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We discuss an optical “cloaking” scheme using three-level active Raman gain media in tandem in the presence
of a spatially distributed pump field. Using eikonal approximation we first derive analytically the deflection angle
and show that the trajectory of light can be controlled dynamically using a spatially distributed pump. We further
show an excellent agreement of analytical results with a full numerical calculation of the Maxwell equation for
the probe field propagating across regions where an object is embedded. Our results show that the probe light
travels around the object under detection, achieving the desired spatial cloaking of the object.
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Introduction. In the field of optics, “cloaking” refers to
the phenomenon in which a light wave passes through an
object without being disturbed and affected either due to
spatial light beam propagation manipulation (by the surface
or structure composition of the object) or due to certain
types of active interference effects. For instance, artificial
materials referred to as metamaterials can bend a light wave
around an object [1] without actually distorting the wave
front so as to leave a detectable effect. Many theoretical
and experimental works about optical cloaking have been
reported to date by using metamaterials [2—4]. In all proposals
for invisibility, the physical mechanism of the invisibility or
cloaking is the manipulation of optical parameters (such as
permittivity and permeability) by engineering the structures of
the metamaterials so that a light wave of a specific wavelength
is guided around the region of interest and later reverted back
to its original direction of propagation.

While metamaterials and engineered structures with their
exotic artificial properties are the most promising candidates
for realization of object invisibility, it is widely known that
room temperature atomic media can also exhibit similar light
wave bending and guiding effects [5]. Schlesser [6] first
observed the deflection of a light beam at the interface of a glass
window and Cs vapor due to a transverse-magnetic field. Many
experimental studies [7-11] and theoretical investigations
[12—-16] have led to the understanding of dynamic light beam
deflection in the presence of external fields. Recently, experi-
mental observation of light ray bending in electromagnetically
induced transparency (EIT) medium using an inhomogeneous
magnetic field [10] and spatially distributed light control
field [11] have been reported and also subsequently studied
theoretically.

In this work we describe a different approach to realize
optical cloaking using an atomic medium driven by an
inhomogeneous pump field. The key differences of our work
in comparison with results available in literature are: (1)
the use of a Raman gain medium rather than a lossy EIT
medium; (2) large light wave bending and guiding effect than
EIT scheme and the elimination of significant loss associated
with the EIT scheme, and (3) the complete object or target
evading propagation demonstrated both with classical eikonal
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approximation and full numerical simulation. These features
provide a clear conclusion that an active Raman gain medium
is a superior scheme in light ray guiding in atomic media.

Theoretical Model. We consider a system that consists of
three cells filled with rubidium atomic gas with length Ly,
2Ly, and Ly, respectively. Each cell is separated by a vacuum
component with the same length L. A far-off-resonant pump
field with a spatially inhomogeneous distribution couples
the transition between the ground state and the excited
state with a large one-photon detuning to avoid spontaneous
emissions. A probe field with a Gaussian profile drives the
transition between the excited state and a metastable state. A
typical three-level ARG configuration is formed if the initial
population are in the ground state [see Fig. 1(b)].

The basic principle of operation described here is that the
propagation path of the probe field is alternatively changed by
the pump field in different segments of the medium so that
the probe field first clears the object under detection and later
resumes it original propagation direction.

The medium under consideration consists of a lifetime
broadened three-state atomic system where the energy of state
|j)ishw; [Fig. 1(b)]. A strong and spatially distributed pump
field of angular frequency w;, couples the upper electronic state
|1) to a fully occupied ground state |0) with a large one-photon
detuning §; = w; — (w1 — wp). A weak probe field of angular
frequency w, couples state |1) to state |2) with a two-photon
detuning 8, = w; — w, — (w2 — wp). In this three-level ARG
system [17,18], 22, and 282, are the Rabi frequencies of the
coupling and probe fields, respectively. Under electric-dipole
and rotating-wave approximations, we obtain the Hamiltonian
in the interaction picture

2
Hi=—h |:Z<S,-|i)(i|+S2L|1)(O|+S2,,|1)(2|+H.c.:| .

i=1
which leads to the equations of motion for atomic response,
i.e.,

.0
(l m + dz) Ay + QA3 =0, (2a)
)
(lE +d3> A3+QLA1+QPA2=O. (2b)
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FIG. 1. (Color online) (a) Optical cloaking in active Raman gain
medium under a spatially distributed pump field. (b) Three-level
active Raman gain scheme with laser coupling. (c) Probe light
deflection in the active Raman gain medium under a strong pump
field with a Gaussian-type spacial distribution.

Here A; (j = 0 to 2) is the probability amplitude of the bare
atomic state | j) (with angular frequency w;)andd; = §; + iy;
with y; being the atomic decay rate of the state |j) (j = 1,2).
The normalized condition Z?:l |A; | = 1 is understood for a
closed system. In order to suppress a large optical pumping and
a significant temperature-related Doppler effect, we assume
that the one-photon detuning is much larger than the other
parameters of the system, i.e., |§;| is much larger than the Rabi
frequencies, Doppler broadened linewidths, atomic coherence
decay rates, and frequency shift induced by the coupling
laser field. In Fig. 1 we have assumed, for simplicity, a
copropagation beam geometry, although it can be shown
that the similar effect also occurs with the pump and probe
propagating perpendicular to each other [19].

In the linear regime, the probability amplitude of the atomic
state can be worked out by using multiorder adiabatic theory.
Taking A; = Al(-o) +)»Al(.l) (i =0,1,2), where A is a small
parameter characterizing the interaction order and letting, for
a weak probe field, Q, = AQ(;) we obtain the zeroth order

adiabatic solutions of Egs. (2), i.e., A(()O) =1/J14+12./d1|?,

AV = —Q, /(di/1+|Q/di?), and A = 0. The first or-
der adiabatic solutions of the probability amplitude of the
atomic states can thus be obtained by solving Egs. (2)
iteratively, yielding the linear probe-field susceptibility

ARG _ AV
4 SOhQP
_ _/\[a|P21|2 1.
g (B —iy)(di> + 12,1’

©) 4 *(1)
Al A2

3)

where N, is the atomic density and p,, is the dipole
momentum on the transition |1) <> |2).
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FIG. 2. (Color online) The refractive index of the probe field as
functions of the transversal position x and the propagating distance z.
The vector arrows indicate the bending direction and the magnitude
of the deflection angle. The one- and two-photon detunings are §, =2
GHz and é, = —800 kHz, respectively, and the pump field Rabi
frequency is Qf) = 100 MHz. Other system parameters are given
in the text.

The index of refraction for probe field is defined as

n=/1+ xR0~ 14 1%, (4)

if xR < 1. Generally, the refractive index n can be de-
composed as n = n’ + in”, where n’ and n” are the real and
imaginary parts of the refractive index. Clearly both n’ and
n” become space dependent if the pump laser Q; has spacial
inhomogeneity. This leads to a deflection of the probe field
with spatially dependent gain.

In our model we assume that the pump field has a spatially
inhomogeneous distribution which is given by
Q(x) = Q(LO)[e—(x—l)z/og + e—(x+1)2/rrf]7 (5)
where SZ(LO) is the peak value of the pump laser and o is the
1/e radius of a single Gaussian profile. The refractive index is
then given by

Nalpal?
2e0h|d |
2
2[5
XTo 2
(83 +3)
which leads to the deflection of the probe field for its spacial

inhomogeneity. By using the eikonal approximation [20], the
deflection angle of the probe field is given by

0 ~ LV (n")|x=x, )

nx)~1-—

[e—Z(x—l)Z/af +e—2(x+l)2/af]’ (6)

for a small deflection angle [21].

In Fig. 2 we plot the refractive index n’(x) as a function
of the spacial coordinate x. The parameters we used in
our calculation are typical of those reported in literature.
Specifically, we consider a rubidium gas cell with atomic
density 1 x 10'?2 cm™3, y, = 10 kHz, y; = 600 MHz, py, =
Py =35x 1002 C m, 8; =2 GHz, and 8§, = —800 kHz
for ARG configuration. The transversal width of the Gaussian
profile is o7, = 0.5 cm and the total length of the system is
about L = 35 cm with Ly = 7.5 and L; = 2.5, respectively.
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FIG. 3. (Color online) Numerical simulation of the beam
propagation in ARG media. The initial probe field is Q, =
Qf) exp[—(x — xo)z/a[f], where 0, = 0.15 cm is the linewidth of
the probe field. The incident position is chosen as xo = 0.6 cm. The
one- and two-photon detunings are §; = 2 GHz and §, = —800 kHz,
respectively, and the pump field Rabi frequency is Q(LO) = 100 MHz.
Other system parameters are given in the text.

With our parameters the refractive index changes greatly as
the transversal position varies, which leads to a significant
light deflection along the transversal axis. The direction and
the strength of the deflection is demonstrated by the vector
arrow as shown in Fig. 2. Utilizing this spacial distribution of
the refractive index, we can realize the optical cloaking in this
system. Provided that a probe field enters into the first cell,
the trajectory of the probe field bends to avoid the target in
the following vacuum regime. When it enters into the second
cell, the probe field bends to the opposite side due to the
change of the change of the gradient of the refractive index.
Then it crosses over another vacuum regime and enters into
the third cell to adjust its propagating direction along the z
axis. Therefore, it is possible to control the trajectory of the
probe field dynamically and achieve the optical cloaking in
our model.

We have carried out numerical calculations to validate the
above conclusions obtained by eikonal approximation. We first
cast the Helmholtz equation for our system as

2 a)f, 2
V“E +2V[E - V(nn)] + C_2n E =0, (8)

where n is the refractive index which can be expressed
as n(x) = ng + 6n(x) with ny = 1. Under the slow varying
amplitude approximation and paraxial approximation [22],
Eq. (8) can be written as

JoE 1 928 06n oFE J’E
= = g, 4222000 gyt
9z 2nok, \ 0x? ax 0 dx2
1 PE, k,,(SnEp. ©)
2k, 0x? no

We numerical integrate Eq. (9) using a Gaussian-type ini-
tial probe field injected at various locations, i.e., €2, =
Q(’P) exp[—(x — X0)?/ 03], where the beamwidth is character-
ized by o, = 0.15 cm. The incident position is chosen as
xo = £0.6 cm.
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FIG. 4. (Color online) Plot of FWHMSs of the transverse beam
distribution at the entrance (blue curve) and at the exit (red dashed
curve). The intensity normalized beam transverse distribution (black
dash-dotted curve) shows negligible beam distortion.

In Fig. 3 we show the numerical simulation of Eq. (9)
by using the initial condition given above and parameters
used in generating Fig. 2. It is seen that the probe field
first cleared the object under detection by the ARG medium
in the first vapor cell. Its propagation direction is reverted
in the second Raman gain medium and later the original
direction of probe propagation is recovered by the beam
manipulation in the third Raman gain medium. These results
agree well with the prediction based on the classical eikonal
approximation. Due to the gain nature of the media used
the probe field is amplified during the operation. We note
that it is straightforward to add an absorption layer or an
electromagnetically induced-transparency (EIT) medium near
the exit. This provides adjusted attenuation of the amplified
probe field that renders the exit beam indistinguishable from
the input beam, and thereby achieves the purpose of spacial
cloaking of the object under detection. Such post-propagation
reshaping remedies, however, cannot be easily applied to any
solely EIT-based scheme where probe field spatial distortions
are often severe in the middle interaction region due to
the group velocity distribution. This shows the superior
performance of the coherent amplification scheme we treated
here. In Fig. 4 we show the full-width half-maximum (FWHM)
of the probe beam transverse distribution which exhibits very
little beam distortion.

In conclusion, we have presented a different approach to
realize the optical cloaking using alternating Raman gain and
free-space (possibly absorption) media. The probe light beam
experiences propagation trajectory changes in various Raman
gain media due to a spatially distributed pump field, resulting
in probe beam bending and therefore avoided detection of
the object. This approach is fundamentally different from the
propagation interference effect produced by metamaterials
with very different and large quasistatic permittivity and
permeability in absence of the external fields. In the atomic
medium, these quantities are unchanged in the absence of the
external field and it is the dynamic general susceptibility of the
system in the external fields that gives rise to the light bending
effects.
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