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Observation of a Laser-Induced Resonance in the Photoionization Spectrum of Sodium
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We report the observation of a structure in the ionization spectrum of sodium, induced by a strong ra-
diation field embedding the 5s %S, state into the continuum. The structure, probed by single-photon
ionization, shows a marked asymmetry, typical of a laser-induced continuum structure.

PACS numbers: 32.80.Rm, 32.80.Wr

Since the theoretical treatment of autoionization pro-
posed by Fano in 1961 [1], the coherent interaction of
atoms with a radiation field, coupling low-lying bound
states to the ionization continuum, has attracted the in-
terest of scientists. In fact, the asymmetric line shape of
a Fano resonance is a manifestation of quantum-me-
chanical interference between two transition pathways
leading to the same continuum state: direct photoioniza-
tion, on one side, and transition to the continuum via the
(discrete) autoionizing state, on the other side. The co-
herent population trapping occurring in transitions in-
volving autoionizing states appears of great interest today
for the study of atomic systems which may provide lasing
in the absence of population inversion [2].

Heller and Popov in 1976 [3] showed that a featureless
ionization continuum can be structured by a strong laser
field embedding a low-lying bound state in the continu-
um. The dressing of continuum states by the radiative
coupling to the bound state gives rise to an “autoionizing-
like” resonance, which can be probed by a weak radiation
field [Fig. 1(a)l. The peculiar property of this structure,
which is termed laser-induced continuum structure
(LICS), is that its position can be varied by simply tun-
ing the frequency of the dressing laser. Expected applica-
tions of LICS are the control of photoionization rates, the
enhancement of nonlinear frequency mixing, and the pro-
duction of spin-polarized electrons by multiphoton ioniza-
tion [4].

In contrast to the extensive theoretical work devoted to
the subject [5,6], only few experiments have been report-
ed in the literature, showing results that are sometimes
not consistent with each other nor with theoretical predic-
tions.

The first evidence of LICS was the observation of
optical-polarization rotation in the neighborhood of a res-
onance induced by o-polarized radiation in cesium [7].
The technique, well known in polarization spectroscopy,
is highly sensitive because the extinction ratio of commer-
cial polarizers, which is better than 10 ~5, allows a true
zero measurement. Recent experimental results [8], con-
firming the observation of the effect, have shown that a
deeper study is needed to relate the observed line shape to
the atomic parameters and to the interaction dynamics.
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LICS has also been used to enhance third-harmonic gen-
eration in sodium vapor [9]. However, no structure has
been observed in subsequent experiments, carried out in
different laboratories [10,11]. Zhang and Lambropoulos
[12] have performed a theoretical study of the problem,
showing how the temporal evolution and the relative spa-
tial intensity distribution of the laser fields, which are
difficult to control in the case of multimode lasers, play a
crucial role in making the LICS observable, above the
statistical fluctuation of the third-harmonic signal. A
systematic ionization study of laser-induced resonances in
the multiphoton ionization spectrum of sodium has been
made by Feldmann er al. [13]. Although reporting the
observation of five-photon resonances, due to Raman-type
processes involving near-resonant bound states, they
found no conclusive evidence for asymmetric resonances.
Not even the resonance studied in the third-harmonic ex-
periment mentioned above was observed.
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FIG. 1. Schemes of the lowest-order transition pathways
coupling the 3s and the S5s states of sodium to the ionization
continuum |&,p) in the presence of a strong dressing laser and a
weak probe laser with frequencies wy and w,, respectively. The
bound states can be coupled to each other (a) through the con-
tinuum or (b) by a Raman process, through a nonresonant vir-
tual state.
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To our knowledge, the only direct observation of LICS
in the ionization spectrum has been reported by Hutchin-
son and Ness for xenon [14]. The laser-induced struc-
ture, probed by two-photon-resonant, three-photon ion-
ization, was found over a pronounced background, due to
ionization of the two-photon resonant level by the dress-
ing laser. Since the experiment was performed under
conditions of strong fields and high xenon density with
significant collisional and collective effects, the measured
line shape did not allow the quantitative comparison with
theory needed for a better understanding of LICS [15].

In this paper we report the observation of a laser-
induced resonance in the single-photon ionization spec-
trum of sodium, as shown in Fig. 1(a), where wy is the
frequency of the dressing laser, embedding the 5s %S/,
state in the |&,p) continuum, and w,, is the frequency of a
weak laser, probing the structure by photoionization of
the ground 3s 2S|/2 state. The states 3s and 5s can also
be coupled to each other through the nonresonant Raman
process of Fig. 1(b). Both transition pathways can affect
the ionization, subject to the resonance condition

w0, — wg=1E(55) —EGs)/h. (1)

The Raman coupling, even away from resonance, can
be as important as the coupling through the continuum
[16]. Since the relative contribution of the Raman and
LICS processes depends only on the properties of the
specific system, predictions not derived from atomic cal-
culations can be misleading, as stressed in Ref. [16].

The advantage of single-photon probing is evident in
the fact that only one Raman process, through a virtual
state detuned by w, from the ground state, can be in-
volved.

The experimental arrangement is schematically shown
in Fig. 2. The laser beams are generated by a commer-
cial dye laser pumped by the second harmonic of a Q-
switched pulsed Nd:YAIG laser (YAIG denotes yttrium
aluminum garnet). The pump laser (Quantel model
YG-581-C), consisting of an injection seeded Gaussian
oscillator, followed by a 9-mm-diam amplifier, provides
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FIG. 2. Schematic diagram of the experimental apparatus:
SHG, second-harmonic generator; DM, optical doubling-mixing
system; PD, monitor photodiode; BS, beam splitter; RP, A/2 re-
tarding plate; GP, Glan polarizer.
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single-mode smooth pulses at A =1064 nm with 1 J ener-
gy, 6 nsec duration (FWHM), and 0.003 ¢cm ~' band-
width. Efficient second-harmonic generation in a temper-
ature stabilized potassium dihydrogen phosphate (KDP)
crystal provides pulses at A =532 nm suitable for dye
pumping. The dye laser (Quantel model TDL-50) con-
sists of a multimode oscillator, equipped with a four-
prism beam expander, followed by two amplification
stages. Operated with a mixture of rhodamine 640 and
610, it provides 50-mJ pulses of linearly polarized radia-
tion tunable around A =602.3 nm (two-photon resonance
with the 5s state). As a result of mode beating in the os-
cillator cavity, the temporal profile of the dye output is
not smooth, presenting a modulation, with period of =2
nsec and depth = 30% of the average amplitude, fluc-
tuating from pulse to pulse. Finally, as a result of sum
mixing between the Nd:YAIG emission and the second
harmonic of the dye emission, we get pulses of tunable ra-
diation at @, =w;+2w4e (A =234.7 nm), with max-
imum energy =1 mJ, bandwidth = 0.2 cm ™', and tem-
poral duration =4 nsec (FWHM). The laser fields at
different frequencies are separated by a Pellin-Broca
prism. The resolution and resettability of the frequency
scanning system are better than the emission bandwidth.
The doubling-mixing facility is equipped with a tracking
system, providing a continuous adjustment of the KDP
crystal orientations during frequency scans.

A fraction of the Nd:YAIG output, reflected by a beam
splitter, is used as the dressing laser. The probe and the
dressing beams, focused by 20- and 30-cm focal length
lenses, respectively, overlap in the center of the heat pipe,
in a counterpropagating geometry. Optimum timing is
provided by an optical delay line on the dressing beam,
whose polarization is rotated in order to be parallel to
that of the probe beam. The beam waists have been mea-
sured to both be =50 ym. Sodium is evaporated in a
stainless-steel cross heat pipe: Argon buffer gas provides
vapor confinement, preventing deposition on the water-
cooled fused silica windows. Two round electrodes of 7
mm diameter are inserted in the heat pipe by the side
arms with a separation of 3 mm in order to measure with
maximum efficiency the ionization produced by the probe
beam in the waist region of the dressing beam. The
probe laser is properly attenuated to avoid ionization sat-
uration, space-charge effects, and other spurious effects
described below. The charge signal, with a repetition rate
of 10 pulses/sec, detected by a fast transimpedance
amplifier is measured by using an SRS synchronous in-
tegrator (model SR 250) with a 1-usec gate width, inter-
faced to an IBM XT-286 PC for data acquisition and
processing. The signal from a monitor photodiode on the
UV laser beam is used to perform a pulse-by-pulse nor-
malization of the charge signal.

Figure 3 shows the ionization spectra obtained by vary-
ing the probe-laser frequency w,, and probe- and dress-
ing-laser energies. In the figure we have plotted the ion-
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FIG. 3. Plot of the ionization enhancement vs the laser de-
tuning A for different probe- and dressing-field energies: (a)
E,=5 ul (1,,~64 MW/cm?), Es=1.5 mJ (U;=13 GW/

cm?); (b) E, =
mJ.

=50 puJ, Es=1.5 mJ; (c) E, =50 uJ, Es=5

ization enhancement defined as ratio of the ionization sig-
nal measured in the presence of dressing laser to that
measured in the absence of dressing laser, versus the laser
detuning from the Raman resonance:

A=(wp—wy) —[E(s)—EQGs)l/h . )

At resonance (A=0) the emission of the dye laser is
two-photon resonant with the 3s-5s transition. The mea-
surement of the profile of this two-photon resonance, ob-
served in the three-photon ionization spectrum, has pro-
vided an absolute calibration of the detuning scale. The
ionization signal, normalized to the probe-laser energy
E,, is averaged over 200 laser pulses. The heat pipe was
operated at a temperature of 300°C, with about 30 mbar
of buffer gas, providing a sodium density =2x10"*
atoms/cm? in a region of about 10 cm length.

A sensitivity of about 10 ~2 in the measurement of the
ionization enhancement was made possible by a careful
optimization of the experimental conditions, performed
with the purpose of minimizing the background. For a
reduction of the ionization produced by the dressing laser
alone, due to multiphoton ionization of atoms and clus-
ters, the choice of the physical system, sodium dressed by
the fundamental emission of the Nd:YAIG laser (instead
of its second harmonic), was crucial. The geometrical
configuration of the electrodes was then very effective in
making negligible ( <10 73 times the ionization induced
by the probe laser) the residual background, mainly due
to ionization of clusters in the cold parts of the cell, where
vapor condensation takes place. However, in conditions
of high laser intensities and/or high sodium density, the
dressing laser gives rise to a nonresonant enhancement of
the ionization produced by the probe laser, greatly reduc-
ing the sensitivity of the measurement. An analysis of
the effect suggested, as a possible cause, an avalanche
multiplication of the original photoelectrons accelerated
in the oscillating field of the dressing laser. This interpre-
tation was confirmed by the observation, in particular
conditions, of spikes in the ionization signal, occurring
only when both lasers were present and overlapped in the
interaction region, revealing a laser-induced breakdown
of the photoionized gaseous medium. In our spectra this
effect was carefully avoided, as shown by the fact that,
out of resonance, the ionization enhancement approaches
1.

For low probe-field intensity [Fig. 3(a)] the line shape
is markedly asymmetric, with an ionization suppression
on the negative detuning side, indicating that, in spite of
the spatial and temporal field distribution, some coherent
population trapping takes place. At increased probe in-
tensity [Fig. 3(b)] the ionization window is less evident
above the statistical fluctuation, making the line shape
more symmetric. An explanation of this effect might be
found in ionization pathways different from those shown
in Fig. 1(a), as the ionization of the 5s state due to the
probe laser [6]. At higher dressing-field intensity [Fig.
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3(c)] the resonance is found wider and significantly
asymmetric, with an enhanced tail on the positive detun-
ing side.

Following theoretical models of LICS, an estimation of
the resonance width is given by

C=vp+ Y+ 2 Yons 3)

where ypn are the photoionization rates of the ground and
Ss states in the presence of the probe and dressing lasers,
and 7y, and y,; are the contributions from the band-
widths of the probe and dressing lasers. Radiative damp-
ing of state 5s is neglected since the natural lifetime (78
nsec) is much larger than the laser pulse duration (4
nsec).

In our conditions (weak probe field and negligible mul-
tiphoton ionization of the ground state from the dressing
laser) the main yp is the photoionization rate of the 5s
state due to the dressing laser:

Yoh = (055, /chwa) 1, =0.0431, cm ~ ", 4)

where os; . is the cross section of photoionization of the
state 5s for the radiation at A =1064 nm and I, is given
in GW/cm?. The value of os, ., equal to 1.49 +0.13 Mb,
is an experimental datum from Ref. [17]. Considering
that y;,+ 7y, =0.2 cm !, we get the values I'=0.76
cm ~!for E;=1.5mJ and '=2.05cm ! for E; =5 mlJ,
which are consistent with the line shapes of the measured
spectra. The comparison of the peak value of the ioniza-
tion enhancement, which is about 8 x 10 ~2, with theoreti-
cal predictions should be done considering that in the ex-
periment the beam waists of the probe and dressing lasers
were comparable, so that the photoionization induced by
the probe laser was presumably not affected by the dress-
ing laser in the overall interaction region. A quantitative
interpretation of the experimental results, based on nu-
merical calculations, taking into account the actual in-
teraction conditions, is in progress.

In conclusion, we have reported the first observation of
a laser-induced resonance in the single-photon ionization
spectrum of sodium. The accuracy of the measurement
has provided clear evidence for an asymmetric line shape
typical of the laser-induced continuum structure. When
the work was completed we were informed that evidence
for a laser-induced structure in the single-photon ioniza-
tion spectrum of sodium has been obtained in an atomic
beam experiment [18]. The study of laser-induced reso-
nances in single-photon ionization experiments, per-
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formed either in a heat pipe or in atomic beams, can pro-
vide quantitative tests for theoretical models of LICS.
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