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Shaping of few-cycle laser pulses via a subwavelength structure”

Guo Liang(¥f 2%, Xie Xiao-Tao(#i/Ni%)» T, and Zhan Zhi-Ming(/& & H])P)*

a)Dep.azrtment of Physics, Northwest University, Xi’an 710069, China
b) School of Physics and Information Engineering, Jianghan University, Wuhan 430056, China

(Received 4 October 2012; revised manuscript received 18 January 2013)

We theoretically investigate the propagation of few-cycle laser pulses in resonant two-level dense media with a sub-
wavelength structure, which is described by the full Maxwell-Bloch equations without the frame of slowly varying envelope
and rotating wave approximations. The input pulses can be shaped into shorter ones with a single or less than one optical
cycle. The effect of the parameters of the subwavelength structure and laser pulses is studied. Our study shows that the
media with a subwavelength structure can significantly shape the few-cycle pulses into a subcycle pulse, even for the case
of chirp pulses as input fields. This suggests that such subwavelength structures have potential application in the shaping

of few-cycle laser pulses.
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1. Introduction

With the development of ultrafast science and technology,
the generation of light pulses with durations down to a few op-
tical cycles has been permitted.[!! As we know, electrons play
a key role in the physical, chemical, and biological processes
in the microcosm. Ultrashort and ultraintense few-cycle laser
pulses can be used to study the electronic dynamics on the
atomic and molecular scales.?! Although many techniques
have been explored to obtain few-cycle pulses, the generation
of optical pulses with one or fewer currently is one of the im-
portant targets in the applications of the ultrafast laser. The
light-matter interaction under extreme conditions is signifi-
cant as the pulse approaches the duration of single or less than
one optical cycle.>-®! For example, the spectral width of such
ultrashort pulses becomes comparable to the carrier frequency,
which is referred to spectral supercontinuum. ! For the light—
matter interactions in such a case, the traditional frame of
slowly varying envelope approximation (SVEA) and rotating
wave approximation (RWA) is invalid.['”) Many interesting
propagation phenomena have been found, for example, the for-
mation of few- and single-cycle solitons, >l self-induced

(13,14 4nd

transparency (SIT),[®!?) supercontinuum radiation,
carrier-wave Rabi flopping.!'>! With an in-depth study of the
propagation of the few-cycle pulses, it has been found that it
is significant to design a device to shape few-cycle pulses and
get shorter pulses. [!-16-21]

The theory and experiment of periodic optical structures,
such as the Bragg grating, photonic band-gap crystals, and

waveguide arrays have achieved a rapid progress in the last
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decade.??! Such systems can be used to control the light
propagation and light—matter interaction and have many ap-
plications, in particular, such as nonlinear filtering, switch-
ing, and distributed-feedback amplification.!?*! In the case of
few-cycle pulses penetrating through continuous media, big
blueshifts occurred,®! which are caused by the intrapulse four-
wave mixing inducted by the rotating term. Such a prop-
erty limits the applications of the continuous media in the
shaping of ultrashort pulses. Many interesting phenomena
have been revealed in periodic structures, such as the gap-

n, 1227 whose mechanism is essentially dif-

soliton generatio
ferent from that in continuous media. Periodic structures usu-
ally consist of a periodic array of thin layers of a resonant
two-level medium separated by half-wavelength nonabsorb-
ing dielectric layers (Bragg condition). Recently, it was re-
ported that a single-cycle gap soliton could be supported by a
subwavelength structure in which the thickness of each two-
level medium layer was much less than the wavelength of the
electromagnetic wave propagating./?®! At the same time, one
scheme to generate an ultrashort pulse with periodic subwave-
length structure has been reported. [>°! In this paper, we will in-
vestigate the potential application of subwavelength structures
in the ultrashort-pulse shaping. Many mathematical models
have been established to research the ultrashort pulse propaga-
tion from different points of view, such as the full Maxwell—
Bloch model,!' 1?8391 the nonlinear Schrodinger equation with
higher order corrections,!! the modified Korteweg-de Vries
and sine-Gordon equations, >*31-32] and so on. It is worth not-
ing that the last models may be derived from the full Maxwell—
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Bloch model.
pulses and the two-level system embedded in a Bragg grat-

In order to describe the interaction of light

ing, we take a semiclassical Maxwell-Bloch model without
the frame of slowly varying envelope and rotating wave ap-
proximations as in Ref. [28].

The content of the paper is organized as follows: we first
show our model to describe the few-cycle pulse propagation
in a periodic structure which consists of two-level medium in
Section 2; In Section 3, several numerical results in differ-
ent kinds of conditions are presented, meanwhile, brief dis-
cussions are given respectively. Finally, we present a brief
summation.

2. Model

In order to study the shaping effect in the media struc-
ture, we will consider the following cases. Let an extremely
short pulse propagate along & (or z) axis in vacuum, then
it arrives at an input interface of a one-dimensional periodic
structure at £ = 0 (a set of dimensionless time and space co-
ordinates were taken, for example, T = oy and & = z/A
with the carrier frequency @y and wavelength Ag). At first,
the few-cycle pulse is propagating in the vacuum. Then the
pulse partially penetrates into the subwavelength structure. Fi-
nally, the penetrating part passes through and exits into the
free space. The periodic structure consist of periodic thin lay-
ers in which resonant two-level media is contained and sepa-
rated by a transparent material is considered (see in Fig. 1(a)),
which differs from the ordinary structures of a Bragg grating.
For normal atomic and molecular systems, the intensities of
ultrashort pulses with Rabi frequency Q2 ~ @ (the transition
frequency) is so high that the ionization phenomena should
be considered because the corresponding dipole momentums
are too small. In order to carry out the experiment, some ar-
tificial atomic systems, such as quantum dots!*3! and quan-
tum wells,3*! can be applied to investigate the dynamics in
strong-coupling regime. One alternative experiment system is
symmetric coupled double quantum wells consisting of two
5.09-nm-wide GaAs wells, separated by a 1.13-nm-wide pure
AlAs central barrier, and sandwiched between Alg3Gag7As
layers.[* In such a system, there are only four bound states, as
shown in Fig. 1(b). When the bias voltage is zero and the tem-
perature is 45 K, the energy of the interband transition is about
1620 meV (766.9 nm), the energy gap A of the two excited lev-
els is about 1 meV.[*3 The dipole matrix element of the cor-
responding electron—hole transitions is eD (D is the interwell
distance and is about 3.5 nm). 3% If Q = , we can get the cor-
responding electric field amplitude being ~ 4.63 x 108 V/m.
According to the formulae £ = 2.74 x 103v/1, where E and
I are in units of V/m and W /cm?, respectively, the peak in-
tensity is ~ 2.85 x 10'® W/cm?. In such intensity regime, the
ionization can be neglected. At the same time, the energy gap

A between |1) — |2) is much smaller than that between the
transition |0) — |1), the two excited states can be served as
one state because the duration of the light-matter interaction
is much less than the time scale 1/A. Thus, we can conclude
that a practical two-level model is obtained to study a quan-
tum system interacting with a ultrashort pulse in some condi-
tions. The evolutions of the few-cycle electromagnetic field
amplitudes E,(T, &) and Hy(T, &) are described by Maxwell’s
equations which take the form

Iy L2,
oT " ~ T 2maE
d 1 d 1 9

Here, E = E,/Ey and H =
ized dimensionless components of the few-cycle pulse with

Mo/€H,/Eq are the normal-

the peak amplitude of the electric component of the inci-
dent pulse Ey. The atomic polarization P = N(&)gu is de-
termined by the off-diagonal density matrix element pg; =
u(T,)/2+iv(T,8)/2, N(&) and g denote the density dis-
tributions of active medium and the dipole moment, respec-
tively. Polarization variables u, v, and inversion population
w(T, &) = p11 — poo obey the following set of Bloch equations
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Here, Q) = gEy/h is the peak Rabi frequency of the incident
pulse; 7i and T, are, respectively, the lifetimes of the excited
state and the dephasing time. For analytical convenience, we
introduce new parameter @.(&) = N(&)g?/eoh to denote the
density distribution, which is given by the expression

3

: dfs~!if & € 2N, —28, 2N,6 —9),
. =
0 if &€ [2N,8 -8, 2N,6),

where d and O express the density and the thickness of
one layer; N denotes the number of the layers consisted
with resonant two-level medium and is an integer with rang
[1, L/(26)]. The length of the periodic structure is L. The
density distribution of atomic medium is shown in Fig. 1(a).
Using parameter @ (&) and substituting the equation for u into
Maxwell’s equation (1), we then obtain

Iy L2,
oT = 2mdE’
g 19 @) d

Equations (2) and (4) constitute a theoretical model of our sys-
tem, which is named as the full Maxwell-Bloch equations.
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The incident pulse we consider is a few-cycle pulse with a hy-
perbolic secant envelope, i.e., Q(T =0,&) = Qycos[2m(& —
&o) + oo — 2mat(& — &)?sech[1.76 x 27(& — &) /1), where
o is the chirp coefficient and 7, is the full width half maxi-
mum (FWHM) of the pulse intensity envelope, & and ¢ la-
bels the position and the carrier envelope phase of the initial
pulse’s peak, respectively. The two-level medium is initial-
ized with u =v =0 and w = —1 at r = 0. The material and
laser parameters are chosen as follows: 7, = 4.69 fs, @y = 0,
wy = 2.45 fs71 (Ag = 766.9 nm), g = 5.61 x 1072°A -5 - m,
T = 0.939 ps, T, = 0.470 ps, and N = 5.61 x 10'7 cm—3.
In addition, we set @ = @y, which corresponds to the reso-
nant coupling The above parameters give the atomic density
d=0.2. When Qy = 1.49 fs~! and o = 0, it is easy to get that
the input envelope area is A = [ Q(t)dt = Qy1,7/1.76 = 47
and the corresponding cycle number is Ne = 207, /271 = 1.83.
In all simulations, we take that &) = 18 in order to ensure that
the pulse locates in the free space and the partial pulse in the
structure can be neglected att = 0.

We ccece |2

_—
a4 T As 11
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wo, £

0+ - T ‘O) |3>

(a) (b)

Fig. 1. (color online) (a) Spatial distribution of active medium. The red
curve illustrates the incident wave with a few optical cycles, which will
propagate through the resonant two-level dense media with a periodic
structure. Symbol — denotes the propagation direction & (or z) axis,
ay and Q) denotes the carrier frequency and the Rabi frequency of the
initial pulse’s peak, respectively. (b) Scheme of the energy levels of
symmetric coupled double quantum wells.>>) When a linear polarized
laser field is applied, the transitions |0) — |1) and |0) — |2) are coupled.

3. Numerical results and discussion

The full Maxwell-Bloch equations (2) and (4) for differ-
ent periodic structures and conditions are solved by using a fi-
nite difference time-domain method*”! which has been proven
to be an accurate tool. First, we investigate the few-cycle pulse
propagation in a resonant structure in which the structure pe-
riod 26 exactly satisfies the Bragg condition: 26 = m/2. Here,
the length is expressed in the dimensionless coordinate and m
is an integer. In our case, the period of the structure is set to
be equal to 1/2 (6 = 1/4). In our simulation, the medium and
structure parameters are: L = 10824y, d = 0.4, T, = 4.69 fs,
8§ =0.25, Qy = 1.49 fs—'. In such conditions, the peak am-
plitude of the electric field is Eg = 2.815 x 10® V/m. Similar
electric-field profiles of the penetrating pulse inside and out-
side the periodic structure for different time moments to those
in Fig. 2 of Ref. [28] can be gotten. Here, the cycle number

of the transmitted pulse is reduced in comparison to the initial

pulse and approaches to a ultrashort pulse with a single optical
cycle. It can be found that the area of the penetrating pulse is
27, which agrees well with that in the case that a pulse is prop-
agating in a resonant absorptive medium. This phenomenon is
known as the area theorem. 37381 We can also obtain the evo-
lution of the pulse spectrum during propagation through the
structure above. As in Fig. 4 in Ref. [28], we observe that the
reflected and the penetrating spectra are situated around the
input central frequency @y, which is distinct from the results
of few-cycle pulse propagation in the continuous media.®! In
the case of continuous media, there is a large frequency shift
of the transmitted and reflected pulses caused by the intrapulse
four-wave mixing. In our case, however, this shift can be ef-
ficiently suppressed. As we know, periodic structures modify
the dispersion property of the media and offer optical band
gaps. Such modification destroys the phase matching condi-
tion of the four-wave mixing process, which guarantees that
the large frequency shift does not occur in our simulations.
From here, we conclude that the periodic structure provides
an alternative method to reshape few-cycle pulses and allows
one to obtain single-cycle or subcycle optical pulses.
Subsequently, in order to investigate the effect of the den-
sity d on the propagation, we increase the density of the two-
level system. Finally, the single-cycle pulse can not be ob-
tained. Here, all parameters are the same as these in the for-
mer simulation, however, for different d. This is totally differ-
ent from the case in the continuous media, in which increas-
ing the densities will lead to even larger frequency shifts of
the output pulses (see, for example, Ref. [8]). To show this,
the evolutions of the electric field profiles of the propagating
pulse for different time moments are depicted in Fig. 2, from
which one see that when the initial pulse enters into the dense
medium, the energy of the penetrating pulse becomes dislo-
cated and looks random (see Fig. 2(d)). The reason is that the
reflection on the interfaces of the excited layers is enhanced
rapidly with the increase of the density d. The energy of the
penetrating field spreads and becomes weak (weaker than the
reflected one). Most of the propagating pulse energy locates
in the periodic structure or is reflected. The higher density
will also result in an enhanced reflection (see Fig. 2(a)). The
reason is that the reflection on the interfaces of the media lay-
ers is enhanced rapidly with the increase of the density of the
two-level media. The output field spreads and becomes weak.
Similar behavior occurs if one moderately increases the initial
pulse intensity. However, a shorter structure (€ < 20) can also
be used to achieve a output pulse with one or less than one
cycle (see Fig. 2(a)). If we increase the density continuously,

the penetrating pulse will decay more quickly and disappear
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after a shorter distance. Hereto, we have discussed how the
media density affects the pulse propagation and conclude that
the density in a suitable regime is important to shape few-cycle

pulses.
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Fig. 2. (color online) Electric-field profiles for different time moments.
(a) t =0.094 ps; (b) t =0.188 ps; (c) t = 0.282 ps; (d) t = 0.376 ps.
The other medium and structural parameters are: & € [0, 108],d =0.4,
T, =4.69 s, 6 =0.25, Q) = 1.49 fs~! (the corresponding peak ampli-
tude of electric field Ey = 2.815 x 108 V/m). (a) and (d) correspond
to the electric-field profiles near the input face and outside the exit face
[vertical lines in (a) and (d)], respectively.

Then, we investigate the impact of the chirp coefficient o
on the pulse propagating in a resonant structure. Electric field
profiles of the penetrating pulse inside and outside the peri-
odic structure for different time moments are shown in Fig. 3.
It is easy to see that in the case of 6 = 0.25, the impact of the
chirp parameter is relatively significant on the output fields,
such as the group velocity. If the periodic structure becomes
more compact, the impact of the chirp parameter is suppressed
(see the left plots in Fig. 4). Here, we see that even in the case
where the initial pulse is not ideal, a similar pulse shape can
be gotten after propagation when the structure period is com-
pact. This feature is beneficial to the shaping of the arbitrary
few-cycle pulses. It should be noticed that the structure we
considered here breaks the Bragg condition (6 = 0.1).

In the following, the impact of the increasing pulse area
on the few-cycle pulse propagating is studied. A pair of pulses
with few optical cycles are observed in our model, which is
shown in Fig. 3. According to the SIT theorem, the pulse with
the initial envelope area n x 27 will be separated into n sub-
pulses with the envelope area 27.13738) In Fig. 3, the initial
envelope area we considered is much bigger than 47. Only
two split pulses exist in our model because a part of the en-
ergy of the input laser pulse is reflected and lost. In addition,
we observe that the stable pulses only have a few differences
in amplitude, velocity, and duration, but have the same pulse

area (2m). The corresponding analytical solution is difficult to

be derived until now. From the viewpoint of the shaping effi-
ciency, a tighter structure is more effective because more en-
ergy can enter into the media [see Figs. 3(b) and 3(d)]. Here,
it should be noted that the smaller pulses in Fig. 3(b) disap-
pear when the length of the optical structure is increased. The
reason is that all pulses continue to broaden in the media if the

envelope area is less than 27, as mentioned above.
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Fig. 3. (color online) Electric-field profiles for different time moments
and structure periods near the output interface. Here a longer pulse
without chirp is considered (7, = 11.7 fs and the corresponding pulse
area is 107). (a) t = 0.282 ps, 6 = 0.25; (b) = 0.282 ps, 6 = 0.1; (c)
t=0.376 ps, 6§ =0.25; (d) t = 0.376 ps, & = 0.1. The two-level system
and structural parameters are are: & € [0, 108], d = 0.2, 7, = 4.69 fs,
§=0250Q0=149fs7".
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Fig. 4. (color online) Electric-field profiles for different chirp parame-
ters at time 7 = 0.376 ps. (a) ¢ =0and 6 =0.1; (b) ¢ =0 and § = 0.25;
(¢) ¢ =—0.05and 6 =0.1; (d) &« = —0.05 and 6 = 0.25; (e) & = 0.05
and § = 0.1; (f) @ = 0.05 and & = 0.25. The two-level system and
structural parameters are: & € [0, 108],d = 0.2, 7, = 4.69 fs, § = 0.25,
Qo =149fs1.

In the next, we will investigate the effect of the structure’s
length and the slab number N on the pulse shaping. In Fig. 5,
the electric field profiles of the penetrating pulses are shown
with different lengths and periods of the subwavelength struc-
tures. In our calculation, we assumed that one detector is lo-
cated as £ = 50 and record the electric field profiles of the
penetrating pulses. The parameters is the same to in Fig. 4,

but the density is d = 0.2. The left plots in Fig. 5 correspond
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to the case of a compact structure (6 = 0.1). Here we find that
a single-cycle pulse can be gotten after propagating through
a short structure. From the right plots in Fig. 5, we can con-
clude that the compact structure is more effective to split the
few-cycle pulses because more energy of the initial pulse en-
ters into the structure. The electric field profiles with a bigger
amplitude and smaller duration in time coordinate are shown
in Fig. 6 when the slab number is changing. In Fig. 6, we ob-
serve that the pulse with one optical cycle can be shaped into a
shorter pulse with optical cycle number 0.3 after propagating
through a subwavelength structure which consists of 30 slabs
with 0.25 cycle. Based on the results above, a smaller shaper

of the few-cycle pulse can be designed.

1 (a){ 1 (b)
0 i J\[\ AVA" 0 "!WVAVA
-1 -1
350 450 550 350 450 550
T ! A]‘AAAAAA (C) ! AnAAnn (d)
a9 i 0 o
g _
j 350 450 550 350 450 550
-~
s ! AA ] 1 AA m ®
0 \(v 0 Vv M
-1 -1
350 450 550 350 450 550
1 (8 1 I (h)
0 uil 0 Vi
. 1 U
350 450 550 350 450 550
Time T Time T
Fig. 5. (color online) Electric-field profiles in time coordinates for

& =50. As a comparison, the same structure lengths are considered:
@L=1,8=025 0b)L=1,6=0.1; (¢c) L=2, 6 =025 (d)
L=2,6=01;()L=4,6§=025 (f)L=4,6=0.1; (g L=6,
8 =0.25; (h) L=06, § =0.1. The other parameters are given here:
d=02,00=1.49 fs~1, 8 =0.25, Tp = 4.69 fs. The initial cycle num-
ber Nrwnm and envelope area A are 1.83 and 47, respectively.
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Fig. 6. (color online) Electric-field profiles in time coordinate for
& =50. Here, different slab numbers Ny are considered, which have
been labeled in different subfigures. The other two-level system and
structural parameters are given here: d = 0.2, Q¢ =2.98 fs~!, 8 =0.25,
Tp = 2.35 fs. The initial cycle number Npwnm and envelope area A are
0.92 and 47, respectively. The cycle number of the output field is about
0.3 when N = 30.

At last, we also calculate the pulse propagation of few-
cycle pulses in a subwavelength structure with a non-ideal pe-
riod. In these simulations, the lengths of slabs have a five per-
cent error. After analyzing an amount of numerical calcula-
tions, we find that penetrating pulses with the same duration
can be gotten. If the error is larger, the difference of the output
fields between ideal and non-ideal periodic structures becomes

obvious and can be observed.

4. Summary

In summary, the shaping of few-cycle pulse via a sub-
wavelength structure is studied theoretically by using the full
Maxwell-Bloch equations beyond the traditional frame of
SVEA and RWA. The impacts of some parameters, such as
media density, layer thickness, layer length, pulse duration,
chirp coefficient, and so on, on the output fields were inves-
tigated. We found that the subwavelength structure with a
compact period is more efficient to shape few-cycle pulses
into shorter laser pulses. Such structure suggests a way to-
ward shortening high-intensity laser fields, which might help
us achieve ultrashort pulses with single-cycle or even subcycle

duration.

Acknowledgment

Xie Xiao-Tao acknowledges a helpful discussion with
Macovei M.

References

[1] Brabec T and Krausz F 2000 Rev. Mod. Phys. 72 545

[2] Baltuska A, Udem T, Uiberacker M, Hentschel M, Goulielmakis E,
Gohle C, Holzwarth R, Yakovlev V S, Scrinzi A, Hinsch T W and
Krausz F 2003 Nature 412 611

[3] Leblond H 2008 Phys. Rev. A 78 013807

[4] Leblond H, Mel'nikov I V and Mihalache D 2008 Phys. Rev. A 78
043802

[5] Skobelev S A, Kartashov D V and Kim A V 2007 Phys. Rev. Lett. 99
203902

[6] Brabec T and Krausz F 1997 Phys. Rev. Lett. 78 3282

[7]1 Eggleton B J, Slusher R E, de Sterke C M, Krug P A and Sipe J E 1996
Phys. Rev. Lett. 76 1627

[8] Kalosha V P and Herrmann J 1999 Phys. Rev. Lett. 83 544

[9]1 Agrawal G P 2007 Nonlinear Fiber Optics 4th edn. (Boston: Academic
Press) p. 25

[10] Rothenberg J E 1992 Opt. Lett. 17 1340

[11] Pusch A, Hamm J M and Hess O 2011 Phys. Rev. A 84 023827

[12] LinY, Chen I H and Lee R K 2011 Phys. Rev. A 83 043828

[13] Yang W, Song X, Li R and Xu Z 2008 Phys. Rev. A 78 023836

[14] Song X, Gong S and Xu Z 2005 Opt. Spectrosc. 99 517

[15] Miicke O D, Tritschler T, Wegener M, Morgner U and Kirtner F X
2001 Phys. Rev. Lett. 87 057401

[16] Paulus G G, Grasbon F, Walther H, Villoresi P, Nisoli M, Stagira S,
Priori E and de Silvestri S 2001 Nature 414 182

[17] Goulielmakis E, Schultze M, Hofstetter M, Yakovlev V S, Gagnon J,
Uiberacker M, Aquila A L, Gullikson E M, Attwood D T, Kienberger
R, Krausz F and Kleineberg U 2008 Science 320 1614

094212-5


http://dx.doi.org/10.1103/RevModPhys.72.545
http://dx.doi.org/10.1038/nature01414
http://dx.doi.org/10.1103/PhysRevA.78.013807
http://dx.doi.org/10.1103/PhysRevA.78.043802
http://dx.doi.org/10.1103/PhysRevA.78.043802
http://dx.doi.org/10.1103/PhysRevLett.99.203902
http://dx.doi.org/10.1103/PhysRevLett.99.203902
http://dx.doi.org/10.1103/PhysRevLett.78.3282
http://dx.doi.org/10.1103/PhysRevLett.76.1627
http://dx.doi.org/10.1103/PhysRevLett.76.1627
http://dx.doi.org/10.1103/PhysRevLett.83.544
http://dx.doi.org/10.1364/OL.17.001340
http://dx.doi.org/10.1103/PhysRevA.84.023827
http://dx.doi.org/10.1103/PhysRevA.83.043828
http://dx.doi.org/10.1103/PhysRevA.78.023836
http://dx.doi.org/10.1134/1.2113361
http://dx.doi.org/10.1103/PhysRevLett.87.057401
http://dx.doi.org/10.1038/35102520
http://dx.doi.org/10.1126/science.1157846

Chin. Phys. B  Vol. 22, No. 9 (2013) 094212

[18]
[19]

[20]
[21]

[22]
[23]
[24]
[25]

[26]
[27]

Yang W F, Song X H, Gong S Q, Cheng Y and Xu Z Z 2007 Phys. Rev.
Lert. 99 133602

Zhang X Y, LuJ Q, Zhang S A, Jia T Q, Sun Z Rong and Wang Z G
2009 Acta Phys. Sin. 58 8212 (in Chinese)

Wang Z Y, Xu Z Z and Xiao J 2001 Chin. Phys. 10 941

Song R, Hou J, Chen S P, Yang W Q and Lu Q S 2012 Chin. Phys. B
21094211

Busch K, von Freymann G, Linden S, Mingaleev S, Tkeshelashvili L
and Wegener M 2007 Phys. Rep. 444 101

Scalora M, Dowling J P, Bowden C M and Bloemer M J 1994 Phys.
Rev. Lett. 73 1368

Kurizki G, Kozhekin A E, Opatrny T and Malomed B 2001 Progress
in Optics (North-Holland: Elsevier) 42 93

Kozhekin A and Kurizki G 1995 Phys. Rev. Lett. 74 5020

Mantsyzov B I 1995 Phys. Rev. A 51 4939

Khitrova G, Gibbs H M, Jahnke F, Kira M and Koch S W 1999 Rev.
Mod. Phys. 71 1591

(28]
[29]
[30]

[31]
(32]

[33]
[34]

[35]

(36]
[37]
[38]

094212-6

Xie X T and Macovei M 2010 Phys. Rev. Lett. 104 073902
Song X, Yang W, Zeng Z, Li R and Xu Z 2010 Phys. Rev. A 82 053821

Ziolkowski R W, Arnold J] M and Gogny D M 1995 Phys. Rev. A 52
3082

Leblond H and Mihalache D 2010 Phys. Rev. A 81 063815

Leblond H, Triki H, Sanchez F and Mihalache D 2012 Opt. Commun.
285 356

Shim M and Guyot-Sionnest P 1999 J. Chem. Phys. 111 6955

Tanaka K, Hirori H and Nagai M 2011 IEEE Trans. Terahertz Sci. Tech-
nol. 1301

Soubusta J, Grill R, Hlidek P, Zvara M, Smrcka L, Malzer S, Geibel-
brecht W and Dohler G H 1999 Phys. Rev. B 60 7740

Acus A and Dargys A 2011 Phys. Scr. 84 015703
McCall S L and Hahn E L 1969 Phys. Rev. 183 457
Lamb G L 1971 Rev. Mod. Phys. 43 99


http://dx.doi.org/10.1103/PhysRevLett.99.133602
http://dx.doi.org/10.1103/PhysRevLett.99.133602
http://dx.doi.org/10.1088/1009-1963/10/10/311
http://dx.doi.org/10.1088/1674-1056/21/9/094211
http://dx.doi.org/10.1088/1674-1056/21/9/094211
http://dx.doi.org/10.1016/j.physrep.2007.02.011
http://dx.doi.org/10.1103/PhysRevLett.73.1368
http://dx.doi.org/10.1103/PhysRevLett.73.1368
http://dx.doi.org/10.1103/PhysRevLett.74.5020
http://dx.doi.org/10.1103/PhysRevA.51.4939
http://dx.doi.org/10.1103/RevModPhys.71.1591
http://dx.doi.org/10.1103/RevModPhys.71.1591
http://dx.doi.org/10.1103/PhysRevLett.104.073902
http://dx.doi.org/10.1103/PhysRevA.82.053821
http://dx.doi.org/10.1103/PhysRevA.52.3082
http://dx.doi.org/10.1103/PhysRevA.52.3082
http://dx.doi.org/10.1103/PhysRevA.81.063815
http://dx.doi.org/10.1016/j.optcom.2011.09.051
http://dx.doi.org/10.1016/j.optcom.2011.09.051
http://dx.doi.org/10.1063/1.479988
http://dx.doi.org/10.1109/TTHZ.2011.2159535
http://dx.doi.org/10.1109/TTHZ.2011.2159535
http://dx.doi.org/10.1103/PhysRevB.60.7740
http://dx.doi.org/10.1088/0031-8949/84/01/015703
http://dx.doi.org/10.1103/PhysRev.183.457
http://dx.doi.org/10.1103/RevModPhys.43.99

	1. Introduction
	2. Model
	3. Numerical results and discussion
	4. Summary
	References

