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We present even-parity autoionizing resonances in barium using two-step laser excitation via 5d6p 1P1

intermediate level covering the energy region from the first ionization threshold to the 5d 2D5/2 limit. The data
are achieved using an atomic beam apparatus in conjunction with a time-of-flight mass spectrometer and a
Nd:YAG pumped dye laser system. True line shape of the 6p2 1S0 autoionizing resonance at 44 850�50 cm−1,
its width �980�50 cm−1�, and the absolute value of photoionization cross section �185�35 Mb� are reported.
A combination of parallel and perpendicular polarization vectors of the exciting and the ionizing dye lasers
reveals unambiguous J-value assignments of the excited states. The interactions between the 6p2 1S0 broad
feature with the 5d5/2nd J=0 Rydberg series have been simulated using the phase-shifted multichannel quan-
tum defect theory.
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I. INTRODUCTION

The level structure based on the 6p2 configuration in
barium yields 3P0,1,2, 1D2, and 1S0 levels. Their energies and
assignments are well established except the 6p2 1S0 level that
remained controversial and has therefore attracted consider-
able attention during the last couple of decades. Initially,
Moore �1� designated the level at 38 663 cm−1 as 6p2 1S0
and later the level at 34 370.78 cm−1 was given this assign-
ment by Moore �2�. Subsequently, Rubbmark et al. �3� stud-
ied the 6sns 1S0 Rydberg series and identified a perturbing
level at 38 663.75 cm−1 as 6p2 1S0. Aymar et al. �4� reinves-
tigated the even-parity J=0 levels and assigned the above-
mentioned level as 6s10s 1S0 and predicted that the 6p2 1S0
seems to lie at 45 320 cm−1, above the 6s ionization thresh-
old. Wynne and Armstrong �5� studied the systematic trends
in alkaline-earth metal atoms using Multichannel Quantum
Defect Theory �MQDT� and assigned the 6p2 1S0 level at
38 924 cm−1. Based on the semiempirical calculations, Ca-
mus et al. �6� removed this ambiguity by assigning the level
at 38 924 cm−1 as 5d6d 1S0, which was earlier assigned as
6s10s 1S0 by Rubbmark et al. �3� and 6p2 1S0 by Armstrong
et al. �7�. Moreover, they concluded that the 6p2 1S0 level is
still unknown and should be searched elsewhere.

The first experimental evidence of the 6p2 1S0 level was
provided by Aymar et al. �8� who observed a broad feature
above the first ionization threshold centered around
44 800 cm−1 and �300 cm−1 broad. This identification was
based on the MQDT analysis of the interaction among the
6pnp 1S0 series and the 6s�s 1S0 continuum. Bartschat et al.
�9� reported the photoionization from the 6s6p 1P1 excited
state using R-matrix calculations and surprisingly the 6p2 1S0
broad resonance was missing; their calculations predicted a
broad resonance above the 5d5/2 threshold. This again put a
question mark on the location of the 6p2 1S0 resonance. Sub-

sequently, Bartschat and Greene �10� improved their
R-matrix calculations by considering the short-range correla-
tion and relaxation effects of the 6p orbital including
continuum-continuum configurations and predicted the posi-
tion of the 6p2 1S0 resonance at about 374 nm �photon wave-
length relative to the 6s6p 1P1 excited state�. Greene and
Aymar �11� calculated the partial photoionization cross sec-
tion for the 5d6p 1P1 J=0 of barium in the energy range
42 000–47 000 cm−1 using multichannel quantum defect
theory and eigenchannel R-matrix calculations. Recently, the
polarization-dependent photoionization cross sections of two
even-parity excited states 5d6d 3D1 and 6s7d 3D2 of barium
are reported by Li and Budker �12�.

The objectives of this present study are to obtain the line
profile of the 6p2 1S0 autoionizing resonance and to unfold
the interaction of this broad feature with the neighboring
5dnd J=0 autoionizing resonances. Exploiting the two-step
excitation-ionization technique via the 5d6p 1P1 intermedi-
ate level we report the photoionization spectra from the 6s
ionization threshold to the 5d5/2 threshold using the polariza-
tion vectors of the exciting and the ionizing dye lasers either
parallel or perpendicular to each other, in two different sets
of measurements, to achieve unambiguous level assign-
ments. We have also performed four-channel quantum defect
theory calculations to simulate the interaction between the
6p2 1S0 broad resonance with the 5d3/2,5/2 Rydberg states of
the same J values. The phenomena of q reversal in the Ryd-
berg transitions in the vicinity of the perturbing broad feature
are experimentally demonstrated.

II. EXPERIMENTAL DETAILS

The experimental setup, shown in Fig. 1, is the same as
described in our earlier papers �13–15�. A well-collimated
atomic beam of barium was produced at a constant tempera-
ture ��900 K� that travels from the lower to the upper part
in the vacuum chamber and passes through the center of the
ionization and extraction region of an in-house built time-of-
flight �TOF� mass spectrometer. The barium atomic beam
was irradiated with the exciter laser to populate the 5d6p 1P1
excited state, followed by an ionizer laser with a delay of
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about 6 ns to separate the excitation and ionization pro-
cesses. Both the dye lasers were pumped by a common
Nd:YAG laser �Brilliant B, Quantel�. In the first step the
atoms were resonantly excited to the doubly excited 5d6p
1P1 state using an open cavity Hanna-type �16� dye laser
�pulse length 5 ns; bandwidth �0.3 cm−1� charged with
LDS-698 and the uv photons at 350.2 nm �bandwidth
�0.6 cm−1� were produced by frequency doubling the 700.4
nm wavelength by a beta barium borate crystal. In the second
step, these excited atoms were ionized with the probe dye
laser �TDL-90, Quantel� �bandwidth �0.1 cm−1� covering
the energy region from 42 035 to 47 720 cm−1. Different
dyes such as LDS-698, DCM, Rhodamin 640, Rhodamin
610, Rhodamin 590, Flourescen 548, and Coumarine 500
were used to cover the entire region of interest. Some mix-
tures of different dyes were also used to overlap the scanning
region and to maintain a constant intensity of the ionizing
laser. The wavelength region is scanned when both the ex-
citing and the ionizing lasers were linearly polarized. By
inserting a half wave plate in the path of the ionizing laser its
polarization vector was adjusted either parallel or perpen-
dicular to that of the first dye laser revealing autoionizing
states of different total angular momentum quantum num-
bers.

III. RESULTS AND DISCUSSION

The photoionization spectra of barium have been recorded
via the 5d6p 1P1 intermediate level by scanning the probe
laser from the 6s threshold to the 5d 2D3/2 ionization thresh-
old. The spectra are recorded by adjusting the polarization
vectors of the pump and the probe dye lasers either parallel
or perpendicular to each other. The selection of combinations
of polarization vectors of the two laser beams permits to
access the final states with different total angular momentum.
The probability of absorption of a photon is proportional to
the square of the modulus of the dipole matrix element
�17,18�:

Wn0l0J0m0→n1l1J1m1
� ��n1l1J1M1�Dq�n0l0J0M0��2.

Here J and M are the total angular momentum and its pro-
jection, respectively, and Dq are the spherical components;
q=0 applies to linearly polarized light and �1 to circularly
polarized light. The Wigner-Eckart theorem leads to the
separation of the matrix element into a geometrical and
physical part; the angles are incorporated in the coefficients
and the physical part is expressed in terms of a reduced ma-
trix element:

�n1l1J1M1�Dq�n0l0J0M0� = �− 1�J1−M1	 J1 1 J0

− M1 q M0



��n1l1J1��D��n0l0J0� .

The dipole matrix element describing the absorption of a
second photon in the second step can be described as

�n2l2J2M2�Dq�n1l1J1M1� = �− 1�J2−M2	 J2 1 J1

− M2 q M1



��n2l2J2��D��n1l1J1� .

Only those values of the total angular momentum via single
photon absorption are allowed for which the two 3j symbols
in the above two equations are nonvanishing. In the first-step
excitation from the ground state 6s2 1S0 �J=0 and Mj =0�
with the linearly polarized light, the 5d6p 1P1 �J=1 and
Mj =0� is populated. When the polarization vector of the
second-step laser beam is adjusted parallel to that of the first-
step laser, the final states of Mj =0, J=0 and 2 are allowed
while J=1 is forbidden. In the case of perpendicular polar-
ization vectors, the excited states with Mj = �1, J=1 and 2
are allowed but J=0 is forbidden. Thus, the 6p2 1S0 excited
state is only accessible from the 5d6p 1P1 intermediate state
when the polarization vectors of both the dye lasers are par-
allel to each other and it will be forbidden in the case of
perpendicular polarization arrangement.

The lifetime of the 5d6p 1P1 level is 12.17 ns �19�; the
scanning laser pulse is therefore delayed by �6 ns with re-
spect to the exciting laser to ensure a pure two-step ioniza-
tion and to avoid any ionization caused by the first laser of
any state populated by the scanning laser. The pulse energy
of the exciting laser was kept �5 �J to obstruct the two-
photon ionization hitherto provided sufficient population of
the excited state. The energy of the ionizing laser at 737 nm
wavelength was �300 �J and it is divided into three parts to
record the optogalvanic spectra from a hollow cathode lamp
�wavelength standards�, fringes from a Fabry-Perot etalon
�relative energy markers�, and photoion signal from a chan-
neltron. The intensity of the scanning laser was monitored
through a fast photodiode which had a linear response for the
laser intensities. It was ensured that the intensity of the scan-
ning laser remained nearly constant and no ion signal got
saturated throughout the scanning region.

In Fig. 2 we show the photoionization spectra of barium
excited from the 5d6p 1P1 intermediate level covering the
energy region 42 000–46 000 cm−1. Each and every ob-
served line in this region is identified with the help of the
laser polarization selection rules. The lines that are present in
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FIG. 1. �Color online� Schematic of the experimental setup.

KALYAR, RAFIQ, AND BAIG PHYSICAL REVIEW A 80, 052505 �2009�

052505-2



the case of parallel as well as in the case of perpendicular
polarization vectors of the dye lasers are recognized as
J=2. The lines that are present only for the perpendicular
polarizations of the two lasers are labeled with J=1. How-
ever, the lines that appear only when the polarization vectors
of both the laser beams are parallel are assigned J=0. The
term energies of the autoionizing resonances have been de-
termined by adding the energy 28 554.26 cm−1 of the 5d6p
1P1, intermediate state to the excitation energy of the scan-
ning laser. The dye laser was scanned with a motor step of
0.02 cm−1 and the term energies are measured with an accu-
racy of 0.2 cm−1. The term energies of theses resonances are
in good agreement with that of Camus et al. �20�. If we
subtract these resonances from the spectrum recorded with
the parallel combination of the two lasers, we retrieve the
true line shape of the 6p2 1S0 autoionizing resonance. The
presence of the 6p2 1S0 resonance can also be seen in the
spectra for the parallel polarizations of the two lasers in the
work of Lange et al. �21� and Wood et al. �22� for the photo-
ionization from the 6s6p 1P1 excited state.

The observed spectra are arranged into Rydberg series
attached to the 5d3/2,5/2 ionic levels of barium �23,24�. The
upper spectrum was recorded by adjusting the polarization
vectors of the exciting as well as the ionizing lasers parallel
where the levels predominantly are J=0 and 2 but J=1 are
very weak. The lower spectrum was recorded by adjusting
the polarization vector of the ionizing laser beam perpen-
dicular to that of the exciting laser. In this case the J=0
levels are very weak whereas the dominating levels possess

J=2 and 1. Interestingly, the forbidden J=0 or 1 resonances
are present in the perpendicular or parallel polarizations
spectrum, respectively, but their intensities are much lower
as compared to the allowed transitions for that combination
of polarizations. These forbidden lines are caused either by
the admixture of the elliptically polarized light as the light is
not hundred percent linearly polarized or due to hyperfine
depolarization as reported by Wood et al. �22�. The J=2 lines
are present in both the spectra that enabled us to assign the J
values of the resonances unambiguously. As in the upper
trace the dominating lines possess J=0; therefore, the super-
imposed broad feature is identified as the 6p2 1S0 autoioniz-
ing resonance which completely disappears in the lower
trace. In addition, a very sharp line, 5d5/25g J=2, appears in
both the spectra with varying intensity. The d3/28d J=1 line
is prominent in the lower spectrum but very weak in the
upper trace. There are a few other weak lines in this region
that are identified as members of the d3/2,5/3ns series.

Figure 3 shows the experimentally recorded spectrum
along with a solid line which is the least-squares fit of the
relation to describe the cross section of an isolated autoion-
izing resonance �25�:

���� = �a
�q + ��2

1 + �2 + �b, � =
�E − Er�

�/2
. �1�

Here ���� represents the absorption cross section; �a and
�b are the portions of the cross section of the continuum
which interacts and does not interact with the discrete level,
respectively; q is the line profile index parameter; � mea-
sures the departure of the incident photon energy E from the
resonance energy Er; and � reflects the width of the autoion-
izing resonance. The resonance energy, width, and the line
profile index parameter of the 6p2 1S0 resonance and the
other J=0 resonances in the vicinity of this resonance have
been extracted by the least-squares fitting of this relation.
The best fit yields the energy position=44 850�50 cm−1,
width=980�50 cm−1, and q=−5.4�2 for the 6p2 1S0 reso-
nance. This energy position is in good agreement with the
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FIG. 2. �Color online� The photoionization spectra recorded
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FIG. 3. �Color online� The photoionization spectrum of barium
along with the least-squared fit of Fano’s relation �25� to the broad
feature ascribed as 6p2 1S0 autoionizing resonance.
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value 44 800 cm−1 reported by Aymar et al. �8� while the
width is nearly three times larger than their reported value.
This difference is attributed to the fact that Aymar et al. �8�
considered this resonance localized in a very small energy
span contrary to its actual spread. The resonance energy po-
sition is also in good agreement with the calculated value by
Greene and Aymar �11�; however, the experimental width is
much too large.

We have observed an excellent example of q reversals
�26–28� as the sharp 5d3/2nd J=0 �8	n	10� autoionizing
resonances sweep across the broad 6p2 1S0 resonance. In
Figs. 4�a�–4�c� we show the line profiles of the 5d3/28d and
5d3/29d and 5d3/210d resonances along with the least-
squares-fitted curves. Interestingly, the 5d3/2nd J=0 lines in
the vicinity of the 6p2 1S0 resonance exhibit reversals in the
profile symmetry; the sign of the q parameter changes from
n=8 to n=11. The 5d3/28d J=0 and 5d3/29d J=0 resonances
lying on the lower energy side of the 6p2 1S0 resonance
possess q=−1.1 and +1.0, respectively, while the next mem-
ber of this series lying close to the peak energy position of
6p2 1S0 looks like a window resonance having q�0. The
best fit to the 5d3/210d resonance yields q=0.05. The
5d3/211d resonance, lying above 6p2 1S0, appears with a
positive q value and then the next members of the series that
lie away from the 6p2 1S0 resonance regain the regular Fano-
type resonance behavior. An identical situation persists for
the d5/2nd J=0 autoionizing resonances �see Fig. 2�. Keller et
al. �29� recorded the photoionization spectra of barium over
a limited region from the 5d6p 1P1 and 6s6p 1P1 excited
states and extracted the profile parameters by fitting the Fano
relation to these resonances. A comparison of our results
with that of Keller et al. �29� is presented in Table I. The
width and q value of the 5d3/29d J=0 resonance are in ex-
cellent agreement whereas the width and q value of the
5d5/28d J=0 resonance are smaller than that of Keller et al.
�29�.

In Table II we enlist the lines attached to the 5d7d and
5d8d configurations. Three lines are assigned to the level
structure based on the 5d7d configuration including the well
studied perturber 5d7d 1D2 assigned in the j j coupling as
�5 /2,3 /2�2; the other lines lie well below the ionization
threshold. Nine lines are identified attached to the 5d8d con-
figuration. Here, a completely resolved structure for the 5d8d
configuration has been reported with unambiguous level as-
signments using the polarization spectroscopy. The other
lines in this spectrum shown in Fig. 2 belong to the 5dns, nd,
and ng configurations. The level assignments have been
made using the j j coupling as it is a more appropriate cou-
pling scheme to designate the levels built on the 5d-ionic
level of barium due to its larger spin-orbit interaction contri-
bution.

It is worth to mention that we have acquired the data
using a time-of-flight mass spectrometer and as a result we
manage to see the zero in the cross section very clearly. We
have also determined the absolute value of the photoioniza-
tion cross section at the peak of the strong resonance using
the saturation technique.

A. Photoionization cross-section measurements

In order to put the observed spectra on an absolute scale,
we have measured the absolute value of the photoionization

cross section of the 5d6p 1P1 level at the peak of the 5d7d
�5 /2,5 /2�2 resonance for the parallel and the perpendicular
polarization vectors of the two laser beams using the satura-
tion technique �30–32�, as described in our earlier papers
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FIG. 4. �Color online� �a� A least-squares fit to the 5d3/28d J
=0 autoionizing resonance of barium with negative line profile q
parameter. The adjacent two sharp lines are the leading members of
the ng series built on the 5d5/2 ionic level of barium. �b� A least-
squares fit to the 5d3/29d J=0 autoionizing resonance of barium
with positive line profile q parameter. �c� A least-squares fit to the
5d3/210d J=0 autoionizing resonance of barium with nearly zero
line profile q parameter.
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�33–36�. Keeping the intensity of the exciting laser sufficient
to saturate the resonance transition for a pure two-step photo-
ionization process, the number of ions per unit volume can
be determined from the relation �30–33�

N = Nex�1 − exp	−
�U

2
�A

� . �2�

Here Nex �cm−3� is the density of the excited atoms, A �cm2�
is the cross-sectional area of the ionizing laser beam, U
�joule� is the total energy per ionizing laser pulse, 
� �joule�
is the energy per photon of the ionizing laser beam, and �
�cm2� is the absolute cross section for photoionization. All
quantities in this relation are either known or can be mea-
sured except the number density Nex and the photoionization
cross section �. These quantities can be determined by the
least-squares fitting of Eq. �2� to the experimentally observed
ionization signal data as a function of the ionizing laser en-

ergy density. The temporal overlapping of both the laser
pulses is confirmed using a fast p-i-n photodiode �BPX65� at
the entrance windows of the TOF. The area of the overlap
region is calculated in the confocal limit within 10% error
and the energy of the ionizing laser is measured by an energy
meter �R-752, Universal Radiometer� within 3% error. Fig-
ure 5 shows the ionization signal versus the ionizing laser
energy for the parallel and perpendicular polarizations of the
two lasers. The solid line is the least-squares fit curve of Eq.
�2� to the experimental data points to extract the photoion-
ization cross section. The best fit to the experimental data
points yields the photoionization cross section as �
=335�65 Mb for the parallel polarization vectors whereas
�=215�45 Mb when the polarizations of the two laser
beams are perpendicular to each other. We have normalized
the cross section for the entire region relative to these values.
For the relative measurements, the intensity of the ionizing
laser was kept constant throughout the scan and it was also
ensured that no line gets saturated due to the laser power.
Though we have tried to maintain the energy of the ionizing
laser constant, yet 10% fluctuation is expected at both ends
of a particular dye region. To avoid this fluctuation, we have
recorded the spectra covering a small scanning region and a
mixture of dyes was used to overlap the scanning region.
Also the sample number density is necessary to remain uni-
form during the course of experiment which depends upon
the working temperature of the furnace. The atomic beam
oven temperature was kept stable at 900 K to ensure a con-
stant number density. The temperature was monitored by a
Ni-Cr-Ni thermocouple and was maintained within �1% by
a temperature controller. While recording the entire spectrum
covered in the present experiment required for several hours,
therefore, a gradual change in the vapor pressure of barium
sample is unavoidable which may cause a systematic error in
the relative measurements. Thus, in the relative measure-

TABLE I. Fano parameters of the J=0 resonances in the vicinity
of the 6p2 1S0 resonance.

Assignment

Present work Keller et al. �29�

E
�cm−1�

�
�cm−1� q

�
�cm−1� q

6p2 1S0 44850.0 980 −5.4

5d3/28d 43283.7 7.5 −1.1

5d3/29d 44323.7 3.2 +1 3.3 +1.27

5d3/210d 44952.0 5.3 0

5d5/28d 44118.0 5 −0.47 6.1 −0.80

5d5/29d 45116.0 54 0

TABLE II. Term energies of the 5d3/2,5/2 7d and 8d configura-
tions based lines. The effective quantum numbers have been calcu-
lated using the relation standard Rydberg relation using d3/2 limit at
46 908.75 cm−1, d5/2 limit at 47 709.73 cm−1, and Rydberg con-
stant for barium=109 736.88 cm−1.

Assignment
Term energy

�cm−1�
Effective quantum

number

5d5/27d �5 /2,3 /2�2 41841.6 4.324

5d5/27d �5 /2,5 /2�2 42118.0 4.430

5d5/27d �5 /2,5 /2�0 42369.2 4.532

5d3/28d �3 /2,5 /2�1 42878.6 5.218

5d3/28d �3 /2,5 /2�2 43030.6 5.319

5d3/28d �3 /2,3 /2�1 43089.7 5.360

5d3/28d �3 /2,3 /2�2 43151.0 5.401

5d3/28d �3 /2,3 /2�0 43283.7 5.502

5d5/28d �5 /2,3 /2�1 43717.8 5.244

5d5/28d �5 /2,3 /2�2 43800.9 5.298

5d5/28d �5 /2,5 /2�2 44014.9 5.449

5d5/28d �5 /2,5 /2�0 44118.0 5.529
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FIG. 5. �Color online� The photoionization data for the 5d6p
1P1 excited state at the peak of the 5d7d �5 /2,5 /2�2 resonance. The
solid line is the least-squares fit of Eq. �2� to the observed data for
extracting the photoionization cross section. The 5% error bars on
the data result from pulse-to-pulse fluctuations in the signal. The
solid circles are the data points when the polarization vectors of the
two lasers are parallel while the rectangular points are taken under
the perpendicular polarizations of the two laser beams.
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ments of the cross section, we introduce �10% error due to
the variation in the laser power and an additional 5% error
due to the variation in the vapor pressure. The overall uncer-
tainty in the determination of the photoionization cross sec-
tion does not exceed 20%. The absolute value of the photo-
ionization cross section at the peak of the 6p2 1S0
autoionizing resonance is determined as 185�35 Mb. Wood
et al. �22� reported the photoionization cross section of
barium for the 6s6p 1P1 state at the peak of the 6p2 1S0
resonance as 450 Mb, in agreement to that experimentally
measured value by Lange et al. �21�. However, Greene and
Aymar �11� calculated the photoionization cross section for
the 5d6p 1P1 at the peak of the 6p2 1S0 resonance as 500 Mb
using multichannel quantum defect theory and eigenchannel
R-matrix approach. The present experimental value is nearly
three times lower than that of the calculated value.

B. Multichannel quantum defect theory analysis

The optogalvonic spectrum of the 6p2 1S0 resonance re-
ported by Aymar et al. �8� exhibits no Rydberg structure in
the vicinity of this resonance except a single window type
5d3/210d3/2 resonance on the higher energy side of the broad
6p2 1S0 line. However, the calculated spectrum reveals some
resonances corresponding to the 5dnd series on both sides of
the broad resonance. Although there is an excellent agree-
ment in the energy positions in the present work and the
calculations of Aymar et al. �8�, the line shapes of the reso-
nances are rather different. In order to study the interaction
of a continuum of finite bandwidth, the broad 6p2 1S0 profile
in this treatment, with the 5dnd J=0 Rydberg series possess-
ing same J values, we have performed calculations using
MQDT formulated by Cooke and Cromer �37�, Ueda �38�
Gallagher �39�, and Baig and Bhatti �40�. Since the channels
possessing the same J values and same parity can interact,
the 6p2 1S0 state can interact with the �3 /2,3 /2�0 and
�5 /2,5 /2�0 series. We have performed a four-channel
MQDT analysis considering the contribution of only J=0
channels. The MQDT technique requires the eigenquantum
defect �i and the corresponding channel interaction param-
eters Rij. Figure 6 shows a schematic indicating the three
bound channels and one open channel used for the MQDT
calculation. The 6s �� channel is considered as an open
channel attached to the 6s ionization threshold while the
5dnd �3 /2,3 /2�0 channel 2, 5dnd �5 /2,5 /2�0 channel 3, and
6pnp 2P1/2, 3/2 channel 4 are considered as closed channels.
The series limit associated with the 6s ionization threshold is
taken as I6s=42 034.90 cm−1 and that of associated with the
5d 2D3/2, 5d 2D5/2, and 6p 2P1/2, 3/2 thresholds are taken as
46 908.75 cm−1, 47 709.72 cm−1, and 63 987.27 cm−1, re-
spectively. The four-channel MQDT equation can be written
as �39�


�1 R12 R13 R14

R12 �2 R23 R24

R13 R23 �3 R34

R14 R24 R34 �4

 = 0. �3�

Here Rij describes the interaction between different channels
and the diagonal terms �i are represented as �i=tan���i
+�i��, where �i is the effective quantum number with respect
to the corresponding ionization limits and �i is the quantum
defect. An expression to calculate the photoionization cross
section for one open and three closed channels can be repre-
sented in terms of cofactors as �Baig and Bhatti �40�; Baig
�41,42��

� = 42�
�

��
1

4

C1iDi�2

C11
2 + ��

2

4

C1iR1i�2 . �4�

Here 
� is the photon energy and Di are the transition dipole
moments between the initial state and the ith channel; R1i are
the interchannel interaction parameters that correspond to
autoionization of the discrete levels of channels 2, 3, and 4
into the continuum; and C1i are the cofactors of the first row
of the MQDT matrix equation �3�.

Figure 7 shows the experimentally recorded spectrum
along with the simulated spectrum which reproduces the ex-
perimental data quite well. The energy positions and profiles
of all the J=0 resonances in this region are in excellent
agreement with the experimental spectrum; with an excep-
tion that the experimental width of the 5d9d �5 /2,5 /2�0
resonance is nearly five times larger than the calculated spec-
tra. The different parameters extracted from the simulation of
the spectrum are

R12 = 0.15�2� R23 = 0.001�1� D1 = 2.0�2� �2 = 0.49�1�
R13 = 0.15�2� R24 = − 0.01�1� D2 = 2.5�2� �3 = 0.47�1�
R14 = 0.35�2� R34 = − 0.01�1� D3 = 3.0�3� �4 = 0.58�1�

D4 = 9.1�5�

.

The extra lines that appear in the experimental spectrum
either belong to the 5dnd or 5dng series having J=2. As we

5d6p 1P1

6s 2S1/2

D1 D2 D3 D4

5d 2D3/2
5d 2D5/2

6p 2P1/2,3/2

6p2 1S0R14

R12

R13

6s2 1S0

FIG. 6. Schematic indicating the three closed channels and one
open channel used in the MQDT calculations.
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have considered only the J=0 channels, therefore, these lines
are missing in the simulated spectra. The large value of R14
=0.35 indicates that the dominant interaction in this region is
between the 6p channel and the 6s�� continuum while the
value of the R23=0.001 is negligibly small, which indicates
that channels 2 and 3 are not coupled together. The next
noticeable interaction is the interaction of channel 1 with
channel 2 and channel 3, which is about half of the interac-
tion between channel 4 and channel 1. The strength of inter-
action of channel 4 with channel 2 and channel 3 is nearly
the same. Since Di is the transition dipole moment between
the initial state and the ith channel and the large value of
D4=9.1 �more than three times larger than that of the other
channels� reflects that maximum photoionization occurs
through the 6p2 channel. A comparison of the present calcu-
lated spectrum with that of the Aymar et al. �8� reveals that
both the spectra are in excellent agreement as far as the en-
ergy positions of the resonances are concerned but the q
parameters of the resonances are different. Our calculation
covers the energy region 42 000–46 000 cm−1 whereas Ay-

mar et al. �8� calculated a limited region that is why the
complete line profile of the 6p2 1S0 could not be predicted in
their calculations. Greene and Aymar �11� reported the partial
photoionization cross section for the 5d6p 1P1→J=0e sym-
metry of barium in the energy range 42 000–47 000 cm−1

using the multichannel quantum defect theory and eigen-
channel R-matrix calculations in the LS and j j-coupling
schemes �see Fig. 12 of their paper�. The peak position of the
6p2 1S0 resonance coincides with our experimental spectra
but their calculated width is much too small. In addition, the
presently observed experimental line shapes of the J=0 Ry-
dberg series attached to the d3/2,5/2 limits considerably differ
from their calculated spectrum. There is indeed a need to
have more sophisticated calculations to compare the present
experimental data.

IV. CONCLUSION

We report the true line shape of the 6p2 1S0 autoionizing
resonance along with a complete spectrum from the 6s ion-
ization threshold up to the 5d 2D5/2 ionization threshold ex-
cited from the 5d6p 1P1 intermediate level. The identifica-
tion of the total angular momentum has been confirmed
using the polarization selection rules of the laser radiation. A
four-channel MQDT analysis has also been performed con-
sidering only the J=0 channels and an excellent agreement
between the experimental data and the MQDT simulation is
found for the position and line shape of the 6p2 1S0 reso-
nance as well as for all the resonances in the vicinity of this
broad resonance. Besides, we have extracted the line profile
parameters for the J=0 autoionizing Rydberg series that
sweep across the broad 6p2 1S0 resonance revealing an ex-
perimental example of the q-reversal phenomena. These ex-
perimental data on the line shape of the 6p2 1S0 resonance
and the adjacent autoionizing resonances might stimulate
some more theoretical calculations for the photoionization
from the 5d6p 1P1 state of barium.
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