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Executive Summary

This project, sponsored by Dr. Kirk Madison of the UBC Quantum Degenerate Gases Laboratory, in-
vovled the construction and characterization of a robust laser frequency locking system based on the

Pound-Drever-Hall locking method.

Existing systems at the sponsors’ laboratory are already based on the PDH method, but use a slightly
different approach. Both the existing and proposed systems lock to a vapour cell. The existing locking
unit uses an acousto-optic modulator, which uses acoustics to produce a frequency-shifted diffraction pat-
tern. This pattern is filtered through a rubidium vapour cell, and then coupled into a photosensor. From
there, frequency-shifted parts are extracted, which produces an error signal. This error signal locks the
diode laser’s control system to the desired transition resonance. The existing system is severaly limited
in that the error signal has poor stability, low bandwidth, and is subject to various modulation effects

which change the location of its null locking points.

The new, EOM based, feedback system built here addresses these issues and hints at further improve-
ments. A table-based optical setup based around modulation transfer spectroscopy was constructed
and a Pound-Drever-Hall type error signal was generated using a photosensor and discrete RF compo-
nents. The resulting signal has improved stability and non-drifting locking points. The resulting SNR is
worse in the new system by a factor of two due to suboptimal component choices. However, simple change

to more robust, readily available, electrical components will improve this by a factor of four, at minimum.

Closed loop testing to determine linewidth and carrier stability improvements was not possible due to
time constraints, difficulty, and equipment availability. The sponsor was supplied with a full set of
characterization data to specify the optimal configuration and is well poised to reconstruct this system

on their main optical table at their convenience.
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Glossary

AOM
AM/FM
CCA
FWHM
ECDL

EOM

EMI

FO (Receiver)
L/H/BPF
PCB

PDH

Pol Cube
RF
SNR

VCO

Vpp

Acousto-optic modulator: a device which uses acoustic waves to vary the direction
of a light beam, and in turn the distance it must travel, creating a doppler-shifted

diffraction pattern.
Amplitude modulation and frequency modulation.

Circuit Card Assembly: includes a PBC and all of its components, sometimes

encludes complimentary mechanical components as well.

Full width half maximum, a measure of width of a Gaussian or Lorentzian like

feature.
External cavity diode laser.

Electro-optic modulator: also known as a Pockels cell, this is an optical medium
which is subject to the Pockels effect: electrically modulating the phase of an

incident electromagnetic wave in the direction of propagation.
Electromagnetic Interference: two types: radiated and conducted.
Fiber Optic (photosensor unit for detecting fiber optic signals).
Low-pass, High-pass, and Band-Pass Filter, respectively.

Printed Circuit Board.

Pound-Drever-Hall. Refers to a method of generating an RF signal to resolve a

frequency selective feature from higher frequency optical signals.

A polarization cube. Filters light such that horizontally polarized light passes

straight through, and vertically polarized light reflects.

Radio Frequency. Used to refer to components or systems which operate in the 3
kHz - 300 GHz regime.

Signal-to-noise ratio. Roughly, this is the ratio of the maximum signal amplitude

to the amplitude of constant background noise.
Voltage Controlled Oscillator, may be crystal or PLL based.

Peak-to-peak voltage: the full range of voltage of a particular waveform.



1 Introduction

The ability to lock a laser to a very specific frequency is of great importance to the UBC Quantum
Degenerate Gases Laboratory. They use these optical systems to laser cool atomic and molecular gases.
This requires a very narrow laser linewidth, and a stable carrier frequency. Any improvement in the
frequency precision of the laser will increase the quantity of atoms that can be trapped or cooled, as
well as the attainable temperatures in a trap. Often, this frequency must be very close to the natural

transitions of the gas.

One way to acquire such a system is to pass the beam through a gas. The gas has state transitions
at particular optical frequencies, which can be detected by sweeping the probing laser. The gas will
absorb photons most strongly at the atomic transition resonances, which will appear as sharp dips in the
transmission spectrum. However, since the gas is at room temperature, the broad absorption dip will

have a bandwidth of about 1 GHz, which is too wide for accurate laser locking.

The Madison group has an existing system to lock lasers to various atomic transitions using AOM-based
saturated absorption spectroscopy and the Pound-Drever-Hall method. However, this system is limited

in a number of ways:

Stability Currently, the signal is processed in a way that leaves it sensitive to acoustic pertur-
bations. As such, it has a large jitter amplitude during operation, which results in

higher laser linewidths and, occasionally, total loss of locking.

Bandwidth Due to the low bandwidth of various components (including the modulating element)
the signal’s bandwidth is limited to approximately 10 kHz. This reduces the speed

at which the laser servo can acquire a lock.

Zero Crossings Due to AM pickup, shifts of alignment and laser power, the null locking points
actually shift around during operation. As stated, shifts away from precise atomic

transitions reduce the efficiency of experiments.

This project aims to improve various elements of this feedback system to improve stability, bandwidth
and SNR and minimize the need for manual tuning. Furthermore, the methods employed here remove
DC shifts in the error signal zero crossings. These improvements will lead to a master laser that has

smaller linewidth and a more accurate/stable carrier frequency.

1.1 Doppler Effects

The gas in a vapour cell is at room temperature. In a saturated absorption spectroscopy scheme, for
example, some atoms will be moving towards the probe beam, and other atoms will be moving away
from it. As a result, if a single laser is used, the atoms moving towards the laser will perceive a higher
frequency, and thus will excite at lower frequencies than the resonance frequency. The opposite is also
true. If the absorption-vs-frequency curve is measured for a laser passed through the gas, there is a wide
smear that is approximately 1 GHz wide [4]. This makes the apparent spectrum of the gas much wider,
and thus, much harder to lock a signal to. This is depicted in Figure

Redirecting another single frequency laser around the sample, to the opposite side, will yield large im-
provements in feature size. Now, when the sweep laser is at the same frequency as the pumping laser, its
light will not be absorbed by the atoms with zero horizontal velocity. This creates a Doppler-cancelled
feature, which is about 10-100MHz wide.



v
‘_.

/\/\/\/ O Unresponsive

/\/\A/V\/\/\/ v to pump beam

Probe beam absorbed Particles with zero
at many frequencies horizontal velocity affected
from Doppler effect. by pump beam.

Figure 1: Doppler effect demonstration. The probe beam is absorbed across a wide frequency range,
but only the non-Doppler-shifted particles are affected by both beams from left and right.

1.2 Acousto-Optic Modulator

One way to modulate the frequency of the beam is to use an acousto-optic modulator (AOM). An AOM
is a device that acoustically varies its shape, adjusting the distance the light has to travel to reach its des-
tination. By driving the optical medium at a particular frequency, an incident beam of light is diffracted
and Doppler shifted depending on what angle it is sampled at. Modulating this driving frequency at an
additional frequency €2, produces a beam of light that is phase modulated at a frequency 2.

AOMs are limited by the mechanical properties of the optical medium. Specifically, while being driven at
some nominal frequency that may reach up to 100s of MHz, they can only register a frequency modulation
at a rate up to several MHz. This is due to the fact that the rate of acoustic propagation across the
medium is limited. Depending on what refraction angle it is sampled at, the output beam of the acousto-
optic modulator also contains a shift in the carrier frequency. This shift needs to be accounted for in a

later stage of the system.

1.3 Electro-Optic Modulator

An electro-optic modulator (EOM), is a device that uses an electric field to modulate the phase of an
EM wave. These devices exploit either the Kerr or Pockels effects, whereby the index of refraction in
a crystal is affected by the presence of an electric field. Therefore, by adjusting the electric field in the
crystal, the phase (and ultimately frequency spectrum) of the beam can be varied. The EOM does not
shift the carrier frequency, unlike an AOM. Furthermore, the resultant phase modulation frequency of
the incident laser can reach into the GHz range, orders of magnitude above the capability of an AOM.

Unfortunately, for large modulation depths, EOMs require fairly large driving voltages, on the order of
hundreds of volts. Some manufacturers provide a full EOM solution, with built-in amplifier, to make
their equipment easier to use, making an external high-voltage amplifier unnecessary. This project makes
use of a home-built EOM /driver system based around a Lithium Niobiate (LiNbOs3) crystal.

1.4 The Pound-Drever-Hall Method

Optical frequencies generally exceed 100 THz. It is not possible to extract information at these frequen-
cies using conventional electronic measurement equipment. Systems make use of schemes that down-mix
these optical signals into RF range, which are then processed via conventional means (RF electronics and
digital systems).

The Pound-Drever-Hall method makes use of phase-modulated light to measure an optical response and

down-mix it into RF range. This signal is then mixed again with the same oscillator to produce a DC
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Figure 2: Existing AOM-based, single demodulation channel error signals around Rb85 (left) and Rb87
(right) D2 transitions. Each figure shows the reference spectrum (black), and the resulting PDH error
signal (red).

Trig'd

Cursor
Function

Chl 1,00V

Ref1 10.0mv 2.00ms i51.40 % ]
e R RS R PR W AR NEASTUTSS NSRS STSTTr RA
Function Mode 4 o o
Bars Units
H gars Ihd seconds Base

Figure 3: Saturated absorption spectroscopy based PDH signal acquired near the start of the project.
Shown is the ramping signal (yellow), AOM-based reference saturated absorption spectrum (blue) and
the new EOM-based PDH signal (pink). This signal is suboptimal due to low SNR (approximately
3:1), which was difficult to improve given avai,lable resources. Additionaly, AM pickup effects bring into
question the accuracy of the zero crossings.

signal. Changing the modulation frequency varies the resolution of this derivative function. At extremes,

this derivative function is either small and featureless, or is excessively noisy and not useful.

This method is used to lock to extrema of absorption spectra. In an atomic gas, these features are
typically transition and crossover resonances . Carefully selecting a modulation frequency to obtain a

useful error signal about a point of interest is a principal challenge of implementing this method.

1.5 Spectroscopy Methods

There are a variety of methods to generate an absorption spectrum from an atomic gas, involving different
configurations of cell/beam alignment, beam power ratios and various signal processing techniques. The
original proposal involved the use of saturated absorption spectroscopy, which is elaborated on in Section
@ However, due to various parasitic effects and poor SNR, (see Figure (3) the final configuration made
use of a modulation transfer scheme, which has been described well in the literature . There have
also been detailed experiments specifically involving rubidium, which were a good starting point for this

project ||§|| These processes are described in more detail in Section @



2 Theory

To gain an understanding of the motivations behind this project it is worthwhile to discuss both prior
work done with the PDH method, and the motivations behind using it to lock to an atomic source. The
PDH method is often used to lock a laser to a reference cavity [|1]. The Madison group primarily performs
laser cooling experiments on Lithium and rubidium gas. They need to precisely set laser frequencies at
or near key atomic transitions. This project focuses on the Rb87 and Rb85 55,5 — 5P5/, transitions,
specifically Rb87 |F =2) — F’ and Rb85 |F =3) — F’. The closer a laser’s frequency is to a desired
transition and the smaller the linewidth of that laser, the more efficient any excitation will be. This

efficiency has a direct impact on experimental outcome.

2.1 Optical Phase Modulation

Phase modulation of optical signals is typically achieved with either an AOM or an EOM. From a prac-
tical standpoint, the main difference between the two methods is what phase modulation depths and

frequencies are physically attainable.

With an AOM which use acoustic waves to Doppler shift a beam in the transverse direction of propaga-
tion, there is a distinct tradeoff between modulation frequency and the resultant power of the outgoing
beam. The AOM units currently used by the Madison Group only have a useful modulation frequency
of ~200 kHz [4].

The modulation frequency of an EOM is sustainable well into the 100 MHz range, with modulation depth
a function of the driving voltage. Furthermore, as phase modulation is parallel with the beam propa-
gation, there is no significant decrease in total beam power as the modulation frequency is increased.
Typical modulation depths are in the 100mRad range, with a driving voltage of ~ 10V, [3]. A larger
modulation depth demands a higher driving voltage.

The effect of the phase modulating medium is to induce a phase oscillation in the incident laser:

E = Byet Phase Modulation Eoei“’HB sin Ot (1)

where [ is defined as the modulation depth, in radians, and €2 is the modulation frequency. Using the

Jacobi-Anger expansion to isolate the sideband amplitudes,

Eoeiwt-i-ﬁ sinQt _ Eoeiwt Z I (B)einfl (2)

n=-—oo

it is shown that a sideband of frequency (w + n{2) has amplitude J,(3), the Bessel function of order n,
evaluated at 3. In this implementation, the sideband power is approximately 14% of the carrier’s.

10
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Figure 4: Expected spectrum of beam after EOM phase modulation, to the first sidebands. While
possibly present and significant, further sidebands can be ignored as they will be filtered during mixing.

2.2 The Pound-Drever-Hall Method
2.2.1 Stable Reference Cavity

When stabilizing the frequency of an ECDL, it is common to use a stable cavity as a frequency selective

element. The reflected electric field incident on a cavity with reflection coefficient R(w) = E,/E;, is:
E, = Ey |R(w)e™! + R(w + Q)ei(“”LQ)t — R(w — Q)= (3)

where R(w) is complex valued (this function is commonly derived in introductory EM /Optics texts). The
voltage and current generated by standard photosensor/transimpedance amplifier unit is proportional to
the incident optical power. Adopting the notation F(w) = F, F(w+Q) = F4, for any frequency selective
function F, the following electrical signal is expected:
2
Loc|E? = B IR + 7 (B4 +[R-[) +
p | | ()
B(Re[X (w)] cos Qt + Im[X (w)] sin Q1) + - (R4 RZ M _ R_R% e

X(w) = RR%, — R*R_ (5)

After a band pass filter in a sufficient bandwidth around €2, this signal is mixed with a reference VCO,
also having frequency (2, and with phase offset ¢ from the driver (this should ideally be seeded by the
driver signal):

V o« (Re[X (w)] cos QU 4+ Im[X (w)] sin Q¢) cos(Qt + @) (6)
Then, filtering at some wy < {2
V o« (Re[X (w)] cos ¢ + Im[X (w)] sin ¢) (7

This extraction of the real and imaginary components of X (w) is the essence of the PDH method and
allows for generation of error signals that share various properties of the original frequency selective
element, in this case R. By adjusting ¢ appropriately, one can extract either (Re[X (w)] or (Im[X (w)].
Alternatively, by setting up a quadrature demodulation path, with two references /2 out of phase, both

signals can be accessible in parallel.

2.2.2 Atomic Gas Reference

Instead of a using the reflected beam from a stable cavity, this implementation uses a beam transmitted

through an atomic gas. Given a frequency dependent susceptibility x(w), the complex index of refraction

11



can be defined as [8]:

n(w) = V14 x(w) (8)

n(w) = Re[n(w)]  a(w) oc Im[ir(w)] (9)

where n(w), a(w) are the real index of refraction and absorption, respectively. Using a standard model

for a weakly-interacting atomic gas, these are approximately [8] (see derivations behind (17.25), (17.26)):

Ne? (wo — w/2w)
2meg (wo — w)? + (['/2)2
Ne? (I'/2)?

~ meocol (wo — w)? + (T/2)2

n(w) =1+

(10)

(11)

where wyq is a transition resonance and I' is the FWHM of the absorption feature around that resonance.
These terms are derived from a complex valued function and are related through the Kramers-Kronig

relations.

As a beam passes through this medium, one can derive a complex valued transmission function, T'(w) =

7(w)e'*7 () as a function of optical path length, L. The components of T'(w) are defined as:

T(w) = e )L (12)
$r(w) = (1-n(w)>L (13)

c

where 7(w) is the decrease in intensity and ¢r(w) is the additional additional phase accumulation from
the presence of the cell. Just like the stable cavity, this can be used in a Pound-Drever-Hall system to

generate the following electrical signal:

V o« (Re[Y (w)] cos Qt 4+ Im[Y (w)] sin ) (14)
Y(w) =TT — T*T_ (15)

Through a demodulation scheme of choice, this signal can be extracted and used for locking.

2.3 Saturated Absorption Spectroscopy

Passing a single beam through a gas that produce the response shown by , is not likely to
generate an error signal of sufficient amplitude. Doppler broadening significantly smears out the sharp
resonance features. In the saturated absorption scheme, a secondary, counterpropagating “pump" beam is
sent into the vapour cell. This has the effect of producing sharper responses near resonances, as explained
in Figure In addition, it exposes crossover resonances, which result from velocity groups that are
simultaneously stimulated into two different transitions. In this scheme it is the probe beam that is
modulated. The pump beam is used to saturate the excited state populations. The modulated probe

beam interacts with the vapour cell:

E = Eoe™" (Jo(B) + J1(B)e™ — Jy(B)e™ )

M Eoeiwt ((T)Jo(ﬂ) + (T+)J1 (ﬁ)eiQt — (T_)Jl(ﬁ)e_iﬂt) (16)

to produce a sharp feature around resonances, as in Figure The pump beam is typically operated
at much higher powers than the probe beam, on the order of 10-20mW /cm? |5]. As will be seen, in

12
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Figure 5: A sample doppler-free resonance feature in a saturated absorption scheme for varying pump

beam intensities. This is a previous simulation using physical constants from |]§|| for the Rb&5 |F = 3) —
|F’ = 3) resonance.

scenarios where the available laser power is limited, it can be difficult to achieve a high SNR signal using
this approach.

2.4 Error Signal Generation

Using the electrical signal in (14)), a single channel demodulation scheme using some Vi co = vyeo cos(Q2+
¢) and then filtering at some 2 << wy << 29, the resulting DC error signal is:

€ x Re[Y (w)] cos ¢ + Im[Y (w)] sin ¢ (17)
Oune can select between ¢ = 0,7/2 to extract either the real or imaginary component of Y (w). It is

worth investigating briefly what the in-phase and quadrature components of Y (w) are ( and (19),
respectively).

13



7(w) (normalized)

g :
£ 20t : B
E, 0F B |
220k 4
St §
—60 L
02E T P — ]
=== in phase
s “1' B ]
g B
£ 00 —_—
g
T -01f 4

Af=f— fo(MHz)

Figure 6: In-phase and quadrature PDH error signals calculated for a simple absorption model around
the Rb85 |F = 3) — |F’ = 3) resonance using (11) with wo ~ 383 THz, I' ~ 6.07 MHz,
and a vapour density of 7.4 - 10'® atoms/ m? at 20°C [9]. While actual physical constants were used in
computation, this is a separate model that does not factor Doppler broadening and is intended to show
qualitative behaviour.

Defining R = r + R, and assuming the behaviour described in ([16):

Y(w) = (T +4T)(Ty — iTy) — (T — iT)(T_ +iT_)
Re[Y ()] = T(Ty — T_) + T(T4 — T_) (18)
ImlY (w)] = T(Ty +T_) = T(T, +T_) (19)

For a saturated absorption setup, both of these signals have zero crossings at every resonance, making
either of them (or some combination of both) an ideal feature for null locking. These signals are shown

in Figure [6] computed for an absorption spectrum about a sample resonance.

Alternatively, through quadrature mixing, one can extract both values in separate channels:
€1 = Re[Y (w)] cos ¢ €2 = Im[Y (w)] cos ¢ (20)

where ¢ = 0 would presumably stay constant to maximize the signals. These separate channels could
be used to create a variety of error signals. However, given the response shown in Figure [6] it is not
clear that quadrature demodulation is necessary. For null locking, either feature defined by is likely

sufficient.

2.5 Modulation Transfer Spectroscopy

During development, the saturated absorption signal was difficult to work with. Because total input laser
power was limited, a necessary increase in the pump power to create sharper resonance features resulted
in a lower probe amplitude and degraded the SNR of the electrical signal. The best signal achieved was
with approximately 9 mW pump power and 1.5 mW probe power (see Figure @ This signal has an
SNR of approximately 3:1, which is poor, and has visible DC features which bring into question whether

the null locking points are directly at the transition resonances. In an effort to eliminate these problems,

14
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Figure 7: Schematic differences between saturated absorption (left) and modulation transfer (right)
spectroscopy. Saturated absorption schemes demand a higher pump/probe ratio. Though only the
pump beam is modulated by the EOM in the modulation transfer scheme, the probe beam picks up the
modulation through nonlinear interaction in the gas.

a modulation transfer scheme was adopted. In modulation transfer spectroscopy, the pump beam is mod-
ulated instead of the probe beam. Through nonlinear interactions in the gas, the modulated sidebands

are still written onto the probe beam (see Figure .

The modulation transfer signal chiefly serves to eliminate parasitic AM pickup present in the saturated
absorption scheme. This as is evident in the final data sets (compared to Figure |3), as they have a flat
response far from the resonance peaks. At a variety of modulation frequencies in the range of 10-20 MHz,
both the in-phase and quadrature components of the resulting PDH signal still have zero crossings exactly
at the transition resonances, which is ideal |6|ﬂ Given the data in this prior work, it is apparent that a

modulation frequency in the range of 10-20 MHz would produce the highest amplitude error signals.

Isee Figure la, 1b in particular
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3 Implementation

3.1 Laser Setup
3.1.1 Laser Seeding

The laser setup begins with the master laser. This laser feeds its light into a slave laser which, if properly
tuned, will emit light of the same frequency as its master. That slave then feeds into another slave (Slave
#2), which is the light source for this setup. Particularly, there are a series of mirrors which direct the
light from the second slave into the third slave. Setting up this slave requires a particular algorithm

(which must be executed before any work can be done each day):

1. Lock the master laser and first slave. This is somewhat involved, and beyond the scope of this

document.
2. Set the current on this slave #2 to a low value, 32 mA is used.
3. Place a power meter at the output of this slave laser.

4. Adjust the two mirrors feeding master light into the slave, until the power output from the slave

laser is maximised.

5. Unlock the master laser. Set it to sweep frequency across a wide enough range that the Rb85 and

Rb87 absorption features are visible on the master’s diagnostic scope.

6. Make sure that light from the slave laser is fed back to the diagnostic table (via fibre coupling)ﬂ
Check with the power meter that >50% of the slave light is entering the fibre (there are many
reasons why the light might not make it this far.

7. Set the current into the slave to a high value (110.0mA), and gradually decrease it. Observe that
there is a stable frequency window in which the slave can operate, and that adjusting the current
moves this window. Reduce the current of the slave until the laser is stable across all desired
features. The window should be wide enough to contain both the Rb85 and Rb87 transitions.

8. The master should either be re-locked, or have its frequency sweep set to a useful range.

Following this procedure, the laser is ready for experimental use.

3.1.2 Laser Sweeping

The master laser is nominally operated in a locked frequency mode. There is a lock-box which provides
this function, and an AOM-based locking system. This provides a fast (current based) and slow (piezo

based)ﬂ feedback response, which keeps the laser’s frequency as stable as possible.

However, if this feedback is disabled, the laser will run in an open-loop frequency sweeping mode. The
lock box does not change the current, instead it adjusts the laser’s frequency with a triangle wave ramp
which operates at 50Hz. This provides frequency sweep which is very slow compared to the locking servo,
but fast enough to give a continuous view of the spectral response of the new feedback system. For

example, by sending this beam through a rubidium gas cell, and placing a detector on the far side, a plot

IThe diagnostic table includes a scope which shows the spectrum of a rubidium sample, and includes provisions for
checking the spectral content of the light. It is a crucial tool for debugging problems with the laser.

2This depends on the laser topology but there is typically a piezo actuated diffraction grating which selects for lasing
frequencies.
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of the absorption spectrum of rubidium as a function of frequency is generated.

Note that although the sweep speed is fixed (50 Hz), the frequency range of the sweep is set manually by
tuning a potentiometer. Thus, measurements of the sweep rate (MHz/s) need to be done on a per-dataset
basis. No attempt was made to reproduce the exact sweep rate between measurements, although some
measurements may have been done without adjusting the settings. For reference, the sweep rate was set
to roughly 120 MHz/s for the variable power error signal data.

3.1.3 Fibre Alignment

In this section an example algorithm for aligning fibre couplers is presented. Much alignment was done

in the timespan of this project, so it is worth outlining the procedure that was followed.

Each beam has four degrees of freedom. Thus aligning the beams (in two axes) in two locations is suffi-

cient to have the beams perfectly aligned. This is required for both fibre couplers and cavities.

Fibre couplers:

1. Use a laser perﬂo create a narrow beam coming out of the fibre. This will be used to determine

the alignment of the coupler.

2. Place a transparent IR card near the fibre coupler such that you can see both the pen laser, and

the slave laser beam.
3. Adjust the last mirror before the coupler until these two beams line up precisely.
4. Place the transparent IR card past the last mirror.
5. Adjust the fibre coupler until the two beams line up.

6. Remove the pen laser and IR card. Attach the power meter to the fibre coupler. You should see

some power.

7. Adjust the same four degrees of freedom on the mirror and coupler, maximising the power entering
the fibre coupler. These should be small adjustments.

3.2 Optical Table

An photograph the optical setup is shown in Figure [8] A schematic view of the same setup is shown in
Figure [9]

3.2.1 Collimation

The beam that comes out of the fibre coupler spreads too wide over the optical path of the feedback loop.
Thus, a telescope system using lenses with focal lengths of 400 mm and -100 mm was installed for the
input beam to reduce the size. Also, by moving one of the lenses, the divergence can be adjusted. This
setup was calibrated to have a visibly collimated optical path length of about 2-3 metres. Collimation
and a relatively small beam size (1/e diameter of no more than 1 mm) are important. Collimation ensures
constant beam intensities in the vapour cell. Beam sizes larger than the face of the EOM crystal result

in undesirable diffraction patterns.

1A laser pen (the lab has one they call they spaghetti laser) is a laser used for aligning optics. It is small, portable,
and includes an adapter which a fibre can be plugged into. It is designed to feed a visible beam out the fibre so that the
alignment of the fibre is completely clear.
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Figure 8: Overview of the optical setup, as it is installed on an ancillary optical table.
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Figure 9: A schematic overview of the optical setup.
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Figure 10: The existing home-built EOM driver CCA. The attenuation and phase adjustment poten-
tiometers are visible. Also visible, the output port (to EOM) and the ref output port (to LO).

3.2.2 Power Control

In several parts of the system, require precise control of beam power. Specifically, this is needed in three

locations:

1. The power of the pump beam.
2. The power of the probe beam.

3. The power distribution between the diagnostic table and the detector. The detector was visibly
saturating in some tests, so this final stage is necessary. It also makes diagnostics easier if a wide
range of power can be arbitrarily redirected to the diagnostic table.

In each of these locations, there is a half-wave plate followed by a pol cube. The half wave plate rotates
the polarization of linear polarized light. The pol cube allows horizontally polarized light to pass straight
through, while reflecting vertically polarized lightﬂ

3.2.3 EOM and Crystal Driver

An EOM crystal driver was borrowed from the Phys 408 Optics lab. It is shown in Figure The
availability of a working device greatly reduced the cost overhead of this project. The driver generates a
sinusoidal signal at approximately 20MHz, and is tuned to drive the high capacitance of the EOM crystal
at a high voltage. It also feeds out a reference to its internal oscillator. This signal provides the local

oscillator input for demodulation.

The EOM driver also includes a phase shift potentiometer to account for phase shifts that may occur in
electrical lines or the optical path. However, the shift provided by this potentiometer is inadequate, with
an approximate range of \/6, as shown in Figure [11] (at least A\/2 would be ideal). Additionally, during
testing, changes in oscillator composition were noticed on the oscilloscope when the potentiometer was

1The pol cube does not work with 100% efficiency. Some horizontally polarized light will reflect and some vertically
polarized light will pass straight through. This is commonly referred to as the ‘extinction ratio’ and it puts a lower limit
on the power levels in a given path
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Figure 11: The maximum phase shift of the EOM driver reference output, with no load attached. Red
signal corresponds to the driver (1MII'), blue signal corresponds to LO out. The impedance of the load
affects the shape of both waveforms.

turned. To avoid debugging the onboard functionality, a phase delay was manually introduced using BNC
cables of various lengths. Of the cables tried, a 1.5 m cable provided the best signal (but this method is

clearly suboptimal).

The light passing into the EOM must be horizontally polarized, thus a half-wave plate is used to re-
polarize the light before it enters the EOM.

3.2.4 Pump Probe Modulation Transfer

The an EOM-modulated beam is fed into the sample from one direction (the pump beam). A single
frequency beam (from the slave laser) passes through the gas in the opposite direction (the probe beam).
Due to nonlinear interactions in the gas, the probe beam becomes modulated at the driving frequency

of the pump beam. That is, the pump beam modulates the gas, which in turn, modulates the probe beam.
The physics of the interaction between the two beams and the gas are described further in Section [2]

Note that the cell has been installed at a slight angle, to minimize reflections off the surface of the cell,

while maintaining the optical path.

3.2.5 Rb Cell Beam Expander

The Rb gas cell has been surrounded in telescoping lenses to expand both the probe and pump beam.
This improves the signal-to-noise ratio by passing the beam through a larger fraction of the gas in the
cell. The telescopes increase the diameter of both beams by a factor of three using lenses with focal

lengths of 75mm and -25mm.
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Figure 12: Confocal cavity test setup. The EOM is passed through a half wave plate, which allows
us to adjust its polarization, and then through a pol cube which removes any vertically polarized light,
leaving only horizontally polarized light. The piezo element is fed by a function generator, and the piezo
driving force, which corresponds to frequency, is plotted against the response of the photodetector.

3.2.6 Heated Rb Cell

It was thought that heating the rubidium cell might improve the SNR of this system. At room tempera-
ture, a fraction of the rubidium in the cell exists as a solid on the surface of the cell. By heating the cell,
more rubidium will vapourize, increasing the density of the gas. This causes the laser to pass through
more gas, which strengthens the signal.

However, this effect cannot be used to arbitrary temperatures. Increasing the temperature increase the
vapour pressure, but it also increases the speed of the gas molecules, which causes the Doppler broadening
to become worse, until the response ultimately becomes flat. This effect is known as pressure broadening,
and puts an upper limit on the possible performance improvements.

Heating was done with a pre-built heating coil and a measured with a K-type thermocouple. For each
temperature measurement, the heater was activated, and it’s current load was manually adjusted the
current, output until the temperature reading on the thermocouple had remained stable for five minutes.
At the point of sampling, the heater was shut off (to eliminate any magnetic fields created by the current),

and a measurement of the error signal was taken.

3.2.7 Cavity Wave Detector

A confocal cavity was used to measure the effect the EOM has on the beam, to ensure that sidebands are
in fact being created. The setup of this cavity is shown in Figure The cavity resonates more highly
with laser light that fits in an integer number of wavelengths within the cavity. Having a photodiode on
the end allows for measurement of the resonance amplitude. The backside of the cavity can be moved
by adjusting the voltage applied to a piezo system. By feeding a triangular wave in (from a function
generator), the (rough) frequency spectrum of the beam is observed. The spectrum shown in Figure
indicates that the EOM driver is functioning correctly.

3.2.8 Modulation Transfer Reference

Since the frequency was sweept during the main tests, the low-frequency (near DC) part of the signal was
isolated to give an indication of the actual modulation transfer spectrum. This provided a continuous
reference of which part of the spectrum was being sampled at all times. Additionally, this indicated how
well the modulation transfer was working. The raw signal itself is sent into the signal conditioning box,

which converts it into a usable error signal.
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Figure 13: EOM spectrum as viewed from the detector of a confocal cavity. Sidebands appear on the
light wave at £20 MHz from the carrier (which was calibrated from the free spectral range of the cavity).
The measured sideband amplitudes were 14 4= 1% of the carrier, which is approximately a 1:7:1 split of
total power.
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Figure 14: An overview of the signal conditioning stages.

3.3 Signal Conditioning

A schematical overview of the signal conditioning stages is shown in Figure

3.3.1 Photosensors

Originally, it was intended to make use of the Finisar HFD6180 based ‘ROSA’ sensors that were recently
acquired by the Madison Group. These sensors have extremely high bandwidths however (> 10 GHz), and
did not produce the desired SNR for this relatively low-bandwidth error signal. The power supply noise
was measured to be mostly white, so the sensor amplifies it for a much larger bandwidth than that of the
error signal, degrading SNR. The Madison group also has readily available battery powered ThorLabs
detectors. These sensors have excellent low-frequency noise characteristics, but were, unfortunately,
bandwidth limited to 10 MHz, making them also unuseable. A solution was found in a mysterious home-
built detector, shown in Figure This detector was measured to pass through even the 40 MHz
beatnote, with an acceptable noise characteristic, and was deemed fit for use. Both the error signals and
the modulation transfer spectra in the data sets are derived from this photosensor. Presumably some

member of the Madison group has the associated schematics and datasheets.
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Figure 15: Signal processing electronics, built of discrete RF components and using the QDG Lab
power.

Figure 16: Home-built Madison Group photosensor. It’s actual bandwidth and noise characteristics are
unknown, but spectrum measurements of the unprocessed error signal deemed it sufficient for use.
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3.3.2 Preamplification

The 20 MHz signal created at the detector is first filtered. The DC component and everything above 30
MHz are cut out, leaving ideally just the desired 20 MHz signal. That signal gets passed through two
17dB minicircuits RF amplifiers, which increase the power level of the signal enough to make it usable.
Each amplifier degrades the signal-to-noise by 6 dB, so excessive chaining amplifiers should be avoided if

possible.

3.3.3 Demodulation

The preamplified signal is passed into a frequency mixer. That signal is mixed with the 20 MHz local
oscillator (the EOM driver). This gives us a desired signal at DC. The mixed signal is then filtered
at 10 MHz, which eliminates any unwanted high frequency components. The selection of frequency is
important at this stage. The higher a the cutoff frequency, the faster the system can respond to changes
in the laser’s frequency. However, setting a high frequency incurs a noise penalty. The noise spread is

linear, thus a doubling of frequency range decreases the SNR, by 3 dB.

A 10 MHz cutoff frequency was chosen, primarily to eliminate known nonlinear artifacts of the mixer
present at 20 MHz; these filters reduce a signal at 2f., (the -3 dB cutoff) by 40 dB. Reducing this cutoff

would further reduce the output noise.

3.4 Infrastructure
3.4.1 EOM Power Supply

The homebuilt EOM driver CCA came with its own AC to DC converter. However, supply noise proved
to be a problem, so a custom power supply was developed for this board. The power supply takes filtered

DC lab power, and linearly downregulates to the needed input power.

3.4.2 Signal Conditioner Case and Power Distribution

A custom case was built to contain the signal conditioning components, shown in Figure It also
includes a linear regulator which is capable of powering up to four of the minicircuits amplifiers without

significant voltage rail dipping.
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4 Validation

4.1 Data Collection

Characteristic error signals were acquired for the Rb85 D2 |F = 3) — F’ and Rb87 D2 |F =2) — F’
spectra for a variety of power/temperature combinations. For each spectrum, variable pump/probe power
combinations were measured at room temperature. This is shown in Appendix [A] [C] From these sets,
a power combination with a high SNR and large locking point slope was chosen to measure the effect of
heating. As data processing was not performed until later, the best choice at the time was thought to be
4.0 mW for both pump and probe power. At these power levels the temperature was varied up to ~ 100°
C, shown in Appendix It is clear from the data that the optimal temperature, with respect to
slope/noise tradeoff, is likely between 20 — 40° C and that the pressure broadening rapidly deteriorates
the signal past 60° C.

The SNR of the higher quality error signals is approximately 5:1 (e.g. 4.0 mW, 6.0 mW probe series).
Though this seems poor compared to the existing AOM solution (~10:1), it is thought to mostly be a
result of suboptimal electrical components. Simple improvements that can increase SNR by a factor of

four or higher are suggested in Section [6]

4.2 Locking Features

Finding the desired locking point features first involved establishing a MHz/s scale on each of the time-
domain spectra collected by the oscilloscope. All data sets were normalized to the reference AOM
saturated absorption spectrum which was constant for each transition throughout data acquisition. This
background spectrum was passed through a Savitzky-Golay piecewise polynomial filter to remove the
higher frequency noise. Then, the two most prominent peaks correspond to the |F = 2) — F/ = 2,3 and
|F'=2) — F’ = 1,3 crossover resonances in Rb87 and the |[F =3) - F' =3,4and |F =3) —» F' =2,4
crossover resonances in Rb85. The values of these resonances are known to high precision [9, [10]. Using

their location, one can convert from the time domain to the frequency domain.

There are two primary sources of error in establishing these MHz/s scales. First, the peak-finding filter
will have some error associated with it. As this is 