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Frequenzstabilisierung eines Lasers mit einem ultrastabilen FabryPérot-Interferometer für Experimente mit Rydberg-Atomen:
Diese Masterarbeit beschreibt die Konzeption und Charakterisierung eines Aufbaus für ein ultrastabiles Fabry-Pérot-Interferometer. Dieses dient als Referenzfrequenz zur Stabilisierung eines Anregungslasers in einem Experiment mit ultrakalten Rydberg-Atomen. Die Resonanzfrequenzen des Interferometers werden von der optischen Weglänge zwischen den zwei Spiegeln bestimmt, welche
sich durch die thermische Ausdehnung des Spiegelhalters, mechanische Vibrationen oder Druckschwankungen zwischen den Spiegeln verändern kann. Um
diese Effekte zu minimieren, wurde eine temperaturstabilisierte Vakuumkammer
konzipiert und aufgebaut, die Temperaturschwankungen von weniger als einem
Millikelvin pro Stunde aufweist. Der absolute Frequenzdrift des Interferometers
wurde zu weniger als 300 Hz/s gemessen. Durch die Messung verschiedener EIT
Spektra an ultrakalten 87 Rb Atomen konnte die Linienbreite des auf das Interferometer stabilisierten Lasers auf 400 kHz geschätzt werden.

Laser Frequency Stabilization on an Ultra-Stable Fabry-Pérot Cavity
for Rydberg Atom Experiments:
This master thesis reports on the design and characterization of a setup for an
ultra-stable Fabry-Pérot cavity. It is used as a reference frequency for the stabilization of an excitation laser in an experiment on ultra-cold Rydberg atoms. The
frequencies of the cavity resonances depend on the optical path length between
the cavity mirrors, which is prone to the thermal expansion of the cavity spacer,
mechanical vibrations or pressure changes of the medium in between the cavity
mirrors. To minimize these effects, a special vacuum chamber for the cavity has
been designed and constructed. It is temperature stable to below one millikelvin
over one hour. The absolute frequency drift of the cavity resonances was measured to be less than 300 Hz/s. By measuring several EIT spectra on ultra-cold
87 Rb atoms the achieved linewidth of the laser stabilized to the cavity could be
estimated to 400 kHz.
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1 Introduction
Since the development of laser cooling and trapping of atoms in the 1980s, the research in quantum physics has made impressive advances. The trapping and cooling
of individual ions and atoms as well as the control of their quantum mechanical degrees of freedom has become a daily routine in many laboratories, leading to the
emergence of new research fields like quantum computing and quantum communication. Building upon the techniques to control and manipulate individual quantum
systems, lately the understanding and control of quantum many-body systems developed into a hot research field with the observation of the superfluid to Mott insulator
transition [1] and the first observation of ultra-cold dipolar gases [2]. So far, most
of these experiments have been performed in the weakly interacting regime. For the
extension of this field to strongly correlated systems, Rydberg atoms offer an ideal
testbed. To investigate and observe the strong correlations in ultra-cold Rydberg
gases, different techniques have been used and developed.
Due to the strong, long-ranged interaction between Rydberg atoms, only one atom
in a certain volume can be excited to a Rydberg state by a laser, since the energy
levels of the atoms in its vicinity are shifted away from the excitation resonance
[3, 4]. The range of this so-called blockade radius is usually in the order of several
micrometers. Due to the indistinguishability of the atoms, this single excitation
is a coherent superposition of one excitation shared among all the atoms in the
blockade volume [5]. The quantum nature of this excitation could be observed by
a change of the Rabi frequency, which changes with the number of atoms sharing
the one excitation [6]. The spatial correlations of Rydberg excitations have already
be measured directly [7]. Recently, the strong correlations of the atoms could be
mapped onto a light field to a level of single photons via Electromagnetically Induced
Transparency (EIT) [8]. In the experiment in which this thesis has been carried out
the aim is to map the spatial distribution of the Rydberg atoms onto the light field
by means of EIT and inter-state interaction [9]. This allows to almost directly image
the Rydberg atoms in a non-destructive fashion.
For these experiments a high level of quantum coherence is need, since EIT is
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an interference effect, and any dephasing in the system will lead to a reduction of
this effect. In the case of ultra-cold gases, the quantum coherence is limited by
the natural linewidth of the Rydberg states and the lasers coupling to them. Since
the linewidth of the Rydberg states is typically in the order of a few kHz [10], it
is important to achieve laser linewidths which are also of this order. This can be
achieved by locking the laser to a reference frequency such as an atomic transition
or the resonance of an optical resonator.
In this thesis, a setup for an ultra-stable Fabry-Pérot cavity has been designed
and constructed, which will be used as a reference frequency for the coupling lasers.
To minimize the sensitivity of the cavity to mechanical vibrations, its support has
been optimized numerically with finite element analysis. To achieve a high stability
of pressure and temperature inside the cavity, a vacuum chamber for the cavity has
been designed, which is temperature stabilized to millikelvin accuracy. Furthermore,
the excitation laser has been stabilized and its performance characterized, using EIT
on ultra-cold Rydberg atoms.
Chapter 2 of this thesis introduces several sources of reference frequencies for
laser locks. Techniques for locking lasers to atomic ground state and excited state
transitions are presented. As a second group, the resonances of Fabry-Pérot cavities as reference frequencies and the corresponding locking technique are explained.
Chapter 3 presents the cavity which was used within this theses. Furthermore the
setup for the stabilization scheme to achieve the desired frequency stability of the
cavity resonances is shown, as well as the setup to provide a feedback signal for
the laser frequency. In the 4th chapter the intrinsic features of the cavity, such as
the linewidth and the spacing of its resonances, and the stability of the locked laser
frequency for long and short timescales are measured. Chapter 5 shows first EIT
experiments on cold atoms with the excitation laser locked to the ultra-stable cavity
setup built in this thesis, and an estimate for the linewidth of the laser is derived
from the measured spectra.

2 Stable Reference Frequencies for Laser
Locking
In physics, especially atomic physics, lasers are an extremely important tool in many
experiments. For reproducibility and for the quality of the experiment itself it is
important that the laser has stable, well-defined absolute frequency. In experiments
where the coherence of the laser plays a role, also the short term fluctuation of the
laser frequency around its mean, i.e. the laser linewidth, are an important factor.
Theoretically, the linewidth of a laser is only limited by the Schawlow-Townes
equation [11]
∆flaser =

πhf (∆νres )2
.
Pout

(2.1)

It depends on the resonator linewidth ∆νres , the photon energy hν and its output
power Pout . In reality of course, the linewidth of a laser is usually much larger
than this due to various sources of technical noise. This noise can arise for example
through temperature fluctuations in the laser, fluctuations of the pump power of
the gain medium or mechanical vibrations of the optical resonator. This leads to
a change of the laser frequency with time. On larger timescales it amounts to a
drift of the central laser frequency. For short timescales, the fluctuations amount to
an effective linewidth of the laser. Depending on the type of noise responsible for
the frequency fluctuations, the frequency lineshape of the laser can vary between a
Gaussian and a Lorentzian function.
In order to reduce the frequency fluctuations of a laser, one possibility is to build
a laser which has very small temperature fluctuations, is insensible to mechanical
vibrations and has a very stable pump power.
Another approach is to take a laser and a stable reference frequency, which the
laser frequency can be compared to. One can then correct any deviations of the
laser frequency from the reference frequency by applying some sort of feedback to
the laser frequency. This can be done for example by adjusting its pump power.
This is called ’locking’ a laser to a reference frequency.
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In the next sections in this chapter it is shown how reference frequencies can be
obtained from electronic transitions in atoms and from optical resonators. It is also
explained how a feedback signal can be generated from these reference frequencies
that can be used for stabilizing the laser frequency.

2.1 Atomic Transitions
One of the most stable frequencies in nature are probably the electronic transitions
frequencies in atoms. This stability is why atomic clocks are one of the most precise frequency standards known today. They are used as primary standard for the
definition of a second in the International System of Units (SI) [12].
Assuming that the fine-structure constant α is constant over time, the central
transition frequency between two atomic states will always stay the same as long
as there are no further disturbances, as for example external electromagnetic fields.
These characteristics make the spectral features of atoms a valuable source of stable
reference frequencies for locking lasers.
On the downside, there is only a limited number of transition frequencies conveniently available for such a locking scheme. The range of the frequencies which a
laser can be locked to can be extended by shifting the laser frequency for example
with an acousto-optic modulator (AOM), but they cover still only a small part of
the electromagnetic spectrum. If one would need to lock a laser to a frequency well
away from the available atomic transitions, other techniques are needed. Furthermore, even under perfect conditions the linewidth of the transition is limited to the
inverse of the natural lifetime of the excited state, which is often in the order of
a few MHz. For example, the common 87 Rb D-line transitions have a linewidth of
about δνnatural ≈ 6 MHz [13].

2.1.1 Atom - Light Interactions
To obtain a reference frequency from the atomic transition, one usually does spectroscopy in an atomic vapor cell. The velocities of the atoms in the vapor cell are
given by a Maxwell-Boltzmann distribution. This means that for atoms moving
with a velocity v, the laser frequency in the frame of the atom is shifted from the
laser frequency in the lab frame because of the Doppler effect to


fatom frame

vatom
1−
c



= flab frame ,

(2.2)
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Figure 2.1: A high intensity pump beam and a weaker counter-propagating probe
beam with the same frequency are partly absorbed by atoms in a vapor
cell, depending on their frequency. When the lasers are detuned to a
frequency below the atomic resonance, only atoms moving towards the
laser beams (vz = −vD for the pump beam and vz = +vD for the probe
beam) can interact with the photons due to the Doppler effect. For no
detuning, both lasers interact with the atoms with vz = 0. Since the
ground state population of these atoms is greatly reduced by the pump
beam, the absorption of the probe beam by these atoms is reduced.
where vatom is the velocity of the atom and c the speed of light. These finite velocities
lead to an effective broadening of the observed atomic transition. At room temperature the effective linewidth for 87 Rb due to the Doppler effect is approximately
δνDoppler ≈ 1 GHz.
A possible way to avoid this effect, besides the elaborate task of cooling the atoms
down to temperatures where the Doppler-effect does not play a role anymore, is to
only use atoms with a certain velocity class for spectroscopy. This is called Dopplerfree spectroscopy. It means that in addition to the probe beam that is used to
measure the absorption spectrum of the atoms, a second, high intensity pump beam
with the same frequency is sent through the vapor cell, counter-propagating the
probe beam (s. figure 2.1). A large fraction of the atoms that are resonant to the
the pump beam are brought to the excited state. When both beams are resonant
to the atomic transition, and only then, they interact with the same atoms, namely
those with zero velocity along the propagation axis of the beams. Since only a small
fraction of these atoms is in the ground state, due to high intensity pump laser, the
absorption of the probe laser is reduced compared to when the laser frequencies a
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slightly detuned from the atomic resonance. This dip in the absorption spectrum
of the probe beam is then used as a resonance frequency, with a linewidth much
smaller than the simple Doppler-broadened absorption spectrum.

The Two Level Atom
One of the most basic system to study atom-light interactions is a two-level atom
driven by a coherent light field. Microscopically, an atom with a ground state |gi
and an excited state |ei with an energy difference Ege = ~ωge , interacting with a
probe laser field with a photon energy of Ep = ~ωp , will have an probability pe to
be the excited
√
!
2 + ∆2
Ω2
Ω
t
(2.3)
pe = √ 2
sin2
2
Ω + ∆2
where Ω is the Rabi frequency, which describes the strength of the on-resonant
coupling between the atom and the light field, and ∆ = ωp − ωge the detuning of
the laser frequency. The probability of the atom to be in the excited state oscillates
between zero and one, leading to the well known Rabi oscillations [14]. The finite
lifetime of the excited state leads to a stochastic decay back to the ground state,
which eventually damps out the oscillations.
Macroscopically, the response of a light field to an ensemble of atoms is described
√
by the refractive index n = 1 + χ, with the susceptibility
χ∝

Γ2

2iΓ + 4∆
+ 4∆2 + 2Ω2

(2.4)

for two level atoms. Here Γ is the linewidth of the excited state. For small
susceptibilities the refractive index can be approximated to n ≈ 1 + 12 χ. For
a plane wave propagating through such a medium its electric field is given by
1
1
E = E0 ei(nkz−ωt) ≈ E0 ei((1+ 2 Re(χ))kz−ωt) e−( 2 Im(χ)kz) , k being the wave number and
ω the angular frequency of the light field. The real part Re (χ) thus describes the
change of the phase of the light field inside the medium. The imaginary part Im (χ)
describes the dispersive properties, i.e. the absorption of the light by the atoms,
which is given by a Lorentzian function.
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{

{

Figure 2.2: Diagram of a three-level atom with ground state |gi, excited state |ei
and Rydberg state |Ri, separated by the energies Ege = ~ωge and
Ee = ~ωeR . The states are coupled by lasers with the frequencies ωp
and ωc , detuned from the atomic transition frequencies by ∆c and ∆p
respectively. The decay rates of the two excited states are Γe and ΓR .
The Three Level Atom and Electromagnetically Induced Transparency (EIT)
The behavior of the atoms changes dramatically when the excited upper state |ei of
the transition is coupled to a long-lived third atomic state |Ri via an an additional
coupling laser field with frequency ωc , as shown in figure 2.2. When the laser fields
are resonant to the two photon transition, i.e. ~ωp + ~ωc = Ege + EeR , the atomic
cloud becomes almost fully transparent for the probe laser on resonance, whereas it
was maximally absorptive before. This effect is called Electromagnetically Induced
Transparency [15].
The Hamiltonian of such a system in the dipole and rotating-wave approximation
is given by (see for example [14])


0


Ωp
2

0





Ωc
.
H = ~ ·  Ω2p −∆p
2


Ωc
0
−∆
−
∆
p
c
2



(2.5)

Here Ωp,c are the respective Rabi frequencies coupling the respective transitions
and ∆p,c the detunings of the laser frequencies from the atomic transitions. The
time evolution of this system is given by the time-dependent Schrödinger equation
∂
i~ ∂t
|ψi = H |ψi.
Because of the coupling of the atomic states by the laser fields, the atomic states
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|gi, |ei and |Ri are no longer eigenstates of the system. For the two photon resonance, meaning that ∆ge + ∆eR = 0, the new eigenstates can be obtained by
diagonalizing the Hamiltonian, which gives
|ψ+ i = sin θ sin φ |gi + cos φ |ei + cos θ sin φ |Ri
|ψ− i = sin θ cos φ |gi + sin φ |ei + cos θ cos φ |Ri
|ψ0 i = cos θ |gi − sin θ |Ri

(2.6)

with the mixing angles θ and φ defined by
tan θ =
tan 2φ =

Ωp
Ω
qc
Ω2p + Ω2c
∆p

(2.7)

.

It is apparent that without the probe laser θ becomes zero, so the state |ψ0 i becomes
equivalent to the ground-state of the atom. If the atoms are initially all in the
ground-state, and the probe laser is then turned on adiabatically, the all atoms will
evolve into the new eigenstate |ψ0 i. Since this state does not include the short-lived
excited state |ei this means that the atoms become completely transparent for the
probe light, since the absorption of the light would need a spontaneous decay of the
excited state.
In the three level system, the dephasing leads to a decrease of the EIT contrast
since it destroys the coherence of the dark state. From the optical Bloch equations
it is possible to calculate the susceptibility of the three level system to be
χ∝

i
Γe + ∆fp + 2i∆p +

Ω2c
ΓR +∆fp +∆fc −2i(∆p +∆c )

.

(2.8)

Here Γe and ΓR are the lifetimes of the respective states, ∆p detuning of the probe
and ∆c the detuning of the coupling laser, and ∆fp the linewidth of the probe and
∆fc the linewidth of the coupling laser.

2.1.2 Frequency Modulation Spectroscopy
The spectral feature of Doppler-free absorption spectroscopy is widely used as a
reference frequency for locking lasers. Just by looking at the absorption of the light
it is not possible to tell if the laser frequency is below or above the atomic transition
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Figure 2.3: Schematics of a setup for the FM spectroscopy lock. Sidebands to
the laser carrier frequency are created with an electro-optic modulator
(EOM). After going through an atomic vapor cell, their beat signal is
picked up on the photodiode, then demodulated by mixing its ac part
with the modulation frequency of the EOM. After low-pass filtering,
this so called error-signal can be used for feedback to the laser, e.g. by
adjusting the pump current. The AOM shifts the lock frequency of the
lock relative to the atomic resonance.
frequency since the absorption is reduced for both cases.
To apply feedback to the laser though, an error signal is needed that is proportional
to the detuning of the laser frequency from the atomic resonance. A possibility to
create such a signal is to modulate the phase of the laser with a frequency Ω (see
[16] for a more in depth derivation). This can be done for example with an electrooptic modulator (EOM), which is a nonlinear optical material whose refractive index
changes with the applied electric field. If this electric field oscillates with time, so
does the phase shift of the transmitted laser field. A typical setup of the frequency
modulation (FM) spectroscopy lock is shown in figure 2.3. The electric field strength
E (t) of the laser light after having passed the EOM becomes
E (t) = E0 ei(ωt+β sin(Ωt)) .

(2.9)

For small modulation amplitudes β  1 this can be approximated to
!

E (t) ≈ E0 e

iωt

β
β
− ei(ω−Ω)t + ei(ω+Ω)t .
2
2

(2.10)

This means that in addition the the carrier laser frequency ω there are two sidebands
with frequencies ω ± Ω and amplitudes β2 E0 . If the phase modulation frequency of
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the laser Ω is larger than the spectral width of the Doppler-free absorption line,
then the carrier and the sideband frequencies will have different transmissions and
phase shifts through the vapor cell. If the transmitted light is detected for example
on a photodiode, the signal that is actually measured is a beating between the
carrier and the sideband frequencies. This signal contains the information about
the position of the carrier frequency relative to the transition frequency. To obtain
this information, the beat signal is demodulated with the EOM modulation signal
with the right phase. The error signal created in such a way is roughly proportional
to the absorption spectrum of the atomic gas. It can thus be used as a feedback
signal to counteract any deviations of the laser frequency away from the atomic
resonance.
Unfortunately, the Doppler-broadened background is also included in the error
signal. This leads to a shift of the zero-crossing of the error signal, away from
the atomic resonance. And since the shape of the Doppler-broadened background
depends on the intensity of the probe laser in the atomic vapor, the frequency
stability of the locked laser will depend on its own intensity stability. Furthermore,
so-called crossover resonances appear in the spectrum whenever two or more atomic
transitions are inside the Doppler-broadened spectrum. Atoms that are resonant to
the pump beam for one transition can be resonant to the probe beam for another
transition due to the Doppler effect, also leading to a reduction in absorption of the
probe beam. This will also lead to an additional error signal.

2.1.3 Modulation Transfer Spectroscopy
The Modulation Transfer Spectroscopy (MTS) in contrast is almost free of any
background spectra. Here the phase of the pump beam is modulated instead of
the probe beam (s. figure 2.3). When the pump and the probe laser are resonant
to the atomic transition, part of the sidebands from the pump beam is transferred
to the probe beam via a fourwave mixing process [17], as a result of the nonlinear
susceptibility of the medium.
Because the probability of a four-wave mixing process to happen drops of very
rapidly once the two lasers are not resonant to the same atoms anymore, making the
error signal almost completely independent of the shape of the Doppler-broadened
background. This makes the lock less sensitive to intensity fluctuations of the lasers
[18].
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Figure 2.4: Schematics of the setup for an EIT lock. The probe laser is locked to
the two photons resonance, such that the absorption of the independently locked probe laser by the atomic vapor is minimized. Again,
the sidebands on the probe laser are created with an EOM and the
error signal is created by demodulating the transmission signal of the
probe laser with modulation frequency.

2.1.4 EIT Spectroscopy
Electromagnetically Induced Transparency (EIT) spectroscopy works quite similar
to Frequency Modulation and Modulation Transfer Spectroscopy, except that the
laser is locked to a transition between two excited states instead of a ground state
transition. The principle of EIT has already be explained in chapter 2.1.1 of this
thesis.
The schematic setup of an EIT lock is shown in figure 2.4. If the probe laser
and the coupling laser are tuned such that the two photon resonance is fulfilled,
the atomic vapor is rendered transparent for the probe laser due to the EIT. If the
coupling laser drifts away from the resonance frequency, the transmission of the
probe laser decreases. Any fluctuations of the laser coupling to the two excited
states is therefore mapped to change of transmission of the probe laser.
The EIT lock uses a two photon atomic resonance as a reference frequency. The
locking frequency of the coupling laser therefore depends on the frequency of the
probe laser. If one only wants to lock the coupling laser to the excited state transition, the probe laser has to be locked by other means, since any fluctuation in its
frequency will lead to correlated fluctuations of the coupling laser.
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mirrors,
reﬂectivity R

L

Figure 2.5: Sketch of a Fabry-Pérot cavity consisting of two mirrors with reflectivity R, separated by a distance L. When the frequency ν of the
incoming wave matches a resonance of the cavity, the transmission can
be up to 100%, even with highly reflective mirrors.

2.2 Optical Resonators
Whenever there is no atomic transition available for a laser, or one needs to obtain
laser linewidths below a few kHz, even down to less than a Hz [19], Fabry-Pérot
cavities are another possible source of a reference frequency.

2.2.1 Fabry-Pérot Cavities
In general, a Fabry-Pérot cavity is a pair of mirrors, aligned such that a beam of
light between these mirrors is reflected back into itself after one round trip. The
easiest case is just two mirrors aligned perpendicular to the optical axis (see figure
2.5).
If a coherent laser field enters such a Fabry-Pérot cavity through one of the mirrors,
it is reflected back and forth between the two mirrors. If the beam loops back into
itself, the resulting electromagnetic field between the mirrors is the superposition of
all these reflected waves. Due to interference, all these waves cancel each other out
except for those where the optical path length n · 2L of one round trip (n being the
refractive index of the medium between the mirrors) is an integer multiple of the
wavelength λ
λ = q · n · 2L, q ∈ N+ .

(2.11)

The propagation of light through a cavity can be described by a purely classical
approach. Assuming that the only source of loss of the light in the cavity is the
non-perfect reflection of the mirrors, the electric field amplitude of the light inside
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√
the cavity will be reduced by R after being reflected from the mirror, so after one
complete each round trip by factor R [20], with R being the reflectivity of the cavity
mirrors. In addition to the reduction of the amplitude, that field will also pick up a
phase difference in each round trip given by
∆φ (f ) = 2πν

2L
,
c

(2.12)

where ν is the frequency of the light entering the cavity. After one round trip, the
electric field then becomes
Ej+1 = R · Ej ei∆φ(ν)
with Ej being the amplitude of the field in the cavity after j round trips. The total
field amplitude inside the cavity (just behind the first mirror) can thus be described
by
Ecavity = E0 + E1 + E2 + . . . =

∞
X
j=0



E0 Rei∆φ(ν)

j

= E0

1
.
1 − Rei∆φ(ν)

(2.13)

The intensity of the light inside the cavity Icavity relates to the incoming intensity
Iin by
2
Icavity
|Ecavity |2
|E0 |2
1
=
=
·
Iin
|Ein |2
|Ein |2 1 − Rei∆φ(ν)
1
1
=
·
 2

.
πν
2
(1 − R) 1 + 2F
sin
π
F SR

(2.14)

In this equation two important features of the cavity emerge, namely the free
spectral range
F SR =

c
,
2L

(2.15)

which is the frequency separation of to successive resonances of the same cavity
mode, and the finesse
√
π R
F=
,
1−R

(2.16)

which is usually a good figure of merit for the cavity. For a large finesse F  1

transmission
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frequency
Figure 2.6: Sketch of a part of the cavity transmission spectrum, with the linewidth
δν (FWHM) and the free spectral range F SR.

the individual resonances can be well approximated by Lorentzian lineshapes, with
a full width at half maximum (FWHM) linewidth of
δν '

F SR
.
F

(2.17)

One can see that on resonance the light intensity inside the cavity can be quite
larger. For a reflectivity of the mirrors of R = 0.998 it would be 500 times the
incoming intensity (neglecting any others losses except the non-perfect reflectivity
of the mirrors).
According to equation (2.14) the power inside the cavity reaches a maximum
whenever the laser frequency reaches an integer multiple of the the free spectral
range (F SR). The light transmitted through and reflected by the cavity is given by
Itransmitted = (1 − R) Icav =

1
1+

Irefelected = 1 − Itransmitted =



2F
π



2F
π

1+



2

sin2



πf
F SR

2

sin2



πf
F SR

2F
π

2

sin2



 Iin

(2.18)



πf
F SR

 Iin

(2.19)

which means that in an ideal system it is possible to achieve 100% transmission of
the light on resonance.
Not only the transmission and reflection of the Fabry-Pérot cavities are frequency
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dependent, but the cavity induces a frequency dependent phase shift of the light:


δφtransmitted = arctan 

− sin
R−



 

2πf
F SR


cos F2πν
SR





(1 − R) sin F2πf
SR



= arctan
√
2πf
1 + R − R (R + 1) cos F SR


δφrefelected

(2.20)


(2.21)

So far, these equations treat the cavity as a one-dimensional system, defined by the
reflectivity of the mirrors and their distance . However, also the transversal shape of
the cavity has to be taken into account (i.e. the radius of curvature of the mirrors),
since there are only stable situations for certain combinations of distance between
and radii of curvature of the mirrors. For certain geometries of the cavity, there
can be no stable field inside the cavity, i.e. the beams will leave the cavity in the
transversal direction. For stable cavities, the condition
L
L
· 1+
0≤ 1+
r1
r2


 



≤1

(2.22)

has to be fulfilled, where r1,2 are the radii of curvature of the two cavity mirrors and
L the distance between them [20].
While ray-optics are helpful to determine the geometric conditions under which
a beam is confined in a cavity, it does not take into account the spatial intensity
distribution of the beam. The spatial characteristics of a laser beam are described
by a Hermite-Gaussian beams[21]. This does not change the general characteristics
of the cavity. The phase of the Hermite-Gaussian beams evolves differently though
than the phase of a plane wave when it propagates through space. The additional
phase is called the Gouy-phase and is given by
z
,
ζ(z) = arctan
zR




(2.23)

where zR is the Rayleigh length, z the distance from the beam focus. While the free
spectral range remains the same for all modes, the resonance frequencies are shifted
by
∆νl,m = (l + m + 1)

ζ (z2 ) − ζ (z1 )
F SR,
π

(2.24)

with (l, m) being the order of the Hermite-Gaussian mode and ζ (z1,2 ) the Gouy
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Figure 2.7: Schematics of the Pound-Drever-Hall technique, used to stabilize a
laser onto a Fabry-Pérot cavity.
phase at the two cavity mirrors. Thus, in order to achieve perfect transmission
through the cavity, not only the frequency of the beam has to match the that of the
cavity, but also transversal mode, i.e. at the cavity mirrors the radii of curvature of
the beam’s wavefront and of the mirrors must be the same [22].

2.2.2 The Pound-Drever-Hall Technique
The method which is used to stabilize a laser to a Fabry-Pérot cavity is called PoundDrever-Hall (PDH) technique [23], first described by Ronald Drever and John Hall,
based on a frequency-modulation technique for microwave cavities developed by
Robert Pound. It is similar to the Frequency Modulation spectroscopy, except that
a Fabry-Pérot cavity is used as a reference frequency. A detailed description of the
PDH technique can be found in [24].
A typical setup of a Pound-Drever-Hall lock is shown in figure 2.7. By modulating
the pump current of the laser with a frequency Ω, sidebands to the laser carrier
frequency f0 with frequencies f0 ±Ω are created. According to equation (2.21) the
phase shift which is induced to the light due to the cavity depends on the frequency
of the laser light, and changes sign across the cavity resonance. The reflected light
in detected on a photodiode, which is a beating of the carrier frequency with its
sidebands. When the signal from the photodiode is demodulated, i.e. mixed with
the current modulation signal with no phase difference (thus the phase shifter in the
setup), the dc part of the resulting signal is roughly proportional to the deviation
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of the laser carrier frequency from the cavity resonance for small deviations. This
signal can be used for a feedback to the laser, e.g. for adjusting the laser pump
current, correcting any deviations from the laser frequency away from the cavity
resonance.

3 Designing a Setup for a Stable Reference
Cavity
In the previous chapter it has been mentioned that the most stable lasers have been
realized using Fabry-Pérot cavities with very narrow resonances, which are achieved
by using highly reflective mirrors. The narrower the resonance of the cavity is, the
more sensible the feedback system is to deviations of the laser frequency from the
cavity resonance. But even with the best cavities, it is impossible to achieve a good
lock for a laser if the cavity resonances itself are fluctuating or drifting with time.
In this chapter the cavity which is used as a reference frequency is described. The
setup which was designed and built to stabilize the cavity itself is presented, and
the locking setup for the laser is explained.

3.1 Stability Considerations
The major limitation of Fabry-Pérot cavities is the fact that their resonance frequencies are not intrinsically stable over time. The frequencies of the transmission
resonances are given by

νl = l ·

c0
, l ∈ N+ ,
2nL

(3.1)

c0 being the speed of light in vacuum, n the refractive index of the medium between
the mirrors and L the length of the cavity. By looking at the relative error of the
resonance frequency

∆ν
=
ν

v
u
u
t

∆L
L

!2

∆n
+
n

!2

,

(3.2)

one can see that fluctuations of the cavity length or the refractive index of the
medium between the cavity mirrors directly lead to fluctuations of the resonance
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(a)

(b)

Figure 3.1: (a) Photo of the cavity. (b) Top view drawing of the cavity.
The cavity consists of a Zerodur spacer with a length of 10 cm. Four
tubes are drilled through the block. Currently two tubes are equipped
with mirrors, each with one flat and one concave mirror with R =
190 mm, coated for 960 nm with a specified reflectivity of >99.8%. The
two small holes on the top of the spacer are for ventilation of the tubes
when the cavity is under in vacuum.
frequencies. There are two different causes for a changing optical path length. The
refractive index of the medium in between the mirrors changes with its temperature and pressure. The geometric distance between the cavity mirrors changes due
to mechanical deformations of the cavity spacer, which can be caused by thermal
expansion of the spacer and the mirrors or by mechanical vibrations.

3.1.1 Properties of the Used Cavity
Two identical Fabry-Pérot cavities are realized using a single Zerodur block as a fix
spacer for the cavity mirrors, shown in figure 3.1. The mirrors are glued to the end
of tubes which have been drilled through the spacer. Each cavity consists of one
plane and one concave mirror1 with a radius of curvature r = 190 mm. All mirrors
have a reflectivity, specified by the manufacturer, of R = 99.8% for 960nm light,
which is the frequency of the laser that will be stabilized to this cavity. The mirrors
are glued to a spacer with a length of L = 100 mm with four tubes drilled through
it. Because of the high sensitivity of the cavity resonances to the distance between
the mirrors, the spacer itself made of Zerodur, a glass-ceramic material with a very
1

The mirrors were manufactured by LAYERTEC GmbH. The mirror substrate is fused silica.
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low linear thermal expansion coefficient of
|α|Zerodur ≤ 10−7 K−1
as specified by the manufacturer [25]. This reduces the effect of the temperature on
the length of the cavity spacer. With a cavity spacer made of stainless steel, which
has a thermal expansion coefficient of α = 130·10−7 1/K [26], the cavity would be more
than two orders of magnitude more sensitive to temperature fluctuations. Another
suitable material would have been Ultra Low Expansion Glass (ULE), which even
posses a zero-crossing of the linear thermal expansion coefficient. The disadvantage
of ULE is that the zero-crossing is typically below room temperature, making it
necessary to cool the cavity.
The thermal expansion of the glue has also to be taken into account. The exact
type of the used glue is unknown but the typical thermal expansion coefficient of
cyanoacrylates (also known as superglue) is about [27]
|α|glue ' 10−4 K−1 = 103 |α|Zerodur .
The combined thickness of the two glue layers is estimated to be
Lglue ' 0.1 mm = 10−3 LZerodur ,
which with α =
of

∆L 1
L ∆T

gives a combined thermal expansion coefficient for the cavity

∆LZerodur + ∆Lglue 1
Lspacer
∆T
Lglue
' |α|Zerodur +
|α|
LZerodur glue
' 2 · 10−7 K−1 .

|α|cavity =

(3.3)

The thermal expansion of the cavity makes it necessary to keep its temperature
highly stable.
It is important to note that despite the thinness of the glue layers, they contribute
to one half of the thermal expansion of the cavity. One possibility to circumvent
this problem is, instead of using any kind of adhesive to bond the cavity mirrors
to the spacer, to optically contact them [28, 29]. This means that the only mechanism holding two parts together are the intermolecular forces between their contact
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surfaces, such as van der Waals forces. Since these forces drop of very rapidly with
distance, the contact areas of the two parts have to be extremely flat. To achieve
this kind of flatness is a difficult task, especially for mirrors with a dielectric coating.
Originally it was planned to build a cavity with optically contacted mirrors for this
thesis, but doing so would have matched the price of ordering an equivalently stable
commercial cavity.

3.1.2 Desired Quality of the Setup
To give an estimate for the desired frequency stability of the cavity in this thesis,
its final purpose needs to be considered. As mentioned in the introduction of this
thesis, the cavity will be used as a reference frequency for the coupling laser in
EIT spectroscopy. The smallest width of the EIT feature is given by the natural
lifetime of the higher lying excited state, which is typically a few kHz [10]. In the
best case the linewidth of the involved laser is well below this. For now, a stability
of ∆f = 60 kHz for the 480 nm coupling laser is assumed, which corresponds to
= 10−10 . According to equation (3.2), for this
a relative frequency stability of ∆f
f
cavity with a length of L = 10 cm its length changes, as for example induced by
mechanical vibrations, must not exceed ∆L = 0.01 nm. For a length changed caused
by the thermal expansion of the Zerodur spacer, according to (3.3) the temperature
stability must be better than ∆T = 0.5 mK.
The refractive index of a gas is dependent on the pressure of the gas, thus also
making the cavity resonance frequencies pressure dependent. If one assumes the
refractive index to be a linear function of pressure, then pressure has to be controlled
to an accuracy of ∆p = 2 · 10−4 mbar. The change of the atmospheric air pressure
however can account to a few millibars over an hour[30].
To achieve a relative frequency stability of at least ∆f
= 10−10 for the cavity
f
resonances, the cavity is placed inside a vacuum chamber, where the absolute pressure fluctuations are small, leading to small change of the refractive index. The
vacuum chamber itself is actively temperature stabilized. The support of the cavity
is designed such that mechanical vibrations only have a small effect on the cavity
length.

3.2. VACUUM SETUP
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Figure 3.2: Rendering of the vacuum chamber. The cavity sitting on its support
block is surrounded by a copper heat shield (inside the chamber). An
ion pump (black) is attached on the left side of the chamber, an electric
feed through (red) to a thermistor inside the chamber and a valve
(green) to connect to backing pump on the right. The chamber is
screwed onto a breadboard via a mounting plate (grey) for thermal
isolation.

3.2 Vacuum Setup
The vacuum chamber around the cavity fulfills two purposes. First, it eliminates
any resonance shifts due to pressure changes by reducing the pressure to a point
where any pressure fluctuations become negligible. Second, it reduces the thermal
coupling between the cavity and the environment, mainly because of the loss of air
convection around the cavity.
The vacuum setup itself is shown as a rendering in figure 3.2. It was designed
to be quite compact such that it can be integrated in the current laser setup. It
consists of the chamber containing the cavity. It is a stainless steel tube built in the
mechanical workshop of the institute, with a flat bottom for the cavity to rest on.
Optical access to the cavity is made possible with two CF100 viewports, each with
an anti-reflection coating for 960 nm light.
Two small tubes are welded to the sides of the chamber, one leading to a valve2
to connect a turbomolecular pump, the other leading to an ion pump for reaching
a low and stable final pressure. When the turbomolecular pump has reached a
2

A Varian 3/4 inch right angle UHV all-metal valve.
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pressure where the ion pump can be switched on safely, the valve is closed and the
turbomolecular pump is disconnected. The turbomolecular pump alone would suffice
to reach the desired pressure level, but causes vibrations into the cavity because of
its fast turning rotors. The ion pump works by ionizing the remaining gas within
the chamber by applying a strong electrical field of several kV and captures them
in its electrode. The ion pump has no moving mechanical elements, making it ideal
for such sensitive applications.
The actual final pressure in the vacuum chamber cannot be measured directly due
to the lack of a vacuum gauge in the setup, though it can be estimated using the ion
pump. The ion current in the pump is proportional to the pressure at its inlet flange
and is displayed on the ion pump controller. It has been calibrated with an ion gauge
in a prior measurement (see appendix A for the calibration table). After half a day
of pumping the lowest reading of the current, which translates to p < 10−6 mbar, is
reached, being well below the pressure needed for a constant refractive index. But
achieving such low pressures is quite beneficial, since at low pressures the ion pump
ages slower because of the fewer ions reaching the electrodes. Since fewer ions also
mean less heat production in the ion pump, lower pressures are also advantageous
for the temperature stability of the setup.
An electric feedthrough through the side of the vacuum chamber is used to monitor
the temperature inside the vacuum chamber. This is done with a Thorlabs 10k
thermistor. It is not connected to the cavity spacer itself, since this would increase
the thermal contact between the spacer, but it still gives a good indication of the
temperature of the vacuum chamber without the direct influence of the ambient air
temperature.
The vacuum chamber was not baked before use, since this might have harmed
the glue connecting the cavity mirrors and the spacer. The chamber itself was only
cleaned thoroughly after manufacturing and then dried in an oven. All small parts
have been cleaned in an ultrasonic bath Tickopur and acetone, the cavity itself
was simply wiped clean with acetone to remove most of the dirt.

3.3 Temperature Stabilization
As already described before, it is crucial to achieve a good temperature stability of
=
the cavity. As derived in chapter 3.1.2, for a relative frequency stability of ∆ν
ν
−10
10
it is necessary to stabilize the temperature of the cavity to ∆T = 0.5 mK. A
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Figure 3.3: Front view drawing of the cavity in the vacuum chamber. To minimize
the frequency fluctuation due to changes of temperature, the mirrors
are mounted on a spacer with a low coefficient of thermal expansion,
which sits on a support block with a low thermal transport coefficient.
It is surrounded by a copper shield to reduce the effect of blackbody
radiation. The cavity sits in a vacuum to prevent heat transfer through
the convection of the air and to keep the refractive index between
the mirror constant. The vacuum chamber is actively temperature
controlled on the outside by heating wires.

change of temperature will also slightly change the refractive index of the air between
the mirrors, but since the cavity sits in vacuum, this effect becomes negligible.
The approach taken in this thesis is to achieve this kind of temperature stability
is to minimize the coupling between the cavity spacer and fluctuations of the ambient temperature, which is sketched in figure 3.3. The entire vacuum chamber is
inside a thermal insulation box, made of 3 cm thick sheets of Styrodur, which is a
sturdy thermal insulating material. It covers the entire vacuum setup, except for
the connection between the chamber and the optical breadboard, which needed to
ensure a stable coupling of the laser light into the cavity. The connection between
the breadboard and the vacuum chamber is a plate made of PEEK, an organic polymer thermoplastic with a low thermal conductivity of 0.25 W/m·K and a relatively
high stiffness, i.e. a high Young’s modulus, of 3.6 GPa, to achieve a high mechanical
stiffness of the entire setup with a low thermal coupling. Two windows are built in
the insulation box to allow the optics to be outside the box for better accessibility.
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(a)

(b)

Figure 3.4: PEEK support block of the cavity inside the vacuum chamber, (a) top
view and (b) bottom view. The contact areas are small to achieve a low
thermal coupling between the chamber and the cavity. The three rings
on the bottom side sit in rails machined into the chamber to prevent
movement of the support block
The active temperature control of the vacuum chamber is done by a PI controller3 ,
which controls the current through a heating wire wound around the vacuum chamber. For better thermal contact to the vacuum chamber, thermally conductive
double-sided tape is used between the chamber and the heating wire. The temperature controller itself is also placed inside the thermal insulation box, because
temperature changes of the electronics inside the controller are likely to have an
influence on the temperature stability.
To achieve a high homogeneity of the temperature distribution in the cavity
spacer, a copper shield surrounding the cavity is used. It shield acts as a reflector for black-body radiation from the chamber. This affect can still be increased
boosted by polishing or even gold plating the copper, which has not been done in
this case. Since the gaps between the heating wire around the chamber is approximately 2 cm, the heating of the vacuum chamber is not completely uniform. The
copper shield evens this out, to achieve small temperature gradients in the cavity
block.
The cavity support inside the vacuum chamber, shown in figure 3.4, is also made
of PEEK. The support block sits in a mounting that has been machined into the
vacuum chamber to prevent the support from moving around inside the chamber in
case the setup is moved. In order to further reduce the thermal coupling between
the cavity and the chamber via the PEEK block, the contact areas of the PEEK
3

A Wavelength Electronics HTC3000 3.0 Amp temperature controller is used.

35

3.3. TEMPERATURE STABILIZATION

1.5

0.50

1.0

0.20
ΣT HΤL @mKD

DT @mKD

0.5
0.0

0.10

0.05

-0.5
-1.0

0.02
-1.5
0

2

4

time @hD

6

(a)

8

10

10

50

100

Τ @sD

500 1000

5000 1 ´ 104

(b)

Figure 3.5: (a) The temperature deviation from the mean value of 29.235 °C inside
the vacuum chamber while the chamber is actively stabilized. It can be
seen that the maximum temperature difference over 10 hours is around
3 mK. (b) Allan plot of the temperature measurement.

block are small, thus lowering the thermal contact conductance between the parts.
To quantify the quality of the temperature stabilization, the temperature on the
inside of the vacuum chamber has been recorded over a few hours, shown in figure
3.5(a). The temperature stays stable within 3 mK over a time of 10 hours. This is a
conservative measurement, since the measurement was performed in a room without
temperature control, where the temperature changes by a few degrees over one day.
In the actual laboratory, where the cavity is to be used, the room temperature
itself is already stabilized to about ∆T ≈ 1 K. Furthermore the time constant
between the vacuum chamber and the thermistor is several seconds, whereas between
the cavity and the chamber it is calculated to be more than 2 hours. Thus, that
any temperature fluctuations below this timescale are damped out. The measured
temperature curve shows fluctuations on a timescale between one and two hours
and an amplitude around half a millikelvin. It also shows a linear drift of about
0.2 mK/hour. This drift might be caused by a drift in the controller itself, i.e. a change
in voltage supply, or a drift in the multimeter to read out the thermistor.
Figure 3.5(b) shows a plot of the Allan deviation of the temperature curve. Such a
plot shows what kind of temperature changes can be expected on different timescales.
The Allan deviation σy (τ ) is the square root of the Allan variance, which is half of
the mean of the squares of the differences of two successive data points:
1
σy2 (τ ) = h(ȳn+1 − ȳn )2 i
2

(3.4)

36

CHAPTER 3. DESIGNING A SETUP FOR A STABLE REFERENCE
CAVITY

L

Figure 3.6: Rendering of the cavity on its support block. In general, any kind
of additional vertical acceleration will deform the cavity spacer. This
may lead to a change of the length L between the cavity mirrors, thus
also changing the transmission frequencies.
where the ȳn are consecutive averaged data taken over an observation time τ
1
ȳ(t, τ ) =
τ

τ
y(t + t0 ) dt0 .

(3.5)

0

ȳn+1 is the subsequent averaged data point. From 3.5(b) it can be seen that the
Allan variance is below 0.5 mK until up to 10000 s, so almost 3 hours.
From this it can be concluded that the temperature of the cavity is stable below
1 mK for several hour, which according to equation (3.2) translates to a frequency
stability of less than 60 kHz.

3.4 Mechanical Stabilization
As described in the beginning of this chapter, changes of the mechanical shape of
the Zerodur spacer also change the resonance frequencies of the Fabry-Pérot cavity
directly. The deformation, for example due to mechanical stress or aging of the
Zerodur spacer, may lead to a change of the distance L between the mirrors and a
tilt of the mirrors with respect to each other by an angle θ, as sketched in figure 3.6.
The aging of the Zerodur block, which can amount to a relative length change of
about ∆L
= 10−12 1/hour [31], also leads to a change of the resonance frequency of
L
less than 1 Hz per second. These effect are very difficult to compensate for, but in

3.4. MECHANICAL STABILIZATION

37

the context of this thesis also negligible.
To reduce the influence of mechanical vibrations, several measures have been
taken. One of them is to passively damp out vibrations. For this the entire setup
sits on an air-suspended optical table that has a very low response to vibration disturbances on the laboratory floor. Furthermore, the vacuum chamber is mounted on
a separate breadboard, with a sheet of Sorbothane between the breadboard and the
optical table. Sorbothane is a visco-elastic polymer that has good shock absorption
and vibration damping characteristics, also at acoustic frequencies. One could also
implement an active vibration mechanism, but this usually rather expensive. Furthermore, it has been demonstrated that with the right design of the cavity block
and its mechanical support, it is possible to achieve a better reduction of vibration
sensitivity than with active vibration isolation mechanisms, reaching a relative frequency stability of the laser better than 10−14 [32]. Since this is far beyond the
frequency stability aimed for in this thesis, only passive vibration isolation is used
here.
To minimize the effect of vibration-induced deformations on the cavity spacer both
vertically and horizontally orientated cavities haven been investigated theoretically
and experimentally [28, 33, 34, 35, 19]. Until now it is not clear which orientation
of the cavity proofs to be more stable. The actual shape and mounting of the cavity
plays a crucial role on the robustness of the cavity against vertical vibrations though.
Since the cavity block itself was already manufactured before the start of this
thesis, the shape of the cavity block itself was not investigated, because it would
have been quite difficult to change the shape without damaging the cavity mirrors.
Only the design of the support of the cavity block inside the vacuum chamber is
optimized with a finite element analysis4 .
For the finite element analysis the vibration eigenfrequencies of the cavity have
been calculated to be between 17 kHz and 27 kHz, which is just above the acoustic
frequencies that a human ear can perceive. For vibrations with lower frequencies
than this, the cavity block will therefore follow any oscillations quasi-statically, so
they can be assumed as a static change in gravitational acceleration: g → g + δg.
For a support of the cavity spacer that makes the cavity maximally vibration
insensitive, it sits on a block with two support bars of a PEEK block that are
shown in figure 3.4. To reduce the cavity sensitivity to vertical vibrations even
more, a more thorough finite element analysis has been carried out. Since the shape
4

The finite element analysis was performed with the commercial CAD-software CATIA from
Dassault Systèmes.
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Figure 3.7: (a) Finite element analysis for the deformation of the cavity spacer
sitting on the two support bars due to an additional body force of
0.25 N/cm3 (2 · 1010 relative deformation magnification). The width w
and the distance d between the support bars is optimized to minimize
the effect of a change of vertical acceleration δg on the distance L
between the mirrors.
The lower graphs show the relative length change of the cavity block
when varying (b) the distance d between the support bars while the
width was fixed at w = 14.7 mm and (c) the width of the support bars
with the distance fixed at 48.4 mm.
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of the cavity block could not be changed, only the distance between the support
bars and their widths have been varied to minimize the length change between the
centers of the cavity mirrors as shown in figure 3.7. It turned out that it is not
possible to get a minimal length change between the mirrors while keeping them
parallel at the same time. Moreover, the tilt of the mirrors stayed constant over a
wide parameter range when varying the support bars. The minimal relative length
= 0.4 · 10−12 was achieved for a distance of d = 48.4 mm between
change with ∆L
L
the support bars and a width of w = 14.7 mm, compared to a relative length change
of ∆L
= 61 · 10−12 for a flat support. The behavior of the relative change of distance
L
when changing one parameter while keeping the other one at the optimum value is
shown in figure 3.7 for δgz = 0.01 m/s2 . The dependence of the relative length change
on δg was very linear for all parameter pairs.
Horizontally the space between the cavity block and the edge of the support
block is only 1 µm. Since Peek has a much higher coefficient of thermal expansion
than Zerodur, a tight fixation of the cavity spacer in the support might lead to a
temperature dependent force at the contact are between the Zerodur and the Peek.
The gap is left small though to prevent a large displacement of the cavity in case the
setup has to be moved. In addition to the low thermal conductivity of PEEK the
material was also chosen because of its low coefficient of friction. This reduces the
coupling of horizontal vibrations between the support block and the cavity spacer.
Even though it would be desirable to minimize the relative length change while
keeping the mirrors parallel, this analysis could improved the sensitivity on vertical
vibrations by more than one order of magnitude.

3.5 Setup of the Optical Elements and the Laser
Lock
The laser which is locked to the cavity is a Toptica TA SHG with a 960 nm
external grating diode laser as a seed laser. Before the light is frequency doubled in
a second-harmonic generation cavity (SHG), part of it is branched of with a beam
sampler. The Pound-Drever-Hall technique (PDH), which has been described in
chapter 2.2.2, is used to lock the laser to the cavity.
For the lock, the pump current of the seed laser is modulated in order to create
sidebands. The light which is reflected from the cavity is detected with a photodiode. The signal of the photodiode is mixed with the current modulation signal
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Figure 3.8: Schematics of the setup of the laser lock. By modulating the current
of the laser sidebands are created. A Brimrose AOM in double pass
configuration is used to shift the laser frequency needed for the experiment to a transmission resonance of the cavity. The frequency of the
AOM can be controlled manually and with the experimental control
on the computer. The laser light is then transferred to the cavity by
an optical fiber, and the light reflected from the cavity is detected with
a photodiode. An error signal is created by mixing the signal of the
photodiode with the current modulation signal.

41

0.30

1.0

0.25

0.8

0.20

0.6

0.15

0.4

0.10

0.2

0.05

0.0

650

700

750

800

850

AOM frequency [MHz]

(a)

900

950

output frequency [MHz]

1.2

light intensity [a.u.]

light intensity [a.u.]

3.5. SETUP OF THE OPTICAL ELEMENTS AND THE LASER LOCK

1000

900

800

700

0.00

2

4

6

8

10

12

14

16

VCO control voltage [V]

(b)

Figure 3.9: (a) Dependence of the light intensity after the AOM on the frequency
(set by the input VCO voltage) after a single-pass (blue curve) and on
the cavity breadboard after a double-pass and the fiber (red curve).
It shows that the diffraction efficiency is strongly dependent of the
driving frequency, with a 3 dB Bandwidth of about 300 MHz. (b)
VCO output frequency over its control voltage.
and sent through a low-pass filter to create the error signal. The feedback to the
laser is mainly done by adjusting the pump current of the seed laser. Only the slow
frequency drifts are compensated for with a PI controller, which is adjusting a piezo
that controls angle of the grating in the seed laser, thus selecting the frequency of
the light that is fed back into the laser diode (see [36, 37] for a detailed description
of grating-stabilized external cavity laser diodes).
The setup of the optics for the cavity lock and a schematic of the lock are shown
in figure 3.8. Since the desired locking frequency of the laser does not necessarily
coincide with a cavity resonance frequency, the laser frequency has to be shifted to a
cavity resonance. In order to always be able to reach a resonance, the AOM needs to
= 375 MHz, since the AOM is used in a double-pass
have a bandwidth of at least F SR
4
configuration. This does not only double the effective bandwidth of the AOM, but
unlike in a single-pass, makes the pointing direction of the beam independent of the
AOM frequency. The AOM used here is a BRIMROSE GPF-800-500.960, which
can be operated between 600 Mhz and 1000 Hhz. It is driven with voltage-controlled
oscillator (VCO, MiniCircuits ZOS-1025), whose output power is amplified to 1
W with a MiniCircuits ZHL-1000-3W high-power amplifier. The half-wave plate
before the AOM is needed because its diffraction efficiency is strongly polarization
dependent. Unfortunately the diffraction efficiency of the AOM is also strongly
dependent on the driving frequency of the VCO as shown in figure 3.9(a). The VCO
frequency however shows a quite linear dependance on the set voltage as depicted in
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figure 3.9(b). The optical isolator turns the polarization of the reflected beam by 90°
with respect to the incoming beam, allowing the reflected beam to be branched of
with a polarizing beamsplitter cube and inject it into a single-mode fiber to achieve
a well defined Gaussian beam and a stable pointing direction before reaching the
cavity.
The AOM double-pass retro-reflects the beam into itself. To branch off the frequency shifted beam from the incident beam, it is sent through an optical isolator,
which turns the polarization of the reflected beam by 90° with respect to the incoming beam5 . The beam is then injected into a single-mode fiber leading to the cavity
breadboard to achieve a well defined Gaussian beam and a stable pointing direction
before reaching the cavity.
In a Fabry-Pérot cavity, different transversal modes of the laser beam generally
have different resonance frequencies [20]. In order to achieve a good coupling of the
light into the cavity, in addition to have the right laser frequency it is also necessary
to match the transversal mode of the laser to that of the cavity. For a Gaussian
beam, the wave fronts have to match the radius of curvature of the mirrors. For
this cavity it means that the beam has its focus on the plane mirror and a radius
of curvature of 190 mm at the concave mirror. With the formula for the radius of
curvature for a Gaussian beam
s

zR
R (z) = z 1 +
z


2

with R (Lcavity ) = 190 mm this means that the Rayleigh length of the beam inside
the cavity must be zR = 95 mm. Since the this cannot be achieved directly with the
fiber coupler, a set of lenses has to be used.
A quarter-wave plate in front of the cavity turns the polarization of the reflected
beam by 90° with respect to the incoming beam to allow to pick up the reflected
beam with a polarizing beamsplitter cube and detect the light with a photodiode.
The signal of the photodiode is used for the PDH feedback loop. It seems that the
coupling of the light into the cavity is much easier when it is injected through the
plane mirror of the cavity than through the concave one.

5

Due to the high polarization dependence of the AOM diffraction efficiency it is not possible to
use a quarter-wave plate and a polarizing beamsplitter cube to branch off the reflected beam.

4 Characterization of the Fabry-Pérot Cavity

In order to quantify the quality of the feedback loop of the laser, it is important
to know the behavior of the cavity itself. In this chapter the most important characteristics of the cavity, namely the free spectral range F SR, the linewidth δν and
the long-term stability, are measured and compared to the theoretically expected
values.

4.1 Modes of the Cavity and its Free Spectral Range
Probably the easiest characteristic from the cavity to measure is the free spectral
range (F SR). As described in chapter 2.2.1 this can be calculated for this cavity
with a length of L = 0.1 m to
F SR =

c0
= 1.5 GHz.
2nL

(4.1)

The spectrum of the cavity was measured by scanning the grating angle of a grating
stabilized external cavity diode laser (ECDL). It is shown in figure 4.1. One can
clearly see two large transmission peaks at 0 MHz and 1500 MHz and several smaller
peaks of different strength in between. These are due to higher order transversal
modes that are coupled into the cavity. The zero order and the higher order resonances are non-degenerate because of the different Gouy phases that the modes pick
up in a round-trip in the cavity. The difference of the resonance frequency of the
higher order modes with respect to the zero order Gaussian beam is given by [22]
∆νl,m = (l + m)

∆ζ
F SR
π

(4.2)

where ∆ζ is the difference of the Gouy phase between the two cavity mirrors for the
Gaussian beam and (l, m) the order of the Hermite-Gaussian mode. For the cavity
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Figure 4.1: Transmission spectrum of the cavity over one free spectral range.
used here this turns out to be
∆νl,m ' (l + m)

F SR
' 375 MHz
4

(4.3)

which matches exactly the spacing of the three largest higher order Hermite-Gaussian
modes in figure 4.1. These higher order modes could not be avoided even with a
good mode matching.

4.2 Determination of the Cavity Linewidth
When a Fabry-Pérot cavity is used for locking a laser, its linewidth plays an important role for the quality of the feedback loop. The smaller the linewidth, the faster
the transmission signal decreases when the laser is moving away from resonance,
giving a larger slope of the error signal around the resonance. Thus, with a small
linewidth even small frequency deviations away from resonance will lead to large response of the feedback loop. Typically, with a good feedback loop a laser linewidth
two orders of magnitude below the cavity resonance can be achieved, although laser
linewidths of more than four orders of magnitude below the cavity linewidth have
been realized [38].
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Figure 4.2: Transmission signal of the cavity. The red line shows the fit of a
Lorentzian function with a FWHM of 2.5 MHz. The dashed green line
shows a convolution of a Lorentzian and a Gaussian function, with
FWHM of 1.9 MHz and 1.2 MHz respectively.
For the cavity used in this thesis, with a mirror reflectivity of R = 99.8% and a
cavity length of L = 10 cm, the finesse of the cavity can be calculated with equation
(2.16) to be F = 1670. From this the linewidth of the cavity can be calculated with
equation (2.17) to be
δνtheory = 955 kHz.
Experimentally the linewidth of the cavity can be either measured directly by
scanning the laser frequency across a cavity resonance or indirectly by measuring
the cavity finesse since the linewidth δν of a Fabry-Pérot cavity is related to the
finesse F and the free spectral range F SR by the equation (2.17).
The spectrum shown in figure 4.2 has been taken by scanning the laser frequency
and measuring the transmission of the light through the cavity with a photodiode.
The fit shows a full width at half maximum (FWHM) of
δνtransmission = 2.5 MHz.
One has to keep in mind that this is not only the linewidth of the cavity but a
convolution of the laser lineshape with the cavity resonance. The lineshape of the
cavity resonance is purely Lorentzian. The lineshape of a laser cannot be derived
analytically, although when the laser frequency noise bandwidth is small compared
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to the absolute frequency deviations from the center frequency of the laser, the
lineshape can be assumed to be Gaussian [39].
Fitting a convolution of the Gaussian laser lineshape with the Lorentzian cavity
lineshape still yields a cavity linewidth of
δνtransmission, cavity = 1.9 MHz

and

δνtransmission, laser = 1.2 MHz.

The fit of the convolution also leads to a lower mean error of the model compared
to a single Lorentzian, although this could be expected due to the additional free
parameter of the Gaussian laser linewidth.
The second possibility to measure the linewidth of the cavity is to measure its
finesse and from this derive the linewidth with equation (2.17). This can be done by
measuring the decay time constant of the light inside the cavity, also called cavity
ring-down measurement. When the light that is coupled into the cavity is switched
off, the intensity of the light inside the cavity does not respond instantaneously.
The light inside the cavity is reflected back an forth between the cavity mirrors and
only a small fraction of the light is lost during each round-trip, depending on the
reflectivity of the mirrors.
Neglecting other losses inside the cavity, for example by the scattering of the light
on air molecules between the mirrors, the reduction of the light intensity ∆I during
the time ∆trt of one round-trip is
−2εI
∆I
= 2L = −2ε I F SR
∆trt
c

(4.4)

where ε = (1 − R) is the fraction of the light lost on each mirror. For small losses
the finesse of the cavity can be written as
√
√
π R
π 1−ε
π
F=
=
≈ .
1−R
ε
ε
With this the difference equation (4.4) can be written for large times t  ∆trt as a
differential equation
∂I (t)
F SR
= −I (t) 2π
∂t
F

(4.5)
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Figure 4.3: Sketch of the setup to measure the cavity ring-down time. The laser
light only reaches the cavity if the AOM is driven with an rf-frequency
from the VCO. When rf-signal is blocked, no light reaches the cavity.

with the solution
I (t) = I0 e− /τ
t

(4.6)

where τ is the decay time constant
τ=

F
1
·
.
2π F SR

(4.7)

According to equation (2.17) the linewidth of the cavity resonances is therefore
δν =

1
.
2πτ

(4.8)

For the measurement of the decay time constant light from an unlocked laser, whose
frequency is shifted with an AOM to match a cavity resonance with an AOM, is
coupled into the cavity (see figure 4.3).
The light is then shut off by switching off the rf-power from the VCO that drives
the AOM. The same shut-off signal also triggers an oscilloscope that monitors a
photodiode which detects the light transmitted through the cavity. Figure 4.4 shows
the transmission through the cavity with the light switched off at about t = 0.2 µs.
The fit of an exponential decay yields decay time constant of 125 ns which according
to equation (4.8) corresponds to a cavity linewidth of 1.3 MHz. This is only a lower
bound of the linewidth, since the measured signal is actually a convolution of the
cavity decay with response time of the photodiode without the cavity, which was
measured to τpd = 42 ns. When taking this into account one gets a cavity linewidth
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Figure 4.4: Ringdown measurement of the cavity. The time constant of the exponential decay of the light in the cavity is 125 ns.
of
δνringdown = 1.9 MHz.

(4.9)

This is in good agreement with the measured δνtransmission, cavity = 1.9 MHz of the
transmitted light.
The expected value is δνtheory = 0.96 MHz for a mirror reflectivity of R = 99.8%
as specified by the manufacturer, just half of the measured linewidths. A cavity
linewidth of 1.9 MHz corresponds to a mirror reflectivity of R = 99.6%. The reduced
reflectivity of 0.2% might be caused by dirty cavity mirrors. Since the mirrors are
glued to the spacer, they cannot be cleaned anymore. It is possible that part of
the glue has been deposited on the mirrors over time, reducing its reflectivity. The
measured decay time was the same for both cavities on the Zerodur spacer.

4.3 Long-Term Frequency Stability
As previously described in chapter 2, the major drawback when using a Fabry-Pérot
cavity is that its resonance frequencies are not naturally stable over time. They
can change quite dramatically when the optical path length between the cavity
mirrors changes. The main focus of this thesis was to design a setup that keeps
these frequencies shifts to a minimum. Two different timescales are of interest when
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Figure 4.5: Schematics of the setup to measure the long term drift of the cavity
resonances. The 960 nm is locked to an EIT resonance. Its frequency is
scanned over a cavity resonance by scanning the the driving frequency
of an AOM. The frequency stability of the laser light before the cavity
depends on the EIT lock of the laser as well as the stability of the
function generator, the VCO and the AOM.
investigating the resonance stability: the short-term stability on the time scale of
one experimental cycle influences the effective laser linewidth, while the long-term
stability on time scales of hours determines how much the center laser frequency
changes from one run of the experiment to another.
In order to quantify the stability of the cavity, the drift of a cavity resonance with
respect to an atomic resonance is measured. The schematics of the setup are shown
in figure 4.5. The difference is that the 960 nm laser is locked to an EIT, as described
in chapter 2.1.4. The laser frequency is continuously scanned with the AOM, and
the transmission signal detected on a photodiode. The measured stability of the
cavity is therefore influenced by the frequency stability of the laser light before the
the cavity. In the next two section, the stability of the EIT lock and the electronics
involved in the setup is measured, before the results of the stability measurements
of the unstabilized and the stabilized cavity are presented.

4.3.1 The EIT Lock
In order to make a precise measurement of the the long-term stability of the cavity,
all other sources of noise, most importantly any slow drifts, need to be avoided.
To stabilize the frequency of the laser that is used to scan the cavity resonance,
the laser is locked to an EIT resonance. The principle of EIT is explained in more
detail in chapter 2.1.4. The probe laser in this setup, a Toptica DL Pro with a
E
E
wavelength of 780 nm, is locked to the 5S1/2 , F = 2 → 5P3/2 , F = 3 ground state
transition of 87 Rb via Modulation Transfer Spectroscopy (see chapter 2.1.3). The
coupling light is a Toptica TA SHG with a 960 nm external grating diode laser as a
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Figure 4.6: (a) Error signal from the EIT lock (blue curve) and its mean voltage
(red line). The lock will always try adjust the laser frequency until it
reaches 0 V on the error signal. (b) Shift of the laser frequency caused
by a change in the voltage offset of the error signal over time (blue
curve) and a linear fit with −400 Hz/s (red line).

seed laser.
The 960 nm scanning laser is then locked to the EIT resonance. Figure 4.6(a)
shows the error signal of the EIT lock for the 960 nm laser. Due to noise in the
feedback loop of the EIT lock, most notably intensity changes of the probe laser,
the error signal experiences a voltage offset that changes over time. Since the feedback loop always tries to adjust the laser frequency so that the error signal voltage
becomes zero, a change of the voltage offset will directly lead to a change of the
laser frequency. The steeper the slope of the error signal is around the zero crossing
the less susceptible it is to a change of the offset. The offset of the error signal was
measured over time. It was then converted to a change of frequency of the locked
960 nm laser, as shown figure 4.6(b). A linear fit shows that the drift of the EIT
offset causes the locked laser frequency to drift with about −400 Hz/s. The measured
rms noise around the short-term mean would lead to a frequency noise of about
2 kHz.
Since the frequency doubled 480 nm light is used for the EIT lock, any frequency
changes that are detected here are also also frequency doubled changes from the
960 nm laser. This means that a −400 Hz/s drift of the EIT error signal will correspond to −200 Hz/s drift of the cavity resonance frequency. This illustrates one of
the advantages of a Fabry-Pérot cavity with a Pound-Drever-Hall locking scheme,
which unlike the EIT lock is rather insensitive to intensity fluctuations of the laser.
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Figure 4.7: Expected change of the cavity resonance frequency due to the function
generator that scans the AOM frequency (blue curve). The linear drift
of the slope (red line) is −34 Hz/s, the short-time rms noise around the
slope is 10 kHz.

4.3.2 Electronic Sources of Noise
Besides the EIT lock there are several other possible sources of noise that would
also reflect on the measurement of the cavity resonance.
To sweep the laser frequency across the the cavity resonance, the control voltage
of the VCO is scanned with a saw-tooth signal from an Agilent 33250A function
generator. If all other parts in the setup of this measurement were free of noise, then
cavity resonance would always appear at the same output voltage of the function
generator. If the time delay between the TTL signal, which is triggering the oscilloscope that is connected to the photodiode, and this output voltage is changing, then
this also changes the cavity resonance frequency that is detected on the oscilloscope.
The change of this time delay, translated into a shift of the measured cavity resonance, is displayed in figure 4.7. The slope can be calculated to a resulting frequency
drift of the cavity resonance of −34 Hz/s with a short-time noise of about 10 kHz.
The noise induced by the VCO itself is considered to be negligible, although at
constant control voltage the output frequency will change with temperature with
up to 0.1 MHz/K. The maximum temperature drifts occurring in the lab are about
1 K/hour which corresponds to a maximum frequency drift of about 30 Hz/s or 60 Hz/s
for the cavity resonance due to the AOM double pass.
The noise of the 780nm laser coupling laser and the AOM could not be evaluated
independently. The intensity noise of the 780nm laser is mainly included in the
measured noise of the EIT error signal. Its long-term drift can be assumed to be
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Figure 4.8: Measurement of the cavity resonance drift with the cavity sitting in
free air (blue curve). The two peaks result from pressure changes due
to the laboratory door opening and closing. The linear fit (red line)
yields a resonance drift of 36 kHz/s.
small due to the stable modulation transfer lock.

4.3.3 Frequency Stability of the Unstabilized Cavity
First, the frequency stability of the unstabilized cavity, i.e. the cavity sitting in free
air on the experimental table, is analyzed.
For this a similar setup to that in figure 3.8 is used, except here the 960 nm laser is
locked to an EIT resonance and the laser frequency is continuously scanned across
the cavity resonance. This is done by applying a low-frequency saw-tooth signal
from an Agilent 33250A function generator to the control input of the VCO,
which determines the frequency shift of the AOM. The transmitted light intensity
is detected with a photodiode and displayed on an oscilloscope. The trace of the
resonance on the oscilloscope is saved to a computer with a sampling rate of 1 Hz
and fitted with a Lorentzian function (as shown in figure 4.2). The center frequency
of this Lorentzian fit is measured over time to obtain the long-term frequency drift
of the cavity resonance. The low bandwidth of this measurement is sufficient since
the timescale of interest on which the resonance frequency changes is much larger
than one second.
Without the stabilization setup the cavity is highly prone to environmental changes
such as the ambient temperature or air pressure (s. chapter 3). Typical temperature
drifts in the lab can be up to 1 K/hour which would result in a 17 kHz/s drift of the
cavity resonance. Typical atmospheric pressure changes are up to 0.4 mbar/hour. Since
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Figure 4.9: Measurements of the drift of the cavity resonance over time with the
cavity sitting inside the temperature controlled vacuum chamber. The
two plots show two measurements on two different days (blue curves)
with linear fits (red lines). The linear drift of the cavity resonance is
(a) 2 Hz/s and (b) 275 Hz/s. The fast noise is (a) 62kHz and (b) 36kHz.
a change of pressure leads to a change of the refractive index of the air between the
cavity mirrors this leads to a resonance drift of about 10 kHz/s.
The resonance drift that was measured with the unstabilized cavity shown in figure
4.8 was 36 kHz/s with a short-term noise of about 250 kHz. The drift is about two
orders of magnitude larger than the expected drifts of the measurement setup. It is
of the the same order though as the drifts expected from environmental disturbances.
The fact that the drift is even larger could be explained by a heating of the cavity
block while handling the cavity spacer during the preparation of the measurement,
followed by a cool-down back to room temperature during the measurement itself.

4.3.4 Frequency Stability of the Stabilized Cavity
With the cavity inside the temperature stabilized vacuum chamber the resonance
drifts can be largely eliminated. Several measurements of the resonance drift were
carried out, and two of them are shown in figure 4.9. They show long-term drifts of
2 Hz/s and 275 Hz/s. All measured resonance drifts of the stabilized cavity were within
±300 Hz/s. The duration of the cavity drift measurements was limited by the time
in which the 960 nm laser stayed locked to the EIT resonance, which was typically
between 15 and 60 minutes. Thus it is not possible to give a good average of the
cavity drift. All the measured drifts are within the values expected from the intrinsic
drifts of the measurement setup described in chapters 4.3.1 and 4.3.2.
The cavity inside the temperature stabilized vacuum chamber shows a drift which

54 CHAPTER 4. CHARACTERIZATION OF THE FABRY-PÉROT CAVITY
is more than two orders of magnitude smaller than the drift of the free cavity. This
is mostly due to the reduction of the pressure between the cavity mirrors to a point
where any pressure fluctuations do not change the refractive index to a measurable
extend. Furthermore the active temperature stabilization reduces the temperature
drift of the vacuum chamber to less than one mK per hour, which corresponds to a
17 Hz/s resonance drift if the temperature of the Zerodur block has a drift equal to the
vacuum chamber (see chapter 3.3). But since the thermalization time between the
cavity spacer and the vacuum chamber is several hours, the temperature fluctuation
can be assumed to be smaller than this.
All measured frequency drifts are summarized in the following table:
measured resonance

drift [Hz/s]

unstabilized cavity
stabilized cavity

36 000
0 ± 300

source

resulting resonance drift [Hz/s]

ambient air temperature fluctuations
ambient air pressure fluctuations
EIT-lock error signal
VCO frequency
VCO control voltage source
temperature vacuum chamber
Zerodur aging

17 000
10 000
200
60
34
17
1

4.4 Short-Term Frequency Stability
The short term frequency stability of the locked laser is largely dominated by the
quality of the feedback loop and the short-term acoustic stability of the cavity. To
fully quantify the short-term stability of the laser, one would ideally use a second
laser that is stabilized independently with a known linewidth and make a beat-note
measurement of the two lasers. The width of the beat note is the combined linewidth
of the two lasers. But since such a laser is not available in this experiment, another
possibility to estimate the stabilized laser linewidth is to look at the error signal of
the locked laser and from this derive the frequency fluctuations that the feedback
loop is compensating for.
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Figure 4.10: (a) Error signal of the feedback loop when the laser is scanned across
a cavity resonance (blue curve) with a slope of −740 mV/MHz around
the zero-crossing (dashed red line) and the measured transmission
signal (green). (b) Error signal when the laser is locked to the cavity.
The rms noise of the signal is 1.3 mV, which corresponds to 1.8 kHz
rms noise of the laser frequency.
As described in chapter 2.2.2 the feedback loop tries to hold the laser at the frequency where the error signal is zero. When the laser frequency deviates from the
locking frequency this leads to a non-zero error signal voltage, causing the feedback
loop to shift the laser back to the locking frequency. Thus, by looking at the amplitude of the error signal of the locked laser one can deduce the frequency fluctuations
of the laser.
Figure 4.10(a) shows the error signal when the laser frequency is scanned across
a cavity resonance. The laser current is modulated with 6 MHz. The slope of the
error signal within ±100 mV around the zero-crossing is −740 mV/MHz. This means
that when the error signal of the locked laser has an amplitude of 1 mV, the laser
1
MHz = 1.35 kHz. The measured
frequency differs from the locking frequency by 740
error signal of the laser locked to the cavity resonance is shown in figure 4.10(b),
with a root mean square (rms) of 1.3 mV. This corresponds to a rms of the laser
frequency fluctuations of 1.8 kHz. Currently the bandwidth of the feedback loop
is limited by the photodiode, which has a bandwidth of about 100 MHz, and the
amplifier after the mixer, with a bandwidth of about 290 MHz1 .
This only includes the frequency fluctuation that are detected by the feedback
loop. Any laser fluctuations that exceed the bandwidth of the feedback loop, or
1

The photodiode was built by electronics workshop of the institute, with a Hamamatsu S3883
diode. The amplifier is a TI THS4012 high-speed amplifier.
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fluctuations of the feedback loop or the cavity itself are not reflected in this measurement, so the 1.8 kHz can only be seen as a lower limit for the locked laser
linewidth.
Any noise that is intrinsic to the feedback loop, such as noise in the electronics,
is not included in this measurement.

5 Rydberg-State EIT Spectroscopy on cold
Rubidium Atoms
The laser which is locked to the Fabry-Pérot cavity is used to observe spatially
resolved Electromagnetically Induced Transparency (EIT) on cold 87 Rb atoms. An
example of EIT in an absorption image is shown in figure 5.2. The EIT spot only
appears when the two-photon resonance is fulfilled. The strength of the EIT on
resonance as well as the strength of the EIT as a function of detuning from the twophoton resonance both depend on the linewidth of the lasers involved. The strength
of the absorption of the probe laser is given by the imaginary part of susceptibility,
given in equation (2.8).
In this chapter, the experimental is for the EIT imaging is shown. A comparison
of the EIT imaging for the two locking schemes, the EIT lock and the Fabry-Pérot
cavity lock, for the coupling laser is shown. From these, the respective linewidths
are estimated.

5.1 Experimental Setup
The experimental in this group was built up to investigate the behavior of a cold gas
of Rydberg atoms. A detailed description of the experimental setup is given in [40].
The schematics of the atom trap is shown in figure 5.1. The source of the Rubidium
atoms is a 2D magneto-optical trap (MOT), from which the atoms are loaded into
3D MOT. They are then transferred into optical dipole trap, which consists of two
laser beams which are crossed in the horizontal plane. The 780 nm probe laser is
oriented perpendicular to the dipole trap, and is monitored on a CCD camera. The
counter-propagating 480 nm coupling beam is superimposed to the probe laser with
a dichroic mirror. After the atoms are loaded in the dipole trap, the trap beams are
switched off so that the cloud is expanding. After a certain time of light, the probe
laser is turned on and its absorption by the atoms detected on a CCD camera. The
entire experimental sequence is computer controlled.
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Figure 5.1: The cold 87 Rb atoms from the 2d-MOT are loaded into a 3D MOT (not
shown), from where they are transferred to a crossed dipole trap. The
absorption of the probe laser by the atoms can be detected with a CCD
camera. The field plates are used to null the electric field around the
atoms and to ionize the excited Rydberg atoms to count them with the
MCP. The counter-propagating coupling laser is superimposed with a
dichroic mirror (Image taken from [40]).
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absorption [a.u.]

1

0

atomic cloud

position of the coupling laser

Figure 5.2: left: example of an absorption image of a cloud ofE cold 87 Rb atoms
E
for a 780 nm probe laser tuned to the 5S1/2 , F = 2 → 5P3/2 , F = 3
transition. right: the same image, with aEmore focused elliptical
480nm
E
coupling beam tuned to the 5P3/2 , F = 3 → 50S1/2 , F = 2 transition,
creating EIT near the center of the cloud and reducing the absorption
of the 780 nm laser by the atoms.

5.2 Absorption Measurements
E

E

When the 780 nm probe laser is tuned to the 5S1/2 , F = 2 → 5P3/2 , F = 3 resonance, the atoms scatter the probe light and only part of the probe laser is detected
on the CCD camera (see figure 5.2). When the 480 nm coupling laser is turned on
and tuned to the two photon resonance, the atoms in the region of the coupling laser
are rendered largely transparent for the probe laser.
The laser setup is similar to that in chapter 4.3.1. The probe laser, a Toptica DL
Pro with a wavelength of 780 nm, is locked via modulation transfer spectroscopy
(see chapter 2.1.3). The coupling laser is a 480 nm Toptica TA SHG with a 960 nm
external grating diode laser as a seed laser. The seed laser is stabilized either to an
EIT lock (see chapter 4.3.1) or a Fabry-Pérot cavity lock (see chapter 3.5).
In order to quantify the strength of the EIT, several absorption images are taken
for different frequencies of the probe laser. At each frequency the absorption at the
center of the coupling laser beam is measured.

5.3 Estimates for the Laser Linewidths
The shape of the EIT resonance Im (χ (∆p )) in equation (2.8) depends on various
unknown parameters, among them the linewidths of the excitation and the coupling
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Figure 5.3: EIT spectra for the cavity-locked coupling laser (a, c, e, g) and the
EIT-locked coupling laser (b, d, f, h). The blue curve show the fit of
the imaginary part of the susceptibility (see. equation (2.8)) of a three
level atom.
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laser. By fitting this function to the measured EIT spectra, an estimate for the
coupling laser linewidth can be obtain. For this the EIT absorption spectrum has
been measured for four coupling Rabi frequencies Ωc , i.e. different coupling laser
intensities. This was done both with a cavity-locked and a EIT-locked coupling
laser, allowing to compare the two locking schemes. The results are shown in figure
5.3. For each locking scheme, a simultaneous fit to all four measurements was
done, with only the Rabi frequency Ωc and the coupling laser detuning ∆c varying
between each measurement. The combined linewidth of the excited state Γe, effective =
Γe, natural + ∆fp = 6.4 MHz, i.e. the sum of the natural linewidth of the of the excited
E
state 5P3/2 , F = 3 and the probe laser, was obtained in a different measurement.
When the natural linewidth is assumed to be Γe, natural = 6.1 MHz [13], this gives
an estimate for the probe laser linewidth of ∆fp = 300 kHz. The linewidth of the
Rydberg state is negligible for this measurement [10].
From the fit of the EIT spectra only the combined linewidths of the laser can
be obtained, which for independent lasers is ∆fcombined = ∆fc + ∆f p . For the respective locks of the the coupling laser they are ∆fcombined cavity−locked = 1.1 MHz
and ∆fcombined, EIT−locked = 1.0 MHz. For such an EIT measurement as it was done
here the EIT lock has the major advantage though that the same probe laser is
used for the the EIT lock and the measurement. This means that the EIT lock is
also correcting for any fluctuation of the probe laser by adjusting the probe laser
frequency, such that the the two lasers together are always at the two-photon resonance ∆p + ∆c = 0. The two linewidths are thus correlated, so that the measured
combined linewidth can actually be smaller than the sum of linewidths of the probe
and coupling laser.
For the cavity-locked coupling laser, whose noise is uncorrelated to the probe laser,
the linewidth can however be obtained to be
∆fc, cavity−locked = 800 kHz.
The fit result for the linewidth of the cavity-locked coupling laser is much larger
than the estimate in section 4.4 from the fluctuation in the error signal of the locked
laser, which was only a few kHz. One has to keep in mind though that the coupling
laser is a frequency doubled diode laser, and the diode seed laser is locked to the
cavity before the frequency doubling. Thus, the measured linewidth in this chapter
is also twice as large as the linewidth of the diode seed laser. The source of this
larger noise might be noise of the electronics in the feedback loop, which is adding

62

CHAPTER 5. RYDBERG-STATE EIT SPECTROSCOPY ON COLD
RUBIDIUM ATOMS

noise to the laser. This noise is not contained in the error signal of the locked laser.

6 Conclusion
The main goal of this thesis was the stabilization of a grating stabilized ECDL laser
to a reference frequency, given by a resonance of a Fabry-Pérot cavity. For such a
stabilization scheme it is crucial to achieve a high frequency stability of the cavity
resonances itself. Since the frequencies of the cavity resonances depend on the optical
path length between the cavity mirrors, length changes due to the thermal expansion
of the cavity spacer or mechanical vibrations and pressure fluctuation of the medium
between the mirrors had to be minimized. For this a vacuum chamber chamber
was designed, that is actively temperature stabilized to less than one millikelvin.
The thermal coupling between the cavity and its environment has been minimized
by using materials with low thermal conductivity, and by placing a copper shield
around the cavity for reflecting black-body radiation from the inner surface of the
vacuum chamber. The pressure in the vacuum chamber is below 10−6 mbar, so
that the relative fluctuations of the refractive index due to pressure changes become
negligible. For a low sensitivity to mechanical vibrations, the support of the cavity
spacer inside the vacuum has been optimized with a finite element analysis. The
numerical analysis suggests that the sensitivity could be reduced by one order of
magnitude compared to a flat support of the cavity spacer.
The free spectral range of the cavity was measured to be 1.5 GHz, with a linewidth
of the cavity resonances of 1.9 MHz, which was measured independently by detecting
the light transmitted through the cavity while scanning the laser and a cavity ringdown measurement. The long term drift of the cavity resonance was measured to
be below 300 Hz/s. By looking at the amplitude of the error signal of the locked
laser the stabilized laser linewidth was estimated to 1.8 kHz. With first EIT spectra
measured with the coupling laser locked to the cavity, a linewidth of the 960 nm
laser of 400 kHz before the frequency doubling stage is derived. This discrepancy is
most likely due to electronic noise in the feedback loop that is imposed to the laser
frequency, which is not visible in the error signal.
With further improvements in the setup, such as a different electronic setup with
reduced noise or a new cavity with smaller linewidths, the laser linewidth can be
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narrowed down to a few kHz, opening the way to novel experiments such as the
imaging of individual Rydberg atoms based on Rydberg-EIT.

A Pressure Calibration Table
The ion pump is a 20 l/s VacIon Plus 20 driven by a MiniVac Controller from the
same company. Since the controller does not offer a direct pressure readout, but
only a display of the ion current, a 580 Nude Ionization Gauge Tube was used to
roughly convert the current into pressure. All parts are from Varian, Inc. (now
part of Agilent Technologies). The actual pressure in the vacuum chamber can be
derived from following table.
MiniVac Display
red
10
9
8
7
6
5
4
3
2
1
0

Pressure [10−6 mbar]
44.1
28.8
18.8
12.3
8.0
5.3
3.4
2.2
1.5
1.0
0.6
0.0

−
−
−
−
−
−
−
−
−
−
−
−

∞
44.1
28.8
18.8
12.3
8.0
5.3
3.4
2.2
1.5
1.0
0.6
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