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Abstract

The NL-eEDM experiment aims to determine a new upper limit for the electron electric
dipole moment, using a molecular BaF beam. The experiment uses the F = 0 and F = 1
hyperfine levels of the ground state. The molecules in one state are depleted using laser in-
duced fluorescence. This produces the signal readout which shows two peaks corresponding
to the two levels, with a frequency difference ωHFS = 46.86MHz between them. This thesis
explores the use of acousto-optical modulators to improve the signal readout of the experi-
ment by probing both hyperfine levels at once. First, a method is developed to model the
molecular depletion with different laser intensity distributions and detuning. A 200MHz and
a 40MHz AOM are used and compared, and the 40MHz AOM is chosen for implementation
into the experiment, as the output beams have good spatial separation and power outputs.
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1 Introduction

This thesis has been performed in the context of the ongoing NL-eEDM experiment, which aims
to provide an improved limit on the permanent electric dipole moment of the electron [1].

The Standard Model (SM) of particle physics was developed as a theory to classify known funda-
mental subatomic particles, and describe their interactions via the fundamental forces: strong,
weak, and electromagnetic. Within the SM, the electron is a negatively charged lepton with
spin-1/2. The electron has an angular momentum due to its spin and its orbital motion. This
produces a magnetic dipole, and hence a magnetic dipole moment which has a non-zero value.
Since there is a non-zero magnetic dipole moment, there is also the possibility of an electric
dipole moment. However, the presence of a non-zero value of the electron electric dipole moment
(eEDM) violates both parity (P) and time reversal (T ) symmetries. At first, the violation of
P symmetry was believed to be impossible based on theoretical symmetry arguments [2], but
there was no argument as to why P was a symmetry that had to be obeyed. Lee and Yang [3]
and C.S. Wu [4] experimentally proved that P symmetries are violated in weak interactions, and
so searches for permanent dipole moments of fundamental particles continued, as proposed by
Purcell and Ramsey in 1950 [2], who proposed an experimental test for an EDM to investigate
P violation.

An EDM measurement can be performed using the structure of the Hamiltonian H of an electron
[5]:

H = (−µ⃗e · B⃗ − d⃗e · ⃗Eeff )S⃗ (1)

Where µ⃗e and d⃗e and are the magnetic and electric dipole moments of the electron, B⃗ is the
magnetic field, S⃗ is the spin of system, and ⃗Eeff is the effective electric field experienced by the
electron. This electric field is the applied electric field that is then amplified due to the structure
of the molecule, allowing for more sensitive measurements even with smaller field strengths. The
energy eigenstates can be measured in a way such that there is a measurable energy difference
δ = 2 ∗ d⃗e ∗ ⃗Eeff [1].

The most recent theoretical upper bound for the equivalent electron EDM in the standard model
is de = 1.0 · 10−35e cm [6]. While this value is several orders of magnitude lower than current
experimental capacity, there are extensions of the standard model (theories that aim to fill in the
gaps in the standard model) where the EDM value is lower [7], such as supersymmetry (SUSY).
Several experiments are being done around the world using different experimental techniques to
determine new bounds. The current upper bound was set as |de| < 4.1 · 10−30e cm at 90% confi-
dence using trapped HfF+ ions [8]. It was set at |de| < 1.1 · 10−29e cm at 90% confidence using
a beam of ThO [9]. Using YbF, the lower bound was set at 10.5 · 10−28e cm at 90% confidence
[10]. Perspectives on electric dipole moment searches and experiments, along with a summary
of current experimental results, can be found in [11].

The value of the electron EDM is orders of magnitude smaller in the SM than it is in several
SM extensions. This, along with the P and T violations, make the measurement of the EDM a
good test for new physics [5], and could allow for a better understanding of matter-antimatter
asymmetry in the universe [7], depending on the value of de.
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1.1 The NL-eEDM Experiment

The NL-eEDM experiment has been set up with the aim to measure an eEDM sensitivity of
5 · 10−30e cm using a Stark decelerated cold beam of barium monofluoride (BaF) [1]. BaF is
chosen as a viable candidate due to its valence electron being exposed to a large internal electric
field, which enhances the eEDM and creates a linear measurable Stark shift. Although BaF
has a smaller Eeff than other suitable molecules, it is lighter than them, allowing for it to be
decelerated. BaF also has an electronic ground state structure that can be used for both laser
cooling and LIF, making it a good candidate.

The set up uses the ground state of the BaF molecules, which splits into the F = 0 and F = 1
hyperfine levels. The molecules are optically pumped from the F = 0 level to the F = 1 level to
create a superposition between the mf = 1 and mf = −1 sub-levels, which leads to a measurable
phase difference ϕ.

The BaF molecules used are produced with a supersonic laser ablation beam source [12] at
section A in Figure 1. This produces pulses of molecules of central velocity v = 600m/s, with
approximately 6× 108 molecules per steradian per pulse in the v = 0, N = 1 state [13].

At section B1, the total number of molecules in the X2Σ1/2, N = 1 state is probed using
LIF before the molecules enter the interaction zone. This signal probing allows for the normal-
ization of the signal after the interaction zone. Details on the normalization procedure can be
found in [14], [15].
When the molecules are produced, they are thermally distributed over all molecular states, so
the F = 0 and F = 1 states have approximately the same number of molecules. In section B,
the molecules in F = 1 are brought to the F = 0 state, using optical pumping to the A2Π3/2

excited state. The population of the N = 0 ground state is largely prepared in the |0, 0⟩ state [15].

After the production and optical pumping, the molecules enter the interaction zone, region
C, where the spin-precession [16] takes place. A detailed discussion of the interaction zone can
be found in [14].

A two photon transition is used to create the superposition between states, which are created
using two coherent laser beams that enter the set-up at D2 and propagate towards the molecular
beam. Details on the two photon pulses can be found in [13], [15].

The BaF molecules cannot be counted directly, so they are counted using laser-induced fluo-
rescence (LIF) at D1 (also at B1). The molecules are excited to the A2Π3/2 state using a near
infrared laser beam [17]. Depending on the laser frequency, this will lead to the molecules in
either hyperfine level emitting a photon, which is then counted using a photomultiplier tube.
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Figure 1: A schematic of the NL-eEDM set up. From the left, section A contains the source
that emits the BaF beam, which is then collimated and cooled. In section B, the molecules are
counted using LIF, before heading into the interaction zone C. In section C1, the molecules are
optically pumped, and then they are probed for an electric field shift. In section D, the molecules
are counted again using LIF at D1, and in D2, the counter propagating beam is aligned [14].
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1.2 Motivation and Research Goal

This thesis is connected with the NL-eEDM collaboration, with the intent to investigate a po-
tential method to improve the signal readout at section D1 in Figure 1. The analysed signal
readout can be seen in Figure 2.

Figure 2: The normalised photon count rate of the X2Σ to A2Π3/2 transition as a function of
probe laser frequency. The peaks labeled N1 and N0 correspond to the photons from the F = 1
and F = 0 molecular levels of the ground state.

The transition shown in the figure is the transition from the X2Σ to A2Π3/2 state, which has
the following energy level structure:

Figure 3: Energy level diagram of the X2Σ to A2Π3/2 transition. Figure from [15].

Figure 2 shows the distribution over F states coming out of the source, meaning that the figure
would look different if another state was probed instead of the N = 1 state. There are three
peaks, each corresponding to different hyperfine levels. The ones of interest are the peaks la-
beled N1 and N0, which relate to the F = 1 and F = 0 molecular levels of the ground state
respectively. Due to the hyperfine splitting of the ground state and the excited state, there is
a ωHFS = 46.86MHz frequency difference between these levels. This means that a laser beam
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must be used to probe over the entire frequency range, which is not optimal.

From the importance of improving the signal readout in order to make a good precision mea-
surement, the research question arises: “Is it possible to use one laser to probe different
frequencies simultaneously?”

In this thesis it is shown that acousto-optic modulators (AOMs) can be used to ‘create’ a sec-
ond beam, allowing for simultaneous probing of two different frequencies. Two methods, using
different AOMs, are explored.

2 Theory

This section explains background physics concepts that are relevant to this thesis. First, the
energy level structure of the BaF molecule is explained, as it is important for the LIF in the
experiment. Then, the Lorentzian intensity distribution is explained, as the laser intensity in this
experiment is often Lorentzian. Lastly, Gaussian beam optics are explained, since the experiment
in this thesis uses laser light in fibers and in free space.

2.1 Energy Level Structure of BaF

The NL-eEDM experiment makes use of the molecular energy level structure of BaF in order to
make an electron electric dipole experiment, and so it is important to understand some of the
details to understand how the laser induced fluorescence takes place.

The experiment uses the the N = 0 level of the X2Σ1/2 ground state. The F = 0 and F = 1
hyperfine levels are split by a 65.86MHz frequency difference. The goal is to count the number of
molecules that are in these hyperfine levels, which is done via laser induced fluorescence. Using
laser light, the molecules in the ground state are excited to the F = 1 and F = 2 hypefine levels
of the A2Π3/2 excited state. The lifetime of a molecule in this state is 47.9(7)ns for A2Π3/2 [17],
meaning that a photon is emitted near instantly.

Due to the short lifetime, the molecule in the excited state will emit a photon in order to
return to a more stable state. This could be either the ground state, or some other lower energy
state.

The life time can be used to find the frequency line width, given by:

Γ =
γ

2π
, (2)

here γ is the decay rate, the inverse of the lifetime. With the decay rate of A2Π3/2, the line
width Γ is 3.32MHz, which is a very good resolution for the hyperfine splitting of the transition.

In the experiment, it is preferable that after the molecule emits the photon, it decays to a
different energy level that is not the ground state. The exact state is not of particular impor-
tance, since there are several possible molecular states. Returning to the N = 0 ground state
however can add some additional complications that have to be accounted for. Very few of the
excited state molecules return to the N = 0 ground state (the dotted purple line in Figure 4)
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due to molecular selection rules, and most move to the N = 2 state [18], as shown by the solid
purple arrow in Figure 4. Full analyses of the energy level structure of BaF and the molecular
decays can be found in [18], [19].

Figure 4: Energy level diagram of the X2Σ to A2Π3/2 transition, also showing the N = 1 and
N = 2 levels of the X2Σ state. The purple arrows depict a decay. Figure adapted from [15].
Figure not to scale.

2.2 Lorentzian Intensity Distribution

While the intensity distribution of a laser beam out of a fiber is often Gaussian, the intensity as
a function of laser frequency can be detuned from the centre frequency, which can be accounted
for using a Lorentzian distribution of the form:

L(ω) = s0

2 ∗ (1 + s0 +
δ2

γ )
. (3)

Here ω is the laser frequency, s0 is a saturation coefficient, δ is the laser frequency detuning, and
γ is the decay rate of the molecule:

γ =
1

τ
. (4)

Here τ is the lifetime of the molecule in the excited state, as explained in section 2.1.

The laser frequency detuning δ is defined as:

δ = ωL − ω0. (5)

Here ωL is the detuned frequency, and ω0 is the centre laser frequency (analogous to the µ term
in the Gaussian distribution).

2.3 Gaussian Beam Optics

Laser beams (such as those coupled to single-mode fibers) are in the form of Gaussian beams,
which means their intensity can be written as a Gaussian function [20]:

f(z) = A exp

(
−(z − µ)2

2σ2

)
. (6)

Here A defines the height of the Gaussian curve’s peak, µ is the position of the centre of the
peak, and σ is the standard deviation of the Gaussian, which describes the width of the curve.
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The intensity function is then just a variation of this standard Gaussian, and can be written
in physics terms [21]:

I(r, z) =
2P

πw(z)2
exp

(
−2r2

w(z)2

)
. (7)

Here P is the total power of the laser beam, w(z) is the radius of the laser beam where the
irradiance is a fraction of the peak irradiance I0, r is the radial distance from the axis, and z is
the distance propagated from the plane where the wavefront is flat.

As the beam propagates through space, the irradiance profile does not stay constant, it con-
verges and diverges by an angle θ from the beam waist w0 (position where the beam diameter
reaches 1/e2 of the maximum value). The divergence angle and the beam waist are related by
the expression:

w0 =
λ

πθ
. (8)

Here λ is the wavelength of the laser.

The beam radius w(z) is then described by the following equation:

w(z) = w0

√
1 +

(
z

zR

)2

. (9)

Here zR is the Rayleigh length, defined as the distance along the propagation direction of the
beam from the waist to the position where the cross-section area doubles. It is described by the
expression:

zR =
πw2

0

λ
. (10)

The Rayleigh length determines the length that the beam can propagate without significant
divergence [22], so a large Rayleigh length implies a more collimated beam. It is important
in this experiment for the laser beam to stay collimated over a sufficiently large distance (on
the order of 10cm), such that it stays collimated and focused inside the AOM and the output
beams remain collimated. This also makes it easier to couple the output beams into a fiber again.

Using Equation 10 and the parameters from the experimental set-up (see section 4), the Rayleigh
length is calculated. The beam diameter of the beam can be found in [23]. The result of this
calculation can be found in table 1. It is clear that the laser beam will stay collimated through
the AOM.

Table 1: Rayleigh length calculation using parameters from the experimental setup

Laser Wavelength (λ) Beam Width (w0) Rayleigh length (zR)
815nm 1.62mm 10.12m

zR =
πw2

0
λ
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3 Laser Induced Fluorescence (LIF) and Depletion of Molecules

In the NL-eEDM experiment, the molecules are counted using laser induced fluorescence, where
the molecule is excited from the ground state to the A2Π3/2 state using a laser, which then leads
to the emission of a photon that can be counted using a PMT.

The LIF considered in this section is the one that happens at section D1 of the experiment
in Figure 1, 3840mm from the BaF source.

Figure 5: A zoom in to section D of the experiment, where the LIF takes place in the region
with the yellow circle. Image adapted from [14].

Here, the BaF beam travelling with a velocity of 600m/s passes through a laser field of width
2mm [24] orthogonal to the BaF beam [16] as shown in Figure 6. It is ideal for this laser field
to be Gaussian, however it may not be. The exact distribution of the laser intensity may not be
known, it can be measured.
Once the intensity distribution is understood, the depletion of the molecules can be modelled
using the method described below, in equation 11. If the laser field is at an angle with respect
to the beam, then there is a Doppler shift that needs to be accounted for. Therefore, this angle
should be small.
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Figure 6: A schematic of the BaF beam passing through the laser field. The laser field (in pink)
is perpendicular to the beam, at a distance of 3650mm from the supersonic source (indicated via
the z-axis). The laser light passes through the aperture at the top of the schematic, and has a
Gaussian distribution, for depiction purposes. The distances depicted are not to scale.

3.1 Modelling the Depletion

The number of molecules and thus the number of photons gets depleted as the molecules pass
through this laser field, given by the function:

N(z) = N0 −
∫ z

−∞
αI(z)N(z)dz. (11)

Here N0 is the initial count of molecules, α is the probability of exciting the molecule to the
intended molecular level such that it releases a photon, and I(z) is the intensity distribution
(this is often a Gaussian or Lorentzian, but could also be different) of the laser. Since LIF is also
done at Section B of the experiment (refer to Figure 1), the initial number of molecules can be
counted, allowing for the calculation of the depletion.

Equation 11 can also be written in the form of a differential equation of the form:

N
′
= αIN. (12)

Here N ′ is the first derivative of the number of molecules.

Based on the above equations, a method is developed to model the depletion of the molecules
as they pass through the laser field, which accounts for different types of intensity distributions
and and intensities, and laser detuning, as can be seen in Figure 7. The model allows for easy
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variation of several different parameters, including the width and position of the intensity dis-
tribution. This model can then be expanded to account for two laser fields, such that both the
F = 1 and F = 0 states can be probed. The detuning component of the model would also then
be able to show the influence of the second laser field on the other state and vice versa.

Figure 7: Simulation of the depletion function of the F = 1 state, with different intensities and
detuning. The laser beam is centred at 2cm for demonstration, and its width is set as 2mm.

From Figure 7 it can be seen that when the laser is detuned (the red curve) from the centre
frequency, or the intensity is too small (the green curve), not all the molecules are depleted as
the beam passes through the laser field. If the laser intensity is too large (the blue curve), the
molecules get depleted instantly instead of at the peak of the intensity distribution.

The number of photons emitted by the molecular depletion is then given by:

Nγ = Pext ∗NM . (13)

Here Nγ is the number of emitted photons, Pext is the probability that the molecule has been
depleted, and NM is the number of molecules.

However, not all of these photons are detected by the PMT, since those have their own effi-
ciencies. The number of photons corresponding to any one molecular level (for instance the
F = 1 level) is then given by:

NF=1 = εNγ . (14)

Here ε is a combined efficiency term of the PMT that is given by:

ε = Ω ∗ QE ∗ transmission. (15)
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Here Ω is the solid angle (on the order of 10−2), QE is the quantum efficiency of the PMT (around
0.15), and transmission is the transmission coefficient of the PMT (about 0.8). The equations
are the same for the F = 0 molecular level, since it is just one laser probing over the entire
frequency range. Research can be done in order to optimise the number of photons detected,
such as alternatives to PMTs in order to improve the quantum efficiency, as in [25].

Using equations 13 and 14, the number of molecules in a certain F state can be calculated,
which is useful in order to make an eEDM measurement.

The laser power cannot be increased too much in order to increase the total number of pho-
tons that could be counted by the PMT, as this can saturate the depletion, such as the blue
curve in Figure 7. While this would increase the total number of photons, there will be far more
background light (NBG) photons than photons from any of the molecular levels (NF ), which
worsens the signal to noise ratio given by:

SNR =
NF√

NBG +NF
. (16)

It is important to note that the number of background photons NBG is directly proportional to
the integral of the intensity distribution, and not just the total intensity:

NBG ∝
∫

I(z)dz. (17)

To stay within the regime where NF > NBG (good signal to noise ratio), and to not deplete all
the molecules at once, it is found that the laser intensity should be on the order of 1mW/cm2.

Further details on the signal to noise ratio and the counting statistics of molecules in the NL-
eEDM experiment can be found in [26].

3.2 Conclusion

At section D1, the molecular beam passes through a laser field, causing the molecules to get
depleted and emit a photon. A method has been developed to model different laser intensity
distributions and this depletion, in a manner that can account for laser detuning. This method
can be expanded to include a second laser field at a different frequency, allowing for simultane-
ous modelling of the F = 0 state evolution. The detuning factor can investigate any cross-talk
between these two laser fields, and see the effect of both fields on both molecular states.

The code for this method can be found in Appendix A.
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4 Experimental Design and Procedure

Before moving on to the experimental design, the requirements to answer the research question
must be established.

The primary objective is to have a ωHFS frequency difference between the two laser fields. To be
implemented in the experiment without worsening the signal to noise ratio and depleting all the
molecules at once, the intensity of both these laser fields should be on the order of 1mW/cm2 (see
section 3). To use the same laser to create two laser fields at different frequencies, the frequency
modulation would have to take place in free space as opposed to in optical fibers. The two laser
beams must then be coupled back to fibers to be used in the experiment. This means that there
must be sufficient spatial separation between the two laser beams in free space, such that they
can be separated and fiber coupled.

4.1 Acousto-Optic Modulators (AOMs)

An acousto-optic modulator is a device that can be used to control the transmitted power of a
laser beam, and also modulate the frequency and spatial direction of the beam. They use the
acousto-optic effect, where the refractive index of a material (usually glass) is modified using the
mechanical strain of a sound wave [27]. In order to make sure a diffracted beam is created and
goes out of the AOM, the AOM must be aligned such that it is at an angle to the input beam,
as can be seen in Figure 8.

Figure 8: A schematic of a non resonant AOM, showing the working principle as well as the
frequency modulation mechanism. The angular separation between the transmitted beam and
the diffracted beam is exaggerated for demonstration purposes.

Using a radio frequency (RF) input to a transducer, a sound wave is generated inside the AOM,
and the laser beam is diffracted off this wave, shown in Figure 8. The frequency of the diffracted
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laser beam is the sum of the input beam frequency and the sound wave frequency, and the
diffracted beam propagates in a slightly different direction (with a small angular separation).

The transmitted beam is often called the “0th order beam", and the first diffracted beam is
referred to as the “1st order beam". Some AOMs can produce several higher order beams, if
they are in the Raman-Nath regime, but most AOMs function in the Bragg regime where there
is a large diffraction efficiency for the first order beam and very little for any further order. The
diffraction efficiency is defined as the ratio between the 1st order beam power and the input
beam power. Most AOMs have a high diffraction efficiency.

Since AOMs can be used for power and frequency modulation, and create a spatial separa-
tion between the transmitted 0th order beam and the diffracted 1st order beam, they could be a
good choice to allow for creating two laser fields of different frequencies, allowing for simultaneous
measurements.

4.2 AOM Set-up Design

In order to investigate whether AOMs are a viable choice to answer the research question, two
similar versions of a set up were built, featuring two different AOMs in order to compare them.
This section aims to justify the choice of set-up, and also describe it.

Table 2: A list of the devices and apparatus used to construct the experimental set-ups, along
with relevant information about these items.

Item Quantity Specification Relevant Information

RF Power Supply 1 Hewlett Packard 8657A Sig-
nal Generator 0.1-1040 MHz

RF source 1

1 Rigol DG4202 Function/Ar-
bitrary Waveform Generator
200MHz

RF source 2

RF Amplifier 1 EN Model 601L RF Power
Amplifier

1.2 Watts Linear 37 dB am-
plification

Photodiode 1 Thorlabs SMO5PD2B

AOMs 1 Brimrose 10 TEM-240-50 Centre Frequency: 200MHz
Bandwidth: (170− 230)MHz

1 IntraAction AOM-402AF1 Centre Frequency: 40MHz
Bandwidth: ± (30− 50)MHz

Mirrors
2 Thorlabs EO3 Broadband dielectric mirror
2 Thorlabs PO1 Silver coated mirror
1 Thorlabs BBD1-E03 D-shaped mirror

Lens 1 Thorlabs LB1437-B Focal length : 150mm
Fiber Coupler 2 Thorlabs PAF2-7B Effective Focal Length:

7.5mm
Laser Viewer Card 1 Thorlabs VRC5

In general, for both the set-ups, it was important to align the AOM properly, as any changes in
alignment could change the output beams. Poor alignment could result in no output whatsoever.
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Bad alignment could lead to no 1st order beam being created, or the beam being only partially
diffracted, meaning that the 1st order and 0th order beams would no longer be Gaussian or have
the maximum possible intensities, which would create problems when coupling back to fiber.

4.2.1 Using a 200MHz AOM

First, a set-up was built featuring a 200MHz centre frequency AOM. Due to the large frequency
range, it was possible to use two radio frequency sources simultaneously to create two first order
beams, each with a controllable frequency independent of each other. To do this, two RF sources
were input into an RF amplifier, and the output was sent to the AOM. RF source 1 was set
to 225MHz, with a RF power of 16dBm. RF source 2 was set to 177MHz, with a RF power of
10dBm. dBm can be converted to units of mW using this table.

With these RF power inputs, the entire bandwidth of the AOM is in use (see Table 2), meaning
that there is less room for error and alignment.

The two first order beams then have a 48MHz frequency difference which can be used, while
the 0th order beam can be reused for some other purpose. To ensure that the output powers are
similar, the RF powers on the two sources should be comparable or equal to each other. In order
to achieve this, a 16dB attenuator was attached to RF source 2 (Figure 9), the Rigol DG4202.

Figure 9: A schematic of the set-up using the 200MHz AOM, to be observed from right to left.
Two radio frequencies are input into an amplifier, and the output of the amplifier in sent into
the AOM. Two first order beams are created, allowing for the 0th order beam to be picked off
using a D-shaped mirror. The power meter is used to measure the output powers of the first
order beams.

Once the laser light has been coupled out of the fiber into free space using a fiber coupler, it is
aligned to be perpendicular and collimated out of the fiber, with a power output PO = 3.42mW.
The laser beam is then reflected off two mirrors, which adds two degrees of freedom and thus
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allows for better fine-tuning of the beam. Before the beam goes into the lens, it is passed through
a focusing lens. This is to ensure the beam actually goes through the AOM aperture. The focal
length of the lens is chosen such that the focus is at the centre of the AOM crystal. Here, a
150mm focal length lens was chosen as it yielded better results than other lenses without having
to realign the entire set up.

Table 3: Table summarising the power inputs used for the 200MHz AOM set up. It is important
to note that these are the power outputs of the sources themselves, prior to power amplifications
from the attenuator and the amplifier.

RF Source 1 Frequency 225 MHz
Output Power 16 dBm

RF Source 2 Frequency 177 MHz
Output Power 10 dBm

Three beams go out of the AOM, the 0th order beam, and two first order beams. Since the 0th
order beam is of no interest to this research in this case, it can just be separated from the set-up
using a mirror, and can be coupled back into a fiber for any other purpose. Due to the focusing
lens however, the beam diverges as it propagates out of the AOM, so another lens will be needed
to collimate the beam again.

The laser power of the two first order beams is measured using a power meter, both at the
same time, with enough spatial separation between the beams, and with just one RF input at
a time. This allows for the study of the power dependency and the impact of one RF power on
the other 1st order beam. The 1st order beams can then be coupled back into fiber the same
way as light is coupled out of a fiber, using two mirrors for control and then focused into a fiber
coupler, but this was not done with this set up.

4.2.2 Using a 40MHz AOM

A similar set-up and study was done using an AOM with a 40MHz centre frequency. A major
difference here is that only one RF source is used with the frequency set to 48MHz, in order to
create a ωHFS frequency difference between the 0th order beam and the 1st order beam.

The set up was kept largely the same and only the AOMs were swapped. The focusing lens
was found to be unnecessary, due to the larger aperture of this AOM, and the fact that the laser
beam was well collimated. The Rayleigh length was calculated to be large enough that the beam
would easily stay collimated over the entire set-up length (see section 2.3).
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Figure 10: A schematic of the set-up using the 40MHz AOM, to be observed from right to left.
Only one radio frequency is input into the AOM, so the 0th order beam is picked off with the
intention to also couple into a fiber, and the first order beam is coupled into a fiber.

Since there is only one input radio frequency into the AOM, there are only two output beams,
the 0th order beam and the 1st order beam. The high diffraction efficiency of the AOM ensures
that higher order beams are either not created at all or have a negligible power compared to the
0th and 1st order beams. The separation of the beams was observed using a detector card, and
then they can be measured and separated to allow for fiber coupling.

4.3 Conclusion

The goal with the 200MHz AOM was to investigate whether the two 1st order beams will have
enough spatial separation in order to separate them and couple to fiber, and to investigate the
power output. The spatial separation is checked for by eye, using the Thorlabs VRC5 IR detec-
tor card. However, it could also be done using an IR camera and then analysed using a similar
method as described in [28].

The goal with the 40MHz AOM set up was similar: investigate the power outputs and the
spatial separation of the two beams, to see whether they would be good to use for LIF. The
powers of the beams were first measured using a power meter.

The two set-ups and their results are then compared, to see which one is better to use (see
Section 5). It is important that a quantitative measurement is carried out, such that the set-up
can be implemented (see Section 3).
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5 Results and Discussion

This section shows and compares the results from the two AOM set-ups. These results are the
visual spatial separation of the beams from each other, as can be seen in a picture of the detector
card, and the power outputs of the beams. After comparison, an AOM is recommended for use
in the main experiment.

5.1 200MHz AOM

First, the output powers of the 1st order beams were measured independently of each other. The
power of the 0th order beam was not measured, since it was not intended to be used.

Using RF source 1 with the frequency and input power described in table 3, and an input
laser power PO, the power of the 1st order beam was measured to be 0.454± 0.001 mW.

Using RF source 2 with the frequency and input power described in table 3, and an input
laser power PO, the power of the 1st order beam was measured to be 0.094± 0.001 mW.

Pictures of the IR reader card were taken to show the separation of the 1st order beams from
the 0th order beam, first individually and then with both sources switched on.

(a) 0th and 1st order beams from RF source 1. (b) 0th and 1st order beams from RF source 2.

Figure 11: Pictures of the 0th and 1st order beams from the two RF sources individually, with
the 1st order beam on the left and the 0th order beam on the right. It can be seen from the
brightness that the 0th order beam has much higher power than the 1st order beam.

It can be seen from Figure 11 that the separation of the 1st order beams from the 0th order
beam is clear, and around 1cm, which is enough to work with.

Then, both RF sources were switched on with the specifications described in Table 3, and a
picture was taken, without changing the original alignment of the AOM.
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Figure 12: A picture of the IR reader card with both RF sources turned on using a 200MHz
AOM. The 1st order beams are on the left, and the 0th order beam is on the right.

In Figure 12, the two 1st order beams are created. There is some visible light to the far right of
the reader card, showing that there was either an issue with alignment, or one of the 1st order
beams did not diffract correctly when both the sources were input into the AOM. By eye, it can
be seen that there is little to no visible separation between these two beams. It is possible to
quantify this separation using the method described in [28], however, it makes sense to look for
separation by eye in order to align the D-shaped mirror and attempt to reflect one of the 1st
order beams.

Based on this, it was decided to not attempt to separate the two 1st order beams and cou-
ple them to fibers, since by eye it appears difficult to do. Additionally, the low power of these
beams present another challenge, since powers on the order on 1mW are needed for a suitable
LIF measurement of the molecules, and there is also some power lost when the laser beam is
coupled into a fiber, reducing the power even further.

5.2 40 MHz AOM

Similar to the 200MHz AOM set-up, the power outputs of the beams were first measured. With a
radio frequency of 48MHz and a power of 16dBm, the power of the 0th order beam was measured
to be 1.30mW and the power of the 1st order beam was found to be 2.11mW.

Table 4: Summary of power outputs with constant RF frequency 48MHz and RF power.

Input (dBm) 0th Order Power (mW) 1st Order Power (mW)
16 1.30 2.11

Then, a picture of the IR reader card was taken in order to demonstrate the separation of the
two beams from each other.
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Figure 13: A picture of the IR reader card showing the separation of the 1st order beam from
the 0th order beam. On the left is the 0th order beam, and on the right is the 1st order beam.

From Figure 13, a clear spatial separation can be seen between the two circular output beams,
allowing for one of them to be reflected away using a D-shaped mirror. Once the 0th order beam
was reflected away, the 1st order beam can be coupled to a fiber.

5.3 Comparison of AOM Set-ups

The 200MHz AOM yielded low powers and had poor separation between the two first order
beams. However, the two first order beams are largely independent of each other in terms of
their powers, so changes in one RF power does not have much impact on the other beam. How-
ever, this was difficult to measure and accurately quantify due to the lack of separation of the
two first order beams. There is also a limitation on the RF power that can be supplied at the
moment, meaning that the only possible methods of optimising the power output is by optimising
the alignment of the set-up.

The 40MHz AOM yielded a 0th order and 1st order beam with fairly comparable powers that
are in the right range of powers. Any change in the radio frequency power will have significant
changes on the powers of both beams, but primarily on the 1st order beam. While this could
be a cause for concern, it is easily controllable, since the input fiber only outputs half of the
power of the laser, by means of a fiber splitter. This means that only the 1st order beam needs
to be fiber coupled, and the 0th order beam can be used either for LIF, or for some other purpose.

Hence, the 40MHz AOM is recommended for further use and implementation, since it satis-
fies all the requirements listed in Section 4 with the best results.
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6 Conclusion

The aim of this thesis was to investigate a potential method to improve the signal readout of
the NL-eEDM experiment, which aims to make a sensitive measurement of the electric dipole
moment of the electron using a beam of BaF to a sensitivity of de < 5 · 10−30 e cm. In the signal
readout, there are two major peaks of count rate as a function of frequency, each corresponding
to a hyperfine level of the N = 0 ground state of the BaF molecule. There is a frequency differ-
ence of ωHFS between these two peaks.

The molecules in the experiment are counted using laser-induced fluorescence (LIF), where the
molecules are excited to a higher molecular state (A2Π3/2) using a laser beam, which causes the
molecule to emit a countable photon. A method has been developed to model the molecular
depletion with different laser intensities and distributions, and detuning. This model should be
expanded to allow for a second light field.

Acousto-optical modulators (AOM) were identified as a potential method to create a second
laser beam, allowing for both frequency peaks to be probed simultaneously. AOMs use the
acousto-optic effect (a radio frequency input to create a sound wave that light can diffract off)
to diffract an input beam and create a second beam. In order to investigate whether AOMs are
suitable for use in the NL-eEDM experiment, two set-ups are built, using two different AOMs,
one with a centre frequency of 200MHz, and one with a centre frequency of 40MHz.

Two independent radio frequencies were input into the 200MHz AOM, in order to create two
first order beams. These first order beams were found to have low powers and more importantly,
little to no separation between them, making it difficult to separate them and couple them into
fibers, or to make more quantitative statements on the influence of one radio frequency on the
other in terms of output power.

A 48MHz radio frequency was directly input into the 40MHz AOM. It was found that there
was good separation between these two beams, and the powers of the beams were comparable
and in the right range for use in the main experiment.

It can first be concluded that an AOM can indeed be used to create a second laser beam with a
ωHFS frequency difference and the required laser powers, which can be used in the main experi-
ment to probe at different frequencies simultaneously.

It is recommended to optimise and use the 40MHz AOM and set-up, with some changes that
could be made. This is because the power of the beams is on the order of 1mW, which is what
is needed for LIF in the main experiment, and there is enough spatial separation between the
beams to couple them into fibers.

6.1 Future Outlook

At the moment, the 40MHz AOM set-up remains built and can be used. The 0th and 1st order
beams must first be coupled into fibers.

The intention is to then implement this into the NL-eEDM experiment by adding a new ap-
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paratus to D1 in Figure 1. This apparatus, built in-house with commercial opto-mechanics,
allows for two fiber inputs which are then coupled into free space and enlarged, and then passed
through apertures. The light passing through the apertures are then reflected, and directed using
a prism into the set-up. The prism can be tinkered with to allow for different spatial separations
[24].

(a) A schematic of the apparatus [24]. (b) A picture of the apparatus.

Figure 14: A schematic and a picture of the double slit assembly. At the top, there are two fiber
couplers (ZAP1 and ZAP2). The laser beams are enlarged using lenses and directed through the
tubes, and passed through an aperture. They are then directed to a prism, and then out.

22



Zooming into the figure to see the prism:

(a) A zoom in of the 3D model of the assembly, such
that the prism can be seen [24].

(b) A picture of the prism within the apparatus.

Figure 15: A 3D model and a picture of the double slit assembly zooming into the prism.

Once the apparatus has been implemented, it can be tested whether the system actually works
within the NL-eEDM experiment as intended.
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A Code for Simulations

The code written for the simulation method developed as described in Section 3, using Equation
11 is presented here. First, a few different laser intensity distributions are defined, such as the
Gaussian and a block wave. This can easily be expanded to account for any mathematically
definable distribution. Then, the code for the Lorentzian is presented, as well as the numerical
solution to the differential equation. Four graphs are made with different parameters, and are
thus presented in the same figure (Figure 7). The benefit of this code structure is that it can be
easily expanded if needed, and parameters can be changed quite easily as well.

A.1 Laser Intensity Distributions

1 // writing some inbuilt functions in a simpler way
2 auto pi = TMath::Pi();
3

4 // Defining a few different intensity distributions as functions:
5

6 double_t fIofx(double_t *x, double_t *par){
7 // Gaussian distribution
8 double_t gaussian;
9 gaussian = par [0]* exp(-1*pow((x[0]-par [1]) ,2)/(2* par [2]* par [2]));

10 // gaussian = 1;
11 return gaussian;
12 }
13

14 double_t gIofx(double_t *x, double_t *par){
15 // block wave distribution
16 double_t blockwave;
17 blockish = par [0]*2* TMath:: Floor(x[0])-par [1]*( TMath::Floor (2*x[0]))+par [2];
18 return blockwave;
19 }
20

21 // Excitation probability as a function of intensity.
22 double_t excitation(double_t *x, double_t *par){
23 double_t intensity;
24 intensity = fIofx(&x[0],&par [3]);
25 }
26

27 // Plotting the function above with a few set parameters
28 void intensitydistribution (){
29 auto gaussian = new TF1(" gaussian","fIofx ",0,20,3);
30 gaussian ->SetParameter (0,2);
31 gaussian ->SetParameter (1,2);
32 gaussian ->SetParameter (2,1);
33

34 gaussian ->Draw();
35 }

A.2 Depletion Function and Excitations

1 double_t hIofw(double_t *w, double_t *par){
2 // Lorentzian distribution with detuning
3 double_t lorentzian;
4 double_t detune;
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5 double_t detune2;
6 par [1] = 1/(2*pi *0.057);
7 detune = par[0]-w[0];
8 detune2 = detune*detune;
9 lorentzian = 1/(2*(1+( detune2/par [1])));

10 return lorentzian;
11 }
12

13 // Loop to numerically solve the differential equation
14 double_t loop(double_t *x, double_t *par){
15 double_t Nxi;
16 double_t intensity;
17 double_t prob;
18 Nxi = 1;
19 double_t f0 = 48;
20 double_t f1 = 0;
21 double_t z =0;
22 double_t zstep = 0.01;
23

24 do{
25 intensity = fIofx(&z,&par [0]);
26 prob = hIofw(&par[4],&f1);
27 Nxi -= Nxi*zstep*intensity*prob;
28 z+= zstep;
29 }while(z<x[0]);
30 return Nxi;
31 }
32

33 // Graphing the various results
34 void depletionfunction(double_t detuning = 5, double_t Intensity = 5){
35

36 // Depletion function with detuning
37 auto detuned = new TF1(" detuned","loop ",36,40,5);
38 detuned ->SetParameter (0, Intensity);
39 detuned ->SetParameter (1 ,38.4);
40 detuned ->SetParameter (2 ,0.5);
41 detuned ->SetParameter (3,1);
42 detuned ->SetParameter (4,detuning);
43 detuned ->SetTitle (" Intensity = 5mW , Detuning = 5MHz");
44 detuned ->SetLineColor (2);
45

46 cout << detuned ->Eval (50) << endl;
47

48 // Depletion function with "standard" intensity and no detuning
49 auto standard = new TF1(" standard","loop ",36,40,5);
50 standard ->SetParameter (0,5);
51 standard ->SetParameter (1 ,38.4);
52 standard ->SetParameter (2 ,0.5);
53 standard ->SetParameter (3,1);
54 standard ->SetParameter (4,0);
55 standard ->SetTitle (" Intensity = 5mW , Detuning = 0MHz");
56

57 cout << standard ->Eval (50) << endl;
58

59 // Depletion function with intensity set to be very small
60 auto undersaturated = new TF1(" undersaturated ","loop ",36,40,5);
61 undersaturated ->SetParameter (0 ,0.1);
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62 undersaturated ->SetParameter (1 ,38.4);
63 undersaturated ->SetParameter (2 ,0.5);
64 undersaturated ->SetParameter (3,1);
65 undersaturated ->SetParameter (4,0);
66 undersaturated ->SetTitle (" Intensity = 0.1mW, Detuning = 0MHz");
67 undersaturated ->SetLineColor (8);
68

69 cout << undersaturated ->Eval (50) << endl;
70

71 // Depletion function with intensity set to be very high
72 auto oversaturated = new TF1(" oversaturated ","loop ",36,40,5);
73 oversaturated ->SetParameter (0 ,50);
74 oversaturated ->SetParameter (1 ,38.4);
75 oversaturated ->SetParameter (2 ,0.5);
76 oversaturated ->SetParameter (3,1);
77 oversaturated ->SetParameter (4,0);
78 oversaturated ->SetTitle (" Intensity = 50mW, Detuning = 0MHz");
79 oversaturated ->SetLineColor (4);
80

81 cout << oversaturated ->Eval (50) << endl;
82

83 // Making the graphs individually
84 auto gr1 = new TGraph(detuned);
85 auto gr2 = new TGraph(standard);
86 auto gr3 = new TGraph(undersaturated);
87 auto gr4 = new TGraph(oversaturated);
88

89 // Adding all the above graphs to the same figure
90 auto gr = new TMultiGraph ();
91 gr ->Add(gr2);
92 gr ->Add(gr3);
93 gr ->Add(gr4);
94 gr ->Add(gr1);
95

96 // Setting some standard styles for the whole figure
97 gr ->SetTitle (" Depletion Function; Position z(t) [10^{ -1}m]; Probability(F=1)

");
98 gr ->GetYaxis ()->SetNdivisions (1010);
99 gr ->GetYaxis ()->SetRangeUser (0 ,1.1);

100 gr ->GetXaxis ()->SetNdivisions (1010);
101 gr ->Draw("AWL");
102 // command below only works once the canvas has already been made
103 c1 ->BuildLegend ();
104 }
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