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In this study, we control a three-level atomic system using a typical strong control field with a modified quotient
double exponential form (modified QEXP). The considered atomic configuration is a V-type three-level system in
which QEXP is applied between the ground and excited states. Atomic population inversion can be achieved by
selecting specific shaped pulses. In addition, we control the temporal atomic coherence of the system for a

spectrum of waveforms and derive both absorption and dispersion spectra. Compared to a continuous wave
control field, the proposed modified QEXP pulse achieves an electromagnetically induced transparency window

in the absorption spectrum.

Introduction

The progress in the understanding of light-atom interactions has led
to the development of techniques for the control of quantum systems,
such as single atoms and quanta of light. This has attracted considerable
interest because the atom-light interaction leads to atomic coherence
that can be used to control the optical properties of an atomic medium.
The achievement of a high laser population inversion, manipulation of
atomic coherence, and control of the absorption-dispersion spectra in an
atomic medium contributed to the development of various fields,
including electromagnetically induced transparency (EIT) [1], lasing
without inversion [2], atomic clocks [3], and coherent population
trapping [4]. The studies have led to several applications including high
resolution hyperfine spectroscopy [5], slowing light [6-9] and quantum
memories[10,11]. For example, EIT has been studied experimentally
and theoretically in three-level atoms to show that, in the presence of a
strong control field in a certain frequency range, a highly absorptive
medium may become transparent to the weak probe field [12].

A powerful approach to address the challenges related to the control
of light is the use of pulse-shaping techniques. Several types of pulses
can be produced in digital communications, such as rising cosine, sinc,
root rising cosine, and Gaussian pulses. Such pulses can be chirped,
which implies that the laser pulse can be stretched out temporally and
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spectrally, amplified, and then compressed again. Hence, since the
advent of chirped pulse amplification techniques, notable progress has
been achieved in the production of high-power femtosecond pulses and
their applications. Recently, significant breakthroughs in lasers have
been achieved [13]. An ultrashort chirped pulse has been directed
through a lens generating a gradient force opposite to the direction of
the beam and amplified by 11 orders of magnitude. This technique is
referred to as optical tweezer trapping, applicable in biological and
medical sciences [13].

Chirped laser pulses were applied to a three-level atom to produce an
arbitrary coherent superposition of two ground states to store optical
phase information [14]. In addition, several other studies have investi-
gated atomic population transfer and optical coherence [15,16]. For
high-power electromagnetic and ultra-wide-band pulse analysis, pulses
of double exponential types, as well as their derivatives, are commonly
used in digital communication. For example, the double exponential
quotient (QEXP) [17] has been used in numerical simulations as a
mathematical expression of high-altitude electromagnetic pulse (HEMP)
environments [18] and pulse shapes of the gamma-ray source [19]. The
shaping of the pulse in forms such as tan-hyperbolic, Gaussian, or
complex cosine leads to distinct results in the three-level system (atomic
population inversion, coherences, etc) [16].

In this study, we analyze a new pulse shape in a three-level atom with
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Fig. 2. Three-level atom.

a modified quotient exponential form, and report the atomic population
inversion, temporal coherence, and dispersion-absorption spectra. In
Section “Modified QEXP pulse”, we describe the modified QEXP pump
light followed by the atomic model in a three-level V-type configuration.
In Section “Analysis”, we analyze the atomic population inversion,
coherence, and dispersion-absorption spectra.

Modified QEXP pulse

The (QEXP) waveforms have been used in numerical analyses as a
mathematical representation of the pulse shapes of the (HEMP) and
gamma-ray source [20,18]. In general, the analytical form of the QEXP
pulses is:

k

= e~ + eﬁr (1)

I

In Fig. 1, the modified QEXP pump laser is shown for different
waveforms. The description and feasibility of this typical pulse is dis-
cussed in terms of a and $ and their ratio in [17]. In addition, all possible
realistic values for the realization of this shape are listed in Table II of
[17].

In our study, we propose a typical pulse with a modified quotient of
double exponential form expressed by:

=3It
Q) =2 @
(1 + efzn)z

where I is a variable, t is in the units of the pulse rise time, and Q. is the
amplitude of the Rabi frequency used in our model. In the next sections,
we investigate the pulse shape effects on the atomic population inver-
sion, temporal coherence, and dispersion-absorption spectra of a typical
three-level atomic medium.

We consider a V-type three-level configuration in which ground state
|1) is coupled to the upper state |2) with a strong control field. The latter
has a modified QEXP shape with a temporal Rabi frequency of Q(t) and
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Fig. 3. Atomic population inversion dynamics for various modified QEXP
wave forms.

amplitude of Q..

We also consider a weak microwave field Q,, that couples level pairs
|3) to |2). Notably, this atomic scheme can be experimentally realized by
an Rb* atom with 55,5, F=1,m=1,5P; 5, F=1,m=0and 5 5, F =
2, m =1 [21]. The radiative decay rates considered in this scheme are
712 from higher levels |3) to |1) and |2) to |1), as illustrated in Fig. 2.
Under the rotating wave approximation, the Hamiltonian of the
considered configuration is [16]:

H = 8,[3)(3] + Ac[2)(2] = (Qc[2)(1] + &

Q2] +Q,13)(11+Q.3)(2))  (3)

where A, = w31 —w, and A, = vz —w, denote the detunings of the
probe and coupling fields, respectively. The temporal evolution of the
system is expressed by the density matrix,

%ﬂzz = 2105 +iQc(p1, = o) +iQu(ps3 — Pa3)

%1033 = =2ps5 + i (P13 — p31) +iQu(Prs — P3) @
%@21 = —(rp Hid)py +iQc(py — ) — P23 + iP5,

d . . . .

2% = (11 +iBy)p3 + i (p1y — P33) — iQep3y + iQupay

%@32 = = +r2 — A FiBy)ps; + iQp1; — IQup3y + IQu (P — P33)

where atomic populations are described by the diagonal elements, while
coherences are described by the non-diagonal elements (because they
describe the coherent oscillatory behavior of superpositions in the sys-
tem). The atomic coherences in a medium are mathematically defined
by the corresponding density matrix off-diagonal elements. In the den-
sity matrix formalism on the example of a two-level system of states [i)
and |j), the element p;; is related to the probability amplitude through the
trace, which indicates coherence. p; is a complex number that includes
the amplitude and phase in its real and imaginary parts, respectively
[22].

Analysis
Atomic population inversion

To analyse the atomic population inversion, we consider that all Rabi
frequencies are scaled by the decay ratey;. Weset,y; =1,7, =2y;,Q, =
5, and Q, = 2. By numerically solving the above master equations, we
analyze the temporal evolution of the atomic population inversion for
different wave forms, denoted as W = p35(t) —p,,(t). We consider the

case of Rb87, where t is normalized in units of 7 = % (rubidium lifetime
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Fig. 4. Atomic coherence under modified QEXP pulses: p5; in terms of time t scaled to the pulse rise time.

and y, is the decay rate) [23].
In Fig. 3, the atomic population inversion is presented for different
waveforms of the modified QEXP pulse. All parameters were set for Rb.

Dispersion
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The atomic population inversion increases as the dropping edge of the
input signal increases. Therefore, it is largely enhanced for a sharp
waveform pulse that characterizes a waveform with a small fall time.
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Owing to the rapid drop pulse, a small resonant interaction time is
required to produce the inversion.

Control of the coherence

In Fig. 4(a) and (b), we consider the case of resonance, where the
frequency of the field coincides with the atomic transition frequencies.
We present the real and imaginary parts of the coherence p5; in the
atomic medium for various waveforms.

For each I'-type waveform (Fig. 1), we generate a typical coherence.
This implies that for each pulse shape we obtain a typical curve for
coherence. Hence, the atomic coherence of the system is controlled by
the pulse shape. In a practical scenario, the detection of a coherent
interaction is complex as the electric field must satisfy numerous strict
requirements. The two most significant requirements include the tem-
poral and spatial structures of the field. Hence, to detect coherent ef-
fects, the pulse duration for a pulsed field must be shorter than the time
constant of any decay mechanism. In the case where a chirped laser
pumps the atoms from the ground state to the upper state, we control the
coherences by varying the pulse shape, which is related to the pulse drop
time.

Fig. 4(c) and (d), show the real and imaginary parts of the coherence
far from the resonance, respectively. The detuning is scaled to the
radiative decay constant [24]. In our case, A, = 0.7A., and we observe
that, out of resonance, the temporal dynamic process of the coherence is
different from the resonance case. The real temporal coherence spec-
trum is less split away from the resonance, whereas the pulse form effect
is less pronounced for the imaginary coherence (than for the resonant
case).

Dispersion-absorption spectra

In this section, we describe the probe dispersion and absorption
spectra. The dispersion is proportional to the real part of the off-diagonal
density matrix element p5; while the absorption is proportional to its
imaginary part. The spectra were derived in terms of the probe detuning.
For different pulses, we obtained different spectra at the resonance, as
illustrated in Fig. 5(a) and (b). Specific characteristics are observed in
Fig. 5(c) and (d), showing the dispersion and absorption spectra,
respectively, for a constant control field and for a modified QEXP control
pulse. Under certain conditions (y; = 1.5,y; =05, T = 04, A, =
0.7A:,Qp = Qn = 2.), the modified QEXP waveform leads to EIT win-
dow opening in a typical frequency range.

Conclusion

In this study, we investigated the effect of a typical modified QEXP
laser pulse on the control of a three-level atomic medium. By solving the
Bloch equations in the density matrix formalism and considering the
rotating wave approximation, we analyzed the shape effect on the
atomic population inversion, coherence, absorption and dispersion
spectra at the resonance and out of resonance. The proposed pulse en-
ables population inversion and directly relates the atomic coherence to
the pulse time duration. By controlling the desirable waveforms, we can
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control the absorption and dispersion in the medium. An EIT window
was achieved in the absorption spectrum by a control field with modi-
fied quotient of double exponential form.
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