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The strong-field coherent control of the nonresonant ionization of nitrous oxide using shaped pulses is investigated.
We study the dependence of periodic coherent oscillation of the total ionization yield on the variation of laser phase param-
eters. The physical mechanism of the strong-field coherent control is investigated experimentally and theoretically by the
nonresonant spectral phase interferences in the frequency domain. We show that the intense shaped pulses with broadband
and off-resonance can be used as a robust strong-field coherent control method.

Keywords: coherent control, nonresonant ionization, shaped pulse
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1. Introduction

As a robust method, the coherent control scheme is used
to steer a quantum system to the pre-defined target or dynami-
cal behavior by the transfer of coherence properties from light
to the quantum system. The coherent interference is one of
the most basic and important theories in quantum mechanics,
which can be used to control the quantum systems by construc-
tive or destructive interference between initial state and final
state. The development of various laser sources with pulse
widths comparable to the time scale of quantum dynamics,
i.e., the femtosecond regime, and the increasing capabilities
of pulse shaping in amplitude, phase, and polarization have
been demonstrated to be effective in manipulating both simple
and complex systems such as atoms, molecules, and semicon-
ductors.

There are two main control schemes classified by the in-
tensity of laser interacting with model systems. When the ap-
plied laser field is weak, and the perturbation theory applies,
there is a direct relationship between the laser spectral phases
of different frequency components and the phases of the path-
ways to the final state. As outlined by Shapiro and Brumer,!!!
the dynamic mechanisms in the perturbative regime are re-
lated to laser field (or higher order) spectral interferences.?=!
For instance, two-photon transition processes such as reso-
nant two-photon absorption (TPA) and nonresonant TPA can
be selectively enhanced or suppressed.[>®! However, when
the applied electric fields are strong, it is equivalent to pre-
senting an additional degree of freedom, and the perturba-
tion theory is invalid. The level broadening and shift of the
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quantum systems make the spectral interference treatments
rather complicated. The phases of the pathways between ini-
tial and final states are no longer directly related to that of
the laser field. Siberberg and co-workers proposed a “simple
route” to strong-field coherent control.[®! They showed that
the real electric field with only one quadrature in the com-
plex plane can be used to deal with the issue, which can sym-
metrically cancel the power broadening effects. Some strong-
field experiments have been interpreted in terms of selective
population of dressed states (SPODS), which establishes the
general framework of strong-field control mechanisms such
as photon locking (PL),!”) (stimulated) rapid adiabatic pas-
sage (RAP, STIRAP),®! and their combinations. The con-
trol of SPODS has been accomplished using chirped pulses,
pulse sequences, sinusoidal phase-modulated shaped pulses,
and their combinations, where the theoretical methods involve
the dressed states model,[gl Autler—Townes model,'" and
Bloch-vector model.!8! Another degree of freedom in coher-
ent control is phase interferences caused by broadband laser
pulse, which includes both resonant frequency and nonres-
onant frequency components. Amitay’s group pointed out
that the pulse-bandwidth dependence interferences can be at-
tributed to the third-order perturbative interaction in the weak
field regime.!'!! Weinacht and co-workers systematically ana-
lyzed the behavior of interferences driven by wide bandwidth
shaped pulses.!!?! They proposed that the interferometric mod-
ulations, where resonant and nonresonant ones present simul-
taneously, are dominated by interference between resonant and
nonresonant pathways rather than interference between the
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different resonant pathways in the weak field regime, and the
interference pattern is most easily understood by time-domain
dynamics rather than nonperturbative theory in the strong field
regime. Furthermore, some research work has demonstrated
that the coherent control can be expanded from a few photons
to many photons conditions.!>~151 In recent years, a new type
of photoelectron wavepacket interferences in ionization pro-
cesses was presented experimentally and theoretically. For the
simplest case, the photoelectron angular distributions (PAD)
can be modulated by the interference between different pho-
toelectron angular momentum components yielded by ioniza-
tion, and the control over the interferograms has been inves-
tigated in the energy-domain.['®!7) In the time-domain, the
final measured interferograms result from the coherent super-
position of all the ionization pathways which happens at any
moment during the pulse, because the observed result is in-

(18,191 Unlike spectral

tegrated over the entire pulse duration.
phase interferences determined by the phase between differ-
ent pathways, the interferences in ionization are due to the
angle (and phase) interferences of photoelectron wavepack-
ets using polarization multiplexing, such as dynamic dimen-
sionality identification,!?"! electron vortices, ! photoelectron
circular dichroism,??! and molecular frame reconstruction!!”]
using polarization shaped pulses.

In the current paper, we show one type of coherent control
over nonresonant ionization making use of nonperturbative
control by sinusoidal phase modulated shaped pulses. Differ-
ent from previous strong field coherent control research where
spectral phase interferences based on perturbation theory are
invalid, we study the dependence of the periodic coherent os-
cillation of the total ionization yield on the variation of the
laser parameters, and propose that the coherent oscillation is
caused by periodic interferences of the laser spectral phase.
We argue that, to a certain extent, spectral phase interference
still plays an important role in some coherent control experi-
ments in the strong field region, such as the nonresonant ion-
ization process using intense broadband laser field. In addi-
tion, the implementation of control can be realized not only by
the interference effects on particular quantum excitation chan-
nels, but also the assembly effect caused by the interferences
of many excitation channels. The nitrous oxide molecule is
chosen as our model system. Nitrous oxide, also known as
laughing gas, occupies a very small proportion of the earth’s
atmosphere. However, it has two orders of magnitude more
global warming effect as a greenhouse gas than carbon diox-
ide. Nitrous oxide is also the main reason for ozone depletion
because of the gradually increase of its emission. Due to these
two aspects, the nitrous oxide molecule has attracted wide at-
tention of many scientists in atmospheric science and envi-
ronmental chemistry. Much work has been devoted to studies
of the ionization and dissociation of nitrous oxide by positive

ions, photons, electron impact, and negative-ion impact.

2. Experiment
2.1. Sinusoidal phase modulation

A common method to modulate a laser pulse is to use a 4-
f optical setup.>3] The modulation by Sinusoidal phase func-
tion is operated in frequency domain, but the envelope in the
time domain usually attracts people’s attention as well. We
analyze the envelope of time-frequency Fourier transform in
this section, and show the important properties of the modu-
lated pulses. We start with the unmodulated laser field with
horizontal polarization?*!

Ein(t) = &n(t) '™, (1

where @y is the carrier frequency and €,(7) denotes, in gen-
eral, the electric field envelope. The sinusoidal phase functions
loaded to two masks of the modulation device,

Q1 =A;sin[(@ — 0e) T + ¢1], )
2 = A sin[(® — @rer) T2 + o], 3)

modulate the spectrum Ej,(®) in frequency domain and the
modulated field is give by

Eou(®) = Eip(@)e!(91792), 4)

where A defines the amplitude of the modulation function, T
the frequency of the sinusoidal function oscillation, and ¢ the
constant phase offset. The wyr is introduced experimentally
to describe the initial reference angular frequency of the sinu-
soidal phase function with respect to the central angular fre-
quency of the laser spectrum.

First, we discuss a special case of A=A| =A,, T =T =
T>, and ¢ = ¢; = ¢, resulting in a shaped pulse sequence with
constant linear polarization. Equation (4) can be rewritten as

Eout(w) = Ein(a)) eziASin[(w_a)rcf)T+¢] . (5)

We can further obtain the modulated electric field in time do-
main by the Jacobi—Anger identity and time-frequency Fourier

transform[%!

Eou(t) o< €' Y J,(A)gin(t +nT)e"A0TH0)  (6)
He oo
where A®w = @y — ,r denotes the difference between the laser
carrier frequency and the reference frequency of the sinusoidal
phase function, and J, is the Bessel function of the first kind
and order n. Therefore, the modulated electrical field envelope
&ut(?) can be written as

Eout(t) o< Y Ju(A)gin(t +nT)emAOTH0), (7)

From Eq. (7), we can see that the sinusoidal phase modulation
produces a laser pulse sequence in time domain with a same
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sub-pulse temporal separation determined by the parameter 7.
The envelope of each sub-pulse is a replica of the unmodulated
pulse envelope &g, (¢) with reduced intensity, and the difference
of relative phases between adjacent sub-pulses is determined

by AwT + ¢.
Next, we discuss the case of A = A1 =A,, T =T = 1>,
and ¢ = ¢; = — ¢, resulting in a shaped pulse sequence with

varying polarization. In addition, a quarter-wave plate (QWP)
is placed at the exit of the pulse shaper, with the fast axis of
the QWP along the horizontal direction. The same as the anal-
ysis above, the modulated electric field in time domain can be
obtained as

Eout(t) o< eiwoteout(t)~ (8)
The modulated electrical field envelope g4y:(f) can be written
as
oult) < Y Ju(A)&in(t +nT)e"AOT 0y, )
n=—oo

The temporal separation between sub-pulses is determined
by the parameter 7, and the envelope of each sub-pulse is a
replica of the unmodulated pulse with reduced intensity. The
difference of relative phases between adjacent sub-pulses is
determined by A®WT + ¢. The r, indicates the unit vector
of the n-th sub-pulse polarization direction. The sub-pulse
with n = 0 is horizontally polarized light. But the n-th sub-
pulse (n # 0) has an azimuthal angle of n¢ with respect to the
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Fig. 1. Diagrams of the laser electric fields using two modulation meth-
ods for shaped pulse sequences with (a) constant (horizontal) polariza-
tion (red bold lines) and (b) varying polarization (black bold lines). In
panel (b), the red dashed lines and blue dashed lines indicate the pro-
jections of the laser electric fields in horizontal and vertical directions,
respectively.

horizontal direction. For example, the angle of sub-pulse with
n=11s ¢. In addition, we can find that the angle between ad-
jacent sub-pulses is ¢. Figure 1 shows schematically the laser
fields using two modulation methods.

2.2. Experimental setup

The femtosecond laser pulses are generated by an ampli-
fied laser system (Spectra-Physics, Solstice Ace, 1 kHz, 35 fs,
6 mJ) and modulated by the polarization pulse shaper setup,
which is based on a design by Gerber et al.!*6! A concave
focusing mirror (f = 75 mm) is used to focus the laser to
obtain an intensity up to 4 x 10'* W/cm? at the focal point
with 40 pJ/pulse. The total ionization yield and kinetic en-
ergy distribution of electrons are measured by a cold-target

[27] First, we

recoil-ion-momentum spectrometer (COTRIMS).
measure the ionization yield and kinetic energy distribution of
electrons using shaped pulse sequences with varying polariza-
tion, as functions of sinusoidal parameters 7' and ¢. Then we
investigate the effect of polarization changing on the ioniza-
tion yield and kinetic energy distribution using a shaped pulse
sequence with constant linear polarization. In all experiments,
the value of A is fixed at 0.5, which can produce a three-pulse
sequence. The parameter 7 ranges from 80 fs to 700 fs, and
—7 to 7 for @.

The precise generation of polarization-shaped femtosec-
ond laser pulses with a well-designed polarization profile
in time domain is challenging in the laboratory.[?8! The
multiphoton intrapulse interference phase scan (MIIPS) and
polarization-labeled interference versus wavelength for only a
glint (POLLIWOG) methods are used to ensure that the pulse
without modulation is transform limited, and the polarization-
shaped pulses are accurate.

3. Results and discussion

In this section, we present the experimental results ob-
tained by the nonresonant ionization of nitrous oxide using
intense ultrashort shaped pulse sequences with varying or con-
stant polarization modulated by sinusoidal phase functions.
Then we study the total ionization yield as functions of phase
parameters. We also measure the kinetic energy distribution of
the ionized electrons and try to investigate the mechanisms of
coherent control of different ionization channels based on the
nonresonant two-photon interference theory.

First, we study the ionization yield dependence on phase
parameter using a shaped pulse sequence with varying polar-
ization. The ionization yield distribution upon variation of
the phase parameters 7 and ¢ is shown in Fig. 2 as a two-
dimensional graph. The yield oscillates obviously with both
T (pulse interval) and ¢, in which the oscillation period with
T is about 200 fs, and 27 with ¢. But the regularity seems to
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be broken when 7T is smaller than 100 fs. We believe this is
due to the optical interference between sub-pulses when they
overlap in time domain.*”! The peak intensity of the oscilla-
tion gradually reduces with increasing 7', which means that the
total ionization yield also shows a decreasing trend. By chang-
ing T and ¢, one can control the total ionization yield using the
shaped pulse sequence with varying polarization. For instance,
figure 3(a) shows two horizontal slices of data from the two-
dimensional ionization yield distribution in Fig. 2 at ¢ =0 and
7. Both ionization yield curves oscillate with 7', and the phase
of the oscillation is shifted by 7 at ¢ = 0 with respect to that
at ¢ = . The 7 phase shift of the curves equals the difference
between the two values of the parameter ¢. Thus, the ¢ param-
eter can be used as a direct phase control method. Two vertical
slices of data from the two-dimensional ionization yield distri-
bution in Fig. 2 at T = 338 fs and T = 435 fs are shown in
Fig. 3(b). The 27 oscillation period is caused by the inher-
ent period when applying phase to the spatial light modulator.
The difference between the two values of T is chosen to be
about half of the T oscillation period in Fig. 2, which is in
agreement with the 7 phase shift of the two oscillation curves.
Thus, the T parameter can also be used as a reliable coherent
control method. The modulation depth is significantly larger at
T =338 fs than that at T =435 fs. This is because the parame-
ter T not only modulates the phase of the laser pulse in Eq. (5),
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but also affects the shape of the laser pulse in time domain, as
discussed in the experiment section. The modulation of the
laser phase results in periodic oscillation. In the time domain,
the modulation of the laser phase is mainly determined by the
difference of relative phases between adjacent sub-pulses, i.e.,
AwT + ¢. When T is fixed, the oscillation period of ¢ is 27,
which consists of the oscillation period of the ionization yield.
When ¢ is fixed, the oscillation period of AwT is 2. There-
fore, 200 fs (the oscillation period of the ionization yield) is
the value of T that makes A@T equal to 2. However, the in-
fluence on the laser pulse, i.e., the increase of laser sub-pulse
separation from 338 fs to 434 fs, probably leads to the differ-
ence in the modulation depth, because of stronger decoherence

effect at longer time.

¢/rad

0

100

700

Pulse interval/fs
Fig. 2. The two-dimensional ionization yield distribution upon varia-
tion of the phase parameters T (pulse interval) from 80 fs to 800 fs and

¢ from —7 to 7 for fixed value of A = 0.5 using shaped pulse sequence
with varying polarization.
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Fig. 3. (a) Horizontal slices of data from the two-dimensional ionization yield distribution in Fig. 2 at ¢ = 0 (red) and 7 (blue). (b) Vertical
slices of data from the two-dimensional ionization yield distribution in Fig. 2 at T = 338 fs (red) and T = 435 fs (blue). The photoelectron
kinetic energy distribution curves with ¢ = 0 (red) and ¢ = 7 (blue) for fixed (c) T = 338 fs and (d) T = 435 fs using shaped pulse sequence
with varying polarization. The photoelectron kinetic energy distribution curves with 7 = 338 fs (red) and 7' = 435 fs (blue) for fixed (e)
¢ = /4 and (f) ¢ = 7/2 using shaped pulse sequence with varying polarization.

033201-4



Chin. Phys. B Vol. 28, No. 3 (2019) 033201

To investigate the influence of sub-pulse polarization on
the total ionization yield, we compare the above results with
the ionization yield using a shaped pulse sequence with con-
stant polarization. The values of parameters A, T, and ¢ are
chosen to be the same as those used for the shaped pulse se-
quence with varying polarization. The two-dimensional ion-
ization yield distribution functions of the phase parameters 7
and ¢ are shown in Fig. 4. The periodic oscillation of the total
ionization yield with 7" and ¢ still exists, and the oscillation
period for T is about 200 fs and for ¢ is 2x. Different from
the varying polarization case, the two-dimensional ionization
yield pattern is not symmetrical with respect to ¢ = 0. Two
horizontal slices of data from Fig. 4 at ¢ = /2 and —x/2
are shown in Fig. 5(a). Again, both yield distributions oscil-
late with T, and the phase of the oscillation is shifted by 7 at
¢ = /2 with respect to that at ¢ = —x /2. The vertical slices
of data from the two-dimensional ionization yield distribution
in Fig. 4 at T = 134 fs and T = 338 fs are shown in Fig. 5(b),
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where the oscillation period is also 2. Despite some slight
differences between Fig. 2 and Fig. 4, the total ionization yield
is similarly modulated as functions of 7 and ¢ using shaped
pulse sequences with constant polarization and varying polar-
ization. Therefore the modulation of the total ionization yield
seems to be not directly related to the polarization changing of
the sub-pulses.

1.0
0.8
0.6
0.4
0.2
0

¢/rad

100 300 500 700
Pulse interval/fs

Fig. 4. The ionization yield distribution upon variation of the phase pa-
rameters T (pulse interval) from 80 fs to 800 fs and ¢ from —7m to &
for fixed value of A = 0.5 using shaped pulse sequence with constant
polarization.
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Fig. 5. (a) Horizontal slices of data from the two-dimensional ionization yield distribution in Fig. 4 at ¢ = /2 (red) and —m/2 (blue).
(b) Vertical slices of data from the two-dimensional ionization yield distribution in Fig. 4 at T = 134 fs (red) and T = 338 fs (blue). The
photoelectron kinetic energy distribution curves with ¢ = 0 (red) and ¢ = 7/2 (blue) for fixed (¢) T = 134 fs and (d) T = 338 fs using shaped
pulse sequence with constant polarization. The photoelectron kinetic energy distribution curves with 7' = 134 fs (red) and 7 = 338 fs (blue)
for fixed (e) ¢ = 0 and (f) ¢ = /4 using a shaped pulse sequence with constant polarization.

To further understand the control mechanism, we first
start with a discussion of the ionization mechanism on ni-
trous oxide irradiated by the shaped pulse. The ionization
processes are generally divided into two regimes: multipho-
ton ionization and tunneling ionization.?! The Keldysh pa-

rameter Y = 2ITPP’ where Ip is the ionization potential, and

Up = ﬁ is the ponderomotive energy ([ is the laser intensity,
and o is the angular frequency). The ionization regimes can
be identified by the value of 7. When the value of y is much
larger than 1, the ionization process belongs to the multiphoton
regime. When the value of 7 is close to 1, we generally con-

sider that the ionization process is converted from the multi-
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photon regime to the tunneling regime and the potential energy
level is modified by the strong coupling of Coulomb and laser

BY In our experiment, [, = 12.89 eV, and [ is

field potentials.
set to about 2 x 10!* W/cm?2. We can obtain Y~ 0.7, therefore,
the tunneling ionization dominates the ionization processes.
In addition, the ionization processes undergo predominantly
nonresonant excitation under the laser condition, which can be
confirmed by the existing energy level information of nitrous

oxide3%35

I and the absence of obvious resonance pattern in
the measured photoelectron spectrum (photoelectron spectrum
data will be presented and discussed in a follow up paper). We
also investigate the photoelectron kinetic energy distribution
using shaped pulses with both constant polarization and vary-
ing polarization. The phase parameters are chosen to be at the
point where the coherent control is of the highest efficiency,
i.e., the point (or slice) in Fig. 2 where the modulation depth
is at maximum. In the experimental results using shaped pulse
with varying polarization, we find that the shapes of photoelec-
tron kinetic energy distribution curves with different ¢ and the
same 7 are similar. For example, the curve with ¢ = 0 is very
similar to that with ¢ = 7 for a fixed T = 338 fs, as shown in
Fig. 3(c), and the curve with ¢ = 0O is also very similar to that
with ¢ = 7 for a fixed T = 435 fs, as shown in Fig. 3(d). The
shapes of curves with different 7 and same ¢ are also similar,
as shown in Figs. 3(e) and 3(f). The same phenomenon exists
in the results using shaped pulses with constant polarization, as
shown in Figs. 5(c)-5(f). Thus, the modulation of each ioniza-
tion channel is similar, and the control on the total ionization
yield appears to be the result of combined contribution from
all ionization channels rather than the result of enhancing or
suppressing of few specific ionization channels.

We find that the same modulation of all ionization pro-
cesses leads to the control over the total ionization yield,
which is different from most strong-field-induced coherent
control experiments. As described above, the energy levels
of the molecule system will be broadened and shifted un-
der the strong laser irradiation. Therefore, the time-domain
structure and phase of pulses become more important. The
laser spectral phase is no longer directly related to the inter-
ference of the excitation channels. Even though the spectral
phase modulation adapts well in weak field regimes, it can
only achieve the coherent exciting or switching on few spe-
cific quantum channels. In the present experiment, the control
of each ionization channel is accomplished by the constructive
and destructive interferences of different photons, which has
been discussed before!!!l and proved to be pulse-bandwidth

t.136] Because the laser field has a

and spectral phase dependen
broad spectrum, it can produce a wide coherent area of ioniza-
tion pathways. For instance, for a two-photon ionization chan-
nel with particular initial-to-final state 2@ = (E; — E;) /h),1>")

some new pathways are produced between two photons with

different frequencies (@, + @, = (E; — E;) /h) within the band-
width, which will be discussed in detail later. Previous work
has also pointed out that only resonant interference is present
in the weak-field limit, but the measured interference changes
largely between resonant and nonresonant excitation pathways

[12] Since the energy

with the full spectrum and intense pulse.
levels are dressed and distorted by the strong laser field, we
propose that the system is first excited incoherently to the dis-
torted Rydberg state, and then ionizes through coherent non-
resonant excitation produced by spectral phase interference of
photons. It must be noted that different ionization channels
may go through different intermediate Rydberg states distorted
by the strong laser field. These incoherent transitions from
initial state to intermediate state do not contribute to the con-
trol on the total ionization yield, and only the coherent exci-
tations from intermediate state to final state lead to the con-
trol on the total ionization yield. Due to the great difference
in the probability of multiphoton nonresonant coherent excita-
tion, the probability of two-photon interference is much larger
than that of three- and four- photon interference.?”) We study
predominantly the two-photon interference of spectral phase.
The same discussion has been presented in previous work. 38!

The nonresonant two-photon interference in ionization
processes is verified by measuring the second harmonic gen-
eration (SHG) signal of the laser field with the same phase
parameters using a 0.5-mm-thick BBO crystal. The integrated
SHG intensity as functions of the phase parameters 7" and ¢ is
shown in Fig.6. In Fig. 6(a), the spectral intensity integration
is done with the full spectral range (396—404 nm) using vary-
ing polarization shaped pulse. The pattern of Fig. 6(a) matches
poorly with the ionization pattern shown in Fig. 2. However,
when the integration range is set to from 399 nm to 401 nm, as
shown in Fig. 6(b), the pattern is consistent with the ionization
pattern in Fig. 2. Therefore, the two-photon interference caus-
ing the control of ionization processes mainly occurs around
the laser spectrum center frequency of 400 nm. We believe
this is due to the fact that the intensity of the SHG spectrum
near the center is larger than that near the side. For the con-
stant polarization case, the pattern in Fig. 6(d) for integration
from 399 nm to 401 nm is also more consistent with the ion-
ization pattern in Fig. 4 than that in Fig. 6(c) for integration
over the whole range. But the pattern with the integration over
the whole range also shows oscillations with 7" and ¢, which
is not obviously observed in Fig. 6(a) for the varying polariza-
tion case. We believe this is due to the influence of the laser
pulse structure in the time domain, which needs to be further
studied.

The SHG intensity is proportional to the integrated non-
linear power spectrum I = [ S(®)d®,!*! where

S(@) = ‘/_iE(w/2+Q)E(a)/2—Q)dQ S
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is the spectral intensity as a function of frequency w. Here
®/2+ Q2 and ©/2 — Q are two of the fundamental frequen-
cies, Q is the frequency offset, and

E(0/24+Q)=A(w/2+ Q2)explip(w/24+ Q)] (11)

is the Fourier transformation of E (), where A(®/2+ Q) and
o(w/2+ Q) are the spectral amplitude and phase modulated
by the shaped phase parameters, respectively. Figures 7(a)
and 7(b) show a set of experiment results of the total ioniza-
tion yield using constant polarization and the theoretical re-
sults with two-photon interference model for the same phase
parameters, which indicate that our theoretical model gener-
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ally agrees with the experimental processes. But there are
also parts of the curves which do not match well in Fig. 7(a),
for instance, at T < 200 fs. These may be the effects of the
shaped pulse structure in time domain, with smaller 7', when
the step-by-step excitation processes similar to pump—probe
processes happen and even the sub-pulses overlap. Although
not the main influencing factors, the three-photon and four-
photon interference processes should be taken into account for
obtaining a perfect match between experimental and theoreti-
cal results. In general, we can still prove that the nonresonant
two-photon interference processes dominate the control of the

total ionization yield.

100 300 500 700

Pulse interval/fs
— e == 1.0
_ ' |08
g o6
'.,M 0.4
T 0.2

. i

300 500 700

Pulse interval/fs

Fig. 6. The integrated SHG intensity as functions of the phase parameters 7" and ¢. The spectral intensity integration with the full spectral
range (396-404 nm) (a) and from 399 nm to 401 nm (b) using varying polarization shaped pulse. The spectral intensity integration with the
full spectral range (396—404 nm) (c) and from 399 nm to 401 nm (d) using constant polarization shaped pulse.
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Fig. 7. The measured total ionization yield (red) using constant polar-
ization and the theoretical results with two-photon interference model
(blue) for the same phase parameters: (a) varying 7 with fixed A = 0.5
and ¢ =0, (b) varying ¢ with fixed A = 0.5 and T = 338 fs.

4. Conclusion

We performed a study of strong-field nonresonant coher-

ent control on ionization using sinusoidal phase modulated

laser pulses. The control on the total ionization yield was
achieved by the variation of the phase parameters. The in-
fluence of laser polarization on ionization processes was dis-
cussed using constant polarization and varying polarization
shaped pulses. The physical mechanism of control was dis-
cussed in detail. Besides the distortion of the energy level
in the strong-field, the wide bandwidth of pulse plays a cru-
cial role in the control of ionization processes. The different
ionization channels are first excited to the different Rydberg
states distorted by the strong laser field, and then experience
dominantly the same nonresonant two-photon excitation mod-
ulated by the laser phase. The control is accomplished by the
constructive and destructive interferences of the nonresonant
two-photon excitation. The control mechanism is quite dif-
ferent from previous strong-field coherent control where the
time-domain structure and phase of pulse dominate the con-
trol. In addition, the ionization is achieved by off-resonant ex-
citation, which indicates that the control is robust, therefore,
can likely be expanded to many other applications. The non-
resonant two-photon interference in ionization processes was
demonstrated experimentally and theoretically by the SHG of
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the laser field. However, some experimental phenomena still
need to be explained in time domain. For example, the total
ionization yield shows obvious attenuation with the increase
of T. More likely, strong-field effects, such as multielectron
excitation and nonadiabatic effect, also result in the control
in our experiment. The present study helps us to better un-
derstand the strong-field coherent control, and demonstrates
that the physical mechanisms of strong-field coherent control
are fairly complicated and further researchable. Further study
will focus on the system control in both time and frequency
domains. For instance, in the time domain, the wave pack-
ets induced by multiple sub-pulses interfere, disperse with the
increasing interval of sub-pulse.
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