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Laser-induced continuum structure in the two ionization continua of xenon

K. Böhmer, T. Halfmann, L. P. Yatsenko,* D. Charalambidis,† A. Horsmans, and K. Bergmann
Fachbereich Physik der Universita¨t, 67653 Kaiserslautern, Germany

~Received 15 November 2001; published 19 July 2002!

We report the observation of pronounced, spectrally narrow laser-induced continuum structures~LICS! in
the two ionization continua of xenon. A nanosecond laser pulse with nearly transform-limited bandwidth
induces a LICS by coupling the initially unpopulated 5p5 9p@1/2#0 state to the continuum. The LICS is probed
by one-photon ionization of the 5p5 6p@1/2#0 state. This state is populated in an independent excitation step by
an additional laser pulse acting prior to the probe and dressing pulses. The two ionization channels that leave
the xenon ion in either the2P1/2 or the 2P3/2 fine-structure state are detected separately by monitoring the
kinetic energy of the photoelectrons in a time-of-flight electron spectrometer. A suppression of the photoelec-
tron signal of up to 80% as compared to the far off resonance value is achieved. The line shapes reveal a Fano
parameter close to zero. The LICS is identical for the coupling into the two continua. Therefore the branching
ratio into the two ionization channels does not vary with the dressing-laser detuning for the coupling scheme
implemented here.

DOI: 10.1103/PhysRevA.66.013406 PACS number~s!: 32.80.Qk, 32.80.Fb
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I. INTRODUCTION

Continua of quantum systems have been traditionally c
sidered as sinks. Once the system is excited into such a
tinuum it decays irreversibly, with a probability that is dete
mined by its structure parameters. This view of continua
been radically revised in recent years. Coherent interact
of laser radiation with quantum systems reveal no
conventional decay characteristics, such as an enhance
diminished decay rate. In the latter case the continuum d
not behave as a sink. Coherence is induced within the c
tinuum and population oscillates through it between bou
states. Decay of the system is thus reduced or even pro
ited through coherent trapping of the population in the bou
part of the spectrum. A ‘‘window’’ or ‘‘dark’’ resonance ap
pears in the decay spectrum.

Laser-induced continuum structure~LICS! @1,2# is one of
the most interesting effects associated with the coupling
bound and continuum states by coherent radiation. In LIC
strong laser field~the dressing field! couples a bound state o
an atomic or molecular system, that initially carries no pop
lation, to a continuum. In the dressed atom picture the bo
state is thus embedded in the continuum. A second laser
~the probe field! couples another bound state of the syste
which initially carries the population, to the same continuu
The decay to the continuum is modified by a quantum in
ference process between different pathways. Unless o
wise specified decay will refer to ionization in the prese
work. The ionization rate as a function of the wavelength
one of the laser fields shows a resonance structure that
exhibit a maximum and/or a minimum depending on whet
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the interference is constructive or destructive at the spec
wavelength interval.

The existence of the LICS phenomenon has been
dicted in the 70s by Heller and Popov@3#. As the LICS
scheme involves two bound states coupled to each other
to the continuum it resembles the process of autoionizat
although the type of the couplings differs in the two pr
cesses. The first complete theoretical treatment of the pro
that took into account all the relevant couplings and h
shown its equivalence to autoionization was by Bo-nian D
and Lambropoulos@4#. The first experimental demonstra
tions of the effect used as probe the polarization rotation
the probing field@5# or third-harmonic generation@6#. Imple-
mentation of the most direct demonstration of the LICS, t
is through ionization, took longer due to difficulties posed
other processes that may mask the effect. The first exp
ment attempting to demonstrate LICS in ionization was
Xe @7#. However, theoretical modeling@8# of this experiment
predicted results that are different than those presente
Ref. @7#. Later two successful experiments in the smoo
~unstructured! one-electron continuum of Na@9# have shown
slightly asymmetric LICS structures. Improvement in the e
periments led to the measurement of high-contrast LI
resonances in alkaline atoms@10#. In all these measurement
the observed asymmetry of the LICS line shape was
strongly pronounced. An enhancement of ionization was
predominant feature of the resonances. The most specta
demonstration of the effect of LICS in a smooth continuu
was in He@11,12#, where very pronounced spectrally narro
LICS features exhibiting both ionization maxima an
minima have been reported and investigated with respec
various parameters of the two electromagnetic fields. In t
work, both bound states of the LICS scheme were exc
states. One of those states was initially populated by elec
impact in a pulsed supersonic beam of helium, involving
electron-seeded electric discharge@13#. In that work, a reduc-
tion of ionization by up to 70% due to coherent populati
trapping was observed. This is the strongest ionization s
pression ever observed in this type of experiments.
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Closely related investigations of the LICS in the stru
tured continua of two valence electron systems, that is, in
vicinity of autoionizing states, resulted in further pronounc
structures in Ca@14# and Mg @15# which were controllable
through the field parameters. In the latter case, which c
sists of a ladder ionization scheme including two stron
coupled autoionizing states, the possibility of stabilization
ionization at increased coupling intensities was dem
strated. Extension of LICS into the ionization continuum
molecules has been recently achieved in the NO mole
@16#.

Brumer and Shapiro taking advantage of the possibility
modifying continua through LICS have suggested an
proach based on the LICS, towards control of products of
interaction of laser radiation with matter@17#. The idea be-
hind this approach is that if the decay is in multiple contin
the induced structure will be in general different for ea
continuum, as it depends on the specific properties of it. T
the branching into the different continua may beco
strongly wavelength dependent and consequently con
lable. In Ref.@17# dissociative continua have been cons
ered, leading to the control of dissociation branching rat
which is directly related to the important control of chemic
reactions. This suggestion has been experimentally c
firmed in Na2 @18#. The method has further been impl
mented in multiple electronic continua of atoms by Cavali
et al. @19#. In this experimental work the modification of th
two spin-orbit ionization continua2P1/2 and 2P3/2 of Xe
through LICS has been reported, utilizing high-resoluti
photoelectron spectroscopy. Control of the ionization bran
ing on a 10% order of magnitude has been demonstrate

In the experiment of Ref.@19# the probing was done by
three-photon excitation to both continua from the grou
state of Xe. The use of multiphoton excitation leads to
coupling of multiple angular momentum continua, some
which do not contribute to the quantum interference. The
fore an increased background signal originates from th
incoherent channels, and the dynamic range of the indu
structure is diminished. Relying on the experience from
very pronounced feature observed in the He experim
@11,12#, LICS in the two ionization continua of Xe is studie
in the present work utilizing almost transform-limited las
pulses and the coupling scheme shown in Fig. 1. T
5p5 6p@1/2#0 and the 5p5 9p@1/2#0 atomic Xe states are
coupled to the same continua through two laser fields.
5p5 6p@1/2#0 state is populated from the ground state by
two-photon process. The aim of this study is to explore
possibility of generating pronounced LICS resonances
multiple continua, utilizing improved laser radiation an
coupling scheme properties. Provided that pronounced L
resonances are indeed possible to generate, the work is
ther aiming at the investigation of the possibility to impro
the dynamic range of the control of the ionization branch
ratio.

II. COUPLING SCHEME

The two ionization channels in xenon correspond to
two fine-structure states2P1/2 and 2P3/2 of the ion core,
01340
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separated by 1.3 eV in energy~see Fig. 1!. In the present
experiment photoionization into these channels is dis
guished by measuring the kinetic energy of the photoe
trons. Moderate energy resolution suffices.

In the simplest LICS coupling scheme a bound state~state
1!, which carries the population initially, is coupled to th
continuum states by one probe-laser photon. The continu
states are coupled to another, initially unpopulated, s

FIG. 1. ~a! LICS coupling scheme in xenon. The 5p5 6p@1/2#0

state is excited from the ground state 5p6 1S0 by two photons of
4.96 eV (l5250 nm!. The dressing laser at 606 nm couples t
5p5 9p@1/2#0 state to the continuum states. The LICS is probed
one-photon ionization from the 5p5 6p@1/2#0 state at 326 nm. The
process leading to the formation of LICS~with coincident probe
and dressing pulses! is separated from the excitation process by
suitable time delay. The horizontal arrows indicate the kinetic en
gies of the photoelectrons in both ionization channels generate
the various laser pulses.~b! Details of the coupling scheme. Fiv
continuum states are coupled to the bound states by linearly p
ized laser fields. A theoretical estimate indicates that the coupl
marked by heavy lines dominate the ionization process. The n
tion is @2Pj c

# l j , where j c and j denote the angular momentum
quantum numbers of the ion core and the electron, respectivel
6-2
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~state 2! by one photon of the dressing laser. This configu
tion avoids the use of radiation at wavelengthl,92.3 nm
which would be needed to couple the xenon ground stat
the continuum with a one-photon process. Nonresonant m
tiphoton ionization with linearly polarized light would allow
the use of longer wavelengths, but leads to the excitation
continuum states with a range of angular momentum qu
tum numbersl. Not all of these continuum states are coupl
to state 2 by the dressing laser via a one-photon proc
Therefore the maximum suppression of the ion signal is l
ited, as previous work has shown@19#. Resonantly enhance
multiphoton ionization via an intermediate state suffers fr
additional bound-bound couplings between state 1 and
ground state during the LICS process. In addition to
bound-continuum coupling of interest bound-bound tran
tions may occur.

In our experiment~see Fig. 1!, we separate the excitatio
and the probe process with an appropriate time delay
tween the laser pulses. The 5p5 6p@1/2#0 state is excited
from the ground state 5p6 1S0 by two photons of 4.96 eV
(l5250 nm). One probe-laser photon of 3.80 eVl
5326 nm) couples the 5p5 6p@1/2#0 state to the continuum
One dressing photon of 2.05 eV (l5606 nm) couples the
5p5 9p@1/2#0 state to the same continuum states. Accord
to the selection rules the continuum states@2P3/2#d5/2,
@2P3/2#d3/2, @2P3/2#s1/2, @2P1/2#d3/2, and @2P1/2#s1/2 are ex-
cited. Here@2Pj c

# l j is the j j coupling notation, wherej c and
j denote the quantum numbers of the angular momentum
the ion core and the electron, respectively. All of them
coupled to the 5p5 9p@1/2#0 state by the dressing laser@see
Fig. 1~b!#.

The dynamics of the LICS process is described by
time-dependent Schro¨dinger equation that includes th
atomic Hamiltonian and the interaction with the laser fiel
In this formalism ~described in detail in Refs.@2,12#! the
wave function of the system is a superposition of bound
continuum states. After adiabatic elimination@2# of the non-
resonant bound and continuum states one obtains the t
dependent Schro¨dinger equation for the amplitudesCi(t) of
the bound states 1 and 2. Using the solution of this equa
the total ionization probability is calculated.

In the case of multiple continua the branching ratio in
different decay channels is of interest. The coupling betw
bound statei ( i 51,2 for the 5p5 6p@1/2#0 and 5p5 9p@1/2#0
states! and continuum statea (a51, . . . ,5) isdescribed by
complex ionization amplitudesgi j

(a) , where j 5p,d denotes
the probe- or dressing-laser field. The respective ioniza
rates areG i j

(a)5ugi j
(a)u2. Extending the formalism used in Re

@20# for two continua to the case of five continua, we deri
the probability for exciting a continuum state with the ion
either a2P3/2 or a 2P1/2 fine-structure level, corresponding t
fast or slow electrons, respectively,

PP3/2
5E

2`

`

dt (
a51,2,3

ug1p
(a)C1~ t !1g2d

(a)C2~ t !u2

1E
2`

`

dt (
a51,2,3

ug2p
(a)u2uC2~ t !u2 ~1!
01340
-

to
l-

of
n-

ss.
-

e
e
i-

e-

g

of
e

e

.

d

e-

n

n

n

and

PP1/2
5E

2`

`

dt (
a54,5

ug1p
(a)C1~ t !1g2d

(a)C2~ t !u2

1E
2`

`

dt (
a54,5

ug2p
(a)u2uC2~ t !u2. ~2!

The amplitudesCi of the bound states depend on the detu
ing of the probe- and dressing-laser frequencies from
two-photon resonance between states 1 and 2. It follo
from equations 1 and 2 that the difference in the line sha
of the LICS in the individual channels—and therefore t
possible extent of control—is determined by the value of
amplitudesgi j

(a) .

III. EXPERIMENT

A. Electron spectrometer

The population of the individual continuum channels
monitored by measuring the kinetic energy of the photoel
trons in a time-of-flight electron spectrometer using a pa
bolic electrostatic reflector@21,22#. This setup allows the
separation of photoelectrons~kinetic energy 1.61 eV and
0.30 eV! generated by the absorption of one probe-laser p
ton, by the absorption of two photons from the dressing la
~kinetic energy 1.89 eV and 0.58 eV! or by the absorption of
one photon from the excitation laser~kinetic energy 2.77 eV,
1.46 eV! ~see Fig. 1!. The intensity of the excitation laser i
adjusted to maximize the population in the 5p5 6p@1/2#0
state after the interaction with the excitation laser. The tw
photon ionization of state 5p5 6p@1/2#0 induced by the
strong dressing laser yields a significant contribution to
total ion signal, as it is obvious from the electron spectra

Xenon atoms are expanded from a stagnation region
room temperature and a pressure of typically 500 m
through a pulsed nozzle~General Valve, opening diamete
0.8 mm!. The resulting supersonic jet is collimated by
skimmer ~orifice 0.8 mm!, 132 mm downstream of the
nozzle. The skimmer separates the source chamber from
interaction and detection region. The pulsed beam of xe
atoms is intersected by the lasers at right angle at a dista
of 103 mm downstream from the skimmer. The particle de
sity in the interaction region is estimated to be approximat
1013 atoms/cm3.

The interaction region is located in the focus of an ele
trostatic parabolic mirror~see Fig. 2! formed by two nickel-
coated stainless steel meshes separated by 2 mm. The
toelectrons generated in the field-free interaction region
reflected in the electric field between the two meshes@21,22#.
After leaving the field-free region they are accelerated a
travel along a time-of-flight segment at the end of which th
are detected on a micro-sphere-plate~El Mul Technologies!.
The signal output of the micro-sphere-plate is amplified
fast broadband amplifiers and processed in boxcar gated
tegrators~EG&G 4121B!. The energy resolution of the spec
trometer is typically 150 meV atEkin54.4 eV, which is
sufficient to resolve photoelectrons from the two ionizati
continua of xenon. The detection efficiency depends on
6-3
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FIG. 2. The experimental setup showing the electron spectrometer and the laser system for the generation of pulses w
transform-limited bandwidth. Excitation of the 5p5 6p@1/2#0 level in xenon from the ground state 5p6 1S0 requires two photons at 250 nm
This wavelength is generated by frequency doubling and sum-frequency mixing of the output from a pulsed dye amplifier, see
tunable single-mode cw laser system. The residual radiation at 326 nm is used for the probe process. The output of a second
amplifier provides the dressing-laser pulse at 606 nm. After the dressing-laser pulse passes an optical delay line (D), the three laser beam
are focused into the atomic jet. The photoelectrons generated by the probe laser are reflected by an electrostatic parabolic mirro
passing a time-of-flight segment~length l 51 m), detected on a micro-sphere-plate. The energy resolution of the setup was typical
meV.
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voltage between the two parabolic meshes and on the vol
between the meshes forming the acceleration region.
optimum values for these voltages depend on the elec
energy. The slow and fast electrons are detected separ
with the voltages set to their respective optimum values
order to maximize the detection efficiency. Figures 3~a! and
3~b! show the measured time-of-flight spectra for the fast a
slow photoelectrons generated by probe-laser-induced
ization of the 5p5 6p@1/2#0 state.

FIG. 3. Time-of-flight spectra of the photoelectrons.~a! Electron
signals from the fast electrons in the2P3/2 channel generated by th
various laser pulses. The voltage between the parabolic mesh
Up526.0 V. The acceleration voltage isUa53.6 V. The accel-
eration voltage is reduced such that the 1.89 eV electrons prod
by two dressing photons can be resolved from the 1.61 eV elect
generated by the probe laser.~b! Slow ~0.30 eV! electrons generated
by the probe laser. The voltage between the parabolic meshesUp

520.5 V) is adjusted to maximize the electron signal. The acc
eration voltage isUa53.6 V.
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B. Lasers

Coherent radiation with nearly transform-limited ban
width is provided by pulsed amplification of single-mode c
radiation~see Fig. 2!. The probe-laser pulse at 326 nm an
the excitation-laser pulse at 250 nm are provided by a pu
dye amplifier~Quanta Ray PDA!, seeded by the output of
single-mode cw dye laser~Coherent 699! operating at 652
nm. The amplifier is pumped by the frequency doubled
diation of an injection seeded pulsed Nd:YAG~yttrium alu-
minum garnet! laser~Quanta Ray GCR 4!. The output of the
pulsed dye amplifier is frequency doubled in a BBO crys
to yield radiation at 326 nm, which is mixed with the fund
mental frequency of the Nd:YAG laser in a potassium dih
drogen phosphate crystal to obtain radiation at 250 nm w
pulse energies up to a few hundredmJ and a pulse duration
of 3.4 ns@FWHM ~full width at half maximum! of the inten-
sity#. The residual radiation at 326 nm is used as the pr
pulse~pulse duration 3.6 ns!. The spectral bandwidth of the
ultraviolet radiation is aboutDn5140 MHz, which is very
close to the transform limitDnmin5130 MHz for laser
pulses with the given width and a Gaussian temporal pro
A second pulsed dye amplifier, seeded by another cw
laser system running at 606 nm with a modehop-free tun
range of 30 GHz, provides the dressing-laser pulse w
pulse energies up to several mJ and a pulse duration of
ns. The dressing-laser pulse passes through an optical d
line before it is spatially overlapped with the probe-las
beam axis. The optical delays are adjusted such that the
incident probe and dressing-laser pulses are delayed by
with respect to the excitation-laser pulse. The laser beams
focused by quartz lenses onto the axis of the atomic be
The beam diameters~FWHM of intensity! in the interaction
region are 140mm for the probe and 310mm for the dressing
laser. The probe laser is attenuated to intensities typicall
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the range of a few 107 W/cm2 in order to work in the weak
probe-laser regime (Gptp!1, whereGp is the ionization rate
induced by the probe laser andtp is its pulse duration!, as
well as to prevent saturation of the electron detection.

For measuring the shift of the spectral position of t
LICS ~described in Sec. V C! an additonal, independent las
system is used to produce the excitation pulse at 250 nm.
radiation of a multimode, pulsed dye laser~Lambda Physik,
LPD 3000, operated with laser dye Coumarin 102 at 500 n!

FIG. 4. LICS in the two photoionization continua2P1/2 and
2P3/2 of xenon. The signals related to the fast and slow photoe
trons as a function of the dressing detuning are shown. The dres
detuning is defined such that it increases with dressing laser
quency. The signals in both channels far away from the resona
are normalized to 100%. The solid lines are fits to the experime
data. Peak intensities areI p517 MW/cm2 and I d5380 MW/cm2.
The shape of the LICS in the two channels is almost identical.~a!
Photoelectrons of energy 1.61 eV in the2P3/2 continuum. Besides
the fit curve~solid line! we show profiles forq50 ~dashed line! and
q50.5 ~dotted line! for comparison.~b! Photoelectrons of energ
0.30 eV in the2P1/2 continuum.~c! Ratio R5S(2P3/2)/S(2P1/2) of
the normalized electron signals from both continua.
01340
he

pumped by an excimer laser~Lambda Physik, LPX 220! is
frequency doubled in a BBO crystal to yield 15-ns pulses
250 nm with energies of several hundredmJ.

IV. RESULTS AND DISCUSSION

Figure 4 shows the variation of the signals generated
the fast and slow photoelectrons@2P3/2 continuum, frame~a!,
and 2P1/2 continuum, frame~b!, respectively# when the fre-
quency of the dressing laser is tuned across the two-ph
resonance between the 5p5 6p@1/2#0 and the 5p5 9p@1/2#0
states. The absolute value of the branching ratio canno
deduced from these data because the energy-dependent
mission function of the spectrometer is not well known. T
signal at large detuning from the LICS is normalized
100% in both channels. Both channels reveal pronounc
spectrally narrow LICS profiles, where the photoelectron s
nal is reduced to about 50% as compared with the value
large detunings of the dressing-laser frequency from re
nance. For higher dressing-laser intensity~see Fig. 5! an ion-
ization suppression up to 80% is observed. The spec
width of the observed features increases accordingly.
line shapes of the LICS were fitted to Fano profiles@2,12,23#
s(x)5s01A(x2q)2/(x211), where x[D/(G/2). The
dressing detuningD is defined such that it increases wi
dressing-laser frequency and the parameterG determines the
width of the profile. The fit curves along with the paramete
q and G are given in the figures. All profiles show pro
nounced suppression but almost no enhancement, w
yields a Fano parameter close toq50. At the given signal-
to-noise ratio a strict upper limit ofq,0.5 applies. Figure

c-
ing
e-
ce
al

FIG. 5. Same as in Fig. 4, but withI p517 MW/cm2, I d

5680 MW/cm2. For higher dressing intensity a more pronounc
ionization suppression is achieved.
6-5
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FIG. 6. ~a! Dark resonance generated by dressing-laser-induced coupling between the 5p5 6p@1/2#0 state and the 5p512d@1/2#1 Rydberg
state for a peak intensityI d547 MW/cm2 and a pulse delay of 5 ns. The population in the 5p5 6p@1/2#0 state is not completely suppresse
because the dark resonance is generated in the wing of the temporal profile of the dressing pulse. The dark resonance was ob
dressing frequency different from the spectral position of the LICS. The linewidth of the feature ('2 –3 GHz! is large compared to the
observed LICS. This is due to saturation broadening effects on the strong, dressing laser driven one-photon resonance between bo
states, while LICS involves weaker, thus less broadened, bound-continuum couplings.~b! The coupling scheme.
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4~b! shows, besides the fit curve, profiles forq50 and q
50.5 for comparison. We confirmed experimentally that
the intensities applied here the probe-laser ionization is
saturated. Saturation would reduce any enhancement o
ionization rate and would thus mimic a Fano parameter cl
to zero. Therefore the Fano parameter is indeedq'0. This
value of q shows that the Rabi frequencies related to
two-photon Raman couplings between the bound states
much smaller than the ionization rates. In most LICS exp
ments reported so far@5–7,10,11,14,15# LICS profiles with a
Fano parameter of order of unity or larger were observ
except for Ref.@19#, where the results indicateq'0.

The variation of the electron yields for ionization to th
two continua with dressing-laser frequency is identic
Within the experimental accuracy the ratio of the electr
signals in the two channels@see Fig. 4~c!# is independent of
the detuning of the dressing laser. Therefore, control of
branching ratio by laser frequency tuning is not possib
Since this behavior was unexpected we carefully verified
perimentally~see Sec. V! that the structures shown in Figs.
and 5 are not generated by processes other than LICS.
results presented in Sec. V show unambiguously that the
served structure is indeed LICS.

The reasons for the identical LICS in the two continua
currently investigated theoretically. A detailed quantitati
analysis requires an accurate knowledge of the atomic
rameters. The ionization amplitudesgi j

(a) in Eqs.~1! and ~2!
are determined by one-photon matrix elements betw
bound and continuum states. The coefficientsCi(t) are solu-
tions of a system of coupled differential equations, wh
contain the Fano parameterq @12# of the system and the
dynamic Stark shifts. Both quantities are related to tw
photon amplitudes involving a sum over bound-bound a
bound-continuum matrix elements, the summation extend
over all states of the atom. Therefore the bound and c
tinuum wave functions of the system need to be calcula
In xenon this is a very difficult task.
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One possible approach is the use of multichannel quan
defect theory~MQDT! @24#, which is a well-known tool for
the analysis of atomic spectra. It has been applied for ca
lating the atomic parameters of the rare gases@25#, particu-
larly the multiphoton ionization of xenon and krypto
@26,27#. For calculating the Fano parameter and the St
shifts, which are determined by two-photon processes,
approach like the one in Ref.@27# could be used. In tha
work the polarizability tensor is approximated by limitin
the summation to contributions from bound states on
However, a preliminary analysis revealed severe problem
turned out that the contributions from Rydberg states do
decrease with increasing principal quantum number. This
dicates that the contributions from autoionizing states a
continuum states must be included in the summation, a
that is not simple in the MQDT formalism@27#. Furthermore,
the low-lying 5p5 6p@1/2#0 state cannot be well described b
MQDT, i.e., the calculated ionization amplitudesg1p

(a) will
not be accurate. Thus, at present, accurate theoretical mo
ing of LICS in the coupling scheme implemented here is
completed yet. We hope that the reliable experimental d
reported in this work will stimulate theoretical work toward
overcoming the present limitations.

Here we identify the conditions under which the LICS
the two continua are expected to be identical. The ionizat
amplitudesgi j

(a) determine the line shapes in the individu
continua. Our preliminary theoretical results indicate th
only two out of the five continuum states, one from the2P1/2
manifold and one from the2P3/2 manifold, contribute to the
LICS process. These are the continuaa51 and a54
~marked by bold arrows in Fig. 1!. In this case an identica
normalized line shape in the two ionization channels w
occur if the ionization amplitudes for these two continuu
states are proportional to each other, i.e.,g1p

(4)5ag1p
(1) and

g2d
(4)5ag2d

(1) , wherea is a constant.
We like to note, that the coefficients in Eqs.~1! and ~2!,
6-6
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FIG. 7. Exclusion of a dark resonance in the excitation of the 5p5 6p@1/2#0 state by dressing-laser-induced one-photon or multipho
coupling to some bound stateun&. ~a! LICS in the probe-laser-induced electron signal.~b! The electron signal induced by the excitation las
which monitors the population in the 5p5 6p@1/2#0 state, does not show a minimum at the spectral position of the LICS.~c! The coupling
scheme.
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and therefore the profile and modulation depth of the LI
depend strongly upon the polarization of the interacting la
pulses. The most obvious choice, as implemented in our
perimental setup, is to have all laser pulses being line
polarized parallel to each other. Indeed, we confirmed in
experiment that the LICS completely vanishes, if the po
izations of the probe and dressing laser pulse are perpen
lar to each other.

V. EXPERIMENTAL VERIFICATION OF THE LICS

In this section we discuss other processes that could
to a suppression of the ionization signal, such as trap
state formation by coupling of bound states or multipho
ionization into channels that are not detected. We dem
strate experimentally that such processes are not respon
for the observed suppression of ionization.

A. Consequences of dark resonance formation

One of the mechanisms that could decrease the rat
excitation to the 5p5 6p@1/2#0 state~and thus reduce the ion
ization yield! is the formation of a dark resonance due
coherent coupling between the 5p5 6p@1/2#0 state and an-
other bound state induced by the dressing-laser field~coher-
ent population trapping@28,29#!. In this process, which is
closely related to electromagnetically induced transpare
@30,31#, the populated initial state~state 1! is coupled to an
excited intermediate state~state 2! by a weak excitation-lase
field ~usually named ‘‘probe laser’’ in the literature; here w
use the term ‘‘excitation laser’’ in order to avoid confusio
with the probe laser in the LICS experiment!. The interme-
diate state is coupled to another bound state~state 3! by a
01340
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strong dressing-laser field. Without the dressing laser the
termediate state is populated by the excitation laser.
transfer of population from the initial to the intermedia
state is inhibited when the dressing laser is switched on
its frequency is tuned to resonance with the transition
tween states 2 and 3@28,29#. We have verified, as show
below, that the dressing laser~which couples the
5p5 9p@1/2#0 state to the continuum! does not induce addi
tional couplings to bound states, which prevent the popu
tion of the 5p5 6p@1/2#0 state by coherent population trap
ping.

1. Consequences of dark resonances induced by one-photon
coupling to Rydberg states

In the coupling scheme shown in Fig. 1 the dressing la
may couple the 5p5 6p@1/2#0 state tons/nd Rydberg states
with n.10. The corresponding dark resonances, which
most pronounced for coincident excitation and dressing-la
pulses, were observed and analyzed in detail in Ref.@29#. For
the pulse sequence used in the LICS experiment, where
dressing laser is delayed by 5 ns with respect to the exc
tion pulse, the pulses only partially overlap in time. Ev
with only partial overlap a reduction of the ion yield is st
observable. In Fig. 6 we show the dark resonance wh
spectral position is closest to the expected frequency for
LICS. It is generated by coupling the 5p5 6p@1/2#0 level to
the 5p5 12d@1/2#1 Rydberg state. This dark resonance w
observed at a dressing wavelengthld5606.1590 nm. In the
same experimental configuration the LICS was observe
ld5606.1080 nm with an uncertainty of60.0002 nm.
Therefore, a dark resonance induced by coupling to Rydb
states isnot the cause for the structures shown in Figs.
and 5.
6-7
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K. BÖHMER et al. PHYSICAL REVIEW A 66, 013406 ~2002!
2. Exclusion of dark resonances induced by one-photon
or multiphoton coupling to other bound states

We also verified that the structures are not caused b
dark resonance induced by one-photon or multiphoton c
pling to any other bound state. The population in t
5p5 6p@1/2#0 state was monitored while tuning the dressi
frequency across the spectral position of the LICS. Fig
7~a! shows, as expected, the LICS in the electron signal~1.61
eV! generated by the probe laser. The electron signal ge
ated by the excitation laser~2.77 eV! @see Fig. 7~b!# is a
measure of the population in the 5p5 6p@1/2#0 state. Any
dark resonance formation due to the coupling of

FIG. 8. Exclusion of a dark resonance in the excitation of
5p5 6p@1/2#0 state by dressing-laser-induced one-photon or mu
photon coupling to some bound stateun&. The LICS was still ob-
served for a pulse delay of 40 ns, where excitation pulse~15 ns! and
dressing pulse~5.5 ns! were completely separated in time. In th
experiment the excitation pulse was generated by the excim
pumped dye laser~see Sec. III B!.
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5p5 6p@1/2#0 state to another bound level by the dressi
laser would reduce the excitation of the 5p5 6p@1/2#0 level
from the bound state and thus reduce the electron yield
2.77 eV. This signal doesnot show a minimum at the spectra
position of the LICS.

Furthermore, a dressing-laser-induced dark resonanc
the excitation of the 5p5 6p@1/2#0 state can only occur when
the excitation and dressing pulses overlap at least partiall
time. Figure 8 displays the electron signal~1.61 eV! for a
pulse delay of 40 ns. Although the excitation pulse~15 ns!
and the dressing pulse~5.5 ns! do not overlap in time, and
thus the two lasers cannot lead to a dark resonance, the L
is observed. Therefore a dark resonance does not caus
ionization suppression displayed in Figs. 4 and 5.

B. Consequences of a depletion of the 5p5 6p†1Õ2‡0 state
by resonant two-photon ionization induced

by the dressing laser

The 5p5 6p@1/2#0 state may also be ionized by nonres
nant two-photon ionization induced by the dressing las
This means that the dressing laser and the probe laser c
pete for the population in the 5p5 6p@1/2#0 state; an efficient
multiphoton ionization by the dressing laser will reduce t
electron signals at 1.61 eV and 0.30 eV induced by the pr
laser. The ionization by the dressing laser may be resona
enhanced when the dressing frequency is tuned to the
photon resonance between the 5p5 6p@1/2#0 state and an-
other bound stateun& @see Fig. 9~c!#. The enhanced ioniza
tion would cause a more pronounced depletion of
5p5 6p@1/2#0 state and therefore a decrease in the pro
laser-induced electron signal. We verified that this effec
not responsible for the structures in Figs. 4 and 5. The e
tron signal ~1.89 eV! induced by the dressing laser wa
monitored @see Fig. 9~b!# while tuning the dressing fre

e
i-

r-
ed

FIG. 9. Exclusion of a resonant enhancement in the dressing-laser-induced two-photon ionization of the 5p5 6p@1/2#0 state.~a! LICS in

the probe-laser-induced electron signal.~b! The dressing-laser-induced electron signal isnot enhanced when the dressing frequency is tun
across the spectral position of the LICS.~c! The coupling scheme.
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LASER-INDUCED CONTINUUM STRUCTURE IN THE . . . PHYSICAL REVIEW A 66, 013406 ~2002!
quency across the spectral position of the LICS. The signa
1.89 eV doesnot show an enhancement at the dressing f
quency where the LICS in the probe-laser-induced elec
signal ~1.61 eV! @see Fig. 9~a!# is observed.

C. Shift of the spectral position of the LICS

As a final test we examined the variation of the spec
position of the LICS with the probe-laser frequency. In t
experimental setup shown in Fig. 2 an independent varia
of the probe-laser frequency is not possible because
probe radiation at 326 nm and the excitation radiation at
nm are generated from the fundamental at 652 nm by n

FIG. 10. Variation of the spectral position of the LICS with th
probe-laser frequency. The electron signal from the 2P3/2 con-
tinuum is measured as a function of the dressing detuning for
different frequencies of the probe laser. The frequencies of
probe and dressing laser for which the LICS is observed in~a! are
defined asnp

0 andnd
0 . In ~b!–~d! the frequencynp of the probe laser

is set to three different values as indicated by the detuningDp

[np2np
0 , marked by vertical arrows on the frequency axis. T

dressing frequency is tuned across the minimum. The detuningDd

[nd2nd
0 is determined from the spectral positionnd of the mini-

mum. As expected for LICS both detunings are shifted, within
experimental accuracy, by the same value. The LICS in the
shown here is not as pronounced as in Figs. 4 and 5 due to la
pulse energy fluctuations and time jitter in the laser setup used
~see text!.
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linear frequency mixing. A variation of the probe frequen
requires the tuning of the fundamental frequency, wh
changes the frequency of the excitation laser. The maxim
probe-laser detuning is limited by the linewidth of th
5p6 1S0→5p5 6p@1/2#0 transition. Wider tunability for the
probe frequency is achieved by generating the excita
pulse at 250 nm in an independent laser system as desc
in the last paragraph of Sec. III B. The signal-to-noise ratio
reduced in this configuration due to larger pulse-to-pu
fluctuations of the pulse energy of the excitation laser and
delay between the excitation- and probe-laser pulses.

It is an experimental signature expected for LICS, whi
is generated by a two-photon process, that the dressing-
frequency at which the two-photon resonance occurs va
linearly with the probe-laser frequency~see the coupling
scheme in Fig. 1!. If, however, the structure were caused
one of the effects discussed in Secs. V A and V B it wou
occur at a fixed dressing-laser frequency independent of
frequency of the probe laser. Figure 10 shows indeed tha
dressing frequency at which the LICS is observed varies
early with the probe-laser frequency.

VI. CONCLUSION

We observed pronounced, spectrally narrow LICS in b
photoionization channels of xenon. A suppression of
electron signal up to 80% was achieved. The line shape
the signal yields a Fano parameter ofq,0.5. Attempts to
reproduce the experimental data by a calculation based
MQDT failed. The results of calculations of two-photon m
trix elements do not converge when an increasing numbe
intermediate Rydberg states is included in the summat
Therefore inclusion of autoionizing and continuum states
the calculation seems necessary. However, the theore
framework has not yet been developed. In a series of exp
ments we verified that the observed structures are ind
LICS. No enhancement was observed, which indicates w
Raman-type coupling as compared to the ionization ra
Although the LICS is well pronounced for both continu
control of the branching ratio for ionization into the tw
continua by dressing-laser detuning is not possible sinc
this coupling scheme the LICS is identical for both continu
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