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Appendix A

Atoms in optical potentials

Neutral atoms can be trapped in an optical dipole potential due to the AC Stark effect.
A far detuned intense laser beam induces an electric dipole moment in the atom. In
the electric field of the laser beam, the induced dipole is subject to an optical potential.
The electric field E of light induces a dipole p in an atom

p = αE. (A.1)

The complex atomic polarizability α is given by[Mil88]:
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where ω0 is the atomic resonance frequency, ωL the (angular) frequency of the light,
Γ the linewidth of the transition, c the speed of light and ε0 the electric constant.
The values for the D1 and D2 transitions of 40K are given in Tables A.1 and A.2.
The semi-classical approach in Eq. A.1 is valid as long as the light intensity I and
detuning δ = ωL − ω0 are such that the excited state is not substantially populated.
The potential of the induced dipole p in the electric field E is given by

Udip(r) = −1
2p · E(r) = − 1

4ε0c
Re(α)I(r), (A.3)

with
I = ε0c

2 |E|
2.

A.1 Optical potential for 40K
For a multilevel atom one has to consider in principle all optical dipole transitions
with all their atomic polarizabilities. However, the linewidths of transitions to higher
electronic states are an order of magnitude smaller than the transitions in the electronic
ground state and add, in the case of 40K, a correction of less than 1%. In [Gri00] the
different detuning of the D1 and D2 line is also taken into account. In the case of
40K, the detuning of both the dipole trap and the optical plug is much larger than the
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Property Symbol Value Ref.

Wavelength λ = c/ν 770.1081365(2) nm
Frequency ω = 2πν 2π× 389.286184353(73)THz [Fal06]
Wavenumber k = (2π)/λ 2π× 12985.189385(3) cm−1

Lifetime τ 26.72(5) ns [Wan97]
Linewidth Γ = 1/τ 2π× 5.95(1)MHz
Recoil velocity vrc = (~k)/m 1.29654 cm/s
Recoil temperature Trc = (mv2

rc)/(2kB) 404 nK
Doppler temperature TD = (~Γ)/(2kB) 143µK
Saturation intensity Is = (πhc)/(3λ3τ) 1.70mW/cm2

Table A.1: Optical properties of the D1 (|2S1/2〉 → |2P1/2〉) transition in 40K. More
data on properties of 40K can be found in a concise form in [Tie10a]. Compilations of
atomic data for other alkalis are available online from [Ste10] for rubidium, caesium
and strontium; and from [Geh03] for lithium.

hyperfine splitting ∆Ehf = 1.286GHz so we use the average of the detunings of the D1
and D2 line and treat potassium as a two-level system.

If the detuning of the light is much smaller than the transition frequency of the
atom (|δ| � ω0) the potential A.3 can be written as [Gri00]:

Udip(r) = −3πc2

2
Γ
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I(r). (A.4)

A.2 Rotating wave approximation

The rotating wave approximation (RWA) can be used [Met99], if the following condition
is fulfilled:

ω0 + ωL � ω0 − ωL. (A.5)

The second term in the brackets can be neglected and A.4 simplifies to:

URWA(r) = 3πc2

2ω3
0

Γ
δ
I(r). (A.6)

For δ < 0, i.e. a red-detuned light field, the potential is attractive and the atom
experiences a force towards regions of high light intensities. The atoms stay trapped in
the focus of a red-detuned laser beam . A blue-detuned light field repels the atoms away
from high intensities. We use this for the optical plug as described in Sec. 3.5.2. In the
case of 40K the condition A.5 is not entirely fulfilled. The potential is underestimated
by about 10% when the RWA is used, so we do not apply this approximation.
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Property Symbol Value Ref.

Wavelength λ = c/ν 766.7006746(2) nm
Frequency ω = 2πν 2π× 391.016296050(88)THz [Fal06]
Wavenumber k = (2π)/λ 2π× 13042.899699(2) cm−1

Lifetime τ 26.37(5) ns [Wan97]
Linewidth Γ = 1/τ 2π× 6.03(1)MHz
Recoil velocity vrc = (~k)/m 1.3023 cm/s
Recoil temperature Trc = (mv2

rc)/(2kB) 408 nK
Doppler temperature TD = (~Γ)/(2kB) 145 µK
Saturation intensity Is = (πhc)/(3λ3τ) 1.75mW/cm2

Table A.2: Optical properties of the D2 (|2S1/2〉 → |2P3/2〉) transition in 40K.

A.3 Potential produced by a Gaussian beam
For a Gaussian laser beam with power P and beamwaist w0, the intensity distribution
I(r, z) in axial z and radial direction r is described by

I(r, z) = 2P
πw(z)2 exp

(
−2r2

w(z)2

)
. (A.7)

The beam radius w(z) at distance z from the beamwaist w0 is given by

w(z) = w0

√
1 + (z/zR)2, (A.8)

with the Rayleigh range
zR = π

λ
w2

0.

For linearly polarized light the potential is:

Udip(r, z) = U0

1 + (z/zR)2 exp
(
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w(z)2

)
, (A.9)

with
U0 = −3c2ΓP
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The trap frequencies of the atom with massm, in radial ωr and axial ωz trap directions
are given by

ωi =

√√√√ 1
m

∣∣∣∣∣∂2Udip(r, z)
∂i2

∣∣∣∣∣. (A.11)

Around the focus of the beam (z, r = 0), where the trap can be assumed to be harmonic,
the trap frequencies are

ωr =
√

4U0

mw2
0
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R
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A.4 Density distribution
The density distribution of the atoms in a potential U(r) is determined by a distribution
function. For temperatures larger than the Fermi temperature TF this is the Maxwell-
Boltzmann distribution:

fMB(ε) = e−ε/kBT . (A.13)
For non-interacting particles with the single particle Hamiltonian

H(p, r) = p2

2m + U(r),

the density is obtained by integration over all possible momenta:

nMB(r) =
∫
n0e

−H(p,r)/kBT dp. (A.14)

A.4.1 Density in a harmonic potential
For a harmonic potential, which can be used as an approximation for the optical
dipole trap at low atom temperatures, the integration results in a Gaussian density
distribution

nMB(r) = n0,MBe
mω2
r(x2+y2+A2z2)/2, (A.15)

with
n0,MB = NAω3

r

(
m

2πkBT

)3/2

and where A = ωz/ωr is the aspect ratio of the optical dipole trap.

A.4.2 Density in a Gaussian potential
The density distribution of N atoms at a temperature T in the (Gaussian) optical
dipole trap is:

nODT(r, z, T ) = n0 exp
(
Udip(r, z)
kBT

)
; (A.16)

from this the 1/e radii wr(T ) and wz(T ) can be obtained numerically. The central
density is then

n0 = N

Ve
using the effective volume Ve(T ) = π3/2w2

rwz. (A.17)

The effective volume is obtained by approximating the density with a Gaussian distri-
bution:

ñODT(r, z, T ) = n0 exp
(
−r2

2w2
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)
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(
−z2
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)
. (A.18)

With this approximation the integration for the effective volume
N

n0
= Ve =

∫
V

exp
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−x2

2w2
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)
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)
exp

(
−z2

2w2
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)
dx dy dz (A.19)

can be solved with the Gauss error function erf(x) and the Euler gamma function Γ(x)
[Bro96].




