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We have observed the phase lag in the sinusoidal variation of the asymmetric photoelectron angular distri-
butions into two ionization channels of atomic barium using an �-2� excitation scheme. We excite atomic
barium from the 6s6p 1P1 intermediate state electron to an energy between the 5d3/2� and the 5d5/2� thresholds
with concurrent one-photon and two-photon interactions. The left-right asymmetry of the photoelectron angular
distributions for the two energy-resolved product states, 6s1/2� and 5d3/2�, show sinusoidal modulation as a
function of the relative phase of the �-2� fields. The phase difference between these signals, or phase lag,
varies rapidly with the laser frequency when the interaction is nearly resonant with autoionizing resonances in
the continuum. An exceptionally large phase lag variation of over 2� was measured.
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I. INTRODUCTION

Since the first demonstration of product state control, per-
formed by Zhu et al. on photodissociation of HI �1�, the
phase shift between the sinusoidally varying product state
probabilities has been the subject of numerous studies
�2–13�. This first example of control was achieved through a
multipathway excitation scheme, where two photodissocia-
tion continua were excited by two coherent excitation path-
ways: three-photon absorption of a field at frequency �; and
linear absorption of a field at frequency 3�. As a result of an
interference between these two pathways, sometimes re-
ferred to as �-3� interference, the excitation probabilities for
each product channel showed sinusoidal modulation as the
relative phase difference between the two excitation path-
ways was varied continuously. These authors noted a phase
difference between the modulation of the signals for these
two channels, which they termed the “phase lag.” They ob-
served a phase lag of up to 150° between the sinusoidal
probabilities of product states, stimulating discussion of the
idea of optimization in the product state control. Optimiza-
tion can be achieved by causing the phase lag to be �, yield-
ing a maximum for one product when the other is minimized,
and vice versa. In 1997, Zhu et al. �2,3� reported observing a
large variation of the phase lag for photodissociation of HI
and DI, ranging from 40° to 170°, and varying with the
wavelength of the exciting laser fields. They suggested that
the control of the phase lag was due to the resonance struc-
ture in the excited continuum region.

A number of theoretical investigations into the origin and
properties of the phase lag have been reported �2,4–12�. Fiss
and co-workers �2,4� and Lambropoulos and Nakajima �5�
showed that the dominant factor for the origin of the phase
lag is the coupling of two or more continua to a resonance,
such as an autoionizing or predissociating resonance. These
studies showed a clear theoretical development of the varia-
tion of the phase lag from resonance structures in the con-
tinuum. Lambropoulos and Nakajima also showed that the
phase lag is a more general phenomenon than originally con-

sidered, and that it should be expected in atomic as well as
molecular systems. While these studies clearly predict the
role of the resonance effects, quantitative comparison be-
tween experiment and theory is lacking, perhaps due to the
high density of resonances and the complexity in the calcu-
lations of these effects for even the simplest molecular sys-
tem used in the experimental demonstrations.

In a recent Letter �13�, we reported measurements of the
phase lag between photoionization channels of atomic
barium. We carried out these measurements using �-2� in-
terference, i.e., two-photon ionization with a field at fre-
quency � and linear absorption of its second harmonic, re-
sulting in asymmetric photoelectron angular distributions.
We performed the experiment in the vicinity of the autoion-
izing resonances converging upon the 5d 2D5/2 threshold in
atomic barium. By working with an atomic system in a spec-
tral region where the resonance structures are well resolved,
we expect the results of our measurements to form the basis
for quantitative tests of the theory of the phase lag. In the
present paper, we provide a full account and analysis of these
observations.

II. EXCITATION SCHEME AND EXPERIMENT

We show a schematic diagram of the relevant energy lev-
els of atomic barium and the excitation scheme used for the
experiment in Fig. 1. We tune the frequency �0 of the first
laser to near resonance with the 6s2 1S0→6s6p 1P1 transi-
tion, at a wavelength �0 of approximately 554 nm. We excite
the 6s6p 1P1 atoms to a continuum state of energy in the
range �=46 908–47 709 cm−1, i.e., in the region between
the 5d 2D3/2 and 5d 2D5/2 �abbreviated 5d3/2 and 5d5/2, re-
spectively� thresholds, via two excitation pathways: �1� two-
photon excitation of the atom driven by a coherent laser field
at frequency �1 �wavelength �1�686 nm�, and �2� linear
excitation by a laser field component of frequency �2=2�1
�wavelength �2�343 nm�. The discrete structures in these
continuum regions have been studied extensively �14,15�.
The electron is coupled to different continuum channels: the
6s 2S1/2 �which we will abbreviate as 6s1/2� core state plus a
photoelectron with kinetic energy of about 0.6 eV; and the
5d3/2 core state with a 0.04 eV kinetic energy photoelectron.*elliottd@purdue.edu
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We call these electrons the fast and slow electrons, respec-
tively. Since two coherent excitation pathways from the in-
termediate excited state involve even and odd photon num-
bers, these two pathways couple to continua with different
parity; therefore the resulting photoelectron angular distribu-
tions �PAD� from the two-pathway interference exhibit an
asymmetry for each product channel �16–22�. Our phase lag
studies are based upon the variation of these photoelectron
angular distributions.

We show a schematic diagram of the experimental setup
in Fig. 2. Two dye lasers are pumped with the second har-
monic �532 nm� output of a Q-switched neodymium-doped
yttrium aluminum garnet �Nd:YAG� laser. The duration,
pulse repetition rate, and typical pulse energy of the output
of the Nd:YAG laser are �10 ns �full width at half maxi-
mum�, 10 Hz, and 80 mJ, respectively. The first dye laser, a
Littman-type home-made laser, generates the output pulse at
frequency �0 with an energy of 200 �J. We hold the output
frequency of this laser fixed at the 6s2 1S0→6s6p 1P1 reso-
nance during the experiment. We spatially filter this horizon-
tally polarized beam to restrict the transverse mode to a
nearly Gaussian profile, and focus it onto the interaction re-
gion with a beam radius w0 �the radius at which the intensity
decreases to e−2 of its on-axis value� of approximately
300 �m at the interaction region. Using a neutral density
filter, we adjust the pulse energy of this beam at the interac-
tion region to �50 �J to avoid three-photon ionization of
the ground state.

The second dye laser, a Spectra Physics PDL-2, produces
the �1 pulse at an output wavelength of around 686 nm, with

a typical laser pulse energy of 4 mJ. We tune the wavelength
of this laser using a stepper motor attached to the diffraction
grating inside the oscillator cavity, with a step size of 0.0030
nm at 690 nm �0.063 cm−1�. We generate the phase-coherent
uv pulse ��2=2�1� through second-harmonic generation of
the �1 beam using a type-I phase-matched �–barium borate
�BBO� nonlinear crystal.

We separate the �1 and �2 beams along the two arms of a
Mach-Zehnder interferometer in order to individually adjust
their polarization and beam overlap. We mount the interfer-
ometer on rubber vibration-damping pads and enclose it in a
Plexiglas box to minimize fluctuations in the relative path
length due to mechanical vibrations and air flow. A polarizer
positioned after the final reflector of the interferometer, on
which the beams are recombined, improves the polarization
of the beams, and also allows us to control the power of each
beam �by adjusting the wave plate inserted in each arm of the
interferometer�.

A 1-cm-thick rotatable fused silica window functions as
an optical phase shifter �22,23�. The rotation angle of the
plate was adjusted by a stepper motor, with a step size of
0.0016 deg/step, controlled by a laboratory computer and
LABVIEW interface. The typical range of rotation used during
an experiment was 1.5° at 16° from normal incidence, vary-
ing the relative phase �	=	�2 −2	�1, where 	�1 and 	�2

are the phases of the fundamental ��1� and harmonic ��2�
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FIG. 1. Energy level diagram of barium showing the relevant
transitions in the experiment. The �2 beam is the phase-coherent
second harmonic of the laser fundamental at frequency �1. The
excited electrons couple to two ionization channels, resulting in
photoelectrons with different kinetic energies of 0.6 eV �fast� or
0.04 eV �slow�.
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FIG. 2. Experimental setup. Two dye lasers, labeled Littman and
PDL-2, pumped with a Q-switched Nd:YAG laser, and a nonlinear
crystal �BBO� are used to generate the laser beams with frequencies
�0,1,2. The relative optical phase between �1 and �2 is varied with
a rotatable fused silica plate controlled with a stepper motor. The
atom beam is generated in an effusive oven inside the vacuum
system, and propagates in a direction perpendicular to the laser
beams. The photoelectrons are detected with the MCP and phosphor
screen detector assembly and the electron images formed on the
screen are captured with a CCD camera and stored in a laboratory
PC.
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fields, respectively, by about 16 rad. We calibrated the rela-
tive optical phase �	, which changes nonlinearly with the
window rotation angle, by placing a second BBO crystal
after the rotating window and observing the optical interfer-
ence between the ultraviolet beams generated in the first and
second BBO crystals. We calculate that the transverse dis-
placement of the two beams as the window rotates over this
range is 3 �m, negligible in comparison to any of the beam
radii inside the vacuum chamber. These beams propagate in
the interaction region in a direction counter to that of the 554
nm laser beam.

The pulse energies of the 343 and 686 nm beams are
7 �J and 2 mJ, respectively, at the interaction region, chosen
so as to make both ionization signals observable and of com-
parable magnitude. These beams have nearly Gaussian trans-
verse profiles, although the uv beam is elliptical due to
phase-matching effects in the BBO crystal. The radius w0 of
the red beam is about 290 �m, while that of the uv beam is
220 �m
510 �m. We control the relative timing between
the 554 nm laser pulse and two-color pulse by varying the
optical path lengths, which we adjust such that the peaks of
the laser intensity coincide at the interaction region. The
atom beam is generated in a hot effusive oven inside the
vacuum chamber. The background pressure inside the
vacuum chamber is 2
10−8 torr. We estimate the atom
density of the barium at the interaction region to be
4.3
107 cm−3 for a typical oven operating temperature of
650 °C. The atom beam is collimated through a pinhole to a
diameter of �1 mm at the interaction region and propagates
in a direction perpendicular to the laser beams.

We observe the photoelectrons ejected from the laser-
atom interaction using a detector that consists of a micro-
channel plate �MCP� electron multiplier and a phosphor
screen, similar to that reported by Helm et al. �24�. We show
a schematic diagram of the photoelectron detector system in
Fig. 3. The details of our photoelectron detection system as
well as the image processing are described elsewhere �25�
and we explain only briefly here. The photoelectrons ejected
through the interaction travel through a flight region, where a
constant, uniform electric field is maintained with a pair of

parallel meshes to which we apply a typical potential differ-
ence of 120 V. We cancel the Earth’s magnetic field using
three orthogonal pairs of magnetic field coils to less than 10
mG throughout the flight region. The photoelectrons follow
parabolic trajectories as they accelerate toward the MCP
electron multiplier, where they are amplified, and, upon strik-
ing the phosphor screen, produce a spot of light. A charge-
coupled device �CCD� camera acquires the image of the
phosphor screen for each laser pulse, which is stored in a
laboratory computer �PC�. A typical number of electrons ob-
served on the detector is 60–180/pulse and we accumulate
images from 1000–3000 pulses to obtain a smooth image. In
order to reduce the false counting of the electron image, we
employ an above-threshold detection algorithm to process
each image �26�.

We show a typical photoelectron image recorded with this
detector system, accumulated after only 100 laser pulses, in
Fig. 4. The dimension of each pixel of this image scales to
100 �m in the plane of the photoelectron detector phosphor
screen. During the experiment, all the laser beams propagate
in the ±y directions of the figure and the polarization of all
the beams is set to the x direction. The two rings in the image
correspond to the maximum radius traveled for the two dif-
ferent electron kinetic energies, i.e., the fast and slow elec-
trons. The fast electrons, with the higher kinetic energy, cre-
ate a larger ring, while the slow electrons form the much
smaller ring.

We use these images to carry out three sets of measure-
ments.

�1� We measure the single-pathway noninterfering energy-
resolved spectra of the autoionizing resonances in the energy
region of interest. We obtain the electron counts for fast and
slow electrons by summing up the appropriate regions of the
image. Inside the smaller ring, where the images of the two
electron products overlap, we extract the slow-electron signal
by smoothly extending the fast-electron counts through this
region of the detector.
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FIG. 3. �Color online� Photoelectron imaging detector assembly
used in the experiment. Photoelectrons ejected from the laser-atom
interaction are accelerated toward the MCP detector assembly by
the uniform dc electric field generated by the biased parallel field
meshes. The electron image formed on the phosphor screen is cap-
tured using a data acquisition system, consisting of a CCD camera
and a frame grabber interface card in the laboratory PC.
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FIG. 4. Typical photoelectron image recorded during the experi-
ment. The larger �smaller� ring in the figure is the maximum radius
traveled by the fast �slow� electrons. The laser beams travel in the
±y directions, while the polarization of the laser fields is set to the
x direction. The image shown is a convolution of a raw data image
with a 2
2 window function to improve the image visibility.
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�2� We analyze these images to obtain the single-pathway
noninterfering energy-resolved photoelectron angular distri-
bution, using an inversion method discussed in Ref. �27�.

�3� For the case of two-pathway excitation, we analyze
images like those of Fig. 4 to determine the left-right asym-
metry introduced by the interference.

The primary source of noise in the images is shot noise
associated with counting discrete photoelectrons. The noise
generated from scattered light or background gas ionization
by the 554 and 686 nm laser pulses is less than 1 count/shot,
while the background noise from the ultraviolet pulse was
about 13 counts/shot, uniformly distributed across the MCP
detector.

III. RESULTS

A. Single-pathway autoionizing resonance spectroscopy

In order to characterize the autoionizing resonance �AIR�
structures in the region of interest, we first measured the
single-pathway noninterfering spectrum for each excitation
pathway �i.e., two red photons or one uv photon� from the
6s6p 1P1 intermediate state in the complete region between
the 5d3/2 and 5d5/2 thresholds �=46 908 and 47 709 cm−1,
respectively. Using these initial spectra, we narrowed our
interest to the region between 47 193 and 47 278 cm−1 for
our detailed measurements. In this spectral region, the AIR

peak spacings are much larger than the spectral linewidths,
and the kinetic energy of the slow electrons is sufficiently
large to create a resolvable image on the MCP detector.

We show the product-resolved AIR structures for each
excitation pathway as a function of wavelength in Fig. 5. The
two-photon ionization spectra in Fig. 5�a� show strong AIR
peaks with nearly symmetric profiles, while the one-photon
ionization spectra, in Fig. 5�b�, show highly asymmetric pro-
files as well as window resonances, the signatures of a strong
interference between the direct ionization and the ionization
from the decay of autoionizing states.

In order to estimate the effect of the autoionizing reso-
nances on the variation of the phase lag, it is necessary to
parametrize the line shapes for the individual processes. We
therefore fit the measured line shapes to the form

Rf
�M� = 2�� dt f�t��Dfi

�M� + �
n

Vfn�n
�M��1 − i/qn�

��n + i�n/2� �2

�1�

to obtain Dfi
�M�, the M-photon �where M =1 or 2� bound-free

dipole matrix element coupling the initial state 	i
 to the 	f

continuum, Vfn, the matrix element of the configuration in-
teraction coupling the autoionizing state 	n
 to the same con-
tinuum, the resonant frequency of state 	n
, the asymmetry
parameter qn, and the linewidth �n for each peak observed.
The autoionizing resonance width is related to the coupling
strengths Vfn through �n=2�� f	Vfn	2. �n

�M� represents the
M-photon Rabi frequency coupling the initial state 	i
 and the
autoionizing state 	n
. �n is the frequency difference between
�2 �=2�1� and the transition frequency to the discrete state.
The time integral is over a period that includes the entire
laser pulse, whose time dependence is represented by the
function f�t�. We expect that, at the intensities used in our
work, the time dependence of the various terms within the
integrand are all the same, and the specific form of f�t� is
unimportant. We show the fitted spectra as dot-dashed lines
in Fig. 5, and list all the parameters used for the fit in Tables
I and II.

The fitted AIRs show very good agreement with the data
for the most part. There is a slight dependence of the direct
ionization parameter on wavelength for the fast electrons
with the ultraviolet excitation, resulting in higher ionization
yield in the higher-wavelength region compared to the lower-
wavelength region. We include this in the fit. We encoun-
tered a problem in fitting the 5d 2D5/2ns ,J=2 peaks, in that
we were unsuccessful in finding an asymmetry parameter q
that could fit both the fast- and slow-electron spectra. De-
spite the slight discrepancy on these particular resonances,
the overall fitting quality of the resonances is satisfactory.

B. Single-pathway photoelectron angular distribution
measurements

As a means of further characterizing the single-pathway,
noninterfering interactions, we have analyzed the images
produced by the imaging photoelectron detector in order to
determine the photoelectron angular distributions as a func-
tion of the laser wavelength. The rapid variation of photo-
electron angular distributions as a function of wavelength
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FIG. 5. Autoionization spectra. The plots correspond to �a�
5d 2D5/2nl�3/2� peaks excited through two-photon interaction with
the red beam of wavelength �1; and �b� 5d 2D5/2nl ,J resonances
excited through linear absorption of the uv beam of wavelength
�2=�1 /2. In each, the solid line shows the fast-electron spectrum,
while the dashed line shows the slow-electron spectrum. The dot-
dashed lines are the results of a fit of Eq. �1� to the measured
spectra, used to obtain the autoionization parameters such as q, �,
D, and V. Peaks are identified through comparison with the work of
Refs. �14� �red spectra� and �15� �uv spectra�.
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when exciting into structured continua has been studied pre-
viously �28�. We describe the observed PAD in terms of
the Legendre polynomials d
 /d�= �
 /4���1+�l=2,4,6�l


Pl�cos ���, where � is the polar angle defined with re-
spect to the symmetry axis parallel to the laser polariza-
tion, the x axis in our geometry. The azimuthal ��� depen-
dence of PAD is understood to be uniform from the
cylindrical symmetry of the experimental setup. For nonin-
terfering interactions, the image is symmetric in x, such that
�l is zero for odd l. We show the results of the PAD mea-
surement for two-photon excitation by the red laser in Fig. 6,
and for linear excitation by the uv beam in Fig. 7. In these
figures, the components shown are �2 ���, �4 ���, and
�6 �
�.

We measured the PAD over a wavelength range from
�1=684.5 to 686.4 nm. This range corresponds to �n�1,
where n represents the principal quantum number of the dis-
crete series of absorption lines. The observed PAD shows
visible amplitudes in �l components up to l=2 ���, 4 ���, or
6 �
�, depending on the ionization channel and on the order
of the interaction. It is apparent from the data that the PAD
changes drastically near the AIRs for all the spectra, indicat-
ing the strong change in the outgoing electron waves around
the AIRs.

Due to the large number of continuum states that can be
excited through the interaction, as listed in Table III, a rigor-
ous separation of the outgoing electronic waves using only
the PAD measurements is not in general possible. The PAD

measurement can, however, provide a qualitative understand-
ing of the constituents of the outgoing electron waves. For
example, two-photon excitation by the red laser excites odd-
parity final states. As shown in Fig. 6, �4 ��� and �6 �
� are
rather small for both fast- and slow-electron channels, while
�2 ��� is strong for both channels, indicating a strong p
wave for both outgoing channels. Near the 5d 2D5/215f�3/2�
and 5d 2D5/216f�3/2� resonances, �2 for the fast electrons
gets very small as well, as the distributions are nearly isotro-
pic. For single-photon excitation by the ultraviolet laser,
even-parity final states are excited. While possible electron
outgoing waves are s, d, and g waves, the magnitudes of the
�6 coefficients are very low throughout the entire range �see
Fig. 7�, indicating no substantial g-wave component. The fast
electron signal has significant �2 and �4 terms, suggesting
angular momentum states of the outgoing wave up to d
wave, while the slow-electron channel has very little d wave.
The angular distributions tend to vary quickly near some of
the autoionizing resonances.

We show a summary of the general character of the out-
going electronic waves estimated from a single-pathway
PAD measurement in Table III.

C. Phase lag in the asymmetric PAD measurements

When both the horizontally polarized ultraviolet and red
fields are present, we observe a left-right asymmetry in both
the fast- and slow-electron images due to the interference

TABLE I. Line shape parameters of the 5d 2D5/2nl�3/2� resonances excited through two-photon absorp-
tion of the red laser.

D6s1/2� 23.49

D5d3/2� 21.70

�red
� �nm� 687.00 685.96 685.41 684.54 684.10

nl 18p 15f 19p 16f 20p

E �cm−1� 47 172.12 47 216.49 47 239.76 47 276.69 47 295.43

q 0.36 0.89 0.69 0.78 0.86

� �cm−1� 2.02 1.76 2.07 2.17 2.06

V�6s1/2� −32.10 −25.52 −59.48 −32.69 −79.46

V�5d3/2� −11.74 −19.50 −19.87 −26.58 −26.11

TABLE II. Line shape parameters of the 5d 2D5/2nl ,J resonances excited through linear absorption of the uv field.

D6s1/2� 98.33

D5d3/2� 18.37

�red
� �nm� 686.73 686.57 686.08 685.87 685.46 685.33 685.17 685.05 684.64 684.14 684.03

nl 17d 17d 19s 15g 18d 18d 18d 18d 20s 19d 19d

J 2 0 2 �1,2� 1 �1,2� 2 0 2 1 �1,2�
E �cm−1� 47 183.62 47 190.51 47 211.01 47 220.00 47 237.53 47 243.32 47 249.83 47 255.23 47 272.45 47 293.93 47 298.60

q −0.72 −0.50 −0.27 1.01 0.05 −0.20 −0.40 −0.71 −0.33 0.20 −0.20

� �cm−1� 1.29 2.52 2.95 0.30 0.80 3.01 1.77 2.52 2.97 0.50 2.02

V�6s1/2� −6.87 −2.94 −13.98 −0.59 −0.20 0.00 −7.47 −8.96 −11.92 −0.25 0.00

V�5d3/2� 7.96 8.10 6.02 0.00 −0.49 2.55 6.12 8.96 5.99 −1.00 1.20
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between the two excitation pathways. We show a set of typi-
cal images in Fig. 8. Figure 8�a1� shows a complete image,
to which we apply appropriate masks to obtain the image
containing only the fast electrons �Fig. 8�b1�� and mostly the
slow electrons �Fig. 8�c1��. We sum each of the columns of
the complete and the masked images to form the traces
shown in Figs. 8�a2�, 8�b2�, and 8�c2�. The traces shown in
subsequent rows of Fig. 8 �Figs. 8�a1�–8�c6��, obtained in a
similar fashion, differ only in the relative optical phase �	,
and illustrate the changing image asymmetry. For example,
we observe a variation in the asymmetry of the fast-electron
images with �	 by viewing the sequence of plots in Figs.
8�b2�–8�b6�. In Fig. 8�b2�, the fast-electron distribution is
roughly symmetric, showing that the electrons are equally
likely to go to the right or to the left. In Fig. 8�b3�, however,
the peak on the left is significantly larger than the peak on
the right. In Fig. 8�b4�, the peaks are again roughly the same,
while in Fig. 8�b5� the electrons are more likely to move off
to the right. Figure 8�b6� is again similar to Fig. 8�b3�. Simi-
larly, the series of plots in column �c� of Fig. 8 show the
variation in the asymmetry of the slow-electron signal.

To quantify these asymmetries, we use a counting proce-
dure very similar to that used to separate the yield for fast
and slow electrons. We divide each image into its left and
right halves, and sum the pixel values in each region to ob-
tain the electron counts in the left half Nj

left and in the right
half Nj

right. We define the asymmetry parameter as

� j
asym =

Nj
left

Nj
left + Nj

right . �2�

The fast electrons inside the slow electron regions do show a
small asymmetry, which we account for when subtracting the
fast-electron signal from the image before determining the
left-right asymmetry for the slow electrons. We show a typi-
cal modulation in � j

asym obtained from these images as a
function of the optical phase difference �	 in Fig. 9.

For each product channel, we fit the data with a sinusoidal
function, offset from zero by a dc term, to obtain the phase in
the asymmetry parameter. The phase difference between the
two sinusoidal curves in these plots is defined as the phase
lag �	0 between the two channels. Since the variation in the
asymmetry parameter is small, typically less than 10% of the

TABLE III. Summary of possible outgoing electron waves, as
obtained from the PAD observations.

Excitation Parity Channel Outgoing electron waves

Red Odd 6s1/2� Strong p wave

5d3/2� Strong p wave

uv Even 6s1/2� Strong d wave, occasional
s wave near AIRs

5d3/2� Almost always s wave
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FIG. 6. PAD variation �variation in �l� in the vicinity of the
AIRs for the two-photon excitation by the red laser beam. The
measured �l are shown as a function of the red laser wavelength �1.
The components shown are �2 ���, �4 ���, and �6 �
�. In �a�, we
show the angular distribution components for the fast-electron sig-
nal, while in �b� we have the slow-electron terms. Strong variation
in the PAD was observed near the AIR locations. Locations of
5d 2D5/2nl�3/2� resonances are marked with dashed arrows at the
top, with nl labeled.
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FIG. 7. PAD variation �variation in �l� in the vicinity of the
AIRs for the uv excitation. In �a�, we show the angular distribution
components for the fast-electron signal, while in �b� we have the
slow-electron terms. Measured �l are shown as a function of the uv
laser wavelength �2. The components shown are �2 ���, �4 ���,
and �6 �
�. Locations of 5d 2D5/2nl ,J resonances are marked with
solid arrows at the top, with nl and J labeled.
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total electron count, we repeated the measurement at each
wavelength up to 15 times to reduce the uncertainty in �	0
to less than 7°.

We repeated the procedure at different laser wavelengths
�1, and show the observed phase lag as a function of wave-
length in Fig. 10. The phase lag shows a strong variation
near both red and ultraviolet AIRs, confirming the critical
role of these resonances. Our measurements covered the en-
ergy range slightly larger than �n=1 of the autoionizing se-
ries. The phase lag �modulus 2�� is very similar at 684.8 and
686.2 nm, consistent with the repetitive patterns of similar
resonance series. The data are relatively featureless in re-
gions between resonances, and shows the largest variation of
�2� near the 5d 2D5/215f�3/2� autoionizing resonance at
the red wavelength of 685.9 nm. These data confirm the criti-
cal influence of these resonances on the phase lag for this
system.

IV. DESCRIPTION OF THE PHASE LAG

Following the development and notation of Lambropoulos
and Nakajima �5�, we write the differential photoionization
yield from an initial state 	i
 into a continuum channel
	k� j
= 	cj
	k�
, where 	cj
 �j=1,2� denotes the residual ion state
and 	k�
 the outgoing electron momentum state, in the follow-
ing form:
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FIG. 8. Typical images recorded during the measurement of the
asymmetric PAD. �a1� Raw data image; �b1� masked image for the
fast-electron �6s1/2�� signal; �c1� masked image for the slow-
electron m signal. Traces �a2�, �b2�, and �c2� show the sum of each
of the columns of the images from the top row. The sequence of
data traces in rows �3�–�6� were collected with different optical
phase differences �	. The traces show clear variation in the left-
right asymmetry for both fast and slow electrons.
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squares fitting procedure. The phase difference between the two
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FIG. 10. Observed phase lag variation as a function of the red
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between resonances. These data confirm the critical role of these
resonances.
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Rk� j
��,�� = 2�� dt f�t��Dk� ji

�1�ei�	 + Dk� ji
�2�

+ �
n1

Vk� jn1
�n1

�1��1 − i/qn1
�ei�	

��n1
+ i�n1

/2�

+ ��
n2

Vk� jn2
�n2

�2��1 − i/qn2
�

��n2
+ i�n2

/2� �2

.� �3�

The quantities D
k� ji

�M�
and Vk� jn

represent the M-photon bound-

free dipole matrix element coupling the initial state 	i
 to the
	k� j
 continuum, and the matrix element of the configuration
interaction coupling the resonant state 	n
 to the same con-
tinuum, respectively. Equation �3� differs from Eq. �1� and
similar expressions in Ref. �5�. in the use of terms D

k� ji

�M�
and

Vk� jn
, rather than Df ,i

�M� and Vf ,n. The latter were introduced
earlier to represent matrix elements coupling the initial state
to final orbital angular momentum states 	f
 in the con-
tinuum, and are related to D

k� ji

�M�
and Vk� jn

through

Dk� ji
�M���,�� = �

f

�k� j	f
Dfi
�M�,

Vk� jn
��,�� = �

f

�k� j	f
Vfn. �4�

When two continua with different parities are excited co-
herently, the resultant photoelectron angular distribution
forms an asymmetric distribution �16–22�, which can be de-
scribed in the form

Rk� j
��,�� = S��,�� + A��,��cos��	 + 	0

�j�� , �5�

where S�� ,�� and A�� ,�� represent the symmetric and an-
tisymmetric components of the photoelectron angular distri-
bution, respectively. The direction of the distribution asym-
metry can be controlled by the optical phase difference �	,
while the phase lag of the asymmetric distribution for differ-
ent products j=1 and 2 can be obtained as �	0=	0

�1�−	0
�2�.

From Eqs. �3� and �4�, we see that two factors contribute
to the phase lag for the asymmetric photoelectron angular
distribution of this work. First, the channel phase, a term
suggested in Ref. �5� for the phase difference resulting from
the coupling between continuum channels through the dis-
crete resonances, and calculated through determinations of
qn, Dfi

�M�, and Vfn, contributes. In total product state control
�with �-3� interference, for example, where the two inter-
fering pathways lead to the same final state continua�, the
phase lag �	0 comes solely from the channel phase �2,4,5�.
For �-2� interference, however, observed through sinusoidal
variations in the photoelectron angular distributions, the
phase of the outgoing electronic waves also contributes to
the phase lag. In order to illustrate this point, we write the
final electron momentum state 	k�
 as �29�

	k
 = �
l,m

4��i�le−i�lGl�r�Ylm
� ��,��Ylm��,	��s, �6�

where the phase of the outgoing wave is characterized by the
free electron final orbital angular momentum quantum num-
ber l. The functions Ylm are the spherical harmonics, the
angular coordinates � and � represent the direction of the
momentum of the photoelectron, while r, �, and 	 indicate
the magnitude and direction of the electronic spatial position.
The function �s represents the spin state of the photoelectron,
whose projection along the quantization axis can be ±� /2.
Gl�r� is the radial part of the continuum wave function,
which approaches �	k�	r�−1sin�	k�	r+ 	k�	−1ln�2	k�	r�− l� /2+�l�
for 	k�	�1. The asymptotic phase �l of the continuum wave
function can be written as the sum of two terms, the
quantum-defect phase �l and the Coulomb phase �l �30�. The
phase of the final outgoing electron wave with orbital angu-
lar momentum of l, �l can be expressed as

�l =
�l

2
− �l =

�l

2
− ��l + �l� . �7�

Using Eq. �6� in Eqs. �4� allows us to write the matrix ele-
ments in a form that shows their explicit dependence on the
phase of the outgoing electron wave �l,

Dk� ji
�M���,�� = �

l,m
Ylm��,��Dlm,i

�M�e−i�l,

Vk� jn
��,�� = �

l,m
Ylm��,��Vlm,ne−i�l. �8�

Substituting Eqs. �8� into Eq. �3�, we can see that the channel
phase and the phase of the outgoing electron wave each con-
tribute to �	0. We present estimates of each of these contri-
butions in the following section.

V. ANALYSIS

In this section, we present estimates of the channel phase
and the phase lag due to the phase of the outgoing electronic
wave in the wavelength range between 684.5 and 686.5 nm.
It is not the intent of this work to calculate the exact phase of
the outgoing waves nor the AIR structures, but rather to in-
vestigate the qualitative features of the phase lag variation.
To this end, we estimate the phase lag variation, and show
that �1� the two contributions are of comparable magnitude
and therefore both important, and �2� their strongest varia-
tions occur near discrete resonances, one near the uv single-
photon resonances, the other near the two-photon red reso-
nances.

A. Estimated phase lag variation due to the autoionizing
resonance structures

We estimate the channel phase using the parameters that
describe the relative intensity and asymmetric line shapes of
the autoionizing spectra shown in Fig. 5. We listed these
parameters in Tables I and II. We calculate the expected
phase lag in this spectra region using Eq. �3�, setting the
phase of the electron outgoing waves equal to zero. The re-

REKISHU YAMAZAKI AND D. S. ELLIOTT PHYSICAL REVIEW A 76, 053401 �2007�

053401-8



sults should, therefore, reflect only the channel phase, i.e.,
the phase lag variation due to the phase change in the tran-
sition moments through the resonance structures. We show
the result of this calculation in Fig. 11. The calculated phase
lag shows clear variation across the resonance structures.
The maximum variation in the phase lag across any reso-
nance is about 60°. Our estimates show that the channel
phase varies much more rapidly near ultraviolet AIRs than it
does near the red AIR peaks, consistent with expectations
based upon the theoretical formulation of Lambropoulos and
Nakajima �5�, who predicted rapid variation of the channel
phase near AIR structures for which the Fano asymmetry
parameter q is small. Small q indicates that the direct cou-
pling and the coupling through the autoionizing resonance to
the continuum are of comparable strength. In our experi-
ment, the peak heights of the ultraviolet AIRs were much
smaller than for the red two-photon spectra, and the q pa-
rameters smaller, making strongly interfering spectra as
shown in the previous section. In contrast, the red AIR peaks
were much larger than the corresponding ultraviolet reso-
nances and nearly symmetric in line shape. At these reso-
nances, the strong transitions through the autoionizing reso-
nances dominate the direct coupling to the continuum, and
interferences play a less important role. Therefore, the chan-
nel phase does not show much variation near the red AIRs.

B. Estimated phase lag variation due to the outgoing
electron waves

In order to estimate the phase lag variation due to the
outgoing electron waves, we must estimate �1� the relative
amplitudes of the different outgoing partial waves, and �2�
the phase difference between different outgoing partial
waves. In the following, we present our estimates of the rela-
tive amplitudes and phases of these partial waves, as well as
our estimate of their overall contribution to the phase lag.

From the PAD measurement for each excitation pathway,
we estimate the major components for the outgoing waves to
be s and d waves for the even-parity channel �via uv excita-
tion� and mostly p waves for the odd-parity channel �via red
excitation�. We estimate the number of electrons Nl coupled
to each outgoing wave with orbital angular momentum l,
from the �l values displayed in Figs. 6 and 7.

We also estimate the phase difference between the final
waves using Eq. �7�, and list these terms in Table IV. We
calculated the Coulomb phase difference �l−�l� from the
kinetic energy of the photoelectron, as discussed in Appendix
A. We obtained estimates of the quantum defect phase �l of
the continuum partial waves from the energies of bound state
spectra for even- and odd-parity J states �31–35�. Details of
the parameters used for the determination of the quantum
defect phase are compiled in Appendix B. The variation in
the quantum defect �l for different J states was less than
10% and we used the average value of �l to calculate the
quantum defect phase �l=��l. The Coulomb phase, quantum
defect phase, and �l /2 phase were all added to calculate the
phase difference between different outgoing waves.

Using the Nl and �l values, the asymmetry parameter
� j

asym due to the PAD interference between even- and odd-
parity electron waves has the form

� j
asym��	� = �Nl

jNl�
j cos��	 + �l

j − �l�
j � + const, �9�

where l and l� are the orbital angular momenta for even and
odd outgoing electron waves with the corresponding phases
�l and �l�, respectively. By casting the equation above in the
form of the second term in the right-hand side of Eq. �5�, the
phase 	0

�j� of each channel can be expressed as

	0
�j� = arctan
�

ll�

�Nl
jNl�

j sin��l
j − �l�

j �

�
ll�

�Nl
jNl�

j cos��l
j − �l�

j �� , �10�

where the summation in l and l� is added to account for
multiple outgoing waves. We calculate the phase lag varia-
tion expected from the Nl and the outgoing electron phase �l
for each channel with Eq. �10�, and show the result in Fig.
12.

The calculated phase shows a strong variation for both the
fast- and slow-electron channels, especially near even-parity
AIRs. At 685.4 and 685.95 nm, there are red autoionizing
resonances �5d5/219p and 5d5/215f resonances, respectively�,
where the outgoing wave from the red excitation changes

TABLE IV. The phase difference between different outgoing
waves �in radians�.

Final channel

6s1/2� 5d3/2�

�s−�p −4.12 −4.59

�s−� f −20.98 −20.68

�d−�p 5.84 6.24

�d−� f −11.01 −9.85
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FIG. 11. Resulting phase lag between the two photoionization
channels calculated using the autoionizing parameters presented in
Tables I and II. Locations of 5d 2D5/2nl�3/2� resonances are
marked with dashed arrows at the top, while locations of
5d 2D5/2nl ,J resonances are marked with solid arrows.
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strongly. Phase lag variations of up to 200° can be seen near
these AIRs. There is a smaller variation in the phase of
around 50° at 686.1 nm, near the ultraviolet excitation AIRs.
As a result, the phase lag variation between the two channels
shows strong variation near the red AIRs. The largest varia-
tion is around 210°. There are some variations due to the
ultraviolet AIRs, but the effect is limited to less than 100° for
those AIRs. These estimates are consistent with the conclu-
sions of Keller et al. �28�, who previously reported on the
variation of the photoelectron angular distributions in the
vicinity of autoionizing resonances. They observed large
PAD variations near symmetric peaks in their study, and
small variations near asymmetric peaks. The strong variation
in the PAD near symmetric peaks was explained as follows.
One expects that the outgoing electronic wave excited
through the direct coupling to the continuum state is in gen-
eral different from the outgoing wave excited through the
autoionizing resonance. Near large, symmetric peaks embed-
ded in the continuum, therefore, the outgoing wave is very
different when the laser is on resonance from that when the
laser is tuned away from resonance. By contrast, near smaller
asymmetric peaks, the variation in the outgoing wave is not
nearly as complete when tuning the laser through resonance,
since the electronic wave excited when the laser is resonant
has comparable components of the direct wave and the dis-
crete resonance-mediated wave.

VI. DISCUSSION AND CONCLUSION

Experimentally, we have measured the phase lag for �-2�
interference, resulting in asymmetric photoelectron angular
distributions. We observe rapid variation of the phase lag
near two-photon �red� and uv resonances, with the largest
effect near a two-photon �red� resonance. Additionally, we
have shown our estimate of the phase lag variation due to
two separate effects; the channel phase, due to the autoion-
izing resonance structures; and the phase of the electron out-
going waves.

These two separate effects seem to be important near dif-
ferent sets of AIRs. The strong asymmetry in the uv-excited
AIR peaks implies strong interference between two different
couplings to the continuum. It also implies that the strong
interference takes place since the outgoing electron waves
for two couplings are similar, therefore the phase lag varia-
tion due to the outgoing electron waves should be small for
these resonances. Conversely, near the red-laser-excited two-
photon AIR peaks, the phase of the outgoing electronic wave
seems to play the dominant role.

The magnitude of the variation of the phase lag was found
to be larger, in the case we have studied, for the variation in
the electron outgoing waves than for the channel phase. The
maximum phase lag variations calculated for the two effects
were about 60° and 210° due to the resonance effect and the
outgoing waves, respectively. From these numbers the larg-
est variation possible by simply summing two effects can be
270°, while our experiment shows a larger variation of over
2�. In the experiment, the two effects discussed are not sepa-
rable and the measured phase lag variation should include
both of these effects simultaneously. While our simple model
estimates of the phase lag variation due to channel and elec-
tronic phases show many of the qualitative features that we
observe in our experiment, we hope that this work will
stimulate more precise calculations of the phase lag in this
system.

In conclusion, we observed a large variation of the phase
lag in the asymmetric photoelectron angular distribution. A
large phase lag variation of over 2� was observed. Addition-
ally, we performed a spectroscopic study of the AIRs in the
vicinity as well as the PAD variation near those AIRs. Our
analysis clearly shows the strong impact of the resonance
effect in the phase lag variation; however, quantitative agree-
ment could not be achieved with our simple model and
further oncoming investigations from the theorists will be
necessary for a detailed understanding of these effects.
Nonetheless, our study demonstrates the variation of the
phase lag in a simple system, where the resonance structures
are well resolved and well studied, forming a basis for tests
of the current and future theory.
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APPENDIX A: COULOMB PHASE DIFFERENCE
CALCULATION

The Coulomb phase is of the form �l=arg���l+1
− i /���� where � is the complex gamma function and � is the
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FIG. 12. Calculated phase lag due to the variation of the outgo-
ing electron waves. First row, 	0 variation for the fast-electron
channel; second row, 	0 variation for the slow-electron channel;
third row, �	0 variation. The variation of the phase lag was calcu-
lated to be as large as 210°.
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kinetic energy of the electron in rydbergs. We utilize a fac-
torial expansion of the gamma function:

��z� = �z − 1� ! . �A1�

For �s−� f �l=0 and 3 for s and f waves, respectively�,

�s − � f = arg���1 − i/���� − arg���4 − i/����

= arctan� 1
��
� + arctan� 1

2��
� + arctan� 1

3��
� .

�A2�

Similarly,

�s − �p = arctan� 1
��
� , �A3�

�d − �p = − arctan� 1

2��
� , �A4�

�d − � f = arctan� 1

3��
� . �A5�

We used �=0.0476 and 0.0032 Ry for the kinetic energy of
fast and slow electrons, respectively. Calculated Coulomb
phase differences for different combinations of outgoing
electron waves are tabulated in Table V.

APPENDIX B: QUANTUM DEFECT PHASE

The quantum defect phase �l for each electron wave is of
the form �l���=��l��� where �l��� is the quantum defect of
the l outgoing wave at �.

The quantum defect parameters used to calculate the
quantum defect phase for each outgoing wave are listed in
Table VI. We interpolated �l to energy � using a linear equa-
tion,

�l = �0 + �1� , �B1�

where � is the kinetic energy of the outgoing electron wave
in rydbergs used in the previous section.

The calculated quantum defect phases as well as the av-
erage quantum defects used for the calculation are listed in
Table VII.

Using Eq. �7�, the total phase differences between differ-
ent outgoing waves were calculated. The results are tabulated
in Table IV.

TABLE V. Coulomb phase difference for different combinations
of outgoing electron waves �in radians�. Electron kinetic energy �
used for the calculation was 0.0476 and 0.0032 Ry for 6s1/2� and
5d3/2� electrons, respectively.

Final channel

6s1/2� 5d3/2�

�s−�p �rad� 1.36 1.51

�s−� f �rad� 3.51 4.38

�d−�p �rad� −1.16 −1.46

�d−� f �rad� 0.99 1.40

TABLE VI. List of quantum defect parameters for different out-
going electron channels. Parameters with an asterisk were not listed
in the reference. The value on the chart is used for the calculation.

Excitation
laser/parity

j j J �0 �1

uv/even 6s1/2ns1/2 6sns 1S0 4.1817 0.3981

5d3/2nd3/2 5dnd 3P0 2.6185 0

uv/even 6s1/2nd3/2 6snd 3D2 2.7668 1.034

6s1/2nd5/2 6snd 1D2 2.7312 2.014

5d3/2ns1/2 5dns 3D2 4.1818 0.366

5d3/2nd3/2 5dnd 3D2 2.8015 0.8

5d3/2nd5/2 5dnd 3F2 2.6191 1

Red/odd 6s1/2np1/2 6snp 3P0 3.819 0.36

5d3/2np3/2 5dnp 3P0 3.657 0*

Red/odd 6s1/2np1/2 6snp 3P1 3.808 0.27

6s1/2np3/2 6snp 1P1 3.791 0.198

5d3/2np1/2 5dnp 3D1 3.702 0.303

5d3/2np3/2 5dnp 3P1 3.699 0.071

5d3/2nf5/2 5dnf 1P1 0.503 −0.293

Red/odd 6s1/2nf5/2 6snf 3F2 0.184 0*

6s1/2np3/2 6snp 3P2 3.785 0*

5d3/2np3/2 5dnp 3D2 3.726 0*

Red/odd 6s1/2nf7/2 6snf 1F3 0.144 −1

6s1/2nf5/2 6snf 3F3 0.185 −1

5d3/2np3/2 5dnp 3F3 3.716 0

TABLE VII. Average quantum defect and the quantum defect
phase calculated from the average quantum defect for different out-
going waves.

Even-parity channels

6s1/2� 5d3/2�

Outgoing wave s d s d

�l 4.20 2.83 4.18 2.68

�l �rad� 13.19 8.89 13.13 8.42

Odd-parity channels

6s1/2� 5d3/2�

Outgoing wave p f p f

�l 3.81 0.14 3.70 0.49

�l �rad� 11.97 0.44 11.62 1.54
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