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Abstract

In this work we present the design and the construction of a laser system for cooling
an atomic gas of potassium 39K on the D1-Line by gray molasses technique. The seed
laser is an Interference-filter-stabilized external-cavity diode laser (ECDL). The laser
frequency is stabilized to one of the atomic features of 39K D1-transition thanks to
frequency modulation (FM) spectroscopy. The low seed power is then amplified by means
of tapered amplifier (TA). Finally, the cooling and repumping beams are generated and
blue-detuned from the atomic transitions |F = 2〉 → |F ′ = 2〉 and |F = 1〉 → |F ′ = 2〉
using two acousto-optic modulators (AOMs).
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Chapter 1

Introduction

Using laser radiation to cool and trap atoms has leaded to a revolution in our approach
to investigate fundamental quantum physics and atomic physics. Ultracold atomic gases
has become the main tool in studying quantum many body systems [4] since the first
obsorvation of Bose-Einstein condensation (BEC) 1995 [7] and Fermi degeneracy 2001
[43] in dilute atomic gases. Potassium, as alkali metal, has attracted much interest in the
field of cold atoms because of the existence of both fermionic (40K) and bosonic isotopes
(39K,41K). In addition Potassium has broad Feshbach resonances at moderate magnetic
fields, which makes possible to tune the particle-particle interactions [8]. Our group is
working on creating ultracold bosonic polar molecules of dual species 23N and 39K in the
ground state. That would enable us to study dipolar quantum gases to search for novel
states of matter like for example ”Supersolidity” [31]. Currently, the two atomic gases
are pre-cooled separately and then loaded into the science chamber to be cooled and
trapped in two-color 3D-magneto-optical trap (MOT), where a sub-Doppler cooling on
the D2-transition of 39K is performed in a red-detuned optical molasses. 39K atoms are
then sympathetically cooled by 23N atoms, which are cooled by microwave evaporative
technique in a magnetic trap and the number of Potassium atoms can be loaded to the
magnetic trap is on the order of 106 − 107 atoms. The lowst temperature of Potassium
atoms have been achieved in our experiment by sub-Doppler cooling on the D2-transition
is 106 µK [36]. However, the so-called ”recoil limit” of 39K D2-line is ≈ 0.418µK (see
[42]). The reason for such inefficient cooling mechanism lies therein that the hyperfine
spacing of the D2-line is narrow [16]. In their work, Salomon et.al have demonstrated
a new method to cool 39K atoms to further lower temperature [34]. Using the so-called
gray molasses cooling [45] on the D1 transition a temperature of 6µK has been achieved.
The technique is a combination of two cooling mechanisms, Sisyphus cooling [6] and
Velocity Selective Coherent Population Transfer (VSCPT)[1]. So Implementing gray
molasses cooling on the D1 transition in addition to D2 would decrease significantly the
Potassium temperature and allow us to preserve Sodium atoms which will be not anymore
required for the evaporation. Ideally, one could think to load the atoms directly in the
dipole trap where the tuning of the scattering length via magnetic Feshbach resonance is
possible. That was the motivation for our group to build a laser system to perform gray
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molasses cooling on the D1-line of 39K.
This work is organized as follows: chapter 2 introduces the theory of laser cooling, then
chapter 3 describes gray molasses cooling on 39K D1 transition. We move on with
presenting the experimental setup of the laser system in chapter 4. Finally, we come to
the conclusion in chapter 5.
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Chapter 2

Principle of laser cooling

According to the equipartition theorem in non-interacting atomic gas the kinetic energy
of atom per degree of freedom is equal to its thermal energy [17]

1

2
kBT =

1

2
mv2

x (2.1)

where:
kB: Boltzmann constant, T: Temperature, vx: velocity in one degree of freedom, here is
for example in x-axis, m: mass of atom.
Hence the root-mean-square of the thermal velocity is:

vrmsx =

√
kBT

m
(2.2)

And in three dimension it can be written as:

vrms =

√
3kBT

m
(2.3)

it is obvious that the temperature of an atomic gas is proportional to the velocity square
of atoms. Thus, in order to achieve low temperature, velocity of atoms has to be reduced
and atoms have to be slowed down.
For a gas of Potassium 39K, m = 39

NA
, the velocity at room temperature T=300K is by

calculation then: vrms = 438 m/s
Slowing down atoms can be accomplished by using laser light at frequency close to reso-
nance with an atomic transition of atoms of interest. A temperature in the microkelvin
range has been achieved by laser cooling with corresponding atom velocity smaller than
that at room temperature by about four orders of magnitude [17]. Many laser cooling
techniques has been developed over years. In the following sections a brief explana-
tion of these cooling methods is introduced. Starting with Doppler cooling, moving to
sub-Doppler cooling, which include Sisyphus cooling and Gray molasses.
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2.1. DOPPLER COOLING AND SCATTERING FORCE

2.1 Doppler cooling and scattering force

Considering a given atom with resonance transition ν0, moving along the x-axis with
velocity +vx and a laser beam propagating in the opposite direction with frequency ν
tuned from the resonance frequency ν0 by δ, so ν = ν0 + δ, where δ << ν0 with large
detuning (δ >> Γ linewidth of the atomic transition). Due to Doppler effect the laser
frequency seen by atom will be:

ν ′ = ν(1 +
vx
c

) = (ν0 + δ)(1 +
vx
c

) ≈ ν0 + δ + ν0
vx
c

(2.4)

where c: the speed of light in vacuum.
If the detuning δ is belwo the resoncace by the factor vx/c

δ = −ν0
vx
c

= −vx/λ (2.5)

then the Doppler shifted frequency will be equal to the atomic resonance ν ′ = ν0. In
this case, atom moving in +x direction will absorb a photon of energy E = hν0 receiving
a momentum kick in the -x direction, re-emitting then light via spontaneous emission
and losing that momentum in random direction. The change of momentum by emission
averages to zero, while the momentum change of atom by absorption is ∆Px = −h

λ
, where

λ is the laser wavelength, h: Planck constant. Thus, repeated cycle absorption-emission
causes a net loss of momentum in the -x direction, which induces a mechanical force on
the atom. The force exert on the atom by light called scattering force (frictional force
[17]) and it is given by:

Fx =
dPx
dt
≈ ∆Px

2τ
= − h

2τλ
(2.6)

where τ is the transition lifetime.
this frictional force leads to a deceleration defined as:

ax = v̇x =
Fx
m

=
∆Px
2τm

= − h

2τλm
(2.7)

and as mentioned before, slowing down atoms means decreasing the temperature. This
cooling mechanism is called Doppler cooling.

2.1.1 Optical molasses

Using one single laser beam for cooling is not sufficient, because as atom cooled down
the detuning must be reduced [17] until it becomes close to the natural linewidth of the
atomic transition (δ ≈ Γ), in this case atom moving in -x direction will be accelerated
instead of decelerated, and hence becoming hotter, by the the scattering force. As an
undesired consequence, collision with atoms moving in +x direction will increase the
temperature. To overcome this problem a two counterpropagating laser beams should be
implemented to form the so-called optical molasses as illustrated in Fig.2.1. In this case
atom experiences two different frictional forces from two directions. With this configu-
ration one can cool atoms moving in both directions [17].

4



CHAPTER 2. PRINCIPLE OF LASER COOLING

Figure 2.1: Two counterpropagating laser beams at frequency ν detuned by δ below the
atomic resonance frequency ν0 form optical molasses, so atoms moving in both direction
+x and -x are involving in the cooling process.

2.1.2 Magneto-optical trap (MOT)

Figure 2.2: Schematic of 3D Magneto-optical trap (MOT), see the text for more details.

One can ask, what about the other dimensions ±y and ±z? and how to confine
atoms locally at one point in the space? The laser cooling arrangement described in the
previous section is able to cool atoms only in one dimension wihtout trapping. A more
sophisticated technique is required for cooling atoms in three dimensions and for spa-
tial trapping at the same place. This technique is called Magneto-optical trap (MOT).
As illustrated in Fig.2.2, six red-detuned counter propagating laser beams with circular
orthogonal polarizations form optical molasses in three dimentions providing a confine-
ment in the momentum space and a quadrupole magnetic field B(z), generated by two
magnetic coils in an anti-Helmholtz configuration, causes a gradient Zeeman splitting of

5



2.1. DOPPLER COOLING AND SCATTERING FORCE

the energy levels E(z) given by [15]:

E(z) = gJµBMJB(z) (2.8)

where gJ is Lande g-factor, µB Bohr magneton.
Now Considering an atomic gas with resonance frequency ω0 corresponding to the tran-
sition J = 0 → J = 1 in MOT with laser frequency ω detuned by δ from resonance.
Due to Zeeman effect the exited state will split gradually into triplet sub-level excited
states MJ = −1, 0, 1 as shown in Fig.2.3. So atoms will be always attracted towards
the zeropoint at the center of the quadrupole magnetic field, because the Zeeman shift
is increasing when moving away from the center and hence the velocity required to be in
resonance with the detuned laser is decreasing.

Figure 2.3: Mechanism of the MOT in one dimension for two level atom with resonance
frequency ω0 corresponding to the transition J=0 → J=1. Spatial Zeeman splitting
of the exited state provides a confinement for atoms in the zeropoint at the center.
The frequency ω of the two counter propagating laser beams is red detuned by δ from
resonance. The length of the blue arrows represents the strength of the quadrupole
magnetic field. Figure from [12]

2.1.3 Doppler limit

By Doppler cooling the atom momentum averages to zero but the mean square doesn’t
[22], because even the coldest atom can still absorbing and emitting light via random
walk. This gives the atom each cycle a momentum, and hence heat. Thus, the velocity
can’t reach zero. The balancing between heating and cooling defines the lowest achievable
temperature, which is limited by the natural linewidth Γ/2π of the atomic transition

kBTmin︸ ︷︷ ︸
Thermal energy

∼ h

(
Γ

2π

)
(2.9)
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CHAPTER 2. PRINCIPLE OF LASER COOLING

Tmin is the lowest temperature can be achieved by Doppler cooling, which called Doppler
limit and it is given by [17]:

TDoppler =
h̄Γ

2kB
(2.10)

the corresponding thermal velocity can be obtained by substitute (2.10) in (2.2)

vminx =

√
h̄Γ

2m
(2.11)

for Potassium 39K by cooling on the D1 line vx = 17.3 cm/s

2.2 Sub-Doppler cooling

It’s possible to achieve a lower temperature than the Doppler limit given by the equa-
tion 2.10 in optical molasses by cooling mechanisms called Sisyphus cooling and Gray
molasses, which are explained in the following sections.

2.2.1 Sisyphus cooling (Polarization gradient cooling)

Two counterpropagating laser beams in Lin⊥Lin configuration (orthogonal linear polar-
izations) interfere creating a standing wave with polarization gradient in a period of λ/2.
The variation of polarization is from σ+ to linear to σ−. Now let’s assume a two level

Figure 2.4: Lin⊥Lin configuration shows the polarization gradient in one dimention.
Adapted from [6]

alkali atom in a polarization gradient created by laser light with frequency red detuned
from the resonance transition J = 1

2
→ J = 3

2
. The ground state splits into two states

mJ = −1/2,+1/2 and the sub-level exited states are described by the magnetic quantum
numbers mJ = −3/2,−1/2,+1/2, 3/2.
The light shift of energy ∆E is proportional to the square of Rabi frequency Ωge of

7



2.2. SUB-DOPPLER COOLING

an atomic transition (g denotes the ground state and e denotes the exited state) and
inversely proportional to the detuning δ of the laser light.

∆E ∼
Ω2
ge

δ
(2.12)

For red-detuning(δ < 0) the light shift of a state is negative and for blue-detuning (δ > 0)
the light shift is positive. The Rabi frequency depends specifically on Clebsch-Gordon
coefficient Cge of a transition

Ωge = CgeΓ
√
I/2Isat (2.13)

Where Γ is the natural line width of the transition in angular frequency unit, I is the
intensity of light, Isat is the saturation intensity (the intensity where the optical Rabi-
frequency equals the spontaneous decay rate and it is given by [42]: Is = πhc

3λ3τ
).

From the equations 2.12 and 2.13 one can note that the light shift is proportional to the
square of the Clebsch-Gordon coefficient, which has different values depending on the
allowed transition and the corresponding polarization as illustrated in Fig.2.5 (see the
selection rules Table 2.1). Consequently the energy shift of both ground states mJ = ±1

2

is modulated periodically in space with phase shift 180◦ (Fig.2.6).
Atom moving in along the z-axis experiences a loss in its kinetic energy when climbing
the potential hill. If the detuning was taken carefully and atom has reached the top,
there will be a high probability to be pumped into the exited state. The atom can then
drop to the lower sublevel ground state via spontaneous emission emitting photon with
higher energy than the absorbed one, which means having lower kinetic energy and hence
lower velocity. If the atom velocity now is high enough to climb the potential, the cycle
will be repeated and atom will become colder and colder.

Figure 2.5: Energy sub-levels and the corresponding Clebsch Gordon coefficients of the
transition J = 1/2 → J = 3/2 coupled by light with a linear polarization (blue arrow),
σ+ polarization (black arrow) and σ− polarization (red arrow). Figure modified after [6],
[19]
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CHAPTER 2. PRINCIPLE OF LASER COOLING

Allowed transition Polarization
∆J = 0,±1 except J = 0→ J ′ = 0
∆mJ = 0,±1 π, σ±

∆F = 0,±1 except F = 0→ F ′ = 0 π, σ±

∆mF = 0,±1

Table 2.1: The possible electric dipole transitions in atom with the corresponding polar-
ization [15]

Figure 2.6: Sisyphus cooling scheme for two level atom with ground state J=1/2 and
exited state J=3/2. Full explanation can be found in the text. Taken from [40][6].

recoil limit
Even the coldest (slowest) atoms can still absorbing and emitting photons spontaneously.
Each time atom emits photon with wavelength λ recoils with momentum p = h̄k, which
limits achieving lower temperature. The lowest temperature can be achieved using Sisy-
phus cooling called the recoil limit. We can obtain the recoil temperature by setting:

thermal energy = kinetic energy of atom

kBT =
p2

2m
=

(h̄k)2

2m
(2.14)

⇒ Trecoil =
h̄2k2

2mkB
(2.15)

The recoil temperature of 39K D1-line is 0.41436702 µK and the corresponding recoil
velocity is about 1.33 cm/s [42]. However, the recoil limit can be broken by a cooling
method called gray molasses.
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2.2. SUB-DOPPLER COOLING

2.2.2 Gray molasses cooling

In principle, gray molasses cooling based on two mechanisms, Sisyphus cooling and Ve-
locity selective coherent population transfer (VSCPT) in present of bright state and dark
state of a 3-level atom in gradient polarization with blue detuned light δ > 0 from the
atomic resonance. We call a state is bright when it is coupled by light to an exited state.
In contrast a dark state is a non-coupled state. The bright state has positive light shift
and it is spatial modulated, while the dark state has a flat potential with no light shift.
Atom moving in the z-direction climbs the potential of the bright state converting its ki-
netic energy to potential energy. Once atom reached the potential hill, it can be pumped
to the exited state and via spontaneous emission it decays to the dark state undergoes
Sisyphus cooling. In this case there are two possibilities, either being coupled again to
the bright state or it can be captured and confined in the dark state (see Fig.2.7). This
coupling is controlled by the VSCPT mechanism and the probability of the coupling
between the dark and bright states is proportional to the atom velocity and inversely
proportional to the light shift of the bright state as we will see later. Atom with velocity
rather than zero can be always included in the cooling process until reaching zero and
be captured by the dark state. In the following section we will see the origin of bright
and dark states and understand what Λ-enhanced gray molasses is.

Λ three-level system

Let’s introduce a Λ-system (Fig.2.8) with two ground states |1〉, |2〉 and exited state |3〉.
The corresponding energies ε1, ε2 and ε3, respectively. The coupling |1〉 → |3〉 is achieved
by light field with frequency ω1 detuned by δ1 from resonance and Rabi frequency Ω1.
The coupling |2〉 → |3〉 is made by light field with frequency ω2 detuned by δ2 from
resonance and Rabi frequency Ω2. The relative detuning is δ = δ1 − δ2.
We can write the Hamiltonain H of a free atom with mass m and momentum pz as a sum
of its kinetic energy and the internal energies assuming that the energy of the ground
states is zero and the energy of the exited state h̄ω3

H = Hkin +H0 =
p2
z

2m
+ h̄ω3|3〉〈3| (2.16)

The Hamiltonian for the light-atom interaction in the rotating wave approximation can
be written as:

V =

(
h̄Ω1

2
|3〉〈1|+ h̄Ω2

2
|3〉〈2|

)
exp(−iωt) + h.c (2.17)

As mentioned before gray molasses cooling based on the exciting of dark state and bright
state. As an example the state |F = 2,mF = 2〉 of 39K D1 transition is a dark state in
the polarization σ+ and the state |F = 2,mF = −2〉 is a bright state in same polarization
(Fig.3.3). However when Raman condition of two photon resonance (Raman resonance)
is fulfilled δ = 0, δ1 = δ2, additional dark states |ψD〉 and orthogonal bright states |ψB〉

10



CHAPTER 2. PRINCIPLE OF LASER COOLING

Figure 2.7: Schematic of gray molasses cooling mechanism on three level atom in gradient
polarization field with blue detuned light. The ground states splits into bright state |ψB〉
and dark state |ψD〉. The energy of the bright state is positively shifted and spatially
modulated. In analogy to Sisyphus cooling, atom moving along the z-axis converts its
kinetic energy into potential energy as it climbs the potential hill of the bright state and
it looses energy by being pumped back to the dark state via spontaneous emission. The
probability for atom to be coupled again to the bright state is inversely proportional to
the energy light shift and proportional to the atom velocity. So strong coupling happens
at the potential minimum of the bright state and at high atom velocity.[14]

appear, which are coherent superposition of the sublevel states and eigenstates of the
Hamiltonian [30]:

|ψD〉 =
1√

Ω2
1 + Ω2

2

(Ω2|1〉 − Ω1|2〉) (2.18)

|ψB〉 =
1√

Ω2
1 + Ω2

2

(Ω1|1〉+ Ω2|2〉) (2.19)

we can prove that |ψD〉 is dark by applying the coupling Hamiltonian V on this state:

〈3|V |ψD〉 = 0 (2.20)

which means that |ψD〉 is not coupled to the exited state |3〉. In same way we can find
that the bright state is coupled by the light to the exited state:

〈3|V |ψB〉 =
h̄

2

√
Ω2

1 + Ω2
2 exp(−iωt) (2.21)

The presence of these additional dark states leads to enhancement of the cooling and
achieving lower temperature than the conventional gray molasses, that’s why we call it
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2.2. SUB-DOPPLER COOLING

Figure 2.8: Three level Λ-system. Two light fields couple the transitions |1〉 → |3〉 with
detuning δ1 and |2〉 → |3〉 with detuning δ2. The corresponding Rabi frequencies are Ω1

and Ω2, respectively [28].

Λ-enhanced gray molasses. For instance the dark state 1√
2
(|F = 1,mF = −1〉 − |F =

2,mF = −1〉) of 39K D1 transition in σ+ polarization is a coherent superposition of two
states |F = 1,mF = −1〉 and |F = 2,mF = −1〉 with a phase shift of π between them.

Velocity selective coherent population transfer (VSCPT) :
We examine now the coupling probability ψD → ψB as following:
The coupling matrix element between the bright and dark states is [30]:

〈ψB|Hkin|ψD〉 = −h̄ 2Ω1Ω2

Ω2
1 + Ω2

2

kp

m
(2.22)

Where p is the atom momentum and k the wavenumber of transition. From the equation
it’s obviously to see the dependenc on the velocity v = p/m. The Coupling probability
P|ψD〉→|ψB〉 can be calculated using the first order perturbation theory [30], which gives:

P|ψD〉→|ψB〉 = 2

(
Ω1Ω2

Ω2
1 + Ω2

2

kp

h̄

)2

δ1

(
δ1

Ω2
1 + Ω2

2

)
(2.23)

according to this formula the coupling probability is proportional to the square of the
atom velocity and inversely proportional to the light shift of the bright state manifested
in Rabi frequency. Thus, strong coupling occurs at high velocity and low light shift.
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Chapter 3

Gray molasses of Potassium 39K

In this chapter the energy level scheme of 39K is introduced and enhanced sub-Doppler
cooling on the D1 transition in gray molasses is explained by presenting all dark and
bright states of the atomic system in a polarization gradient field. Finally the advantage
of combining the D1 light with the D2 light in the cooling process is highlighted.

3.1 Fine and hyperfine structure of 39K

The fine structure arises from the spin-orbit coupling of the valence electron with the
orbital angular momentum L and the spin angular momentum S. The total angular mo-
mentum operator J can by expressed as:

J = L + S

where the quantum number J is in the range of |L− S| ≤ J ≤ L+ S
The electronic ground state of 39K is 42S1/2 where L=0 and S=1/2, thus J=1/2. For the
first exited state 42P , L=1 and S=1/2 which leads to a total quantum number J=1/2
(42P1/2) and J=3/2 (42P3/2). Transition to the first sub-level excited state (42S1/2 →
42P1/2) is called D1 transition and transition to the higher sub-level exited state (42S1/2 →
42P3/2) is called D2 transition. The corresponding wavelengths are about 770.108 nm and
766.701 nm, respectively.

The hyperfine splitting originates from the interaction between the total angular
momentum of electron J and the nuclear spin I

F = J + I

the quantum number F is in the range of |J − I| ≤ F ≤ J + I. The nucleus of 39K has
a half integer spin I=3/2 due to the odd mass number. In this case the ground state
2S1/2 ,for example, splits into two states separated by 461.7 MHz and associated with the
quantum numbers F=1 and F=2 as shown in Fig.3.1. The linewidth Γ/2π of the D1-line
is about 6 MHz (See Tab.3.1 for more details).
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3.1. FINE AND HYPERFINE STRUCTURE OF 39K

Figure 3.1: 39K level scheme for the ground state 2S1/2 and the first two exited states
2P1/2, 2P3/2 with the hyperfine splitting. [42]
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CHAPTER 3. GRAY MOLASSES OF POTASSIUM 39K

Wavelength λ 770.108385049(123) nm
Frequency ν 389.286058716(62) THz
Lifetime τ 26.72(5) ns
Natural linewidth Γ/2π 5.956(11) MHz
Doppler Temperature TD 145 µK
Recoil Temperature Trec 0.41436702 µK
Saturation intensity Is 1.75 mW/cm2

Table 3.1: Optical properties of the 39K D1-line [42]

3.2 Enhanced sub-Doppler cooling on the D1 tran-

sition of 39K in gray molasses

In analogy to the Λ-configuration, a gray molasses cooling on the D1-line of 39K can be
implemented by two light fields detuned above the D1-transition as illustrated in Fig.3.2.
The cooling beam has a frequency ωC corresponding to the transition |F = 2〉 → |F ′ = 2〉
plus blue detuning δc

ωC = ω|F=2〉→|F ′=2〉 + δc (3.1)

and the repumping laser beam has a frequency ωR corresponding to the transition |F =
1〉 → |F ′ = 2〉 plus blue detuning δR

ωR = ω|F=1〉→|F ′=2〉 + δR (3.2)

The relative detuning is δ = δR−δC . As mentioned before by satisfying Raman condition
δ = 0, δc = δR we can achieve a deep sub-Doppler cooling as extra dark states appear.
Table.3.2 presents in this case all possible dark and bright states of the hyperfine structure
and the magnetic sublevels of the D1 transition for three different polarization σ+, π and
σ−. Fig.3.3 shows the D1-transitions in enhanced gray molasses taking to the account
the selection rules in Tab.2.1.

3.2.1 Combining the D1 light with the D2 light

As was mentioned in the introduction the aim of this project is not only to achieve
lower temperature than that in our current experiment but also to increase the num-
ber of trapped potassium atoms and to increase the phase space density. That can be
accomplished by using both the D1 light and the D2 light in 3D-MOT followed by a
hyper D1-D2 compressed MOT and finally a pure gray molasses cooling using D1 light
as reported in [34]. There are two critical parameters for achieving efficient cooling, the
detuning and the laser intensity, which have to be set or even ramped during the exper-
iment (See Tab.3.3 for more details).
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3.2. ENHANCED SUB-DOPPLER COOLING ON THE D1 TRANSITION OF 39K IN
GRAY MOLASSES

Figure 3.2: Cooling and repumping beams couple the ground states F = 1, F = 2 to the
excited state F ′ = 2 with blue detuning δc and δR for the cooling and repumping beams
respectively. [34]

Figure 3.3: The magnetic sublevel states of 39K D1 line with the allowed transitions
depending on the polarization in gray molasses. Conventional dark states are marked by
blue circles and the additional dark states are marked by red circles.
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Pol. Dark states Bright states
|F = 2,mF = 2〉 |F = 2,mF = −2〉

σ+ 1√
2
(|F = 1,mF = −1〉 − |F = 2,mF = −1〉) 1√

2
(|F = 1,mF = −1〉+ |F = 2,mF = −1〉)

1√
2
(|F = 1,mF = 0〉 − |F = 2,mF = 0〉) 1√

2
(|F = 1,mF = 0〉+ |F = 2,mF = 0〉)

1√
2
(|F = 1,mF = 1〉 − |F = 2,mF = 1〉) 1√

2
(|F = 1,mF = 1〉+ |F = 2,mF = 1〉)

|F = 2,mF = −2〉
|F = 2,mF = 2〉

π 1√
2
(|F = 1,mF = −1〉 − |F = 2,mF = −1〉) 1√

2
(|F = 1,mF = −1〉+ |F = 2,mF = −1〉)

1√
2
(|F = 1,mF = 0〉 − |F = 2,mF = 0〉) 1√

2
(|F = 1,mF = 0〉+ |F = 2,mF = 0〉)

1√
2
(|F = 1,mF = 1〉 − |F = 2,mF = 1〉) 1√

2
(|F = 1,mF = 1〉+ |F = 2,mF = 1〉)

|F = 2,mF = −2〉 |F = 2,mF = 2〉
σ− 1√

2
(|F = 1,mF = −1〉 − |F = 2,mF = −1〉) 1√

2
(|F = 1,mF = −1〉+ |F = 2,mF = −1〉)

1√
2
(|F = 1,mF = 0〉 − |F = 2,mF = 0〉) 1√

2
(|F = 1,mF = 0〉+ |F = 2,mF = 0〉)

1√
2
(|F = 1,mF = 1〉 − |F = 2,mF = 1〉) 1√

2
(|F = 1,mF = 1〉+ |F = 2,mF = 1〉)

Table 3.2: Dark and bright states in the dressed state picture of 39K when Raman
condition is satisfied in three pure polarization of light σ+, π and σ−.

Stage D1-Cooling beam D1-Repumping beam
MOT with D1 δC = 0 (resonat light), IC = 1.5IS δR = 0, IR = 0.5IS
D1-D2 CMOT δC = 3.5Γ, IC = 3.5IS No repumping beam
D1 gray molasses δC = 3.5Γ, δR = 3.5Γ,

ramping down from IC = 3.5IS to IC = 0.2IS IR = 1.2IS → IR = 0.07IS

Table 3.3: The experimental sequences for cooling potassium atoms using D1+D2 light
and pure gray molasses with the optimal values of detuning and intensity per beam
according to [34] (the optimal parameters values of the D2 light can be found in the
same reference). Note that Γ/2π is the natural linewidth of the D1 line (≈ 6MHz) and
IS the saturation intensity (1.75mW/cm2).
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GRAY MOLASSES

From this point of view and in order to realize a D1 laser system we need a laser
source with a single frequency close to the D1 transition (389.286058716(62) THz) and
in some way there must be a control on this frequency to shift it in the MHz range to
generate the cooling and repumping light with a total optical power of several hundred
mW 1

In the next chapter we introduce the design and the construction of our D1 laser
system, which consists of three subsystems categorized in:
1- Frequency locked seed laser system: it includes the laser source (low power laser
diode with a maximum output power less than 100mW) with its locking system for fre-
quency stabilization in the long and short term to on of the atomic transitions of D1-line
of 39K.
2- Tapered amplifier system: for amplifying the seed power to several hundred mW
to obtain the required power for gray molasses cooling if we consider the power loss inside
the optical components of the system.
3- Double pass acousto-optic modulator system: for shifting the locked laser fre-
quency to the required cooling and repumping frequencies with blue detuning using two
acousto optic modulators with central drive frequency of 110MHz.

1Considering four horizontal beams and one vertical beam with an average diameter of 2.2 cm per
beam in the science chamber and taking into account the saturation intensity Is of Potassium 39K we
calculate the required cooling power considering IC = 3.5Is and we calculate the required repumping
power considering IR = 1.2Is. As a result, it would be ≈23.28 mW per beam for the cooling and ≈7.98
mW per beam for the repumping, which gives a total required power of ≈156.3 mW.
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Chapter 4

Laser system setup

4.1 Seed Laser

This section introduces the seed laser (master laser) of the system, which is a GaAs
semiconductor laser diode with Fabry-Perot cavity and ridge waveguide used in external
cavity with interference filter as a frequency selective element. First we take a look on
the basics of semiconductor laser diode. Next we explain the principle of mode selection.
Finally we present the design and the construction of the seed laser.

4.1.1 Semiconductor Laser diode (LD)

Diode lasers have been widely used in ultracold atoms experiments for many reasons
including their high power conversion efficiency upto 50% because they are electrically
pumped. In addition they have long lifetime and compact size. Further more they have
lasing in the near infrared-range and they are not expansive compared to other types of
lasers [5].

Basics of semiconductor diode lasers

Electronic band structure of semiconductor
The energy levels in Gas and solid-state lasers are almost as sharp as those of isolated
atoms. However, in semiconductor the discrete energy levels of atom overlap to form
electronic bands as illustrated in Fig.4.1. At the absolute zero T = 0K and when there
is no external excitation all electrons occupy the lower band, which called valence band,
while the upper band called conduction band is empty. The probability of occupation
can be expressed in terms of Fermi level EF , which is at T = 0 in the middle between
the lowest energy level of the conduction band Ec and the highest energy level of the va-
lence band Ev. The two bands are separated by a forbidden energy band called bandgap
Eg, which has a value of Eg = 0.5–2.5 eV [9]. Pumping the system with energy (opti-
cally, electrically etc.) can cause electron to be exited to the conduction band leaving a
hole (missing electron) behind it in the valence band. These both two types of carriers
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(electron-hole) can contribute to the conduction. The kinetic energy E of free electron
in terms of it’s wavenumber k is given by:

E(k) =
p2

2m0

=
(h̄k)2

2m0

=
h̄2k2

2m0

(4.1)

in semiconductor the energy of electrons in the conduction band and valence band is also
a parabolic function of the wavenumber as shown in Fig.4.2

Ec(k) = Eg +
h̄2k2

2me

, Ev(k) = − h̄
2k2

2mh

(4.2)

where me and mh are the effective mass of electron and hole, respectively.

Figure 4.1: Energy bands in semiconductors consist of many levels rather than in atom
with decrect energies. [5]

Doping of semiconductor (n-type and p-type)
Adding impurity atoms to an intrinsic semiconductor crystal would improve its conduc-
tivity by contributing extra electrons to form n-type semiconductor or generating extra
holes (p-type semiconductor). The Fermi level is located close to the conduction band
at room temperature for n-type, while it is close to the valence band for p-type.

Generation and recombination
Radiative transition between the valence and conduction bands is always associated with
absorbing photon or emitting photon with energy h̄ω = E2 − E1. As shown in Fig.4.3
there are three different types of radiative transitions: absorption, spontaneous emission
and stimulated emission. Spontaneous emission occurs when electron in the conduc-
tion band recombines with a hole in the valence band emitting photon. This kind of
recombination generates incoherent photons like the LED light. The inverse process of
recombination is generation of electron-hole pair by absorbing photon. The basic idea
of semiconductor laser is to generate a coherent light, which is dominated by stimulated
recombination, when the recombination of electron-hole takes place by stimulation from
a present photon. consequently, a new photon with the same direction, phase and fre-
quency is emitted. It should be noted that obtaining an optical gain is only possible by
stimulated recombination.
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Figure 4.2: Electron energy as a function of the wave vector magnitude E(k) in semicon-
ductor with direct bandgap. [9]

In thermal equilibrium with the radiation field the rate of absorption R12 is equal
to the rate of radiative recombination (Rsp spontaneous emission rate + R21 stimulated
emission rate):

R12 = Rsp +R21 (4.3)

this equation can be represented by the spectral photon density ρ(h̄ω) and Einstein
coefficients, which gives:

B12 = B21 = B, A21 =
n3

π2h̄3c3
(h̄ω)2B (4.4)

where A21 the transition probability for spontaneous emission, B12 the transition proba-
bility for absorption and B21 the transition probability for stimulated emission.

Double-heterostructure p-i-n junction
In non-equilibrium the Fermi level EF splits into two different quasi Fermi levels for the
conduction and valence bands EFc and EFv . In this case the ratio of R12 to R21 is given
by:

R12

R21

= exp

(
h̄ω − (EFc − EFv)

kBT

)
(4.5)

One important condition to generate laser light is to achieve optical gain and population
inversion of the carriers, meaning when more electrons can be found in the conduction
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Figure 4.3: Radiative transitions in semiconductor. Right: stimulated emission occurs at
presence of a photon with energy h̄ω = E2−E1. Middle: electron in the valence band is
exited to the conduction band by absorbing photon with energy higher than the bandgap
Eg. Left: electron from the conduction band recombines spontaneously with a hole in
the valence band emitting photon.[9]

band than in the valence band. In other words, when the rate of stimulated emission
is greater than the rate of absorption R12

R21
< 1, that can be satisfied from equation 4.5

when:

EFc − EFv > h̄ω > Eg (4.6)

this condition can be realized in the active area of forward biased double-heterostructure
diode. An intrinsic semiconductor material with low bandgap is sandwiched by higher
bandgap semiconductors n-type and p-type. When applying a forward-bias voltage,
carries (electrons and holes) are injected from the n- and p-type areas into the intrinsic
layer (active region) where EFc − EFv > Eg. Consequently, a carrier inversion and light
amplification by stimulated emission of radiation are achieved as sketched in Fig.4.4.
The active region acts also as a waveguide along it’s transverse axis thanks to the low
refractive index compared with that for the cladding layers. The waveguide provides a
confinement for photons in the intrinsic layer and hence we can obtain the required high
photon density ρ(h̄ω) to suppress spontaneous emission according to the equation [9]:

Rsp

R21

=
B

A21

ρ(h̄ω) =
π2h̄3c3

n3(h̄ω)2
ρ(h̄ω) (4.7)

and the double-heterostructure confines the charge carriers in the active region.

Fabry-Perot Laser Diodes with ridge waveguide
The most common type of diode lasers is Fabry-Perot laser diode, which has a double-
heterostructure and Fabry-Perot cavity formed by the two surfaces of the active region
along its optical axis due to the difference in the refractive index between the the surface
and the surrounding air. The rear facet is high reflection coated. A narrow waveguide
and a small refractive index step between the active region and the cladding layers can
improve the laser transverse mode (spatial mode) to be single mode nearly Gaussian with
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Figure 4.4: Energy band digram of double-heterostructure diode [5]. Full explanation in
text.

diffraction-limit. In Ridge waveguide laser diode the index step is obtained by a step in
the width of the upper cladding layer (Fig.4.5). The ridge waveguide structure provides
current and photon confinement [5].

Figure 4.5: Schematic of ridge waveguide laser diode.

Beam profile of laser diode
The cross section of the active layer of a laser diode has a rectangular shape and because
of the limited confinement the laser is emitted with elliptical shape. The beam diver-
gence is larger in the vertical direction than in horizontal, therefore the vertical direction
is called fast axis and the horizontal is called slow axis. As the laser beam propagates,
the beam becomes elliptical in the vertical direction because it’s more divergent.
The spherical aberration caused by the large divergance in the vertical axis can be cor-
rected using a collimating lens, which must have at least one aspheric surface and in
order to avoid severe beam truncation the numerical aperture NA must be at least 0.3
[39]. The laser beam is also astigmatic because of the rectangular shape of the active
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region and the changing in the gain profile across the active layer in the horizontal axis.
As shown in Fig.4.6 the location of the beam waist is different in the slow axis than in
the fast axis.

Figure 4.6: elliptical beam profile of a laser diode shows astigmatism, where the focal
point of the fast diverging axis lies at the output facet and the focal point of the slow
diverging axis located somewhere inside the active layer [39].

Optical spectrum of laser diode
Under threshold current the optical spectrum of laser diode is very broad as shown in
Fig.4.7. The laser diode operates above threshold in multiple longitudinal modes with
different gain values and high gain at the center wavelength λc as illustrated Fig.4.8. The
number of modes depends on the length of the Fabry-Perot cavity L and the operation
current. The length of the cavity is an integer number m of half wavelengths λ, L = mλ/2
where λ = λ0/n, n the refractive index of the waveguide. Modes are spaced by the free

spectral range of the resonator ∆λ =
λ20

2nL
.

It should be noted that the center Wavelength of a laser diode is shifted linearly when
increasing the temperature.

Figure 4.7: Laser diode spectrum below threshold and without feedback from external
cavity [13].
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Figure 4.8: Laser diode modes above threshold with the corresponding gain. The gain
has its maximum value at the center wavelength λc. [9]

Laser diode used for our system
We use a tunable GaAs semiconductor laser diode with a Fabry-Perot cavity and ridge
waveguide from eagleyard Photonics (EYP-RWE-0780-02000-1300-SOT12-0000). The
tuning range of the laser wavelength is 760− 790 nm with base wavelength λc = 780 nm.
The maximum allowed current according to the datasheet is 180 mA. The laser diode is
in SOT package style, which includes also a monitor photodiode to maintain the output
power at constant value Fig.4.9.

Figure 4.9: Laser diode and monitor photodiode in SOT package style

4.1.2 Interference-filter-stabilized external-cavity diode laser (ECDL)

For a single longitudinal mode operation we couple the laser diode to an external cavity,
in which only one mode is selected via wavelength selection element. Many configura-
tions have been implemented for this purpose. For example the Littrow configuration,
where the wavelength discriminator is formed by a diffraction grating λ = 2d sin θ (Bragg
condition), where θ is the incident angle and d is the grating’s line spacing. However,
this arrangement suffers from high sensitivity to misalignment, because the grating acts
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as both selective element and out-coupler reflector. Thus, tuning the angle of the grating
would influence the optical feed back reflection.
To overcome this problem, the wavelength selection and the feedback have to be sepa-
rated. This is possible by using an intra-cavity interference filter as frequency selective
element and a partially reflective mirror as out-coupler to provide the required feedback
reflection. In this way the selection of the wavelength can be done by tuning the angle
of the interference filter without affecting the optical feedback.
An interference filter is a Fabry–Pérot etalon, which transmits a certain wavelength λ at
a certain angle of incidence θ as the following equation:

λ = λ0

√
1− sin2θ

n2
eff

(4.8)

where neff the effective refractive index of the etalon and λ0 the wavelength at normal
incidence.
The external cavity is formed by the highly reflection back facet of the laser diode and the
partially reflective mirror mounted on a piezo electric transducer as shown in Fig.4.10.
Tuning the voltage applied on the piezo changes the length of the external cavity. Two
aspheric lenses are used inside the cavity, one is to collimate the laser diode output beam
and the other lens is to focus the laser on the outcoupler mirror, which provides more
stability against misalignment [2]. The focusing lens with the mirror are forming cat’s
eye.

Principle of operation

The length of the internal cavity of the laser diode specified in the datasheet is L =
1.3 mm. From the equation ∆ν = c/2nL we can calculate the internal modespaceing
considering n = 3.6 for GaAs, which gives ∆νin = 32 GHz, whereas the external modes
are spaced by ∆νex = 2.6 GHz assuming n = 1 and L = 57.7 mm. So the external modes
are superimposed on the internal modes, which in turn have different gain values. On the
other hand the frequency selective element with it’s narrow bandwidth produces a loss
to those internal modes outside the bandwidth and a maximum gain at that frequency,
which corresponds to the maximum of the interference filter transmission. Consequently
we can obtain a stabilized laser with one single internal mode. Fig.4.11 shows the internal
and the external modes spectra as well as the interference filter transmission spectrum.

Laser frequency dependence

The laser frequency ν is a function of f(I, T, θ, Upiezo), where I, T the laser diode current
and temperature, respectively. θ the angle of the interference filter. Upiezo the piezo
voltage.
Tuning the laser current and the temperature shift the internal modes, while varying the
piezo offset changes the external cavity length and hence shifts the external modes. By
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Figure 4.10: Configuration of interference filter stabilized external cavity diode laser. We
use an interference filter with nominal wavelength 767nm. The focusing and collimating
lenses have focal length f=18.4mm. An out-coupler mirror with 20% reflectivity is glued
on a piezo transducer (PZT) from Piezomechanik (HPSt150/14-10/12), which can control
the length of the external cavity and an optical window has been mounted at Brewster
angle to polarize the output laser beam.

changing the interference filter angle one can shift the transmission maximum and the
selected center frequency.

Optical power

Our seed laser has a threshold current of ca.51 mA at T = 19.6◦C. Above threshold the
optical power increases linearly with increasing the current as shown in Fig.4.12. The
maximum output power is about 86(4)mW at 180mA (the maximum allowed forward
current according to the laser diode datasheet is 180mA). It should be noted that de-
creasing the temperature leads to increase the optical power.

4.1.3 Beam shaping

As was mentioned before the beam profile of a laser diode has an elliptical shape. It is
desirable, however, for a convenient use to convert the beam to a circular symmetric. For
this purpose we use an anamorphic lens system (Schäfter+Kirchhoff 5AN-2-V-05 [37]),
which consists of positive and negative cylindrical lenses to reduce the beam scale in the
long axis to be as that of the short axis as shown in Fig4.13.

27



4.1. SEED LASER

Figure 4.11: Optical modes spectra, internal modes (green), external modes (blue) and
the interference filter transmission (red). Adapted from [35]

Figure 4.12: ECDL output optical power versus the driving current. The optical power
increases linearly above threshold with slop efficiency 0.43(2)mW/mA.
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Figure 4.13: ECDL beam profile in the near field with the major and minor diameter
in µm unit plus the intensity profile in horizontal and vertical axis recorded by a beam
imaging camera and displayed using the software DataRay. Left: elliptical beam profile.
Right: nearly circular symmetric beam after shaping (mean diameter is about 2.2mm)
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4.2 Laser frequency stabilization

Since we want to perform the laser cooling on the D1 transition of 39K the laser linewidth
must be less than the natural linewidth of the D1 transition (Γ/2π = 5.956(11) MHz).
Our free running laser has a linewidth in the kHz range. For more stability and to avoid
any frequency drift over time, which can be caused by external noise or temperature
fluctuations, we lock the laser frequency to one of the atomic features of the 39K D1-line.
First of all we use a technique called saturated absorption spectroscopy in a vapor cell
of 39K to resolve its hyperfine structure. Then we lock the laser frequency to a setpoint
by generating an error signal using frequency modulation spectroscopy and sending this
error signal to a PID controller, which controls the piezo voltage of the ECDL.

4.2.1 Saturated absorption spectroscopy

Doppler broadening

Considering a laser beam propagating in the +z direction through a vapour cell of potas-
sium. When the laser frequency at resonance with an atomic transition ν0, only atoms
with no velocity component along the laser axis can see the laser resonant and conse-
quently absorbing the light, while the laser frequency is Doppler shifted for atoms with
velocity component in the z-axis vz. By tuning the laser frequency to:

ν = ν0

(
1 +

vz
c

)
(4.9)

the laser frequency becomes resonant for those atoms with velocity vz
In thermal equilibrium, vz has a Maxwell–Boltzmann distribution (thermal distribution):

exp(−mv2
z/2kBT ) (4.10)

from the first equation we can write vz = (ν−ν0
ν

)c and by substituting in 4.10 we find the
relative number of atoms at resonance with laser frequency tuned around ν0, which has
a Gaussian lineshape [32]

exp(−mc2(ν − ν0)2/2kBTν
2
0) (4.11)

as illustrated in Fig.4.14 where the vertical axis taken as the absorption coefficient.
The Full width at half maximum (FWHM) of the Gaussian profile is given by [32] :

∆ν =
√

8kB ln 2
ν

c

√
T

M
(4.12)

From the equation we can calculate the Doppler linewidth of the 39K D1-line at room
temperature by setting νD1 = 389.2861× 1012Hz, M = 39× 1.67× 10−27Kg, T = 300 K,
which gives: ∆νD1 ≈ 771.5 MHz. So because of this broad linewidth the conventional
absorption spectroscopy can’t resolve the hyperfine spectral lines of the D1-transition,
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which are closed to each other and have wavelengths around 770 nm. In order to eliminate
Doppler broadening and resolve the hyperfine spectral lines we use a method called
saturated absorption spectroscopy, which includes two laser beams rather than a single
beam.

Figure 4.14: The absorption coeffient as a Gaussian function of the laser frequency
detuning from resonance. Taken from [23]

Doppler-free saturated absorption

Fig.4.15 shows a typical arrangement of saturated absorption spectroscopy. Two counter-
propagating laser beams with the same frequency travel through a sample of an atomic
gas and overlap. The laser beam propagating to the left (-z direction) is the pump
beam and the retroreflected one is the probe beam, whose absorption is detected by a
photodiode.

Two level atom
Assuming a two level atomic gas in a vapor cell with the ground state |g〉 and exited
state |e〉. The corresponding transition frequency is ν0. When the laser frequency ν
is non-resonant ν 6= ν0 the pump and probe beams interact with different groups of
atoms. However, when the laser frequency ν < ν0 a group of atoms with velocity −vz
interact only with the probe beam as its frequency is blue shifted to ν0 and they will
be exited from the ground state |g〉 to the exited state |e〉 (the frequency of the pump
beam is for this group of atoms red shifted and not resonant), while other group with
velocity +vz interact only with the pump beam. The number of atoms in the ground
state Ng versus the velocity vz is plotted in Fig.4.16.a. The pump beam is burning a hole
(dip) in the ground state population for those atoms, whose velocities in the opposite
direction and the probe beam leaves another dip in the same way. As the laser frequency
is increasing the two dips become closer and closer. Once the frequency reaches the
resonance frequency ν = ν0, the pump and probe beams start to interact with same
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Figure 4.15: The experimental arrangement of saturated absorption spectroscopy. The
half wave plate is for tuning the pump beam power and the quarter wave plate is to
control the optical power of the beam detected by the photodiode.

group of atoms, which don’t have any velocity component in the z-axis. In this case the
pump beam causes the exited state to be saturated and the probe beam will transmit
with reduced absorption, which leads to a saturated dip as shown in Fig.4.16.b.

Figure 4.16: The poulation of the gournd state Nge as as a function of atom velocity in
one axis vz. (a) Hole burning is caused by the pump and probe beams when the laser
frequency is detuned below the atomic resonance ν < ν0. (b) A saturated hole appears
at resonance ν = ν0.[32]

Three level atom
In case three level system with two resonance frequencies ν1, ν2 such as Λ-system (common
exited state |e〉 and two ground states |g1 >, |g2 >) or V-system (common ground state
|g > and two exited states |e1〉, |e2〉), at a certain frequency νc the pump and the probe
beams can interact with two groups of atoms at the same time. So the pump beam
can excite atoms moving in the same direction as its frequency red shifted to ν1 and
simultaneously atoms moving in the opposite direction as a blue detuned frequency to
the ν2. In both cases one transition can be saturated causing additional dip in the
absorption spectrum as depicted in Fig.4.17. Such a frequency is called crossover νc,
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which can be expressed in terms of ν1 and ν2 using equation 4.9 as following:

ν1 = νc

(
1− vz

c

)
ν2 = νc

(
1 +

vz
c

)
 ⇒ νc =

ν1 + ν2

2
(4.13)

Figure 4.17: Doppler free absorption singal for three level atom. A crossover dip appears
at frequency in the middle between ν1 and ν2. Adapted from [23]

Saturated absorption spectroscopy of the D1 line of potassium 39K
The Doppler free absorption spectrum of the 39K D1-line shows four direct resonance
frequencies (ν11, ν12, ν21, ν22, where: νge, g denotes the ground state and e denotes the
exited state) and five crossover frequencies, as illustrated in Fig.4.18, divided in three
categories:
1- Crossover frequencies resulting from direct transitions in Λ-configuration:

νc1 =
ν11 + ν21

2
(4.14)

νc2 =
ν12 + ν22

2
(4.15)

2- Crossover frequencies resulting from direct transitions in V-type:

νc3 =
ν12 + ν11

2
(4.16)

νc4 =
ν22 + ν21

2
(4.17)
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3- Crossover frequency resulting from direct transitions in a configuration without com-
mon ground or exited states:

νc5 =
ν12 + ν21

2
=
ν11 + ν22

2
(4.18)

Figure 4.18: Possible transitions between the hyperfine levels of the 39K D1-line in differ-
ent configurations with the corresponding crossover frequencies in saturated absorption
spectroscopy.

Before getting started with the experimental spectroscopy one should note that the
vaopr inside the Potassium referce cell, shown in Fig.4.19, has a low pressure p = 1.3×
10−8 mbar at room temperature T = 293 K[42], so we need a heater to increase the vapor
pressure and consequently obtain a strong absorption signal. The heating element is an
isolated resistance wire (Conrad 429909-62) coiled around an aluminium cylinder. The
coiling is done in the clockwise and counterclockwise direction to avoid any magnetic
hyperfine splitting of Potassium atoms. To maintain the heater temperature we use a
DC regulated power supply. The cell is heated up to 69.4◦C by a current of 0.48A at a
voltage 9.3V.
We scan the laser frequency by varying the piezo offset. The saturated absorption signal
is then recorded by a photodetector and displayed on an oscilloscope as shown in Fig.4.20.
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Figure 4.19: Right: Potassium borosilicate reference cell, Ø25 mm x 71.8 mm (GC25075-
K) [41]. Left: drawing of the oven

4.2.2 Locking the laser frequency

After we have the absorption signal we want to lock the seed laser frequency to one
of the absorption features of the D1-line. We use the so-called frequency modulation
spectroscopy to generate an error signal, which is fed back to the piezoelectric transducer
of the ECDL via proportional-integral-derivative (PID) controller. We explain next the
principle of the FM spectroscopy to present then our locked seed laser system.

Frequency modulation (FM) spectroscopy

Consider we modulate the current of the ECDL by a sine wave generator with a modu-
lation frequency ωm and modulation amplitude Im:

i(t) = I0 + Im sin(ωmt) (4.19)

where I0 is the DC component.
As was mentioned before the frequency of a diode laser depends on the current due to its
effect on the refractive index of the active medium and the cavity length [25]. Besides,
the optical output power is a function of the current. As a consequence the frequency
and the amplitude of the laser radiation is modulated, so we can write the electric field
of the laser light as:

E(t) = E0 exp[i(ω0t+M sinωmt)] (4.20)

where E0, ω0 the electric wave amplitude and frequency, respectively and M the modu-
lation index. The equation can be represented in terms of Fourier series expansion:

E(t) = E0 exp(iω0t)
n=+∞∑
n=−∞

Jn(M) exp(inωmt) (4.21)

which means that the modulated light has n-frequency components at sidebands spaced
by nωm ± ω0 with amplitudes defined by Bessel functions Jn(M) of the nth order and
argument M , where n is an integer number. Because of the symmetry property J−n(M) =
(−1)nJn(M), the even and odd order sidebands are in and out of phase, respectively.

35



4.2. LASER FREQUENCY STABILIZATION

Figure 4.20: Doppler free absorption signal of the D1 line of 39K displayed on an oscil-
loscope, while scanning the cavity of the ECDL. Taken at a cell temperature 69.4◦C and
a pump power of 3mW. The hyperfine features and the crossover peaks (c1, c2, c3, c4, c5)
are labelled. As we will see later we lock the laser to that frequency which corresponds
to the deepest peak crossover c2.

Consequently, the amplitude modulation resulted from two symmetric sidebands are out
of phase and exactly cancel out leaving pure frequency modulation [38].
Now let’s assume the laser beam is propagating through a probe of a length L with
refractive index η(ω) and absorption coefficient α(ω). We can define also the phase shift
φ and the attenuation δ for each component as [20]:

δ(ω) = α(ω)L/2 (4.22)

φ(ω) = η(ω)L(ω0 + nωm)/c (4.23)

note that δ(ω) has an absorption profile, whereas φ(ω) has a dispersion profile. The
transmission function T (ω) is expressed in terms of δ and φ:

T (ω) = exp(−δ − iφ) (4.24)

then the transmission electric field through the sample can be written as:

ET (t) = E0 exp(iω0t)
n=+∞∑
n=−∞

T (ωn)Jn(M) exp(inωmt) (4.25)
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As we see, the transmitted wave is now modulated in the amplitude manifested by the
attenuation.
Detecting the transmitted light by a fast photodetector generates a photocurrent that
is proportional to the slowly varying intensity envelope | ET (t) |2. Mixing the detected
signal with the modulation signal gives a signal with intensity IFM that depends on the
phase difference θ between the rf modulation signal and the saturation signal. The mixer
output contains components at DC and integer multiples of ωm. By attenuating high
frequency components using a low-pass filter, under weak modulation condition M << 1
when only the first sidebands contribute to the signal J0 ≈ 1, J±1 ≈ ±M/2, we can
obtain the error signal:

IFM =
cE2

0

8π
exp(−2δ0)[M(δ−1 − δ1) cos θ +M(φ−1 + φ1 − 2φ0) sin θ] (4.26)

The coefficient of cos θ is proportional to the absorption signal, whereas the the coefficient
of sin θ is proportional to the dispersion, which can be ususaly neglected. If the mod-
ulation frequency is low compared with natural linewidth then the in-phase component
approaches the derivative of δ [20]. From the equation 4.26 one can notice that in order
to achieve a strong signal the phase difference θ has to be matched or the modulation
index M has to be increased. Optimizing the absorption can also lead to a strong error
signal.

Figure 4.21: Power spectrum in frequency modulation spectroscopy shows the carrier fre-
quency and the first order sidebands when the spectral feature has a Lorentzian lineshap.
∆φ = φ1 − φ−1 represents the desperation, and ∆δ = δ1 − δ−1 represents the absorption
[3]

Fig.4.22 shows our experimental setup for locking the seed laser. The current of the
ECDL is directly modulated with modulation frequency at 400 KHz. Consequently the
laser frequency is modulated. The light is then passing through the potassium reference
cell as the conventional saturated absorption spectroscopy. The probe beam is detected
by a photodiode and the AC-component of the detected signal is multiplied by the mod-
ulation signal in a mixer. Only low frequencies are then passing through a low pass filter
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with cut-off frequency of 100 KHz and an error signal is finally obtained, which is sent to
a proportional–integral–derivative (PID) controller. As mentioned before the error signal
is proportional to the derivative of Doppler-free spectrum. thus, the deepest peak in the
absorption spectrum of 39K D1-line will correspond to a zero-crossing at the crossover
frequency νc2 in the error signal. The zero-crossing frequency acts as a setpoint and the
PID controller provides a feedback loop to the seed laser by adjusting the piezo offset to
match that frequency with zero-crossing in the error signal. We have record the locked
laser frequency with a wavelength meter (the measurement resolution 100 MHz) and we
didn’t report any frequency drift over 12 hours.

Figure 4.22: Setup of the locked seed laser system with a short description of the electronic
components and devices used to control the system.
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Figure 4.23: FM spectroscopy of Potassium displayed on an oscilloscope. The blue line
represents the saturated absorption signal, which is a little bit thick due to the low
modulation frequency 400KHz of the injection current. The corresponding error signal
(red line) has a zero crossing at crossover frequency νc2 = (ν12 + ν22)/2. We choose this
to be as a setpoint for the servo system to stabilize our seed laser frequency.
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4.3 Optical power amplification

In this section we present our tapered amplifier (TA) system, which amplifies the seed
power from the mW-range to nearly diffraction limited power in the W-range. First we
explain the structure of the TA-chip, next we introduce the design of the system including
the focusing, the collimating lenses, protecting housing and the control devices. Then we
study the TA-output dependence on different parameters related to the seed laser and
the TA-current. Finally we show how to improve the beam quality of the TA.

4.3.1 Tapered amplifier (TA)

Structure of a tapered amplifier chip

A tapered amplifier is laser diode with a gain region and electrically pumped tapered
contact. The input beam grows as it propagates from the small rear facet to the large
front facet. Both facets are anti-reflection coated of less than 0.01%. The length of the
tapered region is typically 2 mm. The typical width of the output aperture at front side
is 200 µm (for our TA is 256 µm), while it’s only 5-10 µm for the input aperture width.
The full angle of the taper is usually about 6◦ [44]. The advantage of such structure is
to make a divergent beam and consequently achieve stability to avoid non-linear optical
effects such as filamentation or self focusing of the beam. The epitaxial layer structure
of the TA is designed as following (Fig 4.24):
1- on the top is a tapered contact layer, which is electrically pumped.
2- in the middle is the active layer (InGaAs), which is optically pumped. It forms a
quantum-well region and surrounded by waveguide layers, whose refractive index higher
than the clad layers.
3- on the bottom is the substrate.
Cavity spoiling grooves are etched through the gain region to diffract unwanted modes
away from the tapered gain region [44].
Now consider an input Gaussian beam focused onto the small input aperture of a TA
propagating through the active area. The optical gain increases slowly in the edge before
saturation, whereas the gain in the center of the beam increases faster because of the
high intensity. At the end the output beam will have nearly homogeneous distribution,
so that the beam profile is top-hat and not Gaussian anymore.

Amplified spontaneous emission (ASE)

A TA can also work without optical injection by amplified spontaneous emission (ASE)
having a very broad spectrum as illustrated in Fig.4.25 (the blue line). The total output
power of a seeded TA contains two fractions. One fraction is ASE and the other is
amplified seed signal. The spectrum in this case is represented by the red line in Fig.4.25.
The contribution of ASE to the total output power can be reduced by increasing the seed
power. However, the TA can be satureted at high seed power [18]. The ASE suppression
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Figure 4.24: Schematic of a tapered amplifier chip. The tapered contact (gray), cladding
layer (blue), waveguide (orange), active area (red) and the substrate (yellow). The di-
mensions belong to our TA chip except the width of the input facet, which is not stated
in the data sheet.

of our TA is > 40 dB [10]. the ASE emitted from the rear input can be used for alignment
when coupling the seed beam into the TA-chip [21].

4.3.2 Design and construction of the TA system

We use a TA chip in C-mount packaging. The maximum output power is 2 W and the
central wavelength is 765 nm. The chip is mounted on a copper holder and a thermo-
electric cooler (TEC) is used to regulate the TA temperature. The heat sink is made of
Aluminium. A plexiglas housing is used for protecting the TA-chip against dust, which
can be burned onto the facets of the chip [21]. The design of the TA system is illustrated
in Fig.4.26.
An aspherical lens with focal length f=4.51 is used to focus the seed beam onto the small
input facet of the TA chip. The output beam of the TA is asymmetric, astigmatic and
strongly divergent, that’s why we use a combination of two lenses to collimate the beam
in two orthogonal direction. An aspherical lens with focal length f=4.51 collimates the
output beam in the vertical direction and a plano-convex cylindrical lens (f=50) colli-
mates the TA-beam in the horizontal direction as shown in Fig4.27. XYZ translation
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Figure 4.25: Intensity distribution of our TA output versus wavelength in two cases:
without optical injection when only amplified spontaneous emission contributes (blue
spectrum) and with optical injection (red spectrum). High peak intensity at that wave-
length of the seed laser (765 nm) appeares and ASE is suppressed [10].

stage has been used to adjust the focusing and the collimating aspherical lenses before
being glued and fixed. It has to be mentioned that the distance between the aspheric
lens and the cylindrical lens is critical for collimation. We have found the best position
of the cylindrical lens to be 70mm away from the aspheric lens.

4.3.3 Current and temperature control

A current driver module LDC8080 from Thorlabs with maximum current of 8A is used to
supply the TA chip with electrical power via protection circuit. Note that the wire flag of
the TA package has to be cathode and the base plate has to be connected to the anode.
One should be careful not to exceed 2A if the TA is not optically injected and 4.5A when
the TA is seeded. The TA temperature is monitored by a thermistor sensor (NTC 10k).
A thermoelectric cooler (Peltier element) is then used to stabilize the temperature of the
TA to a setpoint, which can be set manually on a temperature controller (see Fig.4.28).
The recommended temperature from the provider is 20◦C.

4.3.4 TA-output power dependence

The optical power of the TA depends on three tunable parameters PTA = f(I, Pseed, Pol.)
where: I the operation current, Pseed the seed power and Pol. is the seed polarization.
Fig.4.29 shows the output power as a function of the seed polarization for different angle
of polarization at constant current and seed power of 2A and 30mW, respectively. The
zero degree corresponds to TM polarization and hence maximum output power. It is
remarkable to note from Fig.4.31 that increasing the seed power upto 30mW leads to
an increase in the optical power of the TA. Above a seed power of 30mW the TA is
saturated and the power can’t increase furthermore. Note that the TA can work several
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Figure 4.26: Sketch of the TA system assembly

hours without optical injection at Max.current 2A. On the other hand, seeding the TA
without electrical power might leads to damage in the TA-chip, because the TA acts in
this case like a photo-diode and builds up charges on its leads that can electrocute it
[21]. The TA output can be also increased roughly by increasing the operation current
as illustrated in Fig.4.30. Be careful not to exceed 4.5A!. All measurements plotted in
Fig.4.29,4.30 and 4.31 were taken directly before the optical isolator.

4.3.5 Coupling the TA-beam into a single-mode optical fiber

The TA output beam is coupled into a single-mode optical fiber to improve its beam
quality, where the single mode fiber acts as a spatial mode filter. It should be noted that
the coupling efficiency is not constanst when changing the TA current, because the beam-
profile changes when the output power changes and as a result the coupling efficiency will
change. The reason for that is because changing the TA current leads to change in the
index of refraction of the gain medium, which changes the astigmatism of the beam [21].
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Figure 4.27: Optical path of coupling the seed laser into the TA and collimating the TA
output. A half waveplate is used to tun the seed light polarization and consequently
tuning the TA output power. The optical isolator is important to prevent any back
reflection, which can cases damaging of the TA chip. The measured transmission through
the optical isolater is about 75% at 770nm.

That’s why the coupling efficiency was optimized at high output power, at which the TA
will operate later during the experiment. The mode profile corresponded to the highest
coupling efficiency were recorded by a beam imaging camera (BladeCam-HR) before and
after fiber coupling at high output power and hence high current ITA=4A as shown in
Fig.4.32. It’s obvious that the TA beam quality is very poor and as was promised the
beam becomes nearly Gaussian after fiber coupling. Two adjustable mirrors have been
used to couple the light into the fiber, which provide two degrees of freedom and an
aspherical lens f=7.5 is used to focus the light into the fiber in cage system, where the
position of the lens is adjustable (see Table4.1). The focal length is calculated from the
formula: f = πdD

4λ
where d is the beam diameter, D is the mode field diameter and λ is

the wavelength. In our case D = 4.5µm, d ≈ 1.685mm and λ = 770nm.
A coupling efficiency of 50% has been achieved at current 4A and we got an optical power
of 600 mW after the single-mode fiber.
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Figure 4.28: the principle working of the PID-temprature regulator of the TA, adapted
from [29]

Part model
Z-Axis Translation Mount, 30 mm Cage Compatible Thorlabs

SM1Z
Aspheric Lens f=7.50 mm Thorlabs

A375TM-B
Fiber Adapter Plate Thorlabs

SM1FCA
30 mm Cage Plate for the aspheric lens Thorlabs

CP1TM09/M

Table 4.1: Components of the fiber coupler
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Figure 4.29: TA output power versus the polarization angle of the seed beam at fixed
TA current and seed power. Maximum TA optical power for transverse magnetic (TM)
polarized seed laser beam. By rotating the seed polarization 50◦ the power can be
decreased to 22.5% of it’s maximum value.

Figure 4.30: TA output power as a function of the driving current at constant optical
injection power and polarization. Above 1.5A the TA power increases linearly with
increasing the current. The Maximum TA output power is 2.27(11)W at maximum
current 4.5A, maximum seed power 30mW and TM polarization.
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Figure 4.31: Dependence of TA output power on the seed power at fixed operation current
and seed polarization.

(a) (b)

Figure 4.32: The TA beam profile before and after fiber coupling: (a) poor beam quality
at a distance 62cm from the output facet, the major and minor diameter are 2.04mm
and 1.33mm, respectively. (b) nearly Gaussian mode after fibre coupling (mean diameter
1.07mm with a collimating lens f=11mm)
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4.4. GENERATING THE COOLING AND REPUMPING FREQUENCIES

4.4 Generating the cooling and repumping frequen-

cies

The laser frequency is locked to the crossover frequency ωc2, which has to be shifted down
to generate the cooling frequency ωC and up to generate the repumping frequency ωR
with blue detuning δC = δR from the atomic resonances F = 2→ F ′ = 2 for the cooling
beam and F = 1→ F ′ = 2 for the repumping beam.

ωC = ωc2 −
461.7

2
+ δC︸ ︷︷ ︸

2ΩC

(4.27)

ωR = ωc2 +
461.7

2
+ δR︸ ︷︷ ︸

2ΩR

(4.28)

where 2Ωc and 2ΩR are the required shifts to produce the cooling and repumping frequen-
cies, respectively. These frequency shifts can be obtained by means of two acousto-optic
modulators (AOMs) in double pass configuration.
This section introduce our double-pass acousto-optic modulator system. First we start
with the principle working of the AOM. We move then to describe how to control the
AOM RF-signal. Next we present the experimental setup of the system and its character-
istic features. Finally, fiber couplings of the cooling and repumping beams are performed
and the corresponding coupling efficiencies are reported.

4.4.1 Acousto-optic modulator (AOM)

A propagated sound wave inside an optical medium can modulate its refractive index
creating gradient in the index of refraction and consequently changing the optical effect
of the medium on light passing through it. This acousto-optic effect can be seen clas-
sically as a Bragg scattering (Bragg reflection) of light by set of successive wavefronts
spaced by the acoustic wavelength Λ, as illustrated in Fig.4.33 .The sound wave acts like
a diffraction grating and constructive interference occurs only when the Bragg condition
is satisfied:

2Λ sin θ = mλ (4.29)

where λ the wavelength of light in the medium λ = λ0/n, λ0 the wavelength of light in
vacuum, n the refractive index, and m integer number (order of diffraction).
This Light-sound interaction can be treated in quantum physics as photon-phonon inter-
action. It is a scattering process, where photons scattered by phonons. Let’s consider an
incident photon in an optical wave of wavevector k1 and angular frequency ω1 interacts
with phonon of wavevector q and angular frequency Ω. This interaction generates a new
photon in a diffracted beam of wavevector k2 and angular frequency ω2. Energy and
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momentum are conserved in the process, meaning:

h̄ω2 = h̄ω1 ± h̄Ω (4.30)

h̄k2 = h̄k1 ± h̄q (4.31)

the first equation represents a Doppler shifting:

ω2 = ω1 ± Ω (4.32)

and the second equation can be written as:

k2 = k1 ± q (4.33)

which is equivalent to the Bragg condition 2Λ sin θ = λ
The sign plus and minus indicates whether the generated photon upshifted or down-
shifted in frequency, respectively. Upshifted Bragg scattering requires absorbing phonon,
while downshifted Bragg scattering requires generating phonon.

Figure 4.33: Acousto-optic effect. An incident light wave with a wavelength λ and
angular frequency ω1 is upshiffted and diffracted from a sound wave, its wavelength is Λ
with angular frequency Ω. The angular frequency of the diffracted light is ω2 = ω1 + Ω.
Bragg condition is fulfilled when θ = λ

2Λ
. The Vector relation diagram of the momentum

conservation k2 = k1 + q is illustrated to the right. [33]

Our AOM is designed for a RF signal with frequency fc = 110MHz and bandwidth
of 50 MHz. The crystal made of TeO2 and the incidence Bragg angle is 10 mrad at the
center frequency modulation for propagating light with wavelength 770 nm.

4.4.2 RF signal control

RF driver is used to supply the AOM by RF-signal. The driver consists of a Voltage
Controlled Oscillator (VCO) and Voltage Variable Attenuator (VVA). The VCO gen-
erates a sinusoidal wave, whose frequency can be tuned linearly by tuning the applied

49



4.4. GENERATING THE COOLING AND REPUMPING FREQUENCIES

voltage. Our VCO has a typical sensitivity 7-10 MHz/V [27]. The function of the VVA
is to attenuate the output power of the VCO signal. The level of attention can be con-
trolled by varying the applied voltage. The output power of the signal provided by the
RF-driver (Pmax=5.6 dBm) is not enough to drive the AOM, therefore a separated high
power amplifier is used. Our amplifier has a minimum output power of +33 dBm [26].
One should be careful not to exceed the maximum accepted RF power by the AOM,
which is according to the AOM-datasheet 2.2 W=33.4 dBm. The amplifier is connected
to the RF-driver by SMA cable. The cable has to be as short as possible to reduce
any loss of the signal or generating of noise [24]. The safety sequence for connecting is
as following: 1-connect the amplifier to the AOM via SMA cable. 2-apply DC voltage
on the amplifier(24 V). 3-connect the RF-driver to a voltage source (±30 V). And for
disconnecting from 3 to 1.
It should be noted that the amplitude and the frequency of the RF signal can be ad-
justed not only manually from the AOM driver but also digitally using LabVIEW based
graphical user interface.

4.4.3 Double-pass acousto-optic modulator system

The diffraction angle of the beam depends on the modulation frequency Ω of the AOM.
It’s desired therefore to use the AOM in a double pass arrangement to prevent this
dependency when tuning the AOM-frequency [11]. Otherwise, The alignment has to be
fixed each time to maintain the coupling efficiency when the laser beam is coupled into
a fibre.
In the first pass the zero order is blocked, while the first order is focused by a lens onto a
mirror in cat’s eye configuration (see Fig.4.34). The laser beam is then retroreflected to
the AOM after being collimated by the lens. In the second pass the first order is deflected
and the zero order has to be blocked. The total frequency shift after the second pass
is twice the modulation frequency. Using a quarter wave plate and polarization beam
splitter (PBS) one can separate the double pass laser beam from the original beam. A
sketch of our double-pass acousto-optic modulator system is illustrated in Fig.4.35.

Figure 4.34: A cat’s eye retroreflector is placed at the focal point of plano convex lens.
The reflected laser beam has the same radius after being collimated by the lens. The
distance between the lens and the AOM is also equal to the focal length.
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Figure 4.35: Double-pass acousto-optic modulator system for generating the cooling and
repumping beams with a description of the optical and electronic components used in
the construction.

4.4.4 Performance of the system

The characteristic parameters of the system can be defined as following [24]:
Diffraction efficiency =P3/P2

Single pass efficiency =P3/P1

Double pass efficiency =P4/P1

Transmission =P2/P1

where P1 the optical power of the beam before passing the AOM. P2 the optical power of
the zero order beam when the AOM is switched off, P3 the optical power of the first order
beam after the first pass and P4 is the optical power of the douple-pass beam as shown
in Fig.4.35. In the Tab.4.2 stand those for generating cooling and repumping beams with
positive detuning δC = δR = 3.5Γ.
It should be noted that the diffraction efficiency depends on the RF signal power and the
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Cooling beam Repumping beam
Diffraction efficiency 75.3% 85.6%
Single pass efficiency 73% 83%
Double pass efficiency 56% 65%
Transmission 97% 97%

Table 4.2: the characteristic properties of the double-pass acousto-optic modulator sys-
tem for generating cooling and repumping beams with blue detuning δC = δR = 3.5Γ =
2π × 21MHz.

Cooling beam Repumping beam
Coupling efficiency 84% 75%

Table 4.3: Coupling efficiency of the cooling and repumping beams into a single mode
fiber

angle of incidence. Thus, the diffraction efficiency can be optimized by alignment and
by increasing the RF-power. However, increasing the RF power more than an optimum
value leads to decreasing in the efficiency.

4.4.5 Coupling the cooling- and repumping beams into a fiber

After the double pass we couple the cooling and repumping beams each into a single
mode fiber with focusing lens f=11mm. The measured coupling efficiencies are reported
in Tab4.3. 1

At this point we have finished building the D1-laser system and we come to the conclusion
in the next chapter.

1The total outcome optical power of the system after fiber coupling at 4A operation current of the
TA is about 287mW, which is higher than the required optical power for gray molasses cooling.
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Chapter 5

Conclusion

In this thesis, we have presented the experimental setup of a laser system for sub-Doppler
cooling on the D1 transition of 39K atoms. As shown in Fig.5.1 we have used a low power
laser diode in external cavity and interference filter as a wavelength selection element at
770nm. The laser frequency has been successfully stabilized in the short- (laser linewidth
in KHz range) and long term (no frequency drift over 12 hours) to one of the atomic
features of the D1 line using frequency modulation (FM) technique. The optical output
power has been amplified from the mW to W range by means of tapered amplifier (TA).
For optimizing the quality of the TA beam profile, the TA output beam has been coupled
into a single mode fiber with 50% coupling efficiency at high optical power (ITA = 4A).
Finally we shift the frequency by two acousto-optic modulatores (AOMs) in double pass
configuration to introduce the required cooling- and repumping beams and we coupled
each into a single mode fiber.
It remains important for future work to build and implement a laser system for cooling
sodium atoms on the D1 transition, so we can renounce the evaporative cooling of Sodium
atoms in the main chamber of our current experiment.
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Figure 5.1: Illustration of the 39K D1 laser system including all optical and electronic
components and devices.
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[34] G. Salomon, L. Fouché, P. Wang, A. Aspect, P. Bouyer, and T. Bourdel. Gray-
molasses cooling of 39k to a high phase-space density. EPL (Europhysics Letters),
104(6):63002, 2014.

[35] M. Scholl et al. Interference filter stabilized external cavity diode laser. Ultra Cold
Atoms Lab, Department of Physics, University of Toronto, Canada, 2010.

[36] T. A. Schulze. Quantum degenerate mixtures of 23Na-39K and coherent transfer
paths in NaK molecules. PhD thesis, Hannover: Institutionelles Repositorium der
Leibniz Universität Hannover, 2018.
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