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We report a theoretical demonstration for the creation of space—time holes based on birefringence of reflection,
transmission, and the Goos-Héchen (GH) shifts from a chiral medium. We observed space—time holes in the
reflection, transmission, and their corresponding GH-shifted beams. Two space—time holes are clearly detected
in the regions of 0 < ¢ < 57y and —5w < y < 5w, as well as in the regions of —57; < ¢ <0 and —5w < y < Hw.
These space—time holes hide objects and information contents from observers and hackers. The objects and
information contents are completely undetectable, and thus events can be cloaked. The results of this paper
have potential applications in the invisibility of drone technology and secure communication of information

in telecom industries.
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Light matter interaction at the nanoscale has received
enormous attention from scientists!: Blrefrlngent mate-
rials split light beams into two polarlzatlon components
that propagate at different speeds. Birefringence is mea-
sured as the difference of refractive indices of the compo-
nent beams within the optical materialy. Birefringence
can be induced by external fields when they are applied
to optical materials. There are various interesting
applications of birefringence, for example, in TV screens,
computer monitors, flat panels of mobile phones, automo-
tive devices, and projectors.

Birefringence has also been used to create temporal
cloaking®2X¥ 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 quantum optics®?. Temporal cloaking has largely been
studied theoreticallyl®? as well as experimentallyy. The
temporal cloaking device has significant applications in
communication schemes; it also provides better shielded
information from noise corruption’

The Goos-Héanchen (GH) shift refers to the lateral shift
of a light beam from its usual geometric path at the inter-
face of two different media?2). The GH shift has been
studied extensively®22 which has resolved the discrep-
ancy between wave and geometric optics. Numerous con-
figurations have been proposed to enhance the GH shift
such as the asymmetric double-prism conflguratlon , lay-
ered structure with weakly absorbing medium?, prism-
waveguide coupling system?, and tunable bidirectional
terahertz switch?. Yin et al 2! described a surface plasmon
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resonance configuration, with which a GH shift of about
50 wavelengths was observed. The GH shift in an optical
beam has many interesting technological applications. In
optical heterodyne sensors, GH shifts can be used to mea-
sure various quantities, such as displacement, beam angle,
refractive index, film thickness, and temperature?Y. The
GH shift shows significant applications in various fields,
such as acoustics, micro-optics, nano-optics, and plasma
physics22,

An ideal invisibility cloak makes objects disappear if
viewed in three-dimensional space. The disappearance is
possible for any polarization of the light wave in reflection,
as well as in transmission and for a broad range of carrier
frequencies of light. There have been mainly two kinds of
invisibility cloaks proposed: carpet cloaks and free-space
cloaks. A free-space cloak is a designed material shell cov-
ering an object in free-space, which can guide the waves to
propagate around the shell and make the object invisible.
This can lead to hiding drones and automobiles on the
ground, etc.23,

A large number of research articles are published on
space cloaking, temporal cloaking®2Y and space—time
cloaking, in which different techniques are used to modify
invisibility cloaks, temporal time gaps, and event space—
time gaps. There is no work on space-time cloaks in
which birefringent beams of transmission, reflection,
and GH shifts have been used to modify and control
the space—time holes for event cloaking. In this article,
we use the birefringent beams of transmission, reflection,
and GH shifts to create the space—time holes in which the
event is cloaked for invisibility as well as informa-
tion hacking. For this purpose, we consider the chiral
atomic medium and calculate the birefringent beams
of reflection and transmission, as well as GH shifts.
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The space—time hole is created in the birefringent beams
of reflection and transmission intensities, and signifi-
cant space—time holes for event cloaking are found. Our
results provide a direction for future experiments for
concealing objects and information from viewers and
hackers, respectively.

The four-level atomic system, as shown in Fig. 1, is con-
sidered. The electric probe field E, is coupled between
states |2) and |4). States |1) and |3) are coupled with
magnetic field B,,. States |3) and |4) are coupled with a
resonance electric control field F.. The Rabi frequencies
of these fields are Q, ,, ..

The self Hamiltonian of the system is

Hy =" hooii) (. (1)
i=1

The Hamiltonian in the interaction picture for this sys-
tem is written as

4
N/ h — 1w,
Hy =" nli)(il 5 [Qee 43|
i=1

Qe @t |4) (2] + Qe @nt|3)(1] + hcl],  (2)

where Q, = g€ Ey/h, Q,, = ps3 e By/h, pz is the
magnetic dipole moment between states |3) and [1),
and @4 is the electric dipole moment between states |4)
and |2). These dipole moments are related to atomic
decays as ps; = /32hA3y, /8% and 049 = /3013y, /87>

The general form of the density matrix equation is
written as

) {4 1
p=—7Hip) =3 5 run(alap +pala—2apal), (3)

where af represents the rising operators, while a represents
the lowering operators. y,,, represents the decays between
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Fig. 1. Energy diagram of four-level atomic system.

the states. Using the master equation, we obtain the
following coupling rates equations:

2 1 ~ 7: o~ i ~ ~
P31 = (Ap - —Yb)ﬂzn — Q0 — —Qm(ﬂn *P33)7 (4)

2 2 2
2 . 1 N
pa = |18y =\ Gritre) [Pu —52Psn
T . T
- Egpp21 + §Qmﬂ437 ()

- i - T T, ~
Pa2 = [Ap b (ve+ 71)]P42 =5 QP30 =5 (P22 — Pua),

2 2
(6)

. ' 1 ~ (I 1 .
Pag = (zAp — §7b)ﬂ32 - §Qcﬂ42 - §Qmﬂl2- (7)

For weak probe fields, Q,, ,, < Q.,71,7,. The zero-order
coherence terms ,Z)(lq), ﬁgy, [)g), and [)g) become equal to
zero due to small Rabi oscillation. The solutions of

Egs. (4)—(7) are written as

W _ @ 0, &
oW M AW, A, —i(yr +7.)/2

~ ~(0
P ,0(21), (8)

Q Q, Q.
~(1) _ p ~(0) m c ~(0) 9
P =W, W, A, — iy, 2 ®)
W, =A _%_& (10)
! P 2 4(A _ Z’71+ye)’
V4 2
WQ _ A _ i(y6+y1) . |S2(3|2 (11)
=4, 5 .
1(a, - %)

But, in this case, the atoms are prepared in the coherent
superposition of states |1) and |2), which are written as

v) = Val2) + VI—ze1). (12)

The zeroth-order density matrix is then p = |w)(w|. So,

~(0 i — i
Pgl),22,12,21 =1—z,z,Vaz(l—2)e?, Jz(l —z)e ™.

The expression for magnetization and polarization in a
chiral atomic medium at the probe field’s frequency is
written as P = N924,5£112) and M = Nﬂ13[3§11), plugging
the values of ﬁgll) and ﬁfé) from the Egs. (8) and (9) in
the magnetization and electric polarizations; then,
the above equations become P = appBy+ appF, and
M = appBy + agpFE,, where
following;:

g EpBERR are the
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13
app AW, (13)
Nﬂ%l/’%ﬁ (14)
App =
L T
amp = 31 Q1| Q| Py e (15)
2hW1[Ap_w]
N, Q. P (02) (0> i((p+¢o)
app = ﬂ31042| |€ Poi € (16)

i(r1tre) ’
o [a, ;7]
where B = py(M + H), and we obtain electric polarization
and magnetization. The electric and magnetic polariza-
tions in the form of chiral coefficients are written by P, =
eoxsgl)E + % and M :;(STIL)H +%E. To evaluate the
electric and magnetic susceptibilities for the system, we
define the electric polarization of the medium as
P, =¢yyE, and due to the coherence of the probe field,
the polarization is P, = [Py |*pas, where pyy and Py, are
the dipole matrix elements. Comparing the polarization
and magnetization equations, the first-order complex elec-
tric and magnetic susceptibilities and chiral coefficients
are evaluated for the atomic system as

_agp + polappapy — appagp)

‘ eo(1 — poapp) 7 an
tn =22, (18)
Spy = %, (19)
Syp = %- (20)

The light beam incident to a chiral medium becomes bi-
refringent. The divided beams have left and right circular
polarization, having refractive indices n, ) and ny ) The
refractive index is calculated for birefringent beams as

(Epy + Enp)? 4 Z.5EH —&pp .
4 2

(21)

(+) ont
The group index is written as Re(n, + o oA, ) The

group velocity is written as vg =c/ n,, , while the time

of the pulses is written as t&) = L")
probe beam can be reflected back and transmitted through
the cavity with a lateral shift. The positive and negative
shifts in the probe beam depend upon the dispersive
properties of the atomic medium. The GH shifts in the
reflection and transmission beams are calculated by the

. The propagating

stationary phase theory as S, = —Ade(T,R)/2=dk,
and k, = ksin@, where ¢(T, R) is the phase associated
with transmission or reflection coefficients, and 6 is the
incident angle. The reflection in the probe beam can be
written in a more explicit form as

cosat (Q% — Q?)Q,Q* sin2a; + Hysina™®
Ql Q2H1 COS(Xi =+ HQ Sinai

R* = . (22)

where a;, at, Qo1 Q*, and H, , are written in
Appendix A. The sum of reflection and transmission
coefficients is equal to one, i.e., R+ T = 1. The GH shifts
in the birefringence reflection and transmission probe
beams are written in explicit form as

St = /

+ Pt
(t,7) _27[|Ti,Ri|2 (T , R )

d
T+, RF)—1
|:Re( R )()k m

Y

0
— Tm(T*, )=
m(T+, R )dky

Re(T#, Ri):|.
(23)

The incident probe beam at the plane z = 0 is written as

Ei(y,1)].=0 =3 / / A(ky, Ay eF=thp emittd dA,,
(24)

w W2(ky—ky)?  w2al
A(kuaAp) = L " €7UT (25)

\/2’1’0

The transmission and reflection beams are written as

w0z L

% el[kz(27[1)+kyy] e*ZAP tit(i))dkydAp, (26)

R

(ko) =i (= g A, (27)

Ak, A,)

A(k,, A,)

where 2d; + dy = L is the length of the cavity.

The birefringence of reflection, transmission, and GH
shifts is discussed in this article on the basis of chiral
medium. The space-time cloaking on the basis of birefrin-
gence reflection and transmission is the main aim of this
article. The atomic units are used throughout in this work.
The decays rates y are chosen as 36.1 MHz, and all other
parameters are scaled to this y.

In Fig. 2, the plots are traced for birefringence reflection
R* and transmission T coefficients versus incident angle
6. The red lines show the birefringence reflection, and the
blue lines show the birefringence transmission spectra.
The reflection beam is split into the birefringent through
a chiral medium shown by red solid and dashed lines.
The transmission beam is also split into the birefringent
through the chiral medium shown by blue solid and
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Fig. 2. Birefringent reflection and transmission versus 6,
such that y.; = 1y, v, = 0.02y, Q. = 1.5y, A, =0y, ¢ = 7/2,
¢(§02,(:) = 07 z = 0.5.

dashed lines. The sum of the reflection and transmission at
the point of no birefringence is equal to one, T+ R = 1. In
the region of birefringence, the sum of the reflection and
transmission coefficients may or may not be equal to
one, T+ + R* < 1.

In Fig. 3, the birefringent reflection R* and transmis-
sion T coefficients versus control field Rabi frequency
|Q.|/y are shown by red and blue solid and dashed lines.
There is no birefringence in the reflection and trans-
mission coefficients at |Q,| = 0y. The maximum split-
ting in the reflection and transmission beams occurs
at |Q,| =y, and then the splitting decreases to become
saturated.

Figure 4 shows the birefringence in GH shifts in the re-

flection S and transmission S Ei) beams versus incident
angle 6. The birefringent reflection and transmission GH
shifts have negative and positive shifts in the chiral
medium. In an ordinary medium, there are positive and
negative shifts, but in the chiral medium, there are four
reflection and four transmission GH shifts. There are pos-
itive and negative GH shifts in one birefringence beam and
two positive and negative shifts in the other birefringence

1.5
1.0
0.5
0.0

IR* R™,IT*, T7|

-0.5

Fig. 3. Birefringent reflection and transmission versus 6,
such that y.q =1y, 7, =0.02y, 0 =x/3, A, =0y, 1 =7/2,
¢(§02,(:) = 07 z=0.5.
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Fig. 4. Birefringence shifts in the reflection beam versus 6,
such that y.; = 1y, v, = 0.02y, Q. = 1.5y, A, =0y, ¢ = 7/2,
(ﬂ(§02,c) = 07 z=0.5.

beam, as shown in Fig. 4. In the reflection spectrum, the
red solid and red dashed lines show the two birefringence
beams. Similarly, in the transmission spectrum, the blue
solid and blue dashed lines show the two birefringence
beams. Each of the birefringence beams in the reflection
and transmission spectra has positive and negative parts.
The positive part shows a positive GH shift, and the neg-
ative part shows a negative GH shift.

Figure 5 shows the birefringence in GH shifts in the re-

flection S(ri) and transmission S;i) beams versus control
field Rabbi frequency |Q.|/y. In this case, the GH shifts
in the reflection and transmission beams act as a function
of the control fields. The positive and negative GH shifts
are calculated with the strength of the control field. At
different values of the control field, positive and negative
GH shifts are measured for each of the birefringent beams
of reflection and transmission.

Figure 6 shows the input pulse intensity normalized to
7o and w in the space—time domain, where 7, and w are the
input pulse widths in time and space, such that r; = 1.5 ps
and w = 304,. The input pulse intensity is taken in a
Gaussian form. The Gaussian input pulse incident at a
chiral medium splits into birefringence reflection and
transmission pulses due to additional contribution of
the chiral coefficients.

Figure 7 shows the output pulse intensity of birefringent
reflection and transmission pulses normalized with the
input pulse widths 7y and w in the space-time domain.
The birefringent reflection and transmission pulses are
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Fig. 5. Birefringence GH shifts in the transmission beam versus
0, such that y.; = 1y, y, = 0.02y, 0 = /3, A, = Oy, ¢1 = 7/2,
@(@2.) =0, z=0.5.
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Fig. 6. Normalized input intensity versus t¢/z, and y/w,
79 = 1.5 ps, w = 304,.

functions of space and time and show intensity variations
in space-time domains in such a way that in certain
regions of space and time, its intensity vanishes. In these
regions of space and time, the pulses are not detected. The
space—time holes are created in space and time, where
information is not detectable, and an object is not visible.
In these space-time holes, the object and information
are hidden from outside observers and hackers. This is
space—time cloaking.

In conclusion, a four-level chiral atomic medium is used
to investigate the birefringent behaviors of reflection,
transmission, and GH shifts. The reflection, transmission,
and GH shifts split into birefringence beams due to control-
ling additional contributions of the chiral coefficients.

E(y.t)I

Fig. 7. Normalized transmission and reflection pulses intensities
versus 1/7gand y/w, such that y.; =1y, y, = 0.02y, 0 = z/3,
Ap = 077 P = ﬂ:/Za ¢(¢2,c) = 07 T = 057 Qc = 15},7
79 = 1.5 ps, w = 304,,.

The birefringent behaviors are controlled and modified
with the strength of the control field, probe field detuning,
and incident angle. The space—time holes are created in the
birefringent beams of reflection/transmission and GH
shifts. The information contents and objects are hidden
in these space—time holes from outside observers and hack-
ers. In these space holes, information contents and objects
are completely undetectable, and the event is cloaked.
The results have significant and potential applications
in invisible and secure communication of drone technology.

APPENDIX A

Qo1 =

€01 — sin?6),
Qf = (ngi))2 — sin’0,

a, = diky/ e, — sin’0),
at = dykQF,
Hy = 2iQQ; cos 2y + (QF + QF) sin 2,
Hy = Qi(QF + @3)cos’a; — (Qf + Q5 Q3)sin’ay
— Q@ (Qf + @) sin2ay,
Hs = Q33 — @3)cos’a; + (QF — Q2Q3)sin’a;.
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