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Abstract
On this thesis six different techniques for laser frequency stabilization of a 780nm diode laser
are presented. The short and long term frequency stability of the laser locked with different
techniques under study were determined. In the first part of this thesis I compare the three
following techniques:
Frequency Modulation Spectroscopy (FMS)
Modulation Transfer Spectroscopy (MTS)
Hybrid Technique (it combines MTS and FMS)
In the second part of this thesis, an external magnetic field B is applied inside the rubidium
cell, which is used as atomic reference in the previously mentioned locking systems. The
corresponding changes in short and long term frequency stability, as well as changes in the
absorption spectrum and error signals are presented in the following sections:
Frequency Modulation Spectroscopy including an external magnetic field B (BFMS).
Modulation Transfer Spectroscopy including an external magnetic field B (BMTS).
Hybrid Spectroscopy Technique including an external magnetic field B (BHybrid).
The main goal of this work is the enhancement of the frequency stability of a diode laser
locked with an optical heterodyne technique. The last mentioned technique “Hybrid Spectroscopy Technique including an external magnetic field B (BHybrid)” is presented as a
novel proposal for this purpose.
A general trend is observed where an inclusion of an external magnetic field B inside the
rubidium cell used as atomic reference in the different locking systems, significantly improves
the frequency stability of the laser. The novel proposed Hybrid Spectroscopy Technique with
a magnetic field implementation (BHybrid) shows the best short-term frequency stability
of the laser in comparison to the other techniques. For long-term frequency stability, the
Modulation Transfer Spectroscopy including an external magnetic field B (BMTS) shows
the best results followed by the novel proposal BHybrid.
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1. Introduction
In the experimental field of atomic physics, stable lasers are of prime importance for the
realization of experiments, since the quality and reproducibility of the results is directly
linked to the stability of the used lasers. As an example, experiments with Rydberg atoms
can only be performed if the linewidth of the used lasers is in the range of the linewidth of
the transition frequency in Rydberg atoms (kHz range) [9].
The linewidth of the laser is determined by its short term frequency fluctuations around the
mean frequency. It is usually broadened due to changes in temperature, pressure, power of
the gain medium and mechanical vibrations of the cavity resonator. In order to suppress
these frequency fluctuations, i.e., in order to reduce the linewidth of the laser, active laser
locking techniques are used. For this purpose, highly stable reference frequencies are needed.
Atomic transitions offer that high frequency stability. Nevertheless, to be able to use them as
reference frequencies in a locking system, high resolution spectroscopy techniques to resolve
the hyperfine structure of the atoms are needed to generate an appropriate feedback signal
in frequency stabilization systems [10].
Six different optical heterodyne techniques are used in the framework of this Master thesis
for laser frequency stabilization. An analysis of the functional dependency on modulation
frequency and magnetic field strength of the absorption spectrum signal and the error signal
is performed for each technique. The short and long term frequency stability is determined
for the different parameters on each technique under study. This is done, in order to be able
to properly compare the results obtained with the novel proposal of Hybrid Spectroscopy
Technique including an external magnetic field B.
The reminder of this thesis is organized as follows. In Sec. 2 the theoretical background of
the techniques under study is given. In addition to that, the Allan variance theory is given
to characterize the frequency instabilities of the lasers. In Sec. 3 all the experimental setups
are described and I present my results concerning lineshape of the generated signals and
frequency stability for each of the techniques. In Sec. 3.8 a direct comparison of frequency
stabilization between the techniques is given. Finally, in Sec. 4 my conclusions are given.

2. Theoretical background
Due to their high stability, the frequencies of atomic transitions are used as references in
active laser frequency stabilization [10]. For this reason, several spectroscopy techniques
have been developed to resolve the hyperfine structure of atomic samples. Among these
techniques, pump-probe spectroscopy techniques show high sensitivity for weak transitions
and a big suppression of the background noise due to Doppler broadening, allowing the
resolution of hyperfine structures of room-temperature vapour samples and the creation of
precise signals for laser frequency stabilization [2, 5].

2.1.

Frequency Modulation Spectroscopy (FMS)

Frequency Modulation Spectroscopy (FMS) has proven to show an improvement when locking systems to weak absorptions, thanks to the elimination of noise coming from the spectra
that is not inside the detection frequency band, centered around the modulation frequency. [3]
In FMS an external phase modulator, driven at a radio frequency (larger than the spectral
width of the desired absorption point), creates widely separated sidebands on the laser beam,
which opens the possibility to probe the sample (at the desired absorption point) with a single
isolated sideband.
In this thesis an Electro-Optic Modulator (EOM) was used as external phase modulator of
the laser beam. In Appendix A a detailed description of that device is given.
Figure 2-1 shows a schematic illustration for an experimental setup of FMS. A diode laser
beam of frequency νc = ωc /2π (commonly called carrier frequency) passes through an EOM
driven by a Radio Frequency sinusoidal oscillator at frequency νm = ωm /2π (modulation
frequency). The phase modulated light beam that results after passing the EOM is representend as a time dependent field with a sinusoidal phase shift of modulation frequency ωm
and modulation index M , as follows [6]
1
E2 (t) = (Ẽ2 (t) + c.c.)
2

(2-1)
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Fig. 2-1.: Experimental setup for Frequency Modulation Spectroscopy.
where c.c. stands for complex conjugate of the previous term and Ẽ2 (t) is given by
Ẽ2 (t) = E0 exp[i(ωc + M sin ωm t)]
= E0 exp(iωc t)

+∞
X

Jn (M ) exp(inωm t)

n=−∞

= E0 J0 (M ) exp(iωc t)

carrier

+ E0 J1 (M ) exp[i(ωc + ωm )t]

1st upper sideband

− E0 J1 (M ) exp[i(ωc − ωm )t]

1st lower sideband

+ E0 J2 (M ) exp[i(ωc + 2ωm )t]

2nd upper sideband

+ E0 J2 (M ) exp[i(ωc − 2ωm )t]
..
.

(2-2)

2nd lower sideband

+ E0 Jn (M ) exp[i(ωc + nωm )t]

nth upper sideband

+ E0 (−1)n Jn (M ) exp[i(ωc − nωm )t]

nth lower sideband,

where E0 is the electric field amplitude of the original laser beam, and the formula was
expanded to a series of nth-order Bessel functions to have a clear vision of the significance
of Eq. (2-2) in terms of sidebands.
Fig. 2-2 shows graphically the impact of change in modulation index (M ) and modulation
frequency (ωm ) in Eq. (2-2). An increase of the modulation index M leads to an increase
in the number of sidebands, and an increase in frequency modulation leads to an increase
in the separation of the sidebands from the carrier frequency. The peak amplitude of the

2.1 Frequency Modulation Spectroscopy (FMS)
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Fig. 2-2.: Sidebands. Image taken from Supplee et. al. [18]. Increasing the modulation frequency value (ωm ) increases the space between sidebands. Increasing the modulation index (M ) increases the number of sidebands.
carrier decreases as the modulation index increases.
In order to achieve just one pair of sidebands, the modulation index M is kept small. Assuming a modulation index M  1, Eq. (2-2) may be written as
Ẽ2 (t) = E0 {−

M
M
exp[i(ωc − ωm )t] + exp[iωc t] +
exp[i(ωc + ωm )t]}
2
2

(2-3)

After passing the EOM, the laser beam goes through a Rubidium cell of length L, intensity
absorption coefficient α and refractive index n. As a result the exiting field will be given by
E3 (t) = 21 (Ẽ3 (t) + c.c.), where
Ẽ3 (t) = E0 {−T−1

M
M
exp[i(ωc − ωm )t] + T0 exp[iωc t] + T1 exp[i(ωc + ωm )t]} ,
2
2
Tj = exp(−δj − iφj ) ,
δj =

and

αj L
2

(2-4)
(2-5)
(2-6)

nj L(ωc + ωm )
.
(2-7)
c
Here, j = 0, ±1 directly relates each factor with the frequencies ωc , ωc ± ωm , respectively;
since the intensity absorption coefficient and the refractive index directly depend on the
optical frequency.
φj =
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Fig. 2-3.: Illustration of Frequency Modulation Spectroscopy. Image taken from Bjorklund
et. al. [2]. The theoretical absorption signal obtained with Frequency Modulation
Spectroscopy is shown with a dashed line. The continuous line shows a Lorentzian
spectral feature.

The separation distance of the sidebands from the carrier frequency ωc equals the modulation
frequency ωm at which the EOM is driven, see Fig. 2-3. Here the modulation frequency is
larger than the spectral linewidth and the spectral feature is probed by a single sideband.
The intensity measured by the photodiode when the spectral feature is probed contains the
contributions of the carrier and the sidebands. The carrier and the lower sideband contributions have a constant value known as background value. Deviations from the background
value (∆δ and ∆φ) arise when the upper sideband probes the spectral feature of interest.
Then, the intensity measured by the photodiode is
I3 (t) =

cE02 2δ
e [1 − ∆δM cos ωm t + ∆φM sin ωm t]
8π

(2-8)

Here, cos ωm t is proportional to the absorption of the spectral feature and sin ωm t is proportional to the dispersion of the spectral feature. With the help of a mixer, the signal coming
from the photodiode is mixed with the signal of the frequency generator that drives the
EOM and phase modulates the probe beam at the given modulation frequency ωm . Then
the process of heterodyning takes place, which can be explained has follows: the input signals
are mixed and an output signal with frequencies equal to the sum, difference and multiples
of the original frequencies is created. To be able to observe the absorption spectrum signal,
a filtering process of the heterodyne signal is necessary. For this purpose, lock-in amplifiers
or low pass filters are the electronic devices of choice to extract the signal with a known
frequency range from the noisy environment. A theoretical absorption signal obtained with

2.2 Modulation Transfer Spectroscopy (MTS)
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Frequency Modulation Spectroscopy is illustrated in Fig. 2-3 (dashed line).

2.2.

Modulation Transfer Spectroscopy (MTS)

Modulation transfer spectroscopy is a high resolution spectroscopy technique used to resolve
the hyperfine structure of vapour samples in active laser frequency stabilization. Sub-Doppler
(non Doppler broadening) spectrums of the atomic vapour samples are obtained since this is
a pump-probe technique. With the help of a beam splitter the beam is separated into pump
and probe beams. The pump beam is phase modulated with the help of an electro-optic
modulator (EOM). This phase modulation leads to the creation of sidebands on the beam
separated from the carrier frequency by the modulation frequency. The phase modulation of
the pump beam is transferred to the non-modulated counter propagating probe beam inside
the rubidium cell due to a nonlinear effect [16]. A detailed theoretical explanation for phase
modulation of the pump beam with an EOM is found in the previous section (Sec. 2.1).
Two mechanisms for modulation transfer exist: modulated hole burning and reflection of the
probe beam from an induced grating in the medium. In order to understand the first process,
the concept of hole burning is described. A dip in the population distribution (Na (v)−Nb (v))
of a two level system (state |ai and state |bi), is indicated as a burned hole. This is due to
a Doppler effect, since the moving atoms experience a frequency shift (ω − ωc v) [17]. Atoms
with shifted frequency near the frequency ν of the laser interact strongly with it, this is
ν = ω − Kv with K = ωc . The laser induces transitions between the levels for atoms with
velocity v and tends to equalize the population of the states. Fig. 2-4 shows holes burned
in the population distribution at different detunings ω − ν. If the modulation frequency is
larger than the linewidth of the rubidium atomic spectrum, then holes are burned at the
modulation frequency with an oscillating depth given by the modulation frequency. When
the counter propagating non-modulated saturation beam resonantly interacts with the holes,
it experiences modulated absorption and dispersion, and therefore it acquires a modulated
amplitude and phase shift [16]. The spectrum signal obtained with MTS via burn hole is
given by
1
Sighole = ASpJ0 J1 [(L1 − L1/2 + L−1/2 − L−1 ) cos(ωm t + φ)
2
(2-9)
+ (−D1 + D1/2 + D−1/2 − D−1 ) sin(ωm t + φ)] ,
where S is the saturation factor. L and D are the Lorentzian resonance functions with a
sub-index indicating the resonance position, i.e., the position of the burned hole. A is the
probe beam intensity and p is the reduction factor that limits the simultaneous resonance
condition for Four-Wave Mixing.
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Fig. 2-4.: Hole burned in the population inversion density by a travelling wave for various
values of the detuning. Image taken from S. Stenholm [17].

In modulation transfer due to reflection a partial standing wave is created by interference
of the carrier and saturating beams. This standing wave acts as a diffraction grating that
reflects the probe beam sidebands and produces the sidebands in the saturating beam. The
spectrum signal obtained with MTS via reflection is given by
Sigrefl = AS 2 p0 Q−1 (Q + 1)−1 [Q + (γ1 /2γ2 )]−1 J0 J1
× [(−L1/2 + L−1/2 ) cos(ωm t + φ0 )

(2-10)
0

+ (D1/2 − D0 + D−1/2 ) sin(ωm t + φ )] ,
√
where Q = 1 + S, γ1 is the relaxation rate of the population inversion, γ2 is the relaxation
rate of the off-diagonal density matrix component, L and D are the Lorentzian resonance
functions.
The signal observed in an experiment is the sum of the pattern due to hole burn and the
pattern due to reflection given by the Eqs. (2-9) and (2-10). It is important to highlight the
suppression of the Doppler background, allowing the resolution of the hyperfine structure of
atomic samples for high accuracy laser frequency control [7].

2.3 Allan Variance and Frequency Instability

2.3.
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Allan Variance and Frequency Instability

The frequency instability of an oscillator in time domain is characterized using the Allan
variance (also called the two-sample variance)
σy2 (τ )

N −1
1 X
=
(y
− yk )2 .
2N k=0 k+1

(2-11)

Here

T
−1
(2-12)
τ
is the number of frequency measurements with T equal to the entire measurement interval.
τ is the averaging time of the frequency ν of the oscillator . The fractional frequency at time
t0 + k · τ is given by
h ν(t0 + k · τ ) iτ − ν0
yk = y(k) =
.
(2-13)
ν0
N=

The term
hν(t0 + k · τ )iτ

(2-14)

indicates the frequency of the oscillator averaged over the time interval [ t0 +k·τ, t0 +(k+1)·τ ].
The frequency ν0 is a reference frequency, which is chosen to be the average frequency of the
oscillator during the entire measurement interval T [1].
The square root of the Allan variance σy2 (τ ) is defined as the Allan Deviation σy (τ ). The
frequency instability ∆νinstability of an oscillator with reference frequency ν0 for an averaging
time τ is given by
∆νinstability = σy (τ ) · ν0 .
(2-15)

3. Results and discussion

In the course of this thesis I will discuss the frequency stability of a diode laser locked
with an optical heterodyne technique. Therefore, a definition of stability as a property in
frequency standards is necessary. Stability indicates how small the amount of change in the
results of measurements performed at successive time intervals of the device under study is.
Particularly, when I refer to a stabilized laser, I mean a laser with small frequency deviations
with respect to the frequency of a chosen atomic transition. A high frequency stability is
achieved with the help of an active feedback control system [13].
The chosen atomic references for the feedback control system are the closed transitions of
rubidium atoms (D2 F = 3 → F 0 = 4 transition of 85 Rb and D2 F = 2 → F 0 = 3
transition of 87 Rb). For closed transitions, the Laporte rule or the electric dipole selection
rule ∆F = 0, ±1 which forbids s-s, p-p, d-d, or f -f transitions, prevents a relaxation to a
state other than the initial state [12]. In Sec. 3.2, another advantage of using these transitions
is going to be shown. That is a zero background in the generated error signal used in the
feedback control system. In order to resolve the hyperfine structure of the desired D2 Rb
spectral line, several optical heterodyne spectroscopy techniques have been developed and
enhanced since the work done by Bjorklund et. al. [2].
In the following sections I will show five techniques that have been the subject of previous
analysis for laser frequency stabilization. In the last section of this chapter (Sec. 3.7) I present
an enhanced method for frequency stability of a diode laser by implementing an external
magnetic field into one of the most recent optical heterodyne spectroscopy techniques (Hybrid
spectroscopy by Fei Zi et. al.[20]).

3.1 Frequency Modulation Spectroscopy (FMS)

3.1.
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Fig. 3-1.: Experimental setup for Frequency Modulation Spectroscopy of system Laser 1
(left) and system Laser 2 (right). A blue dashed box indicates the difference between the two systems. In system Laser 2, the use of a third telescope (blue dashed
box) to reduce the diameter of the laser beam is necessary due to size restrictions
resulting from the crystal used in our self-made electro-optic modulator. Nevertheless, the absorption spectrum signal and the error signal are not affected by
that diameter reduction since the telescope placed after the EOM compensates
for the size reduction.

In this section, Frequency Modulation Spectroscopy (FMS) is introduced as the spectroscopy technique to resolve the hyperfine structure of the rubidium atoms used as the atomic
reference in the optical heterodyne technique for laser frequency stabilization. In order to
characterize and later on compare the frequency stability of the lasers locked with this technique, the work done by Bjorklund et. al. [2] was used as main reference. For this technique
the setup shown in Fig. 3-1 was used for laser frequency stabilization.

3.1.1.

Optical and electronic setup description

To simplify the description of the setup, number tags are used for each step in Fig. 3-1. The
optical and electronic descriptions are discussed separately. Electronic and optical steps are
differentiated by star numbers.
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3 Results and discussion

Description of the optical setup
1. A small percentage of the light beam (∼ 8 %) is reflected by a glass plate and sent to a
fiber coupler (FC) connected to a wavemeter in order to monitor the frequency of the
laser.
2. A lambda-half waveplate (λ/2) placed in front of a polarization beam splitter (PBS)
regulates the amount of light that will be transmitted and reflected by the PBS. Therefore, at this part of the setup, the total optical power sent to the locking system is
determined.
3. A second lambda-half waveplate followed by a PBS separates the laser beam into pump
and probe beams, and determines the power of each of them.
4. A lambda-half waveplate is placed in front of the electro-optic modulator (EOM) to
adjust the polarization of the beam and match it with the optical axis (fast axis) of
the nonlinear crystal. This adjustment in polarization has a direct impact on the error
signal shape and it was fixed such that the peak to peak amplitude of it would be
maximized.
5. The electro-optic modulator (EOM) modulates the phase of the laser beam with a
given modulation frequency provided by a function generator. As a result, sidebands
separated from the carrier frequency by a distance equal to the modulation frequency
are created.
Following the improvements done by McCarron et. al. [11] concerning the error signal resolution, I decided to place two 1:3 telescopes into the setup to broaden the laser beam diameter.
The rubidium cell must be placed between the telescopes to achieve the aforementioned improvements. The use of a third telescope (blue dashed box) to reduce the diameter of the
laser beam is necessary due to size restrictions resulting from the crystal used in our selfmade electro-optic modulator. Nevertheless, the absorption spectrum signal and the error
signal are not affected by that diameter reduction since the telescope placed after the EOM
compensates for the size reduction.

Description of the electronic setup
1*. Light is converted to current with the help of a photodiode (PD).

3.1 Frequency Modulation Spectroscopy (FMS)
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2*. The signal of the photodiode is amplified with a Mini-Circuits ZFL-500LN amplifier
and then sent to the mixer (Mini-Circuits ZAD-6+) in step 4*.
3*. A signal with a sinusoidal shape and frequency ωm (modulation frequency) is generated
with a Function Generator and used to drive the EOM. This signal is sent as well to
the mixer (Mini-Circuits ZAD-6+) in step 4*.
4*. Heterodyning takes place. The signal of the photodiode and the signal from the function
generator are combined into an output signal. This output signal contains the error
signal.
5*. The error signal needs to be extracted from the noise. In order to do this, the output
signal of the mixer goes through a three stage low pass filter process. The first stage
consists of a Mini-Circuits BLP-1.9+ low pass filter (LPF) with a cutoff frequency of
1.9MHz. The second stage is a self-made 5th order elliptic low pass filter with a cutoff
frequency of 200kHz. The third stage is a self-made RC low pass filter with a cutoff
frequency of 150kHz.
6*. The error signal is sent to a Proportional-Integral-Derivative controller (PID). With
the help of the generated error signal, deviations from the desired given frequency are
detected and a corresponding feedback signal is generated to drive the Piezo element
of the laser.
In the setup, a phase shifter between the function generator and the mixer is specified.
However, for this part there was no need to use some sophisticated electronic device. A
simple change in the cable length connecting both devices was sufficient.

3.1.2.

Absorption spectrum signal and error signal obtained with
Frequency Modulation Spectroscopy

Our self-made electro-optic modulator allowed me to perform an analysis on the absorption
spectrum signal and error signal over a wide range of modulation frequencies. In this work,
the modulation frequency was systematically varied in a range from 4.1MHz to 14.7MHz.
For each modulation frequency, the corresponding absorption spectrum signal and the error
signal as a function of the Piezo Voltage of the laser are presented in separated plots in
Fig. 3-4.
The absorption spectrum shown in the plots of Fig. 3-4 corresponds to the absorption lines
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3 Results and discussion

of 85 Rb D2 transitions. Here I would like to point out that we are interested in the transition
F = 3 → F 0 = 4. This transition shows a weak absorption signal in comparison with the
other transitions. As a consequence, the generated error signal is weaker than the error
signals generated from the other transitions. In spite of this, the F = 3 → F 0 = 4 transition
is a closed transition and it will display a zero background for the generated error signal
in the next optical heterodyne spectroscopy technique under study (Modulation Transfer
Spectroscopy 3.2). This is why this transition has been chosen for atomic reference in the
laser frequency stabilization system.
The following description is only valid for the transition under study (F = 3 → F 0 = 4
transition of Fig. 3-4). It is important to note that the peak to peak amplitude of the error
signal for modulation frequencies of 4.1MHz to 5.7MHz increases with modulation frequency
while maintaining its characteristic shape. As the modulation frequency increases (6.3MHz
to 8.7MHz) the characteristic shape of the error signal is distorted. A further increase in
modulation frequency (9.9MHz to 10.8MHz) brings the error signal shape back to the ideal
shape while keeping the advantage of an increased peak to peak amplitude. Finally, in the
case of the largest modulation frequency value (14.7MHz) an overlap between adjacent error
signals is observed.
When referring to an ideal shape for the error signal, the zero crossing lies in an atomic
closed transition. Likewise, a steep slope in the error signal is desired since it reduces the
noise that imitates frequency changes, like the laser intensity noise.

3.1 Frequency Modulation Spectroscopy (FMS)
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Fig. 3-4.: Frequency Modulation Spectroscopy. Absorption signal (blue) and error signal
(red) of a Doppler-free 85 Rb spectrum (D2 transitions). To generate these signals,
a scan over the laser frequency is necessary. To that end, the voltage applied to
the Piezo element placed inside the laser head is varied to change the cavity length
of the laser. Separate plots are shown for each modulation frequency value used
in the phase modulation of the pump beam.

After the analysis of the functional dependency of the error signal shape and intensity with
the modulation frequency, the modulation frequency value ωm = 9.9MHz was chosen for
phase modulation of the pump beam in the laser frequency stabilization system. This is due
to its big peak to peak amplitude, well defined and appropriate shape for laser locking, as
well as a steep slope and clear zero crossing for the D2 F = 3 → F 0 = 4 transition of 85 Rb.

3.1.3.

Short and long term frequency stability determination

The next step was to lock each laser to the chosen atomic transition of rubidium, with the
intention to reduce the frequency fluctuations of the lasers. This is achieved by activating
the Proportional-Integral-Derivative (PID) controller showed in Fig. 3-1. The PID controller
works as follows. First, a lock point is determined. This lock point is the value of the zero
crossing error signal, which corresponds to the closed atomic transition of rubidium. Then,
the value of the generated error signal is read and compared to the lock point value. If the
frequency of the laser is larger (smaller) than the desired frequency, which is the frequency
of the closed atomic transition of rubidium, then also the value of the error signal is larger
(smaller) than the lock point value. Then a feedback signal is generated which is proportional to the deviation between the values of the error signal and the lock point. This feedback
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signal is used to adjust the voltage applied to the Piezo element in the laser head, which
determines the resonator cavity length and therefore the laser frequency. This is a continuous and automatic loop process. The velocity at which the information travels trough the
electronic parts and is processed by the digital PID controller is mainly going to define the
laser frequency stability degree.

3.1.4.

Creation and analysis of a beat signal for frequency stability
determination

To determine the laser frequency stability, it is necessary to obtain the frequency drifts of
the locked laser which are expected to be in the kHz range. However, the available device
to measure frequency (High Finesse Toptica Wavelength Meter WS-7) has an accuracy of
30MHz. Therefore, it cannot be used as a measuring device to determine the laser frequency
stability.
In the absence of a measuring device with greater stability and precision to determine the
frequency drifts of the locked laser, an identical second system (to the system under study) is
required. The second system is presented in the left part of Fig. 3-1 denoted as system Laser
1. Although it may seem contradictory, a blue dotted box points out the difference between
the two systems (in system Laser 2 a third telescope is placed before the EOM). Nonetheless,
concerning laser stability, the systems can be considered as identical and independent systems. As it was previously mentioned, a third telescope to reduce the laser beam diameter
in system Laser 2 is necessary due to size constrains of the crystal used in the self-made
EOM. However, this beam reduction is compensated with the telescope positioned between
the EOM and the rubidium cell. Therefore, the absorption spectrum signal and the error
signal are not altered by the presence of this extra telescope, and hence the same frequency
stability is expected in the two locked systems despite the presence of a third telescope.
The beams of the two identical systems are overlapped in a fast photodiode. Second-order
nonlinear effects take place, leading to a signal with frequency equal to the sum of the
frequencies of the lasers involved (Sum Frequency Generation); and a signal with frequency
equal to the difference between the frequencies of the lasers involved (Difference Frequency
Generation)[15]. The bandwidth of the fast photodiode (labelled as FPD on Fig. 3-5) allows
only the analysis of the signal equal to the difference between the frequencies of the lasers
involved, which is called beat signal. In Fig. 3-5 the setup used for the creation of the beat
signal is presented.

3.1 Frequency Modulation Spectroscopy (FMS)
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Fig. 3-5.: Setup used for the generation of a beat signal. This beat signal is the result of a
nonlinear effect called Difference Frequency Generation, where a signal is created
with a frequency equal to the frequency difference of Laser 1 and Laser 2. The beat
signal was measured with a fast photo diode (FPD) connected to a RF spectrum
analyzer (Signal Hound BB60C).

The study of the beat signal will determine the short and long term frequency stability of
the laser. Laser 2 was locked using the D2 F = 3 → F 0 = 4 transition of 85 Rb. Laser 1 was
locked using the D2 F = 2 → F 0 = 3 transition of 87 Rb. Which is also a closed transition
with a week absorption spectrum. The resulting beat signal has a frequency of approximately
1GHz.
A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to analyze and record
the beat signal. The trace shown in Fig. 3-6 is the result of a sweep across a 100MHz
span starting at 1.025GHz and ending at 1.125GHz. Marker 1 is positioned in the peak
corresponding to the beat signal. The center frequency of the beat signal is displayed in
the Mkr dialog tag (1.075752GHz). After a peak analysis the Full Width at Half Maximum
(FWHM) equal to 389.88kHz was determined and incorporated into the plot.
Since Laser 1 and Laser 2 are assumed to be independent identical systems, the linewidth of
each laser corresponds to half of the linewidth of the beat signal. Accordingly, the linewidth
of the lasers is equal to 194.94kHz.
In order to determine the long term frequency stability of the lasers, the beat signal was recorded over a time period of 15 minutes with time steps of 0.07s between consecutive sweeps.
Fig. 3-7 shows the Allan Deviations σ(τ ) corresponding to five different measurements of
the beat signal trace. For an averaging time of τ = 1s the Allan Deviation is found to have
a value between 6,6 × 10−5 and 1,8 × 10−4 , which is equivalent to a frequency instability of
71kHz and 192kHz, respectively.
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Fig. 3-6.: Beat spectrum of the locked lasers with Frequency Modulation Spectroscopy as
the optical heterodyne technique in the frequency stabilization system. The beat
linewidth is 389.88kHz (FWHM, sweep time 30ms). Accordingly, the linewidth of
the stabilized lasers is 194.94kHz (assuming Lorentzian line shapes).
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Fig. 3-7.: Allan deviation σ(τ ) (fractional frequency instability) of the beat signal generated
with locked diode lasers stabilized via Frequency Modulation Spectroscopy. The
Allan Deviations of five different measurements at center frequency ν0 are shown.
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Fig. 3-8.: Experimental setup for Modulation Transfer Spectroscopy of system Laser 1 (left)
and system Laser 2 (right). A blue dashed box indicates the difference between
the two systems. In system Laser 2, the use of a third telescope (blue dashed
box) to reduce the diameter of the laser beam is necessary due to size restrictions
resulting from the crystal used in our self-made electro-optic modulator. Nevertheless, the absorption spectrum signal and the error signal are not affected by
that diameter reduction since the telescope placed after the EOM compensates
for the size reduction.

In this section, Modulation Transfer Spectroscopy (MTS) is introduced as the spectroscopy
technique to resolve the hyperfine structure of the rubidium atoms used as the atomic reference in the optical heterodyne technique for laser frequency stabilization. To characterize
and later on compare the frequency stability of the lasers locked with this technique, the
work done by McCarron et. al. [11] was used as main reference. The experimental setup used
for MTS of Laser 1 and Laser 2 is shown in Fig. 3-8.
The electronic part of the setup for Modulation Transfer Spectroscopy is identical to the
electronic part of the setup for the Frequency Modulation Spectroscopy technique. Please
refer to Sec. 3.1.1 for a detailed explanation of each of the steps tagged with numbers 1* to
6*.
For the optical part of the setup, steps 1, 2, 3, 4 and 5 are the same as the ones described
for the Frequency Modulation Spectroscopy technique. Please refer to Section 3.1.1 for a
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detailed description of them.
The crucial and defining process to obtain a spectrum via Modulation Transfer Spectroscopy
takes place in step 6. Here the modulated pump beam and the counter propagating nonmodulated probe beam have a nonlinear interaction (Four Wave Mixing) inside the rubidium
cell. This nonlinear interaction leads to a phase modulation of the non-modulated probe beam
equal to the phase modulation in the pump beam, hence its name ”Modulation Transfer”.
In other words, side-bands appear next to the carrier frequency of the probe beam with a
separation distance from the carrier equal to the modulation frequency ωm .

3.2.1.

Absorption spectrum signal and error signal obtained with
Modulation Transfer Spectroscopy

In order to properly compare all the techniques employed, the same systematic changes in
frequency modulation are performed in all the techniques under study. Following the structure of the previous section, Fig. 3-11 shows for each modulation frequency the corresponding
absorption spectrum signal and the error signal as a function of the Piezo voltage.
Two big differences stand out immediately between Frequency Modulation Spectroscopy
and Modulation Transfer Spectroscopy. The first one is the zero flat background in the error
signal of MTS. The second one is the big peak to peak amplitude of the error signal.
The absorption spectrum signals shown in the plots of Fig. 3-11 correspond to the absorption
lines of the 85 Rb D2 transition. It is interesting to notice that the transition under study (
F = 3 ← F = 4 transition) seems to be the only one producing a notorious error signal in
spite of its weak absorption spectrum signal.
The peak to peak amplitude of the error signal is directly affected by the modulation frequency. As the modulation frequency is increased from 4.1MHz to 5.7MHz, an increment on
the peak to peak amplitude is observed. However, this increase on the peak to peak amplitude does not persist through the plots. A decrease on the peak to peak amplitude is observed
at the modulation frequencies of 6.3MHz, 8.4MHz and 10MHz.
When selecting an error signal for a good frequency locking state of the laser, the peak to
peak amplitude is not the only factor into consideration. Its characteristic ideal shape should
also be taken into account. This is, a zero crossing at the desired lock point and a straight
steep slope connecting the following three points: the highest point of the error signal, the
zero crossing point of the error signal and the lowest point of the error signal. This ideal
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shape is the result of an overlap and partial cancellation of the upper and lower Lorentzian
peaks. As a short reminder, the lower Lorentzian peak is the result of the interaction between
the upper sideband and the rubidium atoms. The upper Lorentzian peak is the result of the
interaction between the lower sideband and the rubidium atoms.
A look into the 5.7MHz and 6.3MHz modulation frequency plots allows us to see that when
the modulation frequency is increased, the separation of the sidebands from the carrier
frequency increases and the partial cancellation of the upper and lower Lorentzian peaks
decreases. As a consequence, a straight line cannot connect the highest point, the zero
crossing point and the lowest point of the error signal. Therefore, modulation frequencies
above 5.7MHz lead to the generation of inconvenient error signals in feedback loops for laser
frequency stabilization.
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Fig. 3-11.: Modulation Transfer Spectroscopy. Absorption signal (blue) and error signal
(red) of a Doppler-free 85 Rb spectrum (D2 transitions). To generate these signals,
a scan over the laser frequency is necessary. To that end, the voltage applied to
the Piezo element placed inside the laser head is varied to change the cavity
length of the laser. Separate plots are shown for each modulation frequency
value used in the phase modulation of the pump beam.

3.2.2.

Short and long term frequency stability determination MTS

After the functional dependency analysis of the error signal on the frequency modulation, a
value of ωm =5.1MHz was concluded to be the most appropriate to generate a good error
signal for the feedback control loop in the laser frequency locking system. This conclusion
was reached based on its big peak to peak amplitude, well defined and appropriate shape
for laser locking, as well as a steep slope and clear zero crossing for the D2 F = 3 → F 0 = 4
transition of 85 Rb.
In order to determine the short and long term frequency stability of the laser locked with this
technique, the same procedure as in the previous technique was used. Here a brief description
of the procedure is given, for more details please refer to Section 3.1.3. A ProportionalIntegral-Derivative (PID) controller continuously reads the generated error signal and by
comparison with the desired locking point (closed D2 F = 3 → F 0 = 4 transition of 85 Rb,
i.e. zero crossing point of the error signal) an appropriate feedback signal is generated to
drive the piezo voltage of the laser (which determines the laser’s frequency). This control
loop is done with the help of a digital controller (Toptica DLC pro) in system Laser 2; and
for system Laser 1 a fast analog linewidth controller (Toptica FALC 110) was used.

3.2 Modulation Transfer Spectroscopy (MTS)
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Fig. 3-12.: Beat spectrum of the locked lasers with Modulation Transfer Spectroscopy as
the optical heterodyne technique in the frequency stabilization system. The beat
linewidth is 807.14kHz (FWHM, sweep time 14ms). Accordingly, the linewidth
of the stabilized lasers is 403.57kHz (assuming Lorentzian line shapes).

To determine the short and long term frequency stability of the lasers, the beat signal method
was used. The setup employed to obtain the beat signal of lasers 1 and 2 is shown in Fig. 3-5.
Please refer to Section 3.1.4 for a detailed explanation of the creation of the beat signal.
Laser 2 was locked using the D2 F = 3 → F 0 = 4 transition of 85 Rb. Laser 1 was locked
using the D2 F = 2 → F 0 = 3 transition of 87 Rb. The resulting beat signal has a frequency
of approximately 1GHz.
A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to analyze and record
the beat signal. The trace shown in Fig. 3-12 is the result of a sweep across a 200MHz
span starting at 963.16MHz and ending at 1.163GHz. Marker 1 displays the frequency and
amplitude values corresponding to the beat signal. After a peak analysis the Full Width at
Half Maximum (FWHM) was determined to be 807.14kHz for an acquisition time equal to
14ms. This value was incorporated into the plot as well.
Since Laser 1 and Laser 2 are assumed to be identical independent systems, the linewidth
of each laser corresponds to half the linewidth of the beat signal. Accordingly, the linewidth
of the laser is equal to 403.57kHz. In order to determine the long term frequency stability of
the lasers, the beat signal was recorded over a time period of 15 minutes with time steps of
0.07s between consecutive sweeps. Fig. 3-13 shows the Allan Deviations σ(τ ) corresponding
to five different measurements of the beat signal trace. For an averaging time of τ = 1s the
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Allan Deviation
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Fig. 3-13.: Allan deviation of the beat signal generated with locked diode lasers stabilized
via Modulation Transfer Spectroscopy. Five Allan Deviation traces are shown
for five different measurements.

Allan Deviation is found to have a value between 1,45 × 10−4 and 3,44 × 10−4 , which is
equivalent to a frequency instability of 162kHz and 385kHz, respectively.
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Fig. 3-14.: Experimental setup for Hybrid Spectroscopy of system Laser 1 (left) and system
Laser 2 (right). A blue dashed box indicates the difference between the two systems. In system Laser 2, the use of a third telescope (blue dashed box) to reduce
the diameter of the laser beam is necessary due to size restrictions resulting from
the crystal used in our self-made electro-optic modulator. Nevertheless, the absorption spectrum signal and the error signal are not affected by that diameter
reduction since the telescope placed after the EOM compensates for the size
reduction.

In this section, Hybrid Spectroscopy is introduced as the spectroscopy technique to resolve
the hyperfine structure of the rubidium atoms used as the atomic reference in the optical
heterodyne technique for laser frequency stabilization. To characterize and later on compare
the frequency stability of the lasers locked with this technique, the work done by Fei Zi et.
al. [20] was used as main reference.
For this technique, the error signal created with Modulation Transfer Spectroscopy is combined with the error signal created with Frequency Modulation Spectroscopy, to generate an
improved error signal.
The experimental setup used for Hybrid Spectroscopy of Laser 1 and Laser 2 is shown in
Fig. 3-14. As it can be seen, the optical and electronic setups for MTS and FMS do not
need to be altered to generate this new error signal. The similarity between both systems
allows to measure both techniques at the same time with the same optical system.
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A detailed description of each of the techniques and their setups is found in Section 3.1 for
Frequency Modulation Spectroscopy and in Section 3.2 for Modulation Transfer Spectroscopy.
After both error signals are obtained, the FMS signal was AC-coupled with a 2µF and the
MTS signal was DC-coupled with a 10kΩ resistor. The AC-coupling of the FMS signal filters
out the DC component that acts as a voltage offset leading to an increase in resolution of the
signal. The DC-coupling of the MTS signal allows the AC and the DC signal to go through
the connection. This type of AC and DC coupling of the FMS and MTS error signals, allowed
to keep the flat background of MTS and the high signal to noise ratio of FMS.

3.3.1.

Absorption spectrum signal and error signal obtained with
Hybrid Spectroscopy

As it was mentioned before, in order to properly compare all the techniques employed,
the same systematic changes in frequency modulation are performed in all the techniques
under study. Fig. 3-17 shows for each modulation frequency, the corresponding absorption
spectrum signal and the error signal as a function of the piezo voltage. The absorption
spectrum signals shown in the plots correspond to the absorption lines of the 85 Rb D2
transition.
By a direct comparison of the plots in Fig. 3-4 and the plots in Fig. 3-17, it can be seen that
the peak to peak amplitudes of the strong D2 transitions in 85 Rb were not amplified, due to
the DC-coupling of the MTS signal. It is also observed that for the transition under study
(F = 3 → F 0 = 4), the Hybrid error signal shows a big peak to peak amplitude, which is a
consistent result if we take into account the big peak to peak amplitude of the error signal
displayed in Fig. 3-11.
The peak to peak amplitude of the error signal is directly affected by the modulation frequency. Contrary to the previous techniques (FMS and MTS), continuous increments in the
modulation frequency show a continuous increment on the peak to peak amplitude of the
error signal for the D2 85 Rb F = 3 → F 0 = 4 transition.
Deviations from the characteristic ideal error signal shape are only observed for modulation
frequencies equal to 7.8MHz and 14.7MHz. For the remaining frequencies, a steep slope and
a well defined zero crossing in the closed desired atomic transition of the error signal is
observed.

3.3 Hybrid Spectroscopy Technique (Hybrid)
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Fig. 3-17.: Hybrid Spectroscopy Technique. Absorption signal (blue) and error signal (red)
of a Doppler-free 85 Rb spectrum (D2 transitions). To generate these signals, a
scan over the laser frequency is necessary. To that end, the voltage applied to the
Piezo element placed inside the laser head is varied to change the cavity length
of the laser. Separate plots are shown for each modulation frequency value used
in the phase modulation of the pump beam.

After the functional dependency analysis of the error signal on the frequency modulation,
a value of ωm =10.8MHz was concluded to be the most appropriate to generate a good
error signal for the feedback control loop in the frequency locking system of the laser. This
conclusion was based on its big peak to peak amplitude, the well defined and appropriate
shape for laser locking, as well as a steep slope and clear zero crossing for the D2 F = 3 →
F 0 = 4 transition of 85 Rb.

3.3.2.

Short and long term frequency stability determination

In order to determine the short and long term frequency stability of the laser locked with
this technique, the same procedure as in the previous techniques was used. Please refer to
Section 3.2.2 for a short description of the procedure, or to Section 3.1.3 for a more detailed
description.
The setup employed to obtain the Hybrid beat signal of lasers 1 and 2 is shown in Fig. 3-5.
Please refer to Section 3.1.4 for a detailed explanation of the creation of the beat signal. Laser
2 was locked using the D2 F = 3 → F 0 = 4 transition of 85 Rb. Laser 1 was locked using the
D2 F = 2 → F 0 = 3 transition of 87 Rb. With a resulting beat signal of approximately 1GHz.
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A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to analyze and record
the beat signal. The trace shown in Fig. 3-18 is the result of a sweep across a 200MHz
span starting at 1.015 GHz and ending at 1.215GHz. Marker 1 displays the frequency and
amplitude values corresponding to the beat signal. After a peak analysis the beat linewidth
(FWHM) was determined to be 365.9kHz for an acquisition time equal to 29ms. This value
was incorporated into the plot.
Since Laser 1 and Laser 2 are assumed to be identical independent systems, the linewidth
of each laser corresponds to half the linewidth of the beat signal. Accordingly, the linewidth
of the laser is equal to 178.45kHz.

Fig. 3-18.: Beat spectrum of the locked lasers with Hybrid Spectroscopy as the optical heterodyne technique in the frequency stabilization system. The beat linewidth is
356.9kHz (FWHM, sweep time 29ms). Accordingly, the linewidth of the stabilized lasers is 178.45kHz (assuming Lorentzian line shapes).

In order to determine the long term frequency stability of the lasers, the beat signal was recorded over a time period of 15 minutes with time steps of 0.07s between consecutive sweeps.
Fig. 3-19 shows the Allan Deviations σ(τ ) corresponding to five different measurements of
the beat signal trace. For an averaging time of τ = 1s the Allan Deviation is found to have

3.4 Pump-probe Spectroscopy techniques under the influence of a Magnetic field
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Allan Deviation

a value between 1,22 × 10−4 and 3,43 × 10−4 , which is equivalent to a frequency instability
of 138kHz and 393kHz, respectively.
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Fig. 3-19.: Allan deviation of the beat signal generated with locked diode lasers stabilized
via Hybrid Spectroscopy Technique. Five Allan Deviation traces are shown for
five different measurements.

3.4.

Pump-probe Spectroscopy techniques under the
influence of a Magnetic field

For the remaining three optical heterodyne techniques under study, a magnetic field inside
the rubidium cell was applied. The resulting changes in absorption spectrum signal, error
signal and frequency stability are described and analyzed in the following sections. The
magnetic field created inside the rubidium cell is the result of a current applied through a
solenoid positioned around the rubidium cell. The average value of the magnetic field was
measured with the help of a Teslameter (FM210T).
The magnetic fields considered for this analysis were varied in a range from 0.047mT to
0.53mT in the system of Laser 1; and in a range from 0.05mT to 0.563mT in the system
of Laser 2. In order to properly compare each of the techniques under study, the same
systematic changes in magnetic field strength were applied in all techniques.
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3.5.

Frequency Modulation Spectroscopy under the
influence of a Magnetic Field
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Fig. 3-20.: Experimental setup for Frequency Modulation Spectroscopy under the influence
of a magnetic field of system Laser 1 (left) and system Laser 2 (right). A blue
dashed box indicates the difference between the two systems. In system Laser
2, the use of a third telescope (blue dashed box) to reduce the diameter of the
laser beam is necessary due to size restrictions resulting from the crystal used
in our self-made electro-optic modulator. Nevertheless, the absorption spectrum
signal and the error signal are not affected by that diameter reduction since the
telescope placed after the EOM compensates for the size reduction.

In this section, Frequency Modulation Spectroscopy under the influence of a magnetic field
(BFMS) is introduced as the spectroscopy technique to resolve the hyperfine structure of the
rubidium atoms used as the atomic reference in the optical heterodyne technique for laser
frequency stabilization. To characterize and later on compare the frequency stability of the
lasers locked with this technique, the results obtained by Vladimirova et. al. [19] of the D1
line of 87 Rb were used as reference, since similar Zeeman effects for the D2 87 Rb and the D2
85
Rb transitions were expected.
The experimental setup for Frequency Modulation Spectroscopy under the influence of a
magnetic field for Laser 1 and Laser 2 is shown in Fig. 3-20. The optical experimental setup
used for Frequency Modulation Spectroscopy with the influence of a magnetic field of Laser
1 and Laser 2 is the same as the one shown in Fig. 3-1 except for one modification: a coil
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around the Rubidium cell was incorporated to generate a magnetic field B. By changing the
current applied to the coil, the magnetic field is varied. The electronic setup is identical to
the electronic setup used in FMS. Please refer to Section 3.1.1 for a detailed description of
the optical and electronic setups employed.
A systematic analysis of the functional dependency of the absorption spectrum signal and the
error signal for changes in the magnetic field, was performed. In order to properly compare
all the techniques employed, the same systematic changes in the magnetic field are performed
for all the techniques under study.
The same power supply was used to provide the current for the solenoids in system Laser 1
and system Laser 2. Thus, when the current is fixed, differences in the solenoids employed on
each of the systems lead to the generation of slightly different magnetic fields in the setups
for Laser 1 and Laser 2. Nevertheless, the systematic study in absorption and error signals
for each of the atomic transitions under the influence of an increasing magnetic field followed
the same guidelines.

3.5.1.

Absorption spectrum signal and error signal obtained with
Frequency Modulation Spectroscopy under the influence of a
Magnetic Field

Fig. 3-21 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 87 Rb as a function of the Piezo
voltage. A modulation frequency of 3.79MHz was employed for phase modulation of the
probe beam. As a short reminder, the transition under study is the F = 2 → F 0 = 3
transition and the following description is valid only for that transition. Increments in the
magnetic field strength lead to an increment in the peak to peak amplitude of the error
signal. Those increments in the magnetic field strength lead to minimal deviations from the
ideal characteristic shape of the error signal used in feedback controllers for laser frequency
stabilization.
Fig. 3-22 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 85 Rb as a function of the Piezo
voltage. A modulation frequency of 7.8MHz was employed for phase modulation of the probe
beam. As a short reminder, the transition under study is the F = 3 → F 0 = 4 transition,
and the following description is valid only for that transition. An improvement in the error
signal shape is observed when the magnetic field is increased. Since a straight line connecting
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the highest point, the lowest point and the zero crossing point of the error signal appears.
A magnetic field of 0.108mT displays the highest peak to peak amplitude and steep slope
among the values under study. Changes in the absorption spectrum signal are also observed
during the variation of the magnetic field strength due to resonance splits resulting from
Zeeman effects.

3.5 Frequency Modulation Spectroscopy under the influence of a Magnetic Field
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Fig. 3-21.: Frequency Modulation Spectroscopy under the influence of a Magnetic Field.
Absorption signal (blue) and error signal (red) of a Doppler-free 87 Rb spectrum
(D2 transitions). To generate these signals, a scan over the laser frequency is
necessary. To that end, the voltage applied to the Piezo element placed inside
the laser head is varied to change the cavity length of the laser. Separate plots
are shown for different magnetic field strength values.
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Fig. 3-22.: Frequency Modulation Spectroscopy under the influence of a Magnetic Field.
Absorption signal (blue) and error signal (red) of a Doppler-free 85 Rb spectrum
(D2 transitions). To generate these signals, a scan over the laser frequency is
necessary. To that end, the voltage applied to the Piezo element placed inside
the laser head is varied to change the cavity length of the laser. Separate plots
are shown for different magnetic field strength values.
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Short and long term frequency stability determination

A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to analyze and record
the beat signals generated with Laser 1 and Laser 2. Fig. 3-25 shows the traces obtained
for the beat signals generated with different values on the magnetic field strength inside the
rubidium cell. Each of the sweeps were done across a 200MHz span. The starting and stop
points are specified for every trace in the plot.
The beat signals generated under the influence of magnetic fields going from 0.065mT to
0.323mT (Fig. 3-25 (b) to (e)) show a broad spectral width which indicates high frequency
noise coming from the lasers. As the magnetic field applied to the systems increases, the
linewidth of the beat signal decreases. For a magnetic field of 0.5mT introduced in the
systems, the generated beat signal shows a peak with a Lorentzian shape. The peak analysis
of this beat resolved a linewidth (FWHM) of 1MHz for an acquisition time equal to 21ms.
Among all the configurations, the beat signal generated with Laser 1 under the influence of a
0.047mT and Laser 2 under the influence of a 0.054mT, showed the best short-term stability
with a linewidth equal to 689.15kHz for an acquisition time equal to 29ms.
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(a) Beat spectrum of the locked lasers with BFMS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.047mT and system Laser 2 is under the influence of a magnetic field equal to 0.054mT. The beat
linewidth is 689.15kHz (FWHM, sweep time 30ms). Accordingly, the linewidth of the stabilized
lasers is 344.57kHz (assuming Lorentzian line shapes).

(b) Beat spectrum of the locked lasers with BFMS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.097mT and system Laser 2 is under the influence of a magnetic field equal to 0.065mT. A broad
spectral width is observed, which indicates high frequency noise coming from the lasers. The sweep
was done across a 200MHz span (sweep time 35ms).
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(c) Beat spectrum of the locked lasers with BFMS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.149mT and system Laser 2 is under the influence of a magnetic field equal to 0.108mT. A broad
spectral width is observed, which indicates high frequency noise coming from the lasers. The sweep
was done across a 200MHz span (sweep time 29ms).

(d) Beat spectrum of the locked lasers with BFMS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.217mT and system Laser 2 is under the influence of a magnetic field equal to 0.185mT. A broad
spectral width is observed, which indicates high frequency noise coming from the lasers. The sweep
was done across a 200MHz span (sweep time 33ms).
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(e) Beat spectrum of the locked lasers with BFMS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.315mT and system Laser 2 is under the influence of a magnetic field equal to 0.323mT. A broad
spectral width is observed, which indicates high frequency noise coming from the lasers. The sweep
was done across a 200MHz span (sweep time 32ms).

(f) Beat spectrum of the locked lasers with BFMS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.530mT and system Laser 2 is under the influence of a magnetic field equal to 0.563mT. The beat
linewidth is 1.003MHz (FWHM, sweep time 21ms). Accordingly, the linewidth of the stabilized
lasers is 501.65kHz (assuming Lorentzian line shapes).

Fig. 3-25.: Frequency Modulation Spectroscopy under the influence of a Magnetic Field.
Spectrum traces obtained for the beat signals generated with different values on
the magnetic field strength.

The chosen configuration to determine the long term frequency stability of the lasers was:
system Laser 1 under the influence of a magnetic field equal to 0.149mT and system Laser 2
under the influence of a magnetic field equal to 0.108mT, since this configuration exhibited
the best error signal shape for laser frequency stabilization in a control loop. The beat
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signal was recorded over a time period of 15 minutes with time steps of 0.07s between
consecutive sweeps. Fig. 3-26 shows the Allan Deviations σ(τ ) corresponding to five different
measurements of the beat signal trace obtained with the same configuration of the laser
systems. For an averaging time of τ = 1s the Allan Deviation is found to have a value
between 1,95 × 10−4 and 3,56 × 10−4 , which is equivalent to a frequency instability of 223kHz
and 404kHz, respectively.
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Fig. 3-26.: Allan deviation of the beat signal generated with locked diode lasers stabilized
via Frequency Modulation Spectroscopy under the influence of a magnetic field.
Allan Deviation traces for five different measurements are shown.
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Modulation Transfer Spectroscopy under the
influence of a Magnetic Field (BMTS)

6*

6*

5*

PID

}

PID

4*

5*

}

3.6.

3*

4*

PS

2*

5

3*
PS

2*

2

EOM

5

4

4

MTS
Rb cell

MTS
Rb cell

6

B

3

FC

Laser 1

2
1

2

EOM

2

2

6

B

3

FC

Laser 2

2

2
1

2

Fig. 3-27.: Experimental setup for Modulation Transfer Spectroscopy under the influence
of a magnetic field of system Laser 1 (left) and system Laser 2 (right). A blue
dashed box indicates the difference between the two systems. In system Laser
2, the use of a third telescope (blue dashed box) to reduce the diameter of the
laser beam is necessary due to size restrictions resulting from the crystal used
in our self-made electro-optic modulator. Nevertheless, the absorption spectrum
signal and the error signal are not affected by that diameter reduction since the
telescope placed after the EOM compensates for the size reduction.

In this section, Modulation Transfer Spectroscopy under the influence of a Magnetic Field
(BMTS) is introduced as the spectroscopy technique to resolve the hyperfine structure of the
rubidium atoms used as the atomic reference in the optical heterodyne technique for laser
frequency stabilization. To characterize and later on compare the frequency stability of the
lasers locked with this technique, the work done by Jin-Bao Long et. al. [8] on Magneticenhanced modulation transfer spectroscopy and laser locking for 87 Rb repump transition,
was used as the main reference.
The experimental setup for Modulation Transfer Spectroscopy under the influence of a magnetic field for Laser 1 and Laser 2 is shown in Fig. 3-27. The optical experimental setup
used for MTS with the influence of a magnetic field of Laser 1 and Laser 2 is the same
as the one shown in Fig. 3-8 except for one modification: a solenoid around the rubidium
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cell was incorporated to generate a magnetic field B. By changing the current applied to
the solenoid, the magnetic field is varied. The electronic setup is identical to the electronic
setup used in MTS. Please refer to Section 3.2 for a detailed description of the optical and
electronic setups employed.

3.6.1.

Absorption spectrum signal and error signal obtained with
Modulation Transfer Spectroscopy under the influence of a
Magnetic Field

A systematic analysis of the functional dependency of the absorption spectrum signal and
the error signal for different magnetic fields was performed. As stated above, in order to
properly compare all the techniques employed, the same systematic changes in the magnetic
field are performed for all the techniques under study.
The same power supply was used to provide the current for the solenoids in system Laser 1
and system Laser 2. Thus, when the current is fixed, differences in the solenoids employed
on each of the systems lead to the generation of slightly different magnetic fields in the
setups for Laser 1 and Laser 2. Nevertheless, the systematic study in absorption and error
signals for each of the atomic transitions under the influence of an increasing magnetic field,
followed the same guidelines.
Fig. 3-28 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal as a function of the piezo voltage, in the D2 transitions
of 87 Rb. A modulation frequency of 3.34MHz was employed for phase modulation of the
pump beam. As a short reminder, the transition under study is the F = 2 → F 0 = 3
transition, and the following description is valid only for that transition. Increments up to
0.097mT of the magnetic field lead to an increase in the peak to peak amplitude of the error
signal. After that point, increments of the magnetic field lead to a decrease in the peak to
peak amplitude of the error signal, showing a minimum value for a magnetic field equal to
0.530mT. Deviations from the ideal characteristic shape of the error signal were observed for
magnetic field strengths of 0.149mT and 0.217mT. Here, the upper and lower contributions
of the Lorentzian peaks, generated with the interactions of the lower and upper sidebands of
the transfer-modulated probe beam and the rubidium atoms, are uneven. The characteristic
feature of a flat zero backgroung is preserved despite the presence of a magnetic field.
Fig. 3-29 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 85 Rb as a function of the Piezo
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voltage. A modulation frequency of 5.1MHz was employed for phase modulation of the pump
beam. As a short reminder, the transition under study is the F = 3 → F 0 = 4 transition
and the following description is valid only for that transition.
Increments in the magnetic field strength inside the rubidium cell lead to a decrease in the
peak to peak amplitude of the error signal, showing a minimum value for a magnetic field
equal to 0.563mT. In comparison with the D2 F = 2 → F 0 = 3 transition of 87 Rb, substantial
deviations from the ideal characteristic shape of the error signal were observed for increments
in the magnetic field strengths on the D2 F = 3 → F 0 = 4 transition of 85 Rb.
The most appropriate error signal for laser frequency stablity in a control loop was generated
with a magnetic field of 0.054mT inside the rubidium cell. The characteristic feature of a
flat zero backgroung is preserved despite the presence of the magnetic field. Changes in
the absorption spectrum signal are also observed during the variation of the magnetic field
strength inside the rubidium cell due to resonance splits resulting from Zeeman effects.
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Fig. 3-28.: Modulation Transfer Spectroscopy under the influence of a magnetic field. Absorption signal (blue) and error signal (red) of a Doppler-free 87 Rb spectrum
(D2 transitions). To generate these signals, a scan over the laser frequency is
necessary. To that end, the voltage applied to the Piezo element placed inside
the laser head is varied to change the cavity length of the laser. Separate plots
are shown for different magnetic field strength values.
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Fig. 3-29.: Modulation Transfer Spectroscopy under the influence of a magnetic field. Absorption signal (blue) and error signal (red) of a Doppler-free 85 Rb spectrum
(D2 transitions). To generate these signals, a scan over the laser frequency is
necessary. To that end, the voltage applied to the Piezo element placed inside
the laser head is varied to change the cavity length of the laser. Separate plots
are shown for different magnetic field strength values.
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3.6.2.

Short and long term frequency stability determination

A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to record and analyze
the beat signals generated with Laser 1 and Laser 2. Fig. 3-32 shows the traces obtained
for the beat signals generated with different values of the magnetic field strength inside the
rubidium cell. The sweeps were done across a 200MHz span and the starting and stop points
are specified for every trace in the plot. There is not a lineal dependency of the beat signal
linewidth with the strength of the magnetic field applied to the systems.
The lowest values of magnetic field strength introduced to the systems (0.047mT in Laser
1 and 0.054mT in Laser 2) exhibited the lowest values in linewidth (FWHM) for the beat
signal (595.05kHz for an acquisition time of 29ms). The highest values in linewidth (FWHM)
for the beat signal (834.61kHz for an acquisition time of 17ms), were acquired with magnetic
field strengths of 0.149mT in Laser 1 and 0.108mT in Laser 2.
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(a) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.047mT and system Laser 2 is under the influence of a magnetic field equal to 0.054mT. The beat
linewidth is 595.05kHz (FWHM, sweep time 29ms). Accordingly, the linewidth of the stabilized
lasers is 297.52kHz (assuming Lorentzian line shapes).

(b) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.097mT and system Laser 2 is under the influence of a magnetic field equal to 0.065mT. The beat
linewidth is 767.97kHz (FWHM, sweep time 29ms). Accordingly, the linewidth of the stabilized
lasers is 383.98kHz (assuming Lorentzian line shapes).
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(c) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.149mT and system Laser 2 is under the influence of a magnetic field equal to 0.108mT. The beat
linewidth is 834.61kHz (FWHM, sweep time 17ms). Accordingly, the linewidth of the stabilized
lasers is 417.30kHz (assuming Lorentzian line shapes).

(d) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.217mT and system Laser 2 is under the influence of a magnetic field equal to 0.185mT. The beat
linewidth is 680.31kHz (FWHM, sweep time 14ms). Accordingly, the linewidth of the stabilized
lasers is 340.15kHz (assuming Lorentzian line shapes).
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(e) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.315mT and system Laser 2 is under the influence of a magnetic field equal to 0.323mT. The beat
linewidth is 742.18kHz (FWHM, sweep time 29ms). Accordingly, the linewidth of the stabilized
lasers is 371.09kHz (assuming Lorentzian line shapes).

(f) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal to
0.530mT and system Laser 2 is under the influence of a magnetic field equal to 0.563mT. The beat
linewidth is 641.57kHz (FWHM, sweep time 29ms). Accordingly, the linewidth of the stabilized
lasers is 320.78kHz (assuming Lorentzian line shapes).

Fig. 3-32.: Modulation Transfer Spectroscopy under the influence of a Magnetic Field. Spectrum traces obtained for the beat signals generated with different values on the
magnetic field strength.
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With the intention to determine the long term frequency stability of the lasers, the Allan
Deviation of the generated beat signal is shown in Fig. 3-33. The configuration chosen for
this measurement was: Laser 1 under the influence of a 0.047mT magnetic field and Laser
2 under the influence of a 0.054mT magnetic field. Since this configuration exhibited the
best error signal shape for laser frequency stabilization in a control loop. The beat signal
was recorded over a time period of 15 minutes, with time steps of 0.07s between consecutive
sweeps. Fig. 3-33 shows Allan Deviations σ(τ ) of five recorded measurements of the beat
signal trace obtained with the same configuration of the laser systems.
For an averaging time of τ = 1s the Allan Deviation is found to have a value between
1,44 × 10−4 to 2,35 × 10−4 , which corresponds to a frequency deviation of 162.5kHz and
264.8kHz respectively.
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Fig. 3-33.: Allan deviation of the beat signal generated with locked diode lasers stabilized
via Modulation Transfer Spectroscopy under the influence of a magnetic field.
The Allan Deviation traces are shown for five different measurements.
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3.7.

Hybrid Spectroscopy Technique with a Magnetic
Field implementation (BHybrid)
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Fig. 3-34.: Experimental setup for Hybrid Spectroscopy with a magnetic field implementation in system Laser 1 (left) and system Laser 2 (right). A blue dashed box
indicates the difference between the two systems. In system Laser 2, the use of
a third telescope (blue dashed box) to reduce the diameter of the laser beam
is necessary due to size restrictions resulting from the crystal used in our selfmade electro-optic modulator. Nevertheless, the absorption spectrum signal and
the error signal are not affected by that diameter reduction since the telescope
placed after the EOM compensates for the size reduction.

The main goal of this work is the enhancement of the frequency stability of a diode laser
locked with an optical heterodyne technique. To this end, a novel proposal was developed
and tested. The frequency stability enhancement was expected to be achieved by the implementation of a magnetic field inside the rubidium cells used in the laser locking systems of
the Hybrid technique. I reached this conclusion based on the work done by Fei Zi et. al. [20]
on Laser frequency stabilization by combining modulation transfer and frequency modulation spectroscopy; and on the work done by Jin-Bao Long et. al. [8] on Magnetic-enhanced
modulation transfer spectroscopy and laser locking for 87 Rb repump transition.
The experimental setup for Hybrid Spectroscopy under the influence of a magnetic field for
Laser 1 and Laser 2 is shown in Fig. 3-34. This experimental setup is the same as the one
shown in Fig. 3-14 except for one modification: a solenoid around the Rubidium cell was
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incorporated to generate a magnetic field B. By changing the current applied to the solenoid,
the magnetic field is varied. The electronic setup is identical to the electronic setup used for
the Hybrid Spectroscopy Technique. Please refer to Section 3.3 for a detailed description of
the optical and electronic setups employed.
The idea of this technique is the following:
generate an enhanced Modulation Transfer Spectroscopy error signal by the implementation of a magnetic field inside the rubidium cell (B-MTS)
generate an enhanced Frequency Modulation Spectroscopy error signal by the implementation of a magnetic field inside the rubidium cell (B-FMS)
combine the generated enhanced error signals to create a new error signal with expected
higher short and long term frequency stability states.
To this end, the B-FMS signal was AC-coupled with a 2µF and the B-MTS signal was
DC-coupled with a 10kΩ resistor. The AC-coupling of the FMS signal filters out the DC
component that acts as a voltage offset, leading to an increase in resolution of the signal.
The DC-coupling of the MTS signal allows the AC and the DC signal to go through the
connection. This type of AC and DC coupling of the B-FMS and B-MTS error signals,
allowed to keep the flat background of B-MTS and the high signal to noise ratio of B-FMS.
The functional dependency in modulation frequency of the absorption spectrum signal and
the error signal, as well as the functional dependency in magnetic field strength of the
absorption spectrum signal and the error signal were analyzed. In consequence, the same
systematic changes in the magnetic field strength were performed for different values in
modulation frequency.
The same power supply was used to provide the current for the solenoids in system Laser 1
and system Laser 2. Thus, when the current is fixed, differences in the solenoids employed on
each of the systems lead to the generation of slightly different magnetic fields in the setups
for Laser 1 and Laser 2. Nevertheless, the systematic study in absorption and error signals
for each of the atomic transitions under the influence of an increasing magnetic field followed
the same guidelines.
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3 Results and discussion

5.7MHz modulation frequency

Fig. 3-35 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 85 Rb as a function of the Piezo
voltage. A modulation frequency of 5.7MHz was used for the phase modulation of the pump
beam. The transition under study is the F = 3 → F 0 = 4 transition, and the following
description is valid only for that transition.
Increasing the magnetic field strength up to 0.108mT inside the rubidium cell leads to an
increase in the peak to peak amplitude of the error signal. Further increments in the magnetic
field lead to a decrease in the peak to peak amplitude of the error signal, showing a minimum
value at 0.563mT. Strong deviations from the ideal characteristic shape of the error signal
were also observed for this magnetic field.
Deviations from the characteristic ideal error signal shape are only observed for magnetic field
strengths higher than 0.185mT. For the remaining frequencies, a big peak to peak amplitude,
a steep slope and a well defined zero crossing in the closed desired atomic transition of the
error signal is observed.
Changes in the absorption spectrum signal are also observed during the variation of the
magnetic field strength inside the rubidium cell due to resonance splits resulting from Zeeman
effects.
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Fig. 3-35.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Absorption signal (blue) and error signal (red) of a Doppler-free 85 Rb spectrum (D2
transitions). To generate these signals, a scan over the laser frequency is necessary. To that end, the voltage applied to the Piezo element placed inside the
laser head is varied to change the cavity length of the laser. Separate plots are
shown for different magnetic field strength values. A modulation frequency value
of 5.7MHz was used for phase modulation of the pump beam.
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In order to determine the short and long term frequency stability of the laser, the beat signal
generated with two independent non-correlated identical laser systems (system Laser 1 and
system Laser 2 of Fig. 3-34) was analyzed. To this end, the setup shown in Fig. 3-5 was
employed. Please refer to Section 3.1.4 for a detailed explanation concerning the creation of
the beat signal. The systems are named Laser 1 and Laser 2. Laser 2 was locked using the
D2 F = 3 → F 0 = 4 transition of 85 Rb. Laser 1 was locked using the D2 F = 2 → F 0 = 3
transition of 87 Rb. The resulting beat signal has a frequency value of approximately 1GHz.
A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to analyze and record
the beat signals generated with Laser 1 and Laser 2. Fig. 3-38 shows the traces obtained
for the beat signals generated with different values on the magnetic field strength inside the
rubidium cell. The sweeps were done across a 100MHz span, and the starting and stop points
are specified for every trace in the plot.
A small spectral width is observed, which is an indication of low frequency noise coming from
the lasers. There is not a linear dependency of the beat signal linewidth with the strength of
the magnetic field applied to the systems. Instead, an oscillation of the beat signal linewidth
between 233.8kHz to 457.88kHz is observed. These values correspond to systems with the
following configuration: 0.097mT in Laser 1 and 0.065mT in Laser 2, and for the system
0.149mT in Laser 1 and 0.108mT in Laser 2, respectively.
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(a) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.047mT and system Laser 2 is under the influence of a magnetic field equal to 0.054mT. A
modulation frequency of 5.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 374.57kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 187.28kHz (assuming Lorentzian line shapes).

(b) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.097mT and system Laser 2 is under the influence of a magnetic field equal to 0.065mT. A
modulation frequency of 5.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 233.8kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized lasers
is 116.9kHz (assuming Lorentzian line shapes).
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(c) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.149mT and system Laser 2 is under the influence of a magnetic field equal to 0.108mT. A
modulation frequency of 5.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 457.88kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 228.94kHz (assuming Lorentzian line shapes).

(d) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.217mT and system Laser 2 is under the influence of a magnetic field equal to 0.185mT. A
modulation frequency of 5.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 442.72kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 221.36kHz (assuming Lorentzian line shapes).
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(e) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.315mT and system Laser 2 is under the influence of a magnetic field equal to 0.323mT. A
modulation frequency of 5.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 358.78kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 179.39kHz (assuming Lorentzian line shapes).

(f) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.530mT and system Laser 2 is under the influence of a magnetic field equal to 0.563mT. A
modulation frequency of 5.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 402.87kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 201.43kHz (assuming Lorentzian line shapes).

Fig. 3-38.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Spectrum traces obtained for the beat signals generated with different values on the
magnetic field strength. A modulation frequency of 5.7MHz was used for the
phase modulation of the pump beam.
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3 Results and discussion

7.8MHz modulation frequency

Fig. 3-39 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 85 Rb as a function of the
Piezo voltage. A modulation frequency of 7.8MHz was employed for phase modulation of the
pump beam. The transition under study is the F = 3 → F 0 = 4 transition, and the following
description is valid only for that transition.
A big peak to peak amplitude and a steep slope of the error signal is observed. Nevertheless,
strong deviations from the characteristic ideal error signal shape are observed for increments
in the magnetic field strength inside the rubidium cell. Changes in the absorption spectrum signal are also observed during the variation of the magnetic field strength inside the
rubidium cell due to resonance splits resulting from Zeeman effects.
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Fig. 3-39.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Absorption signal (blue) and error signal (red) of a Doppler-free 85 Rb spectrum (D2
transitions). To generate these signals, a scan over the laser frequency is necessary. To that end, the voltage applied to the Piezo element placed inside the
laser head is varied to change the cavity length of the laser. Separate plots are
shown for different magnetic field strength values. A modulation frequency value
of 7.8MHz was used for phase modulation of the pump beam.
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In order to determine the short and long term frequency stability of the laser, the beat signal
generated with two independent identical laser systems (system Laser 1 and system Laser 2
of Fig. 3-34) was analyzed. To this end, the setup shown in Fig. 3-5 was employed. Please
refer to Section 3.1.4 for a detailed explanation concerning the creation of the beat signal.
The systems are named Laser 1 and Laser 2. Laser 2 was locked using the D2 F = 3 → F 0 = 4
transition of 85 Rb. Laser 1 was locked using the D2 F = 2 → F 0 = 3 transition of 87 Rb. The
resulting beat signal has a frequency value of approximately 1GHz.
A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to analyze and record
the beat signals generated with Laser 1 and Laser 2. Fig. 3-42 shows the traces obtained
for the beat signals generated with different values on the magnetic field strength inside the
rubidium cell. The sweeps were done across a 100MHz span, and the starting and stop points
are specified for every trace in the plot, as well as the sweep time.
A small spectral width is observed, which is an indication of low frequency noise coming from
the lasers. There is not a linear dependency of the beat signal linewidth with the strength of
the magnetic field applied to the systems. Instead, an oscillation of the beat signal linewidth
between 15.14kHz to 451.31kHz is observed. These values correspond to the minimum and
maximum values in magnetic field strength under study: 0.047mT in system Laser 1 and
0.054mT in system Laser 2, and for the 0.530mT in system Laser 1 and 0.563mT in system
Laser 2, respectively.
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(a) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.047mT and system Laser 2 is under the influence of a magnetic field equal to 0.054mT. A
modulation frequency of 7.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 315.14kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 157.57kHz (assuming Lorentzian line shapes).

(b) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.097mT and system Laser 2 is under the influence of a magnetic field equal to 0.065mT. A
modulation frequency of 7.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 315.49kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 157.74kHz (assuming Lorentzian line shapes).
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(c) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.149mT and system Laser 2 is under the influence of a magnetic field equal to 0.108mT. A
modulation frequency of 7.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 435.88kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 217.94kHz (assuming Lorentzian line shapes).

(d) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.217mT and system Laser 2 is under the influence of a magnetic field equal to 0.185mT. A
modulation frequency of 7.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 346.87kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 173.43kHz (assuming Lorentzian line shapes).
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(e) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.315mT and system Laser 2 is under the influence of a magnetic field equal to 0.323mT. A
modulation frequency of 7.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 369.84kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 184.92kHz (assuming Lorentzian line shapes).

(f) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.530mT and system Laser 2 is under the influence of a magnetic field equal to 0.563mT. A
modulation frequency of 7.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 451.31kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 225.65kHz (assuming Lorentzian line shapes).

Fig. 3-42.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Spectrum traces obtained for the beat signals generated with different values on the
magnetic field strength. A modulation frequency of 7.8MHz was used for the
phase modulation of the pump beam.

78

3.7.3.

3 Results and discussion

8.4MHz modulation frequency

Fig. 3-43 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 87 Rb as a function of the
Piezo voltage. A modulation frequency of 8.4MHz was employed for phase modulation of the
pump beam. The transition under study is the F = 2 → F 0 = 3 transition, and the following
description is valid only for that transition.
A big peak to peak amplitude and a steep slope of the error signal is observed for magnetic
field strengths equal to or lower than 0.149mT. Small deviations from the characteristic ideal
error signal shape are observed for increments in the magnetic field strength up to 0.217mT
inside the rubidium cell. A strong deviation from the characteristic ideal error signal shape is
observed for the maximum value under study of magnetic field strength inside the rubidium
cell (0.530mT).
Fig. 3-44 shows for different values of the magnetic field B the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 85 Rb as a function of the
Piezo voltage. A modulation frequency of 8.4MHz was employed for phase modulation of the
pump beam. The transition under study is the F = 3 → F 0 = 4 transition, and the following
description is valid only for that transition. A big peak to peak amplitude and a steep slope
of the error signal is observed for magnetic field strengths equal to or lower than 0.108mT.
At this values small deviations from the characteristic ideal error signal shape are observed.
A strong deviation from the characteristic ideal error signal shape is observed for magnetic
fields equal to or higher than 0.323mT.
Changes in the absorption spectrum signal are also observed during the variation of the
magnetic field strength inside the rubidium cell due to resonance splits derived by Zeeman
effects.
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Fig. 3-43.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Absorption signal (blue) and error signal (red) of a Doppler-free 87 Rb spectrum (D2
transitions). To generate these signals, a scan over the laser frequency is necessary. To that end, the voltage applied to the Piezo element placed inside the
laser head is varied to change the cavity length of the laser. Separate plots are
shown for different magnetic field strength values. A modulation frequency value
of 8.4MHz was used for phase modulation of the pump beam.

80

3 Results and discussion

Fig. 3-44.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Absorption signal (blue) and error signal (red) of a Doppler-free 85 Rb spectrum (D2
transitions). To generate these signals, a scan over the laser frequency is necessary. To that end, the voltage applied to the Piezo element placed inside the
laser head is varied to change the cavity length of the laser. Separate plots are
shown for different magnetic field strength values. A modulation frequency value
of 8.4MHz was used for phase modulation of the pump beam.
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In order to determine the short and long term frequency stability of the laser, the beat signal
generated with two independent identical laser systems (system Laser 1 and system Laser 2
of Fig. 3-34) was analyzed. To this end, the setup shown in Fig. 3-5 was employed. Please
refer to Section 3.1.4 for a detailed explanation concerning the creation of the beat signal.
Laser 2 was locked using the D2 F = 3 → F 0 = 4 transition of 85 Rb. Laser 1 was locked
using the D2 F = 2 → F 0 = 3 transition of 87 Rb. The resulting beat signal has a frequency
value of approximately 1GHz.
A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to analyze and record
the beat signals generated with Laser 1 and Laser 2. Fig. 3-42 shows the traces obtained
for the beat signals generated with different values on the magnetic field strength inside the
rubidium cell. For every trace, the sweep span, sweep time and full width at half maximum
values are specified in the plot.
A small spectral width is observed, which is an indication of low frequency noise coming from
the lasers. There is not a linear dependency of the beat signal linewidth with the strength of
the magnetic field applied to the systems. Instead, an oscillation of the beat signal linewidth
between 380.12kHz to 471.13kHz is observed. These values correspond to systems with the
following configuration: 0.217mT in system Laser 1 and 0.185mT in system Laser 2, and to
the 0.097mT in system Laser 1 and 0.065mT in system Laser 2, respectively.
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(a) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.047mT and system Laser 2 is under the influence of a magnetic field equal to 0.054mT. A
modulation frequency of 8.4MHz was used for the phase modulation of the pump beam. The beat
linewidth is 466.8kHz (FWHM, sweep time 33ms). Accordingly, the linewidth of the stabilized lasers
is 233.4kHz (assuming Lorentzian line shapes).

(b) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.097mT and system Laser 2 is under the influence of a magnetic field equal to 0.065mT. A
modulation frequency of 8.4MHz was used for the phase modulation of the pump beam. The beat
linewidth is 471.13kHz (FWHM, sweep time 29ms). Accordingly, the linewidth of the stabilized
lasers is 235.56kHz (assuming Lorentzian line shapes).
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(c) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.149mT and system Laser 2 is under the influence of a magnetic field equal to 0.108mT. A
modulation frequency of 8.4MHz was used for the phase modulation of the pump beam. The beat
linewidth is 383.99kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 191.99kHz (assuming Lorentzian line shapes).

(d) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.217mT and system Laser 2 is under the influence of a magnetic field equal to 0.185mT. A
modulation frequency of 8.4MHz was used for the phase modulation of the pump beam. The beat
linewidth is 380.12kHz (FWHM, sweep time 30ms). Accordingly, the linewidth of the stabilized
lasers is 190.06kHz (assuming Lorentzian line shapes).
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(e) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.315mT and system Laser 2 is under the influence of a magnetic field equal to 0.323mT. A
modulation frequency of 8.4MHz was used for the phase modulation of the pump beam. The beat
linewidth is 447.2kHz (FWHM, sweep time 29ms). Accordingly, the linewidth of the stabilized lasers
is 223.6kHz (assuming Lorentzian line shapes).

(f) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.530mT and system Laser 2 is under the influence of a magnetic field equal to 0.563mT. A
modulation frequency of 8.4MHz was used for the phase modulation of the pump beam. The beat
linewidth is 458.5kHz (FWHM, sweep time 10ms). Accordingly, the linewidth of the stabilized lasers
is 229.25kHz (assuming Lorentzian line shapes).

Fig. 3-47.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Spectrum traces obtained for the beat signals generated with different values on the
magnetic field strength. A modulation frequency of 8.4MHz was used for the
phase modulation of the pump beam.
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8.7MHz modulation frequency

Big similarities with the previous modulation frequency value (8.4MHz) were found, nevertheless, a slightly smaller peak to peak amplitude in the error signal is obtained for a
modulation frequency of 8.7MHz.
Fig. 3-48 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 85 Rb as a function of the
Piezo voltage. A modulation frequency of 8.7MHz was employed for phase modulation of the
pump beam. The transition under study is the F = 3 → F 0 = 4 transition, and the following
description is valid only for that transition.
A big peak to peak amplitude and a steep slope of the error signal is observed for magnetic
field strengths equal to or lower than 0.108mT. At this values, small deviations from the
characteristic ideal error signal shape are observed. A strong deviation from the characteristic
ideal error signal shape is observed for magnetic fields equal to or higher than 0.323mT.
Changes in the absorption spectrum signal are also observed during the variation of the
magnetic field strength inside the rubidium cell due to resonance splits resulting from Zeeman
effects.
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Fig. 3-48.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Absorption signal (blue) and error signal (red) of a Doppler-free 85 Rb spectrum (D2
transitions). To generate these signals, a scan over the laser frequency is necessary. To that end, the voltage applied to the Piezo element placed inside the
laser head is varied to change the cavity length of the laser. Separate plots are
shown for different magnetic field strength values. A modulation frequency value
of 8.7MHz was used for phase modulation of the pump beam.
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In order to determine the short and long term frequency stability of the laser, the beat signal
generated with two independent identical laser systems was analyzed (Fig. 3-34). Laser 2
was locked using the D2 F = 3 → F 0 = 4 transition of 85 Rb. Laser 1 was locked using the
D2 F = 2 → F 0 = 3 transition of 87 Rb. The resulting beat signal has a frequency value of
approximately 1GHz.
A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to analyze and record
the beat signals generated with Laser 1 and Laser 2. Fig. 3-51 shows the traces obtained
for the beat signals generated with different values of the magnetic field strength inside the
rubidium cell. For every trace the sweep span equals 100MHz; sweep time and full width at
half maximum values are specified in each plot.
A small spectral width is observed, which is an indication of low frequency noise coming from
the lasers. There is not a linear dependency of the beat signal linewidth with the strength of
the magnetic field applied to the systems. Instead, an oscillation of the beat signal linewidth
between 290.9kHz to 456.08kHz is observed. These values correspond to systems with the
following configuration: 0.047mT in system Laser 1 and 0.054mT in system Laser 2, and to
0.097mT in system Laser 1 and 0.065mT in system Laser 2, respectively.
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(a) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.047mT and system Laser 2 is under the influence of a magnetic field equal to 0.054mT. A
modulation frequency of 8.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 290.9kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized lasers
is 145.45kHz (assuming Lorentzian line shapes).

(b) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.097mT and system Laser 2 is under the influence of a magnetic field equal to 0.065mT. A
modulation frequency of 8.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 456.08kHz (FWHM, sweep time 10ms). Accordingly, the linewidth of the stabilized
lasers is 228.04kHz (assuming Lorentzian line shapes).
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(c) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.149mT and system Laser 2 is under the influence of a magnetic field equal to 0.108mT. A
modulation frequency of 8.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 360.39kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 180.19kHz (assuming Lorentzian line shapes).

(d) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.217mT and system Laser 2 is under the influence of a magnetic field equal to 0.185mT. A
modulation frequency of 8.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 390.38kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 195.19kHz (assuming Lorentzian line shapes).
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(e) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.315mT and system Laser 2 is under the influence of a magnetic field equal to 0.323mT. A
modulation frequency of 8.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 430.66kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 215.33kHz (assuming Lorentzian line shapes).

(f) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.530mT and system Laser 2 is under the influence of a magnetic field equal to 0.563mT. A
modulation frequency of 8.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 312.70kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 156.35kHz (assuming Lorentzian line shapes).

Fig. 3-51.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Spectrum traces obtained for the beat signals generated with different values on the
magnetic field strength. A modulation frequency of 8.7MHz was used for the
phase modulation of the pump beam.
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10MHz modulation frequency

Big similarities with the previous two modulation frequency values (8.4MHz and 8.7MHz)
were found, nevertheless, the slope of the error signal obtained with this modulation frequency (10MHz) is not as steep as the one obtained for a modulation frequency of 8.4MHz.
Fig. 3-52 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 85 Rb as a function of the Piezo
voltage. A modulation frequency of 10MHz was employed for phase modulation of the pump
beam. The transition under study is the F = 3 → F 0 = 4 transition, and the following
description is valid only for that transition.
A big peak to peak amplitude and a steep slope of the error signal is observed for magnetic
field strengths equal to or lower than 0.185mT. At this values, small deviations from the
characteristic ideal error signal shape are observed. A strong deviation from the characteristic
ideal error signal shape is observed for magnetic fields equal to or higher than 0.323mT.
Changes in the absorption spectrum signal are also observed during the variation of the
magnetic field strength inside the rubidium cell due to resonance splits resulting from Zeeman
effects.
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Fig. 3-52.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Absorption signal (blue) and error signal (red) of a Doppler-free 85 Rb spectrum (D2
transitions). To generate these signals, a scan over the laser frequency is necessary. To that end, the voltage applied to the Piezo element placed inside the
laser head is varied to change the cavity length of the laser. Separate plots are
shown for different magnetic field strength values. A modulation frequency value
of 10MHz was used for phase modulation of the pump beam.
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In order to determine the short and long term frequency stability of the laser, the beat
signal generated with two independent identical laser systems was analyzed. Laser 2 was
locked using the D2 F = 3 → F 0 = 4 transition of 85 Rb. Laser 1 was locked using the D2
F = 2 → F 0 = 3 transition of 87 Rb. The resulting beat signal has a frequency value of
approximately 1GHz.
A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to analyze and record
the beat signals generated with Laser 1 and Laser 2. Fig. 3-55 shows the traces obtained
for the beat signals generated with different values on the magnetic field strength inside the
rubidium cell. For every trace the sweep span equals 100MHz; sweep time and full width at
half maximum values are specified in each plot.
A small spectral width is observed, which is an indication of low frequency noise coming from
the lasers. There is not a linear dependency of the beat signal linewidth with the strength of
the magnetic field applied to the systems. Instead, an oscillation of the beat signal linewidth
between 297.02kHz to 414.97kHz is observed. These values correspond to systems with the
following configuration: 0.530mT in system Laser 1 and 0.563mT in system Laser 2, and to
0.047mT in system Laser 1 and 0.054mT in system Laser 2, respectively.
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(a) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.047mT and system Laser 2 is under the influence of a magnetic field equal to 0.054mT. A
modulation frequency of 10MHz was used for the phase modulation of the pump beam. The beat
linewidth is 414.97kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 207.48kHz (assuming Lorentzian line shapes).

(b) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.097mT and system Laser 2 is under the influence of a magnetic field equal to 0.065mT. A
modulation frequency of 10MHz was used for the phase modulation of the pump beam. The beat
linewidth is 365.61kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 182.80kHz (assuming Lorentzian line shapes).
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(c) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.149mT and system Laser 2 is under the influence of a magnetic field equal to 0.108mT. A
modulation frequency of 10MHz was used for the phase modulation of the pump beam. The beat
linewidth is 307.46kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 153.73kHz (assuming Lorentzian line shapes).

(d) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.217mT and system Laser 2 is under the influence of a magnetic field equal to 0.185mT. A
modulation frequency of 10MHz was used for the phase modulation of the pump beam. The beat
linewidth is 397.61kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 198.80kHz (assuming Lorentzian line shapes).
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(e) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.315mT and system Laser 2 is under the influence of a magnetic field equal to 0.323mT. A
modulation frequency of 10MHz was used for the phase modulation of the pump beam. The beat
linewidth is 328.95kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 164.47kHz (assuming Lorentzian line shapes).

(f) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.530mT and system Laser 2 is under the influence of a magnetic field equal to 0.563mT. A
modulation frequency of 10MHz was used for the phase modulation of the pump beam. The beat
linewidth is 297.02kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 148.51kHz (assuming Lorentzian line shapes).

Fig. 3-55.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Spectrum traces obtained for the beat signals generated with different values on the
magnetic field strength. A modulation frequency of 10MHz was used for the
phase modulation of the pump beam.
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10.8MHz modulation frequency

The results obtained for this modulation frequency (10.8MHz) have big similarities with
the results of the previous frequency modulation value (10MHz). Nevertheless, the slope of
the error signal generated with a 10.8MHz modulation frequency is not as steep as the one
obtained for a modulation frequency of 10MHz.
Fig. 3-56 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 85 Rb as a function of the Piezo
voltage. A modulation frequency of 10.8MHz was employed for phase modulation of the
pump beam. The transition under study is the F = 3 → F 0 = 4 transition, and the following
description is valid only for that transition.
A big peak to peak amplitude and a steep slope of the error signal is observed for magnetic
field strengths equal to or lower than 0.185mT. At this values, small deviations from the
characteristic ideal error signal shape are observed. A strong deviation from the characteristic
ideal error signal shape is observed for magnetic fields equal to or higher than 0.323mT.
Changes in the absorption spectrum signal are also observed during the variation of the
magnetic field strength inside the rubidium cell due to resonance splits resulting from Zeeman
effects.
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Fig. 3-56.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Absorption signal (blue) and error signal (red) of a Doppler-free 85 Rb spectrum (D2
transitions). To generate these signals, a scan over the laser frequency is necessary. To that end, the voltage applied to the Piezo element placed inside the
laser head is varied to change the cavity length of the laser. Separate plots are
shown for different magnetic field strength values. A modulation frequency value
of 10.8MHz was used for phase modulation of the pump beam.
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In order to determine the short and long term frequency stability of the laser, the beat signal
generated with two independent identical laser systems was analyzed (Fig. 3-34). Laser 2
was locked using the D2 F = 3 → F 0 = 4 transition of 85 Rb. Laser 1 was locked using the
D2 F = 2 → F 0 = 3 transition of 87 Rb. The resulting beat signal has a frequency value of
approximately 1GHz.
A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to analyze and record
the beat signals generated with Laser 1 and Laser 2. Fig. 3-59 shows the traces obtained
for the beat signals generated with different values on the magnetic field strength inside the
rubidium cell. For every trace the sweep span equals 100MHz; sweep time and full width at
half maximum values are specified in each plot.
A small spectral width is observed, which is an indication of low frequency noise coming from
the lasers. There is not a linear dependency of the beat signal linewidth with the strength of
the magnetic field applied to the systems. Instead, an oscillation of the beat signal linewidth
between 290.99kHz to 426.14kHz is observed. These values correspond to systems with the
following configuration: 0.097mT in system Laser 1 and 0.065mT in system Laser 2, and to
0.530mT in system Laser 1 and 0.563mT in system Laser 2, respectively.
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(a) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.047mT and system Laser 2 is under the influence of a magnetic field equal to 0.054mT. A
modulation frequency of 10.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 387.86kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 193.93kHz (assuming Lorentzian line shapes).

(b) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.097mT and system Laser 2 is under the influence of a magnetic field equal to 0.065mT. A
modulation frequency of 10.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 290.99kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 145.49kHz (assuming Lorentzian line shapes).

3.7 Hybrid Spectroscopy Technique with a Magnetic Field implementation (BHybrid) 101

(c) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.149mT and system Laser 2 is under the influence of a magnetic field equal to 0.108mT. A
modulation frequency of 10.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 352.81kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 176.40kHz (assuming Lorentzian line shapes).

(d) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.217mT and system Laser 2 is under the influence of a magnetic field equal to 0.185mT. A
modulation frequency of 10.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 337.45kHz (FWHM, sweep time 13ms). Accordingly, the linewidth of the stabilized
lasers is 168.72kHz (assuming Lorentzian line shapes).
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(e) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.315mT and system Laser 2 is under the influence of a magnetic field equal to 0.323mT. A
modulation frequency of 10.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 298.39kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 149.19kHz (assuming Lorentzian line shapes).

(f) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.530mT and system Laser 2 is under the influence of a magnetic field equal to 0.563mT. A
modulation frequency of 10.8MHz was used for the phase modulation of the pump beam. The beat
linewidth is 426.14kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 213.07kHz (assuming Lorentzian line shapes).

Fig. 3-59.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Spectrum traces obtained for the beat signals generated with different values on the
magnetic field strength. A modulation frequency of 10.8MHz was used for the
phase modulation of the pump beam.
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3.7.7.

14.7MHz modulation frequency

Fig. 3-60 shows for different values of the magnetic field B, the corresponding absorption
spectrum signal and the error signal of the D2 transitions of 85 Rb as a function of the Piezo
voltage. A modulation frequency of 14.7MHz was employed for phase modulation of the
pump beam. The transition under study is the F = 3 → F 0 = 4 transition, and the following
description is valid only for that transition.
A strong deviation from the characteristic ideal error signal shape is observed for small
magnetic fields (0.054mT and 0.065mT). A big separation distance of the sidebands from
the carrier in the probe beam is deduced from the shape of the error signal in the case of
these magnetic fields. As the magnetic field increases, a partial cancellation in the upper
and lower Lorentzian peaks is observed. Increments in the magnetic field strength inside the
rubidium cell imitates the effect of having a smaller separation of the sidebands from the
carrier. This increase of the magnetic field and partial cancellation of the upper and lower
Lorentzian peaks derives in the appearance of an error signal shape closer to the ideal shape
for control loops used in frequency stabilization. At a magnetic field equal to 0.185mT, a
straight line connecting the higher and lower points of the error signal, and a well defined
zero crossing point in the closed transition is observed. However, the slope gradient in this
error signal is quite large compared to the previous error signals generated with different
modulation frequencies and magnetic field strengths. Beyond this magnetic field strength,
deviations from the characteristic ideal error signal shape are again observed. Changes in
the absorption spectrum signal are also observed during the variation of the magnetic field
strength inside the rubidium cell due to resonance splits resulting from Zeeman effects.
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Fig. 3-60.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Absorption signal (blue) and error signal (red) of a Doppler-free 85 Rb spectrum (D2
transitions). To generate these signals, a scan over the laser frequency is necessary. To that end, the voltage applied to the Piezo element placed inside the
laser head is varied to change the cavity length of the laser. Separate plots are
shown for different magnetic field strength values. A modulation frequency value
of 14.7MHz was used for phase modulation of the pump beam.
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In order to determine the short and long term frequency stability of the laser, the beat signal
generated with two independent identical laser systems was analyzed (Fig. 3-34). Laser 2
was locked using the D2 F = 3 → F 0 = 4 transition of 85 Rb. Laser 1 was locked using the
D2 F = 2 → F 0 = 3 transition of 87 Rb. The resulting beat signal has a frequency value of
approximately 1GHz.
A Signal Hound BB60C Real-Time RF Spectrum Analyzer was used to record and analyze
the beat signals generated with Laser 1 and Laser 2. Fig. 3-63 shows the traces obtained
for the beat signals generated with different values on the magnetic field strength inside the
rubidium cell. For every trace the sweep span equals 100MHz; sweep time and full width at
half maximum values are specified in each plot.
A small spectral width is observed, which is an indication of low frequency noise coming from
the lasers. There is not a linear dependency of the beat signal linewidth with the strength of
the magnetic field applied to the systems. Instead, an oscillation of the beat signal linewidth
between 298.57kHz to 444.16kHz is observed. These values correspond to systems with the
following configuration: 0.530mT in system Laser 1 and 0.563mT in system Laser 2, and to
0.097mT in system Laser 1 and 0.065mT in system Laser 2, respectively.
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(a) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.047mT and system Laser 2 is under the influence of a magnetic field equal to 0.054mT. A
modulation frequency of 14.7MHz was used for the phase modulation of the pump beam. The
beat linewidth is 377.6kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 188.8kHz (assuming Lorentzian line shapes).

(b) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System laser 1 is under the influence of a magnetic field equal
to 0.097mT and system Laser 2 is under the influence of a magnetic field equal to 0.065mT. A
modulation frequency of 14.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 444.16kHz (FWHM, sweep time 10ms). Accordingly, the linewidth of the stabilized
lasers is 222.08kHz (assuming Lorentzian line shapes).
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(c) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.149mT and system Laser 2 is under the influence of a magnetic field equal to 0.108mT. A
modulation frequency of 14.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 332.42kHz (FWHM, sweep time 10ms). Accordingly, the linewidth of the stabilized
lasers is 166.21kHz (assuming Lorentzian line shapes).

(d) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.217mT and system Laser 2 is under the influence of a magnetic field equal to 0.185mT. A
modulation frequency of 14.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 311.23kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 155.61kHz (assuming Lorentzian line shapes).
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(e) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.315mT and system Laser 2 is under the influence of a magnetic field equal to 0.323mT. A
modulation frequency of 14.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 319.57kHz (FWHM, sweep time 11ms). Accordingly, the linewidth of the stabilized
lasers is 159.78kHz (assuming Lorentzian line shapes).

(f) Beat spectrum of the locked lasers with BMTS as the optical heterodyne technique in the
frequency stabilization system. System Laser 1 is under the influence of a magnetic field equal
to 0.530mT and system Laser 2 is under the influence of a magnetic field equal to 0.563mT. A
modulation frequency of 14.7MHz was used for the phase modulation of the pump beam. The beat
linewidth is 298.57kHz (FWHM, sweep time 12ms). Accordingly, the linewidth of the stabilized
lasers is 149.28kHz (assuming Lorentzian line shapes).

Fig. 3-63.: Hybrid Spectroscopy Technique with a Magnetic Field implementation. Spectrum traces obtained for the beat signals generated with different values on the
magnetic field strength. A modulation frequency of 14.7MHz was used for the
phase modulation of the pump beam.

With the intention to determine the long term frequency stability of the lasers, the Allan
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B-field

Modulation frequency

5.7MHZ

7.8MHZ

8.4MHZ

8.7MHZ

FWHM Beat

FWHM laser

0.054mT

374.57kHz

187.28kHz

0.097mT

0.065mT

233.80kHz

116.90kHz

0.149mT

0.108mT

442.72kHz

221.36kHz

0.217mT

0.185mT

457.88kHz

228.94kHz

0.315mT

0.323mT

402.87kHz

201.43kHz

0.530mT

0.563mT

358.78kHz

179.39kHz

0.047mT

0.054mT

315.14kHz

157.57kHz

0.097mT

0.065mT

315.49kHz

157.74kHz

0.149mT

0.108mT

346.87kHz

173.43kHz

0.217mT

0.185mT

435.88kHz

217.94kHz

0.315mT

0.323mT

451.31kHz

225.65kHz

0.530mT

0.563mT

369.84kHz

184.92kHz

0.047mT

0.054mT

466.80kHz

233.40kHz

0.097mT

0.065mT

471.13kHz

235.56kHz

0.149mT

0.108mT

380.12kHz

190.06kHz

0.217mT

0.185mT

383.99kHz

191.99kHz

0.315mT

0.323mT

458.50kHz

229.25kHz

0.530mT

0.563mT

447.20kHz

223.60kHz

0.047mT

0.054mT

290.90kHz

145.45kHz

0.097mT

0.065mT

456.08kHz

228.04kHz

0.149mT

0.108mT

390.38kHz

195.19kHz

0.217mT

0.185mT

360.39kHz

180.19kHz

0.315mT

0.323mT

312.70kHz

156.35kHz

0.530mT

0.563mT

430.66kHz

215.33kHz

system Laser 1

system Laser 2

0.047mT
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B-field

Modulation frequency

10MHZ

10.8MHZ

14.7MHZ

FWHM Beat

FWHM laser

0.054mT

414.97kHz

207.48kHz

0.097mT

0.065mT

365.61kHz

182.80kHz

0.149mT

0.108mT

397.61kHz

198.80kHz

0.217mT

0.185mT

307.46kHz

153.73kHz

0.315mT

0.323mT

297.02kHz

148.51kHz

0.530mT

0.563mT

328.95kHz

164.47kHz

0.047mT

0.054mT

387.86kHz

193.93kHz

0.097mT

0.065mT

290.99kHz

145.49kHz

0.149mT

0.108mT

337.45kHz

168.72kHz

0.217mT

0.185mT

352.81kHz

176.40kHz

0.315mT

0.323mT

426.14kHz

213.07kHz

0.530mT

0.563mT

298.39kHz

149.19kHz

0.047mT

0.054mT

377.60kHz

188.80kHz

0.097mT

0.065mT

444.16kHz

222.08kHz

0.149mT

0.108mT

311.23kHz

155.61kHz

0.217mT

0.185mT

332.42kHz

166.21kHz

0.315mT

0.323mT

298.57kHz

149.28kHz

0.530mT

0.563mT

319.57kHz

159.78kHz

system Laser 1

system Laser 2

0.047mT

Table 3-1.: Beat and laser linewidths determined by short term frequency fluctuations
around the mean frequency of all the modulation frequencies under study for the
different magnetic field strengths applied to system Laser 1 and system Laser
2. The best (worst) values are colored in green (orange).
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Allan Deviation

Deviation of the generated beat signal is shown in Fig. 3-64. The configuration chosen for
this measurement was: system Laser 1 under the influence of a 0.149mT magnetic field and
system Laser 2 under the influence of a 0.108mT magnetic field. Since this configuration
exhibited the best error signal shape for laser frequency stabilization in a control loop. The
beat signal was recorded over a time period of 15 minutes, with time steps of 0.07s between
consecutive sweeps. Fig. 3-64 shows five Allan Deviations σ(τ ) of five recorded measurements
of the beat signal trace obtained with the same configuration of the laser systems. For an
averaging time of τ = 1s the Allan Deviation is found to have a value between 5.39 ×10−5 to
7.67 ×10−5 , which corresponds to a frequency deviation of 61.2kHz and 86.7kHz, respectively.

2. × 10-4

ν0 = 1129.162 MHz
ν0 = 1132.943 MHz
ν0 = 1132.059 MHz

1. × 10-4

ν0 = 1125.769 MHz
ν0 = 1120.920 MHz

5. × 10-5
0.1

1

10

100

τ [s]
Fig. 3-64.: Allan deviation of the beat signal generated with locked diode lasers stabilized
via Hybrid Spectroscopy Technique with an implementation of the magnetic
field. The Allan Deviation traces are shown for five different measurements.

3.8.

Techniques comparison

To be able to clearly notice the differences and advantages of the different techniques under
study, with regard to its long term frequency stability, their Allan deviations are shown
in Fig. 3-65. Among the different configurations and results obtained from each of the
techniques, the most stable configurations were selected to represent the technique under
which they were stabilized. These configurations are the following:
FMS: reference frequency ν0 = 1075.047 MHz; modulation frequency value ωm =
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FWHM

FMS

MTS

Hybrid

BFMS

BMTS

BHybrid

Beat

389.88kHz

807.14kHz

356.90kHz

689.15kHz

595.05kHz

233.80kHz

Laser

194.94kHz

403.57kHz

178.45kHz

344.57kHz

297.52kHz

116.90kHz

Table 3-2.: Beat and laser linewidths determined by short term frequency fluctuations
around the mean frequency of all the techniques under study. The best (worst)
values are colored in green (orange).

9.9MHz
MTS: reference frequency ν0 = 1118.847 MHz; modulation frequency value ωm =
5.1MHz
Hybrid: reference frequency ν0 = 1090.949 MHz; modulation frequency value ωm =
10.8MHz
BFMS: reference frequency ν0 = 1144.392 MHz; L1 (ωm = 3.79MHz) and L2(ωm =
7.8MHz); system Laser 1 under the influence of a 0.149mT and system Laser 2 under
the influence of a 0.108mT
BMTS: reference frequency ν0 = 1126.343 MHz; L1 (ωm = 3.34MHz) and L2(ωm =
5.1MHz); system Laser 1 under the influence of a 0.047mT and system Laser 2 under
the influence of a 0.054mT
BHybrid: reference frequency ν0 = 1132.943 MHz; L1 (ωm = 3.34MHz) and L2(ωm =
8.4MHz); system Laser 1 under the influence of a 0.149mT and system Laser 2 under
the influence of a 0.108mT,
For a better visualization of the results, in Table 3-3 the frequency deviations at different
averaging times are shown for each of the techniques. As it was already inferred from Fig. 365, the new Hybrid technique with a magnetic field implementation showed an improvement
for short term frequency stability in comparison to the rest pump-probe techniques under
study. It is important to notice the huge improvement between the Hybrid technique under
the influence of a magnetic field with respect to the Hybrid technique without magnetic field,
both on its short and long term frequency stability.
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Allan Deviation

5. × 10-4
FMS
MTS

2. × 10-4

Hybrid

1. × 10-4

BFMS

5. × 10-5

BHybrid

BMTS

0.1

1

10

100

τ [s]
Fig. 3-65.: Allan Deviation of the different techniques under study. The most stable configuration of each technique was chosen to represent the frequency instability
obtained.

Technique

τ = 1s

τ = 4.51s

τ = 33.07s

τ = 100.09s

FMS

80.9 kHz

65.5 kHz

116 kHz

164 kHz

MTS

166 kHz

90.1 kHz

75.4 kHz

132 kHz

Hybrid

199 kHz

256 kHz

314 kHz

619 kHz

BFMS

260 kHz

216 kHz

321 kHz

642 kHz

BMTS

163 kHz

88.1 kHz

42.6 kHz

91.2 kHz

BHybrid

61.2 kHz

50.5 kHz

71.8 kHz

133 kHz

Table 3-3.: Frequency instabilities of all the techniques under study for different averaging
times τ . The best (worst) values are colored in green (orange).

4. Conclusions
The main goal of this work is to examine and improve the frequency stability of a diode laser.
For this purpose, six different techniques have been used. Within this framework, the Hybrid
Spectroscopy Technique including an external magnetic field B (BHybrid) is presented as a
novel proposal for this purpose. The obtained results were presented and analyzed in Sec. 3.
Except for FMS, a general trend is observed when an external magnetic field B is applied
inside of the rubidium cell, which is used as atomic reference in the different locking systems.
The external magnetic field B usually significantly decreases the linewidth of the lasers,
which is determined by short term frequency fluctuations around the mean frequency. The
resulting changes of the linewidth of the laser in the case of the three techniques FMS,
MTS and Hybrid are as follows:
B

FMS FWHMlaser = 194.94kHz −→ BFMS FWHMlaser = 344.57kHz
B

MTS FWHMlaser = 403.57kHz −→ BMTS FWHMlaser = 297.52kHz
B

Hybrid FWHMlaser = 178.45kHz −→ BHybrid FWHMlaser = 116.90kHz
This improvement was expected since the peak to peak amplitude and the steepness of the
generated error signals was improved when an external magnetic field was applied. However, it is important to note that contrary to MTS and Hybrid, when a magnetic field was
incorporated in the setup of FMS, the beat signals generated showed a broad spectral width
indicating high frequency noise coming from the lasers (see Fig. 3-25). I suppose that the
cause or major contribution to the frequency noise of the lasers comes from bad parameters
of the PID controller rather than the effect of the magnetic field in the generated error signal, since the plots of Fig. 3-21 and Fig. 3-22 show appropriate signals for laser frequency
stabilization.
For the short-term frequency stability, the technique BHybrid shows the best results for
averaging times τ ≤4.51s with a minimum frequency instability of 50.5kHz.
B

FMS ∆νinstability (τ = 4.51s) = 65.5kHz −→ BFMS ∆νinstability (τ = 4.51s) = 216kHz
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B

MTS ∆νinstability (τ = 4.51s) = 90.1kHz −→ BMTS ∆νinstability (τ = 4.51s) = 88.1kHz
B

Hybrid ∆νinstability (τ = 4.51s) = 256kHz −→ BHybrid ∆νinstability (τ = 4.51s) =
50.5kHz
For averaging times 33.07s ≤ τ ≤ 100.09s BMTS shows the lowest frequency instabilities
∆νinstability with a minimum frequency instability of ∆νinstability = 42.6kHz at an averaging
time of τ = 33.07s. For the same averaging time range (33.07s ≤ τ ≤ 100.09s), BHybrid
shows the second lowest frequency instabilities, with a minimum frequency instability of
71.8kHz at an averaging time of τ = 33.07s.
B

FMS ∆νinstability (τ = 33.07s) = 116kHz −→ BFMS ∆νinstability (τ = 33.07s) =
321kHz
B

MTS ∆νinstability (τ = 33.07s) = 75.4kHz −→ BMTS ∆νinstability (τ = 33.07s) =
42.6kHz
B

Hybrid ∆νinstability (τ = 33.07s) = 314kHz −→ BHybrid ∆νinstability (τ = 33.07s) =
71.8kHz

A. Self-made Electro-Optic Modulator
(EOM)
When a plane wave propagates inside the crystal of length L0 , it experiences a phase shift
equal to
1
∆φ = n3e r33 Ez k0 L0
(A-1)
2
Here, ne is the extraordinary refractive index, r33 is the electro-optic coefficient of the crystal
that affects plane waves polarized along the z-direction (it indicates the rate of change in
the inverse refractive index with an increase of electric field strength). Ez = Ud is the zcomponent of the modulating field that depends on the externally applied voltage U and the
electrode separation d. Hence, the voltage required for a phase shift of ∆φ = π is [14]
Uπ =

d λ0
L0 r33 n3e

(A-2)

The self-made EOM was build with a lithium tantalate (LiTaO3 ) crystal of electro-optic
coefficient r33 =30.5×10−12 m/V, external refractive index ne =2.18 (measured at 633nm) [4],
length L0 =17mm and electrode separation distance d =6mm. Therefore, a voltage equal to
707V is necessary for a phase shift of ∆φ = π. In practice finding high-voltage drivers capable
to supply voltages ≥200V at frequencies above 1MHz in systems with a capacitive load of
10pF to 20pF is difficult and expensive. Nevertheless, it is possible to use a low-power RF
source (<1W) with an output of 2-4V to drive the EOM if a RLC circuit is built with a 50Ω
impedance. This easy and inexpensive solution was implemented in the self-made EOM (the
capacitance of the crystal equals 6.3pF), and the appropriate value for the inductor L was
calculated using the following equation
1
ω0 = √
.
LC

(A-3)

Here, ω0 is the resonant frequency of the circuit. Fig. A-1 shows the self-made EOM connected as a RLC circuit with resonant frequency at 10.942MHz measured in a Network Analyzer
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Fig. A-1.: Self-made electro-optic modulator connected as a RLC circuit with resonant frequency at 10.942MHz measured in a span of 14.56MHz starting at 2.56MHz.
with a span of 14.56MHz starting at 2.56MHz.

B. Matlab Code Spectrum Analyzer
In order to record the beat spectrum signal for further analysis, the following program was
created.
1
2
3
4
5
6

% This program :
%
opens a BB60 Signal Hound Spectrum Analyzer
%
configures a sweep
%
performs several sweeps and avgs / maxholds
%
records all the measurements for a further analysis
%
closes the device

7
8

9

clear %removes all variables from the current workspace , releasing them
from system memory .
iterations = 12858;

10
11
12

% Print API version
fprintf ( ’ API Version : %s \ n ’ , bbgetapiversion () ) ;

13
14
15
16

% Connect a BB60 device
fprintf ( ’ Opening device , est . 3 seconds \ n ’) ;
[ status , handle ] = bbopendevice () ;

17
18
19

% Example print status string
fprintf ( ’ Open Status : %s \ n ’ , bbgeterrorstring ( status ) ) ;

20
21
22
23
24
25

% Check if device opened
if (~ strcmp ( status , ’ bbNoError ’) )
fprintf ( ’ Error opening device \ n ’) ;
return
end

26
27
28

% Create new sweep configuration
sweepConfig = BBSweepConfig ;

29
30
31
32

% Set sweep configuration
sweepConfig . CenterFreq = 1.127744 e9 ;
sweepConfig . Span = 100.00000 e6 ;
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33
34
35
36
37
38
39
40
41

sweepConfig . RBW = 30.0 e3 ;
sweepConfig . VBW = 30.0 e3 ;
sweepConfig . RefLevel = -70.0;
sweepConfig . Detector = BBSweepConfig . AVERAGE ;
sweepConfig . SweepTime = 0.001;
sweepConfig . RBWShape = BBSweepConfig . FLATTOP ;
sweepConfig . SpurReject = BBSweepConfig . S P U R _ R E J E C T _ D I S A B L E D ;
sweepConfig . VideoUnits = BBSweepConfig . POWER ;
sweepConfig . Scale = BBSweepConfig . SCALE_LOG ;

42
43
44
45
46
47
48

% Configure the receiver
status = bbconfiguresweep ( handle , sweepConfig ) ;
if (~ strcmp ( status , ’ bbNoError ’) )
fprintf ( ’ Error initializing device \ n ’) ;
return
end

49
50
51
52
53
54

% Perform the first sweep
[ status , sweep , startFreq , binSize ] = bbgetsweep ( handle ) ;
avgSweep = sweep ;
maxSweep = sweep ;

55
56
57
58

% Create x axis
xaxis = linspace (0 , length ( sweep ) -1 , length ( sweep ) ) ;
xaxis = ( xaxis * binSize + startFreq ) * 1.0 e -6;

59
60
61
62
63
64
65

%Obtain the maximum
%[ maxSweepAmp , maxFreqIndex ] = max ( sweep ) ;
%disp ( maxSweepAmp ) ;
%disp ( maxFreqIndex ) ;
%FreqMax = xaxis ( maxFreqIndex ) ;
%disp ( FreqMax ) ;

66
67
68
69
70

format longE ;
% Perform the remaining sweeps
% open file for output
fileID = fopen ( ’Z :\ personal \ miriam \ T h e s i s S p i k e R e c o r d i n g \ BHybrid \05 h11m . dat
’ , ’w ’) ;

71
72
73

%r = rateControl (2) ;
%reset ( r ) ;

74
75
76
77

deltaT = 0.07; %time in seconds between consecutive measurements
for i = 1: iterations
tic
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78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

%

B Matlab Code Spectrum Analyzer
[ status , sweep , ~ , ~] = bbgetsweep ( handle ) ;
%avgSweep = avgSweep + sweep ;
%maxSweep = max ( maxSweep , sweep ) ;
%Obtain the maximum
[ maxSweepAmp , maxFreqIndex ] = max ( sweep ) ;
%disp ( maxSweepAmp ) ;
%disp ( maxFreqIndex ) ;
% FreqMax is the frequency with the highest intensity found in the
% sweep
FreqMax = xaxis ( maxFreqIndex ) ;
%disp ( FreqMax ) ;
ArrayMaxFreq ( i ) = FreqMax ;
%while ( toc < 1)
%end
fprintf ( fileID , ’ %9.6 f %9.15 f \ n ’ , deltaT *( i -1) , FreqMax ) ;
%waitfor ( r ) ;
while ( toc < deltaT )
end
toc

end
fclose ( fileID ) ; %close file for output
%disp ( transpose ( ArrayMaxFreq ) ) ;
%disp ( sweep ) ;
%avgSweep = avgSweep / ( iterations ) ;

102
103
104

% Close the device
bbclosedevice ( handle ) ;

C. Mathematica Code Allan Deviation
In order to determine the Allan Deviation of the beat signal, the following program was
created.
(*Import the data, i.e., beat frequency over time*)
measurementTimeFrequency =
Import[“Z:\\personal\\miriam\\ThesisSpikeRecording\\BHybrid\\04h07m.dat”];

Print[“total number of frequencies is equal to ”, Length[measurementTimeFrequency]]
Print[“”]
deltaT = measurementTimeFrequency[[2, 1]];
Print[“deltaT = ”, deltaT,
“ seconds is the time between two consecutive frequency measurements”]

total number of frequencies is equal to 12858
deltaT = 0,07 seconds is the time between two consecutive frequency measurements
(*Plot the imported data, i.e., beat frequency over time*)
AppendTo[$Path, “C:\\mathematicaPackages\\SciDraw-0.0.7\\packages”];
Get[“SciDraw`”]
SetOptions[LinTicks, MajorTickLength → {0,02, 0}, MinorTickLength → {0,01, 0}];
plotMeasurementTimeFrequency = ListLinePlot[measurementTimeFrequency,
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C Mathematica Code Allan Deviation

Axes → False,
Frame → True,
(*FrameStyle → Directive[Black, 20],
FrameTicksStyle → Directive[Thick, 20], *)
FrameLabel → {{“Beat Frequency [MHz]”, }, {“Time [s]”, }},
GridLines → Automatic,
ImageSize → Large,
(*PlotRange → {{17600, 17700}, All}, *)
(*PlotRange → All, *)
PlotStyle → {Directive[LimeGreen, Thickness[0,005]]},
(*PlotLegends → {“list”}, *)
(**)
FrameTicksStyle → Directive[Black, 20],
FrameStyle → AbsoluteThickness[2],
FrameTicks → LinTicks,
LabelStyle → Directive[Black, 16]

(*In the list named Frequencies the measured beat frequencies are listed , i.e.,
it is the list measurementTimeFrequency without the time;
Frequencies is a list of frequencies measured by the Signal Hound device every deltaT*)

Frequencies = Table[measurementTimeFrequency[[i, 2]], {i, 1, 12858}]
plotFrequencies = ListLinePlot[Frequencies,
Axes → False,
Frame → True,
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(*FrameStyle → Directive[Black, 20],
FrameTicksStyle → Directive[Thick, 20], *)
FrameLabel → {{“Beat Frequency [MHz]”, },
{“measurement number, i.e., the line number in the file”, }},
GridLines → Automatic,
ImageSize → Large,
(*PlotRange → {{17600, 17700}, All}, *)
(*PlotRange → All, *)
PlotStyle → {Directive[LimeGreen, Thickness[0,005]]},
(*PlotLegends → {“list”}, *)
(**)
FrameTicksStyle → Directive[Black, 20],
FrameStyle → AbsoluteThickness[2],
FrameTicks → LinTicks,
LabelStyle → Directive[Black, 16]
]

(*Here, the Allan deviations as a function of Tau are calculated.*)

(*ListTauAllanDeviation : Here, we save in each line the value of
Tau and the corresponding Allan deviation*)
ListTauAllanDeviation = {};

(*nuzero : referencefrequencyν0 *)
nuzero = Mean[Frequencies];
Print[“nuzero=Mean[Frequencies]=”, nuzero]
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(*maximum loop values and steps for the coming do loops*)
maxloopstepA = 100;
loopstepsA = 1;

maxloopstepB = 1000;
loopstepsB = 10;

(*maxloopstepC = Length[measurementTimeFrequency]/2; *)
maxloopstepC = 1500;
loopstepsC = 50;

(*in this Do-loop the Allan deviation for different values of Tau are calculated
and saved in ListTauAllanDeviation*)
(*Loop A*)
Do[

TauDivDeltaT = doVar;

(*in AverageFreqTau the frequencies averaged over the time periods Tau are saved*)
AverageFreqTau = Table[ Sum[Frequencies[[i]], {i, m, m + TauDivDeltaT − 1}]/TauDivDeltaT,
{m, 1, Length[Frequencies] − TauDivDeltaT + 1, TauDivDeltaT}];

(*in FractionalFrequencyTau we save the frequencies AverageFreqTau scaled by nuzero*)
 1
FractionalFrequencyTau = Table nuzero
(AverageFreqTau[[i]] − nuzero),
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{i, 1, Length[AverageFreqTau]}];

AllanDeviationTau =
( (1/(2(Length[AverageFreqTau])))
Sum [(FractionalFrequencyTau[[i + 1]] − FractionalFrequencyTau[[i]])2 ,
{i, 1, Length[AverageFreqTau] − 1}] )1/2 ;

ListTauAllanDeviation = Append[ListTauAllanDeviation,
{deltaT ∗ TauDivDeltaT, AllanDeviationTau}];

, {doVar, 1, maxloopstepA, loopstepsA}]

Print[“Loop A finished”]

(*Loop B*)
Do[

TauDivDeltaT = doVar;

AverageFreqTau = Table[ Sum[Frequencies[[i]], {i, m, m + TauDivDeltaT − 1}]/TauDivDeltaT,
{m, 1, Length[Frequencies] − TauDivDeltaT + 1, TauDivDeltaT}];

FractionalFrequencyTau = Table
{i, 1, Length[AverageFreqTau]}];



1
(AverageFreqTau[[i]] − nuzero),
nuzero

126

C Mathematica Code Allan Deviation

AllanDeviationTau =
( (1/(2(Length[AverageFreqTau])))
Sum [(FractionalFrequencyTau[[i + 1]] − FractionalFrequencyTau[[i]])2 ,
{i, 1, Length[AverageFreqTau] − 1}] )1/2 ;

ListTauAllanDeviation = Append[ListTauAllanDeviation,
{deltaT ∗ TauDivDeltaT, AllanDeviationTau}];

, {doVar, maxloopstepA + 1, maxloopstepB, loopstepsB}]

Print[“Loop B finished”]

(*Loop C*)
Do[

TauDivDeltaT = doVar;

AverageFreqTau = Table[ Sum[Frequencies[[i]], {i, m, m + TauDivDeltaT − 1}]/TauDivDeltaT,
{m, 1, Length[Frequencies] − TauDivDeltaT + 1, TauDivDeltaT}];

FractionalFrequencyTau = Table



1
(AverageFreqTau[[i]] − nuzero),
nuzero

{i, 1, Length[AverageFreqTau]}];

AllanDeviationTau =
( (1/(2(Length[AverageFreqTau])))
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Sum [(FractionalFrequencyTau[[i + 1]] − FractionalFrequencyTau[[i]])2 ,
{i, 1, Length[AverageFreqTau] − 1}] )1/2 ;

ListTauAllanDeviation = Append[ListTauAllanDeviation,
{deltaT ∗ TauDivDeltaT, AllanDeviationTau}];

, {doVar, maxloopstepB + 1, maxloopstepC, loopstepsC}]

Print[“Loop C finished”]

nuzero=Mean[Frequencies]=1132,94321537265677
Loop A finished
Loop B finished
Loop C finished
(*Plot the Allan deviation as a function of Tau*)
AppendTo[$Path, “D:\\mathematicaPackages”];
Get[“SciDraw`”]

SetOptions[LinTicks, MajorTickLength → {0,02, 0}, MinorTickLength → {0,01, 0}];

plotAllanDeviation = ListLinePlot[ListTauAllanDeviation,
Axes → False,
Frame → True,
FrameStyle → Directive[Black, 25],
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(*FrameTicksStyle → Directive[Thick, 20], *)
FrameLabel → {{“Allan Deviation”, }, {“τ [s]”, }},
GridLines → Automatic,
ImageSize → Large,
(*PlotRange → {{−0,5, 10,5}, {−1,15, 1,15}}, *)
PlotRange → All,
PlotStyle → {Directive[MediumBlue, Thickness[0,005]]},
PlotLegends → {“normal plot”},
(**)
FrameTicksStyle → Directive[Black, 20],
FrameStyle → AbsoluteThickness[2],
FrameTicks → LinTicks,
LabelStyle → Directive[Black, 16]

plotAllanDeviationLogLog = ListLogLogPlot[ListTauAllanDeviation,
Axes → True,
Frame → True,
FrameStyle → Directive[Black, 25],
(*FrameTicksStyle → Directive[Thick, 20], *)
FrameLabel → {{“Allan Deviation”, }, {“τ [s]”, }},
GridLines → Automatic,
ImageSize → Large,
(*PlotRange → {{−0,5, 10,5}, {−1,15, 1,15}}, *)
PlotRange → All,
PlotStyle → {Directive[MediumBlue, Thickness[0,005]]},
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PlotLegends → {“logarithmic plot”},
(**)
FrameTicksStyle → Directive[Black, 20],
FrameStyle → AbsoluteThickness[2],
(*FrameTicks → LogTicks, *)
LabelStyle → Directive[Black, 16],
Joined → True
]
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