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Phase-sensitive ionization through multiphoton-excitation schemes involving
even numbers of photons

E. Papastathopoulos,* D. Xenakis,† and D. Charalambidis*
Foundation for Research and Technology–Hellas, Institute of Electronic Structure and Laser, P.O. Box 1527,

GR-711 10 Heraklion, Greece
~Received 4 November 1998!

Strongly field-phase-dependent ionization is demonstrated by using a convenient experimental setup appro-
priate for excitation schemes involving an even number of photons. In this paper, ionization in Xe occurs via
two phase-correlated electromagnetic fields, namely, the fundamental and the second harmonic of the laser.
Since the fields are in the visible and ultraviolet regime, they have readily controllable amplitudes. Thus
excitation interference conditions and, consequently, phase-sensitive ionization can be easily and efficiently
established.@S1050-2947~99!03706-3#

PACS number~s!: 32.80.Qk, 32.80.Fb, 32.80.Rm
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Several experimental and theoretical studies have b
recently conducted in what has now been established
phase-sensitive coherent control. Phase control refers to
change of the excitation probability of bound or continuu
states, through the external adjustment of the relative ph
of different phase-correlated excitation pathways involvin
different number of photons of different energies. The ex
tation process can be controlled by the interference of
different pathways and, consequently, the excitation pr
ability is determined by their relative phase. Excitation a
ionization rates, ionization and dissociation branching rat
autoionization line shapes, angular distributions of photo
sorption products as well as frequency up conversion ma
manipulated exploiting this effect@1–12#.

In atoms, phase control has to involve absorption ch
nels with either only odd or only even number of photons
the case of excitation of bound states or continuum sta
which are not observed angularly resolved~i.e., when total
ionization is measured!. This is because all the interferin
channels must have the same initial and final state and
parity as well as angular momentum has to be conserved
to the central potential of the atom. In the vast majority
the phase-sensitive control experiments in laser at
molecule interactions, absorption of three photons of the f
damental frequency and one of its third harmonic has b
employed, as this interference scheme involves the low
possible~odd! number of photons in centrosymmetric sy
tems. In this type of experiment complications arise inher
to the generation and utilization of the third harmonic wa
which in most cases is in the vacuum ultraviolet spec
region. Some of those are the lack of amplitude stability,
low conversion efficiency and hence the low third harmo
power, the strong absorption and scattering, the limited n
ber of transmitting materials and optical elements in this
gion, the nonvisible radiation as well as the high-vacu
requirements.

*Also at Physics Department, University of Crete, G
713 10 Heraklion, Greece.

†Present address: Max-Planck-Institut fu¨r Quantenoptik, Hans-
Kopfermann Strasse 1, D-85748 Garching, Germany.
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For excitations involving absorption of an even number
photons in all the interfering channels, the use of third h
monic generation is no longer necessary. This type of e
tation scheme allows high degree of excitation through v
ible or UV frequencies. Recently phase control of ionizati
has been demonstrated in four-photon resonant five-ph
ionization @411 resonantly enhanced multiphoton ioniz
tion, ~REMPI!# through the 5p@5/2#2 and 4f @3/2#2 states of
Kr and Xe, respectively@13#, where the second excitatio
channel of the resonant state included one third harmo
and one laser photon. Phase-insensitive coherent contro
also been demonstrated in two-color, two-photon vs tw
photon excitation schemes@14–16#. One notices, however
that in the work of Ref.@13# the two-photon excitation chan
nel of the bound state does not need to involve one th
harmonic photon and one fundamental photon but can
be reached by absorbing two second harmonic photons.
second harmonic, which lies in the ultraviolet spectral
gion, can be generated using nonlinear crystals and, co
quently, is much more intense and convenient to handle

The excitation probability of the bound state now read

W}@m~4!E10
4 #21@m~2!E20

2 #212m~4!m~2!E10
4 E20

2

3cos@2~q222q1!#, ~1!

where the indicesi 51,2 refer to the fundamental and th
second harmonic field.m (n) is the effectiven-photon~four
visible and two UV! electric dipole moment of the transitio

FIG. 1. Excitation scheme.
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between the ground state and the resonant state, whileEi0 is
the electric-field amplitude of the laser beams. Hence,
probability can be controlled through the phase differen
Dq52(q222q1).

Employing the second instead of the third harmonic h
strong advantages with respect to the production process
intensity, stability and visibility of the beam, as well as co
cerning the possibility of its propagation in several me
and, consequently, the retardation mechanism of its ph
relative to that of the fundamental. Experimental setups
this type of phase-control experiments set much less se
vacuum requirements and become simpler. The experime
procedure is expected to provide increased stability and c
trolled reproducibility.

In this paper we demonstrate phase-sensitive ionizatio
a scheme of 411 ~and 211! REMPI in Xe, which now
involves pathways including absorption of photons of t
fundamental and the second harmonic. The resonant sta
the 6p@3/2#2 as shown in the excitation scheme depicted
Fig. 1. It is excited via~i! four-photon absorption at th
fundamental frequency and~ii ! two-photon absorption of the
second harmonic.

The experimental setup used is shown in Fig. 2. The la
beam is delivered by an excimer-pumped dye laser.
wavelength of the fundamental is tuned to 504.97 nm. T
pulse duration is of the order of 15 ns. The second harmo
is produced in a type I BBO crystal. Its polarization is th
perpendicular to that of the fundamental. Both beams
propagated through a Soleil-Babinet compensator, the or
tation of which is chosen so that its two optic axes are p
allel to the two polarization planes of the two fields. In th
arrangement the Soleil-Babinet compensator is essent
used as a variable-thickness optical plate and not in orde
vary the retardance of a wave as is normally the case.
lizing the normal dispersion characteristics of the quartz m
terial from which the compensator was made, the rela
phase between the two wavelengths could be adjusted
linear polarizer, placed behind the Soleil-Babinet retarder
used in order to select the appropriate field amplitudes
common polarization plane, the polarization plane of the
larizer. The two excitation amplitudes can, in this way,
easily adjusted by rotating the polarizer so as to transmit
required field-amplitude component of the two beams. B
beams are focused by means of an achromatic lens of 12
focal length into the ionization cell, which is filled with
few mbar of Xe gas and equipped with a charge collec
The energies of the fundamental and second harmonic a
entrance of the ionization cell are 2.8 and 0.3 mJ, resp
tively. The beam waist of the focused beam has not b
measured, as the absolute intensities of the two laser be
in the interaction region are not relevant in the present pa

FIG. 2. Experimental setup.
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Similar results with those described below have also b
obtained in a Xe atomic beam.

By tuning the relative phase of the two fields through t
Soleil-Babinet adjustment, the phase differenceDq could be
varied. A strong modulation of the ionization signal could
observed as a function of the Soleil-Babinet prism posit
as shown Fig. 3. The solid line is a least-square fit of
function:

y5~11Ax!3FB1C sinS x

D
1ED G . ~2!

The modulation depth, defined asI max2Imin/1/2(I max1Imin),
whereI max is the maximum andI min the minimum ion signal
of the modulation, has a maximum value better than 0.8
the present experiment and is close to the highest va
obtained in phase-control experiments. The modulat
depth can be adjusted through~i! the spatial overlapping o
the two beams, which can be optimized by carefully adju
ing the phase matching of the BBO crystal to minimize be
walk off, and ~ii ! the angle of the polarizer, an adjustme
that controls the relative amplitudes of the interfering ex
tation channels.

The present paper demonstrates a simple experime
procedure for phase-sensitive coherent control experime
By applying this procedure we were able to obtain well
producible phase-sensitive control of the ionization rates
xenon with high efficiency and under straightforward expe
mental conditions. The procedure provides a tool for ot
applications of phase-sensitive control of laser-excitat
processes. A further advantage of the scheme employe
this paper is that, since the wavelength difference betw
the two beams is smaller than that when third harmonic
used, dispersion effects such as the ‘‘phase slip’’ in the i
ization region, which diminish the depth of the effect, can
reduced.

This work has been carried out at the Ultraviolet Las
Facility of FORTH ~TMR Program, Contract No
ERBFMGECT950017!. We wish to thank N. E. Karapanag
oti for numerous fruitful discussions.

FIG. 3. Phase control in a 411 and 211 ionization scheme in
Xe ionization measured as a function of the relative phase of
fields introduced by a Soleil-Babinet retarder.
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