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Unipolar half-cycle pulse generation in asymmetrical media with a periodic subwavelength structure
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We present a method to generate an extremely short unipolar half-cycle pulse based on resonant propagation
of a few-cycle pulse through asymmetrical media with periodic subwavelength structure. Moreover, single- and
few-cycle gap solitons with different frequencies are found to split from one incident few-cycle ultrashort pulse.
These solitons with various frequencies provide evidence for the generation of different parametric waves during
the strong light-matter coupling in asymmetrical media under the extreme nonlinear optics condition. Because of
the pulse self-shaping process during the course of resonant propagation, the generated low-frequency sideband
and another broadband continuum sideband ranging from the visible to the near-infrared regime couple together,
which results in the generation of the subfemtosecond unipolar half-cycle pulse. A time-frequency analysis is
preformed which corroborates the mechanism. The generated unipolar half-cycle pulse might be utilized to

control and probe the ultrafast electronic dynamics.
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I. INTRODUCTION

Generation and synthesis of single and subcycle pulses have
attracted considerable interest since such pulses have great
potential for application in many areas such as attosecond
pulse generation and ultrafast control of electronic dynamics
[1-3]. Compared with oscillating few- or single-cycle pulses,
the unipolar half-cycle pulse has a unique feature, that is,
unidirectionality. When the duration (7},) is much shorter
than the electron classical orbital period (7, ~ 27n® a.u.), the
half-cycle pulse effectively delivers an impulsive momentum
transfer or kick to the electron [4-7]. This behavior can
be used to control and detect the dynamics of the wave
packet [4-7]. The now-available half-cycle pulses are mainly
in the tetrahertz frequency region, with pulse duration of
hundreds of femtoseconds [8,9]. Such half-cycle pulses reach
the requirement T, < T, only for Rydberg states with large
principal quantum number n. Subpicoseond half-cycle tetra-
hertz pulses have been widely used as tools to control and view
Rydberg electron dynamics during the last few years [4—7]. To
extend this electronic wave packet control-probe scheme to
low excited states, extremely short (on the subfemtosecond or
attosecond time scale) half-cycle pulses are needed. As aresult,
generation of single or trains of subfemtosecond half-cycle
pulses in the visible or near-infrared region will be of particular
significance [10].

Recently, it has been suggested that the resonant propaga-
tion of a few-cycle ultrashort laser pulse in nonlinear media
might be a promising candidate for shortening ultrashort laser
pulses to single or even subcycle pulse durations [11,12]. The
resonant strong interaction of the laser pulse with matter is one
of the most striking effects of nonlinear optics. It gives rise to
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many novel effects such as self-induced transparency [13,14],
pulse splitting [13,15], and Rabi oscillation [13,16-20].
The carrier-envelope phase (CEP)-dependent resonant strong
interaction also provides routines to measure the CEP of
few-cycle ultrashort laser pulses with moderate intensities
[21-24]. When the violation of the inversion symmetry of
a two-level system is considered, recent investigation has
demonstrated that the Rabi oscillations are manifest in the
frequency domain as a new singlet Rabi sideband at the Rabi
frequency 2 as well as the well-known Mollow triplets with
frequencies nw, £ 2 [25].

Here we present a method, based on both the resonant
propagation effects and violation of the inversion symmetry
of the medium, to generate extremely short unipolar half-
cycle pulses in the optical frequency range. The idea is that
when a two-level system with broken inversion symmetry is
exposed to a few-cycle ultrashort laser pulse, broadband Rabi
sidebands at frequencies 2(¢) and nw p £ Q(r) will occur (here
Q(t) = w2 E(t)/h is the time-dependent Rabi frequency and
E(¢) is the time-dependent electric field envelope amplitude).
During the course of the resonant propagation, the transient
emission of the system will lead to energy redistributions in the
propagating pulse, which will result in pulse deformation. Our
results show, very interestingly, that this resonant analog of the
self-shaping process can result in the coherent superposition
of the generated low-frequency component and another broad-
band continuum spectrum in the optical frequency regime,
which is expected to synthesize an extremely short unipolar
pulse. Moreover, solitons with different frequencies can be
achieved simultaneously. These phenomena provide a new
route to pulse shaping and compression.

II. THEORETICAL APPROACH

We adopt a period structure because it has been demon-
strated that subwavelength structure can be used to suppress
the intrapulse four-wave mixing in continuous media [12]. As
a result, the evolutions and the interactions among different
Rabi sideband components inherent in asymmetrical media
can be clearly shown. Moreover, a period array of thin
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layers of resonant two-level system reveals an example of an
artificial medium which has attracted great attention in recent
years [12,26]. As for the asymmetrical two-level systems,
various different types of candidates for media, such as
the artificial low-dimension structures (quantum dot, wells,
wire), polar molecules, and atoms imposed onto a static
electric field, among others, have been discussed in detail in
Refs. [25,27-31].

The critical parameter which distinguishes the asymmet-
rical two-level systems from the symmetrical ones is the
nonzero difference between the permanent dipole moments
(PDMs) d = pop — p1y, where w;; are the dipole moment
matrix elements. When the violation of the inversion symmetry
is considered, the full-wave Maxwell-Bloch equations beyond
the slowly varying envelope approximation and rotating wave
approximation can be written as follows:

0H(z,r) 1 9E(z,1)
aF  po 9z
(D
dE(z,1) 1 0H(z,t) wc(2) dP(z,t)
ot :_5 3z & ot
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Here H,P,uo, and &y are the magnetic field, the
macroscopic polarization, the permeability, and the per-
mittivity of free space, respectively. P = NTr(pu),p is
the density matrix. The initial field with a hyperbolic
secant shape is defined as E(t) = E(t)cos[a),,(t — )] =
Eysech[(t — ty)/to] cos[wp(t — ty)], where w,, is the central
frequency and 7, = 2ar cosh(l /\/(ﬁ)l’o is the full width
at half maximum (FWHM) of the pulse envelope. The
envelope area of the pulse is determined by A(z,f =0) =
(12/h) [0 Ez,t)dt’ = (ua1 Eot,m)/1.76h, where wy is the
resonant frequency and 77 and 7, are, respectively, the
lifetime of the excited state and the dephasing time. We
define the dimensionless variable r = d/ 2, which denotes
the asymmetry parameter of the medium. This parameter can
be much different for various media, for example, it has the
magnitude r ~ 1.0 for some Ill-nitride quantum dots [25],
r ~ 2.2 for some substituted aromatic molecules [27,28], and
r ~ 0.4-14.0 for some types of semiconductor wells [29,30].
To investigate the role of violation of the inversion symmetry
in the propagation effect, we consider a one-dimensional
periodic structure similar to that in Ref. [12] but for various
nonzero asymmetry parameters r. The parameters are as
follows [12]: 7, = 51s,w, = wy = 2.3 fs~! (corresponding to
Ao =830nm), u1p =2 x 1072 Asm, T} = 1 ps, T» = 0.5 ps,
the density of the resonant medium N = 4.4 x 10%° cm =%,
The pulse area A = 1z corresponds to a maximum electric-
field amplitude Eo = 1.856 x 10’ V/cm or an intensity of
I =133x1073, Eg =458 x 101 W/cmz. The peak Rabi
frequency 2o = 2.1 fs~! corresponds to an input envelope
area A = 6. It has been demonstrated that under the extreme
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nonlinear regime, a two-level system can be still used to
reproduce the experimental results amazingly well [16,22,23].
We consider a tight periodic structure with same thicknesses
(6 = 0.1, 1o = 83 nm) of the thin layer of asymmetrical two-
level systems and the transparent material which separates the
films because for tighter periodic structure, more energy of the
incident pulse is located in the penetrating part [12] on which
we concentrate. The full-wave Maxwell-Bloch equations are
numerically solved by using the finite-difference-time-domain
method. This method has proven to be an accurate ab initio
tool to simulate the interaction between few-cycle ultrashort
pulses and matter [11,12,14—-17,21-24].

III. NUMERICAL RESULTS

Figures 1(a) and 1(b) show the electric-field profiles of the
pulse before and after propagation through the asymmetrical
resonant period structure, respectively. It can be seen that the
incident pulse splits into several pulses, including both near-
single-cycle and few-cycle gap soliton pulses. Most strikingly,
aunipolar half-cycle pulse with a FWHM about 0.5 fs (500 as)
can be generated, and the amplitude is even higher than those of
the generated few- and near-single-cycle pulses. To see clearly
the frequency contents of the generated pulses, we perform
time-frequency analysis by means of the wavelet transform
of the transmitted electric field [32,33] [see Fig. 1(c)]. The
time-frequency analysis can map out the instantaneous spectral
amplitude as a function of both time and frequency. Compared
to the conventional spectrum, the 3-D time-frequency analysis
graph can clearly show the details of the spectral structures at
different part of the electric field, thus helping us understand
the underlying physical processes [20,34].
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FIG. 1. (Color online) (a) The initial incident few-cycle ultrashort
pulse. (b, ¢) The temporal shape of the electric field outside the
periodic structure and the corresponding time-frequency analysis
graph for r = 2.0. (d, e) As in (b) and (c), but for r = 0.0. The
length of the period structure L = 160 pm, and the input and output
interfaces of the periodic structure are at z = 20 um and z = 186 um,
respectively.
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FIG. 2. The spectrum of the reemitted field near the input face
z =20.04 pm, i.e., in the first subwavelength film.

Several distinct features are noticed from the electric field
profiles [Fig. 1(b)] and the corresponding time-frequency
analysis graph [Fig. 1(c)]. First, the generated unipolar half-
cycle pulse is mainly composed of two frequency components:
One is a broad continuum spectrum from 0.5w,, to 3.0w, (i.e.,
wavelength A from about 1660 to 270 nm) and the other is the
low-frequency component at around 0.06w), (i.e., A ~ 14 pm,
indicated by the arrow). Moreover, interference patterns can
be seen between these two spectral components. To explore
the root of the unipolar half-cycle pulse generation, as a
comparison, we further calculate the case of a few-cycle pulse
propagation in a symmetrical period structure with parameters
the same as in Figs. 1(b) and 1(c), except for r =0 [see
Figs. 1(d) and I(e)]. No low-frequency component occurs
in the time-frequency analysis graph, and neither does the
unipolar half-cycle pulse in the transmitted pulses in this case,
which is consistent with what was predicted in Ref. [12]. As a
result, the low-frequency components generated in the nonzero
PDM system play a key role in the generation of the unipolar
half-cycle pulse. Second, in contrast with the symmetrical
system case [Fig. 1(e)], in which the penetrating spectra are
situated around the input central frequency w,,, both blueshift
and redshift occur simultaneously in the transmitted pulses
when the inversion symmetry of the system is broken. The
frequencies of the generated gap solitons are different with
central frequencies at about 1.5 w, (i.e., A &~ 550 nm) and
0.6 w, (i.e., A ~ 1380 nm), respectively, which means solitons
with different frequencies can be split from one incident
few-cycle ultrashort pulse.

To explore how these unique pulses are formed, we present
in Fig. 2 the spectrum of the reemitted field at the first
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subwavelength film. The reemitted field is proportional to
the time derivative of the macroscopic polarization, that
is, E.n(t) cx —0P,/0t [21,35], which reflects directly the
transient response of the medium to the field. Different
from the cw field case predicted in Ref. [25], there, the
radiation spectrum consists of a distinct singlet at frequency
Qo and an infinite sequence of triplets with a frequency
sequence of triplets with nw, £ €. In our case, the radiation
spectrum is a quasicontinuum from 0 to 5 w,, with an
obvious interference pattern. The reason is that (1) since the
Rabi sidebands occur at frequency 2(#) and nw, £ Q(t) for
the pulse case in asymmetrical system, the frequency span
of each sideband is from 0 to € and from nw, — €2 to
nw, + 2o, respectively. When the few-cycle ultrashort laser
pulse excitation is considered, the high temporal gradient of the
pulse allows broadband Rabi shifting, and different broadband
Rabi sidebands can even meet each other [16,17,22,23].
(2) Also, the Rabi frequencies reach the same values at both
the leading part and the tail part of the pulse and result in
the same sideband frequencies; the interference between them
creates the periodic pattern in the reemission spectrum.

During the course of pulse propagation, the macroscopic
polarization built in the medium will act as a source of
the reemitted field, which will affect the propagating pulse,
and pulse deformation can be appreciable. According to the
famous area theorem [13], the basic physical process of pulse
propagation in a resonant medium is that the medium absorbs
photons from the pulse and excites electrons from the ground
state to the excited state, and then emits them back to the
pulse when the electrons return to their ground state. Through
exchanging energy with the medium, the input pulse gets
deformed and stabilizes, eventually, into a certain form. This
energy exchange is the root of pulse split and other deformation
during the course of resonant propagation [13]. In our case,
since there are Rabi sidebands with difference frequencies,
this pulse self-shaping process will induce the coupling of the
generated low-frequency component and the other broadband
continuum spectrum, which will further result in the gen-
eration of the unipolar subfemtosecond ultrashort half-cycle
pulse.

The process of pulse shaping can be clearly seen in Fig. 3,
which shows the evolution of the penetrating pulse and the
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FIG. 3. (Color online) (top) Evolution of the pulse and (bottom) the corresponding the time-frequency analysis graphs during propagation
inside and outside the period structure for (a) » = 2.0 and (e) z = 20.04 um, i.e., in the first layer film; (b, f) z = 41.57 um, i.e., in the 261st
layer film; (c, g) z = 99.64 um, i.e., in the 987th layer film; and (d, h) z = 200 pm, i.e., outside the periodic structure.
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FIG. 4. (a) As in Fig. 1(b), but for the A = 47 case. (b) As in Fig. 1(b), but for the » = 1.0 case. (c) As in Fig. 4(b), but for the two-photon

resonant (w, = wy/2) case.

corresponding time-frequency analysis graphs during propa-
gation through the periodic structure. As can be observed, near
the input face (i.e., in the first film), the impact of the transient
response of the medium on the propagating pulse is very small.
While after some propagation distance, the pulse deformation
can be obviously appreciable, one soliton pulse is split from the
main part. The corresponding time-frequency analysis graph
[Fig. 3(f)] shows that the frequency of the generated soliton
pulse is equal to the transition frequency of the medium. Owing
to the slower velocity of the soliton, it falls quickly behind the
main pulse. The spectral composition of the main pulse is
very complicated, including both a low-frequency component
located around 0.2 @, and a quasicontinuum spectrum ranging
from 0.5 w, to 3 w,. With further propagation, the main
part of the pulse will split into several pulses with different
frequencies [see Figs. 3(c) and 3(g)]. In the leading part
of the electric field, the low-frequency component and the
quasicontinuum spectrum have comparable intensity. Their
combination forms the unipolar characteristic of the electric
field [see Figs. 3(b), 3(c), 3(f), and 3(g)]. This part of the
electric field will further evolve into a unipolar half-cycle
pulse [see Figs. 3(c) and 3(d)], while the lower frequency
components contained in the generated few- and single-cycle
pulses are much weaker than the other frequency components,
so their influence on the pulse shape is relatively small [see
Figs. 3(c), 3(d), 3(f), and 3(g)]. Once these pulses are formed,
they can maintain their envelope shape for a long propagation
distance, despite that their phases are changing [see Figs. 3(c)
and 3(d)], which is a typical behavior of the gap soliton in
periodic structure [12].

There are several ways to control the intensity of the
unipolar half-cycle pulse: first, by controlling the incident laser
pulse intensity; second, using different asymmetrical media.
This is because the intensity of the generated low-frequency
component depends on both the driving field E and the
magnitude of the PDM: I; o< d>Q* (see Ref. [25]). Third,
one can also adopt different resonant conditions: w, = wy/m
(m = 1,2,3...). This is because, according to the prediction
by the analytical analysis in Ref. [25], when m is increased,
the amplitude of Rabi sidebands at frequency nw, + Q)
will decrease, while the low-frequency sidebands at frequency
Q(t) are unaffected, which will decrease the energy splitting
from the main pulse and thus keep more energy in the main
pulse so as to increase the intensity of the generated unipolar
half-cycle pulse. Figure 4 shows the temporal shape of the
transmitted pulse for various cases. It can be seen that both
decreasing the amplitude of the incident pulse and using
an asymmetrical medium with smaller » can decrease the

amplitude of the generated unipolar half-cycle pulse [see
Figs. 1(b), 4(a), and 4(b)], while for the two-photon resonant
case, the generated unipolar half-cycle pulse will become much
stronger even for the small r (r = 1.0) case [see Figs. 4(a)
and 4(c)]. Our numerical calculation results further confirm the
preceding analysis. It should be emphasized that the frequency
multiplication, especially the low-frequency component gen-
eration, is the general property inherent to the systems with
broken inversion symmetry, and pulse splitting and shaping
is also a common phenomenon of resonant propagation in
both the continuous and period structures. Moreover, it has
been demonstrated that even when the electronic dispersion
and multitude of other resonance transitions are considered
[17], the two-level system can still be used to simulate
the sidebands’ effects in some semiconductor nanostructures
which are the base of the generation of the extremely short
unipolar half-cycle pulse in our work. Consequently, the
results presented in this article are expected to manifest in
different quantum systems with nonzero permanent dipole
moments.

IV. CONCLUSION

In summary, we have introduced a new method to generate
extremely short unipolar half-cycle pulses in the optical
frequency regime based on the self-shaping of few-cycle
ultrashort lasers during the course of resonant propagation
in asymmetrical media with a periodic subwavelength struc-
ture. The process of this self-shaping of few-cycle pulses
includes a superposition of a low-frequency component and
a broadband continuum spectrum in the optical frequency
regime, which constructs the unipolar half-cycle pulse. The
3-D time-frequency analysis shows clearly the evolution and
the underlying physical processes. The proposed scheme might
be helpful for extremely short pulse shaping and compression,
which have wide application potential in attosecond science
and extremely nonlinear optics.
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