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Efficient diffraction control using a tunable active-Raman gain medium
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We present a scheme to create an all-optical tunable and lossless waveguide using a controllable coherent
Raman process in an atomic rubidium vapor in an N -type configuration. We employ a Gaussian Raman field
and a Laguerre-Gaussian control field to imprint a high-contrast tunable waveguidelike feature inside the atomic
medium. We numerically demonstrate that such a waveguide is able to guide arbitrary modes of a weak probe
beam to several Rayleigh lengths without diffraction and absorption. Our results on an all-optical waveguide-
based scheme may have potential applications in lossless image processing, high-contrast biomedical imaging,
and image metrology.
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I. INTRODUCTION

Optical diffraction poses a major obstacle in the path of
achieving high-contrast imaging, efficient information trans-
fer, and processing. This is because diffraction deforms the
optical beam carrying the information, thereby causing a loss
of it and thus limiting the efficiency of information pro-
cessing and imaging methods. To control optical diffraction,
different techniques based on coherent quantum effects such
as electromagnetically induced transparency [1–3], coherent
population trapping [4], double dark resonance [5], and sat-
urated absorption [6] have been proposed. The main idea of
these techniques is to make use of the coherent effects and
spatially modulate the susceptibility of an atomic medium
using a suitable spatially dependent strong field. Such modu-
lation of the susceptibility by a spatially dependent strong field
leads to the formation of waveguidelike features inside the
atomic medium. This induced waveguide can thus control the
diffraction of arbitrary modes of the optical beam propagating
through the medium. Apart from diffraction control, such
spatially dependent techniques have also been used to study
cloning and transfer of images [7–11], generation of struc-
tured beams [12–15], vortex beams [16], and in localization
of atoms [17].

Moreover, all the abovementioned techniques have been
used to create waveguides inside an absorptive medium.
Hence, the optical beam carrying information suffers from
large absorption while propagating in the induced waveg-
uide. To overcome this problem, similar spatially dependent
techniques have been used to create a waveguide inside an
active-Raman gain (ARG) medium, which supports lossless
propagation of arbitrary modes of the optical beam without
diffraction [18,19]. Nonetheless, this waveguide has its own
disadvantage, which is inducing high gain in the optical beam
propagating through the ARG medium. Such high gain can
create instability in the medium [20]. So, to control this high
gain, an additional strong control field is applied to the ARG
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medium [21]. It has been shown that a strong control field
significantly reduces gain for the optical beam propagating
through the medium. This interesting behavior shown by the
control field has been later used to study optical precursors
[22], steering and splitting of optical beams [23], and tunable
atomic grating [24]. However, in the context of diffraction
control, the effect of this control field on the induced waveg-
uide inside the ARG medium has remained unexplored.

In this paper, we investigate the effect of this additional
control field on the induced waveguide inside the ARG
medium. In this regard, we first start by creating a waveguide
inside the medium using a Gaussian Raman beam. We find
that the features of the waveguide such as the width of the
core and the length of the waveguide can be controlled by
the width of the Raman beam. Most importantly, we next use
a Laguerre-Gaussian control beam and examine its effect on
the properties of the induced waveguide. We find that this
control beam induces a waveguide with a very narrow core
without changing its length, unlike the earlier case where
waveguide length decreases with the narrowing of the core.
Waveguides with narrow cores play a very crucial role in con-
trolling the diffraction of optical beams having very narrow
feature sizes. Our numerical result on optical beam propaga-
tion confirms that this control-beam-induced waveguide can
efficiently control diffraction of arbitrary modes of optical
beams with feature sizes of ∼10 µm to several Rayleigh
lengths of the beam, while the waveguide induced by only
Raman beam fails in this aspect. Further, controlling the
diffraction of optical beams with narrow feature sizes serves
an important purpose of achieving high-density information
processing and high-contrast imaging. Hence, in this regard,
this work is very important and holds a greater advantage
over other absorptive/gain-based induced waveguides, as the
latter’s ability to guide arbitrary modes of optical beams is
limited to a feature size of ∼50 µm and above [1,4,6,19].

This paper is organized in the following manner: In Sec. II,
we propose our model system and present the governing
density matrix equations for the system. Next, we provide
an analytical expression for the susceptibility of the medium
in the steady-state limit and then the beam propagation
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FIG. 1. Displays a schematic diagram of four level N -type
atomic system. The transitions |3〉 ↔ |1〉 is coupled by a strong
Raman field with Rabi frequency �r . A weak probe field with
Rabi frequency �p couples the transition |3〉 ↔ |2〉. The transition
|4〉 ↔ |2〉 is driven by a strong control field with Rabi frequency
�c. γi j are the spontaneous decay rates from excited states |i〉 to
ground states | j〉. The field detunings for Raman, probe, and control
are represented as �r , �p, and �c, respectively.

equation in the paraxial limit. In Sec. III, we present our
results on the creation of a Raman- and control-field-induced
tunable waveguide and on its ability to control diffraction
of arbitrary modes of optical beams. Finally, in Sec. IV we
conclude our work and suggest its potential application in the
field of optics.

II. THEORETICAL FORMALISM

A. Model system

In this work, we consider a tunable ARG system in an
N -type configuration as shown in Fig. 1. The proposed
configuration can be experimentally realized by consider-
ing the energy levels of 87Rb, with the two metastable
ground states designated as |1〉 = |5S 1

2
, F = 1〉 and |2〉 =

|5S 1
2
, F = 2〉, and the remaining two excited states designated

as |3〉 = |5P3
2
, F ′ = 1〉 and |4〉 = |5P3

2
, F ′ = 2〉. As depicted

in Fig. 1, we consider three laser fields acting on the electric-
dipole-allowed transitions |3〉 ↔ |1〉, |3〉 ↔ |2〉, and |4〉 ↔
|2〉, thereby forming an N -type configuration. The transition
|3〉 ↔ |1〉 is driven by a strong Raman field (Er ) with fre-
quency ωr , while a weak probe field (Ep) with frequency ωp

couples the transition |3〉 ↔ |2〉. A strong control field (Ec)
with frequency ωc drives the transition |4〉 ↔ |2〉. We define
the electric field of all of the three laser fields as

�Ej (�r, t ) = ê jE j (�r) e−i(ω j t−k j z) + c.c., (1)

where ê j is the unit polarization vector, E j (�r) is the slowly
varying envelope, ω j is the frequency of the laser field, and
k j is the wave number, respectively. The index j ∈ {r, p, c}
indicates the Raman, probe, and control fields, respectively.
In the presence of these three laser fields, the time-dependent
Hamiltonian of the system under the electric-dipole approxi-
mation can be expressed as

H = H0 + HI , (2a)

H0 = h̄ω12|2〉〈2| + h̄ω13|3〉〈3| + h̄ω14|4〉〈4|, (2b)

HI = −(|3〉〈1|d31 · Ere−i(ωr t−kr z) + |3〉〈2|d32 · Epe−i(ωpt−kpz)

+ |4〉〈2|d42 · Ece−i(ωct−kcz) + H.c.). (2c)

Here d i j = 〈i|d| j〉 represents the dipole moment of the tran-
sition |i〉 ↔ | j〉. To remove the time dependencies from the
Hamiltonian in Eq. (2), we make use of the following unitary
transformation:

W = e− i
h̄ Ut , (3a)

U = h̄ωr |3〉〈3| + h̄(ωr − ωp)|2〉〈2|
+ h̄(ωr − ωp + ωc)|4〉〈4|, (3b)

and we rewrite the Hamiltonian into a time-independent form
under the rotating-wave approximation as

HI

h̄
= (�p − �r )|2〉〈2| + (�p − �r − �c)|4〉〈4| − �r |3〉〈3|

− �r |3〉〈1| − �p|3〉〈2| − �c|4〉〈2| + H.c., (4)

where �r = ωr − ω31, �p = ωp − ω32, and �c = ωc − ω42

are the detuning of the Raman, probe, and control fields,
respectively. The Rabi frequencies of the Raman (�r), probe
(�p), and control fields(�c) are defined as

�r = �d31 · �Er

h̄
eikr z,

�p = �d32 · �Ep

h̄
eikpz, (5)

�c = �d42 · �Ec

h̄
eikcz.

To study the effect of the three laser fields on the atomic pop-
ulations and coherences of the system, we use the following
Liouville equation:

∂ρ

∂t
= − i

h̄
[HI , ρ] + Lρ. (6)

Here, the last term Lρ is the Liouvillian operator, which
describes the effect of relaxation by radiative decay and is
expressed as

Lρ = −
4∑

i=3

2∑
j=1

γi j

2
(|i〉〈i|ρ − 2| j〉〈 j|ρii + ρ|i〉〈i|), (7)

where γi j corresponds to radiative decay rates from excited
states |i〉 to ground states | j〉. Next, by incorporating Eqs. (4)
and (7) in Eq. (6), we can write the equation for density
matrix elements corresponding to the atomic populations and
coherences of the system as

ρ̇11 = γ31ρ33 + γ41ρ44 + i�∗
r ρ31 − i�rρ13, (8a)

ρ̇22 = γ32ρ33 + γ42ρ44 + i�∗
pρ32 − i�pρ23 + i�∗

cρ42

− i�cρ24, (8b)
ρ̇33 = −(γ31 + γ32)ρ33 + i�rρ13 − i�∗

r ρ31 + i�pρ23

− i�∗
pρ32, (8c)

ρ̇21 = −[γc + i(�p − �r )]ρ21 − i�rρ23 + i�∗
pρ31 + i�∗

cρ41,

(8d)

ρ̇31 = −
[
γ31 + γ32

2
− i�r

]
ρ31 + i�pρ21 + i�r (ρ11 − ρ33),

(8e)

ρ̇32 = −
[
γ31 + γ32

2
− i�p

]
ρ32 + i�rρ12 − i�cρ34

+ i�p(ρ22 − ρ33), (8f)
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ρ̇34 = −
[
γ31 + γ32 + γ41 + γ42

2
− i(�p − �c)

]
ρ34

+ i�rρ14 + i�pρ24 − i�∗
cρ32, (8g)

ρ̇41 = −
[
γ41 + γ42

2
+ i(�p − �r − �c)

]
ρ41

+ i�cρ21 − i�rρ43, (8h)

ρ̇42 = −
[
γ41 + γ42

2
− i�c

]
ρ42 − i�pρ43

+ i�c(ρ22 − ρ44), (8i)

where the time derivatives are denoted by overdots and the
complex conjugates are denoted by “∗”. The remaining equa-
tions for the density matrix elements can be found from the
property of conjugate ρ̇∗

ji = ρ̇i j and the population conserva-

tion condition
∑4

i=1 ρii = 1.

B. Expression for linear susceptibility

In this section, we provide an analytical expression for the
linear susceptibility of the system derived in the steady-state
limit using a perturbative method. In this method, we assume
almost all the atoms to be in state |1〉, i.e., ρ11 ≈ 1. Now, as a
strong Raman field is applied to the |1〉 ↔ |3〉 transition, the
condition for atoms to remain in state |1〉 is made possible
by considering the Raman field to be highly detuned from
excited state |3〉. In addition to this, we also consider the weak
probe field, which connects the adjacent transition |3〉 ↔ |2〉
to be highly detuned. This arrangement of both the fields turns
the system into an active-Raman gain system where the probe
sees Raman gain around the two-photon resonance condition
[21]. Apart from this, we also apply a strong control field to
modulate this induced Raman gain in the probe field. Further,
it is necessary to mention here that the detuning of this control
field has a very negligible effect on the population in state |1〉.
So, for this configuration, we expand the density matrix to first
order in the probe as it is considered weak, and we keep only
up to the second-order terms corresponding to the Raman field
as the Raman process is a second-order process [23]. With
these assumptions, the density matrix is then expanded in the
following manner:

ρi j = ρ (0)
i j

+ �r

γ
ρ (1)

i j
+ �∗

r

γ
ρ (2)

i j
+ �p

γ
ρ (3)

i j
+ �∗

p

γ
ρ (4)

i j

+ �2
r

γ 2
ρ (5)

i j
+ |�r |2

γ 2
ρ (6)

i j
+ �∗2

r

γ 2
ρ (7)

i j
+ �r�p

γ 2
ρ (8)

i j

+ �∗
r �p

γ 2
ρ (9)

i j
+ �r�

∗
p

γ 2
ρ (10)

i j
+ �∗

r �
∗
p

γ 2
ρ (11)

i j

+ �p|�r |2
γ 3

ρ (12)
i j

. (9)

Here γ represents the total spontaneous decay rate of excited
states |3〉 and |4〉. Further, ρ (0)

i j
is the zeroth-order solution

determined in the absence of all fields, and ρ (k)
i j

with k ∈ {1 −
12} is the kth-order solution of the density matrix equation.
We now substitute the above equation in Eq. (8) and equate the
coefficients of zeroth order and each of the kth-order terms.

As a result, we obtain a total of 13 different sets of coupled
density matrix equations corresponding to each of the ρ (k)

i j

and ρ (0)
i j

terms. Next, we solve these 13 different sets of equa-

tions for ρ (k)
i j

and ρ (0)
i j

in the steady-state limit and substitute
their expression in Eq. (9) to obtain the full expression of the
atomic populations and coherences ρi j . In this work, we are
interested in studying the effect of the medium on the probe
field, so we focus on the atomic coherence ρ32 which yields
the linear response of the medium. We then write this linear
response (susceptibility) χp of the medium at probe frequency
ωp in terms of the atomic coherence ρ32 as

χp(ωp) = N |d32|2
h̄�p

ρ32,

ρ32 = −i �p|�r |2
(γ32 − i�p) 	a + |�c|2

[
	a(

γ31+γ32

2

)2 + �2
r

+ A

]
,

A = 	a	b − |�c|2[(
γ31+γ32

2

) + i�r
]
[	b	c + |�c|2]

, (10)

where 	a = (γ31+γ32+γ41+γ42 )
2 − i(�p − �c), 	b = (γ41+γ42 )

2 +
i(�r − �p + �c), and 	c = γc + i(�r − �p). The suscepti-
bility expression in Eq. (10) clearly depicts its dependence on
both Raman and control field intensities. Hence, by suitably
manipulating both these fields, we can control the suscepti-
bility of the medium and ultimately control the propagation
dynamics of the probe field. In the following section, we
present the equation which shows how this susceptibility reg-
ulates the propagation of the probe beam traveling through the
atomic medium.

C. Propagation equation

In order to study the propagation of the probe field through
the atomic medium, we use Maxwell’s wave equation under
the slowly varying envelope and paraxial-wave approximation
and write it in terms of the Rabi frequency of the probe field
in the following form:

∂

∂z
�p = i

2kp

(
∂2

∂x2
+ ∂2

∂y2

)
�p + 2iπkpχp �p. (11)

The first terms on the right-hand side of Eq. (11) lead to
diffraction of the probe beam propagating either in free space
or through any medium. The second term on the right-hand
side of Eq. (11) represents the effect of the medium on the
propagation of the probe beam. It is interesting to notice from
Eq. (11) that, if we suitably modulate the medium suscep-
tibility in the transverse direction, then we can eventually
overcome the effect of diffraction. In the next section, we
discuss on the manipulation of the medium susceptibility in
the transverse direction and its effect on the probe beam prop-
agation.

III. NUMERICAL RESULTS AND DISCUSSION

A. Homogeneous linear susceptibility

In this subsection, we first analyze the effect of continuous-
wave (cw) Raman and control fields on the medium suscep-
tibility. In this regard, we numerically evaluate the medium

023701-3



SANDEEP SHARMA PHYSICAL REVIEW A 107, 023701 (2023)

FIG. 2. Variation of the imaginary part of susceptibility with
probe detuning, in the absence of the control field (a) and in presence
of the control field (b). The parameters for panel (a) are �0

r = 2γ ,
�0

c = 0γ , and �c = 0γ . The parameters for panel (b) are �0
r =

2γ , �0
c = 1.5γ , and �c = 0γ (green dotted-dashed line); �0

r = 2γ ,
�0

c = 3.0γ , and �c = 0γ (red-dashed line); �0
r = 2γ , �0

c = 3.0γ ,
and �c = 10γ (violet double dotted-dashed line). Other parameters
are γ31 = 0.5γ , γ32 = 0.5γ , γ41 = 0.5γ , γ42 = 0.5γ , γc = 10−3γ ,
�r = 150γ , λ = 795 nm, and N = 3 × 1012 atoms/cm3.

susceptibility as in Eq. (10), first in presence of only the
cw Raman field and then in presence of both the cw Raman
field and the cw control field. The result of our simulation
is presented in Fig. 2, where the plot shows the variation
of imaginary parts of susceptibility with probe detuning. In
Fig. 2(a), it can be seen that in presence of a Raman field the
probe sees a Raman gain around the two-photon resonance
condition �p − �r = 0. This is due to the fact that a strong
Raman field acts between the levels |3〉 and |1〉 that has a
population in a lower state and thus induces gain for the weak
probe field which acts on the unpopulated levels |3〉 ↔ |2〉,
under the highly detuned condition [21,25]. A detailed theo-
retical analysis of this Raman gain process can be found in
Refs. [26,27]. Next, when a strong control field is applied to
the |4〉 ↔ |2〉 transition, then the probe sees a significant re-
duction in gain at the two-photon resonance condition because
of the splitting of the single Raman gain peak into two, as
shown in Fig. 2(b). This splitting can be attributed to the fact
that a strong control field dresses the levels |4〉 and |2〉 into
the superposition states |±〉 = (|4〉 ± |2〉)/

√
2. As a result, the

probe sees two Raman gain peaks corresponding to the transi-
tions |3〉 ↔ |+〉 and |3〉 ↔ |−〉, respectively [28]. Further, the
splitting between the two Raman gain peaks is proportional
to �c. With the increase in �c, the splitting between the
gain peaks increases and the Raman gain around two-photon
resonance decreases, as can be seen in Fig. 2(b). Moreover,
from Fig. 2(b), it can be seen that the gain peaks become
asymmetric when the control field is slightly off-resonant.
This is because when the control field is off-resonant the
energy splitting between |+〉 and |−〉 becomes asymmetric,
i.e, the energy of state |−〉 comes closer to the resonant value
and that of |+〉 moves away from the resonant value [28]. As a
result, state |−〉 sees a larger gain than state |+〉 as depicted in
Fig. 2(b). From the above discussion, it is evident that a strong
control field plays an important role in controlling the Raman
gain seen by the probe. So, in the next section, we discuss how
this Raman gain modulation by the strong control field can
be a major factor in the creation of a tunable waveguidelike
structure inside the atomic medium.

FIG. 3. Panel (a) displays the spatial variation of Raman and
control beam profiles in the x direction at the y = 0 plane. Panels
(b) and (c) show the variation of the imaginary and real parts of
susceptibility in the x direction at the y = 0 plane, respectively, in the
absence (blue solid line) and in the presence (red dashed and green
dotted-dashed lines) of the control field. The parameters for the blue
solid line are �0

r = 2γ and �0
c = 0γ , for the green dotted-dashed line

they are �0
r = 2γ and �0

c = 1.5γ , and for the red-dashed line they
are �0

r = 2γ and �0
c = 3γ . In addition to wr = 50 µm, wc = 50 µm,

and �p = 150.01γ , all other parameters are same as those in Fig. 2
except for �c = 10γ .

B. Inhomogeneous linear susceptibility

In this subsection, we investigate the effect of spatially
dependent Raman and control fields on the susceptibility of
the atomic medium. For this, we consider the Raman field
as a Gaussian beam and the control field as a Laguerre-
Gaussian (LG) beam. The spatial profiles of both beams are
expressed as

�r (x, y, z) = �0
r

w0r

wr (z)
e
−( r2

w2
r (z)

)
e( ikr2

2Rr (z) )e[kz−i tan−1( z
z0r

)]
, (12a)

�c(x, y, z) = �0
c

w0c

wc(z)

(
r
√

2

wc(z)

)
e
−( r2

w2
c (z)

)
e( ikr2

2Rc (z) )

× ei[φ−2 tan−1( z
z0c

)]
, (12b)

where r =
√

x2 + y2 and φ = tan−1( y
x ). Also, w j (z) =

w0 j

√
1 + [(z − q)/z0 j]2 and Rj (z) = z + (z2

0 j/z) are the spot
size and radius of curvature of the beams, respectively, with
w0 j being the minimum beam waist at focusing point q and
z0 j = πw2

0 j/λ being the Rayleigh length of the beams. The in-
dex j ∈ {r, c}, which represents the Raman and control beams,
respectively.

Initially, we consider the case when only the Raman beam
is present and thus examine the behavior of the susceptibility
in the transverse direction using Eq. (10). We present the
results of our simulation in Fig. 3. Figure 3(b) shows that,
in the presence of a Gaussian Raman beam [see Fig. 3(a)
for spatial profile], the probe beam sees a spatial gain profile
in the transverse direction x at the y = 0 plane. This can be
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explained using the fact that the Raman beam induces a gain
in the probe beam as explained in Sec. III A, also shown in
Fig. 2(a). Hence, the probe beam will see gain only at the
spatial position where the Raman beam is present, leading
to the formation of a gain window in the transverse direc-
tion similar to the profile of the Raman beam. Interestingly,
when the probe is slightly blue-detuned from the two-photon
resonance, it sees a waveguidelike feature inside the medium
as shown in Fig. 3(c). The variation of the refractive index
in the transverse direction as shown in Fig. 3(c) depicts a
variation similar to the waveguide where the central region
has an index (core) higher than that of the regions away from
the center (cladding). Further, it can be seen in Fig. 3(c) that
the refractive index profile also has a similar spatial shape in
the transverse direction like the Raman Gaussian beam. As a
result of this spatial similarity, the width of the core region
can be considered to be equal to the width of the Raman
beam, i.e., wr (z). Accordingly, the length of the waveguide
can then be attributed to being equivalent to the Rayleigh
length z0r = πw2

0r/λ of the Raman beam. Within this length,
the width of the Raman beam does not change much and
hence the properties of the induced waveguide remain intact.
So, from the above discussion, it is apparent that a spatially
dependent Raman beam plays a major role in creating a
waveguidelike feature inside the medium, which in turn can
be able to support diffractionless propagation of optical beams
[18,19].

Nevertheless, in the next section, we show that this
Raman-induced optical waveguide (RIW) is unable to control
efficiently the diffraction of narrow optical beams. To con-
trol the diffraction of narrow optical beams, a high-contrast
waveguide with a narrow core region is required. For the
case of the RIW, a high-contrast waveguide with a narrow
core region can be achieved by increasing the atomic density
of the system as well as by narrowing the width wr (z) of
the Raman beam. This configuration, however, increases gain
significantly and also reduces the length of the waveguide
(z0r), making it less efficient for diffraction control.

To overcome this problem, we make use of an additional
spatial-dependent control beam that can control the features
of the waveguide. In this regard, we consider the control beam
to be a LG beam as shown in Fig. 3(a). This particular spatial
profile of the control beam creates a very narrow gain profile
as well as a waveguide with a very narrow core region, which
is shown in Figs. 3(b) and 3(c), respectively. Such spatial
modulation in the gain as well as the refractive index of the
medium can be attributed to the fact that the presence of a
control beam decreases gain in the system, as explained in
Sec. III A. Now, since the intensity distribution for the LG
beam is a doughnut shape with zero intensity at the center and
maximum intensity in the annular region, the spatial gain will
be reduced in this annular region, resulting in the narrowing
of the spatial gain profile. A similar reduction in the refractive
index in the annular region is noticed due to the presence of
the LG control beam, which leads to the creation of a waveg-
uide with a narrow core. Also, from Figs. 3(b) and 3(c), it can
be seen that, with the increase in control field strength, the
gain window and the core of the waveguide become narrow.
This again can be related to the fact that, with an increase in
control field strength, gain decreases and so does the refractive

FIG. 4. Panel (a) shows the normalized intensity of the input
probe beam (HG00) in the transverse x-y plane. Panels (b) and
(c) show the output intensity of the probe beam in the absence of the
control beam and in the presence of the control beam, respectively, at
a propagation distance of z = 4 mm. Panel (d) shows the evolution of
the integrated power of the probe beam in the absence of the control
beam (blue solid line) and in the presence of the control beam (red
dashed line), with the propagation distance z. The parameters are
�0

p = 0.001γ , wp = 10 µm, �0
r = 2γ , �0

c = 3.5γ , and q1 = q2 = 2.
Other parameters are the same as those in Fig. 3.

index as explained in Sec. III A. Moreover, it is interesting
to note that, unlike the RIW case where the waveguide nar-
rowing is only possible by narrowing the width of the Raman
beam, which leads to a decrease in waveguide length, here
the narrowing of the waveguide is mainly due to the spa-
tial shape of the control beam, which leaves the waveguide
length unchanged. Hence, the spatial profile of the control
beam plays a decisive role in controlling the features of the
waveguide and in creating a high-contrast tunable waveguide
in the medium. In the following subsection, we show how
this control beam tunable Raman-induced waveguide (CRIW)
holds a greater advantage over the RIW in controlling the
diffraction of narrow optical beams.

C. Probe beam propagation

In this subsection, we explore the possibility of diffraction-
less propagation of arbitrary modes of narrow optical beams
in the RIW and the CRIW created inside the atomic medium.
For this, we consider the initial profile of the probe beam as
different Hermite-Gaussian modes, which are expressed as

�p(x, y, z = 0) = �0
pHn

(√
2x

wp

)
Hm

(√
2y

wp

)
e
− (x2+y2 )2

w2
p ,

(13)

where Hn and Hm are the Hermite polynomials of orders
n and m, respectively. With the abovementioned different
initial profile, we study the propagation of the probe beam
by numerically solving Eq. (11) using the Fourier split-step
method [29]. We first consider the propagation of the HG00

(Gaussian) probe beam with a width (wp) of 10 µm in the
RIW and present the results of our simulation in Fig. 4. Fig-
ure 4(b) shows the intensity distribution of the output probe
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FIG. 5. Panel (a) shows the normalized intensity of the input
probe beam (HG10 ) in the transverse x-y plane. Panels (b) and
(c) show the output intensity of the probe beam in the absence of the
control beam and in the presence of the control beam, respectively,
at a propagation distance of z = 2 mm. Panel (d) shows the evolution
of integrated power of the probe beam in the absence of the control
beam (blue solid line) and in presence of the control beam (red
dashed line), with the propagation distance z. All parameters are
same as those in Fig. 4 except for �0

c = 3γ , wr = 60 µm, wc = 60
µm, and N = 8 × 1012 atoms/cm3.

beam in the transverse plane after propagating a distance of
z = 4 mm in the RIW. It is clear from Fig. 4(b) that the probe
beam gets diffracted after propagating through this induced
waveguide. This is because the RIW has a wide core and
is unable to control the diffraction of the probe beam. In
addition to this, we also study the output probe power P(z) =∫∫ |�p(x, y, z)|2dx dy and find that the probe beam is highly
amplified by a factor of 100 after propagating a distance of
z = 4 mm, as shown in Fig. 4(d). So, due to its inability to
control diffraction along with the creation of such a large gain
in the probe beam, which can lead to instability in the medium
[20], the practical applicability of the RIW is severely limited.

However, this problem is eventually overcome by utiliz-
ing an additional LG control beam, which can efficiently
control both diffraction as well as gain in the probe beam,
as shown in Figs. 4(c) and 4(d), respectively. Such control
over diffraction by the control beam can be attributed to
the creation of a waveguide with a narrow core, which is
explained in detail in Sec. III B. In addition to diffraction
control, the probe beam is also slightly focused as shown in
Fig. 4(c). Such focusing behavior has been observed earlier
in atomic-based waveguides [19] and can be controlled by
suitably modulating the features of the waveguide. Further, it
is interesting to notice that the probe beam propagates without
diffraction in this narrow waveguide [see Fig. 4(c)] up to a
distance of 4 mm, which is 10 times the Rayleigh length of
the probe beam z0p. Also, unlike in earlier cases, here the
probe beam attains a reasonable amount of gain at a distance
of 4 mm, as shown in Fig. 4(d). Our result on diffraction
control of narrow optical beams to several Rayleigh lengths
may have potential application in high-density lossless in-
formation transfer to macroscopic lengths and high-contrast
imaging.

FIG. 6. Panel (a) shows the normalized intensity of the input
probe beam (HG20) in the transverse x-y plane. The output intensity
of the probe beam, shown in the absence of the control beam (b) and
in the presence of the control beam (c), at a propagation distance
of z = 1 mm. Panel (d) shows the variation of integrated power of
the probe beam with the propagation distance z, in the absence of the
control beam (blue solid line) and in the presence of the control beam
(red dashed line). The parameters are �0

c = 3γ , wr = 90 µm, wc =
90 µm, �r = 195γ , �c = 55γ , �p = 195.01γ , and N = 1 × 1013

atoms/cm3. Other parameters are the same as those in Fig. 4.

Further, in this work, we are dealing with the propagation
of optical beams in a waveguide induced inside a gain system.
So, it is necessary to verify the validity of both the weak-
field approximation and the paraxial approximation used in
the calculation. In this regard, for our numerical calculations
on beam propagation, we start with low probe power, and
throughout the propagation we find that the maximum in-
tensity of the probe is always very much smaller than the
maximum intensity of the Raman and control beams. This
condition of probe intensity validates our weak-field approx-
imation. Also, the width of the probe beam wp does not
change much throughout its propagation, and the condition
for paraxiality, λ/2πwp < 0.1, is always satisfied [30], thus
validating our paraxial approximation.

Next, to establish that the CRIW can support arbitrary
modes of the probe beam, we also study the propagation of
HG10 and HG20 probe beams in it and present our results in
Figs. 5 and 6, respectively. From both Figs. 5 and 6, it is no-
ticeable that the CRIW is able to control the diffraction of the
probe beam to a length of 5z0p and 2.5z0p, respectively, with a
reasonable amount of gain, while the RIW fails to do so. Apart
from this, we also performed numerical simulations on the
propagation of other higher-order modes of the probe beam
and found diffractionless propagation of such modes in the
CRIW. Hence, from the above discussions, it becomes evident
that the control beam plays an important role in the creation
of the CRIW and subsequently in controlling the diffraction of
arbitrary modes of narrow optical beams to several Rayleigh
lengths.

IV. CONCLUSION

In conclusion, we have investigated diffraction control of
arbitrary modes of an optical beam using tunable Raman
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effects arising in an atomic medium in an N -type configura-
tion. We have demonstrated that by using a suitable spatially
dependent Raman field, a waveguidelike feature can be cre-
ated inside the atomic medium. Further, we show that the
properties of the induced waveguide can be modulated by
using an additional spatially dependent control field. From our
numerical results on optical beam propagation, we conclude
that the RIW is incapable of controlling the diffraction of nar-
row optical beams, while the CRIW can efficiently control the
diffraction of such beams to several Rayleigh lengths. Our re-
sults may have a possible application in high-contrast imaging
[31,32], information processing [33,34], and lithography [35].
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APPENDIX

1. Perturbative solution

In this Appendix, we provide the solution for the neces-
sary atomic population and coherences evaluated analytically
using the perturbative analysis as in Eq. (9). For the Raman
process, the values for atomic populations and coherences are
given as

ρ11 = 1, (A1a)

ρ31 = i�r[
γ31+γ32

2 − i�r
] , (A1b)

ρ22 = 0, (A1c)

ρ42 = 0. (A1d)

From the above solutions, it is evident that most of the pop-
ulation remains in state |1〉. This is because the Raman field
is highly detuned from excited state |3〉 and hence almost no
population is transferred to it and other states [23,26,28]. Also,
since the probe field is very weak and highly detuned, there is
no effect of the Raman beam on the control beam and vice
versa, which is clear from the above coherence expressions
ρ31 and ρ42.

2. Medium response on Raman beam

Now, as most of the population is in state |1〉, the medium
response on the Raman field is evident from the coherence ρ31,

FIG. 7. Panel (a) shows the variation of the imaginary part of sus-
ceptibility for the Raman field with Raman detuning. Panel (b) shows
the intensity (normalized with initial peak value) of the Gaussian
Raman beam at different propagation lengths inside the medium.
In panel (b), the blue solid line represents the intensity profile for
the input Raman Gaussian beam, the red dashed line represents the
intensity of the output Raman beam at z = 2 mm, and the green
dotted-dashed line represenst the intensity of the output Raman beam
at z = 4 mm. The parameters considered here are the same as those
in Fig. 4.

which corresponds to that of a two-level system. The medium
susceptibility of the Raman field can then be expressed as

χr (ωr ) = N |d31|2
h̄�r

ρ31. (A2)

We numerically evaluate the above susceptibility and present
the result in Fig. 7(a). It is clear from Fig. 7(a) that the medium
response on the Raman beam is very weak because of the
highly detuned condition. Even though the effect of medium
susceptibility on the Raman field is weak, it is necessary to
check its effect on the propagation of the Raman beam as it
can directly impact the propagation of the probe beam. The
effect of medium susceptibility on the Raman beam propaga-
tion is governed by the following equation:

∂

∂z
�r = i

2kr

(
∂2

∂x2
+ ∂2

∂y2

)
�r + 2iπkrχr �r . (A3)

We numerically solve the above equation by using the Fourier
split-step method [29], the result of which is shown in
Fig. 7(b). From Fig. 7(b), it is evident that the Raman beam
is slightly absorbed after propagating a distance of z = 4 mm
through the medium. This effect of reduction in Raman beam
intensity is taken into consideration while evaluating Fig. 4.
However, while evaluating Figs. 5 and 6, we neglect the effect
of the medium on the Raman beam as in these figures the
propagation length is smaller than that in the earlier case
and we found that the medium has a negligible effect on the
Raman beam for smaller propagation length.
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