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CHAPTER 1

Introduction

Frequency stabilized lasers have copious amounts of applications. They can be used for laser trapping
and cooling [1] and high resolution spectroscopy [2]. An important case is reliable excitation of atoms
[3]. Narrow linewidth lasers allow to address different atomic hyperfine states. Since their transition
frequencies are typically very similar, they are hard to resolve. Apart from that, narrow linewidth
lasers also allow to excite atomic Rydberg-states, which is usually rendered difficult due to the small
linewidth of Rydberg-states.

Rubidium is a very popular choice of element to work with in Rydberg-experiments. It belongs to
the group of the alkali metals (first group in the periodic table) and therefore has only one valence
electron rendering the energy level scheme relatively simple (to calculate and predict). The excitation
energies correspond to light frequencies that are commonly available with a number of commercial
lasers. It also is a comparably cheap and readily available alkali metal making it a very practical
choice for Rydberg-experiments.

The spectroscopy of Rubidium plays a vital role in the work of this thesis. The goal is to resolve
hyperfine states of 6𝑃3/2 in the Rubidium spectrum. They function as references to which a laser will
be stabilized. This, however, poses a number of challenges, such as the low absorption of laser light at
room temperature and the fact that the hyperfine states are very close to each other on a frequency
scale. A heated Rubidium vapor cell and a spectroscopy setup insensitive to Doppler-broadening
solves these issues.

There are a number of different methods for frequency-stabilization of lasers. They include
polarization spectroscopy [2] [4], frequency modulation spectroscopy [5] and modulation transfer
spectroscopy (MTS) [6]. The last of which will be used in this experiment because it gives an offset-free
error signal. The aim of MTS is to utilize an electro-optical modulator (EOM) to periodically modulate
the phase of a laser beam, which in turn transfers its modulation to a second counter propagating beam.
With this beam an error signal is created which can then be employed to frequency stabilize the laser.

Ultimately the frequency stabilized laser will be implemented to drive the 5𝑆1/2 → 6𝑃3/2 transition
in Rubidium 87 in another experiment allowing the excitation of Rydberg-atoms in a so called inverted
excitation scheme. This scheme was for example used in photon storage experiments. For more detail
see [7].

Chapter 2 deals with the spectroscopy of Rubidium, explaining the level scheme (sec. 2.1), the high
temperature spectroscopy cell setup (sec. 2.2), discussing the methods of absorption spectroscopy (sec.
2.3) and saturated absorption spectroscopy (sec. 2.4) and evaluating the measured data respectively.

1



Chapter 1 Introduction

Chapter 3 then goes on to discuss the theoretical background of EOMs and MTS (sec. 3.1). The
experimental setup including the EOM and its resonance circuit is explained in section 3.2. Section
3.3 evaluates and discusses the measured data on achieved phase modulation and creation of error
signals.
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CHAPTER 2

Spectroscopy of 6𝑷3/2 Manifold in Rubidium

The spectroscopy of Rubidium plays a vital role in this experiment, since it is the reference against
which the laser is frequency-stabilized (see chapter 3). Understanding the level scheme of Rubidium is
crucial to be able to work with it. The only stable1 natural Rubidium isotopes are Rb85 and Rb87 with
72.17(2)% being Rb85 and the remaining 27.83(2)% being Rb87 [9].

The aim of this chapter is to resolve hyperfine splitting of the 6𝑃3/2 state for use in MTS. In section
2.1 of this chapter the energy level scheme of Rubidium is discussed. Section 2.2 deals with the
high-temperature spectroscopy cell. In section 2.3 absorption spectroscopy is covered. Section 2.4
expands the topic of absorption spectroscopy to saturated absorption spectroscopy to resolve hyperfine
splitting of (excited) energy levels.

2.1 Rb85 and Rb87 Energy Level Scheme

Considering the ultimate application, only the 5𝑆1/2 and 6𝑃3/2 levels2 will be regarded. The level
scheme can be seen in figure 2.1. The transition frequencies of the 5𝑆1/2 → 6𝑃3/2 transition for both
Rb85 and Rb87 correspond to a wavelength of approximately 420 nm.

The nuclear spins of the Rubidium isotopes are 𝐼Rb85 = 5/2 and 𝐼Rb87 = 3/2 [11]. It is known that
®𝐹 = ®𝐽 + ®𝐼, hence 𝐹 = 2, 3 for the 5𝑆1/2 state of Rb85 and 𝐹 = 1, 2 for the 5𝑆1/2 state of Rb87. Taking
into account the selection rule for electric dipole transitions Δ𝐽 = 0,±1(0↮ 0) [12] and the fact that
the nuclear spin ®𝐼 is fixed and not affected by transitioning, one can deduce that Δ𝐹 = 0,±1(0↮ 0).
Subsequently, 𝐹 for Rb87 is 𝐹 (6𝑃3/2) = 0, 1, 2, 3 and for Rb85

𝐹 (6𝑃3/2) = 1, 2, 3, 4. In table 2.2 the
possible transitions can be seen.

For excitation the DL PRO 420 is used. It operates at around 713.8 THz ≈̂ 420 nm and can be
frequency-tuned by up to several 10 GHz. The stabilized laser will be used to reliably excite the Rb87

5𝑆1/2 to 6𝑃3/2 transition in another experiment.

1 Rb87 is actually not entirely stable, but considering its lifetime of 4.88 × 1010 years [8] it can be considered as sufficiently
stable.

2 As a reminder this notation follows the scheme of 𝑛𝐿𝐽 .
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Chapter 2 Spectroscopy of 6𝑃3/2 Manifold in Rubidium

Figure 2.1: Rb85 and Rb87 energy level scheme for
5𝑆1/2, 6𝑃1/2 and 6𝑃3/2 levels (not to scale) (taken
from [10]). The hyperfine splitting is in units of
MHz. The 6𝑃1/2 state will not be regarded.

Isotope 𝐹g → 𝐹e Freq. Offset [MHz]
Rb87 2 → 1 -1280.95

2 → 2 -1229.51
2 → 3 -1142.46

Rb85 3 → 2 -60.13
3 → 3 -39.27
3 → 4 0
2 → 1 2965.8
2 → 2 2975.6
2 → 3 2996.46

Rb87 1 → 0 5529.99
1 → 1 5553.73
1 → 2 5605.17

Figure 2.2: Possible transitions in Rb85 and Rb87

(5𝑆1/2 → 6𝑃3/2) considering hyperfine splitting
of ground and excited state [10]. Frequency offset
relative to Rb85 5𝑆1/2 (𝐹 = 3) → 6𝑃3/2 (𝐹 = 4).

2.2 High Temperature Spectroscopy Cell

A cylindrical glass cell with Rubidium vapor and a Rubidium reservoir is used to provide the Rubidium
atoms for the spectroscopy (see figure 2.3(a)). The 5𝑆1/2 → 6𝑃3/2 transition has a relatively low
scattering cross section [13] and therefore a relatively low absorption coefficient, compared to the
transition to the first excited state 5𝑆1/2 → 5𝑃3/2 [14]. As a consequence the 5𝑆1/2 → 6𝑃3/2 transition
can not be observed properly at room temperature (unlike the 5𝑆1/2 → 5𝑃3/2 transition). To increase
the absorption coefficient the vapor pressure must be increased, which is achieved by heating the
spectroscopy cell [15, 16]. In ref. [6] the spectroscopy was done at 150°C. The aim is to achieve a
similar temperature.

Heating the vapor cell to high temperatures over a long period of time poses a challenge. At the
coldest part of the cell the Rubidium vapor will cool down, condense and stick to the glass. To avoid
losses in laser light transmission it is crucial to ensure that the cell windows are the hottest part of
the vapor cell. This is realized by embedding a heating cartridge3 into a copper block and mounting
one of these blocks in front of each cell window (see figure 2.3(b)). For obvious reasons, the copper
blocks require a hole for the laser beam to pass through. To minimize thermally induced stress in the
glass cell, the copper blocks are not directly in contact with the cell windows. The temperature can
be monitored via several temperature sensors, attached to different parts of the cell (and cell mount)
(see figure 2.3(c)). The cell (including mount and copper blocks) is wrapped in multiple layers of
aluminium foil to thermally insulate the whole contraption creating an oven for the cell (see figure
2.3(d)).

3 HT15W - 15 W Resistive Cartridge Heater by Thorlabs. Nominal power of 15 W.
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2.2 High Temperature Spectroscopy Cell

(a) Cylindrical Rubid-
ium vapor cell made
from glass and 5 cm
long.

(b) Copper block in front
of cell window.

(c) Temperature sensors
on the cell and its mount.

(d) Entire cell contrap-
tion insulated with alu-
minium foil

Figure 2.3: Pictures of the cell construction including temperature sensors for monitoring. Copper blocks
to distribute heat and keep the windows from coating. Sensor 1,2 screwed into the copper blocks, Sensor 3
attached to the cell (halfway between each window), Sensor 4 attached to the mounting arm, Sensor 5 attached
to the mounting block. Insulation to reach high temperatures (ideally >100°C).

2.2.1 Measurement and Results

To characterize the performance of the cell-heating setup, it is worth taking a look at the relation
between input heating power and the resulting equilibrium temperatures at different points in the setup.
This is depicted in figure 2.4.

(a) Relation of input power (per cartridge) to equilibrium
temperatures.

(b) Relation of the mean temperature of sensor 1 and 2
and temperature of the cell.

Figure 2.4: Plotting equilibrium temperatures against input power/mean temperature of the copper blocks to
characterize the high temperature spectroscopy cell setup and its temperature distribution.

Since the equilibrium temperature is reached once the input power equals the effective loss rate,
one would expect the relation between equilibrium temperature and input power to be described
by the Stefan-Boltzmann law: 𝑃 = 𝑒𝜎𝐴(𝑇4 − 𝑇

4
𝐶) where 𝑃 is the thermal energy radiation rate, 𝑒

is the emissivity (𝑒 = 1 for an ideal black body), 𝜎 is Stefan’s constant, 𝐴 is the surface area of
the object, 𝑇 is its temperature and 𝑇𝐶 is the surrounding temperature [17, 18]. This would lead

to 𝑇 =
4
√︃
𝑃/(𝑒𝜎𝐴) + 𝑇

4
𝐶 . The relations in figure 2.4(a) largely resembling a linear relation can be

attributed to the fact, that the 𝑃-axis offset (due to the 𝑇4
𝐶 term) shifts the relation into a regime in

which the graph approximately behaves linearly (over a relatively short temperature span). Also, the

5



Chapter 2 Spectroscopy of 6𝑃3/2 Manifold in Rubidium

cell contraption is far from being an idealised black body.
One can see that there is a slight discrepancy for sensor 1 and 2. This might be caused by the slight

difference in size of the copper blocks, leading to different radiative losses. The fact that different
sensors have different temperature slopes relative to the input power can be explained by a difference
in heat conducted to each sensor (due to losses along the way).

With the heating cartridges in use, the cell can reach a temperature of about 100 ◦C. This can be
improved by using more heating cartridges and using more aluminium foil to enhance the insulation.
In the setup, 24 V can be applied to the heating cartridges. This yields a current of 0.58 A resulting in
13.92 W of power. The cartridges are rated to a nominal power of 15 W, which cannot be reached
with the used power supply.

The relation between the temperature of the copper blocks and the cell temperature in figure 2.4(b)
seems to resemble a linear relation, at least over the regime under consideration.

2.3 Absorption Spectroscopy (Doppler-broadened)

Absorption spectroscopy is a method to resolve energy levels of an atom. A laser drives the transition
from ground state to excited state. The probability of excitation is dependent on the laser frequency with
respect to the atomic transition frequency. The transmission of a laser through an atomic medium gives
a so called atomic spectrum. This type of spectroscopy is also called Doppler-broadened spectroscopy,
because the line shapes in the absorption spectrum are largely defined by Doppler-broadening.

2.3.1 Theory

The cause of Doppler-broadening is the thermal velocity distribution of the atoms (Maxwell-Boltzmann-
distribution). At temperatures 𝑇 > 0 K atoms are not at rest but have a certain velocity ®𝑣. Thus
they perceive the frequency of the laser light shifted by Δ𝜈 = ®𝑘®𝑣 with ®𝑘 being the wave vector. The
intensity of the absorbed laser light can therefore be described the following way [19]:

𝐼 (𝜈) ∝ 𝑒

(
−4 ln(2)

( (𝜈−𝜈0 )
Δ𝜈FWHM

)2)
. (2.1)

Here, 𝜈0 is the transition frequency, and 𝜈FWHM is the width of the Doppler-broadened curve. This
resembles a Gaussian distribution (see figure 2.8 (a)). The width can be calculated using [19]:

Δ𝜈FWHM =
𝜈0
𝑐

√︄
8 log(2)𝑘𝐵𝑇

𝑚atom
. (2.2)

𝑐 is the speed of light, 𝑘𝐵 the Boltzmann-constant, 𝑇 the temperature in Kelvin and 𝑚atom the mass
of the atom. It becomes apparent that the ability to resolve certain energy level transitions is directly
linked to the temperature of the atoms.

2.3.2 Setup

The basic setup for measuring Doppler-broadened transitions can be seen in figure 2.5. To be able to
properly measure absorption spectra, one needs a laser whose frequency can be scanned thorugh the
transition frequency. Here, a grating laser (Toptica DL PRO 420) is used. Since the laser frequency
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2.3 Absorption Spectroscopy (Doppler-broadened)

scan also affects the output intensity of the laser, because the laser diode current is changed, one has to
calibrate the signal of photodiode 1 by dividing it by the signal of the reference photodiode 2. Note
that the half-wave plate (HWP) and polarizing beam splitter (PBS) are used to be able to adjust the
ratio of light being focused onto photodiode 1 and 2. With this setup the 5𝑆1/2 to 6𝑃3/2 transitions of
Rb85 and Rb87 can be measured.

Figure 2.5: Basic setup to measure Doppler-broadened transitions. HWP used for adjusting intensity ratio of the
split beams. Reference photodiode 2 to compensate changes in laser beam intensity caused by frequency scan.

2.3.3 Measurements and Results

Figure 2.5 illustrates the basic setup to measure Doppler broadened transitions. However, in chapter
3 the exact setup used for the spectroscopy measurements presented in this chapter is shown and
discussed. For measuring the Doppler-broadened spectrum the pump beam was blocked.

Time Axis Calibration

The laser light intensity is measured as a function of time as the laser scans its frequency. Since there
is no way to extract the information of the laser frequency directly at a given time, a calibration of the
time axis is needed.

The measured spectrum in 2.6(a) has four distinct dips in photodiode voltage (i.e light intensity). It
becomes apparent that the hyperfine splitting of the 6𝑃3/2 state cannot be resolved. Only the 5𝑆1/2
(𝐹 = 2, 3) to 6𝑃3/2 (for Rb85) and the 5𝑆1/2 (𝐹 = 1, 2) to 6𝑃3/2 (for Rb87) transitions are visible (see
table A.1). This is what is to be expected due to Doppler-broadening. Since the laser frequency (in
this case) increases from left to right, one can identify the dips in signal amplitude as shown in figure
2.6(b).

Knowing the transition frequencies (see figure 2.1), the time axis can be calibrated by a fitting
Gaussian curve to each observed transition using the fit function 𝑓 (𝑥) = 𝑎 · 𝑒− log(2) · ( 𝑥−𝑐

ℎ
)2
+ 𝑚𝑥 + 𝑏.

The linear offset serves the purpose of cancelling out the residual overall signal slope. Such a slope
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Chapter 2 Spectroscopy of 6𝑃3/2 Manifold in Rubidium

should have been removed by dividing with a reference signal, however, some slope remains. The
difference between the positions of the Gaussian fits corresponds to a certain difference in frequency
which is known. Thus the time axis can be calibrated. The fit(s) can be seen in figure 2.6(c) and 2.6(d).
The corresponding fit parameters can be seen in table A.2 and A.3.

The difference in frequency of the Rb87 5𝑆1/2 (𝐹 = 1) and 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 isΔ𝜈 ≈ 6.8347 GHz
(see figure 2.1 and table A.1). The difference in position of the respective dips in the absorption
spectrum is (39.603± 0.019) ms. Therefore the calibration coefficient is 𝐶cal = (80.93± 0.03) GHz/s.

(a) Absorption spectrum of Rubidium at 100°C. (b) Identification of the 5𝑆1/2 to 6𝑃3/2transitions ob-
served in the absorption spectrum of Rubidium at 100°C.

(c) Fitted absorption spectrum of Rubidium at 100°C.
For fit parameters see table A.2

.
(d) Fitted absorption spectrum of Rubidium at 100°C
with calibrated time/frequency axis. For fit parameters
see table A.3.

Figure 2.6: Absorption spectrum of Rubidium at 100°C with identification of the observed transitions and a fit
for the calibration of the time axis.

Comparing 𝚫𝝂FWHM to Theoretical Values

The Rb85 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 and the Rb87 5𝑆1/2 (𝐹 = 1) to 6𝑃3/2 transition are measured for
different temperatures and subsequently fitted with the previously mentioned fit function. The fits are
shown in figure A.1 and A.2. Their fit parameters can be found in tabel A.4 and A.5. The width of
each transition Δ𝜈FWHM,𝑖 can be calculated using the fit parameter ℎ: Δ𝜈FWHM,𝑖 = 2ℎ𝑖 · 𝐶cal. These

8



2.3 Absorption Spectroscopy (Doppler-broadened)

widths can be found in table 2.1 and 2.2 with their corresponding theoretical value. A comparison of
these widths and the theoretically expected widths (calculated using equation 2.2) is depicted in figure
2.7.

Temp. [°C] 𝜈FWHM, exp [GHz] 𝜈FWHM, theo [GHz]
53 (1.0139 ± 0.0023) 0.9980
67 (1.0071 ± 0.0013) 1.0192
78 (1.0182 ± 0.0009) 1.0355
91 (1.0511 ± 0.0005) 1.0545
100 (1.0786 ± 0.0031) 1.0675

Table 2.1: Widths of the Doppler-broadened tran-
sition of Rb85 (𝐹 = 2) to 6𝑃3/2 and their corre-
sponding theoretical values.

Temp. [°C] 𝜈FWHM, exp [GHz] 𝜈FWHM, theo [GHz]
53 (0.8790 ± 0.0005) 0.9897
67 (1.0192 ± 0.0031) 1.0107
78 (1.0550 ± 0.0031) 1.0269
91 (1.0262 ± 0.0012) 1.0457
100 (1.0608 ± 0.0012) 1.0586

Table 2.2: Widths of the Doppler-broadened tran-
sition of Rb87 (𝐹 = 1) to 6𝑃3/2 and their corre-
sponding theoretical values.

(a) Comparison of the theoretical widths of the Rb85

5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 transition due to Doppler-
broadening and the measured widths.

(b) Comparison of the theoretical widths of the Rb87

5𝑆1/2 (𝐹 = 1) to 6𝑃3/2 transition due to Doppler-
broadening and the measured widths.

Figure 2.7: Comparing theoretical widths due to Doppler-broadening with measured widths of different
Rubidium transitions.

It becomes apparent that the measured widths largely resemble the theoretically expected trend.
Even though the theoretical values are not in the area of error, they are very close. Deviations can have
multiple causes. Firstly, there can always be a slight inhomogeneousness in temperature in the cell
itself, leading to different temperatures contributing to the overall velocity distribution of the atoms
and therefore resulting in possible inaccuracies of the fits. Secondly, especially for lower temperatures
and smaller absorption, instability of the photodiode signal itself can cause a distortion of the measured
absorption. This is likely what causes the width of the Rb87 5𝑆1/2 (𝐹 = 1) to 6𝑃3/2 transition at
53 ◦C to deviate from the theoretical values as much as it does here. Thirdly, the natural linewidth is
not considered. These widths should however be at least two orders of magnitude smaller than the
Δ𝜈FWHM here4. Fourthly, other broadening effects like pressure broadening and power broadening
are not accounted for here. For these reasons the measured Δ𝜈FWHM should tend to be larger than the
theoretical width.

If all contributing broadening effects were known, one could use the measured widths to precisely
calculate the temperature of the atoms.
4 For example Δ𝜈nat = 1/(2𝜋𝜏) ≈ 1.5 MHz ≪ 1 GHz with 𝜏 = 109 ns [20] for Rb87 6𝑃3/2.
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Chapter 2 Spectroscopy of 6𝑃3/2 Manifold in Rubidium

2.4 Saturated Absorption Spectroscopy (Doppler-free)

The disadvantage of absorption spectroscopy is the fact that for one to be able to measure energy
levels closely positioned to each other, one has to cool the atoms down drastically (depending on the
atom and energy levels this might even get down to a few mK). Saturated absorption spectroscopy, a
technique that it insensitive to Doppler-broadening, circumvents this issue.

2.4.1 Theory

For saturated absorption spectroscopy two counter-propagating overlapped laser beams are used. One
beam, called the pump beam, drives the transition from ground state to excited state. For now a
two-level system is assumed. Ideally the pump beam has an intensity so high that it approximately
equalizes the population of ground state and excited state. The intensity of the other beam, the so
called probe beam, is monitored on an oscilloscope. The beams usually share the same frequency,
however, the intensity of the pump beam is much higher than probe beam intensity.

Here we assume the frequency of the beams to be not exactly equal to the transition frequency. Then
there is a velocity component along the propagating axis of the beams 𝑣comp,z an atom needs to have
to compensate the frequency detuning of the beams from the transition frequency (and get excited).
But since the beams are counter-propagating, this velocity component 𝑣comp,z differs in sign. Thus the
pump and probe beam interact with different classes of atoms as long as they are detuned from the
resonance frequency. The intensity of the probe beam behaves like in absorption spectroscopy and
is in this case not affected by the pump laser (see figure 2.8). However, when the frequency of the
beams equals the transition frequency, the velocity component previously mentioned vanishes. Thus
both beams interact with the same class of atoms5. Now the approximately equalized population in
excited and ground state causes the probe beam to drive stimulated emission rather than excitation. As
a consequence the effective absorption coefficient of the probe beam decreases (see figure 2.8) (hence
the intensity monitored on the oscilloscope rises). The dips of the absorption coefficient are called
Lamb dips.

The saturated-absorption coefficient can be described the following way [3]:

𝛼𝑠 (𝜔) = 𝛼
0(𝜔)

[
1 −

𝑆0
2

(𝛾𝑠/2)
2

(𝜔 − 𝜔0)
2 + (Γ∗

𝑠/2)
2

]
. (2.3)

With 𝛼
0(𝜔) being the Doppler-broadened part of the spectrum, Γ∗

𝑠 = (𝛾 + 𝛾𝑠)/2, 𝛾𝑠 = 𝛾
√︁

1 + 𝑆0
with 𝛾 being the homogeneous linewidth and 𝑆0 = 𝑆0(𝐼, 𝜔0) being the saturation parameter. This
resembles a Lorentzian curve with a width close to the natural linewidth of the transition (for small
𝑆0) [3, 19]. However, this equation is only adequate when dealing with low beam intensities relative
to the saturation intensity 𝐼sat = 10.3 W/m2 [21]. Is this not the case and other broadening effects are
not negligible the form of the Lamb dips takes on a more complicated nature, a Voigt curve. This is a
convolution of a Lorentzian and a Gaussian curve [19]. This, however, is not trivial to plot or fit.

In reality a lot of spectroscopy experiments deal with more complex energy level schemes than a
simple two level system. For saturated absorption spectroscopy there is an additional phenomenon
to consider called cross-over resonance. In figure 2.9 the underlying principle is illustrated. When
the frequency of both pump and probe beam is exactly halfway between the resonance frequencies
5 The ones with their velocity vector being perpendicular to the propagating axis of the beams.
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2.4 Saturated Absorption Spectroscopy (Doppler-free)

Figure 2.8: Visualization of the principle of saturated absorption spectroscopy for a two level structure with
resonance frequency 𝜈0 and the origin of Lamb dips. Note that the 𝜈-axis scale is just for visualization. In
practise the Lamb dips are typically a lot closer to the actual resonance frequency than shown here.
a) displays the absorption coefficient of absorption spectroscopy. b) illustrates the case for off-resonant beams
resulting in a dip in the absorption coefficient which, however, is not experienced by the probe beam. This
is caused by counter propagation of the beams, which therefore interact with different classes of atoms. c)
visualizes the case for resonant beams, causing the probe beam to experience the dip in the absorption coefficient
caused by the pump beam (Lamb dip).

of two excited states (|1⟩, |2⟩), there are two classes of atoms which interact with the beams. The
pump beam can excite one class to |1⟩ and the other one to |2⟩. For the probe beam it is the other way
around. This leads to a third dip in absorption exactly inbetween the Lamb dips corresponding to the
transitions to |1⟩ and |2⟩. This is illustrated in figure 2.10.

(a) Visualization of Doppler-shift of an atom relative to
pump and probe beams.

(b) Visualization of Doppler-shift in energy level scheme
causing crossover dips.

Figure 2.9: Visualizations of the cause of crossover dips.

2.4.2 Setup

As mentioned before, saturated absorption spectroscopy mainly differs from absorption spectroscopy
by utilizing two laser beams instead of one. The setup has to be adjusted accordingly and can be seen
in figure 2.11.

With HWP 1 one can adjust the ratio of light going to the reference photodiode and to the rest of
the setup. HWP 2 determines the proportions of intensity of pump and probe beam. HWP 3 is used to
control the intensity of the pump beam independently. It is absolutely crucial that the pump and probe
beam are superimposed!

11



Chapter 2 Spectroscopy of 6𝑃3/2 Manifold in Rubidium

Figure 2.10: Visualization of the position of the crossover resonance relative to the Lamb dips of the actual
transitions. It is important to remark that the crossover resonance peak is exactly halfway between the two Lamb
dips. Note that the 𝜈-axis scale is just for visualization. In practise the Lamb dips are typically a lot closer to the
actual resonance frequency than shown here.

Figure 2.11: Basic setup for saturated absorption spectroscopy. Photodiode 2 used as a reference to compensate
the change in laser intensity throughout the frequency scan. Waveplates used in combination with PBS to adjust
the intensity ratio of the split beams. Superimposition of pump and probe beam is achieved by adjusting the
position/orientation of the corresponding mirrors.
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2.4 Saturated Absorption Spectroscopy (Doppler-free)

2.4.3 Measurements and Results

Figure 2.11 shows the necessary setup for saturated absorption spectroscopy. The exact setup used for
the measurements in this section (see figure 3.1) is discussed in chapter 3.

The entire Doppler-free spectrum can be seen in figure 2.12. The Doppler-free spectrum clearly
shows the general Doppler-broadened line shape of the different transitions with the Lamb dips peaking
through at each transition due to the method of saturated absorption spectroscopy.

Figure 2.12: Doppler-free absorption spectrum of Rubidium at 100°C. The Doppler-broadened shape of the
transitions (with hyperfine splitting of the ground state) is visible. The lamb dips correspond to hyperfine
structure of the excited state which can be resolved with saturated absorption spectroscopy.

Identification and Characterisation of Lamb Dips

The measured Lamb dips are depicted in figure 2.13(a), 2.13(d), 2.13(g) and 2.13(i) and can be
identified as seen in figure 2.13(b), 2.13(e), 2.13(h) and 2.13(j). It has to be mentioned, that the Lamb
dips of the Rb85 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 are not properly resolved and therefore can not be easily
identified. However, the position of four Lamb dips/crossover resonances can be roughly estimated (see
red lines in figure 2.13(h)). Still, further analysis of these dips does not seem reasonable. Despite this,
the Lamb dips and crossover resonances of the other transitions seem to adhere to what is theoretically
expected. For each transition there are three Lamb dips with crossover resonances halfway between
the corresponding Lamb dips.

To precisely analyze the differences in frequency of the Lamb dips and crossover resonances, one
can fit a Lorentzian curve to each:

𝑓𝑖 (𝜈) =
𝑎𝑖

(𝜈2 − 𝑐
2
𝑖 )

2 + ℎ
2
𝑖 𝑐

2
𝑖

. (2.4)

The fit function is a superposition of six Lorentzian curves with a linear offset:
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𝑓 (𝜈) =
(

6∑︁
𝑖=1

𝑓𝑖 (𝜈)
)
+ 𝑚𝜈 + 𝑏. (2.5)

The linear offset is employed to compensate the fact, that the lamb dips are not completely centered
in the Doppler-broadened dips. The fits can be seen in figure 2.13(c), 2.13(f) and 2.13(k). The
corresponding fit parameters can be found in table A.6, A.8 and A.10. From the fit parameters, the
resonance amplitude 𝐴 and Δ𝜈FWHM can be determined:

𝐴 =
𝑎

ℎ
2
𝑐

2 (2.6)

Δ𝜈FWHM =

√︁
𝑐

2 + ℎ𝑐 −
√︁
𝑐

2 − ℎ𝑐. (2.7)

These parameters can be found in table A.7, A.9 and A.11. The comparison of experimental
and theoretical values of the frequency difference between two Lamb dips and their corresponding
cross-over resonance is shown in table 2.3, 2.4 and 2.5. The theoretical values can be calculated using
figure 2.1 and table 2.2. Looking at these values, it becomes apparent, that the experimental values
largely validate each other: even though their error bars hardly overlap, most Lamb dips share a very
similar frequency difference to their corresponding cross-over resonance. Regarding the comparison
to the theoretical values, it can be said, that the theoretical values tend to be slightly larger than the
experimental ones. Considering the experimental values are relatively consistent with each other,
this leads to believe that the measurement is sufficiently precise but its accuracy is impaired due to a
systematic erro. This error is likely an inaccuracy in the calibration performed in 2.3.3. It has to be
mentioned, that with table 2.5 it becomes apparent that the identification of the Rb87 5𝑆1/2 (𝐹 = 1) to
6𝑃3/2 (𝐹 = 0) transition is not correct. The experimental value is almost twice the other corresponding
experimental value. The same is true for the according theoretical value. In the spectrum, however,
there is no other dip that could correspond to this transition. It is possible, that the laser has a mode
hop close to this transition. But, even when recording this spectrum several times with different laser
settings there is no peak visible that is closer to the corresponding cross-over resonance. It is possible
that the actual peak has such a low amplitude, that it is hidden in the crossover resonance. In that case,
the falsely identified peak might just be noise. The frequency where the Lamb dip is expected to be
can is shown in figure 2.13(j).

𝐹1 and 𝐹2 Exp./Theo. Δ𝜈(𝐹1 ↔ Co(𝐹1/𝐹2)) [MHz] Δ𝜈(Co(𝐹1/𝐹2)) ↔ 𝐹2) [MHz]
1 and 2 Exp. (24.73 ± 0.17) (24.75 ± 0.06)

Theo. 25.72 25.72
1 and 3 Exp. (67.00 ± 0.16) (67.29 ± 0.03)

Theo. 69.25 69.25
2 and 3 Exp. (42.47 ± 0.05) (42.34 ± 0.03)

Theo. 43.53 43.53
Table 2.3: Comparing the frequency differences between lamb dips and their cross-over resonances for
experimental and theoretical values for the Rb87 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 transitions. Theoretical values taken
from [10].
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2.4 Saturated Absorption Spectroscopy (Doppler-free)

(a) Lamb dips for the Rb87 5𝑆1/2
(𝐹 = 2) to 6𝑃3/2 (𝐹 = 1, 2, 3) transi-
tions.

(b) Identified Lamb dips for the Rb87

5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 (𝐹 = 1, 2, 3)
transitions.

(c) Fitted Lamb dips and cross-over
resonances for Rb87 5𝑆1/2 (𝐹 = 2) to
6𝑃3/2 (𝐹 = 1, 2, 3) transitions.

(d) Lamb dips for the Rb85 5𝑆1/2
(𝐹 = 3) to 6𝑃3/2 (𝐹 = 2, 3, 4) transi-
tions.

(e) Identified Lamb dips for the Rb85

5𝑆1/2 (𝐹 = 3) to 6𝑃3/2 (𝐹 = 2, 3, 4)
transitions.

(f) Fitted Lamb dips and cross-over
resonances for Rb85 5𝑆1/2 (𝐹 = 3) to
6𝑃3/2 (𝐹 = 2, 3, 4) transitions.

(g) Lamb dips for the Rb85 5𝑆1/2
(𝐹 = 2) to 6𝑃3/2 (𝐹 = 1, 2, 3) transi-
tions.

(h) Not fully identified Lamb dips
for the Rb85 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2
(𝐹 = 1, 2, 3) transitions.

(i) Lamb dips for the Rb87 5𝑆1/2 (𝐹 =

1) to 6𝑃3/2 (𝐹 = 0, 1, 2) transitions.
(j) Identified Lamb dips for the Rb87

5𝑆1/2 (𝐹 = 1) to 6𝑃3/2 (𝐹 = 0, 1, 2)
transitions.

(k) Fitted Lamb dips and cross-over
resonances for Rb87 5𝑆1/2 (𝐹 = 1) to
6𝑃3/2 (𝐹 = 0, 1, 2) transitions.

Figure 2.13: Lamb dips for the Rb85 5𝑆1/2 to 6𝑃3/2 transitions including identification and fit.
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𝐹1 and 𝐹2 Exp./Theo. Δ𝜈(𝐹1 ↔ Co(𝐹1/𝐹2)) [MHz] Δ𝜈(Co(𝐹1/𝐹2 ↔ 𝐹2)) [MHz]
2 and 3 Exp. (10.06 ± 0.09) (10.17 ± 0.05)

Theo. 10.43 10.43
2 and 4 Exp. (29.20 ± 0.08) (28.81 ± 0.02)

Theo. 30.70 30.70
3 and 4 Exp. (19.15 ± 0.04) (18.62 ± 0.02)

Theo. 19.64 19.64
Table 2.4: Comparing the frequency differences between lamb dips and their cross-over resonances for
experimental and theoretical values for the Rb85 5𝑆1/2 (𝐹 = 3) to 6𝑃3/2 transitions. Theoretical values taken
from [10].

𝐹1 and 𝐹2 Exp./Theo. Δ𝜈(𝐹1 ↔ Co(𝐹1/𝐹2)) [MHz] Δ𝜈(Co(𝐹1/𝐹2) ↔ 𝐹2)) [MHz]
0 and 1 Exp. (20.42 ± 0.27) (11.80 ± 0.09)

Theo. 11.87 11.87
0 and 2 Exp. (46.23 ± 0.26) (37.83 ± 0.05)

Theo. 37.59 37.59
1 and 2 Exp. (26.08 ± 0.08) (25.75 ± 0.04)

Theo. 25.72 25.72
Table 2.5: Comparing the frequency differences between Lamb dips and their cross-over resonances for
experimental and theoretical values for the Rb87 5𝑆1/2 (𝐹 = 1) to 6𝑃3/2 transitions. Theoretical values taken
from [10].

Dependence of Lamb Dip Amplitude on Pump and Probe Beam Power

Figure 2.14 shows the Lamb dips and cross-over resonances for the 5𝑆1/2 (𝐹 = 3) to 6𝑃3/2 (𝐹 = 2, 3, 4)
transitions for different pump beam powers. It becomes apparent, that the peak amplitude increases
with rising pump power. However, their width also increases considerably. To find an optimal power
(ratio) it is important to analyze these dips more quantitatively. For higher powers, a simple Lorentzian
fit is not adequate. In that case they resemble a Voigt curve [3]. As mentioned before in section 2.4.1
it is not trivial to fit this sort of curve. Due to time restraints, no suitable fits are achieved.

The fact that the lamb dips are not perfectly centered in the Doppler-broadened dip might serve as
an explanation as to why the photodiode signal is not the same on each side of the spectrum in figure
2.14.
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2.4 Saturated Absorption Spectroscopy (Doppler-free)

Figure 2.14: Lamb dips and cross-over resonances for the 5𝑆1/2 (𝐹 = 3) to 6𝑃3/2 (𝐹 = 2, 3, 4) transitions for
different pump beam powers. Note that the drift of the laser frequency between measurements was manually
compensated by adding a frequency shift to the data for better visible comparison.
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CHAPTER 3

Modulation Transfer Spectroscopy (MTS)

In the previous chapter, the saturated absorption spectrum of the 5𝑆1/2 → 6𝑃3/2 transition in for Rb85

and Rb87 was shown. The overall goal is to use this signal to frequency-stabilize the laser. Here, this
is done with modulation transfer spectroscopy (MTS). The idea of MTS is that frequency sidebands
are modulated onto the pump beam using an electro-optical modulator (EOM). The nonlinear1 optical
medium, in this case the atomic vapor, transfers the sidebands onto the probe beam. With the relative
phase between the probe beam and its frequency sidebands an error signal for frequency-stabilization
can be created. Therefore, apart from the high temperature spectroscopy cell the key element for MTS
is an electro-optical modulator (EOM) to create frequency sidebands.

In this chapter section 3.1 discusses the theoretical background of EOMs and modulation transfer
spectroscopy. In section 3.2 the experimental setup is explained. Section 3.3 deals with the
characteristics of the EOM, the phase modulation achieved by it as well as the creation of frequency
sidebands and the creation of the error signals for MTS.

3.1 Theory

3.1.1 Electro-optical Modulator (EOM)

Electro-optical modulators are devices used to modulate light in frequency, phase, amplitude or
polarisation. In most cases EOMs are birefringent crystals. Here a lithium niobate (LiNbO3) crystal is
used. Their refractive indices 𝑛𝑜 (ordinary) and 𝑛𝑒 (extraordinary) can be influenced by an externally
applied electric field, typically realised by inserting the crystal in between capacitor plates. This effect
is called the Pockels effect [22]. The Pockels coefficients characterize the change of the refractive
index depending on the orientation of the crystal and the polarisation of light. However, here, only a
linearly polarized beam horizontal to the face of the EOM crystal is considered (see section 3.2.1).
Thus only one pockels coefficient (𝑟33) contributes to the change of the refractive index (for more
information see ref. [23]). The change of the (extraordinary) refractive index can then be described by
the following equation [23]:

1
𝑛
′
𝑒 (𝐸)

=
1

𝑛𝑒 (0)
+ 𝑟33𝐸. (3.1)

1 the nonlinearity is achieved by saturation of the optical medium.
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With 𝑛𝑒 (𝐸) being the altered extraordinary refractive index, 𝐸 being the applied 𝐸-field and 𝑛𝑒 (0)
being the unaltered extraordinary refractive index. For 𝑟33𝐸 ≪ 𝑛

−2
𝑜 this equation can be approximated

to be [23]:

𝑛𝑒 (𝐸) ≈ 𝑛𝑒 (0) +
1
2
𝑛

3
𝑒𝑟33𝐸 (3.2)

𝑛𝑒 (𝐸) − 𝑛𝑒 (0) ≈
1
2
𝑛

3
𝑒𝑟33𝐸. (3.3)

This change of the refractive index leads to a phase shift which can be calculated using the following
equation [23]:

Δ𝜙(𝐸) = 𝜙(𝐸) − 𝜙(0) = 𝑘0 [𝑛𝑒 (𝐸) − 𝑛𝑒 (0)]𝐿 =
𝜋𝑛

3
𝑒𝑟33𝐿

𝜆0
𝐸 (3.4)

with 𝑘 being the wave vector, 𝐿 being the length of the crystal (in the direction of propagation of the
light). SincetThe 𝐸-field is typically applied by placing capacitor plates on either side of it, effectively
forming a capacitor, one can now use 𝐸 = 𝑉/𝑑 with 𝑉 being the applied voltage and 𝑑 the distance
between the capacitor plates to get:

Δ𝜙(𝑉) =
𝜋𝑛

3
𝑒𝑟33𝐿

𝜆0𝑑
𝑉. (3.5)

As a result one can define the voltage 𝑉𝜋 needed to achieve a phase shift of 𝜋:

𝑉𝜋 =
𝜆𝑑

𝑛
3
𝑒𝑟33𝐿

. (3.6)

The voltage 𝑉𝜋 is typically in the order of magnitude of several 100 V. If the EOM is driven by a
sinusoidal signal with modulation index 𝑀 and frequency 𝜔𝑚

2, the pump light wave can be written as
[24]:

𝐸pump(𝑡) = 𝐸0 cos(𝜔𝑡 + 𝑀 sin(𝜔𝑚𝑡)). (3.7)

Using Fourier decomposition one can write 𝐸pump(𝑡) as [24]:

𝐸pump(𝑡) = 𝐸0

∑︁
𝑘∈Z

𝐽𝑘 (𝑀) cos((𝜔 + 𝑘𝜔𝑚)𝑡) (3.8)

with 𝐽𝑘 (𝑀) being Bessel functions of the first kind. This shows the splitting of the pump beam into
a carrier frequency 𝜔 with frequency sidebands 𝜔 ± 𝑘𝜔𝑚. It has to be noted that the amplitude of
sidebands typically falls off drastically with higher values of 𝑘 .

3.1.2 Modulation Transfer and Error Signal Creation

The probe beam, pump beam and its sidebands create a fourth wave with frequency 𝜔 ± 𝑘𝜔𝑚

(because of the conservation of energy) propagating in the direction of the probe beam (because of the

2 In practise, this sort of driving signal is often realized with a resonance circuit.
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conservation of momentum) through degenerate four-wave mixing (DFWM) [24, 25]. This constitutes
a complete transfer of modulation from the pump to the probe beam [24]. For more detail see ref. [25].

The error signal used to frequency-stabilize the laser to is generated by demodulating the probe
beam signal with a signal identical to the EOM driving signal with adjustable amplitude 𝑀 and phase
𝜙. As discussed in ref. [24], the resulting function is odd with respect to the frequency detuning and 0
at resonance. These are desirable characteristics for a signal used for frequency-stabilization of a laser.

The optimization of the quality of the error signal is also discussed in [24]. It is argued, that finding
suitable combinations of 𝑀 , 𝜔𝑚 and 𝜙 is not straight forward, since the phase 𝜙𝑎 for maximizing the
amplitude of the error signal is not identical to the phase 𝜙𝑠 for maximizing the slope of the error
signal at resonance. Additionally, 𝜙𝑎,𝑠 depends on 𝑀 and 𝜔𝑚. Usually the modulation frequency is
chosen such that 𝜔𝑚 ≪ 𝛾 with 𝛾 being the width of the structure in the optical spectrum one wants to
use as a stabilization reference. For more detail see ref. [24].

3.2 Setup

Figure 3.1 shows the optical setup used in this thesis to do modulation transfer spectroscopy. The
output beam from the laser is coupled into a polarization-maintaining fiber to achieve a clean mode
while avoiding polarization drifts caused by the fiber. The PBS 0, waveplates HWP 0,1 and QWP 0 are
used to adjust the polarization and to compensate potential inaccuracies of the polarization-maintaining
fiber. The beam is then coupled out and split into one beam, which is focused on the reference
photodiode and another one which is subsequently split again. One part of the beam is coupled into a
fiber leading to a wavemeter, the other part is split yet again into a pump and probe beam. The probe
beam passes through the cell and is then focused onto a photodiode. The signal of the photodiode is
passed through a DC-block, then through a low-pass and two amplifiers to the R-port of a mixer, as
shown in figure 3.2. The pump beam is phase-modulated by the EOM, driven by a signal generator to
create frequency sidebands. For this, it has to be made sure that the laser beam is linearly polarized
horizontally relative to the face of the EOM crystal (and therefore the optical axis of the crystal)since
the electric field is applied along this axis. An identical signal to the EOM driving signal (with a
tunable phase shift) is put into the L-port of the mixer. The modulation transferred from the pump to
the probe beam is then mixed down by the mixer to create a beat note at each Lamb dip the laser is
scanning through. This signal constitutes the error signal which can be used to frequency-stabilize the
laser.

3.2.1 EOM

The EOM used in this thesis is shown in figure 3.3(a). The EOM crystal is placed between a
conductive metal plate and a copper strip, effectively forming a capacitor (see 3.3(b)). The metal plate
simultaneously forms the back wall of the whole EOM contraption. It is connected with the ground of
the SMA-port mounted to it. The copper strip is connected to a coil (𝐿 = 220 𝜇H) which is connected
to the other pole of the SMA-port. This constitutes a resonance circuit. For impedance-matching, a
capacitor (𝐶𝑀 = 68 pF) is put in series to the resonance circuit 3.3(c).
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Figure 3.1: Optical setup for frequency-stabilizing a laser to Rubidium transitions using MTS. Waveplates in
combination with PBS used for adjusting the intensity ratio of the split beams respectively. The EOM modulates
frequency sidebands on the pump beam. This modulation is then transferred to the pump beam. The signal of
photodiode 1 can be used as shown in figure 3.2 to create the error signal for frequency-stabilisation.

3.2.2 Pockels Cell for Measuring Phase Modulation

For measuring the amount of modulation achieved with the EOM the setup shown in figure 3.1 has
to be adjusted. The most straight forward method for measuring this is to use a Pockels cell (see
ref. [26] for more detail), since the pure phase modulation achieved by the EOM setup3 can not
be easily measured itself. Turning HWP 4 until the plane of polarization is at a 45◦ relative to the
(extra-)ordinary axis of the crystal causes equal parts of the beam to experience the ordinary and
extraordinary refractive index respectively. This leads to a phase shift between the different parts of
the beam, effectively changing the polarization from diagonal relative to the optical axis of the crystal
to elliptical, then circular (at 90◦ phase shift) then elliptical again to ultimately anti-diagonal (at 180◦

phase shift). HWP 5 has to be adjusted in such a way that it functions as a linear polarizer (together
with PBS 3) turned 90◦ relative to the polarization of the incident beam in front of the EOM. This
way, one can measure the amount by which the EOM turns the plane of polarization as a function of
the applied voltage by measuring the pump beam light intensity transmitted by PBS 3 and focused
onto photodiode 3.

3 As a reminder: Only the phase is modulated since the laser beam is linearly polarized horizontally to the face of the
crystal, along the extraordinary axis.
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Figure 3.2: Wiring for demodulation of the probe beam signal and creation of error signals to use for frequency-
stabilization. DC-block eliminates the DC-component, only the AC-component of the signal is necessary.
Low-pass employed to reduce low-frequency noise (while actual signal is unaffected). Amplifiers are used to
increase the error signal amplitude. The EOM is driven with a signal generator. The same signal, with an
adjustable phase difference, is used for the demodulation of the probe beam signal.

(a) Contraption to employ a (free
space) EOM crystal including reso-
nance circuit in an optical setup.

(b) Sketch of a frontal view on the
EOM contraption.

(c) Sketch of the EOM circuit with
𝐶𝐶 being the EOM crystal capacity,
𝐿 being the inductivity and𝐶𝑀 being
the capacity for impedance-matching.

Figure 3.3: Explanatory pictures to illustrate the functionality of the EOM setup.
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3.3 Measurements and Results

3.3.1 Characterization of the EOM (circuit)

EOM Circuit Resonance

To characterize the EOM resonance circuit, a network analyzer is used to measure the EOM resonance
frequency. The measured resonance of the EOM circuit is depicted in figure 3.4 (see figure 3.4(a) for
the amplitude and figure 3.4(b) for the phase). The seemingly discrete steps in amplitude/phase are
caused by the minimal resolution of the network analyzer that is used to measure the resonance at
hand. It is also important to mention, that the phase jump at the resonance frequency is not equal to
the typical phase jump of a resonance of 180°. This can be attributed to the relatively low resonance
amplitude. It is expected that the phase jump approaches 180° for a sufficiently high resonance
amplitude.

To accurately determine the resonance frequency of the EOM circuit, the resonance is fitted with a
Lorentzian curve (see equation (2.4)). The fit can be seen in figure 3.4(c). The fit parameters can
be found in table A.12. The resonance frequency is (3.533 ± 0.001) MHz. It has to be noted here
that disturbances in the resonance cause the fit to have slight inaccuracies regarding the resonance
frequency. These disturbances are discussed later. The amplitude 𝐴 = (−3.86 ± 0.11) dBm equals
(41.1±0.1) % of the power being reflected back. One wants as much power to remain in the resonance
circuit as possible since the phase modulation scales linearly with the applied voltage. This is typically
achieved by adjusting 𝐶𝑀 to optimize the impedance-matching.

Impedance-matching of the EOM Resonance Circuit

In figure 3.4(d) resonances for different 𝐶𝑀 are depicted. It becomes apparent that the amplitudes
of the resonances does not surpass the 𝐴 = (−3.86 ± 0.11) dBm significantly. The fact that the
impedance of the coil, used in the resonance circuit, might have a real part (apart from the imaginary
part), which exceeds the impedance against which the circuit is supposed to be matched, might serve
as an explanation as to why this is the case. Placing an additional inductor in series with the entire
resonance circuit should suffice to solve this issue. Still, the amplitude achieved here is deemed
sufficient for now.

Another observation to be made is the fact that the resonance frequencies in figure 3.4(d) are not all
equal. This may be caused by slight changes in the position and orientation of wires in the resonance
circuit while handling the EOM contraption. To minimize this issue it is advisable to manufacture a
suitable housing for the EOM contraption.

Disturbances in the EOM Resonance

One can also observe disturbances in the amplitude as well as in the phase of the resonance. The fact
that the EOM crystal (LiNbO3) has both electro-optic and piezo-electric properties [27] might serve
as an explanation for these disturbances. Because of the piezo-electric effect the signal driving the
EOM does not only modulate the refractive index (and therefore the phase of the light passing through
it) but also the thickness of the crystal itself. This influences the capacity of the crystal thus altering
the resonance frequency of the circuit resulting in a change in the signal amplitude. Therefore, the
disturbances in amplitude and phase of the resonance might be different orders of several mechanical
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(a) Reflected signal amplitude of the EOM circuit. (b) Reflected signal phase of the EOM circuit.

(c) Lorentzian curve fitted to the EOM circuit resonance.
For fit parameters see table A.12.

(d) Measured resonances of the EOM circuit for different
impedance-matching capacities 𝐶𝑀 .

Figure 3.4: Measured EOM circuit resonances including resonance amplitude fit and resonance amplitudes for
impedance matching.

oscillation modes of the EOM crystal. The disturbances caused by different orders of a single mode
appear periodically (with Δ𝜈FSR) whereas multiple types of modes might have different Δ𝜈FSR to
begin with. The fact that these disturbances are caused by mechanical oscillations also explains why
these disturbances only appear in close proximity to the resonance frequency, i.e. when there is a
considerable voltage applied to the crystal capacitor. Effects like impedance-mismatching due to
imperfections in cables or BNC-connectors would be visible throughout the whole frequency scan.

3.3.2 Laser Light Modulation

Estimation of the Amount of Modulation

Using the adjusted setup to effectively employ a Pockels cell as described in section 3.2.2 one can
record the light intensity transmitted by the Pockels cell relative to the modulation voltage applied
to the EOM. Here a sinus signal with the resonance frequency of the EOM is used as the EOM
driving signal. The resulting graphs can be seen in figure 3.5(a). With the sinus signal applied to
the EOM, the phase shift between the two components of the beam (one polarized parallel and one
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Chapter 3 Modulation Transfer Spectroscopy (MTS)

perpendicular to the optical axis of the crystal) is modulated. This changes the intensity of transmitted
light periodically, adhering to Malus’ law. However, this phase shift is not scanned linearly with
time since the modulation signal is sinusoidal. This causes the graphs to resemble morphed cos2

functions. Fitting these curves is not trivial. It is deemed sufficient to roughly estimate the amount of
phase modulation achieved by different modulation voltages. The estimated phase modulations can be
seen in figure 3.5(b). According to equation (3.5) the relation between the phase modulation and the
modulation voltage should be linear. Fitting the data with a linear function validates the estimation of
the phase modulation. Since the fitted values are only estimations, the errors are estimated generously
to be 0.15 [2𝜋].

(a) Signal of the laser light transmitted by the Pockels cell
while driving polarisation modulation (here effectively
amplitude modulation) with the EOM.

(b) Linear fit of the estimation of the phase modulation
at different modulation voltages.

Figure 3.5: Transmitted light of Pockels cell and estimated phase modulations for different modulation voltages.
Note that a modulation from one maximum to the next would equal 2𝜋 phase modulation. The estimated phase
modulations are fitted with a linear fit function Δ𝜙 = 𝑚 · 𝑉 .

As mentioned in section 3.1 the quality of the error signal is dependent on the amount of phase
modulation. Therefore, it is useful to have a wide range of possible phase modulation to be able to
find an optimum, along with the other parameters 𝜙𝑠,𝑎 and 𝜔𝑚.

Forming of Sidebands

Using a spectrum analyzer, the pump beam sidebands created by the EOM can be observed. Figure
3.6 shows the sidebands for various modulation voltages with and without a 4.5 MHz lowpass filter to
suppress sidebands of higher order.

From figure 3.6 it becomes apparent, that higher modulation voltages increases the amount of power
located in the sidebands, even up to the point where the sideband of the second order (at twice the
frequency) becomes visible. Three things are important to note here. Firstly, the amplitudes of the
sidebands are fluctuating strongly. Therefore, one can not directly compare the amplitudes/powers
measured here. Secondly, the frequency depicted here is slightly larger than the resonance frequency
determined by the fit of the EOM resonance (see section 3.3.1). This is because the fit has a slight
inaccuracy due to the disturbances in the resonance curve (as mentioned in section 3.3.1). This
frequency was chosen to achieve the highest possible power in sidebands at a fixed modulation voltage.
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(a) Frequency sideband(s) of pump beam at
𝑉PP,mod = 1 V.

(b) Frequency sideband(s) of pump beam at
𝑉PP,mod = 1 V with 4.5 MHz lowpass filter.

(c) Frequency sideband(s) of pump beam at
𝑉PP,mod = 4 V.

(d) Frequency sideband(s) of pump beam at
𝑉PP,mod = 4 V with 4.5 MHz lowpass filter.

(e) Frequency sideband(s) of pump beam at
𝑉PP,mod = 7 V.

(f) Frequency sideband(s) of pump beam at
𝑉PP,mod = 7 V with 4.5 MHz lowpass filter.

(g) Frequency sideband(s) of pump beam at
𝑉PP,mod = 10 V.

(h) Frequency sideband(s) of pump beam at
𝑉PP,mod = 10 V with 4.5 MHz lowpass filter.

Figure 3.6: Visualization of frequency sidebands of the pump beam for various (peak to peak) modulation
voltages.

27
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Lastly, one can see the suppressing of the sideband of the second order when implementing a 4.5 MHz
lowpass filter.

3.3.3 Creation of Error Signal with MTS

Using the probe beam and modulation signal one can create an error signal with the setup described in
section 3.2. These error signals for the 5𝑆1/2 (𝐹 = 3) to 6𝑃3/2 (𝐹 = 2, 3, 4) transitions are depicted in
figure 3.7 and 3.8. Despite there being three Lamb dips and three cross-over resonances, only two
distinct beat notes (for the cross-over resonance of 𝐹 = 3 and 𝐹 = 4 (Co(3/4)) and for the Lamb dip
of 𝐹 = 4) can be observed. This might be caused by the frequency shift of the sidebands (relative to
the main laser frequency) Δ𝜈 ≈ 3.5 MHz being too large to create adequate error signals for Lamb
dips/cross-over resonances that are as close to each other as the ones here. Adjusting the resonance
frequency of the EOM circuit and therefore the modulation frequency 𝜔𝑤 might be a way to solve this
issue.

The shape of the error signal can be adjusted by tuning the phase between the driving signal of
the EOM and the identical second signal put into the mixer. Ideally, the beat note has a very steep
monotonous slope and the highest possible amplitude (peak to peak). However, as mentioned in 3.1.2,
the phases for optimizing one of these parameters respectively are not the same. Changing the phase
for optimizing the slope by 180◦ causes the beat note slope to change from rising to falling (or vice
versa). Though for stabilizing the laser to this signal, both, a falling and a rising slope, are suitable.

Another important aspect is that one can observe an increase in the beat note amplitude for
increasing the modulation voltages. For higher modulation voltages the amount of power in the
frequency sidebands increases. This might serve as an explanation as to why the amplitude of the
beat notes increases accordingly. However, indefinitely increasing the modulation voltage should
prove to be ineffective in this case. The power attributed to the sidebands of the beam is drained
from the carrier frequency. Losing too much power in the carrier frequency effectively means driving
the energy level transitions less which in turn has a negative influence on the overall Doppler-free
spectroscopy, ultimately impairing the error signal. This line of reasoning suggests that there is an
optimal modulation voltage which however might be larger than the 10 V used here. For clarification it
is useful to note that a modulation of 2𝜋 is not equal to 0 here since the modulation is solely affecting
the phase/frequency and not the polarization. Hence this point can not be used to explain the fact that
there should be an optimal modulation voltage.

Additionally, it is important to note that for higher modulation voltages the Lamb dips and cross-over
resonances change their shape and seem to merge into one another. This can be explained by the
modulation of the pump beam being transferred to the probe beam. This is discussed in more detail in
ref. [24].

Another thing to mention is that the high resolution mode of the oscilloscope gets rid of most of
the noise on the error signal. However, the actual signal can be displayed using normal mode of the
oscilloscope (see 3.8(a)). One can clearly see that the signal to noise ratio is too low for the signal to
be used as a signal for frequency stabilization. The sources of noise still have to be identified.

It is also important to address that the error signal has an offset which is made visible by using DC
coupling (see 3.8(b)). This offset stems from the modulation signal, put into the mixer. However, it is
unclear how this purely AC signal can cause a DC offset on the error signal. Despite this, using a
DC-block should be an easy solution to the problem.
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(a) Error signal (coupled AC with high resolution
mode) including Lamb dips at modulation voltage
𝑉PP = 0 V.

(b) Error signal (coupled AC with high resolution
mode) including Lamb dips for modulation voltage
𝑉PP = 2 V.

(c) Error signal (coupled AC with high resolution
mode) including Lamb dips for modulation voltage
𝑉PP = 4 V.

(d) Error signal (coupled AC with high resolution
mode) including Lamb dips for modulation voltage
𝑉PP = 6 V.

(e) Error signal (coupled AC with high resolution
mode) including Lamb dips for modulation voltage
𝑉PP = 8 V.

(f) Error signal (coupled AC with high resolution
mode) including Lamb dips for modulation voltage
𝑉PP = 10 V.

Figure 3.7: Error signals and Lamb dips at different modulation voltages. High resolution mode of the
oscilloscope, coupled AC.
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(a) Error signal (coupled AC with normal mode)
including Lamb dips for modulation voltage 𝑉PP =

10 V.

(b) Error signal (coupled DC with high resolution
mode) including Lamb dips for modulation voltage
𝑉PP = 8 V.

Figure 3.8: Error signals using normal mode instead of high resolution of the oscilloscope and coupled DC
instead of AC.

Due to time restraints, optimizing this error signal along with its three parameters 𝑀, 𝜔𝑤 and 𝜙

was not possible.
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CHAPTER 4

Conclusion

The goal of this this thesis is to use MTS to generate an error signal for frequency-stabilizing a laser to
hyperfine transitions of Rubidium.

To summarize, the high temperature cell setup can largely be characterized as a success, despite
not being able to reach the temperature aim of 150°C. The goal was to achieve a sufficient amount of
laser light absorption to increase the overall visibility of the spectrum. This is accomplished. The
only issue is insufficient heating power and/or insulation. The heating setup keeps the cell windows
from coating with Rubidium and enables Doppler-free spectroscopy of the 5𝑆1/2 → 6𝑃3/2 transition
as it was designed to do.

Both the absortion spectrum and the saturated absorption spectrum can be observed with their
respective experimental setups. The setup allows for a clear distinction of hyperfine states. Their
parameters evaluated here match the theoretically expected ones for the most part.

Regarding the EOM it can be said that the resonance circuit works as intended, apart from the
mechanical oscillation disturbances, which, however, largely do not impair its functionality. The
modulation frequency should be much lower than the width of the Lamb dips to be able to freely
stabilize the laser to any hyperfine state. Therefore the modulation frequency of ≈ 3.5 MHz might
still be too large since the modulation transferred to the pump beam seems to interfere with other
Lamb dips. Despite the fact that the resonance frequency might not be optimal, the maximum phase
modulation achieved Δ𝜙max ⪅ 2𝜋 is considered sufficient here. The sidebands created with said phase
modulation can also be observed.

The creation of error signals is possible. Distinct beat notes can be observed for the 5𝑆1/2 (𝐹 = 3)
to 6𝑃3/2 (𝐹 = 4) transition and the corresponding crossover resonance (𝐹 = 3, 4). These error signals
are also shown for different modulation voltages. However, due to time restraints, their characteristics
are not quantitatively evaluated. Considering the amount of noise on the error signals, this serves
more as a proof of concept than an actual laser stabilization signal, which is still a major success.
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CHAPTER 5

Outlook

Despite accomplishing the creation of error signals using MTS, a lot remains to be done (or can at
least be improved) to be able to use these signals to frequency-stabilize the laser.

Regarding the high temperature cell setup the main thing to improve is the maximum temperature
which can be reached. Although the (saturated) absorption spectrum is clearly visible at 100 ◦C,
reaching temperatures of around 150 ◦C should further improve the laser light absorption because of
an increase of the vapor pressure [6]. This can be achieved by either increasing the overall heating
power by using more heating cartridges or by improving the insulation of the cell. Simply wrapping
the cell in aluminium foil causes the individual layers to be tightly stacked on top of each other at the
widest part of the cell contraption (the copper blocks) impairing the insulation effectiveness. It might
prove to be relatively efficient to fix this problem first, before increasing the heating power. Using a
thermal camera might be helpful when dealing with this issue. Though it has to be considered that
very high temperatures will lead to a possibly not insignificant amount of pressure broadening. As a
consequence there should be an optimal cell temperature for this setup.

The beam parameters can also be optimized. Apart from finding the optimal pump and probe beam
power(-ratio) it might also be worth experimenting with different beam widths in the spectroscopy cell
by placing telescopes in front of each cell window. Diffusing the beam width decreases the intensity
while maintaining the same net power. This allows the use of higher powers while keeping power
broadening to a minimum. A side effect of a greater beam width is that the overall overlap of pump
and probe beam is less sensitive to minor alignment inaccuracies.

The EOM setup can be improved by adjusting a number of different things. The first thing is to
increase the inductivity used in the resonance circuit to achieve a smaller resonance frequency. To
reduce any instability of the resonance frequency caused for example by unwanted movement of wires
it seems logical to solder the entire resonance circuit directly to a small circuit board. Together with a
proper housing this should largely remove any kind of instability. Improving the resonance amplitude
(impedance matching) might be possible by placing an additional inductor in series with the rest of
the resonance circuit. Suspending the EOM crystal capacitor between small rubber strips might help
to dampen the mechanical oscillation disturbances in the resonance.

Regarding the actual creation of the error signal the signal-to-noise ratio is the main thing that
needs improvement. After the main sources of noise are identified they need to be dealt with properly
to ensure a stable and reliable laser stabilization. Also, for the three parameters of the error signal 𝑀 ,
𝜔𝑤 and 𝜙 a suitable combination, if not an optimum, has to be found.
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Chapter 5 Outlook

Once all of these elements have been dealt with to a sufficient degree the feedback-circuit for the
laser stabilization can be setup and optimized too. Then the stabilized laser can be coupled into a fiber
to excite the Rb87 5𝑆1/2 → 6𝑃3/2 in another experiment.
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(a) Fitted absorption spectrum of the Rb85 5𝑆1/2 (𝐹 = 2)
to 6𝑃3/2 transition at 53 ◦C.

(b) Fitted absorption spectrum of the Rb85 5𝑆1/2 (𝐹 = 2)
to 6𝑃3/2 transition at 67 ◦C.

(c) Fitted absorption spectrum of the Rb85 5𝑆1/2 (𝐹 = 2)
to 6𝑃3/2 transition at 78 ◦C.

(d) Fitted absorption spectrum of the Rb85 5𝑆1/2 (𝐹 = 2)
to 6𝑃3/2 transition at 91 ◦C.

(e) Fitted absorption spectrum of the Rb85 5𝑆1/2 (𝐹 = 2)
to 6𝑃3/2 transition at 100 ◦C.

Figure A.1: Fitted absorption spectra of the Rb85 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 transition at different temperatures.
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A.1 Figures

(a) Fitted absorption spectrum of the Rb87 5𝑆1/2 (𝐹 = 1)
to 6𝑃3/2 transition at 53 ◦C.

(b) Fitted absorption spectrum of the Rb87 5𝑆1/2 (𝐹 = 1)
to 6𝑃3/2 transition at 67 ◦C.

(c) Fitted absorption spectrum of the Rb87 5𝑆1/2 (𝐹 = 1)
to 6𝑃3/2 transition at 78 ◦C.

(d) Fitted absorption spectrum of the Rb87 5𝑆1/2 (𝐹 = 1)
to 6𝑃3/2 transition at 91 ◦C.

(e) Fitted absorption spectrum of the Rb87 5𝑆1/2 (𝐹 = 1)
to 6𝑃3/2 transition at 100 ◦C.

Figure A.2: Fitted absorption spectra of the Rb87 5𝑆1/2 (𝐹 = 1)) to 6𝑃3/2 transition at different temperatures.
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A.2 Tables

Isotope Initial state F Transition frequency[THz] Frequency offset [MHz]
Rb87 2 713.281677050 -1173.054
Rb85 3 713.282850104 0
Rb85 2 713.285885834 3035.730
Rb87 1 713.288511730 5661.626

Table A.1: Possible transitions in Rb85 and Rb87 (5𝑆1/2 → 6𝑃3/2) considering hyperfine splitting for ground
state only [10]. Frequency offset relative to 5𝑆1/2(𝐹 = 3) → 6𝑃3/2.

Transition Amplitude 𝑎 [10−3] Offset 𝑐 [ms] Width ℎ [ms]
Rb87 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 (−46.47 ± 0.06) (−39.60 ± 0.02) (7.622 ± 0.019)
Rb85 5𝑆1/2 (𝐹 = 3) to 6𝑃3/2 (−101.3 ± 0.1) (−24.46 ± 0.01) (6.888 ± 0.007)
Rb85 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 (−67.11 ± 0.05) (13.36 ± 0.01) (6.717 ± 0.007)
Rb87 5𝑆1/2 (𝐹 = 1) to 6𝑃3/2 (−24.14 ± 0.06) (44.85 ± 0.02) (6.684 ± 0.021)

Table A.2: Fit parameters of Rubidium transitions at 100°C. Note: Slope 𝑚 = (0.138 ± 0.001) 1/s and Slope
offset 𝑏 = (0.902 ± 0.001). The fit is depicted in figure 2.6(c).

Transition Amplitude 𝑎 [10−3] Offset 𝑐 [GHz] Width ℎ [MHz]
Rb87 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 (−46.47 ± 0.06) (−3.205 ± 0.002) (616.9 ± 1.5)
Rb85 5𝑆1/2 (𝐹 = 3) to 6𝑃3/2 (−101.3 ± 0.1) (−1.979 ± 0.001) (557.4 ± 0.6)
Rb85 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 (−67.11 ± 0.05) (1.082 ± 0.001) (543.6 ± 0.5)
Rb87 5𝑆1/2 (𝐹 = 1) to 6𝑃3/2 (−24.14 ± 0.06) (3.630 ± 0.001) (540.9 ± 1.7)

Table A.3: Fit parameters of calibrated Rubidium transitions at 100°C. Note: Slope 𝑚 = (1.707± 0.009) 1/THz
and Slope offset 𝑏 = (0.902 ± 0.001). The fit is depicted in figure 2.6(d).
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Temp. [°C] Amplitude 𝑎 [−10−3] Offset 𝑐 [GHz] Width ℎ [MHz] Slope 𝑚 [1/THz] Slope Offset 𝑏
53 (4.688 ± 0.008) (1.069 ± 0.001) (506.9 ± 1.2) (1.011 ± 0.005) (0.909 ± 0.001)
67 (10.91 ± 0.01) (1.093 ± 0.001) (503.5 ± 0.7) (−3.889 ± 0.006) (0.925 ± 0.001)
78 (19.74 ± 0.01) (1.084 ± 0.001) (509.1 ± 0.4) (−2.473 ± 0.006) (0.961 ± 0.001)
91 (41.24 ± 0.02) (1.089 ± 0.001) (525.6 ± 0.3) (−2.524 ± 0.008) (0.932 ± 0.001)
100 (66.75 ± 0.02) (1.077 ± 0.001) (539.3 ± 0.3) (1.117 ± 0.010) (0.902 ± 0.001)

Table A.4: Fit parameters of the Rb85 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 transition at different temperatures. The fits are
depicted in figure A.1.

Temp. [°C] Amplitude 𝑎 [−10−3] Offset 𝑐 [GHz] Width ℎ [MHz] Slope 𝑚 [1/THz] Slope Offset 𝑏
53 (1.259 ± 0.005) (3.660 ± 0.002) (439.5 ± 2.5) (−0.833 ± 0.004) (0.914 ± 0.001)
67 (3.860 ± 0.009) (3.674 ± 0.001) (509.6 ± 1.5) (−5.505 ± 0.006) (0.929 ± 0.001)
78 (7.776 ± 0.002) (3.650 ± 0.001) (527.5 ± 1.5) (−4.204 ± 0.010) (0.966 ± 0.001)
91 (14.14 ± 0.01) (3.660 ± 0.001) (513.0 ± 0.5) (−4.263 ± 0.007) (0.936 ± 0.001)
100 (23.93 ± 0.01) (3.654 ± 0.001) (530.40 ± 0.06) (2.818 ± 0.012) (0.897 ± 0.001)

Table A.5: Fit parameters of the Rb87 5𝑆1/2 (𝐹 = 1) to 6𝑃3/2 transition at different temperatures. The fits are
depicted in figure A.2.

Peak Amplitude 𝑎 [10−29Hz4] Offset 𝑐 [MHz] Width ℎ [MHz]
𝐹 = 1 (0.127 ± 0.028) (−276.0 ± 0.2) (4.862 ± 0.584)
Co1/2 (1.269 ± 0.037) (−251.3 ± 0.1) (6.912 ± 0.111)
𝐹 = 2 (1.184 ± 0.043) (−226.5 ± 0.1) (8.538 ± 0.166)
Co1/3 (1.813 ± 0.029) (−209.0 ± 0.1) (7.772 ± 0.071)
Co2/3 (4.085 ± 0.033) (−184.0 ± 0.1) (9.771 ± 0.044)
𝐹 = 3 (2.290 ± 0.029) (−141.7 ± 0.1) (11.04 ± 0.08)

Table A.6: Fit parameters for Rb87 5𝑆1/2 (𝐹 = 2) to 6𝑃3/2 (𝐹 = 1, 2, 3) transition lamb dips and cross-over
resonances. Note: 𝑚 = (−4.567 ± 0.019) e − 101/𝐻𝑧 and 𝑏 = (11.82 ± 0.01). The fit is depicted in figure
2.13(c).

Peak Amplitude 𝐴 [10−3] FWHM [MHz] Frequency difference to next peak [MHz]
𝐹 = 1 (7.026 ± 2.274) (4.863 ± 0.584) (24.73 ± 0.17)
Co1/2 (42.08 ± 1.80) (6.913 ± 0.111) (24.75 ± 0.06)
𝐹 = 2 (31.66 ± 1.63) (8.540 ± 0.166) (17.52 ± 0.06)
Co1/3 (67.71 ± 1.66) (7.773 ± 0.071) (24.95 ± 0.03)
Co2/3 (126.3 ± 1.6) (9.775 ± 0.044) (42.34 ± 0.03)
𝐹 = 3 (93.71 ± 1.73) (11.04 ± 0.08)

Table A.7: Calculated characteristics of the lamb dips and crossover resonances for the Rb87 5𝑆1/2 (𝐹 = 2) to
6𝑃3/2 (𝐹 = 1, 2, 3) transitions using the fit parameters. The fit is depicted in figure 2.13(c).
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Peak Amplitude 𝑎 [10−29Hz4] Offset 𝑐 [MHz] Width ℎ [MHz]
𝐹 = 2 (1.132 ± 0.077) (−202.8 ± 0.1) (9.134 ± 0.330)
Co2/3 (3.407 ± 0.099) (−192.8 ± 0.1) (8.515 ± 0.110)
𝐹 = 3 (3.194 ± 0.183) (−182.6 ± 0.1) (10.12 ± 0.22)
Co2/4 (3.837 ± 0.086) (−173.6 ± 0.1) (8.207 ± 0.078)
Co3/4 (7.645 ± 0.061) (−163.5 ± 0.1) (10.12 ± 0.04)
𝐹 = 4 (4.687 ± 0.034) (−144.8 ± 0.1) (10.71 ± 0.05)

Table A.8: Fit parameters for Rb85 5𝑆1/2 (𝐹 = 3) to 6𝑃3/2 (𝐹 = 2, 3, 4) transition lamb dips and cross-over
resonances. Note: 𝑚 = (−1.828 ± 0.042) × 10−10 1/Hz and 𝑏 = (10.96 ± 0.01). The fit is depicted in figure
2.13(f).

Peak Amplitude 𝐴 [10−3] FWHM [MHz] Frequency difference to next peak [MHz]
𝐹 = 2 (32.98 ± 3.51) (9.136 ± 0.330) (10.06 ± 0.09)
Co2/3 (126.4 ± 5.0) (8.517 ± 0.110) (10.17 ± 0.05)
𝐹 = 3 (93.57 ± 5.99) (10.120 ± 0.213) (8.962 ± 0.043)
Co2/4 (188.9 ± 5.6) (8.209 ± 0.078) (10.19 ± 0.02)
Co3/4 (279.5 ± 3.1) (10.120 ± 0.038) (18.62 ± 0.02)
𝐹 = 4 (194.9 ± 2.1) (10.720 ± 0.041)

Table A.9: Calculated characteristics of the lamb dips and crossover resonances for the Rb85 5𝑆1/2 (𝐹 = 3) to
6𝑃3/2 (𝐹 = 2, 3, 4) transitions using the fit parameters. The fit is depicted in figure 2.13(f).

Peak Amplitude 𝑎 [10−29Hz4] Offset 𝑐 [MHz] Width ℎ [MHz]
𝐹 = 0 (0.011 ± 0.007) (−262.4 ± 0.3) (2.843 ± 0.895)
Co0/1 (2.608 ± 0.086) (−242.0 ± 0.1) (10.19 ± 0.14)
𝐹 = 1 (3.806 ± 0.222) (−230.1 ± 0.1) (15.09 ± 0.40)
Co0/2 (1.497 ± 0.068) (−216.2 ± 0.1) (9.473 ± 0.189)
Co1/2 (4.945 ± 0.065) (−204.1 ± 0.1) (12.86 ± 0.08)
𝐹 = 2 (2.569 ± 0.045) (−178.3 ± 0.1) (13.92 ± 0.19)

Table A.10: Fit parameters for Rb87 5𝑆1/2 (𝐹 = 1) to 6𝑃3/2 (𝐹 = 0, 1, 2) transition lamb dips and cross-over
resonances. Note: 𝑚 = (−8.795 ± 0.169) × 10−11 1/Hz and 𝑏 = (12.23 ± 0.01). The fit is depicted in figure
2.13(k).

Peak Amplitude 𝐴 [10−3] FWHM [MHz] Frequency difference to next peak [MHz]
𝐹 = 0 (1.942 ± 1.634) (2.843 ± 0.895) (20.42 ± 0.14)
Co0/1 (42.94 ± 1.83) (10.19 ± 0.14) (11.80 ± 0.09)
𝐹 = 1 (31.53 ± 2.47) (15.100 ± 0.396) (14.01 ± 0.09)
Co0/2 (35.70 ± 2.16) (9.475 ± 0.190) (12.08 ± 0.05)
Co1/2 (71.78 ± 1.30) (12.870 ± 0.081) (25.75 ± 0.04)
𝐹 = 2 (41.69 ± 1.07) (13.930 ± 0.121)

Table A.11: Calculated characteristics of the lamb dips and crossover resonances for the Rb87 5𝑆1/2 (𝐹 = 1) to
6𝑃3/2 (𝐹 = 0, 1, 2) transitions using the fit parameters. The fit is depicted in figure 2.13(k).
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A.2 Tables

𝑎 [dBm/Hz4] 𝑏 [dBm] 𝑐 [GHz] ℎ [kHz] 𝐴 [dBm] Δ𝜈𝐹𝑊𝐻𝑀 [kHz]
(−4.536 ± 0.083) × 1023 (−19.26 ± 0.01) (3.533 ± 0.001) (97.07 ± 1.03) (−3.86 ± 0.11) (97.1 ± 1.0)

Table A.12: Fit parameters of the EOM resonance fit. The fit is depicted in figure 3.4(c).
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