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NV centers in diamond provide an optically accessible interface to microscopic physical infor-

mation, including magnetic fields, crystal strain, temperature, and other local material or environmen-

tal properties. These capabilities have enabled a wide range of applications across the physical and

life sciences. Motivated by the goal of extending what can be measured with NV diamond systems,

this dissertation investigates how advanced quantum control, defect formation physics, and diamond

material engineering can be used to access microscopic information in new regimes.

In the first part, I develop a pulsed quantum diamond microscope for wide-field imaging of

static and dynamic magnetic fields. Motivated by the need to image weak, transient magnetic signals

with both high sensitivity and high temporal resolution, this work combines double-quantum Ramsey

magnetometry, spin-bath driving, and high-speed lock-in camera detection. The resulting platform

demonstrates sub-millisecond magnetic imaging and stable averaging to resolve picotesla-scale fields

while maintaining micrometer-scale spatial resolution. This provides a route toward measurements of



weak magnetic sources from electronic circuits, novel materials, and biological systems.

In the second part, I use NV centers to study particle-induced damage tracks in diamond. This

work is driven by the development of quantum-diamond-based directional detectors for rare event in-

teractions, while also being motivated by the need for improved damage-track modeling for paleode-

tectors and quantum material engineering. Using nitrogen-rich diamond and single ion implantation, I

show that individual carbon ion damage events can produce spatially localized NV ensembles after an-

nealing. These measurements provide an experimental benchmark for an implantation-and-annealing

simulation framework, which is then used to assess how nanoscale directional information can remain

encoded in, and be extracted from, the post-annealing NV distribution.

Finally, in the last part, I describe a collaborative effort with Element Six to engineer diamond

materials for pulsed NV magnetometry. By advancing material synthesis and characterizing the trade-

offs among material properties, NV spin and optical properties, and experimental conditions, this work

provides both new diamond sensors and guidance for material selection in NV quantum sensing. These

results are especially relevant when sensor performance must be balanced against practical considera-

tions such as available optical power, sensing volume, and experimental overhead.
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© Copyright by
Jiashen Tang

2026



Acknowledgments

Looking back on these years, I feel proud of the published papers and commercialization oppor-

tunities that came out of my PhD. I value these achievements both for the results themselves and for

what the journey has taught me. It showed me that I can shape a scientific life that is distinct, diverse,

and fulfilling. I learned that I can make academic contributions, carry ideas beyond the laboratory, and

grow into a person who listens with empathy, connects openly, and creates opportunities for myself

and others. I am grateful to the people and experiences that made this growth possible. Some shaped

me through memorable turning points, changing how I think, work, and imagine what may be possible.

Others carried me through the ordinary days of these years, giving them warmth, joy, and meaning.

My foremost gratitude goes to my PhD advisor, Ron Walsworth. Ron provided the foundation

that touched many aspects of my PhD life. His support gave me the security to focus on the real

work of graduate school. He created an environment that values freedom and trust: I was not simply

assigned a narrow path to follow, but was given room to try things, find questions that interested me,

and gradually build a direction of my own. Ron also built an influential platform and brought many

good people together. Many of the opportunities I was able to pursue, from research collaborations to

work beyond traditional academic research, were made possible because I could stand on that platform.

At the same time, despite his seniority, he brought a youthful energy to the lab. His stories, banter, and

genuine enjoyment of being around younger people made him not only an advisor I deeply respect,

but also someone who could make an ordinary day feel livelier.

I would also like to express my appreciation for Jner Tzern Oon, whom I shared my first paper

with. To this day, I remember less about the grind we went through together than about the empowering

feeling it gave me: I realized that I could create something of value in academia. It was an early proof

to others and to myself. Thank you, JJ, for opening the door to my academic independence.

ii



Connor Hart became an important mentor to me – perhaps more than he realizes – as I led my first

independent project. He brought a valuable combination of seriousness about science and lightness in

the way he approached the work. When I was unsure whether I was capable of carrying the project

forward, he offered practical ideas and advice that aroused in my heart a sense of steadiness that

made the uncertainty feel manageable. Connor also shaped how I think about mentoring. His example

showed me that one can hold high standards without making others feel small, and that encouragement

can coexist with rigor and allows good work to emerge. These lessons will remain a touchstone for

me: to be more patient, make room for uncertainty, and bring out energy and confidence in others.

A major turning point in my PhD came about a year and a half ago, when research funding

suddenly felt less certain. The possibility of accelerated graduation made me think: What would

distinguish me beyond the degree? What do I hope to build afterward? I knew I wanted work that felt

meaningful to me – projects with tangible relevance to everyday life, and ones I could be passionate

about. That search led to commercialization. I-Corps pushed me beyond academic research and into

a world whose language and logic were initially unfamiliar. The process was demanding and often

uncomfortable, but it also made me feel alive: conversations with people from different backgrounds

taught me how to listen, ask questions, share an idea, and build goodwill. Finally, winning support

from National I-Corps and the Maryland Innovation Initiative gave me a new sense of confidence that

I could earn resources for an idea I believed in and create new opportunities.

I could not have made this journey alone. I am especially grateful to Daniel Ang and Niko Reed,

who supported me in unique and important ways. Daniel’s questions, advice, and steady reassurance

often felt like the support of an older brother. When I felt defeated and frustrated, he reminded me that

there was still a path forward and that I did not have to carry the whole weight of it by myself. Niko’s

genuine interest in the project and willingness to think alongside me made the work feel shared. Their

iii



stories and enthusiasm gave me an encouraging sounding board.

I was fortunate to have Amanda Stein as a business mentor. She created important connections

as I pitched the commercialization idea to funders. She brought humanity and kindness to a process

that otherwise feels harsh. I also thank Prof. John Cumings, Dr. Thomas Templier, and Dan Nadash

for the connections, guidance, and advocacy that helped carry the project forward.

These were some of the most important turning points of my PhD. But they were only milestones

along the journey. What carried me from one milestone to the next were the ordinary days and weeks

in between, made meaningful by people to whom I owe an equally deep gratitude.

To my mother and father, thank you for the many hours of long-distance calls that gave me a

place to say what I could not express elsewhere.

To my sister, Yubi, thank you for your carefree energy, the example of your own excellence as

a researcher, and the trust you gave me by asking me to officiate your wedding. Your presence in the

U.S. over the past few years, and hearing you share both successes and hardships of your own PhD,

have given me a sense of family. I am also grateful that you could visit our family when I could not.

To my high school friends, especially Xiaoying and Changlin, whose friendships have traveled

with me not only through more than 12 years, but also across continents. Xiaoying, I treasure our many

visits despite living 5-hours apart. I am grateful for the sense of care and closeness I feel when you are

around. Changlin, you have somehow found a way to visit me at so many graduation moments, from

high school through the end of my PhD. Thank you for always showing up – almost magically.

To my Walsworth labmates, past and present, thank you for the shared scientific growth, cama-

raderie, and the many forms of support that filled these years. I especially treasure the many outings

with Katrijn, Andrew, Mason, Xiechen, Zechuan, and JJ. I enjoyed learning about your research as

much as getting to know you personally.

iv



To my housemates – Chenghao, Haowei, Zhiyin, Zechuan, Haoyi, and Huading – thank you for

the shared food, movie nights, trips, and celebrations that filled our home, as well as your tolerance

for the goofy side of me. To Yihui, Yaxin, and my other physics friends, thank you for the many trips,

conversations, and moments of life shared alongside research.

To Sorah, Changmin, Joohyung, Chaohan, and friends in other labs, thank you for widening my

scientific curiosity and for giving me opportunities to contribute to your experiments.

Special thanks to P.V. for your mentorship in life and beyond. You gave me the confidence

to enter unfamiliar spaces with an open mind and curiosity. It was a wonderful experience visiting

embassies and research institutes across Washington, D.C. Thank you for connecting me to a wider

world through your generosity.

v



Table of Contents

Acknowledgements ii

Table of Contents vi

List of Tables ix

List of Figures x

Abbreviations xx

Chapter 1: Introduction 1
1.1 Nitrogen-vacancy centers in diamond . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Broadband DC magnetometry using NV-diamond . . . . . . . . . . . . . . . . . . . . 7
1.3 NV-based directional rare-event detection . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 Organization of this Dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Chapter 2: Dynamic Magnetic-Field Imaging with a Pulsed Quantum Diamond Microscope 17
2.1 Motivation and chapter overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Experimental platform and camera-based acquisition . . . . . . . . . . . . . . . . . . 21
2.3 Pulsed magnetic-imaging protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3.1 DQ 4-Ramsey and camera implementation . . . . . . . . . . . . . . . . . . . . 25
2.3.2 Spin-bath driving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.3.3 Differential measurement protocol . . . . . . . . . . . . . . . . . . . . . . . . 30

2.4 Spin dephasing and magnetic sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.5 Spatial magnetic noise floor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.6 Static magnetic-field imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.7 Dynamic magnetic-field imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.8 Discussion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.8.1 Technical limitations and paths forward . . . . . . . . . . . . . . . . . . . . . 46

Chapter 3: NV-Based Characterization of Single-Ion Damage Tracks in Diamond 49
3.1 Motivation and chapter overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2 Experimental platform and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2.1 Ion implantation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2.2 Confocal microscopy and NV measurement . . . . . . . . . . . . . . . . . . . 55
3.2.3 Implantation and annealing simulation for NV formation . . . . . . . . . . . . 55
3.2.4 Head-tail directionality and machine learning . . . . . . . . . . . . . . . . . . 57

3.3 Optical detection of individual ion-implantation events . . . . . . . . . . . . . . . . . 59
3.4 Experimentally benchmarked model of implantation, annealing, and NV formation . . 60

3.4.1 Implantation and annealing simulation . . . . . . . . . . . . . . . . . . . . . . 60
3.4.2 Testing sensitivity of NV-yield uncertainty to displacement energy and nitro-

gen concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

vi



3.4.3 Short-range defect reactions beyond the nearest-neighbor approximation . . . . 66
3.5 Directional information retained after annealing . . . . . . . . . . . . . . . . . . . . . 67

3.5.1 Counting-based head-tail asymmetry . . . . . . . . . . . . . . . . . . . . . . . 67
3.5.2 Simulation-based inference of track direction . . . . . . . . . . . . . . . . . . 69

3.6 Spin coherence of implantation-created NV centers . . . . . . . . . . . . . . . . . . . 70
3.7 Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Chapter 4: Low-Nitrogen Quantum Diamond: Engineering and Characterization 76
4.1 Motivation and chapter overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.2 Methods for sample synthesis and characterization . . . . . . . . . . . . . . . . . . . . 79

4.2.1 Key equations and parameters relevant to sensitivity . . . . . . . . . . . . . . . 79
4.2.2 Diamond synthesis and treatment . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.2.3 NV-based wide-field strain mapping . . . . . . . . . . . . . . . . . . . . . . . 85
4.2.4 Confocal-level characterization of NV spin and charge properties . . . . . . . . 85

4.3 Birefringence and nitrogen concentration of synthesized diamonds . . . . . . . . . . . 86
4.4 NV spin dephasing time and strain contribution . . . . . . . . . . . . . . . . . . . . . 87
4.5 Photoluminescence contrast and overhead time . . . . . . . . . . . . . . . . . . . . . 92
4.6 NV charge state fraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

Chapter 5: Conclusions and Outlook 102
5.1 Summary of dissertation contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.2 Outlook for biomagnetic-field imaging . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.2.1 Prospects for biomineralization and electrically active cell imaging . . . . . . . 104
5.2.2 Prospects for pollen tube studies . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.3 Outlook for NV-based damage-track reconstruction . . . . . . . . . . . . . . . . . . . 110

Appendix A: Appendix for Dynamic QDM 113
A.1 Estimate of NV-NV interaction limited Ramsey dephasing time . . . . . . . . . . . . . 113
A.2 Estimate of shot noise and quantization noise . . . . . . . . . . . . . . . . . . . . . . 114
A.3 Denoising of Picotesla-Scale Magnetic Image . . . . . . . . . . . . . . . . . . . . . . 118

Appendix B: Appendix for damage track study 120
B.1 SIMS measurement of nitrogen concentration . . . . . . . . . . . . . . . . . . . . . . 120

B.1.1 TOF-SIMS depth profiling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
B.1.2 NV background PL as an independent estimate . . . . . . . . . . . . . . . . . 121
B.1.3 Combined estimate and propagation into the simulations . . . . . . . . . . . . 122

B.2 Cluster decomposition and KMC annealing simulation details . . . . . . . . . . . . . . 122
B.3 NV photoluminescence (PL) analysis details . . . . . . . . . . . . . . . . . . . . . . . 128

B.3.1 Data analysis procedure for confocal scans . . . . . . . . . . . . . . . . . . . . 128
B.3.2 Poisson analysis of multi-ion impacts . . . . . . . . . . . . . . . . . . . . . . 129

B.4 Improving diamond surface preparation . . . . . . . . . . . . . . . . . . . . . . . . . 131
B.5 DFT calculations of defect interactions . . . . . . . . . . . . . . . . . . . . . . . . . . 134

B.5.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
B.5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

vii



B.6 Additional spin echo measurement data . . . . . . . . . . . . . . . . . . . . . . . . . 139

Appendix C: Appendix for low nitrogen quantum diamond 142
C.1 Ramsey measurement at high-birefringence location . . . . . . . . . . . . . . . . . . . 142
C.2 NV spin dephasing time at nitrogen spin-bath limit . . . . . . . . . . . . . . . . . . . 142
C.3 Full strain and stress maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

Appendix D: Interfacing Sample with Diamond in Ramsey QDM 147

Appendix E: Germinating Pollen Grains in the Ramsey QDM 152

viii



List of Tables

3.1 The 13 summary features computed for each track and passed to the MNPE model.
Here N is the number of defects and zi is the position of the i-th defect along the track
axis, measured relative to the track’s centroid (each track is re-centered to z = 0). N±
and z± denote the counts and positions of defects with zi > 0 and zi < 0, respectively. . 59

4.1 Principal material and measurement parameters characterized in this chapter, together
with their relevance to practical pulsed Ramsey magnetometry. . . . . . . . . . . . . . 80

B.1 Ar/Cl2 ICP-RIE etching recipes and O2 surface finishing step. . . . . . . . . . . . . . . 132

ix



List of Figures

1.1 a) Crystal structure and energy levels of the NV center. (b) NV energy-level diagram.
The enlarged view shows the electronic spin triplet ground state with zero-field split-
ting D and bias magnetic field B aligned to the sensing NV axis. . . . . . . . . . . . . 4

1.2 Schematics comparing NV magnetometry protocols based on continuous-wave opti-
cally detected magnetic resonance (CW-ODMR) and pulsed Ramsey. . . . . . . . . . . 8

1.3 Schematic of Ramsey magnetometry. A Ramsey free-induction decay measurement
determines the dephasing time T ∗

2 , while a fixed-τ magnetometry curve converts small
frequency or magnetic-field shifts into changes in normalized PL near the linear oper-
ating point. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.4 Spin-independent dark matter–nucleon cross section as a function of dark matter mass,
illustrating the neutrino floor for several detector target materials. Directional informa-
tion provides a route to distinguish dark matter induced nuclear recoils from neutrino
induced backgrounds in this regime. Adapted from Ref. [27]. . . . . . . . . . . . . . . 12

1.5 Schematic of the proposed solid-state directional dark matter detector readout pipeline.
A rare event interaction is first detected and localized at the millimeter scale using
phonon, charge, or photon readout. The corresponding damage track is then localized
at the micrometer scale and reconstructed at the nanoscale using quantum-defect or
X-ray-based imaging methods. Adapted from Ref. [30]. . . . . . . . . . . . . . . . . . 14

2.1 (a) Imaging phantom magnetic fields using a quantum diamond microscope (QDM).
532-nm excitation laser light excites NV centers at the diamond chip surface. A planar,
gold omega-loop delivers microwaves (MWs) to the diamond chip for NV spin-state
control. Optical components collect NV photoluminescence onto either a photodiode
or a high-speed camera (not shown). A bias magnetic field (not shown) is applied along
one NV axis. An RF signal delivered by a nearby coil drives paramagnetic bath spins in
the diamond to increase the ensemble NV spin dephasing time (T ∗

2 ). A driven current
in the phantom produces a magnetic-field pattern to be imaged with the QDM. An
example image of simulated phantom magnetic signals, projected along the direction
of a sensing NV axis with 5 µm standoff from the source to the NV surface, is shown
in the inset. Scale bar: 50 µm. (d) Experimental apparatus. A flip mirror can route the
NV photoluminescence to a photodiode for rapid measurements of ensemble NV spin
properties and experimental optimization. . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Optical image of the fabricated wire phantom. NV photoluminescence intensity under
continuous laser illumination is collected using the QDM’s camera. Semi-transparent
white dashed traces of the phantom perimeter are added as a guide to the eye. The mea-
sured photoluminescence is reported in the camera unit, which is linearly proportional
to the photon number. Scale bar: 50µm. . . . . . . . . . . . . . . . . . . . . . . . . . 23

x



2.3 (a) Sequence for magnetic imaging using the DQ 4-Ramsey protocol for NV interroga-
tion together with spin-bath driving. The camera internal exposures alternate between
the I and Q channel; on-chip circuitry accumulates differential results between two
successive measurements in both channels. For example, the output in the I channel
using the sequence in (a) will be SI1 −SI2 +SI3 −SI4. (b) Left: Dual-tone MW reso-
nant with |ms = 0⟩ ↔ |ms = +1⟩ and |ms = 0⟩ ↔ |ms = −1⟩ NV spin transitions is
used to implement DQ pulses. Middle: Phase alternations of individual MW tones in a
DQ 4-Ramsey sequence. The ±X directions are defined in the effective Bloch sphere
formed by the two NV spin levels |ms = 0⟩ and |ms = +1⟩ (or |ms = −1⟩). The du-
ration of the DQ pulse is the time to change the NV spin state from |ms = 0⟩ to a
superposition state with equal population between |ms = +1⟩ and |ms = −1⟩. Right:
The permutation of MW-phase alternation in the Q channel results in NV fluorescence
dynamics of opposite phase to that of the I channel. Differential results between these
two measurements are output to an external frame. . . . . . . . . . . . . . . . . . . . . 26

2.4 (a) NV double electron-electron resonance (DEER) technique for measuring the 15N0
s

and free-electron spin resonance spectrum in the QDM diamond sensor. The total
free evolution intervals between the initial and final single-quantum (SQ) π/2 pulse
on the NV spins is chosen to match the ensemble NV spin-echo T2 for optimal sen-
sitivity to bath-spin resonances. The frequency of the SQ π pulse on the bath spins
is swept to measure the NV DEER spectrum by the effect on the NV ensemble fluo-
rescence contrast (see Ref. [57] for details). (b) Energy level diagram of the coupled
electron-nuclear spin system in 15N0

s. (c) Simulated 15N0
s and free-electron (g = 2)

spin resonance spectrum (red) overlaid with NV DEER measurement results (blue)
and offset vertically for clarity. The simulated resonant frequencies are broadened by
a Lorentzian function with linewidth and relative contrast chosen to approximate the
measurement data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.5 Measured magnetic sensing performance of the Ramsey-based QDM. Median per-
pixel T ∗

2 is 2.2(1) µs and 1.2(1) µs with and without spin-bath driving. Median per-pixel
η is 4.1(1) nT/

√
Hz and 9.4(1) nT/

√
Hz with and without spin-bath driving. . . . . . . 32

2.6 Spatial magnetic noise floor. Measurement data are obtained using the differential
measurement protocol. Top: Images of magnetic noise with different acquisition
times and pixel binning (see the bottom plot). Here, the acquisition time accounts for
the duration of time spent acquiring measurements, but excludes the implementation-
dependent time required to transfer and store data from the camera to a host com-
puter. The magnetic noise is distributed randomly without significant spatial correla-
tion. Field of view: 270× 270 µm2. Scale bar: 50 µm. Bottom: Spatial magnetic noise
floor σspatial as a function of acquisition time Tacq for no pixel binning and 3× 3 pixel
binning. σspatial is computed as the standard deviation of magnetic-field measurements
using the entire image after any pixel binning. A dashed black line depicts power law
scaling behavior ∝ T

−1/2
acq as a guide to the eye. . . . . . . . . . . . . . . . . . . . . . 36

xi



2.7 Additional pixel binning results of spatial magnetic noise floor in QDM images. Mea-
surement data are obtained using the differential measurement protocol. Upper six
panels: Images of the background magnetic noise with different acquisition times and
pixel binning (values indicated in lower panel). Scale bar: 50 µm. Lower panel: Spa-
tial magnetic noise floor σspatial as a function of acquisition time Tacq. A dashed black
line depicts power law scaling behavior ∝ T

−1/2
acq as a guide to the eye. . . . . . . . . . 37

2.8 (a) Simulated (Left) and measured (Right) phantom static magnetic-field patterns using
the Ramsey-based QDM and a differential measurement protocol. The measurement
is conducted with a 25 mV voltage (436 nA current) applied to the phantom and time-
averaged for about 200 s. To compute SNR, the peak-to-peak amplitude difference of
the magnetic-field pattern (solid box) is divided by the spatial magnetic noise obtained
from a source-free region (dashed box). The simulated phantom magnetic-field pattern
is obtained using the applied current and geometry of the phantom. To mimic the
parameters of the imaging system, the simulated magnetic fields are further averaged
over a depth of 10 µm (the NV-layer thickness) and binned with a pixel area of 1.9 ×
1.9 µm2. NV-phantom standoff distance is the only free parameter, and is tuned to a
value of 5 µm to best match the measured magnetic-field pattern. (b) Demonstration of
a picotesla-scale QDM magnetic image. Left: After about Tacq = 3600 s (Twall ≈ 7 h)
time-averaging, a magnetic-field pattern with a peak-to-peak amplitude difference of
about 300 pT is resolved with SNR ≈ 3. Right: Applying a non-local mean denoising
technique enhances image SNR by about 10×. All images are not binned and scale
bars are 50 µm for (a, b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.9 Time-resolved imaging of dynamic magnetic fields using the Ramsey-based QDM and
a differential measurement protocol. A voltage trace mimicking a synthetic, broad-
band human cardiac signal is applied to the phantom. Sets of QDM magnetic images
are collected with temporal resolution of about 2 ms and binned with 3× 3 pixels. The
experiments are repeated 400 times to allow signal averaging. (a) Temporal variation
of the peak magnetic field from the signal-averaged images is overlaid with the ap-
plied stimulus. A voltage-to-magnetic-field scaling factor of 274.26 nT/V is applied to
the entire voltage trace (see main text). A subset of peak magnetic-field amplitudes
from the acquired images are displayed, indicating good agreement between the ap-
plied voltages and magnetic measurements. (b) Selected magnetic-field images at time
points labeled in (a). Each image has been signal averaged. The spatial magnetic noise
at time (vi) is about 3 nT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

xii



2.10 QDM magnetic imaging with sub-millisecond time resolution. Camera external frame
rate is set to Fs ≈ 1.7 kHz (i.e., time step between frames of about 0.6 ms). Magnetic
signals are produced by applying single-tone AC signal voltages to the phantom. AC
frequencies of 200 Hz, 500 Hz, and 750 Hz are used for different runs of the demon-
stration experiment. (a, b) Example time-domain magnetic-measurement data (500 Hz
signal) from a single pixel in the QDM image, selected to have significant amplitude
variation over a signal cycle. (c) Time-domain data from the single pixel is Fourier
transformed and displayed, here for all three AC frequencies used in the demonstra-
tion experiments. The resulting spectrum is in good agreement with the applied signal
frequencies; and with a simulation of the QDM measurement protocol that leads to a
reduction in spectral peak amplitude near the Nyquist frequency (Fs/2). . . . . . . . . 44

2.11 Spatial magnetic noise floor σspatial as a function of acquisition time Tacq. The differ-
ential measurement protocol is not employed and thus the utility of time averaging is
limited. No pixel binning is applied. . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.1 Schematic of damage track formation and multi-scale readout in nitrogen-rich HPHT
diamond. An incoming particle induces a carbon nuclear recoil, generating a cascade
of vacancies and interstitials. The recoil also produces phonons that enable identifi-
cation of candidate interaction events at the millimeter scale (single diamond chip).
During annealing, vacancies diffuse and either recombine with interstitials, form va-
cancy clusters, or combine with substitutional nitrogen to create optically-active NV
centers near the original track. The resulting NV photoluminescence (PL) enables lo-
calization at the micrometer scale, while the spatial distribution of NV centers and
residual defect-induced strain enables nanoscale reconstruction of track morphology
and inference of the incoming particle direction. . . . . . . . . . . . . . . . . . . . . 53

3.2 Schematic of ion implantation geometry. The diamond surface is tilted by ∼11◦ rela-
tive to the incident carbon ion beam to suppress channeling effects. . . . . . . . . . . . 54

3.3 Optical characterization of NV formation. a) Wide-field confocal NV PL map acquired
at coarse spatial resolution (∼500 nm). Bright PL spots correspond to NV ensembles
formed at individual implantation sites, arranged in a regular grid consistent with the
implantation pitch. Candidate sites selected for further high-resolution 3D confocal
scans are marked with green crosses. The NV number is estimated from the PL inten-
sity relative to calibrated single NV. Background NV counts in the HPHT sample are
≲ 2. b) Representative high-resolution confocal scans of four implantation sites (fixed
Z slice). Spatially separated PL spots are observed and are attributed to multi-ion im-
plantation events, consistent with statistical analysis. c) Distribution of the number of
NV centers per implanted ion (NNV), extracted from integrated PL intensity (see main
text). Data are collected from 222 sites, yielding a mean NV count of (17.5 ± 0.38),
where the uncertainty denotes one standard error of the mean; the standard deviation
is 5.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

xiii



3.4 Modeling NV formation. a) Example damage track before and after annealing. Prior to
annealing, vacancies (V) generated by an 800 keV carbon ion implantation are shown.
During annealing, vacancies are consumed through recombination with interstitials,
aggregation into vacancy clusters, or capture by substitutional nitrogen (not shown) to
form NV centers. The resulting NV distribution after annealing is shown. b) Histogram
of the number of NV centers per simulated implantation event. A mean NV number
of 23.9 ± 1.1 (standard error of mean; standard deviation: 11.5) is obtained from 112
KMC-annealed tracks. A correction accounting for second-nearest-neighbor (2NN)
defect interactions (DFT Corr.) reduces the predicted yield to 16.6 ± 0.7 NVs per
event, in close agreement with experiment (Fig. 3.3(c)). . . . . . . . . . . . . . . . . . 63

3.5 Sensitivity of vacancy production to displacement energy Ed. Mean number of vacan-
cies generated per 800 keV carbon recoil as a function of the threshold displacement
energy used in SIIMPL simulations. Each data point represents the average over 5000
simulated damage tracks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.6 Impact of nitrogen concentration on annealing simulations. (a) Mean NV yield as a
function of nitrogen concentration [N0

s ], showing weak dependence over a broad range
(150–5000 ppm). (b) Representative spatial distribution of vacancies (gray) and result-
ing NV centers (red) at [N0

s ] = 200 ppm and 5000 ppm. Higher nitrogen concentration
leads to NV formation closer to the original damage track, while the overall NV yield
remains largely unchanged. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.7 Head-tail directional information from simulated damage tracks. a) Cumulative distri-
bution of the asymmetry metric for vacancy (before annealing) and NV (after anneal-
ing) tracks. The asymmetry is defined as the ratio of defect counts in the tail and head
regions of the track. For a threshold x ≥ 1, the shaded region between 1/x and x in-
dicates the indeterminate range. Tracks to the left of the shaded region are incorrectly
classified and counted as false positives, while tracks to the right are correctly clas-
sified and counted toward the classification efficiency, following Ref. [24]. For both
vacancy and NV tracks, the thresholds are chosen to give a ≲5% false positive rate.
The resulting classification efficiency decreases from 93% for vacancy tracks to 74%
for NV tracks, due to annealing-induced diffusion and reduced NV yield. b) Compar-
ison of head-tail classification performance using NV tracks with the counting-based
asymmetry metric and a machine learning (ML) approach. The ML model outputs a
posterior probability over track direction, allowing tracks to be similarly classified as
correct, incorrect, or indeterminate (see main text). At the same ≲5% false positive
rate, the ML method improves classification efficiency from 74% (asymmetry metric)
to 95%, demonstrating enhanced recovery of directional information from NV spatial
distributions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.8 Cumulative plots of NV track classification using the counting-based asymmetry met-
ric and machine learning approach. Top row: cumulative distributions of the asym-
metry metric for 800 keV NV tracks. Bottom row: cumulative distributions of the
machine learning posterior probability for the same tracks. Shaded regions indicate
indeterminate ranges chosen to give a ≲5% false positive rate. The machine learning
approach increases the classification efficiency relative to the asymmetry metric. . . . . 71

xiv



3.9 Spin coherence of ion-implanted NV centers. a) Distribution of NV numbers in the
implantation sites selected for coherence measurements. b) Representative Hahn echo
measurement (site 4). The signal is fitted to C0 exp[−(τ/T2)

p] to extract the coherence
time T2 and decay exponent p. c) Hahn echo pulse sequence used for the measure-
ments. The phase of the final microwave π/2 pulse is alternated between signal and
reference shots to obtain the NV PL contrast C. d) Extracted coherence time T2 (top)
and decay exponent p (bottom) for nine single ion implantation sites. Error bars repre-
sent the standard deviation from fitting. The measured average values (T avg

2 ≈ 1.47µs,
pavg ≈ 1.55) are consistent with nitrogen spin-bath-limited ensemble decoherence. . . . 73

4.1 (a) NV ensemble DC magnetic field sensitivity estimated using the simplified metric
1/η̃ =

√
[N0

s ]× T ∗
2 , assuming spin-bath-limited T ∗

2 and 99.995% isotopic enrichment
of 12C. Corrections accounting for experimental overhead time (tO) are included by
multiplying with 1/

√
(T ∗

2 + tO)/T ∗
2 (cf. Eq. 4.2). With zero overhead (blue line),

sensitivity plateaus for [N0
s ] ≳ 1 ppm. However, incorporating an overhead of 10µ s,

typical in pulsed Ramsey protocols, shifts the optimal [N0
s ] towards lower values (red

line). A preliminary comparison between the current low-[N0
s ] samples (∼ 0.8 ppm)

and a previously characterized high-[N0
s ] sample (∼ 14 ppm suggests a nearly threefold

sensitivity improvement. (b) Estimated optimal nitrogen concentration, and sensitivity
improvement between 0.8 ppm and 14 ppm samples as functions of overhead time (tO). 81

4.2 Optical birefringence images of ten low-[N0
s ] diamond samples from a single CVD

synthesis run, prior to irradiation and annealing. Sample 10, exhibiting the strongest
birefringence features, is selected for subsequent NV-based measurements after irra-
diation and annealing. Magnified views are shown of two regions of sample 10 with
higher levels of birefringence (labeled A and B), with example values of high birefrin-
gence indicated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.3 Single-quantum (SQ) Ramsey measurements on diamond sample 10, far from the high
birefringence regions. (a) Ramsey measurements performed at three representative
locations of low strain, overlaid on the birefringence image from Fig. 4.2. (b) Ensemble
NV spin dephasing at location 2. Here the microwave frequency is detuned from the
center of the hyperfine-split NV spin transitions, allowing the decay envelope to be
separated from hyperfine-induced beating. The extracted ensemble NV dephasing time
is T ∗

2,SQ = 17.7(4)µs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.4 Wide-field imaging of diamond strain for sample 10. (a, b) Spatial maps of strain-

induced frequency shifts in NV spin transitions across the entire diamond sample and
within a selected sub-area. Strain fields shown are projections onto one NV crystallo-
graphic orientation. Each spatial map is mean-subtracted so that the global average is
zero, emphasizing relative strain variations relevant to NV spin dephasing. (c, d) His-
togram distributions of the strain-induced frequency shifts extracted from the maps in
(a) and (b), respectively. Lorentzian fits to the histograms are also shown, from which
linewidths (FWHM) ∆ are determined. . . . . . . . . . . . . . . . . . . . . . . . . . 91

xv



4.5 (a) Lorentzian-fitted FWHM (∆) of strain-induced frequency shifts as a function of
sensor size Lsensor for sample 10. Sensor size is systematically varied by partitioning
the full-diamond strain map (Fig. 4.4(a)) into smaller square sub-regions. Statistical
analysis of ∆ across sub-regions is presented, including minimum and median values.
When more than five sub-regions are available, interquartile ranges are included: 25-
75% (vertical solid lines) and 10-90% (vertical dotted lines). (b) Scaling of effective
Ramsey DC magnetometry sensitivity metric with increasing sensor size. In the ideal
scenario, where increasing the sensing volume introduces no additional NV ensem-
ble dephasing – and thus no reduction in Ramsey T ∗

2 – the sensitivity metric scales
inversely with sensor size. Here, fitting a power-law function to the effective sensitiv-
ity metric vs. Lsensor yields nearly inverse linear scaling behavior, indicating minimal
strain limitation on the Ramsey dephasing time for bulk NV ensemble sensing using
the present low-[N0

s ] diamonds. The overall low-strain effect of these diamonds applies
even to sample 10 with its isolated regions of relatively high strain. . . . . . . . . . . . 93

4.6 NV spin polarization dynamics, initialization time, and PL contrast as functions of
laser excitation intensity. (a) Measured NV spin polarization dynamics and schematic
measurement protocol (inset). A 1-ms laser pulse (not shown) initializes the NV en-
semble into thems = 0 state prior to a microwave (MW) π pulse that initializes the NV
ensemble into ms = −1. A laser pulse then begins to repolarize the NV spins, with
PL readout (Sig) acquired after a delay time tdelay. The measurement protocol is then
repeated without the MW π pulse, and a reference PL measurement (Ref) is acquired.
Example PL contrast measurement (Sig/Ref) at a laser intensity of 0.24 mW/µm2,
shown as a function of tdelay. Spin initialization time tI (green cross) is extracted by
fitting an exponential decay to the PL contrast data following its peak; we set tI as
the delay at which contrast decays to 1/e3 of its peak value, corresponding to repo-
larization of ∼ 95% of the ensemble NV spins. With this measurement protocol, the
readout time is included in the reported initialization time. (b) Measured NV initial-
ization time (tI) as a function of laser intensity. The shaded blue region represents the
range of initialization times predicted based on a five-level model of NV photophysics,
with saturation intensities of 1 mW/µm2 and 3 mW/µm2 used to produce the lower and
upper bounds, respectively. (c) Measured peak PL contrast for low- and high-[N0

s ]
diamonds as a function of laser intensity. . . . . . . . . . . . . . . . . . . . . . . . . 95

4.7 Schematic of the simplified five-level NV photophysics model used in spin polarization
dynamics simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.8 Experimentally-determined NV charge-state fractionψ, defined as [NV−]/([NV−]+[NV0]),
as a function of laser intensity for both low- and high-[N0

s ] diamond samples. NV
PL spectra used for decomposition analysis (see the main text) are collected using a
550 nm long-pass filter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

xvi



4.9 Estimated volume-normalized photon shot-noise limited DC magnetic field sensitivity
for low- and high-[N0

s ] diamond samples as functions of optical excitation intensity.
We assume a photon emission rate of 30 kcps per single NV at 1 mW/µm2 illumi-
nation intensity. Sensitivity-relevant parameters (see Eq. 4.2), including the Ramsey
dephasing times (T ∗

2 for both single- and double-quantum measurements), spin-state-
dependent PL contrast (C), and experimental overhead time (tO), are directly measured
as functions of laser intensity. Nitrogen concentration and NV charge-state fraction,
experimentally determined using the UV-Vis absorption method (Section 4.2.2), are
used to estimate the number of NV− centers contributing to sensing at a given laser
intensity. The inset shows the ratio of estimated sensitivity between high-[N0

s ] and
low-[N0

s ] samples as a function of optical excitation intensity, for SQ (solid) and DQ
(dashed) Ramsey protocols, highlighting the relative advantage of low-nitrogen mate-
rial at moderate to low optical excitation intensities. . . . . . . . . . . . . . . . . . . 101

5.1 Cumulative plots of NV track classification using the counting-based asymmetry met-
ric and machine learning approach. Top row: cumulative distributions of the asym-
metry metric for 100 keV NV tracks. Bottom row: cumulative distributions of the
machine learning posterior probability for the same tracks. Shaded regions indicate
indeterminate ranges chosen to give a ≲5% false positive rate. The machine learning
model trained on 20,000 100 keV vacancy tracks.. . . . . . . . . . . . . . . . . . . . . 112

A.1 Denoised QDM picotesla-scale magnetic-field images after about 3600 s signal ac-
quisition time. Original measurement data is presented in the main text (Sec. 2.6).
Here, two denoising methods, Non-local mean (NLM) and Gaussian smoothing, are
applied. Both algorithms are successful at improving SNR. However, NLM denois-
ing, as shown in (a), additionally excels at restoring fine structures (e.g., contours,
patterns, and edges where the Laplacian is non-zero) from a noisy image that can be
otherwise distorted by a Gaussian smoothing, as shown in (b). Scale bar: 50 µm . . . . 119

B.1 Nitrogen-concentration measurement. (a) Representative TOF-SIMS depth pro-
file of the CN−/C− ion ratio, showing a uniform signal over the profiled depth. (b)
EAG–Rice TOF-SIMS calibration: CN−/C− ratio measured at Rice University plotted
against the EAG reference nitrogen concentration for five regions of Sandia 2 (solid
line: linear fit). (c) NV background PL calibration: confocal PL intensity plotted
against the EAG reference nitrogen concentration for the same five regions (solid line:
linear fit). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

xvii



B.2 Cluster decomposition and lattice domain size selection for annealing simulations. (a)
Probability of vacancy–vacancy interaction as a function of initial separation r, ob-
tained from two-vacancy simulations at different nitrogen concentrations. The dashed
theoretical line is computed using the 3D hitting probability, assuming an effective in-
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Chapter 1: Introduction

This chapter provides the essential background needed to understand the work in Chapters 2-4.

The goal is not to provide an exhaustive review of nitrogen-vacancy (NV) centers in diamond, NV

magnetometry, or directional rare-event detection, as these topics have already been covered exten-

sively in the literature. Instead, I focus on the basic spin and optical properties of the NV center, the

microwave and optical protocols underlying broadband DC magnetic sensing, and the proposed use of

NV quantum-diamond systems for directional readout of particle-induced damage tracks. I also point

to additional references that I found particularly useful for more detailed treatments of these topics.

1.1 Nitrogen-vacancy centers in diamond

The nitrogen-vacancy (NV) center [1–4] is a point defect in diamond consisting of a substitu-

tional nitrogen atom adjacent to a carbon vacancy. The line connecting the nitrogen and vacancy sites

naturally defines the NV symmetry axis, as shown schematically in Fig. 1.1. In the diamond lattice,

there are four crystallographic ⟨111⟩ directions, giving rise to four possible non-orthogonal NV ori-

entations. This structural property underpins the vectorial sensing capability of NV diamond. For

example, in magnetic-field sensing, each NV orientation measures the projected field along its own

axis, and measurements from multiple orientations can be combined to reconstruct the full magnetic-

field vector [5].

The NV center can exist in several charge states, including the negatively charged NV−, the

neutral NV0, and the positively charged NV+ charge states [6]. The charge state most relevant for

quantum sensing is NV−, which has the spin and optical properties used for magnetometry in this
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dissertation. However, NV0 is often present alongside NV− and typically acts as an optical background

that degrades the effective NV readout contrast. Mitigating charge-state conversion is therefore an

important practical consideration. For example, in Chapter 4, I discuss how charge-state conversion

becomes a limitation for pulsed magnetometry at high optical excitation intensity. At the same time,

NV0 can be useful in other experimental regimes, such as spin-to-charge conversion readout [7] and

diamond voltage sensing [8]. Hereafter, I use “NV” to refer to the negatively charged NV− center

unless otherwise stated.

NV has an electronic spin triplet ground state (S = 1), in which thems = 0 sublevel is separated

from the nearly degenerate ms = ±1 sublevels by the zero-field splitting D ≈ 2.87 GHz at room

temperature (Fig. 1.1). The nitrogen nucleus also carries a nuclear spin, with I = 1 for 14N and

I = 1/2 for 15N. This nuclear spin produces hyperfine structure in the NV spin resonance spectrum,

further splitting the electronic spin transitions by approximately 2-3 MHz, depending on the nitrogen

isotope [1, 9]. Most of the sensing principles and applications discussed in this thesis can be understood

from the electronic spin structure alone.

Green optical excitation, commonly provided by a free-running 532 nm laser, enables both ini-

tialization and readout of the NV electronic spin (Fig. 1.1). The green laser excites the NV center from

the ground-state triplet to an excited-state triplet in a largely spin-conserving fashion. From the excited

state, the NV center can decay radiatively back to the ground state, producing NV photoluminescence

(PL) with the zero-phonon line at 637 nm. However, coupling to lattice vibrations produces a broad

phonon sideband extending to approximately 800 nm at room temperature. This broad vibronic struc-

ture is also why NV optical excitation does not require a narrow-linewidth resonant laser; wavelengths

near 532 nm, and in some cases nearby green excitation wavelengths, can efficiently drive the optical

cycle.
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Beyond the spin-conserving radiative decay pathway, the optical cycle also contains a spin-

dependent nonradiative pathway through intermediate singlet states, commonly referred to as the in-

tersystem crossing (ISC) [10]. In the excited state, population associated with ms = ±1 has a higher

probability of entering this nonradiative pathway than population associated with ms = 0. As a re-

sult, NV centers prepared in ms = 0 emit more PL than those prepared in ms = ±1, providing the

foundational spin-dependent optical readout contrast. Because decay through the singlet manifold re-

turns population to the ground-state triplet without preserving the original spin projection, so repeated

optical cycling polarizes the NV spin into ms = 0. Therefore, green laser excitation both initializes

the NV spin into ms = 0 and allows the final spin population to be read out optically. In addition to

optical excitation, microwave (MW) irradiation can coherently drive transitions between ms = 0 and

ms = ±1 when resonant with the corresponding spin transition, producing Rabi oscillations. This

combination of optical initialization, microwave spin control, and spin-dependent PL readout forms

the foundation of optically detected magnetic resonance (ODMR).

For the experiments in this dissertation, the most relevant ground-state NV Hamiltonian can be

approximated as follows, written in a coordinate system with the z axis aligned to the NV symmetry

axis:

Ĥ/h ≈ (D +Mz)Ŝ
2
z + γeBzŜz. (1.1)

Here, Ŝz is the dimensionless spin-1 operator, D is the zero-field splitting, which has a temperature

dependence, and Mz represents the longitudinal crystal-strain-induced shift. More generally, Mz is a

linear combination of components of the crystal strain tensor [11]. γe ≈ 28.024 GHz/T is the NV

electron gyromagnetic ratio, andBz is the projection of the magnetic field along the NV axis, including

contributions from both the applied bias field and any additional signal fields. This Hamiltonian gives
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Figure 1.1: a) Crystal structure and energy levels of the NV center. (b) NV energy-level
diagram. The enlarged view shows the electronic spin triplet ground state with zero-field
splitting D and bias magnetic field B aligned to the sensing NV axis.

the transition frequencies

ν± = D +Mz ± γeBz, (1.2)

corresponding to the ms = 0 → ms = +1 and ms = 0 → ms = −1 transitions. The magnetic field

therefore shifts the two transitions in opposite directions, while temperature and longitudinal strain

shift them in common mode. The full NV Hamiltonian contains additional terms, including hyperfine

coupling to the nitrogen nuclear spin, transverse magnetic fields, electric fields, and both axial and

transverse strain. These terms are important in many NV experiments and are treated in detail in

several canonical reviews, for example Refs. [1, 3]. For the DC broadband magnetometry experiments

considered here, the bias magnetic field is typically aligned close to one NV axis. Together with the

large zero-field splitting D, this operating condition suppresses many transverse strain and electric

field effects to higher order [12, 13].

NV centers can be created in diamond by combining substitutional nitrogen with mobile vacan-
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cies. In many quantum diamond samples, nitrogen is first incorporated during growth, and vacan-

cies are then introduced by irradiation, commonly using either electrons or ions. Subsequent high-

temperature annealing allows vacancies to diffuse through the diamond lattice and become trapped by

substitutional nitrogen atoms to form NV centers. The diamond samples used in Chapters 2 and 4

were grown and processed by Element Six. In Chapter 3, this same basic formation process is studied

more directly, where implantation-induced vacancies form NV centers that act as optical markers of

ion-induced damage tracks.

Two broad classes of synthetic quantum diamond are relevant here: chemical-vapor-deposition

(CVD) diamond and high-pressure, high-temperature (HPHT) diamond. In CVD growth [14], a di-

amond substrate is placed inside a plasma reactor, where a carbon-containing gas, typically methane

diluted in hydrogen, supplies carbon to the growing diamond surface. Nitrogen can be introduced

during growth so that substitutional nitrogen is incorporated into the lattice. By controlling when ni-

trogen is introduced, one can grow either a bulk nitrogen-doped diamond sample or a thin near-surface

nitrogen-doped layer. After irradiation and annealing, such layers can be converted into near-surface

NV ensembles, which are commonly used in quantum diamond microscopes (QDMs) for wide-field

imaging experiments, as in Chapter 2. CVD growth also allows control over the carbon isotope com-

position through the choice of methane source; high 12C enrichment reduces the residual 13C nuclear

spin bath and can extend NV spin coherence.

HPHT diamond [15] is grown under high pressure and high temperature using a carbon source

and a metal solvent catalyst. Compared with the CVD diamonds, HPHT diamonds often contain much

higher concentrations of substitutional nitrogen, including the ∼ 200 ppm-level nitrogen concentration

used in Chapter 3. This high density of nitrogen capture sites is useful for forming NV centers near ion-

induced damage tracks after annealing. One practical complication of HPHT diamond is that a single
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as-grown crystal can contain multiple growth sectors with different impurity and strain properties, so

the material often needs to be carefully cut to obtain a suitable single-crystal sector.

Crystal strain is an important material property for ensemble NV sensing. In CVD diamond,

strain can arise from substrate polishing damage, dislocations threading from the substrate into the

growth layer, and other growth imperfections [16]. Because strain shifts the NV spin transition fre-

quencies, spatially varying strain can broaden ensemble resonances and reduce the effective spin de-

phasing time. For this reason, low-strain growth and careful substrate selection are important for

producing high-quality quantum diamond for sensing applications, a topic explored further in Chap-

ter 4.

NV-based sensing can be performed using either single NV centers [17] or ensembles of NV cen-

ters [1]. Single NV centers are useful for nanoscale sensing because the defect itself is atomic in size

and can be positioned within nanometers of a sample. In contrast, ensemble NV sensors, particularly

those used in QDM wide-field magnetic imaging, are typically limited to optical or near-optical spa-

tial resolution, but gain signal-to-noise ratio by averaging over many nominally identical spins. This

ensemble regime also introduces additional factors that influence sensing performance. Increasing the

NV density increases the number of sensing spins, but it typically requires higher nitrogen concen-

tration and irradiation dose, which can introduce additional paramagnetic spin baths and shorten NV

spin coherence times. In addition, an ensemble diamond contains NV centers along all four crystallo-

graphic orientations. When only one orientation is used for sensing, the other orientations contribute

PL that does not carry the desired magnetic signal, reducing the observed contrast. These tradeoffs in

ensemble diamond engineering are considered further in Chapter 4.
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1.2 Broadband DC magnetometry using NV-diamond

Equation 1.2 shows that magnetic-field information is encoded in the transition frequencies be-

tween NV spin sublevels. In practice, NV magnetometry uses microwave and optical control to convert

these frequency shifts into a measurable change in NV PL. The simplest implementation is continuous-

wave optically detected magnetic resonance (CW-ODMR), in which laser excitation and microwave

driving are applied simultaneously while the microwave frequency is swept across the NV spin reso-

nance (Fig. 1.2). A magnetic field shifts the resonance frequency and therefore changes the detected

PL at a fixed microwave frequency. CW-ODMR is experimentally simple and widely used, but si-

multaneous optical and microwave excitation introduces power broadening and limits the achievable

sensitivity for a fixed number of NV centers [1, 18]. For the high-sensitivity DC broadband magne-

tometry considered in this dissertation, Ramsey-type pulsed protocols are therefore central [1, 13].

In Ramsey magnetometry, the goal is usually to detect a weak signal field, ranging from picotesla

to hundreds of nanotesla, on top of a much larger applied bias field. The bias field, typically a few

millitesla, is aligned close to one NV orientation and splits the otherwise nearly degenerate ms =

±1 states. This spectral separation allows microwave pulses to address the relevant spin transitions

individually. The Ramsey sequence is shown schematically in Fig. 1.2. A first green laser pulse

initializes the NV spin population into ms = 0. A resonant microwave π/2 pulse then prepares a

coherent superposition of spin states. In a single-quantum (SQ) Ramsey measurement, the microwave

pulse addresses either the |0⟩ ↔ |−1⟩ transition or the |0⟩ ↔ |+1⟩ transition. For example, driving

the |0⟩ ↔ |−1⟩ transition prepares a state of the form

1√
2
(|0⟩+ |−1⟩) . (1.3)
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Figure 1.2: Schematics comparing NV magnetometry protocols based on continuous-wave
optically detected magnetic resonance (CW-ODMR) and pulsed Ramsey.

During the subsequent free-precession interval τ , an additional signal field Bsig projected along the

NV axis shifts the spin transition frequency and causes the superposition state to accumulate a relative

phase

ϕSQ
B = γeBsigτ. (1.4)

A second microwave π/2 pulse maps this accumulated phase onto a population difference between the

spin states. The final green laser pulse then reads out this population difference through spin-dependent

NV PL.

Experimentally, Ramsey magnetometry is often understood through two related measurements

(Fig. 1.3). First, one can sweep the free precession time τ in the absence of an applied signal field to

measure the Ramsey free induction decay. The decay envelope gives the Ramsey dephasing time T ∗
2 ,

which helps to determine the optimal timescale for phase accumulation [1]. Oscillations in the Ramsey

signal can arise from microwave detuning, hyperfine splitting, or other controlled MW frequency

offsets. Second, after choosing a fixed value of τ , one can generate a magnetometry curve by varying

the microwave detuning or equivalently by applying a known calibration magnetic field. This produces

an optical response curve relating NV PL to effective frequency shift, and therefore to magnetic field
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Figure 1.3: Schematic of Ramsey magnetometry. A Ramsey free-induction decay mea-
surement determines the dephasing time T ∗

2 , while a fixed-τ magnetometry curve converts
small frequency or magnetic-field shifts into changes in normalized PL near the linear op-
erating point.

through γe. In the linear operating regime, the signal can be written approximately as

∆S ≈ dS

dBz

Bsig, (1.5)

where S denotes the measured Ramsey PL signal and dS/dBz is determined by calibration. Magnetic

imaging with a QDM applies this procedure pixel by pixel: the measured PL change in each pixel

is converted into a magnetic field value using the local magnetometry response. This is the basic

measurement principle used for the Ramsey QDM in Chapter 2.

The sensitivity of a Ramsey magnetometer [1] is determined by how efficiently a small magnetic-

field-induced phase shift can be distinguished from measurement noise. Important parameters include

the number of participating NV centers, spin-state readout contrast, collected PL photon number, cho-

sen Ramsey free precession time τ (typically close to T ∗
2 ), and the experimental overhead associated

9



with spin initialization and readout. The photon shot noise limit provides an important benchmark for

the best sensitivity achievable with conventional optical readout. The full photon-shot-noise-limited

sensitivity expression, including the influence of NV spin, optical, charge-state, and material parame-

ters, is discussed in Chapter 4.

The Ramsey protocol can also be implemented in a double-quantum (DQ) configuration [13,

19]. In this case, the microwave pulses contain two frequency tones with a defined phase relationship,

simultaneously resonant with the |0⟩ ↔ |+1⟩ and |0⟩ ↔ |−1⟩ transitions. These dual-tone pulses

prepare a coherent superposition between the |+1⟩ and |−1⟩ states, rather than between |0⟩ and one

of the ms = ±1 states. Because the two states shift in opposite directions under a magnetic field, the

accumulated magnetic phase is

ϕDQ
B = 2γeBsigτ. (1.6)

In this case, frequency shifts that are common to both |+1⟩ and |−1⟩, such as changes in D from

temperature or longitudinal strain shifts Mz, are largely rejected. This makes DQ Ramsey magne-

tometry especially useful for wide-field imaging experiments, where different regions of the diamond

can experience different strain or temperature shifts. The Ramsey QDM developed in Chapter 2 uses

this DQ approach, together with spin-bath driving and camera-based lock-in detection, to perform

high-sensitivity DC broadband magnetic-field imaging.

1.3 NV-based directional rare-event detection

NV centers can be used not only for magnetic-field sensing; Equation 1.2 also shows that they are

sensitive to crystal strain. Although the longitudinal strain shift Mz enters the transition frequencies

in the same way as the zero-field splitting D, temperature variations are often spatially smoother
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across a diamond chip, whereas crystal strain can have localized nanoscale or microscale features

[20]. This strain sensitivity, together with the ability to optically resolve individual NV centers [3]

and to use quantum-sensing-enabled super-resolution techniques for nanoscale NV position imaging

[21–23], motivates the use of NV centers as readout tools for particle-induced damage tracks. One

particularly important application is directional detection of rare events, including dark matter, and

especially weakly interacting massive particle (WIMP) dark matter [24].

In conventional WIMP direct-detection experiments, an incoming dark matter particle or neu-

trino can scatter from a target nucleus and produce a low-energy nuclear recoil. As detector exposures

improve, coherent scattering from solar and atmospheric neutrinos becomes an increasingly important

background [25]. This background is difficult to remove because neutrinos can produce recoil-energy

spectra that overlap with those expected from dark-matter interactions. This limitation is often de-

scribed as the neutrino floor or neutrino fog (Fig. 1.4), a regime in which simply increasing exposure

no longer provides efficient signal-background discrimination [26, 27].

Directional information provides a powerful way to distinguish these signals. The expected dark

matter flux in the laboratory frame has a preferred direction set by the motion of the Solar System

through the Galactic halo, while solar neutrinos arrive from the direction of the Sun. If the recoil

direction, including both orientation and head-tail information, can be measured, then dark matter

induced recoils and neutrino induced recoils could be separated [27, 28], allowing one to cut through

the neutrino fog. Gas-based time projection chambers have demonstrated mature directional readout

capabilities, but their low target density makes scaling to large detector masses challenging [29]. Solid-

state detectors, in contrast, provide high target density, but the directional information is encoded on

much shorter length scales.

Quantum diamond may provide a useful platform for addressing this directional readout chal-
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Figure 1.4: Spin-independent dark matter–nucleon cross section as a function of dark mat-
ter mass, illustrating the neutrino floor for several detector target materials. Directional
information provides a route to distinguish dark matter induced nuclear recoils from neu-
trino induced backgrounds in this regime. Adapted from Ref. [27].
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lenge in a solid-state system. Because recoil damage tracks in diamond are expected to have char-

acteristic length scales of tens of nanometers, the proposed diamond-based directional detector (Fig.

1.5) naturally separates into a multiscale localization and readout problem [24, 27, 30–32]. A dark

matter or neutrino interaction induces a nuclear recoil [24], generating a nanoscale cascade of lattice

defects, including vacancies and interstitials, whose spatial distribution encodes information about the

incoming particle direction. Candidate events are first identified at the millimeter scale, corresponding

roughly to an individual diamond detector chip, using conventional phonon, charge, and/or photon

readout [33–35]. At the micrometer scale, the damage track could be localized using high-throughput,

high-sensitivity wide-field NV strain imaging with pre-existing NV ensembles [20], or by detecting

newly formed NV centers created near the damage track after annealing. At the nanoscale, the mor-

phology of the damage track may then be probed using techniques such as high resolution X-ray strain

imaging [36, 37] or Fourier gradient imaging of individual NV centers [22]. Ultimately, the recoil

direction could be inferred from the nanoscale spatial distribution of damage-related signals.

In this proposed detector concept, NV centers primarily contribute to the micrometer-to-nanometer

readout stages. For NV-based strain localization, the diamond sample would likely be a CVD diamond,

because lower nitrogen concentrations and longer spin-coherence times are advantageous for high-

sensitivity strain sensing and high-throughput searches across a full diamond chip with micrometer-

scale resolution. For detection of newly formed NV centers, the diamond sample would instead likely

be nitrogen-rich HPHT diamond. The high concentration of substitutional nitrogen reduces the aver-

age spacing between nitrogen capture sites, increasing the probability that damage-induced vacancies

form NV centers near the original recoil track during annealing.

However, the optimal sensing modality at each length scale remains an open question. Several

issues must be addressed before such a detector can be realized. It is necessary to know whether low-
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Figure 1.5: Schematic of the proposed solid-state directional dark matter detector readout
pipeline. A rare event interaction is first detected and localized at the millimeter scale using
phonon, charge, or photon readout. The corresponding damage track is then localized at
the micrometer scale and reconstructed at the nanoscale using quantum-defect or X-ray-
based imaging methods. Adapted from Ref. [30].
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energy recoils produce enough detectable NV or strain signal for micrometer-scale localization, and

how this signal scales with recoil energy. In the case of newly formed NV centers in HPHT diamond,

it is also necessary to determine whether annealing can preserve directional information in the original

damage track, and whether the final NV or strain distribution can be reconstructed with sufficient

spatial resolution to infer the recoil direction. Answering these questions requires experimentally

calibrated models of damage-track creation, defect evolution during annealing, NV formation, and the

associated strain distribution. These questions motivate the work in Chapter 3, where single carbon-

ion implantation events in nitrogen-rich diamond are used as a benchmarking platform for studying

NV formation and retained directional information in particle-induced damage tracks.

Directional detector capability is not only useful for dark matter searches. Directional neutrino

detection could also improve tests of the Standard Model at high-flux, energetic neutrino sources

[38]. In addition, diamond detectors can probe sub-GeV light dark matter in a non-directional mode,

capitalizing on diamond’s favorable properties for conventional signal readout [33, 35]. More broadly,

improved modeling of damage track creation and annealing evolution could be useful for studying

track formation and survivability over geological timescales relevant to mineral-based dark-matter

detection [39, 40], and for guiding implantation strategies in quantum device fabrication, including

cases involving surface boundaries or non-uniform dopant distributions such as delta-doped nitrogen

layers [41].

1.4 Organization of this Dissertation

This dissertation investigates approaches for extending the microscopic information accessible

with NV-diamond systems.
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Chapter 2 develops a pulsed quantum diamond microscope for wide-field imaging of static and

dynamic magnetic fields. By combining Ramsey magnetometry, spin-bath driving, and high-speed

camera detection, this work demonstrates improved sensitivity and sub-millisecond magnetic imaging

capability.

Chapter 3 investigates NV-based readout for particle-induced lattice damage. Individual carbon-

ion implantation events are localized through spatially confined NV photoluminescence after anneal-

ing, and an experimentally calibrated implantation-and-annealing model is used to assess the survival

of directional information in the resulting NV distribution.

Chapter 4 examines the diamond material engineering for pulsed magnetometry. By synthesiz-

ing and characterizing low-nitrogen, low-strain, isotopically enriched diamond, this work identifies

the practical tradeoffs among coherence time, NV density, charge stability, and optical overhead that

determine pulsed sensing performance.

Chapter 5 synthesizes these results and discusses future opportunities in biological magnetic

imaging using pulsed quantum diamond microscopy, as well as outlook for low-energy recoil detection

and nanoscale damage-track reconstruction.
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Chapter 2: Dynamic Magnetic-Field Imaging with a Pulsed Quantum Diamond Mi-

croscope

Provenance and contributions. This chapter is adapted from J. Tang, Z. Yin, C. A. Hart, J. W. Blan-

chard, J. T. Oon, S. Bhalerao, J. M. Schloss, M. J. Turner, and R. L. Walsworth, “Quantum Diamond

Microscope for Dynamic Imaging of Magnetic Fields” [42]. I led the experimental implementation,

data analysis, curation, and visualization, and writing of the original manuscript draft, and contributed

to subsequent revision and editing with R. L. Walsworth and the other authors. Z. Yin contributed

to simulations of the phantom magnetic-field patterns, assisted with the implementation of the spin-

bath-driving measurements, and contributed to data analysis. Related early development of the pulsed

QDM imaging platform is described in Refs. [12] and [43].

2.1 Motivation and chapter overview

As introduced in Chapter 1, a quantum diamond microscope (QDM) employs a diamond chip

with a near-surface layer of nitrogen-vacancy (NV) centers to enable wide-field magnetic imaging.

QDMs have garnered increasing interest because they combine micron-scale spatial resolution, millimeter-

scale fields of view, and compatibility with diverse samples across the physical and life sciences. The

measurements considered in this chapter target DC and broadband magnetic fields with relevant fre-

quency components extending into the low-kHz range. QDM measurements have already enabled

applications in geoscience [44, 45], 2D condensed matter systems [46], electronic circuits [47, 48],

and biological systems [49–52].

A majority of QDMs realized to date utilize a continuous-wave optically detected magnetic
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resonance (CW-ODMR) sensing protocol. In CW-ODMR, optical and microwave (MW) fields are

applied simultaneously during NV interrogation: the optical field polarizes and reads out the NV spin

ensemble, while the MW field drives spin transitions whose resonance frequencies encode magnetic

information. This simultaneous optical and MW irradiation produces competing effects that constrain

the achievable magnetic sensitivity for a fixed number of NV centers per imaging pixel [1]. As a re-

sult, measurements of nanotesla-scale magnetic fields can require averaging intervals of hours [49, 50,

53], limiting the imaging of weaker magnetic sources, as well as sample throughput. This sensitivity

constraint is especially critical when both the spatial and temporal resolution are required for imaging

dynamic magnetic fields, such as those generated from action-potential (AP) currents in electrically-

active cells. To date, dynamic NV-based measurements have detected magnetic fields from neuron

[51], cardiac [54], and muscle [55] AP currents, but these measurements relied on spatially integrat-

ing ensemble NV photoluminescence over lateral length scales > 100µm onto a single photodiode

and signal averaging over repeated AP measurements. In particular, the temporal resolution achieved

in previous dynamic QDM biomagnetic imaging experiments [50, 56] are inadequate for resolving

individual AP currents on the sub-millisecond timescales.

QDM per-pixel magnetic sensitivity and temporal resolution can be improved by implementing

pulsed Ramsey magnetometry with acquisition using a high-frame-rate camera [12, 13, 43]. Pulsed

Ramsey sensing protocol separates the intervals of NV optical preparation and readout, MW con-

trol, and magnetic-field sensing, affording optimization of each NV-interrogation stage for improved

sensitivity compared to CW-ODMR. Recent Ramsey-based magnetic-imaging advances have demon-

strated robustness against errors arising from spatially heterogeneous MW control fields, diamond

strain, and temperature variations [13], enabling spatially uniform sensitivity improvements relative to

CW-ODMR-based measurements [47].
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In this chapter, I describe the development and benchmarking of a pulsed Ramsey-based QDM

for wide-field imaging of static and dynamic magnetic fields. The measurement protocol integrates

double-quantum 4-Ramsey magnetometry (DQ4R), spin-bath driving [57], high-speed lock-in cam-

era acquisition, and differential measurement protocols. Spin-bath driving is used to extend the NV

spin dephasing time and thereby improve magnetic sensitivity, extending this approach from previous

confocal-volume demonstrations to wide-field imaging. The QDM is benchmarked using a fabricated

wire phantom (Fig. 2.1(a)), whose geometry generates nontrivial, micron-scale spatial patterns of

magnetic fields.

The following sections first describe the experimental platform and integrated pulsed imaging

protocol. The performance of the magnetic-imaging system is then evaluated through measurements

of NV spin dephasing, magnetic sensitivity, and the spatial magnetic noise floor. Static magnetic-field

imaging experiments establish micron-scale spatial resolution and demonstrate capability to resolve a

picotesla-scale magnetic-field pattern by time averaging and signal modulation. The utility of image

denoising for improving the measured image signal-to-noise (SNR) ratio is also examined. Finally,

dynamic magnetic fields are imaged by applying to the phantom a broadband synthetic waveform

that mimics a human cardiac signal. These measurements demonstrate time-resolved reconstruction

of spatial magnetic-field patterns, while additional single-frequency measurements further establish

sub-millisecond sampling capability. The chapter concludes by discussing technical limitations and

prospects for further QDM improvements toward imaging weaker and more transient biomagnetic

signals.
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Figure 2.1: (a) Imaging phantom magnetic fields using a quantum diamond microscope
(QDM). 532-nm excitation laser light excites NV centers at the diamond chip surface. A
planar, gold omega-loop delivers microwaves (MWs) to the diamond chip for NV spin-
state control. Optical components collect NV photoluminescence onto either a photodiode
or a high-speed camera (not shown). A bias magnetic field (not shown) is applied along
one NV axis. An RF signal delivered by a nearby coil drives paramagnetic bath spins in
the diamond to increase the ensemble NV spin dephasing time (T ∗

2 ). A driven current in
the phantom produces a magnetic-field pattern to be imaged with the QDM. An example
image of simulated phantom magnetic signals, projected along the direction of a sensing
NV axis with 5 µm standoff from the source to the NV surface, is shown in the inset. Scale
bar: 50 µm. (d) Experimental apparatus. A flip mirror can route the NV photoluminescence
to a photodiode for rapid measurements of ensemble NV spin properties and experimental
optimization.
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2.2 Experimental platform and camera-based acquisition

The experimental setup is shown schematically in Fig. 2.1(b). The QDM sensor consists of a

10 µm-thick, 15N-enriched CVD diamond layer with a nitrogen concentration of [N] = 17 ppm and

> 99.995% 12C enrichment, grown by Element Six Ltd. on a 2 × 2 × 0.5 mm3 high-purity diamond

substrate. Post-growth treatment via electron irradiation and annealing increases the NV concentration

to about 2.4 ppm. Defect concentrations were reported by Element Six Ltd., using characterization

techniques outlined in Ref. [58].

The excitation path is not shown in full in the schematic of Fig. 2.1(b). A diode-pumped solid-

state laser (Lighthouse Photonics, Sprout-D5W) generates 532 nm excitation laser beam. The laser

beam is focused onto an acousto-optic modulator (AOM; Gooch & Housego, Model 3250-220) using

an f = 500 mm spherical convex lens; and the first-order diffracted beam from the AOM is used for

the measurements. Optical pulses for NV initialization and readout are created by gating the AOM ra-

dio frequency (RF) driver with switches (Mini-Circuits, ZASWA-2-50DR+) using transistor-transistor

logic (TTL) pulses from a pulse generator (SpinCore Technologies, PBESR-PRO-500). After the

AOM, the first-order beam is shaped by an f = 130 mm cylindrical convex lens and an f = 100 mm

spherical convex lens to produce an elliptical beam profile incident on a polished side surface of the

diamond sample. Approximately 2.5 W of optical laser power enters the diamond and undergoes total

internal reflection at the surface of the NV layer, illuminating an area of approximately 300×600 µm2.

NV photoluminescence is collected with a 20× 0.75 NA Nikon objective and passed through

a 647 nm long-pass filter (Semrock). A flip mirror directs the collected photoluminescence either to

a photodiode (Thorlabs, PDA36A2), used for rapid ensemble-spin characterization and experimen-

tal optimization, or to a lock-in camera (Heliotis, heliCam C3) for magnetic imaging. Photodiode
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voltage measurements are acquired using a data acquisition (DAQ) system (National Instruments, NI

USB6363).

Dual-tone microwave (MW) pulses for the double-quantum 4-Ramsey protocol described in

Section 2.3.1 are generated by two signal sources with built-in IQ mixers (Stanford Research Sys-

tems, SG384) and gated by switches controlled with TTL pulses. A fabricated gold Ω-shaped coplanar

waveguide, with nominal thickness of 300 nm and width of 800 µm, delivers MW fields to the NV

layer. The fabricated palladium wire phantom, patterned in the shape of a terrapin, has a trace width of

approximately 4 µm, spans an area of approximately 220× 180 µm2, and has a thickness of approxi-

mately 10 nm. To generate phantom magnetic-field signals, stimulus voltages produced by a waveform

generator (Keysight, 33622A) are applied to the phantom to induce currents. Both the phantom and the

MW waveguide are fabricated on a silicon-carbide wafer, which provides mechanical support and heat

dissipation. The diamond is glued to the surface of the MW waveguide; thus giving a geometric mini-

mum phantom-to-NV separation set by the approximately 300 nm MW structure thickness. The actual

standoff distance is assessed later by comparison of the measured phantom fields with finite-element

simulations.

Multi-tone, resonant radio-frequency (RF) pulses for spin-bath driving are generated by an arbi-

trary waveform generator (Keysight, M8190) and gated by switches controlled with TTL pulses. The

RF fields are delivered to the bath spins by a shorted coaxial loop, about 1 mm wide, positioned above

the MW waveguide. The role of spin-bath driving within the pulsed imaging protocol is described in

Section 2.3.2.

A bias magnetic field of approximately 4.3mT is produced by two pairs of temperature-compensated

permanent samarium-cobalt ring magnets. The field is aligned along one of the four NV ensemble axes,

such that the QDM measures the projection of the signal magnetic field along the selected NV axis.
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Figure 2.2: Optical image of the fabricated wire phantom. NV photoluminescence in-
tensity under continuous laser illumination is collected using the QDM’s camera. Semi-
transparent white dashed traces of the phantom perimeter are added as a guide to the eye.
The measured photoluminescence is reported in the camera unit, which is linearly propor-
tional to the photon number. Scale bar: 50µm.

This bias-field magnitude was convenient for the present apparatus; but similar QDM performance

should be possible for a wide range of magnetic fields, from millitesla to tesla scales.

The size of a single camera pixel in the objective focal plane is determined using the known

geometry of the phantom and its optical image as visualized using NV fluorescence. The metallic

phantom traces reflect a portion of the incident excitation light, locally increasing the optical illumi-

nation and producing enhanced NV photoluminescence that follows the phantom structure (Fig. 2.2).

The corresponding area of the NV layer sampled by each camera pixel is approximately 1.9×1.9 µm2.

This calibration agrees with the estimate using the 20× objective magnification and the physical cam-

era pixel dimensions of 39.6× 39.6 µm2. A 270× 270 µm2 region of the NV layer is selected as the

field of view for the measurements described below.
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The lock-in camera has a controllable internal exposure frequency of up to 1 MHz and an exter-

nal frame rate of up to 3.8 kHz. During acquisition, successive internal exposures are stored alternately

in the in-phase (I) and quadrature (Q) channels. A unit cycle consists of four internal exposures, pho-

toluminescence is accumulated sequentially in exposures I1, Q1, I2, and Q2. The camera performs

on-chip subtraction between successive exposures in each channel, yielding differential signals of the

form I1 − I2 and Q1 − Q2. This so-call ”demodulation” cycle can be repeated multiple times before

the accumulated channel signals are digitized and output as an external frame. The number of accu-

mulated cycles therefore sets the external frame rate, ensuring it is below the maximum value. Section

2.3.1 describes how the MW phase cycle of the DQ 4-Ramsey sequence is synchronized with this I/Q

acquisition scheme to produce a magnetic signal in each external frame.

The camera buffer stores a continuous acquisition of up to 500 external frames, after which the

data are transferred to the control computer. Transfer from the camera buffer requires approximately

5 s. Additional software-related overhead associated with data conversion and storage contributes

approximately 2 s for static magnetic-field imaging, where the average of 500 frames is stored, and

approximately 17 s for dynamic magnetic-field imaging, where individual frames are retained. No

sensing is performed during these transfer and processing intervals. Accordingly, the signal acquisition

time Tacq denotes only the time spent actively acquiring magnetic measurements, whereas the wall-

clock time Twall includes the full elapsed experimental time, including buffer transfer, data conversion,

and storage.
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2.3 Pulsed magnetic-imaging protocol

2.3.1 DQ 4-Ramsey and camera implementation

The DQ 4-Ramsey sequence for magnetic imaging utilizes dual-tone MW pulses and a MW-

phase alternation scheme to achieve uniform magnetic sensitivity over the field of view [13]. The dual-

tone MW pulse generates a double-quantum (DQ) coherence between the |ms = +1⟩ and |ms = −1⟩

ground state spin triplet sublevels of the NV center. Compared to using a single-quantum (SQ) coher-

ence between |ms = 0⟩ and |ms = +1⟩ or |ms = −1⟩, the DQ scheme is twice as sensitive to magnetic

fields and can isolate magnetic signals from spurious strain and temperature artifacts. In practice, how-

ever, spatial inhomogeneity of MW control fields, variations in diamond strain, and temperature can

cause errors in DQ pulses across the NV ensemble and generate a residual SQ coherence. Thus a

single DQ Ramsey measurement is still not fully immune to these spurious signals contributions. To

mitigate them, the phases of the two MW tones are alternated across four individual DQ Ramsey

measurements [13]. If we denote the fluorescence signals from the i-th measurement as Si, the phase-

alternation scheme generates DQ magnetic signals in S2 and S4 that are opposite to S1 and S3, while

residual SQ signals in the sum S1 + S3 are also observed in S2 + S4. A final normalized signal

Snorm = S1 − S2 + S3 − S4 (2.1)

therefore preserves the DQ component while suppressing residual SQ contributions arising from pulse

errors and common-mode magnetic artifacts. This phase-alternated measurement protocol is also well

suited to lock-in camera detection, which further suppresses laser intensity fluctuations during signal
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Figure 2.3: (a) Sequence for magnetic imaging using the DQ 4-Ramsey protocol for NV
interrogation together with spin-bath driving. The camera internal exposures alternate
between the I and Q channel; on-chip circuitry accumulates differential results between
two successive measurements in both channels. For example, the output in the I channel
using the sequence in (a) will be SI1 − SI2 + SI3 − SI4. (b) Left: Dual-tone MW resonant
with |ms = 0⟩ ↔ |ms = +1⟩ and |ms = 0⟩ ↔ |ms = −1⟩ NV spin transitions is used
to implement DQ pulses. Middle: Phase alternations of individual MW tones in a DQ
4-Ramsey sequence. The ±X directions are defined in the effective Bloch sphere formed
by the two NV spin levels |ms = 0⟩ and |ms = +1⟩ (or |ms = −1⟩). The duration of the
DQ pulse is the time to change the NV spin state from |ms = 0⟩ to a superposition state
with equal population between |ms = +1⟩ and |ms = −1⟩. Right: The permutation of
MW-phase alternation in the Q channel results in NV fluorescence dynamics of opposite
phase to that of the I channel. Differential results between these two measurements are
output to an external frame.

accumulation.

Figure 2.3 illustrates the implementation of the DQ 4-Ramsey protocol together with spin-bath-

driving pulses for wide-field magnetic imaging using the Heliotis heliCam lock-in camera. The spin-

bath drive is generated from continuous-wave multi-tone RF signals and gated such that it is applied

during the Ramsey free-evolution interval; its physical role and calibration are described in the fol-

lowing subsection. The NV photoluminescence signals from successive DQ Ramsey measurements

are synchronized with the internal camera exposures described in Section 2.2. The camera alternates
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between the in-phase (I) and quadrature (Q) channels and performs on-chip subtraction between suc-

cessive exposures in each channel. A DQ 4-Ramsey phase cycle is synchronized with the internal

exposures in both channels. The MW phase permutation in the Q channel is chosen such that the

resulting signal SQ
norm has the opposite polarity to the corresponding signal SI

norm accumulated in the I

channel. Taking the difference between these two channel signals yields the final magnetic signal,

Snorm = SI
norm − SQ

norm. (2.2)

For all magnetic imaging experiments (including measurements with and without spin-bath dri-

ving, measurements of spatial magnetic noise, and phantom magnetic-field images), the NV pho-

toluminescence signal in the camera external frame Snorm is converted to magnetic signal using a

magnetometry calibration curve (as similarly described in Chapter 1.2). Briefly, with the Ramsey free

evolution interval τ fixed, the MW frequency is swept around the NV electronic spin resonances to

emulate the change of magnetic field B; the response of Snorm is then measured, producing a magne-

tometry calibration curve. The optimal MW frequency for magnetic measurements is then determined

by maximizing the slope dSnorm/dB. For DQ magnetometry, the two MWs that are separately res-

onant with NV electronic spin transitions |ms = 0⟩ ↔ |ms = +1⟩ and |ms = 0⟩ ↔ |ms = −1⟩ are

swept differentially (i.e., a detuning of δ is applied to one MW tone while a detuning of −δ is applied

to the second MW tone). The Ramsey free evolution interval is chosen near the ensemble dephas-

ing time T ∗
2 ; in practice, τ is adjusted to maximize the median per-pixel magnetic sensitivity because

hyperfine-induced Ramsey-fringe beating constrains the available operating points.
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2.3.2 Spin-bath driving

Spin-bath driving [57] is used to decouple dipolar interactions between the NV centers and

paramagnetic bath spins (S = 1/2) in the diamond. The relevant bath-spin species include neutral

substitutional nitrogen, 15N0
s , in the 15N-enriched diamond used here, as well as free electron spins. A

strong multi-tone radio-frequency (RF) drive is applied during the Ramsey free evolution interval to in-

duce rapid Rabi oscillations of the bath spins. The effective dipole moments of these spins are thereby

time averaged, reducing their contribution to inhomogeneous broadening of the NV spin resonance

and extending the NV spin dephasing time, T ∗
2 .

The frequency components of the RF drive must be resonant with the relevant bath-spin transi-

tions. These transitions are determined experimentally using NV double electron-electron resonance

(DEER) spectroscopy [57, 59], as shown in Fig. 2.4(a). In a DEER measurement, the NV spin signal

is monitored while an RF pulse is swept through the bath-spin resonance frequencies. To guide the fre-

quency range for these measurements, the expected bath-spin transition frequencies are calculated. For

free-electron spins, the transition angular frequency is γe|B⃗|, where γe is the electron gyromagnetic

ratio, and |B⃗| is the magnitude of the applied bias magnetic field. The transition frequency spectrum

for 15N0
s is calculated using its ground-state Hamiltonian [60]

Ĥ

h
=
µB

h
B⃗ · g · ⃗̂S +

µN

h
B⃗ · ⃗̂I + ⃗̂

S · A · ⃗̂I, (2.3)

where µB is the Bohr magneton, µN is the nuclear magnetic moment, h is the Planck’s constant,

B⃗ = (Bx, By, Bz) is the applied bias magnetic field vector. Here, g is the electronic g-factor tensor,

⃗̂
S = (Ŝx, Ŝy, Ŝz) is the dimensionless electronic spin vector, A is the hyperfine tensor, and ⃗̂

I =
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(Îx, Îy, Îz) is the dimensionless nuclear spin vector.

When the z-axis is chosen as one of the four NV crystal axis directions, tensors g and A are

diagonal and can be written as

g =


g⊥ 0 0

0 g⊥ 0

0 0 g||

 , A =


A⊥ 0 0

0 A⊥ 0

0 0 A||

 , (2.4)

where g⊥, g||, A⊥, and A|| are the gyromagnetic and hyperfine on and off-axis components, respec-

tively. 15N0
s has S = 1/2 and I = 1/2, leading to the four eigenstates |mS = ±1/2,mI = ±1/2⟩.

The two corresponding dipole-allowed transitions (∆mS = ±1, ∆mI = 0, solid arrows), along with

the two first-order forbidden transitions (∆mS = ±1, ∆mI = ±1, dashed arrows) are shown in

Figure 2.4(b). The simulated 15N0
s resonance spectrum, using g⊥ = g|| = 2, A⊥ = −559.7MHz,

A|| = −113.83MHz, and |B⃗| = 4.278mT aligned with an NV axis, is shown in Figure 2.4(c), along

with the simulated free-electron spin resonance frequency (g = 2) and the measured NV DEER spec-

trum.

After the RF frequency components are determined, the RF amplitudes are increased to achieve

Rabi frequencies of approximately 2 MHz for the dipole-allowed 15N0
s and free electron transitions.

The attainable Rabi frequencies are limited by the available RF amplifier power. Increasing the bath-

spin Rabi frequency suppresses the corresponding bath-spin contribution to NV dephasing, such that

T ∗
2 eventually approaches the limit imposed by the next dominant dephasing mechanism, here NV-NV

dipolar interactions [57]. Because the shorted RF loop produces a spatially varying RF amplitude

across the field of view, the bath-spin Rabi frequency and the resulting extension of T ∗
2 can vary
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Figure 2.4: (a) NV double electron-electron resonance (DEER) technique for measuring
the 15N0

s and free-electron spin resonance spectrum in the QDM diamond sensor. The total
free evolution intervals between the initial and final single-quantum (SQ) π/2 pulse on
the NV spins is chosen to match the ensemble NV spin-echo T2 for optimal sensitivity
to bath-spin resonances. The frequency of the SQ π pulse on the bath spins is swept to
measure the NV DEER spectrum by the effect on the NV ensemble fluorescence contrast
(see Ref. [57] for details). (b) Energy level diagram of the coupled electron-nuclear spin
system in 15N0

s. (c) Simulated 15N0
s and free-electron (g = 2) spin resonance spectrum

(red) overlaid with NV DEER measurement results (blue) and offset vertically for clarity.
The simulated resonant frequencies are broadened by a Lorentzian function with linewidth
and relative contrast chosen to approximate the measurement data.

spatially.

2.3.3 Differential measurement protocol

Despite the DQ 4-Ramsey protocol and lock-in camera acquisition, several sources of spatially

and temporally varying magnetic noise remain difficult to suppress. In particular, variations among

helicam camera pixels can produce a pixel-to-pixel baseline pattern (this variation is not static). Vi-

bration and temperature change can induce drift of the bias magnetic field, generating slowly varying

spatial artifacts in magnetic images. To mitigate these effects, a differential measurement protocol is

used. Each differential measurement pair consists of two sets of 500 camera frames acquired using
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identical magnetic sensing sequences, except that the current applied to the phantom is modulated

between the two frame sets. This approach is well suited to controllable magnetic signals, including

those from electrical circuits, externally stimulated electrically active cells, or other sources whose

magnetic signal can be reversed or gated.

In the following experiments, for static magnetic-field measurements, one set of frames is col-

lected with positive current applied to the phantom, while the other frame set is collected with negative

current. For dynamic magnetic-field measurements, the applied current is modulated between on and

off. The first modulation scheme has identical magnetic sensitivity compared to measuring with steady

(unmodulated) current flowing through the phantom, while the second modulation scheme costs ap-

proximately a factor of 2 in sensitivity.

After calculating the difference between the two frame sets of each measurement pair, the result-

ing magnetic image is further processed by subtracting a 2D Gaussian-filtered version of the image,

with filter width σfilt
x,y = 18 µm. This procedure reduces residual magnetic gradients with spatial length

scales larger than those of the phantom field pattern. The filter width was selected experimentally to

exceed the characteristic spatial variation length scale of the phantom magnetic field. The processed

magnetic images are then averaged over the acquisition time.

2.4 Spin dephasing and magnetic sensitivity

We first characterize the performance of the Ramsey-based QDM with and without spin-bath

driving. The NV spin dephasing time T ∗
2 and magnetic-field sensitivity η are evaluated on a pixel-

by-pixel basis over the field of view. For these measurements, a dual-tone MW implementation of

the Ramsey sequence generates a DQ coherence that is robust against common-mode frequency shifts
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Figure 2.5: Measured magnetic sensing performance of the Ramsey-based QDM. Median
per-pixel T ∗

2 is 2.2(1) µs and 1.2(1) µs with and without spin-bath driving. Median per-
pixel η is 4.1(1) nT/

√
Hz and 9.4(1) nT/

√
Hz with and without spin-bath driving.

from diamond strain and temperature variation such that the NV ensemble T ∗
2 is limited by dipolar

interactions with bath spins. Under this condition, spin-bath driving is expected to improve the NV

spin dephasing time and magnetic sensitivity as shown in Figure 2.5.

With spin-bath driving, the median per-pixel T ∗
2 is extended by about 1.8× to 2.2(1)µs, ap-

proaching the estimated NV-NV interaction limit of 2.5 µs for this sample (See Appendix A.1). The

median per-pixel η is enhanced by about 2.4× to 4.1(1) nT/
√
Hz in the absence of pixel binning. The

measured sensitivity with spin-bath driving is comparable to the combined camera-quantization- and

photon-shot-noise-limited estimate of 3.2 nT/
√
Hz, to which the two noise sources make approxi-

mately equal contributions (See Appendix A.2).

The experimental per-pixel magnetic sensitivity results are computed from

η = δB
√
Tacq, (2.5)

where δB is the smallest magnetic field (i.e., RMS magnetic-field noise) that can be measured with
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SNR = 1 after Tacq acquisition time. For a camera operating at an external frame rate Fs, a series of

magnetic noise images are collected. Then the magnetic noise of each pixel, σpxl, is obtained from the

standard deviation of the magnetometry data from that pixel across all recorded frames. The per-pixel

magnetic sensitivity can then be written as

η =
σpxl√
Fs

. (2.6)

The results shown in Figure 2.5 are obtained using 500 frames collected at Fs ≈ 1.4 kHz with spin-

bath driving and Fs ≈ 1.7 kHz without spin-bath driving. The uncertainty reported for the measured

median per-pixel sensitivity η with spin-bath driving is computed as the standard deviation of η across

15 repeated experiments, each consisting of 500 frames. The experiment without spin-bath driving

is only repeated once. As an estimate of the uncertainty for η without spin-bath driving, the 500

frames are divided into ten 50-frame sets and the standard deviation of η across the ten frame sets is

reported. Experiments for per-pixel magnetic sensitivity measurements with spin-bath driving are also

performed at different values of Fs (≈ 3.1 kHz, 2.2 kHz, 1.0 kHz and 0.5 kHz) to investigate potential

technical noise at different imaging speeds. Across all these measurements, the difference between the

maximal and minimal median magnetic sensitivity values is ≲ 5 %.

For photon shot-noise-limited Ramsey magnetometry, the magnetic sensitivity scales as [1]

ηshot ∝
√
tD + τ

τCexp[−(τ/T ∗
2 )

p]
, (2.7)

where C is the NV spin-state readout contrast, τ is the Ramsey free evolution interval, p is a parameter

used to describe the Ramsey envelope decay shape, and τD is the overhead time for NV initialization
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and readout. The present QDM operates in a regime where the sensitivity nominally improves linearly

with increased dephasing time [1, 57], as τD = 7.04 µs is longer than the sensing interval τ ≈ T ∗
2 ,

yielding

ηshot ∝
√
tD
τC

. (2.8)

The measured sensitivity enhancement is slightly greater than that expected from the T ∗
2 increase

alone. This additional improvement is attributed to an approximately 1.2× increase in the spin-state

readout contrast C when spin-bath driving is applied, together with the discrete choices of τ imposed

by Ramsey-fringe beating from the hyperfine splitting of the NV spin resonances [13].

The per-pixel magnetic sensitivities reported here describe the expected magnetic noise after

one second of active signal acquisition, Tacq = 1 s, and exclude the camera-buffer transfer and data-

processing overhead included in the corresponding wall-clock time Twall.

2.5 Spatial magnetic noise floor

In magnetic imaging, the ability to resolve a signal of interest depends not only on the magnetic

sensitivity of individual pixels, but also on the spatial magnetic noise floor across the full image [44].

Per-pixel magnetic sensitivity describes the temporal noise measured at a fixed location. However,

even when the noise of individual pixels averages down with acquisition time, pixel-to-pixel offsets or

spatially correlated fluctuations can remain in the time-averaged image. Such residual spatial structure

can ultimately limit the smallest magnetic-field pattern that can be resolved. Following Ref. [44],

the spatial magnetic noise floor, σspatial, is quantified after a given acquisition time, by calculating the

standard deviation of magnetic-field measurements across the time-averaged image without any exter-

nal signal sources present. Uncorrelated spatial noise can be time-averaged and reduced. However,
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correlated spatial noise across an image, particularly when similar to the length scale of the signal of

interest, inhibits the utility of temporal averaging and limits the minimum resolvable magnetic field.

Specifically in the QDM, vibration and temperature changes can induce spatial and temporal variations

in the bias magnetic field and optical illumination intensity, thereby introducing correlated noise into

QDM magnetic images.

The differential measurement protocol described in Section 2.3.3 is used to suppress these slowly

varying spatial artifacts. As shown in Figure 2.6, the spatial distribution of noise in QDM images, at

different acquisition times Tacq and with no current flowing in the phantom, have insignificant corre-

lation. The spatial magnetic noise floor, σspatial, can be averaged down as reflected in the observed

scaling

σspatial ∝ T−1/2
acq , (2.9)

which persists up to about Tacq = 4000 s (Twall ≈ 8 h). This behavior indicates that the remaining

image noise is dominated by uncorrelated contributions over these acquisition times.

Spatial averaging through pixel binning further reduces the spatial magnetic noise floor. When

nbin × nbin camera pixels are combined, the measured noise floor follows approximately

σspatial ∝
1

nbin

, (2.10)

allowing spatial resolution to be exchanged for improved magnetic sensitivity and reduced acquisition

time. Additional measurements of the spatial magnetic noise floor for different pixel-binning con-

ditions, as well as measurements performed without the differential protocol, are presented in Fig.

2.7.
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Figure 2.6: Spatial magnetic noise floor. Measurement data are obtained using the dif-
ferential measurement protocol. Top: Images of magnetic noise with different acquisi-
tion times and pixel binning (see the bottom plot). Here, the acquisition time accounts
for the duration of time spent acquiring measurements, but excludes the implementation-
dependent time required to transfer and store data from the camera to a host computer.
The magnetic noise is distributed randomly without significant spatial correlation. Field of
view: 270 × 270 µm2. Scale bar: 50 µm. Bottom: Spatial magnetic noise floor σspatial as
a function of acquisition time Tacq for no pixel binning and 3× 3 pixel binning. σspatial is
computed as the standard deviation of magnetic-field measurements using the entire image
after any pixel binning. A dashed black line depicts power law scaling behavior ∝ T

−1/2
acq

as a guide to the eye.
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Figure 2.7: Additional pixel binning results of spatial magnetic noise floor in QDM im-
ages. Measurement data are obtained using the differential measurement protocol. Upper
six panels: Images of the background magnetic noise with different acquisition times and
pixel binning (values indicated in lower panel). Scale bar: 50 µm. Lower panel: Spatial
magnetic noise floor σspatial as a function of acquisition time Tacq. A dashed black line
depicts power law scaling behavior ∝ T

−1/2
acq as a guide to the eye.
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2.6 Static magnetic-field imaging

We characterize the capability of the Ramsey-based QDM to image static magnetic fields by

applying steady currents to the fabricated wire phantom. The polarity of applied signals is reversed

between acquisitions of successive frame sets to implement the differential measurement protocol

described in Section 2.3.3. As shown in Figure 2.8(a), an imaged magnetic-field pattern with a peak-

to-peak amplitude difference of about 14 nT is obtained by supplying a fixed voltage of 25mV, cor-

responding to a phantom current of 436 nA. The image is acquired with a signal-acquisition time of

Tacq = 200 s, corresponding to a wall-clock time of approximately Twall ≈ 21 min.

The expected phantom magnetic-field pattern is simulated using finite-element software [61]

to calculate the current-density distribution and resulting magnetic field for the measured phantom

geometry and applied current. Additional details of the simulation are provided in Ref. [62]. The

phantom-to-NV standoff distance dso is the only free parameter in the simulation and is adjusted to

obtain the best agreement with the measured magnetic-field pattern [48]. This procedure yields an

effective standoff distance of dso ≈ 5 µm. Additional simulated phantom magnetic-field patterns

projected along the other NV crystallographic axes are provided in [62].

We further demonstrate QDM magnetic imaging of a picotesla-scale signal by applying a 500µV

voltage, corresponding to a phantom current of 9 nA. After averaging for about Tacq = 3600 s (Twall ≈

7 h), a phantom magnetic-field pattern with a peak-to-peak amplitude difference of about 300 pT is

resolved with SNR ≈ 3 as shown in Figure 2.8, left panel. Because the residual magnetic noise

exhibits negligible pixel-to-pixel spatial correlation after differential processing (Fig. 2.6), image-

denoising methods can be applied to improve the visibility of the measured field pattern.

A non-local mean (NLM) denoising algorithm [63] is applied to the picotesla-scale magnetic
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Picotesla Signal: I = 9 nA, T       = 3600 sacq

SNR ≈ 3 SNR ≈ 30Denoised

(a) 

(b) 
I = 436 nA, Simulation T       = 200 s, SNR ≈ 40acq

Figure 2.8: (a) Simulated (Left) and measured (Right) phantom static magnetic-field pat-
terns using the Ramsey-based QDM and a differential measurement protocol. The mea-
surement is conducted with a 25 mV voltage (436 nA current) applied to the phantom and
time-averaged for about 200 s. To compute SNR, the peak-to-peak amplitude difference
of the magnetic-field pattern (solid box) is divided by the spatial magnetic noise obtained
from a source-free region (dashed box). The simulated phantom magnetic-field pattern
is obtained using the applied current and geometry of the phantom. To mimic the para-
meters of the imaging system, the simulated magnetic fields are further averaged over a
depth of 10 µm (the NV-layer thickness) and binned with a pixel area of 1.9 × 1.9 µm2.
NV-phantom standoff distance is the only free parameter, and is tuned to a value of 5 µm
to best match the measured magnetic-field pattern. (b) Demonstration of a picotesla-scale
QDM magnetic image. Left: After about Tacq = 3600 s (Twall ≈ 7 h) time-averaging,
a magnetic-field pattern with a peak-to-peak amplitude difference of about 300 pT is re-
solved with SNR ≈ 3. Right: Applying a non-local mean denoising technique enhances
image SNR by about 10×. All images are not binned and scale bars are 50 µm for (a, b).
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image shown in Figure 2.8(b), right panel, to improve SNR. The main feature of this denoising

algorithm is the ability to restore both the large-scale geometries and fine structures (e.g., contours,

patterns, and edges where the Laplacian is non-zero) from a noisy image; whereas local-mean filtering,

such as Gaussian smoothing, can blur fine structures [64]. Briefly, to denoise a pixel p, the NLM

algorithm will compute the weighted averages of all other pixels q within a search window centered

at pixel p. The weight assigned to a pixel q is computed using the Euclidean L2 distance between

two template windows centered at q and p, respectively — i.e., summation over squared pixel-pair

value differences with each pair consisting of two pixels from the template windows around q and p,

respectively — and normalized using a 1D Gaussian function. If the template window around q has a

similar intensity profile compared to that of p, a higher weight will be assigned to q; this process is then

repeated for all q within the search window centered at p. Thus the denoised pixel p is predominantly

the averaged value of similar q pixels, rather than its immediate neighbors in a local-mean denoising

method.

This property is particularly useful for magnetic images of the fabricated wire phantom, in which

similar portions of the field pattern can occur at spatially separated locations. We therefore expect

NLM denoising to improve the image signal-to-noise ratio while introducing less distortion of the

phantom magnetic-field pattern than local-mean filtering methods such as Gaussian smoothing. A

comparison with Gaussian smoothing is provided in Appendix A.3. The NLM search and template

windows are chosen to be 21 × 21 pixels and 7 × 7 pixels, respectively, following the recommended

values in Ref. [63]. The NLM filtering parameter is set to approximately 44 pT, corresponding to

about 0.5 × σspatial for the picotesla-scale image after Tacq = 3600 s. This parameter was manually

optimized to maximize the reconstructed image signal-to-noise ratio, yielding SNR ≈ 30.
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2.7 Dynamic magnetic-field imaging

Access to individual external frames from the QDM’s lock-in camera permits imaging of dy-

namic magnetic signals. As an initial demonstration, a 1 s-long broadband voltage waveform that

mimics a human cardiac signal is applied to the wire phantom, and the associated temporal variation

of the magnetic-field pattern is imaged. The camera external frame rate Fs is set to about 0.5 kHz, cor-

responding to a temporal sampling interval of approximately 2 ms. This frame rate provides a balance

between temporal sampling and the 500-frame camera-buffer limit during continuous acquisition. The

signals applied to the phantom are gated between on and off across successive acquisitions of frame

sets for differential measurement. The full experiment is repeated 400 times to allow signal averaging.

Figure 2.9 displays the imaged dynamic magnetic fields with 3× 3 pixel binning (spatial resolu-

tion ≲ 10 µm). The applied voltage trace is shown in Figure 2.9(a) and overlaid with the measured peak

magnetic-field amplitude. To demonstrate the capability of high-fidelity waveform-reconstruction, the

entire voltage trace is multiplied with a voltage-to-magnetic-field scaling factor obtained from the

applied voltage and measured peak magnetic-field amplitude data in the static imaging experiment

(Fig. 2.8). The good agreement demonstrates reconstruction of the temporal variation of a spatially

structured magnetic-field pattern. This capability could support future comparisons between magnetic

imaging and electrical measurements such as patch-clamp recordings. Magnetic images acquired at

selected time points near the local extrema of the synthetic cardiac waveform are shown in Fig. 2.9(b).

At time point (vi), the phantom magnetic-field pattern becomes indistinguishable from the background,

yielding a spatial magnetic noise floor of approximately σspatial ≈ 3 nT.

The present QDM can also operate with sub-millisecond external-frame sampling. To demon-

strate this capability, we operate the Heliotis camera at an external frame rate of Fs ≈ 1.7 kHz. A
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Figure 2.9: Time-resolved imaging of dynamic magnetic fields using the Ramsey-based
QDM and a differential measurement protocol. A voltage trace mimicking a synthetic,
broadband human cardiac signal is applied to the phantom. Sets of QDM magnetic images
are collected with temporal resolution of about 2 ms and binned with 3× 3 pixels. The ex-
periments are repeated 400 times to allow signal averaging. (a) Temporal variation of the
peak magnetic field from the signal-averaged images is overlaid with the applied stimulus.
A voltage-to-magnetic-field scaling factor of 274.26 nT/V is applied to the entire voltage
trace (see main text). A subset of peak magnetic-field amplitudes from the acquired im-
ages are displayed, indicating good agreement between the applied voltages and magnetic
measurements. (b) Selected magnetic-field images at time points labeled in (a). Each im-
age has been signal averaged. The spatial magnetic noise at time (vi) is about 3 nT.
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single-tone AC signal voltage of fixed amplitude is then applied to the phantom; and 500 dynamic

magnetic images are acquired (over ∼ 290 ms), with a time step between images = 1/Fs ≈ 0.6ms.

The experiment is conducted for three different runs with signal frequencies of 200 Hz, 500 Hz, and

750 Hz; and each run is repeated once. A single pixel (no binning), selected to have significant ampli-

tude variation over a signal cycle, is used to characterize the time-domain oscillations of the magnetic-

field measurements (see Figure 2.10(a,b)); the time-domain data is then Fourier-transformed to identify

the signal frequency components, as shown in Figure 2.10(c). The results are in good agreement with

the signal frequencies.

The spectral peak amplitude is reduced for signal frequencies approaching the Nyquist fre-

quency, Fs/2. This reduction is due to the effective low-pass filtering in generating a camera ex-

ternal frame, as each external frame contains the accumulated photoelectrons from multiple internal

exposures for magnetic-signal measurements using the DQ 4-Ramsey sequence. In all the magnetic

imaging data acquired in this sub-millisecond demonstration, the internal exposure (i.e., readout of NV

fluorescence after a DQ Ramsey sequence) rate is 122 kHz; and a single external frame is produced

by the camera after digitizing the cumulative photoeletrons from 72 internal exposures, giving a time

step between external frames of about 0.6 ms irrespective of the AC signal frequency. A simulation

incorporating the internal-exposure sampling rate, accumulation over the camera demodulation cycles,

and subsequent Fourier transformation reproduces the measured frequency-dependent attenuation, as

shown in Fig. 2.10(c). Reducing the number of accumulated internal exposures would permit faster

external-frame sampling, ultimately limited by the maximum external camera frame rate of approxi-

mately 3.8 kHz.
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(a)

(b) (c)

Figure 2.10: QDM magnetic imaging with sub-millisecond time resolution. Camera ex-
ternal frame rate is set to Fs ≈ 1.7 kHz (i.e., time step between frames of about 0.6 ms).
Magnetic signals are produced by applying single-tone AC signal voltages to the phantom.
AC frequencies of 200 Hz, 500 Hz, and 750 Hz are used for different runs of the demonstra-
tion experiment. (a, b) Example time-domain magnetic-measurement data (500 Hz signal)
from a single pixel in the QDM image, selected to have significant amplitude variation
over a signal cycle. (c) Time-domain data from the single pixel is Fourier transformed and
displayed, here for all three AC frequencies used in the demonstration experiments. The
resulting spectrum is in good agreement with the applied signal frequencies; and with a
simulation of the QDM measurement protocol that leads to a reduction in spectral peak
amplitude near the Nyquist frequency (Fs/2).
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2.8 Discussion and outlook

This chapter demonstrated a pulsed quantum diamond microscope for wide-field imaging of

static and dynamic magnetic fields. By combining DQ 4-Ramsey magnetometry, spin-bath driving,

lock-in camera acquisition, and differential measurement, the QDM achieved a median per-pixel mag-

netic sensitivity of 4.1(1) nT/
√
Hz without pixel binning. Spin-bath driving extended the median

NV spin dephasing time to T ∗
2 = 2.2(1) µs, approaching the estimated NV-NV interaction limit of

the diamond sensor. The resulting spatial magnetic noise floor averaged down to the picotesla scale

during long signal-acquisition times, enabling the imaging of static phantom magnetic-field patterns

with micron-scale structure. In addition, the QDM reconstructed the temporal variation of a broad-

band synthetic cardiac waveform with approximately 2 ms sampling, while separate single-frequency

measurements demonstrated sub-millisecond external-frame sampling capability.

The Ramsey-based QDM presented in this chapter is a key step toward applications in the phys-

ical and life sciences. Potential applications include magnetic imaging of iron-containing biomineral-

ization products [65], high-throughput screening for biogenic magnetic particles [66–68], tip-growing

plant cells, including pollen tubes [69–72], and spatially resolved measurements of current-generated

magnetic fields from electrically active cells and tissues [73–77]. In the latter case, magnetic imaging

could complement electrical measurements such as patch-clamp recording by non-invasively mapping

a spatial distribution of current flow. These biological opportunities, together with expected signal

magnitudes and experimental requirements, are considered further in Chapter 5.

The present QDM nevertheless remains subject to several technical limitations that affect the

types of magnetic signals that can be measured efficiently. The following discussion identifies these

limitations and potential routes for addressing them.
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Figure 2.11: Spatial magnetic noise floor σspatial as a function of acquisition time Tacq. The
differential measurement protocol is not employed and thus the utility of time averaging is
limited. No pixel binning is applied.

2.8.1 Technical limitations and paths forward

The first limitation is that the present imaging implementation relies on differential measure-

ments to suppress slowly varying pixel-to-pixel offsets and bias-magnetic-field drift. The differential

protocol is most effective for controllable magnetic sources, such as the wire phantom used here, for

which the source field can be reversed or gated between successive acquisitions. However, this ap-

proach is less straightforward for magnetic objects whose signal cannot be easily switched on and off,

such as magnetic particles attached directly to the diamond surface. Spatial magnetic-noise measure-

ments acquired without differential processing are presented in Fig. 2.11. Under the present operating

conditions, the spatial magnetic noise floor plateaus at approximately 2 nT.

Bias magnetic field drift primarily produces smooth background gradients with spatial length

scales of hundreds of micrometers to millimeters. Because the magnetic fields of interest in many
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applications vary on micrometer length scales, these broad background gradients can be effectively

suppressed using high-pass spatial filtering, provided that the filter scale is chosen to preserve the

relevant signal structure. The more challenging contribution is the slowly varying change in the pixel-

to-pixel baseline pattern. This effect is not fundamental to NV magnetometry, but instead reflects a

technical challenge in maintaining stable camera-pixel baselines over long acquisition times. Improved

stabilization of the optical illumination and bias magnetic field, together with improved correction of

camera-pixel offsets, may reduce the need for source modulation for background rejection.

Alternatively, modulation of the measurement geometry may be useful for magnetic sources that

cannot be electrically driven. For example, a magnetic object could be translated laterally or vertically

relative to the diamond surface and field of view, thereby modulating the detected field through a con-

trolled change in its position or sensor-sample separation. Such approaches could enable differential

measurements of magnetic particles and other sources whose intrinsic magnetic state cannot be readily

reversed or gated.

The second limitation is the difference between the active signal acquisition time and the total

wall-clock time required to collect and process magnetic images. Each continuous acquisition of the

lock-in camera is limited by the 500-frame camera buffer. In the present implementation, transfer of

a full camera buffer to the control computer requires approximately 5 s. For dynamic imaging, re-

taining and processing the individual camera frames introduces an additional implementation-specific

overhead of approximately 17 s. No magnetic sensing can be performed during these transfer and

processing intervals. Consequently, the wall-clock time required for long averaging can substantially

exceed the corresponding signal acquisition time.

This camera-related overhead is again not intrinsic to the NV sensing protocol and could be

reduced through faster data interfaces, larger buffer, continuous streaming from the camera, real-time
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averaging, or more efficient data-conversion and storage pipelines. Such improvements would be

particularly valuable for applications that require averaging over many repetitions of a weak transient

signal. For example, the projected magnetic measurements of neuronal action potential using the

present QDM would require a large number of repeated excitations and, under the current workflow,

could require wall-clock times of the order of 2 days. Reducing data-transfer and storage overhead

could improve the experimental time to within several hours, even without changing the underlying

per-pixel magnetic sensitivity. A more detailed discussion of these projected measurements is provided

in Chapter 5.

The final limitation is the current magnetic sensitivity (volume-normalized sensitivity 25 nT ·

Hz−1/2 · µm3/2). One direct route toward improved sensitivity would be to increase the detected NV

photoluminescence by increasing the optical excitation intensity. However, in the present diamond,

higher optical intensity leads to NV charge-state conversion and reduced spin-state readout contrast.

The experimentally optimal excitation intensity is ∼ 0.014 mW/µm2 substantially below the nominal

NV saturation intensity [78] (1 − 3mW/µm2). This result indicates that improved charge stability in

the NV-diamond material is an important requirement for further sensitivity improvement.

In addition, spin-bath driving extends the NV dephasing time close to the estimated limit im-

posed by NV-NV dipolar interactions. Further extension of T ∗
2 will require suppression of interactions

within the NV ensemble itself. Homonuclear decoupling techniques [79] provide one possible route

toward mitigating NV-NV interactions while preserving Sensitivity may also be improved by increas-

ing the measurement duty cycle, namely the fraction of each pulsed measurement spent in the Ramsey

free-evolution interval. Reducing the relative initialization and readout overhead could increase this

duty cycle and may strengthen the practical advantage of alternative advanced readout schemes [1,

80]. These considerations partly motivate the material-engineering study presented in Chapter 4.
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Chapter 3: NV-Based Characterization of Single-Ion Damage Tracks in Diamond

Chapter provenance and contributions. This chapter is adapted from Daniel G. Ang, Jiashen Tang,

Maximilian Shen, Michael Titze, Gavishta Liyanage, Jordan Chapman, Chinmay Bharathulwar, An-

drew T. Gilpin, Tanguy Terlier, Edward S. Bielejec, Vsevolod Ivanov, and Ronald L. Walsworth,

“Multi-scale reconstruction of single-ion damage tracks in diamond via nitrogen-vacancy centers”

[81].

I co-led this project with Daniel G. Ang. We conceived and designed the study, and performed

the confocal measurements of NV formation and experimental yield analysis. I developed the SIIMPL-

to-SPPARKS implantation-to-annealing simulation pipeline, performed the simulated NV-yield analy-

sis, and implemented the correction to the simulated yield informed by first-principles DFT/NEB

calculations carried out by Vsevolod Ivanov and Jordan Chapman. I also conducted the spin-echo

measurements of the implantation-generated NV ensembles.

I worked with Chinmay Bharathulwar on the analysis of directional information retained in the

simulated NV tracks. This includes asymmetry-based classification and simulation-based machine

learning inference. Chinmay led the development of the machine learning methodology. I prepared

the initial complete manuscript draft; and contributed to subsequent manuscript revision and editing

with Daniel G. Ang and Ronald L. Walsworth.

3.1 Motivation and chapter overview

As discussed in Chapter 1, the formation and evolution of particle-induced damage tracks in

solid states are relevant to a broad range of applications, including geoscience [82], particle detection
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[83], radiation effects in materials [84], carbon-ion radiotherapy [85], and swift-heavy-ion studies

[86–89]. More recently, damage-track studies have also attracted interest in emerging application

including paleodetection of rare events [24, 39, 40, 90] and quantum defect engineering [41, 91–93].

A central motivation for the present work is the possible use of quantum diamond as a novel directional

detector for rare-event, such as dark matter or neutrinos [24, 27, 30–32]. Compared to conventional

nondirectional detectors, directionality of nuclear recoils may help distinguish a dark-matter signal

from the solar-neutrino background in the WIMP neutrino-fog regime [25, 26].

As introduced in Chapter 1, realizing such a detector requires a multiscale readout pipeline [31,

32]. Candidate events must first be identified at the millimeter, single-diamond-chip scale, then lo-

calized to a smaller micrometer-scale region of the detector, and finally examined at the nanoscale

to recover the morphology of the underlying damage track. We are primarily interested in sensing at

the micrometer-to-nanometer scales, building on conventional phonon, charge, and/or photon readout

[33–35] at the millimeter scale. At the micrometer scale, a candidate track could be localized through

strain imaging using pre-existing NV ensembles or through optical detection of NV centers formed

locally after annealing. At the nanoscale, the track morphology may be probed using approaches such

as magnetic gradient-based imaging of individual NV centers [22], particularly newly formed NV

centers, or high-resolution strain-imaging methods such as X-ray diffraction [36]. The combination

of these possibilities constitutes a multiscale readout pipeline, but the appropriate diamond material

choice and sensing modality at each stage remain open questions. Addressing them requires a quanti-

tative understanding of damage-track formation, defect evolution during annealing, and the resulting

optical, spin, and strain signatures.

This chapter investigates one specific route within this broader framework: ion-induced NV for-

mation in nitrogen-rich high-pressure, high-temperature (HPHT) diamond. The high concentration of
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substitutional nitrogen in HPHT diamond can provide nearby capture sites for implantation-created

vacancies during annealing, potentially preserving a spatial record of the original damage track. The

low density of pre-existing NV centers can allow newly formed NV photoluminescence to serve as

an optical marker of an individual event. However, the viability of this approach requires system-

atic assessment. Previous ion-implantation studies have explored several regimes that do not directly

address the present problem, including shallow low-energy irradiation in HPHT diamond [94–96],

implantation into ultra-pure low-nitrogen CVD diamond [91, 95, 97], and hundreds-of-MeV ion irra-

diation in HPHT diamond [88, 98, 99]. Shallow implantation studies in HPHT diamond have reported

low NV-formation efficiencies of the order of 0.01-0.1%, but these measurements are complicated by

surface-related vacancy outdiffusion loss during annealing [100]. In contrast to ion implantation, rare-

event interactions are not restricted to the diamond surface, and the resulting recoil tracks can occur in

the bulk of the material. Consequently, it remain unclear what NV-formation yield could be expected

for recoil damage inside bulk nitrogen-rich HPHT diamond, and whether that would produce a stable

and larger-than-background NV signal.

Moreover, several additional questions need to be addressed even if implantation-induced NV

formation provides a reliable optical marker. The annealing process needs to be understood quantita-

tively, because the resulting NV yield and spatial distribution influence how well the recoil direction

can be reconstructed. The degree to which annealing smears out the directional information contained

in the original damage track, and whether there are efficient methods to recover that information, need

to be investigated. Finally, if future nanoscale reconstruction utilizes magnetic gradient-based quantum

sensing of the resulting NV centers, these implantation-created NV ensembles must retain sufficient

spin coherence to support such measurements.

In this chapter, I describe an experimental and computational study of individual 800 keV
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carbon-ion implantation events in nitrogen-rich HPHT diamond. First, spatially localized ensemble

NV photoluminescence is shown to be capable of identifying individual implantation events after an-

nealing and is used to measure the resulting NV yield. I then develop an implantation-and-annealing

simulation framework to model track formation, defect evolution, and NV creation. The measured

yield is used to benchmark the model, and a missing defect-reaction radius physics is identified as

necessary for quantitative agreement with experiment. Using the resulting framework, I evaluate

the directional information retained in the simulated post-annealing NV distributions using both a

counting-based asymmetry metric and a simulation-based machine-learning approach. Finally, I mea-

sure the spin-echo coherence of the implantation-generated NV ensembles to assess their compatibility

with future nanoscale reconstruction of individual damage tracks.

3.2 Experimental platform and methods

3.2.1 Ion implantation

A high-pressure, high-temperature (HPHT) type Ib single-crystal diamond sample (Element Six)

with a specified nitrogen concentration of [N0
s ] ∼ 200 ppm and {100} surface orientation was used.

The sample surface was polished to a roughness of Ra < 1 nm, and fiducial markers were fabricated

to guide implantation and subsequent confocal optical characterization.

Carbon ion implantation at 800 keV was performed using the 6 MV Tandem accelerator at the

MicroOne endstation at Sandia National Laboratories [101, 102]. This energy places the resulting

damage track ∼600 nm deep into the surface, suppressing surface-related noise and defect outdiffu-

sion [103] to produce a sufficient number of NV centers for optical detection while being near to the

<500 keV energy range relevant to nuclear recoils induced by WIMP dark matter and neutrinos. Im-
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Figure 3.1: Schematic of damage track formation and multi-scale readout in nitrogen-
rich HPHT diamond. An incoming particle induces a carbon nuclear recoil, generating
a cascade of vacancies and interstitials. The recoil also produces phonons that enable
identification of candidate interaction events at the millimeter scale (single diamond chip).
During annealing, vacancies diffuse and either recombine with interstitials, form vacancy
clusters, or combine with substitutional nitrogen to create optically-active NV centers near
the original track. The resulting NV photoluminescence (PL) enables localization at the
micrometer scale, while the spatial distribution of NV centers and residual defect-induced
strain enables nanoscale reconstruction of track morphology and inference of the incoming
particle direction.
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Figure 3.2: Schematic of ion implantation geometry. The diamond surface is tilted by
∼11◦ relative to the incident carbon ion beam to suppress channeling effects.

plantation was performed in square grids with the surface tilted by 11 degrees to suppress channeling

effects [104] (Fig. 3.2). The ion beam had a full width at half maximum (FWHM) spot size of 2.62µm

(X) × 2.90µm (Y), and implantation was carried out on a grid of sites with spacings of 6µm or 10µm.

The beam current and dwell time were adjusted to achieve an average dose of about one ion per site,

maximizing the probability of single-ion implantation events.

Following implantation, high temperature annealing was performed to induce the migration of

vacancies into nearby nitrogen atoms. Annealing was performed in a vacuum tube furnace (MTI OTF-

1200X) at 800◦C and 10−6 torr for 2 hours, following standard recipes [97, 105]. The concentration of

substitutional nitrogen in the HPHT diamond is measured to be ∼253 ppm (see Appendix B.1). This

not only results in NV center formation near the orignal damage track, but also provides an electron-

donor-rich environment that favors the negatively charged NV− state [6]; in similarly nitrogen-dense

diamond, NV− has been reported to dominate over NV0 by approximately two orders of magnitude

[106]. NV center formation was confirmed by laser-induced PL using a confocal setup (See confocal

setup in Section 3.2.2 and optical characterization in Section 3.3). To verify that annealing had pro-

ceeded to completion, a second identical cycle was performed; the absence of any detectable change

in PL confirmed that the initial conditions were sufficient.
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3.2.2 Confocal microscopy and NV measurement

A home-built confocal microscope was used to characterize the diamond samples. NV centers

were optically excited using a 532 nm laser (Coherent Compass 315M) with a typical power of ∼1mW

at the sample. The excitation beam was circularly polarized to uniformly excite NV centers of different

crystallographic orientations. NV PL in the 647-800 nm range was collected onto a single-photon

counting module (Excelitas SPCM-AQRH-14).

The collimated excitation beam (d ≈ 3.5mm) was focused through a 100×, 0.8 NA objective

(Nikon CFI60 TU Plan Epi ELWD), and collected PL was spatially filtered using a 100µm pinhole

to reject out-of-focus light. The microscope operated in a sample-scanning configuration using a

nanopositioning stage (Mad City Labs Nano-3D200). The point spread function (PSF) was character-

ized by three-dimensional photoluminescence scans of a single NV center, yielding Gaussian widths

of σx = 189± 12 nm, σy = 180± 11 nm, and σz = 546± 26 nm.

For spin measurements, microwave (MW) control was provided by a continuous-wave source

(SRS SG384), gated using a fast electronic switch driven by a pulse generator (Swabian Pulse Streamer

8/2). The same pulse generator synchronized MW pulses with optical excitation via an acousto-optic

modulator (Brimrose TEM-85-10) to implement pulsed sequences such as Hahn echo. NV photolumi-

nescence counts were recorded using a data acquisition system (NI USB-6363) for spin-state analysis.

3.2.3 Implantation and annealing simulation for NV formation

Ion implantation was modeled using the SIIMPL (Simulation of ion IMPLantation) binary col-

lision approximation code [107, 108]. SIIMPL was chosen instead of the more commonly used

SRIM/TRIM code [109] because it incorporates the crystalline structure of diamond and associated
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ion-channeling effects, whereas SRIM treats the target as amorphous. The simulation was run at

800 keV carbon ion energy and 11◦ polar angle, matching the Sandia implantation parameters. The

lattice displacement threshold energy and thermal vibration amplitude were set to the standard values

of 43 eV [110] and 0.044 Å [111] respectively. For each implanted ion, the simulation produced the

spatial coordinates of the resulting vacancies and interstitials.

Subsequent annealing was modeled using a kinetic Monte Carlo (KMC) simulation implemented

in SPPARKS [112], which tracks defect diffusion and reactions on the diamond lattice. Transition rates

were described by the Arrhenius expression

γ = ν0 exp

(
− Ea

kBT

)
, (3.1)

using an annealing temperature of 800 ◦C. Initial defect configurations of vacancies and interstitials

were obtained from SIIMPL implantation simulations. To improve computational efficiency, each

damage track was partitioned into spatially separated defect clusters that could be treated indepen-

dently. The minimum separation between clusters was ≳ 154 Å, for which the probability of inter-

cluster interaction was estimated to be ≲ 1% (see Appendix B.2). For each cluster, the initial defect

configuration was embedded within a diamond lattice padded by 100 unit cells in each direction, such

that vacancy loss through diffusion to the simulation boundary was negligible. Nitrogen atoms were

randomly distributed throughout the lattice at a concentration of 253 ppm, consistent with experimen-

tal measurements. Results from individual clusters were combined to obtain statistics for full damage

tracks. Typical simulations contained on the order of 108 − 109 atoms per cluster.

Defect diffusion and reactions were modeled as follows. Vacancies were allowed to hop with

an activation energy of Ea = 2.59 eV [6, 113], while carbon interstitials were assigned activation
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energy of Ea = 1.5 eV [114]. All other defects, including substitutional nitrogen atoms, were assumed

to be immobile. Reactions included vacancy recombination with interstitials (restoring the lattice),

vacancy aggregation into divacancies and higher-order clusters (V+V −→ VV, V+VV −→ VVV),

and NV center formation via vacancy capture by nitrogen (V+N −→ NV). These reactions were

initially assumed to occur upon first-nearest-neighbor contact, corresponding to effectively barrierless

interactions.

3.2.4 Head-tail directionality and machine learning

The full directionality of a recoil damage track includes both the orientation of the recoil axis

and the head-tail information. In this study, we evaluate only head-tail directionality, while reserving

full vectorial reconstruction for future work.

Head-tail directionality was first evaluated using an asymmetry metric A, defined as the ratio

of defect counts between the tail region, corresponding to the upper one-third of the track, and the

head region, corresponding to the lower one-third of the track. Exchanging the head and tail labels

maps A → 1/A. For the simulated benchmark tracks considered here, we define +z to be along the

recoil direction, such that the tail is more positive in z than the head. Therefore, given a threshold

x ≥ 1, tracks with A > x were classified as correctly identified, tracks with A < 1/x were classified

as incorrectly identified, and tracks with 1/x ≤ A ≤ x were treated as indeterminate.

To extract directional information beyond counting-based metrics, we employ simulation-based

inference (SBI) [115], a Bayesian framework for inverse problems in which the likelihood P (X|θ)

is not available in closed form. In the present case, the inverse problem maps a defect distribution

X to the initial recoil parameters θ, including the implantation energy and head-tail parity. Due to
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the stochastic nature of the SIIMPL collision cascade and NV formation during annealing, direct

evaluation of the likelihood is intractable. Instead, the model learns an approximation to the posterior

P (θ|X).

We implement a Mixed Neural Posterior Estimation (MNPE) architecture, which enables joint

inference over continuous parameters, such as implantation energy, and discrete parameters, such as

head-tail parity. The model combines a Neural Spline Flow [116] for the continuous parameter with

a categorical softmax head for parity classification, implemented using the sbi toolkit [115]. Energy

parameters are included when learning the general inversion from simulated damage tracks across

different ion implantation energies. However, for prediction of the head-tail parity of the annealed

800 keV NV tracks considered here, the implantation energy is effectively fixed. Parity classification

is binary, corresponding to motion along either the +z or −z direction in the global coordinate system,

since the injected carbon ion is aligned along the z axis in the SIIMPL simulations.

Rather than using raw defect coordinates, the model learns from a set of summary features

derived from defect spatial distributions. Each track is encoded as a 13-dimensional feature vector,

listed in Table 3.1, designed to capture directional information contained in the track morphology.

The model is trained on SIIMPL-simulated vacancy tracks with ground-truth parity labels using the

Adam optimizer, with a learning rate of 5 × 10−4 and a batch size of 128. A 90/10 train-validation

split is used, with early stopping applied when the validation loss does not improve for 20 epochs.

For inference, the trained model is directly applied to post-annealing NV distributions using the same

feature representation. For each track, 200 samples are drawn from P (θ|X) to estimate the probability

P of the +z direction, with 1− P corresponding to the −z direction.

Under this convention, P → 1 corresponds to motion along +z, while P → 0 corresponds to

motion along −z. For test tracks with ground-truth recoil direction along +z,a threshold y ≥ 0.5
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Table 3.1: The 13 summary features computed for each track and passed to the MNPE
model. Here N is the number of defects and zi is the position of the i-th defect along the
track axis, measured relative to the track’s centroid (each track is re-centered to z = 0).
N± and z± denote the counts and positions of defects with zi > 0 and zi < 0, respectively.

# Feature Definition Interpretation

1 Mean depth
1

N

∑
i |zi| The average extent of the track. Longer

mean depth usually means a higher-
energy ion.

2 Max depth maxi |zi| Distance of the farthest defect from track
center.

3 Vacancy count N The total number of defects.

4 – 9 Depth-profile fractions (k = 1, . . . , 6) Fraction of defects in each of six log-
spaced bins along the normalized track
depth

Defect distribution binned along z axis.

10 Centered asymmetry (N+ −N−)/N Whether more defects sit on one side of
the centroid than the other.

11 Asymmetry ratio defined in Ref. [24] Nlast third
/
Nfirst third The asymmetry ratio from Ref. [24].

12 Longitudinal skewness Skewness of {zi} along the track axis Whether the defects lean more toward
the head or the tail of the track.

13 Log-variance difference log(1 + Var(z+))− log(1 + Var(z−)) Compares how spread out the defects are
on each side of the centroid.

is applied: tracks with P > y were classified as correct, tracks with P < 1 − y were classified as

incorrect, and tracks with 1− y ≤ P ≤ y were treated as indeterminate. For both the asymmetry and

ML analyses, the threshold was chosen to evaluate the classification efficiency at a fixed false positive

rate.

3.3 Optical detection of individual ion-implantation events

A coarse PL scan was first performed using a confocal setup, revealing arrays of bright PL spots

with spacing matching the implantation pitch (6 or 10 µm). Small deviations from the ideal grid

positions reflect the uncertainty in the finite ion-beam size (see Section 3.2.1), as shown in Fig. 3.3(a).

These results demonstrate that individual carbon ion impacts generate spatially localized ensembles of

NV centers that can be optically resolved.
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To quantify the NV yield per ion, candidate implantation sites were identified using an auto-

mated grid-matching procedure, which also rejects backgrounds from surface polishing damage (see

Appendix B.3.1). High-resolution three-dimensional confocal scans were then acquired around each

identified site. For sites that received multiple ions, we observed spatially separated PL spots (Fig.

3.3(b)). The occurrence of such multi-spot events is consistent with a zero-truncated Poisson dis-

tribution,supporting the assignment of each separated PL spot within a multi-ion grid location to an

individual ion impact (see Appendix B.3.2). The fitted Poisson rate of λ = 0.99 indicates that ap-

proximately one ion was delivered per nominal grid point, consistent with the experimental ion beam

settings.

The number of NV centers associated with each implanted ion, NNV, was then determined by

comparing the integrated PL intensity of each spot to that of calibrated single NV centers under iden-

tical imaging conditions. The resulting distribution of NNV across 222 implantation sites is shown in

Fig. 3.3(c), with a mean value of 17.5 ± 0.4, where the uncertainty is the standard error of the mean.

The site-to-site standard deviation is 5.7.

3.4 Experimentally benchmarked model of implantation, annealing, and NV forma-

tion

3.4.1 Implantation and annealing simulation

As outlined in Section 3.2.3, the simulation pipeline combines SIIMPL, which produces the

spatial distributions of vacancies and interstitials that constitute the initial damage track, with kinetic

Monte Carlo (KMC) annealing simulations performed in SPPARKS [112]. The KMC simulations

use the SIIMPL-generated defect configurations as input and evolve the defect distribution through
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a) b)

c)

Figure 3.3: Optical characterization of NV formation. a) Wide-field confocal NV PL map
acquired at coarse spatial resolution (∼500 nm). Bright PL spots correspond to NV ensem-
bles formed at individual implantation sites, arranged in a regular grid consistent with the
implantation pitch. Candidate sites selected for further high-resolution 3D confocal scans
are marked with green crosses. The NV number is estimated from the PL intensity relative
to calibrated single NV. Background NV counts in the HPHT sample are ≲ 2. b) Repre-
sentative high-resolution confocal scans of four implantation sites (fixed Z slice). Spatially
separated PL spots are observed and are attributed to multi-ion implantation events, con-
sistent with statistical analysis. c) Distribution of the number of NV centers per implanted
ion (NNV), extracted from integrated PL intensity (see main text). Data are collected from
222 sites, yielding a mean NV count of (17.5 ± 0.38), where the uncertainty denotes one
standard error of the mean; the standard deviation is 5.7.
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diffusion and reaction events during annealing. This framework predicts both the number and spatial

distribution of NV centers following annealing (Fig. 3.4(a)). The KMC simulations do not model the

charge state of the NV centers after formation. Because the experiment primarily measures NV− PL,

direct comparison with the simulation assumes that the NV0 population does not substantially affect

the inferred NV count. This assumption is expected to be reasonable for the nitrogen-rich HPHT

diamond used here [6, 106].

The distribution of NV counts per simulated implantation event is shown in Fig. 3.4(b). Across

112 simulated damage tracks, approximately 328 vacancies are produced per track on average. After

annealing, a mean of NNV = 23.9 NV centers is predicted (standard error of the mean: 1.1; standard

deviation: 11.5), corresponding to a conversion yield of ∼7%. The predicted mean yield is higher than

the experimentally measured value of NNV = 17.5 by approximately 37%, indicating that the initial

implantation-and-annealing model overestimates NV formation.

3.4.2 Testing sensitivity of NV-yield uncertainty to displacement energy and nitro-

gen concentration

We first consider two sources of uncertainty that may affect the predicted NV yield: the to-

tal vacancy production in the implantation simulation and the measured nitrogen concentration. As

discussed below, neither is sufficient to account for the discrepancy between the modeled and experi-

mentally measured NV yields.

Displacement energy. The threshold displacement energy Ed used in the SIIMPL simulation

controls the number of vacancies generated in the damage track. In diamond, Ed is known to be di-

rectionally dependent [110], with reported values ranging from ∼37.5 eV for [100] to ∼47.6 eV for
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Figure 3.4: Modeling NV formation. a) Example damage track before and after annealing.
Prior to annealing, vacancies (V) generated by an 800 keV carbon ion implantation are
shown. During annealing, vacancies are consumed through recombination with intersti-
tials, aggregation into vacancy clusters, or capture by substitutional nitrogen (not shown)
to form NV centers. The resulting NV distribution after annealing is shown. b) Histogram
of the number of NV centers per simulated implantation event. A mean NV number of
23.9± 1.1 (standard error of mean; standard deviation: 11.5) is obtained from 112 KMC-
annealed tracks. A correction accounting for second-nearest-neighbor (2NN) defect in-
teractions (DFT Corr.) reduces the predicted yield to 16.6 ± 0.7 NVs per event, in close
agreement with experiment (Fig. 3.3(c)).
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[110]. Similar to SRIM, SIIMPL employs a single scalar value of Ed, effectively averaging over crys-

tallographic directions during the recoil cascade. In our analysis, we use Ed = 43 eV. To evaluate

the sensitivity of vacancy production to this parameter, we vary Ed over a broad range. As shown in

Fig. 3.5, the mean vacancy number decreases monotonically with increasing Ed. Within the experi-

mentally relevant range of ∼37–48 eV, this corresponds to a ∼10–20% uncertainty in the number of

resulting vacancies. Assuming a fixed vacancy-to-NV conversion efficiency, this rescales the KMC-

predicted NV yield from ∼23 to ∼21 at the upper end of Ed, and therefore does not fully account for

the experimentally measured value of ∼17 NV centers.
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Figure 3.5: Sensitivity of vacancy production to displacement energy Ed. Mean number of
vacancies generated per 800 keV carbon recoil as a function of the threshold displacement
energy used in SIIMPL simulations. Each data point represents the average over 5000
simulated damage tracks.
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Nitrogen concentration. The measured nitrogen concentration carries a relatively large uncer-

tainty, ranging from ∼180–320 ppm as described above. To assess its impact on NV yield, we perform

annealing simulations across a range of nitrogen concentrations, as shown in Fig. 3.6(a). For each con-

centration, a single damage track is simulated, and the nitrogen lattice configuration is randomized five

times to estimate the mean NV yield. We find that the mean NV yield changes only weakly over the

range from 150 ppm to 5000 ppm. Increasing nitrogen concentration primarily leads to NV formation

occurring closer to the original damage track, as illustrated in Fig. 3.6b. This weak dependence can be

understood from the relevant spatial scales. Vacancy and interstitial defects are typically separated by

less than ∼0.5 nm, whereas the average nitrogen-nitrogen spacing is approximately 3 nm at 200 ppm

and scales with the inverse cubic root of nitrogen concentration. As a result, vacancies predominantly

react with nearby interstitials and other vacancies before diffusing sufficiently far from the damage

track to encounter substitutional nitrogen. The overall NV yield is therefore much less sensitive to

nitrogen concentration than might be expected from vacancy capture alone.

a) b)

Figure 3.6: Impact of nitrogen concentration on annealing simulations. (a) Mean NV yield
as a function of nitrogen concentration [N0

s ], showing weak dependence over a broad range
(150–5000 ppm). (b) Representative spatial distribution of vacancies (gray) and resulting
NV centers (red) at [N0

s ] = 200 ppm and 5000 ppm. Higher nitrogen concentration leads
to NV formation closer to the original damage track, while the overall NV yield remains
largely unchanged.

65



3.4.3 Short-range defect reactions beyond the nearest-neighbor approximation

we next investigated whether certain assumptions in the KMC simulation could account for the

difference between the predicted and measured NV yields. In the present KMC simulation, vacancy-

related interactions, including vacancy-interstitial recombination, divacancy formation, and NV cre-

ation, are restricted to first-nearest-neighbor (1NN) separation. In this treatment, defects initially sepa-

rated by second-nearest-neighbor (2NN) distances must first undergo isolated defect hopping to reach

1NN separation before reacting. To assess whether this restriction is physically justified, nudged elastic

band (NEB) calculations within density functional theory were performed to more precisely determine

the barriers for relevant defect reactions [117] (see Appendix B.5). These calculations indicate that

vacancy-related defect interactions can occur directly from 2NN configurations with either negligible

or strongly reduced activation barriers. Thus, vacancies with 2NN defect partners are expected to react

effectively immediately during annealing, rather than first undergoing isolated hopping to reach 1NN

contact. This missing 2NN interaction range can affect the predicted NV yield in two ways. First,

it reduces the initial population of free vacancies available for diffusion and later NV formation by

removing vacancies that would react immediately with nearby interstitial or vacancy partners. Second,

it may modify the subsequent free-vacancy-to-NV conversion efficiency during annealing. Although

vacancies with a nitrogen atom at 2NN separation could also form NV centers directly, the number of

such configurations is negligible (see Appendix B.5).

A full treatment of these effects would require implementing extended interaction ranges di-

rectly within the KMC framework. Doing so natively in SPPARKS is computationally expensive and

non-trivial, as it requires replacing the lattice-local nearest-neighbor event catalog with configuration-

dependent reaction rates. We therefore do not attempt a full 2NN-resolved KMC simulation here.
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Instead, as a first-order correction estimate, we assume that the dominant effect is the reduction of

the initial free-vacancy population, and correct this population by excluding vacancies that have ei-

ther 1NN or 2NN defect partners in the initial configuration. Rescaling this reduced population using

the free-vacancy-to-NV conversion factor obtained from the original KMC simulation reduces the

predicted mean NV yield to 16.6 ± 0.7 per simulated damage track, bringing the model into close

agreement with experiment (Fig. 3.4(b)). We note that this estimate is approximate. Nonetheless, the

analysis identifies short-range defect reactions beyond the 1NN assumption as the dominant missing

physics.

3.5 Directional information retained after annealing

3.5.1 Counting-based head-tail asymmetry

Using the simulated spatial distributions of defects before and after annealing, we investigated

how directional information is modified during annealing. Unlike vacancies, NV centers provide a

viable optical probe of the damage track because they are bright and can be detected down to the

single-defect level. We evaluated head-tail directional information using a counting-based asymmetry

metric following Ref. [24]. The asymmetry A, defined as the ratio of defect counts between the tail

and head regions of a track, encodes the initial recoil direction because the tail region typically exhibits

higher energy deposition, analogous to Bragg-peak-like behavior.

To benchmark classification performance, we choose an asymmetry threshold x ≥ 1. Tracks

with A > x are classified in the correct recoil direction, whereas tracks with 0 < A < 1/x are

classified in the opposite direction and counted as false positives. Tracks with 1/x ≤ A ≤ x are treated

as indeterminate. We define the classification efficiency ϵ as the fraction of all tracks that are correctly
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Figure 3.7: Head-tail directional information from simulated damage tracks. a) Cumu-
lative distribution of the asymmetry metric for vacancy (before annealing) and NV (after
annealing) tracks. The asymmetry is defined as the ratio of defect counts in the tail and
head regions of the track. For a threshold x ≥ 1, the shaded region between 1/x and x
indicates the indeterminate range. Tracks to the left of the shaded region are incorrectly
classified and counted as false positives, while tracks to the right are correctly classified
and counted toward the classification efficiency, following Ref. [24]. For both vacancy
and NV tracks, the thresholds are chosen to give a ≲5% false positive rate. The resulting
classification efficiency decreases from 93% for vacancy tracks to 74% for NV tracks, due
to annealing-induced diffusion and reduced NV yield. b) Comparison of head-tail clas-
sification performance using NV tracks with the counting-based asymmetry metric and a
machine learning (ML) approach. The ML model outputs a posterior probability over track
direction, allowing tracks to be similarly classified as correct, incorrect, or indeterminate
(see main text). At the same ≲5% false positive rate, the ML method improves classifica-
tion efficiency from 74% (asymmetry metric) to 95%, demonstrating enhanced recovery
of directional information from NV spatial distributions.
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classified, and the false-positive rate (FPR) as the fraction of all tracks that are incorrectly classified.

An effective directional-detection scheme should therefore achieve high classification efficiency at

low FPR. As shown in Fig. 3.7(a), choosing a threshold that gives a ≲ 5% FPR for simulated 800 keV

tracks yields a classification efficiency of 93% for vacancy tracks. After annealing, diffusion-induced

broadening of the spatial distribution and the reduced number of NV centers lower the classification

efficiency computed from NV tracks to 74%.

3.5.2 Simulation-based inference of track direction

We next tested whether a machine learning (ML) approach could recover directional information

from simulated NV tracks beyond the counting-based asymmetry metric. The model is based on

simulation-based inference (SBI) [115], in which a neural network learns an approximate posterior

over recoil parameters given an observed defect distribution. This approach can exploit spatial features

beyond simple count asymmetry. For example, the tail region of a track typically exhibits higher defect

density, leading to reduced spacing between NV centers that is not captured by counting-based metrics.

To enable efficient training and improve generalization, each track was encoded as a low-dimensional

vector of summary features describing the longitudinal defect distribution, including binned depth

profiles, asymmetry measures, and the spread of defects on either side of the track centroid (see Section

3.2.4). The neural network was trained on simulated vacancy tracks, which can be efficiently generated

using SIIMPL, and then applied to NV distributions obtained after KMC annealing.

The model outputs a probability (P ) for the recoil direction. Analogous to the asymmetry-

threshold analysis, we choose a probability threshold y ≥ 0.5, where tracks with P > y are classified

as correct, tracks with P < 1 − y are counted as false positives, and tracks with 1 − y ≤ P ≤ y
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are treated as indeterminate. At a comparable ≲5% FPR, the ML approach yields a classification

efficiency of 95%, a ∼20 percentage-point increase over the counting-based asymmetry metric (Fig.

3.7(b)). A full cumulative comparison between the count-based asymmetry metric and the machine

learning approach is shown in Fig. 3.8. Additional improvement may be possible with models trained

directly on post-annealing NV distributions. However, this would require substantially larger KMC

annealing datasets than are presently available. Overall, these results show that, within the experimen-

tally benchmarked simulation framework, data-driven inference can recover directional information

beyond simple counting-based metrics. Extending this approach to full vectorial direction reconstruc-

tion remains an important next step.

3.6 Spin coherence of implantation-created NV centers

Having shown that the simulated post-annealing NV distributions retain directional information,

we next assessed whether the implantation-created NV ensembles have sufficient spin coherence for

prospective nanoscale readout. Magnetic-gradient-based imaging has emerged as a promising super-

resolution approach, enabling few-nanometer spatial resolution of multiple NV centers [23]. The

achievable resolution in such techniques depends on both the applied magnetic-field gradient and the

spin coherence properties of the NV centers. We therefore measured the ensemble NV spin coher-

ence time across implantation tracks using a Hahn-echo pulse sequence Figure 3.9(a-c). From these

measurements, we extracted the coherence decay time T2 and the decay exponent p, which provides

information about the local spin environment [118]. As shown in Fig. 3.9(d), we observe an average

T2 ≈ 1.47µs, consistent with a nitrogen spin-bath-limited regime at the measured nitrogen impurity

concentration ([N0
s ] ≈ 253 ppm) [57]. Following Ref. [118], the extracted decay exponent of p ≈ 1.55
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Figure 3.8: Cumulative plots of NV track classification using the counting-based asym-
metry metric and machine learning approach. Top row: cumulative distributions of the
asymmetry metric for 800 keV NV tracks. Bottom row: cumulative distributions of the
machine learning posterior probability for the same tracks. Shaded regions indicate inde-
terminate ranges chosen to give a ≲5% false positive rate. The machine learning approach
increases the classification efficiency relative to the asymmetry metric.
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is also consistent with ensemble-NV decoherence behavior. Additional NV spin-echo measurements

from 14 implantation sites are shown in Appendix B.6.

These measured coherence properties allow an estimate of the spatial resolution that may be

achievable with gradient-based imaging of the implantation-created NV distributions. Using a modest

magnetic-field gradient of 0.002 G/nm, as demonstrated in Ref. [23], the measured coherence time

corresponds to an estimated spatial resolution of ∼ 30 nm. With state-of-the-art gradient strengths

exceeding 0.01 G/nm [22], this estimate can be improved to below 6 nm. For the 800 keV implanta-

tion energy considered here, the average simulated NV–NV separation is ∼ 12 nm. These results do

not yet demonstrate nanoscale imaging of an individual damage track. However, they show that the

implantation-created NV ensembles retain spin coherence compatible with prospective gradient-based

readout of the post-annealing track morphology in HPHT diamond.

3.7 Summary and outlook

This chapter establishes an experimental and computational framework for studying individual

ion-induced damage tracks in nitrogen-rich HPHT diamond through implantation-created NV centers.

Spatially localized NV photoluminescence was used to identify individual 800 keV carbon-ion im-

plantation events after annealing and to directly measure their NV yield. The measured mean yield of

NV created per implanted ion is NNV = 17.5 ± 0.4, which further provides an experimental bench-

mark for the implantation-and-annealing model. The initial SIIMPL-KMC framework overestimated

this yield, predicting NNV = 23.9 ± 1.1. The discrepancy could not be simply accounted for by un-

certainty in either the threshold displacement energy or nitrogen concentration, instead, DFT-informed

analysis identified extended defect reaction radius beyond the first-nearest-neighbor approximation as
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Figure 3.9: Spin coherence of ion-implanted NV centers. a) Distribution of NV numbers in
the implantation sites selected for coherence measurements. b) Representative Hahn echo
measurement (site 4). The signal is fitted to C0 exp[−(τ/T2)

p] to extract the coherence
time T2 and decay exponent p. c) Hahn echo pulse sequence used for the measurements.
The phase of the final microwave π/2 pulse is alternated between signal and reference
shots to obtain the NV PL contrast C. d) Extracted coherence time T2 (top) and decay
exponent p (bottom) for nine single ion implantation sites. Error bars represent the standard
deviation from fitting. The measured average values (T avg

2 ≈ 1.47µs, pavg ≈ 1.55) are
consistent with nitrogen spin-bath-limited ensemble decoherence.
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the dominant missing physics. Applying a first-order correction for these effects reduced the predicted

mean yield to NNV = 16.6± 0.7, in close agreement with experiment.

The experimentally benchmarked simulation framework was then used to evaluate the direc-

tional information retained in the post-annealing NV distribution. Although annealing broadens the

original damage track and produces limited NV yield, a counting-based head-tail asymmetry metric

retained a 74% head-tail direction classification efficiency at a false-positive rate below approximately

5% for simulated 800 keV tracks. Simulation-based inference further improved the corresponding

classification efficiency to 95% by using spatial information beyond the total defect count in the head

and tail regions.

Hahn-echo measurements showed that the implantation-created NV ensembles possess an aver-

age coherence time of T2 ≈ 1.47 µs in the nitrogen-rich HPHT material. This coherence is compatible

with prospective magnetic gradient-based imaging approaches that could resolve NV distributions

with spatial resolution comparable to, or smaller than, the simulated NV-NV separation in the present

tracks.

In terms of limitations, these directionality results remain model-based projections rather than

experimental measurements. The nanoscale positions of individual NV centers within a single post-

annealing track have not yet been directly resolved, and their measurement represents an important

next step for testing the model predictions of defect spatial distributions and the inferred directional

performance. In addition, the second-nearest-neighbor correction introduced here is partially incorpo-

rated as a first-order estimate. Fully incorporating extended-range defect-defect interactions into the

KMC treatment is warranted, given the initial encouraging agreement between the corrected model

and experiment.

This framework can be extended to assess the applicability of NV-based directional detection
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in HPHT diamond at lower recoil energies. The resulting analysis, together with its implications for

rare-event detection, is considered further in Chapter 5.
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Chapter 4: Low-Nitrogen Quantum Diamond: Engineering and Characterization

Chapter provenance and contributions. This chapter is adapted from Jiashen Tang, Connor A. Ron-

caioli, Andrew M. Edmonds, Atli Davidsson, Connor A. Hart, Matthew L. Markham, and Ronald

L. Walsworth, “Characterization of low-nitrogen quantum diamond for pulsed magnetometry appli-

cations” [119]. This work was carried out as part of the longstanding collaboration between the

Walsworth group and Element Six, with the primary aim to develop, characterize, and improve NV

diamond materials for quantum sensing. I contributed to the conception and development of the exper-

imental study with Andrew M. Edmonds and Matthew L. Markham. Element Six synthesized the low-

nitrogen CVD diamond samples and performed birefringence strain measurements. I performed the

NV optical, spin, charge-state measurements, and led the corresponding data analysis. Connor A. Ron-

caioli conducted the wide-field NV-based strain measurements and analysis. I prepared the complete

initial manuscript draft and contributed to subsequent revision and editing with Ronald L. Walsworth

and the other authors,. This work illustrates an iterative material-development process.

4.1 Motivation and chapter overview

As discussed in Chapter 1, the magnetic sensitivity of an NV-diamond sensor depends on a

combination of spin, material, measurement-protocol, and experimental parameters. Relevant spin

properties include the NV spin dephasing time T ∗
2 and the spin-readout photoluminescence contrast.

At the material level, the substitutional nitrogen concentration, NV concentration, NV charge-state

fraction, residual 13C concentration, strain homogeneity, and other defect populations can also af-

fect magnetic sensing performance. Regarding the measurement protocol, as discussed in Chapter 2,
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pulsed-magnetometry protocols such as Ramsey sensing typically offer better sensitivity than CW-

ODMR, at the cost of more demanding quantum control. Finally, experimental parameters such as

optical excitation intensity can influence both the spin-readout contrast and the charge state of the NV

ensemble.

Control and optimization of these parameters are not independent. For example, increasing the

substitutional nitrogen concentration can increase the density of NV centers formed after irradiation

and annealing of a nitrogen-doped as-grown diamond plate. Substitutional nitrogen atoms also func-

tion as electron donors that help stabilize the negatively charged NV− state used for sensing. However,

nitrogen also forms a dominant paramagnetic spin bath that shortens the NV spin dephasing time. As

another example, increasing the optical excitation intensity can reduce the time required for spin initial-

ization and increase the detected PL rate. However, it can also ionize the sensing NV− state into NV0,

reducing the effective NV− density through a change in the NV charge-state fraction and reducing the

observed spin-readout contrast. The interrogated sensing volume also changes the strain inhomogene-

ity experienced by the selected NV ensemble. Thus, a material that exhibits low strain variation in

a confocal-scale measurement may show greater inhomogeneous broadening when used over a much

larger sensing area. Therefore, engineering a diamond sample requires a broader understanding of the

causal relationships among the relevant NV sensing properties.

Over time, diamond material engineering has identified several broadly beneficial techniques as

well as key material-engineering parameters. For the former, 12C isotopic enrichment can suppress

dephasing from the residual 13C nuclear spin bath, while controlled CVD growth and careful substrate

selection can reduce strain inhomogeneity. Careful choice of irradiation and annealing parameters can

also increase the NV concentration without introducing deleterious charge-stability issues. Among

the latter, the concentration of neutral substitutional nitrogen, [N0
s ], plays a particularly central role
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because it strongly affects NV density, NV− charge-state fraction, and the nitrogen spin bath that often

limits ensemble T ∗
2 .

Previous material studies identified a nitrogen concentration of roughly 1–10 ppm as a favorable

regime, balancing NV density and coherence time for ensemble magnetic sensing [57, 58]. This

guidance was largely based on a simplified sensitivity metric, expressed as

η ∝ 1√
[N0

s ]T
∗
2

. (4.1)

Here, [N0
s ] is used rather than the NV concentration because the achievable NV density scales with

the available substitutional nitrogen concentration. However, this metric does not adequately capture

the experimental overhead associated with NV spin initialization and readout. Such overhead is par-

ticularly important for pulsed magnetometry protocols, where optical initialization, microwave spin

manipulation, and optical readout are required and temporally separated from the free-precession in-

terval during which active sensing occurs. Including a finite initialization-and-readout overhead in the

sensitivity estimate shifts the preferred nitrogen concentration toward lower values. For example, as

shown in Figure 4.1, assuming nitrogen-spin-bath-limited dephasing times and comparable values of

other sensing parameters, including contrast and effective NV− density, a low-nitrogen diamond with

[N0
s ] ≈ 0.8 ppm is predicted to provide a nearly threefold sensitivity improvement over a previously

characterized higher-nitrogen diamond with [N0
s ] ≈ 14 ppm when the overhead time is approximately

10 µs. The development of lower-nitrogen diamond samples therefore enables an experimental test of

whether the long coherence, increased sensing duty cycle advantage predicted can be realized in prac-

tice once material strain, NV charge-state behavior, spin-readout contrast, and optical initialization

overhead are taken into account.
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In this chapter, I describe the synthesis and characterization of low-[N0
s ] CVD diamond designed

for pulsed NV ensemble magnetometry, with emphasis on Ramsey-based dc and broadband magnetic-

field sensing. Low-strain CVD growth, 12C isotopic enrichment, and controlled electron irradiation

and annealing are used to produce NV-enriched diamonds with [N0
s ] ≈ 0.8 ppm. I first present the

characterization of nitrogen concentration, birefringence, and post-treatment NV concentration for

a cohort of diamonds produced in a common growth run. I then examine the achieved NV spin-

dephasing time at the confocal scale, together with the strain variation as a function of sensor size

and its implications for bulk magnetic-sensing performance. The NV spin-state contrast, initialization

time, and charge-state fraction are then measured as functions of optical excitation intensity.

Table 4.1 summarizes the principal parameters characterized in this chapter and their relevance

to practical pulsed magnetometry. This overview is intended to make the central material and protocol

tradeoffs visible before the detailed characterization, since diamond material engineering can other-

wise become highly specialized and obscure the connection between individual measurements and

magnetic sensitivity.

4.2 Methods for sample synthesis and characterization

4.2.1 Key equations and parameters relevant to sensitivity

The photon shot-noise-limited magnetic sensitivity of an NV ensemble Ramsey-based DC mag-

netometry protocol is given by:

ηphoton-shot
Ramsey =

1

∆msγe

1√
Nτ

1

e−(τ/T ∗
2 )

p

√
1 +

1

C2navg

√
τ + tO
τ

, (4.2)
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Table 4.1: Principal material and measurement parameters characterized in this chapter,
together with their relevance to practical pulsed Ramsey magnetometry.

Parameter
characterized

Why it matters for pulsed Ramsey
sensitivity

How it is treated in this chapter

Substitutional
nitrogen
concentration, [N0

s ]

Sets a central tradeoff: higher nitrogen
can support greater NV creation and
stabilize NV−, but also creates a stronger
paramagnetic spin bath that shortens T ∗

2 .

Measured across a cohort of
low-nitrogen CVD diamonds to establish
the material regime and growth
reproducibility.

Post-treatment NV
concentration and
charge fraction,
[NV] and ψ

The effective density of sensing centers
is [NV−] = ψ[NV]. Both total NV
density and the fraction remaining in the
NV− charge state affect PL signal and
contrast.

Total NV concentration is estimated after
electron irradiation and annealing. The
charge fraction ψ is measured as a
function of optical excitation intensity.

12C enrichment /
residual 13C

Suppresses dephasing from the 13C
nuclear-spin bath, which becomes
increasingly relevant when the nitrogen
spin bath is reduced.

Controlled through isotopically enriched
CVD growth and considered when
interpreting the measured T ∗

2 .

Strain
inhomogeneity, ∆

Spatial variation in strain broadens the
ensemble resonance and can limit T ∗

2 ,
particularly in large-area sensing.

Evaluated through birefringence imaging
and wide-field ODMR strain mapping.

Sensing area,
L2
sensor

A larger sensing area contains more NV
centers and can improve sensitivity, but
may also sample greater strain variation
and reduce the effective T ∗

2 .

Examined by evaluating ∆ over
progressively larger square sensor
regions with lateral dimension Lsensor.

NV spin-dephasing
time, T ∗

2

Sets the useful Ramsey free-precession
interval and therefore the fraction of
each measurement cycle spent actively
sensing the magnetic field.

Measured using confocal single-quantum
and double-quantum Ramsey protocols.

Optical excitation
intensity, I

Influences PL rate, spin initialization,
spin-readout contrast, and charge-state
conversion. Its optimum is therefore not
determined by PL brightness alone.

Varied systematically in measurements
of tI, C, and ψ.

Spin-readout
contrast and
initialization time,
C and tI

Contrast determines the magnetic signal
extracted from spin-dependent PL, while
initialization time contributes to pulsed
measurement overhead and reduces
sensing duty cycle.

Measured as functions of I .
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Figure 4.1: (a) NV ensemble DC magnetic field sensitivity estimated using the simplified
metric 1/η̃ =

√
[N0

s ]× T ∗
2 , assuming spin-bath-limited T ∗

2 and 99.995% isotopic enrich-
ment of 12C. Corrections accounting for experimental overhead time (tO) are included by
multiplying with 1/

√
(T ∗

2 + tO)/T ∗
2 (cf. Eq. 4.2). With zero overhead (blue line), sensi-

tivity plateaus for [N0
s ] ≳ 1 ppm. However, incorporating an overhead of 10µ s, typical in

pulsed Ramsey protocols, shifts the optimal [N0
s ] towards lower values (red line). A pre-

liminary comparison between the current low-[N0
s ] samples (∼ 0.8 ppm) and a previously

characterized high-[N0
s ] sample (∼ 14 ppm suggests a nearly threefold sensitivity improve-

ment. (b) Estimated optimal nitrogen concentration, and sensitivity improvement between
0.8 ppm and 14 ppm samples as functions of overhead time (tO).
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where ∆ms denotes the spin-state transition (1 for single-quantum and 2 for double-quantum transi-

tions [19]), γe is the electron gyromagnetic ratio, N is the total number of NV− contributing to the

measurement, τ is the spin free-precession time during sensing, T ∗
2 and p characterize the NV spin de-

phasing time and Ramsey decay envelope shape, C is the NV spin-state-dependent photoluminescence

(PL) measurement contrast, navg is the average PL photon number detected per NV− per measurement,

and tO is the total experimental overhead time including initialization and readout.

T ∗
2 for an NV ensemble can be expressed as the inverse sum of several common dephasing

mechanisms [1, 57]:

1

T ∗
2

=
1

T ∗
2,[N0

s ]

+
1

T ∗
2,[13C]

+
1

T ∗
2,NV-NV

+
1

T ∗
2, strain

+
1

T ∗
2,bias

. (4.3)

The first two terms represent the spin-bath noise from substitutional nitrogen and residual 13C in the

diamond lattice, with their contributions scaling directly with respective concentrations. The third

term accounts for NV–NV dipolar interactions, which can be significant in high NV density samples

created by irradiation and annealing. The last two terms account for spatial variation (inhomogeneity)

in lattice strain and the applied bias magnetic field. Quantification of [N0
s ], [NV], 13C content, and

strain is therefore essential for confirming whether a given diamond sample achieves spin-bath-limited

dephasing.

The NV optical excitation intensity further affects the photon-shot-noise-limited sensitivity by

modifying the NV− charge fraction, and hence the effective number of sensors N . Since NV− and

NV0 have overlapping emission spectra and different PL brightness, both the measurement contrast

(C) and detected photon number per NV− (navg) vary with excitation laser intensity. Additionally, the

experimental overhead time tO, which includes NV spin initialization and readout, also depends on
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optical NV excitation intensity. Therefore, in addition to measuring T ∗
2 , it is important to characterize

these parameters as functions of excitation intensity to enable a complete sensitivity assessment.

4.2.2 Diamond synthesis and treatment

The diamond samples studied here were grown by Element Six on diamond substrates using

microwave-plasma-assisted chemical vapor deposition (CVD). Nitrogen-doped CVD diamond can ex-

hibit an increased fraction of positively charged substitutional nitrogen, [N+
s ], which is associated with

undesirable brown coloration. This coloration increases absorption of both the excitation light and NV

PL, and is correlated with elevated concentrations of vacancy-related paramagnetic defects [120–123]

and hydrogen-related defects [124, 125]. To mitigate these effects while achieving a homogeneous

nitrogen distribution with [N0
s ] ≈ 1 ppm, key synthesis parameters—including substrate temperature,

the CH4/H2 ratio, and the N2 concentration—were carefully selected according to methods described

elsewhere [58]. Methane sources isotopically enriched with 12C (> 99.99%) were also used. Depo-

sition conditions were maintained throughout the growth run to avoid the formation of non-epitaxial

crystallites on the primary growth surface. Twinning near the sample edges was likewise minimized

to preserve usable area in the final processed plates.

Its worth noting that the crucial physical parameters that governs CVD diamond synthesis in-

clude the density of surface radical sites, the rate of CH x addition relative to etching by H atoms, and

the near-surface NH x (or CN)/CH x ratio [58]. The mapping of CVD process conditions (such as

power, gas flows, and surface temperature) to these parameters is dependent on the specific CVD reac-

tor design [14, 58, 126]. For the diamonds studied here, Element Six’s proprietary and non-disclosed

reactor design is used; and therefore it is not possible to generalize for users of other reactor platforms.
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Crystal strain in CVD-grown diamond layers is strongly influenced by the dislocation density,

and dislocations typically propagate along the growth direction [16, 127]. Key sources of dislocations

include those nucleated at the substrate–growth interface due to substrate polishing damage, and dis-

locations threading from the substrate into newly grown layers. Additionally, mismatches in nitrogen

concentration between the substrate and growth layers can induce bulk stress due to lattice mismatch

[128]. Thus, careful selection and preparation of substrates is critical.

The substrates were low-nitrogen CVD single-crystal diamonds with [N0
s ] ≤ 1 ppm, closely

matching the nitrogen concentration of the intended growth layer (∼ 0.8 ppm). They were selected

for low birefringence, indicating a low density of dislocations likely to propagate into the new growth

layer. The substrates had typical dimensions of approximately 3.5×3.5×0.3 mm3, with mechanically

polished {100} surfaces prepared using standard scaife techniques [129, 130]. After approximately

1.2 mm of growth, the CVD layers were laser sliced from the substrates. Only the central 3× 3 mm2

region was retained to avoid dislocations propagating from the substrate edges.

Following processing, electron irradiation and annealing were performed to convert grown-in

[N0
s ] defects into NV centers. Samples were irradiated using a 1.5 MeV electron beam at an estimated

dose of ∼ 4.8×1017 cm−2, targeting approximately 50% N0
s -to-NV conversion rate. This target was

selected to maximize NV PL without introducing an excessive population of residual vacancies that

are not converted into NV centers and could negatively affect NV− charge stability and coherence

time [131]. Annealing followed a previously established temperature-ramp profile, with a final hold at

1200 ◦C for 2 h [58].
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4.2.3 NV-based wide-field strain mapping

Strain variations across each NV-diamond sample are mapped using CW-ODMR in a wide-

field imaging configuration, as previously described in Ref. [132]. Briefly, a 532 nm laser beam

(∼ 1 W) illuminates the diamond at a shallow incidence angle. Before reaching the diamond, a 30 mm

focal-length cylindrical lens shapes the laser beam into an elliptical profile, measuring ∼ 10mm by

∼ 700µm, ensuring uniform illumination across the diamond. NV PL is collected using a 0.1NA, 4×

objective and imaged onto a camera.

A bias magnetic field ∼ 50G is applied to the NV-diamond sample under study using a pair of

permanent magnets, with the field oriented such that spin resonances from all four NV orientations in

the diamond lattice are resolved. This configuration allows extraction of the NV spin-strain coupling

terms (Mz) following the method described in [11]. Microwaves are delivered to the sample using a

loop-gap resonator [133]. Pixel-by-pixel fitting of the NV Hamiltonian to the CW-ODMR spectra is

performed using GPU-accelerated fitting [134], generating full-diamond strain maps.

4.2.4 Confocal-level characterization of NV spin and charge properties

NV spin-dephasing times (T ∗
2 ), charge-state fractions, PL contrast, and experimental overhead

associated with spin initialization and readout are measured using a custom-built confocal setup. These

measurements are performed as functions of the optical NV excitation intensity.

To achieve relatively uniform optical excitation over the selected NV ensemble, the 532 nm laser

beam is focused to a waist diameter of ∼ 15 µm by underfilling a 0.75-NA, 20× objective. A pinhole

in the detection path restricts PL collection to a smaller central region, with an approximate diameter of

6 µm and depth of 10 µm. The optical intensity at the diamond surface is determined from the average
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intensity within this restricted collection volume and is varied controllably from approximately 10−3

to 101 mW/µm2.

Microwave pulses for NV spin-state manipulation are delivered using a coaxial loop positioned

near the diamond surface, producing Rabi frequencies of approximately 5 MHz. A bias magnetic field

of approximately 20 G is aligned along a single NV crystallographic axis and optimized to minimize

magnetic-field inhomogeneity within the probed region, similar to the approach in Ref. [57].

For NV charge-state determination, PL emission is collected through a multimode optical fiber

coupled to a spectrometer. Recorded emission spectra are decomposed into NV− and NV0 spectral

profiles [135]. NV− charge fractions are then quantified using the intensity ratio between NV− and

NV0 PL [113].

4.3 Birefringence and nitrogen concentration of synthesized diamonds

We first characterize ten low-[N0
s ] diamonds grown in a single synthesis run, prior to electron

irradiation and annealing. Measurements of [N0
s ] obtained from UV–Vis absorption [58] yield values

between 0.73 and 0.88 ppm. Optical birefringence imaging at a wavelength of 590 nm, performed

using the methods described in [128, 136], gives average birefringence values, ∆n, ranging from

2.6 × 10−6 to 5.2 × 10−6 across the sample cohort [Fig. 4.2]. These values indicate generally good

strain homogeneity among the synthesized diamonds [128]. Following irradiation and annealing, the

NV concentration in each sample increases to approximately 0.39(2) ppm, as measured by UV–Vis

absorption [58].

For subsequent characterizations (described below and in the Appendix C.1) we focus on sam-

ple 10 This sample contains spatially restricted regions with relatively higher birefringence compared
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with the other diamonds from this growth run, which therefore allows examination of both the typi-

cal behavior of the low-[N0
s ] material, measured away from the higher-birefringence regions, and the

more unfavorable influence of strain on NV spin dephasing and sensing performance within those

regions. The high-strain pattern is indicative of dislocation bundles, most likely originating from

residual damage due to mechanical polishing of the CVD substrates, rather than from the underlying

bulk dislocation content of the substrates. If further strain reduction is required, alternative polishing

techniques and enhanced substrate characterization for subsurface damage can be implemented [137].

The main factors governing NV ensemble Ramsey dephasing time (T ∗
2 ) – namely nitrogen and 13C

concentrations and strain uniformity – are well established [1, 57, 58], allowing reliable estimation of

T ∗
2 from these parameters. The diamonds grown in the same synthesis run exhibit closely matched

birefringence and nitrogen concentrations, indicating good sample-to-sample reproducibility.

4.4 NV spin dephasing time and strain contribution

Confocal Ramsey measurements of the single-quantum (SQ) NV ensemble spin dephasing time

at three representative low-birefringence locations within sample 10 (Fig. 4.3(a,b)) yield an average

value T ∗
2,SQ = 17.5 ± 1.0µs (an additional high-birefringence location measurement is shown in the

Appendix C.1). These results are only slightly smaller than the theoretical spin-bath-limited value

of approximately 20µs, consistent with NV ensemble spin dephasing in the low-[N0
s ] diamond sam-

ples being primarily limited by intrinsic nitrogen spin-bath interactions (see Appendix C.2). Achieving

T ∗
2,SQ values near the spin-bath limit – without using double-quantum techniques as in [57] – is enabled

by improved strain control during CVD growth, including the use of low-dislocation CVD substrates

instead of HPHT substrates and the growth optimizations described in Section 4.2.2. Similar measure-
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Sample 6 Sample 7 Sample 8 Sample 9 Sample 10

B

5.4×10-5

Mag. (area A)

7×10-5
Birefringence

0

6.4×10-5

Mag. (area B)

A

Figure 4.2: Optical birefringence images of ten low-[N0
s ] diamond samples from a single

CVD synthesis run, prior to irradiation and annealing. Sample 10, exhibiting the strongest
birefringence features, is selected for subsequent NV-based measurements after irradiation
and annealing. Magnified views are shown of two regions of sample 10 with higher levels
of birefringence (labeled A and B), with example values of high birefringence indicated.
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a) b)

1
3

Figure 4.3: Single-quantum (SQ) Ramsey measurements on diamond sample 10, far from
the high birefringence regions. (a) Ramsey measurements performed at three representa-
tive locations of low strain, overlaid on the birefringence image from Fig. 4.2. (b) En-
semble NV spin dephasing at location 2. Here the microwave frequency is detuned from
the center of the hyperfine-split NV spin transitions, allowing the decay envelope to be
separated from hyperfine-induced beating. The extracted ensemble NV dephasing time is
T ∗
2,SQ = 17.7(4)µs.

ments on a previously studied higher-[N0
s ] (∼ 14 ppm) diamond sample [58] yield T ∗

2,SQ ≈ 1µs.

Figure 4.4(a) shows the strain-induced frequency shifts, Mz, of the NV spin resonances mea-

sured across sample 10 for one NV crystallographic orientation. Corresponding maps for all four

NV orientations are provided in Appendix C.3. The distribution of these frequency shifts provides a

quantitative estimate of the strain-limited NV electronic spin-dephasing time [1],

T ∗
2,strain = (π∆)−1 , (4.4)

where ∆ is the full width at half maximum (FWHM) of the strain-shift distribution. Histogram analysis

of strain across the full diamond [Fig. 4.4(c)] yields ∆ ≈ 31 kHz, corresponding to T ∗
2,strain ≈ 10 µs.

These wide-field measurements include strain variation through the full sample thickness, approxi-

mately 500 µm for the diamonds studied here, and across the full lateral extent of the diamond. This

thickness is roughly five times greater than that of the strain-imaged higher- [N0
s ] diamond studied in
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Ref. [58]. The full-diamond measurement therefore overestimates the strain contribution relevant to

smaller sensing volumes. For example, histogram analysis within a smaller low-birefringence region

of sample 10, with an approximate diameter of 500 µm, yields a narrower linewidth of ∆ ≈ 15 kHz

and therefore T ∗
2,strain ≈ 20 µs [Fig. 4.4(b,d)]. This result indicates substantially reduced strain in-

homogeneity in a smaller sensing region. Extrapolating to the much smaller volume probed by the

confocal measurements suggests a further order-of-magnitude reduction in strain inhomogeneity, such

that strain makes only a modest contribution to the measured confocal T ∗
2,SQ. At lower nitrogen con-

centration, the spin-bath limit occurs on a longer timescale, making good strain homogeneity essential

for reaching that limit. The present results confirm that this condition is satisfied in the low-[N0
s ]

diamond studied here.

To evaluate the feasibility of scaling sensor size for bulk NV magnetometry, we analyze how

strain-induced linewidth broadening changes with the lateral sensing dimension, Lsensor. We partition

the wide-field strain map shown in Fig. 4.4(a) into square sub-regions with areas ranging from approx-

imately 30 µm2 to 3000 µm2, and compute the strain-induced frequency-shift distribution within each

sub-region, as illustrated in Fig. 4.4(c,d). We find that the median FWHM of these distributions, ∆,

varies by only approximately a factor of three over this range (Fig. 4.5(a)), indicating modest strain

heterogeneity over large length scales within the diamond sample.

To illustrate how size-dependent strain-induced dephasing affects NV ensemble sensor perfor-

mance, we compute an effective Ramsey DC magnetometry sensitivity metric, (T ∗
2,eff × Lsensor)

−1,

where T ∗
2,eff is calculated from Eq. 4.3 using the median ∆ associated with each sensor size. The

∝ L−1
sensor comes from the following: assuming a constant sensor thickness across the diamond sample,

the sensing volume, and therefore the number of interrogated NV centers, scales as L2
sensor. In the ideal

case where increasing Lsensor does not introduce additional ensemble dephasing, the effective sensitiv-
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Figure 4.4: Wide-field imaging of diamond strain for sample 10. (a, b) Spatial maps of
strain-induced frequency shifts in NV spin transitions across the entire diamond sample
and within a selected sub-area. Strain fields shown are projections onto one NV crystallo-
graphic orientation. Each spatial map is mean-subtracted so that the global average is zero,
emphasizing relative strain variations relevant to NV spin dephasing. (c, d) Histogram dis-
tributions of the strain-induced frequency shifts extracted from the maps in (a) and (b),
respectively. Lorentzian fits to the histograms are also shown, from which linewidths
(FWHM) ∆ are determined.
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ity metric should therefore scale inversely with Lsensor. Regarding the inverse linear relationship with

dephasing time T ∗
2 : for photon-shot-noise-limited Ramsey-based DC magnetic sensing for an NV en-

semble, optimal sensitivity typically occurs when the NV spin free-precession time (τ ) is close to the

spin dephasing time T ∗
2 (i.e., τ ≈ T ∗

2 ) [1]. Consequently, the relationship between sensitivity (η) and

spin dephasing time can be approximated as:

η ∝
√
T ∗
2 + tO

T ∗
2

, (4.5)

In the limit of large experimental overhead time (tO ≫ T ∗
2 ), sensitivity scales inversely with dephasing

time (η ∝ 1/T ∗
2 ). Conversely, when overhead time is negligible (tO ≪ T ∗

2 ), sensitivity scales with the

inverse square root of dephasing time (η ∝ 1/
√
T ∗
2 ). Thus, when evaluating the impact of spatially

varying diamond strain on sensitivity through its effect on spin dephasing time, the most conservative

scenario is considered.

The observed near-inverse-linear scaling of this metric for sample 10 (Fig. 4.5(b)) indicates

that Ramsey T ∗
2 is only weakly reduced as the sensing region is increased over the measured length

scales. This result suggests that increasing sensor size remains a viable strategy for improving bulk

NV magnetometry using this low-[N0
s ] diamond material.

4.5 Photoluminescence contrast and overhead time

We characterize the NV photoluminescence (PL) spin-state contrast, C, and spin-initialization

time, tI , as functions of optical excitation intensity. Figure 4.6(a) illustrates the protocol used to

measure the PL contrast and NV spin-polarization dynamics. After initializing the NV spins into

either ms = 0 or ms = −1, the delay time, tdelay, before spin-state readout is varied. The PL contrast
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Figure 4.5: (a) Lorentzian-fitted FWHM (∆) of strain-induced frequency shifts as a func-
tion of sensor size Lsensor for sample 10. Sensor size is systematically varied by partitioning
the full-diamond strain map (Fig. 4.4(a)) into smaller square sub-regions. Statistical analy-
sis of ∆ across sub-regions is presented, including minimum and median values. When
more than five sub-regions are available, interquartile ranges are included: 25-75% (ver-
tical solid lines) and 10-90% (vertical dotted lines). (b) Scaling of effective Ramsey DC
magnetometry sensitivity metric with increasing sensor size. In the ideal scenario, where
increasing the sensing volume introduces no additional NV ensemble dephasing – and
thus no reduction in Ramsey T ∗

2 – the sensitivity metric scales inversely with sensor size.
Here, fitting a power-law function to the effective sensitivity metric vs. Lsensor yields nearly
inverse linear scaling behavior, indicating minimal strain limitation on the Ramsey dephas-
ing time for bulk NV ensemble sensing using the present low-[N0

s ] diamonds. The overall
low-strain effect of these diamonds applies even to sample 10 with its isolated regions of
relatively high strain.
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initially reaches a maximum and then decreases as the NV spins repolarize toward ms = 0. This

behavior allows both C and tI to be extracted from a single measurement (Fig. 4.6(b,c)).

To validate the experimental calibration of laser power to incident optical excitation intensity

for the measured NV ensemble, we simulate NV spin polarization dynamics using a five-level photo-

physics model [43]. The NV electronic and spin energy levels included in the simulation are illustrated

schematically in Fig. 4.7. The spin-conserving radiative decay rate is set to Γ = 0.67µs−1 [43]. Tran-

sitions between excited and singlet states, as well as subsequent transitions to the ground state, are

characterized by decay rates given by κijΓ, where i, j denote the initial and final states, respectively.

The optical excitation rate from the ground to the excited state is modeled as sΓ, with saturation para-

meter s = I/Isat, where I is the laser intensity and Isat is the NV saturation intensity. The saturation

intensity is taken to be approximately 1− 3mW/µm2 [1], providing bounds for our simulations. The

rate-constant prefactors κ used in the model are averaged from experimental values summarized in

Ref. [43]: κ45 = 1, κ35 = 1/7, κ52 = 1/50, κ51 = 1/25.

For the experimental measurement protocol described in the Figure 4.6, we simulate NV spin

population dynamics starting from the initial states ms = 0 and ms = ±1. The following system of

coupled first-order differential equations describes the population ni of each of the five modeled NV
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Figure 4.6: NV spin polarization dynamics, initialization time, and PL contrast as func-
tions of laser excitation intensity. (a) Measured NV spin polarization dynamics and
schematic measurement protocol (inset). A 1-ms laser pulse (not shown) initializes the
NV ensemble into the ms = 0 state prior to a microwave (MW) π pulse that initializes the
NV ensemble intoms = −1. A laser pulse then begins to repolarize the NV spins, with PL
readout (Sig) acquired after a delay time tdelay. The measurement protocol is then repeated
without the MW π pulse, and a reference PL measurement (Ref) is acquired. Example PL
contrast measurement (Sig/Ref) at a laser intensity of 0.24 mW/µm2, shown as a function
of tdelay. Spin initialization time tI (green cross) is extracted by fitting an exponential decay
to the PL contrast data following its peak; we set tI as the delay at which contrast decays
to 1/e3 of its peak value, corresponding to repolarization of ∼ 95% of the ensemble NV
spins. With this measurement protocol, the readout time is included in the reported initial-
ization time. (b) Measured NV initialization time (tI) as a function of laser intensity. The
shaded blue region represents the range of initialization times predicted based on a five-
level model of NV photophysics, with saturation intensities of 1 mW/µm2 and 3 mW/µm2

used to produce the lower and upper bounds, respectively. (c) Measured peak PL contrast
for low- and high-[N0

s ] diamonds as a function of laser intensity.
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Figure 4.7: Schematic of the simplified five-level NV photophysics model used in spin
polarization dynamics simulations.

states:

dn1/dt = Γ(−sn1(t) + n3(t) + κ51n5(t))

dn2/dt = Γ(−sn2(t) + n4(t) + κ52n5(t))

dn3/dt = Γ(sn1(t)− (1 + κ35)n3(t))

dn4/dt = Γ(sn2(t)− (1 + κ45)n4(t))

dn5/dt = Γ(κ35n3(t) + κ45n4(t)− (κ51 + κ52)n5(t)).

(4.6)

The simulated PL emission rate is calculated as:

R(t) = Γ(n3(t) + n4(t)), (4.7)
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and is further processed by a low-pass filter (4th-order Butterworth with -3dB cutoff at 1.7 MHz) to

mimic the effect of data acquisition hardware used experimentally (NI DAQ USB-6363).

The stimulated PL contrast is determined by normalizing the PL trace for spins initialized in the

ms = ±1 state by the PL for spins initialized in the ms = 0 state. An exponential fit is applied to

the PL contrast decay, with the initialization time (tI) defined as the delay time (tdelay) at which the

contrast decays to 1/e3 of its peak value, consistent with the employed experimental approach.

Simulated initialization times (tI) closely match experimental data across a wide range of optical

intensities (Fig. 4.6(b)), confirming accurate calibration of illumination conditions within the probed

region.

4.6 NV charge state fraction

The observed degradation of PL contrast at higher optical excitation intensities (Fig. 4.6(c)) is

primarily attributed to increased ionization of NV− centers [138, 139]. This process increases the frac-

tion of NV0 and its associated background PL. A similar reduction in contrast at high optical intensity

is observed in the higher-[N0
s ] (∼ 14 ppm) diamond sample. However, this effect is partially mitigated

in the higher-nitrogen material because the increased concentration of nitrogen donors helps stabilize

the NV− charge state. Direct measurements of the NV− charge-state fraction, ϕ, are performed using

PL emission-spectrum decomposition [113, 135]. As shown in Fig. 4.8, the measured NV− fraction

decreases with increasing optical excitation intensity. The charge-state measurement is limited to in-

tensities below approximately 10−1 mW/µm2, where the relative PL contributions from NV0 and

NV− can be reliably determined below optical saturation conditions [113]. The measured charge frac-

tion also shows that the low-[N0
s ] diamond has a substantially lower NV− fraction than the higher-[N0

s ]

97



reference diamond (Fig. 4.8). However, the NV0 PL emission is approximately 2.5× dimmer than

that of NV− under typical optical excitation conditions [113]. In addition, the spectral filtering used

in the present NV measurements, which transmits PL above 647 nm, further suppresses the detected

contribution from NV0. The reduced NV− fraction therefore affects the effective density of sensing

centers more strongly than it contributes background PL to the observed NV spin-state contrast.

Figure 4.8: Experimentally-determined NV charge-state fraction ψ, defined as
[NV−]/([NV−]+[NV0]), as a function of laser intensity for both low- and high-[N0

s ] di-
amond samples. NV PL spectra used for decomposition analysis (see the main text) are
collected using a 550 nm long-pass filter.
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4.7 Discussion

The availability of low-[N0
s ], NV-enriched, and 12C-enriched diamond material with good strain

homogeneity expands the material options available for NV ensemble sensing. In particular, our sys-

tematic characterization of NV spin dephasing, optical contrast, initialization dynamics, and charge-

state behavior in both the low- and high- [N0
s ] samples makes it possible to compare their expected

photon-shot-noise-limited DC magnetic-field sensitivities over a range of optical excitation intensi-

ties.

Figure 4.9 summarizes volume-normalized DC sensitivity estimates for the two diamond types.

In this comparison, the total number of sensing NV− centers, N in Eq. 4.2, is expressed through the

corresponding NV− concentration, [NV−]. At moderate and low optical excitation intensities, below

∼ 0.03 mW/µm2, the low-[N0
s ] sample exhibits better (i.e., smaller) estimated sensitivity compared to

the high-[N0
s ] sample, despite its lower NV density and reduced NV− charge fraction. The main advan-

tage comes from the substantially longer NV spin-dephasing time, T ∗
2 , which increases the fraction of

each pulsed measurement spent in the active sensing interval when initialization and readout overhead

are appreciable. At higher optical excitation intensities, faster initialization reduces this duty-cycle

advantage, making differences in the NV− charge fraction and effective sensing-spin density then

become increasingly important in determining the estimated sensitivity.

Double-quantum (DQ) Ramsey protocols can typically further improve DC magnetic-field sen-

sitivity by doubling the effective gyromagnetic ratio (∆ms = 2 in Eq. 4.2) and suppressing common-

mode strain-induced dephasing [13]. However, in diamond samples with good strain homogeneity,a

such as the low-[N0
s ] diamond studied here, or in sufficiently small sensing volumes where strain vari-

ation is limited, the advantages of DQ sensing strongly depend on the relationship between the spin
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dephasing time (T ∗
2 ) and experimental overhead time (tO). Due to increased sensitivity to spin-bath

noise, DQ dephasing times are typically about half those of single-quantum (SQ) protocols. The DQ

protocol is therefore most favorable when the coherence time approaches or exceeds the optical over-

head time, T ∗
2 ≳ tO, where sensitivity depends sublinearly on T ∗

2 while retaining a linear benefit from

the doubled magnetic response. This criterion can be readily satisfied by low-[N0
s ] diamonds, whereas

the shorter dephasing times (≲ 1µs) characteristic of higher-[N0
s ] diamonds typically result in linear

scaling of sensitivity with T ∗
2 .

Our comprehensive assessment of NV PL contrast, charge fraction, spin dephasing time, and

photon-shot-noise-limited sensitivity provides guidance to the community in selecting suitable NV-

diamond materials for specific sensing applications and operational regimes. In particular, the pro-

jected sensitivity advantage of low-[N0
s ] diamond at moderate-to-low optical intensity makes it at-

tractive for sensing applications constrained by size, weight, power, and cost (SWaP-C), as well as

for biological measurements where reducing intense green illumination can help limit phototoxicity

[140]. Additionally, the current limitations of low-[N0
s ] diamonds under high-intensity optical illumi-

nation motivate the continued need to optimize NV− charge-state stability in future diamond material

engineering efforts.
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Figure 4.9: Estimated volume-normalized photon shot-noise limited DC magnetic field
sensitivity for low- and high-[N0

s ] diamond samples as functions of optical excitation inten-
sity. We assume a photon emission rate of 30 kcps per single NV at 1 mW/µm2 illumination
intensity. Sensitivity-relevant parameters (see Eq. 4.2), including the Ramsey dephasing
times (T ∗

2 for both single- and double-quantum measurements), spin-state-dependent PL
contrast (C), and experimental overhead time (tO), are directly measured as functions of
laser intensity. Nitrogen concentration and NV charge-state fraction, experimentally de-
termined using the UV-Vis absorption method (Section 4.2.2), are used to estimate the
number of NV− centers contributing to sensing at a given laser intensity. The inset shows
the ratio of estimated sensitivity between high-[N0

s ] and low-[N0
s ] samples as a function of

optical excitation intensity, for SQ (solid) and DQ (dashed) Ramsey protocols, highlight-
ing the relative advantage of low-nitrogen material at moderate to low optical excitation
intensities.
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Chapter 5: Conclusions and Outlook

5.1 Summary of dissertation contributions

This dissertation explored methods to advance nitrogen-vacancy (NV) quantum sensors in dia-

mond in order to unlock more microscopic information across different applications. The three main

projects span high-speed and sensitive magnetic imaging, quantum readout of particle-induced damage

track, and diamond material engineering for improved magnetometry. Through these projects, I used a

combination of experimental demonstrations and modeling techniques to benchmark the performance

of NV systems and identify the limitations that must be further addressed to enable applications to

weaker or more demanding signals.

Chapter 2 developed the pulsed-Ramsey quantum diamond microscope (QDM) for dynamic

magnetic-field imaging. This project was primarily motivated by the need to combine advanced pulse-

sequence techniques with fast imaging capability, in order to benchmark the best magnetic sensitivity

performance using NV ensembles while enabling measurements of transient magnetic fields, such as

those from electrically active cells. I addressed the central challenge of integrating DQ 4-Ramsey

sensing, spin-bath driving, lock-in camera acquisition, and differential measurement methods into a

stable QDM platform capable of long-term averaging. The achieved volume-normalized sensitivity

≈ 25 nT · Hz−1/2 · µm3/2 represents state-of-the-art performance for NV magnetic imaging [141].

In addition, the demonstration of sub-millisecond temporal resolution and picotesla-scale magnetic-

field imaging represents a major advance for QDM development, moving beyond previous regimes of

seconds-scale temporal resolution and nanotesla-scale resolvable fields.

Chapter 3 used NV centers in a role different from magnetic sensing. Here, NV centers func-
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tioned as optical reporters for localizing particle-induced damage tracks in diamond, as model bench-

marks for defect evolution during annealing, and potentially as nanoscale probes of the final track

morphology. The key motivation was to experimentally advance a previous proposal for using NV

quantum diamond as a directional dark-matter and rare-event detector [24]. I co-led the experimental

study of single carbon-ion implantation into HPHT diamond. I performed the NV yield measurements

and analysis, and developed an implantation-to-annealing simulation pipeline for NV yield model-

ing. I also interpreted the physical implications of DFT results from co-authors and developed a

correction model that brought the simulation into close agreement with experiment, crucially without

free-parameter fitting. Using this experimentally grounded simulation pipeline, I showed that head-

tail directional information is retained after annealing and co-developed machine-learning methods to

improve directional-information recovery. I further showed that the implantation-created NV centers

have spin coherence compatible with future nanoscale imaging. These results are useful not only for

understanding which techniques could constitute a multiscale directional detector readout pipeline, but

also for providing atomic-scale defect distributions as a starting point for modeling other damage-track

properties, such as crystal strain.

Chapter 4 examined a new quantum diamond material developed in collaboration with Element

Six. The motivation was to improve our understanding of how to synthesize quantum diamond with

favorable spin and material properties, and how different diamond materials compare in practical sens-

ing conditions. Magnetic sensitivity is determined not only by strain, NV density, and spin coherence

time, but also by factors such as optical excitation intensity, which affects PL rate, spin contrast, NV

charge state, and initialization time. Low-nitrogen, 12C-enriched CVD diamonds were synthesized and

characterized, showing long ensemble spin-dephasing times T ∗
2 near the nitrogen-spin-bath limit, even

for single-quantum Ramsey measurements. This result indicates good control of strain homogeneity in
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the material. Measurements of charge-state fraction, PL contrast, and initialization overhead as func-

tions of optical intensity were then combined to estimate practical photon-shot-noise-limited Ramsey

sensitivity for both the new low-nitrogen diamond and previously developed higher-nitrogen diamond

samples. This study showed that low-nitrogen diamond can be advantageous for pulsed magnetometry

under moderate-to-low optical excitation, as expected from the increased sensing duty cycle. At the

same time, charge-state stability at high optical intensity remains an important practical limitation,

where higher-nitrogen diamond retains an advantage.

In the following outlook sections, I consider the implications of the results achieved in this

dissertation for biological magnetic-field imaging and for NV-based reconstruction of damage tracks

toward directional rare-event detection.

5.2 Outlook for biomagnetic-field imaging

5.2.1 Prospects for biomineralization and electrically active cell imaging

There are several canonical biological magnetic targets that motivate the development of broad-

band DC magnetic-field imagers. These sources are often magnetic particles, either synthetic particles

that bind to biological targets or magnetic structures that are directly biosynthesized by cells. In addi-

tion, action potentials that propagate through electrically active cells are also of interest. In particular,

the ability of a QDM to noninvasively resolve current flow in a coupled cellular network has been

a long-standing motivation for developing more sensitive diamond magnetic imagers [51]. Below, I

consider how the dynamic QDM developed in Chapter 2 meets the requirements for these classes of

biological measurements.

A first example of potential interest is the study of iron-loaded bacterial encapsulin compart-
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ments expressed in genetically engineered mammalian cells [65]. Magnetization in such 30 nm-

diameter shell structures has been shown to produce useful T2 contrast in MRI, and further cellular

engineering to enhance iron loading and screen for superparamagnetism could support optimization of

such MRI contrast agents. The primary attractive feature of the QDM developed in this dissertation

is its ability to image picotesla-scale magnetic-field patterns. Assuming a volumetric magnetization

similar to that of commercial superparamagnetic iron-oxide nanoparticles [50], an engineered 30 nm-

diameter compartment is expected to produce a magnetic field of approximately 600 pT at a 10 µm

standoff, which could be resolved by the Ramsey-based QDM within a reasonable averaging time,

approximately 100 s of active signal acquisition. A remaining technical challenge is that the present

QDM relies on differential measurements to suppress slowly varying camera-pixel baseline drift. This

protocol is naturally suited to controllable current sources, where the magnetic signal can be reversed

or gated, but it is less directly applicable to static magnetic objects such as intracellular magnetic

particles. This is a technical limitation of the present imaging implementation rather than a funda-

mental physics limitation. Possible routes forward include improved stabilization and correction of

camera-pixel baselines, which is primarily an engineering issue specific to heliCam, and modulation

of the measurement geometry. For the latter approach, magnetic particle-containing cells could be

embedded on a sample holder that can be translated vertically relative to the diamond surface, thereby

converting a static magnetic field into a differential signal. I have performed initial fabrication val-

idation of such sample holders designed to interface with the diamond sensor; additional details are

provided in Appendix D.

A second possible application idea for the Ramsey QDM is a high-throughput biomagnetism

screening tool, such as searches for biogenic magnetite particles related to vertebrate magnetoreception

[66] or population-based measurements. The localization of cells containing magnetite has been chal-
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lenging, as organism-scale volumes of candidate tissues need to be screened. Previous identification of

magnetite in salmon using magnetic force microscopy [67, 68] suggests an order-of-magnitude dipole

moment of 10−16 Am2. Assuming magnetite in other model animals has similar dipole moments, the

magnetic field magnitude immediately outside a 10 µm cell is expected to be tens of nanotesla, which

can be imaged by the present QDM with SNR ≈ 10 in a few minutes of signal averaging. We esti-

mate a tissue area magnetite screening rate of a few mm2 per hour using the present QDM, assuming

a 10 µm-thick tissue. Although these samples are again not naturally amenable to signal modula-

tion, the expected magnetic-field amplitude at a conservative standoff is already above the measured

non-differential spatial noise floor of about 2 nT. The QDM may therefore provide a useful tool for

screening candidate tissues or cell populations for rare, strongly magnetic biological inclusions before

more targeted nanoscale or single-cell characterization.

Beyond imaging of static magnetic fields, the Ramsey QDM’s capability to measure temporal

dynamics can benefit studies of electrically-active cells. For example, spatially resolved measure-

ments of electrical currents in cardiac tissue – via imaging of induced dynamic magnetic fields – could

inform biophysics modeling at the cellular level [142–144] or aid in pharmaceutical studies [145].

Previous measurements of the heart have recorded nanotesla-scale magnetic fields at > 100 µm stand-

off distances [54, 146]. As the NV sensing layer can be brought to few micrometer standoff distances

from live bio-samples [51], and externally controlled currents (≳ 1 µA) can be applied to cardiac tissue

[147], we expect the Ramsey-based QDM may find applications in mapping the microscopic electrical

properties of such tissue [73, 74].

The sub-millisecond time resolution of the present QDM is sufficient for mapping the dynamic

magnetic fields produced by neuronal action potential (AP) currents [75]. However, resolving the

expected ≲ 1 nT AP magnetic signal [76] with a ∼ 0.5 ms temporal resolution requires ≳ 4 k averages
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(≳ 2 day of wall-clock time) to reduce the spatial magnetic noise floor σspatial to ≲ 0.8 nT using 5× 5

pixel binning (∼ 10×10×10 µm3 sensing volume) with the present sensitivity and technical overhead

time. While repeated AP excitation of cultured neurons in vitro is feasible (continuous stimulation at

4 Hz over days has been reported [77]), the long experimental time poses a significant challenge. For

the QDM to become an attractive tool for this application, at least an order-of-magnitude improvement

in volume-normalized sensitivity is likely required.

5.2.2 Prospects for pollen tube studies

After the development of the dynamic QDM, I spent some time looking for biological systems

where magnetic imaging could provide information that is otherwise difficult to obtain with existing

methods. Prof. José Feijó of UMD introduced to me and my colleagues the idea of applying magnetic

imaging to growing pollen tubes. This remains an early-stage idea for the NV research community, but

it is a particularly interesting one because pollen tubes are robust plant cells and has large ionic fluxes

during rapid tip growth. I worked with Custódio de Oliveira Nunes from Prof. Feijó’s group to test

whether pollen grains could be integrated with the Ramsey QDM platform and whether germination

could proceed under experimental conditions involving laser illumination and microwave spin control.

These system-integration results are described in Appendix E. Here, I discuss why magnetic imaging

could be useful from a pollen-tube perspective, mostly written through the lens of a physicist trying to

understand the biological problem.

When a pollen grain germinates, it forms a thin tube that grows directionally to deliver sperm

cells to the female reproductive tissue; and pollen tubes are widely used as a model system for studying

apical growth and cell polarity. The dimensions and growth rate depend strongly on species. For exam-
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ple, Arabidopsis pollen tubes have diameters of approximately 5 µm, about two to three times smaller

than tobacco or lily pollen tubes [70]. On the other hand, lily pollen tubes can grow at 6− 10µm/min

[72], while Arabidopsis pollen tubes are typically smaller and slower [70]. From a bioelectric perspec-

tive, a key feature of pollen tubes is that ion channels and pumps are distributed in a spatially polarized

way along the tube, organizing large ionic fluxes [69]. A hypothesis of interest based on this picture is

that there could exist a cytosolic standing electric field along the tube.

The cytosolic electric field can be written as

Ecyt,x(x) = −∂ϕcyt(x)

∂x
, (5.1)

where ϕcyt is the electric potential inside the cell and x is the coordinate along the pollen tube. Directly

probing Ecyt or ϕcyt is challenging. For example, a microelectrode array requires penetrating the cell

wall, which can cause catastrophic bursting in growing pollen tubes because of their high internal pres-

sure. Extracellular bioelectric fields and ion currents around growing pollen tubes have been widely

observed, and recent work using voltage-sensitive dyes further measured a gradient of membrane po-

tential from the tip to the shank of the pollen tube [148]. However, a complete picture of the internal

electric-potential landscape and the associated cytosolic electric field has not yet been established.

Magnetic-based measurement could serve as a complementary approach by probing the ionic

currents associated with this bioelectric state. Earlier vibrating probe measurements demonstrated

that growing lily pollen tubes sustain a steady transcellular current – current leaves the pollen grain

and tube base and enters much of the growing tube of order a few hundred picoamperes [72]. These

measurements also found that the current can contain both a steady component and periodic pulses

superimposed on that baseline. However, the path of the internal return current was inferred from ex-
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tracellular measurements, thus not directly imaged. This leaves an important unresolved measurement

problem. In the previous picture [72], current may return through the cytoplasm over an extended re-

gion of the pollen tube.However, this interpretation has been questioned, since the spatial distribution

of ion transport activity may instead favor a more localized circuit in which net current enters near the

tip and returns or dissipates over the apical or subapical region, rather than along most of the shank

[149]. A spatially resolved magnetic image could directly test these hypotheses by mapping the net

ionic current distribution along the pollen tube. Ohm’s law,

Jcyt = σcytEcyt, (5.2)

then connects the measured current density to the underlying cytosolic electric field, once an effective

cytosolic conductivity is assumed. From an electrophysiological modeling perspective, the conductiv-

ity σcyt in the apical region and along the shank is itself an important missing quantity. However, this

parameter cannot be directly measured from magnetic-field imaging alone. High-spatial-resolution

magnetic measurements could also constrain the current distribution and potentially enable cross-

sectional current profiling, similar in spirit to NV imaging of current flow in graphene [46, 150].

These are the specific utilities I see that the QDM can bring to in this problem. In terms of

experimental feasibility, however, the measurement remains beyond the demonstrated sensitivity of the

Ramsey QDM developed in this thesis. The total transcellular current inferred in lily pollen tubes is

approximately 200 pA, whereas the smallest current resolved in Chapter 3 is approximately 9 nA. This

leaves a gap of roughly a factor of 50 in current sensitivity. In a recent discussion, Prof. Feijó noted that

such current estimates can depend sensitively on the measurement geometry: the use of a membrane

in the previous study introduces a finite standoff from the pollen-tube surface, and the membrane itself
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may also perturb the current path near the tip and shank [149]. These effects could change the inferred

current amplitude by an order-unity factor, possibly reducing the sensitivity gap by roughly a factor of

three. This highlights the value of direct experimental probing, though QDM imaging of pollen-tube

currents would still remain challenging. In the near term, mapping out the fuller opportunities of NV

magnetic imaging for pollen tube studies could itself be a useful vision statement for the quantum

and plant biology communities. In parallel, QDM development along the lines of improved magnetic

sensitivity, better low-frequency camera stability, and identifying biological conditions that enhance

the current signal would all be needed before the QDM can become a practical tool for pollen tube

bioelectricity.

5.3 Outlook for NV-based damage-track reconstruction

The simulation framework developed in Chapter 3 can be extended to assess the applicability of

NV-based directional detection in HPHT diamond at lower recoil energies. At 100 keV, we performed

annealing simulation for 84 tracks. The model predicts a mean of 13.8 ± 0.7 NV centers per track,

formed from an average of 217 initial vacancies, corresponding to a yield of ∼6%, similar to the

800 keV case. However, the reduced number of NV defects lowers head-tail discrimination efficiency

to 37% using the counting-based asymmetry metrics at ≲5% FPR. Applying the same ML analysis

improves the efficiency to 96% at the same FPR (see Fig. 5.1). At recoil energies of ∼10 keV, assuming

a similar yield ratio, an average of ∼4 NV centers is expected to form from ∼50 vacancies, making

directionality reconstruction based solely on NV positions challenging. Nevertheless, the NV PL

signal remains above background (≲ 2 NVs per confocal spot), enabling event localization at the

micron scale.
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These results suggest that a hybrid detection strategy will likely be required at lower recoil en-

ergies. While NV centers can provide an optical marker for event localization, a significant fraction

of vacancies remains after annealing as divacancies or higher-order vacancy clusters, while another

large fraction recombines with interstitials. In the simulations discussed in Chapter 3, approximately

40% of vacancies remain in vacancy-related defect clusters and approximately 50% recombine with

interstitials. The remaining vacancy-related defects can generate local strain fields that may be de-

tected using high-resolution X-ray diffraction techniques [151]. Based on a previous study [36], it is

estimated that for a typical 10 keV recoil, strain fields on the order of 2×10−4 can be generated within

∼30 nm of the damage track, which is within experimentally accessible limits. Accounting for va-

cancy recombination during annealing reduces this estimate by approximately a factor of two, but the

resulting strain fields remain measurable. More detailed modeling of strain fields from annealed defect

configurations will be required for quantitative predictions. Overall, these considerations indicate that

combining NV-based readout with nanoscale strain-based imaging provides a promising pathway for

investigating directional detection of low-energy recoil events.
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Figure 5.1: Cumulative plots of NV track classification using the counting-based asym-
metry metric and machine learning approach. Top row: cumulative distributions of the
asymmetry metric for 100 keV NV tracks. Bottom row: cumulative distributions of the
machine learning posterior probability for the same tracks. Shaded regions indicate inde-
terminate ranges chosen to give a ≲5% false positive rate. The machine learning model
trained on 20,000 100 keV vacancy tracks..
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Appendix A: Appendix for Dynamic QDM

This appendix is adapted from J. Tang, Z. Yin, C. A. Hart, J. W. Blanchard, J. T. Oon, S. Bhalerao,

J. M. Schloss, M. J. Turner, and R. L. Walsworth, “Quantum Diamond Microscope for Dynamic Imag-

ing of Magnetic Fields” [42].

A.1 Estimate of NV-NV interaction limited Ramsey dephasing time

Efficient spin-bath driving should result in the per-pixel DQ T ∗
2 approaching the NV-NV inter-

action limit due to the high NV density in the employed diamond. Ignoring insignificant per-pixel

T ∗
2 limitations from the 0.005% 13C, T ∗

2 {13C} = 200 µs, and the ∼ 0.013 µT/µm bias magnetic field

gradient, T ∗
2 {bias} = 850 µs, we estimate the NV-NV interaction limit as [1]

1

T ∗
2

≈ 1

T ∗
2 {NV}||

+
1

T ∗
2 {NV}∦

≈ANV|| [NV||] + ζ∦ANV∦ [NV∦].

(A.1)

Here [NV]|| is the concentration of NV spins in the same crystal axis group used for sensing and

[NV]∦ is the concentration of NV spins in other groups. Since the bias magnetic field is aligned

to one of the four NV crystal axes, [NV]|| = 1
3
[NV]∦ = 0.59 ppm [58]. The constants ANV|| =

0.247 µs−1·ppm−1 and ANV∦ = 0.165 µs−1·ppm−1 [1] characterize the dipolar interaction strength

for pairs of NV spins in the same and different groups, respectively. ζ∦ is a dimensionless factor

of order unity accounting for imperfect initialization of NV∦ into the |ms = 0⟩ state. Experimental

determination of ζ∦ is complicated by unequal laser polarization projected among the three NV∦ axes
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in a total internal reflection excitation scheme. As an estimation for the NV-NV interaction limited T ∗
2 ,

we provide the results for perfect (ζ∦ = 0) and partial (ζ∦ = 0.5) initialization cases, thus T ∗
2 (ζ∦ = 0) =

6.6 µs and T ∗
2 (ζ∦ = 0.5) = 3.4 µs. In addition, accounting for the 2× sensitivity to the magnetic noise

in a DQ scheme (T ∗
2 (DQ) = 1

2
T ∗
2 ) [57], we finally expect the NV-NV interaction limited T ∗

2 using DQ

measurement to be approximately 2.5 µs, the average of T ∗
2 (ζ∦ = 0,DQ) and T ∗

2 (ζ∦ = 0.5,DQ), which

is reflected in the results shown in main text (Sec. 2.4). Experimental per-pixel T ∗
2 with and without

spin-bath driving are extracted by fitting the measured Ramsey fringes to a sum of oscillations with a

common Lorentzian exponential decay [13]. The uncertainties reported in the main text (Sec. 2.4) for

the median per-pixel T ∗
2 are estimated from fitting uncertainties using the covariance matrices returned

by the PYTHON scipy.optimize.curve fit function.

A.2 Estimate of shot noise and quantization noise

The photon shot-noise-limited magnetic sensitivity for NV Ramsey magnetometry (either SQ or

DQ) is given by [1]

ηshot =
ℏ

∆msgeµB

1

Ce(−τ/T ∗
2 )

p
√
N

√
tI,R + τ

τ
, (A.2)

where ge ≈ 2.003 is the NV center’s electronic g factor, µB is the Bohr magneton, ℏ is the reduced

Planck constant, ∆m accounts for the difference of ms states used for sensing, C is the optical mea-

surement contrast at Ramsey free evolution time τ = 0, T ∗
2 is the NV spin dephasing time, p is a

parameter used to describe the Ramsey envelope decay shape, N is the average number of photons

collected per measurement, and tI,R is the combined initialization and readout time during the Ramsey

sequence. We use the following parameters to give an estimate of ηshot for a single QDM pixel using
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the present NV-diamond sensor. In a DQ sensing scheme, ∆ms = 2. By focusing the total NV fluores-

cence within the field of view onto a photodiode, we experimentally determine the ensemble-averaged

Ramsey oscillation parameters to be about C = 3%, T ∗
2 = 2.3 µs, and p = 1. We use tI,R = 7.04 µs

and τ = 2.29 µs, typical for a QDM magnetic imaging experiment, and estimate N = 4× 104 photons

are collected in a single camera pixel (detailed in the next paragraph) during the 2.15 µs camera readout

window. Using these values, the estimated photon shot-noise-limited per-pixel magnetic sensitivity is

1.7 nT/
√
Hz.

As discussed in the main text (Sec. 2.3.3) camera differential measurement section, the cam-

era accumulates a differential photon number result ∆N between two successive internal exposures.

When outputting an external frame, ∆N is additionally converted to the camera device unit (DU) via

a conversion factor (CF), giving DU = CF∆N . To calibrate CF and infer the photon number N

collected by a single pixel during the 2.15 µs camera exposure window, we perform two sets of mea-

surements to extract the photon noise and signal scaling behavior as a function of the camera readout

duration t. For the noise measurement, we vary t while ensuring the readout times for two successive

camera internal exposures are identical, thus the mean ∆N = 0. However, the characteristic standard

deviation (std) in the device unit for each pixel scales as

(std)2 = Anoiset = (CF)22N, (A.3)

where Anoise is the per-pixel noise scaling slope factor to be determined. For the signal measurement,

we vary the exposure time difference ∆t between two successive camera internal exposures, thus the
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signal S in terms of the camera device unit is

S = Asignal∆t = CF∆N, (A.4)

where Asignal is the per-pixel signal scaling slope factor to be determined. Further recognizing that

∆N/N = ∆t/t, the CF can be deduced by

CF =
Anoise

2Asignal

. (A.5)

For the camera operating at unity gain and an internal exposure rate matching the Ramsey sequence

readout intervals, we use the measured photon noise and signal scaling behavior to find an average

CF ≈ 1
446

across the field of view. By further recording the DU as a function of ∆t, an estimated

photon number ofN = 4×104 is collected in a single pixel after a 2.15 µs readout duration, for typical

QDM operating parameters (detailed above). We note that N is technically the photoelectron number,

which differs by a multiplicative factor from the actual photon number collected by a camera pixel

(about 70 % optical fill factor and 90 % quantum efficiency around the NV fluorescence wavelengths

for the Heliotis camera with micro-lenses).

The quantization noise of the Heliotis camera includes electronic and digitization noise. For

each external frame, the noise is dependent on the cycles (Nc) spent accumulating differences between

successive internal exposures, and can be estimated in DU as [152]

√
0.81 + 0.16Nc. (A.6)

Converting the estimate in DU to equivalent magnetic noise and including the contributions from
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both the I and Q readout channels (see main text camera acquisition method section, Sec. 2.3.1),

the estimated quantization-noise-limited per-pixel magnetic sensitivity is 2.7 nT/
√
Hz. After adding

photon shot-noise and camera quantization noise in quadrature, the combined estimate of per-pixel

magnetic sensitivity is 3.2 nT/
√
Hz. As discussed in the main text (Sec. 2.4), the measured median

per-pixel magnetic sensitivity is 4.1(1) nT/
√
Hz.

In future work, the magnetic sensitivity limit due to quantization noise can be reduced for a

QDM using the Heliotis camera by increasing the NV fluorescence intensity, NV spin-state readout

contrast, and NV spin dephasing time. The dynamic range of the Heliotis camera is fixed (DU from

0 to 1023, 10-bit), and the camera sensor is optimized for unity gain [152]. For a given accumulation

cycle Nc of internal exposures, the quantization noise is a constant in DU (see Equation A.6). Thus, if

the maximally achievable slope of the magnetometry curve, which is used for converting the camera

external frame output from DU to a magnetic-field value, can be increased, then the magnetic-noise

contribution from quantization noise will decrease. The maximized slope of a magnetometry curve

for a given Nc is proportional to both NV fluorescence intensity and spin-state readout contrast (which

affect the accumulated differential photon number ∆N in a camera external frame, see above); and

also to NV spin dephasing time T ∗
2 (which affects the optimal sensing interval). Hence, further dia-

mond engineering — e.g., permitting the use of increased laser illumination intensity while mitigating

the contrast degradation due to NV charge-state conversion [58], and also improving the NV spin

dephasing time — is beneficial for mitigating the quantization-noise limit on magnetic sensitivity.
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A.3 Denoising of Picotesla-Scale Magnetic Image

The NLM denoised results shown in the main text (Sec. 2.6) are reproduced in Figure A.1. For

Gaussian smoothing in comparison, the measured picotesla-scale magnetic image is convolved with a

Gaussian filter and its kernel size h is set to about 2.6 pixels to increase SNR of the denoised image to

∼ 30. For pure additive Gaussian white noise in an image, the standard deviation of the noise reduces

as 1
h
√
8π

[153]; and we thus expect h ≈ 2.9 pixel to reach the desired SNR — similar to the results

found for NLM denoising. As shown in Figure A.1(b), the contours of Gaussian-smoothed magnetic-

field patterns are qualitatively more distorted than the NLM results. A quantitative perspective to

evaluate the performance of the denoising algorithms is comparing the mean square errors (MSE)

[63], obtained using the Euclidean L2 distance between the original and the denoised images. The

NLM denoising method produces about 17 % smaller MSE than the Gaussian smoothing result.
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Denoised Picotesla Signal: I = 9 nA, T       = 3600 s, SNR ≈ 30acq

Non-local Mean Gaussian

(a) (b)

Figure A.1: Denoised QDM picotesla-scale magnetic-field images after about 3600 s sig-
nal acquisition time. Original measurement data is presented in the main text (Sec. 2.6).
Here, two denoising methods, Non-local mean (NLM) and Gaussian smoothing, are ap-
plied. Both algorithms are successful at improving SNR. However, NLM denoising, as
shown in (a), additionally excels at restoring fine structures (e.g., contours, patterns, and
edges where the Laplacian is non-zero) from a noisy image that can be otherwise distorted
by a Gaussian smoothing, as shown in (b). Scale bar: 50 µm
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Appendix B: Appendix for damage track study

This appendix is adapted from Daniel G. Ang, Jiashen Tang, Maximilian Shen, Michael Titze,

Gavishta Liyanage, Jordan Chapman, Chinmay Bharathulwar, Andrew T. Gilpin, Tanguy Terlier, Ed-

ward S. Bielejec, Vsevolod Ivanov, and Ronald L. Walsworth, “Multi-scale reconstruction of single-ion

damage tracks in diamond via nitrogen-vacancy centers” [81].

B.1 SIMS measurement of nitrogen concentration

The kinetic Monte Carlo (KMC) annealing simulations described in the main text (Sec. 3.2.3)

take the substitutional nitrogen concentration [N0
s ] as an input. We determined this value for the im-

planted sample (“Sandia 1”) using two independent methods: Time-of-Flight Secondary Ion Mass

Spectrometry (TOF-SIMS) and an estimate based on the NV background PL of the annealed sample.

Both methods are anchored to a commercial SIMS measurement of a second HPHT diamond sample

(“Sandia 2”) from the same manufacturer (Element Six). We use the average of the two estimates as

the simulation input, treating the spread between them as a conservative uncertainty range; as shown

in main text (Sec. 3.4.2), the predicted NV yield is only weakly dependent on [N0
s ], so the residual

calibration uncertainty does not affect the conclusions of the main text.

B.1.1 TOF-SIMS depth profiling

Negative high mass-resolution depth profiles were acquired with a TOF-SIMS NCS instrument,

which combines a TOF.SIMS5 spectrometer (ION-TOF GmbH, Münster, Germany) and an in-situ
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scanning probe microscope (NanoScan, Switzerland) at the Shared Equipment Authority from Rice

University. The analysis field of view was 80× 80µm2 (Bi+3 at 30 keV, 0.3 pA) with a raster of 256 by

256 along the depth profile. Charge compensation was provided by an electron flood gun, with surface

potential adjusted to 20V. The cycle time was 70µs, corresponding to a mass range of m/z = 0–

911 amu. Sputtering was performed with Cs+ at 2 keV, 105 nA, rastered over 100× 100µm2. The two

beams were operated in non-interlaced mode, alternating one analysis cycle with ten sputtering frames

followed by a 5 s charge-compensation pause. Depth calibration was performed using the interface

tool in SurfaceLab v7.3 (ION-TOF GmbH), with sputter rates referenced to crater depths measured

ex-situ with a DekTak stylus profilometer. For each region of interest, the analyzed area was further

cropped to remove crater edges and ensure homogeneity of the extracted signal.

Quantification of the CN− ion signal into an absolute nitrogen concentration requires an external

calibration. To this end, we sent a second HPHT diamond with similar properties (Sandia 2) to EAG

for commercial SIMS analysis at multiple regions of interest, and then measured the same regions on

Sandia 2 with the Rice TOF-SIMS. The resulting linear EAG-Rice calibration curve (Fig. B.1b) was

applied to all subsequent Rice TOF-SIMS depth profiles acquired on Sandia 1. A representative depth

profile is shown in Fig. B.1a. This SIMS procedure was performed across six different regions on

Sandia 1 adjacent to implanted regions, yielding an average value of [N0
s ]SIMS ≈ 318 ppm.

B.1.2 NV background PL as an independent estimate

As an independent cross-check, we exploit the correlation between substitutional nitrogen con-

centration and grown-in NV-related PL in HPHT type Ib diamond [154]. NV background PL inten-

sities were measured in implanted regions of Sandia 1 (i.e., the regions surrounding the NV clusters
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at the ion impact sites) and at multiple regions of the EAG-measured Sandia 2 sample, the latter pro-

viding calibration. Plotting confocal PL intensity against the corresponding EAG-reported [N0
s ] values

yields a linear correlation (Fig. B.1c) which confirms the validity of this proxy for our HPHT mater-

ial. Applying this calibration to the averaged background PL in implanted regions of Sandia 1 gives

[N0
s ]PL ≈ 188 ppm.

B.1.3 Combined estimate and propagation into the simulations

The two methods yield estimates that differ by approximately ±25% from their mean: ≈318 ppm

from TOF-SIMS and ≈ 188 ppm from NV background PL. We adopt the average, [N0
s ] = 253 ppm,

as the nominal input to the KMC annealing simulations, and treat the spread between the two meth-

ods as a conservative uncertainty range of ∼180–320 ppm. As shown in the main text (Sec. 3.4.2),

the predicted NV yield varies only weakly with [N0
s ] across this range and indeed across nearly two

orders of magnitude in concentration. The dominant determinants of NV yield are instead the vacancy-

interstitial and vacancy-vacancy reactions discussed in the main text (Sec. 3.4.3), and the calibration

uncertainty on [N0
s ] does not propagate appreciably into the conclusions of the main text.

B.2 Cluster decomposition and KMC annealing simulation details

The defect distribution – consisting of both vacancies and carbon interstitials – produced by ion

implantation forms an extended but spatially discontinuous damage track. The defect–defect inter-

action probability decreases with initial separation r (assuming defects are mobile), and in a three-

dimensional continuous limit, this interaction (or “hitting”) probability is described as P (r) = a0/r,

where a0 is the interaction radius. Based on this scaling, we partition each damage track into smaller
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Figure B.1: Nitrogen-concentration measurement. (a) Representative TOF-SIMS depth
profile of the CN−/C− ion ratio, showing a uniform signal over the profiled depth. (b)
EAG–Rice TOF-SIMS calibration: CN−/C− ratio measured at Rice University plotted
against the EAG reference nitrogen concentration for five regions of Sandia 2 (solid line:
linear fit). (c) NV background PL calibration: confocal PL intensity plotted against the
EAG reference nitrogen concentration for the same five regions (solid line: linear fit).

clusters and simulate each cluster independently, effectively assuming negligible interaction between

clusters.

To ensure the validity of this approximation, defects belonging to different clusters are required

to be separated by more than 154 Å. Under the assumption that defect reactions occur at nearest-

neighbor (1NN) separation (i.e. a0 = 1.54 Å), this corresponds to an interaction probability of ≤ 1%

between any defect pairs from different clusters in the absence of other species. The presence of

immobile substitutional nitrogen impurities can further suppress defect–defect interactions between

clusters by providing an additional reaction channel. We quantify this effect for vacancy–vacancy

interactions by directly simulating two-vacancy systems with varying initial separations r and nitrogen

concentrations [N0
s ], as shown in Fig. B.2(a). The interaction probability as a function of r is fitted

to a power-law dependence 1.54 Å/rp. For our experimentally measured nitrogen concentration of

[N0
s ] = 253 ppm, the expected vacancy-vacancy interaction probability at a separation of 154 Å is

reduced to ∼0.3%. In practice, vacancy–vacancy interactions and vacancy–interstitial recombination
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d)

Figure B.2: Cluster decomposition and lattice domain size selection for annealing simula-
tions. (a) Probability of vacancy–vacancy interaction as a function of initial separation r,
obtained from two-vacancy simulations at different nitrogen concentrations. The dashed
theoretical line is computed using the 3D hitting probability, assuming an effective inter-
action radius of 1.54 Å. Solid lines show power-law fits of the form 1.54 Å/rp. For the
experimental nitrogen concentration [N0

s ] = 253 ppm, the interaction probability at 154 Å
is ∼0.3%, supporting negligible cross-cluster interactions. (b) Example decomposition of
an 800 keV implantation damage track into spatially separated clusters. The minimum
pairwise defect spacing between clusters exceeds 154 Å. Vacancy (left) and carbon in-
terstitial (right) clusters are shown. The legend indicates the number of defects in each
cluster. (c) Root-mean-square (RMS) displacement of a diffusing vacancy as a function
of nitrogen concentration, evaluated at the point where the number of unique sites visited
equals the number of available capture sites (Nuni = Ncap), corresponding to a capture
probability of ∼64%. (d) Vacancy capture probability as a function of RMS displacement
for a nitrogen concentration of [N0

s ] = 253 ppm. For each cluster, the simulation domain is
defined by padding 100 unit cells in each direction from all vacancy defects. This ensures
that the probability of vacancy escape is ≲ 0.01%.
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within each cluster further reduce the likelihood of cross-cluster interactions, supporting the validity

of independent cluster simulations. An example of an 800 keV damage track and its decomposition

into clusters is shown in Fig. B.2(b). The corresponding carbon interstitial distributions are also

shown; due to their close spatial proximity to vacancies, interstitial clusters closely follow the vacancy

distribution, with approximately equal numbers of vacancies and interstitials within each cluster.

After partitioning the damage track into clusters, a diamond lattice is constructed around each

cluster. The simulation domain must be sufficiently large such that vacancies are unlikely to diffuse

out of the box and instead undergo reactions within the domain. To ensure this condition, the box

size is determined by requiring that trapping by substitutional nitrogen impurities alone is sufficient to

capture diffusing vacancies.

For a vacancy undergoing a random walk on the diamond lattice, the number of unique lattice

sites visited after N hops is given by [113, 155]

Nuni ≈ 0.56N + 0.63
√
N. (B.1)

For a given nitrogen concentration [N0
s ] (in ppm), the expected number of distinct lattice sites that must

be visited before encountering a nitrogen capture site is

Ncap =
106

4[N0
s]
, (B.2)

where the factor of 4 reflects the four nearest-neighbor sites adjacent to each substitutional nitrogen,

each of which is a possible capture site for NV formation. The cumulative probability χ that a vacancy
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is captured by nitrogen after N hops is

χ = 1− exp

(
−Nuni

Ncap

)
, (B.3)

and the root-mean-square (RMS) displacement along any Cartesian direction is given by

⟨σx/y/z⟩ =
√
N

3
× 1.54 Å. (B.4)

Figure B.2(c) shows the RMS displacement as a function of nitrogen concentration at the point

where Nuni = Ncap, corresponding to a capture probability of ∼64%. To ensure that vacancies remain

within the simulation domain, the lattice is padded by at least 100 unit cells in each direction from

any vacancy defects in the simulated cluster. At this scale, the probability of a vacancy reaching the

boundary without being captured is ≲ 0.01%, as shown in Fig. B.2(d).

During the annealing simulation, the kinetic Monte Carlo (KMC) algorithm [112] samples al-

lowed processes – including defect diffusion and reactions – according to Arrhenius rates of the form

γ = ν0 exp(− Ea

kBT
), which determine the relative frequency of each event. Here, ν0 is taken as the

Debye frequency of diamond [113], and the annealing temperature is set to 800 ◦C. After each event is

selected and applied, the global lattice configuration is updated and the simulation time advances, re-

sulting in non-uniform time steps that depend on the selected processes. The simulation is terminated

when no further events are available, ensuring that all diffusion and reaction processes are exhausted.

Additional damage tracks before and after annealing are shown in Fig. B.3, with corresponding head-

tail asymmetry values computed using the defect counting method. Diffusion-induced broadening

during annealing reduces the asymmetry of the NV distribution relative to the initial vacancy track.
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Figure B.3: Representative damage tracks before and after annealing simulations. Gray
dots indicate the initial vacancy distribution, and red dots indicate the resulting NV dis-
tribution after annealing. The vacancy-to-NV conversion yield and head-tail asymmetry
values, computed using a defect counting method, are shown for both vacancy and NV
tracks.
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B.3 NV photoluminescence (PL) analysis details

B.3.1 Data analysis procedure for confocal scans

The number of NV centers formed at each implantation site is extracted from the confocal PL

data in several stages (Fig. B.4). First, 100µm × 100µm implantation squares on the sample con-

taining a regular grid of sites at 6 or 10µm pitch are imaged in a coarse, wide-field two-dimensional

scan at 500 nm pixel pitch, focused at ∼600 nm below the surface (Fig. B.4(a)). The following pro-

cedure is then used to locate candidate implantation sites for finer scans. PL count rates are converted

to a number of NV centers using a single-NV reference rate I1 = 25 kcts/s, calibrated on isolated

NV centers in a low-background region of the same diamond sample under identical excitation and

collection conditions. Sub-regions within implantation squares containing high NV backgrounds from

residual subsurface polishing damage are manually excluded, and an intensity window of 5–100 I1

(125–2500 kcts/s) is applied to suppress the residual background (≲ 2 NV per confocal spot; Fig.

B.4(b)). See Appendix B.4 for results of additional diamond surface preparation experiments to sup-

press such backgrounds for future implantations.

Next, a rectangular grid of points spaced by the nominal implantation pitch (6 or 10µm) is

overlaid on the image, and an elliptical acceptance region with semi-axes equal to ±3σ of the measured

beam profile is placed at each grid node. Within each ellipse, the brightest pixel rpeaki is taken to mark

the implantation site. The grid origin is then shifted by an offset (δx, δy) chosen to minimize the total

distance between the grid nodes and their enclosed brightest pixels,

D(δx, δy) =
∑
i

∥∥rgridi (δx, δy)− rpeaki

∥∥, (B.5)
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where rgridi is the position of the i-th grid node, which shifts with the applied offset (δx, δy). Grid

nodes whose brightest enclosed pixel exceeds 25 I1 are excluded from the sum as anomalously bright

artifacts (Fig. B.4(c)). This procedure is similar to that of Ref. [156].

From the procedure above, each located site is matched to a high-resolution three-dimensional

confocal scan (∼200 nm pixel pitch) acquired at that position, from which the NV number is obtained

as NNV = (Imax− Ibg)/I1, where Imax is the brightest pixel of the in-focus slice and Ibg the median of

the scan’s border pixels (Fig. B.4(d)). Sites with one to six resolved PL spots are retained, and per-site

outliers are removed if the NV count deviates from the population median by more than three times

the rescaled median absolute deviation (1.4826 × MAD, which estimates the standard deviation for

normally distributed data). Across the 800 keV region the procedure yields N = 222 analyzed sites

with a mean NV yield ⟨NNV⟩ = 17.5 ± 0.38 (standard error of the mean, 5.7/
√
N ) and a site-to-site

standard deviation of 5.7 (see main text Sec. 3.3).

The reported mean NV count is robust to the analysis choices. Tests were performed varying the

grid offset, elliptical acceptance area, outlier rejection brightness threshold, and the per-site intensity

estimator (brightest pixel versus the mean of the ten brightest pixels), as well as restricting the data set

to sites with a single instead of multiple resolved spots. None of these data analysis variations resulted

in significant changes to ⟨NNV⟩.

B.3.2 Poisson analysis of multi-ion impacts

At sites that received more than one ion, the high-resolution scans resolve multiple, spatially

separated PL spots (Fig. B.4(d)), each attributed to a single ion impact. The distribution of the number

of resolved spots per site, pooled over all 222 analyzed sites, is shown in Fig. B.4(e). Because sites
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Figure B.4: NV-count extraction pipeline and multi-ion statistics, illustrated for a repre-
sentative 800 keV implantation square (6µm pitch). (a) Raw coarse confocal map (500 nm
pixels), in units of calibrated single-NV PL. (b) After region-of-interest and scratch mask-
ing and intensity thresholding, isolating the implantation-site PL. (c) Elliptical grid mask
(±3σ of the beam profile) overlaid on the thresholded map; green crosses mark the an-
alyzed sites and cyan boxes the three example sites shown in (d). (d) High-resolution
nanovolume scans of the three boxed sites, resolving one, two, and three PL spots. (e)
Distribution of the number of resolved spots per site over all N = 222 analyzed 800 keV
sites (bars), with a maximum-likelihood truncated-Poisson fit (red; λ = 0.99, χ2 = 4.1, 2
d.o.f., p = 0.13).
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with zero spots are not observed, we model the counts with a Poisson distribution truncated to n ≥ 1,

P (n) =
λne−λ

n!
(
1− e−λ

) , n = 1, 2, 3, . . . , (B.6)

whose single parameter λ is the mean number of ions delivered per grid node. A maximum-likelihood

fit gives λ = 0.99. A Pearson χ2 goodness-of-fit test, with the counts grouped into bins n = 1, 2, 3, and

≥ 4 so that every expected count exceeds five, yields χ2 = 4.1 for 2 degrees of freedom (p = 0.13);

the data are thus statistically consistent with a truncated Poisson distribution. This confirms that each

resolved PL spot corresponds to a single, independent ion impact, since the arrival of ions at a given

grid node is expected to follow Poisson statistics.

B.4 Improving diamond surface preparation

The NV count analysis of Appendix B.3.1 required manually excluding sub-regions with high

NV backgrounds from residual subsurface polishing damage. These backgrounds arise from the di-

amond polishing process. Synthetic HPHT diamond is typically laser-cut into individual plates and

mechanically polished to achieve optically smooth surfaces. However, mechanical polishing is known

to introduce subsurface damage [157], generating lattice vacancies that can form NV centers after

annealing. In our ion implantation studies, where damage tracks are formed near the surface, such

polishing-induced defects can obscure or interfere with the implantation signal. As shown in Fig.

B.5(a), a scaife-polished diamond surface (with roughness Ra ≲ 1 nm) exhibits strong and highly

non-uniform photoluminescence after annealing. Although regions with low background can still be

found after annealing, their spatial distribution is difficult to control. In contrast, prior to annealing,

the same material typically exhibits fewer than ∼2 NV centers per confocal spot across the sample
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surface, except for the non-{100} sectors (e.g., the four ”petal” features near the diamond center).

We performed several experiments to suppress this background through improved surface prepa-

ration. These procedures were developed after the implanted sample measured in this work and are

intended for future studies. The primary approach we investigated was argon–chlorine (Ar/Cl2) induc-

tively coupled plasma reactive ion etching (ICP-RIE) [158–160], which removes polishing-induced

damage from the near-surface region. While such etching processes have shown success in low-

nitrogen CVD diamond, their application to high-nitrogen HPHT diamond ([N0
s ] ∼ 200 ppm) requires

further evaluation, as etching-induced damage may be more pronounced. We performed etching with

varying RF power (Table B.1), followed by annealing and PL imaging at different depths to quantify

the resulting NV density. In each case, more than ∼10µm of material is removed to eliminate the

original polishing-damaged layer. For high RF power (250 W), the NV density peaks at ∼5–7 per

confocal spot at a depth of ∼500 nm (Fig. B.5(b)), whereas reducing the power to 20 W lowers the

density to ∼1 per spot (Fig. B.5(c)), comparable to the as-received HPHT diamond prior to annealing.

Further reduction in RF power yields diminishing improvement while reducing the etch rate. We note

that similar surface NV density can also be achieved with shorter etching time by combining an initial

high-power etch with a subsequent low-power step to remove 3–4µm of fast-etch-induced damage.

Table B.1: Ar/Cl2 ICP-RIE etching recipes and O2 surface finishing step.

Step Gas Flow
(sccm)

RF
Power

(W)

ICP
Power

(W)

Etch
Rate

(nm/hr)

NVs /
confocal

spot
Etch Recipe 1 Ar/Cl2 25 / 40 250 400 3000 ∼5-7
Etch Recipe 2 Ar/Cl2 25 / 40 20 400 480 ≲ 1
Etch Recipe 3 Ar/Cl2 25 / 40 8 400 117 ≲ 1
O2 finish O2 30 20 700 – –
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Figure B.5: Mitigation of polishing-induced NV background. (a) Confocal PL map of
a scaife-polished HPHT diamond measured at a depth of ∼1µm after annealing. The
diamond is predominantly {100}-oriented, with four high-PL ”petal” regions arising
from growth sectors. Strong and highly non-uniform background PL is observed due to
polishing-induced damage. Red arrows indicate regions of severe damage that can over-
whelm implantation signals, black arrows highlight streak-like features consisting of iso-
lated high-NV spots, and green arrows indicate regions with relatively low background.
Three corners have been previously etched, showing indented features. (b) Confocal PL
maps at increasing surface depths following high-power (250 W) Ar/Cl2 ICP-RIE etching.
The near-surface region (≲ 1µm) exhibits elevated PL corresponding to ∼5-7 NV centers
per confocal spot, indicating etch-induced damage. (c) Confocal PL maps at increasing
depths following low-power (20 W) Ar/Cl2 ICP-RIE etching. The near-surface PL is sig-
nificantly reduced, with NV densities ∼1 per confocal spot, comparable to as-received
HPHT diamond without annealing.
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B.5 DFT calculations of defect interactions

B.5.1 Methods

First principles calculations of defect formation in diamond are performed with the Vienna

Ab initio Simulation Package (VASP) [161, 162], which implements plane-wave basis sets using a

projector-augmented wave (PAW) scheme [163]. We examined two elementary formation mechanisms

of vacancy defects in diamond:

CC ↔ VC + Ci (Reaction 1) (B.7)

V2C ↔ 2VC (Reaction 2) (B.8)

where Reaction 1 describes the formation of a carbon monovacancy (VC) and carbon interstitial (Ci)

via ejection of a lattice-site carbon atom (CC), and Reaction 2 describes the ejection of carbon mono-

vacancies from a divacancy site (V2C).

Defects were embedded within a 3× 3× 3 (216 atoms) supercell. Ionic geometries of vacancy

defects were relaxed at the Perdew-Burke-Ernzerhof (PBE) level of theory according to the generalized

gradient approximation (GGA) [164, 165]. Sampling of the Brillouin zone for defect structures was

done at the Γ point with a cutoff energy of 520 eV. Convergence criteria for electronic self-consistency

and ionic relaxation were set to 10−10 eV and 10−3 eV Å−1, respectively.

Defect formation energies (Ef ) were calculated according to

Ef = Edef − Epristine +
∑
i

niµi, (B.9)
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where Edef and Epristine denote the energies of the defective and pristine lattices, respectively, and µi

and ni represent the chemical potential and number of atoms corresponding to species i. Because the

kinetic Monte Carlo (KMC) simulations for annealing do not explicitly account for charge states of

defects, only neutral configurations were considered, and no charge correction term is applied.

The energy barriers (EB) associated with Reactions 1 and 2 were determined using a climbing

image-modified nudged elastic band (NEB) approach [117]. The NEB calculations were carried out

using the PBE functional with a spring constant of 5.0 eV Å
−2

between images. Here, Ef and EB are

distinct quantities, where EB corresponds to the energy difference between the transition state and the

initial configuration.

B.5.2 Results

We performed first principles calculations to qualitatively improve the prediction of NV center

formation in KMC annealing simulations. Using the NEB method, we elucidate the transition state

geometries and associated energy barriers for Reactions 1 and 2. The MEPs corresponding to VC

formation and VC ejection from V2C are shown in Figures B.6 and B.7, respectively; we have included

images of the initial state, transition state, and final state of each reaction pathway, as well.

As shown in Figure B.6, we predict that formation of a VC defect and accompanying Ci defect

from a pristine diamond structure is achieved via the formation of a split interstitial located two lattice

sites away from the vacancy position. By examining the reaction pathway, we can calculate the radial

distance between the ejected Ci atom and the resulting VC defect at both the transition state and final

state geometries. We have found that at its stable endpoint, the Ci defect lies about 1.94 Å away

from VC, whereas the Ci and VC defects are separated by only 1.75 Å at the transition state. The
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Figure B.6: NEB-DFT calculations of Reaction 1. Geometries of the (a) initial, (b) transi-
tion geometry, and (c) final states along the reaction path. VC and Ci defects are formed by
the ejection of a CC atom from its lattice site. Carbon atoms are shown in brown, while the
resulting vacancy is shown in yellow. (d) MEP of Reaction 1. The transition state occurs
at a VC-Ci spacing of 1.75 Å corresponding to EB = 15.5 eV.
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transition state is predicted to have a formation energy of approximately 15.5 eV, and the endpoint has

a formation energy of about 15.2 eV.

The MEP for the dissociation of a VC in a V2C defect is shown in Figure B.7. Unlike Reaction

1, we find that the constituent VC defects require a separation of three lattice sites (∼3.88 Å) to stably

form two distinct vacancies. Instead, the transition state occurs when the VC defects are separated by

two lattice sites (∼2.53 Å). The dissociation of a VC defect from a V2C defect is predicted to have an

energy barrier of 5.95 eV, which is in good agreement with previously reported values [166].

Figure B.7: NEB-DFT calculations of Reaction 2. Geometries of the (a) initial, (b) transi-
tion geometry, and (c) final states along the reaction path. Two VC defects are formed by
the dissociation of constituent VC from the V2C defect. Carbon atoms are shown in brown,
while the resulting vacancy is shown in yellow. (d) MEP of Reaction 2. The transition
state occurs at a VC-VC spacing of 2.53 Å corresponding to EB = 5.95 eV.

These NEB results provide a basis for refining the defect–defect interaction distances used in the
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KMC simulations, which are restricted to first-nearest neighbor (1NN) separation. Vacancy–vacancy

interactions can occur spontaneously when defects are within 2NN separation. For vacancy–interstitial

pairs, although the transition state occurs at a separation of 1.75 Å, the relaxed configuration lies

only ∼0.2 eV lower in energy. The apparent atom-vacancy separation in this configuration is 1.94 Å;

however, in the KMC lattice picture, the effective interstitial defect position is defined by the arithmetic

mean of the two carbon atoms forming the split interstitial, corresponding to a 2NN separation from

the vacancy. In the current KMC framework, defect migration barriers are treated as environment-

independent, with isolated hopping barriers of 1.5 eV for interstitials and 2.59 eV for vacancies. In

contrast, the NEB results indicate a barrier of only ∼0.2 eV for V–I recombination from the 2NN

configuration. At the annealing temperature of 800 ◦C, this reduced barrier leads to a rate enhancement

on the order of exp([1.5−0.2] eV/kBT) ∼ 106 compared with isolated defect hopping, indicating that

2NN V–I pairs will preferentially approach and recombine.

As a first-order correction to the 1NN assumption in the KMC model, we modify the initial

population of free vacancies available for NV formation – here, “free” denotes vacancies that can

diffuse rather than react immediately at the beginning of the annealing simulation. Specifically, in the

current model, free vacancies are defined as those without 1NN defect neighbors. In the corrected

estimate, we further exclude vacancies that have 2NN vacancy or interstitial neighbors, accounting

for enhanced spontaneous divacancy formation and vacancy–interstitial recombination. The resulting

reduced vacancy population is then rescaled using the same conversion factor (free-vacancy-to-NV

yield) as in the uncorrected model to estimate the NV yield.

Finally, we note that NEB results indicate that vacancy–nitrogen interactions can also occur

at approximately 2NN separation. However, on average, only ∼0.2% of the initial vacancies have

a nitrogen partner within 1NN or 2NN distance; therefore, this effect is neglected in the first-order
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correction.

B.6 Additional spin echo measurement data

Additional spin echo measurements are performed on 14 implantation sites in the implanted

HPHT sample to investigate potential correlations among spin contrast, coherence properties, and the

number of NV centers per site. Individual decay traces and the corresponding NV number distribution

are shown in Fig. B.8. These data were acquired with reduced averaging compared to the main text

(Sec. 3.6) and were fitted using a stretched exponential model with the exponent fixed at p = 1.55,

informed by the main text results, i.e. C0 exp[−(τ/T2)
1.55].

The extracted spin echo parameters and NV numbers are summarized in Fig. B.9. The coherence

time T2 remains relatively constant across measurement sites, with an average value of ∼1.4µs. In

contrast, the PL contrast exhibits a larger spread (∼1–3%). Neither shows a clear dependence on NV

count. This variation in contrast may arise from differences in the distribution of NV orientations

within each site, as the measurement selectively probes a single NV axis while the remaining three

crystal orientations contribute to background PL.
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Figure B.8: Additional NV spin echo measurements. Spin echo measurements from 14
additional implantation sites in the HPHT sample. Each trace is fitted to a stretched ex-
ponential decay (red curve) with fixed exponent p = 1.55. The final panel shows the
distribution of NV PL counts for the characterized sites.
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Figure B.9: Spin properties versus NV number. (a) Scatter plots of spin-state-dependent
PL contrast C0, coherence time T2, and NV number per site, showing no clear correlation
between spin properties and NV count. (b) Distribution of C0 and T2 across measurement
sites. T2 remains relatively constant around 1.4µs, while C0 exhibits a larger spread (∼1-
3%).
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Appendix C: Appendix for low nitrogen quantum diamond

This appendix is adapted from Jiashen Tang, Connor A. Roncaioli, Andrew M. Edmonds, Atli Davids-

son, Connor A. Hart, Matthew L. Markham, and Ronald L. Walsworth, “Characterization of low-

nitrogen quantum diamond for pulsed magnetometry applications” [119].

C.1 Ramsey measurement at high-birefringence location

As shown in the main text (Sec. 4.3), sample 10 contains two regions with elevated birefringence,

indicating higher strain variation. To illustrate the effect of such inhomogeneity on NV ensemble prop-

erties, we perform a single-quantum (SQ) Ramsey measurement at a spot within area B. The extracted

dephasing time is T ∗
2,SQ = 5.1(6)µs, significantly shorter than the spin-bath-limited value. In contrast,

a double-quantum (DQ) Ramsey measurement at this same spot, which is insensitive to longitudinal

strain and temperature variations [13], yields T ∗
2,DQ = 8.6(5)µs. This value is approximately half of

the SQ dephasing time observed in low-birefringence regions (see main text Sec. 4.4), consistent with

the doubled gyromagnetic ratio and increased sensitivity to spin-bath noise of DQ measurements.

C.2 NV spin dephasing time at nitrogen spin-bath limit

The spin-bath-limited NV spin dephasing time (T ∗
2,bath) can be estimated using the following

relation [1]:
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Figure C.1: Single-quantum (SQ) and double-quantum (DQ) Ramsey measurements and
fits yield the ensemble NV spin dephasing times T ∗

2,SQ and T ∗
2,DQ at a high-birefringence

region (area B of sample 10, see main text Fig. 2). The reduced T ∗
2,SQ reflects the strong

local strain variation, while the DQ protocol mitigates these effects. ∆C is the change in
NV PL contrast.
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1

T ∗
2,bath

=
1

T ∗
2,[N0

s ]

+
1

T ∗
2,[13C]

+
1

T ∗
2,NV-NV

≈ AN0
s
[N0

s ] + A13C[13C] + ζ∥ANV−
||
[NV−

|| ] + ζ∦ANV−
∦
[NV−

∦ ],

(C.1)

where the scaling constants areAN0
s
= 0.101µs−1ppm−1,A13C = 0.1ms−1ppm−1,ANV−

||
= 0.247µs−1ppm−1

and ANV−
∦
= 0.165µs−1ppm−1. Here, [NV−

|| ] represents the concentration of negatively-charged NV

centers (NV−) aligned along the sensing axis, while [NV−
∦ ] corresponds to the concentration of NV

centers oriented along other crystal axes. For our experimental study, the bias magnetic field aligns

with a single NV crystal axis, resulting in [NV−
|| ] ≈

1
3
[NV−

∦ ]. For the sensing axis and other axes,

the dimensionless correction factor ζ accounts for the incomplete polarization of NV− spins into the

ms = 0 state. We optimize laser polarization such that NV centers aligned along two axes are predom-

inantly excited, with one orientation used for sensing. Thus, we approximate ζ[NV−
∥ ] ≈ 0. Determining

ζ[NV−
∦ ] is complicated due to unequal laser excitation intensities and polarizations along the three non-

sensing NV orientations under epi-illumination conditions; as a conservative estimate for the NV-NV

interaction-limited T ∗
2,NV-NV, we assume partial non-sensing NV spin polarization with ζ∦ = 0.5.

Before electron irradiation and annealing of the ten low-[N0
s ] diamond samples, the substitutional

nitrogen concentration is measured to be [N0,as-grown
s ] ≈ 0.8 ppm via UV-Vis absorption [58]. After

processing, the total NV concentration is 0.39(2) ppm determined by UV-Vis absorption [58], with ap-

proximately 20% of NVs in the negatively charged (NV−) state (as determined from the PL emission

spectrum decomposition technique, see main text Sec. 4.6). Formation of NV centers consumes sub-

stitutional nitrogen, with typically one nitrogen atom per NV0 and two per NV− center [1]. Therefore,

the post-treatment substitutional nitrogen concentration [N0
s ] ≈ 0.35 ppm. Residual 13C concentration
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is 0.01% (equivalent to 108 ppm) given the isotopic purification used in the CVD process. Using these

values, we estimate the spin-bath-limited NV spin dephasing time to be T ∗
2,bath ≈ 20µs, slightly larger

than the experimentally measured value for a single quantum (SQ) Ramsey measurement (see main

text Sec. 4.4).

C.3 Full strain and stress maps

The NV electronic spin Hamiltonian contains spin-strain coupling terms, including longitudinal

(Mz) and transverse (Mx,My) components [167]. Under a strong bias magnetic field (|B⃗| ≳ 10G),

the longitudinal component Mz dominates NV spin resonance frequency shifts, and transverse contri-

butions can be neglected [11]. By resolving NV spin transitions corresponding to the four NV orien-

tations in the diamond lattice, the spin stress terms Mz,i for each orientation i are experimentally de-

termined using continuous-wave optically detected magnetic resonance (CW-ODMR) measurements,

as described in [11]. Representative spatial maps of these terms across diamond sample 10 are shown

in Fig. C.2.

Additionally, from these strain measurements, the stress tensor components of the diamond –

comprising diagonal terms (σdiag = σxx+σyy+σzz) and off-diagonal shear terms (σxy, σyz, σxz) – can

be uniquely determined. The calculation method is detailed in Ref. [11] and the results are also shown

in Fig. C.2.
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Figure C.2: Spatial maps of experimentally determined NV spin-strain coupling terms
(Mz) for each of four NV orientations and derived diamond stress tensors components σ
across the entire diamond sample 10. Scale bars: 500µm
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Appendix D: Interfacing Sample with Diamond in Ramsey QDM

In benchmarking the Ramsey-based QDM (Chapter 2), we used a wire phantom to provide a

magnetic-field pattern for imaging. The wire phantom was lithographically defined together with the

microwave loop used for NV spin control. Both electrical circuits were fabricated on a 2-inch sapphire

or SiC wafer, and the diamond was manually glued onto the wafer to form close contact with the

microwave and wire circuits Fig. D.1. Close contact with the microwave loop ensures that the near-

surface NV layer receives strong near-field microwave irradiation, while close contact with the wire

phantom minimizes the source-to-NV standoff, thereby improving signal strength and magnetic-field

spatial resolution. However, in this configuration there is no direct access for interfacing an external

sample with the diamond. A sample could in principle be placed above the wafer, but this would

introduce a sample-sensor standoff of at least several hundred micrometers.

To address this issue and allow direct, non-circuit sample interfacing with the diamond while

maintaining mechanical support and heat spreading, a slot opening can be created in the wafer by laser

cutting. The microwave circuit can then be lithographically fabricated around the opening, after which

the diamond is glued onto the wafer to complete the assembly. As shown schematically in Fig. D.2,

a square slot is used here to allow insertion of a glass pillar carrying the sample. The motivation is

to enable modulation of the pillar-diamond standoff for differential magnetic measurements. Laser

cutting is versatile, and other opening geometries could be used.

For the sample-embedded glass pillar, I developed the fabrication process described below. An

example final product is shown in Fig. D.3. The image is a top view of the pillar, where three magnetic
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Figure D.1: Schematic of the Ramsey QDM sensor head assembly, including the wafer,
microwave circuit, wire phantom, and diamond.

Figure D.2: Schematic of a wafer opening that enables direct sample interfacing with the
diamond in the Ramsey QDM.
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beads, each approximately 3 µm in diameter, are fixed near the top surface. The magnetic beads are

embedded in S1813 photoresist so that they remain stably attached to the glass pillar.

Figure D.3: Top-view image of a glass pillar carrying magnetic beads fixed with S1813
photoresist.

The fabrication process is as follows. First, a microscope glass slide is chosen and cleaned. The

thickness of the slide can be varied depending on the desired pillar height. Magnetic beads are then

attached to the glass either by directly drop-casting a bead containing solution or by mixing the bead

solution with S1813 photoresist and spin-coating the mixture onto the glass slide. After spin coating,

the S1813 is baked to harden the photoresist and stably fix the beads to the glass. Once the beads are

attached, the glass slide is cut with a dicing saw to the desired pillar size. We found that beads directly
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drop-cast onto diamond are typically less secure and can be washed away during subsequent handling,

while S1813 fixation provides improved stability.

As a demonstration, we chose a square pillar size of approximately 500 µm so that the pillar

could be carefully picked up with tweezers. The pillar height was approximately 1 mm, thicker than

the wafer and therefore easier to remove and exchange with a tweezers. The pillar can also be attached

to a mechanical arm with translational degrees of freedom, allowing its stand-off from the diamond

sensor surface to be adjusted. This capability could be used to modulate the measurement geometry for

differential magnetic measurements, although this approach remains to be tested. An example setup

image is shown in Fig. D.4, and an example magnetic image is shown in Fig. D.5.

Figure D.4: Ramsey QDM setup with a mechanical arm holding the glass pillar.
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Figure D.5: Magnetic image of the pillar sample measured using the Ramsey-based QDM.
The pillar is positioned within the square imaging area.
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Appendix E: Germinating Pollen Grains in the Ramsey QDM

To germinate pollen grains inside the Ramsey QDM under normal operating conditions, in-

cluding strong laser illumination and microwave irradiation, several engineering modifications were

implemented. These efforts are documented below.

The pollen grains are placed inside the square imaging area described in Appendix D. The open-

ing slot allows the pollen grains to sit directly above the diamond surface, in close proximity to the

near-surface NV sensing layer. As shown in Fig. E.1, a bio-mount is constructed above the sensor head

to hold the culture medium required for pollen germination.

Figure E.1: Lily pollen grain inside the square imaging area above the diamond surface.

Images of the bio-mount are shown in Figs. E.2. The main component is a Warner Instruments

RC-27LD perfusion chamber, which is tightly clamped onto the sapphire or SiC wafer containing the

microwave loop and imaging diamond. Non-magnetic PEEK components and an EPDM gasket are
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used to prevent culture-medium leakage. The inlet delivers fresh culture medium, while the suction

outlet removes excess medium to maintain a relatively stable fluid level above the diamond.

Figure E.2: (Top) Images of the bio-mount designed to integrate with the Ramsey QDM
sensor head and create a perfusion environment for pollen-tube growth. A peristaltic pump
is shown here, but in the final experiment it was replaced by an HPLC pump for improved
stability when injecting culture medium into the bio-mount. (Bottom) Bio-mount inside
the Ramsey QDM setup. The zoomed-in panel shows a schematic cross-sectional view
through the central imaging area.

I also built a water bath system, shown in Fig. E.3, to stabilize the temperature of the culture

medium. This was motivated by the fact that the laboratory temperature fluctuates and may not be

ideal for pollen-grain germination. A typical turnkey water-bath system with both heating and cooling

capabilities can cost more than $7k. However, for the pollen-tube experiment, we only needed to main-
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tain the culture medium near room temperature, within approximately ±5 ◦C. I therefore developed a

lower-cost alternative.

The final system (Fig. E.3) consists of a TEC laser chiller, such as a Coherent T257P, which

circulates temperature-regulated coolant. Several heat exchange plates are placed in the circulation

loop to regulate the temperature of a water bath containing flasks of culture medium. I measured the

temperature of the culture medium directly and found that this TEC-based water-bath system provides

stable temperature control, as shown in Fig. E.4.

Figure E.3: TEC-based water bath system used to regulate the temperature of the culture
medium.

With these engineering modifications, we performed germination experiments with tobacco

pollen grains. During the experiment, the QDM operated in continuous magnetic-imaging mode,

while a camera above the diamond periodically imaged the pollen grains located near the diamond

surface. Successful germination of multiple pollen grains was observed, as shown in Fig. E.5.
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Figure E.4: Example temperature profile of culture medium submerged in the water bath
(top) and an example of laboratory temperature variation (bottom).
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Figure E.5: Tobacco pollen grains germinating under normal NV magnetic-imaging op-
eration. Top: before continuous magnetic imaging, pollen grains are loaded above the
diamond surface. Bottom: after approximately 1 hour of continuous magnetic imaging,
multiple pollen tubes are visible across the image. These images were acquired with a
20× 0.35 NA objective for quick viewing of pollen grains from above the diamond sur-
face (cf. Fig. D.4), rather than for NV photoluminescence imaging or optimized optical
imaging of pollen tubes.
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