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We report photoionization measurements that help us interpret mechanisms leading to the control of the
branching ratio for resonantly enhanced, two-color, two-photon ionization experiments. We measure interme-
diate state populations and photoelectron angular distributions to explore the ionization dynamics. Our mea-
surements support the interpretation that ac Stark shifts are the primary mechanism of the product state control
previously observed in a similar experimental setup. We discuss the role of interference in the ionization
continuum and the effect of the ac Stark shift on the product state control.
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I. INTRODUCTION

Since the introduction of the laser, it has been of great
interest to utilize this tool as a means of controlling chemical
reactions, selectively breaking specific molecular bonds
while leaving others intact. Many of the early attempts of
selective bond breaking in molecules suffered from the cou-
pling within molecules that redistributed the absorbed en-
ergy, causing other bonds to break. Recently, coherent con-
trol processes have been explored, providing an additional
degree of freedom for controlling the branching ratio of
photofragments. In this field, the laser coherence properties
are used explicitly to steer the molecule into specific quan-
tum mechanical states. Different schemes in coherent control
of photofragment branching ratios include timing control of
sequential laser pulses �1�, pulse shaping of ultrashort pulses
using learning and feedback control �2,3�, and multi-pathway
quantum interferences �4–7�. Most of the photofragmenta-
tion experiments require high laser intensities, and the con-
trol could be the result of combinations of many different
phenomena, including saturation, Stark shifts, multi-photon
reactions, quantum interferences, etc. Key for the optimiza-
tion of the control in such experiments is our understanding
of the role of different effects that can take place in high
laser intensity experiments.

In our previous reports �7� on photoionization of atomic
barium, we successfully demonstrated control of the elec-
tronic excitation of the Ba+ core using two resonant laser
fields. In that demonstration, we set up two individual two-
color, two-photon ionization processes, each enhanced by a
near resonance of one of the field frequency components
with an intermediate state of the barium atom. For each ion-
ization process, absorption of one photon from each field
component excites the ground state electron into the con-
tinuum, which is characterized by three different ionization
channels, leaving the barium core in 6s2S1/2 ground state or
the excited 5d2D3/2 or 5d2D5/2 state. As we scanned one of
the laser frequencies across the intermediate state resonance,
while holding the other laser frequency constant, we ob-

served a strong asymmetry in the ionization yield for all
three different ionization channels. The observed control of
the branching ratio to the 6s core state varied from 95% to
58%. Our initial interpretation of the highly asymmetric
spectra that we observed was in terms of an interference
between the two optical pathways leading to the continuum
state.

Two groups subsequently reported theoretical investiga-
tions related to our experimental observations. Nakajima et
al. �8� studied two-pathway, two-photon ionization in atomic
calcium using density matrix calculations, and Luc-Koenig
et al. �9� carried out a set of numerical calculations using an
adiabatic approximation, with the atomic parameters ob-
tained from j j-coupled eigenchannel R-matrix and multi-
channel quantum defect theory �MQDT�. These studies
showed that the dominant influence on the ionization yield
was that of the ac Stark shift of the barium ground state,
rather than the multi-path quantum interference. In the
present work, we advance the study of the role of these dif-
ferent effects in the product state control in barium photoion-
ization using measurements of �1� the residual intermediate
state population and �2� the angular distribution of the pho-
toelectrons. We present evidence that supports the interpre-
tation that, in this case, the Stark shift is indeed the dominant
mechanism leading to the asymmetric photoionization line
shapes and control of the branching ratio. We also apply the
theoretical models of Refs. �8,9� in order to explore other
conditions that might lead to an enhanced role of the two-
pathway interference and discuss these in Sec. V.

II. DESCRIPTION OF THE INTERFERENCE
AND THE ac STARK SHIFT

We show in Fig. 1 an energy level diagram containing the
states of atomic barium that are relevant in our experiment.
Two laser field components, of frequencies �1 ��554 nm in
wavelength� and �2 ��307 nm in wavelength�, are tuned
near the transition frequencies, �a /2�c=18 060.3 cm−1 and
�b /2�c=32 547.1 cm−1, for excitation of the barium ground
state to the intermediate 6s6p1P1 and 6s7p1P1 states, respec-
tively. Ionization to the continuum state of energy �=���1

+�2��50 607.4 cm−1 can be achieved via two pathways,
each resonantly enhanced by one of these intermediate states.
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Upon photoionization with these wavelengths of light, the
kinetic energy of the photoelectron is about 1.06 eV when
the barium core is left in its ground 6s2S1/2 state, but only
0.46 or 0.36 eV for the excited 5d2D3/2 or 5d2D5/2 core
states, respectively. Measurement of the photoelectron signal
at these different kinetic energies therefore gives us the yield
of the final Ba+ core states.

In their numerical study of two-pathway ionization in cal-
cium, Nakajima et al. �8� found a correlation between the
asymmetric ionization spectra and the intermediate state
population. These authors also showed a correlation between
the laser intensity and the asymmetry of the ionization yield,
which they interpreted as a manifestation of the ac Stark shift
of the ground state due to the strong coupling between the
ground state and one of the intermediate states. In our ex-
periment, the peak Rabi frequency of the 6s2→6s6p
�554 nm beam� is about an order of magnitude greater than
that of the 6s2→6s7p transition. The strong coupling be-
tween the 6s2 and 6s6p states due to the 554 nm laser shifts
the ground state energy, and the strong ground state shift can
move the transition frequency of the 6s2→6s7p transition
either toward or away from resonance with the 307 nm laser,
depending on the detuning of each beam from resonance.
This ground state shift therefore causes an asymmetric popu-
lation transfer to the 6s7p state, and the strong ionization rate
from this intermediate state gives rise to the highly asymmet-
ric ionization yield.

In the notation of Nakajima et al. �8�, the ionization rate
into the 6s and 5d core state channels can be written

R6s = �
−�

�

��1,6s
coh �11 + �2,6s

coh �22 + Im��12,6s
* �12 + �21,6s

* �21��dt�

�1�

and

R5d = �
−�

�

��1,5d
coh �11 + �2,5d

coh �22

+ Im��12,5d
* �12 + �21,5d

* �21��dt�, �2�

where �1,i
coh and �2,i

coh are the partial ionization widths into

each continuum i from the 6s6p and 6s7p intermediate ex-
cited states, respectively �8�. �11 and �22 are the population
probabilities of the 6s6p and 6s7p states, respectively, and
�21 represents the coherence between these two states. �12,i
and �21,i are the two-photon Rabi frequencies coupling the
6s6p and 6s7p states through the continuum i, with the as-
terisk indicating the complex conjugate. The last two terms
in the equations above, which depend upon the coherence
between the two intermediate states, are responsible for the
two-pathway interference effect. As one can see in these
equations, product state controllability might be a manifesta-
tion of multi-pathway excitation, or alternatively might be
mediated through an enhancement of the population of one
intermediate state or the other. We therefore added a tempo-
rally delayed laser pulse to our experimental setup to ionize
any atoms remaining in the intermediate states after the in-
teraction with the two-color laser pulse is complete. Our ini-
tial intent for this measurement was to determine the relative
significance of the various terms within Eqs. �1� and �2�
through comparison of the spectra for photoionization into
the 6s or 5d channels with the population of the intermediate
states. In retrospect, however, the dynamics of the atom are
much richer than we originally expected, and analysis of
these measurements was much less direct than the simple
picture above suggests.

Additional insight into the mechanism for control might
be gained through measurements of the photoelectron angu-
lar distribution �PAD�. Specifically, we measure the change
in the PAD when the two pathways are simultaneously ex-
cited, and relate the observed PADs for concurrent excitation
to those that we observe for the two individual pathways.
When the PADs from two different excitation pathways con-
tain similar harmonic components, the strong spatial overlap
of the photoelectron wave functions could show strong inter-
ference effects. To carry out these measurements, we re-
placed the time-of-flight detector used in our previous mea-
surements with a detector based on a microchannel plate
�MCP� electron multiplier, a phosphor screen, and a charge-
coupled device �CCD� camera. This detector is adapted from
a design originally introduced by Helm et al. �10�, and it
offers two primary advantages over our previous detector. It
is capable of capturing electrons ejected into all 4� steradi-
ans with nearly uniform efficiency, and it allows measure-
ment of the angular distribution of the photoelectrons with-
out requiring rotation of the laser polarization. We have used
this type of detector in several previous photoionization ex-
periments �11,12� in which it has amply demonstrated its
efficacy in measurements of PAD images.

III. EXPERIMENT

We show a schematic diagram of the experimental setup
in Fig. 2. Two dye laser systems, a Spectra Physics PDL-2
and a home-made short-cavity Littman-type laser with a two-
stage amplifier, are pumped with the second harmonic output
of a Q-switched Nd:YAG laser �532 nm, 10 Hz repetition
rate�, producing 554 and 614 nm laser pulses of energy
500 	J and 1 mJ, respectively. Each laser operates on typi-
cally one-to-two longitudinal modes. We frequency double

FIG. 1. Energy diagram of atomic barium, showing levels rel-
evant to our measurements.
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the 614 nm beam, producing about 50 	J at 307 nm, in a
type I phase-matched second-harmonic generating beta-
barium borate �BBO� crystal. We improve the polarization
and transverse mode of the two beams using Glan laser po-
larizers �aligned to within �3 mrad of each other� and spa-
tial filters, respectively, and collimate these beams before
combining them using a dielectric beam combiner. We moni-
tor the frequencies of the two-color field during the experi-
ment with a wavemeter with an accuracy of 0.02 cm−1. The
durations of the laser pulses are about 5–6 ns �FWHM�, and
we match the timing of their peaks to within 0.5 ns using a
fast photodiode. The two-color laser pulses are in a near-
Gaussian transverse mode of radius w0 �radius at which the
intensity drops to e−2 of the on-axis intensity� �300 	m at
the interaction region. We chose this beam size in order to be
consistent with our previous work �7� and also to allow a
sufficient signal strength. Although matching wave fronts of
the two laser beams is not necessary �as it was in most of our
other observations of coherent control processes �11,13,14��,
we align the beams carefully to assure good spatial overlap.
We employ two methods to achieve this: we center the
beams on two pinholes positioned before and after the inter-
action region; and we maximize the two-color photoioniza-
tion signal. We estimate the peak intensity of the two laser
field components to be 5.3
107 W/cm2 for the 554 nm la-
ser pulse and 6.6
106 W/cm2 at 317 nm, when operated at
typical pulse energies of 400 and 50 	J, respectively.

We generate the atomic barium beam using an effusive
oven heated to a typical temperature of 510 °C. The back-
ground pressure inside the vacuum chamber is 2
10−8 torr.
We monitor the temperature of the oven with thermocouple
temperature probes mounted on the front and back of the
oven. The laser beams and the barium beam intersect one
another at right angles, and the diameter of the barium beam

at the interaction region is about 1 mm. We estimate the
atomic density of the barium in the interaction region to be
5.7
106 cm−3. We cancel the earth’s magnetic field to
within 10 mG in the interaction region using three orthogo-
nal pairs of magnet coils positioned outside the vacuum sys-
tem.

We show a schematic diagram of the photoelectron detec-
tor assembly in Fig. 3. The interaction region is positioned
between two plane parallel stainless steel meshes, above
which we position a microchannel plate/phosphor screen as-
sembly. Each mesh, consisting of 1 mil diameter wires
spaced by 10 mil, is about 20 cm in diameter. One is located
10 cm above, the other 0.5 cm below, the interaction region.
The meshes are held at a constant potential difference of
about 400 V, creating a uniform electric field in the region
between the meshes. We reduce the field nonuniformity in
the electron flight region by positioning field retaining rings
around the flight region with appropriate voltages applied to
each ring. The uniform electric field accelerates the photo-
electrons ejected from the atoms upward, such that the pho-
toelectrons make parabolic trajectories toward the MCP de-
tector assembly.

Electrons transmitted by the upper mesh are amplified
�typical gain of 106� in the microchannel plate multiplier
�MCP� and strike the phosphor screen directly above the
MCP, producing a bright spot �lifetime of about 500 	s� on
the screen. We capture the phosphorescence image with an
asynchronous reset CCD camera and store it in a laboratory
computer �PC� with a frame grabber. For each laser pulse, we
detect as many as 100 photoelectrons, and we accumulate an
image over 500–3000 laser pulses to decrease the statistical
fluctuations. Each electron incident on the MCP illuminates
an average of 3–4 pixels in the CCD camera, and we pro-
cess the images using a threshold detection and pixel count-
ing algorithm to locate the center of mass of the electron and

FIG. 2. Experimental setup. The second harmonic output of the
Nd:YAG laser pumps two dye lasers, which generate tunable pulses
at �=554 nm and, through second harmonic generation in the BBO
crystal, �=307 nm. These beams intersect the beam of barium at-
oms, and we detect the photoelectrons using the MCP detector. The
temporally delayed third harmonic output of the Nd:YAG laser at
�=355 nm allows us to determine any residual intermediate state
population.

FIG. 3. �Color online� MCP detector assembly used in the ex-
periment. The interaction region, defined by the intersection of the
laser beams and the barium atomic beam, is positioned between two
parallel field meshes, to which we apply a 400 V potential differ-
ence. The photoelectrons follow a parabolic trajectory towards the
upper mesh. Those electrons that are transmitted through the mesh
are amplified in the microchannel plate �MCP� electron multiplier
and produce a bright spot on the phosphor screen. We record and
accumulate the photoelectron image using a CCD camera interfaced
to a laboratory PC.
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register a single count in the image plane. This technique
eliminates multiple counting of electrons and reduces image
distortion that might result from gain nonuniformities of the
MCP and/or the phosphor screen �11,12�.

During an experiment, we fix the pulse energy, E1, of the
554 nm beam �100, 200, or 400 	J per pulse� and the en-
ergy, E2, and frequency, �2, of the 307 nm beam, tune the
frequency, �1, of the 554 nm beam about the atomic reso-
nance frequency, and record the photoelectron image and
yield. We show a typical smoothed photoelectron image in
Fig. 4�a�. The electrons form a distribution in x-z coordinates
of the image plane, where x is the direction of propagation of
the laser pulses and z is the direction of polarization. Three
individual rows of data from this image are shown in Figs.
4�c�–4�e� as the data points. The outer and inner rings in the
image correspond to the maximum distance traveled by the
fast electrons �rmax=1.05 cm for 1.06 eV electrons, which
correspond to the 6s core state� or slow electrons �rmax
=0.70 and 0.64 cm for 0.46 and 0.36 eV electrons, respec-
tively, corresponding to the 5d core states�. The fast and slow
electrons can overlap in the central region of this image, so
we use an inversion process to separate these two electron
images �10�. Inverting the image to E-� coordinates, where E
is the photoelectron energy and � is the polar angle measured
from the z axis, yields two energy bands, one corresponding
to the 6s core state, the other to the 5d core state, that are
clearly resolvable. �The energy resolution of our detector is
�0.1–0.2 eV, limited primarily by the finite size of the in-
teraction region in our experiment. We are therefore unable
to resolve the photoelectrons for the 5d3/2 and 5d5/2 core
states, whose kinetic energies differ by only 0.1 eV.� We
integrate over each band in energy and plot the electron

count for each band as a function of �. We show an example
in Fig. 5, where each 90° segment represents data in each of
the four quadrants of the image. We choose to retain and
display the data over the entire �essentially doubled� range of
� so as to be able to identify any effects due to gain nonuni-
formity of the detector. The dashed line in this figure is the
result of a Fourier transformation of the data, in which we
retain only the first few terms of the Fourier expansion. Us-
ing these fitted expressions for the angular distributions as an
initial estimate, we return to the original image data and
reconstruct the image for direct comparison, adjusting the
amplitudes Ai and Bi, defined in

P6s��,� = A0 + A2 cos 2� + A4 cos 4� ,

P5d��,� = B0 + B2 cos 2� + B4 cos 4� �3�

to obtain the best fit to the data. These fitted images yield
figures such as that shown in Fig. 4�b�, as well as the solid
lines shown in Figs. 4�c�–4�e�, which represent the best fit to
the experimental data for individual rows of the image �rows
110, 140, and 170, respectively�. We include a small rotation
of the image to account for a misalignment of the camera.
Overall, we observe very good fits with experimental images
for all cases. Finally, we obtain total yields into fast or slow
electron channels by summing the fitted images for the 6s or
5d channels, respectively, over the image plane.

The noise in the image is primarily from two sources. The
dominant contribution appears to be consistent with Poisson
statistics, as expected from counting single electron events.
In addition, we detect about six electrons per laser pulse
correlated to the 307 nm pulse, and 0.03 electrons per pulse,
which seems to be independent of either of the laser pulses.
These noise contributions are likely caused by ionization of
background gas, scattering of the laser beams off surfaces
within the vacuum system, or dark currents.

The delayed laser pulse that allows us to determine the
residual populations of the intermediate 6s6p and 6s7p states
is the vertically polarized third-harmonic output of Nd:YAG
laser �355 nm�, which propagates counter to the two-color
laser pulse with a delay of 12 ns. We chose the timing of the

FIG. 4. �a� Image captured with the MCP detector in x-z spatial
coordinate. For purposes of this figure, we convolve the data over a
square window of area 4 pixels by 4 pixels to smooth its rapid
fluctuations. The outer �inner� ring is the outer limit of the fast
�slow� electrons. �b� Model image that yields the best fit to the data.
The line traces in �c�, �d�, and �e� show single rows from the image
�rows 110, 140, and 170, respectively�, with data as circles and the
fit as the solid line.

FIG. 5. Photoelectron angular distribution data. The solid line
shows the data derived from an image such as that shown in Fig.
4�a�, while the dashed line is a fit found by Fourier transforming the
data and keeping only the lowest order terms. Each 90° segment of
this plot represents data over each of the four quadrants of the
image.
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delay pulse entering the interaction region to be longer than
the pulse width of the two-color laser pulse so that the delay
pulse does not alter the atomic dynamics during the first
pulse. This delay time is greater than or comparable to the
lifetimes of the intermediate states, which have been previ-
ously measured to be 8.37 and 13.2 ns for 6s6p and 6s7p
�15�, respectively. The beam radius w0 of the delay pulse is
�350 	m. We used up to 1 mJ of pulse energy in order to
generate sufficient delay pulse signal. When the delay pulse
is applied, the photoelectron image is a combination of elec-
trons ejected from the two-color field interaction and the de-
lay laser pulse interaction. In order to separate the electron
images coming from these different processes we collect
three different images for a fixed 554 nm laser frequency. In
the first, we apply only the concurrent 554 and 307 nm
pulses. This image provides the photoelectron angular distri-
bution and the total ionization yield for each continuum
channel. For the second image, we apply the 355 nm delay
pulse as well. By taking the difference between the second
image �two-color+delay� and the first image �two-color
only�, we extract the electron image coming only from the
delay pulse. Finally, we collect an image for which only the
355 nm delay pulse interacts with the atoms. This last mea-
surement, which amounts to as many as 7 electrons/shot,
allows us to correct for ionization of the background gas or
noise caused by scattered light at the detector by this pulse.
We also observe and correct for a small above-threshold-
ionization �ATI� signal �absorption of two 355 nm photons
from the 6s6p intermediate state�, which overlaps with the
6s7p delay image. We measure this signal by blocking the
307 nm laser and subtract the signal from the integrated 6s7p
delay signal.

IV. RESULTS

A. Concurrent resonant pulse photoionization
without the delay pulse

We show the dependence of the two-color signal on laser
detuning ��1���1−�a� /2�c� in Fig. 6. The data shown are
the partial photoionization spectra for three different pulse
energies E1 of the 554 nm laser pulse: 400, 200, and 100 	J.
The energy E2 of the 307 nm laser pulse is kept constant at
50 	J for 	�2	�2 cm−1, but we reduced E2 to 30 	J for
smaller 	�2	 in order to reduce photoionization through two-
photon absorption of the 307 nm beam.

The spectra show asymmetric profiles similar to those that
we observed previously �7�. For negative 307 nm laser de-
tuning ��2���2−�b� /2�c�0�, the ionization yield is stron-
ger for positive detuning of the 554 nm laser ��1�0�. Spec-
tra for �2�0 appear as the mirror image of the data shown.
The change in the asymmetry of the spectra for different
laser intensities is more prominent when the detuning of the
307 nm laser ��2� is large and the effect is more substantial
in the fast electrons. For large �2, as in the spectra with �2
=−6.99 and −3.39 cm−1, the spectra for the fast electron sig-
nal are highly asymmetric for high 554 nm pulse energy, but
become rather symmetric in the lower intensity regime. The
slow electrons, however, show strong asymmetry for all
powers of the 554 nm laser pulse.

These differing spectra are manifested directly in the
branching ratio for the ionization continua. The branching
ratio also shows stronger intensity dependence when �2 is
large. For large �2, the depth of the branching ratio dimin-
ishes as the 554 nm laser intensity is lowered. One interest-
ing observation in the branching ratio is that the profiles
become symmetric as �2 is tuned near zero. For �2=
−0.95 cm−1, for example, the ionization yields for the two
channels are highly asymmetric but the branching ratio
shows a nearly symmetric profile. From our data, we observe
control of the branching ratio between 82% and 35%. Each
of these limits is smaller than those from our previous study
�7�, possibly due to our current use of an improved detector.

An important parameter in modeling the interaction is
�6s /�5d, the ratio of ionization cross sections into the 6s and
5d continua �commensurate to the branching ratio� from each
of the intermediate states individually. In order to measure
this ratio, we collect electron images when only one excita-
tion channel is active at a time. Experimentally, we achieve
this by keeping one of the lasers far detuned from resonance
with the transition from the ground state. To measure the
photoionization cross section from the 6s6p state, we tune
the 554 nm laser to resonance ��1=0� and detune the
307 nm laser by �2= ±100 cm−1 from the transition fre-
quency from the ground state to the 6s7p state. We carry out
this measurement twice, with the 307 nm laser tuned above
and, alternatively, below resonance, in order to check the
possible change in the cross section which could arise from
structure in the continuum. Both measurements of �6s /�5d
were within 3% of the average, indicating a flat continuum in

FIG. 6. The asymmetric two-photon ionization signals under a
variety of conditions. In each diagram, we show spectra for three
different pulse energies of the 554 nm laser pulse, E1: 400 	J �as-
terisks�, 200 	J �open circles�, and 100 	J �plus signs�. In the top
row �1a–1d�, we show spectra for the fast electron signal, in which
the Ba+ core is left in the 6s2S1/2 ground state. The data in the
second row �2a–2d� corresponds to the slow electron signal, i.e., the
final state of the Ba+ is the 5d2D3/2 or 5d2D5/2 state. The bottom
row �3a–3d� shows the branching ratio for the interaction, i.e., the
fraction of ions that are in the ground 6s state. The four columns
show data for detunings �2= �a� −6.99, �b� −3.39, �c� −0.95, and �d�
0 cm−1.
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the region of our work. To measure the ratio of photoioniza-
tion cross sections for the 6s7p state, we repeat the measure-
ments with �1= ±100 cm−1 and �2=0. Again the measure-
ments above and below resonance yield consistent results
within ±3%. A flat continuum is expected here, as the nearest
autoionizing resonances are the 6p7p 1P1, the 6p7p 3D1, and
the 6p7p 3D2 states, which lie 224 cm−1 below, 506 cm−1

above, and 595 cm−1 above the continuum state at energy �,
respectively �16�. The widths of the 1P1 and the 3D1 reso-
nances are about 25 cm−1, while that of the 3D2 state is un-
reported.

Our measured cross-section ratios differ somewhat from
the values previously calculated by Luc-Koenig et al. �9�, as
shown in Table I. These authors calculated these ionization
cross sections several ways, using length and velocity
gauges, and including or omitting correlation effects. They
estimate that the uncertainties in their absolute cross sections
are ±20%. Variations of the ratios �6s /�5d that they report
are significantly smaller, however. Our measured cross-
section ratios, �6s /�5d=6.27 and 1.33, for the 6s6p and 6s7p
intermediate states translate into branching ratios of 86% and
57%, respectively.

B. Measurements with delay pulse: Intermediate state
population

We show a typical smoothed image that results from ap-
plication of the delay pulse in Fig. 7�a�. The bright central
part of the image �inside the dashed guide line� corresponds
to the signal from the 6s6p state �photoelectron kinetic

energy=0.52 eV�, while the signal from the 6s7p state �ki-
netic energy=2.32, 1.72, and 1.62 eV� is distributed through-
out the region inside the white dot-dashed guide ring drawn
in the image. The delay pulse signal from the 6s7p state is
much smaller than that from the 6s6p state, with the ratio of
the electron yield as high as 60:1. We show a single line trace
of these smoothed data in Fig. 7�b�. From these data, we
derive a measure of the residual population of the two inter-
mediate states by integrating over the area of the image and
show these in Fig. 8. In the top row of this figure �1a–1d�, we
show the population remaining in the 6s6p state, determined
by integrating within the inner �dashed� guide line in Fig.
7�a�. In order to derive a measure of the residual 6s7p state
population that is not masked by the much larger 6s6p sig-
nal, we integrate the photoelectron signal in the region be-
tween the guide lines only. We display these data in the sec-
ond row �2a–2d� of Fig. 8. The general shapes of these
spectra are clear and indicate that we have nearly symmetric
population transfer to the 6s6p state with strong resonance
behavior at �1=0, and asymmetric population transfer to the
6s7p state. The asymmetric profiles in the 6s7p signal follow
the same asymmetric trend observed in the two-color signal,
enhancement of ionization yield in �1�0 for negative de-
tunings of the 307 nm laser, �2�0.

The peak amplitude of the 6s6p delay signal is indepen-
dent of the 554 nm laser intensity, indicating strong satura-
tion on 6s2→6s6p transition, as expected. The linewidths of
these spectra are only about 2 cm−1, however, and show no
evidence of power broadening. While this observation
seemed contrary to our initial expectations, it is, in fact, con-
sistent with the results of numerical simulations, as we will
discuss in Sec. V. These simulations will also highlight the
distinction between the residual intermediate state popula-
tion, as measured here, and the same population during the
interaction of the atom with the two-color laser field.

C. PAD analysis

We now describe our analysis of the PAD data to explore
what these data can reveal about the interaction. As a pre-
liminary measurement, we first examine the angular distribu-
tion for each pathway individually. We implement this by
tuning first one of the laser frequencies far from resonance

TABLE I. Relative ionization cross section.

�6s /�5d via 6s6p via 6s7p

Current study 6.27 1.33

Luc-Koenig et al.a 7.8 0.53

aReference �9�.

FIG. 7. Typical smoothed delay pulse image. In �a�, we show an
accumulated image in the x-z plane of the phosphor screen, while in
�b� we show a single line �line 125� of these data. The bright central
region inside the dashed white ring is the electron image from the
6s6p intermediate state, while the electrons ionized from the 6s7p
intermediate state can be found within the outer dot-dashed white
line on the figure. The detunings of the laser frequencies are �1

=0 and �2=−3.39 cm−1, and the pulse energies are E1=400 	J and
E2=50 	J for this image.

FIG. 8. Integrated delay signal via the 6s6p �1a–1d� and 6s7p
�2a–2d� intermediate states. The symbols for the pulse energy of the
554 nm laser and the detunings �2 are as given in Fig. 6.
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�±100 cm−1� with the intermediate state, then the other. We
list the amplitudes An and Bn in Table II for the excitation
through the 6s6p and 6s7p intermediate states. The differ-
ences in the PAD amplitudes for each continuum channel are
striking. The fast photoelectrons through the 6s6p interme-
diate state have a strong cos 2� component �A2�, comparable
to the A0 amplitude. On the other hand, the fast photoelec-
trons from the 6s7p state have a much more isotropic distri-
bution, with 	A2	�0.3A0, and A4 even smaller. For the slow
photoelectrons the situation is reversed. The PAD through
the 6s7p state contains a significant cos 2� component, while
the dc component is dominant through the 6s6p state. It is
interesting that we do not observe any significant cos 4�
terms, which can correspond to a d-wave, and which could
reasonably be expected to appear.

When we tune both frequency components of the field
near their respective resonant frequencies, we observe the
variation of the PAD with �1. We show the variation in the
amplitudes A0, A2, B0, and B2 in the two-color signal for fast
and slow electron signals in Fig. 9. In the upper row �1a–1d�,
we show A0 �asterisks� and A2 �open circles� for the fast
electron signal, while in the bottom row �2a–2d�, we show

the amplitudes B0 and B2. For both data, the dc components
are usually, but not always, dominant. In the fast electron
spectra, the amplitude of the cos 2� term is significant only
near �1=0, and is much more symmetric in shape than the
other terms.

We wish to explore the question of how these angular
distributions can yield information about the role of interfer-
ence in this interaction. Specifically, we would like to under-
stand to what extent we can describe the partial ionization
yields into the 6s and 5d channels simply in terms of the
incoherent sum of ionization by way of the 6s6p state and
ionization by way of the 6s7p state. For this purpose, we
define the following partial ionization yields, each a term
within Eqs. �1� and �2�,

R1,6s� � �
−�

�


�1,6s
coh �11�dt�, �4�

R2,6s� � �
−�

�


�2,6s
coh �22�dt�, �5�

R1,5d� � �
−�

�


�1,5d
coh �11�dt�, �6�

R2,5d� � �
−�

�


�2,5d
coh �22�dt�. �7�

To estimate the magnitude of these terms, we can make use
of the coefficients A2 and B2, in that A2 for the 6s6p pathway
dominates that of the 6s7p pathway, and for B2, the 6s7p
contribution is much greater than that of the 6s6p. Therefore,
even if an interference between the amplitudes for the two
pathways were present, the amplitude of the cos 2� compo-
nent should be relatively insensitive to this effect, and a mea-
surement of these amplitudes can serve as an indication of
the relative magnitude of each pathway for the interaction
with the two-color laser pulse. We will therefore use A2 re-
ported in Table II as a measure of the ionization rate through
the 6s6p intermediate state into the 6s channel, and B2 of
that same table for the ionization rate through the 6s7p in-
termediate state into the 5d channel. We must appropriately
scale these terms in order to yield the partial ionization prob-
abilities we seek. For this we use R6s=4��A0−A2 /3
−A4 /15� and R5d=4��B0−B2 /3−B4 /15�, which are deter-
mined by integrating the angular distribution, Ri
=�Pi�� ,�d�. Using this and the ratio of cross sections
�6s /�5d discussed previously, and ignoring A4 and B4, we
estimate

R1,6s� � A2��1�
A0 − A2/3

A2
= 0.63A2��1� , �8�

R2,6s� � B2��1�
B0 − B2/3

B2



�6s

�5d
= 1.11�1.33�B2��1� , �9�

TABLE II. PAD amplitudes for photoionization via singly reso-
nant interactions. The amplitudes A0–A4 describe the photoelectron
angular distribution for ionization into the 6s core state, while
B0–B4 describe the 5d core state. For each, we list the amplitudes
for excitation through the 6s6p and 6s7p intermediate state. See Eq.
�3� for explicit definition of these amplitudes. All entries in this
table normalized to A0 for the 6s6p intermediate state.

An Bn

6s6p 6s7p 6s6p 6s7p

n=0 1.000 0.322 0.115 0.348

n=2 1.038 −0.093 0.030 0.241

n=4 0.096 −0.018 0.008 0.007

FIG. 9. The Fourier amplitudes when both fields are nearly reso-
nant. In �1a–1d�, we show A0 �asterisks� and A2 �open circles� for
excitation of the 6s core state as a function of detuning �1. In
�2a–2d� we show B0 �asterisks� and B2 �open circles� for excitation
of the 5d core state. The pulse energies of the 554 and 307 nm
beams are E1=400 	J and E2=50 	J, respectively, for these data
sets.
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R1,5d� � A2��1�
A0 − A2/3

A2



�5d

�6s
=

0.63

6.27
A2��1� , �10�

R2,5d� � B2��1�
B0 − B2/3

B2
= 1.11B2��1� . �11�

We show these estimates of R1,6s� and R2,6s� in Fig. 10 �1a–1d�
as the asterisks and open circle data points, respectively, and
the sum of these two terms in Fig. 10 �2a–2d� as the asterisks
data points. In Fig. 10 �2a–2d�, we have also reproduced the
experimental data for the partial ionization yield for the fast
electron signal from Fig. 6 as the open circles. From this
comparison, it can be seen that our reconstruction of the total
ionization signal for the fast electrons using the incoherent
sum of the signals via the 6s6p and 6s7p intermediate states
is only fair, reproducing the correct general shape of the
spectrum, but missing the correct amplitude �for the case of
one detuning� by up to a factor of 2. The model appears to be
much better for the 5d channel. We show R1,5d� and R2,5d� in
Fig. 11 �1a–1d�. The sums of these two curves, shown in Fig.
11 �2a–2d�, as asterisks, are in very close correspondence
with the measured slow electron yield, reproduced in this
plot as the open circles.

The calculated ionization yield in these figures does not
include any interference effect, simply the sum of ionization
yield from each pathway, yet the estimate of the slow elec-
tron signal agrees well with the ionization yield through two-
pathway excitation in the experiment, and the agreement for
the fast electron signal is fair. These PAD data indicate,
therefore, that under the parameters of our measurements, an
ionization model that ignores coherence terms works reason-
ably well. Deviation from the experimental value can be ob-
served, but the deviation is mostly of a scaling factor that
could arise from the uncertainty in the photoionization cross
section or the deviation in the ratio of harmonic amplitudes

measured from a single pathway. We do not expect that an
interference effect can be responsible for the deviation be-
tween model and measurement, as the deviation does not
have the frequency dependence that one would expect to see
in interference. The latter would be an odd function of �1, in
contrast to the deviation between the curves in Figs. 10�b�
and 11�b�.

V. NUMERICAL SIMULATION

Our experimental procedures provide us with a set of
physical measurements, such as residual intermediate popu-
lation �ii. In order to better understand these results, we per-
formed a series of numerical simulations following the pro-
cedure used by Nakajima et al. �8� in their study in calcium.
Except for the ionization rates in Table III, we used the
atomic parameters provided by Luc-Koenig et al. in Table 1
of Ref. �9�. We modified the ionization rates so that they
matched our relative ionization cross sections listed in Table
I, and produced ionization spectra for the 6s channel that
matched our observed spectra. The dynamics of the system
are governed by the coupled differential equations �3�–�6� in
Ref. �8�, and we follow the time evolution of these equations
of motion under application of a pulsed laser input. We per-
formed a numerical integration using a 5 ns duration
�FWHM� cos2-shaped laser pulse whose peak intensity of

FIG. 10. Estimates of the ionization rate into the 6s2S1/2 state of
the Ba+ core as determined from the photoelectron angular distri-
bution data. In �1a–1d�, we show estimates of the ionization rate by
way of the 6s6p intermediate state, R1,6s� �asterisks� and through the
6s7p intermediate state, R2,6s� �open circles�. In the bottom row,
�2a–2d�, the data points �asterisks� show the sum of these two
terms, R6s=R1,6s� +R2,6s� . For comparison, we reproduce the results
of our measurements �open circles�, reproduced from Fig. 6
�1a–1d�.

FIG. 11. Estimates of the ionization rate into the 5d 2DJ states of
the Ba+ core, for J= 3

2 and 5
2 , as determined from the photoelectron

angular distribution data. In �1a–1d�, we show the ionization rate by
way of the 6s6p intermediate state, R1,5d� �asterisks�, and through
the 6s7p intermediate state, R2,5d� �open circles�. In the bottom row,
�2a–2d�, the data points �asterisks� show the sum of these two
terms, R5d=R1,5d� +R2,5d� . For comparison, we reproduce the results
of our measurements �open circles�, reproduced from Fig. 6
�2a–2d�.

TABLE III. Ionization rates used in our numerical
simulations.

�1,6s
coh 2
16.82 I2 cm2/Ws

�1,5d
coh 2
2.67 I2 cm2/Ws

�2,6s
coh 2
5.17 I1 cm2/Ws

�2,5d
coh 2
3.88 I1 cm2/Ws
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5.32
107, 2.66
107, or 1.33
107 W/cm2 corresponds to
the estimated peak intensity in the experiment for the 400,
200, and 100 	J pulse energies for the 554 nm laser �I1�;
6.65
106 W/cm2 corresponds to the 50 	J pulse energy of
the 307 nm laser �I2�.

The integration was carried out between a −12 ns� t
�12 ns time window, with the laser starting to turn on at t
=−5 ns, peaking at t=0, and completely turned off at t
=5 ns. Due to the high laser intensity and the large dipole
transition moment, the Rabi frequency of the 6s2→6s6p was
as high as 2.7
1012 s−1, requiring extremely short step sizes
in the integration process. As a result, some of the simula-
tions took up to 2 h of CPU time on a PC for one scan of the
554 nm laser. To decrease the demands for computer time,
we had to make a few simplifying assumptions. First, we did
not include any spatial variation of the laser intensity.
Intensity-dependent effects, which vary across the intensity
profiles of the laser in the experiment, will therefore not be
as pronounced as they are in the simulation. Also we have
neglected several decay routes that could take place from the
6s7p state, and only considered decay from 6s7p→6s2 with
the decay rate �5.3
107 s−1� given in Ref. �9�. Consistent
with our experimental geometry, we also assumed that the
beams overlap one another perfectly, and that they are each
of the same size.

We carried out our numerical simulations with several
different 554 nm laser intensities, using the same �2 as we
used for the experiment, and show some of these results in
Fig. 12. Results from the simulation show several spectral
features similar to those that we observe in the experiment.

�i� The asymmetry in the fast and slow electron signals
diminishes as the laser intensity decreases.

�ii� The slow electron signal retains a strong asymmetry
for different 554 nm laser intensities.

�iii� The branching ratio is controlled, with high 6s to 5d
channel ratio for �1�0.

The primary difference of these numerical results from
the experimental data is in the fast electron spectra. Both

results show rather symmetric spectra, expected in the case
of saturation by the intense field, although the linewidth is
much broader in the simulation. This difference in linewidth
could be a result of our approximation of a uniform spatial
laser intensity profile. The maximum branching ratio in the
simulation �87%� is consistent with our measurements
�82%�, while the minimum value �57%� is significantly
higher than our observed value of 35%. The numerical re-
sults, of course, depend on the values used for atomic cross
sections, decay rates, etc., and we have already noted some
deviation in, for example, �6s /�5d between our measure-
ments and the theoretical values of Ref. �9�. On the whole,
however, the agreement between our measurements and the
numerical studies is quite satisfactory.

In order to understand the effects of different processes,
we repeated the simulation with the last two terms in Eqs. �1�
and �2� set equal to zero. This effectively turns off the inter-
ference and allows us to determine the magnitude of its role
on the total ionization signal. We found that under the con-
ditions of our measurements, inclusion or omission of the
interference terms has little impact, so we do not show sepa-
rate spectra with the interference term turned off. We did use
these simulations, however, in a search for intensities of the
554 and 307 nm pulses that might yield evidence of a more
prominent role of interference. We show the results of this
search in Fig. 13. From this figure, we can see that the inter-
ference is visible in the second and fourth columns, corre-
sponding to E1=100 	J and E2=300 	J, and to E1
=100 	J and E2=1000 	J, respectively. The pulse energies
in column 3 are in the same proportion as in column 2, but
interference is not visible in the former, indicating that satu-
rating intensities, as well as balance between the Rabi fre-
quencies, are necessary. This level of interference would be
difficult to observe experimentally, and we did not attempt to
generate UV pulses of the intensity that would be necessary
to achieve this in the laboratory.

In order to understand these spectra more fully, we have
plotted several simulated time-dependent quantities in Fig.

FIG. 12. Simulated spectra for first row �1a–1d�: fast electrons,
6s core state; second row �2a–2d�: slow electrons, 5d core state;
third row �3a–3d�: branching ratio to 6s state. The detunings �2 for
each column are �1a–3a� −7.0 cm−1, �1b–3b� −3.5 cm−1, �1c–3c�
−1.0 cm−1, and �1d–3d� 0.

FIG. 13. Simulated spectrum for first row �1a–1e�: fast elec-
trons, 6s core state; second row �2a–2e�: slow electrons, 5d core
state. The detuning �2 is −3.5 cm−1 for each plot, and the pulse
energies E1 for the 554 nm pulse and E2 for the 307 nm pulse are
given above each column. The solid line shows the spectrum when
we include all terms, while the dashed line is the result when the
interference term is turned off.
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14 for pulse energies of E1=400 	J at 554 nm and E2
=50 	J at 307 nm, and �2=−3.5 cm−1. �1 is 5 cm−1 for the
plots on the left �1a–5a�, and −5 cm−1 for the plots on the
right �1b–5b�. In the top panel �1a and 1b�, we show the
ionization probability into the 6s channel �solid line� and the
5d channel �dashed�. We see that the 6s channel signals are
similar for the cases of �1=5 and −5 cm−1, the major differ-
ence being that the signal arrives slightly earlier and reaches
a somewhat higher level for �1=5 cm−1 than for �1
=−5 cm−1. The slow electron signal, however, is signifi-
cantly stronger for �1=5 cm−1 than for �1=−5 cm−1. In the
second panels �2a–2b�, we plot the ionization probability
through the 6s6p �solid� and 6s7p �dashed� intermediate
states. These simulated data show that most of the ionization
is through the 6s7p state for �1=5 cm−1, but this pathway
turns off and the 6s6p pathway turns on for �1=−5 cm−1.
Panels �3�, �4�, and �5� show the population of the 6s6p state
��11�, the population of the 6s7p state ��22�, and the coher-
ence between these two states �	�21	�, respectively. For �1

=5 cm−1, we can see a gradual population build-up in the
6s6p state as the laser pulse starts to turn on at t=−5 ns. At
about t=−3 ns, the ac Stark shift has moved the ground state
energy sufficiently that the 6s2→6s7p transition is resonant
with the 307 nm laser, and we start to see population trans-
ferred to this latter state, with a concurrent increase in the
coherence term. As the laser intensity continues to increase,
however, the transition quickly shifts out of resonance, and

the population �22 decays rapidly through ionization by the
intense 554 nm laser. �22 shows a small increase at about t
=3.5 ns as the 6s2→6s7p transition is once again Stark
shifted into resonance with the 307 nm laser pulse, but this
population arrives too late to be ionized, so it slowly decays
through spontaneous emission. Blackened areas on these
plots indicate oscillation of the population or coherence term
at the Rabi frequency.

For �1=−5 cm−1, the shift of the ground state moves the
atomic transition away from resonance with the 307 nm la-
ser, and very little population is transferred to the 6s7p state.
While the coherence �21 induced between the two interme-
diate states lasts a long time, its maximum amplitude is much
less than it was for the case of �1=5 cm−1.

The dynamics of the atom are quite different when we
change the pulse energies, bringing the Rabi frequencies of
the two transitions into closer balance with one another. We
show these simulated results in Fig. 15. For these simula-
tions, we decreased E1 to 100 	J and increased E2 to
300 	J, but kept the same laser detunings as in Fig. 14 �i.e.,
�1=5 cm−1 on the left side �1a–5a�, �1=−5 cm−1 on the
right side �1b–5b�, and �2=−3.5 cm−1 throughout�. A key
distinction of these curves is that the peak amplitude of the
coherence term lasts longer than it did in the case shown in
Fig. 14, and can therefore contribute more significantly to the
net ionization signal. This coherence effect can be seen in
Fig. 13 �1b� and �2b�, where inclusion or omission of the
coherence term in Eqs. �1� and �2� has a visible effect on the
calculated ionization signal.

These time-dependent plots illustrate rather convincingly
that the dominant factor in the control of the excitation of the
ionization channel at the intensities that we used for our
measurements is the ac Stark shift. This is further illustrated
in Fig. 16, where we plot the ionization probabilities R1,6s�

FIG. 14. Simulated time-dependent signals for pulse energies of
E1=400 	J at 554 nm and E2=50 	J at 307 nm, and �2=
−3.5 cm−1. �1 is 5 cm−1 for the plots on the left �1a–5a�, and
−5 cm−1 for the plots on the right �1b–5b�. In the top panel �1a and
1b�, we show the ionization probability into the 6s channel �solid
line� and the 5d channel �dashed�. In the second panels �2a–2b�, we
plot the ionization probability through the 6s6p �solid� and 6s7p
�dashed� intermediate states. Panels �3�, �4�, and �5� show the popu-
lation of the 6s6p state, the population of the 6s7p state, and the
coherence between these two states, respectively.

FIG. 15. Simulated time-dependent signals for pulse energies of
100 	J at 554 nm and 300 	J at 307 nm, and �2=−3.5 cm−1. The
quantities shown are the same as in Fig. 14.
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�solid line� and R2,6s� �dashed line� in the top row �1a–1d�,
and R1,5d� �solid line� and R2,5d� �dashed line� in the bottom
row �2a–2d�. These calculated results show only the incoher-
ent terms, but clearly indicate that, for �2�0, excitation of
the 6s or 5d channel for �1�0 is predominantly through the
6s6p intermediate state, and for �1�0 is through the 6s7p
state. Compare these spectra to the previous estimates from
the data of R1,6s� and R2,6s� in the top row �1a–1d� of Fig. 10
and R1,5d� and R2,5d� in the top row �1a–1d� of Fig. 11. We
conclude from this analysis that control of the photoioniza-
tion branching ratio is largely due to varying population of
these intermediate states through the ac Stark shift and the
large difference in the photoionization cross sections into the
two channels.

Our final observation from the numerical simulations is in
regards to the population of the intermediate states. From the
time-dependent plots of Figs. 14 and 15, we see that �11 and
�22 can vary rapidly during the course of the pulse. We also
see that in some cases �but not the cases shown in Fig. 14 or
15� the populations may be driven to a different value at the
very end of the pulse. The values of �11 and �22 at t
=12 ns, therefore, may bear little resemblance to the values
of these variables during the laser pulse itself. For compari-
son with our delayed pulse measurements, then, we show in
Fig. 17 numerical results for the final state population of the
6s6p �solid lines� and 6s7p �dashed lines� states. The 6s6p
population shows a narrow peak near �1=0, similar to our
measured spectra. �See Fig. 8.� The 6s7p population also
contains a sharp spike in several cases, but more generally
has a broad asymmetric component. This latter feature is also
similar to our measured spectra. A major difference between
these calculated results and our observations is in the relative
magnitude of the �11 and �22 signals. In our measurements,
the �22 signal was much smaller than the �11 signal. The
difference could be due to a number of nearby autoionizing
resonances that could enhance the ionization cross section
for the 6s6p state when ionizing with UV light at �
=355 nm. Time-dependent plots indicate that the curious dip
in the 6s6p population for small negative �1 is due to the
population of this level being driven to zero just before the
end of the pulse as the second component of the Rabi pair is
resonantly excited to the 6s7p state. We do not observe this
feature in our delay pulse measurements, perhaps because of

the Gaussian spatial intensity profile of the laser beams. The
residual population in the 6s6p state increases with decreas-
ing intensity �compare Fig. 17 �3a� with �1a�� and, with the
larger proportional area of the laser beam with increasing
radius, this will dominate the signal.

VI. CONCLUSION

In the current work, the observed branching ratio between
6s and 5d core states ranged from 82% to 35%. These
branching ratios are somewhat consistent with a model of
photoionization taking place predominantly through the 6s6p
intermediate state, for which the branching ratio is 86%
when the signs of �1 and �2 are the same, or through the
6s7p intermediate state with a 57% branching ratio when the
signs of �1 and �2 are opposite one another. While this ob-
servation does not defy the existence of an interference ef-
fect, we can conclude that the two-pathway interference does
not provide further significant control of the branching ratio.

From the observation in the delay pulse signal and PAD
analysis, we have identified the asymmetric population trans-
fer to the 6s7p state as the main contribution to the asym-
metric ionization spectra. The asymmetric population trans-
fer to the 6s7p state results from the ac Stark shift, as
discussed in Refs. �8,9�.

The difference in Rabi frequency for the two resonant
transitions from the ground state plays an important role in
the peak asymmetries as well. In our measurements, the in-
tensity of the 554 nm laser is much greater than that of the
307 nm laser, and the oscillator strength from the ground
state to the 6s6p state is about three times larger than that for
the transition to the 6s7p state. Overall the difference in the
Rabi frequency is about an order of magnitude, which can
reduce the coherence between the two intermediate states.

FIG. 16. Simulated spectra of R1,6s� and R2,6s� �1a–1d� and R1,5d�
and R2,5d� �2a–2d�. The solid and dashed lines represent ionization
probabilities into the 6s and 5d channels, respectively. E1 is 400 	J,
E2 is 50 	J, and �2 is �1a–2a� −7.0, �1b–2b� −3.5, �1c–2c� −1.0,
and �1d–2d� 0 cm−1.

FIG. 17. Simulated spectra of �11 �1a–3a� and �22 �1b–3b� at
t=12 ns. The solid and dashed lines represent population probabili-
ties of the 6s6p and 6s7p intermediate states, respectively. The plots
in �1a� and �1b� correspond to E1=400 	J, �2a� and �2b� correspond
to E1=200 	J, and �3a� and �3b� correspond to E1=100 	J. Detun-
ings of the UV laser from resonance are �2=−7 cm−1 for �1a�–�3a�
and −1 cm−1 for �1b�–�3b�.
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Numerical studies based on the model of Ref. �8� indicate
that under different pulse energies, the effects of the interfer-
ence on the ionization branching ratio can be increased. The
key seems to be that the Rabi frequencies should be more
closely matched, and strong saturation of the transition
should be avoided. Still, the effect seems to be secondary in
comparison to the role played by the Stark shift, and it would

be challenging to achieve the sensitivity that would be nec-
essary to observe this.
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