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We propose a new scheme for the coherent control of birefringent light pulses propagation in a four-level atomic
medium. We modify the splitting of a light pulse by controlling the electric and magnetic responses. The Doppler broad-
ening effect is also noted on the propagation of the birefringent pulses. The dispersions of the birefringence beams are
oppositely manipulated for delay and advancement of time at a Doppler width of 10γ . A time gap is created between
the birefringence beams, which protects from hacking of information. The time gap is then closed to restore the pulse
into the original form by a reverse manipulation of the dispersion of the birefringence beams, i.e., introducing another
medium whose transfer function is the complex conjugate of that of the original medium. The results are useful for secure
communication technology.
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1. Introduction
Over the years, the field of light matter interaction, which

can best be described by quantum optics at the quantum me-
chanical level, has been a hot topic of research.[1–5] The
phenomenon of negative refractive index in atomic systems
achieved by the interaction of atoms with suitable electric and
magnetic components of the laser field has received consid-
erable attention.[6,7] Impressive efforts have been made to in-
vestigate propagation of light through a chiral medium, which
splits the light beam into birefringent left/right circular po-
larized beams with different refractive indices.[8] One of the
refractive indices has gone by increasing the delays of the
beam, while the decrease in the other indices advances the
beam.[9–11] McCall[12] in 2011 used the concept of splitting
of a light beam into an accelerated leading part and a decel-
erated trailing part in the creation of a temporal time gap. A
few years ago, following the concept of space time duality, a
research group demonstrated the first experimental cloak.[13]

The natural birefringent materials exhibit a double
image.[14–17] Birefringence has numerous applications. It is
used in optical devices, such as liquid crystal displays, light
modulators, color filters, and wave plates. It plays an im-
portant role in the second harmonic generation and also many
other nonlinear processes.[18–20] The process of manipulating
the speed of light in such a way that a time gap is created in
it is called temporal or event cloaking. An event occurring in
the time gap is cloaked (hidden) from the detectors. The time
gap is then closed so that a specific observer could receive the
information of light in its original form. The ability to hide
events opens a number of new exciting possibilities in quan-
tum optics.[21–23]

A large number of research articles have been pub-
lished to control light pulse via Doppler broadening in atomic
configurations.[24–26] In this article, we theoretically investi-
gate the birefringence of a light beam in a chiral medium
by using the Doppler broadening configuration and spectral
hole burning regions. One of the circularly polarized beams
is slowed down and the other is speeded up in the medium.
The left/right circularly polarized beams delay and advance
with the control field. This creates a temporal time gap and
hacking can be controlled due to which information can be
hidden. We also use the transfer function and phase shift theo-
rem to enhance the temporal time gap. Our present article is a
significant step toward the development of noised free secure
communication technology between various channels and also
reduces the hacking process. Our results show the importance
of birefringence to improve the hacking technology.

2. Model and its dynamics
We choose a four-level double V-type atomic configura-

tion of the cesium medium. The energy level diagram of the
atom field interaction is shown in Fig. 1. This system has two
degenerate excited states |3〉 & |4〉, a ground state |1〉, and
a meta stable state |2〉, which are subjected to the selection
rules. The upper excited levels |3〉 and |4〉 are coupled with
the ground level |1〉 by the superposition of two probe fields
having Rabi frequencies Gp. The two probes vary by phase ϕ

and have the same detuning ∆p. The excited levels |3〉 and |4〉
are coupled with the meta stable state |2〉 by two control fields
having Rabi frequencies G1,2. The ground state |1〉 is coupled
with the meta stable state |2〉 by a magnetic field of Rabi fre-
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quency Gm having detuning ∆m. The decayed γi=1,2,3,4,5 are
shown in the figure. To derive the equations of motion and
study the optical response of the chiral medium, we proceed
with the following self Hamiltonian (H0) and interaction pic-
ture Hamiltonian (HI) in the dipole and rotating wave approx-
imations:

H0 = h̄ω1 |1〉〈1|+ h̄ω2 |2〉〈2|+ h̄ω3 |3〉〈3|+ h̄ω4 |4〉〈4| ,

HI =

[
− h̄

2
Gp e−i∆pt |1〉〈4|− h̄

2
Gp e iϕ e−i∆pt |1〉〈3|

− h̄
2

Gm e−i∆mt |1〉〈2|− h̄
2

G1 e−i∆1t |2〉〈4|

− h̄
2

G2 e−i∆2t |2〉〈3|
]
+H.c.

The master equation which is used for the dynamics of the
system is written as

ρ̇ =− i
h̄
[HI,ρ]−∑

1
2

γi j(R†Rρ +ρR†R−2RρR†), (1)

where R† and R are the raising/lowering operators, γi j repre-
sent the decay rates, and ρ is the density matrix. By using
the master Eq. (1) for the dynamics of the system, the three
important coupling rates equations are obtained as

·
∼
ρ
(1)
12 = A1ρ̃

(1)
12 +

i
2

Gm(ρ̃
(0)
11 − ρ̃

(0)
22 )+

i
2

G∗1ρ̃
(1)
14

+
i
2

G∗2ρ̃
(1)
13 −

i
2

Gpρ̃
(0)
32 −

i
2

Gp e iϕ
ρ̃
(0)
42 , (2)

·
∼
ρ
(1)
13 = A2ρ̃

(1)
13 +

i
2

Gp(ρ̃
(0)
11 − ρ̃

(0)
33 )+

i
2

G2ρ̃
(1)
12

− i
2

Gp e iϕ
ρ̃
(0)
43 −

i
2

Gmρ̃
(0)
33 , (3)

·
∼
ρ
(1)
14 = A2ρ̃

(1)
14 +

i
2

Gp e iϕ(ρ̃
(0)
11 − ρ̃

(0)
44 )+

i
2

G1ρ̃
(1)
12

− i
2

Gpρ̃
(0)
34 −

i
2

Gmρ̃
(0)
24 . (4)
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Fig. 1. (color online) Energy diagram of the four-level atomic system.

The atoms are initially prepared in the ground state
|1〉. The population of atoms primarily in the other

states are assumed to be zero. Therefore, ρ̃
(0)
11 = 1 while

ρ̃
(0)
22,33,42,32,43,34,34 = 0. To evaluate the system density dynam-

ics of ρ̃
(1)
13 , ρ̃

(1)
14 , and ρ̃

(1)
12 in its steady state condition, we use

the following expression:

𝑄(t) =
∫ t

−∞

e−M(t−t ′)Bdt =−M−1B, (5)

where 𝑄 is a column matrix of the coupled density, 𝐵 is the
column matrix of constants, and 𝑀 is a 3× 3 matrix. The
solution is in the form

ρ̃
(1)
13 + ρ̃

(1)
14 = GpβEE +GmβEB, (6)

ρ̃
(1)
12 = GmβBB +GpβBE , (7)

where βEE and βBB are electric and magnetic polarizibalities,
while βEB and βBE are related to the chiral coefficients. The
electric polarization is defined as Pe = N(σ13ρ̃

(1)
13 +σ14ρ̃

(1)
14 ),

whereas σ13 ∼= σ14 = σ . Here σ13 and σ14 are the electric
dipole moments. The magnetization can be obtained from
equation M = Nµ12ρ̃

(1)
12 , where µ12 is the magnetic dipole mo-

ment, and N is the total number of atoms (atomic density).
Putting Gp = σE/h̄ and Gm = µ12B/h̄, with B = µ0(M+H),
we obtain the electric polarization and magnetization. The
electric and magnetic polarizations are in the form of chiral co-
efficients, while the electric and magnetic susceptibilities are
defined as Pe = ε0χ

(1)
e E +ξEHH/c and M = χ

(1)
m H + ξHE H

µ0c E.
Comparing the above two polarizations and magnetizations,
we obtain the first-order complex electric and magnetic sus-
ceptibilities as well as the chiral coefficients for this atomic
system, which are written as

χ
(1)
e =

βEE +µ0(βEBβBE −βBBβEE)

ε0(1−µ0βBB)
, (8)

χ
(1)
m =

µ0βBB

1−µ0βBB
, (9)

ξ
(1)
EH =

cµ0βEB

1−µ0βBB
, (10)

ξ
(1)
HE =

cµ0βBE

1−µ0βBB
, (11)

where

βBE =
Nσ µ12B1

Ph̄
, (12)

βEB =
Nσ µ12(G1[exp(−iθ1)+G2[exp(−iθ2)])

Ph̄
, (13)

βEE =
Nσ2(B2 +B3)

2A2Ph̄
, (14)

βBB =
2iNµ2

12A2

Ph̄
, (15)

A1 = i∆m−
(γ1 + γ2 + γ3 + γ4 + γ5)

2
, (16)

A2 = i∆p−
(γ3 + γ4 + γ5)

2
, (17)

P = 4A1A2(G2
1 +G2

2), (18)

B1 = G1 e i(ϕ+θ1)+G2 e iθ2 , (19)
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B2 = 4iA1A2 + iG2
1− iG1G2 e i(ϕ+θ1−θ2), (20)

B3 = i(4A1A2 +G2
2)e iϕ − iG1G2 e i(θ1−θ2). (21)

To introduce the Doppler broadening effect in the
medium, we replace ∆p = ∆p + kmv and ∆m = ∆m +ηmkpv,
where kp = 2π/λp and km = 2π/λm. If the magnetic field co-
propagates to the electric probe then ηm =−1 and if counter-
propagates then ηm = 1. For simplification, we plug here
kp,m = k. With the above conditions, we obtain the veloc-
ity dependent susceptibility and chiral coefficients χ

(1)
e (kv),

χ
(1)
m (kv), ξ

(1)
EH(kv), and ξ

(1)
HE(kv). The Doppler susceptibilities

and chiral coefficients are the average over the Maxwellian
distribution and given as

χe =
1

VD
√

π

∫
∞

−∞

χe(kv)e
− (kv)2

V 2
D d(kv), (22)

χm =
1

VD
√

π

∫
∞

−∞

χm(kv)e
− (kv)2

V 2
D d(kv), (23)

ξEH =
1

VD
√

π

∫
∞

−∞

ξEH(kv)e
− (kv)2

V 2
D d(kv), (24)

ξHE =
1

VD
√

π

∫
∞

−∞

ξHE(kv)e
− (kv)2

V 2
D d(kv), (25)

where VD is the Doppler width and depends upon the absolute
temperature. Its value is written as

VD =
√

KBTaω2/Mc2, (26)

where KB is the Boltzman constant, Ta is the absolute temper-
ature, M is the molecular mass, and c is the speed of light in
a vacuum. When the light ray enters into the chiral medium,
it becomes birefringent. The divided rays have left and right
circular polarizations with refractive indices n(−)r and n(+)

r , re-
spectively. One refractive index slightly decreases while the
other slightly increases. The refractive index is given as

n(±)r = Re
[√

εrµr−
(ξEH +ξHE)2

4
± i

(ξEH −ξHE)

2

]
, (27)

where εr = (1+ χe) and µr = 1+ χm. The complex phase ve-
locity is written as v±p = c/n(±)r . The real and imaginary parts
of the complex velocity are related to the propagation speed
in the medium and the damping speed, respectively. When
the light beams propagate in a vacuum, all the waves have the
same speed c, but when the light beams are propagating in a
chiral dispersive medium, the waves propagate with a com-
plex group speed v±g = c/N±g . The waves pulse has a complex

group index of refraction. The complex group index N(±)
g of

the pulse is written as

n(±)g = n(±)r +ωp
∂n(±)r

∂∆p
. (28)

This index of refraction has real and imaginary parts related to
the group velocity and the damping group index, respectively,
where ωp is the frequency of the probe field. The complex
group divergence between the two pulses is

θ
D
g =

πL
λ

(n(+)
g −n(−)g ). (29)

The complex group velocity is written as v±g = c/n(±)g .

Ei(t) =
1√
2π

∫
∞

−∞

Ei(∆p)e−i∆pt d∆p, (30)

where ∆p = ωp −ω0 for our proposed system. This wave
packet in the frequency domain is considered as

Ei(∆p) =
1
√

τ0
e−

τ2
0 ∆2

p
4 , (31)

where τ0 is the input pulse width. In a chiral medium, the
pulse splits into left/right circular polarized light beams. The
beams have different transit times in a chiral medium due to
the slight difference in the refractive indices.

The transmission frequency spectrum Etr(∆p) of the inci-
dent event Ei(∆p) is then equal to the product

E(+)
tr (ωp) = Ei(∆p)H

(+)
1 (∆p), (32)

E(−)
tr (∆p) = Ei(∆)H(−)

1 (∆p), (33)

where H(+)
1 (∆p) and H(−)

1 (∆p) are the transfer functions of the
medium for left and right circular polarized beams

H(+)
1 (∆p) = e i∆pt(+)

, (34)

H(−)
1 (∆p) = e i∆pt(−) . (35)

The transmission spectrum in the time domain is written as

Etr(t) = F−1[Ei(∆p)H
(±)
1 (∆p)], (36)

where t± = L/v±g . The time gap is created between the inter-
vals t0 + t(+) and t0 + t(−), whose width is equal to t(+)− t(−).
If an external event Eext(t) interacts with Etr(t) in this gap, then
Eext(t)Etr(t) = 0. The transmitted wave packet experiences no
effect of the interacting event that occurs inside this gap. The
information of the wave packet is not hacked in the gap and
it will transmit without being detected until the gap is closed.
For the specific observer to receive the original information of
the incident wave packet, the gap is closed by reverse manip-
ulation. In this case, another medium whose transfer function
is the complex conjugate of the original medium is required,
i.e.,

H(+)
2 (∆p) = [H(+)

1 (∆p)]
∗, (37)

H(−)
2 (∆p) = [H(−)

1 (∆p)]
∗. (38)

The output transmission frequency spectrum of Ei(∆p) is
then written as

Eout(∆p) = Etr(∆p)H2(∆p) = Ei(∆p). (39)
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The output signal in the time domain is obtained by taking the
inverse Fourier transform of gout(ωp) as

Eout(t) = F−1[Eout(∆p)] = Ei(t). (40)

The output signal is obtained in its original form.

3. Results and discussion
The propagation of a light pulse through a four-level chi-

ral atomic system is under consideration in this article. We
use atomic units in this work. A scaling parameter γ is taken,
γ = 10 MHz, and all parameters are scaled to γ . The dipole
moments are supposed according to the Einstein coefficient as

σ =
√

3h̄λ 3(γ2+γ3)/2
8π2 and µ12 = c

√
3h̄λ 3γ5

8π2 . The plots are traced
for the electric and magnetic susceptibilities and chiral coeffi-
cients. The refractive index and divergence angle are modified
due to the additional terms of the chiral coefficients. When
light enters to the chiral medium, it splits the light ray into left
and right circular polarization beams. Our main interest is to
study the Doppler broadening effect on the complex refractive
index, which is related to the divergence angle between the
two rays. The Doppler broadening effect changes the optical
properties of a chiral medium. In this medium, the splitting of
the ray into left and right circular polarizations varies with the
Doppler broadening.

Re(χe)

Im(χe)

Im(χm)

(a)

χ
m
/
1
0
-
7

χ
e
/
1
0
-
5

Re(χm)

(b)
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2
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-40 -20 0 20 40

∆p/γ

Fig. 2. (color online) Real and imaginary parts of the electric and
magnetic susceptibilities vs. ∆p/γ , where γ1,2,3,4 = 1γ , γ5 = 0.001γ ,
G1,2 = 20γ , VD = 5γ , ∆1,m = 0γ , ϕ = 0, θ1,2 = π/2, ηm = 1, and
λ = 586 nm.

Figure 2 shows the variation of the real and imaginary
parts of the electric and magnetic susceptibilities with the
probe de-tuning ∆p/γ . The real part of susceptibility is related
to the dispersion spectrum and the imaginary part is related to
the absorption spectrum of the probe field. The magnetic re-
sponses are very small as compared to the electric responses

and large contribution to the optical properties is made by the
electric responses.

Figure 3 shows the real and imaginary parts of chiral co-
efficients ξEH and ξHE . The sum of real and imaginary parts of
the chiral coefficients vanishes as Re(ξHE)+Re(ξEH) = 0 and
Im(ξHE)+ Im(ξEH) = 0. The difference of the real and imag-
inary parts of the chiral coefficients (Re(ξHE)−Re(ξEH) 6= 0
and Im(ξHE)− Im(ξEH) 6= 0) contributes to the complex re-
fractive index and the related optical properties such as the
complex divergence angle between the left/right circular po-
larized beams.

R
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Fig. 3. (color online) Real and imaginary parts of the chiral coefficients
vs. ∆p/γ with the same parameters given in Fig. 2

Figure 4 shows the variation of the phase refractive in-
dices with the probe detuning and Doppler width. The phase
refractive indices n±r of the birefringent beams have slight
change ∆n = (n(+)

r )− (n(−)r ), which shows the divergence of
the beam and different transit time in the medium. The phase
refractive indices of the birefringence beams have reverse ma-
nipulation with Doppler width in Fig. 4(b). This shows the
creation of a time gap for information hiding to reduce hack-
ing.

Figure 5 shows the group refractive indices and diver-
gence angle between the birefringent pulses with Doppler
width. The Doppler width is temperature dependent. The
group indices show a reverse variation with Doppler width and
finally become saturated. Initially n+g increases in the positive
domain and creates a delay time in the medium, n−g decreases
and becomes negative which creates advances in time. This
opens a time gap for reducing hacking of information. Finally
both refractive indices become saturated with Doppler width
and the time gap remains constant.
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Fig. 4. (color online) (a) Refractive index vs. ∆p/γ with the parame-
ters in Fig. 2; (b) refractive index vs. VD with the same parameters and
∆p = 0γ .
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Fig. 5. (color online) (a) Group index and (b) divergence angle vs. VD
with the same parameters of Fig. 2 but ∆p = 20γ and ωp = 1000γ .

Figure 6 shows the input pulse intensity, transition pulse
intensity, and output pulse intensity of the birefringence beams
vs. t/τ0. The input pulse width τ0 is supposed to be 2.8 ns.
The input pulse intensity has a Gaussian form as shown in
Fig. 6(a). The transmission pulse intensities of the birefrin-
gence beams are also Gaussian. In this case, the pulse of the
left circular polarized beam advances and the right circular po-
larized beam delays within the chiral medium at the Doppler
width VD = 10γ . This delay and advancement of time in bire-
fringence creates a times gap about the central time t0 where

the pulse amplitude is zero. In the time gap, information is not
detectable and no one can hack the information of the carrier
pulse. This time gap reduces the hacking of information as
shown in Fig. 6(b). Finally, the birefringence beam is restored
to the original form by the reverse manipulation of dispersion.
For this, another medium whose transfer function is the com-
plex conjugate of that of the original medium is needed. This
medium will delay the left circular polarized beam and ad-
vance the right circular polarized beam. Under this condition,
the time gap between the birefringence beams is closed and
the output pulse is obtained in the original input form and the
information is now detectable as shown in Fig. 6(c).
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Fig. 6. (color online) (a) Input pulse intensity, (b) transmission inten-
sity of birefringence, (c) output intensity of birefringence beams vs.
t/τ0 with the same parameters of Fig. 2 but VD = 10γ , ∆p = 20γ , and
τ0 = 2.8 ns.

4. Conclusion
We used a four-level atomic medium to measured both

electric and magnetic responses for birefringence. In this
atomic system, we applied an electric and magnetic probe and
two control fields. We introduced the Doppler broadening ef-
fect in this atomic system and measured the variation in prop-
agating beams in the medium. We observed splitting of light
beams into left/right circular polarized beams. We measured
the differences in phase and group refractive indices. Since
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information is carried by the pulse, therefore we measured the
group indices for left/right circular polarized beams. These
beams show different transit time in the medium due to the
difference in the group indices. The difference in transit time
creates a time gap where the pulse amplitude is zero and the
information is not detectable in the time gap. This reduces the
hacking possibility of information in communication systems.
The time gap is then closed to restore the pulse into the orig-
inal form by a reverse manipulation of the dispersion of the
birefringence beams. Our results show potential applications
in secure communication technology.
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