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cHAPTER 1

Introduction

Lasers have undoubtedly become one of the key instruments for modern technology and research over the
past decades. Their application is widely spread and crosses over to fields like manufacturing, medicine,
metrology, communications and scientific research. In the branch of physics they are heavily used in
fields of laser spectroscopy and quantum technologies [1].

In cold-atom experiments, lasers are used to drive the atomic transitions for cooling of atoms and
manipulation of their internal states. In the rubidium quantum optics experiment, we are coherently
driving two-photon transitions between ground and high-lying Rydberg states. We realize the coherent
interaction between few-photon pulses and effective two-level atoms, so called Rydberg superatoms [2],
with the feature of Rabi oscillations imprinted onto the transmitted light field [3]. Rydberg superatoms
are a testbed for nonlinear quantum optics [3] and can be applied as single-photon sources [4] or for
performing optical quantum gates [5] [6]. The coherent interaction between few-photons and the atoms
is impaired by multiple decoherence mechanisms

The most common sources include the Doppler effect arising from atomic motion [7], spontaneous
emission via intermediate states, and laser intensity and frequency noise [8] [9] [10]. Frequency noise
describes fluctuations of the frequency or phase of the laser on varying time scales. Therefore, it has
great impact on the stability and coherence of the laser which need to be stable on the time scale of the
experiment. One important time scale is the duration of a single experiment, which lies for our Rydberg
experiments in the ten microsecond regime. The laser also needs to be stable on the seconds to hours
timescale as data is acquired and averaged over many experiment cycles. Instabilities and flucuations on
long time scales can obscure any signal in the retrieved data. The laser frequency stabilization over a
wide range of time scales is realized with a feedback loop [11]. In order to characterize the quality of the
laser frequency stabilization, we are interested in the laser frequency noise spectrum. In the context of
our experiments, we are interested in the frequency range of 100 kHz to 10 MHz.

There are multiple methods in order to characterize frequency noise responsible for fluctuations on
short timescales. One method is by using a second laser as a reference and a fast photodetector in order
to obtain a beat note which can be converted to a frequency difference attributed with frequency noise. A
second method is to use a Fabry-Perot cavity as a frequency reference. The side of a cavity transmission
peak can convert laser frequency variations into cavity transmission changes recorded on a photodetector.
The frequency calibration relies on precise knowledge of the free-spectral range of the cavity. A third
method is to use an interferometer and measuring the interference of the laser beam with itself. This
signal can again be converted to frequency deviations and therefore allow the characterization of the
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lasers noise spectrum. As opposed to the heterodyne detection, the homodyne detection using i.e. an
interferometer doesn’t allow for the measurement of frequency noise at low Fourier-frequencies due to
the delay between the two beams being too short. The noise in these low frequency regions does not
interest us as it is not of importance in the relevant experiments.

In this thesis, I have used a Mach-Zehnder interferometer for the calculation of frequency noise. The
goal is to build a portable device to characterize lasers of wavelengths in the region of 780 nm to 1020 nm
via their Noise Spectral Densities S,,.; in sz/ Hz. Chapter 2 covers the theory and origin of frequency
noise and its calculation. Chapter 3 describes the portable experimental setup and outline how to apply it
for characterizing any given laser. Chapter 4 presents a range of different lasers types operated in our
lab and their respective noise spectral densities. Furthermore, the influence of a feedback loop onto
the noise spectral densities is discussed. Finally, chapter 5 gives a summary of the thesis and discusses
possible upgrades and applications for the setup.



CHAPTER 2

Frequency noise theory and displacement of a
Piezoelectric Actuator

2.1 Origin of Laser Frequency Noise

Laser frequency noise refers to fluctuations in the optical frequency v(¢) of the emitted light. It plays a
crucial role in determining the spectral linewidth and temporal coherence of the laser. These fluctuations
arise from a combination of fundamental quantum noise processes and technical (classical) noise sources.
The instantaneous frequency is defined as [8]

1 do

V(1) = 5 @.1)

Therefore changes of the phase directly influence the instantaneous frequency and the frequency noise.

2.1.1 Quantum Noise

One of the origins of frequency noise in a laser is spontaneous emission, which introduces random phase
perturbations into the coherent field. Each spontaneously emitted photon adds an unpredictable phase
shift, leading to frequency fluctuations over time. Another effect is related to linear losses in the laser
medium. These two effects contribute equally to phase diffusion and to a lower bound on the linewidth
of the laser [12], known as the Schawlow—Townes linewidth [13]:

4 hy (Av,)?
P

where hv is the photon energy, P is the output power, and Av, is the linewidth of the laser cavity. Both
linewidths are interpreted as half width at half-maximum.

2.2)

AVlaser =

2.1.2 Technical Noise Sources

In addition to quantum-limited noise, practical lasers are also subject to several technical noise sources
that contribute to frequency noise:

Variations in temperature can affect the refractive index and physical length of the laser cavity, thereby
modulating the optical path length and frequency [14].
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Also, acoustic and seismic disturbances can mechanically perturb cavity dimensions or mirror positions,
particularly in external cavity diode lasers [15].

2.1.3 Frequency Noise and Linewidth

The spectral linewidth of a laser is directly related to its frequency noise power spectral density S, ( f).
Aflat S, hie (f) corresponds to white frequency noise, 1/f noise leads to S,,. |/ 7 (f) o fL" The origin
of 1/ f noise is not entirely understood [16].

The frequency noise of semiconductor lasers is often a lot higher than that of other solid-state lasers.
One cause for this is a higher spontaneous emission factor due to reabsorption in the semiconductor.
Also, there are strong amplitude-to-phase coupling effects which can strongly increase the linewidth and
frequency noise [17]. Fluctuations in the amounts of charge carriers (conduction electrons or valence
band holes) can lead to excess 1/f noise. [18]

2.1.4 Laser Locking

The principle of laser locking is based on a feedback loop to actively tune the phase or frequency of the
laser [19]. In the following, the Pound-Drever-Hall effect will be explained [20] as one possible method
for laser locking as it is performed on the lasers that are measured in this thesis.

First, the frequency of the laser is measured with a photodetector using a Fabry-Perot cavity. The
signal measured is fed back via a feedback loop to actively adjust the frequency of the laser. For this a
PID-controller is used, which in weighable parts uses proportional (P), integrated (I) and differentiated
(D) parts of the signal in order to create an error signal. The different parts are tuned in order to maximize
the suppression of frequency fluctuations.



Chapter 2 Frequency noise theory and displacement of a Piezoelectric Actuator

2.2 Displacement of a Piezoelectric Actuator Under Applied Voltage

2.2.1 Theory

Piezoelectric actuators operate based on the inverse piezoelectric effect, where an applied electric field
causes a mechanical deformation of the piezoelectric material. This is due to the alignment and stretching
of internal electric dipoles within the crystal structure. The resulting strain produces a displacement
approximately proportional to the applied voltage [21].

Linear Displacement Approximation

In the ideal case, the displacement AL is modeled linearly:

AL =dy - U 2.3)

where d35 is the piezoelectric coefficient, and U is the applied voltage.

Hysteresis Effect

In practice, the voltage-displacement relationship of piezoelectric actuators exhibits a hysteresis. This
means that the path of increasing voltage differs from the path of decreasing voltage, resulting in a
loop-shaped curve in the displacement vs. voltage plot.

Hysteresis occurs because the internal dipoles in the piezo material do not respond instantaneously or
uniformly to changes in the electric field. Instead, they experience friction-like resistance and memory
effects. This behavior is similar to magnetic hysteresis in ferromagnets.

2.3 Measurement of frequency noise

To characterize the phase and frequency noise of a laser it is necessary to transform from the hundreds of
THz frequency of the electromagnetic wave to a frequency range that is detectable by standard electronics.
Therefore, interferometry is used to access the laser noise.

In this case, a Mach-Zehnder interferometer with unbalanced arm lengths was used. Its setup can be
seen in 2.1. Fluctuations in the frequency leads to changes in the phase between the short and long arm.
We measure the noise spectrum of the interference between the two time-delayed signals.

The two outputs A and B can be detected by a balanced photodetector. The light in the two arms has
a phase difference of exactly  due to different paths the light follows through the mirrors and beam
splitters on the way to the two detectors [22]. This is compensated by subtracting the two signals from A
and B when measuring an interference signal, which effectively leads to a doubling of the amplitude and
removing any constant offset not related to interference in the arms.
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Figure 2.1: Sketch of a Mach-Zehnder interferometer based off of [22]. The light is split equally into the short arm
(left) and long arm (right) in which the light is delayed before it is recombined with the short arm. The light as
detected at A and B.
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2.4 Calculation of frequency noise

The goal is to convert a change in phase between the beams of the two arms into a frequency difference.
This allows us to calculate the frequency noise.

In the used setup the electric field of the two beams has the following form:

There is an additional phase shift of & for the light being fed into the lower input of the photodetector in
3.1.

By overlapping the two beams we measure the following intensity at the individual inputs of the
photodetector:

I~ <E(t)2> = <E% . sin2(27rv “t+ @)+ E% . sin2(27rv 1+ @)
+E1E2 * (COS (QDZ - (pl) — COS (47TV * t + (pl + (pz))>

Since the photodetector can’t resolve the terms oscillating with frequencies as high as those of the used
light we get an interference intensity of the following form:

_E{+E;

I
2

+ E|E, cos(Agp) (2.5)
The frequency of the beam is not constant and has a time-dependent part Ay which is summed onto the
constant part.

v(t) = vy + Av(1) (2.6)

Av is the frequency noise we want to measure. This change in frequency over time leads to the beam in
the long arm acquiring a phase over the delayed time 7 compared to the beam in the short arm. The
change in phase over a time interval d¢ in which we consider the frequency v(t) to be constant is given
by d(Ayp) = 2xv(t)dt. Summing over the entire delay time 7 we get

t

t
Ap(t) = 27r/ v(t)dr' + ¢, = 271/ Av(t)dt + 2vyT + ¢,
-7 t

-7

t
= 271'/ Av(t)dt + ¢ 2.7)
t—7

Here the constant terms resulting from the difference in path length of the two arms (¢,) and the constant
part resulting from the constant frequency in (2.6) are summarized into a constant phase shift ¢(,. We
are only interested in changes of the phase.

In the following the frequency noise Av(¢) is described as a superposition of oscillations with frequencies
/i and random phases ¢ ; [23]

Av(1) = Y 28, Af - cos (27r fit+g f,l.) 2.8)



Chapter 2 Frequency noise theory and displacement of a Piezoelectric Actuator

Here Af = f;,1 — f; is the difference between two frequencies and S|, ; is the spectral power of the i-th
frequency component.
Using (2.7) we obtain the following phase shift

Ag(t) = 2nzi: \/M /t_: cos (2nf,. an gof;,.) dr’
<20 Y B5,i7 [rpsf )|
- Z\/ﬂ : ]%sin(nfi‘r)cos (22, t=mfim +opa) + 66
:ZM-%COS(2H}Z-I+¢};[)+% 2.9)

Again we add up all the constant phase contributions into ¢;,. This phase is affected by changes in the
path difference between the two arms. This difference is very sensitive to temperature changes due
minimal expansion of the instruments which leads to changes in the path lengths of the two arms. We
keep this phase constant over time by using the feedback loop with the piezo mirror.

The square root /25, ;Af term describes the amplitude of each oscillation and is a measure for the
deviation from the frequency v, with oscillation frequency f;.
2sin ( f; T)

fi

!’
+ ¢o

-7

The second term
. . !
different noise components.

is a suppression term that describes destructive interference between

The cosine term cos (27r fi-t+ go'f;i) describes the oscillation around of the laser frequency with the
oscillation frequency f;.

Plugging Ay into (2.5) we have obtained a direct relationship between the measured intensity at
the balanced photodetector and the frequency noise spectrum characterized by S, ; and f;.

With the inverse function

Ag = arccos (—UDiOde _ UOﬁset) - %5 (2.10)
Uy

we obtain the phase difference from the measured diode signal.

Using the PID Box, we lock the signal around 0 V. Since the diode signal ideally has an offset of about 0

V we ensure that the signal is locked at the steepest slope as seen in 2.2. Since the frequency noise only

causes minimal deviation of the signal from the locked point we can approximate the Voltage-Phase

relationship as a linear function.

dUDiode ~ AUDiode
d(A<p) A‘/J:‘p]()ck A(A‘p) szwlock

2.11)

@10ck 18 the relative phase where the signal is locked. This is obtained by applying the inverse function
(2.10) to the lock voltage U,y -

Prock = Ubiode (Uioek) (2.12)



Chapter 2 Frequency noise theory and displacement of a Piezoelectric Actuator

>

Diode signal Up

Phase difference Ay

Figure 2.2: Locking the phase between the two arms to the most sensitive point i.e. the point with the steepest
slope denoted by the dashed line.
Taking the first derivative of (3.5)

d UDiode
d(Ap)

= _UO - sin (‘plock + 90(,)) (2.13)

Ap=p1pe

one can calculate the phase difference from the diode signal

-1
dUpiod
Ap = Piock = —d(Alo )e * (Upiode = Uiock) (2.14)
¢ Ap=¢oq
To obtain the power spectrum S,.; one first performs a Fourier transform to the measured diode voltage
2
to obtain the power spectrum Sy, ; in %

Ubiode (1) = 2S04 Af cos (27r fior+ (,0};l~) + Upe (2.15)

With the constant offset Up which is included due to an average being subtracted from the trace before
performing the Fourier transform.
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Plugging this into the right side of (2.14) and using the expression (2.9) one obtains

7rf T ’ ’
A = 3PS AT T cos g r i) s s 216
dUp;
Diode ) . Z \/m CcOoS (27Tfl- -+ 90;‘;i)
A=) i

d(Ap)

dUDiode
d(Ay)

’ (UDC - Ulock) (2.17)

Ap=p1ocx

’
$0~ Plock

The constant term of the Voltage trace Up translates to ¢, via (2.14). Comparing the two expressions
for each frequency component one obtains

-1
2sin(n f;7) dUpia
28, Af - = iode 28y Af (2.18)
’ -fl d(A(P) sz‘plock v:
dU - f 2
o S, = | e (—) Sy (2.19)
Vs d(Ay) A‘P:‘/’lnck) 2sin(n f;7) v

This allows the translation of power spectral densities Sy,.; into noise spectral densities S,.;.

au; iode
s(fi) = ( qa0)

ment [8]. It describes how the frequency fluctuations Av(#) translate to the measured voltage AUp; e (7).
A higher sensitivity increases the accuracy of the performed measurements.

2
2 : . . e
A ) (%fﬁ)) is the Fourier-frequency-dependent sensitivity of the measure-
P=Plock '

10
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2.5 Sensitivity

The Fourier-frequency-dependent sensitivity can alternatively be written as

)2. (Sin(’”fi) )2 2.21)
A‘/’:Qplock

dUDiode
nTf;

422
s(f;) =4n’t d(bg)

So

where we have seperated the sensitivity into a constant factor s, and a Fourier-frequency-dependant
factor that is normalized.
. 2
( sin(#7f;) )

_— (2.22)
nTf;
This Fourier-frequency-dependency of the sensitivity is shown in 2.3
1g 3
10 —— 7 = 50ns
7 = 80ns
—— 7 = 30ns
100 4
NN 1
3 10
~
(Al
>
£ 1072
(=}
val
=~
S
% 1073
1074
1075

107
frequency f in Hz

Figure 2.3: Fourier-frequency-dependency of sensitivity s( f)
It can be seen that this factor is approximately equal to one up to frequencies of approximately 10 MHz
for 7 = 50 ns, which is approximately the chosen value for our setup. Therefore, the Fourier-frequency

dependency of the sensitivity only becomes relative for frequencies above 10 Mhz. The sensitivity is
mainly determined by s, for the bigger part of the spectrum i.e. frequencies up to 10 Mhz.

11
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2.6 Noise suppression

When observing the measured power spectral densities Sy;.;, calculated either by performing a Fourier
transform of the measured oscilloscope trace or by the spectrum analyzer directly, one observes dips in
the spectrum starting at around 10 MHz. These are caused by destructive interference between different
. . . 2sin( 7 f;7)

noise components described by the suppression term —7
This term includes the parameter T which is given as the difference between the times of the beams of
the short and long arm needed to reach the diode.

T = As + Ln (2.23)

c c

Where As is the path difference for the unguided part of the beams. [ is the length of the fiber and »n the
refraction index of the fiber.
A precise calculation of 7 is not possible due to errors arising when measuring the distances traveled by
the beams within the setup. Thus, the idea is to perform a fit to the uncorrected spectrum to gain 7 as a
fit parameter.

The corrected noise spectrum §,,.; can be approximated as flicker noise of the following form

’ 1 ’
S, i=A'— +B (2.24)
’ f
where 0 < @ < 2 and A’ determine the shape of the noise and B” accounts for flat (white) frequency

noise and remaining background noise not eliminated by the background measurement.
Substituting this into the conversion of the power spectrum to the noise spectrum (2.19)

-2
1 dUp;o ( f )2
AIT + B, = =< e — .
f d(Ayp) Aw:%m) 2sin(nfr)
2
dUDiode A/ i +2 dUDiode B/ — ( f )2 .S,
d(AQD) Ap=)ek fa d(A"O) Ap=iex Sin(ﬂfT) v
—A =B
. 2
1
N (M) (A—a + B) (2.25)
’ f f

We now have a function to describe the uncorrected power spectrum with 7 as a fit parameter.

. 2
The suppression term (Sm(;—ﬁ’)) has the same form as the Fourier-frequency-dependent sensitivity

s(f)/so shown in 2.3 for different values of 7. It is simply multiplied by the constant factor of 4>,

Therefore, the measured power spectrum densities S;;.; are approximately proportional to the noise
spectral densities S,,.; up to the 10 MHz range. For higher frequencies, suppression dips arise in the
measured power spectrum S;;.; similar to the dips seen for the sensitivity.

12



CHAPTER 3

Setup and how-to

3.1 Setup

As mentioned in the previous chapter, a Mach-Zehnder interferometer with unbalanced arm lengths is
built in order to measure frequency noise. In this case the delay is caused by passing the light through a
fiber of the length of 10 m in the long arm.

This chapter first discusses the setup of the interferometer and how armlength is stabilized. Because
the setup described in this thesis is meant to be portable some details about the alignment procedure are
given here for future use. Finally, the details of noise measurements are discussed.

13



Chapter 3 Setup and how-to

Balanced
Photodiode

50/50 BS

Oszilloscope /
HWP— Spectrum analyz

PBS HWP

Figure 3.1: Setup of balanced Mach-Zehnder interfer-
ometer including oscilloscope to measure the trace and . . )
PID controller to lock the phase between the two arms Figure 3.2: Picture of implemented setup

Figure 3.1 shows the Mach-Zehnder interferometer used to characterize laser noise. The laser to be
characterized must be fiber coupled. The fiber coupled signal enters the noise measurement setup
through the input fiber. The light from the fiber incoupler passes through a Half-Wave Plate (HWP)
before being split by a Polarising Beam Splitter (PBS). This HWP ensures that the light is equally
distributed into the short and long arm of the setup. The short arm on the left side of the figure simply
redirects the light to a 50/50 Beam Splitter (50/50 BS). In the long arm, the light passes through another
HWP before being coupled into a polarization maintaining fiber (blue). The fiber is responsible for
delaying the light in the long arm. The fiber is 10 m long, corresponding to a delay of 49 ns. This
second HWP is used to match the polarization of the light to the polarization maintaining axis of the
delay-fiber and thereby ensure resistance to polarization drifts in the fiber. After the outcoupling, the
light is reflected by the piezo mirror. The piezo mirror is used to minimally displace the beam in the
long arm if necessary to stabilize the interferometer path length, and will be discussed in more detail
later. After the piezo, the light in the long arm passes through another HWP in order to match the
polarization of the light in the two arms. A second 50/50 BS is used to recombine the two arms. The two
outputs from the BS are detected by a balanced photo detector. The light in the two arms has a phase
difference of exactly m due to different paths the light follows through the mirrors and PBSs on the way
to the two detectors [22]. The balanced photodetector ! gives as its output the difference between the
two detected signals. The resulting difference is used as the output signal of the laser noise detection setup.

All the used optics in the setup are b-coated, meaning the setup allows usage across the near infrared
spectrum (650 nm to 1050 nm). However, the HWPs need to be exchanged for different wavelengths as
they work only in very narrow ranges.

Additionally, a box was built around the setup that prevents airflow that can cause vibrations. The
setup is portable and has a footprint of 45 X 45 cm.

! FEMTO Messtechnik GmbH HBPR-500M-10K-SI-FST High-Speed Balanced Photoreceiver

14
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Figure 3.3: Balanced photodetector signal when applying a ramp signal. The green and pink signals show the
individual outputs of the diodes. The phase difference of 7 is visible and the subtracted signal is shown in blue.

The two photodiodes in the balanced photo detector detect the interference between the long and
short arm. The interference depends on the relative path length. By moving the position of the piezo
mirror on the lengthscale of the wavelength we see the sinusoidal interference pattern. The piezo takes
input voltages of up to 120 V.

Figure 3.3 shows the output signal from the photodetector when applying a ramp signal to the piezo.
Here, a 20 V peak-to-peak value ranging from —10V to +10 V with a frequency of 20 Hz was used.

In order to extract noise on the laser the position of the piezo is controlled such that the phase difference
between the field in the two different arms (A¢ in equation (2.5)), and hence the voltage output of the
photo detector is kept constant. Figure 3.1 shows the interferometer setup and how a feedback loop
is used to control the piezo position to maintain a specified photo detector voltage and hence phase
difference between the arms. To stabilize the piezo position a homebuilt PID-controller is used. Details
of the PID controller are for instance given in [24]. The photo detector difference output voltage is used
as the signal to be stabilized and is therefore the input to the PID controller. The PID controller also
has a reference input where the lockpoint can be specified. In this case the lockpoint is set to 0 V by
grounding the reference input, corresponding to locking the interferometer where the intensities at the
two photodiodes are equal.

The PID controller has two different outputs, a slow and a fast one. In this case only the slow output is
used, since a fast stabilization would also suppress the laser noise that we want to measure. The slow
output can suppress noise up to 100 Hz [25].

The signal from the balanced photodetector is not only used to stabilize the interferometer arm length,
but also to access the actual noise spectrum. For this purpose, the signal is split with a T-piece and we

15
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feed the diode signal to a high resolution oscilloscope Zora spectrum analyzer.
In the next section we discuss the linearity of the piezo response and how the piezo response can also
be used as a way of accessing phase noise.

2 TELEDYNE LECROY WavePro 404 HD

16
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Figure 3.4: Trace of a calibration measurement including the photodetector signal and corresponding ramp signal
being applied to the piezo mirror. The discontinuities are shown by the red points by which the trace is cut into
parts for a rising or falling ramp

3.2 Calibration measurement

In this thesis, the laser noise is measured with the photo detector signal, but as shown in Figure 3.3 the
interference signal is sinusoidal. To get access to the magnitude of different noise components, it is
necessary to perform a calibration that maps a photo detector voltage to a phase difference between the
two interferometer arms.

In the following it is discussed how a calibration is performed. The linearity of the used piezo mirror
is also investigated.

The calibration measurement is performed by ramping the voltage applied to the piezo as shown in 3.1.
The piezo ramp voltage and the resulting photodetector signal are shown in Figure 3.4. A linear function
is fitted to the ramp signal for each rising or falling ramp. In each interval the x-axis of the diode signal
is transformed from time ¢ in seconds to the piezo input voltage in volts. Figure 3.5 shows the photo
detector signal plotted as a function of piezo voltage for one piezo ramp. It is apparent from the figure
that the diode signal has a different form whether we are on a rising or falling slope. This difference
comes from hysteresis of the piezo. In the following section we characterize this hysteresis.

3.2.1 Measured Displacement of Piezoelectric Actuator

Comparing the two different curves shown in figure 3.5, which shows the photodetector voltage measured
for a rising and a falling voltage respectively, one sees that the displacement of the piezo shows a
nonlinear behavior. For a piezo with a perfectly linear response, one would expect a signal described by

UDiode(A‘p) = UO - COS (ASD) + Uoffset (3.1

where Ag behaves linearly with respect to the piezo input voltage U.
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Figure 3.5: Diode signal with respect to the piezo input voltage as a rising or falling ramp

However, from the hysteresis shown in figure 3.5 it is clear that the argument of the cosine in (3.1) is
not linear in applied voltage.
To verify this, we extract the argument by isolating the phase difference

UDiode B Uoffset ) (32)

Ao =
@ arccos( Us

U, and U g is gained by performing a cosine fit with a linear argument of Ag = a - Up;yq. + b to the
sinusoidal diode signals seen in 3.5.

The phase Ay is calculated using equation (3.2). The result is seen in 3.6(a).

The function arccos (cos (x)) is also illustrated. Here x = A - U + B is simply a linear argument
that represents the case of a linear displacement of the piezo with respect to the input voltage U. It is
fitted to the measured phase difference, which is not linear. From the figure one can see that the arccos
function has discontinuities when A = m. The ragged edges and missing of data points between the
discontinuities are due to the measured signal exceeding the calculated amplitude.

The unwrapped relative phase as a function of piezo voltage can be seen in 3.6(b). The relative phase
difference extracted from the measured data has a phase offset for zero applied voltage to the piezo. This
is to be expected as the relative phase between the interferometer arms for a given piezo position is
determined by the interferometer construction and by the temperature at the time of measurement.

Nevertheless, figure 3.6(b) shows a clear hysteresis curve.
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(b) corrected hysteresis curve with a quadratic fit and linear curve for comparison

Figure 3.6: Piezo phase difference with respect to the applied voltage. The top curve is calculated directly from the
measured diode signal. The bottom hysteresis curve includes the correction of a continuous increase of the phase
difference when increasing the voltage.

While the piezo position is not linear in applied voltage for the fast scans used in this chapter, the relative
phase between the two piezo arms must directly proportional to the piezo displacement Ad. The relation

is described by
2
Ap = =Ad (3.3)
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Figure 3.7: Calibration measurement with a cosine fit with a quadratic argument in the cosine (accounting for
hysteresis) and with a linear argument for comparison

From this relation we can use the photodetector signal to deduce how the piezo displacement depends on
applied voltage. To do this, we find a function that fits the hysteresis curves shown in figure 3.6(b). As
seen in 3.6(b) a quadratic function approximates the hysteresis curve very well.

With this information we use a quadratic function in the argument of the cosine to fit a function to the
photodetector signal. As seen in figure 3.7, this produces a very good fit.

It was shown that the piezo follows a hysteresis curve that can be well approximated by a quadratic
function. This information is used in the context of this thesis to improve the quality of the fits used in
the calibration measurement to better approximate the slope of the Diode signal function with respect to
the phase difference. This slope is later used for the conversion of changes in the diode signal to changes
in the phase, which are used to calculate the frequency noise spectrum.

3.2.2 Using the calibration measurement to calculate phase fluctuations
For the calibration measurement a dataset as shown in figure 3.4 is collected. The data is segmented and
the x axis is converted from time to the piezo input voltage given by the ramp as seen in 3.5. For each
curve a fit with the following function is performed to the diode signal

UDiode(UP) = UO - CO8 (B ’ U}% +C- UP + ‘P(/)) + Uotfset 3.4

With (3.1) one can write the diode signal as a function of the phase difference.

UDiode(AQD) = UO + COs (A(p + 906) + Uoffset (35)
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We use the amplitude U, the phase offset ¢, and the voltage offset U, g, from the performed fit. All of
these values are averaged over all the fits performed in the seperated intervals seen in 3.4.

The fact that the piezo follows a hysteresis displacement curve, and we get two different fit functions
for the rising and falling ramps as seen in 3.5, does not have an effect on the calculation of the phase
difference. This is due to the piezo being locked to a certain phase difference. The only change of the
diode signal arises from the change in frequency of the light. Since there are no changes to the piezo
input voltage the diode signal follows a cosine wave with respect to the change in phase difference arising
from frequency fluctuations.
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Figure 3.8: Sketches of the measurement setup

3.3 Measurements

In order to successfully determine the frequency noise of a given laser one needs to perform three
measurements.

1. Calibration measurement
2. Background measurement
3. Noise measurement

In the following, the different measurements are described in a step-by-step manner. The purpose of this
description is to make the interferometer usable for others who need to characterize their lasers. It will
be shown that there is a minimum power necessary to reliably extract noise measurements. Later in
this chapter, in section 3.6, the performance of the interferometer is demonstrated for different optical
powers. The minimum power is found to be P,;, = 0.3 mW at a wavelength of 780 nm.

3.3.1 Preparing the setup

In order to set up a new noise measurement, one needs to follow these steps in order to install the general
setup for a laser.

The light is coupled into a polarization maintaining fiber with an efficiency high enough to reach
at least P_;, from section 3.6.

It is verified that the polarization of the incoupled light is matched to the polarization axis of the input
fiber. This can be done by observing the beam power out of the fiber and behind a polarizer. Polarization
drifts are then translated into power fluctuations. Check for polarization drifts by heating the fiber
(holding the fiber with one hand is enough) and observing the power at the output of the fiber. If the
power changes visibly, a half wave plate can be used before the fiber in-coupler to adjust the polarization
at the input.

The fiber is inserted into the fiber out-coupler within the setup through the hole in the box and it is
checked if the light makes it into the setup.

The photodetector is switched on and a T-piece is connected to the balanced channel (middle of three
outputs).
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Lastly, One of the cables from the photodetector is connected to the oscilloscope using 50 Q termination.

For the tuning of the setup the following steps need to be followed:

Short arm

Fist, the light going through the long arm is blocked.

Next, one of the photodetector inputs is blocked. The two mirrors in the short arm and the mirror
directly in front of the photodetector are adjusted to make sure the beam hits the other, uncovered
photodetector input by observing the diode signal on the oscilloscope.

The input to the photodetector is unblocked and the other one is blocked. The mirror directly in front
of the unblocked photodetector input is adjusted to make sure this input also receives light.

The signal of the two inputs should now be approximately the same. If this is not the case, one of the
corresponding beams is not aligned ideally.

Long arm

The fiber coupling is adjusted using the mirror in front of the fiber in-coupler and the in-coupler itself to
obtain sufficient light at the out-coupler. An efficiency of 80% is needed if the input power is equal to
P.;n- If more power is available the efficiency does not need to be as high. The power balance between
the long and the short arm can be adjusted by turning the HWP after the input to the setup.

Again, it is checked if polarization drifts are relevant at the output of long fiber. If they are, the HWP
in front of the in coupler to the long fiber is adjusted to minimize polarization drifts.

Next, one of the inputs of the photodetector is blocked. The piezo mirror and the fiber out-coupler of
the long fiber are used to align the beam to be well overlapped with the beam of the short arm. If the
beams are overlapped an interference signal should be visible.

The HWP after the input fiber out-coupler and the HWP after the piezo are adjusted to maximize
the amplitude of the interference signal. By eye, it is observed if the spots are the same size at the
photodetector input. If not, the position of the lens at the fiber out-coupler of the long fiber is adjusted.

The interference is futher maximized by beam walking in the short arm and fine-tuning the spot size.
Ideally, a contrast of 80% is reached.

If the photodetector saturates or the shape does not show a clean cosine anymore, the input power into
the setup is reduced (OD filters work well for this). The final maximum voltage should not exceed 1 V.

The second input is unblocked. The interference signal should now be centered around O V. If the
amplitude drifts a lot, the polarization adjustment before the long fiber is redone.

3.3.2 Calibration measurement

The setup for the calibration measurement can be seen in figure 3.8(a). For the calibration measurement
a high resolution oscilloscope is not needed.
In order to perform a calibration measurement one needs to follow these steps:

With a T-piece the output of the function generator is connected to the piezo and the oscilloscope.

A function generator is used to apply a ramp signal with 20 V Peak-to-Peak or higher (ranging from
—10V to +10V) with a frequency of around 20 Hz to the piezo.
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Figure 3.9: Small cut out of measured trace for measurement of noise (top) and background (bottom) measurement
using a HR oscilloscope. Comparing the two measurements it is clear that the fluctuations in the background
signal are much smaller than the fluctuations of the measured interference signal.

The trace of the ramp signal and the diode signal is saved as seen in figure 3.4.

A fit is performed to the resulting photodetector interference signal. This later allows the conversion
of changes of the diode signal into relative phase differences between the beams of the two arms in the
interferometer.

3.3.3 Noise Measurement

For the next two measurements the cabeling of the setup needs to be adjusted slightly as seen in figure
3.8(b). The function generator is disconnected from the piezo. Instead the slow output of the PID
controller is connected as input to the piezo. One output of the balanced photodetector is plugged into
the input of the PID-controller. This completes a feedback loop enabling to lock the piezo mirror at
given phase difference between the two beams. The other output from the photodetector is plugged into
either an oscilloscope with a high resolution (HR) or a spectrum analyzer. The PID-controller needs to
be tuned by adjusting the input attenuation and the error offset in order to lock the signal close to O V.

For the following measurements a Teledyne LeCroy WavePro HD was used as a HR oscilloscope.
Here a resolution of 100 million datapoints per second was used. To cover a frequency range of up to 50
MHz a resolution of at least 100 million points per second is needed. This equals a spacing of 10 ns
between two adjacent datapoints.

The signal should be clearly visible and cover almost the entire screen in the vertical direction before
saving. A small cut out part of the trace can be seen in 3.9. A large amount of datapoints should be
recorded as this improves the resolution of the final noise spectrum. In the following measurements
the traces usually contained 100 million datapoints. The power spectrum is obtained by calculating the
Fourier transform of the trace. In order to handle the large amounts of data Welch’s Method is used.
This is discussed in more detail in section 3.4. The power spectrum can be converted to a noise spectral
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density S,,.; using equation (2.19).

If a spectrum analyzer is used, it directly calculates the power spectral densities Sy;.;. These can
directly be converted to the noise spectral densities S,,.; via equation (2.19).

3.3.4 Background Measurement

The background measurement is performed by blocking the short arm of the setup with a beam block.
This e.g. allows the measurement of noise caused by polarization drifts and the noise of the electronics.
A small part of the background trace can be seen in 3.9. The background spectrum is subtracted from
the main spectrum.
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FFT -
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Figure 3.10: Schematic illustration of Welch’s method for spectrum calculation. The data is seperated into
overlapping segments of equal size, each of which is windowed and transformed via FFT. Source: [28]

3.4 Calculation of spectrum

To convert a signal measured with the HR oscilloscope, as the one shown in figure 3.9, to a power
spectrum in frequency space we use a Fourier transform. We used Welch’s method [26] imported from
the Python Scipy module for the calculation of the spectrum. Welch’s method is illustrated in figure 3.10.
With Welch’s method a signal is separated into segments of equal time spans. These segments have an
overlap of 50% and each segment is multiplied by a Hann window of the following form [27]

w(n) =0.5- (1 —cos (2”7”)) 3.6)

where N is the length of each segment and n = 0,1,..., N — 1 corresponds to the samples in each
segment. The application of a window function ensures that each segment is equal to zero at its edges to
prevent spectral leakage. The overlap of the segments ensures that we do not lose too much information
at the edges of each segment.

After multiplication with the window function each segment is then transformed using the Fast-Fourier-
Transform algorithm (FFT). The calculated spectra are averaged over all the segments to obtain the final
spectrum.

It is apparent in figure 3.11 and equation (3.6) that the choice of segment size for Welch’s method
is an important parameter. The size of the segments determines the maximum spectral resolution that
can be extracted from the data as well as how many segments contribute to each point in the averaged
spectrum. Increasing the segment size leads to a higher spectral resolution at the cost of averaging over
less segments, i.e. losing accuracy in the spectrum. Smaller segment sizes allow better elimination
of noise in the spectrum due to a higher number of averages. One must find a segment size that is
sufficiently large to capture smaller trends in the spectrum with a sufficient spectral resolution and at the
same time small enough to ensure that each point in the final spectrum is averaged over enough segments
for a significant reduction of noise.

Finding an appropriate segment size is made further difficult by the logarithmic scaling of the frequency
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Figure 3.11: Frequency noise spectrum of ECDL (master laser) using Welch’s method with a fixed segment length
over the entire trace. It should be noted that data shown here have been corrected for suppression effects that will
only be discussed in section 3.5

in the final spectrum. At lower frequencies the spacing between two adjacent frequencies appears much
larger than for higher frequencies. Thus, for the low frequency range a higher frequency resolution is
desired. At higher frequencies there are a lot more frequency components that are clustered together.
This can be seen in figure 3.11. For high frequencies the spectral resolution does not need to be as
high and it is desired to reduce the segment length in order to obtain a higher degree of averaging and
therefore a cleaner spectrum.

There are different ways of extracting a power spectrum with high frequency resolution in the low-
frequency range and a high degree of averaging in the high-frequency range.

3.4.1 LPSD method

The method named Logarithmic frequency axis Power Spectral Density (LPSD) presented by Troebs et.
al. [29] calculates each Fourier frequency component individually with a Fourier-frequency dependent
segment length. The segment length is adjusted for each frequency component such that the spacing
between two frequencies is linear for a logarithmic axis. Therefore, in the final spectrum the points are
equally spaced across the entire Fourier-frequency range. The parameters of the method allow a desired
amount of Fourier-frequency components, a desired averaging amount given by the amount of segments,
and a minimum averaging amount that ensures a certain degree of averaging remains across the entire
spectrum.

The LPSD method shows promising results for small traces, but the routine is relatively demanding in
terms of calculations and requires very long runtimes to process the large traces that are captured with
the interferometer. Therefore, we implement an alternative.
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3.4.2 Decade-wise Welch’s method

In order to combine the high frequency resolution at low frequencies and high averaging degree at high
frequencies from the LPSD method with the short runtime of the basic Welch’s method, we implement
a method that calculates the spectrum for each frequency decade separately with a decade-dependent
segment length.

This idea was implemented by calculating the spectrum using Welch’s method for each decade
individually. The spectrum is usually calculated in the frequency range of 1 kHz up to below 50 MHz.
The lower limit is determined by the length of the measured data trace and by the feedback loop which
introduces some suppression of noise in the range between 0 Hz and 1 kHz. Therefore, 5 spectra are
calculated in their respective decade and joined together. The amount of segments K|, for the first decade
was usually set to 1/50 times the total length of the trace. The segment size then decays exponentially by

the following formula
N

Ky a Llog o ()] = Llog1o(fimin) ]

L(f) = (3.7

a determines the growth of the amounts of segments. In the following spectra a was set to three so that
the amount of segments is tripled for each decade.
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Figure 3.12: Uncorrected power spectral densities. The background is shown in green, the measured spectrum is
shown in blue and the power spectral densities with a subtracted background are seen in orange.

3.5 Suppression correction

As discussed in section 2.4 and 2.5 the interferometer sensitivity is frequency dependent. For specific
frequencies, destructive interference between noise components leads to a suppression of noise. This
suppresion frequency is determined by the delay 7 introduced by the arm length difference in the
interferometer, and therefore by the length of the delay fiber.

Figure 3.12 shows the uncorrected power spectral an interference filter laser running at the wavelength
of 780 nm. Fitting equation (2.25) to the spectrum of figure 3.12 allows precise estimation of 7, which is
used in the conversion to the noise spectral densities S ,.; = ﬁ Sy

As seen in figure 3.11 there are points where the predicted sensitivity drops to basically zero, but where
the measured spectrum maintains some finite value. when doing the correction for the suppression these
very low values of the sensitivity are turned into peaks of the noise spectral densities at the suppression
frequencies. These peaks are visible in figure 3.11.

2 | dUpjode

2
d(A¢) AS":‘plock)
have two degrees of freedom for varying the sensitivity. The first degree of freedom is the delay time 7.

However, if 7 is increased by for example reducing the length of the delay fiber within the setup, the
suppression dips and therefore a decrease in sensitivity as seen in 2.3 appear at lower frequencies. This
is due to the function shown going to zero for f = m% where m = 1,2, 3,.... For our setup the first
dip arises at a frequency of 2 MHz in good agreement with the delay of 49 ns caused by the 10 m delay
fiber. If the delay is reduced, the suppression correction becomes relevant for a bigger part of the power
spectrum and therefore adds an uncertainty to the final noise spectrum.

Looking at the sensitivity s, = 4n’t (2.21) it can be seen that we essentially only

The second degree of freedom is given by adjusting the slope C;l(]ADi‘;“)e A of the calibration
P=Plock

measurement. It can be increased by feeding more power into the setup and by increasing the contrast
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Figure 3.13: Uncorrected power spectrum with subtracted background (blue) with suppression fit for high
Fourier-frequencies (red) and background shown in green.

Umax -U

7™ . We managed to get a contrast of up to 85% for our setup.

max min

As can be seen in figure 3.11, the suppression correction leads to spikes in the spectrum due to
the value of 7 not being exact. To remove these spikes, the spectrum is cut out for all frequencies where
the 1/ f fit function is lower than the background itself as seen in 3.13. Depending on the quality of
the suppression fit, this is not sufficient for all spectra. Therefore, a tunable larger percentage of the
spectrum is cut out as well.
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Figure 3.14: Measurements of the power spectrum of DLpro3 laser with varying P2P values of the calibration
measurement; the blue curve is the measured background, the orange curve is the spectrum including the
background and the green curve is the spectrum with the background subtracted

3.6 Ideal input power

dUp, . o . . . .
7, (AD‘;d)e A that determines the sensitivity can be varied with contrast, but also by increasing
P=Plock

the intensity at the photo detector. In order to examine the influence of the input power on the quality
of the measurement we performed a row of measurements with varying input powers. This was done
by placing different OD Filters in the path of the light right after the fiber coupler into the setup. The
following measurements were done using the spectrum analyzer looking at the power spectrum measured
in dBm.

The spectrum in the higher frequency range becomes a lot cleaner for higher Peak-to-Peak values
(P2P) of the calibration measurement. Since the P2P value grows with input power the quality of the
measurements improves with increasing input power. The relationship between the P2P value of the
calibration and the input power will be discussed later. For now a minimum P2P value will be determined
to ensure a successful and clean measurement.

As seen in 3.14 the suppression dips at frequencies higher than 30 MHz are not clearly distinguishable
anymore for measurements with P2P values lower than 475 mV. As seen in 3.15 the dips become slightly
visible at P2P values of around 1 V. Since usually the final noise spectrum is only calculated up to
frequencies of less than 50 MHz the minimum P2P value for a successful measurement was set to

The slope

UP2P; min — 1Y (3'8)

The photodetector has a maximum output voltage of +1V for linear operation [30]. Therefore, the
maximal P2P value was set to
Upzp; max =2V (3.9)
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Figure 3.15: Measurements of the power spectrum of DLpro3 laser with varying P2P values of the calibration
measurement in a smaller range; the blue curve is the measured background, the orange curve is the spectrum
including the background and the green curve is the spectrum with the background subtracted

For the conversion of a P2P value to the power P;, at the input of the setup after the fiber in-coupler we
measured the P2P value for different input powers. This can be seen in 3.17. A linear relationship can
clearly be seen.

The fit function has the following form

\%
Upsp.730(P) = (3.35 £0.06) — - P+ (=0.02£0.02) mV (3.10)

Therefore the minimum Power corresponding to Up,p. i, = 1V is approximately
Pin = 0.3 mW (3.11)

and
P = 0.6 mW (3.12)

3.6.1 Larger wavelengths

The values of P ;.  and P, given in equation (3.11) and (3.12) are determined for a laser at 780 nm.
However, the interferometer can be used for characterizing laser noise for a span of wavelengths. The
setup is build with b-coated optics, meaning that all passive components except for the HWPs can be
used for the wavelength range of 650nm to 1050 nm. If the setup is used for a different wavelength
as will be the case later in this thesis, the values of P, and P, must be adjusted according to the
sensitivity of the photo detector. The photo detector sensitivity peaks at 780 nm. For longer wavelengths
the sensitivity decreases as seen in figure 3.16.

For higher wavelengths the sensitivity of the photodetector decreases as seen in 3.16. This means that
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Figure 3.16: Sensitivity of balanced photodetector used in this setup [30]. The peak of the sensitivity is at 780 nm
and falls off for higher wavelengths.

more input power is needed when performing measurements of lasers running at higher wavelengths.

We have performed measurements of two lasers running at 960 nm and 1012 nm and measured the
P2P value-input power relationship. The contrast was again at around 80% but the fiber coupling within
the setup was only at 50%. Therefore, the input power needs to be corrected in order to simulate the case
of a fiber coupling of 80%, which is easily achievable for most measurements.

The Intensity /(r) that is measured at the photodetector divided by the input Intensity /, when
taking losses at the fiber coupling in the long arm into account is given by

I(ry r
Iy 2-r

(3.13)

Where 0 < r < 1 is the fiber coupling efficiency within the setup. Therefore, at an efficiency of r = 80%
the power falls off to 67% of the input power. At an efficiency of » = 80% the power falls off to 33% of
the input power.

Therefore, the minimal power needs to be corrected by the factor of

_1(08) _ 1,/1(0.5)
YT 105 T 1,/1008)

0.5 (3.14)

to calculate the necessary minimal input power in the case of a fiber coupling of 80%. Again, a linear
relationship can be seen in 3.17 (excluding the largest datapoint for the 960 nm measurement).
The fit functions for the two measurements are the following:

\%
Upap:60(P) = (0.9 £0.01) — - P+ (~0.005 +0.001) V (3.15)
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Figure 3.17: Conversion of input power to P2P value for 3 lasers at different wavelengths. The dashed lines are the
linear fits to the measured data. The measurements were performed with a contrast of 80% and (corrected to) a

fiber coupling efficiency of 80% within the setup.
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(3.16)

As can be seen in 3.17, the slope of each of the curves is related to the sensitivity of the photodetector.

This is in accordance with the change of the sensitivity depicted in 3.16.

All the corresponding minimal P2P values and Powers are shown in table 3.1 (including the fiber

coupling correction).

With the measurement protocol and the optimal power ranges for the different wavelengths estab-

lished we can now move on to the characterization of laser noise.

780nm 960nm 1012nm
P, in mW 0.3 1 1.4
P iIn mW 0.6 2 2.75
Upop. min in V 1 1 1
Ppyp. max in V 2 2 2

Table 3.1: Minimal and maximal input Powers and P2P values for different wavelengths at a contrast of 80% and

fiber coupling efficiency within the setup of 80%
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CHAPTER 4

Noise spectral density for various laser types

In the following, the frequency noise measurements of various lasers are shown and discussed. Most of
the lasers were measured at a wavelength of 780 nm, but measurements at 960 nm and 1012 nm were
also conducted. One of the lasers is a distributed feedback laser with an integrated cavity. All other
lasers are external-cavity diode lasers with either a grating or an interference filter as a wavelength
discriminator. Two include a built-in tapered amplifier that greatly increases the output power.

In our experiments, we are using one grating laser at 780 nm as one part of the two-photon Rydberg
excitations. The second laser couples the intermediate state SP3/2 to Rydberg states nS1/2 with a
wavelength of 480 nm. This wavelength is generated with a second harmonic generation crystal from a
fundamental wavelength at 960 nm. As the interferometer built in the course of this thesis is designed
for the near-infrared range, we only measure the noise spectral densities of the fundamental wavelength
of 960 nm.

Our portable setup has the advantage that it can be placed anywhere in the lab and proved to be stable
enough to acquire noise spectra fast and reproducibly. Furthermore, the setup allows to measure the
noise spectral density of any propagating laser beam and does not rely on an in-loop signal as e.g. from
a control loop error signal. Thereby, we measure here the noise spectral densities for lasers as they are
sent onto the experimental vacuum chamber.

We expect the curve to have the shape of 1/ f noise. With double logarithmic scaling this has the form
of a linear negative slope. This shape is only approximately met.

4.1 External-cavity diode laser

The external-cavity diode laser (ECDL) from Toptica is a tunable grating laser which is run at the
wavelength of 780nm [31]. It has an output power of 100 mW. These ECDLs are the lasers that are
most used in our labs. One of these provides the few-photon 780 nm pulses that are used in the Rydberg
experiments.

A diode laser is a semiconductor laser based on laser diodes. They consist of a highly doped p-n
junction or a p-i-n junction. When a forward electrical bias is applied, holes and electrons are moved
into the depletion region where they recombine and generate photons. The energy of the photons is
determined by the gap energy.

In an ECDL the laser diode is usually placed into a larger laser cavity as seen in 4.1(a). The diode has
an anti-reflection coating on the right-hand side that allows the photons to be emitted onto the grating
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Figure 4.1: Structure and noise spectral density of an unlocked ECDL operating at a wavelength of 780 nm with a
grating used as a wavelength discriminator

via a lens. The grating allows the tuning of the wavelength and partially reflects the tuned light back into
the diode, forming a resonator [32].

Its noise spectral density can be seen in 4.1(b). In the experiments, the noise spectral density around 1
MHz is the most relevant and influences the coherent excitation between the ground and Rydberg state
[25]

4.2 External-cavity diode lasers including a tapered amplifier

The TA pro from Toptica is a Tapered Amplifier Laser System, and we have a system that operates at a
wavelength of 1012 nm. It follows the same principle as an ECDL but includes a Tapered Amplifier
(TA) that strongly amplifies the output power. It can reach powers of up to 4 W [34].

A Tapered Amplifier is an optical amplifier where the cross-section of the beam is gradually increased
within a gain medium as seen in 4.2(a). After exiting the amplifier the width of the beam is again reduced
with a focusing lens.

The second ECDL including a TA we measured is the TA-SHG pro laser by Toptica which also
includes a Second-Harmonic-Generation (SHG) crystal that allows frequency doubling into the 480 nm
range at the output [35]. We only measured the noise of this laser by extracting light from a side-arm
before the SHG crystal. The light from the side output of the laser has a wavelength of 960 nm. We did
not measure the light at 480 nm as this would require the exchange of all optical elements and not just
the wave-plates. The anti-reflection coatings in the current setup are chosen for the near infrared range.

The two noise spectral densities are shown in 4.2(b).
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Figure 4.2: Structure of a TA and noise spectral densities of unlocked ECDLs including a TA for two different
wavelengths
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Figure 4.3: Structure of an IFL; DL: laser diode; LC: collimating lens; OC: partially reflective out-coupler; PZT:

piezo-electric transducer actuating OC; L1, L2: lenses. The noise spectral density of the unlocked IFL operating
at a wavelength of 780 nm is shown in 4.3(b)

4.3 Interference filter laser

The measured laser is a home-built external-cavity Interference Filter diode laser (IFL). The laser is
built upon external-cavity interference-filter-stabilized diode lasers developed at SYRTE labratories [37].
The setup can be seen in 4.3(a). The light emitted from the laser diode is reflected back into the diode
using a cats eye consisting of the lens L1 and outcoupling mirror (OC). The wavelength discriminator is
given by the IF which is used as a bandpass filter and can be tuned by tilting the filter. In principle this
configuration allows for very narrow linewidths and reduced frequency noise.
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Figure 4.4: Structure and noise spectral density of a distributed feedback laser

4.4 Distributed feedback laser

The Balalaika Laser is a home-built Distributed Feedback (DFB) Laser running at the wavelength of
780nm. As opposed to an ECDL the grating is integrated into the diode as shown in 4.4(a). While
this makes the fabrication a lot easier, there is a trade off by an increased linewidth and therefore high
frequency noise.

Measurements of photon-number dependent phase shifts however show that the DFB is less noisy
for frequencies below 1 kHz compared to an ECDL [38]. This is due to the integrated structure of the
grating which makes the laser less susceptible to mechanical vibrations as a noise source. This reduction
in noise is not seen in the frequency range we measured as it is below the kHz region. Therefore, as can
be seen in 4.4(b), the DFB laser exhibits very high noise levels in the measured range compared to the
ECDLs and IFL we measured.

4.5 Comparison of all measured lasers

In Figure 4.5 a comparison of all free-running lasers that are mentioned above is shown.

The IFL shows very low levels of frequency noise. It is less noisy compared to the measured unlocked
ECDLs in the region of 10 kHz to 1 MHz. Its curve flattens out for higher Fourier-frequencies.

The ECDL+TA at 960 nm shows the lowest noise levels for frequencies up to 10 kHz. It has a very flat
curve that seems to be dominated by white noise. Therefore it shows very high noise levels in the MHz
region compared to the other ECDLs. This could be a problem for experiments on the microsecond time
scale.

The ECDL has the lowest noise levels at frequencies above 20 MHz where it drops to a spectral density
of §, =15 Hz? /Hz. Its spectral density follows a very steep curve and therefore shows the highest levels
of noise in the low frequency region compared to the other ECDLs. As the drop at the upper end of
the spectrum occurs for all lasers, it can possibly be attributed to the drop of the sensitivity due to the
suppression dips.

The noise of the ECDL+TA at 1012 nm is dominated by white noise for frequencies up to 10 kHz and
falls off for higher frequencies similar to the IFL.
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The noise of the ECDLs varies from each laser. They all exhibit noise in the region of §, =
100 Hz* /Hz — 10,000 Hz? /Hz for the largest part of the spectrum.
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Figure 4.5: Noise spectra of all measured lasers

4.6 Frequency noise of locked lasers

In typical cold atom experiments, the lasers are stabilized in their frequency by feedback loops. We refer
to the stabilized lasers as locked lasers.

The noise spectra are recorded outside of the frequency stabilization loop and allow an independent
measure of the noise spectral characteristics of lasers used in our cold atom experiment.

The noise spectrum of the free-running ECDL is shown in 4.6 where the comparison between the
locked and unlocked laser can be seen. The locked laser is significantly less noisy for frequencies below
200kHz, which is the frequency range where the feedback loop acts. Its noise exceeds the noise of
the unlocked laser for frequencies above 200 kHz. The laser exhibits large amounts of noise at 1 MHz
and a peak can be seen, a so called servo-bump [40]. The servo bump is caused by the fact that the
feedback loop has internal signal delays, which cause the feedback to be out of phase with the actual
noise. This leads to the noise being amplified instead of compensating for it. Therefore, a total reduction
of frequency noise across the entire spectrum is not possible.

The ECDL is used as a reference laser in order to stabilize other lasers used in the experiment.

The noise spectrum of the TA lasers can also be seen in 4.6 again comparing the locked to the unlocked
laser. The same behavior of a reduction of noise in the low frequency region and creation of a servo
bump at around 1 MHz can again be seen.

When comparing the three lasers, it can be seen that the degree of noise suppression in the 10 kHz
region varies. The reduction of noise is highest for the 960 nm laser, followed by the 1012 nm and lowest
for the ECDL. It can also be seen that the lasers with stronger noise suppression in the low frequency
region exhibit larger servo bumps at higher frequencies.
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free-running (unlocked) and while being actively frequency stabilized (locked).
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CHAPTER 5

Conclusion and outlook

In this thesis, a compact and portable system for characterizing laser frequency noise using a balanced
Mach-Zehnder interferometer was developed and successfully applied. The setup allows precise
measurement of frequency noise spectral densities for wavelengths ranging from 780 nm to 1012 nm. It
can give crucial insights on the frequency noise of a laser used in experiments where decoherence plays
a role when the laser is used for e.g. driving the transitions to Rydberg states.

A theoretical framework was presented, covering the origins of laser frequency noise and the impact
of both quantum and technical noise sources. The derivation of the system’s sensitivity and its
frequency-dependent suppression effects was crucial for accurate interpretation of the measured spectra.
Special attention was given to the behavior of the piezoelectric mirror actuator, including hysteresis and
non-linearities, which were carefully characterized through calibration measurements.

The implementation of the setup involved a detailed alignment procedure, sensitivity optimization and
systematic data acquisition using an oscilloscope or a spectrum analyzer. Welch’s method was employed
for spectral analysis, and additional correction methods were introduced to account for background
noise and suppression effects. Measurements were successfully performed on a range of diode lasers,
including ECDLs, interference filter lasers and lasers with tapered amplifiers, highlighting differences in
their noise characteristics and the effect of active frequency stabilization.

The system proved to be versatile and robust, capable of resolving frequency noise features up to
several tens of megahertz. With a minimum required input power of 0.3 mW (at 780 nm) and high
contrast interference, the setup offers a reliable tool for laser diagnostics in laboratory environments.

Outlook

A possibility for further enhancing the sensitivity of the setup, that was not investigated so far, is to use
the monitor outputs for the calibration measurement. The monitor outputs of the balanced photodetector
have a higher maximum output voltage of 10 V compared to the balanced output with 1V (for linear
operation) [30]. Therefore, the output of the individual monitor outputs can be converted to an amplitude
of the calibration measurement used so far. When performing the measurement, the balanced output is
then used with a peak-to-peak value that would exceed the maximum output voltage of the balanced
output. Since the interferometer for the noise spectrum measurements only operates in a small range
around 0V, the signal will stay linear and we obtain a much higher sensitivity due to the increased slope
around O V.
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Chapter 5 Conclusion and outlook

One possible application is to use the interferometer setup in a feed-forward loop to actively compensate
any detected frequency variations using an electro-optical modulator. This was performed with great
success by Denecker et al. [8]. It avoids the limitations of frequency stabilization via a feedback loop,
which is limited in the high frequency ranges due to signal delays in the loop. Therefore, it can greatly
decrease laser noise.
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