
07

PHYSICAL REVIEW A OCTOBER 1997VOLUME 56, NUMBER 4
Product-state control through interfering two-photon ionization routes
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We have extended our studies of control of the branching ratio for photoionization of atomic barium. This
control is based on an interference between two distinct photoexcitation routes, each of which is a resonantly
enhanced two-photon process. We report our experimental studies of the dependence of the interference on
atomic beam density, laser power, selection of intermediate states, and relative polarization of the two field
components. We observe that the potential for product control increases dramatically with increasing atomic
beam density and depends strongly on the laser pulse energies as well.@S1050-2947~97!01410-8#

PACS number~s!: 32.80.Qk, 32.80.Fb
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I. INTRODUCTION

The exploitation of the interference between optical ex
tation pathways as a means of controlling branching ra
for photofragmentation processes@1# has been advanced b
several recent experimental demonstrations of these ef
in a variety of laboratories@2–16#. The initial demonstration
of interference@2# was carried out on a bound-bound tran
tion in atomic mercury, driving concurrent one- and thre
photon transitions between the same initial and final sta
and showing that the net transition probability could
modulated by varying the relative phase between the la
field components. Interference on bound-bound transiti
has also been observed in small molecules@3# ~HCl! and
large molecules@4# (CH3I, trimethyl amine, triethyl amine,
NH3, and cyclooctotetraene!. There have been several dem
onstrations of interference using bound-free transitions
which angular distributions of products@5–8# or effective
cross sections@9# have been controlled. The latter is typical
achieved by interfering an even-order process with an o
order process, while the former requires both processes t
of the same parity. Interference has been used to con
photocurrents in unbiased semiconductors, in both intrab
@10# and interband@11# transitions.

To date, there have been three reports of control
branching ratios using two-pathway interference@12–14#.
The first@12# resulted from the interference between a thr
photon process and a single-photon process in the mole
HI. Variation of the phase of the two field components
lowed for the modulation of the fragment yields for HI1 and
H 1 I * . Control of the branching ratio for these two produ
sets is increased in some wavelength ranges by a differ
in phase for their modulation. Another form of interferin
pathway control has been demonstrated by Shnitmanet al.
@13# using laser-induced-continuum structure effects. In t
process, one laser field dissociates the molecule, while
second is tuned to a frequency that couples an initially
populated high-lying state to the continuum. The produ
state distribution is highly sensitive to the frequency of t
exciting laser field. This process is independent of the re
tive phase of the two laser fields.

*Present address: Intel Corp., Hillsboro, OR 97124-6497.
561050-2947/97/56~4!/3065~12!/$10.00
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In a recent work@14# we also reported observations of
phase-insensitive coherent control in which the interfere
between two two-photon ionization pathways in atom
barium was used to control the branching ratio between
ionization channels. This interference was observed by P
@16#, who showed that it can lead to asymmetric line sha
in the photoionization of NO. Pratt suggested that this te
nique could be extended to control dissociation product d
tributions. In our work@14# each process involves the ab
sorption of one photon of frequencyv1 and one photon of
frequencyv2, where the frequenciesv1 and v2 are nearly
resonant with the 6s2 1S0→6s6p 1P1 and
6s2 1S0→6s7p 1P1 transitions in atomic barium, respec
tively. Thus there are two pathways to reach the continu
state at an energy«5\(v11v2). Since the phase of a two
photon transition moment changes as the laser is tu
through an intermediate resonance, the line shape of the
ization rate as one laser is tuned through its resonance is
asymmetric, depending critically on the detuning of the oth
laser field from its intermediate resonance. Control of
branching ratio for different photoionization channels resu
since the moments for the processes differ, leading to dif
ent degrees of destructive interference. We observed
branching ratio change from 95% to 58% in tuning one la
from one side of resonance to the other. The range of de
ings of the laser from resonance for which the asymme
persisted, the strength of the interference, even under co
tions where the magnitudes of the transition amplitudes
the two individual processes were not closely matched,
the reversed asymmetry of the spectra from that initially
pected were also reported in that work. Being insensitive
the relative phase of the lasers, this coherent control te
nique is very robust. The beam alignment is not critical, n
is it important to carefully match beam sizes. In moving
dense media, as may prove necessary for useful applica
of these techniques, refractive index effects that modify
relative phase of the laser fields will not be a problem for t
technique.

In this paper, we discuss further studies of this cont
process. We have investigated the dependence of the i
ference and the extent of control possible on atomic be
density, laser power, selection of intermediate states,
relative polarization of the two field components. In the fo
lowing section we will describe the interference using arg
3065 © 1997 The American Physical Society
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3066 56FENG WANG AND D. S. ELLIOTT
ments based on a simple model of two-photon transition
plitudes. We will then describe in Sec. III the releva
features of atomic barium and describe why it is suitable
these initial studies. A detailed description of the experim
follows in Sec. IV and we present our results in Sec. V.

II. DESCRIPTION OF THE INTERFERENCE

Consider the two-photon interactions shown in t
energy-level diagram in Fig. 1. One laser field, of amplitu
E1 and frequencyv1, is tuned near the frequencyv ig of the
ug&→u i & transition. The second component of the laser fie
of amplitudeE2 and frequencyv2, is nearly resonant with
the frequency of theug&→u j & transitionv jg . Thus there ex-
ist two resonantly enhanced pathways coupling the gro
state to the continuum state of energy«5\(v11v2). To
lowest-order perturbation theory, the transition amplitude
one of these interactions is

T15
e2

\

rW« i•EW 2rW ig•EW 1

D11 iG i /2
, ~1!

whereerWkl represent the various transition dipole momen
D15v12v ig is the detuning of the laser frequency from t
resonance, andG i is the width~full width at half maximum!
of the intermediate state. The transition amplitude for
second process is of similar form:

T25
e2

\

rW« j•EW 1rW jg•EW 2

D21 iG j /2
. ~2!

While these expressions are not valid for strong fields or
resonant excitation, they still allow us to understand qual
tively the line shapes we should observe in these exp
ments. Since the two interactions are driven concurrently,
rate of photoionization into the continuum state of energ«
is given by the square of the sum of the individual transit
amplitudes,

W}uT11T2u25
e4

\2U z« izig

D11 iG i /2
1

z« j zjg

D21 iG j /2
U2

uE1u2uE2u2.

~3!

Here we have written the transition rate for the specific c
of both lasers linearly polarized and label this direction

FIG. 1. Energy-level schematic showing the two interferi
two-photon interactions. The atom absorbs one photon of freque
v1 and one photon of frequencyv2 for both ionization routes.
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polarization as theẑ axis. The coherence of the interaction
implicit in the form of Eq.~3!, as the two-photon transition
moments are summed before they are squared. The c
term leads to highly asymmetric ionization spectra as a fu
tion of, say,D1, whenuD2u;G j .

By way of comparison, consider a similar interferen
between two two-photon interactions. This interferen
which requires four laser fields, was suggested by Ch
Brumer, and Shapiro@17#. The atom or molecule can b
ionized or dissociated by the two-photon interaction w
field components of frequencyv1 andv2, as shown in Fig.
1, or by a two-photon interaction with field components
frequenciesv3 andv4, wherev31v45v11v2. Each pro-
cess is resonantly enhanced by different intermediate r
nances and excites the system to a continuum state of
same energy«5\(v11v2). Chen, Brumer, and Shapir
showed that the interference for the two-photon proces
depends on the phase differenceDf5(f11f2)
2(f31f4), wheref i is the phase of the field component
frequencyv i . By varyingDf, the interference can be tune
through constructive and destructive conditions. The inter
ence described in the present report is in fact a special
of the Chen-Brumer-Shapiro interference, in whichv45v1
and v35v2. Then Df5(f11f2)2(f21f1)50 and the
sensitivity to the phase of the field components vanishes
course we also lose the ability to control the interaction
varying the relative phase of the fields, as has been dem
strated with other interfering interactions@2#. We can, how-
ever, vary the relative phase of the transition amplitudes
tuning the frequency of the laser fields, as has been dem
strated previously@14,16#.

In Fig. 2 we display examples of Eq.~3! for the interfer-
ing line shape for photoionization as a function of detuni
D1 of laser 1. For this figure we have chosen the produc
dipole moments for the process via levelu j & to be twice that
for the process via levelu i &. A distinct asymmetry is seen fo
all cases with the detuning comparable to the linewidth. A
other manifestation of the interference is that the net tra
tion rate when both lasers are resonant with their respec
transitions is enhanced over the sum of the individual ra
For example, in Fig. 2 the rate for the interaction via levelu i &
is uT1uD150

2 50.25, via level u j & is uT2uD250
2 51, and with

cy FIG. 2. Calculated line shapes for the interfering processes
~a! the transition moments for the two interactions have the sa
sign, while in~b! they have the opposite sign.
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56 3067PRODUCT-STATE CONTROL THROUGH INTERFERING . . .
both transitions active it isuT11T2uD1,250
2 52.25. The line

shapes for negative detunings, not shown in Fig. 2, have t
asymmetry reversed from those for positive detunings.
Fig. 2~b! we show line shapes for the same parameters
used for Fig. 2~a!, except the sign of the product of transitio
moments for one of the interactions is negative. This lead
destructive interference, so that, for example, the transi
rate when both lasers are resonant with their respective t
sitions isuT11T2uD1,250

2 50.25.

The potential for coherent control of photoion sta
branching ratios is presented when multiple-ionization ch
nels are accessed by the two-photon interactions. Since
transition dipole moments to the various continuum chann
differ from one another, the interference can be exploited
enhance the selective access of one channel over the ot
It is important to note that the interference can~and, in some
cases, does! lead to asymmetric line shapes for the photoio
ization spectra without giving us control over the branch
ratio. For example, if the spectra for the processes leadin
the different ionization channels all have the same asymm
ric line shapes, the interference does not enhance one pro
state over the others. In the experimental measurem
shown and discussed in Sec. V, we will see examples
highly asymmetric line shapes, many of which lead to co
trol and some of which do not.

III. ATOMIC STRUCTURE OF BARIUM

For this work we chose to work with atomic barium b
cause of several advantageous features it offers. An ene
level diagram of barium showing some of the relevant sta
is shown in Fig. 3@18#. The ground state of the barium atom
the 6s2 1S0 state, has no fine or hyperfine structure to co
plicate the spectra. Its first-ionization limit is relatively lo
at 42 032.4 cm21, making possible two-photon ionization o

FIG. 3. Energy-level diagram for barium.
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the ground state with convenient wavelengths. The gro
state of the core is the 6s 2S1/2 state. There are a pair o
low-lying excited states of the core, the 5d 2DJ states, withJ
53/2 or 5/2, which lie at 4873.850 cm21 ~0.605 eV! and
5674.824 cm21 ~0.704 eV! above the ground state of the ion
respectively. These continuum channels are also easily
cessed in two-photon absorption from the ground state of
neutral atom. The next state of the ionic core is the 6p 2PJ ,
which lies at a much higher energy~greater than 62 000
cm21), and is thus never produced in any of our measu
ments. The cross section for ionization is relatively flat a
featureless in much of the spectral region between 47
cm21 ~the 2D5/2 threshold! and 56 000 cm21 @19#. Below
this region, several Rydberg series of doubly excited
toionizing states leading to2DJ thresholds produce a rich
spectrum, while at energies higher than this range, one
counters series of autoionizing resonances approaching
2PJ at an increasing spectral density@20#. We choose to

work in this flat spectral region as often as possible so a
avoid complications that may be introduced by final-st
resonances.

In the present experiments the two-photon processes
volved are each resonantly enhanced by intermed
6snp1P1 states, wheren56, 7, or 8. Quantum-defect analy
sis of these states@21# shows that then57 andn58 inter-
mediate states are strongly mixed with several other e
tronic configurations, most significantly with 5dnp1P1
states. The choice of intermediate state is important in
this determines the coupling to the different continuu
states. For example, from our data presented in Sec. V,
see that then57 andn58 intermediate states lead to muc
higher proportion of 5d 2D3/2,5/2 core states than does th
n56 intermediate state. This is understood in terms of
large admixture of the 6s7p 1P1 and 6s8p 1P1 with
5dnp1P1 states.

Selection rules for dipole transitions limit the continuu
states excited in our experiments to those with total orb
angular momentumL of 0 or 2 and total electronic angula
momentumJ of 0, 1, or 2. Since the initial ground state o
neutral barium has even parity, only even wave functions
the continuum are excited by a two-photon interaction.
addition, while intercombination lines (DS561) are typi-
cally not as strong asDS50 lines, they are not negligible
Coherent optical excitation pathways interfere only wh
they connect the same initial and final states. While
ground state of barium is nondegenerate, the final states
ing in the continuum, are a superposition of states listed
Table I and are simultaneously excited. For example, w
the core state is the 6s 2S1/2, the photoelectron can find itse
with l 50 or l 52. Additionally, the photoelectron may be i
a singlet or a triplet state, depending on whether or not
spin was flipped during the ionization process. There
even more possible final states when the core is left in
5d 2D3/2 or 5d 2D5/2 state. We expect the photoionizatio
line shapes to have the greatest asymmetry when both e
tation pathways lead most strongly to the same continu
state.

We have measured the angular distributions of the pho
electrons to help determine the potential for control. If the
patterns differ significantly from one another, then the spa
overlap of the final-state wave functions is insufficient f
strong interference or control of the total cross section
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TABLE I. Continuum states~LS-coupling terms! excited by two-photon ionization of barium.

6s 2S1/2 core1el photoelectron 5d 2D3/2,5/2 core1el photoelectron
wheree l and SLJ are wheree l and SLJ are

es, 1S0, or 3S1 es, 1D2, or 3D1,2

ed, 1D2, or 3D1,2 ed, 1S0, or 3S1 ed, 1D2, or 3D1,2

eg, 1D2, or 3D1,2
e
. I

a
n
gu

e
th

V
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he
st
excitation into that state. We will describe in detail how w
carry out these angular distribution measurements in Sec
In short, we can select one of the follow interactions:

6s2 1S0→6snp1P1→H 6s 2S1/21e2

5d 2D3/21e2

5d 2D5/21e2,

~4!

wheren is 6, 7, or 8, and determine the photoelectron flux
a function ofu, the angle between the laser polarization a
the direction of propagation of the photoelectron. The an
lar distributions are shown in Fig. 4, whereu is the angle
with respect to the vertical axis. The data points repres
our measured photoelectron fluxes and the solid line is
result of a least-squares fit to the equation
V.

s
d
-

nt
e

]s

]V
5a0@11a2cos~2u!1a4cos~4u!#. ~5!

The six plots on the left-hand side are taken with the U
laser near 307 nm, while those on the right-hand side
with l2;279 nm. The top row contains the distributions f
the fastest photoelectrons, ejected when the Ba1 core is left
in 6s 2S1/2 state. The second and third are for the slow el
trons, with the core left in the 5d 2D3/2 and 5d 2D5/2 states,
respectively. The asymmetry in some of these measurem
can be attributed to a slight degree of elliptical polarizati
of the laser fields. While a detailed analysis must wait
more precise measurements, we are able to draw some
clusions from the plots shown in Fig. 4. For example, t
two distributions in the top row on the left are for the fa
photoelectrons that are photoionized via then56 andn57
direction.

FIG. 4. Photoelectron angular distributions for two-photon ionizaton of atomic barium. The interactions are described in Eq.~4!. The

laser polarization is vertical for these figures and the radius of each data point indicates the relative flux of photoelectrons in that
The solid line is the result of a least-squares fitting procedure to an equation of the form given by Eq.~5!.
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56 3069PRODUCT-STATE CONTROL THROUGH INTERFERING . . .
intermediate states. Whenl15554 nm andl25307 nm are
tuned near their respective transitions, we can observe
interference between these two interactions. These distr
tions, however, show that the two interactions lead to ang
momentum states of the photoelectron that are somew
different from one another. The distribution through then57
state is nearly isotropic, while that for then56 intermediate
state shows a strong maximum in the direction of the la
polarization. On the basis of this comparison, we should
expect to see strong interference for these signals. We m
expect to see better interference, however, for the slow e
tron signals, as these angular distributions are a bit m
similar. When the UV laser is tuned to then58 intermediate
state atl25279 nm, the photoelectron angular distributio
for the fast electrons are very similar to one another,
shown by the two distributions on the right-hand side of
top row. This would indicate that we may see a stron
interference on the fast electron signal here than atl25307
nm. It is clear that a more detailed analysis will be requir
to fully understand these interferences. In Sec. IV we w
describe the measurement techniques we used for obse
the interference, as well as those for making the photoe
tron angular distribution measurements shown in Fig. 4.

IV. EXPERIMENT

A schematic diagram of the experimental setup is sho
in Fig. 5. Two tunable dye lasers~pulse duration;15 nsec!
are pumped by the second harmonic~532 nm! of a
Q-switched Nd:YAG laser~where YAG denotes yttrium alu
minum garnet!, producing 1.5 mJ of radiation atl1'554 nm
and 10 mJ pulse energy at 2l2'614 nm or 2l2'557 nm.
The 2l2 radiation is frequency doubled, producing up to 2
mJ pulse energy at 307 nm or 279 nm. The wavelengthl1 is
in near resonance with the 6s2 1S0→6s6p 1P1 transition,

FIG. 5. Diagram of the experimental setup. Two dye lasers
pumped by the frequency doubled output of a Nd:YAG laser. T
polarization of the green beam is oriented using the Fresnel rh
~FR!.
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while l2 is near the 6s2 1S0→6s7p 1P1 transition~307 nm!
or the 6s2 1S0→6s8p 1P1 transition ~279 nm!. Both lasers
produce 1–3 longitudinal modes, with a mode spacing
;3 GHz in the UV and 0.5 GHz for the green. The two las
beams are collimated, combined, and crossed at a right a
with an effusive beam of barium atoms~atom beam diamete
equal to 2 mm and background vacuum pressure equa
231028 torr!. We varied the density of the atomic bea
@22# ~as determined from the junction voltage of a chrom
alumel thermocouple mounted on the oven and vapor p
sure curves for barium! from 0.333107 to 5.8 3107 cm23.
~The systematic error in the density may be as large a
factor of 2, as the vapor pressure depends strongly on
oven temperature.! The diameter of the nearly Gaussia
shaped laser beams is;1 mm and their timing is carefully
measured by a photodiode detector and adjusted to m
each other. The peak intensities of these beams in the in
action region are 23107 W cm22 in the green and 33106

W cm22 in the UV. Under these conditions, we observe a
sorption linewidths of up to 6 cm21, dominated by power
broadening of the transition by the green laser. We calibr
the wavelength of the UV light by observing the ionizatio
spectrum at low intensities, where the Stark shift of t
atomic transition frequency is expected to be small. We
timate the Stark shift to be about 1.6 cm21 when the pulse
energy of the green beam is 1.5 mJ.

Upon absorption of one photon from each laser bea
three photoionization channels~not including different angu-
lar momentum states of the ejected electron! are accessed
The Ba1 core may be in its ground 6s 2S1/2 state or in a
5d 2D3/2 or 5d 2D5/2 state. Forl2'307 nm ~279 nm!, the
corresponding photoelectron energies are 1.06 eV~1.48 eV!,
0.46 eV~0.87 eV!, and 0.36 eV~0.77 eV!, respectively. Thus
the relative excitation probabilities of the different core sta
can be determined by photoelectron time-of-flight~TOF!
measurements. In order to increase collection efficiency
to minimize the sensitivity of our measurements to variatio
in the photoelectron angular distributions, we have co
structed an ellipsoidal electron mirror, shown in Fig.
which is designed to collect all the electrons that are ejec
into the lower half space. The electron mirror consists o
pair of ~nonmagnetic! nickel-plated ellipsoidal meshes. Th
meshes have an 81% open area to allow high transmissio
the electrons. The nickel plating makes the meshes se
rigid, so that they can retain their ellipsoidal shape w
minimal extra support. The inner mesh is at ground poten
while the outer mesh is biased at a small negative poten
typically 23 V. Any electrons ejected into the lower ha
space penetrate the first mesh and are repelled by the p
tial gradient in the space between the meshes. With the
teraction region at one focus of the ellipsoid, the electro
are focused by the electron mirror onto the other focus of
ellipsoid. The path length of the electron trajectory from t
interaction region to the opposing focus is 18.0 cm. A 1-c
radius aperture at the upper focus allows these electrons
cess to a two-stage microchannel plate~MCP! electron mul-
tiplier and the amplified electron signal is collected on
biased anode. The entire flight path is shielded to minim
electrostatic and magnetostatic fields, which, if prese
might distort the trajectory of the electrons. Electrosta
shielding is provided by enclosing the volume with

e
e
b
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3070 56FENG WANG AND D. S. ELLIOTT
grounded stainless-steel mesh, nickel plated to reduce
contact potential at the junction with the inner mesh of
electron mirror. The 1-cm aperture at the top plate is cove
by a grounded mesh to reduce stray fields from the M
leaking into the field-free region. Magnetic fields are reduc
to below 10 mG using a three-dimensional configuration
current loops~whose spacing is twice that of a Helmhol
pair! and also by usingm-metal shielding.

To determine if our electron mirror collects the downwa
ejected photoelectrons with high, uniform efficiency, w
have performed two tests. First, we compare the magnit
of the signal corresponding to the photoelectrons that
reflected by the electron mirror toward the detector with t
of the photoelectrons that travel directly from the interact
region to the detector without being reflected by the elect
mirror. These signals are easily identified by their flight tim
The magnitude of the reflected electron signal is typica
larger than the direct signal by a factor of 100 or more. T
solid angle of the detector aperture is;0.004p sr, while that
of the electron mirror is 2p sr. It is difficult to be any more
quantitative in this comparison since the direct electron s
nal is not isotropic. Our second set of tests of the elect
mirror is a series of observations of the photoionization s
nal taken as we rotate the direction of polarization of a o
color ionizing laser field. In order to test the mirror at
variety of photoelectron kinetic energies, we have carried
this measurement at three different wavelengths: 708.46
579.81 nm, and 559.25 nm. With the laser tuned to 708
nm the 6s7s 1S0 serves as the two-photon resonant interm
diate state and the kinetic energy of the photoelectrons is
meV. For this very low electron kinetic energy, we mu
decrease the potential on the outer mesh of the electron
ror from 23 V to ; 2100 mV. The flight time of these
electrons is 1.5msec, as expected, but the TOF peak is som

FIG. 6. Diagram of the ellipsoidal electron mirror. The ato
beam and the laser beams cross at the lower focus of the ellip
while the other focus is at the aperture in the top plate. The elec
signal is multiplied in the microchannel plate~MCP! and collected
on the anode.
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what broad (;0.3 msec!. This is perhaps evidence of sma
stray fields within the free-flight region. At 579.81 nm, a
intermediate 6p2 3P0 state enhances the ionization proce
leading to photoelectrons of energies 1.20 eV, 0.60 eV,
0.50 eV. Finally, we use the 6s7d 3D2 state, two-photon
resonant at 559.25 nm, ejecting photoelectrons with ener
of 1.44 eV, 0.84 eV, and 0.74 eV. At each of these wa
lengths, we rotate the polarization of the incident light with
half-wave Fresnel rhomb and measure the modulation of
ionization signals. The modulation of the angle-integra
signal is less than 10% of the average value for all but
lowest photoelectron energy used. For 39-meV photoe
trons, however, the signal shows strong variation with
laser polarization direction, suggesting that only a small p
tion of the electron mirror is able to focus these extrem
low-energy photoelectrons toward the detector. Since
photoelectron angular distributions for these interactions
all strongly directional, we conclude that the electron mirr
is able to collect electrons ejected into the lower half sp
with uniform efficiency for a broad range of kinetic energie
but not for low energies where electron trajectories are ea
perturbed.

We measure the time-of-flight spectrum of the photoel
trons using either gated pulse integrators or a digitizing
cilloscope. Sample TOF spectra, taken withl2;307 nm, are
shown in Fig. 7. These traces represent the averages o
photoelectron signal taken over 100 pulses of the lasers.
principal peaks are at 1.06 eV, 0.46 eV, and 0.36 eV. T
width of the fast and slow electron peaks are typically
nsec and 35 nsec, respectively. The fast electron peak in
oscilloscope trace has an amplitude of 3 mV. Since the g
of the microchannel plate detector is;13106 ~at a bias
voltage of 1640 V!, this signal corresponds to an average
10 detected photoelectrons per laser pulse. Barely discern
from the noise are pulses due to direct electrons, which
defined earlier as those electrons that travel directly to
detector without being reflected from the electron mirr

id,
n

FIG. 7. Two time-of-flight spectra of the photoelectrons. In~a!
the laser detunings areD158.0 cm21 andD2523.2 cm21, while
in ~b! they areD1527.5 cm21 andD2523.2 cm21.
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FIG. 8. Measured two-photon ionization line shapes~a1!–~c1! and branching ratios for the different ionization channels~a2!–~c2! as
functions of the detuning of the green laser. The density of the barium is 0.33, 1.4, and 5.83107 cm23 in ~a!, ~b!, and~c!, respectively. The
symbols represent the following core states: 6s 2S1/2, L; 5d 2D3/2, h; and 5d 2D5/2, n. The detuning of the UV light isD2523.2
cm21.
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When we increase the laser pulse energy of the green las
5 mJ, we are also able to observe peaks at 1.51 eV, 0.91
and 0.81 eV. These result from three-photon ionization of
barium by the 554-nm field. Finally, in some of the TO
spectra, we are able to observe a peak at 0.52 eV. We
determined that this peak results from the photoionization
the 554-nm beam of the 6s7s 1S0, which is populated by
decay from the 6s7p 1P1 state. We observe resonances
this peak when the green laser is tuned into resonance
transitions to the 5d17p 3P1 and 5d17p 3D1 autoionizing
states. The line shape of this peak also shows the effec
this interference, indicating that the interference influen
the population of the intermediate 6s7p 1P1 state.

This configuration of our appararus also allows us to m
sure the angular distributions of the photoelectrons. We
cussed the results of these measurements in Sec. III.
choose the intermediate state by tuning the lasers to the r
nant frequency of the transition from the ground state and
final state by selecting the appropriate peak in the TOF sp
trum. As we do not want any interferences to contribute
these angular distributions, either the green or UV lase
tuned far enough off resonance that the two-photon ion
tion process can proceed via only one intermediate re
nance. The photoelectron angular distribution measurem
are recorded by turning off the repulsive bias on the bott
mesh of the ellipsoidal electron mirror and collecting on
the direct photoelectrons with the MCP detector. We rot
the laser polarization using al/2 Fresnel rhomb and dete
mine the photoelectron peak area for the three peaks in
TOF spectrum. The Fresnel rhomb is, unfortunately, not p
fectly achromatic in its phase retardation, since the ph
shift of thes- andp-polarization components depends on t
r to
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refractive index of the material from which the rhomb
constructed, and the refractive index is, of course, wa
length dependent. Our rhomb is of fused silica, with an an
of incidence of 51°. We estimate that the phase shift diff
by ;0.05p between the different beams, so that the pol
ization of the output beams is not perfectly linearly pola
ized. Still, the measured distributions shown in Fig. 4 a
sufficient to allow a qualitative comparison.

With the apparatus described in this section, we ha
measured the dependence of the photoionization line sha
and of the control of the branching ratio, on various expe
mental parameters at our disposal. These parameters inc
the density of the atomic beam, the pulse energies of
lasers, the choice of intermediate resonant states, and
laser polarization. In the following section, we will discuss
detail the results of these measurements.

V. RESULTS

A. Density of the atomic beam

We have measured the photoionization spectra
branching ratio for three different atomic-beam densiti
These data are all recorded with the UV laser tuned near
6s2→6s7p transition~i.e., l2;307 nm!. In Fig. 8 we show
these data for a detuning from resonance ofD2523.2
cm21. The polarization of the two field components are p
allel to one another and the pulse energies are 530mJ at 554
nm and 65mJ at 307 nm. The atomic-beam densities in the
plots are, from left to right, 0.333107, 1.43107, and
5.83107 cm23. Since the interaction volume is;2 mm3,
there are about 0.73104, 2.83104, and 11.63104 atoms,
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respectively, in the interaction region. At each density,
photoionization line shapes display a clear asymmetry. I
interesting to note, however, that the branching ratios for
different photoionization channels are very dependent on
density of the atomic beam. At the lowest density, t
branching ratio shows little variation with detuning of eith
laser field from resonance. The signal level at this densit
so small that it is barely above that of the noise. For a den
of 1.4 3107 cm23 @Fig. 8~b!#, however, the asymmetric lin
shapes lead us to a very clear control. Nearly all of the i
are in the ground state forD1,0 since the destructive inter
ference of the slow electron peaks is very strong. ForD1. 0,
however, only 60% of the ions are in their ground state.
interesting observation comes from the data forD25
6 9.6 cm21, not shown in Fig. 8, for which the pathway th
uses the 6s7p intermediate resonance is nearly closed. H
the fast electron peak becomes very symmetric, while
asymmetry of the slow electron peak is still quite pr
nounced.

At the highest beam density of this study(5.83107

cm23), our ability to control the branching ratio is furthe
increased. The width and asymmetry of the photoionizat
spectra are greater than observed for the lower densities,
nearly complete suppression of the slow electron signal
D1,0 for the caseD2523.2 cm21. The corresponding sig
nal for the fast electrons also shows destructive interfere
but the suppression is not nearly so complete. Thus we
that nearly 100% of the photoions are left in the grou
6s 2S1/2 state. This is also illustrated in Fig. 7, in which th
TOF spectra of the photoelectrons correspond to two dif
ent sets of laser detunings. The detuning of the UV beam
the same (D2523.2 cm21) in Figs. 7~a! and 7~b!, while D1
differs @8.0 cm21 in Fig. 7~a! and27.5 cm21 in Fig. 7~b!#.
These spectra are a clear demonstration of control of
product distribution by tuning only one laser frequency.

Finally, measurements that we reported in our initial
port @14# of this phase-insensitive control were carried out
a density of 8.63107 cm23. The comparison of these data
made somewhat indirect in that the laser pulse energies
also different~1.5 mJ at 554 nm and 25mJ at 307 nm!, but
still we note that the peak asymmetry and branching ra
control are even greater at this highest beam density.

In conclusion, with increasing density of the bariu
beam, we observe an increased capacity for control.
photoionization spectra show the strongest asymmetry a
largest density of our observations, often with complete
structive interference to one side of resonance. Atr55.83
107 cm23, the interference persists to detunings of the gre
laser as large asD1517 cm21 in some cases, the maximum
detuning we used in our experiments. This implies that
barium atoms are not acting independently of one anot
but rather are participating in some sort of collective beh
ior, perhaps by coupling the two laser field components
one another through their nonlinear interaction. If ea
barium atom were acting independently of all the othe
then we would expect the photoionization line shapes to
crease linearly with the atom-beam density, but to retain
same shape. This is clearly not consistent with our obse
tions, as is evident from the spectra of Fig. 8. While it
perhaps not surprising that the density of the atoms is imp
tant in these interactions, it is surprising that the dens
e
is
e
e

is
ty

s

n

e
e

n
ith
r

e,
ee

r-
is

e

-
t

re

o

e
he
-

n

e
r,
-
o
h
,
-
e
a-

r-
y

plays such an important role at these low densities. For
ample, the absorption length for the 554-nm light at li
center~a linear process! at a density of 5.83107 cm23 is 35
cm ~determined by estimating the absorption cross section
l2/2p). The diameter of the atomic beam~2 mm! is smaller
than this absorption thickness by a factor of 175. We
observe that the magnitude of the noninterfering photoi
ization signals for both the fast and slow electrons increa
linearly with atomic beam density. This is observed by tu
ing one laser or the other off resonance such that only
photoionization pathway remains. With both lasers n
resonance, however, the density dependence of the ph
electron signal becomes very complicated due to the in
ference. It will be interesting in future studies to look fo
changes to the laser fields affected by the interference p
nomenon@15,23#. At this point, however, the only firm con
clusion we can draw is that these complex interactions al
us an increased capacity for control with increasing atom
beam density.

B. Laser pulse energy

Laser pulse energy also has a very pronounced effec
the control process. We measured the dependence of th
terference on the pulse energies of the green and UV l
beams. The photoionization line shapes change in a v
unusual manner in these studies. In all our studies of
pulse energy dependence, the laser polarizations are pa
to one another and the barium beam density isr55.83107

cm23.
In the first set of data, we fixed the pulse energy of t

UV laser at 62mJ and measured the photoionization spec
for pulse energies of the green laser at 590mJ, 150mJ, and
44 mJ. We show the photoionization spectra and branch
ratios for the caseD2523.4 cm21 in Fig. 9 and forD250
in Fig. 10. For large values ofD2 such that the two-photon
interaction via the 6s6p intermediate state dominates th
via the 6s7p, the signal strength at the peak of these spec
is nearly independent of the pulse energy of the green la
indicating that the 6s2→6s6p transition is strongly saturate
for all pulse energies used in this work. A similar compa
son of the signal strength in the wings of theD250 spectra,
where the two-photon resonance via the 6s7p state domi-
nates, indicates that the photoionization of the 6s7p state by
the green laser is nearly linear in the laser energy.

We see a strong dependence of the asymmetry of
photoionization spectra and of the branching ratio curve
pulse energy. When the pulse energy of the green laser is
mJ, the conditions are similar to those described in Sec. V
and we observe spectra that are highly asymmetric
branching ratios of the photoion states that differ sign
cantly as a function of the detunings of the lasers from th
respective resonances. We show an example of this in
9~a!. When we tune the UV frequency to its resonan
D250, the photoionization spectra for fast and slow ele
trons each reach a local minimum atD150, as shown in Fig.
10~a!. When the laser energy is decreased to 150mJ, how-
ever, the asymmetry of the curves only becomes obvious
uD2u, 2.5 cm21. The spectra in Fig. 9~b!, whereD2523.4
cm21, appear highly symmetric. The clearest examples
product control at this pulse energy occur foruD2u; 2 cm21,
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FIG. 9. Measured two-photon ionization line shapes~a1!–~c1! and branching ratios for the different ionization channels~a2!–~c2! as
functions of the detuning of the green laser. The pulse energy of the green laser is 590, 150, and 44mJ in ~a!, ~b!, and~c!, respectively. The
symbols represent the following core states: 6s 2S1/2, L; 5d 2D3/2, h; and 5d 2D5/2, n. The detuning of the UV light isD2523.4
cm21.
st

m

ich
he
r, if
but the frequency range over which the branching ratio
influenced by the interference is decreased. Also of intere
the spectra forD250, shown in Fig. 10~a!, where it can be
seen that the fast electron spectrum reaches a local maxi
is
is

um

at line center, in contrast to the higher intensity data, wh
yielded a local minimum at this point. The peak signal of t
fast electron spectra does reach a local minimum, howeve
one examines the signal as a function ofD2. Finally, we
FIG. 10. Measured two-photon ionization line shapes~a1!–~c1! and branching ratios for the different ionization channels~a2!–~c2! as
functions of the detuning of the green laser. The pulse energy of the green laser is 590, 150, and 44mJ in ~a!, ~b!, and~c!, respectively. The
symbols represent the following core states: 6s 2S1/2, L; 5d 2D3/2, h; and 5d 2D5/2, n. The detuning of the UV light isD250 cm21.
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FIG. 11. Measured two-photon ionization line shapes~a1!–~c1! and branching ratios for the different ionization channels~a2!–~c2! as
functions of the detuning of the green laser. The pulse energy of the UV laser is 200, 62, and 14mJ in ~a!, ~b!, and~c!, respectively. The
symbols represent the following core states: 6s 2S1/2, L; 5d 2D3/2, h; and 5d 2D5/2, n. The detuning of the UV light isD250 cm21.
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lowered the pulse energy of the green laser to 44mJ. At this
energy, the photoionization spectra appear symmetric fo
D2. The data in Fig. 9~c! are recorded forD2523.4 cm21.
Signatures of the interference do appear in the branch
ratio plots, however, as shown, for example, in the curve
Fig. 10~c!. The slow electron spectrum is nearly independ
of D1, while the fast electron spectrum shows a strong p
at line center.

We have also recorded the two-pathway interfer
photoionization spectra as functions of the intensity of
UV laser. In these studies, the laser pulse energy of the
laser is 200mJ, 62mJ, or 14mJ. Samples of these spectr
taken atD250, are shown in Figs. 11~a!, 11~b!, and 11~c!,
respectively. The pulse energy of the green laser is 150mJ in
each case. As with the measurements described above
laser polarizations are parallel to one another and the ba
beam density isr55.83107 cm23. These measuremen
again help us determine the degree of saturation of the i
vidual steps of these two-photon processes. For large va
of D2, the signal strength at the peak of these spectra
creases with increasing pulse energy of the UV laser, but
rate that is less than linear. This indicates that the photo
ization of the 6s6p state by the UV laser is approachin
saturation levels. The signal strength in the wings of
D250 spectra change by less than a factor of 2 over
broad range of UV pulse energies, showing that 6s2→6s7p
transition is nearly saturated. The spectra for UV energie
200 mJ are very symmetric and the branching ratios sh
that the fast electrons are more probable near line center.
spectra for the fast electrons atD250, shown in Fig. 11~a!,
reach a maximum at line center, while that for the slow el
trons is relatively flat. With decreasing UV pulse energ
however, the asymmetry of the spectra increases. TheD250
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spectra shown in Figs. 11~b! and 11~c!, show that the maxi-
mum in the fast electron peak becomes a minimum for U
pulse energies of 62mJ and 14mJ.

In conclusion, the line shapes and control strongly dep
on the laser pulse energies of the two lasers. When the g
laser is much stronger than the UV laser, the detuning
shapes go through dips for both fast and slow electron
nals when both lasers are resonant with their respective t
sitions. When the two laser energies are comparable, h
ever, the fast electrons show a peak in the spectra, while
slow electron signals become flat.

C. Change of intermediate-state resonance

In this section we discuss the effect of changing the int
mediate states for the two interfering processes. All of
results we have discussed in the previous sections were
corded with the UV laser tuned to the 6s2 1S0→6s7p 1P1
transition. By changing this laser frequency to be nea
resonant with the 6s2 1S0→6s8p1P1 transition at a wave-
length of l25279 nm, we have determined that our initi
choice of intermediate resonances that lead to interferenc
not unique. In Fig. 12~a! we show one example (D2521.0
cm21) of these spectra and the corresponding plot of
branching ratio. The laser pulse energies for these spectr
280 mJ ~green! and 70mJ ~UV!, the density of the atomic
barium isr55.83107 cm23, and the laser polarizations ar
parallel to one another. The asymmetry of the fast elect
peak is very slight and in almost every respect these spe
resemble the data taken with the UV laser atl25307 nm
with laser pulse energies of 44mJ and 62mJ for the green
and UV lasers, respectively. The fast electron signal ha
maximum atD150 for all values ofD2. The slow electron
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FIG. 12. Measured two-photon ionization line shapes~a1!–~c1! and branching ratios for the different ionization channels~a2!–~c2! as
functions of the detuning of the green laser. The wavelength of the UV laser, relative polarization of the two laser fields, and detuD2

for the plots are~a! l25279 nm, parallel polarizations,D2520.7 cm21; ~b! l25279 nm, perpendicular polarizations,D2521.0 cm21; and
~c! l25307 nm, perpendicular polarizations,D2520.7 cm21. The symbols represent the following core states: 6s 2S1/2, L; 5d 2D3/2, h;
5d 2D5/2, n.
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signal has a slight dip atD250. In view of the strong depen
dence of the photoionization line shapes on laser pulse
ergy, it is difficult to form any clear conclusions from the
spectra concerning details of the differences introduced
using a different pair of intermediate states. There is no qu
tion, however, that the interference using these two st
still leads to asymmetric spectra. We are unable to exp
the significance of the difference in laser pulse energies
these two similar sets of spectra. In view of the photoelect
angular distributions discussed in Sec. III, it actually wou
not have been surprising had we seen a larger qualita
difference in the spectra when using these two different
termediate resonances. We plan to explore these effects
in future work.

D. Relative polarization

In these studies we have also examined the effect of l
polarization on the asymmetry of the photoionization spec
and on the potential for control. As remarked earlier, mak
the two laser polarizations perpendicular to one another
lows us to driveDmJ56 1 transitions. This still allows for
interference, however, since each of the individual nonin
fering interactions obeys the same selection rules. If we
fine thez axis as the direction of polarization of the gre
laser, then we haveDmJ50 for the first step of the two-
photon ionization process via the 6s6p intermediate reso-
nance, butDmJ561 for the second. Conversely, the fir
step of the process resonantly enhanced by the 6s7p or
6s8p states will beDmJ561, butDmJ will be zero for the
ionization by the green laser. For both ionization rout
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therefore, the total change in the magnetic quantum num
mJ is 61. This eliminates the excitation of the1S0 con-
tinuum channel, but all others are open.

We have recorded photoionization spectra and branch
ratios for the case where the polarizations of the two la
fields are perpendicular to one another for both UV wa
lengths, l25307 nm andl25279 nm. Forl25307 nm,
nearly resonant with the 6s2→6s7p transition, we used
pulse energies of 530mJ at 554 nm and 65mJ at 307 nm.
The atom-beam density is 5.83107 cm23. A sample spec-
trum, taken withD2520.7 cm21, is shown in Fig. 12~c!. In
these photoionization spectra, we note that the peak ion
tion yield is approximately doubled for the 6s 2S1/2 and
5d 2D3/2 channels, while excitation into the 5d 2D5/2 channel
is halved when compared to the photoionization spectra w
parallel polarizations. Additionally, these spectra show
stronger asymmetry than we observe for the parallel po
ization case. In other words, the asymmetry persists
larger detunings for perpendicular polarizations than for p
allel polarizations. It is then surprising that we observe ve
little control over the branching ratios. This implies that t
spectra for the two channels are nearly the same shape,
from an overall scaling factor.

For l25279 nm, nearly resonant with the 6s2→6s8p
transition, we use pulse energies of 360mJ ~green! and 130
mJ ~UV! and the atom-beam density is 5.83107 cm23. The
asymmetry of these spectra, while much less than what
observe for spectra withl25307 nm, is still much greate
than that of the spectra taken with parallel polarizations.
example, compare the spectra in Figs. 12~b! and 12~a!. We
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also note that the off-resonant line shapes are much narro
than those when the two lasers are polarized parallel to
another. This is not related to the interference effect we
studying since it is still present when only one excitati
route is active.

In conclusion, we observe that perpendicular polarizat
leads to highly asymmetric photoionization spectra, but
very little control over the branching ratio of the produc
There is no fundamental reason we know of that more p
nounced control of the branching ratio should not be ach
able under the crossed polarization condition. Perhaps
have simply not yet achieved the right laser intensities an
beam density to show this.

VI. CONCLUSION

In this paper we have discussed our observations of
strong interference between two two-photon ionization p
cesses. These effects lead to very asymmetric line shape
the photoionization spectra and to strong variation of
branching ratios for excitation of the different continuu
channels. This interference is independent of the rela
phase of the two lasers driving the ionization process
making the control relatively simple to observe. The interf
ence is insensitive to alignment or careful overlap of
lasers and is therefore very robust. Our studies of the de
dence of this interference on the density of the atomic be
show large variation over a relatively narrow range. It
surprising that the dependence of this interference and
m
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trol on the density of the atoms is so strong. Saturation of
transition by at least one of the laser fields also seems to
important in these control processes. We have shown tha
interference is not unique to one pair of two-photon inter
tions by tuning the frequency of our UV beam from 307 n
to 279 nm, nearly resonant with the 6s2 1S0→6s8p 1P1 tran-
sition. Even though the 6s8p 1P1 couples to the continuum
wave functions in different proportions, we are still able
observe effects of the interference. Finally, while we e
pected that control with parallel or perpendicular polariz
tions should be possible, for the perpendicular case we h
observed only weak control.

There are several outstanding issues surrounding
laser-phase-insensitive control. We have yet to identify
mechanism that leads to an increased capacity for contro
the atom density is increased. Similarly, a detailed expla
tion of the dependence of the control on the relative la
intensities is lacking. It is perhaps premature to attempt
firm conclusions concerning the role of the intermedia
states and polarization effects. We intend future investi
tions expanding our studies of these effects.
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