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R. Sayed1–2, F. Kalantarifard3, P. Elahi3, F. Omer Ilday3, G. Volpe3, O. M. Maragò2
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Abstract

We propose a novel approach for trapping micron-sized particles and living cells based on optical feedback.
This approach is implemented at low numerical aperture (NA=0.5, 20X) and long working distance. In this
configuration, an optical tweezers is constructed inside a ring cavity Fiber laser and the optical feedback in
the ring cavity is controlled by the light scattered from a trapped particle.
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Introduction

Arthur Ashkin pioneered the field of laser-based op-
tical trapping in the early 1970s. He developed a
stable, three-dimensional trap based on counterprop-
agating laser beams. This seminal work eventually
led to the development of the single-beam gradient
force optical trap [1] or ”optical tweezers” as it has
come to be known. The ability of optical tweezers to
manipulate particles precisely and nondestructively
has allowed a wide and growing variety of applica-
tions in di↵erent fields of sciences such as cellular
and molecular biology, soft matter, nanotechnology
and physics. The ability to apply forces in the range
of femto to pico Newton on nanoparticles and to mea-
sure their displacements with nanometer precision
is crucial for the investigation of colloidal and con-
densed matter systems [2]. More recently OTs have
been also used to manipulate, rotate and assemble a
variety of nanostructures, such as carbon nanotubes,
nanowires, polymer nanofibers, and metal nanopar-
ticles [3].

In recent years fiber lasers have made significant
progress in capability, including high output power,
excellent beam quality, compact size, long life time,
low maintenance and operational robustness. With
the improvements made in gain fiber and fiber Bragg-
grating mirrors, higher powers and therefore more
widespread applications are enabled. Optical feed-
back achieved inside a ring cavity Fiber laser not only
enhances the wavelength tenability, but also reduces
the intrinsic linewidth of spectral line.

In this paper, we demonstrate a novel technique
for optical tweezing by using the optical feedback in-
side the ring cavity fiber laser [4]. In standard OT
high intensity of the laser in the focal spot is often
undesirable because of possible photodamage of the

trapped sample. Here, the use of optical feedback in
a ring cavity fiber laser reduces the intensity of op-
eration of the trap. We demonstrate stable trapping
operation employing low numerical aperture objec-
tives (NA=0.5). In this novel experimental configu-
ration the optical feedback on the fiber laser source
is controlled by the light scattering from the trapped
particle. When there is no particle in the trap, the
optical feedback increases the trapping power in the
focal point above the microscope objective. Instead,
when a particle falls in the trap the optical feedback
is reduced and the trap works at low powerprevent-
ing photodamage and relaxing the stringent condi-
tions on high numerical aperture for standard optical
tweezers (typically NA 1.3).

Theory and overview

Ring fiber lasers have the ability to provide stable,
single-frequency, and extremely narrow-linewidth
laser oscillation. The two most important param-
eters characterizing a laser are the threshold pump
power and the e�ciency with which the laser converts
the pump power into laser power once it has reached
threshold. Laser threshold is determined by requiring
that the gain compensate total cavity losses during
each round trip [5–7] . If we consider a Fabry-Perot
cavity, formed by placing two mirrors of reflectivities
R1 and R2 at the two ends of a fiber of length L, in
case fiber ring laser R1 and R2 represent the reflec-
tivity of fiber Bragg Grating (FBG) of gain fiber ,
the threshold condition becomes

G2R
1

R
2

exp(�2↵intL) = 1 (1)

where G is the single pass amplification factor and
↵int accounts for internal losses within the cavity.
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The single-pass amplification factor should include
the nonuniform nature of the gain coe�cient. The
threshold condition is given by:

↵mir + ↵int = ↵cav (2)

where ↵mir = �lnR
1

R
2

2L is the e↵ective mirror loss
and ↵cav is the total cavity loss. Below or near laser
threshold, gain saturation can be neglected and a
fraction of intracavity power Ps is transmitted from
each mirror as the output power. The pump power
needed to reach threshold is thus given by:

Pp(0) =
↵cavL

1� exp(�↵pL)

✓
↵p

↵s

◆
P sat
p (3)

where ↵p and ↵s are the absorption coe�cients at
the pump and signal wavelengths, respectively. This
expression shows how the laser threshold depends on
the cavity length. It is common to write the threshold
power in terms of the absorbed pump power using

Pabs = Pp(0) [1� exp(�↵pL] (4)

From Eqs. 3 and 4, the threshold power Pth is given
by:

Pth = ↵cavL

✓
↵p

↵s

◆
P sat
p (5)

This equation shows how laser threshold depends
on parameters associated with the gain medium
(dopants) and the laser cavity. In most cases of
practical interest, mirror reflectivities (in case Fabry
Perot cavity) or Fiber Bragg gratting reflectivities
(in case Ring cavity) are large enough that Ps can be
treated approximately as constant and it is given by
the remarkably simple expression

Ps = P sat
s

✓
Pabs

Pth
� 1

◆
(6)

where Pabs is the absorbed pump power. From Eqs.
4 and 5, the output power is given by:

Pout = (1�R
1

)Ps = ⌘s(Pabs � Pth) (7)

R
1

mirror reflectivity represents a fiber Bragg grat-
ing (FBG) reflectivity in case of fiber ring laser. This
equation shows that the laser power increases linearly
with the absorbed pump power (in our case it is the
output power of diode laser which bump fiber ring
laser). The slope e�ciency ⌘s is defined as the ratio
of P

out

P

abs

and it is a measure of the e�ciency with which
the laser converts pump power into output power
once it has reached threshold. It can be maximized
by reducing cavity losses as much as possible.

Experimental set-up

The schematic of optical trapping system with intra-
cavity feedback is shown in figure 1, as it can be seen,

the experimental set-up comprises of a ring cavity
fiber laser which the trapping components is a part
of the cavity, which is the main di↵erence of this sys-
tem from conventional extra cavity optical trapping
setups.

Figure 1: Sketch of the experimental set-up of opti-
cal tweezer constructed inside a ring cavity fiber laser.
PLP: Pump laser protection, WDM:Wavelength divi-
sion multiplexer, DM: Dichroic mirror, NA: Numeri-
cal aperture, and PD: Photodiode.

This configuration comprises of a diode-pumped
Yb-fiber laser and a free space optics concerns with
the trapping. The fiber laser part consists of a sin-
gle mode diode laser with 976 nm center wavelength
and 3 nm spectral bandwidth. The output power of
diode can be increased up to 600 mw. A wavelength
division multiplexer (WDM) combines the diode laser
light with the fiber laser signal within the cavity at
1030 nm. The insertion loss of WDM is measured
about 0.7 dB. The gain fiber is 20 cm-long single
mode Yb with 500 dB gain at 976 nm. The core and
clad radius of the gain fiber and other passive fibers
is 6 µ m and 125 µm, respectively. An inline isola-
tor is employed in order to make an unidirectional
propagation within the cavity. By using of 5% port
of a 95/5 coupler followed after isolator, the output
power is monitored. A silicon photo diode convert
optical signal to electrical signal is measured by an
oscilloscope.

As seen from the schematic figure, one part of
the cavity is free space and comprises of collimators,
dichroic mirrors and objectives. The bottom collima-
tor, collimate the output beam toward the dichroic
mirror (DM). The dichroic mirror which is used in
this set-up passed and reflect wavelength beyond and
shorter than 1000 nm, respectively. The reflectance
of the DM for 1030 nm which is the center wavelength
of the laser system is measured as 90%. The reflected
beam then passed through an 20X objective with 0.5
NA and focused on the sample. The diameter of the
spot in the focal point is almost 2 µm. Another objec-
tive then collect the scattered beam from the particle
and by using of another dichroic mirror and collima-
tor, leads to the cavity again. Trapping of particle
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by laser light increases the loss of the cavity due to
scattering and as a result the threshold of laser in-
creases and the voltage measured by the photo diode
decreases.

Video particle tracking. Tracking particles in a
digital video stream is a very convenient way to take
position measurements, especially as most tweezers
systems already feature a camera to observe the sam-
ple. Modern cameras can reach frame rates of up to
tens of kHz, approaching the speeds attainable with
interferometric systems. Even inexpensive cameras
can now exceed 1 kHz if the acquisition region is lim-
ited to only a few trapped objects, typically a region
around 50-120 pixels high and 600 pixels wide can
be acquired at kHz rates on a gigabit Ethernet based
camera.

The ability to use a camera simplifies taking force
for two dimensional measurements. Once the mag-
nification is known and checked with a ruled slide,
camera particle tracking reads out in absolute dis-
tance units, eliminating at least one calibration step.
It is also linear over the entire field of view of the
camera, typically 20-100 µm. A variety of free and
commercial computer programs can be used to track
particles on the y with accuracy much less than a
pixel, using the simple ”center of mass’ algorithm
or other more sophisticated techniques. For micro-
scopes used in optical tweezers, this typically results
in a resolution of a few nanometers [8].

Results and discussion

Optical trapping experiments are performed in a liq-
uid environment using calibration particles as silica
and melamine microspheres with 2, 4, and 5 µm and
living cells as blood, cancer and yeast as shown in
figure 2. Sti↵ness constant (k) of trapped particle is
measured at di↵erent trapping power and all mea-
surements are carried out at room temperature.

Trapping calibration beads. A micro-particle
trapped in optical tweezers is unavoidably driven by
Brownian force to undertake a three-dimensional ran-
dom walk around its equilibrium position within a
confined volume. Under the experimental conditions
reported in this paper the fluctuation of the trapped
particle was found to be in the sub-micron to micron
range. The particle trajectory can be conveniently
tracked by CCD camer. For each particle trapped in
optical tweezers with a specific set of trapping param-
eters (specified by optical wavelength, optical power,
numerical aperture NA, etc.), optical force along each
of the 2 dimensions is deduced based on the analysis
of the position distribution of the particle.

In our experiments the silica bead with 4 and 5

µm are trapped at current 200 mA (power at sam-
ple is 9.7 mW). For the case of 5 µm diameter we
get the trajectory of particle displacement and auto-
correlation function as in figure 2. When the optical
trapping power (the laser power measured at sample)
is 30 mW and the numerical aperture (NA) of the fo-
cusing objective lens is 0.5 (20x), the corresponding
optical force constants along the x and y directions
are determined to be Kx = 0.108 ± 0.0037 pN/µm
and Ky = 0.098 ± 0.0072 pN/µm . When the optical
power of trapping beam increases from 9.7 mW to 42
mW the optical force becomes larger and larger as
shown in figure 3(a).

Figure 2: Trapping of particles and cells. (a) Trap-
ping group of melamine particles with diameter 2 µm
at power 22 mW. (b) Trapping group of silica parti-
cles with diameter 5 µm at power 16 mW. (c) Trap-
ping red blood cell with diameter 8 µm at power 11
mW. (d) Trapping cancer cell with diameter 16.5 µm
at power 30 mW.

Figure 3: Calibration of optical forces on a silica bead
5 µm. (a) Fluctuations of trapped particle in X posi-
tion. (b) Autocorrelation function (ACF) for trapped
particle at 30 mW in x direction. (c) Trajectory of
trapped particle. (d) Histogram of particle fluctua-
tions.

Trapping living cells. Optical forces (on the or-
der of a few pico Newtons to tens of pico Newtons) in
optical tweezers with near infrared (NIR) laser beam
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at 1.06 µm wavelength were soon demonstrated for
non-invasive trapping and manipulation of a single
living cell [9].

With proper force calibration, optical tweezers
can be used as a convenient force transducer for
the measurement of biological molecular interactions.
When the biological cell trapped the optical force
constant confining the cell can be measured by track-
ing and analysing it in 3 dimensions. The force con-
stant may vary significantly from one cell to another
even under the same experimental conditions. In
this experiment single living cell can be trapped and
analysed the two dimensional optical force field with
the same method as microparticle. Under the same
experimental conditions (laser wavelength 1030 nm,
output power 72 mW, NA=0.5) the optical forces

on the red blood cell and white blood cell are mea-
sured separately during increasing the optical power
at sample from 10 mW to 42 mw as shown in fig-
ure 3(b). For sample preparation of white blood
cells, fresh blood cells are suspended in a viscous
fluid, Dulbecco’s Modified Eagle’s Medium formu-
lation (DMEM), and Centrifugation is carried out
in order to purify plasma from formed elements of
the blood including platelets that can be trapped to-
gether with red blood cells (RBCs) and preventing
correct measurements. The red blood cell is much
more sensitive to laser light, it rotates and changes
the physical shape during trapping and by increasing
the trapping power to 22 mW the cell die. In con-
trast the white blood cell can trap at higher power
without any change in the shape.

Figure 4: (a) Optical force as a function of laser power at sample for silica bead 5 µm in x and y directions. (b)
Optical force as a function of laser power at sample for white blood cell 7.8 µm in x and y directions.

Conclusions

To conclude, we have provided a novel technique for
optical trapping with a fiber ring laser system based
on low numerical aperture objective (NA=0.5/20X).
By this technique we trap calibration beads 4, 5 µm
and single living cell as yeast, blood, cancer cell. In-
tracavity optical trapping with low numerical aper-
ture lenses increases trapping depth, e�ciency and
spatial range in experiments holding promises for ap-
plications on biological systems that are a↵ected by
photodamage.
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Abstract

One of the most surprising predictions of modern quantum theory is that the vacuum of space is not
empty but filled with a sea of virtual particles. These short-lived fluctuations are the origin of some of
the most important physical processes in the universe. A quite direct evidence of the existence of such
virtual particles is provided by the dynamical Casimir e↵ect. It predicts that rapid modulations of the
boundary conditions of a quantum field induce vacuum amplification e↵ects that result in the creation of
real particles out of vacuum fluctuations. Here we show that a spontaneous release of virtual photons from
the quantum vacuum can occur in a quantum optical system in the ultrastrong coupling regime. In this
regime, which is attracting interest both in semiconductor and superconducting systems, the light-matter
coupling rate ⌦R becomes comparable to the bare resonance frequency of photons !0. In contrast to the
dynamical Casimir e↵ect and other pair creation mechanisms, this phenomenon does not require external
forces or time dependent parameters in the Hamiltonian. It resembles the production of particles during the
early universe expansion induced by the decay of a false vacuum according to inflationary cosmology.

Keywords: Casimir e↵ect, ultrastrong coupling regime, light-matter interaction.

Introduction

The dynamical Casimir e↵ect has been recently ex-
perimentally realized in a superconducting circuit by
modulating the inductance of a quantum interference
device at high frequencies. Other proposed vacuum
amplification mechanisms , as the Schwinger process
and the Hawking radiation, require the presence of
huge external fields or, as the Unruh e↵ect, the pres-
ence of a rapidly nonuniformly accelerating observer,
and still await observation. The here described spon-
taneous release of virtual photon pairs in the ab-
sence of any external drive or observer acceleration
resembles the particle production during the universe
expansion predicted by modern inflationary cosmol-
ogy. According to this theory, a scalar field start-
ing in the false vacuum state eventually decays, and
the energy that had been locked in it is released to
form a hot, uniform soup of particles, which is the
assumed starting point of the traditional big bang
theory. The Hamiltonian of a realistic atom-cavity
system contains so-called counter-rotating terms al-
lowing the simultaneous creation or annihilation of
an excitation in both atom and cavity mode. These
terms can be safely neglected for small coupling rates
⌦

R

(rotating-wave approximation). However, when
⌦

R

becomes comparable to the cavity resonance fre-
quency of the emitter or the resonance frequency of
the cavity mode, the counter-rotating terms are ex-
pected to manifest, giving rise to exciting e↵ects in
cavity QED. This ultrastrong-coupling regime is di�-

cult to reach in quantum-optical cavity QED, but was
recently realized in a variety of solid-state quantum
systems. Such regime is challenging from a theoret-
ical point of view as the total number of excitations
in the cavity-emitter system is not preserved, even
though its parity is. It has been shown that, in the ul-
trastrong coupling regime, the quantum optical mas-
ter equation fails to provide the correct description
of the system’s interaction with reservoirs. Moreover
quantum optical normal order correlation functions
fail to describe photodetection experiments for such
systems [1]. Specifically, for a single mode resonator,
the photon rate that can be detected by a photoab-
sorber is no longer proportional to ha†(t)a(t)i, where
a and a† are the photon destruction and creation op-
erators of the cavity mode, but to hX�(t)X+(t)i,
where X+(t) is the positive frequency component
of the quadrature operator X(t) = a(t) + a†(t) [2].
A puzzling property of these systems is that their
ground state is a squeezed vacuum containing cor-
related pairs of cavity photons. The photon pairs
in this ground state |0̃i are, however, virtual and
cannot be detected, as h0̃|X�(t)X+(t)|0̃i = 0 [2].
Otherwise, an observation of a stream of photons
from such a system in its ground state would give
rise to perpetuum mobile behaviors. Nevertheless,
we show [3] that such virtual photon pairs, dragged
by spontaneous decay processes reaching or starting
from states of the quantum emitter not coupled to
the resonator, may be spontaneously released and di-
rectly observed. A detailed analysis, carried out be-

69



Activity Report 2013 - Dottorato di Ricerca in Fisica, Universita’ di Messina

low, shows that such puzzling phenomenon is trace-
able to a general feature of open quantum systems:
spontaneous transitions induced by a reservoir occur
among eigenstates of the total Hamiltonian (environ-
ment induced superselection of energy eigenstates).
Such general feature, in presence of a ground state
with virtual excitations (or also excited states that
are not orthogonal to the zero-excitation state), in-
duces the spontaneous Casimir e↵ect here presented.
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Figure 1: Sketch of the system under consideration.

The most promising candidates for an experimen-
tal realization of the proposed setting are supercon-
ducting quantum circuits and intersubband quantum
well polaritons.

Theory

In the absence of losses, the quantum systems that
show a spostaneous Casimir e↵ect, depicted in Figs.
1a and 1b, are described by the total Hamiltonian H,

H = !
0

a†a+
X

↵=s,g,e

!↵�↵↵ +⌦
R

(a+ a†)(�
eg

+ �
ge

) ,

(1)
where !

0

is the frequency of the cavity mode, !↵

(↵ = s, g, e) are the bare frequencies of the atomic-
like relevant states, and �↵� = |↵ih�| describes the
transition operators (projection operators if ↵ = �)
involving the levels of the quantum emitter. It is
useful to label with |ji (j integer) the eigenstates of
H, and with ⌦j (increasing with j) the correspond-
ing eigenenergies. The Hamiltonian H describes a
cascade three-level system with only one transition
|gi $ |ei resonantly coupled with a single mode of
an optical resonator. Hence, when the system is in
the state |si, it does not interact with the resonator.
The Hamiltonian can be split up as H = H

Rabi

+HS ,
where H

Rabi

is the well known Rabi Hamiltonian and
H

s

= !
s

�
ss

. As a consequence the total Hamiltonian
is block-diagonal and its eigenstates can be separated
into (i) a non-interacting sector |s, ni, with energy
!
s

+ n!
0

, where n labels the cavity photon number;
and into (ii) dressed atom-cavity states |j̃i, result-
ing from the diagonalization of the Rabi Hamiltonian

H
Rabi

. Panels c and d in Fig. 1 display the lowest en-
ergy levels (resulting from the numerical diagonaliza-
tion of H) for the two configurations shown in panels
a and b respectively as a function of the normalized
coupling ⌦

R

/!
0

. The equally energy-spaced flat lines
(red) correspond to eigenstates of the non-interacting
sectors |s, ni. The energy levels (blue) that split and
then bend as a function of the ⌦

R

/!
0

correspond to
the eigenvectors |j̃i. The ground state of this sector
can be expanded in terms of the bare photon and
emitter states as

|0̃i =
1X

k=0

(c
˜

0

g,2k|g, 2ki+ c
˜

0

e,2k+1

|e, 2k + 1i) . (2)

In the intermediate regime, where ⌦R is small com-
pared to ⌃ = !

0

+ !
eg

(where !↵� = !↵ � !�),
an approximate simple analytical form of the energy
spectrum and the eigenstates can be derived. Within
this approximation, the dressed ground state reduces
to

|0̃i ' c
˜

0

g,0|g, 0i+ c
˜

0

g,2|g, 2i+ c
˜

0

e,1|e, 1i , (3)

where c˜0
e,1 ' ⌦

R

/⌃ and c˜0
g,2 ' ⌦2

R

/(
p
2!

0

⌃). For
⌦

R

/!
0

⌧ 1, the Jaynes-Cummings (JC) model is

recovered and only c˜0
g,0 6= 0. For larger couplings,

e.g. ⌦
R

/!
0

0.1, the two excitation amplitudes c˜0
g,2

and c˜0
e,1 become non-negligible. Analogously the ex-

cited states can be expanded as

|j̃i =
1X

k=0

(c
˜j
g,k|g, ki+ c

˜j
e,k|e, ki) . (4)

In contrast to the JC model, they are not in general

orthogonal to |g, 0i (being c
˜j
g,0 6= 0), hence they can

have a nonzero probability to have zero bare excita-
tions. All subsequent calculations are performed at
zero detuning: !

0

= !
eg

.
In the first of the two configurations (see Fig.

1a,c) that we consider, the system is initially pre-
pared, e.g. by adiabatic excitation (slow as com-
pared with the inverse of ⌦

R

), in the lowest energy
dressed state |0̃i. Although in the ultrastrong cou-
pling regime this state contains virtual cavity pho-
tons (h0̃|a†a|0̃i 6= 0), it is a vacuum state for the phys-
ical cavity photons that can be detected: X+|0̃i = 0
and hence h0̃|X�X+|0̃i = 0. Since |0̃i is not the
lowest energy vacuum, it can be considered as the
photonic false vacuum, since in this case the state
|s, n = 0i is the lowest energy (true) vacuum state.
Interesting theoretical studies of quantum dynamics
in these cavity QED systems with [4, 5] and without
the rotating-wave approximation recently appeared.
Panel 1c displays the lowest energy levels (the eigen-
values of H: !

s

+ n!
0

and !
˜j) as a function of

⌦
R

. Let us discuss the spontaneous decay of the
initial state |I

a

i = |0̃i, keeping in mind that sponta-
neous transitions induced by a reservoir occur among
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eigenstates of the total Hamiltonian (environment in-
duced superselection of energy eigenstates). For zero
or small coupling rates ⌦

R

, the initial state |0̃i re-
duces to |g, 0i and standard spontaneous emission of
a photon (at energy !

gs

) in the external electromag-
netic modes, associated with the emitter transition
|gi–�

sg

|gi = |si, occurs at a rate �
gs

(fixed by the
dipole moment of the transition). In the ultrastrong
coupling regime, the initial state is |I

a

i = |0̃i and pos-
sible final states are |Fii = |s, 2ii, with transition am-

plitude / hFi|�sg

|I
a

i = c˜0
g,2i. Of course spontaneous

transitions occurs only if the final states have lower
energy than the initial one (!

s

+ 2i!
0

< !
˜

0

). For
i = 0, the final state contains no cavity photons as
in ordinary spontaneous emission. For coupling rates
⌦

R

/!
0

< 1, the contribution with i = 1 provides the
next dominant term. Hence the spontaneous emis-
sion of a photon not in the cavity mode at a rate �

gs

comes together with a flux of cavity photon pairs at
a rate ⇡ �

gs

|c˜0
g,2|2.

In the second configuration, shown in Fig. 1b, the
system is initially prepared into the cavity-uncoupled
level |I

b

i = |s, 0i, which is at higher energy with
respect to state |ei. In this case, the initial state
can be prepared exciting the matter system from a
ground state |s0i, without involving the emitter states
coupled with the resonator. However such setting
works even in the absence of |s0i. We consider the
case where spontaneous emission induces the follow-
ing transition: |si–|gi, as the transition |si–|ei is for-
bidden. For small coupling rates ⌦

R

/!
0

⌧ 1, stan-
dard spontaneous emission of a photon at energy
!
sg

directly in the external electromagnetic modes
at a rate �

sg

would be observed. In the ultrastrong
coupling regime possible final states are |F

˜ji = |j̃i,
where hF

˜j |�gs

|I
b

i = c
˜j
g,0. The coe�cient c

˜j
g,0 de-

scribes the probability amplitude that the state |j̃i
has zero cavity photons. For negligible couplings,
only c˜0

g,0 6= 0, thus the only possible final state would

be |0̃i. In this case no cavity photons would be ob-
served, since h0̃|X�X+|0̃i = 0. In the ultrastrong

coupling regime, c
˜j
g,0 6= 0 for even excited states

(with the same parity as |g, 0i), hence spontaneous
transitions |s, 0i–|F

˜ji can occur even for j̃ 6= 0̃. In
particular, the next largest coe�cients are those for
j̃ = 3, 4. These excited dressed states emit physical
photon pairs (h3̃|X�X+|3̃i 6= 0). It is amazing and
counterintuitive that cavity photon-pairs are emitted
only because there are excited states of the cavity-
matter system which have a nonzero probability of
having zero cavity photons!

Results

For describing a realistic system, the cavity and atom
dissipation channels need to be taken into account.

Yet, owing to the very high ratio ⌦
R

/!
0

, the de-
scription o↵ered by the standard quantum optical
master equation can break down, for example pro-
ducing spurious qubit flipping or photon generation,
even at zero temperature. Following Refs., we write
the Hamiltonian in a basis formed by the eigen-
states of H to describe the dissipative processes. We
choose a T = 0 temperature environment. Yet gen-
eralization to T 6= 0 environments is straightfor-
ward. We thus arrive at the master equation [4],
⇢̇(t) = i[⇢(t), H] +

P
c Lc⇢(t), where Lc is a Liouvil-

lian superoperator describing the cavity (c = 0) and
the material system losses c = e–g, and g–s (con-
figuration a) or s–g (b) (see Methods for details).

a b

c d
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Figure 2: Dynamics of released photons and spon-
taneous emission spectra. a: Time evolution of the
intracavity mean photon number. b: hX�X+i for
di↵erent spontaneous emission decay rates �

gs

(see
text) obtained by artificially dropping cavity losses.
c: Spectrum S(!) of spontaneously emitted photons.
d: Time evolution of hX�X+i for the configuration
(b) sketched in Fig. 1b.

According to the input-output relations, the de-
struction operator for the output field escaping a
single port resonator can be espressed as a

out

(t) =
a
in

(t) � p
�
0

X+(t). The output cavity photon rate
which can be detected in photodetection experiments
is given by the mean value �

out

= ha†
out

a
out

i. If the
input is in the vacuum state as in the present case,
�
out

(t) = �
0

hX�(t) X+(t)i. In circuit QED systems,
a particularly well suited technology for observing
the spontaneous Casimir e↵ect (Methods), this nor-
mal order correlation function can be measured by
using quadrature amplitude detectors. The results
of a full numerical demonstration including the cav-
ity and the emitter losses is shown in Fig. 2. Fig-
ure 2a displays the numerically calculated time evo-
lution of the mean cavity number of physical pho-
tons hX�(t)X+(t)i = Tr[X�X+ ⇢(t)] for configura-
tion (a) (see Fig. 1a and c) and for di↵erent coupling
strengths ⌦

R

/!
0

= 0.3 (red line), 0.4 (blue), 0.6
(black). Calculations have been performed at zero
detuning and by using �

eg

= �
0

= �
gs

= 2⇥ 10�2!
0

,
!
gs

= 3.5!
0

. The system is initially prepared in the
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electrodynamics vacuum state (the false vacuum) |0̃i.
Then the spontaneous decay of such state produces
an output stream of cavity photons: the unlocked vir-
tual photons that can now be detected. Such photon
stream is the signature of the spontaneous Casimir
e↵ect. The signal rapidly grows and reaches a maxi-
mum value before decaying exponentially due to cav-
ity losses. As expected from the previous analysis,
the signal increases with increasing ⌦

R

/!
0

, as a con-

sequence of the buildup of c˜0
g,2. Considering a pro-

duced maximum photon number hX�X+i ⇡ 10�2

(see Fig. 2a) and �
0

= 2 ⇥ 10�2!
0

with !
0

= 10
GHz, the spontanous Casimir e↵ect will give rise to
a peak output photon flux �peak

out

⇡ 1 ⇥ 107 photons
per second. Such a photon rate corresponds to a
quite low emission power h̄!

0

�peak

out

which however
can be detected with existing technology. We also
notice that, for a typical system temperature T = 20
mK, the cavity mode energy !

0

⇡ 10 GHz is much
larger than KT (where K is the Boltzmann con-
stant) and as a consequence the spontaneous Casimir
photon flux is much higher than that arising from
the thermal occupation of the resonator. In the ab-
sence of ultrastrong coupling (⌦

R

/!
0

⌧ 1) or drop-
ping the counter-rotating terms in the Hamiltonian
[1] would result into �

out

= 0. The detection of a
photon flux escaping the cavity is the main signa-
ture of the Spontaneous Casimir e↵ect. Panel 2b
shows calculations of hX�X+i for di↵erent sponta-
neous emission decay rates (�

gs

/!
0

= 10�2 (green
curve), 1.5⇥ 10�2 (black), 3⇥ 10�2 (blue), 4⇥ 10�2

(red)) obtained by artificially dropping cavity losses
(�

0

= 0). We also used a coupling rate ⌦
R

/!
0

= 0.6
and �

eg

= �
gs

= 2⇥ 10�2!
0

. In the absence of cavity
losses, the mean photon number reaches a maximum
value which does not depend on �

gs

. This result puts
forward that the phenomenon here investigated is in-
trinsically di↵erent from the dynamical Casimir ef-
fect where the emitted photon rate depends strongly
on the modulation frequency. The inset in Fig. 2b
displays the maximum cavity mean photon number
hX�X+i

Max

as a function of the energy di↵erence
!
gs

obtained using ⌦
R

/!
0

= 0.8 (other parameters
are the same as those used for Fig. 2a). Photon pairs
are released only when !

˜

0

> !
s

+ 2!
0

because the
spontaneous transition |0̃i–|s, 2i occurs only when the
energy of the final state is below that of the initial
state (see Fig. 1c). Increasing !

gs

, a second rung cor-
responding to a small increase of hX�X+i

Max

can be
observed. It comes from the activation of the tran-
sition |0̃i–|s, 4i. In the dynamical Casimir e↵ect, the
energy of radiated photons comes at the expense of
the mechanical energy of the moving mirror, which
then experiences a friction force by the quantum vac-
uum via the so-called back-reaction e↵ect. In anal-
ogy we show that the release of virtual photon pairs,

present in the photonic false vacuum |0̃i, satisfies en-
ergy conservation. The energy of the radiated cavity
photons, induced by the spontaneous decay of the
false vacuum, comes at the expense of the energy of
the quanta emitted into the reservoir (e.g. the spon-
taneously emitted photons in the external electro-
magnetic modes). In the present case, back-reaction
e↵ects can be investigated by calculating the emis-
sion spectrum of spontaneously emitted photons di-
rectly in the external electromagnetic modes: S(!) =
1/(2⇡)

R1
�1 dt

R1
�1 dt0h��(t)�+(t0)ie�i!(t�t0), where

�± are the frequency positive (negative) components
of the polarization operator �gs + �sg. The spec-
trum S(!) of spontaneously emitted photons, cal-
culated for ⌦

R

/!
0

= 0.6 (other parameters are the
same as those used for Fig. 2a), is displayed in Fig.
2c. In the absence of interaction (dashed line), the
spectrum consists of a single Lorentzian peak cen-
tered at energy !

gs

, corresponding to ordinary spon-
taneous emission. In the ultrastrong coupling regime
the main peak is red-shifted at energy !

˜

0s

and a sec-
ond peak at lower energy, centered at !

˜

0s

� 2!
0

(see
Fig. 1c) appears. This peak shows that pair creation
is associated to the spontaneous emission of an out-
side photon of lower energy !

˜

0,s � 2!
0

. The obser-
vation of the lower peak in the spontaneous emission
spectrum of the emitter would be an additional sig-
nature of the spontaneous Casimir e↵ect. The higher
peak at energy !

˜

0,s origins from events where pair
creation is absent.
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