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One atom interacting with 
light in free space.  



Dipole cross section (same result for a 
classical dipole or from a two level atom): 

σ 0 =
3λ 20
2π

This is the “shadow” caused by a dipole on 
a beam of light.  



H =
!
d ⋅
!
E

Energy due to the 
interaction between a 
dipole and an electric field. 

!
d = e 5S1/2

!r 5P3/2

The dipole matrix element between two states 
is fixed by the properties of the states (radial 
part) and the Clebsh-Gordan coefficients from 
the angular part of the integral. It is a few 
times a0 (Bohr radius) times the electron 
charge e between the S ground  and P first 
excited  state in alkali atoms. 



Rate of decay  
(Fermi’s golden rule) 

rad 

Phase space density Interaction 



Rate of decay free space  
(Fermi’s golden rule) 

γ0 =
ω0
3d 2

πε0!c
3

Where d is the dipole moment 



Waveguide QED in nanofibers 



•  We will use a waveguide to confine the 
electromagnetic field; the mode area can 
be smaller than λ2

 
•  Focus on how to use it with atoms, we 

are not going to talk about other qubits 
(solid state, superconducting, etc.) 

•  Photonic Structures, for example optical 
nanofibers 



Introduction to optical nanofibers,  
as waveguide 



Optical Nanofibers 

Waist 480 nm, 7 mm long 

Taper lenght 28 mm

Angle 2 mrad 

Core diameter 5 μm
Cladding diameter 125 μm

Unmodified fiber

(not to scale)

(a)



The scale 



Optical Nanofibers 

λ=780 nm 

Evanescent field  



Lowest order fiber modes 
Intensities and polarizations 

HE11	 TM01	 TE01	 HE21	



Transversal component of the polarization 

E continuous line B dashed line 



Coupling atoms to cavities  
and waveguides 



PhD Thesis Jonathan Hood  



Density of modes in 1D 

Decay into the nanofiber 
mode 



Proportional to the electric field of the guided mode. 

Density of modes 

Decay into the nanofiber 
mode 



Evanescent Coupling 

Not to scale 

: atom 



Evanescent Coupling 
γ rad

γ1D Not to scale 

γTot = γ rad +γ1D



Evanescent Coupling 
γ rad

γ1D Not to scale

γTot = γ rad +γ1D

γ0 γTot ≠ γ0



Coupling Enhancement 
γ rad

γ1D

α =
γ1D
γ0γ0



Coupling Enhancement 

Not to scale 

γ rad

γ1D

α =
γ1D
γ0

γ0



Coupling Efficiency 
γ rad

γ1D

γ0
β =

γ1D
γTot

; γTot = γ1D +γ rad



Coupling Efficiency 

β =
γ1D
γTot

γTot = γ rad +γ1D

Not to scale 

γ rad

γ1D



Purcell Factor 
γ rad

γ1D

γ0
γTot = γ1D +γ rad

FP =
γ tot
γ0

=
α
β



Purcell Factor 

FP =
γ tot
γ0

=
α
β

Not to scale 

γ rad

γ1D



Cooperativity 

C1 =
β

(1−β)
=
γ1D
γ rad

Not to scale 

γ rad

γ1D



Cooperativity 
γ rad

γ1D

γ0
C1 =

β
(1−β)

=
γ1D
γ rad



Cooperativity 

C1 =
β

(1−β)
=
γ1D
γ rad

Not to scale 

γ rad

γ1D



Cooperativity 

C1 =
β

(1−β)
=
γ1D
γ rad

Not to scale 

γ rad

γ1D

C1 is the ratio of what goes into the selected  
mode to what goes into all the rest  



Cooperativity 
γ rad

γ1D

γ0
C1 =

σ 0

Areamode
1
T



Cooperativity 

Not to scale 

γ rad

γ1D

C1 =
σ 0

Areamode
(Enhancement)



Cooperativity 
γ rad

γ1D

C1 =
g2

κγ rad
=

σ 0
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Cooperativity 

Not to scale 

γ rad

γ1D

C1 =
σ 0

Areamode
neff =

γ1D
γ rad



Atom-mode coupling parameters for nanofibers 



Atoms near the nanofiber, spectrum 







Radial wave functions of the atomic bound states in 
the van der Waals potential 





Temperature of atoms around the nanofiber 



Intensity-Intensity correlation 

For uncorrelated emitters: 



For uncorrelated emitters: 

Intensity-Intensity correlation 

“Antibunching term” 



Finite transit time 



Finite transit time 

Temporal envelope proportional to the 
mode shape and the atomic velocity. 



The setup 



The data 



Data and Simulations 



Optical Dipole Trap 



Dipole Trap 



Dipole Trap 



Dipole Trap 



Dipole Trap 



Dipole Trap 



Dipole Trap 



Dipole Trap 



Air bubble in water 

Force



Oscillator model of an atom 

G
lass bead in air analogous to red-detuned, attractive dipole trap:  δ = ω-ω0 < 0 

 
A

ir bubble in water blue-detuned, repulsive dipole trap : δ = ω-ω0 > 0 
 
E

nergy~ Intensity / δ 
F

orce~ -∇ (Intensity / δ) 



Atom trapping 



Trapping scheme 

1064 nm 750 nm 

Quasi-linear polarization Quasi-linear polarization 



Trapping scheme 



Optical Nanofiber Trapping 



JQI 
nanofiber 

trap 

α =
γ1D
γ0

Coupling Enhancement 



~120 atoms 

Trapping scheme 



~23 ms 

Trapping scheme 



Reflection and Transmission 
from atoms trapped in the 
nanofiber. Periodic array 
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~120 atoms 
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Atoms as a birefringent medium 



Trapped atoms as a birefringent media 

U (mK) 



U (mK) 

Trapped atoms as a birefringent media 



U (mK) 

o 

e 

Trapped atoms as a birefringent media 



U (mK) 

o 

e 

Probe 

Trapped atoms as a birefringent media 



Probe 

Trapping 
beams 

Frequency shift  ~4 MHz 

Polarimetry 

Balanced detector 

Nanofiber Trap 

(Heterodyne detection) 



Time dependent signal 



Time dependent signal 

As the atoms leave the trap 
the birefringence decreases 



Time dependent signal 



Time dependent signal 



U (mK) 

Atoms moving in the trap 



U (mK) Probe 

Atoms moving in the trap 



U (mK) Probe 

Atoms moving in the trap 



U (mK) 

Atoms moving in the trap 

The frequencies agree with the simulation within a 10%  



Atoms moving in the trap 
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How does the presence of a 
nanofiber modify the 

spontaneous emission rate of an 
atom placed close to it? 



The experiment 

We measured the decay rate of the D2 line of   Rb using Time 
Correlated Single Photon Counting (TCSPC). 



Decay rate into the nanofiber 



Modes density in 1D! 

Decay rate into the nanofiber 



Proportional to the electric field of the guided mode. 

Modes density in 1D! 

Decay rate into the nanofiber 



Emission enhancement parameter 
(coupling into the nanofiber) 



Modified decay rate 



The effect of a dielectric surface 
(Infinite) 



The effect of a dielectric surface 
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The effect of a dielectric surface 
(Finite) 

Δ 



Numerical calculations 



Numerical calculations 



Time Correlated Single Photon 
Counting 



The timing 



Orienting the dipoles 

Polarization of the 
probe beam (H) 
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Orienting the dipoles 

Polarization of the 
probe beam (V) 
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Atomic density around the 
nanofiber 



Atomic distribution that participates 
in the signal 

Density of atoms 

Nanofiber mode 

Van der Walls shift 

Result.   





Finite-difference time-domain (FDTP) calculations 

Mode calculations 





Thanks 




