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Abstract

The Doret lab has begun its efforts to trap and cool Strontium ions for the purpose of analog
quantum simulation of heat transfer. A part of that effort has been making the 422nm laser,
which addresses the 4S1/2 ↔ 5S1/2 cooling and fluorescence transition of Sr+. The laser
path is made suitable for electromagnetically-induced tranparency(EIT) cooling by having
the ability to create two beams of appropriate polarization and frequency difference. The
laser is frequency stabilized in reference to a transition in Rubidium. Lock-in detection on
a Doppler-free absorption line from saturated absorption spectroscopy is used to create an
error signal for PID locking. A homemade RF amplifier capable of modulating the frequency
sent to an acousto-optical modulator was constructed as a part of this work. The stabilized
laser will also enable other lasers to lock in reference to it via a Fabry-Perot cavity.
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Executive Summary

In order to simulate the phenomenon of thermal rectification in mesoscopic systems, the
Doret lab now plans to trap a new species of ions: strontium. This requires the construction
of new lasers, vacuum systems, and a 3D Paul trap. One of the lasers probes the 5S1/2 ↔
5P1/2 422 nm transition of Sr+, which is the fluorescence and cooling transition of the ion.

The aforementioned transition has a natural linewidth of 2π×20 MHz. In order for the
laser to be useful in cooling, it must be stabilized to an order of magnitude or more narrower
ranger than this.The lab will also implement electromagnetically-induced tranparency (EIT)
cooling for both Ca+ and Sr+ ions in the future. This thesis describes the construction of a
frequency-stabilized laser capable of EIT cooling Sr+ ions.

For the purpose of EIT cooling, we need to be able to generate two beams, coherent with
each other, with slightly different frequencies, of π and σ− polarizations. This is achieved
with one external cavity diode laser (ECDL) and three acousto-optical modulators (AOM).

Figure 1: 422 nm laser layout on the optical table.

The laser is frequency stabilized by locking to a nearby transition of rubidium. Rubidium
also has a 422 nm transition, 5S1/2 ↔ 6P1/2, only 440 MHz from the relevant Sr+ transition.
We use saturated absorption to remove the effect of Doppler broadening of the absorption
signal. An AOM modulates the frequency of the light that is sent to the Rb vapor cell, and
the absorption signal is demodulated with a lock-in amplifier. To implement this locking
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EXECUTIVE SUMMARY iii

scheme, we have created an AOM amplifier capable of modulating RF frequencies. The lock-
in amplifier’s output provides an antisymmetric signal whose zero crossing is the center of
the Rb transition. This output is sent as an error signal to a PID controller, whose correction
signal is sent to the current offset of the laser controller.

Figure 2: Schematic of signals used to lock the 422 nm laser.

We find that it is possible to lock the laser to an RMS jitter of 30 kHz, which is more
than two order of magnitude smaller than the linewidth of the Sr+ transition. In addition to
being a stable laser for probing Sr+ ions, the laser will also be used to lock other lasers via
a Fabry-Perot cavity. The laser, though it can stay locked for minutes at least, may benefit
from a simpler feedback loop that takes care of the long-term drift of its frequency.

Figure 3: Error signal from the lock-in amplifier.
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Chapter 1

Introduction

Recently, as one possible application of a universal quantum computer, physicists have be-
come interested in digital quantum simulations. Simulating the evolution of a quantum
system on a classical computer can easily become intractable. Digital quantum simulations
offer the possibility of a discrete mapping from the Hamiltonian of the system to a com-
pletely different Hamiltonian of another quantum system. This means that observing the
evolution of the latter system, which is usually simpler, can reveal something about the time
evolution of the former, more complicated system, which would be practically impossible to
understand with a classical computer.

The Doret lab is interested in analog quantum simulation. Unlike its digital counterpart,
analog quantum simulation is often used to ‘simulate’ the dynamics of a many-body system
by using a simpler quantum system whose interactions are capable of emulating similar dy-
namics to the original system. Here, the mapping between the Hamiltonians are continuous,
and more ‘obvious’.

The Doret lab has previously pursued precision measurements on Ca+ ions and is now
transitioning to analog quantum simulations of heat flow. This introduction will summarize
the new goals and tools of the lab as we make this change.

1.1 Analog simulation of thermal diodes

Thermal rectification refers to the phenomena of asymmetric heat transfer. Consider a metal
stick with hot coal on one end, and a bucket of ice in the other. If one observes a different
rate of heat flow when the two ends of the metal stick are flipped, then thermal rectification
has occurred. A theoretical paper by Simón [1] predicts thermal rectification in two coupled
oscillators, each connected two thermal baths of different temperatures. It also asserts that
this should be realizable through two trapped ions, and suggests situations in which the
rectification would be maximized. The current goal of the lab is to experimentally realize
the paper’s findings.

An immediate next step to that goal is to have two different species of ions in the same
trap. Clearly, there must be some asymmetry in the system to observe heat rectification, and
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CHAPTER 1. INTRODUCTION 2

the most straightforward way to create that asymmetry is to have two coupled oscillators of
different masses. Our lab has chosen Strontium ions to be trapped in addition to Calcium.

In the long term, the Doret lab wishes to simulate heat transfer in ion chains. One
can imagine a very simple model of a ‘crystal’ through which heat flows — an N coupled
oscillator, where Hooke’s Law interactions between adjacent oscillators carry energy through
the system. This kind of physics leads to a system whose motion can be decomposed into
N different modes of different characteristic frequencies. In the macroscopic world, however,
one observes heat flow that is well described by Fourier’s Law, which does not describe a
ballistic oscillation of heat between two ends of a metal pipe. Then, the question of the
mesoscopic regime, between the microscopic regime of ballistic motion and the macroscopic
regime, poses an interesting phenomenon.[2]

This goal also requires that we have two different species in our ion trap — one to form
the ion chain, and the other to be the thermal bath. The ions that form the thermal bath will
have to maintain a constant ‘temperature’ and thus need constant cooling, while resolved
sideband thermometry, which will be explained briefly in Chapter 5, will be applied to the
test ions that form the chain. It will thus be important to have a robust setup for trapping
and controlling both Ca+ and Sr+.

1.1.1 Why EIT?

In the context of trapped ions, ‘temperature’ refers to the vibrational quantum number of
an ion, or if the ion’s state is a superposition of different vibrational states, the average of
that number. Thus by ‘cooling’ we mean a process that lowers the vibrational energy of the
ion.

The simplest method of cooling ions is Doppler cooling, which the lab has previously used
to cool Ca+ ions. There is a limit to Doppler cooling, which asymptotes as one increases the
laser power. In comparison, EIT cooling has the benefit of a faster cooling rate and a lower
limit to how much it can cool, given enough laser power. The system we wish to simulate
requires that the rate at which we are able to cool ions (used to ‘keep’ ions at a certain
temperature, especially if they are being used as reservoirs) is faster than the rate at which
ions thermalize with each other by exchanging phonons. For more details on why the Doret
lab requires EIT cooling, see Robichaud [3]. For more details on the theory of EIT cooling,
see [4] [5].

1.2 Sr+ energy levels and lasers

The Doret lab has the lasers to address the necessary transitions of Ca+. We wish to now
be able to address the analogous transitions of Sr+.

The Doret lab already has lasers for Ca+: 375nm, 397nm, 423nm, 729nm, 854nm, 866nm.
For two-photon ionization, we need a new 461nm laser to address the 5S0 ↔ 5P1 tran-

sition, after which any blue laser light will be able to excite the atom to the ionization
continuum. This is the same process that we use the 423nm and 375nm lasers for Ca+. We
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Figure 1.1: Energy levels of 40Ca+ and 88Sr+

Figure 1.2: Two-photon ionization processes for Ca+ and Sr+



CHAPTER 1. INTRODUCTION 4

need a 422nm laser to address the 5S1/2 ↔ 5P1/2 transition we use for fluorescence, Doppler
cooling, and eventually EIT cooling. This is analogous to the 397nm laser for Ca+.

We also need 1033nm and 1091 lasers, analogous to 854nm and 866nm, for repumping
and quenching. These lasers ‘clean out’ the ion’s state from the metastable D states so that
the ions may decay to the ground S state. The 3D states have a natural lifetime on the
order of a second, while the 3P states have a lifetime on the scale of nanoseconds. For the
time scales of our experiment, a second is as good as infinite. Once the 397nm transition is
driven, ions in the 4P1/2 state can decay to the 3D1/2 state with a probability of 6.43% [6].
The 866nm transition, when driven, helps return these ions to the ground 4S1/2 state. And
once the 729nm transition is driven, ions in the 3D3/2 state is returned to the ground state
via the higher 4P3/2 state. From 4P3/2, the ion can decay to the 4S1/2, 3D5/2, or back into
3D3/2 states; the branching ratios are 93.47:5.87:0.66 [7].

Finally, the analog to the 729nm laser is the new 674nm laser, which is currently in
construction. Both of these lasers drive transitions that are dipole-forbidden and electric
quadrupole-allowed (E2); thus these lasers must have very narrow linewidth. While our other
lasers are homemade external cavity diode lasers (ECDL) with a Littrow configuration, the
729nm laser is a commerical Toptica laser that is frequency-locked with the Pound-Drever-
Hall (PDH) method.[8] The 674nm laser will be stabilized by an interference filter instead of
a diffraction grating and frequency-locked through PDH. For more details, see Dutton [9].

1.2.1 Frequency stabilizing lasers

All atomic transitions have a natural linewidth, the latter of which is inversely proportional
to its natural lifetime. All lasers also have a non-zero spectral linewidth. The Doret lab
requires that the laser linewidth is much smaller than the linewidth of the transition, so
that scanning over those transitions can produce a faithful representation of the absorption
spectrum. The various cooling mechanisms and experiment processes we use also often
require the ability to precisely detune laser frequencies. Thus it is important that the laser
itself does not have too broad a linewidth. It is also important that the frequency of the
laser is stable, since a laser with short-term laser frequency noise has effectively a broadened
linewidth, while a laser with long-term noise will simply be incapable of addressing correct
transitions.

An additional benefit of having another stable laser is that other lasers may derive their
stability from it. Currently, the 397nm, 423nm, 854nm, 866nm lasers are stabilized in a
Fabry-Perot cavity with respect to a commercially stabilized HeNe laser. However, as the
lab makes more lasers to address Sr+, it becomes impossible to stabilize all additional lasers
in the same Fabry-Perot cavity. Moreover, to lock lasers of a wide range of wavelengths in
the same Fabry-Perot cavity can be suboptimal due to their different free spectral ranges
(FSR). Thus, it is our hope that the blue lasers will be locked with respect to the newly
stabilized 422nm laser, and the redder lasers will be locked with respect to the existing HeNe.
For more details, see Bah Awazi [10].

This thesis describes the construction of the 422nm laser for Sr+. Chapter 2 contains de-
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tails of how the laser will be frequency stabilized using saturation absorption on a Rubidium
vapor cell, and Chapter 3 will describe the actual implementation of this scheme. Chapter
3 also includes details of the laser path, which generates the necessary frequency shifts and
polarizations required by EIT cooling. Finally, Chapter 4 describes the achieved stability
of the laser and noises from its components, and Chapter 5 provides the next steps for the
Doret lab.



Chapter 2

Laser frequency stabilization scheme

You know when you get that feeling in your legs,
after you’ve been sitting down for too long? That’s
what I get, visually, when I look at your blue laser.

Bless Bah Awazi ’24

This chapter will describe the frequency stabilization mechanism for the 422 nm laser,
which is to lock the laser to a nearby transition of Rb. The natural linewidth of the Sr+ tran-
sition is 2π×20 MHz.[11] Ideally, the laser that addresses this transition should be stabilized
to an order of magnitude smaller than this linewidth, and preferably less.

2.1 Saturated Absorption of Rubidium

The electronic structure of the atom includes hyperfine splittings, which arise from the
coupling between nuclear and electronic angular momentums. Thus, this splitting depends
on the isotope of the atomic species, because different isotopes have different nuclei, with
different nuclear spins. The different F numbers indicate hyperfine levels in Figure 2.1.

One of the Rb transitions between hyperfine structures of Rb manifolds 5S1/2 ↔ 6P1/2 is
only 440 MHz red of the Sr+ 5S1/2 ↔ 5P1/2 line, which is the main fluorescence and cooling
transition.[12] This fortunate coincidence gives us a relatively straightforward way to lock
the frequency of the laser, given the availability of Rb vapor. If one can ensure that the
frequency of the laser remains at (or is very close to) the center of the Rb absorption line,
then we would have stabilized the laser. (This 440 MHz difference must be offset in the laser
path. For more details, see Chapter 4.)

Of course, the transition linewidth of the Rb transition is not infinitely narrow, and the
quality of the frequency lock depends on this linewidth. The natural linewidth of the Rb
5S1/2 ↔ 6P1/2 transition is 2π× 240 kHz, which is sufficient to provide a very good lock. In
practice, we do not have access to this linewidth without further considerations.

Any gas of atoms at non-zero (Kelvin) temperature has a spread out velocity distribution.

6



CHAPTER 2. LASER FREQUENCY STABILIZATION SCHEME 7

Figure 2.1: Relevant hyperfine structures of 85Rb and 87Rb. Each transition is given a label
that reference Figures 2.3 and 2.4. Energy splittings not to scale. Modified from Glaser [13].

The atoms that are moving relative to the laser source ‘sees’ a different frequency than the
frequency of the photon at its source. So, even if the photon is detuned from an atomic
transition, there may be some atoms with the right velocity that are able to absorb this
photon. This leads to a broadening of the absorption spectrum called Doppler broadening.

Saturated absorption spectroscopy (SAS) is a method to remove this Doppler broadening
from the absorption spectrum. Two counterpropagating laser beams of the same frequency
are passed through the vapor cell. The frequency of these lasers then can be scanned over
the transition to reveal the absorption spectrum.

One of the overlapped, counterpropagating laser beam, called the pump beam, is typically
much more powerful than the other, called the probe beam. Suppose at some frequency, both
laser beams are resonant with an atom. Then the pump beam saturates the transition; the
number of atoms in the excited state and in the ground state are roughly equal. When the
probe beam reaches the saturated atom, there is a good chance that the atom has already
been excited. Thus, there is less absorption when the two beams are at a frequency that is
simultaneously resonant with the same atom. Notice that this is only possible with atoms
that are moving perpendicular to both the pump and probe beam, since they are the only
atoms that do not ‘see’ Doppler shifted frequencies. If an atom is moving towards the source
of the pump or probe beam, the frequency that the atom ‘sees’ will be different due to the
Doppler shift. In this case, the probe beam is absorbed by the same amount regardless of
the pump beam. The net effect of saturated absorption spectroscopy is that there is less
absorption when the frequency of the laser is resonant with the zero velocity class atoms,
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Figure 2.2: A setup for saturation absorption spectroscopy.The acrylic block lets most of
the light through, which makes the pump beam (in red). The two beams reflected from
the surfaces of the block make the two probe beams (in green and blue) which are later
subtracted from one another to remove the Doppler-broadened absorption profile. The green
probe, labelled Probe 2, contains the Lamb dips from saturated absorption.

and this ‘peak’ is no longer subject to Doppler broadening.
It is this narrow peak that we lock our laser to. One should note that if there are multiple

absorption lines close to each other, we observe crossover peaks in our SAS spectrum. These
occur at the midpoint between two transitions, and are caused by a lack of absorption
in the group of atoms that are not moving quite perpendicular to the pump and probe
beams. These atoms move in just the right velocity such that the pump beam saturates
one of the transitions, which cause the probe beam to be transparent to these atoms. If the
atom’s electronic structure has hyperfine levels close to each other, then there will likely be
a crossover peak halfway between the two hyperfine peaks.

2.1.1 Transition strength and vapor pressure

It should be noted that the most common transition of Rb used for spectroscopy (for example,
in PHYS 301) is the 780 nm transiton between 5S1/2 ↔ 5P3/2, which is much stronger 422 nm
transition. The natural linewidth (also Einstein A coefficients) of the 780 nm transition is
2π× 6 MHz, while that of the 422nm transition is 2π× 240 kHz.[11] Note the ω3 dependence
in the linewidth [14]:

A21 =
g1
g2

4α

3c2
× ω3|D12|

2, (2.1)
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where g1 and g2 are the degeneracies of each energy level, α is the fine structure constant, c
is the speed of light, and D12 is the reduced matrix element.

We know that SAS on the Rb transition at 780 nm is straightforward. In comparison,
how much harder is SAS for the 422 nm transition? In terms of the dipole moment matrix
element, eD12 = ⟨ψ1|e⃗r|ψ2⟩, which describes the strength of the transition, |D780|

2 is about
160 times larger than |D422|

2.
This characterizes how coupled the two electronic states are, but is not a direct description

of absorption. In terms of absorption, we consider that

dI

dz
= −Nσ(ω)I (2.2)

where N is the number atoms per volume, I the intensity of light after passing through a
length z of the absorptive medium, and σ(ω) is the absorption cross-section. The absorption
cross-section near resonant frequency ω0, as a function of the optical frequency, is

σ(ω) ∼
Aki

ω2
0

Γ

(ω − ω0)2 + Γ2/4
, (2.3)

up to a multiplicative constant, where Aki = Γ = τ−1 is the natural linewidth and the inverse
of the lifetime [14]. At the resonant frequency, ω = ω0, Γ cancels out, and the absorption
cross-section is simply proportional to the square of the wavelength. Thus, σ(780 nm) is
about 3.4 times larger than σ(422 nm).

For this blue transition to exhibit comparable absorption to the 780 nm transition, we
heat the Rb vapor cell to at least 80◦C, and usually above 90◦C. ([12] heats the Rb vapor cell
to 100◦C.) Some back-of-the envelope calculations may be useful to motivate the heating of
the vapor cell. The Clausius-Clapeyron equation (or the approximation thereof) describes
the temperature dependence on the vapor pressure of some material whose gaseous form
follows the ideal gas law, along with other assumptions, such as a constant latent heat for
different temperature/pressure conditions, and a much smaller volume of solid or liquid than
there is of gas.

Pvapor = P0e
−L/RT (2.4)

Here, P0 is some constant with a dimension of pressure, R is the molar gas constant, and L
is the latent heat needed for transitioning into the gaseous phase, which we have assumed
to be constant across the temperature range we are interested in.

We can imagine our Rb vapor cell as a tiny amount of solid or liquid in vacuum to start.
(Under atmospheric pressure, at 40◦C, Rb transitions from solid to liquid.) Rubidium will
partially evaporate or sublimate into gas, until the gas reaches the vapor pressure for the
temperature of the vapor cell. The Clausius-Clapeyron equation tells us that this vapor
pressure scales with exp{−L/RT}. The number of gaseous atoms in the vapor cell, then,
scales as 1

T
exp{−L/RT}. Thus, given a limited optical absorption cross-section in the 422

nm transition, we increase the N in Equation 2.2 by heating the vapor cell. Pandey [15]
finds 84◦C to be optimal. A thermistor on the vapor cell allows us to monitor the vapor
cell’s temperature.
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Finally, we note the saturation intensity of our transition [14],

Isat =
π

3

hcΓ

λ3

is roughly 4µW/mm2. This is the laser intensity at which the atoms are equally likely to be
in the excited and ground state, and the intensity that we need the probe beam’s intensity
to exceed in order to have the strongest Doppler-free peaks, which is not very difficult. In
order to guarantee that the probe beams do not saturate the transition, as the pump beam
does, we also need the probe beams to be weaker than this intensity, which make require
more care. A probe beam that is too powerful will not only decrease the contrast of the
absorption, but also cause power broadening, where the lifetime of the upper state is reduced
due to stimulated emission in the presence of a strong resonant light.

2.2 Observed Rb spectra and peak identification

While the laser path includes a wavemeter that measures the frequency of the light out of
the laser diode, this is not sufficient for identifying peaks on its own. First, the wavemeter
has not been calibrated for a while, and due to a broken component we cannot calibrate it
without checking the fluorescence from a trapped ion. Thus, whereas we do know relative
frequency differences, we cannot quite trust the wavemeter’s absolute frequency.1 Second,
the wavemeter’s output precision, even when calibrated, is only 100 MHz. This means that
one can use the wavemeter to crudely measure the hyperfine splitting in the 5S1/2 manifold,
which have somewhat resolved absorption peaks even with Doppler broadening, but not for
the hyperfine splitting in the 6P1/2 manifold.

For identifying all the absorption peaks, we use literature values from [13].

2.2.1 Doppler-broadened spectrum

Figure 2.3 shows the Doppler-broadened spectrum of Rubidium, taken from an oscilloscope
trace of a photodiode signal while the laser’s frequency is scanned through its controller, and
while there is no pump beam to saturate the transitions. The hyperfine splitting of the 5S1/2

manifold is much larger than that of the 6S1/2 manifold. The Doppler-broadened width of
the peaks is of order 1 GHz. This means that the hyperfine splitting of the 5S1/2 states are
mostly resolved, while the 6S1/2 splitting is not visible from this spectrum.

The natural abundance of Rb consists of 72.2% 85Rb and 27.8% 87Rb, which means there
is more absorption at 85Rb transitions. For Table 2.1, we record wavemeter values where the
photodiode’s output voltage is at a minimum.
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Figure 2.3: Doppler-broadened Rubidium spectrum. Labels reference the hyperfine level
structure in Figure 2.1.

Figure 2.4: Doppler-free Rubidium spectrum. Labels reference the hyperfine level structure
in Figure 2.1.
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Species F Fig. 2.1 label Wavemeter - 440 MHz (THz) Literature (THz)

87Rb 2 4 N/A 710.9581
85Rb 3 2 710.9591 710.9593
85Rb 2 1 710.9622 710.9623
87Rb 1 3 710.9648 710.9649

Table 2.1: The local minima of the Doppler-broadened signal, Figure 2.3.

Figure 2.5: Doppler-free and Doppler-broadened spectra, from the two different photodiodes.
The signals are then subtracted by the lock-in amplifier.

2.2.2 Doppler-free spectrum

In his master’s thesis, Shiner [12] locks his laser to the Rb transition 5S1/2 (F=2) ↔ 6P1/2

(F=3), labeled b in Figure 2.1. The Rb transition is only 440 MHz away from the Sr+

transition. From this number and the spectrum from [13], we find that the hyperfine level
that Shiner used is indeed the closest one to the center of the Sr+ line. Therefore, we lock to
this transition since it is within range of frequency shifts that can be provided by our AOMs.
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Figure 2.6: Schematic of signals in locking the 422 nm laser.

2.3 Lock-in detection

Once we find the Doppler-free peak of 5S1/2 (F=2) ↔ 6P1/2 (F’=3), we need to be able to
lock to the center of this peak. The photodiode, at a given time, outputs one value; from
this value we must be able to tell whether the laser is red or blue of the transition so that
we may send a correction signal of the correct polarity. The Doppler-free peak is symmetric
with respect to the center of the transition; it cannot provide the adequate error signal. We
thus use lock-in detection to generate an anti-symmetric signal.

By modulating the signal by a known frequency (using an AOM and a homemade ampli-
fier, explained in detail in Chapter 3) and demodulating it at that frequency with a lock-in
amplifier, we effectively differentiate the Doppler-free peak. [16] The amplitude of this mod-
ulation should be much smaller than the width of the spectrum’s feature itself to achieve
this differentiation. This signal, then, is odd and has a zero-crossing exactly at the center of
the peak, at least in the range marked red in Figure 2.6. This is exactly the anti-symmetric
signal that we need.

In practice, the error signal is not always centered at 0V. This can mean, for example, to
actually lock to the center of the transition, we may need to set the laser’s feedback to lock
to an offset. (The offset has usually been on the order of 50–150 mV.) To create Doppler-free
peaks, we subtract two Doppler-broadened signals — one with Lamb dips, and one without.
We use a variable ND filter wheel to balance the intensity of the signals. This subtraction
is usually imperfect due to nonlinearities in the photodiode circuit or imperfections in the
optical path. This can lead to an overall slope to the Doppler-free spectrum. This slope is

1We have reason to believe that it is accurate up to 1 GHz.
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exacerbated when the Lamb dips are not at the center of the Doppler-broadened dip due to
imperfect optics misalignment.

A lock-in amplifier also requires a time constant to be set. It is, roughly speaking, the time
for which the input signal multiplied with the reference signal is integrated, a ‘projection’ in
the Fourier space. Equivalently, it is also the inverse of the cutoff frequency for a low-pass
filter that operates on the multiplied input and reference signal. A time constant that is too
short will be subject to high frequency noise, while a time constant that is too long may
slow down the feedback in locking the laser. Since we modulate the AOM by roughtly 15–45
kHz, we have found 100–300µs to be adequate as the time constant.

Finally, the greatest advantage of lock-in detection is that it significantly improves signal-
to-noise ratio (SNR), which is why it is frequently employed with saturation absorption
spectroscopy. By selecting only signals at the reference frequency, it makes the experiment
much more robust to transient noises.

2.3.1 PID feedback

A PID circuit is a simple feedback loop that is agnostic to the working of the device under
test (DUT). All it needs is a signed error signal such that a negative signal and positive
signal mean errors in the opposite direction. Often, the zero-crossing of the signal is the lock
point, so that the PID circuit will try to make the error signal as close to zero as possible.
It generates a correction signal that somehow affects the DUT, but it does not need to know
how the DUT functions in response to that correction signal. (In contrast, the feedforward
in the laser controller circuitry must be tuned ahead of time with the knowledge of how
the cavity mode hops in response to increasing the PZT voltage, and how the laser diode
responds to an increased current.) The laser controller also stabilizes the temperature of the
laser diode using a similar PID circuit.

Suppose that the error signal is ε(t). In our experiment, this would be the output signal
from the lock-in, subtracted by the lock’s setpoint, the ‘goal’ that the PID tries to achieve.
Then the correction signal sent to the laser is,

correction(t) = P · ε(t) + I ·

∫

ε(τ)dτ +D ·
dε(t)

dt
,

where P , I, and D are proportional, integral, and derivative coefficients, respectively, that
must be tuned.2 P corrects proportional to the absolute size of the error; I corrects for
accumulated errors over a long period of time, and D corrects any persistent oscillatory

2While this is the standard definition of what the P , I, and D coefficients do, note that the commerical
PID controller currently in use in the lab defines its coefficients differently. There, it is

correction(t) = P ·

{

ε(t) + I ·

∫

ε(τ)dτ +D ·
dε(t)

dt

}

,

which means that the actual integral and differentiation coefficients are coupled with the changes in P

coefficient as well.
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behavior. Most importantly, without the correct polarity of the P coefficient, one will in fact
push the laser away from the lock point. Though it takes some trial-and-error, monitoring
the wavemeter and the error signal while changing the polarity of P can determine the
correct one.

One sure way of verifying that the laser can be locked is to modulate the laser’s frequency
through the PZT offset. Though this may seem counterproductive, if the laser is subject to
a well-controlled ‘noise’ (such as a slow sawtooth wave), one should be able to see that the
correction signal is also roughly a sawtooth wave, since it tries to counteract the effect of the
sawtooth signal. When the signal to the PZT offset is turned off, the laser frequency should
remain relatively stable in the wavemeter’s frequency graph.



Chapter 3

Laser implementation

In this chapter, we implement the stabilization scheme described in Chapter 3, and make
the path of the laser appropriate for EIT cooling. Many of the same techniques and designs
used for previous lasers are also used here. The details most specific to the 422 nm laser
is the frequency-modulated RF signal sent to an AOM, and the frequency shifts that the
AOMs are designed to implement.

3.1 422 nm laser

The external cavidy diode laser (ECDL) and the laser controller used for the 422 nm is of
the same design that has been used for the other Ca+ lasers that address dipole-allowed
transitions, such as 397 nm. We use a Nichia NDV4A16E diode, whose stated maximum
output power is 120 mW, more than sufficient for our purpose. Note that we use a laser
controller with a ‘negative’ current source, as a result of the laser diode’s polarity. The
controller is also constructed such that a decrease in PZT voltage corresponds to an increase
in frequency, at least in the same lasing mode. See Appendix C for more details on laser
diode polarity.

3.1.1 Laser path diagram

The laser’s layout and its actual setup on the optical table is described in Figure 3.2. The
beam is first collimated with cylindrical lenses, and then there is an isolator to prevent optical
feedback. The next half waveplate and the polarizing beamsplitter divide the intensity of the
light into two parts: one locks the laser, and the other shifts laser frequencies appropriately
for EIT cooling.2

The double-passed AOM and the cat’s eye retroreflector is a configuration that the Doret
lab has employed many times before. AOMs, in a nutshell, are an optomechanical element
that takes a radiofrequency signal (typically at tens to hundreds of MHz) and shift a laser
beam’s frequency by that amount. One can either up-shift or down-shift the frequency of

16
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the light. In doing this, it also diffracts the laser beam by a small amount, and there are
usually multiple order of diffraction.

Figure 3.1: The double-pass AOM lay-
out.

The double-pass configuration allows the prop-
agation direction of the output beam, whose fre-
quency has been shifted by the AOM, to be inde-
pendent of the frequency shift itself. The cat’s eye
retroreflector (which consists of a lens and a mir-
ror) is less sensitive to the angle of incidence than a
single mirror [17], and ideally, the beam whose light
has been shifted by the AOM will not change direc-
tion or position even if the AOM’s radiofrequency
changes. [18] See Figure 3.1. This is particularly
important for this setup because in at least three of
the AOMs, we will need the ability to change the
frequency of the signals sent to the AOM to cor-
rectly address atomic transitions; indeed, in one of
them, the frequency will be constantly modulated.
We typically achieve around ∼80% single-pass effi-
ciency, and ∼60% double-pass efficiency. Note also
that since the light passes through the AOM twice,
if the AOM receive an RF signal of ∆F frequency,
the frequency of the laser beam will be shifted by
2∆F .

The locking mechanism uses AOM 1 in Fig-
ure 3.2 to ‘dither’ (or, frequency modulate) the
laser’s frequency. The RF amplifier used to achieve this frequency modulation is explained
later in this chapter. That dithered light is sent to a Rb vapor cell for saturated absorption,
whose Doppler-free peak will be used to lock the laser with a lock-in amplifier and a PID
circuit.

The second part of the layout, which appropriately shifts the laser frequencies, consist of
three double-pass AOM setups. Notice that AOM 2 shifts the light that both AOM 3 and 4
receive, but AOM 3 does not shift the light that AOM 4 receives. In fact, AOM 4 receives
only a small amount of laser intensity unless AOM 3 is off, because the light going into AOM
4 is the zeroth order diffracted beam from AOM 3. The frequency-shifted output from AOM
3 is coupled into fiber, and will be sent to the ion trap to be the σ− polarized beam. The
frequency-shifted output from AOM 4 will also be sent to the ion trap to be the π polarized
beam. By adjusting the RF signals sent to AOMs 3 and 4, the relative detunings of these
two beams can be accurately adjusted.

Since the AOMs necessarily throw away some light at its zeroth order diffraction, this
light is are often coupled to be used elsewhere. In particular, the ‘throwaway’ light from
AOM 1 is sent to the wavemeter, which is capable of roughly telling us the frequency of
the laser, and the leftover light from AOM 2 will be sent to a Fabry-Perot cavity. Since
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the zeroth order diffracted beams are unshifted by the AOM, both the wavemeter and the
Fabry-Perot cavity receives light of the baser laser frequency.

3.1.2 Frequency shifts

We have designed the laser to use three AOMs (labeled AOM 2, 3, 4 in 3.2) to create two
lasers of desired frequency. The other AOM, as has already been described, deals with
the 440 MHz difference between relevant Rb and Sr+ transitions, as well as modulation for
lock-in detection. See 3.4.

The laser diode lases at a frequency near 710.7627 THz, which is near the Sr+ transition.
Because of the precision and calibration of our wavemeter, it may read 710.7626 THz as
well, at least prior to locking. AOM 2 down shifts the laser by 400 MHz, a number chosen
because 200 MHz is near of the AOM’s peak performance RF, while AOMs 3 and 4 up
shift the laser up. We choose this ‘down-and-up’ shifting in order to be able to control the
detuning between the π and σ− polarized beams while still operating the AOMs near the
RF they were engineered for.

3.2 Amplifier box

For the lock-in detection that effectively differentiates the error signal, we need to modulate
the signal by a known frequency. To do this, we modulate the frequency of the laser light
that is sent to the Rb vapor cell for saturation absorption. Since dithering the frequency at
the laser diode is not an option — as that is the very thing we are trying to stabilize — we
instead modulate the RF signal that we send to the AOM (labeled AOM 1 in Figure 3.4).1

3.2.1 Components of the amplifier box

The amplifier box needs to be able to send an RF signal whose modulated frequency is
centered at 220 MHz. To this end, its main components are a seed oscillator circuit, a
voltage controlled oscillator (VCO) Mini-Circuits ZOS-300+, and an RF amplifier ZHL-1-
2W-S+. The seed oscillator circuit contains a relaxation oscillator with adjustable resistors,
which creates a signal (see Figure 3.8a) that goes to the VCO, and another signal (see
Figure 3.8b). (See also Figure 3.7 and Appendix B.) A VCO is a component that creates
a sinusoidal oscillation whose frequency is linear to its input voltage. If it receives a DC
voltage, it would output a simple sinusoid of one frequency. So, if the VCO receives an
oscillating signal, it outputs a frequency-modulated signal — an oscillation whose frequency
oscillates. The RF amplifier then amplifies this signal by +24 dBm. AOM 1 can take to
approximately ∼25 dBm of power, but we send a signal of ∼17 dBm of power. The box
currently has attenuators that take its power down; we can send more power as necessary.

1Others have chosen to dither the center of the Rb transition itself using a changing magnetic field;
however, we choose to not modulate the line from which the laser locks to and derives its stability.
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Figure 3.2: 422 nm laser on the optical table and its layout.
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(a) The locking mechanism layout. (b) The locking mechanism on the optical table.

Figure 3.3: The optics and optomechanics used for locking the laser. The Rb vapor cell
is slightly tilted to minimize retroreflection from the vapor cell windows being detected by
photodiodes.

Though it is not strictly necessary (but helpful for tuning), the box has the ability to
change the center frequency f0, the amplitude of the frequency modulation ∆f , and the
frequency of the frequency modulation fmod In other words, the instantaneous frequency of
the RF signal sent to the AOM would vary between f0 −∆f and f0 + ∆f , with frequency
fmod.

3.2.2 Spectrum

Once we finish assembling the components of the amplifier box, how do we check that the
amplifier works as expected? The spectrum analyzer (Agilent 8590L) of the lab is able to
take the spectra of RF signals up to 30 dBm in power.

The spectrum we expect is not unlike the spectrum of a FM radio signal, a question that
radio engineers care about. [19] Suppose we have center frequency f0 = ω0/2π, modulation
amplitude ∆f = ∆ω/2π, and modulation frequency fmod = ωmod/2π. Then, the signal’s
instantaneous angular frequency would be

ω(t) = 2πf(t) = ω0 +∆ω cos(ωmodt).
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Figure 3.4: Frequency shifts caused by the four AOMs.
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Figure 3.5: Inside and front of the amplifier box.

Figure 3.6: Devices used to control the 422 nm laser system. Not shown here are the DC
voltage supply that heats the Rb vapor cell, which is behind the RF amplifier, and the PID
controller, which is under the other optical table.
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Figure 3.7: Schematic and picture of the seed oscillator.

(a) For the VCO. (b) For the lock-in reference.

Figure 3.8: Signals from the seed oscillation circuit.
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Since phase is an integral of angular frequency, we express the signal as

signal(t) = cos

[
∫ t

0

ω(τ)dτ

]

= cos[ω0t+ β sin(ωmodt)],

where we have defined the modulation index β = ∆f/fmod. With some trigonometric iden-
tities and the Jacobi-Anger expansion, the above becomes

signal(t) =
∞
∑

n=−∞

Jn(β) cos[(ω0 + n · ωmod)t],

where Jn(x) is the nth Bessel function of the first kind, and J−n(β) = (−1)nJn(β).
This gives us an expected RF spectrum from the AOM amplifier. It tells us that at

frequencies at integer n number of ωmod away from the center frequency, the amplitude of
the signal at that frequency is Jn(β). Carson’s bandwidth rule also states that most of the
power of the frequency-modulated signal lies within a bandwidth of 2fmod(1 + β). With our
seed oscillator circuit, our β can range from 65 to 2385.

In making these measurements, we find that the VCO acts slightly different from the
manual of ZOS-300+ (or, the manual does not provide sufficient precision). For the signal
to be centered at 220 MHz, the monitor output (of the oscillation sent to the VCO) should
be centered at 8.79V. Assuming that the VCO’s response is linear, we have found y =
11.1594x + 122.31884 to provide a good estimate, where x the input voltage, and y is the
VCO’s frequency in MHz.

We note that this spectrum, nor its modulation index, is not relevant for the actual
interaction between light and the Rb atoms. The modulation index is exceptionally high
because the modulation frequency, ωmod, is very slow compared to the carrier frequency, f0.
Thus, for the short amount of time that a group of Rb atoms interact with the modulated
light, it does not in fact go through the oscillation of frequency ωmod. It only sees a part of
that oscillation. These spectra are simply tools to verify that the homemade RF amplifier
box functions as expected.
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(a) β = 64.24. Centered at 220 MHz, spans 2.926 MHz.

(b) β = 2385. Centered at 220 MHz, spans 15 MHz.

Figure 3.9: Predicted and measured RF spectra of the amplifier box. The predictions assume
a sinusoidal modulation, while the relaxation oscillator creates a sawtooth wave. This leads
to some discrepancies between the prediction and measurement. Most of the bandwidth,
according to Carson’s rule, lies bewteen 2fmodβ.



Chapter 4

Results

We believe that we have locked the laser to an root mean square (RMS) jitter of ∼30 kHz,
which is much better than the stability of the Ca+ laser for the analogous transition at 397
nm which jitters at around 2 MHz. This instability is too small for the wavemeter to be able
to characterize it, since the wavemeter itself fluctuates more than this. The characterization
therefore requires carefully analyzing the error signal. In this chapter, we analyze the error
signal once the laser is locked using methods of the previous chapter.

4.1 Error signal

When we scan the laser’s frequency with a function generated connected to the PZT offset,
without turning the PID controller on, we see a signal that looks like Figure 4.1, which
looks as we expect from Figure 2.6. We fit either derivatives of Lorentzians or derivatives
of Gaussians to this signal to ascertain the center and width of each feature along with the
overall offset from zero. From literature values from Glaser et al.[13], we know that the
three centers of each derivative-of-Gaussian features should correspond to these frequencies:
710.962 THz added to 276.73 MHz, 336.12 MHz, and 395.20 MHz. By fitting a quadratic
polynomial to the relation between time (as measured on the oscilloscope) and literature
transition frequency, we can now calibrate the horizontal axis in frequency, a much more
useful unit. We expect this relationship to be mostly linear, since we send a sawtooth wave
to the PZT offset. However, there may be small nonlinearities in this mechanical oscillation,
which is why we have fitted the conversion between time and frequency with a quadratic
polynomial. We usually scan the PZT at a rate of 15 Hz.

We find that the with of the features are ∼7 MHz. This is much larger than the 240 kHz
natural linewidth, which indicates that there is broadening beyond the natural broadening.
We also find that fitting the derivative of Gaussians provide a much better fit than fitting
the derivatives of Lorentzians, which indicate a significant inhomogeneous broadening. This
suggests that Doppler broadening in the direction orthogonal to the pump beam is significant.
Other sources of broadening that one might expect is significant in the heated Rb vapor cell,
such as power broadening and collisional broadening, are homogeneous and should have

26
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Figure 4.1: Error signal from the lock-in amplifier as the laser frequency is scanned.

Lorentzian lineshapes. Therefore, we might expect some improvements in the signal by
better aligning the saturated absorption setup.

Another consideration is the potential discrepancy between the error signal seen by the
PID controller, and the error signal captured by the oscilloscope to which we fit. If the
time constant of the lock-in amplifier is relatively long in the time scale that it takes for
the PZT to scan over the feature, this may lead to distortions in the signal that would then
misrepresent it. We have confirmed that using the time constant 300µs, while scanning with
frequency 15 Hz, does not produce this distortion.

4.2 RMS jitter

Once we are sure that we have a faithful representation of the error signal, we are able to
characterize the RMS jitter — how much, on average, the laser’s frequency fluctuates from
its lockpoint. The oscilloscope is capable of telling us the RMS size of the error signal about
its mean.

As long as we do not exceed the ‘locking range’ of Figure 2.6, which is not very wide,
the error signal has in fact a linear relationship with the laser’s frequency difference from
its lockpoint. (Much of the effort in locking the laser, and verifying the lock, consists in
making sure that we are still in this range. Outside of this range, seeing close to a zero error
signal means nothing with regards to the actual frequency of the laser.) To ascertain this
difference, we fit a line to the closest points from the center of the third feature, which is our
lockpoint, is shown in blue in Figure 4.1. The slope of this line gives us a voltage-to-frequency
conversion, usually on the order of 0.1 V/MHz. In the particular signal of Figure 4.1, this
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Figure 4.2: Error signal when the laser is initially unlocked, and then locked.

Figure 4.3: Error signal when the laser is locked. The RMS signal is ∼2mV.

was 0.069 V/MHz. Thus, when we see that the error signal has is of RMS size 2 mV, we
have that the RMS jitter of laser freuqney is 2 mV / 0.069 V/MHz ≈ 29 kHz. In general, we
see a ∼30 kHz jitter, unless vast alterations are made to the laser’s alignment. This is more
than sufficient to address the Sr+ whose natural linewidth is 2π× 20 MHz, and to stabilize
other lasers that address other transitions of similar linewidth. We note that we believe it
is possible to tune the PID coefficients more carefully, but we currently do not need to.



Chapter 5

Future work

The future is brighter than the past.

Bless Bah Awazi ’24

This chapter describes the near-term goals of the lab related to the 422nm laser, which
is now locked to what we expect to be near the fluorescence frequency of Sr+.

5.1 Improving laser locks

5.1.1 PID circuitry

Currently, the laser is locked with a commerical analog PID circuit, which requires BNC
cables that run across the laboratory, and thus may be picking up electromagnetic field
noise along the way. We also do not require the capabilities of a commercial PID controller.
Instead, we plan to add a separate, independent PID loop to our amplifier box described
in Section 3.3.1 to contain our laser locking system in one place. We have a PCB for a
homemade PID circuit1, which now needs to be soldered with the correct components and
tested. This circuit enables not only the tuning of P , I, and D coefficients, but also feedback
polarity, internal setpoint, and output offset, and is equipped with a lock indicator.

5.1.2 Finding the accurate lockpoint

Once the 3D Paul trap is set in a working vacuum system, we can begin attempts at trapping
Sr+. To the best of our knowledge, the laser is near the 5S1/2 ↔ 5P1/2 transition frequency
of Sr+. The wavemeter is uncalibrated but can give us a rough estimate of laser frequency
(at least up to GHz, and likely to hundreds of MHz), which is sufficient for the precision of
the potentiometer of the laser controller. The locking system we have developed allow us to
know that our laser can remain, after what we believe to be a 440MHz shift, at a known Rb

1Designed by James MacArthur, Electronics Instruments Design Lab, Harvard University.
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transition frequency. The uncertainties in the center RF frequency sent to the AOM, if there
are any, and the offset of the PID lock then contribute to the uncertainties in the frequency
to which we are actually locked.

Without another atomic species to reference to, we cannot quantify this uncertainty
nor be completely sure of the frequency of our laser, with regards to previously mentioned
uncertainties. We can be sure that our laser is stable at some frequency. Since the linewidth
of the Sr+ transition is 20 MHz, and our laser is stable to ∼30 kHz, by scanning the frequency
by modest amounts when we believe the ions have been trapped, we can verify both the exact
frequency of the laser and the ability of the new 3D Paul trap to trap Sr+ ions.

In this process, we may have to correct the offset to which we lock our PID circuit (which
the MacArthur PID circuit is capable of doing), especially if we find that the ‘zero’ crossing
of our error signal, which should be the center of the Rubidium absorption peak, is not
exactly at zero. Our PID circuit currently locks to -100mV, which is a rough estimate of
where our current error signal is centered. On the other hand, if we find that the shift given
by AOM 1 is not exactly 440MHz, we can also correct the frequencies we send to AOMs
labeled 2, 3, and 4 in Fig. 3.2. We have not yet designated dedicated RF amplifiers for those
AOMs, though we know that we have enough to do so. Some of the already-built amplifiers
connect with the DDS and TTL signals from our FPGA system, and at least AOMs 3 and 4
should have this capability, especially if they need a very precise detuning from each other
for EIT cooling. All this requires that our laser and its components are controlled via Igor
Pro.

Finally, once we have an actual ion to reference to, we can calibrate the wavemeter whose
internal reference has been broken for some time.

5.1.3 Slow lock

The correction signal from the PID is currently fed to the current offset of the laser controller.
This sets a tight bound on the maximum absolute voltage that can be sent as feedback; a
correction signal that is more than a few hundred mV will cause the laser to mode hop.
Currently, we have set the upper and lower limits to ±100 mV. However, as time passes,
the laser is subject to perturbations and tries to drift from the lock point. If the laser stays
locked, this means that the PID will at times try to counter this effect with a relatively large
and constant offset. This offset can quickly exceed ±100 mV, which can lead to the laser
being unlocked.

On the other hand, it is possible to make larger corrections to the PZT offset without
encountering a mode hop. The reason that we do not use this as the primary channel for
the correction signal is that it has a much slower response than the laser diode to a changing
current, since the PZT changes the effective length of the laser’s cavity by mechanically
expanding and contracting.

We believe that we can take the advantage of the PZT offset’s larger range of control
by using the current offset for a fast lock, and the PZT offset for a slow lock. The latter
would respond to long-term offsets in the error signal. One way to achive this slow lock
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Figure 5.1: The current feedback loop that stabilizes the laser. Adding a slow lock would
mean an additional control into the PZT offset of the laser controller.

would involve implementing a second feedback with a different and simpler PI circuit. We
would not need the derivative circuit, since this would be a slower lock. The PI circuit would
receive the correction signal from the fast lock, which still feeds into the current offset, as
its error signal, and the secondary correction signal would be fed into the PZT offset. The
secondary PI feedback would tend to keep the correction signal near zero so that it does not
try to exceed the ±100 mV bounds.

Alternatively, one could implement the slow ‘lock’ by simply nudging the PZT slightly
whenever the correction signal tends to drift away from oscillating about zero. This does not
even require a system as sophisticated as a PID controller; a simple software could be written
where if the correction signal tends to stay at an offset, the PZT receives a slight voltage
to center the correction signal closer to zero. Note that currently the 422 nm laser’s lock
is completely analog (except for the digital PID controller, which will one day be replaced
with an analog one) and does not connect to any computer software.

5.1.4 Fabry-Perot cavity

So far, we have focused on creating and improving the lock for the 422 nm laser. We plan to
use this stability in order to lock other lasers as well. Currently, the commercially stabilized
HeNe laser is used to stabilize the 397 nm, 423 nm, 854 nm, 866 nm lasers, which are all used
for Ca+, in a Fabry-Perot cavity. [20] However, as the number of lasers in our lab double in
order to trap another species of ions, it is no longer practical to try to stabilize both Ca+

and Sr+ lasers in the same cavity, referenced to the same laser.
Moreover, it is advantageous, though not strictly necessary, that we try to lock lasers
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of similar wavelengths together.The locking scheme we use is digital — a computer receives
digital data about the transmission peaks of each laser as the FP cavity length is scanned.
For a laser of wavelength λ, a transmission maximum occurs every time the cavity’s length
increases by λ/2. The lock is achieved by trying to stabilize the ‘location’ of the transmission
peak of the unstable laser with respect to the ‘location’ of the transmission peak of the
stabilized laser (either the HeNe or the 422 nm), as the FP cavity is scanned. The computer
then runs a PID lock to send the correction signal to the lasers.

This means that the FP cavity may have to scan longer if there was a significant difference
in the wavelengths of the stabilized and unstable lasers, simply to locate the transmission
peaks. Thus, we suggest that the stable HeNe and 422 nm lasers lock the following other
lasers:

stabilized by: HeNe 422 nm

Ca+ 866 nm, 854 nm 423 nm, 397 nm

Sr+ 1091 nm, 1033 nm 461 nm

The new Fabry-Perot cavity, through which the 422 nm laser could stabilize others, has
not yet been completed. For more details, see Bah Awazi [10].

5.2 Sr+ cooling and thermometry

5.2.1 EIT cooling

In order to actually implement the process to trapped Sr+ ions, the lab must integrate both
the 422nm laser (for detecting and cooling) and the 674nm laser (for thermometry) and their
components into our Igor Pro system so that we can program pulse sequences. This also
requires a new FPGA system, which is currently in the making.

5.2.2 Thermometry

When we refer to the ‘temperature’ of the ion, we divide the motional energy by the Boltz-
mann constant kB for the correct dimensions. (The thermodynamic definition of temper-
ature, as (∂S/∂U)−1, strictly speaking, cannot be applied to the energy of a single ion, as
definitions of microstates, macrostates, and multiplcities don’t quite pertain to the state of a
single isolated quanta. Of course, if we had very many ions, or if the single ion was coupled
to an extremely complicated ‘outside,’ then we could define a temperature of the collection
of ions.) In this sense, temperature is essentially equivalent to ⟨n⟩, as a measure of motional
energy as the ion oscillates due to the electromagnetic fields of our trap. Note that we use
the average, or expectation value, of the motional states that the ion is in, since we expect
an isolated ion to be in a quantum superposition of different motional states.

Experimentally, how might one detect this average motional quantum number (equiva-
lently, the average phonon number)? The method we can use is sometimes called resolved
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sideband thermometry, since it requires resolved red and blue sidebands, or ratio thermom-
etry, since it takes the ratio of probabilites of excitement. [21] The average phonon number,
n̄, is given in the equation,

Pblue(↑; t)

Pred(↑; t)
=

n̄

n̄+ 1
, (5.1)

where Pblue(↑; t) describes the probability of being excited to the upper level after a light of the
blue sideband transition frequency has been applied for time t, and similarly for Pred(↑; t).
This method relies on the fact that ⟨n⟩ is low (1 or 2) to begin with, and that we can
assume the ion is in a thermal state, where the Boltzmann factor, exp{−kBT} determines
the population of state at each energy level. This would be true if the ion is at thermal
equilibrium with a reservoir at temperature T .

For more details, see Dutton [9] and other literature [22] [23].



Appendix A

Seed oscillation circuitry

This appendix contains the schematic for the circuit that provides the seed oscillation for
the VCO. It is a simple circuit that creates a DC offset using an inverting op-amp, an
oscillation with a relaxation oscillator, another inverting op-amp to change the amplitude of
the oscillation, and finally a summing amplifier to add the DC and AC components. The
‘lock-in’ output provides an imperfect square wave that oscillates between rougly ±15V at
the same frequency as the main output oscillation. Using this circuit, create an oscillation
with adjustable amplitude, frequency, and DC offsets. By altering the resistors, one can also
change the range of those parameters.

Figure A.1: The pull-up resistor, soldered on the current PCB.

We have PCBs that (almost) contain this circuit, save for one caveat. The original design
was faulty because it did not include the pull-up resistor, which is required because we are
using a LT1017, a comparator, for the relaxation oscillator. The pull-up resistor is included
in the current circuit schematic. It is still possible to use the remaining PCBs with some
very careful soldering that connects the legs 6 and 7, as seen in Figure A.1.
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Appendix B

How to lock the laser

Here are, we include some practical pointers for the process of actually locking the laser.
If the wavemeter is uncalibrated, the first thing one must do is to locate the Rb transition

by monitoring the photodiodes. Usually, this will be between 710.9623–710.9630 THz on the
uncalibrated wavemeter. Use a function generator to send a sawtooth wave to the PZT offset
to locate the Doppler-broadened 85Rb 5S1/2 (F=2) ↔ 6P1/2 transition.

Once we know we are at the center of that transition, we now must try to locate the
Doppler-free peaks. One way to do this is to try to see the error signals from the lock-in
amplifier that looks like Figure 4.1 while still scanning the laser with a smaller amplitude.
This is usually possible if one started close to the transitions, but can be difficult to find from
‘far away’. In that case, it in in fact helpful to increase the RF amplifier box’s ampltiude to
its maximum, and see the direct signal from the photodiode (obviously, the one that sees the
Doppler-narrowed peaks). Here, we are not scanning with the function generator at the PZT
offset. So, if before, we triggered our oscilloscope to the function generator, this time we
trigger the oscilloscope with the ‘lock-in’ output of the RF amplifier at tens of kHz. Then, by
manually ‘searching’ the laser’s frequency with the PZT dial, one will see three (two strong,
one weak) jitters in the signal (it will look like the signal was surprised and ‘jumped’). Those
are the F ′ = 2 and F ′ = 3 transition frequencies, along with their crossover peak.

Once the correct transitions are located, we again scan the laser and see the error signal.
Here is when we adjust the lock-in parameters to ensure both a strong signal without too
much noise. Crucially, whatever noise there is in the error signal must not cross its center.
This is also when we must note the ‘zero’ crossing of the signal, which is a necessary infor-
mation to tuning the PID controller. Finally, before turning the PID controller on, narrow
the range of the scan by decreasing the amplitude of the function generator.

The PID controller, if it succeeds in locking the laser, should be outputting a correction
signal that looks like a sawtooth wave. It is trying to undo the effects of the scan. This is
a sure indicator that the laser is locked, and then we are now free to turn the scan off, and
the laser should remain locked. One should also be able to see on the wavemeter that the
laser now prefers to stay at a much more stable frequency than before, and that there are
no long-term drifts on the scale of seconds.
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One should not, for example, clap, tap dance, slam the door, or kick the optical table, at
least until the ‘slow’ lock of Chapter 5 is implemented. Perturbations that are weaker than
these have occasionally unlocked the laser.
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