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ABSTRACT

This paper investigates the impact of spontaneously generated
coherence (SGC) and relative phase on the propagation of a
probe laser pulse in the presence of an incoherent pump field. It
was discovered that when the control laser field is turned on, the
medium forms an electromagnetically induced transparency
(EIT) effect. Hence, the propagation of the probe laser pulse has
a like-soliton form/shape. On the contrary, the probe laser field
is rapidly attenuated when the control laser field is turned off.
This feature allows the creation of a mechanism to turn “off”” and
“on” the probe laser field through “turning off” and “on” the
control laser field, i.e., an all-optical switching mechanism based
on EIT. Besides intensity and frequency, the laser field is also
characterized by polarization and phase. The EIT has the nature
of quantum interference, so it is very sensitive to changes in
polarization, especially in the presence of relative phase between
laser fields. Therefore, they also significantly affect pulse
propagation and optical switching performance. The research
results could be helpful for experimental observations or
applications in photonic devices such as logic gates, quantum
optical information processors, and quantum computers.

Keywords: All-optical switching; EIT medium; quantum
interference; three-level ladder system.

1. Introduction

All-optical switching is an essential component in high-
speed optical information networks and has potential
applications in quantum information systems [1]. Over the
past decade, ultrafast all-optical switching has been a topic
of interest for many researchers, and there have been many
groundbreaking proposals to improve the speed and
performance of all-optical switching. In particular, all-
optical switches use electromagnetically induced
transparency (EIT) [2], electromagnetically induced
grating (EIG) [3], etc. All-optical switching based on
qguantum interference has outstanding advantages, such as
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high responsible speed and low switching power compared to electro-optical switching
and silicon waveguides or fiber-based systems [4-6, 8].

Besides the EIT effect, another quantum interference effect arises due to the
superposition of spontaneous emissions within a multilevel atomic system combined
with the non-orthogonal orientation of displaced dipole moments, producing
spontaneous emission of atomic coherence called the spontaneously generated coherence
(SGC) effect. Theoretical and experimental studies show that when the EIT and SGC
effects are present simultaneously, SGC does not damage the EIT effect. However, it can
increase the depth and reduce the transparent spectral domain, which increases the height
and slope of the dispersion curve in the EIT spectral domain [9-11]. On the other hand,
to increase the magnitude of the atomic coherence produced by spontaneous emission, a
non-coherent pumping field is often used to increase the density of atoms in the excited
state. The role of the incoherent pumping field on the atomic optical properties has also
been shown in Ref. [12]. In addition, the presence of SGC also makes the optical
properties of the medium very sensitive to the relative phase of the applied laser fields
[12-13]. Therefore, the optical phenomena also change significantly in the presence of
the relative phase of the laser fields [14].

In the pulse propagation dynamic regime, the SGC can provoke pulse modulation.
However, one can use the relative phase and incoherent pump field appropriately, and these
modulations can be reduced or eliminated [14]. However, in Ref. [15], the simultaneous
influence of SGC and non-coherent pumping in the presence of relative phase on all-optical
switching in a three-level atomic system with ladder configuration has not been considered.
Following this line of interest, we propose to use a three-level atomic model with a ladder
configuration to study the influence of SGC on all-optical switching in the presence of the
relative phase and with the support of an incoherent pump field. By simultaneously
numerically solving the Maxwell-Bloch coupling equations for atoms and fields on a
space-time grid, the switching of the probe field through the control parameters of the
system will be investigated.

2. Theoretical model and basic equations

A three-level ladder-type ®Rb atomic system, as shown in Figure 1, was
considered. In this model, a weak probe laser field with carrier frequency «, is applied to

the transition |1) «>|2), while the transition |2) <> |3) is controlled by a strong coupling

field with carrier frequency «, . Assuming that each field only affects one displacement,

the probe laser field (or coupling laser field) will be chosen perpendicular to the electric
dipole moment i, (or f,). I',and I',are given to indicate the decay rates of the states

|3)and |2) , respectively. The incoherent pumping field has a pump rate of 2R set between
the levels |1) and |3). The Rabi frequencies of the probe laser field and coupling laser field
are defined as Q =2u,- Ep Ih, and Q,=2i,-E /h, respectively. Set
Q, =0 exp(ig,)and Q, =Q exp(ig,) to determine the phase ¢, and ¢, of two laser
fields, with Q and Q_as real parameters.
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Figure 1: (a) The three-level ladder-type atomic system
has energy levels evenly spaced and close together; (b) The diagram
of the polarization vector and the corresponding laser field
is fixed so that each laser affects only one transition

Applying the rotating wave approximation and the electric dipole approximation, the
density matrix equation system is briefly presented through the expressions as follows [7]:

) i
Py =—2Rp, +T,,p, +§Qp (le _plZ) (1)
. i i
P =T + 1505 +§QP (plz _p21)+EQ° ('032 _p23) (2)
] i
Pz =2Rp;, —Tyyps _EQC (p32 —,023> (3)
. B i i
P =—-(R+ 'Ap +¥21) Pz +EQp(pzz = Pu) _EQCIOB +2 p\/r21r3277¢p23 (4)
. . i i
Doz == (1Ac + 721+ 73) Pos +§Qc (P55 —p22)+§Qpp13 (5)
) . i i
,013:_(R+|A+73z)p13+EQpp23_EQCpﬂ (6)

where, the elements of the matrix obey the conjugation and normalization
conditions p, +p,, + py; =1 and p; = p;(i = j). Here, A, =w, —w,and A =, -,

are the frequency detuning of the probe laser field and coupling laser field with the

corresponding atomic transitions, respectively. The term 2p,/I',[',770,, exhibits the result

of cross-coupling between spontaneous emission channels |1)<>|2)and |2)«>|3),

P = [y, - Ly || 1y, || 5] = COS O, Where @ is the angle between the two dipole moments;

Ny = ne’ ¢ = #, — ¢, is the relative phase between the probe field and the coupling field.
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Because of the presence of SGC, the optical properties of the system not only depend on
the intensity and frequency detuning of the laser fields but also on their phase. Therefore,
the Rabi frequencies are treated as complex parameters. In the slowly varying envelope
approximation and the rotating wave approximation, the wave equation form of the probe
field is expressed as:

oQ,(z,t) 10Q,(z,t)
+_

o c a =lay,p, (1) (7)

2
w,N |d31|
de,Chyy,
considered with the laser pulse by setting &=z and z=t—z/c, where c is the light speed

in vacuum. In this frame, equations (1-6) will have a similar form by substitution t = z and
z = £, while equation (7) is rewritten [15]:

o r) layy
7=Q—popu(§,f) (8)

where o= is the propagation constant. The moving frame was

Equations (1-6) and (8) are used to study the propagation and all-optical switching
dynamics of the probe pulse under different values of the system parameters.

3. Theoretical model and basic equations

In this section, to study the pulse propagation dynamics and all-optical switching
of the probe laser field, the system of Maxwell-Bloch equations (1-6) and (8) were
numerically solved on the space-time grid by using the equation fourth-order Runge-Kutta
method and finite difference method. The numerical solution program using Matlab
software is developed based on our previous work [15-16]. The initial condition assumes
that all atoms start in the ground state |1) , i.e., p11 (&, 7=0) =1, and the boundary condition

of the probe pulse is assumed to have the form of a Gaussian-type pulse
f(§:0,r):exp[—(ln 2)(1—30)2/15}, where 7, =6/y,,is the temporal width of the

Gaussian pulse at the input (& = 0) in the atomic medium.
Firstly, the spatio-temporal evolution of the normalized probe pulse envelope

intensity \f (é,r)\z have been plotted in two cases: the coupling field is off (a) and on (b).

The first case shows that when the coupling field is turned off, the probe pulse is absorbed
and attenuated very quickly when propagating inside the medium over a very short
distance, as shown in Figure 2(a). In the second case, when the coupling field is turned on
Figure 2(b), the shape of the probe pulse is maintained and hence it can propagate without
loss when entering the medium. This can be explained by the fact that when the coupling
field is turned on, there is quantum interference in the atomic system, and the
electromagnetically induced transparency effect is formed. The medium then becomes
transparent to the probe beam. Therefore, the pulse propagates without being absorbed.
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Figure 2: Spatio-temporal evolution of the normalized probe
laser pulse intensity when (a) the coupling field is turned off and (b) turned on.
Other parameters are 2 ,0=0.1 301, 2¢c=10%1,p=0,R=0.2 po1,
Ap=A.=0, ¢g= 3, and y32 = 0.5 y»1, respectively. Here, the time t has units
of 11 and the propagation distance & has units of o

Time 7

Next, the influence of SGC parameter on the propagation pulse shape in the presence
of relative phase ¢ and the incoherent pumping R was studied, as shown in Figure 3. The
other parameters have been chosen as Q ¢ =10 y21, R = 0.2 y21 and the time evolution of the
normalized probe pulse intensity |f(&,7)[*at different values of the parameter p was

considered. Figure 3(a) illustrates that when the presence of SGC effect (with p = 0.5), the
envelope of the probe laser pulse appears oscillations at the front edge of the pulse. The
amplitude of these oscillations increases simultaneously with the increase of the propagation
distance and the increase of the parameter p as seen in Figure 3(b-c), corresponding to the
values p = 0.7 and 0.866, respectively. This shows that SGC significantly influences both
the absorption and dispersion spectrum of the probe laser pulse.

However, these oscillations can be eliminated with the presence of relative phase
as seen in Figure 3(d). That is, when choosing a suitable value of relative phase (¢ = n/2),
the oscillations caused by SGC reduce and sustain steady pulse propagation in the three-
level atomic medium in the presence of a non-coherent pump.

60
50

Distance ¢a 0 o Time 7 Distance ¢a 0 o

(a) (b)

Time 7
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Figure 3: Spatio-temporal evolution of the normalized probe pulse intensity
for various values of the interference parameter p: (a) [p =0.5,R=0.2 1 and ¢=0];
(b) [p=0.7,R=0.2 p1and ¢=0]; (c) [p = 0.866, 0.2 1 and ¢= 0];
(d) [p=0.86, R =10.2 pprand ¢= #/2].
Other parameters are chosen as shown in Figure 2

Finally, the all-optical switching of the probe field was studied under the
modulation of the switching coupling field at different values of the SGC parameter in the
presence of relative phase and incoherent pumping as shown in Figure 4. Here, the probe
field is assumed to be a continuous wave and the switching coupling field is a quasi-square
pulse of the form: Q ¢ (1) = Q ¢ {1 - 0.5tanh[0.4(t - 10)] + 0.5 tanh[0.4(1-35)] -
0.5tanh[0.4(t-60)] + 0.5tanh[0.4(t-85)]}, normalized by the value Qco = 10y21, and
modulated period around 50/y21.

As seen in Figure 4, the probe field (blue solid line) is switched “On-Off”
corresponds to the “On-Off” modulation of the switching coupling field (red dashed line).
The results demonstrated that the SGC parameter strongly influences the switching process
of the probe field.

Specifically, when the SGC effect is absent, p = 0 [see Figure 4(a)], the switching
signal of the probe field has a nearly square shape and high switching efficiency. However,
when considering the influence of parameter p: p= 0.5, 0.7 and 0.866 corresponding to
Figures 4(b), 4(c), and 4(d), the results show that there is the appearance of oscillations at
the leading edge of the probe pulse and cannot create a nearly square pulse shape like the
switching pulse Qc. The reason for the appearance of oscillations at the leading-edge peak
of the probe pulse can be explained by the influence of SGC causing the asymmetry of the
atomic medium, so the response of the medium is also quite sensitive to the phase of the
laser fields and tents to the coherence between levels |1) and |3) to decrease (this was also
demonstrated in the case of Figure 3).
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Figure 4: Time evolution of the probe beam after a propagation distance of
&,= 100 at different values of the SGC parameter: (a) p = 0; (b) p = 0.5; (c) p = 0.7;

(d) p = 0.86. Other parameters are selected as shown in Figure 3

4. Conclusion

In this paper, we have studied the dynamics of the pulse propagation process and
all-optical switching of the probe field in a three-level ladder-type atomic medium under
the influence of SGC, incoherent pumping and relative phase. The results show that the
propagation of the probe pulse is stable in the electromagnetic induction transparent
medium. The oscillations at the leading edge of the probe pulse increase as the propagation
distance and SGC interference parameter also increase. In particular, these oscillations can
be significantly reduced with the participation of incoherent pumping and relative phase.
Furthermore, all-optical switching of the probe field is realized through On-Off turning of
the switching coupling field. The results obtained in this model can be useful for realizing
all-optical switching in quantum optical information processing applications.
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TOM TAT

ANH HUONG CUA PQ KET HQP PUQC TAO BOI PHAT XA TU PHAT
VA BOM KHONG KET HQP LEN CHUYEN MACH TOAN QUANG
TRONG MOI TRUONG NGUYEN TU BA MUC BAC THANG
KHI CO MAT CUA PHA TUONG POl

Lwong Thi Yén Nga?, Nguyé&n Huy Bang?, Lé Thi Dung? Hoang Minh Pong’,
Trang Huynh Ping Khoa', Nguyén Thi Thu Hién% 2"
YTrieong Pai hoe Cong Thuong TP. Hé Chi Minh, Viét Nam
2Truwong Pai hoc Vinh, Viét Nam
Ngay nhdn bai 02/10/2023, ngay nhdn ding 08/11/2023

Bai bao trinh bay két qua nghién ctru anh hudng cua do két hop duoc tao boi su
phat xa tu phét (spontaneously generated coherence - SGC) Ién su lan truyén xung laser
do trong hé nguyén tir ba mirc bac thang khi ¢c6 mat pha tuong ddi cua cac truong laser va
truong bom khong két hop. Két qua cho thay khi bat trudng laser diéu khién thi méi truong
hinh thanh hiéu &ng trong sudt cam tng dién tir (electromagnetically induced transparency
- EIT) va do d6 su lan truyén xung laser do c6 dang gidng nhu soliton. Nguoc lai, truong
laser do bi suy hao nhanh khi tat truong laser diéu khién. Pac diém nay cho phép tao ra co
ché “tat” va “bat” truong laser do thdng qua viéc “tat” va “bat” trudng laser diéu khién -
tire 1a co ché chuyén mach toan quang dya vao EIT. Bén canh cuong do va tan so, truong
laser con duge ddc trung boi sy phan cuc (gay ra hi¢u ting SGC) va pha. Hiu ung EIT c6
ban chit cua sy giao thoa luong tir nén rat nhay vai sy thay doi cua sy phan cuc, dic biét
1a khi c6 mit ctia pha twong dbi gitra cac truong laser. Do d6, ching ciing anh huéng dang
ké I&n sy lan truyén xung va hiéu suit chuyén mach quang. Cac két qua nghién ctru c6 thé
hitu ich cho quan sat thuc nghiém hoic cac @ng dung trong cac thiét bi quang tir nhu cong
logic, b xir 1y thong tin quang lugng tir va may tinh lugng tir.

Tir khoa: Chuyén mach toan quang; maéi truong EIT; giao thoa lugng tir; hé ba
muc bac thang.
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