Nghién ctru khoa hoc cong nghé

Dynamical propagation and all-optical switching in a ladder-type three-level
system under the influence of spontaneously generated coherence

Thai Doan Thanh!, Nguyen Thi Thu Hien" %, Hoang Thi Huong?,
Nguyen Tuan Anh', Nguyen Manh Thang?, Hoang Minh Dong*

*Ho Chi Minh City University of Food Industry;

2\/inh University;

3Academy of Military Science and Technology.

*Corresponding author: dong.gtvtmt@gmail.com

Received 28 January 2022; Revised 26 March 2022; Accepted 10 April 2022.
DOI: https://doi.org/10.54939/1859-1043.j.mst.78.2022.151-158

ABSTRACT

We investigate the dynamical of pulse propagation and all-optical switching via a
spontaneously generated coherence (SGC) in a three-level ladder-type atomic medium driven by
a coupling field under the presence of incoherent pumping. Results show that the SGC causes
modulations at the leading edge of the pulse envelope shape. These modulations increase with
the together growth of SGC and distance. Furthermore, it is shown that the continuous-wave
input probe field is switched ON or OFF by periodically modulating the coupling field. The
spontaneously generated coherence has a strong effect on switching efficiency and switching
pulse shape. The proposed scheme may have applications in the design of optical switching and
optical gain devices in optical telecommunications.

Keywords: Electromagnetically induced transparency; Spontaneously generated coherence; Three-level ladder-type;
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1. INTRODUCTION

In the past decades, the propagation of laser pulses in resonant atomic media is an attractive
research topic in nonlinear and quantum optics due to its interesting effects and potential
applications in quantum engineering and optical communication. The resonant and opaque
medium becomes transparent for the probe beam in the presence of the control laser beam due to
the effect of electromagnetically induced transparency (EIT) [1-4]. A wide variety of novel
phenomena and promising applications have been predicted and explored both theoretically and
experimentally in various quantum systems. Not only does the EIT effect produce slow light
whereby nonlinear optical processes are remarkably efficient even at the single-photon level [5-7],
but also it is possible to modify the propagation dynamics of the medium by changing the absorption
and dispersion properties [8-10]. As a result, various nonlinear optical phenomena are obtained, such
as Kerr's nonlinearity enhancement [11-14], the formation and optical solitons propagation [15-18],
and so on.

On the other hand, optical switching at low-light intensities based on quantum coherent
control and quantum interferences has attracted extensive attention because of its’ promising
advantages, such as responsible high speed and low switching power compared with electro-
optical switching and the switching of silicon waveguides or fiber-based systems. Several
approaches for optical switching in EIT media were proposed theoretically and demonstrated
experimentally in various quantum systems. Indeed, all-optical switching systems were studied
from the basic three-level configurations, namely lambda (A), vee (V), and ladder (E) [19-23], to
more than three-levels such as four-level N-type atomic system (A+V) [24-28], four-level vee-
ladder-type (A+ Z) [29], four-level or five-level inverted Y-type system [30, 31], four-level Y-
type system (E+E) [32].

More recently, pulse propagation with optical switching in quantum schemes under the
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spontaneously generated coherence (SGC) effect also has been studied [33-46]. However, these
studies usually focus on a steady-state regime [33-43], while the dynamical response is
fundamental for the optical switching [44-46]. Moreover, these studies still lack consideration of
the influences of SGC for the generation of optical switching. In the direction of this interest, we
propose to use the ladder-type three-level atomic model to investigate the influence of the
spontaneously generated coherence on optical switching. By simultaneously numerical solving
the coupled Maxwell-Bloch equations for atom and field on a spatio-temporal grid, we show that
the continuous-wave input probe field can be switched on or off with a variation of controlling
parameters, i.e., the switching status is switched by the coupling field.

2. MODEL AND BASIC EQUATIONS

We consider a three-level ladder-type atomic system with nearly equispaced levels interacting
with two laser pulses, as in figure 1. A weak probe field with frequency a, drives the transition
|1)<>|2), while the transition |2) <> |3) is coupled by a strong field with frequency . Since the
dipole moments are not orthogonal, we have considered an arrangement is shown by figure 1(b)
where each field (coupling and probe) acts only on one transition. We denote I'p; and T's; the
decay rate of the states |2) and |3), respectively. An incoherent pump with a pumping rate 2R is
applied between levels 1) and |3). The Rabi frequency of the probe and coupling fields are

defined respectively as 2 =24, - Ep Ih and €2, =2/, - EC | h, where pn,, 103 are being the
electric dipole matrix elements. By defining ¢, and ¢ as the phase of the probe and coupling
fields, respectively, we can set 2 =2, exp(ig, ) and €2, =2, exp(ig,) with Q, and Q. being
real parameters.
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Figure 1. (a) Scheme of the three-level ladder-type atomic system with nearly equispaced levels;
(b) The polarization is chosen such that one field only drives one transition.
Under the rotating-wave and electric dipole approximations, a set of density matrix equations
for the system is written as:

) i
P =Ry + Doz + 2 (P~ i) @
: i i
Pr2 =L 15 + 155053 +§QP (plz _p21)+EQ° (p32 —ng) @)
. i
Pss =2Rpy — 15,055 —E-Qc (,032 _,023) (3)
: : i i [
Pro =—(R+id, +75)prp + E'Qp (022 = P11) — EQC Prz+ 2P\ 1L 5714923 (4)

152 T.D. Thanh, ..., H. M. Dong, “Dynamical propagation ... spontaneously generated coherence.”



Nghién ctru khoa hoc cong nghé

i
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) . i i
p13=—(R+IA+;/32)p13+E.Qpp23—5!2cp12 (6)

where, the matrix elements obey conjugated and normalized conditions, namely p; =pi’j‘ (i=]),

and p; + p,, + P53 =1, respectively. The decay rates from the states |2) and |3) to |1) are given

by y21 and y3; A, =w, —®, and A =, —aw,, are the frequency detuning of the probe and

p
coupling fields from their relevant atomic transitions, respectively; 2pmnp23 represents
SGC resulting from the cross-coupling between the spontaneous emissions |1)<>[2) and [2)<>(3),
P = Lyt | |fipo|| 15| =COSO with @ is the angle between the two dipole moments;
M =nexp(ig) with ¢ =4, —¢.is the relative phase between the probe and the coupling fields.

Due to the SGC, the optical properties of the system depend on not only the amplitude and
detuning of the probe and coupling fields but also their phase. Therefore, we regard the Rabi
frequencies as complex parameters.

Under the slowly-varying envelope and the rotating-wave approximation, we obtain the
following wave equations for the probe field as:

002,(z,1) +18.Qp(z,t)
oz c

=lay,p,(2,1) (7)

w,N |d31|2

4g,Chys
and (7) in the local frame by changing £ =z and r=t—z/c, with c is the speed of light in
vacuum. In this frame, equations (1-6) will be the same with the substitution t >z and z > ¢,

while equation (7) is rewritten as [17]:
0€02,(¢,7)
¢

The coupled equations (1-6) and (8) are used to investigate propagation dynamics and optical
switching of the probe pulse under various values of controllable parameters.
3. RESULTS AND DISCUSSION

In this following, we numerically solve the coupled Bloch-Maxwell equations (1-6) and (8)
on a space-time grid by four-order Runge-Kutta and finite difference methods, which developed
a computer code for this problem is expanded from the of our previous work [32, 50]. We
assumed the initial condition is all atoms start in the ground state |1), namely p1:(§, T = 0) = 1,
and the boundary condition that the probe field is assumed as a Gaussian-type pulsed

f(&=0,7) =exp[~(In2)(r —30)? / z7], with 7, =6/, is the temporal width of the Gaussian
pulse at the beginning of the vapor cell £ = 0.

In figure 2, we plot the spatio-temporal evolution of the magnitude squared of the normalized
probe pulse envelope |f(§,r)|2When the coupling field is on (a) and off (b). The figures show

that the probe pulse can propagate with complete transparency and still can preserve its shapes
over long distances in the presence of the coupling field, as shown in figure 2(a). However, when
the coupling field is off, the probe pulse can be completely absorbed by the medium in a very
short propagation distance, as shown in figure 2(b).

here, a = , Is the propagation constant. It is convenient to transform equations (1-6)

=layypy(&7) (8)
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Figure 2. The space-time evolution of normalized probe field intensity when the coupling field is
ON (a) and OFF (b).
Initial Gaussian-type probe pulsed is assumed as f (£=0,7) =exp[-(In2)(r —30)* / zZ], with
pulse width 7, =6/y,, at the entrance to the medium & = 0. Other parameters are Qpy = 0.1y,

Q: =10y, p=0, R=0.2p51, Ay, = Ac =0, ¢ =0, and y3, = 0.5y,4, respectively. Here and in other

figures, the time t is measured in units of y,;, and the propagation distance & of the laser field in
the medium is measured in units of o'
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Figure 3. The space-time evolution of normalized probe field intensity | f (4f,r)|2 at different

values of the parameters SGC: p = 0.10 (a), p = 0.50 (b), p = 0.70 (c), and p = 0.99 (d). Other
parameters are the same as those in Fig. 2(a).

In order to investigate the influence of SGC on the probe pulse, we plot the spatio-temporal
evolution of the probe field at different values of the parameters SGC. We then chose =1, ¢ =

0 and plotted the spatio-temporal evolution of the probe pulse, |f(§,r)|2 for different values of

guantum interference parameter p, as shown in figures 3(a-d). The plots show that, when the
SGC presents, the leading edge of the probe pulse envelope is significantly modulated during the
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propagation. The magnitude of modulations of the pulse envelope increases as the parameter p
increases. It is also noted that the modulations of the envelope are mainly concentrated on the
leading edge, and these modulations increase as the propagation distance increases. The primary
reason for the modulations under the SGC arises from the influence of SGC on both absorption
and dispersion. This influence makes the linewidth of an absorption line deeper and narrower
compared to that in the absence of the SGC. As explained in Ref. [43], increasing p — 1 leads to
parallel rearrangement of electric dipole moments, thus increasing atomic coherence.

Next, the dynamics of the possible switching process of the probe field propagating through
the ladder-type medium at different values of the parameters SGC is displayed in figure 4. The
time evolution of a weak probe field (solid line) is assumed to be a continuous wave, and the
switching coupling field (dashed lines) a nearly-square pulse with smooth rising and falling
edges. In figure 4, the switching signal field: Q1) = Qgp{l — 0.5tanh[0.4(t — 10)] +
0.5tanh[0.4(1—35)] — 0.5tanh[0.4(t—60)] + 0.5tanh[0.4(t—85)]}, which is normalized by its peak
value Q¢ = 10y, is turned on or off at an approximate period of 50/y,;. As is shown in the
figure, the probe transmission is either in the ‘on’ or ‘off” situation, which looks like a stepwise
profile. It is shown that the SGC parameter has a strong influence on the switching process of the
probe field. Specifically, when the parameter SGC is small, p = 0.1 [figure 4(c)], the switching
efficiency is significantly reduced compared to the case of no SGC (p = 0) [figure 4(a)]. When
the SGC parameter is larger, the switching probe field is disturbed its shape out of the nearly
square, as shown in figures 4(e-h). Switching of probe field is not achieved because the
coherence reduces between upper levels |1) and |3). Thus, to observe switching is complete, we
need have the optimization of the input parameter of the system. Consequently, this ladder-type
atomic system could be used for the realization of optical absorptive switching of the weak probe

field by a coupling field.
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Figure 4. Time evolution of a cw probe field (solid line) at Co = 50 for different values of the
parameter SGC: (a-b) p =0.1, (c-d) p = 0.5, (e-f) p = 0.7, (g-h) p = 0.99.
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The coupling field (dashed lines): Q(t) = Q{1 - 0.5tanh[0.4(-10)] + 0.5tanh[0.4(t-35)] -
0.5tanh[0.4(t-60)] + 0.5tanh[0.4(t-85)]}, is normalized by its peak value Q. = 10y, is turned on
or off at an approximate period of 50/y,;. Other parameters are f(&=0, 1) = 1, Qo = 0.1y21, Q¢ =
10v21, R=10.291, Ay = Ac =0, ¢ =0, and ys, = 0.5y,4, respectively.

4. CONCLUSION

In summary, we have investigated the dynamical behavior of pulse propagation and all-optical
switching of the probe field under the influence of spontaneously generated coherence. Shape
breaking and creating oscillations on the front edge of the probe pulse are caused by the SGC
effect. The behavior of the switching is studied under the modulation of the coupling field. It is
shown that transmission of the continuous probe field can be switched to a nearly square pulse train
with the same modulation period of the coupling field. The switching pulse shape is disturbed out
of the nearly-square shape with the increase of spontaneously generated coherence strength. The
proposed scheme can find potential applications in all-optical communication and computation.
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TOM TAT

Pong hoc lan truyén xung va chuyén mach toan quang trong méi treong nguyén tir ba mirc
béc thang dwdéi anh huwéng ciia do ket hgp dwgre tao béi sw phat xa tw phat

Chiing téi nghién cieu hanh vi déng hoc ciia qud trinh lan truyén xung va chuyén mach
toan quang théng qua dé két hop dwoc tao béi sw phat xa tw phat (SGC) trong hé nguyén
tir ba mike cdu hinh bdc thang dwoc diéu khién boi truong laser lién két dwdi sw hién dién
ciia bom khong két hop. Cac két qua cho thay, SGC gdy ra sw bién diéu ¢ swon trudc ciia
ham bao xung. Nhitng bién diéu nay ting dong thoi voi su tang cua SGC va khodng cach
lan truyén. Hon nita, két qua ciing chi ra rang triong do la song lién tuc duwoc chuyén t6i
ché dg BAT hodc TAT bang cdch diéu bién truong lién két theo chu ky. Do két hop dwoc
tao boi s phat xq tw phat co anh hwong manh dén hiéu sudt va hinh dang xung chuyen
mach. M6 hinh dé xudt c6 thé co cdc ung dung trong thiét ké chuyén mach quang va thiét
bi khuéch dai quang trong truyén théng tin quang.

T khoa: Trong subt cam ing dién tir; Do két hop duoc tao bi sy phat xa tu phat; Ba murc bac thang; Bom khong Kkét
hop; Lan truyén xung; Chuyén mach toan quang.
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