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HISTORICAL BACK GROUND

AlHazan (Ibn Al Hasham) (1139) - Vision
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HISTORICAL BACK GROUND

Peter Arpian (1577) - Comet tail observation
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HISTORICAL BACK GROUND

Radiation Energy

Jules Verne, in ’From the Earth to the Moon’, published in 1865, wrote
”there will some day appear velocities far greater than these [of the
planets and the projectile], of which light or electricity will probably be the
mechanical agent ... we shall one day travel to the moon, the planets, and
the stars.” This is possibly the first published recognition that light could
even move ships through space.

Pyotr Lebedev was first to successfully demonstrate light pressure, which
he did in 1899 with a torsional balance

Ernest Nichols and Gordon Hull conducted a similar independent
experiment in 1901 using a Nichols radiometer.
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HISTORICAL BACK GROUND

..
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HISTORICAL BACK GROUND

Svante Arrhenius predicted in 1908 the possibility of solar radiation
pressure distributing life spores across interstellar distances, providing one
means to explain the concept of panspermia. He apparently was the first
scientist to state that light could move objects between stars.

Konstantin Tsiolkovsky first proposed using the pressure of sunlight to
propel spacecraft through space and suggested, ”using tremendous mirrors
of very thin sheets to utilize the pressure of sunlight to attain cosmic
velocities”.

Friedrich Zander (Tsander) published a technical paper in 1925 that
included technical analysis of solar sailing. Zander wrote of ”applying
small forces” using ”light pressure or transmission of light energy to
distances by means of very thin mirrors”.
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HISTORICAL BACK GROUND

Force of gravity due to earth on the dust particle is
F = mg = 10−14Newton
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HISTORICAL BACK GROUND

Hubbel Telescope - Nebula
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HISTORICAL BACK GROUND

IKAROS - Interplanetary Kite Accelerated by Radiation Of
the Sun (2010)- Japan Aerospace Exploration Agency
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OPTICAL FORCE ON ATOM

Optical Force on Atom

In dispersive regime the atom interacts with the atoms

Heff ≡
p̂2

2m
+

~Ω2
R

∆
u2(r̂).
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OPTICAL FORCE ON ATOM

Optical Force on Atom

That introduces position dependent optical force on atoms

Frp = −
~Ω2

R

∆
u(r̂)∇u(r̂).

which is attractive or repulsive since

∆ = ω − ωeg
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OPTICAL FORCE ON ATOM

Optical Tweezers
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OPTICAL FORCE ON ATOM

Optical Tweezers — Applications

Hold, apply a force, measure force, local viscosity
holding and trapping atom, molecules and nano-particles
force measurement of cell structures and DNA coiling in pico newton range
elasticity measurement of DNA
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OPTICAL FORCE ON ATOM

Trapping plus Cooling

Nobel Prize (1997)
William Daniel Phillips
Claude Cohen-Tannoudji
Steven Chu
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OPTICAL FORCE ON ATOM

Novel interactions between Light and Matter

Nobel Prize (2012)
Serge Haroche, David Wineland

Possible to trap single atom and single photon
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OPTICAL FORCE ON ATOM

Bose Einstein Condensation

Nobel Prize (2001)
Carl Wieman, Wolfgang Ketterle, Eric Allin Cornell

D. Becker et. al., Nature, volume 562, October 18, pages391–395 (2018)
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OPTICAL FORCE at MACROSCOPIC SCALE

OPTICAL FORCE AT MACROSCOPIC SCALE

Radiation Pressure Force + Optical Cavity
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OPTICAL FORCE at MACROSCOPIC SCALE

Optical Cavity

L = j
λ

2
ωj = j

πc

L
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OPTICAL FORCE at MACROSCOPIC SCALE

Optical Cavity with Radiation Pressure Force

ω(δx) =
πc

L + δx
≈ ω − ω

L
δx
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OPTICAL FORCE at MACROSCOPIC SCALE

LIGHT Induced Mechanics — Opto Mechanics

In opto-mechanical resonators, an optical mode couples to mechanical
vibrations via radiation pressure induced by circulating optical fields. The
cavity (a.k.a. Fabry-Pérot cavity) consists of a highly reflective fixed input
mirror and a small movable end mirror harmonically coupled to a support
that acts as a thermal reservoir.
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OPTICAL FORCE at MACROSCOPIC SCALE

a) Eventually light comes in the cavity and exerts a force on the mirror to
displace it

b) As it changes the position, the amount of radiations in the cavity
changes, that is a back action of the mirror
c) The position of the mirror changes and varies the radiation pressure
force, thus introducing the cavity effect as it modifies the radiation
pressure force
d) Hence the radiation pressure force and resultant movement of mirror
acts as nonlinearity for the electromagnetic field. Thus we simulate
nonlinearity of the medium as a field observes while interacting with a
medium.
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OPTICAL FORCE at MACROSCOPIC SCALE

Radiation Pressure Force

A photon carries momentum of amount ~k , where k = 2π/λ. The photon
interacts and imparts its momentum to the end-mirror. Hence, a change in
the momentum of the mirror

∆p =
2E

c
,

here E is the energy of the photon. If the round trip time of a photon is
∆t = 2L/c , the radiation pressure force FRP exerted by n photons on the
mirror is,

FRP = n
∆p

∆t
= n

E

L
.
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OPTICAL FORCE at MACROSCOPIC SCALE

Radiation Pressure Potential

The corresponding potential VRP due to mirror displacement is expressed
by continuous variable δx = qm is,

VRP(qm) = −nE
L
qm.

Quantum mechanical description of the potential is obtained by replacing
c-number representation by respective operators, such that, q̂m and
n̂ = â†â. As we consider the energy of the cavity photon as E = ~ωc , the
quantum mechanical expression of the potential experienced by the mirror
becomes,

V̂RP = −~ωc

L
â†âq̂m .
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OPTICAL FORCE at MACROSCOPIC SCALE

Hamiltonian of Opto-Mechanical System

We write the opto-mechanical Hamiltonian of the system Ĥo as,

Ĥo = ĤC + ĤM + ĤCM + ĤCL.

Ĥo = ~ωc

(
â†â +

1

2

)
+ ĤM + ĤCM + ĤCL.
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(
â†â +

1

2

)
+

(
p̂′

2

2M
+

1

2
Mω2

mq̂
2
m

)
+ ĤCM + ĤCL.
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Ĥo = ĤC + ĤM + ĤCM + ĤCL.

Ĥo = ~ωc

(
â†â +

1

2

)
+

p̂′
2

2M
+

1

2
Mω2

mq̂
2
m

− ~
ωc

L
â†âq̂′ + i~EL(â†e−iωl t − âe iωl t)

where

|EL| =

√
2κPl

~ωl
.

Dr. Farhan Saif (Department of Electronics, Quaid-i-Azam University, Islamabad, Pakistan Department of Engineering sciences, University of Electro Communications, Chofu, Tokyo, Japan Summer School on New Advances in Quantum Information Science and Quantum Technologies SamarKand, Uzbekistan )Induced Transparency in Hybrid Opto-Mechanical SystemsSeptember 11, 2019 28 / 51



OPTICAL FORCE at MACROSCOPIC SCALE

Transformed Hamiltonian

Û(t) = e iωl tâ
†â.

The system Hamiltonian, Ho , therefore attains the shape of a
time-independent transformed Hamiltonian Ĥm, that is

Ĥm = ~∆c â
†â +

~ωm

2
(q̂2 + p̂2)− ~ξq̂â†â + i~EL(â† + â).

Here, ∆c is the difference of cavity frequency and laser frequency i.e.

∆c = ωc − ωl .
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OPTICAL FORCE at MACROSCOPIC SCALE

The gravitational wave detector - LIGO & Advanced
VIRGO

Nobel Prize 2017
Rainer Weiss Barry C. Barish and Kip S. Thorne
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OPTICAL FORCE at MACROSCOPIC SCALE

Cavity opto-mechanics - an excellent playground

Owing to the recent theoretical as well as experimental advancements over
the past few years, the field of cavity optomechanics has cemented its
place in the present-day photonic technology.
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HYBRID OPTO-MECHANICAL SYSTEM

The Model

Figure: The schematic representation for the hybrid optomechanical system. A
high Q Fabry-Pérot cavity of length L consists of a fixed mirror, a movable mirror
and a two-level atom. The cavity is simultaneously driven by a strong pump field
of frequency ωl and a weak probe field of frequency ωp.
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HYBRID OPTO-MECHANICAL SYSTEM

The Model

Under the rotating reference frame at the frequency ωl of the strong
driving field, the total Hamiltonian of the system can be written as

HT = Ho + Ha + Hint + Hp,

where

Ha = ~
∆a

2
σz ,

Hint = ~gac(c†σ+ + cσ−), ,

Hp = i~(Epe
−iδtc† − E ∗p e

iδtc), .

where ∆a = ωa − ωl , δ = ωp − ωl and |Ep| =

√
2κPp

~ωp
.
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HYBRID OPTO-MECHANICAL SYSTEM

Mean field approximation

Using the mean field approximation [1,2], i.e. 〈qc〉 ' 〈q〉〈c〉, the mean
value equations can be written as:

d〈p〉
dt

= −mω2
m〈q〉 − γm〈p〉+ gmc〈c†〉〈c〉,

d〈q〉
dt

=
〈p〉
m
,

d〈c〉
dt

= −(κ+ i∆c)〈c〉+ igmc〈c〉〈q〉 − igac〈σ−〉

+EL + Epe
−iδt ,

d〈σ−〉
dt

= −(γa + i∆a)〈σ−〉+ igac〈c〉〈σz〉.

1

1[1] M. J. Akram, F. Ghafoor and F. Saif, J. Phys. B: At. Mol. Opt. Phys. (Feb,
2015).
[2] G. S. Agarwal and S. Huang, Phys. Rev. A 81, 041803(R) (2010).
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HYBRID OPTO-MECHANICAL SYSTEM

mean response of the system

In order to obtain the steady-state solutions, we make the ansatz

〈h〉 = hs + h−e
−iδt + h+e

iδt ,

we obtain the following steady-state solutions:

cs =
EL

κ+ i∆− g2
ac 〈σz 〉ss
γa+i∆a

,

c− =
Ep(A− B)

BB ′ + (A− C )(A′ + C )− (AB ′ + A′B) + 2iC∆
,

where, A = κ− i∆c − i∆ +
ig2

mc

m~(ω2
m − iγm∆−∆2)

|cs |2, B =
g2
ac〈σz〉ss

γa − i∆a − i∆
,

C =
ig2

mc

m~(ω2
m − iγm∆−∆2)

|cs |2, ∆ = ∆c −
g2
mc

m~ω2
m

|cs |2. 2

2(R. W. Boyd, Nonlinear Optics, acad. press, New York, 2010)
Dr. Farhan Saif (Department of Electronics, Quaid-i-Azam University, Islamabad, Pakistan Department of Engineering sciences, University of Electro Communications, Chofu, Tokyo, Japan Summer School on New Advances in Quantum Information Science and Quantum Technologies SamarKand, Uzbekistan )Induced Transparency in Hybrid Opto-Mechanical SystemsSeptember 11, 2019 35 / 51



HYBRID OPTO-MECHANICAL SYSTEM

mean response of the system

In order to obtain the steady-state solutions, we make the ansatz

〈h〉 = hs + h−e
−iδt + h+e

iδt ,

we obtain the following steady-state solutions:

cs =
EL

κ+ i∆− g2
ac 〈σz 〉ss
γa+i∆a

,

c− =
Ep(A− B)

BB ′ + (A− C )(A′ + C )− (AB ′ + A′B) + 2iC∆
,

where, A = κ− i∆c − i∆ +
ig2

mc

m~(ω2
m − iγm∆−∆2)

|cs |2, B =
g2
ac〈σz〉ss

γa − i∆a − i∆
,

C =
ig2

mc

m~(ω2
m − iγm∆−∆2)

|cs |2, ∆ = ∆c −
g2
mc

m~ω2
m

|cs |2. 2

2(R. W. Boyd, Nonlinear Optics, acad. press, New York, 2010)
Dr. Farhan Saif (Department of Electronics, Quaid-i-Azam University, Islamabad, Pakistan Department of Engineering sciences, University of Electro Communications, Chofu, Tokyo, Japan Summer School on New Advances in Quantum Information Science and Quantum Technologies SamarKand, Uzbekistan )Induced Transparency in Hybrid Opto-Mechanical SystemsSeptember 11, 2019 35 / 51



HYBRID OPTO-MECHANICAL SYSTEM

mean response of the system

In order to obtain the steady-state solutions, we make the ansatz

〈h〉 = hs + h−e
−iδt + h+e

iδt ,

we obtain the following steady-state solutions:

cs =
EL

κ+ i∆− g2
ac 〈σz 〉ss
γa+i∆a

,

c− =
Ep(A− B)

BB ′ + (A− C )(A′ + C )− (AB ′ + A′B) + 2iC∆
,

where, A = κ− i∆c − i∆ +
ig2

mc

m~(ω2
m − iγm∆−∆2)

|cs |2, B =
g2
ac〈σz〉ss

γa − i∆a − i∆
,

C =
ig2

mc

m~(ω2
m − iγm∆−∆2)

|cs |2, ∆ = ∆c −
g2
mc

m~ω2
m

|cs |2. 2

2(R. W. Boyd, Nonlinear Optics, acad. press, New York, 2010)
Dr. Farhan Saif (Department of Electronics, Quaid-i-Azam University, Islamabad, Pakistan Department of Engineering sciences, University of Electro Communications, Chofu, Tokyo, Japan Summer School on New Advances in Quantum Information Science and Quantum Technologies SamarKand, Uzbekistan )Induced Transparency in Hybrid Opto-Mechanical SystemsSeptember 11, 2019 35 / 51



HYBRID OPTO-MECHANICAL SYSTEM

Input-Output Thoery

In order to investigate the optical properties of the output field, we employ
the standard input-output relation

cout(t) = cin(t)−
√

2κc(t)

where cin and cout are the input and output operators, respectively. By
using the input-output relation and the ansatz shown in Eq. (1) for 〈c(t)〉,
we can obtain the expectation value of the output field as,

〈cout(t)〉 = (EL −
√

2κcs) + (Ep −
√

2κc−)e−iδt

−
√

2κc+e
iδt .

3

3(Walls & Milburn, Quantum Optics)
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HYBRID OPTO-MECHANICAL SYSTEM

The probe Transmission, Phase & Group Delay

The transmission of the probe field, which is the ratio of the returned
probe field from the coupling system divided by the sent probe field [3],
can be acquired as

T (ωp) =
Ep −

√
2κc−

Ep
= 1−

√
2κc−
Ep

.

For an optomechanical system, in the region of the narrow transparency
window the rapid phase dispersion, viz. φt(ωp) = arg [T (ωp)], causes the
transmission group delay,

τg =
dφt(ωp)

dωp
=

d{arg [T (ωp)]}
dωp

.

4

4[3] A. H. Safavi-Naeini, T. P. Alegre, J. Chan, M. Eichenfield, M. Winger, Q. Lin, J.
T. Hill, D. E. Chang, and O. Painter, Nature (London) 472, 69 (2011).
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MECHANICALLY INDUCED TRANSPARENCY

Mechanically Induced Transparency

In order to quantify the fast and slow light effects, we consider
experimentally realizable parametric values of the optomechanical system
in our numerical simulations [4,5]:
ωm/2π = 10 MHz, EL/2π = 2 MHz, ∆c/2π = 10 MHz,
∆a/2π = ±10 MHz, gmc/2π = 1.2 MHz, gac/2π = 4 MHz,
κ/2π = 215 KHz, γa/2π = 200 KHz, and, γm/2π = 140 Hz.
Note that ωm > κ, therefore, the system operates in the resolved-sideband
regime, also termed as good-cavity limit.
5

5[4] S. Grolacher, K. Hammerer, M. R. Vanner and M. Aspelmeyer, Nature 460, 724
(2009).
[5] M. Aspelmeyer, T. J. Kippenberg, F. Marquardt, Rev. Mod. Phys. 86, 1391 (2014).
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MECHANICALLY INDUCED TRANSPARENCY

The probe transmission: (gmc 6= 0, gac = 0)

We consider the case when atom-field coupling is switched off, i.e.
gac = 0, this reduces the system to a single-ended optomechanical system.
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Fig. (2): The transmission |T |2 vs δ/ωm for gmc/2π =0, 0.5, 0.8, 1.2
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SUB- AND SUPER-LUMINALITY

Super-Luminality or Fast light (gmc 6= 0, gac = 0)

We consider the case when atom-field coupling is switched off, i.e.
gac = 0, this reduces the system to a single-ended optomechanical system.
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Fig. (3): The phase φt vs δ/ωm.
We observe rapid phase

dispersion!

Fig. (4): Group delay (τg ) as a
function of the pump power Pl .

Fast Light!
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SUB- AND SUPER-LUMINALITY

Fast Light in hybrid optomechanics
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Fig. (5): (a) The transmission |T |2
vs δ/ωm. (b) The pase φt vs δ/ωm

for gac/2π = 1.2 MHz.

The characteristics of the
probe field changes in the
presence of gac .

As compared with previous
case, due to the presence of
atomic-ensemble, more rapid
phase change occurs!
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SUB- AND SUPER-LUMINALITY

Enhancement of Fast Light

We obtain the pulse advancement
of the order 1.2 ns for gac = 2π × 4
MHz, and 20 ns for gac = 2π × 8
MHz.
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Fig. (6): Group delay τg vs pl for
δ = ωm and ∆a = ωm, is shown for
atom-field coupling gac/2π = 4
(black-solid curve) and 8 MHz
(blue-dashed curves), respectively.
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SUB- AND SUPER-LUMINALITY

From Fast to Slow light

In the context of fast and slow light, a question of interest is whether
one can have a controlling parameter in a single experiment for
switching from fast-light to slow-light or vise versa.

The control of both fast & slow light propagations in a single
experiment, is a challenging task! This type of control can only be
achieved through highly nonlinear interactions and additional
interfering pathway(s), which is therefore seldom reported before.

In 2001, Agarwal et al. [Phys. Rev. A 64, 053809 (2001)], and
thereafter in 2004, Zubairy & colleagues [Phys. Rev. A 70, 023813
(2004)], proposed a switching mechanism from slow light to fast
propagation based on multi-level atomic systems.

However, in optomechanics, no switching mechanism has been
reported before!
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SUB- AND SUPER-LUMINALITY

From Fast Light to Slow Light

In our scheme, change in the atomic detuning from ∆a = ωm to
∆a = −ωm, acts as a tunable switch from fast-light to slow-light. The
atomic detuning ∆a = −ωm means that the atomic ensemble is resonant
with the Stokes sideband.
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Fig. (7): (a) Phase φt vs δ/ωm, for ∆a = ωm and ∆a = −ωm. (b) τg vs
Pl for ∆a = −ωm.
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CONCLUSIONS

Conclusions

In conclusions,

We show fast & slow light effects of the transmitted probe field in a
hybrid OMS with a single two-atom for suitable parametric regimes.

It is shown that the addition of a two-level atom in the system, not
only affects the transmission of the probe field, but also yields the
high phase dispersion, which makes it possible to realize the
enhancement of fast light.

In addition, a tunable switch from fast to slow light is achievable in
our model by adjusting the atomic-detuning as ∆a = ±ωm.
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CONCLUSIONS

Conclusion

This technique has potential applications for designing novel
quantum-information-processing gates, delay lines & optical buffers
for telecommunication systems, as well as the relevant applications in
present-day photonic technology.
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CONCLUSIONS

previous schemes vs our scheme
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