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Solid-state electronic spin systems offer powerful platforms for sensitive magnetic-field detection.
A prominent example is the negatively charged nitrogen-vacancy (NV ™) center in diamond, which
provides long spin-coherence times, direct optical readout, and robust operation under ambient conditions.
These properties have enabled NV centers to serve as high-performance magnetometers across diverse
application areas. The development of the quantum diamond microscope (QDM) has further expanded
these capabilities, introducing a wide-field imaging modality that delivers high-spatial-resolution magnetic
images enabled by the minimal stand-off distance between the diamond sensor and the sample.

Over the past decade, QDM technology has matured significantly, demonstrating broad utility
in bioscience, electronic diagnostics, geology, and condensed-matter physics, and is now transitioning
from laboratory instruments to commercial products. However, two major challenges remain. First,
most QDM-based magnetic microscopy still relies on optically detected magnetic resonance (ODMR),

which constrains both sensitivity and sensing bandwidth. Second, the use of CCD cameras in typical



QDM implementations limits temporal resolution and restricts access to advanced pulsed-sensing
techniques.

This work advances a next-generation QDM for quantum magnetic microscopy. On the hardware
side, we design and construct a QDM platform incorporating a high-speed lock-in camera operating
at kiloframes per second and an arbitrary waveform generator (AWG) for executing advanced quantum
sensing protocols. These improvements enable the application of established pulsed sensing techniques,
previously not demonstrated in a wide-field imaging format, to QDM. We demonstrate static and
broadband magnetic imaging using Ramsey sequences, narrowband signal imaging with dynamical
decoupling protocols, and nuclear magnetic resonance (NMR) imaging using the coherently averaged
synchronized readout (CASR) technique. Finally, we benchmark the system’s sensitivity and spatial
resolution, demonstrating substantial improvements enabled by the advanced hardware and pulsed-
sensing capabilities. With the enhanced sensitivity and temporal resolution, this work expands the
range of signals and phenomena that QDM can image, paving the way for broader scientific and

technological applications.
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1.1

1.2

1.3

1.4

List of Figures

(a) Model of the carbon diamond lattice featuring a substitutional nitrogen adjacent
to a vacancy, forming an NV center. The NV symmetry axis is aligned with the
crystallographic axis. (b) Energy level diagram for the negatively charged NV center
(NV™). The ground state ® A, spin triplet has a zero-field splitting (ZFS) of approximately
2.87 GHz between the m, = 0 (|0)) and m, = +1 (| & 1)) states. Under optical
illumination (532 nm, green arrows), NV~ is excited to the first excited state 3K,
from which it radiatively decays back to the ground state, emitting fluorescence in
the 638—800 nm range (red arrows) through a mostly spin-conserving process. NV~ in
m, = =1 can also decay to the 3 A, state via an alternative, spin-selective ISC pathway
(dashed gray arrows), passing through the ' A, and ! E states, which does not produce
visible fluorescence. Expanded view: A, sublevels, where the |0) state is split from
the | = 1) states by the ZFS D. The | £ 1) sublevels further exhibit a Zeeman splitting
proportional to the component of the applied magnetic field B along the NV axis. . . .
NV magnetometry protocols [18]. Schematic of timing and duration of laser pulses,
MW pulses, and readout sequences relative to the field being sensed for common NV-
diamond protocols. Swept parameters are indicated by arrows. Straight lines for the
bias and sample fields indicate static magnetic fields, including the swept static bias
field for Rabi and 77 relaxometry. Sinusoidal curves represent time-dependent sample
fields, which are very high frequency for Rabi and 7} relaxometry. . . . . . .. .. ..
Quantum Diamond Microscope (QDM) [18]. Examples of QDM setups using (a)
permanent magnets and (b) Helmholtz coils to apply a bias magnetic field. In both
configurations, a 532-nm excitation laser illuminates the diamond chip, and optics
collect NV fluorescence onto a camera. An interference filter is used to transmit NV
fluorescence while blocking scattered excitation light. A planar gold omega-loop,
fabricated onto a substrate, is shown delivering microwaves to the diamond chip for
NVcontrol. . . . . . . o e
QDM applications. (a) Parabolic hydrodynamic current density flow profile in graphene
at the Dirac point [33]. (b) Magnetic field image of magnetite intrinsic to MTB
bacteria [34]. (c) Remnant magnetization of a geological sample [35]. (d) Spatially-
resolved NMR detection of *°F nuclear spins on the diamond surface [36]. . .. . ..
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2.1

2.2

2.3

24

(a) NV double electron-electron resonance (DEER) technique for measuring the "N?
and free-electron spin resonance spectrum in the QDM diamond sensor. The total free
evolution intervals between the initial and final single-quantum (SQ) 7/2 pulse on the
NV spins is chosen to match the ensemble NV spin-echo 75 for optimal sensitivity
to bath-spin resonances. The frequency of the SQ 7 pulse on the bath spins is swept
to measure the NV DEER spectrum by the effect on the NV ensemble fluorescence
contrast (see Ref. [20] for details). (b) Energy level diagram of the coupled electron-
nuclear spin system in N% (¢) Simulated '"NY 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

measurementdata. . . ... . L oL oL
(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 [ and () channel; on-chip circuitry accumulates differential results between two
successive measurements in both channels. For example, the output in the / channel
using the sequence in (a) will be S71—S72+S73—S574. (b) Left: Dual-tone MW resonant
with |mg = 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 |m, = +1) and |m, = —1). Right:
The permutation of MW-phase alternation in the () 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. . . . . . . . ... ... ... ...

Design and simulation of the CPW (2-loop antenna. The inner diameter of the {2-
shaped structure is 800 pm. The trace width at the connector boundary is designed to
be 0.9 mm to match the geometry of the U.FL connector, while the trace width of the
antenna loop is 132 ym. The gaps between the center trace and the ground planes are
optimized to achieve a 50 {2 impedance match for both regions, thereby minimizing
MW reflections. Bottom left: Rabi-homogeneity simulation using Ansys HESS. The
HFSS output is a time-dependent MW magnetic field propagation; here we show a
snapshot at zero phase with an input power of 44 dBm at 2.87 GHz. Bottom right:
Rabi-field simulation performed using COMSOL Multiphysics, showing the spatial
distribution of the magnetic flux density. Both simulations demonstrate a homogeneous

Rabi driving region with a diameter of approximately 500 ym. . . . . . ... ... ..
Design and simulation of the terrapin-shaped circuit phantom. (a) Geometry construction

of the phantom and boundary conditions in COMSOL. (b), (c), and (d) Snapshots of
the magnetic-field intensity projected onto one NV axis at stand-off distances of 1, 5,

and 10 gm from the phantom. . . . . . . . . .. ... oL Lo



2.5

2.6

2.7

2.8

2.9

Simulated phantom static magnetic-field patterns (bottom four panels) projected along
the four NV axes in the diamond crystal (shown schematically in the top panel). In this
study, the QDM is configured to image the magnetic field projected along the [111]
axis. Simulations include NV-layer averaging over 10 um depth and pixel binning.

The NV—phantom stand-off distance isdpm. . . . . . . . ... ... ... ... ...

Imaging phantom magnetic fields using a QDM. A 532 nm laser excites NV centers
in a 10 pum-thick layer of a diamond chip. A gold Q2-loop delivers microwaves for NV
spin control, and NV fluorescence is collected onto a photodiode or high-speed camera
(not shown). A bias magnetic field is applied along one NV axis, and an RF coil drives
bath spins to extend 7. A driven current in the terrapin-shaped palladium phantom
generates the magnetic-field pattern to be imaged. (Zoom-in) Simulated (left) and
measured (right) static magnetic-field patterns acquired with the Ramsey-based QDM.
The measurement uses a 25 mV excitation (436 nA) and ~200s averaging. SNR is
computed using the peak-to-peak signal (solid box) and spatial noise in a source-free
region (dashed box). Simulations include N'V-layer averaging over 10 ym depth and
pixel binning (1.9 x 1.9 um?). The NV—phantom stand-off distance is extracted to be

Time-resolved imaging of dynamic magnetic fields using the Ramsey-based QDM
and a differential measurement protocol. A voltage trace mimicking a broadband
cardiac-like signal is applied to the phantom. Magnetic images are acquired with a
temporal resolution of ~2ms and 3 x 3 pixel binning, and the experiment is repeated
400 times for signal averaging. (a) Temporal evolution of the peak magnetic-field
amplitude extracted from the images, overlaid with the applied voltage trace scaled
by 274.26 n'T/V. The agreement demonstrates faithful waveform reconstruction. (b)
Representative magnetic-field images at selected time points indicated in (a). The

spatial magnetic noise at time point (vi)is~3nT. . . . . . ... ... ... ... ...

(a) QDM maps of the NV ensemble spin dephasing time 7% obtained from single-
quantum (SQ) and double-quantum (DQ) Ramsey measurements. The SQ 75 is limited
by heterogeneous strain in the diamond sample. Field of view: 270 x 270 um?. Scale
bar: 50 ym. (b) Median per-pixel 75 and DC magnetic sensitivity 77 measured with and
without spin-bath driving. The median 7% is 2.2(1) s and 1.2(1) s with and without
spin-bath driving, respectively. The corresponding median per-pixel sensitivities are

41()nT/vHzand 9.4(1)nT/vVHz. . . . . .. i

Spatial magnetic noise floor measured using the differential measurement protocol.
Top: Magnetic noise images acquired with different acquisition times and pixel binning,
in the absence of any applied phantom current. The acquisition time includes only
the measurement duration and excludes implementation-dependent data transfer and
storage overhead. The noise exhibits no significant spatial correlation across the field
of view. Field of view: 270 x 270 ym?. Scale bar: 50 ym. Bottom: Spatial magnetic
noise floor oypatial as a function of acquisition time 7., for each pixel binning. The

dashed line indicates the expected o Ta;(ll/ ? scaling. . . . ... .. ... ...
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47



3.1

32

33

34

[38] Numerical simulation of CASR detection of an NMR free nuclear precession
(FNP) signal. The top panel shows the oscillating magnetic field B(¢) produced by
the precession of thermally polarized nuclear spins (blue) at frequency f. The middle
panel illustrates the CASR protocol: a 7/2 pulse (black box) applied to the nuclear
spins at time ¢ = 0 initiates spin precession with a well-defined phase, enabling
coherent signal averaging. The protocol then consists of repeated blocks of identical

NV AC magnetometry pulse sequences with central frequency f, (gray boxes), interleaved

with optical NV spin-state readouts (green boxes). These blocks are repeated with a
synchronized readout cycle period 7gg. The bottom panel shows the NV fluorescence
signal over successive CASR readouts, which oscillates at the aliased frequency 0 f =

53

RF magnetic field imaging protocol with a lock-in camera. Within one camera demodulation

cycle, four exposures occur, with phase-modulated XY8-n sequences applied to NV
spins to generate internal I & Q frames. After NV, cycles (i.e., 2N, total internal frames),
an external frame of the RF magnetic field image is obtained. The CASR protocol
comprises interspersed blocks of single external frame measurements (red boxes) with
a frame rate of fsg. The RF magnetic signal (black curve) with frequency f is sampled
via CASR readout (red dashed curve) at an alias frequency f; — m fsr, where m is the

integer closest to fs/fsR- « « « o o o e e

(a) Wide-field imaging of near-field patterns of narrowband magnetic fields using a
QDM operated under ambient conditions. RF test signals are applied to microcoils to
generate distinct magnetic field patterns across the NV-diamond surface. Laser and
MW fields are used for NV electronic spin manipulation, with spin-state population

readout via spin-dependent fluorescence. (b) Optical image of the spiral-shaped microcoils

positioned at a stand-off distance of approximately 10 ym from the NV layer. All
scale bars correspond to 50 um. (c) NV fluorescence image under CW laser excitation,

illustrating the relative illumination profile (beam shape) across the FOV. The normalized

fluorescence is proportional to the detected photon count. (d) Experimental apparatus.
A flip mirror directs NV fluorescence to either a photodiode or a lock-in camera. An
AWG provides MW pulses for NV spin control, RF signals for the microcoils, and
synchronized frame triggers for camera exposure using its internal oscillator. A Sic
wafer serves as a mechanical mount and thermal heat sink for the MW loop, microcoils,
and NV-diamond chip. An RF test coil (not shown) is used for AC magnetometry

calibration. . . . . . . . . L e

Example calibration measurements of the RF-QDM for dynamical-decoupling-based
AC magnetometry, performed using photodiode detection (laser beam illumination
diameter ~ 50 um) and wide-field imaging with the lock-in camera. (a) Phase sweep of
photodiode-based AC magnetometry used to determine the initial phase of a nominally
in-phase AC magnetic field (f; = 1 MHz) applied with the RF test coil. (b) Photodiode
AC magnetometry curve showing the relative NV photoluminescence contrast measured
using the X'Y8-8 sequence, in good agreement with a sinusoidal fit. (c) Imaged spatial
distribution of the zero-crossing slope of the AC magnetometry curve, which exhibits
spatial variation due to the laser illumination profile on the NV layer (see Figure 3.3(c)).

The scale bar corresponds to 50 pm. . . . . . . oL oL oL oL
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3.5

3.6

3.7

RF-QDM imaging of narrowband, multi-frequency magnetic fields using a dynamical-

decoupling (XY 8-8) protocol. (a) Simultaneous application of 1 MHz (Sigl) and 0.8 MHz

(Sig2) AC currents to two microcoils on the NV-diamond surface; selective detection
is achieved by tuning the m-pulse spacing 7. (b) Measured (left) and simulated (right)
RF magnetic field images for peak currents of 6.6 A, with SNR ~ 50 after 1.2s
averaging per frequency. (c) FFT spectra of the applied signals and corresponding
XY8-8 filter functions, illustrating spectral selectivity. (d) Sub-nanotesla RF magnetic
imaging with peak currents of 26.4nA, yielding SNR ~ 15 after 1 hour averaging
per frequency. All scale bars are 50 ym. Colorbars are not centered at zero due to

asymmetry in the projection onto the sensing NV axis. . . .. ... ... ... ....

RF-QDM imaging of arbitrary phase, multi-frequency magnetic fields using the CASR
protocol. As described in the text, a single tone alternating current (1 MHz + 125 Hz)
is applied to the upper microcoil; and a two tone current (1 MHz + 65 Hz and 1 MHz
+ 185 Hz) is simultaneously applied to the lower microcoil. Both currents have peak
amplitude I, = 3.3 pA. The phases of each signal frequency component (tone) are
arbitrary but fixed during the measurements. Total image acquisition time is 200s. (a)
CASR images of RF magnetic field amplitudes at each signal frequency component,
as well as at alias frequencies (1 Hz and 250 Hz) far from any signal tone. The imaged
arbitrary phase magnetic field amplitudes have SNR of approximately 70 (calculated
with the same method as Figure 3.5(b) for each signal frequency component, and
exhibit good agreement with images of in-phase signals shown in Figure 3.5(b). The
colorbar is not centered around zero because of asymmetry in the projection of the
RF magnetic field amplitude on the sensing NV axis. (b) CASR spectra (FFT) of
three test pixels P23 with positions labeled in (a). Peaks corresponding to three
frequency components f o3 are clearly illustrated in the spectra, with peak heights
proportional to the RF magnetic field amplitude. Linewidths of all spectral peaks
~ 1Hz. Amplitude offsets are added to the spectra of P; 5 for a better visualization.

All scale bars in (a) correspond to S0 pm. . . . . . . . ... oL

CASR phase imaging of multi-frequency RF magnetic fields. (a) CASR images of
RF magnetic field phases at each signal frequency component, as well as at alias
frequencies far from any signal tone (1 Hz and 250 Hz). Noisy phase distributions in
no-signal regions are attributed to the ratio of near-zero real and imaginary amplitudes

of the CASR FFT. (b) Polar plots illustrate the phases of each signal frequency component,

derived from CASR measurements. ¢; and ¢3 are determined from the real and
imaginary parts of the FFT of pixel P3; and ¢, is determined from P;. Red and
blue dots represent the real and imaginary amplitudes of the associated FFT spectra,
respectively, while black arrows indicate the absolute value of the amplitude as shown
in Figure 3.6(a). Grids are depicted as circles with a step size equivalent to the radius
of 10 arbitrary units of FFT amplitude. All scale bars in (a) correspond to 50 pm.
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3.8

39

3.10

3.11

CASR imaging at detuned alias frequencies. (a) CASR amplitude images acquired
under the same conditions as Figure 3.6, shown at alias frequencies of 66 Hz and
126 Hz (detuned by 1 Hz from the applied tones at 65 Hz and 125 Hz, respectively),
and at an intermediate alias frequency of 95 Hz. All scale bars correspond to 50 pm.
The colorbar is not centered at zero due to asymmetry in the projection of the RF
magnetic field onto the sensing NV axis. (b) Real and imaginary components of the
CASR spectrum as a function of alias frequency for three representative pixels, P; 2 3,
whose locations are indicated in (a). Peaks corresponding to the applied signal tones

are illustrated in the phase-offset polar plot of Figure 3.7(b). . . . . .. .. ... ...

RF-QDM imaging of narrowband magnetic fields with known phase using a dynamical-
decoupling (XY8-8) protocol and a 1.7 um-thick NV layer. Alternating currents at
1 MHz, 0.5 MHz, and 5 MHz with peak amplitude I, = 6.6 ;1A are applied to the upper
microcoil in separate experiments. After 1.2 s of averaging per frequency, the images
exhibit SNRs of approximately 50, 34, and 47, respectively, calculated using the same
method as in Figure 3.5(b). The imaged RF magnetic field patterns are consistent over
an order of magnitude in signal frequency and agree with numerical simulations of a
DC current of 6.6 ©A. All scale bars correspond to 50 pm. The colorbar is not centered
at zero due to asymmetry in the projection of the RF magnetic field onto the sensing

NV axis. . . o o e,

(a) Optimization of AC magnetic sensitivity as a function of XY8 sequence number,
measured using photodiode detection with a 10 um-thick NV layer diamond. Increasing
the XY8-n sequence length extends the NV spin coherence time 75. The optimal
median single-pixel sensitivity across the field of view is achieved with the XY8-8
sequence. The inset shows a power-law fit of the measured coherence time 75 versus
the number of 7 pulses, IV, = 8n, yielding a fitted exponent s = 0.44(1). (b) RF-QDM
imaging using the lock-in camera with a 1 MHz signal applied via the RF test coil.
Histogram of the single-pixel AC magnetic sensitivity across the field of view using
the XY8-8 sequence. The median sensitivity is 0.93(1) nT-Hz~'/2 for the 10 ym-thick

NV layer diamond and 2.56(1) nT-Hz~'/2 for the 1.7 ym-thick NV layer diamond. . . .

Suppression of spatial noise in RF-QDM magnetic images through temporal and spatial
averaging. (a) Measured spatial magnetic noise floor, ogpatiai, With no RF signal
applied to the microcoils and a 1 MHz detection frequency, shown as a function of data
acquisition time 7., for 2 um single-pixel resolution and 10 ym (binned) super-pixel
resolution. The dashed black line indicates the expected scaling ogpatial X T;;é/ 2 asa
guide to the eye. (b) Example RF-QDM images of the magnetic noise background and
corresponding values of ogpatiar: (1) 2 pm single-pixel resolution with T},., = 1.2's; (i1)
10 pm super-pixel resolution with 7., = 1.2s; and (i11) 10 um super-pixel resolution
with T,., = 3600s. All scale bars correspond to 50 ym. The magnetic noise is
spatially uncorrelated. Comparisons between (i) and (ii) illustrate spatial averaging,
while comparisons between (ii) and (iii) demonstrate temporal averaging. The lock-in

camera frame rate is identical for all measurements. . . . . . . . . . . . .. ... ...
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3.12 CASR imaging of weighted frequency and phase of RF magnetic signals generated by

4.1

4.2

two microcoils under the same experimental conditions as Figure 3.6. (a) Weighted
frequency image, defined as f, = f fScasrdf/ f Scasr df. A transparency mask
based on the integrated CASR amplitude suppresses no-signal regions. The colorbar
indicates the frequency integration range, which includes f; and f; but excludes fs,
revealing the near-field spatial distributions of the selected frequency components. (b)
Weighted phase image, defined as ¢, = [ ¢ Scasr df/ [ Scasr df, using the same
mask and integration range as in (a). The spatial distributions of ¢; = —6° and ¢o =
80° are clearly resolved. The ~ 180° phase reversal outside each spiral arises from the
opposite direction of the RF magnetic field generated by the microcoils. All scale bars

correspond to DO 4. . . . . L. L L e e e e e e

(a) Bloch sphere visualization of the AC bias, target RF signal, and effective signal
fields in both the laboratory and rotating frames, illustrating the general case. In the
present work, the XY8 sequence is primarily sensitive to the longitudinal effective
signal; and the RF signal and AC bias fields are linearly polarized and generated by the
same coil, and hence are colinear in the laboratory frame. Thus, we consider only the
x-component of the RF signal and AC bias fields, which contribute to the longitudinal

effective signal, to simplify the Hamiltonian model. (b) Simplified schematic of quantum

frequency mixer dynamics, including the effective signal amplitude €2, and AC Stark

shift 6 mediated by virtual Floquet modes. . . . . . . .. ... ... .. ........

(a) Wide-frequency-range RF magnetic sensing using an NV ensemble in diamond.
The NV electronic spin state is initialized and read out optically, while MW control
pulses are applied via an on-chip MW loop. A target RF signal and a strong AC
bias field are applied through the same coil. QFM between these fields generates
an effective signal within the optimal detection band (~ 1 MHz) of narrowband NV
sensing protocols. (b) Integration of QFM with the CASR protocol. The target signal
at frequency w, is mixed with an AC bias field at frequency wy, producing an effective
longitudinal signal at w, = ws — wy. The CASR protocol samples the resulting NV PL
at a rate wgg, yielding an aliased signal at w, and enabling sub-Hz spectral resolution

after Fourier analysis. . . . . . . . . . . . ...
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4.3

4.4

QFM-CASR sensitivity across a wide target signal frequency range. (a) Estimated and
measured QFM—-CASR narrowband magnetic sensitivity for target signal frequencies
from 10MHz to 4 GHz. The AC bias field is detuned by 1 MHz from the target
signal and has a fixed amplitude €, = (27)4.3MHz. Red and blue curves show
estimated sensitivities based on the measured XY8-6 sensitivity at 1 MHz (purple
diamond) and Eq. (4.18), for MW pulses resonant with the NV spin transitions at
w1 = (2m)2.29GHz and wy; = (27)3.45 GHz, respectively. Circles and squares
indicate experimentally measured sensitivities at selected target frequencies. Black
circles (“QFM—CASR Demo.”) correspond to frequencies used in the sub-Hz spectral
resolution demonstrations shown in Figure 4.4. (b) Example sensitivity calibration
measurement for a target signal at 2.4 GHz with an effective (mixed-down) signal
frequency near 1 MHz. (c) Same data as in (a), shown with error bars derived from the

standard deviation of 10 independent sensitivity measurements at each target frequency.

(d) Comparison of estimated sensitivities for linearly polarized (blue) and circularly
polarized (purple) AC bias fields, evaluated for the NV spin transition at w, ;. Circular

polarization provides a modest sensitivity enhancement for ws > wiy. . . . . . .. ..

Demonstration of QFM-CASR spectroscopy of multi-frequency RF signals with sub-
Hz spectral resolution over a wide frequency range. (a) QFM-CASR measurement
protocol applied to a target signal consisting of two frequency components within the
detection bandwidth. In a synchronized sequence of measurement periods, the NV
electronic spin ensemble is initialized and read out using 532 nm laser pulses (green).
A 7/2 microwave pulse along the y-axis prepares the NV spin in a magnetically
sensitive superposition state, followed by an XY8-£ sequence (K = 6) resonant with
a 1 MHz effective signal. A final 7/2 pulse along the = or —z axis projects the
longitudinal spin state as signal or reference, followed by photoluminescence (PL)
readout (red). During each measurement period, an AC bias field (violet) is applied
to mix the two target signal frequencies, w,; and wgo, into an effective signal within
the optimal detection band of the XY8-k sequence via quantum frequency mixing.
(b) Time-domain QFM-CASR measurement of the two-tone target signal. A 1Hz
beating between the two signal components is clearly visible in the upper panel, while
the lower zoomed-in panel resolves the higher-frequency oscillation near the CASR
alias frequency (= 3kHz). (c) QFM-CASR spectra obtained from FFTs of the time-
domain measurements over a wide frequency range. Center: spectrum near 2.4 GHz
derived from the data in (b) after DC offset removal. Left and right: spectra near
0.6 and 4 GHz, respectively. The measured effective signal amplitudes are consistent
with the frequency-dependent sensitivity of the QFM-CASR protocol (black circles in
Figure 4.3). (d) Top: effective-signal noise floor with a standard deviation o, ~ 120 pT,
corresponding to o, ~ 6nT for a target signal near 2.4 GHz. Bottom: zoomed-
in spectrum demonstrating sub-Hz resolution, clearly resolving the two target signal

peaks at wyy and weo. . . L L L e e e
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4.5

4.6

4.7

4.8

4.9

Precise phase measurement using QFM-CASR. (a) The effective signal generated through

quantum frequency mixing has a phase ¢, equal to the difference between the target
signal phase ¢, and the AC bias phase ¢,. By analyzing the real and imaginary
components of the QFM-CASR spectrum, ¢, can be extracted. With ¢, known and
controlled, the target phase is obtained as ¢s = ¢.+¢;. (b) Experimental demonstration
with wy, = (27)2.4 GHz and w, = (27)2.401 GHz. While keeping ¢, = 0, ¢ is swept
over 360° in 1° steps. The real, imaginary, and absolute values of the QFM-CASR
spectrum are shown for every 10 phase steps. (¢) Histogram of the phase error between
measured and applied phases. The distribution is Gaussian with standard deviation

O R 0.4%

Precise QFM-CASR phase measurements of target signals near 666 MHz (top) and
4 GHz (bottom). For the experiment near 666 MHz. For the experiment near 4 GHz,
the same €, ; is applied as for the 666 MHz experiment, with wy = (27)(4 GHz +
3.125kHz) and w;, = (27)3.999 GHz. Real (red) and imaginary (blue) components of
the QFM-CASR spectra are displayed, as generated from FFT of time-domain QFM-
CASR data (NV PL measurements). Polar plots illustrate the phases of each effective
signal, as derived from QFM-CASR measurements. Red and blue dots represent the
real and imaginary amplitudes of the associated QFM-CASR spectra, respectively,
while black arrows indicate the absolute value of the amplitude. Grids are shown
as circles with a radial step size equivalent to 20 arbitrary units of FFT amplitude. . .
Demonstration of sub-Hz QFM-CASR spectral resolution using two test signals near
2.4GHz + 3.125kHz with a frequency separation of 1 mHz. (a) For an acquisition
time t,.q = 10s, the frequency resolution is 6 f ~ 100 mHz, and the two signals are
not resolved, appearing as a single peak in the FFT of the QFM-CASR time-domain
data. (b) For t,.q = 2000 s, corresponding to 0 f ~ 0.5 mHz, the two signals are clearly

resolved, demonstrating a 1 mHz frequency separation. . . . . ... .. ... ... ..

(a) QFM-XY8-6 AC magnetometry curve for the effective field at 1 MHz, obtained
by varying the target signal amplitude while holding the AC bias field amplitude
constant. The signal and bias frequencies are 2.4 GHz and 2.399 GHz, respectively.
The maximum of the curve corresponds to a 7/2 phase accumulation of the NV spin
due to the effective field, yielding an effective field amplitude of 0.58(1) uT. (b) NV
Rabi oscillation measurements used to determine the RF amplitudes of the AC bias

. 106

field, 2, = (27)4.310(6) MHz (upper panel), and the signal field, 2, = (27)0.841(2) MHz

(lowerpanel). . . . . . . . . L e

(a) DEER pulse sequence used to probe P1 center spin dynamics during an NV Hahn-
echo measurement. (b) DEER spectrum measured by sweeping the RF frequency
around the on-axis P1 transition near 666 MHz. (¢) DEER-Rabi oscillations obtained
by sweeping the duration of the spin-bath RF pulse using either the AC bias field (red)
or the signal field (blue). (d) Non-QFM XY8-6 AC magnetometry measurement of a
1 MHz test signal used to calibrate RF field amplitude versus AWG output amplitude.
(e) (left) CASR (non-QFM) spectrum of a 1 MHz + 3.125kHz test signal. (right)
QFM-CASR spectrum of the effective signal generated using signal and bias fields

near 666 MHz. . . . . . . e
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4.10 Comparison of narrowband (AC) volume-normalized sensitivity and applicable signal

5.1

5.2

53

54

frequency range for state-of-the-art NV-diamond experiments, including the present
QFM-CASR results (solid red line, fixed wy) and optimized QFM-CASR performance
(red band). For non-QFM techniques, the marker indicates the reported sensitivity at
the demonstrated signal frequency, while the dashed line indicates the approximate
operational frequency range. All non-QFM techniques exhibit frequency-dependent

AC sensitivity, typically degrading away from the reported operating point [17]. . . . .

113

Timeline of NV-NMR development, adapted from Ref. [86], highlighting major experimental

MILESIONES. . . . . . . o o e e

121

NV-NMR spectroscopy with integrated hyperpolarization [55]. (a) Experimental schematic:

A microwave loop antenna drives both NV centers (purple) and TEMPOL electron
spins (blue). Hyperpolarized NMR signals from nuclear spins in the sample (orange)
are detected via NV ensemble fluorescence. Inset: The sensing area is defined by the
laser spot on the diamond (scale bar: 30 um). (b) Pulse sequence for hyperpolarized
NV-NMR. Left: Overhauser DNP, where continuous microwave driving saturates the
TEMPOL electron spin transition, enabling polarization transfer to nearby protons.
Right: Detection of the proton FNP signal using the CASR protocol with synchronized

dynamical decoupling sequences. . . . . . . . .. ...

Hyperpolarization-enhanced NV NMR of water [55]. (a) Comparison of NV NMR
spectra from pure water with DNP (red circles, single spectrum) and without DNP
(blue circles, 10* spectra averaged), using a CASR pulse sequence. Line shape fits
(solid lines) indicate a DNP signal enhancement factor of 230, achieving a proton
number sensitivity of 10 pmol/Hz'/? for a signal-to-noise ratio (SNR) of 3. (b) CASR-

detected signal magnitude from a pure water sample as a function of DNP drive frequency.

The observed triplet structure results from hyperfine coupling between the electron and
N nuclear spins in the TEMPOL radical. (c) CASR-detected signal magnitude from
pure water as a function of DNP drive power, expressed in units of the electron Rabi
frequency. The maximum DNP signal enhancement occurs at a drive Rabi frequency

of approximately IOMHz. . . . . . ... ... .. ... ...

Schematic of the integrated QDM-NMR experimental platform. Left: Cross-sectional
view of the setup. A liquid sample containing water and dissolved TEMPOL radicals
is held in a plastic tube mounted directly above the NV-diamond sensor. A slot is
fabricated in the SiC wafer at the center of the {2-shaped CPW to enable close proximity

between the NV sensing layer and the sample. A multi-turn copper coil (red) surrounding

the tube provides RF excitation for nuclear spin manipulation (NMR coil) as well as
inductive NMR signal detection; while a separate microwave coil (yellow) delivers
high-power driving for Overhauser DNP. Top right: Conceptual illustration of the
sensing mechanism. Electron spins in TEMPOL radicals transfer polarization to nearby
proton spins via DNP, and the resulting nuclear magnetic resonance signal is detected
by the NV ensemble. Bottom right: Bottom view of the (2-shaped CPW structure
defining the microwave delivery region and the optical FOV of the QDM system. A
capillary tube can be inserted into the sample volume to introduce spatially varying

samples for microscopic NMR imaging. . . . . . . ... ... ... ... .. ...,
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55

5.6

5.7

Block diagram of the electronic control and signal routing for the integrated QDM-
NMR system. The computer-controlled AWG serves as the central timing and control
unit, generating MW pulses for NV spin manipulation and RF signals for nuclear spin
excitation, while providing TTL triggers to synchronize all subsystems. NV PL is
detected either by a balanced photodiode for high-sensitivity measurements or by a
wide-field lock-in camera for spatial imaging. The photodiode signal is digitized by a
DAQ system. For inductive NMR detection, the signal from the NMR coil is routed
through a duplexer and a 90° transformer to separate the weak inductive signal from
the strong RF drive, and is then recorded by the NMR DAQ. The duplexer protects the
receiver while enabling simultaneous RF excitation and signal acquisition. Microwave
excitation for DNP is generated by an independent MW source and amplified, providing
higher output power than the AWG-based path. Additional RF and MW signals are
amplified using amplifiers before being delivered to the CPW, NMR coil, or DNP coil.
Arrows indicate signal flow for MW/RF delivery, TTL triggering, and data acquisition,
illustrating the fully synchronized operation of NV-based sensing and inductive NMR
detection. . . . . . . .. e
Schematic of the nuclear CPMG sequence synchronized with NV-CASR detection
and lock-in camera demodulation. Top: Nuclear spin control sequence. Following
an initial Overhauser DNP polarization period, a 7/2 pulse initializes nuclear spin
coherence, followed by a train of 7 pulses with alternating phase (CPMG) to generate
a series of spin echoes. This sequence extends the effective signal duration from the
dephasing time 77 to the longer coherence time 75. Middle: NV spin control using
the CASR protocol. Repeated blocks of dynamical decoupling sequences (XY8-n)
are synchronized to the nuclear spin evolution, enabling detection of the NMR signal.
Bottom: Lock-in camera demodulation. Multiple internal frames are acquired during
each camera exposure and combined to form a single external frame contains the time
domain signal. This demodulation process extracts the oscillating NMR signal while
suppressing static background contributions. . . . . ... ...
Inductive NMR measurements used for optimization of DNP and nuclear RF pulses.

(a) Inductive 'H NMR spectra of deionized water with (red) and without (blue) Overhauser
DNP, showing an enhancement of approximately 20 x in signal amplitude under optimized

DNP conditions. (b) NMR signal enhancement as a function of DNP drive frequency.
The observed triplet structure arises from hyperfine coupling between the electron spin
and the N nuclear spin in the TEMPOL radical, with the optimal DNP frequency
identified near 1.116 GHz. (c) Nuclear Rabi oscillation obtained by sweeping the RF
pulse duration at fixed amplitude, used to determine the optimal 7-pulse duration.
(d) Nuclear Rabi oscillation obtained by sweeping the RF pulse amplitude at fixed
duration, used to determine the optimal RF drive amplitude. . . . ... ... .. ...
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5.8 Time-domain nuclear CPMG-25 signals measured simultaneously using inductive 'H
NMR and N'V-based detection of deionized water with Overhauser DNP. (a) Inductive
NMR signal. Top: Raw signal with high-amplitude nuclear 7 pulses shaded; a threshold
is used to identify these pulses. Bottom: Cleaned signal after removing the m-pulse
contributions, revealing 25 spin-echo envelopes separated by 4 ms. (b) NV-NMR
signal measured via photodiode readout. Top: Raw signal with detected spikes (corresponding
to nuclear 7 pulses) shaded. Bottom: Cleaned signal after spike removal, showing
the corresponding spin-echo train. The inductive and NV-NMR signals exhibit clear
temporal alignment, confirming consistent detection of the same nuclear spin dynamics.

Each spin-echo envelope decays with the nuclear dephasing time 7%, while the envelope
peaks decrease over time according to the coherence time 75. The NV-NMR signal
shows higher noise but captures the same echo structure, demonstrating its capability
for time-resolved NMR detection with microscopic sensing volume. . . . . . . .. .. 136

5.9 Frequency-domain analysis of a single NV-NMR spin-echo signal. (a) Raw FFT
spectrum showing a clear alias peak near f, =~ 3.25kHz (red dashed line), with
the shaded region indicating the integration window. (b) Calibrated FFT spectrum
converted to magnetic field units using a reference measurement, yielding a peak
amplitude on the order of a few nT. (c) Amplitude spectral density (ASD), obtained
by normalizing the FFT to the measurement bandwidth, highlighting the signal-to-
noise characteristics. (d) Power spectral density (PSD) and integration over the signal

bandwidth (shaded region), yielding a total magnetic field amplitude of 4/ [ PSD df =

4.46 nT. The extracted signal amplitude significantly exceeds the thermally polarized

expectation, indicating ~ 100x enhancement due to Overhauser DNP. . . . . . . . .. 139
5.10 Analysis of nuclear spin (*H) coherence time 7, from simultaneous NV-NMR and

inductive NMR measurements using the CPMG-25 sequence for deionized water with

Overhauser DNP. (a) FFT spectra of individual NV-NMR spin echoes, vertically offset

and color-coded by echo time. A clear alias peak near 3.25kHz is observed for all

echoes, with the peak amplitude gradually decreasing due to nuclear spin decoherence.

(b) Example integration window used for time-domain analysis of the second spin

echo. The shaded region indicates the integration range centered between nuclear 7

pulses. (c) Comparison of 75 extracted from the FFT peak amplitudes of each spin echo

for NV-NMR and inductive NMR measurements. Dashed lines are exponential fits.

(d) Comparison of 75 obtained from time-domain integration of each spin echo. Both

analysis methods yield similar coherence times, with the NV-NMR data exhibiting

larger fitting uncertainty due to lower signal-to-noise ratio. The shorter NV-NMR 75

compared with the inductive measurement is attributed to diffusion and magnetic-field

gradients near the diamond surface. . . . . .. ... .. ... L oL 140
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5.11

5.12

5.13

Proof-of-principle imaging of a CPMG-shaped synthetic signal using QDM-CASR. (a)
Spatial maps of the signed FFT amplitude at three frequencies: the signal frequency
fas = —1071Hz (left), an off-resonant frequency f = —571 Hz (middle), and the
reference/background frequency f,o = —71 Hz (right). The signal map at f,, clearly
resolves the spiral microcoil pattern, while the off-resonant map shows only noise and
the background map reflects the spatial profile of the large NMR coil and illumination
inhomogeneity. The circled pixel (99,61) indicates the location of maximum signal

amplitude used for further analysis. (b) Time-domain CASR signal (left) and corresponding

FFT real component (right) for the selected pixel. The signal exhibits an exponentially
decaying envelope in time and a distinct spectral peak at f,, in the frequency domain.
(c) Magnitude of the complex CASR signal /12 + Q? (left) and corresponding FFT
amplitude spectrum (right). The spectrum shows a dominant peak at f,; and a smaller

peak at f,o, corresponding to the synthetic signal and reference background, respectively.

Time-resolved spectral analysis of the CPMG-shaped synthetic signal using windowed
FFT. (a) Spectrogram obtained by applying FFT to successive 4 ms time windows of
the CASR signal at the pixel of maximum amplitude (99,61). The dominant signal
component at f,s = —1071 Hz (left dashed line) exhibits a clear exponential decay
over time, while the reference/background component at f,; = —71 Hz (right dashed

line) remains approximately constant. (b) Temporal evolution of the FFT peak amplitudes

extracted from (a). The signal component at f,s (red) is fit to an exponential decay,
yielding 75 = 199.84 + 28.82ms, consistent with the programmed decay constant
of the synthetic signal. The reference component at f,, (blue) shows no decay and
remains constant within noise, confirming its origin as a steady background field.

Magnetic-field calibration and quantitative imaging of the CPMG-shaped synthetic
signal. (a) Pixel-wise AC magnetometry calibration at the selected pixel (99,61).
The NV fluorescence contrast is measured as a function of applied RF magnetic field
amplitude and fit to a sinusoid, yielding a calibration factor C' = 37.72 T /amp.
The vertical dashed line indicates the operating point used in the experiment. (b)
Spatial map of the calibration factor (B/Amp) across the field of view, reflecting the
spatial variation of the RF magnetic field generated by the NMR coil and the relative
positioning of the sample within the coil. The circled pixel indicates the location used
for calibration in (a). (c) Reconstructed magnetic-field amplitude images obtained
by applying the calibration map to the FFT amplitudes. Left: signal component at

fas = —1071 Hz, clearly resolving the spiral microcoil pattern with peak amplitudes
on the order of 100 nT. Middle: off-resonant frequency (f = —571 Hz), showing noise-
limited background. Right: reference component at f,g = —71Hz, corresponding

to the spatial distribution of the background field generated by the large NMR coil.

Horizontal artifacts arise from partial saturation of the CMOS sensor during acquisition.
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5.14

5.15

5.16

5.17

5.18

5.19

6.1

6.2

SNR improvement through pixel binning and averaging for QDM-NMR imaging. (a)
Spatial maps of the measured CASR noise floor after 1000 averages for the original
image resolution (left) and after 2 x 2 pixel binning (right). Pixel binning reduces
the effective per-pixel noise level. (b) Estimated per-pixel magnetic noise floor as a
function of the number of averaged measurements for different pixel binning conditions.
Curves are shown for binning factors from 1 x 1 (2 um spatial resolution) to 10 x 10
(20 pm spatial resolution). The dashed lines indicate estimated signal amplitudes of
4.37nT and 0.437 nT, corresponding to SNR = 1 and SNR = 10. (c¢) Estimated QDM-
NMR SNR as a function of averaging number for different binning conditions. The
dashed line indicates SNR = 10. Based on these estimates, an NMR image with SNR

~ 10 can be achieved at approximately 8 ym spatial resolution (4 x 4 binning) with
1000 averages, corresponding to a total acquisition time of approximately 6h. . . . . . 147
Adapted from Ref. [87]. PEG-based hydrogel formation and structural heterogeneity
relevant to QDM-NMR imaging. (a) Schematic of PEG precursor molecules (PEG-
MA and PEG-SH) used to form crosslinked hydrogel networks. (b) Comparison between
homogeneous hydrogel formation (top) and gel—gel phase separation (GGPS, bottom),
where dense and dilute polymer domains coexist. These structural variations lead to
spatial differences in molecular diffusion and local viscosity, which can produce spatial
contrast in nuclear spin coherence time 75. . . . . . . ... ... 150
MRI of various biofilm geometries [94, 95]. (a) MRI visualization of different biofilm
structures: autotrophic biofilm (left), granulated biofilm (middle), and granulated biofilms
of varying sizes (right). (b) T}-weighted (left) and 75-weighted (right) MRI contrast

revealing internal heterogeneity in a heterotrophic biofilm. . . . . . ... ... .. .. 152
SEM images of Staphylococcus aureus biofilms adhered to glass under different pH
conditions [97]. . . . . L 153
Structural diagram of Spirogyra cells, illustrating the characteristic helical chloroplast
morphology. . . . .. e 154
3D MRI of a single Spirogyra cell [98]. (a) Optical image of the sample. (b) Corresponding
MRI reconstruction showing overall cell morphology. . . . . .. .. ... ... ... 155

Representative compact NV-diamond magnetometer implementations. (a) CMOS-
integrated device with on-chip photodiode and microwave generation [99]. (b) Fiber-
integrated sensor with compact optical and microwave components [100]. (c) PCB-
level integrated system combining optical excitation, microwave delivery, and signal
processing [101]. (d) Fully integrated LED-based device with compact sensor head
architecture [102]. . . . . . . . e e 160
Design of the compact quantum magnetic camera. (a) Cross-sectional view of the
assembled device and optical layout. A fiber-coupled laser is collimated and shaped
by a cylindrical lens, then directed via mirrors to illuminate the NV diamond from the
side. The resulting spin-dependent fluorescence is collected by an imaging lens array,
filtered, and detected by an on-chip CMOS camera. Microwave (MW) excitation is
delivered through an integrated input port. (b) Exploded view of the device showing
the ten-layer modular architecture, including the diamond mount [1], mirror mount [2],
imaging lens mounts [3], [4], [6], pinhole [S], cylindrical lens and mirror mount [7],
fiber mount [8], filter mount [9], and CMOS camera board [10].. . . . . . . . . . . .. 163
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6.3

6.4

6.5

7.1

7.2

7.3

Design and simulation of the side-illumination module. (a) Optical layout of the
illumination path. A collimated Gaussian beam from the fiber output [1] is compressed

by a cylindrical lens and directed into the diamond at position [2] with an incident
angle of 23.4°. The beam propagates along the diamond via TIR, illuminating the
target FOV of 1 mm x 1mm. (b) Simulated normalized power intensity distributions

at key propagation positions [1]-[4] using the POP method. The beam is progressively
compressed along the vertical direction, with a waist reduced from 1.1 mm at the input

to 66.6 um and 45.3 ym near the diamond entry, and further confined to a ~20 yum-

thick layer at the sensing surface, enabling efficient and localized excitation of NV
CEMIEIS. . . o v v v v v e e e e e e e e e e e e 166
(a) Adapt from Ref. [104]. Room-temperature emission spectrum of a single NV center

in a nanodiamond, fitted with eight Lorentzian components. The zero-phonon line
(ZPL) and phonon sideband (PSB) contributions are illustrated, along with a simplified
energy-level model including multiple vibronic ground states |g;) and an excited state

le). Spectral broadening arises from spontaneous emission, pure dephasing, and phonon-
assisted transitions. (b) Optical design of the finite-conjugate imaging system. Ray
traces for three representative field positions (center, mid-field, and edge, shown in

blue, red, and green, respectively) over a total system length of 25mm. . . . . . . . .. 168
Simulated performance of the optimized imaging system. (a) RMS wavefront error

as a function of field position (+Y direction) and wavelength, showing consistently
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Chapter 1: Introduction

1.1 Nitrogen-Vacancy Centers in Diamond

Quantum systems composed of solid-state electronic spins can be sensitive detectors of magnetic
fields. A prominent example is the nitrogen-vacancy (NV) center in diamond [1], which consists of a
substitutional nitrogen adjacent to a vacancy in the carbon lattice (Figure 1.1(a)). Although NV centers
exist in varies charge states (NV~, NVY, NVT), in this dissertation, we use NV center to refer to the
negatively-charged NV, which is conventionally used for sensing.

The negatively-charged NV~ features a electronic spin S = 1, leading to a triplet ground state
(3As) as shown in Figure 1.1(b). The (3 A,) electronic ground state is an orbital singlet and spin triplet

manifold, with bare ground-state Hamiltonian [2]:

Hy/h=8 D-S+S5-A-1+1-Q-1, (1.1)

A N ~ A A A

where h is Planck’s constant, S = (S,,5,,5.) and I = (I, I,, I.) are the dimensionless electron
and nitrogen nuclear spin operators, respectively. The first term represents the fine-structure splitting
arising from the electronic spin—spin interaction, characterized by the fine-structure tensor D [3].
The second term describes the hyperfine interaction between the NV electronic spin and the nitrogen
nuclear spin, parameterized by the hyperfine tensor A. The third term denotes the nuclear electric
quadrupole interaction, associated with the quadrupole tensor Q. Under the C'3, symmetry of the NV

center, the tensors D, A, and Q are diagonal in the NV coordinate frame, and the Hamiltonian I—:Tgs
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Figure 1.1: (a) Model of the carbon diamond lattice featuring a substitutional nitrogen
adjacent to a vacancy, forming an NV center. The NV symmetry axis is aligned with
the crystallographic axis. (b) Energy level diagram for the negatively charged NV
center (NV™). The ground state 3A, spin triplet has a zero-field splitting (ZFS) of
approximately 2.87 GHz between the m; = 0 (|0)) and m, = £1 (| £ 1)) states. Under
optical illumination (532 nm, green arrows), NV~ is excited to the first excited state
3E, from which it radiatively decays back to the ground state, emitting fluorescence in
the 638—800 nm range (red arrows) through a mostly spin-conserving process. NV~ in
m, = %1 can also decay to the 3 A, state via an alternative, spin-selective ISC pathway
(dashed gray arrows), passing through the ' A, and ! F states, which does not produce
visible fluorescence. Expanded view: A, sublevels, where the |0) state is split from
the | + 1) states by the ZFS D. The | £ 1) sublevels further exhibit a Zeeman splitting
proportional to the component of the applied magnetic field B along the NV axis.

can be written in the simplified form given in Ref. [2].

hg = D(T)S? + AS. 1. + A (S, L, + SyI,) + PIZ. (1.2)

The zero-field splitting (ZFS) parameter is D(7') ~ 2.87 GHz at room temperature, separating
the |m; = 0) and |ms = £1) sublevels. The ZFS is temperature dependent, with dD /dT ~ —74 kHz/K
[4]. The electronic spin states exhibit additional splittings due to the hyperfine interaction with
the nitrogen nuclear spin. For the naturally abundant ‘N isotope (I = 1), the axial hyperfine
coupling is A ~ 2.14 MHz, while for N (I = 1/2) it is A ~ 3.03 MHz [5, 6]. The transverse

hyperfine couplings A, are of similar magnitude for the two isotopes, with A, ~ 2.70 MHz for



N and A, ~ 3.65 MHz for *N. Additionally, *N exhibits a nuclear quadrupole coupling of
P ~ —5.01 MHz, whereas the N isotope (I = 1/2) does not possess a quadrupole moment.
In the presence of an external magnetic field B = (B,, B,, B.), the degeneracy of the |m, = +1)

sublevels is lifted by the Zeeman interaction,

Hyee/h = gepin(B.S. + B,S, + B,S,), (1.3)

where g. ~ 2.003 is the NV center electronic g-factor and pp = 9.274 x 10724 J/T is the Bohr
magneton. This corresponds to an NV electronic gyromagnetic ratio of v, /27 ~ 28.04 GHz/T.
Electric fields E = (Ey, Ey, E.,) and crystal strain also contribute additional terms to the electronic

ground-state Hamiltonian with terms:

Haeo/h = dyE.S? — dy E,(S2 — S2) + d1 By (S2Sy + 8,5,), (1.4)

where d| = 103 Hz/(V/m) is the axial electric dipole moment, and d; = 0.17 Hz/(V/m) is the

transverse electric dipole moment [7]; and

Hyy/h = M,S? + M,(5? — S%) + M,(S,S, + S,5;)

T Y

(1.5)
+ No(S,S. + S.5,) + N, (S,S. + S.5,),
where M, M,, M, N,, and N, are strain-dependent amplitudes [8]. The £, and M, term effectively
shifts the zero-field splitting, while the remaining transverse stress terms may be negligible or suppressed
depending on the experimental conditions (e.g., strong applied magnetic field). The sensitivity of

the NV spin to these strain-induced interactions enables imaging of internal or external diamond



stress, which is valuable for diamond material characterization. However, for magnetic-field imaging
applications [9], strain sensitivity can introduce unwanted perturbations and is therefore typically
considered a potential limitation; this topic will be discussed in later chapters.

By considering only the dominant contributions, namely the zero-field splitting, axial stress,
electric fields, and the Zeeman interaction, and neglecting the hyperfine and quadrupole structure, the

transitions between the |0) and |+1) sublevels become:

fo=|Es — Ey| = (D(T) + M. + d, E.) 1%32, (1.6)

where F,,_ are the energy eigenstates of the corresponding |m;) spin sublevels. The |£1) sublevels
are shifted together relative to |0) by the zero-field splitting as well as axial crystal stress and electric
fields, while the Zeeman interaction shifts the |+1) and |—1) levels in opposite directions. The NV
ground-state spin can be coherently manipulated using microwave (MW) irradiation resonant with the
f+ transitions, which become nondegenerate when B, # 0. Application of resonant or near-resonant
MW control fields, together with continuous-wave or pulsed optical excitation, forms the basis of
NV-based multimodal quantum sensing: shifts in the NV spin resonances f. lead to measurable
changes in the detected NV fluorescence (also known as photoluminescence or PL). For sufficiently
small perturbations (compared to the measurement dynamic range), shifts in f. relative to the applied
MW frequency can be linearly mapped to changes in magnetic field, electric field, crystal stress, or
temperature.

Apart from the microwave-controllable ground-state spin, the ability to optically initialize and
read out the spin population is another critical property that makes the NV center in diamond an

excellent quantum sensor. As illustrated in Figure 1.1(b), optical excitation from a pump laser (typically



532nm) drives the NV electronic spin from the ground-state manifold (*4,) to the triplet excited
state (*F). The excited NV center can relax back to the ground state through the radiative pathway
3E — 3A,, emitting red fluorescence in the 637—800 nm range while preserving the spin projection
ms. In addition, the |m, = £1) levels have access to a spin-selective, non-radiative decay channel
through an intersystem crossing (ISC) via the singlet states ' A; and ! F, ultimately returning to the
|ms = 0) ground state with a branching ratio of ~ 30% [10].

As a result, the amount of red fluorescence emitted by the NV center directly reflects the spin-
state population, and continuous optical excitation preferentially initializes the NV spin into the bright
|0) state. The metastable ! F state has a lifetime of approximately 200 ns at room temperature [4, 11],
while the excited 3E state has a lifetime of ¢35z ~ 13ns [12]. The absorption cross section for the
3A, — 3F transition at A = 532nmis ¢ ~ 3.1 x 10717 cm? [13]. These parameters correspond to a
saturation intensity of I, ~ he/Aotsgp ~ 0.9 MW/cm?, where c¢ is the speed of light.

The ISC is also responsible for the reduced fluorescence of NV centers in the |m, = +1) sublevels,
which emit fewer photons than those in |ms = 0). The fractional fluorescence difference between these
states, known as the fluorescence contrast, can reach ~ 20% for a single NV center [14] and ~ 10%
for an NV ensemble [15]. In an optically pumped NV-diamond ensemble, the fluorescence intensity
therefore reports the relative population in the |m; = 0) and |m, = +1) states. A transition driven
by a resonant microwave field that transfers population from |0) to |£1) reduces the fluorescence
due to increased ISC-mediated decay. This mechanism forms the basis for optical spin readout in

NV-diamond-based quantum sensing.



1.2 NV-diamond for Quantum Sensing

Quantum sensing is one of the most promising near-term real-world applications of quantum
science and technology. It leverages unique quantum properties, such as superposition, entanglement,
and discrete energy levels, to measure physical quantities with precision that can exceed the limits of
classical sensors. By encoding external perturbations (e.g., magnetic fields, electric fields, temperature,
strain, or rotation) into the quantum state of well-controlled physical systems, quantum sensors achieve
exceptional sensitivity and resolution [16]. Modern quantum sensing research builds on decades of
advances in atomic physics and magnetic resonance, drawing from foundational technologies such
as nuclear magnetic resonance (NMR), atomic clocks, atomic vapor magnetometers, superconducting
quantum interference devices (SQUIDs), and solid-state spin defects. As discussed in the previous
section, the NV center in diamond has emerged as a leading platform for quantum sensing due to
its direct optical spin-state readout, controllable spin dynamics, and ability to operate under ambient
conditions. These properties enable non-invasive, high-resolution measurements across a wide range
of disciplines, including condensed-matter physics, materials science, biology, chemistry, and electronics.

The NV center in diamond is a versatile quantum sensor capable of detecting magnetic fields,
electric fields, temperature, and crystal strain. As shown in Eq. (1.6), the resonant frequencies between
the |0) and |£1) sublevels of the NV ground state are sensitive to all these perturbations. Magnetic
fields induce a differential shift in the f. transition frequencies, whereas temperature, strain, and
electric fields introduce common-mode shifts. This distinction enables the magnetic-field contribution
to be isolated from other perturbations by independently measuring the |0) — |+1) and |[0) — |—1)
transitions, or through a single multi-tone measurement using double-quantum magnetometry, which

will be discussed in Chapter 2. In this dissertation, we focus on the use of NV centers in diamond for



sensing magnetic fields.

The diverse range of magnetic sources studied using N'V-based magnetometers can be categorized
into three regimes according to the characteristic time scale of the signal: static or broadband magnetic
fields (DC-100kHz), narrowband oscillating fields (1 kHz—20 MHz), and high-frequency fields in the
gigahertz range. Figure 1.2 summarizes conventional NV magnetometry protocols used to detect each

class of magnetic signal.

1.2.1 Static and Broadband Magnetic Sensing Protocols

Continuous-wave optically detected magnetic resonance (CW-ODMR) is the simplest and most
robust protocol for sensing broadband magnetic fields. Its technical simplicity has led to widespread
adoption throughout the NV community. In CW-ODMR measurements, the NVs are continuously
illuminated with a green pump laser while a MW field is simultaneously applied, as illustrated in
Figure 1.2. A reduction in NV fluorescence occurs when the MW field is resonant or near-resonant
with the |0) — |£1) transitions, driving population into the |+1) sublevels before optical pumping
returns it to the bright |0) state. By sweeping the frequency of the applied MW field, an ODMR
spectrum is obtained, with resonance frequencies that shift in response to external magnetic fields and
other perturbations.

The sensitivity of ODMR-based magnetometry depends on both the contrast and the linewidth
of the ODMR spectrum [17]. In NV ensembles, magnetic-field gradients, inhomogeneous microwave
(MW) driving, and crystal strain all contribute to linewidth broadening. One effective strategy for
reducing the ODMR linewidth is to lower the MW driving strength; however, in CW-ODMR, the

competing effects of continuous laser excitation and MW driving inherently suppress the achievable



Figure 1.2: NV magnetometry protocols [18]. Schematic of timing and duration of
laser pulses, MW pulses, and readout sequences relative to the field being sensed for
common NV-diamond protocols. Swept parameters are indicated by arrows. Straight
lines for the bias and sample fields indicate static magnetic fields, including the
swept static bias field for Rabi and 7} relaxometry. Sinusoidal curves represent time-
dependent sample fields, which are very high frequency for Rabi and 7} relaxometry.

fluorescence contrast. To overcome this limitation, pulsed-ODMR protocols separate spin initialization,
MW control, and spin readout into distinct time windows, as illustrated in Figure 1.2. In a typical
pulse sequence, an initial laser pulse polarizes the NV spin into the |0) state, a MW 7-pulse transfers
population between |0) and |41), and a final laser pulse performs spin-state readout. This temporal
separation reduces power broadening and results in narrower resonance and similar contrast features
compared to CW-ODMR. The MW power determines the duration of the 7m-pulse and must be optimized
to balance ODMR linewidth and contrast. Despite improved performance relative to CW-ODMR, the
linewidth in pulsed-ODMR still reflects two contributions: the intrinsic 7% -limited linewidth and the
broadening associated with the finite-duration MW pulse. To optimize the magnetic sensitivity, these

two effects are typically made comparable in magnitude [17].



Ramsey-based magnetometry protocols [19] offer superior magnetic sensitivity compared to
ODMR techniques by temporally separating the magnetic-field sensing interval from both the optical
initialization and MW control pulses. This separation eliminates power broadening effects and enables
the use of higher laser intensity and MW field amplitude, increasing the collected fluorescence per
measurement cycle. In a typical Ramsey sequence, a green laser pulse polarizes the NV ensemble

into the |m, = 0) state, followed by a resonant 7/2 MW pulse that creates a coherent superposition

between two spin sublevels (e.g., |ms; = 0) and |mg = +1), or the double-quantum |+1) and |—1)
states). During the subsequent free precession interval, 7, the MW and laser fields remain off while

the superposition evolves under the local magnetic environment and accumulates a dynamic phase

¢ = 27T7|BU + Bs

7,where ~y is the NV gyromagnetic ratio and | By + B;| is the total field experienced
by the NV centers.

After phase accumulation, a second 7/2 pulse maps the dynamic phase onto the population
difference of the spin states, which is then measured optically using spin-dependent fluorescence
contrast. By sweeping the free precession time, one obtains the characteristic Ramsey fringes, sinusoidal
oscillations whose envelope decays over the ensemble dephasing time T3, where T =~ 1/(#T") for a
Lorentzian linewidth I'. Although mapping out the full Ramsey fringe pattern allows extraction of the
resonance frequency via Fourier transform, this procedure is inefficient for magnetometry. Instead, 7
is typically fixed near 75 to interrogate the fringe at its point of maximum slope, yielding a highly
sensitive DC magnetometry curve. Small changes in magnetic field shift the phase and produce a
corresponding oscillation in the detected fluorescence. This approach maximizes magnetic sensitivity
while preserving a wide dynamic range, since varying 7 enables trade-offs between sensitivity and
field range. Furthermore, Ramsey magnetometry benefits from compatibility with techniques such as
spin-bath driving to mitigate dephasing [20], and can be implemented in the double-quantum (DQ)

9



basis to enhance immunity to common-mode noise [21]. Overall, Ramsey interferometry provides
a robust, power-broadening-free sensing protocol limited fundamentally by the ensemble dephasing

time 77

1.2.2 AC and Narrowband Magnetic Sensing Protocols

For oscillating magnetic fields, Hahn spin echo [22] provides a fundamental sensing scheme.
The Hahn echo sequence, illustrated in Figure 1.2, builds directly upon the Ramsey protocol by
inserting a m-pulse midway through the free-precession interval to refocus ensemble dephasing. This
refocusing cancels phase dispersion arising from static or slowly varying inhomogeneities such as
stress gradients or dipolar interactions with the diamond spin bath. As a result, the Hahn echo extends
the relevant coherence timescale from the inhomogeneous dephasing time 75 to the spin coherence
time 75, which is typically an order of magnitude longer and determined by dynamical fluctuations in
the local magnetic environment [23].

In addition to prolonging coherence, the Hahn echo sequence makes the NV sensor selectively
sensitive to narrowband, oscillating (AC) magnetic fields. The applied MW 7 and 7 /2 pulses act as a
frequency-domain filter with linewidth determined by the filter response function [24]. By choosing
appropriate rotation axes for the final 7/2 pulse (e.g., {y, —y} or {z, —x}), the measurement can be
configured to be either linearly sensitive to an AC magnetic field amplitude or quadratically sensitive to
magnetic noise with zero mean but finite variance. Optimal sensitivity occurs when the total evolution
time 7 between the 7 /2 pulses approaches T5; however, in conventional Hahn echo magnetometry this
condition is typically not satisfied because the evolution time 7/2 must match half the period of the

target AC magnetic field.
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To improve the AC sensitivity, multiple refocusing pulses can be introduced to extend the
effective coherence time and narrow the spectral filter function. This class of sequences, known as
dynamical decoupling (Figure 1.2), includes widely used NMR-derived protocols such as CPMG-
n and XY8-n, which have been extensively adopted in NV experiments [24]. The Carr—Purcell-
Meiboom-Gill (CPMG) protocol generalizes Hahn echo by introducing a train of N equally spaced
m-pulses during the free evolution. This sequence enhances dynamical decoupling from environmental

TSPMG | which increases approximately as N/ in typical NV-

noise, extending the coherence time to
diamond environments that assuming the electronic spin bath is the dominant decoherence source [25].
Because the repeated 7 pulses act as a spectral filter, CPMG is highly sensitive to oscillating magnetic
fields with frequencies matched to the pulse spacing, enabling narrowband AC magnetometry with
sub-nanotesla sensitivity. Increasing the pulse number sharpens the filter function and shifts the
detection window to higher frequencies, making dynamic decoupling a powerful tool for probing
spin noise spectra, detecting nanoscale nuclear spins, and enhancing sensitivity to weak AC magnetic
signals.

The sensing frequency range of dynamical decoupling sequences is experimentally limited by the
maximum achievable amplitude of MW control pulses, typically restricting detection to frequencies
below ~ 20 MHz. To extend this range up to GHz frequency signals, one can employ a quantum
frequency mixer (QFM) [26, 27], in which an applied AC bias field mixes a high-frequency target
magnetic field down to a MHz-scale signal compatible with dynamical decoupling-based detection.
This technique will be discussed in detail in Chapter 4.

A simpler approach is Rabi magnetometry [28, 29], which provides a direct method for sensing
magnetic fields oscillating at or near the NV electronic spin transition frequency in the GHz range,

thereby complementing the information obtained from CW-ODMR measurements [30]. Following
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optical initialization into the |m, = 0) state, a continuous resonant MW field is applied for a variable

duration. When the MW frequency matches the NV transition (e.g.,

ms = 0) < |mgs = +1)), the
spin population undergoes coherent Rabi oscillations at a frequency 2z oc v/Pyrw, Where Py is the
power of the applied MW field. Because the Rabi frequency depends on both the local MW magnetic-
field amplitude and the detuning from the NV resonance, Rabi measurements enable spatial mapping of
MW drivinginhomogeneities, characterization of local magnetic environments, and wide-field imaging
without requiring long free-precession intervals.

T7 relaxometry probes magnetic noise at or near the NV resonance frequency by measuring
the longitudinal relaxation time of the NV spin. After optical initialization into the |m, = 0) state,
the NV is allowed to relax in the dark for a time 7 before a readout pulse measures the remaining
spin polarization. This relaxation process typically follows an exponential decay with characteristic
time 7}, which can reach up to several milliseconds at room temperature when dominated by phonon
interactions [31]. 7} can be strongly reduced by magnetic frequency noise or nearby paramagnetic
spins with fluctuations at the NV transition frequency (approximately 2.87 GHz). By sweeping the
applied bias magnetic field, one can tune the NV transition frequency, thereby probing the spectral
density of magnetic noise across a range of frequencies. This makes 77 relaxometry particularly
useful for detecting paramagnetic species, probing high-frequency spin noise, and imaging magnetic

nanoparticles or biomolecular spin labels.

1.3 Quantum Diamond Microscope

The Quantum Diamond Microscope (QDM) is a wide-field magnetic imaging platform that

leverages ensembles of NV centers in diamond to map magnetic fields with high spatial resolution,
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high sensitivity, and real-time acquisition capability. By combining optical excitation, spin-dependent
fluorescence readout, and microwave control of the NV ground-state spin manifold, the QDM enables
pixel-parallel detection of local magnetic fields across a large field of view. Unlike scanning probe
techniques, which acquire data point-by-point, the QDM uses a camera to simultaneously image a
thick and dense NV layer embedded beneath the diamond surface, allowing rapid reconstruction of
magnetic field maps produced by the sample. The spatial resolution of the QDM is typically at the

micron scale, limited primarily by two factors [32]:

1. Diffraction Limit: The NV fluorescence wavelength (\) ranges from 636 to 800 nm. With a

free-space objective of numerical aperture (NA) less than 1, the spatial resolution is constrained

A

by diffraction, yielding a resolution limit of approximately > 5+

~ 0.5 pm.

2. NV Layer Thickness: To suppress photon shot noise and improve sensitivity, a larger sensing
volume of the NV ensemble is desired. Thus, the thickness of the NV layer is typically 1 to 10

pm, which further limits spatial resolution to the micron scale.

1.3.1 Basic Components and Design Consideration of QDM

A schematic of a typical QDM setup is shown in Fig. 1.3. The core components of a QDM
include a diamond slab containing a dense layer of near-surface NV centers for magnetic sensing;
a bias magnetic field, provided either by permanent magnets or Helmholtz coils, to define the NV
quantization axis and suppress transverse magnetic noise; an optical pumping laser used to initialize
and read out the NV spin state; and a MW delivery structure to generate MW pulses that drive
transitions between the NV ground-state spin sublevels. The NV fluorescence is collected and imaged

onto a camera using a finite-conjugate wide-field imaging system consisting of a microscope objective,
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Figure 1.3: Quantum Diamond Microscope (QDM) [18]. Examples of QDM setups using
(a) permanent magnets and (b) Helmholtz coils to apply a bias magnetic field. In both
configurations, a 532-nm excitation laser illuminates the diamond chip, and optics collect
NV fluorescence onto a camera. An interference filter is used to transmit NV fluorescence
while blocking scattered excitation light. A planar gold omega-loop, fabricated onto a
substrate, is shown delivering microwaves to the diamond chip for NV control.

a tube lens, and appropriate optical filters. Together, these components enable wide-field imaging of
magnetic fields across the diamond surface.

The properties of the diamond sensor itself strongly influence the overall performance of the
QDM. The NV density determines the available signal and therefore impacts the magnetic sensitivity
[17]. However, excessive NV concentration or inhomogeneity in strain and impurity density can
broaden spin resonances, leading to shorter spin lifetimes 75 and 75, consequently degrading performance.
Additionally, the NV layer thickness should be matched to the sample geometry to maximize signal
while minimizing stand-off distance.

The laser illumination system plays a critical role in both NV spin initialization and optical

readout. The required optical power scales with the field of view (FOV); typically, high-power green
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lasers at 532 nm are used due to their availability and compatibility with NV excitation. Achieving
a 500 pm-scale FOV generally requires 5-10 W of optical power. Although fluctuations in laser
intensity, on timescales much longer than the NV sensing sequence (s to tens of js), can be compensated
through signal and reference normalization, long-term laser power drift directly affects the maximum
achievable averaging time by degrading the stability of fluorescence contrast. Because the four NV
orientations in diamond are crystallographically distinct, the laser polarization has to be chosen carefully.
To efficiently excite the NV orientation aligned with the bias magnetic field, the laser polarization
should be oriented orthogonal to the bias-field direction to maximize NV optical transition electric
dipole coupling. Additionally, ensuring spatially homogeneous illumination across the FOV is essential
for achieving uniform sensor response and minimizing spatial variations in initialization efficiency.

The MW delivery system determines the uniformity and stability of NV spin manipulation
across the FOV. Amplitude and phase fluctuations in the MW drive introduce noise that degrades
magnetic sensitivity, while spatial inhomogeneities in the MW field lead to variations in the NV Rabi
frequency across the imaging area. For wide-field QDM imaging, achieving high MW uniformity
is therefore a key design requirement. One effective approach to improving MW homogeneity is to
increase the diameter of the antenna structure; however, doing so reduces the MW field intensity and
consequently lowers the achievable Rabi frequency. In general, QDM operation benefits from higher
Rabi frequencies for several reasons: driving all nuclear-spin hyperfine transitions (~1.5 MHz for
15N and 2.2 MHz for '4N), suppressing linewidth broadening caused by crystal strain and bias-field
inhomogeneity, and shortening the sensing sequence duration. Thus, the design of the MW delivery
system must balance field uniformity with sufficient Rabi strength. These considerations and their
implementation in our system are discussed in detail in Chapter 2.

The static bias field B, defines the NV quantization axis and sets the energy splitting between
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spin sublevels. However, spatial gradients in the bias field produce variations in the local resonance
frequency, leading to nonuniform magnetic sensitivity across the measurement region. Careful bias-
field engineering using permanent magnets or Helmholtz coils is required to ensure field uniformity.

The optical imaging system also plays a central role in QDM performance. The NA of the
objective lens determines both the fluorescence collection efficiency and the optical resolution. The
microscope components, including the objective and tube lens, must be chosen to provide the desired
field-of-view and magnification while minimizing aberrations.

The camera determines the pixel sampling, dynamic range, and temporal bandwidth of the
QDM. Pixel size should oversample the optical diffraction limit to avoid loss of spatial information.
Parameters such as frame rate, full-well depth, and pixel count set the maximum achievable magnetic
sensitivity for a given experiment. Data-transfer rates and on-board memory also limit the maximum
acquisition speed. The camera’s quantum efficiency is typically lower than that of photodiodes,
affecting the overall photon shot-noise limit.

Finally, the mechanical and magnetic environment surrounding the diamond must be stabilized.
The diamond mount, typically sapphire or SiC wafer, should minimize thermal drift and mechanical
vibration, both of which can introduce phase noise or image distortions. External magnetic fields, such
as the Earth’s field or electronic noise, must be suppressed or compensated to prevent unwanted shifts
in the NV resonance frequencies.

Together, these considerations highlight the complexity and interdisciplinary nature of QDM
design. Optimizing each subsystem is essential to achieving high-quality, wide-field magnetic imaging

using NV center ensembles in diamond.
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Figure 1.4: QDM applications. (a) Parabolic hydrodynamic current density flow profile
in graphene at the Dirac point [33]. (b) Magnetic field image of magnetite intrinsic
to MTB bacteria [34]. (c) Remnant magnetization of a geological sample [35]. (d)
Spatially-resolved NMR detection of '°F nuclear spins on the diamond surface [36].

1.3.2 Established QDM Applications and Limitations

In the past decade, the QDM has been applied across a diverse range of fields, including fundamental
physics [33], bioscience [34], geology [35], integrated circuit analysis [36], and micron-scale NMR
detection [37], as shown in Fig. 1.4. These works demonstrate that QDMs can acquire high—spatial
resolution magnetic images over a wide range of samples and physical systems. Despite these successes,
the previous generation of QDMs exhibits several important limitations.

All demonstrated DC and broadband QDM magnetic imaging techniques rely on ODMR-based
sensing. As discussed in the previous section, the sensitivity of ODMR measurements is limited

compared to Ramsey-type protocols due to the overlap of the sensing period with MW driving. For
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applications involving weak magnetic signals, such as those generated by single neurons or cardiac
activity, picoTesla-scale sensitivity is required to obtain magnetic images within reasonable averaging
times, which is challenging for ODMR-based QDMs. In addition, although CCD cameras used
in earlier QDMs provide low noise and high-quality magnetic images, their slow acquisition rates
significantly limit the temporal resolution. This restriction makes it difficult to image rapidly evolving
broadband magnetic fields or dynamical processes.

For high-frequency narrowband magnetic imaging, the NMR imaging work by DeVience et
al. [37] serves as a prototype for Chapter 5 of this dissertation. While their demonstration successfully
mapped spatial variations in NMR signals, the use of an optical chopper and a slow CCD camera
limited the spectral resolution and sensitivity, preventing adaptation to high-performance methods
such as coherently averaged synchronized readout (CASR) [38].

Here, we demonstrate an improved QDM architecture with advancements in camera technology,
signal generation, and sensing protocols that enable next-generation quantum magnetic microscopy.
On the hardware side, we design and construct a QDM incorporating a high-speed lock-in camera
capable of kiloframes-per-second operation, along with an arbitrary waveform generator (AWG) for
implementing advanced pulsed quantum sensing protocols. These improvements allow established
pulsed NV measurement techniques, previously not demonstrated in a wide-field imaging format, to be
applied to QDMs. We demonstrate static and broadband magnetic imaging using Ramsey sequences,
narrowband signal imaging via dynamical decoupling, and NMR imaging using the CASR protocol.
With enhanced sensitivity and temporal resolution, this next-generation QDM significantly expands the
range of detectable signals and physical phenomena, opening new opportunities for scientific discovery

and technological applications.
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1.4 Organization of this Dissertation

This dissertation is organized to present a progression of advances in quantum magnetic microscopy
using NV centers in diamond, beginning with Ramsey-based broadband magnetic imaging, extending
to narrowband and wide-frequency-range sensing techniques, and culminating in real-space NMR
imaging and industrial applications.

Chapter 2 focuses on broadband magnetic imaging with a QDM, drawing upon the Ramsey-
imager framework reported in Ref. [39]. This chapter introduces the principles of sensitive pulsed DC
magnetic sensing, including double-quantum four-Ramsey (DQ4R) protocols and spin-bath driving,
followed by a detailed experimental implementation of a Ramsey-based wide-field imager. It further
presents the design and simulations of the microwave delivery structure used to generate strong and
homogeneous Rabi frequencies across the QDM field of view, as well as simulations of the magnetic
field patterns produced by a custom-designed micron-scale phantom. These simulations are compared
with experimentally measured images, revealing strong agreement between theory and experiment.
The chapter concludes with an analysis of sensitivity and spatial resolution, highlighting the advantages
of pulsed sensing techniques over conventional ODMR-based approaches.

Chapter 3 extends QDM capabilities to narrowband magnetic imaging, based on the work reported
in Ref. [15]. This chapter introduces the operating principles of narrowband magnetometry using
dynamical decoupling sequences and demonstrates wide-field XY8 and CASR imaging results. These
techniques enable simultaneous imaging of the amplitude, frequency, and phase of oscillatory magnetic
fields. The chapter also details the optimization of dynamical decoupling sequences for enhanced AC
sensitivity, including the trade-off between sensitivity and spatial noise and a comprehensive analysis

of dominant noise sources. Together, these developments significantly improve QDM performance for

19



applications involving AC magnetic imaging.

Chapter 4 further extends the sensing frequency range of the dynamical-decoupling-based methods
introduced in Chapter 3 by employing the QFM-CASR protocol reported in Ref. [27]. This chapter
explains how QFM-CASR enables wide-frequency-range magnetic spectroscopy by converting high-
frequency signals, spanning from tens of MHz to multiple GHz, into the NV-detectable band, while
simultaneously achieving sub-Hz spectral resolution. It presents experimental demonstrations of high-
resolution spectroscopy of multi-frequency signals up to 4 GHz, achieving nanotesla-scale noise floors
and phase measurement precision below 1°. These results show that QFM-CASR overcomes the
intrinsic < 20 MHz bandwidth limitation imposed by MW pulse control in conventional NV-diamond
protocols, extending the accessible signal frequency range by more than an order of magnitude. As a
result, this technique opens new avenues for radio-frequency and microwave magnetic microscopy, as
well as tesla-scale NMR spectroscopy of small samples.

Chapter 5 presents ongoing work on real-space NMR microscopy using a QDM. The chapter
begins by discussing the fundamental challenges associated with detecting thermally polarized nuclear
spins with NV centers and describes several modifications to our experimental setup designed to
overcome these limitations. It then demonstrates CASR-based detection of NMR signals using a
photodiode, alongside inductive NMR measurements for validation, and presents preliminary results
of spatially resolved NMR imaging and 7, mapping of liquid samples. The chapter concludes by
outlining the future potential of real-space NMR imaging with QDMs and the broader scientific and
technological applications such a platform may enable.

Chapter 6 turns to industrial applications of quantum magnetic microscopy, drawing on the
author’s research internship experience at Toyota Research Institute of North America. This chapter

examines low-SWaP (size, weight, and power) considerations essential for deploying quantum sensors
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outside the laboratory and describes the development of a compact quantum magnetic camera tailored
for electric vehicle battery inspection. The chapter concludes with demonstrations of several industrial
use cases, highlighting the practical relevance and translational potential of QDM technology in real-
world environments.
Finally, Chapter 7 outlines future research directions for advancing quantum magnetic microscopy.

It highlights opportunities to improve DC sensing by mitigating NV-NV interactions, to achieve vector
imaging of arbitrary-frequency AC signals, and to extend QDM-based NMR methods toward diffusion
imaging. These prospective developments point toward a next generation of QDM platforms capable

of probing increasingly complex physical phenomena.
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Chapter 2: Ramsey-based Static Magnetic Microscopy

This chapter is primarily based on the work reported in Ref. [39], a project I carried out
in collaboration with Jiashen Tangas co-leads on the project. The Ramsey-based QDM was first
conceptualized in the Walsworth group with Jennifer Schloss as project lead [40], while the sensing
protocol employed in our work builds on the DQ4R scheme developed by Connor Hart and collaborators
[21] and the spin-bath driving technique introduced by Erick Bauch and collaborators [20]. Standing
on the foundations laid by these outstanding former members of the Walsworth group, Jiashen and
I realized the Ramsey imager and demonstrated its capabilities through static magnetic imaging and
broadband dynamic imaging of spatial field patterns generated by a micron-scale circuit phantom.

This dissertation chapter focuses largely on my contributions to the project, including the design
and simulation of the circuit phantom and microwave delivery structure, implementation of spin-bath
driving using an AWG, comparison of simulated and experimentally acquired magnetic images, and a
brief analysis of sensitivity and spatial noise. Detailed descriptions of the broadband dynamic imaging
results and the denoising procedures used to extract pT-scale signals are presented in the original

publication and Jiashen’s doctoral dissertation.

2.1 Protocols and Techniques for Ramsey Magnetometry with QDM

2.1.1 Sensitivity of Ramsey Magnetometry with NV Ensembles

As discussed in the previous chapter, Ramsey interferometry is a protocol that extracts small
changes in magnetic fields by measuring the dynamical phase accumulated by a quantum superposition

state during the free-precession interval. Compared with the conventional ODMR technique, Ramsey
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magnetometry separates the sensing period from the spin-state control operations (initialization, MW
driving, and readout), leading to improved magnetic-field sensitivity. For Ramsey magnetometry using

an NV ensemble in diamond, the photon shot-noise-limited sensitivity is given by [17]:

h 1 Viir+T @1

Mlshot = Amggepip Ce— /T3P /N T ’

where g. ~ 2.003 is the NV center’s electronic g-factor, up is the Bohr magneton, and 7/ is the
reduced Planck constant. The factor Am, denotes the difference between the magnetic sublevels used
for sensing; C' is the optical measurement contrast at zero free-evolution time (7 = 0); 7% is the
NV spin dephasing time; and p characterizes the functional form of the Ramsey-envelope decay. The
parameter NV is the average number of photons collected per measurement, and ¢; r represents the
combined initialization and readout time in the Ramsey sequence.

The Ramsey sensitivity is optimized when the sensing time 7 is approximately equal to the spin
dephasing time 75 of the NV ensemble. Consequently, for a fixed NV sensing volume and optical
pumping power, which together determine the photon number /N and the initialization and readout
time ¢ r, extending the spin dephasing time 75 is a direct and effective method to improve the Ramsey

sensitivity. The NV ensemble dephasing time 75 can be expressed as [17]:

1 1 1
Ty Ti{electronic spin bath} * T3 {nuclear spin bath}

1 1
* T3 {strain gradients} * T3 {electric field noise}

(2.2)
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T3 {magnetic field gradients} T3 {temperature variation }
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where the notation 75 {X } denotes the hypothetical dephasing limit arising solely from mechanism
X (in the absence of all other processes). Equation (2.2) assumes that all dephasing mechanisms
are independent and that their associated rates add linearly. This linear addition is strictly valid only
when each mechanism produces a single-exponential free-induction decay (i.e., a Lorentzian spectral
lineshape).

To extend the NV ensemble dephasing time 73, various techniques have been developed to
mitigate the individual contributions in Eq. (2.2). Spin-bath driving [20] suppresses dipolar interactions
between NV electronic spins and the surrounding electronic spin bath. Carbon-isotope purification
during diamond growth reduces the nuclear spin bath arising from naturally abundant '*C; in our
experiments, we use a diamond with 2C enrichment exceeding 99.995%. Strain gradients, electric-
field noise, and temperature variations introduce common-mode shifts to the NV ground-state transition
frequencies according to Eq. (1.6). These noise sources can be effectively suppressed using double-
quantum (DQ) driving [41], which simultaneously drives both |0) <+ |+1) and |0) <> |—1) transitions.
Magnetic-field gradients can be minimized by employing a Halbach array or a Helmholtz coil and
carefully aligning the applied bias field.

In the following subsections, we describe the implementation of the spin-bath driving technique
and DQ sensing protocol in our QDM system and show how they lead to an enhanced 7% and improved

magnetic-field sensitivity.

2.1.2 Implementation of the Spin-bath Driving Technique

Spin-bath driving [20] is used to decouple dipolar interactions between the NV's and paramagnetic

bath spins (S = 1/2) in the diamond, including neutral nitrogen >N? (as we are using N-enriched
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NV-diamond) and free electrons. A strong, multi-tone radio frequency (RF) drive signal is applied
throughout the NV layer to induce rapid Rabi oscillations of the bath spins. The effective dipole
moments of these spins are then time-averaged to zero, which reduces their inhomogeneous broadening
effect on the NV spin resonance and extends the NV spin dephasing time (75).

The frequency components of the RF drive need to be resonant with the various bath-spin
transitions, which are experimentally determined using NV double electron-electron resonance (DEER)
[42] as shown in Figure 2.1(a). To estimate the frequency scanning range for measuring the NV
DEER spectrum, we first calculate the expected bath-spin transition frequencies. The free-electron
spin transition frequency can be determined from fye|§|, where . is the electron gyromagnetic ratio,
and |§ | is the magnitude of the applied bias magnetic field. The transition frequency spectrum for

15NY is calculated using its ground-state Hamiltonian [43]

—
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where 15 is Bohr magneton, A is the Planck’s constant, B= (B, By, B.) is the applied bias magnetic

—
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field vector, g is the electronic g-factor tensor, py is the Bohr magneton, S = (5*,,3, Sy, S’Z) is the
dimensionless electronic spin vector, A is the hyperfine tensor, and I= (fx, fy, I . ) 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 defined by

gL 0 0 AJ_ 0 0
G=10 ¢g. 0|>» A=| 0 A 0 (2.4)
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Figure 2.1: (a) NV double electron-electron resonance (DEER) technique for measuring
the NV and free-electron spin resonance spectrum in the QDM diamond sensor. The total
free evolution intervals between the initial and final single-quantum (SQ) 7/2 pulse on
the NV spins is chosen to match the ensemble NV spin-echo 75 for optimal sensitivity
to bath-spin resonances. The frequency of the SQ 7 pulse on the bath spins is swept to
measure the NV DEER spectrum by the effect on the NV ensemble fluorescence contrast
(see Ref. [20] for details). (b) Energy level diagram of the coupled electron-nuclear spin
system in NY. (c) Simulated N? 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.

where g1, g, A1, and A are the gyromagnetic and hyperfine on and off-axis components, respectively.
1N% has S = 1/2 and I = 1/2, leading to the four eigenstates |mg = +1/2, m; = +1/2). The two
corresponding dipole-allowed transitions (Amg = +1, Am; = 0, solid arrows), along with the two

first-order forbidden transitions (Amg = £1, Am; = £1, dashed arrows) are shown in Figure 2.1(b).

Using g, = g = 2, AL = —559.7TMHz, A} = —113.83 MHz, and ]§| = 4.278 mT aligned
with an NV axis, we simulate the >N resonance spectrum, as shown in Figure 2.1(c). In the experiment,
we align the bias magnetic field with one of the four NV orientations, which results in an equal
projection onto the remaining three NV axes at an angle of § = 109.5°. We first solve the Hamiltonian

for both on-axis and off-axis "N? defects and calculate the corresponding eigenvalues. We then
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determine the allowed and forbidden transition frequencies by taking pairwise differences between
eigenvalues associated with each eigenstate. Finally, we generate Lorentzian peaks with identical
linewidths but with a contrast ratio of one to three between the on-axis and off-axis transitions. For a
free electron spin with g = 2, the resonance frequency is given by f = gu B|§ |/ h. The experimentally
measured NV DEER spectrum is also shown in Figure 2.1(c), and it agrees well with the simulation.
After calibration of the RF frequency components, the Rabi driving frequencies associated with
the dipole-allowed 'N? and free-electron transitions are increased to about 2 MHz, limited by the
available power of the amplifier. The NV dephasing time 7% improves with increasing bath-spin Rabi
frequency, and is eventually limited by the next dominant dephasing source (NV-NV interactions). The
employed RF loop produces spatially-dependent Rabi driving amplitudes, broadening the distribution

of T3 as indicated in the Section 2.3.3 of this chapter.

2.1.3 Implementation of the DQ4R Protocol Using a Lock-In Camera

The 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 [21]. The dual-
tone MW pulse generates a double-quantum (DQ) coherence between the |m, = +1) and |m, = —1)
ground state spin triplet sublevels of the NV center. Compared to using a single-quantum (SQ)
coherence between |mg; = 0) and |m, = +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.
However, heterogeneity of MW control fields, 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 free from spurious signals unless pulse errors are mitigated. To overcome
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Figure 2.2: (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 () channel; on-chip circuitry accumulates differential results between
two successive measurements in both channels. For example, the output in the / channel
using the sequence in (a) will be S;; — S72 + Sr3 — Sp4. (b) Left: Dual-tone MW resonant
with |mgs = 0) <> |ms = +1) and |m, = 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 |m; = 0) and |my = +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 () 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.

this challenge, the phases of the two MW tones can be alternated across four individual DQ Ramsey
measurements (a protocol known as DQ4R [21]). If we denote the fluorescence signals from the i-th
measurement as 5;, the phase-alternation scheme generates DQ magnetic signals in S and S that are
opposite to S and S3, while residual SQ signals in the sum S; + S5 are also observed in Sy + S;. A final
normalized signal S, = S1 — 92 + S3 — 54 preserves the DQ component and achieves robustness to

pulse errors and magnetic artifacts by eliminating the SQ contributions. In addition, the normalization

scheme can be integrated with a lock-in camera to further mitigate laser intensity variation.

Figure 2.2(a) outlines a particular implementation of the DQ 4-Ramsey protocol in conjunction
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with spin-bath-driving pulses for magnetic-imaging experiments using the Heliotis heliCam lock-in
camera. The NV fluorescence signals from individual DQ Ramsey measurements are stored during
the internal exposures of the camera. Additionally, the internal exposures alternate between an in-
phase (/) and a quadrature (()) channel; and every second measurement in the / and () channel is
subtracted from the first measurement through on-chip circuitry. To obtain the normalized signal .S,
in the external frame, we implement a MW-phase alternation scheme as shown in Figure 2.2(b). Two
DQ 4-Ramsey sequences are both synchronized with the internal exposures on the / and () channel.

The phase permutation in the () channel is further chosen to generate a signal S%

norm?

with opposite

polarity of that in the I channel SI Finally, an external frame containing S, is obtained from

norm:*

the differences between S and S% . .

For all magnetic imaging experiments (including either with and without spin-bath driving,
measurements of spatial magnetic noise, and phantom magnetic-field images), the NV fluorescence
signal in the camera external frame S,,,,, is converted to magnetic signal using a magnetometry
calibration curve. Briefly, with the Ramsey free evolution interval 7 fixed, the MW frequency is
swept around the NV electronic spin resonances to emulate the change of magnetic field B; the
response of S,,,,.,, is then measured, producing a magnetometry calibration curve. The optimal MW
frequency for magnetic measurements is then determined by maximizing the slope dSS,,o,/dB. For
DQ magnetometry, the two MWs that are separately resonant with NV electronic spin transitions
|ms = 0) <> |mg = +1) and |ms = 0) <> |ms = —1) are swept differentially (i.e., a detuning of ¢ is
applied to one MW tone while a detuning of —0 is applied to the second MW tone). The optimal choice
of the Ramsey free evolution interval 7 is approximately equal to the NV ensemble spin dephasing
time 7%'; however, due to Ramsey fringe beating introduced by the hyperfine splitting of the NV spin

resonances, 7 is manually adjusted to maximize the median per-pixel magnetic sensitivity 7.
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2.2 Electromagnetic Design and Simulation of QDM Components

2.2.1 Design and Simulation of the Coplanar Microwave Waveguide

As mentioned in Section 1.3.1, the MW delivery structure in a QDM must generate a strong and
homogeneous Rabi drive across the NV ensemble during magnetic imaging. At the same time, heating
from the MW antenna is one of the dominant sources of temperature instability in the experiment. In
our setup, we designed a 300 nm-thick gold 2-shaped coplanar waveguide (CPW), fabricated on a SiC
wafer, to serve as the MW antenna. The concept of the (2-loop was originally developed by Matthew
Turner and other previous members of the Walsworth group to produce a spatially homogeneous MW
driving field. Here, we further improved its performance through several design optimizations and
electromagnetic simulations.

We first chose SiC as the substrate material due to its high thermal conductivity and mechanical
stability; the available wafer thickness is 330 um. Next, we optimized the transmission performance
of the waveguide to enhance the achievable Rabi frequency. Gold was selected as the metal layer for
its high electrical conductivity. As shown in Figure 2.3, a U.FL surface-mount connector is used to
interface the SMA cable with the CPW, which fixes the required trace width at the waveguide boundary
to match the connector geometry.

To minimize reflections at the junction between the MW cable and the CPW, the characteristic
impedance of the waveguide must match the 50 €2 impedance of the MW line. The characteristic

impedance of a coplanar waveguide can be approximated by [43]
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Figure 2.3: Design and simulation of the CPW (2-loop antenna. The inner diameter of
the (2-shaped structure is 800 ym. The trace width at the connector boundary is designed
to be 0.9 mm to match the geometry of the U.FL connector, while the trace width of the
antenna loop is 132 um. The gaps between the center trace and the ground planes are
optimized to achieve a 50 {2 impedance match for both regions, thereby minimizing MW
reflections. Bottom left: Rabi-homogeneity simulation using Ansys HFSS. The HFSS
output is a time-dependent MW magnetic field propagation; here we show a snapshot
at zero phase with an input power of 44dBm at 2.87 GHz. Bottom right: Rabi-field
simulation performed using COMSOL Multiphysics, showing the spatial distribution of
the magnetic flux density. Both simulations demonstrate a homogeneous Rabi driving
region with a diameter of approximately 500 pm.
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where w is the width of the center conductor, s is the gap between the center conductor and the
adjacent ground planes, and h is the substrate thickness measured from the metal layer to the bottom
of the dielectric. The substrate has relative permittivity ¢,, and the effective dielectric constant c.g
describes the distribution of electromagnetic fields between the substrate and air. For a sufficiently
thick substrate, a common approximation is e.¢ =~ (€, + 1) /2. The resulting value of Z, represents the
characteristic impedance of the CPW. This empirical expression provides a convenient, high-accuracy
approximation without requiring the evaluation of complete elliptic integrals. With all parameters
fixed except for the gap s, we determine the required spacing between the center trace and the ground
planes at both the connector boundary and the antenna region to achieve the desired 50 2 impedance,
as shown in Figure 2.3.

After determining the geometry of the CPW design, we imported the structure into finite-element
method (FEM) software to simulate the Rabi-field homogeneity. First, using Ansys HFSS with a
44 dBm MW input at 2.87 GHz, we obtained the time-dependent MW magnetic-field propagation
produced by the CPW, as shown in Figure 2.3. We then used COMSOL Multiphysics to simulate
the corresponding magnetic flux density. Both simulations reveal a homogeneous Rabi-driving region
with a diameter of approximately 500 ym, which is sufficient for QDM imaging given that the FOV is
smaller than this scale. Experimentally, we measured a Rabi frequency of ~ 7 MHz under a ~ 40 dBm
MW input with a standard 50 {2 termination. In the presence of a phase shifter at the termination, which
uses reflected power to enhance the drive amplitude, the Rabi frequency can be further increased to

~ 12 MHz.
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2.2.2  Simulation of the Magnetic Field Generated by the Circuit Phantom

To demonstrate the capability of our QDM to image wide-field magnetic spatial distributions
with micron-scale resolution, we designed a circuit phantom that generates a well-defined magnetic-
field pattern. The phantom has the shape of a diamondback terrapin, the mascot of the University of
Maryland. It consists of a trace with width ~ 4 pm, spans an area of approximately 220 x 180 pm?,
and has a thickness of ~ 10 nm. To avoid mutual induction between the phantom and the CPW 2-loop
used for MW driving, we fabricated the phantom from palladium, which provides a high resistance of
54.56 k€). The phantom and the 2-loop are fabricated on the SiC substrate in separate layers. Details
of the fabrication process are provided in Appendix A of this dissertation.

We simulate the magnetic features generated by our circuit phantom using the FEM in COMSOL
Multiphysics, as shown in Figure 2.4. The simulation is constructed using the Magnetic Fields,
Currents Only module. We first import the terrapin-shaped design to define the geometry and construct
the circuit structure by specifying its thickness and material properties. A surrounding air sphere
is added to define the simulation boundary conditions. The circuit is designated as a conducting
domain, and an intersection face is selected as the terminal through which we apply a terminal current
determined from the experimental voltage and the measured resistance of the phantom. The solver
then computes the resulting spatial distribution of the magnetic field generated by the phantom.

Although the simulation provides the spatial magnetic field generated by the phantom, two
geometric parameters remain unknown and strongly influence the magnetic image acquired with the
NV-diamond sensor: the stand-off distance between the NV layer and the phantom, and the NV-axis
orientation relative to the sample. As shown in Figure 2.4, the magnetic features become increasingly

blurred and weaker as the distance from the phantom increases. Experimentally, it is challenging to
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Figure 2.4: Design and simulation of the terrapin-shaped circuit phantom. (a) Geometry
construction of the phantom and boundary conditions in COMSOL. (b), (c), and (d)
Snapshots of the magnetic-field intensity projected onto one NV axis at stand-off distances
of 1, 5, and 10 ym from the phantom.
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precisely determine the stand-off distance when gluing the diamond onto the SiC wafer. Furthermore,
our diamond contains a 10 ym-thick NV layer, meaning the measured field represents an average of the
magnetic signal over this depth, which adds another layer of complexity when matching simulations
to experimental images.

To estimate the stand-off distance, we simulate magnetic-field projections by placing the center
of the NV layer at various distances from the phantom and averaging the magnetic field across the NV-
layer thickness. This procedure generates a series of candidate magnetic-field images corresponding to
different stand-off distances. By comparing these simulated images with the experimentally measured
magnetic images (discussed later in this chapter), we determine the stand-off distance in our experiment
to be approximately 5 pm.

The orientation of the NV axis is much simpler to determine than the stand-off distance. Because
we use an NV ensemble in a single-crystal diamond, there are only four possible NV orientations.
The diamond used in this work is cut into a square prism with side facets perpendicular to the [110]
and [110] crystal axes. This geometry facilitates alignment of the diamond sensor to the fabricated
wire phantom; the diamond is directly mounted onto the silicon carbide wafer that hosts the phantom
structure, fixing their relative orientation. All magnetic images in this study correspond to the projection
of the phantom’s magnetic-field pattern along one of the four NV quantization axes. Figure 2.5 shows
the simulated static magnetic-field patterns of the phantom projected along each of the four NV crystal
axes. By comparing these simulated patterns with the experimentally acquired magnetic images, we

determine that the NV axis used in our measurements corresponds to the [111] crystal orientation.
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Figure 2.5: Simulated phantom static magnetic-field patterns (bottom four panels)
projected along the four NV axes in the diamond crystal (shown schematically in the
top panel). In this study, the QDM is configured to image the magnetic field projected
along the [111] axis. Simulations include N'V-layer averaging over 10 um depth and pixel
binning. The NV—phantom stand-off distance is 5 ym.
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2.3 Experimental Details and Results

After introducing the key technical components used for Ramsey-based magnetic microscopy, in
this section we describe how these elements are integrated into our advanced QDM system to perform
the experiments. We present experimental imaging results and show that they agree well with our
simulations. In addition, we benchmark the spin dephasing time of the NV ensemble and quantify the
DC sensitivity across the FOV, discussing the trade-offs between spatial noise and spatial resolution.

The QDM diamond sensor, shown in Figure 2.6, consists of a 10 ym-thick, *N-enriched CVD
layer of NV centers ([N] = 17ppm, >99.995% '2C), grown by Element Six Ltd. on a 2 x 2 X
0.5mm?® high-purity diamond substrate. Post-growth electron irradiation and annealing increase the
NV concentration to approximately 2.4 ppm. Defect concentrations are provided by Element Six Ltd.
using the characterization methods described in Ref. [44].

A diode-pumped solid-state laser (Lighthouse Photonics, Sprout-D5W) generates the 532 nm
excitation beam. The beam is focused onto an acousto-optic modulator (AOM) (Gooch & Housego,
Model 3250-220) by an f = 500 mm spherical lens, and the first-order diffracted beam is used for
all experiments. Optical pulses for NV initialization and readout are produced by gating the AOM
RF driver using microwave switches (Mini-Circuits, ZASWA-2-50DR+) triggered by TTL pulses
(SpinCore Technologies, PBESR-PRO-500). The first-order beam is further shaped using an f =
130 mm cylindrical lens and an f = 100 mm spherical lens to produce an elliptical profile that enters
a polished side facet of the diamond. Approximately 2.5 W of optical power enters the diamond and
undergoes total internal reflection (TIR) at the NV layer, illuminating an area of about 300 x 600 m?.

NV fluorescence is collected by a 20x/0.75 NA Nikon objective, filtered by a 647 nm long-pass

filter (Semrock), and directed either to a photodiode (Thorlabs, PDA36A2) or to a lock-in camera
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(Heliotis, heliCam C3). Photodiode voltages are acquired using a National Instruments DAQ (NI
USB-6363).

Dual-tone microwave (MW) pulses for NV spin control are generated using two signal generators
with built-in IQ mixers (Stanford Research Systems, SG384), gated by switches and TTL pulses. MW
signals are delivered to the NV layer through a fabricated, nominally 300 nm-thick, 800 ym-wide,
gold Q2-shaped coplanar waveguide (shown in Figure 2.6). The palladium wire phantom (shaped as a
terrapin) has a trace width of ~ 4 pim, spans an area of 220 x 180 ,qu, and has a thickness of ~ 10 nm.
Stimulus voltages from a waveform generator (Keysight 33622A) are applied to the phantom to induce
currents and generate magnetic-field patterns. Both the phantom and the MW loop are fabricated on
a silicon carbide wafer to provide mechanical rigidity and efficient heat dissipation. The diamond is
glued onto the surface of the MW loop, making the minimum possible stand-off between the phantom
and the NV layer the MW metal thickness (= 300 nm).

Multi-tone resonant RF pulses for spin-bath driving are generated by an AWG (Keysight M8190),
gated by switches and TTL pulses, and delivered to the bath spins using a shorted coaxial loop (= 1 mm
wide) positioned above the MW waveguide.

A bias magnetic field of approximately 4.3 mT is provided by two pairs of temperature-compensated
samarium—cobalt ring magnets. This field strength is convenient for our apparatus, but similar QDM
performance can be achieved across a broad range of NV resonance frequencies corresponding to
fields from millitesla to tesla.

The size of a single camera pixel in the objective focal plane is determined by comparing the
known phantom geometry to its optical fluorescence image. Because metallic phantom traces reflect
and locally enhance the excitation laser intensity, they produce increased NV fluorescence following

the phantom pattern. The resulting NV-layer pixel area is approximately 1.9 x 1.9 um?, consistent with
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Figure 2.6: Imaging phantom magnetic fields using a QDM. A 532 nm laser excites NV
centers in a 10 yum-thick layer of a diamond chip. A gold 2-loop delivers microwaves
for NV spin control, and NV fluorescence is collected onto a photodiode or high-speed
camera (not shown). A bias magnetic field is applied along one NV axis, and an RF
coil drives bath spins to extend 7. A driven current in the terrapin-shaped palladium
phantom generates the magnetic-field pattern to be imaged. (Zoom-in) Simulated (left) and
measured (right) static magnetic-field patterns acquired with the Ramsey-based QDM. The
measurement uses a 25 mV excitation (436 nA) and ~200 s averaging. SNR is computed
using the peak-to-peak signal (solid box) and spatial noise in a source-free region (dashed
box). Simulations include N'V-layer averaging over 10 um depth and pixel binning (1.9 x
1.9 um?). The NV—phantom stand-off distance is extracted to be 5 um.
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the expectation from the 20 x magnification and the physical camera pixel size (39.6 x 39.6 um?).
The camera supports an internal exposure frequency up to 1 MHz and an external frame rate
up to 3.8 kHz. Each external frame accumulates the results of multiple internal exposures. Details
on synchronizing the internal exposure cycles with the dual-tone Ramsey sequence are provided in
Section 2.1.3. The internal buffer holds up to 500 external frames, and transferring this buffer to a
computer takes approximately 5 s. Additional software overhead includes data conversion and saving:
about 2s for static imaging (averaging 500 frames) and about 17s for dynamic imaging (saving
individual frames). This overhead is not included in the acquisition time 7.4, but it contributes to

the wall-clock time 1.

2.3.1 Static Magnetic Field Imaging and Comparison with Simulation

We characterize the capability of the Ramsey-based QDM to image static magnetic fields by
applying steady currents to the fabricated wire phantom. To suppress common-mode background
signals and slow drifts, the polarity of the applied voltage is alternated between successive acquisitions,
and differential measurements are performed. As shown in Figure 2.6, a magnetic-field pattern with
a peak-to-peak amplitude of approximately 14 nT is obtained by applying a fixed voltage of 25 mV
(corresponding to a current of 436 nA) to the phantom and averaging for an acquisition time of 7T}, =
200 s, resulting in a wall-clock time of T3, ~ 21 min.

To interpret the experimental results and validate the imaging performance, we simulate the
expected magnetic-field pattern using finite-element modeling software COMSOL. The simulation
calculates the current-density distribution and the resulting magnetic field based on the known geometry

of the phantom and the experimentally applied current /. The stand-off distance dy, between the
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phantom and the NV layer is treated as the only free parameter. By comparing the simulated magnetic-
field patterns with the experimentally acquired images, we find the best agreement for a stand-off
distance of dy, ~ 5 um. To realistically reproduce the experimental imaging conditions, the simulated
magnetic fields are averaged over a depth of 10 um, corresponding to the thickness of the NV layer,
and spatially binned to match the effective camera pixel size of 1.9 x 1.9 um?.

We further demonstrate the sensitivity of the Ramsey-based QDM by imaging magnetic fields
at the picotesla scale. By applying a voltage of 500 ¢V (corresponding to a current of 9nA) to the
phantom and averaging for 7,., = 3600s (T ~ 7h), we resolve a magnetic-field pattern with
a peak-to-peak amplitude of approximately 300 pT and a signal-to-noise ratio of SNR ~ 3. These

results are detailed reported in Ref. [39] and in Jiashen’s doctoral dissertation.

2.3.2 Dynamic Magnetic Field Imaging

Access to individual frames from the QDM lock-in camera enables imaging of time-dependent
magnetic signals. As a demonstration, we apply a 1 s-long broadband voltage waveform, designed to
mimic a human cardiac signal, to the circuit phantom, and image the resulting temporal evolution of
the magnetic-field patterns.

The camera external frame rate Fj is set to approximately 0.5 kHz, corresponding to a temporal
resolution of ~2 ms per frame. This choice balances time resolution with the constraint of the 500-
frame on-board buffer [45]. As in the static measurements, a differential measurement protocol is
employed by alternating the phantom drive between on and off states across successive frame-set
acquisitions. The full experiment is repeated 400 times to improve signal-to-noise ratio through

averaging.
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Figure 2.7: Time-resolved imaging of dynamic magnetic fields using the Ramsey-based
QDM and a differential measurement protocol. A voltage trace mimicking a broadband
cardiac-like signal is applied to the phantom. Magnetic images are acquired with a
temporal resolution of ~2ms and 3 x 3 pixel binning, and the experiment is repeated
(a) Temporal evolution of the peak magnetic-field
amplitude extracted from the images, overlaid with the applied voltage trace scaled

400 times for signal averaging.
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by 274.26 nT/V. The agreement demonstrates faithful waveform reconstruction.

Representative magnetic-field images at selected time points indicated in (a). The spatial

magnetic noise at time point (vi) is ~3 nT.
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The reconstructed dynamic magnetic-field data are shown in Figure 2.7, with 3 x 3 pixel binning
corresponding to an effective spatial resolution of < 10 um. Figure 2.7(a) shows the temporal variation
of the peak magnetic-field amplitude extracted from each frame, overlaid with the applied voltage
waveform. To facilitate direct comparison, the applied voltage trace is converted to magnetic-field
units using a calibration factor of 274.26 nT/V, obtained from the static imaging measurements. The
close agreement between the applied waveform and the reconstructed magnetic signal demonstrates the
ability of the QDM to faithfully capture broadband temporal features, suggesting potential applications
such as comparison with electrophysiological measurements (e.g., patch-clamp recordings).

Figure 2.7(b) presents representative magnetic-field images at selected time points corresponding
to characteristic features (local extrema) of the applied waveform. As the signal amplitude decreases,
the phantom-generated magnetic-field pattern becomes indistinguishable from the background, as
seen at time point (vi). This condition is used to estimate the spatial magnetic noise floor, yielding

Ospatial = 3nT.

2.3.3 Spin Dephasing Time and Sensitivity

We benchmark the performance of the Ramsey-based QDM by characterizing the DC magnetic-
field sensitivity on a pixel-by-pixel basis across the full field of view. As shown in Eq. (2.1), the photon
shot-noise-limited Ramsey sensitivity is directly determined by the NV ensemble spin dephasing time
1. Figure 2.8(a) illustrates the impact of DQ driving on the measured 75

As discussed in previous sections, crystal strain is one of the dominant contributors to NV
ensemble dephasing. This effect is evident in the SQ Ramsey map, where spatial inhomogeneity

in 75 closely follows strain-related features in the diamond. By contrast, when operating in the DQ
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basis and simultaneously addressing the |mg, = +1) states, common-mode shifts arising from strain
are largely canceled. This compensation results in a significantly more homogeneous and extended 75
across the field of view.

Building on the DQ protocol, the application of spin-bath driving further enhances both the
NV ensemble dephasing time and magnetic sensitivity, as shown in Figure 2.8(b). We characterize
the performance of the Ramsey-based QDM with and without spin-bath driving by extracting 7%
and the DC magnetic sensitivity 7 for each pixel. For these measurements, the remaining limitation
to 75 arises primarily from dipolar interactions with bath spins. Under these conditions, spin-bath
driving effectively suppresses bath-induced dephasing, leading to improved 73 and enhanced magnetic
sensitivity.

With spin-bath driving enabled, the median per-pixel 77 is extended by approximately 1.8x to
2.2(1) ps, approaching the estimated NV-NV interaction limit of 2.5 us for this sample (Section IV
of the Supplementary Material). Correspondingly, the median per-pixel DC magnetic sensitivity
improves by approximately 2.4x to 4.1(1)nT/+/Hz without pixel binning. This value is comparable
to the combined quantization- and photon-shot-noise-limited sensitivity estimate of 3.2nT/ VHz, with
roughly equal contributions from each noise source.

In the present QDM implementation, the sensitivity nominally improves linearly with increasing

T5 [17, 20], since the overhead time ¢; p = 7.04 us exceeds the optimal sensing time 7 ~ 75 In this

lrr
TC

regime, the sensitivity approximately scales as 7spor X . The observed improvement in 7 slightly
exceeds the linear scaling expected from the increase in 75. This superlinear behavior is attributed
to two additional effects: an observed ~ 1.2x increase in the spin-state readout contrast C' when
using spin-bath driving, and discrete choices of the optimal sensing time 7 imposed by Ramsey fringe

beating due to the hyperfine splitting of the NV spin resonances [21].
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Figure 2.8: (a) QDM maps of the NV ensemble spin dephasing time 7% obtained from
single-quantum (SQ) and double-quantum (DQ) Ramsey measurements. The SQ 75 is
limited by heterogeneous strain in the diamond sample. Field of view: 270 x 270 um?.
Scale bar: 50 pm. (b) Median per-pixel 75 and DC magnetic sensitivity 1 measured
with and without spin-bath driving. The median 75 is 2.2(1) us and 1.2(1) us with and
without spin-bath driving, respectively. The corresponding median per-pixel sensitivities

are 4.1(1)nT/v/Hz and 9.4(1)nT/+/Hz.
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The reported per-pixel magnetic sensitivity corresponds to the expected magnetic noise after 1s
of signal acquisition. The acquisition time 7},.4 accounts only for the time spent collecting measurement
data and excludes the implementation-dependent overhead required to transfer and store data from the
500-frame camera buffer to the host computer. This overhead is included when reporting the wall-

clock time 1.

2.3.4 Spatial Resolution and Spatial Noise

In magnetic imaging, the ability to resolve a signal of interest depends on both the per-pixel
magnetic sensitivity and the spatial magnetic noise floor [35]. Following the approach in Ref. [35],
we quantify the spatial magnetic noise floor, ogpatial, for a given acquisition time by computing the
standard deviation of the magnetic-field values across a time-averaged image acquired in the absence
of any external signal sources. While uncorrelated spatial noise can be reduced through temporal
averaging, spatially correlated noise, particularly when its correlation length is comparable to the
spatial scale of the signal of interest, limits the effectiveness of averaging and sets a lower bound on
the minimum resolvable magnetic field.

In practice, spatially correlated noise in QDM images can arise from mechanical vibrations,
temperature fluctuations, or slow drifts in optical illumination intensity. These effects can induce
correlated spatial and temporal variations in the bias magnetic field or the optical readout, thereby
degrading the spatial noise performance of the microscope.

For QDM imaging of externally controllable signal sources, such as the circuit phantom used
in this work, we mitigate the impact of slowly varying, spatially correlated noise by employing a

differential measurement protocol. In this protocol, the current applied to the phantom is modulated
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Figure 2.9: Spatial magnetic noise floor measured using the differential measurement
protocol. Top: Magnetic noise images acquired with different acquisition times and pixel
binning, in the absence of any applied phantom current. The acquisition time includes
only the measurement duration and excludes implementation-dependent data transfer and
storage overhead. The noise exhibits no significant spatial correlation across the field of
view. Field of view: 270 x 270 ym?. Scale bar: 50 um. Bottom: Spatial magnetic noise
floor ogpatial as a function of acquisition time 7., for each pixel binning. The dashed line

indicates the expected o< Ta_ccll/ 2 scaling.
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either by on/off gating or by polarity reversal between successive acquisitions of 500-frame camera
data sets. Because the time required to transfer a full frame set to the host computer is long compared
to the internal exposure cycle, this approach effectively suppresses slow drifts and enables long-term
averaging. This technique is well suited for studying signals that can be externally controlled, such as
those generated by electronic circuits or electrically active biological samples.

For signal sources that cannot be readily modulated, alternative strategies can be employed to
suppress spatially correlated noise. These include modulation of the bias magnetic-field polarity, more
advanced MW pulse-sequence schemes, or post-processing techniques such as spatial and temporal
filtering [9, 46, 47].

As shown in Figure 2.9(b), the spatial distribution of magnetic noise exhibits negligible correlation
across the field of view when the differential measurement protocol is used, even for long acquisition
times. The resulting spatial magnetic noise floor og,atia1 decreases with increasing acquisition time,
following the expected Ogpatial X Talcll/ 2 scaling up to approximately 7},.q = 4000 s, corresponding to a
wall-clock time of T}, ~ 8 h. In addition, averaging over ny;, X np;, pixels reduces the spatial noise

floor approximately as ogpatial X 1/Tbin, enabling a trade-off between spatial resolution, magnetic

sensitivity, and acquisition time.
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Chapter 3: Dynamical-Decoupling-Based AC Magnetic Microscopy

This chapter is primarily based on the work reported in Ref. [15]. Having demonstrated high-
resolution, sensitive broadband DC magnetic microscopy in the previous chapters, we now extend the
capabilities of the QDM to the detection and imaging of narrowband, high-frequency magnetic fields.

In this work, we integrate a wide-field QDM with a dynamical-decoupling-based narrowband
detection protocol and a lock-in camera, enabling spatially resolved imaging of radio-frequency (RF)
magnetic field patterns generated by microcoils. The resulting instrument achieves a spectral resolution
of approximately 1 Hz while operating at MHz-scale carrier frequencies.

This RF-QDM supports multi-frequency magnetic imaging with a central detection frequency
that is readily tunable over the MHz range. Such tunability enables spatial discrimination of both
spectrally crowded resonances and well-separated frequency components within a single imaging
platform. The present system achieves a spatial resolution of approximately 2 ym over a field of view
of ~ 300 x 300 yum?, with a per-pixel sensitivity to narrowband magnetic fields of ~ 1nT - Hz /2.
Through temporal averaging and/or spatial binning, the effective spatial noise floor can be further
reduced to the picotesla level.

By simultaneously resolving the amplitude, frequency, and phase of narrowband magnetic fields
with micron-scale spatial resolution, the RF-QDM provides a powerful platform for imaging dynamic
magnetic phenomena. Potential applications include real-space NMR imaging, AC magnetic susceptibility

mapping, impedance tomography, analysis of integrated electronic circuits, and spatially resolved

eddy-current-based inspection.
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3.1 Protocols and Techniques for AC Magnetometry with QDM

In this section, we describe in detail the dynamical-decoupling-based protocols employed for
AC magnetometry with the QDM. Specifically, we discuss the XY8 pulse sequence, the associated
magnetic-field sensitivity, and the Coherent Averaged Synchronized Readout (CASR) protocol.

We further explain how these AC sensing protocols are implemented within the wide-field QDM
platform, including the integration of microwave pulse control, optical readout, and camera-based
detection. Together, these techniques enable spatially resolved, narrowband magnetic-field imaging

with high sensitivity and spectral resolution.

3.1.1 Dynamical Decoupling Sequences for AC Sensing

As mentioned in Sec. 1.2.1, the Hahn echo protocol [22] (also referred to as the spin-echo
sequence), shown in Figure 1.2, represents the most fundamental form of dynamical decoupling.
This sequence builds upon the Ramsey protocol by inserting a central MW 7 pulse, which refocuses
inhomogeneous dephasing of the NV~ spin ensemble arising from static or slowly varying noise
sources. As a result, the decay of spin coherence measured using Hahn echo sequence is characterized
by the coherence time 75, which is typically one to two orders of magnitude longer than the Ramsey
dephasing time 77 in NV ensemble measurements.

In addition to suppressing dephasing from static magnetic fields, the refocusing 7 pulse renders
the Hahn echo sequence intrinsically sensitive to oscillating magnetic fields. In particular, the sequence
exhibits maximum sensitivity to AC magnetic fields with a period 7’z that matches the total spin
interrogation time 7 of the pulse sequence. This property forms the basis of dynamical-decoupling-

based AC magnetometry.
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More advanced dynamical decoupling sequences, such as CPMG-n and XY 8-n, are constructed
by extending the Hahn echo sequence through the application of multiple microwave 7 pulses with
appropriate phase modulation. By applying 7 pulses at a repetition rate of 1/(275), these multipulse
sequences serve two key functions: (i) they further extend the NV~ spin coherence time 75 by more
effectively decoupling the spins from environmental magnetic noise, and (ii) they increase the total
interrogation time during which the NV~ spins coherently accumulate phase from an oscillating
magnetic field.

The dynamical-decoupling-based AC sensing protocol begins with an optical initialization pulse
that polarizes the electronic spin state of each NV center in the ensemble into |ms = 0). A subsequent
MW 7/2 pulse prepares each NV in a coherent superposition of the [m; = 0) and |m, = 1) states,
enabling phase accumulation in the presence of an oscillating magnetic field. The AC magnetic signal
to be detected is modeled as B¢ (t) = B, cos(27 fst+ @), Where B, is the projection of the magnetic-
field amplitude along the NV axis, f; is the signal frequency, and ¢, is the relative phase between the
applied AC field and the dynamical decoupling pulse sequence.

Following the initial 7w/2 pulse, a sequence of N, MW = pulses is applied, with each pulse
separated by a free precession interval 7 = 1/(2f;). Under these conditions, the accumulated dynamical

phase for each NV center is given by

g,uBNTrBz

9(B27¢0) = ths

CoS @y, (3.1

where g =~ 2 is the Landé g-factor, pp is the Bohr magneton, and £ is the reduced Planck constant.
By introducing a relative 7/2 phase shift between the initial and final MW 7 /2 pulses, the

accumulated phase is mapped onto the NV population difference, yielding a fluorescence readout
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signal
S(B., ¢9) = So + Sa sin(0)
(3.2)
= Sp + S, sin(kB, cos ¢p) ,
where S denotes the fluorescence offset, .5, is the oscillation amplitude of the fluorescence signal, and

Kk = gupN;/(mhfs) is a proportionality constant. The fluorescence levels corresponding to projection

onto the |ms = 0) and |m4 = 1) states are given by Sy & 5, respectively.

3.1.2  Coherent Averaged Synchronized Readout (CASR)

Coherent Averaged Synchronized Readout (CASR) [38] is a detection protocol developed by
David Glenn, Dominick Bucher, and other collaborators in the Walsworth group for the measurement
of narrowband magnetic signals with ultrahigh spectral resolution, particularly for NMR spectroscopy.
CASR provides the spectral selectivity required for NMR by coherently averaging synchronized NV
magnetometry measurements over long interrogation times.

The CASR protocol, illustrated in Figure 3.1, consists of repeated NV sensing pulse sequences
interleaved with projective NV spin-state readout, all synchronized to a stable external clock. In the
regime of weak coupling between the NV ensemble and the signal source, the measurement back-
action on the sample spins is negligible and does not induce significant dephasing. Under these
conditions, the detector linewidth is limited primarily by technical factors, such as magnetic-field
gradients in the bias field By and the stability of the timing reference. Crucially, because the NV
sensor detects the thermal spin polarization of the sample, the phase of the signal can be made identical
across successive measurements by applying an initial 7/2 pulse to the nuclear spins at time ¢ = 0.

This enables coherent signal averaging, which provides a substantially improved sensitivity scaling
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Figure 3.1: [38] Numerical simulation of CASR detection of an NMR free nuclear
precession (FNP) signal. The top panel shows the oscillating magnetic field B(¢) produced
by the precession of thermally polarized nuclear spins (blue) at frequency f. The
middle panel illustrates the CASR protocol: a 7/2 pulse (black box) applied to the
nuclear spins at time ¢ = 0 initiates spin precession with a well-defined phase, enabling
coherent signal averaging. The protocol then consists of repeated blocks of identical NV
AC magnetometry pulse sequences with central frequency f, (gray boxes), interleaved
with optical NV spin-state readouts (green boxes). These blocks are repeated with a
synchronized readout cycle period 7gg. The bottom panel shows the NV fluorescence
signal over successive CASR readouts, which oscillates at the aliased frequency 6 f =

f=ro

compared to incoherent averaging schemes. In this work, CASR is used to detect synthetic AC
magnetic fields generated by microcoils; therefore, the initial nuclear 7/2 pulse is not included. The
application of CASR to NMR detection is discussed in detail in Chapter 5.

In the CASR protocol, the phase of the detected signal varies in time due to the oscillatory nature

of the magnetic field. Accordingly, Eq. (3.2) can be generalized to include an explicit time dependence:

S(t, B,, ¢o) = So + Sasin|kB, cos(2m fst + ¢o)]
(3.3)
=Sy + 285, Z )" Jont1 (KB, ) cos[(2n + 1)(27 fst + ¢o)]

where J, () is the nth-order Bessel function of the first kind and f is the signal carrier frequency.
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Taking the Fourier transform of Eq. (3.3) yields the CASR spectrum

S(f,B., do) = \/%{ ) + 2718, Z )" Jans1 (KB.)
X [e76(f = 2n+ 1) fo) + €0(f + (2n + 1) f,)] } (3.4)

= SDC + SReal + Z'Slmag7

where ( f) is the Dirac delta function. The DC component is given by Spc = v/2mS0d(f), while the

real and imaginary components are

NE

Skeal(f, Bz, ¢0) = (27)*2S, cos(¢o) Y (—1)"Jons1(kB.)

S
Il
o

X0+ @n+1)fs) +0(f = 2n+ 1) f5)],
(3.5)

WE

Slmag(f7 Bz7 ¢0) - (27T)3/2Sa Sin(¢0) (_1)nJ2n+l(’€Bz>

3
Il
o

X [O(f +@2n+1)f) = 6(f = 2n+1)f,)].

In the RF-QDM CASR experiments, we employ an XY8-8 sequence to image RF magnetic
field patterns with peak amplitudes B, . ~ 401T, corresponding to kKB, max ~ 0.8. In the regime
kB, < 1, higher-order Bessel terms are negligible. Retaining only the first-order term and considering
the positive-frequency component, the real and imaginary parts simplify to

Streat (f> Bz, d0) = (2)%/2S, cos(o) J1 (kB.)S(f — fo), 56

Imag(f B.,¢0) = (27T>3/2Sa sin(¢o) J1 (kB2)0(f — f)-

In CASR imaging, the temporal separation between successive measurements is t,,, = Ngtgeqs
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where tg., is the duration of a single pulse sequence and [V, is the number of sequences per camera
demodulation cycle. The effective sampling rate is therefore fsg = 1/t,,, yielding a detection
bandwidth of fsg /2 according to the Nyquist-Shannon sampling theorem. The measured alias frequency
is

= |fs - meR|,

where m is the integer closest to fs/fsg. The detected signal components for each image pixel are

thus

Realm(f Bz7¢0) :(27T)3/2S COS(QSO)Jl(’%B) (f_fa)a
3.7

Imag m(f 327 ¢0) (27T)3/25a Sin<¢0>J1(HBz)5(f - f(L)‘
Defining the signal amplitude to have the same sign as the real component, the FFT amplitude

spectrum is
+

S eal, m
Amp m<f7 ) ‘ R - ’ \/(S;{real,m) (Sltnag m) ’
Real,m (38)

= (2m)328, 1 (kB.)S(f — fa)-

Integrating the spectral peak yields the CASR signal amplitude

fa+Af
%%MBJZ/ Swpan(f> B2) df = (21)*/% S, ]y (K By), (3.9)
fa—Af
where the half linewidth is A f ~ 1 Hz in our experiments, such that Scagg ~ Si Amp,m- FOT kB, <1,

J1(kB,) is approximately linear, yielding Scasgr o B,. Additionally, Signal phase is constructed from

the real and imaginary Fourier components as

S+
¢o = arctan | — Slfag’m . (3.10)

Real,m
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3.1.3 Implementation of XY8 AC Magnetometry with a Lock-In Camera

In this work, we employ the same lock-in camera used for DC magnetic microscopy in Chapter 2.
As a result, the dynamical decoupling pulse sequences must be adapted to the camera’s internal
demodulation scheme. For each imaging pixel, the local RF magnetic field generated by the microcoils
is measured using an XY 8-n sequence, in which the net phase accumulated by the NV electronic spin
due to the oscillating magnetic field is mapped onto a population difference between the ground-state
spin levels by a final 7 /2 pulse prior to optical readout.

Four distinct XY8-n pulse sequences, comprising a single demodulation cycle, are interwoven
with the exposures of the lock-in camera, as shown in Figure 3.2. The corresponding NV fluorescence
signals acquired during these exposures are denoted as 57, So, S35, and S,. By appropriately controlling
the phase of the final /2 pulse, the readout contrast is maximized while broadband laser intensity
noise is suppressed through in-pixel lock-in demodulation.

For each demodulation cycle and for every pixel, the camera generates an in-phase (I) signal
by analog subtraction of the third exposure from the first, and a quadrature (Q) signal by subtraction
of the fourth exposure from the second. The accumulated difference signals over N; demodulation
cycles are digitized to produce external I and Q frames, which are stored in the camera’s on-board
memory buffer. Because the I and Q frame pairs contain equivalent information due to the specific
phase alternation pattern employed, they are summed to form a single external frame after transfer to
the host computer. Consequently, each external frame is composed of 2N, internal camera frames.

For an applied RF test signal

BRF(t) = Bz COS(27Tfs7f + qbg), (311)
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Figure 3.2: RF magnetic field imaging protocol with a lock-in camera. Within one camera
demodulation cycle, four exposures occur, with phase-modulated XY8-n sequences
applied to NV spins to generate internal [ & Q frames. After N, cycles (i.e., 2N, total
internal frames), an external frame of the RF magnetic field image is obtained. The CASR
protocol comprises interspersed blocks of single external frame measurements (red boxes)
with a frame rate of fsgr. The RF magnetic signal (black curve) with frequency f; is
sampled via CASR readout (red dashed curve) at an alias frequency f; — m fsg, where m
is the integer closest to f/ fsr.
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where B, is the projection of the RF magnetic field amplitude along the NV axis, f; is the oscillation

frequency, and ¢, is the phase offset, the readout signal for each pixel in an external frame can be

written as
S == Nd[(Sl - Sg) - (SQ - 54)]
(3.12)
= 4NyS, sin(k B, cos ¢y),
Here, S, is the fluorescence signal amplitude, x = 2yN,/fs is a proportionality constant,

v = 21 x 28.024 GHz/T is the NV electronic gyromagnetic ratio [4], and N, is the number of 7
pulses in the XY8-n sequence. For a small magnetic-field variation AB,, the corresponding change
in fluorescence signal is AS = 4N,;S,xAB,. By calibrating the magnetometry slope for each pixel,
quantitative RF magnetic field images can be extracted from the fluorescence images, as described in
the following sections.

To simultaneously image the amplitude, frequency, and phase of RF magnetic field patterns with
high spectral resolution (~ 1 Hz), we employ the CASR protocol [38]. Consecutive external frames
from the lock-in camera (Figure 3.2) provide time-resolved NV fluorescence signals sampled at a rate
fsr equal to the external frame rate. For each pixel, this produces a time-domain oscillatory signal
corresponding to the RF magnetic field.

Applying a Fast Fourier Transform (FFT) to the time-domain signal yields a CASR spectrum for
each pixel, centered at the alias frequency f; — m fsg, where m is the integer closest to fs/fsg. The

peak amplitude of the CASR signal is given by

Scasr = ANy (27)28,J,(kB.), (3.13)

where J;(z) is the first-order Bessel function as described in the previous subsection. In the
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experiments presented here, we ensure that kB, < 1, such that J;(xB.,) is well approximated by a

linear function, resulting in Scasg X B..

3.2 Experimental Details and Calibrations

3.2.1 Experimental Setup and Device Fabrication

Two side-polished diamond samples are used in this work. One sample contains a 10 pum-thick
1°N-enriched CVD layer of NV centers ([N] = 17 ppm, > 99.99% '2C), grown by Element Six Ltd.
ona?2 x 2 x 0.5mm? high-purity diamond substrate, as shown in Figure 3.3(a). Post-growth electron
irradiation and annealing were used to increase the NV concentration to approximately 2.7 ppm. The
second diamond sample contains a 1.7 ym-thick NV layer with otherwise identical properties.

A diode-pumped solid-state laser (Lighthouse Photonics, Sprout-H) provides continuous-wave
532nm excitation. The laser beam is focused onto an acousto-optic modulator (AOM; Gooch &
Housego, Model 3250-220) using a spherical convex lens with focal length f = 500 mm, and the
first-order diffracted beam is used for all experiments. Optical pulses for NV spin initialization and
readout are generated by gating the AOM RF drive with a fast RF switch (Mini-Circuits, ZASWA-2-
50DR+), controlled by transistor—transistor logic (TTL) pulses from the marker channel of an arbitrary
waveform generator (AWG; Zurich Instruments, SHFSG).

After the AOM, the beam is shaped by a cylindrical convex lens (f = 130 mm) and a spherical
convex lens (f = 100 mm) to produce an elliptical beam profile incident on a polished side surface
of the diamond. Approximately 2.5 W of laser power enters the diamond and undergoes total internal
reflection at the surface containing the NV layer, illuminating an area of approximately 400 x 600 ym?.

NV fluorescence (photoluminescence, PL) is collected using a 20x/0.75 NA Nikon objective and
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Figure 3.3: (a) Wide-field imaging of near-field patterns of narrowband magnetic fields
using a QDM operated under ambient conditions. RF test signals are applied to microcoils
to generate distinct magnetic field patterns across the NV-diamond surface. Laser and
MW fields are used for NV electronic spin manipulation, with spin-state population
readout via spin-dependent fluorescence. (b) Optical image of the spiral-shaped microcoils
positioned at a stand-off distance of approximately 10 gm from the NV layer. All scale bars
correspond to 50 um. (c) NV fluorescence image under CW laser excitation, illustrating
the relative illumination profile (beam shape) across the FOV. The normalized fluorescence
is proportional to the detected photon count. (d) Experimental apparatus. A flip mirror
directs NV fluorescence to either a photodiode or a lock-in camera. An AWG provides MW
pulses for NV spin control, RF signals for the microcoils, and synchronized frame triggers
for camera exposure using its internal oscillator. A Sic wafer serves as a mechanical mount
and thermal heat sink for the MW loop, microcoils, and NV-diamond chip. An RF test coil
(not shown) is used for AC magnetometry calibration.
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filtered by a 647 nm long-pass filter (Semrock) before detection with either a photodiode (Thorlabs,
PDA36A2) or a lock-in camera (Heliotis, heliCam C3). Photodiode signals are recorded using a data
acquisition system (National Instruments, NI USB6259).

Microwave pulses for NV spin manipulation are generated by a signal channel of the same AWG.
A fabricated 300 nm-thick gold 2-shaped coplanar waveguide, with an inner diameter of 800 pm,
delivers MW fields to the NV ensemble, producing a spatially homogeneous Rabi frequency across the
FOV. Spiral-shaped palladium microcoils are fabricated to generate spatially structured RF magnetic

2 and have a

fields. These microcoils have a trace width of 5 um, span an area of 280 x 300 pm
thickness of 10 nm (Figure 3.3(b)). Palladium is chosen for its relatively high resistivity compared
to gold, which minimizes mutual inductive coupling between the microcoils and the MW loop and
thereby preserves MW control fidelity.

The microcoils and MW loop are fabricated on a SiC wafer, which provides both mechanical
support and efficient heat dissipation. The diamond is glued to the MW loop with an estimated stand-
off distance of approximately 10 ym. RF magnetic field patterns are generated by applying multi-
frequency voltage waveforms from additional AWG channels to the microcoils, inducing controlled
RF currents. An RF test coil, wound from 22 American Wire Gauge wire with 14 turns and a diameter
of 50 mm, is positioned above the SiC wafer to generate calibration signals for AC magnetometry. A
static bias magnetic field of approximately 22 mT is provided by four pairs of temperature-compensated
samarium—cobalt ring magnets, which offer improved field homogeneity compared to cylindrical
magnets.

The effective pixel size in the object plane is determined using the known dimensions of the
microcoils and optical images acquired via NV fluorescence. Metallic microcoil traces locally reflect

the excitation laser, increasing the illumination intensity and producing enhanced NV fluorescence
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Figure 3.4: Example calibration measurements of the RF-QDM for dynamical-decoupling-
based AC magnetometry, performed using photodiode detection (laser beam illumination
diameter ~ 50 ym) and wide-field imaging with the lock-in camera. (a) Phase sweep of
photodiode-based AC magnetometry used to determine the initial phase of a nominally
in-phase AC magnetic field (fs = 1 MHz) applied with the RF test coil. (b) Photodiode
AC magnetometry curve showing the relative NV photoluminescence contrast measured
using the XY8-8 sequence, in good agreement with a sinusoidal fit. (c) Imaged spatial
distribution of the zero-crossing slope of the AC magnetometry curve, which exhibits
spatial variation due to the laser illumination profile on the NV layer (see Figure 3.3(c)).
The scale bar corresponds to 50 pm.

that outlines the phantom structure (Figure 3.3(c)). Each camera pixel corresponds to an area of
approximately 2 x 2 um? in the focal plane, consistent with estimates based on the 20x objective
magnification and the physical pixel size of 39.6 x 39.6 um? specified by the camera manufacturer. A

schematic overview of the complete experimental apparatus is shown in Figure 3.3(d).

3.2.2 Calibration of AC Magnetometry

We calibrate the AC magnetometry performance of the RF-QDM as follows. First, we adjust
the phase ¢ of a low-amplitude AC test signal (f; = 1 MHz) applied to the RF test coil by setting the
arbitrary waveform generator (AWG) output amplitude to 0.01, corresponding to 11.25 mV,,, across
the coil. AC magnetometry measurements are then performed using photodiode detection of the NV

fluorescence under a laser beam illumination diameter of approximately 50 pm.
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In the small-signal regime, the NV photoluminescence contrast is approximated by

S(¢po) = So + SakB, cos ¢y. (3.14)

By sweeping the phase offset ¢y, we determine the effective phase of the applied AC magnetic
field as measured by the dynamical decoupling sequence from the value of ¢, that maximizes the
fluorescence contrast. As shown in Figure 3.4(a), the experimentally determined phase offset is small,
on the order of 1°.

With the phase fixed at ¢ = 0, we sweep the AWG output amplitude to vary B, over a range
comparable to that encountered in microcoil imaging experiments, yielding the AC magnetometry
curve shown in Figure 3.4(b). By fitting this curve with a sinusoidal function, we extract the AWG
amplitude change A,, corresponding to a 27 phase accumulation by the NV spins (f = 27).

Using Eq. (3.1), the AC magnetic field amplitude required for a 27 phase accumulation is

B 212 foh
g/"LBNﬂ'.

Bor (3.15)

The calibration factor converting AWG output amplitude to AC magnetic field amplitude is then
calculated as C' = By, /As,. The derivative of the magnetometry curve at the zero-crossing point
provides the slope of the NV fluorescence signal with respect to AWG output amplitude, AS/AA. For

AC magnetic sensing, the corresponding magnetic-field slope is

AS  _AS
AB.  AA

(3.16)

In the imaging modality, this calibration procedure is performed independently for each pixel.
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The resulting spatial distribution of the zero-crossing slope, which is primarily determined by the laser
illumination profile on the NV layer, is shown in Figure 3.4(c). Once an NV fluorescence image is
acquired, the in-phase AC magnetic field image is reconstructed using the pre-calibrated zero-crossing

slope for each pixel.

3.3 Experimental Results

3.3.1 In-Phase RF Magnetic Imaging

To characterize the performance of the RF-QDM, we first image narrowband magnetic fields
with known phase. Two AC signals at 1 MHz and 0.8 MHz, each with a peak amplitude of 6.6 ©A, are
applied simultaneously to two separate microcoils on the NV—diamond surface as shown in Figure 3.1(a).
We align the XY 8-8 sensing sequence in phase with the 1 MHz signal by setting the 7-pulse spacing
to 7 = 0.5 us and sweeping the test-signal phase to maximize the detected contrast. After a 1.2s
acquisition (200 camera external frames), we obtain an RF magnetic field amplitude image with a
peak-to-peak variation of approximately 130 nT, revealing the near-field pattern generated exclusively
by the upper microcoil with an SNR of ~ 50 as shown in Figure 3.5(b).

By adjusting the 7-pulse spacing to 7, = 0.625 us, the XY8-8 sequence is synchronized to
the 0.8 MHz signal, enabling selective imaging of the magnetic field pattern produced solely by the
lower microcoil. The RF-QDM yields clean near-field images at either frequency with no measurable
cross-talk between the simultaneously applied signals, as the two frequencies are separated by more
than the narrowband filter function of the sensing sequence (Figure 3.5(c)). The center frequency
of the filter function is readily tunable via the pulse spacing 7, while the detection bandwidth is set

by the number of repetitions n in the XY8-n sequence [48]. For the present demonstration, using
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Figure 3.5: RF-QDM imaging of narrowband, multi-frequency magnetic fields using a
dynamical-decoupling (XY8-8) protocol. (a) Simultaneous application of 1 MHz (Sigl)
and 0.8 MHz (Sig2) AC currents to two microcoils on the NV—diamond surface; selective
detection is achieved by tuning the m-pulse spacing 7. (b) Measured (left) and simulated
(right) RF magnetic field images for peak currents of 6.6 uA, with SNR ~ 50 after 1.2's
averaging per frequency. (c) FFT spectra of the applied signals and corresponding XY 8-8
filter functions, illustrating spectral selectivity. (d) Sub-nanotesla RF magnetic imaging
with peak currents of 26.4nA, yielding SNR ~ 15 after 1 hour averaging per frequency.
All scale bars are 50 ym. Colorbars are not centered at zero due to asymmetry in the
projection onto the sensing NV axis.
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an XY 8-8 sequence at frequencies near 1 MHz, the filter-function bandwidth is approximately 30 kHz.
These results demonstrate micron-scale spatial discrimination of spectrally well-separated narrowband
signals using the RF-QDM.

In Figure 3.5(b), the measured RF magnetic field distributions are compared with numerical
simulations. Using the same method as described in Sec. 2.2.2, we compute the three-dimensional
magnetic field generated by a static current of 6.6 A constrained to the spiral microcoil geometry
using finite-element software. The simulated field is averaged at a stand-off distance of 10 ym over a
10 pm-thick NV layer and projected onto the sensing NV orientation. The resulting simulated images
show good agreement with the experimental measurements.

To further illustrate the sensitivity and stability of the RF-QDM, we reduce the peak amplitudes
of both test signals to 26.4nA. After an acquisition time of 3600 s per signal frequency, we obtain
images of the in-phase narrowband magnetic field generated by each microcoil with a peak-to-peak
variation of approximately 500 pT and an SNR of ~ 15 as shown in Figure 3.5(d). We note that a
machine-learning approach has recently been applied to the inverse problem of reconstructing current

distributions from QDM magnetic field images [49].

3.3.2 Simultaneous Amplitude and Phase Imaging

Next, we implement the CASR protocol in the RF-QDM to simultaneously image the amplitude
and phase of multi-frequency RF magnetic fields with a spectral resolution of approximately 1 Hz,
as shown in Figure 3.6. For these demonstration measurements, we apply a dual-tone current /; =
I, cos[2m(fo + f1)t + 01] + I, cos[27(fo + f3)t + 03] to the lower microcoil, and a single-tone current

I, = I,cos[2m(fo + f2)t + 6] to the upper microcoil. Here, the carrier frequency is fo = 1 MHz;
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Figure 3.6: RF-QDM imaging of arbitrary phase, multi-frequency magnetic fields using
the CASR protocol. As described in the text, a single tone alternating current (1 MHz +
125 Hz) is applied to the upper microcoil; and a two tone current (1 MHz + 65 Hz and
1 MHz + 185 Hz) is simultaneously applied to the lower microcoil. Both currents have
peak amplitude [, = 3.3 uA. The phases of each signal frequency component (tone)
are arbitrary but fixed during the measurements. Total image acquisition time is 200s.
(a) CASR images of RF magnetic field amplitudes at each signal frequency component,
as well as at alias frequencies (1 Hz and 250 Hz) far from any signal tone. The imaged
arbitrary phase magnetic field amplitudes have SNR of approximately 70 (calculated with
the same method as Figure 3.5(b) for each signal frequency component, and exhibit good
agreement with images of in-phase signals shown in Figure 3.5(b). The colorbar is not
centered around zero because of asymmetry in the projection of the RF magnetic field
amplitude on the sensing NV axis. (b) CASR spectra (FFT) of three test pixels P 5 3 with
positions labeled in (a). Peaks corresponding to three frequency components f; 23 are
clearly illustrated in the spectra, with peak heights proportional to the RF magnetic field
amplitude. Linewidths of all spectral peaks ~ 1Hz. Amplitude offsets are added to the
spectra of P, 5 for a better visualization. All scale bars in (a) correspond to 50 pm.
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the offset frequencies are f; 23 = 65 Hz, 125 Hz, and 185 Hz; and 6, , 3 are fixed but arbitrary phase
offsets.

The peak current amplitude is I, = 3.3 uA, corresponding to an estimated peak RF magnetic
field amplitude below 40 n'T', ensuring operation within the linear response regime of the measurement.
The lock-in camera frame rate is set to fsg = 500 Hz with eight demodulation cycles per external
frame. After 1 s of data acquisition, a time series of NV fluorescence images is obtained, sampling the
RF magnetic field at the CASR alias frequencies. This measurement is repeated 100 times to reduce
the noise floor, after which a FFT is applied to the time-dependent fluorescence signal of each pixel.

The CASR amplitude images for each frequency component are extracted by normalizing the
FFT amplitudes to the steady-state NV fluorescence intensity for each pixel, as described in Sec. 3.1.2.

To illustrate CASR amplitude imaging, three representative pixels are selected (Figure 3.6(a,b)).
Pixel Py, located near the upper microcoil, exhibits a single frequency peak at f5 in its CASR spectrum.
Pixel P3, located near the lower microcoil, shows two frequency components corresponding to f;
and f3. The intermediate pixel Ps, positioned between the two microcoils, exhibits contributions
from both sources with reduced amplitude. In all cases, the linewidth of the CASR spectral peaks is
approximately A f ~ 1 Hz.

From the CASR spectra of each pixel, magnetic field amplitude images are reconstructed for
each frequency within the measurement bandwidth. Example amplitude images at frequencies fi 23
are shown in Figure 3.6(a), revealing RF magnetic field patterns consistent with the in-phase imaging
and simulations presented earlier.

In addition to amplitude imaging, CASR enables simultaneous phase imaging of the RF magnetic
field at each frequency component. The measured phases ¢; 2 3 depend on the phases of the applied

currents ¢ 5 3, the impedance of the microcoils, and fixed timing offsets between the current drive
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Figure 3.7: CASR phase imaging of multi-frequency RF magnetic fields. (a) CASR
images of RF magnetic field phases at each signal frequency component, as well as at
alias frequencies far from any signal tone (1 Hz and 250 Hz). Noisy phase distributions in
no-signal regions are attributed to the ratio of near-zero real and imaginary amplitudes of
the CASR FFT. (b) Polar plots illustrate the phases of each signal frequency component,
derived from CASR measurements. ¢; and ¢3 are determined from the real and imaginary
parts of the FFT of pixel P3; and ¢, is determined from P;. Red and blue dots represent
the real and imaginary amplitudes of the associated FFT spectra, respectively, while black
arrows indicate the absolute value of the amplitude as shown in Figure 3.6(a). Grids are
depicted as circles with a step size equivalent to the radius of 10 arbitrary units of FFT

amplitude. All scale bars in (a) correspond to 50 pm.
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and CASR sensing sequence. These parameters remain constant during the measurement, resulting in
stable but arbitrary phase distributions across the field of view.

The CASR amplitude is obtained from the root mean square of the real and imaginary FFT
components, while the phase is extracted from their ratio. Using this approach, we determine the
phases ¢; 2 3 with an accuracy of approximately 0.6°, estimated from the noise floor in Figure 3.6(b).
Repeating this analysis for each pixel yields spatially resolved phase images at each frequency step of
the CASR spectrum, as shown in Figure 3.7(a).

CASR imaging data are acquired at a frame rate of 500 Hz over a 1s acquisition window. To
improve the SNR, a 1s background measurement (with no RF signal applied to the microcoils) is
performed after each CASR acquisition with signal applied, and this sequence is repeated 100 times
for signal averaging. During each acquisition cycle, the camera stores 500 external frames in its
internal memory buffer, transfers the data to the host computer, and then clears the buffer before the
next iteration. Consequently, the total acquisition time is 200 s; however, due to data transfer overhead,
the total wall time of the experiment is approximately 30 min.

Although the raw data volume is large (approximately 17 GB), background subtraction and
averaging yield a time-domain CASR data set for each pixel in the form of a 150 x 150 x 500 matrix,
corresponding to a reduced data size of about 80 MB. The computational time required to perform the
Fourier transform for all pixels across the field of view is approximately 0.4 s.

The current generation of Heliotes lock-in cameras cannot read out and write data simultaneously.
Measurement data are temporarily stored in an internal memory buffer; once the buffer approaches
capacity, the experiment is paused while the data are transferred to the host computer and the buffer is
cleared, a process that takes approximately 5s. This limitation could be mitigated by using cameras

capable of streaming data directly to the host computer, which would improve the throughput and
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Figure 3.8: CASR imaging at detuned alias frequencies. (a) CASR amplitude images
acquired under the same conditions as Figure 3.6, shown at alias frequencies of 66 Hz and
126 Hz (detuned by 1 Hz from the applied tones at 65 Hz and 125 Hz, respectively), and at
an intermediate alias frequency of 95 Hz. All scale bars correspond to 50 ym. The colorbar
is not centered at zero due to asymmetry in the projection of the RF magnetic field onto the
sensing NV axis. (b) Real and imaginary components of the CASR spectrum as a function
of alias frequency for three representative pixels, P; 2 3, whose locations are indicated in
(a). Peaks corresponding to the applied signal tones are illustrated in the phase-offset polar
plot of Figure 3.7(b).
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practicality of RF-QDM measurements.

In Figure 3.6, CASR amplitude images are shown at the applied RF signal frequencies as well as
at alias frequencies far from any signal tone. Figure 3.8(a) provides complementary CASR amplitude
images acquired under identical experimental conditions at alias frequencies detuned by 1 Hz from the
applied tones at 65 Hz and 125 Hz, and at an intermediate alias frequency of 95 Hz. The color scale in
Figure 3.8(a) is reduced by a factor of 20 relative to Figure 3.6 to highlight the weak residual signal
amplitudes observed when the detection frequency is detuned by as little as 1 Hz.

Figure 3.8(b) shows the positive-frequency real component, S;

Real,m?

and the negative imaginary

component, —S;-

Imag,m» Of the CASR spectrum as a function of alias frequency for the three representative

pixels P; 2 3. These results complement the polar representation in Figure 3.7(b), which summarizes
the phase offsets and peak amplitudes of the real and imaginary CASR components for each applied
signal tone.

The phase uncertainty in the CASR measurements is estimated as

5 = arcsin(%) ~ 0.6°, (3.17)

ScAsr

where o is the noise floor of the CASR spectrum for pixel P; as shown in Figure 3.7(b), and Scasr/( f2)

is the CASR amplitude at the alias frequency corresponding to fo = 125 Hz.

72



3.4 Performance of the RF-QDM

3.4.1 Spatial Resolution and Frequency Range

To further illustrate the ~ 2 ym spatial resolution and the wide, tunable frequency range of the
RF-QDM, we perform measurements under the same conditions as those described in Figure 3.5(b),
except that a diamond with a 1.7 pm-thick near-surface NV layer is used. We first apply a 1 MHz AC
signal with peak current I, = 6.6 uA to the upper microcoil on the NV—diamond surface. Aftera 1.2s
acquisition (200 camera external frames), we obtain an RF magnetic field amplitude image with a peak-
to-peak variation of approximately 300 nT, revealing the near-field pattern generated by the microcoil
with an SNR of ~ 53, in good agreement with numerical simulations as shown in Figure 3.9.

The simulations are performed following the same approach described in Sec. 2.2.2, by calculating
the three-dimensional magnetic field produced by the microcoil, averaging the field at a 7 ym stand-off
distance over the NV layer thickness, and projecting the result onto the sensing NV orientation.

As discussed in Sec. 3.3.1, the central detection frequency of the dynamical decoupling sequence
is readily tunable over the MHz range by adjusting the spacing between 7 pulses. The maximum
sequence duration, limited by the NV ensemble spin coherence time 75, determines the lower bound
of the detectable signal frequency f,. For the XY8-8 sequence used here, we measure 75 ~ 60 us
as shown in Figure 3.10, which corresponds to a maximum pulse spacing of 7 ~ 1 us and thus a
minimum detectable frequency of f; ~ 0.5 MHz. As a demonstration, we image the RF magnetic field
generated by a 0.5 MHz AC signal applied to the upper microcoil with the same peak current of 6.6 A
as shown in Figure 3.9. Although the spatial pattern remains consistent with the 1 MHz measurement

and simulations, the SNR decreases to approximately 34 due to increased NV fluorescence decay
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Figure 3.9: RF-QDM imaging of narrowband magnetic fields with known phase using
a dynamical-decoupling (XY8-8) protocol and a 1.7 um-thick NV layer. Alternating
currents at 1 MHz, 0.5 MHz, and 5 MHz with peak amplitude [, = 6.6 A are applied
to the upper microcoil in separate experiments. After 1.2 s of averaging per frequency, the
images exhibit SNRs of approximately 50, 34, and 47, respectively, calculated using the
same method as in Figure 3.5(b). The imaged RF magnetic field patterns are consistent
over an order of magnitude in signal frequency and agree with numerical simulations of a
DC current of 6.6 uA. All scale bars correspond to 50 um. The colorbar is not centered
at zero due to asymmetry in the projection of the RF magnetic field onto the sensing NV
axis.
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during the longer sensing time.

To image even lower-frequency narrowband signals, a spin-echo sequence may be employed [50].
For the diamonds used in the present work, this corresponds to a maximum pulse spacing of 7 =
T5 Hann ~ 10 ps, indicating that the RF-QDM is capable of detecting narrowband signals down to
approximately 50 kHz, albeit with reduced sensitivity.

The upper detection frequency limit of the dynamical decoupling sequence is set by the duration
of the 7 pulses, which is determined by the achievable NV Rabi frequency under microwave driving.
In the current RF-QDM implementation, the on-chip €2-shaped coplanar waveguide produces a Rabi
frequency of approximately 6.4 MHz at the maximum microwave amplifier output power (~ 50 dBm).
Because the pulse spacing 7 must exceed the m-pulse duration, the maximum detection frequency is
therefore below 6.4 MHz. As a demonstration, we image a 5 MHz RF magnetic field pattern with
I,, = 6.6 pA, achieving an SNR of approximately 47, comparable to the 1 MHz results.

Increasing the maximum detectable frequency could be achieved by reducing the diameter of
the microwave antenna to enhance the Rabi frequency; however, this would degrade microwave field
homogeneity, which is detrimental for wide-field imaging. Alternatively, microwave resonators can be
used to achieve stronger driving fields, but at the cost of fixing the detection frequency and reducing
experimental flexibility. To enable imaging of higher-frequency signals, spanning from ~ 10 MHz
into the GHz regime without these limitations, we employ a quantum frequency-mixing protocol with

the RF-QDM [26], which is discussed in the following chapter.
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3.4.2 AC Magnetic Sensitivity Optimization

For AC magnetic field measurements using NV centers and dynamical decoupling sequences,
the magnetic sensitivity limited by photon shot noise and spin-projection noise is approximately given

by [17]

m 1 ViR +1s (3.18)

TAC O Amy Ce-ts/ T N ts

where Am, = 1 corresponds to the spin-state difference used for sensing, C' is the optical readout
contrast at zero sensing time, 75 is the NV spin coherence time, p characterizes the coherence decay
envelope [23], N is the average photon number collected per measurement, and ¢; g is the combined
initialization and readout time.

The coherence time measured with dynamical decoupling sequences follows a power-law dependence
on the number of 7 pulses [51], T5(NV;) = T5(1)N?, where the exponent s is determined by the noise
spectrum of the surrounding spin bath and typically exhibits sublinear behavior [25]. For an AC
signal at frequency f;, the sensing time scales linearly with pulse number as ts = 2N, /fs. After
experimental determination of C, N, and ¢; g, the optimal number of 7 pulses that minimizes the AC

sensitivity is [17]

2. Ty(1))P 150
- 2]

Using photodiode measurements with the 10 yum NV layer diamond, we determine a spatially
averaged value of 75(1) = 10 us from a Hahn spin-echo measurement and p = 1.3. Fitting the
coherence time as a function of pulse number yields s = 0.44(1) as shown in Figure 3.10(a), inset. For

a signal frequency of f; = 1 MHz, Eq. (3.19) predicts an optimal sequence length of approximately

XY8-16.
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In wide-field RF-QDM imaging using the lock-in camera, however, camera quantization noise
must also be considered. For a fixed number of demodulation cycles, camera noise increases with
sensing sequence length, as discussed in Sec 3.4.3. Taking both photon shot noise and camera noise
into account, the optimal sensing sequence is therefore shorter than XY 8-16.

To experimentally determine the optimal sequence length, including camera noise, we vary the
number of XY8 repetitions and measure the AC magnetic sensitivity of each pixel across the field of
view. The per-pixel sensitivity is calculated as n = 0B \/fcq, where 0B is the minimum detectable
magnetic field corresponding to SNR = 1 after an acquisition time 7,.,. For a camera operating at an

external frame rate fsg, the per-pixel sensitivity is given by

Opxl

= = 3.20
n fsr ( )

where o,y is the standard deviation of the magnetic field signal at that pixel across all recorded frames.

Using 500 frames acquired at fsg = 1/[4Ng(tir + ts)] with Ny = 34, trg = 26 us, tg =
N./(2fs), and f; = 1 MHz, we find that the XY8-8 sequence provides the optimal performance. The
resulting median per-pixel AC magnetic sensitivity is 0.93(1) nT-Hz~%/2,

Given a sensing voxel volume of 40 ym?, this corresponds to a volume-normalized AC sensitivity
of 5.88nT-Hz~'/? . ym?3/2, comparable to state-of-the-art photodiode-based XY8 AC magnetometry
using NV ensembles [52]. An analogous optimization performed with the 1.7 ym-thick NV layer
diamond yields a median per-pixel sensitivity of 2.56(1) nT-Hz~'/2 and a volume-normalized sensitivity
of 6.68nT-Hz /2 - ;ym3/? as shown in Figure 3.10(b). The reduced performance is attributed to

increased camera quantization noise due to the lower NV fluorescence rate in the thinner NV layer.
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Figure 3.10: (a) Optimization of AC magnetic sensitivity as a function of XY8 sequence
number, measured using photodiode detection with a 10 gm-thick NV layer diamond.
Increasing the XY8-n sequence length extends the NV spin coherence time 75. The
optimal median single-pixel sensitivity across the field of view is achieved with the XY 8-
8 sequence. The inset shows a power-law fit of the measured coherence time 75 versus
the number of 7 pulses, N, = 8n, yielding a fitted exponent s = 0.44(1). (b) RF-
QDM imaging using the lock-in camera with a 1 MHz signal applied via the RF test coil.
Histogram of the single-pixel AC magnetic sensitivity across the field of view using the
XY8-8 sequence. The median sensitivity is 0.93(1) nT-Hz~'/2 for the 10 ym-thick NV
layer diamond and 2.56(1) nT-Hz /2 for the 1.7 um-thick NV layer diamond.
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3.4.3 Noise Source Analysis

For the RF-QDM measurements presented here, photon shot noise and camera quantization noise
are the dominant limitations to AC magnetic sensitivity. We estimate the shot-noise-limited sensitivity
using Eq. (3.18). Photodiode measurements with a 50 ym laser illumination diameter yield typical
ensemble-averaged parameters for the 10 um NV layer diamond of C' ~ 3%, T» = 58 us, and p = 1.3.
With t; g = 26 us, ts = 32 us for an XY8-8 sequence, and an estimated photon number of N ~ 4 x 10*
per pixel [39], the shot-noise-limited sensitivity at f, = 1 MHz is ngos =~ 0.3nT-Hz~1/2,

The quantization noise of the Heliotis lock-in camera, which includes electronic and digitization
noise, depends on the number of demodulation cycles N, and can be expressed in device units (DU)

as [45]

Tquant = /0.81 + 0.16N,. (3.21)

Using the median zero-crossing slope of the AC magnetometry curves across the FOV, AS/AB, =

258 DU/i/'T, the corresponding quantization-noise-limited sensitivity is

Uquant
uant — ———————— 5 (322
Hnent AS/AB.\/fsr :

yielding 7quant = 0.86 nT-Hz~1/2,

Combining photon shot noise and camera quantization noise in quadrature gives a total estimated
sensitivity of 7., = 0.91nT-Hz/2, in agreement with the measured value of 0.93(1)nT-Hz /2.
For the present RF-QDM, the overall sensitivity is therefore limited primarily by the lock-in camera.
Improving sensitivity will require increasing NV fluorescence intensity, spin-state readout contrast,

and coherence time 75, as well as diamond engineering to enable higher laser intensities without
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contrast degradation due to charge-state conversion [53].

Finally, we note that wide-field NV sensing using SPAD arrays offers high temporal resolution
and single-photon counting capability [54], but is best suited for ultrathin NV layers (< 100 nm) with
very low photon counts per pixel, and therefore provides lower per-pixel magnetic sensitivity than

camera-based RF-QDM systems.

3.4.4 Spatial Noise and Spatial Resolution

In addition to per-pixel magnetic sensitivity, spatial noise—arising from pixel-to-pixel camera
variance and spatial inhomogeneity in the diamond crystal (e.g., strain and NV density variations)—is
a critical metric for evaluating RF-QDM performance. To quantify spatial noise, we perform single-
frame measurements with no RF magnetic signal applied. For a given narrowband detection frequency,
the spatial magnetic noise floor, ogpatial, 18 defined as the standard deviation of the measured in-phase
magnetic field amplitude across all pixels within the FOV.

During magnetic imaging, a fundamental trade-off exists between spatial resolution and spatial
noise. One effective strategy to suppress spatial noise is spatial binning, in which neighboring pixels
are grouped to form larger “super pixels.” This approach reduces the spatial noise at the cost of coarser
spatial resolution. For applications that do not require the highest spatial resolution, spatial averaging
can therefore be used in place of extended temporal averaging, enabling shorter acquisition times while
maintaining comparable SNR.

We demonstrate this approach using 5 x 5 pixel binning, corresponding to a super-pixel size of
10 pm. With no RF signal applied to the microcoils, we observe that ogpatial Ta_cé/ ? for both 2 pm

single-pixel resolution and 10 pzm super-pixel resolution at a 1 MHz detection frequency (Figure 3.11(a)),
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Figure 3.11: Suppression of spatial noise in RF-QDM magnetic images through temporal
and spatial averaging. (a) Measured spatial magnetic noise floor, ogpatial, With no RF
signal applied to the microcoils and a 1 MHz detection frequency, shown as a function of
data acquisition time T, for 2 ym single-pixel resolution and 10 pym (binned) super-pixel

resolution. The dashed black line indicates the expected scaling ogpatial < TaZé/ > as a
guide to the eye. (b) Example RF-QDM images of the magnetic noise background and
corresponding values of ogpatia: (1) 2 um single-pixel resolution with T,., = 1.2s; (ii)
10 pm super-pixel resolution with T,., = 1.2s; and (iii) 10 um super-pixel resolution
with T,., = 3600s. All scale bars correspond to 50 um. The magnetic noise is
spatially uncorrelated. Comparisons between (i) and (ii) illustrate spatial averaging, while
comparisons between (ii) and (iii) demonstrate temporal averaging. The lock-in camera
frame rate is identical for all measurements.

81



where T, is the total data acquisition time. This scaling indicates that the RF-QDM spatial magnetic
noise can be effectively suppressed through temporal averaging out to hour-long timescales.

Notably, the spatial noise floor obtained with 10 um super-pixel resolution after a single 1.2's
acquisition is comparable to that achieved by averaging multiple frames over 30s at 2 um single-
pixel resolution. With 10 ym super-pixel resolution and a 1 hour acquisition time, the spatial noise
background can be reduced to 7.1(1) pT as shown in Figure 3.11(b). Under these conditions, the

median per-pixel narrowband magnetic sensitivity is also improved to 0.18(1) nT - Hz /2.

3.5 Potential Applications of the RF-QDM

A primary application of the RF-QDM is micron-scale real-space NMR imaging. The Hz-scale
spectral resolution demonstrated here enables spatially resolved identification of chemical shifts and
scalar (/) couplings, key spectral fingerprints of molecular structure, across samples on the diamond
surface [38]. Such capability is critical for NMR applications in chemistry, life sciences, and materials
research.

Based on previous NV-NMR studies [38, 55], we estimate that a spatial noise floor of ~ 50 pT
is required to resolve micron-scale NMR images with SNR > 1 for thermally polarized samples in a
bias magnetic field of ~ 0.1'T. When dynamic nuclear polarization (DNP) is employed, this threshold
relaxes to approximately 10nT. Given the current RF-QDM performance, an acquisition time of
~ 40 s is sufficient to surpass the thermal-polarization threshold at a spatial resolution of 10 pm, while
DNP would enable imaging within ~ 30ms at 2 um spatial resolution as shown in Figure 3.11(a).
Other hyperpolarization techniques can provide even higher nuclear spin polarization [56], though

typically at lower bias magnetic fields.
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Figure 3.12: CASR imaging of weighted frequency and phase of RF magnetic signals
generated by two microcoils under the same experimental conditions as Figure 3.6. (a)
Weighted frequency image, defined as f,, = f f Scasr df/ f Scasr df. A transparency
mask based on the integrated CASR amplitude suppresses no-signal regions. The colorbar
indicates the frequency integration range, which includes f; and f, but excludes f3,
revealing the near-field spatial distributions of the selected frequency components. (b)
Weighted phase image, defined as ¢,, = f ¢ Scasr df / f Scasr df, using the same mask
and integration range as in (a). The spatial distributions of ¢; = —6° and ¢, = 80° are
clearly resolved. The ~ 180° phase reversal outside each spiral arises from the opposite
direction of the RF magnetic field generated by the microcoils. All scale bars correspond
to 50 pm.
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With the millisecond-scale temporal resolution provided by the lock-in camera, the RF-QDM
may enable real-time imaging of NMR dynamics in micron-scale samples, including chemical processes
in living systems at the cellular scale and samples integrated within microfluidic platforms [57]. To
illustrate the ability of the RF-QDM to spatially discriminate spectrally crowded narrowband signals,
such as those encountered in NMR, we present CASR images of weighted frequency and phase for
two microcoils whose signals differ by only 60 Hz around a 1 MHz carrier frequency as shown in
Figure 3.12. The near-field RF magnetic patterns from the two microcoils are clearly distinguished
at the micron scale based on their frequency and phase. Similar weighted-frequency and weighted-
phase NV-NMR images could enable spatially resolved monitoring of chemical composition and
concentration in complex samples.

Although the RF signal amplitudes are held constant in the present experiments, the RF-QDM
protocols are compatible with signals exhibiting temporal decay envelopes, such as free-induction
decay (FID) in NMR. In this case, the decay envelope manifests as a finite linewidth in the CASR
spectrum at each pixel, providing spatially resolved information on both signal frequency and linewidth.
This capability opens a path toward real-space NV-NMR spectroscopy of micron-scale samples with
spatially varying nuclear spin densities and local environments. Further improvements in lock-in
camera frame rate and data handling capacity will directly translate into enhanced sensing bandwidth
and spectral resolution for such applications.

Beyond NMR, the RF-QDM offers a range of additional applications. Prior work has demonstrated
single-channel AC susceptibility measurements of two-dimensional magnetic materials using NV
centers and XY8 sequences [58]. The RF-QDM extends this capability to wide-field, micron-scale
imaging of AC susceptibility, enabling spatially resolved characterization of magnetic materials. The
RF-QDM is also well suited for imaging inductive eddy currents in conductors [59]. By simultaneously
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measuring the amplitude and phase of the induced RF magnetic fields, the RF-QDM can provide higher
spatial resolution and sensitivity than conventional eddy-current inspection techniques.

For integrated circuits and other micron-scale electronic devices, RF-QDM imaging may support
failure analysis [60, 61] and hardware Trojan detection [62]. Mapping magnetic field activity across a
range of operating frequencies can provide complementary insight to static magnetic imaging [36, 63].
In addition, the RF-QDM may be applied to impedance tomography in biological systems [64]. Unlike
invasive electrode-based approaches that provide only sparse measurements, the RF-QDM offers a
noninvasive method for directly imaging the amplitude and phase of modulated currents with full
spatial coverage across the field of view.

In summary, we demonstrate a lock-in-camera-based quantum diamond microscope capable of
narrowband RF magnetic field imaging with ~ 1 Hz spectral resolution under ambient conditions.
The RF-QDM achieves per-pixel sensitivities of ~ 1 n'T - Hz /2 with ~ 2 pm spatial resolution over
a 300 x 300 um? field of view. Through temporal averaging and spatial binning, the spatial noise
floor can be reduced to the picotesla scale, approaching the levels required for real-space NV-NMR
imaging of thermally polarized samples. By simultaneously imaging the amplitude, frequency, and
phase of RF magnetic fields, the RF-QDM provides a versatile platform for applications including
NMR spectroscopy, AC susceptibility mapping, eddy-current inspection, electronic circuit analysis,
and impedance tomography.

For the results presented here, the RF magnetic field images correspond to the projection of
the field onto a single NV orientation. Because diamond hosts four crystallographic NV orientations,
the RF-QDM can in principle be extended to full vector RF magnetic field imaging [65], enabling
correction of image artifacts arising from spatial variations in field direction. The current implementation
is limited to signal frequencies below ~ 10 MHz by constraints on the achievable NV Rabi frequency.
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Future improvements in microwave delivery, as well as using quantum frequency-mixing protocols [26],
will enable imaging of higher-frequency signals extending from tens of megahertz into the gigahertz
regime.

Finally, the RF-QDM is compatible with advanced narrowband sensing protocols that offer
improved sensitivity relative to XY8, such as DROID-60 [66, 67] and quantum-logic-enhanced repetitive
readout [52]. Although these protocols introduce additional complexity and longer sensing times,
advances in lock-in camera technology and data processing are expected to mitigate current limitations

and further enhance RF-QDM performance for narrowband magnetic field imaging.

86



Chapter 4: High-Resolution and Wide-Frequency-Range Magnetic Spectroscopy

In the previous chapter, the CASR method was implemented in our QDM, enabling simultaneous
imaging of the amplitude, frequency, and phase of narrowband oscillating magnetic fields. These
results showed strong overall performance, including single-pixel magnetic sensitivity at the nanotesla
level, Hz-scale spectral resolution, and micron-scale spatial resolution.

However, most narrowband NV-diamond magnetic sensing protocols including CASR rely on
pulsed dynamical decoupling sequences [22, 68]. As a result, the detectable signal frequency range is
typically limited to below ~ 20 MHz, constrained by the amplitude and timing requirements of MW
control pulses used to manipulate NV electronic spins [15, 52, 66]. Continuous dynamical decoupling
techniques, such as spin-lock Rabi protocols, can extend the sensing bandwidth to approximately
85 MHz [69, 70], but generally suffer from reduced sensitivity compared to pulsed techniques and
remain limited by the achievable MW driving strength. Other approaches, including Rabi magnetometry
[28, 29], enable narrowband sensing with low spectral resolution (on the order of kHz) over a frequency
range extending up to ~ 300 MHz from the NV spin transition frequencies (near 3 GHz at low bias
magnetic fields). However, these methods are not well suited for intermediate signal frequencies
(~ 100 MHz to 2 GHz) or for higher-frequency signals (> 4 GHz) unless a strong DC bias magnetic
field (on the order of 0.1 T) is applied to tune the NV spin resonances.

Recently, a quantum frequency mixing (QFM) effect was proposed to overcome these limitations
by converting narrowband magnetic signals from otherwise inaccessible frequency regimes into the
optimal detection band of NV sensing protocols. A proof-of-principle experimental demonstration
achieved detection of a 150 MHz test signal with a spectral resolution of approximately 10 kHz [26].

Subsequently, QFM-based Rabi magnetometry was extended to wide-field NV ensemble imaging
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with comparable spectral resolution [71]. As summarized below, the QFM approach exploits the
nonlinear response of the NV electronic spin system to both a target RF magnetic signal (at an arbitrary
frequency) and a strong applied AC bias field that is detuned from the target signal by ~ 1 MHz. This
interaction produces an effective magnetic signal at the difference frequency between the target and
bias fields, thereby “mixing down” the signal into a frequency range that is well matched to NV-based
detection protocols.

In this chapter, we demonstrate a QFM-based magnetic spectroscopy protocol that operates over
a wide signal frequency range spanning from 10 MHz to 4 GHz and can be integrated with CASR to
achieve sub-Hz spectral resolution, nanotesla-level noise floors, and precise phase measurements with
errors below 1°. We begin by characterizing the narrowband magnetic sensitivity of the combined
QFM-CASR protocol across this broad frequency range, showing good agreement between experimental
measurements and theoretical estimates. We then highlight the protocol’s wide-frequency capability
and high spectral resolution by measuring multi-frequency spectra at 0.6 GHz, 2.4 GHz, and 4 GHz,
resolving fine spectral features separated by as little as 1 Hz. Finally, we demonstrate phase-sensitive
detection by measuring the phase of a 2.4 GHz signal with a standard deviation of 0.4°. Compared to
previous demonstrations of QFM-based magnetometry [26, 71], the QFM—CASR approach presented
here extends the accessible signal frequency range by more than an order of magnitude and improves
the achievable spectral resolution by over four orders of magnitude. As noted in the thesis introduction,
this chapter recapitulates material published in [27]. This peer-reviewed journal article also contains

additional technical details, e.g., about the experimental setup, not included in the present chapter.
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4.1 QFM-CASR Spectroscopy Protocol

To enable high-resolution detection of magnetic signals over a broad frequency range, we employ
a QFM protocol that down-converts a target RF signal of arbitrary frequency into the optimal detection
band of N'V-based narrowband sensing schemes. This approach is conceptually analogous to classical
frequency mixing [72], where nonlinear circuit elements generate sum and difference frequency components.
In the quantum case, the nonlinear response arises from the driven NV electronic spin system, which

can be described within a multi-mode Floquet framework.

4.1.1 Rotating Frame Hamiltonian Approximation in the Floquet Picture

Following the analysis of the QFM effect introduced in [26], we model the NV electronic spin

ground state as a two-level Hamiltonian /| simplified to include only one resonant transition from

mg = 0 to mgs = +1 or my; = —1 with transition frequency wy:
Hy = %02. 4.1)

The interaction Hamiltonian representing the effect of both an AC bias field and target RF signal field,

denoted Hj, and H, respectively, is given by:

Hiny = Hy + H. 4.2)

We consider the case where both the AC bias field and signal field are far detuned from the NV spin

transition wy and linearly polarized transverse to the NV 2 axis, e.g., linearly polarized in z, so that the
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relevant bias and signal Hamiltonians are given by:

Hb,s = Qb,s COs (Wb,s + be,s)o-x; (43)

where €, s and w;, s are the amplitude and frequency of the bias or signal fields, respectively. The total
Hamiltonian of the system in the laboratory frame is:
Wo

H = = + Qg cos (ws + ¢s)oz + Qp cos (wp + ¢p) 0. (4.4)

We then transform into a rotating frame described by the frequency wy with the unitary U = e~*(«0ot/2)o=

such that the Hamiltonian in the rotating frame is given by:

- . i
H=U"HU + iaait[/. 4.5)

See Figure 4.1(b). Since UTHyU + i(0U'/ot)U = 0, H = U'H,,,,U. Applying the rotating frame

transformation to the AC bias field and signal field Hamiltonians, we obtain:

i O | | |
ths = UTHb,sU = %(el(wb,st+¢b,s) + efz(wb,st+¢b,s))(elw0to-+ + e*ZWOto—i)' (46)
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Figure 4.1: (a) Bloch sphere visualization of the AC bias, target RF signal, and effective
signal fields in both the laboratory and rotating frames, illustrating the general case. In the
present work, the X'Y8 sequence is primarily sensitive to the longitudinal effective signal;
and the RF signal and AC bias fields are linearly polarized and generated by the same coil,
and hence are colinear in the laboratory frame. Thus, we consider only the x-component
of the RF signal and AC bias fields, which contribute to the longitudinal effective signal,
to simplify the Hamiltonian model. (b) Simplified schematic of quantum frequency mixer
dynamics, including the effective signal amplitude €2, and AC Stark shift ) mediated by
virtual Floquet modes.

The total system Hamiltonian in the rotating frame, H = Hy + H,, is then given by:

H = % (cos ([wp — wolt + ¢p)o + sin (Jwy — wolt + Pp)ay)

Q
L

7(008 ([wp 4+ wolt + @)y — sin ([wp + wolt + ¢p)0y)

4.7)

S

+ —(cos ([ws — wolt + @)y + sin (Jws — wolt + ¢s)oy)

2
Qs .
+ 7(008 ([ws + wolt + ¢s)o — sin (Jws + wolt + ¢5)0y).
This Hamiltonian describes a four-mode Floquet problem, with frequency modes (w, — wy),

(wp + wo), (ws — wo), (ws + wp). To simplify the analysis for the regime relevant to our experiment,

we first consider the two-mode Floquet problem; see Figure 4.1(c). For a time-dependent Hamiltonian
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H (t) with two uncoupled frequency modes w; and wy of evolution amplitudes €2; and (25, the Fourier

expansion is given by:

H(t) _ i i H(n,k)einwlteikmt‘ (48)

n=—00 k=—00
We can write H (t) as a Floquet Hamiltonian H in the Floquet space, using the ladder operators F; ha

and the number operator F,:
He= Y Y (H"WQF'@F+wI@F" @I +wl @I F?). (4.9)

We then approximately diagonalize Hp by transforming with unitary U = e° for Hermitian operator

S, and apply the Baker—Campbell-Hausdorff (BCH) expansion for the infinitesimal case:
~ 1
HFZGSHpeis:HF+[S,HF]+§[S, [S,HFH—l— (410)

With an appropriate choice of S, the off-diagonal terms can be made to cancel to first order; and the
second order term can be simplified so that transformation back to the Hilbert space yields the second

order term [26]:

m 1 H(mfn,hfk) H(n,k)
i L [ ) I @.11)
2 - nwi + kws

n,

As the fast-oscillating terms quickly average to zero, we consider only the cases where the integer
pairs (m, h) satisfy mw; + hwy < ws, for ws € {nwi + kwy |n, k € Z, nw, + kwy # 0, H™F £ 0},

When the amplitudes §2;, 2y < wy, ws, the system dynamics are then well approximated by a single
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effective Hamiltonian given by:

1/1 1 .
H(t) = 3 <— — —) [Hy, Hye!@ite2)t, (4.12)

w1 )

We now apply the above analysis to the four-mode Floquet problem assuming 25, 2, < wy, ws
so that we can truncate at second order. The resulting Hamiltonian includes all possible sums and
differences of the four frequency modes (wj, — wp), (wp + wp), (ws — wo), (ws + wp). However, we also
assume |w; —wp| < (wp+ws), wp and make the rotating wave approximation to neglect fast oscillating

terms. Thus, only the |ws; — ws| and DC terms survive in the effective Hamiltonian:

Oz

He = — 2 5t 3 2 9 9

i wo wo \ QY eils—wn)tH(@i-dn)] 4 p-illws—wn)t+ (66

(4.13)

i ( ngo ngO >
— — o
20wy —wg) 2wl —wp)
We define the effective signal at frequency w. = w; — wy, with phase ¢. = ¢, — ¢, effective amplitude

()., and AC Stark shift ¢:

QbQS Wo Wo
Q. = : 4.14
2 (wz—w3+w3—wa) @19
02 02
5= (_ o 8“’02) . (4.15)

The effective interaction Hamiltonian in the rotating frame is that of an applied longitudinal field with

amplitude €2, at frequency w.:

H, = gaz + Q. cos (wet + @e)0. (4.16)

We note the asymptotic behavior of €2, tends towards % in the low frequency limit for w, and wy
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and towards % in the ultra-high frequency limit, assuming wj, ~ ws.

We also note that driving an NV electronic spin transition with a strong field €2y cos (wyt)o,, as
part of a dynamical decoupling sensing protocol (XY8-6 in this work), induces a Bloch-Siegert shift
of the effective signal frequency given by 897‘; [26]. Since the NV resonance frequency wy is typically
on the order of GHz, while the microwave field amplitude () is on the order of MHz, this static shift is

much smaller than the CASR detection bandwidth employed in this work and hence has insignificant

effect on calibration of the QFM-CASR protocol.

4.1.2 QFM-CASR Experimental Design and Signal Processing

In our experiment, an ensemble of NV centers in diamond serves simultaneously as the quantum
frequency mixer and the magnetic field sensor. A target RF magnetic field at frequency w; and a strong
AC bias field at frequency w, are applied through the same coil as shown in Figure 4.2(a). The bias
field frequency is chosen such that the difference frequency w. = ws — wj lies within the sensitive
bandwidth of a pulsed dynamical decoupling sequence. As derived in the previous subsection, the
combined action of the two off-resonant fields produces an effective longitudinal magnetic field in the

rotating frame, described by the approximate Hamiltonian

)
H, ~ 50+ + Q. cos(wet + ¢e)o, 4.17)

where 0 is an AC Stark shift, . = ¢s — ¢ is the effective signal phase, and the effective signal

amplitude is

QSQb Wo Wo
Q. = (w -+ — 2). (4.18)

2 _ _
2 S-wy Wy — W
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Figure 4.2: (a) Wide-frequency-range RF magnetic sensing using an NV ensemble in
diamond. The NV electronic spin state is initialized and read out optically, while MW
control pulses are applied via an on-chip MW loop. A target RF signal and a strong AC bias
field are applied through the same coil. QFM between these fields generates an effective
signal within the optimal detection band (~ 1 MHz) of narrowband NV sensing protocols.
(b) Integration of QFM with the CASR protocol. The target signal at frequency w; is
mixed with an AC bias field at frequency wy, producing an effective longitudinal signal at
we = ws — wp. The CASR protocol samples the resulting NV PL at a rate wsg, yielding an
aliased signal at w, and enabling sub-Hz spectral resolution after Fourier analysis.
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Because €, < |wsp + wo| in the experimental regime, the mixed-down signal amplitude €2, is
substantially smaller than the original target signal amplitude (2.

To sensitively detect this weak effective signal, we integrate the QFM scheme with the CASR
protocol [38] as shown in Figure 4.2(b). CASR consists of repeated, phase-synchronized blocks of
identical dynamical decoupling sequences (XY8-k in this work), interleaved with optical readout of
the NV photoluminescence (PL) at a fixed sampling rate wsg. The resulting time-domain PL signal
encodes the oscillation of the effective longitudinal field generated by QFM.

For the experimental parameters used here, the normalized time-domain QFM-CASR signal can

be approximated as [15]

S(t) = % {1 + sin(47rNQe cos(wet + (be))} , (4.19)

We

where N is the total number of 7 pulses in each sensing sequence (N = 48 for the XY8-6 protocol
used in this experiment). Applying a Fast Fourier Transform (FFT) to the discretely sampled CASR

signal yields a frequency-domain spectrum centered at the alias frequency
We = |We — NWSR| , (4.20)

with peak amplitude

(4.21)

€

47w NS,
ScASR X J1( > ,

where Ji(z) is the first-order Bessel function and n is the integer closest to w./wsgr. Under the
operating conditions of this experiment, higher-order Bessel contributions are negligible (see details

in Section 3.1.2).
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We ensure {2, < w, so that the first-order Bessel function is well approximated by a linear
response, yielding Scasg o €2.. By calibrating the CASR response using a known reference signal,
the effective amplitude €2, can be extracted directly from the measured spectrum. Because the AC
bias field frequency and amplitude are independently known and held constant, this calibration enables
quantitative determination of the target signal’s frequency, amplitude, and phase over a wide frequency

range.

4.2 Sensitivity Assessment Across a Wide Signal Frequency Range

We first demonstrate the wide target-signal frequency range accessible with the QFM—-CASR
protocol (10 MHz to 4 GHz) and characterize the corresponding narrowband magnetic sensitivity.
Figure 4.3 summarizes the measured and estimated sensitivities, and provides additional details on
sensitivity calibration, error bars, and bias-field polarization.

All measurements are performed using a micron-scale 2.7 ppm NV ensemble near the surface
of a CVD diamond substrate. We implement CASR using XY 8-k sequences as the sensing blocks
to improve robustness against pulse errors [73]. In these experiments, we optimize sensitivity for an
effective (mixed-down) signal frequency w, = (27) 1 MHz by setting the 7-pulse spacing to 7 = 0.5 us
and choosing £ = 6 [18, 52]. The XY8-6 sensitivity for a 1 MHz test signal is calibrated to be
no = 102(1) pT - Hz~'/2 using the method described in Section 3.4.2

Using the QFM relation for the effective signal amplitude [Eq. (4.18)], the expected sensitivity

to a target signal at frequency w; can be estimated as

Q
= ny— 4.22
775 T]O Q ) ( )

e
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Figure 4.3: QFM-CASR sensitivity across a wide target signal frequency range. (a)
Estimated and measured QFM—CASR narrowband magnetic sensitivity for target signal
frequencies from 10 MHz to 4 GHz. The AC bias field is detuned by 1 MHz from the target
signal and has a fixed amplitude €2, = (27)4.3 MHz. Red and blue curves show estimated
sensitivities based on the measured XY8-6 sensitivity at 1 MHz (purple diamond) and
Eq. (4.18), for MW pulses resonant with the NV spin transitions at w_; = (27)2.29 GHz
and w;; = (2m)3.45GHz, respectively. Circles and squares indicate experimentally
measured sensitivities at selected target frequencies. Black circles (“QFM—-CASR Demo.”)
correspond to frequencies used in the sub-Hz spectral resolution demonstrations shown in
Figure 4.4. (b) Example sensitivity calibration measurement for a target signal at 2.4 GHz
with an effective (mixed-down) signal frequency near 1 MHz. (c) Same data as in (a),
shown with error bars derived from the standard deviation of 10 independent sensitivity
measurements at each target frequency. (d) Comparison of estimated sensitivities for
linearly polarized (blue) and circularly polarized (purple) AC bias fields, evaluated for the
NV spin transition at w, ;. Circular polarization provides a modest sensitivity enhancement
for ws > wq;.
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evaluated for the two cases in which the applied MW control pulses are resonant with the NV spin
transitions at w; (solid curves in Figure 4.3). For w, < w41, the estimated target-signal sensitivity
is approximately frequency independent, with 7, ; ~ 55nT -Hz~/2 and 5, 1 ~ 80nT - Hz~'/2
for our experimental parameters. The sensitivity improves as w, approaches the NV resonance while
remaining in the far-detuned QFM regime (detuning > 20 MHz in our experiment) [26]. For ws > w41,
the estimated sensitivity rapidly degrades because the effective signal strength decreases strongly at
high frequencies (see Eq. (4.18)).

Experimentally, we characterize QFM-CASR sensitivity using a procedure analogous to the
XY8-6 sensitivity measurement described in Section 3.4.2. At each target signal frequency, we measure
the 1-second standard deviation of the NV PL, calibrate the effective-signal magnetometry slope to
obtain 7)., and convert to the target-signal sensitivity 7, using Eq. (4.18). We repeat this measurement
10 times at each frequency to obtain the mean value and the standard deviation, which sets the
error bars shown in Figure 4.3(c). Across all target frequencies, the average fractional uncertainty

is 0/ns ~ 2.7%. The measured values of 7, agree well with the estimates in Figure 4.3.

4.2.1 AC bias-field calibration and target-signal amplitude control

Because (2. o €2,€);, [Eq. (4.18)], accurate calibration of the AC bias-field amplitude is essential
for quantitative sensitivity measurements. We first measure the reflection coefficient S;; of the RF
coil and find it to be approximately flat across the frequencies of interest. Using a spectrum analyzer
(Signal Hound USB-SA44B), we monitor the RF amplifier output power and adjust the input power to
the RF coil to ensure consistent delivered power across frequency.

We calibrate the AC bias-field amplitude by tuning the drive frequency to the NV resonance
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wo = w_1, driving NV Rabi oscillations, and extracting the Rabi frequency €2y. We then record the
corresponding amplifier output power. Assuming that the coil response is sufficiently similar between
wo and a given bias frequency wj,, we assign {2, = (), for equal delivered power. We evaluate the
validity of this assumption experimentally in Section. 4.4. For the sensitivity measurements reported
here, we use this procedure to maintain a constant bias-field amplitude €2, across all wy,.

Because the target RF signal and AC bias field are generated by the same RF chain (AWG,
amplifier, and RF loop) and differ in frequency by only ~ 1 MHz, the same power-calibration procedure
also ensures that the target-signal amplitude is constant (for a given input setting) across the measured

frequency range.

4.2.2 Example sensitivity calibration and polarization considerations

Figure 4.3(b) shows an example sensitivity calibration for a target signal at 2.4 GHz with an
effective signal near 1 MHz. After setting the effective signal to be in-phase with XY8-6 (i.e., ¢ps— ¢y, =
0), we measure the AC magnetometry curve of the effective signal by sweeping the AWG output
amplitude A (thereby sweeping €);) while holding ¢,, ¢, and €2, fixed. We identify the first turning
point A/, at which the NVs accumulate a 7/2 dynamical phase; for this example, A/, = 0.144 AWG
units. The effective-field amplitude corresponding to a 7 /2 phase is

h?
B, =
27 29upN

= 0.58 uT, (4.23)

yielding a calibration factor B, /2/A /2 = 4.06 1T /AWG unit. A linear fit to the near-zero region of
the magnetometry curve gives a contrast slope s = 4.86 x 10> nT~!. We then acquire 1 s of QFM—

CASR data with no applied target signal to measure the contrast noise o = 4.57 x 107°, yielding an
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effective-signal sensitivity

e = 2/t = 0.094nT - Hz~ /2, (4.24)

S

and a corresponding target-signal sensitivity 7, = 4.87nT - Hz~'/2.

The small residual discrepancies between measured and estimated sensitivities are attributed
primarily to frequency-dependent coil response: although Sj; is approximately flat from 10 MHz to
4 GHz, it exhibits variations at the ~ 10% level.

Finally, Figure 4.3(d) compares estimated sensitivities for a linearly polarized AC bias field (used
in all measurements here) and a circularly polarized AC bias field (not implemented experimentally).

For a circularly polarized bias field and a linearly polarized target signal, the effective amplitude is [26]

4 Wp — Wy Ws — Wo

Qe:QbQS< L 1 ) (4.25)

Linearly polarized bias fields provide better sensitivity for target signals below resonance (w; < wy),
whereas circular polarization is optimal for signals above resonance (ws > wy). For NV resonance
frequencies comparable to those used here (DC bias fields ~ 10mT), a circularly polarized bias field

is expected to yield an approximately twofold sensitivity improvement at a 10 GHz target frequency.

4.3 Demonstration and Performance of QFM-CASR Spectroscopy

4.3.1 Detection of Multi-frequency RF Signals with Hz-scale Spectral Resolution

We next experimentally demonstrate the capability of the QFM-CASR protocol to perform
magnetic spectroscopy of multi-frequency RF signals with sub-Hz spectral resolution across a wide

frequency range, as shown in Figure 4.4.
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Figure 4.4: Demonstration of QFM-CASR spectroscopy of multi-frequency RF signals
with sub-Hz spectral resolution over a wide frequency range. (a) QFM-CASR
measurement protocol applied to a target signal consisting of two frequency components
within the detection bandwidth. In a synchronized sequence of measurement periods, the
NV electronic spin ensemble is initialized and read out using 532 nm laser pulses (green).
A 7 /2 microwave pulse along the y-axis prepares the NV spin in a magnetically sensitive
superposition state, followed by an XY8-k sequence (k = 6) resonant with a 1 MHz
effective signal. A final 7/2 pulse along the = or —x axis projects the longitudinal spin
state as signal or reference, followed by photoluminescence (PL) readout (red). During
each measurement period, an AC bias field (violet) is applied to mix the two target
signal frequencies, wy; and wsy, into an effective signal within the optimal detection
band of the XY8-k sequence via quantum frequency mixing. (b) Time-domain QFM-
CASR measurement of the two-tone target signal. A 1Hz beating between the two
signal components is clearly visible in the upper panel, while the lower zoomed-in panel
resolves the higher-frequency oscillation near the CASR alias frequency (= 3kHz). (¢)
QFM-CASR spectra obtained from FFTs of the time-domain measurements over a wide
frequency range. Center: spectrum near 2.4 GHz derived from the data in (b) after DC
offset removal. Left and right: spectra near 0.6 and 4 GHz, respectively. The measured
effective signal amplitudes are consistent with the frequency-dependent sensitivity of the
QFM-CASR protocol (black circles in Figure 4.3). (d) Top: effective-signal noise floor
with a standard deviation o, ~ 120 pT, corresponding to o, ~ 6 nT for a target signal near
2.4 GHz. Bottom: zoomed-in spectrum demonstrating sub-Hz resolution, clearly resolving
the two target signal peaks at w,; and wgs.
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A target signal near the 2.4 GHz communication band is applied, consisting of two frequency
components: ws; = (27)(2.4GHz + 3.125kHz) and wse = ws1 + (27)1 Hz, each with a nominal
amplitude Q3 = (27)0.21 MHz (Bs = 7.5 uT).

To generate effective signals near 1 MHz, resonant with the XY8-6 sensing sequence (with 7-
pulse spacing 7 = 0.5 us), we apply an AC bias field with frequency w, = (27)2.399 GHz and
amplitude €2, = (27)4.3 MHz (B}, = 153.4 uT). The NV resonance frequency (using the |0) and |—1)
states) is w_; = (27)2.29 GHz, corresponding to a DC bias magnetic field of 20.7 mT.

For each acquisition step in the QFM-CASR protocol (Figure 4.4(a)), the total sequence duration
is Tieq = 80 ps, yielding a CASR sampling rate of wgg = (27)12.5 kHz. Based on Eq. (4.18), quantum
frequency mixing reduces the effective signal amplitude by a factor of approximately 50 relative to the
target signal. Because (), < (), higher-order mixing terms are negligible, suppressing cross-talk
between signal tones.

We perform a series of 10° QFM-CASR measurements, corresponding to 8 s of time-domain NV
PL contrast data (Figure 4.4(b)). The upper panel clearly shows 1 Hz beating between the two signal
components, while a zoomed-in view of the first 8 ms reveals fast oscillations at the alias frequency
w, ~ (2m)3kHz. An FFT of the time-domain data yields QFM-CASR spectra with high signal-to-
noise ratio for both effective and target signals, as shown in the center panel of Figure 4.4(c).

To demonstrate the wide operational frequency range of the protocol, we perform additional
measurements near 0.6 GHz (w, = (27)0.599 GHz, wy3 = (27)(0.6 GHz+2 kHz), wsy = (27)(0.6 GHz+
4kHz)) and near 4 GHz (w, = (27)3.999 GHz, wss = (27)(4 GHz + 3.125kHz)), using the same
nominal target signal amplitude. These results are shown in the left and right panels of Figure 4.4(c).
As expected from Eq. (4.18), the effective signal amplitude varies with target frequency, consistent
with the frequency-dependent sensitivity summarized in Figure 4.3.
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Figure 4.4(d) shows a zoomed-in view of the effective signal near 2.4 GHz, clearly resolving
the two frequency components w,; = (27)3125Hz and w,y = (27)3126 Hz with sub-Hz spectral
resolution. The upper panel highlights the spectral noise floor, with an effective signal standard
deviation of o, ~ 120 p'T, comparable to the AC sensitivity of the XY8-6 sequence at 1 MHz. This
corresponds to a target signal uncertainty of o, ~ 6 n'l', consistent with the QFM-CASR sensitivity at

2.4 GHz shown in Figure 4.3.

4.3.2 Precise Phase Measurement of RF Signals

We further demonstrate that the QFM-CASR technique enables precise phase measurements of
RF signals over a wide frequency range. Applying an FFT to the time-domain NV PL signal yields
a complex frequency-domain response proportional to ¢(w — w,)e~*® (see Eq. (4.19). The effective
signal phase ¢, can therefore be extracted from the real and imaginary components of the QFM-CASR
spectrum, as illustrated in Figure 4.5(a). With the AC bias phase ¢, controlled and known, the target
signal phase is obtained directly as ¢s = ¢y + Q.

In a demonstration experiment, we apply an AC bias field with ¢, = 0 at w, = (27)2.4 GHz and
sweep the target signal phase ¢, for w, = (27)2.401 GHz. At each phase value, time-domain QFM-
CASR data are acquired and transformed via FFT to obtain the corresponding spectrum. A full 360°
phase sweep with a step size of 1° is performed, yielding the absolute, real, and imaginary components
shown in Figure 4.5(b). Each phase point is acquired over 1 s without averaging.

The magnitude of the QFM-CASR spectrum, proportional to )., remains constant across the
phase sweep, while the real and imaginary components oscillate sinusoidally with a relative 7 /2 phase

shift. From their ratio, we determine the measured phase ¢, and compute the phase error A¢ = ¢, — .
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Figure 4.5: Precise phase measurement using QFM-CASR. (a) The effective signal
generated through quantum frequency mixing has a phase ¢. equal to the difference
between the target signal phase ¢, and the AC bias phase ¢,. By analyzing the real
and imaginary components of the QFM-CASR spectrum, ¢, can be extracted. With ¢,
known and controlled, the target phase is obtained as ¢, = ¢. + ¢p. (b) Experimental
demonstration with w, = (27)2.4 GHz and w, = (27)2.401 GHz. While keeping ¢, = 0,
¢s is swept over 360° in 1° steps. The real, imaginary, and absolute values of the
QFM-CASR spectrum are shown for every 10 phase steps. (c) Histogram of the phase
error between measured and applied phases. The distribution is Gaussian with standard
deviation o4 ~ 0.4°.
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Figure 4.6: Precise QFM-CASR phase measurements of target signals near 666 MHz
(top) and 4 GHz (bottom). For the experiment near 666 MHz. For the experiment near
4 GHz, the same €, ; is applied as for the 666 MHz experiment, with w, = (27)(4 GHz +
3.125kHz) and w;, = (27)3.999 GHz. Real (red) and imaginary (blue) components of the
QFM-CASR spectra are displayed, as generated from FFT of time-domain QFM-CASR
data (NV PL measurements). Polar plots illustrate the phases of each effective signal,
as derived from QFM-CASR measurements. Red and blue dots represent the real and
imaginary amplitudes of the associated QFM-CASR spectra, respectively, while black
arrows indicate the absolute value of the amplitude. Grids are shown as circles with a
radial step size equivalent to 20 arbitrary units of FFT amplitude.

The resulting distribution (Figure 4.5(c)) is approximately Gaussian with standard deviation o4 ~ 0.4°.
Although the effective signal amplitude is reduced by quantum frequency mixing, the achieved phase
precision remains high.

This approach can be extended to phase measurements of RF signals across the full detection
bandwidth of the QFM-CASR protocol. We also demonstrate precise QFM-CASR phase measurement
near two additional frequencies, 666 MHz and 4 GHz. We use AC bias phases ¢y = ¢p2 = 0 at both
frequencies; and applied target signal phases ¢,; = —133° at 666 MHz and ¢, = 54° at 4 GHz.

The phase of the effective signal ¢, is determined from the ratio of the real and imaginary
components of the QFM-CASR spectrum (see Figure 4.6). The experimental target signal phase ¢/, is
then extracted via the relationship ¢/, = ¢.+¢;. From our measurements, we determine ¢, ~ —132.8°

and ¢/, ~ 54.1°, in good agreement with the applied target signal phases.
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Figure 4.7: Demonstration of sub-Hz QFM-CASR spectral resolution using two test
signals near 2.4 GHz + 3.125kHz with a frequency separation of 1 mHz. (a) For an
acquisition time t,., = 10s, the frequency resolution is df ~ 100 mHz, and the two
signals are not resolved, appearing as a single peak in the FFT of the QFM-CASR time-
domain data. (b) For t,.q = 2000s, corresponding to J f ~ 0.5 mHz, the two signals are
clearly resolved, demonstrating a 1 mHz frequency separation.

4.3.3 Demonstration of Sub-Hz Spectral Resolution

In spectroscopy, the achievable frequency resolution is approximately df ~ 1/t..q, Where tacq
is the total acquisition time of the time-domain signal, which in this work corresponds to the NV
PL readout. In Section 4.3.1 we demonstrated QFM-CASR measurements with an acquisition time
of 8s, which is already sufficient to achieve sub-Hz spectral resolution. Here, we present additional

measurements that explicitly verify and extend this capability.
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In principle, the spectral resolution of the QFM-CASR protocol can be made arbitrarily high, as
lacq 18 not fundamentally limited by the NV spin coherence time [38]. To experimentally demonstrate
millihertz-level resolution, we apply two target signals at frequencies fs; = 2.4 GHz + 3.125 kHz and
fs2o = fs1 + 1 mHz, together with an AC bias field at f, = 2.399 GHz. The resulting QFM-CASR
spectra are shown in Figure 4.7.

We first perform measurements with an acquisition time of ¢,., = 10s, yielding a frequency
resolution of  f ~ 100 mHz. As shown in Figure 4.7(a), the FFT of the QFM-CASR time-domain
data exhibits a single spectral peak, indicating that the two signals cannot be resolved at this resolution,
as expected. We then increase the acquisition time to ¢,. = 2000s. Under these conditions, the two
signals separated by 1 mHz are clearly resolved, corresponding to an effective spectral resolution of
approximately 0.5 mHz, as shown in Figure 4.7(b).

In practice, the maximum usable acquisition time is limited by slow systematic drifts of the
experimental apparatus, which occur on timescales of tens of hours. Nevertheless, these results
demonstrate that the QFM-CASR protocol can achieve sub-millihertz spectral resolution, which is

more than sufficient for a wide range of prospective sensing and spectroscopy applications.

4.4 Effective Signal Validation with Rabi and DEER-Rabi

In the previous sections, we assumed that the amplitude of the applied AC bias field is constant
and independent of frequency, ensured experimentally by maintaining a fixed RF amplifier output
power across the relevant frequency range. Here, we experimentally validate this assumption in two
frequency regimes where the RF field amplitudes can be measured directly, without relying on QFM.

Specifically, near the lower NV spin transition (wy = w_;), we directly measure both the
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signal and bias field amplitudes via the induced NV Rabi nutation frequency. Near the electron-
spin-resonance (ESR) transition of paramagnetic nitrogen impurities (P1 centers) at ~ 666 MHz, we
independently measure the RF field amplitudes using a DEER-Rabi protocol. The principles of spin-
bath driving, DEER spectroscopy, and P1 spin structure are discussed in detail in Section 2.1.2 and are
only briefly summarized here.

Finally, we verify Eq. (4.18) by comparing the effective signal field amplitude 5. measured using
a QFM-XY8-6 AC magnetometry protocol with the effective field B/ calculated from independently
measured signal and bias field amplitudes obtained via NV Rabi and DEER-Rabi measurements.

We first perform QFM-XY 8-6 AC magnetometry measurements near 2.4 GHz and independently
calibrate the RF signal and bias field amplitudes using NV Rabi oscillations at the NV resonance
frequency w_; ~ 2.29GHz. Applying a signal field at 2.4 GHz together with an AC bias field at
2.399 GHz produces an effective signal near 1 MHz. By sweeping the AWG output amplitude of the
signal field while maintaining a constant bias amplitude, we obtain the QFM-XY8-6 AC magnetometry
curve shown in Figure 4.8(a).

The AWG output amplitude corresponding to a 7/2 phase accumulation is identified from the
maximum of the magnetometry curve. This phase accumulation corresponds to an effective field
amplitude B;/» = 0.58 uT same as Eq. (4.23), where g =~ 2 is the NV electron g-factor, N = 48 is
the number of 7 pulses in the X'Y8-6 sequence, and the uncertainty arises from sinusoidal fitting of the
magnetometry curve.

To independently measure the RF field amplitudes, we calibrate the RF amplifier output powers
at the signal and bias frequencies using a spectrum analyzer, as described in the previous section. The
calibrated RF powers are then applied individually at w_; to induce NV Rabi oscillations, yielding
Q) = (27)4.310(6) MHz and Q, = (27)0.841(2) MHz, as shown in Figure 4.8(b). Substituting
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Figure 4.8: (a) QFM-XY8-6 AC magnetometry curve for the effective field at 1 MHz,
obtained by varying the target signal amplitude while holding the AC bias field amplitude
constant. The signal and bias frequencies are 2.4 GHz and 2.399 GHz, respectively. The
maximum of the curve corresponds to a 7/2 phase accumulation of the NV spin due
to the effective field, yielding an effective field amplitude of 0.58(1) uT. (b) NV Rabi
oscillation measurements used to determine the RF amplitudes of the AC bias field,
), = (2m)4.310(6) MHz (upper panel), and the signal field, Q, = (27)0.841(2) MHz
(lower panel).

110



(a) RF " (b)

me=+1/2_-= R K 2

Spin bath . : 2
Sie allowed | | ! ! forbidden
2 " 2 { . transitions E ' transitions

NV | | | I | R e e

J 4l |
T YV
2

(c) (d)

CASR QFM-CASR

Figure 4.9: (a) DEER pulse sequence used to probe P1 center spin dynamics during an NV
Hahn-echo measurement. (b) DEER spectrum measured by sweeping the RF frequency
around the on-axis P1 transition near 666 MHz. (c) DEER-Rabi oscillations obtained by
sweeping the duration of the spin-bath RF pulse using either the AC bias field (red) or the
signal field (blue). (d) Non-QFM XY8-6 AC magnetometry measurement of a 1 MHz test
signal used to calibrate RF field amplitude versus AWG output amplitude. (e) (left) CASR
(non-QFM) spectrum of a 1 MHz + 3.125 kHz test signal. (right) QFM-CASR spectrum
of the effective signal generated using signal and bias fields near 666 MHz.

these values into Eq. (4.18) gives a calculated effective field amplitude B, ~ 0.57 uT. The ~ 2%
discrepancy between the measured (B,) and calculated (B.) values is consistent with the uncertainty
in identifying the 7 /2 phase point in the magnetometry curve. No significant contribution is observed
from potential frequency-dependent variations in RF amplitude between 2.29 GHz and 2.4 GHz.

We next perform an analogous validation using DEER-Rabi magnetometry near the P1 ESR
frequency. The DEER technique and the electronic structure of ®N P1 centers are described in

Section 2.1.2. Briefly, a near-resonant RF pulse applied to the spin bath during an NV Hahn-echo
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sequence partially inverts the bath spins, leading to a measurable reduction in NV coherence. Sweeping
the RF pulse duration produces a DEER-Rabi oscillation, whose frequency directly yields the applied
RF field amplitude.

Using DEER spectroscopy, we identify the on-axis P1 resonance frequency fp; = 665.67(1) MHz
(Figure 4.9(b)), in good agreement with the calculated value. Sweeping the duration of an RF pulse
applied at this frequency produces DEER-Rabi oscillations for both the AC bias field and the target
signal field. As shown in Figure 4.9(c), we obtain DEER-Rabi frequencies of 4.30(1) MHz for the
bias field and 0.56(3) MHz for the signal field. The bias-field amplitude agrees well with the value
obtained via NV Rabi measurements, while the signal-field amplitude exhibits a ~ 30% systematic
discrepancy, attributable to increased uncertainty when calibrating weak RF fields using DEER-Rabi.
Notably, QFM-CASR sensitivity calibration requires a constant bias-field amplitude as a function of
frequency, but does not require maintaining a constant target signal amplitude across all frequencies.

We then perform QFM-CASR measurements using a signal field at 666 MHz+3.125 kHz and an
AC bias field at 665 MHz, with amplitudes determined from DEER-Rabi. The resulting QFM-CASR
spectrum is shown in Figure 4.9(e). To calibrate the effective signal amplitude, we first perform a non-
QFM XY8-6 AC magnetometry measurement using a 1 MHz test signal, yielding a calibration factor
of B/A = 341(1) nT per AWG output amplitude. Applying this calibration to the CASR spectrum of
a 1 MHz + 3.125kHz test signal gives a signal amplitude of 34.1(1) nT. Using the same calibration,
we determine the QFM-CASR effective signal amplitude to be B, = 37.4(1) nT.

Using Eq. (4.18) and the independently measured DEER-Rabi amplitudes near 666 MHz, we
calculate B, ~ 40nT. The ~ 8% discrepancy between B, and B, is attributed to uncertainty in
the DEER-Rabi calibration of the weak signal field. As expected, the effective field amplitude near
666 MHz is approximately two orders of magnitude smaller than that obtained near 2.4 GHz, consistent
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Figure 4.10: Comparison of narrowband (AC) volume-normalized sensitivity and
applicable signal frequency range for state-of-the-art NV-diamond experiments, including
the present QFM-CASR results (solid red line, fixed wy) and optimized QFM-CASR
performance (red band). For non-QFM techniques, the marker indicates the reported
sensitivity at the demonstrated signal frequency, while the dashed line indicates the
approximate operational frequency range. All non-QFM techniques exhibit frequency-
dependent AC sensitivity, typically degrading away from the reported operating point [17].

with the frequency dependence of the QFM response far from the NV resonances.

4.5 Performance Comparison, Optimization, and Applications of QFM-CASR

4.5.1 Comparison of NV-Diamond AC Sensing Techniques

Figure 4.10 provides a consolidated comparison of the narrowband AC sensitivity and signal
frequency range of the QFM-CASR protocol with state-of-the-art NV-diamond AC sensing techniques,
including both NV ensemble and single-NV experiments [28, 29, 52, 66, 69, 74]. To facilitate
comparison across experiments with widely varying sensing volumes, we report the volume-normalized
sensitivity 1, = 1vV. For single-NV measurements, we assume an effective sensing volume of
V =1 pum3.

The sensitivity of QFM-CASR depends on both the intrinsic AC sensitivity of the underlying
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dynamical decoupling sequence and the quantum frequency mixing factor (Eq. (4.18)). The solid red
line in Figure 4.10 corresponds to the experimentally realized QFM-CASR sensitivity in this work,
with fixed DC bias field and NV resonance frequency. The red band indicates an optimized QFM-
CASR performance envelope, estimated by assuming: (i) tunability of the DC bias field to place
the NV resonance near the target signal frequency while maintaining the far-detuned QFM condition
lwo — wp| > b max; and (ii) application of a strong AC bias field with €2 yax = (27)20 MHz.

At low signal frequencies (< 20 MHz), conventional dynamical decoupling techniques such as
XY8 and DROID-60 provide substantially higher sensitivity than QFM-CASR. Although applying
a large DC bias field (~ 95mT) can improve QFM-CASR sensitivity in this regime by tuning the
NV resonance closer to the signal frequency, such large fields significantly increase experimental
complexity. As a result, non-QFM dynamical decoupling techniques remain preferable for low-
frequency AC sensing.

Near the NV zero-field splitting (ZFS, 2.87 GHz), QFM-CASR achieves sensitivity comparable
to Rabi-based magnetometry and heterodyne detection techniques, while offering substantially higher
spectral resolution. In contrast to these methods, which require the signal frequency to lie within a few
MHz of the NV resonance, QFM-CASR provides access to a much broader signal frequency range
without requiring large changes to the DC bias field.

In the intermediate frequency regime (20 MHz-2 GHz) and at higher frequencies (> 4 GHz),
QFM-CASR uniquely enables sensitive, narrowband NV-diamond measurements with sub-Hz spectral
resolution. Other AC sensing techniques become impractical in these regimes due to limitations
on achievable Rabi frequencies, pulse durations, or bias magnetic fields. Thus, QFM-CASR fills a

previously inaccessible region of the NV-diamond sensing parameter space.
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4.5.2 QFM-CASR Performance Limitations, Trade-Offs, and Optimization

The performance of QFM-CASR is governed by four key metrics: accessible signal frequency
range, sensitivity, detection bandwidth, and spectral resolution.

In this work, we experimentally demonstrate QFM-CASR spectroscopy over a signal frequency
range approaching 4 GHz, more than an order of magnitude broader than conventional NV AC sensing
techniques. This range is presently limited by the bandwidth of the RF amplifier, rather than by any
fundamental constraint of the QFM-CASR protocol. At large detunings between the signal frequency
and the NV resonance, the effective signal amplitude decreases rapidly, leading to reduced sensitivity
(Figure 4.10). This limitation can be mitigated by increasing the DC bias field to shift the NV
resonance closer to the signal frequency or by increasing the AC bias field amplitude.

The sensitivity of QFM-CASR reflects a trade-off between frequency range and signal strength.
While quantum frequency mixing dramatically extends the detectable signal frequency range and
enables sub-Hz spectral resolution, it reduces the effective signal amplitude relative to conventional
AC sensing. Sensitivity can be optimized by employing strong AC bias fields and tuning the NV
resonance frequency toward the signal of interest, subject to experimental constraints on field stability
and heating.

The QFM-CASR detection bandwidth is approximately 1/(274,), where Ty, is the duration of
the measurement sequence. Increasing sensitivity by using longer dynamical decoupling sequences
(e.g., XY8-6) necessarily reduces the detection bandwidth. Conversely, reducing 7., broadens the
detection bandwidth but decreases sensitivity due to reduced phase accumulation and readout contrast.
Thus, QFM-CASR bandwidth and sensitivity must be optimized jointly for a given application.

The spectral resolution of QFM-CASR is determined by the inverse of the total measurement
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time and is not limited by NV spin coherence, owing to repeated spin reinitialization [38]. As
demonstrated in Sec. 4.3.3, achieving sub-Hz and even millihertz spectral resolution is straightforward
in practice. In realistic applications, the ultimate resolution is instead set by instrumental drift or by
the intrinsic linewidth of the signal being measured, such as the NMR linewidth of a sample [38, 55,

56].

4.5.3 QFM-CASR Applications and Outlook

The QFM-CASR protocol is uniquely suited for applications requiring narrowband, high-resolution
magnetic spectroscopy over a wide frequency range. At low frequencies, conventional dynamical
decoupling techniques remain superior in sensitivity. However, at higher frequencies (> 20 MHz),
QFM-CASR provides capabilities that are otherwise inaccessible with NV-diamond sensors.

Near the NV ZFS, QFM-CASR offers sensitivity comparable to Rabi-based and heterodyne
techniques while providing substantially greater spectral resolution and signal frequency flexibility. In
the intermediate and high-frequency regimes (20 MHz-2 GHz and > 4 GHz), QFM-CASR is currently
the only demonstrated approach for sensitive, sub-Hz-resolution NV spectroscopy of narrowband
signals.

Although the present experiments are limited to ~ 4 GHz by amplifier bandwidth, there is no
fundamental upper limit on the QFM-CASR signal frequency (see Supplementary Note X). Several
approaches could further enhance performance, including increasing the AC bias field amplitude,
employing circularly polarized bias fields to enhance effective signal strength [26], and incorporating
quantum logic—assisted sensing schemes for operation under tesla-scale bias fields [52].

In summary, QFM-CASR enables narrowband NV-diamond magnetic spectroscopy over an
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unprecedented frequency range. The protocol extends the detectable signal frequency range by more
than an order of magnitude relative to conventional AC sensing techniques while achieving sub-Hz
spectral resolution. We demonstrate multi-frequency spectroscopy, precise phase measurement, and
sensitivity down to 120pT for the effective field across frequencies spanning 600 MHz to 4 GHz.
Combined with the wide-field capabilities of the quantum diamond microscope [15, 39], QFM-CASR
opens a pathway toward spatially resolved imaging of arbitrary-frequency vector magnetic fields with

micron-scale spatial resolution, sub-Hz spectral resolution, and sub-millisecond temporal resolution.
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Chapter 5: Real-Space Nuclear Magnetic Resonance Microscopy

In Chapters 3 and 4, we introduced narrowband AC quantum magnetic microscopy using a
QDM and photodiode, respectively; and discussed the potential for imaging RF magnetic fields in real
space. One particularly compelling application of this capability is nuclear magnetic resonance (NMR)
microscopy, which enables chemically specific and noninvasive probing of matter through nuclear spin
dynamics.

Nuclear magnetic resonance has been studied for over seven decades since its first experimental
demonstrations in the late 1940s [75, 76]. Today, NMR and magnetic resonance imaging (MRI) are
mature and widely commercialized technologies, with broad applications spanning chemical analysis,
materials science, structural biology, and medical diagnostics [77-79]. Conventional NMR and MRI
systems rely on inductive detection using macroscopic RF coils and encode spatial information through
magnetic field gradients. While highly successful at the centimeter-to-millimeter scale, these approaches
fundamentally limit spatial resolution and sensitivity for microscale and nanoscale samples [78, 80],
making them unsuitable for applications such as single-cell NMR spectroscopy or microscale chemical
imaging.

Quantum sensors such as NV centers in diamond provide an alternative paradigm for NMR
detection. By directly measuring magnetic fields generated by nuclear spin ensembles via optically
detected spin resonance, N'V-based sensors circumvent the inductive detection limit and offer sensitivity
that does not degrade with miniaturization [1, 16]. Over the past decade, NV-NMR techniques have
advanced rapidly; a detailed discussion of their development and representative demonstrations is
provided in Sec. 5.1.1.

As discussed in Chapter 3, the RF-QDM developed in this work is capable of simultaneously

118



imaging the amplitude, frequency, and phase of AC magnetic fields with nanotesla-level per-pixel
sensitivity and sub-hertz spectral resolution. These capabilities naturally extend to real-space NMR
microscopy, where the NMR signal is detected directly as a local RF magnetic field rather than through
frequency-encoded gradients. Such an approach enables wide-field, real-space imaging of NMR
signals with spatial resolution determined by the optical imaging system, rather than by magnetic
field gradients.

In this chapter, we first review the challenges and historical development of NV-NMR detection,
with emphasis on the transition from nanoscale spectroscopy to real-space imaging. We then present
the experimental design of our NMR-QDM platform and demonstrate preliminary results of real-space
NMR microscopy. Finally, we discuss potential application domains for this technique, including
microscale chemical analysis and biological sensing, and outline pathways to improve the current
QDM architecture to achieve enhanced sensitivity, spatial resolution, and spectral fidelity for NMR

imaging.

5.1 Detection of NMR Signals with NV Centers in Diamond

5.1.1 Development of NV-NMR

Over the past decade, NV centers in diamond have emerged as powerful quantum sensors for
NMR detection at the micron- and nanoscale, extending in some cases to the detection of individual
nuclear spins. NV-NMR offers a fundamentally different detection paradigm compared to conventional

inductive NMR, enabled by several unique attributes of the NV center:

1. Nanoscale Proximity: Near-surface NV centers can be positioned within a few nanometers of
the sample, greatly enhancing magnetic coupling to nuclear spins.
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2. High Magnetic Sensitivity: Nuclear Larmor frequencies typically lie in the MHz range, well

matched to NV-based AC magnetometry protocols that provide high magnetic field sensitivity.

3. Optical Readout and Imaging: The NV spin state can be initialized and read out optically,

enabling both single-defect detection and wide-field imaging using NV ensembles.

These properties allow NV-NMR spectroscopy to combine high magnetic sensitivity with high
spatial resolution.

Figure 5.1 summarizes key milestones in the development of NV-NMR. The field was initiated
by pioneering demonstrations from Mamin et al. [81] and Staudacher et al. [82], who independently
reported detection of statistically polarized nuclear spin signals from nanoscale samples using single
NV centers located a few nanometers beneath the diamond surface. These experiments established the
feasibility of ambient-condition, nanoscale NMR detection.

Subsequent work pushed the sensitivity limits toward detection of individual nuclear spins.
Notably, Lovchinsky et al. [83] demonstrated magnetic resonance detection of nuclear spins associated
with a single protein molecule using a single NV center. Parallel advances focused on improving
spectral resolution. Glenn et al. [38] introduced the CASR protocol, enabling high-resolution NV-
NMR spectroscopy beyond the NV spin coherence time.

Beyond nanoscale detection, NV ensembles have enabled NMR imaging with wide FOV and
micrometer-scale spatial resolution. Such developments have opened new opportunities for surface-
sensitive NMR [84] and microfluidic on-chip spectroscopy [85], enable 2D applications in sensing and
microscopic chemical analysis.

These advances collectively establish NV-diamond platforms as versatile tools for NMR detection

across multiple length scales, motivating the development of real-space NMR microscopy using wide-
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Figure 5.1: Timeline of NV-NMR development, adapted from Ref. [86], highlighting
major experimental milestones.

field quantum diamond microscopes.

5.1.2 Challenges Toward NMR Imaging

In Chapter 3, we demonstrated the capability of the RF-QDM to simultaneously image the
amplitude and phase of multi-frequency RF signals generated by microcoils using the CASR protocol.
However, extending this capability to NMR imaging presents substantially greater challenges. These
arise primarily from two factors: the extremely weak amplitude of thermally polarized NMR signals
and the intrinsic spectral complexity of real NMR signals.

The dominant challenge is the weak magnetic field generated by Larmor-precessing nuclear
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spins. For the bias magnetic field used in the present setup (By = 40 mT, provided by a SmCo ring
permanent magnet), we estimate the NMR magnetic signal amplitude produced by thermally polarized
protons in a sample and measured at a test point within the NV ensemble sensor.

The magnetic field generated by the nuclear spin ensemble can be obtained by integrating the
dipolar magnetic field over the sample volume. Projecting this field onto the NV quantization axis

yields [38]

B iy = H0P0 / L B m) (- ) — (m(t) - wy)] AV, 5.1)

where py, is the thermally polarized proton density, 7 is the unit vector from the NV sensing point
to an infinitesimal sample element, nyy is the NV axis, and m(¢) is the time-dependent nuclear
magnetization vector.

Separating the magnitude and direction of the proton magnetic moment allows the dimensional

factors to be collected into a prefactor,

By =C / L 36 @) i) — (lt) - )] AV, (5.2)

where the prefactor

2
HoYp 2, By Mo’YpPTotBo
C = ot |1 — — ~ 5.3
in th{ eXp( kT )} orkyT >3)

sets the overall scale of the NMR magnetic field. Here py is the total proton density (taken as pure
water), 7, is the proton gyromagnetic ratio, kp is the Boltzmann constant, and 7" is temperature.
For By = 40mT and 7" = 300K, we obtain C' =~ 25.6pT. Evaluating the dimensionless

geometric integral in Eq. (5.2) for a hemispherical sample geometry on the diamond surface yields a
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factor G' ~ 1.4, resulting in an estimated NMR signal amplitude of Bxyr ~ 40 pT. This picotesla-
scale signal is approximately three orders of magnitude smaller than the RF fields imaged with high
signal-to-noise ratio in Chapter 3. Since magnetic noise floor scales as square root of averaging
times, achieving comparable SNR would require an averaging time roughly 10° times longer, which is
experimentally impractical under the present conditions.

In addition to its weak amplitude, the NMR signal is intrinsically more complex than the single-
frequency, constant-amplitude RF fields demonstrated previously. Real samples exhibit frequency
broadening due to magnetic field inhomogeneity across the sample volume, chemical shift dispersion,
and nuclear spin decoherence. The signal envelope decays with the nuclear transverse relaxation time,
and spatial variations in B, lead to position-dependent resonance frequencies.

Therefore, realizing real-space NMR imaging requires both improvements in magnetic sensitivity
and enhanced control over magnetic field homogeneity and spectral stability. Modifications to the
current QDM architecture and experimental protocol are required to address these challenges, as

discussed in the following sections.

5.1.3 Overhauser Dynamic Nuclear Polarization

A direct approach to overcoming the weak amplitude of NMR signals is to enhance the nuclear
spin polarization. One of the most effective methods for achieving this is Overhauser dynamic nuclear
polarization (DNP) [55], which transfers spin polarization from electron spins to nearby nuclear spins.

Figure 5.2(a) illustrates the implementation of Overhauser DNP in an NV-NMR spectrometer,
as demonstrated by Bucher ef al. In this approach, thermal polarization of electron spins associated

with dissolved molecular radicals is transferred to the nuclei in the sample, significantly increasing the
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Figure 5.2: NV-NMR spectroscopy with integrated hyperpolarization [55]. (a)
Experimental schematic: A microwave loop antenna drives both NV centers (purple) and
TEMPOL electron spins (blue). Hyperpolarized NMR signals from nuclear spins in the
sample (orange) are detected via NV ensemble fluorescence. Inset: The sensing area is
defined by the laser spot on the diamond (scale bar: 30 um). (b) Pulse sequence for
hyperpolarized NV-NMR. Left: Overhauser DNP, where continuous microwave driving
saturates the TEMPOL electron spin transition, enabling polarization transfer to nearby
protons. Right: Detection of the proton FNP signal using the CASR protocol with
synchronized dynamical decoupling sequences.

nuclear spin polarization. In particular, the stable radical TEMPOL (4-hydroxy-TEMPO) is dissolved
in the liquid sample to serve as the polarization agent.

The pulse sequence for DNP-enhanced NV-NMR is shown in Figure 5.2(b). In the first stage
of the sequence (~ 300 ms), a continuous microwave drive is applied to the electron spins of the
TEMPOL radicals, inducing polarization transfer to nearby proton spins via the Overhauser effect.
In the second stage (~ 200 ms), a /2 pulse is applied to the hyperpolarized protons, initiating free
nuclear precession (FNP). The resulting NMR signal is then detected by the NV sensor using the
CASR protocol.

The efficiency of DNP-enhanced NV-NMR was first evaluated using a deionized water sample,
as shown in Figure 5.3. TEMPOL radicals were dissolved at a concentration of 20 mM, and experiments
were performed with a DNP Rabi frequency of 10 MHz. A control measurement with no DNP drive

was also conducted under otherwise identical conditions. The CASR-detected NMR spectra show an
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Figure 5.3: Hyperpolarization-enhanced NV NMR of water [55]. (a) Comparison of
NV NMR spectra from pure water with DNP (red circles, single spectrum) and without
DNP (blue circles, 10* spectra averaged), using a CASR pulse sequence. Line shape fits
(solid lines) indicate a DNP signal enhancement factor of 230, achieving a proton number
sensitivity of 10 pmol/Hz'/? for a signal-to-noise ratio (SNR) of 3. (b) CASR-detected
signal magnitude from a pure water sample as a function of DNP drive frequency. The
observed triplet structure results from hyperfine coupling between the electron and 4N
nuclear spins in the TEMPOL radical. (c) CASR-detected signal magnitude from pure
water as a function of DNP drive power, expressed in units of the electron Rabi frequency.
The maximum DNP signal enhancement occurs at a drive Rabi frequency of approximately
10 MHz.

enhancement of approximately 230 times with DNP, in good agreement with theoretical expectations
for Overhauser DNP at low magnetic fields.

Optimizing the polarization transfer efficiency is essential for maximizing the hyperpolarized
NMR signal. This was achieved by measuring the peak CASR-detected FNP signal amplitude while
varying the DNP drive frequency and Rabi frequency. As shown in Figure 5.3(b), sweeping the
DNP drive frequency reveals a triplet structure, which arises from the N hyperfine splitting of
the TEMPOL electron spin. Figure 5.3(c) shows that the signal enhancement increases with Rabi
frequency and reaches a maximum near 10 MHz, beyond which it saturates, likely due to microwave
power limitations and sample heating.

The presence of TEMPOL radicals shortens the proton spin-lattice relaxation time to 7) ~

150 ms, which is well matched to the timescale of the NV-NMR detection sequence. Reducing the
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TEMPOL concentration can increase 77, at the cost of a modest reduction in polarization enhancement.
Over several days of measurements, no significant degradation of the TEMPOL concentration was
observed, indicating negligible photobleaching under the experimental conditions.

While Overhauser DNP is a robust and well-established technique for NV-NMR, adapting it to
wide-field QDM-based NMR imaging introduces additional challenges. In contrast to confocal NV
setups, wide-field imaging requires a larger microwave loop to ensure a spatially homogeneous Rabi
field across the field of view. This requirement reduces the maximum achievable Rabi frequency due to
limitations in microwave power delivery and field uniformity. In our current QDM implementation, the
achievable Rabi frequency is limited to ~ 6 MHz, compared to the ~ 10 MHz optimal value reported
in prior Overhauser DNP studies. This reduction in drive strength is expected to decrease the efficiency
of polarization transfer. The details of the experimental implementation using a separate DNP coil are

described in the following section.

5.2 Experimental Setup for QDM-NMR

At the initial planning stage, this project appeared relatively straightforward. Building upon the
RF-QDM platform developed in Chapter 3, where CASR imaging of synthetic RF signals generated by
microcoils was demonstrated, the primary anticipated modifications were the introduction of a liquid
NMR sample and implementation of DNP. However, in practice, the experiment proved significantly
more challenging than expected. Key issues, including bias magnetic field inhomogeneity, suboptimal
sample composition, and insufficient DNP efficiency, initially prevented observation of any detectable
NMR signal. Substantial iteration was undertaken over the course of approximately one year to

overcome these limitations and achieve reliable NMR detection. This section describes the finalized
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Figure 5.4: Schematic of the integrated QDM-NMR experimental platform. Left: Cross-
sectional view of the setup. A liquid sample containing water and dissolved TEMPOL
radicals is held in a plastic tube mounted directly above the NV-diamond sensor. A
slot is fabricated in the SiC wafer at the center of the (2-shaped CPW to enable close
proximity between the NV sensing layer and the sample. A multi-turn copper coil (red)
surrounding the tube provides RF excitation for nuclear spin manipulation (NMR coil) as
well as inductive NMR signal detection; while a separate microwave coil (yellow) delivers
high-power driving for Overhauser DNP. Top right: Conceptual illustration of the sensing
mechanism. Electron spins in TEMPOL radicals transfer polarization to nearby proton
spins via DNP, and the resulting nuclear magnetic resonance signal is detected by the
NV ensemble. Bottom right: Bottom view of the (2-shaped CPW structure defining the
microwave delivery region and the optical FOV of the QDM system. A capillary tube can
be inserted into the sample volume to introduce spatially varying samples for microscopic
NMR imaging.

QDM-NMR experimental configuration.

5.2.1 Integrated Inductive NMR and NV-NMR

Compared to conventional inductive NMR, NV-NMR offers microscopic spatial resolution. However,
due to the much smaller sensing volume, the detected NV-NMR signal is significantly weaker than
that obtained via inductive detection. Therefore, incorporating inductive NMR detection is highly

beneficial during the early stages of the experiment, enabling rapid identification of the resonance
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frequency and optimization of nuclear driving and DNP parameters.

A key modification to the QDM-NMR system is the integration of inductive NMR detection
with N'V-based sensing. As illustrated in Figure 5.4, we employ the same NV-diamond sensor and
2-shaped coplanar waveguide (CPW) for microwave delivery as used in previous chapters. To enable
direct contact between the NV sensing layer and the liquid sample, a slot is laser-cut at the center of
the €2 loop in the SiC substrate. On the top side of the chip, a 6 mm-diameter plastic tube is attached
to serve as a container for the liquid sample (water with dissolved TEMPOL radicals).

A copper wire wound into a 14-turn coil around the tube is used to drive the nuclear spins and
for inductive NMR signal detection. This coil is tuned to the proton Larmor frequency (~ 1.69 MHz
at a bias field of 39.7 mT, quality factor () ~ 180) using an L-C resonant circuit. For DNP driving,
we employ a rectangular coaxial microwave coil, rather than using the NV microwave antenna as
in Ref. [55]. This configuration enables stronger microwave drive amplitudes and ensures that the
microwave field is oriented perpendicular to the bias magnetic field, improving coupling to the electron
spin dipoles and enhancing DNP efficiency.

To enable spatially resolved NMR imaging, a capillary tube (diameter < 1 mm) containing a
different sample can be inserted into the larger tube, creating spatial contrast in the microscopic NMR
images.

The electronic instrumentation and signal routing are shown in Figure 5.5. We use the same
arbitrary waveform generator (Zurich Instruments SHFSG), lock-in camera (Heliotes heliCam C3),
and data acquisition system (NI USB-6259) as in the RF-QDM setup. To improve optical readout
signal-to-noise ratio, the photodiode is replaced with a balanced detector (Thorlabs PDB210A), which
suppresses laser intensity noise.

The computer-controlled AWG serves as the central timing unit, generating microwave pulses for
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Figure 5.5: Block diagram of the electronic control and signal routing for the integrated
QDM-NMR system. The computer-controlled AWG serves as the central timing and
control unit, generating MW pulses for NV spin manipulation and RF signals for nuclear
spin excitation, while providing TTL triggers to synchronize all subsystems. NV PL is
detected either by a balanced photodiode for high-sensitivity measurements or by a wide-
field lock-in camera for spatial imaging. The photodiode signal is digitized by a DAQ
system. For inductive NMR detection, the signal from the NMR coil is routed through a
duplexer and a 90° transformer to separate the weak inductive signal from the strong RF
drive, and is then recorded by the NMR DAQ. The duplexer protects the receiver while
enabling simultaneous RF excitation and signal acquisition. Microwave excitation for
DNP is generated by an independent MW source and amplified, providing higher output
power than the AWG-based path. Additional RF and MW signals are amplified using
amplifiers before being delivered to the CPW, NMR coil, or DNP coil. Arrows indicate
signal flow for MW/RF delivery, TTL triggering, and data acquisition, illustrating the fully
synchronized operation of NV-based sensing and inductive NMR detection.

NV control and RF pulses for nuclear spin manipulation. It also provides TTL triggers to synchronize
the data acquisition system, camera, and inductive NMR DAQ (Tecmag SCOUT). A duplexer and
a 90° phase shifter are used to separate the strong RF drive from the weak inductive NMR signal,
protecting the NMR receiver.

Microwave signals for DNP are generated by a separate microwave source (SRS SG386), triggered
by the NMR spectrometer. Compared to AWG-based generation, this approach provides higher microwave

power, enabling more efficient polarization transfer.
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Figure 5.6: Schematic of the nuclear CPMG sequence synchronized with NV-CASR
detection and lock-in camera demodulation. Top: Nuclear spin control sequence.
Following an initial Overhauser DNP polarization period, a /2 pulse initializes nuclear
spin coherence, followed by a train of 7 pulses with alternating phase (CPMG) to generate
a series of spin echoes. This sequence extends the effective signal duration from the
dephasing time 75 to the longer coherence time 7. Middle: NV spin control using
the CASR protocol. Repeated blocks of dynamical decoupling sequences (XY8-n) are
synchronized to the nuclear spin evolution, enabling detection of the NMR signal. Bottom:
Lock-in camera demodulation. Multiple internal frames are acquired during each camera
exposure and combined to form a single external frame contains the time domain signal.
This demodulation process extracts the oscillating NMR signal while suppressing static
background contributions.

With this integrated setup, simultaneous inductive NMR detection and N'V-based sensing with

both photodiode-based and wide-field imaging can be performed.

5.2.2 Nuclear CPMG Sequence with Lock-in Camera Demodulation

As discussed in previous sections, in addition to their weak amplitude, NMR signals exhibit

shorter dephasing times and broader linewidths compared to the synthetic RF signals demonstrated
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in Chapter 3. These challenges are further exacerbated when using a lock-in camera for wide-field
imaging. Due to the demodulation process, the camera operates at a relatively low effective sampling
rate, resulting in a limited spectral window. For the configuration used in Chapter 3, the spectral
window is approximately 250 Hz, which is comparable to the linewidth of the NMR signal and therefore
insufficient for robust spectral discrimination. Moreover, the low sampling rate leads to inadequate
temporal sampling of rapidly decaying signals such as free induction decay (FID) or spin-echo signals,
where the nuclear 75 is on the order of a few milliseconds.

To address these limitations, we implement a nuclear Carr—Purcell-Meiboom—Gill (CPMG)
sequence synchronized with NV-based CASR detection and lock-in camera demodulation, as illustrated
in Figure 5.6. In the NMR imaging experiment, nuclear spins are first hyperpolarized via Overhauser
DNP using TEMPOL radicals dissolved in the liquid (water) sample (TEMPOL concentration ~
30 mM) during a long polarization period (~ 200 ms). Following polarization, a 7 /2 pulse is applied
to initiate nuclear spin precession, followed by a train of 7 pulses with alternating phase to generate a
series of spin echoes.

While each individual spin-echo envelope decays with the dephasing time 75 ~ 5 ms, the overall
echo train decays with the much longer coherence time 75 ~ 100 ms. This effectively extends the
duration of the detectable NMR signal, allowing sufficient temporal sampling within the limited frame
rate of the lock-in camera.

To further improve detection, we employ a phase-cycled readout protocol. The nuclear CPMG
sequence 1s repeated with phases of 0°, 90°, 180°, and 270°, yielding four measurements corresponding
to £X and +Y components. The complex signal is then reconstructed as S = X — (—X) +
i[Y — (=Y)], which suppresses common-mode (DC) background signals and effectively doubles the
usable spectral window.
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NV signal detection is performed using the CASR protocol described in Chapter 3, with a
modified 7-pulse spacing of 7 = 0.3 us to match the target NMR frequency of ~ 1.69 MHz. The
lock-in camera is synchronized to the NMR signal through a double-aliasing scheme, optimized as

described in Appendix A.

5.3 QDM-NMR Experimental Results

In this section, we present the experimental results of the QDM-NMR system. We begin with
inductive NMR measurements, which are used to identify the NMR resonance frequency and optimize
the RF and DNP pulse parameters. We then demonstrate NV-NMR detection using photodiode readout
to measure nuclear CPMG signals and compare the extracted 75 with inductive measurements. Finally,
for wide-field imaging, we employ a synthetic signal with a temporal profile similar to the measured
nuclear CPMG signal but with higher amplitude, enabling proof-of-principle QDM imaging within a

practical acquisition time.

5.3.1 Inductive NMR Measurement for Pulse Optimization

Compared to NV-based detection, inductive NMR probes a much larger sample volume and
therefore produces a significantly stronger signal. This enables rapid optimization of experimental
parameters with high SNR and minimal averaging time.

In the current setup (Figure 5.4), both the NMR coil and the DNP coil uniformly drive the entire
sample volume within the NMR tube. This configuration allows efficient optimization of both the
nuclear RF pulses and the DNP parameters using inductive detection.

For DNP calibration, a single spin-echo is used instead of a full CPMG train. Figure 5.7(a)
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(a) (b)

30

Figure 5.7: Inductive NMR measurements used for optimization of DNP and nuclear RF
pulses. (a) Inductive 'H NMR spectra of deionized water with (red) and without (blue)
Overhauser DNP, showing an enhancement of approximately 20X in signal amplitude
under optimized DNP conditions. (b) NMR signal enhancement as a function of DNP
drive frequency. The observed triplet structure arises from hyperfine coupling between
the electron spin and the N nuclear spin in the TEMPOL radical, with the optimal
DNP frequency identified near 1.116 GHz. (c) Nuclear Rabi oscillation obtained by
sweeping the RF pulse duration at fixed amplitude, used to determine the optimal 7-pulse
duration. (d) Nuclear Rabi oscillation obtained by sweeping the RF pulse amplitude at
fixed duration, used to determine the optimal RF drive amplitude.
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shows example measured inductive NMR spectra with and without Overhauser DNP. With an RF
drive at frr = 1.6914 MHz applied to the NMR coil, the detected NMR signal appears at 1.6951 MHz,
corresponding to a frequency offset of approximately 3.7 kHz. Although this resonance frequency may
differ slightly from the N'V-detected signal due to local magnetic field variations, it provides a reliable
reference for subsequent NV-NMR measurements.

With DNP applied, the inductive NMR signal amplitude is enhanced by approximately a factor
of 20 compared to the thermally polarized signal. This enhancement is lower than that reported in
Ref. [55], primarily due to the broader NMR linewidth in our system. The increased linewidth arises
from magnetic field gradients introduced by the permanent ring magnet and the larger sample volume
used in this experiment.

To optimize the DNP drive, we sweep the microwave frequency and measure the resulting
inductive NMR signal amplitude, as shown in Figure 5.7(b). A characteristic triplet structure is
observed, originating from hyperfine coupling between the electron spin and the “N nuclear spin
in the TEMPOL radical. The optimal DNP frequency is identified at approximately 1.116 GHz,
corresponding to the maximum signal enhancement.

For power optimization, the system operates in the non-saturated regime, and the DNP drive
amplitude is set to the maximum available output of the microwave source (9 dBm). While higher
microwave power could further improve polarization transfer efficiency, it may introduce sample
heating or hardware limitations.

With the DNP parameters optimized, we proceed to calibrate the nuclear RF pulses using nuclear
Rabi measurements. As shown in Figure 5.7(c), the RF pulse duration is first optimized by fixing the
amplitude (10 AWG units) and sweeping the pulse length, yielding an optimal 7-pulse duration of
6 us. Subsequently, the pulse amplitude is optimized by fixing the duration at 6 ;s and sweeping the
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drive amplitude, as shown in Figure 5.7(d).

5.3.2 Simultaneous NV and Inductive Nuclear CPMG Measurements

After calibrating the RF and DNP pulses for nuclear spin manipulation, we perform a nuclear
CPMG-25 experiment, as shown in Figure 5.6, with simultaneous inductive and NV-NMR acquisition.
The measurements are averaged 1000 times to improve signal-to-noise ratio. The spacing between
consecutive nuclear 7 pulses is 4 ms, resulting in a total signal duration of approximately 100 ms.

The time-domain results are shown in Figure 5.8(a) for inductive NMR and Figure 5.8(b) for NV-
NMR. A sequence of 25 individual spin-echo envelopes is clearly resolved in both datasets, separated
by the strong nuclear 7 pulses. To improve visualization of the spin-echo signals, the large-amplitude
7 pulses are removed by applying an amplitude threshold, as shown in Figure 5.8.

The NV-NMR and inductive NMR signals exhibit good temporal alignment, confirming consistent
detection of the same nuclear spin dynamics. Each individual spin-echo envelope decays with the
nuclear dephasing time 75, on the order of a few milliseconds. The NV-NMR signal is noisier than the
inductive signal due to the smaller sensing volume; however, it exhibits a longer apparent 75, which
we attribute to reduced magnetic field gradients over the localized NV sensing region.

The peak amplitudes of the spin-echo envelopes decay over time according to the nuclear spin
coherence time 7. However, direct extraction of 75 from the time-domain peak amplitudes is unreliable
due to noise in the measured signals. To improve the robustness of the analysis, we employ two
alternative methods.

In the first method, each individual spin echo is first isolated and transformed into the frequency

domain via FFT. Excluding the first spin echo, which exhibits a distorted envelope, we analyze the
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(b)

Figure 5.8: Time-domain nuclear CPMG-25 signals measured simultaneously using
inductive '"H NMR and NV-based detection of deionized water with Overhauser DNP.
(a) Inductive NMR signal. Top: Raw signal with high-amplitude nuclear 7 pulses
shaded; a threshold is used to identify these pulses. Bottom: Cleaned signal after
removing the m-pulse contributions, revealing 25 spin-echo envelopes separated by 4 ms.
(b) NV-NMR signal measured via photodiode readout. Top: Raw signal with detected
spikes (corresponding to nuclear 7 pulses) shaded. Bottom: Cleaned signal after spike
removal, showing the corresponding spin-echo train. The inductive and NV-NMR signals
exhibit clear temporal alignment, confirming consistent detection of the same nuclear spin
dynamics. Each spin-echo envelope decays with the nuclear dephasing time 77, while
the envelope peaks decrease over time according to the coherence time 7,. The NV-
NMR signal shows higher noise but captures the same echo structure, demonstrating its
capability for time-resolved NMR detection with microscopic sensing volume.
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second spin echo as a representative example. The resulting spectrum (Figure 5.9(a)) shows a clear

alias peak near 3.25 kHz with a linewidth of approximately 300 Hz.

In our experiment, the CASR sequence length is Ty, = 32.5 us, corresponding to an effective

sampling rate

~ 15.38 kHz.

fs - 2Tseq

The detected alias frequency f, is related to the true signal frequency f, by

fa = ’fO - nfs’ .

Using the inductive NMR measurement as a reference (fy ~ 1.69 MHz), we estimate

o

n~-— =~ 110,

which yields

Jo=110fs + fa.

Substituting the measured values gives two possible solutions:

fo =1,692,307.7 — 3,250 = 1,689,057.7 Hz,

fo = 1,692,307.7 + 3,250 = 1,695,557.7 Hz.

Comparing with the inductive NMR result, the correct solution is identified as

fo ~ 1.689 MHz.
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The peak amplitude of the FFT spectrum can be used to estimate the NV-NMR signal amplitude
in magnetic field units. From a calibration measurement, a 32 nT test signal with the same acquisition
time and sampling rate yields a CASR spectral amplitude of 0.3, providing a conversion factor between
spectral amplitude and magnetic field. Applying this calibration, the NV-NMR signal amplitude of the
second spin echo is estimated to be ~ 3.6 nT as shown in Figure 5.9(b).

For a more accurate determination of the signal magnitude, we compute the amplitude spectral

density (ASD) and power spectral density (PSD), defined as

FFT

VIs/N'

ASD =

PSD = |ASDJ?, (5.10)

where f; is the sampling rate and N is the number of samples. The NMR signal amplitude is then

B= 1//PSD df = 4.46nT. (5.11)

This measured amplitude is approximately two orders of magnitude larger than the expected

obtained from

thermal signal estimated in Eq. (5.3), indicating a DNP enhancement of ~ 100x, consistent with
Ref. [55].

Finally, the peak amplitude of the FFT spectrum for each spin echo decays over time according
to the nuclear spin coherence time 75. Fitting this decay yields 75, as shown in Figure 5.10(a,c).

In the second method, we directly integrate the time-domain signal within each spin-echo window
and fit the resulting amplitudes to extract 75, as shown in Figure 5.10(b,d). Both methods provide more
reliable estimates of T, compared to direct peak extraction.

We apply the same analysis to the inductive NMR data for comparison. Both techniques yield
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Figure 5.9: Frequency-domain analysis of a single NV-NMR spin-echo signal. (a) Raw
FFT spectrum showing a clear alias peak near f, ~ 3.25kHz (red dashed line), with the
shaded region indicating the integration window. (b) Calibrated FFT spectrum converted
to magnetic field units using a reference measurement, yielding a peak amplitude on the
order of a few nT. (c) Amplitude spectral density (ASD), obtained by normalizing the FFT
to the measurement bandwidth, highlighting the signal-to-noise characteristics. (d) Power
spectral density (PSD) and integration over the signal bandwidth (shaded region), yielding

a total magnetic field amplitude of |/ [ PSD df = 4.46 nT. The extracted signal amplitude

significantly exceeds the thermally polarized expectation, indicating ~ 100 x enhancement
due to Overhauser DNP.
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(@) (b)

(c) (d)

Figure 5.10: Analysis of nuclear spin (*H) coherence time T3 from simultaneous NV-NMR
and inductive NMR measurements using the CPMG-25 sequence for deionized water with
Overhauser DNP. (a) FFT spectra of individual NV-NMR spin echoes, vertically offset
and color-coded by echo time. A clear alias peak near 3.25kHz is observed for all
echoes, with the peak amplitude gradually decreasing due to nuclear spin decoherence.
(b) Example integration window used for time-domain analysis of the second spin echo.
The shaded region indicates the integration range centered between nuclear 7 pulses. (c)
Comparison of 75 extracted from the FFT peak amplitudes of each spin echo for NV-NMR
and inductive NMR measurements. Dashed lines are exponential fits. (d) Comparison
of 75 obtained from time-domain integration of each spin echo. Both analysis methods
yield similar coherence times, with the NV-NMR data exhibiting larger fitting uncertainty
due to lower signal-to-noise ratio. The shorter NV-NMR 75 compared with the inductive
measurement is attributed to diffusion and magnetic-field gradients near the diamond
surface.
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similar coherence times of 75 ~ 200ms. The 7, obtained from NV-NMR is slightly shorter than
that from inductive detection, which we attribute to enhanced molecular diffusion near the diamond
surface. Additionally, the NV-NMR data exhibit larger fitting uncertainty due to the lower signal

amplitude and higher noise level.

5.3.3 Proof-of-Principle CPMG-Shaped Signal Imaging

Compared to photodiode-based detection, wide-field imaging using a lock-in camera suffers
from higher readout noise, lower effective sampling rate, and longer data transfer times. As a result,
achieving a comparable SNR for NV-NMR signals with the camera is currently challenging. Given
that the NV-NMR signal characteristics are already established from photodiode measurements, we
instead perform a proof-of-principle QDM-CASR imaging experiment using a synthetic, spatially-
varying signal with a CPMGe-like temporal profile but significantly higher amplitude.

In this experiment, we employ two RF test signals. The first is a constant-amplitude AC signal at
frequency fy = 1.6890528 MHz, generated by the large NMR coil (and thus modest spatial variation in
NMR signal amplitude), which serves as a background reference. The second signal is generated using
the spiral microcoil described in Chapter 3 and is designed to mimic the temporal structure of a nuclear
CPMG signal. Specifically, it consists of an exponentially decaying envelope with 7; = 200 ms,
modulated by a periodic Lorentzian envelope with a period of 4 ms and a linewidth of 2ms. This
signal has a carrier frequency of f, = 1.6900528 MHz.

The lock-in camera configuration is optimized following the procedure described in Appendix A.
The sequence length for one demodulation cycle is 97.1 us, corresponding to an effective sampling rate

of f& = 1/(4T4emoa) ~ 2.57kHz. Under this configuration, the two signals are detected at aliased
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Figure 5.11: Proof-of-principle imaging of a CPMG-shaped synthetic signal using QDM-
CASR. (a) Spatial maps of the signed FFT amplitude at three frequencies: the signal
frequency f,s = —1071Hz (left), an off-resonant frequency f = —571Hz (middle),
and the reference/background frequency f,0 = —T71Hz (right). The signal map at
fas clearly resolves the spiral microcoil pattern, while the off-resonant map shows only
noise and the background map reflects the spatial profile of the large NMR coil and
illumination inhomogeneity. The circled pixel (99,61) indicates the location of maximum
signal amplitude used for further analysis. (b) Time-domain CASR signal (left) and
corresponding FFT real component (right) for the selected pixel. The signal exhibits an
exponentially decaying envelope in time and a distinct spectral peak at f,, in the frequency
domain. (c) Magnitude of the complex CASR signal /12 + Q? (left) and corresponding
FFT amplitude spectrum (right). The spectrum shows a dominant peak at f, and a smaller
peak at f,o, corresponding to the synthetic signal and reference background, respectively.
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Figure 5.12: Time-resolved spectral analysis of the CPMG-shaped synthetic signal using
windowed FFT. (a) Spectrogram obtained by applying FFT to successive 4 ms time
windows of the CASR signal at the pixel of maximum amplitude (99,61). The dominant
signal component at f,; = —1071 Hz (left dashed line) exhibits a clear exponential decay
over time, while the reference/background component at f,0 = —71Hz (right dashed
line) remains approximately constant. (b) Temporal evolution of the FFT peak amplitudes
extracted from (a). The signal component at f, (red) is fit to an exponential decay, yielding
Ty = 199.84 4 28.82 ms, consistent with the programmed decay constant of the synthetic
signal. The reference component at f,o (blue) shows no decay and remains constant within
noise, confirming its origin as a steady background field.

frequencies of f,0 = —71Hz and f,; = —1071 Hz, respectively.

Example CPMG-shaped test signal imaging results after 100 averages are shown in Figure 5.11(a).
As in Chapter 3, we define the sign of the image amplitude according to the real component of the FFT
spectrum. The image clearly reveals a spatially structured signal at f,, a near-uniform background at
fao generated by the large NMR coil, and broadband noise between these two frequencies.

To further illustrate the signal characteristics, we select the pixel with the maximum amplitude
at (99,61) and analyze its time-domain and frequency-domain CASR signals, including both the real
component and absolute amplitude, as shown in Figure 5.11(b,c). In the time domain, the signal
exhibits the expected exponential decay profile. In the frequency domain, distinct peaks corresponding
to the signal (f,s) and reference ( f,() are clearly resolved.

To demonstrate spatially resolved 75 extraction, we perform decay analysis following the same

method used in Figure 5.10. The time-domain signal is segmented into 4 ms windows, and an FFT is
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applied to each segment. As shown in Figure 5.12, line cuts at f,, and f, reveal two components:
an exponentially decaying signal at f,; and a constant-amplitude background at f,,. Fitting the decay
yields T, = 199.84 ms, in excellent agreement with the programmed value of 200 ms.

The signed FFT amplitude images in Figure 5.11(a) capture the qualitative spatial features of the
field, but do not directly represent the magnetic field in physical units. For example, the image at f,o
exhibits a horizontal Gaussian profile, which originates from the spatial variation of laser illumination
intensity rather than the magnetic field generated by the NMR coil.

To correct for this effect, we perform a calibration measurement using the NMR coil, following
a procedure similar to that in Figure 3.4. As shown in Figure 5.13, we sweep the AWG amplitude to
obtain AC magnetometry curves for each pixel and extract a calibration factor map proportional to the
local magnetic field response. A spatial gradient is observed in this map due to the field of view not
being centered within the NMR coil.

Using this calibration map, we convert the FFT amplitudes into magnetic field units according

to

A(fas)

P= )

-0.003 - C,| (5.12)

where A(f) denotes the FFT amplitude at frequency f, 0.003 is the applied AWG amplitude, and C' is
the calibration factor. The resulting magnetic field images are shown in Figure 5.13(c).

The CPMG-like signal generated by the microcoil has an amplitude on the order of 100 nT, while
the background field from the NMR coil corresponds to 0.003x the values shown in Figure 5.13(b).
The horizontal stripe artifacts observed in the magnetic field image are attributed to saturation of the
CMOS sensor in the camera; when a pixel saturates, it introduces an offset across the entire readout

line.
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(a) (b)

Figure 5.13: Magnetic-field calibration and quantitative imaging of the CPMG-shaped
synthetic signal. (a) Pixel-wise AC magnetometry calibration at the selected pixel (99,61).
The NV fluorescence contrast is measured as a function of applied RF magnetic field
amplitude and fit to a sinusoid, yielding a calibration factor C' = 37.72 uT/amp. The
vertical dashed line indicates the operating point used in the experiment. (b) Spatial map
of the calibration factor (B/Amp) across the field of view, reflecting the spatial variation
of the RF magnetic field generated by the NMR coil and the relative positioning of the
sample within the coil. The circled pixel indicates the location used for calibration in (a).
(c) Reconstructed magnetic-field amplitude images obtained by applying the calibration
map to the FFT amplitudes. Left: signal component at f,, = —1071 Hz, clearly resolving
the spiral microcoil pattern with peak amplitudes on the order of 100 nT. Middle: off-
resonant frequency (f = —571 Hz), showing noise-limited background. Right: reference
component at f,o = —71 Hz, corresponding to the spatial distribution of the background
field generated by the large NMR coil. Horizontal artifacts arise from partial saturation of
the CMOS sensor during acquisition.
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It is important to note that the synthetic signal used in this proof-of-principle experiment is
approximately two orders of magnitude stronger than the NV-NMR signal measured using the photodiode.
Substantial technical improvements are therefore still required to realize real-space NMR imaging.
Potential advancements include improving bias magnetic field homogeneity to reduce NMR linewidth,
enhancing DNP efficiency to increase signal amplitude, and optimizing camera sensitivity.

One practical approach for improving imaging sensitivity is pixel binning, which increases the
SNR at the expense of spatial resolution. As shown in Figure 5.14, we measure the CASR noise
floor using 1000 successive averages and evaluate the sensitivity under different binning conditions.
Based on these results, we estimate that an NMR image with SNR ~ 10 could be achieved with a
spatial resolution of approximately 8 um (corresponding to 4 x 4 pixel binning) using 1000 averages,

requiring a total acquisition time of approximately 6 h.

5.4 Next Steps for QDM-NMR Applications

Having demonstrated that the QDM-NMR system can spatially resolve CPMG-like signals,
including their coherence time 7, and frequency, using microcoil-generated test signals, the next
natural step is to extend this capability to real NMR samples. In particular, we aim to image proton
(*H) NMR signals from water and other liquid samples, such as glycerol, which has a higher viscosity
than water. The difference in molecular dynamics between these samples is expected to produce
measurable spatial variations in nuclear spin coherence time 75, providing a clear demonstration of
contrast in QDM-NMR imaging.

As a simple proof-of-principle experiment for generating spatial 7, contrast, micron-scale glass

beads (diameter ~ 10-50 um) can be introduced into the sample region. When placed within the slot,
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(a) 2x2 binned CASR noise floor

(b) (c)

Figure 5.14: SNR improvement through pixel binning and averaging for QDM-NMR
imaging. (a) Spatial maps of the measured CASR noise floor after 1000 averages for
the original image resolution (left) and after 2 x 2 pixel binning (right). Pixel binning
reduces the effective per-pixel noise level. (b) Estimated per-pixel magnetic noise floor as
a function of the number of averaged measurements for different pixel binning conditions.
Curves are shown for binning factors from 1 x 1 (2 pm spatial resolution) to 10 x 10 (20 ym
spatial resolution). The dashed lines indicate estimated signal amplitudes of 4.37 nT and
0.437nT, corresponding to SNR =1 and SNR = 10. (c¢) Estimated QDM-NMR SNR as a
function of averaging number for different binning conditions. The dashed line indicates
SNR = 10. Based on these estimates, an NMR image with SNR ~ 10 can be achieved at
approximately 8 ym spatial resolution (4 x 4 binning) with 1000 averages, corresponding
to a total acquisition time of approximately 6 h.

147



these beads locally perturb molecular diffusion and magnetic field homogeneity, leading to spatially
varying nuclear spin dephasing. As a result, a spatial map of 75 can be generated in the surrounding
water, providing a straightforward and controllable test of QDM-NMR imaging performance.

These experiments can be implemented using the configuration illustrated in Figure 5.4. Such
measurements require long acquisition times to achieve sufficient SNR, making system stability a
critical factor. In particular, stability of the bias magnetic field, microwave and RF sources, and optical
readout must be maintained over extended averaging periods.

Beyond these proof-of-principle demonstrations, we plan to apply the QDM-NMR platform to
address practical challenges in chemical analysis and biological systems. In the following subsections,
we outline potential applications in soft materials and biological environments, where spatially resolved

NMR measurements at the microscale could provide unique insights.

5.4.1 Potential QDM-NMR Applications in Hydrogels

Hydrogels provide an attractive and experimentally accessible platform for QDM-NMR imaging
due to their high water content, tunable structure, and compatibility with surface-based sensing. In
particular, polyethylene glycol (PEG)-based hydrogels can be readily fabricated in situ under mild
conditions, allowing direct formation on the diamond surface. This minimizes the stand-off distance
between the sample and the NV sensing layer, which is critical for maximizing magnetic sensitivity.

An additional advantage of hydrogel systems is their compatibility with DNP. During the gelation
process, paramagnetic radicals such as TEMPOL can be incorporated into the polymer network,
enabling Overhauser DNP to enhance nuclear spin polarization. This provides a practical route to

overcoming the intrinsically weak NMR signal amplitude discussed in previous sections.
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Figure 5.15 shows the formation and structural properties of PEG-based hydrogels. Crosslinked
networks are formed via thiol-ene chemistry between PEG precursors, resulting in a homogeneous gel
under conventional conditions. However, under certain synthesis conditions, gel-gel phase separation
(GGPS) can occur, producing coexisting dense and dilute polymer regions.

Such structural heterogeneity is particularly important for NMR imaging. Variations in polymer
density and water mobility directly influence nuclear spin relaxation and diffusion, leading to spatially
dependent coherence times. Dense polymer regions typically exhibit reduced molecular mobility and
shorter 75, while dilute regions maintain longer coherence times. As a result, hydrogels naturally
generate intrinsic contrast mechanisms for QDM-NMR imaging.

These properties make hydrogels an ideal testbed for demonstrating spatially resolved NMR
measurements with the QDM. By mapping the spatial variation of the NMR signal decay, it becomes
possible to visualize internal structures such as phase boundaries, diffusion gradients, and mechanical
heterogeneity. Furthermore, the ability to engineer hydrogel composition and structure provides a
controllable platform for benchmarking QDM-NMR performance and optimizing imaging protocols.

Overall, hydrogels combine ease of fabrication, compatibility with hyperpolarization techniques,
and tunable spatial heterogeneity, making them a promising system for advancing QDM-NMR toward

practical applications in soft matter and biological imaging.

5.4.2 Potential QDM-NMR Applications in Bio-systems

In this work, we present a methodology for applying QDM wide-field imaging to detect NMR
signals in real space. Our initial objective is to demonstrate NMR imaging of simple liquid systems.

However, this represents only a first step toward more complex and biologically relevant applications.
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Figure 5.15: Adapted from Ref. [87]. PEG-based hydrogel formation and structural
heterogeneity relevant to QDM-NMR imaging. (a) Schematic of PEG precursor molecules
(PEG-MA and PEG-SH) used to form crosslinked hydrogel networks. (b) Comparison
between homogeneous hydrogel formation (top) and gel-gel phase separation (GGPS,
bottom), where dense and dilute polymer domains coexist. These structural variations
lead to spatial differences in molecular diffusion and local viscosity, which can produce
spatial contrast in nuclear spin coherence time 75.
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To guide the development of QDM-based NMR imaging, we identify several key criteria for suitable

bio-systems:

1. Scientific Relevance: The target system should be broadly meaningful, avoiding overly specialized

cases, and ideally represent a class of biologically or chemically important materials.

2. Robustness and Stability: QDM measurements require prolonged laser illumination and extended
averaging times. Therefore, the system must tolerate continuous optical and microwave exposure

over hours without degradation.

3. Quasi-2D Geometry: Since the NMR signal strength decreases rapidly with stand-off distance,
the sample should be confined close to the diamond surface. Systems with thickness < 10 ym

are preferred.

4. Micron-Scale Spatial Features: The system should exhibit intrinsic spatial structure at the

~ 10-100 pm scale, enabling meaningful contrast within the QDM field of view.

5. Detectable NMR Signal: The system must produce sufficiently strong and spatially localized

NMR signals, potentially requiring signal averaging but remaining within practical limits.

These criteria provide a framework for identifying candidate systems for QDM-based NMR
imaging.

One particularly suitable class of systems is biofilms, which are structured communities of
microorganisms (e.g., bacteria, algae, and fungi) embedded within a hydrated extracellular polymeric
substance (EPS) matrix [88]. More than 90% of microorganisms in natural environments exist in

biofilms, spanning a wide range of environments from aquatic ecosystems to medical devices [89-92].
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Figure 5.16: MRI of various biofilm geometries [94, 95]. (a) MRI visualization of different
biofilm structures: autotrophic biofilm (left), granulated biofilm (middle), and granulated
biofilms of varying sizes (right). (b) 77-weighted (left) and 75-weighted (right) MRI
contrast revealing internal heterogeneity in a heterotrophic biofilm.

Their inherent structural complexity and environmental adaptability make biofilms both scientifically
significant and challenging to characterize using conventional imaging techniques.

Understanding biofilm structure and its response to environmental factors is a central research
topic. Conventional imaging techniques such as optical microscopy, confocal laser scanning microscopy
(CLSM), and electron microscopy have provided valuable insights, but often require staining, invasive
preparation, or non-physiological conditions [93].

Magnetic resonance imaging (MRI) provides a non-invasive approach to probing biofilm structure
and composition. It enables imaging at spatial resolutions down to ~ 50 ym and allows measurement
of transport processes and chemical environments [96]. Because biofilms typically contain up to 95%

water, the 'H NMR signal is dominant. Relaxation parameters, particularly 7} and T, play a central
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Figure 5.17: SEM images of Staphylococcus aureus biofilms adhered to glass under
different pH conditions [97].

role in generating MRI contrast.

Despite these advantages, conventional MRI is limited to millimeter- or tens-of-micron-scale
resolution. In contrast, QDM-based NV-NMR offers the potential for micron-scale, real-space imaging,
enabling investigation of biofilm structure at near-cellular resolution.

A promising candidate system is Staphylococcus aureus biofilms. As shown in Figure 5.17,
SEM studies reveal strong structural dependence on environmental conditions such as pH. By growing
biofilms directly on the diamond surface, QDM-NMR could enable spatially resolved imaging of
these structural variations through differences in nuclear spin relaxation, providing a new, non-invasive
modality for studying biofilm organization.

Another promising candidate is Spirogyra, a filamentous green alga composed of long chains
of cylindrical cells. Each cell features a characteristic helical chloroplast, along with a large central

vacuole and a nucleus suspended within the cytoplasm. This well-defined and highly ordered cellular
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Figure 5.18: Structural diagram of Spirogyra cells, illustrating the characteristic helical
chloroplast morphology.

geometry makes Spirogyra an attractive model system for spatially resolved imaging.

Although extensively studied using optical microscopy, Spirogyra remains an excellent candidate
for demonstrating NMR-based imaging. Optical methods primarily provide structural information and
often require labeling, while electron microscopy requires vacuum conditions that prevent in vivo
observation.

Early work by Ciobanu et al. demonstrated 3D MRI imaging of Spirogyra using inductive NMR
techniques [98], as shown in Figure 5.19. However, the spatial resolution was insufficient to resolve
sub-cellular features such as the spiral chloroplast.

QDM-based NV-NMR has the potential to overcome this limitation by providing micron-scale
spatial resolution combined with chemical sensitivity. In addition to structural imaging, NMR contrast

can reveal information about molecular composition and dynamics, offering a richer understanding of
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Figure 5.19: 3D MRI of a single Spirogyra cell [98]. (a) Optical image of the sample. (b)
Corresponding MRI reconstruction showing overall cell morphology.
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cellular processes such as photosynthesis and metabolite transport.
Overall, Spirogyra represents a well-defined biological system in which QDM-NMR could

demonstrate simultaneous structural and functional imaging at the microscale.
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Chapter 6: Quantum Magnetic Microscopy for Industrial Applications

In the previous chapters, we presented the development of state-of-the-art quantum magnetic
microscopy systems in laboratory environments, demonstrating high-performance DC and AC magnetic
imaging using NV centers in diamond. Benefiting from room-temperature operation, excellent chemical
stability, and optical readout compatibility, NV-diamond sensors have emerged as a promising platform
for real-world applications.

After more than a decade of rapid development, NV-based quantum sensing is transitioning from
laboratory research toward commercialization and industrial deployment. This chapter discusses key
considerations for this transition, with a focus on system miniaturization, robustness, and application-
driven design, based on insights gained during my internship at Toyota Research Institute North

America.

6.1 Development of Compact NV-diamond Magnetic Sensors

6.1.1 Industrial Requirements and Low-SWaP Constraints

Unlike academic research, which primarily focuses on optimizing performance such as sensitivity
and spatial resolution, industrial applications impose additional constraints on system size, weight, and
power (SWaP), as well as robustness, cost, and ease of integration.

The QDM system used in the previous chapters exemplifies a laboratory-scale platform: it
occupies a volume on the order of ~ 2 m3, incorporates more than 50 kg of optical and electronic
components (excluding the optical table), and requires high power consumption (e.g., ~ 5 W laser

power and ~ 16 W microwave amplification). Such specifications are incompatible with most industrial
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Table 6.1: Comparison of magnetometer technologies.

Feature NV SERF VMR
Sensitivity pT-nT/v/Hz fT/v/Hz nT-;T/+/Hz
Spatial resolution 10 nm—pm mm mm
Operating temperature Cryogenic to > 600 K Room temp Room temp
Magnetic field range Oto>T Near zero ~100 mT
Size/portability Developing Compact Chip-scale
Imaging capability Yes (2D/scan) No No
Mechanical robustness Very high Lower High
Cost Moderate High Low

deployment scenarios, particularly in automotive, portable sensing, or in-line inspection applications.
Therefore, the development of compact, low-SWaP NV-diamond magnetometers is a critical
step toward practical implementation. However, miniaturization introduces significant trade-offs,

particularly between sensitivity, spatial resolution, and system complexity.

6.1.2 Comparison with Alternative Magnetometer Technologies

To evaluate the industrial viability of N'V-based sensors, it is instructive to compare them with
other compact magnetometer technologies like spin-exchange relaxation-free (SERF) magnetometers
and vector magnetoresistance (VMR) sensors as summarized in Table 6.1.

Competing technologies may outperform NV sensors in specific regimes. For example, SERF
and SQUID magnetometers achieve superior sensitivity in shielded environments, while VMR sensors
provide cost-effective, compact solutions for industrial and automotive applications where moderate
sensitivity is sufficient.

However, NV-diamond magnetometers offer several unique advantages, including operation at

room (and even elevated) temperature without the need for cryogenics, micron- to nanoscale spatial
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resolution, compatibility with biological and chemically active environments, vector sensing, and the
capability for wide-field, two-dimensional magnetic imaging. Consequently, NV-diamond sensors
are particularly well suited for applications requiring short stand-off distances (~ pm), high spatial
resolution, and spatially resolved magnetic field mapping, whereas VMR-based sensors are often more

competitive for bulk sensing scenarios where compactness and cost are the primary considerations.

6.1.3 Examples of Low-SWaP NV Magnetometers

Recently, significant progress has been made toward compact NV-diamond devices through
various integration strategies as shown in Figure 6.1.

Early efforts demonstrated CMOS-integrated NV magnetometers with on-chip photodiodes and
microwave generation, achieving millimeter-scale form factors and low power consumption (~ 0.5 W),
but suffering from low ODMR contrast (< 1%) and limited sensitivity (~ 32 ;T /v/Hz) due to reliance
on free-space optical excitation [99].

Fiber-integrated approaches introduced compact sensor heads incorporating GRIN lenses, balanced
photodetection, and resonant microwave structures, achieving sensitivities on the order of 344 pT/ VHz.
However, embedding the diamond within the sensor head increases stand-off distance and limits spatial
resolution, reducing the advantages over conventional magnetometers [100].

More recent developments have focused on PCB-level integration, where optical excitation,
readout, microwave delivery, and signal processing are implemented on compact electronic platforms.
While such systems significantly reduce size, limitations remain in signal processing (e.g., absence of
lock-in detection) and long-term robustness due to laser stability issues [101].

Fully integrated LED-based systems further reduce complexity by replacing laser sources with
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Figure 6.1: Representative compact NV-diamond magnetometer implementations. (a)
CMOS-integrated device with on-chip photodiode and microwave generation [99]. (b)
Fiber-integrated sensor with compact optical and microwave components [100]. (c) PCB-
level integrated system combining optical excitation, microwave delivery, and signal
processing [101]. (d) Fully integrated LED-based device with compact sensor head
architecture [102].
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LEDs and integrating photodiodes and microwave antennas within stacked PCB architectures. These
devices achieve compact form factors with sensitivities around 28.3 nT/v/Hz, but similarly suffer

from reduced imaging capability due to increased sensor stand-off distance [102].

6.1.4 Design Considerations for Industrial QDM Systems

The transition from laboratory-scale QDM systems to compact industrial devices introduces
several fundamental challenges. First, miniaturization reduces optical collection efficiency, microwave
field uniformity, available excitation power, all of which degrade ODMR contrast and sensitivity.
Second, efficient collection of NV photoluminescence becomes increasingly difficult in compact geometries.
Techniques such as side-collection and total internal reflection (TIR) lens designs have been proposed
to improve photon collection efficiency without increasing system size. Third, noise management
becomes more challenging as electronics are integrated closer to the sensing volume. Thermal noise,
electromagnetic interference, and electronic cross-talk can significantly limit performance. Finally,
compact packaging often increases the stand-off distance between the diamond and the sample, introducing
a fundamental trade-off between spatial resolution and system integration.

To optimize NV-based sensors under SWaP constraints, a hierarchical design approach is required.
At the first-order level, intrinsic sensitivity should be maximized under power and size limitations by
optimizing NV concentration, optical excitation efficiency, and microwave delivery. At the second-
order level, system noise contributions must be minimized by careful engineering of thermal management,
electromagnetic shielding, and system layout, including the relative placement of the diamond sensor
and electronic components. At the system level, industrial deployment requires balancing sensitivity,

spatial resolution, SWaP, cost, and manufacturability. These trade-offs ultimately determine the suitability
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of N'V-based sensors for specific applications.

6.2 Development of a Compact Quantum Magnetic Camera

As discussed in Section 6.1.3, existing compact, low-SWaP NV sensors suffer from several
limitations, including low optical collection efficiency, poor thermal dissipation, and increased stand-
off distance to the sample, all of which restrict their applicability to high-resolution imaging. In this
section, we present the design of a compact quantum magnetic camera [103], which can be regarded
as a miniaturized implementation of the QDM system. We describe the illumination module, imaging

module, and the multilayer packaging architecture of the device.

6.2.1 Components of the camera

The components of the compact quantum magnetic camera are illustrated in Figure 6.2. A
532 nm laser (~100mW) is coupled into the system via an optical fiber connected to a triplet fiber
collimator (Thorlabs TCO6FC-532). The collimated beam is redirected vertically and passes through a
cylindrical lens (Edmund Optics #47-764) with an effective focal length of 20 mm, which compresses
the beam along one dimension to achieve high-intensity illumination at the diamond surface.

The shaped beam is then directed onto the side surface of the diamond at an incident angle
of 23.4°. Inside the diamond, the beam undergoes total internal reflection (TIR), illuminating an
approximately 1 mm X 1 mm region near the surface.

As shown in Figure 6.2(a), the NV-diamond is mounted on a thermally conductive wafer at the
top layer of the device. Under optical excitation, the NV spin ensemble emits spin-state-dependent

fluorescence (i.e., photoluminescence) that encodes the local magnetic field. This fluorescence is
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Figure 6.2: Design of the compact quantum magnetic camera. (a) Cross-sectional view of
the assembled device and optical layout. A fiber-coupled laser is collimated and shaped by
a cylindrical lens, then directed via mirrors to illuminate the NV diamond from the side.
The resulting spin-dependent fluorescence is collected by an imaging lens array, filtered,
and detected by an on-chip CMOS camera. Microwave (MW) excitation is delivered
through an integrated input port. (b) Exploded view of the device showing the ten-layer
modular architecture, including the diamond mount [1], mirror mount [2], imaging lens
mounts [3], [4], [6], pinhole [S], cylindrical lens and mirror mount [7], fiber mount [8],
filter mount [9], and CMOS camera board [10].
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collected by a triplet imaging lens array and projected onto an on-chip CMOS camera (XIMEA
MCO023CG-SY-BRD) based on the SONY IMX174 sensor (active area 11 mm X 7.1 mm). The same
sensor is used in the Basler acA1920-155um camera, which has been widely adopted in previous NV
imaging studies [33, 36]. The imaging system is designed with a magnification of 7x and optimized
to correct third-order aberrations, enabling high-fidelity imaging across the full field of view. A long-
pass optical filter (Semrock VLP02-633-12.5) is placed in front of the sensor to suppress residual pump
laser light and reduce background noise.

MW control of the spin ensemble is provided by a delivery structure (e.g., stripline, loop antenna,
or coplanar waveguide) fabricated on the diamond mounting wafer. A U.FL connector links this
structure to an external SMA port. Compared to PCB-based MW delivery, the thermally conductive
wafer provides improved heat dissipation for both optical and MW-induced heating. Figure 6.2(b)

illustrates the 10-layer architecture of the device:

[1] Quantum diamond, thermally conductive wafer, and MW delivery structure. An optional cover

layer can suppress ambient light but slightly increases stand-off distance.

[2] Mirror for adjusting the laser incident angle.

[3], [4], [6] Mounts for the triplet imaging lens array.

[S] Pinhole (0.65 mm diameter) for image quality enhancement.

[7] Mount for cylindrical lens and steering mirror.

[8] Fiber collimator mount.

[9] Long-pass filter mount.
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[10] CMOS camera board, connected via stretch springs for fine focus adjustment.

Although optimized for a FOV and magnification, the system is adaptable. For example, centimeter-
scale imaging can be achieved by adding an orthogonal cylindrical lens in Layer [7] to expand the
beam in the second dimension, while re-optimizing the imaging optics (Layers [3]-[6]) for lower
magnification.

The platform is also compatible with alternative quantum materials beyond bulk NV diamond,
including nanodiamond, hBN, SiC, and GaN. In such cases, the excitation wavelength and incident
angle can be adjusted via Layer [2] to account for material-dependent refractive indices. Furthermore,
the triplet lens system may be replaced by a metasurface for enhanced integration, the fiber input
(Layer [8]) may be replaced by a laser diode, and the CMOS sensor (Layer [10]) may be substituted

with a SPAD array or lock-in camera for advanced detection schemes.

6.2.2 Design and Simulation of the Illumination Module

A key feature of this design is side illumination of the diamond, enabling both high-intensity
excitation and minimal stand-off distance between the sensor and sample. This allows direct contact
with the sample surface, which is critical for near-field magnetic imaging with high spatial resolution.

Figure 6.3 shows the optical design and simulation results obtained using the Physical Optics
Propagation (POP) method in Zemax OpticStudio. The input beam is modeled as a collimated Gaussian
beam with a 1/e? waist diameter of 1.1 mm at position [1].

After passing through the cylindrical lens (f = 20 mm), the beam is compressed along one axis
and enters a 3mm X 3mm X 0.5 mm diamond at position [2] with a 23.4° incident angle. At the FOV

edge (position [3]), the vertical waist is reduced to 45.3 ym while maintaining the horizontal width. At
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Figure 6.3: Design and simulation of the side-illumination module. (a) Optical layout of
the illumination path. A collimated Gaussian beam from the fiber output [1] is compressed
by a cylindrical lens and directed into the diamond at position [2] with an incident angle
of 23.4°. The beam propagates along the diamond via TIR, illuminating the target FOV of
Imm x 1 mm. (b) Simulated normalized power intensity distributions at key propagation
positions [1]-[4] using the POP method. The beam is progressively compressed along the
vertical direction, with a waist reduced from 1.1 mm at the input to 66.6 ym and 45.3 um
near the diamond entry, and further confined to a ~20 pm-thick layer at the sensing surface,
enabling efficient and localized excitation of NV centers.

the center of the FOV (position [4]), the beam undergoes TIR and illuminates a ~20 pum-thick surface
layer.

This configuration provides uniform, high-intensity excitation over a ~ 1 mm x 1 mm area. The
simulation confirms efficient optical confinement, minimal loss, and enhanced power density at the

sensing layer, leading to improved fluorescence contrast and magnetic sensitivity.

6.2.3 Design and Simulation of the Imaging Module

The imaging system was designed and optimized using ray-tracing simulations in Zemax. The

NV fluorescence spectrum was approximated using six discrete wavelengths (18.6% at 651 nm, 15.1%
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at 664 nm, 27.7% at 682 nm, 14.7% at 699 nm, 12.0% at 720 nm, and 11.9% at 744 nm), based on the
eight-wavelength model reported in Ref. [104], with minor spectral components (< 3%) neglected for
computational efficiency, as shown in Figure 6.4(a).

The object field was defined as a v/2 mm diameter, corresponding to the diagonal of a 1 mm x
1 mm FOV. Three representative field points (center, mid-field, and edge) were selected for optimization.
The total system length was constrained to < 25 mm, with a minimum element spacing and component
thickness of 0.5 mm to ensure practical manufacturability. A fixed magnification of 7x was chosen to
fully utilize the CMOS sensor area.

A triplet lens configuration was adopted to correct primary aberrations. The optimization variables
included surface curvatures, inter-element spacing, lens thicknesses, and material selection. Under the
constraints of fixed magnification, compact system size, and fabrication limits, Zemax optimization
was performed to minimize the wavefront error at the image plane. The final optical design consists
of a convex—concave lens, a convex—convex lens, a pinhole, and a thick convex—concave lens, as
illustrated in Figure 6.4(b).

The simulated performance of the imaging system is presented in Figure 6.5. The wavefront
error remains below 0.4 waves across all fields and wavelengths, and below 0.3 waves for the sampled
field points, indicating high optical fidelity.

The modulation transfer function (MTF) was evaluated relative to the sensor Nyquist frequency
(89.29 cycles/mm for 5.6 um pixels), corresponding to 12.8 cycles/mm in object space with a 7x
magnification. The system maintains an MTF greater than 0.5 at this frequency across all fields,
demonstrating strong contrast preservation.

The Seidel aberration analysis further confirms that residual third-order aberrations, including
spherical aberration, coma, astigmatism, and field curvature, as well as chromatic aberrations are well
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Object 25mm Image

>

Figure 6.4: (a) Adapt from Ref. [104]. Room-temperature emission spectrum of a single
NV center in a nanodiamond, fitted with eight Lorentzian components. The zero-phonon
line (ZPL) and phonon sideband (PSB) contributions are illustrated, along with a simplified
energy-level model including multiple vibronic ground states |g;) and an excited state
le). Spectral broadening arises from spontaneous emission, pure dephasing, and phonon-
assisted transitions. (b) Optical design of the finite-conjugate imaging system. Ray traces
for three representative field positions (center, mid-field, and edge, shown in blue, red, and
green, respectively) over a total system length of 25 mm.
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Figure 6.5: Simulated performance of the optimized imaging system. (a) RMS wavefront
error as a function of field position (+Y direction) and wavelength, showing consistently
low aberrations across the full field of view. (b) Modulation transfer function (MTF) for
multiple field points, demonstrating that the system maintains high contrast up to the sensor
Nyquist frequency (12.8 cycles/mm in object space). (c) Seidel aberration contributions
for each optical surface, indicating that third-order aberrations and chromatic effects are
well corrected, with no dominant residual component.

controlled. The total aberration is maintained below 0.1 ym, indicating that the system approaches
diffraction-limited performance. These results demonstrate that the imaging module of the compact

quantum magnetic camera meets the requirements for high-resolution quantum magnetic microscopy.
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Chapter 7:  Outlook and Future Experiments

The previous chapters summarize the primary research contributions achieved during my Ph.D.
studies. However, six years is a relatively short time for exploring the full potential of this field. In
addition to the work presented here, several promising ideas and directions remain unexplored due to
time constraints. This chapter outlines potential future research directions motivated by the results of
this thesis and ongoing efforts in the field.

The organization of this chapter follows a structure similar to the previous chapters, focusing on

prospective advances in DC magnetic sensing, AC sensing, and NV-NMR applications.

7.1 Ramsey DC Sensing Improvement via Decoupling of NV-NV Interactions

As discussed in Section 2.1.1, one effective approach to improving the DC sensitivity of Ramsey
magnetometry is to extend the dephasing time 75. Eq. (2.2) summarizes the different contributions to

NV spin dephasing. In particular, the electronic spin-bath contribution can be decomposed as

1 1 1 1

— ~ + — + , (7.1)
Ty {electronic spin bath} — T5{P1} T5{NV~—} Ty {others}

which separates the contributions from P1 centers (**N?), negatively charged NV centers (NV ™), and
other residual electronic spin species.

In Section 2.1.2, we demonstrated using spin-bath driving to decouple dipole—dipole interactions
between NV centers and surrounding paramagnetic defects, such as P1 centers and free electrons.
While this approach effectively suppresses NV-P1 interactions, residual NV-NV dipolar coupling

remains a limiting factor for 7.
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Further decoupling of NV-NV interactions could reduce the overall electronic spin-bath noise
experienced by each NV center, thereby mitigating dephasing and enabling a longer 7. This would
directly translate into enhanced Ramsey sensitivity, providing a promising direction for DC magnetic

sensing optimization in the future.

7.1.1 Spin-Bath Driving of Off-Axis NV Centers

Spin-bath driving has been shown to be an effective method for suppressing dephasing induced
by surrounding paramagnetic defects, such as P1 centers and other electronic spins. The same idea
can, in principle, be extended to the off-axis NV ensembles. In a diamond sample under a bias field
aligned to one NV axis, only one quarter of the NV centers are used as the sensing ensemble, while
the remaining three quarters form off-axis NV ensembles. These off-axis NV centers constitute an
additional electronic spin bath and can therefore contribute to the Ramsey dephasing of the sensing
NVs through dipole—dipole interactions. Driving the off-axis NV transitions provides a possible route
to average out this interaction and further extend the Ramsey dephasing time 75.

A simple estimate of the potential improvement can be obtained by separating the NV-NV
contribution into on-axis and off-axis groups. Following the discussion, the N'V-induced dephasing

rate may be written as

1 1 1
= +
T3ANV-}  TH{NV-h - T5{NV-}y

= ( ANy, INVT] + ANy, [NVTly, (7.2)

where ( accounts for imperfect spin initialization, A is the effective dipolar interaction coefficient,

and [NV ] is the concentration of the corresponding NV subgroup. For the on-axis group, resonant
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flip-flop processes enhance the dephasing rate [23], giving

3
ANV—H = §ANV—H- (7.3)

Assuming the bias field is aligned to one NV orientation, the off-axis NV concentration is approximately

three times larger than that of the on-axis group,

[NV‘]H I~ S[NV‘]H. (7.4)

Using the same scaling argument as for the P1 spin bath, the interaction coefficient for the off-axis NV

bath can be estimated as

Sxv- (Sny- + 1) \/§ R
Anv- = Ano = (/= Ano = 1 .
NV-—y \/ SNg ( SNg T 1) NO 3 NO 65 ms™ ppm™, (7.5)

where the last numerical value follows the estimate shown in Ref [17]. For the diamond used in
Chapter 2 [39], taking

INV] ~ 3 ppm, T =~ 1.55 us, (7.6)

and assuming complete removal of the off-axis NV contribution, the residual dephasing time can be

estimated from

1 1
= 0.165 x 3 x 0.75 us~* 7.7
1555 Tipew X o X TS (7.7

which gives
T3 pew =2 3.65 ps. (7.8)
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This rough estimate suggests that off-axis-NV spin-bath driving could provide a substantial extension
of Ramsey coherence time. At the same time, this estimate should be regarded as optimistic, since the
effective negatively charged NV concentration may be lower than the total NV concentration, and the
initialization factor ¢ can be significantly smaller than unity.

To implement this idea experimentally, one can exploit the fact that off-axis NV centers exhibit
mixed-spin eigenstates under a bias magnetic field that is not aligned with their symmetry axis. In
this regime, the m,; = £1 manifolds are mixed, enabling nominally forbidden double-quantum (DQ)
transitions between the mixed states. These transitions can be coherently driven by microwave fields
and therefore provide a viable control channel for off-axis spin-bath driving. Such transitions have
been experimentally observed in previous DEER measurements [105], as shown in Figure 7.1.

Analogous to spin-bath driving of P1 centers, these off-axis NV transitions can be driven using
two main protocols. In the CW approach, the bath spins undergo rapid Rabi oscillations; when the
Rabi frequency exceeds the dipolar coupling strength, the interaction with the sensing NV ensemble is
effectively averaged to zero. Alternatively, in the pulsed driving scheme, a resonant w-pulse is applied
to the off-axis NV spins at the midpoint of the Ramsey free-precession interval, refocusing the phase
accumulation induced by NV-NV dipolar interactions.

At the current stage, the numerical simulation has focused on the single off-axis NV Hamiltonian
and on verifying that the relevant control transitions are experimentally accessible in principle. Starting

from the full NV Hamiltonian,

~

- = DS? +~.B-S+7B-1+S-A -1+ QI?+ cos(wt)vV205,, (7.9)
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Off-axis NV DQ forbidden transition = 107.4MHz

]

Figure 7.1: Observation of off-axis NV double-quantum (DQ) transitions in DEER
experiments. (a) Continuous DEER spectrum similar to Figure 2.1, where a weak off-
axis NV transition is observed (red box). (b) DEER measurement reported in Ref. [105],
where the off-axis NV transition is more clearly resolved.
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the simulation was simplified by retaining only the electronic spin degree of freedom,

A~

H A A A
= DS? +~.B - S + cos(wt)V2Q8,. (7.10)

As shown in Figure 7.2, using this model, the current simulation successfully reproduced the ESR
spectrum of an off-axis NV under a bias field of B = 200 G and demonstrated coherent Rabi oscillations
between the mixed eigenstates. In other words, the present numerical results verify both the existence
and the coherent controllability of the off-axis transition required for spin-bath driving. However,
the current simulation does not yet include interactions between the sensing NV and the off-axis
NV bath, and therefore does not provide a full prediction of Ramsey dephasing or the corresponding
enhancement in 75.

The next step is to extend the model to two interacting NV centers with different crystallographic
orientations, as outlined below. In that framework, one NV represents the sensing on-axis spin and the
other represents an off-axis bath spin. Neglecting the nuclear degrees of freedom for simplicity, the

static Hamiltonian can be written as

~ A

H A A A A H,
= DS+ DiS3 + 7B - (S +8y) + hb, (7.11)
where H,, is the magnetic dipole—dipole interaction,
Hy _ ponzh 380 1) (S ta) g S, (7.12)

- 3 2
h 4 ro, T

Choosing the on-axis NV as the z-axis reference and letting the off-axis NV be rotated by an angle 6,
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Figure 7.2: Numerical simulation of off-axis NV control at B = 200 G. (a) Simulated
pulsed ESR spectra for off-axis NV centers, showing resolved transitions arising from
mixed-spin eigenstates under the applied bias field. (b) Simulated on-axis and off-axis
Rabi drive corresponding oscillations
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the off-axis spin operators are

be = cos@gx + sinHSZ, S'by = S'y, S’bz = — sin@é’z + cosﬁgz, (7.13)

with relative position vector

re = (rsinf, 0, rcos?). (7.14)

Substituting these relations into Eq. 7.12 yields the interaction,

~

Hab _ ,UO’Ve?h
h 473

[3sm9§x®52—smeéz®Sx+2cos0§z®Sz]. (7.15)

Including independent microwave drives on the sensing and bath NVs then gives the time-dependent
Hamiltonian

A

t S [ [ G Q r 7 A A~
72) —D($2 @ +1052) +7.B[S. 01+ (~sin0S, +cos0 5.)]
2
h Q Q A A ~ ~
o, HoTe [BSiné’Sx@Sz—Sin952®5x—|—260895’z®54 (7.16)
A3

+v2 [Cos(wat)Qa S, o1+ cos(wpt)Lyp I® 5}} )

This two-spin model would allow direct simulation of Ramsey evolution with and without off-
axis spin-bath driving. In the absence of bath driving, the sensing NV Ramsey signal should show
dephasing and possibly oscillatory features that reflect the coupling strength to the off-axis NV. With
resonant CW or pulsed driving applied to the off-axis NV, the same model can be used to test whether
the interaction is effectively averaged away and to quantify the resulting extension of the sensing NV
coherence time. Such simulations would provide a more rigorous foundation for the 75 improvement

estimate above and would guide the choice of bias field, microwave frequency, and drive strength for
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future experiments.

7.1.2  Magic-Angle Spinning for NV-diamond System

A well-established approach to suppress dipolar interactions in the NMR community is magic-
angle spinning [106], in which the sample is physically rotated at a fixed angle § with respect to the
static magnetic field By. As shown in Figure 7.3(a), the dipole—dipole interaction between spins 7 and

7 is described by the secular Hamiltonian

7— (L -1 = 315.1;) (3 cos™ 0 — 1), (7.17)
J

Hu=y 2

QUalis
i<j "ij
where 0;; is the angle between the internuclear vector r;; and the quantization axis.

Under sample rotation at angular frequency w;, the angle 6;; becomes time-dependent. It can be

expressed as

cos 05(t) = cos (3 cos B, + sin B sin §;; cos(w,t + ¢ij), (7.18)

where [3 is the rotation angle with respect to By, and (/3;;, ¢;;) define the orientation of r;; in the
rotating frame.
Substituting into the dipolar term (3 cos? §;; — 1) yields a decomposition into time-independent

and time-dependent components,

3cos® (1) — 1 = %(3 cos® B —1)(3cos® B, — 1) + O(t), (7.19)
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where

3 3
O(t) = 3 sin 23 sin 23;; cos(w,t + ¢5) + 3 sin? 3 sin? 1 cos (2(wrt + ¢45)). (7.20)

are oscillatory terms contain cos(w,t) and cos(2w,t) components, which average to zero when w,
is much larger than the dipolar interaction strength. The remaining time-averaged Hamiltonian is
therefore

<£@@cx%(3am2ﬁ-—1y (7.21)

By choosing the rotation angle such that
3cos’f—1=0, (7.22)
the dipolar interaction is completely averaged out. This condition defines the magic angle

5 = cos! (%) ~ BT, (7.23)

At this angle, the secular dipolar interaction vanishes to first order, effectively decoupling spins and
significantly extending the dephasing time 7.

However, directly applying magic-angle spinning to NV-diamond systems is impractical. Achieving
the required MHz-scale mechanical rotation is technically challenging and incompatible with wide-
field imaging modalities such as TIR microscopy. Moreover, physical rotation increases the sensor
stand-off distance and limits integration with compact sensing platforms.

To overcome these limitations, an alternative approach is to emulate magic-angle spinning by
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applying a rotating magnetic bias field [107], rather than rotating the diamond itself. This approach
generates an effective time-dependent quantization axis for the spin system. When the bias field rotates
at sufficiently high frequency and is oriented at the magic angle with respect to the NV axis, the dipolar
interaction is dynamically averaged, suppressing spin-bath-induced dephasing.

Experimentally, the rotating bias field can be generated using orthogonal Helmholtz coil pairs
driven with phase-shifted currents, optionally combined with permanent magnets to provide a static
offset field. In this configuration, the sensing NV experiences a time-dependent magnetic field of the
form

B(t) = By [sin 5 cos(wt) & + sin B sin(wt) y + cos f 2], (7.24)

which traces a cone at the magic angle.

During the design of the QDM setup, we preserved the flexibility to extend the system toward
implementation of a magic-angle rotating bias field, as illustrated in Figure 7.3. In this configuration,
the static bias field along the z-axis is generated by a pair of permanent ring magnets, while the
transverse magnetic fields along the x and y directions are produced by two orthogonal pairs of
Helmbholtz coils. By driving the = and y coils with sinusoidal currents that are phase-shifted by 90°, an
in-plane rotating magnetic field is generated. When the amplitude of this rotating component satisfies
B, = B, tan 3, the total magnetic field traces out a cone with opening angle /3, thereby realizing a
rotating bias field at the magic angle.

Despite its conceptual simplicity, several technical challenges must be addressed to realize
this approach in practice. First, generating a sufficiently strong and homogeneous rotating magnetic
field at MHz frequencies requires carefully designed, high-bandwidth Helmholtz coils; conventional

laboratory coils are typically limited to frequencies below 1 MHz and may not provide adequate field
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Figure 7.3: (a) Geometry of magic-angle spinning, showing the rotation of the internuclear
vector relative to the static magnetic field. (b) Conceptual implementation of a rotating
magnetic bias field using orthogonal coil pairs and permanent magnets [107]. (c) Proposed
integration of the rotating-bias-field architecture into the QDM platform, enabling magic-
angle spin-bath driving without mechanical rotation.
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amplitude or spatial uniformity. Second, precise alignment between the rotating field axis and the NV
crystallographic axis is essential to ensure effective dipolar averaging and to avoid residual anisotropic
interactions. Third, the large drive currents required (e.g., ~15 A to produce ~8 G fields) necessitate
high-power RF amplifiers and impedance-matched LC circuits, introducing additional constraints on
system stability, thermal management, and integration with optical components.

Taken together, these challenges highlight that the implementation of a magic-angle rotating bias
field in N'V-based platforms is primarily an engineering problem rather than a fundamental limitation.
With continued advances in coil design, high-frequency electronics, and compact integration, this
approach offers a promising pathway toward actively controlling the spin bath and extending the
effective NV spin dephasing time 75. In particular, the ability to realize spin-bath driving in a wide-
field geometry would enable enhanced sensitivity in quantum diamond microscopy without sacrificing

spatial resolution, providing a scalable route toward high-performance quantum sensing and imaging.

7.2 Potential Improvements in AC Magnetic Sensing

In Chapter 3, we demonstrated that the QDM is capable of simultaneously imaging the amplitude,
frequency, and phase of AC magnetic fields with high sensitivity and spatial resolution. In Chapter 4,
we further extended the detection bandwidth by implementing the QFM protocol.

Despite these advances, additional opportunities remain to enhance AC sensing performance. In
particular, future improvements may focus on increasing robustness to pulse error and enabling full

vector magnetometry. In this section, we discuss several potential approaches toward these goals.
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7.2.1 Double-Quantum Dynamical Decoupling Sequences

One of the key limitations in AC magnetic imaging using NV ensembles arises from spatially
varying detuning, primarily induced by crystal strain. As shown in Figure 7.4, such detuning leads to
pulse errors that distort the AC magnetometry response, introducing amplitude inhomogeneity and
phase offsets across the field of view. Rotating-frame simulations of a Hahn spin-echo sequence
further indicate that, in the presence of DC detuning, the ideal sinusoidal magnetometry curve becomes
distorted, exhibiting non-zero offsets at zero field as well as modified contrast and phase response.
These effects become particularly problematic in wide-field imaging, where detuning varies spatially
across the diamond.

A straightforward approach to mitigate this issue is to increase the Rabi frequency, thereby
making the effective rotation axis less sensitive to detuning. Indeed, simulations indicate that when
the ratio of detuning to Rabi frequency is sufficiently small (e.g., A/Q < 0.1), the magnetometry
response approaches the ideal behavior. However, increasing the Rabi frequency is experimentally
constrained by microwave delivery efficiency and may introduce additional complications, such as
pulse distortions in long dynamical decoupling sequences.

An alternative and more fundamental solution is to employ double quantum (DQ) sensing protocols.
As described in Section 2.1.3, in contrast to conventional single quantum (SQ) transitions between
ms = 0 and my; = +1, DQ protocols utilize the coherence between the ms; = +1 and m, = —1
states. Because these two states experience identical common-mode shifts from strain and other DC
perturbations, the DQ transition is intrinsically insensitive to such detuning. This property has been
successfully exploited in DC magnetometry, where DQ sequences such as DQ4R suppress strain-

induced inhomogeneities [21].
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Rabi
4.6 MHz
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7.1 MHz

Figure 7.4: Suppression of strain-induced pulse errors in AC magnetic imaging by
increasing the Rabi frequency. Top row: phase offset (left) and amplitude (right) images
acquired with a Rabi frequency of 4.6 MHz, showing strong spatial inhomogeneity due
to strain-induced detuning, highlighted by the circled region. Bottom row: corresponding
images acquired with an increased Rabi frequency of 7.1 MHz, demonstrating significantly
improved phase uniformity and suppression of amplitude artifacts. These results indicate
that stronger microwave driving enhances robustness against detuning-induced pulse
errors. The scale bar is 50 pm.
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Extending this concept to AC sensing, DQ dynamical decoupling sequences can similarly suppress
strain-induced pulse errors in magnetic imaging. While AC magnetometry with photodiode detection
is generally insensitive to static detuning due to echo cancellation, the situation differs in wide-field
imaging: spatial variations in detuning lead to imperfect pulse rotations and accumulated phase errors.
DQ-based AC sensing therefore provides a promising route to eliminate these errors by rejecting
common-mode detuning across the ensemble.

Preliminary simulations of DQ spin-echo sequences confirm that the AC magnetometry response
retains the desired sinusoidal behavior even in the presence of detuning. Furthermore, modified
sequences such as a double-quantum four-pulse echo (DQ4S), as shown in Figure 7.5, analogous
to DQ4R in DC sensing, may further suppress residual single-quantum contributions. Although DQ
AC sensing has been proposed in earlier work [41], its advantages for mitigating strain-induced errors
in wide-field imaging have not been fully explored.

Implementing DQ dynamical decoupling in the QDM platform represents a promising direction
for future work. In addition to improving robustness against strain and detuning, DQ protocols may
enable more uniform contrast and phase response across the imaging field, thereby enhancing both
sensitivity and quantitative accuracy. Systematic experimental validation, including optimization of
pulse sequences and direct comparison with SQ-based methods, will be an important next step toward

realizing these benefits.

7.2.2  Vector AC Magnetometry

In Chapters 3-5, the AC magnetic sensing protocols are primarily based on dynamical decoupling

sequences, which are intrinsically sensitive only to the magnetic field component projected along the
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Figure 7.5: Double-quantum four-spin-echo protocol (DQ4S) for AC magnetic sensing.
Top: pulse sequence diagram showing two microwave channels (MW 1 and MW2) driving
the m, = =1 transitions to realize double-quantum control. The sequence combines
phase-alternating 7/2 and 7 pulses to construct an effective double-quantum spin echo.
Bottom: simulated AC magnetometry response under zero detuning, demonstrating
sinusoidal dependence of the signal (blue) and reference (red) channels, with the
normalized contrast (black) retaining high fidelity. The DQ protocol suppresses common-
mode detuning effects and preserves the ideal magnetometry response, highlighting its
potential for robust wide-field AC magnetic imaging.
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NV quantization axis. As a result, the measured signal corresponds to a single vector component of
the AC magnetic field, limiting the ability to directly reconstruct the full vector field.

A straightforward approach to realizing vector AC magnetometry is to perform independent
measurements along different NV orientations. By combining the projections measured from the
four crystallographic NV axes, the full vector magnetic field can, in principle, be reconstructed.
However, this approach significantly increases experimental complexity, requiring multiple bias-field
configurations or selective addressing of different NV classes. Moreover, off-axis NV experience
spin-state mixing under transverse fields, which reduces optical contrast and degrades sensitivity,
particularly in wide-field imaging applications.

Beyond dynamical-decoupling-based methods, alternative AC sensing schemes that are directly
sensitive to transverse magnetic fields offer a promising pathway toward vector magnetometry. Recent
work has demonstrated that transverse AC magnetic fields can drive coherent transitions between
NV spin states, enabling direct detection of magnetic field components perpendicular to the NV axis
[69, 108]. For example, nanoscale vector AC magnetometry using a single NV center exploits such
transverse-field-driven dynamics to reconstruct both the amplitude and direction of the oscillating
magnetic field with high precision.

In these approaches, the transverse AC field induces Rabi-like oscillations between spin states,
with the transition rate determined by the perpendicular magnetic field amplitude. By analyzing the
resulting population dynamics, both the magnitude and orientation of the AC field can be extracted
without requiring multiple NV orientations. Similarly, recent developments in multi-frequency and
dressed-state sensing protocols further enable simultaneous sensitivity to longitudinal and transverse
field components, providing a route toward full vector reconstruction within a single measurement

basis.
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For wide-field QDM implementations, using such transverse-field-sensitive protocols presents
both opportunities and challenges. On one hand, these methods could eliminate the need for multi-
orientation measurements and reduce sensitivity degradation associated with off-axis NVs. On the
other hand, they typically require precise microwave control, careful calibration of driving fields, and
mitigation of additional decoherence channels introduced by transverse coupling.

In the future, integrating transverse-field AC sensing with existing QDM platforms may enable
vector magnetic imaging with improved robustness and reduced experimental overhead. Combining
these methods with advanced protocols such as quantum frequency mixing or double-quantum sensing
could further enhance sensitivity and bandwidth, ultimately enabling comprehensive vector-resolved

imaging of complex AC magnetic phenomena.

7.3 Future Directions in QDM-NMR Experiments

In Chapter 5, we demonstrated the current capabilities of our QDM platform for real-space,
wide-field NMR imaging, enabling simultaneous spatial and spectral mapping with micrometer-scale
resolution. Moving forward, an important direction is to extend these techniques to more complex
systems, such as hydrogels and 2D biological platforms, where spatially resolved chemical information
is critical. Beyond application-driven studies, emerging NV-NMR methods provide new opportunities

to further expand the capabilities of QDM-based imaging.

7.3.1 Diffusion NMR Imaging

One promising direction is the realization of spatially resolved diffusion imaging. While the

T5-weighted imaging demonstrated in Chapter 5 already provides indirect sensitivity to molecular
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Figure 7.6: [85] Pulse-gradient spin-echo (PGSE) sequence adapted for NV-based NMR
detection. Gradient pulses of duration ¢ and separation A encode molecular diffusion
into the accumulated phase of nuclear spins. The resulting NMR signal is detected
using the CASR protocol with continuous NV optical readout. This approach enables
direct measurement of diffusion coefficients. Extending this sequence to wide-field QDM
detection would allow spatially resolved diffusion imaging, providing two-dimensional
maps of transport dynamics in heterogeneous samples.

diffusion, recent work has shown that NV-NMR can be used to directly measure diffusion coefficients
through controlled encoding of molecular motion. In this approach, the diffusion process modulates
the accumulated phase of nuclear spins, enabling quantitative extraction of diffusion constants [85].

However, current demonstrations are limited to single-point measurements. By leveraging the
intrinsic wide-field capability of the QDM, these diffusion-sensitive protocols can be naturally extended
to two-dimensional imaging. This would enable direct acquisition of spatially resolved diffusion maps
in a single measurement, providing a powerful tool for studying transport phenomena in heterogeneous
systems such as hydrogels, microfluidic environments, and biological tissues.

Such capability would represent a significant advance over conventional NV-NMR, enabling
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real-time visualization of diffusion processes with micrometer-scale spatial resolution. Furthermore,
combining diffusion imaging with spectral information could allow simultaneous mapping of chemical

composition and transport dynamics.

7.3.2 Nutation-Based Longitudinal Sensing for High-Field NMR Imaging

Another important frontier is high-field (tesla-scale) NV-NMR, which provides much greater
nuclear spin polarization and larger spectral feature separation arising from chemical shifts. Conventional
NV-NMR detection relies on dynamical decoupling sequences that are resonant with the nuclear
Larmor frequency. At high magnetic fields, nuclear Larmor frequencies can reach tens of MHz,
exceeding the practical bandwidth of dynamical decoupling sequences and requiring extremely fast
and high-power microwave control.

One approach to overcome this limitation is the QFM protocol, which down-converts high-
frequency signals into the detectable bandwidth of NV sensors. However, as discussed in Chapter 4,
QFM protocols typically suffer from reduced sensitivity due to the multi-step frequency conversion
process.

Recent advances propose an alternative strategy based on nutation-driven longitudinal sensing,
such as the AERIS and DRACAERIS protocols [109, 110]. Instead of detecting transverse nuclear
magnetization oscillating at the Larmor frequency, these methods probe the longitudinal magnetization
modulated at the nuclear Rabi frequency.

Since the nuclear Rabi frequency can be tuned to the optimal detection range of the NV sensor
(typically in the kHz—MHz regime), this approach significantly relaxes the requirements on microwave

pulse timing and bandwidth. In particular, the DRACAERIS protocol introduces a rewinding scheme
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Figure 7.7: (a) Schematic of an NV ensemble NMR apparatus. A fluid sample is
placed in close proximity to the NV layer in diamond and detected through optically
read out NV fluorescence under microwave and RF control. (b) AERIS pulse sequence
[109], where nuclear spin precession is measured through synchronized NV dynamical
decoupling during RF nutation. (c) DRACAERIS pulse sequence [110], which introduces
an additional reverse-nutation step to suppress common-mode noise and improve
measurement robustness. (d,e) Bloch-sphere representation of nuclear spin evolution
during AERIS and DRACAERIS protocols. DRACAERIS compensates leading-order off-
resonance effects and restores the magnetization to its initial state more accurately.
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that suppresses pulse errors and improves spectral fidelity by compensating for off-resonant driving
effects.

Integrating nutation-based sensing protocols into the QDM platform could enable wide-field,
high-field NMR imaging with both high spectral resolution and relaxed hardware constraints. Combined
with the inherent spatial multiplexing of QDM, this approach has the potential to realize real-time,

spatially resolved chemical imaging in complex systems.
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Appendix A: Lock-in Camera Demodulated CASR

As introduced in Sec. 3.1.2, Coherent Averaged Synchronized Readout (CASR) [38] is a detection
protocol for measuring narrowband magnetic signals with ultrahigh spectral resolution, particularly for
NMR spectroscopy. CASR provides the spectral selectivity required for NMR by coherently averaging
synchronized NV magnetometry measurements over long interrogation times.

CASR has been implemented in both photodiode detection and lock-in camera wide-field imaging
modalities throughout Chapters 3—5. Conceptually, CASR can be understood as a low-sampling-rate
aliasing process, as illustrated in Fig. A.1. For photodiode-based measurements, the mathematical
description follows the treatment presented in Sec. 3.1.2.

However, as described in Sec. 3.1.3, when implementing CASR imaging using the heliCam lock-
in camera, the camera performs an internal demodulation process in which multiple CASR readouts are
averaged within each internal frame, as shown in Fig. A.1. Therefore, instead of treating the effective
CASR sampling rate as simply equal to the camera internal frame rate, the demodulated CASR process

should be considered as a double-alias process.

A.1 Double-alias Process

Consider a continuous sinusoidal signal

S(t) = Asin(2rw fot + @), (A.1)
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Figure A.1: Conceptual illustration of camera-demodulated CASR readout. A narrowband
magnetic signal with frequency f; (black curve) is sampled by the CASR protocol at
the repetition rate fsr, producing an aliased low-frequency signal (red dashed curve
with red sampling points). In the heliCam lock-in camera implementation, the camera
internally averages n consecutive CASR readouts within each internal frame (top shaded
regions). This internal demodulation produces a reduced set of effective samples (bottom),
corresponding to an additional averaging step that lowers the effective sampling rate from
fsr to fsr/n. Consequently, the camera-demodulated CASR signal can be interpreted
as a two-stage process: first aliasing at the CASR sampling rate, followed by averaging-
induced down-sampling that produces a second effective aliasing process.

where A is the amplitude, f; is the signal frequency, and ¢ is the phase. The signal is sampled at a

sampling rate fsp,

1
ty = KTy, T, = —. (A.2)
fsr
The discrete-time sequence becomes

Slk] = S(kTs) = Asin(27 fokTs + ¢). (A.3)

Define the normalized discrete-time frequency
Qy = QWﬁ. (A4)

fsr
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Because discrete-time frequency is periodic with period 27, the observed frequency becomes the

aliased frequency
fa=Jfo—mfsr,

where m is the integer that places f, inside the Nyquist band

Thus the sampled signal can be written as

S[k] = Asin <27rff—ak + ¢) :

SR

In the camera demodulation process, n consecutive samples are averaged,

1
S'lm] ==Y Slmn+r].
n r=0
Substituting the sinusoidal signal,
A n—1 f
S'lm] = = Sin<27r—amn+7’+ )
) = 5 Y sin (2 4-1) 49

Using the identity for a finite sinusoidal sum,

n—1 . nB
Zsin(a+rﬁ) = sin (%5)
r=0
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we obtain

: n)
=3 - 1)Q
S'lm) = AM sin (Qnm+q§+ u) , (A.11)
nsin 5) 2
where
Q=27 Ja . (A.12)
fsr
The averaging operation introduces an amplitude scaling factor
in (22
H(Q) = 22 ( 29) , (A.13)
n sin 5)

which corresponds to the frequency response of a moving-average filter. This filter suppresses high-
frequency components relative to the sampling rate. After averaging, the signal is effectively sampled

once per block, giving an effective sampling rate

fur = 152 (A.14)
n
The final signal can therefore be written as
S'lm] = AH(Q) sin (27‘(']{—am + gé’) , (A.15)
eff
where
- 1)
§ =g+ L0 5 i) (A.16)
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A.2 Optimization of the Modulated-CASR Performance

After sampling and block averaging over n points, the signal amplitude is scaled by the moving-

average response
sin (%)
)

Aeff =A X
n s (
where () = 27rfj;—aRis the discrete-time angular frequency, f, is the aliased frequency, and fsg is the

; (A.17)

Nlfe)

sampling rate.

The extrema of the amplitude of H({2) occur when

dH ()
Q)

= 0. (A.18)

Define u = %,

taking the derivative and setting it to zero gives

d (sm(nu)) _n cos(nu) sinfu 2— sin(nu) cosu _o. (A.19)
du \ sinu sin”
Thus the extrema satisfy
n cos(nu) sinu = sin(nu) cos u. (A.20)
Dividing by cos(nu) cos u yields
tan(nu) = ntan u. (A.21)
Substituting u = 7 f, / fsr, the extrema condition becomes
tan (mrﬁ) = ntan (7r Ja > . (A.22)
fsr fsr
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The largest amplitude occurs when f, — 0. In this limit,
: nf)
S —_
hmiﬁil:L (A.23)
n

and therefore Aoz = A. This occurs when the signal frequency is close to an integer multiple of the
sampling rate,

fo = mfsr. (A.24)

where m is an integer. This condition corresponds to the synchronization condition proposed in the
original CASR paper [38].

Interestingly, this synchronization condition is not strictly required for single-alias CASR when
the signal source is coherent. In early experiments, the synchronization constraint arose primarily from
experimental hardware limitations. With modern AWGs, photodiode-based CASR measurements do
not necessarily require strict synchronization.

However, for heliCam-based CASR imaging, the synchronization condition becomes essential
due to the additional averaging performed during camera demodulation. In Chapter 3, the sampling
rate was fsp = 500Hz, while the signal frequency f, was approximately 1 MHz, which naturally
satisfied the synchronization condition. Consequently, the system did not suffer significant amplitude
degradation from the double-alias process.

In Chapter 5, however, CASR imaging was performed near the 1.69 MHz NMR Larmor frequency.
Under these conditions, the previous camera configuration no longer satisfied the synchronization
condition, leading to a significant reduction in signal amplitude. This observation motivated the

analysis of the double-alias synchronization condition presented in this appendix.
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A.3 Numerical Simulation Results

In our experiments, camera-demodulated CASR is used to image NMR signals near the proton
Larmor frequency fy ~ 1.69 MHz. To understand the double-alias behavior described in the previous
section, we perform a numerical simulation of the demodulated CASR process.

First, we generate a continuous sinusoidal signal with frequency f, and a total duration of 1s.
The signal is sampled at the CASR repetition rate fsg. This sampling step produces the first aliasing
process. To simulate the heliCam internal demodulation process, we then perform block averaging on
the sampled signal. The minimum demodulation cycle number of our heliCam configuration is four,
corresponding to averaging 4 X 4 = 16 consecutive CASR readouts. This averaging step models the
camera’s internal frame demodulation and produces the final demodulated signal sequence.

We then compute the FFT of the resulting time-domain signal and plot the FFT peak amplitude
as a function of the CASR sequence length Seq_t = 1/ fsg, as shown in Fig. A.2(a). The simulated FFT
amplitude exhibits an overall decay with periodically spaced peaks as the sequence time increases. The
spacing between adjacent peaks is approximately 0.6 us, which closely matches 1/ fy. This behavior
is consistent with the synchronization condition f; = m fsg derived in the previous section.

Considering the constraints of our experimental pulse sequence, which includes both the AOM
laser pulse time and the XY8 sequence duration, we selected a sequence length of Seq_t = 24.28 us
for the experiment.

We further simulate the dependence of the demodulated signal amplitude on the signal frequency
near fy. The resulting contrast spectrum is shown in Fig. A.2(b). The main peak has a full width at
half maximum (FWHM) of approximately 3 kHz. This result indicates that during CASR imaging

experiments, the signal frequency must remain within roughly 3 kHz of the optimized frequency fj.
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Figure A.2: Numerical simulation of the double-alias behavior in camera-demodulated
CASR. (a) Simulated FFT peak amplitude as a function of CASR sequence length Seq, =
1/ fsr. Periodically spaced maxima appear due to the synchronization condition between
the signal frequency and the CASR repetition rate. The peak spacing of approximately
0.6 us corresponds to 1/fy for fo ~ 1.69 MHz. (b) Simulated contrast spectrum near
the signal frequency for an optimized sequence length Seq_t = 24.28 ps. The resonance
peak has a full width at half maximum of approximately 3 kHz, indicating the frequency
tolerance of the double-aliased CASR detection scheme.

If the signal frequency drifts beyond this range, the demodulated CASR response becomes strongly
suppressed, which significantly reduces the SNR of the reconstructed image or may prevent signal

detection entirely.
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Appendix B: Bias Magnetic Field Alignment

The bias magnetic field is one of the most critical experimental parameters in ensemble NV
experiments. Precise alignment of the bias field with the NV quantization axis is essential: the
transverse magnetic field component induces spin-state mixing, while spatial inhomogeneity in the
bias field leads to dephasing across the NV ensemble. Therefore, accurate alignment of the bias field
is a fundamental and necessary first step in NV-based measurements. In this appendix, we describe
practical experimental procedures and techniques used to determine the NV orientation and optimize

the bias field alignment.

B.1 Determination of NV Orientation

In the absence of bias-field alignment, the ODMR spectrum of an NV ensemble exhibits eight
resonance peaks, corresponding to the Zeeman splitting of the four NV orientations (neglecting hyperfine
interactions), as shown in Figure B.1(a).

When working with an NV ensemble of unknown crystal orientation, the first step is to determine
the orientation of the diamond lattice. This provides an approximate direction of the NV axes and
serves as a starting point for subsequent alignment. Typical NV-diamond samples can generally be
classified into two categories: corner-cut diamonds and side-cut diamonds.

As illustrated in Figure B.1(b), for corner-cut diamonds, the NV axes point toward the crystal
corners, and the sample typically has six (100) surfaces. In contrast, side-cut diamonds have NV axes

oriented toward the crystal sides, with four (110) surfaces and top/bottom (100) surfaces. Diamonds
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cut along the (111) direction are also suitable for NV experiments, as one NV axis is perpendicular to
the surface; these samples typically have a prism-like geometry and can be easily distinguished from
slab-shaped diamonds.

A direct method to determine the crystal orientation is X-ray diffraction (XRD). However, this
requires access to bulk characterization equipment and is not always practical for routine experiments.

Instead, we employ a rapid in-situ method based on polarized laser excitation. Optical excitation
of NV centers depends on the projection of the electric field perpendicular to the NV axis (i.e., aligned
with the NV transition electronic dipole moment). By continuously rotating the laser polarization,
the ODMR contrast associated with each NV orientation varies depending on its geometric projection
relative to the excitation field, as shown in Figure B.1(c).

To interpret these measurements, we perform numerical simulations of the laser polarization
dependence for both corner-cut and side-cut diamonds, as shown in Figure B.1(d). The simulated
signal represents the projection of the laser electric field onto each NV electron dipole. For corner-
cut diamonds, the four NV orientations form two pairs exhibiting in-phase oscillations with similar
amplitudes. In contrast, for side-cut diamonds, one pair exhibits weak in-phase oscillations, while
another pair shows strong out-of-phase oscillations.

By comparing the experimental data with these simulations, we identify the diamond used in our
experiments as a side-cut diamond. This information allows us to estimate the NV axis direction and

provides an effective starting point for bias field alignment.
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(b)  corer-cut Dimamod [1,0,0]  Side-cut Dimamod [1,1,0]

(d) Corner-cut Dimamod [1,0,0] Side-cut Dimamod [1,1,0]

Figure B.1: Characterization of NV orientation and diamond crystal geometry. (a)
Representative ODMR spectrum of an NV ensemble without bias-field alignment, showing
eight resonance dips corresponding to the Zeeman splitting of the four NV orientations
(labeled NV1-NV4), neglecting hyperfine interactions. (b) Schematic illustration of two
typical diamond geometries used in experiments. Laser incident into the diamond side
with a total internal reflection (TIR) labeled as green arrow. (c) Measured polarization-
dependent ODMR contrast for the four NV orientations as the laser polarization is rotated.
The contrast modulation reflects the projection of the laser electric field onto each NV
dipole, enabling identification of the crystal orientation. (d) Numerical simulation of the
polarization dependence for corner-cut (left) and side-cut (right) diamonds. For corner-
cut diamonds, NV orientations form two pairs with in-phase oscillations and similar
amplitudes. For side-cut diamonds, one pair exhibits weak in-phase oscillations, while
another pair shows strong out-of-phase oscillations.
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B.2 Alignment and Optimization of the Bias Field

In a typical NV experimental setup, the bias magnetic field alignment involves five degrees
of freedom: three translational degrees (Cartesian x, y, 2) and two rotational degrees (polar and
azimuthal angles, ¢ and ¢). Using the estimated NV axis orientation obtained in the previous section,
we first perform a coarse alignment by adjusting the rotational angles and positioning the diamond
approximately at the center of the magnetic field.

Fine alignment of the field direction is then performed by tuning the angular degrees of freedom.
Specifically, we adjust  and ¢ to merge the six off-axis ODMR resonances into two peaks corresponding
to the my = =1 transitions. Subsequently, we zoom into the hyperfine structure and further refine the
alignment to ensure that the hyperfine splittings are symmetric and well-resolved.

After optimizing the field direction, the next step is to minimize magnetic field gradients to
achieve a homogeneous field across the field of view. Based on numerical simulations reported in
Ref. [20], the optimal homogeneity occurs near the saddle point of the magnetic field distribution
along the z, y, and z axes, as illustrated in Figure B.2(a).

Experimentally, we locate this saddle point through a systematic scanning procedure, as shown
in Figure B.2(b). We first perform ODMR measurements while sweeping the x and z positions,
generating a set of frequency-versus-z curves for different x values. The intersection point of these
curves determines the optimal z position, while the flattest curve identifies the optimal x position. In
our experiment, this yields z = 23.15mm and x = 5.2 mm.

With z and z fixed, we then sweep along the y direction to locate the saddle point, obtaining an
optimal position of y = 18.5 mm. At this point, the magnetic field gradient is minimized, resulting in

improved coherence and uniformity across the NV ensemble.
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Figure B.2: Bias magnetic field homogeneity optimization via saddle-point alignment. (a)
Left: magnet configuration and diamond position. Right: simulated ODMR frequency
shift versus spatial detuning along zx, y, and 2, showing a saddle point where first-order
field gradients vanish. (b) Experimental identification of the saddle point. Left: ODMR
frequency versus z for different x, where the curve intersection and flattest trace determine
the optimal (z, z). Right: frequency versus y with (x, z) fixed, where the minimum locates
the saddle point.
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Appendix C: MW CPW and Phantom Fabrication

In Section 2.2.1, we described the design and electromagnetic simulation of the €2-shaped microwave
(MW) antenna and the coplanar waveguide (CPW) used for microwave delivery. This MW structure
is employed throughout this thesis as a fundamental component of the NV experimental platform,
providing strong and spatially homogeneous microwave driving fields for coherent spin manipulation.

In this appendix, we present the detailed fabrication procedures for the MW CPW and the
associated phantom structures. The fabrication follows a standard multi-layer photolithography and
metal deposition process as shown in Figure C.1. Although different geometries are used throughout
this thesis (e.g., terrapin-shaped phantom in Chapter 2 and double-spiral microcoil in Chapter 3), the

fabrication methodology remains identical.

C.1 Phantom Layer Fabrication

The phantom layer defines the magnetic-field-generating structure used for calibration and imaging
experiments. This layer is typically fabricated using a thin palladium (Pd) film with an adhesion layer.

The fabrication begins with wafer cleaning using sequential solvent rinses (acetone, methanol,
and IPA), followed by dehydration baking to remove residual moisture. A positive photoresist (S1813)
is then spin-coated onto the wafer, preceded by an HMDS adhesion layer. The coated wafer is soft-
baked to stabilize the resist.

Photolithography is performed using a UV mask aligner to define the phantom pattern. The

exposure parameters are carefully optimized to balance feature resolution and resist development.
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Figure C.1: Schematic illustration of the multi-layer fabrication process for the phantom
and € loop structures. The process consists of seven main steps. The final device integrates
a thin Pd phantom layer (typically ~7nm with ~3 nm Cr adhesion) and a thicker Au
microwave layer (typically ~300nm with ~10nm Cr adhesion), enabling simultaneous
magnetic field generation and microwave delivery.
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Figure C.2: Photolithography setup used for patterning the phantom layer. (a) Spin-
coating station for applying HMDS adhesion layer and S1813 photoresist, showing the
spin chuck, pipetting process, and programmable spin timing. (b) UV mask aligner (Siiss
MicroTec MJB-3) used for pattern transfer, including photomask and wafer vacuum stages,
alignment controls, and exposure timing module. These tools enable precise control of
resist thickness, feature definition, and alignment accuracy in the multi-layer fabrication
process.

After exposure, the wafer is developed using CD26 developer, revealing the patterned resist structure.
Metal deposition is carried out using electron-beam evaporation. A thin chromium (Cr) adhesion
layer is first deposited, followed by the Pd layer that forms the phantom structure.
Finally, a lift-off process is performed to remove excess metal and photoresist, leaving only the

patterned phantom structure on the substrate.

C.2 ) Loop Layer Fabrication

The () loop layer forms the microwave delivery structure and is fabricated as a second metal

layer aligned to the phantom structure. This layer typically consists of a thicker gold (Au) film with a
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chromium adhesion layer.

The process begins with a second round of photoresist coating, identical to the phantom layer
fabrication. Precise alignment between the previously fabricated phantom structure and the €2 loop
pattern is achieved using a mask aligner. In practice, alignment is facilitated by directly imaging both
layers within the same field of view.

After alignment, UV exposure and development are performed to define the €2 loop pattern.
Metal deposition is then carried out using electron-beam evaporation, with a thicker Cr adhesion layer
followed by a gold layer to ensure low-resistance microwave transmission.

Lift-off is subsequently performed to complete the formation of the €2 loop and CPW structure.

C.3 Post-Fabrication Process

After fabrication, the device undergoes several post-processing steps to enable experimental use.

First, the device is connectorized by attaching microwave connectors to the CPW pads. Care
must be taken to avoid excessive mechanical stress during connector attachment.

Next, electrical and microwave characterization is performed. The scattering parameters (511
and S5 ) are measured using a vector network analyzer to evaluate reflection and transmission properties.
A low Sp; indicates efficient impedance matching, while a high and flat Sy, ensures effective microwave
delivery.

Finally, the resistance of the phantom structure is measured using a multimeter to verify fabrication
consistency. These post-fabrication characterizations confirm the functionality of the device and ensure

reliable performance in subsequent N'V-based magnetic imaging experiments.
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Figure C.3: Fabrication results and post-processing details of the MW CPW and phantom
device. (a) Photograph of the fabricated wafer after metal deposition and lift-off, showing
the patterned device region at the center. (b) Optical microscope image of the CPW and
Q) loop structure, highlighting the tapered microwave traces. (c¢) Sequential optical images
illustrating removal of residual metal after lift-off using a solvent-wetted swab (Q-tip),
which improves pattern cleanliness and electrical isolation. (d) Fully connectorized device
with microwave connectors attached to the CPW pads for experimental integration. (e)
Optical microscope image of the completed phantom structure, showing the spiral (snail)
geometry used to generate controlled magnetic field distributions.
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