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Abstract

In this Bachelor thesis we report on the construction of an interference-filter-stabilized ex-
ternal cavity diode laser at a wavelength of 689 nm for use in experiments with ultracold
strontium atoms. This work contains a step-by-step explanation of the laser construction,
including advice for installing each laser component. Furthermore, we describe control
systems and wavelength selection mechanisms that enable stable single-mode operation
of the laser. Optimization of the laser output power, its wavelength tuning and a determi-
nation of its linewidth are discussed. We also make suggestions for possible improvements
in future iterations of the design.
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Chapter 1

Introduction

The physical principle of light amplification by stimulated emission was predicted by Al-
bert Einstein in 1916. In 1960 the first laser was constructed by C. H. Townes, N. G.
Basov and A. M. Prokhorov [1, 2]. Now lasers are used in an enormous variety of devices
operating in different research applications, both in physics and other sciences.

One of these research applications is laser cooling and trapping of neutral atoms [3].
Lasers used for this purpose have stringent requirements: they should be spectrally nar-
row compared to the width of the transition on which the atoms are cooled, have good
thermal and mechanical stability, and be immune to acoustic noise as much as possible.

In this Bachelor thesis we describe the design, construction and characterization of a
linear interference-filter-stabilized external cavity diode laser (ECDL) [4-6], with emis-
sion at 689 nm. The laser is intended to be used as part of an ultracold atom experiment
based on strontium atoms. Therefore this particular wavelength was chosen so as to
be able to address the 'Sy—3P; transition in strontium [7]. The new interference-filter-
stabilized ECDL would potentially replace the strontium lab’s only 689 nm laser with
Littrow configuration. I was tasked with construction and characterization of this laser.
This Bachelor’s thesis reports on its setup and investigations of its properties.

We give a brief overview of the thesis. The second Chapter begins with an explanation
of laser physics and particularly focuses on semiconductor laser devices. This theoretical
background explains the basic working principles of a semiconductor laser.

In the third Chapter we describe the mechanical construction of the laser and the op-
tical alignment procedure required to enable single-mode operation. We explain step by
step how the interference-filter-stabilized laser should be built, consider problems en-
countered with the setup, and propose possible solutions.

In the further Chapter we explore the optical elements needed for the optical setup.
The schematic of self-designed optical setup is also presented.

The properties of the laser are described in the final Chapter. The laser provides output
power of up to 40 mW at a maximum current of 140 mA. Additionally, we investigate how
the operating temperature influences the spectral properties of the laser and the thresh-
old current condition. The key to wavelength tuning of the laser is the aforementioned
interference-filter. Therefore, we experimentally investigate its band-pass shape and the
wavelength tunability range at various temperatures. Moreover, we describe the differ-
ent tuning mechanisms of the laser, which allow us to achieve single mode operation at
arbitrary wavelength within the tuning range. The full width at half maximum was also
determined using an optical heterodyne method beat signal measurement.
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Chapter 2

Fundamental Processes in a Laser

In the first Chapter, we describe the fundamental laws of laser action. We begin with
the introduction of three processes in which energy conversion can occur. Then, we look
at some properties of semiconductor diode lasers. Finally, the threshold condition is dis-
cussed.

2.1 Light-Matter Interaction

This Section begins with a short review of light-matter interaction processes. Let us con-
sider a medium consisting of two-level quantum systems with a ground state with energy
E1, and an excited state with energy FE,. We take the number of atoms in the ground
state to be N7 and the number of atoms in the excited state to be N,. The population
ratio in the two states is given by the Boltzmann distribution [7]:

Ny g2 Ey — Ey
Ny glexp< kpT ) ’ @D
where g; and g, represent the degeneracy (the number of states with the same energy)
of the ground and excited states, respectively, and kp is the Boltzmann constant.
There are three processes relevant for understanding the operating principle of a laser:
absorption, spontaneous emission and stimulated emission [8]. In the following we de-
scribe these processes in detail using Einstein’s model (Fig. 2.1):

1. When resonant radiation is incident on the medium, an atom can be transferred
from the ground to the excited state. This type of transition is called absorption
and its rate is given by

dNy
<dt> = —B1aN1p(v), (2.2)
ab

where By is called Einstein’s absorption coefficient, and p(v) is the energy density

which describes the amount of continuously emitted energy by atoms at tempera-

ture 7" and is given by Planck’s law [7]:

_ 8whi? 1

p(v) = B ohv/ksT _ 1 (2.3)

2. Spontaneous emission occurs, when an atom jumps down from the excited state to
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Fig. 2.1 Light-matter interaction processes in a two-level system: 1 - absorption, 2 - spontaneous
emission, 3 - stimulated emission.

the ground state while emitting a photon of energy F, — F;. The rate of decrease
of the exited state population can be written as

dN-
(dQ) = — Ay Ny, (2.4)
t sp

where A, is Einstein’s coefficient describing the rate of spontaneous emission.

3. In the case of stimulated emission, atoms in the excited state are stimulated to make
a transition to the ground state by an incident photon. This process leads to the
emission of a second photon. The rate of this process is described by

dN-
<d752>st = —Bo1 Nap(v), (2.5)

where Bo; is the Einstein’s coefficient describing the rate of stimulated emission.

The sum of atom numbers in both states must be constant, which leads to

ani __an,
dt — dt’
and
Az Ny = (B12N1 — Ba1N2) p(v). (2.6)

Applying Eq.(1.1-1.6) one can derive Einstein’s relations

A21 . 871'hl/3
321 o 03

g1B12 = g2B2;. (2.8)

) 2.7)
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2.2 Light Amplification

Let us consider now a light wave passing through an active medium. According to
Eq.(2.2 - 2.5) this process causes stimulated emission and absorption in the active medium.
If the rate of stimulated emission exceeds the rate of absorption, the wave will grow in
irradiance (power per unit area). In a small path element dz, the change in irradiance is
proportional to the difference between the rate of stimulated emission and absorption

dI(z) = [BaiNop(v)Eppg(v) — o] I(2)dz, (2.9)

were the spectral function g(v) describes the frequency spectrum of the spontaneously
emitted radiation, and « is an absorption coefficient. The irradiance can also be presented
as a product of the energy density and the speed of light I = p(v)c [8, 9]. From Eq.(2.6 -
2.8) we can rewrite this expression as

dl g2 A2162
— = |(Na — =N I —a| I 2.1
T = | = BN T I()0) ~ o 1), (2.10)
and integrate over z to find
I = IyeV® =)z (2.11)

where «(v) is the gain coefficient. If v(v) is positive and larger then «, the irradiance
grows exponentially with distance z.

2.3 Semiconductor Lasers

In this Section we give an overview of semiconductor lasers. First, we discuss the meaning
of valence and conduction bands for semiconductor devices. Then we move on to the con-
cept of a p-n junction. Finally, we describe the radiation mechanism of a semiconductor
laser diode and discuss its basic properties.

2.3.1 Semiconductors

Electrons occupy quantized energy states [7]. For instance, in an atom with atomic num-
ber Z, electrons occupy the Z lowest energy states. Let us consider N atoms that form a
solid. According to the Pauli principle, electrons with the same quantum numbers cannot
occupy the same spin state. Due to the interaction between the atoms, bands are formed
each containing 2N (the factor two because of the electron spin) energy states. At abso-
lute zero temperature the last fully filled band is called the valence band. The conduction
band is the first empty band in semiconductors. These bands are separated by an energy
gap. The required energy to add an electron at absolute zero temperature is given by
the Fermi energy F/;. For semiconductors E is located in the band gap. Therefore, the
added electron appears in the conduction band. With an increase in temperature, the
electrons can overcome £, because of thermal excitations [10].
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Electron energy

-
>

Position

Fig. 2.2 A schematic of a forward-biased p-n junction. The horizontal axis represents the position,
and the vertical axis the electron energy. The energy difference between the Fermi ener-
gies is given by eV, where V is the voltage due to the electrical field, and e is the electron
charge.

The concentration of electrons and holes and the position of the Fermi energy can be
changed by doping the material with electron donors (n-type) or electron acceptors (p-
type). To understand the behavior of semiconductor devices, we begin by looking at the
energy band diagrams of n- and p-type semiconductors. In n-type semiconductors the
Fermi level is closer to the conduction band and in the p-type it is closer to the valence
band. For further information about semiconductor devices Ref. [10] is recommended.

p-n junction Let us consider now what would happen when an n-doped and a p-doped
region are put into a contact. Electrons from the n-region will diffuse into the p-region,
where recombination with the abundant holes can take place. Similarly, holes from the
p-region will diffuse into the n-region to recombine with the abundant electrons. The
accumulated charge on both sides generates an electric field across the contact area. In
this way, the Fermi levels line up and an energy barrier is produced. Applying a positive
voltage to the p-region causes a misalignment of the Fermi levels in the p- and n-regions.
The potential difference between the Fermi levels will increase. The injection of elec-
trons into the conduction band and holes into the valence band by applying in external
electric field will make the depletion region more narrow. This process generates spon-
taneous emission of photons by the electron-hole recombination mechanism, as sketched
in Fig. 2.2.

2.3.2 Semiconductor Laser Diode

The laser diode is a semiconductor device a few hundreds of ym long and a few tens
of um thick (see Fig. 2.3). The function of a semiconductor laser diode is based on a
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Fig. 2.3 A schematic of a semiconductor laser diode in a form of a forward-biased p-n junction. The
active layer width is d, L is the cavity length,w is the laser diode width, and F represents a
polarization.

forward-biased p-n junction constructed from a direct-bandgap semiconductor material
(Fig. 2.3). In this case the positive terminal of the power supply is connected to the p-
type side of the semiconductor laser diode and the negative one to the n-type. When a
voltage is applied to the laser diode, the rate of electron-hole recombination processes
increases. This process leads to an increase of the rate of stimulated emission. The light
is generated by stimulated emission in a thin layer called the active region, where the
electron-hole recombination takes place. The active region also has optical losses such as
mirror losses or free-carrier absorption.

In the following Section we discuss some basic properties of semiconductor Fabry-Pérot
diode lasers such as optical gain, threshold condition, and beam polarization.

2.3.3 Resonator

To understand the physics behind light propagation in a laser diode cavity, we take as our
model Maxwell’s concept of light as an electromagnetic wave. According to this model
an oscillating electric field and an oscillating magnetic field are oriented perpendicular
to each other having the same frequency. The orientation of the electric field vector E
in the plane perpendicular to the direction of the propagation describes the polarization.
If all the photons have the same polarization the wave is called linearly polarized. The
linearly polarized light propagating along the z axis with amplitude E, wavenumber &,
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gain medium

Y

L

Fig. 2.4 The propagation of a plane wave between two mirrors in the gain medium. The length L
describes the distance between mirrors.

frequency w, and phase ¢ can be described as [8, 9]:
EZ — Eoe(wtfikz%»(;ﬁ)

In most lasers the active medium in which laser action happens is inside an optical
resonator. Let us consider a plane wave propagating in a semiconductor laser cavity of
length L (Fig. 2.4) consisting of two mirrors with transmission coefficients t;, ¢5 and
reflection coefficients r1,rs, respectively. The field just after the left mirror is given by
t1 Ey. Traveling through the cavity, its phase grows until the second mirror is reached.
A part of rot; Ege~ L will be reflected back into the cavity and a part tot; Ege ™" will
be transmitted. The following process repeats and the final transmitted electrical field is
given by a superposition

FE; = tgtlEoe_ikL + 7“17'2L‘1E0€_3ikL + (7‘1’/“2)2t2t1E06_5ikL + ..., (2.12)
and can be calculated as a geometric series

tltgefikL Eo(l — R2)
E,=F = _ 2.13
t O pirge—2kL T 1 _ R2¢—i5’ ( )

where R? = 779, t1t; = 1 — R? and 6 = 2kL is the accumulated round-trip phase shift.
The final transmission can be calculated as

B\’ 1 - R)? 1
T:<t> = Sl ) = ——, (2.14)
Eo (1-R)2+4Rsin*§ 1+ Fsin®§

where F' is the finesse defined as

4R

The transmission maxima correspond to different oscillation modes, whose wavelength
is given by
2nL
A = —=, (2.16)

m
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where n is the refractive index of the cavity medium, and m is the mode number.

Threshold condition Spontaneous emitted light propagating to the reflection mirror is
amplified by stimulated emission in the gain medium. When the carrier density in the
active layer of a laser diode is high enough to allow population inversion v(v) > «,
stimulated emission becomes dominant over losses. This injection current value is known
as the threshold current. By the threshold condition, the gain must be higher than the
total round-trip loss. Mathematically, this requirement can be written as

R2e 2kl — 1, (2.17)

The wavenumber £ of a plane wave can be generally written as k = 5+ i(y — «), where
is the propagation coefficient, v is the gain of medium per unit length, which is provided
by stimulated emissions, and « is the absorption coefficient [11]. Applying this form of
k to the previous equation, one can rewrite it to

R2e20—a)Lo=2iBL _ (2.18)

We define the confinement factor"'asT' =1 — g Then, the threshold condition is given
by
In(R
I'y=a-— n(L ) (2.19)

Laser diodes provide modes that are polarized parallel to junction (TE) and perpendicular
to the junction (TM) (see Fig. 2.3). TE modes are strongly guided and have lower internal
losses. A semiconductor laser diode usually have has TE polarization ratios of at least
100:1 in the case when the current is well above threshold [12].
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Chapter 3

Laser Construction

In the previous Chapter, we discussed the basic properties of single-mode semiconductor
lasers. The typical external cavity diode laser (ECDL) designs such as the Littrow and
Littman-Metcalf configurations use diffraction gratings for wavelength tuning [13, 14].
In this Chapter, we are going to discuss an alternative ECDL, which operates with a
narrow band-pass filter as the wavelength-selective part [4-6]. We begin with an in-
troduction of the cavity design. Then, we move on to review the optics setup, electronic
elements, and the mechanical construction of the interference-filter-stabilized ECDL. Fur-
thermore, we consider problems encountered with the setup and propose possible solu-
tions. Finally, we describe the optical alignment procedure for single-mode operation.

3.1 Design Overview

The basic setup of the external cavity diode laser is illustrated in Fig. 3.1. The light
emitted by a laser diode (LD) with an antireflection-coated output facet is collimated by
an aspheric lens in the collimator (CL). A partially reflecting mirror (output coupler OC
with transmission of 0.70 and reflection of 0.3) provides the feedback into the diode. A
high stability of the optical feedback is achieved by placing an aspheric lens with focal
length f = 18.40 mm and numerical aperture NA = 0.15 (a small rotation of the mirror
will not cause the misalignment) in front of the output coupler (OC) at the focal length
distance. The position of the OC can be tuned by a piezo-electric transducer (PZT) for
the purpose of cavity length variation. A narrow-band high-transmission interference

0OC
LD cL IF L1 PZT L2

Fig. 3.1 External cavity diode laser design. LD - laser diode, CL - collimator, IF - interference filter,
L1 - aspheric lens, PZT - piezo-electric transducer, OC - output coupler, L2 - output colli-
mation lens.
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filter (IF) is located between the LD and OC and provides wavelength tuning. A second
lens (f = 18.40 mm, NA = 0.15) should collimate the output beam. In contrast to the
Littrow laser design, reflection and wavelength tuning in our case are performed by two
different elements (OC and IF) [15]. The laser diode, collimation tube and cavity optics
are placed in an aluminum housing to isolate them from the laboratory environment.

3.2 Interference Filter

The key to the wavelength tuning of the cavity is an intra-cavity interference filter. Its
wavelength selectivity is based on multiple reflections between two highly reflective facets
within its dielectric coatings and behaves as a thin Fabry-Pérot étalon. A filter of this kind
may be constructed by depositing two reflective coatings with a thin glass plate between
them [16, 12]. To understand what happens when we tilt the filter, let us consider the
characteristics of the Fabry-Pérot interferometer. As we discussed in Chapter 2, its trans-
mittance is given by the equation:

1

= (3.1
1+ Fsin? %

where F' is the finesse and 6 = 27”nd cos (3 is the phase shift of the interferometer with
the refractive index n, the thickness d and the angle of incidence 3. Due to the angle of
incidence, the optical length increases with a factor cos 5 (see Fig. 5.4). The interference
filter has periodic transmission peaks at wavelengths given by

_ 2ndcos 8
N m

A = Mg cosf, (3.2)

where )\ is the wavelength causing maximum transmission at a normal angle of incidence
and m is an integer. Using Snell’s law, we can rewrite the transmitted wavelength of the

filter as (see Fig. 5.4):
2
A=Xoy/1—sin?f = M\gy/1 - 0 ¢ 3.3
0 S /8 0 n2 ( )

where « is the incidence angle outside of the filter. The wavelength tuning can be ac-
complished by tilting the filter with respect to the incident beam.

A derivation of these equations can be found in Ref. [17]. Further information about
optical properties of coatings for interference filters can be found in Refs. [18, 19].

3.3 Electrical Control Parts

The operation of a laser diode requires a highly stable current controller as well as an
active control of the laser diode temperature. Because of this, in addition to a well-
engineered mechanical design and optical alignment we need to provide an electronic
system to ensure precise tunability and stability of a laser system. To do this, we combine
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High reflective coatings

Fig. 3.2 Fabry-Pérot type interference filter with a sandwich design. The angle « is the incidence
angle, [ is a reflection angle in interferometer and n is the refractive index of glass.

two Peltier elements, a sensitive thermistor (Thorlabs TH10K) and an electronic control
system (Toptica SYS DC 110) with a temperature control module (DTC 110) and current
controller (DCC 110). To both protect the laser diode and to provide current modulation
ports, an additional protection board is integrated into the housing. The circuit is based
on Ref. [20] and its schematic is attached in Appendix A. We use a male 9-pin sub-D
connector cable for the temperature controller and a female sub-D connector cable for
the current controller. The board offers the following features:

1. A combination of four low-pass filters protects the laser diode from voltage spikes
in the power supply.

2. Schottky diodes protect the laser diode if the wrong input voltage polarity is ap-
plied.

3. Test points for a four-point measurement to determine the current running through
the laser diode. The foil resistor used here has a resistance of R = 0.1 2 and by
measuring the voltage U, the current can be calculated from

1_—i_—1 - .4

4. If a photodiode is integrated in the case of the laser diode, its signal can be amplified
and can be read out from an SMA connector. The photodiode amplifier requires an
external 15 V power supply.

3.3.1 Temperature Control System

In Fig. 3.3 we illustrate the three main components of the thermistor-controlled system,
which regulate the temperature of the cavity. A 10 k2 thermistor (Thorlabs TH10K)
provides the electrical feedback to the Peltier device via a temperature controller (Toptica
DTC 110). In the following Section we discuss how the thermistor can take and process
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bl
@ Unit to be cooled

Temperature signal |
DTC 1 1OT \\ __ Cooling plate
Cooler current I I I I

Peltier device

Fig. 3.3 Temperature control system consisting of Peltier device, TH10K thermistor, DTC 110 con-
troller, cooling plate and the unit to be cooled.

the information about the temperature and what is the physical effect behind the Peltier
device.

Thermistor Thermistors are thermally sensitive resistors and have, depending on the
type, a negative (NTC), or a positive (PTC) resistance/temperature coefficient. NTCs
offer mechanical, thermal and electrical stability, together with a high degree of sensi-
tivity [21]. The relationship between temperature and resistance is not linear. A good
approximation to explain the correlation between the temperature and the thermistor’s
resistance is provided by the Steinhart-Hart equation [21]:

% = A+ BIn(R/Ras0) + CIn*(R/Ras0) — DIn3(R/Rase), (3.5)
where T is the temperature, R is the measured thermistor resistance, Ros0¢ is the ther-
mistor resistance at the temperature 25°C, and A, B and C are constants. Further in-
formation about thermistors as thermometers and how the change in resistance can be
converted into a feedback signal can be found in Ref. [21].

An epoxy-coated 10 kQ thermistor with insulated leads is suitable for our purposes.
In the temperature range from 0 °C to 50 °C the TH10K can be modelled with the data
in Tab. 3.1 [22]:

Roso (kQ) AK™Y B(K™1) C(K™bH D(K™1)
10 3.354 x 1073 2562 x 107% 2.141 x 1076 7.241 x 10~8

Tab. 3.1 The data for thermistor (Thorlabs TH10K [22]): Ras5-¢ is the thermistor resistance at 25°C,
and A, B and C' are constants.

Peltier element The second part of the temperature control system is a Peltier device. Its
job is to heat or cool the cavity depending on the required temperature. We start with
the discussion of the Seebeck effect and then move on to the commercial Peltier device
and its application [23].

The Seebeck effect is a thermoelectric phenomenon that describes the generation of an
electrical voltage due to a temperature difference between the ends of a thermoelectric
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Fig. 3.4 Temperature versus resistance for TH10K.

Conductor A
T, T,

Conductor B

Fig. 3.5 Two conductors, A and B, in a temperature gradient 75 > T}. A net thermovoltage is mea-
sured with a voltmeter.

device. The Seebeck voltage depends on the material. For a small temperature difference
AT, the relationship between the voltage difference AV and the temperature difference
is approximately linear [24]

AV = SAT, (3.6)

where S is the Seebeck coefficient. When two conductors A and B, having different See-
beck coefficients, are connected at two ends at the local temperature 7; and the other two
ends are at the local temperature 75, the voltage difference between them can be mea-
sured (Fig. 3.5). This simple device is called a thermocouple. This effect occurs whenever
electrical current flows through two dissimilar conductors. Depending on the direction of
current flow, the system of two dissimilar conductors will either absorb or release heat.
When AT = T, — T3 is not equal to zero, each conductor produces a thermovoltage. The
magnitude of the measured voltage difference between the two conductors is

where Sap = Sa — Sp is the effective Seebeck coefficient of the conductor pair. Based
on known temperatures, one can also predict the voltage V4.
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Fig. 3.6 A series of alternating n- and p-type semiconductor elements.

A Hot Side
Electrical Insulator (Heat Rejected)

(Ceramic)

Conductor
(Copper)

n-Type & p-Type
Semiconductors

A Cold Side
A (Heat Absorbed)

Fig. 3.7 The design of a commercial Peltier device. Adopted from Ref. [26].

The Peltier effect is the reverse phenomenon of the Seebeck effect. The Peltier element
can be used to pump heat between two junctions, when a voltage is applied. Typically, a
single Peltier element is not sufficient for technical solutions because of its small output
power. To increase its output power, commercial Peltier devices consist of many n-type
and p-type semiconductor elements, which are individually connected in series using hot
and cold metallic junctions (Fig. 3.6). As a result of this, charge carriers flow freely in

both directions and provide a heat flow in the same direction [25].

A complete Peltier device looks like a sandwich with two ceramic plates and a series
of many p-n pairs (Fig. 3.7). As a consequence of this architecture, a large surface area
can be achieved. The amount of heat pumped from one surface to the other depends on

the applied current to the device.
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Fig. 3.8 Piezoelectric effect in a quartz crystal. The positively charged ions represent silicon and the
negatively charged ions represent oxygen. Adopted from [27].

3.3.2 Piezoelectrically Tunable Resonator

Since the resonance frequencies of a cavity depend on its length, they can be changed by
inserting a length-varying element like a piezoelectric actuator [27].

The phenomenon that the pressure applied to a piezoelectric material can produce an
electric potential was first detected in 1880 by Jacques and Pierre Curie [28]. In such a
material, the force along an atomic axis causes a charge balance change (Fig. 3.8). This
imbalance results in the formation of an electric dipole and an electric field. Contrary, if an
electric field is applied to a piezoelectric material, the crystal geometry will be deformed.
This inverse piezo electric effect is used in piezoelectric actuators, whose length can be
changed by applying a voltage.

For a physical description of the piezoelectric effect, a few basic relations have to be con-
sidered [27]. A dielectric material has the property that an applied electrical field F; can
produce a charge separation, which is explained by the polarization vector P; = x;;E;,
where x;; is the material’s susceptibility. The total surface charge density is given by the
dielectric displacement vector

D,=FE,+PF,= (1 + Xij)Ez' = quj (Z,j =1,2, 3) (3.8

Piezoelectric materials can be also polarized by applying mechanical pressure. Hook’s
law for linear elastic materials allows us to write the converse piezoelectric effect as

Sij = drij B, (3.9

where S;; is the strain tensor, and d;j;, is a third rank tensor containing the piezoelectric
coefficients.
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Fig. 3.9 Ring actuator length L changing with an applied voltage U.

There are many different piezoelectric materials which can be used for different ap-
plications. At the end of the 1940s, piezoelectric performance was discovered in lead
zirconate titanate (PZT). At room temperature, its unit cell shows a dipole moment and
has piezoelectric properties. Due to its high piezoelectric coefficient, PZT is the most used
piezoelectric material [29].

The described materials can be used to build a ring piezoelectric actuator that operates
according to the converse piezoelectric effect. The length change AL of a ring actuator
along the direction of the electric field (Fig. 3.9) depends on the applied voltage U and
the piezoelectric coefficient

AL=S,L=d,,E,Ly=d,,U, (3.10)

where d.. is the piezo-electric coefficient, U is the applied voltage, E, is the electric field
in the z-direction, S, is a strain in the z-direction, and L is the ring width.

3.4 Mechanical Design of an ECDL

In this Section we report on the mechanical design of our ECDL, which was developed at
MPQ (Max Planck Institute of Quantum Optics). The Figure 3.10 shows a 3-D schematic
of the ECDL from two points of view (without cover). To avoid any construction problems,
it is advised to complete the assembly of the ECDL step by step according to the following
instructions.

Sonication After arriving from the machine shop, the mechanical parts are usually dirty
and fatty with small particles sticking in the corners. Since the cavity will be located in a
vacuum, every part must be cleaned very well. We clean the parts using an ultrasonic bath
(Sonoswiss SW 90 H) with a frequency of 38 kHz [30]. In this bath the air bubbles grow
and collapse, which can remove organic compounds from the surface of the materials
and in this way clean them. The whole cleaning process can be completed according to
Ref. [4]:
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1. Put the parts in the bath and sonicate them at 40 °C for 5-10 minutes.

2. After the sonication, flush every surface with deionized water and then with acetone
and isopropanol.

3. To remove the chemical components, flush every part again with deionized water.
4. After cleaning, dry and store all the parts on a clean surface, e.g. aluminum foil.

5. To avoid thumb prints, after this, all parts should be touched only with gloves!

Construction In the next step make sure that all the parts are dry and ready to use.
We begin the assembly with cavity adjustment. In the following text all numbers refer
to Fig. 3.10. The collimator is screwed into the front side of the small aluminum housing
(4). The interference filter is mounted and sits on a 4 mm of length small cylindrical
pin, which provides a stable mount position and allows the rotation (5). In this way the
incidence angle of the beam can be easily changed by hand. To achieve a precise adjust-
ment use the screw on the mount top (5). The optical feedback elements are housed in
the different enclosures (1). The lens between them is placed in the circular hole (10).
To avoid friction when the lens rotates, use a viton O-ring on the lens and put a small
amount of vacuum grease (OKS 110) around it before inserting. Directly under the cavity
housing are two Peltier elements (13). To ensure optimal thermal conductivity, thermal
paste should be applied at each Peltier element interface. The Peltier elements, thermis-
tor and piezo are connected to the protection board (8). To plug and unplug the laser
without opening the housing, the backplate with vacuum feedthroughs is constructed
(12) (because of the design mistake the back plate requires a small hole drilling for piezo
connection!). To protect the laser from mechanical vibrations, the cavity housing is placed
in a vacuum chamber (2). The ECDL setup is isolated from the optical table by placing
it on a breadboard.

Assembling: out-coupler to piezo In our cavity design, the PZT ring must be glued by
TorrSeal to the output coupler mirror to manipulate the cavity length (see Fig. 3.11). In
the following Section we will describe how to do this on the best way. A good strategy for
this process is also presented in Ref. [31]. Firstly, place the output coupler mirror on a
few layers of optical paper and check that the partially reflecting side points up. Second,
make sure that the upper side is very clean. Then place the piezo on the mirror in the
correct orientation. To be sure that the glue can not expand to the inside of the piezo
ring, put only four small drops of glue in the corners. Finally, gently place a weight on the
top of the piezo to distribute the pressure uniformly on the actuator (but do not damage
the output coupler!). Just after finishing the gluing, it is a good idea to check by eye that
everything is parallel and in good condition.

Assembling: Thermistor Now we describe the assembly of this type of thermistor. For
best accuracy of temperature control, the thermistor has to be glued close to the unit to
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Fig. 3.10 A 3-D schematic of the mechanical design: (1) - cavity housing, (2) - vacuum chamber, (3)
- thermoplate, (4) - collimation tube, (5) - interference filter, (6) - piezo, (7) - out-coupler, (8)
- protection board, (9) - window, (10) - cat eye lens, (11) - collimation lens, (12) - backplate
with vacuum feedthroughs , (13) - two Peltier elements, (14) - thermistor.
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—TorrSeal

Fig. 3.11 The assembly of piezo to output coupler using TorrSeal glue.

be cooled. In our case, it is located in the housing of the laser. We use EPO-TEK H74
thermally conductive epoxy with a mixing ratio of 100:3 by weight. The hole for the
thermistor should be 6 mm in diameter (additional drilling may be required). After baking
in the oven for one hour at 150 °C the glue should turn a dark red (Fig. 3.12).

3.5 Collimator

In the first chapter we described the structure of a laser diode. External-cavity semicon-
ductor lasers are compact, easily pumped and have long lifetimes [15]. In our case we
use a tunable Fabry-Pérot laser diode (Eagleyard Photonics EYP-RWE-0690-00703-1000-
SOT02-0000) with parameters:

1. Cavity length Lp =1 mm.
. Reflectivity at front facet ry; = 37%.

. Refractive index for A\ = 689 nm at 20 °C - n = 4.52 [32, 33].

2
3
4. Recommended operating temperature range is from 15 °C to 20 °C.
5. At 20 °C the diode has a tuning range from 675 nm to 692 nm.

6

. The absolute maximum current is I,,,; = 140 mA.

Due to the small size of its active layer, this type of laser diode has a wideangle ra-
diation pattern. The emitted beam is divergent and requires associated optics, which
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Fig. 3.12 The assembly of the thermistor into the cavity housing.
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Fig. 3.13 Collimator from the back point of view.

provide efficient collection of the radiation [9]. This can be achieved with a collimator,
which converts the divergent beam from a laser diode into a collimated beam. We use
a collimator with an aspheric lens [34]. However, the beam profile is still elliptical as a
result of astigmatism. For our cavity architecture we decided to use the collimator type
(Schdfter+Kirchhoff 20C-A4.5-02), because it is compact and is simple to adjust.

In the following, we explain the collimator construction and adjustment procedure. It
is important that one while working with laser diodes connects the workplace, equipment
and oneself to Earth ground. Otherwise, the laser diode can be easily destroyed by static
electricity discharge. First, one should check that there are no metal chips inside the
collimator, which can generate short circuits. After inserting the laser diode into the
collimator, one should try to center it as good as possible. For further information about
mounting of a laser diode into this collimator refer to Ref. [34].

For the adjustment of the laser diode and collimation optics one should take into ac-
count the laser diode absolute maximum forward current of 140 mA. During the ad-
justment it is recommended to run the diode below its maximum condition. It is very
important that the diode is well centered. This is achieved by adjusting three screws on
the ring (see Fig. 3.13). To do precise adjustment it is advisable to remove the collimator
from the laser and do the adjustment directly on the optical table. Concerning the ellip-
tical beam shape of the laser diode emission, the semi-major axis of the ellipse should be
aligned parallel to the table, such that the beam can be shaped later using a prism pair.
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3.6 Aligning the Extended Cavity

Once the laser’s mechanical setup is constructed and all electrical parts are ready to use,
we can start with the alignment procedure. The Figure 3.14 shows a photo of the ECDL
from the top. The laser beam should be reflected from the output coupler directly back
into the semiconductor laser diode. Having successfully aligned and collimated the laser
diode, one can proceed with the process of placing the remaining optics in the laser
housing. The lens closest to the laser diode should be aligned first, since access to its
mounting position is restricted by the housing of the laser. After assembly of the optics,
the alignment of each component should be optimized. First, without the interference
filter, the first lens should be aligned such that the beam is focused on the output coupler.
To achieve lasing the laser diode and lens position must be perfect aligned. It is helpful to
use a mirror-plate to reflect the laser beam vertically out of the housing and then to focus
it in the far-field. Successive adjustment of the lens to maximize the cavity transmission
may already lead to lasing. Secondly, the orientation of the output coupler should be
optimized by changing its pitch and yaw via the adjustment screws on the mount. A
combination of these two steps should result in optical feedback and lasing. In this case
the laser diode starts lasing and the output power will increase dramatically. Finally, the
last lens (L2) should be adjusted such that the beam is collimated in the far-field.
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Fig. 3.14 The external cavity from the top view. LD - laser diode, CL - collimator, IF - interference
filter, L1 - aspheric lens, PZT - piezo-electric transducer, OC - output coupler, L2 - output
collimation lens.
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Chapter 4

Optical Setup

The previous Chapter dealt with the laser construction procedure. In the following Chap-
ter, we explore the optical setup outside of the laser cavity. As we discussed in Chapter
1, the output beam is elliptical and needs to be reshaped to match as closely as possible
a TEM(y Hermite-Gaussian mode. The laser source must also be protected from back-
reflections that can damage the laser diode or add noise. Furthermore, we want to check
the laser’s wavelength and simultaneously be able to measure the laser’s properties.

This Chapter begins with a discussion on beam shaping. Then, we give an overview of
optical devices, which are commonly used in similar optical setups. After this the self-built
optical setup will be presented.

4.1 Anamorphic Prism Pair

The output beam shape can be investigated by a CCD and the software RayC'i. The ob-
served beam profile in the far-field, approximately 3 m from the laser, is shown in Fig. 4.1.
According to a Gaussian fit provided by the software, the measured beam ellipticity is
e = § = 3.58 (see Fig. 4.1), where a and b represent the major and the minor axes of an
ellipse, respectively.

We begin with the analysis of two general approaches of shaping the elliptical diode
laser beam into a circular one. One way is to use cylindrical lenses, the other is to employ
an anamorphic prism pair [11]. The advantages of cylindrical lenses (in the form of a
telescope) over prisms are that the beam is not displaced from its original direction and
that two cylindrical lenses can be adjusted to correct an astigmatism. Unfortunately, for
large magnifications the telescope length becomes extremely long compared to that of a
prism pair system. Moreover, the prisms are relatively easy to align. The most common
prism configuration is the Brewster telescope as shown in Fig. 4.2. The magnification M
of the prism pair is calculated in Ref. [11] and is given by:

2
M = D_ (COSA> , 4.1)
cos B

where A is the angle of incidence and B is the angle of refraction.

A mounted prism pair (Thorlabs PS881-B-N-SF11) provides the magnification of M = 3.50
with a beam displacement of . = 6 mm and is the best choice for the beam shape in our
case [35]. This optical device should be mounted directly after the laser in such a way
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Fig. 4.1 Beam shape in the far-field taken by RayC'i. Here, a is the major axis and b is the minor

axis of an ellipse of the beam.

Fig. 4.2 Anamorphic prism pair configuration: n is the refractive index, A is the angle of incidence,
B is the angle of refraction, L is the beam displacement, D is the input beam diameter and

d is the output beam diameter.
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that the beam’s major axis will be reduced by a factor of 3.50 (see Fig. 4.2). In this way
the beam can be reshaped in the far-field to achieve an ellipticity of &’ = ¢/M = 1.02.

4.2 Optical Devices

In this Section we present the optical devices which compose the main part of our optical
setup. Then, we move on to the structure of optical devices such as a Faraday isolator, a
wave plate and polarizing beam splitter and discuss their applications.

Polarizer An electromagnetic wave can be made linearly polarized by using a polarizer.
A polarizer can be constructed from a parallel grid of thin wires with a thickness small
compared to the wavelength [8]. Due to the fact that only the electric field component
perpendicular to the wires can be transmitted, such a device acts as a polarizer. According
to Malus’s law [8], when the beam passes through a perfect polarizer its intensity will be
reduced by cos?(¢), where ¢ is the angle between the beam’s initial polarization direction
and the axis of the polarizer.

Isolator To avoid unwanted back-reflections into a laser source an optical isolator should
be used. Even a very low level of optical back-reflection is sufficient to cause instabili-
ties, power spikes or frequency shifts in single-frequency semiconductor lasers [9]. The
solution is a Faraday isolator, which is consists of a Faraday rotator, an input and an
output polarizer. To understand how the isolator should be aligned providing maximum
forward transmission and reverse isolation, we describe the physical effects behind its
function.

In 1845, Michael Faraday discovered that the polarization of light can be rotated in a
magnetic field applied to a magnetooptic material [9]. This effect, known as the Faraday
effect, occurs when a magnetic field is induced in the same direction as the path of the
light. Different indices of refraction for the left and right circularly polarized light means
that these rays propagate at different speeds through the medium. The Faraday rotator
is a key component of an optical isolator. The amount of rotation is given by:

0 = vBd, (4.2)

where B is the magnetic field, d is the length of the magnetooptic material and v is known
as the Verdet constant, which depends on the material and varies on a small wavelength
range as %, where ) is the wavelength [36].

The first polarizer is adjusted to correlate with the polarization of the laser beam (see
Fig. 4.4). The light traveling in Faraday rotator will become polarized at 45° in a clock-
wise direction, if the conditions for the Verdet constant are fulfilled. However, our laser
beam deviates from isolator’s central wavelength (see Fig. 4.3) and rotation is not an
ideal 45°. However, the isolator can be tuned maintaining full isolation and near-optimal
transmission. Therefore, rotation at 689 nm is at 45°(520)2 = 43°. The back reflected light
must be rotated after the propagation in the Faraday device in the backward direction to
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Fig. 4.3 Transmission and isolation profiles for IOT-5-670-VLP Faraday tandem isolator. The shaded
region in this plot indicates the tuning range specified for this isolator. Adopted from [36].
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Fig. 4.4 A schematic view of an isolator with input and output polarizer and Faraday rotator. The
figure above shows the forward light propagation and the figure below the backward light-
propagation.
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90° from the horizontal to ensure the full isolation. Because of this, the second polarizer
must be rotated to 90°—43° = 47°. In consonance with the Malus’s Law the transmittance
is additionally reduced by

1
1- = 1 — cos?(p) = 1 — cos?(47° — 43°) = 0.5% (4.3)
0
which is acceptable compared to the maximum transmission of 72%. In this way we can
ensure the full isolation by losing only additionally 0.5% in transmission.

Wave plates Optical wave plates are constructed from materials which have different
refractive indices for ordinary and extraordinary perpendicular axes. Let us consider two
orthogonal components of the incident light on the plate that enter the wave plate in the
same phase. Due to different speeds the component along the ordinary axis propagates
faster than the one along the extraordinary axis. While the light passes through a wave
plate, the phase shift 6 grows and after a distance d it will be [8]:

_ 2md(ne — o)

)
A )

(4.4)
where n. and n, describe the different refractive indices along the extraordinary and
ordinary axes, respectively. For the half-wave plate with § = 7, the linearly polarized
beam will remain linear but rotated by an angle 26, where @ is the angle between the
polarization of incident light and the fast (ordinary) axis. In this way one can rotate the
orientation of linearly polarized light.

Beam splitter Polarizing beam splitters are optical devices that can split a light beam
into reflected s- and transmitted p-polarized beams. The commonly used splitters are
constructed from two prisms and have a cube shape (Fig. 4.5). The hypotenuse surface
of one prism is coated and joined with another prism with optical cement. To avoid the
cement influencing polarization, the light should be transmitted into the coated prism,
which is labeled with a reference mark on the surface.

Fiber coupling An optical fiber is a cylindrical dielectric waveguide constructed from a
core and a cladding (Fig. 4.6). The core has a refractive index n., higher than a refractive
of the cladding n.;. This difference results in total internal reflection so that a beam can
propagate along the fiber axis [9]. Applying Snell’s law, the critical angle 6.,;; for total
internal reflection can be calculated from [8]

Nl

cos Oppip = —. (4.5)
Ner
The limited entering angle 6, inside of which the beam will propagate within the core is
determined by the equation
sin 0, = n¢p sin Ot (4.6)
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Fig. 4.5 Polarizing beam splitter cube. The beam enters the cube from left and will be divided into
reflected s- and transmitted p-polarized beams.
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and can be also expressed in terms of the numerical aperture

NA = ngsiné, = nm/ngl —n2,. 4.7)

The number of guided modes can be quantified by a number V/, which is given by [9]

V= %TQNA, (4.8)

where a is a core radius. If a/\ is small enough such that V is less then 2.4 [9], the
fiber acts as a single-mode guide. This type of waveguide requires thin fibers with a core
diameter less then a few wavelengths and a core refractive index should be slightly below
the cladding refractive index [8].
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Fig. 4.7 A schematic of the optical setup on the bread board.

4.3 Optical Setup

Once all equipment for the setup is ready to use, one can proceed with the placing and
aligning procedure. The schematic of the self-designed setup is illustrated in Fig. 4.7.
This optical system offers the following features:

1. The elliptical output beam passes through the anamorphic prism pair and will be
reshaped into a circular one.

2. The Faraday isolator is used to provide the isolation from back-reflections.

3. The first polarizing beam splitter (PBS) in combination with a half-wave plate splits
a small amount of power to the wavemeter, while most of the power is reflected and
sent to the experiment.

4. The second PBS with a half-wave plate in front is integrated to match the beam
polarization with the slow axis of the optical fiber. Moreover, the s-polarized part
can be used for future upgrades to the setup.
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Chapter 5

Laser Properties

In this Chapter we explore the optical characteristics of our laser system such as output
power, wavelength tunability, mode-hope free tuning range and linewidth. These prop-
erties are each presented in different sections. The most relevant are summarized in the
conclusion.

5.1 Output Power

As discussed in the second Chapter, once the carrier density in the active layer is high
enough for population inversion, stimulated emission dominates. The optical power emit-
ted by stimulated emission in the laser diode cavity is proportional to the number of
electron-hole recombinations and the photon energy. In this way the output power emit-
ted from an ECDL can be written as

P=n(I - ILy), (5.1

where I, is threshold injection current, and 7 is a slope coefficient, which includes a
photon energy and an electron-hole recombination rate. The value of the threshold cur-
rent depends on how well is the cavity aligned, i.e. how much optical feedback there is.
By optimizing the output coupler orientation and lens positions one can minimize this
parameter. This procedure leads to an increase in output power.

Threshold current optimization To proceed with the optimization procedure described in
Ref. [31], one needs additional electrical equipment: a photodiode, a function generator
and an oscilloscope. The function generator generates a triangle signal of 1 V peak-to-
peak amplitude with a frequency of 50 Hz. The signal from the photodiode and the
function generator are simultaneously displayed on an oscilloscope. While aligning the
focusing lens and output coupler, one should monitor the signal on the oscilloscope and
try to decrease the threshold current (see Fig. 5.1). By repeating this procedure a few
times the threshold current can be minimized.

Once the threshold current is optimized, one can proceed with measuring the power
output for single-mode operation at the desired wavelength of 689 nm. Figure 5.2 shows
the ligth-current (LI) characteristics of the laser at various temperatures. Below the
threshold current there are no visible changes in the output power. After further in-
creasing the current a linear dependence of the output power was observed. From the
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Fig. 5.1 Threshold current optimization using a function generator to modulate the current. The blue
trace is the modulation signal, while the orange trace is the photodiode signal. The point,
where the current reaches the threshold value is indicated with an arrow.

graph we can obtain Iy, and 7 for different temperatures using a linear fit. Figure 5.3
shows the threshold current versus temperature. This dependence is described in the
next section. We can see in Fig. 5.3 that the threshold current has a minimum at 20 °C
and at the same time 7 is maximal. This means that to achieve maximum power output
at 689 nm the laser should run at 20 °C.

5.2 Wavelength Selection

The principle of wavelength selection in an ECDL can be explained with the following
model. The total gain function of an ECDL is given by a combination of the laser diode
gain profile G'p, the transmission band profile of the interference filter 7'f;;;., and trans-
mission functions of the cavity formed between the laser diode facet and the output
coupler Tqpity [5]:

Tiotal = GDTfilte'rTcavity (52)

The gain profile Gp can be assumed to be a broad Gaussian function having a full
width at half maximum (FWHM) of approximately 15 nm [33]. The transmission profile
of the filter as a function of wavelength was measured using a power meter and a second
filter similar to the one in the laser (see Fig. 5.4). The transmission peak was fitted by a
Lorentzian line shape giving a FWHM of 0.43 nm.

As discussed in Chapter 1, the cavity modes can be described as transmission modes
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Fig. 5.4 Transmission profile of the band-pass of the filter optimized for transmission at 689 nm.
The data is fitted with a Lorentzian function (blue curve) giving a FWHM = 0.43 nm.

of a cavity:

2
)\m = 7(Lext + TLDLD), (5.3)
m

where L.,; = 6 cm is the external cavity length, L, = 1 mm is the diode cavity length [33],
np = 4.52 [33] is the laser diode refractive index and m is the mode number. In our case,
the laser term np L p can be neglected, because npLp/Leyt < 4%. The mode spacing for
Am = 689 nm is given by:

2

>‘m
Al = M = A1 = 57t = 0.004nm (5.4)

There are other of parameters that can change the mode that has the largest peak, there-
fore, the operating wavelength. In the following section, we explore some of them.

Filter First, one can tilt the interference filter which leads to a shift of the band-pass
position. The derivation of Eq.(3.3) gives:

dA _ )\(2)
g 2
da 2)\neff

sin(2a), (5.5)

For \g = 699 nm, n.rr=1.7, and A = 689 nm we get
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Moreover, the temperature influence on the wavelength tuning range via filter tilting
was also investigated at various operating temperatures (see Fig. 5.5). We describe this
dependence we move on the next Section.

Temperature The temperature dependence of the wavelength occurs because of sev-
eral effects [4]. In the following, we discuss the most important of them. The optical
path length varies because both the laser diode cavity length thermal expansion and the
change of the refraction index of the semiconductor laser diode material. The correlation
between the refractive index and energy gap can be described by different empirical re-
lations. Some of them are presented and analyzed in Ref. [32]. To understand how the
laser diode operating temperature influences the laser diode gain curve, we consider a
linear model describing the dependence of the width of the band gap on the temperature:

E, = Eo(1 — AT), (5.7)

where Ey = 1.52 eV is the width of band gap at 7 = 0 Kand A = 107* (K~ !)is a
thermal coefficient of the semiconductor GaAs material [37]. We see that increasing the
temperature causes contraction of the energy band gap and thus the wavelength changes
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Fig. 5.6 Change of wavelength with temperature. Blue lines are linear fits to the data.

dX d (he\ = hcdE, Ep
<dT>gap dT < > © E2dT AAEQ (5.8)

The next significant effect is the thermal expansion of the metal housing. Due to cavity
length variations the wavelength changes as:

according to:

dX 2 dL A dL
< ) = = =k, (5.9)

ar ), = mdr = Ldr
where kp; = 2 x 1079(K 1) is the thermal expansion coefficient of aluminum [4]. Due
to both factors the change in wavelength is, therefore, given by:

dX

nm
ka+A— | A =0.075 — 5.10
a7 <Az+ g) 0.075 ——, (5.10)

K

The graph in Fig. 5.6 shows the measured wavelength versus temperature for a current of
I = 140 mA. By thermal tuning one can typically achieve a mode-hop-free tuning range
on the order of A\ = 0.005 nm. From Fig. 5.6 a slope of g = (0.037 £ 0.005) 5¢* can be
obtained, what differs from our theoretical model. The coefficient A is probably lower
for our semiconductor material.
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5.3 Mode-Hop-Free Tuning Range

There are a lot of factors that determine the single mode laser frequency emitted by an
ECDL: the gain profile of the laser diode, the internal resonator (laser diode cavity), the
external resonator (optical system consisting the rare facet of laser diode and output
coupler) and an interference filter. If the laser diode operation current or temperature
change, the gain profiles shift asynchronously and with different rates. A simple way
to check whether the laser is operating in a single mode, is to analyze the mode on
the wavemeter. On the other hand, by scanning the piezo actuator, the length of the
external cavity changes. In order to not cause mode hops the refractive index of the
semiconductor material should also be simultaneously scanned, to compensate the optical
length change of the cavity due to the piezo actuator. This is typically done by modulating
the current with the same signal we use to modulate the piezo, albeit multiplied by a
gain factor (typically much less then one). This feature is called biasing or feed forward
and can be used to improve the the mode-hop-free tuning range of an ECDL. For the
procedure of optimizing the mode-hop-free tuning range one needs a fast photodiode,
an oscilloscope and a high voltage amplifier. We use the SC 110 controller from Toptica,
which we described in Chapter 3. The adjustment procedure can be found in the Ref [38].
For our home-made laser we achieved a mode-hope free tuning range approximately of
2 GHz.

5.4 Linewidth

The light emitted by a laser ideally has a Lorentzian shape. However, mechanical vi-
brations of the cavity, temperature fluctuations, piezo voltage drive noise and current
controller noise influences the line profile making it more broad [31]. The full width at
half maximum (FWHM) of the spectral lineshape is called the linewidth. This parameter
is one of the fundamental spectral properties of the laser. The purpose of this Section is
to explain how was the linewidth of the home-build laser determined and compared with
the linewidth of commercial lasers from Moglabs and Toptica.

The expression for the quantum-limited laser linewidth was presented in Ref. [39] and
is known as the Schawlow-Townes unit:

hv

Av)? 5.11
ﬂ'Pout( V) ) ( )

AvrwHM =

where P,,; is the output power, v is the frequency, and Av is the laser cavity linewidth.
Typically, the linewidth predicted by Eq.(5.11) is about a two orders of magnitude smaller
then observed for semiconductor lasers. This observation was justified by a few phenom-
ena explained in Ref. [40]. To determine the experimental value of the linewidth and to
compare it with commercial lasers, a series of optical heterodyne beat notes have been
taken using a spectrum analyzer and a fast photodiode. A used setup is illustrated in the
Fig. 5.7. To measure the linewidth it is necessary to overlap the beams on a photodiode
and match the polarization of them. Assuming that the electric fields of both beams E;,
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Fig. 5.7 A schematic setup of a beat signal measurement.

E, are sinusoidal with frequencies w; and w-, the intensity of the signal on the photodi-
ode is proportional to the intensities of the incident light from the two laser beams and
is given by

I ~ (B cos(wit) + By cos(wat))? = E? cos?(wit)+ EZ? cos?(wat) +2E1 By cos(wit) cos(wat)
using a simple trigonometrical identity and ignoring the constant part we can derive
I ~ 2F1 E5 cos(wit) cos(wat) = E1Ea(cos((w1 — wa)t) + cos((wy + we)t) (5.12)

The two laser frequencies must be close to each other so that the beat signal is within
the bandwidth of fast photodiode. As we discussed in the previous Section, the wave-
length can be coarsely tuned by varying the angle of the interference filter or changing
the temperature. Fine adjustment can be achieved by tuning the length of the cavity
with the piezo element [5]. Due to the higher frequency, the second term in Eq.(5.12)
can not be detected even with a fast photodiode. The measurements of the beat note
signals of two laser configurations are shown in Fig. 5.8 and Fig. 5.9. Since the Toptica
laser is stabilized to a high-finesse cavity, its linewidth is significantly smaller than for
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the home-build laser. This means that the linewidth of the first beat gives us directly the
linewidth of our laser
AVhome—made = (271 £ 30)kHz.

The Moglabs laser was not stabilized and the beat note frequency moved around more
strongly than with Toptica. To avoid broadening of the line due to this effect several single
measurements of 1 ms have been taken. Due to the technical frequency noise around the
peak, the beat signal is well fitted with a Gaussian function. That is a convolution of the
widths of the two lasers in question and is given by the following expression [5]:

AVl?eat = AI/fQLomefmade + AV%Joglabs' (5.13)
Using this expression we find the linewidth of the Moglabs laser to be
AVprogiabs = (806 & 70)kHz.

This means that the linewidth properties of our laser is comparable to the commercial
one.
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Chapter 6

Conclusion

To conclude, we described the design and construction procedure of an linear interference-
filter-stabilized external cavity diode laser. Furthermore, we characterized the laser prop-
erties and discussed the possible improvements of the design.

By optimizing the threshold current, we found out that the home-made linear laser can
provide a maximum output power of up to 40 mW at a maximum current of 140 mA. The
lowest threshold current achieved was 64 mA observed at 20 °C. Single mode operation
is provided by an extremely narrow interference filter with a FWHM of 0.43 nm. The
wavelength tuning range achieved was from 678 nm to 697 nm at 20 °C. Moreover,
the angular displacement sensitivity is equal to 0.096 (nm/deg) making the laser easy
to align compared to traditional designs. The next advantage is that, in contrast to the
Littrow laser design, reflection and wavelength tuning in our case are performed by two
different elements (output coupler and interference filter, respectively) compared to a
single element in the Littrow design (grating). An important advantage of the linear de-
sign is the cat’s eye reflection geometry between the focusing lens and output coupler.
This system is self-aligning and thus mechanically stable and robust. The linewidth (full
width at half maximum) was found to be (257 + 30) kHz by observing an optical hetero-
dyne beat signal. This value is comparable with the linewidth of a commercial laser we
also tested (Moglabs). We found that using only standard optical components, the optical
setup of our ECDL is simple to build and align, yet robust and stable in use.

There are a number of features of the linear ECDL that can be improved. The long cav-
ity length incorporated in our design results in a mode spacing of approximately 2 GHz.
Because of this there is an increased tendency for the laser to mode hop, especially when
scanning with the piezo actuator. In future iterations of the design the cavity length
could be reduced. This will, however, broaden the linewidth, but this effect will most
likely not be noticeable because, as we discussed, the observed linewidth is orders of
magnitude above the Schawlow-Townes linewidth and can mainly be attributed to cur-
rent and acoustical noise. The beam shaping could also be improved. As we discussed in
the Chapter 3, the advantages of cylindrical lenses (in the form of a telescope) over prisms
are that the beam is not displaced and that a cylindrical telescope can be adjusted to also
correct for astigmatism. For longer beam paths the astigmatism could be a problem and
one may need to replace the prisms.

With sufficient output power, wavelength tunability, narrow linewidth, combined with
a simple and stable construction, the constructed laser is well suited for use in an ultracold
atom experiment with strontium atoms.
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