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Abstract
We present an efficient scheme for the generation and control of a non-degenerate four-wave
mixing (FWM) signal in an N-type inhomogeneously broadened *’Rb atomic system. We
observe the propagation dynamics of the generated FWM signal along with the probe pulse
under the condition of electromagnetically induced transparency. The FWM signal acquiring the
scaled shape of the probe field travels through the medium without changing its shape and
intensity. We have also shown that a time-dependent control field permits the storage and
retrieval of these optical signals without losing their identity. This work allows us to generate,
control, store and retrieve FWM signals of complicated shape.
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1. Introduction

Atomic coherence induced by coherent light-matter interaction
has a significant role in the precise control of the optical
property of a medium. The observation of atomic coherence in
an atomic system leads us to uncover many spectacular optical
effects. Among the most well-known effects is electro-
magnetically induced transparency (EIT) [1, 2], in which an
opaque medium becomes eminently transparent for the probe
field with the support of a control field. Diverse applications
such as slowing and stopping of light [3-5], coherent storage
and retrieval of light [6-9], Rydberg blockade-induced inter-
actions [10], diffraction control and guiding of light [11, 12],
structured beam generation [13, 14], etc have been documented
using EIT. In a multi-level atomic system, EIT enhances the
nonlinear susceptibility, which conducts us to use the nonlinear
optical regime in the investigation of many nonlinear optical
phenomena such as Kerr nonlinearity [15, 16], self-phase
modulation [17], cross-phase modulation [18, 19], and four-
wave mixing (FWM) [20-23]. In the FWM process, three
electromagnetic fields interact in a nonlinear optical system and
generate an electromagnetic field with a new frequency.
Numerous experiments have been carried out to demonstrate
the enhanced FWM process in multi-level atomic systems
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[24-29]. The FWM process using EIT has been observed in
both cold [30, 31, 26-29] and room-temperature [25, 32]
atomic systems. Besides the FWM process, enhanced higher-
order multi-wave mixing processes have been studied [33].
Kang et al experimentally demonstrated an EIT-based six-
wave mixing signal in an N-type cold atomic system [34].
Recently an experimental observation of an FWM signal in an
N-type cold atomic system has been studied by Chiu et al at
low light levels [35]. Aside from the atomic system, various
hybrid systems composed of semiconductor quantum dots and
metallic nanoparticles or a photonic crystal nanocavity have
been used to study the FWM process [36, 37].

The four-level system not only generates new signals, it
also permits the generated signal to propagate through the
nonlinear medium along with the probe field under the con-
dition of EIT [31, 35]. The effect of enhanced nonlinearity on
these propagating signals through the atomic medium remains
unexplored. In addition, the shape of the generated FWM
signal and the progression during its propagation through the
inhomogeneously broadened medium is not completely elu-
cidated. In this paper, we theoretically investigate all of these
questions in a simple four-level N-type atomic configuration
as shown in figure 1. Two weak probe fields and a strong
control field resonantly drive the system. In order to
efficiently generate an FWM signal, it is essential that the
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Figure 1. (a) Schematic representation of the proposed N-type atomic
energy levels of ¥’Rb D,-line transition. The two metastable ground
states are defined as [3) = [F, =1, mp = 0) and |[4) = |F, = 2,
mr = —1). The two excited states are defined as |1) = |F, = 2,

mp = 0) and |2) = |, = 1, mp = —1). Two probe fields (£2,; and
€2,) and one control field generate an FWM signal with frequency
Wy = Wp1 — W + wpyo. The square root terms are the coupling
strengths (Clebsch—Gordan coefficient) of the corresponding
transitions. (b) A simple illustration of the model system.

phase-matching condition, I?pl + Epz =K, + I?g is strictly
fulfilled [25]. Here we conceive this by using a collinear
geometry which generates the FWM signal in the same
direction as the probe field propagates. The steady state of the
optical Bloch equations is numerically solved to study the
atomic coherence created by the nonlinear atom—field inter-
action. The numerical result clearly shows gain in the FWM
spectrum which indicates the possibility of signal generation.
The frequency of the signal, w,, is related to the frequency of
the probe fields, w,; and w;,, and the frequency of the control
field, w,, by w, = wy1 — wWe + wyp. Note that the difference
between two probe frequencies, ie. Auw, = w, ~
Wyo K Awgyr, must be well contained within the EIT win-
dow, otherwise the probe pulses will suffer distortion from
different absorption and group velocity dispersion. Hence, the
generated FWM signal will also suffer the same kind of
distortion due to the different gain and group velocity
dispersion.

Apart from the generation and control of the FWM sig-
nal, the storage and retrieval of this signal along with the
probe has captivated enormous attention due to its potential
application as an optical memory [38—42]. Recently, many
experiments have demonstrated simultaneous storage and
retrieval of both the signals in a multi-level atomic system
[40, 41, 43]. But the correlation between the input and the
output pulse shape has not yet been explored in detail. It is
noticeable from the previous demonstrations that the retrieved
FWM signal does not preserve its predefined shape, and in
addition its intensity is reduced considerably. We overcome
these limitations by considering a non-degenerate atomic
system in which two probe and one control field are

interacting nonlinearly. In this paper we demonstrate the
shape-preserving storage and retrieval of the FWM signal
without compromising its intensity. We also find that the
storage and retrieval process is robust with both adiabatic and
non-adiabatic switching of the control field.

The arrangement of this article is as follows. In
section 2.1, we configure the physical model and describe the
system using semiclassical theory. In section 2.2, we discuss
the dynamical equations of motion for the N-type system
using Liouville’s equation. In section 2.3, we derive the pulse
propagation equations for the optical fields. In section 3, we
investigate the generation and control of the FWM signal. In
section 4, the storage and retrieval of the FWM signal is
demonstrated. In section 5, we derive the analytical expres-
sion of the nonlinear coherence under weak probe approx-
imation in order to explain the FWM scheme. Finally, in
section 6, we briefly conclude our work.

2. Theoretical model

2.1. Model configuration

In this work, the four-wave mixing mechanism has been
exploited for the generation and control of an optical signal.
The model system consists of an inhomogeneously broadened
four-level ®'Rb atomic system interacting with three co-pro-
pagating optical fields as shown in figure 1. The atomic
transitions |1) < |3) and |2) « |4) are coupled by two probe
fields of frequency w,, w,, whereas a strong control field
with frequency w, couples the |1) < |4) transition. These
optical fields are defined as

Ej(z, t) = 6&i(z, He'®*eD + cc., (1)
where &g(z, t) is the space-time-dependent amplitude,
k; = w;/c is the propagation constant in the z-direction and ¢; is
the polarization unit vector of the optical field. The subscript
Jj € {pl, p2, ¢} indicates the two probe fields and control field,
respectively. The Hamiltonian describing the interaction
between the four atomic level system with the two optical
fields under electric-dipole approximation is as given below

H' = Jwis|1) (1] + 72 (w13 — wia) [4) (4]
+ 71 (wiz — wis + waa)[2) (2] — Qe n|1) (3]
— nQee™ 1) (4] — Qe “rn!2) (4] + h.c.,
2)

where the Rabi frequencies of the probe and control are defined
by

. d13.ép1

Q da4.8p)
pl —

dAM‘eAc
50C
()

50p1; sz = 50p2; Q. =

The dipole moments for the atomic transitions between states
[1) < [3),]2) < |[4)and|1) < |4) are denoted by di3, dry and
dis, respectively. Note that the Clebsch—-Gordan coefficients
of the considered level scheme, |c§13| / |cf24| = \/m ,
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approximately imply that ldis| =~ |daa] [26, 35, 43-45]. So,
we can safely consider that €2, ~ €, = €2,,. The probe pulses
(€251, £2,») have different frequency (w1, wy) but they possess
similar intensity, temporal profile and polarization.

We perform the following unitary transformation in
order to remove the explicit time dependence from the
Hamiltonian

H=U'HU - iﬁU*a—U, 3)
ot
where U is defined as
U = e~ i@pl1) (11+@p1—w0)14) (41+@pr—wetwp) 12) 2D1 4)

Now the transformed Hamiltonian H takes the following form

H=—701) (1] — (A, — Ao)|4) (4]
— (A, — Ac+ A2 (2] — 7Q|1) (3]
— Q) (4] — Q) 12) (4] + hc., (3)

where A, = w,; — w3 and A, = w,» — woy are the detun-
ings of the probe field with |1) < |3) and |2) < |4) transi-
tions, respectively. The detuning due to the control field
corresponding to the |1) < |4) transition is given by
A, = w, — wia.

2.2. Dynamic equations

We use Liouville’s equation to account for the various
radiative and non-radiative decay processes of the atomic
system. The decay of the atomic system is caused by various
mechanisms such as flight-through broadening, population
exchange, and atom—atom and atom-wall collisions. To
govern the response of the atomic populations and coherences
of the four-level atomic system, the following density matrix
equations are employed

i
P:—E[H, pl+ L, (6)
where the second term represents the decay processes that can
be determined by
‘Cp = Lrp + Ecp 7N
with
2 4y
Lp=-3>" 7’(|i> {ilp = 215) Ulpi + pli) (D (8)
i=1 j=3

The spontaneous decay rates from the excited state |i), (i € 1,
2) to the ground state |j), (j € 3, 4) are denoted by ~; in
equation (8). The dephasing in the ground state [L.p in (7)] is
due to collision at a rate .. Now the dynamics of the model

system can be obtained in the following form

P =~y + W pyy + Qs+ iQepyy — iP5
— P4,

. . 1
P12 = —[z(Aq - A) + 5(731 +m+ 2t 742)]P12
+ lQpp32 + chp42 — lQT,pM,

. . 1 .
P13 = [lAp - 5(731 + ’741)]P13 + lQp(P33 = P1p)

+ i Qepys
, . 1 .
Pra= [lAc - 5(731 + 741)]014 + (P34 — P12)

+ ch(p44 — P1Ds
Par = — (Va2 + W) Py + iQppyy — iy,

, . 1
Pz = [l(Ap —Ac+ Ay — E(’Ysz + 742)]023
+ 12, (pu3 — P21
. . 1 .
Pos = [qu - 5(732 + 742)];024 + i (pyg — P22)

- chpzl’

P33 = 731P11 + V32020 + inPls — i p5,

P = =LAy = A + Y] psg + i1 — iQp3
- chpSI’

Py = 0
©)

where the overdot stands for the time derivative and the star
(") denotes the complex conjugate. The atoms in the room-
temperature vapor cell have random thermal motion and have
a finite velocity associated with each. Due to the finite velo-
city, each atom experiences a different Doppler shift in laser
field detuning, i.e. A’ = A =+ kv, where the sign of frequency
shift +kv indicates the motion of atoms either counter-pro-
pagating or co-propagating. The presence of different Doppler
shifts causes the atomic susceptibility to be inhomogeneously
broadened. In the presence of the Doppler shift, the probe and
control field detuning are modified to A;, =A, — kv,
A; = A, — kpv, AL = A, — kv, respectively. Therefore,
these effects can be incorporated into the equations of motion
(9) by taking into account the averaging over a Maxwell
velocity distribution. Hence the velocity averaging of the
atomic coherences (p;(z, 1)) can be expressed as

{pj(z, 1) = fﬂi,-(z, v, 1)P(kv)d (kv),

where P(kv)d(kv) is the probability that an atom has a
velocity between v and v 4+ dv and obeys the Maxwell—
Boltzmann velocity distribution

(10)

Plhv)d (kv) = ¢ d (kv).

1
2rD? b

The Doppler line width D is given by D = \JkzTv>/Mc?,
where M is the atomic mass, kz is the Boltzmann constant and
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T is the thermal equilibrium temperature. At room temper-
ature (T = 300K), the Doppler width, D, is 37+ for ®'Rb
atoms.

2.3. Pulse propagation equations

In this section, we use Maxwell’s equations to govern the
spatio-temporal evaluation of an optical field through a non-
linear medium. The wave equation for the probe, control and
generated fields can be expressed as

(v-

where E = Epl + Epz + EC + Eg is the total field and its
induced polarization is P. The source term P that appears on
the right-hand side of equation (12) is the origin of the linear
and nonlinear response of the medium. The macroscopic
polarization P can be defined in terms of the atomic
coherences as

(12)

2 o’

1 8*\= 47 0*P
— " |E="—
c? Or?

P= N(313p13e_iw1"’ + 324p24e‘iwﬂ2’

+ 314p14e’i“f’ + Jz3p23e’i”g’ +c.c.,) (13)

where N is the atomic density. Note that the atomic density
under consideration is weak, otherwise local field
correction needs to be taken into account. Under slowly-
varying envelope approximation, equations (12) can be
reformulated as

0 10 1 1
— + ——|Q, =in{ = 1 — , 1)), 14
(3Z+C8l) % ”7<SP13(Z )+4P24(Z )> (14)
0 10 1
— 210, =in{ — , D). 15
(3z+cat) ¢ ”7<12p23(Z )> (13)

We neglect the propagation of the control field because its
intensity is much higher than the probe and FWM signal
intensity. The coupling constants for the probe and generated
field are defined in terms of the reduced coupling constant,
n= ZWkNlc_Z;flz/ﬁ, as follows

n n. n

77p1:§’ 77p2:Z’ ng:E

(16)
=R, . .

where |dj; | is the reduced matrix element. The spontaneous

decay rates from the excited states into the ground states are

also modified due to the different coupling strength and can

be written as

Y Y B Y
Y31 3 Va1 1 732 02 Va2 1 (17

where the reduced spontaneous decay rate is defined as
v = 4|J; [2k3 / 37. The angular bracket denotes a statistical
average over the velocity distribution of the atom. We
introduce the following co-moving coordinate system in order
to perform numerical computation:

r=t-% ¢=z (18)
c
Therefore, the expressions within the round bracket of

equation (14) can be easily substituted by 9/0 £ in the frame

o
©

|2g/11° x 10°

o
~

o
o

Figure 2. Propagation dynamics of the generated FWM signal as a
function of position and time. The parameters are Q?, = 0.3y,

Q0 = 3.0y, N =4 x 10'° atoms cm >, A = 7.95 x 107> cm,
A, =A.=A,=A7,=0,0,=30/v, 0, =50/, yr; = 250,
T =350, D =377, T =300 K, 7. ~ 1 x 10° Hz.

of the moving coordinate system. Subsequently, simultaneous
solutions of the Bloch equation (9) and Maxwell’s
equation (14) in space-time coordinates explore the dynami-
cal progression of the optical fields inside the medium.

3. Generation and control of FWM signal

In this section, we proceed with the numerical simulation of
Maxwell-Bloch equations to reveal the generation of the
optical field and its control by exploiting the FWM mechanism.
We have adopted the Cash—Karp Runge—Kutta method in order
to solve coupled partial differential equations. We begin with a
complicated shaped input probe pulse which is a combination
of a Gaussian and secant hyperbolic pulse having different
widths (o; = 30/7, o2 = 50/~). The time-dependent envelope
of the probe field at the entry face of the medium can be
written as

QE=0,7) = Qg[e—(lf')z + sech(T — Tz)] (19)

(%)

where Qg, o,i€{l,2} and 7;, i € {1, 2} are the amplitude,
temporal width and peak location of the complicated shaped
probe field, respectively. In our entire computation, we have
assumed that the amplitude of the control field (Qg = 3.0v) is
larger than the amplitude of the probe field (Qg = 0.37y) and
subsequently the dynamical evolution of the control field can
be neglected. Initially all atoms are occupied in the |3) state
whereas all other states are unoccupied for & € (0, L).

Our first finding on the generation of the optical pulse in
the presence of a continuous-wave (cw) control field is shown
in figure 2. Figure 2 shows the temporal variation of the
generated field at different propagation distances. It is clear
from figure 2 that the amplitude of the generated field
increases gradually and takes the probe field shape while
propagating along the medium. Note that the temporal shape
of the generated field remains unchanged after it attains
saturation intensity. For the sake of generality, we compare
the temporal shape of the generated field with the probe field
as in figure 3. It can be seen that the time-dependent envelope
of the generated field is the same as the input probe field,
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Figure 3. Normalized intensity profile, //I,.., of the complicated
shaped probe pulse and FWM signal at input (n¢/y = 0) and output
(m&/~ = 16) boundary of the medium. Temporal peak position of
the output pulses is shifted at y7 = 252.5. Inset figure shows the
actual peak location. All other parameters are the same as in figure 2.

except its width is a scaled version of the probe pulse. We
also notice that the temporal shapes of both generated and
probe fields propagate through the medium without absorp-
tion and distortion. Therefore, only the cw control field effi-
ciently acquires the temporal shape of the probe field to
generate signals and protect them during propagation.
Further, we have calculated the efficiency of the FWM
process, 7, as a ratio of the energy of the output FWM-
generated field and energy of the input probe field [46]

[ =1L nPadr

77¢ r = 0 — N (20)
T B =0, D dr

B = 0% g p o ZAE @D
A T ldaP

The efficiency of the FWM process, 7.4 is 2.8%. The effi-
ciency also depends on the control field intensity and can be
enhanced further by reducing the control field intensity as
shown in figure 4 in the manuscript. However, the line width
of the EIT window also depends on (2. and can be expressed
as (Aw)gr o< |Q? /7y [47], which limits the FWM efficiency.
This limitation can be avoided by considering a suitable
spectral width of the probe pulse.

In order to prove the robustness of the model system, we
next consider the input probe field to be an amplitude-
modulated Gaussian pulse. For this purpose, the input
envelope for the probe field is expressed as follows

T—T 2
(& =0, 7) = Q1 + mycos wntye (5°) (22)

where m,, and w,, are termed as the depth of modulation and
frequency of the modulating signal, respectively. In practice,
wy, is small compared to the carrier frequency w), of the probe
pulse. Figure 5 depicts the intensity profile of the probe and
generated fields as a function of 7 at the propagation distance

x10™"
40— —————————1———20

Figure 4. Imaginary part of nonlinear Doppler-averaged coherence,
(pa3)> as a function of A, in units of ~ for various values of €).. The

parameters are Q(; =037y, 20 =30y, A, =A,=0,D =37,
T =300K, 7.~ 1 x 10°> Hz, v = 5.746 x 10° Hz.
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Figure 5. Intensity profile of the amplitude-modulated Gaussian-
shaped probe pulse and generated FWM signal at output (n¢/

v = 16) boundary of the medium. The parameters for the probe
pulse are Q?, = 0.3v, m, = 0.65, w,, = v/5, 0, = 75/ and
~v7o = 300. Other parameters are the same as in figure 2.

né/~y = 16. This figure confirms precisely that the generated
FWM signal gets its shape from the envelope of the probe
field and propagates as a shape-preserving pulse. However,
the time resolution of the generated amplitude-modulated
pulse is higher compared to the probe pulse.

4. Storage and retrieval of electromagnetic radiation

In the previous section, we demonstrated how the time-
independent control field efficiently generates and controls
the propagation of the FWM signal. Here we explore the
dynamics of the generated field in the presence of the time-
dependent profile of the control field. We address this issue by
considering the temporal profile of the control field to be of
inverted super-Gaussian shape, which is defined as

QE=0,7) = Q1 — e (=), (23)
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Figure 6. Storage and retrieval of complicated shaped probe pulse
(dashed black line, i = p) and generated FWM signal (solid green
line, i = g) are demonstrated. We multiply 10" and 10° with the
probe field intensity (€2,/7/*) and FWM signal intensity (€2 /).
respectively. Inset figure shows intensity profile of the control field
(solid red). The parameters are oy = 30/, 0, = 50/, vr; = 280,
12 = 360, 0. = 160/, y7. = 800, o = 4 and all other parameters
are the same as in figure 2.

where the parameter « regulates the rapidity of the switching
action of the control field as shown in the inset of figure 6.
The switching off and on of the control field intensity in the
time domain holds the key to the storage and retrieval pro-
cess. Figure 6 displays the spatio-temporal characteristics of
the probe and FWM fields. The initial profile of the probe
field is chosen as a combination of Gaussian and secant
hyperbolic pulse having different widths. As seen from
figure 6 the probe field intensity gradually diminishes due to
the dynamical reduction of the control intensity. Simulta-
neously, the FWM signal is formed and its spatio-temporal
evolution follows the same dynamical behavior as the
probe field.

The control field not only generates the FWM signal but
also enables the storage and retrieval of the signal along with
the probe pulse by temporal variation of its own intensity. The
intensity lowering (rising) to zero (maximum) with time pro-
duces switching off (on) of the control field as shown in the
inset of figure 6. The spatio-temporal evolution of the probe
and generated signals in the presence of the super-Gaussian-
shaped control field is shown in figure 6. The signal and probe
fields are depicted by the solid green and dashed black lines,
respectively. Figure 6 shows that the generation of the signal
field is accomplished within a short length of medium in the
presence of both the control and probe fields. It is also evident
from figure 6 that storage of the signal and probe fields starts as
soon as both peaks experience the falling intensity of the
control field. Hence the intensities of both the signal and probe
fields are gradually stored by adiabatic switching of the control
field during the propagation through the atomic medium. The
storing of the fields can be completed by making the intensity
of the control field zero. The stored pulses can be retrieved on

Ap/y

Figure 7. The temporal profile of ground-state atomic coherence, p43,
is plotted as a function of time for different propagation distances.
All parameters are the same as in figure 6.

demand by switching on the control field. The retrieval process
of the stored fields can be initiated by switching on the control
field at a later time. The maximum intensity of the control field
leads to retrieval of both the probe and signal from the medium
without loss of generality.

Next we investigate the ground-state atomic coherence
which is solely responsible for the storage and retrieval of
electromagnetic radiation in an atomic medium [48]. Subse-
quently we have plotted the atomic coherence py3 as a
function of time at different propagation distances as shown
in figure 7. As depicted from figure 7, at the entry face of the
medium, n¢/y = 0, p43 takes the temporal shape of the probe
field in the presence of constant control. The atomic coher-
ence attains its maximum value when control field is switched
off. The probe and signal pulses are stored inside the medium
in the form of ground atomic coherence by switching off the
control field. This coherence (p43) is well preserved inside the
medium and can be retrieved efficiently before it decays at a
rate of 7. The atomic coherence starts generating the replica
of the stored pulses after the control field is switched on. The
Raman scattering between the stored atomic coherence and
control field intensity produces the stored signal again.
Therefore, the atomic coherence plays the main role in the
storage and retrieval of the probe as well as the FWM signal.

5. Analysis and discussions

5.1. Perturbative analysis

In this section, we derive an analytical expression for the
atomic coherence which can successfully explain the genera-
tion of the signal due to four-wave mixing in the four-level
atomic system. The perturbative expression for the coherence
and population is determined under weak probe approximation
(€2, < §,) that is correct in all orders for the control field of
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Rabi frequencies 2. and second order in probe Rabi fre-
quencies (2,. The solutions of the density matrix equations can
be approximated as

by = 00+ Qo)+ o + Q2D 1 QPP 4 QE2 D
24)

where pf.;)) describes the solution in the absence of €2, and pg.‘),
ke {1, 2,3, 4, 5} is the higher-order solution in the presence
of weak €2,. The steady-state value of the atomic coherence,
P23, can be expressed by the following expression
i 0
23 = 2.’ (25)
LR + £

where

L =iA, — 731;741
FZ :i(Ap - AL) = TYes

s

L=i(A, = Ac+ A, — % (26)
The above expression corresponds to four-wave mixing in a
system of four level atoms and produces a frequency
Wg = Wy — W + wyy. The induced nonlinear atomic polar-
ization P"" is expressed as P~ = X(3)(wg)ﬁplﬁc*1§p2 where
x®(w,) is a third-order nonlinearity. Under Doppler broad-
ening, the nonlinear susceptibility X(3)(wg) can be written as

Ndslldi3P )4

3) =
W) = 0, P

(P23), 27)

where N is the atomic density.

5.2. Nonlinear susceptibility

We next study the nonlinear susceptibility of the medium and its
variation with the control field intensity. We use the weak-
approximated analytical solution (25) to obtain the response of
the generated signal coherence as shown in figure 4. The plots in
figure 4 show gain which ensures that new optical field gen-
eration is possible even in the weak probe regime. The gain of
the generated signal can be enhanced by reducing the control
field intensity as clearly shown in figure 4 with the double
dash-dotted magenta curve (2. = 4.0), solid black curve
(€. = 3.07) and dashed blue curve (£2. = 2.0y). The condition
of the stable dark state, ie. €, < ()., becomes feeble as the
control field intensity is reduced significantly, and causes the
population to leave the dark state |3) and populate the excited
states |1) and |2), which enhances the gain of the FWM signal.
Simultaneously, the probe pulse suffers absorption and distortion
due to the narrowness of the medium transmission window at
low control field intensity because (Aw)gr o< |Q|> /7. How-
ever, the transmission and distortion of the probe pulse can be
avoided by considering a suitable spectral width of the probe
pulse so that the spectrum of the probe pulse will be well con-
tained within the transparency window of the medium. Hence
the efficiency of nonlinear signal generation can be enhanced
with a suitable value of control field intensity.

6. Conclusion

In conclusion, we have demonstrated efficient generation and
control of a non-degenerate FWM signal in an N-type inho-
mogeneously broadened atomic medium. A strong control field
and two weak probe fields tailored the medium susceptibility
with a gain profile which enabled us to generate the FWM
signal. This scheme generates a scaled copy of the input probe
pulse which travels through the atomic medium along with the
probe field without changing its shape and intensity. We fur-
ther study the propagation dynamics, storage and retrieval of
the generated FWM signal in the nonlinear medium by con-
sidering a complicated combination of Gaussian and secant
hyperbolic shape as well as an amplitude-modulated signal.
These unique features have important applications in signal
processing in optical communication as well as in quantum
information science [49, 50].
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