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Sub-optical-cycle attosecond control of molecular ionization by using Fourier-synthesized laser fields
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We have investigated the combined positive and negative orientation-selected and yield-enhanced and -
suppressed molecular tunneling ionization of carbon monoxide by dual-phase control of femtosecond Fourier-
synthesized laser pulses. To investigate the role of each harmonic light, two types of experiments have been
performed: (1) two-color experiments using Fourier-synthesized laser fields consisting of a fundamental light and
its second or third harmonics and (2) three-color experiments using Fourier-synthesized laser fields consisting
of a fundamental light and its second and third harmonics obtained by changing each relative phase difference
independently. Positive and negative orientation-selected ionization is induced by the ω + 2ω laser fields, and
yield-enhanced and -suppressed ionization is induced mainly by ω + 3ω laser fields. The Fourier-synthesized
ω + 2ω + 3ω laser fields concurrently enhance both positive and negative orientation-selected and yield-
enhanced and -suppressed molecular tunneling ionization. The mechanism is discussed in connection with the
sub-optical-cycle interference control of the laser waveforms.

DOI: 10.1103/PhysRevA.101.043419

I. INTRODUCTION

According to Fourier-transformation theory, periodic arbi-
trary light waveforms can be synthesized with a superposition
of a fundamental light and its harmonics [1–4]. Characteristic
waveforms such as attosecond (1 as = 10−18 s) pulse trains
and continuous sawtooth, square, and triangle shapes can
be synthesized. Such light-wave engineering enables us to
control sub-optical-cycle dynamics of electrons in matter,
which is especially prominent in the presence of intense
(greater than 1013 W/cm2) laser fields. Typical examples
of suboptical dynamics of electrons have been observed in
tunneling ionization (TI) and following high-order harmonic
generation (HHG) [4,5]. After pioneering theoretical attempts
considered sub-optical-cycle control [6–11], trajectory control
of the electron in HHG induced by Fourier-synthesized laser
fields has been proposed theoretically [12] and achieved ex-
perimentally [13,14].

The TI induced by intense laser fields occurs when the
binding potential of an electron is distorted by the electric
field of a laser so strongly that the wave function of the
highest occupied electron penetrates the potential barrier and
the electron is liberated from the binding potential [15–19].
Experimental studies have shown that TI is induced mainly in
the suboptical cycle of the attosecond time region, when the
amplitude of the electric field of the laser peaks because of a
high-order nonlinear optical response [20–23]. This indicates
that the shaping of sub-optical-cycle waveforms enables us to
control the TI.

In the case of molecules, the molecular Ammosov-Delone-
Krainov (ADK) model [24,25], which is a simple extension of
the ADK model widely used for atoms [17], has revealed that
the angular dependence of the TI rate between the electric-
field vector and the molecular axis reflects the geometric
structure of the highest occupied molecular orbital (HOMO)
[24,25] because photoelectrons are preferentially removed

via the tunneling process from the large-amplitude lobe of
the HOMO along the opposite direction of the electric-field
vector. As a consequence of the angular dependence of the TI
rate between the electric-field vector and the molecular axis,
molecules oriented in a certain direction can be selectively
ionized in a randomly oriented gas-phase molecular ensemble,
and the photofragment-emission pattern induced by molecular
TI reflects the geometric structure of the HOMO [26,27]. Ad-
vanced theories that consider the Stark effect [28,29], orbital
distortion in the presence of intense laser fields [30,31], and
the multielectron effect [32] have been developed.

We have investigated sub-optical-cycle control of laser
waveforms and resultant orientation-selected molecular TI
induced by phase-controlled two-color laser fields consisting
of a fundamental light and its second harmonics in var-
ious molecules [33–37]. Orientation-selected molecular TI
that reflects the geometric structure of the HOMO has been
observed in a broad range of molecules [33–37]. Recently,
we have reported that directionally asymmetric TI induced
by intense, nanosecond, three-color Fourier-synthesized laser
fields led to four-mode selection with a combination of posi-
tive and negative orientation-selected and yield-enhanced and
-suppressed molecular ionization of carbonyl sulfide [38].
The electric field of a linearly polarized Fourier-synthesized
laser field consisting of a fundamental light and its harmonics
(hereafter ω + 2ω, ω + 3ω [two-color], and ω + 2ω + 3ω

[three-color] laser fields) is given by E (t ) = E1cos(ωt ) +
�3

n=2Encos(nωt + φ1n), where the En(n = 1, 2, 3) are the
amplitudes of the electric field of each component (ω + 2ω;
E3 = 0, ω + 3ω; E2 = 0), and φ1n(n = 2, 3) are the relative
phase differences between ω and its harmonic field. The
mechanism of the four-mode selective ionization process
has been discussed in connection with the waveforms of
Fourier-synthesized laser fields. However, the details have not
been sufficiently investigated, in part because we used an
interferometer-free Fourier-synthesized laser field generator
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[39]. The interferometer-free Fourier-synthesized laser field
generator is stable for any phase fluctuations without fine
adjustments, where the phase fluctuations in the fundamental
and its harmonic beams cancel out when the beams pass
along the same path, and both temporal and spatial overlaps
of the fundamental and second-harmonic beams are ensured
without optical adjustments. In practice, this method has
enabled us to observe the phase-sensitive signals induced by
the Fourier-synthesized laser fields with high stability and
reproducibility. In this method, however, each beam is not
separated spatially so that each φ1n cannot be controlled
independently. In this paper we adopted a multicolor Mach-
Zehnder interferometer that can control the φ1n of each beam
independently, and we employed a femtosecond laser source
and carbon monoxide (CO) as the targeted molecule to create
more suitable conditions for TI [40]. We have performed
two types of experiments to investigate the role of each
harmonic light: (1) two-color experiments using ω + 2ω and
ω + 3ω laser fields and (2) three-color experiments using
Fourier-synthesized ω + 2ω + 3ω laser fields by changing
each φ12 or φ13 independently to investigate the details of the
independent phase-sensitive signals as a function of each φ12

or φ13. A characteristic difference between φ12 dependence
and φ13 dependence was observed as inverted and noninverted
orientation-selected molecular ionization.

II. EXPERIMENT

The experimental apparatus was composed of a Ti:sapphire
laser system, a multicolor Mach-Zehnder interferometer gen-
erating Fourier-synthesized laser fields [40], and a time-of-
flight mass spectrometer (TOF-MS) equipped with a super-
sonic molecular-beam source. The Ti:sapphire laser (Spectra-
Physics, Hurricane) generated horizontally polarized, 130-fs-
duration laser pulses at a 800-nm wavelength and was oper-
ated at a repetition rate of 10 Hz. The 800-nm (ω) pulses were
converted to 400-nm (2ω) pulses by a frequency doubling
crystal [β-barium borate (BBO), type-I phase matching, 0.5-
mm thickness, 40% conversion efficiency]. After the ω and 2ω

pulses passed through a calcite plate for group velocity delay
compensation and a dual wave plate (λ/2 retardation for the ω

pulse and λ retardation for the 2ω pulse), the ω + 2ω pulses
were converted to 266-nm (3ω) pulses by a BBO crystal
(type-I phase matching, 0.1-mm thickness, 20% conversion
efficiency) via sum frequency generation (ω + 2ω → 3ω).

Each harmonic light was separated from the fundamental
light by dielectric mirrors in the multicolor Mach-Zehnder
interferometer, which is described in a previous report (three
arms of the four-arm interferometer were used) [40]. Each
φ1n was controlled by changing the optical path length of
each harmonic light by using a translation stage driven by a
piezoelectric actuator with a resolution of about 2 nm. The
polarizations of the three laser fields were set to be parallel
by using a half-wave plate for the 3ω pulses. The spatial and
temporal overlapping between the fundamental and harmonic
beams were checked by the technique we described previ-
ously [40]. After being recombined, the Fourier-synthesized
ω + 2ω + 3ω beams were introduced to the TOF-MS and
were focused on the molecular beam by a concave mirror
(200-mm focal length). The total intensity I = I1 + I2 + I3

was 5 × 1013 W/cm2 at the focus, and the ratios I2/I1 and
I3/I1 were around 0.4 and 0.1, respectively, where I1, I2, and
I3 are the intensities of the ω, 2ω, and 3ω pulses. The ratios
I2/I1 and I3/I1 were adjusted by slightly rotating the phase-
matching angle of the BBO while keeping the total intensity
I constant. We verified that the ionization yield induced by
only 3ω pulses is less than 5% of the total ionization yield
induced by three-color Fourier-synthesized laser pulses; thus,
the contribution to multiphoton ionization by only 3ω pulses
is negligible.

A TOF-MS equipped with a pulsed supersonic molecular-
beam source was used to detect the ionized molecules and
their photofragments. The target gas for the molecular beam
was diluted (5%) with helium gas to obtain a total pressure
of 1.0 × 105 Pa. By operating the pulsed molecular beam
at 10 Hz, the pressure in the TOF-MS was kept below
2.0 × 10−5 Pa. Molecular ions and their photofragment ions
generated by the Fourier-synthesized laser pulses were de-
tected with a microchannel plate detector. TOF spectra were
recorded with a digital oscilloscope.

The polarization direction of the ω + 2ω + 3ω laser fields
was set to be parallel to the TOF axis. We defined the positive
direction for E(t) as the direction pointing to the ion detector,
so that φ12 = φ13 = 0 when the electric-field maxima pointed
in the positive direction (forward-backward configuration in
Ref. [36]).

III. RESULTS AND DISCUSSIONS

We selected CO as the molecular model for this pa-
per because the TI of CO molecules has been investigated
theoretically [29,30,32,41,42] and experimentally [36,43,44].
Some experimental reports showed that the geometric struc-
ture of the HOMO (5σ orbital) dominates the orientation-
dependent TI of CO, where photoelectrons are preferentially
removed from the large amplitude lobe of the HOMO (carbon
side) along the opposite direction of the electric-field vector
[36,43,44].

Two types of experiments have been performed to investi-
gate the role of each harmonic light in the Fourier-synthesized
laser fields: (1) two-color experiments using ω + 2ω laser
fields and ω + 3ω laser fields and (2) three-color experi-
ments using Fourier-synthesized ω + 2ω + 3ω laser fields by
changing each φ12 or φ13 independently. We have previously
reported on an experiment using ω + 2ω laser fields [36].
Figure 2 of Ref. [36] shows the TOF spectra of single-charged
C+ and O+ ions produced when CO molecules were irradiated
with ω + 2ω laser fields at (a) φ12 = 0 and (b) φ12 = π . Each
photofragment was observed as a pair of peaks, the first peak
resulting from ions ejected directly toward the detector and
the second from ions that were first ejected in the backward
direction before being accelerated toward the detector by the
extraction field. The characteristic breaking of the forward-
backward symmetry was clearly observed in the TOF spectra.
The backward peak of the C+ ions predominated, and the
forward peak of the O+ ions predominated at φ12 = 0. This
forward-backward asymmetry was reversed at φ12 = π . These
results show that dissociative ionization was induced by the
ω + 2ω laser fields while discriminating between head or tail
orientation of the molecule. We defined positive orientation of
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FIG. 1. (a, b) Left axis, black symbols: Ion yield asymmetry of photofragment ions Ayield = (IF − IB)/(IF + IB) as a function of (a) φ12 for
ω + 2ω laser fields and (b) φ13 for ω + 3ω laser fields: open circles, C+ photofragment ions; closed circles, O+ photofragment ions. Right
axis, blue symbols: Total yield of photofragment ions Itotal = IF + IB as a function of (a) φ12 for ω + 2ω laser fields and (b) φ13 for ω + 3ω

laser fields: open circles, C+ photofragment ions; closed circles, O+ photofragment ions. (c, d) Left axis, black solid curves: Electric-field
asymmetry Afield as a function of (c) φ12 for ω + 2ω laser fields and (d) φ13 for ω + 3ω laser fields. Right axis, blue dotted curves: Absolute
values of the electric-field maxima |E (t )|max as a function of (c) φ12 for ω + 2ω laser fields and (d) φ13 for ω + 3ω laser fields (E2/E1 = 1/2,
E3/E1 = 1/2).

a molecule as the configuration of the molecule in which the
O atom points toward the ion detector.

We first analyzed the phase dependence of the C+ and
O+ photofragment ions in the two-color experiments to un-
derstand the behavior of the phase-dependent photofragment
ions. We defined the ion yield asymmetry Ayield of the
photofragment ions to be (IF − IB)/(IF + IB), where IF(IB) is
the signal intensity of the forward (backward) photofragment
emission. Figures 1(a) and 1(b) depict Ayield for (a) ω + 2ω

laser fields as a function of φ12 and (b) ω + 3ω laser fields
as a function of φ13. Clear sinusoidal patterns of Ayield were
observed in C+ and O+ for ω + 2ω laser fields, and the Ayield

values of the C+ and O+ ions were completely out of phase
with each other [Fig. 1(a)]. These results show that Fourier-
synthesized ω + 2ω fields can distinguish between head and
tail orientations of a molecule, and the orientation is inverted
between φ12 = 0 and ±π . In contrast, the behavior of Ayield

as a function of φ13 for ω + 3ω laser fields showed no phase
dependence [Fig. 1(b)]. These results show that ω + 3ω fields
do not have the capability of orientation-selected molecular
ionization.

Something about the complexity of monitoring the TI
through dissociative ionization channels should be noted. The
dissociative ionization processes include several entangled
processes such as (1) direct dissociative ionization of CO

by removing the electron from the HOMO, i.e., the ion-
ization directly terminates in the dissociation continuum of
the ion’s electronic ground state (direct process), and (2)
indirect dissociative ionization with the first step being tun-
neling ionization removing an electron from the CO HOMO
and leaving the ion in the electronic ground state in bound
vibrational levels followed by further excitation of the ion to
excited electronic states which then terminate in dissociation
of the ion (indirect process). It seems the direct process to
be suppressed compared to the indirect one. The potential-
energy curves of the electronic ground states of CO and
CO+ seem to be not too different since the equilibrium
internuclear separations are very close and the vibrational
constants very similar. Thus, the Franck-Condon factor for
direct excitation from the CO vibrational ground state to
the dissociation continuum of the electronic ground state of
CO+ is probably very small, therefore suppressing the direct
dissociative ionization pathway relative to the indirect one.
Although we cannot distinguish the direct process from the
stepwise process in our experiments, the dissociation process
should have certain contributions such as charge localization,
which result in asymmetries of photofragment ions [45]. If
charge localization is considered, the ion yield asymmetries
of the C+ and O+ ions are expected to be in phase with each
other. Furthermore, the phase dependences of fragment ions
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FIG. 2. (a, b) Left axis, black symbols: Ion yield asymmetry of photofragment ions Ayield = (IF − IB)/(IF + IB) as a function of (a) φ12

with φ13 = 0 and (b) φ13 with φ12 = 0 for ω + 2ω + 3ω laser fields: open circles, C+ photofragment ions; closed circles, O+ photofragment
ions. Right axis, blue symbols: Total yield of photofragment ions Itotal = IF + IB as a function of (a) φ12 with φ13 = 0 and (b) φ13 with φ12 = 0
for ω + 2ω + 3ω laser fields: open circles, C+ photofragment ions; closed circles, O+ photofragment ions. (c, d) Left axis, black solid curves:
Electric-field asymmetry Afield as a function of (c) φ12 with φ13 = 0 and (d) φ13 with φ12 = 0 for ω + 2ω + 3ω laser fields. Right axis, blue
dotted curves: Absolute values of the electric-field maxima |E (t )|max as a function of (c) φ12 with φ13 = 0 and (d) φ13 with φ12 = 0 for
ω + 2ω + 3ω laser fields (E2/E1 = 2/3, E3/E1 = 1/3).

were reported to be dependent on their kinetic energies [46].
In our experimental results, the ion yield asymmetries of the
C+ and O+ ions were completely out of phase with each
other, and the phase dependences of fragment ions were not
dependent on their kinetic energies. These results show that
CO molecules are orientation-selectively ionized in the first TI
process; the other processes that follow that contribute to ion
yield asymmetries are washed away, causing other effects that
induce ion yield asymmetries to appear to be minor. There-
fore, we conclude that the main contribution that dominates
the phase dependence of fragment ion emission is the first
TI process. We also note the possibility of electron removal
from orbitals other than HOMO. If parent ions generated by
electron removal from the HOMO via TI are not directly or
stepwise connected to dissociation channels and the observed
photofragment ions are generated via dissociation channels
connected to orbitals other than the HOMO, the direction
of the orientation-selectively ionized molecules could dif-
fer from that expected by the shape of the HOMO [47].
In this paper, the total intensity of the Fourier-synthesized
laser fields is 5 × 1013 W/cm2. This laser intensity is strong
enough for CO molecules to induce TI from the HOMO but
not so strong as to induce TI from inner orbitals such as
HOMO-1. Since the direction of the oriented molecules is
consistent with that expected by the shape of the HOMO, it

is reasonable to conclude that TI from the HOMO is the main
contribution.

Furthermore, we analyzed the phase dependence of the
total yield Itotal(= IF + IB) for the C+ and O+ photofragment
ions to understand the mechanism of the yield-enhanced
and -suppressed molecular ionization processes. Figures 1(a)
and 1(b) also depict Itotal for (a) ω + 2ω laser fields as
a function of φ12 and (b) ω + 3ω laser fields as a func-
tion of φ13. Slight phase-dependent behavior of Itotal with
π periodicity was observed in the case of ω + 2ω laser
fields for C+ and O+ [Fig. 1(a)]. In contrast, large periodic
enhancement and suppression of Itotal with 2π periodicity
were clearly observed in the case of ω + 3ω laser fields
for C+ and O+ [Fig. 1(b)]. From these results we conclude
that positive and negative orientation-selected TI is induced
by ω + 2ω laser fields, and yield-enhanced and -suppressed
TI is induced mainly by ω + 3ω laser fields. We note that
the Itotal values of C+ and O+ were in phase with each
other, so that there was no phase dependence of the branch-
ing ratio of the two reaction pathways: CO+ → C+ + O or
C + O+.

Next, we analyzed the phase dependence of the C+ and
O+ photofragment ions for Fourier-synthesized ω + 2ω +
3ω laser fields. Figure 2 depicts Ayield for ω + 2ω + 3ω laser
fields as a function of (a) φ12 with φ13 = 0 and (b) φ13
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with φ12 = 0. Clear periodicities of 2π were observed in
Ayield as a function of φ12 and φ13 for both C+ and O+
[Figs. 2(a) and 2(b)]. Both phase dependencies of C+ and
O+ were completely out of phase with each other. The φ12

dependencies of C+ and O+ crossed each other. On the other
hand, the φ13 dependencies of C+ and O+ anticrossed each
other. (This discrepancy is discussed below.) These results
show that CO molecules are orientation-selectively ionized
while discriminating the head and tail orientation of the
molecules by Fourier-synthesized ω + 2ω + 3ω laser fields.
The out-of-phase behavior with crossing between C+ and O+
in the φ12 dependence of Ayield shows that the orientation of
ionized molecules is inverted between φ12 = 0 and ±π . In
contrast, the out-of-phase behavior with anticrossing between
C+ and O+ in the φ13 dependence of Ayield indicates that
CO molecules are orientation-selectively ionized, but their
orientation is not inverted between φ12 = 0 and ±π . As shown
in Figs. 2(a) and 2(b), the maximum amplitude of Ayield is
enhanced by adding 3ω laser pulses.

Figures 2(a) and 2(b) depict Itotal for ω + 2ω + 3ω laser
fields as a function of (a) φ12 with φ13 = 0 and (b) φ13 with
φ12 = 0. Clearer φ12-dependent behavior of Itotal with π peri-
odicity was observed than in the case of ω + 2ω laser fields
for C+ and O+ [Fig. 2(a)]. Furthermore, large φ13-dependent
enhancement and suppression of Itotal with 2π periodicity
were apparent in the case of ω + 2ω + 3ω laser fields for
C+ and O+ [Fig. 2(b)]. From these results, we conclude that
Fourier-synthesized ω + 2ω + 3ω laser fields concurrently
enhance both positive and negative orientation-selected and
yield-enhanced and -suppressed molecular tunneling ioniza-
tion.

To elucidate the mechanism that accounts for positive and
negative orientation-selected, yield-enhanced and -suppressed
molecular TI, we calculated the two phase-dependent charac-
teristics of the electric field that could affect molecular TI: the
absolute value of the maxima of the electric-field amplitude,
|E (t )|max, and the electric-field asymmetry, Afield, defined by
Afield = [|E (t )max| − |E (t )min|]/[|E (t )max| + |E (t )min|] [39].
The maximum (minimum) of |E (t )|max can be connected
to enhancement (suppression) of the yield of molecular
TI. Afield weighs the difference between the positive and
negative amplitudes of the electric field. When TI occurs
in molecules with an asymmetric structure, the TI rates
are expected to differ between positively oriented and neg-
atively oriented molecules. As a result, the asymmetric
waveform of the Fourier-synthesized laser field can selec-
tively ionize molecules while discriminating between head
and tail orientation of molecules with asymmetric struc-
tures [33–37]. This selectivity and discrimination cannot be
achieved by single-frequency laser fields with symmetric
waveforms.

The solid lines of Figs. 1(c) and 1(d) depict the field
asymmetry Afield as a function of φ12 for ω + 2ω laser fields
[Fig. 1(c)] and as a function of φ13 for ω + 3ω laser fields
[Fig. 1(d)]. Afield is inverted between φ12 = 0 and ±π for
ω + 2ω laser fields. On the other hand, Afield has no phase
dependence with a value of zero for ω + 3ω laser fields.
This means that ω + 3ω laser fields have symmetric wave-
forms with respect to positive and negative directions so that

ω + 3ω laser fields do not have the capability of orientation-
selected ionization while discriminating between head and tail
orientation of molecules with asymmetric structures [33–37].
This behavior is consistent with the experimental results of
orientation-selected ionization.

The dotted lines of Figs. 1(c) and 1(d) show the value
of |E (t )|max as a function of φ12 for ω + 2ω laser fields
[Fig. 1(c)] and as a function of φ13 for ω + 3ω laser fields
[Fig. 1(d)]. They reach maxima (minima) at φ12 = 0, ±π

(±π /2, ±3π /2) [Fig. 1(c)]. On the other hand, they reach
maxima (minima) at φ13 = 0 (±π ) [Fig. 1(d)]. These maxima
and minima are consistent with the experimental results of
enhancement (suppression) of the yield of molecular TI.

Similarly, we calculated Afield and |E (t )|max for three-color
Fourier-synthesized ω + 2ω + 3ω laser fields. The solid lines
of Figs. 2(c) and 2(d) show the value of Afield as a function of
φ12 with φ13 = 0 [Fig. 2(c)] and φ13 with φ12 = 0 [Fig. 2(d)]
for Fourier-synthesized ω + 2ω + 3ω laser fields. Afield as
a function of φ12 is inverted between φ12 = 0 and ±π for
ω + 2ω + 3ω laser fields. More importantly, compared to two-
color laser fields, the contrast of phase-dependent behavior
is also enhanced. This behavior is consistent with the ex-
perimental results of orientation-selected ionization for three-
color Fourier-synthesized laser fields. On the other hand, Afield

as a function of φ13 is not inverted between φ12 = 0 and
±π for ω + 2ω + 3ω laser fields. This means that ω +
2ω + 3ω laser fields lead to orientation-selected ionization,
but the orientation is not inverted by φ13. This behavior is
also consistent with the experimental results of orientation-
selected ionization.

The dotted lines of Figs. 2(c) and 2(d) show the value of
|E (t )|max as a function of φ12 with φ13 = 0 [Fig. 2(c)] and
φ13 with φ12 = 0 [Fig. 2(d)] for ω + 2ω + 3ω laser fields.
They reach maxima (minima) at φ12 = 0, ±π (±π /2, ±3π /2)
[Fig. 2(c)]. On the other hand, they reach maxima (minima)
at φ13 = 0 (±π ) [Fig. 2(d)]. More importantly, compared
to the case of two-color laser fields, the contrast of phase-
dependent behavior in |E (t )|max is enhanced. These maxima
and minima are also consistent with the experimental results
of yield-enhanced and -suppressed ionization.

Figure 3 illustrates the visualized relation between wave-
forms of Fourier-synthesized three-color ω + 2ω + 3ω laser
fields and the direction of orientation-selectively ionized
molecules. The waveforms of Fourier-synthesized three-
color ω + 2ω + 3ω laser fields at relative phase differences
(φ12, φ13) = (0, 0), (π, 0) show maximum amplitudes and
field asymmetries in the positive (0, 0) and negative (π ,
0) directions, respectively, due to constructive interference
among three-color laser fields within the suboptical cycle,
inducing positive and negative orientation-selected, yield-
enhanced molecular TI. On the other hand, the waveforms of
Fourier-synthesized three-color ω + 2ω + 3ω laser fields at
relative phase difference (φ12, φ13) = (0, π ) show minimum
amplitudes with less field asymmetry due to destructive in-
terference among three-color laser fields within the suboptical
cycle, inducing positive-orientation selected, yield-suppressed
molecular TI. The addition of 3ω pulses allows fine suboptical
interference control of not only the field asymmetry but also
the maximum field amplitude.
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FIG. 3. Waveforms of Fourier-synthesized three-color ω + 2ω +
3ω laser fields at relative phase differences (φ12, φ13) = (0, 0) (black
curve), (π , 0) (blue curve), and (0, π ) (red curve) (E2/E1 = 2/3,
E3/E1 = 1/3) and schematics of the molecular orientation and
isocontours of the HOMO for orientation-selectively ionized CO.
Closed dots indicate the points at maximum field amplitude.

IV. CONCLUSIONS

We have investigated the positive and negative orientation-
selected and yield-enhanced and -suppressed molecular TI
of carbon monoxide by dual-phase control of femtosec-
ond Fourier-synthesized laser pulses. Positive and negative
orientation-selected molecular TI is achieved by ω + 2ω

laser fields, whereas yield-enhanced and -suppressed TI is
mainly achieved by ω + 3ω laser fields. Fourier-synthesized
ω + 2ω + 3ω laser fields concurrently enhance both positive
and negative orientation-selected and yield-enhanced and -
suppressed molecular TI. Fine suboptical interference control

of three-color Fourier-synthesized laser fields provides control
of both the field asymmetry and the maximum field ampli-
tude, leading to positive and negative orientation-selected and
yield-enhanced and -suppressed TI.

We have previously reported on four-mode selection with
a combination of positive and negative orientation-selected
and yield-enhanced and -suppressed molecular TI [38].
Orientation-selected and yield-enhanced molecular TI is easy
to understand because maximum orientation selectivity al-
ways shows yield-enhanced ionization. However, orientation-
selected yield-suppressed TI occurs when the orientation
selectivity is not a maximum, suggesting that characteristic
ionization is not always induced at relative phase differences
with multiple integers or fractions of π . We emphasize that
the observation of combined positive and negative orientation-
selected and yield-enhanced and -suppressed molecular TI
provides us with a way to characterize arbitrary light wave-
forms in terms of |E (t )|max and Afield. The suppression of
ionization while irradiating intense laser fields is a key to
the control of HHG [12–14], because the efficiency of HHG,
where photoelectrons are accelerated and recollided back to
the ground states of atoms and molecules by intense laser
fields within one optical cycle, is restricted by the depletion
of ground-state atoms and molecules due to ionization. A
measurement of both HHG while monitoring |E (t )|max and
Afield by using photofragment ions in asymmetric molecules
has the possibility to maximize the efficiency and cutoff in
HHG, leading to the efficient generation of coherent soft x
rays by HHG.
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