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Abstract—We review our recent experiments demonstrating a
hollow-core photonic-crystal fiber loaded with laser-cooled atomic
vapor as a system for all-optical switching with pulses containing
few hundred photons. Additionally, we discuss the outlooks for im-
proving the efficiency of this switching scheme and present prelim-
inary results geared toward using the system as a photon-number
resolving detector.

Index Terms—All-optical switching, electromagnetically in-
duced transparency, laser-cooled atoms in hollow-waveguides, pho-
ton number detection.

I. INTRODUCTION

THE implementation of few-photon nonlinear optics has un-
til now only been feasible in the context of cavity quantum

electrodynamics (QED) when single-quantum emitters, such as
neutral atoms or quantum dots, are placed inside narrow-band,
high-finesse cavities. In these systems, the original nonlinear-
ities of the optical medium created by the single emitter are
amplified by the cavity finesse to the point where they can be
controlled by the field of a single photon. Over the last decade,
several experiments have demonstrated nonlinear optical phe-
nomena with single intracavity photons [1]–[4]. However, the
large nonlinearities achievable in these cavity-based systems
come at the price of technological complexity, limitations im-
posed by cavity bandwidth, and often times substantial losses
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at the input and output of the cavity. The study presented here
uses an alternative approach, which is based on coupling single
emitters or ensembles of emitters to a propagating light field
confined to an area comparable to the diffraction limit. This re-
sults in the electric field from a single photon being sufficiently
large to cause nonlinear behavior on a single pass and without
the environment of an optical cavity. Such tight confinement can
be achieved either in free space by focusing the light beam with
a large numerical aperture lens [5] or under conditions provided
by a photonic waveguide. In particular, systems based on hollow
core photonic crystal fibers [6], hollow antiresonant reflecting
waveguides (ARROWs) [7], optical nanofibers [8], and nanos-
tructure plasmonic waveguides allowing subdiffraction propa-
gation [9] have all been actively explored in the last few years.
Hollow core photonic crystal fibers (PCFs, also known as pho-
tonic bandgap fibers) that guide light through interference [10]
instead of total internal reflection [11] are now available off the
shelf and can be integrated with conventional optical fibers [12].
When filled with molecular gas, these fibers have shown sig-
nificant enhancements in the efficiency of processes such as
stimulated Raman scattering [13] and four-wave mixing [14].
Recently, both room-temperature and ultracold atoms have suc-
cessfully been loaded into PCFs [15]–[17] and observations
of electromagnetically induced transparency with less than a
micro-Watt control field have been reported for the case of room
temperature atoms [15].

Here, we review our experiments that demonstrate the strong
coupling between light and laser-cooled atoms inside the hollow
core PCF and allow us to implement all-optical switching con-
trolled with light pulses containing as few as several hundred
photons.

II. ATOMS INSIDE THE FIBER

The atoms are first laser-cooled and collected in a free-space
magneto-optical trap and then transferred into a 30 mm long
piece of hollow-core fiber (see Fig. 1) with a procedure described
in detail in [18]. Once inside the fiber core, the cold atoms are
confined in a red-detuned dipole trap [19]. The trap is created
with an off-resonant beam guided by the fiber, and it prevents the
atoms from colliding with the fiber wall. We probe the atoms,
which form an approximately 1-cm long cloud inside the fiber
core [18], by monitoring the transmission of very-low-power
(∼1 pW) probe beams that can be coupled into the fiber piece
from either of its ends. After the probe beams emerge from
the fiber, they are collimated by the coupling lenses and then
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Fig. 1. (A) Scanning electron microscope (SEM) image of a cross section
of the hollow-core photonic-crystal fiber from Blaze Photonics used in the
experiment (model HC-800-02). (B) Detail of the photonic crystal region of the
fiber with the hollow core in the center. Manufacturer’s specifications of (C)
losses of guided mode propagating in the fiber as a function of wavelength and
(D) near field intensity distribution of the guided mode.

passed through a series of optical filters that separate the probe
photons from other light beams coupled into the fiber during
the experiments. Finally, the probes are coupled into single-
mode fibers connected to single-photon counters. The use of
single-mode fibers provides spatial filtering that ensures that
only photons propagating in the guided mode of the PCF are
detected. We calibrate the output signal of the single-photon
counters by sending a beam with macroscopic power (∼1 mW)
through the system in the absence of atoms and then reducing
the power in this beam with a series of neutral density filters
with precisely known attenuation factors.

When the frequency of the probe laser is scanned over an
atomic resonance, we observe in the transmitted signal an ap-
proximately Lorentzian absorption line-shape from the atoms
present inside the fiber:

Tnat = exp

(
− OD

1 + 4( δp

Γe
)2

)
(1)

where Γe is the linewidth of the excited atomic state and
δp = ωp − ω0 is the detuning of the probe laser from resonance.
The optical depth OD is a figure of merit for the strength of the
observed absorption. In general, OD depends on the atomic den-
sity integrated along the fiber, and the strength of the considered
atomic transition. Since the atoms are confined within the optical
trap created by the guided light inside the fiber, the radial extent
of the atomic cloud is smaller than the beam area of the single-
mode probe light beam propagating through the fiber. To get
an accurate relation between optical depth and atomic density
inside the fiber, we have to take into account the atoms’ radial
distribution in the probe beam. In particular, an atom at the edge
of a beam experiences a smaller electric field and, therefore,
absorbs less light than an atom on the beam’s axis. Assuming a
Gaussian beam with waist wo and a radially symmetric atomic

Fig. 2. (A) Atomic level scheme and the corresponding hyperfine states of
rubidium87 used in the EIT demonstration. (B) Both probe and control field are
broken into a set of ∼100 synchronized pulses sent through the fiber during
the off-times of the dipole trap. (C) Transmission of the probe light through the
fiber as a function of detuning from resonance in the presence of the control
field (red data). The black data show probe transmission without the control
field. (D) Individual probe pulse shape and delay. Here, 〈nph 〉 represents the
average number of photons detected in a 30-ns time bin. The reference pulse
(black) is obtained without the presence of atoms inside the fiber. The red pulse
is delayed due to the group velocity reduction in the atomic medium under EIT
conditions. (E) Observed transmission of the probe pulses on resonance as a
function of average number of photons in the 1 μs control field pulse and the
prediction (gray line) obtained by evaluating equation (2) in [24].

density n(r, z), the expression for optical depth on resonance is

ODfiber =
2

πw2
o

∫
L c lo u d

2π

∫ rc o r e

0
n(z, r)c2

CGσoe
− 2 r 2

w 2
o rdrdz

(2)

where σo = 3λ
2

2π is the maximal atomic cross section, and cCG is
the Clebsch-Gordon coefficient for the specific atomic transition
being used. In general, (2) reduces to a simple expression that
shows that OD is proportional to the number of atoms Nat inside
the fiber:

ODfiber = η Nat
2c2

C Gσo

πw2
0

. (3)

The prefactor η is given by the radial distribution of atoms in
the fiber-confined cloud. The highest value of η corresponds
to all atoms being localized on the axis of the fiber, in which
case η = 2. In the case of a Gaussian radial density distribu-

tion with waist x0 , n(r) = n0e
− r 2

2 x 2
0 , η = 2(w 0 /2)2

x2
0 +(w 0 /2)2 . The op-

tical depth of the atomic cloud inside the fiber is, thus, deter-
mined by the number and temperature of atoms inside the fiber.
In particular, higher atomic temperatures lead to more axially
delocalized cloud (increased x0), which in turn results in de-
creased OD. Assuming an atomic temperature T ∼1 mK and
using the measured beam waist of guided light inside the fiber
w0 = 1.9 ± 0.2 μm, ∼100 atoms inside the fiber create an op-
tically dense medium (OD = 1) when probed at the transition
with the highest Clebsch-Gordon coefficient.



PEYRONEL et al.: SWITCHING AND COUNTING WITH ATOMIC VAPORS IN PHOTONIC-CRYSTAL FIBERS 1749

Fig. 3. (A) Atomic level scheme with corresponding hyperfine states of
rubidium87 used in the experiment. (B) Probe, control and switch fields are
broken into a set of ∼100 synchronized pulses sent through the fiber during the
off times of the dipole trap. (C) Probe transmission through the fiber without
(red) and with (blue) the switch field present. Solid lines are fits of (2) in [24].
(D) Observed transmission versus average number of switch photons per pulse.
The solid gray line is the prediction based on (2) in [24]. The transmission is
normalized to the EIT transmission in the absence of the switch photons. (E)
Truth table of the switch, showing the detected photons in the output port of the
switch system as a function of the presence of the probe and switch field pulses.
Data are presented for probe pulses containing on average ∼2 photons and with
∼1/e attenuation of transmission in the presence of the switch photons.

III. ALL-OPTICAL SWITCHING

The mechanism used here for all-optical switching is based
on electromagnetically induced transparency (EIT) [20], [21].
In this phenomenon, an atomic ensemble, which is originally
opaque for a resonant probe beam, is changed to transparent
with the help of a control beam. For this, we consider the
3-state Λ-configuration of atomic states shown in Fig. 2(A).
In the presence of a strong control field, the weak probe field,
resonant with the |1〉 → |3〉 transition, is transmitted without
loss. The essence of EIT is the creation of a coupled excitation
of probe photons and atomic spins (“dark-state polariton”) [22]
that propagates through the atomic medium with greatly reduced
group velocity [23] and can be efficiently manipulated.

To demonstrate EIT, we first prepare the atoms in the F = 1
ground state, and then probe the medium with a linearly polar-
ized probe tuned to the D1 F = 1 → F ′ = 1 transition. In the
absence of the control beam, the medium is completely opaque
at resonance (Fig. 2(C), black data points). In contrast, when a
copropagating control field resonant with the F = 2 → F ′ = 1
transition is added, the atomic ensemble becomes transpar-
ent near the probe resonance (see Fig. 2(C), red data points).
Fig. 2(D) shows the individual pulse shape and its transmission
and delay due to reduced group velocity vg inside the atomic
medium. For a probe pulse of half-width tp ∼150 ns, we observe
a group delay td approaching 100 ns, corresponding to reduc-
tion of group velocity to vg ≈ 3 km/s. Finally, Fig. 2(E) shows
the resonant probe transmission as a function of the average
number of photons contained in each control field pulse. Due
to the tight confinement of light provided by the PCF, control

pulses containing ∼104 photons are sufficient to achieve almost
complete transparency of an otherwise opaque system.

An efficient nonlinear optical switch can be realized by adding
to the EIT Λ-system a switch field coupling the state |2〉 to an
excited state |4〉 [see Fig. 3(A)], as proposed by Harris and Ya-
mamoto [25]. In this scheme, the switching photons interact
with flipped atomic spins within the slow dark-state polariton,
causing a simultaneous absorption of a probe and a switch pho-
ton [26]–[28].

In our experiment, an additional switching field resonant with
the F = 2 → F ′ = 3 transition of the D2 line of rubidium87 [see
Fig. 3(A) and (B)] controls the transmission through the EIT
medium. As shown in Fig. 3(C), in the absence of the switching
field (red data), we observe high transmission of the probe beam
on resonance due to EIT. When the switch field is turned ON, this
transmission is reduced. The strength of the reduction depends
on the switch field intensity, which, for a fixed switch pulse
length, is determined by the number of photons contained in
the switch pulse [see Fig. 3(D)]. Experimentally, we observe
best switching results for switch pulses of length ts ≈ tp + td .
We find a 50% reduction of the initial transmission for a total
number of ∼700 switch photons per pulse. Fig. 3(E) presents
the truth table of our switch. In the case of no probe pulse (0/0
and 0/1 settings of the switch) only background noise from the
control field is detected, which is orders of magnitude smaller
than the single photon per probe pulse.

A detailed analysis of the behavior of our atomic medium
can be found in [24]. However, for the relevant case of a res-
onant probe field, the transmission of the probe pulse can be
approximated by

T =
exp

(
−Ns

(
μs

μp

)2
3
π

λ
2

A
td

tp +td

)
√

1 + 16t2
d

OD t2
p

. (4)

Here, Ns is the number of switch photons, we assumed that
the Rabi frequency of the control field is much larger than that of
the switching field, the decay rate of state |3〉 is approximately
the same as of state |4〉, and we used td = L/vg ≈ ODγ1 3

|Ω c |2
, with

L being the length of the medium.
For the investigated case of a relatively weak probe transition

and resulting OD ≈ 3, the delay time is small (td–tp ) and the
probe pulse is never fully stored inside the medium. If the OD
is increased (either by improving the atom loading efficiency or
using a stronger probe transition), td � tp and the whole probe
pulse is contained inside the medium as a dark state polariton
in a mostly atomic form. In this case, it follows from (4) that
Ns ∼ A

λ
2 switch photons attenuate the probe pulse by a factor

of 1/e.

IV. OUTLOOKS FOR SWITCHING EFFICIENCY IMPROVEMENTS

Since the switching mechanism is based on a simultaneous
absorption of a switch and a probe photon, the electric field
envelopes of switch pulse and of the probe pulse have to overlap
inside the atomic medium. To maintain this overlap despite the
large mismatch between the propagation velocities of the two
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Fig. 4. Photon counting: (A) Photons are coherently stored in atomic ensemble
as dark state polaritons and each photon results in a single collective excitation.
(B) Ensemble is then probed with a detection laser on a cycling transition (i.e.,
from state |3′〉 the atom can spontaneously decay only into state |2〉), which
allows scattering of multiple photons by a single excitation. (C) When the
atomic ensemble is confined inside a hollow-core PCF, the scattered photons
are collected and guided by the hollow fiber and detected with a photon counter.
Alternatively, the presence of collective excitations can be detected by measuring
the transmission of the fiber.

pulses, the switching pulse has to stay on during the whole time
td the probe pulse is propagating in the medium. This in turn
leads to an inefficient performance of the switch, as most of the
area of the switching pulse will end up not overlapping with the
probe pulse. Consequently, most of the switch photons needed
to create a long switching pulse of required field intensity will
go to waste. This inefficiency can be improved by matching the
group velocities of the probe and switching pulses during their
propagation through the atomic ensemble [29]. In this way, a full
overlap between the two pulses can be maintained even when
the switching pulse length is reduced to tp , which in turn leads
to a reduction of the number of switch photons needed. For tp
matched to the spectral width of the transparency window of the
system, we then find that Ns ∼ A

λ
2 √

OD
.

Alternatively, the efficiency of this switching scheme can
potentially be further improved by using stationary-pulse tech-
niques [30]. In this case, a standing wave control field from two
counter-propagating beams forms an EIT Bragg grating in which
the probe pulse can be completely stopped with nonvanish-
ing photonic component. Application of this scheme inside the
PCF has been proposed for single-photon-controlled switching
through an interaction of single-photon stationary light pulses,
with probability of interaction between two single photons scal-

ing as ∼ODλ
2

A [31].

V. ATOM AND PHOTON DETECTION

In addition to all-optical switching, our system can be used
to implement an efficient photon counting scheme proposed
in [32] and [33]. This scheme combines photon storage [see
Fig. 4(A)] [34], [35] with spin-flipped atom interrogation via
a cycling transition as illustrated in Fig. 4(B). Practical limita-
tions in realistic atomic systems arise from experimental imper-
fections that can transfer the atom into state |1〉 with nonzero
probability during the interrogation stage. This restricts the num-

Fig. 5. (A) Effects of shot noise in detected photons on atom number resolu-
tion for αMcycl = 10. (B) Collected fluorescence and measured transmission
from fiber-confined atomic ensembles of various optical depths. For the probed
transition, ∼200 atoms result in OD ≈ 1 [18].

ber of photons that can be scattered from the stored excitation,
which in turn requires the scattered light to be collected with
certain minimum efficiency. Implementing the photon-counting
scheme with an atomic ensemble confined inside a hollow-core
fiber could potentially provide the necessary efficiency boost
due to collection and guiding of the scattered photons by the
fiber [see Fig. 4(C)]. A necessary step on such implementation
is the detection of single atoms inside the hollow-core fiber as
this would indicate the capability of the system to detect and
resolve single photons stored in atomic ensembles. Here, we
present initial experimental results of our study in this area.

When detecting small number of atoms inside the hollow
fiber, the number of photons detected by the photon counter in
Fig. 4 is given by

Ndet = NsigMcyclα (5)

where Nsig is the number of atoms inside fiber, Mcycl is the
average number of photons that can be scattered by a single
atom before the atom is lost by a transfer to state |1〉 or by
being heated out of the trap, and α the overall detection effi-
ciency of the scattered photons. This relation also works for the
case of photon counting with Nsig being the number of photons
stored in the atomic ensemble. α is the product of our atom-
fiber cooperativity and of the detection efficiency for photons
in the guided mode of the fiber. The atom-fiber cooperativity
for an atom located at the center of the fiber (i.e., the probabil-
ity for the atom to absorb a single photon in the mode of the
fiber) is (3) 1.8% (we use linear-polarized light on the cycling
|5s1/2 , F = 2〉 → |5p3/2 , F = 3〉 transition, because of the po-
larization properties of the PCF). From the optical theorem, it is
equivalent to the probability for an atom inside the fiber to scat-
ter a photon in one of the directions of the guided mode of the
fiber [36]. We measure a cooperativity of 0.38% by comparing
the transmission and back-scattering of resonant light out of the
PCF for ensembles of ∼100 atoms. This value is in excellent
agreement with the one measured using incoherent population
transfer in [18]. Although this number is compatible with a
Gaussian distribution with temperature 1.6 mK, a more detailed
probing of the resonant transitions inside the dipole trap point
toward the fact that a significant fraction of the atoms seem to
have a radially elliptical trajectory and do not contribute highly
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Fig. 6. (A.1) Probe absorption in the continuous dipole trap (blue dots). The
data show a stronger ressemblance to the expected curves for a ring-like distribu-
tion (red, A.3) than for a thermalized cloud (green, A.2). (B) In-fiber cooling can
be implemented by adding a blue detuned beam to our dipole trap. The ac-Stark
shift as a function of the atom’s radial position in the fiber-guided dipole trap
plotted for the different Zeeman sublevels of the |5s1/2 , F = 1〉(continuous,
blue), |5s1/2 , F = 2〉(dashed, green), and |5p1/2 , F = 2〉(dash-point, black)
states in the presence of a 25 μW beam, blue-detuned by 8 GHz from the
|5s1/2 , F = 1〉 → |5p1/2 , F = 2〉 transition. At the center of the trap, the
blue-detuned light preferentially scatters the atoms out of |F = 1〉 (upward
blue double arrow). When the atoms spontaneously decay back to |F = 2〉
(downward squiggly green arrow), their energy is reduced by the difference in
Stark-shift between the two hyperfine ground states. A low-power repumper
(upward green arrow) that works more efficiently at the edge of the trap than
in the center because of the position-dependent ac-Stark shift, and spontaneous
emission (downward blue squiggly arrow) recycle the atoms back into |F = 1〉
at a position away from the center of the trap, where the level-shift difference
between the two ground states is smaller than it is on the axis of the fiber.
(C) Probe absorption in the dipole trap with (black, continuous) and without
(red, dashed) ∼1 ms of the cooling scheme described earlier. In the presence of
cooling, the narrowed absorption profile results from the atoms being radially
cooled to the bottom of the trap, although we also observe some loss of atoms
out of the trap in the process.

to the atom-fiber cooperativity [see Fig. 6(A)]. Unlike the all-
optical switch data obtained with modulated dipole trap [37],
Fig. 6(A.1) plots the transmission of the atoms inside the fiber
with the dipole trap turned ON continuously. The broadening
and frequency shift of the atomic absorption originates from the
ac-Stark shift [19] caused by the dipole trap. As the ac-Stark
shift of each individual atom is determined by the intensity of
the dipole trap at the atom’s position, atoms located closest to the
center of the fiber will experience the highest amount of ac-Stark
shift. The frequency dependence of the absorption of the overall
atomic ensemble then provides us with information about the
radial distribution of the atoms inside the fiber. In particular, for
atomic distribution from Fig. 6(A.2), we expect the absorption
to follow the olive-green curve plotted in Fig. 6(A.1). However,
the experimental data (blue circles) follows more closely the red
curve in Fig. 6(A.1), which results from the radial distribution
shown in Fig. 6(A.3). This agrees with classical single-particle
trajectories for atoms rolling down a bottleneck-type potential
created by the dipole trap at the entrance of the fiber and starting
off-center with some initial azimuthal velocity, such as analyzed,

for example, in [38]. Note that densities in the fiber are too low
for the atomic ensemble to rethermalize. Combining the atom-
fiber cooperativity with the quantum efficiency of our photon
counters and coupling losses, our current setup is limited to
α ∼ 10−3 .

The total number of photons Mcycl which an atom can scat-
ter is limited by the off-resonant scattering to another state,
especially inside the PCF where the clean circular polariza-
tion required for the |5s1/2 , F = 2,mF = 2〉 → |5p3/2 , F =
3,mF = 3〉 transition is not achievable because of birefrin-
gence and multimode effects. For the purpose of atom counting,
the loss of atoms to the |5s1/2 , F = 1〉 state can be counteracted
by periodic optical pumping. Another limiting factor to Mcycl
is the lifetime of the atoms in the modulated dipole trap. The
probing occurs during the off times of a modulated dipole trap
as it is not possible to filter out dipole trap photons well enough
to detect the low light level signal emanating from a few atoms.
The lifetime in the modulated dipole trap is reduced to 4 ms at
1 MHz modulation rate due to parametric heating. Other heat-
ing mechanisms contribute to reducing the lifetime. If the atoms
are probed unidirectionally in the fiber, the photon recoil accel-
erates the atoms, with two important consequences: the probe
light is Doppler-shifted out of resonance, and the atoms rapidly
escape the trap. We attribute the second effect to the mixing of
the longitudinal and radial external degrees of freedom due to
corrugations in the confining potential created by interference
with the surface modes propagating at the core-cladding inter-
face [39]. A clear signature of the longitudinal acceleration is
the Doppler shift of the atoms and the effect can be counterbal-
anced by alternating probing phases with in-fiber longitudinal
red-detuned molasses. Each scattering event also contributes
one photon-recoil energy to the thermal energy of the atoms,
due to the randomness of the emission process. The molasses
can compensate the heating in the longitudinal direction. In the
radial directions, the trap depth of ∼10 mK corresponds to ∼105

times the thermal energy gained per scattering event. In the ab-
sence of any other heating mechanism and using a resonant
probe at saturation intensity, Mcycl is restricted by the lifetime
of the atoms in the modulated dipole trap to ∼104 .

The atom number (and eventually photon number) resolution
in this system is limited by the shot noise of detected photons,
and we get from (5) that the uncertainty in measured photon
number would be

ΔNsig =
N

1
2
det

αMcycl
=

(
Nsig

αMcycl

) 1
2

. (6)

Fig. 5(A) plots the probabilities of detecting a particular num-
ber of photons for various number of atoms present in the fiber.
For the parameters of our system, we see that the resolution
of atom number becomes more difficult as the atom number
increases over just a few.

Fig. 5(B) shows our initial experimental results. Here, we
observed the fluorescence [photon counter 1 in Fig. 4(C)] and
transmission [photon counter 2 in Fig. 4(C)] of atoms loaded into
the fiber and probed on the cycling transition. The data are com-
pared with the signal obtained from an empty fiber. We were able
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to detect as few as ∼10 atoms using the scattered light, when the
atoms could not be observed in the transmission signal anymore.
However, atoms disappear from the dipole trap after scattering
only ∼350 photons/atom. This value is independent of density,
which excludes light assisted collisions as possible cause. It is
also independent of trap depth, which excludes the simple heat-
ing mechanisms described earlier. We attribute this effect to the
nonperfect linear polarization of the dipole trap, especially in
the presence of surface modes. For a perfectly circular polariza-
tion, the dipole trap acts as a fictitious magnetic field and two
successive Zeeman sublevels are shifted (for |5s1/2 , F = 1〉)
by ∼40 MHz for our parameters. At each turn-on of the dipole
trap, the probe has reshuffled the population between the Zee-
man sublevels. These energy fluctuations increase the thermal
energy of the atoms by the Zeeman splitting at each cycle of the
dipole trap. A few percent of circularly polarized light is enough
to account for the atoms escaping the trap in the absence of ra-
dial cooling (the heating in the longitudinal direction is reduced
by the optical molasses). Fig. 6(B) describes a way to cool the
atoms without radial access by adding a weak blue-detuned
(a few GHz to the |5s1/2 , F = 2〉 → |5p1/2 , F = 1〉 transition)
and a weak repumper beam close to the free space resonance. As
the radial position of an atom inside the fiber oscillates between
the center and the edge of the dipole trap, the atom is trans-
ferred from |F = 1〉 ground state to |F = 2〉 ground state while
passing through the center of the dipole trap, and repumped
back into |F = 1〉 ground state when it reaches the edge of the
dipole trap. For each depicted cycle, the atoms cool by an energy
corresponding to the peak energy difference between the Stark-
shifted hyperfine states. Fig. 6(C) displays preliminary results of
this cooling method inside the PCF. After a few milliseconds of
cooling, we observe a narrowing of the atomic absorption in the
dipole trap (red dashed curve) compared to the original absorp-
tion profile (black solid curve), which indicates that the atoms
have radially cooled to the bottom of the trap. Some losses occur
during the process and we are currently working on improving
this effect.

Successful realizations of photon number detection have been
reported over the last decade with a variety platforms, and an
excellent review of progress in this area can be found in [40].
However, because of challenges, such as low photon detection
efficiencies, ability to resolve photon states with only a few
photons, or the necessity to operate the detector at cryogenic
temperatures, the implementation of a photon number resolving
detector remains an open problem. This detection scheme, based
on collecting the fluorescence from a cycling transition, has been
theoretically predicted to achieve detection efficiency exceeding
99% and to distinguish states with ∼50 photons [33]. While our
system in its current form is not suitable for photon number
detection, its weak spots can be fixed in the future. In particular,
improvement of the atom-fiber cooperativity by an order of
magnitude would allow robust photon number resolution. This
could be achieved by in part by additional cooling and increased
confinement of the atoms inside the fiber, but most directly by
using a hollow waveguide with smaller diameter of the guided
mode, such as the one demonstrated in [41].

VI. CONCLUSION

With the fiber acting as a guide for both photons and atoms,
the photons can interact with an optically dense atomic en-
semble without being limited by diffraction. This makes the
system an excellent candidate for nonlinear optics at very low
light levels [24], while the large optical depth achievable in this
system [18] makes it ideally suited for the implementation of
schemes for enhancing optical nonlinearities and creating effec-
tive photon–photon interactions [31], [42]–[46]. Finally, while
the experiments discussed here were performed in a vacuum
chamber containing a piece of hollow-core PCF, recent develop-
ments in the design and fabrication of integrated hollow optical
waveguides [47], [48] open the possibilities for developing this
system into a scalable on-chip architecture.
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