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In this article we present some demonstrations of 
atom–photon interactions at low photon level using  
optical fibres. We report an experiment on the inter-
action between cold atoms produced in a magneto  
optical trap and tapered optical nanofibre and discuss 
some applications of the same. We then expound our 
experimental plan to study nonlinear processes such 
as electromagnetically induced transparency in laser 
cooled atomic medium confined within a hollow core 
photonic crystal fibre. Possible applications of this 
system are also discussed.  
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Introduction  

EFFICIENT processing of information is of major impor-
tance in our modern society. Conventional electronic data 
storage and processing, based on two-state (0, 1) binary 
form, is about to reach its limits in terms of capacities 
and processor speeds. Thus, there is an urgent need to 
find novel approaches to store and process large amounts 
of information. One such extremely promising approach 
is based on quantum information processing (QIP) that 
uses quantum bits (qubits) that have infinitely many 
quantum states that can be exploited to obtain a more 
powerful information platform.  
 Experimental realization of qubits is one of the main 
challenges in QIP. Photons (or other quantum states of 
light) can be considered as good choice for qubits, spe-
cially for communication. Large storage capacity and  
stable quantum memory1–8 are very critical for the reali-
zation of QIP9, such as in quantum communication10–12 
and quantum computation13. Two important factors of 
QIP namely storage and memory, depend mostly on 
strong atom–photon interactions. One process of initiat-
ing strong atom–photon interactions could be by tightly 
confining light. Tight confinement of light leads to an in-
crease in the electric field amplitude of single photons 
which results in increased atom–light interactions. Con-
finement of light was observed in various systems such  
as high-Q optical microresonators14,15, semiconductor 
waveguides16,17, tapered optical fibres18–20, and hollow 
core photonic crystal fibres (PCFs)21. Tapered optical  

fibres (TOF) and hollow core photonic crystal fibres 
(HCPCF) can be considered as two great tools, based on 
the most promising fibre technology, that pave way for 
cutting edge research on studies of strong atom–photon 
interactions at low light levels. It was demonstrated by 
Kato and Aoki22 that trapped atoms could be coupled to a 
fibre-based optical cavity, where the cavity is produced 
by splicing an optical nanofibre (ONF) between two  
fibre-Bragg grating mirrors. The potential of ONFs as  
efficient tools for quantum technological advances was 
quite evident from this experiment. HCPCF provides 
strong transverse confinement of light and atoms that are 
trapped within its hollow core and could lead to large and 
controlled atom–photon interactions. Atom–photon inter-
actions based on both these fibre optical techniques will 
be discussed in this article. We will primarily concentrate 
on the interaction between cold neutral atoms and light 
mediated by these two types of fibres namely tapered  
optical nanofibre (TNF) and HCPCF.  

Atom–light coupling in tapered optical nanofibres  

Heat and pull technique is usually employed to fabricate 
an optical nanofibre. A standard optical fibre is first 
stripped of its acrylic coating. It is then heated to a very 
high temperature close to melting point of glass. This 
renders the fibre to be in a plastic regime which enables it 
to be elongated without breaking. When the fibre is 
pulled, it elongates leading to a gradual reduction in its 
diameter producing three main regions as shown in  
Figure 1. These are, pigtail, taper or transition region and 
the waist. When the waist is sufficiently small, light pass-
ing through the fibre will generate significant evanescent 
field outside the fibre23.  
 
 
 

 
 

Figure 1. Schematic diagram of the parts of a tapered optical nano-
fibre (TNF). It consists of three main parts: pigtail, which is an un-
changed region of the standard fibre, taper or transition region where 
the core size gradually shrinks, and the waist, where the core com-
pletely vanishes forcing the guided light to create an evanescent field 
outside the fibre.  
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 Study of nonlinear phenomena in an atomic medium 
usually requires large light intensities and tightly focused 
laser beams. Tight focusing of light however imposes a 
restriction on its interaction region which is defined by 
Rayleigh length, LR, given by 2

R 0 / ,L w   where w0 is 
beam waist at the narrowest point and λ is the laser wave-
length. In TNFs a strong evanescent field is created at its 
waist which contains most of the power from light 
launched into the fibre24. Hence TNFs help in overcom-
ing the limitation25 due to Rayleigh length of focused 
beams. The evanescent field of the TNFs may interact 
with atoms in its vicinity26 and fluorescence from excited 
atoms can preferentially couple into nanofibre-guided 
modes27,28. These properties of TNFs make them suitable 
candidates for integration into cold atomic systems facili-
tating the study of strong atom–photon interactions.  
 In this article we discuss an experiment where the fluo-
rescence due to spontaneous emission from cold atomic 
rubidium cloud couples into the guided modes of a TNF. 
It proves that TNFs are potential tools that can be used 
for determining various MOT parameters like cloud  
diameter and MOT lifetime, when the number of atoms 
trapped in a MOT is not too large.  

Experimental arrangement  

A basic MOT set-up29,30 was used to create a cold cloud 
of 85Rb atoms near the waist region of TNF31. Three pairs 
of mutually perpendicular, opposite circularly polarized 
and retroreflecting laser beams, all intersecting at a point 
produce optical force necessary for cooling the atoms. 
The cooling laser is locked red detuned from 5S1/2 
F = 3  5S3/2 F  = 4 closed cycle transition (Figure 2). A 
repumper laser is locked to 5S1/2 F = 2  5P3/2 F  = 3 
transition (Figure 2). A pair of anti-Helmholtz coils gen-
erate a quadrupole magnetic field, the centre of which 
 
 

 
 
Figure 2. Schematic energy level diagram of 85Rb showing cooling 
and repumping laser fields. 

coincides with the point of intersection of laser beams, to 
produce MOT necessary to confine the cold atoms. The 
cold cloud is viewed orthogonally using charge coupled 
device (CCD) cameras. The TNF is mounted inside an  
ultra-high vacuum MOT chamber using electrical 
feedthroughs attached to a vacuum flange. Tapered re-
gion of the fibre is held in an U-shaped mount, ensuring 
that the thinnest section of the fibre is centred in MOT 
chamber31. Other than anti-Helmholtz coils, pairs of 
smaller coils are also used to spatially overlap the cold 
cloud with the waist region of TNF. As a result of this 
overlap with TNF waist, the cold cloud becomes cigar-
shaped with a 1/e vertical length of 2 mm and a horizon-
tal length of 1.3 mm, and an average MOT density of 
4  106 atoms/mm3. Light fluorescing from cold atoms 
placed close to fibre waist, couples into the guided modes 
of the fibre and is detected by a single photon counting 
module (SPCM, Perkin Elmer) attached to one end of  
the fibre. When SPCM receives a photon, a transistor–
transistor logic (TTL) pulse is sent to a counter 
(Hamamatsu counting unit) whose data is recorded on a 
computer.  

Results and discussion  

Fluorescence detection  

The efficiency of TNF to couple fluorescent light from 
cold atoms placed close to its waist region was studied 
first. The coupling efficiency of TNF was studied by 
monitoring the photon count on SPCM during stepwise 
switching on and off the various elements producing 
MOT31. During MOT loading sequence, first the repum-
per laser was switched on, followed by cooling laser and 
finally the magnetic field was switched on. It was found 
that the initial count rate was 1.5  104 s−1 in the absence 
of any optical and magnetic fields. It can also be  
accounted to darkcount of the detector and various light 
sources in the laboratory. When the repumper field is 
switched on, the count rate increases to 2  104 s−1. A fur-
ther increase of 4  104 s−1 is observed in the presence of 
cooling laser beams. Finally when the magnetic field is 
turned on, the actual MOT loading occurs resulting in a 
dramatic increase of 4  105 s−1. This observation con-
firms that the photon counts result due to coupling of 
fluorescence from cold cloud into the guided modes of 
TNF.  
 The efficiency of fluorescence from cold atoms cou-
pled into TNF is influenced by van der Waals interactions 
between atoms and the dielectric surface of TNF. Van der 
Waals interactions were manifested in the frequency-
dependent fluorescence power coupled from atom cloud 
into TNF. These interactions lead to a pronounced asym-
metry in the lineshape of the coupled fluorescence spec-
trum32. It was observed that this asymmetry increased 
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when the atom cloud around TNF was more compact and 
also when the radius of TNF was increased32. Asymmetry 
occurs due to bound–bound transitions of the ground and 
excited state van der Waals potentials. 

MOT profile, loading and decay  

To determine the size of MOT, the cold cloud of Rb  
atoms is moved across the waist of TNF and the resulting 
photon count is recorded as a function of the position of 
TNF. A CCD in combination with a telescope is used to 
monitor the movement of cold cloud. The pixels of CCD 
are calibrated in units of length. When one of the edges of 
cloud overlaps with TNF, fluorescence from the cold 
cloud near the fibre surface gets coupled into its guided 
modes. As MOT centre comes in close proximity of TNF 
waist, the fluorescence count rate enhances. The count 
rate decreases as the cloud moves away from the fibre. 
By measuring the change of photon count rate as a func-
tion of cloud position, cloud shape and atom density are 
determined. Figure 3 gives a graphical representation of 
photon counts from TNF as a function of the position of 
TNF with respect to the cloud.  
 To determine MOT loading with time, a Rb dispenser 
placed inside the vacuum chamber is resistively heated. 
The number of atoms in a MOT is proportional to fluo-
rescence intensity emitted from them. MOT loading is 
studied using two techniques – in the first technique fluo-
rescence from the entire MOT is focused onto a photo-
diode and the output voltage is measured. By observing 
the change in this voltage, an instantaneous time evolu-
tion of MOT loading is understood. In the second 
method, it is considered that the loading of atoms in 
MOT centre, near TNF waist, is a function of the entire 
MOT loading. Hence MOT loading rate is determined by 
monitoring the fluorescence from MOT coupling into 
TNF.  
 

 
 
Figure 3. Determination of cloud profile using TNF technique (red 
curve) and CCD camera (blue curve). 1/e diameter of the cold cloud 
was found to be 1.31 (0.38) mm using TNF technique and 1.27 
(0.25) mm using the standard CCD technique.  

 MOT lifetime is also similarly measured by switching 
off the Rb dispenser and recording the decrease in photon 
count with time. This happens due to decay in the number 
of trapped atoms, since loss rate from trap exceeds the 
capture rate. By studying this decay, lifetime of the trap 
is determined. Standard photodiode and TNF techniques 
are both employed to measure MOT decay time as well. 
Figure 4 shows the lifetime of trapped atoms as a func-
tion of time using standard technique as well as TNF 
method.  
 The temperature of the atom cloud is estimated using a 
technique of forced oscillations33. A one-dimensional  
oscillatory motion is imparted to MOT by modulating the 
current of MOT coils. This results in sinusoidal oscilla-
tions of the cold atom cloud causing a sinusoidal varia-
tion in cloud’s density. Oscillation of the cold cloud 
around TNF generates sinusoidal variations in the count 
rate of photons detected by SPCM attached to one end of 
the fibre. From the output of SPCM, the natural fre-
quency of oscillation is obtained which gives the value of 
spring constant () from the relation, 2 ,nm   where m 
is mass of the atomic sample and n is the oscillation  
frequency. The cloud temperature is estimated from the 
relation  
 
 2

B ,xk T r     (1)  
 
Where kB is the Boltzmann constant, T is the cloud tem-
perature and 2

xr   is 1/e2 radius of the oscillating atom 
cloud.  

Conclusion  

It can be concluded from our results that TNF could serve 
as a suitable technique for determining MOT characteris-
tics when the trapped atom number is small. TNFs can be  
 
 

 
 
Figure 4. MOT decay curve as observed by photodiode (blue curve) 
and TNF method (red curve). 1/e lifetime of the MOT was found to be 
 = 9.4 ( 0.47) sec using photodiode technique and  = 13 (0.68) sec 
using the TNF technique.  
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efficiently used for manipulating cold atoms and have 
great potential as tools for probing cold atomic clouds.  

Guiding cold atoms inside HCPCF 

Hollow core optical fibres can guide and confine both  
atoms and light. There have been reports of atom guiding 
inside hollow fibre using optical dipole traps (ODTs)33–37. 
These experiments used capillaries to guide light in mul-
tiple modes of cladding or core. Such fibres generate in-
homogeneous fields resulting in uncontrolled guiding, 
heating and loss due to lack of efficient confinement. 
Photonic crystal fibres on the contrary propagate a single 
Gaussian mode confined to a hollow core21,38. HCPCF are 
a special class of optical fibres that use a micro-structured 
cladding region with air holes to guide light into a hollow 
core. Figure 5 a shows an image of such a fibre observed 
by a scanning electron microscope (SEM) and Figure 5 b 
gives the near field intensity profile of HCPCF. Light is 
guided inside the hollow core using photonic band-gap 
effect. Cold atoms loaded into a Gaussian mode of 
HCPCF can be confined and controllably guided along 
the fibre using an optical guide. There have been success-
ful manifestations of trapping ultra-cold atoms39 or guid-
ing thermal40 or laser-cooled atoms41 through hollow core 
photonic band gap fibres. These fibres can also be used 
for spectroscopy42,43 and gas sensing experiments44 by 
filling the hollow core with atomic or molecular gases. In 
our approach we intend to create an optically dense  
medium of cold Rb atoms confined within a hollow core 
photonic crystal to facilitate the study of atom–photon  
interactions at low photon levels. The confinement of 
cold atoms prevents atom-wall collisions inside the fibre 
core. The use of laser cooled atoms ensures a significant 
reduction in Doppler width.  

Experimental arrangement  

The experimental apparatus consists of a piece of single-
mode HCPCF vertically mounted inside an ultra-high  
 
 

 
 
Figure 5. a, SEM image of HCPCF, b, Near field intensity profile of 
HCPCF. 

vacuum chamber. A cold cloud of 85Rb atoms generated 
in a MOT, focused with a magnetic guide, will be loaded 
into the hollow core of PCF. A red detuned dipole trap 
formed by a single laser beam guided through the fibre 
will be used to radially confine the atoms inside the fibre. 
Owing to the small diameter of the guided mode, a strong 
transverse confinement and deep trapping potential is  
expected at guiding light intensities of a few milliwatts. 
Atoms inside the fibre will be probed by monitoring the 
transmission of a very low intensity (~ few pW) probe 
beam coupled into single mode HCPCF by a single-
photon counter.  

Magneto optical trap arrangement to generate a 
source of cold atoms  

A standard MOT for 85Rb atoms is produced. The cooling 
laser beams are generated from a frequency stabilized ex-
ternal cavity diode laser (ECDL) and locked red detuned 
from 5S1/2 F = 3  5P3/2 F = 4 closed transition using 
Doppler-free saturated absorption spectroscopy (Figure 
2). The cooling laser is split suitably to generate three 
pairs of mutually perpendicular, opposite circularly polar-
ized and retro-reflecting beams that intersect at the centre 
of an ultra-high vacuum chamber. The repumping laser 
field produced by another ECDL is locked to 5S1/2 
F = 2  5P3/2 F = 3 transition of 85Rb (Figure 2). The 
magnetic field required to trap cold atoms is realized by 
two circular coils operating in an anti-Helmholtz configu-
ration such that the zero field coincides with the point of 
intersection of all the six laser beams. After completion 
of MOT loading, the magnetic quadrupole trap will be 
switched off. In addition, a magnetic funnel is created by 
four current-carrying Kapton coated copper wires. These 
wires are held tightly and parallel to HCPCF by a cylin-
drical mount. The wires fan out upwards outside the 
mount in an upside-down pyramid structure above the  
fibre tip. When current is sent through wires, a transverse 
quadrupole field is generated such that its gradient  
increases with decreasing distance to the fibre. All mag-
netic fields will be turned off after atoms are transferred 
to the fibre. An optical dipole trap beam at 800 nm (with 
power ~30 mW) will then be sent through the fibre to 
confine and guide the trapped atoms. The presence of  
atoms inside HCPCF will be given by absorption spec-
trum of a probe beam sent through the HCPCF.  

Design of anti-Helmholtz coils  

A magnetic field gradient required to produce a stable 
cold cloud is between 10 and 11 Gauss/cm. It can be  
estimated from Biot Savart Law (eq. 2) that gives the 
magnetic field produced by a pair of circular coils at a 
distance x from the centre45. Considering the number of 
turns, n = 170, radius of each coil, a = 7.75 cm, distance 
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between the two coils to be d = 15.5 cm and the current 
passing through each coil to be I = 6.0 Amp, we simu-
lated a magnetic field gradient generated by the coils  
using a Matlab code  
 

 
2

0
2 2 3/ 2 ,

2( )
nIaB

a x





  (2)  

 
In eq. (2), 0 is the free space permeability. Equation (2) 
gives magnetic field in only one dimension whereas  
Matlab code simulates the results in 3D as well. The  
resulting magnetic field in the x–y plane is given in  
Figure 6 a and the magnetic field gradient along z-axis is 
presented in Figure 6 b. We estimated a field gradient of 
10.8 Gauss/cm.  

Design of fibre mount for HCPCF  

In order to load and guide cold atoms from MOT into 
HCPCF, a suitable ultra-high vacuum compatible fibre  
 
 

 
 
Figure 6. a, Magnetic field in 2D plane namely x–y plane, b, 1D 
magnetic field along z-axis. 

mount has to be designed. We designed our fibre mount 
using Autodesk Inventor software. The mount is used to 
hold HCPCF vertically within MOT chamber such that 
the fibre tip is about 5 mm below the position of cold 
cloud. The fibre mount assembly will then be attached to 
a bottom CF 35 port of MOT chamber through a CF 35–
CF 16 zero length adaptor. A CF 16 viewport will be  
attached to zero length adaptor for the entry of one of the 
cooling beams as well as for dipole trap beam. HCPCF 
will be held tightly in position by four Kapton coated 
copper wires that run parallel to the fibre and fan out-
wards like an inverted pyramid structure producing the 
magnetic guide. In addition to these, the fibre mount con-
tains two tightly focusing lenses for dipole trap beam.  

Experimental plan and its applications  

We propose to demonstrate the phenomenon of electro-
magnetically induced transparency (EIT) in cold atoms 
trapped within a HCPCF. To demonstrate EIT, the atoms 
will first be prepared in F = 2 ground state. A linearly  
polarized probe tuned to D2 F = 2  F = 2 transition 
will be used to probe the medium. The probe beam will 
be weak (~ 100 pW) and propagate through HCPCF ver-
tically along the direction of one of the cooling beams, 
and then detected by the photon counter. Under this con-
dition, the medium will be completely opaque at reso-
nance. A co-propagating control field resonant with 
F = 3  F  = 2 transition, will render the atomic ensem-
ble transparent near the probe resonance. The resulting 
EIT will lead to a steep dispersion and slowing of group 
velocity of the medium that will generate delayed probe 
pulses passing through it. When EIT is formed we will 
adiabatically switch off the strong control field. Under 
this condition, probe pulse will be stopped and a station-
ary spin excitation will be generated. The probe pulse can 
be recovered by reapplying the control field.  
 This type of system could be used to realize stationary 
light pulses (SLPs), few photon controlled all-optical 
switch and some important elements of QIP.  
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