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Abstract

The use of optical cavities as an experimental tool is investigated in three dif-
ferent projects within the field of molecular physics.

Acetylene is a widely studied molecule to learn about molecular structure,
dynamics and interactions. In the physical chemistry group in Helsinki, mea-
surements of higher overtones are carried out to reach a previously unexplored
part of the acetylene spectrum. In the first part of this thesis, a new double
photon excitation method was implemented by first pumping the molecules to
a metastable vibrational stretching state and subsequently performing cavity
ring-down spectroscopy. The new method was proven to work and the overtone
transition 0010000 → 2010000 was measured at 6392.403±0.003 cm−1.

The cold molecules group in Groningen aims to measure parity violation
by using ultra-cold molecules as a sensitive probe. In the second part of this
thesis, a new dipole trap for SrF molecules is investigated, in which parity
violation measurements can be performed. Trap parameters were calculated:
an enhancement cavity can provide 4 kW total trapping power at 1064 nm,
leading to an optical lattice with a 200 µm waist and a depth of 4 mK for
SrF. An experimental design was made based on two separated beams, one for
stabilizing the cavity using a PDH lock and the other creating the lattice, while
intensity stabilized by an AOM feedback loop. In a literature study methods for
improved loading of the dipole trap were investigated, leading to a new single
photon transition scheme in which molecules accumulate in dipole trapped high
field seeking states. The first part of the designed setup was built and the
enhancement cavity, with a measured FSR of 1300 and incoupling efficiency of
80%, was successfully stabilized by a PDH lock.

A transfer cavity lock and control system was built to lock a cooling laser
for SrF to a HeNe laser. The long term stability of the lock was measured to
be 2.9 MHz/30 min for a 663.3 nm diode laser.
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Chapter 1

Introduction

The study of molecules has been an active field of research since their discov-
ery roughly two centuries ago. Their complex structure and dynamics as well
as their large variety of interactions with each other and with electromagnetic
radiation have intrigued many generations of scientists. Given that these inter-
actions occur between their constituent parts, atoms, and therefore also between
fundamental particles as electrons, molecules can be used as a probe to physics
at a fundamental level. Nowadays numerous techniques with ever increasing
precision are available to carry out experiments on molecules. Most of these
rely on the interaction of molecules with monochromatic coherent electromag-
netic radiation, originating from a laser. The production, manipulation and
detection of laser light has therefore become a very important part in the field
of molecular physics. In this thesis, the use of an experimental tool for manipu-
lation of laser light, the optical cavity, is investigated in three different projects
within the field of molecular physics. First, a cavity in used to increase the
measurement precision in molecular spectroscopy. This project was done at the
University of Helsinki. Second a cavity is employed for trapping of molecular
cloud in the cold molecule regime, and third, a cavity is used to stabilize a cool-
ing laser for laser cooling of molecules. Both these projects were carried out at
the University of Groningen.

1.1 Acetylene spectroscopy

Molecular spectroscopy is a widely used method to learn about the internal
structure of molecules. Electromagnetic radiation is used to probe transitions
between energy levels of the molecule. The data is then compared to a theoreti-
cal model and when combined they improve our understanding of the molecular
structure, dynamics and interactions. In this part of the thesis I will report on
the experimental work I did under supervision of Markus Metsälä in the field
of gas-phase molecular spectroscopy in the Physical Chemistry group of prof.
Halonen at the University of Helsinki. The group carries out both computa-
tional work on the internal structure of molecules as well as experimental work
where cavity ring-down spectroscopy is used as a measurement tool for human
breath analysis.

Acetylene, C2H2, is a linear molecule with a simple structure consisting of
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just three bonds. Its optical spectra are however far more complicated and this
is one of the reasons why the molecule has been studied extensively1;2. The
studies have focussed mainly on the rotational-vibrational spectrum of acety-
lene, ranging from the far infrared to the ultraviolet and have led to a better
understanding of intramolecular processes. However, there are still unsolved
problems in modelling the internal dynamics of the molecule. One of them is
about the symmetric vibrational states of acetylene with respect to the hydro-
gen nuclei permutation in the ground electronic state3. In traditional spec-
troscopy experiments these vibrational overtones cannot be measured because
for one photon the transition from the symmetric ground state is forbidden.
To be able to reach these states, Raman scattering could be used4, or one
could start from asymmetric ground states populated by tails of the Boltzmann
distribution. However, in both methods the overtone transitions will be very
weak and extremely sensitive experimental techniques are required to measure
them5. Other, more involved techniques, include stimulated emission probing
(SEP)6 where an electronically excited state is used as intermediate level, or
laser-induced dispersive vibration-rotation fluorescence (LIF)7, where infrared
vibrational emission transitions from a higher overtone, populated by a pump
beam, are observed.

In the first part of this thesis, a new method of two photon excitation was
used to reach the higher vibrational overtones of acetylene. First a CW pump
beam from a mid-infrared parametrical oscillator brings the molecules from the
symmetric vibrational ground state to a metastable anti-symmetric stretching
vibrational state. Then the molecules are excited several vibrational quanta
up by a CW probe beam in the visible or near infrared regime. The higher
overtones are investigated using cavity ring-down spectroscopy (CRDS), offering
the advantage of a high signal to noise ratio. Furthermore, the technique is
Doppler-free because of the double excitation by the two parallel laser beams.

1.2 Dipole trapping of cold molecules

In fundamental particle physics, the Standard Model is a theory that can de-
scribe almost all measurements ever done in this field. The Standard Model
contains three symmetries: Charge conjugation (C), Parity reversal (P) and
Time reversal (T). It is known that for the weak nuclear force parity symme-
try is broken. This is called parity violation, and has already been measured
in atoms8. However, in diatomic molecules the effects of parity violation are
enhanced by the ratio their constituent nuclear masses, which makes them a
much more sensitive probe for parity violation than atoms. To carry out high
precision measurements one needs the particle to be as cold as possible, allow-
ing for a longer coherent interaction time during a measurement. For atoms the
preparation of ultra-cold samples is nowadays easily achieved using standard
cooling techniques as laser cooling, magneto-optical trapping and evaporative
cooling. Due to their complex internal structure, the cooling and trapping of
molecules has succeeded only in very few experiments so far, and performing
high precision measurements on molecules is therefore much more challenging.

In the Fundamental Interactions and Symmetries division at the University
of Groningen, the cold molecules group is working on an experimental setup to
measure parity violation in Strontiummonofluoride (SrF). Its favourable branch-
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ing ratios make this molecule, as one of the very few, suitable for laser cooling9.
Furthermore, the large electric dipole moment of SrF causes a Stark shift which
can be utilized for Stark deceleration10. Finally, the large mass of the Strontium
atom makes the molecule a sensitive probe for parity violation. Combining these
three advantages of SrF, the aim of the cold molecule group is to first decelerate,
then cool and trap, and ultimately measure these molecules.

In Figure 1.1 the consecutive stages of the experiment are depicted. SrF
molecules are produced by ablation from a pill with a pulsed Nd:YAG-laser. An
adiabatically expanding Xenon gas pulse cools the initially hot molecules down
to a few Kelvin and takes them to the beginning of a 4.5m long decelerator.
The decelerator consists of a few thousand ring-shaped electrodes in a row,
onto which a periodically changing high voltage is applied. Due to the Stark
shift of SrF some states, the low field seeking states (lfs), are attracted to the
electric field minima on the axis of the decelerator. By applying an AC voltage
to the electrodes, the moving speed of the electric traps can be adjusted to
the velocity of the molecules entering the decelerator. The frequency is then
swept down to DC over the length of the decelerator, slowing down the speed
of the electric traps and thus also slowing down the molecules. At the end of
the decelerator the molecules are confined in a static electric trap. Here optical
molasses further reduce the internal temperature of SrF by laser cooling. Once
cold enough, the molecules are loaded into an optical dipole trap for tighter
confinement and longer storage times on the order of 1 second. In this trap the
final high precision measurements on the ultra-cold molecules can be carried
out.

Figure 1.1: Overview of the consecutive stages of the experimental setup for cooling
and trapping SrF molecules.

Recently, the first two meter of the decelerator has shown promising decel-
eration results11, and currently four meters of the decelerator are operational.
The design of the laser cooling and trapping region has been made by Corine
Meinema and is ready to be implemented at the end of the decelerator. The
second part of this thesis reports on the design and first tests of the next exper-
imental stage: the optical dipole trap.

1.3 Transfer cavity lock

As was mentioned in the previous section, one of the reasons to choose SrF
as a probe molecule to measure parity violation in the cold molecule exper-
iment is the favourable branching ratios in the molecule. Because molecules
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possess many rovibrational states, usually an electronically excited state can
decay into many different ground states, each with different rotational and vi-
brational quantum numbers. However for SrF, there are a few specific excited
states which almost always decay back in the same rovibrational states within
the electronic ground state. These are shown in Figure 1.2, where v and N
represent the vibrational and rotational quantum number, respectively. The
existence of an (almost) closed transition cycle is a crucial requirement for ap-
plying laser cooling, since this process relies on scattering many photons on the
same molecule, each transferring a small momentum ’kick’ to the molecule in
the opposite direction of the molecular velocity, therefore lowering its kinetic
energy and thus reducing the temperature. From the figure we see that when
using the X2Σ+(v = 0, N = 1) → A2Π1/2(v′ = 0, j = 1/2) transition at 663.3
nm, 98 % of the molecules can be excited again by the same laser and only 2 %
decays back into a v = 1 electronic ground state. When an extra repump laser
at 686.0 nm is included, the losses to dark states are limited to ∼ 10−4, which
is good enough for our experiment12.
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Figure 1.2: Schematic energy level diagram of states of SrF suitable for lasercooling.
The straight lines indicate resonant laser excitation frequencies, while the wiggling
lines represent possible decays back to the ground state, with the associated Franck-
Condon factors (decay probabilities to the different vibrational states) given. (Figure
from ref. 13)
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The laser light for cooling the molecules is generated by homebuilt external
cavity diode lasers (ECDL), which are tunable over a few tens of nanometers.
To keep the laser at the right frequency, an I2 vapour cell is used as a reference
and using a Doppler-free saturation absorption spectroscopy setup the 663.3
nm SrF pump laser is locked to the a set of absorption peaks in the Iodine
spectrum14. The 686.0 laser is already operational but no locking system has
been developed for this laser. It would probably be possible to use the same
Iodine cell to lock also the 686.0 laser, but since the optical setup would become
complicated, and mainly because the Iodine lock is currently facing stability
problems it was decided to develop a different locking system for the 686.0 nm
laser: a transfer cavity lock. This type of locking uses an optical cavity to
transfer the stability of a reference laser to the repump laser. In the third and
last part of this thesis, the building and characterization of a transfer cavity
lock for the SrF repump laser is described.

1.4 Thesis outline

This thesis will start with a theoretical chapter, providing a theoretical basis
and explaining the main experimental techniques used in the rest of the thesis.
The next three chapters form the main part of the thesis, each describing one
of the experiments I did involving optical cavities. In Chapter 3 the acetylene
spectroscopy project is introduced, an experimental overview is given and the
measurement methods are described. Subsequently, the first measurement re-
sults are presented and discussed. Chapter 4 describes the design of an optical
dipole trap for cold molecule trapping. First the trapping requirements are in-
troduced, then the characteristics of the trap are explained, leading to a trap
design. Next, a literature survey is carried out to investigate the improved load-
ing of the dipole trap, and a new single photon transition system is proposed.
The chapter ends with a description and analysis of the realized test setup. In
Chapter 5 the implementation of a transfer cavity lock is described and the first
stability results are presented and discussed. In the final Chapter 6 a general
conclusion is drawn together with an outlook.
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Chapter 2

Theory

In this chapter the theoretical background for this thesis is described. As
molecules are the main system under observation throughout this thesis, the
chapter starts with a brief description of main historical breakthroughs in the
knowledge about molecules. Subsequently, a quantum-mechanical description
of the molecule is given, providing a basic understanding of its electronic, vi-
brational and rotational energy states and the possibilities to transfer from one
state to another. Then the most important properties of optical cavities, the
main topic of this thesis, are described. After this general part of theory, more
specific topics are discussed, each relevant to one of the three main experimental
parts. First the optical dipole trap as an experimental technique to trap parti-
cles is addressed, which later on will be used for the trapping of SrF-molecules.
Second, the working principle of cavity ring-down spectroscopy is explained,
which is used in the experimental part on acetylene.

2.1 A short history of molecules

The concept of molecules was established for one of the first times by the British
chemist Dalton in 180815. He postulated that all substances consist of atoms and
that a compound substance is formed by the combination of one or more atoms
of one element with one or more atoms of another element, like in H2O, CO2

etc. Different numbers of atoms can be combined to form different molecules, for
instance NO, N2O, NO2 with the atomic ratios N:O, 1:1, 2:1, 1:2, respectively.

In 1811 Avogadro came with the hypothesis that equal volumes of different
gases at equal pressure and temperature contain the same number of elementary
particles. Avogadro observed that one unit volume of hydrogen combined with
one unit volume of chlorine produces two unit volumes of hydrogen chloride and
deduced therefrom that elementary particles in chlorine and hydrogen are not
atoms but diatomic molecules: H2 and Cl2, so the reaction becomes H2 + Cl2
→ 2HCl.

In the mid-19th century Clausius came up with the kinetic theory of gases.
He found that the volume of all molecules in a gas has to be much smaller than
the total volume of the gas at standard temperature and pressure. Evidence for
his conclusion was that the density of a gas is about three orders of magnitude
smaller than that of condensed matter, and that in a gas the duration of col-
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lisions is small compared to the time between collisions, so the molecules can
essentially move freely.

Towards the end of the 19th century Boltzmann, Maxwell and Rayleigh
showed that the energy of a gas in thermal equilibrium is distributed evenly
between all degrees of freedom of the particles, with an energy of kT/2 per
degree of freedom per particle. Herefrom it was clear that molecules must have
more degrees of freedom than atoms, because molecular gasses possess a larger
specific heat than atomic gasses. This idea opened the way for studies of the
internal dynamics of molecules.

The technique of molecular spectroscopy originates from the beginning of
the 19th century. In 1834 Brewster observed hundreds of absorption lines, ex-
tending throughout the complete visible spectrum, by spectral dispersion of
sunlight, transmitted through a NO2 gas, with the aid of a prism. Brewster
was astonished by the number of lines he saw and predicted that a complete
explanation of this phenomenon would provide work for many generations of
researchers, which turned out to be a correct prediction.

Only after Kirchoff and Bunsen developed the spectral analysis in 1859, the
importance of a quantitative interpretation of spectra for the study of chemical
compounds was recognized. When Rowland managed to produce optical diffrac-
tion gratings with sufficient precision in 1887 individual lines could be resolved
with large grating spectrographs. This allowed for the identification of several
simple molecules by their spectra.

A better understanding of molecular spectra was achieved after the quantum
theory was developed in the 1920s and 1930s, when numerous theoreticians
applied the mathematical formulation of the quantum theory by Schrödinger
and Heisenberg to provide quantitative explanations of molecular spectra.

The introduction of narrow-band tunable lasers around 1960 opened the
way for new techniques with spectral resolutions below the Doppler width of
absorption lines.

2.2 Molecules

When an atom or molecule absorbs or emits radiation electromagnetic radiation
in the form of a photon, the internal state of the particle changes from a state
with energy E1 to a different state with energy E2. Conservation of energy
requires that

hv = E1 − E2, (2.1)

where h is Planck’s constant. In this thesis we are only interested in transitions
with involving discrete states with well defined energies, where the transitions
take place at a sharply defined frequency v. In a spectrum these transitions
show up as lines with wavelengths λ = c/v, where c equals the speed of light,
or alternatively wavenumbers can be used v̄ = 1/λ.

In the case of atoms, the possible energy states are determined by the con-
figuration of the electron cloud, so all spectral lines of an atom correspond to
an electronic transition. For molecules the situation is different, they have ad-
ditional internal degrees of freedom so their spectra are not only determined by
the electronic configuration, but also by the arrangement of the nuclei and their
relative movements. Therefore, for each electronic state, multiple vibrational
states exist due to vibration of the nuclei around their equilibrium position.
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Figure 2.1: Schematic representation of the possible transitions in a diatomic
molecule. (Figure from ref. 15)

Within these vibrational states a number of rotational states is present, caused
by the rotation of the molecule as a whole around axes through its center of
mass. For this reason molecular spectra are more complicated than atomic
spectra.

The different transitions in a molecule are shown in Figure 2.1 and can be
categorized as follows:

• Transitions between rotational levels within the same vibrational and elec-
tronic state have typical wavelengths in the microwave region:
100µm . λ . 1m

• Transitions between fundamental vibrational levels within the same elec-
tronic state have typical wavelengths in the mid-infrared region: 2µm .
λ . 20µm

• Transitions betwee two different electronic states have wavelengths from
the UV to the near infrared: 0.1µm . λ . 2µm

To calculate the rotational and vibrational molecular energy levels we start
with the Schrödinger equation:

ĤΨ = T̂ + V̂ = − ~2

2m
∇2Ψ + VΨ = EΨ (2.2)

with the Hamiltonian (H) consisting of a kinetic energy term T and a poten-
tial energy term V . The potential energy is due to the Coulomb interaction
between mutual nuclei, mutual electrons and electrons and nuclei. The spin in-
teractions between both nuclei and electrons are small compared to the kinetic
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and potential energy, so they can be treated as perturbations of the Schrödinger
equation.

Because the electron mass is much smaller than the nucleon mass, electrons
move much faster than nuclei. Therefore the electrons adapt their configuration
almost instantaneously to a change in the position of the nuclei, for instance
caused by nuclear vibrations. For this reason one can neglect the coupling
between the nuclear motion and electronic distribution. This is known as the
Born-Oppenheimer approximation and separates the Schrödinger equation into
two decoupled equations:

Ĥ0ψ
el
n = E0

nψ
el
n (2.3)

(T̂nuc + E0
n)ψnucn,v = En,vψ

nuc
n,v (2.4)

With E0
n being the total energy of the molecule for electronic configuration

n. For each electronic state ψeln , there are multiple solutions ψnucn,v , describing
different vibrational nuclear states labelled with v. Therefore it is possible to
calculate the vibrational, and also rotational, states using a static electronic
potential. For a diatomic molecule, we can make a coordinate transformation
to the molecule’s center-of-mass frame by introducing the reduced nuclear mass
µ = M1M2

M1+M2
, equation (2.4) then becomes(

−~2

2µ
∇2 + E0

n

)
ψnucn,v = Enψ

nuc
n,v (2.5)

Now the potential energy E0
n depends only on the inter-nuclear distance and

is spherical symmetric. Therefore, in analogy to the hydrogen atom, it can be
split into two independent parts: a radial and an angular part. The radial part
describes the vibration of the two nuclei, in the direction of the inter-nuclear
axis, while the angular part describes the rotation of the molecule around the
inter-nuclear axis. Also for molecules consisting of more than two atoms the
coupling between rotational and vibrational motion can often be neglected so
both motions can be treated separately.

2.2.1 Rotation

The most simple model for a rotating molecule is that of a rigid rotor, where
the bond lengths of the molecule remain constant. For any rigid body, the three
components of the moment of inertia are given by16:

Ixx =
∑
i

mi

(
y2i + z2i

)
(2.6)

Iyy =
∑
i

mi

(
z2i + x2i

)
(2.7)

Izz =
∑
i

mi

(
x2i + y2i

)
(2.8)

(2.9)

With mi the mass of atom i. When the molecule-fixed reference frame is chosen
with its axes pointing along the three principal moments of inertia, the products

11



of inertia vanish: Ixy = Izy = Izx = 0. Then the rotational energy of the
molecule can be expressed as

Trot =
1

2

(
J2
x

Ixx
+
J2
y

Iyy
+
J2
z

Izz

)
(2.10)

with the angular momentum J and moment of inertia I in Cartesian components
in the molecule-fixed reference frame. The total angular momentum and its
quantum mechanical operator are defined as

J =
∑
j

rj × pj → Ĵ =
∑
j

r̂j ×
~
i
∇j (2.11)

where p is the momentum and r the position vector. In general, the solution
of the Schrödinger equation with the Hamiltonian equal to (2.10) will involve
three different quantum numbers, one for each moment of inertia. However, for
linear molecules, like acetylene, the moment of inertia along the molecular axis
is zero and both other moments are equal.

Using conservation of angular momentum (J = J2
x + J2

y + J2
z=const), the

eigenvalues of the molecule energy are calculated to be17

E(J) =
~2J (J + 1)

2I⊥
(2.12)

with total angular momentum quantum number J and I⊥ the moment of inertia
perpendicular to the molecular axis. For this model of the molecule as a rigid
rotor, we have assumed the bond lengths do not change. However, as discussed
earlier, due to nuclear vibrations in reality the bond lengths do change.

A better model for the molecule is therefore that of a non-rigid rotator,
where the masses are connected by massless springs instead of a massless rigid
bar. In this model, the internuclear distance will increase when the rotation
increases due to the centrifugal force. Therefore also the moment of inertia I⊥
increases and (2.12) changes to18

F (J) =
E

hc
= BJ(J + 1)−DJ2(J + 1)2 (2.13)

where the rotational constants are given by

B =
~

4πI⊥
(2.14)

D =
4B3

ω2
(2.15)

with ω the vibrational frequency of the rotating system.

2.2.2 Vibration

Vibrations in the inter-nuclear distance can be modelled as a simple harmonic
oscillator. For a diatomic molecule the Hamiltonian is then given by

H = − ~2

2µ

∂2

∂r2
+

1

2
kx2 (2.16)
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with µ the reduced mass of the two nuclei and k the force constant. The corre-
sponding energy levels are

E(v) = ~

√
k

µ

(
v +

1

2

)
= ~ω

(
v +

1

2

)
(2.17)

with v the vibrational quantum number. Using the harmonic potential model,
transitions with ∆v = ±1 are allowed. For the acetylene however the aim
is to measure overtone transitions, with ∆v ≥ 2. In that case, the vibrational
potential energy can no longer be approximated by a harmonic potential because
the vibrational potential energy does not go to infinity for large distances, but
converges to the dissociation energy of the molecule. This is the bond energy
between the two atoms minus the vibrational ground state energy E(0) = 1

2~ω,
as indicated in Figure 2.2.

Figure 2.2: Vibrational potential energy in a diatomic molecule (solid line) compared
to a harmonic potential model (dotted line) and a Morse potential (dashed line).
(Figure from ref. 15)

Instead of a harmonic potential, one can use a Morse potential as a better
approximation to the real vibrational potential:

VMorse (r) = Eb

[
1− e−a(r−re)

]2
, a =

√
k

2Eb
(2.18)

With Eb the depth at r = ra and a describing the steepness of the potential. In-
serting the Morse potential in the Schrödinger equation yields the exact solution
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for the vibrational levels:

G(v) = ωe

(
v +

1

2

)
− ωexe

(
v +

1

2

)
(2.19)

ωe =
ω0

2πc
, ωexe =

a2~
4πcµ

(2.20)

With frequency ω0 = a
√

2Eb/µ. The vibrational levels are no longer equally
spaced as in the harmonic approximation but the energy spacing decreases lin-
early with v. Where diatomic molecules like SrF possess one vibrational mode,
polyatomic molecules can have more modes depending on their number of atoms
N . The vibrational potential energy of a polyatomic molecule depends on the
coordinates of the nuclei in the molecule-fixed reference frame, and has therefore
3N degrees of freedom. Rotation and translation of the whole system do not
change the potential (3N − 6), but for a linear molecule there is no rotation
around the inter-nuclear axis possible, resulting in a total of 3N − 5 vibrational
modes.

Acetylene has 5 different normal vibrational modes, as depicted in Figure
2.3. The modes are denoted as v1v2v3v

l4
4 v

l5
5 in normal mode notation, with l4

and l5 corresponding to the total vibrational angular momentum in the two
doubly degenerate v4 (cis-bend) and v5 (trans-bend) mode, respectively19.

Figure 2.3: Normal vibrational modes in acetylene. (Figure from ref. 19)

The water molecule possesses three different modes, denoted as (v1v2v3)
in normal mode notation. v1 represents symmetric stretch and v3 asymmetric
stretch while v2 refers to the bending fundamental. Another notation describing
vibrational levels is the local mode notation, which has shown to be more suit-
able for describing higher excited vibrational levels20. Here vibrational energies
are denoted as mn±, v2, with m and n representing quanta of local stretch in
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symmetric, +, or anti-symmetric, -, combinations and v2 the number of bending
quanta. When m = n the resulting combination is in general symmetric and
the + is omitted.

So far the rotational and vibrational degrees of freedom inside the molecule
have been treated quite separately. In this case, the total energy of the molecule
would simply be given by the sum of vibrational energy levels (2.20) and the
rotational energy levels (2.13). However, in reality these motions occur simulta-
neously and hence during a vibration the inter-nuclear distance changes, as well
as the moment of inertia and rotational constant B. The vibrating rotator model
takes these motions into account. Because the period of vibration is very small
compared to the period of rotation, a mean B-value can be used as rotational
constant within a single vibrational state18:

Be =
~

4πI⊥

(
1

r2

)
(2.21)

With ( 1
r2 ) being the mean value of 1

r2 during the vibration. To a first approxi-
mation, the rotational constant Bv for vibrational state v is given by

Bv = Be − αe
(
v +

1

2

)
+ ... (2.22)

where α is small compared to Be because the change in inter-nuclear distance
is small compared to the inter-nuclear distance itself. Analogous to Bv, also an
averaged rotational constant Dv is used to include the centrifugal force:

Dv = De − βe
(
v +

1

2

)
+ ... (2.23)

Also here βe is small compared toDe = 4Be

ωe
. Now when including both vibration

and rotation and their interaction we obtain for the total energy of the vibrating
rotator:

T = G(v)+Fv(J) = ωe

(
v +

1

2

)
−ωexe

(
v +

1

2

)
+...+BvJ(J+1)−DvJ

2(J+1)2+...

(2.24)

2.2.3 Optical transitions

So far only static electronic, rotational and vibrational energy levels of a molecule
have been considered. When a molecule interacts with a light field matching
the energy difference of two molecular states, ∆E = ~ω, transitions between
these states can occur. The first-order contribution in the interaction takes
place between the electric part of the field and the dipole moment operator of
the molecule17. The electric field and dipole moment can be written as:

E(r, t) = E0 cos(k · r− ωt), µ =
∑
i

riqi (2.25)

With E0 the electric field vector, k the propagation vector and µ the electric
dipole moment, summing over all charges qi at positions ri. The interaction
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can be described by adding a time-dependent perturbation into the Schrödinger
equation21:

Ĥ ′(t) = E(r, t) · µ, ih∂Ψ

∂t
=
(
Ĥ + Ĥ ′(t)

)
Ψ (2.26)

Solving the time-dependent Schrödinger equation leads to a transition rate R01

for a light field resonant with a molecular transition from state |n〉 to |m〉:

Rnm =
π

2~2
E2

0〈m|µ|n〉2 =
π

2~2
E2

0µ
2
nm (2.27)

Here µnm appears, which is an element of the transition dipole moment matrix, a
critical factor in determining if the transition is possible. If non-zero, a relatively
strong molecular transition occurs. If µnm is zero, no first-order transitions are
possible, but higher order effects could still cause the transition to be observable
although weaker by several orders of magnitude.

The intensity of the transitions is related to the matrix elements by the
famous Einstein coefficients A, for spontaneous emission, and B, for stimulated
absorption and stimulated emission. Neglecting the spontaneous emission rate,
the intensity of absorption by an optical field, in W/cm2, can be expressed as18

Inmabs = hρNnBnmvnm∆l (2.28)

Where ρ is the density of the optical field with frequency vnm, Nn the number
of molecules in the initial (lower) state n and ∆l the length of the sample. The
Einstein absorption coefficient Bnm is given by

Bnm =
8π3

3h2c
µnm. (2.29)

2.3 Optical resonators

An optical resonator is an optical circuit in which light is confined22;23;24. The
light circulates at certain resonance frequencies and the resonator can therefore
be viewed as an optical feedback circuit. There are many possible configurations
for the resonator but in this thesis we focus on the configurations using mirrors
as reflectors, as shown in Figure 2.4.

Figure 2.4: Three common-used configurations for an optical cavity: (a) Fabry-Perot,
(b) ring, (c) bow-tie.

2.3.1 Fabry-Perot resonator

First we consider the simplest Fabry-Perot configuration, consisting of just two
planar mirror placed exactly opposite to each other, separated by distance d. A
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monochromatic light wave with angular frequency ω can be represented by the
wave function

E(r, t) = E(r) exp(iωt) (2.30)

where E(r) represents the real part of the complex amplitude Ẽ, which satisfies
the Helmholtz equation23. Solving the Helmholtz equation and imposing that
the transverse components of the electric field vanish at the surface of both
mirrors results in a set of standing waves inside the resonator:

E(r) = Aq sin(kqz) (2.31)

With A being a constant and k = ω/c the wavenumber. The different values for
k originate from the fact that only an integer number q of half-wavelengths can
fit exactly inside the resonator. This is illustrated in Figure 2.5. The associated
frequencies are therefore also restricted to discrete values and related to the
mode number by

vq = q
c

2d
. (2.32)

These are the resonance frequencies of the cavity. The distance between two
adjacent cavity modes is called the Free Spectral Range (FSR) of the resonator
and is given by:

vFSR =
c

2d
. (2.33)

It is clear that for a longer cavity the mode spacing decreases so the resonance
frequencies will be closer to each other. When changing the cavity length by
exactly half a wavelength, the next cavity mode becomes resonant. Therefore
these cavity modes are called longitudinal modes of the resonator.

Figure 2.5: Transverse amplitude of a resonant light wave with wavelength λ inside
a Fabry-Perot cavity with length d. (Figure from ref. 23)

2.3.2 Losses

When one wants to account for losses in the cavity it is easiest to view the light
in the resonator as a succession of self-reproducing waves. Suppose we start
with a monochromatic plane wave with complex amplitude U0 entering the
cavity through the left mirror. After two reflections by both mirrors the light
has made one round-trip and now has complex amplitude U1, which after one
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more round-trip turns into U2 etc. Each round-trip, the phase of Un changes by
φ = 2kd and the amplitude is decreased by a factor r due to losses at the mirrors
and absorption by the medium inside the cavity. Therefore, the successive waves
are related by an amplitude attenuation factor h = re−iφ such that U1 = hU0.
The resulting standing wave is a superposition of all round-trips:

U = U0+U1+U2+... = U0+hU0+h2U0+... = U0(1+h+h2+...) =
U0

1− h
(2.34)

The corresponding intensity is now given by

I = |U |2 =
U2
0∣∣1− re−iφ∣∣2 =

I0

1 +|r|2 − 2r cos(φ)
(2.35)

The phase shift φ can be written as φ = 2πv/vfsr by using (2.33). Plugging
this into (2.35) gives

I =
Imax

1 + (2F/π)2 sin2(πv/vfsr)
(2.36)

F =
π
√
r

1− r
, Imax =

I0
(1− r)2

(2.37)

The quantity F is called the finesse and is a common used term to characterize
a resonator. The higher the finesse, the lower the losses are, corresponding to
a high number of roundtrips for each photon inside the cavity. The intensity
as function of frequency is plotted in Figure 2.6. The intensity reaches its
maximum value when the frequency matches the resonance frequency and the
sine in the denominator becomes zero. The Finesse is defined as the ratio of the
FSR over the Full Width Half Maximum (FWHM) of the intensity peaks and
therefore the width of the resonator modes are given by

∆v =
vFSR
F

, (2.38)

which is also known as the linewidth of the cavity. From this relation it is clear
that a high finesse cavity has a narrow linewidth, allowing only a small range
of frequencies inside the resonator.

Figure 2.6: Light intensity inside an optical resonator as function of frequency, the
sharpness of the resonance peaks is determined by the Finesse of the cavity. (Figure
from ref. 23)

As mentioned earlier, losses inside a cavity can be attributed to two main
sources: losses from the mirrors and losses from absorption by the medium. The
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losses at the mirrors are caused by three main effects: first of all the mirrors are
often designed to transmit a portion of the light T , otherwise no light could be
inserted in the cavity and no light would come out. Second, despite major efforts
by companies to minimize scattering at the surface by applying sophisticated
polishing and substrate techniques, mirrors are never perfect and a small fraction
of the light will be lost due to scattering from the surface. Third, due to the
finite size of the mirrors a small part of the light will leak away when it goes
beyond the edge of the mirror. When the mirror reflectivities for the first mirror
and the second mirror are given by R1 = r21 and R2 = r22, respectively, then
the wave intensity decreases with a factor R1R2 each round-trip. Absorption
and scattering by the medium between the mirrors causes the intensity to drop
by a constant factor in time, which can be modelled as exp(−2αad) for each
round-trip. Taking both loss types into account, the total round-trip intensity
attenuation is modelled as

r2 = R1R2 exp(−2αad) = exp(−2αrd) (2.39)

αr = α2 +
1

2d
ln(1/R1R2) (2.40)

where αr is the effective total attenuation, as a function of αa and R1R2. Now
the finesse can be expressed in terms of αr:

F =
π exp(−αrd)/2

1− exp(−αrd)
≈ π

αrd
, (2.41)

where the approximation αr � 1 was used. This relation confirms the earlier
result that a high Finesse indicates low losses in the cavity. Because αr rep-
resents the losses per unit length, cαr equals the losses per time and we can
define a characteristic decay time τ = 1/(cαr) as the average time each photon
stays inside the cavity. The mean path length traversed by the photons in the
resonator is then given by

∆l = cτ =
1

αr
=
L

π
F , (2.42)

where (2.41) was used. When building an optical cavity, it is important that the
laser stays coherent within this length. Otherwise, after some time in the cavity
the photons will no longer contribute to the standing wave therefore limiting
the functionality of the cavity.

2.3.3 Stability

So far a cavity with planar mirrors was considered, but it turns out this con-
figuration is highly sensitive to misalignments. When the beam entering the
cavity is not exactly parallel with the cavity longitudinal axis, the light will
drift from the center by consecutive reflections from the mirrors and is lost from
the cavity after a short number of round-trips. The stability of the resonator
can be increased by using spherical mirrors. Ray optics and the ABCD law can
be used to investigate the stability and confinement conditions for the cavity.

We define the radii of curvature of each resonator mirror as R1 and R2, with
R > 0 for convex and R < 0 for concave mirrors. For the case with two planar
mirrors in the previous section R1 = R2 =∞. Assuming paraxial rays (having
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small angles with respect to the optical axis) we can construct ray transfer
matrices for both mirrors and the medium. Putting these into the ABCD law
and demanding that the rays of consecutive round-trips overlap results in the
stability condition:

0 ≤ (1 +
d

R1
)(1 +

d

R2
) ≤ 1, (2.43)

which can also be written in terms of the so called g parameters, g1 = 1 d
R1

and

g2 = 1 + d
R2

:
0 ≤ g1g2 ≤ 1 (2.44)

If this condition is satisfied, the subsequent round-trips of light will overlap and
the resonator is said to be stable. If not, the cavity is unstable, and the light will
quickly ’walk out’ of the cavity resulting in a very limited resonance intensity.
The stability condition can be visualized with a diagram, as shown in Figure
2.7. Several possible configurations with different radius of curvatures for the
mirrors are listed in the figure as well.

Figure 2.7: Resonator stability diagram. If the parameters g1 = 1 d
R1

and g2 = 1+ d
R2

lie in the unshaded areas the cavity is stable. Several basic configurations are listed
on the right with the letters indicating their position in the diagram. (Figure from
ref. 23)

2.3.4 Gaussian beams

In addition to the longitudinal modes discussed earlier, optical resonators can
also sustain transverse cavity modes, where the fields are normal to the z axis.
These are called TEMmn (transverse electromagnetic) modes, where the indices
m and n indicate the integer number of transverse nodal lines in the x- and
y-direction, respectively. For all applications in this thesis the TEM00 mode is
used, because of its complete spatial coherence and the small angular divergence.
The TEM00 mode of an optical cavity has a Gaussian profile: the intensity
falls off transversely following a bell-shaped curve that is symmetrical around
the central axis. To study how light can be coupled into an optical cavity we
therefore need to use Gaussian beam optics.
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The intensity profile in the x-y plane of a Gaussian beam is described by an
exponential decay function. Its width is characterized by the radius w, defined
as the distance from the axis at which the electric field has dropped by a factor
e from its axial value. The beam radius can be expressed as function of the
longitudinal coordinate z:

w(z) = w0

√
1 +

z

z0
(2.45)

z0 =
πw2

0

λ
(2.46)

At z = 0, where the focus is, the beam radius takes its minimum value w0,
called the waist. The beam radius increases in both directions from the focus.
A characteristic of the divergence of the beam is the Rayleigh range z0, the
distance over which the cross-sectional area has doubled from its minimum value
at the focus. The radius of curvature (ROC) of the wave front is given by

R(z) = z

(
1 +

(
z0
z

)2
)

(2.47)

and decreases from ∞ at z = 0 towards a minimum at z = z0, after which
it increases linearly with z, as is the case for a a spherical wave. A Gaussian
beam inside an optical resonator will only overlap with itself if the ROC of the
mirrors equals that of the wave front. In the far field regime z >> z0, the
Gaussian beam is nearly spherical and therefore spherical mirrors can be used.
If a spherical mirror is used in combination with a planar mirror, then the latter
has to be placed at the focus where the ROC of the Gaussian beam is infinite.
If the mirrors have different ROC, the focus will be displaced from the center
of the cavity. For now we will assume a symmetric configuration, where the
mirrors have equal ROC and the focus is located in the center of the cavity,
since for our application of an optical dipole trap we want to trap the molecules
in the center of the resonator.

The waist size of a symmetric cavity is obtained by solving (2.45) with r
equal to the ROC of the mirrors:

w0 =

√
λ

2π

√
d(2r − d) (2.48)

Where z was replaced by z = 2d because we are dealing with a symmetric con-
figuration. This relation is plotted in Figure 2.8 for different mirror curvatures
r. For fixed r, the waist size is maximal at d = r:

w0,max =

√
λr

2π
, (2.49)

for which the cavity has a confocal configuration. In this case, the length of
the resonator equals twice the Rayleigh length and the beam width at the mir-
rors is twice the waist size, as shown in Figure 2.9. In this configuration all
TEMmn cavity modes are overlapping, which is a disadvantage because for our
applications we want the cavity to sustain only the TEM00 mode. The waist
size w0 = 0 when d = 2r, which is the concentric configuration. As indicated in
Figure 2.7, concentric resonators are at the edge of the stability region. Figure
2.8 is in particular useful in the process of designing a cavity: it can be used to
select appropriate mirrors for a desired range of waist sizes.
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Figure 2.8: Waist size W0 at the focus of a symmetrical optical cavity as function of
the cavity length d for different curvatures of the mirrors r. ROC of both mirrors are
assumed to be the same. The maximum waist size for a given r occurs in a confocal
configuration.

2.3.5 Mode matching

So far only the light inside the resonator has been considered, not how to get a
laser beam coupled into a cavity. This is usually done via the back of one of the
mirrors, which is called the incoupling mirror. After a number of round-trips
the light leaves the cavity both through the incoupling mirror, traversing the
incoming beam in opposite direction, and through the back mirror (outcoupler).
Light leaking through the outcoupling mirror is usually used to monitor the
behaviour of the cavity.

In order for light to be coupled into the cavity the incoming light should have
the same parameters as the resonating light. For a Gaussian beam this means
the beam waist, radius of curvature and focal position should match. This can
be achieved by placing one or more lenses in the beam path before the cavity.
We will start by assuming the fixed beam parameters for the cavity and calculate
how we can match these parameters by placing one lens in a collimated laser
beam. The cavity waist size is given by w0cav and its Rayleigh range is z0cav ≡
πw2

0cav/λ. Because the incoming light traverses through the spherical incoupling
mirror both its waist size and the focus position are changed. Constructing the
ray matrices and using the ABCD law we can calculate the virtual waist w0vir

and focus position zvir the incoming light should have in order to match w0cav

and z0cav
22:

w0vir = w0cav

√
z20cav + (d/2)2

z20cav + n2(d/2)2
(2.50)

zvir = n
dw2

0vir

2w2
0cav

+
t

n
(2.51)
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Figure 2.9: A Gaussian beam in a symmetric confocal cavity with concave mirrors.
(Figure from ref. 23)

Here n is the refraction index of the mirror and t is the thickness. The beam
after the mirror behaves as if it had a virtual focus at position zvir with a virtual
waist w0vir, while the real focus is altered by the mirror and has z0cav and w0cav

as indicated in Figure 2.10.

Figure 2.10: Schematic drawing of the mode matching optics. The incoupling mirror
changes the position and waist of the focus of the incoming collimated beam to zvir
and w0vir respectively.

Having determined waist size the focus of the incoming beam should have,
we can now calculate the waist size w0in of the incoming collimated beam before
it is focused by a lens with focal length f :

w0in =
fλ

π
√

2w0vir

√√√√
1 +

√
1−

(
2πw0vir

f

)2

(2.52)

So the parameters of the incoming beam are matched with those of the light
inside the cavity when both of these requirements are fulfilled:

• The waist size of the incoming collimated beam equals w0in.

• A lens with focal length f is placed at distance zin = f − zvir from the
incoupling mirror.
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2.3.6 Power enhancement

In section 2.3.1 we derived the total intensity of the light inside a Fabry-Perot
resonator as function of the intensity of the first round trip I0. We saw that
the intensity reaches a maximum at the resonance frequencies vq, where the
light forms a standing wave between the cavity mirrors. The many round-trips
inside the cavity cause the intensity to be much higher than the incoming light
intensity. To calculate the intensity enhancement, or power enhancement, we
can use (2.37):

A =
4Imax
Iin

≈ 4I0
Iin(1− r)2

=
4Iin(1− r)
Iin(1− r)2

=
4

1−R
(2.53)

Where, as before, equal mirror reflectivities r close to 1 are assumed, losses
are neglected and Iin is the intensity of the incoming light before it passes
through the incoupling mirror. The factor 4 appears because the light inside
the cavity interferes constructively, therefore doubling the electric field ampli-
tude, resulting in a factor 4 increase in intensity. One can also express the
enhancement in terms of the finesse:

A ≈ 4F
π

(2.54)

Which is useful as a quick and easy indication of the power enhancement for
a given Finesse. To get maximum power enhancement, the cavity should have
a very high Finesse, which is achieved by using high reflectivity mirrors to store
as much light as possible in the cavity (see (2.37)). However, to couple the light
into the cavity the incoupling mirror should have a low reflectivity in order to
reach a high incoupling efficiency: with very high reflectivity mirrors only a very
small fraction of the light can enter the cavity. Both requirements contradict
each other and therefore a trade-off for the reflectivity of the first mirror must
be made between a high finesse and a high incoupling efficiency. To find the
optimal value for the reflectivity of the first mirror R1, we take the power
enhancement from (2.53) but instead of assuming equal mirror reflectivities r
we plug in (2.40) allowing for different mirror reflectivities R1 and R2 and also
including losses:

A =
1−R1

(1−
√
R1R2 exp(−2αad))2

(2.55)

Now by setting the derivative with respect to R1 to zero we obtain the
optimal value for R1:

∂A

∂R1
= 0→ R1 = R2e

(−2αad) (2.56)

This equation is called the impedance matching condition. When losses are
negligible the impedance matching condition gives equal mirror reflectivities for
both mirrors. However, as the losses are becoming significant one should choose
the mirror reflectivities according to the above relation to maximize the power
enhancement of the cavity.
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2.4 Optical dipole trap

An optical dipole trap (ODT) is an experimental technique where a strong light
field is used to trap particles in a region in space. The working principle is
based on the dipole force for which particles possessing a non-zero polarizability
are subject to a potential depending on the light intensity. This particles can
be atoms as well as molecules and usually trapping also works for different
internal states at the same time. The depth and spatial extension of the trap
are determined by both the frequency and the intensity of the light field used.

2.4.1 Dipole force

The working principle of an optical dipole trap is based on dipole force, arising
from the interaction of the electric component of the light field and the particle.
When an electric field E = E0 exp(−iωt)ê interacts with a particle (either atom
or molecule), a dipole moment p is induced, which depends on the (scalar)
complex polarizability α̃25. The amplitude of the dipole moment is given by:

p = α̃E (2.57)

The interaction potential between the electric field and the induced dipole mo-
ment is given by the following integral26:

Udip =

∫ E

0

−αE dE = −1

2
αE2 (2.58)

Where α denotes the real part of the complex polarizability α̃. The factor 1/2
occurs because the dipole moment is an induced one; for permanent dipoles
this factor does not occur. The resulting force is the gradient of the interaction
potential:

Fdip = −∇Udip(r) =
1

ε0c
α∇I(r) (2.59)

Where the intensity is I = 1
2ε0cE

2
0 . The potential gives rise to a conservative

force, proportional to the gradient of light intensity. Thus, when concentrated
on a single focus point, the particles will be attracted (or repulsed, which will
be discussed in the next section) to the high intensity region. For a Gaussian
beam the peak intensity I0 is related to the total laser beam power P0 by:

I0 =
2P0

πw0
(2.60)

Therefore we can express the potential depth of an optical dipole trap created
by the focus of such a laser beam by27:

UODT = − 1

ε0c
αI0 = − 1

ε0c
α

2P0

πw2
0

= − 2α

πε0cw2
0

P0 (2.61)

2.4.2 Stark Shift

Another way of viewing the dipole force is via the Stark shift. The electric com-
ponent of a light field causes a shift in the energy levels of the atom or molecule,
as in Figure 2.11. The magnitude of this shift depends on local light intensity,
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and therefore varies in space in a Gaussian laser beam. The direction of the shift
depends on the frequency of the trapping laser: if the wavelength of the laser
is smaller than the energy splitting of the two relevant levels (blue-detuned),
the splitting between both levels becomes larger and the force points towards
regions with lower intensity. Consequently, the molecules will be repulsed by the
light beam and an anti-trap is created. If however the wavelength is larger than
the energy splitting (red-detuned), the force will attract the molecules towards
the regions with higher intensity. Thus, by using red detuned light, molecules
can be trapped into the focus of a laser beam.

Figure 2.11: Shift in energy levels due to a light field. (Figure from ref. 26)

The selection of the right trapping wavelength is critical for the functional-
ity of the dipole trap. When the operating frequency is close to a transition,
scattering will be increased and can cause molecules in the trap to heat, and
eventually they will escape from the trap. To minimize the scattering, a large
detuning is preferred. When the detuning is very large, the resulting trap is
called a Far Off Resonance Trap (FORT). If the detuning is increased even
more, the molecules do effectively experience a static potential, and a Quasi
Electrostatic Potential (QUEST) is formed.

2.4.3 Optical lattice

When a single focused beam is used to create a dipole trap, the trap will be
cigar-shaped like the focus of the beam. The confinement in the radial direction
will be stronger than the confinement in the axial direction. However, when
using an optical cavity to create the dipole trap, the trapping light will form
a standing wave. Because the molecules are attracted to the region of highest
intensity, they accumulate at the anti-nodes of the standing wave. The trapping
potential is then given by27:

U(r, z) = − 4U0

1 + z/z0
exp

(
− 2r2

ω0

√
1 + (z/z0)2

)
cos2(kz) (2.62)

Where the trap depth U0 = UODT /2 and r is the radial coordinate. We see
that the dipole trap actually consists of a large number of pancake-shaped traps
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separated by half the trapping wavelength. This is known as an optical lattice
and is shown schematically in Figure 2.12.

Figure 2.12: Schematic drawing of SrF molecules accumulating in the antinodes of
a standing wave inside a cavity, forming a 1D optical lattice.

Once captured in the dipole trap, the molecules oscillate in all directions
following the conservative potential of the dipole force. As long as the magnitude
of the oscillations is much smaller than the trap depth, i.e. the molecules are not
far from the center of the trap, the potential can be approximated as harmonic.
The trap oscillation frequencies in a 1-D optical lattice are then given by28:

ωaxial =
2π

λ

√
−2Udip

m
(2.63)

ωradial =
2

ω0

√
−Udip

m
(2.64)

Where m is the mass of the molecule and ωaxial and ωradial are the angular
frequencies in the direction of the trapping beam and in any direction orthogonal
to the trapping beam, respectively. Because the axial length of the traps is very
small (on the order of half a wavelength of the trapping beam) compared to the
radial width (typically > 10µm), ωaxial is much larger then ωradial in an optical
lattice. For a focused beam dipole trap however, the opposite is the case: the
axial length of the cigar shaped trap is larger than the radial width so ωaxial
will be smaller than ωradial.

2.5 Cavity ring-down spectroscopy

Cavity ring-down spectroscopy (CRDS) is a technique for performing sensitive
direct absorption measurements developed in the late 1980’s. The main idea
of this technique is to reflect the laser light back and forth many times inside
an optical cavity and measure the decay of the light. In comparison to tradi-
tional spectroscopy experiments, where the light passes the sample just once,
it is mainly the largely increased effective path length that results in a much
higher sensitivity. Spectroscopy experiments, in general, use the absorption and
emission of light by the sample of atoms or molecules. The Beer-Lambert law
relates the intensity of the spectrum to the absorption by the sample29:

I = I0 exp(−αl) (2.65)

Where I0 is the incoming light intensity and I the intensity leaving the
sample, l is the length of the sample and α = σ(v)N the absorption coefficient
with σ(v) the frequency dependent absorption cross-section of the sample and
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N the number of absorbing molecules per unit volume. A spectrum of a simple
absorption measurement is obtained by measuring the small light attenuation
on top of a large background signal of the incident beam. The resolution of
such a spectrum is limited by the ratio of the small intensity deviation versus
the large background.

Figure 2.13: Schematic overview of a simple CRDS experiment. A laser pulse is
send through an optical cavity, with length L and mirror reflectivities R, containing
the sample molecules. A detector measures the light leaking away through the back
cavity mirror after a number of round trips. The exponential decay of the intensity
characterizes the losses inside the cavity. (Figure from ref. 29)

A basic CRDS setup is shown schematically in Figure 2.13. A light pulse
from a laser is coupled into a high finesse optical cavity with length L and mirror
reflectivities R typically > 99.9%. While the light pulse is trapped inside the
cavity, bouncing back and forth between the mirrors, a small part leaks away
through the back and front mirror and the leak intensity through the back mirror
is measured by a photodiode. The leak intensity is described by the differential
equation

dI

dt
= −cT

L
I (2.66)

with c speed of light and T the transmission of the mirrors. When assuming no
scattering or other losses in the mirrors T is related to R by T = 1 - R. The
solution in terms of the ring-down time τ = L

cT yields30

I(t) = I0 exp(− t
τ

). (2.67)

So far only losses through the mirrors have been considered, but when placing
the sample of interest inside the optical cavity additional losses due to absorption
will occur. Therefore the molecular absorption coefficient α from equation 2.65
should be added to the losses for each roundtrip, resulting in a modified ring-
down time

τ =
L

c(T + αL)
, (2.68)
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where the length of the sample is taken equal to the length of the cavity L. Thus
when recording the leak intensity, an exponential decay with time constant τ
will be obtained. With τ being sensitive to both the mirror transmission and the
molecular absorption, an absorption spectrum can be obtained after subtracting
the transmission losses. Because of the high reflectivity of the mirrors, the
effective path length of the light passing through the sample is greatly enhanced:
for example with R = 99, 99% and a sample length of 20 cm, the effective path
length is increased to 1 km. In practice a higher reflectivity boils down to a
bigger change in the time constant, therefore increasing the sensitivity17. On
the other hand, when increasing the reflectivity, less light can be coupled into
the cavity, therefore reducing the intensity on the detector. As can be seen from
equation 2.68, the ring-down time is independent of the incident light intensity.
This offers the great advantage that fluctuations in the laser beam intensity do
not influence the sensitivity of the measurement.
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Chapter 3

Acetylene spectroscopy

This chapter reports on the acetylene spectroscopy project. First an overview
of the experimental setup is given and the most important parts are described.
The next section explains the measurement sequence and the way the data is
analyzed. Subsequently, the results are presented and discussed, leading to a
conclusion and outlook of the experiment.

3.1 Experimental overview

The experimental setup for measuring higher overtones of acetylene was already
used before to perform spectroscopy in different ways on vibrational overtones
of several molecules3,31. For the current project, the setup was slightly changed
to make it suitable for the new method of two photon excitation combined with
CRDS.

3.1.1 The laser system

The laser system consists of two mean laser beam lines, a pump beam in the
near infrared (IR) regime and a probe in the mid-IR regime. An overview of
the setup is shown in Figure 3.1, where both beam paths are marked.

The laser beam in the visible regime, for exciting acetylene by several vibra-
tional quanta, is produced by a Ti:sapphire ring laser (Coherent 899). This laser
is tunable over a range from 700-1000 nm with three different sets of mirrors
and has a linewidth around 20 MHz. Coarse- to fine tuning is achieved by a
thick etalon, a galvo plate and a thin etalon, respectively. The output power
of 1 W is sufficient for all experiments performed. The ring laser is pumped
by a Coherent Verdi V-10 pump laser producing a 532 nm beam up to 10 W
pump power. The wavelength of the ring laser is measured using a fiber coupled
wavemeter with a resolution of 0.01cm−1. After exiting the ring laser, the beam
is focused and directed through an AOM, which enables shutting off the beam
needed for the cavity ring-down measurements. The first order deflected beam,
containing ∼ 35% of the original power, is sent through two mode matching
lenses. In the focus of the first lens a pinhole is located, which ensures the beam
is nicely Gaussian shaped for optimal mode matching. After the second lens
the beam is reflected by two right-angled mirrors on a micrometer translation
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Figure 3.1: Overview of the experimental setup. The infrared pump beam path is
marked purple and enters from the right. The visible pump beam is marked red and
enters from top.

stage. With this stage the distance between the cavity and the mode matching
optics can be fine-tuned to reach optimal incoupling of the light into the sample
cell cavity, without changing the mutual distances between the lenses and the
pinhole.

The mid-IR beam is produced by a home-built optical parametric oscillator
(OPO), which is fed by a near-infrared beam. An overview of the OPO setup is
shown in Figure 3.2. The OPO consists of a PPN-doped crystal, with 10 different
poling periods, which is placed inside a optical cavity in bow-tie configuration.
The cavity mirrors have a high reflectivity for the signal beam, while the pump
and idler beam are mostly transmitted. To prevent damaging the crystal, it
is heated to ∼ 60oC. In order to select only one frequency component a thin
etalon is placed in the cavity, under a small angle relative to the signal beam.

The output frequency of the OPO is tunable over a broad range within the
mid-IR: from ∼ 2450nm to ∼ 3900nm. Coarse- to fine tuning of the frequency
is done by changing the poling period of the crystal, tuning the frequency of
the input light and changing the temperature of the crystal, respectively. The
threshold input power for the OPO is ∼ 2.5W and an output power of 100mW
can be reached easily.

The OPO is pumped by a near-infrared beam from a Ti:sapph ring laser,
which is tunable from 750nm to 850nm. Coarse tuning of the Ti:sapph is
provided by a manually adjustable thick etalon while fine tuning of the frequency
is done by a thin etalon via the control box. At maximum pump power the
ring laser produces ∼ 4.5W . The frequency of the OPO is measured with a
wavemeter (EXFO) with a resolution of .005cm−1. The short term stability
(≤ 5 min) of the OPO is better then the resolution of the wavemeter, but for
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Figure 3.2: Overview of the OPO setup. The OPO pump beam is marked orange
and enters from the right. The signal beam, marked green, is generated inside the
crystal and circulates inside the cavity. The idler beam is marked purple and exits to
the left, towards the sample cell.

longer timescales manual corrections in the pump frequency are necessary to
keep the frequency at the desired value. These drifts are mainly caused by the
ring laser while mode hops mostly occur inside the OPO.

The Ti:sapph ring laser is pumped by a Coherent Verdi pump laser with
an wavelength of 532 nm and an output power up to 20W. However, due to
some internal malfunction the output power of the device was limited to 17, 5W
during most experiments.

3.1.2 The sample cell

In the sample cell, schematically shown in Figure 3.3, the light of both lasers
interacts with acetylene molecules. The cell consists of a cylindrical tube of
Zerodur glass with low thermal expansion, closed off by the cavity mirrors on
each end. The cell is connected to a mechanical vacuum pump and an acetylene
gas bottle, such that the pressure of acetylene inside the sample cell can be
regulated. A typical pressure used in the experiments was 1 mbar. A higher
pressure leads to a stronger absorption signal, but also to larger losses from the
intermediate state due to to collisions, which lowers the absorption signal. The
optimal value was found to be around 1 mbar in earlier experiments3.

The visible light beam TEM00 mode is coupled in the cavity through the flat
front mirror, aligned to the center axis of the sample cell. The back mirror has
a radius of curvature of 1 meter, while the front mirror is flat, and both mirrors
have a reflectivity > 99.98% for the Ti:sapph wavelength, while the reflectivity
for the OPO-beam is low. The cavity length is scanned by a piezo actuator
ring clamped between the glass cylinder and the back mirror. When the cavity
comes into resonance with the incoupled light, that is when the cavity length
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Figure 3.3: Schematic overview of the sample cell, made out of Zerodur glass. The
pump beam is generated by the OPO and traverses the sample once before it is being
detected by a power meter. The probe beam forms a standing wave when it is in
resonance with the high reflectivity mirrors of the cavity, of which the length is scanned
by a piezo. The exponential decay of the light intensity is recorded by a photodiode

equals an half-integer times the wavelength of the light, power starts to build
up inside the cavity. This is measured by the high frequency photodiode behind
the back mirror and when the intensity reaches a defined threshold, a home-
built comparator switches off the AOM. The incoupled light drops instantly to
zero and the light in the cavity starts to leak away through both mirrors. This
results in an exponential decay of in the intensity recorded by the photodiode.
The decay time τ is a very sensitive measure for all losses from the cavity.
Because losses through transmission of the mirrors are constant, changes in τ
directly reflect absorption peaks of the sample molecules.

The OPO-beam is directed into the cavity almost parallel to the visible
beam, just under a slight angle of ∼ 0.5o such that they overlap in the middle
of the cavity. Because of the high transmission of the cavity mirrors, the OPO
beam makes a single pass through the sample cell and is then separated from the
leaking part of the visible beam by a dichroic mirror. Detection by a thermal
power meter was usually sufficient to detect the absorption peak. Inside the
sample cell the power of the OPO beam is ∼ 30 mW.

3.1.3 Data acquisition

The cavity ring-down times were recorded with a National Instruments DAQ-
card. A home-built Labview program gives both a real time estimation of the
ring-down time and saves the raw data to a binary file. The fitting and averaging
of all the exponentials is done on a separate PC by a C++ script. In this way,
faster acquisition rates can be achieved. For the measurements performed here,
the repetition rate of the ring-down signals was usually 40 Hz. After the data
is processed by the script, the standard deviation of the noise on the ring down
time without any absorption peaks present, while at a stable frequency, is 0.02%.

3.1.4 ECDL setup

Because the above described setup did not give satisfying results within reason-
able time, a change in the setup was made. Exciting the molecules by several
vibrational quanta results in very weak transition peaks, therefore it was decided
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to first try to excite the molecules by just one or two quanta and then later move
on to more quanta. Because these transitions are out of the Ti:sapph range we
needed to switch to a different laser, a near infrared commercial External Cavity
Diode Laser (ECDL) (New Focus, Velocity 6328) which was also used for other
CRDS experiments. This laser is tunable between 6350 cm−1 and 6575 cm−1

and has an output of about 20mW with a linewidth ∼ 1 MHz32. An overview
with the ECDL laser is shown in Figure 3.4, with the beam path marked.

Figure 3.4: Overview of the ECDL setup. The infrared pump beam is marked purple
and enters from the right. The visible probe beam is marked red and enters from the
optical fiber.

The wavelength is measured by a wavemeter (EXFO, WA-1500) with a reso-
lution of 40 MHz. For the ECDL laser a separate beam path to the sample cell
cavity was used because different mirrors were required by the larger wavelength.
After passing through an AOM the beam is directed through a polarizing beam
splitter and a λ

2 -waveplate and coupled into a polarization maintaining multi-
mode optical fiber. Because of the Gaussian shape, the output of the fiber can
be coupled straight into the cavity without the need for a pinhole. Two mode
matching lenses optimize the coupling into the cavity. The cavity mirrors, the
dichroic beam splitter mirror and the photodiode were replaced by similar ones
suitable for the new wavelength. Also the data acquisition system was changed
to a different Labview program, now working with a fast 12-bit data acquisition
card (Gage, Compuscope 12100).

3.2 Performing the experiments

Previous tries to measure higher overtones of acetylene by Mikael Siltanen using
this unique two photon CRDS setup did not succeed, probably due to lack of
time and uncertainties in the exact frequencies of the overtones. These over-
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tones have never been measured before and therefore one has to rely on the
theoretical predictions of the frequencies, in which some uncertainties are in-
volved. Moreover, also the experimental method of two photon excitation is
new. To avoid having too much uncertainties it was decided to first try the
new method on a molecule with well known transitions in order to optimize the
signal before moving on to acetylene. A very suitable candidate for this is the
water molecule, being a simple molecule with transitions in the same frequency
regime as acetylene and very well documented. Because normal water is very
abundant in room air, hitting a resonance would cause the laser beams to de-
crease in intensity considerably before they even reach the sample cell. To avoid
this we choose a heavy water isotope, H18

2 O. For this molecule a set of suitable
transitions was selected for both the OPO and the Ti:sapph beam, shown in
Table 3.1.

Transition, normal and (local) notation Laser Transition frequency (cm−1)
000(00+) → 001(10−) pump 3674.3475
001(10−) → 202(31+) probe 10504.4721
001(10−) → 500(50+) probe 13169.0504

000(00+) → 001(10−) pump 3823.1267
001(10−) → 500(50+) probe 13020.2712

000(00+) → 001(10+) pump 3843.8485
001(10+) → 401(50−) probe 13009.9778

Table 3.1: Transition frequencies for H18
2 O for both the first excitation with the OPO

(pump) laser beam and the second step by the Ti:Sapph (probe) laser. Transition
frequencies are obtained from HITRAN 33.

3.2.1 Measurements on heavy water

To obtain a gas sample of heavy water molecules from the available liquid sub-
stance, the water was evaporated under vacuum pressure (∼ 10−4 mbar). A
thermodynamic equilibrium between the gas and liquid phase is formed and
fills a bottle of gaseous heavy water with a pressure of ∼ 25mbar, which is the
vapour pressure of water at room temperature. After filling the sample cell with
the heavy water up to a pressure of 1 mbar, the OPO beam was send through
and tuned exactly at the transition denoted in Table 3.1. The OPO power send
in the cavity is 100 mW and when non-resonant the measured power after the
cavity was around 11 mW, which implies roughly 10% of the infrared light is
transmitted through both cavity mirrors. As expected, the power meter behind
the sample cell detects a drop in intensity when the laser is at resonance, as
shown in Figure 3.5.

The OPO beam is kept at the maximum of the absorption peak during the
rest of the experiment to populate the (001) vibrational state. The Ti:Sapph
laser beam is send through the sample cell and its frequency is scanned across
the resonance listed in table 3.1 by rotating the galvo plate inside the laser cavity
with a scan rate of approximately 0,008 cm−1/min. The cavity length is scanned
over one free spectral range with 40 Hz, resulting in 80 exponential decay curves
being recorded by the data acquisition card in the PC every second. After the
scan has completed, the curves are fitted by exponentials and the corresponding

35



3 8 2 3 . 0 5 3 8 2 3 . 0 8 3 8 2 3 . 1 1 3 8 2 3 . 1 4 3 8 2 3 . 1 7 3 8 2 3 . 2 0 3 8 2 3 . 2 3
0

2

4

6

8

1 0

1 2

po
we

r (m
W)

w a v e n u m b e r  ( c m - 1 )

A b s o r p t i o n  l i n e  o f  h e a v y  w a t e r

Figure 3.5: Measured power behind the sample cell filled with 1 mbar H18
2 O as

function of wavenumber. The red line is represents a fit of a Gaussian line shape with
FWHM of 0.022 cm−1 centered at 3823.105 cm−1.

decay times are averaged and saved. The resulting plot of three successive scans
is shown in Figure 3.6.
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Figure 3.6: Three successive scans of the H18
2 O spectrum around the 303 → 212

vibrational resonance, at 13020.2712 cm−1. The repetitive peak pattern is an artifact
due to the piezo scanning of the cavity and does not represent any absorption features
of the sample molecules.
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The plot of the ring-down times shows a repeating pattern of peaks and
dips. It turns out these peaks occur when the resonance peak in the optical
cavity is at a specific position of the piezo ramp. The peaks repeat after 0.012
cm−1, which is almost exactly one free spectral range (FSR) of the cavity (430
MHz). It can be seen that not only the major peaks and dips repeat, but also
the smaller variations in the ring-down time show a repeating pattern with the
same length. Therefore it is clear that most of the peaks visible in Figure 3.6
are not a spectral feature of the sample molecules but are caused by some effect
related to the scanning of the optical cavity. A detailed picture of the mounting
of back mirror and the piezo stack is shown in Appendix A. As a result of
previous experiments performed with this setup the piezo stack is quite thick,
allowing for large scans of the cavity length. This feature was used in earlier
experiments, but for the current setup we only need to scan a single FSR.
Because of its thickness however, the piezo stack could cause the mirror to tilt
slightly at a certain point in the scan, being no longer exactly perpendicular
to the laser beam axis. When the mirror is slightly tilted the finesse of the
cavity drops and the ring-down time, which is very sensitive to any losses of
light in the cavity, decreases as well. The piezo stack changing the angle of the
mirror during the scan is probably the cause of the peaks and dips shown in the
absorption spectrum.

From the plot in Figure 3.6, it is clear the expected absorption peak (303)→
(212) at 13020.2712 cm−1 is not resolved. Several possible improvements were
tried resolve the second resonance step of H18

2 O :

• Pressure of H18
2 O in the sample cell was varied between 0.5 mbar and 10

mbar.

• Different scan rates between 0.005 and 0.1 cm−1/min.

• Several different transitions schemes of H18
2 O were tried, as listed in Table

3.5. However for the (000) → (001) transition the OPO did produce only
very little power due to a normal water absorption line inside the crystal.
Therefore mainly the (000) → (001), with different rotational levels, and
(000) → (100) transitions were used.

Despite efforts and these changes, the higher overtones of H18
2 O were not ob-

served. Probably the lack of signal is due to the very low transition strength.
Therefore it was decided to first try the experimental setup and optimize the
signal using a stronger transition.

3.2.2 Measurements on acetylene

Instead of the higher overtones transitions we now aim for an absorption mea-
surement of acetylene going up by just two vibrational quanta instead of five.
This should increase the transition strength by several orders of magnitude and
therefore the spectra should be easier to resolve. In Figure 3.7 the two relevant
transitions for the pump and probe beam is shown. The intermediate state
(0010000) is metastable, having a lifetime ∼ ms. The sample molecules are first
taken to this level by the pump beam and from there excited to the upper state.
In Table 3.2 a number of the relevant calculated transition frequencies is listed,
selected such that they are in the range of our lasers.
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Figure 3.7: Energy level scheme of acetylene with the measured probe and pump
beam transitions indicated.

To fill the sample cell with acetylene molecules, a bottle with gaseous acety-
lene under high pressure is connected and the pressure in the sample cell is
regulated to 1 mbar via two pressure valves. The experiment is carried out in
the same way as in the case for the heavy water measurements, i.e. the OPO
(pump) beam is kept at the maximum of the absorption peak from the first
excitation step while the Ti:sapph (probe) beam is scanned across the second
excitation step.

3.3 Results

In this section the results of the measurements on the lower overtones of acety-
lene are presented and discussed. They are obtained with the ECDL setup as
described before. In Figure 3.8 the results of two scans are shown: one with
the pump beam turned off and one with the pump beam being present. Both
curves show a large variation in the ring-down time (RDT) caused by a nearby
strong acetylene absorption line at 6392.4137 cm−1. This can be viewed as the
background signal, the interesting feature is the dip in ring-down time in the
black curve around 6392.395 cm−1. The dip indicates a higher absorption with
the pump beam than without the pump beam. The absence of the dip while
the pump beam is turned off proofs this absorption dip represents the second
resonance step of the acetylene molecules.

The dip in Figure 3.8 does however consist only of a few data points and the
shape is therefore not clearly resolved. This was due to a limitation in the data
acquisition system of the ECDL laser; each RDT is assigned to the frequency
value measured by the wavemeter, which has a resolution of 0.001 cm−1. Even
though data points are collected with ∆f < 0.001 cm−1, this information is lost
because they are rounded to the closest value from the wavelength meter. To
circumvent this problem and get a better resolution, now instead of scanning
the probe beam, the pump beam was scanned while the probe beam was kept at
the same frequency during the scan. The absorption signal of the probe beam
is then recorded as function of the pump beam scan time. Simultaneously, the
pump beam frequency is recorded and also related to the scanning time of the
pump beam. A trigger output signal of the pump laser makes sure the pump
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Acetylene transition J Branch Transition frequency Laser

(normal mode notation) (upper state) (cm−1)

0000000 → 0010000 J=6 → J’=7 R 3311.067487 pump

0000000 → 0010000 J=7 → J’=8 R 3313.348542 pump

0000000 → 0010000 J=8 → J’=9 R 3315.619792 pump

0000000 → 0010000 J=9 → J’=10 R 3317.880408 pump

0000000 → 0010000 J=10 → J’=11 R 3320.130748 pump

0000000 → 0010000 J=11 → J’=12 R 3322.36971 pump

0000000 → 0010000 J=12 → J’=13 R 3324.596916 pump

0000000 → 0010000 J=13 → J’=14 R 3326.812475 pump

0000000 → 0010000 J=14 → J’=15 R 3329.015606 pump

0010000 → 2010000 J’=7 → J”=6 P 6351.537 probe

0010000 → 2010000 J’=8 → J”=7 P 6348.996 probe

0010000 → 2010000 J’=9 → J”=8 P 6346.427 probe

0010000 → 2010000 J’=10 → J”=9 P 6343.831 probe

0010000 → 2010000 J’=11 → J”=10 P 6341.209 probe

0010000 → 2010000 J’=12 → J”=11 P 6338.56 probe

0010000 → 2010000 J’=13 → J”=12 P 6335.886 probe

0010000 → 2010000 J’=14 → J”=13 P 6333.186 probe

0010000 → 2010000 J’=15 → J”=14 P 6330.461 probe

0010000 → 2010000 J’=7 → J”=8 R 6386.273 probe

0010000 → 2010000 J’=8 → J”=9 R 6388.361 probe

0010000 → 2010000 J’=9 → J”=10 R 6390.421 probe

0010000 → 2010000 J’=10 → J”=11 R 6392.453 probe

0010000 → 2010000 J’=11 → J”=12 R 6394.458 probe

0010000 → 2010000 J’=12 → J”=13 R 6396.435 probe

0010000 → 2010000 J’=13 → J”=14 R 6388.386 probe

0010000 → 2010000 J’=14 → J”=15 R 6400.31 probe

0010000 → 2010000 J’=15 → J”=16 R 6402.208 probe

Table 3.2: Transition frequencies of acetylene for both the first excitation with the
OPO (pump) laser and the second step by the Ti:Sapph (probe) laser. J represents
the rotational angular momentum, R-branch refers to ∆J = J ′ − J = 1 and P-branch
to ∆J = −1. Transition frequencies are obtained from HITRAN 33.

beam frequency can be related to the absorption signal afterwards. This results
in a plot of the absorption signal as function of the pump beam frequency. Since
the probe beam frequency is constant for each plot, several plots are made for
different probe beam frequencies. The result of a single scan, zoomed in to the
RDT dip, is shown in Figure 3.9, where the ECDL was kept at a frequency of
6392.392 cm−1 and the pump beam scanning rate was 0.001 cm−1/s.

Now it becomes clear that the earlier observed dip consists of two distinct
peaks, comparable in both height and width. The fact that there are two dips
instead of one is explained by the direction of the pump and probe laser beams
and the associated Doppler shift. This can be understood with Figures 3.10 and
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Figure 3.8: Acetylene absorption spectrum obtained by scanning the probe beam.
Black circles: scan with pump beam present. Blue squares: scan with pump beam
turned off. Both datasets are interpolated with a B-spline curve. Acetylene pressure
in the sample cell is 1.1 mbar and the pump beam is tuned to 3317.87 cm−1.
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3.11, where the population of the three energy levels of interest is schematically
depicted as function of the molecular velocity component in the laser beam
direction. In Figure 3.10 the probe beam is tuned exactly to the resonance
between the two upper levels, while the pump beam is scanned across the lower
resonance. With the pump beam tuned below resonance, molecules moving
towards the laser beam with speed v matching the Doppler shift ∆ωpump/k
will still be excited to |e1〉, known as Doppler broadening of the resonance.
These molecules are however not excited to |e2〉 because the probe laser is only
resonant with zero speed molecules. So only when pump beam is scanning across
the center of the resonance, the probe beam excites molecules to |e2〉. The
obtained absorption spectra are free of Doppler broadening, therefore resolving
more spectral features.

Figure 3.10: Schematic drawing of the level population N of the ground state |g〉,
first excited state |e1〉 and second excited state |e2〉 as function of molecule velocity v
directed along the laser beam. The probe beam frequency is fixed exactly at the |e1〉 →
|e2〉 transition, while the pump beam is scanned across the |g〉 → |e1〉 transition. (a)
With the pump beam off-resonance |e1〉 is still populated due to Doppler broadening,
while the probe beam does not excite molecules having nonzero velocity. (b) If the
pump beam hits the exact resonance, the probe beam excites v = 0 molecules from
|e1〉 to |e2〉 and a Doppler-free absorption spectrum is obtained.

When the probe beam is slightly detuned from the upper resonance it excites
molecules in |e1〉 with a velocity v = ∆ωprobe/k

′, as shown in Figure 3.11. So
when the detuning of the pump beam matches the detuning of the probe beam,
both are in resonance and an absorption peak will be visible. However, because
the probe beam is reflected back and forth between the cavity mirrors, the probe
beam part traveling in the opposite direction of the pump beam is resonant with
the |e1〉 molecules having a velocity v = ∆ωpump/k = ∆ωprobe/k

′ in the pump
beam direction. This is where the second absorption peak arises. When the
pump beam detuning does not match the probe beam detuning, for instance
when it is exactly on resonance, no absorption of the probe beam occurs. In
conclusion, because of the Doppler shift and the counter propagating probe
beam, two similar peaks centered around the central resonance will be visible
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Figure 3.11: Schematical drawing of the level population N of the ground state |g〉,
first excited state |e1〉 and second excited state |e2〉 as function of molecule velocity v
directed along the laser beam. The probe beam frequency is detuned with ∆ωprobe/k

′

from the |e1〉 → |e2〉 transition, while the pump beam is scanned across the |g〉 → |e1〉
transition. (a) When the probe beam detuning matches the pump beam detuning, |e2〉
is populated. Because the probe beam travels in two directions, this happens both for a
positive and negative pump beam detuning, centered around the resonance frequency.
(b) If the pump beam hits the exact resonance, no absorption peak is visible because
the detuned probe beam is not in resonance with the zero velocity |e1〉 molecules.

when the probe beam is slightly detuned.
From this analysis it is clear that in Figure 3.9 the probe beam was detuned

from the |e1〉 → |e2〉 transition. Therefore several different scans were made
while varying the frequency of the probe beam, they are shown in Appendix B.
All peaks are fitted by Lorentzian curves, because the line shapes are dominated
by pressure and lifetime broadening since the reflected probe beam ensures a
Doppler-free signal. The fit parameters can also be found in Appendix B. All
scans are plotted together in Figure 3.12. There the offset of the pump beam
wavenumbers has been adjusted for each scan to match the central resonance
frequency, which is for each scan exactly in the middle of the two peaks. The dis-
crepancy in the |g〉 → |e1〉 wavenumber for the different scans is probably caused
by an error in the synchronization of the frequency data from the wavemeter
with the RDT data and has a standard deviation of 0.0012 cm−1.

The dips of the different scans in Figure 3.12 behave as expected; when the
probe beam detuning approaches towards zero, the peaks move closer towards
each other, until they overlap and form a single dip when ∆ωprobe = 0. This is
at the point where both pump and probe beam are exactly on resonance. The
frequency shift of the two symmetric dips in the probe beam from the center
resonance frequency can be calculated from the detuning of the probe beam by

∆ωpump = ∆ωprobe
k

k′
= ∆ωprobe

ωpump
ωprobe

= 0.52∆ωprobe. (3.1)

As is indicated in Figure 3.11. The values of ∆ωpump are calculated in Table
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Figure 3.12: Acetylene spectrum of multiple pump beam scans, with different probe
beam detunings (colours, values in cm−1) from the resonance at 6392.403 cm−1. The
pump beam wavenumber offset has been adjusted for each scan to correct for the offset
from the averaged center of resonance, as in Table B.1.

Figure 3.9 B.1 B.2 B.3 B.4
ECDL detuning -0.011 -0.009 -0.006 -0.003 0
Left peak width 0.00235 0.0031 0.00641 0.00742 0.00294
Right peak width 0.00128 0.00119 0.00157 - -
Offset from averaged
center resonance -0.0006 0.0014 0.0002 -0.0018 0.0008
0.52∆ωprobe 0.0057 0.0047 0.0031 0.0016 0
Half of peak difference 0.0057 0.00490 0.00345 - -

Table 3.3: Parameters extracted from the Lorentizan fits of the absorption spectra
of C2H2, all values are in cm−1.

3.3 and can then be compared with shift of the symmetric dips in Figure 3.12.
These values are indicated in the last row of Table 3.3 and they match the
calculated values within 10%. This means the position of the symmetric pairs
of dips in Figure 3.12 can be very well explained by the Doppler shift between
the pump and the probe beam inside the sample cell.

One would expect the dip size to increase by a factor 2 at zero probe beam
detuning because the signal of both counter propagating parts of the probe
beams then adds up. However, this effect is not clear from the figure, which
could either be caused by the fact that the probe beam was actually not exactly
on resonance. Or the power of the pump beam limited the number of molecules
in |e1〉 and therefore also limited the size of the absorption dip. From the figure
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and the fit parameters in Table 3.3 one sees the width and size of the two dips
of the individual scans are not always similar. Deviations of this kind could be
caused by fluctuations in the scan rate resulting in a non-linearity in the scan,
or by some other effect of the experimental arrangement.

Finally, the 0000000 → 0010000 and 0010000 → 2010000 measured transition
frequencies are given in Table 3.4. The obtained values are close to the reference
values from HITRAN and earlier measured ones, but still deviate ∼ 0.04 cm−1

which is significantly more than than the error indicates. A possible explanation
for this is that the wavelength meter was not calibrated carefully for the mea-
surements due to a lack of time. Furthermore, some yet unknown systematic
effect in the experimental setup could have caused the shift in frequency.

Transition (normal mode notation) 0000000 → 0010000 0010000 → 2010000

J (upper state) 10 10
Branch R R
Measured frequency (cm−1) 3317.8615±0.002 6392.403±0.003
Reference frequency33 (cm−1) 3317.880408 6392.453
Experimental frequency34 (cm−1) 3317.880389

Table 3.4: Summary of measured, reference and earlier experimental values for the
pump and probe beam frequencies.

3.4 Conclusion

In this chapter a new method was used pursuing the measurement of higher
overtones of acetylene. The technique of two photon excitation combined with
CRDS is never demonstrated before and therefore first it was tried to measure
a molecule with very well-known transitions, H18

2 O, before moving on to over-
tones of acetylene, for which no experimental data exists yet. Because this did
not produce satisfying results small changes in the setup were made, moving to-
wards the infrared regime of lower overtones of acetylene and therefore gaining
several orders of magnitude in line strength. The expected absorption lines of
the 0000000 → 0010000 and 0010000 → 2010000 transitions were measured at
3317.8615±0.002 and 6392.403±0.003 cm−1 respectively. With a signal to noise
ratio close to 10 the spectra show clearly resolved peaks free from Doppler broad-
ening. The obtained frequencies differ from the literature values by ∼ 0.04cm−1

which is probably due to some systematic error in the experimental arrange-
ment. So far no time has been spend trying to find the experimental source of
the error.

With these results, the two photon excitation technique has proven to work
as a new method to perform high sensitivity molecular spectroscopy in the
infrared and visible regime. Continuing work should include performing more
measurements and further optimizing the setup. Probably this will improve the
signal quality significantly and increase the sensitivity, because so far very few
efforts were made optimizing the signal. With this done, it should be possible
to measure the never observed higher overtones of acetylene using this new
method.
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Chapter 4

Dipole trapping of cold
molecules

In this chapter the experimental realization of an optical dipole trap is inves-
tigated. First, the requirements of our optical trap are formulated, mainly
dictated by the goal of our experiment: the measurement of parity violation.
In the second section these requirements are transferred into parameters for an
optical dipole trap and the laser source. Subsequently, an experimental setup is
designed to realize the ODT and its most important aspects are discussed. In
the next section, a literature study is carried out to improve the loading of the
ODT, resulting in the idea of a single photon transition scheme, whereof the
different aspects are investigated. In the fifth part of this chapter the building of
an experimental setup is reported, together with the first results. The chapter
ends with the main conclusions of the preceding sections and an outlook of the
experiment.

Figure 4.1: Schematic overview of the experimental setup. The molecules are ab-
lated from a solid SrF2 pill by a laser. A carrier gas, expanding adiabatically in the
vacuum, takes the molecules through a skimmer, which selects only molecules with
low transverse velocity, into the Stark decelerator. Alternating high voltages on the
ring-shaped electrodes slow down the lfs SrF molecules, ending up in a static electric
trap in the middle of the two larger electrodes at the end of the decelerator. At this
position the molecules are laser cooled (indicated by the red laser beams) and captured
in a dipole trap (indicated in blue), where the final parity violation measurements are
performed.
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4.1 Trap requirements

The goal of the Cold Molecule experiment is to perform high precision mea-
surements on ultra-cold molecules. To retrieve a sample of cold molecules, they
are first slowed down an subsequently laser cooled below mK temperatures, as
shown schematically in Figure 4.1. In order to measure the transition strength
between two states, the molecules need to be kept in some sort of trap during
the time of the measurement. Therefore we aim for a trap lifetime of ∼ 1 s.
During the Stark deceleration stage, all molecules are in the low field seeking
state (lfs). However, in the subsequent laser cooling process some of them will
decay into high field seeking states (hfs) and different rovibrational states. To
not loose these molecules in the final trapping stage, they should also be cap-
tured in the trap. Furthermore, the trap depth should be such that the laser
cooled molecules are strongly confined in the trap. After laser cooling, the tem-
perature is estimated to be ∼ 150 µK, but since recent developments35 suggest
this temperature might be hard to reach in practice, we aim for a trap depth of
at least 1 mK. Prior to the laser cooling stage, the molecules are captured in a
static electric trap and after laser cooling the estimated size of the SrF cloud is 1
mm2. To capture a sufficient fraction of molecules in the trap, its volume should
be significant in comparison with the SrF cloud. As a experimentally achievable
goal we therefore set the minimum trap volume at 5% of the initial cloud volume.

In summary, the requirements for the final trapping stage of SrF are:

• Trapping lifetime ∼ 1 s

• Trap depth > 1 mK

• Trap volume > 0.05 mm2

• Confinement of lfs, hfs as well as different rovibrational states

The first three requirements can be fulfilled by several different trap types,
such as a magneto-optical trap (MOT) or optical dipole trap (ODT). The last
requirement is however not easily achieved by the different traps. A MOT for
instance, relies on optical transitions induced by near resonant laser beams.
To trap different states at the same time, one would need an additional laser
frequency for each state. Apart from the complicated laser system, the different
frequencies would also cause molecules in close-lying blue detuned states to be
heated out of the trap. Therefore a MOT is not suitable as our final trapping
stage. An ODT however, does not have this disadvantages because it is based
on the optical dipole force rather then individual resonant optical transitions.
Because the dipole force induces an energy shift in all rovibrational states of
the molecule, an ODT can trap all these states using a single, off-resonant laser
beam. With an ODT it is in fact harder to reach the required trap depth
and volume because the force that the molecules experience is rather small and
depends on their polarizability. However, the trap can be made as large and
deep as necessary by using sufficient laser power. The trap lifetime of an ODT
depends critically on the stability of the trapping laser and will be discussed
later on, but lifetimes of several seconds are possible.
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4.2 Design of an optical dipole trap

Because of the molecular structure of SrF, lots of rovibrational sub-states exist
within every electronic state. An energy level diagram of the molecule of the
ground state and first excited electronic states is shown in Figure 4.2, where
the bands with rovibrational states are in the white areas, and in the shaded
areas no states exist. The latter frequency regions would therefore be suitable
for dipole trapping. Because only the ground state and first excited state are of
interest to us and we want to use red-detuned light to create a trap at the focus
of a laser beam, the trapping wavelength should be in the lower shaded area,
as explained in section 2.4.2. At 1064 nm powerful lasers and a lot of optics
are available, therefore we choose this wavelength for the dipole trap. With the
resulting large amount of detuning from the X-A electronic transition we create
a QUEST, where the molecules experience effectively a static potential.

Figure 4.2: Energy level diagram of the ground state and first four electronically
excited states of SrF and a few other alkaline-earth mono-halides. The shaded areas
indicate the energy regimes wherein no rovibrational transitions exist and which are
thus suitable as dipole trapping wavelengths. (Figure from ref. 36)

To calculate the laser power needed for the required trap depth of 1 mK we
use (2.61). Here we also need the ground state polarizability of SrF, which has
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been calculated to be αSrF =11.6 Å
3 37, where polarizability volume units are

used. As a first estimation we set the waist of the laser beam focus, which is
the small radius of the cigar-shaped trap, at 100 µm. This results in a required
laser power of

P0 =
cw2

0

4αSrF

UODT [mK]

k
≈ 900W, (4.1)

where k is the Boltzmann constant, put in to convert the trap depth in mK to
energy. From this first estimation we learn that we need a large amount of laser
power in the focus. Using just a single focused beam as a trap, one would need
a very powerful laser, which is both hard to handle and expensive. A relatively
easy way to obtain enough trapping power is the use of an enhancement cavity
where the constructive interference of a large number of round-trips can enhance
the laser power by several orders of magnitude.

Figure 4.3: Dipole potential for a 1-D optical lattice with trapping wavelength
λ=1064 and beam waist w0 = 200µm. The flat plain indicates the r,z interface where
the potential has dropped to 1/e2 of its maximum value.

When using the focus of an enhancement cavity as optical trapping region
the trap is no longer cigar-shaped, but consists of a sequence of many flat traps
as in a 1-D lattice, as described in section 2.4.3. The total volume of the lattice
traps is thus smaller than that of single focus dipole trap with the same beam
parameters. This is illustrated in Figure 4.3, where the potential of a 1-D
lattice with λ=1064 and beam waist w0 = 200µm is plotted. The volume of
a 1-D lattice can be calculated using the lattice potential from (2.62) and is
approximately given by:

Vlat = N ∗ π
4
λw2

0, (4.2)

where N is the number of traps overlapping with the molecular cloud. Vlat
is calculated for different waist sizes in Table 4.1, assuming the dipole trap
to traverse a molecular cloud with a diameter of 1 mm3. In the table also
the corresponding trap depths are indicated, calculated with (2.61) and (2.62).
However, in the calculation of the trap depths some uncertainty is involved. To
be on the safe side, we therefore aim for a trap depth of > 4 mK. Together with
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the trap volume requirement of Vlat > 0.05 mm3, this leads to a required laser
power of >4 kW, indicated in bold in the table.

Beam waist(µm) 500W 1000W 2000W 4000W Trap volume(mm3)
50 9 18 36 72 0.004
100 2 4 9 18 0.016
200 0,5 1 2 4 0.07
300 0.2 0.5 1 2 0.14

Table 4.1: Calculated dipole trap depths in mK and volumes for different values of
laser power and trapping beam waist. The bold numbers indicate the parameters we
have chosen for our dipole trap.

4.2.1 Enhancement cavity design

Commercial lasers in the range of few tens of Watts are widely available and
affordable. To reach ∼ 4 kW at our optical trapping region the optical cavity
therefore needs to enhance the laser light by a factor of ∼ 400. To easily achieve
this we choose mirror reflectivities R ≥ 0.998. Because our cavity will operate
in the vacuum, and the wavelength is far detuned from any resonance of the
molecules, we have very low losses inside the cavity and therefore the mode
matching condition in (2.56) indicates both mirror reflectivities should be equal.
For the mirror placement we choose the confocal configuration, because it is
intrinsically stable and has a large waist. We can use Figure 2.8 to select the
radii of curvature of the mirrors and the cavity length. We aim for a waist size
of 200 µm and because of limited space in the vacuum we are bound to left side
of the waist size parabola’s. In terms of stability it is convenient to be close
to the confocal condition, but not exactly because then all TEM modes of the
cavity overlap and it is hard to sustain only the TEM00 mode. Therefore we
want to be slightly off the confocal condition. When we select a cavity length
of 16 cm and ROC of 25 cm, we are close to the confocal condition and obtain
a waist of 200 µm. Also, once implemented we can still change to higher ROC
to increase the waist size, or towards smaller ROC to decrease the waist, while
still avoiding the confocal condition.

In conclusion, the parameters we choose for the enhancement cavity are
summarized in Table 4.2.

Waist w0 = 200µm Mirror reflectivity R = 0.998
Trap volume V = 0.07mm3 Radius of curvature ROC = 0.25m
Wavelength λ = 1064nm Cavity length d = 0.18m
Trap depth U0 = 11mK Free spectral range vFSR ∼= 800MHz
Enhancement A = 500 Linewidth ∆vcav ∼= 530kHz
Intracavity power Pcav = 10kW Finesse F ∼= 1600

Table 4.2: Parameters of the enhancement cavity designed for operating a dipole
trap which meets the requirements set in section 4.1.
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4.2.2 Laser requirements

The laser producing the light for the dipole trap has to meet several require-
ments. As discussed in the previous section, the laser should have ∼ 20 W of
power at a wavelength of 1064 nm. In order to couple all the light in the cavity,
the linewidth of the laser should be equal or smaller then the linewidth of the
cavity. Therefore the linewidth of the laser should be smaller then 530 kHz.
In section 2.3.2 it was explained the laser should have a sufficient coherence
length, depending on the cavity length and Finesse. This statements can be
easily rewritten into a boundary on the linewidth of the laser:

∆vlas,mean ≤
πc

dF
= 3.3MHz (4.3)

However, this calculation was done for the mean time a photon stays inside the
cavity. When we reduce this linewidth to22

∆vlas ≤ log(0.0005∆vlas,mean) ∼= 440kHz, (4.4)

only 0,05% of the photons are left inside the cavity after a time equal to the
coherence time of the laser. This means that the vast majority of photons
contributes to the standing wave inside the cavity and losses due to incoherent
photons are negligible when the linewidth of the laser is smaller then 440 kHz.
This is a slightly stricter boundary then the 530 kHz arising from the cavity
linewidth.

Other prerequisites for the laser arise from the requirement that the lifetime
of the trap should be > 1 s. Molecules can be heated out of the trap very
easily when the trap shakes with twice the frequency with which the molecules
oscillate in the trap. This shaking of the trap takes place when the laser power
coupled into the cavity fluctuates. Therefore the intensity of the laser should
have very low noise at twice the trap frequencies38. The trap frequencies are be
calculated by (2.63) and (2.64):

faxial =
ωaxial

2π
∼= 1.2MHz (4.5)

fradial =
ωradial

2π
∼= 1.5kHz (4.6)

In22 and39 it is described how to calculate the maximum amount of noise
allowing for a trap lifetime of 1 second. Following a similar calculation, we
obtain for our trap:

Sk(2faxial) ≤ 10 log10(
Γx

π2f2axial
) = −127dB/Hz (4.7)

Sk(2fradial) ≤ 10 log10(
Γr

π2f2radial
) = −69dB/Hz (4.8)

Sk stands for a one sided power spectrum, as a measure of the relative
intensity noise (RIN) in a logarithmic scale. Γx and Γr are the axial and radial
heating rates, respectively, which are set by the required trap lifetime. So the
intensity noise of the laser should be below -127 dB/Hz at a frequency of 1.2
MHz and below -69 dB/Hz at 1.5kHz.
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Wavelength λ = 1064nm
Power P0 ≥ 20W
Linewidth ∆vlas ≤ 440 kHz
RIN at 1.2 MHz Sk ≤ −127dB/Hz
RIN at 1.5 kHz Sk ≤ −69dB/Hz

Table 4.3: Requirements of the laser needed to feed an enhancement cavity and
create a trapping potential stable enough for trapping SrF molecules.

The requirements for the laser are summarized in Table 4.3.
Considering all the above requirements, we decided to buy the Mephisto

MOPA 42W laser from the company Coherent. This laser has proven itself
suitable for optical lattices38 and no commercially available alternatives are
meeting the above requirements.

4.3 Experimental setup

To come up with a design for the experimental setup for the dipole trap we
looked at several dipole traps reported in literature27;28;40;41;38;42. All of these
traps are designed for atoms, but since molecules experience a similar potential
in a dipole trap we can still learn from the techniques used in atom traps and
choose which ones are most applicable to our system.

4.3.1 Trapping region

In Figure 4.4 a schematic overview of the trapping region is shown. At the end
of the decelerator the molecules are caught in a static electric trap where the
laser cooling takes place. The dipole trap has to be superimposed on this electric
trap, so the focus of the enhancement cavity must overlap the electric trap. The
design of the electrodes for the electric trap by Corine Meinema is such that there
is maximum optical access, both for the laser cooling beams and for the trapping
beam. To minimize collisional losses by background gasses the trapping region
needs to be at ultra high vacuum (UHV) pressure(∼ 10−13 mbar). Although it
is possible to place the mirrors of the enhancement cavity outside the vacuum
with the advantage of easy control, as was done in some other experiments38;27,
we choose to place the whole cavity inside the vacuum. This is mainly because
we need a large enhancement and very high power inside the cavity and having
view-ports in between the cavity mirrors would introduce significant intra-cavity
losses, which strongly limit the power enhancement. Furthermore, the view-
ports would have to withstand the very high power inside the cavity without
getting damaged, which not impossible, although it would be quite challenging
to find suitable view-ports for this.

4.3.2 Dipole trap stability

One of the disadvantages of using a cavity to create the dipole trap is that the
trap becomes very sensitive to fluctuations in the laser frequency and intensity.
Not only the linewidth of the laser, as discussed in section 4.2.2, but also the
frequency has to exactly match the cavity to obtain a large enhancement, as
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Figure 4.4: Schematic overview of the trapping region at the end of the decelerator.
The colored lines are equipotentials where the electric field is constant. The smaller
rings are the last few electrodes of the decelerator, the two big rings create the static
electric trap in where the molecules are trapped and laser cooled by the red beams.
The dipole trap is indicated in blue (not to scale) and is superimposed on the electric
trap. (Figure adapted from ref. 13)

explained in section 2.3.1. The latter can be done in two general ways; either
locking the laser frequency to a cavity resonance or locking the cavity length to
the laser frequency. Because locking the cavity to the laser is most commonly
used and the laser we ordered is quite stable, we choose to modulate the length
of our cavity to match the frequency of the laser. Note that the dipole trap
potential itself is not sensitive to minor changes in the frequency; it is only the
cavity that needs to be exactly on resonance. However, if it still turns out to be
necessary it would be relatively easy to implement an extra frequency reference
at the laser table to keep our laser frequency precisely fixed.

To perform certain types of measurements, like time of flight, and also to
improve the loading op the dipole trap28, it is very useful to have dynamic
control of the intensity of the dipole trap. This means we want to be able to
switch the trap on an off quickly. However once the trap is switched off, the
frequency lock of the cavity length is lost and the cavity will be out of resonance
when the beam is turned on again. Conventional schemes use a flywheel circuit
to ’remember’ the drifts of the laser while the dipole trap is turned off (and
thus unlocked), but these are limited in the turned off time and by drifts of the
laser. In a recent paper by Edmunds and Barker28, a clever trick to circumvent
this problem was presented. Their setup sends two beams through the cavity,
one for locking the cavity to the laser frequency and the other one for creating
the dipole trap. The beams are separated by using orthogonal polarizations,
and hence the trapping beam can be switched off while the independent locking
beam maintains the cavity lock at all times. Therefore we decided to base our
setup on this scheme.

In Figure 4.5 an overview of the proposed laser setup for the dipole trap is
shown. A high intensity trapping beam creates the dipole potential, while a
small amount of light is split off, polarized exactly orthogonal and send through

52



the enhancement cavity from the opposite side. This beam ensures stable lock-
ing of the cavity to the laser frequency at all times. The intensity of the trapping
beam is stabilized using a second feedback loop with an acousto-optical modu-
lator (AOM).

Figure 4.5: Schematic overview of the proposed laser setup for the dipole trap.
The enhancement cavity is situated in the vacuum chamber (indicated in green), and
is fed from both sides by two beams separated by orthogonal polarizations. The low
intensity locking beam (blue) locks the cavity length to the laser frequency using a low
bandwidth PDH locking scheme, while the high intensity beam (red) creates the dipole
trapping potential and is intensity stabilized by a high bandwidth AOM feedback loop.

4.3.3 Pound-Drever-Hall lock

To make sure the cavity is in resonance with the laser frequency a piezo electric
transducer is placed behind one of the mirrors to modify the length of the cavity.
The thickness of the piezo is via an amplifier controlled by locking electronics
and should follow the frequency of the laser to ensure the cavity is always on res-
onance. There are two locking schemes most widely used for locking resonance
cavities, the Hänsch-Couillaud (HC) locking scheme43, and the Pound-Drever-
Hall (PDH) locking scheme44;45. For HC-locking, a linear polarizer needs to be
placed in the beam path inside the cavity. It is therefore complicated to combine
this locking with the double beam setup, because the two beams have orthogo-
nal polarization and those polarizations should not mix. Moreover, in the final
experiment we want tot be able to control the polarization of the trapping beam
in order to increase the coherence time of the measurement46. Finally, we do
not want optical elements inside our cavity since this limits the power build up,
as mentioned in the previous section.

Therefore we choose to use the PDH locking scheme. This method uses
the reflection from the front mirror of the cavity to generate a feedback signal,
which drops to zero at a cavity resonance. An electro-optical modulator (EOM)
is placed in the beam line to generate sidebands and by mixing the RF-signal
input to the EOM with the feedback signal from the photodiode, an asymmetric
error signal is obtained, with a zero crossing around the cavity resonance. This
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signal is amplified and fed back to the piezo, which changes the length of the
cavity accordingly to keep the error signal at zero.

4.3.4 Intensity stabilization

As mentioned in section 4.2.2, it is very important to have very low noise in
the intensity of the trapping beam, especially at twice the trap frequencies. We
selected our laser to have very low RIN, but other sources, for instance vacuum
pumps, can also induce noise in the system. The PDH lock removes most noise
at frequencies < 10 kHz, but to also get rid of higher frequency noise we can use
an AOM feedback loop47. The intensity of the deflected output of the AOM
is monitored and and compared to a reference current. The difference is used
to control the RF input power of the AOM. With a stable reference current,
intensity noise is removed by the AOM. The bandwidth is limited to a few MHz
by the response time of the AOM, originating from the relatively low speed of
sound in the crystal. In our setup we need a second AOM to shift back the
frequency of the intensity beam in order to match the frequency of the locking
beam. This is important because only when their frequencies are exactly the
same both beams are locked stably to the enhancement cavity. By changing the
reference current in the AOM feedback loop we can rapidly change the intensity
of the trapping beam and therefore control the depth of our dipole trap. This is a
very useful feature, since it was reported that gradually increasing the intensity
of the dipole trap, instead of turning it on instantly, can increase the number of
trapped atoms by 50%28.

4.3.5 Separating the beams

According to Edmunds and Barker28, it is very important to keep the locking
and the trapping beams clearly separated: no light of the trapping beam may
leak into the locking beam otherwise the PDH lock will be lost. Therefore
polarization optics is used to separate both beams. A small fraction of the
trapping beam is split off by a pellicle beam splitter (BS) and its polarization
is changed exactly 90°by a half wave plate. Before entering and after leaving
the vacuum, both beams are send through two Glan Laser Calcite polarizing
beam splitters (PBS) with an extinction ratio of 100 000:1. Because the locking
beam has an exactly orthogonal polarization, it is fully transmitted through the
first PBS and fully reflected by the second PBS, while for the trapping beam
it is vice versa. The photodiodes for the intensity stabilization and the cavity
lock are both placed behind the PBS, therefore making sure only light of the
relevant beam is detected.

4.3.6 Vacuum feed-through

A challenge is still to transport the beam into the vacuum. One could send
the beam through vacuum windows, but those do often change the polarization
a little bit, which is already enough destroy the cavity lock. Furthermore this
would require very precise stabilization of the mirrors outside the vacuum with
the cavity inside the vacuum. A more convenient option is to send both beams
through an optical fiber. In this way one would only need to stabilize the optical
parts inside the vacuum, and vibrations on the laser table will not influence the
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alignment of the cavity. The challenge here is to get the high power of the
trapping beam through the fiber. The maximum power through an optical
fiber is in general limited by a process called stimulated Brillouin scattering
(SBS). Basically, when the power send through an optical fiber reaches a certain
threshold, an acoustic wave is induced in the fiber, which alters the refractive
index of the fiber. The fluctuations in refractive index of the fiber scatter the
initial light resulting in a reflected wave in opposite direction. Therefore, above
the threshold, power of the incident light is lost into SBS and and the output
power of the fiber saturates. The threshold is inverse proportional to the length
of the light48, so for short fibers the SBS threshold is higher. In our case, we
can transport 20 W of power when using a fiber no longer then 5 m.

In order to keep the trapping and locking beam separate, also the fibers
should strictly maintain the the polarization of the overlapping beams. This
is possible using polarization maintaining (PM) fibers, where the polarization
along a fast and a slow axis, orthogonal to each other, is maintained throughout
the fiber. To transport the high amount of power through the fiber, it needs to
have a large mode field diameter, which is typically the case for photonic crystal
fibers (PCF). This type of fibers have proven to be suitable for this application
in other experiments as well49. We found suitable PM PCF with high power
connectors from the company NKT Photonics.

4.4 Improving dipole trap loading

In order to perform a high precision measurement of transition strengths to
detect parity violation, we need as many molecules as possible in the dipole
trap. However, the estimated number of molecules in the preceding electric
trap is only ∼ 10000, and as is clear from Figure 4.4 the spatial overlap between
the electric trap and the dipole trap is rather small. From Table 4.2 we read
that the volume is 0.07 mm3, which is ∼ 7% of the volume of the electric trap.
Because the dipole potential is a conservative one and there is no dissipation
inside the trap, only molecules initially located at the dipole trap position are
trapped when the trap is turned on: molecules diffusing into the trap at later
time will gain speed and also fly out of the trap again. To increase the number
of trapped molecules I have therefore looked into ways to improve the loading
of the ODT. In the following sections different possibilities are explored and the
applicability to our setup is investigated.

4.4.1 Gray molasses

Gray molasses is a laser cooling technique for reaching sub-Doppler tempera-
tures. It was first demonstrated in the mid 90’s51;52 by combining the veloc-
ity selective coherent population trapping(VSCPT) technique with the dissipa-
tive slowing force of a Sisyphus cooling scheme, as shown in Figure 4.6. The
VSCPT pumps the atoms into a dark state which is decoupled from the light
field and has a low momentum. The Sisyphus scheme ensures that atoms de-
caying into the bright state loose energy by climbing a potential hill, created
by two counter-propagating light beams with opposite circular polarization, be-
fore being pumped back into the dark state. Using gray molasses cesium and
rubidium atoms have been cooled below 10 µK53.
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Figure 4.6: Cooling principle in gray molasses. When a F → F ′ = F or F → F ′ =
F −1 optical transition is blue detuned, the ground state splits into a bright |ΨB〉 and
a dark |ΨD〉 manifold. Adding a polarization gradient by using counter-propagating
orthogonal circular polarizations causes energy shifts in the bright state. Motional
coupling between |ΨB〉 and |ΨD〉 is maximal at the potential minima, therefore the
particle has a higher probability of climbing the potential hill, and thus losing energy,
before it decays back into the dark state, as in Sisyphus cooling. (Figure from ref. 50)

The forces of gray molasses are slowing forces, so no trapping can be achieved
with gray molasses only. However, the gray molasses scheme can be used to
improve the loading of an optical dipole trap55. The authors state that this
is feasible because the molasses both decrease the temperature and increase
the phase-space density. Meanwhile, the authors do not quantify how much
the molasses improve the loading of the dipole trap, and when comparing the
numbers it seems that they only trap 1% of the atoms from the molasses
into the dipole trap. Besides this, the authors expect the dipole trapping laser
not to disturb the molasses because the trapping laser does not change Raman
detuning, which is critical for the gray molasses to work. The article however
does not further underpin this statement either.

In general, it seems that the gray molasses technique does not compress the
volume of a cloud of atoms, because it is only a slowing force. This conclusion
is verified by several experiments50;56. However gray molasses could still be
an interesting option for intra-trap cooling of particles, as earlier suggested,
because very low temperatures can be reached. On top of that, the possibility
of improved loading exist, however not yet proven.

Gray molasses have, to our knowledge, not been applied to molecules yet.
To apply the gray molasses scheme, ones needs a Λ-type transition which for
an electronic ground state is F → F ′ = F or F → F ′ = F − 1 (F = total
angular momentum). In our case of SrF, a transition in the the -almost- closed
laser cooling scheme would be most suitable, which could be the transition
from the F=2 hyperfine level of the v=0, N=1 X2Σ+ ground state to the F′=1
hyperfine level of the v′=0, J′=1/2, A2Π1/2 excited state, as shown in Figure
4.7. However, in the excited state the F′=1 hyperfine level is not resolved from
the F′=0 level; the splitting between the two is less than 3 MHz. Therefore the
Λ-scheme is possibly not fully working anymore, since a small splitting between
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Figure 4.7: Hyperfine energy level structure of SrF of the N=1 rotational state in
the electronic ground state and J=1/2 state in the first electronic excited state, both
states with vibrational quanta v=0. (Figure from ref. 54)

the hyperfine levels in the excited state causes a large off-resonant excitation50,
which would lead to a large rate of departure from the dark state. These two
arguments suggest that gray molasses is not applicable to this transition in SrF,
but we have not investigated all the options of this complicated scheme yet.

4.4.2 RF-knife

In a recent paper57 by Zeppenfield et al. an opto-electric cooling method is
presented. They use a very sophisticated 3D electric trap58 which has a flat
potential at the center and steep exponential potential at the walls, as shown
in Figure 4.8. Utilizing their Stark shift, they can trap 106 CH3F molecules.
An RF signal pumps molecules at the edge of the trap to a state with a smaller
Stark shift, thereby dissipating kinetic energy. With a few additional repumping
frequencies a closed cooling scheme is obtained. After the cooling stage, an
intense RF field is applied to drive the hotter molecules to an untrapped state,
keeping only the colder molecules in the trap. With this technique molecules
can be cooled down to 29 mK.

Because the potential of the trap is flat in the center, it does not compress
the volume of the molecules. Nevertheless, compression could take place when
the potential in the trap center is changed to V-shaped or harmonic. However, it
then becomes harder to address the optical transitions due to Stark broadening.
Another disadvantage of the trap presented in58 would be that the optical access
to the trap center is limited, because the trap is surrounded by electrodes at a
very close distance. Nevertheless, the RF-knife is an interesting possibility for
cooling molecules, but seems at first sight not directly applicable for improving
the loading of a dipole trap.
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Figure 4.8: a) Energy level shifts of CH3F molecules in a micro-structured electric
trap. In the strong field edge region molecules loose more energy then they regain
when returning to the trap center in a more weakly trapped state. Two repump lasers
transfer the molecules back to strongly trapped states, closing the cooling cycle. b)
Schematic overview of the electric trap, with radio frequency (RF), microwave (MW)
and infrared (IR) fields superimposed for the cooling an repumping transitions. A
quadrupole mass spectrometer (QMS) is used for detection. (Figure from ref. 57)

4.4.3 Optical one-way barrier

In a paper by Thorn et al.59 a special optical barrier is applied to 87Rb atoms
in a dipole trap. Two laser beams form a barrier halfway the trap which only
atoms approaching from one direction can pass, as shown in Figure 4.9. Atoms
traveling from the opposite direction are reflected off the barrier. In this way
the volume of the Rb cloud in the dipole trap can be reduced, increasing the
phase-space density. This method seems not applicable for compressing a cloud
of SrF, because it only offers a 1D barrier. It is quite complicated to compress
a 3D cloud with only 1D laser beam barriers.

4.4.4 Continuous loading

In a paper by Yang et al.60 calcium atoms are loaded into an ODT using spa-
tially selective optical pumping. A sample of calcium atoms in the 3P2 state is
prepared in a MOT. The ODT is superimposed on the MOT, and traps only
atoms in the 1S0 state. A laser beam exactly overlapping the ODT pumps the
atoms from the MOT cloud into the 3P1 state from where they decay into the
1S0 state, as shown in Figure 4.10. Atoms in this state are trapped by the
ODT, allowing this scheme to continuously trap spatially selected atoms from
the MOT into the ODT. The authors claim to reach an increase in phase space
density of nearly 103, which proofs this method is feasible.

For loading our optical dipole trap with SrF molecules however, this method
is not suitable. Our ODT is intended to trap all states of the molecule so no
spatially selective loading can take place, moreover because there are no states of
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Figure 4.9: Schematic overview of a one-way optical barrier for 87Rb atoms. The
main barrier beam forms forms a potential well for the atoms in the F=1 ground state
and a potential barrier for atoms in the F=2 ground state. The repump laser pumps
atoms that pass the potential well to the F=2 state, confining them to the right side
of the main barrier beam. (Figure from ref. 59)

SrF towards which all the laser cooled molecules can easily be pumped without
losing lots of atoms to dark states.

4.4.5 Loading with optical molasses

In a paper by Hamilton et al.61 loading of an ODT directly from a MOT is
compared to loading with optical molasses. They find that using an optimized
molasses stage can load twice as much atoms in the ODT as an optimized MOT
stage. The only difference between their MOT and molasses is essentially a
magnetic field, and they report that applying a magnetic field during loading
reduces the number of trapped atoms. They explain this loosely with the fact
that the cooling efficiency with a magnetic field is lower away from the small
center (zero field region), so at the sides of the ODT the cooling with a magnetic
field is less efficient causing the number of trapped atoms to drop.

In a paper by Hudson et al.62 it is also stated that the loading of an ODT
with an optical molasses cooling stage is more efficient than loading directly
from a MOT. They report an increase of a factor 40, however this seems mostly
due to the low trap depth of their ODT. They mainly use the optical molasses
to further cool down the atoms below the depth of the ODT. So this direct
comparison with the MOT is unfair because the atom temperature in the MOT
is roughly a factor 4 higher.

Nevertheless, in the number of trapped atoms in the ODT reported by Hamil-
ton61 is ∼2% of the number of atoms in the MOT while Hudson62 reports ∼5
%. Therefore we conclude that in general, optimizing the optical molasses stage
will not dramatically improve the number of trapped atoms in an ODT.

4.4.6 Single photon transition scheme

None of the loading options from literature discussed in the previous section
seemed directly applicable to our setup. However, inspired by all these inter-
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Figure 4.10: b) Light shift levels for calcium atoms. 532 nm is used as trapping
wavelength, where the light shift for the 3P2 state vanishes. c) Atoms initially in the
3P2 state are pumped in to the strongly trapped ground state 1S0. d) The ODT and
the pump beam exactly overlap such that atoms are selectively transferred into the
dipole trap. (Figure from ref. 60)

esting techniques we came up with a loading scheme which might work for our
trap: a single photon transition scheme. The main idea is to selectively load SrF
molecules into the middle of the dipole trap using an optical transition. In the
following section the details are worked out and the advantages and challenges
are discussed.

Exploiting the Stark shift

In Figure 4.11 an overview of the electric trap is shown, with the dipole trap lo-
cated displaced from the center of the electric trap. The single photon transition
scheme uses the Stark shift of the v=0, N=1 ground state of SrF to selectively
trap molecules from the electric trap into the dipole trap using only a few photon
scatterings.

The potential as function of x position in the electric trap is shown in Figure
4.12. Initially, all the molecules are in the lfs states. The molecules in the trap
are oscillating in all directions, with an average velocity of 2-3 m/s. When the
ODT is added to the electrical trap, most of the molecules will just fly straight
through, because the ODT is a conservative potential and no dissipation takes
place.

Because of the difference in slope of the stark shift between the lfs and the
hfs, the center of the dipole trap is slightly displaced between the lfs and the
hfs. This effect could be exploited in the single photon transition scheme to
selectively load only molecules with zero velocity into the ODT, which are then
trapped.

Trapping in hfs

When the ODT is placed at the side of the electric trap, the velocity of the
electrically trapped lfs molecules will drop when they approach the ODT because
of the harmonic shaped potential of the electric trap. Molecules with enough
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Figure 4.11: Overview of the electric trap with superimposed the dipole trap in blue.
The three spatial directions as mentioned in the text are indicated. The dotted line
shows where Figures 4.12 and 4.15 are located in space. (Figure adapted from ref. 13)

energy to pass the ODT will come to their turning point just after the ODT,
where they have zero velocity in the x-direction. This point is indicated with
the red arrow in Figure 4.13. If only the molecules at that position are excited,
they most probably decay back into one of the hfs and end up almost exactly in
the center of the ODT. Because they had nearly zero velocity in the x-direction
when they were excited, they will be trapped in the ODT potential in the hfs.

Only molecules which have just enough energy to pass the ODT are excited
and trapped, molecules with lower energy do not reach that point. In order to
trap molecules with lower kinetic energies (in the x-direction) one could either
lower the electrical field, or change the position of the electric field relative to
the ODT, and trap all the lower energy molecules. In Figure 4.14 this is shown
for an electric field reduced by a factor 2 compared to the original setting.
However, now the molecules do not end up in the center of the ODT potential
in the hfs. At this point this is not a problem because they are still deep enough
in the trap. Nonetheless, one could reduce this effect by reducing the depth
of the dipole trap by the same factor as the electric field. However, below 0.2
times the original electric field, the difference in the Stark shift of the lfs and
hfs becomes too small to use this single photon transition scheme. This means
the selective loading does not work very close to the center of the electric trap.

Differential Stark shifts

To optically pump only molecules with a certain energy, the pump laser should
only be resonant with those molecules. Because the electric field shifts the
energy levels of the ground state as well as the levels of the A2Π1/2, v=0,
J=1/2 excited state also the difference between those two states, the differential
Stark shift, varies with the electric field strength. Therefore, by adjusting the
laser frequency one is only resonant with molecules at a certain position in the
electric trap.
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Figure 4.12: Stark shifts of the different hyperfine levels of SrF in the electric trap,
at the position indicated in Figure 4.11. Initially all molecules will be in lfs (upper
two lines) and therefore trapped in the electric potential. Hfs molecules (lower lines)
are anti-trapped by the electric potential. At x=1.07 mm the potential of a 15 mK
deep optical trap is added, with a waist size of 200 µm. The horizontal line represents
molecules with 2-3 m/s velocity.

In Figure 4.15 the differential Stark shifts for the different hyperfine levels of
the ground state are shown as function of x. The two lfs (now the lower lines)
can be dressed as indicated by the red lines at the ODT position (black vertical
line) in order to employ the single photon transition scheme. An advantage of
the differential stark shifts is that once the molecules are in the hfs, trapped
in the ODT, they cannot be excited again, because their (differential) stark
shifts have opposite signs. However, from the figure it can be seen that the
laser frequency for pumping the F=1, M=0 lfs (upper of the two lower lines in
the figure) is also resonant with the F=2, M=0,1 lfs (lowest line) at a position
closer towards the trap center, indicated by the upper red dotted line. This
would imply that molecules from this state can be excited at the wrong position
(not ending up in the ODT), become untrapped in the hfs and are lost from the
trap. To circumvent this problem one could adjust the laser beam position such
that laser is absent at this spot (indicated by the red solid line). However, one
must then be very careful with reducing the trap depths to capture lower energy
molecules, because the position of the single photon trapping might change, as
can be seen in Figure 4.14. Note that for the F=2, M=0,1 lfs (lowest line)
pumping laser this is not a problem, because the resonance from this laser with
the F=1, M=0 lfs (upper lower line) is further from the electric trap center,
where no molecules are apparent (because they are already transferred to the
hfs when passing the single photon transition location).

AC Stark shift

So far it was assumed that the differential Stark shift is not influenced by the
ODT. This is however very unlikely, the dipole trapping laser will most probably
induce an AC Stark shift in both the ground state and excited state. At this
point, the AC polarizability of the involved states of SrF is not known and
therefore we cannot calculate the AC Stark shift of these states easily. In a
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Figure 4.13: Zoom in of Figure 4.12, at the position of the arrow the molecules are
excited from the lfs and decay most probably back into one of the hfs, in which they
are trapped by the ODT, as explained in the text.

recent paper from Kotochigova et al.63 it is shown that the AC polarizability
of the excited state can be tuned to be the same as in the ground state by
changing the angle between a background field and the polarizability of the
dipole trapping laser. This means that the differential stark shift caused by the
dipole trap can be tuned to zero for certain states. This would resemble the
situation in Figure 4.14. Because these AC Stark shifts are not yet known, they
are taken as zero for now. But in principle a non-zero AC Stark shift does not
prevent the single photon transition scheme to work, one would only need to
adjust the laser frequency, ODT depth and electric field strength accordingly.

When the electric trap depth is reduced, the differential Stark shift is also
reduced, therefore the single photon transition laser should follow. This means
the frequency has to be changed over a few hundred MHz, carefully following
the reduction in the electric field strength.

3D confinement

Until only the x-direction has been considered, but the molecules must also be
confined in the y-direction. When the single photon transition lasers are directed
along the dipole trapping laser direction, therefore overlapping the ODT, a first
cooling step in the radial direction can be made in the single photon transition
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Figure 4.14: Zoom in of Figure 4.12, with the electric field reduced by a factor 2.
At the position of the arrow the molecules are excited from the lfs and decay most
probably back into one of the hfs seeking states, however now they do not anymore
end up exactly in the middle of the ODT, as explained in the text.

itself when those lasers are detuned slightly to the red. Further cooling in the
y-direction could be done inside the dipole trap, because then the hfs are not
lost, which would be the case when cooling only in the electric trap. Cooling
inside the ODT is however not trivial, and should be investigated in detail.

In general, atoms will have a velocity component in all three directions. The
above mechanisms can cool the velocity components in the x and y direction,
but when the velocity in the z direction is not cooled, molecules cannot be
trapped in the ODT. Cooling in the z direction can only take place inside the
ODT, because cooling anywhere else will pump the molecules to the hfs where
they will quickly escape from the trap. So also a cooling laser in the z direction
to cool the molecules inside the ODT is needed.

Wing-losses

Another problem arising from the 3D picture is that the potential for the hfs
trapped in the ODT displaced from the center of the electric trap drops for
high and low x. This can be seen in Figure 4.16. Because we use a resonator
cavity, the trapping laser forms a standing wave and the molecules are confined
to the light-maxima in the direction of the dipole trapping beams. However, if
this force is not strong enough to counteract the potential drop of the hfs in
this direction due to the electric field, molecules can leak out of the trap. In
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Figure 4.15: Differential stark shift of the hyperfine levels from the 663 nm transition
in SrF as function of x-position in the electric trap. Now the lower states are lfs, while
the upper states are hfs. The red lines indicate the resonance of both lfs with the pump
laser, at the position of the single photon transition (black vertical line), as explained
in the text.

a paper by Griffin et al.64 it is stated that Rb atoms usually end up in the
wings of the ODT, because the differential light shift is smaller there. If this
would happen in our trap, then molecules would leak away easier, so it should
be investigated whether the effect of wing-loading would also take place in our
trap with molecules.

Summary

In summary, the single photon transition scheme can be a feasible way to in-
crease the transfer efficiency from the electric trap to the dipole trap, but there
are several issues which should be taken care of in order for the scheme to work,
they are listed below.

Advantages:

• Large transfer ratio from electric trap to ODT.

• Only 3 counter-propagating laser beams needed (1 y-cooling, 1 z-cooling,
1 pump transition).

• No further fields or modifications needed.

Challenges:

• Make sure the F=1, m=0 lfs single photon transition beam does not excite
the lfs F=2, m=0,1 lfs at the wrong spot, or make sure molecules excited
there are not lost.

• Calculate the AC Stark shift for all ground states and the excited state.

• All laser frequencies must be carefully swept by a few hundred MHz when
the electric trap depth is reduced, or when the electrical trap center is
displaced.
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Figure 4.16: 2D potential of the electric and dipole trap for the F=2,M=0 lfs (upper
surface) and F=0, M=0 hfs (lower surface). It looks like molecules in hfs can ’roll out’
of the ODT in the y-direction, but this is prevented by the potential of the 1-D optical
lattice, as explained in the text.

• Laser cooling inside the ODT must work in both y- and z- direction.

• Leakage from the wings of the ODT should be prevented.

• Make sure no molecules are lost during lowering of the electrical potential,
or during the change in position of the electric field minima with respect
to the dipole trap.

4.5 Test setup

After the conceptual design of the dipole trap setup was finished, the ordering
of parts and building the setup could start. However, since the building of
the decelerator was delayed by problems with the high voltage amplifiers, the
deceleration and laser cooling of molecules took longer time. This implied that
there would be no decelerated molecules to capture in the dipole trap in the
near future. Therefore it was decided to start with building the locking part of
the dipole trap laser system. Once this works, we could move on to the trapping
part of the setup. The locking does not need to take place in vacuum, so for
simplicity it was decided to first build a cavity setup at room pressure and try
to implement the PDH cavity lock.In Figure 4.17 a schematic overview of the
test setup is shown. In the next sections, the different parts of the setup will be
discussed and finally the first results will be presented.
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Figure 4.17: Schematic overview of the test setup as it was realized to implement
PDH locking of the cavity.

Mirrors

The cavity mirrors are the most critical part of the setup and therefore we have
carefully selected their properties. As we determined earlier (see Table 4.2), the
reflectivity of both mirrors should be 0.998, the shape should be concave with a
ROC of 0.25 m. The size of the mirrors was not specified before but since one
of the mirrors is attached to a piezo element, one should take into account the
mechanical vibrations of the mirror-piezo system. Glue can be used to attach
the mirror to the piezo, but since this is always a tricky process with the risk of
spilling glue on the mirror, we decided to try clamping the mirror and piezo with
a spring. The resonance frequency of a mass-spring system is given by

√
k/m,

with k the spring constant and m the mass. We want to avoid resonances and
hence be far below the resonance frequency. Therefore we select the smaller
1/2˝mirrors with a lower mass. The resonance frequency of the system is then
∼11 kHz, which is just right since it is slightly above the locking bandwidth we
aim for.

One aspect not mentioned before is the mirrors must be able to withstand
the high intensity of the trapping beam. To calculate the power at the mirrors,
we use (2.60) and plug in (2.45) to obtain:

I =
2P0

πw0

√
1 + z

z0

(4.9)

Which gives at the mirror position z = d/2 = 9cm an intensity of I ∼ 2 MW/cm2

for 10 kW intra-cavity power. The laser intensity damage threshold (LIDT) of
the mirrors should thus be higher then this value. Because of the high power
on the mirrors they will start heating, which causes deformations and changes
the properties of the cavity. This issue is discussed by Edmunds and Barker28

and depends a lot on the switched on / switched off time of the trapping laser.
Because for the test setup we will use only a low power locking beam, this issue
is not further investigated here. Finally, the mirrors should also be suitable for
use in the UHV.

With all the parameters set we requested quotations from two companies,
Layertec and Laseroptik. To save money and time we decided for now to drop
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the UHV and high power requirements since these are not necessary for the
test setup. These aspects will become important when the trapping beam path
is included. The reflectivity and transmittance of the Laseroptik mirrors were
with 99.8 % and 0,1%, respectively, closest to our demands so these mirrors
were bought.

For mounting the mirrors, Polaris™mounts from Thorlabs where selected.
They offer a high stability, low thermal expansion coefficient as well as UHV
compatibility.

Copper baseplate

As shown in Figure 4.17, the cavity mirrors are placed on a copper block. Ide-
ally, one would want to mount the cavity mirrors directly to a tube material
having an ultra low thermal expansion coefficient, such as Zerodur or ultra low
expansion glass (ULE), to minimize the sensitivity of the cavity to temperature
changes. However, having a tube around the dipole trap limits the optical access
and is hard to fit together with the ring-shaped electrodes close by the cavity
focus. Therefore we plan to use the Polaris mirror mounts to attach the mirrors
to a rod of material, which then could be temperature stabilized if necessary.
Because ultra low expansion materials are expensive and limited in availability,
we decided to first use copper as base material for our test setup and see if
this would be satisfactory. Copper has a thermal expansion coefficient of 16.5
10−6/K 65, which could cause a drift in cavity length of 3µm/°C, roughly three
wavelengths. For the test setup this seems acceptable since the PDH lock will
be much faster then the thermal drifts, and therefore be able to keep the cavity
locked during slight changes in temperature.

The advantage of having a copper block as a base material is that we can
also mount mode matching and alignment optics on the same baseplate and
therefore minimize mechanical drifts and vibrations between the alignment op-
tics and cavity mirrors. This is important since the power buildup in the cavity
is very sensitive to misalignments, even though the cavity mirrors are in a in-
trinsically stable, confocal configuration as explained in section 2.3.3. The laser
beam is transported to the copper block by an optical fiber, offering two main
advantages. First, the output from the fiber is a nicely shaped Gaussian beam,
which has maximum incoupling efficiency to the TEM00 mode of the cavity, as
mentioned in section 2.3.4. Second, mounting the fiber outcoupler directly on
the copper block removes any mechanical vibration caused by optics earlier in
the beam path.

Mode matching

In order to couple the light coming from the fiber efficiently into the cavity,
we can use the formulas discussed in section 2.3.5. Substituting the refractive
index of the incoupling mirror of 1.5, a cavity waist of 200 µm and a wavelength
of 1064 nm, we obtain from (2.50) a virtual waist w0vir = 165µm. Using the
thickness of the mirrors, 6.35 mm, equation (2.51) gives zvir = 9.7 cm as the
distance between the focus of the mode matching lens and the front mirror.
We set the focal length of the mode matching lens to 25.0 cm as a convenient
length for alignment, which means the position of the lens should be 15.3 cm
from the incoupling mirror. Now we use (2.52) and we get a beam waist of 0.5
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Figure 4.18: Picture of the parts of the test cavity setup mounted on the copper
baseplate. The light enters through the fiber outcoupler on the left. The part reflected
from the cavity is measured by the photodiode on the bottom and used for the PDH
locking, the transmitted part is monitored by a similar photodiode behind the cavity,
not visible (nv) on this picture.

mm, which means that the incoming collimated beam should have a diameter
of 1 mm. This we can easily make sure by selecting a proper output coupler for
the fiber, in our case the PAF-X-5-B from Thorlabs which has a waist diameter
of 1.00 mm. To be able to optimize the position of the mode matching lens
experimentally, it was mounted inside on a cage system, in which its position
along the beam can be changed without altering the alignment, as shown in
Figure 4.18.

PDH lock

To implement the PDH lock on the cavity an EOM was placed in the beam path
before the fiber, and a 90:10 beam splitter was placed in front of the cavity to
split off the reflected beam. However, the signal from this beam splitter turned
out to be too weak to provide a proper feedback signal. Therefore a polarizing
beam splitter and a half waveplate was inserted, to direct all reflected light to
the photodiode. The light from the photodiode is send to a DigiLock module
from Toptica. This digital module is controlled via a PC and can be used to
implement different locking schemes, including the PDH lock. The module also
generates a RF signal which is amplified and send to the EOM to generate the
sidebands. The feedback is fed to a Scan Control module from Toptica which
amplifies the signal and drives the piezo element behind the front cavity mirror.
A picture of the setup is shown in Figure 4.19. Because the Mephisto laser
had not yet arrived, we used a Koheras fiberlaser as temporarily beam source,
although it produced light of a slightly different frequency, λ = 1107.8 nm, with
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Figure 4.19: Picture of the test cavity setup. Below: optical beam path starting from
a Koheras fiber laser, after which the light is guided through an optical isolator and
EOM on the right, and then send through an optical fiber to the cavity on the copper
baseplate (details in Figure 4.18). A camera is used to align the cavity to the infrared
beam. Top: Locking electronics, with the DigiLock and Scan Control module from
Toptica mounted in a DC 110 electronics rack and the oscilloscope used to monitor
reflected and transmitted intensities.
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a linewidth of ∼ 100kHz and a power up to 30 mW.

Results

After carefully aligning the cavity mirrors to the infrared beam, the piezo was
set to scan the cavity length at 25 Hz. When the cavity length comes across a
resonance, a sharp peak in the transmitted intensity is observed, while at the
same instant there is a dip in the reflected intensity. The ratio of the inter-
peak distance to the peak width gives the Finesse of the cavity, as in (2.38), for
our cavity this turns out to be ∼ 1300. This number is slightly lower then we
calculated in Table 4.2, but on the right order of magnitude. The lower Finesse
is probably caused by an imperfect alignment and scattering losses in the cavity;
recall that in Table 4.2 we assumed a vacuum and therefore zero scattering losses
in the medium while the test cavity is operating at room pressure. The reflected
intensity drops below 20 % of its nominal value at a resonance, which means the
incoupling efficiency, mainly determined by the alignment and mode matching
optics, is > 80%. This value is fairly good for a first test setup compared to
literature, for instance in28 and40 they report incoupling efficiencies of 30% and
45%, respectively.

With the cavity alignment optimized the EOM was switched on, generating
sidebands for the PDH lock, and the reflected beam intensity signal was used
to lock the cavity length to the laser frequency. After some trial and error with
the digital locking interface, this succeeded and the cavity could be locked to a
resonance peak stably for several minutes. Due to a lack of time however, the
locking parameters were not yet optimized and no long term stability measure-
ments were taken.

4.6 Conclusion

In this chapter a design for a trap was made to capture laser cooled SrF
molecules. According to the calculations done it is possible to make a dipole
trap with a sufficient trap depth and volume to capture a significant amount of
SrF molecules. It was found that it is thereby very important have extremely
low noise in the laser frequency and intensity in order to reach trapping lifetimes
of 1 s, as was imposed by the initial requirements. The most efficient way of
reaching the high laser power regime, needed for the dipole trap, is by using
an enhancement cavity, as was done in several other experiments with atoms,
reported in literature. Based on a paper by Edmunds and Barker I designed an
experimental setup which provides all important requisites for the dipole trap:
operation in UHV, high laser power ∼kW, very low intensity and frequency
noise, stable operation and dynamic control of the trap depth.

None of the investigated experimental tricks from literature are directly ap-
plicable to improve the transport of SrF molecules from our electric trap to
the dipole trap. Therefore we came up with a new, single photon transition
scheme in which a Stark shift asymmetry is exploited to resonantly transfer lfs
molecules to the center of the dipole trap potential in hfs. Using only a few
extra laser beams, this method looks promising and should be able to increase
the loading efficiency of the dipole trap. However, there are still some challenges
which should be investigated, for instance by simulations, to proof the method
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is really feasible.
Finally, the first part of the experimental setup was built and light was

coupled into a test cavity. With a Finesse of 1300 and and incoupling efficiency
of over 80 %, the cavity behaves as predicted by the preliminary calculations.
The PDH locking of the cavity length to the laser frequency has proven to work
and thereby the goal of the test setup was accomplished. The next step is
to improve the stability of the lock by optimizing the locking and alignment
parameters. Then the rest of the designed experimental setup can be build, of
which the most important parts have already been selected.
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Chapter 5

Transfer cavity lock

In this chapter the building and testing of a transfer cavity lock for one of our
cooling lasers is described. First, the choice for a transfer cavity lock is explained
and the stability aims are stated. Then an overview of the experimental setup is
given, discussing the main components of the lock system. In the third section,
the first results are presented and discussed. The chapter ends with a conclusion
and an outlook where further improvements for the lock are suggested.

5.1 Locking objectives

The most common way to keep a laser at the right frequency is to lock it to
an atomic or molecular transition, as is currently done with our 663.3 detection
laser, which is locked to an Iodine resonance. However, this lock turned out
not to be as stable as was anticipated. Mainly the limited available power, the
small capture range and high sensitivity to temperature variations cause the
system to become unlocked easily. Lately, the average locking time was less
then 30 minutes, and since the current deceleration experiments going on rely
on resonant detection of the molecules by the 633.3 nm laser11, the locking
instability causes serious delays in doing measurements.

An alternative technique for locking a laser is the scanning transfer cavity
lock (TCL). Instead of providing an absolute frequency reference, this method
transfers the stability of a reference laser to the laser cooling laser by keeping
their frequency difference at a fixed value. Both beams are send into an optical
cavity of which the length is scanned by a piezo. Resonance peaks arise from
each beam when the cavity length equals a half-integer times the wavelength,
therefore in general two sets of equidistant peaks arise, each from one laser
frequency, as shown in Figure 5.1. Usually the cavity is scanned over one or a
few FSR, such that from each laser one or a few peaks arise. The lock works by
determining the difference between two peaks, each from one laser, and keeping
this at a constant value by adjusting the frequency of the laser cooling laser.

The scanning TCL provides several advantages over an absorption spec-
troscopy lock. First of all, since the lock does not depend on an atomic transition
it can be used to lock at any frequency by adjusting the inter-peak difference
accordingly. Second, the capture range is set by the FSR of the cavity, usually
a few GHz, and is therefore much larger compared to absorption locking. Fi-
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Figure 5.1: Cavity transmission signal for a single piezo scan over 2 FSR. The
two lower peaks arise from resonances with the references laser, while the two higher
peaks originate from the cooling laser. A simple TCL lock works by determining the
difference t2-t1 and keeping this at a constant value by adjusting the frequency of the
cooling laser. (Figure from ref. 66)

nally, only a low amount of power is needed for this type of lock since the cavity
enhances the light at resonance and therefore provides a strong peak signal in
general. In the past a TCL was considered expensive and complex since one
needs a stable reference laser, a transfer cavity and a control system. However,
recent developments have shown the lock can be implemented in a cost-effective
way using a simple feedback system66. Also once implemented for a single laser,
the same reference laser can be easily used to lock several laser cooling lasers at
different frequencies67.

The X2Σ+(v = 0) → A2Π1/2(v′ = 0) SrF transition at 663.3 nm has a
lifetime of τ = 1/Γ = 24.1 ns35. The Iodine lock we use for this transition
has an estimated short term stability of 2-5 MHz, which is on the same order
of magnitude as the ECDL linewidth. This is good enough for the 663 nm
transition because its linewidth is slightly larger: Γ = 2π ∗ 7 MHz. However,
for the X2Σ+(v = 0) → A2Π1/2(v′ = 1) transitions at 686.0 nm the lifetime is
much smaller because of the smaller branching ratio. Ideally, one would want
the laser then also to have a smaller linewidth and better stability, but since
this is not crucial we set the stability objective of the scanning TCL first at ∼ 1
MHz, also because the linewidth of the ECDL we use has a linewidth ∼ MHz
anyway.

5.2 Experimental setup

Starting from the cost-effective and simple realization of a scanning TCL by
Burke et al.66 we studied some other implementations in literature67;68;69;70

and then decided on the experimental setup we would build for stabilizing our
685 nm cooling laser. A schematic overview of the locking system is shown in
Figure 5.2, and in the next sections the most important parts of the setup are
discussed.

5.2.1 Reference laser

The most easy choice for the reference laser would be the 663 nm laser, which is
locked to the Iodine cell and therefore can provide an absolute frequency refer-
ence. However, as discussed in the previous section we are currently not satisfied
with the locking stability of the 663 laser and using this laser as reference means
that every time the 663 nm laser unlocks, also the 686 laser might loose its lock
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Figure 5.2: Schematic overview of the lock system. Both lasers are send into an
optical cavity, which is scanned by a piezo driver in the control box. Both the amplified
transmission signal and the scan trigger signal are send to the PC, which generates a
feedback signal for the cooling laser.

.

and both will have to be relocked manually again. Since this process costs a lot
of time and because we want our TCL to be more stable than the Iodine lock
we decided not to use the 663 laser as a reference. In fact, if the TCL turns out
to work much better then the Iodine lock we might also use it to lock the 663
laser and discard the unstable Iodine lock completely.

The newly bought Mephisto MOPA 1064 nm laser for the optical dipole
trap could also be used as a frequency reference. The intrinsic stability of this
laser is specified as < 1 MHz/min. This means the frequency can drift up to 60
MHz/hour, which is obviously not stable enough for our purpose, since we aim
for a stability of ∼ 1 MHz. Moreover, the wavelength difference between the
Mephisto and the 686 laser is quite large (338 nm), which makes the lock more
sensitive to temperature and pressure changes, as will be discussed later on.

Another option is to buy a new reference laser, such as a Helium Neon (HeNe)
laser, which are internally stabilized and commercially available. Because of its
easy way to set up and good frequency stability we decided to buy the 25-STP-
912 HeNe laser from Melles Griot. This laser has a wavelength of 632.8 nm and
an intrinsic frequency stability of < 1 MHz/h. The laser is delivered with its
own power supply and needs no further control electronics: by switching on the
power the laser warms up, stabilizes itself and is ready to use within 10 minutes.

5.2.2 Transfer cavity

Mainly the transfer cavity determines how efficient the stability of the reference
laser is transferred to the cooling laser and therefore its properties should be
selected carefully. In Burke’s experiment66 they use a commercially available
confocal cavity with a FSR of 1.5 GHz and a finesse of 550. They find a long
term locking stability of ∼ 1 MHz, mainly limited by drifts in the optical path
length in the cavity caused by both pressure and temperature changes. The
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resulting drift in the cooling laser frequency is given by

v̇ =
∆v

vFSR
R, (5.1)

where ∆v is the frequency difference between the cooling laser and the reference
laser and R is the drift in the FSR of the cavity. The authors report a typical
drift rate of R = 1 kHz/h, using no further stabilization of their cavity. In a
paper by Rossi et al.70 thermal stabilization of the cavity is used, but because
of their larger frequency difference, ∆v = 43 nm versus ∆v = 3 nm in Burke’s
experiment, they obtain a slightly worse long term stability of ∼ 4MHz. In
an experiment by Uetake et al.69 the transfer cavity is temperature as well
as pressure stabilized, by placing it in a non-evacuated tube to protect the
cavity from humidity and pressure changes. A long term stability of 100 kHz is
achieved, with an even larger frequency difference of ∆v = 233 nm.

In our case ∆v = 27.9m GHz , which would result in a long term stability
of 19 MHz with a vFSR of 1.5 GHz and the same R as measured by Burke. To
decrease this number one could take a larger FSR, but this implies a longer cav-
ity, according to (2.33), and in a longer cavity changes in pressure and humidity
have a larger effect on the FSR, therefore increasing R , leading to a worse
stability. A better option would be to stabilize the temperature or pressure in
the cavity as was successfully done in the experiments by Rossi and Uetake.

For the first version of our TCL we decided to use the SA200-5B scanning
Fabry-Perot cavity from Thorlabs, with vFSR = 1.5 GHz and a finesse of > 200.
This cavity is easy to use since it is delivered with a piezo and a photodiode. If
necessary, later on we can install temperature or pressure stabilization on this
cavity, but at first we will try how good the locking works without this.

5.2.3 Feedback system

The experiment by Burke uses a micro-controller to generate a feedback signal
for the laser. Since we already have a data acquisition card and a PC available
we decided to use these to provide the feedback for our cooling laser. The
data acquisition card in our PC is a PCI-6023E from National Instruments. A
Labview program was written to readout the data from the photodiode and
transfer this into a feedback signal which is then fed to the cooling laser.

The piezo is driven by a SA201-EC interferometer control box (ICB) from
Thorlabs, generating a 50 Hz ramp signal which scans the cavity length. The
photodiode signal measuring the cavity transmission is amplified in the same
ICB and send to a data-acquisition card (NI PCI-6023E from National Instru-
ments) in the PC. The external trigger signal from the piezo scan is also fed
to the PCI card. When a trigger pulse arrives, the PCI card starts sampling a
specified number of values from the photodiode, and thus acquires a waveform
for a single cavity scan. The offset and range of the scan are manually adjusted
with knobs on the ICB such that one FSR is scanned and exactly three peaks
are recorded. In Figure 5.3 the Labview interface is shown, with the three trans-
mission peaks visible in the middle. The two outer peaks are from the reference
laser, while the middle peak arises from a resonance of the cooling laser.

The Labview program locates the peaks by first taking the derivative of the
sampled photodiode signal. Subsequently, each individual value of the derivative
signal is multiplied by the next individual neighboring value. The resulting
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Figure 5.3: Interface of the Labview program generating the feedback signal for the
cooling laser.

.

list of values are all positive, except the ones next to a zero-crossing in the
derivative signal (multiplying two negative values results in a negative value,
while multiplying a positive and a negative value results in a negative value).
So the peaks are located at the zero’s in the latter list, and having found the
peak positions the program calculates the (scan time) difference between the
two outer (reference) peaks t2 and the difference between the first two peaks
t1 (using the same labeling as in Figure 5.1), which appear as numbers in the
Labview interface in Figure 5.3. The ratio between the two differences, δ =t1/t2
is then compared to a value ∆set, which is set by the user. This difference
Ω = ∆set − δ gives an error signal with a zero-crossing at δ = ∆set, so using Ω
as laser feedback will push the laser frequency such that the ratio δt1/t2 becomes
equal to ∆set. Therefore Ω is amplified by a gain factor and send to an analog
output card (NI PCI-6023), which is connected to the cooling laser control box.
The frequency of the laser will be adjusted according to the feedback signal
and the cooling laser resonance peak will move such that Ω converges to ∆set.
For each scan a feedback signal is generated and thus the feedback loop has a
bandwidth of 25 Hz. The ratio δ =t1/t2 rather then the absolute peak difference
t2-t1 is used since in this way variations in the scan rate cancel out.

5.2.4 Laser controller

As mentioned in section 1.3, we use a home built ECDL the generate the laser
cooling light. We use a Moglabs DLC-202 laser controller to operate our ECDL.
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The temperature of the laser can be set on the control box and a feedback loop
keeps the laser temperature stable at the set value. The laser frequency and
intensity are controlled via both the diode current and a high voltage send to a
piezo element behind the laser cavity grating. The control box can be used as
a locking system itself: when a photodiode signal is offered to the box, a slow
(piezo) and a fast (diode current) feedback loop can lock the laser, for instance
to an atomic resonance. However, the internal lock system is not sophisticated
enough to be used for a transfer cavity lock, since it can not calculate the
difference between specific peaks in a photodiode signal. Therefore we offer the
feedback signal from the PC as an external error signal to the box. The error
signal offset and gain can then be adjusted on the control box and fed back to
the laser via both the slow and fast feedback loop.

Figure 5.4: Picture of the optics setup for the TCL. The HeNe laser beam (blue) is
send into the transfer cavity (middle of picture) via four alignment mirrors, through a
mode matching lens and a BS. The 663 laser light (green) is send in through the iris
on the left, reflected by the PBS, and then via two alignment mirrors (top of picture)
and a mode matching lens merged with the HeNe light in the BS (purple), ending up
in the cavity. The 686 ECDL is placed on the right, and the light (red) is first double
passed through a PBS, allowing for independend alignment by the two mirros in the
middle of the picture, before it is merged with the 663 laser beam path (orange).

5.3 Results

During the implementation of the TCL we had problems with the Moglabs box
controlling our cooling laser. The slow locking function did work due to some
internal malfunction of the box. Since the feedback signal is relatively slow
(≤ 25 Hz), this slow locking function is crucial for our setup. Therefore the box
was send back to the manufacturer to be repaired and in the meantime we used
our 663 laser, which is operated by the same type of control box, to test the
TCL. Therefore we had to feed the 663 laser light into the the transfer cavity,
which is shown in a picture of the optics setup in Figure 5.4. All results below
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are thus obtained with the 663 nm laser. This comes with the advantage that
we can now easily compare the TCL with the Iodine lock which is normally used
to lock this laser.
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Figure 5.5: Frequency drift of 663 laser locked to the Iodine cell (black) with respect
to the HeNe laser, recorded in the transfer cavity. The red line shows the drift of the
reference scan time t2. The resolution of the black line is low caused by rounding of
the variable while it was stored, and is thus not limited by the acquired photodiode
signal.

To first determine the stability of both the transfer cavity itself and the
recorded photodiode signal, the 663 laser was locked to the Iodine peak and the
cavity transmission was recorded by the Labview locking program. A plot of the
reference peak distance t2 in the cavity and the relative 663 laser peak position
δ =t1/t2 is shown in Figure 5.5. The reference scan time t2 represents the
distance in cavity length between two adjacent cavity modes of the same input
laser frequency, given by the FSR. Despite the fact that the FSR of a cavity is
fixed, the mode spacing t2 does depend on the laser frequency because FSR is a
frequency difference, and the mode spacing t2 will decrease for higher absolute
frequencies. The drift of t2 visible in Figure 5.5 of ∼ 3 MHz/h can however not
be explained by variation in the cavity mode spacing since the frequency drift
of the HeNe laser is ≤ 1 MHz/h, which causes a negligible effect on the cavity
mode spacing. Because most environmental variations such as temperature and
pressure do only change the absolute peak position in the cavity and not the
mode spacing t2, the drift in t2 can only be attributed to variations in the scan
rate of the piezo, or non-linearities in the ramp signal. The real mode spacing
of the cavity does thus not change, it is the recorded mode spacing t2 measured
in the time domain which changes due to either variations or irregularities in
the scanning of the piezo. The relative 663 peak position δ, although not very
resolved in this figure, seems to follow the drift of the mode spacing t2. This is
remarkable, since variations in the scan rate should cancel out by the division of

79



t2 in δ =t1/t2. This implies that either the drift of δ is caused by non-linearities
in the scan or by environmental effects (temperature, pressure, etc.) and is by
coincidence similar to the drift of t2. The figure confirms the estimated short
term (≤1 s) stability of the Iodine lock, with a standard deviation of σ = 1.4
MHz. From Figure 5.5, it can be concluded that both the transfer cavity and
the recording part of the TCL control system are stable enough on a timescale
of ∼1 h to enable locking with a few MHz stability, which meets our locking
objective.

0 5 10 15 20 25 30 35
-20

-10

0

10

20

30

 663 laser ( )
 HeNe ref. (t

2
)

 

 

fre
qu

en
cy

 d
rif

t (
M

H
z)

time (min)

Stability measurement of TCL, low gain

Figure 5.6: Frequency drift of the 663 laser locked to the HeNe using the TCL with a
lower gain, recorded in the transfer cavity. The red line shows the drift of the reference
scan time t2.

Next, the same 663 laser was locked using the TCL and again the reference
peak distance t2 and the laser peak position δ were recorded. The results are
shown in Figure 5.6 and 5.7, using a lower and higher feedback gain, respectively.
A more quantitative definition of the gain is explained in Appendix C. The lock
shows a much better long term stability for higher gain, while the short term
stability is slightly better using lower gain. This reflects one of the issues we
experienced implementing the feedback signal. It turned out the feedback signal
to the Moglabs box had to be very weak (∼ 1 mV), otherwise the system starts
oscillating and the lock is lost. For comparison: the Iodine feedback signal
is usually ∼ 200 mV. This is probably due to the relatively slow response of
the feedback loop: when the laser adjusts the frequency, the next feedback
signal is only generated after the piezo of the transfer cavity has completed
one scan, which takes currently 20 ms. Meanwhile, the laser is using the ’old’
feedback value, and when the gain is large the laser overshoots the locking
point and the system starts oscillating. This could be improved by using a
faster piezo scan, but this means the resolution of a single scan recorded by
the PC gets worse since the PCI card has a maximum sampling rate of 200
kHz. Currently, we are therefore limited by a trade-off between scan resolution
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Figure 5.7: Frequency drift of the 663 laser locked to the HeNe using the TCL with
a higher gain, recorded in the transfer cavity. The red line shows the drift of the
reference scan time t2.

and speed. The stabilities measured in standard deviations from the figures are
listed in Table 5.1. The short term stability of the TCL with higher gain is thus
worse because it overshoots locking point. The long term stability is however
better for higher gain than for lower gain, probably because for lower gain the
feedback signal fed to the laser is very weak and small signals, picked up from
neighboring cables or in the electronics, can cause drifts of the lock.

Iodine lock TCL, low gain TCL, high gain
Long term stability 1.71 MHz 10.66 MHz 2.87 MHz
Short term stability 1.41 MHz 0.99 MHz 1.53 MHz

Table 5.1: Measured stabilities of the Iodine lock and the TCL. All values are stan-
dard deviations of the frequency drifts, ≤ 1 s labeled as short term, and ≤ 35 min
labeled as long term. For the TCL, different measurements were taken using a lower
and a higher gain of the feedback signal.

The reference peak distance t2 shows similar drifts in Figures 5.6 and 5.7
as in the measurement with the Iodine lock. However, the drifts in the 663
laser using the TCL are large compared to the drift of t2. This indicates the
663 laser drifts should not originate from the t2 drift, and the locking stability
would therefore currently not be limited by t2 drifts. However, the two lines
in Figure 5.6 show a strong correlation (not very clear in this actual figure
due to the scale) and this indicates that in fact the δ drift is related to the t2
drift. Although it probably has to do with irregularities in the scan rate, the
precise experimental mechanism responsible for this correlation is not yet clear.
Nonetheless, it is clear that the TCL stability on the measured timescales is
currently not limited by environmental effects, since these cause at most a δ
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drift of 1.7 MHz, as measured using the Iodine lock. On longer timescales, ∼10
h, these effect might become more important since slow drift of for instance
temperature, can over a long timescale cause significant frequency drifts.

5.4 Conclusion

A transfer cavity lock of a 663 nm cooling laser to a HeNe laser was built
using a commercially available cavity and a home built control system. As a
reference measurement, the system was used to characterize the stability of the
663 laser locked to Iodine absorption peaks. The stability was measured to be
1.71 MHz/h, which confirmed the estimated stability and also shows the data
acquisition part of the TCL control system is working properly. Subsequently,
the TCL was implemented successfully and stability measurements were done.
The stability turned out to depend on the gain, and is 2.87 MHz/30 min using
a high gain, with a short term stability of 1.53 MHz/s. These values are very
close to the measured stability of the Iodine lock, which proves this method is
a promising alternative for the Iodine lock.

One of the limiting factors of the lock is currently the sampling speed of the
DAQ card used to record the cavity transmission. Using a card with a higher
sampling rate would allow for faster scanning of the piezo. The feedback speed
would then increase and most probably a higher gain could be used, increasing
the stability of the lock. A second problem are irregularities in the piezo scan,
caused by non-linearities or rate variations in the piezo element itself or in the
ramp signal. Earlier we experienced similar problems using the PC to generate
the ramp signal, and changing to the Thorlabs interferometer controller as ramp
source improved the ramp signal a lot. Using an even more stable ramp signal
source could therefore possibly solve this issue. Alternatively, the transfer cavity
could be replaced by one with a smaller FSR, to decrease the sensitivity of the
lock to scanning irregularities. When the TCL is operating for longer times (> 2
h), the resonance peaks used for locking tend to ’walk’ out of the scan range
due to temperature or pressure changes in the cavity. This can be prevented by
manually adjusting the piezo scan offset, but can also be corrected automatically
by the control system. The latter needs an external input of the scan offset,
which is not provided on the interferometer controller we currently use. We
would therefore need a different ramp signal generator with an external input
for the scan offset. Improvements on the control system could be made by
fitting the detected peaks and determine the zero-crossings more accurately by
interpolation. The next step here would be to use a transfer cavity with higher
finesse, leading to sharper resonance peaks and a higher resolution. The current
system is used to lock one cooling laser, but can be fairly easily expanded to
lock multiple lasers fed into the same transfer cavity using the same control
system. Finally, small frequency drifts induced by environmental effects such
as temperature and pressure can be removed by placing it in a non-evacuated
tube and applying a thermal feedback loop.

Currently, the TCL is almost as good as the Iodine lock for timescales < 1 h,
and the locking objectives are therefore achieved. Applying a few of the above
mentioned modifications can improve the lock stability on both short and long
timescales. The transfer cavity lock could then be used to stably lock several
cooling lasers using a single control system.
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Chapter 6

Outlook

In this thesis three experimental projects in molecular physics were carried out,
each using one or more optical cavities as main experimental features. For each
of the projects, the properties of optical cavities are exploited in a different way.

In the acetylene experiment, it is mainly the large optical path length inside
the cavity, providing a long interaction length between the sample molecules
and the probing light which results in much better resolved absorption spectra.
Precise measurements on the never observed higher overtones of acetylene can
lead to a more accurate experimental determination of the vibrational term val-
ues. Comparing these values to theory improves our knowledge on the structure
and dynamics of not only acetylene, but of molecules in general.

For dipole trapping of cold molecules it is especially the constructive inter-
ference inside a cavity which enables a power build up of light, resulting in a
sufficient deep trap to capture the molecules. Capturing molecules in a dipole
trap opens a new field in molecular physics where precise measurements on
ultra-cold molecules can be performed. Not only parity violation can be mea-
sured more accurately then before, also for instance dipole-dipole interactions
and quantum simulations can be studied when molecules can be loaded in an
optical lattice.

In the case of the transfer cavity lock, the narrow cavity resonances for a
very broad range of input frequencies provide an accurate measure of the relative
input frequencies, allowing for very precise control of the frequency difference.
Using this method, it becomes much easier and cheaper to lock multiple lasers
to a single frequency reference. Furthermore, locking frequencies are no longer
limited to atomic resonances, but the lock can be used for any frequency. These
features are very beneficial for the SrF experiment, where several lasers are used
which have to be locked at different frequencies.

Since the working principle of every cavity is the same, all cavities obey the
same general physical laws described in the Theory chapter. Although exploited
differently, in each experiment the operation of a cavity boils down to the same
principle: the confinement of light between reflectors. In all three experiments
one had to take care of the same effects which recur for every cavity, for instance
the mode matching, mirror reflectivities, mirror configuration etc.

It was therefore very useful to work with cavities in different experiments to
develop a better understanding of the physics of optical cavities and how this
physics can be exploited in a favourable way for a certain application. The three
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applications discussed in this thesis are only the tip of the iceberg and optical
cavities are not only widely used in the field of molecular physics, but also in
other fields, such as atomic physics, quantum physics, solid state physics etc.
This leads to the conclusion that the optical cavity is a very powerful method
for the manipulation of light, applicable in a wide variety of situations where
light is used either as a probe or as system under observation itself.
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Appendix A

Details of the acetylene
experimental setup

Figure A.1: Picture showing mounting of the back mirror of the optical cavity and
the piezo stack on the Zerodur glass cell.
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Appendix B

Additional data on
acetylene
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Figure B.1: Acetylene spectrum obtained by scanning the pump beam, with probe
beam frequency 6392.394 cm−1. The red curve is the sum of two Lorentzians fitted to
the two peaks, centered at 3317.8580 and 3317.8678 cm−1.
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Figure B.2: Acetylene spectrum obtained by scanning the pump beam, with probe
beam frequency 6392.397 cm−1. The red curve is the sum of two Lorentzians fitted to
the two peaks, centered at 3317.8582 and 3317.8651 cm−1
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Figure B.3: Acetylene spectrum obtained by scanning the pump beam, with probe
beam frequency 6392.400 cm−1. The red curve a Lorentzian fit of the peak, centered
at 3317.8597 cm−1.
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Figure B.4: Acetylene spectrum obtained by scanning the pump beam, with probe
beam frequency 6392.403 cm−1. The red curve a Lorentzian fit of the peak, centered
at 3317.8622 cm−1.

Figure 3.9 B.1 B.2 B.3 B.4
ECDL wavenumber cm 6392.392 6392.394 6392.397 6392.4 6392.403
ECDL offset 0.011 0.009 0.006 0.003 0
Left peak center 3317.8552 3317.8580 3317.8582 3317.8597 3317.8622
Left peak width 0.00235 0.0031 0.00641 0.00742 0.00294
Right peak center 3317.8666 3317.8678 3317.8651 - -
Right peak width 0.00128 0.00119 0.00157 - -
Peak difference 0.01138 0.00979 0.00689 - -
Center 3317.86088 3317.862905 3317.861625 3317.8597 3317.8622
Averaged center 3317.8615 3317.8615 3317.8615 3317.8615 3317.8615
Offset from averaged
center resonance -0.0006 0.0014 0.0002 -0.0018 0.0008
0.52∆ωprobe 0.00572 0.00468 0.00312 0.00156 0
Half of peak difference 0.00569 0.004895 0.003445 - -

Table B.1: Parameters extracted from the Lorentizan fits of the absorption spectra
of C2H2, all values are in cm−1.
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Appendix C

Details of the transfer
cavity lock

C.1 Gain of laser feedback signal

As explained in section 5.3, the feedback signal fed to the laser controller had
to be very weak, otherwise the lock was lost very quickly. However, sending a
small signal through a long cable makes the output very sensitive to perturba-
tions from the environment, for instance from other cables. Therefore we used
a voltage divider to scale down the voltage divider at the input of the laser
controller. The feedback signal is now evolving as follows. The Labview pro-
gram calculates the feedback signal Ω by subtracting δ from the set-point ∆set:
Ω = ∆set − δ. The resulting Ω is multiplied by the gain set on the Labview
interface. For the low gain specified in section 5.3 this is 50, and for high gain
this is 80. The resulting number is converted into a voltage with a range of
0− 10 V by the digital output card. The signal is then taken to the laser con-
troller by a ∼ 10 m long cable, and just before the laser control box scaled down
by the voltage divider by a factor of 650, resulting in a ∼ mV signal entering
the laser controller. On the laser controller, the gain and offset of the internal
feedback signal can be controlled. The gain is increased to a value just below
the point where the laser starts oscillating. The internal error signal has then a
magnitude of ∼ 5-10 mV.
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Figure C.1: Block diagram of the Labview program used to generate the feedback
signal for the transfer cavity lock.
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