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Femtosecond Light Source for Phase-Controlled Multiphoton Ionization
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We describe a femtosecond Raman light source with more than an octave of optical bandwidth. We
use this source to demonstrate phase control of multiphoton ionization under conditions where ionization
requires eleven photons of the lowest frequency of the spectrum or five photons of the highest frequency.
The nonlinearity of the photoionization process allows us to characterize the light source. Experiment-totheory comparison implies generation of a near single-cycle waveform.
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Over the past decade, advances in femtosecond modelocked laser technology [1,2] have fueled a broad field of
ultrafast physics and chemistry [3], and allowed coherent
control of molecular dynamics [4]. Generation of subfemtosecond and single-cycle pulses would extend the horizon
of ultrafast measurements to the time scale of electronic
motion. In this Letter, we report a first step toward this
goal: We describe a new source of ultrabroadband radiation [5,6], and use it to demonstrate phase control of
multiphoton ionization on a few-femtosecond time scale.
Before proceeding, we note that other authors have
proposed several methods for subfemtosecond pulse generation. These methods rely on phase locking a wide
spectrum of equidistant frequency components, obtained
from frequency mixing of separate phase-locked laser oscillators [7], high-order harmonic generation [8], or Raman
scattering [9,10].
Our source is based on collinear generation of a wide
spectrum of equidistant, mutually coherent Raman sidebands. The essence of this technique is the adiabatic
(off-resonant) preparation of a macroscopic molecular ensemble in a single vibrational superposition state. When
this is the case, highly coherent molecular motion modulates laser light and produces a wide FM-like spectrum,
with a possibility of subfemtosecond pulse compression
within the molecular medium itself [5]. In our experiment, the spectrum consists of seventeen sidebands and
extends over many octaves of optical bandwidth, with energies above 1 mJ per 10 ns pulse for each of the nine
central sidebands [6]. In the present work, we select a
subset of five spectral sidebands with wavelengths ranging
from 1.06 mm to 468 nm, and measure the ionization rate
of xenon (Xe) as a function of the sideband phases.
Figure 1 shows our experimental setup. The experimental apparatus for collinear Raman generation is described in
detail in Refs. [6,11]. We use two synchronized transformlimited laser pulses (typically 80 mJ兾15 ns at a 10 Hz
repetition rate) at wavelengths of 1.06 mm (fixed) and
807 nm (tunable). The laser frequency difference is tuned
0.6 GHz below the fundamental vibrational frequency in
D2 共2994 cm21 兲. The laser beams are combined on a
dichroic beam splitter and loosely focused into a D2 cell
(with a D2 pressure of 38 torr). We disperse the cell out-

put spectrum with a prism and select five sidebands ranging
from 1.06 mm in the infrared to 468 nm in the blue. Each
sideband is retroreflected through the prism, such that the
spectrum is recombined in a slightly offset beam, which
is picked off by a small mirror [12]. Sideband energies
in the combined beam are 33 mJ (at 1.06 mm), 28 mJ (at
807 nm), 4.2 mJ (at 650 nm), 0.9 mJ (at 544 nm), and
0.2 mJ (at 468 nm). We adjust sideband phases by tilted
glass plates, and focus the recombined beam into lowpressure 共3 3 1025 torr兲 Xe gas.
The number of ions is measured with a Channeltron
detector. Different chemical species are selected according
to their masses, by measuring their time of flight from the
laser focal point to the detector. Figure 2 shows the mass
spectrum of ions produced by the multicolor beam. In
addition to a distinct Xe peak, we observe several impurity
peaks, with the largest of them attributed to carbon (C).
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FIG. 1. Experimental setup for multiphoton ionization of Xe
with five Raman sidebands (at 1.06 mm, 807 nm, 650 nm,
544 nm, and 468 nm). The mirror M1, which is displayed in
the vertical plane, picks off the slightly offset retroreflected
beam. We vary sideband phases independently with tilted glass
plates, or by varying dispersion in the N2 pressure cell.
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FIG. 2. Time-of-flight mass spectroscopy of the photoionized
species, detected in the Xe cell in the setup of Fig. 1. In addition
to a distinct Xe peak, we observe peaks that correspond to lighter
species. Spectra (a) and (b) are recorded with sideband phases
adjusted to maximize (a) or minimize (b) Xe ionization.

As we vary the relative phases of the five spectral components, the ratio of carbon to xenon changes by as much
as a factor of 5. An example is shown in Fig. 2. Since the
number of C ions is nearly unchanged as the number of Xe
ions varies, we believe that the change in the Xe:C ratio is
a result of the stronger dependence of Xe ionization rate
on the peak electric field amplitude of the temporal waveform.
Next, in order to measure the ion yield as a function
of the total applied laser energy (with relative spectral
energies fixed as noted above), we use a wavelengthindependent variable attenuator. The attenuator is composed of four fused-silica plain-parallel plates, inserted
into the combined multicolor beam (Fig. 1) and tilted by
approximately 45 degrees with respect to the beam. The
plates are rotated around the axes of the beam to provide
variable transmission for linearly polarized sidebands. For
these conditions, the attenuation of different spectral components is approximately equal.
Figure 3 shows the dependence of the Xe ion signal on
total pulse energy (summed over five sidebands). Three
sets of data in the figure correspond to different relative
phases among the sidebands, or equivalently, to different temporal shapes of the waveform. For Set 1 (circles),
we adjust sideband phases to maximize the Xe signal
(phase-locked spectrum). For Set 2 (squares), we change
the phase of the 1.06 mm beam by p. For Set 3 (triangles),
we return the phase of the 1.06 mm beam to its original
value and change the phase of the 468 nm beam by p. For
all three cases, the data fits well to a sixth-order power law
[solid (Set 1), dashed (Set 2), and dotted (Set 3) lines in
Fig. 3]. We estimate our experimental uncertainty for the
order of the power law to be plus/minus one. We conclude
that, at our experimental conditions, the sixth-order channel dominates in the photoionization process, with pos033402-2
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FIG. 3. Multiphoton ionization of Xe with spectral bandwidth
such that the ionization requires eleven photons of the lowest
frequency or five photons of the highest frequency. The ion yield
is shown as a function of total energy in laser pulses. Three sets
of data, which corresponds to different temporal pulse shapes,
are all fitted by a sixth-order power law.

sible contributions from fifth- and seventh-order channels.
The important observation is that, to the precision of our
measurement, the order of the ionization process does not
depend on the laser pulse shape. The ion yield, at a fixed
laser energy, changes as a function of the temporal shape.
But at a fixed pulse shape the slope of the ion signal versus
laser energy (on a log-log scale) does not depend on the
temporal structure.
We can now use the pulse-shape sensitivity of the photoionization to characterize our light source. We perform
cross-correlation measurements, in a collinear configuration. We vary the delay of the 544 and 468 nm beams
with respect to the 650 nm, 807 nm, and 1.06 mm beams.
We do this by tilting a glass plate, which overlaps the 544
and 468 nm beams (Fig. 1). The result of this measurement is shown in Fig. 4 (solid line).
We compare this result with a simple calculation
(dashed line). In this calculation, we assume that the
applied electric field is a sum of five perfectly coherent
monochromatic waves
P5 1(with an arbitrary time origin): E共t, t5 兲 苷 m苷1 5 cos关vm 共t 1 tm 兲兴, where t1 苷
t2 苷 t3 苷 0, t4 苷 0.93t5 , and t5 is the variable time
delay, which is calculated from the tilt angle of the glass
plate. (When we tilt the plate, the time delay for the two
beams is not the same, because of dispersion in glass, and
also because of the fact that the two beams cross the plate
at slightly different angles; the factor 0.93 accounts for
this difference.) In our experiments, we have adjusted the
intensities such that each frequency component contributes
to the ion production approximately equally. Therefore
it is reasonable to take the amplitudes of the five terms
in the sum as equal. Furthermore, we assume an ideal
sixth-order response of theR atomic system and calculate
the expected ion signal as 关E共t, t5 兲兴12 dt. We observe a
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FIG. 4. Correlation of waveforms, synthesized by subsets of
Raman
experiment (solid line), time domain calculaR sidebands:
P
tion: 兵 cos关vm 共t 1 tm 兲兴其12 dt (dashed line), and perturbative
frequency domain calculation (dotted line).

good qualitative agreement of our experimental data with
this calculation.
We also perform a more rigorous frequency-domain calculation (dotted line in Fig. 4). In this calculation, we take
experimental values for the sideband energies, and assume
diffraction-limited focusing for each sideband. We perform a perturbative calculation of ionization probability
and include all known Xe energy levels [13] and all possible ionization paths. Since the dipole matrix elements
between Xe energy levels are not known, we assume that
their relative values are equal. We normalize these matrix elements so that the total oscillator strength from each
level to all other levels is approximately equal to unity.
We observe good agreement between our two calculations
(dashed and dotted lines in Fig. 4), and between the theory
and the experiment. In the frequency-domain calculation,
we also find, in rough agreement with our experimental
data (Fig. 3), that the seventh-order process dominates,
while sixth- and eighth-order processes have smaller but
comparable contributions to the ionization of Xe.
To investigate the broadband nature of our waveform,
and to further test the mutual coherence among the sidebands, we use variable dispersion. We put a gas cell
(34 cm long) into the combined beam (just before the Xe
cell, Fig. 1) and fill it with nitrogen gas 共N2 兲. We adjust sideband phases such that the ion signal maximizes
for 1 atm pressure, and count the number of Xe ions per
laser shot as a function of N2 pressure [Fig. 5(a)]. We observe a sharp decrease in the ion signal as the N2 pressure
changes. This is caused by dispersion in N2 . As the N2
pressure changes by 2.2 atm, the dispersion is such that
the sidebands rephase and the ion signal increases. We
repeat this experiment for subsets of three equally spaced
sidebands. We observe a nearly sinusoidal dependence of
the ion signal on N2 pressure [Figs. 5(b) and 5(c)] [14].
Note that the higher the frequency separation among the
sidebands, the smaller the change in N2 pressure is required to produce a p phase shift among them. The dashed
line in Fig. 5(a) shows a result of the simple calculation:
033402-3

FIG. 5. Number of Xe ions produced in the setup in Fig. 1,
versus pressure in the N2 cell. For part (a) all five sidebands are
present. For parts (b) and (c) we leave only three equidistant
sidebands [1.06 mm, 650 nm, and 468 nm for part (b), and 650,
544, and 468 nm for part (c)]. The solid line is a cubic spline
interpolation of the data in part (a) and a sinusoidal
R P fit to the
data in parts (b) and (c). The dashed line shows 关 cos共vm t 1
wm 兲兴12 dt, where wm are determined by N2 dispersion. For the
data in part (a), we observe significant saturation for ion signal
above 1 relative unit (see text for details).

R P
关 cos共vm t 1 wm 兲兴12 dt, where the phases wm are determined by N2 pressure (frequency-dependent refractive
index of N2 is obtained from Ref. [15]).
The ion signal in Figs. 2 through 5 is given in relative
units. One relative unit corresponds to (roughly) 42 ions
per laser shot, produced at 3 3 1025 torr Xe pressure.
Each data point is averaged over 80 laser shots for Figs. 2,
4, 5(a), and 5(b), and over 160 shots for Figs. 3 and 5(c).
For the conditions of our photoionization experiment, we
estimate the focal volume to be roughly 1024 mm3 , such
that at 3 3 1025 torr pressure the number of Xe atoms in
the focal region is 艐 105 . In order to increase the dynamic
range of ion detection, we vary Xe pressure and normalize
the signal to Xe concentration. According to our calculations, the ionization rate, which corresponds to one relative
unit in our plots, is on the order of 3 3 1024 兾共10 ns兲.
It is known that a phase-locked spectrum with a bandwidth equal to one octave, corresponds to single-cycle
pulses. In the past, single-cycle (and subcycle) pulses were
available only in the THz spectral region, with a duration of
about 0.5 ps [16]. The experimental results, presented in
this Letter (in particular, high contrast of the ion signal in
Figs. 2 through 5, and the theory/experiment agreement),
establish evidence for a good mutual coherence among frequency components, which extend over an octave of optical bandwidth, and prove our ability to phase lock these
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components. Thus, we infer that in this experiment we are
able to synthesize trains of single-cycle pulses (with a repetition period of 11 fs and a pulse duration of 2 fs).
Trains of single-cycle pulses can be used to study the
dependence of photoionization on the optical phase of the
pulse under the envelope. In such an experiment, the signal
from all pulses in the train will add coherently. To produce
trains of identical pulses, it will be necessary to use driving
lasers at frequencies equal to a multiple of their frequency
difference [17].
In summary, this Letter shows that the new type of a
Raman source can be used to study multiphoton ionization
in a regime not accessible by other light sources. Our experiment explicitly demonstrates the following: (1) good
mutual coherence among the multiple sidebands as they are
generated; (2) the ability to adjust individual phases, with
small phase drifts; and (3) the ability to focus the multicolor beam tightly to achieve required intensities, with
good beam pointing stability. Furthermore, we demonstrate that phase-controlled multiphoton ionization provides a tool for measuring ultrashort pulses. From indirect
measurements, we infer generation of a near single-cycle
waveform. In future experiments, we plan to use photoionization to further characterize the generated pulse shape
by measuring its temporal autocorrelation function, and to
extend our photoionization experiments to the subfemtosecond domain.
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