s�7S3��d5/2 �8D11/2� continua. It would be interesting
to discuss the fact that from the nine expected series �seven
of 5dnd configuration and two of 5dns configuration� only
four are experimentally observed. Since there are no 5dns
series associated with the 5d 9D4 limit the observed two

5d6p 10F9/2
10F7/2

5d 9D2 continuum55657.74 cm-1

5dnd

4f7 6s2, 8S7/2E = 0 cm-1

56378.22 cm-1

5d 9D3 continuum

5d 9D4 continuum

5d 9D5 continuum

56047.56 cm-1

55816.39 cm-1

29186.32 cm-1

28918.17 cm-1

λ1 (fixed)

λ2 (scan)

45734.74 cm-1 6s continuum

FIG. 1. �Color online� Schematic diagram of the two-step laser
photoionization scheme employed for the study of 5dnd autoioniz-
ing energy levels below the 5d 9D4 threshold of europium atom.
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TABLE I. Experimental and theoretical energies and assignments of J=11/2 autoionizing series below
5d 9D4 threshold. d−−, d−+, d+−, and d++ stands for 5dnd �4,3 /2�, 5dnd �4,5 /2�, 5dnd �5,3 /2�, and
5dnd �5,5 /2� configuration, respectively, where n is the principal quantum number. The experimentally
unresolved pair of members of the two series 5dnd �4, j� with j=3/2 and 5/2 of a given n is listed as nd.
Admixture coefficients larger than 10% in a channel are given in brackets.

Assignment Eexpt �cm−1� Etheor �cm−1� Eexpt−Etheor

Admixture coefficients
in other channels

15d−− �78� 55 312.4 55 312.4 0.0 d+− �14�
15d−+ �81� 55 315.4 55 317.3 −1.9 d−− �13�
13d+− �82� 55 329.5 55 328.9 0.6 d−+ �10�
13d++ �98� 55 368.7 55 367.7 1.0

16d−− �100� 55 421.0 55 421.0 0.0

16d−+ �96� 55 424.0 55 424.6 −0.6

17d−− �65� 55 504.3 55 504.0 0.3 d+−, d−+ �25, 10�
17d−+ �68� 55 508.1 55 507.5 0.6 d−− �26�
14d+− �69� 55 512.9 55 513.3 −0.4 d−+, d−− �20, 11�
14d++ �97� 55 541.7 55 541.8 −0.1

18d−− �100� 55 575.0 55 574.7 0.3

18d−+ �99� 55 576.9

“P” 55 580.1

19d−− �97� 55 630.0 55 630.9 −0.9

19d−+ �95� 55 632.4 55 632.6 −0.2

15d+− �95� 55 650.6 55 648.9 1.7

15d++ �94� 55 669.5 55 668.2 1.3

“P” 55 676.4

20d−− �99� 55 679.4 55 678.2 1.2

20d−+ �91� 55 681.1 55 680.1 1.0

21d−− �44� 55 717.3 55 717.6 −0.3 d++ �54�
21d−+ �100� 55 718.6 55 718.7 −0.1

22d−− �68� 55 750.0 55 750.1 −0.1 d−+, d+− �16, 12�
22d−+ �85� 55 751.8

“P” 55 754.0

16d+− �84� 55 756.4 55 755.9 0.5

16d++ �96� 55 767.0 55 767.1 −0.1

23d−− �99� 55 779.5 55 779.6 −0.1

23d−+ �90� 55 780.7 55 780.8 −0.1

24d−− �95� 55 804.3 55 804.2 0.1

24d−+ �55� 55 805.7 55 805.1 0.6 d++ �45�
25d �92� 55 826.2 55 825.8 0.4

17d+− �54� 55 840.9 55 841.2 −0.3 d++ �44�
26d �82� 55 844.4 55 845.1 −0.7

27d �96� 55 861.4 55 861.4 0.0

28d �96� 55 875.5 55 875.7 −0.2

29d �92� 55 888.2 55 888.4 −0.2

30d �99� 55 899.4 55 899.9 −0.5

18d+− �55� 55 908.1 55 908.9 −0.8 d++ �35�
31d �82� 55 909.3 55 910.0 −0.7

32d �96� 55 919.4 55 919.6 −0.2

33d �100� 55 927.7 55 927.8 −0.1

34d �90� 55 935.2 55 935.4 −0.2

35d �53� 55 942.0 55 942.2 −0.2 d++ �47�
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series converging to that limit are certainly of 5dnd configu-
ration. Taking into account the v=1.65 effective quantum
number of the low-lying 4f75d�9D�6s 8D11/2 level at
16 079.76 cm−1 listed in NBS tables �11� and the fact that the
v�modulo 1� values of all recorded series with respect to the
5d 9D limits are in the range 0.2–0.4 we may rule out obser-
vation of the 5dns �5,1 /2�11/2 series. Hence the two series
converging to the 9D5 threshold are of 5dnd configuration as
well.

It is remarkable that only a few very weak and diffuse
5dnd �3,5 /2�11/2 series members are recorded below the
5d 9D3 threshold. Their excitation is comparable in strength
to the continuum excitation and due to their small number
they are of limited usefulness in probing interseries interac-
tions and we do not report them here. The weakness of their
excitation, however, is not to be attributed solely to a low
radiative coupling with the 5d6p 10F9/2 intermediate level,
because we do observe an increased background signal when
the second dye laser frequency is scanned across the 5d 9D3
limit �onset of ionization�. We anticipate therefore that the
disappearance of that series is also connected to an appre-
ciable coupling to the available continua and subsequently to
large autoionization widths. It may be speculated that similar
arguments hold for the unobserved �6, j�11/2 j=3/2 ,5 ,2 se-
ries while the absence of 5dns levels can be rather easily
explained by the fact that these series are of exactly the same
symmetry with the 6s�d continua to which they are allowed
to autoionize by configuration interaction. The above discus-
sion is also supported by the fact that the four efficiently

excited series exhibit narrow linewidths �of the order of
1 cm−1 �full width at half maximum� or less�, implying a
coupling to the continua which is not favored by symmetry
considerations. The only exception concerns the �5,5 /2�11/2

series which shows somewhat larger autoionization widths
below the 5d 9D3 threshold and a sudden decrease of oscil-
lator strength above it. The latter effect reflects the additional
broadening caused by its coupling and subsequent autoioniz-
ation to the 5d�d �3,5 /2� continuum. Note however that this
coupling is of different origin because it is spin-orbit induced
and not caused by configuration interaction.

Before concluding this first attempt to analyze the experi-
mental data let us note that there are three resonances that
can not be classified to any of the 4f75d �9DJ�nd ,s series.
Their effective quantum numbers calculated with respect to
5d 9D3 and 5d 9D6 limits are 21.55, 27.99, and 41.92 and
9.25, 9.62, and 9.95, respectively while, as mentioned above,
the fractional part of effective quantum numbers of the ob-
served 5dnd series falls in the 0.20–0.40 range. To rule out a
possible 6pnp series excitation �that may also be achieved
via the 5d6p 10F9/2 intermediate level� we note that there are
two 4f7�8S7/2� 6p2 �1D2� 8D and 4f7�8S7/2� 6p2 �3P2� 10P
low-lying J=11/2 levels. The 10P term is listed in the NBS
table at 41 443.70 cm−1 while the 8D term was located close
to the first ionization potential �45 734.74 cm−1� by Nakhate
et al. �12�. By extrapolation it is found that the 6p7p con-
figuration based levels should lie above 57 200 cm−1, i.e.,
well beyond the investigated energy range. On the other
hand, the effective quantum numbers for these three reso-

TABLE I. �Continued.�

Assignment Eexpt �cm−1� Etheor �cm−1� Eexpt−Etheor

Admixture coefficients
in other channels

36d �96� 55 948.1 55 948.4 −0.3

37d �96� 55 953.9 55 954.1 −0.2

38d �97� 55 959.1 55 959.2 −0.1

39d �92� 55 964.0 55 964.1 −0.1

19d++ �40� 55 964.0 55 965.5 −1.5 d+−, d �27, 33�
40d �97� 55 968.7 55 968.6 0.1

41d �98� 55 972.5 55 972.7 −0.2

42d �94� 55 976.3 55 976.5 −0.2

43d �100� 55 979.7 55 979.9 −0.2

44d �99� 55 982.9 55 983.1 −0.2

45d �99� 55 986.1 55 986.1 0.0

46d �95� 55 988.8 55 988.9 −0.1

47d �92� 55 991.6 55 991.5 0.1

20d++ �100� 55 994.1 55 994.0 0.1

49d �91� 55 996.1 55 996.3 −0.2

50d �95� 55 998.3 55 998.4 −0.1

51d �100� 56 000.3 56 000.4 −0.1

52d �100� 56 002.1 56 002.3 −0.2

53d �99� 56 004.3 56 004.1 0.2

54d �99� 56 005.8 56 005.8 0.0

55d �97� 56 007.4 56 007.4 0.0
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nances, calculated with respect to the fine-structure averaged
4f75d �7D� limit �3.89, 3.91, and 3.93�, are in good agree-
ment with the ��modulo 1� values of the three bound 4f75d2

�unassigned levels� �11� at 32 480.95, 35 204.58, and
35 460.74 cm−1 which are 1.90, 1.99, and 2.00, respectively.
The extra J=11/2 resonances may thus be low members of
4f75d�7D�nl series. However a more rigorous identification
requires higher energy experimental data and their assign-
ment is a matter of speculation at present. Therefore, while
they are listed in Table I, they are not considered in the
following MQDT analysis and they are collectively labeled
as “P” �perturbers� in the column of computed admixture
coefficients.

B. MQDT analysis below the 5d 9D3 threshold

Below the 5d 9D3 limit the 5dnd �4, j�, j=3/2 ,5 /2 series
members are experimentally resolved from n=15 to 24,
while those converging to the higher 9D5 limit are resolved
from n=13 to 16. Principal quantum numbers are assigned
by referring to the lowest bound 5d2 states �11�. It is our
purpose here to analyze parametrically energy level posi-
tions, channel admixture coefficients and lineshapes through
the phase-shifted reaction matrix MQDT formalism. A sys-
tematic study of autoionization widths is not possible be-
cause for most lines they are of the order of our laser line-
width.

For a general MQDT model, the basic matrix equation to
be solved is

�R� + T�a = 0, �1�

where R� is the phase-shifted reaction matrix whose diago-
nal elements are zero and the off-diagonal elements represent
interchannel couplings. T is a diagonal matrix whose ele-
ments are given by Ti=tan����i+�i��, where �i are the ef-
fective quantum numbers and the parameters �i may be in-

terpreted as the zero-coupling quantum defects of each
channel, i.e., when R�=0. The a vector is related to the chan-
nel admixture coefficient vector Z as ai=Zi cos����i+�i��.
The compatibility equation for Eq. �1� to have a nontrivial
solution reads

det�R� + T� = 0. �2�

Our strategy is to proceed in two steps. In the first, the open
channels �continua� are discarded and we consider only the
closed channels system �bound states�. By fitting solely en-
ergy level positions the parameters relevant to this system
are first determined. Then, in a second step the open channels
are added, allowing the fitting of excitation cross sections.
For the sharp resonances of the problem at hand this proce-
dure has the advantage of a minimal readjustment of the
parameters pertaining to the closed channel system during
the second step. The latter is composed by the 5dnd �4,3 /2�
�channel 1� and 5dnd �4,5 /2� �channel 2� series both con-
verging to the 5d�9D4� limit and the 5dnd �5,3 /2� �channel
3� and 5dnd �5,5 /2� �channel 4� series converging to the
5d�9D5� limit. The 5dnd �3,5 /2� closed channel is neglected
because of the lack of reliable data and because its weak
spectral appearance allows one to treat it as a quasicon-
tinuum. We are aware that by doing that the spin-orbit in-
duced interaction of this channel with the �5,5 /2� series
mentioned in the previous subsection is not explicitly taken
into account. This coupling may nevertheless be described
implicitly by the introduction of energy dependent param-
eters �13�. Furthermore, zero coupling is assumed between
Rydberg series converging to the same limit. This assump-
tion implies a rotation of the original channels so the channel
labels are, strictly speaking, only tentative. Nevertheless, the
trend of energy levels and finally obtained admixture coeffi-
cients shows that in our case they are fairly meaningful.

The compatibility equation �2� for the closed channels
system is written as

�
tan����D4 + �1�� 0 R13� R14�

0 tan����D4 + �2�� R23� R24�

R13� R23� tan����D5 + �3�� 0

R14� R24� 0 tan����D5 + �4��
� = 0 �3�

and theoretical line positions are obtained by the simulta-
neous satisfaction of Eq. �3� and the relation between vD4
and vD5

E = ED4 −
RyEu

�D4
2 = ED5 −

RyEu

�D5
2 . �4�

The fitted parameters at this stage are the �i’s �i=1–4� and
R13� , R14� , R23� and R24� �with an ambiguity concerning their
sign�. As expected, for �3 and �4, it was found necessary to
adopt quadratic energy dependence, namely

�i = �i
0 + �i

1��E� + �i
2��E�2 i = 3,4, �5a�

where

�E =
�ED5 − E�

RyEu
. �5b�

The obtained good quality of the �twelve parameter� fit may
be appreciated by its graphical representation, the Lu-Fano
plot of Fig. 2, and by the comparison of experimental and
fitted energy levels in Table I.
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The simulation of the spectrum is accomplished by the
introduction of a single open channel �channel 5� represent-
ing an effective continuum �6�, interpreted as a linear com-
bination of the three true continua built on 6s �9S4� and 6s
�7S3� ionic levels. The incorporation of two open channels
would be certainly preferable in order to avoid unobserved
stabilization effects �quasizero autoionization widths and di-
verging cross section� �9�. However, augmentation of the
MQDT model by a single open channel results to eight ad-

ditional parameters. The addition of two open channels
therefore would render the fitting procedure very difficult.
Nevertheless, the fitted parameters do not satisfy the stabili-
zation conditions on the locations of the observed reso-
nances. Besides, the simulated spectra are convoluted with
the laser linewidth of 0.2 cm−1 and evaluated on an energy
mesh equal to that of our data acquisition system. The aug-
mented �R�+T� matrix is given by

�R� + T� = 	
tan����D4 + �1�� 0 R13� R14� R15�

0 tan����D4 + �2�� R23� R24� R25�

R13� R23� tan����D5 + �3�� 0 R35�

R14� R24� 0 tan����D5 + �4�� R45�

R15� R25� R35� R45� T5


 �6�

with T5=tan�−	� and 	, the energy dependent phase shift of
the open channel. For the photoionization cross section 
 we
adopt the expression of Baig et al. �14� which reads


 �

��
1

5

C5idi��2

C55
2 + ��

1

4

C5iR5i� �2 . �7�

The C5i are the cofactors of the fifth row and ith column of
the determinant in Eq. �7�. The new parameters are the Ri5�
�i=1–4� couplings between closed channels and the con-
tinuum and the di� �i=1–5� transition dipole moments be-
tween the initial �intermediate� level and the ith channel. The
latter are calculated relatively to the continuum dipole mo-
ment, since we are only interested in relative cross sections.
Furthermore, for taking into account the J�11/2 continuum
excitation, a constant background term was incoherently
added to 
.

The experimental and simulated spectra are shown in
Figs. 3�a� and 3�b� �in mirror-plot form� while the full set of
fitted MQDT parameters are given in Table II. The overall
agreement in the range 55 300–55 810 cm−1 is satisfactory,
especially if one considers the overlap of J�11/2 reso-
nances �a typical example is the 5d14d �5,3 /2� line blended
with a J=9/2 level� and residual perturbations not taken into
account by the model. In particular, a comparison of experi-
mental and theoretical results in both the Lu-Fano plot of
Fig. 2 and the spectra of Fig. 3 shows the influence of the “
P” levels. Specifically, their presence leads to the disappear-
ance of the lines corresponding to the 5d18d �4,5 /2� and
5d22d �4,5 /2� levels predicted by MQDT at 55 576.9 cm−1

and 55 751.8 cm−1, respectively, and to a �1 cm−1 discrep-
ancy between theory and experiment in the vicinity of the
5d20d �4, j� series member. Furthermore, in the neighbor-
hood of “P” levels an irregularity of the relative intensities is

clearly observed. Finally, as a general remark, we may note
from Table II that the mixing among the fitted Rydberg series
as well as their coupling to the continuum is fairly weak.

C. MQDT analysis between the 5d 9D3 and 5d 9D4
limits

Above the 5d 9D3 threshold, the members of the two
5dnd �4, j� with j=3/2 ,5 /2 series are hardly resolved and
gradually merged. They are recorded as unresolved doublets
up to n=55. The 5dnd �5,3 /2� series constitutes the main
perturbers in this energy range while the 5dnd �5,5 /2� series
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FIG. 2. �Color online� Lu-Fano plot of the J=11/2 autoionizing
levels of europium in the �D4 �mod 1� versus �D5 plane. The squares
represent experimental energy levels and the full curve is calculated
with the phase-shifted MQDT parameters involving only closed
channels listed in Table II. d−−, d−+, d+−, and d++ stands for
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members becomes too weak and only occasionally observed.
Despite these difficulties and in order to treat the problem
below as well as above the 9D3 limit cohesively, we adopted
the same closed channel system as that below the 9D3 limit
�i.e., two 5dnd �4, j� and two 5dnd �5, j� series� and added
another open channel. A schematic diagram of this six-
channel model �6QDT� is shown in Fig. 4. To keep the num-
ber of fitted parameters reasonable, the two continua are con-
sidered uncoupled and only the 5dnd �5, j� series are coupled
to the new open channel �while they are uncoupled from the
other effective continuum�. Based on the discussion of Sec.
III A explaining the sudden disappearance of the 5dnd
�5,5 /2� series the new open channel may tentatively as-
signed to represent the 5d�d �3,5 /2� continuum. One, how-
ever, has to keep in mind that the introduction of uncoupled
open channels is equivalent to a linear combination of the
true continua. The matrix equation and compatibility condi-
tion for the two-open channel 6QDT problem are identical in
form to Eqs. �1� and �2�. The diagonal elements T5 and T6 of
the two open channels are written in terms of a common
phase shift 	��� such that T5=T6=tan���−	�����
��. By solv-

ing Eq. �2� �a quadratic equation in ��� the two roots of �� for
�=1,2 are obtained. Equation �1� is then solved together
with the normalization condition �a5

����2+ �a6
����2= �1+��

2�–1 to
determine ai

����i=5,6� for �=1 and 2 for the ith channel. The
photoionization cross section of the autoionizing resonances
excited from the intermediate state is written as


�E� � �
�=1

no ��
i=1

N

ai
���di��2

, �8�

where N=6 is the total number of channels and no=2 the
number of open channels. The photoionization cross section

 is calculated following procedures similar to those de-
scribed in Sec. III B. Again experimental energy levels are
fitted first, providing the closed channel quantum defects �i
and interchannel interactions Rij� between closed channels.
The fitted values below the 9D3 limit served as initial guesses
for these parameters and only a small adjustment is found
necessary. Furthermore, there is no need to employ energy
dependent quantum defects in this energy range. The experi-
mental and calculated energy level positions in this energy
range are listed in Table I. During the second step, the ratio
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of the matrix elements di /d5�i=1–4,6� and closed to open
channel interaction parameters R15� , R25� , R36� , and R46� are op-
timized by fitting the experimental spectrum to Eq. �6� and
keeping �i and Rij� nearly constant as determined from the
Lu-Fano plot. A �quadratic� energy dependent background
term is added to 
 in order to match the experimentally
recorded background excitation. The calculated spectra are
convoluted with laser linewidth of 0.2 cm−1 and evaluated on
an energy mesh equal to that of our data acquisition system.
The experimental and the calculated spectra are shown in
Fig. 5 and the whole set of phase-shifted MQDT parameters
are given in Table II.

The part of experimental and theoretical spectrum in the
range 55 820–55 920 cm−1 is shown in the mirror plot of
Fig. 5. The gradual merging of 5dnd �4, j� members �see, for
example, the line labeled as 27d� and the line shapes in the

neighborhood of the 5dnd �5,3 /2�, n=17,19 perturbers are
nicely reproduced. The quasidisappearance of the 5dnd
�5,5 /2� series is simulated by attributing to this channel a
large R16� coupling to the open channel and by reducing its
excitation matrix element to a level comparable to that of the
continuum. Moreover, the channel admixture coefficients in
Table I, reveal that the character of this channel is “diluted”
to a large number of 5dnd �4, j� levels and the �5,3 /2� chan-
nel, despite the fact that it is not directly coupled to the latter
one.

IV. CONCLUSION

We have presented two-step laser photoionization spectra
of odd-parity J=11/2 autoionizing states of europium atom
below the 5d 9D4 threshold using the 4f75d6p 10F9/2 inter-

TABLE II. Phase-shifted MQDT parameters for the analysis of the autoionizing Rydberg series spectra of europium below the 5d 9D4
threshold. The Eu mass corrected Rydberg constant is RyEu=109 736.918 cm−1.

Data below the 5d 9D3 limit

Channel i Ionization limit �i di� /d5�

�1� 5dnd �4,3 /2� 56 047.56 cm−1 �1=0.766 �±0.001� 4.9 �±0.1�
�2� 5dnd �4,5 /2� �2=0.732 �±0.001� −3.8 �±0.1�
�3� 5dnd �5,3 /2� 56 378.22 cm−1 �3=0.760�±0.001�−17.9�±0.5��E+2152�±47��E2 3.9 �±0.1�
�4� 5dnd �5,5 /2� �4=1.30�±0.01�−198�±1��E+13012�±100��E2 3.2 �±0.2�
�5� Effective continuum 1

Phase shifted reaction matrix

1 2 3 4 5

1 0 0 0.09 �±0.004� 0.06 �±0.01� 0.15 �±0.01�
2 0 0.08 �±0.004� 0.10 �±0.01� −0.14 �±0.01�
3 0 0 0.14 �±0.01�
4 0 0.19 �±0.02�
5 0

Data between the 5d 9D3 and 9D4 limits

Channel i Ionization limit �i di� /d5�

�1� 5dnd �4,3 /2� 56 047.56 cm−1 �1=0.760 �±0.002� 2.0 �±0.2�
�2� 5dnd �4,5 /2� �2=0.736 �±0.002� −3.5 �±0.1�
�3� 5dnd �5,3 /2� 56 378.22 cm−1 �3=0.702 �±0.001� 1.4 �±0.1�
�4� 5dnd �5,5 /2� �4=0.60 �±0.02� 1.0 �±0.2�
�5� Effective continuum 1

�6� “5d�d �3,5 /2�” −0.70 �±0.4�

Phase shifted reaction matrix

1 2 3 4 5 6

1 0 0 0.10 �±0.01� 0.06 �±0.02� 0.30 �±0.02� 0

2 0 0.10 �±0.01� 0.10 �±0.02� −0.3 �±0.02� 0

3 0 0 0 0.18 �±0.03�
4 0 0 0.50 �±0.06�
5 0 0

6 0
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mediate level. The majority of recorded resonances are clas-
sified into two 5dnd autoionizing Rydberg series converging
to the 5d9D4 threshold, observed from n=15 to n=55, and to
two 5dnd Rydberg series �n=13 to 20� converging to the
higher lying 5d 9D5 limit. Most of the series exhibit narrow
and quasisymmetric line shapes and were measured with an
experimental uncertainty of �0.5 cm−1. The spectra were fit-
ted below as well as above the 5d 9D3 limit using appropri-
ate parametric phase-shifted MQDT models. A good overall
reproduction was achieved for both level energies and spec-
tral profiles. Furthermore, from the remaining discrepancies
the perturbations caused by the single Rydberg series con-
verging to the 5d 9D3 threshold as well as three unclassified
J=11/2 levels �not explicitly taken into account in the
MQDT analysis� could be deduced. The former series mem-

bers were not efficiently excited in the present experiment
due to their weak radiative coupling to the intermediate level
and/or their large autoionization widths. As for the three un-
classified resonances it is speculated that they belong to Ry-
dberg series build on the 7DJ thresholds. These observations
point out the need for further spectroscopic investigations
concerning the energy range between the 9DJ and 7DJ limits.

The present study is one out of very few applications of
MQDT �and the first of phase-shifted MQDT in particular� to
lanthanides atoms. Therefore, it is once more demonstrated
that this theory may efficiently handle interchannel mixing
among Rydberg series even in open shell atoms. Moreover,
the level assignments and classification provided by MQDT
will be a valuable tool for further understanding and analyz-
ing the structure of the complex europium atom.
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