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In this paper, we suggest a straight-forward technique to control the atomic population inversion in a three-level
dense medium based on the pulse shaping with a phase-jump. A strong stokes field and two weak probe fields
excite the atomic medium via the V-type configuration. First, we reveal that the atomic population inversion is
accomplished under a shaped pulse. Second, we show that this is significantly improved by including a phase-

jump in the pulse profile. Finally, we suggest a typical combined shape and phase in order to control the dy-
namics of the atomic population inversion.

Introduction

The interaction of quantum systems with light has drawn consider-
able interest due to their significant impact in several fields of Physics
[1]. In fact, these interactions form the basis of a wide range of applied
technology, such as laser beams, diodes [2], atomic clocks[3,4], nano-
lasers [5], single photon transistors [6,7], nanophotonics [8] and all
optical modulators and sensors [9]. Furthermore, light-matter interac-
tion based on quantum coherence lays the foundation for studies in
quantum optics[10-14]. In fact, coherent control of light is considered
as one of the main sources of quantum interference and aims to enhance
non-linear optical processes in spectroscopy and microscopy [15,16]. In
the field of atomic and molecular optics, rapid progress has emerged
thanks to the coherent control of light with pulse shaping [17-19]. In
fact, pulse shaping methods allow the generation of designable optical
wave-forms made according to user specifications. Based on pulse
shaping, single beams as well as coherent anti-Stokes Raman scattering
techniques called (CARS) allow chemically selective non-linear spec-
troscopy [20]. This has given rise to many new directions, such as
quantum computing and data communications with terabit/s [21]. The
target of pulse shaping is the control of amplitude, frequency, and phase.
One pertinent example is the Laser pulse shaping via the chirp frequency
technique, used in [22] to control the excitation probability of a two-
level system. In that study, the dependence of the population of the

* Corresponding author.
E-mail address: n_boutabba@yahoo.fr (N. Boutabba).

https://doi.org/10.1016/j.rinp.2020.103421

upper energy level on the chirp was investigated for different radiation
intensities and pulse durations. Nonetheless, pulse shaping and de-
velopments in femto-second pulse techniques[19] have a significant
effect on the advancement of many fields such as nuclear magnetic
resonance (NMR)[23-25], spectroscopy[26], non-linear fiber optics
[27-29], and high-energy physics[30,17,31-33]. Additionally, pulse
shaping techniques provide a significant insight into an interdisciplinary
approach leading to important results in biology [34,35].

In this work, we consider a classical multi-level atom, where we
apply a strong light pulse and two weak probe lights to excite Rubidium
atoms in a V-type configuration. We show that, by manipulating the
shape of the stokes field, we realize the atomic population inversion. In
addition, we enhance it by applying a phase-jump to the control field.
This paper is organized as follows: In the first section, we present the
model. In the second section, we analyse and describe our system in
terms of the density matrix formalism, then we present the results in the
third section followed by concluding remarks.

Model

In this model, a typical three-level atomic medium with a V-type
configuration is considered (Fig. 1). The different levels denoted by (m,
) where (m,l=1,3) are coupled to the corresponding (m,1) fields as
follows: the field E. with a Rabi frequency Q. drives the level |2) to the
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Fig. 1. The energy diagram of a three-level V-type medium.

level |1) while the weak probe field couples the level |3) to the level |1).
A weak field E,, couples the level pairs |3) to |2). This atomic scheme can
be experimentally realized by a RbY atom with 5S; 2, F=1,m=1,
5P1)5, F =1, m = 0 and 5S; 5, F = 2, m = 1 representing the |1), |2),3)
respectively [36]. The frequency detunings A. and A, correspond
respectively to w. —w21 and wp, —ws;. The radiative decay rates taking
into account in this scheme are y; , from the higher level|3) to [1) and |2)
to |1). This is illustrated in Fig. 1. The Hamiltonian under the rotating
wave approximation is given by:

H = A,13) (3] + Ac]2) 2] — (Qul2) (1] + Q1) (2] + 9, [3) (1 + Qu13)(2]) (1)

Where the detunings of the probe and coupling fields are given by
A, = w31 —wp and A, = w21 —w, respectively. The temporal evolution of
the system is governed by the master equations of the Hermitian density
matrix as:

ap,-j _

1.
— Ot )
1
And:
d . .
P 222 +iQc (P12 — pa1) + i (P32 — P23) 3)
d . .
P4 271p33 i (P13 — p31) +iQu (P — P32) 4
And where the density matrix non-diagonal elements are given by:
d . .
7T (12 +iD)pyy +iQe(pyy — pa) (5)
—i8ypy3 + 1Qup3)
d . . (6)
EQ}I =—(r1 +iby)py +i&(py — p33)
—iQep3; + 2Py
d . . @
EQ}z =—(r1 tr, —ib.+ib)py,

+ QP15 — 1Qcpsy + i (05 — Pi3)

To analyse the density matrix, we consider the rubidium atom Rb*’
where all Rabi frequencies are scaled by the decay rate y, . Thus, y; =1,
72 =3, Q, =5and Q, = 1. We investigate in the next section the laser
inversion by analyzing the atomic population inversion.

Optical field

The control field is considered as a beam of the general form: Q.of(t)
e!? where f(t) defines the light shape and ¢ is the fast phase of the laser
pulse. Now, we first consider a pulse with a temporal super-Gaussian
shape where the light varies between the smooth and the pure flat-top
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shape. In fact, the analysis of the propagation of super-Gaussian field
distributions is based on the super-Gaussian function that defines a
whole family of field distributions with increasingly sharp edges ranging
from strictly Gaussian to uniform flat-top. Here, the control field is
defined as one whose profile follows the mathematical function:

f(1) = foexp(—ar’) ®

ney

e~ ()

where « is a variable and p is the order of the super-Gaussian. In the case
of a second order temporal Gaussian beam, the Gaussian spectrum is
proportional to pulse rise time ¢, and that the time-bandwidth product is
calculated using the temporal and spectral FWHM widths in intensity.
The general form of ¢ depends on the time and the spatial coordinates
where the angular frequency of the pulse and the wave number are
related to ¢ through the first derivative [37]. Finally, it is worth noting
that experimentally, the pulse shaping and the processing of desirable
optical wave-forms are possible via many techniques [38-41]. Among
them, the micro-lithographic pattern technique [42], the spatial light
modulators programs [43], the acousto-optic modulators [44], the
deformable mirrors [45] etc. Most of these experiments use a spatial
light modulator to realize tailored waveforms, while most theoretical
work takes on a perfectly modulated pulse, whose electrical field de-
pends only on time or frequency. A promising technique to realize pulse
shaping in a V-type three-level system is reported in [46]. The authors,
investigated the space-time coupling in femtosecond pulse shaping
experimentally. They addressed experimentally the effects of space-
—time coupling on non-linear interactions, namely, second harmonic
generation. Besides, the effects of space-time coupling on the interac-
tion of laser pulses with a three-level V-type atomic system as well as
resonant diatomic molecules were reported based on a simulation,
which could open the way for experimental realization based on
space-time couplings. Within the next section, we examine the time
evolution of the atomic population inversion with and without phase for
different fields of light, denoted by:

W = py;(t) — pa (1) )

where t is normalized in units of r and W is obtained by solving
numerically the master equations above.

Atomic population inversion and phase-jump

To analyse the atomic population dynamics as well as the optical
control of the laser inversion, we consider the rubidium atom RbY
where all Rabi-frequencies are scaled by the decay rate y; . Thus, y; =1,
7o = 3,Q, = 5and Q, =1. The time tin the reported figures has units of
7, where 7 = % is the Rubidium lifetime and y, is the decay rate [47]. In

Fig. 2 and 4, the Gaussian pump laser is shown for different shapes and
orders related respectively to the parameters a and p, while the atomic
population inversion is reported in Fig. 4 and 5. In Fig. 2, we note that
for higher p, the light pulse is almost flat on the top.

Fig. 3 reports the atomic population dynamics ps5 —py, correspond-
ing to the different orders of the pump pulse. The population inversion
between the levels |3) and |2) is realized after t = 1.2 for the flat-top
beam first, than for lower orders. For the second-order beam, we
notice an inversion of population after the normalized time t = 2. Fig. 4
shows the Gaussian control field pulse for different pulse rise time by
varying a. Respectively, in Fig. 5, the atomic population dynamics
P33 —Pay i reported. In comparison with the results reported in Fig. 3,
we deduce that the atomic population dynamics between the levels |3)
and |2) is almost the same for t € ]0, +1[ in units of 7.

This means that the input Gaussian pulse order has no effect on the
atomic dynamics at the beginning. While the pulse rise time variation
contributes to more splitting between the atomic population dynamics
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Fig. 2. The pump light shape: the pulse profiles of a super-Gaussian field of
orders p = 2,4 and 10.
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Fig. 3. p33 —p,, dynamics for a Gaussian control light beam with various or-
ders. All the normalized parameters are taken for a Rb%.
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Fig. 4. The Gaussian light shape for different widths.

in Fig. 5. p33 —p,, dynamics starts to increase as soon as t is greater than
0.25 in Fig. 5. We clearly get an enhancement of the population inver-
sion for a light pulse approaching a Lorentzian input shape (¢ = 20), for
small pulse rise time. This means that for a fast cycle pulse, the popu-
lation inversion is enhanced. By combining both effects of the fast pulse
rise time and the temporal super-Gaussian order we consider a Rabi field
Q. = 20¢ where £ = e ¥, with p = 2 and a, = 10. In addition, we
consider a phase ¢p = ¢,. The results of this input pulse on the population
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Fig. 5. p33 —po, dynamics for different Gaussian widths. All the parameters are
taken for a Rb®’.

dynamics is reported in Fig. 6, where different colors refer to different
control fields.

In Figs. 6 and 7, the black curve designs the case of a constant
coupling field Q. = 20. The dashed one considers a Gaussian shape
pulse Q, = 20¢ (for p = 2) without a phase, while the blue curve is for a
Gaussian shape (p = 2) with a phase such as:Q, = 20¢e " and 0 = z(1 +
tanh(t))/2 + sech(t)?. Finally, the red curve is for a control field with a
phase as: Q; = 20e~ where ¢ = n(1 + tanh(t))/2. Here, we note that
the combined pulse rise time and order considered for the blue and the
dashed cases, realize the inversion of the atomic population. In the
meantime, all considered fields, with and without &, change the coher-
ence of the atomic medium considerably. (see p5; dynamics for different
pulses with phases in Fig. 7). Compared to previous cases in Figs. 4 and
5, we conclude that taking into account the above-identified phases is an
efficient way of realizing and improving the population inversion. Now,
we suggest a phase-jump of the form:

@(1) = cos(a1). 10$)

ap is the frequency of the variable phase. In addition, we combine this
phase to a pulse amplitude with a complicated sec-hyperbolic form
[48]. The total field is written as

Q,; = 20(sechat + sech(at + 3))e 03" 10 a1

This typical phase allows the control of the atomic population
inversion as it is demonstrated in Fig. 8. In fact, for a constant control
field no population inversion is realized (see the dashed curve), only a
consideration of a Gaussian shape allows the atomic population inver-
sion to appear: see the blue curve where the atomic population inversion

{Population inversion}

0.0 0.5 1.0 1.5 2.0 25 3.0

Fig. 6. Population inversion. All the parameters are taken for a Rb®.
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Fig. 7. Atomic coherence. All the parameters are taken for a Rb*’.
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Fig. 8. Phase-Jump control of the atomic inversion.

is reported for a control field with a Gaussian shape and without a phase.
However, this population inversion is realized after a certain delay in
time t (t is in units of 7). As it is shown in the black curve of Fig. 8, we
combine a Gaussian pulse shape of order 2 (p = 2) with a phase-jump.
The introduction of the suggested phase-jump enhances considerably
the atomic population inversion. Further control of the atomic popula-
tion dynamics is obtained for a sec-hyperbolic complicated pulse with a
phase-jump as it is shown by the red curve in Fig. 8. Finally, the control
field pulse denoted by:

Q,; = 20(sechat + sech(at + 3))e” %"~ 12)

gives the best results as seen in the red curve, in which the complicated
form is coupled with a phase-jump created by a very fast time pulse.

Conclusion

In this paper, we investigate the effect of the light pulse shape on the
control of a three-level atomic system. We consider a Rb®’ medium
interacting with three electromagnetic fields. It is a structure of a V-type
configuration where a weak beam of light propagates in the medium and
interacts with a strong control field. By exploring the coupling rate
equations in the density matrix approach, we show that we can control
the atomic population dynamics by manipulating the light pulse shape.
In fact, by applying various super-Gaussian beams with and without
phase, we are able to realize the atomic population inversion and to
control the population dynamics. Furthermore, through selecting a
specific sec-hyperbolic pulse shape with a phase-jump, the population
inversion is greatly enhanced.
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