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Abstract

New Experimental Approaches in Atomic Physics, Quantum Interfaces, and Energy
Harvesting Technology

by

Shuo Ma
The most prominent feature of experimental atomic physics is extreme control over the
experimental subject, the atom. The unprecedented control over atoms gives rise to new
possibilities for quantum experiments, including quantum gas microscopy and ultracold
atom experiments where a new form of matter, the Bose-Einstein Condensate, is produced to simulate solid state physics. There are two fundamental ingredients in atomic
physics: atoms and light. Designing and building scientific apparatuses to achieve precise
control over these two ingredients is important. Instruments designed and built including a portable high temperature atomic beam source for low vapor pressure used for
atomic spectroscopy and two optical resonant cavities designed for the strontium BoseEinstein Condensate (BEC) machine to improve the performance of atomic cooling will
be presented in this thesis. Moreover, I will discuss a new type of quantum experimental
platform aiming to achieve quantum interfaces between fully controlled atoms and solid
state quantum defects (Nitrogen-Vacancy centers), which is promising technique for the
next generation of quantum gas microscopy and quantum control. Finally, I will present
a collaborative project with the Pennathur group on an energy harvesting machine based
on a Wimshurst model using microfluidic technology.
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Chapter 1
Introduction and Background

Experimental atomic physics is not just an academic discipline but also a tool that reaches
into other areas in physical science and other scientific disciplines. Atomic physics’ unprecedented precise control over atoms is a powerful tool to perform quantum simulation
using neutral atoms to simulate and manipulate properties of solid state material, which
is very difficult to achieve in condensed matter physics. Moreover quantum gas microscopy is another exciting development in this field, which is a strong tool to allow
unprecedented insight into controllable quantum systems and the production of degenerate alkaline earth gases, pushing ultracold atomic physics experiment beyond the first
column of the periodic table and enabling us to investigate the exotic quantum phases
and simulation of complex materials and quantum sensing. Extremely precise control in
atomic experiments cannot be achieved without two fundamental elements: control over
atoms and control over light. Three apparatuses built to control atoms and light will be
presented.
One of devices crucial to control atoms is the atomic beam source which evaporates
1
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atoms from an isotope via fast heating and then creates a collimated atomic beam. Free
neutral atomic beam is an excellent tool for the study of their properties and interaction
with surrounding such as atom-atom interaction and also is useful in performing atomic
interferometry[1]. In atomic spectroscopy, a collimated beam of atoms can be scanned
by lasers to get details about their transition frequencies. Our high temperature atomic
beam source will be discussed in Chapter 2.
In atomic physics experiment, manipulating and probing the properties of atoms
without coupling the atomic systems to surroundings is the key. The most crucial tool
used to fullfil such requirement is light. Due to the fact that an individual atom is a
well defined quantum system which contains multiple discrete states, its interaction with
others such as atom-atom interaction and atom-field interaction must involve transfers of
discrete energy, which need to be achieved via emission and absorption of discrete number
of photons that has certain frequency matching the transition energy. Thus light with
controllable frequency is extremely important for atomic experiments. The common light
source used in experiments is laser which can emit light with single frequency. However,
just using laser is not enough. In situations where frequency of the laser needs to be
selected or laser’s linewidth needs to be narrowed down for further cooling in ultracold
atom experiments, an optical resonant cavity is very useful because its resonant properties
allow experimental flexibility to generate and select different light frequency based on the
need. Our newly developed cavity will be discussed in Chapter 3.
Moreover, I will also present a quantum interface (QI) project,discussed in Chapter 4, aiming to build a new experimental platform where atoms are absorbed onto an
engineered quantum surface beneath which atom-like solid quantum defects, NitrogenVacancy centers (NV), are embedded. Current quantum experiments mostly focus on
exploring and achieving full quantum control over a single quantum system while in2
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terface between two or more quantum systems is mostly avoided due to the induced
quantum decoherence caused by uncontrollable interaction between systems. Quantum
interface experiment is special in that both quantum systems interact and couple to each
other via a controllable manner using optical method and microwave transition. This is a
powerful tool to achieve full manipulation over the interaction Hamiltonian and makes QI
a possible new platform for quantum information processing and high spatial resolution
imaging.
At last, I will also include a project that we collaborate with Pennathur group
in Mechanical Engineer Department in UCSB aiming to develop a new generation of
energy harvesting machine by combining wimshurst model and microfludic engineering
technologies. Details of energy harvesting machine project will be discussed in Appendix.

3

Chapter 2
Atomic Beam Source

2.1

Motivation

Atomic spectroscopy is commonly used to study properties of elements and also to
probe the composition of some unknown material. In order to achieve rapid spectroscopic
measurement for low vapor pressure elements using a small amount of sample, a portable
atomic beam source able to rapidly vaporize low vapor pressure elements is needed. There
are many efforts trying to make high temperature atomic beam source[1]. However,
limitations to atomic beam source are too big to be unable to heat up rapidly and not
able to withstand quick cycles of rapid heating. To overcome these barriers, we designed
a portable atomic beam source made of a single piece of graphite that is able to vaporize
low vapor pressure elements in a short amount of time.

4
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Design

Our atomic beam source integrates crucible, heater and nozzle together by using one
single piece of graphite to simplify the design and minimize the size while achieve potential high evaporation temperature. Motivation of this design comes from the thermal
and electrical properties of graphite: extremely high temperature tolerance, reasonable
resistivity at high temperature, low thermal expansion coefficient, and its availability
relative to other materials. As shown in Fig 2.3, graphite’s special properties of keeping
high resistance in high temperature is promising for rapid high temperature heating.

Figure 2.1: Resistivity of graphite versus the temperature [3]. Picture is taken from
Properties and Characteristics of graphite by Poco Graphite Inc.

The crucible is designed in a special barbell shape, shown in Fig 2.2. The reason for
barbell shape is that the middle thin part functions as a micro-crucible where elements
5
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Figure 2.2: Atomic Beam Source wire frame view

are heated up and evaporate and it needs to be heated up rapidly while keep rest of the
beam source relative cold. Resistance of the material is shown in equation 2.1. ρ is the
resistivity. L is the length. A is the cross sectional area. The resistance is inversely
proportional to the cross sectional area. In order to heat up the middle part fast, the
middle section needs to have a much higher resistance comparing to that of left and right
part. Thus, the relation of cross section area is inversed. When we run current through
the whole apparatus, the middle can heat up to desired high temperature quickly, which
is the requirement for atomic spectroscopy, while the rest remains relative cool.
Section 2 (section in the right side) in Fig.2.4 has a tube opening designed for
collimating the atomic flux coming from crucible and thus forming an atomic beam.
Section 3 (section on the left side) functions as a place where we use C-type Thermocouple
to monitor the temperature of the crucible. This configuration of graphite localizes the
resistive heating to the crucible, as shown in Fig 2.3. Based on the calculation and
simulation, the crucible section has resistivity ranging from 0.07 Ω to 0.09 Ω, and the
currents used is from 60A to 150A.

6
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Figure 2.3: Temperature simulation of atomic beam source. When temperature of
the crucible reaches around 2000◦ C, temperature of rest of the setup remains below
1000◦ C, which is the goal of our design: reaching temperature at the middle section
without melting down rest of the beam source.

R=

ρL
A

(2.1)

Figure 2.4: Cross-section view of atomic beam source. The middle part of length
21mm is section 1. The right part with length 24mm is section 2. The left part with
length 29mm is section 3.

The beam source is mounted to a high current four conductor copper electrical
feedthrough via two homemade stainless steel stands. Assembled beam source is placed
into a vacuum chamber, as shown in Fig 2.5, which consists of a cross-shape chamber and
7
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Figure 2.5: Atomic beam source integrated into the vacuum chamber. Glass target,
optical observation port and turbo pump are also included.

a T-shape chamber. A customized glass target is held at the end of the vacuum chamber
for atomic deposition. By laser scanning the deposition and analyzing the attenuation
signal, we can evaluate how good the collimation is. Rest of the chamber port are covered
by stainless steel Conflat flanges, viewports, and Thermocouples.

8
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Device Construction

During the test, there were several experimental limitations. We initially planned
to use type C thermocouple to measure the temperature of the crucible part. However,
during assembling stage, we found that due to the compactness of our chamber, the
thermocouple lead kept shorting to the chamber wall. Using insulating materials could
not solve the problem due to the high operating temperature. In the end, we did not
have direct measurement over the crucible’s temperature.
Moreover, the contact resistance between graphite and steel was around 0.5Ω, much
higher than the resistance of the crucible part. This could potentially cause overheating at
the interface which would melt stainless steel stands. Solution to this problem is inserting
a piece of copper between steel and graphite to lower down the contact resistance. We
eventually made the contact resistance lower than 0.05Ω.

2.4

Device Testing

After assembling the whole setup and pumping the system to 10−6 Torr, we started
test by running DC current through our crucible. The crucible’s heating speed to desired
evaporation temperature is less 5 seconds. The stand is made of 304 stainless steel which
has melting point between 1400 ◦ C and 1450 ◦ C. In order to prevent contacts between
crucible and stainless steel stands from overheating which could potentially melt stands,
time duration of the test is limited to 10 seconds. We ran two groups of experiments.
In each group, we used different amount of currents: 90A and 150A. Pictures of crucible
run at different current are shown in Fig.2.6b and Fig.2.6a.
9
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(a) 150A

(b) 90A

Figure 2.6: Optical observation of crucible at different currents.

(a) Copper deposition on the glass

(b) Atomic beam profile analysis. The bottom figure is a
analytical simulation while the top is the experiment by
scanning the sample with laser beam. They show a good
agreement.

Figure 2.7: Atomic deposition and the scanning data
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Figure 2.8: Section II has layers of graphite removed during the heating process.

We used copper to make an atomic beam. The deposition of copper beam on the glass
target is shown in Fig.2.7a. The reason for the deposition being black is not conclusive.
Possible reason could be carbide formation or collision with residual gas in the vacuum
chamber. Fig.2.7b shows measured attenuation versus position on the glass target and
the calculated atomic flux versus position based on the geometrical analysis of the beam
source. Both show a good agreement.

2.5

Conclusion

Based on the test result, we have successfully created atomic beam source that can
generate copper beam within 10 seconds. However, there are also problems showing from
our test. As shown in Fig 2.8, section II has some layers of graphite removed from the
main part. It is observed that there are layers of graphite falling from the crucible. Loss
of graphite makes the middle part very fragile. This problem is the main factor limiting
the lifetime of the beam source. Possible reason for this layer removal is the mechanical
stress induced by the temperature gradient in the middle part. A possible fix to the
problem is using a reflective thermal shield to minimize the thermal gradient on the
crucible.
The device has been mailed to our collaborator, Los Alamos National Lab , for
11
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future testing. Hopefully the problem can be fixed and the atomic beam source will be
extremely helpful in fast atomic spectroscopy.

12

Chapter 3
Optical Cavity for Experimental
Atomic Physics

3.1

Basics of Optical Resonant Cavity

In atomic physics experiment, full control over light is necessary to manipulate quantum properties of atoms. There are tools to control the light, such as atoms and optical
cavity. Based on quantum mechanics, atoms have discrete energy levels and quantum
states, and transition between internal quantum states is done by emitting and absorbing
a photon that has energy matching the transition energy. Different transition energies
of an atom can be used as a filter to select different frequencies. Spectrum of Lithium
atoms is shown in Fig 3.1. Because the transition energy between different energy levels
are fixed, atoms are also known as the absolute resonance scale.
Another useful tool to control light is the optical resonant cavity. An optical resonant
13
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Figure 3.1: Spectrum of Lithium 7. Spectroscopy shows two dips which corresponds
to D1 transition line(670.979nm) and D2 transition line(670.977nm). X axis is the
wavelength(or frequency) while Y axis is the intensity of light received by detector
photodiode.

14
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cavity is made of two mirrors arranged in a way such that electromagnetic waves of light
constructively interfere and thus form standing waves between mirrors. An optical cavity
is characterized by the relative distance between two mirrors, curvature of each mirror
and reflectivity of mirrors. There are several important parameters that feature an optical
cavity. Based on the length of the cavity,L, photons with certain wavelength resonate.
The longitudinal mode is expressed in the equation 3.1.

λm =

2nL
m

(3.1)

Besides longitudinal modes, there are also transverse modes. In cylindrical coordinate, the full output intensity solution including longitudinal and transverse modes is
2

shown in equation 3.2, where ρ = 2 wr 2 and w is beam width of the corresponding Gaussian
mode. Several output modes of cylindrical cavity are shown in Fig 3.2[5].

I(ρ, φ) = I0 ρl [Llρ (ρ)]2 cos2 (lφ)e−ρ

(3.2)

Moreover, there are two more quantities that characterize the cavity, finesse(F) and free
spectral range(FSR). FSR is spacing between two successive identical longitudinal modes,
and its mathematical formula is shown in equation 3.3. It is obvious that FSR is a pure
geometrical quantity determined by cavity’s length.
F is defined to be the ratio between FSR and FWHM of the cavity’s resonance.
Given a cavity with certain length, its F represents how narrow linewidth of the resonance
is. Equation3.4 is F’s mathematical formula, where R is the reflectivity of the mirror.

λF SR =
15

c
2nL

(3.3)
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Figure 3.2: Intensity output from a cylindrical optical cavity. Picture is taken from
Precision Interferometry in a New Shape by Paul Fulda.
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Figure 3.3: Spectrum of the optical cavity from our lab.This cavity has discrete resonance which can be used for laser frequency selection. X axis is in the unit of time,
which can be converted to frequency or wavelength. Y-axis is intensity of the output
signal.

√
R
F =π
1−R

(3.4)

Due to its resonating properties, photons with certain frequency can pass through the
optical cavity, which makes it an optimal tool to control light. Unlike atom which has
absolute transition line, a cavity has flexibility to change the resonant frequencies by
changing the length of the cavity which can be achieved using a piezoelectric transducer(Piezo). Typical single mode (single Gaussian mode) cavity spectrum is shown in
Fig 3.3.
By solving Maxwell equation for the geometry of cavity, we know that cavities have
their own resonant mode which is independent of that of the laser. Cavities’ modes are
determined by geometry of mirrors and their spatial separation. Just like RLC circuit
as an electronic resonator which has its own resonant mode and can pick up signals of
resonance, an optical cavity is a passive filter for light. In order to maximize the coupling
efficiency between beam and cavity, we need to perform mode coupling. Principle of mode
17
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(a) Manipulation of laser width using two lenses

(b) Matching the beam width of the cavity with that of laser

Figure 3.4: The ultimate goal of mode matching is to match the position and the
size of laser beam width, ω2 , to that of the cavity, ω0 . Pictures are taken from
Quantum Electronics for Atomic Physics and Telecommunication written by Warren
Nagourney[2].

coupling is to spatially match the wave profile of laser to that of the cavity such that
constructive interference of light inside the cavity can be maximized. This can be done
by using two lenses which can manipulate the position and size of the laser beam width
as shown in Fig 3.4a and Fig 3.4b[2]. Further details can be found in Quantum Electronic
for Atomic Physics and Telecommunication written by Warren Nagourney[2].

3.2
3.2.1

Simple High Finesse Optical Cavity
Motivation

As mentioned previously, an optical cavity is a resonator with discrete resonance
frequencies and modes, which makes it useful to select frequency of laser. The perfor18
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mance of an optical cavity is experimentally limited by various factors such as acoustic
noise, thermal drift and mechanical noise. Acoustic noise can be prevented by putting
the cavity into a wooden box or a box with acoustic foam attached, which serves to damp
out the acoustic noise. Mechanical noise can be prevented by isolating the cavity setup
on an optical table which will damp out most of the mechanical movement and thus
minimize the noise. Thermal drift is caused by thermal expansion of the cavity which
changes the distance between mirrors at low frequency, causing drift of the resonance.
Minimization of thermal drift can be done by either controlling the temperature of the
environment around the cavity precisely, using super-Invar as a material for the main
body of the cavity or locking resonance of the cavity to some reference signal such as
atomic transition frequency.
Prevention of acoustic and mechanical noise can be easily achieved with our current apparatus. However, minimizing the thermal drift with relative simple and cheap
approach is not easy. There are many sources for a temperature fluctuation in the laboratory such as air-flows, lab members’ body temperature or even a cup of hot coffee left
on the computer desk. Any small change of temperature will cause drift of the resonance
of cavity and the Super-Invar can be used to solve the problem because this material has
extremely low thermal expansion coefficient and thus not very sensitive to temperature
change. However, Super-Invar is very expensive comparing to regular material such as
Aluminum and stainless steel. The cavity we have in lab is made of super-Invar, as shown
in Fig 3.6.
Due to the need of a new optical cavity for Sr BEC machine, we want to develop
a new cavity that can minimize the thermal noise with relative cost. Next section will
cover the idea and reasoning for design of the cavity.

19
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Figure 3.5: Cross section of the cavity.A is an O-ring. B is the mirror. C is a
Piezoelectric transducer. D is the ’SM1 to SM05 Adapter’ holding the mirror which
is same as B.

3.2.2

Design

As shown in Fig 3.5, unlike many other cavities where mirrors are attached to one
piece of material, this cavity is made of three parts: two Aluminum ends on both sides
and a quartz tube connecting them. Original idea is based on John Barry’s design of
Fabry Perot Cavity mentioned in his PHD thesis. The reason to use different materials
is that their different thermal expansion coefficients can make thermal expansion in total
be canceled out with a proper geometry of the cavity. It is also noticeable that both two
ends protrude into the glass tube. When temperature changes, the glass tube will expand
(or retract) in both directions while the protruding parts of the Aluminum will expand
(or retract) in the opposite direction, and thus thermal expansion of the cavity in total
will be canceled, leaving the relative positions of mirrors respective to each other fixed.
Moreover, one mirror is held in a movable mirror mount which will give us flexibility for
coarse tuning over the output modes. Details will be discussed in section3.2.4

20
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Figure 3.6: Super-invar optical cavity for Lithium BEC machine.

3.2.3

Device Construction

Construction of the device consists of machining and assembling. The glass tube
is bought from McMaster and machined by machine shop in Chemistry Department.
It is highly recommended to let machinists use lathe to cut the tube because cutting
by hand instead of using lathe will cause cutting surfaces not parallel to each other and
consequent angular misalignment of two mirrors, which can lower the finesse of the cavity
and other issues. The drawing and machining details for both Aluminum ends can be
found in Appendix chapter B. Mirrors we pick for the cavity is Layertec 102964, which
has reflectivity over 99.8%. Based on equation 3.4, finesse of the cavity should be 1569.
21
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Device Testing

Fig.3.7 shows spectrum of the cavity shined by 689nm laser beam. By tuning the
movable mirror, number of transverse mode can increase or decrease depending on the
direction of tuning. The change of cavity length by coarsely adjusting the position of
the mirror can suppress the output of transverse mode. Based on observation in the
experiment, the optimal way to achieve single mode output is to change the position of
the mirror such that more and more transverse modes are introduced in the free spectral
range. When the number of transverse modes is sufficiently large, their output power
decreases. At some point, all transverse modes collapse, leaving a single mode output, as
shown in Fig.3.8. Zooming into one output mode, we can see that the output is not purely
symmetric which can be caused by angular misalignment between mirrors and may be
optimized by small tuning the movable mirror. Details of optimizing the symmetry of
the output mode will be discussed in section 3.3.4. Moreover, test shows that this cavity
has finesse around 261 which is beyond our need(∼100) but still lower than its theoretical
value. The main factor that limits the finesse is angular misalignment of mirrors. Finesse
represents how many rounds a photon bounces between two mirrors before leaving the
cavity, which can be limited if two mirrors are not aligned perfectly. This can be solved
and prevented by better machining components including glass tube and Aluminum
ends. A machining company can perform accurate machining at a relative low price,
called Xometry. Threads on cavity ends need to be homemade because it requires taps
with specialized dimensions for optics which is very expensive for manufactures to make
and can be easily done using taps that is available in our lab.

22
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Figure 3.7: Cavity transmission by tuning the cavity length. X axis represents time
which can be transformed to frequency. Y axis is the intensity received by the photodiode detector.

3.3
3.3.1

Linewidth Narrowing Optical Cavity
Motivation

Laser has its own resonant frequency. However, in real life laser’s output lineshape is
not a perfect δ function. It has a finite width which we call linewidth. Finite linewidth is
caused by homogeneous broadening, such as collisional broadening, and inhomogeneous
broadening, such as broadening caused by Stark effect. Normal cavities mentioned in
section3.2 is used for frequency selection that has no control and strict requirement
over laser’s linewidth. However, there are special cases such as lasers used for precision
measurement and atom cooling that requires linewidth of laser to be low (∼1KHz regime).
The linewidth narrowing cavity discussed in this section is mainly used to improve cooling
performance of Sr BEC machine.
To achieve Sr BEC, 1 S0 to 3 P1 intercombination transition controlled by Magnetic
Optical Trap is at 689nm with linewidth 7.4KHz. Right now, our lab uses a laser beam
23

Optical Cavity for Experimental Atomic Physics

Chapter 3

Figure 3.8: Transmission resonance from cavity. Single mode output from cavity.
Spacing between the two peaks is 750 MHz. Measured finesse is 261. X axis represents
time which can be transformed to frequency. Y axis is the intensity received by the
photodiode detector.

with 70-150KHz linewidth to control intercombnation transition. If linewidth of the
laser can be reduced to 5 KHz we will be able to perform more reliable intercombination
control and consequent better atom cooling. Thus, developing a fancy cavity for reducing
linewidth of the laser is necessary.

3.3.2

Design

The cavity system consists of a thermally and mechanically isolated cavity in a
vacuum chamber, two feedback circuits, and two error signals coming from Sr atomic
transition line and cavity. Technique used to narrow linewidth is the Pound Drever
Hall(PDH) method.Theoretical description of PDH is in Appendix C.
Experimentally, the first step is to generate two sidebands around output signal from
the cavity by modulating frequency, blue curve in Fig 3.12, which is done by frequency
modulating the laser beam. The setup for sidebands includes a homemade high finesse
24
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cavity and an electro-optical modulator(EOM). After we have sidebands, the next step
is to generate error signal. Error signal is generated by using RF mixer to combine the
reflected light from the cavity and EOM driving signal from local oscillator. RF mixer
is a device which can perform algorithm using electronic signals. As shown in Fig 3.10,
RF mixer can frequency modulate the input RF signal by local oscillator. Output signal
will have the frequency which is the absolute value of the difference between ωlocal and
ωRF . Error signal at the output of the RF mixer is shown in Fig 3.9.
When we have the error signal, PID circuit uses error signals and generate correcting
signals and then feed correcting signals back to the piezo of laser cavity (cavity inside the
diode laser) and the laser current. Next step is to feed correcting signals, using another
PID circuit, from Sr transition line back to the piezo of the cavity that we build. Atomic
error signal can be done by performing saturation spectroscopy which we already have
in the lab.

Figure 3.9: PDH error signal. The Y value is arbitrary and is proportional to
32GP0 J0 (β)J1 (β). G is responsivity of the photodetector. P0 is the incident power on
the photodetector.β is the phase modulation index determined by properties of EOM.
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Figure 3.10: RF mixer which will frequency modulate the input RF signal by local
oscillator. Output signal has modulated frequency fout =| fRF − fLO |

3.3.3

Device Construction

Based on PDH method, we first construct the error signal setup with the cavity
mentioned in section 3.2. Because the new cavity cannot be finished timely, we need to
use our old cavity to get the error signal and later copy the setup for the new cavity.
Schematic of the setup is shown in Fig 3.11. Laser beam is reflected by two mirrors to
EOM which is driven by local oscillator at frequency 16.132 MHz. Light coming out of
EOM will go through the polarized beam splitter and enters the cavity. If the light’s
frequency matches the cavity resonance, it will transmit and go into PD1. Light that
is not resonant will be reflected. Quarter wave plate in front of the cavity is used to
convert polarization of the reflected light such that polarization of the reflected light is
perpendicular to that of the PBS. Then the reflected light from polarized beam splitter
(PBS) will be focused by a lens into PD2. Next, we use RF mixer to demodulate the
reflected signal from PD2 by mixing it with local oscillator signal. Then we use an
26

Optical Cavity for Experimental Atomic Physics

Chapter 3

Figure 3.11: Schematics of the setup that generates error signal. Error signal will be
measured on Oscilloscope

oscilloscope to display the error signal. The result of error signal is shown in Fig 3.12.

3.3.4

Error Signal

We successfully get our first error signal in the lab, which is shown in Fig 3.12.
However there are still few improvements that needs to be made. It is found in experiment
that error signal can be affected by the symmetry of the lineshape of the cavity. The
variability of cavity length can help us tune the transmitted signal to be a single mode.
Moreover, when the output is a single mode, shape of the transmission signal will also
change if we make small tuning. If the symmetry of the transmitted signal matters, it
is recommended to perform small tuning over the cavity length. We can either directly
monitor the shape of the signal or use error signal as a reference for symmetry of the
transmitted signal. Experimentally, it is found that error signal’s amplitude is very
sensitive to the symmetry of the transmission signal. As shown in Fig 3.13, the shape of
the error signal varies with that of the transmitted signal. Thus, if one needs demand
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Figure 3.12: Error signal generated by diagnostic cavity(mention in section 3.1)with
cavity tuned to right length.

over shape of the transmitted signal, using error signal will be helpful.
Error signal in Fig 3.12 has an horizontal offset of 0.8MHz respect to the transmission
peak. This phase shift is due to the phase offset between reflected beam and the local
oscillator. In order to remove the offset, I extend the length of BNC cable that is
connected to the local oscillator. The added length of the BNC can add additional phase
shift to the local oscillator. The RF signal has frequency 16.132MHz which corresponds
to wavelength of 18.5m. The index of refraction of a BNC cable is around

2
3

which means

that adding extra 0.5 m (by estimation) BNC should be able to eliminate the horizontal
offset. It is optimal to experimentally test how long BNC is needed.
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Figure 3.13: Error signal generated by diagnostic cavity. The shape of the transmitted
signal is not symmetric which is caused by non optimal cavity length.

3.3.5

Device Construction

EOM

Electro-Optical modulator is a resonant circuit which can perform frequency modulation. As shown in Fig 3.14, our homemade EOM consists of an inductor, a capacitor
and a transformer. The capacitor is made by clamping a LiT aO3 crystal with two copper plates. Silver paste is applied to the interface between copper plates and the crystal
to achieve better electric contact. Effective capacitance is calculated to be 15.56 pF.
Inductor is made by winding 18 turns wires around a T-68-6 iron core. As stated in
equation 3.5, Q factor is inversely proportional to resistance in the circuit. In order to
maximize the Q factor of resonator, we need to lower the resistance in the circuit. It is
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Figure 3.14: Homemade EOM. It consist of three parts: a capacitor made of two
copper plates clamping LiT aO3 crystal, one homemade inductor and one homemade
transformer. Red arrow indicates the light path.

found that the resonator has resistance 7Ω. In order to match impedance to 50Ω without
introducing any resistor, we make an impedance matching transformer. Number of turns
can be calculated by equation3.6.
Experimentally, it is found that the impedance and resonant frequency may change
when we move capacitor, inductor and transformer into the EOM box. One suggestion
when constructing the EOM box is that always test whether the impedance of the whole
circuit, including the transformer, matches to 50Ωor not. If it is matched, use tape or
other ways to clamp down elements because when they move a little, it is possible that
the value may change. If it is not matched, toggling the transformer such as winding
or unwinding one turn of wire might be a good idea,depending on how mismatched the
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impedance is.
Moreover, during test stage, it is recommended to use ’walking-beam’ method to
couple light into EOM. Tutorial for ’walking-beam’(WB) method can be found online.
Experimentally, it is found that using WB method can prevent light from reflecting inside
the crystal and thus maximize transmission power of the modulated light.
r
1 L
Q=
R C

(3.5)

s
Zs
Ns
=
Np
Zp

(3.6)

Cavity in vacuum

The cavity design is similar to the one mentioned in section 3.2, except that the
movable design is removed. Cavity is mounted in a support made of Aluminum via two
O-rings and the support is mounted in vacuum chamber via another pair of O-rings.
This design can provide both mechanical and thermal isolation to the cavity, which will
minimize the drift of the resonance. After cavity and other vacuum components are
mounted onto the chamber including view ports, copper feedthrough, turbo pump and
angle valve, the chamber needs to be baked to 200◦ C in order to bake water and other
outgassing elements out of vacuum components and O-rings. Once baking is finished,
we need to shut the valve and mount the cavity onto the floating optical table to further
minimize the mechanical noise. It is also recommended to put a box whose walls are
attached with acoustic foam in order to minimize acoustic noise.
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PID circuit

Figure 3.15: PID board that will be used for electrical feedback.

The PID circuit is presented in Fig 3.15. It is designed by Dr. Toshihiko Shimasaki
and will be built later for electrical feedback.
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Future

The project is not finished yet due to limited time. But it is sure that the key
components are almost finished. Because there is no previous experience of using PDH
to generate error signal in our lab, experimentally making error signal is a big challenge to
us. Right now, we have shown that both cavity and atomic error signals can be generated
via PDH and atomic saturation spectroscopy. Assembling the new cavity vacuum system
and reproducing optical PDH setups are relative easy for us because these are basic
techniques used in the ultracold atom experiment. Next step of the experiment is to
assemble the whole system and generate error signal with the vacuum cavity and feed
correcting signals using PID circuit back to laser cavity’s piezo control and laser current.
Then, we will feed error signal of atomic transition back to vacuum cavity’s piezo control.
Once both feedbacks are finished, the project will be done. Once the linewidth is reduced
to 50KHz, the cavity will be installed in Sr BEC machine for laser cooling.
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Quantum Interface

4.1

Introduction

Quantum technology has become more important than ever in the field of nanosensing, quantum computation and telecommunication. Quantum systems such as quantum
dot, cold atoms and atom-like defect points all show great potential in each field.However,
each quantum system has their own limitations such as decoherence caused by uncontrollable coupling to the environment.
By hybridizing quantum systems together, analogous to development of modern
classical computer where a transistor is used for logic control, capacitive elements are
for memory and wires are for information transfer, it is possible for us to overcome the
barrier of each single quantum system, reach an extreme control over the system, and
eventually help us solve the frontier problems in many disciplines of science.
In this experiment, we designed and tested a prototype of hybrid atom and Nitrogen34
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Vacancy center(NV) quantum system whose states can be manipulated via optical and
microwave signals. Such system will have potential to realize enhancement to high spatial
resolution quantum sensing that go far beyond the current state of art. Because the
experiment is still in its primitive stage, our short term goal is to perform measurement
of relaxation time (T1 ) under pressure lower than 10− 8 Torr both with and without
atomic layer.

4.2
4.2.1

Experiment
Setup

Quantum Interface (QI) experiment studies the interaction between atoms and NV
centers at Ultra-high vacuum condition. The setup consists of a customized vacuum
chamber,atomic source, crystal rate monitor, turbo pump, and an UHV pump. The
apparatus is shown in Fig.4.3.
The customized vacuum chamber has 7 stainless steel Conflat Flange ports with
outer diameter (OD) 2.75” and one larger CF port with OD 4.5”. The large number of
ports gives us flexibility to attach more vacuum components(rate monitor, atomic source,
etc) to the main chamber. While smaller CF ports can be used to attach different parts
based on experimental purposes, the bottom CF port is reserved to mount the NV sample.
Our first generation design for mounting the NV center consists of an OD 4.5” flange that
is machined to have a hole at its backside(the side facing toward outside of the chamber),
as shown in Fig 4.1. The NV center sample is attached to the flange as shown in Fig 4.2.
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Figure 4.1: Bottom flange drawing. The bottom flange is machined to have a hole
with diameter of 1mm. Unit in the drawing is mm.

Glue and Epoxy

To make a vacuum system, we try three types of glue: Vacseal sealant, Torr S0eal
Epoxy, and UV cured epoxy(OP-67-LS). The glue used in the most recent setup is OP67-LS which will be referred as OP67. Because we use diamond with one side covered
with NV centers and pillars, that side must remain clean during the operation of sealing.
To make a seal with glue, typical procedure involves applying a very small amount of
glue around the hole on the flange. The hole has diameter 1mm, so it is critical to apply
glue with a microscope. It is found that using a thin wire(diameter ∼ 200um to 1mm)
to apply glue is optimal. I suggest practicing with thin glass piece before gluing the
diamond. Glued sample is shown in Fig 4.2
Even though three glues mentioned above can give us high quality vacuum seal, their
other properties such as mechanical properties are not satisfactory. The operation instruction and disadvantages of each glue are listed below:
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Figure 4.2: Diamond sample glued to the bottom of the flange. Ω shaped gold strip
is the wave guide. The sample is a 2mm×2mm square shaped diamond

• VacSeal
– Vacseal is a transparent vacuum sealant that is watery when you just get it out
of the bottle. It is very hard to use it for sealing the diamond because of its
transparency and low viscosity. When we put the diamond onto the sealant,
the sealant spreads out very fast and has high risks to cover the NV side and
thus contaminate the sample easily. Moreover, the glue could still deform and
cover the NV side even if it is cured. Curing process of this glue requires
baking. Specific instruction can be found on the bottle. It is observed in the
experiment that after the vacuum chamber is pumped down for 10− 6 Torr for
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Figure 4.3: Quantum interface project setup. A is the 4.5” Conflat flange with a
diamond sealed at the bottom.B is the single load crystal rate monitor. C is the ion
pump. D is the angle valve. E is the atomic source.

several hours, the properly cured Vacseal Epoxy deforms and squeezes into
vacuum chamber and then covers the diamond. This mechanical deformation
makes it not optimal in this experiment.
• Torrseal Epoxy
– The proper operation of Torr Seal can be found on its packing box. There are
several special instruction for the Epoxy. When mixing its two components,
we need to make sure the timing for mixing is not too long. Long time mixing could lead to solidification of Epoxy. 5 minutes mixing is recommended.
Moreover, after the epoxy is properly mixed, it is recommended to put Epoxy
in a vacuum system (10−3 Torr should be enough). The purpose of this step
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is sucking air that is trapped in the Epoxy.
Downside of Torrseal is that there are gunks getting out of the Epoxy when it is
curing. During our experiment, we saw that gunks covered and contaminated
our NVs and pillars.
• OP67
– The operation of OP67 can be found at www.dymax.com/images/pdf/pds/op67-ls.pdf. This Epoxy is easy to operate. For this Epoxy, it is recommended
to use it in a dark room because it is very sensitive to UV light. Using it
under white light can cause slow solidification which is not optimal for gluing
the diamond.
However, using glue and Epoxy to make a vacuum seal has been found not just risky,
due to high probability of contaminating the diamond, but also inefficient, due to high
probability to have small leak(leak rate around 10−9 Torr/s), which is bad for UHV. Thus
in a future design, another diamond mounting method needs to be developed.

Rate monitor

Crystal rate monitor used in QI project is a single load crystal rate monitor from
IFICON. The purpose of using rate monitor in the vacuum system is monitoring the
amount of atoms deposited onto our target sample. The position of rate monitor sensor
is some distance above the NV sample and the tip of the sensor is just 1cm from NV
horizontally. The thickness of atomic layer landing on the sample and on the rate monitor
sensor are related via equation 4.1, where ZD is the vertical distance between diamond
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and rate monitor while ZS is the vertical distance between diamond and atomic source.

ZD 2
ND
∝(
)
NS
ZS

(4.1)

Atomic Source

We used two types of atomic sources. The first one is the alkaline metal dispenser
from SAES. We chose this type of dispenser because it is easy to operate. Dispenser
starts to work when we apply current through it. Fig 4.5 is the plot of thickness of
atomic layer versus time for Lithium dispenser extracted from the rate monitor and the
pressure is 10− 6 Torr. However, we found that there were gunks and unknown yellow
liquid coming out of dispenser after long time dispensing. Moreover, we also found that
dispenser could corrode even though the standard operating procedure is followed. Thus
we stoped using dispenser as our atom source.
Our second atom source is a homemade thermal evaporation atomic source. We
use thermal evaporation box from RDMath Inc. to generate atomic flux by thermally
evaporating atomic isotope. Assembly of the thermal box and its homemade mounting
is shown in Fig 4.4a and Fig 4.4b. We plan to use 150 Amp DC current for the thermal
box.

Atom Removal

One of our goals in this experiment is to achieve full control of atom, which includes
control over number of atoms landing on the surface. Control over thickness of atomic
layers dispensed from atomic source can be monitored by the rate monitor, but how to
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(a) Mounting for atomic thermal box

(b) Matching the beam width of the
cavity with that of laser

Figure 4.4: Thermal box mounting design and its assembly. In real experiment, the
curvy side of the mount is removed because it is much more expensive for machine
shop to machine the curve. Instead, we just use a rectangular shape for sides of the
mounting. Holes shown in figures are left for screw and nuts to clamp thermal box to
the mount.Drawing of the design can be found in Appendix D

remove atoms from the diamond sample is a question. We have several ideas. First,
we can use UV light to ionize atoms. Ionized atoms will repel each other due to the
electrostatic force and the atomic layer will consequently become unstable and then be
removed from the surface of the sample. Second, we can use high power pulse laser to
etch the atomic layer. This must be done in a controlled way so that the high power
laser will only take away the atomic layer instead of etching NVs.
We test our first method by depositing atoms onto the rate monitor sensor and then
shining UV onto the sensor. Rate monitor is able to real-time monitoring thickness of
the atomic layer. Thus if atoms are ionized and the layer is gone, we should be able to
observe it instantly. However, the test was not successful. We find that whenever UV
light hits sensor the thickness displayed on the monitor will drop instantly and at some
point it will stop dropping and rise back to its original position. Same phenomenon also
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Figure 4.5: Lithium dispensing rate detected by rate monitor. Current used to run
Lithium dispenser is labeled in the graph.

appears when we stop shining the surface with UV, the signal will first rise and then
come back to its original position, as shown in Fig 4.6. We test our UV with and without
atomic layer and the ’falling and rising’ occurs in all tests. We believe there is some
interaction between sensor and UV light which makes this method not conclusive.The
second method is to use pulse laser to etch the atomic layer and then remove the layer.
Test has not been performed. It is crucial to study and test the effect of shining pulse
laser onto NV centers before using this method for removing atoms because we want to
keep sample safe from etching process. Current problem of pulse laser is that the pulse
laser system needs a cooling device that can provide liquid flow rate above 9.5L/min.
Our current cooler has maximum flow rate is 10L/min and it is tested that the pulse
laser cannot run using this cooler due to low flow rate. One way to fix the problem is
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Figure 4.6: Black trace is atomic rate and red trace is the thickness of atomic layer
on the rate monitor.When UV is shone on the rate monitor, black trace indicates that
atoms are removed. But the the rate will go up again. Similar procedure happens
when we turned off the UV light. This phenomenon could be caused by interaction
between UV and the crystal sensor.

connecting an external pump to the cooler which increases flow rate to required range.
Or we can borrow a cooler compatible with pulse laser system from Andrew Jayich’s
group, if it is available.

4.2.2

Preparation

Preparation of the system consists of cleaning vacuum components and mounting
the thermal box. Basic procedure for cleaning vacuum components such as flanges and
electrical feedthrough is listed below:
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1. Sonicating components in DI water for 5 minutes.
2. Sonicating components in Alconox solution for 5 minutes. Ratio of Alconox powder
over water is 10:1.
3. Sonicating components in DI water for 5 minutes.
4. Sonicating components in Isopropyl alcohol for 5 minutes.
When we assemble thermal box to the customized mount, it is critical to follow cleaning
procedure to clean screws and nuts that are used to clamp the thermal box onto the
mount. After the source is mounted, the next step is to use multimeter to check whether
electrical feedthrough and box are properly connected. The same step needs to be done
after assembled unit is inserted into the vacuum chamber except this time we need to
use multimeter to check whether the unit touches the chamber surface or not.

4.2.3

From High Vacuum to Ultra High Vacuum

Typical vacuum that can be achieved by pumping the chamber with rough and
turbo pump is 10−6 to 10−7 Torr. In order to reach UHV, several steps need to be done,
including chamber cleaning and chamber baking. Moreover, we include an UHV pump
from SAES, which is a combination of non-evaporative getters pump (NEG pump) and
an ion pump (IP).
Chamber cleaning process involves both cleaning vacuum components mentioned in
section 4.2.2 and electropolishing the vacuum chamber. Electropolishing the vacuum
chamber removes gunks from the surface electrochemically and thus smooths out the
inner surface of the chamber. This is a typical step used in our group to prepare a UHV
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system,which can help us reach a better vacuum. The company that electropolishes our
chamber is Electromatic Inc in Goleta. After the chamber is electropolished, we cannot
touch the inner side of the chamber unless powder-free latex gloves are worn. If any
accidental touch occurs, using Kimwipes and acetone to clean the touched surface is
necessary because we do not want to leave any residue that will cause outgassing in the
vacuum chamber.
Another important step toward UHV is chamber baking. One factor that limits UHV
is outgassing of different material. Outgassing is a process of having material evaporated
or sublimated into vacuum, causing vacuum from being absolute 0 Torr. All vacuum
components are UHV compatible. In order to achieve UHV, we baked the chamber
to 140◦ C by increasing 5◦ C every 30 minutes. Ramping the temperature slowly is to
make sure that the inside of the chamber reaches thermal equilibrium with oven. Fast
baking will induce a high thermal gradient and may cause damage on glass metal seal
on viewports and consequent leaks. The usual baking temperature is around 200◦ C. The
relative low baking temperature in our baking is limited by the glue we chose. The glue
can only take maximum 150◦ C. When the temperature is above 150◦ C, the glue will no
longer hold vacuum and easily detach from the surface. Thus we decide to have the
maximum baking temperature to be 140◦ C.
Next step is to leak check the vacuum chamber. We can borrow the leak check
from Engineering Department. Leaker check is a combination of vacuum pump and mass
spectrometer. By monitoring leak rate of Helium-4, we can check whether vacuum system
leaks or not. Typical leak rate for a non-leaking system is on the order of 10−11 Torr/s.
Operation of leak checker:
1. Connect the vacuum chamber to the leak checker
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2. Turn on the leak check and then the turbo pump and mass spectrometer in the
leak check to be turned on
3. Check leak rate shown on the leak checker. If there is no leak or a small leak, leak
rate should drop down to 10−11 Torr/s
4. Spray a very small amount of Helium to each possible leaking site on the vacuum
chamber. Closely monitor the leak rate. If there is a leak, then leak rate will
increase immediately
By small amount of Helium, it is recommended to move the nozzle that spray
Helium close to lips. Then control the amount of Helium sprayed such that you
can feel a breeze of Helium. If there is a large amount of Helium sprayed, then
Helium could not only stay near the checking site but also diffuse to other places.
If there is a boom in leak rate, we cannot be sure which vacuum port is leaking.
5. If there is no big increase in leak rate, stop the leak checker and remove the chamber.
After all cables are connected, including thermocouple cables and ion pump cables, double
check if the metal angle valve is open or closed. Angle valve is used to seal the vacuum of
the chamber when we remove the turbo pump and start to turn on the ion pump. After
checking status of the angle valve, we turn on the turbo pump. Based on our previous
pumping experience, if there is no leak in the system the pressure should drop to 10−7
Torr in 30 minutes. Once the pressure is between 10−6 and 10−7 Torr, we turn on the
oven and start to bake the chamber.
The purpose of baking is to remove water and other gases that will outgass and limit
the level of vacuum. In order to monitor the baking, we use Residual Gas Analyzer(RGA).
RGA as a mass spectrometer can monitor the quality of the vacuum and detect small
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(a) RGA plot. X-axis is atomic mass and the Y-axis is outgassing rate. Main
peaks that need to be monitored have atomic mass: 2(H2 ),18(H2 O), 28(N2 ),
32(O2 ).

(b) Outgassing rate of N2 extracted from RGA data using MATLAB code shown in Fig 4.7c.
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number of impurities existed in the vacuum environment. In our experiment, we use
RGA to monitor the amount of water vapor and other gases such as H2 , O2 , and N2 that
are baked out of the vacuum chamber. Fig 4.7a is a RGA graph plotted using MATLAB.
When the amount of gas baked out reaches an asymptote, baking will be stopped. In
Fig 4.7b, the outgassing rate of N2 of gas is plotted versus time. Once the baking ends,
we lower the temperature of the oven by 5◦ C every 30 minutes. Because the oven is very
well insulated, When the temperature is 50 ◦ C it will no longer drop, in order to lower
the temperature we open the door of the oven.
Above is the baking procedure we developed during the experiment. Another thing
that needs to be taken care of is the operation of UHV pump. UHV pump we used is
NEXTORR Z-100-5 from SAES. It is a combination of non-evaporative getters, known as
NEG, which has operational pumping speed around 150L/s(H2 )[4] and diode ion pump
which has pumping speed 6L/s(Ar). During the baking process, the getters need to be
conditioned at around 250◦ to desorb gas that is trapped on getters and also prevent gas
baked out of the chamber reabsorbed by getters. Details of both getters and ion pump
can be found in the NEXTORR Z-100-5 user manual.
Combining the baking process and the operation of UHV pump, we follow steps
below:
1. Turbo the chamber to high vacuum.
2. Increase oven temperature to 140◦ C and NEG temperature to 200◦ C
3. Bake until pressure stops going down (can be 2 weeks for a BEC machine; presumably quicker here).
4. Turn off the NEG and wait for 5 minutes.
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5. Turn on the ion pump for 10 seconds to clean it and then turn it off.
6. Continue to condition NEG.
7. When P < 10−5 Torr, activate NEG by increasing NEG temperature to 450◦ C for
1 hour. Then continue to condition the NEG.
8. Cool down chamber and NEG together. At P < 10−7 Torr), shut the angle valve
and turn on the ion pump.

4.3

Current Status and Future

We have tried to bake the chamber but the vacuum reached only 10−6 . It is confirmed
by using leak checker that there is leak on the diamond seal. Next step is to reseal the
diamond with confirmation of no leak. Then everything will be assembled and baking
will start. Once the baking finishes and pressure drops below 10−8 , we will start measure
T1 of NV. Measurement mainly consists of two parts: T1 of NV without any atoms
landing on and with controlled number of atoms landing on. There is no research done
on properties of NV center at region of UHV and it will be a great interest to study.
In the future, we want to push the experiment to full quantum control of interaction
between atoms and NV by developing techniques that enable us to perform more exotic
quantum interface experiments.
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Conclusion

I have conducted research in different aspect ranging from designing scientific apparatus
for atom physics experiment to setting the foundation for a new type of quantum interface
experiment.
Atomic beam source provides us a new way to generate atomic beam for elements
that have very high evaporation temperature and achieve control over atoms. The design
can be refined with suggestions and possibilities mentioned in section 2.6. This atomic
beam source will be a useful and convenient tool for scientists in Los Alamos National
Laboratory to perform atomic spectroscopy for low vapor pressure elements.
Simple cavity project is finished and the cavity will be installed to the Sr BEC
machine for frequency selection.
Linewidth narrowing optical cavity project is not finished yet. Works that need
to be done are listed in section 3.3.5. Quantum Interface experiment is heading to the
first stage test where we aim to achieve UHV and run several experiments including T1
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measurement of NV.
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Appendix A
Energy Harvesting with a
Liquid-Metal Microfluidic Influence
Machine

This is a project we collaborate with Pennathur group in Department of Mechanical
Engineering. The goal is to design and build an energy harvesting machine based on
Wimshurst prototype using microfluid technology. Details can be found in the paper
attached. My contribution to the project is to design and simulate various geometry of
the mask in order to achieve highest theoretical electric power amplification. Paper will
included in the end of thesis.
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Cavity Design

This section contains design of the cavity components for cavity in vacuum. Note that
both cavities mentioned have a similar design. Specific dimension is not included. Fig
B.1 is the cavity end that will hold a piezoelectric transducer and a mirror. Two slots is
used to keep electrodes of piezo from touching the cavity end. Holes are left for wires of
piezo going through. Holes are not necessary but it is included in the first simple cavity
design. Second end of the cavity is used to hold just the mirror.
To assemble cavity ends, we need to put an O-ring between the mirror and the
retaining ring. Note that there is a small hole on the cavity end in Fig B.2. The hole is
left intentionally for evacuate air from the cavity.
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Figure B.1: CAD drawing for the cavity end that holds mirror and piezoelectric transducer

Figure B.2: CAD drawing for the cavity end that holds only mirror.
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Appendix C
Generating Error Signal using
Pound Drever Hall Method

I will show the PDH method by deriving the mathematical formula of error signal based
on Quantum Electronics for Atomic Physics and Telecommunication[2]
Electric field of a coherent light field:

E = E0 cos(ω0 t)

(C.1)

After light passes through EOM and frequency modulated, analytical form of electric
field for laser becomes equation C.2

E(t) = E0

∞
X

J(β)ei(ω0 +nωm )t

(C.2)

−∞

If we only take first two sidebands around the main resonance into account, then equation
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C.2 can be simplified to:


E(t) = E0 J0 eiω0 t + J(β)1 [ei(ω0 +ωm )t − ei(ω0 −ωm )t ]

(C.3)

light that does not resonate the cavity will be reflected. Reflected beam has E-field in
the form of equation C.4

Er = E0 F (ω) = −E0 r

2i(ω − ωc )/δω
1 + 2i(ω − ωc )/δω

(C.4)

where ωc is the resonant frequency of cavity and δω is linewidth of the cavity resonance.
Due to the fact that we only uses two side bands and one main resonance, there are three
frequencies involved in reflected beam. Er (t) is just a superposition of three frequencies,
as shown in equation C.5.


Er (t) = E0 F (ω0 )J0 eiω0 t + J(β)1 [F (ω0 + ωm )ei(ω0 +ωm )t − F (ω0 − ωm )ei(ω0 −ωm )t ] (C.5)

Voltage generated by a photodiode detector is proportional to | Er |2 which is proportional
to GPr where G is responsivity of a photodiode and Pr is incident power (power of
the beam reflected from the cavity) received by the photodiode. After simplification
of equation C.5 and keep the term that is proportional to sin(ωm t) which gives us the
dispersive lineshape. The cos(ωm t) term in the simplified equation is just a series of
Lorentzians characterizing the normal lineshape of light. Next we mix the dispersive
signal to RF mixer and frequency demodulate the dispersive signal by local oscillator
which oscillates at frequency ωm . Then, we have equation of error signal as shown in
equation
2

2

−ωm )
2
∆ω − 4 ∆ω(∆ω
ωm
δω 2
V = V0 3
m 2
m 2
δω (1 + 4( ∆ω
)2 )(1 + 4( ∆ω+ω
) )(1 + 4( ∆ω−ω
))
δω
δω
δω

56

(C.6)

Generating Error Signal using Pound Drever Hall Method

Chapter C

The plot of equation C.6 is shown in Fig 3.9 where I assume δω = 2.87MHz and ωm =
16.132MHzV0 in equation C.6 is 32GP0 J0 (β)J1 (β).
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Appendix D
Atomic Thermal Box Mounting
Design

I will present the design of thermal box mounts in this chapter. Fig D.1 and Fig D.2 are
designs for thermal box mounts. Detail of discussion can be found in the text.
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Figure D.1: Longer arm of the mount.
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Figure D.2: Shorter arm of the mount.
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