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Storage and Retrieval of Optical Information in Levitated
Cavityless Optomechanics

Pardeep Kumar and M. Bhattacharya*

School of Physics and Astronomy, Rochester Institute of Technology, 84 Lomb Memorial
Drive, Rochester, NY 14623, USA

ABSTRACT

We theoretically consider light storage in a single nanoparticle levitated in an optical dipole trap and subjected
to nonlinear feedback cooling. The storage protocol is realized by controlling the coupling between mechanical
displacement and signal pulse by maneuvering the intensity of writing and readout pulses. The process involves
writing and readout pulses at one mechanical frequency below the signal pulse. We demonstrate that during the
writing pulse, a signal pulse is stored as a mechanical excitation of the nanoparticle oscillation. It is then shown
that a readout pulse at later time can retrieve the stored optical information from the mechanical oscillator. A
long storage lifetime of 2 ms is obtained in our system due to the absence of clamping losses. Further, we describe
that our protocol can be used for wavelength conversion and shows a saturation in the conversion efficiency as
a function of cooperativities of the writing and readout pulses. We also illustrate that the presence of linear
feedback heating can lead to the amplification of the retrieved photon energy. Our prototype for light storage
with levitated optomechanics can be used to explore the possibility of quantum memories for photonic states.

Keywords: Storage, Retrieval, Conversion Efficiency, Levitation

1. INTRODUCTION

Optical information storage and retrieval is a key ingredient for long-distance quantum communication.! In the
last decade, various techniques for light storage have been realized in atomic ensembles,?® spin systems® 7 and
solid-state media.®® Recently, cavity optomechanical oscillators'? in which optical fields couple to mechanical
oscillations via radiation pressure force, have provided a versatile platform for storing optical information.!! 12
Compared to atomic or spin systems, optomechanical systems allow for light stored as a mechanical excitation
at a given wavelength to be retrieved at a later time at any desired wavelength'® 16 thereby providing an unique
platform for hybrid quantum networks. Apart from light storage, the optomechanical interactions have also led
to the realization of the cooling of mechanical mode to its ground state,'”'® strong coupling between optical
and mechanical modes'® and optomechanically-induced transparency.?022

Significantly, the experimental realizations in cavity-based optomechanical oscillators suffer from heating
and decoherence produced by the clamping losses. Also, the use of optical cavities places restrictions on the
optical wavelengths, as they need to be resonant. These restrictions can be circumvented by means of levitated
cavityless optomechanics which does not use mechanical clamping or optical resonators. The levitation of the
mechanical oscillator can be provided by using optical?®*24 or magnetic fields.?>25 1In particular, optically
levitated nanoparticles have been proposed for ground-state cooling,?” 2" preparation of quantum superposition
states®? and ultra-sensitive applications.?! 33

In this paper, we devise an optical memory protocol using a single nanoparticle levitated in an optical
dipole trap subjected to nonlinear feedback. The protocol works by controlling the coupling between mechanical
displacement and signal field by means of writing and reading pulses which are at one mechanical frequency below
the signal field. In the presence of writing pulse, the signal pulse interacts with the nanoparticle and is stored as
a mechanical excitation. The readout pulse at a later time retrieves the optical information from the mechanical
excitation. We demonstrate that the storage time of the optical memory is determined by the relatively long
decay time of the mechanical oscillator. The absence of clamping losses in levitated systems provides a storage
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time of 2 ms which is one thousand times longer than reported in cavity based optomechanical light storage.!!
We further describe the wavelength conversion in which the input signal at one wavelength is converted into
retrieved photons at another wavelength and the energy conversion efficiency obtained shows a saturation which
quantifies the impedance matching.'® Furthermore, the mechanical oscillations of the levitated nanoparticle can
be damped or amplified by means of feedback mechanism.?* In the present work, by applying linear feedback
heating,?® we achieve amplification of the retrieved photon energy.

2. MODEL

We present an optical memory protocol using a single nanoparticle of mass m which is trapped in vacuum by a
focused Gaussian beam resulting in harmonic mechanical oscillations, as shown in Fig. 1. For small amplitudes,
the oscillations along three spatial directions are uncoupled and may be considered independently. Here, we
consider the oscillations of the nanoparticle in the dipole trap along the x-axis. The position of the nanoparticle
is monitored continuously by interferometric techniques.?*3* Further, a feedback mechanism is used to cause
additional damping of the nanoparticle thereby giving rise to cooling, in addition to some backaction heating. To
implement this model as an optical memory, we use writing and readout pulses one mechanical frequency below
the signal pulse. The writing and signal pulses arrive simultaneously, followed later by readout pulse, as shown
in Fig. 1. The writing pulse controls the coupling between signal pulse and mechanical displacement thereby
converting the signal pulse into a mechanical excitation via the optomechanical coupling. The reading pulse at
a later time converts the mechanical excitation back into an optical pulse at a desired wavelength.

Y Retrieved

Photon

I

I
I
I
I

Writing

Readout

Figure 1. Schematic of light storage and retrieval with a levitated nanoparticle of mass m trapped in an optical dipole
trap and oscillating with frequency w,. The particle is subjected to nonlinear feedback cooling.?® A writing and signal
pulse interact simultaneously with the nanoparticle thereby causing the storage of the signal as a mechanical excitation.
The readout pulse at a later time results in the retrieval of photons from the mechanical excitation.

The dynamics of this levitated optomechanical system is described by the following master equation?% 36

(0] DP . .
p=— [H, p] - (W) DIQ]p— %D [P]p— Z% Q. {P,p}] —ivs [Q°,{P,p}] —T;D[Q%] p+ BD[a] p,
(1)

where, the first term on the right-hand side of the above equation represents the unitary evolution of the
optomechanical system described by the Hamiltonian H = Hy + H;,:, where Hj is the bare Hamiltonian of the
mechanical oscillator and optical field and H;,; is the optomechanical coupling Hamiltonian between mechanical
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oscillator and the optical field, respectively. The second (third) term describes the momentum (position) diffusion
of the nanoparticle due to collisions with background gas, with momentum (position) diffusion coefficient D,, =
2n¢kpTat/W?(Dy = nph?/24kpTm?z?), where, T is the gas temperature, kp is Boltzmann’s constant and
xg = y/h/2mw, is the zero point fluctuation of the mechanical oscillator. Also, Yopt = A + Ay + A + A,
represents the heating rate due to trap, writing, signal and readout photon scattering, respectively. The fourth
term accounts for gas damping at a rate v, = 1y/2m, where coefficient of friction ny = 6mpR, p is the dynamic
viscosity of the surrounding gas and R is the radius of nanoparticle. The fifth and sixth terms represent the
nonlinear feedback damping and the corresponding feedback backaction, respectively. The feedback drift and
diffusion are characterized by the coefficients vy = x?*®G and I'y = x?®G?, respectively, where x is the scaled
optomechanical coupling, ® is the average detected photon flux and G is the feedback gain. The last term in
above equation represents the optical damping of the writing, signal and readout pulse and is characterized
by B = B, + By + B,. The respective dimensionless position and momentum operators are Q = b' 4+ b and
P =i (b" — b). The creation and annihilation operators of the optical field (mechanical oscillator) are af(b") and
a (b). The Lindblad superoperator in Eq. (1) is written as D [Q] p = QTQp + pQTQ — 2QpQ".

Now the interaction Hamiltonian between mechanical oscillator and the optical field is written as
Hiny = —hga'a (bT +b) , (2)

VW% is the optomechanical coupling constant. Here, V' is the volume of the nanoparticle,
0 0

where, g =
€. is the effective relative permittivity of the dielectric, w, is the frequency of the applied signal field, Aw; is the
signal laser linewidth, wy is the waist of the signal. We also have assumed that signal beam is shifted from trap

by a small amount Az. The Hamiltonian in Eq. (2) can be linearized by using

a=ynie " +ay, (3)

where, we have used a mean-field approximation in which the intense control field can be treated classically and
the optomechanical interaction is linearized with respect to the signal field. Here, n; (i = w,r) is the photon
number of the writing/readout field, w; (i = w,r) is the frequency of the writing and readout field and ay is the
annihilation operator for the signal field. The linearized Hamiltonian using Eq. (3) in Eq. (2) can be written as,

Hipy = —hG; (e7™talb + e“asbt) — hG; (e ald! + e™ad) | (4)

where, G; = g./n; is the effective optomechanical coupling rate. The first term in Eq. (4) represents the beam-
splitter Hamiltonian and the second term corresponds to parametric down conversion Hamiltonian. The first
term dominates when writing and readout pulses are set at one mechanical frequency below the signal frequency.
In that case, the total Hamiltonian using Eq. (4) can be written as

H = hwsalas + hwy,b' — hG; (e ™ alb + e™itabl) . (5)

Now to describe the optomechanical coupling between signal field and the mechanical displacement, the master
equation Eq. (1) can be unraveled in terms of the following set of Langevin equations of motion for the mean

values
& = —[i (ws — w;) + Bla+iG;B + /B, , (6)
B=—[i (wm —ws +w;) +T] 8 +iGia, (7)
where, I' = 74 + yw + 7s + ¥ + 0@ is the mechanical damping, v; = SAjws (j = t,w,s,r) is rate associated

wj
with the radiation damping,®® 6I' = 12y, ((IV) + 1) is the nonlinear feedback damping and @, is the incident
photon flux of the signal field. Note that Egs. (6,7) are derived in a frame moving with signal frequency such
that a = (a,)e™* and also we define 3 = (b)e?(“s=«i)t, Further, the stochastic terms due to thermal noise and
feedback backaction vanish as their expectation values are zero. It is to be pointed out that in the absence of
damping, a “m/2 pulse” perfectly maps the motional state to the optical state and optical state to the motional
state thereby performing the function of the optomechanical storage and retrieval.
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3. RESULTS

In the optomechanical light storage, the signal pulse is stored as a mechanical excitation by a writing pulse while
the readout pulse results in the retrieval of optical information from mechanical excitation. Now to discuss light
storage and retrieval, we use following Gaussian pulse profiles:-

(t—t;)?

*W ’ (8)

G; = Gjpexp

where, Gjo,t; and T; (i = w, s,7) represents the amplitude, central time and the width of the pulse, respectively.

3.1 Optomechanical Light Storage

To illustrate the optomechanical light storage in levitated nanoparticle, we numerically solve the coupled oscillator
Egs. (6,7).
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Figure 2. (a) Optical power of the storage and retrieval of the optical signal (solid red line), along with the power of
the stored mechanical oscillation (solid blue line) as a function of time. (b) Retrieved pulse energy as a function of the
delay between the readout and writing pulses. The parameters used in the figures are t,, = t; =0.09 ms, ¢,=0.9 ms,
Tw=Ts =Tr=T us, Gso =4.4 kHz, Gwo =90 kHz, Gro =110 kHz, w, = 124 kHz, radius of the particle (R) = 50 nm, mass
of the nanoparticle=1.2x107® kg, ¢, =1.133, signal wavelength (\s)=780 nm, write wavelength (\,,) = 1064 nm, readout
wavelength (Ar) = 1064 nm, Az =10 nm, ;=19 pm, g=0.125 mHz, Avg. write photon number= 5 x10%, vy =0.0289
Hz, 6T'= 1.25 kHz, pressure=9 x10~% mbar, T=300 K, B, =0.3 Hz, B, =0.04 Hz, B, =0.04 Hz, A,=27 kHz, A,=9 kHz,
Aw»=8 kHz, A,= 8 kHz, scaled optomechanical coupling (x) = 10™® and nonlinear feedback gain (G)=20.

Fig. 2(a) shows the time dependence of the calculated power of the signal and the retrieved pulse, together
with the power of the stored mechanical oscillation. For the storage process, a signal pulse which arrives at t = 0
is converted into mechanical excitation by means of a writing pulse. The mechanical damping then causes the
exponential decay of mechanical excitation. For the retrieval process, another readout pulse which arrives at
t =9 ms, converts the mechanical excitation back into the retrieved optical signal, as seen from Fig. 2(a).

The optical information storage depends on the mechanical excitation which decays due to damping. Thus,
the storage lifetime is limited by the mechanical decay and is determined from the dependence of the retrieved
pulse energy on the delay between the writing and readout pulses, as depicted in Fig. 2(b). Clearly, the retrieved
pulse energy decays exponentially with the pulse separation thereby giving a storage lifetime of 2 ms which is one
thousand times longer than reported for cavity based optomechanical light storage.!! The longer storage lifetime
in levitated optomechanics is attributed to the absence of clamping losses. Further, the storage lifetime obtained
is in good agreement with mechanical linewidth I'/27=1.25 kHz which indicates that it is limited only by the
mechanical decay of the system. The mechanical damping is mainly dominated by nonlinear feedback damping
which can be controlled by changing the conditions of pressure and temperature thereby further increasing the
storage lifetime.
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Figure 3. Normalized retrieved pulse energy as a function of detuning ws — w; — wm (i = w,r) for different (a) readout
couplings (b) write couplings. Here energy is normalized to that retrieved at zero detuning. Retrieved pulse energy as a
function of the (c) pulse area (d) relative readout intensity. Here, relative intensity of 1 corresponds to Gro =110 kHz.
Rest of the parameters are same as in Fig. 2.

The process of optomechanical light storage and retrieval is distinctly affected by writing and readout pulses.
To confirm the optomechanical origin of the light storage and retrieval, we plot in Fig. 3(a), the retrieved pulse
energy as a function of detuning between w; and w; for different readout intensities. The occurrence of resonance
at ws — w; = w, validates that for light retrieval process, readout pulses is to be w, away from the signal pulse
thereby satisfying the anti-Stokes resonance condition. Furthermore, the spectral lineshape of retrieved energy
is independent of the power of the readout pulses, as depicted in Fig. 3(a). The light storage process, on the
other hand, also requires writing pulse to be w, away from the signal which is confirmed from Fig. 3(b). A
strong writing pulse gives rise to larger mechanical excitation, as a result of which broadening in the lineshape
of the retrieved energy appears, as shown in Fig. 3(b).

As mentioned above, in the absence of damping, a 7/2-pulse causes a complete swap of states between optical
and mechanical systems. However, in the limit G > I'; the retrieved pulse energy rises even when the pulse area
exceeds /2, as shown in Fig. 3(c). Further, the retrieved pulse energy is affected by the readout intensities and
gets saturated for strong readout pulses (see Fig. 3(d)).

So far the above analysis is based on the conditions of low pressure (< 107° mbar). This regime of low
pressure includes the case of oscillator preparation near the ground state, where a large amount of energy can
be retrieved from the mechanical oscillator as depicted in 4(a). However, the storage and retrieval is drastically
affected by the pressure as shown in Fig. 4(b). The increase in pressure causes the damping to increase and as
a result of this the retrieved pulse energy decreases as exhibited in Fig. 4(b).

3.2 Direction of the Retrieved Photon

In the preceding discussion, we have described how optical information can be stored and retrieved at a later
time in levitated optomechanical system. The presence of readout pulse results in the emission of a retrieved
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Figure 4. Retrieved pulse energy as a function of the (a) pressure and (b) temperature. Rest of the parameters are same
as in Fig. 2.

photon. The direction of this photon is determined by the momentum conservation condition given by:-

ﬁr:ﬁret+Aﬁa (9)

where, ﬁr = NJLET (ﬁret = Nrethlgret) is the momentum of the readout (retrieved) pulse with number of photons

N, (Nyet) and the wave vector ET (Eret . Also, Ap'is the change in the momentum of the levitated nanoparticle.
To find out the direction of retrieved photon, we evaluate the change in momentum of the nanoparticle which is
oscillating about equilibrium position (X = 0) and is subjected to radiation pressure force and restoring force,
as shown in Fig. 5. The momentum of the retrieved photon from Eq. (9) can be written as

F, . k ) F, k
read —X) . r read p, é\ r
> of VWL AL Lo = N
=0 50 *x) X0
(a) (b)

Figure 5. Schematic for the direction of retrieved photon when nanoparticle initially moves (a) away from the readout
pulse (b) towards readout pulse. Here, X = 0 is the equilibrium position about which nanoparticle oscillates, p; is the
initial momentum of the nanoparticle, Fx is the radiation-pressure force and k(X) represents the restoring force.

ﬁret:ﬁr_Aﬁa (10)

As is clear from Eq. (10) that if the momentum of the readout pulse dominates over the change in the momentum
of the nanoparticle after impulsive interaction then the photon is retrieved in the direction of the readout pulse.
Here, we demonstrate that for our system the retrieved photon moves in the direction of the readout pulse. For
instance, let us consider a situation where the nanoparticle initially moves in the same direction as the readout
pulse, as shown in Fig. 5(a). Under the impulsive interaction of the readout pulse, the change in momentum
of the nanoparticle is determined by the radiation-pressure force (Fx) and the restoring force (Fy..s) due to the
trap stiffness and can be written as,

AF = (Fy + Fres)At = (Fy — k(X))At (11)

where, At is the amount of time during which impulse is imparted to the nanoparticle and k = mw? is the trap
stiffness. As shown in Fig. 5(a), the direction of the restoring force is negative. Further, the position of the

levitated particle can be expressed in terms of mean occupancy (N) as (X) = % On the other hand, the
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radiation-pressure force for a situation exhibited in Fig. 5(a), points towards positive X-direction'? and by using
Eq. (2) can be expressed as

dH s
F _ m _ h . 2 12
X adx g |Oé| ’ ( )
where, |a|? is the number of photons incident on the nanoparticle and G, = %. Thus, the momentum
0
of the retrieved photon by using Eqgs. (11,12) can be written as,
Pret = P, — (Fx — k(X))At . (13)

Now, to figure out the direction of retrieved photon, let us use experimental parameters as used in preceding
analysis to evaluate various terms on the right hand side of Eq. (13). For the parameters used in Fig. 2, for
number of readout photons of N, = 5 x 10'4, the momentum of the readout pulse is 13T = thlgr:3.1><10_13
kg-ms™!, Fy=7.3x10" N, (X)=1.7 x107° m, F,.4=3.1 x10718 N, N,;=2x10% and At ~ T,=7 ps. Thus,
the momentum of the retrieved photon from Eq. (13) is hEmt ~1.6x1072! kg-ms~' and the emitted photon
follows the direction of the incoming readout pulse as shown in Fig. 5(a).

However, in an opposite situation, where the nanoparticle initially oscillates towards the readout pulse, the
restoring force, point towards positive x-direction, as shown in Fig. 5(b). Thus, in this case the change in
momentum of the nanoparticle would be positive and for the same set of parameters as described above, the
momentum of the retrieved photon from Eq. (13) would again become positive. As a result of this the photon
is retrieved in the direction of the incident readout pulse as shown in Fig. 5(b).

3.3 Conversion Efficiency

x 10! ‘

Conversion Efficiency (7)

5
4
3
O
2
1
0 ‘ ‘ ‘ ‘ 0
600 800 1000 1200 1400 0 1 2 3 4 5 6
Retrieved Wavelength (nm) Cy
(a) (b)

Figure 6. (a) Retrieved pulse energy as a function of the retrieved wavelength. (b) Conversion efficiency vs writing (Cy)
and readout (C) cooperativities. Here signal field is converted from 780 nm to 1064 nm and the incident energy is 0.9
nJ. Other parameters are same as in Fig. 2.

In cavity based optomechanical systems, the retrieved photon needs to be resonant with the cavity. However,
such a restriction is circumvented in levitated cavityless optomechanics. Here, the retrieved photon can be
emitted at a wavelength different from the signal field. The wavelength of the retrieved photon is determined
by energy conservation condition given by w, + w; = wret. Here, wye; is the frequency of the retrieved photon.
Thus, depending on the wavelength of the readout pulse, retrieved photon can have a wavelength different from
the signal field. Fig. 6(a) depicts the retrieved energy which decreases as a function of the retrieved wavelength.
To further characterize the steady-state optical wavelength conversion, the optomechanical coupling G,, maps
the input signal in one optical mode to the mechanical excitation while the coupling G, maps the mechanical
excitation to the retrieved field in another optical mode at a different frequency. In the steady state, the
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conversion efficiency, defined by the ratio of the retrieved photon flux to the input signal photon flux can be
expressed as

CuC
N e (14)
(1+5+%)
_4G? _4G? . . o o,
where, Cy = 7 and C, = 5 F are the respective optomechanical cooperativities. Note that writing and

readout cooperativities depend on optomechanical coupling, optical scattering and mechanical damping which
further are function of wavelength of the optical fields.?? Thus, unlike the cavity optomechanical system, the
writing and readout cooperativities and hence the conversion efficiency (Eq. (14)) in levitated optomechanics
can be controlled by using optical fields of any desired wavelength. Also, Eq. (14) reflects that large and equal
optomechanical cooperativity for two optical modes leads to efficient wavelength conversion. Fig. 6(b) shows the
photon conversion efficiency as a function of the cooperativities corresponding to G, and G,. For a particular
value of C,. (C,,) the conversion efficiency increases with C,, (C,) and then eventually saturates thereby reflecting
the requirement of impedance matching.'® 16

3.4 Amplification

In the above discussion, we have used nonlinear feedback to cause mechanical damping and due to this the
retrieved photons are obtained at lower energy than the incident signal. However, if in addition we use linear
feedback heating,®> then we can get amplified retrieved photons. The inclusion of linear feedback heating?®
modifies the mechanical damping term in Eqgs. (6,7) and can be written as I' = 4 + vy + vs + ¥ + 6L — 1.
Here, v; = x?®G), represents the linear feedback heating and G, is the corresponding gain. The linear feedback
heating causes a decrease in the mechanical damping. Thus, when the readout pulse comes, then it retrieves
more energy from the mechanical excitation thereby causing amplification of the retrieved photon. Fig. 7 (a)
depicts such amplification of the retrieved photons by the application of linear feedback heating of v;=1.17 kHz.

-11 10-24 .
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Figure 7. (a) Amplification in the light storage and retrieval process. Optical power of the storage and retrieval of the
optical signal (solid red line), along with the power of the stored mechanical oscillation (solid blue line) as a function of
time. (b) Conversion efficiency as a function of the writing cooperativity (C.,) for different values of readout cooperativity
(Cr). Here, v=1.17 kHz, G,=95 and other parameters are same as in Fig. 2.

The conversion efficiency, as shown in Fig. 7(b) for the case of amplification first increases with input signal
cooperativity and then saturates implying the impedance matching.

4. CONCLUSION

In conclusion, we have described an optical memory protocol using a single nanoparticle levitated in an optical
dipole trap. This is achieved by controlling the coupling between mechanical displacement and signal field by
using a writing and readout pulse at one mechanical frequency below the signal field. It is shown that during
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the write pulse, a signal pulse at a given wavelength is stored as a mechanical excitation of the nanoparticle
oscillation. Then a readout pulse at later time can retrieve the stored optical information from the mechanical
oscillator at a desired wavelength. We have demonstrated that due to the absence of clamping losses a longer
storage lifetime can be achieved in the levitated optomechanical light storage. Further, we have illustrated that
our protocol can be used for wavelength conversion and shows a saturation in the conversion efficiency. We also
have described that the presence of positive linear feedback causes the amplification of the retrieved photon.
Moreover, the light storage with levitated optomechanics can be used to explore the possibility of quantum
memories for photonic states. Our prototype for light storage works at room temperature and backaction due to
nonlinear feedback damping is neglected for classical applications which otherwise could restrict this technique
for the storage of single photon at a quantum level. However, with the recent progress towards cooling a levitated
mechanical oscillator to its quantum ground state,?” 2% 34 it would be interesting to store single photons in such
systems for quantum memory.
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